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The Georgi-Machacek (GM) model is a distinctive TeV-scale extension of the Standard Model (SM) due
to the introduction of two (one real and one complex) scalar triplets to the Higgs sector. It predicts the
existence of doubly charged Higgs bosons H��

5 and the vacuum expectation value of Higgs triplets vΔ can
reach a few tens of GeV. In this paper, we perform a parameter scan of the GM model within the H5plane
benchmark scenario and investigate in detail the single production of a doubly charged Higgs boson in
association with a SM-like Higgs boson via vector-boson fusion at the 14 TeV LHC and 70 TeV Super
Proton-Proton Collider. Both integrated cross section and differential distributions with respect to some
kinematic variables for pp → W�W� → H��

5 h0 þ 2 jets are provided up to the QCD next-to-leading
order. In the signal-background analysis, we employ the MADSPIN method to take into account the spin
correlation and finite width effects of the intermediate Higgs and W bosons and present some kinematic
distributions of final leptons. The numerical results show that the SM background can be suppressed
remarkably and the H��

5 h0 vector-boson fusion signal can be directly detected at future high-luminosity,
high-energy hadron colliders by imposing a proper cut on the transverse mass MT;l1l2

.
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I. INTRODUCTION

The 125 GeV Higgs boson has been discovered at CERN
Large Hadron Collider (LHC)[1,2]. The structure of the
Higgs sector plays a crucial role for understanding the
electroweak symmetry breaking and the mass origin of
fundamental particles. In addition to the precise measure-
ment of gauge, Yukawa, and self-couplings of the 125 GeV
Higgs boson, the search for the exotic Higgs bosons
predicted by some new physics models is an important
task of the LHC and future hadron and lepton colliders.
These new physics models may give a hint to solve the
problems of the Standard Model (SM), such as the gauge
hierarchy, the candidate for dark matter, the neutrino
oscillation, and mass origin of neutrinos, etc.
Among all the extensions of the SM, the Georgi-

Machacek (GM) model[3,4] is interesting due to the
existence of Higgs triplets. The Higgs sector of the GM
model consists of the following three SUð2ÞL scalar
multiplets,

χ ≡ ðχþþ; χþ; χ0Þ∶ complex triplet; Y ¼ 2;

ξ≡ ðξþ; ξ0; ξ−Þ∶ real triplet; Y ¼ 0;

ϕ≡ ðϕþ;ϕ0Þ∶ complex doublet; Y ¼ 1;

ð1:1Þ
where Y is the hypercharge and ðϕþ;ϕ0Þ is the SM Higgs
doublet. The electroweak parameter ρ≡M2

W=ðM2
Zcos

2θWÞ is
kept to beunitary at tree level due to the custodial symmetry [4]
and the vacuumexpectationvalue of the tripletsvΔ can reach a
few tens of GeV. The GM model predicts many more scalars
than the SM, including one Higgs fiveplet H5 ¼ ðHþþ

5 ;
Hþ

5 ; H
0
5; H

−
5 ; H

−−
5 Þ, one Higgs triplet H3 ¼ ðHþ

3 ; H
0
3; H

−
3 Þ,

and twoHiggs singletsH0 and h0. Theweak gauge couplings
of fiveplet Higgs bosons are proportional to vΔ at tree level in
the GM model. However, these couplings are absent in the
doublet extensions (e.g., the twoHiggs doubletmodel) and are
stringently constrained in some other triplet models (e.g., the
left-right symmetric model). Thus, a distinct signal of the GM
model is the production of a doubly chargedHiggs bosonwith
subsequent decay to two same-sign weak gauge bosons at
hadron colliders [5].
The phenomenology of the exotic Higgs bosons in the

GM model at future electron-positron colliders was
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investigated in Ref. [6]. In Ref. [7], the custodial symmetry
was discussed in the fiveplet Higgs production via vector-
boson fusion (VBF) at the LHC. The fiveplet Higgs VBF
production, pair production, and associated production
with a vector boson at the LHC in the GM model at the
QCD next-to-leading order (NLO), including parton
shower matching, have been studied in Ref. [8] by employ-
ing MADGRAPH5_AMC@NLO [9]. The inclusive cross
section for single Higgs production via VBF at the LHC
in the GMmodel has been calculated up to the next-to-next-
to-leading-order (NNLO) accuracy in QCD by using the so-
called structure function method in Ref. [10].
Compared to the single production, the pair production

of Higgs boson can be used to test the strengths of Higgs
self-couplings, which are extremely significant for under-
standing the electroweak symmetry breaking. In this paper,
we focus on the production of doubly charged Higgs boson
H��

5 in association with a SM-like Higgs boson h0 via VBF
at hadron colliders. The VBF mechanism of H��

