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Why the parton shower and M.C. generator?

Nevent = # para @ X1./(x1) @ X, /(%) @ D(z1) ® D(z5) @ Sisr @ Spsr @ Pypr & P decay * * * -

%
e Describing fully exclusive hadronic state el

e Including non-perturbative eftects (MPI, SR...) ‘?fi_:!‘. atty, o

03.4.:.4:.
: SN e
e Keeping momentum-conservation in each branching =%

e Impact studies for future experiments

Credit: Benjamin Nachman
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Parton shower algorithms in M.C. event generator

......
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Parton shower algorithms are dedicated to simulating the radiation behavior of quarks and
gluons.

Parton shower: a model for the evolution from high scale to hadronization scale based on
DGLAP/CCFM.

The same physics as resummation
Yu Shi (i) 3 REF 2024



Parton shower algorithms in M.C. event generator
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Parton shower algorithms are dedicated to simulating the radiation behavior of quarks and
gluons.

Parton shower: a model for the evolution from high scale to hadronization scale based on
DGLAP/CCFM.
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Parton shower algorithms in M.C. event generator

Sudakov form factor
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Can we use the parton shower to study the small-x physics?

hadronizatio

Parton shower algorithms are dedicated to simulating the radiation behavior of quarks and
gluons.

Parton shower: a model for the evolution from high scale to hadronization scale based on
DGLAP/CCFM.

The same physics as resummation
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Small-x non-linear evolution equations

Low energy High energy
E-EH W &
Gluon splitting (Gluon fusion Proton Xog > X Broton
(%0, Q%) e—— (x,Q%)
e The small-x evolution equation In (1/x) Dilute Caturation

e The GLR equation [Gribov, Levin, Ryskin, PR, 83] Gluon fusion 2 — 1

e The BK equation [Balitsky, NPB, 96; Kovchegov, PRD, 98]  Gluon fusion2 —» 1,3 —» 1,4 —> 1...

e GLR/BK/JIMWLK equations are the non-linear evolution equations which describe gluons’ non-
linear evolution 1n the small-x region.
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Particles production in the DIS

Full exclusive process

Nevent — %hard ® '/V(kJ_) & D(Z) & SISR & SFSR & PMPI & Pdecay P

Saturation

InQs(Y) parton|splitting

Dilute system

Cascade
CAT gluon splitting
PYSHOW
©90° gluon fusion
|ﬂQ2 >

>

e goluon fusion effect 1s absent 1n all existing generators.

>

* Developing a P.S. algorithm based on the small-x nonlinear evolution equation 1s important.
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Why do we need the small-x parton shower?

e goluon fusion effect 1s absent 1n all existing generators.

e Developing a P.S. algorithm including the gluon fusion effect 1s important.

Ultra-dense
° gluonic matter

Nucleus

* Studying the forward physics in pp&pA collisions at RHIC and LHC.
* Phenomenology in gamma-A collisions at UPC and future EIC.

e Cosmic ray event generator.
Yu Shi (RE%) 3 REF 2024



GLR evolution Equation

e The GLR equation [Gribov, Levin, Ryskin, PR, 83]

N(n, k v | [ 2
ONOEL) _ Ge | [N k) - [ ANk | - N k)
on T 4 0

with the dipole gluon distribution

N(n, k1)

“fan” diagram resumed
by the GLR equation

Gluon fusion 2 — 1

 (GLR equation 1s the non-linear evolution equation that describes the gluon diffusion process.
9



GLR evolution Equation

e Resolved and unresolved branching [YS, Wei, Zhou, PRD, 2023]
5 5 u, ?

d?l d?] Hq2]
/ LN(%I@JJL) %/ J_N(nakJ_‘HJ_) +/ LN(ﬁalﬂ)
[

i i o 11

e Non-Sudakov form factor resums the virtual and non-linear term

 Non-Sudakov form factor is the probability of gluon evolution without gluon splitting.

 The integral GLR equation (folded one) Independent on the choice of u

Gluon fusion 2 — 1

@ —< Gluon splitting

Yu Shi (Gi) e 10 REF 2024




The forward evolution algorithm
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The forward evolution algorithm

Forward evolution

First step: non-Sudakov form factor N = lnl
X
i Mi+41 ki ) (ﬂz, kz)
R — eXp _C_VS / dn/ (ln I N(T}/) kJ_)) 0%,
_ ) MQ _ »t« (N, k1) second step & gQO
| \ =

Second step: Real splitting kernel

- /PL dQZ/J_ _ /“L dQZ/J_ | first step
l/2 l/2 o o
U 1 M 1 I "o
The generated event has to be re-weighted (N1, k1)

