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1. Introduction

Contributed by: K. Hencken, M. Strikman, R. Vogt and P. Yepes

In 1924 Enrico Fermi, 23 at the time, proposed the equivalent photon method [1]
which treated the moving electromagnetic fields of a charged particle as a flux of virtual

photons. A decade later, Weizsäcker and Williams applied the method [2] to relativistic

ions. Ultraperipheral collisions, UPCs, are those reactions in which two ions interact via

their cloud of virtual photons. The intensity of the electromagnetic field, and therefore

the number of photons in the cloud surrounding the nucleus, is proportional to Z2. Thus

these types of interactions are highly favored when heavy ions collide. Figure 1 shows
a schematic view of an ultraperipheral heavy-ion collision. The pancake shape of the

nuclei is due to Lorentz contraction.
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Figure 1. Schematic diagram of an ultraperipheral collision of two ions. The impact
parameter, b, is larger than the sum of the two radii, RA +RB. Reprinted from Ref. [3]
with permission from Elsevier.

Ultraperipheral photon-photon collisions are interactions where the radiated

photons interact with each other. In addition, photonuclear collisions, where one
radiated photon interacts with a constituent of the other nucleus, are also possible.

The two processes are illustrated in Fig. 2(a) and (b). In these diagrams the nucleus

that emits the photon remains intact after the collision. However, it is possible to have

an ultraperipheral interaction in which one or both nuclei break up. The breakup may

occur through the exchange of an additional photon, as illustrated in Fig. 2(c).

In calculations of ultraperipheral AB collisions, the impact parameter is usually
required to be larger than the sum of the two nuclear radii, b > RA + RB. Strictly

speaking, an ultraperipheral electromagnetic interaction could occur simultaneously

with a hadronic collision. However, since it is not possible to separate the hadronic and

electromagnetic components in such collisions, the hadronic components are excluded

by the impact parameter cut.
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Figure 1: Some of the UPC reactions that will be discussed in this review: (a) generic

photonuclear interaction with neutron breakup of the target, (b) incoherent photoproduc-

tion, generic to heavy quarks and jets, (c) exclusive photoproduction of a vector meson

(d) coherent photoproduction of a vector meson, accompanied by nuclear excitation, (e)

dilepton production �� ! l
+
l
� (f) dilepton production �� ! l

+
l
� + �, including higher

order final-state radiation (g) light-by-light scattering, with no nuclear breakup (h) central

exclusive diphoton production, with double breakup.

studied at e
+
e
� colliders. Table 1 gives the maximum energies for di↵erent ion species at

these machines. Nuclear beams provide several distinct advantages

1. a large e↵ective photon luminosity boost proportional to Z
2 for each nucleus, com-

pensating for the overall lower luminosity of nuclear beams

2. reduced virtuality

3. the possibility of multi-photon exchange between a single ion pair, allowing for tagging

of di↵erent impact parameter distributions and photon spectra.

Early UPC studies largely focused on e
+
e
� pair production and low-energy nuclear

physics (1). In the late 1980’s, interest grew in using UPCs to probe fundamental physics,

most notably two-photon production of the Higgs (9, 10). Although the resulting �� lu-

minosities were not encouraging for observing the Higgs, they did stimulate work on ��

production of other particles. The first calculations of coherent photoproduction with gold

beams at RHIC predicted high rates of vector meson photoproduction (11), which were

quickly confirmed by the STAR Collaboration (12). The combination of large cross-sections

and available experimental data stimulated further interest. With the advent of the LHC,

the energy reach for UPCs extended dramatically, and the field has blossomed.

A key to development of UPC as a precision laboratory for electromagnetic and strong

interaction processes is the development of event generators that simulate both the ini-

tial photon flux and the relevant physics processes. The most widely-used generator code

is STARLight (13) which has been available since the early days of the RHIC program.

It implements one and two photon processes, and includes a set of final states including

vector mesons, meson pairs, and dileptons, with more general photonuclear processes ac-

www.annualreviews.org • Two-photon and Photonuclear reactions 3
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these machines. Nuclear beams provide several distinct advantages

1. a large e↵ective photon luminosity boost proportional to Z
2 for each nucleus, com-

pensating for the overall lower luminosity of nuclear beams

2. reduced virtuality

3. the possibility of multi-photon exchange between a single ion pair, allowing for tagging

of di↵erent impact parameter distributions and photon spectra.

Early UPC studies largely focused on e
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physics (1). In the late 1980’s, interest grew in using UPCs to probe fundamental physics,

most notably two-photon production of the Higgs (9, 10). Although the resulting �� lu-

minosities were not encouraging for observing the Higgs, they did stimulate work on ��

production of other particles. The first calculations of coherent photoproduction with gold

beams at RHIC predicted high rates of vector meson photoproduction (11), which were

quickly confirmed by the STAR Collaboration (12). The combination of large cross-sections

and available experimental data stimulated further interest. With the advent of the LHC,

the energy reach for UPCs extended dramatically, and the field has blossomed.

A key to development of UPC as a precision laboratory for electromagnetic and strong

interaction processes is the development of event generators that simulate both the ini-

tial photon flux and the relevant physics processes. The most widely-used generator code
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Figure 1: Some of the UPC reactions that will be discussed in this review: (a) generic

photonuclear interaction with neutron breakup of the target, (b) incoherent photoproduc-

tion, generic to heavy quarks and jets, (c) exclusive photoproduction of a vector meson

(d) coherent photoproduction of a vector meson, accompanied by nuclear excitation, (e)

dilepton production �� ! l
+
l
� (f) dilepton production �� ! l

+
l
� + �, including higher

order final-state radiation (g) light-by-light scattering, with no nuclear breakup (h) central

exclusive diphoton production, with double breakup.

studied at e
+
e
� colliders. Table 1 gives the maximum energies for di↵erent ion species at

these machines. Nuclear beams provide several distinct advantages

1. a large e↵ective photon luminosity boost proportional to Z
2 for each nucleus, com-

pensating for the overall lower luminosity of nuclear beams

2. reduced virtuality

3. the possibility of multi-photon exchange between a single ion pair, allowing for tagging

of di↵erent impact parameter distributions and photon spectra.

Early UPC studies largely focused on e
+
e
� pair production and low-energy nuclear

physics (1). In the late 1980’s, interest grew in using UPCs to probe fundamental physics,

most notably two-photon production of the Higgs (9, 10). Although the resulting �� lu-

minosities were not encouraging for observing the Higgs, they did stimulate work on ��

production of other particles. The first calculations of coherent photoproduction with gold

beams at RHIC predicted high rates of vector meson photoproduction (11), which were

quickly confirmed by the STAR Collaboration (12). The combination of large cross-sections

and available experimental data stimulated further interest. With the advent of the LHC,

the energy reach for UPCs extended dramatically, and the field has blossomed.

A key to development of UPC as a precision laboratory for electromagnetic and strong

interaction processes is the development of event generators that simulate both the ini-

tial photon flux and the relevant physics processes. The most widely-used generator code

is STARLight (13) which has been available since the early days of the RHIC program.

It implements one and two photon processes, and includes a set of final states including

vector mesons, meson pairs, and dileptons, with more general photonuclear processes ac-

www.annualreviews.org • Two-photon and Photonuclear reactions 3
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Dijets in photoproduction on Pb
• Access to nuclear PDFs at low xB, through photon-gluon fusion


⟶ constrain nuclear PDFs, where uncertainties are large


⟶ access region of nuclear shadowing
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Figure 1. Diagram of leptoproduction on a nucleus through virtual photon exchange.
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Figure 2. Schematic behaviour of RA
F2

(x, Q2) as a function of x for a given fixed Q2.

data exist):

l(k) + A(Ap) −→ l(k′) + X(Ap′),

q = k − k′, W 2 = (q + p)2, x = −q2

2p · q
= −q2

W 2 − q2 − m2
nucleon

,
(2)

see figure 1. The variable x has the meaning of the momentum fraction of the nucleon in the
nucleus carried by the parton with which the photon has interacted. Q2 = −q2 > 0 represents
the squared inverse resolution of the photon as a probe of the nuclear content. And W 2

is the centre-of-mass-system energy of the virtual photon–nucleon collision (lepton masses
have been neglected and mnucleon is the nucleon mass), see e.g. [3] for full explanations.
The nucleon structure function is usually defined through measurements on deuterium,
F nucleon

2 = F deuterium
2

/
2, assuming nuclear effects in deuterium to be negligible.

The behaviour of RA
F2

(x,Q2) as a function of x for a given fixed Q2 is shown schematically
in figure 2. It can be divided into four regions2:

• RA
F2

> 1 for x ! 0.8: the Fermi motion region.

• RA
F2

< 1 for 0.25–0.3 " x " 0.8: the EMC region (EMC stands for European Muon
Collaboration).

• RA
F2

> 1 for 0.1 " x " 0.25–0.3: the antishadowing region.

• RA
F2

< 1 for x " 0.1: the shadowing region.

2 Note that the deviation of the nuclear F2-ratios from one in all four regions of x is sometimes referred to as the
EMC effect. I use this notation only for the depletion observed for 0.25–0.3 ! x ! 0.8.
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The obvious question is whether the additional freedom
to decouple the Ruv and Rdv nuclear corrections yields a
substantial improvement in the fit. To shed more light on
this issue, we have generated a modified fit where we have
forced the uv and dv nuclear corrections to be similar to the
EPS09 PDF set.20 We find that the χ2=dof for this modified
fit is comparable (Δχ2 ≲ 5) to our original nCTEQ15 at a
level well below our tolerance criteria of Δχ2 ¼ 35.
Therefore, we conclude that the current data sets are not

sufficiently sensitive to distinguish the uv and dv nuclear
corrections to a good degree. Hence, the advantage of
independent Ruv and Rdv correction factors is currently
limited, which, however, will change with more data (e.g.,
from the LHC).21

To better understand this result, we observe in Figs. 22
and 23 that the uv and dv ratios exhibit opposite x depen-
dence as compared with the fHKN07;EPS09;DSSZg sets.

FIG. 24. (upper panel) Comparison of the full nuclear lead distributions, fPb ¼ 82
207 f

p=Pb þ 207−82
207 fn=Pb, for nCTEQ15 (blue), EPS09

(green), and HKN07 (red) atQ ¼ 10 GeV. The lower panel shows the same distributions compared to the lead PDF, fPb, constructed of
free-proton distributions. The wide spread of the ratios at large x is an unphysical artifact due to the vanishing of the PDFs in this region.

20As we are fitting directly the nuclear PDFs fp=Aðx;QÞ and
not the ratios fp=Aðx;QÞ=fpðx;QÞ, it is nontrivial to force the
nuclear corrections to be exactly the same if the underlying
proton PDFs differ. We are able to find an approximate solution
by equating the uv and dv coefficients ci;j for fijg ¼
f11; 12; 21; 22; 31; 32; 51; 52g and refitting the PDFs.

21In an earlier study, we did find an apparent difference due to
independent Ruv and Rdv nuclear corrections. The present updated
analysis additionally includes (i) an improved treatment of the
fA; Zg isoscalar corrections and (ii) QED radiative corrections for
DIS data sets, (iii) use of full theory (instead of K-factors) to obtain
the final minimum, and (iv) improved numerical precision for the
DY process. With these improvements, the χ2 of the modified fit is
now comparable to nCTEQ15.
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Figure 1. Diagram of leptoproduction on a nucleus through virtual photon exchange.
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Figure 2. Schematic behaviour of RA
F2

(x, Q2) as a function of x for a given fixed Q2.

data exist):

l(k) + A(Ap) −→ l(k′) + X(Ap′),

q = k − k′, W 2 = (q + p)2, x = −q2

2p · q
= −q2

W 2 − q2 − m2
nucleon

,
(2)

see figure 1. The variable x has the meaning of the momentum fraction of the nucleon in the
nucleus carried by the parton with which the photon has interacted. Q2 = −q2 > 0 represents
the squared inverse resolution of the photon as a probe of the nuclear content. And W 2

is the centre-of-mass-system energy of the virtual photon–nucleon collision (lepton masses
have been neglected and mnucleon is the nucleon mass), see e.g. [3] for full explanations.
The nucleon structure function is usually defined through measurements on deuterium,
F nucleon

2 = F deuterium
2

/
2, assuming nuclear effects in deuterium to be negligible.

The behaviour of RA
F2

(x,Q2) as a function of x for a given fixed Q2 is shown schematically
in figure 2. It can be divided into four regions2:

• RA
F2

> 1 for x ! 0.8: the Fermi motion region.

• RA
F2

< 1 for 0.25–0.3 " x " 0.8: the EMC region (EMC stands for European Muon
Collaboration).

• RA
F2

> 1 for 0.1 " x " 0.25–0.3: the antishadowing region.

• RA
F2

< 1 for x " 0.1: the shadowing region.

2 Note that the deviation of the nuclear F2-ratios from one in all four regions of x is sometimes referred to as the
EMC effect. I use this notation only for the depletion observed for 0.25–0.3 ! x ! 0.8.
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The obvious question is whether the additional freedom
to decouple the Ruv and Rdv nuclear corrections yields a
substantial improvement in the fit. To shed more light on
this issue, we have generated a modified fit where we have
forced the uv and dv nuclear corrections to be similar to the
EPS09 PDF set.20 We find that the χ2=dof for this modified
fit is comparable (Δχ2 ≲ 5) to our original nCTEQ15 at a
level well below our tolerance criteria of Δχ2 ¼ 35.
Therefore, we conclude that the current data sets are not

sufficiently sensitive to distinguish the uv and dv nuclear
corrections to a good degree. Hence, the advantage of
independent Ruv and Rdv correction factors is currently
limited, which, however, will change with more data (e.g.,
from the LHC).21

To better understand this result, we observe in Figs. 22
and 23 that the uv and dv ratios exhibit opposite x depen-
dence as compared with the fHKN07;EPS09;DSSZg sets.

FIG. 24. (upper panel) Comparison of the full nuclear lead distributions, fPb ¼ 82
207 f

p=Pb þ 207−82
207 fn=Pb, for nCTEQ15 (blue), EPS09

(green), and HKN07 (red) atQ ¼ 10 GeV. The lower panel shows the same distributions compared to the lead PDF, fPb, constructed of
free-proton distributions. The wide spread of the ratios at large x is an unphysical artifact due to the vanishing of the PDFs in this region.

20As we are fitting directly the nuclear PDFs fp=Aðx;QÞ and
not the ratios fp=Aðx;QÞ=fpðx;QÞ, it is nontrivial to force the
nuclear corrections to be exactly the same if the underlying
proton PDFs differ. We are able to find an approximate solution
by equating the uv and dv coefficients ci;j for fijg ¼
f11; 12; 21; 22; 31; 32; 51; 52g and refitting the PDFs.

21In an earlier study, we did find an apparent difference due to
independent Ruv and Rdv nuclear corrections. The present updated
analysis additionally includes (i) an improved treatment of the
fA; Zg isoscalar corrections and (ii) QED radiative corrections for
DIS data sets, (iii) use of full theory (instead of K-factors) to obtain
the final minimum, and (iv) improved numerical precision for the
DY process. With these improvements, the χ2 of the modified fit is
now comparable to nCTEQ15.
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Dijets in photoproduction on Pb
• Access to nuclear PDFs at low xB, through photon-gluon fusion


⟶ constrain nuclear PDFs, where uncertainties are large


⟶ access region of nuclear shadowing


• Experimental signature 
Photo-nuclear processes

•Two processes: 
– Left: “direct” - photon enters hard scattering 
– Right: “resolved” - photon virtually splits into 

partons/hadron, which scatters 
•Use Zero Degree Calorimeters (ZDCs) to select 
Pb+Pb 0nXn events 

•+gap requirements to select photo-production 3

Nucleus intact 
No neutrons

Nucleus breaks up 
Multiple neutrons

Rapidity 
gap

No rapidity 
gap

“0n”

“Xn”

Nucleus intact 
No neutrons

Nucleus breaks up 
Multiple neutrons

Gap partially 
filled

No rapidity 
gap

Rapidity

-y

+y
x

x
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• Access to nuclear PDFs at low xB, through photon-gluon fusion
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• ATLAS preliminary: ATLAS-CONF-2017-011
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• PbPb at                              ; ℒ=0.38 nb-1

ATLAS measurement

• at least 2 jets

• pT,leading jet > 20 GeV; pT,subleading jet > 15 GeV

• |ηjet|<4.4

• HT>40 GeV; MJ>35 GeV

• # neutrons in ZDCs: 0nXn 

• ∑Δη>2 in 0n (photon) direction; ∑Δη<3 in Xn (break-up) direction

7

<latexit sha1_base64="7ZAFW5ShYQzTRPInHb537BMKMvk=">AAACB3icbVDJSgNBEO2JW4xb1KMgjUHwFGaCohch6MVTiJANkhB6OpWkSc9id40Yhrl58Ve8eFDEq7/gzb+xsxw08UHB470qquq5oRQabfvbSi0tr6yupdczG5tb2zvZ3b2aDiLFocoDGaiGyzRI4UMVBUpohAqY50qou8PrsV+/B6VF4FdwFELbY31f9ARnaKRO9rCl7xTGuhOXSklyeZa3C7SF8IAxrUAt6WRzdt6egC4SZ0ZyZIZyJ/vV6gY88sBHLpnWTccOsR0zhYJLSDKtSEPI+JD1oWmozzzQ7XjyR0KPjdKlvUCZ8pFO1N8TMfO0Hnmu6fQYDvS8Nxb/85oR9i7asfDDCMHn00W9SFIM6DgU2hUKOMqRIYwrYW6lfMAU42iiy5gQnPmXF0mtkHdMfLenueLVLI40OSBH5IQ45JwUyQ0pkyrh5JE8k1fyZj1ZL9a79TFtTVmzmX3yB9bnDxKLmMk=</latexit>p
sNN = 5.02 TeV

<latexit sha1_base64="H4xZs5/pPOsFAbliWTLzeQqkFek=">AAACCHicbZC7SgNBFIZn4y3G26qlhYNBsJCwK4o2QtAmZYTcIAnL7OQkGTN7YeasGJaUNr6KjYUitj6CnW/j5FJo9IeBj/+cw5nz+7EUGh3ny8osLC4tr2RXc2vrG5tb9vZOTUeJ4lDlkYxUw2capAihigIlNGIFLPAl1P3B9bhevwOlRRRWcBhDO2C9UHQFZ2gsz94veZXLlk4CL20h3GN6Czga0dhLK8dj9Oy8U3Amon/BnUGezFT27M9WJ+JJACFyybRuuk6M7ZQpFFzCKNdKNMSMD1gPmgZDFoBup5NDRvTQOB3ajZR5IdKJ+3MiZYHWw8A3nQHDvp6vjc3/as0EuxftVIRxghDy6aJuIilGdJwK7QgFHOXQAONKmL9S3meKcTTZ5UwI7vzJf6F2UnDPCs7Nab54NYsjS/bIATkiLjknRVIiZVIlnDyQJ/JCXq1H69l6s96nrRlrNrNLfsn6+AZSM5or</latexit>

HT =
X

jet

pT,jet

<latexit sha1_base64="dG5aXvSMNvdIwfcGvS7WYyCYfvU="></latexit>

MJ =

vuuut

0

@
X

jet

Ejet

1

A
2

�

������

X

jet

~pjet

������

2

⟶ 2Q2➝2



• PbPb at                              ; ℒ=0.38 nb-1

ATLAS measurement

• at least 2 jets

• pT,leading jet > 20 GeV; pT,subleading jet > 15 GeV

• |ηjet|<4.4

• HT>40 GeV; MJ>35 GeV

• # neutrons in ZDCs: 0nXn 

• ∑Δη>2 in 0n (photon) direction; ∑Δη<3 in Xn (break-up) direction

7

<latexit sha1_base64="7ZAFW5ShYQzTRPInHb537BMKMvk=">AAACB3icbVDJSgNBEO2JW4xb1KMgjUHwFGaCohch6MVTiJANkhB6OpWkSc9id40Yhrl58Ve8eFDEq7/gzb+xsxw08UHB470qquq5oRQabfvbSi0tr6yupdczG5tb2zvZ3b2aDiLFocoDGaiGyzRI4UMVBUpohAqY50qou8PrsV+/B6VF4FdwFELbY31f9ARnaKRO9rCl7xTGuhOXSklyeZa3C7SF8IAxrUAt6WRzdt6egC4SZ0ZyZIZyJ/vV6gY88sBHLpnWTccOsR0zhYJLSDKtSEPI+JD1oWmozzzQ7XjyR0KPjdKlvUCZ8pFO1N8TMfO0Hnmu6fQYDvS8Nxb/85oR9i7asfDDCMHn00W9SFIM6DgU2hUKOMqRIYwrYW6lfMAU42iiy5gQnPmXF0mtkHdMfLenueLVLI40OSBH5IQ45JwUyQ0pkyrh5JE8k1fyZj1ZL9a79TFtTVmzmX3yB9bnDxKLmMk=</latexit>p
sNN = 5.02 TeV

<latexit sha1_base64="H4xZs5/pPOsFAbliWTLzeQqkFek=">AAACCHicbZC7SgNBFIZn4y3G26qlhYNBsJCwK4o2QtAmZYTcIAnL7OQkGTN7YeasGJaUNr6KjYUitj6CnW/j5FJo9IeBj/+cw5nz+7EUGh3ny8osLC4tr2RXc2vrG5tb9vZOTUeJ4lDlkYxUw2capAihigIlNGIFLPAl1P3B9bhevwOlRRRWcBhDO2C9UHQFZ2gsz94veZXLlk4CL20h3GN6Czga0dhLK8dj9Oy8U3Amon/BnUGezFT27M9WJ+JJACFyybRuuk6M7ZQpFFzCKNdKNMSMD1gPmgZDFoBup5NDRvTQOB3ajZR5IdKJ+3MiZYHWw8A3nQHDvp6vjc3/as0EuxftVIRxghDy6aJuIilGdJwK7QgFHOXQAONKmL9S3meKcTTZ5UwI7vzJf6F2UnDPCs7Nab54NYsjS/bIATkiLjknRVIiZVIlnDyQJ/JCXq1H69l6s96nrRlrNrNLfsn6+AZSM5or</latexit>

HT =
X

jet

pT,jet

<latexit sha1_base64="dG5aXvSMNvdIwfcGvS7WYyCYfvU="></latexit>

MJ =

vuuut

0

@
X

jet

Ejet

1

A
2

�

������

X

jet

~pjet

������

2

⟶ 2Q2➝2

γ

edge
ηΔ

0 1 2 3 4 5 6 7 8 9

η
Δ γ

Σ

0
1
2

3
4

5

6
7

8

9

3−10

2−10

1−10

1

 PreliminaryATLAS
-1Pb+Pb 2015, 0.38 nb

 = 5.02 TeV, 0nXnNNs

edge
γ

ηΔ dηΔ γΣ / dN2 devtN1/

ηΔ γΣ
0 1 2 3 4 5 6 7 8 9

η
Δ 

A
Σ

0
1
2

3
4

5

6
7

8

9

4−10

3−10

2−10

1−10

1 PreliminaryATLAS
-1Pb+Pb 2015, 0.38 nb

 = 5.02 TeV, 0nXnNNs

ηΔ AΣ dηΔ γΣ / dN2 devtN1/
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Figure 4: Left: two-dimensional distribution of Ntrk vs
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� �⌘ for events selected by the UPC trigger having at least
two jets. Right: distributions of charged particle multiplicity for events with

P
� �⌘ > 2 and

P
� �⌘ < 1.

particle track passing applied selections if at least one of the jets falls within the inner detector acceptance.
Events used in the analysis were required to have at least two jets satisfying the p

jet
T > 15 GeV and |⌘ | < 4.4

requirements. Furthermore, the leading jet is required to satisfy pTlead > 20 GeV. The azimuthal angle
di�erence between the leading and sub-leading jets is required to be greater than 0.2 and the combined
mass of all reconstructed jets, mjets, is required to be greater than 35 GeV.

