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Search for Higgs bosons beyond the Standard Model
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Abstract. While the existence of a Higgs boson with a mass near 125 GeV has been
clearly established, the detailed structure of the entire Higgs sector is yet unclear. Be-
yond the standard model interpretation, various scenarios for extended Higgs sectors are
being considered. Such options include the minimal and next-to-minimal supersymmet-
ric extensions (MSSM and NMSSM) of the standard model, more generic Two-Higgs
Doublet models (2HDM), as well as truly exotic Higgs bosons decaying e.g. into totally
invisible final states. This article presents recent results from the CMS experiment.

1 Introduction

The discovery of a Higgs boson at a mass near 125 GeV has been a milestone for Elementary Particle
Physics [1, 2]. One of the most relevant questions after this discovery concerns the structure of the
Higgs sector. Up to now, the measured properties of the observed state are in accord with the expec-
tations of the standard model (SM). Nevertheless, the observed particle could well be only the first
member of an extended Higgs sector. Detailed analysis of the Higgs couplings as they are measured
from the various decay channels indicate that there is still plenty of room for non-SM decays of the
H(125) boson [3]. The most promising approach is the direct search for additional Higgs bosons, or
for decays that are forbidden in the SM.

2 Higgs Models Beyond the Standard Model

Supersymmetry presents an elegant solution to the quadratic divergences in the Higgs mass radiative
corrections, since the super-partners of the classical particles cancel the corresponding loop contribu-
tions. In order to achieve this cancellation, supersymmetry naturally requires additional Higgs bosons.
The minimal sypersymmetric standard model (MSSM) features two complex Higgs doublets, leading
to five physical Higgs boson states, three of them neutral (h, H, A), commonly denoted as ¢, and two
of them charged (H*). At tree level, the MSSM is governed by two parameters, ma and tan 3, where
the latter is the ratio between the vacuum expectation values of the two Higgs doublets.

The next-to minimal sypersymmetric standard model (NMSSM) is characterized by two complex
Higgs doublets plus an additional singlet field. This results in seven physical Higgs states: hy, h,, h3,
aj, ap and h*.
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The two-Higgs doublet models (2HDM) can be seen as an effective theory, which extends the
SM by adding a second complex Higgs doublet. Flavor conservation can be imposed by enforcing
symmetries. This leads to four types of 2HDM — Type I, Type II, Lepton-specific and Flipped — which
differ in the way the Higgs doublets couple to the fermions. The structure of the MSSM corresponds
to a Type I 2HDM, with a similar set of Higgs bosons. In less restricted 2HDM, also flavor-changing
Yukawa couplings are possible.

Other models are inspired by warped extra dimensions (WED), as the Randall-Sundrum model.
Such models may predict new heavy particles that can decay into pairs of H(125) Higgs bosons.
Examples are the radion, which is a particle with zero spin, and the first Kaluza-Klein excitation of
the graviton, which has spin two.

3 Search for Neutral MSSM Higgs Bosons in the 7 Channel

The decay ¢ — 77 represents a good compromise between a relatively large expected branching frac-
tion, and manageable backgrounds. Both leptonic (7, 7,,) and hadronic 7 decays (4aq) are considered,
and five of the six possible combinations — T¢T, TeThad» TuThad> ThadThad and 7,7, — are used in this
analysis. The main production modes considered are gluon-gluon fusion, characterized by absence of
any b-tagged jet, and b-associated production, where at least one b-tagged jet is required.

The main backgrounds and the way they are estimated in this analysis can only be addressed in
broad strokes. Contributions from decays of the Z boson into the 77 final state are estimated using
an embedding method. In this technique Z — pu decays are extracted from real data, and the muon
products are replaced by simulated 7 decays. The Z — pu background itself, which is most relevant
for the 7.7, and 7,7, channels, is suppressed by using the distance of closest approach of the two
muon tracks. All distributions are found to be well described by the background hypothesis.
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Figure 1. Upper limits on o - B(¢ — 77) at 95% CL for gluon fusion (left) and b-quark associated neutral Higgs
boson production (right) for a single narrow resonance (right) [4].

