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pp — ppHH™ reaction at the LHC and a future circular collider
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We calculate differential cross sections for exclusive production of heavy charged scalar, weakly
interacting particles (charged Higgs bosons, charged technipions, etc.) via photon-photon exchanges in the
pp — ppH'TH™ reaction with exact 2 — 4 kinematics. We present distributions in rapidities, transverse
momenta, and correlations in azimuthal angles between the protons and between the charged Higgs bosons.
As an example, the integrated cross section for /s = 14 TeV (LHC) is about 0.1 fb and about 0.9 fb at
the Future Circular Collider (FCC) for /s = 100 TeV when assuming my= = 150 GeV. The results are
compared with results obtained within standard equivalent-photon approximation known from the
literature. We discuss the role of the Dirac and Pauli electromagnetic form factors of the proton. We
have also performed first calculations of cross sections for the exclusive diffractive Khoze-Martin-Ryskin
mechanism. We have estimated limits on the g,z + - coupling constant within the two-Higgs doublet model
based on recent experimental data from the LHC. The diffractive contribution is, however, much smaller
than the yy one. The Zy, yZ, and ZZ exchanges give even smaller contributions. Absorption corrections are
calculated for the first time differentially for various distributions. In general, they lead to a damping of the
cross section. The damping depends on the My+y- invariant mass and on ¢ four-momentum transfers
squared. In contrast to diffractive processes, the larger the collision energy, the smaller the effect of
absorption. We discuss a possibility to measure the exclusive production of two charged Higgs bosons with

the help of so-called “forward proton detectors” at the LHC experiments.
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I. INTRODUCTION

There are several reasons why exclusive reactions are
interesting [1,2]. One of them is the possibility to search for
effects beyond the standard model (SM). The main advan-
tage of exclusive reactions is that background contributions
are strongly reduced compared to inclusive processes. A
good example are searches for exclusive production of
supersymmetric Higgs boson [3-5], anomalous boson
couplings for yy — WtW~ [6-9] or for yy — yy [10,11].
So far these processes are usually studied in the so-called
equivalent-photon approximation (EPA) (for a description
of the method, see, e.g., [12]). Within the standard model,
the cross section for the pp — ppW+ W~ reaction is about
100 fb at /s = 14 TeV [13]. Gluon-induced processes
could also contribute to the exclusive production of W+W~=
[13] and W*HT [14] via quark loops.1 The corresponding
cross sections are rather small mainly due to suppression of
Sudakov form factors and the gap survival factor. The
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'An attractive channel is the associated production of a
charged Higgs boson with a W* boson via yy fusion. Since
there is no HT*W¥y couplings the yy — HT*WT associated
production process have no tree-level contribution in the
2HDM and in the MSSM and occurs only at one-loop level in
the lowest order.
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exclusive reactions could be also used in searches for
neutral technipion in the diphoton final state [15] or dilaton
[16]. Here a precise prediction of the cross sections is not
possible as the model parameters are still unknown.

Discovery of the heavy Higgs bosons of the minimal
supersymmetric standard model (MSSM) [17-19] or more
generic two-Higgs doublet models (2HDMs) (see, e.g.,
[20,21]) poses a special challenge at future colliders. One
of the international projects currently under consideration is
the Future Circular Collider (FCC) [22]. The Higgs sector
in both the MSSM and 2HDM contains five states: three
neutral [two CP-even (h, H) and one CP-odd (A)] and two
charged (H*, H™) Higgs bosons. In general, either h or H
could correspond to the SM Higgs. The charged Higgs
boson pair production in the yy - HYH~ mode was
considered in [23-25]. In general, the higher-order correc-
tions to the yy — H* H™ subprocess decrease the tree-level
total cross section by about a few percent; see [26,27]. Also
the associated production yy — H*WT was discussed in
the literature [28]. For a more extensive discussion of
charged Higgs boson production at the LHC and ILC,
see [29].

There are also extensive phenomenological studies on
charged Higgs boson(s) production at the LHC in the
inclusive reactions via the partonic processes [30,31]. If
my= < m; — m,, the charged Higgs boson can be produced

in t— bH" and 7— bH~ decays from the parent
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FIG. 1 (color online).

production channel pp — ff, which would compete

with the SM process 7 — bWbW~. The dominant decay

channels in this mass range are H* — 7v, and

H* — ¢5(¢s). In the case of a heavy charged Higgs with

Mg+ > m; —my, there are three major mechanisms:

(a) Associated production with a top quark via the
partonic processes gg,gg— thH* [32-38] as well as
through the gluon-bottom fusion gh — tH* [39-45].
The sequential decay H* — tb is known as a preferred
channel. But signals in these processes appear
together with large QCD backgrounds. The H* —
W*H/W*A — W*bb channels were analyzed in
[46,47]. In the latter paper, the W*77 decay channel
was also considered. Recently, the H — W*(H g, —
bb) decay channel for a SM-like Higgs was studied in
[48,49]. This decay channel can be particularly im-
portant when charged Higgs is produced through the
pp — tH* processes.

(b) Associated production with a W= boson through the
qq.99 — H*WT subprocesses [50-60] and associ-
ated production of a charged Higgs boson with a CP-
odd Higgs boson, ie., g — HTA, was studied
in [61,62].

