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Exotic Higgs Searches at the LHC

1. Introduction

The recent discovery of a new boson by ATLAS [1] and CMS [2] collaborations at the LHC
is possibly the last missing stone of the Standard Model (SM) building. The most recent studies
on its properties show that this boson is remarkably similar to the Higgs boson predicted by the
SM [3, 4, 5]. However, the SM is well known to break at a larger scale and some major open points
must be understood: the unification of couplings; the hierarchy problem; the dark matter issue; and
the source of neutrino masses. In relation to these aspects, searches for new physics as an extended
Higgs sector, with additional Higgs-like particles, are of great interest.

2. Searches

This report summarizes some of the searches performed at the Large Hadron Colliders (LHC)
for an Higgs-like particle beyond the SM. Many analysis have been preformed by the ATLAS [6]
and CMS [7] collaborations, considering a number of different scenarios.

A possible set of extensions of the SM, called Two Higgs Doublet Model [8] (2HDM), adds a
second doublet in the Higgs sector, giving rise to a total of five physical states: three neutral (h,H
CP-even and A CP-odd) and two charged (H¥). These models introduce two mixing angles & and
B, which describe the mixing of CP-even and CP-odd states, respectively. Also, tanf3 is the ratio
of the vacuum expectation values of the two doublets: tan 8 = v, /v;. These general models can be
further classified depending on the fermion coupling to the Higgs sector. In type I 2HDM models
all quarks couple to just one of the Higgs doublets. These include the fermio-phobic limit scenario.
If up-type quarks couple to one Higgs doublet and down-type quarks couple to the other, we have
Type II models. A well known examples is the minimal supersymmetric standard model (MSSM).
Other types (III and IV) consider different coupling for leptons and are not considered here.

2.1 MSSM searches

Many searches have considered the minimal supersymmetric standard model (MSSM). This
particular declination of Type II 2HDM can be described by two parameters: tan 3 and ma. For
large values of tan 8 the coupling to b-quarks is enhanced with respect to that of the SM. The asso-
ciate production gg — bb¢ is favourite and the most important decay channels are ¢ — bb/77/uu
with BR~ 90/10/0.04%, respectively. The most stringent limits obtained so far by both ex-
periments are those using the 7 final states. The CMS collaboration, using an integrated lumi-
nosity of 5fb~! at 7TeV and 12fb~! at 8 TeV, published a lower limit as low as tanf3 > 5 for
my < 250GeV [9], and less stringent limit for ma up to 800GeV. ATLAS has a similar analysis
with less integrated luminosity (4.7 to 4.8 fb~! at 7TeV) and, correspondingly, less stringent lim-
its [10]. Both collaboration have also worked on the pu final state, that, despite the small BR, has
a very clean signature [10, 11]. The limit reached is about tan 8 > 10(20) for low ma for ATLAS
with a total integrated luminosity of L=4.7-4.8fb~! at 7TeV and CMS with L=5fb~" at 7TeV, re-
spectively. CMS has also published an analysis using the ¢ — bb decay, which suffers from the
very large background from QCD multijets events, gluon splitting into heavy flavour jets, flavour
excitation as well as from b-jet mis-identification. A limit on tan 8 > 20 for my ~ 120GeV has
been reached [12].
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The charged Higgs H* can be produced either from top quark decay (t — bHT) if m,+ < Myop
or via gg — tbH* otherwise. In the first case, which has been investigated by ATLAS and CMS
collaborations, the preferred decay channels are HY — 7¥v and H* — cs which are dominant
for large and small tan 3, respectively. Both semileptonic and hadronic decay of the associated
top quark have been investigated in the H — v channel. The analysis has been performed by
ATLAS [13] and CMS [14] using only 7TeV data. A limit on the BR of t — bH™ of the order of
few percent for 80 < my,+ < 160GeV have been reached. ATLAS has also considered the HE — cs
channel, reaching a similar limit in BR [15].

2.2 Next-to-MSSM searches

The next-to MSSM (NMSSM) model [16] adds a further scalar singlet to the Higgs sector of
the MSSM. It has some advantages over the MSSM, since it accommodates better for a lighter
Higgs boson with a mass my = 125GeV. Furthermore, it solves the problem of the p-term in the
Lagrangian of the theory, since that term is dynamically produced by a vacuum expectation value of
the singlet, avoiding the need of fine-tuning. The resulting Higgs sector in the NMSSM comprises
three CP-even states h; 5 3, two CP-odd ones a; », and two charged H*. The a; can be very light
m,, < 2my and can have a significant branching ratio to photons, muons, taus, and bottom quarks
for large tan 3, depending on the kinematically allowed decay channel for a given a; mass [17].
Some of these final states have been investigated at the LHC. Direct production of a; and its decay
into a pair of i has been searched for with a dedicated exclusive trigger path, for pair of muons
with invariant mass around the Y(nS) resonance [18, 19]. Furthermore, ATLAS has considered
the decay chain h—aa— 47, where the resulting 7y pairs would be very collimated given the mass
difference of h and a and the large boost of the latter boson [20]. For this final state, the limit
reached is o(pp — h — aa — 4y) < 0.1(0.2) pb for ma = 100,200(400) MeV. CMS has instead
studied a similar decay chain with a — puu decay [21]. A model independent limit on ¢ X BR x
Acceptance is set at 0.78 £0.05 fb, corresponding to a limit on o(pp — h — aa — 4u) < 1.5(3) pb
for ma = 0.25(10r3.55)GeV and my, = 125GeV.

