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Gluon saturation and very high parton densities

HERA total γ∗ + p cross section data: parton densities ∼ x−λ, eventually violates unitarity

Gluon Saturation
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recombination) tame the growth

x Gluon saturation

Characterized by a scale  
(saturation scale)

Q2
s

Violate unitarity

<latexit sha1_base64="xsEQhywYFe2ztNVVdL0ofSQO4w0="></latexit>

Q2
s ⇠ (A/x)1/3

Gluon Saturation

4

Rapid growth of gluon distributions at small  x

Non-linear effects in QCD at 
sufficiently small  (e.g. gluon 
recombination) tame the growth

x Gluon saturation

Characterized by a scale  
(saturation scale)

Q2
s

Violate unitarity

<latexit sha1_base64="xsEQhywYFe2ztNVVdL0ofSQO4w0="></latexit>

Q2
s ⇠ (A/x)1/3

Non-linear QCD effects at small x (e.g. gg → g) should tame this growth
⇒ Saturated state of gluonic matter at small x and moderate Q2 (∼ M2

J/Ψ ← focus here)
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Probing high density gluonic matter in DIS: CGC and dipole picture

Inclusive cross section

Optical theorem:
σγ

∗p ∼ Ψ∗ ⊗Ψ⊗ N
∼ dipole N ∼ “gluon structure”

Exclusive processes (focus here)

A ∼
∫
d2be−ib·∆Ψ∗ ⊗ΨV ⊗ N

σ ∼ |F [dipole]|2
Very sensitive, and access to geometry

Dipole picture at high energy: γ∗ → qq̄ fluctuation has a long lifetime

Dipole amplitude N: eikonal propagation in the color field, resumming multiple scattering
Perturbative evolution equations describing the center-of-mass energy dependence of N

Non-perturbative initial condition e.g. from F2 fits

Here J/ψ production. e ′ − J/ψ correlations also interesting! HM, Roy, Salazar, Schenke, 2011.02464

Heikki Mäntysaari (JYU) VM production 10.6.2022 2 / 20



Exclusive processes: beyond average structure

Exclusive processes: no net color transfer, rapidity gap around the produced particle
Coherent diffraction:

Target remains in the same quantum state, e.g.
γ + p → J/Ψ+ p

Probes average interaction

dσγ
∗A→VA

dt
∼ |⟨Aγ∗A→VA⟩Ω|2

⟨ ⟩Ω: average over target configurations Ω
Incoherent diffraction, the remaining events:

E.g. γ + p → J/Ψ+ p∗ (+ dissociation p∗ → X ).

Total diffractive − coherent

σincoherent ∼ ⟨|A|2⟩Ω − |⟨A⟩Ω|2

Variance: sensitive to fluctuations

dσ
/d

t 

|t|

Coherent/Elastic

Incoherent/Breakup

t1 t2 t3 t4

Good, Walker, PRD 120, 1960
Miettinen, Pumplin, PRD 18, 1978
Kovchegov, McLerran, PRD 60, 1999
Kovner, Wiedemann, PRD 64, 2001
Caldwell, Kowalski, PRC 81, 2010

H.M., Rept. Prog. Phys. 83, 2020
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1. A few selected lessons from HERA
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Successful (LO) CGC phenomenology
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γ + p→ J/Ψ + p,Q2 = 0 GeV2

H.M, P. Zurita, 1804.05311

Simultaneous description of structure function and vector meson production data
Caveat: especially F2 is sensitive to large dipoles..., FL and σr ,c from the EIC! + nuclei

No clear signal of saturation, linearized calculations also compatible with data
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Large geometry fluctuations required by the HERA data (xP ≈ 0.001)

Study simultaneously coherent (∼ average interaction) and incoherent (A variance)
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γ+ p→ J/ψ+ p CGC + shape fluct
CGC
H1 coherent
H1 incoherent

CGC + shape fluct

“CGC”

Parametrize e-b-e fluctuating geometry, fit parameters to data
Construct initial condition for pA collisions → successful pheno HM, Schenke, Shen, Tribedy, 1705.03177

Orignal: H.M, B. Schenke, 1607.01711 (PRL), recent: 2202.01998 (HM, Schenke, Shen, Zhao), similar setup e.g.: Bendova, Cepila, Contreras; Cepila, Contreras,

Krelina, Takaki; Traini, Blaizot; Kumar, Toll
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2. UPC in p+A: high energy γ + p

Ultraperipheral p + A:
γ + p dominates

Limited to Q2 = 0, but high W

E

Pb

p
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Center-of-mass energy dependence: coherent
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H.M, F. Salazar, B. Schenke, in preparation

Coherent cross section measured up to
very large W

No clear deviation from the W δ

extrapolation from HERA energies

Compatible with CGC calculations, but no
clear signal of saturation with proton
targets
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What happens to the incoherent cross section at high W ?