Figure 5 provides a summary of the jet kinematics in events passing the above-described selections. The
left panel on the top shows the pT distributions for leading, sub-leading and other jets in the event. The
spectra are similar to those observed in other hard-scattering processes though the leading and sub-leading
jet spectra at low pT are a�ected by the pT thresholds applied in the analysis. The panel on the right
of the figure shows the leading-sub-leading jet �� distribution for events having two, three, or and more
than three jets. The dijet events have a �� distribution that is sharply peaked at �� = ⇡ while the other
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• PbPb at                              ; ℒ=0.38 nb-1

ATLAS measurement

• at least 2 jets

• pT,leading jet > 20 GeV; pT,subleading jet > 15 GeV

• |ηjet|<4.4

• HT>40 GeV; MJ>35 GeV

• # neutrons in ZDCs: 0nXn 

• ∑Δη>2 in 0n (photon) direction; ∑Δη<3 in Xn (break-up) direction
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Events used in the analysis were required to have at least two jets satisfying the p
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T > 15 GeV and |⌘ | < 4.4

requirements. Furthermore, the leading jet is required to satisfy pTlead > 20 GeV. The azimuthal angle
di�erence between the leading and sub-leading jets is required to be greater than 0.2 and the combined
mass of all reconstructed jets, mjets, is required to be greater than 35 GeV.

Figure 5 provides a summary of the jet kinematics in events passing the above-described selections. The
left panel on the top shows the pT distributions for leading, sub-leading and other jets in the event. The
spectra are similar to those observed in other hard-scattering processes though the leading and sub-leading
jet spectra at low pT are a�ected by the pT thresholds applied in the analysis. The panel on the right
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• STARlight: photon flux

• General good agreement 

of data and MC


• Proof of principle that 

photoproduction of jets

can be studied in UPCs

at LHC!

• PYTHIA: 𝛄*+p

• CTEQ6L1 proton PDF

• SaS 1D photon PDFs

• no nuclear modifications
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• PbPb at                              ; ℒ=0.38 nb-1

CMS measurement

• exactly 2 jets

• pT,leading jet > 30 GeV; pT,subleading jet > 20 GeV

• |ηjet|<2.4

• |ηjet-ηtrack|<1 

• rapidity gap in hemisphere opposite to dijet >1.2

• P⊥>Δ⊥
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sample.

To ensure there is a large rapidity gap, we impose two requirements. First, the distance in pseu-
dorapidity between the jet closest to the rapidity gap and the track closest to the rapidity gap is
studied. Figure 1 shows this max[hjet � htrack] distribution for both data and reconstructed RAP-
GAP MC events. Non-exclusive dijet events are characterized by events where the accompa-
nying tracks are far away in pseudorapidity. For this reason, the max[hjet � htrack] < 1 selection
is applied. Furthermore, it is required that BRG is larger than 1.2. Figure 1 shows the BRG dis-
tributions for both data and reconstructed RAPGAP MC events after the max[hjet � htrack] < 1
selection has been applied. The rapidity gap selections keep 99% of the signal events according
to RAPGAP MC studies, and effectively reject the small number of residual non-exclusive and
two-photon events. A total of 9381 exclusive dijet events are selected. For comparisons with
theoretical calculations (e.g. Ref. [21]), events are required to have PT > QT. Such a selection is
known as the “correlation limit” or the “transverse momentum dependent (TMD) limit”, see,
e.g., Ref. [30]. The latter requirement rejects 91 exclusive dijet events.
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Figure 1: Distributions of the maximum distance in pseudorapidity between the most back-
ward jet and a track in an event (left) and the backward rapidity gap (right) shown for data
and reconstructed RAPGAP MC (see text for details).

Figure 2 shows the distributions of the magnitudes of the vectors ~QT and ~PT both for the data
and the reconstructed RAPGAP MC, indicating that the selected events are mainly in the QT <
25 GeV region, where this analysis is performed. The correlation between PT and QT is also
shown for the data. The QT distribution peaks at 9 GeV and the PT distribution at 35 GeV. For
reference, Fig. 2 also shows the dijet invariant mass and rapidity distributions of the selected
events in the data and the RAPGAP MC. The mass distribution peaks around 70 GeV and the
dijet rapidity peaks around 1.4.

The following sources of systematic uncertainties are considered in the analysis: jet energy scale
correction (JES), jet energy scale correction non-closure (JESnc), jet energy resolution (JER), jet
pseudorapidity resolution (JPR), jet azimuthal angular resolution (JAR), trigger efficiency (TR),
and the purity estimation (PUR). The jet energy resolution is estimated to be 15% from the
dedicated MC studies and the uncertainty on the jet energy scale is 2% for 20 GeV jets, consis-
tent with Refs. [43, 44]. After the nominal correction factors are applied, a small non-closure
remains between the generator level jet energy scale and that of the reconstructed jets. The
systematic uncertainty from this effect is estimated by applying a residual correction to the jet
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Figure 2: Magnitudes of the vector sum (QT) and vector difference (PT) of the two jets (top left)
and their correlation (top right) for the events that pass the selection criteria. The diagonal line
illustrates the PT > QT requirement. Invariant mass (bottom left) and rapidity (bottom right)
of the dijet candidates after further QT and PT requirements. The lines show the prediction of
the RAPGAP MC.

energy scale. The jet angular and pseudorapidity resolutions are found to be 0.025± 0.005 (stat)
and 0.015± 0.005 (stat), respectively, and are almost independent of pT and h in the phase space
relevant to this measurement. To account for the uncertainties related to the jet transverse mo-
menta and angular resolutions, the differences between the resolutions obtained from the data
and from MC are taken into account as described in Ref. [43]. The detector-level jets from
MC are smeared in order to account for the observed resolution in data. The deviations in
hcos(2f)i obtained from this procedure and that from the detector-level (i.e., reconstructed)
jets are quoted as a systematic uncertainty associated with the resolution. The uncertainty of
the trigger inefficiency is related to the component of the trigger that requires the transverse
energy in one of the ECAL towers to be larger than 5 GeV. To account for this small effect, MC
events are weighted by the efficiency of jet pT on an event-by-event basis. This weighting is
found to reproduce the effect of the trigger efficiency on the measured hcos(2f)i distribution.
The other elements forming the trigger, discussed above, are fully efficient. The uncertainty
related to the purity of the signal is estimated by varying the nominal rapidity gap require-
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Table 1: Table of hcos(2f)i systematic uncertainties.
QT [ GeV ] JES JESnc JER JAR PUR TR Total

0-5 0.042 0.011 0.008 0.009 0.002 0.009 0.046
5-10 0.036 0.021 0.004 0.006 0.008 0.008 0.044
10-15 0.027 0.017 0.007 0.004 0.007 0.009 0.035
15-20 0.021 0.020 0.032 0.003 0.001 0.006 0.044
20-25 0.008 0.029 0.091 0.002 0.006 0.008 0.096

ment between 0 and 2, and by varying the max[hjet � htrack] selection between 0.8 and 1.2. The
various components of the systematic uncertainty are summarized in Table 1. The uncertainty
related to the calorimeter exclusivity selections is found to have a negligible effect on the anal-
ysis. Finally, the uncertainty on the pseudorapidity resolution is negligible.

The mixed event technique has long been used to study angular correlations, see, e.g., Ref. [45].
Since particles, or jets, from different events have no physical correlation, it is interesting to
measure hcos(2f)i when the two jets are taken from different events passing the analysis selec-
tions. Figure 3 shows the f distribution and hcos(2f)i as a function of QT for the mixed events
from data. The f distribution peaks around 1 and 5 radians. The mixed event hcos(2f)i distri-
bution is consistent with zero for QT < 10 GeV and then decreases as QT increases. The mixed
event distributions are also generated from a sample of RAPGAP events where the jets are
passed through the full simulation and reconstruction chain. The reconstructed mixed event
RAPGAP distributions are found to be consistent with those from the mixed-event data.
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Figure 3: The mixed event distributions obtained from data and compared to the RAPGAP
prediction after full simulation and reconstruction (blue line). The left panel shows the f dis-
tribution while the right panel shows the second harmonic of this distribution as a function of
QT. Both the statistical (error bars) and systematic (magenta boxes) uncertainties are shown.
Dashed histograms show the toy-MC distribution including the effect of detector smearing (see
text for details).

Since the non-zero hcos(2f)i values at higher QT values for the mixed event distributions result
from the underlying dijet kinematics, it is natural to consider how the kinematics of the jets,
convoluted with momentum and angular resolutions of the experiment, affect the hcos(2f)i
distributions for the same event case. Therefore, a toy MC that has similar jet pT and rapidity
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distributions to the data is used. These jets are set to be back-to-back in azimuth, and the jets
are smeared in pT, h and f with the experimental resolutions. Figure 3 also shows the f and
the hcos(2f)i distributions as a function of QT for toy MC events. The f distribution peaks at
p, while the hcos(2f)i distribution reaches approximately 1 at around QT = 10 GeV.

The experimental f and hcos(2f)i distributions as a function of QT are shown in Fig. 4. The f
distribution peaks at 0 and p. The measured hcos(2f)i is positive for all values of QT, rising
from 0.16 ± 0.02 (stat) ± 0.05 (syst) for QT < 5 GeV to 0.36 ± 0.02 (stat) ± 0.03 (syst) for 10 <
QT < 25 GeV. The mixed event and toy MC distributions shown in Fig. 3 are inconsistent with
the observed same event data hcos(2f)i. In the present study, the data are not corrected for
instrumental effects, and should thus be compared to the results of full detector simulations.
Figure 4 also shows the f and hcos(2f)i distributions as a function of QT for the reconstructed
RAPGAP events. The RAPGAP prediction follows the same trend of hcos(2f)i as a function of
QT observed in data, while it is consistently above the data. Thus, our results call for theoretical
calculations to describe the QT dependence.

0 1 2 3 4 5 6
φ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
φ

 d
N

/d
ev

en
ts

1/
N

 (5.02 TeV)-1PbPb 0.38 nb

 > 30 GeV
T,1

p
 > 20 GeV

T,2
p

| < 2.4
1,2
η|

 < 25 GeVTQ
T > QTP

Data
CMS

Reco RAPGAP MC

 > 30 GeV
T,1

p
 > 20 GeV

T,2
p

| < 2.4
1,2
η|

 < 25 GeVTQ
T > QTP

 (5.02 TeV)-1PbPb 0.38 nb

Preliminary

2 4 6 8 10 12 14 16 18 20 22 24
 [GeV]TQ

0

0.2

0.4

0.6

0.8

1

1.2

1.4)>φ
<c

os
(2

 (5.02 TeV)-1PbPb 0.38 nb

 > 30 GeV
T,1

p
 > 20 GeV

T,2
p

| < 2.4
1,2
η|

 < 25 GeVTQ
T > QTP

Data
CMS

Data

 (5.02 TeV)-1PbPb 0.38 nb

Reco RAPGAP MCReco RAPGAP MC

Preliminary

Figure 4: The left panel shows the f distribution while the right panel shows the second har-
monic of this distribution for the data, as a function of QT. The corresponding distributions
from RAPGAP after full simulation and reconstruction are also shown (blue lines). Both the
statistical (error bars) and systematic (green boxes) uncertainties are shown.

In summary, for the first time, angular correlations present in exclusive dijet photoproduction
have been studied using ultra-peripheral lead-lead collisions at psNN = 5.02 TeV. The second
moment of the angular distribution, hcos(2f)i, where f is the angle between the vector sum
and vector difference of the leading and subleading jet transverse momenta, has been measured
as a function of the momentum sum of the two jets. This analysis amounts to the first, yet
essential, step towards the extraction of the Wigner or Husimi gluon distributions, which are
believed to be the most fundamental gluon distributions. It also introduces new techniques for
the analysis of jet angular correlations in exclusive dijet events at colliders.
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Figure 1: Some of the UPC reactions that will be discussed in this review: (a) generic

photonuclear interaction with neutron breakup of the target, (b) incoherent photoproduc-

tion, generic to heavy quarks and jets, (c) exclusive photoproduction of a vector meson

(d) coherent photoproduction of a vector meson, accompanied by nuclear excitation, (e)

dilepton production �� ! l
+
l
� (f) dilepton production �� ! l

+
l
� + �, including higher

order final-state radiation (g) light-by-light scattering, with no nuclear breakup (h) central

exclusive diphoton production, with double breakup.

studied at e
+
e
� colliders. Table 1 gives the maximum energies for di↵erent ion species at

these machines. Nuclear beams provide several distinct advantages

1. a large e↵ective photon luminosity boost proportional to Z
2 for each nucleus, com-

pensating for the overall lower luminosity of nuclear beams

2. reduced virtuality

3. the possibility of multi-photon exchange between a single ion pair, allowing for tagging

of di↵erent impact parameter distributions and photon spectra.

Early UPC studies largely focused on e
+
e
� pair production and low-energy nuclear

physics (1). In the late 1980’s, interest grew in using UPCs to probe fundamental physics,

most notably two-photon production of the Higgs (9, 10). Although the resulting �� lu-

minosities were not encouraging for observing the Higgs, they did stimulate work on ��

production of other particles. The first calculations of coherent photoproduction with gold

beams at RHIC predicted high rates of vector meson photoproduction (11), which were

quickly confirmed by the STAR Collaboration (12). The combination of large cross-sections

and available experimental data stimulated further interest. With the advent of the LHC,

the energy reach for UPCs extended dramatically, and the field has blossomed.

A key to development of UPC as a precision laboratory for electromagnetic and strong

interaction processes is the development of event generators that simulate both the ini-

tial photon flux and the relevant physics processes. The most widely-used generator code

is STARLight (13) which has been available since the early days of the RHIC program.

It implements one and two photon processes, and includes a set of final states including

vector mesons, meson pairs, and dileptons, with more general photonuclear processes ac-
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The uncertainties are enormous at small xB and are due to the gluon

parton distribution functions (PDFs), a special case of GPDs in ab-

sence of momentum transfer. Superimposed are LHCb data, whose

precision shows that UPCs at LHC strongly constrain the PDFs.

GPDs will  be similarly constrained and this is detailed in the

work packages (WPs) below, either using existing data or data that

will be taken starting from 2021 with a fixed target. This opens up

the new kinematic domain of very high xB. Moreover, the injection of

different gas types in the target cell will allow studying nuclear ef-

fects, such as large pressure variations in heavy nuclei5. I am lea-

ding the effort on LHCb to measure exclusive processes in the fixed

target programme: such measurements are possible and unique11,12.

My  approach  to  using  UPCs to  investigate  the  nucleon  has

been informed from my previous work, where I  measured exclusive processes in lepton-nucleon interactions at

HERMES and performed studies for EIC13. From this perspective, I  realised the unique, but vastly unexplored,

potential of the LHC. I was awarded a Marie-Curie fellowship to measure nucleon structure using exclusive J/ψ and

muon pairs on LHCb. The latter was an original idea, stemming from a ten-year-old theoretical paper14, which I

realised could be applied to pPb collisions. Since joining LHCb one year ago, I have been appointed convenor of

the group studying exclusive processes with responsibilities to oversee several analyses and look to opportunities

for the future. I collaborate with several theorists. I was instrumental in University College Dublin joining the EIC ef-

fort and I am the institute representative on the steering board. I believe that my experience, insight and colla-

borations position me to deliver on the proposed work and lead efforts in the field through LHC to EIC, and beyond.

Research programme: The research is divided into six WPs. WP1 and WP2 use existing data in collider

mode from LHCb. WP3 and WP4 use data that will be collected at LHCb with a fixed target. WP5 extends the

results to a transversely polarised target. WP6 provides a service to the theoretical and experimental communities.

WP1: Exclusive dimuons. The measurement in pp collisions of the cos(ɸ) modulation of the cross section of

exclusive dimuons (originating from a virtual-photon decay), with ɸ the angle between the p and dimuon plane14,will

constrain quark and gluon GPDs in never-explored regions15 down to xB of 8.5x10-7 (compared to xB=10-4 at an

EIC). The relative impact is expected to be similar to that shown for PDFs above. The sensitivity to gluons will be of

high value for the pressure determination in the nucleon, which currently only relies on data sensitive to quarks. 

LHCb is the ideal experiment for WP116 with several advantages over other experiments. Its forward acceptan-

ce together with the high LHC energy allows it to reach much lower xB. It was designed to trigger and reconstruct

particles with transverse momenta down to practically 0 MeV. It collected 6 fb-1 of data at a centre-of-mass energy

of 13 TeV where exclusive events are easily selected due to the low average number of interactions per beam

collision. I am currently measuring this modulation in pPb collisions and will extend my techniques to the data taken

in pp. Compared to pPb collisions, there is an ambiguity in knowing which p emitted the real photon. I studied this

problem, am discussing it with theorists, and analysed simulations that show that a cut on the dimuon transverse

momentum lifts the ambiguity. The cos(ɸ) modulation will be measured with a statistical uncertainty of 2%, compa-

red to 10% for the pPb measurement. Systematic uncertainties are expected to be small as most sources drop out

when measuring a modulation. I will work with my PhD student on this analysis, which will be their thesis subject.

WP2: Exclusive dimesons.  The measurement  of  exclusively  produced pairs  of  neutral  D0 mesons in pp

collisions,  differential  in transverse momenta and rapidity,  will  provide for the first  time information on the 5D

distribution17, in the present case for gluons. It will  test and differentiate between various theory predictions. In

particular, since many of the models contain saturation, my measurements can be used to look for it.

The LHCb experiment is well suited for this measurement for all  the reasons described in WP1, and also

because of a hadronic trigger that explicitly selected D meson decays. Currently, I am measuring the J/ψ cross-

section and will build on this experience to measure the differential cross-section for D0 meson pair production. A

small sample of dimesons has already been selected at LHCb, and extrapolating from this to the full data sample,

the total uncertainty on the cross section is estimated to be a statistically limited 20%. 

WP3: Spin-independent fixed target exclusive J/ψ production. The measurement of the exclusive J/ψ diffe-

rential cross section will use data collected with a fixed target (running simultaneously with beam-beam collisions)

and both p and Pb beams. It will constrain gluon GPDs in a scarcely-explored kinematic domain, up to xB=0.7. The

ability to use different nuclear targets is entirely new and gives access to nuclear gluon GPDs. The comparison of

11 A. Bursche et al., LHCb-PUB-2018-015.

12 J. P. Lansberg, L. Szymanowski, and J. Wagner, JHEP 09 (2015) 087; C. Hadjidakis et al., arXiv:1807.00603.

13 A. Aschenauer, I. Borsa, R. Sassot, C. Van Hulse, Phys. Rev. D 99 (2019) 094004.

14 B. Pire, L. Szymanowksi, J. Wagner, Phys. Rev. D 79 (2009) 014010.

15 H. Moutarde et al., Phys. Rev. D 87 (2013) 054029.

16 R. McNulty, Int. J. Mod. Phys. A 29 (2014) 1446003.

17 M. Pelicer, E. Grave de Oliveira, and R. Pasechnik, Phys. Rev. D 99 (2019) 034016. 
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The uncertainties are enormous at small xB and are due to the gluon

parton distribution functions (PDFs), a special case of GPDs in ab-

sence of momentum transfer. Superimposed are LHCb data, whose

precision shows that UPCs at LHC strongly constrain the PDFs.

GPDs will  be similarly constrained and this is detailed in the

work packages (WPs) below, either using existing data or data that

will be taken starting from 2021 with a fixed target. This opens up

the new kinematic domain of very high xB. Moreover, the injection of

different gas types in the target cell will allow studying nuclear ef-

fects, such as large pressure variations in heavy nuclei5. I am lea-

ding the effort on LHCb to measure exclusive processes in the fixed

target programme: such measurements are possible and unique11,12.

My  approach  to  using  UPCs to  investigate  the  nucleon  has

been informed from my previous work, where I  measured exclusive processes in lepton-nucleon interactions at

HERMES and performed studies for EIC13. From this perspective, I  realised the unique, but vastly unexplored,

potential of the LHC. I was awarded a Marie-Curie fellowship to measure nucleon structure using exclusive J/ψ and

muon pairs on LHCb. The latter was an original idea, stemming from a ten-year-old theoretical paper14, which I

realised could be applied to pPb collisions. Since joining LHCb one year ago, I have been appointed convenor of

the group studying exclusive processes with responsibilities to oversee several analyses and look to opportunities

for the future. I collaborate with several theorists. I was instrumental in University College Dublin joining the EIC ef-

fort and I am the institute representative on the steering board. I believe that my experience, insight and colla-

borations position me to deliver on the proposed work and lead efforts in the field through LHC to EIC, and beyond.

Research programme: The research is divided into six WPs. WP1 and WP2 use existing data in collider

mode from LHCb. WP3 and WP4 use data that will be collected at LHCb with a fixed target. WP5 extends the

results to a transversely polarised target. WP6 provides a service to the theoretical and experimental communities.

WP1: Exclusive dimuons. The measurement in pp collisions of the cos(ɸ) modulation of the cross section of

exclusive dimuons (originating from a virtual-photon decay), with ɸ the angle between the p and dimuon plane14,will

constrain quark and gluon GPDs in never-explored regions15 down to xB of 8.5x10-7 (compared to xB=10-4 at an

EIC). The relative impact is expected to be similar to that shown for PDFs above. The sensitivity to gluons will be of

high value for the pressure determination in the nucleon, which currently only relies on data sensitive to quarks. 

LHCb is the ideal experiment for WP116 with several advantages over other experiments. Its forward acceptan-

ce together with the high LHC energy allows it to reach much lower xB. It was designed to trigger and reconstruct

particles with transverse momenta down to practically 0 MeV. It collected 6 fb-1 of data at a centre-of-mass energy

of 13 TeV where exclusive events are easily selected due to the low average number of interactions per beam

collision. I am currently measuring this modulation in pPb collisions and will extend my techniques to the data taken

in pp. Compared to pPb collisions, there is an ambiguity in knowing which p emitted the real photon. I studied this

problem, am discussing it with theorists, and analysed simulations that show that a cut on the dimuon transverse

momentum lifts the ambiguity. The cos(ɸ) modulation will be measured with a statistical uncertainty of 2%, compa-

red to 10% for the pPb measurement. Systematic uncertainties are expected to be small as most sources drop out

when measuring a modulation. I will work with my PhD student on this analysis, which will be their thesis subject.

WP2: Exclusive dimesons.  The measurement  of  exclusively  produced pairs  of  neutral  D0 mesons in pp

collisions,  differential  in transverse momenta and rapidity,  will  provide for the first  time information on the 5D

distribution17, in the present case for gluons. It will  test and differentiate between various theory predictions. In

particular, since many of the models contain saturation, my measurements can be used to look for it.

The LHCb experiment is well suited for this measurement for all  the reasons described in WP1, and also

because of a hadronic trigger that explicitly selected D meson decays. Currently, I am measuring the J/ψ cross-

section and will build on this experience to measure the differential cross-section for D0 meson pair production. A

small sample of dimesons has already been selected at LHCb, and extrapolating from this to the full data sample,

the total uncertainty on the cross section is estimated to be a statistically limited 20%. 

