
 

Search for a lighter neutral custodial fiveplet scalar in the
Georgi-Machacek model*

Chu Wang(王储)1,2     Jun-Quan Tao(陶军全)1†     M. Aamir Shahzad1,2     Guo-Ming Chen(陈国明)1,2     S. Gascon-Shotkin3

1Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
2University of Chinese Academy of Sciences, Beijing 100049, China

3Institut de Physique des 2 Infinis de Lyon, Université de Lyon, Université Claude Bernard Lyon 1, CNRS-IN2P3, Villeurbanne 69622, France

GeV
H0

5

GeV
H0

5
H0

5

Abstract: Many researches from both theoretical and experimental perspectives have been performed to search for
a new Higgs Boson that is lighter than the 125  Higgs boson, which was discovered at the LHC in 2012. In this
study,  we  explore  the  possibility  of  constraining  a  lighter  neutral  custodial  fiveplet  scalar  in  the  Georgi-
Machacek  (GM) model  using  the  latest  results  of  the  search  for  a  lighter  Higgs  boson  decaying  into  two photons
from LHC data. The custodial-singlet mass eigenstate h or H is considered to be the LHC observed 125  Higgs
boson.  A new set  of  constrained parameters  that  is  favoured by low-mass  is proposed to  generate  events  effi-
ciently. The production of  from a scan based on the constrained parameters is compared to the latest results of
the search for a lighter Higgs boson decaying into two photons by the CMS Collaboration after applying theoretical
constraints from the GM model and constraints from all existing relevant experimental measurements, including the
recent results of the Higgs boson searches by the LHC. Numerical analyses of the surviving GM parameter space are
performed. The tendencies and correlations of the GM input parameters from phenomenological studies are summar-
ized. In addition, the discovery potential  of the other interesting decay channels of this low-mass neutral  custodial
fiveplet scalar are discussed.
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I.  INTRODUCTION

The  standard  model  (SM)  of  particle  physics  [1– 3]
can explain  high-energy  experimental  results  success-
fully. Particle  masses  arise  from  the  spontaneous  break-
ing of electroweak symmetry, which is achieved through
the Brout-Englert-Higgs (BEH) mechanism [4–9]. In the
BEH  mechanism,  only  one  scalar  field  remains  with  its
corresponding quantum,  the  Higgs  boson,  which  was  fi-
nally discovered  at  the  LHC  with  a  mass  of  approxim-
ately 125 GeV [10–13]. The latest measurements [14–18]
of this Higgs boson at the LHC exhibited no bias from the
SM predicted  Higgs  boson.  However,  numerous  import-
ant questions about the nature and origin of the Higgs bo-
son discovered at  the LHC remain unanswered.  The SM
cannot  explain  many  observations,  such  as  dark  matter
and neutrino  masses,  and  puzzles,  including  the  hier-
archy  and  strong-CP  problems  [19].  Physics  beyond  the

SM (BSM) can provide a Higgs boson that is compatible
with the observed 125 GeV Higgs boson and can address
some of the questions that remain unanswered by the SM.
The extended  Higgs  sector  of  the  BSM  models,  for  ex-
ample,  the  next-to-minimal  supersymmetric  standard
model  (NMSSM)  [20, 21]  and  generalized  two  Higgs
doublet  model  (2HDM)  [22, 23], can  also  provide  addi-
tional Higgs bosons with masses below 125 GeV, which
can  give  rise  to  a  rich  and  interesting  phenomenology
[24–27].

