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ABSTRACT: We perform a detailed study of the signal rate of the lightest Higgs boson in the
diphoton channel (ji,), recently analyzed by both the ATLAS and CMS collaborations at
the Large Hadron Collider, in the framework of U(1)z— lepton number model with a right
handed neutrino superfield. The corresponding neutrino Yukawa coupling, ‘f’, plays a very
important role in the phenomenology of this model. A large value of f ~ O(1) provides an
additional tree level contribution to the lightest Higgs boson mass along with a very light
(mass ~ a few hundred MeV) bino like neutralino and a small tree level mass of one of the
active neutrinos that is compatible with various experimental results. In the presence of
this light neutralino, the total decay width of the Higgs boson and its various branching
fractions are affected. When studied in conjunction with the recent LHC results, these put
significant constraints on the parameter space. The signal rate ji, obtained in this scenario
is compatible with the recent results from both the ATLAS and the CMS collaborations
at 1o level. A small value of ‘f’, on the other hand, is compatible with a sterile neutrino
acting as a 7TkeV dark matter that can explain the observation of a mono-energetic X-ray
photon line by the XMM-Newton X-ray observatory. Because of the absence of a light
neutralino, the total decay width of the lightest Higgs boson in this case remains close to
the SM expectation. Hence, in the small ‘f’ scenario we obtain a relatively larger value of
fi~~ which is closer to the central values reported recently by these two collaborations.
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1 Introduction

Recently two CERN based Large Hadron Collider (LHC) experiments, ATLAS and CMS,
have confirmed the existence of a neutral boson, widely accepted to be the Higgs boson,
an elementary scalar boson of nature [1, 2|, with mass around 125 GeV. Almost all the
decay channels have been probed with reasonable precision. Out of these, results in the



h — ~v channel have attracted a lot of attention in recent times. The reason is two-
fold: first, this is the discovery mode of the Higgs boson and second, being a loop induced
process it may potentially carry indirect hints of new physics. For example, the ATLAS
collaboration reported jiy, = 1.17 4 0.27 [3], where p,, = %. On the other
hand, CMS collaboration reported a best-fit signal strength in their main analysis [4] where,
Pyy = 1.14f8:gg. Moreover, a cut-based analysis by CMS produced a slightly different value,
which is quoted as p,, = 1.29f8:%2. Although the best fit values appear to deviate from
the Standard Model (SM) expectations, they are still in agreement with the latter within
experimental uncertainties. Therefore, it provides an opportunity to constrain several
physics scenarios Beyond the Standard Model (BSM) and to find if such a scenario is
still consistent with the data. Detailed studies have already been carried out for this
particular channel. For example, h — ~7 is studied in a wide variety of supersymmetric
(SUSY) models namely, the minimal supersymmetric standard model (MSSM) [5-26], its
next-to-minimal version (NMSSM) [27-35], the constrained MSSM (CMSSM) [36-41] and
also in (B-L)SSM [42-45], uvSSM [46], left-right supersymmetric models [47], and in U(1)’
extension of MSSM [48]. In [49], a triplet-singlet extension of MSSM has been studied and
iy~ is computed. In ref. [50], the correlation between h — vy and h — Z7 in MSSM,
NMSSM, CMSSM and nMSSM models is elucidated.

Motivated by these results we would like to investigate the Higgs to diphoton mode in
the context of a supersymmetric scenario known as U(1)g— lepton number model, which
is augmented by a single right-handed neutrino superfield. It is rather well known that
supersymmetry is one of the very popular frameworks that provides a suitable dark matter
candidate and can also explain the origin of neutrino masses and mixing. However, the non-
observation of superpartners so far has already put stringent lower bounds on their masses
in different SUSY models, subject to certain assumptions. In the light of these constraints,
R-symmetric models which generically contain Dirac gauginos in their spectra (as opposed
to Majorana gauginos in usual SUSY scenarios) are very well motivated. In particular, the
presence of Dirac gluino in this class of models reduces the squark production cross section
compared to MSSM thus relaxing the bound on squark masses. Detailed studies on R-
symmetric models and Dirac gauginos can be found in the literature [51-105]. Flavor and
CP violating constraints are also suppressed in these class of models [62]. To construct Dirac
gaugino masses, the gauge sector of the supersymmetric Standard Model has to be extended
to incorporate chiral superfields in the adjoint representations of the SM gauge group. A
singlet S, an SU(2) triplet 7" and an SU(3) octet O, help obtain the Dirac gaugino masses.

In this paper we consider the minimal extension of a specific U(1)r symmetric
model [91, 92] by introducing a right handed neutrino superfield [95]. In such a scenario the
R-charges are identified with lepton numbers such that the lepton number of SM fermions
and their superpartners are negative of the corresponding R-charges. Such an identification
leaves the lepton number assignments of the SM fermions unchanged from the usual ones
while the same for the superpartners become non-standard. We note that U(1)z symmetry
also applies to the soft SUSY breaking terms and the particular charge assignments given
in table 1 have an interesting consequence for the sneutrinos which now do not carry any
lepton number. Hence, although in this model sneutrinos get non-zero vacuum expectation



value (vev) in general, the latter do not get constrained from neutrino Majorana masses
which require lepton number violation by two units. A sneutrino thus can play the role of
a down type Higgs boson, a phenomenon which has crucial implications [79, 86, 91, 92, 95]
for our purpose that we would discuss later in this work. The right handed neutrino, on the
other hand, not only provides a small tree level Dirac neutrino mass but also gives rise to
an additional tree level contribution to the Higgs boson mass proportional to the neutrino
Yukawa coupling [95]. When the R-symmetry is broken, a small (< 0.05eV) Majorana
mass for one of the active neutrinos is generated at the tree level while the right handed
sterile neutrino can have keV Majorana mass and can be accommodated as a warm dark
matter candidate.!

A large Yukawa coupling f ~ O(1) facilitates having the mass of the lightest Higgs
boson around 125 GeV without resorting to radiative contributions. Large values of f
also result in a very light neutralino with mass around a few hundred MeV. Cosmological
implications of having such a light neutralino is briefly discussed in ref. [95] for this model.
Some general studies regarding light neutralinos can be found in [107-116]. On the other
hand, in the regime of small Yukawa coupling f ~ 10~%, the Higgs boson mass is devoid of
any large tree level contribution. Therefore, to obtain the mass of the lightest Higgs boson
in the right ballpark, radiative corrections have to be incorporated, which are required to be
large enough. This can be achieved either by having large singlet and triplet couplings [67],
As, Ar ~ O(1), or by having a large top squark mass.

In this work, we study the implications of such a scenario with particular reference to
the diphoton final states arising from the decay of the lightest Higgs boson. As we shall see
later in this work, the scenario under consideration would have significant bearing on /.
This is because one can now afford rather light top squarks which potentially affect the
resonant production rate of the lightest Higgs boson and its decay pattern. Furthermore,
presence of a very light neutralino opens up new decay modes of the Higgs bosons which
in turn may suppress its diphoton branching fraction. Also, in general, presence of new
particle states and their involved couplings would affect the proceedings.

The plan of the work is as follows. In section II we briefly discuss the main features
of the model. The principal motivation and the artifacts of the U(1)g— lepton number
model are also discussed with reference to its scalar and the electroweak gaugino sector. In
section III we address the neutralino and the chargino sectors in detail. The masses and
the couplings in these sectors play important roles in the computation of x.~. A thorough
analysis of 11, requires the knowledge of both production and decays of the Higgs boson.
In section IV issues pertaining to the production of Higgs boson in the present scenario is
discussed in some detail. Analytical expressions of Higgs boson decaying to two photons
in our model are given in section V. Section VI is dedicated to the computation of the
total and invisible decay width of the Higgs boson. In section VII, we compute f,- and
show its variation with relevant parameters, along with the points representing the 7 keV
sterile neutrino warm dark matter in this model. We conclude in section VIII with some
future outlooks. The Higgs boson couplings to neutralino and charginos in this model are
relegated to the appendix.

'For a review on other models of keV sterile neutrino dark matter, see ref. [106].



Superfields | SU(3)¢, SU(2)r, U(1)y | U(1)r
) (3.2, 3) 1
Us 3,1, - 1
D¢ (3,1, 2) 1
Li (1,2, —1) 0
E¢ (1,1, 2) 2
H, (1,2, 1) 0
H, (1,2, —1) 0
Ry, (1,2, 1) 2
Ry (1,2, 1) 2
S (1,1, 0) 0
T (1, 3, 0) 0
0 (8,1, 0) 0
Ne¢ (1,1, 0) 2

Table 1. SM gauge quantum numbers and U(1)z charge assignments of the chiral superfields.

2 U(1)g-lepton number model with a right handed neutrino

We consider a minimal extension of an R-symmetric model, first discussed in [91, 92],
by extending the field content with a single right handed neutrino superfield [95]. Along
with the MSSM superfields, Q;, H,, Hg, Uf, Df, L;, Ef, two inert doublet superfields
R, and Ry with opposite hypercharge are considered in addition to the right handed
neutrino superfield N¢. These two doublets R, and Ry carry non zero R-charges and
therefore, in order to avoid spontaneous R-breaking and the emergence of R-axions, the
scalar components of R, and Ry do not receive any nonzero vev and because of this they
are coined as inert doublets. The SM gauge quantum numbers and U(1)g charges of the
chiral superfields are shown in table 1.

R-symmetry prohibits the gauginos to have Majorana mass term and trilinear scalar
interactions (A-terms) are also absent in a U(1) g invariant scenario. However, the gauginos
can acquire Dirac masses. In order to have Dirac gaugino masses one needs to include chiral
superfields in the adjoint representations of the standard model gauge group. Namely a
singlet S, an SU(2)y, triplet 7" and an octet O under SU(3).. These chiral superfields are
essential to provide Dirac masses to the bino, wino and gluino respectively. We would
like to reiterate that the lepton numbers have been identified with the (negative) of R-
charges such that the lepton number of the SM fermions are the usual ones whereas the
superpartners of the SM fermions carry non-standard lepton numbers. With such lepton
number assignments this R-symmetric model is also lepton number conserving [91, 92, 95].

The generic superpotential carrying an R-charge of two units can be written as

W = yzu]f{quﬁjc + MuﬁuRd + flilﬁuNC + )\Sgﬁuf%d + QATﬁuTRd — MRNCS + ,UdRuf{d



+Aggéuﬁd + )\iji/li/JEAg + )\;]kl:l@]ﬁz + QA%RUT}AId + yfl]fIszﬁj + yfjﬁdﬁZch
+ANNCH, Hy. (2.1)

For simplicity, in this work we have omitted the terms kN¢SS and 77]\7 ¢ from the superpo-
tential. As long as n ~ MS2USY and K ~ 1 we do not expect any significant change in the
analysis and the results presented in this paper.

