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Outline

Introduction
— Motivation

Are there differences between gluon distribution
functions inside the proton and a larger nucleus?

Low x physics studies at STAR through
measurements of forward di-hadron correlations.
— Forward nt® + mid-rapidity m° or h.
— Forward m° + forward m°

— Forward ni® + near-forward jet-like cluster.
Summary & Outlook



What does the nucleon parton distribution look like?
* The nucleon quark distribution is well known.
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Fixed Target Experiments

* The nucleon gluon density is derived from the structure function
(x, Q%) and is well known in the 0.0001<x<0.3.
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What does the nucleon parton distribution look like?
* The nucleon quark distribution is well known.
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Can’t increase indefinitely.
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What is the saturation state?
* When gluon recombination balances gluon splitting,
saturation is realized.
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* The nucleon gluon saturation is expected to be at
Xx<0.0001 region.
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What is the saturation state?
* When gluon recombination balances gluon splitting,
saturation is realized.

1 2p, _
II}T‘(;) X ~ \/ET € yQS is saturation scale
™A | Q,(1) _ Qj(’ 1) /A
Non-linear +—/— Linear The Color Glass Condensate (CGC)
S describes the saturation state,

Condensate /| Color: gluons carry color charge.
o

Parton Gas Glass: fast source (larger x) has a normal
time scale 1/Qg, they emitted slow parton
- (lower x) with a dilation time scale.

Condensate: high gluon density.
lancu and Venugopalan,
l DGLAP
: hep-ph/0303204
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How about a larger nucleus?

* Fixed target experiments derived the nuclear gluon density only

at 0.02<x<0.3.
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Current fixed target results
[Phys. Rev. C70 (2004)044905]

Q2 (GeV?)

proton

* Nuclear (mass number A) gluon density = A3 x nucleon gluon density
at a given x, leading to the expectation Q.2=A/3 xB. [hep-ph/0304189]
For example, for Au nucleus, the saturation is expected at x=0.001.
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How to probe low x gluons
* Forward inclusive production.

RHIC is a hadron collider including p+p and d+Au collisions.

\/ Detector

d — G— Au
\///Detector
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How to probe low x gluons
* Forward inclusive production.

6

Leading particle

Xq = Pq/PN,

Xg = pg/pN’

- p N, = -In(tanB,,/2)
pr= ETrSin(eTr)

Associated particle/jet

* The factorization mechanism is taken as universal and
applied 1n nucleon (nucleus)+ nucleon (nucleus) collisions.

* Large rapidity (1 ~4) inclusive it production and correlations
probes asymmetric partonic collisions.

* Mostly high-x, valence quark (x>0.2) + low-x, gluon
(x<0.01).
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How to probe low x gluons
* Forward inclusive ¥ production measurements.
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Phys. Rev. Lett. 97.152302

* pp datais in agreement with perturbative QCD.
e Suppression of forward inclusive particle in dAu data is

better described by the Color Glass Condensate (CGC).
* But...
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How to probe low x gluons

* Inclusive 1° to correlated m°-rt°.

500 | — | | B — — | T T 7T | T 1
P11 = 2.5 GeV

* From inclusive m° to m°-n®
correlations.

* Inclusive n® integrated x.

* Correlated m°-nt® allows us
selection x.

— PP
% dAu, shad.l _

1T T

300
7 arbitr.

do/dp+

200

. —— Anti-shadowing related with
— the EMC effect.

100
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Phys. Lett. B603 (2004) 173

Logio(xg)  Xo = X
Forward ni®-forward 1t°® are more sensitive to low x
gluon than inclusive production.
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The soft gluon x is related to associated particle

in correlations

0: (x)~ 4"
y = rapidity, A = 0.3

PYTHIA simulation

+5

§ | PP+’ +X 3<my <=4 HMs Q1) 40 /N2
= \5=200 GeV Py >2.5 GeVic Nortienr oS vy 25 /A
+3 jeVie <
+1
Parton Gas
-1 lancu and Venugopalan,
BFEL
hep-ph/0303204

-3 ‘

arXiv:hep-ex/0502040

Eur.Phys.J.C43:427-435,2005 ! DGLAP
- -3 -2 4, . 0 0 . . -

Xmin = Xg Iog]()('\min) InA~° lﬂkl nQ~

* At fixed low Q? (>A\?), the gluon density increases rapidly as x
decreases. The state transfers from dilute parton gas to Color
Glass Condensate (CGC).
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Back to back correlations
 pQCD 2=>2 process =back-to-back di-jet (Works well for p+p)
Forward jet

* With high gluon density, 2= 1 (or 2=»many) process = Mono-

jet? With high gluon density
2=>»1 (or 2=»many) process = Mono-jet ?
Mono-jet

Dilute parton
system
(deuteron)

Kharzeev, Levin, McLerran
Nucl. Phys. A748 (2005) 627

? .
Mossbauer effect on a much smaller scale” P. is balanced by

Dense gluon field (Au) many gluons

CGC predicts suppression of back-to-back correlation.
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What we use to probe low x gluons

* The Solenoid Tracker at RHIC (STAR) is located at the
6 o’clock position of RHIC.

