
Hugues BRUN, 
  

Université Libre de Bruxelles

on behalf of the CMS 
collaboration

Search of BSM physics in Higgs sector with 
CMS detector 

January 9th, 2016 

XXII Cracow EPIPHANY 
Conference   



Hugues BRUN /27

The CMS detector:

Search of BSM physics in Higgs sector with CMS detector 2



Hugues BRUN /27

Data collected: 

Search of BSM physics in Higgs sector with CMS detector 3

•Run 1 
- LHC: 6.13 fb-1 in 2011 and 23.30 fb-1 

in 2012  
- CMS recorded: 5.5 fb-1 recorded in 

2011 and 21.79 fb-1 in 2012 

•Run 2 
- LHC delivered: 4.22 fb-1 
- CMS recorded @ 3.8 T : 2.8 fb-1 
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data analyzed in the following slides 
=  

run I data:  
5.1 fb-1 in 2011 and 19.7 fb-1 in 2012

13TeV vs 8TeV:  
Gluon fusion and VBF production get 
2.6x boost relative to 8 TeV  
⇒Discovery channels visible with ~5fb-1 
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•Test the discovered 
Higgs at 125 GeV: 
- Is Higgs deviating from SM ? 

 ⇒ measure Higgs properties 
- Exotic decays of the Higgs 
- Search for Higgs as decay product 

of new particles 

•Search for more Higgs 
⇒ Various BSM models are predicting 
more than 1 Higgs: 
- Additional EW singlet: h, H 
- 2HDM (as MSSM): H, A, h, H+, H- 

- NMSSM (2HD+singlet):  
- Higgs triplet models (SM doublet + triplet): 

H+, H-, H++, H—

38 7 Compatibility of the observed data with the SM Higgs boson couplings
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Figure 15: (Left) The likelihood scan versus BRBSM = GBSM/Gtot. The solid curve represents the
observation and the dashed curve indicates the expected median result in the presence of the
SM Higgs boson. The partial widths associated with the tree-level production processes and
decay modes are assumed to be as expected in the SM. (Middle) Result when also combining
with data from the H(inv) searches, thus assuming that BRBSM = BRinv, i.e. that there are no
undetected decays, BRundet = 0. (Right) Result when further assuming that kg = kg = 1 and
combining with the data from the H(inv) searches.

7.8 Constraints on BRBSM in a scenario with free couplings

An alternative and similarly general scenario can be built by allowing for GBSM > 0. In order
to avoid the degeneracy through which the total width and the coupling scaling factors can
compensate each other, we constrain kV  1, a requirement that holds in a wide class of models,
namely in any model with an arbitrary number of Higgs doublets, with and without additional
Higgs singlets [171]. The model has the following parameters: kV, kb, kt, kt, kg, kg, and BRBSM.
This is a much more general treatment than that performed in Section 7.5, where only the loop-
induced couplings to photons and gluons were allowed to deviate from the SM expectation.
As in Section 7.5, this model also allows for a combined analysis with the data from the H(inv)
searches.

Figure 18 (left) shows the likelihood scan versus BRBSM derived in this scenario, while profil-
ing all the other coupling modifiers and nuisance parameters. Within these assumptions, the
95% CL confidence interval for BRBSM in data is [0.00, 0.57], while the expected interval for the
SM hypothesis is [0.00, 0.52].

Assuming that there are no undetected decay modes, BRundet = 0, it follows that BRBSM =
BRinv and the data from the searches for H(inv) can be combined with the data from the other
channels to set bounds on BRinv. The likelihood scan for such a model and combination is
shown in Fig. 18 (right). The 95% CL confidence interval for BRinv in data is [0.00, 0.49], while
the expected interval for the SM hypothesis is [0.00, 0.32]. The difference between the expected
and observed confidence intervals reflects the results of the H(inv) analysis that reported an
observed (expected) upper limit on BRinv of 0.58 (0.44) at the 95% CL [28].