Another phenomenologically interesting model is  the
Georgi-Machacek (GM) model [28, 29], which provides a
prototype  for  extensions  of  the  SM  Higgs  sector  by
adding  scalars  in  isospin-triplet  to  preserve  custodial
SU(2)  symmetry.  The  GM  model  can  be  generalized  to
include  scalars  in  isospin  representations  larger  than
triplets  under  the  custodial  symmetry  [30].  The  physical
fields of the generalized GM model can be transformed to
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a fiveplet,  triplet,  and two singlets.  The couplings of  the
SM-like  Higgs  boson  in  the  GM  model  to  and 
can  be  larger  than  those  in  the  SM.  The  singly-  and
doubly-charged scalars  couple  at  tree  level  to  vector  bo-
son  pairs.  These  futures  make  this  model  interesting  to
the  experimental  communities  performing  direct
searches, for example, at the LHC [31–34]. LHC experi-
ments have  sensitivity  to  the  production  of  the  fermio-
phobic  custodial-fiveplet  states , ,  and . Nu-
merous  studies  with  their  masses  ( )  greater  than  200
GeV have been performed, guided with the so-called H5-
plane benchmark by the LHC Higgs Cross Section Work-
ing  Group  [35].  Detailed  phenomenological  studies  can
be  found  in  [36]. Both  ATLAS  and  CMS  have  per-
formed searches for diphoton resonances in mass regions
lower than  125  GeV;  it  is  interesting  to  verify  the  phe-
nomenology of the neutral custodial fiveplet scalar  in
the lower mass range.  Recently,  a  new benchmark plane
known  as  the  low-  benchmark  was  introduced  and
studied [37]. To study the updated constraints on the GM
model from LHC Run2 (see [38] for details), the ATLAS
results of the diphoton resonance search using LHC Run1
8  TeV  data  [39]  were  compared  with  GM  de-
cays  from  a  general  scan  with  10000  points.  The  CMS
Collaboration published the results of the search for low-
mass  Higgs  bosons  in  the  mass  range  from  70  to  110

 in the diphoton channel, with the full 2016 dataset at
 = 13 TeV [40], which exhibited greater sensitivity in

the same mass range than that of the ATLAS result with
80  data at  = 13 TeV [41], as illustrated in Fig. 1
of  Ref.  [42].  Therefore,  the  CMS searching  results  have

more stringent constraints on the GM model.

H0
5
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5
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In  this  paper,  the  phase  space  of  the  free  parameters
of  the  GM  model,  which  is  favored  for  the  low-mass
neutral  custodial  fiveplet  scalar ,  is  carefully  studied.
We  explore  the  possibility  of  constraining  the  low-mass

 in  the  GM model  by comparing the  production rates
of  the  decays  with  the  latest  CMS  results  [40]
after applying theoretical constraints and constraints from
experimental  measurements.  The  phenomenology  of  the
surviving  GM  parameter  space  from  this  comparison  is
summarized.  In  addition,  the  discovery  potential  of  the
other interesting decay channels of this low-mass neutral
custodial fiveplet scalar is studied and discussed. This pa-
per is  organized as  follows:  In  Section  II,  we briefly  in-
troduce the GM model and our chosen parameter  ranges
for the  scan.  The  numerical  analyses  and  results  are  de-
scribed in Section III. Finally, the conclusions are presen-
ted in Section IV. 

II.  GM MODEL AND ITS CONSTRAINTS
 

A.    Brief description of the GM model

ϕ+ ϕ0 ξ+

ξ0 ξ− χ+ χ+ χ0

L× R

The scalar  sector  of  the  GM model  [28, 29]  consists
of the usual  complex doublet  ( , ),  a  real  triplet  ( ,

, ),  and a complex triplet ( , , ).  To make the
global SU(2) SU(2)  symmetry explicit,  the doublet  is
expressed  in  the  form  of  a  bi-doublet  Φ,  whereas  the
triplets are combined to form a bi-triplet X. 

Φ =

(
ϕ0∗ ϕ+

−ϕ+∗ ϕ0

)
, X =

 χ
0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0

 . (1)

⟨Φ⟩ = (vϕ/
√

2)I2×2 ⟨X⟩ = vχI3×3 I2×2 I3×3

The vevs (vacuum expectation values) are defined by
 and ,  where  and 

are  the  unit  matrices.  The W and Z boson masses  con-
strain 

v2
ϕ+8v2

χ ≡ v2 =
1
√

2GF
≈ (246 GeV)2 (2)

GFwith  as the Fermi constant.
The most  general  gauge-invariant  scalar  potential  in-

volving these fields that conserves the custodial SU(2) is
given by 

V(Φ,X) =
µ2

2

2
Tr(Φ†Φ)+

µ2
3

2
Tr(X†X)

+λ1[Tr(Φ†Φ)]2+λ2Tr(Φ†Φ)Tr(X†X)

+λ3Tr(X†XX†X)+λ4[Tr(X†X)]2

−λ5Tr(Φ†τaΦτb)Tr(X†T a
1 XT b

1 )
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Fig. 1.    (color online) Cross sections of  and  at
the LHC with  = 13 TeV as a function of  mass ( ) in
picobarns  (pb),  computed  using  at
NLO in  QCD,  with  the  total  uncertainties  from the  PDF, ,
and  QCD  scales  shown  as  the  filled  area  around  the  central
lines.
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−M1Tr(Φ†τaΦτb)(UXU†)ab

