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CENTRAL EXCLUSIVE PRODUCTION AT LHCb

The LHCb collaboration has measured central exclusive production of 𝐽/𝜓, 𝜓(2𝑆), and ϒ
mesons as well as 𝐽/𝜓𝐽/𝜓, 𝐽/𝜓𝜓(2𝑆), 𝜓(2𝑆)𝜓(2𝑆), and 𝜒𝑐𝜒𝑐 meson pairs in proton-proton
collisions. The analyses of ϒ and charmonium pairs are performed at the centre-of-mass en-
ergies of 7 TeV and 8 TeV, and those of 𝐽/𝜓 and 𝜓(2𝑆) are done at 7 TeV and 13 TeV. The
analysis at 13 TeV involves the use of new shower counters. These allow a reduction in the
background by vetoing events with activity in an extended region in rapidity. The measurements
of central exclusive production at LHCb are sensitive to gluon distributions for Bjorken-𝑥 val-
ues down to 2× 10−6 (at 13 TeV). An overview of the LHCb results is presented and compared
to existing measurements of other experiments and theoretical calculations.
K e yw o r d s: exclusive photoproduction, ultra-peripheral collisions, generalised parton distri-
butions, parton distribution functions.

1. Introduction
The nucleon structure can be described in three di-
mensions in terms of the probability to find quarks
and gluons as a function of their transverse posi-
tion inside the nucleon and their longitudinal mo-
mentum fraction with respect to the nucleon mo-
mentum [1, 2]. The longitudinal direction coincides
here with the direction of the probe used to in-
vestigate the nucleon. The corresponding probability
distributions are called impact-parameter-dependent
parton distributions. They are Fourier transforms of
generalised parton distributions (GPDs) (see, e.g.,
Ref. [3]). These GPDs do not have a probabilistic in-
terpretation. Instead, they represent probability am-
plitudes for a parton with longitudinal momentum
fraction 𝑥 + 𝜉 to be emitted from a nucleon and a
parton with longitudinal momentum fraction 𝑥− 𝜉 to
be absorbed by the nucleon. The nucleon stays intact,
but receives a four-momentum transfer squared equal
to −𝑡. This is represented in Fig. 1, for quarks (left)
and gluons (right).

Generalised parton distributions are accessible in
exclusive reactions, such as the exclusive produc-
tion of photons or vector mesons, involving a hard
scale. The hard scale is necessary in order to factorise
the process into perturbatively calculable parts and
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non-perturbative parts, which are the GPDs and me-
son distribution amplitudes in the case of exclusive
meson production [4, 5]. Exclusive vector-meson pro-
duction can be measured in deep-inelastic scattering,
as illustrated in Fig. 1, left. The hard scale is provided
here by the large virtuality, 𝑄2 = −𝑞2 ≫ 1 GeV2,
of the photon exchanged between the lepton and
the nucleon. There exists a multitude of such mea-
surements at fixed-target experiments [6–13] and at
lepton-proton colliders, by the H1 and ZEUS collab-
orations [14–17]. The former series of measurements
are mainly sensitive to larger values of Bjorken-𝑥, 𝑥B,
with 𝜉 ≈ 𝑥B/(2−𝑥B), and thus to quark GPDs, while
the latter probe lower values of 𝑥B down to 10−4,
where gluons dominate.

Alternatively, it is possible to use a (quasi-)real
photon (𝑄2 ≈ 0 GeV2) to investigate the nucleon,
provided that the particle created in the final state
has a large mass component. In the case of exclu-
sive vector-meson production, such as 𝐽/𝜓 or ϒ
production, the large scale is then provided by the
large mass of the meson valence quarks (charm or
bottom quarks). The vector mesons originate, as il-
lustrated in Fig. 1, right, from the splitting of the
real photon into a quark-antiquark pair (𝑐𝑐 or 𝑏𝑏̄).
This pair interacts with a nucleon through the ex-
change of two gluons, and as a result a vector me-
son is formed in the final state. Quasi-real photopro-
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Fig. 1. Diagrams for exclusive production of vector mesons in deep-inelastic scattering
(left) and in photoproduction (right). The figure on the left illustrates access to quark
GPDs, while the figure on the right shows the diagram for gluon GPDs

duction of vector mesons has been measured in
electron-proton collisions by the H1 and ZEUS ex-
periments [16, 18–21]. These measurements probe a
photon-nucleon centre-of-mass energy ranging from
30 GeV to 300 GeV.