5 h0-
associated production provides a clean experimental sig-
nature of two centrally produced Higgs bosons with two
hard jets in the forward-backward rapidity region [11]. The
presence of the SM-like Higgs boson in the final state is a
unique feature in tagging the pp → W�W� → H��

5 h0 þ 2

jets process, and the SM background to this VBF-
associated production channel is reduced apparently in
comparison with the VBF single production of the doubly
charged Higgs boson.
The rest of this paper is organized as follows. In Sec. II,

we briefly review the Georgi-Machacek model. In Sec. III,
we provide the numerical results of both integrated and
differential cross sections for the associated production of
H��

5 h0 via VBF in the H5plane benchmark scenario of the
GM model at the QCD NLO and discuss the signal and the
corresponding SM background of this process. Finally, a
short summary is given in Sec. IV.

II. GEORGI-MACHACEK MODEL

The Higgs sector of the GM model consists of three
isospin multiplets: a complex doublet ϕ with Y ¼ 1, which
is identified as the SM Higgs doublet, a real triplet ξ with
Y ¼ 0, and a complex triplet χ with Y ¼ 2. All these Higgs
fields can be written in the form of a bidoublet Φ and a
bitriplet Δ under the global SUð2ÞL × SUð2ÞR symmetry,

Φ¼
�

ϕ0� ϕþ

−ϕ− ϕ0

�
; Δ¼

0
B@

χ0� ξþ χþþ

−χ− ξ0 χþ

χ−− −ξ− χ0

1
CA; ð2:1Þ

where ϕ− ¼ ϕþ�, χ− ¼ χþ�, and χ−− ¼ χþþ�. The most
general SUð2ÞL × SUð2ÞR ×Uð1ÞY gauge invariant Higgs
potential, which can ensure that ρ ¼ 1 at tree level, is
given by

VH ¼ μ22
2
TrðΦ†ΦÞ þ μ23

2
TrðΔ†ΔÞ þ λ1½TrðΦ†ΦÞ�2

þ λ2TrðΦ†ΦÞTrðΔ†ΔÞ þ λ3Tr½ðΔ†ΔÞ2�

þ λ4½TrðΔ†ΔÞ�2 − λ5Tr

�
Φ† τ

a

2
Φ
τb

2

�
TrðΔ†taΔtbÞ

−M1Tr

�
Φ† τ

a

2
Φ
τb

2

�
ðP†ΔPÞab

−M2TrðΔ†taΔtbÞðP†ΔPÞab; ð2:2Þ

where τaða ¼ 1; 2; 3Þ are the Pauli matrices,

t1 ¼ 1ffiffiffi
2

p

0
B@

0 1 0

1 0 1

0 1 0

1
CA; t2 ¼ 1ffiffiffi

2
p

0
B@

0 −i 0

i 0 −i
0 i 0

1
CA;

t3 ¼

0
B@

1 0 0

0 0 0

0 0 −1

1
CA ð2:3Þ

are the SUð2Þ generators for the triplet representation, and
the matrix P is given by

P ¼ 1ffiffiffi
2

p

0
B@

−1 i 0

0 0
ffiffiffi
2

p

1 i 0

1
CA: ð2:4Þ

The vacuum expectation values are defined by

hΦi ¼ vϕffiffiffi
2

p diagð1; 1Þ; hΔi ¼ diagðvχ ; vξ; vχÞ: ð2:5Þ

The SUð2ÞL × SUð2ÞR → SUð2ÞV symmetry breaking
implies that vχ¼vξ≡vΔ and v2ϕþ8v2Δ¼v2≈ð246GeVÞ2.
The physical Higgs components can be organized into
a fiveplet ðH��

5 ; H�
5 ; H

0
5Þ, a triplet ðH�

3 ; H
0
3Þ, and two

singlets h0 and H0 of the custodial SUð2ÞV symmetry.
These mass eigenstates are given by [7]

H��
5 ¼ χ��; H�

5 ¼ ðχ�− ξ�Þffiffiffi
2

p ; H0
5 ¼

ffiffiffi
1

3

r
χ0R−

ffiffiffi
2

3

r
ξ0R;

H�
3 ¼−sinθHϕ�þ cosθH

ðχ�þ ξ�Þffiffiffi
2

p ;

H0
3 ¼−sinθHϕ0

I þ cosθHχ0I ;

h0 ¼ cosαϕ0
R− sinα

 ffiffiffi
2

3

r
χ0Rþ

ffiffiffi
1

3

r
ξ0R

!
;

H0 ¼ sinαϕ0
Rþ cosα

 ffiffiffi
2

3

r
χ0Rþ

ffiffiffi
1

3

r
ξ0R

!
; ð2:6Þ
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where cos θH ¼ vϕ=v, and the real fields ϕ0
R;I, χ

