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Motivated by experimental hints on possible deviations from the SM predictions for the SM-
like Higgs boson loop-induced decays, a thorough analysis of the decay rate of the Higgs boson
to yy in the Inert Doublet Model (IDM) is performed. Wide set of constraints is taken into
account, including also the condition for the existence of the Inert vacuum, which significantly
reduces the viable parameter space. The consequences of deviations from SM predictions for
the two-photon decay channel for the masses of the charged and neutral scalars (in particular
the Dark Matter (DM) candidate), and their couplings to the Higgs boson are analyzed. We find
that an enhancement of the two-photon decay rate at the level of 1.2 or greater implies that the
charged scalar and the DM candidate are fairly light, with the following bounds on their masses:
62.5GeV < Mpy < 154GeV, 70GeV < My+ < 154GeV.
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1. Introduction

The & — Yy decay is one of the most important observational channels of the Higgs boson at
the LHC. It gained much interest when some deviations from the Standard Model (SM) prediction
for its rate have been reported, the current experimental results for the 4 — yy decay rate (signal
strength) read: Ry, = 1.557033 (ATLAS) [1], Ryy = 0.77£0.27 (CMS) [2].

The 7yy signal strength is interesting, because it is sensitive to new physics — in particular
existence of new charged particles. By this means it is well suited to study Two Higgs Doublet
Models (2HDM), distinctive feature of which is the existence of a charged scalar. Precise mea-
surement of the decay rate of the 7 — Yy channel can also constrain the invisible decays branching
ratios, which would bring information about the masses of extra scalars present in some versions
of 2HDMs [3 -5].

We analyze the h — 7yy rate in the Inert Doublet Model (IDM), which is a Z,-symmetric
version of a 2HDM with one “inert” doublet, i.e., having zero vacuum expectation value (VEV)
and no coupling to fermions at the tree level. It is a very simple extension of the SM, having very
rich phenomenology with a good Dark Matter (DM) candidate.

2. Model

The IDM is a 2HDM, with the scalar doublets &g and ®p [6—8]. It is described by the
following Lagrangian:

L =L+ Ly + L,

where .ngfM is the SM Lagrangian describing interactions of fermions and gauge bosons, %y is the
Yukawa Lagrangian describing interactions of scalars with fermions, and .#j; — Lagrangian of the
scalar sector,

Ly = (D" ®s)" (D Ps) + (D*®p)" (D Pp) — V.

The scalar potential V is defined as follows

V= =3 |mi (25Ps) +m§2(cplf)ch)} +3 [Al (q’§¢5)2+7t2(‘1’£‘1’0)2} o
5 (@ s) (D) Dp) + 24 (@) (BhDs) + 125 [ (D[ + (@)bs)?]

with all parameters real and A5 < 0. In the IDM only ®g couples to fermions (type I of Yukawa
interactions), so %y looks like in the SM with ® — &

0
During electroweak symmetry breaking only ®g acquires non-zero VEV: (dg) = ( v/ V2 > >

(®p) =0, v=246GeV. The particle spectrum consists of & —a SM-like Higgs boson originating
from ®g and four inert (dark) scalars: H, A and H*, which originate from ®, and thus do not have
tree-level couplings to fermions.
Note that the whole Lagrangian as well as the vacuum state are invariant under the D symme-
try:
op 2 @y, 5L g, Dy D Doy

Hence, the lightest D-odd particle (H) is stable, providing a DM candidate. It has been shown
that the DM in the IDM can give the relic density in agreement with the WMAP measurements
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(0.1018 < Qpph? < 0.1234 at 3o confidence level) when its mass is in one of the following three
regions [10—-12]: low (My < 10GeV), intermediate (40GeV < My < 150GeV) or heavy (My =
500GeV).

3. Constraints

In this analysis we take into account the following constraints

Vacuum stability For a stable vacuum state to exist it is necessary that the scalar potential V
is bounded from below. This leads to the following constraints: A; >0, A, >0, A3+
VAIA >0, Asus++/A1Ay > 0, where Azq5s = Az + A4 + A5 [6].

These are the tree-level conditions for the stability of the potential. It is known, that in the SM
the loop corrections from the top quark can render the effective potential negative, leading
to an instability. The analysis of the effective potential for the IDM is beyond the scope of
this paper. However, it has been shown [5] that the positive loop contributions of the scalar
particles can partially cancel the top contribution, allowing the IDM to be valid up to high
energy scales (even at the level of the Planck energy).

Perturbative unitarity Eigenvalues A; of the high-energy scattering matrix (for the 2 — 2 pro-
cesses) are required to fulfill the condition |A;| < 8x. This leads to upper bounds on the
parameters of the potential and the masses of the scalars, in particular A, < 8.38.

