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Gluon saturation at low x

Parton Distribution Functions:
Rapid increase of gluon density through gluon splitting...
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Gluon density

~ Saturation scale Q.2 balance between gluon

splitting and recombination (Q*< Q)

» Transition from linear to non-linear gluon dynamics
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...tamped by gluon recombination
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Non-linear gluon dynamics at RHIC

linear evolution

non-linear evolution
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Probes of saturation

side-view
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Dense gluon field (Au)

Forward p-A collisions:
High-x quark from p
interacting with a low-x
gluon from A

_ Pr1e¥14 Pr2e¥2

KLxp=
Vs P; is balanced by many gluons

~ Suppression of inclusive hadron yields in p(d)+A relative to p+p by gluon saturation effects
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Probes of saturation (inclusive)

Suppression of inclusive charged hadrons with BRAHMS
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> Rdau <1 below 2GeV/c and decreases with n

~ “Such effects are consistent with the onset of saturation in the Au nuclei gluon density at small x
values which modifies the shapes and magnitudes of the R, and R ratios at all transverse momenta.”
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Probes of saturation (inclusive)
Suppression of inclusive charged hadrons with PHENIX

PHENIX, PRL 94 (2005) 082302
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» Rcp decreases with n and in central collisions

» “The forward rapidity suppression is in qualitative agreement with the expectation
of shadowing and saturation effects in the small x region in the gold nucleus.”
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Probes of saturation

side-view
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4= Kxp=
Vs Vs P; is balanced by many gluons

Dense gluon field (Au)

Forward p-A collisions:
High-x quark from p
interacting with a low-x
gluon from A

~ Suppression of inclusive hadron yields in p(d)+A relative to p+p by gluon saturation effects

~ Suppression of di-hadron correlations (D. Kharzeey, E. Levin and L. McLerran from NPA 748 (2005) 627-640)
beam-view

024 | Azimuthal Correlations
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Reaching the saturation regime

J. L. Albacete et al., PRL 105, 162301 (2010)
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» Large Q¢
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Forward di-parton kinematics
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- Low-prand forward measurements
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The Solenoid Tracker At RHIC

p+p, p+Al, p+Au and d+Au collisions
at VsNN =200 GeV

NN- 70 +70 +X

70 detected by FMS
Event activity measured with BBC

The Forward Meson Spectrometer

Beam beam counter (BBC)

b aghta
(inner BBC: -5<<-3.3) et

P
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Di-7t0 correlations with STAR

beam-view
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Ad

Associated particle

Npair (Ad’)
Ntrig XA

C(Ag) =

104 NMC
F [[]]] BCDMS
i . E665
10°t [ stac

- E CCFR

Q? (Gev?)

10

4V
.....
------

LELRELLET

»
. .
fmiw e
B e e e e e o et
T e O S

I
2
10 FQ?
: 80,

Audrey Francisco

N

2 40><10_3
= Area=0.00465+0.00014
- 30 Width=0.63+0.01
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Fit function:
Ap =0 Ap=m
Pedestal/2m + Gaussian + Gaussian (Area and width) ,

Play with x and Qg2

~ Vary pr of trigger t® and associated 70— scan x

> Vary event activity (E.A.) = scan Qg?

>~ Vary nuclei (p, Al, Au)- scan Qg2

Non-linear gluon dynamics at RHIC
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Di-7t0 correlations in “high activity” pAu

Coincidence Probability
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pr and A dependence

C(A9)

C(A9)
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-» Suppression at low pr
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STAR, PRL 129, 092501 (2022)

1.5 —
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4y
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For a given pr(x - Q2 phase is fixed): vary A

> linear suppression with Al/3

> Slope from the fit: -0.09 = 0.01

Non-linear gluon dynamics at RHIC
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Event activity dependence in pAu
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* Suppression depends on event activity 2 enhanced in high activity events

* Suppression at highest activity events is consistent with predictions based on gluon
saturation model: rcBK at b=0

 Width and pedestal are stable in pp and pAu
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Event Activity (E.A.) dependence

E.A. (event activity): energy deposited in BBC in nuclei-going direction

Relative area

STAR, PRL 129, 092501 (2022)

rcBK: J. L. Albacete et al.,PRD 99, 014002 (2019)
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Results in d+Au