−M2Tr(X†T aXT b)(UXU†)ab. (3)

τa = σa/2 σa

T a
1

Here, the SU(2) generators for the doublet representa-
tion are , where  is the Pauli matrices, and the
generators for the triplet representation  are
 

T 1 =


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,

T 2 =


0 − i

√
2

0

i
√

2
0 − i

√
2

0
i
√

2
0


,

T 3 =

 1 0 0
0 0 0
0 0 −1

 . (4)

The matrix U is given by [43]
 

U =


− 1
√

2
0

1
√

2

− i
√

2
0 − i

√
2

0 1 0


. (5)

The physical  fields  can  be  organized  by  their  trans-
formation properties under custodial SU(2) symmetry in-
to  two  singlets,  a  triplet,  and  a  fiveplet.  The  triplet  and
fiveplet states are given by
 

H+3 =− sHϕ
++ cH

(
χ++ ξ+

)
√

2
,

H0
3 =− sHϕ

0,i+ cHχ
0,i,

H++5 =χ
++,

H+5 =
(
χ+− ξ+)
√

2
,

H0
5 =−

√
2
3
ξ0+

√
1
3
χ0,r, (6)

where the vevs are parameterized by
 

cH ≡ cosθH =
vϕ
v
, sH ≡ sinθH =

2
√

2vχ
v
, (7)

and  the  neutral  fields  can  be  decomposed  into  real  and
imaginary parts according to 

ϕ0→
vϕ√

2
+
ϕ0,r + iϕ0,i

√
2
, χ0→ vχ+

χ0,r + iχ0,i

√
2
,

ξ0→ vχ+ ξ0. (8)

µ2
2 µ2

3

The masses within each custodial multiplet are degen-
erate at  tree level,  and after  eliminating  and  in fa-
vor of the vevs, the masses can be written as1) 

m2
5 =

M1

4vχ
v2
ϕ+12M2vχ+

3
2
λ5v2
ϕ+8λ3v2

χ,

m2
3 =

M1

4vχ
(v2
ϕ+8v2

χ)+
λ5

2
(v2
ϕ+8v2

χ). (9)

The two singlet mass eigenstates are given by 

h =cosαϕ0,r − sinαH0′
1 ,

H =sinαϕ0,r + cosαH0′
1 , (10)

where 

H0′
1 =

√
1
3
ξ0+

√
2
3
χ0,r. (11)

The mixing angle and masses are given by 

sin2α =
2M2

12

m2
H −m2

h

, cos2α =
M2

22−M2
11

m2
H −m2

h

,

m2
h,H =

1
2

M2
11+M2

22∓
√(
M2

11−M2
22

)2
+4

(
M2

12

)2
 .
(12)

The elements of their mass matrix are given by 

M2
11 =8λ1v2

ϕ,

M2
12 =

√
3

2
vϕ

[
−M1+4(2λ2−λ5)vχ

]
,

M2
22 =

M1v2
ϕ

4vχ
−6M2vχ+8(λ3+3λ4)v2

χ. (13)

mh < mHWe  define H to  be  heavier  than h ( ),  and
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M1/vχ vχ→ 0 M1/vχ = 4/v2
ϕ

[
µ2

3 + (2λ2 −λ5)v2
ϕ +4(λ3 +3λ4)v2

χ −6M2vχ
]

∂V/∂vχ = 0
1) Note that the ratio  is finite in the limit , , which follows from the minimization con-

dition .
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either h or H can be the observed 125 GeV Higgs boson
at the LHC. 