Ultraperipheral p + A:
γ + p dominates

E

Pb

p

Low energy γ − A: coherent and incoherent visible ALICE: 1406.7819

Dimuon pT

Larger COM energies:
incoherent → 0 (?)
⇒ smoother proton?
ALICE:1809.03235

x ∼ 10−2 → 10−5

Energy dependence of exclusive J/y photoproduction ... ALICE Collaboration
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Figure 2: Transverse momentum distributions of dileptons around the J/y mass for the dielectron (upper left)
and dimuon (upper right) samples for the central analysis and dimuon samples for the semi-forward (lower left)
and semi-backward (lower right) analyses. In all cases the data are represented by points with error bars. The
blue, magenta (dash) and green (dash-dot-dot) lines correspond to Monte Carlo templates for J/y coming from
exclusive photoproduction off protons or off lead and continuous dilepton production respectively. The red (dash-
dot) line is a template for dissociative and hadronic background obtained from data. The solid black line is the sum
of all contributions.

The systematic uncertainty on the yield was obtained by varying the range of fit to the transverse momen-
tum template, the width of the binning and the selections and smoothing algorithms used to determine
the non-exclusive template. (See section 3.3.) Furthermore, the value of the b parameter used in the
production of the exclusive J/y template was varied, taking into account the uncertainties reported by
H1 [10]. The uncertainty varies from 1.9% to 3.6%. (See “signal extraction” in Table 2.)

The polarization of the J/y coming from y(2S) feed-down is not known. The uncertainty on the amount
of feed-down has been estimated by assuming that the J/y was either not polarised or that it was fully
transversely or fully longitudinally polarised. This uncertainty is asymmetric and varies from +1.0% to
�1.4%. (See “feed-down” in Table 2.)
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Energy dependence of exclusive J/y photoproduction ... ALICE Collaboration
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Figure 2: Transverse momentum distributions of dileptons around the J/y mass for the dielectron (upper left)
and dimuon (upper right) samples for the central analysis and dimuon samples for the semi-forward (lower left)
and semi-backward (lower right) analyses. In all cases the data are represented by points with error bars. The
blue, magenta (dash) and green (dash-dot-dot) lines correspond to Monte Carlo templates for J/y coming from
exclusive photoproduction off protons or off lead and continuous dilepton production respectively. The red (dash-
dot) line is a template for dissociative and hadronic background obtained from data. The solid black line is the sum
of all contributions.

The systematic uncertainty on the yield was obtained by varying the range of fit to the transverse momen-
tum template, the width of the binning and the selections and smoothing algorithms used to determine
the non-exclusive template. (See section 3.3.) Furthermore, the value of the b parameter used in the
production of the exclusive J/y template was varied, taking into account the uncertainties reported by
H1 [10]. The uncertainty varies from 1.9% to 3.6%. (See “signal extraction” in Table 2.)

The polarization of the J/y coming from y(2S) feed-down is not known. The uncertainty on the amount
of feed-down has been estimated by assuming that the J/y was either not polarised or that it was fully
transversely or fully longitudinally polarised. This uncertainty is asymmetric and varies from +1.0% to
�1.4%. (See “feed-down” in Table 2.)
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Medium → high
energy
(Raw data....)
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Towards small x : γ + p → J/ψ + p∗

Small-x evolution

Evolve proton structure by solving
evolution perturbatively (JIMWLK) BM

Schlichting, Schenke, 1407.8458, H.M., Schenke, 1806.06783

Parametrize the W dependence of the
proton density & num. of hot spots CCT

Cepila, Contreras, Takaki, 1608.07559

Constrained by HERA F2 and J/ψ data.