(c) Charged Higgs boson pair production via gg, gg —
H*H™ [63-66], bb — HTH~ [67] subprocesses or in

association with bottom quark pairs ¢g, g9 -
bbHT™H~ [68,69]. For more recent studies,
see [70,71].

The cross sections for the inclusive reactions strongly
depend on the model parameters, such as tanf = v,/ vy,
the ratio of the vacuum expectation values of the two
Higgs doublets, and others. A program on how to limit the
relevant parameters, based on the collider searches and data
from B factories, was presented, e.g., in [72]. Another
important ingredient of the model is the mass of the charged
Higgs boson. In the MSSM the relation between the masses
of the charged Higgs boson and CP-odd Higgs boson in
lowest order is given by mf# =m3 + m%viz (for reviews
and details, see, e.g., [17,19]).

“This is particular to the MSSM in lowest order (is modified by
one-loop radiative corrections [73]) and does not hold in 2HDMs
or in, e.g., the next-to-minimal supersymmetric standard model
(NMSSM).

Born diagrams for exclusive production of pairs of charged scalar particles via photon-photon exchanges.

Several experimental searches already placed limitations
on the mass of the charged Higgs bosons. There is a direct
limit of my+ > 78.6 GeV from the LEP searches [74] by its
decays H* — 7v, and H* — ¢5(¢s). At hadron colliders,
the search procedures for a charged Higgs boson differ in
term of its mass range. At the Tevatron, the searches were
mainly focused on the low mass range my+ < m; which
can put a constraint to the 2HDM (as an example) on the
small and large tanf regions for a charged Higgs
boson mass up to 160 GeV [75]. Recent searches at the
LHC [76-82] provide new limitations on the model
parameters. However, still a possible span of parameters
is rather large. For example, in the latest searches, ATLAS
and CMS put limits on the product of branching fractions
BR(t > H"b) x BR(H" — tv,), but there are no model-
independent limits on the H* mass. The observed limits are
reinterpreted in some MSSM scenarios, with mass limits
around 140-160 GeV that depend somewhat on tan /. But
in other models such as type-I 2HDM, the limit may be
weaker.

Other experimental bounds on the charged Higgs mass
come from processes where the charged Higgs boson enters
as a virtual particle, i.e., participates in loop diagrams. It is
well known that in the type-II 2HDM, where the up- and
down-type quarks and leptons couple to different doublets,
the b — sy transitions imposes a strong constraint on the
Higgs boson mass my: 2 300 GeV. In the type-I1 2HDM,
instead, all fermions couple to the same doublet and there is
no such strong b-physics constraint (the MSSM is also less
sensitive to radiative corrections). The flavor constraints on
the Higgs sector are, however, typically model dependent.
A detailed analysis of precision and flavor bounds in the
2HDM can be found, e.g., in [83].

In the present analysis we wish to concentrate on
exclusive production of charged Higgs bosons in proton-
proton collisions proceeding through exchange of two
photons. In Fig. 1 we show basic diagrams contributing
to the pp — ppH™H™ reaction. The coupling of photons
to protons is usually parametrized with the help of proton
electromagnetic form factors: Gg (electric), G, (magnetic)
or equivalently F; (Dirac), F, (Pauli). We wish to discuss
the dependence on the form factors of several differential
distributions. In contrast to inclusive processes discussed
above, the considered here exclusive reaction is free of the
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model parameter uncertainties, at least in the leading order,
except of the mass of the charged Higgs bosons.

Our paper is organized as follows. In Sec. II we discuss
formalism of the pp — ppH"H™ reaction both in the
equivalent-photon approximation (EPA) in the momentum
space commonly used in the literature and in exact 2 — 4
kinematics. In Sec. III we present numerical results for total
and differential cross sections. In Sec. IIl A we compare
results obtained in the exact 2 — 4 calculation and those
obtained in EPA. We present not only estimation of the total
cross section but also several differential distributions
important for planning potential future experimental
searches. In addition, we discuss the role of absorption
corrections commonly neglected for two-photon initiated
processes. Finally, we also consider diffractive exclusive
production of the H™H~ bosons through an intermediate
recently discovered Higgs boson. Diffractive contribution
is discussed in Sec. III B.

II. FORMALISM

We shall study exclusive production of HTH~ in proton-
proton collisions at high energies,

p(pm/la) +p(ph7/1h) - p(plail) +H+(p3)

+H™(ps) + p(p2.A2),  (2.1)

where p,,, p1o and A,p, A1, = i% denote the four-
momenta and helicities of the protons, and p;4
denote the four-momenta of the charged Higgs bosons,
|
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respectively. In the following we will calculate the con-
tributions from the diagrams of Fig. 1.

