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1 Introduction

Electroweak multiplets that neither mix with Standard Model (SM) fields nor acquire
vacuum expectation values (VEVs) are ubiquitous in physics beyond the Standard Model
(BSM). Such multiplets, which we will refer to as inert, can provide potential dark
matter candidates [1-4], be responsible for baryogenesis [5, 6], or explain certain flavour
anomalies [7].

Inert multiplets can in principle interact at tree level with the Higgs boson A and
therefore affect some of its properties. Interestingly, specifying these interaction terms and
the masses of the particles involved is sufficient to compute their leading contributions to
many Higgs properties. Since these interaction terms can only take a limited number of
forms, this allows for a very broad analysis of the impact of inert multiplets on specific
Higgs properties that are sensitive to new physics contributions. In this paper, we will
study three such properties, all affected by the new particles at the one-loop level.

The first one is the branching ratio of the Higgs boson to a photon and a Z boson. Since
this is a loop process in the SM, new particles could potentially lead to sizable deviations
from the SM prediction. Furthermore, the current measurement of this branching ratio



is 2.1 £ 0.7 times larger than its SM value, corresponding to a deviation of 1.90 [8, 9].
Previous works on possible deviations of this branching ratio include refs. [10, 11].

The second Higgs property of interest is the branching ratio of the Higgs to a Z boson
and a massless dark photon A’ [12]. An extensive literature on the decay h — AA’ already
exists [13-21], but it was recently demonstrated in refs. [19-21] that this branching ratio is
considerably more constrained than the previous analysis ref. [13]. Some of the constraints
on h — AA’ simply do not apply to h — Z A" and no bound on this branching ratio currently
exists in the literature.

The third Higgs property considered is the triple Higgs coupling. This coupling provides
additional information on the form of the Higgs potential. In addition, a larger value of this
coupling could lead to a sufficiently strong first-order electroweak phase transition in the
early Universe and thus explain matter abundance via electroweak baryogenesis [22, 23].

More precisely, the goal of this paper is to study the potential contributions of inert
multiplets to the Higgs branching ratios BR(h — ZA(’)) and the triple Higgs coupling.
To do so, we will consider all possible tree-level interactions between the Higgs and inert
multiplets and then compute their contributions to these Higgs properties. Constraints
from the Higgs signal strengths, the electroweak precision tests and perturbative unitarity
will be taken into account. In many ways, this paper is an extension of the formalism of
refs. [19, 20] and its application to new Higgs properties.

We find the following results. The branching ratio BR(h — ZA) can easily be enhanced
by O(20%) for simple models. Considerably larger enhancements are possible, but require
more complicated models and careful fine-tuning. The branching ratio BR(h — ZA’) could
in principle be above 1%. It would however require new neutral particles barely above half
the mass of the Higgs boson. A branching ratio of 0(0.1%) is however relatively easy to
obtain. The triple Higgs coupling can easily be enhanced by a factor of several.

This paper is organized as follows. We introduce in section 2 the inert multiplets and
all their relevant interactions with the Higgs doublet. Section 3 explains how we apply
constraints and compute the above-mentioned properties. The results are shown in section 4.
Some concluding remarks are presented in section 5.

2 Possible interaction terms

If inert multiplets are to have any sizable impact on Higgs properties, they need to interact
with the Higgs boson at tree level. In this section, we present all renormalizable interaction
terms relevant to our observables. Most of these terms were already included in refs. [19, 20],
from which we borrow heavily. Contrary to these papers, we will not in general require
the inert multiplets to be charged under a new U(1)" symmetry. This will allow for a few
additional terms as well as real multiplets. We will require the interaction terms to be
able to contribute to our observables at one loop. In combination with the requirement
of the fields not acquiring VEVs, this will force the interaction terms to always contain
exactly two (distinct or not) inert multiplets. We will write quantum numbers of fields as
(SU(2),U(1)y,U(1)"). The SU(2), indices are labeled by Latin letters and range from 1
to the size of the representation of the corresponding field. Considering the constraints on



new coloured particles, all fields will be assumed to be SU(3)¢ singlets. Terms that are
equivalent to those below up to a field redefinition are not included in the list, but could
easily be included when the field redefinition cannot be performed simultaneously for all
terms in the Lagrangian. See ref. [24] for a similar exercise but with different assumptions
and motivations.

Fermion case. Consider the fermions

Yr:(p,Y7,Q), e (nY",Q), (2.1)

with Y? = Y™+ 1/2 and p = n £ 1. Throughout the paper, we use the boldfaced p and n to
denote the SU(2)[, representation of a multiplet and italic p and n for their corresponding
dimensions. The following term is allowed!

