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Abstract

In this paper, we investigate the Higgs Triplet Model with hypercharge YA = 0 (HTMO),
an extension of the Standard model, caracterized by a more involved scalar spectrum
consisting of two CP even Higgs h°, H? and two charged Higgs bosons H*. We first show
that the parameter space of HTMO, usually delimited by combined constraints originating
from unitarity and BFB as well as experimental limits from LEP and LHC, is severely
reduced when the modified Veltman conditions at one loop are also imposed. Then,
we perform an rigorous analysis of Higgs decays either when A" is the SM-like or when
the heaviest neutral Higgs HC is identified to the observed 125 GeV Higgs boson at
LHC. In these scenarios, we perform an extensive parameter scan, in the lower part of
the scalar mass spectrum, with a particular focus on the Higgs to Higgs decay modes
H® — hOrY, H* H¥ leading predominantly to invisible Higgs decays. Finally, we also
study the scenario where h?, H? are mass degenerate. We thus find that consistency with

LHC signal strengths favours a light charged Higgs with a mass about 176 ~ 178 GeV.
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Our analysis shows that the diphoton Higgs decay mode and H — Z+v are not always
positively correlated as claimed in a previous study. Anti-correlation is rather seen in
the scenario where h is SM like, while correlation is sensitive to the sign of the potential

parameter A when H is identified to 125 GeV observed Higgs.

1 Introduction

Without a doubt, the neutral scalar boson discovered by ATLAS [I] and CMS [2] at the Large
Hadron Collider (LHC) corresponds to the Higgs boson. All data collected at 7 and 8 TeV
support the existence of Higgs signal with a mass around 125 GeV with Standard Model (SM)
like properties. Moreover, the deviation in 77 channel for the gluon and vector boson fusion
productions, the Higgs production and decays into WW* and ZZ* are all consistent with SM
predictions, as can be seen from LHC run II measurements at 13 TeV [3] 4].

Similarly to our previous phenomenological analysis in the type II seesaw model [5H9] we
focus in this work on the Higgs Triplet Model with hypercharge YA = 0, hereafter referred to as
HTMO. The main motivation of the HTMO is related to the mysterious nature of dark matter
(DM) and dark energy, which may signal new physics beyond the SM [I0HI2]. Although a
recent analysis of the HTMO has been done in [13], we revisit this model in light of new data at
LHC run II, with the aim to improve the previous analysis of the Higgs decays which suffered
from some inconsistencies that produced inappropriate results for the correlation between Higgs
to diphoton decay and Higgs to photon and a Z boson. Furthermore, our work will investigate
the naturalness problem in HTM0. We will show how the new degrees of freedom in the HTMO
spectrum can soften the quadratic divergencies and how the Veltman conditions are modified
accordingly (VC) [14H17]. As a consequence, we will see that the parameter space of our model
is severely constrained by the modified Veltman conditions.

This paper is organised as following. In section 2, we briefly review the main features of
HTMO, and present the full set of constraints on the parameters of the Higgs potential. Section
3 is devoted to the derivation of the modified VC’s in HTMO. The Higgs sector is discussed
in greater detail in section 4 where either h® or H® are identified to the SM-like Higgs, and at
last we focus on the scenario of their mass degeneracy where both Higgses mimic the observed

~ 125 GeV. A full set of constraints were taken into account in the various analyses, including



theoretical (BFB, unitarity) as well as the experimental ones, and scrutinised via HiggsBounds
v4.2.1 [18] which we use to check agreement with all 20 exclusion limits from LEP, Tevatron
and LHC Higgs searches. Our conclusion is drawn in section 5, while some technical details are

postponed into appendices.

2 Review of the HTMO0 model

2.1 Lagrangian and Higgs masses

The Higgs triplet model with hypercharge YA = 0 can be implemented in the Standard Model
by adding a colourless scalar field A transforming as a triplet under the SU(2);, gauge group
with hypercharge YA = 0. The most general gauge invariant and renormalisable SU(2), xU(1)y

Lagrangian of the scalar sector is given by,

L = (D,H)(D"H)+Tr(D,A) (D'A)
— V(H,A) + Lyukawa (2.1)

where the covariant derivatives are defined by,

/
D.H = 6MH+z'gT“W5H+i%BMH (2.2)

DA = 9,A+ig[T*W? A (2.3)

(Wi, g), and (B, ¢') are respectively the SU(2), and U(1)y gauge fields and couplings and

T* = 0%/2, where 0 (a = 1,2,3) denote the Pauli matrices. The potential V(H, A) can be

expressed as [11],

A
V(H,A) = —m%4HH + Z(HTH)2 — MATr(ATA) + p H'AH
+/\1 (HTH)TT(ATA> + AQ(TTATA>2 + AgTT(ATA)2
+MHIATAH (2.4)
where T'r is the trace over 2 x 2 matrices. Last, Lyuawa contains all the Yukawa sector of the

SM plus an extra Yukawa term that leads after spontaneous symmetry breaking to (Majorana)

mass terms for the neutrinos, without requiring right-handed neutrino states.



