
LLNL-PRES-751223
This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore 
National Laboratory under contract DE-AC52-07NA27344. Lawrence Livermore National Security, LLC

Ultra-peripheral collisions

Aaron Angerami
Lawrence Livermore National Laboratory

Quark Matter 2018
Venice, Italy

Friday May 18, 2018



A. Angerami Quark Matter 2018, Venice, Italy May 18, 2018

Ultra-peripheral collisions

‣ In HI collisions the large electromagnetic fields 
accompanying the nuclei can be expressed in 
terms of an equivalent photon flux

- Leads to photon-photon and photon-nucleus 
collisions

‣ At large impact parameter (b > 2 RN) this is the 
dominant interaction mechanism in HI 
collisions: “ultra-peripheral collisions”
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‣ For photons that can be emitted coherently by entire nucleus, flux is enhanced by Z 2

- kT, |q | ≲ ℏc/2RN ~ 15 MeV,

- k0, kz ≲ 𝛄 ℏc/2RN ~ 80 GeV @ LHC

- Flux drops rapidly with increasing E (and |q | )
   Z 2            →         Z       →      Z × Proton form factor

coherent                      incoherent

‣ Photons are quasi-real, have ~no transverse momentum and can initiate 𝜸A or 𝜸𝜸 
collisions at high √s

Ultra-peripheral collisions: scales
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A pernicious example: bound-free pair production

‣ 𝜸𝜸 → e+e- where electron captured by nuclear Coulomb field

- 𝛔 BFPP ~ Z12 Z22 | ψ2(0)| 2 ~ Z12 Z22 ( Z23/2 ) 2 ~ Z 7 ~ 250b @LHC
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BOUND-FREE PAIR PRODUCTION IN LHC Pb-Pb OPERATION AT

6.37 Z TeV PER BEAM

J.M. Jowett
⇤
, M. Schaumann

†
, B. Auchmann, C. Bahamonde Castro, M. Kalliokoski,

A. Lechner, T. Mertens, C. Xu, CERN, Geneva, Switzerland

Abstract
In the 2015 Pb-Pb collision run of the LHC, the power of

the secondary beams emitted from the interaction point by

the bound-free pair production (BFPP) process reached new

levels while the propensity of the bending magnets to quench

increased with the magnetic field. This beam power is about

35 times greater than that contained in the luminosity debris

and is focussed on a specific location. As long foreseen,

orbit bumps were introduced in the dispersion suppressors

around the highest luminosity experiments to mitigate the

risk by displacing and spreading out these losses. The BFPP

beams were used to induce a controlled quench of a dipole

magnet, thus providing the first direct measurement of the

steady state quench level and demonstrating the need for new

collimators around the ALICE experiment to intercept these

secondary beams.

INTRODUCTION

Ultraperipheral electromagnetic interactions of Pb nuclei

at the LHC are responsible for copious lepton-pair produc-

tion. Most of this is innocuous except for a tiny proportion

of (single) bound-free pair production (BFPP1):

208Pb82+ +208 Pb82+ �!208 Pb82+ +208 Pb81+ + e+, (1)

in which the electron is bound to one nucleus. As extensively

discussed previously (see, eg, [1–6] and further references

therein), the modified nuclei emerge from the collision point,

as a narrow secondary beam with modified magnetic rigidity,

following a dispersive trajectory (Figure 1) that impacts

on the beam screen in a superconducting magnet in the

dispersion suppressor (DS) downstream. These secondary

beams emerge in both directions from every IP where ions

collide and each carries a power PBFPP = L�BFPPEb where

L is the luminosity and �BFPP ' 276 b is the cross section

at the 2015 run energy Eb = 6.37Z TeV [7, 8]. These losses

are much greater than the luminosity debris (generated by

the nuclear collision cross-section of 8 b) and can quench

magnets and directly limit luminosity.

ORBIT BUMP TECHNIQUE

During the 2015 Pb-Pb run [8] a peak

L = 3–3.5 ⇥ 1027 cm�2s�1
was achieved in IP1 and IP5.

IP2 was levelled to the design value of L = 1⇥1027 cm�2s�1
.

Thus the BFPP1 beams emerging to the left and right

of the ATLAS and CMS experiments, were carrying

PBFPP . 80 W. To reduce the risk of quenches, orbit

⇤
John.Jowett@cern.ch

†
Michaela.Schaumann@cern.ch

Figure 1: Example of main (blue) and BFPP1 beam (red)

radial envelopes, and aperture (grey), right of IP5 (at s = 0).

Beamline elements are indicated schematically.

bumps around the impact locations were implemented in

order to move the losses out of the dipole and into the

connection cryostat ("missing dipole" in DS). Although the

cryostat does not contain a coil, it still accommodates the

superconducting bus bars. However, these bus bars have

a higher quench level than coils and are located above the

vacuum chamber where the Pb losses are ine�ectual [9].

The green trajectory in Fig. 2 shows the new path of the

BFPP ions modified by an orbit bump with a maximum

amplitude of �3 mm around the quadrupole in cell 11 (Q11).

These orbit bumps were used routinely and no luminosity

production fill was interrupted by a quench.

Figure 2: Zoom into Fig. 1 at the impact location of the

BFPP beam. Red trajectory calculated without orbit bump,

green with a bump amplitude of �3 mm at Q11.

BFPP QUENCH TEST

At the outset, it was thought unlikely that the available

luminosity was enough to induce a magnet to quench but

Proceedings of IPAC2016, Busan, Korea TUPMW028

01 Circular and Linear Colliders

A01 Hadron Colliders

ISBN 978-3-95450-147-2

1497 C
o
p

y
r
ig

h
t

©
2
0
1
6

C
C

-B
Y

-3
.0

a
n

d
b

y
th

e
r
e
s
p

e
c
ti

v
e

a
u

th
o
r
s

‣ In ion colliders results in: 

‣ Huge beam losses results luminosity burn off, short half-life (3 hrs vs 12 hrs for pp)

‣ Well-collimated secondary beam (~ 10’s of Watts!) can cause magnet quenches, 
requires orbit bumps 

J. Jowett, Proceedings of IPAC2016

Orbit bumps mitigate BFPP for CMS (or ATLAS)

• Primary loss location close to the connection cryostat  - details slightly optics-
dependent (If necessary, bumps should avoid quenches at the start of physics 

• Extra BLMs were specifically added for heavy-ion operation in loss region 

• Variations of bump possible, uses moderate fraction of available corrector strengths  

• We applied bumps like these with ~ 3 mm amplitude around CMS and ATLAS from the 
beginning of the 2015 run 

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018. 9

BFPP beam, without
and with bump

J. Jowett, this conference
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An exotic example: light-by-light scattering

‣ Forbidden by classical EM but elementary 
consequence of quantum electrodynamics

- Had not been directly observed previously

‣ ATLAS and new CMS preliminary results show 

- > 4𝞼 significance for signal 

- Fiducial cross sections consistent with SM
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16/21Quark-Matter'18, Venezia, May 2018                                      David d'Enterria (CERN)

gggg  differential distributions (after LbyL cuts)       differential distributions (after LbyL cuts)      

 ■ Final diphoton distributions (p
T
, mgg,y) for LbyL+QED+CEP:

Good agreement of data with 

sum of MC predictions 

(also for cut-flow numbers):

CMS Collaboration PAS-FSQ-16-012

See talk by D. d’Enterria, Wed. 18 May. 

https://indico.cern.ch/event/656452/contributions/2869875/
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Photo-production: a reminder

‣ Similar to DIS except photon is quasi-real ( Q 2 = 0)

