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Exclusive and semiexclusive production of u*u~ pairs with A isobars
and other resonances in the final state and the size
of absorption effects
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We include pp — pAtutu~ and pp — ATAtuTu~ processes in addition to the standard pp —
pputu~ process both in equivalent-photon approximation (EPA) and in exact 2 — 4 calculations. For
comparison we calculate also the continuum proton dissociation in a recently developed k,-factorization
approach to yy-involved processes with parametrizations of F, structure function known from the literature.
The calculated cross section including all the processes is considerably larger than the one measured
recently by the ATLAS collaboration. We calculate absorption effects for pp — pputu~ process in the
momentum space. The final cross section with absorption effects is by 10% larger than the one measured by
the ATLAS collaboration which is difficult to explain. Several differential distributions with the ATLAS
experimental cuts are presented. It is shown that the processes with electromagnetic p — A(1232) and
p — N(1440) transitions, that have similar characteristics as the pp — ppu™pu~ process, increase the cross
section for "~ production and thus can affect its theoretical interpretation when the leading baryons are
not detected as is the case for the CMS and ATLAS measurements. The mechanism of dissociation into
hadronic continuum is not under full control as the corresponding absorption effects are not fully
understood. We present first predictions for future ATLAS experiment with the ALFA subdetectors and
discuss observables relevant for this measurement.
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I. INTRODUCTION

Recently the ATLAS collaboration measured production
of muon pairs with the requirement of rapidity gap and
small transverse momentum of the dimuon system at
proton-proton collision energy /s = 13 TeV [1]. A similar
study was done previously at /s =7 TeV [2-4]. There
have been also efforts to install and use forward proton
detectors, see, e.g., [5]. In order to ensure the exclusivity of
dimuon measurement [1] the measurement was performed
for adimuon invariant mass of 12 GeV < M+ ,- <70 GeV
with different p, , conditions and the muon pair was required
to have a transverse momentum p, .+, < 1.5 GeV. It is

believed that such requirements cause that the cross section
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is dominated by the pp — pputu~ fully exclusive
contribution.

The common approach to calculate cross sections for
photon induced processes is the equivalent-photon approxi-
mation (EPA). The ATLAS collaboration observed signifi-
cantly lower cross section than that predicted by the EPA
approach [1]. The effect could be caused by absorption
effects which destroy rapidity gaps. The absorption effects
can be calculated in the momentum space (see e.g., [6-8])
or in the impact parameter space (see e.g., [9]). Only very
few differential distributions can be obtained in the EPA
approach. In the impact parameter space approach the
situation is similar [9]. However, experimental cuts on
(pseudo)rapidities and transverse momenta of muons
selected only some kinematical configurations, so the use
of the phase space averaged value of the gap survival factor
may be not justified. Moreover, the effect of absorption
strongly depends on kinematics of outgoing protons [7,10].
Therefore in the following we perform precise calculation of
the exclusive 2 — 4 process (8-fold phase space integration)
as is routinely done for instance for the pp — pprta~
reaction [11-13], forthe pp — ppK " K™ reaction [14,15] or
for the pp — pppp reaction [16].

The exclusive pp — pputu~ process competes with the
two-photon interactions involving single- and double-proton
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dissociation contributions. The ATLAS experiment imposes
arather loose cuton p, ,+,- < 1.5 GeV [1]. To which extend
such a loose cut allows participation of other mechanisms
such a single or double proton resonance production? The
inclusion of A isobar seems potentially the most important.
The electromagnetic production of one A resonances on
either leg or simultaneous excitation of two A resonances on
both legs was never discussed quantitatively in the context
of semiexclusive production of dilepton pairs. EPA fluxes of
photons associated with A production were presented in [17].
They were used only in [18] for the pp — pAJ/y process.
Semiexclusive processes with the A excitations for the J/y
production were estimated also in [19].

During the last years several authors have discussed the
backgrounds for the process pp — pp(yy =» putu~). In
particular, the contribution of the semielastic and inelastic
up~ production, where one or both protons dissociate,
have been analyzed in [20-23]. The proton-dissociative
processes have significantly different kinematic distribu-
tions compared to the elastic (purely exclusive) process,
which allows in principle for a separation of the different
production mechanisms.

