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High gluon density in nucleon
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* One can “take snapshots” of partonic structure of the proton with a probe particle in high energy collisions
Results from DIS: Gluon density rapidly increases towards small x, which can be explained by gluon splitting
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Gluon saturation
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The rapid increase of gluon density: gluon splitting = linear evolution

Increase should be tamped at a certain point: gluon recombination - non-linear evolution
A new regime of QCD: Gluon saturation (Q? < QZ2) at gluon recombination = gluon splitting
Saturation region is easier to be reached in nuclei: Q5 o< A/3

How to probe nuclear gluon distributions at saturation region? = increase Q; probe low x and Q?
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Inclusive measurement

* CGC successfully predicted the strong suppression of the inclusive hadron yields by gluon saturation effects
« Forward charged hadron/m® production from RHIC in d+Au relative to p+p
* Forward open charm production from the LHC in p+Pb relative to p+p



Forward D, production at LHC
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LHCb, JHEP 1710 (2017) 090

* 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. Kharzeev, E. Levin and L.
McLerran from NPA 748 (2005) 627-640

024 | Azimuthal Correlations
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relative to p+p as a saturation feature
* Following theoretical predictions on di-hadron:
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Saturation signatures on p+,y, b, A

Forward di-parton kinematics
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More forward direction
Lower pr hadron

More central collisions
Heavier nuclei
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Can we observe the nonlinear gluon dynamics signatures
from RHIC p+p, p+A, d+A data?




Di-t’ measurement at STAR

* p+p, p+Al, p+Au collisions at \/syy = 200 GeV
¢« NN-> 7Y +7%+X, 7° detected by FMS with 2.6 <1 < 4.0
 Event activity (E.A.): energy deposition at BBC describes the Forward Meson Spectrometer (FMS)
degree of the p(d)+A collisions 2.6<n<4.0
Npair(A‘P) N

* Observable: C(A¢p) =
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Beam beam counter (BBC)
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STAR data in x — Q* phase space
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STAR, PRL 129, 092501 (2022)

pr and A dependence
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STAR, PRL 129, 092501 (2022)

E.A. dependence

rcBK: J. L. Albacete et al.,PRD 99, 014002 (2019)
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PHENIX, PRL 107, 172301 (2011)

How about d+Au?
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e Away-side correlation: suppression dependence on rapidity and centrality is studied by PHENIX
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Single parton scattering

DPS in d+Au?
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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 ° generated from the same or different hard scattering? DPS affects the correlation?
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Di-t® measurement in d+Au at STAR
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Challenging to conclude the forward di- w¥correlation measurement in d+Au
« 1° PID: much higher background in d+Au than p+p/Au; combinatoric contribution is large in d+Au
* Double parton interactions affect the correlation?

Di-n® measurement favors for cleaner p+A than d+A collisions
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Future measurements with STAR Forward Upgrade

STAR Forward Upgrade: 2.5<n<4

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

\“x ,\\( Y Future STAR data with forward upgrade
e & Year | System | /s (GeV)
= / 2023 Au-+Au 200
¥ 2024 | p+p, p+Au | 200
AN | g 2025 Au+Au 200

pp and pA . AA To explore nonlinear gluon dynamics with
~10%/VE ~20%/VE expanded observables:
~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 QZ reconstruction

* Direct photon (-jet)
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Inclusive direct photon measurements at STAR
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Direct Photons: g+g—>q+y, can remove the strong interaction from the final state
Higher delivered integrated luminosity data improve the constrain on gluon distributions
Challenging of photons from fragmentation or hadron decay; small cross section at forward rapidity
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Future measurement at EIC and the LHC

EPPS21 K. Eskola et al., EPJC 82 (2022) 5:413
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RHIC results will be an important basis for very similar measurements at the future EIC
 Very similar x — Q2 phase space at close collision energy
* Nonlinear effects seen with different complementary probes (eA and pA), one can claim a discovery of saturation
effects and their universality
Data from RHIC + the LHC access the full phase space: LHC data > low x at high Q%; RHIC data = low/moderate Q?
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C(A9)