2.3 Other searches

The ATLAS collaboration has analyzed the decay chain H-WW— evuv, within 2HDM
scenarios, under the hypothesis that the state at 125GeV is the light Higgs (h) and that A and H*
are heavy enough not to affect the cross section and branching ratio of H [22]. The null results have
been interpreted in the my, vs cos & plane for a set of values of tan 3.

Recent results from CMS on h—-WW— ¢vqq [23] and on h—ZZ— 2¢2v [24] have been
interpreted in the context of heavier Higgs boson search, beyond the SM, using an alternative
model, which add an electro-weak singlet to the SM Higgs sector. This model will be discussed
later.

Other scenarios have been investigated at the LHC, including fermio-phobic (FP) Higgs and
standard model with forth generation of fermions (SM4). The FP Higgs has been excluded up to
my, < 147GeV [25], while the SM4 Higgs is excluded in the range 100 < myg,, < 600GeV [26,
25].

A direct search of the invisible decay of Higgs by ATLAS, using associate production Z—Zh,
and setting an upper limit on BR(h— invisible) < 30% [27].
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Finally, a direct search for a doubly charged Higgs-like state has been performed by both
collaborations. The reference model is the minimal seesaw of type II [28] which includes in the
SM Higgs sector an additional scalar field, that acts as a triplet under SU(2)y.. This triplet produces
a set of Higgs boson-like particles: neutral, charged and doubly charged ®°, &+, &**. The Yukawa
coupling matrix elements of these scalar field are proportional to the light neutrino mass matrix.
They decay into leptons, including flavour-violating decay. The ®** decays into pair of same-
charge leptons, for which the SM background is highly suppressed. Other models, such as Higgs
triplets, little Higgs and Left-Right Symmetric models can be considered as well. The analysis of
7TeV data by ATLAS [29] and CMS [30] reached a limit in mass mg++ > 200 —450GeV depending
on the final state considered.

3. Future plans

From the brief summary of the analysis published by the LHC collaborations, it is clear
that many searches do not makes use of the 125GeV boson discovered in the context of SM
Higgs searches. On the contrary, some analysis show an excess in correspondence of a mass
my, =125GeV. This is particularly evident in searches which are similar to that for the SM Higgs, or
are a reinterpretation of that, e.g. fermio-phobic and SM4. The reason for this is of course that most
of the analysis started well before the discovery of the 125GeV state. A more direct involvement
of the 125GeV boson can extend the current searches for other Higgs states, by including the hy;s
in the decay chain considered. From the experimental point of view, having a resonance of known
mass in the decay chain can certainly help the selection efficiency for a signal. For examples, the
following new channels could be considered: H — hjsshjss, gg — hjas — hjoshy, A — hypsZ, etc.

Also, the model considered does not explicitly have an Higgs state at 125 GeV, even though
the MSSM inspired ones can easily accommodate it. The benchmark model widely used so far, the
so called m!

max?

(hence the name), so it can have my up to ~ 135GeV, thanks to radiative corrections. This is

was developed with the aim to allow the lightest Higgs to be as heavy as possible

not needed anymore, so also a review of the benchmark model is advisable. A recent work has

h

indeed introduced a modified version of the benchmark, called m which takes into account

mod>
the evidence of a boson at 125GeV [31]. With this revised benchmark model, the phase space
compatible with the existence of a 125GeV state is increased with respect to the mf , one, where

only a narrow band was allowed, as shown by the green regions figure 1.

