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o How does the QCD structure of hadrons evolve with

increasing energy?
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o How does the QCD structure of hadrons evolve with

increasing energy?

o How does the structure of a free proton change when

it's bound inside a nucleus?
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DIS within the color dipole picture

@ ~*p cross section

a;f[’(x, Q%) = Z/dzr/dz|\ll*\ll|fT7Laqg,(>?, )
f

@ Dipole-target cross section

Taa(x, F) = 2/d2bN (x, 7, 5)

@ Structure function F;

Q2

Fa(x, @) = 2 5= (o7 "+ 01"
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Diffractive DIS

o Diffractive structure function FD(3

FPO Q% Boxe) = Foo i+ For + Foer

Q@ + Mi

T rwe
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Diffractive DIS

o Diffractive structure function FD(3

FY(Q, B, xe) = Foyu + Fayr + Farg,7

@+ Mi. Q2

X = o we

° FZD(3)(Q27 B, xe) has a different sensitivity to the dipole-target amplitude (especially
in the gluon part) than the inclusive F>
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Balitsky—Kovchegov equation in QCD phenomenology

@ BK phenomenology has been successful in description of inclusive observables using
the Ansatz

N (x, 7, E) — N(x,r)

@ We are interested in the next step of the full N (x, F, 5) evolution

N (X, r, E) — N(x,r, b)
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Balitsky—Kovchegov evolution equation (at LO)

@ Evolution of the scattering amplitude N of a qg dipole off a hadronic target.

— Dynamical balance between the gluon emission and recombination.

aN(rxy,bxy,Y / A7 K rxy,rxz,rzy)[/v(rxz,bxz,v)+/v(rzy,bzy,v)

“N(ry, bay, Y) — N(rse, bxs, Y)N(Fsy, bay, Y)]

o Dipole and the target hadron are interconnected

— evolution of the dipole structure gives information about target structure
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Evolution kernel

@ Describes the probability of a gluon emission.

o Different approximations of the calculation lead to several forms of kernels
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Evolution kernel

@ Describes the probability of a gluon emission.
o Different approximations of the calculation lead to several forms of kernels

@ Running coupling kernel el

e as(r)N¢ [ r? 1 as(r?) 1 (as(r3)
K =V ey T, o —1)+ = ~1
() =50 gt e \asd) ~ 1)t 2 \as(p)

(). Balitsky, Phys. Rev. D 75 (2007) 014001
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Evolution kernel

@ Describes the probability of a gluon emission.
o Different approximations of the calculation lead to several forms of kernels

@ Running coupling kernel el

Ke(r. . ) = 25(7)Ne {i L1 (asm 1) L1 (as(rf) -

2 2,2 2 2\ 2
2m r2rz 2 \as(r?) rs

o Collinearly improved kernel Bl

. as r2 r2 +asA;
K (rnn)=5-55 {7} Kbia (M)

T o r2r? | min(r?, )

O_zsp2

r2

V= > 2
Koua(p) = A(2y/asp ), L,,=In (r, )

(). Balitsky, Phys. Rev. D 75 (2007) 014001
BIE. lancu et al., Phys. Lett. B 750 (2015) 643; A. Sabio Vera, Nucl. Phys. B722 (2005) 65
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Implementation of impact-parameter dependence

@ The equation is solved using a new initial condition that takes into account the

location of the end-points of the dipole

24
- b2 b2
T(bQI7b‘72):eXp< 23) +exp< 2?)

N(F,b,Y =0) = 1—exp[ 105 ZT(bql,bz)]
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Implementation of impact-parameter dependence

@ The equation is solved using a new initial condition that takes into account the

location of the end-points of the dipole

24
. R b2 b2
T(bqlaqu):eXP< 23) +exp< 2(732)

N(f,E,v=0)=1—exp[ ] ZT(bql,b@)]

2l

@ The r behavior mimics the models

for the b-independent dipole

o|
Ui

amplitude.

@ The b behavior contains an
exponential fall-off for dipole-ends

far away from the target.

proton

BIG



The problem of Coulomb tails

o Evolution with an exponentially falling initial condition and K™ (dashed lines)

increases the contribution at large impact parameters into a power-like growth.

