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Experimental access to GPDs
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
q̄ helicity �1/2 +1/2

light meson production (not J/ or ⌥)
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(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q

M. Diehl Some thoughts about the theory of meson production 18
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Hard scale=large Q2

CLAS – PRC 95 ('17) 035207;  95 (2017) 035202


COMPASS – PLB 731 ('14) 19; NPB 915 ('17) 454


JLab Hall A Collaboration – PRC 83 ('11) 025201


HERMES – EPJ C 74 ('14) 3110; 75 ('15) 600; 77 ('17) 378


H1 – JHEP 05('10)032; EPJ C 46 ('06) 585


ZEUS – PMC Phys. A1 ('07) 6; NPB 695 ('04) 3

fixed target: medium/large xB , quarks

colliders, small xB, gluons



Experimental access to GPDs

Hard scale = large charm/bottom-quark mass 
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Exclusive meson photoproduction
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large masshard scale = hard scale =

J/ ,⌥
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Experimental access to GPDs

H1 – EPJ C 46 ('06) 585; 73 ('13) 2466; PLB 541 ('02) 251


ZEUS – Nucl. Phys. B 695 ('04) 3; PLB 680 ('09) 4

W�p = [30, 300] GeV
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down to xB=10-4

Hard scale = large charm/bottom-quark mass 
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Experimental access to GPDs

H1 – EPJ C 46 ('06) 585; 73 ('13) 2466; PLB 541 ('02) 251


ZEUS – Nucl. Phys. B 695 ('04) 3; PLB 680 ('09) 4

W�p = [30, 300] GeV
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Experimental access to GPDs

H1 – EPJ C 46 ('06) 585; 73 ('13) 2466; PLB 541 ('02) 251


ZEUS – Nucl. Phys. B 695 ('04) 3; PLB 680 ('09) 4

W�p = [30, 300] GeV
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Ultra-peripheral collisions
large–impact-parameter interactions

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.

b>R +R

Z
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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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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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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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hadronic interactions strongly suppressed

instead: electromagnetic interactions

photon flux ∝ Z2

System
p
sAB EA EB (a) �A$B (b) E�Max (c) Erest

�Max (d) Wmax
�p (e) x�Max

pPb 115 GeV 7 TeV mB 7515 28 MeV 210 GeV 19.8 GeV 0.03
Pbp 72 GeV 2.76 TeV mB 2946 28 MeV 82 GeV 12.4 GeV 0.03
pPb 5.02 TeV 4 TeV 1.567 TeV 1.43⇥ 107 28 MeV 0.4 PeV 0.86 TeV 0.03
pPb 8.16 TeV 6.5 TeV 2.56 TeV 3.78⇥ 107 28 MeV 1 PeV 1.4 TeV 0.03
pp 13 TeV 6.5 TeV 6.5 TeV 9.6⇥ 107 116 MeV 11 PeV 4.6 TeV 0.12

Table 1: (a) Lorentz boost between nucleon rest frames �A$B ⇡
sAB

2m2
N

; (b) Maximal photon energy in UPC

in emitter rest frame, ~c
bmin

; (c) Max energy of photon in receiver rest frame �A$BE�Max; (d) Maximum

photoproduction centre of mass energy
p

2mAE�max; (e) Maximal momentum fraction transferred to

proton
smax

�N

sNN

. The A/B quantities are per nucleon.

photon PDF is not well constrained. In order to regain some theoretical control it is suggested that some89

kinematic reconstruction be done when making the experimental measurement.90

2 Defining the Signal91

Photoproduction implies a photon induced interaction, see figure 3. In pPb/Pbp collisions due to the92

enhanced photon flux from the Pb ion, the contribution of photon induced interactions from the proton93

can be considered negligible.
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Figure 3: Photoproduction in pPb/Pbp collisions.
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In what follows leading order (LO) partonic processes for colour singlet vector-meson production are95

considered. The first processes that will be discussed are classified as di↵ractive. Di↵ractive processes96

involve a colourless exchange of particles. These contributions are mediated by a photon-Pomeron exchange.97

At LO the Pomeron can be thought of as a two-gluon colour singlet state. This exchange can either leave98

the proton intact or cause the proton to be excited and disassociate. Figures 4a and 4b show what will be99

referred to as the di↵ractive and di↵ractive-dissociative contributions to J/ production respectively. In100

[15] the di↵ractive and di↵ractive-dissociative contributions were distinguished by looking for the presence101

or absence of activity in the forward detectors, to signal a dissociated or intact proton. In ep collisions the102

measured cross-sections for di↵ractive and di↵ractive-dissociative were found to be comparable [15]. The103

p2T distribution was found to be flatter for the di↵ractive-dissociative than for the pure di↵ractive case and104

the W�p distribution was found to be steeper for the di↵ractive-dissociative than for the pure di↵ractive105

contribution [15]. These di↵ractive contributions make up the exclusive signal.106
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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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• Ability to trigger on low pT objects (pT > 400 MeV)
• Low(er) number of visible interactions cf. ATLAS, CMS 
• Forward coverage allows high W and low gluon x to be 

probed in photoproduction

(see also R. McNulty’s talk in this session)
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• low number of interactions
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Measurement of exclusive production at LHCb

QED Double pomeron exchange
(Scalar / tensor mesons)
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Installed for Run 2  (2015-2018) 

• low pT threshold: pT>400 MeV

• particle identification

• no detection around beam line but 

• low number of interactions

  per beam crossing: 1.1–1.5

• large coverage in rapidity
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Exclusive single ѱ production in pp collisions
•Exclusive J/ѱ and ѱ(2S):          7 TeV and part of         13 TeV data (from 2015) 


→ xB down to 2x10-6


•Reconstruction via dimuon decay, with 2<η<4.5.

•No other detector activity.

•Quarkonia J//ѱ and ѱ(2S): 2<y<4.5 and pT<0.8 GeV22
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Exclusive single ѱ production in pp collisions
•Exclusive J/ѱ and ѱ(2S):          7 TeV and part of         13 TeV data (from 2015) 


→ xB down to 2x10-6


•Reconstruction via dimuon decay, with 2<η<4.5.

•No other detector activity.

•Quarkonia J//ѱ and ѱ(2S): 2<y<4.5 and pT<0.8 GeV22
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Figure 1. Invariant mass distribution of dimuon candidates. The J/ψ and ψ(2S) mass windows
of the signal regions are indicated by the vertical lines.

The power of HeRSCheL to discriminate CEP events can be seen in figure 3, which

shows the distributions of χ2
HRC for three classes of low-multiplicity-triggered events. The

first class is CEP-enriched dimuons: events in the nonresonant dimuon sample with

p2T < 0.01GeV2, which has a purity of 97% for electromagnetic CEP events. The second

class, inelastic-enriched J/ψ , applies the nominal J/ψ selections but requires p2T > 1GeV2,

thus selecting inelastic events with proton dissociation. The third class consists of events

with more than four tracks reconstructed. Figure 3 shows that CEP-enriched events have

lower values of χ2
HRC. To select exclusive J/ψ and ψ(2S) candidates, it is required that

log(χ2
HRC) < 3.5; this value is chosen in order to minimise the combined statistical and

systematic uncertainty on the total cross-sections. After the event selections, there are

14 753 J/ψ signal candidates and 440 ψ(2S) signal candidates remaining.

The estimation of the signal efficiency, εH, for the requirement log(χ2
HRC) < 3.5 is

described in section 3.1. Using this, section 3.2 explains how the purity of the signal sample

is estimated. The signal efficiency of all selection requirements is detailed in section 3.3.

3.1 HeRSCheL efficiency of selecting signal events

The efficiency for the veto on HeRSCheL activity is estimated from data using the non-

resonant calibration sample. The fits to the p2T distributions in figure 2 give the numbers

of electromagnetic CEP events with and without the HeRSCheL veto. The ratio of these

gives the efficiency of the veto, which is determined to be εH = 0.723 ± 0.008. The signal

loss includes in particular a contribution from events where there is an additional primary

interaction only seen in the HeRSCheL detector, as well as spill-over from previous col-

lisions, electronic noise and calibration effects, as discussed in ref. [15]. This efficiency,

measured using the nonresonant sample, is applicable to any CEP process, with the same

veto, collected in this data-taking period.

– 4 –

= Bethe-Heitler process
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Exclusive single ѱ production in pp collisions
•Exclusive J/ѱ and ѱ(2S):          7 TeV and part of         13 TeV data (from 2015) 


→ xB down to 2x10-6


•Reconstruction via dimuon decay, with 2<η<4.5.

•No other detector activity.

•Quarkonia J//ѱ and ѱ(2S): 2<y<4.5 and pT<0.8 GeV22
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Figure 1. Invariant mass distribution of dimuon candidates. The J/ψ and ψ(2S) mass windows
of the signal regions are indicated by the vertical lines.

The power of HeRSCheL to discriminate CEP events can be seen in figure 3, which

shows the distributions of χ2
HRC for three classes of low-multiplicity-triggered events. The

first class is CEP-enriched dimuons: events in the nonresonant dimuon sample with

p2T < 0.01GeV2, which has a purity of 97% for electromagnetic CEP events. The second

class, inelastic-enriched J/ψ , applies the nominal J/ψ selections but requires p2T > 1GeV2,

thus selecting inelastic events with proton dissociation. The third class consists of events

with more than four tracks reconstructed. Figure 3 shows that CEP-enriched events have

lower values of χ2
HRC. To select exclusive J/ψ and ψ(2S) candidates, it is required that

log(χ2
HRC) < 3.5; this value is chosen in order to minimise the combined statistical and

systematic uncertainty on the total cross-sections. After the event selections, there are

14 753 J/ψ signal candidates and 440 ψ(2S) signal candidates remaining.

The estimation of the signal efficiency, εH, for the requirement log(χ2
HRC) < 3.5 is

described in section 3.1. Using this, section 3.2 explains how the purity of the signal sample

is estimated. The signal efficiency of all selection requirements is detailed in section 3.3.

