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Evolution of the partonic structure of the proton

Figure: 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.

Growth of gluon densities with increasing

energy (descreasing Bjorken-x).

Going to smaller x (higher E), 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) – gluon saturation.
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Evolution of the partonic structure of the proton

Figure: 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.

Growth of gluon densities with increasing

energy (descreasing Bjorken-x).

Going to smaller x (higher E), 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) – gluon saturation.
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What process is sensitive to the proton structure?

Vector meson photoproduction is sensitive to the gluon distribution in the

impact-parameter b plane

I Exclusive (coherent) cross section — average over the configurations of the target

dσγ
∗p→VMp

d|t|

∣∣∣∣
T ,L

=
1

16π
|〈Aγ

∗p→VMp
T ,L 〉|2.

I Dissociative (incoherent) cross section — variance over different configurations

dσγ
∗p→VMY

d|t|

∣∣∣∣
T ,L

=
1

16π

(
〈|Aγ

∗p→VMp
T ,L |2〉 − |〈Aγ

∗p→VMp
T ,L 〉|2

)
.
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Theoretical approach

Color dipole approach

I Incoming particle (e±, Pb nucleus) emits a (virtual) photon γ∗

I Photon interacts with the proton in its rest frame via one of its Fock states - qq̄ dipole

I Dipole forms a vector meson after the interaction

The scattering amplitude of the process

AT ,L(x ,Q2, ~∆) = i

∫
d~r

1∫
0

dz

4π

∫
d~b|Ψ∗V Ψγ∗ |T ,L exp

[
−i
(
~b − (1− z)~r

)
~∆
] dσqq̄

d~b

I T,L — transverse and longitudinal polarisation of γ∗

I x — momentum fraction exchanged between the dipole and the proton

I Q2 = −q2 = −(k − k ′)2 — virtuality of γ∗

I ~∆2 = −t = −(p − p′)2 — proton four-momentum transfer

I ~r — transverse distance between the q and q̄ (size of the dipole)

I z — longitudinal momentum fraction of γ∗ carried by the quark

I ~b — impact-parameter

I (ψ∗Vψγ∗ )T ,L — photon and vector meson wave functions
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Theoretical approach

Color dipole approach

I Incoming particle (e±, Pb nucleus) emits a (virtual) photon γ∗

I Photon interacts with the proton in its rest frame via one of its Fock states - qq̄ dipole

I Dipole forms a vector meson after the interaction

The scattering amplitude of the process

AT ,L(x ,Q2, ~∆) = i

∫
d~r

1∫
0

dz

4π

∫
d~b|Ψ∗V Ψγ∗ |T ,L exp

[
−i
(
~b − (1− z)~r

)
~∆
] dσqq̄

d~b

I T,L — transverse and longitudinal polarisation of γ∗

I x — momentum fraction exchanged between the dipole and the proton

I Q2 = −q2 = −(k − k ′)2 — virtuality of γ∗

I ~∆2 = −t = −(p − p′)2 — proton four-momentum transfer

I ~r — transverse distance between the q and q̄ (size of the dipole)

I z — longitudinal momentum fraction of γ∗ carried by the quark

I ~b — impact-parameter

I (ψ∗Vψγ∗ )T ,L — photon and vector meson wave functions

UPC workshop, Děč́ın (Dagmar Bendová) 27.9.2019 4 / 17



Theoretical approach

Color dipole approach

I Incoming particle (e±, Pb nucleus) emits a (virtual) photon γ∗

I Photon interacts with the proton in its rest frame via one of its Fock states - qq̄ dipole

I Dipole forms a vector meson after the interaction

The scattering amplitude of the process

AT ,L(x ,Q2, ~∆) = i

∫
d~r

1∫
0

dz

4π

∫
d~b|Ψ∗V Ψγ∗ |T ,L exp

[
−i
(
~b − (1− z)~r

)
~∆
] dσqq̄

d~b

I T,L — transverse and longitudinal polarisation of γ∗

I x — momentum fraction exchanged between the dipole and the proton

I Q2 = −q2 = −(k − k ′)2 — virtuality of γ∗

I ~∆2 = −t = −(p − p′)2 — proton four-momentum transfer

I ~r — transverse distance between the q and q̄ (size of the dipole)

I z — longitudinal momentum fraction of γ∗ carried by the quark

I ~b — impact-parameter

I (ψ∗Vψγ∗ )T ,L — photon and vector meson wave functions
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Dipole-proton cross section

Carries information about gluon distribution in the impact-parameter b plane.

Related to the dipole scattering amplitude N via the optical theorem

dσqq̄

d~b
= 2N(x , ~r , ~b)

Dipole amplitude N(x , ~r , ~b) can be obtained as a solution of BK/JIMWLK evolution

equations or from various parametrizations.

Various groups apply different approach to the dipole-proton cross section and

subnucleonic fluctuations in the transverse (IP) plane.
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Approach of Mantysaari et al. – Models for the dipole cross section

Impact-parameter dependent saturation model (IP-Sat)

dσqq̄

d~b
= 2

[
1− exp

(
−~r 2F (x , ~r)Tp(~b)

)]
I Proton profile function

Tp(~b) =
1

2πBp
exp

(
−~b2

2Bp

)
I Bp is related to the transverse size of the proton.

