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Motivation: Gluon saturation

Figure: Diagram picturing the QCD
evolution of the partonic structure of
the proton.
C. Marquet, Nucl.Phys. A904-905 (2013) 294c-301c.

Evolution of parton densities with increasing

energy.

By fixing the scale of the process, one can

fix the position in lnQ2.

Going to smaller x , one can reach the

saturation scale Q2
S(x)

I Below Q2
S (x)→ dilute regime, linear

evolution of the gluon density (BFKL).

I Above Q2
S (x)→ dense regime, non-linear

evolution of the gluon density (JIMWLK,

BK).

We include geometrical fluctuations of the

proton structure and probe the saturation signal

in dependence on the scale of the process.
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What process is sensitive to the proton structure?

We want to probe partonic structure of hadrons.

Direct access to kinematics (x ,Q2).

Easily observable final state is desirable.

Exclusive and dissociative vector meson (VM)

production fulfil both requirements.

Q2 = −q2 = −(k − k ′)2

W 2
γp = (p + q)2

∆2 = −t = −(p − p′)2

x =
M2 + Q2

W 2
γp + Q2

Figure: Diagrams for exclusive (a) and dissociative (b) production of vector mesons.
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Scattering amplitude and the cross section

Production of a vector meson can be calculated within the color dipole picture.

The photon interacts via its qq̄ Fock state with the proton in the target rest frame.

The scattering amplitude is given as a convolution of the photon-VM wave function

with the dipole cross section:

AT ,L(x ,Q2, ~∆) = i

∫
d~r

1∫
0

dz

4π

∫
d~b|Ψ∗VMΨγ∗ |T ,L exp

[
−i
(
~b − (1− z)~r

)
~∆
] dσqq̄

d~b
.

Exclusive cross section to produce the vector meson

dσγ
∗p→VMp

d|t|

∣∣∣∣
T ,L

=

(
RT ,L
g

)2

16π
|〈Aγ

∗p→VMp
T ,L 〉|2.

Dissociative cross section is given as the variance over different configurations

dσγ
∗p→VMY

d|t|

∣∣∣∣
T ,L

=

(
RT ,L
g

)2

16π

(
〈|Aγ

∗p→VMp
T ,L |2〉 − |〈Aγ

∗p→VMp
T ,L 〉|2

)
.
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Dipole-target cross section within the energy-dependent hot-spot model

The differential dipole-proton cross section

dσqq̄

d~b
= 2N(x ,~r ,~b)→ σ0N(x ,~r)Tp(~b).

Tp(~b) describes the proton profile in the impact-parameter plane

Normalization parameter σ0 fixed as σ0 = 4πBp with Bp = 4.7 GeV−2.

Dipole amplitude N(x ,~r) can be obtained as a solution of BK equation or from

various parametrizations.

I GBW parametrization[2]

N(x ,~r) = 1− exp

(
−
~r2Q2

s (x)

4

)
where Qs(x) denotes the x-dependent saturation scale

Q2
s (x) = Q2

0

( x0

x

)λGBW
[GeV2].

I We set x0 = 2 · 10−4, λ = 0.21 and Q2
0 = 1 GeV2.

[2]K. Golec-Biernat and M. Wusthoff, Phys. Rev. D 59 (1998) 014017.
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Proton profile in the impact-parameter plane

We describe the proton profile using the energy-dependent hot-spot model[3].

I Proton profile seen as a set of regions of high gluon density (hot spots) randomly

placed in the impact parameter plane

Tp(~b) =
1

Nhs

Nhs∑
i=1

Ths

(
~b − ~bi

)
.

I Each hot spot has a Gaussian distribution

Ths(~b) =
1

2πBhs
exp

(
−

~b2

2Bhs

)
, Bhs = 0.8 GeV−2.

I The positions of the hot spots in the transverse plane fluctuate event-by-event.

I Number of hot spots depends on x as (grows with decreasing x)

Nhs = p0x
p1
(
1 + p2

√
x
)

p0 = 0.011, p1 = −0.58, p2 = 300.

I Final Nhs is obtained using the Zero-truncated Poisson distribution.

[3]J. Cepila, J. G. Contreras and J. D. Tapia Takaki, Phys.Lett. B766 (2017) 186-191
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Examples of proton profiles
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Predictions and comparison with data for cross sections of J/ψ meson

Predictions compared to H1 and ALICE p–Pb data.

Good agreement with the data.

Dissociative maximum is clearly visible at all Q2.

210
3

10

 [GeV]pγW
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Predictions and comparison with data for cross sections of ρ meson

Predictions compared to H1, ZEUS and preliminary CMS p–Pb data.

Very good decription of electroproduction data for scales from Q2 = 2.4 GeV2 up to

Q2 = 35.6 GeV2.

For photoproduction Bp was changed[4] to Bp = 8 GeV−2 in accordance with H1

measurements of the slope parameter b.[5]
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[4]J. Cepila, J. G. Contreras, M. Krelina and J. D. Tapia Takaki, Nucl.Phys. B934 (2018) 330-340
[5]H1 Collaboration, JHEP 1005 (2010) 032
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Geometrical saturation scale (GSS)

We calculate ln(1/xGSS) and ln(Q2 + M2) for each VM at all the calculated Q2.