3.1 HeRSCheL efficiency of selecting signal events

The efficiency for the veto on HeRSCheL activity is estimated from data using the non-

resonant calibration sample. The fits to the p2T distributions in figure 2 give the numbers

of electromagnetic CEP events with and without the HeRSCheL veto. The ratio of these

gives the efficiency of the veto, which is determined to be εH = 0.723 ± 0.008. The signal

loss includes in particular a contribution from events where there is an additional primary

interaction only seen in the HeRSCheL detector, as well as spill-over from previous col-

lisions, electronic noise and calibration effects, as discussed in ref. [15]. This efficiency,

measured using the nonresonant sample, is applicable to any CEP process, with the same

veto, collected in this data-taking period.

– 4 –
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Figure 4. Transverse momentum squared distributions for (a) J/ψ and (b) ψ (2S)
candidates, where the non-resonant background contribution has been subtracted using
side-bands. The points are data, the solid curve is the total fit while the different
contributions are as described.

follow an exponential dependence, exp (bpdt), with bpd = 1.07 ± 0.11 GeV−2 for J/ψ and
bpd = 0.59 ± 0.17 GeV−2 for ψ (2S) [27]. For larger values of |t| a power law is required [8].

The values of b measured at HERA can be extrapolated to LHC energies using Regge
theory: b(W ) = b0 + 4α′ log(W/W0), with W0 = 90 GeV and α′ = 0.164 ± 0.041 GeV−2 [7]
for the elastic process while α′ = −0.014 ± 0.009 GeV−2 [27] for proton dissociation. This
predicts bs ≈ 6 GeV−2 and bpd ≈ 1 GeV−2 in the LHCb kinematic region.

After the non-resonant contribution has been subtracted using the side-bands indicated in
figure 3, and with the requirement of p2

T < 0.8 GeV2/c2 for the J/ψ and ψ (2S) removed, the
data are fitted to the function

fs

N1
exp

(
− bs p2

Tc2) +
fpd

N2
exp

(
− bpd p2

Tc2) + ffd

N3
Ffd

(
p2

T

)
,

where fs and fpd are the fractions of elastic and proton-dissociative production, respectively,
and ffd is the fraction of feed down fixed to that obtained in section 3.2. The shape of the
distribution for the feed-down contribution, Ffd, is taken from the data using χc → J/ψ γ

and ψ (2S) → J/ψ ππ candidates. The numbers N1, N2 and N3 normalize each of the three
functions to unity in the region p2

T < 0.8 GeV2/c2, while bs and bpd are free parameters.
The result of the fit for the J/ψ sample is shown in figure 4(a). The χ2/ndf of the fit is

115/96 and returns values of bs = 5.70 ± 0.11 GeV−2 and bpd = 0.97 ± 0.04 GeV−2. Below
p2

T = 0.8 GeV2/c2, the signal fraction is 0.597 ± 0.012 and correcting for the non-resonant
contribution gives an overall purity for the J/ψ sample of 0.592 ± 0.012. The result of the fit
for the ψ (2S) sample is shown in figure 4(b). The χ2/ndf of the fit is 11/16 and returns values
of bs = 5.1 ± 0.7 GeV−2 and bpd = 0.8 ± 0.2 GeV−2. Below p2

T = 0.8 GeV2/c2, the signal
fraction is 0.62 ± 0.08 and correcting for the non-resonant contribution gives an overall purity
for the ψ (2S) sample of 0.52 ± 0.07. In both cases, the values obtained for bs and bpd are in
agreement with the extrapolations of HERA results using Regge theory.

A systematic uncertainty is assigned due to the choice of the fit range and the shape
of the parametrization describing the inelastic background. Doubling the range of the fit for
the ψ (2S) candidates changes the signal fraction by 3%. Doubling the range of the fit for
the J/ψ candidates leads to a poor quality fit; a single exponential function does not
describe the background well. For large values of p2

T, the H1 collaboration introduced a
function of the form (1 + bpd p2

T/n)−n which interpolates between an exponential at low p2
T

and a power law at high p2
T [8]. Using this functional form and holding n = 3.58, as determined

12

fit with exponential 
shape from datasignal fraction=0.62±0.08
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Figure 4. Transverse momentum squared distributions for (a) J/ψ and (b) ψ (2S)
candidates, where the non-resonant background contribution has been subtracted using
side-bands. The points are data, the solid curve is the total fit while the different
contributions are as described.

follow an exponential dependence, exp (bpdt), with bpd = 1.07 ± 0.11 GeV−2 for J/ψ and
bpd = 0.59 ± 0.17 GeV−2 for ψ (2S) [27]. For larger values of |t| a power law is required [8].

The values of b measured at HERA can be extrapolated to LHC energies using Regge
theory: b(W ) = b0 + 4α′ log(W/W0), with W0 = 90 GeV and α′ = 0.164 ± 0.041 GeV−2 [7]
for the elastic process while α′ = −0.014 ± 0.009 GeV−2 [27] for proton dissociation. This
predicts bs ≈ 6 GeV−2 and bpd ≈ 1 GeV−2 in the LHCb kinematic region.

After the non-resonant contribution has been subtracted using the side-bands indicated in
figure 3, and with the requirement of p2

T < 0.8 GeV2/c2 for the J/ψ and ψ (2S) removed, the
data are fitted to the function

fs

N1
exp

(
− bs p2

Tc2) +
fpd

N2
exp

(
− bpd p2

Tc2) + ffd

N3
Ffd

(
p2

T

)
,

where fs and fpd are the fractions of elastic and proton-dissociative production, respectively,
and ffd is the fraction of feed down fixed to that obtained in section 3.2. The shape of the
distribution for the feed-down contribution, Ffd, is taken from the data using χc → J/ψ γ

and ψ (2S) → J/ψ ππ candidates. The numbers N1, N2 and N3 normalize each of the three
functions to unity in the region p2

T < 0.8 GeV2/c2, while bs and bpd are free parameters.
The result of the fit for the J/ψ sample is shown in figure 4(a). The χ2/ndf of the fit is

115/96 and returns values of bs = 5.70 ± 0.11 GeV−2 and bpd = 0.97 ± 0.04 GeV−2. Below
p2

T = 0.8 GeV2/c2, the signal fraction is 0.597 ± 0.012 and correcting for the non-resonant
contribution gives an overall purity for the J/ψ sample of 0.592 ± 0.012. The result of the fit
for the ψ (2S) sample is shown in figure 4(b). The χ2/ndf of the fit is 11/16 and returns values
of bs = 5.1 ± 0.7 GeV−2 and bpd = 0.8 ± 0.2 GeV−2. Below p2

T = 0.8 GeV2/c2, the signal
fraction is 0.62 ± 0.08 and correcting for the non-resonant contribution gives an overall purity
for the ψ (2S) sample of 0.52 ± 0.07. In both cases, the values obtained for bs and bpd are in
agreement with the extrapolations of HERA results using Regge theory.

A systematic uncertainty is assigned due to the choice of the fit range and the shape
of the parametrization describing the inelastic background. Doubling the range of the fit for
the ψ (2S) candidates changes the signal fraction by 3%. Doubling the range of the fit for
the J/ψ candidates leads to a poor quality fit; a single exponential function does not
describe the background well. For large values of p2

T, the H1 collaboration introduced a
function of the form (1 + bpd p2

T/n)−n which interpolates between an exponential at low p2
T

and a power law at high p2
T [8]. Using this functional form and holding n = 3.58, as determined
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Figure 4. Transverse momentum squared distributions for (a) J/ψ and (b) ψ (2S)
candidates, where the non-resonant background contribution has been subtracted using
side-bands. The points are data, the solid curve is the total fit while the different
contributions are as described.

follow an exponential dependence, exp (bpdt), with bpd = 1.07 ± 0.11 GeV−2 for J/ψ and
bpd = 0.59 ± 0.17 GeV−2 for ψ (2S) [27]. For larger values of |t| a power law is required [8].

The values of b measured at HERA can be extrapolated to LHC energies using Regge
theory: b(W ) = b0 + 4α′ log(W/W0), with W0 = 90 GeV and α′ = 0.164 ± 0.041 GeV−2 [7]
for the elastic process while α′ = −0.014 ± 0.009 GeV−2 [27] for proton dissociation. This
predicts bs ≈ 6 GeV−2 and bpd ≈ 1 GeV−2 in the LHCb kinematic region.

After the non-resonant contribution has been subtracted using the side-bands indicated in
figure 3, and with the requirement of p2

T < 0.8 GeV2/c2 for the J/ψ and ψ (2S) removed, the
data are fitted to the function

fs

N1
exp

(
− bs p2

Tc2) +
fpd

N2
exp

(
− bpd p2

Tc2) + ffd

N3
Ffd

(
p2

T

)
,

where fs and fpd are the fractions of elastic and proton-dissociative production, respectively,
and ffd is the fraction of feed down fixed to that obtained in section 3.2. The shape of the
distribution for the feed-down contribution, Ffd, is taken from the data using χc → J/ψ γ

and ψ (2S) → J/ψ ππ candidates. The numbers N1, N2 and N3 normalize each of the three
functions to unity in the region p2

T < 0.8 GeV2/c2, while bs and bpd are free parameters.
The result of the fit for the J/ψ sample is shown in figure 4(a). The χ2/ndf of the fit is

115/96 and returns values of bs = 5.70 ± 0.11 GeV−2 and bpd = 0.97 ± 0.04 GeV−2. Below
p2

T = 0.8 GeV2/c2, the signal fraction is 0.597 ± 0.012 and correcting for the non-resonant
contribution gives an overall purity for the J/ψ sample of 0.592 ± 0.012. The result of the fit
for the ψ (2S) sample is shown in figure 4(b). The χ2/ndf of the fit is 11/16 and returns values
of bs = 5.1 ± 0.7 GeV−2 and bpd = 0.8 ± 0.2 GeV−2. Below p2

T = 0.8 GeV2/c2, the signal
fraction is 0.62 ± 0.08 and correcting for the non-resonant contribution gives an overall purity
for the ψ (2S) sample of 0.52 ± 0.07. In both cases, the values obtained for bs and bpd are in
agreement with the extrapolations of HERA results using Regge theory.

