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Towards the Small-x Saturation Region

Fig. adapted from CERN-LHCC-2020-009
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CGC: an effective theory of QCD for small-x region.
Future experiments will enable us to probe the deep saturation regime.



Theoretical Predictions within the CGC Framework
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- Extensive theoretical studies have been conducted within the CGC framework.
- However, a realistic event generator is still needed to connect theoretical predictions with
experimental observables (MPI, ISR, longitudinal momentum depletion, remnants).



Initial Geometry
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Fujii, Hirano, Itakura, Nara, Zhao. ArXiv: 2605.15494; S. A. Bass, et. al. PRC 92, 011901(R) (2015)



Scattering Kernel, MPI, ISR, FSR

Default channel: LO Hybrid Approach (DHJ formula) with rcBK dipole amplitude evolution.

o]y
3T K =) [mG(IIaQQ)NA(pﬂIQ) + IQ(%,QQ)NF(PT;IQ)]: K(y) = Koexp(—Aly|)

(Optional one: kT-factorization approach)

LHC pp 5.02 TeV
4 +
1 03 ® ALICE " n}<0.3x10% (K)=0.89 = = » all: K;=0.79, 1=0.17+0.02, y*/ndi=14.1/5
10 B |HCb h* 2.0n<2.5x10™, (K)=0.52 2t

B LHCb h* 2.5<1<3.0 x107, (K)=0.48 %

B LHCb h* 3.0<n<3.5 x107, (K)=0.44 (3

= |HCb h* 3.5<n<4.0 x10™, (K)=0.41 V. 1
Q —

® LHCb h* 4.0<n<4.5 x10°, (K)=0.40 s ®
g - -

B LHCb h* 4.5m<4.8 x10°, (K)=0.42 - 0.7 i ..

L ]

111 gnalytic, K=1 8 0.6 .'*..

8 05 s
= analytic x(K) = o YO
> 0.4 " *
0.3
10‘“8IIIIIIIIIIIIIIIIIIIIII]IIIlliIlII IIIIIIIIIIIlIIIllllllillll
1 9858 2 25 3 35 4 0 1 2 3 4 5
p. (GeV) y (window centre)

Basso, Gay Ducati, Oliveira. Phys.Rev.D 84 (2011) 034024



Scattering Kernel, MPI, ISR, FSR

Default channel: LO Hybrid Approach (DHJ formula) with rcBK dipole amplitude evolution.

= K — [IG(ILQZ)NA(?TQIQ) + -TQ(II:QQ)NF(I)TSIQ)]? K(y) = Koexp(—Alyl)
(Optional one: kT-factorization approach)

MPI in Forward p+Pb collisions: N, ~ 5-7, stronger x-depletion than in pp collisions.
MPI-ISR interplay: Tha= Y Tipara + ATy < 1
1eMPI

Our approach: Careful MPI sampling + ISR interleaving at the nucleon level
Independent FSR, subject to conservation laws.

Basso, Gay Ducati, Oliveira. Phys.Rev.D 84 (2011) 034024
T. Sjostrand, Peter Z. Skands Eur.Phys.J.C 39 (2005) 129-154. JHEP 03 (2004) 053.



Azimuthal Angle Assignment

ISR —— FSR

alive hard parton

The hybrid framework describes only
inclusive processes.

soft recoil ~ === beam remnants Ry

p+Pb 5.02 TeV

. R & on st
Remnant rapldlty' yrp ~~ In (—) Al Ncon = 6, )I({B p‘drtons
mr IRl = 0.58 GeV

For each scattering, a global SO(2) rotationis
applied, with the azimuthal angle ¢ sampled 3
from a von Mises distribution: <

F6) = 5y explicos(é - (6))], |

R(k) = min (' %kf;’"| , 1.0)




From forward to backward production
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Basic scattering element: N+CGC type scattering (forward, backward
reversed). With interpolation between them.



Remnant Splitting and String Connection

» Remnant splitting for each
side:

b =R z; ~ P(2)

side’
» String connection:

- Partons are grouped according
to their scattering origin.

- String reconnections are
performed to minimize the total
string length.

- String systems with masses
below a specified threshold are
merged into heavier systems.

