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This work was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, nor any of their contractors, subcontractors or their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or any third party’s use or the results of such use of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof or its
contractors or subcontractors. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.

Notice: This manuscript has been authored by employees of Brookhaven Science Associates,
LLC under Contract No. DE-AC02-98CH10886 with the U.S. Department of Energy. The
publisher by accepting the manuscript for publication acknowledges that the United States
Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or
reproduce the published form of this manuscript, or allow others to do so, for United States
Government purposes.
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Preface to the Series

The RIKEN BNL Research Center (RBRC) was established in April 1997 at Brookhaven
National Laboratory*. It is funded by the "Rikagaku Kenkyusho" (RIKEN, The Institute of Physical
and Chemical Research) of Japan and the U. S. Department of Energy’s Office of Science.

The Memorandum of Understanding between RIKEN and BNL, initiated in 1997, has been
renewed in 2002, 2007 and 2012.

The Center is dedicated to the study of strong interactions, including spin physics, lattice
QCD, and RHIC physics through the nurturing of a new generation of young physicists.

In April 2013, Dr. Samuel Aronson was named Director of the Center, preceded by
Nicholas Samios and T.D. Lee

The RBRC has theory, lattice gauge computing and experimental components. It is
presently exploring the possibility of an astrophysics component being added to the program.
The RBRC Theory, Computing and Experimental Groups comprise a total of 42 researchers.
Positions include the following: full time RBRC Fellow, half-time RHIC Physics Fellow, and full-
time post-doctoral Research Associate. The RHIC Physics Fellows hold joint appointments with
RBRC and other institutions and have tenure track positions at their respective institutions. To
date, RBRC has over 101 graduates (Fellows and Post-docs) of whom approximately 67 have
already attained tenure positions at major institutions worldwide.

Beginning in 2001 a new RIKEN Spin Program (RSP) category was implemented at RBRC.
These appointments are joint positions of RBRC and RIKEN and include the following positions in
theory and experiment: RSP Researchers, RSP Research Associates, and Young Researchers, who
are mentored by senior RBRC Scientists. A number of RIKEN Jr. Research Associates and Visiting
Scientists also contribute to the physics program at the Center.

RBRC has an active workshop program on strong interaction physics with each workshop
focused on a specific physics problem. In most cases all the talks are made available on the RBRC
website. To date there are over 125 proceedings volumes available.

A series of high performance computers has been designed and built by individuals from
Columbia University, IBM, BNL, RBRC, and University of Edinburgh, with the U.S. DOE Office of
Science providing infrastructure support at BNL. QCDSP, a 0.6 teraflops parallel processor,
dedicated to lattice QCD, was begun at the Center in February 1998, was completed in August
1998, and was decommissioned in 2006. It was awarded the Gordon Bell Prize for price
performance in 1998. A 10 teraflops RBRC QCDOC computer funded by RIKEN, Japan, was
unveiled on May 26, 2005. QCDOC was decommissioned in May 2012. The next generation
computer in this sequence, QCDCQ (600 Teraflops), is currently operational and is producing
important simulations of fundamental processes in nuclear and particle physics. Recent K’ pp
results were awarded the Ken Wilson Prize in 2012.

Samuel H. Aronson, Director
November 2013

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886.
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RBRC Scientific Review Committee Meeting
October 30 — November 1, 2013

Brookhaven National Laboratory, Upton, NY 11973

The thirteenth scientific evaluation of the RIKEN BNL Research Center (RBRC) took place at the Physics Building
#510 at Brookhaven National Laboratory.

The members of the Scientific Review Committee (SRC), present at the meeting, were:

Prof. Sinya Aoki, Prof. Peter Braun-Munzinger, Prof. Kenichi Imai, Prof. Tetsuo Matsui, Prof. Richard Milner (Chair),
Prof. Alfred Mueller, Prof. Charles Young Prescott, and Prof. Akira Ukawa.

We are pleased that Dr. Hideto En’yo, the Director of the Nishina Institute of RIKEN, Japan, participated in this
meeting both in informing the committee of the activities of the RIKEN Nishina Center for Accelerator-Based
Science and the role of RBRC and as an observer of this review.

In order to illustrate the breadth and scope of the RBRC program, each member of the Center made a presentation
on his/her research efforts. This encompassed three major areas of investigation: theoretical, experimental and
computational physics. In addition, the committee met privately with the fellows and postdocs to ascertain their
opinions and concerns.

Although the main purpose of this review is a report to RIKEN management on the health, scientific value,
management and future prospects of the Center, the RBRC management felt that a compendium of the scientific
presentations are of sufficient quality and interest that they warrant a wider distribution. Therefore we have

made this compilation and present it to the community for its information and enlightenment.

We thank Brookhaven National Laboratory and the U.S. Department of Energy* for providing the facilities to hold
this meeting.

Samuel Aronson

*Work performed under the auspices of U.S.D.0O.E. Contract No. DE-AC02-98CH10886.

Back to Contents



BROOKHIAEN

NATIONAL LABORATORY

RBRC Scientific Review Committee (SRC) Meeting
Brookhaven National Laboratory, Physics Dept, Bldg 510, Rm 2-160
October 30 — November 1, 2013

AGENDA

Committee Members:  Aoki, Sinya.....ccccccovevvviiieeencnnnnn. saoki@yukawa.kyoto-u.ac.jp
Braun-Munzinger, Peter............ p.braun-munzinger@gsi.de
Imai, Kenichi.......ccoeeeevvveeeeennnns kenl.imai@gmail.com
Matsui, Tetsuo ....ccceeevvvvvvvrnnnnn... tmatsui@hepl.c.u-tokyo.ac.jp
Milner, Richard (Chair).............. milner@mit.edu
Mueller, Alfred ........cccovveeeeeenns amh@phys.columbia.edu
Prescott, Charles Young............. prescott@slac.stanford.edu
Ukawa, AKira .....cooeveeeeveeeeeeeenn, ukawa@ccs.tsukuba.ac.jp

WEDNESDAY, OCTOBER 30, 2013

06:30 - 09:30 Executive Dinner (Chachama Grill, Patchogue)
http://www.chachamagrill.com/Chachama/Directions.html|

THURSDAY, OCTOBER 31, 2013

Executive Session — Physics Room 2-160

08:00 - 08:30 SRC Executive Session & Working Breakfast (Room 2-160)

08:30 - 08:40  WERICOME «.evteeeei ettt e e e ettt e e e e e e e e e e e e s eessaba s eeeeeeesaanans Doon Gibbs
08:40 - 08:55  RIKEN OVEIVIEW .. .eeiiuviiieeeiiiieeeiieee e ettt e e e cateeeeeetbteeeseasaeeeeeasseeeseasseeeennsaeeanas Hideto En’yo
08:55-09:10 RBRC OVEIVIEW cuuuiiiiteiiiitee ettt e et e e e e s e et eesabs s e esaa s e s eaaneenenas Samuel Aronson

Open Session — Physics Large Seminar Room

09:15-10:35 EXPERIMENTAL GROUP PRESENTATIONS —YASUYUKI AKIBA, CHAIR

09:15-09:35 Experimental Group OVEIVIEW .....cccecieecuviiieieeeeeeccirieee e e e e e eccveree e e e e e e e snneees Yasuyuki Akiba
09:35-09:55 W = mu Measurement in PHENIX ..ot Ralf Seidl (remote)
09:55 - 10:15 Studying the Medium Properties in dAu via Two Particle Correlation ....... John Chen
10:15-10:35 Operation and Current Status of Silicon Pixel Detector...........ccccceuveeenneen. Maki Kurosawa

10:35-10:45 BREAK
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10:45 - 12:05

10:45 - 11:05
11:05 - 11:25
11:25-11:45
11:45 - 12:05
12:05 - 01:00

01:00 - 03:10

01:00 - 01:20
01:20 - 01:40
01:40 - 02:00
02:00 - 02:20
02:20 - 02:40
02:40 - 02:50
02:50 - 03:00
03:00 - 03:10
03:10-03:20
03:20-03:30

03:30 - 03:40

03:40 - 04:40

03:40 - 04:00

04:00 - 04:20
04:20 - 04:40

04:40 - 05:00

04:40 - 05:00

05:00 - 06:30
06:30 - 07:00
07:00 - 10:00

EXPERIMENTAL GROUP PRESENTATIONS — ANNE SICKLES, CHAIR

Overview of Current Spin Physics Program and Future Plans in PHENIX....Abhay Deshpande

Spin Measurement With FVTX .......cooiiiiiiiiiieecee e Xiaorong Wang
fsPHENIX Detector and Physics Program ........ccccccveeeeeiieeeeccieee e, Joe Seele
Letter of Intent for the ePHENIX Detector......cccccccveeeicieeeeccieee e, Kieran Boyle

SRC Executive Session - Working Lunch (Room 2-160)

THEORY GROUP PRESENTATIONS—DIMITRI KHARZEEV, CHAIR

TREOIY OVEIVIEW.....viiiieiiiieeccteee e ettee e e eetee e e eete e e e e etee e e e eabee e e eeabaeeeeenbaeeeenranas Robert Pisarski
The Higgs Field as an INflaton..........ccoooevieeicciie e, Fedor Bezrukov
Strongly Interacting Matter In and Out of Equilibrium ..........c.cccvveeennneennn. Jinfeng Liao
Triangle Anomaly in Quark-gluon Plasma........cccccccveeeeciieeeecieee e, Ho-Ung Yee
Extending QCD Transport to NLO .......coccveviiiciiir et Derek Teaney
Instabilities Near the QCD Phase Transition in Holographic Models ......... Shu Lin

Phase Structure and Hosotani Mechanism in QCD-like Gauge Theory....... Koji Kashiwa
Fluidity of the Quark-gluon Plasma in Heavy lon Collisions............cccccuuuue. Akihiko Monnai
Comments on Particle Production in pp and pA Collisions ..........cccccuveen.. Adam Bzdak
Transverse Single-spin Asymmetries and the "Sign Mismatch" Crisis ........ Daniel Pitonyak
BREAK

COMPUTING GROUP PRESENTATIONS— NORMAN CHRIST, CHAIR

COMPULING OVEIVIEW ...ueeieiiiieeciiiee e cciitee ettt e e et e e e s eitae e s saaae e s ssseaeeesnasaeeeens Taku lzubuchi
[N Yool T4 -1 o o HS SRR Bob Mawhinney
MUON 8-2 0N LattiCO.ucii i et e e e e Thomas Blum

EXPERIMENTAL GROUP PRESENTATIONS — SAMUEL ARONSON, CHAIR

Charged Hadron Measurements with the PHENIX VTX Detector ............... Stefan Bathe

SRC Executive Session (Room 2-160)

Travel to Reception and Dinner

Reception and Dinner (The Oar Restaurant, Patchogue)
http.//www.theoar.com/ordereze/Directions.aspx
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FRIDAY, NOVEMBER 1, 2013

08:00 - 09:00 SRC Executive Session and Continental Breakfast (Room 2-160)

Open Session — Physics Large Seminar Room

09:00 - 10:20 ASTROPHYSICS/THEORY GROUP PRESENTATION - ROBERT PISARSKI, CHAIR

09:00 - 09:40 Cosmology/Astrophysics and RBRC...........cccvveeeieeeiieeeieee e Toru Tamagawa
09:40 - 10:00 Spatial Wilson Loops in Heavy-ion Collisions .........ccccccueeeeiiieeeeciieeecciieeenn, Adrian Dumitru
10:00 - 10:20 Scattering Amplitudes and Recursion Relations in Light Front

Perturbation TREOIY ...cccuvie e Anna Stasto

10:20-10:50 BREAK

10:50-12:10 COMPUTING GROUP PRESENTATIONS -TAKU 1ZUBUCHI, CHAIR

10:50 - 11:10  NUCIEAr PRYSICS ceiiuiiiei ittt ettt e see e s ibee e s s sabae e e s sabae e e enraeas Brian Tiburzi
11:10-11:30 New Theories, New Physics, and Lattice Simulations ..........ccccceevvcveeeenneen. Ethan Neil
11:30-11:50 B Physics 0N the LattiCe .....uvvieeiiiiiiiiiiiieee ettt Tomomi Ishikawa
11:50-12:00 Kaon Hadronic DECAY ....cceeeiieieieiiiiiie e ccieee e eeitee e sevee e e evee e e sivee e s savae e e enveeas Christopher Kelly
12:00-12:10 NUCIEON SEIUCLUIE ...eeiiiiiie ettt e e e e e ebae e e e Sergey Syritsyn

12:10-01:00 SRC Executive Session and Working Lunch (Room 2-160)

01:00-03:00 Meetings with Individual RBRC Staff
TREOTISES euveeeieetiee ettt ettt ettt eete e eeetre e e e e breeeeebreeeeebaeeeestreeeeennes (Room 2-160)
EXPerimentalists.....cccciieeiiiiie e (Room 2-78)

Room 2-160

03:00 - 04:20 BNL Future Plan - RAJU VENUGOPALAN, CHAIR

03:00-03:20 BNL, RHIC, e-RHIC FULUIE PIan ......cooiiiiiiiiieeeee ettt Berndt Mueller
03:20-03:40 Future Detector Upgrades to RHIC and eRHIC..........ccceeeeeeiiiieeeee e Thomas Ludlam
03:40-04:00 Why eRHIC is Theoretically INnteresting.......cccceeeeeeeirieeeeeee e Yuri Kovchegov
04:00-04:20 Future Prospects of COMPULING.......cccoviciiiiiieeei it Taku Izubuchi &

Norman Christ
04:20-05:30 SRC Executive Session with Coffee Break (Room 2-160)
05:30-06:00 Closeout/Adjourn (Room 2-160)
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Professor Sinya Aoki

Yukawa Institute for Theoretical Physics
Kyoto University

Kitashirakawa, Sakyo-ku

Kyoto 606-8502, Japan

TEL: +81-757537025

FAX: +81-757537038

E-mail: saoki@yukawa.kyoto-u.ac.jp

Professor Peter Braun-Munzinger

GSI Helmholtzzentrum fur Schwerionenforschung GmbH
Planckstr. 1

Darmstadt, Germany 64291

TEL: +49-6159-712760

FAX:

E-mail: p.braun-munzinger(@gsi.de

Professor Kenichi Imai

Japan Atomic Energy Agency

Advanced Science Research Center

2-4 Tokai-mura, Ibaraki 319-1195, Japan
TEL:  +81-29-284-3828

FAX: +81-29-282-5927

E-mail: kenl.imai@gmail.com

Professor Tetsuo Matsui

Institute of Physics

University of Tokyo at Komaba

3-8-1 Komaba, Meguro-ku

Tokyo 153-8902, Japan

TEL: +81-354546512

FAX: +81-354546512

E-mail: tmatsui@hepl.c.u-tokyo.ac.ijp
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Professor Richard Milner (RBRC SRC Chair)

Massachusetts Institute of Technology

Laboratory for Nuclear Science

77 Massachusetts Avenue, Bldg. 26-505
Cambridge, MA 02139-4307

TEL: 617-253-7800

FAX: 617-253-5439

E-mail: milner@mit.edu

Professor Alfred H. Mueller

Columbia University

Department of Physics

538 West 120" Street, Mail Code: 5203
New York, NY 10027

TEL: 212-854-3338

FAX: 212-932-3169

E-mail: amh@phys.columbia.edu

Professor Charles Young Prescott

Stanford National Accelerator Laboratory, MS 43
P.O. Box 20450

Stanford, CA 94309

TEL: 650-926-2856

FAX: 650-926-3826

E-mail: prescott@slac.stanford.edu

Professor Akira Ukawa

Center for Computational Sciences

University of Tsukuba

Tsukuba, Ibaraki, 305-8577, Japan
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E-mail: ukawa@ccs.tsukuba.ac.jp
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RIKEN Review System and Schedule (General)

President, RIKEN Director, BNL

A A

Report J' Appoint Report l Appoint

RIKEN-BNL Management Steering Committee

Report l Appoint proposal Approval
v
RBRC-SRC Budget frame from
Review Nishina Cellter Director
Execution plan by
RBRC director and
v l Radiation Laboratory at Wako
RIKEN-BNL
RBRC related activity
at Wako




RIKEN Institutes and Centers,
J And their Directors

. Exefutive Direc\rs
RIKEN Research Cluster for Innovation Headquarters
Biomass ProgramforDrug Preventive Medicine
Engineering Discoveryand Medical g Diagnosis

Program Technology Platforms  |nnovation Program

Rl(rﬁlt,gr Mr. Minoru Dr. Maki Dr. Hiroshi
Fujita ‘ Yonekura Kawai Oeda Tsuboi
) Center for Center for
Director :
Dr. Kazuo Shinozaki Director Director Fresident N . Emergent
Dr. Toshio Goto  Dr. Yoshihide Dr. NOYORI Ryoiji Matter Science
Hayashizaki
gent?r for ol (ée_nter forLife  wpci Program for |~ \
evelopmenta cience Computational =y - 1
Biology Technologies Life Sciences Yearly Budget ) =
| 900 M$ . .
Personnel Director
. Dr. Katsumi Dr. Yoshinori
l( Q 3,500 Y Midorj Tokura
: B FY2012 Brain Science

Director Director Director Institute
Dr. Masa}os}ni Dr. Yasuyoshi Dr. Toshio
Takeichi Watanabe Yanagida Bio Resource
Advanced Center

Institute for
Computational

Science Spring-8 Center
Center for Director Director
Center for Integrative  Sustainable . Dr. Hideto Enyo Dr. Susumu
Medical Sciences Resource Science Direct Tonegawa
irector
Dr. Yuichi | <Oversea€>

Obata | RAL-RIKEN (UK)
BNL-RIKEN (USA)

Director ) Director(Acting) Director Beijing Representative
Dr. Kimihiko Director Dr. Shigeo Dr. Kazwo Office (China) _
Hirao Dr. Tetsuya Koyasu Shinozaki Singapore Representative
Ishikawa Office




ﬁ Schedule of Nishina Center Advisory Coucil =
RIKEH and BNL-SRC, RNC-AC, when run with RAC(RIKEN AC). NiSFiNA
2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018
Midtermplan|  1st plan 2nd plan 3rd plan
Nov.5, 6 |Nov.17,18[Oct. 21,22|Oct. 27-29
BNL o e o O o (on
Jan.15-17 May26-28
NCAC NS e 59 July 1-3
\pril22-24 Oqt.25-28
RAC b0 L 50 @®Nov. 10-13
March
»O
Decision- - RBRC Future Exploratory Committee
maki”gb - Committee for Research Strategy
process by . .
RIKEN, MEXT - Board of Executive Directors
- Approval of Budget by MEXT
Valid for 5 years from Apr.30, 2007 Extendable based on AC evaluation
Agreement BNL _ Glejrs
Revision :>< >< I I
Old MOU New MOU

*Extendable based on AC evaluation and Decision Making Process by RIKEN



@ RIKEN Review System X
and Evaluation of RBRC NiSH

RAC Nobember 10-13, 2014
(RIKEN Advisory Councily | { twice in 5 years)

President
Board of Exective Direc}ors

-7 o E‘\ ARt
- - So Sso
- i ~ ~
- - S Sso
- - ~ S~
- - ~ -~
- e S S~<
—‘—— -7 S ~~“~
- - July 1-3, 2014 "~~~ -~
—— A L[] ~ S=s
- ~ ~a

....... I : NCAC : I :
(Nishina Center
Advisory Council)

October 31- RBRC-SRC RIKEN-RAL IAC
Nobember 1, 2013 v April 7-8, 2014
RIKEN BNL RIKEN Radioactive RIKEN RAL
Research Center Beam Factory (RIBF) Office

RIKEN NISHINA CENTER




Present Organization of RNC

President

Nishina
Advisory Council
RBRC-SRC
RRMF-AC

Theoretical Research Division
Quantum Hadron Physics Laboratory(Hatsuda)
Mathematical Physics Laboratory
Theoretical Nuclear Physics Laboratory
Strangeness Nuclear Physics Laboratory

Director
Deputy
Science Adviser

Scientific Policy Committee
Program Advisory Committee
Safety Review Committee
Machine Time Committee
Coordination Committee

Sub Nuclear System Research Division
Radiation Laboratory
Advanced Meson Science Laboratory
RIKEN BNL Research Center
Theory Group
Experimental Group
Computing Group
RIKEN Facility Office at RAL

v

RIBF Research Division
Radioactive Isotope Physics Laboratory
Spin Isospin Laboratory
Nuclear Spectroscopy Laboratory
Super-heavy Element Research Group
High Energy Astrophysics Laboratory
Astro-Glaciology Research Unit
Accelerator Group
Experimental Installations Development Group
Research Instruments Group
User Liaison and Industrial Cooperation Group
Accelerator Applications Research Group
Safety Management Group




The terms of reference

NOYORI to RAC

Evaluate RIKEN’s response to the
proposals made by the 8th RAC.

Evaluate how well the key concept
of the Third Five-Year Term
“mobilizing RIKEN’s overall
strength for problem-solving
research” is functioning to promote
cross-disciplinary research among
RIKEN's centers.

Propose the direction RIKEN
should take in planning for its
Fourth Five-Year Term.

Address the issue of the directions
RIKEN should take in those fields
in which its centers are
approaching their ten-year review.

Make proposals for attracting
international human resources.
Make reference to any items that
need to be further strengthened.

NOYORI to NCAC

Evaluate how the new structure is
functioning to promote cross-
disciplinary research in between
RNC, and other center in RIKEN.
Are RNC'’s research output and
personnel up to international
standards? Is RNC a world-leading
center in its field?

RNC will be subject to the 10 year
review as an entity integrated in
2006.

EN’YO to NCAC/SRC

Evaluate RBRC’s response to the
proposals made by the last SRC.

Are RNC'’s research output and
personnel up to international
standards? Is RBRC a world-
leading center in its field?

Propose the direction RBRC should
take in planning for its Fourth Five-
Year Term and beyond.

Address the issue of the directions
RBRC should take in its research
fields.

Recommend any items that need
to be further strengthened to attract
(international) human resources.



NCAC2014 Review members

Name

Affiliation

Robert Tribble (Chair)

Distinguished Professor, Texas A & M University

Juha Aysto

Director, Helsinki Institute of Physics

Angela Bracco

Professor, The University of Milan

Masaki Fukushima

Professor, ICRR-University of Tokyo

Kinichi Imai

Group Leader, JAEA

Marek Lewitowicz

Deputy Director, GANIL

Lia Merminga

Division Head of Accelerator, TRIUMF

Richard Milner (Chair, RBRC-SRC)

Professor, MIT

Witold Nazarewicz

Professor, University of Tennessee

Matthias Schadel

Group leader, ASRC-JAEA / Visiting Researcher, GSI

Susumu Shimoura

Professor, CNS-University of Tokyo

Jun Sugiyama

Principal Research Scientist, Toyota Central R&D Labs

GuoQing Xiao

Director, IMP-CAS

Akira Yamamoto

Professor, KEK

Wolfram Weise

Director, ECT’

Hirokazu Tamura (Chair, Scientific
Policy Committee)

Professor, Tohoku University

Andrew Taylor (Chair, RAL-IAC)

Director, ISIS

Muhsin Harakeh (Chair, NP-PAC)

Emeritus Professor, University of Groningen

+ Chair, ML-PAC




Some remarks for THIS and the NEXT review

* This MoU runs until JFY2017(RIKEN’s mid term cycle 2013-17).

« Within this MoU period, the primary goal of the present RHIC will be
accomplished. And new project, sSPHENIX, ePHENIX and eRHIC will
emerge significantly by 2017. (closure of present RIKEN detectors)

* Next MoU will be for the new project to cover ePHENIX+ePHENIX era.
Or, an extended MoU to close RIKEN-BNL Research Center.

070809 (10|11 (12|13 (1415|1617 |18 19|20

Last MoU This MoU eRHIC or
JPARC or....

« RIKEN-RAL collaboration will be concluded at the end of 2017 also.
There will be a big discussion on the international activity of Nishina
Center in the next NCAC. ( Also for the continuation of Nishina Center)

« Hideto En’yo will step down from chief scientist in 2 years or so).

« We plan to combine SRC (also RAL-AC) and NCAC in the next cycle in
JFY2016 at Wako JAPAN. So please be prepared.



e-Rl scattering with SCRIT

RI KEN
CN|E ml] AR RIKEN Nishina Center is in Good Shape
except for Budget.
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Elecricity cost has been raised by ~50% since the Fukushima disaster.
*Doller/yen rate is up by 2% since the last year
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RIBF beam improvements

Uranium beam intensity reached 1000 times RRC fRC IRC
.l RILAC2
compared to the beginning.
1000 e 140 — SCECR
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P //
1 g
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0.01
2007 2008 2009 2010 2011 2012
A He gas charge
Stripper
RIBF Start bP
Improvement on
Transmission & fRC modification
Stability (K570=>K700)

SC-ECR introduced




RIBF Upgrade Options — Long-term plan, after 5 years.
Option 0: ISOL or PF+ Post Acceleration (more exotic beams)

Option 1: Super Conducting fRC(stripper 2->1)

Option 2: SC-Linac (1%t section: 5MeV-SHE, 2" section 11MeV-fRC)

““ HE-RIBs
Post-Acc. | SLOWRI
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Projects -- time line ---

RIBF
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ORGANIZATION CHART

RIKEN BNL Research Center

RIKEN President
Noyori, R.

Nishina Center Director(1) 4}

e RBRC Director(1) Director Emeritus
Aronson, S.H. Lee, T.D. Samios, N.P.

BNL Director
Gibbs, D.

Institute Laboratories Research

- " Administration(5) .
Promotion Office(3) —| RBRC Deputy Director(0)

Director Kishimoto,M. Associate Director. Kishimoto

Suzuki, K. Onishi, Y. wﬂ ) ; M«’_s\buchi, K.

Administrative Assistant  Michael.C. RBRC Associate
lto. T Director(0)
Esposito, P.

Y ) i |

(12+5) s Crovles Computing Group(1 (4+9) Experimental Group(1) (13+15)
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RSP_Researcher (5)
Goto Nakagawa
Seidl Taketani
Watanabe

Research Associate (4) Research Associate (1)

BNL RIKEN BNL RIKEN Research Associate(1)

Bzdak
Kelly(FPR
Pitonyak Y(FPR) %ﬂ RIKEN

RSP Researcher Lin(_FPR)
Associate(2) Syritsyn(FPR)

Kashiwa ,Monnai

RHIC PhysicsFellow (1)
Univ. RHIC Physics Fellow (2)
RHIC Physics Fellow (4) Tiburzi Univ.
RSP Young Univ. Bathe CUNY
Researcher(0) Bezrukov UConn : H
Liao Indiana i Visiting Senior Scientist (1)
Yee lllinois ; Mawhinney ; : : - RSP I_ounq Researtl:(her (6)
Neil 9/2013 —Colorado i - ] Hoshino Nakagomi
i Visiting Scientist (8) L : Sekine Kumaki
Visiting Fellow (0) i Ohta Blum ; : : Fuwa Ikeda
i Jung Lin ] . :
i Aoki Yamazaki : . .
Hyung-Jim Christoph ] %g (I:;a )boratln Visiting Young R(_esearcher 2
i Okamura Nouicer } Hachiya
i Hershcovitch ; Asano

RSP Research Associate (1)

Kurosawa

Visiting Senior Scientist
P 3
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: Shuryak
Visiting Young Researcher (0)

Visiting Scientist (2)
: Hi Yuan




SCIENTIFIC PERSONNEL: FUTURE FELLOWS

Expressions of Interest in Fellow Positions from:

Theory/Computing

University of Arizona

UMass-Amherst

Lawrence Berkeley National Laboratory
University of Texas at El Paso

University of lowa

Experiment

University of New Mexico
Georgia State University

McGill University




RBRC Graduates Have Tenured Positions In The U.S.

=
B

Experimental Group
Bazilevsky, BNL
Deshpande, Stony Brook U
Fields, U New Mexico
Grosse-Perdekamp, U lllinois

Theory Group

Bass, Duke U

Blum, U of Connecticut
Dumitru, Baruch

Fries, Texas A&M
Kharzeev, BNL/SBU
Kusenko, UCLA
Lunardini, Arizona State
Mocsy, Pratt

Molnar, Purdue
Orginos, William & Mary
Petreczky, BNL

Son, U of Chicago
Schaefer, NCSU

Stasto, Penn State
Stephanov, U of lllinois
Teaney, Stony Brook
Tuchin, lowa S U

Van Kolck, U of Arizona
Venugopalan, BNL
Yuan, Berkeley




RBRC Graduates Have Tenured Positions In Japan

Theory & Computing

Groups
lida, Kochi U

Kitazawa, Osaka U

Fujii, U of Tokyo

ltakura, KEK

Nemoto, St. Mariannna U
Sasaki, U of Tokyo
Yamada, KEK

Yasui, Tokyo Management

Hirano, U of Tokyo
Fukushima, Keio

Doi, RIKEN

Hidaka, RIKEN

Nara, Akita Int. U

Aoki, Nagoya

Hatta, Kyoto U

Hirono, Sophia U
Fukushima, U of Tokyo
Sasaki, Tohoku U

Experimental Group
Goto, RIKEN

Saito, KEK

Seidl, RIKEN

Kawabata, Kyoto U
Murata, Rikkyo U
Togawa, Osaka U

Tojo, KEK

Yokkaichi, RIKEN
Jinnouchi, Titech
Kaneta, Tohoku U
Kurita, Rikkyo U
Hayashi, JAEA

Nakano, Titech

Onishi, RIKEN

Okada, Spring-8 (JASRI)




4 [_(: ’_,aﬁ"é
. | Theory Group

Experimental Group
Heuser, GSI

W

Bodeker, Bielefeld U
Jeon, McGill U
Rischke, FIAS

-+ Vogelsang, Tubingen U

Wettig, U of Regensburg

Bo%, U of Groningen
%aﬁner-Bielich, U of Frankfurt
Wingate, U of Cambridge

dAgedemann, CERN

RBRC Graduates Have Tenured Positions World-Wide
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RHIC - A HIGH LUMINOSITY (POLARIZED) HADRON COLLIDER

I - ‘r '_ _ — -7-:E - o
. A e Polarized Jet Target
_— Efectfon lenses 12:00 o’clock ’
»10:00 o’Clock ' Electrgn coolm
7 : RHIC < Q)

2:00 0" olélek - Eap |

YPHENIX" ™%
8:00 o’clock'\

?;"%ﬂs RISRI:‘_ Tﬂ‘%
< *_Booster._ [ <
9 s &1 Operated modes (beam energies):
LSSl Au-Au  3.8/4.6/5.8/10/14/32/65/100 GeV/n
] U_U 96.4 GeV/n
S Cu—Cu  11/31/100 GeV/n
pT—pT  11/31/100/205/250/255 GeV
d — Au* 100 GeV/n

Achieved peak luminosities: e | Cu—Au* 100 GeV/n

Au—Au (100 GeV/n) 195 x 1030 cm2s 1 A &8 Planned or possible future modes:

pT —pT (255 GeV) 238 x10%°cm?s-t o9 F | Au—AU 25GeVin

Other large hadron colliders (scaled to 255 GeV): [ERS=0%<y pT —A* 100 GeV/n (A =Au, Cu, Al)
Tevatron (p — pbar) 110 x 1030 cm2s -t Y & SHe —A* 100 GeV/n (A=Au, Cu, Al

LHC (p—p) 493 x 1030 cm2?s 1 | d pT —3HeT* 166 GeV/n (*asymmetric rigidity)



RHIC INTEGRATED LUMINOSITY AND POLARIZATION
(RHIC Il PERFORMANCE!)

Heavy ion runs Polarized proton runs

2011 Au-Auy 2010 Au-Au ‘ 25025§ Gc\lf’

=== 100 GeV

2012 Cu-Au

2007 Au-Au
2008 d=Au

2012 U- 005
2012 U-U 2005 Cu-Cu

2004 Au-Au

2012 P=82% S T

Integrated luminosity L [pb]

2003 d-Au 2005 P=47%

2001 Au-Au 2003 P=34%

.Au-Au
/
- —
o)

2 4 ) 8 10 12
Weeks in physics

Integrated nucleon-pair luminosity L, [pb™] *

Time [weeks in physics]

Run-13: 510 GeV polarized proton collisions with record peak beam polarization
(55 — 60 %) and record peak luminosity (2.1x103? cm=2 s1)

* Nucleon-pair luminosity: luminosity calculated with nucleons of nuclei treated independently;
allows comparison of luminosities of different species; appropriate quantity for comparison runs.




PROGRESS ON RHIC UPGRADE PROJECTS

U-U luminosity with 3-D cooling
3-D stochastic cooling successfully completed oo
during run-12 with further improvements installed L v e
for run-14

~

—L., V & H cooling
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E
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- N

Successful commissioning and first operation with
new Optically Pumped Polarized lon Source
(OPPIS) during run-13 with improved polarization
and intensity

Engineering tests of RHIC electron lenses during
run-13 and commissioning during run-14

New 56 MHz storage cavity for shorter vertex

length to be installed for commissioning during run-
14

Physics design for RHIC low energy cooling
started, completion planned for run-18




PROGRESS OF ACCELERATOR R&D (MAINLY eRHIC)

High intensity srf High power srf
accel. cavity electron gun

e L
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*  eRHIC design for 5 GeV electron beam and 1032 cm-
2 5”1 lJuminosity for $550M (FY12$) completed, R&D
underway for 10 GeV and 1033 cm2 s-! luminosity

« R&D on high intensity polarized electron gun
(Gatling gun) progressing well; results with 2
cathodes in 2014

* High intensity test ERL nearing completion: first
beam from gun in December 2013, first circulating
beamin 2014

» First test of Coherent electron Cooling in RHIC
planned for run-13: gun installation at 2 o'clock in
summer 2013 and beam transport and undulator
installation during summer 2014.

Helical wiggler

prototype
12




ERHIC

« 10 - 30 GeV electron beam accelerated with Energy Recovery Linac (ERL) inside existing
RHIC tunnel collides with existing 250 GeV polarized protons and 100 GeV/n HI RHIC beams

« Single pass allows for large collision disruption of electron bunch, giving high
luminosity (~ 103 cm-2s-") and full ele

*  Accelerator R&D for highest luminosit

 High current (50 mA) pol. electro
* Multi-pass high average current H eRHIC in RHIC tunnel

Luminosity ~10% cm2 st

» Coherent electron cooling of Electron energy 10 GeV
Electron current 50 mA

hadron beam Electron polarization 80 %

Electron | proton energy 25 - 250 GeV

Proton current 30 mA

. i ) Proton polarization 70 %

. Initial co nﬂgura’uon: Center-of-mass energy 30 - 100 GeV

10 GeV e-beam, 1033 cm2s'

Proton or
o




THEORY

ylasma: getting to the QGP
Glasma = coherent colored fields
T. Lappi & L. McLerran '06 Nucl Phys A772(2006)200
Stringlike along beam direction
Stochastic transverse to beam 6

Schenke, Tribedy, & Venugopalan PRL 108 (2012) 252301  ,m
Multiplicity: negative binomial distribution
Right: evolve from lumpy to smooth distribution =

- y i i
l‘_ f/'c/rnl_tl.,
B? =ige|a]. a3).

Typical configuration of an event just after collision




THEORY

Rainer Fries: photons from heavy ion collisions

R. Fries et al: Hot Quarks 2012, J. Phys. Conf. Ser. 446 (2013)
Excess of photons at low (transverse) momentum looks thermal
But: photons flow as much as hadrons! Does not agree with hydro!

Left: photon excess, ALICE @ LLHC Right: photon "flow" - too big!
0.3 7 7 T T

B Pb-Pb, V5,,=2.76 TeV

| VZERO Event plane

ALICE |

PRELIMINARY
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MuTR FEM upgrade '

« RIKEN/RBRC has a major role on construction and operation of the p trigger upgrade

* RUN13 was the main 500 GeV run to measure anti-quark polarization in the proton from the
longitudinal single spin asymmetry A, of W = pand W-> e

» The analysis of RUN13 W data is going well (= Talk by Ralf Seidl)
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PHENIX UPGRADES: VTX

200 GeV Au+Au MB

Hadron cont. ; 2 GeVic < P <25 GeVic
Dalitz

—— Conversion e”
—— Random BG
Ke3 Decay

— Charm

Track Number

LA

10-1 e e i A ¢ 2 A1)

-0.2 -0.15 -0.1 -0.05

PHENIX Preliminary

: ‘ $ e 2012: 200 GeV p+p, |y|< 0.35
- e o ook m &
+
«  We built and operated PHENIX VTX detector *
« The first results on b/c separation @ QM2012 %
*  Final results from RUN11 Au+Au and RUN12 _g
pp @ QM2014

*  More results to come: 1.5 2 25 3 35 4 45 5

Electron p_ (GeV/c)

* RUN12 Cu+Au, U+U
* RUN14 Au+Au (major HF run)
* RUN15p+A

17




FUTURE: SPHENIX AND FORWARD SPHENIX

fSPHENIX
HadronCal

Babar Solenoid
EMCal

Reconfigured VTX

Additional tracking

Pre-shower
(outside of DOE MIE)

« SPHENIX: mid-rapidity upgrade of PHENIX
— Study QGP by jets, photons, heavy quarks, and upsilons
— MIE proposal submitted to DOE on Sep30, 2013
— Compact Hcal and Emcal covering |y|<1. Reuse the Babar solenoid.
— Central piece of the last stage of RHIC operation before eRHIC
— Mid-rapidity component of ePHENIX detector of eRHIC
RIKEN/BRRC has strong interest on the additional tracking system

. fsPHENIX upgrade at forward rapidity (= talk by J. Seele)
— Spin Physics and small-x physics in pp and pA
— Forward detector of future ePHENIX 18




R (cm)

FUTURE: ePHENIX AT eRHIC

R (cm)

/— z<45m

ePHENIX is one of two initial
detectors of the first stage
eRHIC

— 10 GeV e x 100 GeV HI

— 10 GeV e x 250 GeV p
Physics

— Spin structure of proton

— 3D tomography of proton

— Initial study of the gluon
saturation (CGC)

— Quark propagation in cold
nuclear medium

Evolved from sPHENIX

LOI of ePHENIX submitted
on Sep 30, 2013 with
SPHENIX MIE

— Kieran Boyle and Itaru

Nakagawa were members of
ePHENIX LOI writing committee

19



COMPUTING: PHYSICS HIGHLIGHTS

*  Physical point (Mpi=135 MeV) simulation using chiral lattice quarks

» Sub-percent accuracy for many fundamental/basic quantities (hadron mass, decay
constants, By, Ki3)

» The first signal of muon g-2 light-by-light

« Emerging explanation for K—mrmmr Al=1/2 rule

« The first complete K -Kq mass difference from 4 point function

* Nucleon physics : form factors, proton decay, Nucleon EDM

*  CKM (K & B), PhySyHCAI (Computer Algebra system for perturbation)

« USQCD half rack Blue Gene / Q is installed, total 3.5 racks, 700 Tflops peak at BNL.

» Large production use of new algorithms, All Mode Averaging (AMA) , ~ 10x speedup, in
physics measurements

20




COMPUTING HIGHLIGHTS

New Collaborations / Synergies

Computational Science Center (HPC code
center established), besides ITD

Collaboration with KEK for B-physics [ Tomomi
Ishikawa, Christoph Lehner, Taku |zubuchi ]

New Staff
Ethan Neil (joint fellow with Colorado Univ)
Chris Kelly  (FPR, from Columbia Post Doc)
Sergey Syritsyn (FPR, from LBL Post Doc)

Staff Departures

Christoph Lehner (BNL HET)
Eigo Shintani (Mainz Post Doc)
Meifeng Lin (BNL Computational Sci. Ctr. )

New Joint Faculty at University of Arizona
2014

Honors , Awards and Press Releases

Brian Tiburzi, KITP Scholar, Kavli Institute for
Theoretical Physics, UC-Santa Barbara,
2012-2014

Brian Tiburzi, Alfred P. Sloan Foundation,
CUNY Junior Faculty Research Awards
in Science & Engineering, 2013-2014

“Supercomputers Help Solve a 50-Year
Homework Assignment” BNL Press-
release, September 26, 2013, DOE
supercomputing month

21



Computing History, Performance

QCDSP (Signal Processor)

1998-2004 1 Rack 50 G flop
Retired 12 Racks 600 Gflop RBRC
8 Racks 400 Gflop  Columbia
20 Racks 1T flop
QCDOC (On a Chip)
2005-2011 1 Rack 833 T flop
Retired 12 Racks 10 Tflop RBRC
12 Racks 10 Tflop DOE
20 T flop
QCDCQ (Chiral Quarks)
2012- 1 Rack 200 T flop  BNL
2 Racks 400 T flop  RBRC
Operational 600 T flop
January 2013 2 Rack 100 T flop  DOE/USQCD

The Ken Wilson Award for 2012 to RBC Group: “The K - (m m),., Decay Amplitude for Lattice QCD”




Cosmology

Since there is activity at BNL and RIKEN in astrophysics &
cosmology, we are exploring expanding the RBRC mission

BNL is a long-time member of the LSST collaboration

Responsible for delivering “sensor rafts” for the focal
plane detector of the DOE-funded LSST Camera

Members of Cosmology Group in the Physics Dept.
work on DES, BOSS & LSST: interest in Dark Energy

Toru Tamagawa, leader of the Astrophysics Group at
RIKEN, is here and will talk tomorrow

RBRC’s role in a RIKEN-BNL collaboration?

A change in the scope of RBRC'’s mission needs approval,
starting with the RBRC Management Steering Committee

23




Recent RBRC Workshops

« Towards a Comprehensive Understanding of
Thermal Radiation in Elementary and Heavy-ion
Collisions

« The Physics p+A Collisions at RHIC

 Jet Quenching at RHIC vs LHC in Light of Recent
d+Au vs. p+Pb Controls

« 2013 National Nuclear Physics Summer School
(Provided support to Stony Brook University)

December 5 -7, 2012

January 7 -9, 2013

April 15-17, 2013

July 15 - 26, 2013

24



Upcoming RBRC Workshops

- Lattice Meets Experiment 2013:
Beyond the Standard Model

« The Approach to Equilibrium in
Strongly Interacting Matter

* Thermal Photons and Dileptons
in Heavy-lon Collisions

December 5 -6, 2013

April 2 -4, 2014

August 20 - 22, 2014

25



COMMITTEES

Theory Advisory Committee: Experimental Advisory Committee:
« Larry McLerran « Akira Masaike

* Anthony Baltz «  Kenichi Imai

* Michael Creutz *  Yousef Makdisi

Frithjof Karsch

* Dmitri Kharzeev Lattice Gauge Advisory Committee:
* Miklos Gyulassy «  Michael Creutz

 Jianwei Qiu «  Sinya Aoki

26




RBRC Publications

Theory: 90

Experimental: 15

RBRC Seminars

Wednesday — RBRC High Energy Theory
Thursday — RBRC/Lunch
Friday — RBRC Nuclear Theory

27



Budget

Downward pressure on the RBRC budget (austerity + rate of exchange)

Nishina Center has been taking protecting RBRC but cannot continue to
provide full protection

JFY12: $3000k
JFY13: $2900k (with the goal of generating a $150k surplus)
JFY14: TBD but possibly lower
Tunable parameters
Number of Fellows and post docs
Number of Workshops

Size of Administrative Staff

28



Safety Update

Zero reportable injuries and operational
incidents since RBRC'’s start in 1997

29



Experimental Group
Round 1



RBRC Exp. Group:
Overview, Detector Upgrade
and HI physics

Y. Akiba

RBRC SRC review
2013/10/31



Exp. Group activities

Three major activities
e Spin Physics
— Study of spin structure of proton using the world only polarized
p+p collider
— Main activity of RBRC/RIKEN
— RBRC/RIKEN are the leader of Spin Physics at RHIC/PHENIX

 Heavy ion physics at RHIC/PHENIX

— Study of the properties of the quark gluon plasma formed in
heavy ion collisions at RHIC

— RBRC/RIKEN are focusedon penetrating probes

« PHENIX detector upgrades

— VTX and Muon trigger upgrade, both completed and we are
“reaping harvest”.

— Working on future upgrades sPHENIX/fsPHENIX/ePHENIX



RBRC Experimental Group

Group Leader Deputy GL

f}(

Y. Akib
University Fellow Fellow

. ’h"

f.!

Py 4 -
S. Bathe X. Wang K. Boyle
Baruch New Mexico

CCNY State Univ.

J. Seele
PostDoc

J. Koster M. Kurosaw C- éhen
* Plus Many Students and Visitors
e J. Koster moved to Amazon



Visitors/Collaborators/students

RIKEN/BNL
Takashi Ichihara
Satoru Yokkaichi
Ralf Seidl
Students
Hidemitsu Asano
Sanshiro Mizuno
Tomoya Hoshino
Chong Kim
Masafumi Kumaki
Visiting Scientist
Zheng Li

Naohito Saito

Yasushi Watanabe
Yuji Goto
Takashi Hachiya

Ryoji Akimoto
Sangwa Park
Insoek Yoon
Yasuhiro Fuwa
Minjung Kim

Kiyoshi Tanida

Collaborating Scientist

Masahiro Okamura

Rachid Nouicer

Atsushi Taketani
Itaru Nakagawa

Megumi Sekine
Hiroshi Nakagomi
TaeBong Moon
Shunsuke lkeda

Akio Ogawa

Ady Hershocovitch



PHENIX publications and RBRC

o 126 (52)papers published since 2001

— Phys. Rev. Lett. 62 (26) 16000
_ Phys. Rev. C 41 (15) /
— Phys. Rev. D 18 (9) 14000
— Phys. Letter B 4 (1) /
— Nucl. Phys. A 1 (1) 00 /
» Total citation: ~16000 10000 PHENIX citations
— Topcite 1000+ 1 (1) /
— 500-1000 4 (1) 8000

— 250-500 10 (3) /RBRC/RIKEN /

~ 100-250 30 (19) oo
~ 50-100 28 (12) / /
4000

« 11 (6) papers published
since last SRC (Nov 2012) 2000 / /
— PRL 2 (1) %
— PRC 6 (2)

— PRD 3(3) FFIFFIFLFSSIES
The number in () is the number of

papers whose paper writing committee
include RIKEN/RBRC member(s)



Exp Group Activities
« Heavy lon Physics at RHIC study of (s)QGP

RBRC/RIKEN studies sQGP usmg penetratlng probes
— High pT, photons =% [| ’

— Heavy quark " -
erEien

— Exotics

) DA

« PHENIX detector (completed)
— Silicon Vertex Tracker (VTX)

+ many more

+ many more



Exp Group Activities on Spin Physics

RBRC/RIKEN are leaders of Spin Physics at RHIC/PHENIX
— AG measurement A of i, nE, direct vy, jets, charm, etc...
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— W > mu analysis

— AyatRHIC

— Local Pol, Rlumi




Dark photon search at PHENIX

Y. Yamaguchi and YA Y
J10°F wﬁw
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« This result on dark photon search is recently presented at DNP.

— Dark photon is a hypothetical “heavy photon” that can mix with normal
virtual photon, which can show up a sharp peak in e+e- mass spectrum

— We looked for the signal in large PHENIX data set and set limits. This
almost exclude (g-2) prefered band.



—REB DNS min

Reaping harvest: muon trigger
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RIKEN/RBRC has a major role on construction and operation of the muon
trigger upgrade

RUN13 was the main 500 GeV run to measure anti-quark polarization in
the proton from the longitudinal single spin asymmetry A, of W - n and
W-> e

The analysis of RUN13 W data is going well. We expect the results of the
A, of W->u soon. (= Talk by Ralf Seidl)



Reaplng harvest: VTX

cf(c-i-b) 0.92207 + 0.022756
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. We build and operated

PHENIX VTX detector = T E e prommany

» Final results from RUN11 1 OOF o 2012:2006ev pup, <035 E
Au+Au and RUN12 pp willbe £ °°F E
presented in QM2014 2 04f H c

« More results to come = 03F E
— RUN12 CuAu, U+U 1t 02F $ E

~ RUN14 Au+Au (major HF run) < oEf f :
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- RUNI5p+A 115 2 25 3 35 4 45 5
— RUN16 High statistics AuAu Electron p_ (GeV/c)
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Fiitiire: sRPHRENIX

OUTER HCAL
INNER HCAL

SOLENOID
_EMCAI
PRESHOWER J

Babar solenoid

ADDITIONAL TRACKING
VTX

Coming to BNL thls year

. sPHENIX IS a major upgrade of PHENIX detector

— Study QGP by jets, photons, heavy quarks, and upsilons
— Compact Hcal and Emcal covering |y|<1.
— Central piece of the last stage of RHIC operation before eRHIC
— Recently, we get BaBar solenoid (R=1.4m, B=1.5T) for sSPHENIX
— MIE proposal submitted to DOE on Sep30, 2013. Aiming CDO in early 2014
— Engineering run in 2019 and physics in 2021
— Mid-rapidity component of ePHENIX detector of eRHIC (2025)
— RIKEN/BRRC has strong interest on the additional tracking system



Future: sPHENIX and forward sPHENIX
fSPHENIX

 GEM tracking system
 Forward calorimeter

Detector configuration, cost
and schedule is now being
discussed.

S

fSPHENIX: upgrade at forward rapidity (- talk by J. Seele)
— Spin Physics and small-x physics in pp and pA

» Jet AN, gluon saturation effects
— Forward detector of future ePHENIX ( 2025-)
— Forward physics white paper is due in April 2014

* Y. Goto, R. Seidl and J. Seele are members of the writing committee
— Seeking funding outside of DOE

« recently applied to JSPS grant as a part of #7581 proposal

— Aiming to implement the detector in the same time scale as SPHENIX &d
run in 2021-22



Future: ePHENIX at eRHIC
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ePHENIX is one of two initial
detectors of the first stage
eRHIC (2025-)

— 10 GeV e x 100 GeV HI

— 10GeVex250GeVp
Physics

— Spin structure of proton

— 3D tomography of proton

— Initial study of the gluon
saturation (CGC)

— Quark propagation in cold
nuclear medium

Evolved from sPHENIX

LOI of ePHENIX submitted

on Sep 30, 2013 with

SPHENIX MIE

— Kieran Boyle and Itaru
Nakagawa were a member of

ePHENIX LOI writing
committee

Talk by K. Boyle



RHIC schedule and transition to eRHIC

Tentative schedule for transition to eRHIC

Fiseal year
12 GeV Upgrade

FRIB

2012

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

2024 2025 2026

RHIC/eRHIC ops
Low energy cooling
SPHENIX - ePHENIX
eSTAR

eRHIC machine

Enhanced eRHIC detector

e et | ||

RED/PED/Design |CDO-CD3) I
Projects/Construction (CD3-CD4) T
Operations/physics ]
« SPHENIX
— CDO 2014
— Construction 2016-20
— Engineering run 2019

— Physics

2021-22

SPHENIX

RHIC with LE cooling

T !l T

I 0 B

e ePHENIX
— Construction 2022-24
— Physics 2025
 eRHIC starts in 2025



Exp Group Presentations

YA
Ralf Seidl
John Chen

Maki Kurosawa
Abhay Deshpande

Xiaorong Wang
Joe Seele
Kieran Boyle

Stefan Bathe

Exp. Group overview
W-=> m measurement in PHENIX

Studyng the medium properties in dAu via
two-particle correlation”

Operation and current status of Silicon
pixel

Overview of current Spin Physics program
and future plans in PHENIX

Proton spin study with FVTX

fSPHENIX detector and physics program”

Letter of Intent for ePHENIX

Charged hadron measurements with the
PHENIX VTX detector



Summary
Three pillars of RBRC Experimental Group Activity
Spin Physics/HI Physics/PHENIX Upgrade
Spin Physics
— Main activity of the group

— RUN13 was the main 510 GeV run = Definitive measurement of
anit-quark polarization from W

Heavy lon Physics
— Study of QGP with penetrating probes
— Important heavy ion results from RBRC

Two major upgrades, VTX and Muon Triggers,
completed. We are reaping harvest of them.

NEXT: sSPHENIX / fsPHENIX = ePHENIX

RBRC experimental group plays leading roles in Spin
Physics, HI physics and PHENIX upgrades



/
- — e

W=>u measurements at

N\
PH “ENIX

RBRC Science Review,
October 31, 2013

Ralf Seidl
(RIKEN)

RIK=N



‘Most recent global analysis - DSSV

x(Ad+Ad)

0.04 XAU

0.02 -

002 |
— DSSV

o~ :" - ///"

1 xad

004 . — DNS DSSV Ax’=1
" --- GRSV DSSV Ay’=2%
oos [ XAS 1 xAg

0.02

-0.02 -

-0.04

GRSV maxg :

[~ GRSV ming

- A
10 2 10

-0.04

-0.02

—0.04

4 03

— ] |

97 ZZT ZUT3

NLO analysis

Inclusion of SIDIS data
before COMPASS

Inclusion of RHIC A,
data( from 200GeV)

Using most recent NLO
fragmentation functions
(DSS)

Large uncertainties still for
sea quarks

Decay data forces As to
become negative at small x

RHIC data results in node to
Ag

2 RIK=N



~ Real Wproduction-as access-to™

quark helicities

Maximally parity violating V- (@)
A interaction selects only Proton helicity ="+" Proton helicity ="—"
lefthanded quarks and —( ﬂf:

righthanded antiquarks: A NHw
v oy

=»Having different helicities for
the incoming proton then
selects spin parallel or — = -
antiparallel of the quarks

*d(x;) V4 Yd(x>) LV

- b

= Difference of the cross ®) 5 on licity ="+" Proton helicity ="
sections gives quark helicities - %F
Aq(X) S d.(x1) /v ‘fﬁ(xl) Y
No Fragmentation function AT e/
required dixy NI P
Very high scale defined by W —_ —
mass Bourrely , Soffer "

Nucl.Phys. B423 (1994) 329-348

9/22/2013 R.Seidl: PHENIX W-->mu results




Quark and antiquark helicities—
probed in W production

=

Building single spin
asymmetries of decay

lepton

Positive lepton
asymmetries sensitive to

Au (x) and A

W

Negativ lepton
asymmetries sensitive to

Ad (x) and A

9/22/2013

W

d (x)

u (x)

AL

1
P

N-N
N+N

W+
A, =

3 Au(xl)c?(xz) ~ Ag(xl Ju(x;)
u(xl)g(xz) — 67(xl Ju(x,)

A

L

~

B Ad (x,)u(x,) = Au(x,)d(x,)
d(x)u(x,)—u(x)d(x,)

R.Seidl: PHENIX W-->mu resu Its

[

4 RIK=N




Quark and antiquark helicities—
probed in W production

Building single spin y 1 N=N
asymmetries of decay ;===
lepton PN+ N

But unfortunately we don’t
Positive 1¢ have a 4z detector,
asymmet1 Need to find the Ws inclusively

J(xz) ~ Ag(xl Ju(x;)

Au (x) an¢Via their decay leptons d (x,) = d (% Ju(x,)
Negativ lepton L Ad (x,))u(x,) - Au(x,)d(x,)
asymmetries sensitive to |7 d(x )i (x,) —i(x,)d(x,)

Ad (x) and Al¥]u (x)

[

5 RIK=N

9/22/2013 R.Seidl: PHENIX W-->mu results
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Sea quark polarizatien viaW production

Single spin
asymmetry
proportional
to quark
polarizations

Large asymmetries

Forward/backward
separation smeared

by W decay
kinematics

h
Q

Q

W’ p_>20 GeV w* p,>20 GeV
Lo R, [ <, PR
E GRSV val — OEL GRSV val
'o: 0.2 1 g % i
' w T et uwt
s T MRS i SRR, s i
1’]Lepton T‘lLepton
—Au(zq)d(z2)(1 — cos0)? + Ad(x1)u(z2)(1 + cos 0)?
u(z1)d(z2)(1 — cos 0)2 + d(x)u(z2)(1 + cos §)?
—Ad(z1)u(z2)(1 + cos0)? + Atz )d(x2)(1 — cos 6)?
d(z1)u(x2)(1 + cos6)? + u(x)d(xs)(1 — cosh)?