A. Equivalent-photon approximation

Similar processes are treated usually in the EPA in the
momentum space; see, e.g., [13,15].° Only very few
differential distributions can be obtained in the EPA
approach. In this approximation, when neglecting photon
transverse momenta, one can write the differential cross
section as

do 1 -
dyde4d2p - - 167T2§2 x]f(xl )xzf(x2)|/\/lw_)H+H_ |2,
t

(2.2)

where § = sx;x, and f(x)’s are an elastic fluxes of the
equivalent photons (see, e.g., [12]) as a function of
longitudinal momentum fraction with respect to the parent
proton defined by the kinematical variables of the charged
Higgs bosons,

M (6“ + eV4) @ (e—Y3 + e—)’4),

X1 =—F—= Xy =

myr = \/ 1P| + mi,

with m,; being transverse mass of the H* boson(s). Above

(2.3)

|M |?is the yy — HH~ amplitude squared averaged over
the photon polarization states.
The photon flux f(x) is given by the formula [12]

1 Qrznax a dQ2 2 . x2
_ - em 1-— ] — <min ) n 2 lye 2 , 2.4
= [ Ja - (1- %) pied + S el 2.4
where the spacelike momentum transfer squared Q2 = —¢? = —t > 0" and the photon minimal virtuality allowed by

. . 2
kinematics Q; ;.
factors of the proton,

= x*m?(1 = x)~'. The coefficient functions C and D are determined by the electric and magnetic form

C(Q*) =Gy(Q*).  D(Q*) = (4mGL(Q%) + Q°G},(Q%)) (4mj, + Q*)7, (2.5)
where the Gy and G, form factors are related to Dirac (F;) and Pauli (F,) form factors by
Q2
Ge(Q%) = Fi(Q%) —WFz(QZ)’ Gu(Q?) = F1(Q%) + Fy(0%). (2.6)
P
Using the standard dipole parametrizations of the Sachs form factors (see, for instance, chapter 2 in [86])
7
Gp(Q%) =Gp(Q%).  Gu(Q?) = fGD(QZ)v (2.7)
N

An impact parameter EPA was considered recently in [84].

*Here we discuss the collinear EPA approach, that is, the photon transverse momenta q, = 0. An approach including transverse

momenta of photons was discussed recently in [85].
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Q2 -2
+—2) : m3, =0.71 GeV?,  (2.8)

mp

GD(QZ) = (1

where G is the so-called dipole form factor, Z—; = 2.7928,

Hp, and py are the anomalous proton magnetic moment and
the nuclear magneton, respectively, we obtain

d3pl

PHYSICAL REVIEW D 91, 095008 (2015)

Fy(0%) = (”—”— 1) (1 +Q—2>_IGD<Q2>. (2.10)

Y 4mf,

We shall use the parametrizations in the following analysis.

B. Exact kinematics

In the present studies we perform, for the first time, exact
calculations for the considered exclusive 2 — 4 process
(2.1). In general, the cross section can be written as

d3P2 d3p3 d3P4

2 2\ —1
FI(Q2)=(1+%%><1+4QW> Gp(0?)., (2.9)
P P
|
da:(zﬂ)4

[Mopppprr -
25 Mop=ppiror] (27°)2E, (27°)2E, (27°)2E; (27°)2E,
x 6*(E, + E, — p1 — p2 — P3 — Pa)

(2.11)

where energy and momentum conservations have been made explicit. The formula is written in the overall center-of-mass

frame. Above | M|? is the 2 — 4 amplitude squared averaged over initial and summed over final proton polarization states.

The kinematic variables for the reaction (2.1) are

s = (pa+ Pp)*,

2 2
1 =qi, I, = q3,

s34 = M7 - = (p3 + pa)*.
41 = Pa — P1>

4> = Pp — P2- (2.12)

Our calculations have been done using the VEGAS routine [87] and checked on an eight-dimensional grid.5 The phase
space integration variables are taken the same as in Ref. [88], except that proton transverse momenta p;, and p,, are
replaced by &, = logo(p1,/po:) and & = logo(pai/ por), respectively, where py, = 1 GeV. The main ingredients of the

model are the amplitudes for the exclusive process.

The Born amplitudes for the process (2.1) are calculated as

Mﬁfﬂ!%bH*H’“‘ ’ t2) = Vﬁ:—d, (tl )Du]vl (tl)V;;/?,HJerDuzuz(IZ)V})f:—»ﬂZ(IZ)v

(2.13)

where D, (1) = —ig,,/t is the photon propagator. Using the Gordon decomposition, the ypp vertex takes the form

_ i
VIDA0) = e ) (P Fa) 4 500! = ) )l

= ealp!, 1) ((F0)+ Fa(0)p* = 3, (0 + DI F2(0) (. ),

where u(p, A) is a Dirac spinor and p, A and p’, A’ are initial
and final four-momenta and helicities of the protons,
respectively.

In the high-energy approximation, at not too large |z‘|,6
one gets the simple formula

A\ V=4
vngm:e(”) F)(p +p). (219)

2mp

The details on how to conveniently reduce the number of
kinematic integration variables are discussed in [88].

®We show how good the approximation is in Figs. 9, 10,
12, 13.

(2.14)

|

which is very convenient for the discussion of the proton
spin-conserving and the proton spin-flipping components
separately. It is easy to see that in the approximation [see
Eq. (2.15)] the cross section contains only terms propor-
tional to F7()F3(z,) and no mixed terms proportional to

F2(t,)F,(t,)F,(t,), etc. In exact calculations [with spinors
of protons, see Eq. (2.14)], there is a small contribution of
the mixed terms. This will be discussed when presenting
our results.

The tensorial vertex in Eq. (2.13) for the yy —
HTH~ subprocess is a sum of three-level amplitudes
corresponding to ¢, u and contact diagrams of Fig. 1,
respectively,
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Vv _ iz Vv (AL
Vo e = VI VIV
1

= ie?
Py —my

, 1
——— (g2 — pa + P3)" (g2 = 2p4)"> + i€* 5——
m

PHYSICAL REVIEW D 91, 095008 (2015)

5 (g1 —2p4)"1 (g1 — ps + p3)* — 2ie* g2, (2.16)

pu H

where p? = (¢, — p4)? = (q1 — p3)* and p2 = (q, — p4)* = (q» — p3)?*. There are strong cancellations between the three

contributions.