Finally, instead of simply assuming BRundet = 0, a simultaneous fit for BRinv and BRundet is
performed. In this case, the data from the H(inv) searches constrains BRinv, while the visi-
ble decays constrain BRBSM = BRinv + BRundet. The 2D likelihood scan for (BRinv, BRundet) is
shown in Fig. 19 (left), while Fig. 19 (right) shows the likelihood scan for BRundet when profil-
ing all other parameters, BRinv included. The 95% CL confidence interval for BRundet in data is
[0.00, 0.52], while the expected interval for the SM hypothesis is [0.00, 0.51].

observed limit on 
BRBSM = 42%

organized here in 3 parts: 
-high mass (greater that 
125 GeV boson)  
-low mass (lighter) 
-charged 
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•Searches for exotic decay of the Higgs: 
- Higgs to Invisible 
- Lepton Flavour Violating decay 
- Higgs to light Higgs 

•High mass searches: 
- high mass scalar resonance 
- MSSM neutral Higgs in ττ 
- production/decay in association with a Z 

•Low mass searches: 
- h(125) in lighter neutral Higgs 
- 2 HDM low mass a in ττ 
- NMSSM low mass h in bb  

•Charged Higgs searches: 
- H+-→τυ 

- H+→cs
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Searches for exotic decay of the Higgs:
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Figure 2: Log-likelihood versus B(H ! inv). The solid curves represent the observation in
data and the dashed curves represent the median expected result for no invisible decays of the
Higgs boson.
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Figure 3: Expected and observed 95% CL upper limits on production cross section times
B(H ! inv) normalised to the SM Higgs boson production cross section obtained from the
combination of all channels targeting each Higgs boson production mode.
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1 Introduction

Invisible decays of the Higgs boson are predicted in several proposed extensions of the Stan-
dard Model (SM). For example, the Higgs boson can decay to neutralinos in supersymmetric
models [1] , or graviscalars in models with extra dimensions [2, 3] . In general, interactions
of the Higgs boson with the unknown dark matter (DM) sector may introduce invisible decay
modes, and bounds on these decays can constrain DM models [4–6].

In this note we describe the combination of the results of the CMS analyses searching for an
invisibly decaying Higgs boson using the data from Run 1 of the LHC [7–9]. To identify an
invisibly decaying Higgs boson it must be produced in association with other particles. The
searches used cover the three associated production modes of the Higgs boson with the high-
est standard model (SM) cross sections. All of the searches use events with a large missing
transverse momentum, defined as the negative vector sum of the reconstructed momenta of
particles in the transverse plane, in association with one or more high energy, reconstructed
objects.

The analysis with the best sensitivity targets the vector boson fusion (VBF) mode, where the
Higgs boson is produced in association with two quarks, as shown in Fig. 1 (left). This analysis
benefits from a large SM cross section, but also suffers from large backgrounds due to its two
jets plus missing transverse energy (Emiss

T ) final state.

There is also an analysis targeting the gluon fusion (ggH) production mode, as shown in Fig. 1
(center). This production mode has the highest SM cross section, however it normally results
in the Higgs boson being created alone, and thus leaving no characteristic signature in the
detector if it decays invisibly. Therefore, the only way to detect this production mode is to look
for events with initial state radiation and Emiss

T . These “monojet” events provide an identifiable
topology and their SM cross section is still approximately 10 times that of VBF, however, the
signal acceptance after selection to remove background is small.

Finally there are several analyses with categories targeting the vector boson, V, (W or Z) associ-
ated production mode, VH, as shown in Fig. 1 (right). This production mode has a smaller SM
cross section, but the presence of the V-boson provides a variety of identifiable final states with
relatively low backgrounds. We consider the case where the V decays hadronically, referred
to as V(had)H-tagged, and ZH production where the Z boson decays to electrons and muons,
referred to as Z(``)H(inv), or bb, referred to as Z(bb)H(inv).

Figure 1: Example Feynman diagrams for Higgs production in the VBF (left), ggH (center) and
VH (right) channels. The Higgs boson is assumed to decay invisibly.