In the present paper we wish to consider the pp —
pAptu~ and pp — AAutu processes both in EPA and in
exact 2 — 4 calculation in addition to the standard pp —
ppuTu~ process. For reference we shall include also
production of Roper resonance (N(1440)) for which some
knowledge is available from the studies with the CLAS
detector at the Thomas Jefferson National Accelerator
Facility (JLab) [24,25]. In the following we wish to discuss
absorption effects for the 2 — 4 processes considered. We
wish to estimate also the role of electromagnetically
induced proton-dissociative processes (pp — pXutu~
and pp — XYu*u~) calculated in a recently developed

(©

FIG. 1.

k,-factorization approach using the phenomenological par-
ametrizations of the deep-inelastic structure functions from
the literature.

II. THEORETICAL APPROACH

In Fig. 1 we show “Born level” diagrams of processes
considered in the present analysis for central exclusive
ut ™ production in proton-proton collisions:

p+p—ptut+pu +p, (2.1)
p+p—=p+ut+u + AT, (2.2)
p+p— A" +ut+pu +p, (23)
p+p—-o AT +ut+u + AT (2.4)

Only the process (2.1) shown by the diagram (a) was
considered so far in the literature.

In the following we will calculate the contributions from
the diagrams shown in Fig. 1.

A. Exact 2 — 4 kinematics

In the present studies we perform, for the first time, exact
calculations for all the considered exclusive 2 — 4 proc-
esses shown in Fig. 1. In general, the cross section can be
written as

_ (2ﬂ)47|/\/1 E p, 4’ p, d’ps d’py
T 2s T (20)32E, (27)32E, (27)°2E; (27)2E,
XY E,+Ep,—p1—pa— D3 — Pa)- (2:5)

do

Diagrams for selected exclusive processes for two-photon production of muon pairs in pp collisions on the Born level. Here

only the 7-channel diagrams are shown. There are also corresponding #i-channel diagrams with the photon-muon vertices interchanged.
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The formula (2.5) is written in the overall center-of-mass
frame where energy and momentum conservations have
been made explicit, see [11]. The phase space integration
variables are taken the same as in [11], except that proton
transverse momenta p,; and p,, are replaced by
logio(pr.1/Pro) andlogio(pi2/Pro)s Pro = 1 GeV, respec-
tively. In (2.5) |M,_4|? is the 2 — 4 amplitude squared
averaged over initial and summed over final particle polari-
zation states. The kinematic variables for the 2 — 4 reaction
are

s = (Pa+ pp), s =M. - = (p3+pa)?,
G =pP.—P.  @=pPp—DPn =4
2= 43 (2.6)
Pi=Ps—q = q1 — D3, Pu=4q>—P3=DPs—q1,
= pi, i = pa, (2.7)

where p, , and p; , denote the four-momenta of the baryons,
and p; 4 denote the four-momenta of the muons, respectively.

The Born amplitudes for the processes (2.1)—(2.4) are
calculated as

g g
H mv Vivy Jofy
Vz,],—al(fl) =V

Moy iiniany (15 1) = I g

Vﬁ;—»lz (tZ)’ (28)
where 1,5, 41, = j:% denote the helicities of the baryons,
and A3 4 = j:% denote the helicities of the muons, respec-
tively. The yy — u*u~ interaction includes both 7- and -
channel amplitudes:

Vit = —eutpa.ie) (7

v(p3.43),

1{ 7”1 + 7’/1 wyvz
r— u-— ml%

(2.9)

where it(py, 44) and v(p3, A3) are muon (1~) and antimuon
(uh) spinors, respectively.
The ypp vertex is written as

VOPDR (1 p) = ea(p ﬂ/)(w <>+Mw)

2m,

xu(p,A), (2.10)
where u(p, A) is a Dirac spinor and p, 4 and p’, A’ are initial
and final four-momenta and helicities of the protons,
respectively. The form factors F(¢) and F,(t) correspond
to the proton helicity-conserving and helicity-flipping
transitions.

The electromagnetic transition between a proton and
spin 1/2 positive parity nucleon resonance N*, using the
Dirac F} and Pauli F3 type form factors, satisfying

manifestly electromagnetic gauge-invariance, can be writ-
ten as [26]:

vIPOR (', p)

| LA AT

n io"(p' - p),
my« +m,,

F;(r)} u(p,A), (2.11)

where u™") is the N* Dirac spinor. The Dirac-type proton-
Roper transition form factor F7(¢) vanishes at 7 =0 and
stays positive at large |¢|. On the other hand, the Pauli-type
form factor Fj(0)~—0.6 and changes sign around
—t=~1 GeV?. We take analytic parametrizations for the
electromagnetic p — N*(1440) transition form-factors
from [27]; see also Refs. [26,28-30].
The ypA vertex can be written as [31]

