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Deep inelastic scattering (DIS)

The process is characterized by
its virtuality - measure of the

. /{7/
resolution power u
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and Bjorken variable - measure S I Azx ~ 107" m
of the momentum fraction of a L S A
struck parton H the world’s most
powerful microscope!
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In the Regge limit (high-energy limit) of s > Q2 it follows that x; << 1

small-x physics = QCD at high energy



 Hadron is characterized by complex dynamics of

parton interactions

* One has to understand the hadron as a complex
many-body parton system - dense QCD medium

 Gluons and sea quarks dominate the proton wave

function at high energies (small xjp)
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In Q2

* Boosting the proton uncovers * At large x the process is defined essentially by
many-body structure scattering on individual partons
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* The defining characteristic of scattering at
small x iIs many-body parton interactions

infinite number of
interactions of the probe
with partons of the target

saturation
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* The dominant topology (logarithmically * The resumation of the ladder diagrams leads

enhances) of Feynman diagrams in the to the BFKL (Balitsky-Fadin-Kuraev-Lipatov)
small-x regime is the gluon ladder equation Balitsky, Fadin, Kuraev, Lipatov (1978)
* This structure gives rise to the notion of the p
BFKL Pomeron in QCD
N(z,k;) =asN.Kprxr @ N(x, k] )
Olnl/x
e » BFKL equation resums powers of a In 1/x
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hard) 5



* Increase of parton density at

strong field color field A, ~ 1/g
. . Wo N

small-x is driven by the gluon Otot ™~ S ’ |

splitting ‘é'}:'o‘o‘o‘n'o'o'o'o'o
. LeadS to ViOIatiOn Of the FrOissart Spllttlng \ “‘u"i;r.v.v.vovovovovovv.v.'.'.'.

bound o t0t <ZcC 1112 S| ".\'?o‘0‘0‘0‘0‘0‘0‘0‘0‘0'0'0'0'o

“
 —n

Gluon recombination: taming the

growth gl P

Gribov, Levin, Ryskin (1983)
Mueller, Qiu (1986)

Aé‘v YaYaYaYaYavaY,
‘\ 0000000000

XY '.:0‘: I‘} 2707070070 $ IBFKL pOwer Satu ratIOn
-.. recombination
S

1/37 6



strong field Aﬂ ~ 1/g in the saturation The fields can be found as solution of

regime = “classicalization” of the QCD classical equation of motion
medium in the saturation regime!
D, F* = J"
Color Glass Condensate (CGC) EFT M
1
[ _
A% (@) = — 5 ple1)d(27)
L T k (I)(Xa K2) A most gluons
ACl — ACl = () shock-wave . are here
L structure

McLerran, Venugopalan (1994)

small-x gluons

large-x sources

Mueller (1994)
Jl/ L 51/—|— ( — ) Jalilian-Marian, Kovchegov (2005)

XL
2  The QCD medium develops a
Wil — ox { B /dQ:m /dx (x~, 1) } saturation scale (transverse scale) QS




 Beyond the classical approximation: resummation of quantum loops:

«
«
P
“

D

4 «

L] [ 4

> “

NPT 7T 0% >
2250000000000000600000(2S
> .‘ .1 “

- = N .
RO00000C ZO000OER
K (2 = *.

VVVVVVVVV C AV AV AV VY T YV VYV YV Y N
. 0.000000000000300000¢,;
@

«<— BFKL pomeron

r 4
«
[ _J
4
[ g
4
-
<
L 4
«
[ _J
4
[ 2
-
«
[ _J
4
[ 2
[ g
«
[ 4

0
Olnl/x
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 Pomeron loops:

AVAVAV ] ="\ /N\/\
start to contribute at § .
relatively “large” x7? X N — BFKL pomeron loop
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Levin (2025), Braun, Tarasov (2012)
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“fan” BFKL pomeron
diagrams

Balitsky (1996), Kovchegov (1999)
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N = a,N.K N(z, k) — asN.N*(z,
alnl/x (iU,kL) 8 BFKL & (fL‘ 'Zﬂ) 8’ (513 'Zﬂ)
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Non-linear evolution in
the saturation regime!

limN(QZ,kJ_):l

x—0

Q2 A) o AV3(1)

X

* The saturation scale growth with decreasing x
+ The perturbative calculation is valid Q% > A ap

* The presence of the saturation scale allows to directly
calculate experimental observables

* The non-linear dynamics can be probed in experiments




» Kinematics of the saturation: strict ordering in K~ >p >...

longitudinal momenta = Lt < p+ < T — Ty > 21 — 25

kJ_NpJ_N...

