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Abstract: We evaluate the discovery potential for the heavy Higgs bosons at the LHC energy upgrade with /s =27

TeV. We assume the degenerate mass spectrum and an approximate alignment limit in the Type-II Two Higgs

Doublet Model for illustration. We explore the observability of the heavy neutral Higgs bosons by examining the

clean signals from H® — W*W~,ZZ via gluon-gluon fusion production. The associated production of a top quark and

a charged Higgs boson via gb — tH* is adopted to predict the discovery potential of heavy charged Higgses. We also

emphasize the potential importance of the electroweak production of Higgs boson pairs, i.e. pp — W* — H*A® and

pp — Z*|y* — H*H™. These are only governed by pure electroweak gauge couplings and can provide complement-

ary information to the conventional signals in the determination of the nature of the Higgs sector.
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1 Introduction

Since the milestone discovery of the Higgs boson at
the CERN Large Hadron Collider (LHC) [1, 2], much at-
tention has been drawn to the searches for new physics
beyond the Standard Model (SM). Most of the theoretic-
al model constructions beyond the SM contain the exten-
ded Higgs sector, most notably in the minimal Supersym-
metric Standard Model (MSSM) [3] and the composite
Higgs model such as the little Higgs theory [4]. Thus,
there is strong motivation to search for the new heavy
Higgs bosons beyond the SM. Such efforts have been act-
ively carried out, particularly in the LHC experiments.

While the LHC and its luminosity upgrade (HL-LHC)
will continue the journey of searching for new physics in
the next two decades, future higher energy hadron col-
liders, such as the energy upgrade for the LHC to 27 TeV
C.M. energy (HE-LHC) [5-8] and the future circular col-
lider of about 100 TeV C.M. energy (FCC-hh) [9], are
proposed to perform the direct searches at the energy
frontier. In this paper, we set out an initial study for the
discovery potential for the new heavy Higgs bosons at the
HE-LHC. We take the Type-II Two Higgs Doublet Mod-
el (2HDM) for illustration.

The leading search channel for the non-SM neutral
Higgses comes from their single production, followed by
their conventional decays into pairs of SM particles. We
thus study the clean gluon fusion processes
gg — ¢ —» W*W~,ZZ and investigate the implication on
the parameter space of the Type-II 2HDM model. The
¢ — tt1~ channel suffers from major SM backgrounds,
such as multijet, Z/y* — 77, and W — v [8]. For the
charged Higgs heavier than the top quark, the typical
search channel is the associated production of a charged
Higgs boson and top quark. The decay mode H* — tb is
dominant over other decays H* — t*v,cs once kinematic-
ally accessible, but also suffers from large SM back-
grounds (7 + light-flavor jets, W/Z + jet(s), # + vector
boson, # + Higgs, single top + W, etc.) [10]. For the sub-
dominant decay H* — t*v, the relevant SM backgrounds
involve processes with W=* — t*y. The difference
between the Yukawa coupling for H* and the gauge in-
teraction for W=, in terms of the spin correlation in tau
decay, can be used to distinguish the signal from the SM
backgrounds.

Although the above conventional signals for search-
ing Higgs bosons benefit from large QCD production
cross sections and simple kinematics, they all have a sub-

Received 16 January 2020, Revised 15 May 2020, Published online 11 August 2020
* Supported by the National Natural Science Foundation of China (11975129) and “the Fundamental Research Funds for the Central Universities”, Nankai Uni-

versity (63196013, 63191522)
1) E-mail: litong@nankai.edu.cn

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must main-

tain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded by SCOAP’ and published under licence by Chinese Physical Society
and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Pub-

lishing Ltd

093103-1



Chinese Physics C Vol. 44, No. 9 (2020) 093103

stantial dependence on additional 2HDM parameters,
such as tanB and cos(B—a). It is worth emphasizing the
potential importance of the electroweak production of
Higgs boson pairs, e.g. pp— W*— H*A° and
pp — Z*|y* — H*H~. Their production cross sections are
only governed by pure electroweak gauge couplings and
quite complementary to the conventional signals in the
determination of the nature of the Higgs.

The rest of the paper is organized as follows. In Sec.
2, we give a brief overview of the 2HDM and discuss the
constraints on the parameters relevant for our study. In
Sec. 3, we analyze the single production of neutral Higgs
bosons via gluon-gluon fusion and give the implication
on the parameters of the Type-II 2HDM model. The pro-
spect of probing single charged Higgs production is
presented in Sec. 4. In Sec. 5, we study the signatures of
non-SM Higgses pair production through pure elec-
troweak interactions. Finally, in Sec. 6, we summarize
our main results.

2 Two Higgs Doublet Model

The Two Higgs Doublet Model [11] is a good repres-
entative prototype to study the Higgs boson properties
beyond the SM. In the 2HDM, the Higgs sector is com-
posed of two SU(2),, scalar doublets

nt -
Hi :((vi+h,~+iP,~)/ \/E) i=12. (1)

After the electroweak symmetry breaking (EWSB),
there are four more Higgs bosons (H°,A?, H*) besides the
SM-like Higgs boson (4°) in the particle spectrum

H*\ ( cosa sina \[ Iy
W )7\ —sina cosa |\ hy )’ ?)
A° = —sinBP| +cospP,, H* = —sinphi + cosphs.
Here, the important parameter is defined as tang =
V2 +v3=v =246 GeV. Because of the ab-

sence of new physics signals from the searches at the
LHC, we require that the non-SM Higgses are all heavier
than #° and take their masses as free parameters. Certain
discrete symmetries between the two doublets are often
imposed to avoid unwanted flavor-changing-neutral cur-
rents (FCNC).

Motivated by the construction of the minimal Super-
symmetric Standard Model (MSSM), we assume the
Type-II 2HDM in which H; only couples to the down-
type quarks and leptons and H, only couples to the up-
type quarks. Their couplings to the SM fermions behave as

vo/v1 with
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with a normalization factor of im,4,;/v for neutral
Higgses. The couplings between neutral Higgses and two
gauge bosons are ggoyy =cos(B—a) and gayy =0. As
such, the parameters involved in our analyses include
tanfB, cos(B—«), and the relevant Higgs masses under
consideration.

As previously intimated, we identify the lighter CP-
even scalar 1° as the SM-like Higgs observed at the LHC.
This, together with the absence of exotic decays of the
125 GeV Higgs boson, implies the alignment limit [12,
13]. We will take the alignment limit cos(8—a) =0 or as-
sume the value of cos(8—a) near the alignment in the fol-
lowing analysis. The theoretical consideration of vacuum
stability [14] and unitarity [15], along with the measure-
ment of the electroweak precision observables, [16] sug-
gest small mass splittings among the four non-SM
Higgses. Thus, we assume degenerate heavy Higgs mass
spectra (unless otherwise stated) and forbid exotic Higgs
decay modes [17-21].

In addition, there are strong constraints on the non-
SM Higgs sector from the flavor constraints. In particu-
lar, the latest analyses on Br(B — Xyy) have constrained
the charged Higgs to be heavier than 600 GeV at 95%
C.L. [22, 23]. Precision observables, particularly S and T
oblique parameters, also impose correlations between the
charged Higgs mass and the neutral ones: My. ~ M4 or
My ~ Mgo. These limits, however, are typically model
dependent and could be relaxed in Type-I 2HDM as
shown in Ref. [23], or with additional contributions to the
flavor or precision observables from other sectors in the
new physics models [24, 25]. In this paper, since we fo-
cus on the collider aspect of beyond the SM Higgs bo-
sons, we choose the mass spectrum of the non-SM
Higgses to be characteristic of the absent exotic decay
channels that we analyze and consider the heavy Higgs
bosons as they satisfy the current direct collider search
limits. The decays that we study in this paper could be
applied to those extended models, with possible rescaling
of the branching fractions. One should, however, keep
those potentially dangerous indirect constraints in mind
when considering a specific new physics model with an
extended Higgs sector.
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3 Single neutral Higgs production

Just like the Higgs boson discovery, the leading pro-
duction channel for a heavy neutral Higgs boson is
through the gluon fusion

gg— H, A°. 4

These channels benefit from the large gluon luminosity at
higher energies and the favorable phase space for a single
particle production. We show the production cross sec-
tions versus the Higgs mass (from 250 GeV to 2 TeV) at
the 14 TeV LHC, 27 TeV LHC, as well as the 100 TeV
collider, in Fig. 1. The cross sections are obtained at
NNLO in QCD using default SusHi [26] and LHAPDF
[27] with the alignment limit cos(8—a)=0 or
cos(8—a) = —0.1 (note that the gg — A° production does
not depend on cos(B—a)). Note that the mixing angle
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Fig. 1.

cos(B —a) is also constrained through Higgs rate measure-
ments, and cos(B8—a) = —0.1 is at the edge of the 95% CL
exclusion limit by fits to the measured rates of Higgs bo-
son production and decays [28]. For illustration, we take
a negative value of cos(8—a) here for H* — VV decays.
One should note that a positive value of cos(8-— a)near
the alignment limit is also allowed. We see that the total
production cross section at 27 TeV LHC ranges from 4
(28) pb at MHD(AO) =250 GeV to 1(3)x 1074 pb at
My =2 TeV for tan8 =10 in the alignment limit. In
addtiion, it increases by four times at Mgo 40 = 500 GeV
and by eight times at Mpo00 = 1.5 TeV from 14 TeV to
27 TeV C.M. energy. The gg — A° production does not
depend on cos(B8—a@) and its production cross section is
larger than that of gg— H® for cos(B—a)=0 and
tanB = 10. From cos(8—a) =0 to cos(8—a)=-0.1, the
production cross section of gg — H° increases and be-

2
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(d)
(color online) Top: Total production cross section versus the Higgs boson mass for gg — H°,A° with cos(8—a)=0 (a) or

cos(B—a)=-0.1 (b) and tanB = 10 at pp collider with 14 TeV, 27 TeV and 100 TeV. Bottom: The cross section indicated by contour
lines in the plane of tang versus the Higgs boson mass for gg — H® with cos(8—a) =0 (c) and gg — A° (d) at the 27 TeV LHC.
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comes larger than that of gg — A°.

