
Towards improved hadron femtography with hard exclusive reactions

July 18-22, 2022


Virginia Tech 

Blacksburg, VA, USA

Exclusive reactions at LHCb

Charlotte Van Hulse, on behalf of LHCb

University Alcala de Henares, University Santiago de Compostela

AdTCAM



2

(q)
<latexit sha1_base64="3jgf34YucHaNcujp/pbd25P3Ksk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoMeCF48V7Qe0oWy2m3bpZhN3J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK95XHi36p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzU6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTpFG0I3vLLq6R1WfXcqndXK9dreRwFOIUzqIAHV1CHW2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AGcxY1M</latexit><latexit sha1_base64="3jgf34YucHaNcujp/pbd25P3Ksk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoMeCF48V7Qe0oWy2m3bpZhN3J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK95XHi36p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzU6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTpFG0I3vLLq6R1WfXcqndXK9dreRwFOIUzqIAHV1CHW2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AGcxY1M</latexit><latexit sha1_base64="3jgf34YucHaNcujp/pbd25P3Ksk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoMeCF48V7Qe0oWy2m3bpZhN3J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK95XHi36p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzU6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTpFG0I3vLLq6R1WfXcqndXK9dreRwFOIUzqIAHV1CHW2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AGcxY1M</latexit><latexit sha1_base64="3jgf34YucHaNcujp/pbd25P3Ksk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoMeCF48V7Qe0oWy2m3bpZhN3J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK95XHi36p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzU6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTpFG0I3vLLq6R1WfXcqndXK9dreRwFOIUzqIAHV1CHW2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AGcxY1M</latexit>

p p

e

e

*a

GPDs

jx+ jx-

t

t, q, l

p p

e

e

*a

GPDs

jx+ jx-

t

t, q, l

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 ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

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

large Q2

Exclusive meson photoproduction
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Experimental access to GPDs
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Hard exclusive meson production
hard scale = large Q2 (Q2=-q2) 
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Hard exclusive meson production

large Q2

Exclusive meson photoproduction

c
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GPDs

J/ 

large mass

Experimental access to GPDs

(q)
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Hard exclusive meson production
hard scale = large Q2 (Q2=-q2) 

(q)
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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 ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q
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CLAS – PRC 95 ('17) 035207;  95 (2017) 035202 

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

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

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

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

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

large Q2

Exclusive meson photoproduction
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GPDs
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large mass

Experimental access to GPDs

(q)
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fixed target: medium/large xB , quarks

colliders, small xB, gluons
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Hard exclusive meson production
hard scale = large Q2 (Q2=-q2) 

Exclusive meson photoproduction
hard scale = large quark mass

(q)
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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 ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q
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H1 – JHEP 05('10)032; EPJ C 46 ('06) 585 

ZEUS – PMC Phys. A1 ('07) 6; NPB 695 ('04) 3
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fixed target: medium/large xB , quarks

colliders, small xB, gluons
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Hard exclusive meson production
hard scale = large Q2 (Q2=-q2) 

Exclusive meson photoproduction
hard scale = large quark mass

(q)
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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 ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q
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CLAS – PRC 95 ('17) 035207;  95 (2017) 035202 

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

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

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

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

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

Experimental access to GPDs

(q)
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fixed target: medium/large xB , quarks

colliders, small xB, gluons
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photon flux∝Z2

3

large–impact-parameter interactions (> sum of radii):

hadronic interactions strongly suppressed,

in favour of electromagnetic interactions
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PHENIX: Au-Au – Phys. Lett. B 679 ('09) 321 

CDF: p-p – Phys. Rev. Lett. 102 ('09) 242001


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


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

ALICE: Pb-Pb – Eur. Phys. J. C 73 ('13) 2617; Phys. Lett. B 718 ('13) 1273;

                                 Phys. Lett. B 751 (’15) 358; Phys. Lett. B 798 (’19) 134926;

Eur. Phys. J. C 81 (2021) 712; Phys. Lett. B 817 (2021) 136280. 
ALICE: p-Pb – Phys. Rev. Lett. 113 ('14) 232504; Eur. Phys. J. C 79 (’19) 402


LHCb: PbPb – CERN-LHCb-CONF-2018-003 

LHCb: pp – J. Phys. G: Nucl. Part. Phys. 40 ('13) 045001; 41 ('14) 055002;                                               

                        JHEP 1509 ('15) 084); JHEP10('18)167

large–impact-parameter interactions (> sum of radii):

hadronic interactions strongly suppressed,

in favour of electromagnetic interactions
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Coherent production – low xB

At LHCb: low xB! Down to 10-5 or 10-6, depending on beam E. 
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Z. Phys. C57 ('93) 89–92;

arXiv:1609.09738

Charlotte Van Hulse               Research proposal: An exclusive look inside the nucleon                                           2

The uncertainties are enormous at small xB and are due to the gluon

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

sence of momentum transfer. Superimposed are LHCb data, whose

precision shows that UPCs at LHC strongly constrain the PDFs.

GPDs will  be similarly constrained and this is detailed in the

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

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

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

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

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

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

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

My  approach  to  using  UPCs to  investigate  the  nucleon  has

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

sence of momentum transfer. Superimposed are LHCb data, whose

precision shows that UPCs at LHC strongly constrain the PDFs.

GPDs will  be similarly constrained and this is detailed in the

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

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

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

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

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

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

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

My  approach  to  using  UPCs to  investigate  the  nucleon  has

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

@N(x, rT )

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

2
. (3.3)

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

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

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

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

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

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

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

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

65

remove

factor 20

splitting recombination

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

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

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

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

@N(x, rT )

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

2
. (3.3)

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

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

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

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

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

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

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

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

65

test saturation

A1/3 enhancement 

of saturation effect 

Boost

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

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

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

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

αs << 1αs ∼ 1 ΛQCD
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Figure 3.7: The unintegrated gluon distribu-
tion (gluon TMD) �(x, k2T ) of a large nucleus
due to classical gluon fields (solid line). The
dashed curve denotes the lowest-order pertur-
bative result.

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

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

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

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

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

(Vee alVo R. McNXlW\¶V Walk in WhiV VeVVion)
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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
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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
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Figure 1. Feynman diagrams displaying (a) exclusive J/ψ and (b) inelastic J/ψ
production where a small number of additional particles are produced due to gluon
radiation and (c), (d) proton dissociation. Equivalent diagrams apply for ψ (2S)
production.

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

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

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

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

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

of data collected in 2011 at
√

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

2. Detector and data samples

The LHCb detector [14] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5 (forward region), designed for the study of particles containing b or c quarks.
The detector includes a high precision tracking system consisting of a silicon-strip vertex
detector (VELO) surrounding the pp interaction region, a large-area silicon-strip detector (TT)
located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of
silicon-strip detectors (IT) and straw drift-tubes (OT) [15] placed downstream. The combined
tracking system provides a momentum measurement with relative uncertainty that varies from
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Figure 1. Feynman diagrams displaying (a) exclusive J/ψ and (b) inelastic J/ψ
production where a small number of additional particles are produced due to gluon
radiation and (c), (d) proton dissociation. Equivalent diagrams apply for ψ (2S)
production.

