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Fermiophobic Higgs boson and supersymmetry

Antonio Racioppi?
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Abstract. If alight Higgs boson with mass 125 GeV is fermiophobic, or partially fermio-
phobic, then the MSSM is excluded. The minimal supersymmetric fermiophobic Higgs
scenario can naturally be formulated in the context of the NMSSM that admits Z; dis-
crete symmetries. We show that in the fermiophobic NMSSM the radiative Higgs boson
branchings to yy, yZ can be modified compared to the fermiophobic and ordinary stan-
dard model predictions.

1 Introduction

The TeVatron [1] and LHC experiments presented their temporary results [2, 3] on searches for the
Higgs boson at the Moriond 2012 conference [4]. While on average the data was consistent with
the standard model (SM) Higgs boson with mass 125 GeV, interesting anomalies started to emerge
that may signal unexpected new physics in the Higgs sector. The most interesting of them was a
local 30 level excess in searches for the fermiophobic (FP) Higgs boson [5] in yy final states both
in the ATLAS and CMS experiments [6]. This signaled that there could be an anomalously large
contribution in the observed yy excess coming from the vector-boson fusion (VFB) Higgs production
mechanism. Indeed, the relative weight of the latter and the associate production with W,Z (VH)
was enhanced with respect to the SM dominant gluon-gluon fusion channel (ggF) in the FP high-pr
selections applied by the CMS and ATLAS. This anomaly was accompanied by a deficit of WW*
compared with the SM in all experiments.

The Higgs boson mass Mj ~ 125 GeV is peculiar in several ways. In the context of FP Higgs
boson, there is an accident that at the 7-8 TeV LHC the Higgs boson signal rate in the yy channel,
o X BR, happens to be equal to the SM one in the vicinity of this Higgs mass value [7]. Therefore
a global fit to all available collider data was performed in order to determine which Higgs boson
scenario is currently favored [8], improving and extending similar pre-Moriond fits [9]. A purely FP
Higgs boson gave a fit to data almost as good as the SM one, but with very different predictions for
the signal rates at the LHC. A partially FP Higgs boson, however, gave a significantly better fit to data
than the SM [8] and partial fermiophobia is exactly what is expected to happen when considering the
FP Higgs boson scenario as an effective low energy theory in the context of quantum field theory [1].

The 125 GeV Higgs boson is also unsatisfactory, because this mass is below the SM vacuum
stability bound in case new physics appears only above the scale of gauge coupling unification. The
vacuum stability can be made consistent with the 125 GeV Higgs mass by extending the scalar sector
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with dark matter candidates [1]. But the simplest solution is provided by (partial) fermiophobia.
Because the vacuum instability is caused by the large top Yukawa coupling in the SM, reducing its
value makes the hinted Higgs mass compatible with the GUT scale.

It is well known that the existence of the Higgs boson rises a question of why the electroweak
scale is so much smaller than the Planck scale. The most elegant solution to that problem is given
by supersymmetry (SUSY). However, direct and indirect collider bounds, cosmological dark matter
abundance and constraints from dark matter direct detection experiments together with a Higgs boson
mass of 125 GeV impose stringent constraints on SUSY scale in most popular SUSY models — the
MSSM [1, 1] and NMSSM [1, 1]. The constraint Msysy > 1 TeV > My reintroduces severe fine
tuning to theory, known as the little hierarchy problem [1], that makes SUSY as a solution to the
hierarchy problem unnatural.

If the Higgs boson turns out to be fermiophobic, some SUSY models are in even more serious
trouble. We show that fermiophobia and a Higgs boson mass at 125 GeV together exclude all versions
of the MSSM independently of any model detail. This is because in the MSSM the upper bound on the
tree level Higgs boson mass is Mz, and large radiative corrections, dominated by stop contributions,
are needed to reach 125 GeV. Fermiophobia removes the dominant stop loops as they are induced by
Yukawa couplings. There might be large trilinear scalar couplings, the A-terms, which may trigger
electroweak symmetry breaking [1], but cannot increase the Higgs boson mass.