We explore the observability of the heavy neutral
Higgs bosons by examining the specific decay channels.
For the channels we consider, we use MadGraph5
aMC@NLO [29] to generate the signal and backgrounds
events, and TAUOLA [30] interfaced with Pythia [31] to
simulate the tau lepton decay. To simulate the detector ef-
fects in the following analysis, we smear the
hadronic/leptonic energy using a Gaussian distribution
whose width is parameterized as [32]

AE a

— =—®),
E  +\E/GeV
Anad =100%, bpag = 5%,a; = 5%, by = 0.55%. &)

The above energy resolution is the expected performance
of the ATLAS detector for the LHC. Recently, Delphes-
3.4.2 [33] was released for detector simulation and event
reconstruction and included the beta card for HL-LHC
and HE-LHC studies. Compared with the LHC case,
bhad, be remained almost the same, and an,g and a, were
reduced by 30% and enhanced by three times, respect-
ively. As a values only affect the linear terms in the en-
ergy resolution, we expect that the change will not im-
pact our results much.

By far, the cleanest signals for heavy new physics
would be the leptonic final states from the W/Z decays.
We now utilize those channels to search for the CP-even
Higgs H. The basic requirements for the leptons are

pr(©)>30GeV, [0l <25, ARw>04,  (6)

and we select the events satisfying

Er>40GeV, prn(f)>65GeV, My >Mp/3, (7)

for H* — W*W~ channel. The mass of the H° resonance
in the WW channel can be reconstructed by the WW
transverse mass

My (W W) = (L + Ep) = (Br(6y) + Br(e) + B,

EY = \JIPYP +m2, (8)

as shown in Fig. 2. The SM backgrounds are the same as
those for 777~ channel, but with gauge bosons' leptonic
decay to electron/muon. The ZZ background has the op-
posite-sign lepton pairs £*¢~ from Z boson decay and can
be further reduced by vetoing the invariant mass of op-
posite sign leptons if |My— Mzl <10 GeV. For the
H® — 7ZZ channel, we simply require

PRN(E) > 50 GeV,  |Myp— M| < My /10, 9)
for the minimal lepton pr and the invariant mass of the
four leptons. The ¢ production with pure leptonic decays
can also be a reducible background after the two b-jets

are vetoed if pr(b) > 30 GeV,|n(b)| < 4.9 [34]. The cut ef-
ficiencies are given in Tables 1 and 2 for WW and ZZ
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Fig. 2.
tions of the WW transverse mass Mp(WW) for the signal
gg — H" —» W*W~, together with SM backgrounds at the 27
TeV LHC.

(color online) The differential cross section distribu-

Table 1. The cut efficiencies for gg — H® — W*W~ and the SM backgrounds after consecutive cuts at the 27 TeV LHC. We take M 1o = 300 or 800
GeV.
cut efficiencies basic cuts Er p[T My veto Mg
HY — W*W~=(300) 0.52 0.35 0.082 0.082 0.082
HO — W*W~(800) 0.79 0.66 0.54 0.54 0.50
WW (300) 0.23 0.1 0.016 0.016 0.016
WW (800) 0.23 0.1 0.016 0.016 0.0071
ZZ (300) 0.33 0.18 0.015 0.00099 0.00072
ZZ (800) 0.33 0.18 0.015 0.00099 negligible
WZ (300) 0.046 0.02 0.0012 0.00048 0.00047
WZ (800) 0.046 0.02 0.0012 0.00048 0.00021
17 (300) 0.0064 0.0047 0.0017 0.0017 0.0017
17 (800) 0.0064 0.0047 0.0017 0.0017 0.00082
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Table 2. The cut efficiencies for gg — H® — ZZ and the SM back-
grounds after consecutive cuts at the 27 TeV LHC. We take
Mo =300 or 800 GeV.

cut efficiencies basic cuts p(} vm

HO - ZZ(300) 0.3 0.053 0.053

H® — ZZ(800) 0.69 0.58 0.58
ZZ(300) 0.12 0.0097 0.0014
ZZ(800) 0.12 0.0097 0.00081

channels, respectively. One can see that the Z boson veto
and the mass window requirement for H° resonance sig-
nificantly suppress the ZZ background for H® — W*W~
and H® — ZZ, respectively.

HSWW™ (27 TeV)
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=
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The decays of H® — W*W~,ZZ are present away
from the alignment limit, and can dominate with larger
values of |cos(B—a)|. Assuming cos(B—a)=-0.1 and
tanB =5,10 in the top panels of Figs. 3 and 4, we show
the reach of BR(H" — W*W~,ZZ) as a function of My at
the 27 TeV LHC. The solid and dashed curves corres-
pond to 3o significance and 5o discovery, respectively.
The minimal branching fraction that can be reached with
15 ab~! luminosity is around (1-2)x1072 and H° with
the mass of about 1.2/1.3 TeV can be probed for 5o dis-
covery if BR(H’ —» WW/ZZ)=1 and tang=10. For
tanB =15 with a larger production cross section, a lower
branching fraction and larger Higgs mass can be reached.
The decays into massive gauge bosons are decreased for
large tanBas the decay into bb dominates; thus, the real-
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g 50
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Fig. 3.

1000 1500 2000
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()

(color online) Top panels: Reach of BR(H? — W*W~) as a function of Mo at the 27 TeV LHC. We assume tang = 10 (a),

tang =35 (b) and cos(8—a) = -0.1. Bottom panel: Discovery contour in tang versus M, plane for gg — H? — W*W~, with realistic
BR(H® —» W*W~/ZZ) under the assumption of cos(8—a)=—0.1. The excluded regions in the Type-Il 2HDM are indicated by the
dashed curves, based on gg — H® - WW search at the 13 TeV LHC [34].
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Fig. 4.

(color online) Top panels: Reach of BR(H? — ZZ) as a function of My, at the 27 TeV LHC. We assume tang = 10 (a), tanf =5

(b) and cos(8—a) = —0.1. Bottom panel: Discovery contour in tans versus Mo plane for gg — H® — ZZ, with realistic BR(H? — 72)
under the assumption of cos(8— @) = —0.1. The excluded regions in the Type-II 2HDM are indicated by the dashed curves, based on

g¢ = H® — ZZ search at the 13 TeV LHC [36].

istic branching fraction of H® — WW/ZZ cannot reach the
order of unity. We use package 2HDMC [35] to calculate
all 2HDM branching fractions below.

The exclusion contours for the H decay to the SM
gauge bosons by the 13 TeV LHC [34, 36] are added in
the bottom panel of Figs. 3 and 4, assuming
cos(B—a) =-0.1. For the WW (ZZ) decay channel, the
LHC has excluded the CP-even Higgs with masses up to
360 (390) GeV and tanB below 1 (3). With realistic
branching fractions at tang =10 (1), the 27 TeV LHC
may discover the CP-even Higgs as heavy as 1 TeV
(1.5-2 TeV) through gg — H® — W*W~,ZZ channels as
shown in Figs. 3(c) and 4(c). The loss of sensitivity at the
large tanB is mainly due to the reduction of
BR(H" —» W*W~,ZZ). It is known that the Higgs produc-
tion in association with a bb pair can enhance the sensit-

ivity for tanS > 10in the Type-II 2HDM [37, 38], which is
beyond the scope of this article.

4 Single charged Higgs production

If the charged Higgs boson is heavier than the top
quark mass, the conventional production of heavy
charged Higgs occurs through gg — rbH*. However, in
high energy colliders, an ordinary pr cut (several tens of
GeV) on the b-jet in final states is not sufficient as
log( V§/pr) is still very large. Thus, this exclusive contri-
bution is only meaningful when detecting final state b-jet
with a sufficiently large pr cut as a regulator. A more
dominant mode would be taking b as a parton and consid-
ering “inclusive” production. Thus, the leading produc-
tion mechanism would be the associated production of
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H* with a top quark [39, 40]
gb— tH*. (10)

Its total cross section is more accurately estimated in
[41-43].

The production cross sections versus charged the
Higgs mass are shown in Fig. 5 at the 14 TeV LHC, 27
TeV LHC, and the 100 TeV colliders. They are the lead-
ing order results with a running bottom quark Yukawa
coupling at the scale of the pole mass mj, =4.6 GeV. The
total production cross section at 27 TeV LHC ranges
from 0.5 pb at My =250 GeV to 4x 107 pb at M. =2
TeV for tanB = 10. We quantify the signal observability
according to the leading decay channels.

We consider the clean channel of the charged Higgs
boson's leptonic decay, i.e. H* — t*v with 7 — n¥v,
with the branching fraction being BR(* — n*v;) =0.11,
and the hadronic decay of the W boson from the top
quark. This channel with the 7 lepton has been studied
before and was argued to be a good production mode for
the LHC energy upgrade to search [44, 45]. Another sig-
nal channel is through the 7 leptonic decay to an electron
or a muon and two neutrinos [46]. The components of the
SM backgrounds for this channel are more complicated
as the e¢/u lepton in final states can be either from tau de-
cay or from gauge boson decay. Also, as there are more
missing neutrinos in the events, it is more difficult to re-
construct the tau leptons and extract the Higgs resonance
mass. Thus, for simplicity we neglect this channel and
make a conservative analysis based on pure hadronic de-
cay of the tau lepton. We adopt the basic acceptance cuts

pr(b,m,j) >25GeV; (b, j)l <2.5; AR>04. (11)

T 7T
tanf=10 — 14 TeV

R — 27 TeV
: — 100 TeV

o(gb—tH™) (pb)
S

]
10
10
10
10_-..|....|....|....
500 1000 1500 2000
M, (GeV)

(a)

Fig. 5.

The leading SM backgrounds are given by gb —» W*¢
with W# — t*v,. There are more reducible QCD back-
grounds, such as the #f production with one b-jet vetoed if
pr(b) > 30 GeV,|n(b)| < 4.9 and multijet production with
the 7-fake rate being approximately 107> — 1072 [46].