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

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

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

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

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

of data collected in 2011 at
√

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

2. Detector and data samples

The LHCb detector [14] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5 (forward region), designed for the study of particles containing b or c quarks.
The detector includes a high precision tracking system consisting of a silicon-strip vertex
detector (VELO) surrounding the pp interaction region, a large-area silicon-strip detector (TT)
located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of
silicon-strip detectors (IT) and straw drift-tubes (OT) [15] placed downstream. The combined
tracking system provides a momentum measurement with relative uncertainty that varies from
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Exclusive single-quarkonium production in pp
•Exclusive J/ѱ and ѱ(2S):          7 TeV and part of         13 TeV data (from 2015) → xB down to 2x10-6


•Exclusive ϒ:          7 and 8 TeV data.


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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

3.1 HeRSCheL efficiency of selecting signal events

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

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

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

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

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

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

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

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

veto, collected in this data-taking period.

– 4 –
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Figure 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-quarkonium production in pp
•Exclusive J/ѱ and ѱ(2S):          7 TeV and part of         13 TeV data (from 2015) → xB down to 2x10-6


•Exclusive ϒ:          7 and 8 TeV data.


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

•Quarkonium: 2<y<4.5 and pT<0.8 GeV22
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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.

– 5 –
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Proton dissociation and feed down
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J/ψ feed-down background: ѱ(2S) X(3872)
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Expected ψ(2S) feed-down background:  and p
s = 7 TeV
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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

p
s = 7 TeV
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Figure 4. Transverse momentum squared distributions for (a) J/ψ and (b) ψ (2S)
candidates, where the non-resonant background contribution has been subtracted using
side-bands. The points are data, the solid curve is the total fit while the different
contributions are as described.

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

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

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

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

fs

N1
exp

(
− bs p2

Tc2) +
fpd

N2
exp

(
− bpd p2

Tc2) + ffd

N3
Ffd

(
p2

T

)
,

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

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

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

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

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

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

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

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

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

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

12
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Herschel

p2T < 0.01 GeV2
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Figure 4. Transverse momentum squared distributions for (a) J/ψ and (b) ψ (2S)
candidates, where the non-resonant background contribution has been subtracted using
side-bands. The points are data, the solid curve is the total fit while the different
contributions are as described.

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

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

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

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

fs

N1
exp

(
− bs p2

Tc2) +
fpd

N2
exp

(
− bpd p2

Tc2) + ffd

N3
Ffd

(
p2

T

)
,

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

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

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

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

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

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

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

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

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

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

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

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

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

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

fs

N1
exp

(
− bs p2

Tc2) +
fpd

N2
exp

(
− bpd p2

Tc2) + ffd

N3
Ffd

(
p2

T

)
,

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

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

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

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

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

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

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

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

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

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

12

}fit with exponential 
shape from data

signal fraction=0.62±0.08 signal fraction=0.52±0.07

J. Phys. G: Nucl. Part. Phys. 41 (2014) 055002

JHEP 10 (2018) 167 



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

0 0.5 1 1.5 2
]2[GeV)−µ+µ(2

T
p

10

210

310

4102
C

an
d

id
at

es
 p

er
 0

.0
4

 G
eV

=13 TeV)sL (HE RSCE LHCb w/o H

=13 TeV)sL (HE RSCE LHCb w/ H

Total fit

Inelastic background

Figure 2. Transverse momentum squared for dimuons in the nonresonant region. The upper
distributions are without any requirement on HeRSCheL: the lower are with the HeRSCheL
veto applied. The total fit includes the electromagnetic CEP signal events as described by the
LPAIR generator as well as the inelastic background.

0 5 10
)

HRC

2χlog(

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

N
o

rm
al

is
ed

 c
an

d
id

at
es

Selected

LHCb

CEP-enriched dimuons

ψJ/Inelastic-enriched 

More than 4 tracks

Figure 3. Distributions, normalised to unit area, of the logarithm of the discriminating variable
χ2
HRC that is related to activity in HeRSCheL. The response to three classes of events, as described

in the text, is shown. The selection requirement for the analysis is indicated by the red vertical line
and the arrow.

– 5 –

Herschel

p2T < 0.01 GeV2
<latexit sha1_base64="D6kL5OGYmPYlH7sObTtxaT0e0/4=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPIWZGNCDh4AHPUbIBtno6VSSJj0L3TViGOLFX/HiQRGv/oU3/8bOctDEBwWP96qoqudFUmh0nG8rtbK6tr6R3sxsbe/s7tn7B1UdxopDhYcyVHWPaZAigAoKlFCPFDDfk1DzhtcTv3YPSoswKOMogpbP+oHoCc7QSB37KOqU2/krJ+e4tInwgAm9geq4ne/YWSNOQZeJOydZMkepY381uyGPfQiQS6Z1w3UibCVMoeASxplmrCFifMj60DA0YD7oVjL9YExPjdKlvVCZCpBO1d8TCfO1Hvme6fQZDvSiNxH/8xox9i5biQiiGCHgs0W9WFIM6SQO2hUKOMqRIYwrYW6lfMAU42hCy5gQ3MWXl0k1n3PPc/m7QrZYmMeRJsfkhJwRl1yQIrklJVIhnDySZ/JK3qwn68V6tz5mrSlrPnNI/sD6/AHRjpUq</latexit>

p2T > 1 GeV2
<latexit sha1_base64="L1mQ0IDhRGSqeJtQ/PI1iTANx5o=">AAAB/nicbVDJSgNBEO1xjXGLiicvjUHwFGZiQE8S8KDHCNkgmQw9nUrSpGehu0YMQ8Bf8eJBEa9+hzf/xs5y0MQHBY/3qqiq58dSaLTtb2tldW19YzOzld3e2d3bzx0c1nWUKA41HslINX2mQYoQaihQQjNWwAJfQsMf3kz8xgMoLaKwiqMY3ID1Q9ETnKGRvNxx7FU7xWuHthEeMaW3UB93il4ubxfsKegyceYkT+aoeLmvdjfiSQAhcsm0bjl2jG7KFAouYZxtJxpixoesDy1DQxaAdtPp+WN6ZpQu7UXKVIh0qv6eSFmg9SjwTWfAcKAXvYn4n9dKsHflpiKME4SQzxb1EkkxopMsaFco4ChHhjCuhLmV8gFTjKNJLGtCcBZfXib1YsG5KBTvS/lyaR5HhpyQU3JOHHJJyuSOVEiNcJKSZ/JK3qwn68V6tz5mrSvWfOaI/IH1+QN/OZSA</latexit>

