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Abstract: As one of the key properties of the Higgs boson, the Higgs total width is sensitive to the global profile of

the Higgs boson couplings, and thus new physics would modify the Higgs width. We investigate the total width in

various new physics models, including various scalar extensions, composite Higgs models, and the fraternal twin

Higgs model. Typically, the Higgs width is smaller than the standard model value due to mixture with other scalars

if the Higgs is elementary, or curved Higgs field space for the composite Higgs. On the other hand, except for the

possible invisible decay mode, the enhanced Yukawa coupling in the two Higgs doublet model or the exotic fermion

embeddings in the composite Higgs could enhance the Higgs width greatly. The precision measurement of the Higgs

total width at the high-luminosity LHC can be used to discriminate certain new physics models.
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I. INTRODUCTION

After the discovery of the Higgs boson, the next step
is to decipher the particle nature of the Higgs boson, e.g.,
the mass and width of the Higgs boson (%). The Higgs bo-
son mass my has been measured very precisely at the
Large Hadron Collider (LHC), and its value sheds lights
on the stability of the vacuum. On the other hand, the
width of the Higgs boson (I';) is not measured yet. In this
paper, we will focus on the information we can obtain by
precision measurements of the Higgs total width.

At the LHC, information of the total width of the
Higgs boson can be extracted from off-shell Higgs pro-
duction [1-5], the global fit results of the on-shell Higgs
signals [6], and ftHand four-top productions [7]. Meas-
urements of the Higgs total width by the ATLAS and
CMS collaboration are found in Refs. [8, 9], respectively,
assuming Standard Model (SM)-like Higgs couplings.
More interestingly, it is worth noting that the Higgs width

can also be measured through the Higgs line shape at yy
and p*u colliders [10, 117.

Assuming SM-like Higgs couplings, the total width of
the Higgs boson I can be parametrized as

[ ~T'gm (chr,,,, +¢2Bry; + ¢?Br,.
+ ¢2Br,, + %, Br +2Br
glgg wblww zPlzz

2 2
+ ¢, Bry, + cyzBryz) + Dinvisible» (1)

where the major decay modes of the SM Higgs boson,
and the invisible width, are included. The numerical val-
ues of the SM total width is I'sy ~ 4.1 MeV, and the ma-
jor branching ratios in the SM are Bry, ~0.584,
Br;; ~0.0627, Bre =0.029, Brg ~0.0856, Bryw ~0.214,
Brzz =~ 0.0262, respectively [12]. The rescaling factors c;
denote the effects of new physics (NP) in the Higgs bo-
son decay. Since Br,, and Br,; are highly suppressed in
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the SM, we neglect these two decay channels when con-
sidering the total width of the Higgs boson. The invisible
decay of the Higgs boson takes place in many NP models,
therefore, we also include the invisible width T'jpyisiple 1IN
our study. We refer to Ref. [13] for a recent analysis of
the Higgs width in the framework of SM effective field
theory (EFT).

It remains unknown whether the Higgs boson is fun-
damental or composite, while the couplings of the Higgs
boson to gauge bosons often tend to be smaller than the
SM values regardless of this nature. In the case of a fun-
damental Higgs boson, the decrease of the Higgs-gauge-
boson couplings is usually caused by mixing between the
Higgs and the new scalar, whereas an exception exists for
the Georgi-Machacek model [14, 15] where ¢y can be
enhanced. On the other hand, when the Higgs boson is
composite and the pseudo Nambu-Goldstone boson
(PNGB) comes from the global symmetry breaking, the
Higgs boson to gauge boson couplings decrease due to
the misalignment between the gauged direction and the
true vacuum direction where the physical Higgs boson
fluctuates around. The above arguments for the decrease
of the Higgs boson to gauge boson couplings sometimes
also hold for the the Higgs boson to fermion couplings,
which leads to a decreased Higgs-boson total width if no
invisible Hidden sector decay considered. However, in
the two Higgs doublet models (2HDMs) [16], the coup-
lings of the Higgs boson to fermions can be enhanced
when deviating from the alignment limit, while in the
minimal composite Higgs boson model, an exotic fermi-
on embedding can also leads to the enhanced Yukawa
couplings of the top quark to the Higgs boson. Therefore
we investigate several popular models that can modify
the Higgs-boson total width significantly.