Note that, as the charged Higgs H~ only coupled with
the right-handed charged lepton, the right-handed 75 de-
cays to a left-handed v, and n~. This causes the n~ to
move preferentially along the 7~ momentum direction. In
contrast, the 7~ coming from the W~ decay is left-
handed, which has the opposite effect on the 7~. A simil-
ar feature holds for the 7+ from the H* and W* decays.
This is a well-known result of spin correlation in the 7
decay [47, 48]. Thus, the transverse momentum of n*
from the charged Higgs decay to the tau lepton yields a
harder spectrum than that from the W decay in the SM
backgrounds [49-51], as seen in Fig. 6(a). We thus tight-
en the missing energy and the pr of pion

Er>100GeV, pr(n)> 65 GeV. (12)

Furthermore, Fig. 6(b) indicates that the transverse mass
of the pion and missing neutrinos from the charged Higgs

Mr(o) = (pron+En? - Gr+§? - (13)

should be greater than 100 GeV in order to reduce the
backgrounds. One can see that these cuts help reduce the
backgrounds significantly from the cut efficiencies shown
in Table 3.

If the exotic decay modes (one neutral Higgs with W
boson) are absent, the charged Higgs decay is actually
dominated by the b mode once it is kinematically open.
The H* — t*v decay is the secondary significant mode in

Logqo[o(gb-tH)/pb], 27 TeV
60 —

500 1000 1500
M (GeV)

2000

(b)

(color online) Left: Total production cross section versus the Higgs boson mass for gb — rH* with tan = 10 at pp collider with

14 TeV, 27 TeV and 100 TeV. Right: The cross section indicated by contour lines in the plane of tang versus the Higgs boson mass

for gb — tH* at the 27 TeV LHC.
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Fig. 6.
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*vbjj and backgrounds at the 27 TeV LHC.

Fig. 7.
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(color online) The differential cross section distributions of pr(r) (a) and Mr(rv) (b) for the signal gb — tH* — t*vbW* —

tH >t t'v (27 TeV)
HIURE BRSO I

+

+
—TV

BR(H

T

750 1000 1250 1500

(b)

gbotH sttty (27 TeV)

L=3 fb~"'
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ATLAS limit

()

1750 2000
M.t (GeV)

(color online) Top: Reach of BR(H* — 7*v) as a function of My- for gb — tH* — t*vbjj channel at the 27 TeV LHC. We as-

sume tang =10 (a) and tang=4 (b). Bottom: Discovery contour in tang versus My: plane for gb — tH* — t*vbjj with realistic
BR(H* — t*v). As a comparison, the 13 TeV LHC exclusion limit on tang as a function of My is also presented [52].
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Table 3.
and the SM backgrounds after consecutive cuts at the 27 TeV LHC.
We take My= =300 or 800 GeV.

The cut efficiencies for gb — tH* — t*vbW* — t*vbjj

cut efficiencies basic cuts Er Py My
tH*(300) 0.36 0.22 0.16 0.14
tH*(800) 0.40 0.36 0.34 0.33
Wt 0.1 0.034 0.0087 negligible
t 0.026 0.012 0.0026 5% 1076

the decays to the SM particles and becomes more import-
ant as tanf increases. Figure 7(a) and (b) display the
reachable limit of BR(H* — t*v) at the 27 TeV LHC.
The HE-LHC with 15 ab~! luminosity extends the reach
of BR(H* — t*v) to the 1073 - 1072 level for tang = 10
and 4.

The 13 TeV LHC performed the search for charged
Higgs bosons through the production of a heavy charged
Higgs boson in association with the ¢ and b quarks [52,
53]. The results are interpreted in the framework of the
hMSSM scenario, which is a Type-II 2HDM [54]. As a
comparison, the 95% CL exclusion limit on tang as a
function of Mp. is also presented in Fig. 7(c). The
charged Higgs boson mass is excluded up to 1.1 TeV for
tanf = 60, with the integrated luminosity of 36 fb=! [52].
With realistic BR(H* — 7*v), the discovery region in the
tanf versus Mpy- planes is shown in Fig. 7(c) for the
gb — tH* — t*vbjj channel at the 27 TeV LHC. The re-
gion below tanB ~ 1 can not be covered by 5o-discovery
due to the suppression of the decay branching fraction.
The 27 TeV pp collider with 3 ab~! luminosity can dis-

g

< X= H'A® H'H' ]
T1o BNy~ — - 14TeV A
S RN — 27 TeV
NG T 100 TeV

(a)
(color online) Left: Total production cross section versus the Higgs boson mass for g3 — H*A°, H*H~ with M,o = My= at pp
collider with 14 TeV, 27 TeV and 100 TeV. Right: The cross section indicated by contour lines in the plane of M, versus My: for
qq — H*A° at the 27 TeV LHC.

Fig. 8.

cover the charged Higgs mass up to 1 TeV (2 TeV) for
tang = 10 (60).

5 Pair production of Higgs bosons

Besides the above leading production channels of the
single Higgs boson, the electroweak production of Higgs
boson pairs are potentially important. Their total produc-
tion cross sections are independent of any model para-
meters except for the Higgs masses as they exist via pure
electroweak gauge interactions. The pair productions of
the Higgs bosons through pure gauge interactions are [49,
50, 55-57]

qqr = W —)HiAO, qq_>Z*/,y* S HTH™.

The relevant Higgs couplings to gauge bosons scale is

(14)

WH*A? o« g/2, ZHYH™ o —gcos 20y /(cw),
YH H™ o —ie, (15)
where g is the weak coupling and 0y is the weak-mixing
angle with cy = cos@y. Figure 8 shows their total cross
sections at 14 TeV LHC, 27 TeV LHC and 100 TeV pp
collider. The total cross section of the H*A® production at
27 TeV LHC ranges from 23x1072 pb at
My = My. =250 GeV to 1.5x 107 pb with 1 TeV Higgs
mass. It is approximately twice as large as that of the
H*H~ production. We explore their observability based
on the leading decay modes.

51 H*A"-> t*vbb

The first signal channel we consider is the associated

Logqo[o(pp-H*A%/pb], 27 TeV
1000

900

800

700

My (GeV)

M, (GeV)

(b)
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production of the CP-odd Higgs A° and the charged
Higgs H*, followed by A° and H* decay to bb and t*v,
respectively; i.e., pp — H*A? — t*v,bb. We again adopt
the 7 leading 2-body decay channel, i.e. 7= — 7*v;, with
the branching fraction being BR(7* — n*v;) =0.11. The
b-jets and the charged pions n* in final states satisfy the
following basic cuts

pr(b,m)>25GeV; (b, 1) <2.5; ARy, ARpr > 0.4, (16)

and any b-jets in the events are assumed to be tagged with
an efficiency of 70%. The major SM backgrounds are
thus from the following irreducible contributions:

e the gluon splitting process: ¢g — gW* —
bbW* — bbtty,

e the single top production: gg — W** — bi(bt) —
bbW* — bbt*v,
and the reducible ones

e the W=*-gluon fusion process with a forward jet:
29 — gq' W** — ¢'bi(bt) — q'bbW* — ¢'bbr*v,

'.:; —7r1 - 1 1
jo)
C} — H*A° (300)
8 H*A® (800)
o bbW 3
o bt ]
_8 Wg
© tt

n - " — " " iy

400 600 800

E,miss (GeV)

"'do/dM; (GeV™")

0 B | B , | ——

0 200 400 600 800 1000
M, (GeV)
(c)

Fig. 9.

e the QCD 17 production: 7 — bbW*W~ — bbt*({™V's
(C=ep).
The last two processes having additional jets or leptons
can be vetoed by requiring the extra objects with

pr(j) > 30 GeV,|n()l <4.9; pr€)>7TGeV,n()| <3.5.
7
We display the distributions of signal and back-
grounds after the basic cuts at the 27 TeV LHC in Fig. 9
(a) missing transverse energy £ and (b) transverse pion
momentum pr(r). The signal exhibits a harder £ spec-
trum than the SM backgrounds from the Jacobian peak
around pr, ~ My-/2. The mass peak of the resonance A°
also leads to an enhanced distribution near prj, ~ Mao/2.
Furthermore, as discussed for the single H* production
with H* — 7*y in Sec. 4, the signal has a harder pr dis-
tribution of n* compared to the SM backgrounds. The
charged Higgs mass My and the CP-odd Higgs mass
Mo can be read from the edge of the transverse mass

o”'do/dM,, (GeV™)
o

3
10

PRaa—

0 200 400 600 800 1000
M,, (GeV)

(d)

(color online) The differential cross section distributions of E; (), pr(x) (b), Mr(H*) (c) and M, (d) for the signal

pp — H*AY — t*v,bb and SM backgrounds versus at the 27 TeV LHC.
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My(H®) = \(Er(+ En? - (Frm + B (18)

and the invariant mass of two b-jets M,, as shown in
Figs. 9(c) and (d). We thus apply the following kinemat-
ic cuts

Er > Mpy-/3, pp™(b) > My /2,
pr(m) > My-/10+40 GeV, | My, — M| < Mas/10.  (19)

The cut efficiencies of the signal and backgrounds after
imposing the above cuts are summarized in Table 4. One
can see that all the SM backgrounds could be sufficiently
suppressed and we expect to achieve good signal signific-
ance although our signal is induced by a pure elec-
troweak process.

As the H*A? production is independent of any model
parameters except for the Higgs masses, the only un-
known in our signal process can be extracted as the de-

cay branching fractions of H* and A°. In Fig. 10(a) we
show the reach of the product of branching fractions, i.e.
BR(H* — 1%v,) x BR(A? — bb), with the degenerate spec-
trum Mg = My and different luminosity assumptions.
For My = My- ~300 GeV with 15 ab~! luminosity, the
discovery limit of the branching fraction product can be
as small as 3x1072. With BR(H* — t*v;) x BR(A? — bb)
= 20%, the maximal discovery masses of the degenerate
heavy Higgs bosons are approximately 450 GeV and 800
GeV with an integrated luminosity of 3 ab=! and 15 ab~!,
respectively. We also vary the masses of the charged
Higgs and the CP-odd Higgs, and display the discovery
region with respect to the two masses in Fig. 10(b) by fix-
ing the branching fraction product to be 20%. The re-
gions to the left of the curves can be covered by 5odis-
covery.