Proton dissociation and feed down

8

J/ψ feed-down background: ѱ(2S) X(3872)
<latexit sha1_base64="zM9ykurm935OpsBzzQgMuv/8fUs=">AAAB7nicbVBNawIxEJ21X9Z+2fbYS6gU7EV2VdCj0EuPFuoH6CLZmNVgNhuSbEEWf0QvPbSUXvt7euu/adQ9tNoHA4/3ZpiZF0jOtHHdbye3s7u3f5A/LBwdn5yeFc8vujpOFKEdEvNY9QOsKWeCdgwznPalojgKOO0Fs7ul33uiSrNYPJq5pH6EJ4KFjGBjpV6/XGs2qrejYsmtuCugbeJlpAQZ2qPi13AckySiwhCOtR54rjR+ipVhhNNFYZhoKjGZ4QkdWCpwRLWfrs5doBurjFEYK1vCoJX6eyLFkdbzKLCdETZTvektxf+8QWLCpp8yIRNDBVkvChOOTIyWv6MxU5QYPrcEE8XsrYhMscLE2IQKNgRv8+Vt0q1WvFql+lAvtepZHHm4gmsogwcNaME9tKEDBGbwDK/w5kjnxXl3PtatOSebuYQ/cD5/AFF0jjM=</latexit>

�c(2P )
<latexit sha1_base64="Q6u+SF5OLDakY/Hzm4EmAHKjCJg=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BvQY8OIxgnlgsoTZziQZMju7zMwKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0lClkTIxGpTkA1E1yypuFGsE6sGA0DwdrB5Hbut5+Y0jySD2YaMz+kI8mHHKmx0mMPx7yP5Wrjsl8suRV3AbJOvIyUIEOjX/zqDSJMQiYNCqp113Nj46dUGY6CzQq9RLOY4oSOWNdSSUOm/XRx8YxcWGVAhpGyJQ1ZqL8nUhpqPQ0D2xlSM9ar3lz8z+smZnjjp1zGiWESl4uGiSAmIvP3yYArhkZMLaGouL2V4JgqisaGVLAheKsvr5NWteJdVar3tVK9lsWRhzM4hzJ4cA11uIMGNAFBwjO8wpujnRfn3flYtuacbOYU/sD5/AFOYI/5</latexit>

Expected ψ(2S) feed-down background:  and p
s = 7 TeV

<latexit sha1_base64="L+lfy49Jr+5qyMXzyHTKnTeYo5Q=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAbBU5iJgXgRAl48RsgGyRB6OjVJk57F7hoxjDn4K148KOLV3/Dm39hZDpr4oODxXhVV9bxYCo22/W2trK6tb2xmtrLbO7t7+7mDw4aOEsWhziMZqZbHNEgRQh0FSmjFCljgSWh6w+uJ37wHpUUU1nAUgxuwfih8wRkaqZs77ug7hakeX5VpB+EBU1qDxriby9sFewq6TJw5yZM5qt3cV6cX8SSAELlkWrcdO0Y3ZQoFlzDOdhINMeND1oe2oSELQLvp9P4xPTNKj/qRMhUinaq/J1IWaD0KPNMZMBzoRW8i/ue1E/Qv3VSEcYIQ8tkiP5EUIzoJg/aEAo5yZAjjSphbKR8wxTiayLImBGfx5WXSKBaci0LxtpSvlOZxZMgJOSXnxCFlUiE3pErqhJNH8kxeyZv1ZL1Y79bHrHXFms8ckT+wPn8Az0WV6g==</latexit>

J. Phys. G: Nucl. Part. Phys. 41 (2014) 055002 R Aaij et al

]2/c2 [GeV2
T

p
0 0.5 1 1.5 2

2
/c2

E
ve

nt
s 

pe
r 

0.
02

 G
eV

0

500

1000

1500

2000

2500

3000

3500

4000

4500
LHCb Signal

Inelastic bkg
Feed-down bkg

(a)

]2/c2 [GeV2
T

p
0 0.5 1 1.5 2

2
/c2

E
ve

nt
s 

pe
r 

0.
1 

G
eV

0

50

100

150

200

250

300

350

400

450
LHCb Signal

Inelastic bkg
Feed-down bkg

(b)

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

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

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

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

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

fs

N1
exp

(
− bs p2

Tc2) +
fpd

N2
exp

(
− bpd p2

Tc2) + ffd

N3
Ffd

(
p2

T

)
,

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

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

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

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

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

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

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

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

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

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

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

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

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

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

fs

N1
exp

(
− bs p2

Tc2) +
fpd

N2
exp

(
− bpd p2

Tc2) + ffd

N3
Ffd

(
p2

T

)
,

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

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

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

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

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

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

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

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

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

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

12
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shape from data

signal fraction=0.62±0.08 signal fraction=0.52±0.07
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Figure 4. Top: transverse momentum squared distribution of (left) J/ψ and (right) ψ(2S) candi-
dates when data is below the HeRSCheL threshold. Bottom: CEP signal for the (left) J/ψ and
(right) ψ(2S) selections. The single exponential fit of the signal is shown by the curve superimposed
on the data points.

The scale factor f(p2T) is known from data for values of p2T ! 0.8GeV2, since there is

little signal in this region as the signal distribution is expected to follow exp(−bsigp2T) with

bsig ≈ 6GeV−2. An extrapolation of f(p2T) is performed to the region p2T < 0.8GeV2 using

functions which fit the data well in the region p2T > 0.8GeV2. The default is an exponential

function for the J/ψ analysis and a constant for the ψ(2S) analysis. A linear dependence

is used to estimate the systematic uncertainty.

The p2T candidate distributions in data with the estimated backgrounds superimposed

are shown in the upper row of figure 4. The lower row shows the signal components after

subtracting the proton dissociation background. These are fitted with a single exponential

function, exp(−bsigp2T), to test the hypothesis that the signal has this dependence. The J/ψ

signal contribution is well described with bsig = 5.93± 0.08GeV−2, consistent with extrap-

olations from previous pp measurements at 7TeV and from H1 results [5, 11]. The corre-

sponding slope, in the ψ(2S) analysis, is bsig = 5.06±0.45GeV−2. Fits to the derived proton

dissociation components show that these are also consistent with a single exponential.

In the region 0 < p2T < 0.8GeV2, 0.175±0.015 of the J/ψ candidate sample is estimated

to be due to proton-dissociation events, while for the ψ(2S) sample the contamination is

estimated to be 0.11± 0.06. The uncertainties are statistical, and the correlation between
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dates when data is below the HeRSCheL threshold. Bottom: CEP signal for the (left) J/ψ and
(right) ψ(2S) selections. The single exponential fit of the signal is shown by the curve superimposed
on the data points.
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little signal in this region as the signal distribution is expected to follow exp(−bsigp2T) with

bsig ≈ 6GeV−2. An extrapolation of f(p2T) is performed to the region p2T < 0.8GeV2 using

functions which fit the data well in the region p2T > 0.8GeV2. The default is an exponential

function for the J/ψ analysis and a constant for the ψ(2S) analysis. A linear dependence

is used to estimate the systematic uncertainty.

The p2T candidate distributions in data with the estimated backgrounds superimposed

are shown in the upper row of figure 4. The lower row shows the signal components after

subtracting the proton dissociation background. These are fitted with a single exponential

function, exp(−bsigp2T), to test the hypothesis that the signal has this dependence. The J/ψ

signal contribution is well described with bsig = 5.93± 0.08GeV−2, consistent with extrap-

olations from previous pp measurements at 7TeV and from H1 results [5, 11]. The corre-

sponding slope, in the ψ(2S) analysis, is bsig = 5.06±0.45GeV−2. Fits to the derived proton

dissociation components show that these are also consistent with a single exponential.

