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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 charm/bottom-quark mass 

gluons!
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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
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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
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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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p(A)

p(A) • 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

Int. J. Mod. Phys. A 30 (2015) 1530022 

3

rapidity

LHCb fully instrumented

detection of charged particles

Run 1

-10

5

2

-1.5
-3.5

10

-5



Measurement of exclusive production at LHCb

QED Double pomeron exchange
(Scalar / tensor mesons)

Photoproduction
(Vector mesons)

Signal: Central system with rapidity gaps down to proton

Background: Proton dissociation; finite detector acceptance 

Introduction
O O O O 

Conclusions

2

Measurements

µ+
<latexit sha1_base64="2g/AoK3boc3ti1RHRxa76z/Ya7w=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuW9BjwYvHCm5baNeSTbNtaJJdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+aes4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0serQbniVt0F0DrxclKBHK1B+as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztCFVYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbRrVa9erd03Ks1GHkcRzuAcLsGDa2jCHbTABwIMnuEV3hzpvDjvzseyteDkM6fwB87nD3bVjmk=</latexit>

µ�
<latexit sha1_base64="EQI/xtw86SvrAGaWkpTNBsXuC1A=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbILJHok8eIRExdIYCXd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCye3c7zxRpVksH8w0oYHAI8kiRrCxkt8X6ePVoFxxq+4CaJ14OalAjtag/NUfxiQVVBrCsdY9z01MkGFlGOF0VuqnmiaYTPCI9iyVWFAdZItjZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VIT3QQZk0lqqCTLRVHKkYnR/HM0ZIoSw6eWYKKYvRWRMVaYGJtPyYbgrb68Ttq1qlev1u4blWYjj6MIZ3AOl+DBNTThDlrgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB3ndjms=</latexit>

p(A)

p(A)

R. McNulty, CEP at LHCb: Measurements and Opportunities 9 

High Rapidity Shower Counters at LHCb 
(HeRSCheL) JINST 13 (2018) P04017 

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

Herschel JHEP 10 (2018) 167 
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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.
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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.
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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
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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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JMRT prediction, based on gluon PDF:
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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±
<latexit sha1_base64="6N5E0cqT0Ag4/GutHxcTyYP018k=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQWdFlw47KCfUATwmQyaYfOTMLMRAgh/oobF4q49UPc+TdO2yy09cCFwzn3cu89Ycqo0o7zbW1sbm3v7Nb26vsHh0fH9snpQCWZxKSPE5bIUYgUYVSQvqaakVEqCeIhI8Nwdjv3h49EKpqIB52nxOdoImhMMdJGCuyGF0uEi0iURTQLCi/lZRnYTaflLADXiVuRJqjQC+wvL0pwxonQmCGlxq6Tar9AUlPMSFn3MkVShGdoQsaGCsSJ8ovF8SW8MEoE40SaEhou1N8TBeJK5Tw0nRzpqVr15uJ/3jjT8Y1fUJFmmgi8XBRnDOoEzpOAEZUEa5YbgrCk5laIp8ikoU1edROCu/ryOhm0W+5Vq33faXY7VRw1cAbOwSVwwTXogjvQA32AQQ6ewSt4s56sF+vd+li2bljVTAP8gfX5A8y7lXg=</latexit>

•          = photon flux

•                             = 𝜸p invariant massW 2
± = 2k±

p
s
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pp: ambiguity in ID of photon emitter
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LHCb used HERA data for low-Eɣ (        ) contribution.
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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
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•          = photon flux

•                             = 𝜸p invariant massW 2
± = 2k±

p
s
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pp: ambiguity in ID of photon emitter



dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.

S. ACHARYA et al. PHYS. REV. D 108, 112004 (2023)

112004-10

8

GPD H
Phys. Rev. D 108 (’23) 112004

J/ψ photoproduction cross section



dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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112004-10

8

pp

ep

pPb

overall compatibility between

pp, Pbp and ep data: hint of 

universality of underlying physics

GPD H
Phys. Rev. D 108 (’23) 112004

J/ψ photoproduction cross section



Exclusive single ϒ production in pp collisions
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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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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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Experimental important points
•Good separation of coherent and incoherent production. Not easy!
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Experimental important points
•Good separation of coherent and incoherent production. Not easy!

•GPDs from coherent production: measurements up to large t:

‣3D or 2D (x independent) transverse position
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Experimental important points
•Good separation of coherent and incoherent production. Not easy!

•GPDs from coherent production: measurements up to large t:

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

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

0
d�? GPD(x, 0,�?) e

�ib?�?

Experimentally limited by maximum transverse momentum.

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

~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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function of jtj within the IP-Sat (saturation) and IP-Sat (1-
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6 Results and discussion

The integrated cross-sections of coherent J/ and  (2S) production in PbPb collisions
are measured in the rapidity region 2.0 < y⇤ < 4.5 as

�coh
J/ = 5.965 ± 0.059 ± 0.232 ± 0.262 mb ,

�coh
 (2S) = 0.923 ± 0.086 ± 0.028 ± 0.040 mb ,

where the first listed uncertainty is statistical, the second is systematic and the third is
due to the luminosity determination. The ratio of the coherent  (2S) to J/ production
cross-sections is measured to be

�coh
 (2S)/�

coh
J/ = 0.155 ± 0.014 ± 0.003 ,

where the first uncertainty is statistical and the second is systematic. The luminosity
uncertainty cancels in the ratio measurement.

The measured di↵erential cross-sections as a function of y⇤ and p⇤T for coherent J/ 
and  (2S) are shown in Figs. 4 and 5, respectively. The cross-section ratio of coherent
 (2S) to J/ production as a function of rapidity is shown in Fig. 6. The numerical values
of the results are reported in Tables 5 – 9 in Appendix A. These results are compared to
several theoretical predictions in Figs. 4, 5 and 6 which can be grouped into models based
on perturbative-QCD (pQCD) [8, 22] and colour-glass-condensate (CGC) [6, 7, 23–28]
calculations.

The models provided by Guzey et al. [8, 22] are based on pQCD calculations under
the leading-logarithm approximation. The exclusive J/ photo-production cross-section
on a proton target is calculated at leading order. The final cross-section is calculated
with the weak and strong leading twist nuclear shadowing (LTA) models (LTA W and
LTA S, respectively) [29], together with the EPS09 [30] and EPPS16 [31, 32] nuclear
parton distribution functions. These models are compatible with the data, with excellent
agreement at high rapidity and a slight trend of underestimation at low rapidity for both
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Gonçalves et al.
bCGC+BG
bCGC+GLC
IP-SAT+BG
IP-SAT+GLC

Figure 4: Di↵erential cross-section as a function y⇤ for coherent (left) J/ and (right)  (2S)
production, compared to theoretical predictions. These models are grouped as (red lines)

perturbative-QCD calculations and (blue lines) colour-glass-condensate models.
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Coherent production in PbPb: y dependence
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Figure 4. Differential cross-section as a function y∗ for coherent (left) J/ψ and (right) ψ(2S)
photoproduction, compared to theoretical predictions.
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where the first uncertainty is statistical and the second is systematic. The luminosity
uncertainty cancels in the ratio measurement.

The measured differential cross-sections for coherent J/ψ and ψ(2S) photoproduction
as functions of y∗ and p∗

T are shown in figures 4 and 5, respectively. The cross-section ratio
of coherent photoproduction between ψ(2S) and J/ψ as a function of rapidity is shown
in figure 6. The data are shown as black points with black error bars for the statistical
uncertainties, red boxes show the systematic uncertainties and the fully correlated uncer-
tainty due to integrated luminosity is labelled separately. In the same figures, the results
are compared to several theoretical predictions. The numerical values of the results are
reported in tables 5–9 in appendix A.