- In nuclear case, photons also have small transverse momentum (pT ≲ 15 MeV)

- To apply pQCD something else must provide hard scale

‣ Just like in DIS, photon serves as “well-calibrated” probe to study structure of nucleon/
nuclear target

- Measurements have straightforward interpretation and provide direct access nuclear 
parton densities 

‣ Contrast with hadronic collisions: pp, pA & AA

- Forced to simultaneously understand dynamics of “target” and “probe”

6
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Photo-production: a reminder

‣ Similar to DIS except photon is quasi-real ( Q 2 = 0)

- In nuclear case, photons also have small transverse momentum (pT ≲ 15 MeV)

- To apply pQCD something else must provide hard scale

‣ Just like in DIS, photon serves as “well-calibrated” probe to study structure of nucleon/
nuclear target

- Measurements have straightforward interpretation and provide direct access nuclear 
parton densities 

‣ Contrast with hadronic collisions: pp, pA & AA

- Forced to simultaneously understand dynamics of “target” and “probe”
➡ Studies of photo-production using UPCs provide an immediate opportunity to study 

questions addressed by future EIC program

- Quantifying and hopefully describing nPDF modifications

- Prevalence of saturated matter at small x with universal features
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Calibrating the “probe”: exclusive dilepton production

‣ Another basic QED process

‣ Cross section measurement can validate EPA 
approach and evaluation of nuclear photon fluxes

‣ Exclusive process, clean final state
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Measurements of !! → #$#%with in Pb+Pb
collisions with ATLAS detector

A. Angerami (LLNL) on behalf of the ATLAS Collaboration

π|/φ∆Aco = 1 - |
0 0.01 0.02 0.03 0.04 0.05 0.06

C
or

re
ct

ed
 c

ou
nt

s 
[/0

.0
02

]

1

10

210

310

410

2%

 PreliminaryATLAS
-µ++µ+(*)+Pb(*) Pb→Pb+Pb 

-1bµ = 515 intL
0.0 < |Y| < 0.8
 10 < M < 100 GeV
Data
STARLIGHT
Fit to STARLIGHT
Data fit
Background contribution

π|/φ∆Aco = 1 - |
0 0.01 0.02 0.03 0.04 0.05 0.06

C
or

re
ct

ed
 c

ou
nt

s 
[/0

.0
02

]

1

10

210

310

410

2%

 PreliminaryATLAS
-µ++µ+(*)+Pb(*) Pb→Pb+Pb 

-1bµ = 515 intL
0.8 < |Y| < 1.6
 10 < M < 100 GeV
Data
STARLIGHT
Fit to STARLIGHT
Data fit
Background contribution

π|/φ∆Aco = 1 - |
0 0.01 0.02 0.03 0.04 0.05 0.06

C
or

re
ct

ed
 c

ou
nt

s 
[/0

.0
02

]

1

10

210

310

410

4%

 PreliminaryATLAS
-µ++µ+(*)+Pb(*) Pb→Pb+Pb 

-1bµ = 515 intL
1.6 < |Y| < 2.4
 10 < M < 100 GeV
Data
STARLIGHT
Fit to STARLIGHT
Data fit
Background contribution

 [GeV]µµM
10 20 30 40 50 60 210

b/
G

eV
]

µ [ µµ
M

/dσd

4−10

3−10

2−10

1−10

1

10
 PreliminaryATLAS

-µ++µ+(*)+Pb(*) Pb→Pb+Pb
 = 5.02 TeVNNs

-1bµ = 515 intL
|<2.4

µ
η > 4 GeV, |

µT,
p

|<2.4
µµ

Data |Y
|<2.4

µµ
STARLIGHT |Y

|<2.4
µµ

Data 1.6<|Y
|<2.4

µµ
STARLIGHT 1.6<|Y

µµY
2− 0 2

b]µ [ µµ
Y

/dσd

2−10

1−10

1

10

210  PreliminaryATLAS -1bµ = 515 int = 5.02 TeV LNNsPb+Pb 
<20 GeVµµData 10<M <20 GeVµµSTARLIGHT 10<M
<40 GeVµµData 20<M <40 GeVµµSTARLIGHT 20<M
<100 GeVµµData 40<M <100 GeVµµSTARLIGHT 40<M

!! → #$#% in non-UPC Pb+Pb collisions

Elementary QED process && → '$'%

• High rate ()) ∝ +,.
• Muons have strong momentum 

correlation : . /
$ ≈ . /

%.

The angular and momentum correlations of di-muons produced through 
the process && → '$'% are measured as a function of centrality in Pb+Pb
collisions at 122 = 5.02 TeV. The angular correlations are observed to 
broaden in central collisions consistent with expectations of 
electromagnetic interactions of the muons with the quark-gluon plasma. 

Di-muon production in ultra-peripheral 
heavy-ion collisions
Nuclei are accompanied by a large equivalent photon flux, enhanced by for 
photons that can be emitted coherently by the entire nucleus..
• Negligible transverse momentum: 78

) ≤ ℏ;/=>~ 10 MeV

• High energy: 7A
), C) ≤ &DEEFG ℏ;/=>~ 80 GeV @ 122 = 5.02 TeV

Pb(⋆)
&
& '%

'$

Pb(⋆)Pb

Pb

M > =>

For M > 2=> ⟹ no hadronic interactions 
⟹ electromagnetic process dominate: 
ultra-peripheral collisions (UPCs).

• Process also occurs in events where nuclei overlap.

• Muons may interact electromagnetically with the 
electric charges in the quark-gluon plasma.

• Unique probe: strong correlation of muon 7⃗8 ⟹
small effects may be observable (≳ 10 MeV).

• Simpler, if perhaps less powerful alternative to jet 
quenching.

R/
'%

'$

Both features observed in 
previous ATLAS measurement1

and well described by the 

STARlight event generator2.

1 ATLAS Collaboration, ATLAS-CONF-2016-025, 2016, url: https://cds.cern.ch/record/2157689. 
2 S. R. Klein et al., Comput. Phys. Commun. 212 (2017) 258, arXiv: 1607.03838 [hep-ph].

Measurement uses 2015 Pb+Pb data, integrated luminosity of 0.49 nb%V

Kinematic requirements: 
78
± > 4 GeV [± < 2.4 4 < ]^^ < 45 GeV

_ ≡ 1 −
b$ − b%

c
d ≡

78
$ − 78

%

78
$ + 78

%

Data and observables

As a function of centrality, measure momentum correlations:

• && signal localized small values of _ and d
• Enhance signal by requiring: _ < 0.015, d < 0.06

• Dominant background:  leptonic decays of heavy flavor (HF) hadrons.

• Other backgrounds (Drell-Yan, Υ ) estimated to be negligible.
• Muons from HF decays often originate a significant transverse distance (hi) 

from the collision vertex  .

• Estimate HF fraction by template fit of hi
jklm ≡ hi

$ ⊕ hi
% distribution.

Template fits and background subtraction

o hi
jklm = p q hi

jklm + 1 − p r(hi
jklm)

s
ht
h_

Fuv

≡ s
ht
h_

uwFuv

− x s
ht
h_

yz

x ≡ (1 − p)×
∫ }h_ hth_ uwFuv

∫ }h_ hth_ yz

r: HF background (from data)

q: STARlight && → '$'%

overlaid with data events

Subtract:

}~�
~Ä yz

: from data by inverting d cut

x determined from template fit:
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Quantifying broadening

Results

Å distributions exhibit significant broadening in central collisions. 
d distributions do not; intrinsic width too broad to see effects seen in _
Both consistent with zero in tails ⟺ residual background is negligible. 