In order to have a realistic model one should also include supersymmetric breaking
terms, which are the scalar and the gaugino mass terms. The Lagrangian containing the
Dirac gaugino masses can be written as [76, 78]

. w! R R R
LD = d%f[ﬂm WiaS + 2V2ky tr(Wao T) + 2v2k3 tr(W3,0)] + h.c., (2.2)

where W/, = A\, +60,D’ is a spurion superfield parametrizing D-type supersymmetry break-
ing and Wj, contains the gauginos of the MSSM vector superfields. This results in Dirac
gaugino masses as D’ acquires vev and are given by

(D)

MP =k,
KZA,

(2

(2.3)

where A denotes the scale of SUSY breaking mediation and k; are order one coefficients.

It is worthwhile to note that these Dirac gaugino mass terms have been dubbed
as ‘supersoft’ terms. This is because we know that the Majorana gaugino mass terms
generate logarithmic divergence to the scalar masses whereas in ref. [57], it was shown
that the purely scalar loop, obtained from the adjoint superfields cancels this logarithmic
divergence in the case of Dirac gauginos. Hence it is not unnatural to consider the Dirac
gaugino masses to be rather large.

The R-conserving but soft supersymmetry breaking terms in the scalar sector are
generated from a spurion superfield X, where X = z + #2Fx such that R[X | = 2 and
(x) = 0, (Fx) # 0. The non-zero vev of Fx generates the scalar soft terms and the
corresponding potential is given by

Viots = m¥y, HiH, +m%, R R, +m% H)Hy+m¥% RiRy + m%iijii +m%, It I ri
+MENNC + m%S8TS + 2mitr(TTT) + 2mtr(0T0) + (BuH, Hy + h.c.)
— (bt HyL; + h.c.) + (tgS + h.c.) + %bS(SQ +h.c.) + bp(tr(TT) + h.c.)
+Bo(tr(00) + h.c.). (2.4)

The presence of the bilinear terms buiHuﬂi implies that all the three left handed sneutrinos
can acquire non-zero vev’s. As emphasized earlier in the introduction, the sneutrino vevs
(v;) can be large ((v;) > (HY)) since they are not constrained by neutrino Majorana masses.
Thus, the sneutrinos can play the role of the down type Higgs field. In such a situation, one
can integrate out the superfields R, and Hy by choosing a large value of g4 (u?l > m%),
which simplifies the superpotential and the soft supersymmetry breaking terms given in
equations (2.1) and (2.4), respectively. This allows us to rotate the sneutrino vevs in such
a way that only one of the left handed sneutrinos get a non-zero vev and one must keep in



mind that the physics is independent of this basis choice. In such a situation only one of
the sneutrinos act as a down type Higgs field.
Such a rotation can be defined as

A Vj o~ .
L; = vsza + E eipnLp. (2.5)
a
b

Note that the index (i) runs over three generations whereas a = 1(e) and b = 2,3(u, 7).
Here e;, are the elements of the rotation matrix which connect the two different bases such
that the vectors {e;2} and {e;3} are orthogonal to each other and normalized to unity. In
addition, they are also orthogonal to the vector {v;}. This basis rotation implies that the
scalar component of the superfield L, acquires a non zero vev (i.e. (I) = vq # 0) whereas
the other two sneutrinos do not get any vev. One can still use the freedom to rotate
Ly (b=2,3) and go to a basis in which charged lepton Yukawa couplings are diagonal. It
is, however, important to note that the charged lepton of flavor a (i.e. the electron) cannot
get mass from this Yukawa couplings because of SU(2), invariance but can be generated
from R-symmetric supersymmetry breaking operators [91]. Moreover, the rotation defined
in eq. (2.5) modifies the neutrino Yukawa coupling terms f,ﬁzﬁuﬁ ¢ into %ﬁaﬁuﬁ ¢+
fieibﬁbﬁu]v ¢. By choosing f; in a manner such that f;e; = 0, the modified neutrino Yukawa
coupling term looks like f LoH,N°¢, where f= f;—:l We would like to reiterate that in such
a scenario the left-handed sneutrino can play the role of a down type Higgs boson since its
vev preserves lepton number and is not constrained by neutrino Majorana mass. With a
single sneutrino acquiring a vev and in the mass basis of the charged lepton and down type
quark fields the superpotential now has the following form (integrating out Hy and Ru)

W =y HuQiUS + puHyRa + fLoH N + XsSH, Ry + 220 H, TRy
—~MpgN°S + W', (2.6)

where

W= S BLLE S RLGDE

b=23 k=123
1 T o Y AT
C / / / /c
+ > Sreselola By + > bikLv@; Dy, (2.7)
k=1,2,3 Gk=1,23:b=2,3

and includes all the trilinear R-parity violating terms in this model. The prime indicates
the mass basis for the down type quarks and charged leptons. In the subsequent discussion
we shall confine ourselves to this choice of basis but get rid of the primes from the fields
and make the replacement A, ' — A\

In this rotated basis the soft supersymmetry breaking terms look like

Viott = miy, HiHy +mp, RyRa+m? LiLa+ Y m%biZib + M NN +m?, Il
b=2,3
+m3%STS + 2m2tr(TTT) + 2mAtr(0T0) — (bup HyLa + h.c.) + (tsS + h.c.)

+%b5(52 +h.c.) + bp(tr(TT) + h.c.) + Bo(tr(00) + h.c.). (2.8)



With this short description of the theoretical framework let us now explore the scalar and
the fermionic sectors in some detail in order to prepare the ground for the study of the
diphoton decay of the lightest Higgs boson.

3 The neutral scalar sector

The scalar potential receives contributions from the F-term, the D-term, the soft
SUSY breaking terms and the terms coming from one-loop radiative corrections. Thus,
schematically,

V = Vi + Vb + Viott + Vone—loop- (3.1)

The F-term contribution is given by

: (3.2)

where the superpotential W is given by eq. (2.6). The D-term contribution can be written
as

1 1
=-3"D"D"+ -DyD .
Vb 22 + 5 Dy Dy, (3.3)
where
D = g(H}7°H, + Li7°L; + TIX*T) + V2(MPT* + MPTT). (3.4)

The 7*’s and A\*’s are the SU(2) generators in the fundamental and adjoint representation
respectively. The weak hypercharge contribution Dy is given by

/
Dy = %(H;Hu — LFLi) +V2MP (S + 5D, (3.5)

where g and ¢’ are SU(2), and U(1)y gauge couplings respectively. The expanded forms of
Ve and Vp in terms of various scalar fields can be found in [95]. The soft SUSY breaking
term Viog is given in eq. (2.8) whereas the dominant radiative corrections to the quartic
potential are of the form oA, (|Hy[?)?, $0A.(|7a|?)? and $6X3|HY|?|7,|%. The coefficients
0Ay, 0N, and dA3 are given by

4 J— 4 2 4 2
Oy = 1?%yt2 In <mtth2) + 156)\7; In <m2T> + As In (mS)
T m; ™ v
1 A\ 2 mi 2 mg
ot g () p (e () 1) e
3y, my My 5\ m2 Y m?
, = 1 1 by Ty, (M) As g, (M5
A= T n( mZ ) 16nz "\ w2 ) Tl 2
1 A\ 2 mi 2 mg
5A% m2 1 m% 1 MENZ 9 m
s = 3o ln <1}2> T ggpAsin (1}2> M —— <mT{ n <1)2> N 1}

—mg{ In <7Z§9> — 1}) (3.8)

wno



We shall see later that for large values of the couplings Ay and Ag or large stop masses
these one-loop radiative contributions to the Higgs quartic couplings could play important
roles in obtaining a CP-even lightest Higgs boson with a mass around 125 GeV.

3.1 CP-even neutral scalar sector

Let us assume that the neutral scalar fields H?, 7, (a = 1(e)), S and T acquire real vacuum
expectation values vy, v, vs and vy, respectively. The scalar fields R, and Ne¢ carrying
R-charge 2 are decoupled from these four scalar fields. We can split the fields in terms
of their real and imaginary parts: HY = hp + ih;, 7% = 0% + 0%, S = Sg + Sy and
T =Tr+iT7. The resulting minimization equations can be found easily and with the help
of these minimization equations, the neutral CP-even scalar squared-mass matrix in the
basis (hr,7r, Sr, Tr) can be written down in a straightforward way, where hy corresponds
to the lightest CP even mass eigenstate [95]. In the R-symmetry preserving scenario the
elements of this symmetric 4 x 4 matrix are found to be

_(92"’_9,2) 2 3.2 M bu —1 25\ 2 .. 2
(Mg)11 = ——5 visin B+ (fMgvs — buf)(tan )" + 20\, v° sin” 3,
2 2

—2
12 = fA?sin2B + bud — (9" +9 5)\3)112 sin23 — fMpgvg,

4
= 2)%1150 sin 8 + 2uyAgvsin 8 + 2AgApvor sin § + \/§g’M1DU sin 8 — fMpv cos 3,
= QAQTUTU sin 8 + 2 Apv sin f + 2 g Apvgv sin 3 — \/igMzDv sin 3,

2 2
— MUQ COS2 B + (fMR’US — b,u%) tanﬁ + 2(5)\1/’02 COSQ 67

—
w

—
~

N
[\
|

~ o~ o~ o~ o~ o~ o~

EE oo o e o
\_/\_/\_/\_/\k')_/\_/\_/\_/\_/

w

!