A complete calculation for exclusive H* H~ production in pp collisions, in addition to the yy exchange, must take into
account more diagrams than those of Fig. 1. We can have the yZ, Zy, and ZZ exchanges. The corresponding amplitudes can
be obtained by substitution of the photon propagator and the ypp vertex [see (2.13) and (2.14)] by the Z boson propagator

and the Zpp vertex [89],

e

(Zpp)u
VTR () =
A=A ( ) SwCw

where we use the shorthand notation cy = cos8y,
sw =sinfy, Oy is the Weinberg mixing angle. The
yH"H™ and yyH"H~ coupling constants in (2.16) read

ie (2 2)’

9z H- = Cw — Sw
2CWSW
)
ie
_ 2 2
GyzH H- = (¢ — siw)s
CwSw
. 2
ie
_ 2 2\2
97zZH*H- = 573 3 (ciy = siw)” (2.18)
2 Sw

The neutral current form factors appearing in (2.17) related
to the vector part can be related to electromagnetic form
factors [see (2.9) and (2.10), F, (1) = F{,(1)],

(FP5(6) = Fi5(1)) = 253 F 2 (1) =~ FY (1),

FY$(1) = 5
(2.19)

N[ =

where |F'(t)| < |F? ()] for small |z]. The form factor
related to axial-vector neutral current is related to the
familiar charge current axial-vector form factor:

1 1
GY(1) = 5Gal1) =5 G (1. (2.20)
Since the strangeness form factors F4 , and G are poorly
known and small in the following, we shall neglect them.

C. Absorption corrections
The absorptive corrections to the Born amplitude (2.13)
are added to give the full physical amplitude for the pp —
ppH'H™ reaction:

— B
Mpp—>ppH+H7 — M orm

absorption
pp—ppH H- T M

pp—ppH*tH™"

(2.21)

Here (and above) we have for simplicity omitted the
dependence of the amplitude on kinematic variables.

(0 ) (PEYE0) + 5 o0 = L)+ PGRD) ).

(2.17)

The amplitude including pp-rescattering corrections
between the initial-and final-state protons in the four-body
reaction discussed here can be written as

absorption
Aahy—A A H T H™ (s.P11-P21)
i

8n2s

Born D.. D
X M%%_}AMZH+H_ (Svplt’PZt)’

2 2
d ktMlaxlbe/lﬁ,/l’b (Sv _kt)

(2.22)

where p;; = p\; — k, and p,;, = p,; + k,. Here, in the over-
all center-of-mass system, p;, and p,, are the transverse
components of the momenta of the final-state protons and
k. is the transverse momentum carried by additional
Pomeron exchange. M, (s, —k?) is the elastic pp-
scattering amplitude for large s and with the momentum
transfer ¢+ = —k?. Here we assume s-channel helicity con-
servation and the exponential functional form of form
factors in the Pomeron-proton-proton vertices.

We shall show results in the Born approximation as well
as include the absorption corrections on the amplitude
level. This allows us to study the absorption effects
differentially in any kinematical variable chosen, which
has, so far, never been done for two-photon- induced (sub)
processes.

TABLEL Cross sections in fb for the pp — ppH™H™ reaction
through photon-photon exchanges without and with (results in
the parentheses) the absorption corrections for two center-of-
mass energies /s = 14 TeV (LHC) and /s = 100 TeV (FCC)
and various charged Higgs bosons mass values. The calculations
was performed for exact 2 — 4 kinematics and with the ampli-
tudes in the high-energy approximation; see Eq. (2.15).

my= (GeV) 150 300 500

orgc (ftb)  0.1474 (0.1132) 0.0119 (0.0080) 0.0014 (0.0008)
orcc (fb)  1.0350 (0.9236) 0.1470 (0.1258) 0.0303 (0.0249)
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FIG. 2 (color online).
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Distribution in the auxiliary variables £; or &, at /s = 14 TeV (left panel) and 100 TeV (right panel). The online

red solid lines represent the calculation of exact amplitude (including spinors of protons). The black upper and lower long-dashed lines
correspond to calculations in the high-energy approximation (2.15) without and with the absorption corrections, respectively.
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FIG. 3 (color online).
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Rapidity distribution of charged (Higgs) bosons at /s = 14 TeV (left panel) and 100 TeV (right panel). The

meaning of the lines is the same as in Fig. 2. The short-dashed (online green) lines represent results of EPA.

III. RESULTS

A. Electromagnetic process

In this section we shall present results of our calculations
for the pp — ppH™H™ reaction (2.1), calculating from the
diagrams of Fig. 1. Let us start our presentation by
presenting the total cross section for /s = 14 TeV
(LHC) and +/s =100 TeV (FCC) and for various
charged Higgs mass values. In Table I we show cross
sections in fb without and with (results in the parentheses)
the pp-rescattering corrections. The smaller the values of

my-, the larger are those of the cross section.’
The values of the gap survival factor (S?) for different
masses of HT bosons my: = 150,300,500 GeV are,
respectively, 0.77,0.67,0.57 for /s = 14 TeV (LHC) and
0.89,0.86,0.82 for /s = 100 TeV (FCC). In contrast to

"We wish to note on the margin that the cross section for pair
production for doubly charged (Higgs) bosons, e.g., H"TH™,
would be 16 times larger [90-92] in the leading-order approxi-
mation considered here. The doubly charged Higgs bosons are
expected in models that contain a Higgs boson triplet field.
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diffractive processes, the larger the collision energy, the
smaller the effect of absorption. We have checked numeri-
cally that the cross section contributions with the yZ, Zy, and
ZZ exchanges are very small compared to the yy contribu-
tion and will be not presented explicitly in this paper.