VIR p) = el (p! AT u(p, ), (2.12)
where
T = Giy(g)K% + Gy(g?)KY + Gi(g))KE,  (2.13)

in terms of the magnetic dipole Gj,, electric quadrupole
Gp, and Coulomb quadrupole G transition form factors. In
(2.12) u{, ) denotes the Rarita- Schwinger spinor of the spin-
3/2 A isobar. The yp — A™ transition is dominated by the
magnetic dipole form factor. We consider therefore only the
magnetic transition term with'

3(mp + mp)

K =
4mp[(mA + mp)z —q ]

e (p' +p)yqo  (2.14)

For the magnetic transition form factor we use the phe-
nomenological parametrization of Ref. [32]

2

Giy(4?) = 3Gp(q?) exp(021¢2) [1 - — L —
(2.15)
with the standard dipole form factor G, (1) = (1 — t/m3)72,

m? = 0.71 GeV?2. The quality of the parametrization (2.15)
was studied in [33].

B. Absorption corrections

The absorptive corrections to the Born amplitude (2.8)
are added to give the full physical amplitude for the pp —
pputu~ reaction:

'Note that in [31] authors define q = p' — p. We have made
allowance for this in writing Eq. (2.14).
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absorptlon
+M pp=pputp”

MBom

pp=pputp”

M pp—pput i (2.16)
Here (and above) we have for simplicity omitted the
dependence of the amplitude on kinematic variables.

The amplitude including pp-rescattering corrections
between the initial- and final-state protons within the
one-channel eikonal approach can be written as

bsorpti [
M (5.p112) = g [ PH Mgy (5K

Born = =
Mpp_,ppﬂ tu (S’Pz.l va,z)’

(2.17)

where p,; =p,; —k, and p,, =p,, +k, Here, in the
overall center-of-mass system, p,; and p,, are the trans-
verse components of the momenta of the final-state protons
and k, is the transverse momentum carried by additional
pomeron exchange. M, ,,(s,—k7) is the elastic pp-
scattering amplitude for large s and with the momentum
transfer + = —k?. We assume s-channel helicity conserva-
tion in the pomeron-proton vertices.

In the following we shall show results in the Born
approximation as well as when including the absorption
corrections on the amplitude level. This allows us to study
the absorption effects differentially in any kinematical
variable chosen for two-photon induced processes.

C. Equivalent-photon approximation

In the collinear EPA approach, with neglected photon
transverse momenta, one can write the differential cross
section as

do 1 .
dysdy,dp,, 16n2§2x1f Crnaf () My P
3 M

(2.18)
where § = sx1x,. f(x)’s are elastic fluxes of the equivalent
photons as a function of longitudinal momentum fraction

with respect to the parent proton defined by the kinematical
variables of the muons,

m m
X = %exp(yg + %exp(y@,

m;3

n = TRew(oy) +few(oy). (2.19)
where m,, = y/|p,,|* + m’. In (2.18) [M* is the yy —

utu~ amplitude squared averaged over the photon and
summed over the muon polarization states. For the elastic
photon fluxes f(x) we take the formulas given in [34],
see [7]. The photon fluxes associated with A production are
taken from Ref. [17].

D. k,-factorization approach

In the recent k,-factorization approach [20,21] the differ-
ential cross section for the pp — Xutu~Y reaction (X and
Y represent the hadronic systems resulting from the proton
dissociation) can be written as

do(pp = Xu™pY)
dy;dy,d*p,3d°p, 4dMxdMy

_ 1 / P4 gy | dr(¥1. 41 M)
167§ | =q?, nq’,

dMy
dy(x3,q4,2. My)
_— 7 E M(23,2459, 4, 2
X Xy M, A;A4| (A3, A4 q:1 qt,2)|

X 5®(q1 + 412 —Prs —Pra)- (2.20)
Here ¢, and ¢, , are the transverse momentum vectors of
virtual photons. The inelastic photon fluxes, y(x;, ¢, Mx)
and y(x,, q,,, My), are expressed in terms of deep-inelastic
structure functions [21] known from many experiments.
Different parametrizations were proposed in the literature
(see, e.g., [21] and references therein).