» Complications for phenomenological applications.

@ Evolution at high-b can be suppressed by suppressing large daughter dipoles.

Scattering amplitude for r = 1.0 [GeV™!]

N(r=1.0,b,Y)

Initial condition N(b, Y = 0)

Nalb, Y = 1)
1075 § — Nalb, Y = 3)

— Ng(b, Y = 10)
10-6 ] Nrelb, Y = 1)

—= Neelb, Y = 3)

—-= Nelb, Y = 10)
1077 T T

107! 10° 10t 102

b [Gev~1]

J. Cepila, J. G. Contreras, M. Matas; Phys. Rev. D 99, 051502
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The problem of Coulomb tails

o Evolution with an exponentially falling initial condition and K™ (dashed lines)

increases the contribution at large impact parameters into a power-like growth.

» Complications for phenomenological applications.

@ Evolution at high-b can be suppressed by suppressing large daughter dipoles.

Scattering amplitude for r = 1.0 [GeV™!]

@ Using the collinearly improved kernel
~~ K< (full lines)

> Large daughter dipoles are suppressed as

N(r=1.0,b,Y)

Initial condition N(b, ¥ = 0) a result of time-ordering of the emissions.

Neilb, ¥ = 1) .

10754 — Ntb, Y =3) > Suppression by several orders of

—— Ng(b, Y = 10)
1076 Nre(b, ¥ = 1) magnitude at large b.

== Ne(b, Y =3)

—-= Nel(b, Y =10)
1077 T T

107t 10° 10t 102

b [Gev~1]

J. Cepila, J. G. Contreras, M. Matas; Phys. Rev. D 99, 051502
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Modification of b-BK to the nuclear case

o Glauber—Gribov approach (b-BK-GG)

> Solution of the b-BK for proton target coupled to Glauber—Gribov prescription
1
NéG(’va by, Y) = {1 — exp (*5 Ta(bxy)oqa(Y, ”xy))}

oqq(Y, ry) = /dzbZNP(erv by, Y)
> Nuclear thickness function Ta(bx,) obtained from a Woods—Saxon distribution

> Approach followed in other studies, however the compatibility of BK + GG not clear
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Modification of b-BK to the nuclear case

o Glauber—Gribov approach (b-BK-GG)

> Solution of the b-BK for proton target coupled to Glauber—Gribov prescription
1
NéG(’va by, Y) = {1 — exp (*5 Ta(bxy)oqa(Y, ”xy))}

oqq(Y, ry) = /d2b2Np(er, byy, Y)
> Nuclear thickness function Ta(bx,) obtained from a Woods—Saxon distribution
> Approach followed in other studies, however the compatibility of BK + GG not clear
o Nuclear BK evolution (b-BK-A)

> The initial condition represents a specific nucleus

1 Q2(A)
NA(erva%Y:O) =1-—exp |:2 504 rfyTA (bgy, bg,)

Ta (bgys bgy) = k[Talbg,) + Ta(bg,)]
— Ta(bg;) uses the Woods—Saxon distribution
> Initial nuclear saturation scale QZO (A) obtained from the comparison of nuclear F, at

the initial condition to EPPS16 predictions.
T



Predictions for proton and nuclear structure functions

using the b-dependent Balitsky—Kovchegov equation
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DIS: Proton structure function F(x, @?)

@ Good agreement with the data measured at HERAM.

@ Results obtained without any additional ad-hoc terms (or parameters) needed to

describe the data correctly.

10% 5

1034

102 —

Fa(x, Q?)

Q?=12.0 GeV2 *2°
Q?=2.7 GeV2 * 2%
Q?=3.5GeV2 * 22
Q?=4.5GeV2 *23
Q?=6.5 GeV2 * 2*
Q?=8.5GeV? * 25
Q?=10.0 GeV? * 26
Q?=12.0 GeVv2 * 27
Q?=15.0 GeV? * 28
Q?=22.0 GeV2 *2?
Q?=35.0 GeV2 * 210
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Q?=90.0 GeV?2 * 212

107t
10°°

1073

107*
X

1073
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DB, J. Cepila, J. G. Contreras, M. Matas; Phys. Rev. D 100, 054015

[4]H1, ZEUS: JHEP 01 (2010) 109.
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DIS: Nuclear structure function Fo(x, @?)

