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We consider the experimental data on φ-meson production in hadron-nucleon collisions for a wide
energy region. The quark-gluon string model quantitatively describes the spectra of secondary φ, as well as
the ratios of φ=π− and φ=K− production cross sections.
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I. INTRODUCTION

The quark-gluon string model (QGSM) [1,2], based on
the dual topological unitarization (DTU), Regge phenom-
enology, and nonperturbative notions of QCD, has been
used for already more than thirty years to successfully
predict and describe many features of the hadronic proc-
esses in a wide energy range. In particular, the QGSM
allows one to make quantitative predictions on the inclusive
densities of different secondaries both in the central and
beam fragmentation regions.
In the QGSM frame, high-energy hadron-nucleon colli-

sions are considered as taking place via the exchange of one
or several Pomerons. Each Pomeron is considered in DTU
as a cylindrical diagram [Fig. 1(a)]. The cut [3] between
Pomerons in a multi-Pomeron diagram results in elastic or
diffraction dissociation processes, while the cut through
one [Fig. 1(b)] or several [Fig. 1(c)] Pomerons corresponds
to inelastic processes with multiple production of secon-
daries, the cut of every Pomeron leading to the production
of two showers of secondaries.
This model has been successfully used for the descrip-

tion of multiparticle production processes in hadron-hadron
collisions. The QGSM description of the production of
secondaries (pseudoscalar mesons π and K), and of
nucleons p, p̄, which give the main contribution to mean
multiplicity at different energies was obtained many years
ago in [4,5] (see also [6,7]). Vector meson production was
considered in [8–10]. The yields of hyperons, including the
multistrange ones, have been described in [11,12].
In the present paper, we apply the QGSM formalism to

the description of the spectra of vector φ-meson production
in πp and Kp collisions, and of the ratios of yields φ=π−

and φ=K− in pp collisions for a large scope of the initial
energy going up to the RHIC and LHC ranges. The φ

meson is a system of ss̄ quarks with nonzero masses,
which is rarely produced and thus can be sensitive to the
production mechanism.

II. MESON PRODUCTION IN THE QGSM

In the QGSM the inclusive spectrum of a secondary
hadron h is determined [1,2] by the convolution of the
diquark, valence quark, and sea quark distributions, uðx; nÞ,
in the incident particles, with the fragmentation functions,
GhðzÞ, of quarks and diquarks into the secondary hadron h.
Both the distribution and the fragmentation functions are
constructed using the Reggeon counting rules [13].
For a nucleon target, the inclusive rapidity, y, or

Feynman-x, xF, spectrum of a secondary hadron h has
the form [1]

dn
dy

¼ xE
σinel

·
dσ
dxF

¼
X∞
n¼1

wn · ϕh
nðxÞ; ð1Þ

where the functions ϕh
nðxÞ determine the contribution of

diagrams with n cut Pomerons, wn is the relative weight of

(a) (b) (c)

FIG. 1. (a) Cylindrical diagram representing a Pomeron ex-
change within the DTU classification (quarks are shown by solid
lines), (b) a cut of the cylindrical diagram corresponding to the
single-Pomeron exchange contribution to inelastic pp scattering,
and (c) the cuts of the diagrams for the inelastic interaction of the
incident proton with a target nucleon in a pp collision.

*argev@mail.yerphi.am
†merino@fpaxp1.usc.es
‡shabelsk@thd.pnpi.spb.ru

PHYSICAL REVIEW D 90, 114019 (2014)

1550-7998=2014=90(11)=114019(8) 114019-1 © 2014 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.90.114019
http://dx.doi.org/10.1103/PhysRevD.90.114019
http://dx.doi.org/10.1103/PhysRevD.90.114019
http://dx.doi.org/10.1103/PhysRevD.90.114019


these diagrams, and the small diffraction dissociation
contribution to φ-meson production processes has been
neglected.
In the case of pp collisions,