A systematic uncertainty is assigned due to the choice of the fit range and the shape
of the parametrization describing the inelastic background. Doubling the range of the fit for
the ψ (2S) candidates changes the signal fraction by 3%. Doubling the range of the fit for
the J/ψ candidates leads to a poor quality fit; a single exponential function does not
describe the background well. For large values of p2

T, the H1 collaboration introduced a
function of the form (1 + bpd p2

T/n)−n which interpolates between an exponential at low p2
T

and a power law at high p2
T [8]. Using this functional form and holding n = 3.58, as determined

12
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Figure 5. Differential cross-sections compared to LO and NLO theory JMRT predictions [28, 29] for
the J/ψ meson (top) and the ψ(2S) meson (bottom). The inner error bar represents the statistical
uncertainty; the outer is the total uncertainty. Since the systematic uncertainty for the ψ(2S) meson
is negligible with respect to the statistical uncertainty, it is almost not visible in the lower figure.

addition of new scintillators in the forward region has resulted in lower backgrounds in pp

collisions at a centre-of-mass energy
√
s = 13TeV compared to the previous measurement

at
√
s = 7TeV. As a consequence, the systematic uncertainty on the J/ψ cross-section

is reduced from 5.6% at
√
s = 7TeV to 2.7% at

√
s = 13TeV, reflecting an improved

understanding of the background proton-dissociation process. After correcting for the

muon acceptance, the cross-sections for the J/ψ and ψ(2S) mesons are compared to theory

and found to be in better agreement with the JMRT NLO rather than LO predictions.

The derived cross-section for J/ψ photoproduction shows a deviation from a pure power-

law extrapolation of H1 data, while the ψ(2S) results are consistent although more data

are required in this channel to make a critical comparison.
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 At low xB, approximate GPD to gluon PDF
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Figure 2. Invariant dimuon mass spectrum for 7TeV and 8TeV data in the rapidity range 2 <
y(Υ) < 4.5 (black points). The fit PDF is superimposed (solid blue line). The Υ(1S, 2S, 3S)
signal components, used to derive weights, are indicated with a long-dashed (red) line, and the
non-resonant background is marked with a short-dashed (grey) line.

The feed-down background is estimated using a combination of data and simulation,

considering χb(mP ) → Υ(nS)γ decays. Events are considered in the data set if exactly

one photon is found in addition to the Υ candidate. Regions in the Υγ invariant mass

spectrum are defined, corresponding to the χb(1P, 2P, 3P ) states, and the number of χb

candidates, Nχb , for each decay χb(mP ) → Υ(nS)γ is counted. An estimate of the total

feed-down content of the Υ data sample from each χb state is found using the expression:

Nfeed-down, χb(mP )→Υ(nS)γ =
Nχb × F

εγ × εmass-range
. (4.1)

Here F is the purity of the Υ(nS) in the corresponding mass window with respect to the

non-resonant µ+µ−γ background, determined by fitting the dimuon mass spectrum for

events with exactly one reconstructed photon; εγ is the efficiency for reconstructing the

photon produced in each χb(mP ) decay, determined using simulated exclusive χb(mP ) →
Υ(nS)γ decays; and εmass-range = 0.9 corrects for the fraction of signal Υ candidates which

are expected to fall outside the mass window. There are too few Υ(3S)γ candidates to

estimate the purity precisely so it is assumed to be 100%. Because of limited mass resolution

and small sample sizes the χb spin states cannot be resolved, so equal contributions from

the χb1(mP ) and χb2(mP ) states are assumed. The χb0 radiative decay rate is expected to

be relatively suppressed and is therefore neglected [23]. The feed-down background yields

are given in table 2.

Since the mass shapes for signal and background do not significantly depend on pT over

the pT range considered, the p2T distribution of the Υ candidates is determined using the

sPlot technique [25]. A fit is then performed to the p2T distribution, shown in figure 3, using

candidates in the full rapidity range 2.0 < y(Υ) < 4.5, with fit components corresponding

to the Υ signal, inelastic background and feed-down background. The fraction of exclusive

signal calculated from this fit is assumed to be the same for each rapidity bin.
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Figure 4. Measurements of exclusive Υ(1S) photoproduction compared to theoretical predictions.
In (a), the Υ(1S) cross-section in bins of rapidity is shown, compared to LO and NLO predictions.
The LHCb measurements are indicated by black points with error bars for uncorrelated errors, and
solid rectangles indicating the total uncertainty. In (b), the photon-proton cross-sections extracted
from the LHCb results are indicated by black points, where the statistical and systematic uncer-
tainties are combined in quadrature. The entire W -region in which these LHCb measurements are
sensitive is indicated. Measurements made by H1 and ZEUS in the low-W region are indicated by
red and blue markers, respectively [4, 5, 7]. Predictions from ref. [1] are included, resulting from
LO and NLO fits to exclusive J/ψ production data. The filled bands indicate the theoretical un-
certainties on the 7TeV prediction and the solid lines indicate the central values of the predictions
for 8TeV. In (b) predictions from ref. [2] using different models for the Υ(1S) wave function are
included, indicated by ‘bCGC’.

cross-section is given by

dσth(pp → pΥ(1S)p)

dy
= S2(W+)

(
k+

dn

dk+

)
σth+ (γp) + S2(W−)

(
k−

dn

dk−

)
σth− (γp), (6.2)

where the predictions for the photon-proton cross-section are weighted by absorptive correc-

tions S2(W±) and the photon fluxes dn
dk±

for photons of energy k± ≈ (MΥ(nS)/2) exp(±|y|).
The absorptive corrections and photon fluxes are computed following ref. [1].

The three bins of Υ(1S) rapidity chosen in this analysis correspond to ranges of W

for the W+ and W− solutions. The contribution to the total cross-section from the W−
solutions is expected to be small and is therefore neglected. The dominant W+ solutions

are therefore estimated assuming that they dominate the cross-section, and are shown in

figure 4b. The magnitude of the theoretical prediction for the W− solutions is added as

a systematic uncertainty. The good agreement with the NLO prediction seen in figure 4a

is reproduced. The LHCb measurements probe a new kinematic region complementary to

that studied at HERA [4, 5, 7], as seen in figure 4b, and discriminate between LO and NLO

predictions. In figure 4b, the LHCb data are also compared to the predictions given in

ref. [2] using models conforming to the colour glass condensate (CGC) formalism [29] that

take into account the t-dependence of the differential cross-section. All agree well with the

data. The solid (black) and dotted (blue) lines correspond to two different models for the

scalar part of the vector-meson wave function.
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ALICE detector  (Run 3)

TPC: |hlab| < 0.9, Muon Detector: 2.5 < hlab < 4 

Run 3 and 4:  New Inner Silicon Tracker, A Muon Forward Tracker
 Continuous readout(*): 50 kHz in Pb-Pb, 200 kHz up to 1 MHz in pp and p-A
(*)The feasible rate also depends on the detector occupancy in a fixed-target mode

central rapidity region:

e+e- and μ+μ- detection

forward rapidity region:

μ+μ- detection
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Fig. 1 Mass distributions of selected dileptons for the dielectron
(upper left) and dimuon (upper right) samples for the central analy-
sis and dimuon samples for the semi-forward (lower left) and semi-
backward (lower right) analyses. In all cases the data are represented

by points with error bars. The solid blue line is a fit to a Crystal-Ball
function plus an exponential distribution, where this last contribution is
shown by a dotted red line

of measurements performed on simulations with those from
real data [35] and amounts to 2% (3%) for the p–Pb (Pb–p)
period. There is also a 0.5% contribution from variations on
the conditions required to match the trigger and the tracking
information of a given muon.

The uncertainties related to triggering in the muon spec-
trometer have been evaluated as in [36]. The efficiency maps
of the trigger chambers have been obtained using data. The
statistical uncertainty on this procedure has been used to vary

the efficiency in simulations, which was then used to esti-
mate a systematic uncertainty of 1%. There is also a small
discrepancy between the efficiency in data and in simula-
tions around the trigger threshold. This gives a contribution
of 1.7% (1.3%) for the p–Pb (Pb–p) period. The addition
in quadrature of these two effects yields the uncertainty on
muon triggering.

The two main contributions to the uncertainty on the
trigger efficiency for the mid-rapidity analysis come from

123
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backward (lower right) analyses. In all cases the data are represented

by points with error bars. The solid blue line is a fit to a Crystal-Ball
function plus an exponential distribution, where this last contribution is
shown by a dotted red line

of measurements performed on simulations with those from
real data [35] and amounts to 2% (3%) for the p–Pb (Pb–p)
period. There is also a 0.5% contribution from variations on
the conditions required to match the trigger and the tracking
information of a given muon.

The uncertainties related to triggering in the muon spec-
trometer have been evaluated as in [36]. The efficiency maps
of the trigger chambers have been obtained using data. The
statistical uncertainty on this procedure has been used to vary

the efficiency in simulations, which was then used to esti-
mate a systematic uncertainty of 1%. There is also a small
discrepancy between the efficiency in data and in simula-
tions around the trigger threshold. This gives a contribution
of 1.7% (1.3%) for the p–Pb (Pb–p) period. The addition
in quadrature of these two effects yields the uncertainty on
muon triggering.

The two main contributions to the uncertainty on the
trigger efficiency for the mid-rapidity analysis come from
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Fig. 1 Mass distributions of selected dileptons for the dielectron
(upper left) and dimuon (upper right) samples for the central analy-
sis and dimuon samples for the semi-forward (lower left) and semi-
backward (lower right) analyses. In all cases the data are represented

by points with error bars. The solid blue line is a fit to a Crystal-Ball
function plus an exponential distribution, where this last contribution is
shown by a dotted red line

of measurements performed on simulations with those from
real data [35] and amounts to 2% (3%) for the p–Pb (Pb–p)
period. There is also a 0.5% contribution from variations on
the conditions required to match the trigger and the tracking
information of a given muon.

The uncertainties related to triggering in the muon spec-
trometer have been evaluated as in [36]. The efficiency maps
of the trigger chambers have been obtained using data. The
statistical uncertainty on this procedure has been used to vary

the efficiency in simulations, which was then used to esti-
mate a systematic uncertainty of 1%. There is also a small
discrepancy between the efficiency in data and in simula-
tions around the trigger threshold. This gives a contribution
of 1.7% (1.3%) for the p–Pb (Pb–p) period. The addition
in quadrature of these two effects yields the uncertainty on
muon triggering.

The two main contributions to the uncertainty on the
trigger efficiency for the mid-rapidity analysis come from
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of measurements performed on simulations with those from
real data [35] and amounts to 2% (3%) for the p–Pb (Pb–p)
period. There is also a 0.5% contribution from variations on
the conditions required to match the trigger and the tracking
information of a given muon.