Nevertheless, SUSY models with additional tree level contributions to the Higgs boson mass,
such as the NMSSM, are viable fermiophobic SUSY theory candidates. In fact fermiophobia can cure
some SUSY problems and make it more compatible with experimental data. Firstly, the fine tuning
problem of SUSY, also coming from loop contributions to the Higgs boson mass squared, is now
induced by gauge couplings, improving the fine tuning by a factor of N y#/g* ~ 25. This improvement
completely removes the little hierarchy problem. SUSY masses of order 2-3 TeV become completely
natural. Even the split SUSY [1] would become viable. Secondly, SUSY flavor and CP problems are
improved by removing (or decreasing) the Yukawa couplings and by allowing also squark and slepton
masses to be at a few-TeV scale. Thirdly, the absence of constraints from b — sy and By — pu [1]
allows the charged Higgs boson to be light, opening again the possibility for its discovery at the LHC.
Finally, the constraints on dark matter are relaxed. Because neutralino elastic scattering off nuclei is
dominated by tree level Higgs boson exchange, this process would be suppressed and the prospects
for dark matter discovery at the XENON100 are decreased in this scenario [2]. As the SUSY scale
could now be large, higgsino or wino relic abundance would become a natural explanation to the dark
matter of the Universe.

The obvious question in any FP Higgs boson scenario is what is the alternative mechanism for
generating the observed fermion masses. Because the top quark mass is so large, it cannot be generated
radiatively. The most plausible scenario for generating such large fermion masses is strong dynamics
above the electroweak scale [2]. In such a scenario both the composite Higgs boson fermiophobia
and fermion masses might originate from the same new physics. A generic prediction of strong
electroweak symmetry breaking scenarios, including composite Higgs models, is the appearance of
new resonances at 2-3 TeV. In the following, we assume that such or any other new physics scenario
above the electroweak scale generates the top quark mass.

2 Fermiophobic supersymmetry

We formulate the first attempt of a supersymmetric FP Higgs boson theory in the context of the
MSSM. However, we are going to show that the Higgs boson mass M;, = 125 GeV is by far too large
to be generated in the FP MSSM since loop corrections from the top Yukawa coupling are absent.
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The dominant SUSY loop contribution to the Higgs mass in the FP MSSM comes from the large
trilinear A-term, but this contribution is always negative. Thus the FP MSSM is definitely excluded
on phenomenological grounds. In order to rescue supersymmetry, we show that the NMSSM offers
a natural framework to formulate a supersymmetric FP Higgs scenario consistent with experimental
results.

2.1 Fermiophobic MSSM

The well known MSSM superpotential is
W =y, QH U + yaHaQd  + yeHalLe" + pH,Hy, (1

where y,, y4 and y, are the up quark, down quark and charged lepton Yukawa couplings. Following
the LHC hints for a FP Higgs, we study its implications without trying to explain the suppression of
Yukawa couplings in the context of MSSM. Thus, for simplicity, we just take y, = y; = y. = 0.

In the MSSM the tree level Higgs boson mass has the well known upper bound M;"** < M.
This comes from the fact that in SUSY the Higgs quartic couplings are generated by gauge couplings
via the D-terms. As the Higgs boson quartic coupling is the only free parameter in the SM Higgs
sector, in the MSSM there is no freedom to tune the tree level Higgs boson mass. To be consistent
with experimental data, in the MSSM very large positive loop corrections to Mﬁ must be generated.
Those loop corrections are dominated by top squark contributions that are induced by the top Yukawa
coupling y; [2],

M2 2 2

v? sin ,8 s X; X;
AM:? =3yt ——Lllog — + =L |1 - , 2
h 872 [gm,z Mg( 12M2 @
where My is the average stop mass, tanf8 = v,/vy, v = vﬁ + vfl, and X, is the stop mass mixing

parameter
X, =A; —pucot = & —ucotp, 3)
Yr

where a; is the trilinear coupling of the soft term a,QH,ii¢. In order to achieve the Higgs boson mass
indicated by the LHC experiments, M) = 125 GeV, (2) implies that the stop masses must exceed TeV
scale. In the FP MSSM the dominant stop contribution is absent since we take iy, — 0. Therefore