ϕh
nðxÞ ¼ fhqqðxþ; nÞ · fhqðx−; nÞ þ fhqðxþ; nÞ · fhqqðx−; nÞ

þ 2ðn − 1Þ · fhs ðxþ; nÞ · fhs ðx−; nÞ;

x� ¼ 1

2

h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

T=sþ x2
q

� x
i
; ð2Þ

where fqq, fq, and fs correspond to the contributions of
diquarks, valence quarks, and sea quarks, respectively. In
the case of meson-nucleon collisions, the diquark contri-
bution fhqqðxþ; nÞ in Eq. (2) should be replaced by the
valence antiquark contributions fhq̄ðxþ; nÞ.
The functions fqq, fq, fq̄, and fsea are determined by the

convolution of the diquark, quark, and antiquark distribu-
tion functions, uðx; nÞ, with the fragmentation functions to
hadron h, GhðzÞ, e.g.,

fhi ðxþ; nÞ ¼
Z

1

xþ
uiðx1; nÞGh

i ðxþ=x1Þdx1; ð3Þ

with i ¼ qq-diquarks, q; q̄, and sea quarks. The details of
the model are presented in [1,2,4,5,11].
The classical Reggeon diagram technique [13,14] con-

structs the amplitude for hadron-hadron scattering at
high energies of multi-Pomeron exchanges. In the case
of supercritical Pomeron with

αPðtÞ ¼ 1þ Δþ α0Pt; Δ > 0; ð4Þ
one obtains the correct asymptotic behavior, σtot ∼ ln2s.
The one-Pomeron contribution to σtothN equals:

σP ¼ 8πγeΔξ; ξ ¼ ln s=s0; ð5Þ
where γ is the Pomeron coupling, and σP rises with energy
as sΔ. To obey the s-channel unitarity, and the Froissart
bound in particular, this contribution should be screened by
the multi-Pomeron discontinuities. A simple quasieikonal
treatment [15] yields

σtothN ¼ σPfðz=2Þ; σelhN ¼ σP
C

½fðz=2Þ − fðzÞ�; ð6Þ

where

fðzÞ ¼
X∞
k¼1

1

k · k!
ð−zÞk−1 ¼ 1

z

Z
z

0

dx
x
ð1 − e−xÞ;

z ¼ 2Cγ
λ

eΔξ; λ ¼ R2 þ α0Pξ: ð7Þ

Here, R2 is the radius of the Pomeron, and C is the
quasieikonal enhancement coefficient (see [16]). At asymp-
totically high energies (z ≫ 1), we obtain

σtothN ¼ 8πα0PΔ
C

ξ2; σelhN ¼ 4πα0PΔ
C2

ξ2; ð8Þ

according to the Froissart limit [17].
The values of Pomeron parameters were fixed [5] in

1986 on the base of a Regge fit [18] of high-energy hadron-
nucleon scattering, by including into the analysis by then
new data from colliders:

Δ ¼ 0.139; α0P ¼ 0.21 GeV−2;

γpp ¼ 1.77 GeV−2; R2
pp ¼ 3.18 GeV−2;

Cpp ¼ 1.5; γπp ¼ 1.07 GeV−2;

R2
πp ¼ 2.48 GeV−2; Cπp ¼ 1.65: ð9Þ

The error bars of the parameters are not presented, since
they are strongly correlated. With this set of parameters of
pp collision one obtains a value of σtotpp ≅ 94 mb at the
LHC energy of

ffiffiffi
s

p ¼ 7 TeV, that is only slightly smaller
than the experimental value σtotpp ¼ 98.3� 2.8 mb [19].
The cross sections of all inelastic processes correspond-

ing to diagrams where n ≥ 1 Pomerons are cutted can be
calculated [15] with he help of the AGK cutting rules [3]:

σðnÞhN ¼ σP
n · z

�
1 − e−z

Xn−1
k¼1

zk

k!