If muons each imparted with random É8 , 

with É8 ≪ 7̅8 =
V
Ü
(78

$ + 78
%), then on average:

_Ü = _i
Ü +

É8
Ü

cÜ7̅8
Ü

á = Gaussian (Ü = _Ü . Use
measured 7̅8

Ü and _i
Ü = (âäi%

Ü

Fit data to obtain É8
åçé = É8

Ü ⁄ê ë
:

R/
íìî Increases gradually with 

centrality to 70 ± 10 MeV
in the most central collisions
Qualitatively consistent with 
estimate from transport theory3,4:

É8
Ü ∝ _ïç

Ü ñóò ln ö̅õ
Äúùû

⟹

É8
Ü ⁄ê ë~10 � 100 MeV

3 J. D. Bjorken, Fermilab Preprint, FERMILAB-PUB-82-059-THY., 
4 P. Arnold, G. D. Moore and L. G. Yaffe, JHEP 0305 (2003) 051, arXiv:hep-ph/0302165. 
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Non-UPC !! → #$#% offers new tool to study microscopic structure of the QGP

LLNL-POST-937094     This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344.
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‣ Kinematic distributions and 
overall rates well described 
by STARlight generator

Charmonium and e+e− pair photoproduction ALICE Collaboration

)2 (GeV/c-e+eM
2.2 2.25 2.3 2.35 2.4 2.45 2.5 2.55 2.6

)2
b/

 G
eV

/c
µ

| <
 0

.9
)  

  (
1,

2
η

 (| - e+ e
/d

M
σd

0

100

200

300

400

500

600

700

-e+ e→ γγ

STARLIGHT

 = 2.76 TeVNNs   γγ Pb+Pb + →Pb+Pb 

)2 (GeV/c-e+eM
4 5 6 7 8 9 10

)2
b/

 G
eV

/c
µ

| <
 0

.9
)  

  (
1,

2
η

 (| - e+ e
/d

M
σd

1

10

210

-e+ e→ γγ

STARLIGHT

 = 2.76 TeVNNs   γγ Pb+Pb + →Pb+Pb 

Fig. 6: γγ → e+e− cross section (blue circles) for ultra-peripheral Pb-Pb collisions at √sNN = 2.76 TeV at -
0.9<η<0.9 for events in the invariant mass interval 2.2<Minv < 2.6 GeV/c2 (top) and 3.7<Minv < 10 GeV/c2 in-
terval (bottom) compared to STARLIGHT simulation (black line). The blue(green) bars show the statistical (sys-
tematic) errors, respectively.

18

ALICE Collaboration, Eur. Phys. J. C 73 (2013) 2617
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�� ! µ+µ�

S.R. Klein, J. Nystrand, J. Seger, Y. Gorbunov, J. 
Butterworth,  Comp. Phys. Comm. 212 (2017) 258.

Calibrating the “probe”: exclusive dilepton production

21/21Quark-Matter'18, Venezia, May 2018                                      David d'Enterria (CERN)

SummarySummary
■ Study of exclusive gg and e+e- final states in UPC PbPb at √s

NN
= 5.02 TeV.

■ Evidence (4.1s) for LbyL scatt.: 14 evts, N
sig

=11.1±1.1,N
bckgd

=3.8±1.3 expected

    Differential distributions in agreement with LbyL+QED(e+e-)+CEP predictions:

■ Fiducial cross section: s=122 nb ±38%(stat)±24%(syst)±3%(th) in agreement with SM

‣ Backgrounds to other 
measurements (quarkonia, 
light-by-light)

CMS Collaboration PAS-FSQ-16-012

https://arxiv.org/abs/1305.1467v2
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-025/
https://arxiv.org/abs/1607.03838
https://arxiv.org/abs/1607.03838


A. Angerami Quark Matter 2018, Venice, Italy May 18, 2018 10

‣ Photon has significant hadronic component 

Point-like 
photon Dipole Vector mesons

Increasing size/interaction strength
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Calibrating the “probe”: critical details
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‣ Need to understand hadronic/partonic structure of photon or we are stuck in same 
situation as in hadronic collisions

- Partonic structure influences interpretation of hard processes

- Soft structure leads to nucleon shadowing
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Photo-production: exclusive vector mesons
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⇢ ,! ,� , · · ·
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VMs picked out by colorless scattering 
with target, produced diffractively
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e

fV
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‣ Coherent production: Target remains intact 
- No forward neutrons
- Colorless exchange couples to entire nucleus
• Restricted to small momentum transfers
• Diffraction pattern determined by nuclear size

‣ Incoherent production: Target breaks up
- Colorless exchange can couple to single 

nucleons
• Diffraction pattern determined by nucleon size

Note here “coherent” refers to the target, you can still have photons emitted 
incoherently by the projectile interact coherently with the target



A. Angerami Quark Matter 2018, Venice, Italy May 18, 2018

Exclusive ρ production

12

STAR: Careful fitting of ρ mass peak including 
nominal ρ, ω, non-resonant π +π - and their 
interferences (dashed)

Diffraction pattern is 
determined by nuclear size
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Figure 4: The ⇡+⇡� invariant mass distribution for all selected ⇡⇡ candidates with pT < 100 MeV/c. The
black markers show the data (in 2.5 MeV/c2 bins). The magenta curve is the modified Söding fit to the data in
the range 0.6 < M⇡⇡ < 1.3 GeV/c2. Also shown are the ⇢0 Breit-Wigner component of the fit (brown curve),
constant non-resonant pion pair component (brown-dashed curve), interference between non-resonant pion
pairs and the ⇢0 (blue-dashed curve), Breit-Wigner distribution for the ! mesons (blue solid curve), interfer-
ence between ⇢0 and ! (red-dashed curve), and a small contribution from the remnant background, fit by a
linear polynomial (cyan-dashed curve).

parameters: two masses, two widths, three amplitudes, the phase of the ! meson, and
two parameters for the background.

Figure 4, shows the data, the full fit function, and most of the components, while
Tab. 2 shows the fit results. The ⇢0 and ! masses and the ⇢0 width are in good agree-
ment with their Particle Data Group values [32]. The ! is considerably wider than the
standard value, because it is broadened by the detector resolution, which is compara-
ble to the ! width. The fit �2/DOF = 255/270 shows that the data and model are
consistent in the fit region.

The ratio of direct ⇡+⇡� to ⇢0 amplitudes, |B/A| = 0.79 ± 0.01 (stat.) ± 0.08 (syst.)
(GeV/c2)�1/2, agrees within the 1� uncertainty with the value reported in the previ-
ous STAR publication [7]: 0.89 ± 0.08 (stat.) ± 0.09 (syst.) (GeV/c2)�1/2. At 2.76
TeV/nucleon-pair, the ALICE collaboration measured a smaller ratio, |B/A| = 0.50 ±
0.04 (stat.)+0.10

�0.04 (syst.) (GeV/c2)�1/2 [8].
The measured ratio of! to ⇢0 amplitude was C/A = 0.36±0.03 (stat.)±0.04 (syst.).