F(a1,19) = _JZZCJT(ALPL + ApPr)ySH® + H.c. (2.2)

The SU(2), tensor is given by the Clebsch-Gordan coefficient

JZZC = Cj{%ﬂgmg = <j1j2m1m2|JM>, (23)
where
. n—1 .1 p—1
.71 = 2 ) j? = 57 J = T'}
(2.4)
n+1—2b 3—2c M p+1—2a
m=———, Mg= = —
1 2 ) 2 2 ) 2

Depending on their quantum numbers, either 1; or ¥2 can be a real multiplet.
Scalar case 1. Consider the scalars
¢1 : (p7 va Q/)7 ¢2 : (l’l, Yna Q/)a (25)

with YP =Y"™ +1/2 and p = n £ 1. The following term is allowed

Si(d1,d2) = —udly 81 3 H® + Hee. (2.6)
The SU(2), tensor is given by
wn _ ~JM
da?c - Cj1m1j2m2’ (2‘7)
where
. n—1 1 p—1
J1 = y J2 == J = )
2 2 2 2.8)
n+1-—2b 3—2c p+1-—2a
my = DT gy 2 =R S
2 2 2

Depending on their quantum numbers, either ¢; or ¢o can be a real multiplet. This case
includes the electroweak (EW) case of refs. [13-17] when their neutral scalar S is replaced

by its expectation value.

ISummation over repeated symbols is implicit when trivial but will be written explicitly otherwise.



Scalar case II. Consider the scalar

¢:(n,Y",Q"). (2.9)
The following term is allowed
Sa@) =~ D NdgHTH ¢ (2.10)
re{n—1,n+1}
The SU(2), tensor is given by
Jnr JM JM
abed = Z C]1m1]2m2 stmsj4m4’ (2.11)
M

where M is summed over {—J,—J +1,—J +2,...,+J} and

o1 . oon—1 o1 . n—1 J_r—l
]1_27 J2 = 5 ]3_21 Ja = 9 - 9 (2 12)

3-2 n+1-2  3-2% n+l-2d '
my = 9 , Mg = 9 , M3 = 9 , My = 9 .

Unless ¢ is a singlet, there are in general two possible contractions of the SU(2), indices
and therefore two coefficients. Depending on its quantum numbers, ¢ can be either a real
or complex multiplet.

Scalar case III. Consider the scalars
o1: (P, YP,Q'), ¢2: (n,Y",Q'), (2.13)
with p € {n — 2,n,n+ 2} and Y? = Y. The following term is allowed

Ss(¢1,d2) = — > N'dor HYH 96 + Hee., (2.14)
reR

where R ={n—1,n+1}N{p—1,p+ 1}. The SU(2), tensor is given by

o, = Z c/M L CIM (2.15)

]1m1]2m2 ]3m3.74m4’

where M is summed over {—J,—J +1,—J +2,...,+J} and

1 . p—1 1 . n—1 J_r—l
]1_27 J2 = 9 5 ]3_27 Ja = 9 5 — 9 ’ (2 16)

3—2a 7p—|—1—20 73—2() 7n+1—2d '
mp = 5 mz—iz 77’03—72 > 77%4—72 .

If p and n differ by two, there is only one possible contraction. If p = n, there are two
possible contractions unless p = n = 1. Depending on their quantum numbers, either ¢;
and ¢o can be a real multiplet.



Scalar case IV. Consider the scalars
¢1: (P, YP,Q),  ¢2:(n,Y",Q), (2.17)
with p € {n —2,n,n+ 2} and Y? = Y" 4 1. The following term is allowed
Si(f1, d2) = A" HOH ¢S ¢ + H.c. (2.18)

The SU(2), tensor is given by

n J1 My J2M2
dabcd ZC 1m1]2m2 J1M1j3m37 (219)

where M is summed over {—1,0,1} and

. 1 ) 1 . n—1 -1
]1:77 .]2:77 .73: ) J1:17J2:p )
2 2 2 2 (2.20)
3—2a 3-20 n+l-2d A, P12 '
mp = 5 ma = B m3 = 9 ) 2 = 5 .

Only one contraction of the SU(2)y, indices is allowed. Depending on their quantum numbers,
either ¢ or ¢o can be a real multiplet.

Scalar case V. Consider the scalar

¢:(n,1/2,0). (2.21)

The following term is allowed
S5(¢) = —AdPy. JHOH ¢T ¢ + H.c. (2.22)

The SU(2), tensor is given by
Ihea = % Cji]\m/lmeCngMmy (2.23)

where M is summed over {—1,0,1} and

. 1 ) 1 ) n—1 ) n—1
J1=35 J2 =75 J3 = ) J4a = ) J =1,
2 2 2 2 (2.24)
3 —2a _3—2b _n+1-2c _n+1—2d ’
my = 5 ma = B m3 = 9 , My = 5 .

Only one non-zero contraction of the SU(2), indices is possible. The scalar ¢ must be a
complex multiplet. It must also be of even dimension to be non-zero, which can easily be
verified from a table of Clebsch-Gordan coefficients. This interaction term does not allow ¢
to be charged under U(1) and thus did not appear in refs. [19, 20].