III. RESULTS
A. Exact 2 — 4 approach

In calculating the cross section of the photon initiated
dimuon production we perform integration in auxiliary
variables  logio(p,;/1 GeV) and logio(p,»/1 GeV)
instead of the outgoing baryon’s transverse momenta
(p;1 and p,,) as usually done. The differential distribution
do/dllogo(p,1/1 GeV)]is shown in the panel (a) of Fig. 2
for the ATLAS kinematics (y/s = 13 TeV, |y,| < 2.5,
Piy > 6GeV, M+, € (12,30) GeV). Results for the
pp — ppuTu~ reaction (2.1) are shown by the black solid
lines. Results for the reactions (2.2)—(2.4) with A(1232)
isobars in the final state are shown by the red dashed lines.
The blue dotted lines correspond to the contributions with
production of the Roper resonance N* = N(1440). In the
panel (b) of Fig. 2 we present distribution in transferred
four-momentum squared #; between the initial and final
baryons. The distributions in log;(p,,/1 GeV) and |1, are
the same as those from the panel (a) and (b), respectively,
but with a different component designations Ap <> pA and
N*p < pN*. We find that from the side of p — A(1232)
and p — N(1440) transitions the differential cross sections
do/d|t| vanish when |¢f| — 0.

In Fig. 3 we present differential observables for the
recent ATLAS experimental cuts [1]. In the panel (a) we
show ™y~ invariant mass distributions for the reactions
(2.2)—(2.4). Here the horizontal error bars mean just bin
width. We see that the pp — ppu*u~ contribution alone
(see the black solid line) exceeds the ATLAS data from [1].
As we will show below this is also true when including
the absorptive corrections in our calculations, see Fig. 7.
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FIG.2. The differential cross sections do/d[log,o(p; /1 GeV)] (panel (a)), and do/d|t,| [panel (b)] for various exclusive processes of
the u*u~ production at /s = 13 TeV and for the ATLAS experimental cuts. No absorption effects were taken into account here.
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FIG. 3. The differential cross sections for various exclusive processes (2.1)—(2.4) specified in the figure legend for the p™*u~
production in pp collisions. Calculations are done for /s = 13 TeV, nu| <2.5, p,;, > 6 GeV, and in dimuon invariant mass region
M,+,~ € (12,30) GeV. No absorption effects are taken into account here. The ATLAS experimental data from [1] are shown for
comparison [see panel (a)].
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FIG.4. The ratio R®) (M,+,-) defined by Eq. (3.1) for the u* u~
production at /s = 13 TeV and for the ATLAS cuts.

Inclusion of exclusive channels with A(1232) and N(1440)
resonances increases further the cross section for p*u~
production. In the panel (b) we show distribution in the
modulus of sum of the transverse momentum vectors of
muons p, - = Prytu-|s Peyty- = Pryt +Prye- For the
contributions with A and N(1440) resonances the cross
section do/dp,,+,~ vanishes when p,,,- — 0. The
ATLAS experiment imposes a cut on p,,+,~ < 1.5 GeV
(see Fig. 2 (d) in [1]). We can see that such a cut practically
does not influence the cross section. The relative contribution
of resonance production increases with p, ,+,- and can be
even bigger than for the pp — ppu*u~ contribution. The
panel (c) shows the distribution in the dimuon acoplanarity
variable defined by Aco =1—¢,+,-/x, where ¢+, is
azimuthal angle between the muons. Rather different aco-
planarity distributions are obtained for the different processes
considered here. However, no acoplanarity cut is imposed by
the recent ATLAS experiment.

In Fig. 4 we show the ratio

R®(M )
do'PY) [dM,.,- + doP) [dM - + do'™® JdM ;-
- do'rp) /dM + -

(3.1)

for \/s =13 TeV and the ATLAS experimental cuts. In
(3.1), e.g., do(P®) /dM ;+,- is the differential cross section
for the pp — putu~ AT reaction (2.2). The contribution of
the new processes (2.2)—(2.4) increases with increasing
M, . The ratio exceeds 15% for M,+,- > 14 GeV.

So far we have omitted effect related to extra soft
interactions which lead to a reduction of the cross section
with the extra requirement of rapidity gap. How big is effect
of the absorption associated with different exclusive effects?
Is it the same for different components? These questions are
very important but go beyond the scope of the present paper.

In Fig. 5 we show the relative effect of absorption, for the
pp — ppuu~ reaction,

daabsorption/dx

() = (32)

where x = M, p,u,» Aco. In (3.2) dg®™Pion /dx is
the differential cross section including the absorptive
effects at the amplitude level as described in Sec. IIB
and doB°™ /dx is the differential cross section without the
absorption. We predict somewhat larger absorption for the
pN*, N*p, and N*N* contributions than for the traditional
pp final state (not shown here). Our calculations suggest
similar effect for the pA, Ap, and AA final states for which
explicit calculation is rather difficult. The effect of the
absorption depends on kinematics but is rather small. The
effect would increase somewhat when adding intermediate
proton resonance states. Such a calculation is more difficult
and requires input, pN*[P, pN*y couplings, which is not
available at present.

