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Outline:

» A pedagogical introduction to small x physics
»Observables sensitive to small x physics
»Small x event generator

»Summary



DGLAP splitting function

1:
| B ATt e i e T
oy .5
ZINBIXE/X: x=0.01

Glouns at small x

HERA

—— HERAPDF1.7 (prel.)
HERAPDF1.6 (prel.)

0.8

p [ 1 model uncertainty
0.6

xf(x, Q)

B experimental uncertainty

[] parametrization uncertainty
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Why small x physics interesting?

» Transverse size of gluon is reversely proportional to its kt
» First partons are produced with relatively large size(small kt).

» When some critical density is reached no more partons of given size can fit in the
wave function. Smaller gluon(larger kt) is produced to fit the rest space.

» Average kt increase with increasing number density.

O 0.
O mm) .. 0O
O N K

@)

Perturbative calculable!



Why do we need a nucleus target

€ A semi-hard scale Qs emerge when gluon density is very high

Q.?> oo gluons per unit transverse area

Boost

W\/

Small x gluons(with long wave length) from different nucleons overlap with each other!

Y

) ~ (2 v EF: x=0.00001
s T £%: x=0.01



How to probe gluon distribution

Dipole gluon TMD: WW gluon TMD:

TS s RS IS EE T
Low qt: g2 high qt: 1/g¢ Low gt: In(Q%/qf) high qt: 1/q¢

F. Dominguez, B-W. Xiao, F. Yuan 2011
F. Dominguez, C. Marquet, B-W. Xiao, F. Yuan 2011



Background II

Dipole distribution amplitude
MV model: Classical gluon fields: A \ Most gluons

(P are near (013
2 \
> For Q, >> Aqcp as(Q5) < 1

)

2
=

Perturbative treatment is justified!

kt (X, k
max. density /\~

know how to
do physics here

» In the small x limit, high occupation number

D)
»

(18 o~ 1 AOCD (IS < 1

A semi-classical treatment is justified kr

Gluon distribution is

MV model & Glauble-Mueller model applied at x=0.01 suppressed at low kt due
to saturation effect



Gluon TMDs in the MV model

» The linearly polarized gluon TMDs in the MV model,

Metz & ZJ, 2011

Weizsacker-Williams(WW) distribution: o<

L 4 >
AT2 7 : 2 Q2
g , _ A-'T\'c —1 ng(kfj_gJ_) €195
= 87 T 1 Q% _
0 [ 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10
pr [GeV]
Dipole distribution: >
R S N AN, . [d* _g 7 _95%
i g Fap

positivity bound saturated for any value of k;



Odderon and asymmetric color source distribution

p p
Odderon, a colorless exchange with C=-1 tukaszuk, L.; Nicolescu, 1973 m
BT A, BXMA (REIFRAAZodderon) Do

g

REGRS AN HodderonEik : p/D p/D

IR ACEE 1R [E) TR AL EE

& odderon & spin dependent odderon ZJ) 2013
1R EZRAHspin dependent odderon X



Small x evolution equations

WNEZ SRS /SR

splitting recombination

1
> R R RITA! 170

> R EIEIERIBRITH . Q5(x)

GLR/MQ B JIMWLK

RMHE, TRTFHA BT (EEIRIBES [ cwer i omunm, fima

Biv, large N_CiEfll, AEFHE



DISiZFERIdipoleEl &

Nuclear suppression

EMERENEEIZEX, I3tbep, eA inclusive cross section:

1.2

- Q2=2.7GeV? x=103 stat. errors enlarged (x 50)

sys. uncertainty bar to scale

s EOLEOEE R fommmmem s - ----- -

Beam Energies A/[Ldt
[ 50n50GeV 2 fo!
“[ 50n75GeV  4fb I rcBK
- 50n100GeV 4 fbT [0 EPSO09 (CTEQ)
S+i (iu A*u
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
1 2 3 4 5 6 7

A%

1.2

0.8

0.6

R =F /(A FP)

0.4

0.2

- Q2=2.7 GeV2, x =103 stat. errors enlarged (x 5)

sys. uncertainty bar to scale
.............. I

Beam Energies A[Ldt
50n 50 GeV 2 fb?
| 50n75GeV  4fb! I rcBK
50n100 GeV 4 fb? [0 EPS09 (CTEQ)
e b b b e b by e by
1 2 3 4 5 6 7
A%

e, SEEERREE



Saturation ¥IREt
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Di-jet/hadron de-correlation
KRR 718 & 5 80 K iimbalance:
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y : do physics here
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Forward dijets at the LHC:
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Ridge effect
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Why parton shower generator

* Describe fully exclusive hadronic state G RS Uy
Wi T ZT A JoN M

 Coherent branching e

* Impact studies for future experiments WA e



Why small x parton shower generator

» Saturation effect is absent in all existing generators

® Aim at developing a PS algorithm to be used:
» Phenomology in eA collisions @QEIC
» Forward physics in pA collisions @LHC