In the region 0 < p2T < 0.8GeV2, 0.175±0.015 of the J/ψ candidate sample is estimated

to be due to proton-dissociation events, while for the ψ(2S) sample the contamination is

estimated to be 0.11± 0.06. The uncertainties are statistical, and the correlation between
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Figure 5. Differential cross-section for (a) J/ψ and (b) ψ (2S) production compared to
LO and NLO predictions of [5]. The band indicates the total uncertainty, most of which
is correlated between bins.

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

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

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

Acceptance 0.738 0.624 0.470 0.286 0.103

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

J/ψ (pb) ψ (2S) (pb)

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

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

5. Discussion

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

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

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

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

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

√
s = 13TeV, reflecting an improved

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

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

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

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

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

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

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

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

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

√
s = 13TeV, reflecting an improved

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

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

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

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

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

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

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

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

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

Acceptance 0.738 0.624 0.470 0.286 0.103

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

J/ψ (pb) ψ (2S) (pb)

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

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

5. Discussion

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

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

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

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

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

√
s = 13TeV, reflecting an improved

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

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

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

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

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

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

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

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

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

√
s = 13TeV, reflecting an improved

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

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

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

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

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

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

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

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

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

Acceptance 0.738 0.624 0.470 0.286 0.103

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

J/ψ (pb) ψ (2S) (pb)

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

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

5. Discussion

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

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

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

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

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

√
s = 13TeV, reflecting an improved

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

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

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

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

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

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

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

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

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

√
s = 13TeV, reflecting an improved

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

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

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

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

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

are required in this channel to make a critical comparison.

– 15 –

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

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

JHEP11(2013)085

JHEP11(2013)085 
J. Phys. G 41 (2014) 055009 

p
s = 7 TeV

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

p
s = 7 TeV

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

JMRT prediction: based on gluon PDF

JHEP 10 (2018) 167 

J
H
E
P
0
9
(
2
0
1
5
)
0
8
4

(a)

σ
(γ

p
) 

(p
b
)

W (GeV)

LHCb sensitivity

LHCb

(b)

LO

NLO

B.G. bCGC

Gauss LC bCGC

H1 2000

LHCb run 1

ZEUS 1998/200910
1

10
2

10
3

10
4

10
2

10
3

(b)

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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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
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• r = gap survival factor
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M 

2
e±y
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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
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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
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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 .
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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
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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
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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.
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dn
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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
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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
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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 .
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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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Production of charmonium pairs in pp
•sensitive to glueballs, tetraquarks

•sensitive to gluon distribution

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

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

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

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

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

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

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

90 Natural units are used throughout this paper.
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42% CEP

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

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

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

58 10(stat) 6(syst) pb,

63 (stat) 10(syst) pb,

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

S

S S

J J

J (2 )
18
27

(2 ) (2 )

c0 c0

c1 c1

c2 c2

σ
σ

σ
σ
σ
σ

= ± ±
= ±
<
<
<
<

ψ ψ

ψψ

ψ ψ

χ χ
χ χ

χ χ

−
+

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

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

S(J (2 ))
(J J )

1.1 ,0.4
0.5σ ψψ

σ ψ ψ = −
+

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

S( (2 ))
(J )

0.17 0.02.
σ ψ

σ ψ = ±

No strong conclusion can be drawn on the higher relative fraction of S(2 )ψ to J ψ in double
charmonium production compared to that in single charmonium production, due to the large
uncertainty.
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cross sections: not corrected for proton dissociation
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/ [g(xB)]
4

passed through a GEANT4 [27] based detector simulation, the trigger emulation and the event
reconstruction chain of the LHCb experiment.

3. Event selection and yields

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

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

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

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

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

Figure 3. Invariant mass of the four-muon system in (left) J Jψ ψ and (right) SJ (2 )ψψ
events.

J. Phys. G: Nucl. Part. Phys. 41 (2014) 115002 R Aaij et al
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Coherent J/ѱ in PbPb UPCs
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Coherent J/ѱ in PbPb UPCs

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
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Experimental important points
•Good separation of coherent and incoherent production. Not easy!

Classification of di↵ractive events

Coherent di↵raction:

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

Probes average interaction

d��⇤
A!VA

dt
⇠ |hA�⇤

A!VAi⌦|2

h i⌦: average over target configurations ⌦
Recall:

A�⇤
p!Vp ⇠

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

Incoherent di↵raction:

E.g. � + p ! J/ + p⇤

Targe proton dissociates (p⇤ ! X ).

Gѫ
�G
W�

|t|

Coherent/Elastic

Incoherent/Breakup

W1 W2 W3 W4

Good, Walker, PRD 120, 1960

Miettinen, Pumplin, PRD 18, 1978

Kovchegov, McLerran, PRD 60, 1999

Kovner, Wiedemann, PRD 64, 2001

Mäntysaari, Rept. Prog. Phys. 83, 2020

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

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

•Coherent production: measurements up to large t:

‣3D or 2D (x independent) transverse position
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�ib?�?

Experimentally limited by maximum transverse momentum.

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

~third diffractive minimum.

Classification of di↵ractive events
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� + p ! J/ + p
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Experimental important points
•Good separation of coherent and incoherent production. Not easy!

•Coherent production: measurements up to large t:

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

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

0
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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FIG. 9 (color online). Differential J=ψ cross section, as a
function of jtj within the IP-Sat (saturation) and IP-Sat (1-
Pomeron) models with a fixed mc ¼ 1.27 GeV at LHC/LHeC
energies Wγp ¼ 1; 5 TeV and Q2 ¼ 0; 10 GeV2.
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FIG. 8 (color online). (Left panel) Differential vector meson cross sections for J=ψ, as a function of jtj within the IP-Sat, b-CGC, and
1-Pomeron models with a fixed mc ¼ 1.27 GeV at HERA. (Right panel) Results obtained from the IP-Sat and 1-Pomeron models are
compared for two values of the charm mass, mc ¼ 1.27; 1.4 GeV. The experimental data are from the H1 Collaboration [43,75].
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Coherent J/ѱ in PbPb UPCs – selection
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sNN =•               5.02 TeV data.


•  

• Reconstruction via dimuon decay, with offline selection: 2<ημ<4.5 and pT,μ> 700 MeV

• 2<yJ/ѱ<4.5 → xB down to 10-5

• pT<1 GeV
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Figure 2: Dimuon mass distribution for signal candidates in the rapidity range 2.0 < y⇤ < 4.5.
The data are overlaid with the result of the fit.

contributions from both coherent and incoherent production, and feed-down from  (2S)
decays into J/ mesons ( (2S)! J/ X). Similarly, the  (2S) yields include contributions
from both coherent and incoherent production, while the feed-down contribution from
higher-order charmonium excited states is negligible given the current statistical precision.
In the second step, fits to the J/ or  (2S) p⇤T distributions are used to determine the
yields due to coherent production.