The STARlight prediction is based on the concept of vector meson dominance with
parameters tuned according to previous UPC data [16]. As shown in figures 4 and 5, it
gives a good description of the decreasing slope as a function of y∗ and the shape as a
function of p∗

T, but the overall predicted normalisation is about 20% and 50% higher for
J/ψ and ψ(2S) production, respectively. The ratio between ψ(2S) and J/ψ production in
figure 6 is also well modelled within data uncertainties.
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generating the spin asymmetries. CT3 predictions go further with a deeper connection to the QCD proper-
ties but are based on collinear considerations where the transverse-momentum e↵ect are integrated over in
higher-twist correlators. HE factorisation, only applied to unpolarised collisions so far, is first designed to
treat new e↵ects at large

p
s. As such, care should be taken when using its predictions when

p
s is not very

large, in particular for systems or conditions where TMD factorisation is a priori not applicable. Indeed, the
latter, while being probably the most inclusive in terms of phenomena generated by the kT of the partons, is
also the most restrictive in terms of applicability owing to its ambition to be the most rigorous.

The purpose of this section is to outline the recent progress regarding quarkonium production in pro-
cesses where the transverse-momentum-dependent gluon e↵ects enter, and how the HL-LHC can contribute
to this emerging research domain.

The TMD factorisation framework is briefly introduced in Section 4.1, followed by a discussion in
Section 4.2 on several specificities and open issues related to the treatment of quarkonium production, while
HE factorisation is treated in Sections 4.3 and 4.4. Section 4.5 focuses on various-quarkonium production
processes in unpolarised pp collisions within the TMD factorisation framework, with a special focus on the
unpolarised and the linearly-polarised gluon TMDs, f g

1 and h?g
1 . In Section 4.6, we address the complex

issue of factorisation-breaking e↵ects or, more generally, e↵ects beyond TMD and HE factorisations, and
discuss some easily measurable processes where they can be studied. Finally, in Section 4.7, collisions with
polarised nucleons are considered; these become measurable at the HL-LHC with a polarised target in the
FT mode, allowing one to measure STSAs in quarkonium production to probe e.g. the gluon Sivers e↵ect
accounted for by the TMD and CT3 factorisations and the GPM.

4.1. TMD factorisation in the gluon sector

In the last few years, the field of TMDs has taken a large leap forward. Both the theoretical framework [444–
450] and the phenomenological analyses (see e.g. [451–459]) have developed, including new, higher-order
perturbative calculations (see e.g. [460–466]). This progress, however, has been made mainly in the quark
sector, with the gluon sector lagging behind due to the di�culty in cleanly probing gluons in high-energy
processes.

Gluon TMDs at the leading twist, first analysed and classified in [467], are shown in Table 1, in terms of
both the polarisation of the gluon itself and of its parent hadron. The distribution of unpolarised gluons in-
side an unpolarised hadron, f g

1 , and of circularly polarised gluons inside a longitudinally polarised hadron,
gg

1, correspond (i.e. are matched at large kT through an operator product expansion) to the well-known
collinear unpolarised and helicity gluon PDFs respectively. The distribution of linearly-polarised gluons in
an unpolarised parton, h?g

1 , is particularly interesting, since it gives rise to spin e↵ects even in collisions
of unpolarised hadrons, like at the LHC. The Sivers function, f?g

1T , which encodes the distribution of unpo-
larised gluons in a transversely-polarised nucleon, has a very important role in the description of STSAs.
There is a classification analogous to Table 1 for quark TMDs, and also for both quark and gluon TMD
FFs, which are as relevant as TMD distributions for processes which are sensitive to the role of transverse
dynamics of partons in the fragmentation process.

gluon polarisation

nu
cl

eo
n

po
la

ris
at

io
n

U circular linear

U f g
1 h?g

1

L gg
1 h?g

1L

T f?g
1T gg

1T hg
1, h?g

1T

Table 1: Gluon TMD PDFs at twist 2. U, L, T describe unpolarised, longitudinally polarised and transversely-polarised nucleons.
U, ‘circular’, ‘linear’ stand for unpolarised, circularly polarised and linearly-polarised gluons. Functions in blue (h?g

1 , gg
1T ) are

T -even. Functions in black ( f g
1 , gg

1) are T -even and survive integration over the parton kT . Functions in red (h?g
1L , f ?g

1T ,hg
1, h?g

1T ) are
T -odd.

As is the case for quark TMDs, gluon TMDs contain information on the initial- and/or final-state QCD
interactions of the incoming hadron. Di↵erent types of gluon TMDs exist, distinguished by the precise struc-
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• J/ψ-pair production gives via its #!-spectrum 
and modulations access to the gluon TMDs 
Lansberg et al. 2018, Scarpa et al. 2020

• Probe the transverse momentum of 
the partonic gluons via the observed 
quarkonia: !!" + !#" = $"

• The invariant mass %$$ allows to 
study scale evolution of the TMDs

• Make use of CS-model in which TMD-
factorization breaking effects are 
avoided (@ LO &%&)  

• No TMDShF / smearing effects are 
expected for CS quarkonium at LO

• There are recent measurements of 
this process LHCb 2023

J. 

J/ψ-pair production at LHC to study gluon TMD 
distributions: pushing the limits of the CS

evolution formalism

14/12/2023
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Figure 3. (Top) Measured single differential cross-section in regions of yZ, compared with different
theoretical predictions. In order to present the measurements more clearly, data bands are drawn
wider than the width of the interval. (Bottom) Ratio of theoretical predictions to measured values,
with the horizontal bars showing the uncertainty from the PDFs.
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Figure 4. (Top) Measured single differential cross-section in regions of pZT, compared with different
theoretical predictions. (Bottom) Ratio of ResBos predictions to measurement, with the horizontal
bars showing the uncertainty from the PDFs.
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Figure 6. Measured double differential cross-section as a function of pZT in regions of yZ, compared
with ResBos predictions, with the horizontal bars showing the uncertainty from the PDFs.

tainty. In the large pZT and φ∗
η regions, there are sizable disagreements between data and

predictions. Numerical results and systematic uncertainties are shown in appendix C.

7.2 Correlation matrices

The statistical correlation due to the event migration between regions is determined using
simulation, where the numbers of signal events in different generator-level and reconstruc-
tion-level regions are used. The calculated correlation matrices are shown in appendix B.
There are large correlations in the low pZT region, and small correlations in the high pZT
region. On the other hand, the statistical correlation between regions in yZ or in φ∗

η is
found to be negligible.
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where Fi(0) are hard-scattering coe�cients, wi(0) are the TMD weights common to all
gluon-fusion processes originating from unpolarised proton collisions, and C denotes
the TMD convolutions [17, 18]. The calculation is valid in the TMD region with

pdi-J/ 
T

< hmdi-J/ i/2 [17, 18]. In this analysis, the �CS distribution is measured in the

TMD region pdi-J/ 
T

< 4.1GeV/c, since the average value of mdi-J/ in the whole fiducial
range is hmdi-J/ i = 8.2GeV/c2. The measured �CS distributions with the SPS and DPS
contributions separated are shown in Fig. 7(a). The expectation values hcos 2�CSi and
hcos 4�CSi correspond to half of the ratio of the cosn�CS-modulations present in the TMD
cross-section regarding its �CS-independent component [18], i.e. hcos 2�CSi = b/2a and
hcos 4�CSi = c/2a. They are calculated as
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where the index i denotes each interval, ��CSi is the interval width and �CSi is the interval
centre. The results of hcos 2�CSi and hcos 4�CSi extracted from the �CS distribution for
SPS are

hcos 2�CSi = �0.029± 0.050 (stat)± 0.009 (syst),

hcos 4�CSi = �0.087± 0.052 (stat)± 0.013 (syst),

dominated by statistical uncertainties. The corresponding �CS function given by a+ b⇥
cos(2�CS) + c⇥ cos(4�CS) is overlaid on the SPS result in Fig. 7(b). Its coe�cients are
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Figure 8: Normalised pT spectrum of di-J/ production in di↵erent ydi-J/ intervals, compared

with TMD predictions [18] in the TMD region pdi-J/ 
T

< hmdi-J/ i/2. The average values of the

pdi-J/ 
T

distributions in three ydi-J/ intervals are presented at the top of the figure.

fixed to the values calculated by Eqs. 13 and 14, and the normalisation is fixed to that
of the SPS measurement. The results are consistent with zero, but the presence of an
azimuthal asymmetry at a few percent level is allowed. The prediction of hcos 2�CSi varies
from 0.009 to 0.016 due to nonperturbative uncertainties [18], also consistent with the
measured result given the large uncertainty so far.

