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RHIC Spin Probes

Proton collisions / collinear factorization
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Describe p+p particle production at RHIC energies (Vs > 62 GeV)
using perturbative QCD at Next to Leading Order,
relying on universal parton distribution functions and fragmentation functiozns



Forward Inclusive Pion Yields and Correlations

p+p —> ' +X vs=200 GeV
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« Inclusive n° cross sections agree with NLO pQCD

«  Forward n%-n° correlations show jet-like near-side and away-side peaks



Two Reasons to Go Beyond Collinear QCD

 Low-x physics: the gluon density cannot continue its growth as x—0. This is
a major focus of a future electron-ion collider [see Ann. Rev. Nucl. Part. Sci 55
(2005) 165]. Universality aspects can be probed at RHIC.
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« Transverse spin physics: present understanding requires spin-correlated
transverse momentum in distribution functions (Sivers effect) and
fragmentation functions (Collins effect)



X Dependence of Inclusive ° Ay

RHIC Run 6 with FPD/FPD++
| ) AR
/e o+p > nl+X at vs=200 GeV
— PRL 101, 222001 (2008)
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Sivers Effect in Semi-Inclusive
Deep Inelastic Scattering
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final HERMES data: PRL 103 (2009) 152002 [arXiv:0906.3918]
Phenomenological fits: M. Anselmino et al. EPJ A39 (2009) 89 [arXiv:0805.2677]

Final-state interaction: S.J. Brodsky, D.S. Hwang, I. Schmidt PL B530 (2002) 99 [hep-ph/0201296]



Attractive vs Repulsive Sivers Effects
Unique Prediction of Gauge Theory !

Simple QED
example:

Same in QCD:

AsS a result:

Y

Y

DIS: attractive

Drell-Yan: repulsive

Sivers|pig = —Sivers|py

Transverse Spin Drell-Yan Physics at RHIC (2007)
http://spin.riken.bnl.gov/rsc/write-up/dy_final.pdf




Letters of Intent to 2010 Program Advisory Committee
http://www.bnl.gov/npp/pac0610.asp

» Measurement of Dimuons from Drell-Yan Process with Polarized Proton
Beams and an Internal Target at RHIC K.N. Barish, M.L. Brooks, A.
Deshpande, N. Doshita, Y. Fukao, D.F. Geesaman, Y. Goto, M. Grosse
Perdekamp, T. lwata, X. Jiang, K. Kondo, G.J. Kunde, M.J. Leitch, M.X. Liu,
P.L. McGaughey, Y. Miyachi, |. Nakagawa, K. Nakano, K. Okada, J.-C. Peng,
P.E. Reimer, J. Rubin, N. Saito, S. Sawada, R. Seidl, T.-A. Shibata, A.
Taketani, K. Tanida

» Feasibility Test of Large Rapidity Drell Yan Production at RHIC E.C.
Aschenauer, A. Bazilevsky, L.C. Bland, A. Gordon, Y. Makdisi, A. Ogawa, P.
Pile, T.G. Throwe, H.J. Crawford, J.M. Engelage, E.G. Judd, C.W. Perkins, A.
Derevshchikov, N. Minaev, D. Morozov, L.V. Nogach, G. Igo, S. Trentalange,
M. Grosse Perdekamp, A. Vossen, M.X. Liu, H. Avakian

The remainder of this talk focuses on the colliding-beam feasibility test.



Transverse spin direct y
pT+p—>y+jet+X, Vs=200 GeV _
S Theory expects repulsive color charge
004 - % ] interactions to result in an opposite sign
‘ ’ to spin-correlated momentum imbalance
for y+jet.

| Conventional
1 calculations

wcal | Color-charge Bacchetta ejt aI.,_ PRL 99, 212002
: | interactions also Kouvaris,Qiu,Vogelsang and Yuan
- 0.02<x,<0.05

004 | 1= signchange  and, Teryaev and Ratcliffe

0.02 r

«  Estimate that sign change is accessible with L., = 30 pb-' and P, .,,=0.65

beam

-  Bestdone at Vs = 200 GeV for 7°/y separation
« Best done before removal for STAR Forward TPC

As part of the 2008 update to Plans for the RHIC Spin Physics Program




Future Opportunities

Transverse spin for forward y+jet

Test of predictive power of theory (A. Bacchetta et al. PRL 99 (2007) 212002)

o PP — y(isoloted} + X, vs=200 GeV, 306 nb™
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Restricting the measurement of the forward photon to E >35 GeV at <n >=3.2
produces a signal:background ratio of 2.1.

