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In this paper, we investigate the inclusive diffractive hadroproduction for ηc and ηb at the Large Hadron
Collider (LHC) energies. Based on the nonrelativistic QCD factorization formalism and the resolved-
Pomeron model for the quarkonium production mechanism, we estimate the rapidity, the momentum
fraction loss dependence of the cross section. We give prediction ratios for single and central diffractive
processes with respect to the nondiffractive process. These inclusive processes are sensitive to the gluon
content of Pomeron for small x and Reggeon for large x, which is useful to study small and large-x physics
and good to test different mechanisms for ηc and ηb production at the LHC. They also serve as the
background to related exclusive processes; thus, they should be predicted. Our results demonstrate that the
Reggeon contribution of diffractive processes can be sizable, even sometimes dominant over Pomeron, and
that its study can be useful to better constrain the Reggeon parton content. The experimental study of
Reggeon can be carried out in certain kinematic windows.
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I. INTRODUCTION

The quarkonia production remains a topic of consid-
erable theoretical and experimental interests in hadronic
collisions at the Large Hadron Collider (LHC) and has
attracted a lot of attention. It provides a valuable tool to test
the ideas and methods of the QCD physics of bound states,
such as effective field theories, lattice QCD, NRQCD, and
so on [1]. Recently, the ηc hadroproduction cross section
was measured by the LHCb experiments [2,3] in pp
collisions which opened a window for the study of the
pseudoscalar quarkonia production. This released exper-
imental data provide a further important test for theories
predicting the ηc hadroproduction cross sections polariza-
tion. The investigation of direct ηc hadroproduction at
leading order (LO) in αs within the NRQCD framework in
the collinear factorization scheme has been carried out in
Refs. [4–7] to describe the heavy quarkonium measure-
ments. Besides, the QCD next-to-leading order (NLO)
predictions of direct ηc hadroproduction have achieved
good agreement with almost all the experimental measure-
ments on quarkonia hadroproduction and clarified the
ambiguity of the determination of the color octet long

distance matrix elements for J=ψ production [8–10].
However, the notorious J=ψ polarization in hadroproduc-
tion became rather puzzling for conventional nonrelativistic
QCD (NRQCD) calculations at NLO in comparison to the
world’s data with transverse momenta up to 10 GeV [11].
Moreover, the examination of small or no polarization in
the J=ψ meson prompt production [12] remains mysterious
within the accessible theoretical framework [13]. The
theory also lost its flexibility and made a prediction for
ηc by a huge factor off the measured cross section with
nonperturbative matrix elements fixed from fitting all other
production data [14]. The general situation was even known
as challenging [11]. In the investigation of the ground state,
the ηc meson is still required so as to offer useful additional
information on the long-distance matrix elements [15,16]
and particularly, the heavy-quark spin-symmetry relation
between the ηc and J=ψ matrix elements. Therefore, more
studies on the ηc productions are being worked on or have
been published; see, for example, the prompt ηc heavy
quarkonium production that has been intensively examined
in the transverse momentum dependent factorization with
transverse momentum dependent distributions of on shell
gluons [17], and the KT-factorization scheme [18] along
with the potential model in the transverse momentum space
with off shell gluons [19].
It is not surprising that the ηc hadroproduction can be

also used to study the soft interactions at the LHC, for
example, through diffractive production modes in which no
quantum numbers are exchanged between colliding par-
ticles at high energies. On top of that, it can be split into
exclusive and inclusive event as displayed in Fig. 1.
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Figure 1(a) describes schematically the exclusive diffrac-
tion via a two-gluon exchange between the two incoming
protons. The soft pomeron is seen as a pair of gluons
nonperturbatively coupled to the proton. One of the gluons
is then coupled perturbatively to the hard process while the
other one plays the role of a soft screening of color,
allowing for diffraction to occur [20]. The exclusive
diffraction events comprise the presence of the rapidity
gaps, which separate the very intact forward outgoing
protons from the centrally measured object produced alone.
The intact forward outgoing protons are detected by forward
hadron tagging detectors installed at a low scattering angle
with respect to the beam axis near the central detector
[21,22] after the exclusive diffractive collisions. The whole
Pomeron energy is used to produce the diffractive state; i.e.,
there is no energy loss and Pomeron remnants [23]. The
leading protons carry most of the beam particle momentum,
and the full energy available is used in the interaction. The
exclusive diffractive χcJ, ηc, J=ψ productions and so on have
been studied in the Durham model with a tagged proton or
antiproton [1,24–29] along with dedicated Monte Carlo
codes [30]. The Figs. 1(b) and 1(c) describe other exclusive
productions such as photon-Pomeron and photon-photon
fusion, which are also very interesting. Notice that these
purely exclusive production estimates can be useful to study
the characteristics of the produced bound states or particles.
However, their precise determinations lie in the consider-
ation of the inclusive production [31], which serves as their
important background. Here, in our present paper, we are
concentrating on the inclusive diffractive production shown
in Figs. 1(d) and 1(e).
As for the inclusive diffractive processes, they differ