�
: ð10Þ

The probabilities wn in Eq. (1) are determined as

wn ¼ σn=ðσtot − σelÞ: ð11Þ

The average number of exchanged Pomerons in pp
collisions hnipp slowly increases with the energy.
The distribution functions of quarks and diquarks in

colliding particles were obtained in [20,21], and they are
presented in the Appendix.
For the φ-meson production we use the following quark

fragmentation functions [8], that were obtained by using the
Reggeon counting rules and the simplest extrapolation [13]:

Gφ
u ¼ Gφ

d ¼ Gφ
ū ¼ Gφ

d̄
¼ aφ · ð1 − zÞλ−αR−2αφþ2; ð12Þ

Gφ
s ¼ Gφ

s̄ ¼ aφ · ð1 − zÞλ−αφ : ð13Þ

The diquark fragmentation functions into φ mesons have the
form

Gφ
uu ¼ Gφ

ud ¼ aφ · ð1 − zÞλþαR−2ðαRþαφÞ; ð14Þ

where the parameter λ takes the value λ ¼ 0.5, and the
parameters αR ¼ 0.5 and αφ ¼ 0. are the intercepts of the ρ
and φ Regge trajectories, respectively. One has to note that
the only unknown in this analysis is αφ. This parameter αφ
represents the φ density in the central region of one
Pomeron. In correspondence with what it has been well
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established in the past for the corresponding parameters
determining the yields of other particles, the value of this
parameter is universal in the sense that it does not depend
neither of the energy nor of the beam of the collision. Due to
the significant systematic errors of some of the experimental
data, to obtain the value of the parameter aφ with the
corresponding error bars from a global fit to all available
experimental data is not possible. Thus, the value of the
parameter aφ, that sets the absolute normalization of the φ
production cross section, has been fixed by simultaneously
describing in a reasonable way most of the experimental data
on φ production from pion and proton beams (see Sec. III).
Thus, we use in our calculations the value of aφ ¼ 0.11,
which gives a good description of most of those exper-
imental data.

III. NUMERICAL RESULTS

In this section we first compare the QGSM calculations
with the experimental data on φ inclusive cross sections in
πp and pp collisions at different energies.
In Fig. 2 we present the experimental data for xF spectra

of φ mesons produced in π�p collisions at initial momenta
of π mesons 93 [22], 100, 120 [23], and 140 GeV=c [24]
(upper panel). The corresponding data for pion beam
momenta 175, 200 [23], and 360 GeV=c [25] are shown
in the lower panel of Fig. 2.
As it can be seen in the upper panel of Fig. 2, there is

disagreement between the experimental data at 93, 140,
100, and 120 GeV=c. The corresponding QGSM calcu-
lations are also presented in Fig. 2. Thus, the xF spectra of
φ mesons produced in π�p collisions at energies 140 and
93 GeV=c are shown by full and dashed curves, respec-
tively. The theoretical curves for 100 and 120 GeV=c are
not presented in Fig. 2 due to the lack of space, but
evidently they would be placed between the full and the
dashed curves. The theoretical curves have been all
calculated with aφ ¼ 0.11, and they are in good agreement
with experimental data at both 93 and 140 GeV=c. The
experimental data at 100 and 120 GeV=c [23] were
obtained with the help by extrapolating Be target data
by using linear A dependence, and they are systematically
higher than other experimental data at even higher energies.
In the lower panel of Fig. 2, the data on φ-meson

production at the higher energies of 175, 200, and
360 GeV=c are also presented. We see that the experi-
mental data for these three energies are in agreement with
the results of the theoretical calculations for the value
aφ ¼ 0.11), and shown by full, dashed, and dashed-dotted
curves, respectively. Here, the theoretical curves are in
general agreement with the data, except for the small xF
region, where we predict a significant increase of dσ=dxF
from 200 to 360 GeV=c that is not seen in the exper-
imental data.
The QGSM description of the experimental data on the

