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1 Introduction

The physics program of the LHC run-1 data taking period during 2011 and 2012 has been most
strikingly affected by the discovery of a new particle, with an invariant mass of 125 GeV by
the ATLAS and CMS collaborations [1-5]. The discovery has been made at consistent values
of the hypothesized invariant mass of the final state products in the ZZ [6, 7] and 7 [8, 9]
final states, with convincing evidence in the WW [10, 11] and 77 [12-14] decay channels. The
observation in the bosonic final states gives proof to the bosonic nature of the new particle. The
evidence in the 77 final state, together with the non-observation in the yp decay channel [15,
16] demonstrates a non-universal coupling of the new particle to fermions. Finally a detailed
analysis of the spin, CP and decay width of the new particle [17-20] as well as a comprehensive
analysis of its coupling structure [21-23] have revealed consistency with the expectations for
the SM Higgs boson within O(10%) precision. In particular the observed proportionality of the
coupling to the mass of the fermions and to the mass squared of the vector bosons matches the
SM expectation. The mass of the new particle has been measured to be 125.09 + 0.21(stat.) &
0.11(syst.) GeV by combining the ATLAS and CMS analyses in the vy and ZZ decay modes as
these provide the best mass resolution [24]. In the following the observed Higgs boson will be
referred to as H°.

The search for the SM Higgs boson is not the only part of the Higgs physics program of the
LHC experiments. A rich program of searches for (additional) Higgs bosons has been carried
out by both experiments. In this note the results of several searches for additional heavy Higgs
bosons in models beyond the SM are summarized that have been performed with data recorded
by the CMS detector. The analyzed data correspond to the full LHC run-1 dataset collected
during 2011 and 2012. It amounts to integrated luminosities between 19.7 — 24.8 fb~!. The
results are shown in the form of exclusion contours in four benchmark scenarios. Two bench-
mark scenarios have been chosen within the Two Higgs Doublet Model (2HDM). The other two
benchmark scenarios are defined within the Minimal Supersymmetric SM (MSSM). The shown
exclusion contours are restricted to those analyses which contribute to a common parameter
space of these scenarios.

Common to all considered scenarios is the presence of two SU(2); doublet fields that can ac-
quire a non-zero vacuum expectation value (VEV). As a consequence in contrast to the SM, they
predict the presence of five Higgs bosons, of which three (1, H and A) are neutral and two (H)
are charged. Of the neutral Higgs bosons the A is CP-odd, while the H and the & are CP-even.
The latter are distinguished by their mass, h usually referring to the light and H to the heavy
mass eigenstate of the mixing matrix, M?2, of the two neutral CP-even Higgs boson states. In
all considered scenarios the h is identified with the H. A constraint on all scenarios thus is
that the i must be consistent with the observed mass and properties of the H’. In particular the
regularizing role of the Higgs sector in processes which otherwise violate unitarity, like vector
boson scattering, together with the measured couplings of the H impose strong constraints on
the coupling strength of any additional Higgs boson.

In Section 2 the scenarios of choice are discussed in more detail. In Section 3 the data, for which
exclusion contours are shown are summarized and the methods used to obtain the exclusion
contours are discussed. The exclusion contours are given in Section 4.
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2 Description of the 2HDM and MSSM scenarios
2.1 Description of the 2HDM scenarios

The most general 2HDM has many degrees of freedom yielding 14 a priori unconstrained pa-
rameters and four special types, depending on the way the two SU(2); doublets are coupled
to the fermion sector. For this note two 2HDM scenarios, one of type-I and and one of type-II
have been chosen. In 2HDM'’s of type-1, the SU(2); doublets couple to both up- and down-type
fermions equally; in 2HDM's of type-1I one doublet couples exclusively to up-type and the other
exclusively to down-type fermions.

The 14 free parameters can be reduced to seven by the application of constraints on CP-violation
(in the Higgs sector) and other external measurements. For the remaining seven parameters
several possible basis choices can be made. A common choice that has been used for this note
is the physical basis, in which the free parameters are the masses of the five physical Higgs
bosons my,, my, my and my+, the mixing angle « of M2, the ratio of the vacuum expectation
values of the two SU(2); doublets, tan B, and the soft Z,-breaking mass parameter . The
two angles « and f can be substituted by cos(f — «) and tan g without loss of generality.

Two scenarios have been defined within the CMS collaboration to provide a parameter space
that allows as many analyses to contribute to the summary exclusion plot as possible. The
choice of parameters has been made equally for both scenarios, such that they differ only in
their type. As will be discussed in Section 3, the couplings of the H? set already strong general
constraints on cos(f — «). For the scenarios considered here the value of cos(f — «) has been
fixed to 0.1, which is compatible with the constraints given by the couplings of the H? in most
of the displayed parameter space. In this way the measured properties of the H are manifestly
incorporated into the definition of the scenarios.

For the 2HDM to fulfill perturbativity, unitarity, and vacuum stability, the masses of the re-
maining Higgs bosons should be roughly degenerate. However, in order to allow for the
non-standard decay A — ZH, m4 has been allowed to take values up to my = mpy+ =
mp + 100 GeV. Recent theoretical studies [25] have shown that decays of type A — ZH have
the potential of a smoking gun signature for 2HDM incarnations that can lead to a cosmologi-
cal first order electroweak phase transition and thus explain the origin of the matter-antimatter
asymmetry in our Universe.