Scalar case VI. Consider the scalar

¢ :(n,0,0). (2.25)
The following term is allowed
Se(¢) = — > Ndip HTH ¢¢" + Hee. (2.26)
re{1,3}
The SU(2), tensor is given by
lahea = 2 Cilmyiams Coiaams (2:27)

M

where M is summed over {—J;,—J1 +1,—J1 +2,...,+J1} and

. _n—1 . n—1 .1 r—1 1
Jj1 = , Jo = ) J3 =z, J1= . o=z,
2 2 2 2 2 (228)
- n+1-—2c 7n+1—2d 73—26 M73—2a '
m1—72 ) m2—72 ’m3—72 ) 2—72 .

Two contractions of the SU(2), indices are possible, though in practice only » = 1 contributes
if n is odd and only r = 3 if n is even. The scalar ¢ can be either real or complex. This
term was not permitted by the requirements of refs. [19, 20].

3 Constraints and observables

In this section, we introduce useful notation, explain how constraints are applied and
present the computations of relevant Higgs properties. Many results from this section can
be found in refs. [19, 20], though we modified the notation and expanded them to apply to
additional scenarios.

3.1 Lagrangian

The only parts of the Lagrangian necessary to compute our observables are the kinematic
terms and the interaction terms of the last section. In this section, we will write down
the most general form of the relevant Lagrangian terms that can result from them. All

new particles considered will be either complex scalars qbic, real scalars (bZR

, Dirac fermions
1/JZD or Majorana fermions wiM , the only exception being a potential dark photon A’. The
Lagrangian is expressed in terms of gauge eigenstates. Many parameters will be introduced

for convenience, though some are related either by construction or gauge symmetries.
Mass terms
M 2 ct.c 1. 9 R R
LI == (mg)ijoi ¢f — 5 (mk)ijéi'd;

_ ) (3.1)
-7 ((mLp)z‘jPL - (mg)ijPR) vy - %%M ((mzﬁ)z'jPL + (mﬁ)ijPR) 2



Yukawa interactions
ukawa h
LY = — h(Qc)i; Z-CT%'C - §(QR)ij¢ZR¢f
_ h -
—hpP ((@B)iPL+ (B)iPr) wf = S0 ()i PL+ ()i Pr) 0.

(3.2)

Gauge interactions of complex scalars

L3 = ( i(A0)i Ao 967 + Hie.) + (Be)idu Al 67
—i(Co)ij Zud "0 + H. ¢)+ + (D) 2,265 65 + 2(Be)ij Au 2t ¢ o¢
—i(Fo)i W, (6670465 — 0767 60 ) + Hee.) +2(Ge)yy Wy W o To¢

_|_

V2
2
ﬂ)” W, (¢f 0¢S — o7 0" ) + H.c. )

—i(AL)i AL 06 + He.) + 2(B)i Ay AM6C 67 + (BE)i AL AT 6C

_.|_

( iy gt - ¢?Taﬂ¢?*>+ﬂ‘°>
+ 2(

EC ”A/ Z#QZSCTQb]
(3.3)

Gauge interactions of real scalars

DR)ij -
(2>"ZuZ“¢f¢f +(Gr)iWIW ™" e).

(3.4)

auge C )
coee = 0 7 (5Rangl — orfof) +

Gauge interactions of both complex and real scalars

L = —i(Fho) Wt (680 6C — 0"0f6S ) —i(Fie)yWit (681 0" 6 — 06T o) +Hec.

(3.5)
Gauge interactions of Dirac fermions
LF" == (Ap)uAudPy' v = Z,0Py" ((BB)isPr + (BE)iPr) ¥
— WPy (BB P+ (FB)iiPr) v + He. (3.6)
— (A ALy P
Gauge interactions of Majorana fermions
7
L47" = =M (Ff)i P+ (Ff)ii Pr) 0. (3.7)
Gauge interactions of both Dirac and Majorana fermions
Lyfpe = — WM Ap ((ijD)ijPL + (FJbRD)z‘jPR) ¢P +He. (3.8)

- le/_fz ((FMD)zJPL + (F3E)i; P ) ij + H.c.



Quartic couplings

Quartic __ ZJ 2 CT l] 2 R

The different powers of 2 that appear in these equations are chosen to simplify the results
of the following sections. In practice, we compute analytically the different coefficients of
the Lagrangian via a simple program. The mass matrices of eq. (3.1) are then diagonalized
numerically. The resulting mass eigenstates are labelled with a hat and their corresponding
masses are referred to as m$, with o being either C, R, D or M as in eq. (3.1). The
coefficients in the mass eigenstates basis are also labeled with a hat. The Hé and H% terms
only appear in very exotic cases.

3.2 Relevant Higgs decays and Higgs signal strengths

We present in this section all relevant decay widths of the Higgs boson. We also discuss our
implementation of the constraints on the Higgs signal strengths.