xF dependence of dσ=dxF spectra of φ mesons in pp

collision measured at 93 [22], 120, 200 [23], and
158 GeV=c [14,26], obtained with a value of aφ ¼ 0.11
is presented in Fig. 3. The full curve corresponds to the
energy 93 GeV=c, the dashed curve to 158 GeV=c, and
the dashed-dotted curve to 200 GeV=c. The agreement of
the theoretical calculation with the data is reasonable at
small xF; at large xF the experimental data falls down faster
than the theory, except for the data at 93 GeV=c, when even
at small xF the agreement is not good. One can appreciate
some contradiction between the data of φ-meson produc-
tion in pp (Fig. 3) and those in πp (upper panel of Fig. 2)
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FIG. 2. Different experimental data on xF spectra of φ mesons
produced in π�p collisions at different energies [22–24], com-
pared to the corresponding QGSM calculations (see the main text
for the description of the different experimental data sets and
theoretical curves).
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collisions, obtained both by the same experiment [22]. Our
results calculated at the NA49 Collaboration energy are in
agreement with the Monte Carlo predictions obtained by
using the LUCIAE model [27].
In Fig. 4, we compare the QGSM calculations to the

experimental data on the inclusive spectra xF · dσ=dxF of φ
mesons in pp collision at 400 Gev=c [28]. The agreement
of theoretical curve (aφ ¼ 0.11) with the data is good.
In Fig. 5, the rapidity spectra dn=dy of φ-mesons

production in pp collisions at 158 GeV=c [14,26] are
compared to the QGSM calculation (full line). The agree-
ment is quite reasonable. The predictions for the same
spectra at the LHC energies of 7 TeV (dashed line) and
14 Tev (dashed-dotted line) are also presented.
Generally, the QGSM description of the experimental

data in the considered energy region shown in Figs. 2–5 is
consistent. The description of the large xF region is rather
good in the case of πp collisions, while for pp collisions
there is not experimental point at xF > 0.35, except for one
point at 400 GeV=c that is in agreement with our curve.
Due to the systematical uncertainties of some experimental
results shown in Figs. 2–5, it is not possible to obtain the
value of the parameter aφ by standard fit procedure. After
comparing our results with the available experimental data,
we have taken the value aφ ¼ 0.11 as the most probable,
and we have used this value for all the theoretical
calculations presented in this paper.
The QGSM predictions have been always rather reliable

for describing π-meson production up to the LHC energies
[4,5,7]. Thus we have used the published calculations on
π-meson yields to compute the ratios φ=π.

The spectra of kaons are presented in Fig. 6. We present
the QGSM description of the experimental data on the
inclusive spectra of Kþ (upper panel) and K− (lower panel)
mesons in pp collisions on a wide energy range from
100 GeV=c up to

ffiffiffi
s

p ¼ 200 GeV [14,26,29]. The inte-
grated over pT RHIC data at

ffiffiffi
s

p ¼ 200 GeV have been
taken from [14,26].
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FIG. 3. The experimental data [14,22,23,26] on the xF spectra
of φ mesons produced in pp collisions at 93, 120, 158, and
200 GeV=c, compared to the corresponding QGSM calculations
at 93, 158, and 200 GeV=c.
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FIG. 5. The experimental data [28] on the y spectra dn=dy of φ
mesons produced in pp collisions at 158 GeV=c, and the
corresponding QGSM calculation (full line). The dashed and
dashed-dotted lines correspond to QGSM predictions for LHC
energies of 7 and 14 TeV, respectively.
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FIG. 4. The QGSM xF spectra of φ mesons produced in pp
collisions at 400 GeV=c compared to the experimental data [28].
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We present the results of the QGSM calculations at
the two different energies: 158 GeV=c (

ffiffiffi
s

p ¼ 17.3 GeV),
by solid curves, and RHIC energy (

ffiffiffi
s

p ¼ 200 Gev), by
dashed curves. In both cases, Kþ and K− spectra, our
curves are in reasonable agreement with the data. One has

to note that some disagreement in the normalization of
the experimental data by the NA49 Collaboration [14,26]
and that of the data at 100 and 175 GeV=c [29] exists.
Generally, the experimental spectra of both Kþ and K−