WP3: Spin-independent fixed target exclusive J/ψ production. The measurement of the exclusive J/ψ diffe-

rential cross section will use data collected with a fixed target (running simultaneously with beam-beam collisions)

and both p and Pb beams. It will constrain gluon GPDs in a scarcely-explored kinematic domain, up to xB=0.7. The

ability to use different nuclear targets is entirely new and gives access to nuclear gluon GPDs. The comparison of

11 A. Bursche et al., LHCb-PUB-2018-015.

12 J. P. Lansberg, L. Szymanowski, and J. Wagner, JHEP 09 (2015) 087; C. Hadjidakis et al., arXiv:1807.00603.

13 A. Aschenauer, I. Borsa, R. Sassot, C. Van Hulse, Phys. Rev. D 99 (2019) 094004.

14 B. Pire, L. Szymanowksi, J. Wagner, Phys. Rev. D 79 (2009) 014010.

15 H. Moutarde et al., Phys. Rev. D 87 (2013) 054029.

16 R. McNulty, Int. J. Mod. Phys. A 29 (2014) 1446003.

17 M. Pelicer, E. Grave de Oliveira, and R. Pasechnik, Phys. Rev. D 99 (2019) 034016. 
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The uncertainties are enormous at small xB and are due to the gluon

parton distribution functions (PDFs), a special case of GPDs in ab-

sence of momentum transfer. Superimposed are LHCb data, whose

precision shows that UPCs at LHC strongly constrain the PDFs.

GPDs will  be similarly constrained and this is detailed in the

work packages (WPs) below, either using existing data or data that

will be taken starting from 2021 with a fixed target. This opens up

the new kinematic domain of very high xB. Moreover, the injection of

different gas types in the target cell will allow studying nuclear ef-

fects, such as large pressure variations in heavy nuclei5. I am lea-

ding the effort on LHCb to measure exclusive processes in the fixed

target programme: such measurements are possible and unique11,12.

My  approach  to  using  UPCs to  investigate  the  nucleon  has

been informed from my previous work, where I  measured exclusive processes in lepton-nucleon interactions at

HERMES and performed studies for EIC13. From this perspective, I  realised the unique, but vastly unexplored,

potential of the LHC. I was awarded a Marie-Curie fellowship to measure nucleon structure using exclusive J/ψ and

muon pairs on LHCb. The latter was an original idea, stemming from a ten-year-old theoretical paper14, which I

realised could be applied to pPb collisions. Since joining LHCb one year ago, I have been appointed convenor of

the group studying exclusive processes with responsibilities to oversee several analyses and look to opportunities

for the future. I collaborate with several theorists. I was instrumental in University College Dublin joining the EIC ef-

fort and I am the institute representative on the steering board. I believe that my experience, insight and colla-

borations position me to deliver on the proposed work and lead efforts in the field through LHC to EIC, and beyond.

Research programme: The research is divided into six WPs. WP1 and WP2 use existing data in collider

mode from LHCb. WP3 and WP4 use data that will be collected at LHCb with a fixed target. WP5 extends the

results to a transversely polarised target. WP6 provides a service to the theoretical and experimental communities.

WP1: Exclusive dimuons. The measurement in pp collisions of the cos(ɸ) modulation of the cross section of

exclusive dimuons (originating from a virtual-photon decay), with ɸ the angle between the p and dimuon plane14,will

constrain quark and gluon GPDs in never-explored regions15 down to xB of 8.5x10-7 (compared to xB=10-4 at an

EIC). The relative impact is expected to be similar to that shown for PDFs above. The sensitivity to gluons will be of

high value for the pressure determination in the nucleon, which currently only relies on data sensitive to quarks. 

LHCb is the ideal experiment for WP116 with several advantages over other experiments. Its forward acceptan-

ce together with the high LHC energy allows it to reach much lower xB. It was designed to trigger and reconstruct

particles with transverse momenta down to practically 0 MeV. It collected 6 fb-1 of data at a centre-of-mass energy

of 13 TeV where exclusive events are easily selected due to the low average number of interactions per beam

collision. I am currently measuring this modulation in pPb collisions and will extend my techniques to the data taken

in pp. Compared to pPb collisions, there is an ambiguity in knowing which p emitted the real photon. I studied this

problem, am discussing it with theorists, and analysed simulations that show that a cut on the dimuon transverse

momentum lifts the ambiguity. The cos(ɸ) modulation will be measured with a statistical uncertainty of 2%, compa-

red to 10% for the pPb measurement. Systematic uncertainties are expected to be small as most sources drop out

when measuring a modulation. I will work with my PhD student on this analysis, which will be their thesis subject.

WP2: Exclusive dimesons.  The measurement  of  exclusively  produced pairs  of  neutral  D0 mesons in pp

collisions,  differential  in transverse momenta and rapidity,  will  provide for the first  time information on the 5D

distribution17, in the present case for gluons. It will  test and differentiate between various theory predictions. In

particular, since many of the models contain saturation, my measurements can be used to look for it.

The LHCb experiment is well suited for this measurement for all  the reasons described in WP1, and also

because of a hadronic trigger that explicitly selected D meson decays. Currently, I am measuring the J/ψ cross-

section and will build on this experience to measure the differential cross-section for D0 meson pair production. A

small sample of dimesons has already been selected at LHCb, and extrapolating from this to the full data sample,

the total uncertainty on the cross section is estimated to be a statistically limited 20%. 

WP3: Spin-independent fixed target exclusive J/ψ production. The measurement of the exclusive J/ψ diffe-

rential cross section will use data collected with a fixed target (running simultaneously with beam-beam collisions)

and both p and Pb beams. It will constrain gluon GPDs in a scarcely-explored kinematic domain, up to xB=0.7. The

ability to use different nuclear targets is entirely new and gives access to nuclear gluon GPDs. The comparison of

11 A. Bursche et al., LHCb-PUB-2018-015.

12 J. P. Lansberg, L. Szymanowski, and J. Wagner, JHEP 09 (2015) 087; C. Hadjidakis et al., arXiv:1807.00603.

13 A. Aschenauer, I. Borsa, R. Sassot, C. Van Hulse, Phys. Rev. D 99 (2019) 094004.

14 B. Pire, L. Szymanowksi, J. Wagner, Phys. Rev. D 79 (2009) 014010.

15 H. Moutarde et al., Phys. Rev. D 87 (2013) 054029.

16 R. McNulty, Int. J. Mod. Phys. A 29 (2014) 1446003.

17 M. Pelicer, E. Grave de Oliveira, and R. Pasechnik, Phys. Rev. D 99 (2019) 034016. 
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The uncertainties are enormous at small xB and are due to the gluon

parton distribution functions (PDFs), a special case of GPDs in ab-

sence of momentum transfer. Superimposed are LHCb data, whose

precision shows that UPCs at LHC strongly constrain the PDFs.

GPDs will  be similarly constrained and this is detailed in the

work packages (WPs) below, either using existing data or data that

will be taken starting from 2021 with a fixed target. This opens up

the new kinematic domain of very high xB. Moreover, the injection of

different gas types in the target cell will allow studying nuclear ef-

fects, such as large pressure variations in heavy nuclei5. I am lea-

ding the effort on LHCb to measure exclusive processes in the fixed

target programme: such measurements are possible and unique11,12.

My  approach  to  using  UPCs to  investigate  the  nucleon  has

been informed from my previous work, where I  measured exclusive processes in lepton-nucleon interactions at

HERMES and performed studies for EIC13. From this perspective, I  realised the unique, but vastly unexplored,

potential of the LHC. I was awarded a Marie-Curie fellowship to measure nucleon structure using exclusive J/ψ and

muon pairs on LHCb. The latter was an original idea, stemming from a ten-year-old theoretical paper14, which I

realised could be applied to pPb collisions. Since joining LHCb one year ago, I have been appointed convenor of

the group studying exclusive processes with responsibilities to oversee several analyses and look to opportunities

for the future. I collaborate with several theorists. I was instrumental in University College Dublin joining the EIC ef-

fort and I am the institute representative on the steering board. I believe that my experience, insight and colla-

borations position me to deliver on the proposed work and lead efforts in the field through LHC to EIC, and beyond.

Research programme: The research is divided into six WPs. WP1 and WP2 use existing data in collider

mode from LHCb. WP3 and WP4 use data that will be collected at LHCb with a fixed target. WP5 extends the

results to a transversely polarised target. WP6 provides a service to the theoretical and experimental communities.

WP1: Exclusive dimuons. The measurement in pp collisions of the cos(ɸ) modulation of the cross section of

exclusive dimuons (originating from a virtual-photon decay), with ɸ the angle between the p and dimuon plane14,will

constrain quark and gluon GPDs in never-explored regions15 down to xB of 8.5x10-7 (compared to xB=10-4 at an

EIC). The relative impact is expected to be similar to that shown for PDFs above. The sensitivity to gluons will be of

high value for the pressure determination in the nucleon, which currently only relies on data sensitive to quarks. 

LHCb is the ideal experiment for WP116 with several advantages over other experiments. Its forward acceptan-

ce together with the high LHC energy allows it to reach much lower xB. It was designed to trigger and reconstruct

particles with transverse momenta down to practically 0 MeV. It collected 6 fb-1 of data at a centre-of-mass energy

of 13 TeV where exclusive events are easily selected due to the low average number of interactions per beam

collision. I am currently measuring this modulation in pPb collisions and will extend my techniques to the data taken

in pp. Compared to pPb collisions, there is an ambiguity in knowing which p emitted the real photon. I studied this

problem, am discussing it with theorists, and analysed simulations that show that a cut on the dimuon transverse

momentum lifts the ambiguity. The cos(ɸ) modulation will be measured with a statistical uncertainty of 2%, compa-

red to 10% for the pPb measurement. Systematic uncertainties are expected to be small as most sources drop out

when measuring a modulation. I will work with my PhD student on this analysis, which will be their thesis subject.

WP2: Exclusive dimesons.  The measurement  of  exclusively  produced pairs  of  neutral  D0 mesons in pp

collisions,  differential  in transverse momenta and rapidity,  will  provide for the first  time information on the 5D

distribution17, in the present case for gluons. It will  test and differentiate between various theory predictions. In

particular, since many of the models contain saturation, my measurements can be used to look for it.

The LHCb experiment is well suited for this measurement for all  the reasons described in WP1, and also

because of a hadronic trigger that explicitly selected D meson decays. Currently, I am measuring the J/ψ cross-

section and will build on this experience to measure the differential cross-section for D0 meson pair production. A

small sample of dimesons has already been selected at LHCb, and extrapolating from this to the full data sample,

the total uncertainty on the cross section is estimated to be a statistically limited 20%. 

WP3: Spin-independent fixed target exclusive J/ψ production. The measurement of the exclusive J/ψ diffe-

rential cross section will use data collected with a fixed target (running simultaneously with beam-beam collisions)

and both p and Pb beams. It will constrain gluon GPDs in a scarcely-explored kinematic domain, up to xB=0.7. The

ability to use different nuclear targets is entirely new and gives access to nuclear gluon GPDs. The comparison of

11 A. Bursche et al., LHCb-PUB-2018-015.

12 J. P. Lansberg, L. Szymanowski, and J. Wagner, JHEP 09 (2015) 087; C. Hadjidakis et al., arXiv:1807.00603.

13 A. Aschenauer, I. Borsa, R. Sassot, C. Van Hulse, Phys. Rev. D 99 (2019) 094004.

14 B. Pire, L. Szymanowksi, J. Wagner, Phys. Rev. D 79 (2009) 014010.

15 H. Moutarde et al., Phys. Rev. D 87 (2013) 054029.

16 R. McNulty, Int. J. Mod. Phys. A 29 (2014) 1446003.

17 M. Pelicer, E. Grave de Oliveira, and R. Pasechnik, Phys. Rev. D 99 (2019) 034016. 
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Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .
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The uncertainties are enormous at small xB and are due to the gluon

parton distribution functions (PDFs), a special case of GPDs in ab-

sence of momentum transfer. Superimposed are LHCb data, whose

precision shows that UPCs at LHC strongly constrain the PDFs.

GPDs will  be similarly constrained and this is detailed in the

work packages (WPs) below, either using existing data or data that

will be taken starting from 2021 with a fixed target. This opens up

the new kinematic domain of very high xB. Moreover, the injection of

different gas types in the target cell will allow studying nuclear ef-

fects, such as large pressure variations in heavy nuclei5. I am lea-

ding the effort on LHCb to measure exclusive processes in the fixed

target programme: such measurements are possible and unique11,12.

My  approach  to  using  UPCs to  investigate  the  nucleon  has

been informed from my previous work, where I  measured exclusive processes in lepton-nucleon interactions at

HERMES and performed studies for EIC13. From this perspective, I  realised the unique, but vastly unexplored,

potential of the LHC. I was awarded a Marie-Curie fellowship to measure nucleon structure using exclusive J/ψ and

muon pairs on LHCb. The latter was an original idea, stemming from a ten-year-old theoretical paper14, which I

realised could be applied to pPb collisions. Since joining LHCb one year ago, I have been appointed convenor of

the group studying exclusive processes with responsibilities to oversee several analyses and look to opportunities

for the future. I collaborate with several theorists. I was instrumental in University College Dublin joining the EIC ef-

fort and I am the institute representative on the steering board. I believe that my experience, insight and colla-

borations position me to deliver on the proposed work and lead efforts in the field through LHC to EIC, and beyond.

Research programme: The research is divided into six WPs. WP1 and WP2 use existing data in collider

mode from LHCb. WP3 and WP4 use data that will be collected at LHCb with a fixed target. WP5 extends the

results to a transversely polarised target. WP6 provides a service to the theoretical and experimental communities.

WP1: Exclusive dimuons. The measurement in pp collisions of the cos(ɸ) modulation of the cross section of

exclusive dimuons (originating from a virtual-photon decay), with ɸ the angle between the p and dimuon plane14,will

constrain quark and gluon GPDs in never-explored regions15 down to xB of 8.5x10-7 (compared to xB=10-4 at an

EIC). The relative impact is expected to be similar to that shown for PDFs above. The sensitivity to gluons will be of

high value for the pressure determination in the nucleon, which currently only relies on data sensitive to quarks. 

LHCb is the ideal experiment for WP116 with several advantages over other experiments. Its forward acceptan-

ce together with the high LHC energy allows it to reach much lower xB. It was designed to trigger and reconstruct

particles with transverse momenta down to practically 0 MeV. It collected 6 fb-1 of data at a centre-of-mass energy

of 13 TeV where exclusive events are easily selected due to the low average number of interactions per beam

collision. I am currently measuring this modulation in pPb collisions and will extend my techniques to the data taken

in pp. Compared to pPb collisions, there is an ambiguity in knowing which p emitted the real photon. I studied this

problem, am discussing it with theorists, and analysed simulations that show that a cut on the dimuon transverse

momentum lifts the ambiguity. The cos(ɸ) modulation will be measured with a statistical uncertainty of 2%, compa-

red to 10% for the pPb measurement. Systematic uncertainties are expected to be small as most sources drop out

when measuring a modulation. I will work with my PhD student on this analysis, which will be their thesis subject.

WP2: Exclusive dimesons.  The measurement  of  exclusively  produced pairs  of  neutral  D0 mesons in pp

collisions,  differential  in transverse momenta and rapidity,  will  provide for the first  time information on the 5D

distribution17, in the present case for gluons. It will  test and differentiate between various theory predictions. In

particular, since many of the models contain saturation, my measurements can be used to look for it.

The LHCb experiment is well suited for this measurement for all  the reasons described in WP1, and also

because of a hadronic trigger that explicitly selected D meson decays. Currently, I am measuring the J/ψ cross-

section and will build on this experience to measure the differential cross-section for D0 meson pair production. A

small sample of dimesons has already been selected at LHCb, and extrapolating from this to the full data sample,

the total uncertainty on the cross section is estimated to be a statistically limited 20%. 

WP3: Spin-independent fixed target exclusive J/ψ production. The measurement of the exclusive J/ψ diffe-

rential cross section will use data collected with a fixed target (running simultaneously with beam-beam collisions)

and both p and Pb beams. It will constrain gluon GPDs in a scarcely-explored kinematic domain, up to xB=0.7. The

ability to use different nuclear targets is entirely new and gives access to nuclear gluon GPDs. The comparison of

11 A. Bursche et al., LHCb-PUB-2018-015.

12 J. P. Lansberg, L. Szymanowski, and J. Wagner, JHEP 09 (2015) 087; C. Hadjidakis et al., arXiv:1807.00603.

13 A. Aschenauer, I. Borsa, R. Sassot, C. Van Hulse, Phys. Rev. D 99 (2019) 094004.

14 B. Pire, L. Szymanowksi, J. Wagner, Phys. Rev. D 79 (2009) 014010.

15 H. Moutarde et al., Phys. Rev. D 87 (2013) 054029.

16 R. McNulty, Int. J. Mod. Phys. A 29 (2014) 1446003.

17 M. Pelicer, E. Grave de Oliveira, and R. Pasechnik, Phys. Rev. D 99 (2019) 034016. 
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Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .
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tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .
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The uncertainties are enormous at small xB and are due to the gluon

parton distribution functions (PDFs), a special case of GPDs in ab-

sence of momentum transfer. Superimposed are LHCb data, whose

precision shows that UPCs at LHC strongly constrain the PDFs.

GPDs will  be similarly constrained and this is detailed in the

work packages (WPs) below, either using existing data or data that

will be taken starting from 2021 with a fixed target. This opens up

the new kinematic domain of very high xB. Moreover, the injection of

different gas types in the target cell will allow studying nuclear ef-

fects, such as large pressure variations in heavy nuclei5. I am lea-

ding the effort on LHCb to measure exclusive processes in the fixed

target programme: such measurements are possible and unique11,12.

My  approach  to  using  UPCs to  investigate  the  nucleon  has

been informed from my previous work, where I  measured exclusive processes in lepton-nucleon interactions at

HERMES and performed studies for EIC13. From this perspective, I  realised the unique, but vastly unexplored,

potential of the LHC. I was awarded a Marie-Curie fellowship to measure nucleon structure using exclusive J/ψ and

muon pairs on LHCb. The latter was an original idea, stemming from a ten-year-old theoretical paper14, which I

realised could be applied to pPb collisions. Since joining LHCb one year ago, I have been appointed convenor of

the group studying exclusive processes with responsibilities to oversee several analyses and look to opportunities

for the future. I collaborate with several theorists. I was instrumental in University College Dublin joining the EIC ef-

fort and I am the institute representative on the steering board. I believe that my experience, insight and colla-

borations position me to deliver on the proposed work and lead efforts in the field through LHC to EIC, and beyond.

Research programme: The research is divided into six WPs. WP1 and WP2 use existing data in collider

mode from LHCb. WP3 and WP4 use data that will be collected at LHCb with a fixed target. WP5 extends the

results to a transversely polarised target. WP6 provides a service to the theoretical and experimental communities.

WP1: Exclusive dimuons. The measurement in pp collisions of the cos(ɸ) modulation of the cross section of

exclusive dimuons (originating from a virtual-photon decay), with ɸ the angle between the p and dimuon plane14,will

constrain quark and gluon GPDs in never-explored regions15 down to xB of 8.5x10-7 (compared to xB=10-4 at an

EIC). The relative impact is expected to be similar to that shown for PDFs above. The sensitivity to gluons will be of

high value for the pressure determination in the nucleon, which currently only relies on data sensitive to quarks. 

LHCb is the ideal experiment for WP116 with several advantages over other experiments. Its forward acceptan-

ce together with the high LHC energy allows it to reach much lower xB. It was designed to trigger and reconstruct

particles with transverse momenta down to practically 0 MeV. It collected 6 fb-1 of data at a centre-of-mass energy

of 13 TeV where exclusive events are easily selected due to the low average number of interactions per beam

collision. I am currently measuring this modulation in pPb collisions and will extend my techniques to the data taken

in pp. Compared to pPb collisions, there is an ambiguity in knowing which p emitted the real photon. I studied this

problem, am discussing it with theorists, and analysed simulations that show that a cut on the dimuon transverse

momentum lifts the ambiguity. The cos(ɸ) modulation will be measured with a statistical uncertainty of 2%, compa-

red to 10% for the pPb measurement. Systematic uncertainties are expected to be small as most sources drop out

when measuring a modulation. I will work with my PhD student on this analysis, which will be their thesis subject.

WP2: Exclusive dimesons.  The measurement  of  exclusively  produced pairs  of  neutral  D0 mesons in pp

collisions,  differential  in transverse momenta and rapidity,  will  provide for the first  time information on the 5D

distribution17, in the present case for gluons. It will  test and differentiate between various theory predictions. In

particular, since many of the models contain saturation, my measurements can be used to look for it.

The LHCb experiment is well suited for this measurement for all  the reasons described in WP1, and also

because of a hadronic trigger that explicitly selected D meson decays. Currently, I am measuring the J/ψ cross-

section and will build on this experience to measure the differential cross-section for D0 meson pair production. A

small sample of dimesons has already been selected at LHCb, and extrapolating from this to the full data sample,

the total uncertainty on the cross section is estimated to be a statistically limited 20%. 

WP3: Spin-independent fixed target exclusive J/ψ production. The measurement of the exclusive J/ψ diffe-

rential cross section will use data collected with a fixed target (running simultaneously with beam-beam collisions)

and both p and Pb beams. It will constrain gluon GPDs in a scarcely-explored kinematic domain, up to xB=0.7. The

ability to use different nuclear targets is entirely new and gives access to nuclear gluon GPDs. The comparison of

11 A. Bursche et al., LHCb-PUB-2018-015.

12 J. P. Lansberg, L. Szymanowski, and J. Wagner, JHEP 09 (2015) 087; C. Hadjidakis et al., arXiv:1807.00603.

13 A. Aschenauer, I. Borsa, R. Sassot, C. Van Hulse, Phys. Rev. D 99 (2019) 094004.

14 B. Pire, L. Szymanowksi, J. Wagner, Phys. Rev. D 79 (2009) 014010.

15 H. Moutarde et al., Phys. Rev. D 87 (2013) 054029.

16 R. McNulty, Int. J. Mod. Phys. A 29 (2014) 1446003.

17 M. Pelicer, E. Grave de Oliveira, and R. Pasechnik, Phys. Rev. D 99 (2019) 034016. 

PRD 101 ('20) 094011

?
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Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .
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of r, its Fourier transform becomes exponential for all
values of t irrespective of the value of the cutoff. For low
Λr, the integrand in Eq. (21) is in the color transparency
regime (or the 1-Pomeron limit of the IP-Sat model), and
the b dependence of the amplitude is Gaussian, and
consequently its Fourier transform is exponential for all
values of t. However, in a case with a large cutoff Λr, the
typical dipole size which contributes to the integral is
within the unitarity or black-disc limit; see, e.g., [81], with
N → 1 (see Fig. 11, right panel). Then, the Fourier
transform of the dipole amplitude leads to a dip or multi-
dips, as seen in Fig. 11 (left panel). The saturation effect
becomes more important at smaller Bjorken x or larger
Wγp, and lower virtualities Q where the contribution of
large dipole sizes becomes more important, leading to
a large effective Λr and consequently to the dip-type
structure.

For lighter vector mesons, the overlap extends to larger
dipole sizes, resulting in a dip structure as seen in Fig. 11.
The full calculation computed from Eq. (2) and shown in
Fig. 10 indeed supports the fact that lighter vector mesons
(which naturally have a larger Λr) develop multiple dips
within the same kinematic region in which the heavier
vector meson has a single dip (with a correspondingly
smaller Λr), consistent with the expectation in the satu-
ration picture shown in Fig. 11 (left panel). The exact
position of dips and whether the t distribution has multiple
or a single minimum depend on the value of dynamical
cutoff Λr (via the kinematics and the mass of vector
mesons) and the impact-parameter profile of the saturation
scale. In the case of the ψð2sÞ vector meson, although the
scalar part of the ψð2sÞ wave function extends to large
dipole sizes, due to the node effect, there is large cancella-
tion between dipole sizes above and below the node
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FIG. 10 (color online). Differential diffractive vector meson photoproduction cross sections for J=ψ ;ψð2sÞ;ϕ; ρ, as a function of jtj
within the IP-Sat (saturation), b-CGC, and 1-Pomeron models at a fixedWγp ¼ 1 TeV and Q ¼ 0. The thickness of points includes the
uncertainties associated with our freedom to choose different values for the charm quark mass within the range mc ≈ 1.2 ÷ 1.4 GeV
(corresponding to different dipole parameter sets) and mu;d;s ≈ 0.01 GeV.
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17 M. Pelicer, E. Grave de Oliveira, and R. Pasechnik, Phys. Rev. D 99 (2019) 034016. 
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splitting recombination

Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .

65

remove

factor 20

splitting recombination

Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .

65

A1/3 enhancement 

of saturation effect 
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Figure 3.6: A large nucleus before and after an ultra-relativistic boost.

function. As one can see from Fig. 3.6, af-
ter the boost, the nucleons, as “seen” by the
small-x gluons with large longitudinal wave-
length, appear to overlap with each other in
the transverse plane, leading to high parton
density. A large occupation number of color
charges (partons) leads to a classical gluon
field dominating the small-x wave-function
of the nucleus. This is the essence of the
McLerran-Venugopalan (MV) model [158].
According to the MV model, the dominant
gluon field is given by the solution of the
classical Yang-Mills equations, which are the
QCD analogue of Maxwell equations of elec-
trodynamics.

The Yang-Mills equations were solved for
a single nucleus exactly [159, 160]; their so-
lution was used to construct an unintegrated
gluon distribution (gluon TMD) �(x, k2T )
shown in Fig. 3.7 (multiplied by the phase
space factor of the gluon’s transverse mo-
mentum kT ) as a function of kT .4 Fig. 3.7
demonstrates the emergence of the satu-
ration scale Qs. The majority of gluons
in this classical distribution have transverse
momentum kT ⇡ Qs. Note that the gluon
distribution slows down its growth with de-
creasing kT for kT < Qs (from a power-law
of kT to a logarithm, as can be shown by
explicit calculations). The distribution sat-
urates, justifying the name of the saturation
scale.

The gluon field arises from all the nucle-
ons in the nucleus at a given location in the
transverse plane (impact parameter). Away
from the edges, the nucleon density in the
nucleus is approximately constant. There-
fore, the number of nucleons at a fixed im-
pact parameter is simply proportional to the
thickness of the nucleus in the longitudinal
(beam) direction.

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?
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Figure 3.7: The unintegrated gluon distribu-
tion (gluon TMD) �(x, k2T ) of a large nucleus
due to classical gluon fields (solid line). The
dashed curve denotes the lowest-order pertur-
bative result.

For a large nucleus, that thickness, in
turn, is proportional to the nuclear radius
R ⇠ A

1/3 with the nuclear mass number A.
The transverse momentum of the gluon can
be thought of as arising from many trans-

4Note that in the MV model �(x, k2
T ) is independent of Bjorken-x. Its x-dependence comes in though

the BK/JIMWLK evolution equations described above.
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of r, its Fourier transform becomes exponential for all
values of t irrespective of the value of the cutoff. For low
Λr, the integrand in Eq. (21) is in the color transparency
regime (or the 1-Pomeron limit of the IP-Sat model), and
the b dependence of the amplitude is Gaussian, and
consequently its Fourier transform is exponential for all
values of t. However, in a case with a large cutoff Λr, the
typical dipole size which contributes to the integral is
within the unitarity or black-disc limit; see, e.g., [81], with
N → 1 (see Fig. 11, right panel). Then, the Fourier
transform of the dipole amplitude leads to a dip or multi-
dips, as seen in Fig. 11 (left panel). The saturation effect
becomes more important at smaller Bjorken x or larger
Wγp, and lower virtualities Q where the contribution of
large dipole sizes becomes more important, leading to
a large effective Λr and consequently to the dip-type
structure.

For lighter vector mesons, the overlap extends to larger
dipole sizes, resulting in a dip structure as seen in Fig. 11.
The full calculation computed from Eq. (2) and shown in
Fig. 10 indeed supports the fact that lighter vector mesons
(which naturally have a larger Λr) develop multiple dips
within the same kinematic region in which the heavier
vector meson has a single dip (with a correspondingly
smaller Λr), consistent with the expectation in the satu-
ration picture shown in Fig. 11 (left panel). The exact
position of dips and whether the t distribution has multiple
or a single minimum depend on the value of dynamical
cutoff Λr (via the kinematics and the mass of vector
mesons) and the impact-parameter profile of the saturation
scale. In the case of the ψð2sÞ vector meson, although the
scalar part of the ψð2sÞ wave function extends to large
dipole sizes, due to the node effect, there is large cancella-
tion between dipole sizes above and below the node
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FIG. 10 (color online). Differential diffractive vector meson photoproduction cross sections for J=ψ ;ψð2sÞ;ϕ; ρ, as a function of jtj
within the IP-Sat (saturation), b-CGC, and 1-Pomeron models at a fixedWγp ¼ 1 TeV and Q ¼ 0. The thickness of points includes the
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Figure 1: Some of the UPC reactions that will be discussed in this review: (a) generic

photonuclear interaction with neutron breakup of the target, (b) incoherent photoproduc-

tion, generic to heavy quarks and jets, (c) exclusive photoproduction of a vector meson

(d) coherent photoproduction of a vector meson, accompanied by nuclear excitation, (e)

dilepton production �� ! l
+
l
� (f) dilepton production �� ! l

+
l
� + �, including higher

order final-state radiation (g) light-by-light scattering, with no nuclear breakup (h) central

exclusive diphoton production, with double breakup.

studied at e
+
e
� colliders. Table 1 gives the maximum energies for di↵erent ion species at

these machines. Nuclear beams provide several distinct advantages

1. a large e↵ective photon luminosity boost proportional to Z
2 for each nucleus, com-

pensating for the overall lower luminosity of nuclear beams

2. reduced virtuality

3. the possibility of multi-photon exchange between a single ion pair, allowing for tagging

of di↵erent impact parameter distributions and photon spectra.

Early UPC studies largely focused on e
+
e
� pair production and low-energy nuclear

physics (1). In the late 1980’s, interest grew in using UPCs to probe fundamental physics,

most notably two-photon production of the Higgs (9, 10). Although the resulting �� lu-

minosities were not encouraging for observing the Higgs, they did stimulate work on ��

production of other particles. The first calculations of coherent photoproduction with gold

beams at RHIC predicted high rates of vector meson photoproduction (11), which were

quickly confirmed by the STAR Collaboration (12). The combination of large cross-sections

and available experimental data stimulated further interest. With the advent of the LHC,

the energy reach for UPCs extended dramatically, and the field has blossomed.

A key to development of UPC as a precision laboratory for electromagnetic and strong

interaction processes is the development of event generators that simulate both the ini-

tial photon flux and the relevant physics processes. The most widely-used generator code

is STARLight (13) which has been available since the early days of the RHIC program.

It implements one and two photon processes, and includes a set of final states including

vector mesons, meson pairs, and dileptons, with more general photonuclear processes ac-
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PbPb collisions 
coherent interaction: photon interacts with Pb as a whole (usually no break up)

incoherent interaction: photon interacts with nucleon in Pb (usually break up)
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of di↵erent impact parameter distributions and photon spectra.

Early UPC studies largely focused on e
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� pair production and low-energy nuclear

physics (1). In the late 1980’s, interest grew in using UPCs to probe fundamental physics,

most notably two-photon production of the Higgs (9, 10). Although the resulting �� lu-

minosities were not encouraging for observing the Higgs, they did stimulate work on ��

production of other particles. The first calculations of coherent photoproduction with gold

beams at RHIC predicted high rates of vector meson photoproduction (11), which were

quickly confirmed by the STAR Collaboration (12). The combination of large cross-sections

and available experimental data stimulated further interest. With the advent of the LHC,

the energy reach for UPCs extended dramatically, and the field has blossomed.

A key to development of UPC as a precision laboratory for electromagnetic and strong

interaction processes is the development of event generators that simulate both the ini-

tial photon flux and the relevant physics processes. The most widely-used generator code

is STARLight (13) which has been available since the early days of the RHIC program.

It implements one and two photon processes, and includes a set of final states including

vector mesons, meson pairs, and dileptons, with more general photonuclear processes ac-
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� (f) dilepton production �� ! l

+
l
� + �, including higher

order final-state radiation (g) light-by-light scattering, with no nuclear breakup (h) central

exclusive diphoton production, with double breakup.
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                                               Phys. Lett. B 751 (’15) 358 (ψ(2S)); Phys. Lett. B 798 (’19) 134926  


• ALICE, p-Pb: Phys. Rev. Lett. 113 ('14) 232504; Eur. Phys. J. C 79 (’19) 402


• CMS, PbPb: Phys. Lett. B 772 ('17) 489 


• LHCb, PbPb: CERN-LHCb-CONF-2018-003


ϒ 
• CMS, pPb: Eur. Phys. J. C 79 ('19) 277


ρ0 
• ALICE, PbPb: JHEP 09 (’15) 095


• CMS, pPb: Eur. Phys. J. C 79 ('19) 702
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Figure 1. Feynman diagrams displaying (a) exclusive J/ψ and (b) inelastic J/ψ
production where a small number of additional particles are produced due to gluon
radiation and (c), (d) proton dissociation. Equivalent diagrams apply for ψ (2S)
production.

using data corresponding to an integrated luminosity of 37 pb−1 collected at
√

s = 7 TeV, and
this extended the W reach up to 1.5 TeV. Measurements in Pb–Pb collisions at the LHC have
been reported by the ALICE collaboration [12]. Measurements of ψ (2S) production have
been made by the H1 collaboration [13] at four W values while both CDF [10] and LHCb [11]
reported results using small samples of ψ (2S) consisting of about 40 candidates each.

The J/ψ photoproduction cross-section has been fit by a power-law function,
σγ p→J/ψ p(W ) = a(W/90 GeV)δ , with the H1 collaboration measuring a = 81 ± 3 pb and
δ = 0.67 ± 0.03 [8]. At LO this follows from the small-x parametrization of the gluon
PDF: g(x, Q2) ∝ xλ at the scale Q2 = M2

J/ψ /4, where MJ/ψ is the mass of the J/ψ meson.
All measurements to date at hadron machines are consistent with this, albeit with rather
large uncertainties. However, higher-order corrections [5] or saturation effects [2, 3] lead
to deviations from a pure power-law behaviour and the measurements presented here have
sufficient precision to probe this effect. The ψ (2S) differential cross-section measurements
from the H1 collaboration are also consistent with a power-law function, although the limited
data sample implies a rather large uncertainty and leads to a value for the exponent of
δ = 0.91 ± 0.17 [13]. Both CDF and LHCb results are consistent with this.

This paper presents updated measurements from the LHCb collaboration using 930 pb−1

of data collected in 2011 at
√

s = 7 TeV. Both the J/ψ and ψ (2S) cross-sections are
measured differentially as a function of meson rapidity and compared to various theoretical
models, including those with saturation effects. The analysis technique is essentially that
published previously [11]. The main difference concerns the methodology for determining the
background due to non-exclusive J/ψ and ψ (2S) production where the additional particles
remain undetected.

2. Detector and data samples

The LHCb detector [14] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5 (forward region), designed for the study of particles containing b or c quarks.
The detector includes a high precision tracking system consisting of a silicon-strip vertex
detector (VELO) surrounding the pp interaction region, a large-area silicon-strip detector (TT)
located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of
silicon-strip detectors (IT) and straw drift-tubes (OT) [15] placed downstream. The combined
tracking system provides a momentum measurement with relative uncertainty that varies from
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inelastic production

• reject via signals in ZDCs, CASTOR, Herschel 

• restrict pT,pair to < ~1 GeV

• remove via fit to pT,pair 


(model assumption on shape of pT,pair distribution)
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Figure 1. Feynman diagrams displaying (a) exclusive J/ψ and (b) inelastic J/ψ
production where a small number of additional particles are produced due to gluon
radiation and (c), (d) proton dissociation. Equivalent diagrams apply for ψ (2S)
production.

using data corresponding to an integrated luminosity of 37 pb−1 collected at
√

s = 7 TeV, and
this extended the W reach up to 1.5 TeV. Measurements in Pb–Pb collisions at the LHC have
been reported by the ALICE collaboration [12]. Measurements of ψ (2S) production have
been made by the H1 collaboration [13] at four W values while both CDF [10] and LHCb [11]
reported results using small samples of ψ (2S) consisting of about 40 candidates each.

The J/ψ photoproduction cross-section has been fit by a power-law function,
σγ p→J/ψ p(W ) = a(W/90 GeV)δ , with the H1 collaboration measuring a = 81 ± 3 pb and
δ = 0.67 ± 0.03 [8]. At LO this follows from the small-x parametrization of the gluon
PDF: g(x, Q2) ∝ xλ at the scale Q2 = M2

J/ψ /4, where MJ/ψ is the mass of the J/ψ meson.
All measurements to date at hadron machines are consistent with this, albeit with rather
large uncertainties. However, higher-order corrections [5] or saturation effects [2, 3] lead
to deviations from a pure power-law behaviour and the measurements presented here have
sufficient precision to probe this effect. The ψ (2S) differential cross-section measurements
from the H1 collaboration are also consistent with a power-law function, although the limited
data sample implies a rather large uncertainty and leads to a value for the exponent of
δ = 0.91 ± 0.17 [13]. Both CDF and LHCb results are consistent with this.

This paper presents updated measurements from the LHCb collaboration using 930 pb−1

of data collected in 2011 at
√

s = 7 TeV. Both the J/ψ and ψ (2S) cross-sections are
measured differentially as a function of meson rapidity and compared to various theoretical
models, including those with saturation effects. The analysis technique is essentially that
published previously [11]. The main difference concerns the methodology for determining the
background due to non-exclusive J/ψ and ψ (2S) production where the additional particles
remain undetected.

2. Detector and data samples

The LHCb detector [14] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5 (forward region), designed for the study of particles containing b or c quarks.
The detector includes a high precision tracking system consisting of a silicon-strip vertex
detector (VELO) surrounding the pp interaction region, a large-area silicon-strip detector (TT)
located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of
silicon-strip detectors (IT) and straw drift-tubes (OT) [15] placed downstream. The combined
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inelastic production

• reject via signals in ZDCs, CASTOR, Herschel 

• restrict pT,pair to < ~1 GeV

• remove via fit to pT,pair 


(model assumption on shape of pT,pair distribution)

QED Double pomeron exchange
(Scalar / tensor mesons)

Photoproduction
(Vector mesons)

Signal: Central system with rapidity gaps down to proton

Background: Proton dissociation; finite detector acceptance 
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Energy dependence of exclusive J/y photoproduction ... ALICE Collaboration
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Figure 3: (Upper panel) ALICE data (red symbols) on exclusive photoproduction of J/y off protons as a function
of the centre-of-mass energy of the photon–proton system Wgp, obtained in collisions of protons and lead nuclei
at

p
sNN = 5.02 TeV, including results from [19], compared to a power-law fit, to data from HERA[9, 11], to the

solutions from LHCb[39] and to theoretical models (see text). The uncertainties are the quadratic sum of the
statistical and systematic uncertainties. (Lower panel) Ratio of the models shown in the upper panel to the power
law fit through the ALICE data points. The Bjorken x value corresponding to Wgp is also displayed on the top of
the Figure, see text for details.

The comparison of ALICE measurements to data from other experiments as well as to the results from
different models is also shown in Fig. 3. HERA [9, 11] and ALICE data are compatible within uncer-
tainties. LHCb measured the exclusive production of J/y in pp collisions, where the photon source can
not be identified. Thus the extraction of the photoproduction cross section is not possible without fur-
ther assumptions. For each measurement they reported two solutions [14] which also agree with ALICE
measurements.

ALICE measurements are also compared to theory in Fig. 3. The JMRT group [42] has two computations,
one is based on the leading-order (LO) result from [8] with the addition of some corrections to the cross
section, while the second includes also the main contributions expected from a next-to-leading order
(NLO) result. The parameters of both models have been obtained by a fit to the same data and their
energy dependence is rather similar, so only the NLO version is shown. Recently, three new studies have
appeared, describing the W (g p) dependence of the exclusive J/y cross section in terms of a colour dipole
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Table 2
Summary of systematic uncertainties. The ranges of values corre-
spond to different rapidity bins.

Source Value

Lumi. normalization ±5.0%
Branching ratio ±0.6%
SPD, V0 and AD veto from −3.6% to −6.0%
MC rapidity shape from ±0.1% to ±0.8%
Tracking ±3.0%
Trigger from ±5.2% to ±6.2%
Matching ±1.0%
Signal extraction ±2.0%
fD fraction ±0.7%
γ γ yield ±1.2%
pT shape for coherent J/ψ ±0.1%
bpd parameter ±0.1%

Total from +8.3
−9.2% to +8.9

−10.3%

uncertainty on the measured coherent cross section. Third, a 0.2% 
systematic uncertainty was determined via the variation of the γ γ
contribution according to the statistical uncertainty in the back-
ground term calculated from the invariant mass fits. A modification 
of the transverse momentum spectra for the coherent J/ψ accord-
ing to the model [35], results in a 0.1% systematic uncertainty. 
Finally, the template shape for the incoherent J/ψ with nucleon 
dissociation was varied by exchanging the H1 high-energy run pa-
rameters for those determined from the low-energy run resulting 
in a 0.1% systematic uncertainty on the coherent cross section.

The systematic uncertainties are summarized in Table 2. The 
total systematic uncertainty is the quadratic sum of all the sources 
listed in the table. Luminosity normalization, veto efficiency and 
branching ratio uncertainties are fully correlated. The uncertainty 
on the signal extraction is considered as uncorrelated as a function 
of rapidity. Finally, all other sources of uncertainty are considered 
as partially correlated across different rapidity intervals.

4.3. Discussion

The measured differential cross section of coherent J/ψ pho-
toproduction in the rapidity range −4.0 < y < −2.5 is shown in 
Fig. 4 and compared with various models. The covered rapidity 
range corresponds to a Bjorken-x of gluons either in the range 
1.1 · 10−5 < x < 5.1 · 10−5 or 0.7 · 10−2 < x < 3.3 · 10−2 depending 
on which nucleus emitted the photon. According to models [32], 
the fraction of high Bjorken-x gluons (x ∼ 10−2) is dominant at 
forward rapidities and ranges from ∼60% at y = −2.5 to ∼95% at 
y = −4.

The Impulse Approximation, taken from STARlight [16], is based 
on the data from the exclusive J/ψ photoproduction off protons 
and neglects all nuclear effects except for coherence. The square 
root of the ratio of experimental points and the Impulse Approx-
imation cross section is about 0.8, reflecting the magnitude of 
the nuclear gluon shadowing factor at typical Bjorken-x values 
around 10−2, under the assumption that the contribution from low 
Bjorken-x ∼ 10−5 can be neglected [10].

STARlight is based on the Vector Meson Dominance model and 
a parametrization of the existing data on J/ψ photoproduction off 
protons [23]. A Glauber-like formalism is used to calculate the J/ψ
photoproduction cross section in Pb–Pb UPC accounting for mul-
tiple interactions within the nucleus but not accounting for gluon 
shadowing corrections. The STARlight model overpredicts the data, 
indicating the importance of gluon shadowing effects, but the dis-
crepancy is much lower than for the Impulse Approximation.

Guzey, Kryshen and Zhalov [32] provide two calculations (GKZ), 
one based on the EPS09 LO parametrization of the available nu-
clear shadowing data [42] and the other on the Leading Twist 

Fig. 4. Measured coherent differential cross section of J/ψ photoproduction in ultra-
peripheral Pb–Pb collisions at √sNN = 5.02 TeV. The error bars represent the sta-
tistical uncertainties, the boxes around the points the systematic uncertainties. The 
theoretical calculations [10,16,23,32,36–41] described in the text are also shown. 
The green band represents the uncertainties of the EPS09 LO calculation.

Approximation (LTA) of nuclear shadowing based on the combi-
nation of the Gribov-Glauber theory and the diffractive PDFs from 
HERA [43]. Both the LTA model and the EPS09 curve, correspond-
ing to the EPS09 LO central set, underpredict the data but remain 
compatible with it at the most forward rapidities. The data tends 
to follow the upper limit of uncertainties of the EPS09 calculation 
corresponding to the upper bound of uncertainties on the gluon 
shadowing factor in the EPS09 LO framework.

Several theoretical groups provided predictions within the color 
dipole approach coupled to the Color Glass Condensate (CGC) for-
malism with different assumptions on the dipole-proton scattering 
amplitude. Predictions by Gonçalves, Machado et al. (GM) based on 
IIM and b-CGC models for the scattering amplitude underpredict 
the data [36,37]. Predictions by Lappi and Mäntysaari (LM) based 
on the IPsat model [38,39] give reasonable agreement though the 
range of predictions does not span all the experimental points. Re-
cent predictions by Luszczak and Schafer (LS BGK-I) within the 
color-dipole formulation of the Glauber-Gribov theory [44] are 
in agreement with data at semi-forward rapidities, |y| < 3, but 
slightly underpredict the data at more forward rapidities.

Cepila, Contreras and Krelina (CCK) provided two predic-
tions based on the extension of the energy-dependent hot-spot 
model [40] to the nuclear case: using the standard Glauber-Gribov 
formalism (GG-HS) and using geometric scaling (GS-HS) to ob-
tain the nuclear saturation scale [41]. The GG-HS model agrees 
with data at most forward rapidities but underpredicts it at semi-
forward rapidities. The GS-HS model (not shown) strongly under-
predicts the data.

5. Conclusions

The first rapidity-differential measurement on the coherent 
photoproduction of J/ψ in the rapidity interval −4 < y < −2.5 in 
ultra-peripheral Pb–Pb collisions at √sNN = 5.02 TeV has been 
presented and compared with model calculations. The Impulse Ap-
proximation and STARlight models overpredict the data, indicating 
the importance of gluon shadowing effects. The model based on 
the central set of the EPS09 gluon shadowing parametrization, the 
Leading Twist Approximation, and the hot-spot model coupled to 
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Table 2
Summary of systematic uncertainties. The ranges of values corre-
spond to different rapidity bins.

Source Value

Lumi. normalization ±5.0%
Branching ratio ±0.6%
SPD, V0 and AD veto from −3.6% to −6.0%
MC rapidity shape from ±0.1% to ±0.8%
Tracking ±3.0%
Trigger from ±5.2% to ±6.2%
Matching ±1.0%
Signal extraction ±2.0%
fD fraction ±0.7%
γ γ yield ±1.2%
pT shape for coherent J/ψ ±0.1%
bpd parameter ±0.1%

Total from +8.3
−9.2% to +8.9

−10.3%

uncertainty on the measured coherent cross section. Third, a 0.2% 
systematic uncertainty was determined via the variation of the γ γ
contribution according to the statistical uncertainty in the back-
ground term calculated from the invariant mass fits. A modification 
of the transverse momentum spectra for the coherent J/ψ accord-
ing to the model [35], results in a 0.1% systematic uncertainty. 
Finally, the template shape for the incoherent J/ψ with nucleon 
dissociation was varied by exchanging the H1 high-energy run pa-
rameters for those determined from the low-energy run resulting 
in a 0.1% systematic uncertainty on the coherent cross section.

The systematic uncertainties are summarized in Table 2. The 
total systematic uncertainty is the quadratic sum of all the sources 
listed in the table. Luminosity normalization, veto efficiency and 
branching ratio uncertainties are fully correlated. The uncertainty 
on the signal extraction is considered as uncorrelated as a function 
of rapidity. Finally, all other sources of uncertainty are considered 
as partially correlated across different rapidity intervals.