Ny
=
|

2
= —V2¢'MPuvcosp — fMpusin 3,

g My

21 = V29M3 v cos B,
v2sin? B AgAporv?sin? B tg ¢ MPv?cos2B  fMpgv?sin2p
33 = —[uAs - - —+ + )
vg vg vg V2ug 20g
(M3)ss = AgApv®sin® B,
2 2 gMP 2

—~

7 or cos2f3, (3.9)

where tan 8 = v, /v, and v? = v24+v2. The W*- and the Z-boson masses can be written as

v . v .
= — Uy AT — sin? B — AgArvg— sin? 68—
iy T

1
miyy = 592(7)2 +4vt),
1
m% = §g202/ cos” Oy (3.10)

Note that the electroweak precision measurements of the p-parameter requires that the
triplet vev vy must be small (< 3 GeV) [117]. In addition, our requirement of a doublet-like
lightest CP-even Higgs boson, in turn, demands a small vev vg of the singlet S as well.
This is because a small value of vg reduces the mixing between the doublets and the singlet
scalar S. In such a simplified but viable scenario in which the singlet and the SU(2), triplet
scalars get decoupled from the theory, we are left with a 2 x 2 scalar mass matrix. In this
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Figure 1. The tree level mass of the lightest Higgs boson as a function of the singlet (S) vacuum
expectation value vg with f = 1.5, tan 8 =4 and other parameter choices are as described in the
text. The upper bound on the tree level mass of the Higgs boson from eq. (3.12) is also shown.

case the angle o represents the mixing angle between hr and 7 and can be expressed in
terms of other parameters as follows

fP0%sin2B + bug — W%ZD\S)’UQ sin 2

tan 2a = —2 - .
w + 2bu? cot 28 — 202{ A, sin® B — 0, cos? B}

(3.11)

3.2 Tree level mass bound on my,

In addition, in such a situation (with vg, vy < v) it can be shown easily that the lightest
CP-even Higgs boson mass is bounded from above at tree level [95],

(3 )tree < m?2cos® 2B + f2v?sin? 2. (3.12)

The bound in eq. (3.12) is saturated for vy < 1073 GeV, i.e., when the singlet has a large
soft supersymmetry breaking mass and is integrated out. The f%v? term grows at small
tan 8 and thus the largest Higgs boson mass is obtained with low tan S and large values
of f. We shall show in the next section that f ~ 1 can be accommodated in this scenario
without spoiling the smallness of the neutrino mass at tree level. Therefore, for f ~ O(1),
the tree level Higgs boson mass can be as large as ~ 125 GeV where the peak in the diphoton
invariant mass has been observed and no radiative corrections are required. This means
that in this scenario one can still afford a stop mass as small as 350 GeV or so and couplings
Ar and Ag can be small (~ 107%) as well. This is illustrated in figure 1 where, the lightest
Higgs boson mass is shown as a function of vg for f = 1.5, tan § = 4 and for a set of other
parameter choices discussed later. One can see that for a very small vg (< 1073 GeV) the

tree level Higgs boson mass is 150 GeV and is reduced to 125 GeV for a vg ~ 0.2 GeV. As
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tang

Figure 2. Mass-contours for the lightest Higgs boson with m; = 125 GeV in the m;-tan 8 plane
for large values of f and Ay = 0.5.

vg increases further, (M},)Tree Starts decreasing rapidly and the Higgs boson mass becomes
lighter than 100 GeV. In such a case one requires larger radiative corrections to the Higgs
boson mass and this can be achieved with the help of large triplet/singlet couplings (O(1))
and /or large stop mass. For example, with a choice of Ag = 0.91 and Ay = 0.5, the one-loop
radiative corrections to the Higgs boson mass arising from these two couplings are sizable.?
In this case, in order to have a 125 GeV Higgs boson, the tree level contribution should
be smaller and for a very small vg (~ 107* GeV) and large f (= 1), this can be achieved
with a larger tan 5. The one loop corrections from the stop loop must also be small and
this is realized for small m; and large tan 8. This is illustrated in figure 2 where we plot
mass-contours for the lightest Higgs boson with a mass of 125 GeV in the mz-tan 3 plane
for different choices of f and vg. One can see from this figure the effect of a larger vg,
which requires a larger stop loop contribution to have a Higgs boson mass of 125 GeV.

4 The fermionic sector

The fermionic sector of the scenario, involving the neutralinos and the charginos, has
rich new features. In the context of the present study, when analyzed in conjunction
with the scalar sector of the scenario, this sector plays a pivotal role by presenting the
defining issues for the phenomenology of this scenario. Its influence ranges over physics
of the Higgs boson at current experiments and the physics of the neutrinos before finally
reaching out to the domain of astrophysics and cosmology by offering a possible warm
dark matter candidate whose actual presence may find support in the recent observations

2These choices of Ar and As are not completely independent. Rather they follow a relationship derived
from the requirement of small tree level mass of the active neutrino. This will be discussed in the next
section.
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of a satellite-borne X-ray experiment. Thus, it is of crucial importance to study the
structure and the content of this sector in appropriate detail.

A thorough discussion of p, in the present scenario requires a study of the masses
and the mixing angles of the neutralinos and the charginos. A natural consequence of
such a U(1)pg-lepton number model with a right-handed neutrino is that one of the left-
handed neutrinos (the electron-type one) and the right-handed neutrino become parts
of the extended neutralino mass matrix. The electron-type neutrino of the SM can be
identified with the lightest neutralino eigenstate. We also address the issue of tree level
neutrino mass. Subsequently, we show that in certain region of the parameter space the
lightest neutralino-like state can be very light (with a mass of order 100 MeV). This may
contribute to the total as well as to the invisible decay width of the lightest Higgs boson thus
drawing constraints on the parameter space of the scenario from the latest LHC results.

4.1 The neutralino sector: R-conserving case

In the neutral fermion sector we have mixing among the Dirac gauginos, the higgsinos, the
active neutrino of flavor ‘a’ (i.e., v.) and the single right-handed neutrino N¢ once the elec-
troweak symmetry is broken. The part of the Lagrangian that corresponds to the neutral
fermion mass matrix is given by £ = (@ZJOJF)TMXD(wO_) where 0t = (8%, @°, R), N°), with
R-charges +1 and ¢~ = (5,7, H?, v,) with R-charges -1. In principle, v, and vy would
also appear in the basis of ¥°~. In the absence of any mixing, these two neutrinos would
remain massless. The neutral fermion mass matrix M)? is given by

D g vy _g'va
My 0 Vs v
D __9Vu 9Va
mp— | O % Vs (4.1)
ASUy ATUy oy + Asvs + Apvr 0
Mpg 0 —fvq —fou

The above matrix can be diagonalized by a biunitary transformation involving two unitary

0+
matrices VY and UV and results in four Dirac mass eigenstates )Z?Jr = <%0_>, with
i
i = 1,2,3,4 and 11}1(-” = V;é-Vl/J?JF, wgf = Ui]j\fd)?f. The lightest mass eigenstate )A{QJF is
identified with the light Dirac neutrino, which we obtain as

D [MQD’YT + vl fw sinﬁ]
m,, =
[+ VEMP(MP — fosin §)) + MPT -+ (67 sin ) (g/As — gAr) — v sin? ]
(4.2)
where

T = vcos B(gtan Oy Mg — V2 f MP tan §),

w = g(MQD)\g tan Oy — MID)\T),

Y = (tu + Asvs + Aror). (4.3)
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From eq. (4.2) one can verify that the generic spectrum of the model would include a Dirac
neutrino of mass in the range of a few eV to tens of MeV. However, by suitable choices
of other parameters one can also accommodate a mass of 0.1eV or smaller for the Dirac
neutrino. This can be achieved, for example, by assuming the following relationships,

which are,
AT = As tan Oy (4.4)
and b
My = M' (4.5)
g tan Oy

With these choices and assuming (M — MP) < MP,MP and MP > fusing, the
expression in eq. (4.2) can be further simplified and the Dirac mass of the neutrino can be
written as,
3. .

mD = %AT(MQD — MP). (4.6)
It is straightforward to check from eq. (4.6) that by suitable choices of the parameters
f, Ar and € = (MP — MP) one can have a Dirac neutrino mass in the right ballpark
of < 0.1eV. Note that a choice of large f ~ O(1) is possible for a small Ay (~ 107°)
and nearly degenerate Dirac gauginos (e < 107! GeV) assuming p,, M¥, MP in the
few hundred GeV range. The near degeneracy between the Dirac gaugino masses can be
lifted by assuming f, Ay ~ O(10~%). However, the order one Yukawa coupling plays an
important role to enhance the lightest Higgs boson mass at the tree level, as discussed
in section 3.2. Therefore, we would like to probe the former scenario with f ~ O(1) and
nearly degenerate Dirac gaugino masses.

4.2 The neutralino sector: R-breaking case

R-symmetry is not an exact symmetry and is broken by a small gravitino mass. One
can therefore consider the gravitino mass as the order parameter of R-breaking. The
breaking of R-symmetry has to be communicated to the visible sector and in this work we
consider anomaly mediation of supersymmetry breaking playing the role of the messenger
of R-breaking. This is known as anomaly mediated R-breaking (AMRB) [86]. A non-zero
gravitino mass generates Majorana gaugino masses and trilinear scalar couplings. We
shall consider the R-breaking effects to be small thus limiting the gravitino mass (ms/s)
around 10 GeV.
The R-breaking Lagrangian contains the following terms

e o L .. . 1 -
L= M0+ Myw @+ Msgg+ > AyLaLyEg+ Y AfLaQpDi+ > §A§3kL2L3E,‘;
b=2,3 k=1,2,3 k=1,2,3
+ > AN LyQDf + AYH, LN + H,QA"T* (4.7)
73,k=1,2,3;b=2,3

where M;, My and Mj are the Majorana mass parameters corresponding to U(1), SU(2)
and SU(3) gauginos, respectively and A’s are the scalar trilinear couplings.
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The (Majorana) neutralino mass matrix containing R-breaking effects can be written
in the basis 1° = (0°,5,0°, T, Ryg, HY, N, v.)T as

mass 1
L5 = 5(QpO)TMj(” ¥ + h.c. (4.8)

where the symmetric (8 x 8) neutralino mass matrix M} is given by

D g vy _ g'va

My MP 0 0 0 i 0 i
MP 0o 0 0 A5ty 0 Mr 0

D __9Vu 9Va
0 0 My M 0 v 0o 2
M| 00 MP 0 AUy 0 0 0
X Asty 0 Apuy 0 fu+Asvg +Aror 00
T 0 =2 0+ Asvs+ Aror 0 —fva 0

0 Mg O 0 0 —fva 0 —fo,

_ 9 JVa _
e 0 T2 0 0 0 Jou 0
(4.9)

The above mass matrix can be diagonalized by a unitary transformation given by
N*MY'NT = (M) diag- (4.10)
The two-component mass eigenstates are defined by
0 _ A .0 Do
xi = Nijvj, ,7=1,...,8 (4.11)

and one can arrange them in Majorana spinors defined by

0
= o i=Ls (4.12)

Similar to the Dirac case, the lightest eigenvalue (mxg

corresponds to the Majorana neutrino mass. Using the expression of Mp in eq. (4.5) and

) of this neutralino mass matrix

the relation between Ag and Ar in eq. (4.4), the active neutrino mass is given by [95],