increase with the initial energy, what is in agreement with
our calculations.
At very high energies (

ffiffiffi
s

p ¼ 900 GeV and 7 Tev at
LHC), φ-meson production was measured in the kinematical
window 0.6 ≤ pT ≤ 6 GeV and in the limited rapidity
region jyj < 0.5. In the QGSM we calculate the spectra
integrated over pT, so the direct comparison of our
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FIG. 6. The QGSM description of the invariant cross section of
Kþ (upper panel) and K− (lower panel) mesons produced in pp
collisions compared to the experimental data at different energies
[14,26,29]. Solid lines correspond to the QGSM result at
158 GeV=c (

ffiffiffi
s

p ¼ 17.3 GeV), while dashed lines correspond
to the QGSM calculation at RHIC energy (

ffiffiffi
s

p ¼ 200 Gev).
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FIG. 7. The QGSM description of the
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p
dependence of φ=π−

(upper panel) and φ=K− (lower panel) cross section ratios
produced in pp collisions, compared to the corresponding
experimental data in Refs. [30–32].
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calculations to the data would be inconsistent. The influence
of the Kinematical boundaries at relatively low pT should be
at least in part smaller when we consider the ratios φ=π− or
φ=K− with the same kinematical restrictions.
The energy dependence of the production cross section

ratios of φ=π− (upper panel) [30,31] and φ=K− (lower
panel) [30,32] in pp collisions are presented in Fig. 7,
where the corresponding QGSM description is shown by
solid curves. The energy dependences of our curves for
φ=π− and φ=K− are similar, since the ratio of K=π
production depends rather weakly on the initial energy.
One can see some disagreements of our curves with the

data at high LHC energies. The predicted ratios for φ=π−

and φ=K− increase from
ffiffiffi
s

p ¼ 0.9 TeV to
ffiffiffi
s

p ¼ 7 TeV,
whereas at the experimental values they are practically the
same. This disagreement could be explained if the exper-
imental limits for the measured ratios were established not
for rapidity y, but for the pseudorapidity η variable.

IV. CONCLUSION

The QGSM provides a reasonable description of
Feynman xF and rapidity y spectra of φ-meson production
for the interaction of different hadron beams with a nucleon
target in a wide energy region, by using for the only
unknown parameter in our analysis, the normalization
parameter aφ, the value aφ ¼ 0.11. We show the QGSM
prediction for dn=dy cross sections for LHC energies. We
have also obtained a reasonable agreement for the φ=π−

and φ=K− cross section ratios in a wide interval of the beam
energy, going up to the LHC range. Since the theoretical
ratios φ=π− and φ=K− grow with energy from

ffiffiffi
s

p ¼
900 GeV to 7 Tev, while the experimental points do not
show this growth, and, since, in particular, our prediction
for the ratio φ=π− at

ffiffiffi
s

p ¼ 900 GeV is in agreement
with the experiment, some discrepancy of our calculations
with the experimental data appears at the LHC energy
of

ffiffiffi
s

p ¼ 7 TeV.
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APPENDIX: QUARK AND DIQUARK
DISTRIBUTIONS IN HADRONS IN QGSM

The QGSM considers hadrons as consisting of constitu-
ent quarks, so we cannot use hadron structure functions

obtained from hard processes. Usually, it is assumed in
DTU that a proton consists of a valence quark q and a
diquark qq. The diquark qq contains not only two valence
quarks, but also some part of gluon field, in what is called
string junction (SJ) [33,34]. In this case, the diquark
average momentum is larger than twice the momentum
of a valence quark. In the QGSM a proton can also contain
several sea quark-antiquark pairs.
In QGSM the form of the functions uðx; nÞ is determined

by the corresponding Regge asymptotic behaviors in the
regions x → 0 and x → 1 [20,21]. As an example, let us
consider the diagram with annihilation of one quark from
the fast nucleon on a meson target, that is shown in
Fig. 8(a).
The contribution of this process to the total inelastic hN