The yields of the signal candidates and the non-resonant background component
are determined by fitting the dimuon mass distribution using double-sided Crystal-Ball
functions to describe the J/ and  (2S) mass shapes and an exponential function for the
non-resonant background. The fit is performed in the range 2.9 < mµ+µ� < 4.0GeV/c2.
The mass distribution and the corresponding fit are shown in Fig. 2.

The coherent yields are determined with separate unbinned maximum-likelihood fits
to the ln(p⇤2T ) distributions for the signal candidates inside both the J/ and  (2S) mass
windows. The shapes of coherent, incoherent and  (2S) feed-down components are taken
from simulation. The shape of the non-resonant background does not depend upon the
dimuon mass and is obtained from the mass window, 3.2 < mµ+µ� < 3.6GeV/c2, where
there is no signal component. The yields of the non-resonant background are determined
as the integral of the non-resonant component from the dimuon mass fit in the J/ and
 (2S) mass windows.

Figure 3 shows the ln(p⇤2T ) distributions of selected J/ and  (2S) candidates in the
rapidity interval 2 < y⇤ < 4.5. Fits to the ln(p⇤2T ) distributions are performed in each
y⇤ interval to extract the corresponding J/ and  (2S) yields, as reported in Table 1.
The coherent yield of J/ and  (2S) production for each p⇤T interval is calculated by
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Coherent J/ѱ in PbPb UPCs – pT distribution
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Figure 3: The ln(p⇤2T ) distribution of dimuon candidates in the 2.0 < y⇤ < 4.5 range for (left)

J/ candidates and (right)  (2S) candidates. The data are overlaid with the result of the fit.

subtracting the background components from the measured yield for that interval as
reported in Tables 2 and 3. The contributions from background components are determined
by an overall fit to the ln(p⇤2T ) distributions.

Table 1: Total and coherent J/ and  (2S) yields from the invariant mass and transverse

momentum fits in di↵erent rapidity intervals.

Interval N tot
J/ N coh

J/ N tot
 (2S) N coh

 (2S)

2.0 < y⇤ < 4.5 23 355 ± 183 20 193 ± 199 513 ± 43 471 ± 44
2.0 < y⇤ < 2.5 2 457 ± 60 2 070 ± 66 75 ± 15 65 ± 15
2.5 < y⇤ < 3.0 6 845 ± 100 5 926 ± 108 147 ± 26 137 ± 26
3.0 < y⇤ < 3.5 7 875 ± 106 6 883 ± 115 168 ± 26 161 ± 26
3.5 < y⇤ < 4.0 5 019 ± 82 4 362 ± 90 102 ± 18 85 ± 18
4.0 < y⇤ < 4.5 1 166 ± 38 956 ± 44 24 ± 8 21 ± 8

The total e�ciency "tot is determined as the product of the acceptance e�ciency
("acc), the muon acceptance e�ciency ("µ-acc), the tracking e�ciency ("trk), the selection
e�ciency ("sel), the particle identification (PID) e�ciency ("PID), the trigger e�ciency
("trg) and the HeRSCheL-veto e�ciency ("her). Each e�ciency is evaluated separately
for J/ and  (2S) mesons in each y⇤ and p⇤T interval for the di↵erential cross-section
measurements. E�ciencies are evaluated from simulation calibrated to data. The value of
"µ-acc is determined at generator level as the fraction of events with both muon candidates
passing pT > 700MeV/c and 2.0 < ⌘ < 4.5. The signal candidates are required to pass
the pT < 1GeV/c selection and fall in the mass windows defined in Sec. 3, for J/ and
 (2S) mesons separately. For "trk, "PID and "trg, the simulation does not always describe
the data well. E�ciency corrections from data using the tag-and-probe method [20] are
determined from J/ events in PbPb collision data. The HeRSCheL-veto criteria is
chosen to retain a signal e�ciency of 90% according to a set of separately selected pure
signal and background data samples. Dependencies of the e�ciency correction on y⇤ and
p⇤T of the dimuon system are studied and found to be negligible in the invariant mass

5

shape from 

STARLIGHT

from data
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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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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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(y-dependent) PbPb cross section of coherent ѱ production
3 Cross-section measurement

The di↵erential cross-section for coherent J/ production is evaluated as

d�

dy
=

ncoh

"y �yLB , (1)

where ncoh is the signal yield, "y is the total e�ciency in each rapidity interval, �y is the
rapidity interval width, L is the integrated luminosity, and B = (5.961± 0.033)% is the
J/ ! µ+µ� branching fraction [25].

The luminosity is determined with the same method as for proton-proton
collisions [26, 27]. The leading source of systematic uncertainty is the unexplained de-
pendence of the luminosity ratio on the value of the actual observable. The integrated
luminosity of the data sample is determined to be 10.1 ± 1.3µb�1, where the absolute
calibration is performed with Van der Meer scans [27].

3.1 Signal yield determination

The signal yield is determined in two steps. First, a fit to the dimuon invariant mass
spectrum is performed to obtain the J/ yield, which includes the contribution of coherent
and incoherent J/ mesons, and feed-down from J/ mesons originating from  (2S)
decays. Second, a fit to the J/ transverse momentum is used to isolate the coherent J/ 
yield.

The yield of J/ mesons is estimated by fitting the dimuon invariant mass distribution
to signal and background components. The J/ and  (2S) mass shapes are modelled by
double-sided Crystal Ball functions [28], and the nonresonant background by an exponential
function multiplied by a first-order polynomial function. The  (2S) parameters, aside
from the mean, are constrained to be the same as for the J/ meson. The fit is performed
in the range 2.7 < mµ+µ� < 4GeV. The dimuon mass distribution along with the fit
projection is shown in Fig. 2.

For the determination of the coherent yield two resonant background sources are con-
sidered: incoherent J/ photoproduction and J/ meson feed-down from photoproduced
 (2S) decays. In order to determine the signal yield in the presence of these backgrounds,
an unbinned maximum-likelihood fit to the natural logarithm of the transverse momentum
squared, log(p2T), of J/ candidates inside the chosen mass window is performed. The
signal and background probability density functions are estimated using the STARlight
generator [2] and the LHCb detector simulation. The amount of nonresonant background
is constrained by the dimuon invariant mass fit. The feed-down background is assumed to
have the same log(p2T) distribution as simulated  (2S)! J/ ⇡+⇡� decays, where the J/ 
is reconstructed and both pions escape the rejection requirements on additional tracks.
Figure 3 shows the log(p2T) data distribution along with the fit projection in the rapidity
interval 2.5 < y < 3. All J/ yields are reported in Table 1.

3.2 E�ciency determination

For any given J/ rapidity interval, the total e�ciency is evaluated as the product of the
acceptance and the reconstruction and selection e�ciencies. The acceptance includes the
requirements on the kinematic properties of the J/ decay products, and is evaluated
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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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where ncoh is the signal yield, "y is the total e�ciency in each rapidity interval, �y is the
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The luminosity is determined with the same method as for proton-proton
collisions [26, 27]. The leading source of systematic uncertainty is the unexplained de-
pendence of the luminosity ratio on the value of the actual observable. The integrated
luminosity of the data sample is determined to be 10.1 ± 1.3µb�1, where the absolute
calibration is performed with Van der Meer scans [27].

