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In this paper, we present the results from phenomenological analysis of Z-boson pair hard diffractive
production at the LHC. The calculation is based on the Regge factorization approach. Diffractive parton
density functions extracted by the H1 Collaboration at DESY-HERA are used. The multiple Pomeron
exchange corrections are considered through the rapidity gap survival probability factor. We give numerical
predictions for single diffractive as well as double Pomeron exchange cross sections and compare with the
photon-induced and nondiffractive ones. The contributions from quark-antiquark collision and gluon-gluon
fusion are displayed. Various kinematical distributions are presented. We make predictions which could be
compared to future measurements at the LHC, where forward proton detectors are installed and detector

acceptances are considered.
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I. INTRODUCTION

Hadronic processes can be classified as being either soft
or hard, where soft (hard) means strong interaction proc-
esses with a small (large) momentum transfer. The hard
sector is well described by perturbative quantum chromo-
dynamics (pQCD), where the coupling constant () is
small (compared to the “hard” momentum transfer) and a
perturbative expansion in terms proportional to powers of
a, works. This is done by means of QCD factorization [1,2]
which has been thoroughly tested and taken as the most
powerful tool in describing high-energy hadronic colli-
sions. On the other hand, soft processes are characterized
by an energy scale of the order of the hadron size
(1 fm =200 MeV) where «, is large enough to make
the higher-order terms non-negligible, thus making the
soft processes intrinsically nonperturbative. To gain an
understanding of soft or nonperturbative QCD, it is there-
fore advantageous to first consider soft effects in hard
scattering events since the hard scale gives a firm ground in
terms of a parton-level process which is calculable in
pQCD. This hard-soft interplay is the basis for the research
field of diffractive hard scattering.

Encoding the parton distribution functions (PDFs),
one can separate the hard perturbation contributions
from the soft nonperturbative ones. Following this idea,
factorization is still being used and has been carefully
proved in diffractive deep inelastic scattering (DDIS) [3]. In
the framework of Regge factorization, the so-called
Ingelman and Schlein (IS) model [4] has been largely
used in describing hard diffractive events in electron-proton
(ep) collisions [5]. The IS model essentially considers that
diffractive scattering is attributed to the exchange of a
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Pomeron, i.e. a colorless object with vacuum quantum
numbers. The Pomeron is treated like a real particle, and
one considers that a diffractive ep collision is due to an
electron-Pomeron collision and that a diffractive proton-
proton (pp) collision is due to a proton-Pomeron collision.
However, the nature of the Pomeron and its reaction
mechanisms are still unknown. Diffractive study may help
us understanding more about the QCD Pomeron structure.
One should be careful that factorization seems to be broken
when going from DDIS at HERA to hadron-hadron
collisions at the Tevatron and the Large hadron collider
(LHC). Theoretical studies [6] predicted that the break-
down of the factorization is due to soft rescattering
corrections associated to reinteractions (referred to as
multiple scatterings effects) between spectator partons of
the colliding hadrons that fill in the rapidity gaps related to
Pomeron exchange.

In order to constrain the modeling of the gap survival
effects and also improve our limited understanding of
diffraction, it will be crucial to, in experimental point of
view, discriminate the diffractive production from the
nondiffractive processes. Indeed, diffractive events can
be characterized by having a rapidity gap (RG), say, a
region in rapidity or polar angle without any particles.
Another definition is to require a leading particle carrying
most of the beam particle momentum, which is kinemat-
ically related to a RG. These RGs in the forward or
backward rapidity regions, connect directly to the soft part
of the events, and therefore nonperturbative effects, on a
long spacetime scale. Thus, the experimental signature for
diffractive production is either the presence of one(two)
RG(s) in the detector or one(both) proton(s) tagged in the
final state(s). The potential for using RG vetoes to select
diffractive events are highly favored by the newly installed
HERSCHEL forward detectors [7] at LHCb, due to its low
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instantaneous luminosity and wide rapidity coverage.
Similar scintillation counters are also installed at ALICE
[8] and CMS [7]. Potentially intact proton(s) tagging to
select(or exclude) exclusive(or diffractive) events can be
realized by using the approved AFP [9] and installed CT-
PPS [10] forward proton spectrometers, associated with the
ATLAS and CMS central detectors [11] at the LHC. The
installation of forward detectors at the LHC may provide
possibility, somehow open a new window to study new
physics at TeV scale, whereas diffractive events may serve
as one of the most important background source. Besides
Regge factorization or the amount of gap survival proba-
bility which are widely accepted approximations, reso-
nance production, in the central and forward (proton
excitation) regions, is also an important issue. Related
studies can be found, i.e., in refs [12-14]. In any case,
diffractive productions worth being carefully studied and
precisely estimated.