B. k,-factorization approach

In this subsection we wish to show the differential
distributions obtained in the k,-factorization approach.
The results of the single or double dissociative processes
enter the cross section via so-called deep-inelastic structure
functions. In our calculation we have used two different
parametrizations of the proton structure function F,(x, Q?)
taken from the literature: (1) Fiore et al. parametrization
[35,36] (labeled by us FFJLM) based on a Regge-dual
model that explicitly includes the prominent nucleon
resonances plus a smooth background to describe the F,
experimental data for p(e, e’)X reaction measured at the
JLab; and (2) Szczurek-Uleshchenko (SU) parametrization
[37] which gives good description at rather small and
intermediate Q7 at not too small x.

In Fig. 6 we compare different distributions (do/dM + -,
do/dp, -+, do/de,+,-) for purely elastic (the solid line),
single dissociative (the dashed line), and double dissocia-
tive (the dotted line) contributions. In the calculations we
have included all cuts of the ATLAS experiment [I],
including also the cut on p,,+,- < 1.5 GeV. Results for
the continuum dissociative contributions (labeled as SU)
were calculated using the Szczurek-Uleshchenko paramet-
rization of F, experimental data. The shapes of the M+ -
distributions [see the panel (a)] are very similar while the
other distributions are rather different. In the panel (b) we
present in addition results for resonance production
obtained in the FFJLM parametrization; see the red lines
(labeled as FFILM). Here pR + Rp denotes contribution
when three resonances A(1232)3, N*(1520)37, and
N*(1680)3" are added together. For comparison, we show
also the result with only A(1232) resonances (pA + Ap
component). One can explicitly see that the cut on p, -
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FIG. 5. The ratios (S?) (3.2) as a function of M uu- [panel ()], p; ,+,- [panel (b)], dimuon acoplanarity [panel (¢)]. Calculations were

done at /s = 13 TeV and for the ATLAS cuts.

reduces the dissociative contributions (see also Table I). No
cuton ¢,+,- was imposed in the ATLAS experiment. But it
should be realized that such a cut is strongly correlated with
the cut on p, ,+,- [compare the black and blue lines in the
panel (c)].

We remind that the ATLAS collaboration imposes extra
condition on p, ,+,- < 1.5 GeV [1]. Inclusion of such a cut
suppresses the relative amount of dissociative continuum
contributions but definitely does not solve the problem of
the need of large absorption effects. A large size of the
dissociation into continuum requires a special comment. At
large p, ,+,- the single and double continuum dissociative
processes should dominate. As shown recently in [38] the
absorption effect for /s = 13 TeV and My, My < 50 GeV
associated with remnant fragmentation(s) are rather small. So
far other absorption effects were not calculated consistently
in the literature.

At present ATLAS collaboration used some procedure
to reduce the background from the single and double
dissociation processes (see Sec. V of [1]). However, this
procedure may be model dependent and in our opinion

requires further studies. It would be valuable to confront
the extracted contribution with our model calculation. Also
absorption effects for the continuum dissociation are not
fully understood in our opinion.

C. Cross sections and comparison with the ATLAS
experimental data

The ATLAS collaboration has measured the fiducial
cross section of the pp — ppu*u~ reaction at /s =
13 TeV [1]. The experimental result is

Gexp,,ﬁd‘(PP — pputu) =3.12 £ 0.07(stat.)

+ 0.14(syst.) pb, (3.3)

for both dimuon invariant mass ranges and for p, , and |, |
requirements:

12GeV <M,+,- <30GeV, p,,>6GeV,

’7,4‘ <24,
(3.4)
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FIG. 6. Single and double dissociative continuum contributions for do/dM,+,- [panel (a)], do/dp, ,+,- [panel (b)], and do/dep,-,-
[panel (c)] obtained within the k,-factorization approach for the recent ATLAS experimental cuts [1]. For the continuum processes the
Szczurek-Uleshchenko parametrization (labeled as SU) was used in the calculation and we impose an upper limit on dissociative
systems My, My < 50 GeV. For comparison, the solid lines represent the results for the purely elastic contribution (2.1). In the panel
(b) also the results for resonant contributions (labeled as FFJLM) are shown. In the panel (c) the black lines correspond to the results
without the cut on p,,+,-. The blue lines show results obtained including all experimental cuts.