cross section is proportional to e½αRð0Þ−1�Δy, where αRð0Þ≃
0.5 is the intercept parameter of the corresponding non-
vacuum Regge trajectory, and Δy is the difference between
the rapidities of the colliding particles. On the other hand,
and starting from the parton model, we can consider this
process from a different point of view [21]; i.e., a slow
valence quark exists in the incident fast nucleon that is Δy
rapidity distant away from the valence diquark, the prob-
ability of such a configuration being equal to VðΔyÞ. This
slow valence quark annihilates with a target antiquark with
a rather large probability, what corresponds to the cut of the
diagram in Fig. 8(a). Thus, the probability to find a slow
valence quark in the fast nucleon at a distance Δy, i.e., with
x≃ e−Δy → 0 is equal to

xuqðxÞ ∼ x1−αRð0Þ; x → 0: ðA1Þ

The probability of finding a valence quark with x → 1 in
the nucleon is determined by the probability of finding a
slow diquark. This can be detected in the process of NN̄
annihilation that is shown in Fig. 8(b). The intercept of the
corresponding Regge trajectory αqqq̄ q̄ can be calculated as
[21] αqqq̄ q̄ð0Þ ¼ −αRð0Þ þ 2αBð0Þ, where αBð0Þ≃ −0.5 is
a parameter of the nucleon Regge trajectory. Then,

(a) (b)

FIG. 8. Planar diagrams which determine the low-x asymptotic
behavior of (a) the valence quark distribution and (b) of the
diquark distribution in a nucleon.
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xuqðxÞ ∼ ð1 − xÞ1þαRð0Þ−2αBð0Þ; x → 1: ðA2Þ

The quark distribution in the intermediate x region can
be estimated with the help of a simple interpolation,

uðxÞ ¼ Cxαð1 − xÞβ; ðA3Þ

with both limits at x → 0 and x → 1 given by Eqs. (A1) and
(A2). The normalization factor C is determined by the
condition

Z
uiðx; nÞdx ¼ 1; ðA4Þ

leading to

C ¼ Γðαþ β þ 2Þ
Γðαþ 1ÞΓðβ þ 1Þ : ðA5Þ

The numerical calculations account for the fact that the
distribution of valence d-quark in the proton is softer than
the distribution of valence u quarks. This can be done by
including into udðx; nÞ an additional factor ð1 − xÞ with
respect to uuðx; nÞ. The diquark distributions can be derived
from the quark distributions by substituting x → ð1 − xÞ.
As a consequence of momentum conservation, for each

value of n we have

X
i

hxii ¼
X
i

Z
uiðx; nÞxdx ¼ 1: ðA6Þ

In the case of n > 1, i.e., for multi-Pomeron exchange,
the distributions of valence quarks and diquarks are
softened with respect to the case of n > 1, due to the
appearance of a sea quark contribution. For arbitrary n, one
has [35]

uuuðx; nÞ ¼ CuuxαR−2αBþ1ð1 − xÞ−αRþ4
3
ðn−1Þ;

uudðx; nÞ ¼ CudxαR−2αBð1 − xÞ−αRþn−1;

uuðx; nÞ ¼ Cux−αRð1 − xÞαR−2αBþn−1;

udðx; nÞ ¼ Cdx−αRð1 − xÞαR−2αBþ1þ4
3
ðn−1Þ;

usðx; nÞ ¼ Cdx−αRð1 − xÞαR−2αBþn−1: ðA7Þ

The quark distributions in pion can be obtained in a
similar way, e.g., for the case of π− mesons, we use the
distributions [35]

udðx; nÞ ¼ uūðx; nÞ ¼ Cdx−αRð1− xÞ−αRþn−1;

uuðx; nÞ ¼ ud̄ðx; nÞ ¼ Cux−αRð1− xÞ−αRþn−1½1− δ
ffiffiffiffiffiffiffiffiffiffi
1− x

p
�;

n > 1;

us̄ðx; nÞ ¼ Cs̄x−αRð1− xÞn−1; n > 1: ðA8Þ
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