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Two simple ways by which the standard signals of the Standard Model Higgs boson can be depleted are
its couplings to fermions and gauge bosons can be suppressed by a universal factor, and part of its
branching fraction can be drained into invisible final states. A large class of theories can impose one or both
of these depletion factors, even if mild, by way of additional scalar bosons that are singlets under the
Standard Model but mix with the Higgs boson. We perform a comprehensive survey of the present status of
the depleted Higgs boson, and discuss future prospects for detecting the presence of either depletion factor.
We also survey the constraints status and future detection prospects for the generic case of extra mixed-in
scalars which generically lead to these depletion factors for the Higgs boson. We find, for example, that
precision study of the Higgs boson in many cases is more powerful than searches for the extra scalar states,

given the slate of next-generation experiments that are on the horizon.
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I. INTRODUCTION

One of the biggest triumphs of the Standard Model (SM)
is the explanation of the electroweak symmetry breaking
via a CP-even complex scalar H ~ (1,2, %) which further
predicts the existence of a neutral Higgs boson gy, that is
part of the neutral component of the SU(2), doublet H. So
far all the measured properties of the ~125 GeV physical
Higgs boson that was discovered in 2012 at the Large
Hadron Collider (LHC) are consistent with the SM pre-
dictions and therefore the observed Higgs boson 4 is often
identified as the SM Higgs boson /gy;.

It is important to note, however, that as the Higgs
measurements get more precise there is a well-motivated
possibility that the observations can deviate from the SM
predictions thereby pointing towards the presence of a more
complicated Higgs sector. In this paper we study the
prospect of the observed Higgs boson 4 having a universal
depletion factor o, suppressing all its couplings to the SM
states, along with an invisible width.! The invisible width
constitutes a second depletion factor for the Higgs boson
because its standard decay final state branching fractions
are depleted due to the additional invisible mode.

ISee also Refs. [1,2] for related studies on the impact of two
universal depletion factors on Higgs signal strength measurements.
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To set notation, the SM Higgs boson /gy is related to the
observed Higgs boson / in the following way:

hSM: \/1—52h+"',

where --- include contributions from additional physical
Higgs states that can arise from extended Higgs sectors.
In other words, we identify the label “Higgs boson” / with
the 7125 discovered resonance and not necessarily with the
platonic ideal Standard Model Higgs boson /gy;. Below, we
obtain constraints on the universal depletion factor &,
dependent on the invisible width of 4, from various searches
for the ~125 GeV Higgs boson at the LHC while remaining
agnostic to the particulars of the extended Higgs sectors. We
also later reinterpret some projections at the International
Linear Collider (ILC) and the High Luminosity LHC
(HL-LHC) from the invisible decays of 4. We emphasize
that the relation in Eq. (1.1) can naturally arise from many
extended Higgs sectors.

As a concrete example for an extended Higgs sector that
leads to a universal depletion factor 6 and an invisible width
for h, we first consider an extension to the SM with a real
scalar S ~ (1, 1, 0) that mixes with the SM Higgs boson gy
to give rise to two physical mass eigenstates: the observed
Higgs h and an exotic Higgs ¢. We take the singlet scalar S
to only have invisible decays which translates to an invisible
width for A via its mixing with S. SM extensions with a
singlet scalar were extensively studied in the literature; see,
e.g., Refs. [3-23] and references therein.

For illustration purposes, we only restrict ourselves to the
mass of the exotic Higgs ¢ to be in between m,,/2 and 2m,,

(1.1)
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such that the decays h — ¢¢ and ¢p — hh are kinematically
forbidden. We will see below that after reexamining the
parameter space with the latest bounds, the indirect con-
straints from the precision probes for the observed Higgs
boson 4 at the LHC are the dominant ones in general
compared to the bounds from the searches for additional
neutral Higgs states, and from the oblique parameters S, 7,
and U. This is in accord with the findings in Refs. [16,17]
for m;,/2 < my, < 2m,, specifically for the case where h
does not have any invisible decays.

We also show some future projections at the ILC. As a
further extension to this case, we also briefly consider the
case with N such scalars that are assumed to mix equally
among themselves, and with the SM Higgs boson. Once
again, as we will see below, we find the indirect bounds
from precision probes for the observed Higgs boson h
moderately constrain the parameter space, which gets
stronger as N and/or the invisible width of & gets larger.

The remaining sections of this paper are structured as
follows. In Sec. II, we define “the depleted Higgs boson”—
Higgs boson with a universal suppression and invisible
width—and obtain its production cross sections, total width,
and branching ratios relative to that of the 125 GeV Higgs in
the SM. In Sec. III we study the constraints on the universal
depletion factor 8§, which varies with the invisible width of £,
from the latest LHC precision probes for the ~125 GeV
Higgs boson in various decay channels. We also consider
some example future projections from ILC and HL-LHC. In
Sec. IV, we consider the SM extension with a real singlet
scalar, and in Sec. V we reexamine the present direct and
indirect bounds along with some future projections from
collider searches, and the current constraints from the
Peskin-Takeuchi S, T, and U parameters. We also briefly
consider a Higgs sector with N real singlet scalars, under
some simplifying assumptions, and study the implications
of direct and indirect searches on such a scenario in Sec. VI.
Finally, we end with some concluding remarks in Sec. VIIL.