0
R;I, and ξ0R

are defined by

ϕ0 ¼ vϕffiffiffi
2

p þ ϕ0
R þ iϕ0

Iffiffiffi
2

p ;

χ0 ¼ vχ þ
χ0R þ iχ0Iffiffiffi

2
p ; ξ0 ¼ vξ þ ξ0R: ð2:7Þ

The masses of the SUð2ÞV fiveplet and triplet Higgs bosons
can be, respectively, expressed as1

m2
5 ¼
�
M1

4vΔ
þ3

2
λ5

�
v2þ

�
−2M1þ12M2

vΔ
þ8λ3−12λ5

�
v2Δ;

m2
3 ¼
�
M1

4vΔ
þ1

2
λ5

�
v2: ð2:8Þ

The mass-squared matrix of the SUð2ÞV singlet sector in

the basis of fϕ0
R;

ffiffi
2
3

q
χ0R þ

ffiffi
1
3

q
ξ0Rg is written as

M2 ¼
�
M2

11 M2
12

M2
12 M2

22

�
; ð2:9Þ

where

M2
11 ¼ 8λ1v2ϕ;

M2
22 ¼

M1

4vΔ
v2 þ

�
−2M1 − 6M2

vΔ
þ 8λ3 þ 24λ4

�
v2Δ;

M2
12 ¼

ffiffiffi
3

p

2

�
−M1

vΔ
þ 8λ2 − 4λ5

�
vϕvΔ: ð2:10Þ

Consequently, the masses of the two SUð2ÞV singlet Higgs
bosons mh0;H0 and the mixing angle α are given by

diagðm2
h0 ; m

2
H0Þ ≅ M2; tan 2α ¼ 2M2

12

M2
22 −M2

11

; ð2:11Þ

where mh0 < mH0 and M12 sin 2α > 0. h0 is identified as
the SM-like Higgs boson discovered at the LHC.
The electroweak gauge sector and the Higgs sector of the

GM model involve two and nine independent input
parameters, respectively. In this paper, the 11 input param-
eters for these two sectors are chosen as

fGF;mW;mZ;mh0 ; m5; vΔ;M1;M2; λ2; λ3; λ4g: ð2:12Þ

The first four SM input parameters are fixed as [12]

GF ¼ 1.1663787 × 10−5 GeV−2;

mW ¼ 80.325 GeV; mZ ¼ 91.1876 GeV;

mh0 ¼ 125.09 GeV: ð2:13Þ

The rest of the seven input parameters are taken as [13]

M1 ¼ 4ð1þ
ffiffiffi
2

p
GFm2

5ÞvΔ; M2¼
1

6
M1;

λ2 ¼ 0.4×
m5

1000GeV
; λ3¼−0.1; λ4¼ 0.2; ð2:14Þ

where m5 and vΔ scan over the region of

ðm5; vΔÞ ∈ ½200; 1000� × ð0; 50� ðGeVÞ: ð2:15Þ

This input parameter setting, called the “H5plane” bench-
mark scenario, can be implemented by using the input set 4
in GMCALC and satisfies the theoretical constraints from
perturbative unitarity, the bounded-from-below require-
ment on the Higgs potential, and the avoidance of
SUð2ÞV-breaking vacua [14,15].

III. NUMERICAL RESULTS AND DISCUSSION

To select the VBF events characterized by two hard jets
in the forward and backward rapidity regions, we apply the
following VBF cuts on the final state,

pT;j1;2 > 30 GeV; jηj1;2 j < 4.5; jηj1 − ηj2 j > 4;

ηj1 · ηj2 < 0; Mj1j2 > 600 GeV; ð3:1Þ

where j1 and j2 represent the two hardest jets in the final
state,2 and pTj1;2

, ηj1;2 , and Mj1j2 denote the transverse

momenta, pseudorapidities, and invariant mass of the
two hardest jets, respectively. Compared to the VBF
mechanism, the Higgs-strahlung mechanism for H��

5 h0-
associated production, i.e., pp → W� → H��

5 h0 þ 2 jets,
is heavily suppressed by the VBF cuts and thus can be
neglected. The leading-order parton-level Feynman dia-
grams for H��

5 h0-associated production via VBF mecha-
nism in the GM model at a hadron collider are presented in
Fig. 1. In this section, we study in detail the associated
production of H��

5 h0 via the VBF mechanism at the
14 TeV LHC and 70 TeV Super Proton-Proton Collider
(SPPC) [16]. We use the FEYNRULES [17] and NLOCT [18]
packages to generate a model file in Universal FeynRules
Output format [19] at the QCD NLO, and then employ
MADGRAPH5_AMC@NLO to calculate the NLO QCD cor-
rections in the GM model. We adopt the NNPDF2.3QED
parton distribution functions in the initial-state parton

1The SUð2ÞV fiveplet Higgs bosons ðH��
5 ; H�

5 ; H
0
5Þ have the

same mass m5 and the SUð2ÞV triplet Higgs bosons ðH�
3 ; H

0
3Þ

have the same mass m3.

