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We discuss the semi-exclusive production of vector mesons in proton–
proton collisions with electromagnetic dissociation of one of the protons.
Several differential distribution in missing mass (MX) or single-particle
variables related exclusively to the produced vector meson are calculated
for the pp center-of-mass energies of 7 and 13 TeV. The cross sections
and some differential distributions are compared to their counterparts for
purely exclusive reaction pp → pV p. For electromagnetic dissociation, the
important property is that the pγ? → Xp transitions are given by the
electromagnetic structure function of proton. In our calculations, we use
different parametrizations of the structure function and discuss how it is
constrained by the data on virtual photoabsorption on a proton.

DOI:10.5506/APhysPolB.51.1305

1. Introduction

Exclusive production of vector mesons pp→ ppV is a source of informa-
tion on the small-x gluon distributions in the proton. In the kt-factorization
approach, the cross section depends not only on unintegrated gluon distribu-
tion function (UGDF) but also on the wave function of the vector meson [1].
It was shown that the exclusive cross section is very sensitive to the choice
of the UGDF.

So far, both (almost) exclusive J/ψ and Υ production [2, 3] were mea-
sured in proton–proton collisions at the LHC. The measurements are not
fully exclusive because the outgoing protons were not measured, but only
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a veto on particle production in a large rapidity interval was imposed.
For proton–proton collisions, two types of proton excitations are possible:
diffractive and electromagnetic. In our earlier paper on J/ψ production [4],
we have developed a formalism how to calculate processes with rapdidity
gaps, but including proton dissociation. To calculate electromagnetic disso-
ciation, the method uses parametrizations of the proton structure functions
which are used to derive an inelastic photon flux. We have shown in [4] that
the semi-exclusive mechanism cannot be completely removed by the rapidity
veto on additional produced particles. We were a bit surprised that the elec-
tromagnetic dissociation seems the most important. Here, we wish to show
more systematic studies for production of different vector mesons and better
understand the competition of the purely exclusive and the semi-exclusive
processes.

The semi-exclusive production of vector mesons in proton–proton colli-
sions with electromagnetic dissociation of protons is illustrated in Fig. 1.
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Fig. 1. Schematic representation of the electromagnetic excitation of first (left
panel) or second (right panel) proton.

Here, we review our calculations of different differential distributions.
We are especially interested in the ratio of the semi-exclusive to exclusive
cross section. Such a ratio may be considered as a measure of “unwanted”
contamination of exclusive processes when using the rapidity gap method.

2. Formalism for semi-exclusive production of vector meson
with electromagnetic dissociation

The important property of these processes is that the pγ∗ → X transition
is given by the electromagnetic structure functions of the proton, and thus
to a large extent calculable “from data”, using parametrizations of these
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structure functions. The cross section for such processes can be written as

dσ(pp→ XV p; s)

dy d2p dM2
X

=

∫
d2q

πq2
F (inel)
γ/p

(
z+, q

2,M2
X

) 1
π

dσγ
∗p→V p

dt

(
z+s, t = −(q − p)2

)
+(z+ ↔ z−) , (1)

where z± = e±y
√
(p2 +m2

V )/s is the fraction of the proton’s longitudinal
momentum carried by the photon, MX is the invariant mass of the excited
system X, p is the transverse momentum of the vector meson, and −q is the
transverse momentum of the outgoing hadronic system X. Below we also
use pt = |p| for the absolute value of the transverse momentum. The mass of
the excited hadronic system must be above the threshold Mthr = mπ +mp.

We can calculate the “fully unintegrated” flux of photons associated with
the breakup of the proton in terms of the structure function F2 of a proton

F (inel)
γ/p

(
z, q2,M2

X

)
=

αem

π
(1− z)θ

(
M2
X −M2

thr

) F2

(
xBj, Q

2
)

M2
X +Q2 −m2

p

×

[
q2

q2 + z
(
M2
X −m2

p

)
+ z2m2

p

]2
, (2)

where the photon virtuality Q2 and the Bjorken variable xBj are obtained
from

Q2 =
1

1− z
[
q2 + z

(
M2
X −m2

p

)
+ z2m2

p

]
, xBj =

Q2

Q2 +M2
X −m2

p

. (3)

We used a number of parametrizations of the proton structure function
F2(x,Q

2) from the literature [5]:

1. A parametrization of Refs. [6, 7] which is fitted to the lower energy
CLAS data and is meant to give an accurate description especially
in the resonance region. In the figures, it will be labeled FFJLM.
Therefore, we used this parameterization when calculating observables
MX ∼< 2 GeV.