As part of the 2008 update to Plans for the RHIC Spin Physics Program
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RHIC is a Unique Collider...

RHIC nucleon-pair luminosity Ly delivered to PHENIX
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Source: http://www.agsrhichome.bnl.gov/RHIC/Runs/
...capable of colliding essentially all positive ions over a broad range of Vs
...with large L/\'s, where L is free space at interaction region = large x. possible
...with a broad and diverse physics program aimed at important questions
o What is quark-gluon plasma? = heavy-ion collisions
o How does the proton get its spin? = polarized proton collisions
o Does the gluon density saturate in a heavy nucleus? = d+Au/p+Au collislbns



Status

« Luminosity gains projected for Ys=200 GeV polarized proton collisons were not
realized, so L,,=30 pb-' and P,,,,=65% for transverse spin direct photon would
be challenging.

* Theory community has revisited whether color-charge interactions are robustly
calculable [arXiv:1001.2977] for transverse single-spin asymmetries for
processes other than Drell Yan production

« Low-x/saturation physics looks to be very interesting at RHIC collision energies.
Non-universality of k; dependent distribution functions for di-jets may impact
small-x as well as transverse spin [arXiv:1003.0482]. This should not be the
case for low-x probed by Drell-Yan production

— establishing the requirements for a large-x; Drell Yan
production experiment will provide the most robust test of
theory for transverse spin, and lead to future avenues that
provide the most robust interconnections between low-x
probed at RHIC and low-x probed at eRHIC. 19



Collision Energy Dependence of Drell Yan Production

o+ p —> e'e” + X, fLdt = 200 pb™’

%Dmuz_ All events with M,, > 4.0 GeV

: i

L

q_1?5GCI

= Comments...

-

I:]:' — * A A

e . qq— 7 hascocl/s

= . . iy . .
=12500 « partonic luminosities increase with Vs

* net result is that DY grows with Vs
- in any case, largest Vs probes lowest x
— Consider large-x: DY at Vs=500 GeV
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Transverse Spin Drell-Yan Physics at RHIC (2007)
http://spin.riken.bnl.gov/rsc/write-up/dy_final.pdf 13



Pair mass froare EMcal

p+p, vs=200 GeV, k4> 30 GeV
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» Jly—>e+e- observation at <xF>~0.67 emboldens DY consideration

14



Motivations for DY Feasibility at |P2

2015 | HPI13
(new)

Test unique QCD predictions for relations between single-transverse spin
phenomena in p-p scattering and those observed in deep-inelastic lepton
scattering

Report to NSAC from the Subcommittee on Performance Measures (August, 2008)
http://www.sc.doe.gov/np/nsac/docs/PerfMeasEvalFinal.pdf

* Timeliness — HP13 milestone completion by 2015. This could be
accomplished during W program if 3IR impact is acceptable.

» Acceptance/background rejection — severe space constraints at STAR and
PHENIX require major changes in the forward direction. Space constraints are
not present at IP2.

 Is charge sign a requirement?

Objective of DY feasibility test is to establish the requirements for future major
forward upgrades at STAR and PHENIX that would be used in a future p+Au or

d+Au run that would emphasize Drell Yan production to probe low-x through

15

scaling violations or virtual photon p; dependence.




Requirements for DY

* Luminosity

« Background Reduction
o electron/hadron discrimination / Q. What hadronic suppression required?
o Charged/Neutral discrimination and photon conversion background
o Open heavy flavor (c,b) production

o Is charge sign discrimination required for like-sign pair subtraction?