Defining the electric charge as usual, () = I3 + % where [ denotes the isospin, we write the

two Higgs multiplets in components as:

50 \/§5+ +
A =1 ond H—|? (2.5)
V26— =40 ¢°
with
@ = \%(vd +hi+iz) and 6% =wv;+ hy (2.6)

For later convenience, the vacuum expectation values v, and v; are supposed positive values.
Assuming that spontaneous electroweak symmetry breaking (EWSB) is taking place at some

electrically neutral point in the field space, and denoting the corresponding VEVs by

vl a = " (2.7
0 —u -\ w2 |

one finds, after minimisation of the potential Eq.(2.4)), the following necessary conditions :

Aa 2

R Z—Zf + 02 (2.8)
A Hoy  Ag

m 1 i - t3 ; (2.9)

where A\, = A\ + ’\2—4 and \p = Ao + ’\—23
The 7 x 7 squared mass matrix,
10%V
M = 5 1A= =) (2.10)

can be cast, thanks to Egs. , , into a block diagonal form of three 2 x 2 matrices,
denoted in the following by M3, M%pmn, and one odd eigenstate corresponding to the neutral

Goldstone boson G°. The mass-matrix for singly charged field given by,

v Vg/2
Mi=p| 4

va/2 v3/dv,
is diagonalised by a 2 x 2 rotation matrix R, , where 6. is a rotation angle. Among the two

eigenvalues of M2, one is equal to zero indentifying the charged Goldstone boson G*, while

the other one corresponds to the mass of singly charged Higgs bosons H* given by,

2 42
m2 (v + Ut)u

= (2.11)
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The mass-eigenstate H* and G are rotated from the Lagrangian fields ¢*, = as follows :

G* = +cosOipT +sinf 6™ (2.12)

H* = —sinfi¢® + cosfo* (2.13)

Diagonalization of M2 leads to the following relations involving the rotation angle 6.

2
Ya

,u4vt = cos? 0L M7 (2.14)
v sin 26

% = —— = M2, (2.15)
vy = sin® 0L M7 (2.16)

since the Goldstone boson G* is massless. These three equations have a unique solution for
sinf1 and cosfy up to a global sign ambiguity. Indeed, Eq. (2.14) implies ;> 0 in order to
forbid tachyonic H* state, since our convention uses v; > 0. Hence, from Eq. (2.15)), sin 6. and

cos 64 should have different signs; one gets :

Vg . 2u,
costy = e———, sinfy = ———— 2.17
with a sign freedom € = £1, which leads to negative tan 6.
As to the neutral scalar, its mass matrix reads:
) A B
Mcfpeven - (218)
B C
where
A Vg | — p 220 280
A=A po tlmmt D] o it Syl (219)
2 2\/§ 8'Ut

This symmetric matrix is also diagonalised by a 2 x 2 rotation matrix R, where o denotes the
rotation angle in the CPeye, sector.

After diagonalization of M%peuen, one gets two massive even-parity physical states h° and

H? defined by,

R® = +cohi+ saho (2.20)

H® = —s,hi+cyhs (2.21)



Their masses are given by the eigenvalues of M(ijmn :

mp = %[A +C — /(A —-C)?+4B7] (2.22)
mie = %[A + O+ JA=CP 1B (2.23)

so that mpgo > mpo. Note that the lighter state h® is not necessarily the lightest of the Higgs
sector. Furthermore, the only odd eigenstate leads to one massless Goldstone boson G° defined
by G° = .

Once we know the above eigenmasses for the CP.,.p, one can determine the rotation angle

« which controls the field content of the physical states. One has :

C = sZmio+cEmio (2.24)
sin 2«

= TG i) (2.25)

A = Emio+ sEmio (2.26)

Both Eq. and Eq. should be equivalent upon use of s2 + ¢2 = 1 and Egs. ,
2.23|). Furthermore, s,,c, also do not have definite signs, depending on the sign of B. The
relative sign between s, and c, depends on the values of i as can be seen from Eqs. .
While they will have the same sign and tan a > 0 for most of the allowed 1 and A;, A4 ranges,
there will be a small but interesting domain of small p values and tana < 0.

Finally, from Egs. -[2.26), it is easy to express a in terms of A, B and C' (Egs . (2.19))
via :

2B

V(A-C)?+4B?

cos 2a = A-¢ (2.27)
V(A—=C)? +4B?

sin 2a =

2.2 Constraints in the HTMO0

The full experimental validation of the HTMO would require not only evidence for the neutral
and charged Higgs states but also the experimental values for the various field couplings in the
gauge and matter sectors of the model. Crucial tests would then be driven by the predicted

correlations among these measurable quantities. For instance, the 1 and \’s parameters can be



easily expressed in terms of the physical Higgs masses and the mixing angle « as well as the

VEV’s vy, vy, using equations (2.11)), (2.24]-[2.26)). One finds

200,
2 tld 2
Ao = @{\/_Saca mho mHo)—i-WmHi} (2.28)
2
2,2 2.2
)\b = U_?{Samho + CoMypo — —2( i 4/Ut Hi} (229)
2
A= P{cimio + s2m30} (2.30)
d
4
o= (2.31)

R A
The remaining two Lagrangian parameters m% and M3x are then related to the physical pa-
rameters through the EWSB conditions Egs. .

In the Standard Model the custodial symmetry ensures that the p parameter, p = M%Z%,
is 1 at tree level. In the HTMO, it is clear that 4° don’t contribute to the Z boson mass, and
one obtains the Z and W gauge boson masses readily from Eq. and the kinetic terms in

Eq. as

(*+ g3 g*v3

Mz = I == (2.32)
2002 4 A2
M2 — w (2.33)
Hence the modified form of the p parameter is p = f’%j—fvg.
d

Since we are interested in the limit v; < vy, we rewrite

2
p:1+4z—t2:1—|—5p (2.34)
d

with §p = 4% > 0 and /02 + 407 = 246 GeV.
d
From a global fit to EWPO one obtains the 1o result [19],
po = 1.0004 5005 (2.35)
Consequently, in what follows, we adopt the bound