from their counterparts by smaller rapidity gaps, and the
colliding Pomerons or Reggeons are composite systems
made from quarks and gluons. There is also a presence of
Pomeron or Reggeon remnants accompanied with soft
QCD radiations. The presence of one intact forward hadron
tagged in the final state and one large rapidity gap in the
detector is called the single diffractive dissociation (SD).
The central diffractive dissociation, double Pomeron or
Reggeon exchange, or Pomeron-Reggeon cross exchange
(DD) is characterized by two intact forward hadrons and

two rapidies. The experimental diffractive studies
[32–37] have particularly drawn attention toward the
understanding of diffractive production due to the
measurement of data samples released by the LHC.
Theoretically, the inclusive diffractive processes have
been studied in Regge theory (also named resolved-
Pomeron model) in Refs. [38–41] and so on. Taking into
consideration the perturbative QCD and the soft dif-
fractive physics, some studies have shown and addressed
the non-negligible Reggeon contribution [42,43]. In
addition to the resolved-Pomeron model, existing models
such as the Donnachie-Landshoff [20,44,45] model and
the Bialas-Landshoff model [46] have also investigated
diffractive production of particles.
In this paper, we have predicted the cross section for the

inclusive single and double diffractive hadroproduction of
ηc in proton-proton interactions in collinear momentum
space in the NRQCD formalism with Regge theory. The
nondiffractive hadroproduction (ND) has been estimated
alongside diffractive ones. As said, on one hand, such a
study can be the background of exclusive production which
requires precise determination; on the other hand, they
themselves are also sensitive to gluon content of Pomeron
(Reggeon) whereas the Pomeron (Reggeon) themselves are
sensitive to the gluon distribution in the proton. Thus, this
kind of diffractive interaction is worth studying. Typically,
we have also added Reggeon-Reggeon and Reggeon-
Pomeron contributions, which have been usually ignored
in other former calculations. We have concentrated on the
ηc particle which is a pseudoscalar particle of an even
charge parity. In this case, the dominant production
mechanism is via the gg → ηc gluon-gluon fusion 2-1
process at the pole z ¼ 1, where z is defined as
z ¼ Ph · Pηc=Ph · Pg, where Ph, Pg, Pηc are the four momenta
of proton, gluon and ηc, respectively. The related diagrams
are illustrated in Fig. 2. Notice that in the standard collinear
factorization approach, there is a zero transverse momen-
tum distribution for the final ηc, whereas the ηc production
does possess transverse momentum distributions in the
LHCb Collaboration measurement. We therefore comment
that it may also be interesting to consider, for example, the
gg → ηc þ g, 2 → 2 processes and study the kinematical

(a) (b) (c) (d) (e)

FIG. 1. The illustrative description of exclusive and inclusive processes.
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region 0 < z < 1 and even go beyond the leading order
approximation up to NLO to include the full region. In our
future work, the transverse momentum will be also
included in the perturbative QCD and the soft diffractive
parts. Anyway, this paper is our first step towards future
work that is in progress. The ηb production is also included
in our work.
The paper is structured into three sections including

the introduction in Sec. I. The detailed description of
the hadron tagging devices and the formalism frame-
work for the leading order cross section of ηc and ηb
hadroproductions at the LHC are clearly described in
Sec. II. The input parameters and discussed numerical
results are shown in Sec. III. A summary is briefly given
in Sec. IV.

II. FRAMEWORK OF THE CALCULATION
TECHNOLOGY

A. Forward diffractive detectors

In SD and DD dissociations in a pp collision, the
produced single ηc or ηb accompanied with a low-mass
system are measured in the central detector. The initial
incoming hadron, which is described by the different
components of its wave function, can be absorbed during
the diffractive scattering process. The final outgoing intact
hadron can be just excited into a diffractive system and
observed by forward detectors. The hadronic diffraction is
where intact particles are excited into a hadronic system
with a small invariant mass, much smaller than the collision
energy. The experimental signature of this process is that all
hadrons are produced at small angles. The central detectors
can give the information to help the forward detector to
identify diffractive and nondiffractive events [47]. In non-
diffractive events, the color charge is exchanged between
the interacting hadrons while the color singlet is exchanged
in diffractive events [48]. The signal is to measure the
exclusively produced heavy bound state in the central

detector, and the background is due to inclusive diffractive
processes. The Pomeron or Reggeon remnants and QCD
radiation are detected by the central detectors. There are
two valuable detector characteristics of the diffractive
processes, namely the existence of the intact initial hadron
and large rapidity gap which goes together with it. The
rapidity gap size and the location of them in the pseudor-
apidity phase space can be used to determine the type of the
diffractions [49]. These rapidity gaps in the forward or
backward rapidity regions, connect directly to the soft part
of the events, and therefore, nonperturbative effects, on a
long space-time scale.
The detectors possess the coverage necessary to measure

forward rapidity gaps, Δy. Negative (positive) pseudora-
pidity or the large polar plane is referred to as left (right)
side of the detector for y < 0 (y > 0). The pseudorapidity is
often used experimentally instead of rapidity, since they are
equal in the limit of a massless particle. These detectors try
to measure both the cross sections and the kinematic
properties of diffractive events at the LHC energies. The
areas cover the range where protons are either both
observed at 420 m (symmetric tagging) [50] or one is
detected at 220 m and other at 420 m (asymmetric tagging).
The forward tagging hadron detectors are characterized by
their acceptance, resolution, and ability to measure the
time-of-flight from the interaction point.
The transverse and longitudinal momenta defined rela-