I DGLAP evolved gluon distribution

F (x , ~r2) =
π2

2Nc
αS (µ2)xg(x , µ2), µ2 = µ2

0 +
4

~r2

IP-Glasma model

I Dipole amplitude N at given x calculated from the Wilson lines of the proton.

I Sampling of color charges from the IP-Sat (propotional to the saturation scale Qs(x)).

I Calculations performed on the lattice.
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Approach of Mantysaari et al. – a constituent quark model

Gluonic density of the proton is distributed around three valence quarks.

When moving to low x , valence quarks (have large-x) radiate gluons, localized

around quark‘s positions.

Proton profile functions changed to

Tp(~b) =
1

Nq

Nq∑
i=1

Tq(~b − ~bi )

I Density profile of each constituent quark

Tq(~b) =
1

2πBq
exp

(
−~b2

2bq

)
Positions of valence quarks can fluctuate event by event.

Proton saturation scale Qs(x) can also fluctuate event by event, independently for

each constituent quark.

Qs(x) fluctuations can be implemented by modifying the Tq normalization.
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Approach of Mantysaari et al. – fluctuating structure of the proton

Example of four configurations of the proton in the IP-Glasma model at x ≈ 10−3.
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Results of Mantysaari et al. – |t|-distribution of J/ψ cross section

Coherent cross section dominates at low values of |t|.
Incoherent cross section has a large contribution at large |t|‘s.

Both models provide good description of the coherent process independently on

inclusion of subnucleonic fluctuations.

Without large fluctuations, incoherent cross section is considerably underestimated.

Qs fluctuations only don‘t result in description of the incoherent cross section.

By including both subnucleonic and Qs fluctuations in the proton structure, a

good description of incoherent process is obtained.
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Results of Mantysaari et al. – ratio of total J/ψ cross sections

Prediction with smoother proton is not in agreement with the data.

Strongly fluctuating proton provides a good description of the data.

Fluctuations of Qs have only small effect on the result.

Future EIC should provide more precise measurements.
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Approach of Čepila et al. – Energy-dependent hot-spot model

Factorize out the b-dependence into a separate function

dσqq̄

d~b
→ σ0N(x , ~r)Tp(~b)

Calculate dipole amplitude from a b-independent model — GBW model

N(x , ~r) = 1− exp

(
−~r

2Q2
s (x)

4

)
, Q2

s (x) = Q2
0

(x0

x

)λGBW

[GeV2]

Include subnucleonic fluctuations in the model for the proton profile function Tp(~b).
I 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 Number of hot spots grows with decreasing x → Nhs = p0xp1
(
1 + p2

√
x
)

I The positions and number of the hot spots fluctuate event-by-event.
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Approach of Čepila et al. – Examples of proton profiles
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Results of Čepila et al. – |t| distribution of J/ψ cross section

Comparison of the model to the H1 data for J/ψ photoproduction at Wγp = 78 GeV

Exclusive cross section dominates at low |t|.
Dissociative cross section has a large contribution at high values of |t|.
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Results of Čepila et al. – total J/ψ cross section

Exclusive cross section grows with increasing photon-proton CMS energy Wγp.

Dissociative cross section shows striking behavior in dependence on Wγp

I Cross section reaches a maximum at a certain energy and decreases afterwards

I With decreasing x available area in the proton is filled with hot spots

I At even lower x hot spots start to overlap → all the possible configurations look alike

→ variance decreases.

I Saturation of gluon densities in the impact-parameter plane.
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Conclusions

Mantyssari et al.

I Geometric fluctuations included using a constituent quark model + saturation scale

and color charge fluctuations.

I Saturation and color charge fluctuations constrained by LHC data underestimate the

measured incoherent cross section.

Čepila et al.

I Geometric fluctuations included by an energy-dependent hot-spot model

I Prediction of a maximum of the dissociative J/ψ cross section at Wγp ≈ 500 GeV and

a subsequent decrease towards higher energies.

I This behavior occurs at an energy range accessible at the LHC.

Incoherent/dissociative vector meson production provides a sensitive probe of the

fluctuating structure and the shape of the proton.

Description of incoherent/dissociative cross section at large |t| requires sizable

subnucleonic geometric fluctuations.

These measurements can be improved at future EIC.
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Čepila et al.

I Geometric fluctuations included by an energy-dependent hot-spot model

I Prediction of a maximum of the dissociative J/ψ cross section at Wγp ≈ 500 GeV and

a subsequent decrease towards higher energies.

I This behavior occurs at an energy range accessible at the LHC.

Incoherent/dissociative vector meson production provides a sensitive probe of the

fluctuating structure and the shape of the proton.

Description of incoherent/dissociative cross section at large |t| requires sizable

subnucleonic geometric fluctuations.

These measurements can be improved at future EIC.
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BACKUP SLIDES
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Dissociative cross section at ALICE

Hot-spot model – maximum of the dissociative cross section at Wγp ≈ 500 GeV

These conditions can be reached at LHC

I Dissocitive contribution populates large |t| region

I |t| is related to transverse momentum pT of J/ψ at ALICE
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