: T1 — Ty . Instantaneous interaction
§4 .......................................... > with the CGC baCkground \ V(QjJ_)
S § . separation in
(: § transverse position
S 5 é b
2 :: : t
V"o ‘3" L2
e’ "y
<QQQD “”"
D0000000 ¥
- m B The proton acquires a / Uz1)
P scalar phase: Wilson line
4.._. ...... _.> OO
21 T <2 : _ _
U(z,) = exp (zg/ dz= A _(z ,ZJ_))
— OO
* Interaction of the probe with the CGC background is defined by a product of
. . . " . a b ab
Wilson line separated in the transverse position — dipole operators tr{t*V(z ) t"V(yL) U (21)
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» Separation between the hard mode and the background field (CGC)
Is formalized in the high-energy rapidity factorization approach

k™4 Alternative formulation in
the JIMWLK framework
k_ >0 Jalilian-Marian-lancu-McLerran- /
Weigert-Leonidov-Kovner (1997-2002) _
impact factor
P 0-4_ factorization
scale 5 l
k- <o TpL g Pltr V(p, )V P
> semi-classical 0 X 42 (L, qu)(Pltr VI(p )V (gL —pL)|P)
R fields !
Balitsky (1996) k dipole operator describes interaction
* Loop corrections to dipole operators VI\\/III\t/hrﬁodel Can be calculated in the
= evolution properties (BFKL/BK)

* The matrix elements of the dipole operators at initial scale

R e eceeceaaaa- can be calculated using MV model for the classical
B background
. %aa% /" dk
Wilson lines (
O

* |n the small-x framework one can calculate predictions
k— for experimental observables

leads to hierarchy of

rapidity divergence
dipole operators

— small-x evolution
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EIC will be instrumental in understanding “how the
characteristic properties of the proton, such as mass and
spin, arise from the interactions between quarks and
gluons, and how new phenomena and properties emerge in
extremely dense gluonic, nuclear environments.”

The 2023 Long Range Plan for Nuclear Science

* Search of the signatures of saturation: comparing predictions
of the small-x calculations with experimental observables

dipole amplitude and its square

1¢ . . . ,
x=1073, Q3= 1.2 GeV? (Au)
X <0.01 L
D £1C V0, = 40 GeV (eAu) _ ) DIS
: 0.1 L o 8
. EIC V5 = 90 GeV (eAu) I S S
Il Il
HERA (ep) 2 =
perturbative regime > Diffractive cross |
sections
OT 0.5 1 1.5 2 2.5
2 2 001 | | I I I L
/\%QCD QS (GeV ) 1 10
Q2 (GeV?)
E. Aschenauer et al. (2017)
« Up to ~ 140 GeV center of mass energy « Different from the large-x approach where the predictive

power is usually estimated from the quality of the fit 11



DIS structure functions Yy
OT(Qj?y7Q2) :FQ(vaQ) QFL(man)
3 14+ (1—y)
E, 10° T BURRRRY BURRRRY T
*i§ Geometric scaling » CGC predictions at the NLO order:
+ with 7 = Q%/Q*(x) -
- @[@Iﬁ[ﬁ%& N ® HERA data
, KCBK fit
° 14 (| ~====— ResumBK fit
1.2F
10 g L.0F
i ZEUS BPT 97 |
- ZEUS BPC 95 - B
H1 low Q95 . %% 0.0
1 - ZEUS+H1 high Q” 94-95 O % -
ff(?i)l %é % 0.4 __5 | | I I B I_4 _3 _2
I . o 10 10 10 10
] i} xBj Beuf, Lappi, Hanninen,
. Mantysaari (2020)
o L inl il ] Lol
10 > 10 107" 1 10 10° 10°
T  Compare with structure functions at EIC
e i Mt aoran booa) 000 » Analysis of the scaling for different nuclei.