. 2
o [gATv? (MZ — M) sin 5]
v ee — 4.1
(M) T v [Mia2 + Mad?] (4.13)

where o and § are defined as

2MP MPyt
LMD B o
gtan 6,

6 = V2MPv?\p tan g (4.14)

a = Z\s tan B(MP sin? B + MP cos? B),

and the quantity v has been defined earlier in section 4.1. This shows that to have an
appropriate neutrino mass we require the Dirac gaugino masses to be highly degenerate.
The requirement on the degree of degeneracy can be somewhat relaxed if one chooses an
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appropriately small value of Ay. Such a choice, in turn, would imply an almost negli-
gible radiative contribution to the lightest Higgs boson mass. Interestingly, the Yukawa
coupling does not appear in the expression for (m, )7 in eq. (4.13). This is precisely
because of the relation between My and f in eq. (4.5). However, ‘f’ has some interesting
effects on the next-to-lightest eigenstates of the mass matrix. The following situations are
phenomenologically important:

e A large value of f ~ O(1) generates a very light bino-like neutralino (Y¥) with mass
around a few hundred MeV. In this case, this is the lightest supersymmetric particle
(LSP) and its mass is mainly controlled by the R-breaking Majorana gaugino mass
parameter My. A very light neutralino has profound consequences in both cosmology
as well as in collider physics [107-116]. In the context of the present model one
can easily satisfy the stringent constraint coming from the invisible decay width of
the Z boson because the light neutralino is predominantly a bino. One should also
take into account the constraints coming from the invisible decay branching ratio
of the lightest Higgs boson. In our scenario h — X9x2 (where {2 is the light active
neutrino) could effectively contribute to the invisible final state. This is because,
although Y2 would undergo an R-parity violating decay, for example, X3 — ete v,
the resulting four body final state presumably has to be dealt with as an invisible
mode for the lightest Higgs boson. Such constraints are discussed in detail later in
this paper. Note that I'(h — )29)28) is negligibly small because of suppressed h—)zg—f(g
coupling for a bino-dominated, Y.

A 10 GeV gravitino NLSP could also decay to a final state comprising of the lightest
neutralino accompanied by a photon. In order to avoid the strong constraint on such
a decay process coming from big-bang nucleosynthesis (BBN) one must consider an
upper bound on the reheating temperature of the universe T < 10° GeV [111, 118].
In addition, such a light state is subjected to various collider bounds [107] and
bounds coming from rare meson decays such as the decays of pseudo-scalar and
vector mesons into light neutralino should also be investigated [112] in this context.
The spectra of low lying mass eigenstates for the large f case will be shown later for
a few benchmark points.

e For small f ~ O(107%), >2(7) is a sterile neutrino state, which is a plausible warm dark
matter candidate with appropriate relic density. Its mass can be approximated from
the 8 x 8 neutralino mass matrix as follows:

2f2 tan? 15}

MK ~ M p

(4.15)
For a wide range of parameters, the active-sterile mixing angle, denoted as 014, can

be estimated as
(my)Tree

ME

Furthermore, the sterile neutrino can be identified with a warm dark matter

03, = (4.16)

candidate only if the following requirements are fulfilled. These are: (i) it should

— 14 —



be heavier than 0.4 keV, which is the bound obtained from a model independent
analysis [119] and (ii) the active-sterile mixing needs to be small enough to satisfy
the stringent constraint coming from different X-ray experiments [120].

Under the circumstances, the lightest neutralino-like state is the next-to-next-to-
lightest eigenstate ()Zg) of the neutralino mass matrix. Its composition is mainly
controlled by the parameter p,, chosen to be rather close to the electroweak scale
(MP, MP > p,). The masses of the heavier neutralino states for this case (small
f) will be presented later.

4.3 The chargino sector

We shall now discuss the chargino sector in some detail as it plays a crucial role in the
decay h — 7. The relevant Lagrangian after R-breaking in the AMRB scenario obtains
the following form:

Lop=Mw w + (MQD —gvT) TVCI_QEJF—%\@)\TUUTJEJ +gvuf-1:1f@_ —uﬂitﬁ; —I—)\TUTI?JEC?

—)\SUSI?;'}NE; + guaw e, + (MZD + gur) THa~ + meexre; + h.c. (4.17)
The chargino mass matrix, in the basis (@, T, , H, e%) and (W™, TVJ, 1?2;, ey ), is written
as?
My Mg — gur 0 9Va
MP + gv 0 20\ 0
M= | 2T V2udr . (4.18)
guy 0 — by — AgUs + Apvr 0
0 0 0 Me

This matrix can be diagonalized by a biunitary transformation, UM. VT = M;. The
chargino mass eigenstates are related to the gauge eigenstates by these two matrices U and
V. The chargino mass eigenstates (two-component) are written in a compact form as

x; = Uiv;,
Xi = Vi, (4.19)
where

wt w™

T 17
=12, vi=121. (4.20)
7 H,j_ 7 d

R er

The four-component Dirac spinors can be written in terms of these two-component spinors

gj—(Xj» (i=1,...,4). (4.21)

Xi

as

31[1; and v;” would also include p;, 7, and p$, 75 respectively. However, since only the electron type
sneutrino acquires a vev, u and 7 do not mix with other chargino states.
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It is to be noted that x§ = ()Zj)c = X, is a negatively charged chargino. Hence, the lightest
chargino (X, ) corresponds to the electron and the structure of the chargino mass matrix
ensures (see eq. (4.18)) that the lightest mass eigenvalue remains unaltered from the input
mass parameter for the electron, i.e., m, = 0.5 MeV.

Let us now analyze the composition of different chargino states and how they affect the
decay width I'(h — 77) in this model. Due to constraints from the electroweak precision
measurements one must consider a heavy Dirac wino mass [91]. Furthermore, a small
tree level Majorana neutrino mass demands a mass-degeneracy of the electroweak Dirac
gauginos as is obvious from eq. (4.13). In addition, we assume an order one Ay which we use
throughout this work for numerical purposes. With these, we observe the following features
of the next-to-lightest physical chargino state which could potentially contribute to fiy:

e In the limit when MQD > [1y, the next-to-lightest chargino, x5 (which is actually the
lightest chargino-like state in the MSSM sense), comprises mainly of R, with a very
little admixture of 7, while x5 is dominated by H, with a small admixture of @™

e For MzD < fiy, X3 is predominantly w™ while X:j,_ is composed predominantly of T o

e Finally, for MP =~ u,, X3 is also predominantly w~ and X; is also predominantly
made up of T,f.

Apart from the electron, the mass of the chargino states are controlled mainly by
the parameters ML and . We have varied the input parameters in such a way that the
lightest chargino-like state is always heavier than 104 GeV [117]. The chargino mass spectra
corresponding to different benchmark points will be presented later.

5 Contributions to p.

The resonant production of the Higgs boson at the LHC, with the dominant contribution

coming from gluon fusion, is related to the its decay to gluons by 6(gg — h) = 87;,3F(h —
h

gg9). Thus, 11, can be expressed entirely in terms of various decay widths of the Higgs
boson as follows [23, 24]:

a(pp = h —7)

T alpp = h— )M
_ T(h—gg) TGy T(h—)
L(h = gg)™ Tror T(h — vy)SM
= kgg-krom -k (5.1)
6(gg—h) _ T(h—gg)

where we use kgg = 5(99—h) T = T(h—gg)S™

width of the Higgs boson in the present scenario. The decay of h — 77 is mediated mainly

and ktor = %ﬁ, I'roT being the total decay

by the top quark and the W*-loops in the SM and in addition, by top squark and chargino
loops in our scenario. In the subsequent discussion we investigate these widths in some
detail.

Note that in our model, we have integrated out the down type Higgs (H,) superfield
and the sneutrino 7, (a = 1(e)) plays the role of the down type Higgs boson acquiring
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a large non-zero vev. The sneutrino (7,) couples to charged leptons (second and third
generation) and down type quarks via R-parity violating couplings which are identified
with the standard Yukawa couplings. Thus, the couplings of the Higgs boson to charged
leptons and quarks remain the same as in the MSSM. This is apparent from the first term
given in eq. (2.7).

5.1 The decay h — gg

The partial width of the Higgs boson decaying to a pair of gluons via loops involving quarks
and squarks is given by

_ Graimj b h gl ( 2
h— ’ Ab(7,) + Al ’ 5.2
T'(h — gg) 36\[32Q ng (5.2)
where 7; = 4 2, G is the Fermi constant, «, is the strong coupling constant and
h 3 2
Aly(r) = [+ (r = D))/,
3
AS(r) = =2 [r = f(n)] /7 (5-3)
Q 4
with f(7) given by
arcsin® /7 T <1,
2
fir)=9 1 g LEVI-T T - (5.4)
—— |lo —am| T .
T Y — 1—+1—7-1
The couplings are given by
n  cosa
Jo = sinﬁ’
2
m . .
gt = f 92) F— (I; — eysin? Oy sin(a + B) (5.5)
¢ omg g

where the angle « is defined in eq. (3.11) and tan 8 = v, /v,.

The couplings of the Higgs boson with the left- and the right-handed squarks are
exactly the same as in the MSSM. However, one can neglect the mixing between the left-
and the right-handed squarks due to the absence of the y-term and the A-terms.*

As has been argued in the beginning of this section, the couplings gg and gg, mentioned
in eq. (5.5) remain the same as those found in the MSSM. As far as the production of the
Higgs boson is concerned, we shall show later that a rather light top squark with mass
around 200 — 300 GeV enhances the value of kg, compared to the SM. The SM and the

MSSM results for the decay h — gg can be found in [121-123].