A lot of works on diffraction can be found in the
literatures for a long time which include, i.e., diffractive
dijet [4], heavy flavor jets [15-17], Drell-Yan pair [18],
photon [19] and also diffractive Higgs productions [20-25],
etc. In our present paper, we concentrate on the hard
diffractive Z-boson pair production at the LHC. Diffractive
hadroproduction of single electroweak boson was first
observed experimentally at the Tevatron [26]. Theoretical
analysis were presented in [27-30] at the Tevatron, in [31]
at the RHIC, and in [31-35] at the LHC. Typically, ref. [33]
show that single diffractive W boson production asymme-
try in rapidity is a particularly good observable at the LHC
to test the concept of the flavor symmetric Pomeron parton
distributions and may provide an additional constraint for
the PDFs in the proton. Ref. [34] show that diffractive
gauge bosons production can be useful to constrain the
|
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where the sum a, b = g, g, g is over all massless partons.
722 = x;x, with x; and x, are the hadron momentum
fractions carried by the interacting partons. The partonic
cross section is 6,5y (3, u%, u%), where § is the partonic
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modeling of the gap survival effects. All these referees
show that by using gauge boson productions, studies of the
Pomeron structure and diffraction phenomenology are
feasible. For diboson production, diffractive W boson pair
is the frontier one which have been studied in refs. [36,37].
The Z-boson pair diffractive is less important due to its
small production rate compare to W boson pair production.
Nevertheless, at the LHC high-energy frontier, still worth
being studied rather than at the Tevatron.

Our paper is organized as follows: in Sec. II, we present
the production mechanisms starting from general produc-
tion to diffractive ones. We show the details concerning the
parametrization for the diffractive PDFs in the Pomeron. In
addition, we present the theoretical estimations for the gap
survival probability factor. Typically, the forward detector
acceptances are considered. We present our numerical
results and perform predictions to future measurements
at the LHC in Sec. III. Finally, we present our summary in
the last section.

II. CALCULATION FRAMEWORK

A. Production Mechanism

Our starting point is the introduction of the general
inclusive total cross section for the process

pitp—=(atb->Y)+X (1)

in Fig. 1(a), in which partons of two hadrons (a from p; and
b from p,) interact to produce a Y system, at the center of
mass (CMS) energy +/s. The total hadronic inclusive cross
section is obtained by convoluting the total partonic cross
section with the PDFs of the initial hadrons,

1 1 dx1 Z2 N N
/ 2zdz / 2 x—lfa/pl(xl,ﬂ%)fb/pz (x—l,ﬂ%> Baspoy(3 = 25, 1. uz) +(a=b)  (2)
70 Z

|

CMS energy, up(ug) is the renormalization(factorization)
scale, 7o = my/+/s and my is the mass threshold for the ¥
system, f;/,(x;,u%) is the PDF of a parton of flavor i
in the hadron p and are evaluated at the factorization scale

FIG. 1.

Tustrated diagrams for the nondiffractive (a), single diffractive (b) and double Permon exchange (c) production.
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(usually assumed to be equal to the renormalization
scale).

For the hard diffractive processes, we will consider the
Ingelman-Schlein (IS) picture [4], in which a Pomeron
structure (with quark and gluon content) is introduced. In
the expression for single diffractive (SD) processes, there
includes three steps: First, one of the hadrons, say hadron
p; with energy E, emits a Pomeron (P;), with only a small

with energy E’ but remains almost intact. Second, the
remaining hadron scatters off the emitted Pomeron. Partons
from the Pomeron interact with partons from the other
hadron (p,) and produce a Y system. Finally, hadron p/ is
detected in the final state with a reduced energy loss

PHYSICAL REVIEW D 95, 056023 (2017)

(defined as ¢ = (E — E')/E) by proposed forward proton
detectors [9,10]. Meantime, the Y system and the remaining
remnants (X) go to the general central detectors. A typical
SD reaction is presented in Fig. 1(b) and can be
given as

prtp=p+at+rb->Y)+X (3)