Dependence is described by a linear fit with slope (1.04± 0.07).

Obtained result reminds of the saturation scale Q2
S(x), however:

I This is saturation as seen in the impact-parameter plane.

I It originates from geometrical fluctuations of hot spots in our model.
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Conclusions - part I

Succesful implementation of the hot-spot model into the calculation of cross

sections for exclusive and dissociative photo and electroproduction of ρ and J/ψ

and also φ, ψ(2S), Υ(1S) and Υ(2S) mesons (see in the backup).

All predictions correctly describe the data from HERA and LHC experiments.

Striking behavior of the dissociative cross section dependence on Wγp

I Cross section rises at low energies.

I At a certain energy, available area in the proton is filled → hot spots overlap

→ all the possible configurations start to look alike → variance decreases.

I After reaching a maximum at that energy, the cross section starts to decrease.
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Conclusions - part II

We predict energies at which maxima of the dissociative cross section for various

vector mesons occur.

Position of the maximum is directly connected to the vector meson mass and

virtuality of the exchanged photon.

Mass and scale dependence of the position is well described by a linear fit (see in the

backup).

We predict a power law behavior in 1/xGSS for the geometrical saturation scale.

This scale is less steeper than the saturation scale given by the GBW model.

Dissociative maxima seem to be within the reach of existing (LHC) and future (EIC)

colliders.

Dagmar Bendová 12 / 12
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Wave functions

The overlap between the photon and vector meson wave functions:

|Ψ∗VMΨγ∗ |T = êf e
NC

πz(1− z)

[
m2

f K0(εr)φT (r , z)−
(
z2 + (1− z)2

)
εK1(εr)∂rφT (r , z)

]
,

|Ψ∗VMΨγ∗ |L = êf e
NC

π
2Qz(1− z)K0(εr)

[
MVMφL(r , z) + δ

m2
f −∇2

r

MVMz(1− z)
φL(r , z)

]
.

ε = z(1− z)Q2 + m2
f ; r ≡ |~r |

Scalar part of VM wave function from Boosted Gaussian model:

φT ,L(r , z) = NT ,Lz(1− z) exp

[
− m2

f R
2

8z(1− z)
− 2z(1− z)r 2

R2
+

m2
f R

2

2

]
.

φ2S
T ,L(r , z) = φT ,L(r , z)

(
1 + α2S

(
2 +

m2
f R

2

4z(1− z)
− 4z(1− z)r 2

R2
−m2

f R
2

))
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Skewedness correction

Takes into account the fact, that there are two x involved in the dipole-target

interaction

Rg (λT ,L) =
22λT,L+3

√
π

Γ
(
λT ,L + 5

2

)
Γ(λT ,L + 4)

, λT ,L ≡
∂ ln

(
Aγ

∗p→VMp
T ,L

)
∂ ln

(
1
x

) . (1)

γ∗
VM

r

1− z

z

b

x x′

p p

(1− z)r

zr

q̄

q

Figure: Schematic picture of vector meson production within the color dipole approach.
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Predictions and comparison with data for cross sections of φ meson

Predictions compared to H1 and ZEUS data.

Decription of the electroproduction data is satisfactory, however not as good as for ρ.

Again, in photoproduction Bp was changed to Bp = 8 GeV−2.
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Predictions for cross sections of ψ(2S) meson

No data are available for cross sections.

Exclusive ψ(2S)/J/ψ ratios are in fair agreement with the data.
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Predictions and comparison with data for cross sections of Υ meson

Photoproduction predictions compared to H1, ZEUS, CMS and LHCb data.

Description of the data is reasonable given the large uncertainties.

No data are available for electroproduction nor for the dissociative process.
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Predictions for cross sections of Υ(2S) meson

No data are available for cross sections nor for the Υ(2S)/Υ(1S) cross section ratios.
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Mass and scale dependence of the position of the dissociative maximum

We investigate the energy WGSS at which maximum is reached.

Due to random fluctuations we take 1% of the largest cross section around the

maximum at energy value WGSS as an uncertainty interval.

Maximum is shifted towards higher WGSS with increasing Q2 and mass M of given

vector meson → linear fit describes the behavior with a slope (41± 2) GeV−1.
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Geometrical vs GBW saturation scale

Comparison of the geometric saturation scale with the saturation scale obtained

from the GBW model:
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DIS: Structure function F2(x ,Q2) [6]

Cross section for γ∗p scattering and structure function F2

σγ
∗p

T ,L =
∑
f

∫
d2r

∫
dz |Ψ∗Ψ|fT ,Lσqq̄(x̃ , r), F2(x ,Q2) =

Q2

4π2α
(σT + σL).

x̃ = x

(
1 +

4m2
f

Q2

)
, Q2 = 2.7 GeV2

[6]J. Cepila, J. G. Contreras and J. D. Tapia Takaki, Phys.Lett. B766 (2017) 186-191
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Exclusive and dissociative |t|-distribution of the J/ψ cross section[7]

Compared with published HERA data.

Used to tune Tp(~b) parameters.

[7]J. Cepila, J. G. Contreras and J. D. Tapia Takaki, Phys.Lett. B766 (2017) 186-191
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