Existence of the Inert vacuum Inert state is a global minimum of the scalar potential if the matrix
of the second derivatives of V is positive definite (condition for local minimum), and mfi'l >
\n% (energy of the Inert vacuum is lower than energy of a coexisting minimum). The last
condition, when combined with unitarity bound on A, < 8.38 and the value of the Higgs
boson mass Mi = m%l = Mv? = (125GeV)?, gives an upper bound on the mass parameter

m3, [13]:
ms, < 9-10*GeV>. (3.1

H as DM candidate As H is the DM candidate it has to be the lightest of the dark scalars: My <
MA 5 MH:E .

Electroweak Precision Tests (EWPT) The values of S and T parameters are required to lie within
20 ellipses in the (S, T) plane with the central values: S =0.03+0.09, T = 0.07 £ 0.08 and
correlation equal to 87% [14].

LEP bounds The scalars’ masses are constrained by the LEP measurements as follows
My=+Myg > My, Mgs+My> My, My+Ms>Mz, Myg:>T70GeV

while the region where simultaneously My < 80GeV, My < 100GeV and My — My > 8GeV
is excluded [15, 16].

LHC We set the mass of the SM-like Higgs boson 4 to 125GeV.
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4. Two photon decay rate

The two-photon decay rate of the Higgs boson is defined as follows [3, 4]:

o . Olpp )™ [o(gg — W)Br(h =y Br(h— yp™
e —h—yy)SM T SM ™ Br(h — yy)SM’
a(pp ™M [o(gg — h)Br(h — 1y)] t(h=77)
where the small width approximation has been used. Moreover, the facts that the gluon fusion is
DM — & (gg — h)M have been

.1

the main production channel of the Higgs boson and that 6(gg — h)
taken into account.

As can be seen, both the partial decay width of the Higgs boson to two photons, I'(h — yy)PM,
and the total decay width of the Higgs, I'(h)™™, contribute to R,y. There are two possible origins
of deviation from Ry, = 1: the charged scalar loop contributing to I'(h — 77)'PM and the invisible

decays augmenting I"()™PM,

4.1 Invisible Higgs decays

Many channels contribute to the total decay width of the Higgs boson in the IDM, namely

T(h) =T(h— bb) +T(h - WW*)+T'(h — 1"t )+T(h — gg) +T'(h — ZZ*) +T'(h — c¢)
+IL(h—Zy)+T(h— yy)+T(h— HH) +T(h — AA). (4.2)

All the partial widths in the first line of Eq. (4.2) are identical to the corresponding SM widths.
The yy and Zy partial decay widths are modified with respect to the SM by the presence of the
charged scalar loop. However, the ¥y and Zy branching ratios are of the order of 10721073 so
their contributions to the total decay width are negligible. Thus the total decay width can deviate
from the SM prediction only due to the invisible decay channels.

The decay width of the Higgs boson to two DM particles is given by:

2345V 4M?
T(h— HH) = 238" [y 2V
327M,, M}

For the h — AA decay My is exchanged to My and A34s to Ay, (5,5 = A3+ A4 — As). The branching
ratios of the Higgs boson as functions of As4s are shown in Fig. 1 [3]. It can be seen, that the

invisible decay channels dominate over the SM decays if they are kinematically allowed. If the
invisible channels are closed, the H* loop impact on 4 — ¥y and h — Zy becomes clearly visible.

4.2 Charged scalar loop

When the invisible channels are closed, important contribution to R,y comes from the charged
scalar loop, which can interfere either constructively or destructively with the SM contribution.
The partial width of the Higgs decay to two photons is given by [8, 17]:

2

L(h— vy)

)

v _ Gra®Mj | oy 2Mp. +m3, <4M121i >
128v/21 M7, M
the definitions of .M and A, can be found in Refs. [3, 17]. In the above formula 2M121i + m%z =

A3v2, where A3 is proportional to the hHHH~ coupling, so one of the following sets of parameters
A3, My« or m3,, My can be chosen to determine I'(h — yy)™PM.
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Figure 1: Branching ratios of & as functions of A34s. Left panel: decay channels & — HH and h — AA
are open (My = 50GeV, My = 58GeV), right panel: invisible & decay channels are kinematically closed
My =75GeV, My > Mpy).

oL . o _ D(iyp™
If the invisible decay channels are closed, the ratio Ryy simplifies to Ry, = Ty Then

the inequality R,y > 1 can be solved analytically, leading to two solutions. Using the lower LEP
bound on My=+: Mg+ > 70GeV and substituting M;, = 125GeV we get [3].