In the IS approach, the SD cross section is assumed to
factorize into the total Pomeron-hadron cross section and a
Pomeron flux factor [4]. This means we can replace the
PDFs in Eq. (2) by

xifi/p(xi,/,ﬂ):>x,~f3p(xi,/42):/dxp/dﬁ]_[(xul)'ﬂfi/P(ﬁ’ﬂz)‘(s( _;C[;>

= [ @) fl/p<

= [/™ fp,,(xp, t)dt. Here Bf;/p(B. u*) is the PDF of a parton of flavor i in the Pomeron

with the defined quantity f(xp)

) )

and fp/, (xp, t) is the Pomeron flux factor, describe the emission rate of Pomerons by the hadron. xp is the Pomeron

kinematical variable defined as xp = sp

and \% SPle =

written as

2/ Spipy>

SD 20,2\
ap]p2—>p1+Y+X(s’ HE> ”R)
a.b=q.q.9

Garpoy(3 = 225, up, uz) + (a = b)

a.b=q.9.9

where | /sp . is the CMS energy in the Pomeron-hadron system
\/s is the CMS energy in the hadron (p;) hadron (p,) system. The single diffractive cross section can be

/ 2zdz /

L dx, z?
_fa/p] l’l’t%)fh/pz (36_1 vﬂ%)

Ldx, [+ d ’
/ ZZdZ/ XI/ xpf[@/pl(xﬂ))fa/[p<qu)fb/Pz(Z H 2>

X Gappoy (3 = 225, Wi fg) + (a = b). (5)

A similar factorization can also be applied to double Pomeron exchange (DPE) process, where both colliding hadrons can
be detected in the final states. This diffractive process is also known as central diffraction (CD) production. The illustration
diagram is presented in Fig. 1(c). A typical DPE reaction is given as

pir+pa=>pit+(a+b->Y)+X+p,. (6)

The total cross section for DPE processes reads as

DPE _
p|p7—>p|+Y+X+p2 (S /“’F’ :uR) -

a.b=q.q9.9

2
b4
/ ZZdz/ —fa/,,1 xlvﬂF)fb/pz <—Iﬂ12r> Garp—y(3 = 225, up i)

dx, [~ dx X
= / ZZdZ/ —! / gpasad i f[P’ o (e ) fap, <x] ﬂ%)
70 Py

a.b=q.q.9

mdx de Z
X/ qumz/po(xrp?)fbmz( M%) Garpoy(8 =%, :“F’/"R) (7)
2 X1Xp,

/x1 AP,
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B. The Pomeron structure function

In order to estimate the diffractive cross sections, two

elements are needed:

A fip(xi, u?): the diffractive parton distribution func-
tion (dPDF) which describe a perturbative distribu-
tion of partons in the Pomeron. We will consider the
dPDFs extracted by the H1 collaboration at DESY-
HERA [38].

(ii) fp/p(xp,1): the Pomeron flux factor which describe
the “emission rate” of Pomeron by the hadron and
represents the probability that a Pomeron with
particular values of (xp, t) couples to the proton.

The dPDFs are modeled in terms of a light flavor singlet

distribution X(z), consisting of u, d and s quarks and
antiquarks with u=d=s=u = d=35, and a gluon
distribution g(z). Here z is the longitudinal momentum
fraction of the parton entering the hard subprocess with
respect to the diffractive exchange, such that z = f for
the lowest-order quark-parton model process, whereas
0 < p < z for higher-order processes. The quark singlet
and gluon distributions are parametrized at Q3 using the
general form

(8)

2fi(z.03) = 001]

2Bi(1 —7)% exp [——
1-¢

where the last exponential factor ensures that the dPDF’s
vanish at z = 1, as required for the evolution equations to
be solvable. For the quark singlet distribution, the data
require the inclusion of all three parameters A, B, and C,
in Eq. (8). By comparison, the gluon density is weakly

|

PHYSICAL REVIEW D 95, 056023 (2017)

constrained by the data, which is found to be insensitive to
the B, parameter. The gluon density is thus parametrized at
Q3, using only the A, and C, parameters. With this
parametrization, one has the value Q3 = 1.75 GeV? and
it is referred to as the “H1 2006 dPDF Fit A.” It is verified
that the fit procedure is not sensitive to the gluon PDF and a
new adjustment was made with C, = 0. Thus, the gluon
density is then a simple constant at the starting scale for
evolution, which was chosen to be 0F = 2.5 GeV? and it is
referred to as the “H1 2006 dPDF Fit B.”