II. HIGGS BOSON WITH A UNIVERSAL
SUPPRESSION AND INVISIBLE WIDTH

Consider the Higgs boson A with its mass of ~125 GeV
and with a universal depletion factor ¢ for all its couplings
to the SM states, such that the production cross sections of
h are given by

o' = (1-6%)0l33, (2.1)

where 637 are the production cross sections for 125 GeV

Higgs in the SM. Additionally, assume that the 125 GeV
Higgs also has an invisible width that is parametrized as
&°T,y. Therefore, the total width of £ is

Fh = (1 - 52)Fé%/5[ + 62Finv’ (22)

where I'}23 stands for the total width of the 125 GeV Higgs
boson in the SM. Upon defining

Kiny = Finv/ré%/sl’ (23)
Equation (2.2) can be reexpressed as

Fh

m = 1 - (1 - K'inv)(sz. (24)
SM

Given these definitions, the ratio of the branching ratio
B" of h — j™ SM final state to that of the corresponding
branching ratio in the SM Bg;; ;, and the invisible branch-
. . ’ . X . .
ing ratio Bj; , can be entirely expressed in terms of just two
parameters —0 and K, :

B 1-& 2.5)
Bélz\/lsj_ 1_(1_Kinv)52’ '
8K,
B! = Koy (2.6)

L= (1= Ky )8

Note that in the limit & — 0 the SM is completely recovered
(independent of «;,, or I'y,,).

Although, at this point, the appearance of the terms 6 and
I, (or, equivalently, «;,,) might seem ad hoc, we later
consider the case where the SM is extended by a real scalar
S~ (1,1,0) that decays invisibly and mixes with the SM
Higgs boson hgy;. In which case, 6 will be the sine of the
mixing angle between hgy and S, and I, is the invisible
decay width of S. More generally, the terms 6 and «,,
naturally appear in many models beyond the SM, since
these “singlets” can represent any number of possible states
with exotic charges in a sector beyond the SM. Furthermore,
we will see that the constraints on ¢ and «;,, that come just
from the precision probes for the 125 GeV SM Higgs boson
moderately constrain the extensions to the Higgs sector. The
case with N > 1 real singlet Higgs boson(s) that we later
consider will illustrate that.

III. CONSTRAINTS ON DEPLETION
FACTORS 6 AND k;,,

We now turn to constraints on the two-dimensional
parameter space of (§,k;j,,) that come from searches by
ATLAS and CMS Collaborations at the LHC for the
observed Higgs boson decaying invisibly or to the SM
final states. From invisible searches, a bound is usually
reported on the invisible branching ratio B;,, of the Higgs
boson multiplied with its production cross section relative
to the production cross section in the SM o/ogy. In
particular, an upper bound is reported on ,uinvz which we
define as
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TABLE 1. Recent LHC searches for invisible decays of the
125 GeV Higgs boson by ATLAS and CMS experiments along
with the reported 95% C.L. upper bounds on p;,, . fi,y is defined
to be the product of the invisible branching fraction of the Higgs
boson and its production cross section relative to that of the SM.
For convenience, various searches are assigned labels which will
be used in the figure(s).

TABLE 1II. Recent LHC precision probes for the 125 GeV
Higgs boson decaying into the (visible) SM final states by
ATLAS and CMS experiments along with the measured signal
strength modifier x and its overall uncertainty as reported by
ATLAS/CMS that accounts for various systematic and statistical
uncertainties. For convenience, various searches are assigned
labels which will be used in the figure(s).

95% C.L. upper

Label bound on y;,, References
ATLAS 2020 (h — inv) 0.11 [24]
ATLAS 2020 (h — inv, 13 TeV) 0.13 [24]
CMS 2018 (h — inv) 0.18 [25]
CMS 2018 (h — inv, 13 TeV) 0.33 [25]
c
Hiny E—Binvv (31)
o

SM

which in our case can be written as [see Eq. (2.1)]

Hiny = (1 - 52)Bh

mv*

(3.2)

Therefore, using Eq. (2.6), the above equation imposes the
following constraint on (8, k;,,) parameter space

62<1 - 62>Kinv
1— (1 _ Kinv)52 < Hiny- (33)
Table I shows some recent LHC upper bounds on the
quantity u;,, at 95% C.L. by ATLAS and CMS experiments.
As for visible final states, precision probes for the decay
of the 125 GeV Higgs boson to a jth SM final state often
report the measured signal strength modifier y defined as

e (3.4)

where 4o, —o, account for various systematic and
statistical uncertainties on u. In our case, the above
equation also provides a constraint on (6, k;,,) parameter
space [see Egs. (2.1) and (2.5)], which we obtain by solving

for 6 as a function a «j,, (or vice versa) from

}(2 = i (M j— ﬂ) ?
o—ﬁ 1 — (1 = Kjpy)8?
Here, we require y> = 5.99 which corresponds to a fit with

95% confidence level with 2 degrees of freedom [26], and
we simply take 6, = (o, 4 0,,)/2 [as we will be concerned

(3.5)

2For convenience, we define the invisible branching ratio of
the Higgs boson multiplied with its production cross section
relative to the production cross section in the SM as y;,,, which
is not to be confused with the signal strength modifier that is
defined in Eq. (3.4).