R.Seidl; PHENIX W-->mu results

R
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W kinematics

[n-P_correlation W 1| | n-P_correlation W " I"
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ia: quark flav anges

Proton 1 Proton 2 Proton 1 Proton 2

[W'= 1 x, distribution 0.0< n<1.2 | [W'= 1" x, distribution 0.0 < n<1.2 | [W*s u* x, distribution 0.0< n<1.2 | [w*= ux, distribution 0.0< n<12 |
x10 x10
2 £90000 2 ook 2 430
g L 2 d quarks 2 H 9 [
050000 [ 280000 o N @ 400 :_
[ U quarks 28 . Sl ;-
40000 ’ :
[ 300
Ce ntra | [ s quarks |:| 5 quarks
30000} 250
[ T quarks 200: D c quarks
20000} 150k
[ 100F
10000} :
ol 0 od 0F
0 010203 04 05 06 07 08 0 010203 04 05 06 0.7 08 0 010203 04 05 06 07 08 0 010203 04 05 06 0.7 0.8
s X, xS X,
IW'—' u’ x, distribution 1.2< 1 <24 ] |W'—> u’x, distribution 1.2< n<24 | Iw‘—. u* x, distribution 1.2< n<24 ] |w‘—> u® x, distribution 12< 1 <24 |
£22000 £90000¢ £ F £90000F
2 2 F 2 s 2 s d quarks
220000 380000F 335000F ®80000F 4
18000 b b E
70000: 30000F 70000 . u quarks
16000 : : :
60000F 3 60000F
14000 : 25000F : |:| ¥ quarks
FOI’WG rd 12000 50000F 20000F 50000
10000 40000F 40000f D c quarks
F 15000 F
L 30000f s 30000f
6000 - F
20000 LLLLY L 20000F
4000 F Fl
f 5000 u
2000 10000F ] 10000F
0 0 o- 0
0 010203 04 0506 07 08 0 010203 04 0506 07 08 0 010203 04 0506 07 08 0 010203 04 0506 07 08
X1 X2 X' Xz

W- 2 u case: almost entirely forward d W* - u case: predominantly forward

quarks and backwards « d quarks and backwards u ®
9/22/2013 R.Seidl: PHENIX W-->mu results SIK=N




P, distributions u- P, distributions u*
S10° 10°
W momentum 3 .
cannot be ignored gl § ol
Jacobian peak only o o}
ViSible for fOIWVaI‘d 1075445 155625 30" 35 40 45 50 5 10%45"45 26" 25 "3'()'"‘3'5'"216"2{5['(';5'(3/'/'15]5
p, [GeVic p, [GeVic
moving W+ decaying g 4 P; spectrum (stacked) u° §104 P; spectrum (stacked) u*
at close to 9o degrees %, 2,
s S 10

9/22/2013

Need to understand °

10"
and suppress s . .
. 5 10 15 20 25 30 35 40 45 50 55 5 10 15 20 25 30 35 40 45 50 55
backgrounds lacking > (esvia > (oevi
distinct signal

: Pythia 6.4, muons in rapidities
signature 12_24 F
@

R.Seidl: PHENIX W-->mu results .
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Events/(1 GeV/c)

9/22/2013

B

PHENIX Muon trigger upgrade

Inclusive 1 Production, 500 GeV/c

ot i
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R.Seidl: PHENIX W-->mu results

o(tot)=60mb, L=3x1032>cm™s™
(500GeV)

o collision rate = 18MHz

e (after luminosity upgrade)

DAQ rate limit < 2kHz (for
muon Arm)

Therefore, required rejection
ratio

* > 0000

But, MulD-trigger rejection
ratio (500GeV

¢ <100

A higher momentum trigger
is needed

10 2 IK=N



PHENIX Muon Trigger Upgrade

s detectors

RPC3 RPC3
cT AN x s, Q,\\"'\_
A »o,él MUTR Central Magnet MUTR@‘NM —l
‘,(/r), N\\>\ ‘ =y
M"r;r, : 0‘.\\\ y A " ! o
\\'/;(? el g L N
I RPC1
ot MP(
o IO |2 3B I | SR
ZDC South |3 . | |\ $ ZDC North
557] Pl =
~ MuiD| |1 MulD
- RxNI
=2 Mulr N
»” Babsorber! ™4
| X South Side View North U B
v AA LA L L L A ALAE ¥
185m= 40 ft "T,
MuTR FEE upgrade RPC
selecting muon fast selection of provide timing information
momentum > 2GeV/c  high—-momentum—tracks and rough position
information

9/22/2013 R.Seidl: PHENIX W-->mu results



uon Trig

[ RPC
project

RPC timing information
\ rough position information

Stationd| | / o dlgltlze
P A hit signal\ —
[ MuT: W e o T hitsignal) o iSO | ovel1

> - triggeE

Station?

o digitized
2 i,iiffi hit Signgl

digitized

\ Muon Tracki ,5 % of charge ifier Discriminator . .
, nre hit S|gna!

o u& MuTRG /
22 project

L~ = —

7/01/2013 R.Seidl: RHIC W results



PHENI ard W trigger u

~—— jnstallation and commissioning

Runll Forward Muon Triggers

Commissioned

Physics Trigger

Prescaled

» All systems taking data in Runi2

» All systems in triggers in Runi3;:
| » 3 Rapidity ranges with overlapping
s RHIC W resuleE C1 and 3 acceptances

B RIK=N
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~~ Forward Muon Backgrounds

5 ' '
10° W' p,_ spectrum W RHICBOS (W+Z)

Real muons from heavy

§ p+pc|§)§|£|sl[c;r:l,s]a!5000 <V Q011) Wy zipy W fake BG
flavor and DY decays :
get smeared to higher 5

b:.

transverse momenta

Low energetic hadrons
(huge cross section)
decay within the muon

N T
- cctru ~—
p+p collision sooc \/( 011) PH:“ENIX
B Do ( imi
e | 'l L preliminary

2 10
tracker, mimicking a b
straight track <
Raw yields 3 orders

above signal

9/2,2,/2013 R.Seidl: PHENIX W-->mu results 14 R"’IEN



Reducing thembackground

components
H. Oide

—

Apply sensitivity to
multiple scattering to
reduce hadronic
backgrounds

[nitially (2011) cut based [} [ e 1 [
removal of backgrounds

Improved by using
likelihood based pre-
selection and unbinned
max likelihood fit

W Simulation

T[T ITT[T|

9/22/2013 R.Seidl: PHENIX W-->mu results 15 SIK=N



Reducing thembackground

components
H. Oide

P —

s

Apply sensitivity to
multiple scattering to
reduce hadronic
backgrounds

[nitially (2011) cut based [} [ e 1 [
removal of backgrounds

Improved by using
likelihood based pre-
selection and unbinned
max likelihood fit

9/22/2013 R.Seidl: PHENIX W-->mu results
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>0.92.

P ..W-é """" “"ﬁr”.'"'lg‘r-,_nm] oo 7! ‘“"_“i"-"rl""‘nﬂ’““é"“ pf'jp";"[nﬂ it Tw
SRR
PRI B | Lowov vn by by by gy 18
3 0. .5 06 0.7 0.8 9

0.
W likelihood (feut)

Define Wness likelihood
using 5 kinematic variables
based on signal MC and

‘Multivariate analys

/

1S

After preselecting W like
events (>0.92) perform
unbinned max likelihood
fit in independent
variables rapidity and
effective bending angle

b W%signal

data ( = mostly BG)

10

A(SIG)
Asig + ABa

Wness

A

9/22/2013 R.Seidl: PHENIX W-->mu results

[p(DGO, DDGO),p(DCA,.), p(x*),p(RPC_DC A)]




~~ Multivariate analysis

A After preselecting W like

- f>0.92 events (>0.92) perform

o unbinned max likelihood
fit in independent

i
ST ST e . — i
(T i g e i W 1 N
] il
8 "
‘ Projection to dw23 '
Data Y
PR | e by v by v v by vy by 1B Fitting Total o i
0. 5 06 0.7 0.8 9

0

W likelihood (feut)

Define Whness likelihood KN I
using 5 kinematic variables e e e s
based on signal MC and .
data ( = mostly BG) : H’l -

Events / ( 0.00666667 )
g

IIIIII|IIII|IIIIIIIIIIIIII|IIII|IIII|

Wrness = —(5I6) Bl
AsiG + ABa
A = [p(DGO,DDGO), p(DCA,), p(x* %

9/22/2013 R.Seidl: PHENIX W-->mu results
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Luminosities
250
P 2011: BBC < 30cm 18.50 pb '
L 2012: BBC < 30cm 31.47 pb ™
200
i 2013: BBC < 30cm 156.49 pti)
150'_ "“n"
- /"/
100+ ,
50_
o LSRR il o
0 60 80 100
days in run

0y22/2013

40

30

20

R.Seidl: PHENIX W-->mu results

2011: BBC < 30cm 4.97 pb

2012: BBC < 30cm 9.83 pb

2013: BBC < 30cm 45.03 pb

-
=
E

H | |
40 60 80 100
days in run

e

RIK=N




500/510 GeV Data taking periods

Luminosities FOM: LP?

250 ' = 1
_— Run Energy Polarization Longitudinal

i [GeV] [%] L [pb"] LP4[pb] LP2 [pb'] [
200+

| 2009 500 36 8.6 0.32 1.3
150"_ 2011 500 52 18 14 5.0

i 2012 510 55 30 3.1 9.8
100 2013 510 54 156 13.9 45.0

: 20—

50— E

L 10:_ ,

O— {.t{:\:\:.\: o gL T Ly O:' E:::E:l [ Ly

0 20 40 60 80 100 0 40 60 80 100

days in run days in run
9p22/2013 R.Seidl: PHENIX W-->mu results ' ‘
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/
Forward W asymmetries

9/22/2013

After extracting S/BG ratios

Mg V' +Z—-pt et ]

(in 2012 preliminary data AR ——
. 0.5 &1 A} (2012) W A (2009-2012)

~o.3) extract asymmetries : —Beve = ‘

o o
and correct for BG (BG gl e
asymmetries are consistent 1 === ( *
with zero ) 10 6 | .
Inclusion of FVTX

information will improve BG
rejection (isolation, multiple
scattering)

PPTE_NIX
2011 and 2012 Analysis will be o | preliminary
finalized soon 2 0 i 3

2013 data analysis is ongoing

R.Seidl: PHENIX W-->mu results
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/
Forward W asymmetries

After extracting S/BG ratios

4 1.0 w T T T T
( 1n 2012 pI'EhmIIlaI'Y da.ta 05E Runi2 pipaiie-sioGov o Al G0y - A 012
~o.3) extract asymmetries O.O; il e = £
and correct for BG (BG AN ~T_i:
asymmetries are consistent > * ]
with zero ) 10 i 0 i E
Inclusion of FVTX JRTT— . . .
O . . . L WHZ-op.e ]
information will improve BG ost 5
rejection (isolation, multiple = | ]
. 0.0;ll [ i T "1’" TH LU ]
scattering) N _;
2011 and 2012 Analysis will be e S 208 e o B
. o -2 -1 0 1 2
finalized soon i,
2013 data analysis is ongoing
9/22/2013 R.Seidl: PHENIX W-->mu results 22
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iy ook
RHIC Spin NSAC write-up:
Aschenauer et. al: arXiv:1304.0079
Real W bOSOH < : b ]?+p —= W=+ X = e*+ X 25GeV<E;<50 GeV
. 06k 0 p+p =W+ X = u*+X I5GeV<E!
production as clean | Jr
[ STAR PHENIX , _{gr -
access to sea quark 041 +¢»
helicities ol ++ |
: A\
RHIC has delivered 510 ottt _+_—CF
Gel\I( Polar;zed PP _0.2:_\
| —
collisions from o Tl &%—#
2009-2013 [ Lyg,;=630pb P =55%
. . 0.6
Run 13 anaIYSIS Wlll i _W- K CHE-DSSV (25 GeV<E ")
. . . [ T — — CHE-DSSV(I5GeVgE") | |
significantly improve sea I L i
quark helicity

9/22/2013 1<nowledge R.Seidl: PHENIX W-->mu results



: full data set

002

* Substantial uncertainty of
improvement of the sea
quark helicities

-0.02

-0.04

* DSSV framework ready
to include W

asymimtries
0.02
* NNPDF in the process of
including W 'l _
asymmetries L3 S ;
[ DSSV+ ]
-0.04 _— B DSSV++ with proj. W data —.

9/22/2013 R.Seidl: PHENIX W-->mu results 10 10 X



Backup
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Correcting acceptance
and efficiencies one can
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Cross sections:
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the scale dependence
from RHIC to LHC
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~~ Central W asymmetries

STAR Preliminary Run 2012
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Indication of © quark i -
helicity larger than DSSV, d Stevens, arXiv:1302.6639
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ratman (BNL)

pp @ 500 GeV 3He p @ 432 GeV
2 -1 0 1 Thepe 2 2 1 0 1 Miept 5
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- GRSV i) caveat: A study assumes 216 GeV 3He
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~Forward W decays

* Forward W decays
advantages:

e largest sensitivity to the
anti-u quark polarization

e some sensitivity to the
anti-d quark polarizateenbuons Nem |

02 - -
- — - - GRSV (std) A d

06 - —.—.—. GRSV (val) DSSV Ay’=1 .

1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1

T | T T T T | T T T T | T T T T | T T T T | T T

05 | A _

0 b

minn DSSV with Ad/d—1 as x—>1 .

]

2

o
o
3
—
=}
o
s
=
]
3
n
4
o
=4
=l
=

(due to decay kinem: *

e With high statistics |
possibility to testd p ¢

sign change :

* But no Jacobian peak, «:|J
experimentally more

difficult

40
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R

Expected sea quark sensmvmes

Inclusion of W

004

channels into global

analysis DSSV
prepared

Expected impact

-0.02

with about 200 pb™!
in PHENIX and STAR

in -2 <M <2
estimated

9/22/2013

002

0

'

X Au W 200 pb

.

x Ad RHIC 2 n

— / B

4 0.0z

10~

10
X

deFlorian, Vogelsang:
Phys.Rev. D81 (2010) 094020

Reduction of uncertainties in

sea quark polarizations of
above x~0.1 substantial

R.Seidl: PHENIX W-->mu results
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+ -0.04
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W=e
in central rapidities
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Central W analysis

| P, projection -1.0 < n<1.0

General Strategy:

60000F-

e Find the Jacobian Peak
(~0.5 M) in Energy or o000~

=\

FEC il o W

Pt spectrum for 30000
200001

electrons ;
10000;

e Clean up backgrounds )

by E/P and isolation
criteria including away
side (neutrino
direction) if possible

9/22/2013 R.Seidl: PHENIX W-->mu results

| | b I I | ] e ]
5 10 15 20 25 30 35 40 45 50
pl

T
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= Raw

electron ylelds

g > __ Candidate track and BEMC
\8/ MCal 81 cluster reconstructed
“’g—ms == 10% Relative Isolation cut added e E Ey > 14 GoV and EVEr™ > 0.5
3 —— 240¢ B 5= 088
' . PH: “ENIX g F Bl 7:- balance cos(s) > 14 GeVic
10° = T, preliminary 10*
- + +
] +H
T +
| T | ~H WH
1 '_I 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | T+ 1 1 1 % 1 % H 1 % L 1 H 1 J % 1 # g(mw
har

0 P [GeV/ce]O Transverse
Plane View

EEEEEE

dN/dp? [(GeV/c)

10° =
10% Relative Isolation cut added
102 — L PH -ENIX i
8 - preliminary

* Raw electron Pt or energy
| w Hﬂ 1 ~ spectra and after successively
applying shower shape and

isolation selection criteria
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f Jacobian peaks and
— background fraction
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“First W re

\'\

sults

In 2009: First exploratory
RHIC run at 500 GeV

Both, PHENIX and STAR
obtained first central

rapidity results,

PRL 106:062001(2011)

PRL 106:062002(2011) <

Real W production can be

used to access the sea quark
polarization!
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Clear correlation for W:

valence quark
polarization—=>forward

sea quark - backward

However, not for decay

muon/electron: enhanced for
W-, mixed for W+

reversed effect for neutrino

asymmetry

neutron target reverses that
due to isospin asymmetry
—>run Hes collisions

eventully?

x is not affected by this; still
forward is larger x, backward

smaller x

R.Seidl: PHENIX W-->mu result
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Studying the medium properties in dAu collisions
via two-particle correlations

John Chin-Hao Chen

RBRC Scientific Review Meeting
2013/10/31



Surprising long range correlation in LHC

CMS 2010, v/s=7TeV JHEP 1009 091
MinBias, 1.0GeV/c< p< 3.0GeV/c N=110, 1.0GeV/c< pT{3.{]GEW C

R(An,A¢)
R(An,A¢)
s

/i

_- y STV L'J.\n
DA

* In MinBias p+p, the correlation has a peak at Ap~ 0

* A novel long range correlation along An is found in
high multiplicity p+p collisions at LHC



Long range correlation in p+Pb!

p-Pb |s,,, = 5-02 TeV

Eqpﬂﬂ: < 4 GeV/ec
| N (0-20%) = (60-100%)

ftlin
OMS pPb \5y, = 5,02 TeV, N 2 110 1 <Py <2 GV

1 <P, < 3 GeV/c

.E E 1 8 _;.. &
= | ® 0.85]
% 5 1-7 ;g.. ]
8m ’ 65 z! a;_ n.an
L o ZE s "o %Eu'?ﬁ:
4 = 5’
PLB 718 795 -4

2~ PLB71929

* Ridge also appears at high multiplicity p+Pb collisions
- The ridge looks like a v, structure .



Why so surprising?

* Ridge in heavy ion is thought to be due to the
% harmonic coefficient of the collective flow

* p+p and p+Pb are originally thought as a
relatively simple system, and no QGP should

be formed.

e But in high multiplicity events, the correlation

function looks similar to heavy ion case

* |Is QGP formed in these small system?

e Can we see similar effect in d+Au at Rl

1IC?



Why d+Au at RHIC is interesting”?

* Arelatively simple system compare to Au+Au
* Aslightly more complicated system than p+Pb

A much lower energy than LHC (0.2 TeV vs
5.02 TeV)

« Can we see " in d+Au?

e Can we see ridge in d+Au?



Lessons from previous experience

 From the experience of LHC:

- We need to select high multiplicity events

« From measuring v, in Au+Au collisions:
- The medium in d+Au is thin, the non-flow
contribution is strong

- Need to remove the non-flow contribution as
cleanly as possible



Measuring d+Au v, In mid-rapidity

» Use two-particle correlation method

- Both particles fall in central arm acceptance (|n|<0.35)

- Fixed the p, of the trigger particle, varying the p_ of the partner
particle

- Various An range (0-0.7, 0.3-0.7, 0.5-0.7)
- Various centralities (0-20, 20-40, 40-60, 60-88%)
» Use p+p collisions as a proxy for non-flow contributions

 After subtracting the non-flow contribution, extract the
Fourier coefficients

CF(A@) = bO(1+2C _cos(nAg))

- By assuming the C_is factorizable, which is C_=v "9 * vy pa,
we can extract the v_ of a series of partner p..



Correlation functions in dAu
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Even in most peripheral d+Au, the shape of the jet function is not
the same as p+p 8



ArXiv:1303.1794
accepted by PRL
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0.30—~ @ PHENIX, 200 GeV, d+Au, 0-5%, |An|c [0.48,0.7] —
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. v, increases with p p. (GeVic)

- v, in d+Au agrees well with hydro calculations up to 2 GeV

e v, ind+Au (@200 GeV) > v, in p+Pb (@ 5.02 TeV)



Central-forward (backward) long range
correlation

I I | I I | I | I I I I I I | I I | I ("L‘l'll'l"iil \'Ii]}."‘ﬂ:[

25 B d+ Au e D-20%% T

= l'i-'.‘"".- 200 GeV - 20-40%

20— - 40-60% —
. " o 60-80% MPC

n "' -.. -
- .'"-. 80-100%:
15, ﬂcﬂuﬂm"’cﬂ e . .
Gu'” °, gt o Min-bias £

. — - =

dN,/dn

o,
o ﬂ{:'ﬂccn
A Uﬁnu -

g Bl . (=]
10— o nf-'*' _..—-.:ut.;% N\ —
“iilisieuge, o
B ,.-:-¢b u " e .
L By o
5 ;. - nnﬂud:':nnu‘:‘ﬂnumcpnnﬂnuunﬂ oo,
o o

a
o
" i o
DDEF 11"“ Mhdhghahgyphhdd i“‘ E'D
— DDDDD .l"‘ “ Dgaﬁ ]
o

ak c AL !l
-‘-.l.j,.l!!!
[ el

| L] -
3 45 Side View

1‘11“

D|||l|||||||||||||
54 -3-2-10 1 2

PRC 72 031901 N

« The multiplicity distributions in d+Au collisions are asymmetric

« Measure the two-particle correlations of one particle at mid-rapidity (with central arm
spectrometer, |eta|<0.35) and another particle at forward calorimeter (with Muon 10

Piston Calorimeter, 3.1<|n|<3.9)



C(A9)

C(A9)

C(A9)

Central forward (d-going side)

a] ® d+Au I:I 5% {EEC Au]—
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- +2=2ms{2.-}.q:]
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b} ] d+Au 5 1D%

-- 1+2c cos(Ad)

3
4

1* When correlated with d-

going side, there is no
local maximum in
correlations at Ap ~0

~.§° The correlation is
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C(Ag)

C(A0)

Clad)

Central-backward (Au-going side)
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w120 m:{mq:l

o R A R Au-going side, there is
significant correlations
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o o 020 of TR * The nearside correlation
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to peripheral d+Au
collisions

Asso: Au-going, -3, F<<-3.1 _
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T°-MPC correlation

pi0_centrality mass_pT y projection
a0 ===  |n order to enhance the p,
: ' reach in mid-rapidity, 1°s
are reconstructed in
central arm.

80
60

 Use ERT triggered data to
enhance statistics

40

20

* Nice 1° peak

 Remove the background
by sideband subtraction

* Analysis is on going

13



Summary

* Novel ridge structure in p+p and p+Pb at LHC
IS surprising and stirs interests in d+Au at RHIC

- Detailed studies of v, and ridge in d+Au is in
progress

- Differential v, of d+Au as a function of centrality
and p. is under study

* The long range correlation to study the ridge in
d+Au is pushed to highest possible p. by

triggering on reconstructed 1.

14



Operation and Current Status of
Silicon Pixel Detector

Maki KUROSAWA
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Outline of Talk

1. Introduction

2. Operation Status of VTX at Run13
3. Repair of Pixel Modules

4. Current Status of VTX to Runl4

5. Hot Dead Map for VTX

6. Summary

Maki Kurosawa SRC Meeting 31 Nov



1. Introduction

2011 » PHENIX Detector

T . PC3

* Physics motivation to measure heavy flavor

* |[nitial state of QGP.
* Detail study of QGP due to large mass.

 Silicon vertex tracker (VTX) upgrade for PHENIX

* Heavy flavor tagging
v’ spatial resolution 2 ¢ ~ 77um
v’ Large acceptance 2 |n| <1.2, Ap~2n

* Physics observables with VTX

* Nuclear modification factor for heavy flavor R,

 Azimuthal anisotropy for heavy flavor

Maki Kurosawa SRC Meeting 31 Nov



Physics Analysis (Run-11 Data)

DCA decomposition of charm and bottom
D and B mesons travel before semi-leptonic decay to electron.

. . 4
e, Side View of VTX 10 pata PHENX '’ 200 GeV AutAuMB 3
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2. Operation Status in Run-12 and Run-13

* In Run-11, two issues for pixel detector were found.
* Defects of bump bonds (All pixel cells of readout chip were bump-bonded to silicon
sensor). = Not fixable
* Some bonding wires were broken due to difference of thermal coefficient between
encapsulation and readout bus. = Fixable
* Those issues were happened by thermal stress and material type of the
encapsulation.

e Solutions
* Change of operation temperature from 0 to 20 degrees.
e Use of the different type of encapsulation.

Run-11 0 Old Oold

Run-12 20 New (for few old
modules)

Run-13 20 New Removed for repair

After changing of operation temperature, no additional dead area was found.

Maki Kurosawa SRC Meeting 31 Nov



Issues in Run-13

* Only WEST pixel barrel was
operated in Run-13.

* EAST barrel was removed due
to the leak issues of strip
layers.

e WEST strip barrel was
remained at IR but not
operated.

e At this timing, EAST pixel ladders were sent back to assembly company (Hayashi
Tokei) to repair them.

e Several readout chips were not working due to bonding wire issue.

* Totally 15 pixel ladders were sent to Hayashi.

Maki Kurosawa SRC Meeting 31 Nov



3. Repair of Pixel Ladders

Silicon Pixel Ladder

Cross section of silicon pixel ladder Repair Process
1 Encapsulation
r il | Remove encapsulation and
Readout bus — I I bonding wires (Hayashi)
Bonding wire l 1y
\ :

wire bond (Hayashi)

) 2

Electrical Test (RIKEN)

¥

Encapsulation (Hayashi)

Pixel sensor —»
module

Support & Cooling —

Electrical Test (RIKEN)

Issue : Some bonding wires were broken due to
difference of thermal coefficient between . ¥

. Ship to BNL
encapsulation and readout bus.

Maki Kurosawa SRC Meeting 31 Nov



History of Repair

Crack repairment at HAYASHI

Wiring at HAYASHI
ITest at RIKEN .Extensive Test at RIKEN
Encapsulating at HAYASHI X Suspended or Under diagonostic repairment
.Export to BNL Finish
—
April May June July August
Ladder ID | v | ws | wis | wir | wss | ws war | was | was [ wer | wen | wen | won | won | wae | s | o | s | s
#18,19,21,22
0
#23
#25
#26 B
#27 g
#28 "
#29
#31 s
#33
#12 o 1
#14 T -

5-May

2-Jun

7-Jul

4-Aug

1-Sep

All 15 ladders had been repaired with the yield of almost 100% during 5 months.

Maki Kurosawa

SRC Meeting 31 Nov



4. Current Status of VTX Assembly

: WEST WEST EAST EAST

Mounting ladders on a barrel mount frame No replacement Done Done
Attaching cocing manifolds Done Done Done Done
Pressu‘re test D Done Done Done Done

Repair leak with‘glue if it’s found No need Done No need Done

&

Electrical test Done Done Done Done

=

Mate both layers Done Done Done Done

&

Mate with Strip barrels

\ 2

Attaching big wheels (SPIROs)

\

Final electrical test




Electrical Testing

* To confirm if there are any broken
channels or not, electrical test had
been done for all pixel ladders.

* Test items are current consumption of
ladder, bias current of sensors and
response from test pulse and noise.

70
60 D SO Leakage
< - Currunt
g r (HA)
= 40
= [ |
g 30
3 50 —4—RIGHT(pA) i et ol {0
B u = LEFT(uA) R R
® 10 —
2
0+ , , .
ﬂ/ 20 40 60
-10
20
BIAS (V)

Maki Kurosawa SRC Meeting 31 Nov



Assembled Layers (Mountmg Ladders and Attachmg Mamfolds)

Maki Kurosawa SRC Meeting 31 Nov



Central Arm Acceptance

Hit Map for All Pixel Layers

WEST Barrel O

SOuUTH

NORTH

SOUTH

Chip

acceptance.

Active area is 90% in Central Arm




Current Status of Strip Detectors

* Coolant leak for strip detector has found at the beginning of Run-13.
* The cause of the leak was due to Galvanic corrosion of Al cooling tube inside staves.

* All staves were replaced with new staves that were using cooling tube of PEEK core.
WEST-B2 A =i w -

\

N

=" )
b “\

&2

EAST-B2

All ladders were fabricated and
assembled successfully except for
EAST-B3.

Maki Kurosawa SRC Meeting 31 Nov



6. Summary

* R,,andv, for heavy flavor were measured using Run-11 data.

* Repair of pixel ladders were carried out gradually after Run-11.

 Ladders of EAST and WEST detector were successfully repaired
with the yield of almost 100% at Hayashi.

* Active area were improved to 90%.

* Assembly of VTX are on-going but almost done.

Maki Kurosawa SRC Meeting 31 Nov
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Spin Physics Overview
and Outlook

Status of RHIC:
Polarized p-p collider and the RHIC Spin Results

Future directions:

Forward physics with upgrades of PHENIX with polarized p-p
Realization eRHIC: with ePHENIX detector

R\ stony Brook University Abhay Deshpande
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Spin Overview @ RBRC SRC 2013

RHIC: The world’s most versatile collider!

Polarized proton runs

PR N Pl —250GeV
PAVE VAN gl
/ Sa7e === 100 GeV
/ / 2011 P=48%
/ / . 2012 P=59%
2009 P=34% / 2009 P-=56%
[ S
'I
) w -= 2006 P=55%
27 [T 2008 P=44% L7
Cd e
/ ’, ’IZ / "1’
2,
Z ”/ _Le7 . 2005 P=47%
O ‘=_:E—::‘::::"/— 2003 P=34%
0 2 4 6 8 10 12 14 16 18 20
Weeks in physics

‘\\w Stony Brook University

Integrated nucleon-pair luminosity Lyy [pb™]

200

180

160

140

120

100

80

60

40

20

Heavy ion runs

2011 Au-Ay / 2010 Av-Au
A /
2012 Cu-Au// /
/ / P 2007 Au-Au
/ / / 2008 d- u/’
// / ,/ /
2012 0-U / / 2005 Cu-Cu
/ o 2004 Au-Au
2000 Au-Au
L/ VAR
- 2003 d-Au
— 2001 Au-Au
0 2 4 6 8 10 12 14 16 18 20
Weeks in physics
RIKEN BNL

Research Center
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RHIC p”p* Luminosity Run-13 (Vs=510 GeV) .
600 ‘ . \ . { o POIarlzed -
= = ==Min Run13 Projection et
550 + - S
====Max Run13 Projection R
. 4
500 + «++e.. STAR Run13 (singles corrected) soft-ev-phys (.0028ba) ’l" d 450 b 1
= PHENIX Run13 (singles corrected) soft-ev-phys (.0025ba) R .”.-‘ p =
430 ¢ —&— STAR (physics, singles corrected) e '..w' i @ ~52%
— 400 o< A
<l ”/ ."1
»
g 350 _j# e
—_— ,’ » >
2 300 10 Jun - 2 -
3 thru FINAL fill 17601 s e~ 1
E 250 "I 2% ”,.
E ’4 ".-’
3 -7 -
200 7% > =G
’ P 3g
’l' ’f"
150 L d -
o /" -
100 e v
50 et
. Run 13 H-jet polarimeter, physics stores
L T T
o o o o o o o o =) o o =) <& Yellow_Pol (eLens lattice) @ Blue_Pol (eLens lattice) ® OPPIS (from SetUp, krisch)
@ @ @ o ] & & = o o 9 &
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The RHIC Spin Program

- Direct determination of polarized gluon distribution (AG) via
multiple probes ( «%*~, v, c-cbar,... production)
- Double longitudinal helicity asymmetry: A,

- Direct determination of anti-quark polarization (AQbar) using
production and parity violating decay of W+~
- Single longitudinal spin asymmetry: A;

- Systematic study of transverse spin phenomena
- Single transverse spin collisions

- Possible connections to Orbital Angular Momentum (OAM: LQ,G) and
other subtle (and not-so-subtle) final state interactions in QCD

‘\\\‘ Stony Brook University CD RIKEN BNL



2000

2001/02

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

130 GeV Au+Au

200 GeV Au+Au
200 GeV pol p+p test

200 GeV d+Au

200 + 62 GeV Au+Au
22,62, 200 GeV Cu+Cu
200 GeV p+p

62, 200 GeV pol p+p

200 GeV Au+Au
p+p/d+Au at 200 GeV

200 GeV d+Au
200 GeV pol p+p

200, 500 GeV pol p+p

7.7,11.5, 39, 62, 200 GeV Au
+Au (BES-1)

500 GeV pol p+p
19.6, 27, 200 GeV Au+Au

200, 500 GeV pol p+p

193 GeV U+U
200 GeV Cu+Au

510 GeV pol p+p

Q\\\\ Stony Brook University

Collective flow, jet quenching

Flow, jet quenching, p+p baseline

Cold nuclear matter comparison

High statistics Au+Au, J/¥Y melting
System size dependence

Proton spin, p+p baseline

High statistics p+p reference

Reaction plane dependence
Gluon polarization

Cold nuclear matter, proton spin

Proton spin, first W measurements

Search for QCD critical point
Low mass dileptons

Improved W measurement
Critical point search

Gluon contribution to proton spin
Initial geometry dependence of flow and
fluctuations

Anti-Q Polarization: Final W physics run
Asymmetric and other HI collisions

Baseline detectors

STAR: SVT, FTPC, pTOF, ...
PHENIX: S Muon Arm

STAR: Partial EMCal
PHENIX: N Muon Arm

STAR: Partial SSD
PHENIX: MulD, EMCal Trig.

STAR: Full EMCal
PHENIX: Aerogel

PHENIX: TOF, RPD, MPC

STAR: FMS

STAR: DAQ1000
PHENIX: HBD

STAR: TOF complete

PHENIX: VTX, Mu Trig. S

STAR: Partial FGT
PHENIX: FVTX, Mu Trig. N

PHENIX Mu Trig N& S,
STAR Full FGT

—
\
‘e

/‘/" Resear

:h Center
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RHIC-Spin White Paper, 2012

Status of AG with RHIC Data

GeV/c
0 5 1 0 1 5 T T T T T T T T T T T T T
T T T T I T T T T I T T T T I T T I I I
®  PHENIX Prelim. z°, Run 2005-2009 . 15 Q’ =10 GeV?
PHENIX shift uncertainty 5 DSSV++
i DSSV++ for 7°
0.04} Ay,

B STAR Prelim. jet, Run 2009
- STAR shift uncertainty

DSSV-++ for jet / 10

T I T T T T I T
1 l 1 1 1 1 l 1

AX2= 2% in DSSV analysis

3 N Dssv ]
[ Dssv\;"i':\ :
B .PHE.NIX./ ST.AR slcalelunclertailnty ?.7"/?/ 8.?%flmmlpol.lnot Ishm:vn . = l 11--..?_.1_:/' l _|
0 10 20 30 -0.1 00.2 0.1 0.2
Jet o (GeV/c) [ Ag(x.Q%) dx
02 0.05
Ag(z,Q? = 10GeV?)dr = 0.1075 05
PHENIX data: Ph.D. theses 0.05
2006 Kieran Boyle Global fit DSSV++
2009 Andrew Manion (SBU grad. student) + KB Sassot & Stratmann

2011-13 500 GeV data sets (?): Low p; systematics dependent
R\ stony Brook University RIKEN BNL
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AG Status and future needs.... (low-x)

T T T II T T T T T T 1T T T T T T IIII
I 1
XA 1+ ) ]
02 I [Ag(x.Q) dx
' Q*=10GeV” | 3 X
Zos - ) ) -
s Q%= 10 GeV
i RHIC 200 GeV ! R= i
0.1 06 _
04 -
0 = i . RHIC
= 200 GeV |
02 : : _|
0.1 E forward rapidity E 500 GeV E
11 I 1 1 1 L1 1 11 I 1 1 1 1 1 l_ O _II 1 1 1 L1 11 II 1 1 1 1111 II
-2 -1 3 2 -
10 10 10 10 0"
X

Low x uncertainty reduction requires higher energy & forward rapidity studies
Effort limited by systematic uncertainties in measurements
(SRC 2012, K. Boyle)

Electron lon Collider: eRHIC in the long term future will address this effectively

Q\\\\ Stony Brook University (%) RIKEN BAL



Anti-Quark Polarization

(a)
Proton helicity ="+" Proton helicity ="—" W pl’OdUCtiOﬂ at 500 GeV CM with

polarized proton-proton collisions

Produced W’s decay in to a lepton and a
neutrino

High momentum electron (and neutrino)

Proton helicity ="+" Proton helicity ="-" detected (not detected). Experiments
~ need to trigger on:
oA « The charge of the high p; lepton
" ; * |solate the lepton from leptons

decayed from other mesons
« Background subtraction a challenge

PHENIX Central arm results published last year, with electron in the final state
=» Ciprian Gal (SBU Grad Student)
Forward MUON arm detector/trigger + use of FVTX upgrade just completed

=> Discussed by R. Seidl already this morning (+ X. Wang’s talk this session)

‘\\\‘ Stony Brook University (.D RIKEN BNL



October 31, 2013

Anticipated uncertainties

Spin Overview @ RBRC SRC 2013 9

—

< L oW S up > War X = et 4+ X 25GeV<E, <50 GeV

! STAR
0.4 -

w- W

1

PHENIX

06k 00 PHp = W=+ X =+ X i5Gev<E; {

Lyo,;=630pb P =55%

CHE-DSSV (25 Ge\'<r-;“)
CHE-DSSV (15 GeVgE ")

-2

‘\\w Stony Brook University

-1 0
epon

Extraction of
Anti-quark polarization
Will need inclusion

In the DSSV++

And such

Globa analyses

DSSV + PHENIX and STAR
Experimental groups
Actively engaged

Stay tuned!
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Transverse Spin asymmetries: . _ 2~

F —_—
PHENIX (John Koster) and STAR: At high rapidity \/E

o 0.25
RZ -
Measured fr [ ® Vs=19.4GeVic’, ET04 (Preliminary) | *: Brahms)
027 o \5=62.4 GeVic®, PHENIX 3.1<n<3.7
60 [ PRL 36, 929 (1976) : RL 101, 042001 (2008)
40 015__ % \5=200 GeV/c’, STAR «ip=3.3 | 'JRAHMS
_ nf o of Tk V8200 GeVic?, STAR ap=dd, * o?
S tom ¢ 01 * 1 *
)| S S ¢ " @]
< | - o
-20 - 005: * 7F o)
40 T $ .hi i O(%
- MM Y _t___ _* * ____________________________________________ FPPLTOPPY PYPPE PR POV PPPL POV PPV PP
B0 02 04 06 I 04 fe-set% 02 04 06 08 1
X ) Ll L [ B ' | | | | | | X
F 0 0.1 0.2 03 04 0.5 0.6 0.7 08 F

Root Cause o1 tne asymmeltries: iniual or/ana nnai state partonic interactions

Dedicated effort in the forward direction: current and short term future
=> Xiaorang Wang (RBRC-NMSU) (heavy Q with Forward-VTX)
=>» Forward physics upgrades of PHENIX: sfPHENIX (Joe Seele, RBRC)

R\ stony Brook University (% Riken AL
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RHIC operations plans future...

Spin Overview @ RBRC SRC 2013 11

B. Mueller

Beam Species and Energies New Systems Commissioned

Heavy flavor flow, energy loss, thermalization, Electron lenses

15 GeV Au+Au

A 200 GeV Au+Au
p+p at 200 GeV

2015-16 p+Au, d+Au, *He+Au at 200 GeV
High statistics Au+Au

2017 No Run

2018-19 5-20 GeV Au+Au (BES-2)

2020 No Run

Long 200 GeV Au+Au with

2021-22 upgraded detectors

p+p, p/d+Au at 200 GeV

2023-24 No Runs

‘\\\\ Stony Brook University

etc.
Quarkonium studies
QCD critical point search

Extract n/s(T) + constrain initial quantum
fluctuations

More heavy flavor studies

Sphaleron tests

Transverse spin physics

Search for QCD critical point and onset of
deconfinement

Jet, di-jet, y-jet probes of parton transport and
energy loss mechanism
Color screening for different quarkonia

56 MHz SRF
STAR HFT
STAR MTD

PHENIX MPC-EX
Coherent e-cooling test

Low energy e-cooling upgrade

STAR ITPC upgrade
Partial commissioning of sSPHENIX
(in 2019)

Complete sPHENIX installation
STAR forward upgrades

SPHENIX

Transition to eRHIC

RIKEN BNL

Research Center



White Paper for the Electron-lon Collider

December 2012

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

Ed. A. Deshpande, Z.-E. Meziani, J. Qiu
arXiv:1212.1701 e
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EIC at BNL: eRHIC Stage 1 Configuration

eRHIC in RHIC tunnel More in

Luminosity ~ 1033 cm2 st %‘%’é B. Mueller,

Electron energy 10 GeV % 2 )

Electron current 50 mA o T. Ludlam’s

Electron polarization 80 % i
Electron | proton enper'gy 25 - 250 GeV Talks on Friday
beam Proton current 30 mA

Proton polarization 70 %

Center-of-mass energy 30 - 100 GeV

ePHENIX

Proton or
HI beam
eSTAR

D

‘\\w Stony Brook University RIKEN BNL
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PHENIX evolution to ePHENIX

Current PHENIX sPHENIX fSPHENIX & ePHENIX

Central barrel detector Talks today:

2012 PHENIX Detector
Py PC3

Y. Akiba Forward sPHENIX: J. Seele
ePHENIX: K. Boyle

RI

I
9
S
=
PC1
TOF-
W East
N PC3
fagnet ~.\°@
&
W
&
<«
Nort

b=
........... e
-
MulD

Central Magnes
| %
er

) =)
Mutp| !

!

&

=

S South rth -
1

~2000 ~2020 ~2025 Time

‘\\\\ Stony Broak University RIKEN BNL
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eRHIC Stage 1 detectors

“‘ePHENIX" e

= Letters of Intent requegted by BNL-ALD from both RHIC
collaborations PHENIX - sPHENIX (Seele, Goto, Seidl) >
ePHENIX (K. Boyle, A. Deshpande, |I. Nakagawa)

= Benchmark designs with cost estimates

= Anticipate actual construction of eRHIC detector by new collaboration

Q\\\\ Stony Brook University (%) RIKEN BAL
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Summary:

- Major part of RHIC spin program is now behind us. Great
impact so far in AG, anticipate the same in near future for

anti-quark and transverse spin

- Near future: planning for PHENIX upgrades (sPHENIX
and ePHENIX)

- Far future: Electron lon Collider at BNL: preparation for
the NSAC Long Range Plan (anticipated 2014/15)

- Each of the above stages: RBRC fellows have played
and will play critical and leading roles

R\ stony Brook University (% Riken AL



SPIN Measurement with FVTX

Xiaorong Wang

New Mexico State University
Riken BNL Research Center

0 Introduction
0 FVTX status for runl2 and runl3
O Spin analysis status with FVTX
O Summary and Outlook
)
T e Xiaorong Wang, RBRC Review, Oct 31, 2013

PH

Al
)

N
ENIX



Introduction

Q Physics interest
» J/¥Y A, to probing gluon contribution through heavy flavor channel

» Study Sivers function and tri-gluon correlation function by measurement
of heavy-flavor A

» W measurement using FVTX
» Drell-Yan cross section and 4,

0 NMSU/PHENIX group
» Faculties: Steve Pate, Vasili Papavasilliou and Xiaorong Wang
» Students: Abraham Meles (PhD candidate):
Runl3 W= analysis
Haiwang Yu (exchange PhD student):
J'W A;; and DY A analysis
Darshana Perera: Drell — Yan A |
Joengsu Bok: b and ¢ separation

» Postdoc: Feng Wei

% TIPSO L Xiaorong Wang, RBRC Review, Oct 31, 2013



FVTX Improve Forward p Probes

0 FVTX - forward silicon vertex detector with 1M strips along azimuthal
direction; 75 pm pitch in r direction, 10 mrad phi direction.

0 Differentiate primary vertex / secondary decay using DCA
Precisely measure di-muon opening angle : J/A) mass

0 Joint tracking with Muon Tracker: suppress decay-in-flight and mis-
reconstruction

0 Track isolation : suppress hadrons from jet for ¥ and DY measurement

S - Mo == f“ 4\ .
7 ,¢ r
| Y
I V4 ( ‘
\
3

to Central arm

prompt

Silicon planes
to Muon arm

40 cm

> . . S P T |
Cog'ggg{l* Distance-of Closest Approach(DCA)

]]]]]]]]]] Research Center Xiaorong Wang, RBRC Review, Oct 31, 2013 3



First 500 GeV p + p with FVTX

0 ROC/Wedges QA with online monitor
Run 367464 Statistics wedge hit yield over many runs

Wedge Yield VS Run for station 0 Wedge Yield VS Run for station 1
= — T = — T

50

Yield per event vs. wedge for N arm s A S I B - Bl S A I
$1.2 ; | ; X SR « IR 2
le | Station0 | SLtation 1 |  Station2 | Wation 3 osf- osfh °
~ - : ‘JIJ\ ’” o B
I H 0. 0.
2 11— p- A ; L B
- "—“—’Ln" 0.4] 04 " i
0.8— E o o
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T I % .
i L T '
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o i
0.2 [ 0. 0. k 1
0. 0. o
0 | [ j [l L1 'E Ly 1 L ' I L ! &%‘_‘_‘_‘@) ‘ 4700 4750 4800 4850 4900 4950 1o &Jt}o'_'_‘_‘ﬁ_'_;_‘ﬁo 4750 4800 4850 lasuo. : 4950 1o
0 20 60 80 100 120 140 160 180 Runs Runs
wedge h_badwedges
h_badwedges
400 Entries 284
- Mean 3.665e+05
350 — RMS 1065
300—
Dead wedges vs Run number =
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150 —
100—
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Successful Run 13 with FVTX

Dead Area
a ROC repair was completed

North - Hit Eff. for Alive Chan South : Hit Eff. for Alive Chan
SE5 ___ SW0

during shutdown

a >95% live area for Runl3

a Small problem during middle of

run for a few days, but quickly resolved.
Stability

The major stability issue were

Addressed with FPGA code

Improvements

Sucessful Run

South : Hit Eff. for Alive Chan
SE5 _____SWO0

Overall Run13 was an excellent run
for the FVTX and we collected a large
set of high-quality data

Figure: Live channels: Runl2 (top) & Runl3 (bottom)

SISO entes Xiaorong Wang, RBRC Review, Oct 31, 2013




Joint FVTX — MuTr track matching

0 FVTX - MuTr track matching can
suppress decay-in-flight background
0 Tracking acceptance limited by

geometric reasons (yellow + red
region below),

o <acpt.>~17% for Run12
<acpt.>~ 25% for Runl13

FVTX Coverage in station count FVTX + VTX, Coverage in station count
= 3.5 Il T | T T T T T U : 3.b l T ‘ T T T T T T | T T T T T T B 4

1.2<n<2.3
|z| <30cm )

3 3

251 Y| I

2

2

1.5

a0 60
z (cm)

:bol I |-40| L

flesanron Centes Xiaorong Wang, RBRC Review, Oct 31, 2013 6




W>u S/B Improvement with Successive Cut

S/B=Sig/(Data-Sig)

basic cut
Before FVTX cut

Background (Run12pp)
0.007] ___ basic cut

_ MuTr/MulD/RPC1DCA or RPC3DCA cut

0.080| ——

= 1 ... MuTr/MulD/RPC DCA1 or RPC3DCA and
= After FVTX cut 0.166 | FVTX cut
=  S/BIMPROVEMENT 2.08 Signal (simulation)
— ___ basic cut
- ___ MuTr/MulD/RPC1DCA or RPC3 DCA cut
=3 ] MuTr/MulD/RPC1 DCA or RPC3 DCA and
= South p | Fvrx cut
| Abraham Meles
B Working on unbined
= likelyhood method
_ with run 13
= W=>u group
- R. Seidl’s talk

|
0 10 20 30 40 50 60

Transverse Momentum (GeV/c)
D)
Y Research Contor Xiaorong Wang, RBRC Review, Oct 31, 2013 7



Isolation Cone Cut

-1 ¢\ hadron
"/‘\/“,/'

N

AN
)

MinBias

0.3rad Jet

O For the W/DY signal, the track is usually isolated, but its
background events usually come with higher multiplicity
» W VS Fake-high P background (e.g. hadron from MB jets)
» DY VS HF background (e.g. bbar and ccbar production)

O Three ways implemented in the cone isolation study
» Tracklet-based — best quality, but lowest stat
» Cluster-based — highest stat., but vulnerable to background
» Cluster-pair based — a balance of both

. TSaRON Lenie Xiaorong Wang, RBRC Review, Oct 31, 2013



Cone cuts — simulation for |z|<10cm

Evaluated in 510 pp pythia + PISA full event simulation
(no beam and collision background yet)

- Efficiency for W signal

- Relative efficiency for background (Eff,/Eff,,)

Efficency, Blue:signal, Red:bgd/signal

> LI T T T LI LI LI T
e 1
@ . — 1t

> 1_ T T T T T T T T T T T T T T T T T _9 B I

o = Rel. Eff. for Background - oor —_—

ko) 0.9 L | +

QL = } onIW-signe 0.8

£ o08F |

w - F

_GZJ 0.7 [ _F

®© - 0.6 |

EJ 06E I

3, 0.5; 1

[&]

G 04 0.4

L

t ——

o ' JT Y

K CountW;=_3, Eﬂ; =TARS 21 Count, <=1, Eff = 65%,
. == : LN Rej = 3:1
0 2 “““ n ‘ : 6 8 10 " oh_l 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
Cut on count of clusters in the cone n 2 4 A Ao
Cut on count of cluster-pairs in the cone

Cluster based Cluster-pair based

Higher statistics but more vulnerable to beam and Require at least a pair clusters pointing to the é)rimary
collision background vertex, balance of eff. and backgroun

NERRR Seniiin
PH -ENIX



Open Heavy Quark 4,

0 Gluon fusion dominates at NLO L 1 Open Charm " T
08 [ next-to-leading order ]
— N subprocess fractions 1
hs 0.6 [ : /—:
04 [ 1 — ]
— ) &8 ;
0.2 —/ | - 3
hs @ ]
0 U S S N S R T S S S M
0 20 40 60 80

O Gluon Sivers in TMD framework _ Py
Johann Riedl, SPIN2008

a Twist-3 Tri-gluon correlation function

0.6 06

? — s »bluve b:a'br: RHIC‘ ciata osl
Model 1: Ay (D)= A, (D) oal 0'4_
O(z) = 0.004zG(x) o DY
z |
< 0.2¢ <Z 0.2¢
Koike et al, PRD84, 014026 (2011) ;| 01l ]
Kang et al, PRD 78, 034005 (2008) | ) ||
s o4 02 Ve 024 52 0 o0z 04 06

NMEES

®
)/ oo Xiaorong Wang, RBRC Review, Oct 31, 2013 10



Open Heavy Quark 4,

O Forward muon arms

F. Wei, M. Liu, X. W
> Run6 andrun8 data 1.2<|n| <24 “l u ang

- z -
081 pap — w+X at (s = 200GeV CosF pap — w+X at s = 200GeV
z 0150 - [ 1.4<n<19 F 1.9<n<-1.4
< C p+p — w+X at Vs = 200 GeV PRTE_NIX o o
o1 1 .4<|n|<1 9 pre”“"‘,n ina ry 2 Scale uncertainty 5% not shown 2 Scale uncertainty 5% not shown
C 1.0<p,<5.0 GeV/c 0'4; 0'4;
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20.15
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» Need Cross section measurement
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from runl2 to understand signal /
background ratio.

» need more understanding of Run12
muon triggers. 05
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O Probing gluon contribution

J/'Y A, Measurement in p + p 500 GeV

with heavy flavor channel

| JIPsi

tly] =1.2-24 |

0.15

0.1

0.05

Illll\lll‘ll\l

PHENIX Preliminary(Run6 + Run5)

—
PH “ENIX

GS-A(NL

GS-A(LO)

GS-B(LQ) |

ALL
o

-0.05

-0.1

I\I[‘Ill\lllll

NRQCD + GS PDF
Phys.Rev.D. 56 7331; 68 034017

JIPsi -> pfy
L=8 pb™, Pol=50-60%
M Sys. Ermr.

(Scal. Uncer. 40% Not Shown)

[ A NS N SR

-0.15, [ |

o

A ®
s Rescarch Ccenter

6 7 8 9 10

Runll: 27 pb!
Runl2: 42 pb!
Runl13: 148 pb!

H. Yu, A Key, J Huang

M. Liu, X. Wang

Di-muon mass, North arm

|
II|4I_IIIIIIIIIII|IIII||||||IIII|II

hMassNorth

Entries 51022
Mean 2.96
RMS  0.7331

103:—

107 |
=
™ J
L ‘\

10 /
-

2

Background Fraction from Runll

3 4 5 6

7

M(u* 1) GeVic

pT range South Arm (1) North arm (1)
0-6 GeV 0.243 0.233
0-1 GeV 0.295 0.266
1-2 GeV 0.243 0.236
2-3 GeV 0.230 0.200
3-6 GeV 0.202 0.189

Xiaorong Wang, RBRC Review, Oct 31, 2013
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Drell-Yan A,, Measurement with FVTX

0 Drell-Yan 4;, can access A i / 1 which gives the anti-quark
helicity distributions in the nucleon sea.

P _ _
T . ADY — P e2{Aq(x1)Aq(x2) + AG(z1)Ag(x2)}
> eala(w1)q(z2) + q(21)g(z2) }
q . Au(zy) Au(rs)
p u(xy)  u(wo)

2147 FVTX reject b-bbar background
D b HeRues WE— 1 1 T T T T T 3
2; ¥ PHENIX estimation, /s = 510 GeV E PP200GeV ILdt =100pb”’ E
E ! o "E DY/Beauty improved by 4 i
1} 103? : : ......... Beauty E
: + S = T z
- : Hoorbood | o
C + + \ 10° = gt =
A : :
- J-Ldt=50 pb™! within + 10 cm - e
e 4GeV<M<8GeV 10 -
10* 10° 102 10" X1 = il

| | | | !

| ‘ | |
10 12

1 1 1 1 1 1 1 1 Il Il
Fig. Au/u as function of x. PHENIX has <x> ~ 2*10-3 mass [GeV]
\. \
% Y Research Contor Xiaorong Wang, RBRC Review, Oct 31, 2013
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Run 13 : DCA, Distribution

Data DY Simulation BB Simulation
dsball dcar_SG dcar_SG1 signal backg
a" dcar Entries 37612 ||Entries 21663 Entries 5407 | [Entries  16031] | Entries 225
. Mean -0.009361 Mean -0.005399 Mean -0.003293 Mean -0.005813 Mean -0.02512
T T RMS 0.06117 [1RMS 0.04204 T T T T RM‘S 0.07007 | RMS : 0.02571 1 RMS I0.04037 T
I 0
4 dsball2 dear_SG2 signal2 backg2
10" = Entries 24321 Entries 2506 || Entries 14769 |"{ Entries 164 —
— Mean -0.002954| ¢ i [T eesesenees Mean -0.001192 || Mean -0.003709 | |Mean -0.01214 —]
— RMS  0.01979 RMS  0.02766 ||[RMS  0.01406 | |[RMS  0.01919 ]
I Solid Line |
| arm=1 ARO 0 0 —
— mass>4&&mass<8 T |'6 /0 92 A) 72 A) |
abs(Tr0_dphi_fvix)<10&&abs(Tr1_dphi_fvtx)<10 ——
1 03 ahe(Trn_\/fydr‘n_r) 0 7R.R.nhe(Tr1_\/fydr‘n‘_r/< . :

_I—|_

10?

- — L -

Ll 0 r il ,_l

10
............. Dashed Line
arm=1
|—| g]t?ss(:rrgfdggmiaj\?tx?<1 0&&abs(Tr1_dphi_fvtx)<10 |
1 ) | L L L | ’ | | | | | | a[bs(TrO_\I/txdcla_r)fO.015&&abs('ll'r1_\I/txd(l;a_r)|<0.05
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
..... Data + Simulation(DY & BB) dear(cm)
----- DY Simulation D. Perera
----- BB Simulation

----- Data after combinatorial background subtraction
el o) Xiaorong Wang, RBRC Review, Oct 31, 2013




SUMMARY and OUTLOOK

FVTX has been taking data successfully in runl12 and runl3.