4.3. Discussion

The measured differential cross section of coherent J/ψ pho-
toproduction in the rapidity range −4.0 < y < −2.5 is shown in 
Fig. 4 and compared with various models. The covered rapidity 
range corresponds to a Bjorken-x of gluons either in the range 
1.1 · 10−5 < x < 5.1 · 10−5 or 0.7 · 10−2 < x < 3.3 · 10−2 depending 
on which nucleus emitted the photon. According to models [32], 
the fraction of high Bjorken-x gluons (x ∼ 10−2) is dominant at 
forward rapidities and ranges from ∼60% at y = −2.5 to ∼95% at 
y = −4.

The Impulse Approximation, taken from STARlight [16], is based 
on the data from the exclusive J/ψ photoproduction off protons 
and neglects all nuclear effects except for coherence. The square 
root of the ratio of experimental points and the Impulse Approx-
imation cross section is about 0.8, reflecting the magnitude of 
the nuclear gluon shadowing factor at typical Bjorken-x values 
around 10−2, under the assumption that the contribution from low 
Bjorken-x ∼ 10−5 can be neglected [10].

STARlight is based on the Vector Meson Dominance model and 
a parametrization of the existing data on J/ψ photoproduction off 
protons [23]. A Glauber-like formalism is used to calculate the J/ψ
photoproduction cross section in Pb–Pb UPC accounting for mul-
tiple interactions within the nucleus but not accounting for gluon 
shadowing corrections. The STARlight model overpredicts the data, 
indicating the importance of gluon shadowing effects, but the dis-
crepancy is much lower than for the Impulse Approximation.

Guzey, Kryshen and Zhalov [32] provide two calculations (GKZ), 
one based on the EPS09 LO parametrization of the available nu-
clear shadowing data [42] and the other on the Leading Twist 

Fig. 4. Measured coherent differential cross section of J/ψ photoproduction in ultra-
peripheral Pb–Pb collisions at √sNN = 5.02 TeV. The error bars represent the sta-
tistical uncertainties, the boxes around the points the systematic uncertainties. The 
theoretical calculations [10,16,23,32,36–41] described in the text are also shown. 
The green band represents the uncertainties of the EPS09 LO calculation.

Approximation (LTA) of nuclear shadowing based on the combi-
nation of the Gribov-Glauber theory and the diffractive PDFs from 
HERA [43]. Both the LTA model and the EPS09 curve, correspond-
ing to the EPS09 LO central set, underpredict the data but remain 
compatible with it at the most forward rapidities. The data tends 
to follow the upper limit of uncertainties of the EPS09 calculation 
corresponding to the upper bound of uncertainties on the gluon 
shadowing factor in the EPS09 LO framework.

Several theoretical groups provided predictions within the color 
dipole approach coupled to the Color Glass Condensate (CGC) for-
malism with different assumptions on the dipole-proton scattering 
amplitude. Predictions by Gonçalves, Machado et al. (GM) based on 
IIM and b-CGC models for the scattering amplitude underpredict 
the data [36,37]. Predictions by Lappi and Mäntysaari (LM) based 
on the IPsat model [38,39] give reasonable agreement though the 
range of predictions does not span all the experimental points. Re-
cent predictions by Luszczak and Schafer (LS BGK-I) within the 
color-dipole formulation of the Glauber-Gribov theory [44] are 
in agreement with data at semi-forward rapidities, |y| < 3, but 
slightly underpredict the data at more forward rapidities.

Cepila, Contreras and Krelina (CCK) provided two predic-
tions based on the extension of the energy-dependent hot-spot 
model [40] to the nuclear case: using the standard Glauber-Gribov 
formalism (GG-HS) and using geometric scaling (GS-HS) to ob-
tain the nuclear saturation scale [41]. The GG-HS model agrees 
with data at most forward rapidities but underpredicts it at semi-
forward rapidities. The GS-HS model (not shown) strongly under-
predicts the data.

5. Conclusions

The first rapidity-differential measurement on the coherent 
photoproduction of J/ψ in the rapidity interval −4 < y < −2.5 in 
ultra-peripheral Pb–Pb collisions at √sNN = 5.02 TeV has been 
presented and compared with model calculations. The Impulse Ap-
proximation and STARlight models overpredict the data, indicating 
the importance of gluon shadowing effects. The model based on 
the central set of the EPS09 gluon shadowing parametrization, the 
Leading Twist Approximation, and the hot-spot model coupled to 
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subnucleonic fluctuations [15] is favoured by the LHCb data with respect to
the prediction without subnucleonic fluctuations [15]. The model provided
by Guzey et al. [3] is based on a perturbative QCD (pQCD) calculation at
leading order within the leading-log approximation. The measurement can
be described by all used prescriptions for the nuclear structure.
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Fig. 2. Differential cross section for coherent J/ production compared to different
phenomenological predictions [12]. The LHCb measurements are shown as points,
where inner and outer error bars represent the statistical and the total uncertainties
respectively.
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Table 2
Summary of systematic uncertainties. The ranges of values corre-
spond to different rapidity bins.

Source Value

Lumi. normalization ±5.0%
Branching ratio ±0.6%
SPD, V0 and AD veto from −3.6% to −6.0%
MC rapidity shape from ±0.1% to ±0.8%
Tracking ±3.0%
Trigger from ±5.2% to ±6.2%
Matching ±1.0%
Signal extraction ±2.0%
fD fraction ±0.7%
γ γ yield ±1.2%
pT shape for coherent J/ψ ±0.1%
bpd parameter ±0.1%

Total from +8.3
−9.2% to +8.9

−10.3%

uncertainty on the measured coherent cross section. Third, a 0.2% 
systematic uncertainty was determined via the variation of the γ γ
contribution according to the statistical uncertainty in the back-
ground term calculated from the invariant mass fits. A modification 
of the transverse momentum spectra for the coherent J/ψ accord-
ing to the model [35], results in a 0.1% systematic uncertainty. 
Finally, the template shape for the incoherent J/ψ with nucleon 
dissociation was varied by exchanging the H1 high-energy run pa-
rameters for those determined from the low-energy run resulting 
in a 0.1% systematic uncertainty on the coherent cross section.

The systematic uncertainties are summarized in Table 2. The 
total systematic uncertainty is the quadratic sum of all the sources 
listed in the table. Luminosity normalization, veto efficiency and 
branching ratio uncertainties are fully correlated. The uncertainty 
on the signal extraction is considered as uncorrelated as a function 
of rapidity. Finally, all other sources of uncertainty are considered 
as partially correlated across different rapidity intervals.

4.3. Discussion

The measured differential cross section of coherent J/ψ pho-
toproduction in the rapidity range −4.0 < y < −2.5 is shown in 
Fig. 4 and compared with various models. The covered rapidity 
range corresponds to a Bjorken-x of gluons either in the range 
1.1 · 10−5 < x < 5.1 · 10−5 or 0.7 · 10−2 < x < 3.3 · 10−2 depending 
on which nucleus emitted the photon. According to models [32], 
the fraction of high Bjorken-x gluons (x ∼ 10−2) is dominant at 
forward rapidities and ranges from ∼60% at y = −2.5 to ∼95% at 
y = −4.

The Impulse Approximation, taken from STARlight [16], is based 
on the data from the exclusive J/ψ photoproduction off protons 
and neglects all nuclear effects except for coherence. The square 
root of the ratio of experimental points and the Impulse Approx-
imation cross section is about 0.8, reflecting the magnitude of 
the nuclear gluon shadowing factor at typical Bjorken-x values 
around 10−2, under the assumption that the contribution from low 
Bjorken-x ∼ 10−5 can be neglected [10].

STARlight is based on the Vector Meson Dominance model and 
a parametrization of the existing data on J/ψ photoproduction off 
protons [23]. A Glauber-like formalism is used to calculate the J/ψ
photoproduction cross section in Pb–Pb UPC accounting for mul-
tiple interactions within the nucleus but not accounting for gluon 
shadowing corrections. The STARlight model overpredicts the data, 
indicating the importance of gluon shadowing effects, but the dis-
crepancy is much lower than for the Impulse Approximation.

Guzey, Kryshen and Zhalov [32] provide two calculations (GKZ), 
one based on the EPS09 LO parametrization of the available nu-
clear shadowing data [42] and the other on the Leading Twist 

Fig. 4. Measured coherent differential cross section of J/ψ photoproduction in ultra-
peripheral Pb–Pb collisions at √sNN = 5.02 TeV. The error bars represent the sta-
tistical uncertainties, the boxes around the points the systematic uncertainties. The 
theoretical calculations [10,16,23,32,36–41] described in the text are also shown. 
The green band represents the uncertainties of the EPS09 LO calculation.

Approximation (LTA) of nuclear shadowing based on the combi-
nation of the Gribov-Glauber theory and the diffractive PDFs from 
HERA [43]. Both the LTA model and the EPS09 curve, correspond-
ing to the EPS09 LO central set, underpredict the data but remain 
compatible with it at the most forward rapidities. The data tends 
to follow the upper limit of uncertainties of the EPS09 calculation 
corresponding to the upper bound of uncertainties on the gluon 
shadowing factor in the EPS09 LO framework.

Several theoretical groups provided predictions within the color 
dipole approach coupled to the Color Glass Condensate (CGC) for-
malism with different assumptions on the dipole-proton scattering 
amplitude. Predictions by Gonçalves, Machado et al. (GM) based on 
IIM and b-CGC models for the scattering amplitude underpredict 
the data [36,37]. Predictions by Lappi and Mäntysaari (LM) based 
on the IPsat model [38,39] give reasonable agreement though the 
range of predictions does not span all the experimental points. Re-
cent predictions by Luszczak and Schafer (LS BGK-I) within the 
color-dipole formulation of the Glauber-Gribov theory [44] are 
in agreement with data at semi-forward rapidities, |y| < 3, but 
slightly underpredict the data at more forward rapidities.

Cepila, Contreras and Krelina (CCK) provided two predic-
tions based on the extension of the energy-dependent hot-spot 
model [40] to the nuclear case: using the standard Glauber-Gribov 
formalism (GG-HS) and using geometric scaling (GS-HS) to ob-
tain the nuclear saturation scale [41]. The GG-HS model agrees 
with data at most forward rapidities but underpredicts it at semi-
forward rapidities. The GS-HS model (not shown) strongly under-
predicts the data.

5. Conclusions

The first rapidity-differential measurement on the coherent 
photoproduction of J/ψ in the rapidity interval −4 < y < −2.5 in 
ultra-peripheral Pb–Pb collisions at √sNN = 5.02 TeV has been 
presented and compared with model calculations. The Impulse Ap-
proximation and STARlight models overpredict the data, indicating 
the importance of gluon shadowing effects. The model based on 
the central set of the EPS09 gluon shadowing parametrization, the 
Leading Twist Approximation, and the hot-spot model coupled to 

no  gluon 

shadowing
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Fig. 8 Exclusive ρ (770)0 photoproduction cross section as a func-
tion of Wγ p . The inner bars show the statistical uncertainty, while the
outer bars represent the statistical and systematic uncertainties added
in quadrature. Fixed-target [45–48] and HERA [17,18] data are also
shown. The dashed lines indicate the results of the fits described in the
text

The starlight prediction is systematically higher than the
data in the high-|t | region. This trend becomes more signifi-
cant as Wγ p increases.
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Fig. 4. The differential cross sections for the exclusive ρ photoproduction as a function of |t| considering different center-of-mass energies of the γ p system. Preliminary data 
from the CMS Collaboration [14].

Fig. 5. The differential cross sections for the exclusive ρ (left panel) and J/# (right panel) photoproduction as a function of |t| assuming p Pb collisions at √sN N = 8.16 TeV. 
Predictions calculated considering different models for N p(x, r, b) and for the vector meson function.

will only be possible if a global analysis is performed considering 
the data for other vector mesons (as e.g. J/#). A similar conclu-
sion has been reached in Ref. [9]. In contrast, if the first dip occurs 
at smaller (larger) values of |t|, we will have an indication that 
the adequate representation of the process is given by the bCGC 
(IP-Sat) model to describe the non-linear effects and by Boosted 
Gaussian (Gauss - LC) model for the vector meson wave function. 
Such results indicate that a future experimental analysis of the |t|
- distributions in exclusive processes can be useful to discriminate 
between these different approaches.

As a summary, in this letter we have investigated the exclusive 
ρ and J/# photoproduction in p A collisions at the LHC, motivated 

by the expectation that this process may allow us to constrain the 
description of the QCD dynamics at high energies. Differently from 
pp and A A collisions, in p A collisions the rapidity of the vector 
meson allows to unambiguously determine the γ p center-of-mass 
energy and, consequently, to probe the QCD dynamics at the given 
value of the Bjorken – x variable. We have considered the exclu-
sive ρ and J/# production, which mainly probes the non-linear 
and linear QCD regimes, respectively, and presented the bCGC and 
IP-Sat predictions for the rapidity and transverse momentum dis-
tributions. These two models, even though describing the available 
HERA data, are based on different assumptions for the gluon sat-
uration effects. We demonstrated that their predictions for the 

CMS data compared to linear and saturation models
Phys. Lett. B 791 ('19) 299
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Figure 1: Some of the UPC reactions that will be discussed in this review: (a) generic

photonuclear interaction with neutron breakup of the target, (b) incoherent photoproduc-

tion, generic to heavy quarks and jets, (c) exclusive photoproduction of a vector meson

(d) coherent photoproduction of a vector meson, accompanied by nuclear excitation, (e)

dilepton production �� ! l
+
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� (f) dilepton production �� ! l

+
l
� + �, including higher

order final-state radiation (g) light-by-light scattering, with no nuclear breakup (h) central

exclusive diphoton production, with double breakup.

studied at e
+
e
� colliders. Table 1 gives the maximum energies for di↵erent ion species at

these machines. Nuclear beams provide several distinct advantages

1. a large e↵ective photon luminosity boost proportional to Z
2 for each nucleus, com-

pensating for the overall lower luminosity of nuclear beams

2. reduced virtuality

3. the possibility of multi-photon exchange between a single ion pair, allowing for tagging

of di↵erent impact parameter distributions and photon spectra.

Early UPC studies largely focused on e
+
e
� pair production and low-energy nuclear

physics (1). In the late 1980’s, interest grew in using UPCs to probe fundamental physics,

most notably two-photon production of the Higgs (9, 10). Although the resulting �� lu-

minosities were not encouraging for observing the Higgs, they did stimulate work on ��

production of other particles. The first calculations of coherent photoproduction with gold

beams at RHIC predicted high rates of vector meson photoproduction (11), which were

quickly confirmed by the STAR Collaboration (12). The combination of large cross-sections

and available experimental data stimulated further interest. With the advent of the LHC,

the energy reach for UPCs extended dramatically, and the field has blossomed.

A key to development of UPC as a precision laboratory for electromagnetic and strong

interaction processes is the development of event generators that simulate both the ini-

tial photon flux and the relevant physics processes. The most widely-used generator code

is STARLight (13) which has been available since the early days of the RHIC program.

It implements one and two photon processes, and includes a set of final states including

vector mesons, meson pairs, and dileptons, with more general photonuclear processes ac-
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• measurements:

• ALICE, PbPb (mll<10 GeV): Eur. Phys. J. C 73 (’13) 2617

• ATLAS, PbPb (mll>10 GeV): arXiv:2011.12211

• ATLAS, pp (mll>10 GeV): Phys. Lett. B 749 ('15) 242; Phys. Lett. B 777 (’18) 303

• CMS, pp (mll<10 GeV): JHEP 1201 (’12) 052

• for mll>10 GeV: continuous dilepton 
production is dominant



• PbPb at                              ; ℒ=0.48 nb-1

ATLAS measurement

• exactly 2 oppositely charged muons

• pT,μ > 4 GeV

• |ημ|<2.4

• mμμ>10 GeV

• pT,μμ<2 GeV

• classification of events depending on # neutrons in ZDC
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(d) coherent photoproduction of a vector meson, accompanied by nuclear excitation, (e)
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+
l
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+
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� + �, including higher

order final-state radiation (g) light-by-light scattering, with no nuclear breakup (h) central

exclusive diphoton production, with double breakup.

studied at e
+
e
� colliders. Table 1 gives the maximum energies for di↵erent ion species at

these machines. Nuclear beams provide several distinct advantages

1. a large e↵ective photon luminosity boost proportional to Z
2 for each nucleus, com-

pensating for the overall lower luminosity of nuclear beams

2. reduced virtuality

3. the possibility of multi-photon exchange between a single ion pair, allowing for tagging

of di↵erent impact parameter distributions and photon spectra.

Early UPC studies largely focused on e
+
e
� pair production and low-energy nuclear

physics (1). In the late 1980’s, interest grew in using UPCs to probe fundamental physics,

most notably two-photon production of the Higgs (9, 10). Although the resulting �� lu-

minosities were not encouraging for observing the Higgs, they did stimulate work on ��

production of other particles. The first calculations of coherent photoproduction with gold

beams at RHIC predicted high rates of vector meson photoproduction (11), which were

quickly confirmed by the STAR Collaboration (12). The combination of large cross-sections

and available experimental data stimulated further interest. With the advent of the LHC,

the energy reach for UPCs extended dramatically, and the field has blossomed.

A key to development of UPC as a precision laboratory for electromagnetic and strong

interaction processes is the development of event generators that simulate both the ini-

tial photon flux and the relevant physics processes. The most widely-used generator code

is STARLight (13) which has been available since the early days of the RHIC program.

It implements one and two photon processes, and includes a set of final states including

vector mesons, meson pairs, and dileptons, with more general photonuclear processes ac-

www.annualreviews.org • Two-photon and Photonuclear reactions 3

<latexit sha1_base64="7ZAFW5ShYQzTRPInHb537BMKMvk=">AAACB3icbVDJSgNBEO2JW4xb1KMgjUHwFGaCohch6MVTiJANkhB6OpWkSc9id40Yhrl58Ve8eFDEq7/gzb+xsxw08UHB470qquq5oRQabfvbSi0tr6yupdczG5tb2zvZ3b2aDiLFocoDGaiGyzRI4UMVBUpohAqY50qou8PrsV+/B6VF4FdwFELbY31f9ARnaKRO9rCl7xTGuhOXSklyeZa3C7SF8IAxrUAt6WRzdt6egC4SZ0ZyZIZyJ/vV6gY88sBHLpnWTccOsR0zhYJLSDKtSEPI+JD1oWmozzzQ7XjyR0KPjdKlvUCZ8pFO1N8TMfO0Hnmu6fQYDvS8Nxb/85oR9i7asfDDCMHn00W9SFIM6DgU2hUKOMqRIYwrYW6lfMAU42iiy5gQnPmXF0mtkHdMfLenueLVLI40OSBH5IQ45JwUyQ0pkyrh5JE8k1fyZj1ZL9a79TFtTVmzmX3yB9bnDxKLmMk=</latexit>p
sNN = 5.02 TeV



• PbPb at                              ; ℒ=0.48 nb-1

ATLAS measurement

• exactly 2 oppositely charged muons

• pT,μ > 4 GeV

• |ημ|<2.4

• mμμ>10 GeV

• pT,μμ<2 GeV

• classification of events depending on # neutrons in ZDC

arXiv:2011.12211

22

Contributions to event sample

a c d

e f g

b

h
Pb

Pb

Pb

c

c̄

Pb

k1

k2

Pb

Pb

Pb

µ+

µ�

Pb

k1

k2

Pb

Pb

Pb

µ+

�

µ�

Pb

Pb

Pb

Pb

�

�

Pb

Pb

Pb

Pb� + X

Pb

Pb

Pb

Pb�+X

jet/Q̄

jet/Q

Pb

Pb

Pb

Pb

c

c̄

Pb�

Pb

Pb

Pb�

�

�

Pb�

Figure 1: Some of the UPC reactions that will be discussed in this review: (a) generic

photonuclear interaction with neutron breakup of the target, (b) incoherent photoproduc-

tion, generic to heavy quarks and jets, (c) exclusive photoproduction of a vector meson

(d) coherent photoproduction of a vector meson, accompanied by nuclear excitation, (e)

dilepton production �� ! l
+
l
� (f) dilepton production �� ! l

+
l
� + �, including higher

order final-state radiation (g) light-by-light scattering, with no nuclear breakup (h) central

exclusive diphoton production, with double breakup.

studied at e
+
e
� colliders. Table 1 gives the maximum energies for di↵erent ion species at

these machines. Nuclear beams provide several distinct advantages

1. a large e↵ective photon luminosity boost proportional to Z
2 for each nucleus, com-

pensating for the overall lower luminosity of nuclear beams

2. reduced virtuality

3. the possibility of multi-photon exchange between a single ion pair, allowing for tagging

of di↵erent impact parameter distributions and photon spectra.

Early UPC studies largely focused on e
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� pair production and low-energy nuclear

physics (1). In the late 1980’s, interest grew in using UPCs to probe fundamental physics,

most notably two-photon production of the Higgs (9, 10). Although the resulting �� lu-

minosities were not encouraging for observing the Higgs, they did stimulate work on ��

production of other particles. The first calculations of coherent photoproduction with gold

beams at RHIC predicted high rates of vector meson photoproduction (11), which were

quickly confirmed by the STAR Collaboration (12). The combination of large cross-sections

and available experimental data stimulated further interest. With the advent of the LHC,

the energy reach for UPCs extended dramatically, and the field has blossomed.

A key to development of UPC as a precision laboratory for electromagnetic and strong

interaction processes is the development of event generators that simulate both the ini-

tial photon flux and the relevant physics processes. The most widely-used generator code

is STARLight (13) which has been available since the early days of the RHIC program.

It implements one and two photon processes, and includes a set of final states including

vector mesons, meson pairs, and dileptons, with more general photonuclear processes ac-
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Figure 1: Diagrams for the (a) leading-order PbPb(WW) ! `
+
`
� (PbPb) and (b) next-to-leading-order PbPb(WW) !

`
+
`
� + W(PbPb) (middle) Breit–Wheeler process in Pb+Pb collisions, and (c) the dissociative PbPb(WW¢) !

`
+
`
� + - (Pb¢Pb) process where one photon is emitted from the substructure of one of the nucleons, leading to

nucleon fragmentation in the far-forward direction.

example of which is shown in Figure 1(b), where the muons are accompanied by additional resolved soft
photons in the final state. Dissociative processes, where one photon is emitted by charged constituents of
a nucleon, as shown in Figure 1(c), are also neglected by most models, in part due to the fact that these
processes are not coherently enhanced.

The study of exclusive dimuon cross sections, conditional on observations of forward neutron production
in the direction of one or both incoming nuclei, provides an additional experimental handle on the impact
parameter range sampled in the observed events [12, 18–20]. In any particular collision, soft photons
emitted by one lead nucleus (Pb) can excite the other (Pb¢), typically through the giant dipole resonance
(GDR) [21], and induce the emission of one or more neutrons, each of which carry, on average, the full
per-nucleon beam energy. Since the probability of these excitations, as well as the overall hardness of the
photon spectrum, is correlated with the nucleus–nucleus impact parameter 1 [12], events with neutron
excitation are typically correlated with harder photon collisions. In STARlight, dilepton cross sections
associated with forward neutron production are calculated by convolving di�erential cross sections for
low-energy photonuclear neutron production with the expected photon fluxes, thus in principle providing
an essentially parameter-free prediction. Of course, the contribution from nucleonic dissociative processes
must be subtracted before comparisons with data.

Exclusive dimuon cross sections are usually presented as a function of the following quantities of the
dimuon final state:

• The dimuon invariant mass <``, which is equivalent to, , the center-of-mass energy of the colliding
WW system.

• The dimuon pair rapidity H``, which is the rapidity of the four-vector sum of the two muons.
Conservation of longitudinal momentum implies that H`` is equal to the rapidity of the WW system.

• The cosine of the dimuon scattering angle o
¢ in the WW center-of-mass frame, | cos o¢

``
|. This is

calculated from the rapidities of the two muons, H+ and H�, as tanh [(H+ � H�)/2].

