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Resolving the nucleus/hadron: Regge-Gribov limit
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possible universal properties of QCD observables ?
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QCD at small x: gluon saturation

high gluon density: multiple eikonal scatterings

high energy: evolution in x via BK/JIMWLK

p: broadening

suppression of single inclusive spectra/away side peak

P,
A systematic formalism for multi-particle production in QCD 1)\ 93
d . o .p d . N . QZ(x,A,by ) ~ A3 (_)
nuclear shadowing/modification factor, azimuthal correlations X
long range rapidity correlations Q% ~1GeV? at

connections to TMD, spin physics, diffraction,.... o3y 102



Probing CGC in high energy collisions

nucleus-nucleus collisions: “dense on dense” significant modeling/QGP

proton-nucleus collisions: “dilute on dense”

DIS: (inclusive/diffractive) much less modeling

structure functions

EIC

to start in ~ 10 years

particle production

angular correlations



Dihadrons at EIC
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Zheng, Aschenauer,Lee,Xiao, arXiv:1403.2413

SIDIS:
larger kinematic phase space than dihadrons

Sudakov effect can be avoided (in a limited kinematic range)




EIC

kinematics of inclusive dihadron production
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transition region: from large x to small x



A unified formalism for both large and small x ?
(hybrid factorization)

Collinear/TMD/... factorization at intermediate/large x

Gluon saturation (CGC) at small x

this would be tremendously useful for RHIC, LHC, EIC,.. observables

could a background field be the common ingredient in a unified approach?

already at small x:
connections to TMDs in back to back kinematics in DIS,..., Marquet et al.,....

sub-eikonal corrections: Altinoluk et al., Kovchegov et al., Tarasov et al.



MYV: a high energy hadron/nucleus as a classical color field
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‘ '1 boost Y
““:, ) v ~ 100 RHIC
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T () = " 5(at )pa(x.1)

Qa

color charge
|4 |4
D, F* = gJ

solution: classical field A*(z)

. this 1s the starting point for CGC



TMD factorization: two hard scales

~_

SIDIS Q° > k1 > Ajep

Transverse Momentum Distribution ¢(x, b; ,uz, () satisfies the CSS evolution equations



Some reviews/white papers:
TMD Handbook: arXiv:2304.03302
Boer et al., arXiv:1108.1713

Closely related to this work:

Cherednikov and Stefanis, arXiv:0904.2727

Idilbi and Scimemi, arXiv:1009.2776

Echevarria, Idilbi and Scimemai, arXiv:1104.0686
Echevarria, Idilbi and Scimemi, arXiv:1111.4996
Mukherjee, Skokov, Tarasov and Tiwari, arXiv:2502.15889



CSS evolution of quark TMD

left moving hadron
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UV divergences: use dimreg D = 4 — 2¢
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Gauge links
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Target light cone gauge  n.4"=4" =0 with »? =0

advantages: partonic picture is manifest,...

disadvantages: extra pole,...

gluon propagator Gh'e(k) =
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Transverse Wilson line self-energy at infinity
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The soft factor
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The soft factor in the target light cone gauge
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Renormalization in target light cone gauge

bare and renormalized fields/coupling in Lagrangian are related by
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Toward CSS: putting things together

remove the rapidity divergence
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CSS evolution of quark TMD
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we also investigated PV, retarded and advanced prescriptions: different diagrams but the same result
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Evolution of quark TMD i1n projectile light cone gauge A* =0

CGC calculations are most

conveniently done in this gauge

new diagrams

rapidity divergences appear

differently

T. Altinoluk, G. Beuf, JJM and M. Tevio
arxiv:2606.17993
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Evolution of quark TMD 1n projectile light cone gauge AT =0

these don’t contribute to CSS evolution equations (either poles on the same sideor YT — o kills them)

A |

the final result is the same as in target light cone gauge as it must be

one can also get CSS using other prescriptions: PV, retarded, advanced (different diagrams)



Evolution of quark TMD: a tale of two gauges

Contribution Target gauge (A~ =0) Projectile gauge (AT = 0)
Gluon emission to trans. Rapidity divergent Vanishes

Wilson line at oo (diagram 1c) (derives CSS) (Y — oo phase suppression)
Gluon emission to lower Absent Rapidity divergent

long. Wilson line (diagramla) (long. Wilson line = 1) (contributes to CSS)

Gluon emission to upper Absent Rap. div. (contributes to CSS)
long. Wilson line (diagram 1b) (long. Wilson line = 1) Rap. fin. but UV div. part (contributes to Zyv )
Quark-to-quark ladder Finite Finite
(diagram 1d) (contributes to finite NLO) (contributes to finite NLO)
Long. Wilson line Absent Vanishes
self-energy (diagram 1f) (long. Wilson line = 1) (due to ML prescription pole structure)
Emission from long. Wilson  Absent Vanishes
line to oo (diagram 1g) (long. Wilson line = 1) (due to ML prescription pole structure)
Gluon exchange between long. Absent Vanishes
Wilson lines (diagram 1h) (long. Wilson line = 1) (due to ML prescription pole structure)
Trans. Wilson line self-energy UV div. UV div.
at infinity (diagram 1le) Canceled by soft factor Canceled by soft factor
Soft factor S(b) UV div. (determined by =~ UV div. (same calculation up to

trans. propagator only) the interchange of + and — components)

with ML prescription



Summary
QCD at small x

dense hadron/nucleus: gluon saturation, strong color fields - CGC

strong hints from RHIC, LHC,..., to be probed precisely at EIC
toward precision: NLO, beyond-eikonal corrections, ...

deep connections to TMD, Sudakov physics, ...

QCD at large x

Collinear/TMD factorization

Toward a unified approach to particle production at large and small x!

Background fields (?)



Single inclusive pion production in pp at RHIC

collinear factorization
GSV, PLB603 (2004) 173-183
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which kinematics are we 1n?
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Collinear factorization: DGLAP evolution of parton PDFs

one-loop renormalization of gluon distribution function in light cone gauge using background fields
Bassetto, Heinrich, Kunszt, Vogelsang: 9805283

Altinoluk-Beuf-JJM: 2305.11079

renormalization of YM in light cone gauge

Bassetto, Dalbosco, Soldati: PRD33, 617 (1986)

A0 =753 | An — (1-Z7" ) m, 0]
A — 7,72 A

1
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