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Parton saturation
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QCD evolution leads to the strong growth of the gluon density

Parton saturation: additional modification due to the gluon recombination
Evolution will include nonlinear terms in density

Saturation scale: divide between dilute and dense region
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Theoretical frameworks for describing parton saturation

Nonlinear evolution equations in QCD:

* Gribov-Levin-Ryskin nonlinear equation

* Mueller-Qiu equation

* Kovchegov nonlinear equation for dipoles

* Balitsky hierarchy for correlators of Wilson lines.

* Color Glass Condensate (McLerran-Venugopalan) with JIMWLK (Jalilian-

Marian,Iancu, McLerran, Weigert, Leonidov,Kovner) renormalization group equation for high
density QCD.

Models implementing saturation:
*Golec-Biernat and Wusthoff saturation model
* McLerran-Venugopalan

e...many others
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Dipole representation

DIS at small x / high energy: dipole representation

The virtual photon fluctuates into quark-antiquark pair
The quark-antiquark pair interacts with the target

In the proton rest frame the Ioffe time

1 .
Tai ™~ NE with AE ~ xM,

The transverse momentum of the quark k is traded for the Fourier conjugate variable r, the
transverse separation of the gg pair
Recall: DIS cross section at small x for transverse polarized photons (kr factorization):

. d2k 1 — k ’
or(z, Q%) = %;eﬁ /F/o dﬁ/dz"as{[52+(1_ﬁ2)} (D,jq - KJD2q )

2
T L I G P

"\ D1y, Do ’ In the strict high energy limit, argument of the
gluon x is the same as Bjorken x

K transverse momentum of quark
k transverse momentum of the gluon

fraction of the momentum of the Dy, = k* + B(1 - B)Q* + mg ,Dyy = (K —k)*+ (1 — B)Q* + mg
/6 photon carried by the quark
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Dipole representation

Using the Fourier transforms

Q= B(1-B)Q>+m?

K Kk —k d’r . q
. _ Z TR zk r K
(qu Ds, ) o € ( )i Q 1(@ )

1 1 d?r _
- L vt —ikeT 1 — ik-r K
(qu DQQ) o € (L= Ko(Qr)

DIS cross section (kr factorization transformed into coordinate space)

or(e, @) =2 St [ae [Cap {1+ (- 9P KI@) + iR @)

X / d]:{ozs flz, k?) (1 — e ™ T (1 — ekT)

photon wave function
3 em - - -
Wi (r,3,Q°)° = 0;2 e {[52 +(1- B8)YQ K2(Qr) + miK&(Qr)}
dipole cross section

s = 2 [ fa )1 = ) (1 ey

dipole representation for DIS

o7 (2, Q?) /d2/d62|\11 (x, 8,Q%) 6, 1)

Small x physics, International School on EIC Physics, Kyoto University, 2-13 March 2026 6




Model with saturation

Golec-Biernat and Wusthoff (GBW) model

o(x,r) = 09 [1 — exp(—Qg(x)rz/Zl)]

)\
x dependent saturation scale Q%(x) = Q2 ( T )

(or saturation radius )
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Fit parameters:

60, Qo, xO, /1

For large dipoles cross section goes to a
constant

For small perturbative dipoles the cross
section is ~ ersz(x)

Saturation scale divides the dilute and
dense regions

It is x-dependent and the transition occurs
for smaller dipoles as x decreases
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GBW model and HERA data
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Golec-Biernat, Wusthoff

Q? (GeV?)

y*p cross section oy + o; from HERA
for various energies as a function of O

Dashed line: massless quarks

Solid line: m, = 140 MeV

Masses important for low values of Q?

Diagonal line: position of the saturation
scale

Successful description of the inclusive
HERA data

Good description of the diffraction
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Parton saturation and nonlinear evelution

GBW model incorporates the saturation scale which divides dense and dilute regime

How such corrections can be included within the parton evolution ?
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Nonlinear evolution for the gluon density

Linear evolution

'Fan’ diagram structure

Q IS a 2 — 4 gluon transition vertex.

'Fan’ diagrams are contained in GLR equation

0%xg(x,t) B
dtdnl/x B

A

7

8la? 1

.CUg(ZE,t) o 16 RQQQ

with t = In Q% /Q3. R target radius.

rg(x,t 2
[ g( )] Gribov, Levin, Ryskin
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Solution to the nonlinear GLR equation

Collins, Kwiecinski

gluon density

100 T ] A R L B E | | I

20

I linear -
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xG(x,Q°

- nonlinear (saturation) .

1 _l _l_llilfll I A il!lll

0001 0002 .0005 .001 002 005 01
0%xg(x,t) as N, 8la? 1
= rg(x,t) —
dtdlnl/x T 16 R?Q?

Solution to the nonlinear evolution
(with saturation corrections)

Compared to the pure DGLAP
(linear evolution)

Reduction at smallest x

The reduction depends on the
parameter R

Smaller R : stronger reduction

(5GeV~!, 5/4/2GeV)

DLLA approximation

[zg(2, 1))
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Nonlinear equation at small x: BK equation and CGC

e NUCLEAR

ﬁ? PHYSICS B
ELSEVIER Nuclear Physics B 463 (1996) 99-157

Operator expansion for high-energy scattering
L Balitsky !

Center for Theoretical Physics, Laboratory for Nuclear Science, Department of Physics.
MIT, Cambridge, MA 02139, USA

Received 11 October 1995; accepted 30 November 1995

Abstract

I demonstrate that the leading logarithms for high-energy scattering can be obtained as a result
of evolution of the non-local operators—straight-line ordered gauge factors—with respect to thc
slope of the straight line.

PACS: 13.60.Hb; 12.38.Bx; 12.38.Cy
Kevwords: small-x; pomeron; BFKL

T — T

Kovchegov approach based on the Mueller dipole
framework to BFKL

Balitsky: Wilson line operators, arrives at hierarchy of
equations, the first of which can be recast into
Balitsky- Kovchegov (BK) equation

Color Glass Condensate (McLerran-Venugopalan)
with corresponding JIMWLK equation (Jalilian-
Marian, lancu, McLerran, Weigert, Leonidov, Kovner)

NUC-MN-99/1-T
TPI-MINN-99/05

Small-z F5 Structure Function of a Nucleus Including Multiple
Pomeron Exchanges

Yuri V. Kovchegov

School of Physics and Astronomy, University of Minnesota,
Minneapolis, MN 55455

We derive an equation determining the small-z evolution of the F> structure function of
a large nucleus which includes all multiple pomeron exchanges in the leading logarithmic
approximation using Mueller’s dipole model [1-4]. We show that in the double leading
logarithmic limit this evolution equation reduces to the GLR equation [5,6].

