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Gluon density at low x

Gluon density can’t grow forever.
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Saturation must set in at forward rapidity when gluons start to overlap
and recombination becomes important
Can RHIC see gluon saturation? (or at LHC/eRHIC?)



Why forward rapidity @ hadron collider?

= Forward scattering probes asymmetric partonic collisions
= Mostly scattering of

high-x valence quarks (with known & large polarization)

0.25 < x,<0.7
on With heavy nucleus target,
low-x gluons gluon density would be even bigger

0.001 < x,<0.1
In CGC picture, x, ~ few 10



The Relativistic Heavy lon Collider
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Au+Au
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RHIC is a QCD lab




Wear

The STAR Detector (run3)
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(EMC)

B] ~ TPC: -1.0 < < 1.0
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Mid-rapidity p+p

Identified particle spectra in p+p
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Phys. Lett. B. 637 (2006) 161 P+P at 200 GeV, pQCD does a very good job

Y omoo describing mid-rapidity hadron yields



Forward rapidity p+p

AR PRL97, 152302
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p+p at 200 GeV, pQCD does a very good job
describing mid-rapidity hadron yields

both mid and forward rapidity (0<|n| <4)




Mid-rapidity d+Au (and Au+Au)
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inclusive yields (~1.5 enchancements at mid-p;)
back-to-back di-hadron correlations

A ¢ (radians)

In contrast, Au+Au collisions are very different from p+p and d+Au



Forward rapidity d+Au?

Expectations from Color Glass Condensate

1/)° related to rapidity of 1 .
T= ln(/x] produced hadrons. R, = dAu
3 t 3
LT %, Qlw/N pA 2*197 o,
i W — Rtoy D. Kharzeev
1.75 hep-ph/0307037
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mA>  Ink? InQ~ 0.25
Iancu and Venugopalan, hep-ph/0303204 T Y

k/Qjq
CGC expects suppression of forward hadron production



STAR d+Au forward =’ *TAR

‘ PRL 97, 152302
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PQCD+Shadowing expects suppression, but not enough

CGC gives best description on p; dependence 10




R A, Fapidity dependence

!@Ms PRL 93, 242303 *TAR PRL 97, 152302
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Observe significant rapidity dependence
similar to expectations from the CGC framework
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Back-to-back Angular Correlations

PQCD 2->2 process =back-to-back di-jet (Works well for p+p)

o Forward jet
Ple ﬁgﬁ
p

¥ Mid-rapidity jet

Kharzeev, Levin, McLerran (NPA748, 627)

With high gluon density 03 —— -
2->1 (or 2>many) process = Mono-jet ? s b v‘ff‘zgg(;léhf} Correlations
L W= e
Mono-jet 0.25 1, =3.8, 1, = 0, central

225 E_pl =15 GeV, p,= 02-15GeV
Dilute parton [ 225 |
system

(deuteron)

Proton - Proton
Deuteron - Gold

02 |

A75
i 0.15
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Dense gluonfield (Au) by many gluons 125}
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CGC predicts suppression of back-to-back correlation .



STAR p+p Forward-Midrapidity Correlations

-
p+p — 1’ + h , Vs = 200 GeV Forward plO (FPD)
IKn>1 =40, <075 +

PYTHIA 6.222 Data . .y
ool 5=98%03% |y ,[S=11£1% < Pra> Mid-rapidity
77| B=459403% 77| B=504%1% | o - > Leading Charged Particle

s = 0.9740.02 | 05 =1.13£0.07 /:L/F’ (TPC)

1.09 GeV/c PYTHIA + detector predict

0.95 GeV/c

0.29 As <xp> and <p; > grows
0 2 4 6 e “S” grows with
0.2k S=14.12147 0.7k S=11.50x2.77% ° “o's” decrease
BE=4621+1.67% B=50.3£297%

os = 0.8510.08 os = 0.95+0.17

1.68 GeV/c PYTHIA prediction agrees

Coincidence Probability (radian

0.97 GeV/c with data
0.48 ntrig =4.0
nasso — 00
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PYTHIA (p+p) vs HIJING (d+Au)

ian™)

dence Probability (radi
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Co

" + hui correlations, vs = 200 GeV
I<Kn,>1 = 4.0, Inl <0.75

p + p (PYTHIA) d + Au (HIJING)
- 5 =9.8x0.37 - 5 =84x£057
[ B=45.8403%| [ B=755+05%
0.21 05 =0.9740.02 0.2 o, = 0.8240.04
e HIJING predicts similar
o correlations in d+Au as
‘ PYTHIA predicts for p+p.
e Only significant difference is
% combinatorial background
S =15108 % S =141£1.1 % level
[ B=443408%| [ B=71.8+1.3%
0.2F 05 =099£0.04 (0.2 05 =0.82+0.06

ntis = 4.0
nasso =0.0
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*TAR An initial glimpse: correlations in d+Au (Run3)

PRL 97, 152302 (2006) suppressed at small
A~ pHp >R TAX  dHAU—> nO+hT4X <x;> and <p;.>
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ﬁi—ll: Run8 d+Au @ 200GeV

Relativistic Heawy lon Collider
Run8 dAu Integrated Luminosity for Physics .
250 (singles corrected) Max expectation
End Run8
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~x30 luminosity (from run3) Great success!