3.2.1 Higgs to (dark) photons

Only complex scalars and Dirac fermions can contribute at one loop to the Higgs decay to
photons or dark photons. The amplitudes take the general form

h— A0 A0 h— AU A0 Sh— AN A0
M =S" (P1 - P29 — P1ub2v) €, €y + 1S €pasDS Pl el | (3.10)

with p; and €; being respectively the momentum and polarization of the gauge bosons. The
new physics contributions to the coefficients are

(A0 B 7 A
42 5h=A0AY NN AD) (A () +Z i (AD)iRe((25)ii) fo(mP),

Ap2 Gh—AN A _ Z(A%))ii(fl%))ulm(( i) fa(mP),

(3.11)
where ) ,
14 2m2Cy(0,0,ms; m;, ms, m;
fi(m;) = ol mQh o Z),
h

me
h

f3(mz) = —27:’]’)’1,1‘00(0,O,m%;mi,mi,mi)7

with Co(s1, 812, $2; Mg, M1, M) being the scalar three-point Passarino-Veltman function [25].2
In obtaining these results, we have used the fact that certain coefficients are related by
gauge symmetries (e.g., (Bc)i = (Ac)3) and also ()% = (Q%);. The decay widths are

then
|Sh—>A(’>A<’) |2 + |§h—>A(’>A(’) |2

]"\h*)A(/)A(/> — 3 313

where ng is 2 for AA and A’A’ and 1 for AA’.

2All loop computations were performed with the assistance of Package-X [26].



3.2.2 Higgs decay to Z and a (dark) photon

Once again, only complex scalars and Dirac fermions can contribute to the Higgs decay to
a Z boson and a photon or dark photon. The amplitudes take the general form

.5 )
¢’ et 4 jSh=A"Z

h—ANZ h—A"Z
M =8" (P “ P29 _plup2u) p1Epo éyuaﬁp?pg%ﬁ%- (3.14)

The new physics contributions to the coefficients are
O] N A N A
Artgh—=A"Z :Z(Ag'))ii(CC)ji(QC)ijf4(mszmjc)
i?j

+ (AR (BB QB )i + (BB QB | sl (315

)

where

Ja(mi, my) =5 3

2

" m?
+ 2]111 5+ 2 2
; my —my,

2 2 9. 2 2 2.
+m; Co(0, mp, mz; mi, my, my) +m;Co(0, mp, mz; mj, mj, m;)

My
f5(mi7mj) = - mlf4(m7,7m]) + ?100(07m]2z7m2Z;m2'7 mg, m])

mg
fﬁ(mi7mj) = 700(O>m}21am2z;miamivmj)v
(3.16)

and A(s;m;, m;) is defined as

A(s,mi, m3) m? +mF — s+ /A(s,m?,m3)
In +ie|, (3.17)

A(s;m;,mj) = lim

e—0+ s 2mym;

with A(z,y, 2) = 2% + y? + 22 — 22y — 222 — 2yz being the Kéllén function. The decay

widths are then

rh—a0z _ |

’ ~ / 3
SfHA< )Z12 SiHA< )Z 12 2
i . Tz w3 (3.18)
327 my

Note that one major qualitative difference between these decay widths and [h=AVAY 4o
the suppression factor of (1 —m?%/ m%)3 ~ 0.104 from the phase space.



3.2.3 Constraints on the Higgs signal strengths

Constraints on the Higgs signal strengths are imposed by using the x formalism [27]. Given
a production mechanism ¢ with cross section o; or a decay process ¢ with width I';, the
parameter k; is defined such that

2 0; 2 L'

(3.19)

where 0' M and FSM are the corresponding SM quantities. The only two Higgs couplings
affected at leading order are those to AA and AZ. The corresponding k’s are

Sh—)AA 2 Svh—>AA 2 Sh—>ZA 2 Svh—>ZA 2
[SPAAR 4 |ShoAAR S A2 o | Gho ) 5.20)

kaa = ISQMAAI2+ ’ggﬁAAP’ kza = |S§1\72A|2 + |S’é11\7[>ZA|2’

where SiA4 and Si;#4 are both zero at leading order. The invisible (A’A’) and semi-
invisible (A’A and A’Z) decays of the Higgs boson are accounted for by rescaling the signal
strengths. The experimental input is the Higgs signal strength measurements of ref. [28]
by CMS and ref. [29] by ATLAS. These studies provide the measurements, uncertainties
and correlations necessary to produce our own x? fit. The two searches are assumed to
be uncorrelated.