2
( Ut) < 0.0006  or equivalently v, < 3GeV (2.36)
Va

The positivity requirement in the singly charged sector, Eq. (2.11)), along with our phase con-

vention v; > 0, lead only to positive values of . The tachyonless condition in the CPy., sector,
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Egs. (2.22 [2.23)), is somewhat more involved and reads :

po + A v, + 8 My v > 0 (2.37)

—202v; + (A3 + 8N, v7) + 8(AN, — A2)vd > 0 (2.38)

The first equation is actually always satisfied thanks to the positivity of i and the boundedness
from below conditions for the potential. The second equation, quadratic in p, will lead to new

constraints on y in the form of an allowed range

fe << iy (2.39)

The full expressions of u4 are given by

8\, v+ M2+ \/16 Mv207 + 64 A\t + N20]
B 4Ut

ot (2.40)

Let us discuss their behaviours in the favoured regime v; < v4. In this case one finds a

vanishingly small p_ given by

8 3
o= (2 =) S+ O(v)) (2.41)
Avg
and a large p, given by
by 2
g = 5%—1—4&%—1—0(@?). (2.42)
t

Depending on the signs and magnitudes of the A’s, lower bound p > 0 (positivity of Eq. (2.11))
or p_ will overwhelm the others. Moreover, these no-tachyon bounds will have eventually
to be amended by taking into account the existing experimental exclusion limits. This is
straightforward for the charged Higgs boson H*, thus we define for later reference :

4Ut

2
2+ 402 (M7= )exp (2.43)

Hmin

where (mpyz)exp denotes the experimental lower exclusion limit for the charged Higgs boson

mass. So p must be larger than p,,,;, in order for the mass to satisfy this exclusion limit.

Upon use of Egs. , , in Eq.( one readily finds that the value of the potential

at the electroweak minimum, (V)gwsg, is given by:

1
(V)ewss = —1—6(Av3 + 4N v + 2030 (2 Ag vy — 1)) (2.44)



Since the potential vanishes at the gauge invariant origin of the field space, Vi a=o = 0, then
spontaneous electroweak symmetry breaking would be energetically disfavoured if (V)gwsg > 0.

One can thus require as a first approximation the naive bound on p
A3 9
M < Umax = §U— + 2 )\a/Ut + O('Ut) (245)
t

The phenomenological analysis in section 4 is performed in the parameter space scanned by
the potential parameters obeying the usual theoretical constraints, namely perturbative uni-
tarity and boundedness form below (BFB). No need to mention that only the scan points that

pass all these constraints are considered in our plots.

BFB:
To derive the BFB constraints, we usually consider that the scalar potential, at large field

values, is generically dominated by its quartic part :

VWO(H,A) = NHH)?/4+ M\ (H H)Tr(ATA)
+ A(TrATA? + \Tr(ATA? + M HTATAH
(2.46)

In this context, it is common to pick up specific field directions or to put some of the couplings
to zero. To proceed to the most general case, we adopt the same parameterisation as in [7],

where in our model the ¢ and ( parameters are found to be,

= % and (= % (2.47)

The boundedness from below is then equivalent to requiring V* > 0 for all directions. As a

result, the following set of conditions is derived:

A>0 & N2>0 (2.48)
& Ao+ VAN >0 (2.49)

Unitarity [21]]:



As for unitarity constraints, they are given by,

Ao| < K7 (2.50)
A < 2k (2.51)
Mol < gw (2.52)
13X + 10X, £ /(3X — 10X)2 + 48)2 | < 4k (2.53)

The details of their derivation are presented in appendix A. Note that the parameter x is

fixed to the value values k£ = &, since the unitarity formula |Re(ao)| < 5 has been used.

At this stage, by working out analytically these two sets of BFB and unitarity constraints, we
can reduce them to a more compact system where the allowed ranges for the \’s are easily iden-

tified. One can obtain a necessary domain for A\, \, that does not depend on A,, by considering

simultaneously Egs. (2.51]-[2.53) together with Eq. (2.48)),

2

0<A< ?KW (2.54)

0< N < gw (2.55)
5) 2 K

Il €20 28— ) (256)

We stress here that the above constraints define the largest possible domain for A, A, for any set
of allowed values of )\,. -Note also that, by using Egs. , one can rewrite Eq.
under the simple form, given by Eq. , where the dependence on A, has been explicitly
separated from that on A, \,.

The reduced couplings gy ¢ and gyyy of the Higgs bosons to fermions and W bosons are
given in Tabl[l] while the trilinear couplings to charged Higgs bosons can be extracted from
the Lagrangian as £ = gypg+psHH "H™ + gzy+u+Z(0,H")H™ +.... We will use the reduced
HTMO trilinear coupling of H and Z to H* given by:

e

9zH+H- = 9 wa(l - 20121;) Sgi

~ Sw Mw

JHHYH- = ——— —5 YHH+H- (2.57)
e mi,

where e is the electron charge, sy, the sinus of the weak mixing angle, and my, the mass of

the gauge boson W.
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H GHff IHWW 91z7

0
h Ca/Coy Co.Ca — 250, Sq Co..Ca

0
H —Sa/Co. —CpySa — 250, Ca —Cps Sa

Table 1: The CP-even neutral Higgs couplings to fermions and gauge bosons in the HTMO
relative to the SM Higgs couplings. « and 6 are the mixing angles respectively in the CP-even

and charged Higgs sectors.