The uncertainties related to triggering in the muon spec-
trometer have been evaluated as in [36]. The efficiency maps
of the trigger chambers have been obtained using data. The
statistical uncertainty on this procedure has been used to vary

the efficiency in simulations, which was then used to esti-
mate a systematic uncertainty of 1%. There is also a small
discrepancy between the efficiency in data and in simula-
tions around the trigger threshold. This gives a contribution
of 1.7% (1.3%) for the p–Pb (Pb–p) period. The addition
in quadrature of these two effects yields the uncertainty on
muon triggering.

The two main contributions to the uncertainty on the
trigger efficiency for the mid-rapidity analysis come from
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To compare with theoretical predictions, which are generally expressed with-

out fiducial requirements on the muons, the differential cross-sections for J/ψ and

ψ(2S) mesons as functions of the meson rapidity are calculated by correcting for

the branching fractions to muon pairs, B(J/ψ → µ+µ−) = (5.961 ± 0.033)% and

B(ψ(2S) → µ+µ−) = (0.79± 0.09)% [25], and for the fraction of those muons that fall in-

side the fiducial acceptance of the measurement. The fiducial acceptance is determined

using SuperCHIC [19] assuming that the polarisation of the meson is the same as that of

the photon. The acceptance values in bins of meson rapidity are tabulated in table 4 along

with the differential cross-section results. These are plotted in figure 5 and compared to

the theoretical calculations of refs. [28, 29]. Both measurements are in better agreement

with the next-to-LO (NLO) predictions. The χ2/ndf for the J/ψ analysis is 8.1/10 while

for the ψ(2S) analysis, it is 3.0/3. They are less consistent with the LO predictions having

28.5/10 and 11.0/3 for the J/ψ and ψ(2S) analysis, respectively.

The cross-section for the CEP of vector mesons in pp collisions is related to the pho-

toproduction cross-section, σγp→ψp [28],

σpp→pψp = r(W+)k+
dn

dk+
σγp→ψp(W+) + r(W−)k−

dn

dk−
σγp→ψp(W−). (6.1)

Here, r is the gap survival factor, k± ≡ Mψ/2e±y is the photon energy, dn/dk± is the

photon flux and W 2
± = 2k±

√
s is the invariant mass of the photon-proton system. Equa-

tion (6.1) shows that there is a two-fold ambiguity with W+,W− both contributing to one

LHCb rapidity bin. Since the W− solution contributes about one third and as it has been

previously measured at HERA, this term is fixed using the H1 parametrisation of their

results [5]: σγp→J/ψp = a(W/90GeV)δ with a = 81 ± 3 pb and δ = 0.67 ± 0.03. For the

ψ(2S) W− solution, the H1 J/ψ parametrisation is scaled by 0.166, their measured ratio of

ψ(2S) to J/ψ cross-sections [8]. The photon flux is taken from ref. [30] and the gap survival

probabilities are taken from ref. [31]. With these inputs, which for ease of calculation are

reproduced in tables 7 and 8 in the appendix, eq. (6.1) allows the calculation of σγp→ψp at

high values of W beyond the kinematic reach of HERA.

The photoproduction cross-sections for J/ψ and ψ(2S) are shown in figure 6. It includes

a comparison to H1 [5], ZEUS [7] and ALICE [10] results, and at lower W values fixed

target data from E401 [2], E516 [3] and E687 [4]. Also shown are previous LHCb results

at
√
s = 7TeV, recalculated using improved photon flux and gap survival factors. The

13TeV LHCb data are in agreement with the 7TeV results in the kinematic region where

they overlap. However, the 13TeV data extends the W reach to almost 2TeV. Figure 6

also shows the power-law fit to H1 data [5] and it can be seen that this is insufficient to

describe the J/ψ data at the highest energies. In contrast, the data is in good agreement

with the JMRT prediction, which takes account of most of the NLO QCD effects [31] and

deviates from a simple power-law shape at high W .

7 Conclusions

Measurements are presented of the cross-sections times branching fractions for exclusive

J/ψ and ψ(2S) mesons decaying to muons with pseudorapidities between 2.0 and 4.5. The

– 14 –

relation pp and 𝜸p cross section:

• r = gap survival factor

k± =
M 

2
e±y

<latexit sha1_base64="naxP7bPcycOgTpJGIRuaG+qagUk=">AAACDHicbVDNSgMxGMzWv1r/qh69BIvgqezWgl6EghcvQgX7A921ZNNsG5pklyQrLMs+gBdfxYsHRbz6AN58G7PtHrR1IDCZmY/kGz9iVGnb/rZKK6tr6xvlzcrW9s7uXnX/oKvCWGLSwSELZd9HijAqSEdTzUg/kgRxn5GeP73K/d4DkYqG4k4nEfE4GgsaUIy0kYbV2nSYuhHPLt1AIpze5DdFsyxtZOQ+d2CSmZRdt2eAy8QpSA0UaA+rX+4oxDEnQmOGlBo4dqS9FElNMSNZxY0ViRCeojEZGCoQJ8pLZ8tk8MQoIxiE0hyh4Uz9PZEirlTCfZPkSE/UopeL/3mDWAcXXkpFFGsi8PyhIGZQhzBvBo6oJFizxBCEJTV/hXiCTCva9FcxJTiLKy+TbqPunNUbt81aq1nUUQZH4BicAgecgxa4Bm3QARg8gmfwCt6sJ+vFerc+5tGSVcwcgj+wPn8A/iWcKg==</latexit>

•                        = photon energy

dn

dk±
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•          = photon flux

•                             = 𝜸p invariant massW 2
± = 2k±

p
s
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To compare with theoretical predictions, which are generally expressed with-

out fiducial requirements on the muons, the differential cross-sections for J/ψ and

ψ(2S) mesons as functions of the meson rapidity are calculated by correcting for

the branching fractions to muon pairs, B(J/ψ → µ+µ−) = (5.961 ± 0.033)% and

B(ψ(2S) → µ+µ−) = (0.79± 0.09)% [25], and for the fraction of those muons that fall in-

side the fiducial acceptance of the measurement. The fiducial acceptance is determined

using SuperCHIC [19] assuming that the polarisation of the meson is the same as that of

the photon. The acceptance values in bins of meson rapidity are tabulated in table 4 along

with the differential cross-section results. These are plotted in figure 5 and compared to

the theoretical calculations of refs. [28, 29]. Both measurements are in better agreement

with the next-to-LO (NLO) predictions. The χ2/ndf for the J/ψ analysis is 8.1/10 while

for the ψ(2S) analysis, it is 3.0/3. They are less consistent with the LO predictions having

28.5/10 and 11.0/3 for the J/ψ and ψ(2S) analysis, respectively.

The cross-section for the CEP of vector mesons in pp collisions is related to the pho-

toproduction cross-section, σγp→ψp [28],

σpp→pψp = r(W+)k+
dn

dk+
σγp→ψp(W+) + r(W−)k−

dn

dk−
σγp→ψp(W−). (6.1)

Here, r is the gap survival factor, k± ≡ Mψ/2e±y is the photon energy, dn/dk± is the

photon flux and W 2
± = 2k±

√
s is the invariant mass of the photon-proton system. Equa-

tion (6.1) shows that there is a two-fold ambiguity with W+,W− both contributing to one

LHCb rapidity bin. Since the W− solution contributes about one third and as it has been

previously measured at HERA, this term is fixed using the H1 parametrisation of their

results [5]: σγp→J/ψp = a(W/90GeV)δ with a = 81 ± 3 pb and δ = 0.67 ± 0.03. For the

ψ(2S) W− solution, the H1 J/ψ parametrisation is scaled by 0.166, their measured ratio of

ψ(2S) to J/ψ cross-sections [8]. The photon flux is taken from ref. [30] and the gap survival

probabilities are taken from ref. [31]. With these inputs, which for ease of calculation are

reproduced in tables 7 and 8 in the appendix, eq. (6.1) allows the calculation of σγp→ψp at

high values of W beyond the kinematic reach of HERA.

The photoproduction cross-sections for J/ψ and ψ(2S) are shown in figure 6. It includes

a comparison to H1 [5], ZEUS [7] and ALICE [10] results, and at lower W values fixed

target data from E401 [2], E516 [3] and E687 [4]. Also shown are previous LHCb results

at
√
s = 7TeV, recalculated using improved photon flux and gap survival factors. The

13TeV LHCb data are in agreement with the 7TeV results in the kinematic region where

they overlap. However, the 13TeV data extends the W reach to almost 2TeV. Figure 6

also shows the power-law fit to H1 data [5] and it can be seen that this is insufficient to

describe the J/ψ data at the highest energies. In contrast, the data is in good agreement

with the JMRT prediction, which takes account of most of the NLO QCD effects [31] and

deviates from a simple power-law shape at high W .

7 Conclusions

Measurements are presented of the cross-sections times branching fractions for exclusive

J/ψ and ψ(2S) mesons decaying to muons with pseudorapidities between 2.0 and 4.5. The

– 14 –

relation pp and 𝜸p cross section:

• r = gap survival factor

k± =
M 

2
e±y
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•                        = photon energy

dn

dk±
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•          = photon flux

•                             = 𝜸p invariant massW 2
± = 2k±

p
s
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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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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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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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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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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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What object are we probing?

coherent scattering

incoherent scattering

Coherent interaction: interaction with target as a whole.

∼ target remains in same quantum state.


Incoherent interaction: interaction with constituents inside target.

∼ target does not remain in same quantum state.