4 Actually, tiny ‘A’-terms are generated because of the breaking of R-symmetry but we can neglect them
in the present context.
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5.2 The decay h — v~

In the SM, the primary contribution to the decay h — 7 comes from the W boson loop and
the top quark loop with the former playing the dominant role. In supersymmetric models,
the charged Higgs (H™), top squark (%) and the chargino (Y*) provide extra contributions
in addition to the W boson and the top quark loop. The authors of ref. [24] have noted that
the relative strengths of the loop contributions involving the vector bosons, the fermions
and the scalars with mass around 100 GeV follow a rough ratio of 8 : 1.5 : 0.4. Nonetheless,
a light charged Higgs boson (H*) could contribute substantially if one considers a large
hH*H~ coupling. However, since the triplet vev is small, the contribution of the triplet to
the charged Higgs state is negligible. On the other hand, charginos in loop could enhance
the h — ~7v decay width, in particular, when they are light and/or diagrams involving
them interfere constructively with the W-mediated loop diagram.
The Higgs to diphoton decay rate can be written down as [122]

Gpa?m3
L(h—y) = —g\ Y ONQIFAY + G w- AT + G- AL+ Y G- Al
128v/273 1 < — ThRX;
2
f
where
Al = —[272 4 37 4+ 3(27 — 1) f(7)] /72,
Al g =2l + (1 = 1) f(1)]/7?,
A = —[r = f(n)/7* (5.7)
with the loop functions already defined in eq. (5.4). The relevant couplings are given by
. cosa
Jhau = Sinﬁ’
~_ sina
Indd = cos 3’
gww = sin(8 — a),
2 .
omiy [ cos 2(sin(f + «)
IhH+H- = me, [Sm(ﬁ @) + 2 cos2 Oy ’
2 2
m m . .
Inff = ;ghff:lzig[f;{*6f81n29w]sm(a+ﬁ),
m= m=%
f f
m .
Ihitis = 2l(£ij sin v — 7;5 cos ). (5.8)
Y] me,
Here &;; = —%VHUM and 7;; = —% (‘/ig)‘T UisVis + Uile3>. The masses which appear

in the denominator of the couplings given above, represent physical masses propagating
in the loop. For example, mg, are the physical chargino masses, m 7 are the physical
masses of the sfermions and so on. We present the complete set of Higgs-chargino-chargino
interaction vertices in appendix A.?

®For the MSSM case see refs. [123, 124].
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Figure 3. Couplings of the lightest Higgs boson to a pair of W-bosons (left) and to a pair of light
charginos ({3) (right).

As noted earlier, the largest contribution in the Higgs decay rate to two photons
comes from the W boson loop. Similar to the MSSM, the AW W coupling gets modified
by the factor sin( — «). Hence, in order to have a significant contribution from the W
boson loop in our model, the angles o and 8 need to be aligned in such a way that one
obtains a large value of sin( — ).

In figure 3 we illustrate the variations of the couplings gpw+w- and Ingt v; which
might play important roles in the decay h — vy. We choose M{P = 1.5TeV, p, =
200 GeV, mg/5 = 10GeV, m; = 500 GeV, vg = 1074 GeV, vy = 1072 GeV and retain a
near degeneracy between the Dirac gaugino masses with ¢ = (MQD — MlD ) = 1071 GeV,
with f = 0.8. From the left panel of figure 3 it is clear that the hWW coupling increases
with increasing tan S and essentially saturates at a value of tan g =~ 30. However, one
should note that the absolute increase in the coupling is not that big (~ 5%, between
tan f = 5 and tan 8 = 30, leading to ~ 10% increase in the loop contribution). On the other
hand, as p, < Ml%, the next-to-lightest chargino state is dominantly controlled by the g,
parameter. For this case, the coupling It vy is plotted as a function of tan 8 in the right
panel of figure 3. One can clearly see that Inst %5 is already much suppressed compared
to gnw+w-, for the entire range of tan 5. From the expression for Iniss in eq. (5.8) it
is straightforward to verify that this coupling remains very much suppressed for all the
different cases mentioned in section 4.3. The Higgs boson couplings to heavier charginos
are also highly suppressed as can be seen from figure 4. Thus, the contribution of charginos
in I'(h — ~7) would, in any case, be insignificant. ~Referring back to equation (5.1), we
are now in a position to have some quantitative estimates of the quantities kyq and k.,
which control the signal strength 1i,~. In figure 5 we illustrate their variations (kgq in red
and k., in blue) as functions of the mass of the top squark for various values of tan j3.
We observe that kg, is not at all sensitive to tan 8 (all three curves in red for three tan j
values are found to be overlapping). This is since we considered gg — h production via
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Figure 4. Couplings of the Higgs boson to heavier charginos. The thick black line represents the
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Figure 5. Variations of kg (in red) and k., (in blue) as functions of M; for tan § = 4, 10, 35.

loops involving the top quark and the top squark. The couplings involved there carry a
factor ‘;ﬁg, which varies only marginally with respect to tan 3. On the other hand, k,,
changes significantly with tan 8 because I'(h — ~7) receives major contribution from the
W-boson induced loop for which the involved coupling goes as the factor sin( — a). This
factor is sharply varying with tan 3 and is responsible for the prominent variations of k.,

with tan 3. As can be seen from the figure, k., is large for high tan 3 and the vice versa.
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It is observed that for for light top squarks, k44 gets enhanced by a considerable amount.
However, in that very region , k., is rather small for small tan 3, and it becomes somewhat
larger for higher tan 8. However, it is found that kyq > 1 while k,, < 1, all through. We
have also checked that the illustrated variations of k44 and k., are following their respective
gross trends in the MSSM closely in the limit of zero left-right mixing in the scalar sector.
Note that for this plot we have not incorporated the constraints from the mass of the
Higgs boson and the requirement of having no tachyonic scalar states. In section 6, while
discussing the quantitative impact of the recent LHC results on such a scenario, we present
results of detailed scan of the parameter space by including all these constraints. It is also
evident from this figure that a low value of tan 8 would always lead to p,, < 1 while its in-
termediate values could render the latter smaller or larger than 1 including values close to 1.

All the previous plots consider a large values of ‘f” (f ~ O(1)) for which one obtains a
large tree level correction to the Higgs boson mass as well as an appropriate mass for the
active neutrino at the tree level. We adopt such a scenario with relatively large values of
‘f7 in our study of the Higgs boson decay rates which we present in the next subsection.

5.3 Higgs boson decaying to charginos and neutralinos

In the presence of much lighter charginos and neutralinos (as discussed in sections 4.2
and 4.3), an SM-like Higgs boson with mass around 125 GeV could undergo decays to a pair
of these states. It is important to consider such possibilities as these contribute to the total
decay width of the Higgs boson (I'roT) appearing in the expression of y in equation (5.1).

It has been noted in section 4.2, that the smallest eigenvalue (m;cg) of the neutralino
mass matrix corresponds to the neutrino mass. The next-to-lightest neutralino (Y%) turns
out to be a bino like neutralino (the sterile neutrino) for large (small) values of ‘f’. More-
over, the mass of the next-to-next-to-lightest neutralino state (Y3) is mostly controlled by
. Since we have chosen ., to be very close to the electroweak scale, the Higgs boson
decay to a pair of )Zg is not possible. The presence of light neutralino states may enhance
the total decay width of the Higgs boson considerably. It is found that h — )Z?)Zg domi-
nates over all the other possible decay modes. This is because a bino-like neutralino (¥9)
has got the involved coupling enhanced. We show the variation of the coupling Inx0zQ as a
function of tan g in figure 6. This phenomenon has a major implication in the light of the
recent studies of the invisible branching ratio of the Higgs boson as well as its total decay
width. A quantitative estimate of this will be presented later. It is clear from figure 6 that
the h-x2-XY coupling gets larger at small values of tan 8. This, in turn, implies a gradual
enhancement in the total decay width of the Higgs boson with decreasing tan j.

On the other hand, the lightest chargino eigenstate ()fo) corresponds to the electron.
The mass of the next-to-lightest chargino (>~(3i) is again controlled by u,, if 1y, < MQD . Thus,
decay of the Higgs boson to a pair of fé is not possible. The most general expressions for
the partial widths of the Higgs boson decaying to a pair of neutralinos (I'(h — )Z?)Z(J))) or
a pair of charginos (I'(h — )Z:rf(;)) can be found in the appendix. In the presence of these
additional decay modes of the lightest Higgs boson (mainly h — Y¥9x3), it is expected that
I'ror would increase thus lowering the signal rate fi.
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Figure 6. Variation of the h — Y2 — X§ coupling as a function of tan 3.

5.4 The total decay width of the Higgs boson
In this section we collect the partial decay widths of the lightest Higgs boson that domi-
nantly contribute to its total decay width. The latter is thus given by®
Iror =T(h—bb)+T'(h—77)+T(h—gg)+T(h—=WW*)+T'(h—ZZ*)+T(h—~7y)
+0(h = XJX5) + T(h = X X7) (5.9)

For completeness, we present here the analytical expressions for all the decay rates which
go into our analysis but were not presented earlier. These are as follows:

2 . 2 273/2

_ 4

T(h = bb) = 3G rmymy, (sina L Ay 7
5 imv/2 \cosp ;

M,
(h — 77) = Grpm2my, (sina 2 1 4m?2 3/2
= 47/2  \cosf3 2 ’

my,
3G2 4 2
T(h — WW*) = ZZFETWITh G20, B)R(mVV>,

1673 m3
3GEmYmy, [ 7 10

40 2
1628 — — —sin? Oy + —- sin* HW} R(Tﬁ) . (5.10)

T(h—227) = 2 9 27
h

The function R(z) is defined as [123, 125, 126]

R(x) =3

(1 — 8z + 202?) (1—95
V/(4x — 1) arccos <g’§;/%> 2z
In the subsequent sections we present the numerical results of our analysis pertaining to

the total decay width of the lightest (SM-like) Higgs boson as well as the diphoton signal
strength 1, and subject them to important experimental findings to obtain nontrivial

)(2—13x+47x2)—2(1—6x+4x2)1ogx. (5.11)

constraints on the scenario under consideration.

+

5We neglect the rare decay modes like H — Z, v*v, u" =, eTe™ etc.
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6 Impact of the LHC results

In this section, we discuss the impact of the findings from the LHC pertaining to the Higgs
sector on the scenario under discussion. As pointed out earlier, two broad scenarios based
on the magnitude of ‘f” worth special attention: the scenario with large ‘f’ (~ O(1)) and
the one for which ‘f’ is rather small.

6.1 The case of large neutrino Yukawa coupling, f ~ O(1)

A large neutrino Yukawa coupling (f ~ O(1)) already enhances the tree level Higgs boson
mass. Thus, such a scenario banks less on large radiative contributions from the top squark
loops to uplift the same. Further, an appropriately small tree level Majorana neutrino mass
(the lightest neutralino) can be obtained along with a light bino-like neutralino ({9, the
next-to-lightest neutralino) once R-symmetry is broken explicitly, via anomaly mediation.
The mass of this neutralino is essentially controlled by the R-symmetry breaking Majorana
mass term of the U(1) gaugino (the bino), i.e., M7, and hence related to the gravitino mass
mg/o. Since we assume mg/p ~ 10 GeV, the next-to-lightest neutralino acquires a mass of
the order of a few hundred MeV. The presence of such a light bino like neutralino implies
a substantial enhancement in the total decay width of the Higgs boson, which, however,
is now constrained by the LHC experiments [127]. An enhancement satisfying such a
constraint would result in weakening of the diphoton signal strength, fi-..