In absence of a signal, upper limits are computed for o - B(¢ — 77), separately for the gluon
fusion and b-associated production modes, as they are shown in Figure 1. The observed and expected
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limits agree well, where the latter take the contribution of a SM Higgs boson at 125 GeV into account.
The combination of the 7 and 8 TeV datasets allows extension of the Higgs mass range up to 1 TeV.
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Figure 2. Expected and observed exclusion at 95% CL limits in the ms — tan 8 parameter space for the MSSM

m™ and m™%* benchmark scenarios [4].

The results are interpreted in the context of the MSSM. The full MSSM Higgs mass spectrum is
taken into account. A test statistic comparing the likelihoods of the MSSM and SM hypotheses is
computed for each MSSM parameter point, and a point is taken as excluded if the confidence level of
the MSSM hypothesis is less than 5%. The resulting constraints in the space of the MSSM parameters
my and tan S are shown in Figure 2. The left plot shows the exclusion limits in the traditional m}"**
scenario. In this scenario, which was defined before the discovery of the boson at 125 GeV, the
radiative correction parameters were tuned such that the mass of the lightest MSSM Higgs boson, h,
became as large as possible. As a result, only a narrow band mostly at moderate values of tan 5 seems
possible with the m;, mass still compatible with the measurement at 125 GeV.

However, this band does not take any uncertainties of the MSSM parameters beyond the tree level
into account. Recently, new benchmark scenarios have been created [5] which are better adjusted to
the measured mass of the Higgs boson at 125 GeV. The right plot in Figure 2 shows the exclusion
limits in the mL“°d+ scenario. The 125 GeV mass constraint only results in a lower constraint on tan g3,

and the upper limits only come from the direct search.

4 Charged Higgs Bosons

Observation of a charged Higgs boson would be immediate evidence for physics beyond the SM. If the
mass of the H* is below the top mass, it can be produced in top decays. In the MSSM with tanB < 1,
the dominant decay mode is H* — c3. If the second top quark in a tt event decays semi-leptonically,
the event topology is similar to that of the tt lepton-plus-jets channel, and the signal should appear as
a second peak besides the W™ in the di-jet invariant mass distribution.

The recent CMS analysis [6] performs a search for this channel in events with an isolated muon, a
minimum of four jets with at least two b-tags, and a modest requirement of missing transverse energy

04039-p.3



EPJ Web of Conferences

(CMS Preliminary, Vs=8TeV, 19.7fb!

2 r Ry
$ 2500y 120 Gev f @ Observed — o 4
R . (= ] CMS Preliminary, s =8 TeV, 19.7 fb

[ Brto Hb)=0.2 B argerop ]
C < Wl ; 4 C 7]
20000 =1 1 Soaal- -
r mT?lal Unc. b T L -»@: Observed N i
F ---H'> ¢§ b - - t—> H'b, H > s q
1500 — — o C —— Expected ]
& 1 @oiz- P BR(H® = c§) = | ]
L 1 L Expected limit + 1 ]
C - 2 L l:l Xpectec im! ° 1+ jets final state 4
10001 - g 0.1— l:l Expected limit+2 ¢ —
C 1 5 7F i
L ] © L i
500/~ - Fo.osH f
L 4 [+ I T
| 4 = .’ —
500 0.06— A
M; (GeV) C 4
5 0.04 .

o 03 * 1] L ]

é; > o1 #leu.aAA Prooee 2T S MAx%% L ]

B o e ot Thet200 | 0.02- N

8| o2 L ]

-0.3
04 T | Lo b b b b Il
o4 o P I A
0 20 40 60 80 100 120 140 160 180 200 90 100 110 120 130 140 150 60
M; (GeV) m,. (GeV)

Figure 3. Left: Di-jet mass distributions after all selections. The dotted line represents the total expected event
yield in the presence of a charged Higgs boson [6]. Right: Exclusion limit of B(t — H*b) at 95% confidence
level asuming B(H* — ¢§) = 100%.

to suppress QCD and Z+jet backgrounds. A kinematic fit is applied constraining both top candidates
to their nominal mass, improving the mass resolution of the cs candidate. The resulting di-jet invariant
mass distribution is shown in Figure 3 (left). This figure also shows the enhancement which would be
expected if 20% of the top decays contained a H* boson with a mass of 120 GeV.