Finally, the model definition is left with m1,. For mjy = 0, the Z, symmetry is maintained and
CP will always be conserved. However, in this case the vacuum of the 2HDM becomes non-
stable already for moderate values and non-perturbative for low values of tan . On the other
hand CP-conservation may also be satisfied for mj, # 0 for certain choices of the other param-
eters thus maintaining a theoretically viable model. Since all other parameters have already
been fixed, in practice this implies that m1, must be chosen with care to maintain theoretical
consistency. To accomplish this, the decision has been made to follow the method of the hybrid
basis described in Ref. [26], which guarantees theoretical consistency over a wide range of the
2HDM parameter space. For this purpose the physical masses have been translated from the
physical basis into the hybrid basis and then solved for m, at each point in the mpy—tan § plane.
This procedure results in the following equations:
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Table 1: Parameters of the 2HDM type-I and II scenarios used in this note. The parameters mpy
and tan B are chosen for a 2-dimensional scan. The H' is interpreted as the . The values of
my, and cos(B — «) are then constrained by the measured properties of the H. The values of
my and mp+ are taken to be degenerate and larger than mp to allow for decays like A — ZH.
The only remaining parameter, mj,, then needs to be carefully chosen to guarantee vacuum
stability and perturbativity of the model. This choice has partially been made in the 2HDM
hybrid basis as referred to in the text.

Parameter Value (type I or type II)
mp, 125.09 GeV
ma mpy + 100 GeV
M+ mpy + 100 GeV
cos(B — ) 0.1
m3, max(1 — tan ~2,0) - 3 sin(2B) (m? + A50?)

mpy and tan 8 scanned.

1
m%z =3 Sin(ZIB)(mi1 + A5vz)

1
As = 75+ EZ6 tan(2p) @)
Zs = [m}ysin(p —a)? + i} cos(p — @) —mi}] /0’

Zg = [(mj, — m};) cos(B — o) sin(B — )] /?,

where v = 246.22 GeV [27] corresponds to the VEV. However, this definition leads to a non-
stable vacuum for low values of tan 8. Therefore the definition of the scenario has been modi-
fied for this region by letting m11, go to 0 for low values of tan 3, which brings the choice of m1,
into its final form:

m3, = max(1 — tan B2,0) - %sin(Z,B)(m%, + A50%), (2)

that defines the benchmark scenario for the 2HDM of both types. For the limit calculation
cross sections and (partial) decay widths have been generated using the code SusHi [28] and
2HDMC [29]. This has been done for a grid of several points in my and tan g to allow for 2-

dimensional exclusion contours in these variables. A summary of all parameters is given in
Table 1.

2.2 Description of the MSSM scenarios

The MSSM is a specific example of a 2HDM of type-11. The additional strong constraints given
by the non-trivial fermion-boson symmetry fixes all mass relations between the Higgs bosons
and the angle «, at tree-level, leaving only two free parameters to fully constrain the Higgs
sector in the MSSM, instead of seven as in the general 2HDM case. In MSSM motivated searches
for additional neutral Higgs bosons these two parameters are usually chosen to be m,4 and
tan .

The Higgs sector of the MSSM has been studied extensively already before the advent of the
LHC. It has been exploited from the beginning of the LHC run-1 data taking period on, in
the form of several benchmark scenarios [30], which were defined to match the experimental
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observations within the uncertainties of the MSSM and to reveal characteristic features of cer-
tain regions of the parameter space. Based on this groundwork, for this note the medJr (with
i = +200 GeV) and the hMSSM scenario [31, 32] have been chosen. The mzw‘“’ scenario is
a modification of the former m}""* scenario that had been defined to maximize the achievable
values for m;,. In the m;'"™* scenario mj, reached up to values of 130 GeV. After the discovery of
the HY this scenario has been modified such that m;, is compatible with 115 within a theoret-
ical uncertainty of £3 GeV [33] in as much of the parameter space as possible. The hMSSM
scenario has recently been introduced as an effective MSSM model, trading the precise knowl-
edge of mp against unknown higher order corrections in M?2. In this way m;, = mp is again
a manifest requirement of the scenario. This trade further allows one to obtain relatively sim-
ple relations between 114, tan § and the anticipated SUSY modifications to the couplings to the
h, as expected from the SM, as will be further discussed in Section 3. This scenario is strictly
valid for m4 > 130 GeV and tan < 10. It can still be formulated for values up to tan § < 60
though the omission of direct higher order SUSY corrections to down-type fermion couplings
(also referred to as AP corrections) and corrections due to SUSY particles in loops, which be-
come relevant for tan B > 10 question the consistency of the predictions with SUSY. A detailed
discussion of the hMSSM has been given in Ref. [34].

3 Summary of the analyses entering the exclusion contours

3.1 Indirect constraints from the couplings of the H®

When interpreted as the & the predicted production and decay rates of the H? are particularly
sensitive to the angles & and B. In the 2HDM these angles are free parameters. In the hMSSM
they can be expressed in terms of the free parameters m 4 and tan B [32]. Thus in both cases the
allowed parameter space is constrained by the production and decay of the H°.