+(polarizaed) pp run = reference data y
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trometer for Run8
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FPD to FMS

n In d+ AU, FPD /FMS faced d Phys. Rev. Lett. 97 (2006) 152302

beam to see neutral pions I <i
produced by large-x partons ol 2 e

lllllll
namummal

with low-x nuclear gluons

= Exploratory run-3 - F 7%
measurements: N i
West-South FPD module only == ==& o oo oo

= Run-8 measurements: first &f w0 27 00
FMS run (50x bigger e ¥

acceptance) i e

—1N* s |
. I-run-8_]-0 I-run-3 H

P EPEPITETS EPT AT FIATIr APAATITS BTITETIS IPATATIT P IAr AT
-100 -76 50 -25 O 26 50 75 100
x {cm
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FPD — FMS comparison

* Emulate FPD from run-8 FMS:

* FMS photons: x > Ocm;
*Inpcl <0.75;3.8<n,,s<4.1;
* 0.5GeV < p,(TPC)

0=0.949+0.121

0 25 5

ntie = 4.0
nasso =0.0

0=0.96510.198

o+p%w°+hi+>< d+Au %ﬂ'°+h:t+x

* lag,l = |E,-E,|/(E,+E,)<0.7; g
*30<E;,,<55GeV Tt
* leading (in p,) particles considered Ch:
* Reproduce gaussian widthand £
many similarities
* Normalization requires more £
systematic studies: g _
* pile-up correction Es

* vertex efficiency
* run-3/run-8 trigger
Ermes Braidot - QM09

(2006) 152302

0.2

0

Phys. Rev. Lett. 97

0.1F

0

[ $=0.154£0.024

2.5 S
P
0=1.161+0.132

5=0.0931+0.040

2,5 S

LCP
0=1.073+0.335
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FMS results : 1%+h* correlations

* Correlate forward nt® with a mid-rapidity charged track (TPC)

pQCD inspired “GSV cuts”

(Guzey, Strikman and Vogelsang, hep-ph/0407201):

* |Npcl <0.9;2.8<ngys< 3.8

¢ 2.5GeV < p,(fVs) 0.1

* 1.5GeV < p,(™PC) < p,(F1S) T | PR
* logys|< 0.7 > %5 1 6 =0.7840 £ 0.086
* 0.07< Mvv < 0.30 GeV = |
4 . . -g STAR PRELIMINARY
* only leading particle considered 8 | .
« corrected for pile-up 3 0.05 | "N
* (as proposed in hep-ex/0502040) 3 ) \
5 0.025 . e
*Normalization requires more f: e A .,
systematic studies 5 o B - 1
= 0 25 B

Ermes Braidot - QM09 20



FMS results : x%+h#* correlations
comparison p+p & d+Au

= Same conditions ("GSV cut”) were applied in d+Au

p+p-> n+h+X o3 d+Au-> n®+h*+X

-Z-S!AR PRELIMINARY -Z-S!AR PRELIMINARY

0.1

() ) () ‘
£_00 0 5=0.7840+0.086 5_ " o=0.845%0.1
22 o005 2L o005 .
2 F . ] Fy .
Q = Q = L4 )
g5 * @3 R B
83 $ S Z .o
e © 0.025 ¢ e © 0.025
D Qo ) D o

- S, 4

L
0 = . I . 1 . 0 = ; . . .
0 25 s 0 25 5
01: .OLPC Ot- OLPC

e Back to back peaks are evident

Ermes Braidot - QM09



FMS results: 1%+nx° correlations

e Correlate forward it® with a mid-

rapidity n® (bEMC)

InEM(:I <0.9 ’

2.8 <Ngpyc<3.8;

2.5GeV < p_(FMS);

1.5GeV < p.(EMO <p_(FMS) ;

* IaFMS/EMCI<0'7;

0.07 < MW(F""S) < 0.30 GeV

0.07 <M, (FM% < 0.20 GeV

Only EMC towers used (no SMD)
only leading particles considered

Ermes Braidot - QM09
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Uncorrected Coincidence Probability (radian1)

FMS results: n°+h* & 7°+nx° comparison

“GSV cut”

0.04 0.04

d+Au-> ro+mo+X

0.03

p+p-> no+n%+X

0.03

c =0.7430 £ 0.019 c =0.835£0.039

0.02

Lo g ®

0.01 0.01
0 [F—. - . - 7.- SN 0 L 1
0 25 5 0 2.5 5
0.1 0.1
p+p-> MO+h*+X d+Au-> n0+h*+X
0075 | 5 =0.7840 £ 0.086 °75 o =0.845+10.1

0.05

is !AR PRELIMINARY
0.05 1
 ad *

0.025 0.025

0‘: - OLPC Ot - 0L"(}

Ermes Braidot - QM09

0.02 ..
STAR PRELIMINARY ” .