30GeV <M, <70GeV, p,,>10GeV,|n,| <24,

(3.5)

The sum of cross sections calculated within the “exact
2 — 4 approach” (see Sec. Il A) for the experimental cuts
(3.4) and (3.5), respectively, is found to be

o8 (1 = pputu) = 3.01 pb +0.55 pb = 3.56 pb

(3.6)
without the absorptive corrections, and
G{SrPOn) (1, 1y s pputu~) = 2.89 pb+0.51 pb = 3.40 pb
(3.7)

including the absorptive corrections as discussed in
Sec. II B.

The authors of [1] compare their result (3.3) with the
theoretical predictions of two models with absorptive cor-
rections. Our result (3.7) is in good agreement with the
SuperChic MC [39] result o = 3.45 £ 0.05 pb quotedin[1].
However, smaller cross section was obtained in the finite-size
EPA approach [9] that gives 6 = 3.06 &= 0.05 pb.

In Fig. 7 we present the dimuon invariant mass distri-
butions for our “exact 2 — 4 kinematics” approach for the
pp — ppuTu~ process, without (the blue dashed lines)
and with (the red solid lines) absorption effects together
with the ATLAS results from Table 3 of [1]. For the pp —
ppuTu~ component we get the theoretical survival factor
values (S2) = glibsorpion) /5(Bom) g 97 0.96, 0.95, and
0.93 integrated according to the four experimental bins,
respectively. For comparison we need 0.92, 0.87, 0.84, and
1.00 to describe the ATLAS data. Larger suppression
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FIG.7. The differential cross sections do/dM -, for the urp
production at /s = 13 TeV with the ATLAS experimental cuts
specified in (3.4) and (3.5). Our ‘“exact 2 — 4 kinematics”
predictions (lines) are compared with the ATLAS differential
fiducial cross sections from Table 3 of [1]. The green-dotted lines
and blue-dashed lines represent the Born results for the pp —
pputp~ plus that for the pp — pAuTu~(Aputu~) processes
and for the pp — pputu~ process alone, respectively. The red
solid bottom lines represent the results for the pp — ppu*pu~
reaction with the absorptive effects included.

factors are necessary to describe the ATLAS data especially
when taking into account contributions with A isobars in
the final state: 0.78, 0.72, 0.68, and 0.81, respectively.
These numbers are far from unity often naively expected
for two-photon exclusive processes. In general, the absorp-
tion effects may depend on the final state. Here we have
presented our estimates for the pp — ppu™u~ process. As
already discussed, it is very difficult to make similar
predictions for the pp — pAutu~ or pp — Apu*u~
processes. A comparison with experimental data suggests
that the corresponding effects should be much bigger than
for the pp — ppu*u~ process.

In Table I we have collected integrated cross sections for
different contributions calculated in three different
approaches: exact 2 — 4 (see Secs. Il A and 11 B), EPA
(see Sec. I1 C), and k;-factorization (see Sec. II D). Results
for experimental cuts |n,| < 2.4, p,,, M,:,~, and p,
are shown. The results obtained within the exact 2 — 4
approach imposing the ATLAS cuts (3.4) are similar to the
results obtained within the EPA approach. We get a slightly
larger cross section for the pp — ppu*u~ process within
the k,-factorization approach. There are also results for the
single and double resonance production (FFJLM paramet-
rization [35]) and dissociative continuum contributions (SU
parametrization [37]) calculated within the k,-factorization
approach. The resonance production constitutes about 20%
of the fully exclusive pp — ppu'pu~ contribution, that is,
somewhat larger than from our 2 — 4 calculation without
absorption effects. The double resonance contribution is less

TABLE 1. Cross sections for different processes for central
exclusive production of u*pu~ pairs calculated for three different
approaches. The calculations was performed for /s = 13 TeV
and with different experimental cuts. In the k,-factorization
approach for the continuum processes (labeled as SU) we take
an upper limit on My and My < 50 GeV. In the case of
resonance production (FFJLM) R means processes when con-
tributions of three resonances A(1232), N*(1520), and N*(1680)
are added together. No absorption effects were included here.