FVTX joined runl3 W=>u analysis. Cone Isolation and
matching variables still need further study.

Heavy flavor 1s unique channel to understand gluon Sivers
and tri1-gluon correlation function. Runl2 heavy flavor 4, 1s
working in progress.

J/'V A, , measurement with much better statistics data set 1s
working 1n progress.

We also exploring the feasibility to study forward Drell-Yan
with FVTX. Drell-Yan 4,, with FVTX will allow us access
Aii/1.

Interested in involving fSPEHNIX simulation effort.

Y Research Center Xiaorong Wang, RBRC Review, Oct 31, 2013 15



fSPHENIX Physics Program and
Detector

Joe Seele (RBRC)
RBRC Scientific Review Committee
10/31/13

Outline

* Physics Program Review

* Design Parameters

e fsPHENIX Detector Overview



Plugging the hole(s) in SPHENIX

OUTER HCAL
INNER HCAL

SOLENOID
EMCAL
PRESHOWER

ADDITIONAL TRACKING
VTX

There is a long standing PHENIX tradition
that when there is space anywhere in one
of our detectors, we plug it by adding new

detectors.
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Forward Spin Physics - |

Large, forward Ays in hadron production in p+p (p+A) have been measured since the mid 70's

60
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The asymmetries persist from low CM energies to high CM energies.

[ PRL 101, 042001 (2008)
[ BRAHMS

°?

o @-m oo oo
[ O

_ @)
JE =62 .4%%V

FEETI PETTIITTT FYRTITRRI ATRY (AT (YRR FTNI FI NS

02 04 06 08 1
Xr

_ 2p,

Js

X

A simple (collinear) pQCD calculation tells us that an A can exist, but that it

should scale like

A
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Forward Spin Physics - I

BRAHMS Preliminary

o’
o

e

oo 0w

*
teee®

“ 200 GeV
Some surprises |

BRAHMS Preliminary

| BRAHMS Preliminary

P

L
*s

} 04 05
x; of proton

Note different scales

SSAs observed
at RHIC:
200 and 62.4
GeV

2F _ e
. 62.4GeV

PP TP
0.2

PR PP
0.4

K- asymmetries
underpredicted

02F

- 62.4 GeV

04F

PEREPRE PR S —
0.2 0.4

BRAHMS

Large antiproton

asymmetry??
Unfortunately no 62.4
GeV measurement




Forward Spin Physics - Il

\\ B Since the mid to late 90's new extended
factorization schemes (TMD and
Twist-3) have provided a hew mechanism
to generate single spin asymmetries in

o o these collisions.

\e

1. Initial-state (Sivers-type) spin-momentum correlations - Considers intrinsic
transverse momentum in the nucleon and initial-state interactions
- Considers transverse
momentum inside a jet and final-state interactions
3. Other Higher Order Correlations

A\ ~ (Initial State Piece) + (Final State Piece) + (h.o.t.)



Forward Spin Physics - IV

With a good enough jet detector, we can unambiguously separate

these pieces

Initial State Piece

Jets with identified hadrons
(measure A for jets)

Do jets from certain quarks
prefer to go left or right?

1

Final State Piece

Left-right asymmetry of identified particle
inside a jet

Do certain hadrons fragment from certain
quarks to the left or right of the jet axis?

1




Design Parameters for Hadrons+Jets

* Tracking
* Reconstruct charge sign to high momentum (dp/p ~ 0.004p
for 3-sigma charge sign reco at p~60 GeV)
* Have enough momentum resolution to use RICH (dp/p ~
0.004p for reasonable ring separation between species)
* Calorimetry
* For p+p/p+A, not very constrained
* For A+A you need fine segmentation, especially at high
eta
* Reasonable energy resolution for jets and EM particles
 Hadron PID
* Pi/K/p separation above a few GeV and to a high
momentum (p~70)



fSPHENIX : A Detector Concept

=1.2
FA n=1.0 f
HCAL
200cm
180cm "
" - n=2.0
BaBar Solenoid % fHCAL
(0]
EMCal s
120cm ~ S : 5 n=2.4
90cm pre-shower GEM 1G]
70cm tracker2 n=3.0
GEM |
trackerl |
n=4.0
VTX - high B return i _
\;K >
——
P P
p A

e Designed with modularity in mind (probably only be able to

build detector from 2<eta<4)
* Designing all pieces to be part of an ePHENIX detector



Magnet and Tracking — |

How to shape magnetic field without causing too much stress or
background is the most challenging part of the fsPHENIX design

Explored many configurations
* No forward field

* Forward dipole

* Forward toroid

* Needle piston shaper

Hiperco-50 (49%Co+49%Fe
alloy) passive field shaper

2cmﬁ‘ﬁ provides a boost in the field

strength at high eta

Beam pipe radius: (z=0)=2cm; (z=340)=5cm



Magnet and Tracking - Il

£-0.006 ;
- With the passive field shaper + =~ | T
BaBar magnet we are able to 0_0045 BaBar with piston
achieve the necessary resolution 0.0035 .
over a large range in . e ik
pseudorapidity il
* The resolution calculation is only |00 D DR FUUUE FTE IO IO
based on sagitta measurement S
(0.1m*, 1.25m, 3.0m) PR L
* Can get improved resolution g":f)-OIzi -
with a full tracking+Kalman Filter 091~ BaBar with no piston =
or Si detector at small angles 0008 ¥
0.006 - T
0.004f *+*+
0.002; = ““#*-;*_'_'ﬂ
I B e A S




Hadron PID

For the hadrons/jets program it is very important (and powerful!) to know the flavor
of the hadron.

C02 gas with 0.20 % momentum resolution C02 gas with 0.50 % momentum resolution
?.008 9.008
e [ ‘@
= - =
el °©
1] — ©
14 B o
0.0075— 0.007:
0.007— 0.007—
0.0065— 0.0065—
i 1 | I N T | | N | 11 |III|IIII i I|IIII|IIIIIIIII
0'0060 10 20 30 40 50 60 70 80 90 100 00060 10 20 30 40 50 60 70 80 90 100
p [GeVic] p [GeV/c]

 0.2% clearly good for what we need (ignoring detector resolution and other caveats from
earlier)

* 0.5% good for much of the physics, but would get everything we’d like

11



GEANT Simulation of Forward Jet Event

12



Conclusions

fsPHENIX will explore a rich area of transverse spin physics (as
well as other areas not covered in this presentation, i.e. Drell-
Yan, Cold Nuclear Matter)

The fsPHENIX design is rapidly maturing as the understanding of
the physics requirements is maturing

We have a GEANT simulation up and running and are exploring
the parameter space for the detector

Through a charge from the ALD we expect to have a document
outlining the physics and detector potential next spring.
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Letter of Intent i

* Charge from BNL ALD to PHENIX and STAR to:

— “Provide specific plans to upgrade/reconfigure the detectors
from their present form to first-generation eRHIC detectors”
— Describe “the physics reach of the upgraded detector”

* Considering key measurements as described in EIC White Paper (A.
Accardi, et al., arXiv:1212.1701)

* Given expected performance requirements

T o
(| ‘@ R l KE ” BNL RBRC Scientific Review Committee Meeting-October 31, 2013 2
\\_ 3 Resecarch Center



T~
Letter of Intent i ENIX

* Charge from BNL ALD to PHENIX and STAR to:

— “Provide specific plans to upgrade/reconfigure the detectors
from their present form to first-generation eRHIC detectors”

— Describe “the physics reach of the upgraded detector”

* Considering key measurements as described in EIC White Paper (A.
Accardi, et al., arXiv:1212.1701)

* Given expected performance requirements

 ePHENIX LOI Writing Committee formed in May

— Sasha Bazilevsky (co-chair), KB (co-chair), Abhay Deshpande, Jin
Huang, Tom Hemmick, Itaru Nakagawa, Craig Woody, John
Haggerty, Dave Morrison, Jamie Nagle

* Formally submitted Sept. 27th, 2013.

— http://www.phenix.bnl.gov/phenix/WWW/publish/dave/
PHENIX/ePHENIX_LOI 09272013.pdf

( (OD ningl A RBRC Scientific Review Committee Meeting-October 31, 2013 3
\ Rescarch Center



EIC Physics

RBRC Scientific Review Committee
Meeting-October 31, 2013



e+p: Proton Structure

* With eRHIC, significantly improve
understanding of proton
structure:

— Helicity Structure
* Inclusive DIS: Ag(x)

— determine gluon spin contribution to
proton

 SIDIS: Au(x), Ad(x), As(x)
— Test assumptions of large As

A\ 4

i
. -0.02- pSsv
DSSV and
A. Accardi, .. == we
. &5 GeV on 250 GeV

arxiv: e
1212.1701

Helicity

(o4 RIKEN BNL
5

Research Center

RBRC Scientific Review Committee Meeting-October 31, 2013



e+p: Proton Structure

* With eRHIC, significantly improve
understanding of proton
structure:

— Helicity Structure

* Inclusive DIS: Ag(x)

TMDs — determine gluon spin contribution to
proton

 SIDIS: Au(x), Ad(x), As(x)
— Test assumptions of large As

o
o0

Momentum along y axis (GeV)
o

— TMDs
-0.5
v * SIDIS:
-0.5 0 0.5 e .
Momentum aiong xaxis 6oy Helicity — Correlations between parton k; and
oot X8 proton spin
o[ s — Test TMD evolution
A. Accardi, .. =50
arXiv:
1212.1701 °
0048 Q%= 10 GeV?
- . 10 1 10 .
| @ RlKEN BNL RBRC Scientific Review Committee Meeting-October 31, 2013 6

Resecarch Center



e+p: Proton Structure

* With eRHIC, significantly improve
understanding of proton
structure:

— Helicity Structure

* Inclusive DIS: Ag(x)

TMDs GPDs — determine gluon spin contribution to
y proton

 SIDIS: Au(x), Ad(x), As(x)
— Test assumptions of large As

, — TMDs

o
o0

Momentum along y axis (GeV)
S
3 o

v  SIDIS:
-0.5 0 0.5 P
Momentum along x axis (GeV) . HE'ICIty . —_ Corre|aﬁ0n5 between partOn kT and
0.04F XA';_‘“ummmmmﬁg :XAd ::: prOton spin
e N — Test TMD evolution
A. Accardi, L. =% | 1o — GPDs:
arXiv: T

* Exclusive DIS: DVCS, J/y

— Image sea quark and gluon
aolk g 10 Gav? distributions in proton

RV — Access OAM of partons

1212.1701

(@ R I KEN BNL RBRC Scientific Review Committee Meeting-October 31, 2013 7
J Resecarch Center




e Gluons at high density /oi(x)

— Want to understand region where gluon
splitting and recombination balance

—> Saturation
— e+A collisions allow access to lower x in

DGLAP

In Q2

1P

perturbative regime than previous paiEation i
ma Ch ines non-perturbative region ag~1
In x
| @ RlKEN BNL RBRC Scientific Review Committee Meeting-October 31, 2013 8

Resecarch Center



e Gluons at high density /oi(x)

— Want to understand region where gluon
splitting and recombination balance

— Saturation BK BFKL
— e+A collisions allow access to lower x in @ ‘

perturbative regime than previous saturation

In Q2

machines non-perturbative region ag~ ;
In x
N %  Hadronization modification in a nuclear
e medium

iy
N
T

o — Variation of ion species
e “Control” over if hadronization in medium or vaccum

K- K+ bar i
Ry /Ry " and R, PP2"/R,.P show difference from 1
' * What is source?
| HERMES DIS <Q%=2.5 GeV2 0.4 <z < 0.7 — Understandlng SuppreSS|On

L| —e— K/K*

Ry. Double Ratio
g 4
[=2) -] -
L B e T
——eg——
ey
—_——
—
———
L ——
R —

o
ES
I
—

[ —=— ppp
% 5 10 15 20

25
v [GeV]

/
/ RIKEN RNI
' (OD nl I =N DNL RBRC Scientific Review Committee Meeting-October 31, 2013 9
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ePHENIX DETECTOR C
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ePHENIX Detector Concept

100 — n=+;'/' - 100
v
R (cm) R (cm)
300 — — 300
200 — - 200
/— 2<4.5m
100 — = 100
Outgoing
hadron

o: /A -;0 -2100 o & 100 f:oo 400 N ) | . _D E-’
GEMs GEMs GEM GE GEM z(cm) 7DC Roman Pots

Z\Cm
( ) Stationl Station2  Station3  Stationd
z=12 m z»10m

RIKEN BNL RBRC Scientific Review Committee Meeting-October 31, 2013 11
Resecarch Center




ePHENIX Detector Concept

100 n=':];‘/'/—. 100
R (cm) sPHENIX as basis: BABAR solenoid, R (cm)
EMCal and HCal :
300 N O\ — 300
HCal
200 ————— e\ y g — 200
= e = )N /—254-5m
100 — NS = - [V e\ s 100
. ——— — - 7. Outgoing
TN = N - . A — . - n=4 hadron
ica Yoo | ‘ ~_h=al beam
0 — N e wrwe o = — — — i — ——
-1 /A 2300 -200 100 0 100 200 300 400 E I:I D >
GEMs GEMs GEM GEM GEM , (cm)

z (cm) - - ) ) ZDC Roman Pots
Stationl Station2  Station3  Stationd
z=12m z>»10m
| RIKEN BNL RBRC Scientific Review Committee Meeting-October 31, 2013 12

Resecarch Center




ePHENIX Detector Concept

100 ] n=':]; /'/—. 100
R (cm) sPHENIX as basis: BABAR solenoid, R (cm)
EMCal and HCal -
300 — — 300
200 — n=-1 Hcal — 200
z2<4.5m
/_
100 — = 100
Outgoing
o ; . hadron
o B s e o — 1 4 . . beam
" wPIA : ' 3% AR Bl _DEI’
z (cm) GEMs GEMs GEM GEM GEM ; (cm) ZDC  Roman Pots

Stationl Station2  Station3  Stationd
z=12 m z»10m

¢ -4<n<-1 (e-going):
— Crystal calorimeter with good
(1.5%) Energy resolution
— GEM Trackers

( RIKEN BNL RBRC Scientific Review Committee Meeting-October 31, 2013 13
Resecarch Center




ePHENIX Detector Concept

100 n=+; /'/—. 400
. . . //
R (cm) sPHENIX as basis: BABAR solenoid, R (cm)
EMCal and HCal 2L
300 — — 300
200 — n=-1 —— — 200
100 - @T NS 0 ' R A ./ — 100
o e = - . Outgoing
o NR—— T e — o hadron
) - F S~ — SR < ESlash beam
o G ) de i o e = — . —_
-1 /A 300 -200 -100 0 100 300 400 E D D
z (cm) GEMs GEMs GEM GEM GEM ; (cm) ZDC  Roman Pots
Stationl Station2  Station3  Stationd

z=12 m z>»10m

¢ -4<n<-1 (e-going):
— Crystal calorimeter with good
(1.5%) Energy resolution

— GEM Trackers
e -1<n<1:
— Add Compact-TPC and DIRC

| Ve RIKEN BNL RBRC Scientific Review Committee Meeting-October 31, 2013 14
Resecarch Center




ePHENIX Detector Concept

100 n=+; “ | 100
sPHENIX as basis: BABAR solenoid Z
R (cm) . ’ o R (cm)
EMCal and HCal -'
300 — — 300
200 — n=-1 — 200
B . /— z2<4.5m
100 — DlRGJ, _7‘; X — 100 Outgolng
_ ' - hadron
L ; N ‘ 22 22 beam
) — - = = : S —_— P
-N'L‘ /=100 100 300 400
z (cm) GEMs GEMs GEM GEM GEM ; (cm) ZDC Ron|1::|=1r|\:]Pots
Stationl Station2  Station3  Stationd
z=12 m z>»10m

¢ -4<n<-1 (e-going):
— Crystal calorimeter with good
(1.5%) Energy resolution
— GEM Trackers
e -1<n<1:
— Add Compact-TPC and DIRC

(o4 RIKEN BNL
5

Research Center

* 1<n<4 (h-going):

HCal & EMCal (1<n<5)

GEM Trackers (+ u-TPC)
* PID requires good resolution

Aerogel RICH (1<n<2)
Gas RICH

RBRC Scientific Review Committee Meeting-October 31, 2013
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BaBar Magnet

; T T
[0} .
O] e-going barrel
210_2_ .
g
=
<
S
5 /_\
?
g —e-GEM (2 & 3)
£ =~ TPC + e-GEM (1 & 3) :
2 10'3__TPC e
S = h-GEMs with ré¢=100um 1
g = h—-GEMSs with ré¢=50um

T T T 1 1 1 1
= 3 2 1 0 1 2 3 4

n

* BaBar magnet:

— Available after cancellation of SuperB, and BNL has agreement to take
possession

— Large bore 1.5T superconducting solenoid

— Improved tracking in forward direction due to variation in winding density and
larger length

* Good resolution over full tracking acceptance
— e-going: primarily needed for electron ID (E/p)
— barrel: low momentum measurements (E<10 GeV)
— h-going: Needed for PID

/ DIVEA DA
| '@ ! IL{'.‘;..J J L’l} L RBRC Scientific Review Committee Meeting-October 31, 2013 16
A Resecarch Center



Inclusive Measurements

GOAL: Gluon Helicity, possibly saturation in e+A

Technigue: Measure scattered electron
— Endcap Calorimeter:

* PbWO, crystal, E,, ~ 1.5%/VE

* Similar to PANDA Endcap design
— Barrel Calorimeter:

* SPHENIX EMCal, E, . ~12%/VE

[ ePHENIX e+p 10 GeV x 250 GeV
- PYTHIA DIS G>>1 GeV? =

(8]
o

e-going

barreII:- *  h-going

Electron Momentum [GeV]
3
I

. *

.
2 0 2 !
Pseudorapidity 1
Hadronic backgrounds Kinematic smearing
Bin survival prob. vs Q?&x
2 2 2 10
g g T g’ %
S
: --None el
; : — EMCal 3
0.5 - 0.5 0.5
: +E/p
10E
L7 -3en<-2 1 2<nee i 1<n<0
CO....5I....1IO....15 GO_-...EI)....1I()....15 GO-...é....1I(:)....15 1
p (GeV/c) p (GeVic) p (GeVic) 10°  10* 10® 102 10" o
@ |
/ (— o |
' 5 R | K[N BNL RBRC Scientific Review Committee Meeting-October 31, 2013 17

Resecarch Center



Semi-Inclusive Measurements

GOAL: Quark Helicity, TMDs, e

P R (cm)

Hadronization

Technique: Measure scattered electron &
hadron

Outgoing
hadron

Detectors: Trackers + Particle ID

ZDC  Roman Pots
z=12m z»10m

80-ePHENIX e+p 10 GeV x 250 GeV
70EPYTHIA DIS @%>1 GeV?, 0.01<y<0.8(

T
-
o]
Q
q
(*]
-
N
\'"/
o
N

e-going . barrel

Hadron Momentum [GeV]
(o)}
o

IIIIIIIIIIIIIIIIIIIIIIIIII

TTT

s 4 3 2 4 0 1 2 3 4 5
Pseudorapidity n
g I
& RIKEN BNL RBRC Scientific Review Committee Meeting-October 31, 2013 18

Resecarch Center



Hadron Particle Identification

* Central PID:
— TPCatlowp

— DIRC:

e Cerenkov light
internally reflected

* Based on BaBar

Forward

Csl Readout on
150

DIRC
so  GeOmetriccenter __--§"7
* Compact readout Fused Silca 4217 ’ e
Slmllar tO FDIRC Bar Box 429.0 0 ,___‘._7‘_-_-_;_-_-,:;:_'_:_'.‘_'._'.'.-.:._‘.-.:.-.—.-.....-------‘-.-"-'
836.5t0 C.L
- _ i 0 50 100 150 200 250 300
PIDupto 3.5-4GeV | \jam et al. NIM, AS38:281-357, 2005 2(em

850

e Forward PID:

— Proximity Focused
Aerogel RICH:

— CF, gas RICH:

* Mirror focusing

AeroGel

2001

0C (mrad)

100+
* GEM readoutin 1
particle path 0 sl -
r 4
— Kaon ID for 4<p<~60 / k a7
GeV = R T T T
Ppap, (GeV/c) Pry (GeV/c)
e
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Hadron Particle Identification

* Central PID:
— TPCatlowp

— DIRC:

e Cerenkov light
internally reflected

* Based on BaBar
DIRC

* Compact readout
similar to FDIRC

Forward

Csl Readout on
Focal plane,

Fused Silica 421.7

Bar Box 429.0

836.5to C.L

— PIDupto3.5-4GeV | Adam et al. NIM, A538:281-357, 2005 2 (em
* Forward PID: ——

— Proximity Focused
Aerogel RICH:

— CF, gas RICH:

* Mirror focusing
* GEM readoutin
particle path

— Kaon ID for 4<p<~60

AeroGel

2001

0C (mrad)

700}
50

650 ' : ok, ! ) ) ) p
GeV 0 1 2 3 4 3 1 2 5 10 20 50
Ppay (GeV/e) PLa (GeV/c)
4 e
Gk R | KEN BNL RBRC Scientific Review Committee Meeting-October 31, 2013 20
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Hadron Particle Identification

* Central PID:
— TPCatlowp

— DIRC:

e Cerenkov light
internally reflected

* Based on BaBar
DIRC

* Compact readout
similar to FDIRC

Fused Silica 421.7

Bar Box 429.0

836.5to C.L

- PID Up to 3'5_4 GEV l. A(igom et al. NIM, A538:281-357, 2005
* Forward PID:

— Proximity Focused
Aerogel RICH:

— CF, gas RICH:

* Mirror focusing

e GEM readoutin
particle path

AeroGel

2001

0C (mrad)

700}

— Kaon ID for 4<p<~60 | k e
[ p/
650 : : e b, . . . . .
GeV ° 1 2 5 10 20 50
- Ppap, (GeV/c) P (GeV/c)
1‘/ °. RIKEN BNL RBRC Scientific Review Committee Meeting-October 31, 2013 21
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PID at large 1)

* Difficult to measure _
accurately at high n (~4) [T

o6 |— Tracking+HCal

— BABAR Fringe field limits p- ][ e b
resolution for high mom. oal

— Use HCal to compensate at
high mom. 0.2p e —

— Good enough resolution to T
10 20 30 40 50

measure identified kaons up b (GeV/c)
to 60 GeV/c (or more)

/p

Purity

asp| 1=4.0andp | =30GeV J econ| = 50 GEV 3 n=4.0andp_ =70GeV }

7000 =
soook E 0.6
5000 \ ]
4000 -
0.4
/
4

ePHENIX + PYTHIA e+p 10x250 GeV, n = 4.0

———— g at 90% Effic.

III|III|III|IIIIIIII

: 3000 E ]
° 3 zwa? 3 ~——e—— K at 90% Effic. -
5| 3 .
) p‘r\ N L 1o ) . 0.2 ----o--- K at 65% Effic. (asym cuts) —
"0 . . .6 08 1 12 14 16 1.8 14 1.6 1.8 02 04 06 08 1 1.2 14 16 1.8 -
Reconstructed Mass(p,) [GeV] Mass(p,6) [GeV] Reconstructed Mass(p,t) [GeV] p at 90% Efﬁ c. .
N TS TS N T B B
00 10<11.3> 20<20.8> 30<29.1> 40<37.3> 50<45.7> 60<54.0> 70<62.5>
Reconstructed Momentum [GeV] <True Momentum>
g -
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Exclusive Measurements

Exclusive Measurements

GOAL: GPDs, proton and nucleon imaging
Technique: Scattered electron, proton, y or meson
ePHENIX: Wide acceptance for e, y; Roman Pots

Photon Energy [GeV]

20—

10

| ePHENIX e+p 10 GeV x 250 GeV
- MILOU DVCS photons Q?> 1 GeV?

e-going barrel

n-going__
-

100 - n=+l’/ 100
7t ! !
R (cm) P R (cm) 0 2 4
s Pseudorapidity n
300 — ZN 300
200 - n=-1 : = — - - ] Hcal -
\ z2<4.5m
w | [DIRC| o
RN 7. Outgoing
N . hadron
L beam
| o e vy - c=-od) )=
! -:QI/—A\/I\-JTN 200 ¢ 100 200 < 300 400 22 D 22 |:| D >
z (cm) ?ENIIS SFNZI SGE ; SGE'\Q z (cm) ZDC  Roman Pots
tation ationZ  Station tation: 2212 m z>>10 m
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Exclusive Measurements i

. ST 7 R
Exclusive Measurements 8 | MILOU DVOS photons G*s 1 Gev?
> L
. . o e-going barrel I]- oing_
GOAL: GPDs, proton and nucleon imaging g % | -
Technique: Scattered electron, proton, y or meson $ |
) o 10 10
ePHENIX: Wide acceptance for e, y; Roman Pots
100 - nf;];/ 100 1
R (cm) /,;;‘7 R (cm) L - 2 4
. /,,~”f/ N Pseudorapidity n
| hbd B gwsr n<5 goﬁr n<4
s .. o o DIS
- s Diff.
100 : ,) ’H” Outgoing 0 0°F
‘ : s _492922 hab:;or: 102f 102k
0 /A S— ‘ = [N 7 A— >
! z"{;m) ™ GEMs  GEMs GEM GE Z(:m) %’ Romljappots of of | , ,
Station1 Station2  Station3  Stationd =12 m >10m 5 0 5:] 5 0 571

Diffractive Measurements

GOAL: Saturation search .
5 I B - - efficiency
Technique: Scattered electron, rapidity gap — purity
— Measure most forward going particle ;
ePHENIX: Wide HCal coverage L ol
e
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Physics Capabilities: e+p X

* Wide x,Q? reach possible N

% g Polarized DIS data:
g i O CERN 2 DESY ° JLab U SLAC
with ePHENIX [ i
— Significantly extend the
kinematic reach of current oF
data E @;\&00
* No significant limitations of =~ 1
ePHENIX capabilities dueto
acceptance. 02 EDSSV“
— At low Q?, limited to y<0.8 if
require 99% purity g
%o
 Example of physics

capabilities: Ag(x)

0.1
| Uncertainties for Ax?=9
L1 [ |
1
; MIVFALl DAL
e NINLIY DINL
N Research Center

X
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“ENIX

Physics Capabilities: e+A

ePHENIX 10x100 e+A, 0.01 <y <0.95

107 = Saturation Q : (Au)

Gluon Saturation SR — o— :
* Can access low x at large Q? .

with ePHENIX

— Can we be sensitive to
saturation effects above
saturation scale?

 Also measure via diffraction

v ADIS

Hadronization

* With collider, large Q% and v > -
coverage

* ePHENIXPID form, K, p over: "™ .
wide range m

* Significantly extend |

P Lol Lol Lo
. 0.4; + T:f’:: |||||| : 2<Q<4 GeV’| 1 10 102 , 1203 0
understanding - @ (6o
ST e
v [GeV]

/’

/ RIKEN RNI o . . .
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Conclusions

 PHENIX charged to write LOI describing how:
— PHENIX—>sPHENIX—> ePHENIX

 We have designed a world class detector that can do much of the
physics available with 5-10 GeV electron beams
— Cover almost all of the kinematic range available in Inclusive and Semi-

Inclusive DIS
a o 3
o - ocz S o
NV Sy & h
o | G >
ok N o e e
oo 05 xag : S AAAANS 4§§; .
004 #:10]5:»1’ i . i . 2

e Detector fits in nicely with the evolution of PHENIX

— SPHENIX barrel with BABAR magnet is good for ePHENIX, and good step
along the way

— fsPHENIX physics requires similar detector in forward arm,
— sPHENIX and fsPHENIX are a natural bridge between now and eRHIC

* Planning just beginning, lots still to do and new ideas and new
collaborators are welcome

p
! RIKEMN BN L . . .
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Theory Group
Round 1



Theory at the RBRC: Former fellows & postdoc's

US & Europe

Bass, Duke

Blum, Connecticut
Bodeker, Bielefeld
Fries, Texas A&M
Kharzeev, BNL/SBU
Kusenko, UCLA
Lunardini, Arizona State
Molnar, Purdue

Orginos, William & Mary
Petreczky, BNL
Rischke, Frankfurt

Son, Univ of Chicago
Schaefer, North Carolina
Stephanov, U of Illinois
Tuchin, Iowa

Van Kolck, Paris
Venugopalan, BNL
Yuan, Berkeley

Japan

Iida, Koch1 U
Kitazawa, Osaka U
Fujii, U of Tokyo
Itakura, KEK

Nemoto, St. Mariana U
Sasaki, U of Tokyo
Yamada, KEK

Yasui, Tokyo Management
Hirano, U of Tokyo
Fukushima, Keio

Doi, RIKEN

Hidaka, RIKEN

Nara, Akita Int. U
Aoki, Nagoya

Hatta, Kyoto U

Hirono, Sophia U
Fukushima, U of Tokyo
Sasaki, Tohoku U



JSPS Strategic Young Researcher Overseas Visits Program for
Accelerating Brain Circulation

Japanese-side chief : T. Hatsuda
- RIKEN Nishina Center : T. Hatsuda, Y. Hidaka
* Univ. Tsukuba . K. Kanaya
+ Kyoto Univ. : T. Kunihiro, Y. Hatta

RIKEN+Tsukuba+Kyoto

BNL side chief : R. Venugopalan

- High energy physics GL: A. Soni +
- Lattice gauge theory GL: F. Karsch +
* Nuclear Theory GL: R. Venugopalan +
- RBRC Computational physic  GL: T. 1zubuchi + g o - 1Y5: DeP:

- RBRC theory GL: L. McLerran -




Inflaton = Standard Model BEH boson with non-minimal coupling ¢ R ¢~.

Fedor Bezrukov: inflation with the BEH boson

2

Need large ¢ ~ 10*. Analogous to very small coupling for usual inflaton.
Using data from LHC and WMAP to constrain inflation potential, obtain:
Lifetime (seconds)

0.1

Branching

0.01

0.001

Branching ratios
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Cartoon of heavy 1on collisions
M t

freeze out

hadrons —s Kinetic theory

gluons & quarks in eq. —s ideal hydro

gluons & quarks out of eq. — viscous hydro

strong fields —s classical dynamics

>Z

Color Glass Condensate (CGC): high gluon density, dominate at high energy
Glasma: coherent gluons, turbulently evolve into thermal QGP, produce quarks

Quark-Gluon Plasma (QGP): thermal, incoherent quarks and gluons



Glasma: getting to the QGP

(Glasma = coherent colored fields
Stringlike along beam direction
Stochastic transverse to beam

Multiplicity: negative binomial distribution

Right: evolve from lumpy to smooth distribution ->

1/Qs I

(X

random

IR iRl

E* =ig[a}, o5

B* =igeal, od).



Jinfeng Liao: evolution of glasma

Evolution from Color Glass to QGP: study with classical evolution
Initially, coherent and cutoff scale same, saturation momentum
Thermal distribution: coherent ~ coupling x cutoff scale

Novel physics: Bose-Einstein condensation? Gluon chemical potential?

10000 ’ I | 1 I 1
1 Bose-Einstein with u=0.54,T=1.31
\ Theay41)-1/2 with y=0.54 T=1.31 ——
' o '
1000 & i const / k .
x 6 & ]
60 &
= R 200
100 """l i -— =
[ R 1000 =« ]
N bl 2000
- W e : ..";‘. Ada 5002 =
o || '. \h\ } ‘o A
I' \ '\. :
l|| \ .l \ i
i =0
l| \\ ' 5 4 &i I m ow ""M‘Ji' :
\\ l'L\L-_# 1 '| : }‘ Vo T TR g i TT— J
. o) | ' TN .
0.1 i “ Lot Bas mm«/ o :
5 ‘ g Vi ]
14 | '.KL l E 1 g : >
L 1 1 | 1 - q,. - 7 o
0.01 | ALt TR £ i,.g vl [
’ 2 > .



Includes effects of magnetic field B

Ho-Ung Yee: Photons & magnetic fields

Va

through anomaly terms. Photon flow => ozs|

Also predicts energy dependent

0.020 Photon ﬂOWp inClUding B .

0015

effects for ratios of photon polarization: oo

(ignore dotted lines below) y

0.002

0001

—0.001

—0.002

—0.003

—0.004

Soft photons ‘\

T=0.2 GeV,eB=0.08 GeV?, w=0.1 GeV HeavY iON

0.005

B L.

—0.005 -

o o @
HEAVY ION

—0.0005

=0.0010

—0.0015

T=02 GeV.eB=0.4 GeV>

Hard photons

T=02 GeV, eB=0.08 GeV*, w=1 GeV



Derek Teaney: production of thermal photons

e g O (D

Compute 1n perturbation theory:
go from Leading Order (LO)

to Next to Leading Order (NLO)
in coupling constant

Heroic computation: many
diagrams, need to resum, etc

Find: complete results
very insensitive to perturbative

corrections!

Photon puzzle remains

2

(LO+NLO) / LO

0.5

15 |

.
L
.....
- -
- g
L

-
-=
.......
- .

......
__________
= m =
T

10 20 30 40 50 60 70 80 90
KT



Derek Teaney: perturbative calculation of energy loss
at next to leading order

Matching between brem and drag

2 — 2 processes

semi-collinear radiation

collinear radiation

What happens when the

final gluon is soft?

e The semi-collinear emission rate diverges logarithmically when the gluon gets soft

~ 93T2
—~=
om2, (2TmD )
log
41 14

When the gluon becomes soft need to relate radiation and drag.

2
Fsemi—coll ~ g CA



Shu Lin: instabilities of QCD from holograph

Quantum tunneling via evolution of
domain-wall background

boundary

holographic
direction

domain-wall evolves toward
the boundary, shrinking the

supercooled QGP phase
would be

horizon




Koj1 Kashiwa: "Hosotan1" mechanism in QCD

These may important in the

In our world, quarks are fundamental representation. physics beyond the standard model
Dose it means that other representations are meaningless? “——  Nol!
Hosotani mechanism Walking Technicolor
<ZE> CHiggs > . 4
' &1 Coupling Coupling
A, ~ Ay e g: Strength Strength
b
Running Walking
AdS A= —6k? N
Ay Bu : -
Planck brane TeV brane :
SO(5) x U(1) \
BC BC :
SU(2)L x SU(2)r x U(1) SU(2)L x SU(2)r x U(1) > >
Energy Scale Energy Scale
SU(2) x U(1)y - top quark multiplet
A g Hosotani mechanism
UQ) Target of Main Trends of Target of this Project
EM Computer Simulations

From Prof. Hosotani’s presentation slides Sextet representation of fermion may play a important role. From KMI web page



Akihiko Monnai: hydro 1n heavy i1on collisions

Akihike Mannai (RBRC)

Dissipative hydrodynamics

m Net baryon rapidity distribution at RHIC

1["']: RHIC ------- ideal hydro
- T;=0.16 GeV -- viscous hydro
BO— — = dissipative hydro
I 2  BRAHMS
-E" PRL 93, 102301 (2004)
=
T 40—
: g
20 v
. i
Yy
00 1 2 3 4 5 6

Mon-equilibrium collective dynamics in high-energy heavy ion collisions

BRHAMS, PLB 677, 267 (2009)

3.5«
3:-:.
&k real point?
r net-barvons 62.4 G4V Ints
ﬁ 2.5: = J
7
& 2f
> |
5 1.5 -
a F ¥ E917
e I A ES02ES66
f W NA49 (PbPb)
1] ® BRAHMS 62.4 GeV
- + BRAHMS 200 GeV
= Ll | i | s lass
% T3 6 7 & 9 10

5
y

D

- Hydro evolution sends net baryon number to forward rapidity
= Transparency of the collision is effectively enhanced by hydrodynamics

I:> More kinetic energy is available for QGP production



Adam Bzdak: Wounded Nucleon Model vs Color Glass

ATLAS preliminary data

WNM
CGC

Look at —1<7<0,
the shaded bands

The preliminary data are
consistent with the WNM |

Condensate
N S ATLAS Preliminary v | Sy = 5.02 TeV -
T F 1 y = 0.465

6 P+PDL =1ub om E
E.- 3 . . 1!-—. mmmmtﬁl =
Z 4:_ L el e = 27<n<27_
S b el ~..2<n<27]
;E oL o ﬁ ::'n_-:g_,_;
E o -l<n<0 ]
£ | Glauber .L'-‘Z?::ﬂ'-:‘lé _
8— L
. | v 3
B_ froii; IS A0 ANNA SIS SR . ]
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4 -
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Daniel Pitonyak: Single Spin Asymmetries in pp collisions

Research Center

* SSA in inclusive DIS (Metz, DP, Schaefer, Schlegel, Vogelsang, Zhou, PRD 86 (2012))

5 -

-

-‘)-.—
(a) (b)
— { —_|
(c) (d)

doyyy  8mal, Ty M 52 4+ 12

0 U\ sy Pk 2 /N

k s o° =3 (2+ £) € Eq eq =Fpr (T, 7)
2 ~ d

with Fpr(r,z) = Fpr(z,z) — T Fpr(z,x)

(Work has also been done on both photons coupling to the same quark: Metz, Schlegel, Goeke (2006);
Afanasev, Strikman, Weiss (2007); Schlegel (2012))



Anna Stasto: amplitudes at next to next to...leading order

Computation of amplitudes on the light-front

> T
typical graph ~ g" H; Vs
TP I, D; 10k
wave function : . fragmentation function

v,

1

Energy denominator: either in the last or first state
Can use these building blocks for scattering amplitudes



Adrian Dumitru: evolution of the glasma
longitudinal 1nitial fields

Analyze classical field configurations
at midrapidity: n=0, 2D, SU(2)

what is structure of B, field ?

magnetic flux loop in x-y plane:

o actual field configuration B3
( R z 0.006
| 0.004
N a7 0.002
0
M(R) = 7Pexp (ég j{ d:,r:iA":’) -0.002
1 -0.004
Wy (R) = N (tr M(R)) -0.006

0 5 10 15 20
Wﬁ(z)(R) = (sgn tr M(R)) X [llg2 Ty



“Elliptic Flow”

For peripheral collisions, overlap region is “almond”
in coordinate space, sphere in momentum space

cold spectators

So start with spatial anistropy, ‘y 1
_ - o
(22 +y?)

coordinate spacgnomentum

If particles free stream, nothing changes. | space |

If collective effects present, end up

with sphere in coordinate space, mitial time—
almond 1n momentum space:

“elliptic flow”

<p 321/ — P ?’3> final time—
(P2 + p2)

Vo —




Light Inflation —
Reconciling ¢* Inflation with Planck and
Experimental Prospects

F. Bezrukov

University of Connecticut
&
RIKEN-BNL Research Center
USA

RBRC Scientific Review Committee (SRC) Meeting
Brookhaven National Laboratory, Upton, NY
October 30, 2013



Outline

Minimal BSM Non-minimal inflation Cosmological constraints Laboratory search
000 00000 000 0000

0 Minimally extending the Standard Model

© ¢ inflation after Planck

@ Minimally coupled inflation
@ Non-minimally coupled inflation

e Coupling to the SM and cosmological constraints

@ The full model
@ Constraints from reheating and radiative corrections

e Anything interesting in the laboratory?

@ Direct inflaton search
@ Is the Higgs compatible?

Conclusions



Outline Minimal BSM Non-minimal inflation Cosmological constraints Laboratory search Conclusions
®00 00000 000 0000

Standard Model of particle physics

Three Generations
of Matter (Fermions) spin %2

mass -
charge -

—
=
o
)
—~
%]
o}
I

0.511 MeV 105.7 MeV 1.777 GeV g spin 0
=
g -1 Bl -1 Py
S c
=1 ?
o) electron muon tau o
— om




Outline Minimal BSM Non-minimal inflation Cosmological constraints Laboratory search Conclusions
0e0 00000 000 0000

Standard Model and nothing else above up to Planck
scale?

@ No heavy particles/scales

e no physical high scale quadratic contributions to the Higgs
boson mass

e hierarchy problem is not that scary (however, the gravity
should be generous enough not to give quadratically
divergent contributions)

e Processes at the highest energy (inflation) may be directly
related to the low energy properties



Outline Minimal BSM Non-minimal inflation Cosmological constraints Laboratory search Conclusions
ooe 00000 000 0000

Standard Model — extended for inflation

Some models that minimally expand the SM and have inflation
@ Higgs inflation

@ RZ inflation

@ Light inflaton with non-minimal coupling

Note — the whole Universe evolution should be fully described
within the model!



Outline Minimal BSM Non-minimal inflation Cosmological constraints Laboratory search Conclusions
ooe 00000 000 0000

Standard Model — extended for inflation

Some models that minimally expand the SM and have inflation

@ Higgs inflation
— very direct relation of inflation and SM, some subtleties
with the UV properties

@ R? inflation
— purely gravitational solution, nothing interesting for the
particle physics

@ Light inflaton with non-minimal coupling
— this talk, solution on the particle physics side

Note — the whole Universe evolution should be fully described
within the model!



Outline Minimal BSM Non-minimal inflation Cosmological constraints Laboratory search Conclusions
000 ©0000 000 0000

“Standard” chaotic inflation

Scalar part of the action

S= /d“m/—{ PR+a¢a”¢—§¢4}

2
' V4 o
Required to get V4
8T/T ~107°
B~10"13
m~ 10" GeV . .
Mp [

Fields > Mp, energy ~ A1/*Mp.



Outline Minimal BSM Non-minimal inflation Cosmological constraints Laboratory search Conclusions
000 0@000 000 0000

Planck results disfavor plain ¢4

8 —° ‘
° B Planck+WP
o I Planck+WP+highL
g3( 1 |mmm Planck+WP+BAO
S
Q5
53l
x o
=
©
» 3l
so
5 @ Vot
"
[=aTe) o 2
@ g L V x o
o
g ‘
S 0.94 0.96 0.98 1.00

Primordial Tilt (ns)



Outline Minimal BSM Non-minimal inflation Cosmological constraints Laboratory search Conclusions
000 00800 000 0000

Non-minimal coupling to gravity leads to good inflation

Scalar action with non-minimal coupling
4 _§ 2p 8u¢8”¢ _& 4
S— / d x\ﬁ{ “PR-297R+ 20202y

Conformal transformation to the

Einstein frame Va
A &2
g,l.LV — 1 + M% g#V7

flattens the potential

> V()
4 V(g) =

19X 1+(5+652)92 /M3
(Change of the field & TOTEGEMER

is also needed)



Outline Minimal BSM Non-minimal inflation Cosmological constraints Laboratory search Conclusions
000 00080 000 0000

The tensor perturbations are suppressed,
inflaton self-coupling B is increased

o 0.3 o 1e-09
= [

@© 0.25 = /
o S ieo

‘5 0.2 8

8 - 0.15 o @ 1e-11

@ 01 \ 2

Q : \ p 1e-12

= 0.05 o

o

@ \ T

c 0 = 1e-13

,9 1e-05 0.0001 0.001 0.01 0.1 1 £ 1e-05 0.0001 0.001 0.01 0.1 1

o 4 . . & .
Non-minimal coupling Non-minimal coupling

[Tsujikawa, Gumjudpai’04, FB'08, Okada, Rehman, Shafi 10]



Outline Minimal BSM Non-minimal inflation Cosmological constraints Laboratory search Conclusions
000 [elefele] ) 000 0000

Inflationary predictions are ok for £ > 0.003

Qs

0.25

[ Planck+WP
B Planck+WP+highL
B Planck+WP+BAO

Predictions of
inflationary models:
#  Higgs inflation
O  R?inflation
—0— \¢* + E¢PR/2
s Non-minimal
derivative coupling

Tensor-to-Scalar Ratio (r9.002)

|
|
\
|
0.94 0.96 0.98 1.00
Primordial Tilt (ns)

0.00




Outline Minimal BSM Non-minimal inflation Cosmological constraints Laboratory search Conclusions
000 00000 [ lele} 0000

SM + Light Inflaton coupled in the Higgs sector only

&L= Lsm + aHfH¢? + §¢4+%R

Standard Model Interaction Inflationary sector

Inflaton mass depends on interaction strength: m, = my, \/B/2a

Specifically: the Higgs-inflaton scalar potential is
_ PN DV PP
V(H.0) =2 (H'H=76?) "+ 20* 51262 + Vo
We assumed here, that the scale invariance is broken in the

inflaton sector only
[Shaposhnikov, Tkachev’06, Anisimov, Bartocci, FB’09, FB, Gorbunov’'10,13]




Outline Minimal BSM Non-minimal inflation

Cosmological constraints
000

Laboratory search Conclusions

All constants of the model are bound from cosmology

CMB normalization sets
B(&)

g = 3n2 A2, (14+6E)(1+6E+8(N+1)E)
- 2 (1+8(N+1)E)(N+1)3

o < B? (mass lower bound)

Inflation is not spoiled by the
radiative corrections

X H X X X
X H X X X

CMB tensor modes bound &

16(1+6&)
N+1)(1+8(N+1)§) 5 0.15

I':(

a > 107 (mass upper
bound)
Sufficient reheating
@ After inflation: empty &
cold
@ Needed: hot,
T, 2 150 GeV (to get
baryogenesis)

[Anisimov, Bartocci, FB'09]
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The Inflaton mass is bounded from cosmology
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Non-minimal coupling &
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Inflaton decays and lifetime
Coupled to everything proportional particle mass

1 T 1e-04
D e e
e'e 2;‘_" b9 N A
n : 1e-06
KK 4
i - E
0.1 T 1
=, 3 1e-08
g u+u "". ;
= FE N @
g 1y S B \ D
o B g9 1e-10 £=0:0017
: EH \/ JE=0.01
0.01 H i = / Y
H ¥ =,
H = Y, ; 0.1
i N Te-12 / B
«, SS V
v u*u"' : =
0.001 - le-14
0.1 1 10 0.1 1 10
my, GeV m,, GeV

Created in meson decays:
—_ 2
Br(B — xXs) ~ 10762 3001 ey




Outline Minimal BSM Non-minimal inflation Cosmological constraints Laboratory search Conclusions
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Experimental searches are possible

3

B — Behaves as light “Higgs”
/ boson, suppresed by

@ Created in meson decays
@ Decays: KK, nr, uu, ee,

o

0.01 0.1 1

o2
=
=4

@ Interacts with media:
extremely weakly

3

Search (LHCb, Belle)

@ Events with offset vertices
in B decays

| @ Peaks in Daltiz plot of

Non-minimal coupling & three body B decays

Rad. corrections

o

Inflaton mass m,, GeV Inflaton mass m,, GeV

o2
=Y
3
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Minimal BSM

Non-minimal inflation
00000

Cosmological constraints

[e]e]e}

e]e]

Laboratory search

Conclusions
®0

Another prediction: The Higgs boson can not be light

Inflation proceeds along H'H = ¢ X?

@ The Higgs self-coupling A: must be positive up to
inflationary scales

0.06 T

0.04 1
0.02
0.00

Higgs mass
124 GeV |

—-0.02

Higgs self-coupling 4

100 10° 10* 10" 10'% 10'7 10%

Scale, GeV

0.06

0.04 1
0.02 1

0.00

—-0.02 1

Hig

gs mass
129 GeV |

100 10° 10% 10" 10 10'7 10%

Scale, GeV

Current experimental value: my =125.7 £ 0.4 GeV (CMS)

Mass for A(u) =B, (n) =0
Min = [129.5+

0.9GeV

M,—173.2GeV

x1.8— 20018 0,642 GeV

[FB, Kalmykov, Kniehl, Shaposhnikov’12, Degrassi et.al' 12]
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Critical Higgs mass is compatible with M; and o
129

128
127

126

my,, GeV

125

124

123

122
170 171 172 173 174 175 176 177
m, GeV

Vacuum stability
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Conclusions 1: Cosmology

@ Single filed quartic inflation with small non-minimal
coupling is perfectly ok with the current CMB observations
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Conclusions 2: Cosmology and Particle Physics

@ An example of a model minimally extending SM without
any heavy scales: a singlet scalar field with non-minimal
coupling

@ Cosmological observations constrain the inflaton mass to
be light (in GeV range) — interesting for particle physics!

@ Further study

e Detection of tensor modes is especially interesting to
constrain the theory

e The inflaton can be searched in low energy experiments —
rare B decays

@ Offset vertices in B decays
@ Peaks in B three body decay Dalitz plot

e Higgs mass bounds — top quark mass measurement is
needed!
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Dark matter — add vMSM and stir

Three Generations
of Matter (Fermions) spin %
| 0 n

mass- [T 2ameY T27Ge TG
charge - |% u % C %» t
name w charm top

E
|

Quarks

V] [~004 ev 7 ~Gev] 114 GeV.

th

-
- >
a
@ o
au 7 0
sterile” o Higgs
lifng [UF Retirino| S Besan
g
» 0,511 Mev 1057 Mev 1777 Gev = spin0
5 2
5| 1 4 g
2 T 2
5 4
- electron ‘muon tau o

Role of sterile neutrinos
N; (Warm) Dark Matter, My ~ 1-50 keV

N> 3 Baryogenesys, My 3 ~ ...GeV

http://arxiv.org/abs/hep-ph/0505013
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Dark matter — add vMSM and stir
A vMSM inspired model with inflation x

_ _ f -
L =(Lom+ Njidy " Ny — FoyLg Njd — E’NfN,X+ h.c.)+

2 (X = V(®,X)

q._ 16f(my) B (M \® (100 MeV)®
N S 15x10-13 \10keV m, ’

DM sterile neutrino mass bound

m s\ [ 09 \"”
<13.(— % (= N
M: £13- (355 Miev) <4> <f(mx)> eV

[Shaposhnikov, Tkachev'06, FB, Gorbunov’10,13]



Backup slides
000e00

Production: bound from K+ — 7 + nothing

le-06 — -
\ K'E949 —— ]
K'E787 —— |
1e07 1 K" expected === 3
= AN { K, expected -
= 1008 [t
N \\\ ) .
= 1e-09 // \\v//
“ / x\'_'.,-(__/_._ h
le-10 ~=/ -
le-11

0.05 0.1 015 0.2 025 0.3 0.35
mX,GeV

Excluded: m, <120 MeV
Disfavoured: 170 MeV < m, < 205 MeV
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Introduction: Strongly Interacting Matter
Thermal QGP as A Topological Matter
Thermal QGP as A Chiral Matter

The Overpopulated Pre-Equilibrium Matter

Summary & Outlook



Beautiful “Little Bangs” Delivered

Todayt, t = 15 billion years
T=3K (1meV)

Life on earth

Solar system
Quasars

Galaxy formation
Epach of gravitational collapse

Recombination
Relic radiation decouples (CBR)

Matter domination
Onset of gravitational instability

Nucleosynthesis
Lightelements created - D, He, Li t=1 second

T=1MeV

Quark-hadron transition
Hadrons form - protons & neutrons

Electroweak phase transition
Electromagnetic & weak nuclear

forces become differentiated:
SU(3)x8U(2)xU(1) -> SU(B)xU(1)

The Particle Desert
Axions, supersymmetry?

Grand unification transition
G > H > SU8)xSU(2)xU(1)
Inflation, baryagenesis,
monopoles, cosmic strings, etc.?

The Planck epoch
The quantum gravity barrier

Heavy lon Collision: the only “Time Machine”
to trace back the matter in early cosmos environment
3




Different Stages of Heavy lon Collisions

3 e
e T
A
B
CAN",

)

i
o
Color Glass Initial Glasma sQGP - . Hadron
Condensates Singularity perfect fluid Gas
t
1 Probing

matter properties:

\ ;// freeze out th erm al
hadrons

gluons & quarks 1 eq. near tf(\ermal
gluons & quarks out of eq. (transport)
strong ficlds &
>Z far-from thermal

hard objects




The Strongly Interacting Matter

A dense partonic
matter opaque to high
energy color probe

A nearly perfect fluid
able to flow through
fermi-scale “pipe”

<>

~ fermi A pre-equilibrium matter that

quickly relaxes toward equilibrium
like a very stiff spring

b t—

Strongly interacting matter created & measured in heavy ion collisions:
a unique laboratory for understanding how QCD operates in Nature.
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The Strongly Interacting Matter

A Chiral Matter

Right Hand Threads (RH)  Left Hand Threads (LH)

An Overpopulated Pre-Equilibrium Matter

= -

-——

This talk will discuss some of our recent progress in
understanding the structure & dynamics of this
strongly interacting matter in light of its measured properties.
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THERMAL QGP As A
TOPOLOGICAL MATTER



Liberation of Color!?

Degrees of freedom Degree of color liberation
1S/T3 — T A 1Y SRR AR AL LALLM LA AL LA LA A ]
0.9 r SBdimit __—  Lren(T) i
o = 035F L
08 - : : :
0.7+ 0.3F : a:
0.6+ 025F  0.05m, —m— I
05 | : 0.20mg & .
02¢F g
04T N=6 —=— ] i W
0.15} .
0.3 L Nt.:e b n :
0.2 F c s95p-vi Tt - nE
0.1 g penumagtév§ ] 0.05f o a®
0 | , ~ T[Mev] = T [MeV]
200 400 600 800 140 150 160 170 180 190 200 210 220 230

A region around Tc with liberated degrees of freedom
but only partially liberated color-electric objects.
(Pisarski & collaborators: semi-QGP --- glue~LA2, quark~L)

Then what are the “extra® dominant DoF here???
To answer this, we need the topological objects.

8



Emergent Magnetic Plasma Near Tc

T<< Lambda_QCD

T~ Lambda_QCD

T>> Lambda_QCD

> T

Vacuum: confined Tc sQGP wQGP: screening
O a
/ Emergent plasma Plasma of E-charges
— i"?}i}j:j{.;é B with E & M charges: E-screening: g T
: *g# 9| chromo-magnetic monopoles M-screening: g"2 T
] are the “missing DoF”

Coupling «o

Electric Flux Tube:
Magnetic Condensate

10
5 ‘-./‘,..-»“"‘
A Lo
2
&
0.5 \
—..
. .
0.2 .t"""'w“*
0.12

1.5 2 25 3 35 4
T/Te

1

ap # ay = |.

0.75

1

L
*
~ Y- N :

125 15 175 2 225 25
T/Te

JL & Shuryak:
Phys.Rev.C75:054907,2007; Phys.Rev.Lett.101:162302,2008;
Phys.Rev.C77:064905,2008; Phys.Rev.D82:094007,2010;

9 Phys.Rev.Lett.109:152001,201 2.



Confinement as BEC of Monopoles

The magnetic scenario helps explain many aspects of near-Tc plasma.
Let us here focus on very important issue: confinement transition.

How the confinement Weaker coupling Of

transition changes 5|

with light flavor number? 4
O

Qg_
g

Stronger coupling l =

0 2 4 6 810121416
Ny

Be(Ny) = Po(1 + f)"SNfNM/IS
JL & Shuryak, PRL2012 £~ 0151




Strong Near-Tc Jet Quenching

Jet-Mec!ium Jet-Medium :\‘ “Volcano” scenario
(ioupllng “ » , ouplin
Waterfall” scenario i piing ! “
R
"’ ¢ ' S
¢ '
) o 4
. !
¢ '
TC Temperature Temperature

V, for high Py hadrons

0.22

0.20
0.18 |

0.16
0.14
0.12

0.10

0.08

0.06
0.04

0.02

PHENIX Prel. V, @ Py > 6 GeV/c

STARVS” @ 6 GeV/c ¢
MODELA 1«04 O
MODELB ¢«02 A
! + i CuMODELB £=02 4
A A
&L A’ A ?
a2y
-t A A ‘ A A A A A
0 50 100 150 200 250 300 350

X.Zhang & JL, PLB(2012), arXiv:1208.6361,1210.1245;
JL, arXiv:1109.0271; JL & Shuryak, PRL(2009).



