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Saturation

Q2 = _q2 —_
s=(p+q)?
2 2 >
xXBj = Q_ - 2Q_ In A3 nQ?
2p-q  Q*+s
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DIS in the high-energy limit

Regge-Gribov or semi-hard limit : s > Q% > AéCD

2
Equivalent to small-xg; ~ % — 0 limit

Saturation

In ‘\fz(v,) InQ?
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PDFs at small x

Gluons dominate at small xp;

19 MSHT20NNLO, Q? = 10* GeV?
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[NNLO MSHT?20 PDFs, taken from Eur.Phys.J.C 81 (2021) 4, 341]

Emilie Li (IJCLab) Gluon saturation in v *) + p/A processes GDR QCD 2023



DIS in the high-energy limit

@ Resummation of s (02)In (ﬁ) =a5(0%) In (&) ~1

@ BFKL approach
oV P(x) = Dyepe (k) ®; F(x, k)
8 >
SRR E

In Ay nQ*

@ Froissart-Martin bound

Tiot < Alnzs

Non-linear effects become important = gluon saturation

Saturation scale

Q% oc Al/3x—a)0

Saturation window or dense regime : Q% < Q%
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Shockwave formalism

@ High-energy limit: s = (pp, + pr)> > Q2, |ppl>, M2, |2, ...
) n{' R ng are light-like vectors (+/— directions)

@ Working frame: IMF frame where p}, ~ p; ~ /3

p;nl
Lt > eyt
kT > ep) 3
_______ O — _— = = = =
o o
k*<c"p;r e e
(o
(o
g J
P2 9 9

@ Separation of gluon field into "fast" (quantum) and "slow " (classical) parts with a cut-off defined by
an arbitrary rapidity parameter 7 < 0 :

AR (KT k™ k) = AM (KT > e ph k™ k) + bH (k¥ < e ph k™, K)
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Shockwave formalism

@ Boost from target rest frame to the IMF frame with large A = =8 ~ M,
b(x*,x7. %) =A"lbf(Az" ATI27.2)
b™(x*,x7,%) =Abj(Az*,A'z7.7)
bi(x*,x7,X) =bi(Az".A7'27.3)

boost
—_—

b (x) bH(xt, x™, %) = a(x+)B(;)n;‘+o(A-1)
Shockwave approximation
@ Gauge choice: A-ny =0
A-b =0 = Simple effective Lagrangian
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Quark line through the shockwave and

n P2
To Azteo Azt T2 —

EEFIEEE -

21 RS 2

@ Interactions with the simple shockwave field:

O Independence on x~ = conservation of p* (eikonal approximation)
0O 6(x*) = interactions at a single transverse coordinate.

@ Resummation of the multiple interactions into a Wilson line :
+00
V(Z)=Pexp [ig/ dz'b™ (z*,2)
V(p)= / diZ e PV (Z)
@ Quark line through the shockwave:

Gij(xz,xo)lx;>0>x3 =/de1 S(x)Go(x21) Vij (1) ¥*Go(x10) 0(x3) O(—x5)
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Scattering amplitude in the shockwave approximation

M= [ a?irad @ G (P||1e (VIV3") = Ve ()| )
Dipole operator:

1 o S
U=1- T [vr v @)

G712 = d= 3d=  —ip;-Z; —ipi-Zi gy
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Balitsky-JIMWLK equations

@ Balitsky-JIMWLK evolution equations [Balitsky, Jalilian-Marian, lancu, McLerran, Weigert,

Leonidov, Kovner| equations:

Blz222

U 4N Z2
12 _ &siVe 2= 12 7 7 1, 7 T
/d [1{173+%{3’2—'L(1’2 ~ UL U

9 272 R EL Tl
BFKL

ouu;! Balitsk

M3t _ - altsky

- hierarchy

on

GDR QCD 2023
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Balitsky-Kovchegov evolution equation

@ Large-N limit

@ Mean-field approximation
nqqn n 7
(UZUL) — (US) (Us)
@ Hierarchy of equations broken — closed non-linear BK equation

[Balitsky (1997)] [Kovchegov (1999)]

6(1{1%) _ QSNC/dZZ ( Z

Zz T T T T
S e [ et u) - ) - )

23931
<P‘lll'72 P>
(P|P) -~

with (U/}) =
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Diffractive di-hadron production

@ Diffractive di-hadron production at NLO [Fucilla, Grabovsky, Li, Szymanowski, Wallon (2023)] JHEP 03 (2023) 159
Y (py) + P(po) = hi(pm) +ha(pr2) + X+ P(py) (X =X1+X)
Rapidity gap between (hyh;X) and P’ (pg ).