T — EE—
NUCLEAR
Nuclear Physics B415 (1994) 373-385 PHYSICS B

North-Holland

Soft gluons in the infinite-momentum wave function
and the BFKL pomeron *

A H. Mueller
Stanford Linear Accelerator Center, Stanford, CA 94309, USA
and
Department of Physics, Columbia University !, New York, NY 10027, USA

Received 27 August 1993
Accepted for publication 8 November 1993

We construct the infinite-momentum wave function for arbitrary numbers of soft gluons in a
heavy quark-antiquark, onium, state. The soft gluon part of the wave function is constructed
exactly within the leading logarithmic and large-N, limits. The BFKL pomeron emerges when
gluon number densities are evaluated.

T — —
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Dipole picture: onium wavefunction

A.H.Mueller 94.
Heavy quark-antiquark (onium) wavefunction (without any gluons):

d?*k
lbg)@)(xoyxlam) = /(27)1 glxor’ klw(o)(kl,zl)

(I)(O)(X()axlazl Z’ngg X07X1721)‘2

Xo1 = X0 — X IS a transverse size of the ¢g - onium pair, z; = IZ—f (p
photon momentum), k; transverse momentum.

7 ,k1

X

01

X0

1—Z1 ’p_k 1
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Dipole picture: onium wavefunction with one gluon

Onium wavefunction with one soft gluon. Soft means 2, /2z; < 1 :

7, .k, z; Ky

_Zl p_k

sC td
q)(n(x()vxl?zl) — - 2F/ Z2/d2X2 xOl (I)(O)(X()vxlvzl)
70

55203512

BranChing of a Single d|p0|e X01 Into two X920, X12
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Generating functional for dipoles

Zl,kl
Wavefunction with D
n dipoles:
1-z; p-k |
) ) )
o) X)) = @) 7 .
(X07X17X27 y X -I—l) 5U(X2) 5U(X3) 5U(Xn+1) (XQ,Xl,Zl,U)’ =0

probability of finding »n dipoles at positions x,, £k =2,...,n.
Generating functional: Z(bg,x01,2z1,u=1) =1
dZ(bol, X01,Y, U) _
dy
d*x9x3, X192 X20
D) D) |:Z(b01+77x207y7u) Z(b01 — 77X127y7u) - Z(b01,X01,y,U)i|
X20%X12

_ Xp0+x _
bo1 = =57, x01 = x0 — X1
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Dipole scattering amplitude

Need to construct the amplitude for scattering of dipoles on target.
One scattering Multiple scatterings

Linear evolution Nonlinear evolution

Dipole number densities:

)
n1($017Xab - ban) — (5u(b, )Z(bthth, U)\u:1
Generally for £ dipoles:
k )

nk:H

i Zy—
=1 (SU,(bZ, Xi) | !
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Amplitude for dipole target scattering

One scattering: Multiple scatterings:

Ni(x01,bo1,Y) = /d[Pl]nl 71 N(x01,bo1,Y) = Z/d[Pk] Nk YL Vk
k=1

® ([P], = [Ii=F 2% 2}, phase space measure

2
2wwi

® . = :(xi, by) propagator of single dipole in the nucleus.

Equation for generating functional 7

l

Set of equations for densities 7,

l

Closed equation for amplitude NV

Dipole cross section vs dipole scattering amplitude: &(z,r) = 2 / d*bN(r,b,Y =1nl/z)
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Equations for the dipole amplitude

Linear equation for ‘'one-scattering’ amplitude N (A.H.Mueller 94):

dN1(bo1,X01,Y) _ 5 /d2x2 Xg1

2 2
dyY X50 X710

X20

X
[Nl(bo1+712,X20,Y)+N1(b01——,X127 Y

2

— Ni(bo1,%01,Y)

)

Dipole version of the BFKL equation

Non-linear equation for ‘'mutliple-scattering’ amplitude N (vu.kovchegov 99):

2 2
X920 X712

ay

— N(bo1,%01,Y) — N(

dN (bo1,X%01,Y) _ 5 /d2X2 X5,

X
bo1 + $7X207Y

) N(

X20

X
[N(borl-?lz, X920, Y)+N(b01—7, X12,Y

X
b1 — %,Xlzyy)

)
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Solution to BK

dN (bo1,%X01,Y) _ /d2X2 X3, X192 X920
—a, N(boi+222 %00 Y)+N(boi— 2 %15,V
Y Q Xgo X%Q (bo1+ 5 X920, Y )+ N (bg1 > X12,Y )

X X
— N(b01,X01,Y) — N(b01 =+ %7X20,Y)N(b01 — %,mey)

N(bg1,%01, Y ) - amplitude for dipole-hadron scattering

® EvolutioninY = 1In1/x rapidity X

® Need to specity initial conditions
N () (b()l, Xo1,Y = O) which depend on
the target.

® o, fixed — LLx approximation bo1

® b, impact parameter of dipole, x;
size of the dipole
— (4 + 1) dimensions

'ol = Xp1
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Solution to BK

dN(b017 X01, Y) — d2X2 X(2)1
7y — Qs 2 2

X920 X712

X12 X20

— N(bo1,%01,Y) — N(bg + 77X20,Y)N(b01 — 7,X12,Y

X X
[N(b01+$, X20, Y)—I—N(bm—%, X12,

)

Y)

Search for fixed points:

dN (b1, %01,Y) 0 ® N=1
dY

Toy model in (0 + 1) dimensions, N = N(Y):
AN ,

Verhulst or logistic equation used as a model for population growth
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Toy model: 0 transverse dimensions

® Solution to linear
part:

N1 = C’e“’Y

® Solutionto
nonlinear eqgn.:

CewY

N =
1+ CewY

N(Y) linear C=00l,0=1
20 '
15
[ nonlinear
1.0
0.5_—
R T Y
0 2 4 6 10

Nonlinear solution saturates to 1 at large Y

Vezo N(Y) ey
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Solution to BK: 1 transverse dimension

dN (bo1,X%01,Y)

dY

:@S/

d?x5 x2 X X
s [N(bm + 22 %o0, Y)+N(boy — —2,%12,Y)
X250 X12 2 2

X12 X20

— N(bo1,%01,Y) — N(bo1 + T,Xzoay) N(bg; — 77X127Y

)

® Kernel depends only on sizes x¢1, xg2, x12.