1. m}, < —2M%. < —9.8-10° GeV?, this solution corresponds to constructive interference be-
tween the SM contribution and the charged scalar loop.

M} Re(.a/SM)
17(2A:Zf >2arcsir12<21‘[fli’i )
ference (to have Ryy > 1, the H * loops has to be at least twice as big as the SM amplitude).
Comparing with Eq. (3.1), it can be seen that this option is excluded by the condition for the
stability of the Inert vacuum.

— ZMfIi > 1.8-10° GeV?, corresponding to destructive inter-

2
2. my, >

So the only surviving solution for Ry, > 1 corresponds to m%z < —2M13i, which can be translated
to the condition A3 < 0, in agreement with Ref. [4].

5. Results

To check in which part of the parameter space the two-photon rate is enhanced, we performed
a random scan, varying the parameters in the following ranges:

M, =125GeV, 70GeV < My+ < 1400GeV, 0 < My < 1400GeV,
0 <My <My, M=, —2-10°GeV? <md, <9-10*GeV?, 0< 1, < 8.4.

and taking into account the constraints described in section 3. In all the plots the light green (gray)
regions correspond to Ryy > 1 and the dark ones to Ry, < 1. Note that the presented plots are
projections of multidimensional regions onto two-dimensional planes, thus light colored regions
can overlap dark colored regions (the light ones are always printed on the top of the dark ones).
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5.1 Impact of the DM mass on R,

As described before, the impact of the DM particle on Ry, is through the invisible decays.
Dependence of Ry, on My is presented in Fig. 2. The plot confirms that Ry, > 1 is only possible if

My+[GeV]

I I I
-2.0x%10° ~1.5x10° —1.0x10° ~500000 o

I’VIZZZ[GCVZ]

Figure 2: Left panel: Ry, versus My. Right panel: region allowed by the constraints described in section 3
in the (m%27 My+) plane together with the curves indicating constant values of Ryy (calculated for invisible
channels closed). Light green (gray) corresponds to Ry, > 1, dark green (gray) to Ryy < 1.

My > M, /2 =~ 63GeV [3, 4]. As H is the lightest of the dark scalars, then in order to enhance Ryy
also My, My+ > 63GeV.

5.2 Impact of My+ on Ry,

The possibility of enhancing Ry, relies on the parameters m%z and My=. The parameter-space
region allowed by the conditions from section 3 in the (m%Z, M=) plane is presented in Fig. 2 (right

panel). Also curves indicating constant values of Ry, (computed for invisible channels closed, so

C(h—yy)"™™
C(h—yy)™
up to 1 TeV. Even larger masses would appear if the range of m§2 was wider. Secondly, it can be

for Ry, = ) are displayed. First thing to note is that Ry, > 1 for very heavy H* with mass
seen that assuming R,y > 0 > 1 for some &, introduces an upper bound on My=. Moreover, the
region where Ry, > & > 1 is confined to a constrained range of m3,, so this result will not change
with altering m3, range. For example Ryy > 1.2 implies My= < 154GeV. As My < Mp-= and taking
into account the lower bounds from Ry, > 1 and LEP we have for Ry, > 1.2 [3]:

63GeV < My < 154GeV, 70GeV < My: < 154GeV.

5.3 Impact of the couplings on R,

Fig. 3 (left panel) confirms the analytical result saying that Ry, > 1 only for A3 < 0. In the
right panel the dependence of R,y on A345 ~ hAA is shown, and it can be seen that also Ry, > 1 for
A345 < 0. Similarly as in the case of M=, when we demand that Ry, > & > 1, stronger bounds on
these parameters arise. For example Ry, > 1.2 implies [3]

—1.45< ),3, Azgs < —0.18.
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Figure 3: Left panel: A3 versus Ry,. Right panel: Asss versus Ryy. Light green (gray) corresponds to
Ryy > 1, dark green (gray) to Ry, < 1.

6. Summary

The h — 7y decay rate, being sensitive to the existence of new charged or neutral scalars, can
provide us with new information about the Higgs sector. Within the IDM, an observation of an
enhanced two-photon signal strength would indicate that all the scalar particles have masses above
63 GeV. If a substantial enhancement is observed, also upper bounds on the DM candidate and the
charged scalar arise. For example, if Ryy > 1.2, then 63GeV < My < 154GeV, 70GeV < My+ <
154 GeV, and also the couplings h/HH and hAA are strongly constrained. Combination of these
results with the constraints imposed by the WMAP measurements sets even stronger bounds on the
parameter space of the IDM, see [18].
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