Dependence on the nuclear size?
12



Two particle correlations

1.5
STAR \/% =200 GeV, NN — 77X
_ 26<n<4,ApE [T,
p:%=1.5-2 GeV/c
©
asso__q _
S Tk p2°*°=1-1.5 GeV/c
o | T * P=-0.09 = 0.01
= | *x.
[ RS
© | Tl
A [ *
0.5 s
P Al Au
- l | l |
1 3 )
STAR Collaboration (2022) A1/3

* Experimental observation of the
0% « A'"° dependence

AN 1/3

L

Qs (z, A) o

* Signs of saturation emerge from
particle collisions at RHIC

» Suppression of the correlation
function for heavy nuclei can be
explained as the growth of the

saturation scale Q§

e PYTHIA simulations with a
saturation based model

0-45 : 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I lE'Er 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I Ij-
0.4F Py >2GeVic 10 GeV x 100 GeV =+ 20 GeV x 100 GeV ~ —
- 1GeV/c <p2***°<p® - I o €p .
035F 0.2, z=swec0.4 Ed E
0.3F 1GeV<Q’<2 GeV? —+ O eAu sat -
So025F +  Doy2al -
< - . S g .
O 0.2p + E
0.15F i | —;
0.05F s e + A ¥ =
ose® | | Ry G ool | | S
0 T 1 1 L1 L1 L1 L1 1 1T ] L1 11 Ll 11 L1 11 Ll 11 L1111 ™7

2 2.5 3 3.5 4 4.5 2 2.5 3 3.5 4 4.5

A¢ [rad] A¢ [rad]

Zheng, Aschenauer, Lee, Xiao (2014)
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Diffractive vector meson production

ol 7Y

7

scattering

dipole

P

-—/

W,p,...

W = 100, 1000 GeV Mantysaari, Zurita (2018)

b

- - - IPsat J/ ¥

— IPsat ¢

-+ IPsatp e IPnonsat

p Penttala, Royon (2024)

* The process is defined by scattering

of a color dipole on a target

0-7*p_>Vp N ‘N(TJ_)‘Z

photoproduction data for Pb
shows preference for the existence
of gluon saturation

i

Q? [GeV]

T

» Exclusive Heavy Vector Meson Photoproduction

Tp
1072 1073 10~* 107 1079 1077
——=- BFKL
=== BFKL (adjusted) Q2 = 0 GeV?
¥ ALICE N
§F CMS
BT o

W |GeV|
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Dijet production dO-V*A—NchX N H /dle /d2yiL€—iku(wu—yu) II\Dnc;irzlfnZghuoeuz,(zl\lclﬁl;o;uet, Xiao, Yuan (2011)
L1 kl dgkldgkg 19 !
X :
ety T,L T, L~ quadrupole operators. Four
i X Z Vo M1 - :EQl)waﬂ Ty — 1) Wilson lines at different locations!
ot yaB
o jeto ] | |
ks X |14 ~N (<T7“U($1L)UT(yu)U(yu)UT@u»
- C
= ~ Ly = @U@ U @e0) = (T1U (0 )U (121)))
) \\ dipole operators dipole operators )
 non-trivial angular dependence  New types of operators! Typical for small-x calculations beyond
x10” the leading order of for more complicated scattering reactions

e Direct access to multi-point correlators
* Some simplifications in the back-to-back configuration

=k, +k
qﬁ. T (TrU (z1)U" (110)U (y2.)UT (221))

N d2 d2 _
sz%W(%QL)OC/ $L/ L o—iqu(zi—yL)

5 _ Longitudinal photon polarizations
- vo =0.14 (014) Xz5><10_3

¢ (rad) dipole operator related to the
Dumitru, Skokov, Ullrich (2019) TMD gluon operator 15




Understanding the structure of operators at small-x

* Operators appearing in different types of factorizations are related to each other

* We can match operators appearing in different factorization scheme

* We want to understand these relations both from phenomenological (improve extraction of operators) and theoretical
(what are universal properties describing the QCD medium) points of view. Is there universality of QCD operators?