The ! amplitude is small, but is clearly visible through its interference with the ⇢0

which produces a small kink in the spectrum near 800 MeV/c2. The ! amplitude
agrees with a prediction from STARlight [24], C/A = 0.32, which uses the �p ! !p
cross section and a classical Glauber calculation.
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Figure 8: d�/dt for coherent ⇢0 photoproduction in XnXn events (filled red circles) and 1n1n events (open
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and the statistical errors, which are shown as vertical lines. The red and blue lines show an exponential fit at
low t, as discussed in the text. The insert shows, with finer binning at low pT , the e↵ects of the destructive
interference between photoproduction with the photon emitted by any of the two ions.
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Exclusive ρ production
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STAR: Careful fitting of ρ mass peak including 
nominal ρ, ω, non-resonant π +π - and their 
interferences (dashed)

]2pion pair invariant mass [GeV/c
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

]2
dy

 [m
b/

G
eV

/c
ππ

/d
M

σd

5−

0

5

10

15

20

25

Full fit
 Breit-Wignerρ

π π interference ρ

 Breit-Wignerω

ρ interference ω

π πNon-resonant 
Remnant background

Figure 4: The ⇡+⇡� invariant mass distribution for all selected ⇡⇡ candidates with pT < 100 MeV/c. The
black markers show the data (in 2.5 MeV/c2 bins). The magenta curve is the modified Söding fit to the data in
the range 0.6 < M⇡⇡ < 1.3 GeV/c2. Also shown are the ⇢0 Breit-Wigner component of the fit (brown curve),
constant non-resonant pion pair component (brown-dashed curve), interference between non-resonant pion
pairs and the ⇢0 (blue-dashed curve), Breit-Wigner distribution for the ! mesons (blue solid curve), interfer-
ence between ⇢0 and ! (red-dashed curve), and a small contribution from the remnant background, fit by a
linear polynomial (cyan-dashed curve).

parameters: two masses, two widths, three amplitudes, the phase of the ! meson, and
two parameters for the background.

Figure 4, shows the data, the full fit function, and most of the components, while
Tab. 2 shows the fit results. The ⇢0 and ! masses and the ⇢0 width are in good agree-
ment with their Particle Data Group values [32]. The ! is considerably wider than the
standard value, because it is broadened by the detector resolution, which is compara-
ble to the ! width. The fit �2/DOF = 255/270 shows that the data and model are
consistent in the fit region.

The ratio of direct ⇡+⇡� to ⇢0 amplitudes, |B/A| = 0.79 ± 0.01 (stat.) ± 0.08 (syst.)
(GeV/c2)�1/2, agrees within the 1� uncertainty with the value reported in the previ-
ous STAR publication [7]: 0.89 ± 0.08 (stat.) ± 0.09 (syst.) (GeV/c2)�1/2. At 2.76
TeV/nucleon-pair, the ALICE collaboration measured a smaller ratio, |B/A| = 0.50 ±
0.04 (stat.)+0.10

�0.04 (syst.) (GeV/c2)�1/2 [8].
The measured ratio of! to ⇢0 amplitude was C/A = 0.36±0.03 (stat.)±0.04 (syst.).

The ! amplitude is small, but is clearly visible through its interference with the ⇢0

which produces a small kink in the spectrum near 800 MeV/c2. The ! amplitude
agrees with a prediction from STARlight [24], C/A = 0.32, which uses the �p ! !p
cross section and a classical Glauber calculation.
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Figure 9: The target distribution in the transverse plane, the result of a two-dimensional Fourier transform
(Hankel transform) of the XnXn and 1n1n di↵raction patterns shown in Fig. 8. The integration is limited to
the region |t| < 0.06 (GeV/c)2. The uncertainty is estimated by changing the maximum �t to 0.05, 0.07 and
0.09 (GeV/c)2. The cyan band shows the region encompassed by these �t values. In order to highlight the
similarity of both results at their falling edges, the resulting histograms are scaled by their integrals from -12
to 12 fm. The FWHM of both transforms is 2 ⇥ (6.17 ± 0.12) fm, consistent with the coherent di↵raction of
⇢0 mesons o↵ an object as big as the Au nuclei.
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From ⇢0 cross section to nuclear spatial distribution

Fourier 2-D (Hankel) transformation relates d2�/dydt to the spacial distribution in
target Au nucleus integrated over z

RHIC Run2010

Transformation prescription:

F (b) / 1
2⇡

Z 1

0
dpT pT J0(bpT )

r
d�
dt

Blue band provides effect of varying |t |max

Negative values on the sides are attributed to interference between the two
production nuclei

Jaroslav Adam (STAR experiment) Ultra-peripheral collisions with the STAR detector February 13 – 17, 2017 14 / 26
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■ Clear shape differences -> low mass has a flat-top, as 
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Diffraction pattern 
depends on di-pion mass

Smaller mass di-pion 
has “larger” size

More likely to be 
absorbed by target

Less likely to “see” 
center of nucleus 

Nucleon shadowing!

S. Klein talk at DIS 2018

https://indico.cern.ch/event/656250/contributions/2870481/
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What about quarkonia?

15

‣ Multiple (related) theoretical approaches 

- pQCD w/ 2 gluon exchange + LT shadowing corrections 

- Dipole amplitude from saturation picture 

- Light-front holography 

‣ How under control are either of these theoretically?  

- NLO corrections, skewness, VM wavefunction 

‣ Open question of if/how this should be used in global NPDF fits 

d��
?A!J/ A

dt
/

�
xGA(x,Q

2)
�2

‣ J/𝝍 mass provides hard scale, apply pQCD to problem. 

- Leading contribution requires two gluon exchange 

- Sensitive to target gluon distribution squared
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What about quarkonia?

16

‣ Multiple (related) theoretical approaches 

- pQCD w/ 2 gluon exchange + LT shadowing corrections 

- Dipole amplitude from saturation picture 

- Light-front holography 

‣ How under control are either of these theoretically?  

- NLO corrections, skewness, VM wavefunction 

‣ Open question of if/how this should be used in global NPDF fits 

‣ Both photo- and electro-production of J/𝝍 are potentially powerful tools that can be 
used at the EIC. What can we learn from current data to improve their future utility? 
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‣ J/𝝍 mass provides hard scale, apply pQCD to problem. 

- Leading contribution requires two gluon exchange 

- Sensitive to target gluon distribution squared
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Quarkonia: baseline from p+Pb

17

Pb Pb

p

‣ In p+Pb collisions nucleus is usually photon emitter and the proton is the “target”
- Photo-production in p+Pb ⇔ 𝛾p collisions

Pb Pb

p

“elastic”: proton  remains intact “dissociative”: proton destroyed

p
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ALICE results on J/𝝍 photo-production in p+Pb
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ALI−PREL−144668

Increasing W𝛾p

Dissociative increasing more 
slowly than elastic, consistent 
with HERA

See talk by C. Mayer Mon. 14 May
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CMS results on 𝜰 photo-production in p+Pb
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 (5.02 TeV)-1pPb 32.6 nb

CMS
PreliminaryChallenging as 

𝛾𝛾→𝝁𝝁 background 
is large, can’t be 
removed with max 
pT cut

See talk by R. Chudasama Mon 14 May

CMS-FSQ-13-009

Ruchi Chudasama (BARC, Mumbai) 9

➔  The background-subtracted p
T

2   ~ |t|

 distribution, unfolded with Bayesian
 method, corrected for the acceptance. 

➔ The differential cross section
estimated by

➔ The p
T

2   fitted with an exponential

function (exp-b|t|), provides the information
on the transverse profile of the interaction 
region.

➔ CMS Results :
b=  4.5 ± 1.7 (stat) ± 0.6 (syst) GeV-2

➔ ZEUS for Y(1S) : 
   b  = 4.3+ 2.0

– 1.3 
(stat) GeV-2

     Phys.Lett.B 708 (2012) 14

b: 4.5 ± 1.7 (stat.) ± 0.6 (syst.) GeV-2  

Data is in agreement with ZEUS measurements and 
consistent with predictions based on pQCD models.

