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Energy scale

Very heavy UV theory
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New insights



Spin dependent cross section

p+p - V+X
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Spin asymmetry, evolution and decoherence

Without evolution With evolution ~ Quantum information interpretation
_ 0.04¢ » Soft and collinear radiation wash
0.3 < E W out observable quantum
025 05 3 interference.
02| 0.02| > Leading power soft radiation
0154 0.01E decohere the directions of the
01 g R momenta and the gauge
0.05: 0OF . .

ol B representations of the particles
— » Leading power collinear radiation
-2-15-1-050 05 1 15 2

Yw Bl 1.5y2 decohere the energies and the
Kang & Qiu ‘09 Echevarria, Idilbi, Kang, Vitev ’14 Spin
Carney, Chaurette, Neuenfeld, Semenof’17
Neill, Waalewijn ’19
Aoude, Barr, Maltoni, Satrioni ‘25
Evolution reduces the asymmetry |+)(—| S.J Lin, M.J. Liu, DYS, S Wei ‘25

JY. Gu, S.J. Lin, DYS, S.X. Yang, L.T Wang ’25




Effective field theory for decoherence

Lin(f1AE), Liu, DYS, Wei 25; Gu, Lin (FAIAfE), DYS, Yang(#7Hr#), Wang 25
» A systematic framework calculating decoherence in high energy collisions by combing SCET with

the formalism of open quantum systems.

» The renormalization group evolution constitutes a quantum channel, where the RG flow
parameter, rather than time, drives a Markovian loss of quantum coherence.

IR states
unresovled

> E.g. Applications in QED processes ete™ — [T~ + ny 1.00

» The Kraus operators in QED f{(i,j) =Kf ® f(f
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New paradigms
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Transformer emulators for BK evolution



Gluon saturation and small x physics

DGLAP kernel: Pgyg (x) - ;1c forx - 0 "

Q5()
[} L[] L[] as = 1
Gluon density rapidly increases at small-x % DGLAP |
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Small x factorization in SCET

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

Sa —87rasz /ddz// d*s / , (9“4( JO )

> Factorization formula

i
af _ d—2 l af v ’ L
W (QaP)_/d S (q’q.l.7 bP_ae) C(QLapap_ae) s
Vs
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ve
Small x Factorization = Rapidity Factorization | gapy factorization
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Deep inelastic scattering at small x

» In the small-x regime, DIS cross sections can be calculated within the dipole
picture

* 4aem 2 2
gIAP — (2n)? Zef/d rd b/ dz IKCy(r, z) N(r, b, z),

Dipole frame

» The dynamics of the strong interaction are encoded in the nonperturbative
dipole amplitude N(7, b, x)
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Balitsky-Kovchegov equation

» The small-x, or rapidity, dependence of the dipole amplitude is governed by
BK evolution

8N(|r01|,a;
oY

) - /dzrz Kgx(ro, r1,12) [N(|roz|,z) + N(|ri2|, z) — N(|ro|, ) — N(|roz|, ) N(|riz|, )]

Non-linear
gluon recombinition

» Key challenge: time-consuming numerical BK evolution
» Some recent progress
» GPU accelerated solution to BK equation Kutak, Li, Stasto, Straka ‘25
» Fast BK solution with Transformer Gao, Kang, Penttala, DYS '25
» Physics-informed global extraction of the dipole amplitude Dai, Li, Pang,
Qin, Wei, Zhang, Zhao ‘26
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Fast BK solution with Transformer

Gao(EM8%x), Kang, Penttala, DYS ‘25

» BK evolution requires a nonperturbative initial condition N(r, x()
» We use a generalized McLerran-Venugopalan ansatz

r202.\"7 1
N(r,mo)zl—exp[—(Tso) In AQCD’I’+eeC ]

> We first generate a large set (O(107) points {r, x, N}) of BK solutions
» Transformer network for N(r, x) emulation

Transformer FRE MLP +
Encoder Sigmoid

(logsg Qszm v, €c, logyo C, logyg r, x)

Token{t: %
M+ B

R
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9/ Global-fit results

Gao, Kang, Penttala, DYS '25

x = 0.01

Parameter Prior Range 4-param (v =1) 5-param (v free)
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The fit provides a good description of
the HERA data (Y% /dof ~ 0.85)
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Auto Regressive Parton Shower Generator:

Nested-GPT
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Non-global logs and BMS equation

