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(1) isolated / prompt photons

)
(2) Jpsi

(3) neutral mesons (PiO, eta)

(4) forward jets / dijets

(5) correlation observables (y-hadron,y-jet,m0-10,1t0-
hadron,jet-jet)

(6)

6) UPC




Soft-Collinear Effective Theory

Bauer, Pirjol, Stewart et.al. ’01, ’02; Beneke, Diehl et.al. ’02

Soft-Collinear Effective Theory (SCET) is the effective field theory for
processes with energetic particles such as jet production at high-energy
colliders.
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Typically such processes involve a scale hierarchy
Q" = (ps +p7)" > ~ 05> 1S

In SCET, the physics associated with the hard scale Q2 is integrated out and
absorbed into Wilson coefficients.

SCET involves two different types of fields, collinear and soft fields to
describe the physics associated with the two low-energy scales p,2 and ps2.



Soft-Collinear Effective Theory

The result of a SCET analysis of a jet cross section is often a factorization
theorem

c=H JRJRQS Q* = (ps +py)? > p5 ~ %> p;
® Hard function; Jet function; Soft function

The theorem is obtained after expanding in the ratios of the scales and
holds at leading power.

Each of the functions is only sensitive to a single scale.

The individual functions furthermore fulfill renormalization group (RG)

equations. By solving RG equations one can resum the large perturbative
logarithms o™ In™(Q2/p3)



Resummation by RG

® Schematic representation of the scale separation and of the calculational
procedure in renormalization group improved perturbation theory.
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Small x factorization in SCET

® SCET with Glauber operator Rothstein, Stewart ‘16
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Small x factorization in SCET

® SCET factorization with Glauber operator Neill, Pathak, Stewart ‘23

d ./ i(x— y)q . ‘
S&” = 8mas Z/dd /dd /d o e O (2) 0" (y).

Factorization formula

W"‘B(q,P)=/dd 2qL Saﬂ(q,ql, b’;_,e) C(qj_,P,%,e) + ..

Here small-x; logs are resummed via rapidity evolution for vs ~ x, P~

and vg ~ P~

Vs

Rapidity factorization

Small x Factorization = Rapidity Factorization



Small x factorization in SCET

Comparison with previous work

The Glauber-SCET approach is special: it avoids many problems in the kr-factorization framework.

Feature

kr-Factorization

Glauber-SCET

Gauge Invariance

off-shell cross sections: gauge inv.
only at LO

Constructed from gauge invariant
Glauber ops.

Obscured due to attempting simul-

Manifest power counting from the

Power Counting taneous twist and high-energy fac- start
torization
Objects Requires auxiliary Green’s func- | Nothing beyond collinear and soft

tions

functions

Isolating 1/er

Additional En-trivial conversion
for 1/er in MS

S*” and C can be computed with
]-/GIR in MS

Handling collinear (non-
BFKL) 1 / €IR

New non-BFKL 1/er — new
Green’s functions

No mixing of BFKL and collinear 1/¢r
poles.

Slides from Aditya Pathak




Small x factorization in SCET

Need for automation

At two loops computing by hand becomes impractical.
However, standard tools for Feynman Diagrams do not
straightforwardly apply:

SCET Lagrangian is not Lorentz Invariant

Presence of Wilson lines leads to vertices with arbitrary
valency

Nontrivial problem to represent operators: xn,B. | ,On, ...
The SCETCalc framework:

Being built on FeynCalc [SMO20] development version that
supports light-cone vectors.

QGRAF [Nog93] to build the SCET “model”
Automate all SCET Feynman rules
Combine with Tapir [GHL23] for filtering cut diagrams

In-house software in Mathematica for accessing and playing
with cut edges.

OGRAF

Model, generate diagrams

\ 4

Tapir

Filter cut diagrams

\ 4

FeynCalc

Apply Feynman Rules

v

In-House packages

Acces cut edges, contour
integrations, ....

