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SPIN: FUNDAMENTAL QUANTUM NUMBER

SPIN is one of the fundamental properties of matter
all elementary particles, but the Higgs carry spin
Studying Spin revealed many surprises in physics
- proton anomalous magnetic moment - substructure
cannot be explained by a static picture
@ of the proton

Proton Spin:

It is more than the number # | It is the interplay between
the intrinsic properties and interactions of quarks and gluons

If we do not understand the proton spin in QCD,
we do not fully understand QCD !

need a polarized collider to have full access
3 to the proton dynamics
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FUNDAMENTAL QUESTIONS

Q How do quarks and gluons conspire to provide the proton's spin 1/2

gluon spin

Gluons account for 50% to the proton's momentum

Ly=(pils,, 1PA)=a la S 8 42 6l d ks dominate the proton structu
Sh= ,§| CD| 5 a 2 a uons and sea quarks dominate the proton structure
‘IW—’ at x<0.2

rotal quark
sSpin
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WHAT COMPOSES THE SPIN OF THE PROTON
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Can quarks and gluons explain all the spin?

- what is the role of gluons?

- what is the role of sea quarks?

- How much orbital angular momentum is needed?
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AG FROM EARLY DIS AND POLARIZED p+p DATA
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HIGH PRECISION 2009 RHIC DATA/4g9(X)

0.07=-STAR 2009
0,065  p+p — Jet+X PHENIX
0.05 's=200 GeV e |
04 - ) e <t - 10.005 T
. 0.0 - 7 <14 012 ] . Run-5 (9.4% scaling uncert.)
| - K B
< 0.03 - . I N Pl 01 o Run-6 (8.3% scaling uncert.)
0.02;— \ —;';_,—"—— 0 085 n Run-g(i;;ﬁ scaling unl:ert.}
0.01 :— = ) :_ - Run-9 Rel. Lumi. Syst. Uncert.
RS e e 0.06[-
0015  arXiv:1405.5134 0.041
- 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 :
5 075 e STAR 0.02}- | E}
~'E |— BB10 .
o - ... Dpssv 0 _—"Q"B"ﬁi"%@{"w"'% ....... i ....................................... W
0.05 ;_ """ LSS10 -0.02 __| I | ! | ! I ! ! I ! L I |
0.0aE- NNPDF ? /_//’ 5 10 15
- —~
0 03F- 1 | - ‘ arXiv:1402.6296 p, [GeV/c]
<"™E 05<hl<i _ g T o
0.02;— { / *‘ ________________
0.01F oy
- o m=s e ®
0F ﬁ-r-.:/:,'_?:':‘"'IE'._;',_;::T=*"=":"" """"""""""""""""""""
= - +6.5% scale uncertainty
-0.01 E from polarization not shown
Coovoeo b e e b e e Ll
5 10 15 20 25 30 35
Parton Jet p_ (GeV/c)
T BROOKHEVEN
Brookhaven Science Associates NATIONAL LABORATORY

RHIC-AGS Usermeeting 2015 E.C. Aschenauer


http://arxiv.org/abs/arXiv:1402.6296

EXTRACTION OF Jaa(X)

QCD analysis of world data: especially new 2009 RHIC data
DSSV: arXiv: 1404.4293, PRL 113, 012001

........ gluon contribution (down to x ~10-3)
1 looks positive and smaller than 1
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Reduce uncertainties:

NEW DATA

at low x 2 higher beam energy = new 500 GeV data at mid-rapidity

- go to forward rapidities |n| > 1
overall: more statistics

several other channels, i.e. di-jets, charged pions, J/V¥, ...
sometimes lower statistics, but very different systematics
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New data sets will have a high impact BROOKHEVEN
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FURTHER IMPROVED KNOWLEDGE ON Ag(x. Q%)

1
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WHY IS SEPARATING QUARK FLAVORS IMPORTANT?

» nuclear structure is encoded in PDF

» understand dynamics of the quark-antiquark fluctuations

> flavor asymmetry in the light quark sea in the proton
unpolarized: ubar # dbar - caused by non-pertubative effects
polarized case ?

» shape of polarized sea-quark PDFs critical for quark contribution to spin

S [T Drop of integral due to shape of polarized sea
X L 2 _ 2 1 |
F T T e g 0] quark PDFs at low x y .
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THE GOLDEN CHANNEL: W PRODUCTION

probing
quark sum (U+d)

probing
y

e-
,//-_ﬁ R
{

%npolarized

beam

ud - W ..

Erobing
- U quar
di — W \
o '
//
polarized °
beam

proton proton
collision zone

Ws naturally separate quark flavors
- rapidity: sea vs. valence quarks

Ws are maximally parity violating
< Ws couple only to one parton helicity S::r; Iheirgn: rgcz"_‘sczesgggg GeV?

extremely clean theoretically

No Fragmentation function
- stringent test on theory approach
for SIDIS
UNIVERSALITY of PDFs
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CURRENT W-RESULTS
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IF THE RUN-13 DATA ARE FULLY ANALYZED
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SR

3

2D+1 picture in momentum space 2D+1 picture in coordinate space

transverse momentum dependent PDFs generalized parton distributions
- e > exclusive reaction
°* ’? SRR \\Qu%lr'ks/«;f : :
3 3 A ([,
o § o - | b [
05 05 \ By |
-0.5 0 05 -0.5 0 0.5 \ P larised l po rised
C k(Gev) T k(Gev) = —

(] L1

| Spin as vehicle to do tomography of the nucleon|

What is the dynamic structure of the proton and nuclei
2D+1 picture in momentum and coordinate space
Visualize color interactions in QCD
collective phenomena and correlations in fragmentation . RUTEN