tive to the beam axis, the azimuthal angle around the beam
axis, and the pseudorapidity defined in terms of the polar
angle θ with respect to the beam axis are kinematic
variables for the diffractive processes. The coordinates
(r, ϕ) are used in the plane transverse to the beam axis. The
relationship between the observableΔy size and ξX is given
as Δy ≃ −logðξXÞ and Δy ≃ logðξXξX0 Þ, where ξX is a
function of the invariant mass of the whole diffractive final
state, MX ¼ ffiffiffiffiffiffiffi

ξXs
p

for single diffractive, MXX0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξXξX0ss0

p
for double diffractive, and the center of momentum

(a) (b) (c)

FIG. 2. Diagram representing single ηc;b quarkonium hadroproduction in nondiiffraction (ND) (a), single diffraction (SD) (b), and
double diffraction (DD) (c).
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energy [51]. For proton tagging at the LHC, we have
adopted a region of 0.0015 < ξ1 < 0.5, 0.1 < ξ2 < 0.5 for
the CMS-TOTEM forward detector, and 0.015 < ξ3 <
0.15 for the AFP-ATLAS forward detector [21].

B. Cross section formulations

In the following section, we refer to the heavy quarkonia
as ηc and ηb, whereas h1h2 is symbolized by pp. The
nondiffractive (ND), single diffractive (SD), and double
diffractive (DD) hadron-hadron reactions are given as

ND∶ h1h2 → ηc;bX

SD∶ h1h2 → h1 ⊗ Xþ ηc;b þ X0

DD∶ h1h2 → h1 ⊗ Xþ ηc;b þ X0 ⊗ h2: ð1Þ

The total cross section of nondiffractive is given by the
convolution of partonic cross section and gluon distribution
functions of the incident particles for the correspondent
process in gluon-gluon fusion and can be written as

σNDðh1h2 → ηc;bXÞ ¼
Z

1

0

dx1
x1

Z
1

0

dx2
x2

X
n

σ̂ðgg → QQ̄½n� þ XÞh0jOηc;b
1 ½n�j0i½F gðx1; μ2ÞF gðx2; μ2Þ þ ðh1 ↔ h2Þ�; ð2Þ

for a single diffractive process. The total cross section is written as

σSDðh1h2 → h1 ⊗ Xþ ηc;b þ X0Þ

¼ hjSj2i
Z

1

0

dx1
x1

Z
1

0

dx2
x2

X
n

σ̂ðgg → QQ̄½n� þ XÞh0jOηc;b
1 ½n�j0i½FD

g ðx1; μ2ÞF gðx2; μ2Þ þ ðh1 ↔ h2Þ�; ð3Þ

as for double diffractive process, the total cross section is formulated as

σDDðh1h2 → h1 ⊗ Xþ ηc;b þ h2 ⊗ X0Þ

¼ hjSj2i
Z

1

0

dx1
x1

Z
1

0

dx2
x2

X
n

σ̂ðgg → QQ̄½n� þ XÞh0jOηc;b
1 ½n�j0i½FD

g ðx1; μ2ÞFD
g ðx2; μ2Þ þ ðh1 ↔ h2Þ�; ð4Þ

where h0jOηc;b
1 ½n�j0i is the long-distance matrix element

which describes the hadronization of the QQ̄ heavy pair
into the physical observable quarkonium state ηc or ηb. The
σ̂ðgg → QQ̄½n�Þ denotes the short-distance cross sections
for the partonic process gg → QQ̄½n�, which is found by
operating the covariant projection method [52,53]. The

Fock state n are given as follows: 1S½1�0 , 1S½8�0 for gg → QQ̄½n�
partonic process [54]. The contribution of color singlet
states for ηc and ηb quarkonium production is at leading
power in velocity (v), while the color octet contribution to
S-wave quarkonium production are power suppressed [55].
The F gðxi; μ2Þ and FD

g ðxi; μ2Þ stand for the conventional
integrated gluon parton distribution function (PDF) in the
proton and their diffractive counterparts, respectively. xi is
the Bjorken variable defined as the momentum fractions of
the hadron (proton) momentum carried by the gluons.
hjSj2i is the gap survival probability or total factor. The
partonic cross section is

σ̂ðgg → QQ̄½n�Þ ¼ π

M2
ηc;b

δðŝ −M2
ηc;bÞ

X
jAS;Lj2 ð5Þ

with the matrix element squared given by [56–58]

X
jAS;Lj2 ¼

2

9

π2α2s
Mηc;b

h0jOηc;b
1 ð1S0Þj0i

þ 5

12

π2α2s
Mηc;b

h0jOηc;b
8 ð1S0Þj0i; ð6Þ

and the colliding energy is written as ŝ ¼ x1x2s.