For the Pomeron flux factor, we apply the standard flux
form from Regge phenomenology [39], based on the
Donnachie-Landshoff model [40,41]. The xp dependence
is parametrized by

oBet

xéap( -1 ®)

fe/plxp.t) = Ap -

where the Pomeron Regge trajectory is assumed to be
linear, ap (1) = ap(0) + apt, and the parameters Bp and ap
and their uncertainties are obtained from fits to H1 FPS data
[42]. In our calculation, we take ap(0) = 1.1182 £ 0.008
in fit A (ap(0)=1.1110£0.007 in fit B), Bp =
55729 GeV~2 and aj = 0.0610e GeV~2. The value of
the normalization parameter Ap is chosen such that xp -

mx

fz fp/,, xp, 1)dt = 1 at xp = 0.003, where #,,,, = —7E

min 1 —Xp
is the maximum kinematically accessible value of 7, m, =

0.93827231 GeV is the proton mass and ,;, = —1.0 GeV?
is the limit of the measurement. So we get

20p(0)-2 /
Bp —2ap1
Ap = e (Bp —2apInxp) with xp = 0.003. (10)
exp [—(BP —2ap Inxp) rlnfiﬂ — exp[—(Bp — 2ap Inxp)]
Thus, we have
- Ap m%, ”23,
flp) =— O - |exp|—(Bp — 2ap Inxp) —exp[—(Bp — 2ap Inxp)] |- (11)
xp o (Bp —2ap Inxp) 1 —xp

C. Multiple-Pomeron scattering corrections

We have assumed Regge factorization which is known
to be violated in hadron-hadron collisions. Theoretical
studies predicted that the violation is due to the soft
interactions between spectator partons of the colliding
hadrons, which lead to an extra production of particles that
fill in the rapidity gaps related to Pomeron exchange. So
that when the rapidity gaps are measured, one has to
include absorption effect in the formalism of the resolved
Pomeron. Different models of absorption corrections

(one-, two- or three-channel approaches) for diffractive
processes were presented in the literature. The absorption
effects for the diffractive processes were calculated e.g. in
[43-45]. The different models give slightly different
predictions. Usually, an average value of the gap survival
probability (|S|?) is calculated first and then the cross
sections for different processes is multiplied by this value.
Here we shall follow this simplified approach. The
survival probability depends on the collision energy
and can be sometimes parametrized as
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(ISP (Vs) =

a

b +1n(\/s/sy)

with a = 0.126, b = —4.688 and s, = 1 GeV? and more
details can be found in original publications. This formula
gives the typical values of survival probabilities for
diffractive production in proton-proton collisions of
4.5% at Tevatron and 2.6% at the LHC. Indeed, more
precise values should be updated by measurements. For
example, from the diffractive cross sections at the 8 TeV
LHC, one gets typically value of (|S|>) = 8% extracted by
the CMS collaboration for diffractive dijet production
[46]. For the SD production and DPE production, there
should be some difference for the value of the factors. The
probable uncertainty may be as large as 30%, which is one
of the largest uncertainty sources in diffractive production
and should able to be reduced thanks to the forthcoming
measurements at the LHC.

(12)

SD
p1p7—>p]+Y+X(s MF’ l’lR
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D. Forward detector acceptance

We assume the intact protons in diffractive events to be
tagged in the forward proton detectors of the CMS-TOTEM
Collaborations [10], or those to be installed by the ATLAS
Collaboration in the future called AFP detectors [9]. The
idea is to measure scattered protons at very small angles at
the interaction point and to use the LHC magnets as a
spectrometer to detect and measure them. We use the
following acceptances [47]:

(1) 0.015 < £ < 0.15 for ATLAS-AFP

(i) 0.0001 < ¢ < 0.17 for TOTEM-CMS.