2. The Abramowicz–Levy–Levin–Maor fit [8, 9] used previously also in
[10], abbreviated here ALLM.

3. A newly constructed parametrization, which at Q2 > 9GeV2 uses an
NNLO calculation of F2 and FL from NNLO MSTW 2008 partons [11].
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This fit uses the parametrization of Bosted and Christy [12] in the
resonance region, and a version of the ALLM fit published by the
HERMES Collaboration [13] for the continuum region. It also uses
information on the longitudinal structure function from SLAC [14].
As the fit is constructed closely following the LUXqed work of Refs.
[15, 16], we call this fit LUX in the figures.

4. A Vector-Meson-Dominance model (VDM) inspired fit of F2 proposed
in [17] at low Q2, which is completed by the same NNLO MSTW
structure function as above at large Q2. This fit is labeled SU for
brevity.

3. Results

In Figs. 2 and 3, we show the rapidity distribution for semi-exclusive pro-
duction of vector mesons for the proton–proton collision energies of 7 TeV
(Fig. 2) and 13 TeV (Fig. 3). In the left panel, we present our results
for the φ meson, in the middle panel for the J/ψ meson, and in the right
panel for the Υ meson. We show the results for different parametrizations
of the F2 structure function. The solid blue lines are for Abramowicz–
Levin–Levy–Maor (ALLM) [8], the dash-dotted red lines are for Fiore–
Flachi–Jenkovszky–Lengyel–Magas (FFJLM) [7], the dashed green lines are
for Szczurek–Uleshchenko (SU) [17] fits to F2 and the dotted lines are for
the VDM contribution alone.
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Fig. 2. (Color online) Rapidity distribution for pp cm-energy
√
s = 7 TeV for the

production of φ, J/ψ and Υ mesons for different parametrizations of the proton
structure function F2.
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Fig. 3. (Color online) Rapidity distribution for pp cm-energy
√
s = 13 TeV for the

production of φ, J/ψ and Υ mesons for different parametrizations of the proton
structure function F2.

In Figs. 4 and 5, we show the transverse momentum distribution for
semi-exclusive production of vector mesons for the energies 7 TeV (Fig. 4)
and 13 TeV (Fig. 5). Again, in the left panel, we presents results for the φ
meson, in the middle panel for the J/ψ meson, and in the right panel for
the Υ meson, using different parametrizations of the F2 structure function.
The notation of lines are the same as in Fig. 2.
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Fig. 4. (Color online) Transverse momentum distribution of vector meson for pp
cm-energy

√
s = 7 TeV for the production of φ, J/ψ and Υ mesons for different

parametrizations of the proton structure function F2.

The results presented in Figs. 2–5 are for the missing massMX < 10GeV.
Note that the FFJLM parametrization is reasonable only for MX < 2 GeV,
while the ALLM parametrization works well in a much broader range of
missing masses MX , but does not have explicit resonance contributions.
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Fig. 5. (Color online) Transverse momentum distribution of vector meson for pp
cm-energy

√
s = 13 TeV for the production of φ, J/ψ and Υ mesons for different

parametrizations of the proton structure function F2.

In Figs. 6 and 7, we show a comparison of the cross section for the
production of vector mesons: φ, J/ψ and Υ for energies

√
s = 7 TeV (Fig. 6)

and
√
s = 13 TeV (Fig. 7). The presented results are for the missing mass

cut MX < 10 GeV. We show results for different parametrizations of the F2

structure function.
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Fig. 6. Rapidity distribution for pp cm-energy
√
s = 7 TeV for the production of

φ, J/ψ and Υ mesons for different parametrizations of the proton structure func-
tion F2.