Such constraints have been obtained using the CMS inputs to the combined ATLAS and CMS
coupling analysis as presented in Ref. [23], for the vy, ZZ(4¢), WW(2¢2v), TT and bb decay
channels. For the discussion within this note the existing data have been re-interpreted; the
selected analyses have not been modified, in any other way. The production and decay rates
of the h relative to the SM expectation have been varied using the formalism of leading order
coupling modifiers, «; as defined in Ref. [35]. At leading order only three coupling modifiers
are needed to capture the relevant modifications of & production and decay relative to the SM
expectation in the considered scenarios. These are the modifiers for the coupling to up- and
down-type fermions, «, and x4, and the coupling to vector bosons, xy. For convenience, the
parameters Ay, = Ky, /%4, Avy = Ky /Ky and k= Kft /k;, have been used, where x;, (which can
be calculated in terms of the coupling modifiers, x,, x; and xy, assuming only decays into SM
particles) corresponds to the total width of the £, relative to the expectation of the SM. For the
SM all parameters take the value 1.

Based on this model, in a first step a general 3-dimensional likelihood function £ (A, Avy, €uu)
has been built. When maximized this likelihood function leads to the estimates A4, = 1.008, Ay,
= 1.160,%,, = 0.821. For this and any further maximization, systematic uncertainties have
been treated as nuisance parameters and profiled as done in the SM couplings analysis. The A;
have been used in a log-likelihood scan of the form

®)

q(/\du/ )\Vu/ Kuu) = —2In <£(data|)\du,/\vw Kuu)) ’

L (data | j\dur ;\Vu/ kuu )
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Figure 1: General constraints on the 2HDM parameter space obtained from the compatibil-
ity with the observed couplings of the H when interpreted as the h. The lines show the
contours which restrict the allowed parameter space at the 95% CL for a 2HDM of (left)
type-I and (right) type-II. The contours have been obtained from an increase of the test statis-
tic, g(cos(B — a), tan B), as defined in the text by Ag = 5.99 relative to the minimum in the
cos(B — a)-tan B plane, corresponding to a 95% confidence region for a x* function with two
degrees of freedom. The observed constraints are shown in black. The expected constraints
assuming just the SM Higgs sector are indicated by the red continuous line.

where the A; correspond to the points in a 3-dimensional grid. Under the 2HDM and the
hMSSM scenario the A; are related reducing the dimensionality of £ and g to a two-dimensional
hyperplane in the space of {A;}: in the 2HDM the A; depend only on « and f, leading to a de-
pendency that can be expressed as g(cos(B — «), tan §); in the tMSSM they depend on m 4 and
tan 8, leading to a dependency that can be expressed as g(m4,tan ). The relations used for
each scenario are given in Table 2.

The 95% CL exclusion contours in the 2HDM of type-1 and 1I, as obtained from the observed
couplings of the H?, in the cos(B — a)-tan B plane, are shown in Figure 1 (left) and (right).
The contours have been obtained from an increase of g, relative to the absolute minimum of
Ag = 5.99, corresponding to a 95% confidence region for a x? function with two degrees of free-
dom. The observed exclusion contours are shown in black. The expected exclusion contours,
assuming only the SM Higgs sector, are indicated by the red continuous line. Also shown
are the expectation by the SM (indicated by the red dashed line) and the likelihood estimate
(indicated by the black cross).

In the 2HDM of type-1, small values of tan f produce large deviations in the absolute size of
Kp = Ky = K, except for the region around cos(f — «) = 0 (the alignment limit at which the
SM Higgs couplings are obtained and the # is effectively decoupled from the rest of the Higgs
sector). This can be understood from Table 2 (second column), where sin § — 0 will enhance
any deviation from the SM couplings for cos a # 0. In the 2HDM of type-II, the same is true for
x,. In addition for large values of tan B the coupling to down-type fermions takes large values
as shown in Figure 1 (right). The constraints at low and high values of tan  are dominated by
the constraints on the couplings of the & to the top-quark (largely through the top-quark loop in
the gluon-fusion production process) and the 7, respectively. The small lobe observed at large
tan p and cos(p — a) > 0 is due to the fact that «,; is negative in this region while «, is positive.
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Although the data slightly prefer a positive sign of A, the positive and negative signs can not
be distinguished at the 95% CL.

Note that these exclusions contours are general to all 2HDM'’s of these types. They thus apply
to any further specified 2HDM scenario, as defined e.g. in Section 2. The Figure demonstrates
that the observed couplings of the H” already set strong general constraints on the allowed
values for cos(B — «) for all 2HDM’s of type-I or II. Values still allowed are cos(f —a) < 0.5
for the 2HDM of type-1 and cos(f —a) < 0.2 for the 2HDM of type-II, which has been taken
into account by the parameter choice for the 2HDM scenarios in Section 2. As can be seen
from Figure 1 (right) the coupling constraint is stronger for the 2HDM of type-I1. For this reason
the exclusion summary plots for this scenario contain an additional 95% CL exclusion contour
from the compatibility of the predicted couplings to the / with the observed couplings of the
HO for values of tanf > 2.5. For this exclusion contour cos(f —a) = 0.1 has been fixed,
according to the scenario, and only tan 8 has been varied as a free parameter in the scan. The
exclusion contour has then been obtained from an increase of g(tan ), relative to the minimum
in this parameter subspace, of Ag = 3.84, corresponding to a 95% CL confidence region for a
X2 function with one degree of freedom. For the 2HDM scenario of type-I a similar scan yields
an exclusion for tan § 2 0.5, which coincides with the lower bound of the displayed parameter
space.