Hard Probe from RHIC to LHC

Evidence-1: opaqueness evolution from RHIC to LHC

< K>RuHIC:< K >Luc~ 1: 0.72‘

Evidence-2: geo. & fluc. with RHIC + LHC data

S 0.12
& 2
3 2 010}
o ol
E % 0.08}
¢ ® 0.06}
= &
Eo 2 0.0}
3 N Tt N
50 100 150 200 250 300 350 00300 300 400
Npan Npan
Opaqueness + Responses to Geo. & Fluc. sp A BiEe
with RHIC+LHC: ol [\ e
in favor of strongly enhanced ¥ 9] VaYaN
near-Tc jet quenching e i g ]
N

X.Zhang & JL, PLB(2012), arXiv:1208.6361,1210.1245(PRC2013)



THERMAL QGP As A
CHIRAL MATTER




ENVIRONMEN

ALLY *

SBROKEN" SYMME

RY

Our life system is a perfect example of

environmental symmetry breaking.

Could a local domain with nonzero

macroscopic chirality,
that is, a chiral medium,

be created in heavy ion collisions?

In the local P-Odd QGP domain, there can be
anomalous effects that normally could not occur:
e.g. the Chiral Magnetic Effect (CME) ,generation of a vector
current through an external Maxwell B field (Kharzeey, et al)

Vector current: P-odd
B field: P-even

the nonzero \mu_A

It happens only because of

Macroscopic chirality
in chiral medium



Strong EM Fields in Heavy

Lo Br Out-of-plane, y 20

‘\é} @ X ®

g —m:".' ".“;;:" In-plane Q\E" 204

o x| g

ZQ EM \3 10;

E,B ~y—p ~ 3m; -

A

Common Stongest ~ Compact B field :

Fan Megnet  SteaoyBfeld Astro-objects  af RHIC 0. onele

{0M7

06 100 10% 104315

lon Collisions

llllllllllllll

e r=(0,0,0)
—e—r=(3 fm, 0, 0)
—a&—r=(0, 3 fm, 0)
—»—r=(3 fm, 3 fm, 0)

 Strongest B field (and strong E field as well) naturally arises!
[Kharzeev,McLerran,Warringa;Skokov,et al; Bzdak-Skokoyv;

Deng-Huang; Bloczynski-Huang-Zhang-Liao; Tuchin; ..

]

* “Out-of-plane” orientation (approximately)
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Azimuthal Fluctuations of B field

Both B field orientation and

matter geometry fluctuates from

event to event --- we need to
know their correlations.

Central

J.: M- d
25 254
20 - 24
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Bloczynski, Huang, Zhang, JL, arXiv: 1209.6594, Phys. Lett. B
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Current Generation in External Fields

Ohm’s Law
Jjv =0E,

Chiral Magnetic .ﬂ“

Effect (CME)

YES
Jv = 0544 B; J_V YES Mu A
Chiral Separation 22) YES
Effect (CSE) J—A T MuA

Jja = ospy B.



CESE
Chiral Electric Separation Effect (CESE)

JA = XeltvpaE,

E field
>
L + L[ [+L[7
“TICR[ER +R[[+RIT+R[[+R]”
Imbalance between +/- (nonzero Mu_YV)
&

Imbalance between L/R (nonzero Mu_A)
-->  Axial current

X.Huang & |JL, arXiv:1303.7192, PRL(2013)
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Summarizing the Effects together

Ohm, CME, CSE, CESE:

j V _ a 05/l A E
JA XelV LA O5fLy B

Linearizing the fluctuations: we can find several
collective excitation modes:
Chiral Electric/Magnetic Waves, Vector/Axial Density VWaves

All very nice, but:
can we experimentally observe
one or more of these effects!?
--- We discuss one example here, the Chiral Magnetic VWave

19



THE CHIRAL MAGNETIC WAVE

Wave: propagating “oscillations” of two coupled quantities
e.g. sound wave (pressure & density); EM wave (E & B fields)

Chiral Magnetic Wave (CMW):
coupled evolution of Vector & Axial Charge Densities

S-S & B field
u‘@"___ -@) -@) Wave Propagation

v J Direction




CMVW PREDICTIONS

’-o\ 0_2 | T T T T | ' T T T [
32 . ]
~— AuAu 200GeV CMW Predictions:
N - [Bufnier,Kharzeev,|L,Yee,PRL20] I;
E | 30-40 % arXiv:1208.2537]
> 01 A Quadrupole of Charge Distribution
: . leads to splitting of +/- charge
-’t; elliptic flow!
=0
i oy .
or UQ - 'UQ — 76 A
. - Ay
: STAR Preliminary - N
_O 1 | L 1 1 L | ] Il 1 L | - + : A Q
-0.05 0 0.05 S Vo C " .
<A > S e
Gang Wang, QM2012 * N
A - NaoN_ +

— Ni+N_
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CENTRALITY DEPENDENCE OF
CHARGE QUADRUPOLE

CMWV Predictions [Burnier,Kharzeev,L,Yee,PRL201 |; arXiv:1208.2537]
In Agreement with STAR Data [Gang Wang, QM2012]

~ [ |
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Thermallzatlon An Outstandlng Puzzle

Color Glass Initial
Singularity perfect fluid Gas

Hadron

Condensate

Strong constraint from
the initial condition:

saturation cal fields

particles

from
to qu

WG, Q)

Pre-Equilibrium Matter
(We focus on this!)

Scale in PEM high! Qs“GeV Asyp. Free.
Is weak coupling description

viable with “fast thermalization”?
YES = More is different!

Strong constraint from
Hydro modeling and empirical data:
fast “thermalization” ™ fm/c
(to the extent of justifying hydro)
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High Overpopulation as a Key

Bose—Einstein condensation and thermalization of the

quark—gluon plasma
Jean-Paul Blaizot *, Frangois Gelis ®, Jinfeng Liao "*, Larry McLerran ",
Raju Venugopalan "

is born as a gluon matter with HIGH OVERPOPULATION:

The precursor of a thermal quark-gluon plasma, known as glasma,
8

Initial gluon distribution
6 L

j Very large

1
; f~—
occupation number (g
4+ . ~ —2
- Saturation fixes €~
o . el s
/2” _ initial scale
Equilibrium . |
Distribution N |
(with the same | N
Energy density) e IRSm——
8.0 0.5 1.0 1.5

3
L@
20

Saturation Scale Qs ~ 1 GeV or larger, weal@? coupled



Elastic Collisions at High Occupation

d°ps d’ps  d’py 1 )
2 271" 32E2 (271') 2E3 (Q'IT) 2E4 QEI

0(p1+p2 —p3 —pa){fafa(1+ fr)(1 + fa) — fifo(1 + f3)(1 + fa)}

I H>< f*f*as~0(1)

SUu

| Mi2_34 | = 724" [ 52 T2 u_2]

Difi =

When f~1/alpha_s, dependence on the coupling drops out!
The quantum nature is important at high occupation.
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BEC in The Very Cold

feq(k) — nc5(k) T ng(wk_mO) — 1
Jets febisplli, Hass ire ldivivns Fullly e st elor—

WJ&M AN aprecetigtesls 2afl v WJ&M o, W

J 7#«»/!1-4» 9&%%/7
W&WWW«'—M MWWW
- s, ZJMM?W/}

SoofA:0 A=1).

It took ~70 years to achieve BEC in ultra-cold bose gases.
The key is to achieve OVERPOPULATION:

n-e 3/* > O(1) threshold

OVERPOPULATION implies quantum coherence:
—3/4
M~ (d/Xap)™ ~ O(1)
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BEC in The Very Hot!!
Our initial gluon system is highly OVERPOPULATED:

f(p) = fob(1—p/Qs),

Q? e €34 _ £1/4 25/4

O
872’

€0 = fo no = fo

This is to be compared with the thermal BE case:

€ESp = (7(2/30) T? nsg = (C(:3)/7TQ)T3
30°/%((3)
T7/2
Overpopulation occurs when: f() > fg ~ (.154
|dentifying f_0 -> |/alpha_s, even for alpha_s =0.3, the system
is highly overpopulated!!
The smaller the alpha_s, the larger overpopulation

~ (.28

ne|sp =

Will the system accommodate the excessive particles by forming a
Bose-Einstein Condensate (BEC) ?
28



STRONG EVIDENCE OF BEC FROM
SCALAR FIELD THEORY SIMULATIONS

Bose—Einstein condensation and thermalization of the
quark—gluon plasma

Jean-Paul Blaizot*, Francois Gelis *, Jinfeng Liao™*, Larry McLerran <
Raju Venugopalan"®

Absolutely true for pure
elastic scatterings;
True, in transient sense,
for systems with
inelastic processes

From: Berges & Sexty

1201.0687
01 —
001 ¢
T
g 7 4
S L P LQg=16 ——
o Z W ' s
s [/ ' L Q=32 -----
= I LQ =64 ------
T 00001 L LQy =128 -
‘ :
te0 150 2000 o !
P o 08« TimsHz — 1605 | _
From: Epelbaum & Gelis 1107.0668 10 100 1000 10000 100000
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Small Angle Approximation

Kinetic equation under small angle approximation
(Blaizot-Liao-McLerran)

Dus@) = (A8) 5+ (9500 + £ (52) 101 + 100

% (A ) _(27{2)/ o )3f(ﬁ) 1+ f(p)) Two important scales:
. hard scale Lambda

As d’
A== (27%)2 2 JAE) soft scale Lambda_s
A

Qg J 2x)2 p
tsca ™~
2
AS

Elastic scattering
time scale
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Rapid IR “Local Thermalization™
Toward BEC Onset

T*

| Blaizot, JL, McLerran, i
arXiv:1305.2119 sol®

I1x1093x10° $x10+¢ 0001 0002 0003 0010 0020
1 4

The system develops
a critical scaling behavior
toward the BEC onset.

n*| = C(re —7)".

n~1




Local effect: enhance IR growth,

accelerate the onset

100

T

™y v v
I
.

S0 :fo:l.O. 2.=0.5, D:Oé
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cif\
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Effects from the Inelastic

Global effect: reduce number density,
enhance entropy growth
0.0380——— ——
0.0375

0.0370}
. 003651\ e R=0

0 12 14 16 18 20

R: ratio of the inelastic to the elastic-kernel Huang & Ji%8rxiv:1303.7214



Glow of the Pre-Equilibrium Matter

There should be additional EM emission from the pre-equilibrium stage.
We derived formula based on our thermalization scenario and describe interesting aspects of data.

1000 }¢ "
AN PHOTONS I DILEPTONS
10F\ N s A iy
i i { .
0.1 r‘ \ ??ﬂf§~:
. . ' _‘t.!. -
0.001} \\i\ ; . —
: ‘ "«,\\* ) SR
107°F ! e o
107 > A 6 3 g 12 1477 2

Conventiona

sources
+ our PEM Conventional sources
contribution total (“cocktail”)

Important contributions to EM production from
the pre-equilibrium matter !

Chiu, Hemmick, Khachatryan, Leonidov, JL, McLerran, arXiv:1202.3679, NPA



Publication 2011 fall -2013 summer

> Near-Tc Matter:
1206.3989[PRL][with Shuryak];
1304.7752[JHEP][with Shi]
» Jet Quenching:
1210.1245[PRC], 1208.6361, 1202.1047[PLB] [with Zhang]
» Anomalous Effects (CME,CMW,CESE,B fields):
1303.7192[PRL][with Huang];
1209.6594[PLB][with Bloczynski,Huang,Zhang];
1208.2537[with Burnier, Kharzeev, Yee];
1207.7327[review in Lec.Not.Phys.][with Bzdak,Koch]
» Pre-Equilibrium Matter(BEC,Inealstic,EM emissions):
1305.2119[NPA][with Blaizot,McLerran];
1303.7214[with Huang];
1202.3679[NPA][with Chiu,Hemmick,Khachatryan,Leonidov,McLerran]
» Proceedings:
1306.5218[COPD2013]; 1210.6838[QM2012]; 1209.2998[NN2012];
1209.1052[CIPANP2012]; 1109.0271[PANIC2011]



Workshops Organized
RBRC Workshop Jet Quenching at RHIC vs LHC in Light of Recent dAu vs pPb Controls
[co-organized with Gyulassy, Jia] 3 days, 72 registered attendees, 36 talks, http://

www.bnl.gov/jqr2013/

Jet Quenching at RHIC

VS l_HCln Light of Recent dAu vs pPb Controls

RIKEN NS ssarch Conter Workab
Aprit 1S TR0 1] at Risokhaven Na

RBRC Workshop CPODD2012 [co-organized with Kharzeev, Shuryak, Yee]
3 days, 68 registered attendees, 34 talks, http://www.bnl.gov/pcp2012

PandCPodd Effects in Hot and Dense Matter (2012)

RIKEN BNL Researc b Conter Workshop
June 25-27, 2012 at Brookhaven National Laboratory

International Workshop on

_ Physics

. . . . : Opportunities
At IU: POETIC2012 [co-organized with Hafidi,Lamont, | P& an
Londergan,Melnitchouk,Szczepaniak,Venugopalan, AL AT ElecTron
V | Y o e 2t lon Collider

ogelsang,Yuan] ‘ o e (POETIC 2012)
3 days, 65 registered attendees, 32 talks, B i DU Soi.cun b Usa
http://www.indiana.edu/~ntceic R, s B Oeowolow: =
v A% ot 4 T, Londergan, W, Melinichouk,

A Szocrepaniak, R. Venugopalan
[ 'W.Vogelsang, F. Yuan



http://www.bnl.gov/pcp2012/
http://www.bnl.gov/pcp2012/
http://www.bnl.gov/pcp2012/
http://www.bnl.gov/pcp2012/
http://www.bnl.gov/pcp2012/
http://www.bnl.gov/pcp2012/
http://www.bnl.gov/pcp2012/
http://www.bnl.gov/pcp2012/

Summary

*Thermal QGP near Tc as a topological matter,
dominated by emergent magnetic monopoles:

---- confinement as monopole BEC;

---- from RHIC to LHC, getting more viscous and less opaque.

* Chiral-restored QGP as a chiral matter, with macroscopic
chirality created in local domains on E-by-E basis:

---- new anomalous effect Chiral Electric Separation Effect;

---- Chiral Magnetic Wave, manifested via pi+/- flow splitting.

*The early time evolution in the pre-equilibrium matter,
with overpopulation playing a key role:

---- kinetic evolution & thermalization in overpopulated matter;
---- a possible transient Bose-Einstein Condensation.

I gratefully acknowledge the generous and
essential support from RBRC!
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Triangle Anomaly in Quark-Gluon Plasma,

Ho-Ung Yee
University of Illinois at Chicago/ RIKEN-BNL Research Center

RBRC Scientific Review Committee Meeting, Oct 31, 2013

Ho-Ung Yee Triangle Anomaly in Quark-Gluon Plasma



Triangle Anomaly

For a massless Dirac fermion, the U(1) axial
symmetry is classically conserved

Jy =97,y =9y
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Triangle Anomaly

Quantum mechanically, it is no longer true

E
R4
Q.
JYy ama Y, ¥,
Q .
B
Ne = =
o prof FE.
Oudy = 327T ——€ FwFas = 47r2E B
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Triangle Anomaly in Quark-Gluon Plasma

In high temperature QGP phase, the hydrodynamics
is based on conservation equations

New hydrodynamic transport phenomena can arise
from triangle anomaly

Ho-Ung Yee Triangle Anomaly in Quark-Gluon Plasma



Chiral Magnetic Effect

(Kharzeev-McLerran-Warringa, Son-Zhitnitsky)

. eN, = . eN; .

Havy
Note the < AVV > structure
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Chiral Magnetic Wave (kharzeev-Huy)

+X
Q, ’
B
Qg v,
. N.eB [ 0
w=FVKk—iDk*+--- | v, = ::2 (%)
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Why do we have waves ?

—
B J
Q5> 0 CHIRAL MAGNETIC EFFECT
V=52 7 A= 53 v
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Why do we have waves ?

Q>0

-

B J
Q5> 0 CHIRAL MAGNETIC EFFECT
V=52 7 A= 53 v
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Why do we have waves ?

0 T4
Q > CHIRAL SEPARATION EFFECT
B

V=53 7 A= 53 v
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Why do we have waves ?

Q,>0

J
A
Q > 0 CHIRAL SEPARATION EFFECT
B
V=52 A » JA= 55
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Dispersion Relation and Velocity

w=FVk — iDKE+ -

X o2x2  4g2 6Jf  4p2 8J,%
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Causality Bound

o N.eB %
X 42 8J(L)

looks worrisome in view of causality when eB — ~

Causality bound on the susceptibility inspired by
Chiral Magnetic Wave

8_JE N.eB

8uL 472

An intriguing constraint on the dynamics derived
from triangle anomaly

X:
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Weak Coupling Test in eB — ~

@ In eB — oo limit, the quarks from 1 sit on the lowest Landau levels,
as the gap between Landau levels is A = veB > T. We have an
effective 1+1 dimensional reduction

@ For a chemical potential p;, the 141 dimensional free fermion density
is simply given by (%) The transverse density of states for the lowest

Landau levels is 'Elchr? The net 3-dimensional density Jf is then

o L N.eB  N.eB

O e R,

@ Therefore in €B — oo limit

o)\ _ NceB
ouL )~ 4n2

This saturates the causality bound giving

vy = 1
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Strong Coupling Test in AdS/CFT

by
10 R R— SEETEEEE

o8l 7 sl A
o6l ! .
4 f v

ozl o«

ool s Geny?
0.0 0.5 10 1. 20

in

T=150 MeV (dotted), T=200 MeV (plain), T=250 MeV (dashed)

(Sakai-Sugimoto Model)
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Out-of-Equilibrium Chiral Magnetic Wave
(Lin-HUY)
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(Initial) Thermalization (2) : Falling Mass Shell

R3

Above : Black-hole metric

Thin Mass Shell Falling

Below : AdS,

(Lin-Shuryak)
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Dispersion Relation

w=/f(Zs)k + Aw

where z; is the holographic location of the mass shell
and f(z;) — 0 when z; — zy (horizon)

Aw features characteristics of Chiral Magnetic Wave

Ho-Ung Yee Triangle Anomaly in Quark-Gluon Plasma



Aw/MeV Aw/MeV

08 y L] L]
08 ° °
06
06 L]
04
041 L[]
L] L]
Pys
02 02F °
L]
* L L L L Bimg? L L L L Lk /Mev
1 2 3 4 200 400 600 800 1000

Aw versus eB (left) and Aw versus k (right)

(Recall the Chiral Magnetic Wave dispersion relation w = NeeBy ... )
4mex
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A Lesson from This Result

From the dispersion relation

w=/f(Zs)k + Aw

Chiral Magentic Wave velocity is enhanced by /f(z;)
in out-of-equilibrium

WU = Tz Y, v = O
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Chiral Magnetic Wave in Photon Emissions
(Huy)
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Photon emission rate in the presence of
magnetic field

ar, e 1 -2 p v (ARET
W(G )— (27]')353% _1Im |:€ € Gul/ (k)]

—
A
4 AB
PHOTON ;)/ Phe T

| HEAVY ION
! 0
\ |
I
; \
|
|
I \
HEAVY [ON 2
X

i
X

NON-CENTRAL COLLISION
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Why Chiral Magnetic Wave in Photon
Emission Rates ?

B Q Q B
Y
Y D I
o J,

Triangle Anomaly in Quark-Gluon Plasma



Azimuthal Dependence of Emission Rates

T=02 GeV,eB=04 GeV*,w=0.1 GeV T=0.2 GeV,eB=04 GeV*, w=0.5GeV
(2ay dT, - e 4,
Pl — G
T R
. 0.0%E -
nassf
0.0084
nasof o % B K
B i ¢ N
nome
naasf
. N nomaf
o140f . -
L g DomsE . ]
. 1 -

) 1

T=200 MeV, eB=0.4 GeV?, w = 0.1 and 0.5 GeV
(Sakai-Sugimoto Model)

Dashed line : Results without Chiral Magnetic Wave
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Non-trivial v» Dependence with Energy

T=02 eV, eB=0.4 Gel’

s b
amof .
ants b o
ook .

oo F -
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New observable
: In/Out Plane Polarization Asymmetry

ar dr
AVO — oot (ev) — gt (eour)
—d

IN- AND OUT-PLANE POLARIZATIONS
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Azimuthal Dependence of In/Out Plane Polarization

I
Asymmetry A'/©
T=0.2 GeV, eB=0.4 GeV* Lw=01 GeV T=0.2 GeV, eB=0.4 GeVz, w=0.5 Ge¥
AJW AJ}D
oo
om -
. L s L g
H . 1 7
-0m
=002 -
I
—ome L =00 -
-0m
-006
—a10 e h

T=200 MeV, eB=0.4 GeV?, w = 0.1 and 0.5 GeV

Dashed line : Results without Chiral Magnetic Wave
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P and CP Odd Photons and Di-leptons

(mamo-HuY)

Ho-Ung Yee Triangle Anomaly in Quark-Gluon Plasma



Axial Charge is P- and CP-odd

Y1 — qL (quark), gr (anti — quark)
Yvr — Qgg (quark), g, (anti — quark)

P : q<+<—qr, Q< Qr
C: q+—Qq,qr<—0r

Axial Charge
Ji = N(q.) + N(3.) — N(gr) — N(Tr)

Ho-Ung Yee Triangle Anomaly in Quark-Gluon Plasma



P- and CP-odd Observables

e Using discrete symmetries, P and C
No Background Effects Possible

e Unambiguous signal of axial charge and triangle
anomaly

o Need to be event-by-event

Ho-Ung Yee Triangle Anomaly in Quark-Gluon Plasma



Photons

Spin polarization (helicity) is P-odd

1 (0,1,+i,0), k=k&x®

N
P- and CP-odd Observable

el

I en) ~ 2(e)

A = a3k a3k
1T )+ S
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Di-leptons

|'31 S drlss2
a*pidép;
where (s1,s;) = (+1/2,+1/2) are spin alignments of
the di-lepton pair along the momentum direction
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. A — + +

P : e <—eg, e « e

. a— + - +
which gives

P . Ttttz ¢y 2ms

C : Ttzz izt

r-i-
r+

l\)\
l\)\—‘ l\)\
_| _|
N\—* I\J\
N\—‘ I\J\

2
+1
2

l\)\—‘

Y

P- and CP-odd Observable
342 — [~2~

A - =
+Il — 1,1 1
[tate 4 72

NI=| =
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It can be shown that

.\ ImGf — ImG® ~ 2ReGf}
+y ImGﬁ +ImGF  ImTrGR i3]
£1] 14+ cos26) ImGR+1ImGP o
P”:Pf =p; +Pp

where G7 = G, + iGF,
Recall Gf, comes from the P-odd part
G~ = i\ (K)ejk"
A., and A_; measure the imaginary part of chiral

magnetic conductivity
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AdS/CFT Model Computation

Ay Ayi

T 0012
0015
// 0010
00101 / 0008 /
/ e - B 0005 - -
0005 / 0004
/ ) /
/ 0002
/ /
v . . I L ogincy & L . . . L pinGev
05 10 15 20 02 04 06 08 10

T = 300 MeV with ;.4 = 100 MeV (solid) and n4 = 50 MeV (dashed)

Di-muon pair with 6 = 7

The effect is about a percent level
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Thank You for Listening
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Transport at NLO in Hot QCD

Derek Teaney
Stony Brook University and (former) RBRC Fellow

q\\\‘ Stony Brook University

e Jacopo Ghiglieri, J. Hong, A. Kurkela, G. Moore, DT, JHEP

e Jacopo Ghiglieri, H. Gervais, G. Moore, B. Schenke, DT, in progress




Overview:

1. Transport in (semi) weakly-coupled plasmas:
(a) Completed the NLO photon production rate.

(b) Currently working on energy loss and shear viscosity at NLO (Today’s talk.)

2. Hydrodynamics and collective flow in heavy ion collisions:
(a) Li Yan —PhD 2013. Postdoc at Saclay
(b) Worked out and non-linear hydrodynamic mode mixing

(c) Examined the rapidity dependence of hydrodynamic fluctuations with A. Bzdak

- Future work will combine items (b) and (c).

3. Thermalization of gauge fields in gauge-gravity duality:
(a) Ongoing work with Paul Chesler at MIT as time allows

(b) New interest due to the observation of collective flow in small systems, i.e. pA

- What is the smallest system that can support hydro?



Energy loss and transport in weakly coupled plasmas at NLO

e Philosophy of weakly coupled calculations — there is only one right answer ...
1. Collisional vs. radiative loss
2. Corrections to collinear formalism

3. Relation between drag (or €) and radiative loss



Three mechanisms for transport loss at LO

Hard Collisions: 2 < 2

1.

2. Drag: collisions with soft random classical field




3. Brem: 1 < 2

e random walk induces collinear bremsstrhalung

e The probability of a transverse kick of momentum q | from soft fields:
2
I'm7,
2 (42 2
q1 (q1 +mp)

NLO involves corrections to these processes and the relation between them.

Crolai] =

Same processes determine the shear viscosity of QCD in high temperature plasma!



Three rates for energy loss at leading order:

1. Hard Collisions —a 2 <+ 2 processes

AANJ

'YY ¥
v, v, v,

0 + vk - Ox| f = Cowsalpel ]

Total 2 <+ 2 scattering rate depends logarithmically on the cutoff



2. Collinear Bremsstrhalung —a 1 <+ 2 processes

0y + vk - Oy fi = Cle2
N——
LPM + AMY and all that stuff!

The bremsstrhalung rate is proportional to the rate of transverse momentum kicks, C'1,0 [qL]:
C'rolq.] = in medium scattering rate with momentum q |

e Need to compute the transverse force-force correlators along the light cone.

dCrofar] = [ B (FL(@Fy) 2mi(a)

~~

evaluate with sum rule at gg = 0

2
TmD

_qi +m2D




3. Drag: A longitudinal force-force correlator along the light cone

P ~gT

FZ+ FZ_|_

e Evaluate longitudinal force-force with hard thermal loops + sum-rules

N 4

2 K dZPT dp4dp
o) x °Ca | o / o (P (P) ) 28

~

evaluate with sum-rule
2
2 m 2, 9
X g CA—4;O log(p”/me,)

The ©—dependence of the drag cancels against pi-dependence of the 2 — 2 rate



Summary — the full LO Boltzmann equation:

0
0 + vk - Ox] fku =n(p) v - % + Comso|pt] + Cr2

The cutoff dependence of the drag cancels against the 2 — 2 rate!



O(g) Corrections to Hard Collisions, Drag, Bremm:
1. No corrections to Hard Collisions:

2. Corrections to Drag:

e Nonlinear interactions of soft classical fields changes the force-force correlator

e Doable because of HTL sum rules (light cone causality) Simon Caron-Huot



3. Corrections to Bremm:

(@) Small angle bremm. Corrections to AMY coll. kernel. (Caron-Huot)

Ya
Y v:'b"" 500U
'~

SO

- vﬂ"&'-&'

CLANININININ IS IS IS OSSO BRSNS
I\ \.J " ' \J

=(q"q7,q1) = (¢T, g°T, gT)
2.2
Tg“m7,
2 (2 2
QL(QL T mD)
(b) Large angle brem and collisions with plasmons.

CrolqL] = > A complicated but analytic formula

e Include collisions with energy exchange, ¢— ~ g1

The large-angle (semi-collinear radiation) interpolates collisional and rad. loss




The NLO Boltzmann equation — a preview:

Cutoff dependence cancels

v
0 + vk - Ox] fio = (M) +on(p)) vi - OJic + Cooap] l

ok
01<_>2 + 501<—>2 + Csemi—coll [,L‘]

The u-dependence of the drag at NLO cancels the p-dependence of
semi-collinear radiation



Semi-collinear radiation — a new kinematic window

2 — 2 processes

semi-collinear radiation

collinear radiation

The semi-collinear regime interpolates between brem and collisions



Matching between brem and drag

2 — 2 processes

semi-collinear radiation

collinear radiation

A
S -———

What happens when the

final gluon is soft?

e The semi-collinear emission rate diverges logarithmically when the gluon gets soft

~ 93T2
om? 2T
m mp
Fsemi—(:oll ~ gch 4—7:0 log ( 7 )

When the gluon becomes soft need to relate radiation and drag.



Matching between semi-collinear brem and drag

e \When the final gluon line becomes soft, the brem process:

HAVAVAVAVAVAVAYAVA Y YAVl
VUUUU VOO UY

but represents a higher order correction to drag.

Separately both processes depend on the separation scale, i ~ g1, but . . .

the 1 dep. cancels when both rates are included



Computing the NLO drag:

Fof+ § &Y+

e Evaluate NLO longitudinal force-force with hard thermal loops + sum-rules

Hd? S0 T 0m3
5 pT me, mZ,
x qg°C
n(p) < g A/ (27‘(‘)2 p?r —|—mc2>O —I-(Smgo

5 2 2
 leading order 4+ g°C's Z%o [log ('ué) — 1]
s mA,

~”~

NLO correction to drag

The cutoff dependence of the drag cancels against the semi-collinear emission rate



The NLO Boltzmann equation review:

Cutoff dependence cancels

v J fx

0 + vk - Ox| f = (n(p) +0n(p)) vi - T T Cacsolp]

Cl<_>2 + 5CI<—>2 + Csemi—coll [,u]

Now that we have transport equation valid at NLO

Let’s use it!



Summary and proposed work for transport at NLO:
1. Compute the photon production rate at NLO. v/
2. Calculate low-mass dilepton rates beyond LO.

3. The transport equation is being implemented into the MARTINI code for e-loss.

It sure helps having B. Schenke at BNL!!!

(a) Understand in detail the transition from radiative to collisional loss.
4. Use the transport eq. to find the NLO shear viscosity and diffusivities of QGP.

Thank you!



Instabilities of QCD near phase
transition in holographic models

Shu Lin
RBRC Scientific Review

based on 1309.0789, U. Gursoy, SL and E. Shuryak



Possible realization of supercooled
phase in QCD phase transition

 QCD phase transition is a crossover, but close
to first order, like phase transition of water.

QGP fluid: liquid Hadron gas: solid

* Rapid cooling of fireball in HIC might possibly
create supercooled QGP at T<Tc

* How does supercooled QGP convert to
hadronic phase? What instabilities will be
triggered in supercooled QGP.



Supercooling in conventional liquid

5> time

blue: supercooled liquid
white: solid



Supercooled QGP(black hole)?

i i 1 - 4
Improve holographic model g /d‘jr G (R -3 (('-}(;))‘2 B v((___ﬁ))

167Gs

+ l_ /d%‘\/ﬁff.
18]

8’?1-(;5

Tc=273MeV

I Tmin=212MeV
—0.002

_ No flavor
~0.004

—0.006}

Gursoy, Kiritsis et al
Megias et al

_0.008f



Two types of instabilities to be
investigated

e Classical instability of blackhole: growing
sound mode in supercooled QGP fluid?

* Quantum tunneling of blackhole: shrinking of
supercooled QGP in a mixture QGP and
hadron gas.



Sound mode at finite k at T<Tc

020 T 000~ 7
| <1 > _oot
~ 0.15; oz ~0.02
~7 Q © -0.04:
T= 36Mev§o.10; S ~0.06
2005 | £ -008
0.000 o] 0100
0.0 0.1 0.2 03 0.4 0.5 0.0 0.1 0.2 03 0.4 0.5

Usual sound mode



Sound mode at finite k at T=Tmin

0.025F T 0007wz T
> 0.020; : L3 002
Q0015 . - I 2 -0.04f
T=212MeV3 0 010, .~ ' I 3-006|
2 0.005; 1 E 008
0.000—————— ] —0 100t
0.00.10203040506 0.0 0.1 02 03 0.4 0.5
k/GeV k/GeV

Stoppage of sound propagation beyond critical k!



Quantum tunneling via evolution of
domain-wall background

holographic
direction

would be
horizon

boundary

domain-wall evolves toward
the boundary, shrinking the
supercooled QGP phase



Effective action for the DW

For infinitesimal domain-wall with trajectory A(t)

L

5Vol

P(A) — Q(A)A2

= F—V(A) + M(A)A? + \/ PR

R

free energy

potential kinetic

Classical trajectory for positive A?
Quantum tunneling for
negative or complex A?2



Tunneling probabilities at T<Tc

Zh
Tunneling probability: exp (— / fiﬂdg.z'lm[E:{ponen’[]) .
0

T=236MeV

T=212MeV

Im[Exponent]

Im [Exponent]

N N

_2§

_2

_42_

1.501.551.601.651.701.75
A/GeV ! horizon

O: -------------------------- -

_12 .

_23

_3§

_45

155160165170175180

A/GeV!

1: Infinite but integrable barrier
at horizon

2: More tunneling windows at
higher T



Probabil

Tunneling probability

50.53

0.4
0.3
0.2
0.1
0.0%

¢

021602180.2200.222
T/GeV

For supercooled QGP cluster size ~ 4fm



Summary

 We investigated the evolution of supercooled
QGP possibly realized in HIC.

* We found no instability in sound mode, but

the stoppage of sound propagation at very
low T.

* We constructed a domain-wall background
describing the shrinkage of supercooled QGP
phase and found its quantum tunneling
probabilities to hadronic phase.



Phase structure and Hosotani mechanism in QCD-like gauge theory

Kouji Kashiwa



Introduction

RCP phase diagram at finite chemical potential

Phys. Rev. D87 (2013) 016015
K.K., T. Sasaki, H. Kouno, M. Yahiro

Phys. Rev. D87 (2013) 096009
K.K., R. D. Pisarski

J. Mod. Phys. 4 (2013) 644
T. Hell, K.K., W. Weise
Goauge symmetry breaking n RED-LLke gauge theory (Hosotant mechanism)

@ JHEP 05 (2013) 042

K.K., Tatsuhiro Misumi

Phys. Rev. D 88 (2013) 016002
H. Kouno, T. Misumi, K.K., T. Makiyama, T. Sasaki, M. Yahiro

Effect of center domain for Heavy lon Colliston

arXiv:hep-ph/1309.6742 (2013)
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Introduction

Temperature

RCP phase diagram at finite chemical potential

Phys. Rev. D87 (2013) 016015
K.K., T. Sasaki, H. Kouno, M. Yahiro o Clor Speromducting e

Phys. Rev. D87 (2013) 096009

0 Real Quark chemical potentié?
K.K., R. D. Pisarski

J. Mod. Phys. 4 (2013) 644 T M
T. Hell, K.K., W. Weise

We discussed the QCD phase diagram by using the imaginary chemical potential v/ T

How to remove model ambiguities.

Properties of QCD at finite imaginary chemical potential. @ T ®

Effect of quark contribution for center domain tin Heavy lon Collision

|
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|
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: «
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«
L Wy -
> - "
Y o e
y o
< < v
b ) L
e //.\; s
s
< ° 5 N
| A
& P

arXiv:hep-ph/1309.6742 (2013) © @
K.K., Akihiko Monnai E_—W

We investigated what happen in heavy ion collision if there is the center domain structure
with quark contributions.




Introduction

Gauge symmetry breaking n RED-LLke gauge theory (Hosotant mechanism)

© JHEP 05 (2013) 042

K.K., Tatsuhiro Misumi

Phys. Rev. D 88 (2013) 016002
H. Kouno, T. Misumi, K.K., T. Makiyama, T. Sasaki, M. Yahiro

If we consider the finite temperature QCD,
the Z_ symmetry breaking is related with the confinement-deconfinement transition.

In the finite temperature QCD, the boundary condition is strictly determined because of the fermion statistic.

However, such restriction is no longer exist when we consider the compact extra-dimension!

If the compact extra dimension is not simply connected with the system and adjoint fermions exist,
the gauge synmmetry breaking expectation value of gauge bosow can be formed.

Hosotani mechanism

Adjoint fermion plays a important role!



Polyakov-loop and gauge-symmetry breaking

In the paper K.K., T. Misuml, JHEP 05 (2012) 042, we discussed the Hosotani mechanism in 4D.

If we consider the imaginary time direction is the compact dimension,
we can see the spontaneous gauge -symmetry breaking from the Polyakov-loop.

The Polyakov-loop is also the order-parameter of the Z; symmetry breaking.

Polyakov-loop

Im ©

W = Pexp {ig / dyA\.}
High T limit Jc :

- diagle

1 ;
Re © 2

( Gauge symmetry breaking is happened )

27T1q1 827r?lq2 o 627rin}

" _
o«

d,;=4,#q3: SU(2)xU(1), q;#q,#qs. U(1)xU(1)




Phase diagram

K.K., T. Misuml, JHEP 05 (2013) 042.

Phase Structure In previous studies for Hosotani mechanism, fermion mass effects were neglected.
20— —— We use the perturbative one-loop potential.
: S _- "D /s
15F SU(2)xU i
D ----- P ‘ :
SU(3)
& 10_— -
[ ﬁ D : Deconfied phase
> » _- S : Split (skewed) ph
_ O(LXU() : Split (skewed) phase
i R : Re-confined phase
00 ) 4 - 6 - o T 10 C : Confined phase

1/L



LQCD with adjoint fermion with PBC Lattice data -

G. Cossu, M. D'ELLa, JHEP 07(2009), 04 €.

Phase Structure Scatter plot of Polyakov-loop
E 1 T T T I I T I T I -l I T I T I I_. _I I T ! I I I I I I ! I | I_
ol | B =5.30 B=540 P=5.45
R B ~ 01 : o1 ! —
6 re-confined phase J_,,.-a*"{' ] 1 1 : 1 | . |
59 = | ’ 5 E
55 AT splivphase | O I et I A B
5.7 01k o1k : Jo1k ! —
857 0.1 0.1 : 0.1 ; :
5.6 AP IRV INNPRN NS A SR (TN ST S SN U ST S N
5 deconfined phase 01 00 0l 01 00 0l 01 0 0l
_l I 1 I ] I I_ _I I 1 I 1 I I_ _I I
54 —* B =5.55 ‘B =>5.65
e 0.1} — o1 | SERIS
53 confined phase I 1l L ; { t
= 1 l 1 l l 1 l 1 l — : -3
Sin 0.02 0.04 0.06 0.08 0.1 12 OfF T i -1 O ; -1 O
da1m i ] i . | i
01 01} o1 -
Lattice setup: o d b b
2 flavor, 3 color and adjoint staggered fermion 01 0 0l 01 00 0l 01 0 0l



Comparison

Phase Structure

/ Conﬁned\ SU( 3)

we can understand it from Hosotant mechanism!

SU(3)

530 o1} ' ﬁ 540 — 01} '

B 545

0.1

0

-0.1

0.1

-0.1

SUR)xU(1) SU@)x<U(1)  U(1)xU(1)

K., T. Mlsuml, |HEP 05 (20132) 042.

SU@3)

- upxu()

i(2)xu(2)

Irm
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Summary

We investigate Hosotani mechanism in 4 dimension.

@ Lattice data can be understood from the Hosotani mechanism by considering the fermion mass.

Fundamental fermion effects are investigated.

Chiral properties are explored by using the Polyakov-loop extended Nambu—Jona-Lasinio type model.

In Phys. Rev. D 88 (2013) 016002, we show that the gauge-symmetry breaking can be happen
when we consider the fundamental fermions with non-trivial boundary condition.

These studies may be important to the physics beyond the standard model.

Also, the study of the compact dimension can give us the important knowledge for the confinement mechanisms.

How to construct the confinement phase in the effective model and theory?
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Akihiko Monnai (RBRC) Non-equilibrium collective dynamics in high-energy heavy ion collisions

Introduction

m Quark-gluon plasma (QGP): many-body system of deconfined
quarks and gluons

Hadron phase QGP phase (wQGP?)

The QGP is supposed to have filled the early universe;
It can be produced in heavy ion experiments at RHIC & LHC

> Heavy ion QGP is characterized with

- Near-perfect fluidity
- Large color opacity

Lunch Seminar, 10t October 2013, Brookhaven National Laboratory, NY Next slide:  Introduction



Akihiko Monnai (RBRC) Non-equilibrium collective dynamics in high-energy heavy ion collisions

Introduction

m “Standard model” of high-energy heavy ion collisions

'Ft

c Hadronic transport

— Freeze-out

QGP fluid — Hydrodynamic evolution

f Local equilibation

Glasma?
P
CGC — | F4 } Color glass condensate
P t<0fm/c: color glass condensate (saturated gluons)

) T~ 0-1fm/c: glasma? (pre—equilibrated medium)

) 1>10fm/c:  hadronic gas (weakly-coupled medium)

Lunch Seminar, 10t October 2013, Brookhaven National Laboratory, NY Next slide:  How hydrodynamics works 3/8



Akihiko Monnai (RBRC) Non-equilibrium collective dynamics in high-energy heavy ion collisions

AM, Phys. Rev. C 86, 014908 (2012)

How hydrodynamics works

m Analyses of QGP fluid at finite density with
+ + baryon diffusion

X Net baryon distribution can be investigated
(net baryon) = (baryon) - (antibaryon)

- Net baryon number exists only in the
colliding nuclei

- It is related to the kinetic energy
| available for QGP formation

m Future goal: exploration of the QCD
phase diagram for critical point (RHIC)

N
Q
=]

Quarks and Gluons
Critical point?

-
(=}
(=}

>
v
=
,_
v
S
3
=
S
7}
Q
g
’—

» Hydrodynamics can be a help as

first-principle calculations are difficult at %ol
olor super-
finite ba ryon density Neutron stars  conductor?

Net Baryon Density

Lunch Seminar, 10t October 2013, Brookhaven National Laboratory, NY

Next slide:  How hydrodynamics works 4/8



Akihiko Monnai (RBRC) Non-equilibrium collective dynamics in high-energy heavy ion collisions

AM, Phys. Rev. C 86, 014908 (2012)

How hydrodynamics works
m Net baryon rapidity distribution at RHIC

>

BRHAMS, PLB 677, 267 (2009)
— initial . :
RHIC ideal hydro
Tf =0.16 GeV viscous hydro
— — dissipative hydro
¢ BRAHMS
PRL 93, 102301 (2004)

L
L

Lad
TTT T T T T 17T
2 E R B

L

[

¥ EO17

A ES02/EB66

M NA49 (PbPb)

@® BRAHMS 62.4 GeV
I'.k BIFU‘L]-Ill\rIS ZIDD GeV
5 6 7 8 9 10
y

D

Energy of heavy ion collision

Rapidity loss <8 y>

1

=
Ln

=
RT T T T 11
F

Energy available for QGP production

>

* Hydro evolution sends net baryon number to forward rapidity

« Transparency of the collision is effectively enhanced by

hydrodynamics
More kinetic energy is available for QGP production

Lunch Seminar, 10t October 2013, Brookhaven National Laboratory, NY Next slide:  Why hydrodynamics works



Akihiko Monnai (RBRC) Non-equilibrium collective dynamics in high-energy heavy ion collisions

K. Kashiwa, AM, arXiv:1309.6742 [hep-ph]

Why hydrodynamics works

B Center domain structure in the QGP  asakawa, Bass and Milller, PRL 110,201301 (2013)

» One knows how, but not why hydrodynamics work so well
» Z, (center) symmetry in pure gauge system

Due to a symmetry in QCD, three different states may be allowed in
the QGP phase

[> Center domain structure can develop
because CGC and glasma imply the
typical size of correlation is ~1/Qs

E> Mean free path is characterized by the size of domain;
small viscosity and large opacity can be explained

» Motivation: how does it approach perturbative QCD picture
at high temperatures?

Lunch Seminar, 10t October 2013, Brookhaven National Laboratory, NY Next slide:  Why hydrodynamics works



Akihiko Monnai (RBRC) Non-equilibrium collective dynamics in high-energy heavy ion collisions

K. Kashiwa, AM, arXiv:1309.6742 [hep-ph]

Why hydrodynamics works

m Quark contribution

temperature

» (b) Stable domains expand (v=0) and metastable ones (v=1,2) shrink due to
existence of quarks [> Mean free path is longer, increasing viscosity

» (c) Percolation of stable domains occurs

p (d) Metastable states completely vanish above a critical temperature T -
large viscosity and transparency will be observed

A smooth bridge from
to weakly-coupled QGP (pQCD)

Lunch Seminar, 10t October 2013, Brookhaven National Laboratory, NY Next slide:  Summary and outlook




Akihiko Monnai (RBRC) Non-equilibrium collective dynamics in high-energy heavy ion collisions

Summary and outlook

m Dissipative hydrodynamic model at finite baryon density
P Baryon stopping is effectively reduced by hydrodynamic flow
|:> Energy available for QGP production could be larger
» Net baryon distribution is sensitive to baryon diffusion

Future prospects: three dimensional analyses and more
realistic transport coefficients for quantitative discussion, etc.

m Center domain structure with quark contribution

» It provides a bridge from hydrodynamics to pQCD

» A topological critical temperature may be present in high
temperature region

Future prospects: analyses on system size dependence,
boundary effects, etc.

Lunch Seminar, 10t October 2013, Brookhaven National Laboratory, NY Next slide: The end




Comments on particle production
in pp and pA collisions

Adam Bzdak
RIKEN BNL Research Center
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Introduction

Hydrodynamics

Color Glass Condensate (CGC)
CGC vs. hydrodynamics
Conclusions



Discovery at the LHC
Proton-proton collisions at v/s = 7000 GeV
Proton-lead collisions at /s = 5020 GeV

Ap ~ 0
mt mt
p p, 4

Particles with large rapidity separation prefer similar azimuthal
angles (collimation)!

Back-to-back contribution also present (obvious)



Experimental data (sample)

0.1< P, < 1.0 GeV/c

1.0 < P, < 2.0 GeV/c

CZYAM

F NS > 140

% |e 0.05
s oo
©

2
|z“ i
0

The effect is larger in p+Pb than p+p collisions

1 2
A0

(at the same multiplicity)

The more particles the stronger the effect

CMS Coll., JHEP 1009 (2010) 091; Phys. Lett. B718 (2013) 795
ALICE Coll., Phys. Lett. B719 (2013) 29

ATLAS Coll., Phys. Rev. Lett. 110, 182302 (2013)

PHENIX Coll., arXiv:1303.1794 [nucl-ex], d+Au at 200 GeV



Perhaps we can apply hydrodynamics to high-multiplicity pp and pA
collisions. The interaction region is small but can be also asymmetric.

p-Pb 5.02TeV
= 0.6¢
- I —
? ? A f‘].« 0.5:_ c=0-3.4% | 1:_
) ) p > TEL 05<p_<40GeV _le
0.4 | _—
pp C '——L | ° ]
03F o r—|
o | | ®
0.2F r—
: b_ I [
=" b-Pb 5.02TeV ALICE Data 0-20% 0.1F |
v, 0-18F p-Pb5.02TeV ALICE Data 0-20% - -
E 01_'_| | l_| P | | |
= 0 05 1 15 2 25 3
E Ad

E Hydro can fit the data for p+Pb
L quite well, p+p still to be checked

P [GeVic]

P.Bozek, PRC 85 (2012) 014911; P.Bozek, W.Broniowski, PRC 88 (2013) 014903

P.Bozek, W.Broniowski, G.Torrieri, arXiv:1307.5060 [nucl-th]

AB, B.Schenke, PTribedy, R.Venugopalan, PRC 87 (2013) 064906

G.Qin, B.Miiller, arXiv:1306.3439 [nucl-th] 4



Color Glass Condensate

Relevant diagrams:

|
o

=

two back-to-back jets

N

collimation “diagram”

K.Dusling, R.Venugopalan, PRD 87 (2013) 094034; PRL 108 (2012) 262001
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A.Bialas, M.Bleszynski, W.Czyz,
Wounded Nucleon Model (WNM) Nucl. Phys. B 111, 461 (1976)

Number of “sources” scaling /‘\
O A

006
At y = 0 or for the total number of

particles:
N =4+1
(V)
(Npa) = 22 Ny

Not clear how to understand this in QCD

The model works very well in the non-perturbative region for
200 GeV d+Au collisions at RHIC (and for smaller energies in
various p+X collisions). To be checked at LHC.



CGCin general gives something different

nucleons in the nucleus (here Ny, 4+ = 3)

SN
—>—s—"

@ 0000000~ 3
%ﬁgﬁw‘-@l&r ?= 1000000~ large x

f%, 0000000~ f%
Yeguanncne- & %an0000ee -
'f% %aneeneacanep ~2 ;
%eancaeee - *---*Qa0000000 ~ small x

Number of large-x partons is proportional to Npq.¢

Number of low-x gluons (saturation) do not scale with N4,
since we are in the nonlinear regime

(NpA> ~ ln(Npart)




CGC: (NpA) ~In(Ny4rt) checked in reBK, IP-Glasma, KLN

WNM:  (Nya) ~ Npare
rapidity = 0
60__ p+Pb, midrapidity e g |
Vs =5.02 TeV e
PR 401 e i
ST i
2

— = wounded nucleon model |
— color glass condensate

o570 15 200 25
N

part

AB, V.Skokov, Phys. Rev. Lett. 111 (2013) 182301
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ATLAS preliminary data = 8§ATLAS Preliminary S - >021e¥ 3
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S b " CUE
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=TT .
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o020 .30
E.Shulga (ATLAS Coll.), talk at 152013 (N>



CGC vs. hydro
(pr) versus 1 on proton side can help to distinguish

proton side, y > 0

[u—
&

"I p+Pb, vE =5.02 TeV

0.75 - = hydrodynamics ]
— CGC, eq.(8)
osp T oee®
—1 0 1 2 3 4

Y

P.Bozek, AB, V.Skokov, arXiv:1309.7358 [hep-ph]

1.25 ! I ' I ' I T

0.5-

hydrodynamics

p+Pb, v's =5.02 TeV |

— 0-3%
- - 5-15%
- 40—60% ]

A3 570 1 2 3 4
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Conclusions

e surprising long-range (in rapidity) azimuthal collimation in
p+p, p+Pb, d+Au collisions

 the more particles the stronger the effect

* hydrodynamics explains the data

* CGC explains the data

 the preliminary ATLAS data support the wounded nucleon
model, what about CGC?

e CGCyvs. hydro: (pr) as a function of n can help



Backup slides



V3 in p+Pb and Pb+Pb

o B wlwn
[ — V42, [An>2), N?""°<20 sub. ]
0.03— r N
- 0.3<p <3 GeV/c i
™ 0.02; .
> i i
0.01:— PbPb \?NN =2.76 TeV _
: pPb |s,, =5.02TeV -

0.00— — T

0 100 200 300
Noﬁline

trk

Nk in n| < 2.4, pr > 0.4 GeV

Coincidence?

P(N)
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10°
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10°
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CMS Preliminary -
My ® pPb5.02TeV, MinBias 3
PbPb 2.76 TeV, 50-100% ]
- \ ) .
= @% E
- ] ]
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I N ‘ N T B
0 200 400 600

13



No control over initial conditions in p+A

0.8
0.6
0.4
0.2

IP-Glasma -
MC-Glauber 1 (smeared 0.4 fm) ™
MC-Glauber 2 (smeared 0.4 fm)

MC-Glauber (participant centers)

p+Pb 5.02 TeV

AB, B.Schenke, PTribedy, R.Venugopalan, PRC 87 (2013) 064906




Similar correlations are present in AA collisions

C2(80) ~ ) (va?) cos(nip)

At RHIC (Au+Au) and the LHC (Pb+Pb) hydro is very successful

0.25

0.2 | 1Y3 =" filled: STAR prelim.
Vg open: PHENIX

V2 = | RHIC 200GeV, 30-40%

g 0.15

< 01} ]
—

f

0.05 n

O |
0 0.5 1 1.5
pr [GeV]

C.Gale, S.Jeon, B.Schenke, PTribedy, R.Venugopalan,

Phys.Rev.Lett. 110 (2013) 012302

2\ 1/2
v.,9

0.25 . ‘ ‘
Vo — | ATLAS 30-40%, EP
0.2 33 " | 2760 GeV
4
0.15 -
0.1 -
0.05 -
O | |
0 0.5 1 15 p)

pr [GeV]

We need a non-zero viscosity,
n/s ~0.1—-0.2



CGC, multi-parton interactions are important

dilute system, dense system,
Feynman diagrams multi-parton interactions

Ap ~ 0

Multi-parton interactions lead to azimuthal
collimation!

16



CGC calculation

1 d*°N
NTrig d&w

* CGCcan fit the data for p+p and p+A
* itis theinitial state effect
« difficulty to obtain positive cos(3A¢) (under investigation)

17



p+A collisions

Number of collisions scaling: O m

@
_ (Npp)

(NP ) _ 1 NCOll NCOll = 4

Easy to understand in pQCD

/
4

pp

It works very well for high p; particles, but not for low p;

18
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Transverse single-spin asymmetries and the
“sign mismatch” crisis
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Outline

» Introduction
» Single-spin asymmetries (SSAS)
« SSAs in proton-proton collisions

« SSAs in semi-inclusive deep-inelastic scattering (SIDIS)

* The “sign mismatch” crisis and possible resolutions

» Summary and outlook



Research Center _

Introduction

» Motivation for studying spin asymmetries

» Rich internal (spin) structure of hadrons

=) Study correlations between hadron spin and parton spins
and orbital motion

« Extract PDFs and FFs through experiment

» Explore pQCD (collinear factorization, TMD
factorization, resummation, etc.)

What do these observables tell us about perturbative and
non-perturbative QCD dynamics?