The pT spectrum of the di-J/ signals from SPS can also be used to probe the gluon
TMDs, especially f g

1
(x, k2

T
, µ) [17,18]. It was pointed out in Ref. [18] that the variation of

the momentum fractions of the two interacting gluons, x1,2 = mdi-J/ e
±ydi-J/ /

p
s, do not

have significant impact on the shape of the pdi-J/ 
T

spectrum. The pdi-J/ 
T

spectrum is thus
measured in three di↵erent intervals of ydi-J/ for the SPS process, and the cross-section
results are listed in Tables 18 and 19 in Appendix A for SPS+DPS and SPS separately.
The distributions are normalised for comparison in Fig. 8. They are consistent with
each other within the uncertainties. The average values of the pdi-J/ 

T
distributions in

three ydi-J/ intervals are also presented at the top of Fig. 8, and show no significant
variations. The TMD predictions [18], which are only applicable in the TMD region

pdi-J/ 
T

< hmdi-J/ i/2, are also shown in Fig. 8, and peak at higher pdi-J/ 
T

than the measured
distributions.

In addition, the study of the dependence of TMDs on the renormalisation and
rapidity scales, requires a measurement of the pT spectrum at di↵erent mdi-J/ [18].

The di↵erential cross-sections d�/dpdi-J/ 
T

in the three intervals 6 < mdi-J/ < 7GeV/c2,
7 < mdi-J/ < 9GeV/c2 and 9 < mdi-J/ < 24GeV/c2, are listed in Tables 20 and 21 in
Appendix A for SPS+DPS and SPS separately. The normalised pT spectra of the di-J/ 
production for SPS in di↵erent mdi-J/ intervals with the expected values of hmdi-J/ i = 6.6,
7.9 and 11.0GeV/c2, respectively, are compared in Figure 9, with the TMD predictions [18]
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Figure 9: Normalised pT spectrum of di-J/ production in three mdi-J/ intervals with
hmdi-J/ i =6.6, 7.9 and 11.0GeV/c2, compared with TMD predictions [18] in the TMD re-

gion pdi-J/ 
T

< hmdi-J/ i/2. The average values of the pdi-J/ 
T

distributions in three mdi-J/ 

intervals are presented at the top of the figure.

overlaid in the TMD region. According to the prediction, the pT spectrum would broaden
as mdi-J/ increases [18], but no obvious broadening of the pT spectrum can be seen in the

TMD region due to the large uncertainties. The average values of the pdi-J/ 
T

distributions
in three mdi-J/ intervals are also presented at the top of Fig. 9, and slightly increase with
mass.

9 Conclusion

The J/ -pair production cross-section in pp collisions at
p
s = 13TeV is measured to be

16.36± 0.28 (stat)± 0.88 (syst) nb using a data sample corresponding to an integrated
luminosity of 4.2 fb�1 collected by the LHCb experiment, with both J/ mesons in
the range of pT < 14GeV/c and 2.0 < y < 4.5. The contributions from DPS and
SPS are separated based on distinctive �y dependences of their corresponding cross-
sections. The e↵ective cross-section characterising the DPS process is determined to
be �e↵ = 13.1 ± 1.8 (stat) ± 2.3 (syst)mb, and is consistent with most of the existing
measurements. The di↵erential cross-sections in SPS are consistent with the NLO* CS
predictions which are plagued by large theoretical uncertainties. The cross-sections
predicted by PRA+NRQCD overshoot the SPS data at small mdi-J/ and agree with them
at large mdi-J/ .

The gluon TMDs are probed via the �CS distribution and the pdi-J/ 
T

spectrum from
the SPS process. The extracted values of hcos 2�CSi and hcos 4�CSi are consistent with
zero, but the presence of an azimuthal asymmetry at a few percent level is allowed. The
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7 SMOG2 gas feed system

The SMOG apparatus is equipped with a gas feed system, shown in Fig. 2, which allows to
injects gas into the VELO vessel, Fig. 5. This system has only one feed line (used for di↵erent
noble gases), and cannot provide accurate determination of the injected gas flow rate Q.

For SMOG2 a new GFS, schematically shown in Fig. 36, has been designed. This system
includes an additional feed line directly into the cell center via a capillary, Fig. 29. The amount
of gas injected can be accurately measured in order to precisely compute the target densities
from the cell geometry and temperature.

Beyond the constraints requested by LHC and LHCb, the scheme shown in Fig. 36 is a well
established system, operated by the proponents in previous experiments [32, 33].

7.1 Overview

The system consists of four assembly groups, Fig. 36.

Figure 36: The four assembly groups of the SMOG2 Gas Feed System: (i) GFS Main Table, (ii) Gas
Supply with reservoirs, (iii) Pumping Station (PS) for the GFS, and (iv) Feed Lines. The pressure gauges
are labelled AG1 (Absolute Gauge 1), AG2 (Absolute Gauge 2). The two dosing valves are labelled
DVS (Dosing Valve for Stable pressure in the injection volume) and DVC (Dosing Valve for setting the
Conductance). The Feeding Connections include the feeding into the VELO vessel and into the storage
cell. The corresponding valves are labelled CV (Cell Valve), VV (VELO Valve) and SV (Safety Valve). A
Full Range Gauge (FRG) monitors the pressure upstream of the last valves for feeding into the vessel
(VV) and into the Cell (VC). A RGA with restriction and PS will be employed to analyze the composition
of the injected gas (see Sect. 6.4).

(i) GFS Main Table: Table which hosts the main components for the injection of calibrated
gas flow (volumes, gauges, and electro–pneumatic valves), to be located on the balcony at
the P8 cavern;
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Unique kinematical region

At the LHC fixed target pp, pp , pA, Pb-p, Pb-p  or Pb-A collisions, one has unique 
kinematic conditions at the poorly explored energy of √s ~ 100 GeV

7
In addition the exotic region at x>1 can be accessed (Fermi motion) creating a bridge between QCD and nuclear physics
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Fig. 59: Comparison of PDF4LHC15 with the profiled sets with HL-LHC data in scenarios A and C (see text).
The gluon, down quark, up anti-quark, and total strangeness at Q = 10 GeV are shown, normalized to the central
value of the baseline.

large factor of 5 for the 13 TeV measurements is assumed, correcting for the fact that these are based in
the initial datasets which generally have larger systematic errors in comparison to the 8 TeV case. The
name of the corresponding LHAPDF grid is also indicated in each case.

Table 32: The three scenarios for the systematic uncertainties of the HL-LHC pseudo-data assumed in the present
exercise. These scenarios, ranging from conservative to optimistic, differ among them in the reduction factor fred,
eq. (33), applied to the systematic errors of the reference 8 TeV or 13 TeV measurements. The name of the
corresponding LHAPDF grid is also indicated in each case.