In Fig. 2 we show a distribution in an auxiliary
integration variable(s) &/, = logj(p1/2,/1 GeV). If pro-
tons are measured, the distributions in Fig. 2 can be
measured too. Here and in the following, we discuss the
differential distributions for one selected mass of H*. For
example, we shall assume my: = 150 GeV, which is
rather a lower limit for the charged Higgs bosons. The
general features of the differential distribution for heavier
masses are, however, similar. We compare results without

107 T T E
N pp > pp H'H ]
0l Vs = 14 TeV 7
> ]
8 ]
S 10F 3
P ]
-y _
10 E
s | ]
_g 1 ]
10°F -
E 9
[ S
107 L Ll Ll O

500 1000 1500 2000

M,y (GeV)

FIG. 4 (color online).
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(the upper long-dashed lines) and with (the lower long-
dashed lines) absorption corrections due to the pp
interactions.

The rapidity distribution for the charged Higgs bosons is
shown in Fig. 3. The larger center-of-mass energy the
broader the rapidity distributions.

In Fig. 4 we show invariant mass distribution of the
HTH~ subsystem in a broad range of the invariant
masses. We compare results for the exact kinematics and
for the EPA calculations. Please note that for the EPA,
the invariant mass of the diHiggs system is given
by M p+p- = sx1x5.

In Fig. 5 we show decomposition into helicity compo-
nents of the cross section in the two-Higgs invariant mass

102 T 3
pp —pp H'H ]
10° . Vs =100 TeV 7;
2 f ]
< 104 E E
IR
gL ]
T 5L =~
107 E E
= :
'g L i
10°F E
107 L Ll Ll i

500 1000 1500 2000

M,y (GeV)

DiHiggs boson invariant mass distributions at /s = 14 TeV (left panel) and 100 TeV (right panel). The

meaning of the lines is the same as in Fig. 2. The short-dashed (online green) lines represent results of EPA.
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FIG. 5.
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DiHiggs boson invariant mass (left panel) and Higgs boson rapidity (right panel) distributions for /s = 14 TeV in the Born

approximation and for the amplitudes given by Eq. (2.15). The double spin-conserving contribution (cc) is show by the long-dashed line,
the double spin-flipping contribution (ff) by the dotted line, and the mixed contributions (cf) and (fc) by the dashed lines. The solid line
represents the sum of all the contributions and corresponds to the upper long-dashed lines in Figs. 3 and 4 (left panels).
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FIG. 6. The dependence of the gap survival factor due to pp interactions on M g+ - for exact 2 — 4 kinematics at /s = 14 TeV (left
panel) and 100 TeV (right panel). This is quantified by the ratio of full (including absorption) and Born differential cross sections

(S*(My+y-)) 3.1).

and in the rapidity of one of the charged Higgs bosons.
Here we use the formula (2.15) for the y pp vertex which is
very convenient for the discussion of the proton spin-
conserving (the Dirac form factor (2.9) only) and the proton
spin-flipping (the Pauli form factor (2.10) only) compo-
nents separately.

In Fig. 6 we show the dependence of absorption on
M y+y-. This is quantified by the ratio of full (with the
absorption corrections) and Born differential cross sections:

dUB orn+-absorption /dMH+ .
doBo™ [dM - -

(S*(Mp+y-)) = (3.1)

The absorption effects due to the pp interaction lead to
large damping of the cross section at the LHC and relatively
small reduction of the cross section at the FCC. This result

1.5 i T I A

[ pp = ppH'H A

1af V5=14Tev .

< :

g 13f EPA -~ g

=T ’ w7 ]
\U-; 1.2 ~ v//";%h”

"g i . ’/—r:d”\”-’\"’ ]

L1 ;:::/’/2 — 4, approx. amplitude _|

r L P | ]

1000 1500 2000

M, (GeV)

500

FIG. 7 (color online).

must be contrasted with typical diffractive exclusive proc-
esses where the role of absorption effects gradually
increases with the collision energy.

In Fig. 7 we show the ratio of the cross section for all
(Fy, F,) terms included in the amplitude to that for F,
terms only both for the exact 2 — 4 kinematics and for the
EPA calculations. Here for consistency we have neglected
the interference effect between the electromagnetic form
factors in the EPA approach. At large invariant masses of
M g+ - the ratio for exact calculation is much smaller than
that for EPA. This suggests that EPA overestimates the
spin-flipping contributions.