" dn In(PE /p?)
Wi, i3 kL) = — fn : - Mo
f ) dn _ln('lﬂ,i//ﬁ) + N(n, kJ_z)
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The forward evolution algorithm

First step: non-Sudakov form factor The mitial

condition likes
1

2
_ - > N =0k, = / dz’;L eim.m% <1 — exp[—ngori In(e 4 A’I“J_)}
R—exp|-a. [ dr (54 No k) .
- i H - n=0: —— GLR --- M.C
n = 1: GLR === M.C
Second step: Real splitting kernel — 10 - n=2-——GLR--- M.C |
| N =3:=—— GLR === M.C
Pogry, lal g2y g
R / /2L — / /2L %10_1 R
T I 1 I7 <@
=
The generated event has to be re-weighted = 1073 -
[ d (P )
W(niani—l—l;kj_,i): | Th = 10—5— IR Ll SN
S dn (In(k3 ;/p2) + N(n, kL i) 10~ 10° 10! 102
J ) ]CL [GGV]

e Agree with the numerical solutions of the GLR equation.
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The backward evolution algorithm /~

First step: backward non-Sudakov form factor
Xp > X,

) Y A d4] N k 5 [
/éégéég R =exp | : / d”/ - S
N, kii+1)

Second step: Real splitting

— [ 27/ Y P 21!
L q2y P + d#]
é@g = =N ki +17) = RZ?/ =N ki +17)
v

xg T Ju l i Z/J_
The generated event has to be re-weighted
1
x() Wbackward —
> N 1 4% forward

* As a more efficient procedure, the backward evolution approach 1s also presented.

* Using the numerical solution of the GLR equation N (7, k| ) to guide the backward evolution.
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The backward evolution algorithm

First step: backward non-Sudakov form factor

LR === M.

-

running couple

n = 0: G C

n = 1: GLR === M.C |

n = 2: GLR M.C

n=3 ——GLR--- M.C
backward

10~1

10°

101
/ﬁ_ [GGV]

R = exp

ki1 +101)

A /m+1 /dQZLN 7,
dn

Second step: Real splitting

L

[ d2l/J_

5

Qs
N(nzakJ_ 1+1 _|‘l/ ) RQ_/
T Ju

777 kJ_,z—I—l)

P dQl/
J_N(nukL i+1 T ! )

5

The generated event has to be re-weighted

1

Wbackward —

Wf()’rward

* As a more efficient procedure, the backward evolution approach 1s also presented.

* Using the numerical solution of the GLR equation N (7, k| ) to guide the backward evolution.
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Parton shower algorithms

A, kL) = o [ Im L NGk t
(1) = exp =y | dif [Inos 4 NGO k| 0 Aulet) = e - > [l
10 R - be{q,9}

The evolution variable:
— In(1/x) 0

The generated event:
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Joint the kt resummation in the small-x region

 multiple well-separated hard scales 1n some processes: (dijet and dihadron)

e the invariant mass of di-jet Q?, the total transverse momentum of di-jet k N
and the momentum fraction x

g
@ty
Fl&) =20
c— 0 In (1/x) v Small-x evolution equation

E—1 In? (Qzlki) In (Qz/ ki) v CS +RGE evolution equation

[Mueller, X1ao, Yuan, PRL, 12; Zheng, Aschenauer, Lee, Xiao, PRD, 14;]

d?b | . 2 2 .
N(QQJ%/{?U — / (2752 etkL-bLe=5(1p,Q )/dzlLezll'bLN(U,h)

* In our parton shower, we need resum both small-x and soft-collinear logarithms.

Yu Shi () 17
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l CS+RGE

(x,, Q%)

l GLR
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Joint the kt resummation in the small-x region

e Combine CS + RGE |[Collins, Soper, 81; Collins, Soper, Sterman, 85; Xiao, Yuan, Zhou, NPB, 17;
YS, Wei, Zhou, PRD, 2023}
ON(Q*, k1)  a /Q d*l
0

olnQ?  2r 2

[N(Q27777 kJ_ + ZJ_) o N(Q27777 kl)] - &SﬁON(Q27n7 kJ_)

where N(sznka_) = N(MQ — Q27<2 — Q27777kJ_)

* The integral equation (folded one)

Q" dt A(Q?) ag(t) (9 %1,
2 _ 2 2
N(Q 7777kJ_) — N(Q07777kJ_)AS(Q ) /ch) 4 As(t) 9 /ACUt l%_ N(tanakJ_ lJ_)

With Sudakov form factor
o _
AL(Q?) = exp |~ / 4 4, 1) (ln t 25())
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The forward and backward evolution of CS+RGE