3?sin*g  at
872 12M¥’

AM? = - @)

that is negative. As the chargino loop contributions to the Higgs boson mass are of order few GeV, in
the FP MSSM the Higgs boson mass 125 GeV is not achievable. Independently of model details, the
FP MSSM is excluded by the Higgs boson mass.

2.2 Fermiophobic NMSSM

NMSSM is the next to minimal supersymmetric standard model whose particle content is extended by
a gauge singlet chiral superfield S (for reviews and references therein see [1]). The original motivation
for the NMSSM was to explain why the MSSM superpotential parameter uH, H; is of the same order
as the soft SUSY breaking parameters. In addition, in the NMSSM the Higgs bosons obtain tree level
mass not determined by the D-terms, thus allowing larger Higgs masses than M. To achieve those
goals, usually the most general NMSSM is constrained by imposing an additional Z; symmetry in
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addition to the R-parity. Those properties make the NMSSM our prime candidate for the minimal FP
SUSY model. The superpotential of the FP NMSSM that we would like to obtain is given by

k
W = ASH,H; + 553, %)

together with the following soft SUSY breaking terms
B 1
Lot = — (m,%hlhu + mﬁdh:;hd + m?s‘ s) - (aﬂshuhd + gaks3 +hc.|, (6)

where s stands for the scalar component of the singlet chiral superfield S'.

Thus we have to forbid the uH,Hy, S, S 2 Yy, QH,u¢, ysH 0d, y.HyLe¢ terms by imposing an
additional Z; symmetry and appropriately choosing the corresponding charges. The easiest config-
uration is X, = Xp, = Xg = 1 and Xgemion = 0. For a more detailed discussion we remand to
[2].

The Yukawa couplings for the first two generations could be radiatively generated but not for
the top quark. Therefore we have to assume that the significant amount of third generation fermion
masses should come from some additional mechanism. The prime candidate for such a mechanism is
some strong dynamics above 2-3 TeV scale.

3 Model setup and mass eigenstates

The FP NMSSM scalar potential, and corresponding mass matrices are the same as the usual NMSSM,
so in the following we are going to give only the main details about mass eigenstates and eigenvalues.
We remand to our paper [2] and to NMSSM reviews [1, 1] for a more detailed discussion.

We start considering the CP-even Higgs bosons sector. It can be shown [2] that the parameters
choice

tang = 1, 7
k = 2, (®
a = 0, (&)

allows no mixing between s and hgy 4 Notice that tan = 1 is allowed in this model because no
constraints occur from the scalar potential minimization nor from the Yukawa sector. Therefore this
choice is the most natural one. Adopting, for simplicity, the choice in eqs. (7)-(9) and requiring,
of course, v, # 0,v; # 0,v5 # 0, the CP-even Higgs bosons square mass matrix, in the basis
(th, hSR, SR), 18

2 (M2 + 222 (W= vs)(0 + v5)A% - M3) 0
M3 =] L(-vs)w+05)A% - M) (M2 + 2 22) 0 . (10)
0 0 2507 + A

where M2 = § (g% + g%) v?. The corresponding eigenvectors and eigenvalues are

h = i(ho + hy) Mz—ﬁ'leSGeV an
\/E dR uR )’ h 2 s
1 1

H = — (W —1%), M?, = M2 + =A% (203 —?), (12)
\5( dR R) H zT 5 ( s )

P—— M2 = _“i/’; + 20702, (13)
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Since we would like to identify one of the CP-even eigenstates with the 125 GeV resonance hinted by
the LHC, it has to be made of doublets. In the notation of the MSSM, the Higgs mixing angle is given
by @ = —n/4 = B—n/2. In that case H does not have any direct tree level coupling to WW and ZZ that
explains why the LHC does not see presently any other resonance, but the lightest one at 125 GeV.