The trilinear coupling gpogy+g- for the light CP-even Higgs boson is given by :

1
I H+H- = _5{604 <_2 Coy Spu b+ 2 A Cgi va + A Sgi Ud)

50 (AN 5, v+ 55, (0 + 2)\avt))} (2.58)

The couplings for the heavy Higgs boson are obtained from the previous ones by simple sub-

stitutions gpog+m- = gnog+H-[Ca — —Sas Sa — Cal-

3 Veltman conditions

To derive the Veltman conditions (VC), one just has to collect the quadratic divergencies
[22]. There are various ways to do that, and to be on a safer side, we use the dimensional
regularisation because this procedure ensures gauge as well as Lorentz invariances. To work out
these quadratic divergencies, we follow exactly the procedure of calculations used in our previous
work on the Higgs Triplet Model with hypercharge Y = 2 [9]. Moreover, it is worth to note
that the main difference with [9] is the absence of the CP odd neutral Higgs A° and the doubly
charged Higgs H**, from HTMO spectrum. Also we have calculated the quadratic divergencies
of the CP-neutral Higgs H® and h” tadpoles in a general linear R, gauge respectively, leading to
results which are independent of the ¢ parameters but depending on the model mixing angles.
As noted in [9], it is more convenient to combine these two results to get the tadpoles quadratic
divergencies of the real neutral components of the doublet (h;) and triplet (hy) which are free

of any mixing angles. After their VEV shifts, one finds, for the doublet:

2 2
m m 1
T, = vy ( = 2Tr(1,)y— + 300+ M) + 255 ( + 2)>
d sm w

11



Figure 1: The allowed region in (A, Ap) for two values of 67" = 5,10. Color codes are as
follows, Orange : Excluded by Unitarity constraints. Red : Excluded by Unitarity & BFB
constraints. Blue : Excluded by Unitarity & BFB & VC constraints. The Gireen area represents
the ALLOWED region of the parameter space obeying to all theoretical constraints. Our inputs
are: A =0.52, =5 < A, Ao, A3, Ap, A5 <5, 0, =1 GeV oand 2 < < 5 (GeV).

where T'r(1,) is the trace of the n-dimensional identity Dirac matrix, that is 22 = 2 in our case.

For the triplet, one gets :
2

T, = v, (8@ FoN, + 5/\b>

sm

In the above expressions, we used the following simplified notations: ¢, = cosfy and
v = /T 0.

Notice that the quadratic divergencies of the Standard Model are easily recovered in T}
when the \; and A4 couplings vanish, implying A\, = 0.

Now to proceed with the implementation of the two VC’s in the parameter space and the
subsequent scans, we usually assume that the deviations 67; and 07T, should not exceed the
Higgs mass scale. In our analysis, we will allow them to vary within the reduced conservative
range from 0.1 to 10 GeV.

In addition to the theoretical constraints shown in Eqgs. [2.4942.53] namely the unitarity, BFB
and R, from LHC measurements, if the supplementary VC constraints are imposed as well,

we see that the allowed region of the parameter space dramatically reduces and its extent

12



depends on the value given to the deviation 7. This salient feature is illustrated in Figl],
which exhibits the allowed domain in the (A,, Ap) plan. Our analysis shows that naturalness
constraint is stronger than the other theoretical conditions and that deviations 07" should be
larger than 3 GeV in order to keep a viable model. Moreover, taken those constraints together,
one might see that A\, will be restricted around ~ 1.2, irrespectively of the value given to the
vev v;. Indeed the same trends described above are reproduced when varying the triplet vewv,
though the A, is somehow freezer out.

Given the above discussed feature, in the next section, our phenomenological analysis will

be performed within larger regions of parameter space that omit the VC constraints.

4 Results and Discussions

Since HTMO spectrum contains two CP even Higgs boson h° and H?, either h° or H® can be
identified as the observed SM-like boson with mass ~ 125GeV. Therefore, we are facing two
choices: M} ~ 125 and M < MY, or M} =~ 125 and M} < MY,. For the former scenario,
the mixing angle limit must verify cosa > 0.96, whereas when H® mimics the observed boson
cosa tends to a tiny value, so to keep consistency with the experimental data, we imposed
sina > 0.96. The third scenario considered in this paper is when both Higgs bosons are mass
degenerate, M ~ MY.

For evaluating the branching ratios we have taken into account the leading perturbative
QCD corrections to the two CP-even Higgs decays into hadronic two-body final states. For
the Higgs to diphoton and photon+Z7 gauge boson signal strengths, R, and Rz,, we use the

definition adopted in [2§],
FHTM %x B RHTM

¢—gg d—=vv(Z7)
R'Y’Y(Z’Y)(¢> = TSM SM (4.1)
THE gg % BRH—VY’Y(ZW)

The relevant ratios for the other channels bb, 777, W+W~ and ZZ are defined in a similar
way. For the constraints and bounds from their corresponding signal strength measurements,
we require agreement with the ATLAS and CMS at least at 1o ( see Appendix C for compi-
lation of these signal strengths). Our analyse shows that their ratios remain compatible with

respect to its SM values since their ‘H couplings are almost ~ 1.
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Figure 2: Higgs bosons masses as a function of u parameter in the HTM0. We take as inputs

A=052, -1 <A <1 A=11=1GeVand 0.1 <p <25 (GeV).

Also, It should also be noted that for the CP-even Higgs decays to final states with b quarks,
the QCD corrections up to three-loops have been included in their partial decay widths [23],

3GFmH _9

Tigg = o m2(may)Cle Aqep (4.2)
where
Agep = (1 + 5.67@ 4 (35.94 — 1.36NF)O‘5<7;”;”>
+ (164.14 — 25.7TNp + 0.259]\@)%) (4.3)

For each benchmark scenario, we investigate the allowed parameters space by the 1o limit
of the current Higgs data after run-II in the gg — H — ~~ channel, reported by ATLAS
[y = 0.8570352 [24H26] and CMS g, = 1.117012 [27], which are consistent with the Standard
Model expectation either for ATLAS or for CMS at lo. It is worth noting that the errors

reported here are smaller than those reported at 7 & 8 TeV.