Let us discuss now a subtle effect of the interference of
terms proportional to | and F,. To quantify the effect, let
us define the following quantities:

1.2 T —

| pp - ppH'H i

i Vs =100 TeV 1

1.15F -
&'ﬁ L i
B L B
= i EPA |
U—:N 1-1f ,«-w”’q“hwi
= P VIRV
o L - -’.//_,,..-w"" i
= Lo — —— . i
1.05=——" 2 — 4, approx. amplitude _|
L Ll Ll -

500 1000 1500 2000
M. (GeV)

Ratio of the cross section when all (F, F,) terms are included to that with F; terms only for exact 2 — 4

kinematics (black long-dashed lines) and EPA (online green short-dashed lines) calculations at /s = 14 TeV (left panel) and /s =
100 TeV (right panel). The lowest long-dashed lines represent results with the absorption corrections.
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(online red solid lines) and for EPA (online green short-dashed lines) calculations at /s = 14 TeV (left panel) and

100 TeV (right panel).

do™" = do(F; F\) + do(F\; Fy) + do(F,; Fy)

+ do(F: F,). (3.2)

dO'COh:dG(Fl,FZ;Fl,Fz), (33)
where do(F;; F;) means the cross section when, at one
proton line, only the F; term is taken into account and, at
the second proton line, only the F; term is taken into
account. do*" represents the cross section where all terms
are coherently included. In Fig. 8 we show the relative
corrections  ((do®" — de'™*") /do®") coming from the
interference effect between different terms in the amplitude.
We see from Fig. 8 that for My+y- = 2 TeV, the total
cross section from the calculation using exact amplitude
(including spinors of protons) is modified by ~10% at

107 ‘ T T3
r pp — pp H'H
i Vs =14 TeV ]
>
L 3
O 10 E
~ .
é ]
= ]
Q:_‘ .
S
4 _
_8 10
I NG
~
10°5 L RN BRI BRI R
0 100 200 300 400 500
b, (GeV)

FIG. 9 (color online).

/s = 14 TeV, while at \/s = 100 TeV only by ~1%. The
smallness of the effect causes the effect of the fluctuations
in our Monte Carlo approach. The relative corrections for
the EPA approach are somewhat larger.

In Fig. 9 we present distributions in charged Higgs boson
transverse momentum p, g, i.e., p, g+ or p,y-. While at
low (Higgs) boson transverse momenta the EPA result is
very similar to our exact result for all spin components,
some deviations can be observed at larger transverse
momenta. This is consistent with the similar comparison
for the distributions in invariant mass (for the process under
consideration large transverse momenta are related to large
invariant masses).

If forward/backward protons are measured, then distri-
butions in four-momentum transfers squared (¢ = ¢; or t,)
can be obtained and relevant distributions shown in Fig. 10

107 T ] T 3
r pp = pp H'H
i Vs=100TeV ]
>
L 3
© 10 E
~ .
@ ]
= O
ar - ~
g | 1
s 0 E
105 L I RPN RPN R
0 100 200 300 400 500
P, (GeV)

The distributions in the Higgs boson transverse momentum at /s = 14 TeV (left panel) and 100 TeV (right

panel). The meaning of the lines is the same as in Fig. 2. The online green short-dashed lines represent results of EPA.
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Distribution in momentum transfer(s) squared (¢, or 1,) at /s = 14 TeV (left panel) and 100 TeV (right panel).
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Distributions in momentum transfer squared #; (left panel) and #, (right panel) at /s = 14 TeV in the Born approximation

and for the amplitudes given by Eq. (2.15). The double spin-conserving contribution (cc) is show by the long-dashed line, the double
spin-flipping contribution (ff) by the dotted line, and the mixed contributions (cf) and (fc) by the dashed and dot-dashed line,
respectively. The solid line represents the sum of all the contributions and corresponds to the upper long-dashed line in Fig. 10.

can be constructed. The absorption effects due to the pp
interactions are stronger for large values of |¢|.

In Fig. 11 we show a decomposition of the cross section
into helicity components as a function of momentum
transfer(s) squared. The proton spin-conserving contribu-
tion related to the Dirac form factor(s) clearly dominates at
very small |¢;| or |t,]. At larger || the proton spin-flipping
contribution related to the Pauli form factor(s) becomes
important as well. The double spin-flipping contribution
(ff) vanish at |7;| = |t,| = 0, while the mixed contributions
(fc) and (cf) vanish at || = 0 and |t,| = 0, respectively.

Let us consider now azimuthal correlations between
outgoing particles. In Fig. 12 we show correlations between
outgoing protons. We emphasize the dip at ¢,, = 7/2

which is a consequence of the couplings involved in
calculating the yy — HtH™ matrix element(s).

The correlation between outgoing Higgs bosons is
shown in Fig. 13. The bosons are produced preferentially
back-to-back which can be understood given small trans-
verse momenta of virtual photons compared to transverse
momenta of the Higgs bosons.

B. Diffractive process

So far we have considered a purely electromagnetic
process, the contribution of which is model independent.
The corresponding cross section turned out to be rather
low. Therefore, one could worry whether other processes
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might not give a sizeable contribution, comparable to the
photon-photon exchanges. One such candidate is the
diffractive mechanism discussed, e.g., in the context of
exclusive Higgs boson production [93-96]. In the present
case the mechanism shown in Fig. 14 seems an important
candidate. The g*¢* — H™H™~ hard subprocess amplitude
through the #-loop and s-channel SM Higgs boson (h°) is
given by

i

Vggomra =V Gnaru- (3.4)

S34 — m% + imhl"h

and enters into M, ,_, , ,y+ - invariant 2 — 4 amplitude for
the diffractive process as in [13,96]. The triple-Higgs
coupling constant g,z+5- is, of course, model dependent.

p p

p p

FIG. 14. The diffractive mechanism of the exclusive charged
Higgs boson production through the intermediate CP-even
neutral recently discovered Higgs boson. The absorption correc-

tions due to pp interactions (indicated by the blob) are relevant at
high energies.
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FIG. 16 (color online). |g,z+py-| for the 2HDM as a function of
my= and my for the alignment limit f — a = z/2.