6.1.1 Constraining the parameter space from the total decay width and the
invisible branching ratio

The CMS collaboration has recently [127] put an upper bound on the total decay width
of the SM-like Higgs (at mass 125.6 GeV) which is I'ror < 22MeV, i.e., kror = 11:%2% <
5.4. In figure 7 we illustrate the contours of fixed kror = 5.4 in the tan S-f plane for
varying Ar. We have fixed MlD = MQD = 1.5TeV, p, = 200GeV, (i.e., My, My < py),
mgzo = 10GeV, m; = 500 GeV, vg = 1074 GeV and vy = 1073 GeV. We also overlay on

each plot the contours of the Higgs boson mass (my,) fixed at 125 GeV. The shaded region

below each contour represents kpor > 5.4, which is ruled out by the CMS experiment.
Thus, this recent observation imposes an appreciable constraint on the parameter space
as simultaneous low values of f and tan can be ruled out in this model. For example,
the contour of kror with Ap = 0.5, puts a lower bound on tan > 4.6 for f = 0.4. As
f becomes larger, the lower bound on tan 8 gets relaxed. Similarly, for a given tan /5 one
obtains a lower limit on the neutrino Yukawa coupling f. Smaller values of Ay (and hence
\s) make the lower bounds on both tan 3 and f more and more stringent.”

We also note that the partial width for the Higgs boson decaying to a neutrino and
a bino-like neutralino, I'(h — Y9X3), is large at small tan 8 and dominates over all the
other channels. This enhances the total decay width of the lightest Higgs boson at small

"In passing, we note that since both A\s and Ar are large in this case, a substantial correction to the Higgs
boson mass is obtained via radiative correction as discussed in section 3.1. At the same time we are also
considering f ~ O(1), implying a large tree level contribution to the mass of the Higgs boson. Hence, under
such a circumstance, the top squarks can afford to be much lighter thus being within easier reach of the LHC.
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Figure 7. Contours of kror = 5.4 in the tan 8-f plane for different values of Ap as shown in the
white boxes. The dashed lines refer to the contours of my = 125 GeV for varying Ap.
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Figure 8. The lightest Higgs boson invisible branching ratio as a function of tan g for different
values of A\y. The horizontal line corresponds to the upper limit on the invisible branching ratio
from model independent analysis [128].
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tan 8. This is because the next-to-lightest neutralino is bino like, which makes the product
(N71.Ngg) of the neutralino mixing matrix elements appearing for this particular decay
width to be large. Furthermore, this decay width also involves sin o, which controls the
sneutrino component in the lightest CP even Higgs boson state. At small tan 5, sina
reaches its maximum value (see eq. (3.11)) thus enhancing this partial decay width (see
figure 6).

However, as mentioned earlier this decay mode will presumably contribute to the in-
visible decay width of the Higgs boson. We have taken into account the current constraint
on this invisible branching ratio (< 20%) from model independent Higgs precision analy-
sis [128]. In figure 8 we show the constraints on tan 3 obtained from this invisible branching
ratio for different choices of Ap. One can see from figure 8 that smaller tan S values are
allowed for larger Ar from the consideration of Higgs boson invisible branching ratio. How-
ever, tan § < 5 is ruled out for any values of Az in the range (0.1-0.9). A comparison with
figure 7 reveals that the invisible branching ratio of the Higgs boson restricts tan g in a
more stringent way than does the total decay width.

6.1.2 The signal strength g~

It is now important to analyses the signal strength corresponding to the h — ~ channel.
Keeping in mind the constraints discussed in the previous section (see figure 7), in figure 9
we fix Ap = 0.45, and f = 0.8, with all other parameters held at the previously mentioned
values. The red dashed lines represent the contours of m; = 124 GeV and 126.2 GeV
respectively and enclose the experimentally allowed range of my. The black thick lines
are the contours of fixed 1, with values 1.1, 1, 0.95, 0.9, 0.8 and 0.7, respectively. The
blue dotted lines represent the contours of fixed kror with values 1.1, 1.2, 1.4, 1.8 and
2.2, respectively. The grey shaded region is disallowed from the constraint on invisible
branching ratio of the Higgs boson. Figure 9 shows that there is an available region of
parameter space consistent with the latest experimental findings involving my, and fi.
One can find that in this scenario somewhat larger values of tan /3 (2 20) are preferred
and this facilitates® having [t~ in the vicinity of 1. At the same time the constraint from
invisible Higgs branching ratio does not allow ktor to be greater than ~ 1.2. This in turn
sets a lower bound on p., roughly around 0.85. Note that since larger kror corresponds
to smaller fi-, in this case the allowed region of parameter space easily accommodates a
value of 1, within the -1o ranges of the central values quoted in the main analysis of the
CMS collaboration and the analysis of the ATLAS collaboration. Furthermore, figure 9
reveals that a conservative situation characterized by both p., and kror not so different
from their SM values, i.e., 1 is realized for moderate values of the top squark mass in the
range 1 TeV-1.2 TeV.

Figure 10 addresses the same issue but with f =1 and Ay = 0.5. Since a larger value
of Ar already provides a significant contribution to the Higgs boson mass via radiative
correction, only light top squarks are compatible with the measured range of my. Moreover,

8Tt is pertinent to note that the upper bound on tan 3 is obtained from the contribution of the leptonic
Yukawa coupling, fr = Ai33, to the ratio R, = I'(7 — ebev;)/ I'(T — pvuv-). The resulting constraint is
fr < 0.07(1021%) [91]. Choosing ms, to be around 1TeV corresponds to tan 8 < 70.
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Figure 9. Contours of various fixed values of my, (124 GeV and 126.2 GeV), p,~ and kror in the
m;-tan 5 plane. Ap and f are fixed at 0.45 and 0.8, respectively. Other parameters are set at the
values considered in figure 7. The grey shaded area is disfavored from the upper bound on the
invisible branching ratio of the Higgs boson [128].
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Figure 10. Same as in figure 9 but with Ay = 0.5 and f = 1.
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Channel u (CMS) u (ATLAS)
ho—oyy | L14E035 4] | 1175 55 3]

ho 255 a0 | 0.931 939 [129] | 1.447 %0 (3]
ho Y 9190 | 0.721 929 [130] | 1.010:30 (131
h — bb 10T 52 (132] | 0.2F 020 [133]
h— 77 0.78% 027 [134] | 1.47 07 [135]

Table 2. Signal strengths () in different decay final states of the SM-like Higgs boson as reported
by the CMS and the ATLAS collaborations (with the corresponding references).

a larger value of ‘ f” implies a larger tan 3 to have the Higgs boson mass in the correct range.
It is pertinent to mention that these plots use spectra of particles which are consistent with
the lower bound on the lightest chargino mass (> 104 GeV, from the LEP experiments)
and are also free from tachyonic scalar states.

6.1.3 Relative signal strengths in different final states

In this subsection we briefly discuss how other final states arising from the lightest Higgs
boson are expected to be affected in our scenario relative to the v final state and where
they stand vis-a-vis the experimental results. Such a study of relative strengths over the
parameter space of our scenario would be indicative of how well the same is compatible
with the experimental observations in the Higgs sector, in a global sense. The recent
results from the ATLAS and the CMS collaborations on different decay modes of the
lightest Higgs boson are presented in table 2. In figure 11, we present the pu-values
reported by the ATLAS and the CMS collaborations for different final states in the
so-called signature (ratio) space, in reference to fi-.

In each plot, the blue circle (green square) represents the experimentally reported
central values for a given pair of observables from CMS and ATLAS collaborations, respec-
tively. The solid grey lines show the range of i values as observed by the CMS experiment
while the dashed ones delineate the same as obtained by the ATLAS experiment. We have
already seen from figures 9 and 10 that the total decay width is rather large compared to the
SM value for small tan 8 ~ 5. Hence, to be conservative, we do not let tan 5 to be that low
and thus, vary it within the range 10 < tan 8 < 40. We have also varied the mass of the top
squark within the range 350 GeV < m; < 1.5 TeV with 0.1 < f <1 and 0.1 < Ap < 0.55.
All other parameters are kept fixed at the previously mentioned values. While scanning,
care has been taken to reject spectra with tachyonic scalar states and to conform with the
lower bound on the lightest chargino mass of 104 GeV as obtained from the LEP experi-
ment. Also, the scan required my, to be within the range of 124.0 — 126.2 GeV as reported
by the LHC experiments. As can be noticed in figure 11, this particular scenario with some-
what large values of ‘ f” generally predicts low values of y,,. This can perhaps be attributed
to the presence of an MeV neutralino in the spectrum for such values of ‘f’ that increases
the total decay width of the lightest Higgs boson. Another interesting feature noticeable in
figure 11 is that all the signal strengths are correlated in the same way. The reason being,
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Figure 11. Bands representing mutual variation of relative signal strengths in various possible final
states arising from the decay of the lightest Higgs boson as obtained by scanning the parameter
space of the scenario under consideration. The ranges of different parameters used in the scan are
as follows: 10 < tanf < 40, 350 GeV < m; < 1.5 TeV, 0.1 < f < 1 and 0.1 < Ap < 0.55. The
solid grey lines give 1-o ranges from the MVA based analysis (main analysis) performed by the
CMS collaboration (blue circles represent the respective central values) whereas the dashed grey
lines represent the corresponding results from the ATLAS collaboration (green squares represent
the respective central values). The black scattered points are ruled out from the constraint on
invisible branching ratio of the lightest Higgs boson.

in the absence of a very light neutralino, the total decay width of the Higgs boson is mainly
dominated by the channel h — bb. Therefore, one way to enhance f~~ would be to reduce
the h — bb decay width and this in turn would also reduce Hyp- However, in our scenario
the total decay width is mainly controlled by the channel h — Y9X? (invisible decay mode
of the Higgs boson), which affects all the signal strengths in the same manner. Therefore,
a large decay width of this channel reduces both py, and g~ simultaneously. Likewise, a
small Higgs invisible decay width enhances both p., and . The black scattered points
in figure 11 are ruled out from the constraint on the invisible branching ratio of the lightest
Higgs boson which also portray smaller values of the signal strengths. Finally, in order to
have an idea of the mass-spectra of the light neutralino and the chargino states, we provide
a few benchmark points in table 3, for the large  f’ scenario.