CMS-FSQ-13-009

Slope of t 
distribution 
(4.5 GeV-2) 
consistent 
with HERA

Ruchi Chudasama (BARC, Mumbai) 11

● The first measurement of exclusive ¡(1S) photoproduction in pPb collisions at 5.02 TeV:
Sensitive to gluon distribution in the proton at x~104-102.

● The b = 4.5 GeV-2 slope of the differential cross section dσ /dp
T

2  is consistent with previous

HERA results and with predictions based on pQCD models

●  The ¡(1S)  cross section shows a 
power-law dependence with 
W

gp
,  that disfavours fast-rising 

LO pQCD predictions.

● Upcoming measurement at 8 TeV 

with much larger statistics.

https://indico.cern.ch/event/656452/contributions/2869909/
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New LHCb results on charmonium in UPC

20

analysis result

di↵erential coherent cross section

LHCb preliminary
� = 5.27± 0.21± 0.49± 0.68µb

The analysis is repeated in
bins of half unit rapidity yJ/ 
Uncertainties for statistics,
systematic and luminosity are
of comparable magnitude

The LHCb acceptance is
interesting to discriminate
between the models
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Excellent momentum resolution, can 
see detailed structure of t distribution

Cross sections consistent with ALICE where 
they overlap in rapidity.

https://indico.cern.ch/event/656452/contributions/2869916/
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UPC Jets 

Photo-nuclear jet production

‣ Use 𝜸A → jets + X to study parton distribution in nucleus potentially at small x
- Strikman, Vogt and White Phys.Rev.Lett. 96 (2006) 082001

21

Figure adapted from EPPS16 1612.05741 [hep-ph]   ATLAS-CONF-2017-011

Domain accessible by 
UPC is
- Spans region where 

nPDFs go from 
significant to small

- Has considerable 
overlap with EIC

https://arxiv.org/abs/hep-ph/0508296
https://arxiv.org/abs/1612.05741
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-011/
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Photo-production of jets: direct

22
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No neutrons

Nucleus breaks up 
Multiple neutrons

Rapidity 
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No rapidity 
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Photon participates 
directly in hard 

scattering
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filled

No rapidity 
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Photo-production of jets: resolved
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Nucleus intact 
No neutrons

Nucleus breaks up 
Multiple neutrons

Gap partially 
filled

No rapidity 
gap

Photo-production of jets: resolved

24
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…

Depends on hadronic/partonic structure of 
photon including photon PDF: fa/𝛾(x𝛾,Q2)
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Photo-nuclear jet production
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‣ Result shows photo-nuclear jet production is 
experimentally-realizable tool to measure nPDFs

‣ Will be important to use additional information to 
separate direct and resolved contributions

- Relationship between jet and gap positions
- Resolved contribution involves photon PDFs 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-011/
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Applications to the QGP: small systems

‣ Much discussion at this conference about 
signatures associated with collectivity in small 
systems

- Diffractive processes can be used to furnish 
models of initial conditions in these systems 

‣ Photons allow for creation of QCD systems of 
multiple sizes

- Potentially much smaller than in pp collisions
- Especially in “resolved” 𝛾𝛾 collisions
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where P (σ,W ) is taken from [23]; the coefficient of 11/9 takes into account the ω and φ contributions in the SU(3)
approximation (which somewhat overestimates the rather small contribution of φ mesons). The form of P (σ,W ) is
motivated by Pπ(σ,W ) for the pion and takes into account presence of the large-mass diffraction at high energies. It
is also constrained to describe the HERA data on ρ photoproduction on the proton, which requires to account for a
suppression of the overlap of the photon and ρ wave function as compared to the diagonal case of the ρ→ ρ transition.
The resulting P(ρ+ω+φ)/γ(σ) at W = 100 GeV is shown by the blue dot-dashed curve in Fig. 1.
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FIG. 1: The distributions Pγ(σ,W ) for the photon at W = 100 GeV. The red solid curve shows the full result of the hybrid
model, see Eq. (7). The green dashed and blue dot-dashed curves show separately the dipole model and the vector meson
contributions evaluated using Eqs. (5) and (6), respectively.

We build a hybrid model of Pγ(σ,W ) by interpolating between the regime of small σ ≤ 10 mb, where perturbative
dipole approximation is applicable and there is no dependence on the light quark mass mq, and the regime of large
σ, where the soft contribution due to the lightest vector meson dominates (hence we neglect the soft contribution of
configurations with the large mass and small kt). In particular, in our analysis we use the following expression:

Pγ(σ,W ) =

⎧

⎨

⎩

P dipole
γ (σ,W ) , σ ≤ 10 mb ,

Pint(σ,W ) , 10 mb ≤ σ ≤ 20 mb ,
P(ρ+ω+φ)/γ(σ,W ) , σ ≥ 20 mb .

(7)

where Pint(σ) is a smooth interpolating function. The resulting Pγ(σ,W ) is shown by the red solid curve in Fig. 1.
Our model for Pγ(σ,W ) satisfies the constraints of Eq. (2) and gives the good description of the total and diffraction

dissociation photon–proton cross sections at W = 100 GeV. Indeed, for σγp, we obtain
∫ 100 mb
0 dσσPγ(σ,W ) = 135

µb, which agrees with the PDG value of σγp = 146 µb [41]. For the cross section of diffractive dissociation, we obtain
∫ 100 mb
0 dσσ2Pγ(σ,W )/(16π) = 240 µb/GeV2. It agrees with our estimate of dσγp→Xp(t = 0)/dt ≈ 220 µb/GeV2,
which is obtained by integrating the data of [42] over the produced diffractive masses and extrapolating the resulting
cross section to the desired W = 100 GeV.
To quantify the width of CFs, one can introduce the dispersion ωσ. For the photon, it can be introduced by the

following relation:

∫

dσσ2Pγ(σ,W ) = (1 + ωσ)

(

e

fρ
σ̂ρN

)2

, (8)

where σ̂ρN is the ρ meson–nucleon cross section. The use of our Pγ(σ,W ) in Eq. (8) gives ωσ ≈ 0.93, which should
be compared to ωρ

σ ≈ 0.54 for the pure ρ meson contribution to Pγ(σ,W ) and to ωπ
σ ≈ 0.45 for CFs in the pion [35].

Alvioli et. al. Phys. Lett. B767 (2017) 450-457

Small dipoles Vector mesons
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Applications to the QGP: hard probes

‣ UPC-like processes have been observed in peripheral 
AA collisions

- ALICE: excess of low pT J/𝝍 
- STAR: persistence of pT dielectron pairs

27

‣ Question: can 𝛾𝛾 in non-UPC collisions processes 
provide us with probes of the QGP?