Furthermore, some recent studies indicates that, in the context of MSSM, the low tan 8 region
is potentially of interest, in particular if the SUSY scale is not requested to be close to 1TeV, as
was the case for standard MSSM benchmark scenario considered so far [32]. Most of this region
was excluded by LEP [33], and little extension to that limit has been provided by LHC: only the
search t — H" — cs has contributed [15] , while all other direct MSSM searches have sensitivity
to high tan 3, the most sensitive being ¢ — 77. This low tan 8 region can be explored by heavier H
boson decaying to WW or ZZ, below the tt decay threshold. Especially for H—-WW, which has a
very poor resolution on the H boson mass if the leptonic decay of the W are used, the contribution
of hips —WW should be considered as background and taken into account, strange as it may seem.
At higher masses, also the hadronic decay for at least one vector boson can be considered. It is
important to note that the width of such an heavy higgs is narrow < 3GeV, since the coupling ggyy
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Figure 1: The tan 8 vs my planes in the mf,, (left) and mgmd (right) scenario, with excluded regions from
direct Higgs searches at LEP (blue), and the LHC (solid red); the dotted (lighter) red region is excluded by
LHC searches for a SM-like Higgs boson. The two green shades correspond to the parameters for which
my = 125+2(3) GeV. These figures are taken from [31]

is suppressed. At even higher mass, the H/A — tt is relevant. Other channels which can explore
the low tan 3 region are A—Zhjs and H—hyys hys. Figure 2, from [32], shows the expected
sensitivity for these channels using a MSSM scenario where my =125 GeV.
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Figure 2: The estimated sensitivity for various channels for the heavier MSSM H boson in the tan 8 vs ma
plane. This figure is taken from [32]

More generally, it would be interesting to try to develop some model-independent searches.
This is quite difficult, since the phase space available in the Higgs sector, even with one Higgs
found, is very large. However, a set of simple models, considered as effective theories, can be
envisaged to provide benchmark point and a common interpretation of experimental results.

Any such model must be consistent with the observation of the boson at 125 GeV, contain an
heavy Higgs-like state, and be compatible with the precision electroweak measurements available.
Further assumption can be made, namely the spin and CP of the heavy state is 0", the custodial
symmetry between W and Z is not broken, and the new state does not introduce flavour changing
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neutral currents. Two methods have been proposed: one is a generic 2HDM model [8, 34], already
used by ATLAS and discussed before, and one based on the addition of one electro-weak singlet to
the SM Higgs sector [35, 36, 37], used recently by CMS to interpret the results of H-WW— ¢vqg
and H—ZZ— 202v searches.

For the former model (2HDM), several choices of benchmark can be done, in addition to those
presented by ATLAS in the my vs cos @ for various values of tan 8. For example, a better choice
would be |cos(a — )| (which correspond to the HWW coupling) vs tan 3, for various choices of
A, A4 and Ap (linear combination of the Higgs self-coupling), limiting | cos(a — )| between 0 and
0.5, corresponding to a very rough SM-like hj»s. An alternative would be a three parameters scan
over |cos(a — f3)|, tan B and my, and choose benchmark values for A4 and Ag.

In the latter model, SM+EW-singlet, the EW singlet introduces a second, heavier Higgs state
(H). The coupling strength of the h and H to fermions and vectors are those predicted by the SM
but they are rescaled by a factor C and C’, for h and H, respectively. Under these assumptions, the
unitarity condition requires that C> +C’? = 1. By considering the simplest case in which a possible
H — hh decay is ignored, two constants can be rewritten as C = cos @ and C’' = sin 6, where 0
is, together with my, one of the two parameters of the theory. A further extension is to introduce
a new branching ratio for the decays of the heaviest Higgs into unknown final states, including
H—hh. This introduces a third free parameter BR,,,, and extend the generality of the model. In
particular, the width of the heavy Higgs state becomes I" = FSM#;W, so the state can be either
very narrow or very wide. The signal strength instead scales by a factor y’ = C?(1 — BR,,,). The
SM benchmark correspond to the limit C’ — 0. The model can be explored in the plane BR,,, Vs
C'?, as shown in Fig. 3.

LHC HIGGS XS WG 2013
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Figure 3: The parameters plane BR,,,, vs C'> of the SM plus EW-singlet model, with the isocurves for equal
signal strength pt” and width I /Tsys (relative to SM one) of the heavier Higgs state.

The direct measurements of the signal strength of hy5 can be interpreted as a constraint on
that of the H [37]. The current measurements on SM signal strength p (u7t45 = 1.34+0.2 [4];
,uhCMS =0.84+0.14 [3]) can be interpreted to out lower bound on u itself, and hence an upper bound
on . Taking the uncertainty to be Gaussian distributed, these correspond to a 2¢ lower limit of
p'? < 0.1(0.46) for ATLAS(CMS), respectively. If BR,, is assumed to be negligible, the upper
bound is transferred directly on the heavy Higgs coupling: C'> < 0.1(0.46) for ATLAS(CMS).
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4. Conclusion

We briefly described the search for Higgs bosons beyond the standard model performed at

the LHC by ATLAS and CMS collaborations and discussed some of the future plans as well as
two possible scenarios for interpretation of current and new results with more generic benchmark

models.
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