Slides from Aditya Pathak




Gap fraction and Glauber modes



Gap fraction at the LHC
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veto events with P17, jet3 > Qo

Gap fraction originally suggested on the basis of

color flow considerations in QCD Bjorken 93

BFKL evolution at large gap

soft wide angle gluon resummation at small Qg

ATLAS 11’14 observes data and Monte Carlo

predictions is not totally satisfactory

* fixed-order calculations matched with parton
shower tend to be below data at large Ay

 HEJ (BFKL logs) overestimates data at large pT



Gap fraction at the LHC
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Resummation

Balsiger, Becher, DYS ‘18

e Factorization formula to all order is unknown due to glauber gluons

e |InLLand large Nc limit

do 2
Go) _ > /dﬂ?1d5132fa(5131,Mf)fb(fvzaﬂf)Hgb(@AyaﬁTvﬂhKU?m(“S’“h)@D

dAy dpr B a,b=q,q,9

e scalesetting uy=urn=Dbr and us = Qo
e focus on central jets, small gap & no collinear logs

R(pr)

2 <Ay<3,210GeV <Py <240 GeV
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| pps i € [Pr/2,2D7]

Hs S [QO/272QO]



Gap fraction and super-leading logs

y @
Gap fraction originally suggested on the basis : Qq :
of color flow considerations in QCD Bjorken ’93 , @ : Q
I
Forshaw, Kyrieleis, Seymour ‘06 have analyzed | |
the effect of Glauber phases in the exclusive jet ' '
cross section directly in pQCD
e Collinear logarithms starting at 4 loops: . CMSI 5 pb 276 TeV)
: ® VP RaTTT T T T ]
Super-leading logs < 4k aR."{i‘fk S 2111, 04605 E
] ] = P >3SGeV ly| < 4.7
Even 15 years after this effect was discovered, & 1p  =20Gev ceiee 1]
leading order resummation is unknown, o :
process dependence is unknown, ... fl S L E
1.4 MLl i
e At forth order there are 1,746,272 B
' 11 1_---.-.;;}*** ¢
diagrams !!! s
091
We apply renormalization-group approach and W eeyins 20020 B
- - 0.8~ — POWHEG+HERWIG++
obtain the all-order results of leading SLLs T POWHEGHHERWIG? j
Becher, Neubert, DYS '21 PRL 0.7 G b L



All-order evolution of leading Super-Leading Logs
Becher, Neubert, DYS 21 PRL + Stillger’23 JHEP

All-order Super-leading logs: Kampe de Feriet function

Global logs >

&
_ W — 00 1
Superleading logs > —

W

Consistent factorization needs Glauber Becher, Hager, Jaskiewicz, Neubert, Schwienbacher 24
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Correlation observables



Azimuthal correlation in the back-to-back limit
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e jet calibration at pp

e strong coupling measurement

e spin asymmetry In the back-to-back limit,

e TMDs, Nuclear TMDs one needs all-order results
. QGP at HIC (log(rt-A¢) resummation )

e naive factorization violation




Azimuthal decorrelations of jets with the standard jet axis

e All-order resummation of azimuthal decorrelation of QCD jets was first studied
by (Banfi, Dasgupta & Delenda '08)

+ O (k7)

qT = ‘ Z ET,@'

i€ jets

e (CSS framework

° dijet (Sun, Yuan & Yuan ’14 & ’15) jet +V (Sun, Yuan & Yuan ’18; Chen, Qin, Wang, Wei, Xiao, Zhang ’18)
lepton + jet (Liu, Yuan & Felix "19) jet + top (Cao, Sun, Yan, Yuan & Yuan’18 & ’19) ... ...

do 1 doap—scd

Resummation formula: ——— = X4 fa(Xa, b)) Xb 5 (X, b)) — ———b Jo(|G L |b)e (LD
dA¢ T dt

Q2
. d 2 2 1
Perturbative Sudakov factor: 5r(Q,b) = Z/ el [A In Q—2 +B+Dln _2]
w R

q.8 * K
Hp
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Jet TMDs and all-order structure

e Large logarithms in jet TMDs

qr = ‘ Z ET,?Z

1€ jets

Ik_ioll
=== Jet axis

+0 (k) < Q

 sum over all soft and collinear partons not combined with hard jets
e deviation from qr= 0 are only caused by particle flow outside the jet regions
 non-global observables (pasgupta & Salam ’01)