16



Schematic of detector considered

Run-12 configuration
(PHOBOS split-dipole expected to be in place, but not used)

?nd Pre—Shower
Fb Converter

/

100 cm Pre—Shower—> *Hcal is existing 9x12 modules
T from E864 (NIM406,227)

* EMcal is modeled as only
(3.8cm)?x(45cm) lead glass

+ ii | * Preshower would require
" construction
X
/N
i) i
EMCal  HCal
% Z

http://www.star.bnl.gov/~akio/ip2/topview?2.jpeg Y



Schematic of detector considered

Run-13 configuration
(Uses PHOBOS Split Dipole for charge sign)

IP2/DY—Run13 Pb Converter
Pre—Shower\m , Znd Pre—5Shower
*Hcal is existing 9x12 modules
MWPC —> from E864 (NIM406,227)
* EMcal is modeled as only
i (3.8cm)?x(45cm) lead glass
+ - ; | * Preshower would require
| " construction
*«PHOBOS split-dipole magnetic
X field in GEANT model
A iberTrockers - Fiber tracker stations and MWPC
% require construction
PhebosMagnet A A
Lol EMCal  HCal
Lz ]

http://www.star.bnl.gov/~akio/ip2/topview_run13.jpeg 18



DY Expectations

0.15 ———— :
[ s=200 GeV
4<M<9 GeVv 0<y<3

0.1 -
2
<
Sz
< I

0.05 -

*Non-zero Ay expected at
moderate to large x

* Measurement with accuracy
0A\<0.02 should be of great
interest

* With P,.,,=50%, require 10K
events for 6Ay\=0.02

* Uses Sivers function from EPJ
A39 (2009) 89, that fits preliminary
HERMES results and COMPASS
deuteron results

«\s=500 GeV predictions very

0.4 0.6

similar, since xg=x4-X, is the
relevant parameter (private

XF communication)

Anselmino, et al PRD 79 (2009) 054010 [arXiv:0901.3078]
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p+p DY at ISR, Vs=53,63 GeV
Phys. Lett. B91 (1980) 475
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Fig. 1. The cross section (d%sldm dy) =@ versus mass for the
data at \/S_ =53 and 63 GeV combined. The curve is a result
of the fit to the continuum displayed in fig. 2. The inset show
the mass acceptance for “1977” and ““1978” triggers and geo-
metrical configurations calculated for isotropic decay distri-
butions and production uniform in rapidity with p depen-
dence da/dp?r ~ exp(5bp7), where b = 1.4 Gev-!, The mass
acceptance changes by + 15% when the helicity decay distri-

Comments (note: large x at collider breaks new ground)pution follows dN/d cos0 = 1+ a cos¢ when o =+ 1, where

6 1s measured in the s-channel helicity frame.

* e+e- low-mass DY done at ISR and by UA2 [see review J.Phys. G19 (1993) D1]
« UA2 [PLB275 (1992) 202] did not use magnet / CCOR did [PLB79 (1979) 398]

« most fixed target experiments do pu+u- DY

20



e+e- DY expectations at large x: at Vs=500 GeV
ptp—> e’e™+X, v8=500 GeV, PYTHIA 6.222, Lyy=14 pb’
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Model 1 = EMcal (2m)? / (0.2m)? beam hole at 10m / no magnetic field

Model 2 = L/R modular EMcal (0.9mx1.2m) at 5m / no magnetic field
Comments...

* reasonable efficiency can be obtained for large-x: DY with existing equipment
» final estimates of DY yield must follow estimates of background rejection

« critical question for decadal planning: is charge sign discrimination required? 21



Lepton daughters from y*

p+p—>ete ™ +X, vs=500 GeV, PYTHIA 6.222, Li,=14 pb™

~— GO
3 | model 2 10
10% __AIIDY E [ e g
- —_model 1 =~ anl 1! 5
—model 2 g. L I 6
2 ™ 20f "I:;'-'i Bl 5
107 e |,|'- | )
O ' -
o 1 .|IIII _3
i 1 I. | ||
i T |
10 & -201- i P
- | ||I|
—40 |
IIIIIIIII 1 1 1

1

o pfi m ('Eﬁgv/g}ao ~60, 555" glmr’ﬁ&%ﬁfa—
Most important contributions for y* x->0.1 at Vs=500 GeV ...
 high energy electrons and positrons (E>10 GeV)

* require detection at very forward angles

« e+(e-) from y* little affected by “modest” isolation (20mr half-angle cone)

22
* best solution for charge sign would be a dipole magnet (difficult for any collider)