No such enhancement is observed in the data. The resulting upper limits for the branching frac-
tion B(t — H*b) ranges from 2-3% in the mass interval of 100~150 GeV, on the assumption of
BMH* — ¢5) = 100%. These limits apply to practically any BSM resonance with the correspond-
ing production and decay topology.

5 Lepton-Flavor Violating Higgs Decays

In the SM, decays violating the lepton flavor conservation are forbidden. However, such decays may
be allowed in certain two-Higgs doublet models, composite Higgs or Randall-Sundrum models. This
section focuses on a direct search for Higgs decays in the H — ur channel [7]. The 7 leptons are
identified in their electronic (7) and hadronic 7,9 decay modes. The signature is thus similar to the
H — 77 analysis, but the kinematics differ strongly due to one neutrino less present in the final state.
Events are selected which contain, besides an isolated muon, either an isolated lepton or a hadronic
7 candidate. The events are categorized according to the number of jets. As a signal variable, the
collinear mass is reconstructed from the visible decay products.

The analysis of the collinear mass spectra shows that the observed distributions are compatible
with the background expectations. The observed upper limit for the branching fraction B(H — ur)
is 1.57%, compared to an expected limit of 0.75%, at 95% confidence level. The best-fit result is
BMH — ur) = (O.89f8:‘3‘(7))%. These results correspond to a mild excess of about 2.5 standard devia-
tions, which is still in agreement with the SM. Figure 4 (left) shows the breakdown of the upper limit
into the various event classes.
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Figure 4. Left: Upper limits by category for lepton-flavor violating H — ut decays [7]. Right: Constraints in
the plane of the flavor-violating Yukawa couplings Y, and Y.

The result can be directly interpreted in terms of the anomalous Yukawa couplings Y, and Y,
and the resulting constraint in the space of these two parameters is shown in Figure 4 (right). This
new result improves on the best existing indirect measurements by a factor of ~ 4.4, leading to the
best limits to date.

6 Resonant Production of Higgs Pairs

In the SM, the rate of Higgs pair production is very small, and beyond experimental reach with the
currently available integrated luminosity recorded at the LHC. But heavy resonances decaying into
Higgs pairs in the context of BSM physics could have a much higher cross section, which could be
probed with the existing dataset. Candidates for such resonances are heavy MSSM or NMSSM Higgs
bosons decaying into a pair of H(125) bosons, but also radions or Kaluza-Klein excitations of the
graviton in the context of warped extra dimensions.

The analysis presented here [8] combines the H(125) decay channels into bb and yy, which have
the virtues of large branching fraction and good mass resolution, respectively. The selections are
similar to the corresponding SM inclusive analyses. A mass-constraint fit is performed on the bb
candidate using the known mass of the H(125), which improves significantly the mass resolution of the
resonance candidates. The signal is searched for in the m,,, distribution for low mx (< 400 GeV) and
in the m,,y;, distribution in the high mx region. Beyond 1100 GeV, there is an increased probability
for the bb pair to merge into a single “fat” jet; for this reason, the search is not continued beyond this
point. Medium and high purity selections are performed depending on whether b-tagging is required
on one or both legs of the di-jet candidate. Even the medium purity selection is characterized by low
QCD background because the presence of two photons is required. Selected invariant mass spectra
are shown in Figure 5. They do not exhibit any significant peak, only a smooth background structure.