Dissocia4ve J/ψ produc4on in p–Pb collisions

• First measurement at the LHC

• Well described by CCT

• Compa/ble with HERA measurements

D. Stocco DIS XXIX - San-ago de Compostela - 2-6/05/2022 10
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Smoother proton at small x , coherent cross section dominates
Compatible with the high-E ALICE data shown on previous slide. EIC: x ,Q2,A systematics
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3. UPC in A+A: nuclear DIS before the EIC

E

Z e1

Z e2
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Significant nuclear effects already seen at the LHC (coherent)

12/20

Coherent vector meson data

Mainstay of UPC program:
vector meson exclusive
photoproduction

I Initially statistics-limited, but
measurements more detailed all
the time

Talks:
– Pozdnyakov: Coherent photoproduction of ⇢0

vector mesons in ultra-peripheral Pb-Pb and Xe-Xe
collisions with ALICE
– Schmidke: J/Psi production in ultra-peripheral
heavy-ion collisions at RHIC
– Luszczak: Coherent photoproduction of J/ in
nucleus-nucleus collisions in the color dipole
approach – an update.
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JMRT NLO prediction

(LHCb � + p ! J/ + p vs. W )

x =
MJ/Ψ√

s
e±y

ALICE: 2101.04577

Extensively studied in UPCs at the LHC
by CMS, ALICE, LHCb

Impulse approximation = scaled γ + p
from HERA ⇒ large nuclear effect

CGC based calculations (e.g. IPsat (LM))
relatively successful

But y dependence?
Not enough suppression

EIC advantages:

No two-fold ambiquity in kinematics
Q2, xP,A lever arm
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Saturation effects on nuclear geometry

ALICE UPC: extracted γ + Pb→ J/ψ + Pb from Pb+ Pb→ Pb+ Pb+ J/ψ
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H.M, F. Salazar, B. Schenke, in preparation.
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ALICE data: 2101.04623.

Naive expectation/linearized calculation:
dσ/dt ∼ F [Woods-Saxon] (Form factor), but a steeper t spectrum seen

Center of the nucleus closer to the black disc limit, stronger nonlinear effects
⇒ Good description of the data (except lowest |t|) + effect on geometry/t spectrum
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UPC vs EIC
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UPC: Photon kT ≲ 1/RA ̸= 0: important around dips, tiny effect on pT integrated σ

Interference (both nuclei can emit γ): dσ/dp2T → 0 when pT → 0
Stronger effect predicted than seen in the ALICE data.

Calculated spectra not steep enough, although the ALICE γ + Pb data was well described
⇒ Photon kT effect included differently?

Need a larger Pb than what we get with standard WS parameters (backup)

H.M, F. Salazar, B. Schenke, in preparation. Photon kT and interference included following Xing, Zhang, Zhou, Zhou, 2006.06206
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4. Theory in the precision era
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Theory developments: towards NLO

Most of the CGC phenomenology so far: LO (resumming αs ln 1/x)

Recent progress to calculate exclusive processes at NLO
Ingredients

Photon wave function at NLO Beuf, Hänninen, Paatelainen, Lappi 2018-2022

Heavy vector meson wave function at NLO Escobedo, Lappi, 1911.01136

Relativistic corrections to wave function: H.M, Lappi, Penttala, 2104.02349

Small-x evolution equations Balitsky 0710.4330

Initial condition fitted to F2 data Beuf, Hänninen, Lappi, H.M, 2007.01645

Cross sections for exclusive processes

Light meson at NLO H.M, Penttala, 2203.16911 , Boussarie et al, 1612.08026

Heavy meson at NLO H.M, Penttala, 2204.14031, 2104.02349
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FIG. 1: Total reduced cross section (black triangles) from
Ref. [1] and interpolated light quark pseudodata (red circles)
in a few Q2 bins. The solid and dashed lines show the calcu-
lated cross sections from the IPsat fit that are used to generate
the pseudodata.

The choice of a fit scheme consists of the version of the
BK evolution equation (discussed in Secs. III C, III D and
III E), the running coupling scheme (see Sec. III F), and
the starting point of the BK evolution, parametrized in
terms of Y0,BK or ⌘0,BK. The fit results in values for
the free parameters characterizing the initial condition
as discussed in Sec. IIIG: Q2

s0, �0 and �, and in a value
for the parameter C2 in the scale of the running coupling,
see Sec. III F.