NATIONAL LABORATORY
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TRANSVERSE SPIN STRUCTURE

&

' .' \J ‘\
| ; ' \3 ‘¢“ m Ny
using spin to unravel * J\ ¥
the secrets / dynamics of QCD \ ‘4 “ -

Resolving the new spin puzzle
of the 21s' century
The legacy of transverse polarized pp:

What causes A, at forward rapidities?
BROOKHEVEN
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NEW SURPRISE IN SPIN: LARGE Ay AT HIGH (s

#Single-spin-transverse-asym.——
o7Ept+p-> 0+ —4— 24 <x, <0.32 Big single spin asymmetries in pfip !l
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3 Py N/& .+ NG .. Naive pQCD (in a collinear picture)
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left ‘]‘ naively from p-QCD? NO
' e e
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INITIAL STATE: TMDs VS.

ntermediate

A
Transverse .
S| momentum Coll !nea;/
Qdegndext Q ?Qwrlitl\q .
. >>Qr>=Aqen . E
k. Q>>pr ) ProQ Efremov, Teryaev:
Qiu, Sterman
P e \ or
Sivers fct. Twist-3 EE

Agen << Q/Pr<< Q

Need 2 scales
Q? and p;
Remember pp:
several observables one scale
Exception:
DY, W/Z-production

Need only 1 scale
Q2 or py
Sut

should be of‘ reasonable size

should be applicable to
pp observables

% related through A\(n/y/ jet)
i
—[d%k, T S k) g =T, (x,%)
BROOKHRVEN
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An: HOW TO GET TQO THE UNDERLYING PHYSICS
Smeasure less inclusive

Initial State Final State
SIVERS/Twist-3 Collins Mechanism
Q Ay for jets, direct photons Q asymmetry in jet fragmentation
0 Ay, for heavy flavour > gluon Q =n*/-n% azimuthal distribution in jets
0 AN for W+/- Z9 DY Q Interference fragmentation function
N e Q Ay for pions
- Novel Twist-3 FF Mechanisms

Sp Sp

7\

P

Sensitive to correlations Sensitive to
proton spin - \ transversity x spin-dependent FF

parton transverse motion . |
not universal between SIDIS & pp universal betweenES i &BR%:K:.:,-EN
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Results at forward rapidities
n=<2.9
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An FOR DIFFERENT # PHOTONS IN EM-JETS

80-100 GeV

EM-Jet Energy = 40-60 GeV 60-80 GeV
Z _l T T T T --l T l. N T
< 0.05¢ T STAR Preliminary

nQ's

Q A, decreases as the
event complexity
increases (i.e.,the

- "“jettiness"

lw| Q Ay for #photons >5 is

' similar to that for

#photons = 5

4 EMJ t? S v
pEWe (GeV/c) Jettier events

Several other Asymmetries for jettier events are also very small
these dependences raise serious questions how much of the large
forward n° A, comes from 2 2 2 parton scattering BROOKHRUEN
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COLLINS ASYMMETRIES FOR (P RELATIVE TO JET AXIS

e oo | = Calculated Ay for jet-isolated n°, background
C pl+p-> n+ s= e - 0 . . . .
oos P> W NE RISMEN 4 iolsted 2.0 subtracted Ay, for inclusive n° and n° in EM-jet
F STAR Preliminary —4— % in jet, z_ <09
0.045 % beam pol. scale uncertainty not shown * s s * * b
F ; Q Isolation defined by anti-ky jet algorithm with
<Z 0.02§ + + +* + R - 0.7
oot #{) ¢ ! ! Q Longitudinal momentum fraction z of n° is
of_.i%.-..ﬁz ...................... o TL ...... calculated w.r.t the EM-jet as Zgy,
-0-01?1%1 0 Asymmetries of less exclusively produced n°
0.16 0.18 0.2 0.22 0.24X 0.26 0.28 0.3 0.32 0.34 (ZEM < 0.9) is smaller‘ Than iSO'a*ed TEO
F
0.05 0.05
Cptap>jet+ +X @ (s=500Gev —4— A ¥ Fpt+p>jet+ p’+X @ ({s=500GeV
004 anti-kTR=0.7 4 P antikTR=07
- STAR Preliminary bafkgm“”d asymmetry L STARPreliminary
~ 0 pr'>2Gev = - ol
? 002: 28<mn, <40 ', 002 § Pr >2GeV
w0021 < . 28<h_<40
% = - 0<Z, <09 .§<g s _ ; i et
< 0.01:— il ! * !
u * ir’ f % if O T et beam pol. seale uneer tainty not shown @ L
I Tt e et sy | f b
. { 0.01— i
001 T T Y % A Sa— Y
- Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il
0.15 0.2 0.25 0.3 0.35 0.4 0.45 ZEM
Xy

Total of Sivers and Collins asymmetries of EMjet and n° relative to jet axis
are found to be insufficient to account for the observed inclusive w° single spin
asymmetries. BROOKHRVEN
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ADY: "TETS” AT n>3

““‘ - ~,e ae — — | — — — £
plap— jets, ve=500 Gev
0.015 arXiv:1302.3218 ot
o (et &, (sTatistical errors)
0.01— o.otsf . .
S Ghy (systemanic error )
0.005 [~
< _.,/3;—\'{’/*/-/," oot
0 - — -
~0.005(— ﬂ 00051
[ o +
~0.01+ of ey ®
~0.015( | | | | | 00081 +
0.1 0.2 0.3 0.4 0.5 0.6
x _D.u-1-|||||||||||||||||||||||
U.L uv.4 Uv.0 uv.o F —04 02 0 D‘E ﬂ.4
XF' % fF ..r.-;
[~ z ] € arxiv: 1304.145
mall asymmetry: cancelation of u an? d Sivers TMDs
Be‘l'er'ml e A,JFJZT) at same rapidity of big A\(n®) n>3