Scenario fred (8 TeV) fred (13 TeV) LHAPDF set Comments

A 0.4 0.2 PDF4LHC_nnlo_hllhc_scen3 Optimistic

B 0.7 0.36 PDF4LHC_nnlo_hllhc_scen2 Intermediate

C 1 0.5 PDF4LHC_nnlo_hllhc_scen1 Conservative

Then in Fig. 59 a comparison of the baseline PDF4LHC15 set is presented with the profiled sets
based on HL-LHC pseudo-data from scenarios A and C in Table 32. Specifically, the gluon, down quark,
up anti-quark, and total strangeness at Q = 10 GeV are shown, normalized to the central value of the
baseline. The predictions of scenarios A and C (optimistic and conservative respectively) are observed
to be reasonably similar. This demonstrates that the results are relatively robust against the projections
of how experimental errors will be reduced in HL-LHC measurements. A marked reduction of PDF
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LHCb, a single-arm forward spectrometer perfectly suited 
for fixed target collisions

LHC beam

optimised for studying particles containing c- and b-quarks

2 < η < 5Forward acceptance:

9

JINST	3	(2008)	S08005		
IJMPA	30	(2015)	1530022

Tracking	system	momentum	resolution	
Δp/p	=	0.5%–1.0%	(5	GeV/c	–	100	GeV/c)

LHCb upgrade 2019-2020 
Collision rate at 40 MHz 
Pile-up factor μ ≈ 5 
Remove L0 triggers (software trigger)  
Read out the full detector at 40 MHz 
Replace the entire tracking system

Internal side view

storage cell

WFS

375 mm

VELO

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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Gas Feed System

Openable cell
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It is the only object into 
the LHC primary 

vacuum

SMOG2

inject gas: He, Ne, Ar, and H2, D2

RUN3
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Fixed target at LHCb

Kara Mattioli (LLR/CNRS) Synergies between the LHC and the EIC Workshop

SMOG2 - the SMOG upgrade for Run 3
• SMOG2 is a dedicated cell (20cm long, 1cm diameter) 

for gas injection installed just before the LHCb VELO
• Smaller cell size allows for increased gas densities 

and therefore higher luminosities with respect to 
SMOG, with a luminosity uncertainty of 1-2%

• Equipped with a sophisticated Gas Feed System that 
allows the injection of more gases: H2, D2, Ar, Kr, 
Xe, He, Ne, N2, O2 all possible!

• Can run in parallel with collider mode pp physics 
data taking at LHCb
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Kara Mattioli (LLR/CNRS) Synergies between the LHC and the EIC Workshop

SMOG2 performance in Run 3 

18

1800 1850 1900 1950

]2c) [MeV/+π
−K(M

0

1000

2000

3000

4000

5000

6000

)
2 c

C
an

d
id

at
es

/(
6
.8

 M
eV

/ LHCb preliminary

2022 

Arp=113 GeV  NNs 

 180± = 4200 0
D

N

Data

Fit
+π

−
K→

0
D

Background

3000 3200 3400 3600 3800

]2c) [MeV/+µ−µ(M

0

50

100

150

200

250

300

350

400

)
2 c

C
an

d
id

at
es

/(
1

8
 M

eV
/ LHCb preliminary

2022 

Arp=113 GeV  NNs 

 26± = 443 
ψ/J

N

Data

Fit
+µ−µ →ψ/J

Background

• Excellent  and J/ψ yields from just 
18 minutes of pAr data-taking in 
2022!

D0

LHCb-FIGURE-2023-008

• With 50 pb-1 of pAr data, we expect   
> 15 million J/ψ candidates!

18 minutes of data taking

20



SMOG2

21

GPDs: nucleon and nuclear GPDs in high-xB region

Trigger settings for measurements in UPCs with

SMOG2

March 12, 2020

1 Estimated cross section and event yields

An estimate of the number of exclusively produced dimuons from the Bethe-
Heitler process, J/ , �, ⇢, and �� for data collection with SMOG2 is given
below. Using the starlight and superchic generators, proton-proton, proton-
helium and proton-xenon interactions are simulated at a nucleon-nucleon
centre-of-mass energy of

p
sNN = 115 GeV and a centre-of-mass rapidity of

�2.78 < yCM < 0.2. Cross sections and event yields are simulated for decay
particles with minimal transverse momenta pT as indicated.

The dimuon invariant mass Mµ+µ� for the Bethe-Heitler process (con-
tinuous dimuon production) is restricted to lie in the range: 1.1 GeV<
Mµ+µ� < 9.0 GeV.

The event estimation is based on luminosities of 150 pb�1, 0.1 pb�1, and
22 pb�1, as given in [1], for respectively proton-proton, proton-helium and
proton-xenon data collection. For all but the continuous-dimuon production,
data taking in parallel with the normal beam-beam collisions is considered,
while for the measurement of continuous dimuons, special runs, correspond-
ing to 10% of the quoted luminosities, are considered. For the estimated
number of events, the data selection e�ciency based on measurements from
RUN2 data taking is taken into account.

pT,min[MeV] pp pHe pXe

200 � = 61.931 pb = 686 evts � = 113.6 pb = 0 evts � = 17.6 nb = 29 10
3
evts

300 � = 57.885 pb = 651 evts � = 106.1 pb = 0 evts � = 17.2 nb = 28 10
3
evts

400 � = 48.309 pb = 543 evts � = 91.2 pb = 0 evts � = 15.2 nb = 25 10
3
evts

Table 1: Cross section and event yields for the Bethe-Heitler process with
SMOG2.

1

pT,min[MeV] pp pHe pXe

200 � = 20.575 pb = 2315 evts � = 27.5 pb = 0 evts � = 1.3 nb = 21 10
3
evts

600 � = 20.467 pb = 2302 evts � = 27.3 pb = 0 evts � = 1.3 nb = 21 10
3
evts

800 � = 19.557 pb = 2200 evts � = 26.6 pb = 0 evts � = 1.3 nb = 21 10
3
evts

1000 � = 16.612 pb = 1870 evts � = 24.4 pb = 0 evts � = 1.2 nb = 20 10
3
evts

Table 2: Cross section and event yields for CEP of J/ ! µ+µ� with
SMOG2.

pT,min[MeV] pp pHe pXe

0 � = 8.1 nb = 510 10
3
evts � = 17.9 nb = 752 evts � = 2.5 µb = 23.1 10

6
evts

50 � = 8.0 nb = 504 10
3
evts � = 17.0 nb = 714 evts � = 2.4 µb = 22.2 10

6
evts

100 � = 6.5 nb = 410 10
3
evts � = 12.4 nb = 520 evts � = 1.9 µb = 17.6 10

6
evts

200 � = 2.8 nb = 176 10
3
evts � = 3.0 nb = 126 evts � = 494.0 nb = 4.6 10

6
evts

300 � = 829 pb = 52 10
3
evts � = 665.6 pb = 28 evts � = 89.1 nb = 823 10

3
evts

400 � = 184 pb = 12 10
3
evts � = 109.4 pb = 5 evts � = 11.0 nb = 102 10

3
evts

Table 3: Cross section and event yields for CEP of � ! K+K� with
SMOG2.

2 Proposed trigger settings

• During pp collisions: two, four, six long tracks with minimum trans-
verse momentum pT,min of 500 MeV and consistent with same primary
vertex in SMOG2 target cell region.

• Empty beam: maximal number of velo tracks limited to 10, and no
cut on pT,min nor on invariant mass.
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vertex in SMOG2 target cell region.

• Empty beam: maximal number of velo tracks limited to 10, and no
cut on pT,min nor on invariant mass.

References

[1] A. Bursche et al., Physics opportunities with the fixed-target program of

the LHCb experiment using and unpolarized gas target, LHCb-PUB-2018-
015.