- Important feature: coherent 𝛾𝛾 systems have very 
small initial momentum pT𝛾𝛾 << 𝞚QCD

- Expectation of much better momentum balance 
than for QCD processes

Product of two photon fluxes in transverse plane for b=4 fm using 
Woods-Saxon charge distribution, W 𝛾𝛾 =10 GeV, Y=0 
Normalized by maximum

ALICE Collaboration 
Phys. Rev. Lett. 116

https://arxiv.org/abs/1509.08802v2
https://arxiv.org/abs/1509.08802v2
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Applications to the QGP: hard probes

‣ Acoplanarity of 𝝁𝝁 (pT > 4 GeV) observed 
to gradually broaden in central collisions

‣ Not accompanied by broadening of 
asymmetry distribution that would 
indicate significant dissociative /
incoherent contribution 
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‣ Extract transverse momentum scale from Gaussian fits
- 0—10% : 70 ±10 MeV
- Consistent with order of magnitude estimates from 

kinetic theory for multiple scattering off electric charges 
in thermal plasma

hk2Ti / ↵2
EMT 3L ln(pT/↵EMT )

‣ What can this tell us about the nature of these scattering centers in the medium?
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Summary and outlook

‣ Photons as a tool to probe structure of nuclear matter

- Partonic: nPDF measurements 

- “Geometric”: diffractive processes 

‣ Processes studied in UPC environment may have applications to the QGP

- Photons as QCD systems with multiple “sizes”
➡ Potentially much smaller than in pp

- Possible new hard probes

‣ Compliment similar measurements at future EIC

- EIC program will benefit from experience currently being developed 
studying UPC phenomena
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Inelastic diffraction and “geometry”

31

d�inel
di↵

dt

����
t=0

/ hA2i � hAi2

‣ Cross section for inelastic diffraction proportional to fluctuations in interaction strength
‣ Magnitude and nature of fluctuations influences shape of t distribution
- not just spacial size, also number, rapidities, etc.

‣ CGC-based approach applied to J/ψ
- Spacial fluctuations important for describing elastic and inelastic t 

distributions at HERA (Mäntysaari & Schenke Phys.Rev.Lett. 117, 052301)
- Applied to UPCs (Phys. Lett. B 772 (2017) 832-838) 

‣ Key component of Glauber-Gribov Color Fluctuations model (GGCF)  
- Account for off-shell propagation of projectile by allowing for intermediate 

states with different interaction strengths ⟹ cross section fluctuations
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Exclusive di-leptons: next steps 
‣ Push to %-level accuracy

‣ Correlate with neutron activity

- Contribution at higher Mμμ comes from smaller impact parameters, potentially sensitive 
to details of nuclear charge distribution and incoherent contribution

32

ATLAS-CONF-2016-025 Are tails QED radiation? Parton-shower like or real NLO?
Contribution from proton dissociation, subset of incoherent in 
which projectile proton breaks up while emitting photon 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-025/
https://arxiv.org/abs/1708.04053
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Color fluctuations

33

In multiple scattering at high energies, need to consider off-
shell propagation of projectile between scatterings in target

Glauber-Gribov Color Fluctuation model: 
Include these effects by allowing for intermediate states interact 
with different strengths ⟹  “cross section fluctuations”
P (𝛔)

This is not included in standard Glauber picture

d�inel
di↵

dt

����
t=0

/ hA2i � hAi2=Var[P (�)]Var[P (�)]

Color fluctuations of nucleon has been successful in describing 
centrality dependence of observables in pA

hP (�)i = �inel
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Color fluctuations of the photon

34

5

where P (σ,W ) is taken from [23]; the coefficient of 11/9 takes into account the ω and φ contributions in the SU(3)
approximation (which somewhat overestimates the rather small contribution of φ mesons). The form of P (σ,W ) is
motivated by Pπ(σ,W ) for the pion and takes into account presence of the large-mass diffraction at high energies. It
is also constrained to describe the HERA data on ρ photoproduction on the proton, which requires to account for a
suppression of the overlap of the photon and ρ wave function as compared to the diagonal case of the ρ→ ρ transition.
The resulting P(ρ+ω+φ)/γ(σ) at W = 100 GeV is shown by the blue dot-dashed curve in Fig. 1.
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FIG. 1: The distributions Pγ(σ,W ) for the photon at W = 100 GeV. The red solid curve shows the full result of the hybrid
model, see Eq. (7). The green dashed and blue dot-dashed curves show separately the dipole model and the vector meson
contributions evaluated using Eqs. (5) and (6), respectively.

We build a hybrid model of Pγ(σ,W ) by interpolating between the regime of small σ ≤ 10 mb, where perturbative
dipole approximation is applicable and there is no dependence on the light quark mass mq, and the regime of large
σ, where the soft contribution due to the lightest vector meson dominates (hence we neglect the soft contribution of
configurations with the large mass and small kt). In particular, in our analysis we use the following expression:

Pγ(σ,W ) =

⎧

⎨

⎩

P dipole
γ (σ,W ) , σ ≤ 10 mb ,

Pint(σ,W ) , 10 mb ≤ σ ≤ 20 mb ,
P(ρ+ω+φ)/γ(σ,W ) , σ ≥ 20 mb .

(7)

where Pint(σ) is a smooth interpolating function. The resulting Pγ(σ,W ) is shown by the red solid curve in Fig. 1.
Our model for Pγ(σ,W ) satisfies the constraints of Eq. (2) and gives the good description of the total and diffraction

dissociation photon–proton cross sections at W = 100 GeV. Indeed, for σγp, we obtain
∫ 100 mb
0 dσσPγ(σ,W ) = 135

µb, which agrees with the PDG value of σγp = 146 µb [41]. For the cross section of diffractive dissociation, we obtain
∫ 100 mb
0 dσσ2Pγ(σ,W )/(16π) = 240 µb/GeV2. It agrees with our estimate of dσγp→Xp(t = 0)/dt ≈ 220 µb/GeV2,
which is obtained by integrating the data of [42] over the produced diffractive masses and extrapolating the resulting
cross section to the desired W = 100 GeV.
To quantify the width of CFs, one can introduce the dispersion ωσ. For the photon, it can be introduced by the

following relation:

∫

dσσ2Pγ(σ,W ) = (1 + ωσ)

(

e

fρ
σ̂ρN

)2

, (8)

where σ̂ρN is the ρ meson–nucleon cross section. The use of our Pγ(σ,W ) in Eq. (8) gives ωσ ≈ 0.93, which should
be compared to ωρ

σ ≈ 0.54 for the pure ρ meson contribution to Pγ(σ,W ) and to ωπ
σ ≈ 0.45 for CFs in the pion [35].

Alvioli et. al. Phys. Lett. B767 (2017) 450-457

Small dipoles Vector mesons
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FIG. 2: The probability distributions P (ν,W ) of the number of inelastic collisions ν. Predictions of Eqs. (9) and (11) are
shown by the curves labeled “Color Fluctuations” and “Generalized CF”, respectively.For comparison, the Gribov-Glauber
model calculation with σ = 25 mb, which neglects the effect of CFs, is shown by the curve labeled “Glauber”.

using the following procedure. For large σ > σ0, we set σeff = σ. For σ < σ0, σeff is defined as the cross section
corresponding to the gluon shadowing ratio Rg(x) [44] calculated in the high-energy eikonal approximation:

Rg(xeff , Q
2
eff) =

xgA(xeff , Q2
eff)

AxgN (xeff , Q2
eff)

=
2

Aσeff

∫

d2⃗b
(

1− e−σeff/2TA(b)
)