Higgs to Invisible

Search of BSM physics in Higgs sector with CMS detector 7

•Combination of several 
channels tagging the H 
production: 
- VBF H(inv.) 
- Z→ll H(inv.)  
- Z→bb H(inv.) 
- Monojet + V(had.)Htagged  

•Final state= production 
tagging + MET 
- main background = Z+jets (+ ttbar for 

Z→bb) 
Result for mh=125GeV/c2: 

36% (exp. 30%) 
VBF only : 57% (exp. 40%) 

CMS-HIG-14-038 
CMS-HIG-15-012 

EPJC 74 (2014) 2980

•Possible in a wide range of models    
(for example neutralino in susy models) 
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•In some low scales SUSY models (MSSM with very light gravitino)  
Higgs boson allowed to decay in gravitinos and neutralinos 
- the neutralino decays then in a gravitino + a photon 

•2 cases: 
- if mh/2 < m𝛘1 < mh: 1 photon produced  
- if m𝛘1 < mh/2: 2 photons produced 

•both ZH and ggH production 
 are considered 

Higgs to Invisible + γ

Search of BSM physics in Higgs sector with CMS detector 8

1

1 Introduction

The detailed studies of the properties of the observed Higgs boson [1–3] are key components
of the LHC physics program. In the standard model (SM) and for a given mass of the Higgs
boson, all properties of the Higgs boson are predicted. Physics beyond the SM (BSM) might
lead to deviations from these predictions. Thus far, measurements of the Higgs bosons cou-
plings to fermions and bosons and of the tensor structure of the Higgs boson interaction with
electroweak gauge bosons show no significant deviations [4, 5] with respect to SM expectations.

Measurements of Higgs boson couplings performed for visible decay modes provide con-
straints on partial decay widths of the Higgs boson to BSM particles. Assuming that the cou-
plings of the Higgs boson to W and Z bosons are smaller than the SM values, this indirect
method provides an upper limit on the branching fraction of the 125 GeV Higgs boson to BSM
particles of 57% at a 95% confidence level (CL) [4, 6]. An explicit search for BSM Higgs boson
decays presents an alternative opportunity for the discovery of BSM physics. The observation
of a sizable decay branching fraction of the Higgs boson to undetected (e.g. invisible or largely
invisible) final states would be a clear sign of BSM physics and could provide a window on
dark matter [7–10].

Several BSM models predict Higgs boson decays to undetectable particles and photons. In
certain low-scale supersymmetry (SUSY) models, the Higgs bosons are allowed to decay into a
gravitino (eG) and a neutralino (ec0

1) or a pair of neutralinos [11, 12]. The neutralino then decays
into a photon and a gravitino, the lightest supersymmetric particle and dark matter candidate.
Figure 1 shows Feynman diagrams for such decay chains of the Higgs boson (H) produced by
gluon-gluon fusion (ggH) or in association with a Z boson decaying to charged leptons (ZH).
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Figure 1: Feynman diagrams for the H ! undetectable + g final state produced via ggH (left)
and ZH (right).

As the gravitino in these models has a negligible mass [11, 12], the remaining parameter is the
neutralino mass. If its mass is in the range mH/2 < mec0

1
< mH, with mH = 125 GeV the mass

of the observed Higgs boson, the branching fraction B(H ! ec0
1
eG ! geGeG) can be large. For

mec0
1
< mH/2, the decay H ! ec0

1 ec0
1 ! ggeGeG is expected to dominate. The same discussion can

be applied to heavy neutral Higgs bosons with masses larger than 125 GeV. The lifetime of the
neutralino can be finite in some classes of BSM scenarios, leading to the production of one or
more photons displaced from the primary interaction.

In the SM, the signature equivalent to the signal arises when the Higgs boson decays as H !
Zg ! nn̄g with a branching fraction of 3 ⇥ 10�4. The decay H ! Zg has been studied in

�

Exotic decays of h(125 GeV) High mass searches Low mass searches Charged Higgs searches Conclusion

Higgs to invisible + � arXiv:1507.00359

Predicted in SUSY GMSB (LSP G̃)
or NMSSM (LSP �̃0

1).
Cut-and-count analyses, consider
both ggH and ZH production.
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•Event selection: 
- more that 1 γ with ET>45 GeV/c2 + MET 
- + kinematic cuts 

16 8 Summary
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Figure 6: Expected and observed 95% CL upper limits on s B/sSM for mH = 125 GeV as a
function of mec0

1
assuming the SM Higgs boson cross sections, for the ZH and ggH channels and

their combination, with B ⌘ B(H ! ec0
1 ec0

1)B(ec0
1 ! eG + g)2 for mec0

1
< mH/2 and B ⌘ B(H !

ec0
1
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1
� mH/2.