Table 4. The cut efficiencies for pp — H*A® — t*v.bb and the SM backgrounds after consecutive cuts with 7* — 7%, channel at the 27 TeV LHC.

We take My« = M0 =300 or 800 GeV.

cut efficiencies basic cuts p}} Er 22 Mpp
H*A%(300) 0.67 0.64 0.55 0.41 0.38
H*A%(800) 0.86 0.81 0.68 0.57 0.55
bbW (300) 0.0064 0.00093 0.00057 0.00017 1.5%1075
bbW (800) 0.0064 40%x107? 2.5%107° 52%x107° negligible
bt (300) 0.072 0.021 0.011 0.0017 1.8x 10~
bt (800) 0.072 0.0024 0.001 0.0001 2.4%10-5
Wg (300) 0.011 0.0021 0.0012 0.00022 32%10°5
Wg (800) 0.011 0.00012 5.6%x107° 8.5%107° 7.5%1077
17 (300) 0.004 0.0006 0.00029 43%x1073 9.5%10°°
1 (800) 0.004 55%107° 1.8x107° 25%1077 negligible
+A0 +,
1 HEA’Sivbb (27 Tev) H*A’>t*vbb (27 TeV)
— S T T T ]
°g 1000~ e Aanan
2
o
23 900}
o
2
2 800}
-H‘_. —
! % 700
O
e
2 600f
= — L=3 ab™
500t
— L=15ab™
400f
300 " " " " " "
300 400 500 600 700 800 900 1000
MI-F (GeV)

Fig. 10.

(b)

(color online) Left: Reach of BR(H* — 7*v;)x BR(A? — bb) versus My= for pp — H*A? — t*v.bb. We assume M, = My: .

Right: Discovery contour in the plane of M,o versus My:. We assume BR(H* — t*v;) x BR(A? — bb)=20%.
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5.2 H*A > tb(ib)bb

Next, we study the signal induced by H* — b with
the top quark's leptonic decay, i.e. H*A® — th(ib)bb —
bbbb{*v, and the leading SM backgrounds including

e the virtual W process: g7’ — gW** — th(ib)bb,

e b production: g7’ — W** — gth(tb) — th(ib)bb.

As we require the CP-odd Higgs to decay into bb, this
case still has the Jacobian peak at approximately
pry ~ Mo /2. The missing transverse energy here is softer
than that in H*A® — t*vbb mode as the neutrino is from
the subsequent decay of the top quark. Thus, we apply the
following kinematic cuts in addition to the basic accept-
ance cuts described in Sec. 3 and 4.

Er > 40 GeV, p™(b) > My /2. (20)

As the missing neutrino is only from #’s leptonic de-
cay, using W ’'smass and the missing transverse mo-

o"'do/dM,, (GeV™")
>
T '{) T

— H*A (300)
H*A® (800)
bbbt

mentum pJr, one can arrive at a solution of the longitudin-
al momentum of the neutrino and this # boson can thus
be reconstructed [49]. Because of the complexity from
the four b-jets in our signal, when requiring the correct
combination to reconstruct My- and My, we assume and
make use of the nearly-equal mass spectra of H* and A°.
The obtained invariant masses of b and bb are shown in
Figs. 11(a) and (b), respectively. Next, we can take two
mass windows near the resonances

|Mtb_MHi| < MH1/10, |Mbb_MAU| < MAO/IO

The cut efficiencies are illustrated in Table 5.

In our signal process, the only dependence is again
the product of the decay branching fractions, which is
BR(H* — th) x BR(A®? — bb) here. As shown in Fig.
11(c), with the degenerate spectrum My = My ~ 300
GeV and 15 ab~! luminosity, the reach of the branching

2h

1
o"'do/dM,, (GeV™)
o

.
D T

— H*A° (300)
H*A® (800)
----- bbbt

10 E 10 g E
4 4
10 ! 10 b A= : L
0 800 1000 0 200 400 600 800 1000
M,, (GeV) M, (GeV)
(a) (b)
H:A’tbbb (27 TeV)

Fig. 11.

(color online) Top: The differential cross section distributions of My, (a) and My, (b) for the signal pp — H*A® — th(ib)bb —

bbbbt*v and backgrounds at the 27 TeV LHC. Bottom: Reach of BR(H* — th) x BR(A? — bb) versus My= for pp — H*A® — th(ib)bb —

bbbbt*v, assuming Mo = Mpy= .
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Table 5. The cut efficiencies for pp — H*A® — th(ib)bb — bbbb(*v
and the SM backgrounds after consecutive cuts at the 27 TeV LHC.
We take Mp= = M 40 = 300 or 800 GeV.

cut efficiencies  basic cuts pr Er My, Mpp
H*A%(300) 0.34 0.33 0.25 0.16 0.14
H*A"(800) 0.45 0.43 0.39 0.27 0.26
bbbt (300) 0.032 0.016 0.012  0.0025 0.00048
bbbt (800) 0.032 0.0024 0.0021 0.00011 19x%x10-°

fraction product extends low to the level of 1072. With
BR(H* — th) x BR(A° — bb) = 10%, the heavy Higgs bo-
sons with masses of 600 GeV and 900 GeV can be dis-
covered with integrated luminosities of 3 ab~'and 15
ab~!, respectively.

53 H*H -ttt vy, thib

The first signal of H*H~ pair production consists of

":\ T T T
>

[0

S (300)
2 (800)

. i
L ]
3
©
o
©

L
600 800

E.miss (GeV)

H*H >ty

two tau leptons plus the missing energy
H*H™ - 1" 1t7v,v,, followed by 7* — n*v. The irredu-
cible SM backgrounds are from diboson productions

WYW™ = 1t vt v, ZZ - thtTvy, (22)
and the reducible contribution is
W*Z -t Fvy, (23)

which can also be vetoed by the requirement in Eq. (17).
The distributions of the signal and backgrounds at the
27 TeV LHC after the basic cuts are shown in Fig. 12 (a)
missing transverse energy £r and (b) transverse pion mo-
mentum pr(r). One can see that the tau polarization ef-
fect mentioned above tends to be more dramatic in this
channel (in comparison with the WW background). Thus,
we strengthen the missing energy and pr(rr) as follows:

Er>100GeV, p™(m)> 100 GeV. 24)

The cut efficiencies are presented in Table 6. Due to the
missing neutrinos from both the charged Higgs and the

v (27 TeV)

02 [+ — - L=3ab
— - L=15ab”

o bt

= 1
+£ 0.9 - K
10.8

Hj: 0.7 :'.' ".I

03 | . — - =30 fb

L=300 fb™

200 400

Fig. 12.

600 800 1000
M, (GeV)

()

(color online) Top: The differential cross section distributions of £, (a) and pr(r) (b) for the signal pp > H*H™ - 1777 v, ¥,

and backgrounds at the 27 TeV LHC. Bottom: Reach of BR(H* — 7*v) versus My: for pp > HtH™ — t* 17 v, ¥,.
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Table 6.
SM backgrounds after consecutive cuts with 7* — ni(v;) channel at
the 27 TeV LHC. We take My+ = 300 or 800 GeV.

The cut efficiencies for pp » H*H™ — 777 v,¥, and the

cut efficiencies basic cuts Er 2
H*H~(300) 0.7 0.49 0.46
H*H~(800) 0.89 0.84 0.84

ww 0.024 0.00056 0.00056
7z 0.084 0.011 0.0052
wZz 0.0094 0.00062 0.00026

tau lepton in this channel, one is unable to reconstruct the
charged Higgs boson or build a transverse mass to estim-
ate the signal observability. The signal-to-background ra-
tio is not expected to be improved as much as the associ-
ated production analyzed in Sec. 5.1. Figure 12(c) shows
the reach of BR(H* — 1*v) versus My: for pp - H"H™ —
717 v,.¥,. One can see that this channel can access the de-
cay branching fraction at 20% for the charged Higgs just
above the top quark threshold with 15 ab~! luminosity.

Finally, we consider semi-leptonic channel H*H~ —
thtb — bbbbjjt*v induced by H* —tb and the leading
SM background bbti. Using the methods mentioned in
Sec. 5.2, the two charged Higgses can be fully recon-
structed. The sensitivity of this search is limited by the ef-
ficiency of the top quark tagging due to smaller typical
transverse momenta. Assuming BR(H* — tb) = 1, we can
accumulate 250 (9) signal events for My =300 (800)
GeV with 15 ab~! luminosity. To discover the charged
Higgs with the mass of 300 GeV, one needs 50 ab~! lu-
minosity. This mode is thus not promising for probing the
charged Higgs.

The existing searches for neutral Higgs pair produc-
tions 1%, HOn®, H°H® at the LHC are performed using
gluon fusion with a top quark circulating in the loops and
governed by Higgs trilinear couplings [58-65]. As there is
no search for electroweak Higgs pair production at the
LHC, we do not expect our study can be compared at this
stage. We look forward to seeing dedicated searches in
the near future.

6 Conclusions

New Higgs bosons are present in many new physics
models and their direct searches have yielded no signal
observation in the LHC experiments so far. Thus, LHC
upgrades with higher energy, such as the HE-LHC and
FCC-hh, are motivated to carry out the search for heavy
non-SM Higgs bosons.

In this paper, we investigate the discovery potential of
the HE-LHC with 27 TeV C.M. energy for the heavy
Higgses in Type-1I 2HDM. To accommodate the theoret-
ical bounds and experimental limits, we assume the de-
generate Higgs spectrum Mg ~ Mg ~ My- and the para-
meter cos(8— @) near the alignment limit. We analyze the
typical production and decay modes of non-SM Higgses
and present the implications on the parameter space of
Type-11 2HDM.