C. Gap survival probability in diffractive processes

The gap survival probability [59] is characterized by the
presence of additional soft partonic interactions and new
particles in gap rapidity. It can be described by additional
soft incoming or outgoing proton-proton rescatterings with
multi-Pomerons exchanged (eikonal factor), by the inter-
action of an incoming or outgoing proton with intermediate
partons (enhanced factor), by gluon radiation from anni-
hilation of two energetic colored particles called hard QCD
bremsstrahlung (Sudakov factor), and by the change of the
forward intact proton momentum (migration).
The enhanced and Sudakov factors as well as the

migration are neglected in the collinear approximation,
where the transverse momenta of intermediate partons and
screening gluon are not taken into consideration and the
incoming proton and outgoing intact forward proton have
almost the same direction. The eikonal gap survival
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probability has been evaluated as hjSj2i [42,60,61] and
reads

hjSj2ipp ¼
B1

BP

�
σtotppðsÞ
2πB1

�
−B1=BP

γ

�
B1=BP;

σtotppðsÞ
2πB1

�
; ð7Þ

where γ is the incomplete gamma function,
ffiffi
s

p ¼ 13 TeV,
B1 ¼ B0

2
þ α0

2
lnð ss0Þ [62,63], s0 ¼ 1 GeV2 for two channel

model [64], B0¼10GeV−2, α’¼0.25GeV−2, B2¼ 1
2Q2

0

þB1

4
.

The chosen total pp cross section is parametrized by the
optical theorem in one way as σtotppðsÞ ¼ 33.73þ
0.2838ln2ðsÞ þ 13.67 s−0.412 − 7.77 s−0.5626 mb [65,66]
and in another way as σtotppðsÞ¼69.3286þ12.6800lnð ffiffi

s
p Þþ

1.2273ln2ð ffiffi
s

p Þ [67]. Thus, its computed value is hjSj2ipp ¼
0.09ð0.03Þ for the LHC energy. The approximative formula
is also given as [42,60,61]

hjSj2ipp ¼
a

bþ lnð ffiffiffiffiffiffiffiffiffi
s=s0

p Þ ; ð8Þ

with a ¼ 0.126, b ¼ −4.688, and this approximative value
is hjSj2ipp ¼ 0.03 [68]. Those additional soft interactions
from the eikonal factor can destroy the diffractive signature
[69] and the Regge factorization is known to be violated in
the treatment of diffractive interactions in hadronic colli-
sions. The gap survival probability relies on the specific
collision, the cuts prescribed in the experiment, and stands
for the last element of the resolved-Pomeron model.
A variety of attempts have been carried out to estimate
those probabilities [70–72]; however, the actual values are
rather uncertain. The selected value can be regarded a lower
limit given the recent available experimental results [73,74].

D. The Pomeron and Reggeon parton
distribution functions

As stated by the so-called proton-vertex factorization or
the resolved Pomeron model [38], the collinear diffractive
gluon, gDp ðxg; μ2f ; xPÞ is defined as a convolution of the
Pomeron (Reggeon) flux emitted by the proton, fhP;RðxPÞ,
and the gluon distribution in the Pomeron (Reggeon),
gP;Rðβ;Q2Þ, where βð¼ x1

xP
Þ is the longitudinal momentum

fraction carried by the partons inside the Pomeron. The
Reggeon contribution is ignored in the hard diffraction
calculations of different final states in most cases. The
Reggeon contribution is treated as an exchange of a quark
and antiquark pair, and the parton content of the Reggeon is
obtained from the pion structure function [75]. The differ-
ence between the two contributions exists in the xP and t
dependence of their fluxes, where the Reggeon exchange is
mostly significant at high xP, remarkably for xP > 0.1. xP
stands also for ξ. The Reggeon shape of the t distribution is
also different, showing a less steep decrease than in the
Pomeron case. Nevertheless, as shown in Ref. [68], this

contribution is significant in some regions of the phase
space and needs to obtain a good description of the data.
The collinear diffractive gluon distribution of the proton at
low β and large xP [76,77] is formulated by

gDp ðxg;Q2; xPÞ ¼
Z

1

xg

dxP
xP

fpPðxPÞgP
�
xg
xP

;Q2

�

þ nR

Z
1

xg

dxP
xP

fpRðxPÞgR
�
xg
xP

;Q2

�
; ð9Þ

and the Pomeron and Reggeon fluxes are literally
expressed by

fpP;RðxPÞ ¼
Z

tmax

tmin

dtfP;R=pðxP; tÞ ¼
Z

tmax

tmin

dt
AP;ReBP;Rt

x2αP;RðtÞ−1P

;

ð10Þ

where the variables, tmin and tmax, are kinematically fixed
limits. The Pomeron (Reggeon) flux factor is stimulated by
Regge theory, where the Pomeron (Reggeon) trajectory is
linearly supposed to be, αP;RðtÞ ¼ αP;Rð0Þ þ α0P;Rt, and the
parameters BP;R, α0P;RðtÞ and their uncertainties are taken
from fits to H1 data [75]. The slope of the Pomeron
(Reggeon) flux is BP;R ¼ 5.5−2.0þ0.7ð1.6−1.6þ0.4Þ GeV−2, the
Regge trajectory of the Pomeron (Reggeon) αP;RðtÞ ¼
αP;Rð0Þ þ α0P;RðtÞ with αP;Rð0Þ ¼ 1.118� 0.008ð0.50�
0.10Þ and α0P;R ¼ 0.06þ0.19