3.1 Signal yield determination

The signal yield is determined in two steps. First, a fit to the dimuon invariant mass
spectrum is performed to obtain the J/ yield, which includes the contribution of coherent
and incoherent J/ mesons, and feed-down from J/ mesons originating from  (2S)
decays. Second, a fit to the J/ transverse momentum is used to isolate the coherent J/ 
yield.

The yield of J/ mesons is estimated by fitting the dimuon invariant mass distribution
to signal and background components. The J/ and  (2S) mass shapes are modelled by
double-sided Crystal Ball functions [28], and the nonresonant background by an exponential
function multiplied by a first-order polynomial function. The  (2S) parameters, aside
from the mean, are constrained to be the same as for the J/ meson. The fit is performed
in the range 2.7 < mµ+µ� < 4GeV. The dimuon mass distribution along with the fit
projection is shown in Fig. 2.

For the determination of the coherent yield two resonant background sources are con-
sidered: incoherent J/ photoproduction and J/ meson feed-down from photoproduced
 (2S) decays. In order to determine the signal yield in the presence of these backgrounds,
an unbinned maximum-likelihood fit to the natural logarithm of the transverse momentum
squared, log(p2T), of J/ candidates inside the chosen mass window is performed. The
signal and background probability density functions are estimated using the STARlight
generator [2] and the LHCb detector simulation. The amount of nonresonant background
is constrained by the dimuon invariant mass fit. The feed-down background is assumed to
have the same log(p2T) distribution as simulated  (2S)! J/ ⇡+⇡� decays, where the J/ 
is reconstructed and both pions escape the rejection requirements on additional tracks.
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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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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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3 Cross-section measurement

The di↵erential cross-section for coherent J/ production is evaluated as

d�

dy
=

ncoh

"y �yLB , (1)

where ncoh is the signal yield, "y is the total e�ciency in each rapidity interval, �y is the
rapidity interval width, L is the integrated luminosity, and B = (5.961± 0.033)% is the
J/ ! µ+µ� branching fraction [25].

The luminosity is determined with the same method as for proton-proton
collisions [26, 27]. The leading source of systematic uncertainty is the unexplained de-
pendence of the luminosity ratio on the value of the actual observable. The integrated
luminosity of the data sample is determined to be 10.1 ± 1.3µb�1, where the absolute
calibration is performed with Van der Meer scans [27].

3.1 Signal yield determination

The signal yield is determined in two steps. First, a fit to the dimuon invariant mass
spectrum is performed to obtain the J/ yield, which includes the contribution of coherent
and incoherent J/ mesons, and feed-down from J/ mesons originating from  (2S)
decays. Second, a fit to the J/ transverse momentum is used to isolate the coherent J/ 
yield.

The yield of J/ mesons is estimated by fitting the dimuon invariant mass distribution
to signal and background components. The J/ and  (2S) mass shapes are modelled by
double-sided Crystal Ball functions [28], and the nonresonant background by an exponential
function multiplied by a first-order polynomial function. The  (2S) parameters, aside
from the mean, are constrained to be the same as for the J/ meson. The fit is performed
in the range 2.7 < mµ+µ� < 4GeV. The dimuon mass distribution along with the fit
projection is shown in Fig. 2.

For the determination of the coherent yield two resonant background sources are con-
sidered: incoherent J/ photoproduction and J/ meson feed-down from photoproduced
 (2S) decays. In order to determine the signal yield in the presence of these backgrounds,
an unbinned maximum-likelihood fit to the natural logarithm of the transverse momentum
squared, log(p2T), of J/ candidates inside the chosen mass window is performed. The
signal and background probability density functions are estimated using the STARlight
generator [2] and the LHCb detector simulation. The amount of nonresonant background
is constrained by the dimuon invariant mass fit. The feed-down background is assumed to
have the same log(p2T) distribution as simulated  (2S)! J/ ⇡+⇡� decays, where the J/ 
is reconstructed and both pions escape the rejection requirements on additional tracks.
Figure 3 shows the log(p2T) data distribution along with the fit projection in the rapidity
interval 2.5 < y < 3. All J/ yields are reported in Table 1.

3.2 E�ciency determination

For any given J/ rapidity interval, the total e�ciency is evaluated as the product of the
acceptance and the reconstruction and selection e�ciencies. The acceptance includes the
requirements on the kinematic properties of the J/ decay products, and is evaluated
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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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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

0 1 2 3 4 5
y�

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5

d�
J/
 
/d

y�
[m

b]

LHCb
PbPb

p
sNN = 5.02 TeV

Coherent J/ production
Luminosity unc. : 4.4%

0 1 2 3 4 5
y�

0.0

0.5

1.0

1.5

d�
 

(2
S)

/d
y�

[m
b]

LHCb
PbPb

p
sNN = 5.02 TeV

Coherent  (2S) production
Luminosity unc. : 4.4%

data
stat. unc.
syst. unc.

Guzey et al.
LTA W
LTA S
EPS09

Krelina et al.
GBW+BT
GBW+POW
KST+BT
GG-hs+BG

Mäntysaari et al.
No fluct. +BG
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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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Gonçalves et al.
bCGC+BG
bCGC+GLC
IP-SAT+BG
IP-SAT+GLC
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J/ and  (2S), as shown in Fig. 4. The underestimation at low rapidity results in an
overall lower prediction in the di↵erential cross-section as a function of p⇤T, shown in Fig. 5.
However, excellent agreement between the prediction and data for the  (2S) to J/ ratio
measurement can be observed in Fig. 6.

The models by Krelina et al. [23,24] can be considered as variations of the colour-dipole
model [33–35] based on CGC theory. In the models proposed by Mäntysaari et al. [6,27,28]
the cross-section is also calculated using the colour-dipole model, including a subnucleon
scale fluctuation based on CGC theory. The models by Gonçalves et al. [25, 26] depend
on the dipole-hadron scattering amplitude and vector-meson wave function. The Golec–
Biernat–Wustho↵ (GBW) [36,37] and Kopeliovich–Schafer–Tarasov (KST) [38] models
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(pT-dependent) PbPb cross section of coherent J/ѱ production
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J/ and  (2S), as shown in Fig. 4. The underestimation at low rapidity results in an
overall lower prediction in the di↵erential cross-section as a function of p⇤T, shown in Fig. 5.
However, excellent agreement between the prediction and data for the  (2S) to J/ ratio
measurement can be observed in Fig. 6.

The models by Krelina et al. [23,24] can be considered as variations of the colour-dipole
model [33–35] based on CGC theory. In the models proposed by Mäntysaari et al. [6,27,28]
the cross-section is also calculated using the colour-dipole model, including a subnucleon
scale fluctuation based on CGC theory. The models by Gonçalves et al. [25, 26] depend
on the dipole-hadron scattering amplitude and vector-meson wave function. The Golec–
Biernat–Wustho↵ (GBW) [36,37] and Kopeliovich–Schafer–Tarasov (KST) [38] models
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Related: coherent J/ѱ production in peripheral PbPb collisions
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Lint = 210 µb�1

•               5 TeV data.