2j1 and j2 are called leading and next-to-leading jets, respec-
tively, according to their transverse momentum in decreasing
order, i.e., pT;j1 > pT;j2 .
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convolution, set the factorization and renormalization
scales to the paronic colliding energy in the center-of-mass
frame (μR ¼ μF ¼ ffiffiffî

s
p

), assume VCKM ¼ 13×3 since the
VBF production rate is independent of quark mixing, and
use the anti-kT algorithm [20] with radius ΔR ¼ 0.4 to
cluster hadrons into jets with the help of FASTJET [21,22] in
NLO QCD real emission corrections.

A. H��h0 VBF production

In Fig. 2, we display the leading-order (LO) cross section
for pp → WþWþ → Hþþ

5 h0 þ 2 jets as a function of m5

and vΔ in the H5plane benchmark scenario of the GM
model at the 14 TeV LHC (left) and 70 TeV SPPC (right),
respectively. As shown in this figure, the line shapes of the
contours for different colliding energies are very similar.
The production cross section increases as the increment of
vΔ due to the enhancement of self- and gauge couplings of
fiveplet Higgs bosons, while it decreases as the increment
of m5 due to the suppression of final-state phase space. As
we expect, the dependence of the production rate on m5 at
the 70 TeV SPPC is much weaker than that at the 14 TeV
LHC, especially in the small vΔ region, because the phase-
space suppression is not noticeable at very high-energy
colliders. In the following, we discuss only the four
benchmark points listed in Table I in the H5plane

benchmark scenario of the GM model. These benchmark
points satisfy not only the theoretical constraints mentioned
before, but also the direct experimental constraint from the
search for H��

5 via VBF at the LHC [23], as well as the
indirect experimental constrains from B physics (such as
b → sγ, B0 − B̄0 mixing, and Rb) and electroweak oblique
parameters [24].
The Higgs boson production via VBF at hadron

colliders has been widely investigated up to the QCD
NNLO in both the SM [25,26] and the GM model [10] by
using the structure function technique. However, within the
framework of structure function, we cannot study the
kinematic distributions of final jets beyond the LO because
the final jets can only be well defined at the LO.
Thus, a full perturbative calculation (simulation) is neces-
sary when considering the NLO QCD corrections to jet
distributions.
In Tables II and III, we present the LO and NLO QCD

corrected integrated cross sections for the VBF processes

FIG. 1. LO Feynman diagrams for q1q2 → H��
5 h0q01q

0
2 via VBF.
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FIG. 2. Contours of σðpp → WþWþ → Hþþ
5 h0 þ 2 jetsÞ in the H5plane benchmark scenario of the GM model at the 14 TeV LHC

(left) and 70 TeV SPPC (right).

TABLE I. Four benchmark points in the H5plane benchmark
scenario of the GM model.

Benchmark point A B C D

ðm5; vΔÞ (GeV) (200, 20) (200, 17) (300, 20) (300, 17)
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pp → WþWþ → Hþþ
5 h0 þ 2 jets and pp → W−W− →

H−−
5 h0 þ 2 jets at the 14 and 70 TeV pp colliders,

respectively, where the scale uncertainties are calculated
by varying the renormalization and factorization scales
simultaneously in the range of ½ ffiffiffîsp

=2; 2
ffiffiffî
s

p �. The two tables
show that the cross section at benchmark point A is about
1.3–1.9 times larger than that at benchmark point D. At the
14 TeV LHC, the scale uncertainties are reduced signifi-
cantly by the NLO QCD correction. The NLO QCD
relative correction is almost independent of m5 and vΔ,
and the QCD K factors for Hþþ

5 h0 and H−−
5 h0 VBF

productions are about 1.21 and 1.25, respectively. At the
70 TeV SPPC, the LO scale uncertainties are less than 1%,
while the QCD NLO scale uncertainties are about 3%. The
production cross section is of Oð1Þ fb, and the NLO QCD
relative correction is more sensitive to m5 compared to that
at the 14 TeV LHC. As the increment of m5 from 200 to
300 GeV, the QCD K factors for Hþþ

5 h0 and H−−
5 h0 VBF

productions increase from 1.03 to 1.05 and from 1.10 to
1.13, respectively. At both the 14 TeV LHC and 70 TeV

SPPC, the VBF production of H−−
5 h0 receives slightly

larger QCD correction compared to the VBF production
of Hþþ

5 h0, which is consistent with the production
of the single doubly charged Higgs boson via VBF in
Ref. [8].
Now we turn to the differential distributions with respect

to some kinematic variables of final particles. Since the
differential cross sections for H−−