Note that the coupling modifications for the 2HDM of type-II in Table 2 are identical to the tree-
level modifications of the couplings of the i in the MSSM. In the hMSSM, which contains the
additional constraint given by the exact knowledge of my, tana can be expressed by mz, my,
my4 and tan B. In this case the coupling modifications as given in Table 2 are completed by the
relations for s, and s; given by

1 m% 4 m?% tan
Sy = S4 = Sy - 5 5 A2 Z 25 2 ’ (4)
1 (m?,+m3)? tan? m?7 4 m? tan® B — m; (1 + tan* )
+ (m%+m? tan? B—m? (1+tan? p))?

where mz has been set to 91 GeV and m 4 and tan 8 are subject to the parameter scan. These
relations thus allow for a 95% CL exclusion as a function of m 4 and tan 8 also in the summary
exclusion plot for the hMSSM, which in this case has been obtained again from an increase of
q(ma,tan B), relative to the absolute minimum in the m 4—tan 8 plane, of Ag = 5.99, correspond-
ing to a 95% confidence region for a x function with two degrees of freedom. An overview of
the scenarios in which the coupling constraint will explicitly appear in the exclusion summary
plot is given in Table 3.

3.2 Constraints from direct searches

In addition to the constraints from the coupling structure of the H° several direct searches
for (additional heavy) Higgs bosons that have been published using the LHC run-1 dataset,
contribute to the summary exclusion plots presented in this note. No indications for a signal
have been observed in any of these searches and 95% CL limits have been set using the modified
frequentist approach as used for the SM Higgs boson searches and described in Ref. [36, 37].
For the statistical inference uncertainties have been incorporated into the likelihood function in
the form of nuisance parameters ;. There are two ways in which the limits have been obtained:
(i) in a first way templates have been obtained for the full signal prediction for each value in the
exclusion plane of the considered scenario (m4—tan § in the MSSM or mp—tan  in the 2HDM).
These may contain the signal for a charged or up to three neutral Higgs bosons. With these
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Table 2: Modifications of the couplings of the h to up- (x,), down-type (x;) fermions and vector
bosons (xy), with respect to the SM expectation, in 2HDM’s model of type-I (second column)
and II (third column) and for the hMSSM (fourth column). The coupling modifications for the
hMSSM are completed by the expressions for s, and s; as given in Equation (4).

2HDM hMSSM
type I type II/MSSM
- — . — 54+s, tan B
ky  sin(—a«) sin(p — «) I tar2
1’12
ky cos(a)/sin(B)  cos(a)/ sin(B) Su 1t:r:aﬁ :

kg cos(a)/sin(B) —sin(a)/cos(B) s44/1+ tan? B

templates the CLg value is obtained for each point in the exclusion plane, based on a likelihood
ratio

L(data|ft-s+b,{8;})

/ ©)

q(mA,H/ tan :B) =

where p corresponds to a single signal strength parameter, s to the expected signal and b to
the expected background yields. The value y = 1 corresponds to the exact prediction of the
scenario for given m 4 gy and tan B. The parameters {91-,},} correspond to the best estimates of
the nuisance parameters for a fixed value of u, and {6;} to the global best estimates of the
nuisance parameters for 0 < /i < 1. Those points where CLg falls below 0.05 are excluded at
95% CL. This method has been used for the A/H/h — 7T (with a slightly different test statistic
as discussed below), A/H/h — up and the combined A — Zh(¢{tT) and H — hh(bbTT)
searches described below; (ii) in a second approach model-independent 95% CL limits have
been obtained on the cross section times branching fraction of a single, narrow-width resonance
(with the exception of the H — WW/ZZ analysis that takes the decay width of the H into
account). These limits have been translated into the exclusion plane of each considered scenario
by a comparison with the predicted cross section times branching fraction. This method has
been used for all other analyses that are described below.

The following analyses that have been chosen for the summary exclusion plots have been pub-
lished as searches for additional Higgs bosons in the context of the MSSM:

e A search in the A/H/h — 77 channel [38], in a mass range from 90 to 1000 GeV.
This is the most sensitive CMS search to all three neutral Higgs bosons in the MSSM.
The discriminating variable is the fully reconstructed invariant di-t mass, m.:. The
search is performed in the uy, ey, yut,, e, and 7,7, final states taking the subsequent
decays of the T into electrons, muons and hadrons into account and indicating the
decay of the T into hadrons by 7;,. Due to the presence of neutrinos in the decay
of the di-T system the invariant mass reconstruction is further complicated, which
is addressed by a likelihood based reconstruction method [39]. The resolution that
can be achieved ranges between 10-20% of m+., depending on the final state. To
increase the sensitivity of the analysis to the MSSM, event categories are exploited
that take advantage of the predicted increased production of the A and the H in as-
sociation with b-quarks, due to the enhanced coupling to down-type fermions. For
the limit setting the coarse experimental resolution of . justifies the use of single
mass templates obtained from the simulation with Pythia [40], which have been
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produced for 14 different values in m 4. These templates are interpolated to the pre-
dicted masses for each corresponding Higgs boson (i, H or A), using horizontal
histogram morphing techniques [41], and scaled to the prediction of the cross sec-
tion times branching fraction for given m 4 and tan p in the corresponding scenario.
The templates that have been obtained in this way are added to result in the final
prediction. Since this analysis is the only one among the searches in the context of
the MSSM with a realistic sensitivity to the H® a test statistic with the null-hypothesis
of a single SM-like resonance at 125 GeV and the MSSM signal hypothesis is used.