2z, Py

\ p ¢’ TMD factorization approach for analysis of
e e | scattering with production of a final state of small
B ---':'C " transverse, e.g. semi-inclusive DIS

—— \ gluon TMD operator

/OO dz=e e 2T (p| F_y(27 b1 ) [, 00l [00, 070 P (07, 0.)[p)

dipole operator /

= (pltr{o;U b )UT (b )o;U(0)UT(0)}p) + ...

1
N.L—
— ) r N r N
High-energy rapidity TMD factorization Collinear factorization
factorization
- J q J q J
[ ) matching (- ) matChing [ )
set of operators: < . set of operators: < . set of operators:
dipole operators TMD operators collinear operators
y " y " J

* The matching can be efficiently done
using the background field method

* |n the small-x framework this
corresponds to going beyond the
eikonal picture of scattering and
calculating the sub-eikonal

corrections
16



Small-x physics at EIC: calculation of sub-ekonal corrections

 Sub-eikonal corrections describe corrections to the o :
shock-wave picture of scattering do = LO + Subkik

« But for some observables the sub-eikonal terms I/s corrections
provide the |eading order contribution Altinoluk, Armesto, Beuf, Martinez, Salgado, 2014; Balitsky, Tarasov, 2015;
Chirilli, 2019; Jalilian-Marian, 2019; Altinoluk and Beuf, 2022
* This corrections corresponds to matching with TMD
Operators | | 104__ Current polarized DIS e/u+p data: |
qgark instantaneously mt_era?ts - Current polarized RHIC p+p data:
In the leading order (LO) shock-wave picture of scattering \(’j"gshcm?egagkgrggglz} WL"aCShe'S :
the interaction between factorized modes is instantaneous (Wilson Iine)y & B
. > 108 €+p
~ perturbative mode O
Lexp {ig/daz—A;ﬁw.(x_,xL)} a
> ;. @)
> - 107 -
g g —> S
5 B
e shock-wave 9 i
k_ e background CGE) 10 -
_ _ g@(—)pgg;ugggcbvnedmode sub-eikonal corrections:
q > k internal structure of the
shock-wave! e 2 L R
« How does the shock-wave 10" 107 1072 10" 1

Parton momentum fraction, x

* Sub-eikonal effects dominate the region of
—J\/\— moderate x (decay of the shock-wave)
* Sub-eikonal corrections are crucial for the
search of saturation at EIC

decay? = large-x effects



The scattering at the sub-eikonal order

I

[\

=

U(x
U(wL) 9 ( PL)
- q —>
q — — > ko
> ko ~
N
. <
. . % < at the sub-eikonal order the b —
at LO the interaction B k—) corrections to the shock-wave ..~ . k1
's defined by scalar " LO 1 are described by the sub- 7 SubEik
phases, .. Wilson eikonal operators
line operators d
. o~ o B USUb_elk.(yJ_) — Zg/ dZ_U[oo,z—](yJ_)F12(Z_a yJ_)U[z_,—oo] (yJ_)
U(yL) = exp {zg dz— AT, (2 ,yL)} — oo
— OO
> 0
 The scalar phase at LO cannot 1 occ — inhomtogeﬂeous KPS-CTT evolution
describe spin effects = spin effects at 1] 1
-
small-x appear at sub-eikonal order : | " | o -y
 Evolution properties of sub-eikonal Lt o IR U SRR 9
operators are known = can construct ) | ) | )
Ty 0~ Ty Ty 0" Ty 0 Ty

predictions for observables
[11 eikonal

Kovchegov, Pitonyak, Sievert, 2016; Cougoulic, Kovchegov, _|_ Z ” N _|_ 2 b b .
Tarasov, Tawabutr, 2022; Borden, Kovchegov, Li, 2023
]
Ty 0 T3

[\ IS
[\ ()

_|_ other eikonal diagrams _|_ C.C.