 Recoil absent for the prweighted recombination scheme (Banfi, Dasgupta & Delenda '08)

n—oc Winner-take-all scheme (Salam; Bertolini, Chan, Thaler *13)

B |
: ) Ly — - A ” =
BHER maElz” ShEEHAE -
BHF B P
330 v Pt,r = Pt,i + Dt,j CJ
o gz | = (Wit wie) [ (witw) -

Yr = (wiys +w;y;) [ (wi +wj)

BT ., wi = (Pe)” N = 00 OJ

aB53F

e NS3LL resummation for jet ar @ ee and €P (Gutierrez-Reyes, Scimemi, Waalewijn, Zoppi "18 '19)



Jet TMDs and all-order structure

e Large logarithms in jet TMDs

qr = ‘ Z ET,?Z

1€ jets

Ik_ioll
=== Jet axis

+0 (k) < Q

 sum over all soft and collinear partons not combined with hard jets
e deviation from qr= 0 are only caused by particle flow outside the jet regions
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WTA jet TMDs and all-order structure

NNLL resummation of V+jet for o0¢ @ pp (Chien, Rahn, DYS, Waalewijn & Wu
’22 JHEP + Schrignder '21 PLB )

NNLL resummation for 0¢p @ ep & eA (Fang, Ke, DYS, Terry ‘23 JHEP)
NNNLL resummation for 0¢ @ ep (Fang, Gao, Li, DYS, Terry ‘24 JHEP)
NNLO WTA (T slicing for jets (Fu, Rahn, DYS, Waalewijn & Wu ’25 PRL)

NNLL resummation of dijets for 0¢ and gT @ pp (Fu, Rahn, DYS, Waalewijn
& Wu 26 JHEP)

NNLO WTA qT slicing for hadron + jets @ ep (Dong, Fang, Gao, Li, DYS, Zhu
’26 submitted to PRL)

NNNLO two cut off (WTA qT + hadron qT) SIDIS @ ep (Dong, Fang, Gao, Li,
DYS, Zhu, Zhu 26 submitted to PRL)

WTA qT slicing for jets and hadron @ UPC OnXn (Chen, Chen, Fang, DYS, Xing
in progress)



Recoil-free azimuthal angle for boson-jet correlation
(Chien, Rahn, DYS, Waalewijn & Wu 23 JHEP + Schrignder ’21 PLB )

Standard SCET2 (CSS ...) ¢ < O(1)

Ph ™~ Q(]-a ]-7 ]-)

Ps ™~ (pazypazapa:)

T — A¢ = 6¢ ~ sin(dp) = |ps.v|/prV Effect of soft radiation in jet algorithm is
power suppressed

Following the standard steps in SCET2 we obtain the following factorization formula

= * E Bi(2q,bs)Bj(xp, by ) Siji(be, ns)Hijvi(pr,v,yv — 1) Jk(b
Fourier transformation in 1-dim Soft function can be obtained by boosted invariance
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Pythia simulation results

L B B
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Ratio

do /dA¢ [pb/deg]

- — hadron w/ MPI

- — charged hadron w/ MPI

Tacking jets

LHC13TeV, pp — Z + Jwra + X |

pr,g > 2OOGeV, |17J| <2, R=05"

 Non-perturbative effects (hadronization and MPI) are mild
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do /A6 [pb/deg]

Numerical results

LHC13TeV, pp — Z + Jwra + X

200 NLO
[ ] NLL+ NLO

1ol ] NNLL + NLO ]
— PYTHIAS.2 (x1.6)

100/ d
- prg > 60GeV, |n;| <2 =

o R=05 H
150 155 160 165 170 175

A¢ [deg]
(Chien, Rahn, DYS, Waalewijn & Wu ’23 JHEP)

e good perturbative convergence

22

NNLL + LO matching vs PYTHIA for d¢ distribution

—— NNLL+LO
combined uncertainty band
PYTHIA (partonic)
4- -+ PYTHIA (hadronic)
-+ PYTHIA (hadronic, MPI)