Label Observed ¢ References
CMS 2021 (h — yy) 1.12 £0.09 [27]
ATLAS 2022 (h — yy) 1.04:‘)):88 [28]
ATLAS 2020 (h —» ZZ — 4¢) 1.01 £0.11 [29]
CMS 2021 (h —» ZZ — 4¢) 0.94 +£0.11 [30]
ATLAS 2022 (h > WW — evuv)  1.09 £0.11 [31]
CMS 2020 (h > WW — evuv) 1.05 £0.12 [32]
CMS 2018 (h — bb) 1.04 £0.20 [33]
ATLAS 2018 (h — bb) 1.01 £0.20 [34]
ATLAS 2022 (h — 77) 0,93j8:1‘§’ [35]
CMS 2022 (h — t7) 0.82 £0.11 [36]
CMS 2020 (h — up) 1.19fgﬁ [37]
ATLAS 2020 (h — pu) 1.2+£0.6 [38]

here with the cases where the asymmetry, (o, — o)/
(64 4 0,), is either small or absent]. Table II lists the
observed y from the recent LHC searches by ATLAS and
CMS experiments for the decays of the 125 GeV Higgs
boson to various SM final states.

Figure 1 shows the most recent bounds from the LHC
precision probes for the 125 GeV Higgs boson £ in various
decay channels at 95% C.L. In each decay channel of A,
only the strongest bound is shown in the figure. The shaded
regions with dashed and solid borders show the bounds
obtained from the searches for % to invisible and SM final
states (excluding & — yy), respectively. The bound obtained
from the search for 7 — yy is shown by a dotted line. Here,
a dotted line is used to emphasize that the & — yy is a loop-
induced process, and is therefore more sensitive to new
physics contributions.

The future searches, see, e.g., Refs. [39-46], for h
further constrain this parameter space, and as candidate
projections, we show the dash-dotted lines corresponding
to the 95% C.L. expected sensitivity for the invisible
decays of h at the high luminosity LHC (HL-LHC)
with 3 ab™! of integrated luminosity [40] and at the
International Linear Collider (ILC) with silicon detector
at /s =250 GeV with an integrated luminosity of
(0.9,0.9) ab~! for (efef,ege; ), respectively, and beam
polarization of (80, 30)% for (e™, e™), respectively [46].

Therefore, if the 125 GeV Higgs boson has a universal
suppression for all its couplings to SM fermions and gauge
bosons along with an invisible width, it is evident from
Fig. 1 that this scenario is moderately constrained from the
current LHC searches. And, the future precision studies of
the already discovered Higgs boson should be able to
further constrain or find evidence for such a scenario with

055022-3



PRUDHVI N. BHATTIPROLU and JAMES D. WELLS

PHYS. REV. D 107, 055022 (2023)

""" | LUULUULLL LUULUUULL JIUUULLUULD UL AR

95% C.L. exclusion 1

------ CMS 2021 (h = v7) T

C_JATLAS 2022 (h — WW — evpv) -

[JATLAS 2020 (h — ZZ — 4¢) E
CMS 2018 (h — bb)

[ JATLAS 2022 (h — 77)

_ [CICMS 2020 (h — pp)

10tk

10° ZTIATLAS 2020 (h — inv) 3
>
=
£ 40
102
10—3 1 1 H
00 01 02 03 A 05
0
FIG. 1. Current 95% C.L. bounds on the parameter space of

(8, Kiny) from ATLAS and CMS precision probes for 125 GeV
Higgs boson in various search channels. Out of the bounds
obtained from the reported values of y;,, [defined in Eq. (3.1)] and
the signal strength modifier ; from Tables I and II, respectively,
only the strongest bounds in each search channel are shown here.
The shaded regions with dashed and solid borders show the
bounds obtained from the searches for /4 to invisible and SM final
states (excluding i — yy), respectively. The bound from & — yy is
shown by a dotted line to emphasize that the process is loop
induced and therefore more sensitive to new physics contribu-
tions. The dash-dotted lines show the projected 95% C.L.
sensitivity for invisible 4 decays at 250 GeV ILC and high
luminosity LHC with nominal running assumptions as discussed
in the text.

depletion factors (8, i,y ). Thus the precision probes for the
125 GeV Higgs boson provide for an indirect, and often
the most powerful probe (as we will see below for a few
examples), for a large class of theories with depletion
factors (8, k;,,) for the 125 GeV Higgs and additional
physical Higgs states.

IV. REAL SINGLET SCALARS EXTENSION

We now consider a model with the SM particle content
and an additional real scalar Higgs S that is a singlet under
the SM gauge group with the following scalar potential3:

. 1
V(H,S) =-m4H H+ A(H'H)*> + Emgs2 +usH HS,

(4.1)

where H is the SM Higgs doublet with a weak hypercharge
Y = 1/2, and m3, is positive such that H acquires a nonzero
vacuum expectation value (VEV). The singlet Higgs S is
assumed to have invisible decays, governed by the inter-
action Lagrangian

*We treat Eq. (4.1) as an effective scalar potential and therefore
the tadpole term for S that naively seems to follow from Eq. (4.1)
does not exist in the full theory (see, e.g., Refs. [3,4]).

Lin = AWSII_”//’ (42)
where w ~ (1,1,0) is a very light hidden-sector fermion
with a Dirac mass m,,. Therefore, the width for § to decay
to the invisible states S — y is Iy, (ms) ~ A2 mg/8x, with
the assumption that m,, < mg.