Research Center _

> Basics of inelastic collisions

1 Fragmentation

A function (FF)

Jrbative = expand in a, (valid because of
1ptotic freedom: o,(Q) 0 as Q = )

)ative = expansion in the strong coupling
)T valid: extract from experiment,
a model or in lattice QCD
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Single-Spin Asymmetries (SSAS)

» SSAs In proton-proton collisons

An — dU(Ty) - da(ly)
N do(1y) +do(ly)

(Figure from Airapetian, et al. (2013))
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|d0 = H® fa/A(3) ® fb/B(Q) X Dc/0(2)| I Collinear twist-3 approach I
+ H' ® fa/A(Q) 0% fb/B(3) 0% Dc/C(Z) (Efremov and Teryaev (1982, 1985))
+ H" ® fa/ac2) ® fo/B2) ® Dejo(sy | Por >> doco

=ﬁ=@}
P, FT,I FT

- T-odd effect == need to generate an imaginary part === soft-gluon pole
(SGP) or soft-fermion pole (SFP) == internal particle goes on-shell
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o SGP term (Qiu and Sterman (1999), Kouvaris, et al. (2006)):

NI dz ;
E‘d+§8T) — B Z/ : ””'(z)/ ’S+T/z %8()

Zmin

€£3Tn‘"- d yr
X VAmas ( = ) . lTa,p(x,x) —z (deaF(:L' x))] Hop5:(8:1,0)
»  SFP term (Koike and Tomita (2009)): Qiu-Sterman function
BAT 2 Myt ps [ 1 —2'U/z
B =52 ¢ /,,m / :v’S +T)z 5("’ e T/z>

' [Z (630.) + G3(0.) {¢'&) (D"Noue + D)
a,b,c
(@) (D*(2)3upe + D(2)uc) }

+3 (G;(o, ) + G%(0, x)) (q”(x’)Dg(z)&azHg + qi’(w’)Dg(Z)éazﬁg)

a,b
+3° (G#(0,2) + G3:(0,2) ) G() (D*(2)Fag—c + D7()5ag2)

Tr ~Gp ~ Fpr

+Z(g;(o,x)+é;(o,x)) G(2')D(2)5 am] TF ~ éF ~ Gpr
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» SSAs in semi-inclusive deep-inelastic scattering (SIDIS)

psin(én—o.) _ [dondps sin(¢pn, — ¢g) do
ur B fd¢hd¢s do

(Figure from Bacchetta, et al. (2007))
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Sivers function
ASin(dn—ds) _ w(ky) fip" (x, k1) ® DY (2,p1) I TMD approach |
{T £9(x, EL) 2 Diz/ Uz, 71) (Sivers (1990, 1991), Collins (1993))
Sivers asymmetry Q >>Pyr 2 Aqcp

- T-odd effect mmp imaginary phase is generated by “Wilson line”
=) Multiple re-interactions of the quark with the target remnants



RIKEN BNL

Research Center

» “Sign mismatch” crisis and possible resolutions
| pr —hX | Anselmino, et al. (2008) ‘ /NT — ¢/

hX|

Kouvaris, et al. (2006)

KQVY input Sivers input
RHIC, STAR (2012) CERN, COMPASS (2013) /
1 Y va; 0. ]]' B ®  positive pions B
0.8-— STAR p' +p— =’ n+Xat \Vs= GeV < A pegative pions
: 0.05 NEE [A—
L o = no center cut, <i>=3.7 PRL 101 e*s 5 LA X 3
6 L o $, 47
! s = centercut <Tp=3.68 \ 0-—--*-#-5-6-5-3-5-4------ --ath % _ﬁxbzéné-“; ------- i
z04 ® 0 centercut <p=368 I ~0.05- L i
< T e = —————
0.2-— + e | e e N E I |”‘_’|‘]
i oi Lo 1072 107 0.5 1 0.5 1 1.5
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« SSAininclusive DIS (Metz, DP, Schaefer, Schlegel, Vogelsang, Zhou, PRD 86 (2012))

"?{=}' P'

(a) (b)
(lll) (fli)
doN 8ma?_ zy? M §2 + {2 U P i
E° d;g’l = e’zesy = (2 4K 7) g Pk Zeg :ch\/TN(:z:, T)
q
' d

with Fpp(z,z) = Fpr(z,z) — :EEFFT(:E, T)

(Work has also been done on both photons coupling to the same quark: Metz, Schlegel, Goeke (2006);
Afanasev, Strikman, Weiss (2007); Schlegel (2012))
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- Neutron SSA:
s = 12.0 GeV? . s=12.0GeV’ y=06
Apr f :;‘:;SY Afr — Sivers
0.08} . 0.02- - KQVY
0.06- e E07-013 L L T . e [ KP
0.04} f R
\ ] -0.02f Ty

0.02} i g

e e ~0.04] .
0:00 0.1 02 03 04 * : %

-002f = Tm=--—-____ P

Sivers input agrees reasonably well with the preliminary JLab data

mm)p Node in k; for the Sivers function can be ruled out/Also node in X is
disfavored from proton data from HERMES (see also Kang and Prokudin (2012))

mm) FIRST INDICATION that the Sivers effect is intimately connected
to the re-scattering of the active parton with the target remnants
(PROCESS DEPENDENT)

KQVY input gives the wrong sign === SGP contribution on the side of the
transversely polarized incoming proton cannot be the main cause of the large
SSAs seen in pion production (i.e., Tg (X,X) term)
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do = H® fo/43) @ Jo/B(2) ® Deyc(2)

C [F S fan © oy © Dy 80,
e Collinear tWISt-3ﬁ[i§g{jne%a]Eé(}Q(l;2%r. fo/B2) ® Do) Koike (2000))

- Could at the very least give a contribution comparable to SGP term (Kang, Yuan,
Zhou (2010); Kang and Yuan (2011); Anselmino, et al. (2012))

- Calculation of qg and qgq correlator terms
(Metz and DP, PLB 723 (2013))




RIKEN BNL

Research Center _

Pldoyo  202M,, / dz / 1
—— = v S P
3P, g e hLZZ ; o :U’S+T/z —xi — 2't

v a,b,c min

1 . dHC/< | ,
< L) ) {(HC/%z) - sy 4 S HO) 8y

dz 1 ~ x 1 .
2 1 C/e,S i
+ 2z /z% PV%_lHFU (Z7zl)gSﬁFU}

First time we have a complete pQCD result for this term

“Derivative term” has been calculated previously (Kang, Yuan, Zhou (2010))

Derivative and non-derivative piece combine into a “compact” form as on the
distribution side

Important to determine the impact of qgqg fragmentation correlator terms

Cannot rule out SFPs (Koike and Tomita (2009); Kanazawa and Koike (2010)) or tri-gluon
correlators (see, e.g., Koike and Yoshida (2011, 2012)) on the distribution side, but they are
unlikely to resolve the “sign mismatch” issue
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Summary and outlook

*  “Sign mismatch” =y still do not fully understand the mechanism behind the
large transverse SSAs seen in hadron production from pp collisions

« Global analysis involving several reactions will be needed in order to extract the
collinear twist-3 distribution and fragmentation functions in p'p — B X

mmp Measurement of p'p — jet X by the AnDY Collaboration (Bland, et al. (2013))

= Measurements of Drell-Yanin p'pand p'p — ~ X at RHIC (also DY

experiment planned at COMPASS for 7p ')

mm) | arge P, measurement of Sivers and Collins asymmetries in SIDIS should also be
possible at JLab12, COMPASS, or a future EIC

mm) HERMES (Airapetian, et al. (2013)) has recently published data on epT — hX:

“simple” process that allows one to explore the collinear twist-3 framework
(Gamberg, Kang, Metz, DP, Prokudin, work in progress)



Computing Group
Round 1



Computing Group
Overview

Taku Izubuchi

BROOKHIVEN
Research Center NATIONAL LABORATORY

2

RIK=H RBRC Scientific Review Committee Meeting, BNL, Oct 31, 2013



Computing Group

m Group Leader : Taku lzubuchi (BNL)

m University Fellows :
Brian Tiburzi (CCNY) Ethan Neil (Colorado)

m Fellow : Tomomi Ishikawa

m PostDocs : Christopher Kelly
(Foreign PostDoc, FPR)

Sergey Syritsyn (FPR)
(past PDs) Christoph Lehner (FPR) — BNL staff member
Eigo Shintani (in-house PD) — Mainz PD
( T. Misumi — Univ. Keio faculty )

m  Visiting Scientists/Students :

Michael Abramczyk (Connecticut) Meifeng Lin (Argonne—BNL CSC)

Yasumichi Aoki (Nagoya) Robert Mawhinney (Columbia)
Thomas Blum (Connecticut) Shigemi Ohta (KEK)

Chulwoo Jung (BNL)

Hyung-Jin Kim (BNL, SciDAC)



RBC/UKQCD Collaborations 2013

m  BNL HEP Theory

Chulwoo Jung, Taku lzubuchi, Taichi Kawanai,

Hyung-Jin Kim, Christoph Lehner,
Amarjit Soni

m  RIKEN-BNL Research Center
Tomomi Ishikawa, Taku lzubuchi
Christopher Kelly éElgo Shintani),
Sergey Syritsyn  Shigemi Ohta

m  Columbia University
Ziyuan Bai, Norman Christ, Xu Feng,
Luchang Jm Jasper Lin, Robert Mawhmney,
Greg McGlynn David Murphy,
Hantao Yin, Jianglei Yu, Daiqgian Zhang

m  University of Connecticut
Tom Blum
Michael Abramczyk

m  Boston University
Oliver Witzel

m  BNL Computational Science Center
Meifeng Lin

17 current students,
~30 PhD theses since 2005

+ UKQCD Collaboration (2005-)
® Univ. of Edinburgh
4 faculty, 1 PostDocs, 1+3 students

® Univ. of Southampton
3 faculty, 3 Postdoc, 4 students

+ JLQCD ( 2012- , collaborating for
physics measurement methods)

¢ KEK, Osaka Univ

+ LHPC (2013-, collaboration for Nucleon
structure) MIT, New Mexico, William&Mary,




RIKEN/ US Universities
Nishina ( Columbia
Connecticut

CCNY, Colorado,
Arizona )

UKQCD
(Edinburgh
Southampton)
JLQCD (KEK)

CSC (HPC Code
Center) /ITD




Physics highlights 2013

Physical point (Mpi=135 MeV) simulation using chiral lattice quarks

Sub-percent accuracy for many fundamental/basic quantities (hadron mass, decay
constants, By, K;3) [ R. Mawhinney’s talk ]

The first signal of muon g-2 light-by-light [T. Blum’s talk]

K—mm 1=2 & 0, Emerging explanation for Al=1/2 rule
[ R. Mawhinney, C. Kelly’s talks ]

The first complete K -K; mass difference from 4 point function
[ N. Christ’s talk ]

CKM Heavy Flavor physics [ T. Ishikawa’s talk |
PhySyHCAI
(Computer Algebra system for perturbation by C. Lehner)

Nucleon physics :
Electromagnetic properties [ B. Tiburzi’s talk |

Form factors & structure functions [ S. Syritsyn’s talk ]
Electric Dipole Moments [ This talk ]

Beyond the Standard Model [ E. Neil’s talk ]

USQCD half rack Blue Gene / Q is installed,
total 3.5 racks, 700 Tflops peak at BNL.

Large production use of new algorithms,
All Mode Averaging (AMA) , ~ 10x speedup, or more, in physics measurements



Sub-percent accuracy on Physical point

[ R. Mawhinney’s talk ]
m nhow adding on-physical point (M_=135 MeV),

a'=1.7and 2.4 GeV, V~(5.5fm)3 !

fr/fx =1.199(12)(14)
—>1.195(5)(7)

[RBC/UKQCD 12]
Preliminary [RBC/UKQCD 13|

N;=241: Bg =0.766(10)
—>0.754(4)

[FLAG13]
Preliminary [RBC/UKQCD 13

_ FTAG2013 fi /fx
T T T
i RRRRRRRRRRR our estimate for Ng=2+1+1
+ HPQCD 13A
o~y W  MILC13A
1] MILC 11 (stat. err. only)
= | ETM 10E (stat. err. only)
HlH our estimate for N¢=2+1
— RBC/UKQCD 12
Laiho 11
MMMMMM
{7 JLQCD/TWQCD 10
— f H{ { RBC/UKQCD 10A
—PACS-CSO9 [}
: - BMWIl0
I JLQCD/TWQCD 09A (stat. err. only)
MILC 09A
f »-’—_(%,—_: MMMMMM
— {1 +— Aubin 08
>—[|]——< ACS-CS 0
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= LQCD 0
—H{ | 4
~ —#+— = ourestimate for Ny =2"
I {} BGR 11
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FTAG ZO 13 ‘ BK
PRELIMINARY
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(g-2), [ T.Blum’s talk ]

(11 596 521.807 6 =+ 0.0027) x10~1°

+ 6.3) x10719

BN P
€
a, M = (11 659 208.9
a®® — aSM = (26.1 £ 8.0) - 1071 [3.30]

(a2P — aSM = (25.0 £ 8.6) - 10717 [2.90]

m -~ 30 discrepancy
m Hadronic uncertainties ?
New Physics ?
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Hadronic contributions for (g-2)

m SM Theories

QED (5-loop)
Aoyama et al.
PRL109,111808 (2012)

Hadronic vacuum
polarization (HVP)

Hadronic light-by-light
(HIbl)

Electroweak (EW)
Knecht et al 02
Czarnecki et al. 02




K— 7nn decay amplitude
[ RBC/UKQCD ]

n it final state
scattering phase
from QCD » g’

m 50 years awaited theoretical calculation
[1964 Cronin-Fitch, Nobelprize
1999 NA48@CERN, KTeV@FNAL]

m Provide a new constraint on CKM Unitarity

| 2
= K, = muut (CP even) 1
\ JJ
4 Ks—>7ut (CP odd) JJAO
i [
£l “5;:7’- 9
Al=%rule < -
e o = g / € \\ (beam)

Electro-Weak (CKM) phase .
Vus V*ud, Vts V*td wd Wi




K— mmt decay on lattice
[ C. Kelly’s talk ]

Relates energy on finite volume E__ (V) to phase shift & to obtain
complex Amp(K—mm) = |A| €' (Luscher, Lellouch-Luscher)

2 Periodic Boundary Condition

Momentum of pions are controtted by boundary condition
— anti-periodic b.c for down quark in I=2, or G-parity b.c. for I=0

Mixing and Renormalization of operator is done using non-perturbative
renormalization (NPR)

Chiral Symmetry is curtail
|=2 channel is under control, |=0 is still a challenge due to disconnected

diagrams.

typed




CKM and heavy flavor
[ T. Ishikawa’s talk ]

» Gold-plated “lattice” process

Vu Vus Vu . . g
e s -1 hadr.on in the initial state, O or 1
K — v hadron in the final state
VC VCS VC
psw | p.ow | B | - stable hadrons (or narrow, far from

th_ Vts h th . .
By < By Bs ¢ By - controlled chiral extrapolation

» Constraints to the CKM unitary triangle

- overconstrain —— unveiling NP v )

- b quark is suitable for studies of  Fanzp &
the limits of the SM and in searches ’.ﬁ
in BSM. | m
(sufficiently heavy to have a huge '

number of decay modes, sufficiently

1ie "{

light to produce many)



Future directions

m Particle : Beyond the Standard Model on Lattice
[ E. Neil’s talk ]
Composite Higgs & Composite Dark matter

m Nuclear :
Electromagnetic properties
[ B. Tiburzi’s talk ]

AN . I Brian Tiburzi,
g ™ L% @
o .‘l'“. 3 3
:

KITP Scholar, Kalvi Institute for Theoretical Physics, UC-Santa Barbara (2012-2014)

Alfred P. Sloan Foundation, CUNY Junior Faculty Research Awards in Science and Engineering (2013-2014)
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Nucleon calculations
for High Energy Physics

Proton Decay Matrix Elements

[ Y. Aoki, E. Shintani, A. Soni
taking all uncertainties into account
~ 30% error (w/o AMA)
m Strangeness contents in Nucleons

for Direct Dirk Matter search
[ C. Jung ]

(V55| V)

T T T
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O DWF+I 0.08fm
O DWF+ID

< fit with aA2

. o ]
| E‘J\, 1 1 o S—
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0 10 20 30 40 50
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23%
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arXiv:1304.7424 ]
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[ Blum, TI, Shintani arXiv:1208.4349, arXiv:1212.5542]

All Mode Averaging (AMA)

Original b — O(appx) —

v |

imp) __ ok
unbiased O( ) _
imporved NG

Cheap : frequently measured, N times

m  O(mp) has smaller error

m  0@;PY) is a cheap approximation
e.g. a polynomial approximation of quark
propagator
(sloppy CQG)
N; suppresses the bulk part of noise cheaply >
m One could also use non-covariant approximations using random
choice to measure O(rest) ensemble
1000 =— T . . . , . A .
O(apr) - O[SZL /\_/V\/ Olmp
SLZZ’U)\f()\)UI\, ‘""? ; /,\ ~~~~~~ “T S~ _-" T T~ ~_\‘/1
A [ ]
1 Al <A E.
N =J ‘ cut ; 5 rest
f( ) { Pn()‘) |)‘| > )‘cut r ) ¢ > O
1
PaV) ~ 5 ensemble 4



AMA at work

Target : V=323 x 64 =(4.6fm)3x9.6fm, Ls=32 Shamir-
DWF, a-'=1.37 GeV, Mpi = 170 MeV

Use Ls=16 Mobius as the approximation
[Brower, Neff, Orginos, arXiv:1206.5214]

quark propagator cost on SandyBridge 1024 cores
(XSEDE gordon@5SDSC)

® non-deflated CG, r(stop)=1e-8 : ~9,800 iteration, 5.7 hours / prop

® Implicitly restarting Lanczos of Chebyshev polynomials of even-odd prec
operator for 1000 eigenvectors
Neff et al. PRD64, 114509 (2001)] : 12 hours

® deflated CG with 1000 eigenvectors : ~700 iteration, 20 min /prop

¢ deflation+sloppy CG, r(stop)=5e-3 : ~125 iteration, 3.2 min /prop
Multiplicative Cost reduction for General hadrons
could combine with {EigCG | AMG} and Distillation:
x1.2 (Mobius) x 14 (deflation) x 7 (sloppy CG) ~ x 110

15



Nucleon calculation
[ M. Lin ]

SR ZE

n F,(Q?): “tsep = 9a~1 3 fm

contraction cost is ~15% of sloppy

1 forward + 2 (up and down) seq-props,
% % | propagator

081 m Error bar

X 2-2.7 ~sqrt(4400/600)

m Total cost reduction upto
0.6~ | ® Calculations with  AMA, 160 days — ( 430 / 160 ) * (4400/600)

O Calculations without AMA, 430 days ~ X1 9 . 7

F(@Q%)

m  Note this is still sub-optimal, 4 exact

ogL— 1 111 source and without deflation. (would
0 0.1 0.2 0.3 04 be x30 for 2 exact sources)

Q’ [GeV’]
m  non-deflated CG, 150 confi%x 4 sources = 600 measurements :
5.7 * 3 *4* 150 config = 10K hours, 430 days

m  AMA: 39 config, 4 exact solves / config (perhaps overkill) , N;=112 sloppy solves
=> 39 x 112 = 4400 AMA measurements :

(5.7*3%4+12+0.06*3 *112) * 39 config = 3.9 K hours, 160 days

4-exact (68%) + Lanczos (12%) + sloppy CG (20%) 6
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Dirac and Pauli radii [Meifeng Lin]

Preliminary

Statistical error is much reduced by AMA

r2 at Mpi=170MeV is closest result (-8 % stat err)!
r1 still undershoots (~ 4% stat err ) [ S. Syritsyn’s talk |

Anomalous magnetic moment x=F2(0) = 3.2 (3) at M(pi)=170 MeV
experiment : x (exp) = 3.71

BExoP>OO

RBC, ID32, a=0.144fm, no AMA
RBC, 124, a=0.114fm, no AMA
RBC, DBW2,16, 2f, a=0.12fm
LHPC, 132, a=0.084fm
Experiment (CODATA)

RBC, ID32, a=0.144fm, with AMA
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Axial Charge gA [ S. Ohta]
Preliminary

(0| AF|n) = 7, [m5GA<q2> T gus

Gp(q?) ’
2M N "

~10%, 30
deficit

excited state (v)
statistics (V)
Discretization (v)

Finite Volume ?
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0.9

g A H experiment
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QCDSF Clover

LHP Mixed

@T‘*%Hﬁ%g PR

! TMF Nf=2
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Computing Group
New Collaboration

RHIC-Spin & eRHIC Physics

Future BNL or Jlab experiments
Structure and Spin of Nucleon

LHP Collaboration

J. Negele, A. Pochinsky, S. Meinel (MIT)

K. Orginos (W&M), A. Walker-Loud (LBL)

M. Engelhardt (NMSU)

Sergey Seryzin (RBRC)
® On-physics point DWF
® Clean operator mixing
® AMA to reduce statistics

J¢/+t7
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Nucleon Electric Dipole Moments |
[ E. Shintani, T. Blum ]

m Sakharov’s condition for

A nonzero EDM is a signature of L B Partpating nethatons:
P and T (CP through CPT) violation | > Buwr
1E-20§ v ORNL-ILL...
m Chiral Symmetry of Lattice quark is known to be crucial ‘f,’,}y ® LIS Petorsbung
_ 1E21 5 Q
E
since the first calculation [ S. Aoki et al, PRL65 (1900)] imi \\
E G .
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2013 Plenary/invited talks

Sergey Syritsyn, “Hadron Structure Review” (Lattice 2013)

Chulwoo Jung, “Progress in Algorithms and Numerical Techniques”
(Lattice 2013)

Norman Christ, "Nonleptonic Kaon Decays from Lattice QCD” (Kaon13)
Robert Mawhinney, "KAON 2013: A View of Kaons from the Lattice” (Kaon13)

Taku Izubuchi, “Nucleon Structure by Lattice QCD” (PHENIX Workshop 2013)

Yasumichi Aoki, “Proton Decay Matrix Elements from Lattice QCD”, (Trento ECT* Workshop on Nucleon Matrix Elements for New-Physics Searches 13)
Tom Blum, “The muon anomalous magnetic moment” and

“Lattice calculation of nucleon electric dipole moments”, (Trento ECT* Workshop on Nucleon Matrix Elements for New-Physics Searches 13)
Tom Blum, "Computing K to pi pi decays with lattice QCD”, (APS13)
Norman Christ, “QCD at One PFLOPS ” (IWCSE13)
Taku lzubuchi, “Lattice QCD and the HEP Intensity Frontier” (ORNL, Lattice QCD Computational Science Workshop)
Taku lzubuchi, “Lattice-QCD Calculations for EDMs”, (FNAL EDMs13)
Hyung-Jin Kim, ”"GPU and Lattice”, (RIKEN/Wako AICS GPU meeting)
Meifeng Lin, “The search for the conformal window on the lattice”,

(Workshop on “Phase Structure of Gauge Theories”, National Chiao-Tung University, Hsinchu, Taiwan. 2013)

Ethan Neil, “Lattice field theory: QCD and beyond” (APS four corners section 2013)
Eigo Shintani, "Neutron and proton EDMs from the Lattice”, (Mainz ITP Workshop on Low-Energy Precision Physics)
Eigo Shintani, "Application of GPU computation toward particle physics”, (RIKEN symposium, Jun 23, 2013, RIKEN, Japan).
Eigo Shintani, “Nucleon EDM & Decay from the Lattice “, (Brookhaven forum 2013)
Eigo Shintani, “Nucleon EDM in lattice QCD”, (CP VIOLATION 2013 India)
Brian Tiburzi, “Towards Exploring Fundamental Symmetries with Lattice QCD,” (INT-13-2b)
Brian Tiburzi, "Looking Under the Femtoscope: A Focus on Strong Interactions,” (Colloquium, William & Marry



2013 Committees and Community
services

Lattice 2014 in NY !

Norman Christ, Robert Mawhinney, Shigemi Ohta, Lattice 2013 IAC
Norman Christ, USQCD Executive Committee

Taku Izubuchi, USQCD Scientific Program Committee

Chulwoo Jung, Robert Mawhinney, USQCD Software Committee

Yasumichi Aoki, FLAG heavy quark WG, Tom Blum, FLAG quark mass WG
Tom Blum, Robert Mawhinney, XSEDE Resources Allocation Committee

Tom Blum, Convener for Lattice QCD, Computing Frontier, Snowmass 2013

Tom Blum, Ethan Neil, two whitepapers for the Snowmass 2013

Ethan Neil, Christoph Lehner, Taku lzubuchi,
USQCD/RBRC Workshop for Lattice Meets Experiments 2013 (Dec 2013)



Computing Group Overview

s RBRC’s Computing group’s mission:
Non-Perturbative studies of Strong Interactions

® Domain wall QCD for particle/nulcear physics,
now on-physical point (Mm=135 MeV), a'=1.7, 2.4 GeV, V=(5.5 fm)3
® Expand in Nuclear Physics & Beyond Standard Model

m Synergies with BNL, RIKEN, U.S. & U.K. Universities
® 3 BNL Theory groups , RIKEN Nishina Center
® Columbia, Connecticut, Edinburgh, Southampton
® Tenure track fellows from CCNY, Colorado, ( Arizona )

m Young talents in lattice theories
® Wide spectrum of interesting and challenging physics
® Opportunities to interact many scientists, collaborators
® Software and hardware, both in-house and leadership class
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Isovector F,(Q?) [Meifeng Lin]
Preliminary
m Mild quark mass dependence
m Dipole fit, Dirac radius from slope at Q2 =0

| ' | ' |

Dipole fit: 1/(1+Q/M )" ||
@ [+DSDR,M_=170MeV j
0.9 & |©o I+DSDR M _=250MeV |

¢
LN

— experiment (Kelly’s curve)

"o 08F .
- -
0.7F
[ Iso scalar needs
0.6 . disconnected diagram ]
0.5

0.2
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Isovector F,(Q?) [Meifeng Lin]

Preliminary

m Mild quark mass dependence

m Much sma

ler statistical error with AMA

il <& I+DSDR, Mpi = 250 MeV

Dipole fit: F,(0)/(1+Q°/M,%’
@ [+DSDR,M_=170 MeV

0 005 01 015 02

(aQ)’
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Radii, k¥ results by others

W
T

2 F

1 ™ N=2+1+1 TMF 8=0.0635 fm

th ?;é

® N;=2 TMF a=0.089-0.056 fm

Ef?% E

X N=2+1 DWF a=0.114 fm

X N,=2 Clover a=0.083-0.060 fm
] ] ] ] ] ]

.0

Compilation Alexandrou et al. arXiv:1303.6818

1 2 3 4 5 6
m_ (GeV)

Isovector (no disconnected quark diagrams)

Dirac radius, r1, undershoots

r2 also except the lightest results with 30%

still large extraction in quark mass

Finite Volume Effects / Discretization Error

kP ()
(O]

error

® N,=2 TMF 2=0.089-0.056 fm
BN =2+1 DWF a=0.114 fm

X N,=2 Clove, a=0.083-0.060 fm
1 1 1

X N=2+1 DWF a=0.114 fm

.0 A 2 3

4 5 6
m_ (GeV)

-l

| ® N,=2 TMF a=0.089-0.056 fm

B N=2+1+1 TMF a=0.0635 fm
X N,=2 Clover, a=0.083-0.060 fm

3
X N,=2+1 DWF a=0.114 fm

B
&
&
|

.0 A 2 3

4 .5 .6

m_ (GeV) 27
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Kaon Program

RBRC Scientific Review Committee Meeting
Brookhaven National Laboratory
October 31, 2013

Robert Mawhinney
Columbia University
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Known Elementary Particles

Three generations
of matter (fermions)

11
mass —+| 2.4 MeVjc? 1.27 Gevjc? | |171.2 Gev/c? 7 GeVjc?
charge ~| 24 24 23 t 0 I I
spin —| 14 u Y4 C bz 0
Higgs
name — up charm bo'%gn
4.8 MeVjc? 104 Mev/c? 4.2 c;ewc
<xd s
= s b
=] down strange hotmm
o
<2.2 eVjc? <0.17 Mev/c’ | [<15.5 Mev/c?
0 V 0
1, ¥ @
electron muon
neutrino neutrino neutnno 0
c
o
0.511 Mev/c? || [105.7 Mewjc? || [1.777 Gev/c? 8
= :
3]
o %A o
=% =
© | electron muon @©
— O

Standard Model quark decays involve ele-

ments of a 3 by 3 unitary matrix, the CKM

matrix, described by 4 parameters

Vud Vus Vub
Vea Ves Ve
V;Sd Vis th

QCD + Electroweak

Decays of quarks via weak interactions
predicted by Standard Model.

Experiments measure decays of hadrons

K-I—

Ky

leptons
LY, (63%)
eV, (1.6x107°)

A

leptons
LY, (3.35%)
eV, (5.07%)

For Kswe have: Tk v = C% GEmi I Sew[1+ 2Asu@) + 2A8m] Vis A0

1927°



Direct CP Violation Measured in 1964

_ e Im (Ao) _ e im(mEs )
£ = ﬁAMK<Im(M12)+ 2Re(Ao) Re(M12)>— Ke \/5[ Amix ]

ek = Ke Ce Bk Im(Ay) {Re(Ao)[11 So(xc) — 173 So(xe,x0) ] — Re(Ar) 12 So(x1) } ™*
4



Generic Process Examples Experiment LQCD calculates
KT — ,LL+VM
KI2 o fic e (also £.)
KT — 7TO l+ V]
Vs [T (0)]? (0
K3 KO e It Vis S +(0) H(0)
Kl4 K —nnly 99
K — 7T KY 57t o™ [ Ao | Ao| | Az
(CP conserving) Kt —atal | Az (SM__ . inputs)
0 —0
AmK [0{ ST K_(({JD) A A@K
(CP conserving) K" <> Oas=2 <> K (SD) (SMCPC inputs)
0 K; —»mm X
_ 2
K —> T T (KOHKO) — T EZBKAFKSM B Im(Ao)
. o M e
(indirect CP violation) independent of 7 7T 1sospin Re (AO)
K'—>rnm Ky —mn Re(€'/e) A Ay
(direct CP violation) | depends onsiisospin | = f(Ag, A2, SM)| (SM cpc INPULS)
KL - 7T0l+l_ 929
K—>7Tll KS—’7TOZ+Z_ Il

SMCPC = Standard Model CP-conserving parametg:rs




Major Development: Physical Quark Mass DWF Ensembles

483 x96x24  0.00078  0.0362 0.000614 138 5.5
64%x 128 x 12 0.000678 0.02661 0.000314 139 5.5
32°x64x12  0.0047  0.0186  0.00060 380 2.0
322 x64x24  0.00022 0.05960  0.0021 135 5.8

10 MDWEF+I  1.75
11 MDWF+I  2.31
12 DWF+1 3.06
13 MDWF+ID 1.12

RBC, UKQCD and HotQCD

Ens. Action 1/a Lattice my Mg Myos m, Size
(G+F) (GeV) volume (in lattice units) (MeV) (fm)
1 DWF+I 1.75(3)  24°x64x16 0.005 0.04 0.00308 330 2.7
2 DWF+I 1.75(3) 24°x64x16 0.01 0.04 0.00308 420 2.7
3 DWF+I 1.75(3) 243x64x16 0.02 0.04 0.00308 560 2.7
4 DWF+I 1.75(3) 243x64x16 0.03 0.04 0.00308 670 2.7
5 DWF+T  2.31(4) 32°x64x16  0.004  0.03 0000664 310 2.6
6 DWF+I 2.31(4) 32°x64x16 0.006 0.03 0.000664 370 2.6
7 DWF+1 2.31(4) 32°x64x16 0.008 0.03 0.000664 420 2.6
8 DWF+ID  1.37(1) 32%x64x32 0.0042 0.046 0.00184 250 4.5
9 DWF+ID  1.37(1) 32®x64x32 0.001 0.046 0.00184 180 4.5

(3)

(4)

(6)

(4)

Table 1: Dynamical 241 flavor domain wall fermion ensembles produced (1-9) and being produced
(10-13) by the RBC and UKQCD collaborations (10-12) and the RBC and HotQCD collaborations
(13). The gauge and fermion (G+F) action abbreviations are: DWF = domain wall fermions,
MDWEF = Mobius domain wall fermions, I = Iwasaki gauge action, ID = Iwasaki plus Dislocation
Suppressing Determinant Ratio (DSDR) gauge action. The total light quark mass (in lattice units)
is m; + myes and the total strange quark mass is similarly mg + M.
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Major Development: Physical Quark Mass DWF Ensembles

m_ (unitary, degenerate quarks) and a2 for DWF ensembles
700

(M)DWF+

o (M)DWF+ID 4
600}
3
500}
E 400} g g
‘-‘E’ 12 ¢
" 300} 1
5
®
200} f
. O
Physical | 9 ®
100} point 11 10 13
0 '] L '] '] L
0 0.2 0.4 0.6 0.8 1
a® (GeV?)
Ens. Action 1/a Lattice my M Myes My Size
(G+F) (GeV) volume (in lattice units) (MeV)  (fm)

10 MDWF+I  1.75(3) 483x96x24  0.00078 0.0362 0.000614 138 9.5
11 MDWF+I  2.31(4) 64°x128x12 0.000678 0.02661 0.000314 139 5.5

Using force gradient integrator of Clark and Kennedy, as implemented by Hantao Yin.
Gave 2x speed-up over Omelyan at 1/a =2.31 GeV and m_ =220 MeV on 483,
Expect even larger speed-up here, but too expensive to run Omelyan to measure effect.
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Computers

Columbia/RBRC IBM BGL 2005-2013
QCDSP 1998-2005 2.8 GFlops/node
0.050 GFlops/node

IBM BGP 2007-

13.6 GFlops/node
Columbia/RBRC
and UKQCD IBM BGQ 2012-
QCDOC 2005-2011 200 GFlops/node
0.8 GFlops/node

~ 4,000x speed-up per node over 15 years, ~ 700x speed-up in Flops/$ w/o inflation.

RBC/UKQCD have production jobs on the Argonne ALCF BGQ that sustain 1 PFlops on
32 racks = 32k nodes = 0.5 M cores.

The BNL DD2 BGQ is working very reliably - ran 5.5 day measurement jobs all spring
The 2 DD1 racks reliability has improved this year, but not as good as DD2.
We have purchased (BNL funds) and are using a 1 PByte disk system.
IBM has given us an extensive set of retired DD1 parts to use.
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Chiral Susceptibility

T TTTTTTTT | T TTTTTTTT T TTTTTTTT T TTTTTTTT
- — o 1
00005 | O a'=1.732GeV
O a'22284 GeV
0.0004
_ i O |
y
>
S 0.0003 - 1 -
o @ 1 -
>3 _ P i
0.0002 // _
0.0001 |— el —
0 | I/I | I I | | I T N O O A | | N I T I O I I | | N I T I O O I |
0 0.01 0.02 0.03 0.04

m+m_ (GeV)

No attempt at an error yet, but the preliminary result is encouraging.
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RBC/UKQCD 2+1 flavor MDWF ensembles

e Using Mobius DWF (MDWF) with the Iwasaki gauge action

 Very close to physical parameters:

Physical 483 483 64> 64>

value deviation deviation

m_/ mg 0.2723 0.2797(7) 27% |0.2739(12) | 0.6%
m_/ mqg 0.0807 0.0828(5) 25% | 0.0821(5) 1.7%
my / Mg 0.2964 | 0.2959(18) | -0.2% |0.2997(14) 1.1%

e Previous simulations and chiral extrapolations used to choose input parameters



Measurement Techniques

Are using a combination of new techniques to speed up calculations by 10x
EigCG and All Mode Averaging used together
Measurement package developed by Hantao Yin (former student)

Runs on up to 500,000 cores of BGQ at Argonne!

ITE e .Times
Light modes calculated 600 (7.3 TBytes) | 1500 (29 TBytes) | " BUV
Light quark EigCG setup 29.5 79 rack-hours
Exact light solves (107%) 18.7 12
Inexact light solves (10 64 45
Exact strange solves (1075) 8 17
Contractions 3 17 Solv.er
Total BGQ rack-hours 124 170 sustains
Time and # of BGQ racks | 124 hours on 1 rack | 5.3 hours on 32 racks |« | PFlops

12



RBC/UKQCD 2+1 flavor Ensembles

Ensembles used by RBC and UKQCD Collaborations for kaon and pion physics

The new ensembles this year are the 140 MeV ensembles, with the large volumes

Ensemble Name a (fm) Volumes Unitary m_ (MeV)
1/a= 1.37 GeV 0.146 (4.7 fm)3 170, 250
1/a=1.71 GeV 0.117 (2.8 fm)3 (5.6 fm)> 140, 320, 410
1/a=2.36GeV | 0.0847 (2.7 fm)3 (5.4 fm)3 140, 295, 350, 400
1/a=3.07GeV | 0.0651 (2.1 fm)3 360

Preliminary global fit to m_, my, mg, {, fi, using m_, m,, mg, to set (B, my, m)
f-=130.3+1.74 MeV  (Preliminary)
fx=155.7+ 1.8, MeV  (Preliminary) ®W<
fo/fx =1.195%0.005.  (Preliminary)
483: Zy; =0.7088(15), Z, = 0.71198(16), agree to 0.5%, so good chiral symmetry.



Preliminary Global Fit

e New 48> and 647 data very close to physical point.

9.0t O 32
O 24l
O 321D
< AST
o 85 T O 32Ifine
< % O 641
g a @ Ch%ﬂi\/
~=8.0f analyitie, | 1
s I ¢
7.5}
0.000 0.005 0.010 0.015 0.020
my (GeV)

0.160} ,
0.155 %% f
0150’ F% T
= 0.145) O 32
& 0.140 % o
S O 321D
0.135} 43I
O 32lIfine
0.130 PDG value O 641
01951 ChPTFV ||
analytic
0-12%00 0.005 0.010 0.015 0.020
my (GeV)
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BK KO K

RBC/UKQCD value from PRD 84 (2011) 014503 m

Bx(MS,3GeV) = 0.529 + 0.005u * 0.015 i + 0.002 e v £ 0.011 e

RBC/UKQCD value from PRD 87 (2013) 094514

Bx(MS,3GeV) = 0.535 + 0.008 s £ 0.007 chirar + 0.003 fnicev £ 0.011 et

Using results from our 2 new, physical quark mass lattices gives

Bx(MS,3GeV) = 0.533 % 0.003 . + 0.000 4 + 0.002 5y £ 0.011 e (Preliminary)
Bx=0.754 £ 0.004, = 0.0015 (Preliminary)

Marked reduction in the statistical error and essentially no chiral extrapolation error.

Can reduce perturbative error through non-perturbative step scaling on the lattice, so
that perturbative matching can be done at higher scales.

ek = Ke Ce Bx Im(A2) {Re (Ao)[771 So(xe) — 173 So(xe,x) ] — Re(Ar) 172 So(xr) } €™
15



l7Z/4

fAK

Im(Ao) ¥ [ Im(M$ ) ]
Re(Ap) \/E Amg

—1.61(28) x 10™
RBC 2011

Overall | Vep [*

ex = Ke Ce Bx Im(Ar) {Re(A)[ 171 So(xe) — 113 So(xe,x0)]— Re(An) 2 So(xr) } ™4

l ~—

0.94 +0.02
Buras,Guadagnoli, Isidori

(Im(Mlz) + 2

Re(M12)> = Ke

Lo = pht0 = 0.457 +0.073
UNNLO = 750 = 0.496 +0.047

Brod and Gorbahn, PRD 82 094026 (2010)
3% overall change in Ex

(%c)us = 0.924 £ 0.006
RBC 2011
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Reminders about K 13

2 5
K13 decays: Tkomw= Ck f;;l;g [ Sew[1+4 2Asu2) + 2Aem]| Vs || £ (0) 7
Define form factors: (TP VulKp)) = (pu+ pu)fs (@) + (pu+ pu)f-(g*)

2

fo@ =fr @+ (gD

MK — Mz
Ratio method gives: (7 5You K )(K iyos K) _  folgRad (Mk + Mxz)’
(K|5yo0s|K)(7|iwyou| 70) 4Mx Mz

Traditional method: measure | fo(gmax) \2 and then try to measure slope and other
discrete q values to get to g = 0

Recent improvement by RBC-UKQCD Collaborations, Eur. Phys. J. C69 (2010) 159

*  Use twisted b.c. to allow a continuous set of p values, with 0 < q2 = qunax
(Boyle, et. al. JHEP 0705 (2007) 016)

Vu K(p)) and extract f4 (¢*) from momentum dependence

*  Measure (7T (p")

(ms— my)

FNAL/MILC: use Ward-Takahashi identity to give: fo(qz) = (7| SK)

(mk — mz)

17



K — 1 semi-leptonic form factor g+ K I
(RBC+UKQCD Collaborations) @ = o

Phys.Rev.Lett. 100 (2008) 141601, Eur.Phys.J. C69 (2010) 159-167, arXiv:1305.7217
Talks by B. Mawhinney (Thursday, 8C, 17:30) and A. Juttner (Thursday, 7C, 14:20)

leptons

@ (n|VIK) — fi"(¢? = 0) oo
@ part. twisted boundary conditions

@ Nf =2+ 1 domain wall fermions 0.99} B
@ a’-scaling study (0.09fm-0.14fm) g

— tiny cut-off effects _ 0.08 2
@ physical point simulation £

171-670MeV — arXiv:1305.7217 0.97}

my: 137—-670MeV — PRELIMINARY — ‘H;ii?fv
9@ polynomial ansatz describes data 006l : aj i;igzz

over entire mass range
9 phys. point data eliminates large
systematic due to y extrapolation

0.00 0.05 0.10 0.15 0.20
(mi —m2)* /mi; [GeV? |

K7 (0) = 0.9670(20)(j4g)mq (7)ese(17)a
|Vus| = 0.2237 (7) (f100)mq (2)FSE (4)a

—=~0
with phys. precision < 0.3% feasible!
point data

RBC+UKQCD Collaboration
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RBC/UKQCD K ->mtrt, I = 2 Amplitudes

Previous published result (PRL 108 (2012) 141601 and PRD 86 (2012) 074513):

Re A, = (1.381 £ 0.046u & 0.135m00 + 0.207,2) X110 GeV
ImA, = —(6.54+0.46. +0.724m0*£0.98,) Xx10™" GeV

Systematic error dominated by a2 error estimate for the single DSDR ensemble.

Now have 2 lattice spacings from new ensembles with the Iwasaki gauge action,
allowing a continuum limit extrapolation

888888888

Re A, = (1.345 £ 0.084u + 0.1350m002 £ 0.0,2) X110~ GeV
ImA, = —(6.324+0.28,, +0.724me+0.0,2) XxX10™ GeV
Markedly reduced statistical errors for Im A,

(Preliminary)

Other systematic errors will be revisited and likely will be reduced.
19



2+1+1 Flavor Simulations

Errors in range of 0.3 - 1% possible for many quantities in isopsin symmetric QCD
without electromagnetic effects.

Matching of matrix elements to continuum perturbation theory (needed to use contin-
uum Wilson coefficients) more reliable at higher scales.

Dynamical charm quark required to reach these scales, say 3 to 5 GeV.

Want correct running between O(500) GeV (scale of kaon matrix elements) and 3-5
GeV, where matching will be done.

Also want GIM mechanism active for observables.
Need dynamical charm quark ensembles at weak couplings.

Problem: known algorithms lose ergodicity at weak coupling. In particular, global
topology become frozen.

With Greg McGlynn, working on solutions to this problem

Adding term to the action, that is unimportant in the continuum limit, to enhance
gauge field configurations which change topology.

DED = dislocation enhancing determinant

20



Global 5Li topological charge

2+1+1 Flavor Simulations: Quenched, 1/a =4 GeV

Reference ensemble topological charge

.L Very slow motion of topology with
standard Wilson gauge action .
2 F ETTT— i
O - B L . - + + s u
o T ——— + .
4 | o
0 1 OIOO 20IOO SOIOO 4OIOO 50IOO 6000
Trajectory 10 T T T T T T T T
:;‘F
° + :ﬁﬂ*m;&l +
_g gjjf—* :H +4;;; i + ’ W %Wm#ﬁf
Marked improvement with DED term A A O AP P G
. g 0 —+i%%w%wm et e mmm»-&mwﬁ—# o o e ;r+ .
added, but current run not symmetric I e I e S
. R . . . ) Y+ = ++++m#*m+ﬁmmw ”M‘ *M #WM*W N
— s e . EPI— ety
about Q = 0, indicating more statistics g . " i s -
5 - 4 Foner + +«Hj;ﬁ> i
needed (longer run). ’ : o i
1o 0 1(;00 2(;00 3(;00 4(;00 50IOO 6(;00 7(;00 8(;00 9000
Trajectory
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Conclusions

2+1 flavor QCD physical quark mass simulations on large (5.5 fm)> volumes yielding
precise results.

Our measurement code produces a given statistical error 10x faster than before, large-
ly due to algorithmic developments (EigCG and AMA).

Through our work on the BGQ, our access to early hardware at IBM and RBRC/BNL,
a strong software team, we have been able to take advantage of early user time on the
BGQ at ANL. We are 1-2 years ahead of schedule on these calculations.

The RBRC computing environment has been vital to this success. Our evolution code
to generate lattices and our measurement package for kaon physics was developed

and heavily tested on the RBRC and BNL BGQ.

We are preparing for 2+1+1 flavor calculations as our next major project.

The calculations reported here have been done on BGQ computers of ANL, LLNL, the
University of Edinburgh, BNL and the RBRC.
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Lattice calculation of the hadronic contributions
to the muon anomalous magnetic moment

Tom Blum (UConn / RIKEN BNL Research Center)

RBRC Review, October 31, 2013

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



Collaborators

Work on g-2 done in collaboration with

HVP

HLbL

Christopher Aubin (Fordham U)
Maarten Golterman (SFSU)
Santiago Peris (SFSU/Barcelona)

RBC/UKQCD

Saumitra Chowdhury (UConn)
Masahi Hayakawa (Nagoya)
Taku lzubuchi (BNL/RBRC)
Eigo Shintani (RBRC)
Norikazu Yamada (KEK)

New work with RBC/UKQCD collaboration

Tom Blum (UConn / RIKEN BNL Research Center)

Lattice calculation of the hadronic contributions to the muon a



Introduction

Outline

Introduction

Conn / RIKEN BNL Resea Center) Lattice calculation of the hadronic contributions to the muon a



Introduction

The magnetic moment of the muon

Interaction of particle with static magnetic field
V()?) = _/I * Bext

The magnetic moment /i is proportional to its spin (¢ = A= 1)

for elementary fermions

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



Introduction

The magnetic moment of the muon

In interacting quantum (field) theory g gets corrections
k
Pi q P> %
+ Pi § q P2 + o

oM g,
o ) = (v A+ L R

which results from Lorentz and gauge invariance when the muon is
on-mass-shell.

F(0) = %2 —. (R0)=1)

(the anomalous magnetic moment, or anomaly)

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



Introduction

The magnetic moment of the muon

Compute these corrections order-by-order in perturbation theory by
expanding M (g?) in QED coupling constant

e 1
C T a1
Correctlons begin at O(a); Schwmger term = &~ = O 0011614.

hadronic contributions ~ 6 x 107> times smaIIer (leading error).

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



Introduction

Value in the standard model

=

well known significant work ongoing
CONTRIBUTION RESULT (x 10~ ') UNITS
QED (leptons) 116 584 718.09 + 0.14 & 0.04,, > pew: QED thru C;g;lv;])
HVP(lo) 6 914 + 42.,, + 14,04 + Tpoop v e
HVP (ho) —98 = Loyp + 0.3;0a
HLxL Ql:&gf)
EW 152 1
Total SM 116 591 793 + 51

# A. Hocker Tau 2010, U. Manchester September 2010
Lee Roberts - INT Workshop on HLBL 28 February 2011 -p.21/30

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



Introduction

Experimental value (dominated by BNL E821)

E821 achieved % 0.54 ppm. The e*e~ based theory is at the
~0.4 ppm level. Difference is ~3.6 o

(9.4 ppm) CERN H
(10 ppm) —&——— CERNWY
(13 ppm) E821 (97) 1
(5 ppm) g E821 (98)
(1.3 ppm) E821 (99)
(0.7 ppm) E821 (00)
(0.7 ppm) E821 (01)

116 594 000
116 595 000

(1,;71;1) — 116592 089(63) X 10711 (0.54 me)

Aay = a? — ag™M = (287 £80) x 10711

Theory: arXiv:1010.4180v1 [hep-ph] Davier, Hoecker, Malaescu, and Zhang, Tau2010
Lee Roberts - INT Workshop on HLBL 28 February 2011 -p. 17124

Tom Blum (UConn / RIKEN BNL Resea Center) Lattice calculation of the hadronic contri



Introduction

New experiments + new theory

> Fermilab E989, ~ 5 years away, 0.14 ppm

» J-PARC E34 ? (recently, lower priority than p — e)

» a,(Expt)-a,(SM) = 287(63)(51) (x10711), or ~ 3.6 (or
2.9)

> If both central values stay the same,

» E989 (~ 4x smaller error) —~ 50
» E989+new HLBL theory (models+lattice, 10%) —~ 60
» E989+new HLBL +new HVP (50% reduction) —~ 8¢

» Big discrepancy! (New Physics ~ 2x Electroweak)
» Lattice calculations crucial

» a, good for constraining and explaining BSM physics

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



The hadronic vacuum polarization (HVP) contribution (0(“2))

Outline

The hadronic vacuum polarization (HVP) contribution (O(a?))

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



The hadronic vacuum polarization (HVP) contribution (0(“2))

Hadronic vacuum polarization (HVP)

; + ;

The blobs, which represent all possible intermediate hadronic
states, are not calculable in perturbation theory, but can be
calculated from

» dispersion relation + experimental cross-section for
ete~(and 7) — hadrons a,hfd(z) = # Jar2 ds K(s)ototal(s)
» first principles using lattice QCD, ’
a,(f)had = (Q)z jooo dQ2 f(Q2) H(Qz) [Lautrup and de Rafael 1969, Blum 2002]

s

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



The hadronic vacuum polarization (HVP) contribution (0(“2))

a,(HVP), lattice reg.

a, Ny errors action  group

713(15) 2+1  stat. Asqtad  Aubin, Blum (2006)
748(21) 2+1  stat. Asqtad  Aubin, Blum (2006)
641(33)(32) 2+1 stat,sys. DWF  UKQCD (2011)
572(16) 2 stat. TM  ETMC (2011)
618(64) 241  stat, sys. Wilson Mainz (2011)

strange quark is quenched

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon a



The hadronic vacuum polarization (HVP) contribution (0(“2))

HVP: Pade approximants [talk by M. Golterman (ABGP)]

(0%
0.100

0.095FN
0.090+
0.085¢

0.080F
0075} I

0.070F ‘\K\\

2 . . . .
e 0.0 02 04 0.6 0.8

1.0

o »

[1,1] corr. (solid) and VMD uncorr. (dashed)

a=0.06 fm, m; = 400 MeV, MILC Asqtad ensemble

Pade: model independent.
Stieltjes function constrains
Pade approximants

Pade: 350(8)

VMD: 413(8)

17% diff.

both good fits

tendency to undershoot
low Q2 points

Tom Blum (UConn / RIKEN BNL Research Center)
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The hadronic vacuum polarization (HVP) contribution (0(“2))

a,(HVP) integrand: low momentum region

1e-06 . . T T T
0.005 r 1
8e-07|- B
U(“S 0.10 0.15 0.20 g 6e-07— |
©
<
5 ]
L
—o00s|- £ te07 7
2007~ B
Integrand of a},”‘“ /( 11\2) compared with data r B
(MILC, a = 0.06 fin , m, = 220 MeV') 1 e, . e
o 02 04 06 ] 1
2,2
= need more data at low Q* with smaller errors! In progress... 1/( 1+log(Q./Q%) )

Talk by M. Golterman [aubin, et af, arxive:1205:3605]  UKQCD farxive:1107.1497]
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The hadronic vacuum polarization (HVP) contribution (0(“2))

a,(HVP) low momentum region: twisted b.c.’s

[See talk by Aubin, Lattice 2013, et al., arXiv:1307.4701]
» Twisted b.c. g¢(x) = exp—if,q:(x + L,)

pu:%”/ZJ7 n,€{0,1,...,L,—1}.
m
» Breaks isospin symmetry!
» WTI no=longer satisfied, [1,, is not transverse; I1,, is
quadratically divergent
» Contact term ~ /2L can be subtracted exactly
» Twisting increases statistical errors
> Is twisting worth it?

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



The hadronic vacuum polarization (HVP) contribution (0(“2))

a,(HVP) Reducing statistical errors

3 02— — _ ,
0.18 L ] —
3 0181 4 B 02
0.161 FlE ] B \
t 016 kS m i O m=0.005, 24’x64
014l r T ] | 0.18 O m=001,24’x64
‘”8 : E | %g§: * m=0.004, 32°x64
= s o —— b= 1 * m=0.006, 32°x64
' 012 , "‘? 0.16
0.1~ - 014 ~, ]
L B *
-
0.08[- T 012 Beg :
L > Do e o
| | | | [ | . . .
0.06 0 2 4 6 8 10 0.2 0.42 0.6 0.8 1
Q*(Gev?) -q (GeV?)

Use AMA, 1400 LM / 704 sources, 483 x 144 (MILC), 20 configs,
2.6-20 x error reduction for same cost!. RBC/UKQCD preliminary
DWEF results also show large error reduction (see shintani, Lattice 2013).

AMA method: arXiv:1208.4349
Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



The hadronic vacuum polarization (HVP) contribution (0(“2))

a,(HVP) Summary

Controlling errors at the 1% level

» Q? dependence

» AMA

» Twisted BC's or large box

» Pade approximants for model independent fits

» or avoid fit, analytically continue (DESY+KEK, Mainz)

» physical quark masses / large boxes
» disconnected diagrams / isospin breaking

» charm contribution

Will give confidence that dispersive calculation is right

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



The hadronic light-by-light (HLbL) contribution (O(:x3))

Outline

The hadronic light-by-light (HLbL) contribution (O(a?))
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The hadronic light-by-light (HLbL) contribution (O(:x3))

HLbL

00
00

_l’_
Blobs: all possible hadronic states

Model estimates put this O(a3) contribution at
about (10—12) x 10~'% with a 25-40% uncertainty

No dispersion relation a’la vacuum polarization

Lattice regulator: model independent, approxima-
tions systematically improvable

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



The hadronic light-by-light (HLbL) contribution (O(:x3))

Lattice QCD: conventional approach

Correlation of 4 EM currents
rl,u,l/pO'(q, P1, p2)

Two independent momenta
q —+external mom g

Compute for all possible
values of p; and pa, (O(V?))
four index tensor (32 Lorentz
structures for g-2!)

R fs
R several g,(extrap ¢ — 0),
QCD  fit, plug into perturbative QED
F+h +h =9 two-loop integrals

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



The hadronic light-by-light (HLbL) contribution (O(:x3))

New approach (QCD+QED on the lattice)

Average over combined gluon
and photon gauge configura-
§ 9 tions

Quarks coupled to gluons and
photons

muon coupled to photons

[Hayakawa, et al. hep-1at/0509016;

\,
<
R

Chowdhury et al. (2008);

Chowdhury Ph. D. thesis (2009)]
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The hadronic light-by-light (HLbL) contribution (O(:x3))

New approach (QCD+QED on the lattice)

§ L Attach one photon by hand (see
why in a minute)

Correlation of hadronic loop
and muon line

[Hayakawa, et al. hep-1lat/0509016;

f Flocn+
0D

Chowdhury et al. (2008);

Chowdhury Ph. D. thesis (2009)]
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The hadronic light-by-light (HLbL) contribution (O(:x3))

New approach: Formally expand in «

The leading and next-to-leading contributions in « to magnetic
part of correlation function come from

l.

Bad! o’

h

Good! o*

- @

\_‘
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The hadronic light-by-light (HLbL) contribution (O(:x3))

New approach: Subtraction of lowest order piece

Subtraction term is product of
separate averages of the loop
and line

Gauge configurations identical
QCD*QED in both, so two are highly cor-

related
QED In PT, correlation function and
subtraction have same contri-
= +0(x*)  butions except the light-by-

light term which is absent in the
- subtraction
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The hadronic light-by-light (HLbL) contribution (O(:x3))

F2 (mﬂ/me = 40, QED only) (Chowdhury Ph. D. thesis, UConn, 2009)

0001 —— T T —

ool swwm | F2 = (3.96£0.70)x 10~
Nooooe:— } 7 » e=1
L 00005 i
owos- % } ] » 163 x 32 lattice size
ol > lowest non-zero
oo ] momentum only

: ' S ! ° ° > stat error only
op

» Expected size of enhancement (compared to m,/m. = 1)
» Continuum PT result: ~ 10(a/7)3 =1.63 x 107% (e = 1)

» roughly consistent with PT result, large finite volume effect
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The hadronic light-by-light (HLbL) contribution (O(:x3))

F», m,/m. = 40, finite volume study (QED only)

>

Repeat calculation with 243 lattice volume

Bigger box F, = (1.19 +0.32) x 10~*

Small box F, = (3.96 £ 0.70) x 10~*

finite volume effects manageable

Continuum PT result: ~ 10(a/7)% =1.63 x 107% (e = 1)
Roughly consistent with PT result

v

v

v

v

v
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The hadronic light-by-light (HLbL) contribution (O(:x3))

a,(HLBL) in 2+1f QCD+QED (PRELIMINARY)

» Same as before, but with U = U(1) x SU(3) [uncan, et 1.

» QCD in the loop only (same in subtraction)

» QED in both loop and line

» 2+1 flavors (u, d,s) of DWF (RBC/UKQCD)

» a=0.114 fm, 163 x 32(x16), a1 = 1.73 GeV

> mg ~ 0.013, m, ~ 420 MeV

> m, ~ 692 MeV (mh™* = 105.658367(4) MeV)

» 100 configurations (one QED conf. for each QCD conf.)

» (Ns/4)3 = 64 (loop) propagator calculations/configuration
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The hadronic light-by-light (HLbL) contribution (O(c>))

a,(HLBL) in 2+1f lattice QCD+QED (PRELIMINARY)

» a,(HLbL) = (—15.7 £ 2.3) x 10~ (lowest non-zero mom,
e=1)

» Magnitude 5-10 times bigger, sign opposite from models

» HLBL amplitude depends strongly on mj, (mfb in models)

» Non-leading terms in models can give large, negative values
» Check subtraction is working by varying e = 0.84, 1.19

» HLbL amplitude (~ e*) changes by ~ 0.5 and 2 v/
» while unsubtracted amplitude stays the same v
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The hadronic light-by-light (HLbL) contribution (O(:x3))

a,(HLBL) in 2+1f lattice QCD+QED (PRELIMINARY)

» Easy to lower muon mass (muon line is cheap)
» Try m, =~ 190 MeV

» a,(HLbL) = (—2.2+£0.8) x 10> (lowest non-zero mom,
e =1). Right direction...