We explore the observability of the heavy neutral
Higgs bosons by examining the clean signals from
H° — W*W~,ZZ via gluon-gluon fusion production. With
realistic decay branching fractions of H® — WW,ZZ chan-
nels for tanB ~ 1, the 27 TeV LHC can probe the neutral
Higgs up to 1.5-2 TeV with the luminosity of 15 ab~!.
For the charged Higgs bosons, we consider the inclusive
process with the charged Higgs produced in association
with a top quark that is gb — rH*. The final states with
tH* — tt*v prove to be a very sensitive channel for re-
gions with large tanB. For tanB ~ 50, the tr*v channel can
extend to reach My >2 TeV with 15 ab™! luminosity.
The region below tanB ~ 1 can not be covered by 50 dis-
covery of H* — t*v decay mode due to the suppression
of the decay branching fraction.

The electroweak productions of non-SM Higgs bo-
son pairs provide complementary signals in the determin-
ation of the nature of the Higgs sector. They benefit from
pure electroweak gauge interactions and are independent
of additional model parameters except for Higgs masses.
We explore the pair productions H*A? and H*H~, fol-
lowed by H* —t*v,tb and A°—bb decays. With
BR(H* — 1%v,,th) x BR(A? — bb) = (10— 20)%, the max-
imal discovery mass of degenerate heavy Higgs bosons is
approximately 800 —900 GeV with an integrated luminos-
ity of 15 ab~!. The pp — H*H~ production is not prom-
ising for probing the charged Higgs. The pp - H*H™ —
7t17v¥ channel can access the decay branching fraction
BR(H* — 7*v;) to be 20% for the light charged Higgs
with 15 ab~! luminosity.

The discovery of heavy non-SM Higgs bosons would
certainly be unambiguous evidence for new physics bey-
ond the SM. Once those non-SM Higgses are discovered,
kinematic reconstruction would provide important in-
formation about their mass spectrum. A cross check with
the indirect flavor and precision constraints would be
complementary and lead to new clues regarding new
physics beyond the SM.

We would like to thank Tao Han for collaboration at
the early stage of this project and valuable discussions.

093103-14



Chinese Physics C Vol. 44, No. 9 (2020) 093103

References

1

10

11

13

14

15

16

17

19

20

21

22

23

24

25

26

27

28
29

30

31

32
33

G. Aad et al. (ATLAS Collaboration), Phys. Lett. B, 716: 1
(2012), arXiv:1207.7214[hep-ex]

S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B, 716: 30
(2012), arXiv:1207.7235[hep-ex]

J. F. Gunion and H. E. Haber, Nucl. Phys. B, 272: 1 (1986),
Erratum: Nucl. Phys. B, 402: 567 (1993)

N. Arkani-Hamed, A. G. Cohen, E. Katz et al., JHEP, 0207: 034
(2002), arXiv:hep-ph/0206021

A. Abada et al. (FCC Collaboration), Eur. Phys. J. ST, 228(5):
1109 (2019)

X. Cid Vidal et al. (Working Group 3), arXiv: 1812.07831[hep-
ph]

A. Adhikary, S. Banerjee, R. Kumar Barman et al., JHEP, 1909:
068 (2019), arXiv:1812.05640[hep-ph]

M. Cepeda et al. (HL/HE WG2 Group), arXiv: 1902.00134[hep-

ph]

A. Abada et al. (FCC Collaboration), Eur. Phys. J. ST, 228(4):
755 (2019)

A. M. Sirunyan et al. (CMS Collaboration), arXiv:

1908.09206[hep-ex]

G. C. Branco, P. M. Ferreira, L. Lavoura et al., Phys. Rept., 516:
1 (2012), arXiv:1106.0034[hep-ph]

M. Carena, I. Low, N. R. Shah et al., JHEP, 1404: 015 (2014),
arXiv:1310.2248[hep-ph]

J. Bernon, J. F. Gunion, H. E. Haber et al., Phys. Rev. D, 92(7):
075004 (2015), arXiv:1507.00933[hep-ph]

J. F. Gunion and H. E. Haber, Phys. Rev. D, 67: 075019 (2003),
arXiv:hep-ph/0207010

I. F. Ginzburg and I. P. Ivanov, Phys. Rev. D, 72: 115010 (2005),
arXiv:hep-ph/0508020

J. Haller, A. Hoecker, R. Kogler et al., Eur. Phys. J. C, 78(8): 675
(2018), arXiv:1803.01853[hep-ph]

F. Kling, J. M. No, and S. Su, JHEP, 1609: 093 (2016),
arXiv:1604.01406[hep-ph]

F. Kling, H. Li, A. Pyarelal et al., JHEP, 1906: 031 (2019),
arXiv:1812.01633[hep-ph]

V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B, 759:
369 (2016), arXiv:1603.02991[hep-ex]

M. Aaboud et al. (ATLAS Collaboration), JHEP, 1803: 174
(2018), Erratum: JHEP, 1811: 051 (2018),
arXiv:1712.06518[hepex]

M. Aaboud et al. (ATLAS Collaboration), Phys. Lett. B, 783: 392
(2018), arXiv:1804.01126[hep-ex]

Y. Ambhis ef al. (HFLAV Collaboration), Eur. Phys. J. C, 77(12):
895 (2017), arXiv:1612.07233[hep-ex]

A. Arbey, F. Mahmoudi, O. Stal ef al., Eur. Phys. J. C, 78(3): 182
(2018), arXiv:1706.07414[hep-ph]

N. Chen, D. Feldman, Z. Liu et al., Phys. Lett. B, 685: 174
(2010), arXiv:0911.0217[hep-ph]

T. Han, T. Li, S. Su et al, JHEP, 1311: 053 (2013),
arXiv:1306.3229[hep-ph]

R. V. Harlander, S. Liebler, and H. Mantler, Comput. Phys.
Commun., 184: 1605 (2013), arXiv:1212.3249[hep-ph]

A. Buckley, J. Ferrando, S. Lloyd et al., Eur. Phys. J. C, 75: 132
(2015), arXiv:1412.7420[hep-ph]

G. Aad et al. (ATLAS Collaboration), arXiv: 1909.02845[hep-ex]
J.  Alwall et al, JHEP, 1407: 079 (2014),
arXiv:1405.0301[hepph]

S. Jadach, Z. Was, R. Decker ef al., Comput. Phys. Commun., 76:
361 (1993)

T. Sjostrand, S. Mrenna, and P. Z. Skands, JHEP, 0605: 026
(2006), arXiv:hep-ph/0603175

G. Aad et al. (ATLAS Collaboration), arXiv: 0901.0512[hep-ex]
J. de Favereau et al. (DELPHES 3 Collaboration), JHEP, 1402:

34

35

36

37

38

39

40

41

2

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

59

60

61

62

63

64

65

093103-15

057 (2014), arXiv:1307.6346[hep-ex]

M. Aaboud et al. (ATLAS Collaboration), Eur. Phys. J. C, 78(1):
24 (2018), arXiv:1710.01123[hep-ex]

D. Eriksson, J. Rathsman, and O. Stal, Comput. Phys. Commun.,
181: 189 (2010), arXiv:0902.0851[hep-ph]

M. Aaboud et al. (ATLAS Collaboration), Eur. Phys. J. C, 78(4):
293 (2018), arXiv:1712.06386[hep-ex]

J. Hajer, Y. Y. Li, T. Liu et al., JHEP, 1511: 124 (2015),
arXiv:1504.07617[hep-ph]

N. Craig, J. Hajer, Y. Y. Li et al., JHEP, 1701: 018 (2017),
arXiv:1605.08744[hep-ph]

J. F. Gunion, H. E. Haber, F. E. Paige et al., Nucl. Phys. B, 294:
621 (1987)

A. G. Akeroyd et al., Eur. Phys. J. C, 77(5): 276 (2017),
arXiv:1607.01320[hep-ph]

A. Belyaev, D. Garcia, J. Guasch et al., JHEP, 0206: 059 (2002),
arXiv:hep-ph/0203031

E. L. Berger, T. Han, J. Jiang ef al., Phys. Rev. D, 71: 115012
(2005), arXiv:hep-ph/0312286

M. Flechl, R. Klees, M. Kramer et al., Phys. Rev. D, 91(7):
075015 (2015), arXiv:1409.5615[hep-ph]

L. Basso, P. Osland, and G. M. Pruna, JHEP, 1506: 083 (2015),
arXiv:1504.07552[hep-ph]

A. Aboubrahim and P. Nath, Phys. Rev. D, 98(9): 095024 (2018),
arXiv:1810.12868[hep-ph]

M. Aaboud et al. (ATLAS Collaboration), JHEP, 1801: 055
(2018), arXiv:1709.07242[hep-ex]

B. K. Bullock, K. Hagiwara, and A. D. Martin, Phys. Rev. Lett.,
67: 3055 (1991)

B. K. Bullock, K. Hagiwara, and A. D. Martin, Nucl. Phys. B,
395: 499 (1993)

Q. H. Cao, S. Kanemura, and C. P. Yuan, Phys. Rev. D, 69:
075008 (2004), arXiv:hep-ph/0311083

N. D. Christensen, T. Han, and T. Li, Phys. Rev. D, 86: 074003
(2012), arXiv:1206.5816[hep-ph]

T. Li and S. Su, JHEP, 1511: 068 (2015), arXiv:1504.04381[hep-
ph]

M. Aaboud et al. (ATLAS Collaboration), JHEP, 1809: 139
(2018), arXiv:1807.07915[hep-ex]

A. M. Sirunyan et al. (CMS Collaboration), JHEP, 1907: 142
(2019), arXiv:1903.04560[hep-ex]

A. Djouadi, L. Maiani, G. Moreau ef al., Eur. Phys. J. C, 73: 2650
(2013), arXiv:1307.5205[hep-ph]

S. Kanemura and C. P. Yuan, Phys. Lett. B, 530: 188 (2002),
arXiv:hep-ph/0112165

N. D. Christensen, T. Han, and S. Su, Phys. Rev. D, 85: 115018
(2012), arXiv:1203.3207[hep-ph]

S. Dawson, T. Han, W. K. Lai et al., Phys. Rev. D, 86: 074007
(2012), arXiv:1207.4207[hep-ph]

G. Aad et al. (ATLAS Collaboration), Phys. Rev. D, 92: 092004
(2015), arXiv:1509.04670[hep-ex]

M. Aaboud et al. (ATLAS Collaboration), JHEP, 1901: 030
(2019), arXiv:1804.06174[hep-ex]

M. Aaboud et al. (ATLAS Collaboration), JHEP, 1811: 040
(2018), arXiv:1807.04873[hep-ex]

M. Aaboud et al. (ATLAS Collaboration), Phys. Rev.
Lett., 121(19): 191801 (2018), Erratum: Phys. Rev. Lett., 122(8):
089901 (2019), arXiv:1808.00336[hep-ex]