Given the measurement of the total Higgs width, it is
possible to discriminate certain classes of new physics
models. For the models we studied in this paper, an in-
creased Higgs decay width indicates either an enhanced
Yukawa coupling or the existence of invisible decay in
the extended scalar models when the Higgs is an element-
ary particle. When the Higgs is a pNGB, an increased
Higgs width usually needs an exotic fermion setup where
the SM fermions are embedded in higher dimensional
representations. On the other hand, If one observes a
smaller Higgs width compared to the SM, a heavy scalar
particle that mixes with Higgs is expected to be found for
the Higgs as an elementary particle; such a particle may
or may not exist in the pNGB Higgs scenario depending
on whether the UV is strongly coupled or not. In Fig. 1,
we present that how different kinds of new physics mod-
els are classified based on the Higgs width modification
and nature of the Higgs boson.

The paper is organized as follows. In Sec. Il we dis-
cuss the simplest case of the scalar extension, real singlet
scalar model [17]. In Sec. Il we focus on four types of
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Fig. 1. Various kinds of new physics models are classified
in the flowchart, based on the nature of the Higgs boson, and
future measurement of the total Higgs width.

2HDMs, which correspond to four different assignments
of Yukawa couplings between fermions and Higgs
doublets [16]. In Sec. V we focus on the minimal com-
posite Higgs boson model [18], in which the Higgs bo-
son emerges as a pNGB from the coset SO(5)/SO(4). In
Sec. VI we turn our attention to the twin Higgs boson
paradigm [19]. In contrast to the original mirror twin
Higgs boson model [19], the fraternal twin Higgs boson
model [20] is considered, in which only the third genera-
tion of the SM fermions have twin partners. Finally, we
conclude.

II. REAL SINGLET MODEL

The real singlet scalar model is the most simplest ex-
tension to the SM scalar sector that is possible to gener-
ate strong first order electroweak phase transition. It has
been extensively studied in Refs. [17, 21]. In this model,
after electroweak symmetry breaking, the real singlet
scalar S mixes with the neutral CP-even component A in
the Higgs boson doublet such that the physical Higgs bo-
son & we observed can be expressed as:

h = hocosf+S siné. 2)

Therefore the couplings of the Higgs boson / to other SM
particles are scaled by an overall factor cosf. If we as-
sume that, in the minimal setup, there are no hidden sec-
tor particles that the Higgs boson / can decays to and the
mass of the other singlet-like scalar is larger than half of
the SM-like Higgs mass, then the Higgs boson total width
is the SM value scaled by cosé. In this case, any confirm-
ation of an enhanced Higgs total width can help to rule
out this minimal setup. This conclusion could be exten-
ded to extended scalar models, such as the general model
setup considered in Ref. [22].
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Fig. 2.
Higgs boson in the singlet scalar extended model in the plane
of the mixing angle sin’¢ and the invisible decay branching
ratio Bj,,. The parameter space in the pink region the SM
value cannot be differentiated with the SM with the future
HL-LHC.

Figure 2 displays the ratio of the Higgs boson width
to its SM value in the plane of the invisible decay branch-
ing ratio Bj,, and the mixing angle sin’6. The chosen
ranges of the two axes are within the current LHC con-
straints [23]. The pink region denotes the parameter space
where the deviation of the total width is within 5% of the
SM value such that it cannot be discriminated with the
SM with the future high luminosity LHC (HL-LHC).
However, if the Higgs boson width is more than the SM
value by 25%, then it is likely that there are invisible de-
cays of the Higgs boson in the singlet model, regardless
of the mixing angle 6.