@ General kinematics (7, Q%) and arbitrary photon polarization: process could be either
photo-production or electro-production

hy /\ hy
X X

rapidity gap rapidity gap
(| [ P") (| [ P")

Parametrization of the matrix element of the dipole operator:

TN

/ddze-if'ﬁF(Z) =F(p).

P (P0)> =276 (pyy) F (2)
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https://link.springer.com/article/10.1007/jhep03(2023)159

Hybrid factorisation

Hybrid factorization:

@ Collinear factorization: Hard scale with A2QCD < p ’31 ~p 22.
Constraint p2 > p ,%I . with p, the relative transverse momentum of the two hadrons.
=— Use of single hadron fragmentation function (FF) only to describe hadronization.

@ The high-energy factorisation :
Partonic process at NLO from [Boussarie, Grabovsky, Szymanowski, Wallon (2016)]

@ Saturation region : ﬁzl ~ ﬁ,fz < Q?
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https://arxiv.org/pdf/1606.00419.pdf

LO cross-section

.
@ Sudakov decomposition for the momenta: p! = x; pint' + z)ﬁfﬁng +ph.
iPy

iph
Dy

Pq

+ - 1
2
+ _Q
Py =Py~
2py

° Collinearity (P:,’ﬁq) = (xq/xhl)(le’ﬁhl) and (Pg’ﬁq) = (xq/xhz)(PZ2,ﬁh2) :

hyhy d d
doy;; =Z/1 dxg /1 dxg (xi) (xi)
dxp dxp,d? pp,d?pra - A, Xa Jx,, ¥a \xm Xn2
ny (Xhy\ sk [ XRy dogp
Dy (T)Dé (7 dxgdrgdip,adp, T ™)
q q XqdXxXgd=Pqd™Pq

J, I labels the photon polarization for respectively the complex conjugated amplitude and the
amplitude.
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NLO impact factor and UV + rapidity divergences

BT

@, Dvo ), Pro
Rapidity divergences (xg — 0, pg arbitrary)

@ Present in @y»

@ Of the form In @, a longitudinal cut-off p§ = xg p3, > ap}

@ B-JIMWLK evolution equation of the dipole operator in the LO term for a to e’

- el aqq .
rultzt = (ulezn - / dp aplz = Ok =Dy @ Kp.iMmwLk = Pv2 = Py + Pp is finite
[e3

UV-divergences (1'7'82 — 00)

@ Just dressing of the external massless quark lines

1 1
@ _
dress (2€1R 2euy )

@ ¢/r = €uv = € turns UV into IR divergences
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NLO cross-section in a nutshell and divergences

Operator structure classification :

virtual contributions

A ——  doyy  dipole x dipole

Jasn . doy,  double dipole x dipole

real contributions

o
\wm ——  dowus  dipole x dipole

7Z dosss double dipole x dipole

—  dospy double dipole x double dipole

TR
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NLO cross-section in a nutshell and divergences

Operator structure classification :

virtual contributions

wﬂz:wmm . douy  dipole x dipole
/ IR divergences
A ——  doayy  double dipole x dipole @ Collinear divergences:
Pg X Pg Or pg X Pg
@ Soft divergences :
xg = 0and pgy = xpu ~
=N g Pg = Xg
" ven s  dows  dipole x dipole xg = 0(pg — 0)

Regularization with dimensional

/ regularization D =2+d =4+2€
7Z and longitudinal cut-off |xg| > a.