3.3 Oblique parameters

We present in this section all contributions to the oblique parameters [30]. Define

aTy(m,C,D,F,G,H' H*) =

1
FrwC [Z (Gii = Gy Dis) Fr(ma) + 3 (1B + | HY 2+ [HE P - & Cy2) Fg(mi,mj)] :
WL

3272m?2 —
27]

1

oTy(m, B, BR FL FR)= o (IFL P+ FE1?) Fs(ms, mj) + 2Re( B F*) Fy(mg, my)
w

LV

—cly (B +|BE ) Fy(mi,my) +2Re(BZ-Lng*)F4(mi,mj)H ,

82 C C S
OéS¢(m,A,C) = g;-QVV Z <|CZJ‘2 ‘;VW(SWW Cl]AJZ A > F5(mi’mj)’
7.7

aSy(m, A, B Bf) = SWCWZ[ |BL|>+|BJ|?) Fs(mi,mj) + 2Re(BJ; Bi*) Fr (mg, my)

Cz 32
( W_W (Bl + Bl A; +2]A,-j]2> [FG(mivmj)+F7(miamj)]1,
CWSW

(3.21)

where

Fi(m;) = —4m?2(1 — Inm?),

2(m#Inm? — m4Inm?)
Fy(mi,mj) = (m? + m?) (3 - : mf‘l— m;f =,

~10 -



2(m#Inm? — m3Inm?)

— (2 2 i i j j

F3(mi,mj) = (m; +mj) <1— mf—m;* ,
(m2Inm? — m2Inm?)

Fy(mi,mj) = —4m;m; (1 - m% — mJ 22,

2
J
5mi — 22m12m? 4 5’m;1» 2 {mf(m2 — Sm?) Inm? — m4(m? —3m?)In mﬂ

Fs(mi,m;) = — + ' A 2
1y 1Yy 9(m22 _ m§)2 3(ml2 _ m?)?)
4(m} — Sm%m? + m?) 4 {mf‘(mf — 3m§) Inm? — m?‘(m? —3m?)In mﬂ
i J i J
(m? +m?) 2m2m? m2
Fr(m;,m;) = —2m;m; I 11— I n— . (3.22)
B T (m? - m?)2 mi — m? m?

The oblique parameters are then conveniently given by
A N A A N N 1 ~ ~ ~
T = T(Z)(mCaCCaDC>FC>GCaHé’7H%) + §T¢(mRa CRaDR707 GR,0,0)
N . N . N 1 N N
+ Ty(mre, 0,0, Fre,0,0,0) + Ty (p, BS, BR, F5 FR) + §T¢(mM, BL, B 0,0)
+ Tw(mMDﬂ 0,0, F]\%D? FﬁD)?

1. P T
S = S¢(vaACa CC) + §S¢(mR70> CR) + Slﬁ(mDaAl%BgaBg) + §S¢(mMaoaB]I\lJaBﬁ)a

(3.23)
where
MRc = (mR mc) ) myp = (mM mD) ;
b 0 Féc FL/R - 0 FJ%/[LD/R (3.24)
RC FJQ{C 0 ’ MD ﬁ,]%/[LD/R 0 '
A ¥ fit is performed using [31]
S = —-0.01 £0.07, T =0.04 £0.06, (3.25)

with a correlation of 0.92.

3.4 Unitarity

Consider the amplitude M of a 2 — 2 scattering process. It can be decomposed in terms of
the Legendre polynomials Py(cosf) as

M = 167 Z(% + 1)agPy(cos9). (3.26)
¢

For complex scalars, real scalars, Dirac spinors and Majorana spinors, we will define matrices

of ay coefficients called a**'. Unitarity will then impose

ay™ = max (’Re (azig) D < %, (3.27)

- 11 -



where azig is the list of eigenvalues of a}***. In the presence of identical particles in the

incoming or outgoing state, ag is multiplied by a factor of 1/4/2. The limit of very high
energy is assumed, in which case we can work with gauge eigenstates, though the basis
invariance of the final results will be apparent. We will consider scattering from two
components of an inert multiplet to two Higgs bosons and take inspiration from ref. [32].

As a side note, we mention that the treatment of the fermion case differs from that
of refs. [19, 20]. Although the treatment of these references is very convenient for simpler
cases, its generalization to more general cases can prove cumbersome.

Complex scalars. Consider the basis of field pairs

hh, o767, 0108 01T on 0y 1o 65 Teg L 08 Tel L olTel oTeS L o Te,
(3.28)
where n is the number of complex scalars. The af® matrix for scattering from one pair to
another is o
1 0 w
a?t = ——— , 3.29
0 16v/27 (UCT 0) ( )
where
C
o = (MG AG A NG AG G A A G (3.30)
In practice, this simply gives
Trl(N\C)2
o = 7[()\ ) ] (3.31)
16v/2m
Real scalars. Consider the basis of field pairs
hh, $UOT, G105, L0, 0505, 05 D5 - D5 B D O (3.32)
where n is the number of real scalars. The af*" matrix for scattering from one pair to
another is n
1 0 v
a?t = ———— , 3.33
0 16\@7’(’ (URT 0> ( )
where
R A\E Py AR
off = (MM AR AR OE LK L A, (3.34)
In practice, this simply gives
e = VIIODT (3.35)
o 32T '

Dirac fermions. Consider the basis of field pairs

O T S o T R S & U T T O i e
(3.36)
where n is the number of Dirac fermions. The ag coefficients for &ZD @bjD — hh are null. The

a™ matrix for scattering from one pair to another is

1 0 oP
mat — ___— , 3.37
aq 16\/5 (UDT 0 ) ( )