2

<latexit sha1_base64="WLukB+ahB92Isq2PWMyWreEWyxU=">AAACBXicbVDLSgMxFM34rPU16lIXwSIIYp0RRZdFN+Kqgn1AZyyZNNOGJpkhyShl6MaNv+LGhSJu/Qd3/o2ZdhbaeuBeDufcS3JPEDOqtON8WzOzc/MLi4Wl4vLK6tq6vbFZV1EiManhiEWyGSBFGBWkpqlmpBlLgnjASCPoX2Z+455IRSNxqwcx8TnqChpSjLSR2vbO9ZEXK+pJ2u1pJGX0AD2e3B1k7bBtl5yyMwKcJm5OSiBHtW1/eZ0IJ5wIjRlSquU6sfZTJDXFjAyLXqJIjHAfdUnLUIE4UX46umII94zSgWEkTQkNR+rvjRRxpQY8MJMc6Z6a9DLxP6+V6PDcT6mIE00EHj8UJgzqCGaRwA6VBGs2MARhSc1fIe4hibA2wRVNCO7kydOkflx2T8vOzUmpcpHHUQDbYBfsAxecgQq4AlVQAxg8gmfwCt6sJ+vFerc+xqMzVr6zBf7A+vwB/PiYPQ==</latexit>

J/ ! µ+µ�
<latexit sha1_base64="Bmb74J3HJPlKFknvRpo13etOXw8=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLIIglEUWXRTdCNxXsA5q0TKaTZuhkJsxMlBK68VfcuFDErZ/hzr9x2mah1QMXDufcy733BAmjSjvOl1VYWFxaXimultbWNza37O2dphKpxKSBBROyHSBFGOWkoalmpJ1IguKAkVYwvJ74rXsiFRX8To8S4sdowGlIMdJG6tl7XhJR6Ek6iDSSUjzAWve41j3p2WWn4kwB/xI3J2WQo96zP72+wGlMuMYMKdVxnUT7GZKaYkbGJS9VJEF4iAakYyhHMVF+Nn1gDA+N0oehkKa4hlP150SGYqVGcWA6Y6QjNe9NxP+8TqrDSz+jPEk14Xi2KEwZ1AJO0oB9KgnWbGQIwpKaWyGOkERYm8xKJgR3/uW/pHlacc8rzu1ZuXqVx1EE++AAHAEXXIAquAF10AAYjMETeAGv1qP1bL1Z77PWgpXP7IJfsD6+AZrclcE=</latexit>

� ! K+K�

<latexit sha1_base64="RPZvm598TA4WtRN3HHkws+Yq+Wo=">AAACBnicbVDLSgMxFM3UV62vUZciBIsgiGVGFF0W3bisYB/Q1pJJ0zY0kwzJjViGrtz4K25cKOLWb3Dn35jWLrT1wL0czrmX5J4oEdxAEHx5mbn5hcWl7HJuZXVtfcPf3KoYZTVlZaqE0rWIGCa4ZGXgIFgt0YzEkWDVqH858qt3TBuu5A0MEtaMSVfyDqcEnNTydxvA7iGlSgKXVlmDh7gR29vDUTtq+fmgEIyBZ0k4IXk0QanlfzbaitqYSaCCGFMPgwSaKdHAqWDDXMMalhDaJ11Wd1SSmJlmOj5jiPed0sYdpV1JwGP190ZKYmMGceQmYwI9M+2NxP+8uoXOeTPlMrHAJP15qGMFBoVHmeA214yCGDhCqObur5j2iCYUXHI5F0I4ffIsqRwXwtNCcH2SL15M4siiHbSHDlCIzlARXaESKiOKHtATekGv3qP37L157z+jGW+ys43+wPv4BmwCmRE=</latexit>

continuous µ+µ�

exclusive measurements with SMOG2 (RUN3):

total uncertainty on 

cross section: 5-10%{

{special runs
data collection in 

parallel with pp



SMOG2

21

GPDs: nucleon and nuclear GPDs in high-xB region

Trigger settings for measurements in UPCs with

SMOG2

March 12, 2020

1 Estimated cross section and event yields

An estimate of the number of exclusively produced dimuons from the Bethe-
Heitler process, J/ , �, ⇢, and �� for data collection with SMOG2 is given
below. Using the starlight and superchic generators, proton-proton, proton-
helium and proton-xenon interactions are simulated at a nucleon-nucleon
centre-of-mass energy of

p
sNN = 115 GeV and a centre-of-mass rapidity of

�2.78 < yCM < 0.2. Cross sections and event yields are simulated for decay
particles with minimal transverse momenta pT as indicated.

The dimuon invariant mass Mµ+µ� for the Bethe-Heitler process (con-
tinuous dimuon production) is restricted to lie in the range: 1.1 GeV<
Mµ+µ� < 9.0 GeV.

The event estimation is based on luminosities of 150 pb�1, 0.1 pb�1, and
22 pb�1, as given in [1], for respectively proton-proton, proton-helium and
proton-xenon data collection. For all but the continuous-dimuon production,
data taking in parallel with the normal beam-beam collisions is considered,
while for the measurement of continuous dimuons, special runs, correspond-
ing to 10% of the quoted luminosities, are considered. For the estimated
number of events, the data selection e�ciency based on measurements from
RUN2 data taking is taken into account.

pT,min[MeV] pp pHe pXe

200 � = 61.931 pb = 686 evts � = 113.6 pb = 0 evts � = 17.6 nb = 29 10
3
evts

300 � = 57.885 pb = 651 evts � = 106.1 pb = 0 evts � = 17.2 nb = 28 10
3
evts

400 � = 48.309 pb = 543 evts � = 91.2 pb = 0 evts � = 15.2 nb = 25 10
3
evts

Table 1: Cross section and event yields for the Bethe-Heitler process with
SMOG2.
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pT,min[MeV] pp pHe pXe

200 � = 20.575 pb = 2315 evts � = 27.5 pb = 0 evts � = 1.3 nb = 21 10
3
evts

600 � = 20.467 pb = 2302 evts � = 27.3 pb = 0 evts � = 1.3 nb = 21 10
3
evts

800 � = 19.557 pb = 2200 evts � = 26.6 pb = 0 evts � = 1.3 nb = 21 10
3
evts

1000 � = 16.612 pb = 1870 evts � = 24.4 pb = 0 evts � = 1.2 nb = 20 10
3
evts

Table 2: Cross section and event yields for CEP of J/ ! µ+µ� with
SMOG2.

pT,min[MeV] pp pHe pXe

0 � = 8.1 nb = 510 10
3
evts � = 17.9 nb = 752 evts � = 2.5 µb = 23.1 10

6
evts

50 � = 8.0 nb = 504 10
3
evts � = 17.0 nb = 714 evts � = 2.4 µb = 22.2 10

6
evts

100 � = 6.5 nb = 410 10
3
evts � = 12.4 nb = 520 evts � = 1.9 µb = 17.6 10

6
evts

200 � = 2.8 nb = 176 10
3
evts � = 3.0 nb = 126 evts � = 494.0 nb = 4.6 10

6
evts

300 � = 829 pb = 52 10
3
evts � = 665.6 pb = 28 evts � = 89.1 nb = 823 10

3
evts

400 � = 184 pb = 12 10
3
evts � = 109.4 pb = 5 evts � = 11.0 nb = 102 10

3
evts

Table 3: Cross section and event yields for CEP of � ! K+K� with
SMOG2.

2 Proposed trigger settings

• During pp collisions: two, four, six long tracks with minimum trans-
verse momentum pT,min of 500 MeV and consistent with same primary
vertex in SMOG2 target cell region.

• Empty beam: maximal number of velo tracks limited to 10, and no
cut on pT,min nor on invariant mass.
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<latexit sha1_base64="Bmb74J3HJPlKFknvRpo13etOXw8=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLIIglEUWXRTdCNxXsA5q0TKaTZuhkJsxMlBK68VfcuFDErZ/hzr9x2mah1QMXDufcy733BAmjSjvOl1VYWFxaXimultbWNza37O2dphKpxKSBBROyHSBFGOWkoalmpJ1IguKAkVYwvJ74rXsiFRX8To8S4sdowGlIMdJG6tl7XhJR6Ek6iDSSUjzAWve41j3p2WWn4kwB/xI3J2WQo96zP72+wGlMuMYMKdVxnUT7GZKaYkbGJS9VJEF4iAakYyhHMVF+Nn1gDA+N0oehkKa4hlP150SGYqVGcWA6Y6QjNe9NxP+8TqrDSz+jPEk14Xi2KEwZ1AJO0oB9KgnWbGQIwpKaWyGOkERYm8xKJgR3/uW/pHlacc8rzu1ZuXqVx1EE++AAHAEXXIAquAF10AAYjMETeAGv1qP1bL1Z77PWgpXP7IJfsD6+AZrclcE=</latexit>
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total uncertainty on 
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Study the nucleon structure 
Collinear PDFs:  
1-dimensional description of the nucleon structure

Transverse Momentum Dependent (TMD) PDFs: 


3D generalisations of collinear PDFs in momentum space

Include also the dependence on the  
parton transverse momentum 


Best process with SMOG2: unpolarised Drell-Yan 
Theoretically cleanest h-h hard scattering process

Dominant process: 


Probe valence quarks of the target at large  


Sensitive to Boer-Mulder TMD  
Describe the transverse momentum distribution of a 
transversely polarised quark in an unpolarised nucleon

k⊥

q̄(xbeam) + q(xtarget) → μ+μ−

x

h⊥
1

Quark TMDs
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• dominant: !" #$%&' + " #)&*+%) → -.-/
• suppressed: " #$%&' + !" #)&*+%) → -.-/

• Theoretically cleanest hard h-h scattering process
Unpolarized Drell-Yan

[Nature 590, 561 (2021)]

• H & D targets allow to study the antiquark content of the nucleon
• SeaQuest (E906):  1̅ # > !3 # ⟹ sea is not flavour symmetric!