First step: Sudakov form factor

Q2 ' Qi dtag(t) (VPRI Nt kL e 1)
dt 1. ¢ R — exp | ,
R = CXP | — — O (t) 5 In A2 50 Q2 t 27 At li N(t, n, kJ_,Z'_|_1)

Qit1 427/ 1| 3271 Qi 27/ L1 i A2
/ d l = — RQ / d ZQJ_ R/ ! ZJ_ N(Qzﬂ% kJ_,fH-l T l/J_) — / J_N(QQanka_,H-l T Z,J_)
A

l/i Acut l i Acut l 1

The generated event has to be re-weighted

z-|—1 dt {
f S as(t) In 1
2 2 Q7 ¢ s AZ, _
WCS(Qier Qz) = t - Wbackward — W
fQ 41 %QS In A2t 280 forward
_ cut |

Ignoring the single log, the event 1s unitary.
19



The forward & backward evolution of CS+RGE

The nitial condition 1s given as

dQTJ_ : 1 i szra_ ] 1L ]
N(QO =3 Gev) N = 07 kJ_) — €ZkJ" "L 5 1l —e€ 4 Og("”J_A -e)
27T | |
| | | | | | | | | | | | | - 3 - I I | | I I I | | | | | | | | -
Q) =3 GeV: Numerical === M.C |3 - Q =3 GeV: Numerical = == M.C |-
C'T_' Q =5 GeV: Numerical = = = M.C [ C'T‘_' 925 - Q =5 GeV: Numerical = = = M.C [
= . - Q) =8 GeV: Numerical M.C |4 = . E QQ = 8 GeV: Numerical M.C |4
i -__:_ Q = 13 GeV: —— Numerical = = = M.C % i 5 : QQ = 13 GeV: —— Numerical - = = M.C %
= g forward - g §‘| backward -
=< . ~ - ~< 1 5 ;:_‘\ ~ B
O‘\ -k as = 0.3 - O-\ . _1" “ as = 0.3 -
” 5 é || \\ ;
= : —: < 1 — \‘\ _:
~ \ 3 - - \ .
NQ) - g NQ) - ‘\‘\ ]
= 0.5¢ = = 0.5 0\ =
SO : < é
O S e = - O S e == — -
1 2 3 4 1 2 3 4
kL [GGV] kJ_ [GGV]

e Agree with the numerical solutions.
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Particles production in the DIS

Nevent = 7 para @ N (k1) & D(z) ® Sisr @ Spsr @ Ppipr @ Pdecay .

do? A—a3X S_J_NCOéemez Z(l — Z)

— q % 2 o .
dndypdPrdq 3z @ T (22 + (1 —2)*) N(zg,q1) Working in progress

|[Dominguez, Marquet, X1ao, Yuan, PRD, 11]

W< = Pythia: collinear radiations\
é & Pythia

hadronization....

non-linear radiations /

from small-x region

—

21



Particles production in the DIS

Lepton-proton collider at HERA (Photon is quasi-real photon.)

Preliminary results Small-x Cascade Working in progress
Pythia + hadronization

FEvents in the x, < 0.01 region

Events, z, < 0.01 102 F

0.0’“..“.“0.”‘0.. : -0-... _+_ A Pythla
5| ' .’ e et 0’0.::. _ 10! - -.-* _+_ A Smaﬂ—X _
i :... Qz‘ ] I‘_l‘_l : l....l
4 o* ‘. > 100 3 -
¢e > ; -
'g ¢ .:0 U [ -0-*
~_ 3 e — —1L b
® o ® o 10 s ¥
= " 107 .
= 9 © ® o ® s : tt:::t
° ° ’. E 10—2 3 :-::”.
O ’. 0. : R -o-...'.'...-o-_._ ]
1 .. o <+ All: pythia oo — *ee 333 +*
o Ry <+ All: small-x LA +$% ¥ ;
O oeedees® ] A _
............................ . 10— | . . . | . . . | . . . | . . -
—8 —6 —4 —2 0 2 4 0 9 A 6
{ Pr [GeV]
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Summary and outlook

The first parton shower algorithm incorporating gluon fusion 1s based on the GLR
evolution equation.

This work enables the Monte Carlo generator to simultaneously resum large-kt and
small-x logarithms 1n the small-x regime for the first time.

Our work paves the way for developing an event generator that incorporates the
saturation effect.

Particles production in ep&eA collisions 1s working 1n progress.

We also plan to integrate our algorithms into eHIJING.