    Ex.: target dissociation, excitation

Classification of di↵ractive events

Coherent di↵raction:

Target remains in the same quantum state, e.g.
� + p ! J/ + p

Probes average interaction

d��⇤
A!VA

dt
⇠ |hA�⇤

A!VAi⌦|2

h i⌦: average over target configurations ⌦
Recall:

A�⇤
p!Vp ⇠

Z
d2bdzd2r �⇤ V (r , z ,Q2)e�ib·�N⌦(r , xP,b)

Incoherent di↵raction:

E.g. � + p ! J/ + p⇤

Targe proton dissociates (p⇤ ! X ).
Gѫ
�G
W�

|t|

Coherent/Elastic

Incoherent/Breakup

W1 W2 W3 W4

Good, Walker, PRD 120, 1960

Miettinen, Pumplin, PRD 18, 1978

Kovchegov, McLerran, PRD 60, 1999

Kovner, Wiedemann, PRD 64, 2001

Mäntysaari, Rept. Prog. Phys. 83, 2020

Heikki Mäntysaari (JYU) Incoherent di↵raction Mar 23, 2021 4 / 13
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Coherent photoproduction in PbPb at ALICE

Coherent J/y and y 0 photoproduction at midrapidity ALICE Collaboration

The ratio of the 2S to 1S charmonium states is:

s coh
y 0
dy

s coh
J/y
dy

= 0.18 ±0.0185(stat.)±0.028(syst.)±0.005(BR). (8)

Many systematic uncertainties of the J/y and y 0 cross section measurements are correlated and cancel
in the cross section ratio. Since the analysis relies on the same data sample and on the same trigger,
the systematic uncertainties of the luminosity evaluation, trigger efficiency, EMD correction and ITS-
TPC matching of leptons were considered as fully correlated. The AD and V0 offline veto uncertainty
is partially correlated, so the difference of the uncertainties for y 0 and J/y is taken into account in
the uncertainty of the ratio. The systematic uncertainties connected to the signal extraction, incoherent
contamination and the branching ratio are considered uncorrelated between the two measurements. The
dominant uncertainty comes from the uncorrelated part of the AD and V0 veto uncertainty for y 0.

5 Discussion

Figure 6 shows the rapidity-differential cross section of the coherent photoproduction of J/y and y 0 vec-
tor mesons in Pb–Pb UPCs including previous ALICE measurements of J/y at forward rapidity [24].
At midrapidity, J/y measurements performed in absolute rapidity ranges are shown at positive rapidities
and reflected into negative rapidities. The ALICE measurements are compared to several models which
are discussed in the following:

The impulse approximation, taken from STARlight [43], is based on data from exclusive J/y photopro-
duction off protons and neglects all nuclear effects except for the coherence. The square root of the ratio
of experimental cross sections to the impulse approximation is 0.65±0.03 for J/y and 0.66±0.06 for
y 0, where statistical and systematic uncertainties of the ALICE measurements and a conservative 10%
uncertainty on the impulse approximation are added in quadrature. The obtained nuclear suppression
factor reflects the magnitude of the nuclear gluon shadowing factor at typical Bjorken-x values in the
range (0.3,1.4)⇥ 10�3 and is in good agreement with Rg(x ⇠ 10�3) = 0.61+0.05

�0.04 obtained in Ref. [18]
from the J/y cross section measurement in UPCs at

p
sNN = 2.76 TeV.
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Figure 6: Measured differential cross section of the coherent J/y (left) and y 0 (right) photoproduction in Pb–Pb
UPC events. The error bars (boxes) show the statistical (systematic) uncertainties. The theoretical calculations are
also shown. The green band represents the uncertainties of the EPS09 LO calculation.

15
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Results indicate shadowing in gluon PDF:
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Figure 2: Dependence on |t| of the photonuclear cross section for the coherent photoproduction of J/ψ off Pb
compared with model predictions [10, 11, 26] (top panel). Model to data ratio for each prediction in each measured
point (bottom panel). The uncertainties are split to those originating from experiment and to those originating from
the correction to go from the UPC to the photonuclear cross section.
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Disentangling the ambiguity on the ID of the 𝜸 emitter

Make measurement  with

possibility to detect neutrons
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Figure 3: The total coherent J/y photoproduction cross section as a function of W
Pb
gN from the

CMS measurement in PbPb UPCs at
p

s
NN

= 5.02 TeV. Approximated results (implied by the
asterisk) from the ALICE [13, 15] and LHCb [17] experiments are displayed for specific rapidity
regions, where the two-way ambiguity effect is expected to be negligible. The W

Pb
gN values

used correspond to the center of each experiment’s rapidity range. The vertical bars and the
shaded and open boxes represent the statistical, experimental, and theoretical (photon flux)
uncertainties, respectively. The predictions from various theoretical calculations [33, 34, 57–60]
are shown by the curves.

Refs. [61, 62]. On the other hand, the observed behavior is also expected when approaching the
BDL, where major part of the target Pb nucleus becomes completely absorptive to projectile
photons because of the large scattering probability in the presence of dense gluons at small
x [21]. In this scenario, the photon-nucleus cross section approaches the the unitarity limit
allowed by the geometric size of the nucleus. The slow rise in the measured cross section from
about 40 to 400 GeV would then be due to periphery of the nucleus not becoming fully “black.”

To quantify the nuclear effects on the observed gluon density function in a Pb nucleus, a nuclear
gluon suppression factor, R

Pb
g (x, µ2 = 2.4 GeV2) as a function of x and with µ = MJ/y /2, where

µ is the energy scale, is defined as the square root of the ratio of the measured coherent J/y
photoproduction cross section sMeas to the IA prediction sIA, R

Pb
g =

p
sMeas/sIA [63]. The

extracted R
Pb
g values are shown in Fig. 4 as a function of x. The suppression in the relatively

high-x (low W
Pb
gN) region of x > 5 ⇥ 10�3 is moderate, approximately 0.8–0.9. Moving toward

smaller x values, R
Pb
g starts dropping rapidly to 0.4–0.5 for x ⇡ 6 ⇥ 10�5. Similar to the cross

section measurement, no theoretical model predicts the observed values and x dependence of
R

Pb
g over the wide x range reported. If the BDL of strong absorption is reached for x < 5⇥ 10�3,

CMS: 𝜸Pb cross section, energy dependence
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Summary

• Exclusive single-quarkonium production in pp: 

• unique potential to constrain GPDs at very low xB, down to 10-6

• probe universality


• Exclusive single-quarkonium production in pPb:

     cleanest channel to probe the proton in hadron-hadron collisions, since absence of ambiguity


• Exclusive single-quarkonium production in PbPb:

• access to nuclear GPDs

• potential to probe saturation effects

• neutron tagging by CMS: intriguing small linear rise of cross section for W𝞬N>40 GeV


• For all measurements, need double-differential extractions in y and t.



Back up




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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Figure 5. Differential cross-section for (a) J/ψ and (b) ψ (2S) production compared to
LO and NLO predictions of [5]. The band indicates the total uncertainty, most of which
is correlated between bins.

Table 3. Fraction of events in a given meson rapidity range where both muons have
2.0 < η < 4.5.

y range [2.00, 2.25] [2.25,2.50] [2.50,2.75] [2.75,3.00] [3.00,3.25]
Acceptance 0.093 0.289 0.455 0.617 0.735

y range [3.25, 3.50] [3.50,3.75] [3.75,4.00] [4.00,4.25] [4.25,4.50]

Acceptance 0.738 0.624 0.470 0.286 0.103

Table 4. Comparison of this result to various theoretical predictions.

J/ψ (pb) ψ (2S) (pb)

Gonçalves and Machado [29] 275
JMRT [5] 282 8.3
Motyka and Watt [2] 334
Schäfer and Szczurek [30] 317
Starlight [31] 292 6.1
SUPERCHIC [19] 317 7.0
LHCb measured value 291 ± 7 ± 19 6.5 ± 0.9 ± 0.4

uncertainty of 10% for the ψ (2S) measurement. The latter depends on the kinematics of the
decay, is calculated using SUPERCHIC assuming that the J/ψ and ψ (2S) mesons are transversely
polarized, and is given in table 3.

5. Discussion

The integrated cross-section measurements for J/ψ and ψ (2S) mesons decaying to muons with
2.0 < ηµ± < 4.5 are compared to various theoretical predictions in table 4. Good agreement
is found in each case.

The differential distribution for J/ψ production is presented in figure 5(a), where the
extent of the error bars indicates the uncorrelated statistical uncertainties and the band is
the total uncertainty. Jones, Martin, Ryskin and Teubner (JMRT) [5] have obtained LO and
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addition of new scintillators in the forward region has resulted in lower backgrounds in pp

collisions at a centre-of-mass energy
√
s = 13TeV compared to the previous measurement

at
√
s = 7TeV. As a consequence, the systematic uncertainty on the J/ψ cross-section

is reduced from 5.6% at
√
s = 7TeV to 2.7% at

√
s = 13TeV, reflecting an improved

understanding of the background proton-dissociation process. After correcting for the

muon acceptance, the cross-sections for the J/ψ and ψ(2S) mesons are compared to theory

and found to be in better agreement with the JMRT NLO rather than LO predictions.

The derived cross-section for J/ψ photoproduction shows a deviation from a pure power-

law extrapolation of H1 data, while the ψ(2S) results are consistent although more data

are required in this channel to make a critical comparison.

– 15 –

J
H
E
P
1
0
(
2
0
1
8
)
1
6
7

2 3 4

 rapidityψJ/

0

1

2

3

4

5

6

7

8

9

 [
n
b
]

p
ψ

 p
J/

→
 p

p
  

d
yσ

d

JMRT LO

JMRT NLO

=13 TeV)sLHCb (

2 3 4

 rapidity(2S)ψ

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2

 [
n
b
]

(2
S
)p

ψ
 p

→
 p

p
  

d
yσ

d

JMRT LO

JMRT NLO

=13 TeV)sLHCb (

Figure 5. Differential cross-sections compared to LO and NLO theory JMRT predictions [28, 29] for
the J/ψ meson (top) and the ψ(2S) meson (bottom). The inner error bar represents the statistical
uncertainty; the outer is the total uncertainty. Since the systematic uncertainty for the ψ(2S) meson
is negligible with respect to the statistical uncertainty, it is almost not visible in the lower figure.

addition of new scintillators in the forward region has resulted in lower backgrounds in pp

collisions at a centre-of-mass energy
√
s = 13TeV compared to the previous measurement

at
√
s = 7TeV. As a consequence, the systematic uncertainty on the J/ψ cross-section

is reduced from 5.6% at
√
s = 7TeV to 2.7% at

√
s = 13TeV, reflecting an improved

understanding of the background proton-dissociation process. After correcting for the

muon acceptance, the cross-sections for the J/ψ and ψ(2S) mesons are compared to theory

and found to be in better agreement with the JMRT NLO rather than LO predictions.