Pb-going (—

Y Y

Pb nucleon 1 Pb nucleon 2

own scattering's chain, min Am? ¢

p-going (+y,

(A) p junction <

g g g
soft recoil parton

& & 4
R (p, <1 GeV)

struck valence q

)

q (Pb remnant) g g  ystruck
g, ¢ 4 ® (B)q g - g - g chain
(C) gluon jet: closed gluon loop
| | 1 | | | 1 | 1 | | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 |
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Upgrades of MC-CGC Model: Ver 3.0

[ Analytical approach JY‘ Scattering part Post scattering
r M ( By
Glauber geometry Remnant reconstruction
. —»
Theoretlcal framework Nucleon sampling, Initial Qs0™ 2 two-body side split + z-splitting
r \ y \ J
: rcBK dipole ’ v <\ v
ChF?[',cFic'f ampli_tude & f b
saturation scale MPI+ISR+FSR Color connection
. w
»
\/ ¥ vertex sampling, ISR/FSR, accept/reject strings, junctions, gluon loops -- strings.dat
f N\ /
Hard parton cross section |’ b v = - v g
(DH) hybrid / kr-factorization) . N r N\
- g Azimuthal assignment Fragmentation
> Ver 1.0: Deng Fujii ltakura. Nara von Mises steering of the hard azimuths Lund string model (Pythia 8)
? ’ ? ¢ 2
Phys. Rev. D 91, 014006 (2015) - = g -
> Ver 2.0: Fujii, Hirano, Itakura, Nara, Zhao. [ £ oroducti I
ArXiv: 2605.15494 aoftproduction N
» Ver 3.0: Fujii, Hirano, Itakura, Nara, Zhao. recoil-cancelling soft gluons -- parton.dat Output
Paper in preparation > < final hadron four-momenta -- particle_list.dat

MC-CGC: A Monte-Carlo Event Generator Inspired by CGC Framework

10
Ver 2.0 is avaliable: https://gitlab.com/eventgenerator/mc-cgc/-/tree/v2.0?ref _type=heads
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R p, at 5.02 TeV (Forward Rapidity

1.4r
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Already incorporated

- Energy—momentum conservation

- Parton shower effects
- String dynamics

Nevertheless, saturation effects remain essential for
describing the experimental data.
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R py, at 5.02 TeV (Backward Rapidity)

2:
1.8¢
1.6}
1.4F

91101 CTEQ15-Pb

0.4
0.2 ———— g1101 CTEQ15-p
R N SRS FWETS ST FEETE FWETl S S
2 3 45617 829
P, (GeV)
2r
: -4.5<n<-4.0

The bump structure in the backward-
rapidity region is successfully
reproduced.

Deviations become more pronounced
as |n| decreases.

NPDF effects dominate
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Description in pp & pPb at 5.02 TeV (Middle Rapidity)

10* 107 2
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The hybrid approach provides a reasonable description of the p; spectra even at midrapidity.
The required K-factor at midrapidity is approximately 1.5 times that in the forward-rapidity
region.
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Description in pp & pPb at LHC Energy (Ultra-Forward)
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Description in pp & pPb at LHC energy (Ultra-forward)
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consistent with experimental data.
This agreement suggests a reasonable
treatment of beam remnants in the
model. 16



pr spectra 1n pp, dAu at 200 GeV (Middle + Forward)

@ & @
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The model provides a good description of the RHIC pp and d+Au p; spectra using the same

parameter sets.

Discrepancies at midrapidity suggest an increased sensitivity to the initial conditions (ICs).
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R s, In pp, dAu at 200 GeV (Middle + Forward)
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Midrapidity (n~0-1):

MC- MV
- Mg ggg i x ~ 2x10-3 - 0.05, comparable to x,=0.01.
__________ g MV initial condition provides a consistent description.

©  BRAHMS data .
Forward rapidity:

X<<X,, Where saturation effects are more pronounced.
All three ICs converge to similar predictions.

O n=0 (h*+h)/2 © n=1 (h*+h)/2
O y=22h O y=3.2h
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» MC-CGC v3.0 has been developed with:
- A realistic event-by-event particle production event generator
- Extended collision systems: p, d, O, Ne, Xe, Au, Pb, ...
- Improved modeling: MPI, ISR, string connections, and beam remnants.

» Simulations at RHIC and the LHC show good agreement with experimental data across
Different collision systems, a broad range of collision energies, and wide rapidity
coverage.

