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Exclusive vector meson production in UPCs

Advantages

No net color charge transfer: at least two gluon exchange

dσγ
∗A→VA

dt

∣∣∣∣
t=0

=
16π3α2

sΓee

3αemM5
V

[
xg(x,Q2)

]2

In practice connection to PDFs complicated (see Vadim’s talk) Ryskin, 1993

Measure J/ψ pT = total momentum transfer ∆
= Fourier conjugate to b
⇒ Access to spatial structure

UltraPeripheral heavy ion Collisions (UPC)

At |bT | > R1 + R2 one nucleus acts as a photon source

E

Z e1

Z e2

High energy (nuclear) DIS before the Electron Ion Collider!
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Vector meson production at high energy/small x

High energy factorization:

1 γ → qq̄ splitting,
wave function Ψγ(r ,Q2, z)

2 qq̄ dipole scatters elastically: N(r , x , b)

3 qq̄ → J/Ψ,
wave function ΨV (r , z)

Diffractive scattering amplitude

Aγ∗p→Vp ∼
∫

d2bdzd2rΨγΨV (r ,Q2, z)e−ib·∆N(r , x , b)

N(r , x , b): universal dipole-proton scattering amplitude, resumming multiple scattering
Convenient degrees of freedom at small x

Phenomenology at the moment: LO (resumming αs ln 1/x), NLO is coming...
H.M, J. Penttala, arXiv:2104.02349 [hep-ph]
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Target shape from coherent diffraction

Coherent cross section: target remains on the same quantum state

Average interaction of states that diagonalize the scattering matrix

These states are qq̄ dipoles with fixed size r, probing fixed target configuration Ω

Good, Walker, PRD 120, 1960

Coherent cross section

dσγ
∗A→VA

dt
∼ |〈Aγ∗A→VA〉Ω|2

Cross section probes average b dependence of the scattering amplitude = target geometry

〈Aγ∗p→Vp〉Ω ∼
∫

d2bdzd2rΨγ∗ΨV (|r|, z ,Q2)e−ib·∆〈N(|r|, x ,b)〉Ω
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Incoherent diffraction = target dissociation

Incoherent cross section

Target final state |f 〉 6= initial state |i〉
No net color charge transfer: rapidity gap between J/Ψ and target remnants

σincoherent ∼
∑
f 6=i

|〈f |A|i〉|2

=
∑
f

〈i |A|f 〉†〈f |A|i〉 − 〈i |A|i〉†〈i |A|i〉

Average over initial states:
σincoherent ∼ 〈|A|2〉Ω − |〈A〉Ω|2

Incoherent cross section = covariance of Aγ∗A→VA

dσ
/d

t 

|t|

Coherent/Elastic

Incoherent/Breakup

t1 t2 t3 t4

Miettinen, Pumplin, PRD 18, 1978,

Caldwell, Kowalski, PRC81 (2010) 025203

Amount of event-by-event fluctuations in target configurations Ω
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HERA data at small x : γ + p → J/ψ + p at W = 75 GeV (xP ≈ 10−3)

0.0 0.5 1.0 1.5 2.0

|t| [GeV2]

10−1

100

101

102

103

d
σ
/d
t

[n
b
/G

eV
2
]

Incoherent

Coherent

With shape fluctuations
Only color charge fluctuations

H1 coherent
H1 incoherent

HERA data well understood
(incoherent with fluctuating substructure) H.M, B. Schenke, 1607.01711

Fluctuations

Round
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E

Pb

p

Ultraperipheral collisions in pA
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What happens to the incoherent cross section at high W ?

Ultraperipheral p + A:
Photon flux ∼ Z 2

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
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Can we understand the energy dependence?