PH ENIX p+p/d+Au:3.0<n<3.8  PHENIX Collaboration, PRL 107, 172301 (2011)
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@ oo
- Contribution from DPS? X & | i o =

M. Strikman et al., PRD 83, 034029 (2011)
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Plans for STAR measurements

STAR Forward Upgrade: 2.5<n<4

Four new systems:
Forward Silicon Tracker (FST)
Forward sTGC Tracker (FTT)
Forward Calorimeter System (FCS)

Future STAR data with forward upgrade

Year | System | /s (GeV)
2023 Au-+Au 200
2024 | p+p, p+Au 200
2025 Au+Au 200

To explore nonlinear gluon dynamics with
| ECal ~10%/VE ~20%/VE expanded observables:

m ~50%/VE+10% * Di-h*/": access lower pr (x, Q?)

Tracking charge separation 0.2<p;<2 GeV/c * di-jet: more accurate proxy to di-parton in
photon suppression with 20-30% 1/p; x, Q2 reconstruction

* Direct photon (-jet)

Audrey Francisco Non-linear gluon dynamics at RHIC 17/11/22 16



Inclusive direct photon measurements at STAR
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>~ Direct photon measurements: g+q->7y+q, probes not

subject to the strong interaction from the final state

» STAR forward upgrade: better constraint on gluon

distributions with higher delivered integrated
luminosity in pA
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E.C. Aschenauer et al., arXiv:1602.03922
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Di-hadron correlations at EIC

L. Zheng et al., PRD 89 (2014) 074037

o.‘s YIFIUIIYIYIl"'l"["'l"f?tll

— e = Il

0.4 20 GeV x 100 GeV — *® " L

i > eAu nosat . 081~

0.35 - Uncertainty from EPS09 i
0.3 N 0.6

N = i

= 0.25 - L
3 ' s t
O 02 ~ © o4
0.15 R [
0.1 N 0.2 n

. T TS
A6 [rad] A¢ [rad]

Constrain sat. and nosat. models a lot with limited statistics of 1 fb*

» Strong suppression is reproduced by sat. model not by nosat. model (EPS09 nPDF) including energy loss

Effects from intrinsic &, initial and finail-state radiation (Sudakov effect), fragment prfrae are investigated:

» Near side peak (charged hadron Vs neutral pions) width mainly affected by final state parton shower and

fragment pyfree

» Away side peak width dominated by initial state parton shower
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Summary

~ Access saturation regime -> forward correlations in p+A
e Understand collective dynamics of gluons
 Investigate inner landscape of nuclei: initial state input to eA/pA/AA
» Comparison of pp to pA: suppression from multiple gluon interactions
ldeal measurement: low pt, high sqgrt(s), forward, central collision, heavy nucleus
Scanin x - Q2
« pt for both trigger and associated particles: scan in x ->vary gluon density
e event activity
« Comparison of pAu and pAl : A dependance of Qs
Cleaner measurement in pAu than dAu

Future measurements with STAR forward upgrade and EIC: expanded observables in pAu and
complementary probes
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Energy loss effects
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dAu collisions at 200GeV
Z. Kang et al., PRD 85, 054024 (2012)

P central

Shadowing effects:

shadowing+e-loss  contribute to the cross section at the
..... shadowing power corrections level
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Example of different normalizations (1)

Data: STAR preliminary, NPA 854, 168 (2011); Theory: A. Stasto et al., GBW model for CGC

0'016 1 b I by | ) 1 v 1 v | v 1 v | I_IIIIIl[]]TW]Il[lI]Illl]IIII]IIII[IIII[IIII—
C(A¢) Peripheral dAu Correlation| 1 07l | © jﬁu péripheralb, 2.0, 10.0]5, [1.0,10.0] |
| =—dAu, GBW, c(b) = 0.45; Syp X 3.3 i
0.014 |- y, =y, = 3.2 i (b) p :
= 3 0.012
SIES
>
— | =
= 0.010
0.008 |4
Theory curve: PLB 716 (2012) 430-434 . 0.45 Lo Thleory curve: lPLB 784 (20118) 301 306 ]
0.006 . . . . . . . : . ' . r . lllllllllllllllllllllllllllllllllll
15 20 25 30 35 40 45 50 24 26 28 3 32 34 36 38 4
Ad A¢

* CGC predictions based on GBW model with Sudakov effects included agrees with data better
* Two ways of normalization used: correlation function normalized by N¢,;; not Ny,
* PLB 716 (2012) 430-434: normalized by N4, but issues found with p+p normalization
* PLB 784 (2018) 301-306: normalized by N ,;y, issues with p+p normalization fixed



Example of different normalizations (2)

T. Lappi and H. Mantysaari, NPA 908 (2013) 51-72

pgfzg =2GeV, p7¥ =1GeV, y; = yp = 3.4

P9 = 2GeV, p&s = 1GeV, y; = yp = 3.4

........ p+p, Q% = 0.2GeV?