It is also possible to study photoproduction in
ultra-peripheral collisions of protons and ions. In such
reactions, the beam particles interact at a large
enough distance from each other (in practice more
than the sum of their respective nuclear radii) so
that they interact through the exchange of colour-
neutral objects. The flux of photons emitted by a
beam particle is proportional to the square of its
atomic charge, and hence photon emission by heavy
ions is greater than for protons. There exist mea-
surements of exclusively produced vector mesons in
gold-gold collisions by the PHENIX experiment [22],
in proton-antiproton collisions by the CDF experi-
ment [23], in lead-lead and proton-lead collisions by
the ALICE experiment [24–26] and in proton-proton
and lead-lead collisions by the LHCb experiment [27–
31]. The covered photon-nucleon centre-of-mass en-
ergy ranges from 34 GeV, for the PHENIX experi-
ment, to 1.5 TeV, for the measurements performed by
the LHCb collaboration. The very high energy avail-
able at the LHC offers the unique possibility to probe
the GPDs down to Bjorken-𝑥 values of the order of
10−6, i.e., two orders of magnitude lower than for
the existing measurements in electron-proton colli-
sions. At such low values of 𝑥B, one might also be sen-
sitive to saturation effects [32]. In addition, at such
low 𝑥B, the exclusive cross section can be approx-
imated in terms of standard gluon parton distribu-
tion functions (PDFs) [33–36]. This cross section has
a quadratic dependence on the gluon PDFs, and thus

provides a higher sensitivity than inclusive measure-
ments, where the dependence is only linear.

2. LHCb Measurements

In central exclusive production of vector mesons in
ultra-peripheral collisions, the proton (or ion) emit-
ting the real photon is to a good approximation not
altered from its original trajectory, while the proton
interacting through the two gluons undergoes a small
change in momentum, but remains close to the beam
line. The vector meson, in turn, is produced in the
central region. At LHCb, this vector meson is gen-
erally reconstructed through its decay into a 𝜇+𝜇−

pair. Hence, the experimental signature for exclusive
vector-meson production is two oppositely charged
muons in the LHCb detector, with large regions of
rapidity, down to close to the beam line, devoid of
particle activity. There exists a different process with
the same final state, but where the oppositely charged
muons originate from the interaction of photons emit-
ted by the respective beam particles. This process
is called the Bethe–Heitler process. This production
mode of muons forms a continuum background to
the exclusive production of vector mesons, and needs
to be subtracted from the measured signal. Another
source of background is the production of higher-mass
vector mesons that decay into the vector meson un-
der study without detection of the other decay prod-
ucts. Furthermore, the production of vector mesons
where one or both of the interacting protons dissoci-
ate forms another background contribution.

The LHCb detector is a forward detector, covering
a rapidity range between 2 and 5. The detector is fully
instrumented for particle identification, and is capa-
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Fig. 2. Dimuon invariant-mass distribution (left) and dimuon squared-transverse-momentum distribution for muon pairs within
the 𝐽/𝜓 invariant mass region (right) for data collected at

√
𝑠 = 13 TeV, and satisfying the selection requirement imposed by

HeRSCheL. Different background contributions are indicated in both figures, while the vertical lines in the figure on the left
indicate the selected range in invariant mass for the measurement of 𝐽/𝜓 and 𝜓(2𝑆)

ble of detecting particles with transverse momenta as
low as 200 MeV. The LHCb experiment is not instru-
mented with detectors around the beam line for the
detection of protons emerging intact from the inter-
action or for products from proton dissociation that
remain close to the beam line. However, the LHCb ex-
periment is well suited for the measurement of exclu-
sive processes. Firstly, the average number of interac-
tions per beam crossing at the LHCb interaction point
ranges only from 1.1 to 1.5, depending on running
conditions. Secondly, besides the coverage in rapidity
from 2 to 5 by the fully instrumented LHCb detec-
tor, the LHCb vertex locator is capable of detecting
charged-particle activity for rapidities between –3.5
and –1.5. Also, for Run 2 of the LHC data-taking
period (2015–2018), the LHCb experiment was ad-
ditionally equipped with a series of five stations of
scintillators, HeRSCheL [37], placed at –114 m to
+114 m from the LHCb interaction point. This al-
lowed for the detection of particle showers in a rapid-
ity range between –10 and –5, and between +5 and
+10, and hence for a supplementary reduction of the
contribution from background processes.