, (12)

where xeff and Q2
eff are the light-cone momentum fraction and the resolution scale, respectively, which correspond

to the dipole cross section for the given cross section σ = σqq̄(W,dt,mq) (the transverse size dt), see Eq. (3). This
prescription for σeff is based on the observation that since the non-vector-meson component of Pγ(σ) is relatively
small, the gluon shadowing can be considered in a simplified approximation, where CFs for the interaction with
N ≥ 2 nucleons are small and, hence, Rg is given by the single effective rescattering cross section σeff .
To estimate the value of σ0, we notice that the factor of nuclear suppression of coherent J/ψ photoproduction on

nuclei is described very well for the LT nuclear shadowing. In particular, Rg ≈ 0.6 for x = 10−3 [47], which according
to Eq. (12) corresponds to σeff = 17 mb. Therefore, in our analysis we take σ0 = 20 mb. Our numerical analysis
indicates that the results of our calculation depend weakly on the method of smooth interpolation in Eq. (7) and
the assumption about the value of the ratio σin/σin

eff . We call the resulting approach to the calculation of photon–
nucleus inelastic cross sections σν the generalized color fluctuation (GCF) model. The result of the calculation of the
distribution over ν using Eq. (11) is shown in Fig. 2 by the curve labeled “Generalized CF”.
The results presented in Fig. 2 deserve a discussion. For one inelastic photon–nucleus interaction (ν = 1), CFs

in the photon lead to an almost a factor of two enhancement of P (ν) compared to the calculation neglecting CFs.
Thus, an inclusion of the approximately 30% small-σ component of the photon wave function (see the discussion in
the Introduction), leads to a large effect in the inelastic γA scattering. This effect is reduced approximately by a
factor of two when we include the LT nuclear shadowing (compare the “Color Fluctuations” and “Generalized CF”
curves). As ν increases, the small-σ contribution to the distribution Pγ(σ,W ) becomes progressively less important
and all three models give similar results for 2 < ν < 8, where the contribution of the two terms in the integrand of
Eq. (11) approximately compensate each other. For large ν > 10, the two models including the effect of CFs in the
photon predict a much broader distribution P (ν) than the model neglecting CFs: the enhancement at large ν comes
from the contribution of the large-mass inelastic diffractive states implicitly included in Eqs. (9) and (11).

CFs dramatically increases 1 wounded 
nucleon contribution

1

1

1

1

1

1

1

https://arxiv.org/abs/1605.06606v2
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Color fluctuations of the photon
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5

where P (σ,W ) is taken from [23]; the coefficient of 11/9 takes into account the ω and φ contributions in the SU(3)
approximation (which somewhat overestimates the rather small contribution of φ mesons). The form of P (σ,W ) is
motivated by Pπ(σ,W ) for the pion and takes into account presence of the large-mass diffraction at high energies. It
is also constrained to describe the HERA data on ρ photoproduction on the proton, which requires to account for a
suppression of the overlap of the photon and ρ wave function as compared to the diagonal case of the ρ→ ρ transition.
The resulting P(ρ+ω+φ)/γ(σ) at W = 100 GeV is shown by the blue dot-dashed curve in Fig. 1.
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FIG. 1: The distributions Pγ(σ,W ) for the photon at W = 100 GeV. The red solid curve shows the full result of the hybrid
model, see Eq. (7). The green dashed and blue dot-dashed curves show separately the dipole model and the vector meson
contributions evaluated using Eqs. (5) and (6), respectively.

We build a hybrid model of Pγ(σ,W ) by interpolating between the regime of small σ ≤ 10 mb, where perturbative
dipole approximation is applicable and there is no dependence on the light quark mass mq, and the regime of large
σ, where the soft contribution due to the lightest vector meson dominates (hence we neglect the soft contribution of
configurations with the large mass and small kt). In particular, in our analysis we use the following expression:

Pγ(σ,W ) =

⎧

⎨

⎩

P dipole
γ (σ,W ) , σ ≤ 10 mb ,

Pint(σ,W ) , 10 mb ≤ σ ≤ 20 mb ,
P(ρ+ω+φ)/γ(σ,W ) , σ ≥ 20 mb .

(7)

where Pint(σ) is a smooth interpolating function. The resulting Pγ(σ,W ) is shown by the red solid curve in Fig. 1.
Our model for Pγ(σ,W ) satisfies the constraints of Eq. (2) and gives the good description of the total and diffraction

dissociation photon–proton cross sections at W = 100 GeV. Indeed, for σγp, we obtain
∫ 100 mb
0 dσσPγ(σ,W ) = 135

µb, which agrees with the PDG value of σγp = 146 µb [41]. For the cross section of diffractive dissociation, we obtain
∫ 100 mb
0 dσσ2Pγ(σ,W )/(16π) = 240 µb/GeV2. It agrees with our estimate of dσγp→Xp(t = 0)/dt ≈ 220 µb/GeV2,
which is obtained by integrating the data of [42] over the produced diffractive masses and extrapolating the resulting
cross section to the desired W = 100 GeV.
To quantify the width of CFs, one can introduce the dispersion ωσ. For the photon, it can be introduced by the

following relation:

∫

dσσ2Pγ(σ,W ) = (1 + ωσ)

(

e

fρ
σ̂ρN

)2

, (8)

where σ̂ρN is the ρ meson–nucleon cross section. The use of our Pγ(σ,W ) in Eq. (8) gives ωσ ≈ 0.93, which should
be compared to ωρ

σ ≈ 0.54 for the pure ρ meson contribution to Pγ(σ,W ) and to ωπ
σ ≈ 0.45 for CFs in the pion [35].

Small dipoles Vector mesons
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the GCF (CF, Glauber) model with the variance typically of about ∼ 0.15. The resulting smearing over ν for given
y does not wipe out the difference between the models for the ν distribution, see Fig. 4.
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FIG. 4: The net probability distribution
∑

ν Fν(y) as a function of y for different models including (curves labeled “Generalized
CFs” and “Color Fluctuations”) and neglecting (the curve labeled “Glauber”) CFs in the photon.

Since the distribution F (y) is predicted to be much broader in γA collisions than in γp scattering, the use of
different forward triggers makes it possible to determine the distribution over ν and use it to determine both ⟨σ⟩
and the variance of the Pγ(σ,W ) distribution for selected configuration. For example, in the CF model of Eq. (9)
(cf. [9, 18]), which does not include the LT shadowing effects, one obtains the following relations for the average
number of inelastic collisions ⟨ν⟩,

⟨ν⟩ =
Aσin(γN)

σin(γA)
, (13)

and for the variance of the cross section for a specific trigger,

〈

σ2
trig

〉

⟨σtrig⟩
=

(
〈

ν2
〉

/ ⟨ν⟩ − 1) A2

A−1
∫

d2b T 2
A(b)

. (14)

Obviously similar considerations are applicable for the γA interactions with a special trigger including jet production,
production of charm, etc. In the case of forward dijet production, for direct photon for xA ≤ 0.01, the leading twist
shadowing should set in resulting in a broader distribution over ν as compared to the interactions with xA > 0.01
(corresponding to ν = 1), see the discussion in sections 6.3 and 6.4 of [44]. For the resolved photons, the distribution
over ν (and hence over ΣET ) should become broader with an decrease of xγ since hadronic configurations with smaller
xγ have a larger transverse size. One also expects that for sufficiently small xγ < 0.1, the hard process would select
generic configurations in the photon and, hence, the distribution over ΣET would approach the distribution for generic
(without trigger) γA collisions. Note that first studies of diffractive dijet photoproduction in pp, pA and AA UPCs at
the LHC in next-to-leading order (NLO) QCD, where CFs in the photon were used to model the effect of factorization
breaking, were reported in [49].
In the case of production of leading charm, small-size dipoles dominate (the variation of the transverse size is

regulated by mc and pt(charm)), which allows one to study leading twist shadowing effects in the charm channel.
For instance, for x ∼ 10−3, one expects ⟨ν⟩ ∼ 2 and the corresponding reduction of σcharm

in (γA)/Aσcharm
in (γp), see

Eq. (13).