=




How does the spin of the nucleon arise? S E— j
% [ = Dssvs 1
n O = 90% C.L. region’

1 1 STE [ 4 Dssv :
=AY+ AG+ L, + L, |
2 large uncertainties from [ | : |
the small-x region oL - R -
* In the small x region that cannot be probed experimentally, DGLAP- ;
based predictions acquire a broad uncertainty band 05 = Q=10 GeV” -
» The benefit of small-x evolution is that it makes a genuine prediction 2 a0 o1 0z o:

for PDFs at small x given some initial conditions at a higher values of X  §; Voremee et rgta0ia o ohdx A8

Initial condition at x;,

100

All curves are defined by

B 1 II[-‘I“III I_“ 1 IIII-“I‘III 1 II IIIIIIII LU 1 Illlll ~ l.‘ Q2 — 10 Gev2 ]
s L 11 pss2014 _ 5 ELLN : the same intercept
Small-x | X o i o A NN
L. Kl oo J y 84
helicity R, L Q*=10{GeV? - 2 1 h
evolution S it T A - ~ 2 - d1 (CC; Q ) ~ E
e - S,
- - |l o b 91( ’Qz) i Q‘S or b : ’ =y i d : Tt g
X | g undertainty - ey s 4 riven by the initial
@) : E E E e EIC : o L / e &= median + 68% CI _ conditions = TMD phySiCS
> pseudp-data —— asymptotically g > 0 : :
5 - KA . _ . u | can provide appropriate
i v 100 _ e —— asymptotically g7 < 0 C ey .
i TR T e . .. Initial condition at large-x
AN ] 10-5 10~ 10~ 10-2 10~ .
i o oo 7 for the small-x evolution =
B I.':I-:I IIIII I III:TIII I:ﬁl:llil L1 11111 | m

05 10% 19 > o 1 Baldonado et al. (2025) matching with TMDPDFs

-
o
RN
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Initial conditions for the small-x evolution

gg)(wa Qz)

100

e Can we reconstruct initial
conditions for the small-x

@ — 10Gev? evolution through matching with
TMDPDFs extracted at large-x
4 : : t
e | /] Lattice calculations of % o
=== median + 68% CI | quaSi_TM DPDFS :
asymptotically g’ > 0
asymptotically g < 0 |

s aal
104

et s aal i b a a gl i FURT SR T T ¥
10-° 10-2 10!

 Currently in the TMD phenomenology the TMDPDFs are reconstructed through the matching with
the collinear PDFs:

TMD distribution for the small ¢, region

A 2 Collins (2011)
1a(337 b7 ; K, gf) TMD Handbook (2024)
Hf d C K(b* b )/2
_ . 2 fh f * 2
— [C(X)fl](xab*mub*mub*)exp{/ —V(MaCf)}(—2> leP(CU,bL,CfaQO)
o, M Mb*
Collinear PDFs with DGLAP CSS evolution Phenomenological function
logarithms encompassing all-collinear twist

content of the distribution

 We need to extract TMD in a way that is consistent with the small-x evolution

20



e We want to understand how different factorization

schemes are related to each other

r

.

High-energy rapidity
factorization

~

l

.

set of operators:
dipole operators

~

J

|

<

matchin
| g>

N
TMD factorization
y
N
set of operators:
TMD operators
y

Separation of modes
in the high-energy
rapidity factorization

<

matching

>

r

Collinear factorization

~

.

T

-
set of operators:

collinear operators

~

J

 The set of operators in only
defined within a particular
factorization scheme

Mukherjee, Skokov, Tarasov, Tiwari (2023)
Duan, Kovner, Lublinsky (2024)
Caucal, lancu (2024)

Separation of modes in the
TMD factorization

21



Virtual diagrams for the gluon TMD operator 5P

* Virtual emission in the gluon TMDPDFs

logarithmic dependence on p; “virtual” The result doesn’t depend
part of the BFKL evolution kernel on the value of x
bg:virt CVSNC 1 1 1 P 7'('2

BaTbs; rp,b) = | — +1In

*J (@5,b1) 2m  \ € emm \ & (xBP+) 12

) 2 €EIR . . _|_ . .
< /dZZJ_ /d-ZpJ_esz_(b—z)J_ (ILLI2R> gzlpjpm 5 pzplgmj B})Ti (ZUB, ZJ_)
P P

IR rapidity cutoff

Mukherjee, Skokov, Tarasov, Tiwari (2023)

« The gluon TMDPDFs at large x5 contain
logarithms of the BFKL type!