These acceptances correspond to cuts on longitudinal
momentum fractions of outgoing protons. To obtain the
constrained diffractive PDFs, we convolute the Pomeron
flux with the Pomeron PDFs while imposing a reduction in
the phase space of £. Imaging a reduced energy loss can be
probed in the range &, < & < &nax, We can write the final
& dependent SD cross section as [48]

1 dx Min( B Emax) dx, X
|S| D / szz/ 1/ —Pf[F"/pl(xP)fu/[P’( 1 M2F>
Zz Max(xl vémin) [FD

2
th/pz( > a+h—>Y Z S, MpyﬂR)+(a\_—\b) (13)

The final cross section for the DPE processes can be written as [48]

DPE
O-plpz—>p1+Y+X+p2 (s /'lFWuR)

(IS1*) pee Z

a.b=q.q.9

L) [Min(gy fna) de:D X1
/ 2zdz / / l f[pl/,,](xp )fa/Pl _H“IZV
70 de Xl 5mm xPl

Mm(xmax-‘fmax) dx“:b Z
X/ ” —=2 fp,/p, (X, fb/p, <x1xP v/“’F) Sarpoy (8 = 228, Wi, ;). (14)
2

Max(z2/x1 Emin)  XP,

III. NUMERICAL RESULTS

At parton level, Z pair hadronic production is induced by
quark—antiquark collision mode at the leading order (LO).
For gluon-gluon (and yy fusion for photoproduction) fusion
initial state, the LO contribution is induced at the one-loop
level due to the missing of the tree contribution. We
perform our numerical calculations with in-house coding
based on FEYNARTS, FORMCALC and LoopTools (FFL)
package [49-51]. We adopt BASES [52] to do the phase
space integration. In what follows, we present predictions
for hard diffractive production of a Z-boson pair based on
previous discussion.

In Fig. 2, we show the invariant mass distributions of the
diffractive Z boson pair production at the 14 TeV LHC. We
compare contributions of single diffractive (first panel) and
double Pomeron exchange processes (second panel). The
SD distributions are larger than that of the DPE production

by a factor of 20 without considering the absorption factor.
We also present the subcontributions from the up-antiup
quark collision (dash-dotted curve), down-antidown quark
collision (dotted curve) as well as gluon-gluon fusion
(dashed curve). In any case down-quark collision domi-
nates among the different contributions. Their sum is plot
by the solid curve. As we said, the calculation is done
assumes Regge factorization. Absorption corrections can
be taken into account by a multiplicative factor being a
probability of a rapidity gap survival [see e.g. Eq. (12)].
Such a factor is approximately (|S|*) = 0.03 for the LHC
energy /s = 14 TeV. The diffractive distributions in the
figure should be multiplied in addition by these factors. In
order to avoid model dependence, the reader can use his/her
own number when comparing different contributions. Here
and in the following the absorption effects are not included
for simplicity.
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FIG. 2. The invariant mass distribution for the diffractive Z-boson pair production at the 14 TeV LHC. Here we use “H1 2006 dPDF
Fit A”. 0.0001 < & < 0.17 for TOTEM-CMS is considered. Absorption effects are not included here.

In Fig. 3, we present the Z transverse momentum
distribution in the first two panels for SD and DPE produc-
tion, respectively. As can be seen, its kinematically allowed
range extend up to around half of M7%*. Given the fast-falling
nature of the M, distribution, dominated by low values of
the invariant, the Z boson transverse momentum distribution
shows a maximum at p ~ M0 /4. The rapidity distribution
of the Z boson is shown in the second two panels. Both the
SD and DPE contribution as well as subcontributions are
concentrated at midrapidities and strongly asymmetric
around y = 0 as a consequence of limiting integration over
xp in the range 0.0001 < & < 0.17.

In Fig. 4 we present the xp distribution for single
diffractive Z-boson pair production. Still, TOTEM-CMS
detector acceptance is considered for simplicity. We show
the up-quark collision, the down-quark collision and the
gluon-gluon fusion productions separately and use solid
curve to present their total sum as the function of xp. As
displayed in the figure, the dominant contribution come
from the down-quark collision which is around 2 to 4 times
larger than that of the others. For the up-quark collision and
gluon-gluon fusion, their contributions discrepant largely in
the small range of xp, while become close to each other as
the value of xp become larger. Typically, the quark collision
contribution enhance obviously at the small xp range, say,
approximately as an inverse power of xp at small xp. This is
not the same as in the gluon-gluon fusion case where there
is some suppression at the small value of xp. Nevertheless,
the total contribution still show obvious enhancement at
small xp range.