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



The hadronic light-by-light (HLbL) contribution (O(:x3))

a,(HLbL) in 2+1 flavor lattice QCD+QED

» Try larger lattice size, 243 ((2.7 fm)3)

» Pion mass is smaller too, m,; = 329 MeV
» Same muon mass (190 MeV)

0.11 S @ £ 0.31 GeV?

Use All Mode Averaging (AMA)

» 62 (5%) point sources/configuration = 216 (125)
» AMA approximation: “sloppy CG”, rfstop = 1074

v

v

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



The hadronic light-by-light (HLbL) contribution (O(:x3))

a,(HLBL) in 2+1f lattice QCD+QED (PRELIMINARY)

Stable as measurements increase (20 — 40 — 80 — 160 configs)

F ———o—— -
ok —Oo— -
g— —O0— -
gi | 243 |attice size
i 1 Q2=0.11and 0.18 GeV?
€ o B
3 m; ~ 329 MeV
L o |
O Q?=011(GeV) m,, ~ 190 MeV
F | O o®=018(Gev? o —
TR RN B O B B R B

05 04 03 02 01 0 01 02 03 04 05
2,
F Q)
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The hadronic light-by-light (HLbL) contribution (O(c>))

a,(HLBL) in 2+1f lattice QCD+QED (PRELIMINARY)

» 1574190+375=722 configs,
lowest 2 momenta

e e 375 configs, highest 3
% ] momenta

1 » Two points zero within large
% 1 errors for momenta in 1

o1l

] direction
1 » Statistics? 6, 24, 24, 6, 48
ok ] mom. combinations for Q2
=1,234,5
505 01 018 05 05 05 0 0a » Different directions

Q@ Gev) correlated, cancelations
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The hadronic light-by-light (HLbL) contribution (O(:x3))

a,(HLBL) in 2+1f lattice QCD+QED (PRELIMINARY)

S 005" % .
v [
ok ]
_0057‘H‘\HH\HH\HH\HH\‘ bl > Welghted aVerage
"0 005 01 0.15 0.2 0.25 0.3 0.35 04 ) ) _
CECG) » full jackknife will be done
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The hadronic light-by-light (HLbL) contribution (O(c>))

a,(HLBL) in 2+1f lattice QCD+QED (PRELIMINARY)

Signal may be emerging in the model ballpark:

> F2(0.23 GeV?) = (0.118 £ 0.027) x (2)°
> F2(0 18 GeV?2) = (0.101 +0.023) x (2)?
F2(0.11 GeV?) = (—0.012 +0.031) x (2)?

(

> a,(HLbL/model) = (0.084 + 0.020) x (2)°

Lattice size 243, m, = 329 MeV, m,, ~ 190 MeV

model value/error is “Glasgow Consensus” (arxiv:0901.0306 [hep-ph])
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The hadronic light-by-light (HLbL) contribution (O(:x3))

a,(HLbL) “Disconnected” diagrams (quark loops
connected by gluons)

not calculated yet (not suppressed)
Several possibilities,

1. Use multiple valence quark loops (qQED)

2. Re-weight in a (T. Ishikawa) or dynamical QED in HMC, and
use same non-perturbative method as for quenched QED

3. A SeqSrc” (see lzubuchi's talk) (no subtraction)
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The hadronic light-by-light (HLbL) contribution (O(:x3))

a,(HLbL) Disconnected quark loop diagrams




The hadronic light-by-light (HLbL) contribution (O(:x3))

a,(HLbL) Disconnected quark loop diagrams in our
non-perturbative method

< > QCD+-QED

( >f—QED :

O

QCD+-QED Sor =

( )eqED -
< Q > < O >an+ﬂQEn
Mp = ; Sp=
QCD+£-QED

( )eqED -

QCD+£QED

OO
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The hadronic light-by-light (HLbL) contribution (O(:x3))

a,(HLbL) Disconnected quark loop diagrams in our
non-perturbative method

Diagrams in non-perturbative method have various “multiplicities”

Mc+ Mo | Mp
LBL(4) 3 0
LBL(L3) 0 3 But, physical linear combination,
LBL(2.2) 1 , Mc+Mce+Mp
LBL(3,1) 5 has overall factor of 3
LBL(1,1,2) 0 3
LBL(2,1,1) 1 5
LBL(1,1,1,1) 0 3
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The hadronic light-by-light (HLbL) contribution (O(:x3))

a,(HLbL) more systematic errors

Need to address

> Finite volume

» g% — 0 exptrap

> Mg — Mg, phys

> My = My, phys

> excited states/ “around the world” effects

» a—0

v

QED renormalization
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a;, (HLbL) Summary/Outlook

Outline

a,(HLbL) Summary/Outlook

Tom Blum (UConn / RIKEN BNL Research Center) Lattice calculation of the hadronic contributions to the muon 3



a;, (HLbL) Summary/Outlook

a,(HLbL) Summary/Outlook

>

Demanding, but straightforward calculation
Early HLbL lattice calculation encouraging
Optimistic lattice+models+expt can reach
10% goal (INT WS on HLbL, Feb. 2011)
White papers, prospects for lattice QCD:
» USQCD white-paper
(http://www.usqcd.org/collaboration.html)
» Fundamental physics at the Intensity Frontier white-paper
(arXiv:1205.2671 [hep-ex])
» Project X Physics Study 2012 (arXiv:1306.5009)
Expected precision
» E989: 0.14 PPM (factor of 3-4 better than E821)
» SM theory, HVP: 0.3% (factor of 2)
» SM theory, HLbL 10% or better (?)
» Same central values, a, discrepancy — 5-8 ¢

v

v

v

v
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a;, (HLbL) Summary/Outlook
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Charged hadron measurement
with the PHENIX VTX detector

Stefan Bathe



Experimental Baruch-CUNY Group

Pl Stefan Bathe
— Assoc. Prof. (tenure track), RBRC Faculty Fellow
— At Baruch since 2010

GS Jason Bryslawskyj
— Joined group Fall 2010
— Undergraduate MIT

GS Zachary Rowan
— Joined group Fall 2012
— Undergraduate SUNY Binghampton g

GS Kate Burleson-Lesser

— Joined group Fall 2013
— Undergraduate SUNY Albany
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High p; charged hadrons

* Single hadron R,, still
provides strongest
constraints on energy loss

[ a°R,, in Au+Au 0-5% |s,,=200GeV

;_ Slope = (1.06 +0.34 -0.29) x 107 (GeV/c)" mechanisms (T Renk,
o NP 1005, 1 Prob. s 51 08% Nucl.Phys.A904-905 2013
- PHENIX (2013) 725¢)

- PRC 87, 034911 (2013)
t . e Currently best measurement

* crnemanent e at RHIC comes from neutral
N R I 7 S T T pthS
pT(GeV/c)
 Charged hadrons have
completely independent
systematics and thus provide
additional constraint




High-p; Charged Hadron Analysis

vi : '\
T X2 -
_— ~_ a inclination angle
; \ - \l —
X1 X 00095 particle
:\\ 00-0'06\_:—\: ' \
// | ‘
| \ \
/ \\ ‘ll
I" \\ ll ‘Il
'I VTX \ : \
| q) } ¢0 ; | -
I‘ polar angle | X

\ reference circle

‘\\ R =220 cm

Figure adapted from J. Jia’s thesis

10/31/13

e Problem in old PHENIX

No magnetic field in DC
Conversions, weak decays can
mimic high p; particle

Charged hadron measurement
limited to p; < 10 GeV/c

e Solution

Stefan Bathe, RBRC Scientific Review

VTX confirms primary vertex
origin of particle
Conversions, weak decays
rejected

VTX improves momentum
resolution



DCA distribution

100 -  DCA: Distance of Closest
# = eiliaee Approach of track projection

Counts

Tracks with 16 GeV/c <pT <20

80 —e— Background Tracks to primary vertex

+ * Genuine charged hadrons
pr > 16 GeV/c + have DCA = 0 (within
Jﬁ' detector resolution)

60

40

* Background tracks have any
+ DCA

._If[.l.ﬂl.l_M_ e Confirmed to work to at

1
-0.2 0 0.2 0.4 0.6

2D DCA (cm) least 20 GeV/C

20

III|III|III|III|III|

Plot by J. Bryslawskyj
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p- distribution

2E ¢ | | « Without primary vertex
8 8 —— No Primary Vertex Requirement .
10 ¥ requirement spectrum of
- + e With Primary Vertex Requirement charged hadron candidates
10° - dominated by background
B = =
0k = for p; > 6 GeV/c
o g -y — Becomes un-physically flat
B - +++_}++ . .
10° o Rl e With primary vertex
12 E- B requirement spectrum
e * % oo continues to fall to at least
EI 11 | 11 1 | 11 1 | ] ] | | 11 1 | 11 1 | 1 1 | | 11 1 | o | | | [ I . | 20 GeV/C
1O 2 4 6 8 10 12 14 16 18 20

PT (GeVic) * Ultimately limited only by
statistics (which will come)
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Momentum resolution

B RS e e T GEREN RR EEEE BEE R RN B
= = =
& - 5
= 0.06(— ]
S « original CNT 4 .
S oosl . . 4 ¢ Azimuthal angle measurement
- * calibrated . )
oosk- . “ of VTX improves momentum
s : ] resolution by at least factor 2
0.03— . *
= . . = : compared to angle
s P measurement from DC alone
- simulations E
O:| | Ll | iy i | | | | ! :|:
1 2 3 4 5 6 7 8 1
p. [GeV/c]
Plot by A. Dion
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Outlook

R ion Plane

e Path length dependence
via RXNP dependence

* ldentify p, K, p with RICH e
g J'E ; K P
* v-h with large VTX o
acceptance 5

-3 -2 -1 0 1 2 3 rapidity
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Multiplicity Measurement

10/31/13

i I — T T [ T T T T [ T T T T ] T T 1 T T

95 CMS, JHEP 08 (2011) 141 -Aﬁ ]

- ! -
_8F oy 1] 4-&:*‘ ; ** -
S L —;
i | :
£ 6 x " PbPb \'s,, =2.76 TeV
Nyl E h T E
= F ﬁ,: e CMs ;
-g 4w -
2 ¢ O ALICE E
=° 3F ¥ RHIC, 200 GeV, x2.1 e
o o » RHIC, 19.6 GeV, x4.2 _
. _ pp NSD, CMS, extrapolated _:

: ™ ppinelastic, ALICE, exirapolated .

075 100 200 300 400

N

part

Stefan Bathe, RBRC Scientific Review

In light of recent
discussion on collective
effects in p(d)+A and p+p

— Prudent to revisit and
understand all aspects of
peripheral A+A

— In particular peripheral
dN_/dn not carefully
mapped out at RHIC



Multiplicity Measurement with VTX

* Pixel layers
— Low occupancy
* 0.1 % in central Au+Au

— Large acceptance
* Almost 2 in azimuth
* |In| < 1.4 nominal
* In| <2.5for |z] <20 cm

— High sensitivity

* Plan to measure multiplicity from tracklets in field off data
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RIKEZH

Astrophysics/Cosmology and RBRC

High Energy Astrophysics Laboratory
RIKEN Nishina Center

Toru Tamagawa
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R Executive summary SK/N

RIKEZH

m

® | intend to join Large Synoptic Survey Telescope (LSST) via RBRC.
(BNL is one of the core institute of LSST.)

® The LSST survey opens a new window in both Cosmology and
Astrophysics. Since LSST is not a fully-international project, Joining
via BNL is the best path.

® | will send postdoc(s) to RBRC. He/she contributes to LSST at BNL.
Near future we may provide some devices (such as optical filters if
possible).

® | will give an overview of astrophysics/cosmology and RBRC.



R CONTENTS

RIKEZH

® Astrophysics research at RIKEN

® Large Synoptic Survey Telescope (LSST)
® Time Domain Astrophysics and LSST

® Contribution to LSST at RBRC

RBRC Review (Nowv.1,2013)



3 1.1 Astrophysics Labs at RIKEN ~ Zx/NisHiNa

RIKEN

Nishina Center

High Energy
Astrophysics Lab.

(my group)

$

Astrophysical Big-
bang Lab. (theory)

Space Obs. and
Exp. Team (MAXI)

collaboration

Computational
Astrophysics
connection Laboratory (comp.)

® Two groups for experiment in astrophysics
® Two groups for theory in astrophysics

® No cosmology group

RBRC Review (Nowv.1,2013) 4



@ 1.2 High Energy Astrophysics Lab. Sxnisfia

RIKEZH

Research interests of my group: We are covering all the high

energy phenomena in the universe. In particular,

® Nucleosynthesis in stars/supernovae

low abundant elements, r-process elements,

explosion mechanism of supernovae etc.

@® Interior of Neutron stars

Equation of state of neutron star matter.

0.0
7

8 9 10 11 12 13 14 15
Radius (km)

® Physics in strong gravitational and magnetic field

Time-space structure around blackholes,

tests of QED effects near magnetars in the magnetic field of 10> gauss.

RBRC Review (Nowv.1,2013) 5



R 1.3 Projects of HEA Lab. Sx/NISHINA

RIK=H
F

§

® ASTRO-H (JAXA) for high resolution
spectroscopy dE=6eV@6keV,

under construction, launch in 2015--
® GEMS (NASA/RIKEN/JAXA) for world’s
first deep X-ray polarimetry,
project pending, launch in 2019 or later
® MAXI (RIKEN/JAXA) and Swift (NASA)
for monitoring X-ray/gamma-ray sky

in operation

We are searching the next project we can contribute (2020-)

RBRC Review (Nowv.1,2013) 6



R 2.1 What is LSST? S NISHINA

RIKEN

. 26 AR AR AR RAARN RN RARRRARAS
® |arge Synoptic Survey Telescope = | Scireq:] _oiaw
WIDE, FAST, and DEEP §700 o)
: ° B |J :M : S .
® Main Science Themes 5 5F ir2as -
v' Probing Dark Energy and Dark Matter Goasl /) el | =
v' Taking an Inventory of the Solar System J ]
v' Exploring the Transient Optical Sky El E
v Mapplng the Mllky Way :;23'5;; 10,000 deg? in 2 bcmds_;
23 :||||||||||||||I||||I|||||||||||||||||||:
Quantity Baseline Design Specification c.r 2z s 4 o5 6 7 8

Optical Config. 3-mirror modified Paul-Baker

Mount Config. Alt-azimuth

Final f-ratio, aperture £/1.234, 8.4 m
Field of view, étendue 9.6 deg?, 319 m2deg?

Plate Scale 50.9 pm/arcsec (0.2” pix)
Pixel count 3.2 Gigapix
Wavelength Coverage 320 — 1050 nm, ugrizy

Single visit depths® (5a) | 23.9, 25.0, 24.7, 24.0, 23.3, 22.1
Mean number of visits 56, 80, 184, 184, 160, 160

Final (coadded) depths® | 26.1, 27.4, 27.5, 26.8, 26.1, 24.9
(LSST document, v2)

RBRC Review (Nov.1,2013)



R 2.2 Contribution of BNL to LSST  S¥Nisf

RIKEN

BNL is leading the development

Focal plane

of a multi-gigapixel focal plane

Utility Trunk—houses
detector for LSST. Coyost—containfoce

raft baseplate

V-grooves ‘«— flex cables
for . P T
kinematic 151

o4 ' thermal straps
mount i it i

< | conductance barrier
pre-tensioning arm |
| S cooling planes

FEE boards

housing (cold mass)

RBRC Review (Nowv.1,2013) 8



INA

R 5.1 Time Domain Astrophysics  &¥/Nisi

RIKEZH

® Science

v LSST provides a lot of transient
Gamma-ray bursts trigger. Only a few % of them will

be followed-up. Very clever ideas
are needed to select targets and for

v EM counterpart of GW good science outcomes.

v’ Supernova explosions

v" NS/BH binary system etc.

® Projects
v MAXI (RIKEN)
v’ Swift (NASA)
v' Fermi (US-Japan-Itary...)

© 2011 RIKEN, JAXA, MAXI team

v NICER / LOFT



@ 6.1 Contribution to LSST at RBRC  S¥isfiNa

RIKEZH

® | will send postdocs to RBRC for contributing to the
construction of the camera. Mass production will start soon.

® | want to provide some hardware to keep our presence in the
project. (e.g. we can provide optical filters to the camera.
~S1M in total, Asahi Spectra Co.Ltd.)

® \We should keep a good relation to Japanese optical/infrared

community and Subaru/HSC members for future contribution.



R 6.2 Timeline S NISHINA

2(}13 2(|)15 2(|)17 2(|)19 20|21 2?23
I I I I I I
< LSST construction >commissionir{g, science run >
>
man power ($S100k-200k/yr)
RIKEN's —
contribution hardware
(~$1Mm) operation
| ] (~*S10M or more?)
i \ I )
Covered by Need strong support of
* RIKEN internal fund Japanese optical/infrared
* KAKENHI community. (cf. TMT)

* RBRC or Nishina?

RBRC Review (Nov.1,2013) 11



Spatial Wilson loops in
heavy-ion collisions

Adrian Dumitru
Baruch College (CUNY)

Talk based on:
A.D., Y. Nara, E. Petreska, arXiv:1302.2064
A.D., H. Fujii, Y. Nara, arXiv:1305.2780



Heavy-ion collision: long. initial fields

P
/ E%%@
v 4
\ T_,.—r‘/\
\ )

e

before collision right after impact
d'a’ =g p E* =igloy,ab| , B? =ige’ {Ozi,aj}

V- -B =1y [A":,Bi]

Kharzeev, Krasnitz, Venugopalan: PLB 2002
R. Fries, J. Kapusta, Y. Li: nucl-th/0604054
Lappl + McLerran NPA 2006



\ | P2y
\L. A
& D

before col[ision

A, = pure gauge 1 A, = pure gauge 2

o = g U,, O'U!  SU(N) 2D pure gauge
o'l = gpm (m=1,2 Proj/Targ)
A = ot +ab (=40 gauge: 2T AT +a AT =0

avg configurations: Syv =

d*x L5 p®p® ® p random from point to point
21 ® NOT so for A!!



Analyze classical field configurations
at midrapidity: n=0, 2D, SU(2)

what is structure of B, field ?

magnetic flux loop in x-y plane:

7

M(R) = Pexp (igfdmiAi)
~— {r M(R))
Ne 0 5 10 15 20
Wﬁ(z)(R) = (sgn tr M(R)) x [1/g” ]

actual field configuration B,3

0.006
0.004
0.002
0
-0.002
-0.004
-0.006

$
=
||



SU(2)
solution :

1.l

0.9 1

T T T 7 2 | y
WaA(A)

Wy (A)

< exp(-0.12 A")

o _ < exp(-0.09 A’) —— |
< 08¢
| —
BE 07 SR "
[ --~.,____.A
06 B HQAAA/:\& 7]
I &Aﬁ
0.5 Shusn :
. - ._A.‘A-.A‘A‘
0.4 , | ; 1 X 1 . ] ] I 1 .
0 0.5 1 1.5 2 2.3 3 3.5 4
A" = AQ, area —

® evidence for domain structure

® area law for loops with area A > 1.5 — 2

® o, ~0.12 Q2 thermal SUN):

OM ™ g%D ~ (QZT)Z

® small loops € Z(2) but roughly ok for large ones!

® structure of B, ~ uncorrelated

® R, ~ 1/Q, from onset of area

vortices ?!

law

random uncorrelated vortex fluctuations:

density =1 /20 Q.2



lattice solution for asymmetric collision

_ Wy (A) A .
1 3, o< exp(-0.11 A’) ------- 1

e ~ same string tension g,, = 0.11 Qg; Qg



Magnetic screening !

C®)(r) = (tr G(0) G(x))

Note:
® gauge links: interactions of external legs with
G(x) =gU(0 — x) Iy (x) U(x — 0) produced gluons Al = a' + a,!
eipm 1
expectation: d -~ _
p(d:2) /d pp2 oz~ Ta exp(—mr) 4
ol SUQ) data 2048% — ® -
B S m=52 ------- ]
“w 0. SU(2) data 1024% —&—
O 25 m = 5.0 |
—~ 2 _'
SR ;
O | _
0.5

05

0O 005 01 015 02 025 03 035 04

r = r1Q



SO we need :

o = —6z<1>+—(5” 8"—83 <I>83

2 V?

g 1

result: Wy (A) =1 — #A°Q3 Y

Perturbative analytical calculation : g
itusually goes V& = gp

like this : V- 0D

but : f dz' 9'® =

(E. Petreska, in preparation)

Careful though: quantum diagrams may
dominate at this order, for small loops (A Q2 « 1) !



< ]
AAu .mmv
1\
Sl O oy
Q> 0 Q> %
LS

O O
O O ‘
Q“‘ "‘ ‘\. Aﬂﬂ“
@ O () .*WV
>
> O
Q D

classical diagram:

5 et
3 0100/00:0/0/0/0/0) w
00.0 “ .v‘v‘v.v
Q = O
O
O
O
O
O
) O O
O O
%% S \)ooo

V
.Loe 0000000000 iy,
oSS %0%

guantum
diagram:



Summary B, 0.06
(structure of long. fields in initial stage) 0.004
315 0.002

S

2D 0

; . . , — -0.002
® Clumping” of magnetic field / domains > 5 0.004
@ area law: Wy(A) ~ exp(-0,,A) for loop radius R ~ 1/Q 0 -0.006

0 5 10 15 20

® O = 0.1 Qsl QSZ X [1/g2 M]

® Z(2) projected loop gives similar o,,

® magnetic screening at scale my; = 5 Q.

Thank you RIKEN / RBRC !



Scattering amplitudes and recursion
relations on the light front

Anna Stasto

RBRC Review Meeting, November 1st, 2013
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Introduction
Helicity amplitudes in QCD

Scattering 2 to n: CLRLLEREE

-

Enormous progress in computational techniques in recent decades
Goals:

Compute amplitudes within framework of light -front perturbation
theory.

Construct recursive relations on the light-front.

Obtain insight into patterns and general structure of amplitudes
from the light-front theory perspective.

Work in collaboration with C.Cruz-Santiago arXiv:1301.3075, arXiv:1308.1062



Dirac Light-frOnt fO rmalism

Kogut,Soper

Infinite momentum frame: a limit of a
Lorentz frame moving in the -z direction
with a (nearly) the speed of light.

Susskind
Isomorphism with the Galilean dynamics in 2 dimensions:

P~ —> Hamiltonian

PT —> Mass

Pr —> 2-dim. momentum



Non-covariant (light-front) time ordered diagram

Energy denominators

Difference of light - cone energies:

Dy=P~ =3k .
/ - Particles are on-shell but
’ \ conservation of 3
Initial state Intermediate states  Momentum components in

the intermediate states



Computation of amplitudes on the light-front

> T
: ... (s::::°‘°~ kl
typical graph , BassosssrCrapss ™ ~ qg" IL; V;
------- A N . +
R IL; D; 1L
wave function : . fragmentation function
W
n Tn

Energy denominator: either in the last or first state
Can use these building blocks for scattering amplitudes



Recurrence relations between wave functions

4 )

(—)
g € "VUpy
U,r1(ko, ki,...,ky) =
+1(ko, ki ) V€1 Dy + &o1 03,

- J

U, (ko1, ko, - ooy kn)

<4 fraction of longitudinal
momentum of i’th particle

ki transverse momentum of
o the i'th particle



Recurrence relations between wave functions

4 )
(=)
9 € Uy
U,r1(ko, k1,...  kp) = U, (koi, ka2, ..., kn
( ) V&1 D + &01 05, ( )

- J

<0

<4 fraction of longitudinal 201 = 20 + 21 /]{O

momentum of i’th particle >

ko1 = ko + k1 \Z 1
k. transverse momentum of

— the i'th particle kl



Recurrence relations between wave functions

4 )
(=)
9 € Uy
U,r1(ko, k1,...  kp) = U, (koi, ka,..., k
! ) e Do v ey &

- J

<0

<4 fraction of longitudinal 201 = 20 + 21 /]{O

momentum of i’th particle >
ko1 = ko + k1 \Zl
k : transverse momentum of

— the i'th particle kl

reduced mass:
4 N

o1 =
<

\_ J




Recurrence relations between wave functions

4 )
(=)
g £ g

U, 1(ko, k1y. . kn) = U, (kot, ko, ..., kn

ok = G D g, o e )
- J
<0
L » ko

) raction of longitudinal 201 = 2o + 21

momentum of i’th particle

k . transverse momentum of

—1

reduced mass:

the i’th particle

-

\_

o1 =
<

ko1 = ko + k1

relative velocity:

k1
4 )
kK
Vor =~ -
<0 <1
\_ J




Recurrence relations between wave functions

4 p
(—)
€ v
U,1(ko, ki,... ky) = = O, (kot, ko, ..., En
ok = G D g, o e )
- y
<0
L » ko
) raction of longitudinal 201 = 2o + 21

momentum of i’th particle

k . transverse momentum of

—1

reduced mass:

the i’th particle

ko1 = ko + k1

-

\_

o1 =
<

relative velocity:

r

Vo1 —

\_

kq

<0

ky

<1

~

J

Isomorphism with non-relativistic dynamics apparent in the

variables.



Light cone wave function

Case of the on-shell incoming gluon.
Can resum the wave function completely.

_ Vi) > 1
— D1 Ui (1,2,...,n41) = g v, i+ 1), n+1) n—n-—+
Z e

DU, (1,2,...,n) = gz (’“"““) U, 1(1,2,...,(kk+1),...,n) n—1—mn

\/ (k,k+1) " 1



Light cone wave function

Case of the on-shell incoming gluon.
Can resum the wave function completely.

o (z i+1) .. 1
— D1 Wi (1,2, 0+ g§: U,(1,2,...,(Gi+1),...,n+1) n—n-—+
\/ S(z i+1)
(k k+1)
\/ (k,k+1)

Tree-level gluon wave function with exact kinematics

1 1
\ijn, 1727,..77?/ — _1 n_lgn_l A(n>
( ) (=1) V2122 .- Zn §(12..n—1)n §(12..n—2)(n—1n) - - - §1(2...n)

1

V(12..n—1)n Y(12..n—-2)(n—1n) -+ V1(2...n) .

X

kiy + iy + oAk Ky k. E,

V(; ,
( Zi1‘|—2i2‘|—---+zz'p Zj1—|—2j2+...—|—2jq

zlig...ip)(j1j2---jq) —

(Zz'l —I—ZiQ—I—...‘l—Zip)(Zjl —|—Zj2‘|—---‘|‘zjq)
Ziy + Zig + ooz, a2 F 2, 2,

Eivin.ip)(Gijorjo) =




Light cone wave function

Case of the on-shell incoming gluon.
Can resum the wave function completely.

o (z i+1) .. 1
— D1 Wi (1,2, 0+ g§: U,(1,2,..., (ii+1),...,n+1) n—n-—+
\/ S(z i+1)
(k k+1)
—D,V,(1,2,...,n) _.g§: U, 1(1,2,....(kk+1),...,n) n—1—n
\/ (k,k+1)

Tree-level gluon wave function with exact kinematics

1 1
\ijn, 1727,..77?/ — _1 n_lgn_l A(n>
( ) (=1) V2122 .- Zn §(12..n—1)n §(12..n—2)(n—1n) - - - §1(2...n)

1

V(12..n—1)n Y(12..n—-2)(n—1n) -+ V1(2...n) .

X

ki +hiy +.. ki kj ki, .tk
Zin +2i,+. vz, oz ez, oz gl
1 2 J1 J2 J } k

(Zz'l —I—ZiQ—I—...‘l—Zip)(Zjl —|—Zj2‘|—---‘|‘zjq)
Zig + Zig + oot 2, 2 gyt 2y, }n_k

U(ivia...ip)(j1d2.--dq) —

Eivin.ip)(Gijorjo) =




Fragmentation functions

For special case of : (4 — + 4+ - - - +) transition
7 3/2 1
T,[(12...n)" = 17,27 ..., nt] = —ig)”—l( L )
<1 <n Von-1Yn-1n-2...V21



Fragmentation functions

For special case of : (4 — + 4+ - - - +) transition

3/2
<l...n ) / 1

T, [(12...n)" > 17,27, ..., n] = (—ig)”_l(
< Vun-1Vn-1n-2-..V21

From this (off- shell) object one can obtain on-shell amplitude



Fragmentation functions

For special case of : (4 — + 4+ - - - +) transition

3/2
<l...n ) / 1

T.0(12...0)" > 1,2, ..., nt] = (—ig)”—l(
< Vun-1Yn—-1n-2-.-V21

From this (off- shell) object one can obtain on-shell amplitude
Tn — -/42—>n

ki1 — —kq A1 — —Aq and remove the first energy

denominator

as a result of energy

D, —0 AH > ++--4) =0 conservation




Fragmentation functions

Factorization property (see also cluster expansion Brodsky et al)

| 50 k]_
: K(1...4) 0'......0:00 k2
coe Y. .
L : . .....uuoﬂo,,...
Th+1 = (12...n+1) <P 200, e,
: Qoo (s ke
! 00..""000“0 0D Fi4-2
! (i4+1...n+1) 00000, Kt
for the special case of only ‘+’ helicities:
2i - VL i+ 1on
Toil(12..n+1) > 1,2,...n+1] = ——= @.D@. ntD)
Duvt S\ Véa.ivistont
XT;[(1...9))—>1,..., | TG+ 1...n+1)>i+1,..., n+1]}

Special case of light-front Berends-Giele recursion
relation



Relation to Parke-Taylor amplitudes

4 )
M, = Z tr(t® 1t ...t ) m(p1, €1; P2, €25 - - -3 Py €n)

{1,...,n}
~ J
Color part / \ Kinematical

part




Relation to Parke-Taylor amplitudes

g )
— Z tr taltag tan) (phel p27€27"'7pn76n ,

Color part \ Kinematical

part

Maximally Helicity Violating amplitude for gluons: 2 to n

Here: all
gluons are
outgoing




Relation to Parke-Taylor amplitudes

4 )

tr ta1ta2 ta”) (p1,€1 pQ,EQ,...,pn,En ;

Color part \ Kinematical

part

Maximally Helicity Violating amplitude for gluons: 2 to n

Here: all
gluons are
outgoing

Tree level,Parke-
Taylor formula

(12)°
(12)(23) ... (n—2n—1)(n—1n)(nl) "’
. J




Light-front to MHYV dictionary...

i) = galh) = S0 =m)0(k)

@lg)y =G —1li+), lig]={+1j-)

k. k.
(i) :mg(ﬂ . <—_z_ —J

24 < g

-

\_

(ij) = ziz; €7 v,

~

J

)

(1| = Yi(ks)

]

spinor products

L.

2

~j

-

\_

17| = ziz; ™) V55

~

J

A TR 7
| = Vzizj € (———

)



More general recursion

MHV amplitude ( I SRR —|—) (here all particles outgoing)

Tn ( | 5 .. _|_) (Ist is incoming particle)




More general recursion

MHV amplitude ( I SRR —|—) (here all particles outgoing)

(Ist is incoming particle)

Iy

VR
2\
N—"

T.02...n)" — 17,2, ..., n"] = M,

M, = V., \/Z1Z2 - ntl T,[(1.. ) = BN AN ] Tha-jl(j+1...n+ D> G+D",..., (n+1)"]
= 21...j%j+1..n+1
- {142 « - -+ Zn+1 o — — + o+ . + . + +
+ V_ Ti[d.../)  —>1.,2",..., J 1T l(j+1...n+ D" > G +1)7, ..., (n+1)7]
P 21...j%j+1..n+1
Cgad 2122 .- -2
£ (Vi + Vo) \/ e ATCIA) S R A i
= =l Z1...i%i+1...j8 j+1...n+1
X Tj_l-[(i+1...j)+—>(i+1)Jr ..... 7] T,m_j[(j+1...n+1)+—>(j+1)Jr ..... n+1)7].

light-front analog of Berends-Giele recursion relation



Diagrammatic recursion

n
| | :
: : o"' :1’ :
| | o 00“ 2, +
I I '““ :
u““° . !
: Ik Onon., k;, + :
E" EJ ! : > (1...8)2 = I I +1...5
i=1 & OO0 i+1, T S 2% 00
: k(@+1 g) T Q% ....n kKive,+  yn g1 LR | ”o.,q QS5000 kiy2,+
00000POP000G000000000 . =2 “i=1 : S : /
k(l...n—l—l)a “.‘ : ..0’00.. k.. + [ ; [ ....0.. kJ) +
D J? | O |
: k(j-|—1...n-|-1)’ + 5 ... k- G415 —+ | k | ....0 kj—i—lv +
! o,.... @ .“““ kg—|-2> + k1., n41)s T BR(G+1. n+1)s t ‘,::“.“. kji2,+
I QQ0 00000G000Y 00000000000.0 S
|
|



All MHYV on the light front

Lowest order amplitudes:

Moy = 2i*g' My s,

(

My =2i"g> {Mj_4 —

\ \

off-shell

Dy Ty 11

Mz =2ig {M1—>3 -

D3 212321234 24 V4(1234)

on-shell

-3 —

D3 {123 1 M1—>2}
D> 712 73 v3123) )

\
Dy Ty 1 I M

Dy 7122123 2324 V34 V3(123) |




All MHYV on the light front

Lowest order amp

litudes:

_ _ D>z 1 M
2 1 3 2 3 4123 1-2
Mo =2i"g M, M3 =2ig {M1—>3 — ,
D> 712 z3 v3(123)

( 2 2 )
=7 4 3 Dy 3y 11 Dy Zipzy 1 1 My
M4 =20"g° M54 — 153 — —. .

\ \ D3 212321234 24 Va(1234) Dy 7122123 2324 V34 V3(123) |
off-shell on-shell
Solution by induction:
( n—1 )
1 1 M1—>i
M1—>n — 2lngn : s My — Zl N Z
\ ! 21002001 Zigl - Zn Vidl i42 -+ - V-1 Vi+1(1...i+1)Di}
4 ; ; )
1..n)1
M1—>n — l..n <1 ( 1)
2243+« . Zn V12V23 - . - Vu—1 nVa(l...n)
\ J
- N e ) N
_— Dn — O el Z-gn—2 <12>
M, > 2 M, (12)(23) ... {n—2n—1){(n—1n){nl)
. ) - J
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Summary and next steps

All MHYV tree level amplitudes computed on the light front.

Recursion relations can be formulated and solved on the light
front. Recursion for wave functions and fragmentation functions.

Next steps: possibility of diagrammatic proof of BCFW (Britto-
Cachazo-Feng-Witten) recursion relation in the light-front
perturbation theory.

Can the last recursion (i.e. between off-shell and on-shell
amplitudes) be used for higher order computation?



Computing Group
Round 2



Exploring Electromagnetic Properties on the Lattice

Brian Tiburzi
1 November 2013

Ci Cllege Ri NL

Of NeWYOI‘k \ Research Center



Exploring Electromagnetic Properties on the Lattice

e Goal:
Determine hadron properties from
Lattice QCD

e Hadrons: pion, nucleon, light nuclei

* Properties: electromagnetic to start




Ambitious electromagnetic observables to compute

Electric & Magnetic polarizabilities of pion

U. S. Depa of Er
i = e e Ll
“T ¢ (//( 1san C—/{/(, T

\ 1
\/\ /\/\/\/

e ChPT vs. Experiment: 2.50 discrepancy

[ Large cast of characters... ]
o Will COMPASS resolve? JLAB expt. approved...

e Contribution to hadronic light-by-light (constraint in 1t loop models)
[ Engel, Patel, Ramsey-Musolf PRD (2012) & 1309.2225]

Magnetic polarizability of nucleon

e Experiment: 50% - 100% uncertainty

e ChPT in single and few nucleon systems

[ Large cast of characters... ] e 'PANDA @ FAIR |
AR @ RHI L=

. . . . . e HI collider ’ e anti-proton beam £ Duel:;na -
e Dominant error in determining nucleon EM mass splitting ;gfgtéﬁvpemwev h outs ek :gf;;y:pe.
[ Walker-Loud, Carlson, Miller PRL (2012) ] : b~ g _yHypHI @GSt
. . Ty - B « single A-hypernuclei C
e Help constrain proton structure corrections to y-H Y| irpemide ot cxreme i
[ Hill, Paz PRL (2011) ] [y T S,

® anti A-hypernuclei ‘| e y-ray spectroscopy for
e exotica? single A

2010 2020

 single A-hypernuclei « stopped-K- reaction -
* A-wavefunction ALICE @ LHC « single A-hypernuclei | ° intense K- beam .
‘ URHIC collider « y-ray spectroscopy || ° A and AA-hypernuclei

Moments and polarizabilities of light nuclei

KEK JLAB > HYPHI PANDA
7 FINUDA RHIC JPARC
AHG LHC MAMI

o Little known about moments of A hypernuclei iHe



Exploring Electromagnetic Properties on the Lattice

e Prior work:

Electric polarizabilities of pseudoscalars
[ Detmold, Tiburzi, Walker-Loud PRD (2009) |

Nucleon magnetic moments and electric

polarizabilities
[ Detmold, Tiburzi, Walker-Loud PRD (2010) ]




Lattice QCD In

—xternal Fields

Couple classical electromagnetic fields to quarks and then study hadron spectroscopy

DM — au —I—ZgG,u —|—2un

‘t Hooft quantization

2N
q& = 5—L

-

Gauge links

U, (x) =95 @) ¢ SU(3)

e.m. _ tqA,(x
U™ (z) = ") € U(1)

Strong magnetic field studies on
thermodynamic lattices

[ Chernodub, et al.]
[ D’Elia, Mukherjee, et al.]
[ BM&W collaboration]

Exploratory weak electric field studies:
U(1) field couples only to valence quarks

[ Detmold, Tiburzi, Walker-Loud ]



| attice QCD in Electric Fields

Method basics are basic

® Measure hadronic correlation functions in classical electromagnetic fields
e Study field strength dependence to determine parameters in effective action

nt:n=1

E.g. charged pion in electric field
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| attice QCD in Electric Fields

Method basics are basic

® Measure hadronic correlation functions in classical electromagnetic fields
e Study field strength dependence to determine parameters in effective action
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E.g. charged pion in electric field
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| attice QCD in Electric Fields

Method basics are basic

® Measure hadronic correlation functions in classical electromagnetic fields
e Study field strength dependence to determine parameters in effective action
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| attice QCD in Electric Fields

Method basics are basic

® Measure hadronic correlation functions in classical electromagnetic fields
e Study field strength dependence to determine parameters in effective action

nt:n=4

E.g. charged pion in electric field T ons)
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[ Detmold, Tiburzi, Walker-Loud PRD (2009) ] :_ T
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L attice QCD in External Fields

Method basics are basic

® Measure hadronic correlation functions in classical electromagnetic fields
e Study field strength dependence to determine parameters in effective action

E_g_ neutron in electric field [ Detmold, Tiburzi, Walker-Loud PRD (2010) ]
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L attice QCD in External Fields

Method basics are basic

® Measure hadronic correlation functions in classical electromagnetic fields

e Study field strength dependence to determine parameters in effective action

E_g_ neutron in electric field [ Detmold, Tiburzi, Walker-Loud PRD (2010) ]

0.25¢

0.20
0.000 0.005 0.010 0.015 0.020 0.025 0.030

a,a; e &

Te[PLG(T)] = Z (1 +

uE
2M]2V> eXp(—TEeﬂ:)

Simultaneous fit to “boost-projected” correlators
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Exploring Electromagnetic Properties on the Lattice

e Recent work:

Treating Landau levels
[ Tiburzi & Vayl PRD (2013) ]

Critique of Dirichlet boundary
[ Tiburzi PRD (2013) ]




Lattice QCD in Magnetic Fields

.......

Method basics are basic Pheey | oot B

® Measure hadronic correlation functions in classical electromagnetic fields
e Study field strength dependence to determine parameters in effective action
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[ Tiburzi & Vayl PRD (2013) ]



Lattice QCD in Magnetic Fields

........

Method basics are basic eeyl ! oo’ [®

® Measure hadronic correlation functions in classical electromagnetic fields
e Study field strength dependence to determine parameters in effective action

- - g ng=1
E.g. charged scalar in magnetic field  oc5
0.620 .
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Need to measure small energy shifts This model does not have hadronic excited states

[ Tiburzi & Vayl PRD (2013) ]



Lattice QCD in Magnetic Fields

........

Method basics are basic eeyl ! oo’ [®

® Measure hadronic correlation functions in classical electromagnetic fields
e Study field strength dependence to determine parameters in effective action

: - g ne =1
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This model does not have hadronic excited states
... but there are Landau levels

[ Tiburzi & Vayl PRD (2013) ]



Lattice QCD in Magnetic Fields

........

Method basics are basic eeyl ! oo’ [®

® Measure hadronic correlation functions in classical electromagnetic fields
e Study field strength dependence to determine parameters in effective action
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[ Tiburzi & Vayl PRD (2013) ]



Dirichlet Boundary Conditions

¢ Frustrate spontaneous chiral symmetry breaking (MM

|

Chopping lattices in time

).
é 2). External field calculations (competitors!)
3). Lattice QCD in rotating frames
).

4). Schrodinger functional SFBCs
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Exploring Electromagnetic Properties on the Lattice

e I[n progress

NRQED Matching
[ Lee & Tiburzi |

Volume and pion mass dependence
[ Detmold, Tiburzi, Walker-Loud |]

e Outlook

Computation of polarizabilities challenging
Many things to explore (e.g. magnetic case, gauge field reweighting, B>1)



Confinement and Chiral Symmetry Breaking

|[BACKUP]

e Rephrase as: can ChSB be confined to a sphere? (Yp(R)) =0
Enforcing “bag-model” confinement [ Chodos, Jaffe, Johnson, Thorne, Weisskopf ]

* [n sigma model answer appears to be NO... for any R!

1 1o =
51Xo] = 7 /v {§V20 - Vo 4+ A5 - 7’2)2}

4 PR3
ST R
spherical symmetry ‘
t~r, a1 - L $_2 1 Numerically appears only trivial solution
2 \ t? Analytical proof...

¢ Model points to impossibility of confining the condensate

e Reimagine: spherical droplet of symmetric matter?

Only oscillatory solution for condensate asymptotically
Quark mass effects? Not likely...



New theories, new physics, and lattice simulations

P

Ethan T. Neil
RBRC Scientific Review Meeting
October 31, 2013




Overview

Many puzzles in particle
physics today!

Theorists come up with new
models to explain some of
these mysteries, and study
experimental signatures.

Things become hard when
coupling is strong!
Intersections with QCD
important. Properties of
new strongly-coupled
theories murky.
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Lattice is an important precision tool to separate QCD and new physics, and a
“numerical laboratory” to expand our knowledge of new theories!




New strongly-coupled theories, new physics

- Physics of QCD is very rich - many composite states with complex interactions, from a
handful of parameters

- Not only that, specific phenomena in QCD have obvious applications to other problems!

spontaneous xSB Higgs mechanism

neutral bound states dark matter

- QCD is just one example in a huge space of strongly-coupled gauge theories...
what changes if we play with the dials?



=xploring the Space

A subset of strongly-coupled theories _ Oa 5 g
containing QCD: SU(Nc) gauge plo) = J(log i?) /50a e
symmetry, Nr light “quarks”. . ) /

(QCD: Ne=3, N=2,3,4) Po =17 (?Nc—g f)
- Strongly-coupled fixed point B = 161%2 (334N3 - {?N - Ni] Nf)

near the transition - lattice!

B(a)

-
-




Composite Higgs



Composite Higgs, briefly

We have a Higgs, thanks

\s=7TeV,L<5.1fb" \s=8TeV,L<19.6 b’ |
Sxi (l;;c.;liminary m,, = 125.7 GeV to the LHC!
Hobb - + We don’t have anything
o i else yet...which means we
still have a naturalness
Wlensen| T (fine-tuning) problem
o + f Higgs Is a composite
pound state, we fix the
% Bestfitolo, oroblem: loop effects cut

off at compositeness scale



Arkani-Hamed ‘12

TTEWMPH of l/\/z:'ﬂk Guwwé
— > -

(Higgs-less)
TecHicolPR

1435 — 20!

R .IT.7T

Composite Higgs/dynamical EW symmetry breaking is no more
dead than TeV-scale SUSY...but the “obvious” variants of both
theories are certainly buried by the LHC first run.



Towards the conformal window

Ne

- What effect does approaching the transition have on the spectrum? Other
phenomenology?

- As part of my work with Lattice Strong Dynamics (LSD) collaboration, investigate
trends moving away from “QCD”. So far, compare Ni=2 to Ni=6. Nf=8 next!
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°henomenology near the conformal window

S-parameter
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m 0.3
Chiral condensate S Lol ]L
(fermion mass) A N2
® N;=6

Mp/My,



°henomenology near the conformal window
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Composite dark matter



Composite Dark Matter

Composite dark matter: stable,

neutral bound state of
charged components

Charged states can freely
iInteract when deconfined in
the early universe

Origin of mass scale
independent of EW symmetry
breaking/Higgs

Can naturally arise as part of
more complete strongly-
coupled models (technicolor/
composite Higgs) - but
appealing on its own

WIMP-Nucleon Cross Section [cm?]

—
:l

-

o

IIIIIII Ll lJ L A B B B

XENONI00 (2012)
— 0bserved limit (90% CL)
Expected limit of this run:

+ Al
DAMA/I B + 1 o expected
+ 2 ¢ expected

- -‘-S--"&"";LE (‘20\2)

S
&
=

S
2

CRESST-11 (2012)

3

-

’ -

" -t
-

S
b

3

<
IR
»

AR

210 310 40 50 100
WIMP Mass [GeV/c?]

200 300 400 1000

13



Sasic setup

- QCD-like model: SU(3) gauge group with N¢=2 or 6 light* fermions.

(i=1...N;/2) [ SUB)p | SUB)C | SUQR). | Uy
Qy 3 1 1 +2/3
oF 3 1 1 -1/3

*The opposite limit (heavy fermions) is interesting too! - see 0909.2034

- Not a model of EWSB, but a simple stand-in (and a valid DM model itself.)

- Our goal is extraction of EM form factors, to be obtained by directly
measuring overlap of baryon matrix elements with EM currents:

(N (p")|9py*4p| N (p)) “neutron” spinor
“quark” spinor /_y I o I iO“”qV_ —
= U() | FY Q" + F (@) gy !




Kneut

0.0
-0.5}

-1.0"

—20'
25/

—3.0LL

Dark matter detection:

(T. Appelquist, EN, et al., LSD collaboration)

Mg/ Mg,

» Electromagnetic form factors of

“neutron” (defined right, shown
above) crucial for DM direct
detection.

« Simulation results show little to no

trend of reduction from N:=2 to
Ni=06!

-M form factors

http://cdms.berkeley.edu/Education/DMpages/science/images/NucRecoilAtoms.jpg

(N(p') Iﬁv_“q\N ()

=Ty | F{ Q)" + F5(Q)

WIMPs and Neutrons
scatter from the
Atomic Nucl#is

]

/| Photons and Electrons
scatter from the
Atomic Electrons

wot”q,

2Mp
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http://cdms.berkeley.edu/Education/DMpages/science/images/NucRecoilAtoms.jpg

(M. Buckley and EN, Phys. Rev. D87, 043510 (2013)

Another construction: thermal composite DM

_ SU2)e|SU@B)c|SU2)L|U(1)y |U(1)x
L = QZ(Zﬁ -+ mZ)Q@ Qu 2 1 1 +1/2 | +1/2
Qd 2 1 1 —1/2 | +1/2

- Canonical example: two flavors of SU(2)e "ectocolor”, charged under
fundamental 2=2. With mi=0, field redef. lets us rewrite as big four-
component Weyl spinor:

< %’,L = —iQi,Rngz > Lo (Qi’L’%,L) 5.D ( Qz‘,L )

i, = 10272Q4R Yi.L

- Manifest SU(4) global symmetry. 2 is pseudoreal, so pattern SU(4)->Sp(4)
yields five PNGBs:

H+ — Qu@cb 1 = Qd@’un HO — (QUQU - Qd@d)
N = Qqu, N — Qu@d

- Charged pions carry U(1)y, ectonucleons are EM neutral but carry net U(1)x,

preventing decay. Set my=mg=mg<<A, so we can work in PT.
16



Thermal history: relic density
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From three to tour

In progress: study of four-
color composite DM:
bosonic baryons!

- Work w. G. Kribs (Oregon)
and M. Buchoff (Washington)
on model setup. Minimal
construction to allow
couplings to all EW + Higgs
without running into precision
bounds

aM

First LSD spectrum paper
forthcoming - calculation of
form factors next

Field SU(4)D (SU(Q)L, SU (Q)RX U(l)y/
Model 1 Model 2
Fy 4 (2,1)o (2,1)112
Iy 4 (27 1)0 (27 1)—1/2
b3 A;l (172)0 (172)—1—1/2
Fy 4 (172>0 (172)—1/2
0.8
>’ spin-2 —_— =
0.6:— Splﬂ—1 —— —— 7
- spin-0 —— —+=
0.5
| nucleons
0.4/
0.3 V L — o
I — ——
0.2 PS D — e
Olso 055 060 065  0v0 o075




Future directions

- Extension of phenomenology work in SU(3) gauge theory with large
Ni. PNGB form factors, Ni=8, light scalar?

- Application of SU(2) enhanced symmetry to composite Higgs

models - Higgs as a PNGB. Inclusion of dynamical top-quark
effects in simulation”

+ Calculation of “pion” form factors in SU(2) gauge theory -
application to both PNGB Higgs and thermal composite dark matter

- Other applications of novel gauge theories: work on SU(4) with anti-
symmetric rep. fermions at finite chemical potential in progress (with
DeGrand, Liu, Svetitsky, Shamir); large-Nc relation to QCD



— USQCD US Lattice Quantum Cire modynarmcs

7 attice Meets Experlment 2013:
**~-1=;‘ Beyond the‘Sta‘ndard I\/Iodel

Topic areas:

- proton decay e s ML :
- nn oscillation ~ 7 e ', . ehimsee e
- anomalous EDMs . o N 3
- supersymmetry

- composite Higgs

- composite dark matter
- many-fermion theories

- G. Fleming (Yale)

- C. Lehner (BNL)

- E. Neil (Boulder/RBRC)
- T. lzubuchi (BNL/RBRC)
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Backup slides



The unbearable lightness of Higgs

Higgs state from |

strong theory }f\;é %
clearly needs to B - V- -
be “light and

narrow”.

EW loop effects
(esp. top) and
Kinematics are
important! Even
QCD sigma can
be reasonable...

0.0 0.5 1.0 1.5 2.0
k Iy
(from Foadi, Frandsen, Sannino, arXiv:1211.1083)



Constructing the form factors

« Calculation of three-point Len
function: nucleon source/
sink with EM current
Insertion.

Cnn (T, P) Ze " T)N(0))

Crnon(r,T, P, P) —Ze PP o

X,y

N(x,T)O N (0O
X (N(x,T)O(y, 7)N(0)) (caveat: no quark-disconnected diagrams!)

- Combine with two-point function in appropriate ratio in order to get the
desired matrix element from large Euclidean time behavior:

Cnon(7,T,p,p’) v | .
VCNN (T, p)Cyn (T, p') > | <N P/)K)‘N(p» ﬁ
+ O(e 2t

(
9 Cyn(T —7,p)Cnn(T,P') +O(e™27) + O(e~AT=7)
Cyn(T —7,p")Cnn (T, P)

RO (7_7 T7 P, p/) —

)
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B Physics on the Lattice

Tomomi Ishikawa
(RIKEN BNL Research Center)

tomomi@quark.phy.bnl.gov

D BROOKHIVEN
)/" Research Center NATIONAL LABORATORY

RBRC Scientific Review Committee Meeting
2013/10/31-11/01, RBRC, USA
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CKM matrix and B Physics

» The CKM matrix
Cabibbo-Kobayashi-Maskawa

(CKM) matrix

d/ d Vud VUS VU.b

g/ = VokMm S = | Vg Ve Vo
_b/_ _b_ _th Vts th
S~ ——

weak - mass
eigenstates eigenstates

» Lattice QCD for nonperturbative QCD effects

9. B — 1U

- Branching ratio: EXP (1.65 -

-0.34) x 107* (PDG’”

Br(B — Tv) =
f

experiment

G%mBm

2
-

ST

(1

2

m
> ) f%|vub’27-B
mB T

lattice QCD

b W T
2)>NM/\<

U

- Knowing fp and experimental value Br(B — TV)exp , WE CanN

obtain CKM matrix element V,;, .

2



CKM matrix and B Physics

» Gold-plated “lattice” process

Vaud Vus Vaub - 1 hadron in the initial state, O or 1
T — lv K — v B — wlv . .
K =l hadron in the final state
Ved Ves Veb - stable hadrons (or narrow, far from

D — v D, —1lv B — Dlv
Doy DKy B Dy threshold)

Via _ Vis _ Vi - controlled chiral extrapolation
B, < By Bs <+ B,

» Constraints to the CKM unitary triangle

- overconstrain —— unveiling NP

- Amy & Am,

- b quark is suitable for studies of gy

the limits of the SM and in searches i a2 U
in BSM. = ool :., “
(sufficiently heavy to have a huge of A

number of decay modes, sufficiently
light to be produced a lot)




RBC/UKQCD activity on B Physics
» Heavy Quark Effective Theory (HQET)

- Based on heavy quark expansion
- Lowest order of the expansion is static approximation.
~10% uncertainty

- By including O(1/my) the uncertainty is reduced to ~1% level.
- Old fashioned, but clean.

- can be used for interpolation between lower mass region and
static point.

» Relativistic Heavy Quark (RHQ)

- O((mga)™)("n) error is removed by tuning action parameters in
mass dependent way.

- applies for all quark mass region from light to heavy.
- has a smooth continuum limit.



RBC/UKQCD B Physics papers (Static)

» V. Gadiyak and O. Loktik, Lattice calculation of SU(3) flavor
breaking ratios in B° — BYmixing, Phys. Rev. D 72 (2005) 114504
[hep-lat/0509075].

» O. Loktik and T. lzubuchi, Perturbative renormalization for static
and domain-wall bilinears and four-fermion operators with
Improved gauge actions, Phys. Rev. D 75 (2007) 034504 [hep-lat/
0612022].

» C. Albertus, Y. Aoki, P. A. Boyle, N. H. Christ, T. T. Dumitrescu, J.
M. Flynn, T. |, T. lzubuchi, O. Loktik, C. T. Sachrajda, A. Soni, R. S.
Van de Water, J. Wennekers and O. Witzel, Neutral B-meson
mixing from unquenched lattice QCD with domain-wall light quarks
and static b-quarks, Phys. Rev. D 82 (2010) 014505 [arXiv:
1001.2023 [hep-lat]].

» T.1, Y. Aoki, J. M. Flynn, T. Izubuchib, and O. Loktik, One-loop
operator matching in the static heavy and domain-wall light quark
system with O(a) improvement, JHEP 05 (2011) 040 [arXiv:
1101.1072 [hep-lat]].
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RBC/UKQCD B Physics papers (RHQ)

» H.-W. Lin and N. Christ, Non-perturbatively Determined Relativistic
Heavy Quark Action, Phys. Rev. D 76 (2007) 074506 [hep-lat/
0608005].

» N. Christ, M. Li and H.-W. Lin, Relativistic Heavy Quark Effective
Action, Phys. Rev. D 76 (2007) 074505 [hep-lat/0608006].

» Y. Aoki, N. H. Christ, J. M. Flynn, T. Izubuchi, C. Lehner, M. Li, H.
Peng, A. Soni, R. S. Van de Water, and O. Witzel, Nonperturbative
tuning of an improved relativistic heavy-quark action with
application to bottom spectroscopy, Phys. Rev. D 86 (2012)
116003 [arXiv:1206.2554 [hep-lat]].