» Cosmic ray event generator




Folded and unfolded GLR equation

» The standard GLR equation(unfolded one)

on T

ON(n k1)  a, [ / a2l

2, k2
(kL —11)%22

P N(ﬁakﬁrh)—/ N(n,ky)| —asN(n, kL)
1

» Resolved and unresolved branching:

d?i d?l Hd?l
/ =N (1. lﬁ—l—h)%/ =N (1, /’ﬁ+l¢)+f =N, k1)

i

» Folded GLR equation:

0 N(n7kl) v

2 2
ulJ_ 0 lJ_

virtual correction is manifestly resumed to all orders]

S/dQZJ_N(??,lJ_—I—}CJ_)
7

877 A(??, kJ_) B T Zﬁ_ A(nj kJ_) € Non-Sudakov form factor
n ; kQ )
Shi-Wei-ZJ, 2022 A(n, k1) = exp {—@s/ dn [111 #—é + N(n akL):| H
Mo




Parton shower algorithms

GLR v.s. DGLAP/CCFM
n 2
{A(Wa k1) :eXP{—@S/ dn’ llﬂi— + N (7, /u)]}} {Aa(t,t’)exp{ / dt/ z%§Pab H
no be{q,g9}
gluon splitting

gluon fusion parton splitting

The evolution variable:
= In(1/x) 0
The generated event:

reweight Unitary



Forward evolution

MV model as the initial condition at x_0=0.01:
d’r, . 1 1 1
N(n=0.k,) = —tkrre — (1 —exp[—=0Q%72% In(e +
n=0.k1) = [ 5 = (1 e[ Q2 Infe + )
» Test the algorithm
9 =0— GLR--- M.C [ =0 — GLR--- M.C
n=1 ——CLR === M.C n=1:——CLR === M.C
— 10' n=2: GLR M.C || 101 - n=2: GLR M.C ||
‘T n=3 —GLR--- M.C ‘T n=3 —GLR--- M.C
> >
8 forward 8 forward
—107 | 107t
- =
=2 =2
£ =
= 103} = 103}
~ running couple
10*5— Ll Ll ! ....T‘v 10*5— Ll Lol | N
107 ¢ 10° 10! 102 10~ 10° 10° 102
kL[GGV] kL[GGV]

y, Q*

‘/ETLJ kn

Ln—1, kn—l
Ln—2, kn—Q

Tn—3, Kn—3

Pn—2

Pn—3




AMig1, ki) N ki iv1)

Backward evolution

» Non-Sudakov form factor:

AMi k1 iv1)N(Mig1, k1 iv1)

=

1

(g /m+1 / A2l N(n ki iv1+110)
dn ’
T Jn L PV(W»kLL¢+JJ

i

¢ || is also sampled in a different way!

N(n, ki) [GeV™?]

10—4_

n=0——GLR--- M.C
n=1-——GLR--- M.C
n=2 GLR M.C
n=3 —GLR--- M.C

backward

1071

101
kJ_ [GGV]

102 -

10°

N(n, ki) [GeV™?]

10—4_

n=0:——GLR--- M.C
n=1——GLR--- M.C H
n=2: GLR M.C
n=3 —— GLR --- M.C

backward

running couple

1071

101
kJ_ [GeV]

10°

y, Q?

EEEY

—
(1]

Dn

Pn—1

Pn—2

Pn—3




Kinematic constraint & Coherent branching

O The Chudakov effect O Angular ordering
g

Parfon Shower .

uuuuuuuuuuuuuu

» Wide angle radiation suppressed!

Resonance Decays



Kinematical constraint in the GLR evolution equation

» The virtuality of t-channel gluon should be dominated by

transverse components

[Kwiecinski, Martin, Sutton, Z. Phys. C, 96;
1 Deak, Kutak, Li, Stasto, EPJC, 19]

— _ _ _ IakT
B> kTR kT =k — ¢ =~ —¢ = —¢}/q"
kT kT 2
Tk~ ~ ——qr_zp = — C]:% = - q%
gt kKt — kT 1 —=z
» The on shell condition for s-channel gluon leads to the constraint ]
1 —z | k2
2 2 1
g < k7 1) — 1)+ 10— >
| ki +101
» Results in a non-local GLR equation ] T ./
2 VIS

ON(n, k) a, [ d%l, k2 (v /’ﬂ d?1,
= = N In——+— 1, +k |—— N(n, k
an - li n+ﬂki+li,¢+¢ . (n, kL)



Coherent branching in the GLR evolution

» Kinematic constrained GLR equation

2
9 N(r.ky) a. / a2, N (n+m [ |+ k)
onAnky) w ), & An. k) Shi-Wei-ZJ, 2022

» Weighting factor for forward evolution:

(k4 — UQ) .
k| —1 l
(kb 1)+ 1 d [1 L+N(77,I€J_):|

(Th—l—l . 771) fmm[PL \/(kl 1,)21 Z] a2, 6—&5 Jriin

WieMisig1:k1) =
(Mig1 — ;) In =% -+ +f" HdnN (n, kL)

» Weighting factor for backward evolution:

kz 7 141
Wis1.mi k1 iv1) = Ut =) S f”n AN kL) N (i ki)
i+1s 15 g — JzP k;2
(Mig1 — m)lnﬁ N(n; + In {m} ki z)

» Non-Sudakov factor for backward evolution

l—z kQ
AMip 1 ki) N(is krigr) (i /mﬂdn fmm[PL’\/ K2 i d?l, (77+1n [W]’kl i+1 +ll)
AMis kL iv1)N(Miv1s kiiv1) T Jy " l2 N, ki 1)



Coherent branching: test against the numerical results

n=0——GLR==-= M.C
n=1——GLR--- M.C
1ol n=2—— GLR--- M.C ||
“ n=23 —GLR=--- M.C
=
8 . forward
1071}
= 1073 ~
s = 0.3 Q
w/ kinematic constraint )
1072 | Ll . L1l
101 10° 101 10?
k‘L [GGV]

n=0: —— GLR === M.C
102 F n=1—— GLR - -- M.C |
n=2: GLR - - - M.C
n=3 —— GLR - -- M.C
100 backward N
10—2 |
10~ | w/ kinematic constraint
| b1l Lol L1l
101 10° 10! 102
]C_L [GGV]
Shi-Wei-ZJ, 2022



Joint small x and kt resummation

O When S>>0 >>k; , resume two type large logs /
=

S - 2
& Starting point: } =
Tp, Ky,
dy_dzyi- —ixPty=+il |y +(0— T/ — p+ Pn
vG(, 1y, 2C) = (27D € SPIE (- y )Ly y) Lal0,00) F*7(0)|P) 2 ks
Collins, Soper, 81; Collins, Soper, Sterman, 85 Tp_2, k,_o Pn-1
T 5 k} 5 Pn—2
2 2 n—3; vn—
Gloun---->gloun splitting kernel; P, (z) = 20,4 (" —2+1) s
Z(l o Z) Zo, kO
1 ("
When z(or x) --->0, large logarithm 1n; summed by BFKL D L)

When z--->1, light cone divergence, introduce ( to regularize

2.2
X ¢ Mueller, Xiao, Yuan 2012; Xiao, Yuan, Zhou, 2017; Caucal, Salazar, Schenke,

2 summed by CS Venugopalan, 2022-2023; Taels, Altinoluk, Beuf, Marquet, 2022; Mukherijee,
T Skokov, Tarasov, Tiwari, 2023....

large logarithm 1In




Formulation in terms of gluon TMD(dilute limit)

€ Sample real diagrams

l

(a) 0 (©) (d) (e)
» The resulting gluon TMD indeed simultaneously satisfies the both
o dkt _ oo dk++ It di*
fO Tt e Jo e 2016, Z2J
it
(L +Fkp)?

BFKL equation: 0[zG(z,l,x¢)] aSNc/chl

om(l/z) w2 ) K2 {”TG("”’]{”[W)_Q

Gz, 1y, m()}

22712
CS equation: 01G(x, by, z()] _ sl In {x abL

2YE—3%
Jlnc . e ] G(x,by,x(C)



Small x TMDs in CGC at NLO(double log)

Sample diagrams (Collins-2011 scheme)

LY

i
bl dr=AT(z~, z)

Uz,) = (Pe ¥ J-e0 )

Xiao, Yuan and ZJ, 2017.

The basic nonperturbative ingredient:

Multiple gluon rescattering is treated in an equal way.



Collinear approach v.s. CGC

» Collinear factorization:

Flubd(pp ) ¢) = e Ser@r0) Yy Cyi(pe /1) @ filw, )

g .
2
2L Hard Colliner PDF
factor coefficient
» CGC(colliner divergence absent)

2 [ d*rid*yy 4 _ 2 2y TWW
0GO(a ki, €) = o [ SR (a0 Qe S DFy (1,91

Hard Sudakov
coefficient factor

Two point
function

Two step evolution: x,mspx  k =Q



Sudakov Single log at small x

Compute UV part first; employ the Eikonal approximation next!

TR %f ”ﬁ éﬁ

i i ? d InG(x,b,, u?, (?
The anomalous dimension at small x? (2,01, 17 C) Ve (90, /1)
(a) (c) (d) (e)

| 53“?
THIONT T

(h) () (k) () (m)

~
g %eass? g g

IRRISEE 2102
’ (p) ’ (1) (u

O Single log is not affected by saturation effect.