The derived cross-section for J/ψ photoproduction shows a deviation from a pure power-

law extrapolation of H1 data, while the ψ(2S) results are consistent although more data

are required in this channel to make a critical comparison.

– 15 –

J/ 
<latexit sha1_base64="4Eixe85VZkbVbjuppA1ILbZbsuc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU92tgj0WvIinCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTLd70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etbVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCyc3c7zxRpZkUD2YaUz/CI8FCRrCxUvvuoh9rNihX3KqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8VOsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhHU/ZSJODBVksShMODISzV9HQ6YoMXxqCSaK2VsRGWOFibEBlWwI3vLLq6Rdq3qX1dr9VaVRz+Mowgmcwjl4cA0NuIUmtIDAIzzDK7w50nlx3p2PRWvByWeO4Q+czx8mAo7R</latexit>

 (2S)
<latexit sha1_base64="72bO2UPQBBsJE6RbrM6lQu/9j/M=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmIzHBhtyhiZQkNpYYBUngQvaWATbs7Z27eybkwp+wsdAYW/+Onf/GBa5Q8CWTvLw3k5l5QSy4Nq777eTW1jc2t/LbhZ3dvf2D4uFRS0eJYthkkYhUO6AaBZfYNNwIbMcKaRgIfAjG1zP/4QmV5pG8N5MY/ZAOJR9wRo2V2t1Y83L17rxXLLkVdw6ySryMlCBDo1f86vYjloQoDRNU647nxsZPqTKcCZwWuonGmLIxHWLHUklD1H46v3dKzqzSJ4NI2ZKGzNXfEykNtZ6Ege0MqRnpZW8m/ud1EjOo+SmXcWJQssWiQSKIicjsedLnCpkRE0soU9zeStiIKsqMjahgQ/CWX14lrWrFu6hUby9L9VoWRx5O4BTK4MEV1OEGGtAEBgKe4RXenEfnxXl3PhatOSebOYY/cD5/AAKEj0I=</latexit>

JHEP11(2013)085

JHEP11(2013)085

J. Phys. G 41 (2014) 055009 

p
s = 7 TeV

<latexit sha1_base64="AiLkilf1PFfH9yYFHF0ri45435g=">AAAB/nicbVDJSgNBEO2JW4xbVDx5aQyCpzATA/EiBLx4jJANkiH0dGqSJj2L3TViGAL+ihcPinj1O7z5N3aWgyY+KHi8V0VVPS+WQqNtf1uZtfWNza3sdm5nd2//IH941NRRojg0eCQj1faYBilCaKBACe1YAQs8CS1vdDP1Ww+gtIjCOo5jcAM2CIUvOEMj9fInXX2vMNWT60oX4RFTWofmpJcv2EV7BrpKnAUpkAVqvfxXtx/xJIAQuWRadxw7RjdlCgWXMMl1Ew0x4yM2gI6hIQtAu+ns/Ak9N0qf+pEyFSKdqb8nUhZoPQ480xkwHOplbyr+53US9K/cVIRxghDy+SI/kRQjOs2C9oUCjnJsCONKmFspHzLFOJrEciYEZ/nlVdIsFZ3LYumuXKiWF3FkySk5IxfEIRVSJbekRhqEk5Q8k1fyZj1ZL9a79TFvzViLmWPyB9bnD3Q1lcA=</latexit>

p
s = 7 TeV

<latexit sha1_base64="AiLkilf1PFfH9yYFHF0ri45435g=">AAAB/nicbVDJSgNBEO2JW4xbVDx5aQyCpzATA/EiBLx4jJANkiH0dGqSJj2L3TViGAL+ihcPinj1O7z5N3aWgyY+KHi8V0VVPS+WQqNtf1uZtfWNza3sdm5nd2//IH941NRRojg0eCQj1faYBilCaKBACe1YAQs8CS1vdDP1Ww+gtIjCOo5jcAM2CIUvOEMj9fInXX2vMNWT60oX4RFTWofmpJcv2EV7BrpKnAUpkAVqvfxXtx/xJIAQuWRadxw7RjdlCgWXMMl1Ew0x4yM2gI6hIQtAu+ns/Ak9N0qf+pEyFSKdqb8nUhZoPQ480xkwHOplbyr+53US9K/cVIRxghDy+SI/kRQjOs2C9oUCjnJsCONKmFspHzLFOJrEciYEZ/nlVdIsFZ3LYumuXKiWF3FkySk5IxfEIRVSJbekRhqEk5Q8k1fyZj1ZL9a79TFvzViLmWPyB9bnD3Q1lcA=</latexit>

JHEP 10 (2018) 167 

<latexit sha1_base64="PEoCaurDH3lLK6I3SH/wYPOvFqs=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE81V1R9FjoRTxVsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o5XVtfWNzcJWcXtnd2+/dHDYNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHtanfemLacCUf7DhhQUwGkkecEuuk5t15NzG8Vyp7FW8GvEz8nJQhR71X+ur2FU1jJi0VxJiO7yU2yIi2nAo2KXZTwxJCR2TAOo5KEjMTZLNrJ/jUKX0cKe1KWjxTf09kJDZmHIeuMyZ2aBa9qfif10ltdBNkXCapZZLOF0WpwFbh6eu4zzWjVowdIVRzdyumQ6IJtS6gogvBX3x5mTQvKv5Vxbu/LFdreRwFOIYTOAMfrqEKt1CHBlB4hGd4hTek0At6Rx/z1hWUzxzBH6DPHylVjtw=</latexit>

J/ 

<latexit sha1_base64="HTds657ZBpUOeb8aaL22RUzG1I8=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmIzHBhtwRjZYkNJYYBUngQvaWOdiwt3fu7pkQwp+wsdAYW/+Onf/GBa5Q8CWTvLw3k5l5QSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRS8epYthksYhVO6AaBZfYNNwIbCcKaRQIfAhG9Zn/8IRK81jem3GCfkQHkoecUWOldjfRvFy9O+8VS27FnYOsEi8jJcjQ6BW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yv3dKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNe+xMuk9SgZItFYSqIicnsedLnCpkRY0soU9zeStiQKsqMjahgQ/CWX14lrWrFu6y4txelWj2LIw8ncApl8OAKanADDWgCAwHP8ApvzqPz4rw7H4vWnJPNHMMfOJ8/BdePTQ==</latexit>

 (2S)

<latexit sha1_base64="HTds657ZBpUOeb8aaL22RUzG1I8=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmIzHBhtwRjZYkNJYYBUngQvaWOdiwt3fu7pkQwp+wsdAYW/+Onf/GBa5Q8CWTvLw3k5l5QSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRS8epYthksYhVO6AaBZfYNNwIbCcKaRQIfAhG9Zn/8IRK81jem3GCfkQHkoecUWOldjfRvFy9O+8VS27FnYOsEi8jJcjQ6BW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yv3dKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNe+xMuk9SgZItFYSqIicnsedLnCpkRY0soU9zeStiQKsqMjahgQ/CWX14lrWrFu6y4txelWj2LIw8ncApl8OAKanADDWgCAwHP8ApvzqPz4rw7H4vWnJPNHMMfOJ8/BdePTQ==</latexit>

 (2S)
J. Phys. G: 


Nucl. Part. Phys. 41 (2014) 055002

<latexit sha1_base64="PEoCaurDH3lLK6I3SH/wYPOvFqs=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE81V1R9FjoRTxVsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o5XVtfWNzcJWcXtnd2+/dHDYNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHtanfemLacCUf7DhhQUwGkkecEuuk5t15NzG8Vyp7FW8GvEz8nJQhR71X+ur2FU1jJi0VxJiO7yU2yIi2nAo2KXZTwxJCR2TAOo5KEjMTZLNrJ/jUKX0cKe1KWjxTf09kJDZmHIeuMyZ2aBa9qfif10ltdBNkXCapZZLOF0WpwFbh6eu4zzWjVowdIVRzdyumQ6IJtS6gogvBX3x5mTQvKv5Vxbu/LFdreRwFOIYTOAMfrqEKt1CHBlB4hGd4hTek0At6Rx/z1hWUzxzBH6DPHylVjtw=</latexit>

J/ 

 At low xB, approximate GPD to gluon PDF
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Figure 5. Differential cross-section for (a) J/ψ and (b) ψ (2S) production compared to
LO and NLO predictions of [5]. The band indicates the total uncertainty, most of which
is correlated between bins.

Table 3. Fraction of events in a given meson rapidity range where both muons have
2.0 < η < 4.5.

y range [2.00, 2.25] [2.25,2.50] [2.50,2.75] [2.75,3.00] [3.00,3.25]
Acceptance 0.093 0.289 0.455 0.617 0.735

y range [3.25, 3.50] [3.50,3.75] [3.75,4.00] [4.00,4.25] [4.25,4.50]

Acceptance 0.738 0.624 0.470 0.286 0.103

Table 4. Comparison of this result to various theoretical predictions.

J/ψ (pb) ψ (2S) (pb)

Gonçalves and Machado [29] 275
JMRT [5] 282 8.3
Motyka and Watt [2] 334
Schäfer and Szczurek [30] 317
Starlight [31] 292 6.1
SUPERCHIC [19] 317 7.0
LHCb measured value 291 ± 7 ± 19 6.5 ± 0.9 ± 0.4

uncertainty of 10% for the ψ (2S) measurement. The latter depends on the kinematics of the
decay, is calculated using SUPERCHIC assuming that the J/ψ and ψ (2S) mesons are transversely
polarized, and is given in table 3.

5. Discussion

The integrated cross-section measurements for J/ψ and ψ (2S) mesons decaying to muons with
2.0 < ηµ± < 4.5 are compared to various theoretical predictions in table 4. Good agreement
is found in each case.

The differential distribution for J/ψ production is presented in figure 5(a), where the
extent of the error bars indicates the uncorrelated statistical uncertainties and the band is
the total uncertainty. Jones, Martin, Ryskin and Teubner (JMRT) [5] have obtained LO and
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addition of new scintillators in the forward region has resulted in lower backgrounds in pp

collisions at a centre-of-mass energy
√
s = 13TeV compared to the previous measurement

at
√
s = 7TeV. As a consequence, the systematic uncertainty on the J/ψ cross-section

is reduced from 5.6% at
√
s = 7TeV to 2.7% at

√
s = 13TeV, reflecting an improved

understanding of the background proton-dissociation process. After correcting for the

muon acceptance, the cross-sections for the J/ψ and ψ(2S) mesons are compared to theory

and found to be in better agreement with the JMRT NLO rather than LO predictions.