5 h0 VBF production are
similar to those for Hþþ

5 h0 VBF production, we only
consider pp → WþWþ → Hþþ

5 h0 þ 2 jets at the 14 TeV
LHC and 70 TeV SPPC at benchmark point A in the
following discussion.
We present the LO and NLO QCD corrected transverse

momentum distributions of the leading jet, h0, and Hþþ
5 in

Figs. 3–5, separately. The corresponding QCD relative
corrections are provided in the lower panels of these
figures. We can see that all these transverse momentum
distributions increase sharply in the low pT region
(pT < 70 GeV) and decrease smoothly when pT >
80 GeV with the increment of pT . At the 14 TeV LHC,
the NLO QCD correction enhances the LO transverse
momentum distributions noticeably and the QCD relative
corrections are steady at about 20% in most of the plotted
pT region. At the 70 TeV SPPC, the NLO QCD correction
modifies the LO transverse momentum distributions
slightly and the QCD relative corrections are positive
and only about Oð1%Þ when pT > 50 GeV.
The LO and NLO QCD corrected pseudorapidity dis-

tributions of the leading jet, h0, and Hþþ
5 and the corre-

sponding QCD relative corrections are displayed in
Figs. 6–8, respectively. From the left plot of Fig. 6 we
can see that both the LO and NLO QCD corrected
pseudorapidity distributions of the leading jet peak at
jηj1 j ∼ 3 at the 14 TeV LHC. As expected, the leading
jet prefers to be produced in the forward and backward
regions for a VBF event at the LHC. At the 70 TeV SPPC,
the final leading jet tends to be more collinear to the
incoming protons compared to that at the 14 TeV LHC. As
jηj1 j increases from 0 to 4.4, the QCD relative corrections
increase from −8% to 40% and from −20% to 17% at the
14 TeV LHC and 70 TeV SPPC, respectively. Figures 7 and
8 show that the final Higgs bosons (h0 andHþþ

5 ) are mostly
produced in the central pseudorapidity region. At the
14 TeV LHC, the NLO QCD correction enhances the
LO ηh0 and ηHþþ

5
distributions significantly and the QCD

relative corrections increase from 16% to 36% and from
16% to 31% as jηh0 j and jηHþþ

5
j increase from 0 to 5,

respectively. The pseudorapidity distributions of final
Higgs bosons at the 70 TeV SPPC are similar to those
at the 14 TeV LHC, but the QCD relative corrections are
relatively small and are steady at about 3%.
The LO and NLO QCD corrected invariant mass dis-

tributions of the two hardest final-state jets and the
corresponding QCD relative corrections are plotted in

TABLE II. LO and NLO QCD corrected integrated cross
sections with the corresponding upper and lower scale uncer-
tainties for pp → WþWþ → Hþþ

5 h0 þ 2 jets at the 14 and
70 TeV pp colliders.

Benchmark
point

ffiffiffi
S

p
(TeV) σLO (fb) σNLO (fb) K

A 14 0.1522þ6.6%
−5.9% 0.1826þ1.8%

−2.1% 1.20

70 1.876þ0.3%
−0.4% 1.931þ3.2%

−2.8% 1.03

B 14 0.1095þ6.3%
−6.0% 0.1320þ1.7%

−2.1% 1.21

70 1.348þ0.4%
−0.2% 1.386þ3.2%

−2.8% 1.03

C 14 0.07642þ7.1%
−6.4% 0.09265þ2.2%

−2.4% 1.21

70 1.098þ0.2%
−0.1% 1.155þ3.1%

−2.5% 1.05

D 14 0.05507þ7.1%
−6.4% 0.06675þ2.2%

−2.5% 1.21

70 0.7894þ0.3%
−0.1% 0.8276þ3.1%

−2.6% 1.05

TABLE III. Same as Table II but for pp → W−W− →
H−−

5 h0 þ 2 jets.

Benchmark
point

ffiffiffi
S

p
(TeV) σLO (fb) σNLO (fb) K

A 14 0.04708þ6.4%
−5.8% 0.05890þ1.7%

−2.2% 1.25

70 1.094þ0.4%
−0.7% 1.209þ3.3%

−3.0% 1.10

B 14 0.03386þ6.4%
−5.8% 0.04243þ1.4%

−1.9% 1.25

70 0.7864þ0.5%
−0.7% 0.8685þ3.2%

−2.9% 1.10

C 14 0.02221þ7.1%
−6.4% 0.02798þ2.1%

−2.5% 1.26

70 0.6137þ0.1%
−0.1% 0.6908þ3.0%

−2.6% 1.13

D 14 0.01601þ7.1%
−6.4% 0.02004þ3.0%

−3.2% 1.25

70 0.4417þ0.1%
−0.1% 0.4950þ3.0%

−2.6% 1.12
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FIG. 4. Transverse momentum distributions of h0 for pp → WþWþ → Hþþ
5 h0 þ 2 jets at hadron colliders.