Approach 1: parametrize the number of hot spots

Small-x gluon emissions increase the number of hot spots Cepila, Contreras, Tapia Takaki, 1608.07559

Nhs(x) ∼ xp1(1 + p2

√
x)

(DGLAP)

(BK)

Approach 2: Solve small-x evolution equations

Evolve proton structure by solving evolution perturbatively

BK eq. with impact parameter
Berger, Stasto, 1106.5740, Cepila, Contreras, Matas, 1812.02548

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

Fit HERA F2 and exclusive data. H.M, Schenke, 1806.06783

Difficulty: regulating confinement effects
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Towards small x : γ + p → J/ψ + p∗

Increasing # of hot spots with energy:
Smoother proton, less fluctuations
Cepila, Contreras, Tapia Takaki, 1608.07559
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Small x in γ + p → J/ψ + p∗

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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ALICE data qualitatively compatible with e-b-e
fluctuating geometry evolution

Final data at cross section level?

Are we approaching the black disc limit?
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Saturation in γ + p → J/ψ + p?

LHCb measurement in ultra peripheral p + p
Generically saturation effects ⇒ deviations
from the σ ∼W δ behaviour
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Figure 6: Compilation of photoproduction cross-sections for various experiments. The upper
(lower) plot uses the J/ ( (2S)) data.

and found to be in better agreement with the JMRT NLO rather than LO predictions. The
derived cross-section for J/ photoproduction shows a deviation from a pure power-law
extrapolation of H1 data, while the  (2S) results are consistent although more data are
required in this channel to make a critical comparison.
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LHCb, 1806.04079

Small hints at highest W ?

Saturation effects expected to have only a
small effect in δ at this W

10

Meson MV [GeV] Type mf [GeV] R [GeV�1] NT NL

J/ 3.097 IPsat 1.3528 1.5070 0.5890 0.5860

J/ 3.097 IPnonsat 1.3504 1.5071 0.5899 0.5868

J/ 3.097 KMW 1.4 1.5166 0.578 0.575

� 1.019 IPsat 0.03 3.3922 0.9950 0.8400

� 1.019 IPnonsat 0.1516 3.3530 0.9072 0.8196

� 1.019 KMW 0.14 3.347 0.919 0.825

⇢ 0.776 IPsat 0.03 3.6376 0.9942 0.8926

⇢ 0.776 IPnonsat 0.1516 3.5750 0.8978 0.8467

⇢ 0.776 KMW 0.14 3.592 0.911 0.853

TABLE II: Parameters for the Boosted Gaussian wave function corresponding to the quark masses obtained for the IPsat
and IPnonsat parametrizations. For comparison we include the results from [7] (labeled as KMW), also determined using the
longitudinal polarization.
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FIG. 13: Di↵erential J/ photoproduction cross section as
a function of momentum transfer �t = �2 at two di↵erent
center-of-mass energies. The dashed line is obtained by us-
ing the wave function provided in Ref. [7] where the charm
quark mass is mc = 1.4 GeV. The other IPsat and IPnon-
sat curves use the wave function parametrizations from Ta-
ble II. The W = 75 GeV data are from Ref. [48] and the
W = 100 GeV data from Refs. [24, 25]. The high-energy
results are scaled by 5 for illustrational purposes.

the e↵ect of having a consistent quark mass in the dipole
model fit and in the vector meson wave function, we show
in Fig. 13 the J/ production cross section using our IP-
sat fit (where mc ⇡ 1.35 GeV) and the widely used wave
function from Ref. [7] (where mc = 1.4 GeV, referred as
KMW). The larger quark mass in the KMW parametriza-
tion reduces the cross section by approximately 14%. We
note that the uncertainties related to the modeling of the
vector meson wave function are larger than this, see e.g.
Refs. [7, 50]. The IPsat and IPnonsat results are prac-
tically on top of each other at small |t|. The agreement
with the HERA data is good, except that we can not re-
produce the small change of the t slope at |t| . 0.1 GeV2
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FIG. 14: Total exclusive �p ! J/ p production cross section
as a function of W .

visible in the W = 75 GeV data2.