At the minimum of the scalar potential, we assume
(S) = 0, and we use SU(2), gauge freedom such that only
the neutral component H° of the SM Higgs doublet
acquires a VEV. In unitary gauge, we take

7U+hSM
\/E )

with v = my /2 (=246 GeV). After plugging in for H
and expanding around the VEV, Eq. (4.1) becomes

(H®) (4.3)

V(hsm, S) D % (hsmy  S)M? ( hSSM ) , (4.4)

with

2m? v
M= ST (4.5)
psv  mg
The squared mass matrix can then be diagonalized by a
unitary matrix parametrized by a mixing angle

L 2ugw
o= _tan” ————-,
2 my — 2my

(4.6)

which leads to the physical mass eigenstates /, ¢ that are
admixtures of the gauge eigenstates /gy, S:

hgm = cos wh + sin we, (4.7)
S = —sinwh + cos w¢,

(4.8)

with their corresponding squared masses

1
=3 {(m% +2my) + [ (md = 2m 4 A2 |, (49)

where m, is the mass of the heavier state and m_ is the
mass of the lighter state. We take & to be the physical
Higgs boson h with mass mj ~ 125 GeV that was dis-
covered at the LHC in 2012, and the other mass eigenstate
¢ to be the exotic Higgs. From Egs. (4.6) to (4.9), note that
as ug in Eq. (4.1) is tuned down to 0, the mixing angle w
vanishes and the mass eigenstates are the same as the
gauge eigenstates with masses 2m7 (=125 GeV) and m3.
For purposes of illustration, in this paper, we only
consider the possibility of having m, in the vicinity of
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my, specifically m,,/2 < my < 2my, so that the decays
h — ¢¢ and ¢ — hh are kinematically forbidden.

Due to the mixing of the gauge eigenstates hgy; and S,
the physical states &, ¢ can now decay to SM states and to
invisible states with widths Fg’l\ﬁ and Fi};’f, respectively.
Apart from the masses m_. (of which one is already known
to be ~125 GeV), the widths, the production cross sections
and branching fractions of &, ¢ can be expressed in terms of
only two free parameters ¢ and «;,, that are defined as

, (4.10)

d=|sinw

Kiny = Finv/r‘é%/ls‘ (41 1)
In terms of I'gy; (total width for hgy to SM states) and T,
(width for S — yy):

Y = (1=8)y.

Ty = & Tsm(my), (4.12)

FgM:(l—ﬁz)Féﬁ, rf

b = Tinys (4.13)

where Iy, is treated as a free parameter, and L33 = I'gy
(125 GeV). Also, in terms of the production cross section
osm Of hgy, the production cross sections for £, ¢ are

0¢ = 5203M(m¢), (414)

o =(1-8%)0k3. (4.15)

We can now compare the production cross sections times
branching ratios of &, ¢ to the ones in the SM. In order to do
so, we first note that the total widths I of h, ¢ are related
to the SM width I'gy; via

7 Ky + (Ksm = Kiny )5

i , (4.16)
F'sm Ksm
Fh
@ = 1 - (1 _Kinv)527 (417)
where we have defined
Ksm = FSM(m¢)/F§12v15~ (4'18)

Using these results and definitions, the ratio of branching
ratios of 4, ¢ into the jth SM final state Bﬁ”’/' = Fﬁ-"(’l’ /T to
that of the SM Bgy ; can be expressed as

B? 5
i Ksm - (4.19)
Bsmj  Kiny + (Ksm — Kiny )8
B 1 -8
12/5 = 5 (4.20)
BSM,j 1- (1 - K‘inv)(S

so the production rates of %, ¢ in the jth SM final state is

o?B? 54
A Ksm S (421)
osmBsm,j  Kiny + (Ksm — Kiny )0
o"B" 1 —6%)2
J u-5) (4.22)

O-élz\/lsBéﬁ/ B 1 - (1 - Kinv)(sz'

Finally, the invisible branching ratios B? = "% /"¢

inv inv
of h, ¢:
gt — (=) , (4.23)
™ Kiny + (Ksm — Kiny)8?
2
ho__ OKimw (4.24)

B! )
W = (1 = Ky )6

Note that the expressions for % in Egs. (4.15), (4.17), (4.20),
and (4.24) match with Egs. (2.1), (2.4)—(2.6), respectively.

Using the above equations, we can now obtain the
current constraints/future sensitivities for real singlet scalar
extension to the SM that impose the depletion factors
(8, kiny) on the 125 GeV Higgs boson £ and also predict an
exotic Higgs ¢. The indirect constraints and projections
from the precision probes for the 125 GeV Higgs boson i
were obtained in the previous section (Sec. III). Whereas,
the current constraints are considered in the next section
(Sec. V) along with some future projections for (8, ki, )
from the direct searches for the exotic Higgs boson & with
my/2 < my < 2my, (for simplicity and easy compatibility
with precision electroweak constraints). And, we will see
that the precision probes for the observed Higgs boson 4
are typically much more constraining than the direct
searches for the exotic Higgs ¢.

V. CONSTRAINTS ON REAL SINGLET SCALARS

As mentioned above, in the present case the sine-squared
of the mixing angle between the gauge eigenstates /gy and
S gives rise to the universal depletion factor 6 for the
couplings of the physical 125 GeV Higgs boson £, and the
invisible width I, of S gives rise to the invisible width of
h. Therefore, all of the constraints on (3§, k;,,) from the
precision probes for the 125 GeV Higgs boson, considered
in Sec. II, are directly applicable for (8, k;,,) in the case of
real scalar singlet extension to the SM.

Apart from the indirect constraints that come from the
precision probes for the 125 GeV Higgs boson, there are
also additional bounds on the exotic Higgs ¢ for various
values of its mass m, from precision electroweak observ-
ables, and also from the collider searches for an additional
neutral Higgs boson over a wide range of masses.