Measurements of exclusive production of 𝐽/𝜓 and
𝜓(2𝑆) mesons have been performed by the LHCb ex-
periment using data collected in proton-proton col-
lisions at a centre-of-mass energy

√
𝑠 = 7 TeV [28],

and part of the data collected at
√
𝑠 = 13 TeV [30],

amounting to an integrated luminosity of respectively
929±33 pb−1 and 204±8 pb−1. This data set allows
one to access 𝑥𝐵 down to 2×10−6. Both the 𝐽/𝜓 me-
son and the 𝜓(2𝑆) meson are reconstructed through

Fig. 3. The distribution, normalised to unit area, of the HeR-
SCheL discriminating variable 𝜒2

HRC. The continuous, black
line corresponds to a sample highly enriched in exclusively pro-
duced muon pairs; the blue, dashed line represents the distribu-
tion for events enriched in inelastically produced 𝐽/𝜓 mesons,
while the purple, short-dashed line contains events with more
than four tracks

their decay into muons, which are required to lie in
the LHCb detector acceptance, between 2 and 4.5
in rapidity. Furthermore, the transverse momentum
squared of the dimuon pair, 𝑝2𝑇 ≈ −𝑡, needs to be
below 0.8 GeV2. Finally, the absence of any other de-
tector activity is required.

In Fig. 2, left, the dimuon invariant-mass distri-
bution is shown, while in Fig. 2, right, the squared-
transverse-momentum distribution of the muon pair
with invariant mass in the 𝐽/𝜓 mass region is pre-
sented. The three sources of background contamina-
tion to the 𝐽/𝜓 signal are also shown. The back-
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Fig. 4. Cross section differential in rapidity for exclusive 𝐽/𝜓 production (left) and exclusive 𝐽/𝜓 photoproduction cross section
as a function of the photon-proton invariant mass (right). The leading-order (yellow band) and next-to-leading-order (green band
and dotted line) JMRT calculations [34] are also indicated

ground contribution from the Bethe–Heitler process,
labelled nonresonant background, is obtained from
a fit to the dimuon mass distribution (see Fig. 2,
left). The background from feed-down from exclusive
production of 𝜓(2𝑆) and 𝜒𝑐 mesons is evaluated us-
ing 𝜓(2𝑆) and 𝜒𝑐 signals in experimental data and
Monte-Carlo simulation. Finally, the contamination
from events where at least one of the protons dis-
sociates is evaluated for Run 1 through a fit of the
dimuon transverse-momentum distribution, while for
the data collected in Run 2, HeRSCheL has been
used. The discriminating power of HeRSCheL is il-
lustrated in Fig. 3. The figure represents distributions
of a discriminating variable related to detector ac-
tivity in HeRSCheL. The continuous, black line is
the distribution for a very pure sample of exclusively
produced pairs of muons, while the other lines in-
dicate samples enriched in nonexclusive events. From
the figure, it is clear that for exclusive events, the dis-
criminating variable is located at low values, whereas
for nonexclusive events, the variable extends to higher
values. For the selection of exclusive events in Run
2, only events below the value indicated by the red,
vertical line are selected. This results in a signal pu-
rity of 76% (73%) for 𝐽/𝜓 (𝜓(2𝑆)). For data collected
in Run 1, the signal purity amounts to 62% (52%),
where the contribution from proton-dissociative back-
ground is about twice as high.

The cross section differential in rapidity for exclu-
sive production of 𝐽/𝜓 in proton-proton collisions at√
𝑠 = 13 TeV is shown in Fig. 4, left. It is seen to

decrease at larger values of rapidity. In addition to
the experimental data points, theoretical predictions
(JMRT) [34], which approximate the cross section

in terms of standard gluon PDFs, are shown. There
are predictions at leading order in 𝛼𝑆 (yellow band)
and at next-to-leading order in 𝛼𝑆 (green band). The
leading-order predictions fail to describe the data at
higher rapidities, while the next-to-leading order cal-
culations are in reasonable agreement with the data.