RUN-11: A\ DY collected ~ 6.5/pb
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UPGRADES AT PHENIX AND STAR

PHENIX MPC-EX: |- = .
- u % = e
S — [ \ e | = .
S | _  dwich pre-shower
/ \ 2 | _  Iromagnetic
= |- to >806eV)
S S S
N
STAR FMS-PreShower:

]
% m% fs = 200 GeV, Ldt=40 pb™ _
o 10F — direct photons | < p4p->1 +X @ 15=500 GeV, y=3.5

F ___ decay photons 0.04_STAR FPSBFMS: P=55%, Ldt=400 pb” |

10

EE —— charged tracks

105:5 0.02

1:}‘*:5 _____ | ‘

103_5 .

10 'O-DT IS

1oL 01 02 03 04 05 06 07 08

- X
i foaiat i ] ] BROOKHRAVEN
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FINDINGS FROM FORWARD RAFIDITY

<> Ay decreases as the event complexity increases(i.e., the "jettiness™)

<~ Isolated n® asymmetries are smaller when there is a correlated EM-jet at
mid-rapidity.

< Ay of forward jets are small
- cancellation of u and d Sivers TMD

S Total of Sivers and Collins asymmetries of EMjet and n° relative to jet
axis are found to be insufficient to account for the observed inclusive
n0 single spin asymmetries.

These dependences raise serious question about how much of the

large forward w® A have 2 > 2 parton scattering as underlying
process (diffractive events?).

BROOKHEVEN
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Results at mid rapidity
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Mid Rapndlfy AN(n°) dommated by 99 and qg

HINTS FOR GLUON SIVERS /TWIST-3

: ax° —10%xm.n DSS - SIDIS2
0.06 F pHENIX 20 200 GeV Model: 6TMD
ooq | OrXivi1312.1995 arXiv: 1506.03078 |]
F 002f I .
0r = o i E } T l . 4
002 [ 1 .
_0.04 : 1 1 1 1 1
2 4 6 8 10
(GeV)
1 ﬂxzﬁif1w
ol A T o= 2%
N Ref. [2] ——-
1
-‘-,3 01
%
001 F
0001 | DSS - sIDis2 .
no hint of a
0.0001 : L
0.01 0.1 non-zero
§ 0
AN(n?), AL(T/5)
and
AN(M)
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- gluon Sivers ~ 0

= 0.15

04

0.05

-0.05

-0.1

Forward Rapidity A,,(J/=) only gg:

=
<

015

A\ (JAy) in p+p 15=200 GeV

run 2012 (this analysis)

Xg>0

0.05

-0.05

=]

runs 2006+2008 (PRD 86, 099904(E), 2012)

0.1

I

"“‘v———
PH-<ENIX
preliminary

0_

B

04— py=[0.0-14],[1.4-6.0] GeVic

i

vertical scale uncertainty 3.4%
| L |

I
o] 1

2 3

4
P, (GeV/c)

Forward Rapidity A,,(1.) dominated by
gg through D-production:

- Twist-3 gg correlator ~0 ?

- p+p — '+X at \'s = 200 GeV PH “ENIX

- 1.4<n|<1.9 preliminary

- 1 .D-:pT-:S.D GeV/c

= ~+ 2006

L «— 2008

N | - 2006+2008

:_ lli '

- <p,> =2.4,1.4,1.4,2.4 GeVic

. Scale uncertainty 5% not shown

: 1 i I i I i | 1 1 | Il i i I i i i I Il 1 i

.08 -0.06 0.04 0.02 0.02 0.04 0.08 0.05
Xp
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INTERFERENCE FRAGMENTATION FUNCTION (IFF)

pt+p =2 w'n+X 2  transversity x IFF
brs = Or — Og survives in collinear framework

T —do¥
?h—?hl-F?hz A . — 1 do g
ﬁh = TPh1— Ph, 25“ 1 ur S (¢RS) Pol do T —+ do+

T I l
M bin boundaries
Run 2011 {'s = 500 GeV

pTop S +X

¥ 5007
L4

0.06

(pT) (GeV/c)

0.05

0.04

0.03

H§ .

b STAR Pre#iminary

0.01

-0.01

ﬁllllllllllllllllll||||IIII|IIlllllllllllllllll

02 04 06 08 T2 e e ie 2 52 54
M. Skoby, Spin 2014 - (GeVic’)

—“Interference Fragmentation Function” oos o o T
e.g. Bacchetta and Radici, PRD 70, 094032 (2004) 007w —————————————————— ——————————————————— ———————— + —————————— STARprehmlnary
006 | - — —— — <'PT'%>—~:~'1'0%4'9"—"""'%

Q Significant di-hadron asymmetries 0.057 g o e — (PT‘>=3.57+‘
both at /s=2006eV and /s=5006eV :-.. |
Q Increasing with p; Tew | fffffffffffffffffff T
O Enhancement to asymmetry is seen e v """"" b *

around p mass ol PP ey X "a't"\"/'_w—"QOO GV
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JETS TO ACCESS TRANSVERSITY

Transversity @ @

> pproton

Ap hfl(x1 ) (x2 )UT(StulDDp Z]T)