4.1 h® SM-like

Fig. [3| displays the allowed region in the (v, pt), (@, myo) and (u, mpy+) planes, where hY is
chosen to be SM-like. It is interesting to note that significant amount of parameter space is
allowed once we impose either theoretical or experimental constraints, even for small nonzero

value of v; and p.
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Figure 3: R.,(h°) variation in the (p,v;) plane (left), H® and H* Higgs bosons masses as a
function of p (middle) and of v; (right). Inputs are: A ~ 0.52 (mpo =~ 125 GeV), |A,| < 1.5,
A] <1,1072 < <25 (GeV) and 1072 < v, < 3 (GeV)
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Figure 4: BR(H" — h°h°) variation in the (R,,(h°), A,) plane taking into account ATLAS
result at 1o, with the following inputs : A &~ 0.52, [A,| < 1.5, Ay = 1, 5 < u < 25 (GeV) and
v; = 1 GeV (left). The BR(H?) as a function of myo for a benchmark point where A\, = —1
(right)

In order to establish in this case the branching ratios of the heaviest CP even neutral Higgs
boson, we present in Fig. EI (right) the decay branching fractions of the heavier Higgs boson H? in
the HTMO, for a benchmark point where A\, = —1. We see that for 200 GeV < mpyo < 250 GeV,
the dominant decay channels are the H° — ZZ and W+ W~ decay modes, whereas h°h° is off-
shell and consequently its corresponding ratio gets a tiny values of order of 1%, regardless

of what )\, can be. Once h°h° threshold takes place, this channel becomes predominant for
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Figure 5: R.,,(h°) as a function of my=+ for various values of A, (left). Correlation between
R, (h°) and R, z(h°) for various of ), (right). We take as inputs : A ~ 0.52, 2.5 < p < 15
(GeV) (mpo ~ 125 GeV), A, =1 and v, = 1 GeV.

negative \,, with the ratio R..(h°) almost equal to its standard value, and 250 < myo < 450
(GeV). This feature persists even when ¢t threshold is reached at mgo > 350 GeV.

According to Eq. , we display the deficit of R, (h") in the left panel of Fig. 5| as a function
of H* mass for various values of \, and with mpgo > 140 GeV. As it can be seen, a mass about
255 GeV and above is allowed for H* within +10 of ATLAS value for A\, = —1.4. Once
A increases, this lower bound decreases consistently to reach its lowest value around ~ 197
GeV, given A\, > —0.5. This situation is exactly the opposite for CMS, where only the range
200 < my+ < 250 (GeV) is excluded for A, = 1.4. Besides, R, (h°) tends towards its standard
value for A\, # 0, and to 1 for large my+ whatever the variation of \,.

In this scenario, the anti-correlation between R..(h°) and R, z(h°) is displayed in the left
panel of Fig. , taking into account the experimental data at 1o. At first sight, the R, z(h°)
deviation is almost nul relatively to its standard value, and contrary to what has been claimed

in [13], R,,(h°) and R, z(h°) are always anti-correlated, independently of ), sign.

4.2 H" SM-like invisible decays

This section investigates the possible existence of a scalar state h° lighter than H®, with MY ~
125. Such a scenario has attracted attention within a plethora of theoretical frameworks dealing

with new physics beyond standard model , particularly those considering enlargement of the
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Figure 6: myo (left) and mpy=+ (right) dependences on v; (upper panel) and p (lower panel).
Input parameters are: A &~ 0.52 (mpgo ~ 125 GeV), [\ < 1.5, 0 < X <1, 1072 < p < 10
(GeV) and 1072 < v; < 3 (GeV)

Higgs sector of the SM via doublet or triplet fields [29, 30]. However, to our knowledge, it has
not been addressed yet in the HTMO.

The figure [6] displays the dependence of light and charge Higgs bosons masses on p and v;
parameters when the heavier CP-even state H° is identified to the SM-like Higgs boson. At
first glance, the default values of these parameters for a given region where mjo < % should
not be of the same order of magnitude, indeed, to fulfil such situation, we request v; to be
equal or slightly higher than 1 GeV for a given u below 1 GeV. As a results, the parameter
space is quite restricted offering many new interesting features. Indeed, the charged Higgs is

very light with an upper bound on its mass about 180 GeV, as can been seen from Eq. (2.11]).
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Figure 7: Branching ratio of H® — bb, c¢, 7t7=, WtW~—, ZZ, h°h°® and H*HT as a function
of Ag. Our inputs are A = 0.52, A\, = 1, vy = 1 GeV and 0.1 < p < 0.52 (GeV) (mpyo ~ 125
GeV).

Moreover, for such small values of p, the lightest CP-even state h° is mostly dominated by a
triplet component and is typically light as can be deduced from Egs. . Thus, in this
scenario the LEP constraints apply to h® Higgs. At LEP colliders, the Higgs was searched for
essentially in the channel ete™ — h%Z — bbZ in association with Z boson. From the combined
data collected by the LEP experiments, a lower limit on the Higgs mass has been established,
my, > 114.4 GeV, as well as a set of upper bounds on the Higgs coupling to Z boson [31, 32].
Hence from these LEP results, one can figure out which region of the parameter space which
would be allowed (or excluded). In HTMO model, the coupling of the lightest Higgs to Z boson
coupling h°ZZ, which is proportional to ¢, = cosa ~ 0, is heavily suppressed with respect to
that of the SM [29]. Hence, the hZ cross section is drastically reduced and the h" Higgs may
have a mass below the 114.4 limit, while still being in agreement with the LEP constraints.