B.    Constraints on the GM model and its parameters
GMCALC

param_card.dat
MadGraph5_aMC@NLO

MadGraph5_
aMC@NLO

b→ sγ B0
s → µ+µ−

HiggsBounds 5
HiggsS ignals 2

The program package  (version 1.5.0)  [44]
with  Fortran  code  is  employed  in  this  study  to  calculate
the mass spectrum of the Higgs bosons in the GM model,
their  decaying  branching  ratios  (BR)  and  total  widths,
their relevant mixing angles, and the tree-level couplings
of  the  Higgs  bosons  to  other  particles.  It  also  includes  a
routine  to  generate  the  datacard  " "  to  be
used by  [45] with implementa-
tion  of  the  corresponding  FeynRules  [46]  model  for  the
cross  sections  of  the  GM  Higgs  bosons.  The  FeynRules
implementation for the GM model includes the automat-
ic calculation  of  the  next-to-leading  order  QCD  correc-
tions. The Universal FeynRules Output (UFO) file of the
FeynRules implementation for the GM model, which can
be  downloaded  from  [47],  is  used  by 

 (version 2.7.2) in this study. The theoretical
constraints  in  this  paper  include  the  conditions  for  tree-
level  unitarity,  the  bounded-from-below  requirement  on
the  scalar  potential,  and  the  absence  of  deeper  custodial
symmetry-breaking  minima,  as  detailed  in  [44].  Indirect
constraints  from  the S parameter  and  flavor  physics

 and  are  also  considered.  Constraints
from the public tools -  [48] (version 5.8.0)
and -  [49]  (version  2.5.1)  are  applied  to
further  compare  the  predictions  of  the  custodial-singlet
mass  eigenstate h or H with the  LHC  Higgs  search  res-
ults  of  various  channels  from  Run2  at  a  center-of-mass
energy of 13 TeV. These include the cross section limits,
signal  rate  and  mass  measurements,  and  results  in  the
form of simplified template cross section measurements.

m5
m5 ∈

H5
λ3 λ4 −λ3 M2

λ2 λ5
m5 λ2

m5 λ5 m5 λ2
m5 sH

m5 ∈ sH ∈

A new low-  benchmark for the GM model, defined
for the neutral custodial fiveplet scalar with a mass  
(50,550)  GeV,  was  proposed  in  [37] to  study  the  phe-
nomenological  behavior  of  the  states  and  SM-like
Higgs, h. In [37],  (= −1.5),  (= 1.5 = ), and 
(= 20 GeV) were fixed as constants, with the lightest cus-
todial-singlet mass eigenstate h as the LHC observed 125
GeV Higgs boson. In addition, the parameters  and 
were  fixed  as  functions  of  the  mass :  =  0.08
( /100  GeV),  and  = −0.32  ( /100  GeV)=  −4 .
Only  and  were  permitted  to  vary  in  the  studied
ranges,   (65, 550) GeV and   (0, 1). After sever-
al iterations of the tests, to generate the points efficiently,
we employ the following ranges for the six specific para-
meters: 

0.0 < M2 < 50, 0.0 < sH < 0.66, −1.6 < λ3 < 0.0,

0.0 < λ4 < 1.6, 0.0 < λ2 < 0.08(m5/50 GeV),

−0.32(m5/50 GeV) < λ5 < 0.0. (14)

GF 1.1663787×10−5 GeV−2

GeV

H0
5 m5 ∈

HiggsBounds 5 HiggsS ignals 2

We find  that  wider  parameters  ranges  have  practic-
ally  no  impact  on  our  conclusions.  Similar  to  [37],  the
Fermi  constant  is  set  as  .  To
study  more  stringent  constraint  on  the  GM  model  using
the results of the search for low-mass Higgs bosons in the
mass range from 70 to 110  in the diphoton channel
at  the  CMS [40]  and  to  study  the  discovery  potential  of
other interesting decay channels, the initial scan range of
the  mass  are  specified  in  the  range   (65,130)
GeV. In addition, any of the custodial-singlet mass eigen-
states h or H can  be  the  LHC  observed  Higgs  boson;
therefore,  we  should  consider  the  constraints  on

-  and - , as mentioned in the
above paragraph. 

III.  NUMERICAL ANALYSES

H0
5

H0
5

GeV√
s

In this  study,  we focus  on the  phenomenological  be-
haviors  of  the  neutral  custodial  fiveplet  scalar  state 
decaying  into  two  photons  and  several  other  interesting
final  states.  After  implementation  of  the  constraints,  as
mentioned in the previous subsection II.B, production of

 from the scan is compared to the results of the search
for low-mass Higgs bosons in the mass range from 70 to
110  in the diphoton channel with the full 2016 data-
set at  = 13 TeV with the CMS experiment at the LHC
[40].  The  favored  GM  parameter  phase  space  from  this
comparison is summarized. The discovery potential of the
other interesting decay channels of this low-mass neutral
custodial fiveplet scalar is also studied and discussed. 