- 12 —



where

P = (AR AD, .. AP AD AR .. A AD AD, . AD ), (3.38)
with
AR = (Sh(@B)in(2h)ks Sr(2)in(2f)rs) (3.39)

in the helicity basis (14, ]1). In practice, this simply gives

Te((Q505)°)

wax — . 3.40
ay 16 ( )

Majorana fermions. Consider the basis of field pairs
R it ot edts ottt Tt sttt et (341)

where n is the number of Majorana fermions. The ag coefficients for 1/ ij — hh are null.
The a!"® matrix for scattering from one pair to another is

M
et — —161/5 (v?ﬁ " ) , (3.42)
where
oM = (A0 A Al Az oaM Al M), (3.43)
with
Al = (Ek(QJ@)ik(Qﬁ)m‘ Ek(Q%/[)ik(Q]\R/[)kj) : (3.44)

in the helicity basis (1J,]1). In practice, this simply gives

max_ Tr[(Q25,925)?] (3.45)
L 161/2 ’ '

where we have assumed that QJ\% and Qﬁ are constructed such that they are symmetric,

which can always be performed.

3.5 Triple Higgs coupling

With our formalism, the triple Higgs coupling can easily be computed using the Coleman-
Weinberg potential [33]. In the M S renormalization scheme, it is given by

iy 5 Mg )ii
o e (53 s (5
Tty )i N )i
—QZ(ﬁﬁw)n‘ (111 <( ng) ) — 2) — 4;(%}3)% (ln <( Q%) ) - 2)}7

7
(3.46)
where the different masses are understood to be the field-dependent masses and () is some

scale that cancels in the final result. Requesting to reproduce the correct mass and VEV of
the Higgs, the triple Higgs coupling Appp is given by

2 1 1 2 1 3
Ahhh—m’wl( 0 o (19 )VCW] , (3.47)

h=0

3 20 2020h  200h? ' 310h3

where we use the convention that v ~ 246 GeV.
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4 Results

We present in this section the potential contributions of inert multiplets to BR(h — ZA")
and the triple Higgs coupling. We first discuss our scanning procedure and then present
results in the presence of either one or multiple interaction terms.

4.1 Scanning procedure

For each benchmark model considered, the entire parameter space is scanned using a Markov
chain with the Metropolis-Hasting algorithm. To increase the density of points toward the
limits and therefore obtain faster convergence, a non-flat prior is chosen proportional to

<5>\hhh)2 N <5BR(h — AZ)>2 N (BR(h — A’Z))2

(4.1)

a b c

where we set a = b = 0.1 and ¢ = 0.001. The relative deviation of the triple Higgs coupling
from its SM value is defined as

M
Ahih = Ninh

Ophn = SV (4.2)
hhh
The relative deviation of BR(h — AZ) from its SM value is defined as
BR(h - AZ) — BR(h — AZ
SBR(h — A7) = DRth = AZ) = BR(h = AZ)su. (4.3)

BR(h — AZ)SM

We have verified that the Markov chain converges to the same results irrespective of the
choice of prior. To keep the number of figures reasonable, the results are finely binned and
presented as histograms. When multiple contractions of SU(2);, indices are possible, all
contractions are considered. For scalar multiplets, points are dismissed in the presence
of tachyons, as the scalars acquiring VEVs fall outside the scope of this work and can
even potentially break electromagnetism.? Points that contain charged particles below
100 GeV are also rejected, as such particles are ruled out by LEP [34, 35]. As discussed in
refs. [19, 20], constraints from the Higgs signal strengths can be partially avoided by having
purely imaginary Qé/ R couplings. This however leads to a strongly excluded contribution
to the electron electric dipole moment, which forces Qé/ R {0 be almost purely real. In
practice, the results are equivalent to taking Ay, g to be real. For the sake of simplicity and
to speed up computations, we will therefore take Ay, /g real. For complex scalars, unitarity
imposes a constraint on the couplings to dark photons of [32]

> (Ap)i < 1677 (4.4)

7

3We mention that Higgs vacuum instability could also be a problem, for example because the fermionic
multiplets tend to make the Higgs quartic run more negative. However, bounds on vacuum stability would
imply the assumption that no new physics exists between the electroweak scale and the instability scale.
Since we cannot guarantee this assumption is respected, we do not impose such bounds. In the same vein,
the existence of additional minima that break electromagnetism could potentially be problematic. However,
such bounds would depend on the full potential. The additional terms could address the stability issues
while leaving our observables unchanged at leading order. Because of this, we do not consider this issue
any further.
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For Dirac fermions, we take the less restrictive max(|A’|;) < V4m. As a validation
procedure, we have verified that all divergences in the loop decay widths and oblique
parameters cancel for all points of every benchmark. Finally, as pointed out in refs. [19, 20],
the Higgs signal strengths are considerably insensitive to the scenario that the BSM
contributions to Sh~A4 (Sh=42) are about —2S4744 (—25k14%), since this simply

Gh=AA (gh—AZ) which the Higgs signal strengths are insensitive

changes the sign of
to. This would however require tremendous tuning, if even possible, and we will ignore

such points.