We skip the CP-odd Higgs bosons because they are not relevant for our discussion, and we give
the charged Higgs boson mass and eigenstate

My = M+ 20 (2 ), (14)
1 —%
HY = E(h;Jrhd). (15)

For what concerns neutralinos and charginos mass matrices, the analysis is the same as the
NMSSM, up to the substitutions (7)-(9). Therefore we remand to our paper [2] and to NMSSM
reviews [1, 1] for more details.

4 Radiative Higgs boson decays

The model we have chosen to work with leaves the FP Higgs boson decays to WW™* and ZZ* final
states at tree level unaffected compared to the FP SM predictions. Because fermiophobia by itself is
able to explain the observed deficit in WW* channel [7], the choice of a SUSY model is motivated
by a maximized yy rate. Deviations in yy rate may happen due to the presence of extra particles in
the loop. Because in the FP Higgs scenario the flavor physics constraints on charged Higgs masses
are largely removed and chargino could be light, those particles can be as light as their present lower
bounds from LEP II.

The free parameters at the EW scale which are relevant for our analysis are the following: the
gaugino masses M; and M,, the u term given by u = Avs/ V2, the sign(uM,) and sign(uM,). In
the present model, the mass of the charged Higgs is fixed once the value of u is given, see Eq.(14).
Moreover, we have chosen the convention of keeping M, positive, and allowing sign(u) to vary. We
have set M;, = 125 GeV, M| = 100 GeV and /s = 7 TeV.

Then, |u|, sign(x) and M, are free parameters. We chose to re-express |u| and M, as functions of
two physical mass parameters: the charged Higgs mass (Mp-+) and the lightest chargino mass (M,;),
as follows

\/M,f + (M2, - M2,)sin?(28) - M2 cos?(2B)
V2

2
= VIM,: \[4M2, (;;2 - M;Z) +2 (Miz - ;ﬂ) + M2, (1 - cos 4B) — 2uM?, sin 28

|l (16)

2(M§z - /12)
a7

There are two different values of the gaugino mass M5, corresponding to the same lightest chargino
mass. For convention M, > 0 and, for each sign(u) and |u| value, only one of the two solutions is
allowed. Finally, we recall that the A parameter is determined by inverting (11).

The corresponding decay widths for the radiative induced decays # — yy and h — Zy of the
lightest CP even Higgs boson £, in the framework of pure FP NMSSM model, are reported in our
paper [2].
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Figure 1. Radiatively induced signal rates of 125 GeV FP NMSSM Higgs decays & — yy (left) and h — Zy
(right) at the 7 TeV LHC as functions of the lightest chargino y; mass (M,) for several charged Higgs boson H*
masses (Mpy+) as indicated in figures and for tan8 = 1. The SM central value prediction (dashed line) together
with 1o uncertainty band A(S M) and the FP SM Higgs prediction are also shown. The lines above (below) the
FP SM line correspond to sign(M,u) > 0 (sign(Mru) < 0) for h — yy and to sign(M,p) < 0 (sign(Myu) > 0) for
h— Zy.

In order to avoid a large tree-level Higgs decay into an invisible sector [2], that would destroy the
potential enhancement of the Higgs decay into yy [8], we will require that the mass of the lightest
neutralino (M 0 ), which is the lightest supersymmetric state in our scenario, is heavier than half of the
Higgs mass. Then, due to R-parity, all other Higgs decays into two generic neutralino states 7 — X?X?,
including the case in which one or both are virtual states, will automatically vanish. In addition, we
also require the lower bound on the chargino mass to be 90 GeV.