−0.06 GeV−2ð0.3þ0.6
−0.3 GeV−2Þ. The t

integration limits are tmax¼−m2
px2P=ð1−xPÞ (mp ¼

0.93827231 GeV symbolizes the proton mass) and
tmin ¼ −1 GeV2. Lastly, the normalization factor
AP;R ¼ 1.7101ð1705.0Þ is selected such that xP×R tmax
tmin

dtfP;R=pðxP;tÞ¼1 at xP¼0.003 and nR ¼ð1.7�0.4Þ×
10−3. The fpP;RðxPÞ is the Pomeron (Reggeon) flux factor
which describes the emission rate of Pomeron (Reggeon)
by the hadron (p) and represents the probability that a
Pomeron with particular values of (xP; t) couples to the
hadron. A certain fraction of the pomeron energy is only
available for the hard collision, and the rest is carried away
by a remnant or spectator jet. On every occasion, a colored
parton (gluon) is pulled out of a color-singlet object,
Pomeron. The Pomeron structure is well restricted by
the fits, fit A and fit B, which evidently reveal that its
parton content is gluon dominated. Contrariwise, the
HERA data do not restrain the parton distribution function
of Reggeon which is therefore needed in order to get a
quantitative description of the high-xP measurements.
Consequently, measurements at the LHC will permit us
to examine the validity of this supposition.

III. NUMERICAL RESULTS AND DISCUSSION

In the following part, we discuss the numerical results of
the inclusive and diffractive hadroproduction of ηc;b by

HARD DIFFRACTIVE ηc;b HADROPRODUCTION … PHYS. REV. D 101, 054035 (2020)

054035-5



using some physical parameters such as the masses of the
heavy quarks chosen as mc ¼ 1.45GeV and mb¼4.75GeV.
The mass of ηc;b is literally put at Mηc;b ¼ 2mc;b. The

colliding energy used in this paper is
ffiffi
s

p ¼ 13 TeV for pp.
For the unpolarized distribution function of a gluon
from the proton, we adopt the leading-order set of the
MSTW2008 parametrization [78]. The 2006 H1 proton
diffractive PDFs (fit A) are used for the Pomeron densities
inside the proton [75,77], which are probed at the factori-
zation hard scale (μ¼Q) chosen as μ ¼ mηc;b

T , where mηc;b
T ¼

Mηc;b is the ηc;b transverse mass. Numerical calculations are
carried out by an in-house Monte Carlo generator. The
choice of the long distance matrix elements for ηc;b is taken
from [57,79,80] and valued to h0jOηc

1 ð1S0Þj0i¼0.44GeV3,
h0jOηc

8 ð1S0Þj0i ¼ 0.00056 GeV3, h0jOηb
1 ð1S0Þj0i ¼

3.63333 GeV3, and h0jOηb
8 ð1S0Þj0i ¼ 0.0159 GeV3.

A. The cross sections

In Table I, the total cross section predictions of ηc
hadroproduction in ND, SD, and DD processes are dis-
played for three different forward detector acceptances at
the distinct ranges, 0.0015 < ξ1 < 0.5, 0.1 < ξ2 < 0.5, and
0.015 < ξ3 < 0.15. In the single diffraction dissociation,
we have noticed that the Rp contributions are more
substantial than that of Pp contributions for ξ1;2, whereas
the large contribution to the total cross section for ξ3 hails
from the Pp interactions. That means that the Reggeon
contribution should be taken into consideration for some
Reggeon longitudinal momentum fraction ranges at the
LHC experiments and should not be neglected particularly
for ξ1;2. As for the double diffraction dissociation, RR and
PRþ PR interactions provide more contributions to the
total cross section of ηc for ξ1;2. In the case of ξ3, the large
contribution to the total cross section comes from the PRþ
PR cross exchange interactions. Reggeon contributions are
still yet important for some same forward detector accep-
tances like in the SD process. The RP and RR interactions
should play a non-negligible contribution to the ηc hadro-
production for Pomeron/Reggeon longitudinal momentum

fraction range, as far as the ξ1;2 are concerned. We have also
seen, the nondiffractive prediction is a factor 102 (103), 102

(103), and 103 (104) larger than that of a SD (DD)
prediction for 0.0015 < ξ1 < 0.5, 0.1 < ξ2 < 0.5 and
0.015 < ξ3 < 0.15, respectively. The total cross sections
made the approximation of neglecting the Reggeon con-
tributions even more problematical. Reggeon can be more
of a contribution than that of the Pomeron to a total
quarkonium cross section in some kinematical ranges
where it clearly dominates, and Reggeon can be exper-
imentally isolated.
In Table II, we have also estimated the ηb cross section

for ND, SD, and DD dissociations for ξ1 only where the
Reggeon contribution to the cross section is little bit
sizable. The nondiffractive prediction is a factor 102

(103) larger than the SD (DD) prediction of ηb hadropro-
duction for 0.0015 < ξ1 < 0.5. The nondiffractive, single,
and double diffractive cross section of ηc is a factor 102

larger than that of ηb due to its small mass.
The diffractive production rates for ηc and ηb in pp

interactions assumes the design integrated luminosities
Lpp
LHC ¼ 104 μb−1 s−1 and run times (T ¼ 10 s) [81]. The

production rate in ND, SD, and DD processes are more
sensitive to proton momentum loss, 0.0015 < ξ1 < 0.5,
due to its considerable Reggeon event numbers.