III. TWO HIGGS DOUBLET MODELS

We consider the general CP-conserving 2HDM with
soft Z, breaking mass term [16]. The Higgs potential is

V(1.¢2) =m3 (6] 61) +m3y(9562) — (miy(@]d2) +h.c.)
A A
F 501007+ 56362 + 1(8]01)(93602)
1 .
+ 40100300 + 5 [156]627 +he] . ()

where all the parameters in the above potential are as-
sumed to be real. Four types of Yukawa interactions can
be introduced with different assignments of the Z, charge
of the fermion fields to prevent the tree-level flavor chan-
ging neutral current (FCNC). In each model, different
types of the right handed fermion fields couple to differ-
ent Higgs doublets, see Table 1.

People usually trade the parameters in the potential
with a set of physical parameters: v, the electroweak va-
cuum expectation value (vev); tang, the ratio of the vevs
of two Higgs doublets; a, the rotation angle which diag-

Table 1. Models without tree-level FCNC where the i, d,
and e}, represents the right-handed up-type quark, down-type
quark and charged lepton fields, respectively. In different
types of models they couple to different Higgs doublets.

Model uje d;e eje
Type-1 ) $2 ¢

Type-X #2 [22) #

Model U dp eq
Type-11 $2 ¢1 &1

Type-Y [0 é1 [2%)

onalizes the mass matrix of the CP-even neutral Higgs
sector; mj(23), the mass for the tree neutral Higgs, where
mp =125.1 GeV is identified with the mass of the SM-
like Higgs boson, m, and mj3 are masses of the heavy CP-
even and CP-odd Higgs boson, respectively; mpy-, the
mass of the charged Higgs boson; m?,, the parameters
that are sensitive to several the theoretical bounds of the
theory (perturbative unitarity, stability) [24]. In addition,
we denote the physical SM-like Higgs boson as / and the
charged Higgs boson as H*.

The Higgs boson width in the 2HDM is dominantly
determined by the parameters o, S, which fix the Higgs
couplings to fermions and gauge bosons. The depend-
ence on m%z, my and mpy- appears when taking into ac-
count the partial widths of 7 — yy and h — Zy. We define
the rescaling of the SM Higgs coupling and the 4 to H*
couplings as follows:

me  — (1+6y)m?
Li=- ) chfffh— > —— ey VVh

f=udt V=Z,W

— & H 4)
v

where 6y =0,1 for V=2ZW accounts for different de-
grees of freedom of the W and Z bosons, and the rescal-
ing factors of the Yukawa couplings c¢; in each models
are summarized in Table 2, and the ¢y and g. are univer-
sal for each model,

cy = sin(B— a), 5)

Y ) 2’”%2
8c=2|mj - Sn2p cot2Bcos(B— )

2

2 )sin(ﬁ— o). 6)
sin283

2 2
+ (ml +2my. —

We use the public code 2HDMC-1.7.0 [25] to calcu-
late the total width of the Higgs boson numerically.
Figure 3 plots the contours of the ratio of the total width
to the SM value in four types of models in the plane of
cos(B—a) and tanpB. Different color lines represent the
contours of the ratio, and the gray region is excluded by
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Table 2. The rescaling factor of the Yukawa couplings to
the SM value.
Cu cd ¢
Type-1 Ch-allp+ Sp-a Ch-allp+Sp-a Ch-allp+ Sp-a
Type-I1 Ch-allp+ Sp-a Sp-a — Cp-alp Sp-a — Cp-alp
Type-X Cp-allp+Sp—a Ca-altg+Spa Sg-a — Ca-alp
Type-Y Cpallp+ Sp-a 8p-a ~ Cp-alp p-altp+ Sp-a

the global fit of the single Higgs boson production, which
is obtained directly from Fig. 1 in Ref. [26]. In each mod-
el, we have set mass parameters as: mpy- =mp =msz = 1
TeV, m?, = m3sinfcosfB. The reason that we choose such
a m3, is to satisfy the unitarity constraint in large tanS re-
gions [24]. The mass difference between the charged
Higgs boson and the neutral heavy Higgs boson should
be less than 300 GeV, i.e., |mgy- —my3| <300 GeV [26].
The range of the tang is taken to be (0.3, 32), this region
is well consistent with the region allowed by 95.4% con-
fidential level when taking into account all the available
constraints [26].