> Outlook

- Electromagnetic probes: Photon and dilepton production
- Multi-particle observables: Dijet correlations
- New experimental environments: UPCs and the EIC

19



Initial Geometry

For proton: Gaussian shape

Frrd Jigild o | L | | ) B | IR | Tl | IR | I l Jigilzad ! |
1 : I *%Pp: R=6.62, a=0.546 f
2nBNN - "7Au: R,=6.38, a=0.535 fm (avg.) >
For deutron: Hulthén wavefunction = Ememe "'Au: 6=0,B,=-0.131,8,=-0.031
L e®—e™" 0 — 0457 fm~?, b = 2.35 fm " e _
T) X a = Vu. m = 4. m e , F=
10( ) Var r ’ ’ s A d: Hulthén, a=0.457, b=2.35 fm’" =
For Heavy-ions: Woods-Saxon shape E I i
| ~an-1-— -
5 97 — ) ‘:-_/ 1 0 = =
) S ol — R@.9))/a) S 5
R(0,¢) =ro [1 + B2(cosy Yao + V2siny ReYaz) + B3Y30 + ﬁzﬂﬁo} ; i i
=21 : |
species Z A rgl[fm] a |fm] B B B4 v+ nCTEQI15 PDF 1 0 = =
p (proton) 1 1 - - - - - - yes (set 7) = .
d (deuteron) 1 2 Hulthen p—n, not Woods—Saxon yves (set 8, WZ) B -
Pb 82 208 662 0546 0 0 0 0 yes (set 5) . -
e . 485 tes Gl O L4l ; yes (set 6) 10—3IJII|IIII|II[I|I I\l!\II|IIItlIIII|IJIII.I‘.'iII L1
U 92 238 6.81 0.600 0.28 0 0.093 0 no
Xe 54 129 5.36 0.590 0.18 0 —0.003 27° yes (set 11, A=131) O 1 2 3 4 5 6 7 8 9 1 0
0 8 16 2608 0513 0 0 0 0 yes (set 10, WZ)
Ne 10 20 2.63 0.517 0.7 0 0 0 ves (set 9) r [fm]
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Fujii, Hirano, Itakura, Nara, Zhao. ArXiv: 2605.15494; S. A. Bass, et. al. PRC 92, 011901(R) (2015)



Initial Geometry

10 p+2%Ph, b=5.1fm,N_ =5 10L p+Pb 5.02 TeV, (T,/T,(0)) = 1.41
I F d+Au 200 GeV, (T, /T,(0)) = 1.23
51 |

E O ;
<

_5__ :.g_-'::'._-'._

_10;! | | | | :IillllllliH””JLJ
X [fm] A b

Wounded nucleons determined by geometry criteria, with which local thickness can be
reconstructed:

|§z — (gj = E:’-’)| < dmin — \/Uwound/ﬂ'
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MPI, ISR, FSR
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MPI, ISR, FSR

o- sequential: jet by jet oF interleaved: one clock for the nucleon
85_ &1 8;_ Lk jet entry scale
75_ ot s ® emission (# = order)
= 6 — B6F o
% f % 6; vetoed (budget used up)
O, 57 e O 5; ®2
- - -
o 45 04 Q.l_ 4;
ar ®5 = ®3
. - ®9 ®10 3; i
2 o6 2
11..@7 ............................................................................................... 1£H ________________________________________ . 5.6®8 ___________________ ®7®9
EQmin EQmin
Ot . . . C |
jet 1 jet 2 jet3 0 jet 1 jet 2 jet 3

MPI in Forward p+Pb collisions: N, ~ 5-7, stronger x-depletion than in pp collisions.

MPI-ISR interplay: Bhea ™ 3 Bl + Aoty E 1
ieMPI

Our approach: Careful MPI sampling + ISR interleaving at the nucleon level
Independent FSR, subject to conservation laws.

23
T. Sjostrand, Peter Z. Skands Eur.Phys.J).C 39 (2005) 129-154. JHEP 03 (2004) 053.



Parton Distribution

12

10

dN/dY per event

p+Pb5.02TeV, 2<y<3, p > 1 GeV
alive hard parton

ISR

FSR

total yield

Y =In(x/x)

dashed: x solid: Xz ger

projectile

dN/dY per event

N W = %))
EIIIITIIllIlllIIIIIIII[IIlIII

—

o

d+Au 200 GeV, 2<y <3, p, > 1 GeV

alive hard parton
ISR
FSR

total yield

Y =In(x /x)

dashed: x solid: Xzget

projectile

In LHC energy: FSR parton dominate the distribution.