A.    Cross section

H0
5 H+5 H0

5 H−5

MadGraph5_aMC@NLO

param_card.dat GMCALC

PDF4LHC15_nlo_
30_pd f as

αs(MZ)
αs(MZ)

αs(MZ)
αs

αs

H0
5 H+5 H0

5 H−5
µR

µF

µR µ0 µF µ0
µ0

The cross sections of  the seperate Drell-Yan produc-
tion of  and  at  next-to-leading order  (NLO)
in QCD from 13 TeV pp collisions are first generated us-
ing  (version  2.7.2)  with  the
UFO  file  downloaded  from  [47]  for  the  GM  model  and
the datacard " " generated with 
(version 1.5.0).  The  PDF4LHC15  NLO  parton  distribu-
tion  functions  (PDFs)  [50], 

, are employed. In these PDFs, 30 sets of sym-
metric eigenvectors  provide  the  PDF  systematic  uncer-
tainties,  and  two  additional  sets  with  =  0.1165
and  =  0.1195  separately,  which  differ  from  the
central  value  (  =  0.118),  are  used  to  estimate  the
systematic  uncertainties  from . Typically,  the  com-
bined PDF +  uncertainty on the cross sections for both

 and  is approximately  2.0%.  The uncertain-
ties from the QCD scales of the renormalization ( ) and
factorization scales ( ) are practically obtained from the
cross section results of nine scale configurations by com-
bining /  =  (0.5,  1,  2)  and /  = (0.5,  1,  2)  inde-
pendently, with the central value of the scale factor  as
the sum of the transverse masses divided by two of the fi-
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αs

H0
5 H+5 H0

5 H−5

m5

nal state particles and partons. Subsequently, the maxim-
um and minimum values among these results are used to
evaluate the  scale  uncertainties.  Typically,  the  scale  un-
certainty  varies  from  approximately  1.5%  at  =  130
GeV  to  approximately  4.0%  at  =  65  GeV. Figure  1
shows the total cross sections of these two processes as a
function of the  mass in picobarns (pb), with the total
uncertainties from the PDF, , and QCD scales included
as the filled area around the central values. The Drell-Yan
production  cross  sections  of  and  are inde-
pendent  of  the six  specific  parameters  in  formula 14 but
dependent on the mass . 

B.    Scan results with the constrained parameters

H0
5

H0
5 → γγ

√
s

m5 ∈
HiggsBounds 5

HiggsS ignals

χ2

HiggsS ignals

In this subsection,  we explore the possibility that  the
signal  may  originate  from  the  neutral  custodial  fiveplet
scalar  state  in  the  GM  model.  First,  we  perform  the
comparison of  the  production  cross  sections  of 
from the GM scans with constrained parameters, as intro-
duced  in  subsection  II.B,  and  the  CMS  observed  upper
limit  of  the  production  cross  sections  with  the  full  2016
dataset  at  = 13 TeV [40]. Subsequently,  the six spe-
cific  parameters  are  studied  in  detail  by  applying  the
CMS searching results.  A general  scan of approximately
six  million  points  that  satisfy  all  theoretical  constraints
and  indirect  constraints  from the S parameter  and  flavor
physics,  as  described  in  subsection  II.B,  are  randomly
generated  in  the  parameter  phase  space,  as  specified  in
formula  14,  and  the  mass  region   (65,  130)  GeV.
With - ,  the  predictions  of  either h or H
from the scan should be consistent with the search results
of  the  LHC  observed  Higgs  boson  in  various  channels
from  Run2  at  a  center-of-mass  energy  of  13  TeV.  With

-2,  the  compatibility  of h or H from  the
scans  with  the  LHC  measured  results  of  the  signal
strengths  and  mass  of  the  Higgs  boson  in  Run2  is  also
verified by evaluating a  calculation and its associated
p-value. For scan points compatible with the experiment-
al  constraints,  the p-value  given  by -2
should  be  greater  than  0.05.  By  applying  the  constraints
from  these  two  programs,  approximately  5.5  million
points remain for further analysis in the subsequent para-
graph and subsections.