Talks at LATTICE 2013 @ Mainz

LATTICE
13

“The form factor for B to 7T semileptonic decay from 2+1 flavors

of domain-wall fermions”, T. Kawanai (BNL/RIKEN)

“A new computer algebra system for (lattice) perturbation theory
and the RBC/UKQCD heavy quark program”, C. Lehner (BNL)

“The B™ B coupling with relativistic heavy quarks”, B. Samways
(University of Southampton)

“Chiral and continuum extrapolation of B-meson decay constants
computed using domain-wall light quarks and nonperturbatively
tuned relativistic b-quarks”, O. Witzel (Boston University)

“Neutral B meson mixing with static heavy and domain-wall light
quarks”, T. | (RBRC) [Static]



BY — B mixing using static approx

— .. Y. Aoki, T. I, T. lzubuchi, C. Lehner, A. Soni
» B — B0 mixing | |

q = {d,S}

- Neutral mesons are not eigenstates of the weak interactions.
- NP comes through loop diagrams.
- Mass difference between physical eigenstates:

2
) UBMB

My

mW

— constraints to Via, Vis

- AB = 2 mixing matrix elements (non-perturbative hadronic)

8
'MBq <B |[b’7,uPLQ] [b’Y,uPLQHBO> gmB fB BB
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BY — B mixing using static approx
» SU(3) breaking ratio ¢

Vid
Vis

_5\/Amdes ¢ B, M,

Ams mp, mp. MBd

- The most attractive quantity in the mixing phenomena
- Many of the uncertainties cancel in the ratio.
- In the simulation, fluctuations are largely canceled in the ratio.

» Ratio quantities (&, fB./fs,) in the static limit

- Error coming from the static approximation is reduced to:

g — A
O (m ML QCD> ~ 2%
Aqcp mMp




Lattice setup
» Standard static action with link smearing
Satat = > U (Z,1) [xph(f, t) — Ul(Z,t — )Wy (Z,t — a)]

- Reduced 1/a power divergence by link smearing
HYP1, HYP2

» Domain-wall light quark action

- 5 dimensional formulation
- controllable approximated chiral symmetry

L

» RBC/UKQCD ensemble [Phys. Rev. D 83, 074508 (2011)]

action 1/a |GeV] lattice size [fm| m, [MeV]
DWEF + IW 1.73 24° x 64 x 16 2.8 320 — 420
DWF + IW 2.28 32° x 64 x16 2.8 290 — 400

10




Matching

» Operator matching
- Matching to continuum QCD (Static)

continuum QCD continuum HQET
(CQCD) = my (CHQET)

I RG-evolution

continuum HQET lattice HQET
(CHQET> w = a ! (LHQET)

Static with link smearing + DWF
1-loop PT, O(a) error is taken into account.
[T.1, Y. Aoki, J. M. Flynn, T. Izubuchi, O. Loktik (2011)]

- Automated lattice PT could reduce the burden.
A Physics System based on Hierarchical Computer Algebra

PhySyHCAI [C. Lehner (2013)]
- applied to RHQ tuning and operator matching



Chiral and continuum extrapolation
» NLO SU(2) HMChPT fit

f B [MGV] ~ f

290 | | | | \y T | T

" y/dof.=15 v°/d.o.f. = 0.1
280 |- — \ T

p-val = 0.17 13 \| p-val=1.00

i \ |
270 |- %/—/ % —
260 |- ’ -

1.2

f,y [MeV]
N
~
o
| | | : |
1/2
(Mg /Mg)

220 — 11
A 24c, HYP1 . A 24c, HYP1
210 A 24c, HYP2| _| A 24c, HYP2
L 32¢c, HYP1 B 39¢. HYP1
200 - 32c, HYP2| 32¢, HYP2
i @® cont, phys | ® cont, phys
| | | | 1 ! | I I
190, 10 20 0 10 20
m+m _ [MeV] m+m . [MeV]

- Chiral and continuum extrapolation are taken simultaneously.
- 2 kinds of link smearing (HYP1 and HYP2) are used in the fit.
- Linear fit function hypothesis is not excluded. (uncertainty)
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Static results
» Preliminary results [LATTICE 2013]

notincl 1/mb incl 1/mb Error budget on &

uncertainty uncertainty (total 5.3% error)
fz, [MeV] = 222(17), 222(31),
fe. MeV] = 265(19), 265(37), others
fB,/fBs = 1.192(43),  1.192(51), 1.1%
Mg, [(GeV)Y = 2.79(44),  2.79(56), perturbation statistical
Mp, [(GeV)* ] = 4.34(46),  4.34(69), 1.0% 3.39,
VMp /Mg, = 1.238(59), 1.238(66), phys quatk
Bp, = 1.15(13),  1.15(19), mass 1.3%
Bp. = 1.22(10),  1.22(18),
Bp./Bp, = 1.047(65),  1.047(80),

¢ = 1.218(58),  1.218(65).
(Systematic errors are included in the error.)

Reducing statistical and
chiral/continuum extrapolation errors important.

13



» Comparison

Static results

I L e I R e
f_, [MeV] f_. [MeV]
o o HPQCD 12 (NRQCD)
—@— —@— FNAL/MILC "11 (Fermilab)
ETM ’12 (Ratio method, Nf=2)
ALPHA '12 (HQET, Nf=2)
——e—— ——+—e—+—— | This work (Static)
IR L bl L]

160 180 200 220 240|260 200 220 240 260 280 300
1/mb uncertainty is included in the error.

1/mb uncertainty is not included in the error.

T T ]
S

|
st/de
@+ —@— HPQCD ’12°09 (NRQCD)
@ ——&—— | FNAL/MILC ’11°12 (Fermilab)
ETM ’12 (Ratio method, Nf=2)
O ® i RBC/UKQCD ’10 (Static)
H—@—+ ——@—+ This work (Static)
1 | 1|.1 | 1|.2 | 1|.3 1 | 1|.1 | 1{2 | 1|.3

Decay constants have ~10% deviation from other works.
Ratio quantities do not have such a significant deviation.

|4



Prospects

» Improvements for next

- All-Mode-Averaging (AMA) [T. Blum, T. Izubuchi, E. Shintani (2012)]
iImproved operator using lattice symmetry ——— good statistics

- Almost physical pion ensemble (Mobius domain-wall (RBC/UKQCD))

action 1/a |Gev] lattice size [fm| m, [MeV]
MDWEF + IW 1.75 483 x 96 x 24 5.9
MDWF + IW 2.31 64° x 128 x 12 5.5

- Non-perturbative renormalization |working with JLQCD (KEK) |

1/a power divergence needs to introduce additional renormalization
condition than usual one, but possible.

- Including 1/m; correction

It requires NPR. Uncertainty is reduced down to ~1%.

|5



Prospects

» Impacts of the improvements

dominant uncertainties

current error

13%

Bl /- - S
current future current future

19% 15%
MB _ MBS

current future

current future

I statistics [ chi extrap
|/mb

™ renorm

3.8%

- fB./fB

current future

5%

AT A €

=m_

current future



Prospects

» Everything would be consistent.

Static |
6 /1/*§mh slope
. | RHQ
QA
I usual
| \\\O relativistic
\'0'6_~~~
0 1/my 1/m.

~1/(4.2GeV)  ~1/(1.3GeV)

- Static + 1/mb correction (slope)
- Interpolation between static and charm quark region
- HQET and RHQ would give consistent results.

|7



Summary

RBC/UKQCD activity on B Physics: HQET(Static) & RHQ

RHQ: Calculations on B meson decay constants, B — w/v
process, B* B coupling are on-going or have been almost
finished.

Static: B meson decay constants and neutral B meson mixing
matrix elements obtained using static approximation. Almost
finished up.

AMA technique are now being used to substantially reduce
statistical errors.

Simulations at physical pion mass point are being prepared.
Non-perturbative renormalization is planned.

Considering to include 1/mb correction and make interpolation
between static and charm quark mass region.

2 approaches (HQET & RHQ) would be mutually beneficial.
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K — mr Decays

* Direct CP-violation first observed in K — mmwdecays.

e Two types of decay:

AI=3/2 . Kt — (7t7%—2  with amplitude A,

+
AI=1/2 : K° — (7777 )1=0 | |
KO — (7°7%)7—0 with amplitude Ao

/ iweiw? —d0) (ImAQ ImA())

e Direct CP-violation: € =
where W = RGAQ/RGAO
and oy are strong scattering phase shifts.

« € is highly sensitive to BSM sources of CPV.

ReAds ReAg

« Strong interactions very important — origin ([arXiv:1212.1474])
of the so-called Al =1/2 rule: preference to decay to / =0

final state.




Physical kinematics

Desire physical kinematics in the decay: E,, = mg
m, = 135 MeV and mg = 500 MeV : need moving pions
However ground state comprises stationary pions.

Could attempt to tune L such that first excited state energy
matches kaon mass.

Multi-exponential fits are required to extract excited state,
thus result will be very noisy.

Especially when there are disconnected diagrams (I=0), it
IS highly unlikely that a decent signal could be extracted.




Workaround for A7 = 3/2 calculation

* Circumvent problem by imposing antiperiodic BCs on d-quark
propagator. Changes finite-volume momentum discretization:

_2mn (2n+ 1w
T T )
« 7' /7~ become antiperiodic: d(z + L)u(z + L) = —d(z)u(x)
and hence have minimum momentum of 7 /L .

« Unfortunately neutral pion remains periodic (0 momentum
ground state) and we need =" 7" final state. However...

V3

2

 APBCs on d-quark break isospin symmetry allowing mixing
between isospin states: however this is prevented by charge

conservation as 7 7" is the only charge-2 state with the
remaining g-numbers.

« Wigner-Eckart theorem:

(T 7%) =2 QAETV2K ) = S {(n ) e Q272 K )




The AI =1/2 case

Must measure K% & 777~ and K° — 797°

Wigner-Eckart trick cannot be used for [ = 0 final state

If we stay with APBC on d-quarks, isospin-breaking would
allow mixing between I =0 and I = 2 final states.

No way to avoid requirement of moving 7 .

Would IikeOBCs that commute with isospin and produce
moving 7 as well as 7t and T

G-parity boundary conditions satisfy these criteria.




G-Parity Boundary Conditions

G-parity is a charge conjugation followed by a 180 degree
Isospin rotation about the y-axis:

Kim, arXiv:hep-lat/0311003 (2003)

A A

G=Cemlv o Gla%) = —|n¥)
G‘TFO> — _’770> Wiese, Nucl.Phys.B375, (1992)

With G-parity BCs pions are all antiperiodic: pmin = 7/L
G-parity commutes with isospin.

At the quark level: - < U ) ([ —Cd™ \ where C =~y

G d _< Cul ) in our conventions

In practise take ¢° = d, ' = Ca’ such that BCs transform to
Yz +2L) =9y (z+ L) = —¢'(z)

Requires extensive code modifications to treat two flavours that
mix at the boundary.




Gauge Field Boundary Conditions
« Dirac operator for ©" field involves conjugate links U™ .

 As this field transitions to the regular d-field at the
boundary, the links must also transition from U toU " , i.e.
links obey complex conjugate BCs (equiv to charge
conjugation BCs).

e Boundary link gauge transformation is unusual:
U, (L—1)— V(L —-1)U,(L—1)V*(0)

* Necessitates generation of new ensemble of gauge links
satisfying these BCs.

(Note: for other choices of BC, e.g. APBC, new ensembles
would still need to be generated, but due to presence of
disconnected diagrams)




Unusual Contractions

Flavor mixing at boundary allows contraction of up and

down fields: 15?531) _ C@_x |
:1(;?’12) : _dacugCT

Interpret as boundary creating/destroying flavor (violating
baryon number)

More Wick contractions /x‘Cﬂ,T (y)
to evaluate. u}
Some states mix at the |---- d

7
boundary, e.g. ﬁ
wud < ddu d(.CE)
hence the proton is not
an eigenstate.




Kaons

K — 7 calculation needs stationary KY

Need an eigenstate that is periodic under translations by L.
K = 3d is not a G-parity eigenstate: 5d <> 5u

Introduce 'strange isospin’ : s-quark in doublet ( i )

Can now form an eigenstate:

- 1 1
Ky=—(3d +us') = — (Ko + K
0 \/i( ) \/§( 0 O)

with e-val +1 (periodic).

Unphysical partner K, mixes with physical state K. For a
physical operator, e.g. 4,, = 5y°7*d , K|, only contributes after
propagating through the boundary: suppressed like e "x% |
a sub-% effect.

Up to these effects, only change is a normalization factor.




Locality

* Theory has one too many flavors. Must take square-root of
s' /s determinant in evolution to revert to 3 flavors.
Determinant becomes non-local.

* Non-locality is however only a boundary effect that
vanishes as L. — oo . With sufficiently large volumes the

effect should be benign.
» Estimate size of effect . Staggered ChPT?




Results: Pion Dispersion Relation

. Generated 16° x 32 fully dynamical test ensembles with
G-parity BCs in 0,1,2 directions.

0.38 — . ,
a ' =1.73(3) GeV :
0.36} |
m. ~ 420 MeV
0.34]
0.32}
o é
S0.30F
0.28}
0.26}
@
0.24}
0.0 0.5 1.0 15 2.0

— # G — parlty dirns ———




Results: Kaon Dispersion Relation

e Stationary kaon states demonstrated:

0.340 —

0.335
0.330
= 0.325¢ }
0.320

0.315

0.310 —

e 0.0 0.5 1.0 1.5 2.0 —

# G — parity dirns




Results: By

« K%+ K° mixing amplitude shown to be independent as
expected. Similar 4-quark operators to K — 7w calculation.

061 I I T T |

0.6 -
0.59 - ]

0.58 —
0.57F { —
% = |
A 0.56 -

0.55 -

latt

—O—
|

0.54 - -

0.53 -

052 ] 1 | ] | ] | ] I ] |

# twists




Ensemble for K — (n7);—, calculation

Evolution code (CPS+BFM) for Mobius DW and lwasaki+DSDR
gauge action with G-parity BCs is now complete.

Currently generating 32° x 64 x 16 ensemble USQCD BGQ
half-rack at BNL.

Parameters are the same as the ensemble used for the
Al = 3/2 calculation: 8 =1.75 (a~' = 1.37(1) GeV) and
m, = 143(1) MeV (PQ) , 171(1) MeV (unitary)

Mobius parameters tuned to match to regular DWF, allows
factor of 2 reduction in Ls for same physics.

Dirac matrix is intrinsically 2-flavor, hence det(MTM)
contains 4 flavors: must use RHMC even for light quarks.
Larger computational overheads make it more difficult to tune
evolution.







Status and Outlook

Substantial progress has been made in the march towards
calculating the Al = 1/2 amplitude.

Further investigation of systematic errors associated with
G-parity technique is required. However all tests to date
have not indicated any sicknesses with the approach.

D.Zhang (CU) and | are currently developing G-parity
contraction code using A2A propagators.

G-parity techniques may be useful for controlling errors in
other frontier calculations performed by RBC & UKQCD,
e.g. K; — Ks mass difference.




Extra Slides
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RBC & UKQCD 2+1f T=0
Simulations

 Multiple lattices:

Lattice Size Action I5; a ! Mz Range
(GeV) (MeV)

39% « 64 x 16 DWF+lwasaki 2.25 2.31
213 %« 64 x 16 DWF+lwasaki 2.13 1.75
393 « 64 x 32 DWF+IDSDR 1.75 1.37
643 % 128 x 16 Mobius+lwasaki 2.25 2.31
483 %« 96 x 16 Mobius+lwasaki 2.13 1.75




Simultaneous Chiral/Continuum
Fits - |
« Measured quantities: "xs Jx, MKk, [k, ma, Bk etc
 Symanzik theory (DWF - good chiral symmetry):
Y ({m},a) = foontam({m}) + Cq a* + O(ma*, a*, ...)

» Fits to data: can use ChPT or general analytic
function to describe continuum mass dependence.

« Mass dependence and scale dependence are
separable — can do combined fit to all ensembles.

 ChPT contains parameters shared between different
quantities (B, f, etc) — benefit from simultaneously
fitting multiple quantities.




Simultaneous Chiral/Continuum
Fits - |l
 Choose a 'scaling trajectory' through parameter

space along which we approach continuum.

e Each lattice has 2 unknown masses ( amy /4, ams )
and 1 unknown scale ( a ) that must be tuned to
match the real world.

» Can choose any set of convenient quantities. We use
mr/mq , mk/mq and Mo

* For these quantities the coeff. is de
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Nucleon Structure: Lattice Perspective

® \Vector Form Factors

magnetic moment
charge & magnetization radii

® Axial Form Factors

axial charge & radius
pseudoscalar coupling
pion pole dominance

® Decomposition of the Proton Spin

contributions of light quark spin and orbital motion
to the proton spin

® Parton Distributions on a Lattice

moments of parton distributions
generalized form factors
direct calculation of PDFs and TMDs on the lattice

Sergey N. Syritsyn Nucleon Structure on a Lattice RBRC Review, BNL, Oct 30-Nov 1,2013

Wednesday, October 23, 2013



Vector Form Factors

B _ 5 o\ 101 q
(P+al@y"q|P) = Upsy| FL(Q)" + B2 (Q*) 5= |Ur
2M
Dirac Form Factor Pauli Form Factor
1.1 | | | | | | 4 | | | | | |
LQCD (m_ =149 MeV) [LHP] e LQCD (m_ =149 MeV) [LHP] o
| Exp. fit [PRC70:068202(2004)] —— | ﬂ Exp. fit [PRC70:068202(2004)] ——
35 .
K - 3 F _
e o
g[-T-T GU:\I
| | 25 .
o o
T i 5 | 1
1.5 F .
0.3 | | | | | | 1 | | | | | |
0 0.1 0.2 0.3 04 0.5 0.6 0 0.1 0.2 0.3 04 0.5 0.6
Q” [GeV?] Q” [GeV?]

[Lattice Hadron Physics collaboration (SNS et al), in preparation]
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Isovector Dirac Radius

0.8 .
0l - — - HBChPT —*— up+ PDG ||

2 —— HBChPT+A  —— PDG 2012
0.6
§ 0.5F
b 0.4
S
&= 0.3F
=
0.2F = -
0.1F |

0010015 020 0925 030 035 040
m. [GeV]

F(Q) 1 - Q¥ + 0(QY)

[Lattice Hadron Physics collaboration (SNS et al), arXiv:1209.1687]
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Isovector Dirac Radius

0.8

- — - HBChPT
—— HBChPT+A

—*— up + PDG

—— PDG 2012

(filled points)

(open points)
- indicate excited
states contamination

10

0.15

0.20

0.25
m- [GeV]

0.30

0.35

F(Q) 1 - Q¥ + 0(QY)

[Lattice Hadron Physics collaboration (SNS et al), arXiv:1209.1687]
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Nucleon Structure on a Lattice
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Isovector Anomalous Magnetic Moment

S
|

KP — k"
%)

/{,U
DO
T

—— HBChPT+A *  PDG 2012

910 015 020 095 030 035 040
m. [GeV]

,{u—d _ FQu—d(QQ _ O)

[Lattice Hadron Physics collaboration (SNS et al), arXiv:1209.1687]
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Nucleon Axial Charge

(N(®)|av"°q|N (p)) = ga upy" v uy

Experiment (W.A.) [PDG’12]

ave

ga

1.4
A A1 }
1.3} r L T
1.2¢F ? % i - _% :_ ® ;* 4 L 1L ;
4 # & 1 g ﬁ A —% . o
1.1t g‘ y o
- 0}
¢ ¢
S 1.0F 0 i
0.9F
* PDG 2012 ( QCDSF’11,713 N; =2
0.8F A ETMC’10 N; =2 ® RBC/UKQCD 08,13 N; =2 + 1]
A ETMC’I13N;=2+1+1 m LHPC'ION; =241
o7l A ETMC’13 N; =2 @ LHPC'09N;=2+1
' W PNDME’13 N;=2+1+1 ¢ LHPC'12N;=2+1
CLS-Mainz 13 N; = 2 4 CSSM'12N;=2+1
O'%.l 0.2 0.3 0.4 0.5 0.6
m.|GeV]

Most calculations underestimate g4 by 10-15%

[SNS, Lattice 2013 plenary talk]

Sergey N. Syritsyn

Wednesday, October 23, 2013

Nucleon Structure on a Lattice

— 1.2701(25)

RBRC Review, BNL, Oct 30-Nov |,2013



Nucleon Axial Charge

(N()gv" v aIN(p)) = ga Gy up,
Experiment (W.A.) [PDG'12] ¢%'° = 1.2701(25)

1.4
A A1 }
1.3r T i L T
? @ T [ &X : | h I
19k % ! |- _% ' T 8 ; 44 )i +
4 # & 1 g ﬁ A —% . o
1.1t . | g |2 50
¢ ¢
S 1.0F ¢ |
0.9r
* PDG 2012 { QCDSF 11,13 N; = 2
0.8F A ETMC’10 Ny =2 ® RBC/UKQCD 08,13 N; =2 + 1]
A ETMC’I13N;=2+1+1 m LHPC'10 N; =241
o7l A ETMC’13 N; =2 @ LHPC'09N;=2+1
' m PNDME’13N;=2+1+1 ¢ LHPC’12N;=2+1
CLS-Mainz 13 N; = 2 4 CSSM’1Z2N;=2+1
O'%.l 0.2 0.3 0.4 0.5 0.6
m.|GeV]

Most calculations underestimate g4 by 10-15%
[SNS, Lattice 2013 plenary talk]
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1.30 x w w x x

1.25¢ T

1.20 ¢ -
ga"
1157 @ 323 x 48
¢ 322x24 1

1.10F| @ 243 x 48

¢ 243x24 1
1.05 L. 13 18 36 3.6
m.Ly 72 36 72 36

Finite size effects?
ga(Ls, Lt) = gX + Be™™rts 4 Cemnle

At m,. ~ 250 MeV

gl Lo =1 _ goo = _0.009(54)

gl b=t _ gee — _0.016(39)
[SNS et al, in preparation]
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Origin of the Nucleon Spin

Origin of the Nucleon Spin

Proton spin puzzle:
1989 EMC experiment finds

AY =) (Ag+Agq) =02...03

q
: 4 1 A
Spin sum rule: | Jyiue + %:Jq =3,
1
Jq — §A2q —I— Lq
\_ /
Quark Spin:
(N(D)gy"7°qIN(p)) = (AZ) [@pyH 'y up)]
Angular momentum (Jy):
1 ue ue
Jygiue = 5 |AZ5"(0) + B (0)]

where Az, B2o are E.-M. tensor form factors:

(N(p+q)| TLI" [N (p)) — {A207 Bao, 020}@2)

Sergey N. Syritsyn

Review of Hadron Structure

<~

T,Lqu/ — qu{,uDz/} q

1

Tﬁluue — GZAG,O/L)\ - _5MV(GMV>2

4

Lattice 2013, Mainz, July 29-August 3,2013
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Origin of the Nucleon Spin

Isovector Quark Momentum Fraction

—— BChPT x CTEQ6

O 0015 020 025 030 035 040
m. [GeV]

<x>u_d:/dxa:(u—|—ﬂ—d—d)

[Lattice Hadron Physics collaboration (SNS et al), arXiv:1209.1687]
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Origin of the Nucleon Spin

Quark Angular Momentum and Spin (Connected)

0.6 : : : - 0.6
0.5 : - I 1
Blue points: [LHP collab (SNS et al 0 *
0.4} g [ ( )] ] ol L A a }% ¢z * 4 & IAS,
A
0.3 ; é m 3 L A i - / = 0.3}
{ é A ETMC’13 (Twisted Mass Ny = 2(+1 + 1)
= 0.2r % $ ¢ QCDSF 12 (Wilson-clover N; = 2) . = 0.2F A ETMC 13 (Twisted Mass Nj = 2(+1 + 1) ]
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o) e S M Sy |
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0.3 i 3 ¢ 2 m g 2Ty
T <10% Y] L -
N y 02r 4F
e 1 ™ 0.1F 1
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0.1 0.2 03 0.4 05 0.6
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Origin of the Nucleon Spin

Summary & Outlook

Summary

% Calculations of nucleon structure on a lattice with
realistic light quarks are underway

% Some agreement is reassuring;
yet, (much) more work is required to properly control
all systematic effects

% Isolating ground nucleon state becomes difficult
at the physical point

Outlook

% Current project : QCD with chiral quarks at the physical point

% Speed-up a number of methods
eigenvalue deflation
improved stochastic estimators (all-mode-averaging)
“distillation” of nucleon interpolating operators

Sergey N. Syritsyn Review of Hadron Structure Lattice 2013, Mainz, July 29-August 3,2013

Wednesday, October 23, 2013
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BNL Future Plans

From RHIC to eRHIC

RBRC SRC Meeting
BNL
Oct 30 — Nov 1, 2013
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a passion for discovery
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RHIC — Hadron & Nucleus Collider

~—';‘_?»E‘n._-' v ——
Polarized Jet Target
12:00 o’clock

(CeC)- f‘ -

R H I C 2‘20 o clog
JPHENIX * o SN ,af":'ﬂ, R
. ’ . Ve, M PBacgs P 347 o A FREF =
8:000 CIOCk‘_~~ S - "i%;’w —.\& ‘ ”\__:;al_-; e RF
“";, '\S"I%J STAR T 4:00 o’clock
LINAC ﬁ" ,‘_,-'_‘ e 6:00 o’clock

b= Operated modes (beam energies):
“d Au-Au  3.8/4.6/5.8/10/14/32/65/100 GeV/n
S U-U 96.4 GeV/n
Cu—-Cu 11/31/100 GeV/n

- i p—p 11/31/100/205/250/255 GeV
Achieved peak luminosities: g | d—Au* 100 GeV/n

Au —Au (100 GeV/n) 195x10% cm?25s -1 L@l Cu—Au* 100 GeV/n

p—p (255 GeV) 210x1030cm? s 1 :,' ' Planned or possible future modes:

Other large hadron colliders (scaled to 255 GeV): &S5 T ALU_Au  2.5GeVin

Tevatron (p — pbar) ~ 110x10% cm?s 1 S A p—Au* 100 GeV/n

LHC (p—p) 490%x1039cm2s -t | e d p—3He* 166 GeV/n (*asymmetric rigidity)
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PHEENIX

559 collaborators from 12 countries

550 collaborators from 15 countries

aven Science Associates
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RHIC’s Mission

Exploring
the QCD
Phase Diagram

Tgmperaturg-'(Me\?) |

Bﬁryon Chemncal Potenﬁal Mg (MeV)

4 BIIIIOKI!AUEN
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RHIC’s Main Discoveries

Hot nuclear matter produced in collisions at RHIC is a liquid
guark-gluon plasma. The plasma is made up of individually
flowing quarks, not quarks bound into baryons and mesons.

The QGP is a strongly coupled “perfect” liquid (n/s near the
guantum limit); RHIC’s QGP is more “perfect” than that
produced at LHC.

Quarks moving through the QGP lose energy rapidly, causing
jets to be strongly “guenched”.

Heavy quark bound states (J/y, Y) “melt” in the QGP due to
color screening and ionization. RHIC and LHC data together
Indicate that heavy quarks can recombine when the QGP
hadronizes.

A . 20% of th t ' ' I :
pprox 0% of the proton spin may be carried by g uon;ﬁqquﬂ



The “Missing” Proton Spin

The spin of atoms resides in electrons and nuclei,
not in the electric field. Is this different for protons?

Indications from Run-12 are that 20% of proton spin
resides in the gluon field.

Run-13 will yield precision results on gluon and
quark sea contributions.

|°2 Ag(x,0* =10GeV?)dx = 0.10
aps D8V = S r-om

x’ p_ (GeVic)
s 10

L ®  MWENE Pepten " Aun JO00- 2008

PULET 0 rcatpeney

[ 00Vt &

B BTN Peaien ot M 2008
STAN ane ooy

e DSV o

Jetp, (GeVic)

Brockhaven Science Associates

Precursor of the physics that
can be done with much higher
precision at an electron-ion
collider (EIC) which will
measure not just the total
contribution of gluons to the
spin, but provide complete

Im f the gluon distribution
i ngoougquusu
NA ONAL ABORATORY




Planned Upgrades

28
w0 HiC-with-e-cooling Detector upgrades:
Machine upgrade: s e and iong dunches =
& = STAR HFT
Bunched beam & a0 —— = PHENIX MPC-EX
electron cooling ’ i e\ = STAR TPC pad rows
for low-E beams £ w0 /_,é_. IC-wio-cooling
% Lot = sSPHENIX: BaBar
~10x luminosity = 2017 solenoid,
b0 - 8 ', |_EMCAL+HCAL for jet

reconstruction @ RHIC

STAR Heavy Flavor Tracker -
BROOKHAVEN

Brookhaven Science Associates 7 NATIONAL LABORATORY



Run Schedule for RHIC
" Vears | Beam Species and Energies | ScienceGoals | New Systems Commissioned

15 GeV Au+Au
AU 200 GeV Au+Au

p+p at 200 GeV

3

2015-16 p+Au, d+Au, *He+Au at 200

GeV

High statistics Au+Au
2017 No Run
2018-19 5-20 GeV Au+Au (BES-2)
2020 No Run

Long 200 GeV Au+Au with
2021-22 upgraded detectors

p+p, p/d+Au at 200 GeV
2023-24 No Runs

Brockhaven Science Associates

Heavy flavor flow, energy loss,
thermalization, etc.
Quarkonium studies

QCD critical point search

Extract n/s(T) + constrain initial quantum
fluctuations

More heavy flavor studies

Sphaleron tests

Transverse spin physics

Search for QCD critical point and onset of
deconfinement

Jet, di-jet, y-jet probes of parton transport
and energy loss mechanism
Color screening for different quarkonia

Electron lenses
56 MHz SRF
STAR HFT
STAR MTD

PHENIX MPC-EX
Coherent e-cooling test

Low energy e-cooling upgrade

STAR ITPC upgrade
Partial commissioning of
sPHENIX (in 2019)

Complete sPHENIX installation
STAR forward upgrades

sPHENIX

Transition to eRHIC

BROOKHRVEN



eRHIC: QCD Facility at BNL

Add an electron accelerator to the existing $2B RHIC, using
existing RHIC tunnel, cryo facility, and detector halls.

!

‘T 70% polarized protons
| C) 25 - 250 (275%) GeV

Unpolarized and ight i '

: Light d, Si, C
80% polarized leptons T >—>*<— { nga\,;/oigié (AuI U)U)
10 GeV ’

T ** 10 - 100 (110*) GeV/u
/
Pol. light ions (He-3)
| T 10 - 167 (184*) GeV/u

Center-of-mass energy range: 30 - 100 GeV (ep)
Any polarization direction in lepton-hadron collisions

\

* |t is possible to increase RHIC ring energy by 10%

: : : : MERaE , BROOKHEUVEN
** _
B A ccociates Positron-ion collider possible at lower luminosity with extra ring NATTOMNAL LABORATORY



Goals

= Enable execution of a compelling subset of the EIC
science program outlined in the EIC White Paper

= Create an affordable version of the EIC, i.e. cost in
the range $500-600M.

"= Reuse as much as possible of the $2B infrastructure
In place at RHIC.

= Create a flexible QCD research facility serving a
large user community.

= Create a facility that is upgradable to higher energy
and luminosity.

BROOKHEVEN
NAL LABOI ol

ookhaven Science Associates NATIONAL LABORATORY



Performance goals

Highly polarized (> 70%) electron, proton and He-3 beams
lon beams from proton to the heaviest nuclel (uranium)
Center of mass energy range: ~ 30 — 100 GeV

Non-zero crossing angle to minimize synchrotron radiation
background

Possibility to have multiple interaction regions
High luminosity: 1033 cm™s™!

Future upgrade to CM energy of ~150 GeV and luminosity
of 1034 cm™ s~ ' possible

BROOKHEVEN
NATIONAL LABORATORY



Basic eRHIC configuration

eRHIC in RHIC tunnel
Luminosity ~ 1033 cm2 st . A
Electron energy 10 GeV < 2,2
Electron current 50 mA
Electron polarization 80 %
Electron | proton energy 25 - 250 GeV
beam Proton current 30 mA
Proton polarization 70 %
Center-of-mass energy 30 - 100 GeV
ePHENIX
Proton or
HI beam
eSTAR
—
BROOKHEVEN
NATIONA

Brockhaven Science Associates LABORATORY



eRHIC Cost Optimization

= Bottom-up cost estimation for eRHIC first stage (5 GeV e-beam)
has been done during 2012 (full TPC in FY12$ including ~ 33%
average contingency, not including detector):

- Cost optimization for layout with 4 local recirculation passes
for low energy and 2 re-circulating passes in RHIC tunnel: ~
$550M TPC

= Further value engineering is in progress, which could reduce the
cost and/or increase performance:

- FFAG design of recirculation passes (large momentum
acceptance arcs), possibly with permanent magnets, could
replace multiple passes with single pass.

- Goalis to reach 10 GeV electron energy for similar cost.

Brookhaven Science Associates NATIONAL LABORATORY



eRHIC detectors

“‘ePHENIX”

hadronic calorimeters

particle tracker (TPC)

particle identifier
(RICH + aerogel)

superconducting =
\— solenoid .

particle identifier

“‘eSTAR”

ETE

" SECTOR)

" | ) '\,\I\I
——H1
focusing - ) ‘ | E TF“MKT‘&E/ F%J %“1
magnets ‘ gl o | M = | ‘1': LLLL
H EW I el H{J ‘. ) LL
= Letters of Intent from both RHIC collaborations have produced
benchmark designs with cost estimates.
= |nvitation to develop similar Lol document for a “from scratch” EIC
detector has been issued to the EIC Task Force @ BNL.
= eRHIC detectors will be designed and built by new collaborations!
BROOKHAVEN

Brockhaven Science Associates



Notional eRHIC schedule

Fiscal year
125eVit)pgrade

FRIB

[
RHIC I/Il operations

[
RHIC with LE cooling

[
RHIC with SPHENIX

RHIC/eRHICibps
Low#energyiooling

SPHENIX

eRHIC#nachine

eRHIC#letector

Crab#rossing#iR#ipgrade
|

R&D/PED/Design (CD0-CD3) [ ]
Projects/Construction (CD3-CD4) [ ]
Operations/physics r

Brookhaven Science Associates NATIONAL LABORATORY



Summary

» ERL+ring design of eRHIC reaches high luminosity (initially 1033 cm-
2 5’1 upgradable to 1034 cm? s'1) over wide CM energy range

=  Uses existing RHIC facility for heavy ion and polarized proton beam
and existing RHIC tunnel and cryo-facility for e-beam.

= eRHIC (5 GeV e-beam with 1032 - 1033 cm s luminosity using
existing technology) has preliminary cost estimate of ~ $550M

= R&D under way to achieve cost effective option of 10 GeV e-beam
(FFAG arcs)

= Lol's from RHIC collaborations provide benchmarks for eRHIC
detector design

Brookhaven Science Associates NATIONAL LABORATORY



Back-up Slides

BROOKHRVEN

Brookhaven Science Associates NATIONAL LABORATORY



RHIC Scientists’ Tools

“Little Bang”
Penetrating probes: photons, jets

correlations among
produced particles

Chemical probes: hadrons
Bulk probe: flow fluctuations

kinetic
freeze-out

QGP Phase
Boundary

lumpy initial
____energy density

Initial-state quantum fluctuations propagate
into to “macroscopic” final-state fluctuations
by hydrodynamics, like in the early cosmos




QCD Matter at RHIC is most “perfect”

Initial density distribution

)+ 0.2 Flvy ==« | RHIC 200GeV, 30-40%
- . - Vo = | filled: STAR prelim.
v o " 0.15 | | open: PHENIX
—f £ nfs =012
f 8 ) - - #" £ ‘:\g i‘] ..... ‘:"‘-E - RHIC
o y 0.05 O ;
- e, e o Lo BTy
I ;II; 1 1I_5 2
pr [GeV]
Quantum limit: n/s = 0.08. -
~||v, — | ATLAS 30-40%, EP
-V - MATOW: Ty, = 0.4 fic
/ ~ O 6 / 02 I"'ri wide: T 1:-&-1::'::“:*]IIZI.E[:Il‘!:fr:ﬁ::Ir
(n/s)rric = 0.6 (n/S)LHc - =
o 15 L
& LHC
A study of the opacity of the matter = 01f .
to energetic quarks (jets) confirms 0.05 | -"'“:" g
this conclusion: c
D 1
05 1 15 2
QCD matter at RHIC is less transparent or [GeV]
by the same factor 0.6.
19 BROOKHRVEN
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Jet quenching = parton energy loss

Photons

don’t lose

energy

PHENIX preliminary

Heavy
quarks

Light
quarks

Brockhaven Science Associates 2

AutAu\ S, = 200GeV, 0-10%
“l

;
L ]
l\;“ '
0.5 L
o". ' '
L :.‘.‘.‘..‘ .......
o ...........
0 2 B 6 8 10

Jet quenching @ RHIC Jet quenching @ LHC

Energy is lost by the leading
parton in interactions with

the hot matter, scattered out
of the jet cone and absorbed

BROOKIIA“EN

NATIONAL LABORAT



J/y suppression

pm Color
Q Voo Q screening

‘- ‘ causes

mD “melting”

I'qq -

Q V Q
lth\ g‘

g Thermal ionization
destroys QQ states

i Recombination
i at hadronization
; J/Y

Brockhaven Science Associates

r B ALICE Preliminary, 2.76 TeV Pb+Pb, 2.5<|y|<4 7
1.4 @ PHENIX, 200 GeV Au+Au, 1.2<|y|<2.2
BN I B RS Stat. Hadron Model (A. Andronic et al)
w2t Transport Model | (Y.-P. Liu et al), LHC .
. Transport Model 1l (X. Zhao et al), LHC
--- Transport Model I, RHIC
!I —— Transport Model Il, RHIC §
-

1.2

—
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forward rapidity 1
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0 50 100 150 200 250 300 350 400
N

part

Less J/yp suppression at LHC than at
RHIC, at mid-rapidity and mid-
orward rapidities:

c-cbar recombination explains data.

BROOKHAVEN

NATIONAL LABORATORY



Main design elements

= Single collision pass for electrons allows for large collision disruption
of electron bunches, giving high luminosity and full electron
polarization transparency

= Small electron beam size allows for small magnets with gaps of 8 mm
(and 13 mm at the two lowest energy orbits)

= Linac-ring collider uniquely allows energy change of colliding hadrons
from 25 GeV to 250 GeV

= Using recent advances in super-conducting quadrupole technology
allows design IR with B* =5 cm

= Crab-crossing with large crossing angle following success at KEK-B
= Need 50 mA of polarized electron beam current for high luminosity

= Strong cooling of hadron beam (=10 emittance) in both longitudinal
and transverse directions using coherent electron cooling

= Up to 3 detector regions

BROOKHEVEN

Brookhaven Science Associates NATIONAL LABORATORY



Evolving Detectors for RHIC and eRHIC

T. Ludlam

RBRC Scientific Review
November 1, 2013

BNL -73847-2008

Hunting the Quark Gluon Plasma

RESULTS FROM THE FIRST 3 YEARS AT RHIC
April 18,2005

RickS <spar

B
o

pP_—=S" Office of
4 Science

U.S. DEPARTMENT OF ENERGY

Electron lon Collider:

The Next QCD Frontier

Unders he glue

NATIONAL LABORATORY

rookhaven Science Associates
U.S. Department of Energy



In the Beginning: First operation in 2000

RHIC experiments focused on global features in the
central region, with c. 1990 technology

Silicon Vertex
Magnet ~Tracker

E-M
Calorimeter

Time Projection
Cha}nber

Time Of
_ Flight

Forward ¢
23<6<30

d Mid Rapidity Spectrometer B;n,,,_mm
30<0<95
Ring-Imaging
Cherenkov Detector
D1,02,D3,D4,D5 : dipole magnets

T1,72,73,T4,75, TPC1 TPC2: tracking detectors
H1,H2, TOFW : Time-of-flight detectors
= ALz RICH, GASC : Cherenkay detectors
Electramagnetic P H%/KéEle
Calorimeter




Discoveries Drive Continuous Improvement of Machine and Detectors

Evolution of Luminosity Delivered by RHIC

200

180

160

140

120

100

80

60

40

20

Integrated nucleon-pair luminosity Ly, [pb™]

0

Expanded Detector Requirements:

New Physics Probes:

20

 Heavy Flavor

W= production

Jet reconstruction

Multiparticle correlations

2012 U-

Precision spin measurement

Enhanced rate capability

Intelligent front-end trigger capability
Larger phase space coverage
Charged and neutral particle ID
Precision vertex tracking

[ee]

Evolution of Data Volume archived on Tape
Weeks in physics

TeraBytes

B Star Arch
Star DST

H Star Raw
Phenix Arch

B Phenix DST
Phenix Raw

B Phobos Arch

B Phobos DST
Phobos Raw

B Brahms Arch

B Brahms Raw



Evolving Technology Makes RHIC Physics Possible
Electronics and Computing: :

PHENIX was among the pioneers in using custom integrated
circuits (ASICs) for readout and trigger with high channel-count
detectors.

Initial PHENIX construction had 8 ASIC applications.

STAR 2009 TPC electronics upgrade: DAQ1000 (135,000 channels)
Utilized ASIC chips developed at CERN for ALICE for signal processing,
digitizing, event buffering.

Increased event rate limit from few Hz to 1 KHz with 1% dead time.
Transformed STAR to a high-rate detector for physics in the era of
RHIC-II luminosity.

RHIC Computing Facility: Scalable architecture based
on arrays of commodity components keeps pace with
Moore’s law through annual “refresh” of equipment at
modest cost. CPU and storage capacity have kept pace
with increasing data volume.




New Detector Technologies Increase the Physics Reach

L

Multi-gap Resistive Plate Chamber = ,, .| |

STAR MRPC Time-of-Flight: =
A breakthrough that has allowed e :
fine-grain tiling of the full TPC barrel
with 23,000 channels of TOF readout
and timing resolution of 80 ps.

16

3 n
2 F 1.2<p;<1.4 GeV/c|
E K p
0 :

0 0.5 1 5 21.5
Mass?(GeV/c?)

1.4

1.2

1~ Gl

08

05 1 15 2 25 5

p(G;wcf'
Precision Silicon Vertex Tracking

STAR Heavy Flavor Tracker

Innermost Pixel Layers use 400 Monolithic Active Pixel
Sensors (MAPS): 3.6x108 pixels, 20.7 um/pixel

Barrel: 4x10° pixels, 50 x 425 um?; 4x10° strips First large-scale use of MAPS technology
Forward: 5.3x105 mini-strips in each of 2 arms

PHENIX Barrel and Forward Si Trackers



Compact Micro-Pattern Detectors: Present at RHIC... Promise for eRHIC

GEM-Based Detectors

PHENIX Hadron Blind Detector
Windowless, proximity focused Cherenkov detector.
Triple GEM readout planes with Csl photocathode.

Data taken in Run 10. Removed to make way for Si Trackers.

FGT disk = 4 FGT quarter sections
~ ___ West Support Cone (WSC)

STAR Forward GEM Tracker
Six disks of triple-GEM detectors with pad readout.
Particle tracking inside TPC inner radius.

Forward GEM Tracker (FGT) = 6 FGT disks

Compact Calorimetry

PHENIX MPC-EX: Si-W preshower detector
4.6 X, Deep; 1.8x15 mm? minipads
Distinguish n’ly to 80 GeV




Post-2006 Detector Upgrades: STAR

Costs shown are U.S. DOE funds First Physics
Operations

Time of Flight (TOF) $4.8M 2010 B
U.S./China collaboration
Forward Meson Spectr. (FMS) $0.8M 2008 Operating for physics
Forward Gem Tracker (FGT) $2Mm 2013
Muon Telescope DeF. (MTD) §$1.7m 2014 Partially installed; Engineering runs
U.S./China collaboration
Heavy Flavor Tracker (HFT) $16.4M 2014

These upgrades have brought STAR from a low-rate tracking
detector as originally designed to a high-rate detector with large-
solid-angle capability for strange, charm and bottom particle
detection, as well as forward-angle detection of hadrons and W*
decays, at full RHIC-II luminosity.




Post-2006 Detector Upgrades: PHENIX

Costs shown are U.S. funds First Physics
Operations
Hadron Blind Detector $1.2M 2010 Physics run complete
Si Vertex Tracker (VTX) $4.7M 2011 n
U.S./Japan collaboration
Complete;
Forward Vertex Tracker (FVTX) $4.9M 2012 - Operating for
Muon Trigger $4.3M 2012 physics
U.S. (NSF)/Japan collaboration —
MPC-EX $0.9M 2015

—=—
PH-ENIX

These upgrades give PHENIX :
* A unique look at background-suppressed low-mass e-
pairs.

« The capability to exploit RHIC-Il luminosities with the
measurement of identified heavy flavor production in HI
collisions, flavor-identified sea-quark contribution to the
proton spin via W* decay in 500 GeV p-p collisions, and
identified forward photons in p-p and d/p-Au collisions.




Future PHENIX: sPHENIX

Convert the central region of PHENIX to an open geometry detector witha 1.5 T
superconducting solenoid and large acceptance EM and hadronic calorimetry.

BaBar solenoid in its transfer frame

Definitive QGP measurements with jet and
heavy quark (Upsilon)observables at RHIC-I|
luminosity.

An excellent basis for an eRHIC detector. N |
OUTER HCAL .

INNER HCAL

SOLENOID

EMCAL

sPHENIX is a proposed $34M project, to become operational in 2021.
Additional tracking and a pre-shower detector, essential for Upsilon measurements, is being
pursued through proposals to Japanese funding agencies.



Concept for a transition from RHIC to eRHIC

Tentative schedule for transition to eRHIC

Fiscal year 2012 2013 2014 2015 2016 2017 2018

RHIC/eRHIC ops

Low energy cooling S
sPHENIX
SPHENIX - ePHENIX
e5TAR

eRHIC machine

Enhanced eRHIC detector

RHIC I/1l operations -- RHIC witl

2019 2020 2021 2022

h LE cooling RHIC with sSPHENIX

Beam Energy Scan with
e-cooling of low energy
ion beams.

QGP and transverse spin
studies with current
upgrades: Heavy Flavor

2023 2024 2025 2026

ePHENIX

First eRHIC experiments

probes.

Jet probes of parton
transport and energy loss;
qguarkonia probes of color
screening

Shut-down years for RHIC operations will allow substantial resources to be

re-directed to eRHIC construction.



Planning for eRHIC Experiments

Conceptual Detector Layout: from EIC White Paper

3T Solenoid

hadron-beam lepton—beam

Requirements for specific “Golden Measurements”:

* High acceptance: -5 <n< 5 central detector

Good PID (=, K, p, and lepton) and vertex resolution

Tracking: compact TPC, Si devices, GEM

Low material density: minimize mult. scattering, bremsstrahlung

Very forward electron and proton/neutron detection: Roman pots, ZDC

Electron lon Collider:




Letters of Intent: ePHENIX and eSTAR
Upgrading RHIC detectors for eRHIC Physics

Concerted effort by the existing collaborations to address the scientific opportunities
and the technical and demographic implications of transition to eRHIC.

100 - n=t_l"/~ 400
R (cm) R (cm)
300 — 300
200 | - 200
’ /] Ve 2<4.5m
100 | : / - 100
D NS Outgoing
N hadron
; - beam
=" 1 RE 14T
z (cm) GEMs GEMs GEM GEM GEM 7 (cm) ZDC  Roman Pots

Stationl Station2  Station3  Stationd
z=12m z»10m

Cross section through the top half of the ePHENIX detector concept, based on sPHENIX.

Note: The beam crossing rate for eRHIC is the same as for RHIC, allowing for continued use of
existing readout electronics.



eSTAR Detector Concept

Existing Magnet, TPC, EMCal, TOF

E[ eSTAR oA f

jley]
BEAM

Electron ID &

T
Li CEMC
FoiT g
TIET
LRTRETOS .
i
I
T =
E

——
ELECTROMN
BEAM

Forward Calorimeters

HEaL -,

T T Ty
2
I v E' E & S
[
:

=1 Forward Tracking

 The ePHENIX and eSTAR Letters of Intent indicate a healthy level of engagement of the RHIC community.

O Asuccessful transition from RHIC to eRHIC needs the engagement and participation of the larger NP QCD
community. eRHIC detectors will be designed and built by new collaborations.

( The actual implementation of an experimental program will depend on funding, and will be carried out
through a proposal driven process.




Summary

 The scientific productivity of the RHIC program is driven by continuous
upgrades of the detectors, as well as the machine.

O The international RHIC community has been in the forefront of detector
development and is preparing for the coming decade with state-of-the-art
instrumentation.

 The RHIC community is becoming deeply engaged in the eRHIC effort.

O International partnerships have been and will continue to be key to the
success of the experimental program.



Why EIC is Interesting

Yuri Kovchegov
The Ohio State University



Electron-lon Collider (EIC) White Paper

EIC WP was finished in late
2012

A several-year effort by a
19-member committee +
58 co-authors

arXiv:1212.1701 [nucl-ex]

Electron lon Collider:
The Next QCD Frontier

EIC can be realized as . .
eRHIC (BNL) or as ELIC r " that binds us all
(JLab)




EIC Physics Topics

* Spin and Nucleon Structure
— Spin of a nucleon
— Transverse momentum distributions (TMDs)
— Spatial imaging of quarks and gluons

* QCD Physics in a Nucleus
— High gluon densities and saturation
— Quarks and Gluons in the Nucleus

— Connections to p+A, A+A, and cosmic ray physics



Big Questions

* How are the sea quarks and gluons, and their
spins, distributed in space and momentum
inside the nucleon?

* Where does the saturation of gluon densities
set it?

e How does the nuclear environment affect the
distribution of quarks and gluons and their
interactions in nuclei?



Spin and Nucleon Structure



Proton Spin

Our understanding of nucleon spin structure has evolved:

* Inthe 1980’s the proton spin was thought of as a sum of constituent
quark spins (left panel)

* Currently we believe that the proton spin is a sum of the spins of valence
and sea quarks and of gluons, along with the orbital angular momenta
of quarks and gluons (right panel)



Proton Spin Puzzle

. - A |
Helicity sum rule: - _ Sq _I_Lq e Sg + Lg

2
with the net qualrk and gluon spin ,
1
5@ = 5 [@ran@Q) 5@ = [drace?)
0 0

* The helicity parton distributions are
2\ 2 — 2
Af(il?,Q ) — f+(377Q )_f (xaQ )
with the net quark helicity distribution

AY = Au+ Au + Ad + Ad + As + A3



10°}

EIC & Spin Puzzle

Parton helicity distributions are sensitive to low-x physics.

EIC would have an unprecedented low-x reach for a spin DIS experiment,
allowing to pinpoint the values of quark and gluon contributions to

proton’s spin:

e e
Current polarized DIS data:
o0 CERN ADESY ¢ JLab o0SLAC

Current polarized BNL-RHIC pp data:
® PHENIX7® ASTAR 1-jet

0.5

Q% =10 GeV?

T T T T I T T T T I T T T T I T T T T

I T T T T I T T T T I T T T T I T T

l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1

current
data

& DSSV+
- E|C5x100
5x250
EIC 20x250

all uncertainties for Ay’=9 _|

0.3 0.35
AX
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Transverse Momentum Distributions (TMDs)

* PDFs are insufficient to study the proton structure. Ideally one would like
to know the transverse momentum and position distribution of the quarks
and gluons in the proton. The tool of choice is the (quark or gluon) Wigner
distribution along with associated distribution functions:

W(x,b, k)

Wigner Distributions

[d’b, [d'k,

S(x,k;) f(x,b;)
transverse momentum impact parameter
distributions (TMDs) distributions

semi-inclusive processes

[d’k, [d*b,

f(x)
parton densities
inclusive and semi-inclusive processes

Fourier trf.

b, < A

H(x,0,0)
t=-A"

f dx

F\(t)

form factors
elastic scattering

Uy

generalized parton
distributions (GPDs)
exclusive processes

f dxx"™

¥
A, (O)+4E° A, (D) + ...
generalized form
factors
lattice calculations



TMDs at EIC

EIC would allow to measure gluon and anti-quark TMDs for the first time
ever, giving an unprecedented insight into proton structure.

By studying TMDs at EIC we could better understand the proton’s 3D
structure, orbital motion of the partons, and spin-orbit correlations.

Leadlng TWlSt TM DS Q—» Nucleon Spin @ Quark Spin

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized

(L) (T)

é B
|

h, =
T f1TJ_= - @ g1TJ'=© —_ é Transversity




TMD measurements at EIC

e TMD measurement could give us the transverse momentum distribution
of partons, as shown below for u- and d-quark TMDs in a transversely
polarized proton (along the y-axis):

X f1(x, k1, S7)

d quark

0.5 0.5

ky(GeV)
ky(GeV)

-0.5 -0.5

-0.5 0 0.5 -0.5 0 0.5
ky(GeV) ky(GeV)



TMD measurements at EIC

 Another TMD, known as the Sivers function (responsible for the single
transverse spin asymmetry), can also be measured down to very low-x:

2
B,

\'é
NN\
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. VA VA T
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Quark transverse momentum (GeV)
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Spatial Imaging of Quarks and Gluons

Spatial imaging is complimentary to TMDs.

It is accomplished by measuring generalized parton distributions (GPDs)
H(x,E,t) and E(x,E, t). IY

GPDs contain detailed information about spin-orbit correlations and the
angular momentum carried by the partons.



GPD Measurements at EIC

GPDs can be measured at EIC in exclusive vector meson production

Distribution of gluons from
e+p—=e+p+JY

10 < Q2 + M5, < 15.8 GeV?
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QCD Physics in a Nucleus



Gluons at Small-x

 Thereis a large number of small-x gluons (and quarks) in a proton:

1

HERA Q2 =10 GeV?

—— HERAPDF1.7 (prel.)
------ HERAPDF1.6 (prel.)

0.8

I experimental uncertainty

[ ] model uncertainty
[ parametrization uncertainty

0.6

xf(x, Q?)

0.4

0.2




High Density of Gluons

* High number of gluons populates the transverse extend of the proton or
nucleus, leading to a very dense saturated wave function known as the
Color Glass Condensate (CGC):

Low Energy High Energy

Xg >> X
>
parton
many new
Proton smaller partons  Proton
(Xo, Q2) are produced (X, Q2)

“Color Condensate”



Nonlinear Equation

At very high energy parton recombination becomes important. Partons not
only split into more partons, but also recombine. Recombination reduces
the number of partons in the wave function.

new parton is emitted as energy increases

it could be emitted off anyone of the N partons

N partons any two partons can recombine into one
0
oy V(T k) = as Kprrr ® N(z,k7) — a5 [N(z, k7))

|. Balitsky " 96 (effective Lagrangian)
Number of parton pairs ~ N2 Yu. K.’ 99 (large N, QCD)
JIMWLK ‘98-'01 (beyond large-N.)



Nonlinear Evolution at Work

Proton

v" First partons are produced
overlapping each other, all of them

about the same size.

v" When some critical density is
reached no more partons of given
size can fit in the wave function.

The proton starts producing smaller
partons to fit them in.

Color Glass Condensate



Map of High Energy QCD
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Map of High Energy QCD
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McLerran-Venugopalan Model

e

* Large parton density gives a large momentum scale Q, (the
saturation scale): Q. ~ # partons per unit transverse area.

* For Q, >> A, get a theory at weak coupling Qg (Q?) < 1



Typical gluon “size”

Number of gluons (gluon TMD)
times the phase space

~ b \ ” Most gluons are near
X \ T the saturation scale Q..
= Y /

— \
X \

max. density

know how to
do physics here

-
og < 1 Kt

9]
»

og ~1 Aqcp

Gluon “size” = 1/transverse momentum  momentum transverse
to the beam
= 1/Q,



High Energy QCD: saturation physics

* The nonlinear BK/JIMWLK equations and the MV model lead
to a large internal momentum scale Qg which grows with both
energy s and nuclear atomic number A

Qb% N Al/3 Sﬂ

such that ag = (QS) el

and we can calculate total cross sections, particle
multiplicities, etc, from first principles.