In order to compare, we display the same distribution in
Fig. 5 for double Pomeron exchange Z-boson pair pro-
duction. xp is one fraction of the proton side (first panel).
As can be found in the figure, in contrast with the SD
production, xp DPE distribution decreases at small xp

range for both the quark-collision and the gluon-gluon
fusion. In order to include the fraction distribution for both
sides of the proton in the DPE production, we define

Xp = y/xp, + xp, and display its distribution in the second

panel in Fig. 5. It will be interesting to find out that xj,
distribution spread mainly in the central range while on
both bound ranges, decreases to small values. For the front
range may due to the large mass of Z-boson pair causes that
the small value of Xp,, are not accessible kinematically,
while the behavior in the ending boundary is due to the
forward detector acceptance we considered that makes a
behavior of the strong suppression.

The first uncertainty in diffractive productions is the gap
survival probability as we mentioned above. Another error
represents the propagation of experimental uncertainties is
obtained in the diffractive PDF fit. We show this in Fig. 6
and Fig. 7 for SD and DPE production. Results of 8§,
13 TeV and distributions of xp and rapidity are presented as
examples. The detector acceptance is fixed in the range of
0.0001 < &, < 0.17 where similar results can be obtained
for 0.015 < &; < 0.15. The “HI 2006 dPDF Fit A” (solid
curves) is considered, whereas a replacement by “H1 2006
dPDF Fit B” (dotted curves) keeps the results slightly
different. For the PDFs in the proton we have always
considered the cteq6L1 parametrization [53]. As can be
seen, the discrepancy induced by using different fits in
DPE production is a little larger than that in SD production.

For all xp, /X3 + xp, and rapidity distributions, the small

enhancement showed mainly at the peak range.
Nevertheless, there is no large discrepancy observed,
therefore, the uncertainty is small in using the different
fit procedures for diffractive PDFs.
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The transverse momentum and rapidity distributions for the Z boson at the 14 TeV LHC. Here we use “H1 2006 dPDF Fit A”.

0.0001 < £ < 0.17 for TOTEM-CMS is considered. Absorption effects are not included here.

10?

L i.iSPgg
[Jsp tota

)
2
5&
5 |
e

Ll = L

B 14TeV@LHC

B H1 FitA

- 0.0001 <§1<0.17

ot e e L L e e L

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Xip

FIG. 4. The xp distribution for single diffractive (SD) Z-boson
pair production at the 14 TeV LHC. Here we use “H1 2006 dPDF
Fit A”. 0.0001 < ¢ < 0.17 for TOTEM-CMS is considered.
Absorption effects are not included here.

The third uncertainty, of theoretical nature, is obtained
by varying the factorization scales. Such uncertainties can
be reduced by including higher-order corrections, whereas
the complete calculation is out of the scope here. In the
present content, we stabilize against factorization scale
variation conveniently by considering appropriate ratios of
diffractive over nondiffractive (ND) cross sections

_o(pp = pYX)

R— _o(pp — pYXp)
o(pp = YX)

R= 1
and o(pp = YX) ' 13)

or DPE cross section over the SD ones

_ o(pp = pYXp)

R=E Al
o(pp — pYX)

(16)

which also offer the advantage to reduce experimental
systematics errors. Here Y stands for the selected hard
scattering process (Z-boson pair in this case) and X for the
unobserved part of the final states. At the Tevatron, the ratio
R has been measured in a variety of final states [54-56] and
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show some stable behavior with a value close to one
percent. Typically, in our case considering at the distribu-
tion level, we define the single diffractive ratio as

dGSD

= , 17
= (17)
the double Permon diffractive ratio by
doppg
Ry =——, 18
.= (18)

and, also, the DPE over SD ratio as

o doppg

R; = .
3 dGSD

(19)