Beam view
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STAR Detectors

e The schematics of STAR in RHIC run8.

Proton (Deuteron)

¢ | ——

East Beam Beam
Counter (BBC) ~.

Barrel electro-magetic
(BEMC) with -1<n<1

calorimefer Endcap elect

STAR Run—8 d+Au Configuration

_ i STAR
. & Solenoid Magnet { % Forward Meson Spectrometer
(FMS) with 2.5<n<4.0

/

West ZDC:
18m from IP

ro-magnetic calorimeter
(EEMC)/with 1.08<n<2.0

 We use the data of run8 p+p and d+Au collision at Vs = 200GeV.
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STAR Detectors

e detectors of STAR used for correl
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EEMC measuring range 1<n<2
Tower range A¢$=0.1, An=0.057-0.099

Front view of north half of FMS.
FMS measuring range 2.5<n<4.
Ad=0.058, An=0.1 for large cells

-

BEMC measuring range -1<n<1. Tower range A¢=0.05, An=0.05.
RIKEN workshop
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Rapidity dependence of azimuthal correlations

* At fixed low Q? (>A\?), the gluon density increases rapidly
as x decreases.

FMS-FMS Correlation

FMS-EEMC Correlation

FMS-BEMC Correlation

How sharp is the transition?
E L DGLAP

: -
mA?  mk? In(2GeV/c)2 mQ?—s In(P))
Iancu and Venugopalan, hep-ph/0303204

* Nearly continuous EM system (spans -1<n<4) at STAR provides
acceptance for azimuthal correlations at different pseudo-
rapidity.
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n¥ reconstruction in the FMS
* The triggered particle is ¥ reconstructed in the most forward

FMS photon pair mass in p+p collision

detector — FMS. o.00F .
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* There are clear nt° peaks in the FMS during p+p and d+Au
collisions.
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Forward-mid rapidity correlations

 FMS-BEMC(TPC) azimuthal correlations probe nuclei gluon density
at 0.008 < x;,<0.07 .

Y4 P-(FMS) > 2.0 GeV/c ; 1.0 GeV/c < P-(BEMC/TPC) < P(FMS)
~ 035
FMS 110 50_14:_ B pip- IFan’+X (x 0.5) B d+Au- 44X (x 0.5)
> 8 - STAR preliminary ) 0.3— STAR preliminary
L0142 A pipoman’eX A diAu-ntan’+X
Z 2 b 0.5
BEMC m°/TPC h* § "}
8 008 02
Back-to-back correlation g [ 045
A ¢ 006 )
y g 01
g 004;_/\’-' )
T
' 0 ok 0.05
L R R R S .
Ag
> X 0,,=0.846+0.025,b,,=0.063+0.001 0,,=0.915+0.025,b,,=0.348+0.002
E. Braidot (arXiv:1102.0931) Oow=0.829+0.045,b,,,=0.015£0.001  ¢,,,=0.880+0.111,b,,,,=0.078+0.002

* Higher pedestal in d+Au than in p+p.
* No significant broadening from p+p to d+Au.
e Similar away-side correlation strength.
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Forward-forward rapidity correlation
* FMS-FMS azimuthal correlations probe gluon density at

0.0009 < x < 0.005.
A 0
y FMS T p+p —> TR+, Vs = 200 GeV d+Au — 74X, Vs = 200 GeV
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> X

e Similarity of near side peak in pp and dAu data.

* There is significant broadening from pp to dAu in forward-
forward rapidity azimuthal correlations in the away side peak.
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Forward-forward rapidity correlation

o
0.0009 < x < 0.005.
Y 4
p+p —> m°n°+X, Vs = 200 GeV
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FMS-FMS azimuthal correlations probe gluon density at

d+au = 7°m’+X, Vs = 200 GeV
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arXiv:hep-ex/1005.2378

e Similarity of near side peak in pp and dAu data.

* There is significant broadening from pp to dAu in forward-
forward rapidity azimuthal correlations in the away side peak.