Key search in region x (0.1 < x < 0.35)

0 dependence of the Collins FF on pion
transverse momentum (j)

[ Collins asymmetry universal?
> do these asymmetries evolve with /s?

f;h (xl’kT)ﬂz( ’kT)SUUD% (Z’JT)
't b(AL) = et 4 7 + X 200 vs. 500 GeV Comparison:
P'+pP(Au) —j :
05 [T v =m0 007 Py o2 0 These measurements coupled with
&P | (W fs=200Gev oo st z0izezors I the interference fragmentation
z - B o+Au, (s = 200 GeV (proj. stat. 2015) .
S 2 | | e oy function (IFF) measurements at
p+p, s =500 GeV (proj. stat. 2017) ~ -
i ' both 200 and 500 GeV will provide
-y 'le || 4 insight into the Q? evolution and
O NE + 77777777777777 universality of TMD functions.
| o =0 L
] L | I]% =+@:] Q These results could lend sensitivity
] | ] to the size of potential
| Jetx, = 0.13 i factorization-breaking in Collins in
-0.05 | Closed points: «*; Open points: ” | p+p.
) L | L L L L L L |
0.2 0.4 0.6
Z
0.2 0.4 0.6
2 S b
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VISUALIZE COLOR INTERACTIONS IN QCD.

Measure non-universality of sivers-functi~-

DIS:
7q-scattering

attractive repul sive

Siverspyrs = = (Siversyy or Sivers,, or Sivers,)

A\(direct photon) measures the sign change in the Twist-3 formalism

& All three observables can be approached
at 500 GeV at RHIC
BROOKHEWVEN
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SURPRISE: TMD EVOLUTION

Z.-B. Kang & J.-W. Qui arXiv:0903.3629

z T Z. Kang: original paper arXiv:1401.5078
< 03 3 before evolution W —> 0.06 1 -
 0c0.<3 GeV < qoal after evolution | € much stronger than
0.25; "< ' any other known
02f ] 0.02 W evolution effe~”
0.15F - “'IQ)ﬁ> gt
0.1 -0.02 \,\-;C
0.05¢ 0.04] >
O it <0.06 Dt a
2151050 051 15 2 15 D\I \})
n
Z.-B. Kang & J.-W. Qui Phys.Re Cczssz
< before ¢ .‘MD ce ol e e 3 -
osV X c QN _Gil lever arm in
) Q? & p,
- NOTE:
T4 <Q <9 GeV the same evolution applies
O-OBL . E 0I < r <|1 GIeVI - to TMD FFs, i.e. Collins
0.1 e _4...3... “”1”{} 1””2”“3“”4 and fo e‘e,
' v SIDIS - eRHIC
BROOKHEVEN
Brookhaven Science Associates NATIONAL LABORATORY
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ANALYSILS TECHNIQUE FOR Ay W

Need to reconstruct W kinematics as lepton asymmetry is suppressed and
the kinematic dependences are difficult to resolve

- resolution effects and statistics
Z.-B. Kang & J.-W. Qui arXiv:0903.3629

=z 0.1 :
< < 003} ,
0.08[ : H
[ 002} y=-12
006 i
[ 001
0.04 [
002} T
:...I....I....I....I....I....I....I....I....I... _0.02:I....I....I....I....I....I
30 35 40 45 50 55 60 65 70 20 30 40 50 60 70
Pr Py

Apply analysis technique developed at the Tevatron and used at LHC
i.e. CDF PRD 70, 032004 (2004)
Philosophy:
W = l+v asvis not seen
- reconstruct W kinematics through lepton
and hadronic recoil

Brookhaven Science Associates

RHIC-AGS Usermeeting 2015



STAR: A
v fit sin(¢) modulation with phase = w/2

v Average RHIC polarization for 2011 transverse p-p data > P = 53%
v Systematics estimated via a Monte Carlo challenge
input asymmetries from arXiv:1401.5078 and reconstruct it back

We use the “left-right” formula to cancel 1 \/ NN, - \/ N, N,

dependencies on geometry and luminosity 4y NN, NN,
R L L R

z z

< L STAR preliminary e WS I'n < [ STAR Preliminary e WS I™n
K3 ) ) B _ _ z 1 _ :
17 e W > I n 1— e W — ' n < 0 8: Zo —> l+ l STAR preliminary
0 5: —4— 0 5: 0.6t 1
5F 5r t 0.4f
- I = N — g
. { gt B 0.2}
0 = __l R [y e 1 A, < F
4 1 - OF
B i -0.2F
0.5+ O 0.5 o 4:
l; STAR p-p 500 GeV IL =25pb™ 1: STAR p-p 500 GeVIL =25pb™ -0.6f jTA: D'ZEOC‘: ?/“'Vfl“; 25.pb"
“H W<I -1 0.5<P,<7GeV b 0<Pr<25Ge
B 3.4% beam pol. uncertainty not shown B 3.4% beam pol. uncertainty not shown 085 3.4% beam pol. uncertainty not shown
s I P R R B = 10 B S R S S—— -1 -1 0 1 ,
S 5ol ) 106% S y?
2 15 . . 2 6
[%2] 10 e . (n 4 e .
5 . ) 2
ob— : : : : : : : : 0 - ‘ : : :
12 3 4 5 6 7 8 9 10 -0.6 -04 -02 0 02 04 06

PT yW
Asymmetry sign consistent with Sivers fct. sign change
Y Y s9 9 Bﬂnnl(mwlsu

Brookhaven Science Associates NATIONAL LABORATORY
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WHAT ¢cAN WE RS