At large |t| the di↵erent form factors generate di↵erent
spectra. The Fourier transform of the IPnonsat dipole
amplitude is exactly Gaussian, and the spectra goes like
e�Bp|t|. In the IPsat parametrization, the proton den-

sity profile is actually ⇠ exp(�e�b2/2Bp), thus its Fourier
transform is a more complicated function which gener-
ates di↵ractive dips at large �t. At W ⇠ 100 GeV, we
get the location for the first di↵ractive minimum to be
|t| ⇠ 2.5 GeV2 (see also Ref. [53] for discussion about the
energy dependence of the dip location).

The total J/ production cross section, calculated us-
ing our IPsat and IPnonsat model fits, is shown in Fig. 14.
The results are compared with the HERA data from the

2 Which is described accurately in the IP-Glasma model calcula-
tion in Refs. [51, 52]

H.M, P. Zurita, 1804.05311
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Coherent diffraction today

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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(LHCb � + p ! J/ + p vs. W )

Measurements not statistic limited anymore
ALICE, 2101.04577

Different calculations with saturation
effects relatively successful

Flat(?) rapidity dependence in
−2 < y < 0???

Also: normalization uncertainty from J/ψ wf,
does not completely cancel in nuclear
suppression ratio (=ratio to imp. approx.) 14
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FIG. 5: Nuclear suppression factor for total coherent J/ 
production as a function of Q2 computed using the di↵erent
vector meson wave functions.

di↵erent form factors (transverse density profiles Fourier
transformed to the momentum space). The A4/3 scal-
ing can be understood to originate from the fact that
the coherent cross section at t = 0 scales as ⇠ A2, and
the width of the coherent spectra (location of the first
di↵ractive minimum) is proportional to 1/R2

A ⇠ A�2/3.
The numerical factor c depends on the proton and nuclear
form factors, and is found to be very close to c = 1

2 in
Ref. [87]. In the absence of non-linear e↵ects (or shadow-
ing e↵ects in the gluon distribution), with dipole ampli-
tudes (19) and (21) that depend linearly on r2xg(x, µ2),
this ratio is exactly 1.

The obtained nuclear suppression factor is shown in
Fig. 5 in the Q2 range accessible at the Electron Ion
Collider. We emphasize that all the nuclear modifica-
tions in this figure are calculated with exactly the same
dipole cross sections, corresponding to the same nuclear
shadowing (as measured e.g. by the nuclear suppression
in FL or F2). Thus the di↵erence between the curves
results purely from vector meson wave function e↵ects.
When using the NRQCD wave function with the rela-
tivistic corretion, the Boosted Gaussian wave function or
the BLFQ wave function, the obtained nuclear suppres-
sion factors are practically identical. Even though large
mass of the vector meson renders the scale in the process
large, a moderate suppression ⇠ 0.75 is found at small
and moderate Q2. In the small Q2 region the uncer-
tainty obtained by varying the NRQCD matrix elements
is large.

The fully non relativistic wave function results in a
much stronger suppression at small Q2. This can be un-
derstood, as it was already seen in Fig. 1 that this wave
function gives more weigh on larger dipoles compared to
the other studied wave functions. As the larger dipoles
are more sensitive to non-linear e↵ects, a larger nuclear
suppression in this case is anticipated. The first rela-

tivistic correction ⇠ �r2 suppresses the overlap at large
dipole sizes, and consequently the nuclear suppression.
At higher Q2 the photon wave function again cuts out the
large dipole part of the overlap in all cases, and as such
the results obtained by applying the fully non-relativistic
wave function do not di↵er from other wave functions
any more. At asymptotically large Q2 only small dipoles
contribute and the dipole amplitudes can be linearized.
Consequently, the suppression factor approaches unity at
large Q2 independently of the applied wave function.

The fact that the fully non-relativistic wave function
results in a very di↵erent nuclear suppression demon-
strates that the dependence on the meson wave function
does not completely cancel in the nucleus-to-proton cross
section ratios. Consequently, a realistic (and relativistic)
description of the vector meson wave function is neces-
sary for interpreting the measured nuclear suppression
factors. This indicates that there is a large theoretical
uncertaintly in using the fully nonrelativistic formula of
Ryskin [3], not only for extracting absolute gluon distri-
butions, but even for extracting nuclear modifications to
the dipole cross section (or the gluon density) from cross
section ratios.