4.2 One interaction term

We first present results in the presence of a single interaction term of the types presented in
section 2. The chosen benchmarks are presented in tables 1 and 2. Each entry contains the
relevant fields and their interaction Lagrangian as defined in section 2. All bounds are at
95% confidence level.

First, figure 1 shows the relative deviation of BR(h — AZ) from its SM value as a
function of the mass of the lightest new particles mmui,. As can be seen, deviations of
+0(20%) are possible. The scalar cases IV and V are especially constrained and do not lead
to any sizable contribution to this observable. This will be the case for all other observables.
The only exception is if the decay of the Higgs boson to two new scalars is allowed, in
which case BR(h — AZ) can be reduced. Many other benchmark models with a single
interaction term have been analyzed, but none allowed for a significantly larger range of
0BR(h — AZ).

Second, figure 2 displays the allowed range of BR(h — A’Z). As can be seen, this
branching ratio could in principle reach values above 1%. However, doing so would
require new neutral particles just above half the mass of the Higgs boson, which requires
careful fine-tuning between the different parameters and is not possible for every model.
Otherwise, a branching ratio of O(0.1%) is relatively easy to obtain. We mention that the
coefficient S 74’7 is less constrained than S" 74’4, As alluded to before, the reason that
the constraints on BR(h — A'Z) are generally stronger than those on BR(h — A’A) of
refs. [19, 20] is the phase-space suppression in eq. (3.18). The branching ratio S" 747 is
generally optimized for couplings of the dark photon A/, or A, of O(1), with the exact

value being model dependent.

Third, figure 3 shows examples of the relative deviation of the triple Higgs coupling
dAnnn as a function of myi,. As can be seen, certain inert multiplets can easily give large
contributions to the triple Higgs couplings, including both positive and negative ones. Even
larger corrections are possible, though current constraints on the Higgs self-interactions
render such numbers less relevant [36].

We mention that constraints on direct production of the new particles would generally
apply to a fully defined model. However, doing so in our case would require both specifying
the Lagrangian beyond the interaction terms and searches that do not presently exist,
making it practically unfeasible. If this were possible, constraints could be enhanced.
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Name Fields Gauge numbers Type Lagrangian

B 0 Comer Pl
B0 G o O
O ety comper Pl
L Gon. Copler T
FE Z; (<12:§7/02), 0) g::llplex ot
v Z; ((21:2’10/)270) gﬁiplex F(n,42)
" Z; g’f’f})m Pc{f)iplex F(n,v2)
FH Z; ((; 37/02),@ Ezzllplex i)
s 2 ST e Si0ne
w2 Gl come S0
o Z; gf?l?zn Siiiii S1(¢1,¢2)
sp 2 S o S0
SI1E Z; ((12:3’/02),0) S{Z;Illplex $1(0n.0)
i Z; ((21:2’1(})2,0) gsiplex 51(¢1, ¢2)
I 5 ann Conpec SO0%)
S1H Z; ((32:3,/02),0) Ezzlplex $1(6n. )
S2A ¢ (1,1,1) Complex  S5(¢)

S2B ¢ (1,2,1) Complex  S(¢)

S2C ¢ (2,1/2,1) Complex  S2(¢)

52D ¢ (2,3/2,1) Complex  S2(6)

Table 1. Different benchmarks for the single interaction term case. The type represents whether
the multiplet is real or complex. The gauge numbers are in the format (SU(2)z, U(1)y,U(1)").

~16 —



Name Fields Gauge numbers Type Lagrangian
S2E o) (3,0,1) Complex  S3(¢)
S2F o) (3, 17 1) Complex  Sa(¢)
$26G 6 (1,0,0) Real  5:(0)
S2H ¢ (3,0,0) Real S2()
01 (1,1,1) Complex
534 103 (1,1,1) Complex S3(01, 62)
01 (1,2,1) Complex
538 ®2 (1,2,1) Complex S3(91, 62)
01 (2,1/2,1) Complex
53¢ ¢2 (2,1/2,1) Complex 53(01, 2)
o1 (2,3/2,1) Complex
53D ¢2 (2,3/2,1) Complex (61, 02)
01 (3,0,1) Complex
538 ®2 (3,0,1) Complex 53(91, 2)
P1 (3,1,1) Complex
S3F o2 (3,1,1) Complex S3(91, 62)
d1 (1,0,0) Real
S
S3G b (1,0,0) Real 3(¢1, ¢2)
®1 (3,0,0) Complex
S
S3H b (3.0,0) Real 3(¢1, ¢2)
o1 (3,0,0) Real
S.
S3l b (3.0.0) Real 3(¢1, ¢2)
o1 (2,1,1) Complex
S4A o2 (2,0,1) Complex S1(01, 62)
01 (3,1,1) Complex
S4B 02 (1,0,1) Complex S1(01,92)
01 (3,1,1) Complex
540 o2 (3,0,1) Complex S1(01, 62)
01 (3,1,0) Complex
S.
54D o2 (1,0,0) Real 1(91,02)
01 (3,1,0) Complex
S.
S4E % (3.0.0) Real (1, P2)
ShA ¢ (2,1/2,0) Complex  S5(¢)
S5B 10) (4,1/2,0) Complex  S5(¢)
S6A ¢ (2,0,0) Complex  Sg(¢)
S6B 10) (3,0,0) Complex  Sg(o)
S6C 10) (3,0,0) Real Se()

Table 2. Table 1 continued.