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

Di-hadron correlations at EIC
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Constrain sat. and nosat. models a lot with limited statistics of 1 fb!
* Strong suppression is reproduced by sat. model not by nosat. model (EPSO9 nPDF) including energy loss

Effects from intrinsic k7, initial and finail-state radiation (Sudakov effect), fragment p;rag are investigated:

* Near side peak (charged hadron Vs neutral pions) width mainly affected by final state parton shower and fragment p;rag

* Away side peak width dominated by initial state parton shower
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Diffraction at EIC
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Diffractive processes most sensitive to the underlying
gluon distribution: F*/7 o k2
Double ratio sensitive to saturation and shadowing

* 0Og4irf/0toc(€Au > ep): saturation

* 0Og4irf/0tor(€p > eAu): shadowing

ratio (eAu/ep)
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Summary and outlook

x10°

[ 5w =200GeV,NN - z0zX  STAR|
W
8- p‘T"Q:z-z.s GeVic, pi**’=1-1.5 GeVic
15
_ et oo 5 STAR {5, = 200 GeV, NN — °xX “[STAR {5y, =200 GeV, NN - 22X
3 o o 4 © 26<n<4,a <[5, 26<n<4 a0 < (5.5
© 0%+ : 3t ‘o pl=1.5-2 GeVic pr9=152 GeVic
. o +© R 3 4 pE=1-1.5 GeVic 8 1 % piE=1-1.5 GeV/c
oL *Elo : *pAu/pp  #pAlpp o P=-0.09 + 0.01
* * o Py =-0.09 + 0.
* *
‘ ‘ .t 2 £ *..
0.4 P}*=2.5-3 GeVic, py"**=2-2.5 GeVic E * E,
| Opp +pAl  *pAu Vi
0.5 * + 051
03
s f 6 + p Al Au
= r * S E R I I I
o ool i 5 é ? ? é 0 20000 40000 1 3 5
ETER AT A a0
Q
019 $
t b4
2 4

3
A [rad]

Di-hadron measurements at RHIC provide insights
into the understanding of nonlinear gluon
dynamics in nuclei

p+p, p+A results: A, E.A., pr dependence

Di-hadron measurement favors for cleaner p+Au
collisions than d+Au collisions



Summary and outlook
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Di-hadron measurements at RHIC provide insights
into the understanding of nonlinear gluon
dynamics in nuclei

p+p, p+A results: A, E.A., pr dependence

Di-hadron measurement favors for cleaner p+Au
collisions than d+Au collisions
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Nuclear gluon distributions remain largely unconstrained in
the nonlinear regime: important input from RHIC at low

and moderate Q?

STAR forward upgrade with expanded observables in p+Au
More opportunities with diffraction measurements

RHIC data deeply connected to EIC: close energy, similar
phase space, complementary probes to test universality
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Back up

Xiaoxuan Chu

Non-Perturbative QCD workshop

22



Inclusive charged hadron at BRAHMAS
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* Yields suppression R 4, < 1 at py < 2 GeV; first hint of gluon saturation at small x?
Ry, is more pronounced in central dAu collisions
R, decreases with increasing rapidities: scan x by varying rapidities
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0.5

Inclusive charged hadron at PHENIX

PHENIX, PRL 94 (2005) 082302
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Backward
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* 1 dependence revisited
* Enhancement in backward
direction
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trigger T pyy

STAR, arXiv: 2111.10396
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Di-t® measurement in d+Au at STAR
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« 1Y 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 °- °correlation measurement in d+Au: Favors for cleaner p+Au collisions

Di-n® measurement favors for cleaner p+A than d+A collisions
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E.A. dependence in d+Au
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* Inthe overlapping p range of two collaborations, no suppression or E.A. dependence in d+Au relative to p+p
* Suppression exits at very low p at PHENIX, where STAR FMS cannot reach
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