@ A sizeable difference between the b-BK-GG and b-BK-A approaches

— the difference clearly depends on x, Q?, and also A

100
---- b-BK-GG — Q2=2.0 GeV?
807 — b-BK-A —— Q2=10.0 GeV?
G 60T
X
S
20

o

o
©

1074 1073

J. Cepila, J. G. Contreras, M. Matas; Phys. Rev. C 102 (2020) 044318
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Diffractive DIS: proton structure functions and the reduced cross section

@ A reasonable agreement with the HERA data on the diffractive reduced cross section.

@ Results obtained with b-BK amplitudes predict smaller proton F2D(3) compared to

other models.

o 01 5 006
% 009F- Q°=85CeV", =043 9, [ — longitudinal b-dep ¢iBK
E:; E — b-dep ciBK {« 005/~ - transverse &= Zie\’?
< 008 ---- b-CGC 0k Xp =10
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E ~. o ¥ Hidata 0.04—
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003 n
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0.01 F ) . <
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DB, J. Cepila, J. G. Contreras, V.P. Goncalves, M. Matas; arXiv:2009.14002
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Diffractive DIS: nuclear structure functions

@ Results of the b-BK-A approach are shown for Ca and Pb at low Q? and large
o FP ratio slightly larger for heavier nuclei

@ ggg component (green line) strongly suppressed at larger A.

} b-dep ciBK-A — - longitudinal b-dep ciBK-A — - longitudinal
r Q% =2 GeV? - - - - transverse Q% =2GeV? - - - - transverse
il p=08 e AQ p=08 “ qag
£ full full
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DB, J. Cepila, J. G. Contreras, V.P. Goncalves, M. Matas; arXiv:2009.14002
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Conclusions

@ The collinearly improved kernel suppresses the Coulomb tails.

[5]DB, J. Cepila, J. G. Contreras, M. Matas: Phys. Rev. D 100, 054015; arXiv:2006.12980
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Conclusions

@ The collinearly improved kernel suppresses the Coulomb tails.

@ Solutions to the b-BK equation obtained for proton and nuclear targets.

@ Successful application of dipole amplitudes obtained by solving b-BK into several

QCD processes

» Proton and nuclear structure functions
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Conclusions

@ The collinearly improved kernel suppresses the Coulomb tails.

@ Solutions to the b-BK equation obtained for proton and nuclear targets.
@ Successful application of dipole amplitudes obtained by solving b-BK into several
QCD processes
> Proton and nuclear structure functions

> Diffractive DIS with protons and nuclei

> Other processes, e.g. vector meson production[5] (see backup)
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Conclusions

@ The collinearly improved kernel suppresses the Coulomb tails.

@ Solutions to the b-BK equation obtained for proton and nuclear targets.

@ Successful application of dipole amplitudes obtained by solving b-BK into several

QCD processes
> Proton and nuclear structure functions
> Diffractive DIS with protons and nuclei
> Other processes, e.g. vector meson production[5] (see backup)

@ Presented results are of an interest for measurements at current and future facilities

such as LHC, EIC or LHeC.

[5]DB, J. Cepila, J. G. Contreras, M. Matas: Phys. Rev. D 100, 054015; arXiv:2006.12980
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Production of vector mesons

@ The approach is also applicable to production of vector mesons off protons and

nuclei.
= °F
€[
= [
3 [
= s 50
£ [ Photoproduction L
g [ & Hi(008 r
3 5 H1(2013) r
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DB, J. Cepila, J. G. Contreras, M. Matas; Phys. Rev. D 100, 054015; arXiv:2006.12980
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Influence of the individual collinear kernel terms on the Coulomb tails

as r? 2 +asA s
1 2
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Comparison of dipole-nucleus scattering amplitudes