» Assume solution has translational invariance:

N (bo1, %01, Y) — N(|x01],Y)

No impact parameter b,; dependence

® Physically corresponds to uniform and infinite nucleus.
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Solution to BK: 1 transverse dimension

Rapidity dependence of N(Y,r = |xo1]):

—~ 2
> i
Z1.8 -
1.6 g linear
14 linear
1.2 - :
: non-linear
1T - S
08 08 ~ =48
06 | 0.6 -
0.4 | non-linear 0.4 -
i r=0.48
0.2 - 02 -
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18

Y

System saturates earlier (i.e. at smaller Y's ) for larger dipole sizes.
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Solution to BK: 1 transverse dimension

Dipole size dependence at different Y: 0,1.95,...,15.6

Linear scale Log scale
Sia S14

z S

12 - 12

1: 1 L

08 -

0.8
0.6 06 |
0.4 0.4 -
0.2 02 |
P I E L
0 9 10 0 =
10 10
r=|x01l r=|xo1l

N becomes O(1) for smaller dipoles as Y increases.
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Solution to BK: 1 transverse dimension

Dependence on initial conditions

Linear scale Log scale
1.4 - X4
z 4
12 - 12 -
1 i
08 - 08
06 06 .
0.4 | 04 L
0-2 \‘I, 0.2 }
e :
o S T T T T T T A T T A NI NN O
0 1 2 3 4 5 6 7 8 9 10 002
r=Ix,|
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Solution to BK: 1 transverse dimension

Dependence on initial conditions

Linear scale Log scale
1.4 - 14
< I z I
12 - 12 T
o 1
I I 74
08 | 08 - j
06 | 06 |
0.4 04 L
0.2 0o [
0 0 L
-2 -1
° 7 8 9 19 10 10 1 10
=Xy, r=lxg,|

Universal behaviour of solution for different initial condition.
N = 0 unstable fixed point
N =1 stable fixed point
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Saturation scale

Introduce saturation scale @);(Y) such that:

1 \ .
r < sty) » N <1 — dilute system
"> ol » N ~1 —— dense system

Saturation scale is rapidity dependent:
Qs(Y) = Qoexp(asA\Y)Y 7, A~ 24

Properties of BK solution are similar to the dipole cross section from
Golec-Biernat & Wusthoff saturation model (K.Golec-Biernat,M.Wusthoff 98).

2/M2
5 (r, ) EZ/deN(b,fr, Y) = o |1 —exp(—- Qj(z))
r < ﬁ — o(Y,r)/og ~ r*Q%*(Y)/4

> — o(Y,r)/og 1

Qs(Y)

2
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Scaling properties of BK solution

14 Universal shape of solution.
o Solution has property of
* (geometrical) scaling

08 -

| N(rY) = N(rQsY))
06 Qs(Y) = Qoexplas\Y) y P
At Inr+InQs(Y) = Inr+a,\Y +0O(nY)
02 -
0 B _ | Travelling wave solution
10 10 1 0

r=ix, | Soliton (m. Braun 00)

Scaling region » =~ 1/Q.(Y). For small r, scaling violations.

GBW model also has scaling property.
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Geometrical scaling

Interestingly if the dipole cross section

Small x<0.01 data for DIS

approximately has geometrical scaling, i.e.
. . . . =y 3
depends On the Comblnatlon Ofdlpole SIZe 3 10 I T TTTTT T TTTTI I T TTTTT I T TTTTT I T TTTTT T TTTT
=
OS

and saturation scale

5(,7) = 00 [1 — exp(~Q2(x)r/4)] L
= 00g(rQs(2))

The cross section should also depend on one

combined variable in the small x region

O-’Y*p(x, QZ) _ 07*79(7') S Q2/Q§(aﬁ) 10

Interestingly, data seem to support this trend

ZEUS BPT 97 o %
ZEUS BPC 95 %
) H1 low Q" 95 A
Many questions: the same data can be 1 ZEUS+H]1 high Q7 94-95 - |
described by DGLAP linear evolution - E665 Y |
i x<0.01 %ﬁf ,
. i all Q* i
Further analysis showed that DGLAP could -
preserve Scaling in the eVOlutiOn if there iS 10 -1 L L1 \HH‘ L L1 \HH‘ L L1 \HH‘ L [ \HH‘ L L1 \HH‘ L [ |
. . . .. 107 10 107" 1 10 10° 10°
scaling in the initial conditions : extended T

geometrical scaling
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BK in momentum space

dN (bo1,%01,Y)
dY

_ d*x5 x3; X192 X20

= Oés/ o N(bo + 7,X20,Y)+N(b01 — 77X127Y)
X12 X20

— N(bo1,%01,Y) — N(bp1 + 77X20,Y)N(b01 — 73X127Y)

Fourier transform to momentum space:

> dr

(k.Y = /0 W 1o(kr) N(r.Y)

r

BK equation ((1 + 1) dim.) in momentum space:

ay K’

ok, Y) _ o / W I, ) 6K Y) — 66 (h, V)

where K is usual BFKL kernel in momentum space.
Solution of the linear equation in saddle point approximation:

ko(k,Y) = Jra )1( O exp(asx(0)Y) exp (—

In*(k?/k3) )
2a5x " (0)Y

Diffusion into infrared region of momenta k
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BFKL vs BK solution

Distribution in momentum In k& for increasing rapidities

k ¢(k,y)

25 ® Suppresion of diffusion

[ into infrared for nonlinear
2 solution (k.Golec-Biernat,
s L.Motyka, A.S., 01)

® Peak moves from kg
towards larger k for
Increasing Y

® Define saturation scale as
position of maximum

1010107107107 1 10 10° 10° 10"

k [GeV] Qs(Y)

Emax(Y)

(_ 1n2(k2/k8))
kU™ (k. V) ~o e®X(OY g\ 2aax )y
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Diffusion properties of BK

Renormalised distribution:

U(k,Y) = ko (k, Y)
kmax (Y) @ (kmax(Y),Y)
Linear Nonlinear
> 225 (T T T T T T T T > 22.5 [ e Ty m
. . ﬂ;
175 - : 175 |
15 15
12.5 12.5
10 10
7.5 7.5
s s
25 25
O 4 3 2 4 0 1 2 3 4 s Os 4 3 2 4 0 1 2 3 4 s
In(k/k,) In(k/k,)
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suppression of diffusion and scaling

Nonlinear: different cuts

20

17.5

15

12.5

10

7.5

2.5

T R R R
In(k/k,)

r

Stright lines
§=Ink/ko—\Y

Scaling since solution
depends only on ¢ (when

§ < &)
Saturation scale Q. (Y)
defined by critical line &,

Diffusion to the right of the
critical line

Nonlinear equation might be replaced by the linear diffusion equation with
the absorptive boundary (a.H. Mueller, D. Triantafyliopoulos, 02)
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Relation of BK to diffusion equation with nonlinear term

BK equation can be approximated as a diffusion equation with nonlinear

term (s. Munier, R. Peschanski 03,04):

do(k,Y dk’
M) < an [ TR 6K, Y) — 4 (h,Y)

Fisher and Kolmogorov-Petrovsky-Piscounov (FKPP) equation:

Owu(t,z) = 02(t, x) + u(t, z)[1 — u(t, x)]

change of variables (Y,Ink) — (t,z) and ¢ — u
FKPP equation has travelling wave solutions at large ¢:
u(t,z) TR wle —mp (1)),

r——+00

where initial condition satisfies u(tqg,z) =~ ~ = exp(—pfz).

Travelling wave — Geometrical Scaling

Small x physics, International School on EIC Physics, Kyoto University, 2-13 March 2026

34



Running coupling

LLx approximation — &, fixed
Phenomenological way of introducing NLLx effect — a, running:

do(k,Y) dk’ : _ 2
o = %(k)/?/c(k K)ok, Y) — as(k)o(k,Y)

It is well known that linear equation becomes very unstable — large
sensitivity to the regularisation of a,(k) in the infrared.