• beam sea quarks probed at small #
• target valence quarks probed at large #

Sensitive to unpol. and BM TMDs for 56 ≪ 899
(violation of Lam-Tung relation)

1:;;<= ∝ ?@!A⨂?@A + cos 2G ℎ@I, !A⨂ℎ@I,A

K∼
ℎ @I
⨂
ℎ @I

E866 @ FNAL

[PRL 102  2009 182001]

• LHCb has excellent --ID & reconstruction for -.-/

• Lattice QCD: M̅(#) ≠ M (#)
[arXiv:1809.04975]

• proton sea more complex 
than originally thought!

• intrinsic heavy quarks?
• Still a lot to be understood
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Process Observable

Transverse Single Spin Asymmetry (TSSA)

AN = 1
P

A = 1
P

σ↑ − σ↓

σ↑ + σ↓

Inclusive C-even quarkonia production 
e.g.  ideal process to study gluon TMDs


Associate quarkonia production 
allows broader kinematic range for TMD factorisation 
but statistically limited in fixed-target collisions

ηc, χc0

Probing the gluon Sivers funct.
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• Sheds light on spin-orbit correlations of unpol. gluons inside a transv. pol. proton
• sensitive to gluon OAM
• can be accessed through the measurement of the TSSAs in inclusive heavy meson production

() =
1
*
+↑ − +↓
+↑ + +↓ ∝ "!%$" &, , '$, ⨂"" &- , '$- ⨂/+""→//" sin30 +⋯

LHCspin simulation

 !! → ⁄$ %&  ( ⁄$ % → '')

Predictions for pol. FT meas. at LHC (LHCspin-like) [Phys. Rev. D 102, 094011 (2020)]
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FIG. 7: Maximized values for AN for the process pp" ! J/ +X at
p
s = 115 GeV and PT = 3 GeV as a function of xF (left

panel) and at y = �2 as a function of PT (right panel), obtained adopting the CGI-GPM and GPM approaches, within the CS

model and NRQCD (BK11 set). Notice that here negative rapidities correspond to the forward region for the polarized proton.

IV. CONCLUSIONS

In this paper we have extended, and somehow completed, a detailed analysis of SSAs for J/ production in pp

collisions within a phenomenological TMD scheme. This study started in a previous paper, where, employing the
Color-Singlet Model for quarkonium formation, we compared the Generalized Parton Model and the Color-Gauge-
Invariant GPM. It has been then continued quite recently in a second work, adopting the NRQCD framework within
the GPM. Here we have eventually considered its extension within the CGI-GPM. The main interest of this analysis
is to see whether and to what extent one can extract information on the poorly known gluon Sivers function, focusing
only on this specific process.

We have considered all relevant subprocesses in NRQCD, both for the 2 ! 1 and the 2 ! 2 channels, including
e↵ects of initial and final state interactions, in the one-gluon-exchange approximation. This leads to the introduction
of new color factors, diagram by diagram, and the computation of modified hard scattering amplitudes. In such a way
one can move the process dependence, coming from ISIs and FSIs, into the hard parts, factorizing the corresponding
TMDs. One, well-known, outcome of this approach is the appearance of two independent gluon Sivers functions,
referred to as the d-type and the f -type distributions.

We have then calculated the maximized contributions to AN , separately for the gluon and the quark Sivers e↵ects,
adopting the kinematics of the PHENIX experiment, for which data are available. The main findings are that the
quark as well as the d-type gluon Sivers functions, even if maximized, give almost negligible contributions to the SSA,
leaving at work, as in the CSM, only the f -type GSF. On the other hand, within NRQCD this contribution is also
generally quite small and could be relatively sizeable only at forward rapidities and PT around 2-3 GeV, at least for
the two LDME sets considered.

Therefore, while within the GPM, the GSF could be easily constrained by PHENIX SSA data for J/ production
alone, the situation in the CGI-GPM is quite di↵erent. Indeed, if one adopts the CSM, the f -type GSF (the only one
active) gives still a potentially sizeable contribution; on the contrary, in full NRQCD it could be hardly constrained,
and definitely not in the backward region.

We have also presented some maximized estimates of AN , for the kinematics reachable at LHC in a fixed target
mode, showing similar features as those discussed for PHENIX setup.

More data, with higher statistics, could certainly help in shedding light on the role of the gluon Sivers function, as
well as on its process dependence.
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preserved. While, in principle, the polarization uncertain-
ties do not affect AN symmetrically due to the fact that
AN / 1

P , the difference in the value of the uncertainties

scaling to larger and smaller magnitudes of AN is less than
the precision shown.

As the functional form of the asymmetry in xF and pT is
completely unknown, no correction has been made for
potential smearing effects. A simulation study was per-
formed assuming a linear dependence of AN on xF, and it
was found that smearing effects were less than 10% of the
value of the input asymmetry.

The measured asymmetry at forward xF is negative,
!0:086" 0:026" 0:003, with a statistical significance
from zero of 3:3!, suggesting a nonzero trigluon correla-
tion function in transversely polarized protons and, if well
defined as a universal function in the reaction pþ p !
J=c þ X, a nonzero gluon Sivers function. Two indepen-
dent trigluon correlation functions exist [33,47]. In princi-
ple, based on a single nonzero measured SSA, a lower
bound could be placed on a combination of the two tri-
gluon correlation functions. However, it should be noted
that the two functions could have opposite signs, leading to
partial cancellations in the asymmetry, so correlations of
larger magnitude would not be excluded. In order to extract
the two independent correlation functions, a second mea-
surement in which the functions enter in a different combi-
nation would be necessary. Such a measurement could be

the transverse SSA for open charm (Dþ or D0) or open
anticharm (D! or !D) in SIDIS [33,34] or pþ p [31], or
direct photons in pþ p [47].
A nonzero transverse SSA in J=c production in pþ p

generated by gluon dynamics may seem surprising given
the SSAs consistent with zero in midrapidity neutral pion
production at PHENIX [35] and semi-inclusive charged
hadron production at COMPASS [11]. However, the details
of color interactions have been shown to play a major role
in SSAs [28], so further theoretical development will be
necessary before we fully understand the relationships
among these measured asymmetries. As discussed in
Ref. [23], a nonzero transverse SSA in J=c production
in polarized pþ p collisions generated by a gluon Sivers
TMD would be evidence against large contributions from
color-octet diagrams for J=c production. If a gluon Sivers
TMD is in fact well defined and nonzero, a new experi-
mental avenue has been opened up to probe the J=c
production mechanism, a long-standing question in QCD.
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Heavy-quark production 
Most efficient way to 
access gluon dynamics  

Gluon fusion: main 
channel @LHC Fourier decomposition 

: dominant term in the expansion

: azimuthal amplitude  

sensitive to Gluon Sivers function

sin(ϕS)
Asin(ϕS)

Asin(ϕS) ∝ f g
1 ⊗ f⊥g

1T

Gluon Sivers function

Dominant term

AN ∝ Asin(ϕs) sin(ϕS) + . . .
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• Sheds light on spin-orbit correlations of unpol. gluons inside a transv. pol. proton
• sensitive to gluon OAM
• can be accessed through the measurement of the TSSAs in inclusive heavy meson production
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FIG. 7: Maximized values for AN for the process pp" ! J/ +X at
p
s = 115 GeV and PT = 3 GeV as a function of xF (left

panel) and at y = �2 as a function of PT (right panel), obtained adopting the CGI-GPM and GPM approaches, within the CS

model and NRQCD (BK11 set). Notice that here negative rapidities correspond to the forward region for the polarized proton.