fraction of a 125 GeV Higgs boson decaying into undetectable particles and one or two isolated
photons as a function of the neutralino mass. For neutralino masses from 1 to 120 GeV an
upper limit in the range of 7 to 13% is obtained. Further results are given as a function of the
neutralino lifetime, and also for a range of Higgs boson masses.
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Lepton flavour violating decay:
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•forbidden in SM but allowed by many BSM models 
- Higgs doublet, composite Higgs, Randall-Sundrum models

•H→µτh, H→µτe 13
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Figure 4: Left: 95% CL Upper limits by category for the LFV H ! µt decays. Right: best fit
branching fractions by category.
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Figure 5: Left: Distribution of Mcol for all categories combined, with each category weighted
by significance (S/(S + B)). The significance is computed for the integral of the bins in the
range 100 < Mcol < 150 GeV using B(H ! µt) = 0.84%. The simulated Higgs signal shown
is for B(H ! µt) = 0.84%. The bottom panel shows the fractional difference between the
observed data and the fitted background. Right: background subtracted Mcol distribution for
all categories combined.

13

), %τµ→95% CL limit on B(H
0 2 4 6 8 10

1.51% (obs.)
0.75% (exp.)  

τµ→H
3.68% (obs.)
2.31% (exp.)  

, 2 Jets
h
τµ

2.22% (obs.)
2.07% (exp.)  

, 1 Jet
h
τµ

2.61% (obs.)
2.34% (exp.)  

, 0 Jets
h
τµ

3.84% (obs.)
3.77% (exp.)  

, 2 Jetseτµ

2.38% (obs.)
1.66% (exp.)  

, 1 Jeteτµ

2.04% (obs.)
1.32% (exp.)  

, 0 Jetseτµ
Observed

Expected

σ 1±Expected 

σ 2±Expected 

 (8 TeV)-119.7 fbCMS

), %τµ→Best fit to B(H
-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

 %-0.37
+0.390.84  
τµ→H

 %-0.93
+1.161.48  

, 2 Jets
h
τµ

 %-1.09
+1.030.21  

, 1 Jet
h
τµ

 %-1.22
+1.200.41  

, 0 Jets
h
τµ

 %-0.97
+1.580.05  

, 2 Jetseτµ

 %-0.78
+0.850.81  

, 1 Jeteτµ

 %-0.62
+0.660.87  

, 0 Jetseτµ

 (8 TeV)-119.7 fbCMS

Figure 4: Left: 95% CL Upper limits by category for the LFV H ! µt decays. Right: best fit
branching fractions by category.

S/
(S

+B
) W

ei
gh

te
d 

Ev
en

ts
 / 

20
 G

eV

0

10

20

30

40

50

60

Data
Bkgd. uncertainty
SM H

ττ→Z
Other

t, t, tt
µ, e, τMisID'd 

LFV Higgs, (B=0.84%)

Data
Bkgd. uncertainty
SM H

ττ→Z
Other

t, t, tt
µ, e, τMisID'd 

LFV Higgs, (B=0.84%)

 (8 TeV)-119.7 fb

CMS

 [GeV]
col

)τµM(
100 200 300

Bk
gd

 (f
it)

D
at

a-
Bk

gd
 (f

it)
  

-0.1

0

0.1

 [GeV]
col
)τµM(

100 200 300

S/
(S

+B
) W

ei
gh

te
d 

Ev
en

ts
 / 

20
 G

eV

-4

-2

0

2

4

6

8

10
 signal (B=0.84%)τµ→LFV H

Bkgd. uncertainty

Data-Bkgd

 (8 TeV)-119.7 fb

CMS

Figure 5: Left: Distribution of Mcol for all categories combined, with each category weighted
by significance (S/(S + B)). The significance is computed for the integral of the bins in the
range 100 < Mcol < 150 GeV using B(H ! µt) = 0.84%. The simulated Higgs signal shown
is for B(H ! µt) = 0.84%. The bottom panel shows the fractional difference between the
observed data and the fitted background. Right: background subtracted Mcol distribution for
all categories combined.

•H→eτh, H→eτµ

7.1 Limits on branching fraction B(H ! et) 17

Table 12: The expected upper limits, observed limits and best fit values for the branching frac-
tions B(H ! et) for different jet categories and analysis channels. The one standard-deviation
probability intervals around the expected limits are shown in parentheses.