H0
5 γγ

× H0
5→γγ H0

5
BR H0

5
γγ H0

5

√
s

m5

The production rates,  in pb,  of  decaying into ,
(σ  BR) ,  where σ is  the  cross  section  of  pro-
duction, and  is the branching ratio of  decaying in-
to , versus  mass are shown in Fig. 2. The observed
exclusions or upper limits of the CMS Collaboration with
the 2016 dataset  at  = 13 TeV [40] are superimposed
in the plot,  as  shown by the red line.  It  can be seen that
many  of  the  points  above  the  CMS observed  exclusions
can be excluded in the mass region  ∈ (70, 110) GeV
at the 95% confidence level (CL). However, there are still
numerous points with lower production rates, which can-

not be excluded by the CMS observed upper limits.

λ2 λ3
λ4 λ5 M2 sinθH

λ3 λ4

λ3
λ4

λ3
M2 sinθH

λ2 λ5

Owing to  this  CMS analysis  [40],  we can  attempt  to
constrain GM parameter spaces by checking the paramet-
er distributions of the points below the CMS observed up-
per limits. Figure 3 shows comparisons between the dis-
tribution of all selected points (black histogram) and that
of  the  points  not  excluded  by  the  CMS  observed  upper
limits  (red filled  histogram) on top of  the  constraints,  as
described in subsection II.B, for each parameter of , ,

, , ,  and . Both distributions are normalized
to unity.  The  CMS  observation  may  exclude  certain  re-
gions for some parameters,  such as  and .  For these
points, which are not excluded by the CMS observed up-
per  limits,  exhibits  a  tendency  toward  higher  values
with points peaking at approximately -0.1, whereas  fa-
vors lower values with a peak at approximately 0.6, indic-
ating  an  opposite  behavior  to .  One  can  also  observe
that  prefers  lower  mass  values,  whereas  tends
to accumulate  at  the middle of  the scanned range with a
peak at approximately 0.45. For the other two parameters,

 and ,  clear  tendencies  are  not  observed  in  the
scanned ranges. 

C.    Correlations between the GM parameters

λ2

We  also  explore  correlations  between  the  scanned
parameters  of  the scan points  passing all  the constraints,
as  described  in  subsection  II.B,  and  surviving  from  the
CMS exclusions  at  the  95% CL in  the  mass  range  from
70  to  110  GeV  by  checking  the  two-dimensional  (2D)
distributions of any two of the scanned parameters. As re-
vealed by several of the 2D distributions shown in Fig. 4,
correlations between  certain  scanned  parameters  are  ob-
served.  tends to have smaller values when the mass of

 

H0
5 → γγ

Fig.  2.    (color  online)  Cross  sections  multiplied  by  the
branching ratio of  from the scan (black points)  with
the  latest  CMS  observed  exclusions  [40] (red  line)  superim-
posed for comparison.
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λ2 λ3 λ4 λ5 M2 sinθH

Fig. 3.    (color online) Comparisons between the distribution of all selected points (black histogram) after the constraints and the distri-
bution of the points not excluded by the CMS observed upper limits (red filled histogram) on top of the constraints for each parameter
of , , , , , and . Both distributions are normalized to unity.

 

λ2 m5 λ3 m5 λ3

λ4

Fig. 4.    (color online) Two-dimensional distributions of the GM model parameters,  versus  (left),  versus  (middle), and 
versus  (right), for points that are not excluded by the CMS observed upper limits in the mass range of [70, 110] GeV.
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 decreases,  whereas  tends  to  have  larger  values
when  decreases.  and  have tight correlations. A
polynomial fit is performed on each edge of the 2D distri-
butions. We observe that all the events fall into the trian-
gular  region  between  the  red  line,  with  =  −1.45  +
0.87, and black line, with  = − , with   (0.0, 1.55)
and   0. The strong correlation between  and  is
due  to  the  constraints  from  the  perturbative  unitarity  of
scalar  field scattering amplitudes and the bounded-from-
below requirement on the scalar potential, as explained in
[51]. Such a correlation supports the choosing of  =−
(= −1.5) for the studies in [37]. 