• The acoplanarity U = 1 � |�q`` |/c which reflects, in part, the initial dimuon ?T,``.

While these are all final-state observables, the fact that the final state consists of only the two muons allows
the initial photon energies (:1 and :2) to be determined from the final-state muons. This is described in

4
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QED FSR
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the energy reach for UPCs extended dramatically, and the field has blossomed.

A key to development of UPC as a precision laboratory for electromagnetic and strong

interaction processes is the development of event generators that simulate both the ini-

tial photon flux and the relevant physics processes. The most widely-used generator code

is STARLight (13) which has been available since the early days of the RHIC program.

It implements one and two photon processes, and includes a set of final states including

vector mesons, meson pairs, and dileptons, with more general photonuclear processes ac-
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example of which is shown in Figure 1(b), where the muons are accompanied by additional resolved soft
photons in the final state. Dissociative processes, where one photon is emitted by charged constituents of
a nucleon, as shown in Figure 1(c), are also neglected by most models, in part due to the fact that these
processes are not coherently enhanced.

The study of exclusive dimuon cross sections, conditional on observations of forward neutron production
in the direction of one or both incoming nuclei, provides an additional experimental handle on the impact
parameter range sampled in the observed events [12, 18–20]. In any particular collision, soft photons
emitted by one lead nucleus (Pb) can excite the other (Pb¢), typically through the giant dipole resonance
(GDR) [21], and induce the emission of one or more neutrons, each of which carry, on average, the full
per-nucleon beam energy. Since the probability of these excitations, as well as the overall hardness of the
photon spectrum, is correlated with the nucleus–nucleus impact parameter 1 [12], events with neutron
excitation are typically correlated with harder photon collisions. In STARlight, dilepton cross sections
associated with forward neutron production are calculated by convolving di�erential cross sections for
low-energy photonuclear neutron production with the expected photon fluxes, thus in principle providing
an essentially parameter-free prediction. Of course, the contribution from nucleonic dissociative processes
must be subtracted before comparisons with data.

Exclusive dimuon cross sections are usually presented as a function of the following quantities of the
dimuon final state:

• The dimuon invariant mass <``, which is equivalent to, , the center-of-mass energy of the colliding
WW system.

• The dimuon pair rapidity H``, which is the rapidity of the four-vector sum of the two muons.
Conservation of longitudinal momentum implies that H`` is equal to the rapidity of the WW system.

• The cosine of the dimuon scattering angle o
¢ in the WW center-of-mass frame, | cos o¢

``
|. This is

calculated from the rapidities of the two muons, H+ and H�, as tanh [(H+ � H�)/2].

• The acoplanarity U = 1 � |�q`` |/c which reflects, in part, the initial dimuon ?T,``.

While these are all final-state observables, the fact that the final state consists of only the two muons allows
the initial photon energies (:1 and :2) to be determined from the final-state muons. This is described in
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a nucleon, as shown in Figure 1(c), are also neglected by most models, in part due to the fact that these
processes are not coherently enhanced.

The study of exclusive dimuon cross sections, conditional on observations of forward neutron production
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parameter range sampled in the observed events [12, 18–20]. In any particular collision, soft photons
emitted by one lead nucleus (Pb) can excite the other (Pb¢), typically through the giant dipole resonance
(GDR) [21], and induce the emission of one or more neutrons, each of which carry, on average, the full
per-nucleon beam energy. Since the probability of these excitations, as well as the overall hardness of the
photon spectrum, is correlated with the nucleus–nucleus impact parameter 1 [12], events with neutron
excitation are typically correlated with harder photon collisions. In STARlight, dilepton cross sections
associated with forward neutron production are calculated by convolving di�erential cross sections for
low-energy photonuclear neutron production with the expected photon fluxes, thus in principle providing
an essentially parameter-free prediction. Of course, the contribution from nucleonic dissociative processes
must be subtracted before comparisons with data.

Exclusive dimuon cross sections are usually presented as a function of the following quantities of the
dimuon final state:

• The dimuon invariant mass <``, which is equivalent to, , the center-of-mass energy of the colliding
WW system.

• The dimuon pair rapidity H``, which is the rapidity of the four-vector sum of the two muons.
Conservation of longitudinal momentum implies that H`` is equal to the rapidity of the WW system.

• The cosine of the dimuon scattering angle o
¢ in the WW center-of-mass frame, | cos o¢
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|. This is

calculated from the rapidities of the two muons, H+ and H�, as tanh [(H+ � H�)/2].

• The acoplanarity U = 1 � |�q`` |/c which reflects, in part, the initial dimuon ?T,``.

While these are all final-state observables, the fact that the final state consists of only the two muons allows
the initial photon energies (:1 and :2) to be determined from the final-state muons. This is described in
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Figure 12: (top) Fully corrected di�erential cross sections 3f/3U for 0=0=-selected data. Data are compared with
absolute cross sections from STARlight with, and without, P�����8 QED showering. Statistical uncertainties are
shown as error bars. (bottom) Ratios of STARlight + P�����8 cross sections (black circles) and STARlight cross
sections (magenta circles) to the data. The STARlight ratios do not extend beyond U = 0.01 due to the absence of
higher-order QED e�ects. The blue band around unity indicates the overall systematic uncertainty, while the gray
bands around the data points reflect the uncertainties associated with the bin-by-bin unfolding.

10 Conclusion

The ATLAS experiment at the LHC has performed a measurement of cross sections for exclusive dimuon
production in the process PbPb(WW) ! `

+
`
�(Pb(¢)Pb(¢) ) using 0.48 nb�1 of Pb+Pb collision data taken

at
p
BNN = 5.02 TeV. This reaction directly probes the quasi-real photon fluxes surrounding the highly

boosted nuclei. The cross section of dimuons is corrected for detector e�ects, as well as for backgrounds
from dissociative processes. The acoplanarity distributions are used to subtract dissociative backgrounds
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          𝝰>0.01: higher-order QED
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Figure 6: (top) Di�erential cross sections shown as a function of |H`` | in bins of <`` compared with cross sections
from STARlight and (bottom) the ratio of data to STARlight. Statistical uncertainties are shown as error bars while
total systematic uncertainties are shown as gray bands.

higher energy are varied by their experimental uncertainties. The uncertainties associated with this have a
magnitude of about 1%, on an absolute scale.

8.8 Unfolded acoplanarity distributions

The primary systematic uncertainties applicable to the unfolded di�erential cross sections are those that
apply to all cross sections, but now integrated over the full fiducial region <`` > 10 GeV. Besides the
luminosity uncertainty (1.5%), the 0=0= cross section has an uncertainty of 0.8%, dominated by the
extrapolation of the EM pileup expectations to 5.02 TeV. Finally, there is an overall 2% uncertainty, constant
in U, which contains the variations testing the sensitivity to the input spectrum (nominal compared with
reweighted) as well as the resolution model (full simulation compared with fast simulation). Combining
these uncertainties in quadrature, the total systematic uncertainty is estimated to be 2.6%, which is applied
uniformly to the unfolded acoplanarity distribution.

9 Results

This section presents comparisons of data with STARlight 2.0, which implements all of the primary physics
mechanisms, except dissociative processes and QED FSR. All of the systematic uncertainties presented
in Section 8 are combined in quadrature, and are typically about 2.2%. The dissociative processes are
explicitly corrected for by the fitting procedure described in Section 7.5, but the FSR is necessarily included

22

• rapidity dependence:

discrepancy at large rapidity
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Figure 10: (top) Di�erential cross sections presented as a function of the maximum photon energy (:max) and
minimum photon energy (:min), compared with cross sections from STARlight. Statistical uncertainties are shown
as error bars while total systematic uncertainties are shown as gray bands. (bottom) Ratio of experimental cross
sections to STARlight calculations.

(0=0=), activity in either the forward or backward side (X=0=), or activity on both sides (X=X=). Events
with smaller impact parameters, where the nuclei are closer together, are more likely to be accompanied by
neutron dissociation in one or both arms and to have photons with higher energies. The procedure to extract
the ZDC event class fractions is discussed in detail in Section 7.6, and is based on a simultaneous fit to the
acoplanarity distributions for all three ZDC selections, assuming that all events arise from partitioning
the original selection of signal events, along with backgrounds from dissociative processes that can be
di�erent for each forward neutron topology (X=0= and X=X=). The EM-pileup-corrected results are shown
in Figure 11, which displays 5X=0= and 5X=X=, the fraction of events with X=0= and X=X=, as functions of
<`` and |H`` |. It should be noted that the two sets of results are di�erent representations of the same data,
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Figure 10: (top) Di�erential cross sections presented as a function of the maximum photon energy (:max) and
minimum photon energy (:min), compared with cross sections from STARlight. Statistical uncertainties are shown
as error bars while total systematic uncertainties are shown as gray bands. (bottom) Ratio of experimental cross
sections to STARlight calculations.

(0=0=), activity in either the forward or backward side (X=0=), or activity on both sides (X=X=). Events
with smaller impact parameters, where the nuclei are closer together, are more likely to be accompanied by
neutron dissociation in one or both arms and to have photons with higher energies. The procedure to extract
the ZDC event class fractions is discussed in detail in Section 7.6, and is based on a simultaneous fit to the
acoplanarity distributions for all three ZDC selections, assuming that all events arise from partitioning
the original selection of signal events, along with backgrounds from dissociative processes that can be
di�erent for each forward neutron topology (X=0= and X=X=). The EM-pileup-corrected results are shown
in Figure 11, which displays 5X=0= and 5X=X=, the fraction of events with X=0= and X=X=, as functions of
<`` and |H`` |. It should be noted that the two sets of results are di�erent representations of the same data,
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• fractions of events with neutrons in 1 ZDC (Xn0n) and 2 ZDCs (XnXn):

ATLAS measurement: results
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Figure 11: Fractions of events with X=0= and X=X=, as a function of |H`` | (top row), or <`` (bottom row). Data are
shown as raw (open circles) and corrected for EM pileup (closed circles). Theory predictions from STARlight are
shown as histograms. Systematic uncertainties are shown for the corrected data, as grey bands, and error bars are
statistical uncertainties.

but it is useful to see them plotted separately vs. <`` and |H`` |. The uncorrected data are also shown,
to indicate the size of the EM pileup corrections. The data compared with STARlight suggest overall
agreement, but STARlight generally tends to predict too large a fraction of events with forward neutrons,
which is consistent with previously reported ALICE data at 2.76 TeV [60].

The unfolded di�erential cross sections 3f/3U for the 0=0= topology are shown in Figure 12. The
measured cross sections are compared with predictions of both generator-level STARlight and generator-
level STARlight + P�����8, both for an inclusive ZDC selection, but scaled by the same 0=0= fraction as
observed in data. The STARlight U distributions have no dependence on impact parameter, and thus no
dependence on the ZDC selection. It is observed that the shape of the spectrum at large U > 0.01, which
reflects only the QED showering after applying the 0=0= condition, agrees well with STARlight + P�����8.
However, a di�erence in shape is observed for smaller values U < 0.01. This could be explained by a small
change in the ?T spectrum assumed by STARlight, which controls the width of the U distribution.
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Figure 1: Some of the UPC reactions that will be discussed in this review: (a) generic

photonuclear interaction with neutron breakup of the target, (b) incoherent photoproduc-

tion, generic to heavy quarks and jets, (c) exclusive photoproduction of a vector meson

(d) coherent photoproduction of a vector meson, accompanied by nuclear excitation, (e)

dilepton production �� ! l
+
l
� (f) dilepton production �� ! l

+
l
� + �, including higher

order final-state radiation (g) light-by-light scattering, with no nuclear breakup (h) central

exclusive diphoton production, with double breakup.

studied at e
+
e
� colliders. Table 1 gives the maximum energies for di↵erent ion species at

these machines. Nuclear beams provide several distinct advantages

1. a large e↵ective photon luminosity boost proportional to Z
2 for each nucleus, com-

pensating for the overall lower luminosity of nuclear beams

2. reduced virtuality

3. the possibility of multi-photon exchange between a single ion pair, allowing for tagging

of di↵erent impact parameter distributions and photon spectra.

Early UPC studies largely focused on e
+
e
� pair production and low-energy nuclear

physics (1). In the late 1980’s, interest grew in using UPCs to probe fundamental physics,

most notably two-photon production of the Higgs (9, 10). Although the resulting �� lu-

minosities were not encouraging for observing the Higgs, they did stimulate work on ��

production of other particles. The first calculations of coherent photoproduction with gold

beams at RHIC predicted high rates of vector meson photoproduction (11), which were

quickly confirmed by the STAR Collaboration (12). The combination of large cross-sections

and available experimental data stimulated further interest. With the advent of the LHC,

the energy reach for UPCs extended dramatically, and the field has blossomed.

A key to development of UPC as a precision laboratory for electromagnetic and strong

interaction processes is the development of event generators that simulate both the ini-

tial photon flux and the relevant physics processes. The most widely-used generator code

is STARLight (13) which has been available since the early days of the RHIC program.

It implements one and two photon processes, and includes a set of final states including

vector mesons, meson pairs, and dileptons, with more general photonuclear processes ac-
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Fig. 1. Diagrams of light-by-light scattering (γγ → γγ, left), QED dielectron (γγ → e+e−, center), and central exclusive diphoton
(gg→ γγ, right) production in ultraperipheral PbPb collisions (with potential electromagnetic excitation (∗) of the outgoing Pb ions).

undetected at very low angles (Fig. 1, left). The dominant backgrounds are the QED production of an ex-
clusive electron-positron pair (γγ → e+e−, Fig. 1 center) where the e± are misidentified as photons, and
gluon-induced central exclusive production (CEP) [6] of a pair of photons (Fig. 1, right). Simulations of
the light-by-light signal are generated with madgraph v.5 [7] Monte Carlo (MC) generator, modified [1, 8]
to include the nuclear γ fluxes and the elementary LbL scattering cross section [9]. Background QED e+e−
events are generated with starlight v2.76 [10]. The CEP process, gg → γγ, is simulated with superchic
2.0 [11], where the computed pp cross section [6] is conservatively scaled to the PbPb case by multiplying
it by A2R4

g, where A = 208 is the lead mass number and Rg ≈ 0.7 is a gluon shadowing correction in the
relevant kinematical range [12], and where the rapidity gap survival factor is taken as 100%. Given the
large theoretical uncertainty of the CEP process for PbPb collisions, the absolute normalization of this MC
contribution is directly determined from a control region in the data.

2. Experimental measurement

The measurement is carried out using the following detectors of the CMS experiment [13]: (i) the silicon
pixel and strip tracker measures charged particles within pseudorapidities |η| < 2.5 inside the 3.8 T magnetic
field, (ii) the lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and scintillator hadron
calorimeter (HCAL) reconstruct γ, e±, and hadrons respectively over |η| = 3, and (iii) the hadron forward
calorimeters (HF) measure particle production up to |η| = 5.2. Exclusive diphoton candidates are selected
with a dedicated level-1 trigger that requires at least two electromagnetic (e.m.) clusters with ET above
2 GeV and at least one HF detector with total energy below the noise threshold. Offline, photons and
electrons are reconstructed with the particle flow algorithm [14]. In the case of photons, to keep to a
minimum the e± contamination, we require them to be fully unconverted. Additional particle identification
(ID) criteria are applied to remove γ from high-pT π0 decays, based on a shower shape analysis. Electron
candidates are identified by the association of a charged-particle track from the primary vertex with clusters
of energy deposits in the ECAL. Additional e± ID criteria discussed in Ref. [15] are applied.

Charged and neutral exclusivity requirements are applied to reject events with any charged particles
with pT > 0.1 GeV over |η| < 2.4, and neutral particles above detector noise thresholds over |η| < 5.2.
Nonexclusive backgrounds, characterized by a final state with larger transverse momenta and larger diphoton
acoplanarities, Aφ = (1 − ∆φγγ/π), than the back-to-back exclusive γγ events, are eliminated by requiring
the transverse momentum of the diphoton system to be pγγT < 1 GeV, and the acoplanarity of the pair to be
Aφ < 0.01. The same analysis carried out for the LbL events is done first on exclusive e+e− candidates,
with the exception that exactly two opposite-sign electrons, instead of exactly two photons, are exclusively
reconstructed. Figure 2 (top left) shows the acoplanarity distribution measured in exclusive QED e+e−
events passing all selection criteria (circles) compared to the starlightMC expectation (histogram). A good
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gluon-induced central exclusive production (CEP) [6] of a pair of photons (Fig. 1, right). Simulations of
the light-by-light signal are generated with madgraph v.5 [7] Monte Carlo (MC) generator, modified [1, 8]
to include the nuclear γ fluxes and the elementary LbL scattering cross section [9]. Background QED e+e−
events are generated with starlight v2.76 [10]. The CEP process, gg → γγ, is simulated with superchic
2.0 [11], where the computed pp cross section [6] is conservatively scaled to the PbPb case by multiplying
it by A2R4

g, where A = 208 is the lead mass number and Rg ≈ 0.7 is a gluon shadowing correction in the
relevant kinematical range [12], and where the rapidity gap survival factor is taken as 100%. Given the
large theoretical uncertainty of the CEP process for PbPb collisions, the absolute normalization of this MC
contribution is directly determined from a control region in the data.

2. Experimental measurement

The measurement is carried out using the following detectors of the CMS experiment [13]: (i) the silicon
pixel and strip tracker measures charged particles within pseudorapidities |η| < 2.5 inside the 3.8 T magnetic
field, (ii) the lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and scintillator hadron
calorimeter (HCAL) reconstruct γ, e±, and hadrons respectively over |η| = 3, and (iii) the hadron forward
calorimeters (HF) measure particle production up to |η| = 5.2. Exclusive diphoton candidates are selected
with a dedicated level-1 trigger that requires at least two electromagnetic (e.m.) clusters with ET above
2 GeV and at least one HF detector with total energy below the noise threshold. Offline, photons and
electrons are reconstructed with the particle flow algorithm [14]. In the case of photons, to keep to a
minimum the e± contamination, we require them to be fully unconverted. Additional particle identification
(ID) criteria are applied to remove γ from high-pT π0 decays, based on a shower shape analysis. Electron
candidates are identified by the association of a charged-particle track from the primary vertex with clusters
of energy deposits in the ECAL. Additional e± ID criteria discussed in Ref. [15] are applied.

Charged and neutral exclusivity requirements are applied to reject events with any charged particles
with pT > 0.1 GeV over |η| < 2.4, and neutral particles above detector noise thresholds over |η| < 5.2.
Nonexclusive backgrounds, characterized by a final state with larger transverse momenta and larger diphoton
acoplanarities, Aφ = (1 − ∆φγγ/π), than the back-to-back exclusive γγ events, are eliminated by requiring
the transverse momentum of the diphoton system to be pγγT < 1 GeV, and the acoplanarity of the pair to be
Aφ < 0.01. The same analysis carried out for the LbL events is done first on exclusive e+e− candidates,
with the exception that exactly two opposite-sign electrons, instead of exactly two photons, are exclusively
reconstructed. Figure 2 (top left) shows the acoplanarity distribution measured in exclusive QED e+e−
events passing all selection criteria (circles) compared to the starlightMC expectation (histogram). A good
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Fig. 1. Diagrams of light-by-light scattering (γγ → γγ, left), QED dielectron (γγ → e+e−, center), and central exclusive diphoton
(gg→ γγ, right) production in ultraperipheral PbPb collisions (with potential electromagnetic excitation (∗) of the outgoing Pb ions).

undetected at very low angles (Fig. 1, left). The dominant backgrounds are the QED production of an ex-
clusive electron-positron pair (γγ → e+e−, Fig. 1 center) where the e± are misidentified as photons, and
gluon-induced central exclusive production (CEP) [6] of a pair of photons (Fig. 1, right). Simulations of
the light-by-light signal are generated with madgraph v.5 [7] Monte Carlo (MC) generator, modified [1, 8]
to include the nuclear γ fluxes and the elementary LbL scattering cross section [9]. Background QED e+e−
events are generated with starlight v2.76 [10]. The CEP process, gg → γγ, is simulated with superchic
2.0 [11], where the computed pp cross section [6] is conservatively scaled to the PbPb case by multiplying
it by A2R4

g, where A = 208 is the lead mass number and Rg ≈ 0.7 is a gluon shadowing correction in the
relevant kinematical range [12], and where the rapidity gap survival factor is taken as 100%. Given the
large theoretical uncertainty of the CEP process for PbPb collisions, the absolute normalization of this MC
contribution is directly determined from a control region in the data.

2. Experimental measurement

The measurement is carried out using the following detectors of the CMS experiment [13]: (i) the silicon
pixel and strip tracker measures charged particles within pseudorapidities |η| < 2.5 inside the 3.8 T magnetic
field, (ii) the lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and scintillator hadron
calorimeter (HCAL) reconstruct γ, e±, and hadrons respectively over |η| = 3, and (iii) the hadron forward
calorimeters (HF) measure particle production up to |η| = 5.2. Exclusive diphoton candidates are selected
with a dedicated level-1 trigger that requires at least two electromagnetic (e.m.) clusters with ET above
2 GeV and at least one HF detector with total energy below the noise threshold. Offline, photons and
electrons are reconstructed with the particle flow algorithm [14]. In the case of photons, to keep to a
minimum the e± contamination, we require them to be fully unconverted. Additional particle identification
(ID) criteria are applied to remove γ from high-pT π0 decays, based on a shower shape analysis. Electron
candidates are identified by the association of a charged-particle track from the primary vertex with clusters
of energy deposits in the ECAL. Additional e± ID criteria discussed in Ref. [15] are applied.

Charged and neutral exclusivity requirements are applied to reject events with any charged particles
with pT > 0.1 GeV over |η| < 2.4, and neutral particles above detector noise thresholds over |η| < 5.2.
Nonexclusive backgrounds, characterized by a final state with larger transverse momenta and larger diphoton
acoplanarities, Aφ = (1 − ∆φγγ/π), than the back-to-back exclusive γγ events, are eliminated by requiring
the transverse momentum of the diphoton system to be pγγT < 1 GeV, and the acoplanarity of the pair to be
Aφ < 0.01. The same analysis carried out for the LbL events is done first on exclusive e+e− candidates,
with the exception that exactly two opposite-sign electrons, instead of exactly two photons, are exclusively
reconstructed. Figure 2 (top left) shows the acoplanarity distribution measured in exclusive QED e+e−
events passing all selection criteria (circles) compared to the starlightMC expectation (histogram). A good
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g, where A = 208 is the lead mass number and Rg ≈ 0.7 is a gluon shadowing correction in the
relevant kinematical range [12], and where the rapidity gap survival factor is taken as 100%. Given the
large theoretical uncertainty of the CEP process for PbPb collisions, the absolute normalization of this MC
contribution is directly determined from a control region in the data.

2. Experimental measurement

The measurement is carried out using the following detectors of the CMS experiment [13]: (i) the silicon
pixel and strip tracker measures charged particles within pseudorapidities |η| < 2.5 inside the 3.8 T magnetic
field, (ii) the lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and scintillator hadron
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calorimeters (HF) measure particle production up to |η| = 5.2. Exclusive diphoton candidates are selected
with a dedicated level-1 trigger that requires at least two electromagnetic (e.m.) clusters with ET above
2 GeV and at least one HF detector with total energy below the noise threshold. Offline, photons and
electrons are reconstructed with the particle flow algorithm [14]. In the case of photons, to keep to a
minimum the e± contamination, we require them to be fully unconverted. Additional particle identification
(ID) criteria are applied to remove γ from high-pT π0 decays, based on a shower shape analysis. Electron
candidates are identified by the association of a charged-particle track from the primary vertex with clusters
of energy deposits in the ECAL. Additional e± ID criteria discussed in Ref. [15] are applied.