A

N




Monte Carlo implementation of the joint resummation

?JJQQ § ln(l/x)- In? (Qzlki) > Combing Collins-Soper equation

- [6N(”27C2a$akl) o 200N, ¢ dQl_L

— Nw?, %z ky +1,)— N2z k
dln (2 72 Jo 2 [N (1?2 ke +11) (u?, ¢% 2, k)]

E [I]

k with renormalization group equation
Lny My
, pn [aN(Mgalliz;akJ_) _ as;jvc [% —In i_z] N(MQaCQa-T:kJ_)J
xn—l;kn—l
Lo 9.k -1 > Folded CS+RG: N(@ zki)=N(p*=Q* ¢ =Q*z kL)
n-2y -2
- Dn-2 0 N(Q*x,ki) 2a, /@ 2l N(Q? z,ky +11)
=gy OmQ? AJ(Q% kL) 7 Jo, B AQ2% kL)
-3 i-Wei-
15, kg 4 m Sudakov form factor Shi-Wei-ZJ, 2023

Q2
Y )

2
0
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Monte Carlo implementation of kt resummation

» The modified Sudakov factor in the backward evolution:

=R

AS( iakL,n)N( ?%J 17$n7kJ_n — ex /Qn dt / dQZJ_ 2@5 ) N(t,ﬂjn,]fj_qn_FZJ_)
As( %_17 kJ_,’n,)N( 2 s Lnys kJ_ n P 0 N(t, Ly kJ_,n)

» Sample It and reconstruct z Shi-Wei-ZJ, 2023

d?l, as(13) 5
/ lﬁ_ T N( n—1:tn; kJ"n T lJ‘) li n ~ ng—l(l o Zn)

» Weight factor

fng’“ G ing Qa
Joi o g — )
» Terminate kt PS and turn on small x PS

Z i>05 Q. i>Q_s

W_

€ Unitary is preserved only within the double leading log approximation
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g QQ = 3 GeV: —— Numerical === M.C ;
C?l_l 25 Q =5 GeV: —— Numerical - == M.C |1
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Hadronization and final state radiations

| — e

Hadronization
Pythia
— ISR, our algorithm




Architecture: target gluon field to hadronized event

Target input

proton or gold
small-x gluon
TMD

Hard DIS table /

sample q gbar
kinematics

x_g, @, pT, y_pair

Input stage

sets target dependence
and hard phase space

Event seed

target label plus $

sampled hard
state

—B

GLR/BK ISR EXxternal color chain

hard q gbar, ISR

backward small-x _B
Non-Sudakov agll'::loresmnant

chain endpoints

DGLAP ISR

collinear
continuation
after matching

PYTHIA final state

vetoed FSR, then
hadronization

Shower stage Observable stage

predicts ISR pattern —B charged hadrons and

before final-state anti-kT R=0.4 minijets
evolution
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scaled counts / eta hin
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NEC and acoplanarity at EIC

2.5 —— Au hadron  —— Proton, hadron 1 — Proton, hadron  —— Gold, hadron .""
— = Au, parton == Proton, parton <. 3 =~ Proton, parton ~ = Gold, parton ~!
2.0 2 )
— g I
Sy a2t I
N | - A
2 15 <
& =
T 1.0} -
—
0.5}~
04 | . | 1.8 2.0 2.2 2.4 2.6 2.8 3.0
2 04 0 6 08 10 Breit_frame A¢B
0 [rad]

Nucleon energy correlation Di-hadron acoplanarity



Hard-Pair Imbalance from Global Hadronic Recoll

0.7F OID - (Ifmld hard truth
< A &> PYTHIA string Dy =0.068
0.6¢ O HERWIG cluster Dy =0.073
O AHADIC++ cluster Dy =0.070
051 A JETSCAPE hybrid Dy =0.070 ]
» The hard-pair imbalance kt leaves a direct £ oaf
imprint on the global hadronicrecoil rt £ 03t
021 CoOA
. . O A
» For a fixed ensemble of hard partonic events, .} o
final-state showering and hadronization 0.0
. . ) . . . 0.00-1.24 ].2-_4—] 54 >1.54
map the kt distribution onto the rt distribution. Hard-Pair kr (GeV)
0.4 | T T
. . . —=&— Measured Dy =0.022
» lterative Bayesian unfolding | T Retoded
§
= 0.2r
0.1

Hadron Recoil r1 Bin



Summary and Outlook

» The first event generator incorporating saturation effect

» The implementation of the joint resummation is sketched

» Recoiled effect; linear polarization effect; multiple gluon fusion effect

» Figure out the strongest saturation signal from PS data

Thank you for your attention!

‘ ) ff»g(%-'%)

SHANDONG UNIVERSITY, QINGDAO
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