0.1 0.2 0.3 0.4 0.5 0.6
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Fu, Rahn, DYS, Waalewijn & Wu 26 JHEP

first N2LL resummation including jet dynamics

N3LL+O(xs2) resummation at the LHC in on progress
interesting to perform the same measurement at the LHC



QCD resummation of the azimuthal decorrelation of dijets in pp and pA

y A Gao, Kang, DYS, Terry, Zhang '23 JHEP
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Numerical results in pA
Gao, Kang, DYS, Terry, Zhang '23 JHEP
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Numerical results in pA
Gao, Kang, DYS, Terry, Zhang '23 JHEP
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Numerical results in pA
Gao, Kang, DYS, Terry, Zhang '23 JHEP
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Numerical results in pA
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shadowing effect in the small-x region
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TMD resummation for the vector

boson and hadron angular correlation at hadron colliders
(Fang, Gao, Kang, DYS in progress)

Hggqv Sqaq
@'a'%vv X \;‘}0 . .
b p
Pf S Nl N N
|74 Ly/g Cq]q
do'Resum o0 db b —f“h dp ( )
— N’ pout/zhH. ) wp w - Hy v L
dpoutdPS & /O _— ij—kv (@, ph)e j

17k

Ca F%‘a (b7lu’b)/2
Xfi/p(xlaba:u'bacs)fj/p(x%bhu’b)CS)Dh/k(zhabau'baCS) H <C_) y

a=17k
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1/0 do/dpou [GeV ]

TMD resummation for the vector

boson and hadron angular correlation at hadron colliders
(Fang, Gao, Kang, DYS in progress)
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TMD resummation for the vector

boson and hadron angular correlation at hadron colliders
(Fang, Gao, Kang, DYS in progress)
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Azimuthal decorrelation of QCD jets in ultra-peripheral collisions
(Zhang, Dai, DYS, '23 JHEP)
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We apply equivalent photon approximation (Fermi 1924; Weizsacker 1934; Williams 1935) + SCET

dto /+OO dby ;. p =~ ~ - -
— — 2 W=z B(} y PT» Y1, Y2 HpT,A ; S(b s YL, Y2, 1, V) U bx,R7 , b,V J ’R7 U bx’R7 U,V J. ,R,
dg.dprdyidys ) oo 27 (bs Y1, y2) H( Y, 1)S (b, y1, Y2, 1, v) Uy ( Y1, s v)J1(pr, B, pr)Us( Yo, i, V) Jo(pr, R, 1)

Photon Wigner distribution: (Klein, Mueller, Xiao, Yuan, '20, also
see Ji, '03; Belitsky, Ji, Yuan, ‘04, ...)

dzA . d —d2 . o
.lefv (x,kT,bJ_) :\/—J‘elAL-bJ_/gezxp-i-g —ikpry

(2m)2 (2m)3
(a0 ) e o))
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Numerical results

(Zhang, Dai, DYS, '23 JHEP)

T | T T T T | T T T T | T T T T | T T T T T T T T I

- o ATLAS data

- — Res (NLL)

051 Pb+ Pb 5.02TeV, UPC dijets |
anti-kr R = 0.4, pr > 15GeV, |y12| < 4.4 -

0.2e M > 35 GeV

TN TN AN TN SN TN SN N SRR NN SR NN (S Y SR RN (R N SR N (N SN S S S S S

2.6 2.7 2.8 2.9 3.0 3.1

Aoy

e A good agreement with the ATLAS data in the nearly back-to-back region
 Photo-productions may enhance the dijet production rate, but should barely

change the shape
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Diffractive dijets photo-production

DYS, Y. Shi, C. Zhang, J, Zhou, Y. Zhou 24 JHEP

e Diffractive di-jet production provide rich information on nucleon internal structure.