RIKEN workshop
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Forward-forward rapidity correlation
e Centrality cut on the dAu data.

dAu centrality averaged

Uncorrected Coincidence
o Prob@illty (ragian™) o

il

Central coII|S|on

@

Peripheral collision

dAu perlpheral

0225}
o. 02
.01 75

0015

2
[
L

d+Au —> 7°F°+X, Vs = 200 GeV, 0<T Qe < 500
¢ 0.018F pu>2 GeV/c, 1 GeV/c<prs<pr
o < >=3.2, <ns>=3.2
S'c0.014F

a
ST
~ 20.012
[
o= r X
g.g 0.01
0
o 80,008
=yl
o.ooe»
Peaks
0.004F Ap ©
iL 0 0.46+0.02
0.002 AR 0.99+£0.06
|1P|r|e|||mllnory PN T N T T N N S T T A
=1 0 1 2 3 4 5
: By

d+au — n°n+X%, Vs = 200 GeV

pr>2 Gev/e, 16GeV/c<prs<py

f < >=3.2, <ns>=3.2

Peaks
Ay o©
0 0.47£0.01

m 1.20£0.05

T

RHIC.

lnF)lrnelllerjllrl-llalrylll v v by 1

0 1 z

dAu central

The suppression of the height
of the away side peak in the
central dAu collisions suggests
forward-forward correlations
at low x are consistent with
gluon saturation in nuclei at

d+Au = n°n’+X, vs = 200 GeV, 2000<XQpee <4000

te, C. Marquet
4065
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The event reconstruction in the EEMC

* The event is reconstructed based on the energy
deposition in the EEMC.

One event of the energy
deposition in the EEMC with
FMS 10 trigger (p;>2.0GeV/c)

in p+p collision at Vs = 200GeV.

* The n® usually is the leading particle inside a jet measured in
the EM calorimeter.

* The initial gluon state is independent of the final fragmentation
process. Jet-like clusters can be surrogates of fragment partons.
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Jet-like cluster are reconstructed with cone
algorithm

! Ejet = 2By Eyis the energy of tower i.

Energy E.

jet*

Mass I\/Ijet. (1) Assuming hits of towers are zero mass. Projecting T,
energy to its center to get the momentum vector of the tower py..

(2) The jet-like momentum vector p;, = Zpy; .

(3)M =SQrt(Eje:” —Pies’)-

jet

jet

¢ 1
Jet-like cluster pseudo-rapidity

N: based on the jet-cluster center.
Jet-like cluster polar angle &:
based on the jet-like cluster center.

P, of jet-like cluster:
based on the jet-like cluster center.
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Data & simulation comparison for EEMC jet-like

cluster mass
* Cuts: EEMC tower threshold 600MeV. p,fM>>2.0GeV/

¢, 1.0GeV/c<p,FEMC<p FM> (Data & simulation)

p+p collision d+Au collision
! = ' p*p collisions 1 - d+Au collisions
10" f_ : o simulation lowp, 10" f_ ' _+_ simulation low p ,
? : datalowp, én D”“Dnnnr’:nu data low p ,
_ 102 Fs%oang_; 102
: b S | | % STARPreliminary
Z o3l . %, STAR Preliminary 3 , ;[ : o
o 10 3 : o 10 E ! 'lé}r11
b = Ty b—o E : |
¢ . P g 2] B : 14
T 104F " T 104F |
- 1 o| -
R 4 ) =R
10° — ]] 10% & L,
10° & 10°
10-7_IllllllillI|III|III|IIIIII|lII|III|III 10-7—III|IIIiIII]III[IIIIIII|III|IIIIIIIII[
0 0204 06 08 1 1.2 1.4 1.6 1.8 2 0 0204 06 08 1 1.2 1.4 1.6 1.8 2

Invariant mass(GeV/c?) Invariant mass(GeVi/c?)

* Good agreement between data and simulation in
both p+p and d+Au collisions.
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Data & simulation comparison for EEMC jet-like

cluster energy
* Cuts: EEMC tower threshold 600MeV. p,fM>>2.0GeV/

¢, 1.0GeV/c<p,FEMC<p FM> (Data & simulation)

(1/N(FMS)(dN/dE)

p+p collision

Te
10-1;
10-2;
10'3;
104; ,
10'5;

10° &

p+p collisions

o simulation low p ,
t

datalowp,
B0 t
“a,  STAR Preliminary
.
a5
i ful‘
Lol T
10-7_111 111 lllllll[l II
6 8101214161820

Energy (GeV)

101

1072

1073

10+

10°°

108

1

d+Au collision

d+Au collisions

o Simulation low p,
t

-
”U_ data low P,
%e_ STAR Preliminary
b
[ Jx.‘ 4.
10-7_IIIlIllIlIIIlIIIIIIIIIllIIIlIlIIIIIIlI
0 4 6 8 10 12 14 16 18 20

Energy (GeV)

 Good agreement between data and simulation in

both p+p and d+Au collisions.