First, let us consider the bounds from precision electro-
weak observables, in particular from the Peskin-Takeuchi
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parameters S, 7, and U [47]. To that end we begin by noting
the one-loop contribution of the SM Higgs with mass m to
the massive vector boson (V = W, Z) propagators:

a, mi [1
My (p*sm) = v [

2 2.
—Em EAO(m) + my,By(p”; my, m)

"Bmﬂpzﬂnv,nﬂ}, (5.1)

where «, is the fine structure constant, sy (cy) is the
sine (cosine) of the weak-mixing angle, and Ay(my),
Bo(p?;my,mgy), and Byy(p?;m,, my) are the Passarino-
Veltman functions following the conventions of Ref. [48].
Then the predictions for the Peskin-Takeuchi parameters in
the real singlet scalar extension to the SM are given by

a, m% ’ '
1 [y (0) _ 1175°(0)
T—a—[ nl0) 20 (53)
e w z
a, mi, ' '

with

HI\I/C\WPZ) = (1 - 52)HVV(P2§ mh) + 52HVV(P2§m¢>

- HVV(PZ; my), (5.5)
such that the parameters S, 7, and U account for the
contribution of the physical Higgs boson with mass m;,
that is already included in them, and therefore are normal-
ized to reflect only the new physics (i.e., real scalar singlet
Higgs) contribution.

From the global electroweak fit at NNLO by the Gfitter
group [49], the current experimental measurements of the
Peskin-Takeuchi parameters, with the SM reference point
taken to be (m,, m,) = (125,173) GeV, are

§=005, T7=009 0U=001, (56)
with the corresponding uncertainties (o;)
og=0.11, or = 0.13, oy = 0.11, (5.7)
and the correlation coefficients (p;; = pj; = ‘:Z)
pst = 0.90, psy = —0.59, pru = —0.83.  (5.8)

In order to finally obtain a bound on §, we check the
compatibility of the model predictions with that of the

1.0 T T T T T T T T T

0.9F Constraints from Peskin-Takeuchi parameters —f

0.8F ‘

0.7 3
0.6F :

W 0.5F
0.4F

0.3F
0.2F 3

0.1F E
[195% C.L. exclusion J
1 1 1 ]

0.0 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

mge [GeV]

FIG. 2. Constraints on J as a function of the exotic Higgs mass
my from precision electroweak observables S, T, and U param-
eters. The bounds are extracted by evaluating the y? using the
model predictions and observed values of Peskin-Takeuchi
parameters, taking all the experimental uncertainties and corre-
lations into account, and demanding that the resulting y>
corresponds to a 95% confidence level fit.

experimental measurements. In particular, for a chosen m,
we compute the y? value, which is a function of §, using

= yiVi_jIYjv (5.9)
withy; = (S = 8,7 — T, U — U), and the covariance matrix
elements V;; = 67 and V;; = p;;06,0; (i # j). And, solve
for & after requiring y> = 7.81 corresponding to a fit with
95% confidence level (or a p value of 0.05) with 3 degrees of
freedom [26].

Figure 2 shows the bound obtained from Peskin-Takeuchi
parameters using the procedure detailed above on § as a
function of m. Actually, for a fixed significance level, we
find a disagreement in comparing our results with the ones
obtained in Refs. [16,17]. The reason for this disagreement is
due to an additional factor of —1 that is included in the
vacuum polarization function Iy which can be inferred
from Egs. (24) and (25) of Ref. [15],4 which seemed to have
propagated into the results in Refs. [16,17]. Taking Iy, —
—I1yy in Eq. (5.1), we exactly reproduce the bounds from S,
T, and U parameters reported in Refs. [16,17]. To check the
correctness of the sign in Eq. (5.1), we have computed the
one-loop contribution of the SM Higgs to s, and checked
that it agrees with the results in the standard quantum
field theory textbooks, e.g., Refs. [50,51]. Furthermore, the
constraints we obtain from S, 7, and U parameters are in
good agreement with that of Ref. [22], which uses the

4Additionally, in Egs. (24) and (25) of Ref. [15], we note that
there is an additional factor of 1 in the term with Ay(m), but that
term drops out of the Peskin-Takeuchi paramaters as it is
independent of pZ.
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experimental inputs from Ref. [26]. We note that our results
do not change significantly if we use experimental inputs
from Ref. [26] instead of Ref. [49]. Therefore, in contrast to
the claim in Refs. [16,17], S, T, and U electroweak precision
parameters pose significant constraints on 6 as a function of
my, especially for large my,.

We now turn to constraints on our parameter space from
the collider searches for additional neutral Higgs boson.
Once again, for invisible searches, an upper bound is given
on p;,, [defined in Eq. (3.1)], which translates into

8(1 = 8)Kiny

Kiny + (KSM - Kinv)5

Hiny = 2 (510)

for the exotic Higgs ¢. For a bound reported on y;,,, at each
my and for a fixed «j,,, we can then solve for the allowed
values of 0 using the above equation.

For searches for additional Higgs boson in the jth SM
final state, an upper limit is reported on

oB;
J
h=—"-: (5.11)
GSMBSM.;'

For the ¢ boson, this limit can be recasted, using
Eq. (4.21), as

54KSM

Kiny 1 (Ksm — Kiny )5

U= . (5.12)

from which we can extract the allowed values of 6 for a
fixed iy, for each m. Various collider searches that look
for (additional) neutral Higgs boson(s) in various decay
channels (including invisible searches) that pose significant
constraints on the parameter space of (8, ki, 11,) are listed
in Table III. The relevant data associated with these searches
was obtained, in part, from the files provided with the
publicly available FORTRAN code HiggsBoundss [52]. And

TABLE III.

the widths and branching ratios of the SM Higgs boson
for various masses are obtained using the program
HDECAY [53,54].