Assumptions: ha .\-h rougily = h UL D

integrated dellvered lumime--* c fion

9 7 ‘weeks asu f‘m -\'/‘g“/g .\-q\ '\'he op
Me yigat ted _shower

~sea- quar'k Sivers fct

-~-~-",.’.””cnange |f TMD evolution =+ ~5 or |e8§00OKHAVEN
RHIC-AGS Usermeeting 2015
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QUTLOOK
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THE MISSING PIECE: ORBITAL ANGULAR MOMENTUM

GPDs: PDFs that

correlated parton momentum exclusive reactions the vehicle to access L, & L,
and their distributions in golden channel: J/¥
transverse space
t Y new theoretical concept: Generalized Parton Distributions
02, o
P/g\ Spin-Sum-Rule in PRF:
LN 1 1
—=J 4T = AR+ Y LT
2 q 4 2 . q 4
. _1f p!
J: == f xdx(H"’g @
q.8 2 -1 t—>0|
/

responsible for orbital angular”momentum

J/¥ production in ptAu UPC
- world wide only access to GPD E for gluons

V- t Im(E* M
AUT(Z‘,t)N 0 ( H) t= JIY

Au " AU m, | H | s
= T Run-15: 7000 J/¥
P1 '
Brookhaven Sc \-—f/\ﬁ Eﬁggll(!!&‘\'u[)ﬂ

t2 E.C. Aschenauer



STUDYING SATURATION THROUEGH SPIN

oy <1 Q Very unique RHIC possibility p'A

DGLAP § Q Synergy between C6C based
f theory and transverse spin physics
BEKL g O Suppression of Ay in p'A provides
-~ § sensitivity to Q..
i arXiv:1106.1375 & arXiv:1201.5890
\
non-perturbative region ag ~ 1
In x 1
o % [ —p+Au
‘L V7] NMC 5= R
&%9,10 [ BeoMs e P —prtu
5 | &z 1 —p+Si
G [ [ Esss = i p
10°t [ stac A nsl-
E ’ TN
A=A A - PH-“ENIX
0 AL A 0.4 o — 4
I L*®: 50 pb” jz}<40 em, P=60%
F i L***- 130 nb”" [z]<40 cm, P=60%
0 L Q2 02
E 'QUa,k 40 i
q R 3.qu3mp I:I__ ]- E { {
i o / -llz_ll||||||||||||||||||||||||||||||||||||
L g : 1 J 1 1 15 2 25 3 35 4 45 |EN
10 0% 1w0* 10 1w0? 10’ 1 P, (GeVic)



PHENIX AND STAR FORWARD '~ \ADES

STAR

BROOKHEVEN
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RHIC SPIN Program: SUMMARY

spin to study how a complex many-body
system such as the proton arises
from the vacuum structure of QCD

uniquely tied to a polarized pp-collider
never been measured before & never with

many Achievements and future Opportunities:
Q the best constraint on Ag(x,Q?) before EIC
Q strong constraints on the light sea quark polarizations

Q a first look to orbital angular momentum of gluons

O mystery on what is the underlying process of forward Ay will be solved
Q tests of TMD evolution and color interactions in QCD

Q Spin as tool to test saturation models through ptA =
BROOKHRVEN

Brookhaven Science Associates NATIONAL LABORATORY

QCD Town Meeting, 2014 E.C. Aschenauer
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FUNDAMENTAL QUESTIONS

/~ How are sea quarks and gluons and their spin distributed N\

in space and momentum inside the nucleon?

g How are these quark and gluon distributions correlated with the
over all nucleon properties, such as spin direction?

“ What is the role of the motion of sea quarks and gluons
in building the nucleon spin?

How do quarks and gluons hadronize
\__into final-state particles

To separate interaction

+ from intrinsic properties

differer ¢ needed

EM interaction

O Photon

> Sensitive to electric charg
» Insensitive to color charge

-t

|

Weak Interaction

O Weak Boson

> Sensitive to weak charge
~flavor
> Insensitive to color

8@
© © @auen

. -«enauer
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Vs=200 GeV inclusive jets

_ E STAR Di-jet Cross Section g
10° | Inclusive Jet Cross Section 107 - [5%] STAR Dijet Cross Section
pp @ 200 GeV SN (T ata (PRELIMINARY) g % PP @ V5 = 500GeV
. Cone Radius = 0.7 E :l Data Systematic Error C m Anti-k;, R=0.6, |y|  <0.8
10 0.8<n<0.8 %‘1 " e :,:gdpfﬁg CTEQEM (de Florian) | | [ »ach MRST 2004 (do Fiorian)
= 2L
E = 'n& 10 E m pQCD MRST 2004 + HAD + UE
10°; s C L
Q. = L % _[ Ldt =87 pb'+13%
= &110 E %
& 102 : % = % 10“’2— %
3 '[ Ldt=539pb’ = [ 5
=
5 % 10*=  pp @\'s = 200 GeV o STAR Preliminary it
g 10- d’o s ~  Anti-k, R=0.6, [n|<0.8 104 m
& ———— L J‘ _ e g
3 2ndprdn 0o Ldt =17.1 pb'+ 7.7% F
AR 5 2 o4
Es 0. E_ g 0.4:—
¢ STARRun-8 2 04 E 02
01 £ o2t 3
' ﬂ Systematic Uncertainty E e
£ 02 3 R
T = © A0 AN
b 2.0 . ‘
™ Hﬂd.:.l'ld UE. Corrections 5) 30 40 50 60 70 80 90 100 40 60 Invariant M 1006 120 140
Invariant Mass [GeV/c?] ariant Mass [GeV]
1073+ '
15 20 25 30 35 40 45 50 55 60 65
pr [GeV]
= - STAR Run-6 Systematic Uncerainty
[ 1 Theorstical Uncertainty ‘
= Data compared to NLO pQCD calculations:
g eecres o+ 1 O Inclusive jet and di-jet cross section results in
CW senusi AR AN p+p collisions are consistent with NLO pQCD calculations
S| ERENIT. dmbmt after Had+UE corrections