In general, if one neglects the partial width contribu-
tions from 7 —yy and h— Zy, then the Higgs-boson
total width is uniquely determined by two parameters:
cos(B—a) and tangB, while the information of other para-
meters enters via the coupling of the charged Higgs bo-
son to the SM Higgs boson g. when these two decay
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Fig. 3.

cos(f—-a)

cos(f—-a)

channels & — yy and h — Zy are taken into account.

Figure 3 shows that ratio of the Higgs-boson total
width to the SM value in the 2HDMs roughly ranges
from 0.8 to 1.25, and only the Type-I model can have the
ratio less than 0.85; on the other hand, only the Type-X
model can have the ratio larger than 1.15. Therefore, all
the four types of models are likely to be excluded if the
LHC find a ratio larger than 1.25 or less than 0.8. If one
find the ratio is in the range of (1.15,1.25) ((0.8,0.85)),
then it must be the Type-X (Type-I) model provided the
CP-conserving 2HDM were realized in the nature.

Figure 3 also demonstrates that in the Type-I model
only a positive cos(8—a) combined with a rather small
tanB can give an enhanced Higgs total width, the reason
being simply that all the fermion couplings are enhanced
in this region. However, in the Type-II and Type-X mod-
el, an enhanced Higgs total width can only obtained by a
negative cos(8— a), the main reason is that the couplings
to the bottom quarks are enhanced. In Type-X model, one
can obtain an enhanced Higgs total width with either a
positive cos(8—a) combined with a relatively small tang
or a negative cos(8—«) combined with a relatively large
tanB. In the former case, the increase of the Higgs width
is mainly due to enhanced couplings to the top quarks
which further increases the decay width to gluons, while
for the later case, the increase of the Higgs width is
mainly caused by the enhanced decay width to bottom
quarks. In addition, in Type-II, Type-X and Type-Y mod-

B %
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(color online) Contour of the ratio of the total width of the Higgs boson to the SM value in various 2HDMs in the cos(8—a) vs

tanB plane. We have set the mass parameters in each types of model as: mpy= =my =m3 =1 TeV, m3, =1 TeV?2.
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els, one can find a nearly vertical line corresponding to
the ratio of the Higgs width equal to one, the reason is
that the increase of decay widths of some channels due to
increased fermions couplings is exactly compensated by
the reduction in decay widths of some other channels
caused by decreased Higgs couplings to other fermions
and gauge bosons.

In the decoupling limit, where we assume the masses
of the three Higgs are equal and much larger than the
electroweak scale: my =m3 =mpy- ~A > v. In this case,
one can work in an effective field theory derived from the
Higgs basis, where cos(8— a) scales as:

V2

= ()

cos(B—a)=—-Zg

where Zg is the coefficient of the |H1|2HIH2, which can
be either positive or negative, and A? is the coefficient of
|H>|* in the Higgs basis [27]. Then one can translate the
bound on the Higgs width onto the new physics scale A
with different value of tan8 assuming Zs a O(1) paramet-
er. We plot the contours of the ratio of the Higgs width to
the SM value in different models in Fig. 4 with Zg =1;
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Fig. 4.
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the gray regions are excluded by the Higgs global fit of
the LHC Runl and Run2 results as above [26], while the
pink region represents the parameter space in which the
deviation of the Higgs total width is within 5% of the SM
value so that the new physics effects cannot be probed by
the measurement of the Higgs total width at the HL-LHC.