•  

•Reconstruction via dimuon decay, with: 2<ημ<4.5

•2<yJ/ѱ<4.5
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FIG. 2. Left: Invariant mass distribution of J/ψ candidates with 〈Npart〉 = 10.6 ± 2.9, for pT < 15.0 GeV/c and 2.0 < y < 4.5. Right:
Distribution of ln(p2

T) of the J/ψ candidates for 〈Npart〉 = 10.6 ± 2.9 after background subtraction. The projections of the fit to disentangle the
coherently photoproduced and hadronically produced J/ψ mesons are overlaid.

m(µ+µ−) as discriminating variable. To cross-check the va-
lidity of the sPlot method, the kinematic distributions (pT, y,
Nc) of the estimated background are compared to the same
(normalized) distributions in two invariant mass ranges be-
low and above the resonance peak. A very good agreement
is found. The empirical fit model comprises a double-sided
Crystal Ball function [31] expressed in ln(p2

T) for the pho-
toproduction contribution and a function for the hadronic
component that typically has a larger pT,

f (pT) =
pn1

T[
1 +

( pT
p0

)n2
]n3

, (3)

where n1, n2, n3, and p0 are parameters free to vary in
the fit. The projections of the fits in the centrality interval
〈Npart〉 = 10.6 ± 2.9 are shown in Fig. 2, overlaid on the data
distributions. A good description of the data is observed in
all centrality intervals. The photoproduced J/ψ candidates are
visible in the range 0 < pT < 250 MeV/c. The pT distribution
of the photoproduced J/ψ candidates does not rise towards
vanishing pT due to the interference caused by the negative
parity of the photon as explained in Ref. [17].

Simulation is required to model the effects of the detector
acceptance and of the selection requirements on the signal.
The Pb-Pb collisions are generated using EPOS [32] and the
hard process is generated with PYTHIA [33] with a specific
LHCb configuration [34].

An additional signal sample where the J/ψ is transversely
polarised was produced using the STARLIGHT [35] generator
to study the acceptance assuming the coherent photopro-
duction scenario. The interactions of the generated particles
with the detector, and its response, are implemented using
the GEANT4 toolkit [36] as described in Ref. [37]. The to-
tal efficiency is determined independently in each interval
of centrality, and it includes the effects of the geometrical
acceptance (εacc), the trigger efficiency (εtrigger), the recon-
struction and selection efficiency (εrec&sel), and the efficiency
of the particle identification (PID) criteria (εPID). The ac-
ceptance is determined using the STARLIGHT sample in the
kinematic range of the analysis. The efficiency εrec&sel is es-
timated using simulation and data calibration techniques. The

main component of the reconstruction inefficiency is due to
the tracking algorithms, as the performance is affected by
the high occupancy in Pb-Pb collisions. The relative recon-
struction efficiency between data and simulation is evaluated
using two D0 meson decay channels (D0 → K−π+ and D0 →
K−π+π−π+). The yields are evaluated in Pb-Pb data and
simulation and the difference of their ratio to unity is en-
coded in a factor k(Nc). This factor depends on the event
multiplicity with k ranging from 0.97 to 0.91 with increasing
Nc, assuming k(Nc) is the same for the π and µ tracks. The
latter factor is used to correct the reconstructed J/ψ candi-
dates in simulation. An additional correction is applied to
correct discrepancies between reconstructed J/ψ kinematic
distributions by weighting the variables Nc, pT, and y of the
J/ψ in simulation to match the data. The PID efficiency εPID
is evaluated using a tag-and-probe approach with J/ψ → µµ
decays reconstructed in proton-proton collisions that provide
PID efficiency tables for single muons. Those efficiencies
are used to perform a two-dimensional (pT , Nc) extrapola-
tion, using first- and second-order polynomial functions, to
estimate the decrease of the efficiencies for higher multiplici-
ties seen in Pb-Pb collisions. No extrapolation is performed
based on the rapidity as no correlation is seen between Nc
and y.

Several sources of systematic uncertainties are considered.
The uncertainty associated with the fit model used to evaluate
the signal yields is determined by testing alternative fit func-
tions. The pT of the hadronically produced J/ψ candidates is
modeled by a Tsallis function [38]. The background shape is
also modified to account for incoherent photoproduced J/ψ ,
defined as the interaction between one photon and a single
nucleon implying the destruction of the nucleus. This contri-
bution typically produces J/ψ mesons at higher pT than the
coherent photoproduction source. Therefore, another double
CB function is added to model this potential contribution.
The incoherent contribution shares the shape parameters of
the coherent contribution with the mean pT and width shifted
according to the differences obtained in the STARLIGHT sim-
ulations. By computing the difference to the reference fit, a
total uncertainty of about 1.3% averaged over all centrality
intervals is obtained.
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Related: coherent J/ѱ production in peripheral PbPb collisions
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Lint = 210 µb�1

•               5 TeV data.

•  

•Reconstruction via dimuon decay, with: 2<ημ<4.5

•2<yJ/ѱ<4.5
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FIG. 2. Left: Invariant mass distribution of J/ψ candidates with 〈Npart〉 = 10.6 ± 2.9, for pT < 15.0 GeV/c and 2.0 < y < 4.5. Right:
Distribution of ln(p2

T) of the J/ψ candidates for 〈Npart〉 = 10.6 ± 2.9 after background subtraction. The projections of the fit to disentangle the
coherently photoproduced and hadronically produced J/ψ mesons are overlaid.

m(µ+µ−) as discriminating variable. To cross-check the va-
lidity of the sPlot method, the kinematic distributions (pT, y,
Nc) of the estimated background are compared to the same
(normalized) distributions in two invariant mass ranges be-
low and above the resonance peak. A very good agreement
is found. The empirical fit model comprises a double-sided
Crystal Ball function [31] expressed in ln(p2

T) for the pho-
toproduction contribution and a function for the hadronic
component that typically has a larger pT,

f (pT) =
pn1

T[
1 +

( pT
p0

)n2
]n3

, (3)

where n1, n2, n3, and p0 are parameters free to vary in
the fit. The projections of the fits in the centrality interval
〈Npart〉 = 10.6 ± 2.9 are shown in Fig. 2, overlaid on the data
distributions. A good description of the data is observed in
all centrality intervals. The photoproduced J/ψ candidates are
visible in the range 0 < pT < 250 MeV/c. The pT distribution
of the photoproduced J/ψ candidates does not rise towards
vanishing pT due to the interference caused by the negative
parity of the photon as explained in Ref. [17].

Simulation is required to model the effects of the detector
acceptance and of the selection requirements on the signal.
The Pb-Pb collisions are generated using EPOS [32] and the
hard process is generated with PYTHIA [33] with a specific
LHCb configuration [34].