TABLE I. The total cross section (μb) for ηc hadroproduction at the LHC with forward detector acceptances.

ξi

Process 0.0015 < ξ1 < 0.5 0.1 < ξ2 < 0.5 0.015 < ξ3 < 0.15

SD Pp 11.8 3.84 5.72
Rp 20.6 18.6 3.72
Total 32.4 22.4 9.44

DD PP 4.74 × 10−1 1.74 × 10−2 9.32 × 10−2

PRþ RP 2.25 6.14 × 10−1 2.16 × 10−1

RR 1.79 1.45 6.06 × 10−2

Total 4.51 2.08 3.70 × 10−1

ND gg 2050.07

TABLE II. The total cross section (μb) for the ηb hadropro-
duction at LHC for forward detector acceptances, 0.0015<
ξ1 < 0.5.

ξi

Process 0.0015 < ξ1 < 0.5

SD Pp 1.66 × 10−1

Rp 2.39 × 10−1

Total 4.05 × 10−1

DD PP 9.31 × 10−3

PRþ RP 2.82 × 10−2

RR 1.82 × 10−2

Total 5.57 × 10−2

ND gg 24.68
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The nondiffractive event rate keeps the same order of
magnitude larger than SD and DD as for ηb and ηc
cross section predictions. The LHC capabilities should
be utilized in order to constrain it better and improve
the theoretical event rate predictions of the various
Pomeron/Reggeon longitudinal momentum fraction
range studies.
The estimate of uncertainty in inclusive diffractive cross

section predictions arises from many sources. Firstly, it can
be evaluated from different choices of the heavy quark
masses, the long distance elements, the factorization scale,
or renormalization scale [82]. Secondly, the uncertainty can
come from the gap survival probability, which gives maybe
the largest uncertainty of about �50% [83] or around 30%
[42] in the overall production rate. The obtained results can
be multiplied by a factor of 4 at CMS collider [73]. Thirdly,
the error can be computed by the choice of two different
diffractive PDF fits, H1 2006 dPDF fit A and H1 2006
dPDF fit B. The results are found slightly different between
these two fits. Fourthly, the gluon density at high β is
however poorly known, and the uncertainty is of the order
of 25%. This high β region is of particular interest for the
LHC since it represents, for example, a direct background
to the search for exclusive events [84]. This uncertainty
takes into account the uncertainty of QCD fits at high β and
is related only to the gluon density from Pomeron
gPðxgxP ;Q2Þ, which is multiplied by an uncertainty factor
ð1 − βÞν with ν ¼ −0.5 or 0.5 [40,85]. It is evaluated in
Table III for total SD and DD cross sections of ηc and ηb
diffractive hadroproductions in pp collisions for 0.0015 <
ξ1 < 0.5. Fifthly, it is also worth mentioning that the
uncertainty range of the Reggeon contribution is unknown
in literature. Sixthly, there are uncertainties which hail from
the infrared region, where the gluon distribution is not well
understood as well as the uncertainty in the gluon distri-
bution itself. And finally, it has been noted that in the
higher-order QCD, radiative corrections cause additional
uncertainties [1].

The predictions are influenced by large theoretical errors
as mentioned above. Those uncertainties can be suitably
lessened by taking into account the ratio Ri of diffractive to
nondiffractive cross sections and double diffractive to
single diffractive cross sections,

R1 ¼
σSD
σND

; R2 ¼
σDD
σND

; R3 ¼
σDD
σSD

; ð11Þ

which give the advantage to reduce experimentally sys-
tematic errors. The ratios have been measured in a range of
final states at the Tevatron, and certain stable behaviors
with a value near 1% have been displayed [35–37]. We
have presented these ratios of cross sections of ηc and ηb in
Table IV. Our ηc ratio results have indicated that the single
diffractive dissociation to nondiffractive process provides
the leading order estimate of 1.58%, 1.09%, and 0.46% for
0.0015< ξ1< 0.5,0.1 < ξ2 < 0.5, and 0.015 < ξ3 < 0.15,
respectively. As for ηb, the ration is of 1.64% for
0.0015 < ξ1 < 0.5.