Charged and neutral exclusivity requirements are applied to reject events with any charged particles
with pT > 0.1 GeV over |η| < 2.4, and neutral particles above detector noise thresholds over |η| < 5.2.
Nonexclusive backgrounds, characterized by a final state with larger transverse momenta and larger diphoton
acoplanarities, Aφ = (1 − ∆φγγ/π), than the back-to-back exclusive γγ events, are eliminated by requiring
the transverse momentum of the diphoton system to be pγγT < 1 GeV, and the acoplanarity of the pair to be
Aφ < 0.01. The same analysis carried out for the LbL events is done first on exclusive e+e− candidates,
with the exception that exactly two opposite-sign electrons, instead of exactly two photons, are exclusively
reconstructed. Figure 2 (top left) shows the acoplanarity distribution measured in exclusive QED e+e−
events passing all selection criteria (circles) compared to the starlightMC expectation (histogram). A good
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1. Introduction

Elastic light-by-light (LbL) scattering, ��! ��, is a pure quantum mechanical process that
proceeds at leading order in the quantum electrodynamics (QED) coupling a . In the standard
model (SM), the box diagram of LbL process (Fig.1(left)) involves the contributions from charged
fermions (leptons and quarks) or bosons. Despite its simplicity, LbL scattering was unobserved
before LHC because of its tiny cross section sgg µ O (a4)⇡ 3⇥10�9. However, by exploiting very
high photon fluxes in ultra-peripheral interactions of heavy ions, the process can be experimentally
observed [1]. Since the photon flux scales as the square of the ion charge Z2, �� scattering cross-
sections are enhanced by factor of Z4 in PbPb collisions. The LbL scattering process is sensitive
channel to study the physics beyond SM. In the extension of SM, the loop can contain new heavy
particles, such as magnetic monopoles, vector-like fermions or other new spin-even particles, such
as axion-like particles (ALPs) or gravitons.This report presents an evidence for LbL scattering and
new exclusion limits on axion-like particles (ALPs) production, using PbPb collision data recorded
by the CMS experiment [2] in 2015 at psNN =5.02 TeV with integrated luminosity of 390 µb�1

[3].
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Figure 1: Schematic diagrams of light-by-light scattering (�� ! ��, left), QED dielectron (�� ! e+e�,
centre), and central exclusive diphoton (gg ! ��, right) production in ultra-peripheral PbPb collisions.

2. Event selection and background estimation

The ligt-by-light signal is generated with the Madgraph v5 [4] Monte Carlo (MC) event gen-
erator, with the modifications discussed in Ref. [1]. Exclusive ��! e+e� events can be misiden-
tified as LbL scattering if neither electron track is reconstructed or if both electrons undergo hard
bremsstrahlung. This QED process is generated using the STARLIGHT [5] event generator. The
central exclusive production process, gg! ��, is simulated using Superchic 2.0 [6] event gener-
ator, where the computed proton-proton cross section is scaled to the PbPb case by multiplying it
by A

2
R

4
g, where A = 208 is the mass number of lead and Rg ⇡ 0.7 is a gluon shadowing correc-

tion. Given the large theoretical uncertainty of the CEP process for PbPb collisions, the absolute
normalisation of this MC contribution is determined from a control region in the data, as explained
later. All generated events are passed through the Geant detector simulation, and the events are

1
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• ET,! > 3 GeV; |η!|<2.4

• m!!>6 GeV

• pT,!!<1 GeV or 2 GeV (for m!!< or >12 GeV)

• (1-|Δφ|/")<0.01
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Contributions to event sample
signal

Fig. 1. Diagrams of light-by-light scattering (γγ → γγ, left), QED dielectron (γγ → e+e−, center), and central exclusive diphoton
(gg→ γγ, right) production in ultraperipheral PbPb collisions (with potential electromagnetic excitation (∗) of the outgoing Pb ions).

undetected at very low angles (Fig. 1, left). The dominant backgrounds are the QED production of an ex-
clusive electron-positron pair (γγ → e+e−, Fig. 1 center) where the e± are misidentified as photons, and
gluon-induced central exclusive production (CEP) [6] of a pair of photons (Fig. 1, right). Simulations of
the light-by-light signal are generated with madgraph v.5 [7] Monte Carlo (MC) generator, modified [1, 8]
to include the nuclear γ fluxes and the elementary LbL scattering cross section [9]. Background QED e+e−
events are generated with starlight v2.76 [10]. The CEP process, gg → γγ, is simulated with superchic
2.0 [11], where the computed pp cross section [6] is conservatively scaled to the PbPb case by multiplying
it by A2R4

g, where A = 208 is the lead mass number and Rg ≈ 0.7 is a gluon shadowing correction in the
relevant kinematical range [12], and where the rapidity gap survival factor is taken as 100%. Given the
large theoretical uncertainty of the CEP process for PbPb collisions, the absolute normalization of this MC
contribution is directly determined from a control region in the data.

2. Experimental measurement

The measurement is carried out using the following detectors of the CMS experiment [13]: (i) the silicon
pixel and strip tracker measures charged particles within pseudorapidities |η| < 2.5 inside the 3.8 T magnetic
field, (ii) the lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and scintillator hadron
calorimeter (HCAL) reconstruct γ, e±, and hadrons respectively over |η| = 3, and (iii) the hadron forward
calorimeters (HF) measure particle production up to |η| = 5.2. Exclusive diphoton candidates are selected
with a dedicated level-1 trigger that requires at least two electromagnetic (e.m.) clusters with ET above
2 GeV and at least one HF detector with total energy below the noise threshold. Offline, photons and
electrons are reconstructed with the particle flow algorithm [14]. In the case of photons, to keep to a
minimum the e± contamination, we require them to be fully unconverted. Additional particle identification
(ID) criteria are applied to remove γ from high-pT π0 decays, based on a shower shape analysis. Electron
candidates are identified by the association of a charged-particle track from the primary vertex with clusters
of energy deposits in the ECAL. Additional e± ID criteria discussed in Ref. [15] are applied.

Charged and neutral exclusivity requirements are applied to reject events with any charged particles
with pT > 0.1 GeV over |η| < 2.4, and neutral particles above detector noise thresholds over |η| < 5.2.
Nonexclusive backgrounds, characterized by a final state with larger transverse momenta and larger diphoton
acoplanarities, Aφ = (1 − ∆φγγ/π), than the back-to-back exclusive γγ events, are eliminated by requiring
the transverse momentum of the diphoton system to be pγγT < 1 GeV, and the acoplanarity of the pair to be
Aφ < 0.01. The same analysis carried out for the LbL events is done first on exclusive e+e− candidates,
with the exception that exactly two opposite-sign electrons, instead of exactly two photons, are exclusively
reconstructed. Figure 2 (top left) shows the acoplanarity distribution measured in exclusive QED e+e−
events passing all selection criteria (circles) compared to the starlightMC expectation (histogram). A good
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1. Introduction

Elastic light-by-light (LbL) scattering, ��! ��, is a pure quantum mechanical process that
proceeds at leading order in the quantum electrodynamics (QED) coupling a . In the standard
model (SM), the box diagram of LbL process (Fig.1(left)) involves the contributions from charged
fermions (leptons and quarks) or bosons. Despite its simplicity, LbL scattering was unobserved
before LHC because of its tiny cross section sgg µ O (a4)⇡ 3⇥10�9. However, by exploiting very
high photon fluxes in ultra-peripheral interactions of heavy ions, the process can be experimentally
observed [1]. Since the photon flux scales as the square of the ion charge Z2, �� scattering cross-
sections are enhanced by factor of Z4 in PbPb collisions. The LbL scattering process is sensitive
channel to study the physics beyond SM. In the extension of SM, the loop can contain new heavy
particles, such as magnetic monopoles, vector-like fermions or other new spin-even particles, such
as axion-like particles (ALPs) or gravitons.This report presents an evidence for LbL scattering and
new exclusion limits on axion-like particles (ALPs) production, using PbPb collision data recorded
by the CMS experiment [2] in 2015 at psNN =5.02 TeV with integrated luminosity of 390 µb�1

[3].
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Figure 1: Schematic diagrams of light-by-light scattering (�� ! ��, left), QED dielectron (�� ! e+e�,
centre), and central exclusive diphoton (gg ! ��, right) production in ultra-peripheral PbPb collisions.

2. Event selection and background estimation

The ligt-by-light signal is generated with the Madgraph v5 [4] Monte Carlo (MC) event gen-
erator, with the modifications discussed in Ref. [1]. Exclusive ��! e+e� events can be misiden-
tified as LbL scattering if neither electron track is reconstructed or if both electrons undergo hard
bremsstrahlung. This QED process is generated using the STARLIGHT [5] event generator. The
central exclusive production process, gg! ��, is simulated using Superchic 2.0 [6] event gener-
ator, where the computed proton-proton cross section is scaled to the PbPb case by multiplying it
by A

2
R

4
g, where A = 208 is the mass number of lead and Rg ⇡ 0.7 is a gluon shadowing correc-

tion. Given the large theoretical uncertainty of the CEP process for PbPb collisions, the absolute
normalisation of this MC contribution is determined from a control region in the data, as explained
later. All generated events are passed through the Geant detector simulation, and the events are

1

correction via SuperChic and data

main background contributions

correction via data

ATLAS CMS
• PbPb at                             ; ℒ=390 μb-1 

• 2 photons

• ET,! > 2 GeV; |η!|<2.4

• m!!>5 GeV

• pT,!!<1 GeV

• (1-|Δφ|/")<0.01
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�fid(�� ! ��) = 120± 46(stat.)± 28(syst.)± 12(theo) nb
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�fid(�� ! ��) = 78± 13(stat.)± 7(syst.)± 3(lumi) nb

• events observed: 14 

• events expected: 


9.0±0.9(theo.) signal and 4.0±1.2(stat.) background

• significance excess against background-only=3.7𝜎

• events observed: 59

• events expected: 


30±4(syst.) signal and 12±1(stat.)±3(syst.) background

• significance excess against background-only=8.2𝜎

cross sections consistent with standard-model predictions

ATLAS CMS
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significance of the excess at low diphoton acoplanarity is 4.1 standard deviations (4.4 standard
deviations expected).
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Figure 3: Diphoton acoplanarity and invariant mass distributions for exclusive �� events in data (squares)
compared to MC expectations [3].

3. Results

3.1 Light-by-light cross section

The fiducial cross-section for LbL process was obtained by measuring the ratio R of cross
sections of the LbL scattering over the QED e+e� processes. Measuring the ratio reduced the
uncertainties related to trigger and reconstruction efficiencies, and integrated luminosity. The ratio
R is defined as,

R =
sfid(��! ��)

s(��! e+e�,me+e� > 5GeV)
=

N
��,data�N

��,bkg

C��

C
ee Accee

Nee,data P
. (3.1)

Here sfid(��!��) is the LbL scattering fiducial cross section (passing all the aforementioned
pT, h , m

�� kinematic selection criteria for the single photons and for the photon pair); s(�� !
e+e�,me+e� > 5GeV) is the total cross section for the QED e+e� process for masses above 5GeV;
Accee is the dielectron acceptance for single-electron kinematic selections determined from the
MC generator; N

��,data is the number of diphoton events passing the selection in data; N
��,bkg is

the estimated number of background events passing all selection criteria; N
ee,data is the number of

dielectron events passing our selection in data; P is the purity of the estimated fraction of QED
e+e� signal among these dielectron events; and C

�� and C
ee are the overall efficiency correction

factors, for the �� and e+e� selections, respectively. The ratio R amounts to R= (25.0±9.6(stat)±
5.8(syst))⇥ 10�6. The LbL fiducial cross section is obtained from the theoretical prediction of
s(��! e+e�,mee > 5GeV) = 4.82±0.15(theo) mb and estimated to be sfid(��! ��) = 120±
46(stat)± 28(syst)± 4(theo) nb, which is in good agreement with the theoretical LbL prediction,
sfid(��! ��) = 138±14 nb.
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The two electrons exhibit balanced transverse momen-
tum with an unbalance, jpeþ

T − pe−
T j, expected to be below

30 MeV. This is much smaller than the EM calorimeter
energy resolution, which, thus, can be measured by the
difference Ecluster1

T − Ecluster2
T . Below 10 GeV electron ET ,

the relative energy resolution is found to be between 8%
and 10% and is well reproduced by the MC simulation. The
EM energy scale is validated using the ratio of the electron
cluster Ee

T to the electron track ptrk
T .

The γγ → eþe− process can be a source of fake diphoton
events, since misidentification of electrons as photons can
occur when the electron track is not reconstructed or the
electron emits a hard bremsstrahlung photon. The γγ →
eþe− yield in the signal region is evaluated using a data-
driven method. Two control regions (CRs) are defined with
exactly two photons passing the signal selection but also
requiring one or two associated pixel tracks. The event
yield observed in these two CRs is extrapolated to the
signal region using the probability to miss the electron pixel
track if the electron track is not reconstructed (pe

mistag). It is
measured in a region with exactly one charged-particle
track and two photons with Aϕ < 0.01. In order to verify
the stability of the pe

mistag evaluation method, the Aϕ

requirement is dropped and the difference with the nominal
selection is taken as a systematic uncertainty. This leads to
pe
mistag ¼ ð47$ 9Þ%. The number of γγ → eþe− events in

the signal region is estimated to be 7$ 1ðstatÞ $ 3ðsystÞ,
where the uncertainty accounts for the CR statistical
uncertainty, the pe

mistag uncertainty, and the difference found
between the two CRs.
The Aϕ < 0.01 requirement significantly reduces the

CEP gg → γγ background. Its remaining contribution is
evaluated from a control region defined by applying the
same selection as for the signal region, but inverting the Aϕ

requirement to Aϕ > 0.01 [see Fig. 2(a)], and correcting the
measured event yield for the expected signal and γγ →
eþe− contributions. The CEP and γγ → eþe− processes

exhibit a significantly broader Aϕ distribution than the
γγ → γγ process. In the CEP process gluons recoil against
the Pb nucleus which then dissociates. The shape of the Aϕ

distribution for γγ → eþe− events is mainly due to the
curvature of the trajectory of the electrons in the detector
magnetic field before they emit hard photons in their
interactions with the ID material.
The estimated uncertainty in the CEP gg → γγ back-

ground takes into account the statistical uncertainty of the
number of events in the Aϕ > 0.01 control region (17%) as
well as experimental and modeling uncertainties. It is found
that all experimental uncertainties have negligible impact
on the normalization of the CEP gg → γγ background. The
impact of the MC modeling of the Aϕ shape is estimated
using an alternative SUPERCHIC MC sample with no
absorptive effects [46]. These effects reflect the absence
of secondary particle emissions, which can take place in
addition to the gg → γγ process. After applying the data-
driven normalization procedure, this leads to a 25% change
in the CEP background yield in the signal region, which is
taken as a systematic uncertainty. An additional check is
done by varying the gluon parton distribution function
(PDF). The differences between the MMHT 2014 [47],
CT14 [48], and NNPDF3.1 [49] PDF sets have negligible
impact on the shape of the CEP diphoton Aϕ distribution.
The background due to the CEP process in the signal region
is estimated to be 4$ 1 events. In addition, the energy
deposition in the ZDC, which is sensitive to dissociation of
Pb nuclei, is studied for events before the Aϕ selection is
imposed. Good agreement is observed between the nor-
malized CEP expectation from MC simulation and the
observed events with a signal corresponding to at least one
neutron in the ZDC.
The background contribution from γγ → qq̄ production

is estimated using MC simulation based on HERWIG++ and
is found to be negligible. Exclusive two-meson production
can be a potential source of background for light-by-light
scattering events, mainly due to their similar back-to-back

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

φA

0

5

10

15

20

25

30

35

40

45

50

E
ve

nt
s 

/ 0
.0

05
ATLAS

 = 5.02 TeVNNsPb+Pb

-1Data 2018, 1.7 nb
)γγ→γγSignal (

γγ→CEP gg 
 ee→γγ

Sys. unc.

5 10 15 20 25 30
 [GeV]γγm

0

2

4

6

8

10

12

14

16

18

E
ve

nt
s 

/ G
eV

ATLAS

 = 5.02 TeVNNsPb+Pb

-1Data 2018, 1.7 nb
)γγ→γγSignal (

γγ→CEP gg 
 ee→γγ

Sys. unc.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
 [GeV]γγ

T
p

0

5

10

15

20

25

E
ve

nt
s 

/ 0
.2

 G
eV

ATLAS

 = 5.02 TeVNNsPb+Pb

-1Data 2018, 1.7 nb
)γγ→γγSignal (

γγ→CEP gg 
 ee→γγ

Sys. unc.

(a) (b) (c)

FIG. 2. (a) The diphoton Aϕ distribution for events satisfying the signal selection, but before the Aϕ < 0.01 requirement. (b) Diphoton
invariant mass and (c) diphoton transverse momentum for events satisfying the signal selection. Data (points) are compared with the sum
of signal and background expectations (histograms). Systematic uncertainties of the signal and background processes, excluding that of
the luminosity, are shown as shaded bands.
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significance of the excess at low diphoton acoplanarity is 4.1 standard deviations (4.4 standard
deviations expected).
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Figure 3: Diphoton acoplanarity and invariant mass distributions for exclusive �� events in data (squares)
compared to MC expectations [3].

3. Results

3.1 Light-by-light cross section

The fiducial cross-section for LbL process was obtained by measuring the ratio R of cross
sections of the LbL scattering over the QED e+e� processes. Measuring the ratio reduced the
uncertainties related to trigger and reconstruction efficiencies, and integrated luminosity. The ratio
R is defined as,

R =
sfid(��! ��)

s(��! e+e�,me+e� > 5GeV)
=

N
��,data�N

��,bkg

C��

C
ee Accee

Nee,data P
. (3.1)

Here sfid(��!��) is the LbL scattering fiducial cross section (passing all the aforementioned
pT, h , m

�� kinematic selection criteria for the single photons and for the photon pair); s(�� !
e+e�,me+e� > 5GeV) is the total cross section for the QED e+e� process for masses above 5GeV;
Accee is the dielectron acceptance for single-electron kinematic selections determined from the
MC generator; N

��,data is the number of diphoton events passing the selection in data; N
��,bkg is

the estimated number of background events passing all selection criteria; N
ee,data is the number of

dielectron events passing our selection in data; P is the purity of the estimated fraction of QED
e+e� signal among these dielectron events; and C

�� and C
ee are the overall efficiency correction

factors, for the �� and e+e� selections, respectively. The ratio R amounts to R= (25.0±9.6(stat)±
5.8(syst))⇥ 10�6. The LbL fiducial cross section is obtained from the theoretical prediction of
s(��! e+e�,mee > 5GeV) = 4.82±0.15(theo) mb and estimated to be sfid(��! ��) = 120±
46(stat)± 28(syst)± 4(theo) nb, which is in good agreement with the theoretical LbL prediction,
sfid(��! ��) = 138±14 nb.
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The two electrons exhibit balanced transverse momen-
tum with an unbalance, jpeþ

T − pe−
T j, expected to be below

30 MeV. This is much smaller than the EM calorimeter
energy resolution, which, thus, can be measured by the
difference Ecluster1

T − Ecluster2
T . Below 10 GeV electron ET ,

the relative energy resolution is found to be between 8%
and 10% and is well reproduced by the MC simulation. The
EM energy scale is validated using the ratio of the electron
cluster Ee

T to the electron track ptrk
T .

The γγ → eþe− process can be a source of fake diphoton
events, since misidentification of electrons as photons can
occur when the electron track is not reconstructed or the
electron emits a hard bremsstrahlung photon. The γγ →
eþe− yield in the signal region is evaluated using a data-
driven method. Two control regions (CRs) are defined with
exactly two photons passing the signal selection but also
requiring one or two associated pixel tracks. The event
yield observed in these two CRs is extrapolated to the
signal region using the probability to miss the electron pixel
track if the electron track is not reconstructed (pe

mistag). It is
measured in a region with exactly one charged-particle
track and two photons with Aϕ < 0.01. In order to verify
the stability of the pe

mistag evaluation method, the Aϕ

requirement is dropped and the difference with the nominal
selection is taken as a systematic uncertainty. This leads to
pe
mistag ¼ ð47$ 9Þ%. The number of γγ → eþe− events in

the signal region is estimated to be 7$ 1ðstatÞ $ 3ðsystÞ,
where the uncertainty accounts for the CR statistical
uncertainty, the pe

mistag uncertainty, and the difference found
between the two CRs.
The Aϕ < 0.01 requirement significantly reduces the

CEP gg → γγ background. Its remaining contribution is
evaluated from a control region defined by applying the
same selection as for the signal region, but inverting the Aϕ

requirement to Aϕ > 0.01 [see Fig. 2(a)], and correcting the
measured event yield for the expected signal and γγ →
eþe− contributions. The CEP and γγ → eþe− processes

exhibit a significantly broader Aϕ distribution than the
γγ → γγ process. In the CEP process gluons recoil against
the Pb nucleus which then dissociates. The shape of the Aϕ

distribution for γγ → eþe− events is mainly due to the
curvature of the trajectory of the electrons in the detector
magnetic field before they emit hard photons in their
interactions with the ID material.
The estimated uncertainty in the CEP gg → γγ back-

ground takes into account the statistical uncertainty of the
number of events in the Aϕ > 0.01 control region (17%) as
well as experimental and modeling uncertainties. It is found
that all experimental uncertainties have negligible impact
on the normalization of the CEP gg → γγ background. The
impact of the MC modeling of the Aϕ shape is estimated
using an alternative SUPERCHIC MC sample with no
absorptive effects [46]. These effects reflect the absence
of secondary particle emissions, which can take place in
addition to the gg → γγ process. After applying the data-
driven normalization procedure, this leads to a 25% change
in the CEP background yield in the signal region, which is
taken as a systematic uncertainty. An additional check is
done by varying the gluon parton distribution function
(PDF). The differences between the MMHT 2014 [47],
CT14 [48], and NNPDF3.1 [49] PDF sets have negligible
impact on the shape of the CEP diphoton Aϕ distribution.
The background due to the CEP process in the signal region
is estimated to be 4$ 1 events. In addition, the energy
deposition in the ZDC, which is sensitive to dissociation of
Pb nuclei, is studied for events before the Aϕ selection is
imposed. Good agreement is observed between the nor-
malized CEP expectation from MC simulation and the
observed events with a signal corresponding to at least one
neutron in the ZDC.
The background contribution from γγ → qq̄ production

is estimated using MC simulation based on HERWIG++ and
is found to be negligible. Exclusive two-meson production
can be a potential source of background for light-by-light
scattering events, mainly due to their similar back-to-back
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FIG. 2. (a) The diphoton Aϕ distribution for events satisfying the signal selection, but before the Aϕ < 0.01 requirement. (b) Diphoton
invariant mass and (c) diphoton transverse momentum for events satisfying the signal selection. Data (points) are compared with the sum
of signal and background expectations (histograms). Systematic uncertainties of the signal and background processes, excluding that of
the luminosity, are shown as shaded bands.
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significance of the excess at low diphoton acoplanarity is 4.1 standard deviations (4.4 standard
deviations expected).
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Figure 3: Diphoton acoplanarity and invariant mass distributions for exclusive �� events in data (squares)
compared to MC expectations [3].