Our main fit results are presented in Tables I, II and III
classified by the BK equation used, with secondary and
tertiary grouping keys being the running coupling scheme
and Y0,BK (or ⌘0,BK) controlling the rapidity scale of the
BK initial condition used in the fits. The saturation scale
Q2

s defined as N(r2 = 2/Q2
s) = 1�e�1/2 is also shown at

fixed projectile rapidity Y = ln 1
0.01 . We will first discuss

in the next subsection the fits to the full HERA reduced
cross section data, and in the following subsection the
fits to the interpolated light quark pseudodata presented
in Sec. IV and labeled as light-q in the tables where the
fit results are shown. The two datasets di↵er enough to
to warrant their own discussion.

A. Fitting the HERA reduced cross section

Before we discuss the results and their systematic fea-
tures in more detail we show in Fig. 2 that all three BK
evolutions combined with next to leading order impact
factors are capable of describing the HERA data equally
well. The results shown are obtained using the Bal+SD
running coupling, and Y0,BK = ⌘0,BK = ln 1/0.01, but ex-
cellent fit results are obtained with other scheme choices,
too. Even though the resulting parametrizations for the
dipole at initial rapidity can di↵er significantly, the re-
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FIG. 2: Reduced cross section obtained using the fits with
di↵erent BK evolutions compared with the HERA data [1].
Balitsky + smallest dipole running coupling is used, with
Y0,BK = ln 1/0.01.

sulting reduced cross sections are mostly indistinguish-
able.

We first present in Table I the fit results obtained using
the kinematically constrained BK equation as discussed
in Sec. III C. We find a very good description (�2/N =
1.49) of the HERA data using our main setup with the
Bal+SD prescription and Y0,BK = 0. We consider this as
our preferred HERA data fit, with a BK equation derived
in the same framework as the impact factor, a theoret-
ically preferred running coupling scheme, and only one
starting scale Y0,if = Y0,BK = 0. We note that starting
the BK evolution at Y0,BK = ln 1

0.01 (and freezing the
dipole at smaller rapidities) results in an equally good
fit. This suggests that we are only weakly sensitive to
the details of extrapolation scheme used to describe the
dipole amplitude in the region Y0,if < Y < Y0,BK. The
parameter C2 controlling the evolution speed is not re-
quired to be large as it is in the case of leading order fits,
where one generally finds C2 ⇠ 10 [8, 9]. Instead, we find
C2 ⇡ 0.85, which is of the same ballpark as the general
estimate C2 = e�2�E ⇡ 0.3 [83, 84].

As seen in Table. I, larger values of C2 are required in
the parent dipole scheme fits. This is expected, as C2

maps the coordinate space scale x2
ij to momentum space

C2/x2
ij , and in the parent dipole scheme the coordinate

space scale is generically larger. Consequently a larger
C2 is needed to render the strong coupling values, and
the resulting evolution speeds, comparable between the
coupling constant scheme choices.

We generically find � > 1 at the initial condition, with
the exception � ⇡ 1 found in the case where the evolution
starts at Y0,BK = ln 1

0.01 and the parent dipole prescrip-
tion for the running coupling is used. We note that � > 1
is also required in the leading order fits to obtain a Q2

dependence at the initial condition compatible with the

Also much more progress towards NLO not listed here
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Heavy vector meson production at NLO

qq̄ (virtual corrections):

γ∗ or V

qq̄g (real corrections):

Corrections from real and virtual gluons to the γ and J/Ψ wave functions

UV divergences between the qq̄ and qq̄g parts of the calculation cancel

IR divergences cancel when one takes into account:

Renormalization of the leading-order J/Ψ wave function ϕqq̄ using Γee
The energy dependence of the dipole amplitude = BK equation (resum soft gluon emission):

∂

∂ ln 1/x
N(x01) =

Ncαs

2π2

∫
d2x2

x201
x220x

2
21

[N(x02) + N(x12)− N(x01)− N(x02)N(x12)]

⇒ The total production amplitude is finite and can be numerically evaluated
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Final expression

H.M, J. Penttala, arXiv:2104.02349 (L), arXiv:2203.16911 (T)

− iAL = −Q
√

Γ(V → e−e+)
3MV

16π2αem

∫
d2x01

∫
d2b

{
KLO

qq̄ (Y0) +
αsCF

2π
KNLO

qq̄ (Ydip) +
αsCF

2π

∫
d2x20

∫ 1/2

zmin

dz2Kqq̄g (Yqqg)

}

where KLO
qq̄ (Y0) = K0(ζ)N01(Y0), ζ = |x01|

√
1
4Q

2 +m2
q,

KNLO
qq̄ (Ydip) =

[
K + Ĩν

(
z =

1

2
, x01

)
+ K0(ζ)