V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B, 749:
560 (2015), arXiv:1503.04114[hep-ex]

V. Khachatryan et al. (CMS Collaboration), Phys. Rev. D, 94(5):
052012 (2016), arXiv:1603.06896[hep-ex]

A. M. Sirunyan et al. (CMS Collaboration), Phys. Rev. D, 96(7):
072004 (2017), arXiv:1707.00350[hep-ex]

A. M. Sirunyan et al. (CMS Collaboration), JHEP, 1808: 152
(2018), arXiv:1806.03548[hep-ex]


http://dx.doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
http://dx.doi.org/10.1016/0550-3213(86)90340-8
http://dx.doi.org/10.1016/0550-3213(93)90653-7
http://dx.doi.org/10.1088/1126-6708/2002/07/034
https://arxiv.org/abs/0206021
http://dx.doi.org/10.1140/epjst/e2019-900088-6
http://dx.doi.org/10.1007/JHEP09(2019)068
https://arxiv.org/abs/1812.05640
http://dx.doi.org/10.1140/epjst/e2019-900087-0
http://dx.doi.org/10.1016/j.physrep.2012.02.002
https://arxiv.org/abs/1106.0034
http://dx.doi.org/10.1007/JHEP04(2014)015
https://arxiv.org/abs/1310.2248
http://dx.doi.org/10.1103/PhysRevD.92.075004
https://arxiv.org/abs/1507.00933
http://dx.doi.org/10.1103/PhysRevD.67.075019
https://arxiv.org/abs/0207010
http://dx.doi.org/10.1103/PhysRevD.72.115010
https://arxiv.org/abs/0508020
http://dx.doi.org/10.1140/epjc/s10052-018-6131-3
https://arxiv.org/abs/1803.01853
http://dx.doi.org/10.1007/JHEP09(2016)093
https://arxiv.org/abs/1604.01406
http://dx.doi.org/10.1007/JHEP06(2019)031
https://arxiv.org/abs/1812.01633
http://dx.doi.org/10.1016/j.physletb.2016.05.087
https://arxiv.org/abs/1603.02991
http://dx.doi.org/10.1007/JHEP03(2018)174
http://dx.doi.org/10.1007/JHEP11(2018)051
http://dx.doi.org/10.1016/j.physletb.2018.07.006
https://arxiv.org/abs/1804.01126
http://dx.doi.org/10.1140/epjc/s10052-017-5058-4
https://arxiv.org/abs/1612.07233
http://dx.doi.org/10.1140/epjc/s10052-018-5651-1
https://arxiv.org/abs/1706.07414
http://dx.doi.org/10.1016/j.physletb.2010.01.055
https://arxiv.org/abs/0911.0217
http://dx.doi.org/10.1007/JHEP11(2013)053
https://arxiv.org/abs/1306.3229
http://dx.doi.org/10.1016/j.cpc.2013.02.006
http://dx.doi.org/10.1016/j.cpc.2013.02.006
https://arxiv.org/abs/1212.3249
http://dx.doi.org/10.1140/epjc/s10052-015-3318-8
https://arxiv.org/abs/1412.7420
http://dx.doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
http://dx.doi.org/10.1016/0010-4655(93)90061-G
http://dx.doi.org/10.1088/1126-6708/2006/05/026
https://arxiv.org/abs/0603175
http://dx.doi.org/10.1007/JHEP02(2014)057
https://arxiv.org/abs/1307.6346
http://dx.doi.org/10.1140/epjc/s10052-017-5491-4
https://arxiv.org/abs/1710.01123
http://dx.doi.org/10.1016/j.cpc.2009.09.011
https://arxiv.org/abs/0902.0851
http://dx.doi.org/10.1140/epjc/s10052-018-5686-3
https://arxiv.org/abs/1712.06386
http://dx.doi.org/10.1007/JHEP11(2015)124
https://arxiv.org/abs/1504.07617
http://dx.doi.org/10.1007/JHEP01(2017)018
https://arxiv.org/abs/1605.08744
http://dx.doi.org/10.1016/0550-3213(87)90600-6
http://dx.doi.org/10.1140/epjc/s10052-017-4829-2
https://arxiv.org/abs/1607.01320
http://dx.doi.org/10.1088/1126-6708/2002/06/059
https://arxiv.org/abs/0203031
http://dx.doi.org/10.1103/PhysRevD.71.115012
https://arxiv.org/abs/0312286
http://dx.doi.org/10.1103/PhysRevD.91.075015
https://arxiv.org/abs/1409.5615
http://dx.doi.org/10.1007/JHEP06(2015)083
https://arxiv.org/abs/1504.07552
http://dx.doi.org/10.1103/PhysRevD.98.095024
https://arxiv.org/abs/1810.12868
http://dx.doi.org/10.1007/JHEP01(2018)055
https://arxiv.org/abs/1709.07242
http://dx.doi.org/10.1103/PhysRevLett.67.3055
http://dx.doi.org/10.1016/0550-3213(93)90045-Q
http://dx.doi.org/10.1103/PhysRevD.69.075008
https://arxiv.org/abs/0311083
http://dx.doi.org/10.1103/PhysRevD.86.074003
https://arxiv.org/abs/1206.5816
http://dx.doi.org/10.1007/JHEP11(2015)068
https://arxiv.org/abs/1504.04381
https://arxiv.org/abs/1504.04381
http://dx.doi.org/10.1007/JHEP09(2018)139
https://arxiv.org/abs/1807.07915
http://dx.doi.org/10.1007/JHEP07(2019)142
https://arxiv.org/abs/1903.04560
http://dx.doi.org/10.1140/epjc/s10052-013-2650-0
https://arxiv.org/abs/1307.5205
http://dx.doi.org/10.1016/S0370-2693(02)01321-7
https://arxiv.org/abs/0112165
http://dx.doi.org/10.1103/PhysRevD.85.115018
https://arxiv.org/abs/1203.3207
http://dx.doi.org/10.1103/PhysRevD.86.074007
https://arxiv.org/abs/1207.4207
http://dx.doi.org/10.1103/PhysRevD.92.092004
https://arxiv.org/abs/1509.04670
http://dx.doi.org/10.1007/JHEP01(2019)030
https://arxiv.org/abs/1804.06174
http://dx.doi.org/10.1007/JHEP11(2018)040
https://arxiv.org/abs/1807.04873
http://dx.doi.org/10.1103/PhysRevLett.121.191801
http://dx.doi.org/10.1103/PhysRevLett.121.191801
http://dx.doi.org/10.1103/PhysRevLett.122.089901
http://dx.doi.org/10.1016/j.physletb.2015.08.047
https://arxiv.org/abs/1503.04114
http://dx.doi.org/10.1103/PhysRevD.94.052012
https://arxiv.org/abs/1603.06896
http://dx.doi.org/10.1103/PhysRevD.96.072004
https://arxiv.org/abs/1707.00350
http://dx.doi.org/10.1007/JHEP08(2018)152
https://arxiv.org/abs/1806.03548
http://dx.doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
http://dx.doi.org/10.1016/0550-3213(86)90340-8
http://dx.doi.org/10.1016/0550-3213(93)90653-7
http://dx.doi.org/10.1088/1126-6708/2002/07/034
https://arxiv.org/abs/0206021
http://dx.doi.org/10.1140/epjst/e2019-900088-6
http://dx.doi.org/10.1007/JHEP09(2019)068
https://arxiv.org/abs/1812.05640
http://dx.doi.org/10.1140/epjst/e2019-900087-0
http://dx.doi.org/10.1016/j.physrep.2012.02.002
https://arxiv.org/abs/1106.0034
http://dx.doi.org/10.1007/JHEP04(2014)015
https://arxiv.org/abs/1310.2248
http://dx.doi.org/10.1103/PhysRevD.92.075004
https://arxiv.org/abs/1507.00933
http://dx.doi.org/10.1103/PhysRevD.67.075019
https://arxiv.org/abs/0207010
http://dx.doi.org/10.1103/PhysRevD.72.115010
https://arxiv.org/abs/0508020
http://dx.doi.org/10.1140/epjc/s10052-018-6131-3
https://arxiv.org/abs/1803.01853
http://dx.doi.org/10.1007/JHEP09(2016)093
https://arxiv.org/abs/1604.01406
http://dx.doi.org/10.1007/JHEP06(2019)031
https://arxiv.org/abs/1812.01633
http://dx.doi.org/10.1016/j.physletb.2016.05.087
https://arxiv.org/abs/1603.02991
http://dx.doi.org/10.1007/JHEP03(2018)174
http://dx.doi.org/10.1007/JHEP11(2018)051
http://dx.doi.org/10.1016/j.physletb.2018.07.006
https://arxiv.org/abs/1804.01126
http://dx.doi.org/10.1140/epjc/s10052-017-5058-4
https://arxiv.org/abs/1612.07233
http://dx.doi.org/10.1140/epjc/s10052-018-5651-1
https://arxiv.org/abs/1706.07414
http://dx.doi.org/10.1016/j.physletb.2010.01.055
https://arxiv.org/abs/0911.0217
http://dx.doi.org/10.1007/JHEP11(2013)053
https://arxiv.org/abs/1306.3229
http://dx.doi.org/10.1016/j.cpc.2013.02.006
http://dx.doi.org/10.1016/j.cpc.2013.02.006
https://arxiv.org/abs/1212.3249
http://dx.doi.org/10.1140/epjc/s10052-015-3318-8
https://arxiv.org/abs/1412.7420
http://dx.doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
http://dx.doi.org/10.1016/0010-4655(93)90061-G
http://dx.doi.org/10.1088/1126-6708/2006/05/026
https://arxiv.org/abs/0603175
http://dx.doi.org/10.1007/JHEP02(2014)057
https://arxiv.org/abs/1307.6346
http://dx.doi.org/10.1140/epjc/s10052-017-5491-4