VI. CONCLUSIONS

In this work we proposed a new parametrization for
the heavy vector meson wave function based on NRQCD
long-distance matrix elements. These matrix elements
can be used to simultaneously constrain both the value
and the derivative of the vector meson wave function at
the origin using quarkonium decay data. This approach
provides a systematic method to compute the vector me-
son wave function as an expansion in the strong coupling
constant ↵s and the quark velocity v.

Compared to many phenomenological approaches used
in the literature, our approach uses two independent
constraints (the wave function value and its deriva-
tive). The obtained wave function is rotationally sym-
metric in the rest frame and contains only the S wave
component. Consequently, we simultaneously obtain a
consistent parametrization for both polarization states.
This is unlike in some widely used phenomenological
parametrizations where the virtual photon like helicity
structure is assumed on the light front. Relating light
cone wavefunctions to rest frame ones also provides a
consistent way to discuss the e↵ect of a potential D-wave
contribution to the meson wavefunction. We do not see
indications, neither theoretically nor phenomenologically,
that a significant D-wave contribution would be required
or favored for the J/ .

The first relativistic correction to the wave function,
controlled by the wave function derivative at the origin,
is found to have a sizeable e↵ect on the cross section.
The negative ⇠ �r2 relativistic contribution in terms of
the transverse size r suppresses the obtained wave func-
tion at larger dipole sizes. The momentum fraction part

T. Lappi, H. M, J. Penttala, 2006.02830
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Coherent t spectra

13/20

t-distribution in coherent � + A ! J/ + A

ALICE arXiv:2101.04623

I These are very small numbers!
Extracted from J/ decay leptons
(cannot measure scattered nucleus)

I EIC will have larger t ;
(But how does precision compare?)

I Generally interesting steep t-distribution.
Qualitatively expected from saturation
(but b-BK has saturation and is not steep enough. . . )

Talk Krelina: Momentum transfer dependence of heavy quarkonium

electroproduction
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First t spectra measured!

(Would be interesting to see coh and incoh)

Much steeper t spectra than FT of WS

Steeper slope expected from saturation

Especially the smallest t bin?
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With T. Lappi, F. Salazar and B. Schenke
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Accessing fluctuations at different scales
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H. M., B. Schenke, arXiv:1703.09256

√
|t| is conjugate to bT

Small |t|: fluctuations of nucleon positions

Large |t|: fluctuations at subnucleon scale

Incoherent slope changes at

|t| ≈ 0.25GeV2 ∼ 0.4 fm

which is the hot spots size from HERA
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Accessing fluctuations at different scales
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Coherent J/y and y 0 photoproduction at midrapidity ALICE Collaboration
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Figure 1: Left: Invariant mass distribution of l+l� pairs. The dashed green line corresponds to the background.
The solid magenta and red lines correspond to Crystal Ball functions representing the J/y and y 0 signal, re-
spectively. The solid blue line corresponds to the sum of background and signal functions. Right: Transverse
momentum distribution of J/y candidates in the range quoted in the figure (around the J/y nominal mass).

8

ALICE, 2101.04577

Qualiatively consistent with the ALICE data, but want cross section level spectra!
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Comparison to LHC data, no subnucleonic fluctuations
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Only fluctuations of nucleon positions from Woods-Saxon:
Coherent cross section overestimated and incoherent underestimated

Overall normalization uncertainty from the J/Ψ wave function
H.M, B. Schenke, arXiv:1703.09256
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Comparison to LHC data, with subnucleon fluctuations
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Calculations with nucleon substructure consistent with the LHC data.

Dependence on the J/ψ wave function mostly cancels in the ratio

Note: no W dependent geometry included

Missing: y and
√
s dependence of the incoherent cross section

How does the incoherent cross section and e-b-e fluctuations depend on xP?