A search in the A/H/h — up channel [42], in a mass range from 115 to 300 GeV.
This analysis is performed as a classical search for resonances in the di-y invariant
mass, exploiting the excellent di-y mass resolution of the CMS detector, of 1-2%. To
increase the sensitivity to the MSSM the events are split into an event category sen-
sitive to the production in association with b-quarks and an event category targeting
the normal production via gluon fusion, similar to the analysis in the di-7 final state.
The fact that the reconstructed invariant di-p mass is sensitive to the exact decay
widths of the Higgs bosons requires the production of a full model prediction for
each value in m 4 and tan . This has been obtained by simulation, using Pythia
provided with the predictions for all three neutral Higgs bosons as obtained from
FeynHiggs [33, 43-46], on a grid of 324 points. The obtained templates have been
fitted by a parametrization, which has been checked to describe all templates at the
same time. In the following analysis this parametrization is then used to obtain the
model predictions with the high mass resolution required by the final state.

A search in the A/H — bb channel [47], in a mass range from 100 to 900 GeV.
For sensitivity reasons, this analysis is restricted to the search only for the heavy
Higgs bosons, A and H, and the production in association with b-quarks, leading
to an event signature with large b-jet multiplicity. The discriminating variables in
the analysis are the invariant mass of the two leading b-jets, my;,, and an event vari-
able for the presence and quality of secondary vertices after an event selection of at
least three jets passing a tight b-tag requirement. The my;, resolution is about 20%.
In the lack of sensitivity to the &, model-independent limits are set on the cross sec-
tion times branching fraction of a single resonance decaying into b-quarks for the
production in association with b-quarks. Since in the MSSM at high values of tan 3
the A and the H are degenerate in mass a potential signal can be interpreted as the
incoherent sum of these two individual contributions. The obtained limit is then
translated into an exclusion contour for the corresponding MSSM scenario compar-
ing the predicted production cross sections and branching fractions to the model
independent limits.

A search for charged Higgs bosons (H* — tv) [48] in the Tv and tb final states. In the
kinematic phasespace available in the LHC run-1 data taking period, the sensitivity
of this search is by far dominated by the tv final state. The analysis is split in two
distinct kinematic regions: (i) a low mass search (for 80 GeV < mpy+ < 160 GeV)
targets H* production via SM tf production, in which the H* is radiated off from
one of the two top-quarks; (ii) a high mass search (for 180 GeV < mpy+ < 600 GeV)
exploits H* production in association with top-quarks. The intermediate mass range
of my+ ~ m; where both processes contribute is not covered since their interference
adds further complication to the theoretical predictions, which are not available for
this reason. The analysis in the Tv final state is restricted to ‘one-prong” hadronic T
decays to suppress background from QCD multijet production. The discriminating
variable is the transverse mass distribution calculated from the visible part of the T,
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and the reconstructed missing energy in each selected event. Limits are determined
as a function of my=+ and tan B, which, for the summary exclusion plot are then been
translated into the m 4—tan B exclusion plane using the predicted mass relations of
the m"** scenario.

e An MSSM motivated combined search for H — hh(bbtt) and A — Zh(¢ltT) de-
cays [49] in a mass range from 220 to 350 GeV. These decays gained interest due to the
large number of mass constraints in the decay chain. In the MSSM they achieve sen-
sitivity in the low tan § region for m, < 2m;. In the A — Zh channel the Z boson is
required subsequently to decay into leptons and the & into 7’s. In the H — hh(bbtT)
decay channel one & has been required to decay into 7’s and the other one into b-
quarks. In both decay channels the reconstructed final state objects are required to
lie within a window of the invariant mass of the corresponding intermediate boson
in the decay chain. The discriminating variable is the fully reconstructed mass of the
heavy Higgs boson (A or H respectively) from all accessible final state objects in the
detector, after an additional kinematic fit in the H — hh(bbt7) decay channel. The
limit of the combined analysis is largely driven by the A — Zh(¢{1T) decay.

In addition the following searches for (additional heavy) Higgs bosons, which were not origi-
nally MSSM motivated, have been added to the summary exclusion plots of this note:

o A search for H — hh(bbyvy) decays [50] in a mass range from 260 to 1100 GeV. One
h is required subsequently to decay into b-quarks and the other one into photons.
In contrast to the analysis in the bbTT final state this analysis has a wider and more
model independent scope. For the signal a radion model is chosen as a proxy. In
a mass range of 260 < mpy < 400 GeV, relevant for the summary exclusion plots
shown in this note, a two dimensional unbinned fit is used for the signal extraction,
exploiting the line-shape of both / bosons (making particular use of the excellent
M., resolution of the CMS detector), where the selected events are required to lie in
a four body mass window around the H candidate mass. Model-independent limits
have been set for this search that are re-interpreted in the corresponding scenarios
for this note.

e A general search for an additional heavy Higgs boson, H — WW/ZZ, in a mass
range between 145 GeV and 1000 GeV [51]. This analysis is performed in a combi-
nation of 55 event categories in the WW and ZZ final states WW (202v), WW (2£2q),
Z7(40), ZZ(202v), ZZ(2¢2q). The analysis is performed as a peak search in the in-
variant di-boson mass in each sub-decay channel. The mass resolution of each sub-
decay channel varies between 20% (in WW(2¢2v)) and 1-2% (in ZZ(4/()). Model-
independent limits are set also for this search, for different hypotheses on the decay
width of the signal, that are re-interpreted in the corresponding scenarios of this
note.