(
6− π2

3
+ ΩV

(
γ; z =

1

2

)
+ L

(
γ; z =

1

2

)
− 3 log

( |x10|mq

2

)
− 3γE

)]
N01(Ydip)

and

Kqq̄g (Yqq̄g) = −32πmq

{
ixi20
|x20|

K1(2mqz2|x20|)
[(
(1− z2)

2 + z22
)
I i(f ) + (2z22 − 1)(1− 2z2)I i(g)

]
N012(Yqq̄g)

+ 4mqz
3
2K1(2mqz2|x20|)

[
I(f ) −

1− 2z2
1 + 2z2

I(g)
]
N012(Yqq̄g) +

1

8π2
(
(1− z2)

2 + z22
) 1

mqz2|x20|2
K0(ζ)e

−x220/(x
2
10e

γE )N01(Yqq̄g)

}
.

Equation for transverse production similar but more complicated. Everything finite.
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Towards NLO phenomenology

What do we have

NLO result for exclusive heavy vector meson production

Corrections ∼ αs and ∼ v2

Both important in J/Ψ production
Relativistic ∼ v2 correction negligible in Υ production

Also NLO light meson production at high Q2

Codes for numerical evaluation

What is needed for full EIC/LHC phenomenology

Initial condition for small-x evolution:
Fit to HERA F2 data with quark masses at NLO
In progress with Hänninen, Penttala, Paatelainen

102 103

W [GeV]

101

102

103

æ
to

t
[n

b
]

Q2 = 0.05 GeV2

NLO+rel KCBK

NLO+rel TBK

NLO+rel ResumBK

LO+rel LOBK

H1

ZEUS

ALICE

LHCb

Y0,BK = 4.61

Y0,BK = 0.00
J/Ψ

102 103

W [GeV]

10°1

100

101

æ
to

t
[n

b
]

Q2 = 0.05 GeV2

LO LOBK

LO+rel LOBK

NLO KCBK Y0,BK = 4.61

NLO+rel KCBK Y0,BK = 4.61

H1

ZEUS

CMS

LHCb

ϒ

H.M, J. Penttala, 2104.02349
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Conclusions and outlook

Exclusive vector meson production

Powerful probe of small-x hadron structure

Approximatively dσ ∼ gluon2 ⇒ nonlinear dynamics in eA at the EIC!
Access to geometry (and event-by-event fluctuations)

Lessons learnt

LHC data from Ultra Peripheral Collisions: significant nuclear effects

Qualitatively described when gluon saturation is included

Event-by-event fluctuating nucleon geometry required

EIC era

Precise data + NLO level O(αs ln 1/x) +O(αs) +O(α2
s ln 1/x) accuracy

Wide x ,Q2,A coverage ⇒ systematic & evolution
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Backups
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Gluon saturation and the Color Glass Condensate

Very high occupation number xg(x ,Q2), apparent size 1/Q2

Non-linear dynamics important when

πR2
p = αsxg(x ,Q

2)
1

Q2

Emergent saturation scale Q2 = Q2
s > Λ2

QCD

Characterizes the target wave function

Exclusive vector meson production at Q2 +M2
V ∼ Q2

s :
probe transition to saturated region

Gluon Saturation

4

Rapid growth of gluon distributions at small  x

Non-linear effects in QCD at 
sufficiently small  (e.g. gluon 
recombination) tame the growth

x Gluon saturation

Characterized by a scale  
(saturation scale)

Q2
s

Violate unitarity

<latexit sha1_base64="xsEQhywYFe2ztNVVdL0ofSQO4w0="></latexit>

Q2
s ⇠ (A/x)1/3

Color Glass Condensate

Effective theory of QCD in the high energy limit

Large x : static color charge ρ, small x : classical gluon field Aµ

Unitarity built in, relevant d.o.f. is dipole-target amplitude N ≤ 1
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Light mesons
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IP-Glasma

With Qs fluctuations
Geometric fluctuations

Q2 = 3.3 GeV2

Q2 = 6.6 GeV2

Q2 = 15.8 GeV2

H.M, B. Schenke, 1806.06783

OK simultaneous description of light and heavy vector meson production data
(Calculations of light meson production at low Q2 not reliable)
Proton geometry and geometry fluctuations from J/ψ data
Same fluctuating geometry: a good description of flow in p+Pb H.M, Schenke, Shen, Tribedy, 1705.03177