0.020 — d+Au, Q% = 0.72GeV?
p+Au and d+Au are the same

v
lllll

dNdA=99X | NA=9/9X _ Pedestal
S
=

Ay [rad]

* For the first time, the pedestal is predicted
* Independent scattering of two partons from the probe: 7 . (xq,,%q,) = fL (x4,) f (Xg,)

* Two ways of normalizations : Left:

Audrey Francisco

Npair(A¢)
Ntrig

Non-linear gluon dynamics at RHIC

— pedestal; right:

........ p+p, Q% =0.2GeV?

. L5 p+Au, Q%) = 0.72 GeV?
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3 105
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1.00}
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Npair(A¢)
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Normalization summary

Experimental | Normalized by | Systems Details

papers

STAR Ntrig p+p, p+Al, p+Au, d+Au | Compare area ratio

PHENIX Ntrig p+p, d+Au Compare area ratioXRya,
Prediction papers Normalized by | Systems Details

2 2
2. PLB 716 (2012) 430-434 Ntrig p+p, d+Au same as experiment, issue with p+p
3. PLB 784 (2018) 301-306 Npair p+p, p+Au, d+Au Ny qir for back-to-back region: i< Ap < 34
2 2
4. NPA 908 (2013) 51-72 Nirig p+p, p+Au, d+Au | same as experiment
Nyqir p+p, p+Au, d+Au | N, ;- for pedestal

5. PRL 105, 162301 (2010) Nirig p+p, d+Au same as experiment
6. PRD 99, 014002 (2019) Nirig p+p, p+Au, d+Au | same as experiment, used to compare with STAR data

Need uniformed normalization from theory!




Simulated x

trigger m0: P11

p <10° <10° <10° 210"
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Simulated Q°

counts

trigger °: pr4
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Pedestals

pp, pAu: /syy = 200 GeV,2.6<n < 4.1

Pedestal: pAu/pp
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Background from dAu vs pAu

+ 1° PID: much higher background in d+Au than p+p/Au
* Combinatoric contributions are different in d+Au and p+p/Au: much higher in d+Au than p+p/Au

* Challenging to perform the forward °- m%correlation measurement in d+Au: Favors for cleaner p+Au collisions p"9=1.5-2 GeV/c
5
0.2 . . asso
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E.A. dependence in d+Au

4" STAR preliminary Trigger n°p_ | PHENIX PRL 107, 172301 (2011)
i \(S—NN =200 GeV Al e | \(gN_N =200 GeV Trigger cluster P,
T gl NN n%n%+X ® 20-25GeVlc NN -, cluster+n®+X * 1.6-2.0 GeV/c
g’ - 26<n<4 & e geV/c - 3<n<3.8 O 2.0-5.0 GeVic
o | T 3n A 3.0-50GeVlc [ g 3n
Gl el E i
o 2+ | B
= e i u . PHENIX
9 . * (] . + - _Il.6-é®ll.0-ll.50 GeVie |
© u! 1 A - + PP
g ¢ B * @ u ¢ + B  central dAu
L ’ E 8 j
_ _ g . .
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20000 40000 5 10 15 1 OA(;) (2 3) 4
ra
E.A. ZEgz0) Nooi

* In the overlapping p; range of two collaborations, no suppression or E.A. dependence in d+Au relative to p+p
e Suppression exits at very low py at PHENIX, where STAR FMS cannot reach
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Future measurements at RHIC

R. Abdul Khalek et al., arXiv:2103.05419
§1°4 = N et
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STAR data can access linear-nonlinear transition region
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Forward D, production at LHC