 Bottom line: everything is weakly-coupled, Feynman diagrams
work! But: the system is dense and physics is nonlinear!



Map of High Energy QCD

Saturation physics allows us saturation region
| Color Glass Condensate

to study regions of high
parton density in the small

( can be understood
by small coupling methods )

: : Y=Inl/x A
coupling regime, where
: : = BK/JIMWLK
calculations are still
under control! S
non-perturbative BFKL
region
: (Y)
(not much is known DGLAP
coupling is large) - Q2
~ 2
a. ~1 A, a, << 1 (or p-|-2)
. : L A
Transition to saturation region is ) el
: . Q ~ A _
characterized by the saturation scale S -




A reference

Published in September 2012
by Cambridge U Press




Can Saturation be Discovered at EIC?

EIC has an unprecedented small-x reach for DIS on large nuclear targets, allowing
to seal the discovery of saturation physics and study of its properties:

RN T T T TorTTTT
108} Measurements with A = 56 (Fe):
F e eA/uADIS (E-139, E-665, EMC, NMC) Q2(X)
= vA DIS (CCFR, CDHSW, CHORUS, NuTeV) v/ s
o DY (E772, E866) og <1
102 E o 8" 1
o f . DGLAP |
o o~ :
3 e =
S ol c < JIMWLK !
[a\] E e N dMe e e 8% oF - 1
6] © BK BFKL :
I - :
|| perturbative” e S ST l
o eriaaiive R B - . | :
- saturation V
non-perturbative region ag ~ 1
0.1 -

X In x
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Saturation Measurements at EIC

Unlike DGLAP evolution, saturation physics predicts the x-dependence of

structure functions with BK/JIMWLK equations, though the difference with
models for DGLAP initial conditions is modest
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Diffraction in optics

k
—
diffraction
pattern
obstacle
| or aperture
ane o
Svave (size = R) screen
(detector)
\_ J
N
distance d

Diffraction pattern contains information about the size R of the obstacle and about the
optical “blackness” of the obstacle.



Diffraction in optics and QCD

i

* |n optics, diffraction pattern is studied as a function of the angle 0.

* In high energy scattering the diffractive cross sections are plotted as a function of the
Mandelstam variable t =k sin 0.



Optical Analogy

Diffraction in high energy scattering is not very different from diffraction in optics:
both have diffractive maxima and minima:

A Light Incoherent/Breakup

Intensity

do/dt
T HHH‘

Coherent/Elastic

JAVERVAN ‘

95 84 Angle

1

Coherent: target stays intact;
Incoherent: target nucleus breaks up, but nucleons are intact.
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* J/psiis smaller, less sensitive to saturation effects
* Phimeson is larger, more sensitive to saturation effects
e EIC stage-ll measurement (most likely)



Diffraction on a black disk

* For low Q? (large dipole sizes) the black disk limit is reached
with N=1
e Diffraction (elastic scattering) becomes a half of the total
cross section
qqA 2 2
oy f d“b N 1
4

a4 2 [d2h N 2

O ¢ot

* Large fraction of diffractive events in DIS is a signature of
reaching the black disk limit!
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* Here’s an EIC stage-l measurement which may distinguish saturation from
non-saturation approaches:

_________________ Q2 =5 GeV? Q2 =10 GeV?
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- eAu stage-| 107 F eAu stage-|
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sat = Kowalski et al ‘08, plots generated by Marquet
no-sat = Leading Twist Shadowing (LTS), Frankfurt, Guzey, Strikman ‘04, plots by Guzey



Energy Loss in Cold Nuclear Matter

EIC would be able to measure the energy loss of quarks in a cold nuclear
matter, complementing the RHIC and LHC measurements of energy loss in
hot QCD plasma:

h

cold nuclear
matter

A

hot nuclear
€ matter



Energy Loss in Cold Nuclear Matter

e By studying quark propagation in cold nuclear matter we can learn
important information about hadronization and may even measure ghat
in the cold nuclear medium:

1.50 | @ DO mesons (lower energy)
B Pions (lower energy)

o D9 mesons (higher energy)
m}

Pions (higher energy)

Wang, pions (lower energy)
1.30 | - - - = Wang, pions (higher energy)
- § 1-o pion % + 1-6 DO
¢ ® 1 1 0 4 systematic
) uncertainty
(

systematic
++ % uncertainty

0.90 |
0.70 |

0.50 |

0.01<y<0.85,x>0.1,10 fb™
Higher energy: 25 GeV? < Q? < 45 GeV?, 140 GeV < v < 150 GeV
Lower energy: 8 GeV? < Q% < 12 GeV?, 32.5 GeV < v < 37.5 GeV

Ratio of particles produced in lead over proton

0.30
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Connections to Heavy lon Physics

CGC Physics also plays important role in the early-time dynamics of heavy

ion collisions

By exploring it at EIC we would get a better handle on formation of QGP
and on fluctuations

14

12 -

10 -

CGC framework: ®  Au+Au, 200 GeV
rcBK 200 GeV ® Pb+Pb, 2.76 TeV -
rcBK 2.76 TeV

————— IP-Sat + fluct. 200 GeV
————— IP-Sat + fluct. 2.76 TeV

50 100 150 200 250 300 350 400
Centrality (Npart)




Connections to Cosmic Rays

 Thereis a known problem in Auger data indicating that cosmic rays
behave like protons at lower energies and like nuclei at higher energies,
according to the existing QCD Monte-Carlos.

T p
850 QGSIET
* It could be that the problem is with our € =
understanding of QCD at this super-high 2 750
energies. X 00
6503’“__,_,»*
* Perhaps saturation physics, with input
from EIC, could help improve our
understanding of the Auger data. IS
I I p
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€ T st | -
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Conclusions

EIC would allow us to address the spin puzzle and map out
the nucleon at an unprecedented level of precision.

EIC may complete the discovery of saturation/CGC physics
and study its properties.

Both achievements would significantly improve our
understanding of QCD in nucleons and nuclei.
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Gathering Top Notch Lattice
physicists from world

m Past records (Computing-related only):

Y.Aoki (Nagoya), T.Blum (Connecticut), T.Doi (RIKEN), M.Kitazawa (Osaka),
C.Lehner (BNL), T.Misumi (Keio), Y.Nemoto (Marrianna), J.Noaki (KEK),
S.Sasaki(Tohoku), E.Shintani(Mainz), P.Petreczky (BNL), K.Orginos
(William&Mary), M.Wingate (Cambridge), T.Wettig (Regensburg), N.Yamada
(KEK), T.Yamazaki (Nagoya)

1 PD + 4 Fellow(5yrs) + 11 Permanent/Tenured

m  Current Member

1 GL, 2+1 University Fellows,
1 In-house Fellow, 2 PD (FPR),

+ Visiting scientists



Exciting Subjects
- Flavor, CKM physics -

Al=1/2 K—»1mn, €’/ €
[ C. Kelly’s & N. Christ’s talks ]
Sub-percent accuracy for basic quantities,

quark masses m, K leptonic decays (f, fy), By,
K—m |l v decay (K;) [ R. Mawhinney’s talk |

Including iso-spin breakings (m,,-Mg,,, , QED effects)
[ T. Ishikawa et al 2012, T. Blum et al 2010 ]

B and D meson physics using both RHQ and Static
actions (for now) [ T. Ishikawa’s talk |
[ collaboration with KEK ]



Exciting Subjects
- Flavor Neutral sector -

m Muon g-2 hadronic contributions
for the new experiments at FNAL (and J-PARC)
( HVP & Light-by-light ) [ T. Blum’s talk |

m Electric Dipole Moment & matter rich universe
[ E. Shintani, et al 2013 ]

® 0 angle

® quark’s (Chromo) EDM
[ LANL/RBC Collaboration starting ]

CP-violating TNN coupling



Exciting Subjects
- BSM & Nuclear Physics -

m BSM & Dark Matter [ E.Neil’s talk ]
[ E. Neil, S. Syritsyn LSD Collaboration ]

( USQCD, RBRC workshop LME13 )
Proton Decay | E. Shintani et al 2013 |

m Nuclear Physics
[ B. Tiburzi’s & S. Syritsyn’s talks ]

® Electromagnetic Properties

® Form factors, Structure Functions [ LHP/RBC Collaboration |

RHIC Spin & EIC (eRHIC) physics
[ T. Blum, C. Jung, M. Lin, S. Ohta, S. Syritsyn,
B. Tiburzi, T. Ishikawa, S. Yoshida, ... ]




Exciting Subjects
- Formalism, Algorithm & Software -

m The physical mass simulation possible
by Error/Cost reduction techniques (Hasenbush
method, AMA, A2A) & hardware (BG/Q) and
software, 1-2 years ahead of schedule !

m Next break-through awaited for the finer lattice
spacing (e.g. a' ~ 5 GeV) [ R. Mawhinney’s talk ],

which will enable
® D & B physics without relying on effective theories, Nf=2+1+1

® Direct computation of Parton distribution function (not
moments) [ e.g. proposal by X. Ji 2013 ]



RBRC In-house Computing resources

3k nodes RBRC/BNL BGQ, 600 TFlops, 2012
2k node RBRC BGQ, 400 TFlops, 2012- 0.5 k nodes USQCD BGQ, 100 TFlops, 2013-
1k node BNL BGQ, 200 TFlops, 2012- 2

\

48 k node ALCF Mira, 10 PFlops 88 k node , AICS Kei, 11 PFlops

 Rapid R&D of idea

 Try & error algorithms

e Optimize code on fully
controlled in-house
machine

e attract top-notch
scientists
e define computing group

Extends / propagates to
leadership computers
Kei, ANL, ONL

in science

& computing




Future plan : Center of Excellence for
young lattice physicists

m Excellent members & Collaborations
® Joint tenure track position with Univ. Arizona (2014-)
m Excellent Subjects
from the standard model, nuclear physics, to BSM

m Computer resources to support activities

m In-house computers, essential to explore new ideas

quickly and defines the computing group
— 3 PFLOPS peak accelerator base (-~ X 5 QCDCQ)
in 2015/16 by RIKEN, BNL and USQCD(DOE)

m Synergies with BNL Computational Science Center
(CSC) HPC Code Center, and BNL IT-Division (ITD)



Lattice 2014 in NYC!

June 23-28, 2014 Ia l ilEE Columbia University

L!/\‘_]

[ poster & logo are tentative, subject to change ]



Future RBRC Computing
and Lattice QCD

RBRC Review
November 1, 2013

Norman H. Christ



Outline

« RBRC Lattice QCD: Now

— Computing resources

— Lattice QCD at one Petaflops

» Next physics opportunities

e Computing challenges

RBRC Review - November 1. 2013 (2



Present RBRC Computing

QCDCQ (QCD with Chiral Quarks) at
RBRC/Brookhaven (5/2012)

— 2 DD1 racks (RBRC), 1 DD2 rack (BNL)
— 600 Tflops peak/200 Tflops sustained.
— Platform for much exploratory physics

— Critical for developing algorithms and code
for Edinburgh, ANL and LLNL

BG/Q at ANL (12/2012) and LLNL (6/2012)
BG/Q at Edinburgh, 6 racks (5/2012)

~500 M core hours at the RBRC/BNL increased
> 4x by ANL/LLNL/Edinburgh

RBRC Review - November 1. 2013 3



RBRC Lattice QCD Examples

Work with m = 135 MeV, requires
AMA and >1 Pflops sustained at ANL.

K-> zr, Al =% compute &'

— 323 x 64, 189 trajectories
G-parity BC (Chris Kelly)

— All-to-all propagators: 5x
Improvement (Daigian Zhang)

038

" Alltoall e
Wall-source-wall-sink —=a—
07+

06 -

05+ %

Effective Mass

04

o x
= ES
03 I I I ! JD I

f, with G parity
BC

p=340 2 twists

MeV,
ltwist +——@—
—O— p=0,

p=0, 2 twists

1 twist —@—
@

p=0,
no twist

—@—

0.0230.02350.024 0.0245 0.025 0.0255 0.026

K igis

=0

T RBRC Review - November 1. 2013 (4)



Integrated Correlator
1 1

&b oo

RBRC Lattice QCD Examples

* My, — My, --now all diagrams (Jianglei Yu)

— Control charm loops

— Needed forK > zr, Al =15

— Great fundamental importance — sensitive
to 1000 TeV physics!

— Not yet realistic parameters

Q, Q,. %’ o.f= 0.950.60)
2 _
o O Qi of= 074(0.52)

[, a9, xdof=061(047)

X 101> MeV

Diagrams Q1 Q1 Q2 Q2 - Q2 A My

Type 1,2 1.485(80) 1.567(38) 3.678(56) 6.730(96)
All 0.754(42)  -0.18(15)  2.70(18) _(3.30(34)

—

/
AM, &0t = 3.483(6) 1012 MeV

RBRC Review - November 1. 2013 (5)



RBRC Lattice QCD Examples

e The QCD phase transition at m_= 135 MeV
— 323 x 8 and 643 x 8 volumes
— Cross-over behavior at T ~ 155 MeV
— Large chiral susceptibility peak
— First calculation with chiral quarks!

200 MeV

40

30

" 16% % 8, my — 200MeV -
243 % 8,y = 200MeV —
32° % 8,1y = 200MeV o |
/8 327 x 8,y = 140MeV —&—
5\ -

643 % 8, mx = 140MeV

140 MeV

120 130 140 150 160 170 180 190 200 210 220 230
T (MeV)
RBRC Review - November 1. 2013

(6)



Next Physics Opportunities

e K>nr,Al=%and g’
— Complete 323 x 64 pilot calculation (2014)
— Evaluate continuum limit (2015-2016)
— Understand effects of charm:
* Is Agcp <<m,?
e Can charm be integrated out using QCD
perturbation theory?
« Compute My, — M.
— Use m_= 135 MeV
— Achieve m, << 1/a

e Generate 80° x 160, 1/a=3 GeV ensembles,
with larger values of 1/a to follow.

RBRC Review - November 1. 2013 @)



Next Physics Opportunities

e Many other very exciting goals:
— Include E&M and m  # mj
- f_, T, KI3 at = 0.1% precision
— Light-by-light contribution to g -2
— B and D mesons using the RHQ
method and finer ensembles.

e Taku will summarize

RBRC Review - November 1. 2013 (8)



RBRC Computing

o Opportunities for large increases in
performance.

— Chip feature size has dropped 2x since
BG/Q (implies 4x transistor count).

— Network speeds and densities also
Increasing but less rapidly.

« [mpressive floating point accelerators:
— NVIDIA K40 4 Tflops GPU (SP)
— Intel Phi with 60 X86 cores, 1.2 Tflops
* Engineering development costs also growing.

RBRC Review - November 1. 2013 9



Commercial super-computer
co-design

Partnership with IBM very successful.
Close relationship with IBM continues.

However, after recent changes we do not
have a current joint project with IBM.

Systems based on future generations of
Intel Xeon Phi chip offer high performance
and possible new collaborations are being
explored.

Likely 4-5 year time scale for commercial
collaboration (IBM or others).

RBRC Review - November 1. 2013  (10)



Near Term Project — 2015/16

» Exploit next generation of Intel Xeon Phi
accelerators. Single node:
— Knight’s landing 14 nm, 3 Tflops/DP peak
— Sustain 1 Tflops in mixed precision?
— 16% local volume, > 8 Gbytes memory.

— Current algorithms require ~125 Gbyte/sec network
BW: 4x larger than future 32 lane PCle gen4!

— Better algorithm needed: domain decomposition?

— For $4K/node: 25x BG/Q performance at 4x BG/Q cost
— Can node+communication cost be kept to $4K/node?

— Will a ~1K-node machine be sufficiently reliable?

RBRC Review - November 1. 2013  (11)



Future Proposal

Assemble 1K-node machine

— $4 M cost

— RIKEN, BNL and USQCD funding
— 1 Pflops sustained

Collaborate with Edinburgh (software, perhaps
hardware)

Work with Brookhaven’s Computational
Science Center (CSC) and USQCD.

Prepare for large Xeon Phi-based DOE
machines.

RBRC Review - November 1. 2013  (12)



Summary

Physics opportunities of lattice QCD are now
spectacular.

It IS not easy to improve upon QCDCQ)!

Possible 1 Pflops machine (3 Pflops peak)
assembled from commercial accelerators —
2015/2016

Collaboration with Intel, Cray or IBM also
being explored.

RBRC Review - November 1. 2013  (13)



Report of the RBRC Scientific Review Committee
Brookhaven National Laboratory
October 30 - November 1, 2013
I. Introduction
The RBRC Scientific Review Committee met last on November 6-8, 2012.  This report

discusses the important developments over the past year.

The Scientific Review Committee consists of Sinya Aoki, Peter Braun-Munzinger,
Kenichi Imai, Tetsuo Matsui, Richard Milner (Chair), Alfred Mueller, Charles Prescott,
and Akira Ukawa. The committee membership is listed in an appendix to this report,

with members’ addresses and affiliations.

At the beginning of the meeting, in executive session, the committee was pleased to
hear the opening remarks given by Dr. Hideto En’yo, Director of the RIKEN Nishina
Center for Accelerator-Based Science, who traveled to Brookhaven specifically for the
purpose of attending this review. Dr. En’yo gave an overview of the RIKEN review
system and schedule, terms of reference, and outlook. The RBRC MOU runs through
JFY2017. Within this MOU period, it is expected that the primary goals of the present
RHIC will be accomplished. It is anticipated that new projects, e.g. sSPHENIX,
ePHENIX, and eRHIC, will emerge by 2017 and the MOU for the period of JFY2018

and beyond will be based on these new projects.

The committee would like to express deep appreciation to Dr. Nick Samios for his
outstanding leadership of RBRC in the decade 2003-2013. This period was one of
enormous productivity for RHIC. RBRC played an essential role in this great scientific
success story. Dr. Samios assumed the Director's position in 2003 following the
retirement of T. D. Lee from that position. He undertook the challenges of that role with
enthusiasm. With wisdom, hard work, and good humor, he guided the program for the
next 10 years. He leaves behind a healthy and dynamic organization with a promising

future.

The committee also wishes to acknowledge the contributions of Dr. Satoshi Ozaki, who
has served as Principal Advisor to Dr. Samios during this period. Dr. Ozaki was a
principal contributor in the establishing of RHIC and served on the RBRC Management
Steering Committee since the beginning in 1997. He continues to serve today as Sr.

Scientist Emeritus. Our appreciation goes to both for their outstanding contributions.



In this report we review the current program and recent achievements.

I1. Overview of the current program

Dr. Sam Aronson, the RBRC Director, presented an overview of RBRC personnel as
well as recent achievements in the scientific program and the performance of the RHIC
accelerator. The committee is pleased with the smooth leadership transition to the third
RBRC Director. The committee is impressed that distinguished, former BNL
Directors are willing to assume the leadership of RBRC. In addition, the committee
feels that the appointment of a Deputy Director R. Pisarksi and an Administrator is a

wise move.

At the beginning of his presentation, Dr. Aronson discussed the management of RBRC
and the role RBRC plays in the career development of scientists and scientific
leadership. There have been expressions of interest from several universities in Fellow
Positions. He reported that Dr. Y. Akiba remains Experimental group leader with Dr.
A. Deshpande, his deputy, and Dr. L. McLerran remains Theory group leader with R.
Pisarski, his deputy. Dr. T. Izubuchi continues in the position of Computing Group
Leader.

Dr. Aronson reported on experience in Run-13 and plans for Run-14. In Run-13,
polarized protons were collided at center-of-mass energy of 510 GeV with record peak
beam polarization (55-60%) and record peak luminosity (2.1 x 10°* cm™ s™). In addition
in Run-13, the new Optically Pumped Polarized Ion Source (OPPIS) was successfully
commissioned providing improved polarization and intensity. In the past year, there
were engineering tests of RHIC electron lenses. These will be commissioned in
Run-14. Further, a new 56 MHz storage cavity for shorter vertex length will be

installed for commissioning during Run-14.

Dr. Aronson described significant R&D efforts on the future eRHIC accelerator in three
principal areas: high current (50 mA) polarized electron gun; multi-pass high average
current energy-recovering linac; and coherent electron cooling of the hadron beam. In
the initial configuration, eRHIC would have a 10 GeV electron beam and provide a
luminosity of 10> ecm™ s in collision with the RHIC beam. PHENIX detector based
upgrades for RHIC and eRHIC were described.

Discussing the impressive progress in Lattice QCD calculations he pointed out that



QCD Chiral Quarks was brought into operations at 600 TFlops in 2012. This was
increased by another 100 TFlops early in 2013.

Dr. Aronson described significant interest in expanding the RBRC mission to include a
focus on the search for Dark Energy based on the LSST experiment, where BNL is a

long-time member of the collaboration.

Dr. Aronson reported on downward pressure on the RBRC budget. He has a number
of degrees of freedom to manipulate to maintain the health of the collaboration. Finally,
Dr. Aronson pointed out that RBRC has had a perfect safety record over its 15-year

lifetime.

III. Scientific Progress

A. Experimental Program

RBRC Experimental Group leader Yasuyuki Akiba described the three main activities
of the group: spin physics, heavy ion physics, and PHENIX detector upgrades. He
reported that the rate of publications continues to be healthy, with RBRC members
playing a strong role in about half. He reported on a search for a dark photon using n’
decays in PHENIX. The VTX and muon trigger upgrades are yielding data. He
described the efforts of his group on future detector upgrades, including sPHENIX,
fsPHENIX, and ePHENIX.

Ralf Seidl (RIKEN/RBRC) reported on the W=>»u measurements at PHENIX. This is
motivated by the desire to determine the sea quark helicities in an unambiguous way.
The muon trigger upgrade has substantially enhanced the quality of the measurement.
The recent Run-13 has greatly increased the data set. Reducing background is

challenging and is a major aspect of the analysis.

John Chen (RBRC post-doc) reported on a study of the medium properties in
deuteron-gold collisions via two-particle correlations. High multiplicity events at the
LHC are yielding unexpected structures, surprisingly even in pA collisions. This has
motivated a search for similar phenomena in d-Au collisions at RHIC. The focus is on

the anisotropies in the flow.



Maki Kurosawa (RBRC post-doc) reported on the operational performance and current
status of the silicon pixel detector. In particular, these are required for studies of heavy
flavor. In Run-13, the EAST barrel was removed due to leak issues. The pixel
ladders were sent back to the assembly company in Japan for repair. The WEST barrel
was not removed but was not operated. All fifteen ladders were repaired and have been
returned to BNL. They are undergoing pressure and electrical testing in advance of

installation.

Abhay Deshpande (Deputy Experimental Group Leader) opened the second session
chaired by Anne Sickles with an overview of spin physics and future directions. He
described the very successful polarized p-p run in March-May 2013. Integrated
luminosity was greatly improved from previous runs, and polarization was also
significantly improved.  Early predictions from the accelerator division projected an
integrated luminosity from 300 to 600 pb"'. Both PHENIX and STAR accumulated
450 pb™ for this run. The hydrogen jet polarimeter provided real-time measurements
of both beam polarizations, showing values between ~45 to ~60 %; average value over
the run was 52%.

The PHENIX spin program advanced significantly with this accumulation of highly
polarized p-p collisions.  Three main objectives in PHENIX with these data are: (1)
AG (gluon polarization) through direct photons, n’s, and c-c-bar production; (2)
anti-quark polarization through forward and backward W production with subsequent
decay to muons ; and (3) study of the transverse spin asymmetries for hadrons, i.e. large
asymmetries at high p; for transversely polarized protons.

The transverse spin phenomena remain mostly unexplained. Initial and final state
interactions are usually invoked, but precise dynamic predictions remain elusive. Run-
13 (510 GeV p-p) is the last scheduled polarized p-p running. For W production,
analysis of the earlier runs (in 2009 and 2011) is complete. The data are somewhat
limited, and the Run-13 data will significantly augment these measurements.
Projections of the anti-quark polarization determination by PHENIX and STAR looks
very promising.

The AG determinations from 2009 and 2011 runs have been published. The 2013
running will significantly augment these data as well. Both PHENIX and STAR show
rising Arp for jets at high p: (up to 30 GeV/c). The best fits to these data (DSSV+)
shows AG = 0.10 *%_y; for the x-range 0.05 to 0.2. The interpretation is that gluons,
like quarks contribute approximately 20% of the proton spin. The remaining spin is

presumed to lie with the anti-quarks (yet to be determined) and with orbital motion of



the constituents (also yet to be determined). Also it should be noted that low x remains
an unmeasured region. Measurements at forward rapidity are needed, requiring higher
energy and forward instrumentation in the detectors. This need will be addressed by
eRHIC.

The anti-quark issues and transverse spin issues were described by Dr. Deshpande in
some detail. With the muon and vertex (and FVTX) tracking now working well,
Run-13 data should significantly determine these contributions to the proton spin.
(Separate talks by R. Seidl and X. Wang went into the details of muon tracking and
FVTX tracking.)

Transverse spin is interesting to the spin program because it may address the orbital
motion issues.  The large asymmetry A, for hadrons (", n° , etc.) has been around
for decades since high p; measurements using polarized targets existed. However, the
dynamics leading to these large A, values is still not well understood. Initial and final
state interactions are most commonly invoked. Measurements in the forward regions
by sPHENIX and a possible forward upgrade, (fSPHENIX) are motivated by the
continuing proton spin "crisis", which these data could help resolve.

Dr. Deshpande went on to discuss the future running plans and detector upgrade plans.
Accelerator upgrades include electron lenses and e-cooling. (stochastic cooling has
already been a dramatic success for RHIC). Upgraded detectors STAR, and sSPHENIX,
could be ready by 2018-2019. The tentative long range planning shows no running in
2017 and 2020 to allow for these upgrades. Also transition to eRHIC was shown as
occurring in 2023-2024. Dr. Deshpande concluded his presentation with a brief
description of what the detectors would look like for eRHIC.

Xiaorang Wang (University Fellow with RBRC/New Mexico State Univ.) discussed the
physics goals that use the FVTX vertex tracker.  Displaced vertices (tracks that
originate away from the event origin) indicate Charm or Bottom quark production.
Through the displacement of vertices, J/y mesons can be selected, and the associated
AL probes gluons in the interaction through the production mechanism. The group
working with Dr. Wang are working with the muon tracking group, and combining
FVTX tracking with muon tracking, W bosons can be better identified and tracked.

The FVTX consists of 10° strips, 75 mm pitch in radius and 10 mrad strips in ¢. The
unique tracking of the FVTX also allows for identification of di-muon events, and
serves to reduce backgrounds of all tracks through reduction of the combinatorial

confusion.



Early runs for commissioning FVTX, in Run-12, showed inefficiencies in some sectors,
and those were repaired. For Run-13, the overall tracking efficiency exceeded 95%.
Rapidity coverage, when combined with muon tracking was 1.2 << 2.3 (or about 25%
of the acceptance). Software improvements have been underway and continue. (see R.
Seidl's talk)

Gluon fusion is expected to dominate in heavy quark production. Plans to study heavy
quarks through the An asymmetry serve as a test of the Sivers mechanism. In the
di-muon channel, a significant J/Psi signal exists, and this will be a clean signal for
testing hadron dynamics with the Ay asymmetry. Below the J/y signal, di-muon events
come from the Drell-Yan process that probes the Au-bar/u-bar content of the proton

spin through the Ar; asymmetry. These analyses are planned.

Joseph Seele (RBRC Fellow) presented an overview of the proposed fsSPHENIX physics
program and detector. SPHENIX takes advantage of the BABAR solenoidal magnet
which PHENIX has inherited. The concept for sSPHENIX using the magnet leads to a
conventional solenoidal field surrounded by up-to-date systems for tracking and particle
ID.  Since forward angles are not covered in the initial phase of sSPHENIX, Dr. Seele
presented a concept for filling the forward directions of the acceptance.

The physics goals are motivated by the large Ax asymmetries that have been observed
at high xr for hadrons since the 1970's in pp and pA interactions.  Perturbative QCD
has no ability to explain these observations quantitatively. Today initial state
(Sivers-type) and final state (Collins-type) interactions are invoked as a possible
explanation, along with other ideas. Data related to these effects are needed.

A forward detector for jets is proposed, to investigate the dynamics at high energies.
The instrumentation planned at fsSPHENIX in the forward direction should measure
momentum to dp/p < .004p, have hadron and EM calorimetry, and hadron particle ID to
separate p/K/p. The coverage in rapidity should be 2 <m <4.

An important constraint on this (or any) design is compatibility with a future ePHENIX
detector. Dr. Seele presented some magnetic field profiles and detector component
concepts that satisfy these requirements. GEANT simulations are underway, and a

document is planned to be ready sometime next year.

Kieran Boyle (RBRC Fellow) discussed a letter of intent (LOI) with the charge to
"upgrade/configure detectors from their present form to first generation eRHIC
detectors" and "to describe the physics reach of the upgraded detector". The LOI
Committee consists of RBRC members Dr. Boyle, Dr. Deshpande, Dr. Nakagawa, and



other PHENIX collaborators. They completed the study and the LOI document was
submitted recently, in September 2013.

The physics goals are both an extension and expansion of the current spin physics
program at PHENIX as well as the study of the partonic structure of nuclei with high
energy electron beams. These include helicity structure of the proton (Ag(x) extended
to low x, for example) and Au, Ad, As and sea quark distributions to low x.
Semi-inclusive processes will also be studied. In et+A collisions, ePHENIX will want
to investigate gluon splitting and recombination and saturation effects at low x.
Variation of the species A will allow control of hadronization and suppression effects.
eRHIC is based on the BABAR solenoidal magnet, EM and pre-shower detectors in the
central region (-1<n<I), hadron calorimetry (-1.2<n<1), a BABAR-style DIRC for
the central region, a compact TPC for tracking in the central region, and forward
detectors for hadrons (1<n<4) with particle ID, EM and hadron calorimetry. An
endcap crystal calorimeter for scattered electrons (-4<n<-1) would have excellent
energy resolution (1.5 % OE/E). For tracking of forward and backward going particles,
planes of GEM detectors would be placed along the beamline around the interaction
point.

In the forward region, hadron particle ID would be achieved with an aerogel ring
imaging Cerenkov counter (RICH), followed by a gas RICH. Kaon ID would be
possible over a large range of momenta (4<p<60 GeV/c).

In summary, ePHENIX would be capable of greatly extending the x and Q* reach of
many processes. Ag(x) reach would extend well below x = .01.  Hadron studies
would be extended beyond Q’~100 GeV?/c* with \ > 10° GeV, and saturation studies
forx <107,

The Letter of Intent is now available at:

http://www.phenix.bnl.gov/phenix/WW W/publish/dave/PHENIX/ePHENIX LOI 09272013.pdf

Stefan Bathe (RBRC/Baruch College University Fellow) presented the future plans for
the VTX silicon detector. The status of the VITX upgrade was presented separately in
the talk by M. Kurosawa. The detector was initially tested with Run-11. Inefficiencies
were observed during that run, and sectors of the VTX detector were subsequently
re-worked to improve efficiencies and coverage.

Prior to the VTX, tracking in the central region with the drift chamber has been limited
by the weak magnetic field in the drift chamber region. Extending the tracking down
to the event origins serves to improve tracking efficiencies and eliminate confusion,

while improving the momentum resolution. Momentum resolution of 3% at p;= 10



GeV/c was shown. Dr. Bathe also showed clear improvement in the track
reconstruction and reduction of backgrounds. Vertex reconstruction is good and tracks
up to pt ~ 20 GeV/c can be usefully reconstructed.

Multiplicity spectra, properly normalized, were shown for PHENIX in agreement with
those from Alice and CMS in Pb-Pb collisions. The outlook for PHENIX with the VTX
is to revisit the Au-Au and p-A measurements in the future.  The analysis reported by
Dr. Bathe is in its initial stage, and no actual transverse momentum spectra were
reported. The committee looks forward to seeing charged particle spectra and Raa

distributions as soon as available.

B. Theory Program

We reemphasize the conclusion from our last review that the collection of
theorists at the RBRC along with neighboring theorists in the BNL Nuclear and High
Energy theory groups constitute the strongest theory effort in the world focused on
QCD and related topics. Indeed, a recent DOE evaluation of all nuclear physics
groups in universities and laboratories in the US put the BNL Nuclear Theory group
among the top five of all the theory groups. We note with pleasure that Adrian
Dumitru and Derek Teaney have recently been promoted to tenure at Baruch and Stony
Brook. Anna Stasto is now up for tenure at Penn State and we expect her promotion to
occur in the present academic year. The remaining Theory Fellows form a diverse and
vigorous set of talented young theorists whose work will be described below. There
are currently a large number of postdocs associated with nuclear theory at BNL. The
activity of the young theorists seems well directed and topical. We see the mentoring
of young theorists by Larry McLerran and the other theorists at BNL as dynamic and
effective. Many of the postdocs are in active collaboration with senior theorists.
There are also good collaborations among the postdocs. All in all the theory effort is
very successful and we look forward to new Fellows coming on board to replace those
departing into tenure positions. This year Rob Pisarski gave a nice overview of the
work currently being done by RBRC postdocs and Fellows. A brief description of that
work follows.

Fedor Bezrukov described an interesting picture reconciling phi-fourth inflation
with recent Planck data which rules out a scalar field coupled to gravity in a minimal
way. The idea is to add a, non-minimal, phi-squared times curvature term to the action
which flattens the inflationary potential in agreement with Planck data. The scalar

particle must be in the GeV mass range thus opening the possibility of a new observable



scalar particle in addition to particles already present in the standard model.

Adam Bzdak described work aimed at understanding particle correlations as a
function of rapidity in high multiplicity proton-proton and proton-nucleus collisions at
RHIC and the LHC. Azimuthal correlations of particles over long rapidity intervals
(ridge effect) can be explained in terms of hydrodynamics as well as in the color glass
condensate picture. He makes an interesting suggestion to look at transverse
momentum of produced particles as a function of rapidity to distinguish between
hydrodynamics and the CGC.

Adrian Dumitru described a consequence of the strong longitudinal color
electric and magnetic fields suggested to appear in the initial stage of the high energy
nucleus-nucleus collision in the framework of the color glass condensate model for
nuclear wave functions. The random magnetic field configuration generates
non-vanishing spatial Wilson loops with an area law which resembles the origin of
string tension for usual temporal Wilson loops. He argued that these random magnetic
fields generate magnetic screening in the formative quark-gluon plasma.

Kouji Kashiwa described an understanding of the QCD phase structure found in
lattice simulations in terms of the Hosotani mechanism of gauge symmetry breaking.
The new element in the present studies is the inclusion of quark mass effects which
make agreement with lattice studies of the Polyakov-loop possible.

Jinfeng Liao described the strongly coupled quark-gluon plasma created by
ultra-relativistic nucleus-nucleus collision as a topological matter with color magnetic
monopoles carrying degrees of freedom responsible for the onset of confinement and
for observed strong jet quenching. He also discussed the quark-gluon plasma as a
chiral matter with novel chiral magnetic waves propagating, which he argued can
explain the asymmetry observed in the elliptic flow parameter for charged pions.  He
also described an interesting possibility of formation of a Bose-Einstein condensate of
gluons in the expansion dominated by two-body scattering that preserves the number of
gluon excitations.

Shu Lin described work focused on understanding whether a supercooled phase
of the QCD plasma could exist. In the AdS analogy the question concerns that of an
unstable black hole and how long it can live. No instabilities were found in the sound
mode, but simply a lack of propagation at low temperature. Quantum tunneling
probabilities to the hadronic phase were calculated for sample temperatures.

Akihito Monnai described his full three-dimensional hydrodynamic calculations
with dissipative effects for strongly interacting matter with finite net baryon density.

He showed that the baryon number deposited at the edges of the central rapidity region



will be pushed back to the fragmentation regions carried by the collective flow of matter
in the longitudinal direction. The effect of baryon number diffusion appeared small in
his calculation using the value of the thermal conductivity suggested by the AdS/CFT
method for strongly coupled gauge theories.

Daniel Pitonyak described the sign mismatch crisis in single-spin asymmetries
observed in the polarized proton-proton collisions and in semi-inclusive deep inelastic
lepton scattering off polarized proton and discussed a possible resolution of the problem
within the scheme of the collinear twist-3 parton distribution function and fragmentation
function. He emphasized the need of global analyses for different reactions in
polarized pp collisions and deep inelastic lepton scatterings to fully resolve the crisis.

Anna Stasto described a program of calculating scattering amplitudes, involving
an arbitrary number of external gluons, using light front perturbation theory. So far
the Parke-Taylor amplitudes, having maximum helicity violation (MHV), have been
recovered using the light front technique. Also a light front analog of the
Berands-Giele recursion relations has been obtained. The light front procedure covers
both wave functions and fragmentation functions. The next goal is to obtain the
Britto-Cachazo-Feng-Witten recursion relation and then to see it the light front
formalism is convenient for adapting these results to carry out loop computions.

Derek Teaney described his extensive program for describing the dynamics of
the quark-gluon plasma focusing on his recent work on the next leading order (NLO)
calculations of the gluon scattering and emission by Bremsstrahlung in the gluon
transport equation for a weakly coupled quark-gluon plasma. He computed the two
body collisions, drag forces by soft random background field, and inelastic collisions
due to collinear Bremsstrahlung in the NLO approximation to be used for viscosities
and thermal conductivity of the weakly coupled quark-gluon plasma.

Ho-Ung Yee described work on analyzing effects of the triangle anomaly in the
quark-gluon plasma. One interesting phenomenon is the presence of chiral magnetic
waves in the plasma. A curious result is that a causality requirement on the
propagation of chiral magnetic waves appears to put a bound on the susceptibility of the
plasma. Chiral magnetic waves might be visible in the polarization asymmetry in

photon emission from the quark gluon plasma.
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C. Lattice QCD computing program

Overview

Taku Izubuchi, as the group leader of the computing group, reviewed the organization
of the group and RBRC computing facilities as well as the physics highlights in 2013.
In addition to himself, the RBRC computing group now consists of three fellows, two
postdoctoral fellows, six visiting scientists and two students. The group has been
engaged in a close collaboration with physicists at Columbia University, University of
Connecticut, Boston University, and BNL (high energy theory and computational
science center) since 1998 as the RBC collaboration, and with the UKQCD
Collaboration in Great Britain since 2005. It has also started a somewhat loose
collaboration with the JLQCD collaborations in Japan on measurement methods since
2012. Quite recently, in addition, a new collaboration with the LHP collaboration has
been started on nucleon structure. The RBC collaborations have worked well in
fostering young talent, producing 30 PhD theses since 2005, and currently having 17
PhD students. The computing resources of the group consist of the QCDCQ at RBRC,
ANL Mira(BlueGene/Q) at Argonne National Laboratory, BlueGene/Qs operated at
Edinburgh and KEK through the collaborations, and some clusters at RIKEN RICC and
FNAL/Jlab. The scientific activities of the group continue to attract world attention as
evidenced by 5 plenary talks presented and 15 invited talks by the group members in
2013. They have also played active roles in the lattice QCD community, serving on

various committees and organizing workshops and meetings.

Physics highlights were briefly introduced by Izubuchi, and were followed in detail by
individual presentations. Izubuchi emphasized that a new generation of lattice QCD
simulations has now produced several important results: (i) lattice QCD simulations at
the physical pion mass of 139 MeV using chiral lattice quarks have been performed at 2
lattice cutoffs (1/a=1.7 and 2.3 GeV) on a large volume of (5.5 fm)’, (ii) sub-percent
accuracy can be achieved for many fundamental/basic quantities such as hadron masses,
decay constants, Bx and Kj; form factors, (iii) the first signal of muon g-2 light-by-light
contribution is obtained (iv) kaon decay to two pions is investigated for both I=0 and 2
channels, indicating the AI=1/2 rule, (v) the first complete K; — Ksmass difference is
extracted from 4-point functions, (vi) many other varieties of physical observables are
examined, and (vii) those developments are made possible through new and existing
computing resources as well as new computational algorithms. In particular, the All

Mode Averaging (AMA) developed at RBC, achieves more than a factor of 10 times

11



speedup for physics measurements.

Individual presentations

Robert Mawhinney presented the status of kaon physics program. Employing gauge
ensembles generated at the physical pion mass of 139 MeV and two lattice cutoffs
(1/a=1.7 and 2.3 GeV), a very precise value of neutral kaon mixing parameter, Bx , was
reported. A preliminary value in the continuum limit of the MS-bar scheme, Bk (3 GeV)
= 0.533(3)stat (0)chiral(2)sinitv(11)per, Which is converted to the renormalization group
invariant value, Bx™ = 0.754(4)stat(15)stat » has a much reduced statistical error and
essentially no chiral extrapolation error, as compared with the result in the last year, Bk
(3 GeV) = 0.535(8)stat( 7)chiral(3)sinitv(11)pere - The largest source of systematic errors is
the one associated with the perturbative matching at low energy scale, which can be
reduced through non-perturbative step scaling on the lattice, so that the perturbative
matching can be done at higher scales. Using the same gauge ensembles at the physical
pion mass, Kj3 form factors were calculated. Although the final analysis is still under
way, the large systematic uncertainty due to the chiral extrapolation of the previous
result, £ (0) = 0.9670(20) stat(1+0/-42)chirai( 7 initv(17)eont » for the K = w form factor, will
be almost entirely eliminated, leading to a determination of Vs within 0.3% uncertainty.
Calculating the two-pion decay amplitude of the K-meson, thereby verifying the
Standard Model understanding of CP violation, has been one of long-term goals of
lattice QCD. In 2012, the first ever calculation of the [=2 decay amplitude treating the
two pion final state directly and with physical kinematics was reported by the RBC
collaboration:

Re Ay = 1.381(46) sar(135)5y6(207)cont X107° GeV, Im A = -6.54(46) ai(72)sys(98)cont
x10™"° GeV . This year, a preliminary result after taking the continuum extrapolation is
presented as Re A, = 1.345(84) swai(135)sys(0)cont x10® GeV, Im A, = -6.32(28)
Stat(72)sys(0)comxlO'13 GeV, where the statistical error, which includes the one associated
with continuum extrapolation, is much reduced for Im A, . He finally reported 2+1+1

flavor simulations as one of future projects in kaon physics.

Tom Blum reported lattice calculation of the hadronic contributions to the muon
anomalous magnetic moment, an, =(g-2)/2. He first discussed the status of lattice
calculations for the hadronic vacuum polarization (HVP) contribution. Since the
statistical error associated with the lattice results for the HVP is still much larger than
model estimations, his group employed a new error reduction technique, AMA,

developed at RBRC, to achieve 2.6-20 times error reduction for the same cost as with
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the previous calculation. Results with improved precision are expected soon. The
hadronic light-by-light (HLbL) contribution is much more difficult to evaluate than
HVP. He and his collaborators have worked on this problem for many years. In his talk,
he reported that a non-zero signal was obtained for the first time in 2+1 flavor QCD
with domain wall fermion at a=0.11 fm on 16 x 32 (x16) lattice with 420 MeV pion
and 690 MeV muon masses. A very preliminary result gives apn,(HLbL)=-15.7(2.3)x107
at the lowest non-zero momentum and the electric charge e=1, which is 5-10 time larger
and opposite in sign from model estimates. At the lighter muon mass of 190 MeV, they
obtain an,(HLbL)=-2.2(0.8)x10” . They are currently repeating the calculation on larger

volumes and the results are expected in near future.

Brian Tiburzi described his work to employ lattice methods to explore electromagnetic
properties of hadrons. He has already investigated the electromagnetic properties of
charged pion and neutron. He reported results on the magnetic moment and
polarizability of neutron, i, =-1.6(1) [pn] and 0" = 3(1) x 10™* fm® , respectively, while
their experimental values are w, = -1.9 [ux] and ag” = 11(2) x 10 fm’. Recently, he
considered a charged scalar field in magnetic field to investigate Landau levels in lattice
QCD. He also discussed via the sigma model analysis that the Dirichlet boundary
condition is incompatible with the chiral symmetry breaking.

Ethan T. Neil reported results of lattice simulations to explore the technicolor theory as
a candidate of beyond-standard-model theories. In particular, as a member of Lattice
Strong Dynamics (LSD) collaboration, he discussed a property of SU(3) color gauge
theories with many (Ny) flavors, by comparing theories with Nf =2 and N¢=6. He found
that the S-parameter in Ny =6 is smaller than that in Ny =2, suggesting that the
S-parameter in Ny =6 might be consistent with the experimental constraint, and that
masses of vector and axial-vector mesons become almost equal toward the chiral limit,
indicating that the chiral symmetry might be restored. He will extend this
phenomenological investigation to the Nf=8 case, to find a good candidate for the

technicolor theory. He also presented his research on composite dark matters.

Tomomi Ishikawa, after briefly summarizing RBRC activities of B physics on the
lattice, reported his results of B meson decay constants and mixing parameters using the
static quark action. Employing 2+1 DWF QCD ensembles generated by RBC/UKQCD
collaboration at two lattice cutoffs (1/a=1.7 and 2.3 GeV) with several pion masses

ranging between 290 and 420 MeV, he took both chiral and continuum limits
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simultaneously and obtained, for example, B meson decay constant, fg = 222(31) MeV,
and the ratio of B-meson mixing amplitudes, &= 1.218(65). For the decay constant 1/my
correction gives a large error of O(10%), while 3.3% statistical error, 2.9 %
chiral-continuum extrapolation error, and 2.2 % 1/m, correction appear for &, whose
total error is 5.3%. He finally discussed future prospects of this research such as error
reduction by AMA, removal of chiral extrapolation by physical point ensembles,

non-perturbative renormalization and inclusion of 1/my, correction.

Christopher Kelly reported his ambitious project, the direct lattice calculation of the I=0
two pion decay amplitude of the kaon, which is important to explain the AI=1/2 rule and
the direct CP violation in the standard model. To overcome technical difficulties in the
direct calculation of =2 decay amplitude, RBC/UKQCD collaborations introduced a
special boundary condition, called G-parity boundary condition, whose properties was
reported in his talk. As an exploratory study, he generated a gauge ensemble with
G-parity boundary condition at 1/a=1.7 GeV on 16 x 32 lattice with 420 MeV pion
mass, and demonstrated the correct dispersion relation of pion and expected stabilities
of kaon mass and Bg. Currently, an ensemble with G-parity on larger volume, 32° x 64,

is being generated.

Sergey Syritsyn described exploration of nucleon structure on a lattice. He presented
results on vector form factors of nucleon, showing that both isovector Dirac radius and
anomalous magnetic moment agree with experimental values at the physical pion mass
by the extrapolation through the heavy baryon chiral perturbation theory (HBChPT) if
contaminations from excited states are carefully removed. A similar tendency was
reported for the nucleon axial charge, where other lattice calculations tended to
undershoot the experimental value. He also calculated the isovector quark moment
fraction, which agrees with the experimental value, and quark spin and angular
momentum inside nucleon to understand the origin of the nucleon spin, known as the

proton spin puzzle.

Future of computing at RBRC

Norman Christ discussed the future of computing at RBRC. The partnership with IBM
has been very successful, leading to the development of QCDOC and QCDCQ as the
in-house computer and at the same time providing the gateway to large DOE machines.
While the possibility of commercial collaborations with IBM, Intel and others are being

explored, the likely time scale for realization will be 4-5 years.
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For the near future time frame of 2015/16, he suggested that exploiting the next
generation of Intel Xeon Phi accelerator presents an attractive possibility. He proposed
to assemble a system with 1,000 nodes with 1 Pflops sustained performance as a
RIKEN, BNL and USQCD joint effort. Collaboration with Edinburgh was envisaged,
and work with Brookhaven’s Computational Science Center (CSC) and USQCD would

play an important role.

Taku Izubuchi followed up by presenting his vision on the future of the RBRC
computing group as center of excellence for young lattice physicists. Building upon
the excellent track record, he is confident that the group will continue to attract
excellent members and collaborators, working on excellent subjects spanning the
Standard Model, nuclear physics, and Beyond Standard Model. He emphasized the
essential need of in-house computers for exploring new ideas quickly, and hence of
securing the follow-up to QCDCQ system in the 2015/16 time frame.

Assessment of computing at RBRC

Achievements in this year by the computing group at RBRC are well balanced between
mainstream calculations of lattice QCD such as physical point simulations, with which
very precise values of hadron masses, decay constants, Bx and K3 form factors, can be
obtained, and more difficult and challenging calculations such as muon g-2
light-by-light contribution, kaon decay to two pions for both I=0 and 2 channels, and the
Ki — Ksmass difference. This is the strongest and unique point of the RBRC lattice
group, which now becomes one of the excellent research groups of lattice QCD in the
world, as a part of the RBC collaboration. For example, All Mode Averaging (AMA),
developed mainly at the RBRC, brings great computational benefits not only internally
to the RBC collaboration but also to worldwide lattice QCD research groups. In
addition, there appears several different projects at RBRC such as nucleon physics and

the beyond standard model physics, which add new features to this group.

Basically the RBRC group should follow the current research projects and styles, in
order to continue producing excellent results. The Review Committee, however, would
like to suggest that the RBRC computing group could enlarge research areas including
finite temperature and density QCD as well as hadron interactions, taking advantages of
the RBRC/BNL, which has strong theory/lattice groups and RHIC experimental groups.
We believe that these enlargements make the RBRC computing group a unique and

irreplaceable group in the world.
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D. Astrophysics

Dr. Toru Tamagawa from the High Energy Astrophysics Laboratory of the RIKEN
Nishina Center gave an overview of astrophysics research at RIKEN and presented the
case for his participation in the Large Synoptic Survey Telescope (LSST). Among the
science themes of LSST are the study of the origins of Dark Energy and Dark Matter
and the exploration of the transient optical sky. BNL is one of the core institutes in
LSST and is leading the development of a multi-gigapixel focal plane detector for the
telescope. Dr. Tamagawa proposes to send post-docs to RBRC to contribute to the
construction of the camera. In addition, his group can provide optical filters for the

camera.

The committee finds the physics motivation for the proposed broadening of scope of the
RBRC mission to be compelling. The proposed initiative leverages the RBRC
relationship. The committee advises that care should be taken in initiating this new
effort that the existing hadronic physics program, the essential basis of RBRC, is not

negatively affected in any way.

IV. Future perspective

Brookhaven ALD Berndt Mueller reported on the future plan for RHIC and eRHIC.
After summarizing the RHIC collider performance, in terms of luminosity achieved and
versatility of operation, he reported on the status of the detector collaborations
(PHENIX and STAR) and described the main discoveries made at RHIC. In addition to
establishing the 'perfect liquid' scenario and 'jet quenching' they include, together with
measurements at the LHC, that heavy quarks recombine when the QGP hadronizes,
indicating deconfinement before hadronization. In addition, the experiments with
polarized p-p collisions have now established that approximately 20% of the proton spin
resides in gluons.

Important for the program are the machine and detector upgrades planned for the next 5
years. They include on the accelerator side bunched electron cooling to increase the
luminosity by at least an order of magnitude at low energy (down to 2.5 GeV/nucleon
beam energy) as well as the STAR HFT (Heavy Flavor Tracker) and the PHENIX
MPC-EX (Muon Piston Calorimeter EXtension). With these upgrades the physics
possibilities with the already successful RHIC Beam Energy Scan can be very

significantly improved, promising a strong statement on the (non-)existence of a critical
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point in the QCD phase diagram in the energy range between Vs = 5 GeV and 200 GeV.
With the new vertex detectors and calorimeters STAR and PHENIX have now much
improved capabilities for heavy flavor and photon measurements which should also lead

to major new physics results between 2014 and 2018-2019.

An important change planned for PHENIX is the transition, in 2019 and 2020, to a new,
calorimetry based experiment (SPHENIX) with a new magnet (the BABAR solenoid).
This is a major and ambitious change, practically a new experiment, with the main aim
to provide new insights into the microscopic origin of jet quenching and color screening
for different quarkonia. In the version presented to the committee SPHENIX has no
charged particle tracking in addition to that of the existing VTX detector. This is an
issue that may be revisited, especially in view of the plans of a transition to eRHIC

described below.

Concerning the strategy for the transition to eRHIC as a major new QCD Facility at
BNL, the ALD outlined in a concise way its goals: create an affordable (< 600 MS$)
version of an electron-ion collider (EIC) based on the re-use of much of the RHIC
infra-structure. The eRHIC program should be focused on the science program outlined
in the EIC white paper and be upgradable to higher energy and luminosity.

In its basic configurations it will be an Energy-Recovery Linac + Ring design that uses
the existing polarized proton and heavy ion beams and RHIC tunnels as well as
cryo-facility. In this fashion it is clear that the transition from RHIC to eRHIC also
marks the end of RHIC as a heavy ion collider. This is considered as an important step
to establish a new facility (eRHIC) and is strongly supported by the committee.
Concerning detectors for eRHIC two interaction regions are part of the project. These
could be suitably modified/upgraded versions of the STAR and sPHENIX detectors and
Lol's from both collaborations provide benchmarks for this, including cost estimates. In
addition, the EIC task force at BNL is invited to provide a similar Lol for an entirely
new EIC detector. In either case the eRHIC detector(s) will be designed and built by

new collaborations.
Overall, this looks like a coherent and convincing case and BNL management together

with the eRHIC community needs to make this strongly at the next NSAC Long Range
Plan.
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Dr. Thomas Ludlam gave a comprehensive overview of the future detector upgrades in
the scenario where RHIC ceases operation around 2020 and eRHIC starts operation
around 2025.

Dr. Yuri Kovchegov presented the science case for EIC based on the study of nucleon
structure and of QCD physics in a nucleus. He posed three big questions: How are the
sea quarks and gluons, and their spins, distributed in space and momentum inside the
nucleon? Where does the saturation of gluon densities set it? How does the nuclear
environment affect the distribution of quarks and gluons and their interactions in nuclei?
He concluded that EIC would allow us to address the spin puzzle and map out the
nucleon at an unprecedented level of precision. EIC may complete the discovery of
saturation/CGC physics and study its properties. Both achievements would significantly

improve our understanding of QCD in nucleons and nuclei.

Dr. Taku Izubuchi and Dr. Norman Christ presented their perspective on the future of
lattice QCD. They are seriously considering a 1Pflops machine assembled from
commercial accelerators on the timescale of 2015/2016. X. Ji has proposed direct

computation of parton distributions.
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IV. Overall evaluation of the program and recommendations

* In general, the committee is very positively impressed. The RBRC enterprise is
healthy and strong.

* RBRC remains a unique, highly successful model for international scientific
collaboration. The growing, worldwide network of RBRC faculty at research
universities and laboratories is very impressive.

* The young people in RBRC are a dynamic, enthusiastic, and effective group.

* RBRC workshops continue to play a major role in the evolution of the RHIC
scientific community.

It is important that the PHENIX collaboration produce spin results competitive
with those from STAR in a timely way. RBRC can play a key role in this
effort.

*  We commend RBRC leadership for maintaining a constant staffing level in a
constrained fiscal climate.

* Interms of RHIC operations, the RHIC II era has been realized and is in a
productive phase.

* Further, the recent RHIC-spin running has yielded a substantial amount of new
data so that the total integrated luminosity of 630 pb™' (at average polarization of
50%) has been reached in running from 2009 through 2013.

* The Laboratory has developed a sound plan for the future based on the
electron-ion collider eRHIC starting operation in the mid-2020s. eRHIC would
provide dramatic new capabilities to explore proton spin and nuclei in the region
dominated by gluons and sea quarks.

* A crucial next step on the realization path for the electron-ion collider is to
receive a green light from the US nuclear physics community at the next long
range planning exercise. The committee commends BNL management for
coherently working with Jefferson Lab to develop and articulate the strongest

science case for the next QCD machine in the U.S.
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