e A search for A — ZH decays [52] in a mass range from 140 to 1000 GeV in m 4. For
the search the Z boson is required to subsequently decay into leptons and the H into
b-quarks or T’s. In the £¢bb final state the discriminating variables are the invariant
mass of the b-jets forming the H, my;, and the invariant mass reconstructed from the
b-jets and leptons, my, in a 2-dimensional shape analysis. In the /77 final state
the discriminating variable is m,;, which has been reconstructed using the same
technique as described for the A/H/h — 7T analysis. Limits have been set for this
analysis that are re-interpreted in the corresponding scenarios for this note. The
decay A — ZH is 2HDM specific. In the MSSM it is kinematically not allowed since
the A and H are degenerate in mass, with my 2 m,4. The definition of the 2HDM
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Table 3: Summary of all published CMS analyses that have been used for the exclusion sum-
mary plots in the four scenarios presented in this note. The order corresponds to the order of
appearance in the text, where each of the analyses is described in more detail. For those anal-
yses indicated by a * the exclusion contours have been obtained directly from the publication.
For those analyses indicated by a ® (°) the exclusion contours have been obtained extrapolating
the published model independent 95% CL limits on the cross section times branching fraction
to the scenarios presented here (or by a re-interpretation of the published results based on the
existing likelihood model). More details are given in Section 3.2 in the text.

2HDM MSSM
Constraint/Direct search type-1  type-Il hMSSM m;’:"”
Couping constraint [23] Vit M°
A/H/h — 1T [38] M° Vi Ve Vil
A/H/h — up [42] Vil Vil
A/H — bb [47] Vil Vi
H* — v [48] M
H — hh(bbtt) / A — Zh(¢ltT) [49] K
H — hh(bbyy) [50] Vi
H—WW/ZZ [61] &° Vi Vi Vil
A — ZH (¢l bb) [52] W&° Vil
A — ZH(UtT) [52] W° Vil

benchmark scenarios has been made such that this special analysis contributes to the
summary exclusion plots.

A summary of all direct searches that have been considered for the summary exclusion plots
and to what scenarios they contribute is given in Table 3.

4 Discussion of summary exclusion plots

The 95% CL exclusion contours of the searches that contribute to the chosen parameter spaces
in the four scenarios discussed in Section 2 are shown in Figures 2 and 3. The observed exclu-
sion contours are indicated by the transparently filled areas in different colors, corresponding
to the individual searches. The expected exclusion contours in the presence of a SM-like Higgs
sector are shown in the same color as the observed ones (in a slightly darker shade) with a
hatching to indicate the region of exclusion.

The exclusion contours for the 2HDM scenarios of type-I and II are shown in Figures 2 (left)
and (right). In both cases the results are given for a range of 150 < mpy < 500 GeV and tan 8 be-
tween 0.5 and 10. The gray shaded areas correspond to the regions where each corresponding
scenario is either non-perturbative or unstable. As discussed in Sections 2 and 3, by definition
the whole parameter space that is displayed is mostly compatible with the constraints imposed
by the couplings of the H?. For the fype-II scenario, the additional constraint for tan g > 2.5
that is shown by the magenta colored area in Figure 2 (right) corresponds to the tighter con-
straint on cos(B — «) in Figure 1 (right). In addition to this the exclusion contours of four direct
searches are displayed for both scenarios: the (orange) H — WW /ZZ search shows a constant
exclusion for tan < 2 for 200 < my < 360 GeV, where the lower boundary in my marks the
kinematically allowed region for decays into vector bosons and the upper boundary coincides
with the opening of the decay into top-quarks. While the upper edge of the exclusion con-
tour is quite sharp in both scenarios, the lower edge is more washed out with a slightly higher



11

sensitivity in the type-1I scenario. The red (green) exclusion contours have been obtained from
the search for A — ZH decays in the £/bb (¢/71T) final states. They both exclude a region of
my S 240 GeV and tan B < 2.5 in both scenarios, with a slightly further reach in my in the
type-1 scenario and a significantly further reach in tan g in the type-II scenario. The sharp edge
of the exclusion contour for my < 240 GeV again coincides with the opening of the decay
of the A into top-quarks. Note that these analyses have been performed as searches for the
A and my = mp + 100 GeV. In general both final states show the same exclusion behavior
while the search in the £/bb final state shows the larger expected exclusion range. The (blue)
A/H/h — 77 search shows a slightly different behavior between the two scenarios. For the
type-1 scenario for all three Higgs bosons the dominant contribution to the exclusion originates
from the production via gluon fusion. The contribution of the production in association with
b-quarks plays only a marginal role. The moderate rise for my < 300 GeV coincides with a
rising cross section especially of the H. From mp > 300 GeV on the exclusion contour flattens
out. In this regime it is driven by the production cross section of the h. The constraint on the
coupling of the H to fermions (k) is driven by the SM H — 77 search. It leads to an exclusion
right at the boundary of tan 8 2 0.5. The A/H/h — 77 search of [38] has a similar sensitivity
to the & for the production in gluon fusion compared to the SM H — 77 search used for the
analysis of the coupling constraint. In the re-interpretation of the result it is further supported
by an additional though small contribution of signal from the production in association with
b-quarks. Since the predicted rise of the cross section times branching fraction for this search
for increasing tan f is relatively shallow (=~ 0.06 pb per unit in tan ) these small differences
lead to the fact the A/H/h — 7T analysis can have a slightly stronger exclusion in tan 8 than
the coupling constraint. In the type-II scenario the exclusion contours follow the trend of cross
section times branching fraction for the A and the H. The higher exclusion sensitivity orig-
inates from the enhanced coupling of the A and the H to down-type fermions for increasing
tan 8. In the combination of all direct searches and the coupling constraint the type-II scenario
is excluded at 95% CL up to mpy ~ 380 GeV with a very small remaining corridor for values of
tan B ~ 2. The type-I scenario is less constrained.