Fixed a;: Running a;:
5 9 >
N \x/
X : M
25 - ~
2
15
10
05 -
1 10 ol Al v/ d d vl el el el M N N N S NN
10° 10'410'310'210'1 1 10 102 10° 10* 1071 10 10%10°10*10°10% 10" 10%10%10 '%0 "0 30 40 90
k [GeV] K
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Running coupling in BK with 1 spatial dimension

Nonlinear equation has much more stable behaviour:

5 ® Nonlinear term damps
diffusion into infrared

® Saturation scale Q,(Y)
provides a natural cutoff
for momenta

Ko

102:*

10?

® No dependence on the
regularisation of a,(k) in
the infrared

® Geometrical scaling still
’ holds

-1
10

Different rapidity dependence of saturation scale:

24

Qs(Y) = Aexp <\/%(Y ~Yp) +In? QO/A>

Small x physics, International School on EIC Physics, Kyoto University, 2-13 March 2026
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Spatial distribution: impact parameter dependence

® Approximated picture, densities
are averaged

® BK equationonlyin (1+1)
LY dimension, infinite size of target.

® What about spatial distribution?

Nonlinear evolution
Dense system

Saturation scale

Total size of system

>\

Size of dense system
A<—>A

~<— Non-perturbative region

Linear evolution
Dilute system

VO
]
- =
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Spatial distribution: impact parameter dependence

Total size of system .

Size of dense system |
A<—>,‘\ |

.0 %0
@ 0. @

Yl ‘...

Total size of system

Size of dense system

Impact parameter profile:

System expands in space as energy grows.
What is the spatial distribution generated from full (4+1) BK equation

Small x physics, International School on EIC Physics, Kyoto University, 2-13 March 2026
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BK with impact parameter dependence

dN (b » X 7Y de X2 X X
( OCllY 01 ) :Ols/ 22 201 [N(b01+¥,X20,Y)+N(b01 — %7)(12,)/)

X920 X712

X X
— N(bo1,%01,Y) — N(bo1 + ¥,X20,Y)N(bo1 — %,Xlz,y)

Difficult problem — (4 + 1) dimensions.
Integral measure

2 2
3 2
X920 X712

IS invariant under rotations in transverse
space

X0y, X1,X2 — O(QS)XOv O(¢)X17 O(gb)XZ

Assume that N(|b|,|r],0;Y) cyllindricaly
symmetric — (3 + 1).
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Solving BK with impact parameter

Initial conditions: Glauber-Mueller form
NO@b,60;Y =0) = 1 —exp[—r2S(b)]

where S(b) is impact parameter profile

sy = 5o ()

0
Dipole size profile: Impact parameter profile:
§§1.4 2‘21.4
21-2:’ 21.2;
1* 1
0-8; 0.8;
0-6; o.ef—
i I r=1
0.4 0.4+
0.2; 0.2:
o:_z‘ e B o:_1 S N
10 10 1 1r0 10 1 l130
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N(r,b,0;Y)

BK with impact parameter

10
- Saturation for small b’s,
10 ¢ fast growth at larger b’s
: Expansion of satured
T region with increasing
: rapidity
-3 .y .
10 - Cost = 0.0 ) ® Initial impact parameter
! r=0.1 | profile is not preserved
-7 .
10 - . .
: . ' ® Power tail ~ 1/b* is
- nput : : .
of | immediately generated
10 ! ! Lo ! ! Lo ! \ !
10~ 1 10 ] Golec-Biernat, AS; Berger, AS
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Short vs long range contribution

short long

A A
' N\ r N\

[ 0o~ x2 = bl + [ ©x2 ~ bl - o)

d2X2 (XO — X1)2

(X0 — Xx2)?(x1 — x2)*

0 0 0 0 0
' (Néz) + N1(2) _ N(§1) _ N(§2)N1(2))

r=10""

~|IRHSI

® short — exponential
behaviour, factorisation of
initial profile at small b

® |ong — power behaviour,
~ 1/b* at large b
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Violation of Froissart hound

Power tails in b — long range interaction

At large b there are contributions from large dipoles

2 ) 2
5 = dXo i
X590 X12

Fast expansion of the system leads of the violation of Froissart bound.
Instead of :

o < l(hrl 1/x)?

2
max

we have :

o = /deN(r,b;Y:Inl/x) ~ x>

Equation is conformally invariant at LLx: no mass scale

Small x physics, International School on EIC Physics, Kyoto University, 2-13 March 2026
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Dipole size dependence

Without b dependence: With b dependence:
= 1.2
>1.4 - >®1 ’
< q 4 _Input -
12 s
, , 0.1
1| 0.8 ' ]
08 06| 11
06
: 0.4 b=02
04 / Cos® = 0.0 =8
02 0.2 - |
0 0= 1 . )

® At small values of » shape similar to previous analysis.
® Fall-off at large values of r.
® Dipole is larger than the target — it misses the target.
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Dipole size dependence

Study different b:
Small b

~12

3

>

b=0.2
Cos® =0.0

® Peak around b =

Large b

b=5.0
Cos® =0.0

Y=11

® At large values of » > b amplitude independent of b.
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Conformal invariance at LLx

Integral kernel:
d?z (x — y)?
(y —2)° (x —2)°

IS invariant under Mdbius transformation:

\ax+b
Ccx4d

X

where r = x1 + iz, x = (x1,x2) (the same for y, z).

In the linear case it was shown that the solution depends on one variable
anharmonic ratio L.N. Lipatov 86.

This means that:

2.2

N(T TO) when 7,79 < b
2

N(—()) when r > b,rg

ro 1S given by initial conditions
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Saturation scale

14
4 b

12 |

08
06 |
04

02

1

0 7-2
10

3
10 1

I'=|X011|0

Saturation scale: (N(r =1/Qs,b,0;Y))g = k, k~0.5

Two solutions. Saturation, N ~ 1 when:

1

Qs(b,Y)

< r < RH<b,Y),

Ry(b,Y)~ Ry(Y)

Q.(b,Y) — b-dependent saturation scale
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Saturation scale from BK with b impact parameter

0 0 = | _1 | | 5
reix, | 10 10 1 10 10

Saturation scale: (N(r =1/Qs,0,0;Y))g = k, Kk~ 0.5
Two solutions. Saturation, V ~ 1 when:

0.7 <" < BalY),  Ru(Y)~ Eu(Y)

Saturation scale:

Q2(b,Y) ~ g(b) exp(@s2A,Y), Ay~ 2

where

g(b) = exp(—=b*/2) «— bsmall,
g(b) = 1/b* «— blarge

Small x physics, International School on EIC Physics, Kyoto University, 2-13 March 2026
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Angular correlations in BK with impact parameter

Impact parameter: 100.000 | cos(6): 1.0, -1.0 | AY: 10.0 | max Y: 50.0

08

0.6

N(y)