L
8 10

= r I
S 3
] I x=10
z
- - i
08l /T_,,_ =
C nens
- dd
0.6
C b=0.1GeV'
04~ K =1 mim b-dep ciBK + GG
- e -dlep CIBK-A
02l = = == bCGC+GG
o = |P-Sat + GG
I A T TS S S R S B S |
0 > 4 6 8 10
r[GeVv
= r I
;E; 1~ 3 -
[ x=10 e .
=z r ”
0.8
osf S
r J b=0.1GeV'
0.4j 3 =1 mim b-dep ciBK + GG
C / s b-dep CiBK-A
02k = = == b-CGC +GG
L = |P-Sat+ GG
L . ) | | 1
0 5 " 5 8 10

Dagmar Bendova

r[GeV)

r[GeV

x=10° ]
PR BT
8 10
r[GeV

4/12



Nuclear saturation scale

N(r=1/Qs,b,Y) =1/2 N(r=1/Qs,b,Y)=1/2
09 ( /Qs ) / 0.9 ( /Qs ) /
0.8 0.8 °
0.7 0.7
go.e Eo.e
Sos “os
0.4 0.4
— Y=00
03 — Y=50 03
30 35 40 45 50 55 60 30 35 40 45 50 55 60
AI/E A1/3

Figure: Saturation scale at two different rapidities for an impact parameter b = 0.01 GeV 1 for
the b-BK-A (left) and b-BK-GG (right) approaches. The solid bullets are the results from the
evolution and are well described by a linear function.
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Nuclear suppresion factors
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Diffractive DIS

@ Diffractive DIS cross section

dgeh—eXh B 47T05§=m y2 D@) N y2 D(3 ) )
o = 2o {l—y-i-?} (5 G5, @)~ T =y L e, 9%)

D(3)

@ Diffractive structure function F,

(Q ,B7X]1>>) qu+FqT+qugT

@ New variables xp and 3

Q? 4+ M Q@
Q2 W2 !

Xp = x = Bxp

QQ M2 !
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Diffractive DIS

@ Longitudinal contribution to F}
NeQ®

1/2
il Ze?/ 2 4231 — 0,
438 F 20

D 2
Fag,L(ps B, Q%) =
@ Transverse contribution

NeQ*
16733

1/2
XPF(%ET(XP, 8,Q%) = S /Zo dzz(1 — z){sz[zz +(1— 2% + m%@o}
G

@ Auxiliary functions &g 1

2
® 1 = / d%[/ drrky 1 (), 1(1«) (b r XP)J

@ Transverse gGg component

X]P’FqDég,T(x]Pvﬁan) asﬂ ef/d b/ dr / dz{mﬁni—j[(l - §)2+ (é)z]

S g 2
[/ K2(ﬁmr)l2(\/l — ZH,I)} }

do, 1dogg )2
8 o1 —(1- 229
d2p 2 d2p
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Results for DDIS on protons with b-BK amplitudes
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Diffractive DIS: nuclear structure functions — xp-dependence

DB, J. Cepila, J. G. Contreras, V.P. Goncalves, M. Matas; arXiv:2009.14002

1P-Sat + GG — - tongitudinal bdep ciBK + GG — - longiudinal
*-26GeV - =266V ransvers
B aag p=08 g
— —
osf-
L L L L L L L L L
10 10° 10 10 107 10* 10° 10" 10° 10*
P-Sat + GG — - tongiudinal bdep ciBK + GG — - longiudinal — - longiudinal
=200V --=- transverso Go! ransvrse ansverse
B g @
— — ol
25
200
s
———— == T of-
osE-
L L L L L L L L L
10 07 10° 10° 107 107 10* 107 0+ 07 10

10/12



More results for DDIS with nuclei: 5-dependence for the F2D ratio

[PSats GG —  longitudinal b-dep CiBK + GG —  longitudinal E b-dep CiBK-A — + longitudinal
ransverse a*-2Gev* - wansverse =260V vansverse

Xp=10" Eoxp=10° a0

ol

— —
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More results for nuclear DDIS: reduced cross section’s ratio
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