Taking into account the results obtained so far, we have computed the 7 — yy and h — Zy signal
rates for the FP Higgs boson in the FP NMSSM. We present our results in Fig. 1 where we plot the
signal rates of those processes as functions of the lightest chargino mass M, for different charged
Higgs boson masses as indicated in the figure. The SM predictions together with their uncertainties
and the FP SM predictions are also presented. The 1o (green) band corresponds to the theoretical
uncertainty on the SM production cross section by gluon-gluon fusion. We have not included the
uncertainty band on the SM FP line since the corresponding theoretical uncertainty due to the VBF
cross section is quite small and can be neglected in this context.

From Fig. 1, we can see that for fixed chargino mass there are always two solutions for the one-
loop SUSY amplitudes corresponding to 2 — yy and h — Zy decays. This can be understood as
follows. For values of M, below the intersection point with the FP(SM) line, the double solution is
mainly due to the sign of u that controls the relative sign of the SUSY amplitude with respect to the
SM one. The lines above (below) the FP SM line correspond to sign(Mu) > 0 (sign(Mou) < 0) for
h — yy and to sign(M,u) < 0 (sign(Mpu) > 0) for h — Zy.

However, for values of M,: above the intersection point, the sign of u is fixed and the double
solution corresponds to the fact that in the loop run two non-degenerates values of heavy chargino
states at fixed My;. The kink point corresponds to the case where the two solutions for the heavy
chargino masses coincide. As we can see, there is a non-decoupling effect of the SUSY contribution
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to the loop yy and Zy decay amplitudes in correspondence of the maximum value for the lightest
chargino mass.

The absence of points in the half-plane above (below) the FP(SM) line for the curve corresponding
to Mg+ = 200 GeV in the case of i — yy (h — Zy), is due to the lightest neutralino mass constraint
Mxﬁ > M;,/2 and depends on our choice for M| = 100 GeV.

As seen in the Fig. 1, the FP NMSSM signal rates can be both bigger or smaller than the FP SM
predictions. For very light sparticles the total rate in yy channel can even exceed the SM prediction.
On the other hand, the after Moriond fits indicated that the LHC observed fewer yy events than
predicted by the pure FP SM [8]. That result could be easily explained in the FP NMSSM since also
rate reductions of as much as 50% are possible for the chosen parameters.

5 Conclusions

If there is a signal of a fermiophobic, or partially fermiophobic, Higgs boson with mass M;, = 125
GeV, the fundamental idea of supersymmetry, as it is implemented in the MSSM, is in trouble and
must be revised. In particular, we have shown that the MSSM with vanishing or strongly suppressed
Yukawa couplings is ruled out, independently of the particular supersymmetry breaking mechanism.
Indeed, due to the absence of Yukawa couplings the usual (large) logarithmic corrections to the Higgs
mass, induced by the scalar particles running in the loops, are absent and the upper bound on the
Higgs mass is very close the Mz mass.

In order to rescue supersymmetry, we show that a viable model beyond MSSM could be the
NMSSM, where the absence of tree-level Yukawa couplings in the superpotential is guaranteed by the
addition of a Z3 discrete symmetry.

In this framework, we consider the particular NMSSM case in which the mixing of the singlet
with doublet Higgs fields is absent in the CP-even sector and at tree level the lightest Higgs boson
is exactly SM-like. We analyzed the predictions of this scenario for a M), = 125 GeV Higgs at the
LHC. We show that the predictions for the one-loop Higgs boson branching fractions and production
rates in yy and Zy can be sizably modified with respect to the FP SM model, allowing a better fit to
after Moriond collider data. However, the tree-level Higgs decay channels into WW* and ZZ* remain
unaffected if the mixing between the singlet and doublet Higgs fields is absent. Relaxing this last
condition, and so adding a new free parameter, the Higgs coupling to weak gauge boson WW and ZZ
can be modified, and a suppression of the rates for A - WW* and h — ZZ* with respect to the pure
FP model expectations can be achieved.

Finally, we would like to stress that the FP NMSSM offers a new arena for SUSY phenomenology
at the LHC. In particular, most of the previous analysis on SUSY particle searches should be revised
in the light of the fact that the large top- Yukawa coupling is absent or strongly suppressed.
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