0.4

0.2

0.0 1l L L
10% 10° 10% 10

Berger,AS

. f G e et L] 0D Lo ol
3 102 107 10 10" 102 10 10* 10° 10°
Dipole Size

(a) cos(f) =1.0,—1.0

Dipole Size: 100.000 | cos(6): 1.0, -1.0 | AY: 10.0 | max Y: 50.0

1.0

F T
,,,,,,,,,,

0.8

~ 06

0.4

0.2

10 102 10°
Impact Parameter

(a)cos(f) = 1.0,—1.0

N(y)

N(y)

Impact parameter: 100.000 | cos(6): 0.0 | AY: 10.0 | max Y: 50.0

0.6 -
04

0.2

0.0 [ Crvd il vl . Wuw

10% 10®° 10* 10° 102 10" 10° 10" 10> 10° 10* 10°
Dipole Size

(b) cos(6) = 0.0

Dipole Size: 100.000 | cos(6): 0.0 1 AY: 10.0 | max Y: 50.0

1.0

7777777777777

0.8

0.6

0.4

0.2

10° 10 10? 10°
Impact Parameter

(b)cos(6) = 0.0

A

Angular correlations present in the
solution

Amplitude larger for aligned
configurations of the dipole

Could be relevant for the angular
sensitive observables

Possible sensitivity through diffractive
dijet in photoproduction/DIS

Hatta,Xiao,Yuan;
Altinoluk,Armesto,Beuf,Rezaeian;
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Next to leading order calculations at small

Impressive progress has been achieved in

First NLL calculations in small x .
t calculations of hard factors at NLO e.g.:

NLL BFKL equation: Fadin,Lipatov;

Camici,Ciafaloni : . o
e ' Photon-gluon impact factors: Balitsky-Chirilli;

Total DIS cross section in dipole
framework: Beuf: Hanninen et al
Heavy quarks in DIS: Beuf, Lappi, Paateleinen

NLL calculation for the nonlinear evolution Vector mesons in DIS: Boussarie et al,
Mantysaari,Penttala

Dihadrons/jets in DIS: Caucal et al, Bergabo,

Jalilian-Marian, Taels et al
NLL calculation of BK equation: Balitsky-Chirilli Diffractive DIS: Beuf et al

NLL calculation of JIMWLK equation: Diffractive dijet: Boussarie et al, lancu et al

Kovner, Lublinsky, Mulian Photon+dijet in DIS: Roy, Venugopalan
inclusive hadron production in pA : Chirilli et
al;

single jet production in pA: Liu et al
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Fits to DIS structure function from rcBK

Successful fits to DIS structure functions. Example running coupling(rc) LL BK (no b dependence)
Albacete, Armesto, Guilherme Milhano, Salgado

Impact parameter is integrated out

Initial conditions: and enters as a parameter
GBW-like : o(r,Y)=o0oN(r,Y)
T2 2 Y

N("”vY:O)Zl—eXp[_< 4SO> ]

McLerran-Venugopalan
(MV)-like

202\ 1
N(r,Y =0) = 1—exp[—( 4‘90) ln(TAQCD—I_e)]

fit parameters:

* 0y : total normalization

. 520 saturation scale at the initial scale

. .. L . 2 127
e y: anomalous dimension in the initial condition Qg (r ) —
. . L. 11N. — 2N, 1 4C'2
e C: parameter relating running coupling in ( c f ) 11( r2AZ )
coordinate space to momentum space «
* Additionally: freezing parameter for the coupling at
large dipoles
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Fits to DIS structure function from rcBK

Albacete, Armesto, Guilherme Milhano, Salgado

0.6
0.5

F 0.4
2 0.3

0.2

0.1

Q%=0.11 GeV?

e

¥

Q%*=0.5 GeV?
1.2
1
F 0.8 E
2 0.6
0.4
0.2

M
Q%=1.5 GeV?

Q%=2.5 GeV?
16 + + +
1.4

1.2

o
00 =

° o
2225

Q’=5 GeV? Q’=10 GeV*

N o
N N

m
N

fj,f

Q’=20 GeV>

initial conditions |
solid: GBW
dotted: MV

Q’=50 GeV?

m
N

-

Q’=80 GeV? Q°=120 GeV*

mrars /

m
N

=

OCO0O ==aad NOCOO == aa NOOCOO ==aa
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Q’=250 GeV? Q*=450 GeV?

d
N

N 10" 10 N 10" 10°

x

-y
°| -
[
-y
(=]

X

-y
o

F

0.8
0.6
0.4

0.2

data: H1 (PLB665, 139; x-averaged)
solid: GBW initial conditions
dotted: MV initial conditions

——

—_——

“10““20““30‘ “40““50““60““70“‘

P TR A
80 90
Q? (GeV?)

04 data: ZEUS (0904.1092; unconstr. errors)

0.35
0.3
0.25

0.2

0.15

0.1
solid: GBW initial conditions

dotted: MV initial conditions
L | L L L | L L L | L L L | L L L

40 60 80 100" 22 (GeV?)

0.05

N
o

Initial condition | o (mb) | Q?, (GeV?) | C? o x%/d.o.f.

GBW 31.59 0.24

5.3 | 1 (fixed) | 916.3/844=1.086

MV 32.77 0.15

6.5 1.13 906.0/843=1.075

N(") | wvic. (dashed)

GBW i.c. (solid)

x=10"2, 5x10®, 5x10°°
0.8

0.6
0.4

0.2

z
i

10"
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Fits to DIS structure function from rcBK