15 zZo =5 30 as a0 55 so a5

Pr [Sev]

as s0

Brookhaven Science Associates

JET-CROSS SECTIONS

Vs=200 GeV Di-jets

RHIC-AGS Usermeeting 2015

Vs=500 GeV Di-jets

NATIONAL LABORATORY
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a%-CRAOSS SECTIONS

\s=62 GeV (PRD79 012003) Vs=200 GeV (PRD76, 051106) s=500 6eV (Preliminary)
. 10F o %‘10‘52— EO X S STAR =° :’;102 \“. da - 10
T o e L E Prpom+ A paco. pe| X Y ok * 1 ° at mid-rapidityys=500 GeV
3 . N 5=200GeV _pQCD P, 8 1 % e (n*m)2 (O ~TEARME NeS: = p f2,
Z107F G, @107 N 08<n<20 .. Qcp., 2p u=p2,p_.2p
2102t NI *T k p+p > °+X v5=200 GeV gelsang)
=N - e ~
§ B 107E N AR L PRL97, 152302 2 mesons —~—
131047 % = 8 107 o ® 3.7<n<4.15 )H- ENIX
st 10°s AN T v Saen<a0 Preliminar
10 W E e scale Uncertainy TR 0 B 3.05<7<3.45 y
10-6f a = 1 1 1 | RO e 1 e | *
wE® g e L F 3 TAR
N = 1 i o a
L LD / g - —_—_—_—_—__—_ D Q
r P N [T TR RN AN T SO N AN SN SN SO AN SN T [T AN TR TR T |
a2 f 0—% A R 3
8 0 [t arXiv: 1309.1800 P, [GeVic] o .
a o g W [<p>=3.3"
3 C)NLL o’ 10f" *"-AR p+p—nl+X . Y7 R
T4 0 2 bk o S = 200 GeV - 10 ¢
s, [ G pe v © STAR,00<n<10 = F NLO pQCD cale. ™
S - L e STAR,08<n<20 L KKPEF ~
0 = E 10 1:., o #* STAR, =33 - [ b
0'_____ “j% 105 Wt v ¢ * STAR:cn:-=3.BB 6 10—2_ — —  Kretzer FF
22 ) PR ER R RS SRS SUFEL o R R T S S S —
5 10° * v o 25 30 35 40 45 50 55 20 (GeVic)
© 107 *e o P
w Y . Ex (GeV)
10° T o
107 ! I 1 1 L L f 1 1
2 4 [ 8 10 12 14 16
p_l_[GeWc

Data compared to NLO pQCD calculations:

0 Vs=62 GeV calculations may need inclusion of NLL (effects of threshold logarithms)
0 Vs=200 and 500 GeV: NLO agrees with data within ~30%

) good agreement also for n>1 BROOKIRATEN

ngmﬁtntg\s%de fits of gluon ff'ﬁgmenta'hon functions - DSS NATIONAL LABORATORY
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HIGH PRECISION 2009 RHIC DATA2/Ag9(X)

Impact in NNPDF

DSSV: arXiv: 1404.4293, PRL 113, 012001

DSSV: arXiv:0904.3821
DSSV*: DSSV + all new (SI)DIS
DSSV: DSSV* & RHIC 2009

T T T TTTTT] T T T T TTT]

0z

xAg

Q% =10 GeV* -

I-II.I I-_|I_I
—

01 i
''''' = :;_-;I_i_-i"'. A
eret " ettt " ]
e 0 TR §—s |
0 = i
B S |
:-' |FHIC = rang=|
01 o —
- inel. S0 CI. variatons |
F LT e DSSV*
: — — - DSSV
02 L1l L1l L1 11t
3 2 -1
1.0 10 10 10 x 1

| dxAg~02£0 @ 10 GeV?
0.05
First time a significant

non-zero Ag(x)

Q strong constrain on [Ag(x)

Q first[Ag(x)>0

O completely consistent with
DSSV* in 90% C.L.

Brookhaven Science Associates

0.3
= T T T TTT T T T T TTTT] T ||||||:
S X&g(}(,02=1 0 GE}VE] m

0.25F- =

02F RRER -

a5 E

oib e E
0o5fY N =
o =y
R .
005k s -
LR [ INNPDFpol1.1 =

015;;-'; ' [T]JNNPDFpol1.0 -

o BN = positivity bound =

_0_2‘. | 1 Lol l ¥ IR R

10° 102 10 1
X
only STAR jets included
BROOKHEVEN
NATIONAL LABORATORY
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Q& DEPENDENCE

0.2

Agl,[U.OS—D.Q] (QZ) = Ag(.’ﬁ, 2) dr
0.05
0.25
15 ;
2 02 .
ﬂ% i
xAg i
10 0.15 ~
0.1 .
5 |
0.05 -
o L , 0 ;
0.1-005 0 005 0.1 51.15 02 025 03 035 10 1
. 1,[ n05-0.2]
C Agt T
. : very fast evolution
: in RHIC kinematics
low Q BROOKHEVEN
Brookhaven Science Associates NATIONAL LABORATORY
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WHAT ELSE CAN WE LEARN