RIKEN workshop
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FMS (r®)-EEMC (jet-like cluster) correlations

P:(FMS) > 2.0 GeV/c ; 1.0 GeV/c < P(EEMC) < P(FMS)

Low p, cuts, p+p — 7° + jet-like + X,\'s=200GeV Low p, cuts, d+Au— 70 + jet-like + X,\'s=200GeV
Y A o [ o F
9.0035 —+ £0.017f
o [ k=l -
© | ®© [
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> g i §° 015
Q.OOZS g.O 014 :
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(3] (4]
c c
3 0.002 3 0.013
2 2
: : £ f £ 0012
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X 0.011F
A 0.001} :
y N STAR Preliminary 0.01
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:IIIII IIIIIIIIIIIIIIII Illllll
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’ Ag

« EEMC tower threshold 600MeV, EEMC jet-like
cluster M>0.4GeV/c2.

o I a-h, " O = 07978 £00120, 0yy,= 0.8935¢0,0157
F oG b =0.00080 and byy,= 0.00970

Oyay-Op, = 0.0957 £ 0.0200. There is significant broadening
from p+p to d+Au collisions for the correlation peak width.
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Theory predictions on the pedestal

* From leading twist to double parton scattering.

M. Strikman, W.Vogelsang
Phys.Rev.D 83,034029, 2011
arXiv: hep-ph/1009.6123

* The contribution from (b) can be studied by comparing the

pedestal (uncorrelated part) of the correlations in d+Au and p
+Au collisions.

A deuteron beam facing neutron tag is used in d+Au collisions
as a p+Au approach.
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Tagging Spectator Neutrons from Deuteron Beam

* It may also be useful to distinguish between p+Au and d+Au collisions by
looking for events where the neutron in the deuteron remains intact

Deuteron-facing (West) ZDC Response Gold-facing (East) BBC Charge Sum
d+Au—> 71+ X, set=71, Vs,=200 GeV d+Au, set=71, V8,=200 GeV
T pr>2.0GeV/c, 1.0 GeV/c<prs<py. 104k

1000

$SAR

800 |k Preliminary 109

minimum bias
West ZDC 10<Z0<90

600 i+ 102E

From Chris’ DIS talk

400 [+ !
10 b

i §:TSAR

Preliminary

200

1 F

1 oot Lo o0 b by | : TR AN T N SN AN TR NN W |
S50 100 150 200 250 0 500 1000 1500 2000 2500 3000 3500 4000
deuteron facing ZDC (counts) east BBC IQ (counts)

ol

hstdir2.20110331.2 20110401 hstdir2.20110330 20110331

Minimum Bias Run 8 d+Au Data

Tag spectator neutrons using deuteron-facing (West) ZDC

Clear single-neutron peak

Cutting on single-neutron peak biases towards peripheral collisions
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What has been done in FMS-FMS correlations

e FMS-FMS m°-m° correlations.
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 Multi-parton interactions appear to contribute to the pedestal in
d+Au collisions but less significantly to p+Au collisions.
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counts

/ZDC west neutron tag in deuteron beam
* dAu FMS nt® and EEMC jet-like coincidence.

d+Au — 7° + jet-like +X,\'200GeV
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The ZDC west charge sum in forward 1¥ triggered dAu looks

similar like forward-forward data.



Coincidence

probabilitg (radian’

« PM5>2.0GeV/c and 1.0GeV/c<p,EEMC<p FMS (MEEME>0,4GeV/c?)
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FMS-EEMC correlations in p+Au approach

* The coincidence probability of azimuthal correlation.
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The p+Au approach only impacts on the pedestal, the other qualities like
the width of the correlation peak are analogous like in d+Au collisions.

The independent double parton scattering contributes to FMS n® + EEMC
jet-like cluster correlations in d+Au collisions as well.
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Summary

* Forward studies at RHIC provide opportunities to
explore the initial state of the proton and the nuclei.

e Comparison of p+Au to d+Au suggest independent
double parton scattering is present in d+Au, affecting
only the azimuthal correlation pedestal.

* The rapidity dependences of the correlations suggest
a smooth transition process from dilute parton gas to

dense CGC state.
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Outlook of nucleus gluon saturation study

The final state nts or jet-like clusters are complex
objects that can include not only color interactions
from initial states but also from final states.

* A Electron lon Collider (EIC)?

NA
% 10°E EIC
O | —— 30GeV+130GeVin g
o~ [ 20 GeV + 100 GeV/n 3 /
C 5[ ——— 10GeV+100 GeVin %
10°F ...... 9 GeV + 90 GeV/n 4"_,

— 2GeV + 100 GeV/n

* Go to lower x than fixed
target experiment.

* DIS process is much cleaner
than the hadron-hadron
interaction.
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