As predicted in Fig. 8, we plot the R ratio as a function of
M, distribution with solid curve for R, dashed curve for
R, and dotted curve for R;, respectively. Based on these
results, we verify that, for the single diffractive Z-boson
pair production in pp collision, given the leading-order
estimate of the nondiffractive cross section, the ratio R; is
varies between 5% and 7% and decreases mildly as a
function of the invariant mass of the Z boson pair. The
double Pomeron exchange productions are about 20-100
times smaller than that of the single diffractive ones, as
can be found in the DPE over SD ratio R;, varies between
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1%—4% (3%—-5%) for 7, 8 (13, 14) TeV correspondingly.
For the double Pomeron exchange, the ratio R, varies in the
range 0.03%-0.2% (0.1%-0.3%) for 7, 8 (13, 14) TeV,
which are much smaller than that of R;. By the definition of
R parameters, predictions affected by large theoretical
errors associated with scale variations can be reduced in
a simple way. These predictions however does not take into
account the gap survival suppression factor. In this respect,
it would be still interesting to check whether the data follow
at least the shape of the ratio as a function of M_, as we
shown in the future measurements.

Finally, in Fig. 9, we show the total cross sections (in unit
of pb) for the single diffractive (SD) and double Pomeron
exchange (DPE) cross sections, and compare to the photon-
photon induced (yy) as well as nondiffractive (ND) Z-boson
pair reactions, as a function of proton-proton CMS energy
of 7, 8, 13 and 14 TeV at the LHC. We use solid, dashed,
dotted and dash-dotted curves to present SD, DPE, yy and
ND cross sections, respectively. For SD, DPE and yy

production, both the detector acceptances of 0.0001 < & <
0.17 (thin curve) and 0.015 < & < 0.15 (thick curve) are
considered. Notice here the rapidity gap survival proba-
bility factor is not taken into account. Features can been
found in the figures and are listed as follows:

(i) The cross sections for different production mecha-
nisms increase linearly as functions of the colliding
energy.

Typical size order is normally onp > 65p > oppg > 0,
as excepted.

Results from considering ATLAS-AFP detector
acceptance (0.015 < & < 0.15) are comparable with
that from TOTEM-CMS (0.0001 < £ < 0.17) but a
little smaller.

When the rapidity gap survival probability factor is
considered, we can find that the SD cross section is at
the order of ~O(10 fb). For the DPE production rate is
about 0.1-1 fb which is small but still larger than that of yy
induced production which is only about 0.1 fb. The

(i)
(iii)
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FIG. 9. The total cross sections (in unit of pb) for single
diffractive (SD), double Pomeron exchange (DPE), photon-
photon induced (yy) and nondiffractive (ND) Z-boson pair
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atthe 7, 8, 13 and 14 TeV LHC. Both the detector acceptances of
0.0001 < ¢ <0.17 and 0.015 < £ < 0.15 are considered. The
rapidity gap survival probability factor is not taken into account
here.

smallness of the Z-boson pair production, however, is not a
thoroughly bad thing. As we said, when go to LHC energy
frontier, exclusive production may open a new window to
new physics searching [57,58], while in this case diffractive
may serve as the important background. If a new sector is
produced through gauge Z-boson pair production, such
mechanism can be tested with a typical clean environment.

IV. CONCLUSION

A rich program at the Large Hadron Collider (LHC) is
being pursued in diffractive physics by all collaborations
either based on the identification of large rapidity gaps or
the use of dedicated proton spectrometers. In our present
study, we perform the calculation from the phenomeno-
logical analysis of Z-boson pair hard diffractive production
at the LHC. Our calculation is based on the Regge
factorization approach. Diffractive parton density functions
(dPDFs) extracted by the H1 Collaboration at DESY-
HERA are used and uncertainties by using different fits
in the dPDFs are discussed. The multiple Pomeron
exchange corrections are considered through the rapidity
gap survival probability factor. We display various kin-
ematical distributions for both the single diffractive(SD)
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and double Pomeron exchange (DPE) productions. We give
also numerical predictions for their cross sections and
compare with the photon-induced and nondiffractive ones.
The contributions from both quark-antiquark collision and
gluon-gluon fusion modes are displayed and compared. We
define the appropriate ratios of diffractive over nondif-
fractive (ND) productions, by using which predictions
affected by theoretical errors associated with scale varia-
tions can be reduced. Typically the single diffractive
ratio is varies between 5% and 7% while the double
Pomeron exchange ratio varies in the range 0.03%-0.2%

PHYSICAL REVIEW D 95, 056023 (2017)

(0.1%-0.3%) for 7,8 (13, 14) TeV. We make predictions
which could be compared to future measurements at the
LHC where forward proton detectors are installed and
detector acceptances are considered.
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