FIG. 5. Transverse momentum distributions of Hþþ
5 for pp → WþWþ → Hþþ

5 h0 þ 2 jets at hadron colliders.

FIG. 3. Transverse momentum distributions of the leading jet for pp → WþWþ → Hþþ
5 h0 þ 2 jets at hadron colliders.
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FIG. 6. Rapidity distributions of the leading jet for pp → WþWþ → Hþþ
5 h0 þ 2 jets at hadron colliders.

FIG. 7. Rapidity distributions of h0 for pp → WþWþ → Hþþ
5 h0 þ 2 jets at hadron colliders.

FIG. 8. Rapidity distributions of Hþþ
5 for pp → WþWþ → Hþþ

5 h0 þ 2 jets at hadron colliders.
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Fig. 9. At both LO and QCD NLO, the invariant mass
distributions increase rapidly at first and then decrease
slowly as the increment of Mj1j2 . Although K > 1 for the
integrated cross section, the NLO QCD correction might
suppress the LO differential cross section in some kin-
ematic region. The right bottom panel of Fig. 9 shows that
the QCD relative correction to the invariant mass distri-
bution at the 70 TeV SPPC is negative in the region of
Mj1j2 < 1.2 TeV. At the 14 TeV LHC and 70 TeV SPPC,
the QCD relative corrections increase from −12% to 48%
and from −29% to 20%, respectively, as Mj1j2 increases
from 600 GeV to 3 TeV.

B. Signal and background

For the VBF production of H��
5 h0 at pp colliders

considered in this paper, the signal process is chosen as3

pp→W�W� →H��
5 ½→W�W� → l�

1 l
�
2 νl1
ð−Þ

νl2

ð−Þ �h0þ2 jets

ðl1;l2 ¼ e orμÞ: ð3:2Þ

Because of the smallness of the lepton Yukawa coupling
H��

5 l∓l∓, the branching ratio for H��
5 → W�W� is

almost 100% if this decay mode is kinematically allowed.
The vector-boson-associated production of H��

5 h0,
i.e., pp → H��

5 h0W∓ þ X, can also provide the same
final state as the signal process via the following cascade
decays,

H��
5 →W�W�→l�

1 l
�
2 νl1
ð−Þ

νl2
ð−Þ

and W∓→ 2 jets; ð3:3Þ

but is not taken into account in the signal-background
analysis because

σðpp → H��
5 h0W∓½→2 jets�Þ

σðpp → W�W� → H��
5 h0 þ 2 jetsÞ < 0.1% ð3:4Þ

after applying the VBF cuts. Therefore, the background to
the VBF production of H��

5 h0 mainly comes from the SM
process pp → W�W�h0 þ 2 jetsþ X with subsequent lep-
tonic decays of W bosons.
The signal and SM background events are generated by

using the MADGRAPH5 package, and the spin correlation
and finite width effects of the intermediate Higgs and W
bosons are taken into account by employing the MADSPIN

[27,28] method. When calculating the cross sections
and generating the event samples for both signal and
background, the kinematic and geometric acceptance
requirements of

pT;l > 10 GeV; jηlj < 2.5 ð3:5Þ
on the final leptons and the VBF cuts are imposed as
baseline cuts. In Fig. 10, we present the pT;l1 , ηl1 , Δϕl1l2 ,
and MT;l1l2 distributions for both signal and SM back-
ground at the 14 TeV LHC, respectively. pT;l1 and ηl1 are
the transverse momentum and pseudorapidity of the lead-
ing lepton l1, Δϕl1l2 is the azimuthal separation of the two
final-state same-sign leptons, and MT;l1l2 is the transverse
mass given by [29,30]

MT;l1l2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffih ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
l1l2

þ p2
T;l1l2

q
þ pT

i
2
− jp⃗T;l1l2 þ ⃗pT j2

r
:

ð3:6Þ

These kinematic distributions show that the line shapes of
pT;l1 , ηl1 , and Δϕl1l2 distributions of the signal are similar

FIG. 9. Invariant mass distributions of the two hardest final-state jets for pp → WþWþ → Hþþ
5 h0 þ 2 jets at hadron colliders.