Albacete, Armesto, Guilherme Milhano, Quiroga, Salgado

fit X : 2 ] | c 2 : .
dof | %s0 | 90 | 7 | Ste | 0 | 7 i Fits with heavy quarks
GBW
a | ap=07 1.269 || 0.2294 | 36.953 | 1.259 | 0.2289 | 18.962 | 0.881 | 4.363 | fixed with LL rcBK required separate
a’ || afr=0.7 (A, ) | 1.302 || 0.2341 | 36.362 | 1.241 | 0.2249 | 20.380 | 0.919 | 7.858 fixed
b || af=0.7 1.231 || 0.2386 | 35.465 | 1.263 | 0.2329 | 18.430 | 0.883 | 3.902 | 1.458E-2 parameters fOI' heavy quarks
c || ap=1 1.356 || 0.2373 | 35.861 | 1.270 | 0.2360 | 13.717 | 0.789 | 2.442 fixed
d || ap=1 1.221 || 0.2295 | 35.037 | 1.195 | 0.2274 | 20.262 | 0.924 | 3.725 | 1.351E-2
MV
e || ap=0.7 1.395 || 0.1673 | 36.032 | 1.355 | 0.1650 | 18.740 | 1.099 | 3.813 fixed
f || apr=0.7 1.244 || 0.1687 | 35.449 | 1.369 | 0.1417 | 19.066 | 1.035 | 4.079 | 1.445E-2 | Comparison with data on F2c and o, |
g || ap=1 1.325 || 0.1481 | 40.216 | 1.362 | 0.1378 | 13.577 | 0.914 | 4.850 fixed e Q=15GeV? " wDataF, I F=20GeV’ '
h [ ap=1 1.298 | 0.156 | 37.003 | 1.319 | 0.147 | 19.774 | 1.074 | 4.355 | 1.692E-2 o : o £ 1 b 4
0.05F ° _;E L ° 5 E
_ : 0,6%_ Q=4 GeV? E Q=65 GeV? :
Fit with only light quarks Fit including heavy quarks o4 £ * ]
155 Q?=0.85GeV?  mData & Q%=2.0GeV? 3 15 QP=0.85GeV?  mData = Q%=2.0GeV? i o2 ® s . , E3 °
1% .Theoryé E 1% * Theory 3 E osb  QP=8.5GeV? o116V ' i
OrO.Si" e g e . . _é; -.l.l-- - - E Oro_sij' ™ g o . _EE ‘.I-I-. a E 0:4; é: * i
- , , — , = : , = , E oz n e E ‘¥ . ]
1sE QP=4.5 GeV? T Q%85GeV E 155 Q°=4.5 GeV? = Q*85GeV? E : P12 GeV? ] QP20 GeV? :
1; '..... i; RE, . E 1; '..-.. 7; Rey . E Zj: = e+ E =20 Ge
Gro,sg— Bmg _fz - E 0ro,sg— By E em E 0_25_ '!ii‘=i £ LI
1s- Q2=10.0 GeV? = @=120GeV E 15 Q?=10.0 GeV? & Q’=120GeV’ E osb  OP=25GeV? = Q*-30Gev?
s Q=150 CeV? E reoneys Gey® : s Q=150 Gov* E reney: Gey’, | ; s AS0GeV § ooV *
g = 3 "u E g "y = = 3 04F E . 3
O 1; -.-.'. E -...I E O, 1? ...I E ....I E 0'2;_ -... _: *iQ* E
15; Q°=35GeV’ Wy _ 3 Q=45GeV g, ; 150 Q=35 GV’ Wy 3 Q=45GeV?  m ;
107 10 107 X 102 : 10 107 X 10°2 : 107° 10" 107 X 102 : 10 107 X 10°2 :
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Fits to DIS structure function from rcBK at NLL

Beyond rcBK, including

kinematically improved BK

and NLL impact factors

Including NLO impact
factors for heavy quarks

Consistent description of

charm within the
dipole+rcBK framework

100 L KCBK, AY =0.58

E — KCBK, AY =5.18
[ --- ResumBK, AY = 0.58
10—1 L - ResumBK, AY =5.18
E o TBK, AY =0.58
Lo TBK, AY =5.18

= 10—2§
10—3§
104%
e
r (fm)
dipole amplitude

Beuf, Hanninen, Lappi, Mantysaari; Hanninen, Mantysaari, Paatelainen, Penttala

Data Qs Yo,BK x°/N |Qio C 00/2 Q:(Y =1n 547)
[GeV?] [mb] [GeV?]
HERA |parent In o1 1.85| 0.0833 3.49 0.98 9.74 0.11
light-q |parent In 557 1.58] 0.0753 37.7 1.25 18.41 0.11
HERA |parent 0 1.24] 0.0680 79.9 1.21 18.39 0.20
light-q |parent 0 1.18] 0.0664 1340 1.47 27.12 0.14
HERA |[Bal 4+ SD| Inggp 1.89| 0.0905|  0.846 1.21 8.68 0.13
light-q |Bal + SD| In g4 2.63| 0.0720 1.91 1.55 12.44 0.11
HERA |Bal + SD 0 1.49| 0.1114 0.846 1.94 8.53 0.26
light-q |Bal 4+ SD 0 1.69| 0.1040 2.87 7.70 12.09 0.14

TABLE I: Fits

to HERA and light quark data with the Kinematically Constrained BK evolution (KCBK).

=
(S
T

2.8-107°
4.3-1075
5.9-107°

S e i =
o — RO W N
T T T T T

8.8-10°
1.7-10~%
2.2.1074
4.0-1074

——e—— 13-107%
——e—— 32-107%

— e 54-107%

6.9-107%

9.6-1074
2.4-1073

— e 16-1072

7

(=]
—
R
—

® Hl data

— KCBK fit
-- ResumBK fit
----- TBK fit

~710.0
Q? (Ge\/Q)

100,

longitudinal structure function

0.45
0.40

0.351

0.30
Q
bs: 0.25
0.20
0.15
0.10
0.05

charm structure function
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Studying saturation at EIC with nuclel

x DENSE @ x [fixed Q]
e REGION o —
=|s =
R & DENSE
= & REGION
() A
>
E BK/JIMWLK
2 )
= DILUTE
| g REGION
, R
§ DILUTE
= REGION

In Aqcp In Q In A

Can we study explore the saturation with EIC ?
The dense regime can be reached in two ways: small x and/or large A

(A% 2g(2,Q?)  al(Q?) 1\
cazs e T @A

- J

R - A1/3

Nuclei provide enhancement of the density : opportunities to test saturation at EIC
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EIC sensitivity to saturation scale

10 . ,

i /S /QQ S
i SHYSIESIES
B < < /£ 7L
o o S O
B %/'/ % //% %
O, O ,O0 0
n ODQ/. (\9 /\Q 15
. /
J /
u / /
/
N; 7 /’
/
) / ,/ perturbative
g 1E / ) Q2 non-perturbative
(Q\| : / // S,qua
o ' 4
B / G
. /
- / ed.
. / /,
_ / N p
/ /
N /7 /
/ / ’ €q;
— /' / lan b
/7 4 o
. /
/./ // ’ medlan b
10-1 | /I | I.""Illll | | ||||||| | | L1 1111
5 -4 -3 2
10 10 10 10
X

EIC sensitive to perturbative saturation region in scattering with heavy nuclei.
Shown: median b-impact parameter.
Exclusive processes can be sensitive to different b.
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BK for the nucleus

One can apply the BK to the case of nucleus, simply by modifying the initial conditions

AD D relation between the dipole cross section and the dipole
o (T) — O-ON (T) amplitude for the proton (impact parameter integrated over in
the prefactor)

In the dilute limit, small dipole sizes (corresponding to large scales) dipole nucleus cross section
should go into incoherent sum of dipole-proton cross sections

o A (T) — A5P (7“) (impulse-approximation)
On the other hand the dipole-nucleus amplitude should be limited

N A (’r, b) <1 (b:impact parameter for nucleus)

For example one can take the following model

ATA (b) a_p)
2 with T A (b) nuclear profile

N4 (r,b) = {1 — exp(—

64 (r) = 2/d2bNA(r, b)
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Testing saturation through inclusive structure functions at EIC

Study differences in evolution between linear DGLAP evolution and nonlinear evolution with saturation
Matching of both approaches in the region where saturation effects expected to be small
Bayesian reweighting method using NNPDF replicas. Matching in the region: 0% ~ 10 Q (x)*