B. Double diffraction distributions

In Fig. 3, we exhibit our predictions of yηc and yηb
distributions for double diffractive hadroproduction in pp
collisions at the LHC energies for three different forward
detector acceptances. The incident protons, which are
sources of Pomeron and Reggeon, remain undissociated
in the final state. The forward and backward detectors are
placed at small angles to observe those intact protons while
the central detector is located to detect the ηc or ηb and other
particles. Protons can either emit gluons, Pomeron, or
Reggeon. When the colliding protons emit gluons, the
emerging protons remain dissociated. There is also a case
where one proton emits a Reggeon and the other proton
emits a Pomeron. We can observe that in these differently
aforementioned collisions, the yηc and yηb distributions are
symmetric with respect to the midrapidity yηc ¼ 0 and
yηb ¼ 0, where ηc, ηb, and other unknown particles (X and
X0) are detected. This symmetry is due to equal forward
and backward rapidities, where the colliding protons emits
either the same particles such as a gluon, Pomeron, and
Reggeon, or different particles (Reggeon from one proton
and Pomeron from another proton). The Pomeron and
Reggeon behaving like composite particles will emit in
their turns diffractive gluons for the hard interactions. The
total Pomeron-Reggeon, Reggeon-Pomeron, and Reggeon-
Reggeon contribution also shows a symmetric distribution.

TABLE III. The uncertainties for the ηc and ηb hadroproduc-
tions at LHC for forward detector acceptances, 0.0015< ξ1 < 0.5.

ξi

Process 0.0015 < ξ1 < 0.5

ηc SD Pp [10.12; 15.46]
Total [30.73; 36.07]

DD PP [4.10 × 10−1; 5.90 × 10−1]
PRþ RP [1.94; 2.88]

Total [4.14; 5.26]
ηb SD Pp [1.53 × 10−1; 1.87 × 10−1]

Total [3.92 × 10−1; 4.27 × 10−1]
DD PP [8.18 × 10−3; 1.11 × 10−2]

PRþ RP [2.56 × 10−2; 3.23 × 10−2]
Total [5.21 × 10−2; 6.16 × 10−2]

TABLE IV. The ratios for ηc and ηb (in parentheses) hadro-
productions at LHC for different forward detector acceptances.

Rinξi 0.0015<ξ1<0.5 0.1<ξ2<0.5 0.015<ξ3<0.15

R1 1.58% (1.64%) 1.09% 0.46%
R2 0.22% (0.22%) 0.10% 0.02%
R3 13.92% (13.75%) 9.28% 3.92%
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yηc and yηb distributions for a nondiffractive process
largely predominate over the diffractive processes.
The yηc distributions from Pomeron-Pomeron (Reggeon-
Reggeon) interactions are the lowest for the forward
acceptance detector 0.0015 < ξ1 < 0.5 and 0.1 < ξ2 <
0.5 (0.015 < ξ3 < 0.15). The Reggeon contribution is
sensitive to forward detector acceptances such as ξ1;2. It
becomes clearly dominant for 0.0015 < ξ1 < 0.5. The yηc
and yηb distributions for the double diffractive dissociation
have maximums concentrated at midrapidities. The con-
tribution of Reggeon-Reggeon and Reggeon-Pomeron
interactions can not be disregarded over the Pomeron-
Pomeron interaction in some regions where the ξ1;2-cuts
are applied. The yηb distributions are more significant than
that of the yηc distribution ones for the three forward
detector acceptances. By measuring these distributions, we
should be able to investigate the Reggeon contribution at
the LHC data.
In Fig. 4, we have plotted xηcP1

, xηcP2
, xηcP1

, and xηcP2

distributions for DD processes. We have noticed the
distributions of two colliding protons in DD process are
slightly similar because their proton momentum loss are
closely equal. The Reggeon-Reggeon contribution
increases for low range of xP1

and xP2
. It becomes flat

for large xP1
and xP2

ranges, where its contribution is non-
negligible. The Pomeron-Pomeron contribution continu-
ously decreases for low and large ranges of xP1

and xP2
,

meanwhile the Pomeron-Reggeon contribution decreases
for low range and turns out to be flat for a large range. The
Reggeon-Reggeon contribution is useful at large xP1

and
xP2

over the Pomeron-Pomeron contribution one and can
not be neglected. Reggeon contributions dominate for
large values of proton momentum loss while the
Pomeron exchange is still dominant for small values
[68]. The Reggeon contribution sensitivity can be
increased near the edge of the proton forward detector
acceptance, and it becomes evidently dominant.
In Fig. 5, we have presented the β1 and β2 distributions

of ηc for three different forward detector acceptances
(ξ1;2;3). We have also plotted for one forward detector
acceptance (ξ3) for ηb. We realize that all the contributions
decrease, become flat, and decrease again, except for the
Reggeon-Reggeon contribution, where the decrease is
spread over all ranges of β1 and β2. The Reggeon-
Reggeon contribution is dominant for small β1 and β2
over the Pomeron-Pomeron contribution. They become
comparable for very small β1 and β2. However, we also
notice that the Pomeron-Pomeron contribution surpasses
that of Reggeon-Reggeon one for large β1 and β2. For
0.015 < ξ3 < 0.15 (0.0015 < ξ1 < 0.5), the Reggeon-
Reggeon contribution is dominated by the Pomeron-
Pomeron one for ηc (ηb) for small β1 and β2. When β1
and β2 tend to very small values, the Reggeon-Reggeon
contribution is comparable to the Pomeron-Pomeron

FIG. 3. The yηc and yηb distributions for the PP (blue dashed line), PPþ PRþ RPþ RR (black dotted line), PRþ RP (purple dash
dotted line), RR (red dashed line), and gg (magenta dotted line) in DD processes.