|n,| <2.4 Y Y Y Y
Pry > 6 GeV Y Y Y
12 <M+, <30 GeV Y Y
Pryrw- < 1.5 GeV Y

Exact 2 — 4 approach o (mb) o (pb) o (pb) o (pb)

pp = pputu 32.56 3.81 3.01 3.01
pp = pAutu 0.67  0.31 0.23 0.23
pp — Aputu 0.67  0.31 0.23 0.23
pp = AAuTu~ 0.02  0.02 0.02 0.02
EPA

pp = pputu 37.08 3.68 297

pp = pAutu 1.87 033 0.26

pp = Aputu 1.87 033 0.26

pp = AAutu~ 0.09  0.03 0.02
k,-factorization approach

pp = pputu 39.74 391 3.16

pp = pAuTu~ (FFILM) 1.33 041 0.32
pp — Aputu~ (FFILM) 1.33 0.41 0.32
pp — AAptu~ (FFILM) 0.02  0.01
pp — pRutu~ (FFILM) 1.65 0.55 0.43
pp = Rpu*p~ (FFILM) 1.65 055 043
pp — RRu"u~ (FFILM) 0.03  0.02

pp = pYutu~ (SU) 238 184  0.88
pp = Xputu~ (SU) 238 184  0.88
pp = XYutu~ (SU) 176 132 030

than 1% of the purely exclusive component and can be in
practice neglected. The contributions of single and double
dissociation continuum with all the cuts described in Table I
constitute 68% of the purely exclusive component but was
hopefully removed by the ATLAS extraction procedure [1].
These are non-negligible contributions, larger than typical
size of absorption effects for the pp — ppu™p~ process.
We have much larger problem of overestimating the
ATLAS experimental data than signaled in [1], see also
Fig. 7. This probably means that the continuum contribu-
tions are subjected to much larger absorption effects than
contributions with resonances in the final state. This is very
interesting problem but clearly goes beyond the scope of
the present paper, where we have focused mainly on the
contributions with resonances in the final state. Solving the
problem requires probably inclusion of multi-parton proc-
esses [40] and remnant fragmentation [41]. The parameters
of the multiparton interactions were adjusted rather to gg
induced processes and cannot be used for our yy induced
processes. Recently, in Ref. [38], the effect of rapidity gap

053007-9



PIOTR LEBIEDOWICZ and ANTONI SZCZUREK

PHYS. REV. D 98, 053007 (2018)

2.5r , T .
L PP = pp LU 1
r Vs=13 TeV 1
ol ATLAS + ALFA a
C total (Born) ]
> L i
S sl ’
e b o T ]
= L ]
=3 - .
> ]
'U .
0.5 N
ol 1 LT P Mk
15 20 25 30
@) M,., (GeV)
S AR EEas EasmARs RS LE 2000 R
i pp — pp Kl . I pp — pp W'l ]
40 Vs =13 TeV 7 i Vs=13 TeV 1
[ ATLAS + ALFA ] 2 ATLAS + ALFA i
- 3 total (Born) 1 1500} — total (Born) —
> I total (with absorption) ] —— total (with absorption) T
o 30 = L ]
Q | - £ | ——p,,p,<0 ]
£ ] A \ N P p5>0 ]
= g S y.17y.2
& I E < 1000 -
= 20¢ - ] r 1
& ] 50 ]
© e L i
° ]
10 . S00F ]
1 I D |
0 exhy O"\'"’_ P \\\ﬁ‘.v:;'-.'—'
0 02 04 06 08 1 12 14 0 0.01 0.02 0.03 0.04
*I acoplanarity, Aco=1-¢ _/
(b) P (GeV) (c) Wy acoplanarity, Aco q)u*u' T
1007 ————T 251 —— , -
i pp — pp Wl i i pp — pp LI ]
i Vs =13 TeV ] r Vs =13 TeV 1
80l ATLAS + ALFA _ 20k ATLAS + ALFA \|
L total (Born) g r total (Born) 1
N r —— total (with absorption) 1 | —— total (with absorption) ]
S I —_ 0 1 ~ P —— <0 1
QO 6of PoiPya S - 2 15F PyiPya ]
£ AR PyiPy, >0 1 v& o PyiPy, >0 ]
SR 1 g —
o = - i
= | A — ©O = ]
T 407 I\ 1 g 100 ]
< i ~ ] L ]
\ L ]
- \ - - .
20 NS - 5H ]
L \ 1 K ]
ST A b E i
i S.al S B L = i
[ A E—— ["m=g-- pedooevd 0 P N P U
0.2 04 0.6 0.8 1 0 50 100 150
(d) P, (GeV) (e) $,, (deg)

FIG. 8. The differential cross sections for the pp — ppu*u~ reactions for /s = 13 TeV and ATLAS + ALFA experimental cuts.
The blue thin lines correspond to the Born results while the black thick lines correspond to the results with absorption effects included.

survival factor associated with remnant fragmentation was D. Predictions for ATLAS + ALFA experiment

studied for W*W~ production. Such effects strongly The measurement of forward protons would be useful in
depend on details of experiment. The effects of absorption  our opinion to better understand absorption effects. There
were of course not included by the ATLAS collaboration  are several efforts to complete installation of forward
when “subtracting” the dissociative contributions. proton detectors. The CMS collaboration combines efforts
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with the TOTEM collaboration while the ATLAS collabo-
ration may use the ALFA sub-detectors.