 Deep relation between the small-x
formalism and the TMD factorization
approach



Small-x physics at EIC: calculation of NLO corrections

Understanding the matching between different
factorization schemes is crucial for the NLO

calculations at small-x which are sensitive to
contribution of the collinear and Sudakov logarithms

2—»
q —>
) > ko
.
2
P
LO 1

leading order (LO)
<«<— contribution to the
dijet production

Y
% <
X<

R1 R2
< S | fews®
7" m 7" WC'
E< 4+ & <
SE1 SE2 SE3

@

S—p - >
7*vavwm<:::;;ﬂ¢$&ﬂpwyﬁyﬁj7*,VV\AA<i::::§

<3 < <

V1 V2

do = [LO

Precision small-x
physics at EIC

NLO

a, corrections

Balitsky, Chirilli, 2008; Caron-Huot, Herranen, 2016; Chirilli, Xiao, Yuan, 2012;
Boussarie, Grabovsky, lvanov, Szymanowski, Wallon 2016; lancu, Mulian 2021,
Kovchegov, Weigert 2007; Kovner, Lublinsky, Zhao (2024)

Still many open questions: different schemes
of resummation of DGLAP and Sudakov logs,
instability of solutions

30 .
— LO impact factor
g —LO + NLO impact factor (Sudakov only)
— o5 |- —LO + full NLO impact factor
T
NLO correctionsin =~ 2 MV motel, Qi = 10GeV
the shock-wave Z P —5GeV, 205
picture of scattering =, anti-kt R=04
1 ph =P+ Q% zr =212
+ NLO evolution, 5 0
running coupling ”ﬁ
corrections < 5l
N
. S
* () : | | | |
/\r § 0 0.5 1 1.5 2 2.5 3
» q| [GGV]

Caucal, Salazar, Schenke, Stebel, Venugopalan (2023)



Extension of the MV model

viid - gold, Q* = 10 GeV? (%]
. . ; 3 ' ' ' ' - -
The MV model provides a semi-classical / e
solution for the dipole amplitudes * |n many problems 7 s
more complicated  2*| ’ '

...................................... operators appear
Mantysaari, Mueller,
<TTU (‘CB 1 ) UT (yJ- ) > Salazar, Schenke (2020)

color dipole

P [GeV]

MV model for the background field

<TT8¢U(bJ_)UT(bJ_)@jU(OJ_)UT(OJ_)>

50

40

30

20

-10

-20

-30

-40

( ) 50
z 1 «
c B il
A (:13) o (‘)i ’O(LEL)(S(:E )  (Can we calculate more complicated operators, e.g. with
subeikonal effects etc. = extension of the MV model
Acl L Acl — 0
= AT =
MV doesn’t work for A_(zh 27 2) ~ AN 2T AT w )

 The general model should satisfy
the high-energy scaling (1 — ©0)

Li (2025), Kovchegov, Cougoulic (2020) Al (33+’ T, T )~ )\_1121+()\_133+, Ax~, 2] )

sub-eikonal and spin Azt 27, z) ~ AN e a7 )

Verlinde, Verlinde (1993)



Sphaleron transitions in DIS structure
functions at small-x Tarasov, Venugopalan (2020)

In Q?

small-x

Get access to topological properties of the QCD vacuum
in DIS experiments — g;(xp)

/01 dafgfn(ﬂ?,Q?) _ (1 as(WQQ)) {: 1—12143 I 316148 N éAE(QQ)} . O(&g)

v

Shore, Veneziano (1992)

« The g, structure function is sensitive to the physics of the QCD anomaly, i.e. mass
generation of ', Wess-Zumino-Witten coupling. Interplay with CGC at small-x?

| A The sphaleron-like transitions induced by interactions with the small-x background

saturation

non-perturbative region

In X

fields introduce a “drag force” on 7 “axion” propagation proportional to sphaleron
transition rate:
A/“drag force” effect

8277/ 877, 2 Regge 2 Q%m%, Q%
=l bl e e, @) o g e (-ns0 %)

While at large xp the gluon field is dominated by the instanton configurations, at

small xz the CGC background (QS2 > mﬂz,) can induce over-the-barrier transitions.

Over-the-barrier sphaleron transitions between different topological sectors of the

QCD vacuum = can be detected in DIS at small x .



Thank you for your attention!