In Fig. 3 we show various constraints on § as a function
of the exotic Higgs mass m,, for various choices of x;,, at
95% C.L. The shaded regions with solid borders are the
bounds from the searches for the exotic Higgs ¢ decaying
to SM final states, and the shaded regions with dashed
borders are the bounds from the invisible searches for ¢.
The labels for each of these shaded regions correspond
to the ones listed in Table III. Gold dashed lines show
the constraints from electroweak precision observables,
namely, the Peskin-Takeuchi S, 7', and U parameters. And,
dotted lines show the bounds from the precision probes for
h — WW — evuv and h — yy, which typically are much
more constraining than the searches for ¢. The 3D plots in
Fig. 4 show the richness of various bounds from the
searches for neutral Higgs bosons in various decay chan-
nels on the parameter space of (8, kiny,m,). various 2D
slices of the 3D plots in Fig. 4 with fixed «;,,, were shown
in Fig. 3.

In Fig. 5, we show some future projections for 6 as a
function of the real singlet scalar mass m, for kj,, =0, 1.
Here we only show the sensitivities of ILC for ¢ from the
¢ — bb decays and using a model-independent recoil mass
method in the eTe™ — Z¢ process [66-68]. The solid and
dotted lines show the present collider constraints from the
searches for ¢ and precision probes for /4, respectively (see
Figs. 1 and 3). The violet dashed lines show the projected
sensitivity of the ILC with /s = 250 GeV for ¢ — bb
searches [66] with 0.5 ab~! and beam polarization of
(80,30)% for (e, e"), respectively. The orange dashed
lines show the expected sensitivity, obtained using the
model-independent recoil mass method in the ete™ — Z¢
process, of the 250 GeV ILC with integrated luminosity
of (0.9,0.9,0.1,0.1) ab™" for (ejep.epef.erer . eger),
respectively, and beam polarization of (80, 30)% for

Collider searches for the decays of (additional) neutral Higgs boson(s) to (visible) SM and invisible

final states over wide range of masses. For convenience, various searches are assigned labels which will be used in
the figures below. Bgy ; below is the SM branching ratio for gy — jth SM final state.

Label Mass range (GeV) Limit reported (95% C.L.) References
LEP 2005 (¢ — inv) 50-110 Hiny [55]
LEP 2011 (¢ — inv) 90-118 Hiny [56]
CMS 2018 (¢ — inv) 110-1000 Hiny [25]
ATLAS 2019 (¢ — inv) 75-3000 HinyOSM [57]
ATLAS 2022 (¢ — inv) 50-2000 HinyOSM [58]
LEP 2006 (¢p — bb) 12-120 UBsM b [59]
CMS 2012 (combined) 110-1000 U [60]
CMS 2013 (¢p - WW) 110-600 u [61]
CMS 2015 (¢p - WW/ZZ) 145-1000 U [62]
ATLAS 2015 (¢p — ZZ7) 140-1000 uosmBsm.zz [63]
ATLAS 2020 (¢p — ZZ) 210-2000 uosmBsm zz [64]
CMS 2018 (¢p —» Z2Z7) 130-3000 uosmBsm.zz [65]
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FIG.3. 95% C.L. bounds on ¢ as a function of the exotic Higgs mass m, for various choices of k;,, = 0, 0.1, 1, 5, 10, 50. The shaded
regions with solid borders are the bounds from the searches for ¢p — (visible) SM final states, and the shaded regions with dashed
borders are the bounds from the invisible searches for ¢. The labels for each of these shaded regions correspond to the ones listed in
Table III. Gold dashed lines show the constraints from electroweak precision observables, namely, the Peskin-Takeuchi S, 7, and U
parameters. The dotted lines show the indirect constraints from the precision probes for h - WW — evuv and h — yy (strongest bound

in most cases).

(e, e™), respectively [67]. And, the green dashed lines
show similar results but with 500 GeV ILC with integrated

luminosity of (1.6,1.6,0.4,0.4) ab~! for (e;ej,exe;,

eye}, eger), respectively [67]. Both the orange and green
dashed lines are independent of the choice for «;,, as the
mass of ¢ can be measured using the recoil mass against
the Z boson (reconstructed from g+ u~) independent of the
decays of ¢. The dash-dotted lines in the right panel with
Kiny = 1 are the future projections for invisible searches of

055022-8

the observed Higgs boson £ at HL-LHC and 250 GeV ILC
(see Fig. 1) that indirectly constrain the parameter space.

To summarize, we recasted the bounds/projections

reported in various collider searches/studies, for neutral
Higgs boson(s), for the depletion factors (8,k;,,) of the
already discovered 125 GeV Higgs boson / that occur in the
SM extended with a real scalar singlet. And, we found that
the precision studies of the observed Higgs boson / often
provide for the strongest constraint/reach in the parameter
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FIG.4. Constraints on the 3D parameter space (8, ki, 71,4) from the collider searches for ¢ (black shaded envelope; listed in Table IIT),
along with the strongest constraints from the precision probes for 7 — yy (red) and h - WW — evuv (blue). Also shown are the
constraints from the Peskin-Takeuchi parameters for the SM extended with a real SM gauge-singlet scalar Higgs (gold). The 3D plots
here showcase various bounds on all the free parameters of this model, and more details are shown in Fig. 3 with some 2D slices with
fixed K,y -

an invisible width T, where the gauge basis {hgy, S;} is
related to the mass basis {%, ¢;} in the following way:

space (8, ki, m,) compared to the direct searches for the
additional physical Higgs ¢, at least for m,, /2 < mj < 2my,.
For large m;, we found that the precision electroweak

observables S, T, and U can impose a strong constraint on hsm V1-6* g noo. . h
the parameter space. The results obtained in this section for S, - lte ¢ b
the real singlet scalar extension suggest that in various other o
S, | = -n e l+e . . b2 (6.1)

extended Higgs sectors that contain the depleted Higgs
boson, the precision probes for the 125 GeV Higgs boson
alone can often best constrain such a class of models.