Thank you !
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GLR evolution Equation

e The GLR equation [Gribov, Levin, Ryskin, PR, 83]  Gluon fusion 2 — 1

: C e ey = 8(2m)*
the dipole gluon distribution G(n, k. )

 this form 1s the same as the BK equation in the momentum space [Balitsky, NPB 96: Kovchegov, PRD 99]
Gluon fusion2 - 1,3 - 1,4 > 1...

A2 e~thime T 1 1 [Kovchegov, PRD, 00;

1 Ut (0)U
27 re i NC< (0) (TL»_ Marquet, Soyez, NPA, 05]

WW gluon distribution N (1, k1) = /

e [tis hard to develop a parton shower based on BK equation!!!!
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Kinematical constraint in the GLR evolution equation

ion ] - - Kwiecinski, Martin, Sutton, Z. Phys. C, 96;
* The key observation 1s that the virtuality of a gluon should [Kwieeinsk, Martin, Sutton Y5

arise mainly from the transverse momentum Deak, Kutak, L1, Stasto, EPJC, 19]
_ _ _ _ T, KT &
k€73> ‘k+kfw k= kK~ — qg =~ —q ::-—q%/q+ s

| kT k , z s |
k™ ~ po qr = T— = 1—7;% E x(g—z),qT
0000000000000000

 The on-shell condition give the kinematical constraint C
1 — 2 ' k= s
2 2 1 o
< k +1n S
 The kinematic constrainted GLR equation can be modified as T 1 &S

aN(% kJ_) Qs dzlJ_

ki 0 k1 dQZJ_ - 5
—— N 77—|—1I1 5 5 ,ZJ_—|—]€J_ N(nakJ_) _&SN (nakJ_)
ke +19 ™ Jo

on T 4
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Fixed boundary condition: forward

First step: non-Sudakov form factor

_ it / ki /
R = exp —ozs/ dn (ln 2 | N(n,kL)>
1

7

Second step: Real splitting kernel

/I N2
(k1 ;=)

— [ 27/ ni+1+In 2
1 as 1 d l + (k R )2_|_l/2 ]{j .
1 _ 1,a =t i 1,2
R = - 7 exXp { —Qug dn |In 12 - N(n, k1 ;) ,
n Acut 1 T4 i cut |
_ i ./ \21—==2 | (kJ_,i_l/J_)Q - 5 -
g min[Py,y/ (ki =1 )2 257] d=1’, I A R Py PR Kl
Acut 1 N cut
The generated event has to be re-weighted
nit1+ (ki ;—11)° ,
: — _ ¢ k| ;—1,)2412 k4.
(77 77 ) fmln |:PJ_7\/12 (kJ_,i_lJ_>21| dQZJ_ e_as ffni_|_1 L L) -+ d77 |:1I1 AJQ_,t | N(nﬂkJ—,’L)]
Z_I_l o 2 Acut l2 o
Whe,1 (i Miv13 kL i) = =

(i1 —mi) In gz + [ dnN(n, k1)

cut
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Frozen boundary condition: backward

First step: backward non-Sudakov form factor

_ ] k2 _
o) Ti+41 P d2 77—|_1Il k’2 +1—|:|—1l2 ] kJ_,i—I—l —+ lJ_)

s (i1, M kL it1) = exp > / d / LML _

( ) ' ) ! Acut N(nka_,z—I—l)

Second step: Real splitting kemel

1a, [ a2, KR

R — > N 7} 1 ! k 1 l/
c /Awt 72 (77+1+n_kiz+1+l,f_ 1,1 T
— P, 21/ ] 2 }
8 d l kJ_ 41

C=— =N [ n; I A kg 5

1

The generated event has to be re-weighted Whackward =

Wforward
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The forward & backward evolution

frozen boundary

n = 0: GLR === M.C

n = 1: GLR === M.C

n = 2: GLR M.C |

n=3 =—— GLR === M.C
forward

w/ kinematic constraint

Lol N

1077 &
10~

10°

10*
kJ_ [GGV]

107

I T T T TTT] | T T T T17T] | [ T T T TT17T]
= 0: GLR --- M.C
102_ n = 1: GLR --- M.C |
- N = 2: GLR M.C
2 n=3 —GLR--- M.C
> -
i 10° backward
=
< —2 |
=10
=
frozen boundary .
1074, .. . . \\
w/ kinematic constraint
| L1111l | L1111l | NIRRT

10~1 10°

10* 107

kL [GGV]

 The kinematic constrainted GLR equation can be modified as

aN(na kJ_)

on

Qg dQZJ_

T

i

N(n—l—ln

k7

kT +

l2 7lJ_ + kJ_)
1
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