Azimuthal angle for y*—>e+e-

p+p—> e*e™+X, vs=500 GeV, PYTHIA 6.222, Lyy=14 pb”
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Dileptons from open beauty at large x¢

p+p+e e +X, v8=300 GeV, PYTHIA 6.222, |;,=7.6 pb™

_ Direct bB Ao00 I
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Comments...
« open beauty dileptons are a background 2x larger than DY for PHENIX p+p—
« direct production of open beauty results in ~15% background at large xF

« large forward acceptance for the future would require discrimination (isolatior}f



Backgrounds

» ht/e* discrimination — requires estimates of p+p collisions and EMcal response

» charged/neutral discrimination

» photon conversion background — requires estimates of p+p collisions and materials

Ed’c / dp’ (mb ¢ / GeV?)

p+p — T + X, Vs = 200 GeV
: Data

Normalization Uncertainty = 177%
m <7,>=3.8, hep—ex/0310058
o <1,>=3.3, STAR preliminary

PYTHIA
—— N=3.8
— ,=3.3

ol

EC 1

X F,w

hep-ex/0403012

1 Il Il 1 Il Il 1 Il m Il Il 1 Il 1 Il
02 03 04 05 06 07 08 09 1

«PYTHIA 5.7 compared well to Vs=200
GeV data [PRL 97 (2006) 152302]

» Little change until “underlying event”
tunings for LHC created forward havoc

— Stick to PYTHIA 6.222 for estimates

25



1 /N dN /df

Strateqy for estimates

GEANT, response of IHEP lead glass to TT

55— ~1012 p+p interactions in 50 / pb at Vs=500
n_ —oissro | GeV = full PYTHIA/GEANT not practical

Parameterize GEANT response of EMcal and
use parameterized response in fast simulator
applied to full PYTHIA events

Estimate rejection factors from GEANT for
hadron calorimeter and preshower detector
(both critical to h*/e* discrimination)

Explicit treatment in fast simulator to estimate
.. | pathlengths through key elements (beam pipe
e &EGM/EW:, and preshower), to simulate photon conversion

a 0.2 0.4 0B

GEANT simulation of EMcal to e+e- pair
response to E>15 GeV n* from . Estimate effects from cluster merging in EMcal
PYTHIA 6.222 incident on (d < ed,, / use £=1 for estimates)

(3.8cm)?x45cm lead glass _ _
calorimeter. GEANT response « Estimate/simulate EMcal cluster energy and

not so different from 57-GeV position resolutions. GE=15%/\/E and
pion test beam data from CDF Oyy)=0.1d.e, Used to date for n—yy rejectiz%n.
[hep-ex/0608081]



Background Estimate

ptp. V5=500 GeV, PYTHIA 6.222, Lht-14 8 pb™

O T
2 DY model 2 x5
¥.¥.+r.h+hh % 50
107
102
10 0 e
“I 11 1 I "I 111 1 11 D-_ 1 1 1 I Il 1 1 ”
¢ 5 10 15 0 50 100 0 2 4

2
M,, (GeV/c”) Do (GEV/ c) Pry (GEV/C)

hadron simulation (linear dN/df)I  P,=05 f,.=0.9 P.,=0.95
photon conversions included /0.5 cm anthracine Preshower

Comments: neutral—pion cluster rejection

Conversion photons significantly reduced by n%—yy veto
Preshower thickness tuned, although perhaps is not so critical given photon veto

Linearly decreasing dN/df estimates smaller hadronic background = increased
sophistication needed for reliable estimates, although other model uncertainties could
easily dominate. 27



Magnetic Field Used for Charge
Sign Simulations

Split dipole, B{x,z) in kGauss at y=0, zx=110 cm, rot=1

E
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-20
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20

—14

—15

Vertical component of B versus x,z at y=0 from

PHOBOS split-dipole magnet

* The plan is to reuse the split-dipole
magnet at IP2 designed, built and
operated by the PHOBOS
collaboration.

« PHOBOS provided their field map
and geometry files for GEANT for
simulation studies.

« Compared to use at IP10, split-
dipole is rotated by 180° around
vertical axis, to move aperture
restriction from coils close to IP.