diffractive production of (2+1) jets diffractive production of exclusive dijets

P> Qu(A,Yr) k

K, ~QJA.Y)

0000000000000
Y

P (P')

e In cases of diffractive tri-jet production, where a semi-hard gluon is emitted towards
the target direction and remains undetected, the experimental signature of this process
becomes indistinguishable from that of exclusive di-jet production.

e Recent studies have shown that the cross section for coherent tri-jet photo-production
significantly surpasses that of exclusive di-jet production lancu, Mueller & Triantafyllopoulos ‘21

e The production of color octet hard quark-anti-quark dijets enables the emission of soft
gluons from the initial state. This mechanism significantly influences the total
transverse momentum q. distribution of the dijet.



Factorizaton and resummation

e By treating the gluon DTMD as if it were an ordinary TMD, we assume that the
standard TMD factorization framework can be used in the back-to-back region

Hatta, Xiao & Yuan ’22

N

do
— Hox.(P 2 2 (2) _ _
dy; dy, d2P| d2q, 00Ty fy (Ty) Hoyrg( _LaR’/-L)/d kid* A 6" (qL — k1 —AL)
dz
xS(AL7R7IJ’)/?:ngE’nsub(xg7le7kJ_7ﬂ)'

e We refactorize the gluon DTMD as the matching coefficients and the integrated
pomeron gluon function

DGLAP evolution of the pomeron gluon DPDF ?| Glauber SCET Rothstein, Stewart, "16

L dz l
Gl]:’(xga ZPp, k_l_a M, C) — / 7Ig<—g(z7 kL) M, C)G[P(xg/za LPp, ,U) + G[P(mga Zp, kl)
Tg T
additional static source term in the modified DGLAP equation
lancu, Mueller, Triantafyllopoulos, & Wei ‘23




Numerical results and measurements in UPCs

DYS, Y. Shi, C. Zhang, J, Zhou, Y. Zhou '24 JHEP
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UPC and heavy quarks (fermion)



Soft effective theory in QED

® \When we talk about electron—electron scattering, we really measure
the inclusive process

D1 D3

e (p1)+e (p2) > e (p3) +e (pa)+ X(gs)

V) P4

¢ |t will be sufficient to assume that the total energy fulfills E; << m,

® \We will now analyse the above process up to terms suppressed by
powers of the expansion parameter A = E, /m,
1 1
® The effective Lagrangian Llz= L)+ —SL{ +—L{

U M,



Soft Photons in Electron—Electron Scattering

® The field hy cannot describe other fermion lines which have different
velocities. To account for all four fermion lines, we need to include four
auxiliary fermion fields

4
_ , 1
Lot = ) ho(x)ivi - Dhyy(x) = 7 Fuy F* + ALiny o =plf fm,

;=
1=1

® \We need different fields to represent the electrons along the different
directions in the effective theory, while all of these were described by a
single field in QED



Soft Photons in Electron—Electron Scattering

® The interaction terms

A£int — Z CZ (‘Z)l 5U2503,74, me) ]jl‘v3 (.X') Fih‘vl (X) }_1‘04 (x) Fihvz (.X') 5
1

® |n principle we could also write down interaction terms involving only two
fields such as
ALj, = Cop(v1,v3) b3 (I, (x)
e Their Wilson coefficients are zero if the velocities are different, since the
corresponding operator would describe a process in which a fermion

spontaneously changes its velocity, which violates momentum
conservation.

® \We could also write interactions terms with covariant derivatives or more
fields, but these are higher-dimensional operators, whose contributions are
suppressed by powers of the electron mass



Effective Lagrangian

® \We end up with Wilson lines along the directions of all particles in the
scattering process.