O What is the sea-quark Sivers fct.?
- W's ideal 2 rapidity dependence of A, separates quarks from antiquarks
- no constraint from existing SIDIS data

: 0.06
< 0.04f < o
: o 004r 0.04
0.02 2 002F 0,02
0 of 2 Ot
-0.02} 0.02F -0.02 |
-0.04 -0.04 | -0.04 1
TR T ST PR _0.06:‘H‘mmmmumummwmmm _0'06:Tm\mmummmmmmumm
15-1-050 05 1 1.5 -2-15-1-05005 1 15 2 -2-15-1-050 05 1 1.5 2
. y .
5 Z. Kang Ay (W*X,ZO) accounting for sea quark uncertainties through i

positivity bounds
all plots after evolution (arXiv:1401.5078)

BROOKHEVEN
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STAR: AN

. 2 [ wtose v, [ | STAR data %102:— W oev, [ | STAR data
Analysis Strategy to fully reconstruct Ws: 2 | [ PYTHIA W o, : | [ PYTHA W o,
Follow the analysis steps of the A, b [[]pyrHiaz's e ﬂmmwz%e‘e‘
> W candidate selection via high p, lepton f L] cota iven a0 ol g onsenaco
Data set: 2011 transverse 500 GeV data (25 pb-!) , | :

I
_ 50 80 2 60 80
P [GeV/c] P [GeV/c]
v In transverse plane: p/' — pe¢ 4 p7 — precoil
P ¥ T F T + ])}7 =P T
gy % - .
v Recoil reconstructed using tracks and towers: a7 & - 0. []eetore Py orrecten
v Part of the recoil not within STAR acceptaice """ 3 E 1] atter e, correction
- correction through MC (Pythia) 60001  PHYTHIA Generated
- MC-CO;I‘V‘V?;LE)ON "W sample | 5000 —— RhicBOS 500 GeV
ki = e coi o 2 400F E
PTR,’,' l(reCOI/lSﬁ’uCl‘ed) :zj 350§ +7 e STAR2011 tran. 4000;
§ l: o 300; D PHYTHIA 3000;
£ ] 250} z
;t’; ~ 10 2005 2000;
= 150 -
] e 1000
10 100 b
i 50 e 2 4 & 8 10
- 5 10 15 20 Recoil P

W Boson P,



0.9F
0.8}
0.78

0.6/

10° 102 10 1

ARE SEA QUARKS FLAVOR-SYMMETRIC?

- NNPDF2.3 (NNLO) :
3 xf(x,u2=10 GeV?) _

C

] IIIIIII| | | N

X

Brookhaven Science Associates

47

at which x-range are
sea quarks flavor symmetric ?

High precision high-x PDFs
critical for searches at
high masses at the LHC

- RHIC

mid-rapidity jet cross sections
= high x gluons (200 GeV)
W+/W-: u, d, ubar, dbar PDFs

BROOKHEVEN

NATIONAL LABORATORY
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UNPOLARIZED W+/W- RATIOS

Q What will we learn?

- d-bar/u-bar in PDFs el 7 S——
. _ _ 2 b V/ Drll-Yan
KOy = M) rdle)ute) G
i()d(e)ra(m)aln) b PN
LHC coverage: ~10-3 < x < 10! LAY, & 2}:}:&“
RHIC coverage: x > ~10-! T cregs
Q Current data: E866/NuSea (Drell-Yan) T
d(z) /a(z) for 0.015 < z < 0.35 T
- included in all NLO global PDF fits "~ [_Fi¢Syemaick

< Unpolarized asymmetries: X
< Quantitative calculation of Pauli blocking
does not explain d/ii ratio

BROOKHEVEN
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THE UNPOLARIZED W+/W- CROSS SECTION RATIO

What we measure

S (W +) NZZ: - N bn,; g N, = observed W events
RW = = TR N, = background events
S (W—) Nops = Ny e e = efficiency

0 Same selection as for Ay
O Background estimated in the same way
O W boson kinematics are reconstructed in the same way

> We do not care of the polarization direction in measuring RW
o We could add the STAR 2012 data at /s= 510 GeV
o and will add run 13

Data sample

Q pp - runll transverse @ /s=500 GeV Integrated Luminosity ~25 pb-!
Q pp - runl2 long @ J[s=510 GeV Integrated luminosity: ~ 77 pb-!

Q Total Int. lumi: 102 pb-!

BROOKHEVEN

Brookhaven Science Associates NATIONAL LABORATORY
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EFFICIENCY STUDY

# evt(reconstructed
e= ( ) Uncertainties calculated binomially (not visible)
#evt ( generated )
Z:T P ® & = [ b‘
Th iciency depends little on
Thee ce::rl'gf y depends very litrie o The efficiency depends on the
- it plays negligible role in this period
lme%:Zrem?n:rg' e rolet ' Run 12 less efficient than run 11
because of the lower

reconstruction efficiency at
higher rates due to pile up
effects in the TPC

Brookhaven Science Associates NATIONAL LABORATORY
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W+/W- RATIO AS FCT. OF LEPTON RAPITITY

; p+p—oW i+ X—et+X Collected Lumi = 102 pb-!
7 I
~ STAR Preliminary Systematics much
6— Vs =500/510 GeV EEaE T smaller than
- ﬁwl statistical
~ s s
S - o uncertainties
- o .
~6‘ 4 _..}‘_'.:'.'-'-"‘"' S
~N E TP@%@@@ —@— STARPrelir RUT‘I 13 Statlstlcal |mpact
? 3 »r “‘:::::::::::"" % Systematic 50 —
; 2 - ‘ === RHICBOS-E q_ﬂ :_ .
% E | CHECTIO = un-11+12 Stat. Uncertainty
1= v RHICBOS-( 30— ) .
- = rojected Run 11+12+13 Stat. Uncertainty.
- En I
| [ | -
0 -1 -0.5 0
n, 1