IV. GEORGI-MACHACEK MODEL

In the Georgi-Machacek Model, the scalar sector of
the SM is extended with a real triplet (¢*,£0,¢7) with hy-
percharge ¥ =0 and a complex triplet (y*+,x*,x") with
hypercharge Y =2. A good review of the model can be
found in Ref. [28]. After electroweak symmetry breaking,
the Higgs doublet gets a vev vy and the neutral compon-
ents of the real and complex triplet get an equal vev v,.
The relation between the electroweak vev v defined by
the Fermi constant Gg and vy and v, is given by:

2_ .2 2
Vo= v +8vy.

®)

The rescaling factors for the gauge boson and fermions
are given by:

10 7 7 7
! / Type=ll 2HDM
[ e
8
QU6 i y
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< ! / 7
= oy /
4 1.02
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(color online)Contour of the ratio of the total width of the Higgs boson to the SM value in various 2HDMs with the parameter

Zs = 1. The gray regions are excluded by the Higgs global fit, the pink regions are the parameter spaces such that the deviation of the
Higgs total width from the SM value are too small to probe at future HL-LHC.

033101-5



Qing-Hong Cao, Hao-Lin Li, Ling-Xiao Xu et al.

Chin. Phys. C 47, 033101 (2023)

2
6
cwz = 52 cosasinf — \/_sinozcos,b’), ©)
253
cosa
- 10
s sing’ (19

where the angle a related to the diagonalization of the
mass matrix of the neutral scalars, and cosg is defined by
the ratio of vy and v. From Eq. (10); one can find that the
Higgs boson couplings of fermions and gauge bosons can
be larger than 1, which may lead to an enhanced Higgs
boson width.

To analyze the Higgs boson width in the model, we
use GMCALC-1.4.1 [28] to scan the allowed parameter
space. The scanning method and the parameter ranges are
given in Ref. [28]. Each parameter point in the scan is re-
quired to satisfy various constraints: the correct elec-
troweak vev, the stability of the scalar potential, the tree-
level unitarity, the experimental bounds on the S-para-
meter and b — sy. Figure 5 shows the results of the para-
meter scan in the plane of sing and sina (left) and in the
plane of ¢, and cy (right). The blue dots represent ratios
I'/T'sp within the range (0.95,1.05) and are not able to be
discriminated from the SM value. The red and green dots
denote ratios I'/T'sy, larger than 1.05 and smaller than
0.95, respectively, which are possible to be probed by the
future experiments. We also find that enhanced fermion
couplings strongly correlate with an enlarged Higgs
width, while an enlarged Higgs width does not necessar-
ily correspond to enhanced gauge boson couplings. Espe-
cially for a Higgs boson width enlarged by a factor of 1.5
or more, a decreased gauge boson coupling is observed.
We also plot the scanned points in the plane of sing and
sin@. One can find from the plot that these two angle
parameters almost determine the value of the Higgs bo-

son width, as the parameter points with different colors
are well separated. As one expected, the SM value corres-
ponds to the point with sin8 =1 and cosa = 0, and the red
dots corresponding to an increased Higgs boson width
tend to have smaller sing values.

V. MINIMAL COMPOSITE HIGGS MODELS

If the Higgs boson is a pPNGB emerging from strong
dynamics at TeV scale, its coupling to light fermions
b,c,7 and electroweak gauge bosons W*,Z would be
modified with respect to their SM values. In this case, the
sign and magnitude of Higgs coupling modifications are
mainly dictated by two effects: the Higgs nonlinearity
and the composite resonances [29].