https://arxiv.org/abs/1710.01123
http://dx.doi.org/10.1016/j.cpc.2009.09.011
https://arxiv.org/abs/0902.0851
http://dx.doi.org/10.1140/epjc/s10052-018-5686-3
https://arxiv.org/abs/1712.06386
http://dx.doi.org/10.1007/JHEP11(2015)124
https://arxiv.org/abs/1504.07617
http://dx.doi.org/10.1007/JHEP01(2017)018
https://arxiv.org/abs/1605.08744
http://dx.doi.org/10.1016/0550-3213(87)90600-6
http://dx.doi.org/10.1140/epjc/s10052-017-4829-2
https://arxiv.org/abs/1607.01320
http://dx.doi.org/10.1088/1126-6708/2002/06/059
https://arxiv.org/abs/0203031
http://dx.doi.org/10.1103/PhysRevD.71.115012
https://arxiv.org/abs/0312286
http://dx.doi.org/10.1103/PhysRevD.91.075015
https://arxiv.org/abs/1409.5615
http://dx.doi.org/10.1007/JHEP06(2015)083
https://arxiv.org/abs/1504.07552
http://dx.doi.org/10.1103/PhysRevD.98.095024
https://arxiv.org/abs/1810.12868
http://dx.doi.org/10.1007/JHEP01(2018)055
https://arxiv.org/abs/1709.07242
http://dx.doi.org/10.1103/PhysRevLett.67.3055
http://dx.doi.org/10.1016/0550-3213(93)90045-Q
http://dx.doi.org/10.1103/PhysRevD.69.075008
https://arxiv.org/abs/0311083
http://dx.doi.org/10.1103/PhysRevD.86.074003
https://arxiv.org/abs/1206.5816
http://dx.doi.org/10.1007/JHEP11(2015)068
https://arxiv.org/abs/1504.04381
https://arxiv.org/abs/1504.04381
http://dx.doi.org/10.1007/JHEP09(2018)139
https://arxiv.org/abs/1807.07915
http://dx.doi.org/10.1007/JHEP07(2019)142
https://arxiv.org/abs/1903.04560
http://dx.doi.org/10.1140/epjc/s10052-013-2650-0
https://arxiv.org/abs/1307.5205
http://dx.doi.org/10.1016/S0370-2693(02)01321-7
https://arxiv.org/abs/0112165
http://dx.doi.org/10.1103/PhysRevD.85.115018
https://arxiv.org/abs/1203.3207
http://dx.doi.org/10.1103/PhysRevD.86.074007
https://arxiv.org/abs/1207.4207
http://dx.doi.org/10.1103/PhysRevD.92.092004
https://arxiv.org/abs/1509.04670
http://dx.doi.org/10.1007/JHEP01(2019)030
https://arxiv.org/abs/1804.06174
http://dx.doi.org/10.1007/JHEP11(2018)040
https://arxiv.org/abs/1807.04873
http://dx.doi.org/10.1103/PhysRevLett.121.191801
http://dx.doi.org/10.1103/PhysRevLett.121.191801
http://dx.doi.org/10.1103/PhysRevLett.122.089901
http://dx.doi.org/10.1016/j.physletb.2015.08.047
https://arxiv.org/abs/1503.04114
http://dx.doi.org/10.1103/PhysRevD.94.052012
https://arxiv.org/abs/1603.06896
http://dx.doi.org/10.1103/PhysRevD.96.072004
https://arxiv.org/abs/1707.00350
http://dx.doi.org/10.1007/JHEP08(2018)152
https://arxiv.org/abs/1806.03548
http://dx.doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
http://dx.doi.org/10.1016/0550-3213(86)90340-8
http://dx.doi.org/10.1016/0550-3213(93)90653-7
http://dx.doi.org/10.1088/1126-6708/2002/07/034
https://arxiv.org/abs/0206021
http://dx.doi.org/10.1140/epjst/e2019-900088-6
http://dx.doi.org/10.1007/JHEP09(2019)068
https://arxiv.org/abs/1812.05640
http://dx.doi.org/10.1140/epjst/e2019-900087-0
http://dx.doi.org/10.1016/j.physrep.2012.02.002
https://arxiv.org/abs/1106.0034
http://dx.doi.org/10.1007/JHEP04(2014)015
https://arxiv.org/abs/1310.2248
http://dx.doi.org/10.1103/PhysRevD.92.075004
https://arxiv.org/abs/1507.00933
http://dx.doi.org/10.1103/PhysRevD.67.075019
https://arxiv.org/abs/0207010
http://dx.doi.org/10.1103/PhysRevD.72.115010
https://arxiv.org/abs/0508020
http://dx.doi.org/10.1140/epjc/s10052-018-6131-3
https://arxiv.org/abs/1803.01853
http://dx.doi.org/10.1007/JHEP09(2016)093
https://arxiv.org/abs/1604.01406
http://dx.doi.org/10.1007/JHEP06(2019)031
https://arxiv.org/abs/1812.01633
http://dx.doi.org/10.1016/j.physletb.2016.05.087
https://arxiv.org/abs/1603.02991
http://dx.doi.org/10.1007/JHEP03(2018)174
http://dx.doi.org/10.1007/JHEP11(2018)051
http://dx.doi.org/10.1016/j.physletb.2018.07.006
https://arxiv.org/abs/1804.01126
http://dx.doi.org/10.1140/epjc/s10052-017-5058-4
https://arxiv.org/abs/1612.07233
http://dx.doi.org/10.1140/epjc/s10052-018-5651-1
https://arxiv.org/abs/1706.07414
http://dx.doi.org/10.1016/j.physletb.2010.01.055
https://arxiv.org/abs/0911.0217
http://dx.doi.org/10.1007/JHEP11(2013)053
https://arxiv.org/abs/1306.3229
http://dx.doi.org/10.1016/j.cpc.2013.02.006
http://dx.doi.org/10.1016/j.cpc.2013.02.006
https://arxiv.org/abs/1212.3249
http://dx.doi.org/10.1140/epjc/s10052-015-3318-8
https://arxiv.org/abs/1412.7420
http://dx.doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
http://dx.doi.org/10.1016/0010-4655(93)90061-G
http://dx.doi.org/10.1088/1126-6708/2006/05/026
https://arxiv.org/abs/0603175
http://dx.doi.org/10.1007/JHEP02(2014)057
https://arxiv.org/abs/1307.6346
http://dx.doi.org/10.1140/epjc/s10052-017-5491-4
https://arxiv.org/abs/1710.01123
http://dx.doi.org/10.1016/j.cpc.2009.09.011
https://arxiv.org/abs/0902.0851
http://dx.doi.org/10.1140/epjc/s10052-018-5686-3
https://arxiv.org/abs/1712.06386
http://dx.doi.org/10.1007/JHEP11(2015)124
https://arxiv.org/abs/1504.07617
http://dx.doi.org/10.1007/JHEP01(2017)018
https://arxiv.org/abs/1605.08744
http://dx.doi.org/10.1016/0550-3213(87)90600-6
http://dx.doi.org/10.1140/epjc/s10052-017-4829-2
https://arxiv.org/abs/1607.01320
http://dx.doi.org/10.1088/1126-6708/2002/06/059
https://arxiv.org/abs/0203031
http://dx.doi.org/10.1103/PhysRevD.71.115012
https://arxiv.org/abs/0312286
http://dx.doi.org/10.1103/PhysRevD.91.075015
https://arxiv.org/abs/1409.5615
http://dx.doi.org/10.1007/JHEP06(2015)083
https://arxiv.org/abs/1504.07552
http://dx.doi.org/10.1103/PhysRevD.98.095024
https://arxiv.org/abs/1810.12868
http://dx.doi.org/10.1007/JHEP01(2018)055
https://arxiv.org/abs/1709.07242
http://dx.doi.org/10.1103/PhysRevLett.67.3055
http://dx.doi.org/10.1016/0550-3213(93)90045-Q
http://dx.doi.org/10.1103/PhysRevD.69.075008
https://arxiv.org/abs/0311083
http://dx.doi.org/10.1103/PhysRevD.86.074003
https://arxiv.org/abs/1206.5816
http://dx.doi.org/10.1007/JHEP11(2015)068
https://arxiv.org/abs/1504.04381
https://arxiv.org/abs/1504.04381
http://dx.doi.org/10.1007/JHEP09(2018)139
https://arxiv.org/abs/1807.07915
http://dx.doi.org/10.1007/JHEP07(2019)142
https://arxiv.org/abs/1903.04560
http://dx.doi.org/10.1140/epjc/s10052-013-2650-0
https://arxiv.org/abs/1307.5205
http://dx.doi.org/10.1016/S0370-2693(02)01321-7
https://arxiv.org/abs/0112165
http://dx.doi.org/10.1103/PhysRevD.85.115018
https://arxiv.org/abs/1203.3207
http://dx.doi.org/10.1103/PhysRevD.86.074007
https://arxiv.org/abs/1207.4207
http://dx.doi.org/10.1103/PhysRevD.92.092004
https://arxiv.org/abs/1509.04670
http://dx.doi.org/10.1007/JHEP01(2019)030
https://arxiv.org/abs/1804.06174
http://dx.doi.org/10.1007/JHEP11(2018)040
https://arxiv.org/abs/1807.04873
http://dx.doi.org/10.1103/PhysRevLett.121.191801
http://dx.doi.org/10.1103/PhysRevLett.121.191801
http://dx.doi.org/10.1103/PhysRevLett.122.089901
http://dx.doi.org/10.1016/j.physletb.2015.08.047
https://arxiv.org/abs/1503.04114
http://dx.doi.org/10.1103/PhysRevD.94.052012
https://arxiv.org/abs/1603.06896
http://dx.doi.org/10.1103/PhysRevD.96.072004
https://arxiv.org/abs/1707.00350
http://dx.doi.org/10.1007/JHEP08(2018)152
https://arxiv.org/abs/1806.03548