Systematic uncertainties (blu

Relative Statistical Uncertainty [95]

Q QCD background varied th 5 -op= .
Q Z° -> ee background vary 2 ,
s0F- Run-11+12 ~ 100/pb
“0r- Run-13 ~ 250/pb
Brookhaven Science Associates -50 |1 — {}l,ﬁ — {I} — D.|5 S 1'

n



W+/W- VS BOSON RAPIDITY

Why to use fully reconstructed Ws for charge ratio:
Q no smearing in x compared to “lepton asymmetry”

Q access to higher x compared to “lepton asymmetry”

Q Cross check of COF measurements

run 11+12 e STAR data

6

e data- bg

S Preliminary

= gl .Stat.. error‘s .................................

4

Collected Lumi =102 pb-!
N

3_§ .................... P + .................................

o —

-0.5 0

The Correction factor
Is not charge-dependent

- does not impact the W+/W- ratios !
Is not interaction-rate dependent
- we can combine different run periods

Brookhaven Science Associates

RHIC-AGS Usermee!

Follow the same procedure to
reconstruct W kinematics as for Ay

Blue points: After background
subtraction

» Impact of background subtraction
smaller than statistical

e e
uncertainties

S : ® W', ZDC rate 100k - 200k
o ® W7, ZDC rate 200k - 300k
F ® W', ZDC rate 300k - 400k
c ® wr

i=l

=

|3}

5}

=

o

(@]

Recoil P



SYSTEMATICS FOR W RECONSTRUCTION

O Systematics on background subtraction (as for the decay lepton)

O Systematics on the reconstruction smearing
» Calculate the ratio with generated pure MC
» Calculated the ratio with reconstructed MC after all the analysis
> Assign the difference as systematic uncertainty

run11 Monte Carlo (generated) | | Relative SysTema'l'ICS
MC Gen
= £
= - B 0.4k i
B i c : :
[ : § S| o
] z I A
/| SO ... S e ... c 0.2t f f
: o : © R : : :
e T 1 1 o
X g F : :
i N | oo s
] TP o : :
i -0.2F @ oo P
|3 RIS O —
I T
O_ i T I i T I i _0.5: i T T i T I i
-0.5 0 0.5 -0.5 0 0.5
Y Yw

BROOKHEVEN
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W /W AS FUNCTION OF BOSON RAPIDITY

8 "
E p+p > WX - e*+X - STARI L=102pb™
’u-\ 7 ;_STAR Preliminary m Systematic uncertainty
S ENs=500/510 GeV [ | mermcrio
g L ===== RHICBOS-BBS
N 5f_ RHICBOS-CT10
f;\ Z
; 4
T 3
oF
1=
: | | | | | | | | | | |
0~ D5 0 05
Total systematic uncertainty accounts for yW

« Syst. from background subtraction
« Syst. from W reconstruction RODET A e

Brookhaven Science Associates NATIONAL LABORATORY
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QT AD FAMS_Dre€Shanan:
oz

< pi¥p>y_+X @ 5200 GeV, y=3.5
0.1—STAR FPS&FMS: P=60%, Ldt=40 pb'1 | e 'we
yho
o | h
40 pb!
0 l + 4 J‘ J hotons
‘ : ! | ‘_l_ ________._'—-""" shotons
/""‘""—__- 1 tracks
-0.05
-0.1= | | | | | | |
0.1 0.2 0.3 04 05 0.6 0.7 0.8
Xp |
p, (GeV)

C OMPLE'MEN TARY CHANNEL

0.04

0.02—

|_STAR FPS&FIVIS P=55%, Ldt=400 pb™'

pT+p- >y, X @ Vs {s=500 GeV, y=3.5

m— PRL110, 232301 (2013)

—0.02’»

ies with

' | _______-—-"'""' e

0.1

@ A\ for direct photon production:
O sensitive to sign change, but in TWIST-3 formalism

@ not sensitive to TMD evolution

O no sensitivity to sea-quarks; mainly u, and d, at high x
Q collinear objects but more complicated evolutions than DGLAP

Q indirect constraint on Sivers fct.
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Not a replacement for A(W*/-, Z° DY) measurement
but an important complementary piece in the puzzle
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sensitive to sign
change through
TMDs

sensitive to sign
change through
Twist-3 T ¢(x,x)

sensitive to TMD
evolution

sensitive to sea-
quark Sivers fct.

need detector
upgrades

biggest experimental

challenge

STAR POSSIBILITIES

AN(W*/~,Z0) An(DY) AN()
yes yes no
no no yes
yes yes no
yes yes no
no yes no

FMS postshower

integrated luminosity background

suppression&  ----———--
integrated luminosity

@ A\(DY,W+/-,Z% y) clean and proven probes sensitive to all questions
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in a timely way without the need for upgrades
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Q 20 pb-! transversely polarized p+p collisions at /s = 200 GeV

o

fonea] 1

)]
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Average event weighted polarization: 63%

Anti-ky (R = 0.6) jet reconstruction |n;| < 1

Jet py > 10 6eV/c (xy > 0.1) reduces gluon contamination AR,

Ayt vs. Jjr
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The first statistically significant non-zero Collins asymmetries in pp collisions
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