ALin =y Ci(v1,22,3,04) KO S{T:81 hD 1O 15, hY
1

P1 P3

ds
‘ >
w/‘/J

P 2 P4 Pz P4 vV, \71.,,

22 D3




Azimuthal asymmetries of muon pair production in UPCs
DYS, Zhang, Zhou, Zhou 23

We consider

y(x P+ ki) +y(xP +ky ) = I (py) + 17 (py)

The joint impact parameter and transverse momentum dependent cross section

doy Ay + A, 02+ Ay cosdd 41 = P11+ P2
dq, &P, dy,dy,db, ° 2508 4508

P, =(p11L—Pp21)/2

The resumed cross section reads

do-(qL) erJ_ 2a,c) A Cy ir, - —Sud(r ir,-q dO-O(qll)
aP.S. :/ (n) |1 T g OS2t cosddyjee ! L)/ gt s s

Sudakov factor in the large mass approximation

M? P?
Sud(r,) = C:;ln m2 In ﬂj

Hatta, Xiao, Yuan & Zhou ‘21 PRL & PRD



Azimuthal asymmetries of muon pair production in UPCs
DYS, Zhang, Zhou, Zhou ‘23

However, at RHIC energy, where the muon mass is roughly the same order of pT or M, the
soft factor receives the sizable finite lepton mass correction

gL < m~DM

The soft factor reads Li, Li, DYS, Yang, Zhu ’13, Catani, Grazzini, & Torre '14

ddk or €0; - 1L 2
g 52) H— z
S(lJ_,mM Z/ k)’U k’U Tk 5 (lJ_ kJ_) yy muv _|_k
The resumed formula 4c,
S11 =S = mln (\/ cr+1+ Cr),

2
L Gen(e)Lo(en ). o]

(811 + 800 + 2512)] 127708

- LC[C(_cr’ ar)’ ar]]’

—Sud(r ) 1 %
¢ [ +47£

with

c,=cos¢,P,/m, B=+/1—4m?>/M?,

) ) B 2P% cos’g,
a,. P{ 1+p 1-p U7 P P 4 (m?+ P2 ) cosh(y, —3,)’
Fem™L(-1- 1
Sudlr.) = n“ur( 2 n1+ﬂ> Ca) = (a0 ),

Li(a,b)= [—le (‘f ’1’ ) +Liy(—a)+1In(a+b)In(1 —b)]

p=1/1-4m /1 () et




Azimuthal asymmetries of muon pair production in UPCs
DYS, Zhang, Zhou, Zhou ‘23

However, at RHIC energy, where the muon mass is roughly the same order of pT or M, the
soft factor receives the sizable finite lepton mass correction

gL < m~DM

The soft factor reads Li, Li, DYS, Yang, Zhu ’13, Catani, Grazzini, & Torre '14

ddk e?v; - vl
S(1,,m,M) o(k° U 50 (1, —k H = mot + kV
(Lt Z/ (k%) v kv, k (I —ky) p +
The resumed formula ———————————
15 Ay =0 — full ¢
B co =~ In M?/m?
a %
e~Sud(rL) [1 + = (811 + 5 + 2s12)] 10 e :
4 -------- ¢y ~InM?*/m* —4In2 |
S| full ¢4
5- ..................
p? 1+4 1- 0l
Sud(r,) = a—eln—(—l— +/ In ﬁ) -
T 26 1+p g - ' . - A
0.0 0.1 0.2 0.3 0.4 0.5 0.6
2m /M

p= \/1 —4m? /| M?



Azimuthal asymmetries of muon pair at RHIC
DYS, Zhang, Zhou, Zhou 23
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 Compared to the previous study, our resummation formula takes into account the full
finite lepton-mass correction.

* Its correction to the unpolarized cross section is tiny

* The contribution from the muon mass effect to the asymmetries is quite sizable
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Lepton pair production in UPCs

Toward a precision test of the resummation formalism
DYS, Zhang, Zhou, Zhou ‘23

Sudakov factor in the limit ¢ <K m <K M

um/(2P1) d prm/(2P ) d
SU.d(r_]_) / _FH —|—2/ 7ﬂ / - Fﬂrcl ‘l—/ - Fﬂrcz
Hr Hr U

r

e—Sud (ry)