The Higgs nonlinearity denotes the nontrivial
curvature of the coset space from which the pNGB Higgs
boson emerges [30]. To be concrete, the compact cosets
have positive curvatures, while the non-compact ones
have negative curvatures. Among various cosets [31],
SO(5)/SO(4) receives the most attention, and it is also
known as the minimal coset that accommodates the cus-
todial symmetry. Therefore this is called the minimal
composite Higgs model [18]. As a result, the Higgs coup-
ling to the electroweak gauge bosons W=*,Z are univer-
sally shifted [32] as

cw = ¢ _ Knww _ Knzz _
W=Cz="<or = v =
M M
hWWw hzZZ

1-¢ (11

at the leading order of the chiral expansion, due to Higgs
nonlinearity. Here & = v?/f? is defined as the ratio of the
electroweak scale and the decay constant of the pNGB
Higgs boson.

In the fermionic sector, modifications of Higgs boson
couplings also depend on fermion embeddings into SO(5)

1.4 1.0
1.2
1.0 0.9
508 2
o6 08
0.95<M gy
0.4
0.7
0.2
[T su>1.05] [0.95<MMew<1.05] |0.95<MMsu
0.0 0.6
0.6 0.8 1.0 1.2 ~1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4

Cv
Fig. 5.

sina

(color online) The scattered plot of the scanned points on the sing vs sina plane (left) and ¢ vs cy plane (right), each points

satisfies the theoretical bounds and indirect experimental bounds. The blue dots are those with I'/T'sy within [0.95, 1.05], which cannot
be distinguished by the future HL-LHC experiment. The red and green dots correspond to I'/Tsy > 1.05 and T'/T'sy < 0.95 respectively

and are possible to be probed by the future HL-LHC experiments.
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multiplets. In this work, we consider the cases where the
top quark and the light fermions b,c,t are all embedded
in the fundamental representation 5, or the symmetric
tensor representation 14, of the SO(5) group. Under the
paradigm of partial compositeness, there are composite
particles mixing with the elementary ¢,b,c,7, which are
usually considered as the source of explicit SO(5) break-
ing in the fermionic sector; otherwise the Higgs boson
would be a massless exact Goldstone boson when these
mixings (as well as gauge couplings) are turned off. After
integrating out these composite fermions, they would
contribute to the low energy effective couplings of the
Higgs boson, through both the chirality-conserving wave
functions and the chirality-flipping Yukawa vertices of
the elementary fermions. Following Ref. [29], the chiral-
ity-conserving wave functions are universally expanded
as

I, = oy, + 1y, 55 +T0op, 5+,
HfR =H0fx+H1fR Si+1_[2fk S2+~~~, (12)

while the chirality-flipping Yukawa interactions satisfy
the expansion

3
I, =y, cnsp+1o,, CpSptoe, (13)
or
3
1, = Higz, sp+1loy, Syt (14)

depending on fermion representations. For the cases con-
sidered in this work, (#,b,¢,7) g C5 and (¢,b,c,7) g C 14
correspond to Eq. (13), while (¢,b,¢,7)L C5,(¢,b,¢,T)g C
1 correspond to Eq. (14), as discussed in Ref. [29].

Accordingly, up to the linear order of ¢, the fermion
couplings are modified as following:

Ky
Cf = 2
f K]ScM
Iy, HfR) by g,
& 15
f g(HOfL oy, é:HlfoR ()

By naive dimensional analysis,

yif? ef?

o Iz, ~ PR of, ~Mog, ~1,  (16)

where the mass scale m, ~ g.f and y, g are the mixing
parameters, while

2 2
Mg~ = (17)

For the light fermions b, ¢, 7, due to their small masses

Mper~ JLIR f, the mixing parameters y; » are expected to

be much gsmaller than the coupling strength g, if the de-
cay constant f'is at the order of 1 TeV. As a result, one
can neglect the effect of composite resonances in the
wave functions of b,c,r. Furthermore, Il,;; does not
vanish only in the case of (¢,b,¢,7) .z C 14.

The effective coupling between the Higgs boson and
the gluon is, up to the linear order of &,

thg
T SM

K

hgg

= 1——é’+2§~‘1_[2m“ Z é’(
f=b,c,t

m, I
i+—1f”). (18)

Hoy, Moy,

11,

Note that contribution of the composite resonances in the
b,c,t sectors (but not the light fermions b,c,7) are in-
cluded in the above Eq. [33].