VL. HIGH MULTIPLICITY OF REAL Here, for purposes of illustration, we chose that the gauge-

SINGLET SCALARS

Finally, we also briefly consider an extension to the SM
with N real SM gauge-singlet scalars S;_; , .y, each with

singlets S; mix equally among themselves (parametrized by
€) and with the SM Higgs hgy (parametrized by 7). Note
that 4 here stands for the physical Higgs boson with mass
~125 GeV that is already discovered, and ¢; are the exotic

1.0 T T T 1.0 T T T

T T T T T T
—— —— Collider searches for ¢ —— —— Collider searches for ¢
0.9 3 T Y L ATLAS 2022 (h - WW — evuv) E 0.9 Fln =1 ATLAS 2022 (h - WW — evuv) E
R S L R CMS 2021 (h — v7) E e CMS 2021 (h — v7)
0.8k 250 GeV ILC with 0.5 ab=! (¢ — bb) E 0.8k 250 GeV ILC with 0.5 ab=! (¢ — bb) E
. 250 GeV ILC (e*e™ — Zd; recoil method) . 250 GeV ILC (e*e™ — Z; recoil method)
o7k ---'500 GeV ILC (e*e™ — Z¢; recoil method) J ok -=- 500 GeV ILC (e*e™ — Z¢; recoil method) J
. . —= HL-LHC with 3 ab=! (h — inv)
0.6 E E 0.6 F —=250 GeV ILC (h — inv) 3

g — R DU A :

0.3 F E 0.3 F |92 A
0.2 1// _________________________ % 0.2F o P

0.1F" g 0.1 E

0.0 1 1 1 1 1 1 1 0.0 1 1 1 1 1 1 1
75 100 125 150 175 200 225 250 75 100 125 150 175 200 225 250

my [GeV] my [GeV]

FIG.5. Some future sensitivities for § as a function of the real singlet scalar mass m for k;,, = 0 (left panel) and «;,, = 1 (right panel).
The solid and dotted lines show the present collider constraints from the searches for ¢ and precision probes for %, respectively (see
Figs. 1 and 3). The violet dashed lines show the projected sensitivity of the 250 GeV ILC for ¢ — bb searches with some modest
running assumptions [66] as discussed in the text. The (orange, green) dashed lines show the model-independent expected sensitivity at
the ILC with /s = (250, 500) GeV, respectively, with various running assumptions [67] as mentioned in the text. The (maroon, gray)
dash-dotted lines in the right panel are future projections for invisible searches of the observed Higgs boson £ from Fig. 1 at (HL-LHC
with 3 ab™! [40], 250 GeV ILC with 1.8 ab™! [46]), respectively, that indirectly constrain the parameter space.
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Higgs with masses taken to be m,/2 <my <2m,,
for simplicity. The orthogonality of the above matrix
implies that

0

’I:\/—N, (6.2)
¢ :%(\/1 P 1) = —%+ e (63)

The gauge eigenstates can be expressed in terms of the
mass eigenstates:

(6.4)

S N
hont = V1= 8h+—=>" ¢,

Si:

5 1 N
-2 (V1=8-1) § ;. (6.5)
=1

ht i+~
N Tty

We once again find that the total widths, branching
ratios, and production cross sections of 4 are the same as in
Sec. 11, and for the exotic Higgs bosons ¢;, the results for ¢
from Sec. IV are directly applicable but with the replace-
ment § — n = %, for example,

& &
- 1 ——
(-9
Therefore all the bounds in Sec. V can be reinterpreted for
each ¢; by simply rescaling the bounds by +/N. We can
then immediately see that the bounds coming from the

searches for ¢b; become weaker as N gets larger, and the
strongest constraints often come directly from the precision

%

Tsm

Kiny

(6.6)
Ksm

1.0 T T T T T T T T T
0.9

0.8F

0.7F

I% 0.6F ]

i 1 ]

< 0.5F i i | .

Il o.4F R
w i |
0.3F | I

0.2

0.1

------ ATLAS 2022 (h — WW — evpv)

------ CMS 2021 (h — v7)

Strongest bound (¢; — any)

Strongest bound (random my,, ¢; — any)
1 1 1

0‘0 1 1 1
1 2 3 4 5 6 7 8 9

N

10

probes for the 125 GeV Higgs boson A. To illustrate this,
we randomly generate m,, € [m;/2,2m,] and choose the
strongest bound from the bounds obtained for each m,, . We
then iterate these steps several times, so that it is evident
that the strongest bound always (often) comes from the
precision probes for the 125 GeV Higgs boson # for large
(small) N.