In the MSSM model it depends only on the parameters a
and p. In the general 2HDM it depends also on other
parameters such as the Higgs potential A parameters or
masses of Higgs bosons. How the coupling constant
depends on parameters of 2HDM was discussed, e.g., in
[97-100]. In Fig. 15 we show as an example the coupling as
a function of tanf and a — f for MSSM (left panel) and
2HDM (right panel). In the latter case, we have used a
relation given in Ref. [99] while the formula for the MSSM
can be found e.g., [17]. The g, 5+ y- coupling constant in the
MSSM case does not exceed 50 GeV (to be compared, e.g.,
to gpnn = 194 GeV in the standard model). The coupling
constant in the case of 2HDM can be, in general, very large.

Recent data obtained at the LHC in the last three years put
stringent constraints on « and f as well as on masses of the,
thus far, unobserved Higgs bosons (some examples of such
analyses can be found in [83,100,101]. The LHC exper-
imental data allow for two regions in the [tanf, (f — a)]
plane [83,100,102]. One of them, f — a ~ x/2, is the so-
called “alignment limit.” The second one is more difficult to
characterize. In the present analysis we focus on the
alignment region which means the lightest CP-even
Higgs h is what has been found at the LHC with m,, =
125 GeV [103]. Experimental data allow for some devia-
tions from the f — @ = z/2. As can be seen from Fig. 15, a
small deviation from this limit can modify the coupling
constant considerably. The analysis in [83] suggests that
my= ~m, and we keep such a relation throughout our
analysis. A deviation from such a relation would increase
the discussed coupling constant.

In Fig. 16 we show the dependence of the coupling
constant on masses of charged and CP-odd Higgses within
2HDM.® A minimal value appears when m, =~ my=. When
we relax this condition the coupling can be even as large as
1000 GeV. This is consistent with the limits of the allowed
region in [100]. Summarizing, g,z+y- in the 2HDM is
limited to 64 GeV <g,y+y- < 1000 GeV. The correspond-
ing couplings in the MSSM are smaller than 50 GeV.’

In Fig. 17 we show corresponding results for the
diffractive contribution for /s = 14 TeV (left panel) and

Swe emphasize again that in the MSSM we have
mi{)i = m/z4 + m%vi'
It has been shown, e.g., in [57] that in some regions of the
parameter space of 2HDMs the associated production cross
section can be enhanced compared with the MSSM by orders

of magnitude. This is a similar process to that discussed in our
paper.
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lines represent the yy contribution. We also show contribution of the diffractive mechanism (the shaded area) for the MSTW08 NLO
collinear gluon distribution [104] and g,5+z- = 100 (1000) GeV for the lower (upper) limit.

/s = 100 TeV (right panel) both the lower and upper limit
of the 2HDM triple-Higgs coupling for my= = 150 GeV.
In the calculation we have included the “effective” gap
survival factor (S?) = 0.03 typical for the considered range
of energies. The cross section for the exclusive diffractive
process is much smaller than that for yy mechanism both
for LHC and FCC. In addition to the result for the 2HDM
set of parameters (alignment limit), we also show results
with the upper limit g;,5+y- = 1000 GeV. With such a big
coupling constant, the contribution with the intermediate
neutral Higgs boson 4° dominates over the contribution
of boxes for tanf<20. Therefore, the upper limit also
effectively includes the box contributions discussed in
the context of inclusive pp — (g9 - H"H™) processes
[63-65].

C. A comment on possible experimental studies

So far we have calculated the cross section for the pp —
ppHTH™ reaction. If one wishes to identify the reaction
experimentally, one should measure the decay products of
H* bosons. The branching fractions to different channels
depend on the model parameters (my=, tan j3, etc.). For low
masses of H* (my+ < 150 GeV) it is expected that the 7v,
and c¢s are the dominant channels. In the case of heavy
charged Higgs (with my: > 200 GeV), the th(ib) or W*h
channels are expected to be the relevant ones.

In the first case (light H¥), 77~ could be measured in
addition to the forward/backward protons. The emission of
neutrinos leads to a strong imbalance between proton-
proton missing mass and M +,-. This should help to
eliminate the pp — ppr't~ reaction, but this requires
dedicated Monte Carlo studies, including perhaps the
pp — ppt Ty process. The pp — ppWHtW~ and pp —
ppH*WT reactions may lead to a similar final state.
Although the branching fraction W — zfu, or W~ —

77U, is only about %, it is expected to be a difficult

irreducible background because of the relatively large cross
section for pp — ppW*TW~. In principle, the c¢5 ¢ s (four
jets) final channel is also attractive as, in this case, one may
check extra conditions M,z — my+ and Mz, — my- > 10—
20 GeV to exclude the WTW~ contribution. The pp —
ppH*W~ and pp - ppH™ W™ processes may lead to
similar final channels (z*v,777, or ¢5¢s) but the corre-
sponding cross sections are expected to be smaller (higher-
order processes with loops). Mixed (leptonic + quarkish)
final states could also be considered.