Therefore, the Higgs effective couplings in the fermi-
onic sectors are concretely

[ ] (l,b,C,T)L,RCSI
3
Cher =Cg = 1- Ef (19)

® (t,b,c,7), C5and (t,b,c,T)p C 1:

1
Cher =Cg = 1- 55 . (20)
[ J (Z‘,b,C,T)L‘R c 14:
3
Cb,c,r=0g21—§§+2r12§, (21

where ry; is the ratio of Iy, 7, to I1j,,.

With the above results, we obtain the total width of
the Higgs boson in minimal composite Higgs models, as
shown in Fig. 6. We see explicitly that £ » 0 corres-
ponds to the decoupling limit where one cannot distin-
guish a composite Higgs boson from an elementary one.
For small fermion representation, the total width of the
Higgs boson tends to be smaller than the value in the SM;
while for symmetric tensor representation, the total width
could be larger.

VI. FRATERNAL TWIN HIGGS MODEL

It is fascinating to consider models in which the
Higgs boson could decay into invisible particles. Typic-
ally invisible decay exists in neutral naturalness models
[19, 34, 35]. One of these typical model is the twin Higgs
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Fig. 6.
minimal composite Higgs models, in which the left-handed
and right-handed fermions are embedded in different repres-
entations of the SO(5) group.

scenario [19], where the naturalness problem is ad-
dressed with some particles which are not charged under
the SM gauge groups.

In this section we consider the fraternal twin Higgs
model [20]. In contrast to the original mirror twin Higgs
setup [19], the fraternal model is more minimal and cos-
mologically safe. The model ingredients of the twin sec-
tor consists of one additional Higgs doublet, twin fermi-
ons (including Zg,bR,FR,QL,ZL), twin weak gauge bosons
from the SU(2) gauge group in the twin sector, and twin
gluons g [20]. The Higgs boson is identified as a pseudo
Nambu-Goldstone boson from the coset SU(4)/SU(3), or
equivalently SO(8)/SO(7), depending whether the cus-
todial symmetry is included in the unbroken group. After
the global symmetry breaking, three of the Goldstone bo-
sons would be eaten by the twin weak gauge bosons,
which makes their masses roughly at the order of sym-
metry-breaking scale f. For reasonable values of f, these
twin gauge bosons can be sufficiently heavy. Only the
other light degrees of freedom, lighter than m,/2, could
contribute to the invisible width of the Higgs boson. On
top of this, all the SM couplings are modified due to the
Higgs nonlinearity.

Up to the linear order of &=1?/f2, all the relevant
Higgs couplings are as follows: 1) for the couplings in the
SM sector,

1
Cher =Cg = 1_557

cw=cz=+1-¢& (22)
ii) For the couplings in the twin sector,

Ko e
_ hbb,h7t,hgg -
Gr=g= e = V&, 23)

Khhh,h‘r‘r,hgg

assuming the Yukawa couplings are the same, i.e.
Yibr = Yyip7 All the above Higgs boson couplings in the
twin sector are correlated to their counterparts in the SM
sector, in order to realize the naturalness condition [29];
as one can see that c%?“ +¢;, ., does not depend on &. Fur-
thermore, the masses’ gf the twin fermions are also con-
nected to the partners in the SM sector, e.g.,

m?,—l;,? ~ 1- ‘f f (24)

mypr

VE v

assuming the Yukawa couplings are the same in the SM
and the twin sectors. The twin gluons are massless. They
could form glueballs by themselves or other bound states
with twin fermions below the scale of twin confinement
[20]. Note that m; and mz can be larger or smaller than
my,/2 depending on the scale f, which would result in dif-
ferent invisible widths of the Higgs boson.