In Figs. 8 and 9, we show the ratio REM/excl. as a function of rapidity
for different upper limits on missing mass MX . The ALLM-type structure
function of proton was used for these calculations. We show the results for
different vector mesons production: φ (left), J/ψ (middle) and Υ (right).
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Fig. 7. Rapidity distribution for pp cm-energy
√
s = 13 TeV for the production of

φ, J/ψ and Υ mesons for different parametrizations of the proton structure func-
tion F2.

y
­6 ­4 ­2 0 2 4 6

(y
)

E
M

/e
x
c
l

R

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

 = 7 TeVs
 φ

 = 2 GeV ALLMX,maxM

 = 10 GeV ALLMX,maxM

 = 20 GeV ALLMX,maxM

 = 50 GeV ALLMX,maxM

y
­6 ­4 ­2 0 2 4 6

(y
)

E
M

/e
x
c
l

R

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

 = 7 TeVs

 ψJ/

 = 2 GeV ALLMX,maxM

 = 10 GeV ALLMX,maxM

 = 20 GeV ALLMX,maxM

 = 50 GeV ALLMX,maxM

y
­4 ­2 0 2 4

(y
)

E
M

/e
x
c
l

R

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 = 7 TeVs
 Υ

 = 2 GeV ALLMX,maxM

 = 10 GeV ALLMX,maxM

 = 20 GeV ALLMX,maxM

 = 50 GeV ALLMX,maxM

Fig. 8. Ratio of inelastic diffractive to exclusive vector meson production as a
function of rapidity for different upper limits on the excited mass MX and energy√
s = 7 TeV.
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Fig. 9. Ratio of inelastic diffractive to exclusive vector meson production as a
function of rapidity for different upper limits on the excited mass MX and energy√
s = 13 TeV.
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In Figs. 10 and 11, we show the ratio REM/excl as a function of transverse
momentum for different upper limits on MX . We see that as soon as high
mass states are included, the inelastic contribution dominates at pt ∼> 1 GeV.
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Fig. 10. Ratio of inelastic diffractive to exclusive vector meson production as a
function of transverse momentum or different upper limits on the excited mass
MX and energy

√
s = 7 TeV.
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Fig. 11. Ratio of inelastic diffractive to exclusive vector meson production as a
function of transverse momentum or different upper limits on the excited mass
MX and energy

√
s = 13 TeV.

In Figs. 12 and 13, we show the sums of the two single-proton excitations.
The presented results are for energy of 7 TeV and different cuts on the maxi-
mal missing mass. In the left panel, we show results forMX < 2 GeV, in the
middle panel forMX < 5 GeV, and in the right panel forMX < 10 GeV. We
show the contribution of low-mass electromagnetic excitation with FFJLM
(dotted line) and ALLM (dashed line) parametrizations of the F2 structure
functions. Similarly, we show the contributions of the diffractive partonic
mechanism (short-dashed line) and of resonances (dash-dotted line) [4]. For
comparison, we show also the contribution of the purely exclusive process
pp → pJ/ψp (top solid line) [1]. We predict that the contribution of low
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mass excitations gives camel-like shapes with maxima at y ≈ ±4. When
higher (nonresonant) mass region is included the semiexclusive cross section
grows considerably and the two separated maxima merge into one maximum
at y = 0.
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Fig. 12. Rapidity distribution of J/ψ mesons produced at
√
s = 7 TeV energy

when one of the protons is excited due to photon or Pomeron exchange. Both
contributions (one or second proton excitation) are added together. We also show
a reference distribution for the pp → pJ/ψp exclusive process with parameters
taken from [1].
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Fig. 13. Transverse momentum distribution of J/ψ mesons at
√
s = 7 TeV energy.

Shown are the cross sections when one of the protons is excited (due to photon
or Pomeron exchange). We also show a reference distribution for the pp→ pJ/ψp

from [1].

4. Conclusions

In this paper, we have discussed semi-exclusive production of vector
mesons in pp → V pX processes, where X stands for excited/dissociated
proton system and V = φ, J/ψ, Υ . These results were obtained in our re-
cent papers [4, 5]. Electromagnetic dissociation of protons is calculated
using an inelastic unintegrated photon flux which was calculated based on
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modern parametrizations of deep-inelastic proton structure functions. Dif-
ferent parametrizations from the literature have been used. The results
strongly depend on the parametrization of the structure function used. In
γ–Pomeron fusion reactions in proton–proton scattering, electromagnetic
dissociation is of the same size as strong, diffractive dissociation. It even
dominates in some regions of the phase space. The ratio of the semi-exclusive
to the purely exclusive contributions strongly depends on the vector meson
transverse momentum and only mildly on rapidity. In general, the bigger
semi-exclusive to exclusive ratio is obtained for heavier quarkonia.
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