It is worth to notice that, according to Eq. , the mass of the heavier CP-even state
H° matches the observed value mgo ~ 125 GeV, if the coupling A is approximately set to the
value A =~ 0.52. Such scenario offers a particularly rich phenomenology. Our analysis will focus
on two interesting Higes to Higgs decays, namely: H° — hOh0") H*H*™) These invisible
Higgs decay channels might become kinematically favoured with significant branching ratios

for certain regions of the HTMO parameter space. Indeed, again as |s,| = 1,¢, &~ 0 in these
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Figure 8: The branching ratios for H° — h°h° (left) and H® — H* HT (right) as a function
of u. The Higgs masses, myo and mpy+, are considered in the ranges represented by the color
codes. Our inputs are : A ~ 0.52, 1072 < 1 < 0.55 (GeV), myo ~ 125 GeV, [\, < 1.5, N\, =1,
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regions, the h°h°H® and H* H* H° couplings reduce to,
Gropo g0 = g+ g+ O = )\avd + O(Ut> (44)

Then, we plot in Fig. El the branching ratios of the H® decays into bb, ce, WTW~ ZZ,
and into the invisible decay modes h°h° and H*HT. We clearly see that the branching ratios
into h°h° and H*H7 become dominant for non-vanishing values of |\,|, as can be seen from
Eq. where the corresponding couplings get substancially large values. However, once A,
approaches zero, these decay channels fade away.

By the following, we fix v; = 1 GeV and A\, = 1, we present in Fig. |8 the branching ratios
for H® — h°h° and H° — H* HT. From the left panel, we can see that decay into h°h° gets
sizeable values for values of the p parameter larger than 0.15 GeV (myo ~ 35 GeV), reaching
up to 7% when myo is around 45 ~ 50 GeV. When p becomes larger than 0.26 GeV (mjo =~ 45
GeV), this ratio decreases slightly but still remains relatively important, and never falls below
6%. Furthermore, for myo = 60 ~ 65 GeV, it raises to reach 7% again.

The situation is quite different for the BR(H®? — H*H?*) as illustrated in the right panel
of Fig. [§l This ratio tends to its maximal value, ~ 2.7%, for very tiny pu about ~ 0.1 GeV,

corresponding to small values of my+ =~ 39 GeV, and decreases inversely when p increases up
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Figure 9: (Left) : R,,(H") as a function of mg+ for various values of A,. (Right) : correlation
between R..,(H") and R, 7(H") for various of \,. Our inputs are : A = 0.52, 0.5 < u < 1.6
(GeV) (mpyo =~ 125 GeV), A\, = 1 and vy = 1 GeV.

to the value &~ 0.26 GeV. In contrast to the decay into h°h°, beyond this value, the branching
ratio is almost vanishing.

From the left side of Fig. |§|, the ratio R, (H") reaches its SM-like value for A\, ~ 0 and for
the charged Higgs mass in the range 40 ~ 160 GeV, while an excess up to 20% can be achieved
for negative values of A,. If ATLAS/CMS exclusions data at 1o, is taken into account, then
this excess is largely reduced to less than 10%. As a byproduct, this analysis sets up a lower
limit on the mg+ of order ~ 115 GeV (for A\, = —0.2). In addition, R.,(H°) remains below it
SM value when A, > 0, even for myg+ above this lower value. At last, we study correlation of
R, (H®) with R, z(H") in this scenario. Unlike the h° SM-like case, one can see from the right
panel of Fig. [9] that these observables are correlated for A, < 0 or anti-correlated for A, > 0

with a predicted charged Higgs mass in the range [130 ~ 160] or [110 ~ 160] GeV respectively.

4.3 Degenerate case : mpyo ~ myo ~ 125 GeV

In this subsection, we consider the CP-even neutral Higgs bosons h° and H° with nearly degen-
erate mass. This scenario has recently attracted attention and been taken seriously in many
SM extensions [8, 33-35]. Here we would like to ask to what extent this survives in HTMO
in light of LHC data at 13 TeV. In other words, we probe the region of the parameter space
where the twin Higgs decays into diphoton Higgs with branching ratio (or signal strength R..)
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consistent with ATLAS and CMS data. A first analysis has been performed in [I3]. This anal-
ysis used an intriguing and unjustified hypothesis considering the charged Higgs mass equals to
the neutral ones. In this model, this possibility is excluded by theoretical constraint as we will
show shortly. But first, we will demonstrate that the parameter space is restricted further by
an additional constraint, induced by the Higgs mass degeneracy, and leading to a severe control
of the potential parameters.

The two eigenvalues my (with m_ = mio <my = m%o), representing the squared masses

of h® and H°, are :

A+ CE\J(A-C)?+4B?
— 5 :

(4.5)

m4

Then

my —m_ = (mygo— mpuo)(mpgo + myo)

~ (mHO - mh0)2Me$ = QMEzAM

where AM, the difference of masses between the two neutral Higgs H° and h° is set to about
1 GeV, corresponding to the detector inability to resolve two nearly Higgs signals, and M., is
the experimental Higgs boson mass ~ 125 GeV. Taking into account these considerations one
gets /(A — C)2 4+ 4B? < 2M,,AM, that obviously leads to two constraints: |B| < M,AM
and |[A —C| <2M.,AM.