dosss double dipole x dipole

—  dospy double dipole x double dipole
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NLO cross-section in a nutshell and divergences

NLO 1-loop
3 = .
= 4 CC
(a) : soft + collinear
+ o | o + Ana B S
(b) : soft + collinear (c) : collinear
=
+ el + +q &g
(d) : collinear (e) : collinear from counterterm
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IR singularities : counterterm

@ Quark FF renormalization (same formula for the antiquark)

bare dressed

2
hy (Yhy_ i (YR as (1 MR\l ap hy (Xhy hy (~hy
Pa (E Pa (g #r) " am|\e™ 2 f;;hl F |Paa@rg! (S5 |+ pea 010G (5ot ur
q

xg X

2
hy (*h s H h *h
1 1 as F 1 1
= D JUE | = +In —- P, ®D —_— +
( xq ,Hﬁ) o ( n ){[ aq q ]( xq .”F)

Pgq oD (—Xh' )}
2q ® Dy HE
s |\ =g

| =
=
]

l in LO cross-section
@ Counterterm

doyy,
dxpy, dxp,ddpp, ddf)hz

2
as\[ 1 HE hy hl hZ hz
(’ﬁ)(?”“(ﬁ)) [Pclq@’Dq ~ HF g M

(€] (6)

2 1 d _\d
4aemQ *q *q
O, / dx, / dxg xgxg | —— S(1—xg —x5)F]
(2")4((1 D Ne Z q n, q ny qXaXxq e *hy a9~ *q)7LL

X,

hy|(*h hy [*hy
+|Pgq ®Dg ](; Dy o MF

hy| Xy hy (*hy
qu®1)g (;,[JF Dq Z,HF +(hy © hy)
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IR singularities: quark-antiquark fragmentation

@ Divergent diagrams in the case of quark-antiquark fragmentation

= 4=h-

(1) : soft + collinear gg (2) : soft
(3) : soft + collinear gg (4) : soft

@ Cancellation of divergences in a nutshell
qq qq _ qaq qq _ qq qq _ qq qaq _ qq
doy ’soft+(d0-3 |(1) doy ‘(1)@1)*("‘73 |(2) doy |(2)soft)+(d‘73 |(3) doy |(3)s()ﬁ)+(d(r3 ’(4) doy ’(4)501"1)

d qf?| d qé|
73 coll. qg T3 coll. qg

+do+doly m+ doly 3)
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IR singularities : Gluon fragmentation

@ Divergent diagrams

=) 4=}

(5) : collinear gg (6) : collinear gg

@ Cancellation of divergences in a nutshell

a8 a8
do |C0"v aet do| )+ doy ol g +do|e (6
@ Finite parts of the cross-section
hyh h h . _ _
doyi" = 3" Dgl @ D2 ©dagp + (h © h) (a,b) ={(4.4),(2,8): (3 8)}

(a,b)

Emilie Li (IJCLab) Gluon saturation in ¥ *) + p/A pr s GDR QCD 2023 20/22



Diffractive production of a single hadron

@ Diffractive production of a single hadron at LNO [Fucilla, Grabovsky, Li, Szymanowski, Wallon (2023)] (to appear)

Y (py) + P(po) = hipn) + X+ P (py)
Rapidity gap between (hX) and P’ (pq ).

@ General kinematics (7, Q%) and arbitrary photon polarization: process could be either
photo-production or electro-production

@ Hybrid factorization: high-energy factorization (shockwave formalism) and collinear factorization
with th hard scale f)'hz > AéCD

@ Explicit cancellation of divergences and extraction of all the finite terms

h _ h A
doy, —ZDu@)dO';‘I
a
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Summary

@ Computation of the NLO cross-section of the diffractive production of double and single hadron with
large [)'hz > A2QCD in ) +p/A collisions

@ Full cancellation of divergences has been observed between real corrections, virtual ones, and
counterterm from FFs renormalization.

@ General kinematics (Q2, t) and arbitrary photon polarization: process could be either
photo-production or electro-production

@ Results are applicable to ultra-peripheral collisions at the LHC and to the EIC.

Thank you for you attention!
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