The derived cross-section for J/ψ photoproduction shows a deviation from a pure power-

law extrapolation of H1 data, while the ψ(2S) results are consistent although more data

are required in this channel to make a critical comparison.
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addition of new scintillators in the forward region has resulted in lower backgrounds in pp

collisions at a centre-of-mass energy
√
s = 13TeV compared to the previous measurement

at
√
s = 7TeV. As a consequence, the systematic uncertainty on the J/ψ cross-section

is reduced from 5.6% at
√
s = 7TeV to 2.7% at

√
s = 13TeV, reflecting an improved

understanding of the background proton-dissociation process. After correcting for the

muon acceptance, the cross-sections for the J/ψ and ψ(2S) mesons are compared to theory

and found to be in better agreement with the JMRT NLO rather than LO predictions.

The derived cross-section for J/ψ photoproduction shows a deviation from a pure power-

law extrapolation of H1 data, while the ψ(2S) results are consistent although more data

are required in this channel to make a critical comparison.
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 At low xB, approximate GPD to gluon PDF
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JMRT prediction, based on gluon PDF:
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Production of charmonium pairs in pp at LHCb
•sensitive to glueballs, tetraquarks

•sensitive to gluon distribution

uncertainty that varies from 0.4% at low momentum to 0.6% at 100 GeV90. The minimum
distance of a track to a primary vertex, the impact parameter, is measured with a resolution of

p(15 29 ) mT μ+ , where pT is the component of momentum transverse to the beam, in GeV.
In addition, the VELO has sensitivity to charged particles with momenta above ∼100MeV in
the pseudorapidity range 3.5 1.5η− < < − (backward region), while extending the sensitivity
of the forward region to 1.5 5η< < .

Different types of charged hadrons are distinguished using information from two ring-
imaging Cherenkov detectors [23]. Photon, electron and hadron candidates are identified by a
calorimeter system consisting of scintillating-pad (SPD) and pre-shower detectors, an elec-
tromagnetic calorimeter and a hadronic calorimeter. The SPD also provides a measure of the
charged particle multiplicity in an event. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional chambers [24]. The trigger [25] consists
of a hardware stage, based on information from the calorimeter and muon systems, followed
by a software stage, which applies a full event reconstruction.

The data used in this analysis correspond to an integrated luminosity of 946 33 pb 1± −

collected in 2011 at a centre-of-mass energy s 7 TeV= and 1985 69 pb 1± − collected in
2012 at s 8 TeV= . The two datasets are combined because the overall yields are low and
the cross-sections are expected to be similar at the two energies. The J ψ and S(2 )ψ mesons
are identified through their decays to two muons, while the χc mesons are searched for in the
decay channels Jcχ ψγ→ . The protons are only marginally deflected by the peripheral
collision and remain undetected inside the beam pipe. Therefore, the signature for exclusive
charmonium pairs is an event containing four muons, at most two photons, and no other
activity. Beam-crossings with multiple proton interactions produce additional activity; in the
2011 (2012) data-taking period the average number of visible interactions per bunch crossing
was 1.4 (1.7). Requiring an exclusive signature restricts the analysis to beam crossings with a
single pp interaction.

Simulated events are used primarily to determine the detector acceptance. No generator
has implemented exclusive J ψ pair production; therefore, the dimeson system is constructed
with the mass and transverse momentum distribution observed in the data, and the rapidity
distribution as predicted for DPE processes by the Durham model [10]. Systematic uncer-
tainties associated with this procedure are discussed in section 5. The dimeson system is
forced to decay, ignoring spin and polarization effects, using the PYTHIA generator [26] and

Figure 1. Representative Feynman diagrams for pairs of charmonia produced through
double pomeron exchange. In the left, one t-channel gluon is much softer than the other
while in the right, they are similar.

90 Natural units are used throughout this paper.
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• 7 and 8 TeV data


• J/ J/ , J/  (2S),  (2S) (2S)
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�J/ J/ = 24± 9 pb
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42% exclusive prod.

a single interaction, and M( ( ))i μμ γ→ is the branching fraction for the meson to decay to
two muons in the case of S-wave states, and two muons and a photon for P-wave states.

The luminosity has been determined with an uncertainty of 3.5% [31]. The factor, fsingle,
accounts for the fact that the selection requirements reject signal events that are accompanied
by a visible proton-proton interaction in the same beam crossing, and is calculated as
described in [2]. The cross-section measurements for 2011 and 2012 data are consistent and
are combined to produce results at an average centre-of-mass energy of 7.6 TeV. All the
numbers entering the cross-section calculation are given in table 1, while the systematic
uncertainties of the quantities in the denominator of equation (2) are summarized in table 2.
Where zero or one candidate is observed, 90% confidence levels (CL) are calculated by
performing pseudo-experiments in which the quantities in equation (2) are varied according to
their uncertainties and pseudo-candidates are generated according to a Poisson distribution.
The upper bound at 90% CL is defined as the smallest cross-section value that in 90% of
pseudo-experiments leads to more candidate events than observed in data. The cross-sections,
at an average energy of 7.6 TeV, for the dimeson system to be in the rapidity range

y2.0 4.5< < with no other charged or neutral energy inside the LHCb acceptance are
measured to be

58 10(stat) 6(syst) pb,

63 (stat) 10(syst) pb,

237 pb,
69 nb,
45 pb,
141 pb,

S

S S

J J

J (2 )
18
27

(2 ) (2 )

c0 c0

c1 c1

c2 c2

σ
σ

σ
σ
σ
σ

= ± ±
= ±
<
<
<
<

ψ ψ

ψψ

ψ ψ

χ χ
χ χ

χ χ

−
+

where the upper limits are at 90% CL. To compare with theory, the elastic fraction is taken to
be 0.42 0.13± , as determined in section 4, to give an estimated cross-section for CEP of
J Jψ ψ of 24 9 pb± , where all the uncertainties are combined in quadrature. Using the
formalism of [12], a preliminary prediction [32] of 8 pb at s 8 TeV= has been obtained.
There is a large uncertainty of a factor two to three on this value due to the gluon parton
density function that enters with the fourth power, the choice of the gap survival factor [33],
and the value of the J ψ wave-function at the origin [7, 11, 34]. Theory and experiment are
observed to be in reasonable agreement, given the large uncertainties that currently exist
on both.

The relative sizes of the cross-sections for exclusive SJ (2 )ψψ and J Jψ ψ production,
assuming a similar elastic fraction, is

S(J (2 ))
(J J )

1.1 ,0.4
0.5σ ψψ

σ ψ ψ = −
+

where the total uncertainty is quoted and most systematics, bar that on the branching
fractions, cancel in the ratio. This is in agreement with a theoretical estimate for this ratio of
about 0.5 [7]. The equivalent quantity measured in exclusive single charmonium production
[2] is

S( (2 ))
(J )

0.17 0.02.
σ ψ

σ ψ = ±

No strong conclusion can be drawn on the higher relative fraction of S(2 )ψ to J ψ in double
charmonium production compared to that in single charmonium production, due to the large
uncertainty.
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cross sections: not corrected for proton dissociation

<latexit sha1_base64="Hy6NGOD4mpHXMRT5dVj/F7qD7o0=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkWom5JIRZelblxWsA9IY5hMJ+3QycwwM5GW0F9x40IRt/6IO//GaZuFth64cDjnXu69JxKUKO2631ZhY3Nre6e4W9rbPzg8so/LHcVTiXAbccplL4IKU8JwWxNNcU9IDJOI4m40vp373ScsFeHsQU8FDhI4ZCQmCGojhXa5LyQXmjv+sDoJmxfBYz20K27NXcBZJ15OKiBHK7S/+gOO0gQzjShUyvdcoYMMSk0QxbNSP1VYQDSGQ+wbymCCVZAtbp8550YZODGXpph2FurviQwmSk2TyHQmUI/UqjcX//P8VMc3QUaYSDVmaLkoTqljfp0H4QyIxEjTqSEQSWJuddAISoi0iatkQvBWX14nncuad1Vz7+uVRjOPowhOwRmoAg9cgwa4Ay3QBghMwDN4BW/WzHqx3q2PZWvBymdOwB9Ynz/J25Oe</latexit>
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passed through a GEANT4 [27] based detector simulation, the trigger emulation and the event
reconstruction chain of the LHCb experiment.

3. Event selection and yields

The hardware trigger used in this analysis requires a single muon candidate with transverse
momentum pT > 400MeV in coincidence with a low SPD multiplicity ( 10< hits). The
software trigger used to select signal events requires two muons with p 400T > MeV.

The analysis is performed in the fiducial region where the dimeson system has a rapidity
between 2.0 and 4.5. The selection of pairs of S-wave charmonia begins by requiring four
reconstructed tracks that incorporate VELO information, for which the acceptance is about
30%. At least three tracks are required to be identified as muons. It is required that there are
no photons reconstructed in the detector and no other tracks that have VELO information.

The invariant masses of oppositely charged muon candidates is shown in the left plot of
figure 2. Accumulations of events are apparent around the J ψ and S(2 )ψ masses. Requiring

Figure 2. Left: invariant masses of pairs of oppositely charged muons in events with
exactly four tracks. Of the two possible ways of combining the muons per event, the
one with the higher value for the lower-mass pair is plotted. Right: invariant mass of
the second pair of tracks where the first pair has a mass consistent with the J ψ or

S(2 )ψ meson. When both masses are consistent with a charmonium, only the candidate
with the higher mass is displayed. The curve shows an exponential fit in the region
below 2500 MeV.

Figure 3. Invariant mass of the four-muon system in (left) J Jψ ψ and (right) SJ (2 )ψψ
events.
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Experimental important points
•Good separation of coherent and incoherent production. Not easy!

Classification of di↵ractive events

Coherent di↵raction:

Target remains in the same quantum state, e.g.
� + p ! J/ + p

Probes average interaction

d��⇤
A!VA

dt
⇠ |hA�⇤

A!VAi⌦|2

h i⌦: average over target configurations ⌦
Recall:

A�⇤
p!Vp ⇠

Z
d2bdzd2r �⇤ V (r , z ,Q2)e�ib·�N⌦(r , xP,b)

Incoherent di↵raction:

E.g. � + p ! J/ + p⇤

Targe proton dissociates (p⇤ ! X ).