6.2 The case of small Yukawa coupling, f ~ O(107%)

In the limit when the Yukawa coupling is small (f ~ 10~%), the next-to-lightest neutralino
state becomes the sterile neutrino with negligible active-sterile mixing. The lightest neu-
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Parameters BP-1 BP-2 BP-3
MP 1500 GeV 1000 GeV 1200 GeV
MP 1500.1 GeV 1000.1 GeV 1200.1 GeV
Ly 200 GeV 200 GeV 200 GeV
ms o 20 GeV 20 GeV 10 GeV
tan 8 25 35 40
mg 500 GeV 400 GeV 400 GeV
f 0.8 0.8 0.8
A1 0.5 0.52 0.52
Vg 1074 GeV 1074 GeV 1074 GeV
vr 1073 GeV 1073 GeV 1073 GeV
Bur, —(400)2 (GeV)? | —(400)2 (GeV)? | —(400)? (GeV)?
Observables BP-1 BP-2 BP-3
mp, 124.98 GeV 125.45 GeV 125.73 GeV
(M) Tree 0.04eV 0.1eV 0.08eV
mso 168 MeV 169 MeV 84 MeV
mso 208.73 GeV 210.58 GeV 209.75 GeV
mso 208.74 GeV 210.59 GeV 209.76 GeV
mso 1504.17 GeV 1006.13 GeV 1205.29 GeV
msy 1504.23 GeV 1006.19 GeV 1205.31 GeV
msg 1.19x10° GeV | 1.11x10°GeV | 1.33 x 10° GeV
mso 1.19x10° GeV | 1.11x10°GeV | 1.33 x 105 GeV
Mg 208.13 GeV 211.91 GeV 210.24 GeV
Mt 1500.11 GeV 1000.11 GeV 1200.1 GeV
Mt 1508.27 GeV 1012.15 GeV 1210.45 GeV
[y 0.97 1.1 1.11

Table 3. Benchmark sets of input parameters in the large Yukawa coupling (f) scenario and the
resulting mass-values for some relevant excitations. The Higgs signal strength in the diphoton final

state (py~) is also indicated.
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Figure 12. Contours of fixed values of My, fiy~, M £ and sin? 2614 in the f — tan 8 parameter
space. The respective values of the contour lines are as shown in the figure. The shaded region
in grey corresponds to the experimentally allowed band of the lightest Higgs boson mass. Other
parameters are fixed at values mentioned in the text.

tralino state is again the active neutrino. The tree level Majorana mass of the active
neutrino is given by eq. (4.13) whereas the sterile neutrino mass and the mixing angle be-
tween the active and the sterile neutrino are given by egs. (4.15) and (4.16). In the recent
past, an X-ray line at around 3.5 keV was observed in the X-ray spectra of the Andromeda
galaxy and in the same from various other galaxy clusters including the Perseus cluster.
The observed flux and the best fit energy peak are found to be at [136, 137]

O, =44+0.8x 1075 photons em ™2 sec ™,
E, = 3.57+£0.02 keV. (6.1)

It is understood that atomic transitions in the thermal plasma cannot account for this
energy line. Hence, a possible explanation can be provided by taking into account a 7 keV
dark matter, in this case a sterile neutrino [136, 137]. The observed flux and the peak of the
energy can be translated to an active-sterile mixing in the range 2.2 x 10~ < sin? 2614 <
2 x 10710, To satisfy such small active sterile mixing, the tree level neutrino mass turns
out to be very small (O(107)eV). Therefore, in order to explain the neutrino mass and
mixing, one needs to invoke radiative corrections. For a detailed discussion we refer the
reader to ref. [95]. It is also important to study the signal strength of A — 7 in the light
of this 7 keV sterile neutrino with appropriate active-sterile mixing.

In figure 12 we present the contours of my,, fiy, M ]I\? and sin® 26014 in the f-tan 3 plane.
The contour of the sterile neutrino mass of 7 keV is shown with the thick black line. The red
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Figure 13. Scatter plot showing possible range of variation of ji,, with varying m;. The blue points
are consistent with 7.01 keV < ME < 7.11 keV. All points satisfy 124.0 GeV < mj, < 126.2 GeV.

dashed lines represent the contours of active-sterile mixing fixed at 2.2x 107" and 2x 10710,
We have fixed M{ at 1TeV, maintaining a degeneracy ¢ = (MY — MP) = 107*GeV. p,
is fixed at 500GeV. The other fixed parameters are mg;, = 10 GeV, m; = 400 GeV,
Ar = 0.57, vg = —0.01 GeV and vy = 0.01 GeV. The not so heavy top squark, as justified
in section 6.1.2, enhances p.,, considerably and we show the contours of ji,, at 1.17, 1.14 and
1.11 respectively with blue dashed lines. Finally, the grey shaded region is the parameter
space consistent with the observed Higgs boson mass 124.0GeV < my < 126.2 GeV.
Figure 12 clearly shows that for this choice of parameters fi,, 2 1.1 is completely consistent
with a 7 keV sterile neutrino dark matter and the experimentally allowed range of Higgs
boson mass. We have seen that charginos do not provide much enhancement to j., due
to its very suppressed couplings under the present set-up. Furthermore, avoiding possible
appearance of tachyonic scalar states restricts the vev of the singlet from becoming large.
Therefore, expecting an enhancement in ju,, via suppression of the hbb coupling because
of the singlet admixture seems unrealistic Thus, the only enhancement in g, can come
from light top squarks. In addition, large radiative corrections from Ag and A7 reduces
the necessity of having heavy top squarks. In the scatter plot of figure 13 we show the
possible range of variation of ji,, with varying m;. To generate this plot we have chosen
relevant parameters over the following ranges: 1 GeV < mg/, < 20 GeV, 5 < tan 3 < 35,
300 GeV < m; < 1.5 TeV, 107° < f < 3 x 1074, 0.1 < Ay < 1 and —0.01 GeV < vg <
—1 GeV. Other parameters are retained at their previously mentioned values, maintaining
the degeneracy between the Dirac gaugino masses as already mentioned. Again, all these
points are consistent with 124.0 GeV < my < 126.2 GeV and free from any tachyonic
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Figure 14. Same as in figure 11 except for a small input value of f.

scalar states. The main difference between the small and the large ‘f’ scenarios is the
absence of a bino like next-to-lightest neutralino in the former case. This decreases the
total decay width of the Higgs boson, potentially resulting in some enhancement in .
The blue points are consistent with a keV sterile neutrino with mass ranging between
7.01 keV < M§ < 7.11 keV and is known to be a fit warm dark matter candidate having the
right relic density. Finally, it is again very relevant to check the relative signal strengths for
different decay modes of the lightest Higgs boson in such a scenario with small ¢ f’; similar
to what we have done in section 6.1.3 for the large ‘ f’ scenario. Figure 14 shows scattered
points consistent with the CMS or/and the ATLAS results at 1o level. However, note that
the scatter plot in the p,~-pww plane is consistent only with the results from the ATLAS
experiments at the 1o level whereas the the scatter plot in the fi,-p, plane is consistent
only with the results from the CMS experiments at the 1o level. In the near future, a
more precise measurement together with an improved analysis is likely to become more
decisive on this issue. Finally, for the sake of completeness, in table 4 we provide three
more benchmark sets comprising of the input parameters of the small Yukawa coupling
scenario (with (f ~ 107%)), the corresponding mass-values of the relevant excitations and
the Higgs signal strengths in the diphoton final state (fty).

7 Conclusion

In this work a detailed analysis of the h — ~+ channel in a non-minimal U(1)z—lepton
number scenario has been performed. Experimental results reported for other final states
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Parameters BP-4 BP-5 BP-6
MP 1000 GeV 900 GeV 1200 GeV
Ly, 300 GeV 600 GeV 600 GeV
ms /o 4 GeV 10 GeV 15 GeV
tan 3 35 25 15
my 500 GeV 500 GeV 500 GeV
f 9.9%x107° 8.9x107° 1.21x1074
A 0.55 0.55 0.55
Vg -1072GeV | -1072GeV | -1072GeV
vr 1072 GeV 1072 GeV 1072 GeV
Observables BP-4 BP-5 BP-6
mp, 125GeV | 124.257 GeV | 124.448 GeV
mi 7.03 keV 7.09 keV 7.03 keV
mso 292.375GeV | 571.91GeV | 587.24GeV
mso 292.376 GeV | 571.92GeV | 587.25GeV
Mz 1004.06 GeV | 904.16 GeV | 1203.24 GeV
msy 1004.07 GeV | 904.19 GeV | 1203.28 GeV
mse 1022.03 GeV | 939.91 GeV | 1222.84 GeV
Mo 1022.72 GeV | 939.83GeV | 1222.72GeV
Mt 311.56 GeV | 609.77 GeV | 608.27 GeV
Mt 1000.01 GeV | 900.01 GeV | 1200.02 GeV
Mt 1011.93 GeV | 910.62GeV | 1208.7 GeV
sin?2014 | 1.56 x 10719 | 4.7 x 10711 | 2.8 x 107!
[y 1.11 1.1 1.108

Table 4. Same as in table 3 but for small Yukawa coupling with f ~ O(10~%). In all three cases
we have chosen € = 1074 GeV. Neutrino mass at the tree level is very small (O(107°)eV) and not
shown in the table (see text for more details).

arising from the decay of the Higgs boson are also put in context. We introduce one right
handed neutrino superfield which leads to a multitude of interesting phenomenological
consequences. In a previous work [95], it was shown that the Yukawa coupling ‘f’,
which couples the right handed neutrino superfield with the Higgs boson and the lepton
superfield, plays a very important role. f ~ O(1) contributes heavily to the tree level
f ~ O(107%), yields a keV dark matter in the form of a sterile

neutrino with correct relic density. In this case, large triplet and singlet couplings, Ay and

Higgs boson mass.

Ag respectively, help achieve my in the range narrowed down by the LHC experiments
without requiring large masses for the top squarks. Compatibility of the scenario with the
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results reported by the LHC collaborations pertaining to h — vy channel is demonstrated
by studying the parton level production of the Higgs boson and its subsequent decays. It
is observed that for large values of ‘f’, a smaller top squark mass along with a moderately
large tan 3 (~ 10) provides an enhancement in both production cross section and decay
width of the Higgs boson when compared to their values predicted by the SM. Contribution
to I'(h — 77y) from charginos in the loop for is found to be insignificant due to their very
weak coupling with the Higgs boson. In the present scenario, hWW coupling is modified
by the factor sin(f — «). It is demonstrated that I'(h — ~7) may receive a significant
contribution from the W boson loop when ‘f’ and buj are large. Moreover, a heavy
charged Higgs boson does not provide any enhancement to the h — ~v rate either. We
have seen that the large ‘ f’ case is accompanied by a very light bino like neutralino, which
enhances the total decay width of the Higgs boson. Therefore, a relatively small value
of iy, ~ 0.9 is observed. Recent studies on the invisible decay width of the Higgs boson
from ATLAS and CMS help constrain the parameter space significantly. As for example,
for Ar = 0.5, the lower bound on tan S can be as large as 18. Similar but a less stringent
constraint is also obtained by investigating the total decay width of the lightest Higgs
boson. Overall, the signal strength p.,, matches very well with the main analysis performed
by the CMS collaboration as well as the observation made by the ATLAS collaboration.