http://dx.doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
http://dx.doi.org/10.1016/0550-3213(86)90340-8
http://dx.doi.org/10.1016/0550-3213(93)90653-7
http://dx.doi.org/10.1088/1126-6708/2002/07/034
https://arxiv.org/abs/0206021
http://dx.doi.org/10.1140/epjst/e2019-900088-6
http://dx.doi.org/10.1007/JHEP09(2019)068
https://arxiv.org/abs/1812.05640
http://dx.doi.org/10.1140/epjst/e2019-900087-0
http://dx.doi.org/10.1016/j.physrep.2012.02.002
https://arxiv.org/abs/1106.0034
http://dx.doi.org/10.1007/JHEP04(2014)015
https://arxiv.org/abs/1310.2248
http://dx.doi.org/10.1103/PhysRevD.92.075004
https://arxiv.org/abs/1507.00933
http://dx.doi.org/10.1103/PhysRevD.67.075019
https://arxiv.org/abs/0207010
http://dx.doi.org/10.1103/PhysRevD.72.115010
https://arxiv.org/abs/0508020
http://dx.doi.org/10.1140/epjc/s10052-018-6131-3
https://arxiv.org/abs/1803.01853
http://dx.doi.org/10.1007/JHEP09(2016)093
https://arxiv.org/abs/1604.01406
http://dx.doi.org/10.1007/JHEP06(2019)031
https://arxiv.org/abs/1812.01633
http://dx.doi.org/10.1016/j.physletb.2016.05.087
https://arxiv.org/abs/1603.02991
http://dx.doi.org/10.1007/JHEP03(2018)174
http://dx.doi.org/10.1007/JHEP11(2018)051
http://dx.doi.org/10.1016/j.physletb.2018.07.006
https://arxiv.org/abs/1804.01126
http://dx.doi.org/10.1140/epjc/s10052-017-5058-4
https://arxiv.org/abs/1612.07233
http://dx.doi.org/10.1140/epjc/s10052-018-5651-1
https://arxiv.org/abs/1706.07414
http://dx.doi.org/10.1016/j.physletb.2010.01.055
https://arxiv.org/abs/0911.0217
http://dx.doi.org/10.1007/JHEP11(2013)053
https://arxiv.org/abs/1306.3229
http://dx.doi.org/10.1016/j.cpc.2013.02.006
http://dx.doi.org/10.1016/j.cpc.2013.02.006
https://arxiv.org/abs/1212.3249
http://dx.doi.org/10.1140/epjc/s10052-015-3318-8
https://arxiv.org/abs/1412.7420
http://dx.doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
http://dx.doi.org/10.1016/0010-4655(93)90061-G
http://dx.doi.org/10.1088/1126-6708/2006/05/026
https://arxiv.org/abs/0603175
http://dx.doi.org/10.1007/JHEP02(2014)057
https://arxiv.org/abs/1307.6346
http://dx.doi.org/10.1140/epjc/s10052-017-5491-4
https://arxiv.org/abs/1710.01123
http://dx.doi.org/10.1016/j.cpc.2009.09.011
https://arxiv.org/abs/0902.0851
http://dx.doi.org/10.1140/epjc/s10052-018-5686-3
https://arxiv.org/abs/1712.06386
http://dx.doi.org/10.1007/JHEP11(2015)124
https://arxiv.org/abs/1504.07617
http://dx.doi.org/10.1007/JHEP01(2017)018
https://arxiv.org/abs/1605.08744
http://dx.doi.org/10.1016/0550-3213(87)90600-6
http://dx.doi.org/10.1140/epjc/s10052-017-4829-2
https://arxiv.org/abs/1607.01320
http://dx.doi.org/10.1088/1126-6708/2002/06/059
https://arxiv.org/abs/0203031
http://dx.doi.org/10.1103/PhysRevD.71.115012
https://arxiv.org/abs/0312286
http://dx.doi.org/10.1103/PhysRevD.91.075015
https://arxiv.org/abs/1409.5615
http://dx.doi.org/10.1007/JHEP06(2015)083
https://arxiv.org/abs/1504.07552
http://dx.doi.org/10.1103/PhysRevD.98.095024
https://arxiv.org/abs/1810.12868
http://dx.doi.org/10.1007/JHEP01(2018)055
https://arxiv.org/abs/1709.07242
http://dx.doi.org/10.1103/PhysRevLett.67.3055
http://dx.doi.org/10.1016/0550-3213(93)90045-Q
http://dx.doi.org/10.1103/PhysRevD.69.075008
https://arxiv.org/abs/0311083
http://dx.doi.org/10.1103/PhysRevD.86.074003
https://arxiv.org/abs/1206.5816
http://dx.doi.org/10.1007/JHEP11(2015)068
https://arxiv.org/abs/1504.04381
https://arxiv.org/abs/1504.04381
http://dx.doi.org/10.1007/JHEP09(2018)139
https://arxiv.org/abs/1807.07915
http://dx.doi.org/10.1007/JHEP07(2019)142
https://arxiv.org/abs/1903.04560
http://dx.doi.org/10.1140/epjc/s10052-013-2650-0
https://arxiv.org/abs/1307.5205
http://dx.doi.org/10.1016/S0370-2693(02)01321-7
https://arxiv.org/abs/0112165
http://dx.doi.org/10.1103/PhysRevD.85.115018
https://arxiv.org/abs/1203.3207
http://dx.doi.org/10.1103/PhysRevD.86.074007
https://arxiv.org/abs/1207.4207
http://dx.doi.org/10.1103/PhysRevD.92.092004
https://arxiv.org/abs/1509.04670
http://dx.doi.org/10.1007/JHEP01(2019)030
https://arxiv.org/abs/1804.06174
http://dx.doi.org/10.1007/JHEP11(2018)040
https://arxiv.org/abs/1807.04873
http://dx.doi.org/10.1103/PhysRevLett.121.191801
http://dx.doi.org/10.1103/PhysRevLett.121.191801
http://dx.doi.org/10.1103/PhysRevLett.122.089901
http://dx.doi.org/10.1016/j.physletb.2015.08.047
https://arxiv.org/abs/1503.04114
http://dx.doi.org/10.1103/PhysRevD.94.052012
https://arxiv.org/abs/1603.06896
http://dx.doi.org/10.1103/PhysRevD.96.072004
https://arxiv.org/abs/1707.00350
http://dx.doi.org/10.1007/JHEP08(2018)152
https://arxiv.org/abs/1806.03548
https://arxiv.org/abs/1307.6346
http://dx.doi.org/10.1140/epjc/s10052-017-5491-4
https://arxiv.org/abs/1710.01123
http://dx.doi.org/10.1016/j.cpc.2009.09.011
https://arxiv.org/abs/0902.0851
http://dx.doi.org/10.1140/epjc/s10052-018-5686-3
https://arxiv.org/abs/1712.06386
http://dx.doi.org/10.1007/JHEP11(2015)124
https://arxiv.org/abs/1504.07617
http://dx.doi.org/10.1007/JHEP01(2017)018
https://arxiv.org/abs/1605.08744
http://dx.doi.org/10.1016/0550-3213(87)90600-6
http://dx.doi.org/10.1140/epjc/s10052-017-4829-2
https://arxiv.org/abs/1607.01320
http://dx.doi.org/10.1088/1126-6708/2002/06/059
https://arxiv.org/abs/0203031
http://dx.doi.org/10.1103/PhysRevD.71.115012
https://arxiv.org/abs/0312286
http://dx.doi.org/10.1103/PhysRevD.91.075015
https://arxiv.org/abs/1409.5615
http://dx.doi.org/10.1007/JHEP06(2015)083
https://arxiv.org/abs/1504.07552
http://dx.doi.org/10.1103/PhysRevD.98.095024
https://arxiv.org/abs/1810.12868
http://dx.doi.org/10.1007/JHEP01(2018)055
https://arxiv.org/abs/1709.07242
http://dx.doi.org/10.1103/PhysRevLett.67.3055
http://dx.doi.org/10.1016/0550-3213(93)90045-Q
http://dx.doi.org/10.1103/PhysRevD.69.075008
https://arxiv.org/abs/0311083
http://dx.doi.org/10.1103/PhysRevD.86.074003
https://arxiv.org/abs/1206.5816
http://dx.doi.org/10.1007/JHEP11(2015)068
https://arxiv.org/abs/1504.04381
https://arxiv.org/abs/1504.04381
http://dx.doi.org/10.1007/JHEP09(2018)139
https://arxiv.org/abs/1807.07915
http://dx.doi.org/10.1007/JHEP07(2019)142
https://arxiv.org/abs/1903.04560
http://dx.doi.org/10.1140/epjc/s10052-013-2650-0
https://arxiv.org/abs/1307.5205
http://dx.doi.org/10.1016/S0370-2693(02)01321-7
https://arxiv.org/abs/0112165
http://dx.doi.org/10.1103/PhysRevD.85.115018
https://arxiv.org/abs/1203.3207
http://dx.doi.org/10.1103/PhysRevD.86.074007
https://arxiv.org/abs/1207.4207
http://dx.doi.org/10.1103/PhysRevD.92.092004
https://arxiv.org/abs/1509.04670
http://dx.doi.org/10.1007/JHEP01(2019)030
https://arxiv.org/abs/1804.06174
http://dx.doi.org/10.1007/JHEP11(2018)040
https://arxiv.org/abs/1807.04873
http://dx.doi.org/10.1103/PhysRevLett.121.191801
http://dx.doi.org/10.1103/PhysRevLett.121.191801
http://dx.doi.org/10.1103/PhysRevLett.122.089901
http://dx.doi.org/10.1016/j.physletb.2015.08.047
https://arxiv.org/abs/1503.04114
http://dx.doi.org/10.1103/PhysRevD.94.052012
https://arxiv.org/abs/1603.06896
http://dx.doi.org/10.1103/PhysRevD.96.072004
https://arxiv.org/abs/1707.00350
http://dx.doi.org/10.1007/JHEP08(2018)152
https://arxiv.org/abs/1806.03548