Heikki Mäntysaari (JYU) VM production 10.6.2022 23 / 20



Dipole amplitude from the CGC

Color charge distribution at x = 0.01

Event-by-event random color charge distribution ρa

McLerran-Venugopalan model ⟨ρa(x)ρb(y)⟩ ∼ δabδ(x− y)g4µ2

g4µ2 ∼ Q2
s (b) ∼ Tp(b) e.g. from HERA data

Small-x evolution

Perturbative JIMWLK evolution (event-by-event)

Infrared regulator to suppress gluon emission at long distance

Dipole-target amplitude

N(r = x− y) = 1− 1
Nc
⟨V †(x)V (y)⟩

V (x) = P exp
(
−ig

∫
dx− ρ(x)

∇2−m2

)
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Spatial distribution of nuclear matter at small x

Total momentum transfer t can be measured in exclusive processes!

By definition
√
|t| is Fourier conjugate to the impact parameter ⇒ access to geometry

Example: STAR measurement of exclusive π+π− production in Au+Au UPC ⇒ b profile

FT: momentum space
→ coordinate space

F (b) ∼
∫

d|k||k|J0(b|k|)
√

dσ

dt

7

]2-t [(GeV/c)
0 0.05 0.1

]2
/d

t [
m

b/
(G

eV
/c

)
σ

 d

2−10

1−10

1

10

210

310

 fit XnXn-bte

 fit 1n1n-bte

XnXn 

1n1n 

]2-t [(GeV/c)
0 0.001 0.002 0.003

]2
/d

t [
m

b/
(G

eV
/c

)
σd

210

310

FIG. 4. Coherent photoproduction d�coh/dt for ⇡+⇡� pho-
toproduction in 200 GeV Au-Au UPCs, as measured by the
STAR Collaboration. From Ref. [51].
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ent ⇡+⇡�, as determined by Fourier transformation of Fig. 4.
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internal structure is visible.

Experimentally, these processes are characterized by
the presence of a rapidity gap (empty detector) between
the dissociated target and the produced vector meson.
In UPCs, at small �t, coherent scattering dominates
over incoherent, and so it may be di�cult to separate
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FIG. 6. Coherent and incoherent J/ production cross section
as a function of |t| transfer computed using models with and
without fluctuations in the proton geometry [54].

out small �t incoherent interactions. Nuclear breakup
or proton dissociation can produce particles which go in
the far forward region, where instrumentation may be
sparse. In Pb-Pb UPCs, the ALICE Collaboration has
obtained (t integrated) cross sections for both processes
with moderate accuracy [37].

In electron-ion collisions, detection of the scattered lep-
ton will help ensure that the entire event is seen. Both
coherent and incoherent J/ production cross sections
in electron-proton collisions were measured relatively ac-
curately at HERA [52]. However, with the higher lumi-
nosities expected at future EICs, event pileup may be-
come problematic. The cross-section to photodissociate
a heavy nucleus at an EIC is quite high. Photodisso-
ciation can send neutrons in a forward calorimeter, but
leave no other signal in the detector, since the electron
energy loss is tiny [53]. These neutrons can cause coher-
ent interactions to be mislabelled as incoherent.

The possibility to use incoherent J/ production to
probe the proton substructure geometry was first demon-
strated in Refs. [54, 56] where the ab initio unknown
proton substructure was parametrized as follows: first
one assumes that the small-x gluons probed in exclusive
vector meson production in HERA kinematics are dis-
tributed around three hot spots (e.g. valence quarks).
The amount of fluctuations and the size of the proton
are controlled by two parameters: the Gaussian width
of each hot spot, and the width of the distribution from
which the centers for the hot spots are sampled. On top
of that, additional overall density fluctuations are imple-
mented.

With this fluctuating proton structure it is possible to
calculate both the coherent J/ production cross section,
which is sensitive to the average shape, and the inco-
herent cross section, which depends on the fluctuations.
Studies of H1 data [52] found better agreement with mod-

STAR: 1702.07705
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internal structure is visible.

Experimentally, these processes are characterized by
the presence of a rapidity gap (empty detector) between
the dissociated target and the produced vector meson.
In UPCs, at small �t, coherent scattering dominates
over incoherent, and so it may be di�cult to separate
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FIG. 6. Coherent and incoherent J/ production cross section
as a function of |t| transfer computed using models with and
without fluctuations in the proton geometry [54].

out small �t incoherent interactions. Nuclear breakup
or proton dissociation can produce particles which go in
the far forward region, where instrumentation may be
sparse. In Pb-Pb UPCs, the ALICE Collaboration has
obtained (t integrated) cross sections for both processes
with moderate accuracy [37].