The exclusion contours of five direct searches in the MSSM mh”m””r scenarios are displayed in

Figure 3 (left): the figure shows an exclusion up to tan  ~ 60 for masses up to m4 = 1 TeV. For
larger values of tan f the predictions in general turn unstable. Sticking to the classic searches for
additional neutral Higgs bosons, in the doubly logarithmic presentation the excluded region
decreases linearly down to values of tan 8 ~ 3 (for m4 ~ 140 GeV), increasing again for lower
values of m 4 (up to values of tan 8 ~ 6), since the most sensitive search, A/H/h — T (shown
in blue) is unable to separate signal and background due to the presence of Z — 7T events with
my ~ my in this case. ! The strongest exclusion sensitivity for high values of m4 and tan § is
reached for the A/H/h — t7 search, supported by the independently obtained exclusion
contours for the (cyan) A/H — bb and (yellow) A/H/h — up searches. This behavior can
be understood in terms of the coupling of the Higgs bosons being proportional to the mass
of the final state particle (in the case of 7’s and muons) and the difficulty to distinguish the
signal from the overwhelmingly large background from QCD multijet production in the case
of b-quarks.

For values of m4 < 300 GeV the A/H/h — 77 search is sensitive to another rise of the over-
all predicted production cross section in the mZ’"‘H scenario with a minimum for values of
tan B ~ 3. This minimum can be explained by two competing effects: (i) on the one hand the

branching fraction to 7’s decreases with decreasing tan 8, given by the tree-level relations be-

1For a Higgs signal around 90 GeV the shape analysis in the A/H/h — 77 channel turns into a quasi counting
experiment.
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CMS Preliminary  <5.1fb™ (7 TeV) + < 19.7 fb? (8 TeV) CMS Preliminary  <5.1fb*(7 TeV) + < 19.7 b (8 TeV)
2HDM Type |, cos(B-a)=0.1, m, =mge=my+ 100 GeV 2HDM Type I, cos(B-a)=0.1, m, =mge=my+ 100 GeV
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Observed exclusion 95% CL
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Figure 2: 95% CL exclusion contours, in two 2HDM scenarios of (left) type-I and (right) type-II,
as obtained by selected CMS analyses that have been performed on the LHC run-1 dataset. The
two scenarios have been defined in Table 1 and described in more detail in the text. The exclu-
sion contours for all direct searches have been determined as CLg limits or re-interpreted from
such limits. The colored filled areas correspond to the excluded regions in my and tan . The
colored (slightly darker shaded) lines with indicated hatches to the regions that were expected
to be excluded, based on the null-hypothesis assumption of a SM-like Higgs sector. Those re-
gions in mpy and tan B where the corresponding scenario is non-perturbative or unstable are
marked in gray. In the figure on the right in addition to the direct exclusion contours the con-
straint is displayed that is obtained from the compatibility of the scenario with the couplings
of the H. This constraint has been obtained from an increase of the test statistic, g(tan B), as
defined in the text by Ag = 3.84, corresponding to a 95% confidence region of a x? function for
one degree of freedom.
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tween the SM couplings and the MSSM e.g. as given in Table 2; (ii) on the other hand the cross
section for gluon fusion is subject to negative tb-interference effects from the individual gluon
fusion amplitudes with b- and top-quarks in the loop. These interference effects gain more im-
portance the stronger the coupling to the b-quark becomes, i.e. with increasing values of tan j.
Since the interference term is negative the cross section will increase with decreasing tan . In
consequence the predicted cross section for gluon fusion decreases with decreasing tan  due
to (i) up to some turning point at tan 8 ~ 3 and increases again due to (ii) for lower values
of tan § beyond this point. At the same time the importance of the production in association
with b-quarks decreases, so that the predicted cross section will be driven by gluon fusion. This
explains the expected sensitivity of the A/H/h — TT search for low values of tan . Since the
exact location of the cross section minimum depends on the exact kinematics (i.e. the value of
m ) and higher order QCD and SUSY corrections the region of tan 8 < 3 is difficult to control
theoretically, which explains the three localized areas of expected exclusion rather than a more
continuous contour.

The H* — tv analysis (shown in magenta) excludes over the whole range of tan § for m4 <
160 GeV, corresponding to the complete kinematic range of the low mp= search. In the high
mp+ search small areas of expected and observed exclusion are visible for very low and very
high values of tan . The (orange) high mass H — WW /ZZ search leads to an exclusion for low
values of m 4 and tan 8, where the H-coupling to vector bosons allows for a significant branch-

ing fraction in the mZm‘H scenario. For this analysis the limits on mpy have been translated into

the m 4—tan 8 exclusion plane using the predicted mass relations of the mh’””‘“r scenario. In gen-

eral the H and the A are degenerate in mass. This is not the case any more for low values of
tan B, where mp can be significantly larger than m,4. This causes the the expected limit that
reaches to lower values of tan f also to reach to lower values in m 4 in the exclusion contour.