In the second case (heavy HT), in general, both the ¢
quark and b jet can be measured. In contrast to the previous
case, we do not know about any sizeable irreducible
background. But then the cross sections are rather small,
as discussed in the previous sections. In the case of the
HT™H~ — WThW~h decay channel, the actually measured
final state can be rather complicated (e.g., ¢3’'bbq'gbb).
Therefore, with experimentally limited geometrical accep-
tance it may be rather difficult to reconstruct the charged
Higgs bosons.

A detailed analysis of any of the final states considered
here requires separate Monte Carlo studies including
experimental geometrical acceptances relevant for a given
experiment. This clearly goes beyond the scope of the
present paper which aims to attract attention to potentially
interesting exclusive processes. The Monte Carlo studies
could be done only in close collaboration with relevant
experimental groups.

IV. CONCLUSIONS

In the present paper we have studied in detail the
exclusive production of heavy scalar, weakly interacting
charged bosons in proton-proton collisions at the LHC
and FCC. In contrast to EPA, our exact treatment of the
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four-body pp — ppH'H™ reaction allows us to calculate
any single particle or correlation distribution.

Results of our exact (2 — 4 kinematics) calculations
have been compared with those for the equivalent-photon
approximation for observables accessible in EPA. Rather
good agreement has been achieved in those cases.
However, we wish to emphasize that some correlation
observables in EPA are not realistic, or even not accessible,
to mention here only correlations in azimuthal angle
between the outgoing protons or the charged Higgs bosons.
We have predicted an interesting minimum at ¢,, = 90°
which is a consequence of the field theoretical couplings
involved in the considered reaction.

We have analyzed in detail the role of the Dirac and Pauli
form factors. In contrast to light particle production, the
Pauli form factor plays an important role especially at large
M p+y-, and related terms in the amplitude cannot be
neglected. We see that the double spin preserving contri-
butions are almost identical in both exact and EPA
calculations (within 1%), but the spin-flipping contribu-
tions are in our calculation somewhat smaller.

In the present paper we have studied, for the first time for
the considered two-photon-induced reaction, the absorption
effects due to proton-proton (both initial and final state)
nonperturbative interactions. Any extra interaction may, at
the high energies, lead to a production of extra particles
destroying exclusivity of the considered reaction. The
absorptive effects lead to a reduction of the cross section.
The reduction depends on kinematical variables. A good
example are distributions in four-momentum transfers
squared. At small |¢| and |z,|, the absorption is weak
and increases when they grow. We have also found
interesting dependence of the absorption on M y+y-.

The relative effect of absorption is growing with growing
M g+ - A similar tendency has been predicted recently for
the pp — ppW*tW~ in the impact parameter approach
[84]. The impact parameter approach is, however, not
useful for many observables studied here. We have pre-
dicted that the absorption effects for our two-photon-
induced process become weaker at larger collision energy
which is in contrast to the typical situation for diffractive
exclusive processes. Our study shows that an assumption of
no absorption or constant (small) absorption effects, often
assumed in the literature for photon-photon-induced proc-
esses, is rather incorrect, and corresponding results should
be corrected.

In addition to calculating differential distributions cor-
responding to the yy mechanism, we have performed first
calculations of the H* H™ invariant mass for the diffractive
KMR mechanism. We have tried to estimate limits on the
gne+a- coupling constant within 2HDM based on recent
analyses related to the Higgs boson discovery. The

PHYSICAL REVIEW D 91, 095008 (2015)

diffractive contribution, even with the overestimated
|gnu+u-| coupling constant, gives a much smaller cross
section than the yy mechanism. We have also made an
estimate of the contributions related to yZ, Zy, and ZZ
exchanges and found that their contributions are completely
negligible. This shows that the inclusion of the yy mecha-
nism should be sufficient, and the corresponding cross
sections should be reliable.

Whether the pp — ppH™H™ reaction can be identified
at the LHC (run 2) or FCC requires further studies
including simulations of the H* decays. Two H* decay
channels seem to be worth studying in the case of light H*:
H* -t (t70,) or HY — ¢5(Cs). The first decay chan-
nel may be difficult due to a competition of the pp —
ppWHTW~ reaction which can also contribute to the 77~
channels. The combined branching fraction is about
0.112 = 0.0121 (two independent decays) which is not
so small given the fact that the cross section for the W W~
production is much bigger than that for H*H~ production.
In the second case (four quark jets), one could measure
invariant masses of all dijet systems to reduce the W+W~=
background. In the case of the heavy H* Higgs boson, the
H* — th(ib) decay can be considered. In principle, both
the 7 quark and b jet can be measured. In this case we do not
know about any sizeable irreducible background.

The reaction considered in this paper is a prototype for
any two-photon-induced process. In the future, we wish to
also consider the pp — ppW"™ W~ reaction where similar
effects may occur. This reaction was proposed to search for
the anomalous triple or quartic boson coupling. Effects
beyond the standard model are expected at rather large
invariant masses My+y-, where we have found strong
absorptive corrections. This exclusive reaction is, however,
more complicated due to the more complex couplings and
spins involved and due to weak decays of the two W bosons
where strong spin-spin correlation effects are expected.
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