In electron-ion collisions, detection of the scattered lep-
ton will help ensure that the entire event is seen. Both
coherent and incoherent J/ production cross sections
in electron-proton collisions were measured relatively ac-
curately at HERA [52]. However, with the higher lumi-
nosities expected at future EICs, event pileup may be-
come problematic. The cross-section to photodissociate
a heavy nucleus at an EIC is quite high. Photodisso-
ciation can send neutrons in a forward calorimeter, but
leave no other signal in the detector, since the electron
energy loss is tiny [53]. These neutrons can cause coher-
ent interactions to be mislabelled as incoherent.

The possibility to use incoherent J/ production to
probe the proton substructure geometry was first demon-
strated in Refs. [54, 56] where the ab initio unknown
proton substructure was parametrized as follows: first
one assumes that the small-x gluons probed in exclusive
vector meson production in HERA kinematics are dis-
tributed around three hot spots (e.g. valence quarks).
The amount of fluctuations and the size of the proton
are controlled by two parameters: the Gaussian width
of each hot spot, and the width of the distribution from
which the centers for the hot spots are sampled. On top
of that, additional overall density fluctuations are imple-
mented.

With this fluctuating proton structure it is possible to
calculate both the coherent J/ production cross section,
which is sensitive to the average shape, and the inco-
herent cross section, which depends on the fluctuations.
Studies of H1 data [52] found better agreement with mod-
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Saturation effects on nuclear geometry
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x = 6 · 10−4
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H.M, F. Salazar, B. Schenke, in preparation.

Normalization:
∫
d2bTA(b) = 1

FT: momentum space → coordinate space

F (b) ∼
∫

d|p||p|(−1)nJ0(b|p|)
√

dσ

dt

CGC setup: nucleon positions sampled from
Woods-Saxon at x = 0.01

Perturbative JIMWLK evolution

Nonlinear dynamics changes the profile close to
the center

Size of the nucleus grows towards small x

n: number of dips before |p| = sign changes in amplitude
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Need for a larger nuclear size
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Pb + Pb→Pb + Pb + J/ψ√
s = 5020GeV, y= 0

Theory scaled by 0.65

R= 6.62 fm

R= 6.78 fm

R= 6.94 fm

ALICE

H.M, F. Salazar, B. Schenke, in preparation.

Steep enough spectrum obtained with a larger
nucleus

Larger Pb needed than the with the standard
WS parameters

But: γ + p data suggests that for protons
gluonic radius < electromagnetic radius
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Event-by-event fluctuations at small-x : nuclei

Small |t| ≲ 0.25GeV2: long length scale, fluctuating nucleon positions

Large |t| ≳ 0.25GeV2: short length scale, fluctuating nucleon substructure
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Subnucleon fluctuations preferred by ALICE data H.M, B. Schenke, 1703.09256 + in preparation w Schenke and Salazar

EIC: nuclear effects on nucleon shape fluctuations as a function of x , A, Q2
ALICE: 1305.1467
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Light ions

RHIC:
UPC in d +Au
(and 3He+Au)
xP ∼ 10−2

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

|t| [GeV2]

10−5

10−4

10−3

10−2

10−1

100

101

102

103

d
σ
/d
t

[n
b
/G

eV
2
]

IPsat

Coherent

Incoherent

Argonne
Hulthen

γ + d→ J/Ψ + d,Q2 = 0 GeV2

Distribution of small-x gluons in d :
Does it follow nucleon positions?
Details of the deuteron wf at small x

Nucleon substructure fluctuations
preferred by STAR data (coh+incoh)

H.M, Schenke, 1910.03297; STAR 2109.07625
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Gluon saturation and event-by-event fluctuations

Pb+ Pb→ Pb+ Pb+ J/ψ
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Coherent σ ∼ average interaction, but:

Substructure ⇒ larger saturation effect:
Larger local density when hotspots overlap

Note: γ + p → J/ψ + p identical with and
without substructure by construction

Still less suppression than in the data

H.M, F. Salazar, B. Schenke, in preparation; ALICE: 2101.04577, 1904.06272, LHCb: 2107.03222, DIS2022
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