3. Results

3.1 Light-by-light cross section

The fiducial cross-section for LbL process was obtained by measuring the ratio R of cross
sections of the LbL scattering over the QED e+e� processes. Measuring the ratio reduced the
uncertainties related to trigger and reconstruction efficiencies, and integrated luminosity. The ratio
R is defined as,

R =
sfid(��! ��)

s(��! e+e�,me+e� > 5GeV)
=

N
��,data�N

��,bkg

C��

C
ee Accee

Nee,data P
. (3.1)

Here sfid(��!��) is the LbL scattering fiducial cross section (passing all the aforementioned
pT, h , m

�� kinematic selection criteria for the single photons and for the photon pair); s(�� !
e+e�,me+e� > 5GeV) is the total cross section for the QED e+e� process for masses above 5GeV;
Accee is the dielectron acceptance for single-electron kinematic selections determined from the
MC generator; N

��,data is the number of diphoton events passing the selection in data; N
��,bkg is

the estimated number of background events passing all selection criteria; N
ee,data is the number of

dielectron events passing our selection in data; P is the purity of the estimated fraction of QED
e+e� signal among these dielectron events; and C

�� and C
ee are the overall efficiency correction

factors, for the �� and e+e� selections, respectively. The ratio R amounts to R= (25.0±9.6(stat)±
5.8(syst))⇥ 10�6. The LbL fiducial cross section is obtained from the theoretical prediction of
s(��! e+e�,mee > 5GeV) = 4.82±0.15(theo) mb and estimated to be sfid(��! ��) = 120±
46(stat)± 28(syst)± 4(theo) nb, which is in good agreement with the theoretical LbL prediction,
sfid(��! ��) = 138±14 nb.

3

Phys. Lett. B 797 ('19) 134826

The two electrons exhibit balanced transverse momen-
tum with an unbalance, jpeþ

T − pe−
T j, expected to be below

30 MeV. This is much smaller than the EM calorimeter
energy resolution, which, thus, can be measured by the
difference Ecluster1

T − Ecluster2
T . Below 10 GeV electron ET ,

the relative energy resolution is found to be between 8%
and 10% and is well reproduced by the MC simulation. The
EM energy scale is validated using the ratio of the electron
cluster Ee

T to the electron track ptrk
T .

The γγ → eþe− process can be a source of fake diphoton
events, since misidentification of electrons as photons can
occur when the electron track is not reconstructed or the
electron emits a hard bremsstrahlung photon. The γγ →
eþe− yield in the signal region is evaluated using a data-
driven method. Two control regions (CRs) are defined with
exactly two photons passing the signal selection but also
requiring one or two associated pixel tracks. The event
yield observed in these two CRs is extrapolated to the
signal region using the probability to miss the electron pixel
track if the electron track is not reconstructed (pe

mistag). It is
measured in a region with exactly one charged-particle
track and two photons with Aϕ < 0.01. In order to verify
the stability of the pe

mistag evaluation method, the Aϕ

requirement is dropped and the difference with the nominal
selection is taken as a systematic uncertainty. This leads to
pe
mistag ¼ ð47$ 9Þ%. The number of γγ → eþe− events in

the signal region is estimated to be 7$ 1ðstatÞ $ 3ðsystÞ,
where the uncertainty accounts for the CR statistical
uncertainty, the pe

mistag uncertainty, and the difference found
between the two CRs.
The Aϕ < 0.01 requirement significantly reduces the

CEP gg → γγ background. Its remaining contribution is
evaluated from a control region defined by applying the
same selection as for the signal region, but inverting the Aϕ

requirement to Aϕ > 0.01 [see Fig. 2(a)], and correcting the
measured event yield for the expected signal and γγ →
eþe− contributions. The CEP and γγ → eþe− processes

exhibit a significantly broader Aϕ distribution than the
γγ → γγ process. In the CEP process gluons recoil against
the Pb nucleus which then dissociates. The shape of the Aϕ

distribution for γγ → eþe− events is mainly due to the
curvature of the trajectory of the electrons in the detector
magnetic field before they emit hard photons in their
interactions with the ID material.
The estimated uncertainty in the CEP gg → γγ back-

ground takes into account the statistical uncertainty of the
number of events in the Aϕ > 0.01 control region (17%) as
well as experimental and modeling uncertainties. It is found
that all experimental uncertainties have negligible impact
on the normalization of the CEP gg → γγ background. The
impact of the MC modeling of the Aϕ shape is estimated
using an alternative SUPERCHIC MC sample with no
absorptive effects [46]. These effects reflect the absence
of secondary particle emissions, which can take place in
addition to the gg → γγ process. After applying the data-
driven normalization procedure, this leads to a 25% change
in the CEP background yield in the signal region, which is
taken as a systematic uncertainty. An additional check is
done by varying the gluon parton distribution function
(PDF). The differences between the MMHT 2014 [47],
CT14 [48], and NNPDF3.1 [49] PDF sets have negligible
impact on the shape of the CEP diphoton Aϕ distribution.
The background due to the CEP process in the signal region
is estimated to be 4$ 1 events. In addition, the energy
deposition in the ZDC, which is sensitive to dissociation of
Pb nuclei, is studied for events before the Aϕ selection is
imposed. Good agreement is observed between the nor-
malized CEP expectation from MC simulation and the
observed events with a signal corresponding to at least one
neutron in the ZDC.
The background contribution from γγ → qq̄ production

is estimated using MC simulation based on HERWIG++ and
is found to be negligible. Exclusive two-meson production
can be a potential source of background for light-by-light
scattering events, mainly due to their similar back-to-back
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FIG. 2. (a) The diphoton Aϕ distribution for events satisfying the signal selection, but before the Aϕ < 0.01 requirement. (b) Diphoton
invariant mass and (c) diphoton transverse momentum for events satisfying the signal selection. Data (points) are compared with the sum
of signal and background expectations (histograms). Systematic uncertainties of the signal and background processes, excluding that of
the luminosity, are shown as shaded bands.
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significance of the excess at low diphoton acoplanarity is 4.1 standard deviations (4.4 standard
deviations expected).
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Figure 3: Diphoton acoplanarity and invariant mass distributions for exclusive �� events in data (squares)
compared to MC expectations [3].

3. Results

3.1 Light-by-light cross section

The fiducial cross-section for LbL process was obtained by measuring the ratio R of cross
sections of the LbL scattering over the QED e+e� processes. Measuring the ratio reduced the
uncertainties related to trigger and reconstruction efficiencies, and integrated luminosity. The ratio
R is defined as,

R =
sfid(��! ��)

s(��! e+e�,me+e� > 5GeV)
=

N
��,data�N

��,bkg

C��

C
ee Accee

Nee,data P
. (3.1)

Here sfid(��!��) is the LbL scattering fiducial cross section (passing all the aforementioned
pT, h , m

�� kinematic selection criteria for the single photons and for the photon pair); s(�� !
e+e�,me+e� > 5GeV) is the total cross section for the QED e+e� process for masses above 5GeV;
Accee is the dielectron acceptance for single-electron kinematic selections determined from the
MC generator; N

��,data is the number of diphoton events passing the selection in data; N
��,bkg is

the estimated number of background events passing all selection criteria; N
ee,data is the number of

dielectron events passing our selection in data; P is the purity of the estimated fraction of QED
e+e� signal among these dielectron events; and C

�� and C
ee are the overall efficiency correction

factors, for the �� and e+e� selections, respectively. The ratio R amounts to R= (25.0±9.6(stat)±
5.8(syst))⇥ 10�6. The LbL fiducial cross section is obtained from the theoretical prediction of
s(��! e+e�,mee > 5GeV) = 4.82±0.15(theo) mb and estimated to be sfid(��! ��) = 120±
46(stat)± 28(syst)± 4(theo) nb, which is in good agreement with the theoretical LbL prediction,
sfid(��! ��) = 138±14 nb.
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The two electrons exhibit balanced transverse momen-
tum with an unbalance, jpeþ

T − pe−
T j, expected to be below

30 MeV. This is much smaller than the EM calorimeter
energy resolution, which, thus, can be measured by the
difference Ecluster1

T − Ecluster2
T . Below 10 GeV electron ET ,

the relative energy resolution is found to be between 8%
and 10% and is well reproduced by the MC simulation. The
EM energy scale is validated using the ratio of the electron
cluster Ee

T to the electron track ptrk
T .

The γγ → eþe− process can be a source of fake diphoton
events, since misidentification of electrons as photons can
occur when the electron track is not reconstructed or the
electron emits a hard bremsstrahlung photon. The γγ →
eþe− yield in the signal region is evaluated using a data-
driven method. Two control regions (CRs) are defined with
exactly two photons passing the signal selection but also
requiring one or two associated pixel tracks. The event
yield observed in these two CRs is extrapolated to the
signal region using the probability to miss the electron pixel
track if the electron track is not reconstructed (pe

mistag). It is
measured in a region with exactly one charged-particle
track and two photons with Aϕ < 0.01. In order to verify
the stability of the pe

mistag evaluation method, the Aϕ

requirement is dropped and the difference with the nominal
selection is taken as a systematic uncertainty. This leads to
pe
mistag ¼ ð47$ 9Þ%. The number of γγ → eþe− events in

the signal region is estimated to be 7$ 1ðstatÞ $ 3ðsystÞ,
where the uncertainty accounts for the CR statistical
uncertainty, the pe

mistag uncertainty, and the difference found
between the two CRs.
The Aϕ < 0.01 requirement significantly reduces the

CEP gg → γγ background. Its remaining contribution is
evaluated from a control region defined by applying the
same selection as for the signal region, but inverting the Aϕ

requirement to Aϕ > 0.01 [see Fig. 2(a)], and correcting the
measured event yield for the expected signal and γγ →
eþe− contributions. The CEP and γγ → eþe− processes

exhibit a significantly broader Aϕ distribution than the
γγ → γγ process. In the CEP process gluons recoil against
the Pb nucleus which then dissociates. The shape of the Aϕ

distribution for γγ → eþe− events is mainly due to the
curvature of the trajectory of the electrons in the detector
magnetic field before they emit hard photons in their
interactions with the ID material.
The estimated uncertainty in the CEP gg → γγ back-

ground takes into account the statistical uncertainty of the
number of events in the Aϕ > 0.01 control region (17%) as
well as experimental and modeling uncertainties. It is found
that all experimental uncertainties have negligible impact
on the normalization of the CEP gg → γγ background. The
impact of the MC modeling of the Aϕ shape is estimated
using an alternative SUPERCHIC MC sample with no
absorptive effects [46]. These effects reflect the absence
of secondary particle emissions, which can take place in
addition to the gg → γγ process. After applying the data-
driven normalization procedure, this leads to a 25% change
in the CEP background yield in the signal region, which is
taken as a systematic uncertainty. An additional check is
done by varying the gluon parton distribution function
(PDF). The differences between the MMHT 2014 [47],
CT14 [48], and NNPDF3.1 [49] PDF sets have negligible
impact on the shape of the CEP diphoton Aϕ distribution.
The background due to the CEP process in the signal region
is estimated to be 4$ 1 events. In addition, the energy
deposition in the ZDC, which is sensitive to dissociation of
Pb nuclei, is studied for events before the Aϕ selection is
imposed. Good agreement is observed between the nor-
malized CEP expectation from MC simulation and the
observed events with a signal corresponding to at least one
neutron in the ZDC.
The background contribution from γγ → qq̄ production

is estimated using MC simulation based on HERWIG++ and
is found to be negligible. Exclusive two-meson production
can be a potential source of background for light-by-light
scattering events, mainly due to their similar back-to-back
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FIG. 2. (a) The diphoton Aϕ distribution for events satisfying the signal selection, but before the Aϕ < 0.01 requirement. (b) Diphoton
invariant mass and (c) diphoton transverse momentum for events satisfying the signal selection. Data (points) are compared with the sum
of signal and background expectations (histograms). Systematic uncertainties of the signal and background processes, excluding that of
the luminosity, are shown as shaded bands.
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3.2 Exclusion limits on axion-like particle production

The measured invariant mass distribution (Fig.3) is used to search for pseudoscalar ALPs
produced in the process ��! a ! ��. The LbL, QED, and CEP+other processes are considered
as a background in this search. The ALPs samples were generated using Starlight generator for
masses ranging from 5-90 GeV. Limits on s(��! ��) cross sections for axion-like particles are
set in the 1500-20 nb range. These cross section limits is used to set exclusion limits in the the gag
vs, ma plane, where gag ⌘ 1/L is the ALP coupling to photons or also to hypercharge. Fig. 4 shows
the exclusion limits for ALPs coupling to photons only (left) or also to hypercharge (right). For an
ALPs coupling to the photons only, the exclusion limits are best so far over the ma = 5-50 GeV. For
ALPs coupling to the photons and hypercharge, the results provide new constraints in the region
ma = 5-10 GeV .
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Figure 4: Exclusion limits at 95% CL in coupling vs mass plane for (a) ALPs coupling to photons only (b)
including also the hypercharge coupling [3].
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The future 

• ! Still Run 2 data to be analysed and explore, e.g., photoproduction of jets


• Runs 3 and 4: 


• 10x data for pPb and PbPb ⟶ improve statistically limited measurements


• upgrade of detectors ⟶ improve systematic uncertainties


                                   ⟶ extend kinematic reach
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• Light-by-light scattering for m𝛄𝛄<5 GeV by ALICE and LHCb in RUN3 and beyond:

4.1. Differential cross section at midrapidity

First we present some distributions within the ALICE fiducial region. The invariant
mass distribution of two photon final states contains different contributions of signal and
background as discussed in sections 2. In Fig. 2, the contribution to the signal due to the
Standard Model boxes is shown by the solid black line. The contributions to the signal by
the different meson resonances are shown by the solid green lines, while the dashed blue
line represents the π0π0 background as discussed in section 2.1. The π0π0 background
shown in Fig. 2 is composed of events where exactly two out of the four decay photons
are within the fiducial volume, with the condition that each π0 of the pair contributes
one photon. At low invariant photon masses Wγγ < 1.5 GeV, this background dominates
over the signal by about an order of magnitude but can be reduced by taking into account
the different phase space distribution of the signal and the background.
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FIG. 2: Differential cross section as a function of invariant diphoton mass within the ALICE fidu-
cial region.

The two-dimensional distribution in rapidity of the first and second photon for signal
and π0π0 background is shown in Fig. 3 . The two distributions are peaked at forward
and backward rapidities and are qualitatively rather similar, but differ by about two or-
ders of magnitude. This figure shows that cuts on ηsum = η1 + η2 could be used to reduce
the background. However this leads to marginal improvements due to the similarity in
the shape of signal and background.

4.2. Differential cross section at forward rapidity

Equivalent distributions are now shown within the LHCb fiducial region. In Fig. 4
we show the diphoton invariant mass distribution. The distributions are similar to the
ALICE conditions both in normalization and shape. The solid black line is the signal
corresponding to the Standard Model box contribution, the solid green lines correspond
to resonant mesonic states while the dashed line corresponds to the π0π0 background
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FIG. 3: Two-dimensional distribution of the signal (left panel) and π0π0 background (right panel)
in rapidity of first and second photon (randomly chosen).

defined in the main text. The relative background is slightly lower than for ALICE but
the conclusion again is that the signal can be clearly observed only for Wγγ > 2 GeV and
one can observe very clear contributions coming from η and η′(958) resonances. The
inclusion of the LHCb energy resolution (Eq. (3.1)) broadens the peak in the distribution,
which is plotted in Fig. 4 with and without energy smearing.
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FIG. 4: Invariant diphoton mass distribution for the standard LHCb fiducial region presented
without (a) and with (b) energy resolution.

In Fig. 5 we show two-dimensional distributions as a function of pseudorapidity of the
first and second photon. The left panel corresponds to the γγ → γγ (box) signal and the
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FIG. 8: Scalar asymmetry distribution of signal and background (a), and signal and sideband
background mass distribution (b).

Sideband 1 and sideband 2 are defined by 0.02 < AS < 0.04 and 0.04 < AS < 0.06, re-
spectively. The distribution of the signal is at the 5 % level in sideband 1, and negligibly
small in sideband 2, whereas the background distribution extends well into the sideband
regions as shown in Fig. 8 (a) by the dashed blue line. In Fig. 8 (b), the mass distribu-
tions of background events in the signal and the two sideband regions are shown by the
red-dashed, green-dotted and black-dot-dashed lines, respectively. Clearly visible in this
panel is a continuous reduction of the background cross section from the signal to the
sideband 2 region, as expected by the behaviour of the background scalar asymmetry
shown in Fig. 8 (a). Based on the kinematical fits of the signal and background distri-
butions, the sideband analysis derives a factor expressing the likelihood of the event
belonging to the signal or background sample (see e.g. [34]). Quantitative results on the
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7 SMOG2 gas feed system

The SMOG apparatus is equipped with a gas feed system, shown in Fig. 2, which allows to
injects gas into the VELO vessel, Fig. 5. This system has only one feed line (used for di↵erent
noble gases), and cannot provide accurate determination of the injected gas flow rate Q.

For SMOG2 a new GFS, schematically shown in Fig. 36, has been designed. This system
includes an additional feed line directly into the cell center via a capillary, Fig. 29. The amount
of gas injected can be accurately measured in order to precisely compute the target densities
from the cell geometry and temperature.

Beyond the constraints requested by LHC and LHCb, the scheme shown in Fig. 36 is a well
established system, operated by the proponents in previous experiments [32, 33].

7.1 Overview

The system consists of four assembly groups, Fig. 36.

Figure 36: The four assembly groups of the SMOG2 Gas Feed System: (i) GFS Main Table, (ii) Gas
Supply with reservoirs, (iii) Pumping Station (PS) for the GFS, and (iv) Feed Lines. The pressure gauges
are labelled AG1 (Absolute Gauge 1), AG2 (Absolute Gauge 2). The two dosing valves are labelled
DVS (Dosing Valve for Stable pressure in the injection volume) and DVC (Dosing Valve for setting the
Conductance). The Feeding Connections include the feeding into the VELO vessel and into the storage
cell. The corresponding valves are labelled CV (Cell Valve), VV (VELO Valve) and SV (Safety Valve). A
Full Range Gauge (FRG) monitors the pressure upstream of the last valves for feeding into the vessel
(VV) and into the Cell (VC). A RGA with restriction and PS will be employed to analyze the composition
of the injected gas (see Sect. 6.4).

(i) GFS Main Table: Table which hosts the main components for the injection of calibrated
gas flow (volumes, gauges, and electro–pneumatic valves), to be located on the balcony at
the P8 cavern;
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Unique kinematical region

At the LHC fixed target pp, pp , pA, Pb-p, Pb-p  or Pb-A collisions, one has unique 
kinematic conditions at the poorly explored energy of √s ~ 100 GeV

7
In addition the exotic region at x>1 can be accessed (Fermi motion) creating a bridge between QCD and nuclear physics
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Trigger settings for measurements in UPCs with

SMOG2

March 12, 2020

1 Estimated cross section and event yields

An estimate of the number of exclusively produced dimuons from the Bethe-
Heitler process, J/ , �, ⇢, and �� for data collection with SMOG2 is given
below. Using the starlight and superchic generators, proton-proton, proton-
helium and proton-xenon interactions are simulated at a nucleon-nucleon
centre-of-mass energy of

p
sNN = 115 GeV and a centre-of-mass rapidity of

�2.78 < yCM < 0.2. Cross sections and event yields are simulated for decay
particles with minimal transverse momenta pT as indicated.

The dimuon invariant mass Mµ+µ� for the Bethe-Heitler process (con-
tinuous dimuon production) is restricted to lie in the range: 1.1 GeV<
Mµ+µ� < 9.0 GeV.

The event estimation is based on luminosities of 150 pb�1, 0.1 pb�1, and
22 pb�1, as given in [1], for respectively proton-proton, proton-helium and
proton-xenon data collection. For all but the continuous-dimuon production,
data taking in parallel with the normal beam-beam collisions is considered,
while for the measurement of continuous dimuons, special runs, correspond-
ing to 10% of the quoted luminosities, are considered. For the estimated
number of events, the data selection e�ciency based on measurements from
RUN2 data taking is taken into account.

pT,min[MeV] pp pHe pXe

200 � = 61.931 pb = 686 evts � = 113.6 pb = 0 evts � = 17.6 nb = 29 10
3
evts

300 � = 57.885 pb = 651 evts � = 106.1 pb = 0 evts � = 17.2 nb = 28 10
3
evts

400 � = 48.309 pb = 543 evts � = 91.2 pb = 0 evts � = 15.2 nb = 25 10
3
evts

Table 1: Cross section and event yields for the Bethe-Heitler process with
SMOG2.

1

pT,min[MeV] pp pHe pXe

200 � = 20.575 pb = 2315 evts � = 27.5 pb = 0 evts � = 1.3 nb = 21 10
3
evts

600 � = 20.467 pb = 2302 evts � = 27.3 pb = 0 evts � = 1.3 nb = 21 10
3
evts

800 � = 19.557 pb = 2200 evts � = 26.6 pb = 0 evts � = 1.3 nb = 21 10
3
evts

1000 � = 16.612 pb = 1870 evts � = 24.4 pb = 0 evts � = 1.2 nb = 20 10
3
evts

Table 2: Cross section and event yields for CEP of J/ ! µ+µ� with
SMOG2.

pT,min[MeV] pp pHe pXe

0 � = 8.1 nb = 510 10
3
evts � = 17.9 nb = 752 evts � = 2.5 µb = 23.1 10

6
evts

50 � = 8.0 nb = 504 10
3
evts � = 17.0 nb = 714 evts � = 2.4 µb = 22.2 10

6
evts

100 � = 6.5 nb = 410 10
3
evts � = 12.4 nb = 520 evts � = 1.9 µb = 17.6 10

6
evts

200 � = 2.8 nb = 176 10
3
evts � = 3.0 nb = 126 evts � = 494.0 nb = 4.6 10

6
evts

300 � = 829 pb = 52 10
3
evts � = 665.6 pb = 28 evts � = 89.1 nb = 823 10

3
evts

400 � = 184 pb = 12 10
3
evts � = 109.4 pb = 5 evts � = 11.0 nb = 102 10

3
evts

Table 3: Cross section and event yields for CEP of � ! K+K� with
SMOG2.

2 Proposed trigger settings

• During pp collisions: two, four, six long tracks with minimum trans-
verse momentum pT,min of 500 MeV and consistent with same primary
vertex in SMOG2 target cell region.

• Empty beam: maximal number of velo tracks limited to 10, and no
cut on pT,min nor on invariant mass.
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Figure 11: The J/ to charmed meson ratio as a function of transverse momentum and rapidity in pAr collisions collected by the
LHCb detector in a fixed-target mode. [Taken from [87]].

storage cell, a baseline scenario was proposed in [146] for Run 3 with the following integrated luminosities:
LpH = 10 pb�1, LpD = 10 pb�1 and LpAr = 10 pb�1 at

p
sNN = 115 GeV as well as LPbAr = 5 nb�1 and

LpAr = 1 pb�1 at
p

sNN = 72 GeV. This proposal is very promising and is a first step towards the fixed-target
programme described in this paper, for 2 < ⌘ < 5.

4.2.3. Comparison of possible implementations
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Figure 12: Center-of-mass-rapidity (yc.m.s.) coverage as a function of the colliding energies per nucleon pair (
p

sNN) as in Fig. 9.
The blue lines represent the acceptance of the TPC and MS of ALICE. The full, long-dashed and short-dashed lines correspond to
targets located at the IP, upstream of the IP by ztarget = 2.75 and 4.7 m, respectively. The green lines represent the acceptance of the
LHCb detector with a target at the IP. The long-dashed and short-dashed blue lines as well as the green lines are shifted in energy
for a better visibility.

Fig. 12 shows the yc.m.s. acceptances of the ALICE and LHCb detectors for two fixed-target colliding
energies, namely

p
s = 72 GeV and 115 GeV. The rapidity coverages with a target position at the nominal
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and a possible path to new physics
Beautiful physics programme to look

forward to     !

:-) 
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UPC jets

Figure adapted from EPPS16 
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Figure 14: Double-di�erential cross-section d2�̃/dHT dz� as a function of z� for di�erent bins of HT. The cross-
sections are scaled by successive powers of 10 to improve visibility. The dashed lines represent the cross-section
from P�����+STAR����� scaled to have the same integral as the data within the fiducial region of the measurement.
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