3l1 and l2 are called leading and next-to-leading leptons,
respectively, according to their transverse momentum in decreas-
ing order, i.e., pT;l1

> pT;l2
.
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to those of the SM background, and the integrated cross
section of the signal process is about twice as large as that
of the SM background at the 14 TeV LHC. The differential
cross section of the signal peaks atMT;l1l2 ∼ 140 GeV and
decreases sharply to zero as MT;l1l2 increases from
140 GeV to about 200 GeV. After applying the transverse
mass cut of

MT;l1l2 < 190 GeV; ð3:7Þ

the SM background can be suppressed significantly,
while almost all the signal events can pass this transverse
mass cut.
The significance of signal over background S is

defined as

S ¼ NSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NS þ NB

p ¼ σSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σS þ σB

p
ffiffiffiffi
L

p
; ð3:8Þ

where NS;B and σS;B are the event numbers and the cross
sections for signal and background, respectively, and

L represents the integrated luminosity. In Table IV we
provide the cross sections for the signal and the SM
background before and after applying the event selection
criterion in Eq. (3.7), as well as the significance based on
L ¼ 100 and 3000 fb−1 which can be accumulated at the
future High-Luminosity Large Hadron Collider [31]. The
kinematic cuts I and II in Table IV represent “baseline cuts”
and “baseline cuts þ event selection criterion (transverse
mass cut),” respectively. This table shows that the signifi-
cance is only about 0.8 with 100 fb−1 integrated luminosity
and can exceed four with 3000 fb−1 integrated luminosity
at the 14 TeV pp collider by imposing only the baseline
cuts. As the colliding energy increases to 70 TeV, the cross
sections for the signal and the SM background increase to
about 0.15 and 0.2 fb, and the significance can reach about
2.5 and 13.6 with L ¼ 100 and 3000 fb−1, respectively.
After applying the transverse mass cut on the two final-state
same-sign leptons, the SM background is reduced over
50%, but the loss of signal is less than 1%, especially at
very high-energy pp colliders. This large suppression of
the SM background by the event selection criterion

FIG. 10. Differential distributions of the final leptons for both signal and SM background at the 14 TeV LHC.
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improves the significance of H��
5 h0 VBF signal. For

example, the significance can reach about 3.1 by applying
the event selection criterion at the 70 TeV SPPC with
100 fb−1 integrated luminosity. At the 14 TeV LHC and
70 TeV SPPC, the luminosities required for the S ≥ 5

discovery of the H��
5 h0 VBF signal are about 4100 and

400 fb−1 by imposing only the baseline cuts and can be
reduced to about 3400 and 250 fb−1 by further applying the
transverse mass cut. It is concluded that the H��

5 h0 VBF
signal can be directly detected at future high-luminosity,
high-energy hadron colliders if the dynamics of beyond the
SM physics is governed by the GM model.

IV. SUMMARY

The existence of a doubly charged Higgs boson is a
distinct feature of the GM model. In this work, we perform
a parameter scan of the GM model on the m5–vΔ plane and
investigate in detail the doubly charged Higgs boson
production in association with a SM-like Higgs boson
via VBF in the H5plane benchmark scenario at the 14 TeV
LHC and 70 TeV SPPC. Both the integrated cross section
and the distributions with respect to some kinematic
variables of final Higgs bosons and leading jet are provided
up to the QCD NLO. The numerical results show that the
NLO QCD correction can enhance the total cross section
for pp → WþWþ → Hþþ

5 h0 þ 2 jets by about 20% and

3–5% at the 14 TeV LHC and 70 TeV SPPC, respectively.
The theoretical uncertainty due to the renormalization,
factorization scale is underestimated at the LO at the
70 TeV SPPC, while it can be suppressed significantly by
the NLO QCD correction at the 14 TeV LHC. In the signal-
background analysis, we adopt the MADSPIN method to
take into account the spin correlation and finitewidth effects
in dealing with the cascade decay of the doubly charged

Higgs boson H��
5 → W�W� → l�

1 l
�
2 νl1
ð−Þ

νl2
ð−Þ

and provide
the distributions of final leptons for the signal and the SM
background. We find that the SM background can be
reduced remarkably and the significance of the H��

5 h0

VBF process can be improved by imposing a proper cut on
the transverse massMT;l1l2

. ThisH��
5 h0 VBF signal can be

directly detected at future high-luminosity, high-energy
hadron colliders if the Higgs sector of new physics is
described by the GM model.

ACKNOWLEDGMENTS

This work is supported in part by the National Natural
Science Foundation of China (Grants No. 11775211,
No. 11535002, No. 11375171, and No. 11675033), the
Fundamental Research Funds for the Central Universities
(Grant No. DUT18LK27), and the CAS Center for
Excellence in Particle Physics (CCEPP).

[1] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 716, 1
(2012).

[2] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B
716, 30 (2012).

[3] H. Georgi and M. Machacek, Nucl. Phys. B262, 463 (1985).
[4] M. S. Chanowitz and M. Golden, Phys. Lett. 165B, 105

(1985).
[5] C.-W. Chiang, A.-L. Kuo, and T. Yamada, J. High Energy

Phys. 01 (2016) 120.

[6] C.-W. Chiang, S. Kanemura, and K. Yagyu, Phys. Rev. D
93, 055002 (2016).