The particles in the twin sector induce the invisible

width as following:

1- XF
Tinvisvle ~Tsmé| Breg +Brre| 7—

AT

)Z O@my, —2mz)

1—x-\3
+Br,,,,( x”) @(mh—Zmz)], 25)

1- Xp

where x; = 4m?/m? for the i-particle and Br;; denotes the
branching ratio of the decay channel of 7 — j;j in the SM.

Note that the running masses of the fermions b and ¢
in the SM model are roughly m,(Mz)=~2.9 GeV and
m:(Mz) = 1.746 GeV, respectively. We calculate the total
width of the Higgs boson in the fraternal twin Higgs
model from Eq. (24) and Eq. (25). Figure 7 plots the ra-
tio of the total width of the Higgs boson to the SM value
as a function of £ We notice that the total width is mod-
erately smaller than the SM value; therefore, it is very
hard to distinguish the fraternal twin Higgs model from
the SM with only the information of Higgs total width.

1.10
Fraternal Twin Higgs
1.05
5
— 1.00
~
= \
0.95
0.90
0.00 002 0.04 0.06 008 0.10
4
Fig. 7. The total width of the Higgs boson in fraternal twin
Higgs model.
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VII. CONCLUSION

The nature of the Higgs boson remains as one un-
solved puzzle nowadays. Motivated from the future pre-
cise measurement of the Higgs width in the future HL-
LHC, we investigated how the model setup could affect
the Higgs total width if the Higgs is elementary or com-
posite. Typically the Higgs total width is expected to be
smaller than the standard model value because of mix-
ture with other scalars or curved Higgs field space for the
composite Higgs. If there are invisible decay channels,
the Higgs width could be enhanced, as expected. We fur-
ther showed that there are also cases where the Higgs
width is enhanced due to model setup.

Depending on the model setup, the following results
are in order:

e For the singlet extended model and typical scalar
extension models other than the doublet and GM models,
the Higgs width is smaller than the SM if no other invis-
ible decay presents.

e In the general two Higgs doublet models, the Higgs
width can be larger or smaller than the SM value, depend-
ing on values of the model parameters. It depends on the
concrete value of the Higgs width measured to determine
whether a given type of the two Higgs doublet models are
excluded or not.

e In the Georgi-Machacek model, one will find that
an increased Higgs boson coupling always accompanies
an enhance Higgs to fermion couplings.

e For the case of a pseudo-Nambu-Goldstone Higgs
boson, including both the minimal composite Higgs mod-
el and the twin Higgs model, the Higgs total width is
strongly preferred to be smaller than the SM prediction

except for the case where the left handed and right
handed top quark are both embedded in the 14 representa-
tion of SO(5). Therefore, only if the Higgs width is meas-
ured to be smaller than the SM value, the minimal com-
posite Higgs model and the twin Higgs model are
favored.

Overall, if the Higgs total width is measured to be sig-
nificantly larger or smaller than the SM value, it is pos-
sible for us to falsify several new physics models con-
sidered above, although the caveat still exists in which
new physics might contain some new hidden sector we
never consider and thus the SM Higgs can decay invis-
ibly.

We note that the Higgs total width is sensitive to al-
most all kinds of Higgs couplings. On the other hand, the
Higgs production and partial decay width provide differ-
ent kinds of information on the Higgs coupling. However,
we comment that the independent measurement of the
Higgs total width is important to determine the values of
the Higgs couplings to the SM particles. Experiments can
only measure the signal strength, which is a combination
of the production cross-section and the decay branching
ratio, and the Higgs couplings to the SM particles need to
be extracted with the global fit of all the experimental
data, where the value of the Higgs decay widths to new
physics particles or even some SM particles such as neut-
rinos and light quarks need to be treated as free fitting
parameters or some fixed assumed values. Therefore, the
direct measurement of the Higgs total width can help to
check the consistency of the global fit or even serve as an
external input to fully determine the value of various
Higgs couplings when measured to enough precision. We
expect that combining the Higgs coupling information
and the Higgs total width information at the HL-LHC, the
Higgs sector could be better understood in near future.
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