Quantify differences away from the matching region: differences in evolution dynamics

FBK __ 17'Rew
2. L 2. L
FBK
2.L
proton proton
Armesto, Lappi,Mantysaari,PaukkunenmTevio F> difference (%) F, difference (%)
60 60
102 i
10 10
N N
> >
)] )]
S 0 S
N N
O 10t S
-10
-4 —3 -2 60
10 10 10
X

Dark line indicates the matching between DGLAP and BK evolution

Proton: difference between DGLAP and nonlinear are small % for F and up to 10% for F7.
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Testing saturation through inclusive structure functions at EIC

FBK __ 17Rew
2.L 2. L
FBK
2. L
Armesto, Lappi,Mantysaari,PaukkunenmTevio 197 AU 197 A4
F- difference (%) F, difference (%)
60 60
102

10 10
0

QO
>
)
9 ]
~
QO 10!
-10

-10

-60

L -60
104 103 1072

104 103 102
X X

Heavy nucleus: difference between DGLAP and nonlinear are few % for F3' and up to 20% for F;.

Second observable will significantly help constrain the model(s) for the evolution
Longitudinal structure function can provide good sensitivity at EIC
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Exclusive vector meson photo and electro-production

Weiler; Ryskin; Jung, Schuler, Terron; Nemchik, Nikolaev Zakharov...

%
Yp = Vp
gap “/*\W\( il E . ):“ m T >: Vi=J/b,é,p
¥ " Brsvee|” |7
i gap S
Exclusive (photo)production of vector mesons , ; , ,
Mass of the heavy vector meson provides a hard scale v = (Q7+ Mjy) /(W™ + M)

Process sensitive to square of gluon density

2 = (Q*+ M2,,)/4
Explored at HERA collider Q (@7 + M) /4

Lowest order perturbative formula for electroproduction

. do Pee M3y as(@) 517 Q?
Ryskin G P Jp)| = [ oL xg(:v,Q)] 1+M3/¢

Can test dynamics at low x and different A if nuclear targets are involved
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Exclusive vector meson photoproduction

Measurements in ep

Rise in the slope of the
energy
with the scale of the process

o~ W?°
0 ~ 4(ap(t) — 1)

a,(t) = a,(0) + o't

Transition from
soft to hard
phenomena

-t
o
N

Cross _§ection (ub)

i W Oyor(YP)
Mo ofyP — pP)
S oW

+@
% oo o(yp — wp)

00()0 o

Y ¢ ° ol1p — op)

= ZEUS
e ZEUS
O Hi

% HERMES ofyp — y(2S)p)

O fixed target

o(yp — Y(1S)p)
arXiv: 1001.3241

10

10

W (GeV)
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Exclusive diffractive production of vector mesons

Nikolaev,Zkharov; p,d,J/P,Y production
Strikman,Frankfurt,Rogers; 7" V
Levin et al;

Munier,Mueller,AS;
Motyka,Kowalski, Watt;
Berger,AS;
Armesto,Rezeaian;
Lappi,Mantysaari,Schenke;...

Cross section

do
[E — 167’("14( 7Q)|2J

amplitude r dipole size

[ Az, A, Q) Z /d2 /dz Uy e (1, 2, QX)) N (2,1, A) \th (r, j b impact parameter

dipole cross section

: tum transf
odip(z,r) = ImiN(z,r,A =0) A o R
dipole amplitude - (1 _ Z) fraction of the longitudinal
Y
Nz, A) = 2/d2b N(z,r,b) GiAb momentum of the photon
7 T carried by the quark (anti-quark)
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Exclusive photoproduction of JA

Penttala, Royon

Calculation of the processes y+p—J/w+p and y+ Pb — Jly+ Pb
using linear BFKL and non-linear BK evolution
02 100 100 10 1008 107 102 10 100 10 108 107
—_ BK 7 —— BK /,,
——- BFKL L . 106 o L /// ,,/-
108 ==+ BFKL (adjusted) ] BERL- Ragtad
¥ ZEUS === BFKL (adjusted) ,,’ 7
T m = I ALICE et
% ALICE % o P OMS P
_ 2 b b
10°F T —>J/1/J P 1 i { T+ —>J/7,D+P == BFKL (adjusted) Q2 — 0 CoV2
{ 4 { QZ — () QeV?2 0.2 I ALICE
i Q" =0 GeV® v FoCMS
107 107 o 107 107 o0 107 10° 10t
W [GeV] W [GeV] W [GeV]
(a) Proton. (b) Lead. (c) Nuclear suppression factor.

Proton target: non-linear effects are negligible, linear evolution describes the data

Lead target: non-linear evolution closer to the experimental data
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Exclusive photoproduction of Y

Penttala, Royon

Calculation of the processes

using linear BFKL and non-linear BK evolution

104

rp
102 103 104 1075 1076
— K | | | |
10'F == BFKL 7
= = BFKL (adjusted) g
¢ ZEUS
¥ m
. I LHCb
= i OMs
o 10°
y+p—=T+p
{ Q? =0 GeV?
1L .
ST 103
W [GeV]
(a) Proton.

y+p—->Y+p and
xrp
Lo 1072 1073 10°* 107° 1076
— BK ,,/
—-== BFKL _-
P4

——— BFKL (adjusted)

=103

=)

B

~+Pb— T+Pb

102 L Q2 =0 Ge\/2

102 10°
W [GeV]

(b) Lead.

104

y+Pb— Y + Pb

1072 1073 10°* 107° 1076
1.0 — : : : :
0.8t
6 0.6
~
S04t
— BK
0.2} === BFKL Q* =0 GeV?
——— BFKL (adjusted)
0.0 103 104

W [GeV]

(c) Nuclear suppression factor.

Proton target: non-linear effects are negligible, linear evolution describes the data

Lead target: predictions from BFKL and BK are closer together, nonlinear effects small

Higher scale: smaller nonlinear effects
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Angular correlations in small X/CGC physics

* Transverse momentum from the
target can lead to the modification
of angular correlation between
the two produced hadrons/jets (at
forward rapidities)

* Broadening of angular correlation
should be present even in linear

BFKL due to the diffusion of the
transverse momenta at low x

* In the dense regime decorrelation
due to multiple scatterings and the
saturation scale being dependent
on x and A
Marquet; Albacete, Marquet
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Angular (de)correlations in saturation

single inclusive cross section (at LO)

d?bd?py dyn

z_% [Dh/q(zl)prf (xp)FfBg (kJ-)

dgPA—hX /1 dz
z

h

+ a9 (wp) Fr, (k1) Dagg(21)]

differential cross section for two-particle production

(pA—rh1h2) 5
docorr. _ / le dZQ CAES [gqu<gjp)f(z)
dyn, dyn,d*p11d?pay 22 22 §? a9

x H{") (Dhyq(21) Dhyyg(22) + Dhyyq(21) Dy jg(22))
“"xpg(xp)*’rég)]_]é?l)hl/g(Zl)th/g(Z2)] ;