The first constraint reads as:
M. AM
20 v — p| <2V2 = (4.6)
Vg

while, for small ratio of the two vevs 5—2, the second constraint reduces to,

8vy 2 M., AM

Since the ratio % is about 1 GeV, these two relations simplify to |2\, vy — pu| < V2 GeV
and % ~ 4 v, providing strict bounds to the three potential parameters p, A and A,, hence
severely reducing the allowed regions in the parameter space, as it is illustrated in Fig[I0]
This feature has a dramatic effect on the discrepancy between the neutral and charged Higgs
masses as can be seen from Figf2l In such figure, the Higgs bosons masse behaviours are

plotted as a function of the p parameter; these values satisfy the above resulting relation in

21



0.0 B
060.81.01.2

TR iar'ﬂ"

Figure 10: The allowed regions in (A4, Ay) for §7° = 10 in the degenerate case. Color codes are
as follows, Orange : Excluded by Unitarity constraints. Red : Excluded by Unitarity+BFB
constraints. Blue : Excluded by Unitarity+BFB & 'IXL ~ 4 v; constraints. : Excluded by
Unitarity+BFB & T, =~ 0T ATy ~ 0T & % ~ 4 v; constraints. That shows only the Green area
obeys ALL constraints. Our inputs are A\ = 0.52, —5 < A, Ao, A3, A, A5 < 5, 1073 < v, < 3
(GeV) and 1072 < < 5 (GeV).

the degenerate case. The seemingly constant mio for p > p. and constant quo for p < p. are
clearly achieved around the critical value u. =~ 2.1 GeV. Contrary to what one might think, if
we take the Higgs bosons masses as inputs [I3], such a situation matches a splitting between
the charged Higgs boson mass and the H (= h’ = H) degenerate state mass in the range of
Am = myg+ —my ~ 51 GeV.

Hereafter we define the diphoton signal strength R, by the following quantity,
Ry = Rw(ho) + RW(HO) (4.8)

and similarly R,z is introduced. In this scenario, the charged Higgs boson loops are included
with the gauw, g5y couplings given by Table. [I]

Fig. illustrates the HTMO degenerate case effect on R,,. Similarly to the previous
scenarios, we fix A ~ 0.518 and scan over A,, Ay, p and vy, with the Higgs masses given by
Egs. and In the left panel, we show the scatter plot for the mixing angle « in
the (R,,,v;) plane. Again we see that small but no zero values below 0.5 are favoured for the

triplet vev vy to achieve the standard limit, corresponding to sina ~ 0.55 — 0.65. Equally, as
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Figure 12: R,, and R, 7z correlation in the degenerate case for various A,. Inputs are the same

as in Figll1] except for A,.

set out from its dependence on v; in this scenario, the p parameter takes a tiny values. In the
right panel, we show the variation of R, a function of y and v, within 1o of ATLAS/CMS
measurements.

Finally, we display in Fig. we have plotted R, versus R,z in mass degenerate scenario
for various values of \,. From this plot one can see that the correlation is always positive
whatever the value of \,. We also note that no noticeable enhancement can be achieved, since

most part of the parameter space is drastically constrained by a constant charged Higgs mass
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at about my+ ~ 176 GeV, as shown form Fig. [2, which concurs with the results predicted in

).

5 Conclusion

In this paper, we have discussed some features of the Higgs triplet model with null hypercharge
(HTMO), an extension of the SM with a larger scalar sector. First, we have shown that the
parameter space of HTMO generally constrained by unitarity and boundedness from below, is
severely reduced when the modified Veltman conditions are imposed. Then, we have investi-
gated some Higgs decays, including Higgs to Higgs decays, in light of LHC data, either when
h? is the SM-like Higgs or when the heaviest neutral Higgs HY is identified to the 125 observed
GeV Higgs. In addition, we have analysed the degenerate scenario and shown that LHC signal
strengths favours a light charged Higgs mass about 176 ~ 178 GeV. Finally, we have pointed
out some discrepancies with previous analysis, regarding the correlations between the diphoton

Higgs decay mode and H — Z~ mode.
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Appendix A : Unitarity constraints

By exploring the HTMO model, we can show that the full set of 2-body scalar scattering pro-
cesses leads to a 19x 19 S-matrix with 5 block of submatrices corresponding to mutually unmixed
sets of channels with definite charge and CP states. Hence one gets the following submatrix
dimensions, structured in terms of net electric charge in the initial/final states: SM(4 x 4),

S@ (5 x 5) and S® (1 x 1), corresponding to 0-charge channels, S® (6 x 6) for the 1-charge
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channels, and S®)(3 x 3) corresponding to the 2-charge channel.

In principle, by using the unitarity equation, one can derive the unitarity constraint on
each component of the S-matrix. Thus the usual unitarity bound on partial wave amplitudes
would apply to the eigenvalues of the submatrices, encoding indirectly the bounds on all the

components 7™ of the T-matrix, defined as M,, = iT™, with n =1,--- ,5.

We present hereafter the resulting submatrices whose entries correspond to the quartic
couplings that mediate the 2 — 2 scalar processes. By writing the neutral components in the
fields as : ¢° = \%(vd + hy +iz) and 6° = vy + hy , the first submatrix M, corresponds to

scattering whose initial and final states are one of the following: (¢70~,07 ¢, haoz1, hihy). We

have to write out the full matrix, one finds,

A O 0 O
0 X O O
M = (5.1)
0 0 X O
0 0 0 M\,

The second submatrix M, corresponds to scattering with one of the following initial and fi-

nal states: (¢t¢—, 019, Il heha "2z where the 4/2 accounts for identical particle statistics.