28



Raytracing DY di-electrons through apparatus

pp= ete +X, Vs=500 GeV, z4=110 cm, rot=1, 1800 events

E

L
|

B0 — -

200

100 3 troc i

D_

DG| 1 1 1 0 1 1 1 |1m|_50| 0 soln 1 1 |1D| 1 1 IEGI 1
x (em) vy {(cm) r{cm)

-1

X-zZ , y-z and r-z views of trajectories through
apparatus planned for run 13, including split-
dipole field, used for charge-sign determination

« Assumes vertex distribution
with ¢,=20 cm = relies on
9MHz RF system to reduce the
diamond size. The z location of
beam-pipe crossings would be
broadened otherwise

« 2-mm square scintillating fibers

are assumed for tracking
stations at z=80 and 200 cm.

« MWPC assumed for tracking

station at z=470 cm

29



Deflections from split-dipole field

p+p—re*e™+X, v5=500 GeV, 74=110 cm, rot=1, 1800 eventa

deflection from magnet at z=80 cm

s00f « dris distance in x-y plane at tracking

station between zero-field track

200 intercept and full-field track intercept

II.J.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

» difference between positive and
deflection from magnet at z=200 ¢cm negative charged particles produced
in collisions is twice larger

« Strategy to determine charge sign is
to measure impulse delivered by

bl LEbssl S magnet by measuring deviation of
deflection from magnet ot z=470 cm point at z=470 cm from line fitted to

ool vertex and z=80,200 cm space

. points
1oH

| I | | | I | |
% 035 058 075 125 158 175 2 255 25

dr {cm)
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Staging

Assumptions:

1) ~4 week polarized proton test run at Vs=500 GeV in RHIC run 11

2) 12 week polarized proton W production run at Vs=500 GeV in RHIC run 12

3) 12 week polarized proton W production run at Vs=500 GeV in RHIC run 13

Planned Staging:

1)

2)

3)

Hcal + newly constructed BBC at IP2 for RHIC run 11 with goals of
establishing impact of 3IR operation and demonstrate calibration of Hcal to
get first data constraints on charged hadron backgrounds

Hcal + EMcal + neutral/charged veto + BBC for RHIC run 12 with goals of
zero-field data sample with L,,,>50 / pb and P,.,,,=50% to observe
dileptons from J/y, Y and intervening continuum. Split-dipole tests
envisioned.

Hcal + EMcal + neutral/charged veto + BBC + split-dipole for RHIC run 13
with goals data sample with Lint>50 / pb and Pbeam=50% to observe
dileptons from J/y, Y and intervening continuum to address whether
charge sign discrimination is required 31



Conclusions

Acceptance with existing modular apparatus looks adequate for feasibility
experiment

Estimates show that DY can dominate over hadronic, conversion photon
and open beauty backgrounds

Requirements for charge sign determination in run-13 stage of DY feasibility
experiment have been established, and will require construction of fiber
tracking stations and MWPC.

Letter of Intent to June, 2010 program advisory committee for DY feasibility
test aimed at running in parallel with W measurement, pending
demonstration that impact of third IR is acceptable

32



Backup
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RHIC Spin Probes - |l

Unpolarized cross sections as benchmarks and heavy-ion references
Large rapidity =,K,p cross sections for p+p, Vs=200 GeV
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Good agreement between experiment and theory
—> calibrated hard scattering probes of proton spin



STAR Results vs. Di-Jet Pseudorapidity Sum
Run-6 Result

VY 1, VY 2 are calculations by
Vogelsang & Yuan, PRD 72 (2005) 054028

AN € Paman®skber50%-Sr) \ // Jet

quark Sivers

o

Y i +z I -

e 002rq A (C>mn) 10

£ [ 10

< - - - -

f= I - 1t i
o -0.02 —]E- —
7 : \\?\;12 'i_f‘ il __I__}STAR DATA
2 -0.04F I _
i’ [ syst error 1 [ syst error i
IHe_%;O@]IIlllIJIllllIllllllllllllll-’llllllll_’r]IILIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

65‘ a pair-of jets produiced in+p collisiombndattémpt to3 4
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A,_consistent with zero

—~order of magnitude smaller in pp — di-jets than in semi-inclusive DIS
quark Sivers asymmetry!
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Future Opportunities

Transverse spin for forward y+jet

Test of predictive power of theory
p+p — y+jet, vs=200 GeV, Li,=6 pb
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10* useable forward photon + jet coincidences are expected in a 30 pb-! data

sample with 60% beam polarization
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As part of the 2008 update to Plans for the RHIC Spin Physics Program