“GSV cut”

2.5GeV < p,(FMs)
1.5GeV < p,(EMO) <p, (FMS)

E> |°dAu - 0,,=0.09£0.04

e Correlation in n%+n°® shows
broadening in signal width
from p+p to d+Au

e Correlation in m®+h*shows
signal width consistent with
O+
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FMS results: =°+h* & 7°+x° comparison

“GSV cut”

0.04

p+p-> n%+no+X

p+p-> MO+h*+X

Uncorrected Coincidence Probability (radian1)

0075 - 5 =1().7840 + 0.086
0.05
0.025 ‘ W
L& o ¢ : b= S
0o = : -
0 25 5
0‘ .OLPC

Ermes Braidot - QM09

0.04

d+Au-> no+m0+X

0.03 003 |
c =0.7430 £ 0.019 - 6=0.835%£0.039
0.02 002 | -
STAR PRELIMINARY ’ .

0.01 001 [T0F N -

0 (B= ..0 | .‘..'_H, 0 L ' | ' 1

0 25 5 0 25 5
Oz =Opc Oz = Ope
0.1

0.1
d+Au-> n%+h*+X
c=0.845+0.1

0.075 |

t 7STAR PRELIMINARY "
005 | ¢ .,

0.025

0,-9

“GSV cut”

2.5GeV < p,(FMs)
1.5GeV < p,(EMO) <p, (FMS)

|:> IGdAu - 0,, = 0.09 £ 0.04

T

- Lincar

Non-linear =

Color Glass
Condensate

& Parton Gas

T (k,) o

o DGLAP

L

InA> Ink? InQ -~
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FMS results: n°+h* & 7°+nx° comparison

“GSV cut”

lower-p. cut 2.5GeV < p,FMS)
0.06 0.06 (EMC) (FMS)

p+p-> MO+IO+X d+Au-> nO+n0+X 1.5GeV < p = <p,
-0,,=0.09 + 0.04

o =0.8950 + 0.012 o = 1.088 = 0.03 IGdA” PP
o .. ﬁﬁR PROEiIMINARY

e el lower-p. cut
0o & ! 0 = !
.Oz'OLPC Ly-om Z.OGEV < pT(FMS);

- p+p-> n0+h*+X L d+Au-> mO+ht+X 1.0GeV < p,EMO <p_(FMS))

s 0=0840+0.077 ... o©=0892+0.076

iS!AR PRELIMINARY
0.1 = 0.1 e,

o o *

|odAu -0,,=0.19 + 0.03

Uncorrected Coincidence Probability (radian1)

.
0.05 . 0.05
.

o NN , , ! , o N , , !
0 25 5 0 25 5
OLPC O(-OLPC

° pTdépendent azimuthal signal broadening

Ermes Braidot - QM09
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Gold-side multiplicity dependence

Forward n°
Detector

Electromagnetic
Calorimeter____ |

Solenoid Magnet

UO0OOULn

1]

BT )

1

| S |

ﬁ\Endcap EMC

E]D HNRNEN

STAR Run—38 d+Au Configuration

* Selection: charge

sum from east (Au
side: -5.0 < ng; < -3.4)
BBC phototubes
(18 counts ~ 1MIP)
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Gold-side multiplicity dependence

= Modification in background level in d+Au n%+n° correlations

low-p_cut (2.0GeV < p_(FMS) - 1,0GeV < p_(EMCO) <p_(FMS)
pycut ( P P, <p ) STAR PRELIMINARY
20000 0.025 | 0.025 0.025
0.0225 0.0225 0.0225
17500 0.02 0 = 0.871 +' 0-015 0.02 0 - 0-893 +" 0.023 0.02 0 - 0.83 +' 0.059
15000 [ 0.0175 | 0.0175 0.0175
12500 || 0015 | 0.015 0.015 o
10000 || 0.0125 o 0.0125 22 0.0125 >
7500 0.01 SN 0.01 A . 0.01 oo
0.0075 Vs . 0.0075 o . ., 0.0075 A
5000 0.005 o "o 0.005 o *e, . 0005 ot 4
loe®e *ees R -, LS
2500 0.0025 | 0.0025 0.0025
0o L | 0o b L | o b—u L] o b— ]
0 500 1000 1500 2000 2500 0 2 4 6 0 2 4 6 0 2 4 6
S D, - Dype b, =D pe D= Pipe
0.1 | 0.1 0.1
‘ 0.09 0.09
3000 | 0.09 | o ..
008 | 0.08 : . ¥ .
2500 007 | 0.07 007 |,
2000 0.06 0.06 . * .. . . 0.06
005 | 0.05 . . 0.05
| . —
1500 004 | 0.04 . 0.04
1000 0.03 o T . 0.03 0.03
002 [+ .o 0.02 0.02
500 oor | 0 =1.025 +- 0.035 oo1 . 0=1.138 +- 0.053 001 - 0 =1156 +- 0.121
0 L ! . N P S L N ot ot
0 2000 4000 0 2 4 6 0 2 4 6 0 2 4 6
Sumo D, - Dype D= Do D= Do
um