H.M, B. Schenke, arXiv:1703.09256
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Conclusions

Vector meson production from HERA relatively well understood

Lots of precise data from LHC (and RHIC!)

Interesting observations include

Large nuclear suppression compared to impulse approximation
Disappearing incoherent cross section in high energy γ + p??
Total γ + p → J/ψ + p cross section: deviating from W δ law from HERA???
Low-t part of the γ + Pb→ J/ψ + Pb spectra????

Wish list:

t spectra in γ + p and γ + A (coherent+incoherent ok)
y and

√
s dependence of the incoherent cross section

Clear signatures of non-linear effects, but also need for precision theory

NLO (coming, see H.M, J. Penttala, 2104.02349)
Vector meson wave function beyond phenomenological models
(see T. Lappi, H.M, J. Penttala, 2006.02830; Y. Li, P. Maris, J. Vary, 1704.06968)
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Backups
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Significant nuclear effects seen in γ + A→ J/ψ + A

Enhance non-linearities:
Q2

s,A ∼ A1/3x−λ

(larger A is cheaper than smaller x)

The first UPC measurements:
clear nuclear suppression
Impulse approximation = scaled γ + p
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s CMS, 1605.06966
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Light ions

RHIC:
UPC in d + Au
(and 3He + Au)
xP ∼ 10−2
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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 in d
Preferred by STAR data (coh+incoh)

H.M, Schenke, 1910.03297; STAR 2009.04860
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Diffractive scattering

Diffractive events: no exchange of color charge (→ rapidity gap)

Target remains intact: coherent diffraction, small |t|.
Probes average distribution of gluons.

Target breaks up: incoherent diffraction, larger |t|.
Sensitive to fluctuations.

Target: proton or nucleus
Heikki Mäntysaari (JYU) UPC 27.4.2021 23 / 19



Subnucleon fluctuations in deuteron
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γ + d→ J/Ψ + d,W = 75 GeV, Q2 = 0 GeV2

Nucleon positions from Hulthen deuteron wave function
Proton and neutron density profiles from HERA ep diffraction
Similarly as in UPC, subnucleon fluctuations significantly increase incoherent incoherent
cross section at |t| & 0.2GeV2.
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Dipole-proton scattering: IPsat model

An impact parameter dependent dipole amplitude

N(r , x , b) = 1− exp

[
− π2

2Nc
αsxg(x , µ2)Tp(b)r2

]

Fit to HERA data (F2): initial condition for the DGLAP evolution of xg(x , µ2) (Kowalski,
Teaney 2003; Rezaeian et al, 2013, H.M, Zurita, 1804.05311 )

Proton profile Tp: Gaussian, width Bp

Tp(b) = − 1

2πBp
e−b

2/2Bp
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Adding color charge fluctuations: IP-Glasma

Obtain saturation scale Qs(bT ) from IPsat (with constituent quarks)
Sample color charges ρ(bT ) ∼ Qs(bT )
Solve Yang-Mills equations to obtain Wilson lines

V (xT ) = P exp

(
−ig

∫
dx−

ρ(x−, xT )

∇2 + m2

)
Dipole amplitude: N(xT , yT ) = 1− TrV (xT )V †(yT )/Nc

Fix parameters Bqc ,Bq and m with HERA data

Example configurations:
1− Re(TrV (xT ))/Nc

H.M., B. Schenke, arXiv:1603.04349

H.M., B. Schenke, arXiv:1603.04349
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IP-Glasma and HERA data
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H.M., B. Schenke, in preparation and arXiv:1603.04349

Color charge fluctuations alone are not enough
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IP-Glasma and HERA data
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H.M., B. Schenke, arXiv:1603.04349

Large geometric fluctuations are needed
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IP-Glasma and HERA data
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H.M., B. Schenke, arXiv:1603.04349

Qs fluctuations improve description at small |t|
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Similar results for 3He
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Subnucleon fluctuations alter the incoherent |t| slope, and significantly increase the
incoherent cross section

EIC will open a new window to the gluonic structure of light ions, also!
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