9(z), q(x) collinear PDFs in the projectile
F, (kr), Fy, (kr) gluon distributions in the target
Dy,/q(2), Dpyg(2) fragmentation functions

di-hadron correlation
f do-pA—>h-1h2
|p1J_|a|p2J_| dy1 dyz dzpu_ d2p2J_
C(A¢p) =

f dO.pA—>h1
|p1J_| dy1 dzpu_

Test in dA or pA collisions

picture from STAR collaboration
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Dihadron correlations: saturation and Sudakov included

Transverse mom. imbalance
ki =kl + koo

: . : Relative transverse mom.
Including Sudakov effects in CGC calculations: 1

P = §|/€1¢ — ko |

ki1

Mueller, Xiao, Yuan

ko | Large logarithms:
dotbiy ") _ [dadna [2pq(zf) 7 g 1H2(PJ2_/163_)
dyn, dyn,d*prLd*pay B Z% Z% 52 »
x H) (Dhl 1a(21) Dy 1g(22) + Diya(21) Diy a(22)) Sudakov effects factorize
. . z)
+2pg (2 ) F ) H Dhyjg(21) Dhayg(22)] Modify functions VN (

Normalized forward dihadron angular correlation compared with the STAR data (also normalized)

0.8 | © pp [2.0,10.0], [1.0,10.0] ] 0.8 - | O dAu peripheral, [2.0,10.0], [1.0, 10.0] . 0.8 - | O dAu central, [2.0,10.0], [1.0, 10.0] .
- |[—rp, GBW, c(b) = 0.25, Snp % 3.3 1 L | —— dAu, GBW, c¢(b) = 0.45; Snp x 3.3 i L | —— dAu, GBW, ¢(b) = 0.85; Snp x 3.3 ’

0.7} o |

24 26 28 3 32 34 36 38 4 24 26 28 3 32 34 36 38 4
A¢ Ag
In pp Sudakov eftects are very important AS, Wei, Xiao, Yuan
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Predictions for pA

Normalized forward dihadron angular correlation in pA

Distributions become flat for lower p;

Still pA always flatter than pp

1.2

1.2

- | ——1[1.0,1.5], [1.0,1.5]
L | —[2.0,2.5], [1.0,1.5]
- | —[3.0,10.0], [1.0,1.5]

Solid: pp
Dashed: pAu

A¢

= T T T A A A A I~
24 26 28 3 32 34 36 38

- | ——[2.0,2.5], [2.0,2.5]
- | —[2.5,3.0], [2.0,2.5]
- | —[3.0,10.0], [2.0,2.5]

Solid: pp
Dashed: pAu

1.2

1.2

- | ——[1.5,2.0], [1.5,2.0]
| —[2.5,3.0], [1.5,2.0]
- |——[3.0,10.0], [1.5,2.0]

Solid: pp
Dashed: pAu

Ag

N T T T N T A A~
24 26 28 3 32 34 3.6 38

- | —[2.5,3.0], [2.5,3.0]
| | —[3.0,10.0], [2.5,3.0]
- | —[3.0,10.0], [3.0, 10.0]

0.4 1,

Solid: pp
Dashed: pAu

AS, Wei, Xiao, Yuan 24 2.6 2.8 3 32 34 3.6 3. 24 2.6 28 3 32 34 36 38
A¢ Ag
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Di-hadron correlations in pp,pAlpAu

PHYSICAL REVIEW LETTERS 129, 092501 (2022)

Evidence for Nonlinear Gluon Effects in QCD and Their Mass Number
Dependence at STAR

The STAR Collaboration reports measurements of back-to-back azimuthal correlations of di-z"s
produced at forward pseudorapidities (2.6 < n < 4.0)in p + p, p + Al, and p 4+ Au collisions at a center-
of-mass energy of 200 GeV. We observe a clear suppression of the correlated yields of back-to-back 7°
pairs in p + Al and p + Au collisions compared to the p + p data. The observed suppression of back-to-
back pairs as a function of transverse momentum suggests nonlinear gluon dynamics arising at high parton
densities. The larger suppression found in p + Aurelative to p + Al collisions exhibits a dependence of the
saturation scale Q2 on the mass number A. A linear scaling of the suppression with A/ is observed with a
slope of —0.09 £+ 0.01.

] 1.5
x10™
5. 2200 GeV, NN - 200X STAR STAR  |s,, =200 GeV, NN — 7xx°X
NN ’ T 37!3
8- pl'°=2-2.5 GeVic, p**=1-1.5 GeV/c i 26<n<4, A E[5,5]
26<n<4 . ptT“9=1 5-2 GeV/c
E 0 4 O SR p2Ss0=1-1.5 GeV/c
O O + +4 O ©c | TVrea T
I O_I_-I-****-l-,._oo o | e * P=-0.09 = 0.01
9 * * * * ok 4 = '~"'[ -----
4-@ % * * + 2 O -'C_U' B T -~
+ X *Tt o | T
‘ L S I S R m ~~~~~~~~~
0.4l p"'g—253GeV/c pE=2-2.5 GeVic *-..
| Opp  *pAl * pAu 05_
03 P Al Au
= L
s - i # | | | | | | | | | | |
N 0.2k % # $ 1 3 5
' * $ A3
o 43 44
s 5 4 Clear suppression observed in pA, scales with A
A¢ [rad]
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Testing saturation through (de)correlations of hadrons in eA

Azimuthal (de)correlations of two hadrons (dijets) in DIS in eA: direct test of the Weizsacker -Williams
unintegrated gluon distribution

do_fy*—l—A—>h1 +ho+X

C(Ap) =—rt
( ¢) dafSyII;'_IJSA_)hl—i_X dzhlethAqb
dzhl

dO-’Y*+A—>h1 +ho+X
~ F(xg,qr) @ H(2g, k1T, kor) @ Dy(2n1/2q, P117) ® Dy(2R2/ 24, D2T
dzp1dzn2d*praTd®phar (g, 4) (2g, kar, ko) ® Dq(zm /29, 1m) @ Do(2n2/ 2q, p2r)
0.50 T T I' | T T T | T T T | T T T | T T T | T T T |

[ p® > 2 GeV mep i
| trig assoc oep smeared ||
; . P >Dp > 1 GeV R
> Clear differences between the ep and eA: suppression 0.40pF ™ = *eAu ]
. . . - 0.2 <2, 2;7°° <04 oeAu smeared |-
of the correlation peak in eA due to saturation effects - . 1
(including the Sudakov resummation) S 0301 290 Gev -
< i 1
: : QO 020 .
> Further observables: azimuthal correlations of - 1
dihadrons/dijets in diffraction, photon+jet/dijet. 010 [ ]
> Possibility to test various CGC correlators [ ]

000 I T T T S T Y Y B

2 2.5 3 3.9 4 4.5
Yellow Report A¢ (rad)
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