[7] C.-W. Chiang and K. Yagyu, J. High Energy Phys. 01
(2013) 026.

[8] C. Degrande, K. Hartling, H. E. Logan, A. D. Peterson, and
M. Zaro, Phys. Rev. D 93, 035004 (2016).

[9] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H.-S. Shao, T. Stelzer, P. Torrielli, and M. Zaro,
J. High Energy Phys. 07 (2014) 079.

TABLE IV. Cross sections for signal and SM background as well as the significance based on L ¼ 100 and
3000 fb−1 before (I) and after (II) applying the event selection criterion in Eq. (3.7) at the 14 and 70 TeV pp
colliders.

ffiffiffi
S

p ¼ 14 TeV
ffiffiffi
S

p ¼ 70 TeV

Cuts σS (fb) σB (fb) S σS (fb) σB (fb) S

I 0.00984 0.00615 0.778 ð100 fb−1Þ 0.147 0.203 2.48 ð100 fb−1Þ
4.26 ð3000 fb−1Þ 13.6 ð3000 fb−1Þ

II 0.00975 0.00300 0.863 ð100 fb−1Þ 0.145 0.0698 3.13 ð100 fb−1Þ
4.73 ð3000 fb−1Þ 17.1 ð3000 fb−1Þ

YANG, ZHANG, MA, JIANG, LI, and SUN PHYS. REV. D 98, 055034 (2018)

055034-10

https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/0550-3213(85)90325-6
https://doi.org/10.1016/0370-2693(85)90700-2
https://doi.org/10.1016/0370-2693(85)90700-2
https://doi.org/10.1007/JHEP01(2016)120
https://doi.org/10.1007/JHEP01(2016)120
https://doi.org/10.1103/PhysRevD.93.055002
https://doi.org/10.1103/PhysRevD.93.055002
https://doi.org/10.1007/JHEP01(2013)026
https://doi.org/10.1007/JHEP01(2013)026
https://doi.org/10.1103/PhysRevD.93.035004
https://doi.org/10.1007/JHEP07(2014)079


[10] M. Zaro and H. Logan, CERN Report No. LHCHXSWG-
2015-001.

[11] T. Figy, D. Zeppenfeld, and C. Oleari, Phys. Rev. D 68,
073005 (2003).

[12] C. Patrignani et al. (Particle Data Group Collaboration),
Chin. Phys. C 40, 100001 (2016).

[13] H. E. Logan, https://twiki.cern.ch/twiki/pub/LHCPhysics/
LHCHXSWGGM/h5plane-benchmark.pdf.

[14] K. Hartling, K. Kumar, and, and H. E. Logan, Phys. Rev. D
90, 015007 (2014).

[15] K. Hartling, K. Kumar, and H. E. Logan, arXiv:1412.7387.
[16] CEPC-SPPC Study Group Collaboration, CEPC-SPPC

Study Group Reports No. IHEP-CEPC-DR-2015-01,
No. IHEP-AC-2015-01.

[17] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr, and B.
Fuks, Comput. Phys. Commun. 185, 2250 (2014).

[18] C. Degrande, Comput. Phys. Commun. 197, 239 (2015).
[19] C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O.

Mattelaer, and T. Reiter, Comput. Phys. Commun. 183,
1201 (2012).

[20] M. Cacciari, G. P. Salam, and G. Soyez, J. High Energy
Phys. 04 (2008) 063.

[21] M. Cacciari and G. P. Salam, Phys. Lett. B 641, 57 (2006).
[22] M. Cacciari, G. P. Salam, and G. Soyez, Eur. Phys. J. C 72,

1896 (2012).
[23] A. M. Sirunyan et al. (CMS Collaboration), Phys. Rev. Lett.

120, 081801 (2018).
[24] K. Hartling, K. Kumar, and H. E. Logan, Phys. Rev. D 91,

015013 (2015).
[25] P. Bolzoni, F. Maltoni, S. O. Moch, and M. Zaro, Phys. Rev.

D 85, 035002 (2012).
[26] L.-S. Ling, R.-Y. Zhang, W.-G. Ma, L. Guo, W.-H. Li, and

X.-Z. Li, Phys. Rev. D 89, 073001 (2014).
[27] S. Frixione, E. Laenen, P. Motylinski, and B. R. Webber,

J. High Energy Phys. 04 (2007) 081.
[28] P. Artoisenet, R. Frederix, O. Mattelaer, and R. Rietkerk,

J. High Energy Phys. 03 (2013) 015.
[29] J. Bagger, V. Barger, K. Cheung, J. Gunion, T. Han, G. A.

Ladinsky, R. Rosenfeld, and C.-P. Yuan, Phys. Rev. D 52,
3878 (1995).

[30] V. Barger, T. Han, and J. Ohnemus, Phys. Rev. D 37, 1174
(1988).
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