An additional signal sample where the J/ψ is transversely
polarised was produced using the STARLIGHT [35] generator
to study the acceptance assuming the coherent photopro-
duction scenario. The interactions of the generated particles
with the detector, and its response, are implemented using
the GEANT4 toolkit [36] as described in Ref. [37]. The to-
tal efficiency is determined independently in each interval
of centrality, and it includes the effects of the geometrical
acceptance (εacc), the trigger efficiency (εtrigger), the recon-
struction and selection efficiency (εrec&sel), and the efficiency
of the particle identification (PID) criteria (εPID). The ac-
ceptance is determined using the STARLIGHT sample in the
kinematic range of the analysis. The efficiency εrec&sel is es-
timated using simulation and data calibration techniques. The

main component of the reconstruction inefficiency is due to
the tracking algorithms, as the performance is affected by
the high occupancy in Pb-Pb collisions. The relative recon-
struction efficiency between data and simulation is evaluated
using two D0 meson decay channels (D0 → K−π+ and D0 →
K−π+π−π+). The yields are evaluated in Pb-Pb data and
simulation and the difference of their ratio to unity is en-
coded in a factor k(Nc). This factor depends on the event
multiplicity with k ranging from 0.97 to 0.91 with increasing
Nc, assuming k(Nc) is the same for the π and µ tracks. The
latter factor is used to correct the reconstructed J/ψ candi-
dates in simulation. An additional correction is applied to
correct discrepancies between reconstructed J/ψ kinematic
distributions by weighting the variables Nc, pT, and y of the
J/ψ in simulation to match the data. The PID efficiency εPID
is evaluated using a tag-and-probe approach with J/ψ → µµ
decays reconstructed in proton-proton collisions that provide
PID efficiency tables for single muons. Those efficiencies
are used to perform a two-dimensional (pT , Nc) extrapola-
tion, using first- and second-order polynomial functions, to
estimate the decrease of the efficiencies for higher multiplici-
ties seen in Pb-Pb collisions. No extrapolation is performed
based on the rapidity as no correlation is seen between Nc
and y.

Several sources of systematic uncertainties are considered.
The uncertainty associated with the fit model used to evaluate
the signal yields is determined by testing alternative fit func-
tions. The pT of the hadronically produced J/ψ candidates is
modeled by a Tsallis function [38]. The background shape is
also modified to account for incoherent photoproduced J/ψ ,
defined as the interaction between one photon and a single
nucleon implying the destruction of the nucleus. This contri-
bution typically produces J/ψ mesons at higher pT than the
coherent photoproduction source. Therefore, another double
CB function is added to model this potential contribution.
The incoherent contribution shares the shape parameters of
the coherent contribution with the mean pT and width shifted
according to the differences obtained in the STARLIGHT sim-
ulations. By computing the difference to the reference fit, a
total uncertainty of about 1.3% averaged over all centrality
intervals is obtained.
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FIG. 3. Top left: Differential yields of photoproduced J/ψ candidates as a function of rapidity and (top right) 〈Npart〉. Bottom: Double
differential yields as a function of pT. The vertical inner blue bars represent the statistical uncertainty and the outer red bars the total uncertainty.
The horizontal bars in the 〈Npart〉 results correspond to the standard deviation of the Npart distribution of the MB events. The yields are compared
to the prediction from Ref. [17,39] that take (black) or do not take (green) into account the effect from the overlap region of the collision.

The systematic uncertainty associated with the evaluation
of the efficiencies is divided into uncertainties due to the
εrec&sel, εPID, and εtrigger efficiencies. Three systematic effects
are considered for the measurement of εrec&sel: The uncer-
tainty on the weighting procedure, the uncertainty associated
with the evaluation of the factor k, and the correlation between
the variables pT and y. The uncertainty on the weighting
procedure is estimated by comparing pT, y, and Nc of the
weighted distributions of the J/ψ mesons in simulation with
those in data after background subtraction. The difference
between the two leads to a global uncertainty of 2%. The
uncertainty on the factor k is evaluated by varying its value
within its uncertainty and propagating it to the tracking effi-
ciency. An uncertainty from 2.9% to 7.4% is found depending
on the considered multiplicity interval. The uncertainty on the
correlation between the variables pT and y is estimated to be
1% using calibration samples from proton-proton collisions.

The uncertainty coming from the muon PID efficiency
tables is evaluated with a smearing technique. The J/ψ PID
efficiency is computed using efficiency PID tables with the
values in each interval varied within their uncertainty. This
procedure is repeated several times and the largest difference
is taken as systematic uncertainty; the effect is smaller than
1% and considered negligible compared to the uncertainty
given by the difference of the two functions used for the
extrapolation.

The uncertainty on εtrigger is estimated by comparing the
trigger efficiency measurement with another method based
on data. The method consists of evaluating the efficiency
using a sample selected by the same trigger algorithms but
independent from those used in the selection of the signal.
The difference of 3% between the two methods is taken
as systematic uncertainty on the trigger efficiency. The total
systematic uncertainties are obtained by summing in quadra-
ture the different sources of uncertainties.

The differential J/ψ photoproduction yields, Eq. (1), as
a function of the rapidity for 〈Npart〉 = 19.7 ± 9.2 and as a
function of 〈Npart〉 are shown in Fig. 3 (top). The double-
differential J/ψ photoproduction yields, Eq. (2), as a function
of the transverse momentum are as well shown in Fig. 3
(bottom). The mean pT of the coherent J/ψ is found to be
〈pT 〉 = 64.9 ± 2.4 MeV/c. The results are compared to the
theoretical prediction [17,39] and detailed results are pre-
sented in the Supplemental Material [29]. The model assumes
two scenarios in which the coherence of the J/ψ production
is (overlap effect) or is not (no overlap effect) affected by in-
teractions with the overlap region of the two colliding nuclei.
Little difference is observed between the two theory scenarios.
The divergence is important in more central collisions due to
the increase of the photon flux with a decrease of the impact
parameter. In the overlapping scenario, this effect is balanced
by excluding the overlapping region from the interaction.
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Summary…

• Exclusive production in hadron-hadron collisions: rich field of physics


• Exclusive single-quarkonium production in pp: 

• high potential to constrain GPDs and PDFs at very low-x.

• probe universality


• Exclusive single-quarkonium production in PbPb:

• access to nuclear PDFs and GPDs

• probe to saturation


• Additional on-going analysis for exclusive production in pp, pPb and PbPb collisions                                                            
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and outlook I

• Future data taking for exclusive measurements in hadron-hadron collisions


• pp collisions: very difficult (impossible?), since too many interactions per bunch crossing. Dedicated runs?


• pPb collisions: possible and highly desired: 

‣Highly reduced ambiguity in ID of photon emitter

‣Direct ratio of Pb to p in same measurements: much cleaner.


• PbPb collisions: possible and interesting for nuclear studies and potentially saturation

‣  Might consider installing a ZDC for improved measurements in purity and t reach



and outlook II
• Future data taking for exclusive measurements in fixed-target modeLHCb, 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;

37

Gas Feed System

Openable cell

34

It is the only object into 
the LHC primary 

vacuum

SMOG2

•Run 3: injection of unpolarised He, Ne, Ar, and H2, D2 

•Expected total uncertainty on exclusive cross section 

with p beam: 5-10% 

—> constrain nucleon and nuclear GPDs in high-x region
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Access to barely explored high-x region:

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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•Proposal for Run 4: 

•LHCSPIN: transversely polarised gas target 

⟶ access to spin-dependent GPDs 

(orbital angular momentum)