The exclusive vector-meson production cross sec-
tion in proton-proton collisions is related to the pho-
toproduction cross section through

𝜎𝑝𝑝→𝑝𝜓𝑝 = 𝑟(𝑊+)𝑘+
𝑑𝑛

𝑑𝑘+
𝜎𝛾𝑝→𝜓𝑝(𝑊+)+

+ 𝑟(𝑊−)𝑘−
𝑑𝑛

𝑑𝑘−
𝜎𝛾𝑝→𝜓𝑝(𝑊−), (1)

where 𝑟 represents the gap survival factor, 𝑘± the
photon energy, 𝑑𝑛/𝑑𝑘± the photon flux, and 𝑊 2

± =
= 2𝑘±

√
𝑠 the photon-proton invariant mass squared.

The subscript + (−) corresponds to the situation
where the downstream-going (upstream-going) pro-
ton is the photon emitter. As can be seen from
Eq. (1), the photoproduction cross section appears
twice in the expression. The reason resides in the am-
biguity on the identity of the proton emitting the
real photon. Since the photoproduction cross section
corresponding to the low-energy solution 𝑊− only
contributes about one third of the time and it has
been previously measured and parametrised by the
H1 collaboration, this parametrisation is used to fix
the low-energy photoproduction cross section, and ex-
tract the one at high photon-proton invariant mass.
The resulting photoproduction cross section is pre-
sented in Fig. 4, right. The data points represented
by the red circles are the result at

√
𝑠 = 13 TeV,
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Fig. 5. Cross section differential in rapidity for exclusive ϒ(1𝑆) production (left) and exclusive ϒ(1𝑆) photoproduction cross
section as a function of the photon-proton invariant mass (right). Next-to-leading-order (leading-order) JMRT calculations [34]
at

√
𝑠 = 7 TeV are indicated by the blue (yellow) band and include uncertainties. The mean value of the next-to-leading-order

(leading-order) calculations from JMRT [34] at
√
𝑠 = 8 TeV is indicated by the blue (red) line

while those indicated by the black squares are those
at

√
𝑠 = 7 TeV. Also measurements from the H1 col-

laboration, from which the parametrisation is taken,
the ZEUS and ALICE collaborations as well as from
fixed-target experiments [38–40] are presented. The
different data sets are in good agreement with each
other. The parametrisation from the H1 collaboration
is indicated in the figure by the blue band. It is seen
to describe the data well at intermediate values of 𝑊 ,
but fails at lower and higher values. Also the next-to-
leading order JMRT calculations are shown, as indi-
cated by the dotted line. They are in good agreement
with the data, describing it well also at low and high
values of 𝑊 . Also for the proton-proton and photo-
production cross section of 𝜓(2𝑆) (not shown), the
next-to-leading order predictions in 𝛼𝑆 describe the
data well, whereas the leading-order predictions fail
to describe the data.

There exist also results from exclusive ϒ produc-
tion by the LHCb collaboration, using data collected
in proton-proton collisions in Run 1 at

√
𝑠 = 7 TeV

and
√
𝑠 = 8 TeV, corresponding to a respective

luminosity of 0.9 fb−1 and 2.0 fb−1 [29]. The two
data sets are combined in order to increase statis-
tical precision. The data-selection procedure follows
that of the measurement for exclusive 𝐽/𝜓, with a
𝑝2𝑇 restricted to below 2.0 GeV2. Given the larger
mass of the ϒ meson, the lowest values in 𝑥𝐵 reach
down to 2 × 10−5. The total proton-proton produc-
tion cross section for ϒ(1𝑆) is determined to be
9.0± 2.1± 1.7 pb, where the first uncertainty is sta-

tistical and the second systematic, while for ϒ(2𝑆) it
is 1.3 ± 0.8 ± 0.3 pb. For ϒ(3𝑆) production, an up-
per limit on the cross section of 3.4 pb at the 95%
confidence level is determined. For the ϒ(1𝑆) res-
onance, the production cross section differential in
rapidity and the photoproduction cross section as a
function of 𝑊 are also extracted. They are shown in
Fig. 5. Also here, leading-order and next-to-leading
order JMRT calculations are presented, and only the
next-to-leading order calculations describe the data
well. In the figure on the right, also results from the
ZEUS and H1 collaborations are shown. These are
not able to discriminate between the leading-order
and next-to-leading order calculations.