In the medJr scenario my, varies as a function of m, and tan  leading to m), ~ 125 GeV in

the decoupling limit. But it can be significantly lower than myo for lower values of m4 and
tan 8. The theoretical uncertainty of the MSSM predictions on mj, has been estimated to be
13 GeV [33]. In addition to the individual exclusion contours the lines for five different values
of my, around 125 GeV have been added to the figure (as red dashed lines) to give an impression
of the region of the scenario, which is compatible with myo within these uncertainties. Accord-
ing to these limits the me‘” scenario is severely constrained up to values of m, 2 300 GeV
(driven by the A/H/h — 77 search and the constraint of 71;0) and directly excluded for values

up to m, > 160 GeV (again driven by the A/H/h — T and the H* — Tv searches).

The exclusion contours of six direct searches in the hMSSM scenario are displayed in Figure 3
(right). Note that the hMSSM is only valid for m4 > 130 GeV. Those regions where even in
this restricted parameter space the model is not strictly applicable are indicated by gray shaded
regions in the figure. The exclusion contours of the (blue) A/H/h — 77, (cyan) A/H — bb
and (yellow) A/H/h — up searches are comparable with those in the mZ””d+ scenario, while
the A/H/h — 77 search shows an extended and more continuous exclusion towards low
tan B up for my < 240 GeV. The latter can be explained by a general shift of mp to higher
values relative to m 4 for low tan 8, for which the analysis in turn is more sensitive. It turns
out that the H® — Tv search has no sensitivity for m4 > 130 GeV due to the same shift of
mp, which is why it has not been added to the figure. On the other hand the searches for
the H — hh and A — Zh decays gain sensitivity in the low tan j region for m4 < 2m;. The
exclusion by the combined search for the H — hh(bbtt) and A — Zh(¢{t7) decay is shown
in red. The exclusion contour obtained from the search of the H — hh(bby7y) decay is shown
in green. They both cover a very similar region of the parameter space. Finally also indicated
in the figure are the exclusion from the high mass H — WW/ZZ analysis, in orange, and the
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constraint based on the compatibility with the observed couplings of the H? as discussed in
Section 3, in magenta.

The figure demonstrates the exclusion of additional Higgs bosons next to the H? in the context
of the hMSSM for m, < 300 GeV. This exclusion is driven by the A/H /h — 7T search for large
values of tan §, the H — hh and A — Zh searches for low values of tan f and the couplings
constraint in the intermediate range.

60
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Figure 3: 95% CL exclusion contours, in the (left) MSSM m;l”“H' scenario (with y =
-+200 GeV) [30] and (right) hMSSM [31, 32], as obtained by selected CMS analyses that have
been performed on the LHC run-1 dataset. The exclusion contours for all direct searches have
been determined as CLg limits or re-interpreted from such limits. The colored filled areas cor-
respond to the excluded regions in m4 and tan . The colored (slightly darker shaded) lines
with indicated hatches to the regions that were expected to be excluded, based on the null-
hypothesis assumption of a SM-like Higgs sector. Those regions in m4 and tan §, where the
hMSSM is not strictly applicable are marked in gray. In the figure on the right in addition to
the direct exclusion contours the constraint is displayed that is obtained from the compatibility
of the scenario with the couplings of the H®. This constraint has been obtained from an increase
of the test statistic, q(m 4, tan §), as defined in the text by Ag = 5.99, corresponding to a 95%
confidence region of a x? function for two degrees of freedom.

5 Conclusions

The LHC run-1 data taking period has not only witnessed the search for the SM Higgs boson,
resulting in the observation of a new particle, HY with a mass of 125.09 GeV, compatible with
the expectations for the SM Higgs boson. But it has also witnessed a rich program of searches
for Higgs bosons in the context of models beyond the SM. A prominent class of such models
are the 2HDM and the MSSM as a special case of a 2HDM of type-II. For these models summary
plots of a selected subset of analyses have been presented in four scenarios: one customized
2HDM scenario of type-I and one of type-11, the MSSM m!"** and the hMSSM scenario. In all
scenarios the H? has been interpreted as the /.

In conclusion the 2HDM of type-I is generally constrained to cos(p — a) < 0.5 by the couplings
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of the H? and the leading order relations between the angles & and B. In the chosen scenario
it is further excluded at 95% CL for values of my < 380 GeV and tanp < 2, driven by the
re-interpretation of a search for an additional heavy Higgs boson in the WW and ZZ final state.
The 2HDM of type-II is generally constrained to cos(f —a) < 0.2 for all tan f and for mass
scales of the heavy Higgs bosons up to ~ 380 GeV, with a small unconstrained corridor at
tan B ~ 2. In this scenario the exclusion is again driven by the H — WW /ZZ search, and by
the constraints imposed by the couplings of the H’. The exclusion of additional heavy Higgs
bosons up to ~ 300 GeV is also observed for the more specific MSSM scenarios. Here the
exclusion is driven by the coupling constraints (in the #MSSM), a combined search for the
H — hh(bbtt) and A — Zh(¢lt7) decay and the re-interpretation of a search in the H —
WW /ZZ decay channel at low values of tan f and the A/H/h — TT search at high values of
tan B.
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