D.    Discovery potential of other decay channels
W+W− ZZ Zγ

H0
5

W+W−

ZZ Zγ
m5

WW

ZZ

The  production  rates  of  the , ,  and  de-
cay  channels  of  this  low-mass  neutral  custodial  fiveplet
scalar in the GM model for 13 TeV pp collisions are also
verified for the investigation of the discovery potential of

 in  these  channels.  Based  on  the  randomly  scanned
points  after  all  constraints,  as  described  in  subsection
II.B,  the  scattering  points  in Fig.  5 show the  production
rates, in pb, for the  decay channel in the left plot,
the  decay channel in the middle plot, and the  de-
cay channel in the right plot, as functions of . The pro-
duction rates  in  each decay channel  are  compared to  the
predictions  (red  lines  in  the  plots)  of  the  SM-like  BSM
Higgs  boson  reported  by  the  LHC  Higgs  Cross  Section
Working Group [35]. One can expect that there are more
chances of  finding  low-mass  Higgs  bosons  in  these  de-
cay channels.  As shown in the left  plot,  for  the  de-
cay  channel,  the  largest  production  rate  from  the  GM
model  prediction  at  65  GeV  is  approximately  90  times
greater than the prediction from the SM-like BSM Higgs
boson.  However,  for  the  decay channel,  as  shown in
the middle plot, the largest production rate from the GM
model  prediction  at  65  GeV  can  reach  up  to  370  times
that  from  the  SM-like  BSM  Higgs  boson.  Because  the

Zγ

Zγ

H0
5 Zγ

cross sections of these two decay channels could become
larger, by  several  pb,  even  after  considering  the  branch-
ing ratios of the cascade decays of the W and Z bosons, it
is  worth  performing  a  search  for  this  low-mass  neutral
custodial  fiveplet  scalar  at  the  LHC  using  current  Run2
data and the upcoming Run3 data.  In the  channel,  as
shown  in  the  right  plot,  the  GM  prediction  can  provide
larger production rates than the SM-like BSM Higgs bo-
son in the mass range [92, 107] GeV. Owing to the lower
signal rates of  decay and further consideration of the
branching  fractions  of Z decaying  into,  for  example,
leptons, it is impossible to search for  in the  chan-
nel using  LHC  Run2  data,  and  it  could  possible  to  at-
tempt this with LHC Run3 data and the future High Lu-
minosity LHC (HL-LHC) data. 

IV.  CONCLUSIONS

H0
5

H0
5

H0
5

The search for  additional  Higgs bosons is  one of  the
most important avenues for probing new physics beyond
the standard model. In this paper, we explore the possibil-
ity of constraining a lighter custodial fiveplet scalar  in
the Georgi-Machacek model  by restricting the custodial-
singlet mass eigenstate h or H to the LHC observed Higgs
boson after  the  application  of  phenomenological  con-
straints and constraints from experimental measurements.
To  study  the  phenomenological  behavior  of  the  lighter
scalar ,  a  new  set  of  constraints  on  the  six  specific
parameters  of  the GM model,  as  summarized in formula
14, is proposed to generate events efficiently. After com-
parison  with  the  latest  results  of  the  search  for  a  lighter
Higgs boson using the diphoton decay channel at 13 TeV
by the CMS Collaboration, we conclude that such a light-
er  scaler  has  not  yet  been  completely  excluded  by
LHC experiments.

The CMS observed exclusions at the 95% CL are also
used to constrain the possible phase space of the six spe-

σ×BR W+W− ZZ Zγ H0
5√

s

Fig. 5.    (color online) Production rates ( ) of the  (left),  (middle),  (right) decay channels of  in the GM Model
(black points) for 13 TeV pp collisions, with the production rates (red line) at  = 13 TeV of the SM-like BSM Higgs boson reported
by the LHC Higgs Cross Section Working Group [35] superimposed for comparison.
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cific parameters of the GM model. The tendencies of the
GM  input  parameters  are  summarized.  For  example, 
exhibits  an  tendency  toward  higher  values  populated  at
approximately  −0.1  for  points  not  excluded by the  CMS
observed exclusions.  Conversely,  favors lower values
with a  peak  at  approximately  0.6,  demonstrating  an  op-
posite  behavior  to .  The  correlations  of  the  GM input
parameters are also verified.  and  are dependent on
the  mass, and  and  have tight correlations.

Finally, the  discovery  potential  of  the  other  interest-
ing  decay  channels  of  this  low-mass  neutral  custodial
fiveplet scalar is studied. For the lighter custodial fiveplet

H0
5

W+W− ZZ
Zγ

scalar ,  it  is worth performing a search at the LHC in
the  and  decay  channels  using  current  Run2
data  and  the  upcoming  Run3  data.  For  the  decay
channel with lower signal rates, it could be possible to at-
tempt  this  with  LHC  Run3  data  and  the  upcoming  HL-
LHC data. 
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