» Observables which are insensitive to emissions into certain regions of phase space involve
additional non-global logs (NGLs) not captured by the standard resummation formula
» Parton shower Dasgupta, Salam ‘01
» BMS equation Banfi, Marchesini, Smye '02
» EFT framework, Multi-Wilson framework Becher, Neubert, Rothen,
DYS’16
» BMS eqn (Leading Log, large Nc)

P

0 d2Q
Q0;Cat(@) = [ T Wab () [ulB)Gok (DG @) — Gas(Q)
0Q 47
» A new generative paradigm: employ generative models to
efficiently and accurately simulate the stochastic parton shower
evolution

P(”) {62}) — HP(eZ | e<i)Pstop qg— 99 — g9ggqg — - - - )




Nested-GPT for variable-multiplicity parton showers

Li(Z ¥ /&), DYS, Shi(#& 2 ), Sun(F)F $F) 2605.18360

» We introduce Nested-GPT, a hierarchical autoregressive Transformer architecture for
simulating the variable-multiplicity parton-shower

Outer Transformgr Inner GRU Decoder *ZI l_,\ ,EE\ZFE 4o % E IEI Uﬂ 773'21;@
(o] [5]- [Br] \‘%I > Outer (Inter-Particle) Transformer: {FHRSRETES
' [ R E— ] [mejt-omk ] iHtEfR “shower time” HEFF E’J*i?r?i%]‘Zl‘EﬂEl’Jk*z
i ' / § fk#fi, @iT stop/continue decision token FZE:
[ Add & LayerNorm J | = ‘—’ GIIU Mo _’1 e rﬁ]{jﬂjgg-lt %?*E}u SUdakOV factor
Feed-Forward IIetwork (GELU) (Emb }—>| GRU |-»| Lincar |— %2 E . NN
e L | > Inner (Intra—ParUcIe)\GRU Pecoder: IRIEZ BRI
T m (e e METFY, BRSNS
S — (- D~ (log At, logpr, n, ¢)
@ Sinusoidal Positional Encoding ]
| f _"’ Stop [—>_ 41 .
[Pt Bbedings 4t ~ Copet | | > Outcome: &£pHY “shower history” FHIBATEHE
 Em (W b WIER ORI R ER
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Total Loss
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Hierarchical learning: The model progresses
from dominant inter-particle correlations (the
shower structure) to correlations among intra-
particle features, with overfitting setting in at
around 1,000 epochs.
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Nested-GPT achieves accuracy comparable to
Flow-Matching and successfully generalizes from
inclusive shower histories to unseen vetoed
observables
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An agentic calculation of NGLs @ 13 loops

21



BMS equation: Hidden symmetry and fixed-order analytic solutions

QiGab(Q) = / 0 asWap (k) [u(k)Gar(Q)Gip(Q) — Gan(Q)]

0@ 47
Hidden PSL(2, R) symmetry Order-by-order analytic solution
Stereographic projection onto the gan(L) =1+ Lg%,

n>2

Poincaré disk
Analytic result through five loops

7T2 4
(D) = 1= o0+ I

2
N (_vr (@) 174(5)) .

360 480

0 B
z =tan; el®

Schwartz, Zhu 2014

The hidden (PSL(2, R)) symmetry reduces the angular dependence to one invariant,

making the fixed-order BMS iteration analytically tractable through five loops.
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An agentic calculation of NGLs

,// e ] e ] [ o J "\ Kong(3L/& ), DYS, Sun(¥h5 4F) in progress
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Human-guided Al research workflow gnn(t) =1+ ) cxt® + Ot
k=2
[ Research context J L /ML d_ﬂ Neag(p) fixed coupling Ncos In m%
v pw BT T mk
@ Al-assisted workflow -
w2 ¢(3) it
: co=——, c3 = ——=-, el = :
[ Problem setup J—{ Al-assisted research J—P[ Research outputs] 24 12 34560
Method details omitted
_m%(3) | 17¢(5)
h, < = "360 + 180
1 . RRI 1 ¢(3)*
6= — )
Human guidance and review 65318400 = 1440
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"/ Global logs v. s. Non-global logs
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)/ Summary

» Quantum frontier (new insights): spin decoherence is calculable, measurable
and driven by RG evolution

» unified SCET/RGE (HEP) + Open quantum systems (QIS)
» RGE drives decoherence through unresolved radiation.

» Al frontier (new paradigms): Applying generative Al to simulate RGE & parton
shower

» Fast fitting: BK equation
» Fast simulation: BMS equation
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