IV. CONCLUSIONS

In this paper we have extended, and somehow completed, a detailed analysis of SSAs for J/ production in pp

collisions within a phenomenological TMD scheme. This study started in a previous paper, where, employing the
Color-Singlet Model for quarkonium formation, we compared the Generalized Parton Model and the Color-Gauge-
Invariant GPM. It has been then continued quite recently in a second work, adopting the NRQCD framework within
the GPM. Here we have eventually considered its extension within the CGI-GPM. The main interest of this analysis
is to see whether and to what extent one can extract information on the poorly known gluon Sivers function, focusing
only on this specific process.

We have considered all relevant subprocesses in NRQCD, both for the 2 ! 1 and the 2 ! 2 channels, including
e↵ects of initial and final state interactions, in the one-gluon-exchange approximation. This leads to the introduction
of new color factors, diagram by diagram, and the computation of modified hard scattering amplitudes. In such a way
one can move the process dependence, coming from ISIs and FSIs, into the hard parts, factorizing the corresponding
TMDs. One, well-known, outcome of this approach is the appearance of two independent gluon Sivers functions,
referred to as the d-type and the f -type distributions.

We have then calculated the maximized contributions to AN , separately for the gluon and the quark Sivers e↵ects,
adopting the kinematics of the PHENIX experiment, for which data are available. The main findings are that the
quark as well as the d-type gluon Sivers functions, even if maximized, give almost negligible contributions to the SSA,
leaving at work, as in the CSM, only the f -type GSF. On the other hand, within NRQCD this contribution is also
generally quite small and could be relatively sizeable only at forward rapidities and PT around 2-3 GeV, at least for
the two LDME sets considered.

Therefore, while within the GPM, the GSF could be easily constrained by PHENIX SSA data for J/ production
alone, the situation in the CGI-GPM is quite di↵erent. Indeed, if one adopts the CSM, the f -type GSF (the only one
active) gives still a potentially sizeable contribution; on the contrary, in full NRQCD it could be hardly constrained,
and definitely not in the backward region.

We have also presented some maximized estimates of AN , for the kinematics reachable at LHC in a fixed target
mode, showing similar features as those discussed for PHENIX setup.

More data, with higher statistics, could certainly help in shedding light on the role of the gluon Sivers function, as
well as on its process dependence.
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preserved. While, in principle, the polarization uncertain-
ties do not affect AN symmetrically due to the fact that
AN / 1

P , the difference in the value of the uncertainties

scaling to larger and smaller magnitudes of AN is less than
the precision shown.

As the functional form of the asymmetry in xF and pT is
completely unknown, no correction has been made for
potential smearing effects. A simulation study was per-
formed assuming a linear dependence of AN on xF, and it
was found that smearing effects were less than 10% of the
value of the input asymmetry.

The measured asymmetry at forward xF is negative,
!0:086" 0:026" 0:003, with a statistical significance
from zero of 3:3!, suggesting a nonzero trigluon correla-
tion function in transversely polarized protons and, if well
defined as a universal function in the reaction pþ p !
J=c þ X, a nonzero gluon Sivers function. Two indepen-
dent trigluon correlation functions exist [33,47]. In princi-
ple, based on a single nonzero measured SSA, a lower
bound could be placed on a combination of the two tri-
gluon correlation functions. However, it should be noted
that the two functions could have opposite signs, leading to
partial cancellations in the asymmetry, so correlations of
larger magnitude would not be excluded. In order to extract
the two independent correlation functions, a second mea-
surement in which the functions enter in a different combi-
nation would be necessary. Such a measurement could be

the transverse SSA for open charm (Dþ or D0) or open
anticharm (D! or !D) in SIDIS [33,34] or pþ p [31], or
direct photons in pþ p [47].
A nonzero transverse SSA in J=c production in pþ p

generated by gluon dynamics may seem surprising given
the SSAs consistent with zero in midrapidity neutral pion
production at PHENIX [35] and semi-inclusive charged
hadron production at COMPASS [11]. However, the details
of color interactions have been shown to play a major role
in SSAs [28], so further theoretical development will be
necessary before we fully understand the relationships
among these measured asymmetries. As discussed in
Ref. [23], a nonzero transverse SSA in J=c production
in polarized pþ p collisions generated by a gluon Sivers
TMD would be evidence against large contributions from
color-octet diagrams for J=c production. If a gluon Sivers
TMD is in fact well defined and nonzero, a new experi-
mental avenue has been opened up to probe the J=c
production mechanism, a long-standing question in QCD.
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Collinear PDFs:  
1-dimensional description of the nucleon structure

Transverse Momentum Dependent (TMD) PDFs: 


3D generalisations of collinear PDFs in momentum space

Include also the dependence on the  
parton transverse momentum 


Best process with SMOG2: unpolarised Drell-Yan 
Theoretically cleanest h-h hard scattering process

Dominant process: 


Probe valence quarks of the target at large  


Sensitive to Boer-Mulder TMD  
Describe the transverse momentum distribution of a 
transversely polarised quark in an unpolarised nucleon
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• dominant: !" #$%&' + " #)&*+%) → -.-/
• suppressed: " #$%&' + !" #)&*+%) → -.-/

• Theoretically cleanest hard h-h scattering process
Unpolarized Drell-Yan

[Nature 590, 561 (2021)]

• H & D targets allow to study the antiquark content of the nucleon
• SeaQuest (E906):  1̅ # > !3 # ⟹ sea is not flavour symmetric!

• beam sea quarks probed at small #
• target valence quarks probed at large #

Sensitive to unpol. and BM TMDs for 56 ≪ 899
(violation of Lam-Tung relation)

1:;;<= ∝ ?@!A⨂?@A + cos 2G ℎ@I, !A⨂ℎ@I,A

K∼
ℎ @I
⨂
ℎ @I

E866 @ FNAL

[PRL 102  2009 182001]

• LHCb has excellent --ID & reconstruction for -.-/

• Lattice QCD: M̅(#) ≠ M (#)
[arXiv:1809.04975]

• proton sea more complex 
than originally thought!