17 -



(a) Fermion case (b) Scalar case I
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Figure 1. Allowed range of éBR(h — AZ) for different cases of a single interaction term. See
tables 1 and 2 for a description of the benchmarks.
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(a) Fermion case (b) Scalar case I
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(e) Scalar case IV
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Figure 2. Allowed range of BR(h — A’Z) for different cases of a single interaction term. See
tables 1 and 2 for a description of the benchmarks. The missing benchmarks do not contribute
to this decay.
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Figure 3. Examples of allowed d\pp,;, range. See tables 1 and 2 for a description of the benchmarks.

Name Fields Gauge numbers Type Lagrangian
®1 (3, 0 1) Complex

¢l ®2 (1,1,1) Complex 5a2(61) + S2(¢2)
1 (3 0 1) Complex

©2 b2 (2,1/2,1) Complex 52(61) + S2(¢2) + 51(d2, 1)
L (2,1/2,1) Complex

C3 P2 (3,0,1) Complex  F(t1,102) + F(31,13)
3 (1,0,1) Complex
¢1 (37 07 1) Complex

e G Complex  “2(01) F52(02) + 53(01,02)
o1 (3,0,1) Complex

C5 bo (2,1/2,1) Complex §2(¢1) + S2Eqd>2) + Sa2(¢3) +
3 (2,-1/2,1) Complex 1(P2, ¢1) + S1(¢1, ¢3)

Table 3. Benchmarks with multiple interaction terms.

4.3 Multiple interaction terms

We now present results in the presence of multiple interactions of the types presented in
section 2. The chosen benchmarks are presented in table 3 and the results in figure 4.

As can be seen, the range of allowed dBR(h — AZ) can be considerably extended.
However, this requires careful tuning between different interaction terms to ensure that
their contributions to constrained observables interfere destructively and constructively
for 6BR(h — AZ). This is why much larger values of dBR(h — AZ) are allowed for
combinations of interactions than with a single interaction term. This is reflected in practice
by the numerical difficulty in obtaining such large values and is also why the contours are
less smooth in these plots. Additionally, such careful tuning is not even possible for all
models, as certain combinations of interaction terms do not allow for a larger range than
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(a) 6BR(h — AZ) (b) BR(h — A'Z)

6BR(h-AZ)

— -6
1'00 200 400 600 800 1000 10 0 200 400 600 800 1000

Mmin [GeV] Mmin [GeV]

Figure 4. Allowed ranges of (a) 6BR(h — AZ) and (b) BR(h — A’Z) for the benchmarks with
multiple interactions. See table 3 for a description of the benchmarks.

the individual terms do. We do not observe any qualitative enhancement in the allowed
range of BR(h — A'Z).

5 Conclusion

Inert multiplets can only interact with the Higgs boson via a finite number of interaction
terms and the forms of these terms are enough to determine their leading contributions to
many Higgs properties. In this paper, we have studied the contributions of inert multiplets
to the branching ratios of the Higgs to a Z boson and either a photon or a dark photon
and to the triple Higgs coupling.

We reach the following conclusions. The branching ratio BR(h — AZ) can deviate
from its SM value by O(20%) even for simple models of inert multiplets. Larger deviations
are possible, but require complicated models and precise fine-tuning. Therefore, the current
measurement of BR(h — AZ) being 2.1 £+ 0.7 larger than the Standard Model value might
be explainable by inert multiplets, but any such model would have to be contrived and very
fine-tuned.

The branching ratio BR(h — A’Z) could in principle reach above 1%. However, this
would again require considerable fine-tuning, and values of O(0.1%) are more realistic. Such
small branching ratios are difficult to probe at the LHC for two reasons. First, hadronic
decays of the Z boson would be difficult to reconstruct and its branching ratio to leptons is
small. Second, the fact that the mass of the Z boson is not that far off from that of the
Higgs boson would lead to much less missing transverse momentum than for h — AA’. Tt
therefore seems unlikely that this decay channel would be observable at the LHC.

Large deviations on the triple Higgs coupling are however perfectly possible and could be
an ideal observable to probe the inert multiplet scenarios considered in this work. Though a
full study is beyond the scope of this paper, it seems to indicate that a first-order electroweak
phase transition could be explained by inert multiplets.
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