Subsequently, we have also studied the case of small values of ‘f’. The scenario is
characterized by the presence of a sterile neutrino with mass in keV’s which is a potent warm
dark matter candidate. Further, the scenario is contrasted against the large ‘ f” scenario by
the absence of a light bino-like neutralino in its spectrum. We then present the variation
of jy, with the model parameters varied simultaneously over appropriate ranges. In the
absence of light bino-like neutralino, to which the Higgs boson could have otherwise decayed
to, the total decay width of the latter remains to be smaller compared to the large ‘ f’ case.
This in turn ensures (i, attaining values all the way up to 1.2. Such values of p. are also
compatible with the results of the main analysis performed by the CMS collaboration and
also conforms with the observations made by the ATLAS collaboration at the 1o level. We
have also discussed and illustrated the possibility of having a 7 keV sterile neutrino with
appropriate active-sterile mixing, that can be a fit warm dark matter candidate.
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A The Higgs-chargino-chargino coupling

In this appendix we work out the Higgs-chargino-chargino coupling in the scenario under
discussion and present the analytical expression for the width of the lightest Higgs boson
decaying into a pair of charginos. The relevant Lagrangian in the two-component notation
containing the Higgs-chargino-chargino interaction is given by

S; Si =
Lhgtz- =9 (Ua + 7§h ) wter + \f)‘TTJr (Uu hz) Ry

1
V2
+g <v + S“h-) Hfo~ — \g <v —h ) "
u \/§ (2 u f 7
S.
+)\T<’UT+ ’h)H*R +g<vT+ ey 3
V2 V2
Si4 ) .
—g | vr+ —=h; | 0TT; + h.c., Al
g< T \/i d ( )

where the matrix S connects the mass and gauge eigenstates of the CP even scalar mass

&.

squared matrix, written in the basis (hr, g, Sgr, Tr). To be more precise the physical
CP-even scalar states are related to the gauge eigenstates in the following manner:

hy S11 S12 S13 S1a hr
ha [ | S21 S22 523 S VR (A.2)
h3 S31 S32 S33 S34 Sr
ha Sy1 Saz Saz Saa Tr

In our notation the lightest physical state (h4) of the CP even scalar mass matrix corre-
sponds to the physical Higgs boson, h. Moreover, the charginos )Z;t are four component
Dirac fermions which arise due to the mixing between the charged gauginos and higgsinos
as well as the charged lepton of first generation. In order to evaluate find out the Higgs-
chargino-chargino coupling and to evaluate the Higgs boson partial decay width to a pair of
charginos, it is pertinent to write down the interaction Lagrangian in the four-component
notation. We now define the 4-component spinors as

. ~ _ o+ ~ T+ c
w= ("), mB=20), =), Lw=(%). (A.3)
w Rd Td éZ

Using the transformation relations,

THR; = HP,T
Hfo~ = WPH
HfR; = HP.H, (A.4)
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the Lagrangian in eq. (A.1) can be expressed in the four component notation as

£, = %EhL( PV + V2 ATThHPLTJr g:g[hWPLH AsfghﬁPLﬁ

Su = ~  Su . Su=
+A 7hHP H + 7hWP T — 7TP W-l—h.. A5
T\/§ T, g\/i L 9\/5 L c (A.5)

The chargino masses can have any sign. By demanding that the four component Lagrangian
contains only positive masses for the charginos, we define the chargino states in the following
manner [138, 139]

X
Xy =(&PL+Pr)[ "), i=1,...,4 (A.6)
Xi
where €; carries the sign of the chargino masses, which can be +1. When e = —1, Pr— P, =

~s5, which essentially implies a 5 rotation to the four component spinors to absorb the sign.
Hence, the transformation relations involving only P, changes, which modifies the Feynman
rules. The two-component mass eigenstates (X;t) of the charginos are related to the gauge
eigenstates in a manner shown in eq. (4.19).
Using the following set of relations

PLW = PLViex

PT = PrLViseixi

PLH = PLV?)QXZ

PrW = PrUn¥Xi

PrH = PRUsX;

PrT = PrUp¥i

PrL{Y = PrUisXi, (A7)
we rewrite eq. (A.5) in the mass eigenstate basis as
Lot = 90X (G5PL + GiPr) X (A-8)
where
Gij = 5\‘/4;[]24‘/}1 + \[)\T ?;%Uz?)VJQ + S\;%Uzlvﬁa )\gs %;Uz?,vﬂ
+)\T P4 UisVj3 + Su —UnVjo — Sas —UpVi1| €. (A.9)

9 V2 V2

The coupling is obtained from eq. (A.8) as
%G1 =) + Gl + 7)) (A.10)

It is now straightforward to compute the lightest Higgs boson decay width to a pair of

V2

charginos, which we find as

r 92 2 112 2 9 }1/2

2

X [((ij + o) (mi, = miy —ml) = 4Cij€jim;i+m;g;} : (A.11)
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Xi

Xj
Figure 15. The Higgs-chargino-chargino vertex.

Finally, if we assume the singlet and the triplet veuv’s to be very small, this would imply that
the singlet and triplet mixing in the light CP-even Higgs boson states become negligible.
Under such an assumption, the CP even states can be written as

1
VR >~ v + —= (H cosa — hsina)

V2

1
hr ~ v, + —= (Hsina+ hcosa), (A.12)

V2

where we have chosen Sy; = cosa, Syo = —sina, and Sy3 ~ Syq ~ 0. With this simplifica-

tion we can write

sin o cosa (V2
o = | =g i < (et i
= éij sin v — 7i5 COS (A13)
where
€= UiV
ij —

NG €
1 2\
) (\m

Nij = /2 UiV + Ui1Vj3>€i- (A.14)

B The Higgs-neutralino-neutralino coupling

In a similar manner the interaction of the Higgs boson with neutralinos can be constructed
from the following (two-component) Lagrangian

Lpzoz0 = g <vu + Slh> bHO — g <va + S2h> bre + A <vu + Slh> SR
V2 V2 V2 V2 V2

g Sit ~~0, 9 ( Si2 > . ( Si ) ~
———= vy + —7=hi |wH, + —=(ve+ —F=hi | wve + Ar (v, + —=h; | TR
V2 ( V2 ) V2 V2 ! V2 !

) )
+ (A s+ —=hi | +A +—=hi || RgH, — o+ —=h; | H,N®
s (ot i) o (o g )| L= (s 2

—f <vu + i%hz) N, + h.c. (B.1)
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We stick to the notation for the lightest CP even physical scalar state being denoted by hy
and identified with the lightest Higgs boson h. We again define the 4-component spinors
as [140]

_ b . S _ Ry oY
B=|-], S=1|=r|, Ry= 1| =or |, w= | =or |
b S Rd Uu

~.
I
Lt
%z
I
It
5=
~
|
oY
NN
N o
~_
=
o
I
=
|
L =
~_
@
o

In terms of these spinors the 4-component Lagrangian takes the following form

g Su

g Sio Si g Sn
W = Py Ep g, — L P2y Ep A2 S PR, — 2 W, A,
hxOx° \/’ \/’ \/’ \/’ \f \f \/’
g S Sy Su3 Sua
+77hWPLI/e + Ap——= hTPLRd + Ag—— hRdPLH + Ap—— hRdPLH
- f@hH PN — f@hNCPLue + h.c. (B.3)

V2 V2

Eq. (B.3) represents the interactions in the gauge eigenstate basis. Neutralinos are physical
Majorana spinors, arising due to the mixing of the neutral gauginos, higgsinos as well as
the active (first generation) and sterile neutrino states. The four component neutralino
state is defined as

~0 X .

XY (elPL—l—PR)( l), i=1,...,8 (B.4)

X7

where X? are two component neutralino mass eigenstates and they are related to the gauge
eigenstates as

where 10 = (B, §, W, T, Igud, ﬁu, N°€, I/e)T. As presented in appendix A, in a similar fashion
we use the following transformation relations to write down the interaction Lagrangian
given in eq. (B.3) in the mass eigenstate basis

PrB = Ny PrY?
PrS = N Prx?
PrW = N3Py’
PrT = Ny PRy?
PrRq = NisPpy?
PrH, = NigPpx?
PrN® = Ni7PrY}!
Prve = NigPrX - (B.6)

PLB = N}, Preix?
PLS = NjyPrex?
PLW = NjPrex!
P.T = NjPreix!

PLRy = Nj5PLeX!
P H, = N Prex)
P N¢ = N7PL€ZX1

Prv, = NiSPLqu
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Figure 16. The Higgs-neutralino-neutralino vertex.

It is now straightforward to write down the Higgs-neutralino-neutralino interaction in the
4-component notation as

Ly, = gx0h (¢ P+ )i PR) X0, (B.7)
where
g Ni1iNjs ~ As NioNjs  NisNjs  Ar NigNjs fNﬂNjS
Gij —541{ +— - — ; B.8
] g 2 g V2 2 9 V2 g V2 (B:8)
NisNjs ¢’ NijiNjg sz'GN'7 As NisNje A1 NisNje
+5 8 Aas TRy g S PPN Fci i 3
[ 2 g 2 g 2 B CIN e VRRVC R

Finally, the partial decay width I'(h — XV X; X?) is given as

92 2 2 9 /2
Tty = oy | (h = (g + mig)}? —dmigmy] ™
h

Again in the limit where the singlet and triplet vev’s are very small, we can safely
ignore the contributions from Sy3 and Sy4. Furthermore, replacing Sy by cosa and Sys
by -sin «, we can write

(ij = mijcosa + & sina, (B.10)

where,

= 4 Nl 4 As NioNjs  NisNjs  Ar NulNjs _ f NirN;
Nij g 2 g \/5 2 g \/i p \/»
¢ = g NuNjs  fNigNjz  NigNjs

volg 2 g V2 2
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