* Modification in d+Au nt®+n® (FMS-EMC) correlations
Ermes Braidot - QM09 27



Is saturation really the explanation?

NLO pQCD calculations

<x,> ~ 0.02 is not that small
(Guzey, Strikman, Vogelsang, PL B603, 173)

In contrast, <x,> <~ 0.001 in
CGC calculations

(Dumitru, Hayashigaki, Jalilian-Marian, NP A765, 464 )

Basic
difference:

pQCD: 2 2
CGC: 2>1

500 I I I T

400 [—
300 [—
200 —

100 —

pT.l = 2.5 GeV

PP

x dAu, shad.1

1.5 < ppp < 2.5 GeV

25<m7m, <35

Log m(xz)

Forward-forward di-hadron correlation : <xg>~10'3

with CGC : <xg>~10'4
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10+m%(or h) correlations with forward =°

p+p in PYTHIA d+Au in HIJING hep-ex/0502040
5 (- No shadowing 3<n,<4
+ g FMS Ssmas = A 1<n<4
FTPC pr>2.5 GeV/c | — Shadowing : * !
3 1.5< pry<pry 70 ; 5P11>2'5 GeV/c
2 60 200 ::_E 1 DK< p12< P11

- 50

40

— 30 100[

— 20

d+Au = n°+n+

— 10

5 0_ 0 1 2 3 4 5 6
0) 0P=@Put — P2

-1.5, -1 -
log10(xmi

n?ss° scan gives handle on x,,,,
Forward-forward di-hadron correlation to reach lowest x
Conventional shadowing changes yield, but not angular correlation
CGC expects changes in yield and the angular correlation
29



Forward piO (FMS) — Forward piO(FMS)
Azimuthal Correlations

50000 |

40000

30000

20000

10000

oL

ptp — wAHX,

Vs = 200 GeV

p+p — T+ %, Vs = 200 GeV

¢ 0.006F 7
" pp > 2.5 GeV 700 1.5 GeV/c<prs< 2 " NSTAR PRELIMINARY
[ Pre eV/c eV/c<prs<pr E:“ i& A S 2.5 Gev /e
600 [ g'co.008f ﬁ% 1.5 < prs < py. GeV/c
s 3T Jﬁ ll'qu <n>=3.12
500 : E‘;:O o04k Il,l |II LN =35.05 +
C g:‘—f |I |I N
g 400 £g [ [ + +
: 35 0.003F J; | [y
300 | Sa : | \ ++
] : o.cozk | + / \
000 | i ; \ + L
: [ ++ Ay ﬁt .|_
5 - 0.0011, * e, T B
1001 SR S 505700257
"""""""""" ol [0 ] | T | |
00050101502 00050101502 Y
M,, (GeV/c?) =1 a 1 2 3 4 N
* Possible spin measurements
* Low-x / gluon saturation study — accessing lowest xng'”°“
Htrig = 3.0

Hasso = 3.0
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Summary

- Forward rapidity at RHIC access to low-x physics
- pp mid-rapidity, pp forward and dAu mid-rapidity under control

* Run3 dAu
« Hadron production
* No suppression at backward
« Suppression in forward hadron production
» Di-hadron back-to-back correlation
* No suppression at n<2.2
- Suppression at n=4 & low x;/p;

‘Run8 dAu
- vxX30 more integrated luminosity

« STAR FMS (~ x50 acceptance) commissioned and took data

- FMS reproduces Run-3 FPD gaussian widths

- Comparison of A®_ rys).+.0emc) fOr PP and dAu indicates azimuthal
broadening in dAu

Data are qualitatively consistent with a p; dependent picture of gluon
saturation of the gold nucleus.
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Outlook

= d+Au for forward =0- forward =°
= Scanning the p; (from GSV down to run-3)
= Normalization and systematic studies

= Yield with scanning A n
X dependence of nuclear parton density
= Clustering: towards ni+jet or jet+jet
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