In RHIC energy: With Q,,i, rsg=1.0 GeV, FSR hardly happen, most partons do not radiate.

ISR suppressed due to more MPI happen in forward region.
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Parton Distribution

141 " Fy =536 d+Au 200 GeV, p_> 1 GeV
Ly, =859 PEDERTY, > Ga 3.5/ Y, =859 B SOETRY > TG "
12 — scatter!ng quark B — scanerfng quark m— scattering gluon
. scattering gluon = 3:_ m— SCattering gluon % 5-_ p— g i A
o - — total scattering partons o B total scattering partons = C
z % 25F % i d+Au
E o p+Pb o : 200 GeV
: | 5.02Tev | & % > ©
£ T 5 15f g
S 4;— S 1 "
o 0.52
e e TR R TR o :
y
TR g M i ot . : .
T sl Gluon dominate the mid- to semi-forward/backward
k=) 11— total scattering partons . . .
N rapidity yield.
g 08 p+p . .
- 500 TeV qguark channel becomes important in more
2 06f . . .
o forward/backward region, and quark-remnant interaction
S 0.4
N should be treated more carefully.
0':
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Backup: Full parton level distribution

parton dN/dy

parton dN/dy

60 Y =859 p+Pb 5.02 TeV
DEAM " e allive hard parton
—Femnant + soft

P total yield
30
20
10

ouk
45;— - d+Au 200 GeV

- ybeam 7 — alive hard parton

40:— —— SR
35:_ m— femnant + soft
30:_ ------ total yield
25F
20F
15
10

5 :— -y

r - as aEmw ,
G:u L e | A

-8

6 2

parton dN/dy

parton dN/dy

12

10

l[lll[lllllllrllllll!l

p+p 5.02 TeV (y <« -y averaged)

y =859
|- hman — 3live hard parton
— SR

remnant + soft
------ total yield

p+p 200 GeV (y «» -y averaged)
alive hard parton

— |SR

— F SR

— reMNant + soft

------ total yield
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Azimuthal Angle Assignment

alive hard parton —— ISR —— FSR soft recoil === beam remnants Ry
p+Pb 5.02 TeV p+p 5.02 TeV
i Neon = 6, 103 partons "~ Neon = 1, 26 partons
IRyl = 0.58 GeV IRyl = 0.58 GeV
2 -
2 -
1 |
= >
5 ©
g 0 g 0Or .
< 5,
—1F -
_2 -
_2 - -
—4}
_3 - -
B S S 0 ) 4 6 ~4 7 ) 0 2 4
Px [GeV] Px [GeV]

The hybrid framework describes only inclusive processes.
For each scattering, a global SO(2) rotation is applied, with the azimuthal angle ¢ sampled from a von Mises
distribution: 1

f(ﬁb) — 27_‘__[0(&)

exp [k cos(¢ — (¢))], R(k) = min ('%};—:57", 1.0)
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R py at 5.02 TeV (Backward)

2:
1.8F
1.6
1.4

MC-CGC, MV .
e Coroin peak can be
———— MC-CGC, g1101 produced.
.......... MC-CGC, MV® * Precise description
in -4.8<n<-4.0
o -3.0<n<-2.5 o -3.5<m<-3.0 region.
5 T § ‘A BT e Lack of description
when |n| reduce.
o -4.8<<-4.5
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PDFs ratio 1n backward region

1.8 — 9, Q=2GeV
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Backup: Analytical baseline

pT=1.105 GeV: LHCb vs K-rescaled MC pT=5.31 GeV: LHCb vs K-rescaled MC
2 s 2 L g 9 i s 2 . -
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—e— gsnorm=4, K=1.33, chi2=0.0038 0.75 7 —e— gsnorm=4, K=1.16, chi2=0.0043
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pPb / pp (v): Comparison

charged hadrons, pr> 1 GeV hard partons, pr > 3 GeV
—$— sequential (iafterdraw=0) —$— sequential (iafterdraw=0)
—#i— independent scattering (iafterdraw=1) | —ii— independent scattering (iafterdraw=1)
—d— interleaving ISR (iisrbatch=3) =4~ interleaving ISR (iisrbatch=3)

~4- PYTHIA 8 default (Angantyr) —&- PYTHIA 8 default (Angantyr)

With higher pT cut, Interleaving provide nearly flat baseline in FoCal acceptance.
Further improvement may possible -- pre-draw residual x-deplection