FIG. 4. The xηcP1
and xηcP2

distributions (top panel) and, xηcP2
and xηcP1

distributions (bottom panel) for the PP (blue dashed line),
PPþ PRþRPþ RR (black dotted line), PRþRP (purple dash dotted line), and RR (red dashed line) in DD processes.
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contribution. The behavior of these plots is related to β1 ¼
x1
xP1

and β2 ¼ x2
xP2

.

C. Single diffraction distributions

In Fig. 6, we have the exhibition of the yηc distributions
in SD dissociation for three different forward detector
acceptances. In this case, one of the two protons emits a
gluon and the second proton emits Pomeron or Reggeon
with a small squared momentum transfer. What is more,
Pomeron or Reggeon can emit also a diffractive gluon
before hard scattering. Afterward, the gluon and diffractive
gluon go into hard collision. The proton emitting the
Pomeron or Reggeon remains intact by turning into the
excited one and is detected by the forward and backward
detectors, while the proton emitting gluons only dissociates
into a new system called remnant (X;X0) observed by

the central detectors. We can see that the yηc distributions
are asymmetric with respect to the midrapidity yηc ¼ 0
for Pp and Rp contributions. This asymmetry is caused by
the inequality in forward and backward rapidities. yηc
distributions for nondiffractive process, where the two
protons emit gluons only, largely dominate over the dif-
fractive processes. Its distribution is symmetric. The yηc
distributions from Reggeon interactions dominate over the
Pomeron ones for small values of rapidities. Nevertheless,
the Pomeron contribution is important for large values of
rapidities. The yηb distribution is displayed for 0.0015 <
ξ1 < 0.5. Its distribution is more important than that of yηc .
The yηc and yηb distributions for the single diffractive
dissociation have maximums shifted to forward and back-
ward rapidities with respect to the nondiffractive case. The
constraint on Reggeon distribution at LHC should enhance
the theoretical predictions for ηc and ηb.

FIG. 5. The β1 distributions (top panel) and β2 distributions (bottom panel) for the PP (blue dashed line), PPþ PRþ RPþRR
(black dotted line), PRþRP (purple dash dotted line), and RR (red dashed line) in DD processes.

FIG. 6. The yηc and yηb distributions for the Pp (blue dashed line), Ppþ Rp (black dotted line), Rp (purple dash dotted line), and gg
(red dotted line) in SD processes.

FIG. 7. The xηcP and xηcP distributions for the Pp (blue dashed line), Pp + Rp (black dotted line), and Rp (red dash dotted line) in SD
processes.
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In Fig. 7, we have plotted the xηcP and xηcP distribu-
tions for SD processes. The Rp contribution increases
for the low range of xP. It becomes slightly flat for the large
range, where its contribution is non-negligible. The Pp
contribution always decreases for low and large ranges of
xP. The Rp contributions dominate for large values of
proton momentum loss while the Pp is still dominant at
small values [68]. The Reggeon contribution sensitivity can
be increased near the edge of the proton forward detector
acceptance, and it becomes evidently dominant.
The presentation of the β distributions of ηc and ηb of

three different cuts for forward detector acceptance is given
in Fig. 8 for SD dissociation. The decreasing and fattening
of the all contributions are observed on plots. The Rp
contribution shows a decreasing behavior along with β and
is dominant for small β over the Pp contribution.
Nonetheless, we also notice that the Pp contribution
overpasses that of the Rp one for large β, and they become
comparable for very small β. For the 0.015 < ξ3 < 0.15
(0.0015 < ξ1 < 0.5), the Rp contribution is small com-
pared to that of Pp for ηc (ηb) for large β, and they become
comparable for very small β.
Our results show that ηc and ηb hadroproduction in SD

and DD processes at the LHC could be used to study the
Reggeon contribution, since a kinematic window of domi-
nance has been identified which could be used experimen-
tally to isolate and constrain it. Our values are in agreement
with the prediction that single diffractive cross sections
should be approximately 10 times greater than that in the

double diffractive case [68,86]. We have found that
Reggeon exchanges contribute much more in some range
of forward detector acceptance and can almost never be
completely disregarded. For large values of xP and small
values of β but still within the detector acceptances,
processes involving Reggeons can even dominate over
the double-Pomeron exchange. For very small β, Reggeon
and Pomeron exchanges are comparable.

IV. SUMMARY AND CONCLUSION

In this work, we calculate the hadroproduction of ηc and
ηb via single diffractive, double diffractive, and nondif-
fractive processes at the LHC

ffiffi
s

p ¼ 13 TeV energies.
Considering the NRQCD formalism along with the
resolved-Pomeron model, we predict the total cross sec-
tions, the differential, and the production rates for these
processes. Our results demonstrate that the contribution of
Reggeon are non-negligible orders of magnitude for certain
forward detector acceptances, and therefore, this study can
be useful to better constrain the Reggeon parton content
and correct the experimental model.
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