• intrinsic heavy quarks?
• Still a lot to be understood
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Proposal for Run 5: 

Fixed target at LHCb
SMOG2                  Collider mode

! = 13 TeV

!%% = 8.2 TeV

!%% = 5 TeV

Fixed-target mode

!%% = 72 GeV

!%% = 115 GeV

6L.L. Pappalardo  - LHCspin kick-off meeting  - Ferrara  - July 15-16  2019

Types of collisions at LHCb

!%% = 115 GeV

protons                                     protons, deuterons

SM
OG, SM

OG2
PGT



Proposal for Run 5: 

Fixed target at LHCb
SMOG2                  

⟶ access to spin-dependent PDFs, 

      TMD PDFs and GPDs at the LHC

Collider mode

! = 13 TeV

!%% = 8.2 TeV

!%% = 5 TeV

Fixed-target mode

!%% = 72 GeV

!%% = 115 GeV

5L.L. Pappalardo  - LHCspin kick-off meeting  - Ferrara  - July 15-16  2019

Types of collisions at LHCb

!%% = 115 GeV

protons                                     protons, deuterons

SM
OG, SM

OG2
PGT
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Table 16

Compilation inspired by [1,27] of the relevant parameters for the future or planned polarised DY experiments. The effective polarisation (Peff) is
a beam polarisation (where relevant) or an average polarisation times a (possible) average dilution factor hf i (for a gas target, similar to the one
developed for HERMES [102,299]) or a target polarisation times an average dilution factor hf i (for the targets used by COMPASS and E1039). For the
AFTER@LHCb, AFTER@ALICECB and AFTER@ALICEµ lines, the numbers correspond to a gas target with a storage cell (see Table 11 and Table 12)
and 4 < M`` < 9 GeV (for the x" range). F is the (instantaneous) spin figure of merit of the set-up defined as F = L P

2
eff

P
i Ai , with L being the

instantaneous luminosity. We stress that the values of F between different set-ups should be compared with care as it does not account for isospin
and nuclear effects (via the variation of f for instance) or acceptance effects neither for any energy or kinematical dependences of the DY production
cross section which both alter the measured rates and the uncertainty of the asymmetry measurements. We refer to Section 3.2 for more details.
Experiment Colliding systems Beam energy [GeV]

p
s [GeV] x"

L [cm�2 s�1] Peff F [cm�2 s�1]
AFTER@LHCb: z = 0

pH" 7000 115
0.05 ÷ 0.95

9.2 ⇥ 1032 80% 5.9 ⇥ 1032AFTER@LHCb: z = �0.4 m 0.02 ÷ 0.95
AFTER@LHCb: z = �1.5 m 0.01 ÷ 0.15

AFTER@LHCb: z = 0
p3He" 7000 115

0.05 ÷ 0.95
1.3 ⇥ 1033 23% 2.1 ⇥ 1032AFTER@LHCb: z = �0.4 m 0.02 ÷ 0.95

AFTER@LHCb: z = �1.5 m 0.01 ÷ 0.15

AFTER@LHCb: z = 0
pD" 7000 115

0.05 ÷ 0.95
5.6 ⇥ 1032 78% 6.8 ⇥ 1032AFTER@LHCb: z = �0.4 m 0.02 ÷ 0.95

AFTER@LHCb: z = �1.5 m 0.01 ÷ 0.15
AFTER@ALICEµ: z = 0

pH" 7000 115
0.10 ÷ 0.70

2.6 ⇥ 1031 80% 1.7 ⇥ 1031AFTER@ALICEµ: z = �4.7 m 0.08 ÷ 0.35
AFTER@ALICECB: z = �4.7 m 0.40 ÷ 0.95

COMPASS (CERN) [300] ⇡�NH"

3 190 19 0.05 ÷ 0.55 2.0 ⇥ 1032 16% 8.7 ⇥ 1031

⇡� 6LiD 8.2 ⇥ 1032 22% 3.2 ⇥ 1032

PHENIX/STAR (RHIC) [301] p"p" collider 510 0.05 ÷ 0.10 2.0 ⇥ 1032 50% 5.0 ⇥ 1031

E1039 (FNAL) [302] pNH"

3 120 15 0.10 ÷ 0.45 3.9 ⇥ 1034 15% 1.5 ⇥ 1034

E1027 (FNAL) [296] p"H2 120 15 0.35 ÷ 0.90 1.0 ⇥ 1035 60% 7.2 ⇥ 1034

NICA (JINR) [303] p"p collider 26 0.10 ÷ 0.80 1.0 ⇥ 1032 70% 4.9 ⇥ 1031

fsPHENIX (RHIC) [304] p"p" collider 200 0.10 ÷ 0.50 8.0 ⇥ 1031 60% 2.9 ⇥ 1031

fsPHENIX (RHIC) [304] p"p" collider 510 0.05 ÷ 0.60 6.0 ⇥ 1032 50% 1.5 ⇥ 1032

PANDA (GSI) [305] p̄H" 15 5.5 0.20 ÷ 0.40 2.0 ⇥ 1032 20% 8.0 ⇥ 1030

Fig. 31. (a) Two predictions (denoted AD’AM [298] and EIKV [294]) of the DY AN as a function of x" at AFTER@LHC, compared to the projected
precision of the measurement [306]. The bands are filled in the region where the fits use existing SIDIS data, i.e. for x" . 0.3, and hollow where
they are extrapolations. (b) Similar projections for the DY AN as a function of x" in p+3He" collisions at

p
s = 115 GeV [306]. [In both cases, the

bars show the statistical uncertainties for the quoted luminosities accounting for the background subtraction and polarisation-dilution effects].

predictions for DY measurements. In the case of 3He", a polarisation of P = 70% can be achieved [102]. However, the
effective polarisation, Peff, is diluted by a factor of 3 since only the neutron is polarised in the 3He". The projections
for 3He" are prepared based on simulations for pp collisions and applying corrections to account for change in signal and
background yields. The combinatorial background is proportional to the number of binary nucleon–nucleon collisions Ncoll,
thus the background increases by a factor Ncoll ⇡

p
3 compared to pp. An additional isospin factor of 9/6 for DY studies

is included. The available integrated luminosity of 2.5 fb�1 will allow for an exploratory measurement for DY production
and precision study for quarkonium production (see Section 5.2.2).
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Sivers TMD PDF

via Drell-Yan asymmetry
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Figure 1: (a),(b) Simple QED example for process-dependence of the Sivers functions in DIS and

the Drell-Yan process. (c),(d) Same for QCD.

case is “initial-state” and is between the remnant of the transversely polarized “hadron” and the

initial parton from the other, unpolarized, “hadron”. These necessarily have identical charges,

and the interaction is repulsive. As a result, the spin-effect in this case needs to be of opposite

sign as that in DIS.

These simple models are readily generalized to true hadronic scattering in QCD. In DIS, the

final-state interaction is through a gluon exchanged between the 3 and 3̄ states of the struck quark
and the nucleon remnant, which is attractive, as indicated in Fig. 1(c). In the Drell-Yan process,

the interaction is between the 3 and 3 states (or 3̄ and 3̄) and therefore repulsive, as shown in
Fig. 1(d). This is the essence of the – by now widely quoted – result that the Sivers functions

contributing to DIS and to the Drell-Yan process have opposite sign [3, 4, 5, 6]:

fSivers(x, k⊥)
∣∣∣
DY

= −fSivers(x, k⊥)
∣∣∣
DIS

. (1)

In the full gauge theory, the phases generated by the additional (final-state or initial-state) inter-

actions can be summed to all orders into a “gauge-link”, which is a path-ordered exponential of

the gluon field and makes the Sivers functions gauge-invariant. The non-universality of the Sivers

functions is then reflected in a process-dependence of the space-time direction of the gauge-link.

The crucial role played by the gauge link has given rise to intuitive model interpretations of

single-spin asymmetries in terms of spatial deformations of parton distributions in a transversely

polarized nucleon [19]. The process-dependence of the Sivers functions will also manifest itself

in more complicated QCD hard-scattering, albeit in a more intricate way [20]. An example is

the single-spin asymmetry in di-jet angular correlations [21, 22, 23], which is now under inves-

tigation at RHIC [24]. We note that a related initial-state interaction may give rise to azimuthal

angular dependences in the unpolarized Drell-Yan process [25, 26].

The verification of the predicted non-universality of the Sivers functions is an outstanding

challenge in strong-interaction physics. It is most cleanly possible in the Drell-Yan process,

3

DIS: 
“attractive”

D-Y: 
“repulsive”

[fq�
1T ]SIDIS = �[fq�

1T ]DY

process-dependence of Sivers functions 
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f⊥
1T SIDIS

= − f⊥
1T DY
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Summary

• pp at LHCb provides complementary information about TMD PDFs and GPDs

‣ Unique potential to probe very low xB, down to 10-6


‣ Probe universality of TMD PDFs/GPDs (where applicable)


• PbPb at LHCb

• access to nuclear TMD PDFs/GPDs

• potential to probe saturation effects


• Fixed target: potential to constrain TMD PDFs and GPDs in the poorly constrained high xB region 