—— double+single Log' -0.065 —— one-loop d 0.044¢
s double L two-| 0.042¢
- ouble Log _0.070! o-loop | 0.040!
<((\l _ —— resummed <Er 0.038" =
0.75} -0.075
0.036¢
two-loop
0.70} ~0.080} 0.034; s
100 200 500 1000 2000 1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
r.[GeV™] M/m M/m
2 x 2
A, = / d¢rCOS2¢r exp (—%lnﬁzln%oszqﬁr) Ay = / ’ d¢,COS4¢r exp (—a—elnﬁzln%oszfﬁr)
0 T m 0 T T m

We expand the above expression at one loop and find they reproduce the coefficients ¢2 and c4



Lepton pair production in UPCs

Toward a precision test of the resummation formalism
DYS, Zhang, Zhou, Zhou ‘23

1000 - r - 1000

resummed , resummed
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 We improve the accuracy of the previous calculations beyond the double leading logarithm
approximation.

* Notably, the single logs arising from the collinear region are greatly enhanced by the small
mass of the leptons.

* Our findings demonstrate the accessibility of these subleading resummation effects through
the analysis of angular correlations in lepton pairs produced in UPCs.

Precision physics at Heavy ion collisions
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Recent UPC measurements at RHIC

Phys.Rev.C 111 (2025) 1, 014909
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At higher pT, UPC measurements are
consistent with QED when the Sudakov
effects are included

RHIC measurements show the importance
of including the radiation of final-state soft
photons in UPCs.



NNLL resummation of azimuthal decorrelation for boosted heavy
quark pair production at the LHC

Dai, Liu, DYS 26 JHEP
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NNLL resummation of azimuthal decorrelation for boosted heavy
quark pair production at the LHC

Dai, Liu, DYS 26 JHEP
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Most precise resummation results for heavy quark azimuthal
decorrelation in pp collisions
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Fast BK solution

e GPU accelerated solution to BK equation with resummation corrections from
kinematical constraint and DGALP terms Kutak, Li, Stasto, Straka ‘25

e Physics-Informed Global Extraction of the Universal Small-x Dipole Amplitude Dai,
Li, Pang, Qin, Wei, Zhang, Zhao ‘26

e Fast BK solution with Transformer Gao, Kang, Penttala, DYS 25 JHEP

e We train a transformer model to learn the energy dependence of the dipole
amplitude, replacing repeated time-consuming numerical BK evolutions during
the fit by fast emulator predictions.

LOF — odel prediction Parameter Prior range  4-param 5-param
08 . Zigi 20 [GeV?]  [0.01,0.11]  0.063%300; 0.0681) 075
| z=10"" €c 0.5, 70.0] 29.0157 18.7+2%4
= C? 2.0, 20.0] 4457099 4.8277:°8
" oaf 00/2 [mb] 12.0,20.0)  14.570 14.8707
| g 0.9,1.3]  1.00 (fixed) 1.006%5:03)
i x?/dof — 0.854 0.857

10-1 100 10!
r[GeV™]



Fast simulation: BMS v.s. BK

e NGL resummation is governed by the non-linear BMS equation, physically
interpreted as a dipole shower. Banfi, Marchesini, Smye 02

0 d?Qy, _
Qs Can(@ = [ 8 Wan() (k) Gn(Q)Gs(Q) — Gun(Q)

e This non-linear NGL evolution connects to the BK equations via conformal duality
Caron-Huot ‘18

/Bzﬁ dQQi d233_L
Q5 = — 2‘7 >(£B7;—£Bj)i, / ppm > .

e BMS equation can be solved via Monte Carlo dipole shower. Dasgupta, Salam '01,
Balsiger, Becher, DYS ‘18



Nested-GPT for variable-multiplicity parton showers:
A case study in the resummation of non-global logarithms
Li, DYS, Shi, Sun ’26

We introduce Nested-GPT, a hierarchical autoregressive Transformer architecture for simulating
the variable-multiplicity parton-shower histories.
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Gap fraction

Summary

e Superseding logs from Glauber regions

Correlations

* Precision calculation

e TMD background
 nPDF, nuclear shadowing
Heavy quark

* Fermion mass effects
Smal x and Al

e Fast global fit

e Fast simulation
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