04039-p.5



Events/ (1 GeV)

EPJ Web of Conferences

CMS Preliminary L=197f6' (s=8TeV CMS Preliminary L=19.7f5' Vs=8TeV
20 e —~ 9T
[ T m, =350 GeV ] > E b ¢ Dat B
18fX = HH — yybb ot = 8 BjX—>HH—>Wbb _F;a E
C H H — Fit ] C H H ) ]
16:,Medlum purity F:tt2c : Py 7}Mednum purity ?:ffc E
r Fitt1o B ~— C itt1o b
ot | = ey ]
12? | [)) I |
r ] < 5: B
10 E () r 1
r 1 > 41 =
81 - 1N t ]
6 3 3 E
4 11 Te | 2 E
) Il : E
T | B

110 120

1 I 7 Pl L
30 140 150 160 170 180 400 500 600 700 800 900 1000 1100 1200

m,, (GeV) k. (GeV)

Figure 5. Left: Di-photon invariant mass spectrum from the low-myx analysis for a mass hypothesis of
my = 350 GeV [8]. Right: Spectrum of the invariant mass of the HH candidate in the high-my region.
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Figure 6. Expected and observed upper limits on the cross section times branching fractions o(pp — X) X
B(X — HH — yybb) . Theory lines corresponding to WED models with radion, RS1 KK-graviton and bulk KK-
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regions.
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In absence of a signal, upper limits on the product of cross section and branching fraction are
derived and displayed in Figure 6. They are compared to predictions of radion and graviton models.
The results exclude radions with m<970 GeV for the radion scale Ag = 1 TeV, and RS1 KK gravitons
in the mass range of 340400 GeV.

7 Invisible Higgs Decays

Invisible Higgs boson decays are possible in a wide range of models, including decays to neutralinos
in supersymmetric models, or graviscalars in models with extra dimensions. According to Higgs-
portal models, the Higgs boson could be a mediator between the SM particles and particles of the
dark matter sector. The analysis of couplings, under certain assumptions, constrains the branching
fraction into non-SM decay modes indirectly to < 32% [3].

Figure 7. Feynman diagrams for Higgs production is association with a Z boson decaying into a pair of leptons
(left) and b-quarks (middle), and in vector boson fusion (right). The Higgs boson is assumed to decay invisibly.

Direct searches for invisible Higgs decays are possible in final states where the Higgs boson recoils
against a visible system [9]. Examples are the associated production with a Z boson decaying either
leptonically or to a b-quark pair, as illustrated in Figure 7 (left) and (middle), or vector boson fusion
(VBF) as depicted in Figure 7 (right).

While the VBF process is favored by the larger SM cross section, the final state of two jets plus
missing transverse energy suffers from large backgrounds. These are mainly events containing vector
bosons and additional jets, where the vector bosons are not seen, like Z bosons decaying into neutrinos.
The signal is analyzed in the variables of missing transverse energy and di-jet mass. The observed
distributions of these variables are shown in Figure 8. They are well described by the SM background
distributions as they are estimated from data, and no excess attributable to invisible Higgs production
is seen. The combined analysis of the VBF and Z-associated processes results in upper limits of the
invisible branching fraction of a Higgs produced if it is produced according to the SM production
cross section, which is shown in Figure 9. The observed upper limit of this branching fraction is 58%
at a mass of 125 GeV at 95% confidence level. This result represents a considerable improvement
with respect to earlier direct searches.

8 Summary

This article summarizes several recent analyses that address the fundamental question whether the
observed Higgs boson at ~125 GeV could be just one member of an extended Higgs sector, and thus
potentially a window into New Physics. While a sizable number of key signatures has been studied,
only part of the range of possibilities has been constrained so far. The upcoming Run II of the LHC
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Figure 8. Distributions of missing transverse energy (left) and di-jet invariant mass (right) in the signal region of
the invisible Higgs VBF analysis. A potential signal contribution from a hypothetical Higgs boson at a mass of
125 GeV decaying exclusively into invisible modes is shown as red lines [9].
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will significantly extend the reach, especially towards higher masses, and open a rich future research
programme in the BSM Higgs sector.
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