The LHCb collaboration also published results
of exclusive production of the charmonium pairs
𝐽/𝜓𝐽/𝜓, 𝐽/𝜓𝜓(2𝑆), 𝜓(2𝑆)𝜓(2𝑆), 𝜒𝑐0𝜒𝑐0, 𝜒𝑐1𝜒𝑐1,
and 𝜒𝑐2𝜒𝑐2 [41]. These are potentially sensitive to
glueballs and tetraquarks. In the framework of de-
scribing the exclusive cross section in terms of stan-
dard gluon PDFs, they are sensitive to the fourth
power of these gluon PDFs. The measurements com-
bine the data collected in proton-proton collisions
at

√
𝑠 = 7 TeV and

√
𝑠 = 8 TeV. The produc-

tion cross sections are measured to be 𝜎(𝐽/𝜓𝐽/𝜓) =
= 58 ± 10 ± 6 pb; 𝜎(𝐽/𝜓𝜓(2𝑆)) = 63+27

−18 ± 10 pb;
𝜎(𝜓(2𝑆)𝜓(2𝑆)) < 237 pb; 𝜎(𝜒𝑐0𝜒𝑐0) < 69 nb;
𝜎(𝜒𝑐1𝜒𝑐1) < 45 pb; 𝜎(𝜒𝑐2𝜒𝑐2) < 141 pb, where only
an upper limit is determined for the four last pairs.
These results are not corrected for proton dissocia-
tion, due to the limited statistical precision. Only for
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the production of pairs of 𝐽/𝜓𝐽/𝜓 it is possible to
estimate the contribution from central exclusive pro-
duction, which amounts to about 42%, and thus to
determine the cross section corrected for proton dis-
sociation, which is 24± 9 pb.

3. Summary

Measurements of exclusive production of 𝐽/𝜓, 𝜓(2𝑆),
and ϒ(𝑛𝑆), with 𝑛 = 1, 2, 3, have been performed
by the LHCb collaboration. These measurements are
sensitive to gluon GPDs and PDFs. The cross sections
are measured differentially in rapidity and the photo-
production cross section is extracted as a function
of the photon-proton invariant mass. Comparisons
to next-to-leading order JMRT calculations show
good agreement with these data. Also cross-section
measurements of pairs of charmonia have been per-
formed. They are sensitive to the fourth power of
the gluon PDFs and potentially to glueballs and
tetraquarks. Although not discussed here, there are
also preliminary measurements of Bethe-Heitler pro-
duction in proton-proton collisions [42] and on exclu-
sive 𝜒𝑐 production in proton-proton collisions [42],
which is sensitive to the exchange of two gluon
pairs. Furthermore there are preliminary results on
exclusive production of 𝐽/𝜓 and 𝜓(2𝑆) in lead-lead
collisions [31], which give access to nuclear GPDs and
PDFs, and are sensitive to shadowing.
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ЦЕНТРАЛЬНЕ ЕКСКЛЮЗИВНЕ
ПРОДУКУВАННЯ НА LHCb

Р е з ю м е

Колаборацiя LHCb вимiрювала центральне ексклюзивне
продукування мезонiв 𝐽/𝜓, 𝜓(2𝑆) i ϒ мезонiв, а також ме-
зонних пар 𝐽/𝜓𝐽/𝜓, 𝐽/𝜓𝜓(2𝑆), 𝜓(2𝑆)𝜓(2𝑆), 𝜒𝑐𝜒𝑐 в протон-
протонних зiткненнях. Аналiз пар мезонiв ϒ та шармонiя
виконано при енергiях в системi центра мас 7 та 8 ТеВ, а
для 𝐽/𝜓 та 𝜓(2𝑆) – при 7 та 13 ТеВ. В аналiзi при 13 ТеВ
були задiянi новi лiчильники, якi зменшують фон, вiдсi-
каючи подiї з активнiстю в широкому iнтервалi швидко-
стей. Вимiри центрального ексклюзивного продукування на
LHCb чутливi до глюонних розподiлiв для значень бйорке-
нiвської змiнної аж до 2 · 10−6 при 13 ТеВ. Нами представ-
лено огляд результатiв LHCb та їх порiвняння з iснуючими
вимiрами в iнших експериментах, а також з теоретичними
розрахунками.
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