Significant impact on total particle production

Mechanisms for constraining P(𝛔) with data

Alvioli et. al. Phys. Lett. B767 (2017) 450-457

https://arxiv.org/abs/1605.06606v2
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Exclusive ρ production: theoretical description
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Figure 5: The rapidity distribution of coherent ρ photoproduction in Pb-Pb UPCs at
√
sNN = 2.76 TeV. Theoretical

predictions of the mVDM-GGM (red solid curves with the shaded area showing the uncertainty due to the variation
of the fluctuation strength), the mVMD-GM (blue dashed curve) and the VMD-GM (green dot-dashed curve) are
compared to the ALICE data (see text for details).

Examining the calculations of elastic photoproduction of ρ mesons on nuclei in the dipole model
framework [53, 54], one notes that some of them describe the STAR and ALICE data while others
do not — the results strongly depend on the models used for ρ-meson wave function and the dipole
cross section. The dipole model framework was successfully used in the analyses of many processes
studied at HERA, such as, e.g., deep inelastic scattering (DIS) and vector meson electroproduction
in a wide range of the photon virtualities Q2. However, in processes dominated by soft physics such
as, e.g., in photoproduction of light vector mesons, the application of the dipole approach is subject
to significant theoretical uncertainties including the need to model the large-size contribution to
the dipole cross section and the vector meson wave function. Considering the CDM predictions for
ρ photoproduction in UPCs one finds that it is difficult to describe simultaneously the γp → ρp
and γA → ρA cross sections. Note also that the answer is sensitive to the assumed effective quark
mass which enters in the photon wave function. Also, the use of a light quark mass (for example,
∼ 10 MeV in [54]) in several dipole models leads to a very large transverse size of the photon
wave function and, consequently, to the t-dependence of the Compton elastic scattering which is
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Here we effectively use validity of the limiting fragmentation which is well established experimen-
tally.

The pattern of cross section fluctuations for the nucleon projectile has the following dependence
of the invariant collision energy

√
s: the cross section fluctuations reach a broad maximum for

24 <
√
s < 200 GeV, are most likely small for

√
s < 24 GeV and gradually decrease for

√
s > 200

GeV toward the Tevatron and LHC energies. Therefore, we use the following parametrization for
the parameter ωN

σ describing the dispersion of the fluctuations:

ωN
σ (s) =

⎧

⎨

⎩

β
√
s/24 ,

√
s < 24 GeV ,

β , 24 <
√
s < 200 GeV ,

β − 0.15 ln(
√
s/200) + 0.03(ln(

√
s/200))2 ,

√
s > 200 GeV .

(17)

where the parameter β ≈ 0.25− 0.35 was determined from the analysis of pp and p̄p data [28].

1.0

2.0

3.0

4.0

+A
+A
(W

p)
,m
b

20 40 60 80
W p, GeV

mVMD-GGM +Pb +Pb

STAR +Au +Au
ALICE +Pb +Pb

Figure 4: The σγA→ρA cross section as a function of Wγp. The theoretical predictions using the mVMD model
for the γp → ρp cross section and the Gribov–Glauber model with cross section fluctuations for the γA → ρA
amplitude are compared to the STAR (circle) and ALICE (triangle) data. The shaded area reflects the theoretical
uncertainty associated with the parameter β characterizing the strength of cross section fluctuations (see text for
details).

It is known [22] from studies of corrections to the Glauber model for total proton–nucleus cross
sections that suppression due to the inelastic shadowing is almost compensated by the effect of
short-range correlations (SRC) in the wave function of the target nucleus. We included the effect
of SRC by the following replacement [52]:

TA(b) → TA(b) + ξc
σρN

2

∫

dzρ2A(b, z) , (18)
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𝞺 has large size/interaction strength 
Large shadowing correction from GGCF needed 
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Figure 6: The momentum transfer distribution of coherent ρ photoproduction in Pb-Pb UPCs at
√
sNN = 2.76

TeV. The mVMD-GGM prediction (red solid curve) is compared to the Starlight result (blue dashed curve).

Other possible directions of studies include coherent φ production, where we expect a significant
amplification of the inelastic intermediate state effects due to the small value of σ(φN) (such a
measurement is certainly challenging for the main decay channel of φ into two kaons, but the 15%
ρπ channel may work).

The phenomenon of fluctuations of the interaction strength, which we discussed in the context
of ρ meson exclusive production on nuclei, should also be manifested in a wide range of high energy
γA inelastic processes that could be studied in UPCs at the LHC. Effects of such fluctuations in
inelastic pA collisions were considered in [56] with experimental evidence reported in [57].

5. Conclusion

With an increase of the collision energy, the composite structure of the photon becomes pro-
gressively more pronounced, which leads to the following two features of the calculation of the cross
section of ρ photoproduction on nuclei compared to the lower energies. First, the significant cross
section of photon inelastic diffraction results in the sizable inelastic nuclear shadowing correction to
the γA → ρA cross section. Second, the QCD-motivated enhancement of the hadronic fluctuations

16

Causes shift in diffraction pattern

Frankfurt,  Guzey, Strikman & Zhalov
Phys.Lett. B752 (2016) 51-58 

http://arxiv.org/abs/arXiv:1506.07150


A. Angerami Quark Matter 2018, Venice, Italy May 18, 2018

Quarkonia: baseline from p+Pb

37

Pb Pb

p

‣ Expectation is that dissociative contribution 
grows more slowly with energy than elastic, e.g. 
slope determined by “universal” pomeron

‣ Feature present in HERA data

‣ In p+Pb collisions nucleus is usually photon 
emitter and the proton is the “target”
- Photo-production in p+Pb ⇔ 𝛾p collisions

‣ Two cases:
- (quasi-) “elastic”: proton target remains intact
- “dissociative”: proton breaks apart [GeV]pγW

40 60 80 100

 p
) [

nb
]

ψ
 J

/
→

 p
 

γ(
σ

0

20

40

60

80

100

120

 photoproductionψH1 elastic J/

2 = 0.1 GeV〉2Q〈
2|t| < 1.2 GeV

H1 data HE

H1 data LE

Fit HE, LE, H1(2005)

 photoproductionψH1 elastic J/
a)

 [GeV]pγW
40 60 80 100

 Y
) [

nb
]

ψ
 J

/
→

 p
 

γ(
σ

0

20

40

60

80

100

120

 photoproductionψH1 p-diss. J/

2 = 0.1 GeV〉2Q〈
2|t| < 8 GeV

 < 10 GeVYM

H1 data HE

H1 data LE

Fit HE, LE, H1(2005)

 photoproductionψH1 p-diss. J/
b)

 [GeV]pγW
40 60 80 100

el
σ

 / 
pd
σ

0

0.2

0.4

0.6

0.8

1

1.2

1.4
 photoproductionψH1 J/

2 = 0.1 GeV〉2Q〈H1 data HE, LE,  

Fit HE, LE

 photoproductionψH1 J/c)

Figure 8: J/ photoproduction cross sections as a function of the photon proton centre-of-mass
energy W�p for (a) the elastic and (b) the proton-dissociative regime. The data from the high-
energy data set are shown by circles, the data from the low-energy data set as squares. The error
bars represent the total errors. Shown by the curves is the simultaneous fit to the data from this
measurement and [4], see figure 9. The fit uncertainty is represented by the shaded bands. In (c)
the ratio of the proton-dissociative to elastic J/ photoproduction cross section is shown. The
data are presented as full circles and the vertical bars indicate the total uncertainties, including
normalisation uncertainties. The inner error bars represent the bin-to-bin uncorrelated errors,
determined in an approximative procedure. The curve is the ratio of the fits shown in (a) and
(b). The shaded band indicates the uncertainty on the ratio obtained from the fit uncertainties.
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