LHCb, JHEP 1710 (2017) 090

b:32_-"|"'|"'|"| ] b:32_-"|"'| S L ]
Mﬂ- I ~ LHCb LHCb ] Qﬁm I ~- LHCb LHCb ]
" F=JEPS09LO Isse =35 TeV 1 " F=IEPS09LO s\ =35 TeV 1
1.5 — EPS09NLO - 1.5  — EPS09NLO -
[ ---nCTEQI5 [ ---nCTEQI5 1
: DSSRPPITTIILLL - ECGC ]

1 SUPEiadiunn L ]

0.5F . -

4 Large x Backward i

0 T B B B B

0 2 4 6 8 10
p. [GeV/c]

 Weakness of D meson production at forward rapidity, not at large x in backward direction
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Di-hadron measurement

* CGC successfully predicted the strong suppression of the inclusive hadron yields in p(d)+A relative to p+p
by gluon saturation effects - nuclear modified fragmentation serves as another interpretation?

* Di-hadron as another observable provides further test, was first proposed by D. Kharzeey, E. Levin and L.
McLerran from NPA 748 (2005) 627-640

o2a | Azimuthal Correlations
L W =200 GeV

- n=3.8, central Proton - Proton
0.2 | Deuteron - Gold

0.22

0.18 |

0.16 | Npair(Ap)
: Observable: C(A¢p) = —2=
Nirig X Appin
0.14
042 [ Pr1=15GeV * Di-hadron in p+p as baseline: 2-to-2 process
[ pTZ = 0.2 - 1.5 GeV
0.1 [ PR SRN TRT  NT T ST S T T TN NS SN SN TN SN U S SN NN S S S 'Y .

Suppression of away-side peak in d+A
relative to p+p as a saturation feature

* Following theoretical predictions on di-hadron:

Xiaoxuan Chu Non-Perturbative QCD workshop



STAR Forward Meson Spectrometer: FMS
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Pb-glass EM calorimeter covering 2.6 < n < 4 and full azimuth

— Neutral pions / eta / EM jet-like events
— Direct photons with addition of Pre-shower before 2015 run
— Drell-Yan and J/y with addition of Post-shower before 2017 run
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LHC results

LHCb, JHEP 1710 (2017) 090

a,32_,,,,,,,,1,,,,,,,‘t,_ ﬁz_,.,,,,.],,,],,,,,,,_
Q{::z- I ~ LHCb LHCb ] Q{‘m- I ~ LHCb LHCb i
" F=]EPS09LO \S\w =2 TeV 1 " FEPS09LO S\ =90 TeV -
1.5 — EPSO9NLO - 1.5+ — EPSO9NLO -
[ ---nCTEQI5 [ ---nCTEQI5 i
: __.--""---.--..f /\,,/\,/'\,,/'\m‘;:» : -CGC :
1 _____ - 1 =
S :
O.SP“ -
[ Large x Backward ]
O- 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 ]
0 2 4 6 8 10
p. [GeVic;
& _""I'"'I"''I""I""I""I""I""iI
o, ~ —  ATLAS ﬁ= 502 TeV —— 28<pT’1<35 GeV, 28<pT12<35 GeV
1.6 P ) , —a— 35<p_ <45GeV, 28 <p_ <35GeV —
— 2015 pp data, 25 pb anti-k, R = 0.4 jets —_—— 35<pT'1<45 GeV, 35<ple<45 GeV
1 4| 2016 p+Pb data, 360 ub?' 2.7 <y'<4 —4— 45<p  <90GeV, 28<p_  <35GeV __]
T —— 45<pT'1<906ev, 35<pT'2<45 GeV -
1oF 45<pT'1<9o GeV, 45<pT'2<90 GeV —
N H'I'I-l_ H n . n _
E il Fe
0.8F m . EEE H HEHHH —
P U S S R SR R S ST R S RS S S ST ST T T R —

—3 > T 0 1 2 3

=<



BFKL: i) = o Korwa, ® N(z.rr). N ~ (1/2)}

BK: %’;; ‘(‘j'g)’ = a, Krx ® N(z,rr) — as [N(z, rr))?
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vhat STAR measured

* Away-side correlation: suppression dependence on rapidity and centrality is studied by PHENIX

Single parton scattering
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Two % generated from the same hard scattering

Double parton scattering M.

Strikman et al., PRD 83, 034029 (2011)
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* DPSis predicted to be enhanced and not negligible at high rapidities; different in p+p, p+A and d+A
* Open questions: Two m° generated from the same or different hard scattering? DPS affects the correlation?
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