V271 V20 V2
From a straightforward calculation, one finds that M, reads as:
A g L ﬁ L
2)\\/5 V2 2)\\/5
Ao AN TE V2N, T2
"2 "2
Mo — A Aa 3\ Aa A (5.2)
Tl el '
Ao /5 Aa Aa
% (C2VIEE S PO
NPV S VN )
2V/2 V2 4 2 4

Despite its apparently complicated structure, the seven eigenvalues of My can be easily de-
termined. At last, for the O-charge 2 — 2 processus, there is just one state hz; leading to
Mz =A/2

On the other hand, the 1-charge channels occur for two-by-two body scattering between the

charged states (h1¢™, 210", ha¢™, hidt, 2107, had™). The 6x6 submatrix M, obtained from
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the above scattering processes is given by:

%20000
05 0 0 0 0
M= | 00 A 0 0 0 (5.3)
00 0 A O 0
00 0 0 A O
000 0 0 0 2x

while the fifth submatrix Mj corresponds to scattering with initial and final states being

one of the following 3 sates: (‘bff; ,51:/‘; 01, Tt reads,

A
5 00

Ms=1| 0 2) 0 (5.4)
0 0 M\,

From the usual expansion in terms of partial-wave amplitudes a;, we write, following our
notations,

MED = Ty =160 (27 + 1) aff " (s) Py(cos ) (5.5)

J>0

where k£ and f run over all possible initial and final states of the above 19-state basis and the
P;’s are the Legendre polynomials. Since we only consider the leading high energy contributions

for each channel, all the partial waves with J # 0 vanish,except one:

(kf):_L (kf) 5.6
%o Tk (56)

The S-matrix unitarity constraint for elastic scattering, ]a(()kk)\ < 1 or alternatively \Re(aékk))] <
%, translates through Eq. 1) directly to all the eigenvalues of the submatrices we determined

above.

Appendix B : Feynman Rules for tadpoles

In this appendix, we list the couplings used to calculate the tadpoles of the two neutral CP-even

Higgs h° and H? as explained in [9].
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We note cp 5 (Cpp) the couplings to the Higgs h° (H®) where F; stands for any quantum
field of the HTMO: scalar and vectorial bosons, fermions, Goldstone fields G; and Faddeev-
Popov ghost fields n;. Because the field F; fixes the propagator, we also list the values t; (7;)
of the loop due to the propagator of the F; particle which gain a factor 2 in case of charged

fields, and the symmetry factor s;.

€1 = Chohy = —%(Avdci + 20, V4Ca 82 + ANyusS +
(—p+ 2 Xa01)Cos0),

C1 = Cyyn, = %(Avdsi + 2XMqUg8aCe — 4Mpuic —
(—p 4 2 Xavr)sica),

t, = z'Ao(m,Qm),

T, = ’L'Ao(mffo),

1
S1 = 5, (57)

1
Co = CGoGy = —5(—psa + AMgCa + 2048a04),

l

Cy = Cayay = +5(HCa + Masa — 2XaCaty),

2
tQ = T2 = ZAo(meQZ),
1
So = 5, (58)
1
3 =cCo.q. = —5(2 UCaCorSos + (11Sa + AViCq + 2)\avtsa)cgi
+2(Mvgca + 2>\bvtsa)s§i),
1
Cs=Cq.c. = —5(—(2,u09i59i + Avacy, + 2Xq0aS7, ) Sa
+(4)\bs§ivt + 2)\avtc§i + ,ucgi) Ca)s
t3 = T3 =2 X ZAg(gwm%/V),
1
83 = 2
(5.9)
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C4 = CHyHy = (2)\ Avg 4 (BN — 4Xy)casvg — (1 —
2)\avt)sa + 2250 (1t — 2(Mg — 3Np)0y))

Cy = Chone = (—2)\asivd — (B\ — 4)Xy)8aC2vg — (1 —

2
20 00) 2 4282 ot — 2( Mg — 3Np)01))

1
S4 = 57
i
C5 = CH, H_ = —5((—2,u09i39i + 2)\acgivd + /\sgivd)ca
+(4Nocg, v+ (1 + 2001) 55, )Sa)
1
C;=Cp,n_ = —5(2u09i59i5a + (co — AVgSe +

2)\avtca)$§i + 2(=AvaSa + 2)\bvtca)cgi)

ts =15 =2 X Z.Ao(m%-i),
1

S5 = 5;
Co = Czz = iemycaCoy [ (C28w),
Cs = Cpy = —iemwco, Sa/(C2sw),

te = T = —i((n — 1) Ag(m%y) + £z Ao(E2m3),

S —

9

N | —

cr = cw,w. = temw (CaCor — 25450, )/ Sw,

Cr = Cw,w. = —iemw(CopSa — 250, )/ Sw,

tr = T7 =2X ( ((77, — 1)A0(mw) + gon(fwm%V))
1

S7 = 5;
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(5.11)

(5.12)

(5.13)



—1
g = Cpfp = TG(CQ/Cgi)mf/(mWsw),

1
Cs=Chr = §€<Sa/69i)mf/mwsw)7
ts — T8 — meAo(m?>TT(In)7
— (5.14)
—1
Co = Cypjy = 7€mW<CaCGi)€Z)/(C12u5w>7
1
Cg = anﬁz = §€mW(CQi3a)£Z/<C12USw)7
tg = Tg = ZAo(meQZ),
o= 1. (5.15)

—1
€10 = Cpurpy, = 76mw(0a09i — 250504 )W / Suws

)
Ci = Cnin} = éemW(CGiSa - QCaSQi)&/V/Sw,
tio =Tio =2 X iAO(melzd/)v

S10 = 1, (516)

Appendix C : Higgs signal strengths

Here we collect the Higgs signal strength measurements corresponding to various Higgs boson
production modes and Higgs decay channels.

For the 7777 and W*W ™ channels, we used the combined results at LHC Run 1 [42H44],
whereas the Higgs to diphoton signal strength at 13 TeV [45] was considered to control the

variation of the previously defined observable R.,.
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