Here we wish to show our predictions for /s = 13 TeV
based on the exact 2 — 4 approach (see Sec. II A) including
the ATLAS experimental cuts (3.4) and with extra cuts
on the leading protons of 0.17 GeV < [py |, |py2| <
0.5 GeV [42] as will be the proton momentum window
for ALFA detectors on both sides of the ATLAS detector.

We obtain the Born cross section

i

B (pp — pputu~) = 12.87 fb + 12.12 fb = 24.99 fb
(3.8)

and including the absorptive corrections (see Sec. II B)

oLsorPion) (s s pputu) = 11.32 fb+2.56 fb = 13.88 fb.
(3.9)

In (3.8) and (3.9) we sum resulting cross sections for two
exclusive conditions py;p,, <0 and py;p,, >0. We
obtain much bigger reduction of the cross section due to
absorption effects when py ;p,, > 0.

In Fig. 8 we present distributions in some observables
with the ATLAS + ALFA experimental cuts without (the
blue thin lines) and with (the black thick lines) absorption
effects. Results for two conditions p, ;p,, < 0 (the long-
dashed lines) and p, ;p,, > 0 (the dotted lines) and their
sum (the solid lines) are shown. Inclusion of absorption
effects modifies the differential distributions because their
shapes depend on the kinematics of outgoing protons. The
measurement of such distributions would allow us to better
understand absorption effects.

IV. CONCLUSIONS

In the present paper we have explicitly calculated
contribution of the pp — pAuTu~ and pp — AAu*u~
processes both in momentum space EPA (using associated
photon fluxes derived earlier) and in exact kinematically
2 — 4 calculation. We have considered similar contribu-
tions for the Roper resonance (N (1440)). For comparison
we have shown also results of calculation obtained within
the k,-factorization approach. Using some parametrizations
from the literature of the proton structure functions one can
include also contributions with proton resonances in the
final state. Also contributions with single and double
continuum dissociation have been obtained in this way
and have been shown for comparison.

The resonance contributions constitute about 15% of the
conventional pp — pputu~ cross section and leads to an

enhancement over the measured recently cross sections
when ignoring absorption effects. The resulting cross
sections from the k,-factorization approach are somewhat
larger as those obtained in the explicit 2 — 4 calculation.

The 2 — 4 calculation allows to include absorption
effects on the amplitude level. The absorption effects lead
to a damping of the cross section. The effect depends on the
collision energy and kinematical variables. The corre-
sponding results have been quantified. However, we have
checked numerically that the effect of absorption for the
contributions with one or two N(1440) resonance is larger
than for the conventional pp — ppu™u~ one. Our calcu-
lations suggest similar effect for the processes with A
resonance production. But even for the dominant pp —
ppuTp~ process the resulting cross section overestimate
the ATLAS experimental data.

We have shown that in the final comparison with
experimental data one should also take into account
contributions when one or both protons dissociate into
continuum. Naive adding of such contributions would lead
to clear overestimation of the measured cross sections.
Rapidity gap survival factor associated with remnant
fragmentation seems highly insufficient, see Ref. [38].
Clearly some absorption effects are missing. Multiparton
interactions (see, e.g., Ref. [40]) are obvious candidates but
it is not clear how to include them in a consistent manner.
The parameters of the multiparton interactions are usually
adjusted to processes initiated by two gluons but not two
photons, so cannot be directly used in our case. In our
opinion the new experimental data should trigger further
studies.

To meet the expectations of the experimental measure-
ment with dedicated forward detectors we have estimated
the cross section for the ATLAS and ALFA experimental
cuts. The cross section for the purely exclusive pp —
pputu reaction, taking into account absorption effects, is
of order of 0.01 pb (3.9). Several differential distributions
have been presented. We have shown only results for purely
nonresonant exclusive component. What is the role of other
semiexclusive processes considered here will require fur-
ther experimental and theoretical studies.
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