Gѫ
�G
W�

|t|

Coherent/Elastic

Incoherent/Breakup

W1 W2 W3 W4

Good, Walker, PRD 120, 1960

Miettinen, Pumplin, PRD 18, 1978

Kovchegov, McLerran, PRD 60, 1999

Kovner, Wiedemann, PRD 64, 2001

Mäntysaari, Rept. Prog. Phys. 83, 2020

Heikki Mäntysaari (JYU) Incoherent di↵raction Mar 23, 2021 4 / 13

t= squared momentum transfer to target
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Experimental important points
•Good separation of coherent and incoherent production. Not easy!

•Coherent production: measurements up to large t:

‣3D or 2D (x independent) transverse position

<latexit sha1_base64="sQjTh1s1c0bN22xcnBsj4AGe3wE="></latexit>Z 1

0
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Experimentally limited by maximum transverse momentum.

Need to extend pT range as much as possible in measurement.

~third diffractive minimum.

Classification of di↵ractive events
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Target remains in the same quantum state, e.g.
� + p ! J/ + p

Probes average interaction

d��⇤
A!VA

dt
⇠ |hA�⇤
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h i⌦: average over target configurations ⌦
Recall:
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p!Vp ⇠

Z
d2bdzd2r �⇤ V (r , z ,Q2)e�ib·�N⌦(r , xP,b)

Incoherent di↵raction:

E.g. � + p ! J/ + p⇤

Targe proton dissociates (p⇤ ! X ).
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Incoherent/Breakup

W1 W2 W3 W4
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•Good separation of coherent and incoherent production. Not easy!

•Coherent production: measurements up to large t:
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~third diffractive minimum.

‣Saturation: 

determine dip position indirectly 

via slope and probe its dependence

With Wɣp

Q ¼ 0. Drastically different patterns for the diffractive t
distribution also emerge between saturation and nonsatu-
ration models for lighter vector meson production such as ρ
and ϕ, with the appearance of multiple dips. Note that the
prospects at the LHeC [4] indicate that access to values of
jtj around 2 GeV2, required to observe the dips for J=ψ, is

challenging. On the other hand, the accuracy that can be
expected at lower jtj should allow us to observe the bending
of the distributions. And lower values of jtj for lighter
vector mesons should be clearly accessible, probably even
at the EIC [3], but for smaller Wγp.
The emergence of single or multiple dips in the t

distribution of the vector mesons in the saturation models
is directly related to the saturation (unitarity) features of the
dipole scattering amplitudeN at large dipole sizes. In order
to more clearly see this effect, let us define a t distribution
of the dipole amplitude in the following way:

dσdipole

dt
¼ 2πj

Z
Λr

0
rdr

Z
d2be−ib·ΔN ðx; r; bÞj2; ð21Þ

where Λr is an upper bound on the dipole size. The above
expression is in fact very similar to Eqs. (1) and (2); see also
Ref. [13]. Note that in Eq. (1), the overlap of photon and
vector meson wave functions gives the probability of
finding a color dipole of transverse size r in the vector
meson wave function and it naturally gives rise to an
implicit dynamical cutoff Λr which varies with kinematics
and the mass of the vector meson. The cutoff Λr is larger at
lower virtualities and for lighter vector mesons. On the
other hand, quantum evolution leads to unitarity constraints
on the amplitude at lower dipole sizes with decreasing
values of x or increasing energies. Thus, by varying the
cutoff Λr, one probes different regimes of the dipole from
color transparency to the saturation regime.
In the 1-Pomeron model, since the impact-parameter

profile of the dipole amplitude is a Gaussian for all values
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Classification of di↵ractive events

Coherent di↵raction:

Target remains in the same quantum state, e.g.
� + p ! J/ + p

Probes average interaction

d��⇤
A!VA

dt
⇠ |hA�⇤

A!VAi⌦|2

h i⌦: average over target configurations ⌦
Recall:

A�⇤
p!Vp ⇠

Z
d2bdzd2r �⇤ V (r , z ,Q2)e�ib·�N⌦(r , xP,b)

Incoherent di↵raction:

E.g. � + p ! J/ + p⇤

Targe proton dissociates (p⇤ ! X ).
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Incoherent production

25

coherent scattering

incoherent scattering

average amplitude over target configurations:

probes average distributions

Incoherent 

= difference between both:

probes event-by-event fluctuations
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FIG. 9: Example of the proton density profile (illustrated as

a trace of the Wilson line) evolution over 5.3 units of rapidity.

The initial condition is MV model (v = 0).

FIG. 10: Example of the proton density profile evolution over

5.3 units of rapidity with ultraviolet modes suppressed in the

initial condition by v = 0.3GeV
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.

FIG. 11: Total coherent di↵ractive J/ photoproduction

cross section as a function of center-of-mass energy W and

compared with H1 [5, 93], ZEUS [6] and ALICE [12] data.

by g4µ2 by requiring that we get a good description of
the H1 spectra at W = 75 GeV [93]. Because of the prob-
lem with non-perturbative contributions from large r to
the di↵ractive cross section, this normalization is di↵er-
ent from what the fit to the reduced charm cross section
would require. Consequently, the parameter set used in
Refs. [15, 16] also cannot reproduce the normalization of

FIG. 12: Coherent (thick lines) and incoherent (thin lines)

J/ photoproduction cross section at W = 75GeV where the

proton parametrization is fixed by the H1 data [93]. Note that

the proton color charge density is also fixed by the J/ data.

The results with and without UV damping in the initial con-

dition are shown.

the charm production data.5

We study the evolution of the di↵ractive cross sections

5 Fortunately, some observables, like the incoherent to coherent
cross section ratio, are rather insensitive to this normalization,
as we will show below.
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CMS results: no requirement on neutron detection 
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Figure 1: The differential coherent J/y production cross section as a function of rapidity in dif-
ferent neutron multiplicity classes: 0n0n, 0nXn, XnXn , and AnAn. Vertical bars and shaded
boxes represent the statistical and systematic uncertainties, respectively. Theoretical predic-
tions from LTA weak/strong shadowing [31] and CD BGK and CD BGW and CD IIM [49]
are shown in curves. Data for the AnAn case are compared to ALICE [16, 20] and LHCb [23]
results.

photon flux uncertainties estimated in this study. Theoretical models [31, 49–52] based on es-
tablished QCD approaches are also shown, including the leading twist pQCD approach (LTA),
color dipole models (CD), and color glass condensate models (bBK, CGC, GG), as well as the
“impulse approximation”(Impulse Approx.) assuming the absence of any nuclear effects.

The energy dependence of the data reveals a unexpected trend. The cross section, s(gPb !
J/yPb), is observed to rapidly rise by more than a factor of 4 at low energies from W

Pb
gN ⇡15 GeV

to 40 GeV. This is consistent with the expectation of fast-growing gluon densities toward small
x values (e.g., from the Impulse Approx.). However, the rapid increasing trend vanishes at
W

Pb
gN > 40 GeV and the cross section becomes more compatible with a slow linear rise of slope

2.98 ± 0.42 (stat.) ±1.06 (syst.)⇥10�5 mb/ GeV up to W
Pb
gN ⇡ 380 GeV. Considering that the

experimental uncertainties are largely correlated across the measured W
Pb
gN range, all the the-

oretical models fail to predict the observed trend in data. This may imply the onset of novel
physics mechanisms in the coherent J/y photoproduction process starting at W

Pb
gN ⇡ 40 GeV.

For example, such behavior is expected when approaching the BDL, where the majority of the
target Pb nucleus becomes completely absorptive to projectile photons because of the extremely
high gluon density at small x [2]. In this scenario, the photon-nucleus cross section is approach-
ing the unitarity limit allowed by the geometrical size of the nucleus. There is still a slow rise in
the cross section from 40 to 400 GeV, which may suggest that the periphery of the nucleus has
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tions from LTA weak/strong shadowing [31] and CD BGK and CD BGW and CD IIM [49]
are shown in curves. Data for the AnAn case are compared to ALICE [16, 20] and LHCb [23]
results.

photon flux uncertainties estimated in this study. Theoretical models [31, 49–52] based on es-
tablished QCD approaches are also shown, including the leading twist pQCD approach (LTA),
color dipole models (CD), and color glass condensate models (bBK, CGC, GG), as well as the
“impulse approximation”(Impulse Approx.) assuming the absence of any nuclear effects.

The energy dependence of the data reveals a unexpected trend. The cross section, s(gPb !
J/yPb), is observed to rapidly rise by more than a factor of 4 at low energies from W

Pb
gN ⇡15 GeV

to 40 GeV. This is consistent with the expectation of fast-growing gluon densities toward small
x values (e.g., from the Impulse Approx.). However, the rapid increasing trend vanishes at
W

Pb
gN > 40 GeV and the cross section becomes more compatible with a slow linear rise of slope

2.98 ± 0.42 (stat.) ±1.06 (syst.)⇥10�5 mb/ GeV up to W
Pb
gN ⇡ 380 GeV. Considering that the
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Figure 1: The differential coherent J/y production cross section as a function of rapidity in dif-
ferent neutron multiplicity classes: 0n0n, 0nXn, XnXn , and AnAn. Vertical bars and shaded
boxes represent the statistical and systematic uncertainties, respectively. Theoretical predic-
tions from LTA weak/strong shadowing [31] and CD BGK and CD BGW and CD IIM [49]
are shown in curves. Data for the AnAn case are compared to ALICE [16, 20] and LHCb [23]
results.

photon flux uncertainties estimated in this study. Theoretical models [31, 49–52] based on es-
tablished QCD approaches are also shown, including the leading twist pQCD approach (LTA),
color dipole models (CD), and color glass condensate models (bBK, CGC, GG), as well as the
“impulse approximation”(Impulse Approx.) assuming the absence of any nuclear effects.
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tablished QCD approaches are also shown, including the leading twist pQCD approach (LTA),
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“impulse approximation”(Impulse Approx.) assuming the absence of any nuclear effects.
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J/yPb), is observed to rapidly rise by more than a factor of 4 at low energies from W
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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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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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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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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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