Figure 6 shows various bounds on ¢ as a function of
number of SM gauge-singlet real scalars N for fixed i, .
Dotted lines show the constraints coming from the precision
probes for the 125 GeV Higgs boson /4, specifically the most
stringent ones from the precision probes for & — yy by
CMS and h - WW — evuv by ATLAS. The orange-
colored square scatter plot shows the strongest bound on
& from searches for ¢; for all my € [m;,/2,m,]. For
example, for x;,, = 0, the strongest bound on # can be
directly read off of the top-left plot of Fig. 3 to be ~0.16 at
my, ~ 65 GeV and so the strongest bound on 6 = 0.16v/N.
Various light-gray scatter plots are the strongest bounds
obtained by randomly distributing all m_between 62.5 and
250 GeV. And, in Fig. 7, we show various bounds on ¢ as a
function of «;,,. Dotted lines, once again, show the bounds
from the precision probes for the observed Higgs boson 4.
Thick solid lines show the strongest bounds from the
searches for ¢; (for all m,, ) for real scalar singlet extensions
with N = 2 and N = 10 scalars. Each thin solid line shows
the strongest bounds obtained by randomly choosing m,, in
between my,/2 and 2m,. As mentioned before, it is clear
from Figs. 6 and 7 that the strongest bounds almost always
come from the precision probes for the 125 GeV Higgs
boson / for large N and/or large x;,, .

Therefore, as remarked at the end of the previous section,
we found that the indirect precision probes for the observed
Higgs boson with m; ~ 125 GeV tend to give the most

1O T T T T T T T T T
Kiny = 1.0
0.9F E
0.8F ]
0.7F E
k 0.6 F i ! I
0.5F i | E
Woafk ¢ 0 3
03k ¢ : e

------ ATLAS 2022 (h = WW — evpv) e
------ CMS 2021 (h — v7)
Strongest bound (¢; — any) -
Strongest bound (random m,, ¢; — any)

1 1 1 1 1

10

0.2F !
0.1F

0‘0 1 1 1
1 2 3 4 5 6 7 8 9

N

FIG. 6. Constraints on ¢ for the SM extended with N real singlet scalars for x;,,, = 0 (left panel) and «;,,, = 1 (right panel). Dotted lines
show the strongest bounds from the precision probes for the 125 GeV Higgs h, scatter plot with square markers show the strongest
bound from the searches for the exotic Higgs bosons ¢; obtained by varying the mass of one of the exotic Higgs m,. from m,,/2 to 2my,.
And the light-gray scatter plots show the strongest constraints in various iterations where the masses m,,_,  are randomly distributed
between m, /2 and 2m,,, illustrating that the precision probes for the 125 GeV Higgs boson /4 alone typically provide for the strongest

constraints.

055022-10



DEPLETED HIGGS BOSON: SEARCHES FOR UNIVERSAL ...

PHYS. REV. D 107, 055022 (2023)
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------ ATLAS 2022 (h - WW — evuv) E
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0.8 F Strongest bound (N = 2, random my,, ¢; — any) 4
' | —Strongest bound (N = 10, ¢; — any) E
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0.7 F > &
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FIG.7. Constraints on 6 for the SM extended with N real singlet
scalars as a function of k;,,. The dotted lines show the strongest
bounds from the (visible) precision probes for the 125 GeV Higgs
h, and the thicker solid lines show the strongest bound from the
searches for the exotic Higgs bosons ¢, obtained by varying the
mass of one of the exotic Higgs m,, from my,/2 to 2m, for N = 2
(blue) and N = 10 (yellow). And the thinner solid lines show the
strongest constraints in various iterations where the masses
mg,  ,, are randomly distributed between m;/2 and 2my,
illustrating that the precision probes for the 125 GeV Higgs
boson 4 alone typically provide for the strongest constraints.

powerful constraint on the depletion factors (8, k) in the
SM extended with a high multiplicity of real singlet scalars,
albeit under some simplifying assumptions. And, the
constraints from the direct searches for the additional
exotic Higgs states ¢; get weaker as the multiplicity or
the invisible width of the scalars increase.

VII. CONCLUSION

In this paper, we obtained the latest bounds on the
universal depletion factor J that suppresses all the cou-
plings of the observed Higgs boson 4 to SM final states
from the recent LHC searches in various decay channels as
a function of the other depletion factor «;,,, a parameter
related to the invisible width of £ [see Eq. (2.3)]. We argued
that these bounds indirectly constrain many extended Higgs

sectors that give rise to ¢ and «;,,, and are also in general
comparable to or stronger than the direct searches for the
additional Higgs states, at least if their masses are in
between my,/2 and 2my,,.

To demonstrate we considered various bounds that come
from the collider searches for a exotic Higgs boson ¢ that
occurs in the SM extended with a real SM gauge-singlet
scalar that decays only invisibly to some exotic hidden
sector fermions. We also obtained the constraints on J as a
function of the mass of the exotic Higgs from precision
electroweak observables (in particular the Peskin-Takeuchi
parameters). Although, the constraints from the S, T,
and U parameters are not the strongest bounds for
my/2 < my < 2my, these bounds get very strong for
higher my. And, moreover, we also considered some
future sensitivities for the observed Higgs boson 4 and
for the exotic Higgs boson ¢, to show that the parameter
space of the extended Higgs sectors, that lead to the
universal depletion factor é and an invisible width factor
Ky for h, get more constrained and will eventually
measure the deviations from the SM predictions and lead
the way to the discovery of the additional Higgs states.

Finally, we also considered the case where there are
actually N real singlet scalars, with some simplifying
assumptions for illustration purposes, and found that the
indirect bounds from the precision probes for the 125 GeV
Higgs boson £ alone tend to moderately constrain such
scenarios. The cases with larger number of such scalars
and/or larger invisible widths for 4 are much more con-
strained from the indirect searches.
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