Expected Limits
0 Jet 1 Jet 2 Jets
(%) (%) (%)

etµ < 1.63(+0.66
�0.44) < 1.54(+0.71

�0.47) < 1.59(+0.93
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eth < 2.71+1.05
�0.75 < 2.76+1.07

�0.77 < 3.55+1.38
�0.99

et < 0.75(+0.32
�0.22)

Observed Limits
0 Jet 1 Jet 2 Jets
(%) (%) (%)

etµ < 1.83 < 0.94 < 1.49
eth < 3.92 < 3.00 < 2.88
et < 0.69

Best Fit Branching Fractions
0 Jet 1 Jet 2 Jets
(%) (%) (%)

etµ 0.19+0.85
�0.85 �1.04+0.70

�0.70 �0.12+0.67
�0.58

eth 1.43+1.38
�1.33 0.30+1.37

�1.38 -0.91+1.54
�1.57
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�0.36
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Figure 4: Upper limits by category for the LFV H ! et decays.observed limit on B(H→µτ)=1.51% (exp. 0.75) 
best fit fraction B(H→µτ)=0.84+0.39-0.37 % 

p-value of the excess = 0.01 
(mh=125GeV)

analyses similar to SM H→ττ but 
different kinematic

observed limit on 
B(H→eτ)=0.7%

observed limit on 
B(H→eµ)=0.036%•H→eµ

PLB 749 (2015) 337 
PAS-HIG-14-040
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Lepton flavour violating decay:

Search of BSM physics in Higgs sector with CMS detector 10

•constraints on Yukawa couplings: 

PLB 749 (2015) 337 PAS-HIG-14-040

14 9 Summary

|   
τµ

|Y
-410 -310 -210 -110 1

|  
 

µτ
|Y

-410

-310

-210

-110

1  (8 TeV)-119.7 fbCMS

B
R

<0.1%

B
R

<1%

B
R

<10%

B
R

<50%

ττ→ATLAS H

observed

expected
τµ→H

µ 3→τ

γ µ →τ

2/vτ
mµ

|=m
µτ

Yτµ
|Y

Figure 6: Constraints on the flavour-violating Yukawa couplings, |Yµt| and |Ytµ|. The black
dashed lines are contours of B(H ! µt) for reference. The expected limit (red solid line)
with one sigma (green) and two sigma (yellow) bands, and observed limit (black solid line)
are derived from the limit on B(H ! µt) from the present analysis. The shaded regions are
derived constraints from null searches for t ! 3µ (dark green) and t ! µg (lighter green). The
yellow line is the limit from a theoretical reinterpretation of an ATLAS H ! tt search [4]. The
light blue region indicates the additional parameter space excluded by our result. The purple
diagonal line is the theoretical naturalness limit YijYji  mimj/v2.

9 Summary
The first direct search for lepton-flavour-violating decays of a Higgs boson to a µ-t pair, based
on the full 8 TeV data set collected by CMS in 2012 is presented. It improves upon previously
published indirect limits [4, 26] by an order of magnitude. A slight excess of events with a
significance of 2.4 s is observed, corresponding to a p-value of 0.010. The best fit branching
fraction is B(H ! µt) = (0.84+0.39

�0.37)%. A constraint of B(H ! µt) < 1.51% at 95% confidence
level is set. The limit is used to constrain the Yukawa couplings,

p
|Yµt|2 + |Ytµ|2 < 3.6 ⇥ 10�3.

It improves the current bound by an order of magnitude.
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7.2 Limits on lepton-flavour-violating couplings |Yet| and |Yte|
The constraint on B(H ! et) can be interpreted in terms of LFV Higgs boson Yukawa cou-
plings [3]. The LFV decays H ! eµ, eth, etµ arise at tree level from the assumed flavour violat-
ing Yukawa interactions, Y`a lb where `a, `b denote the leptons, `a, `b = e, µ, t and `a 6= `b. The
decay width G(H ! `a`b) in terms of the Yukawa couplings is given by:

G(H ! `a`b) =
mH

8p
(|Y`b`a |2 + |Y`a`b |2),

and the branching fraction by:

B(H ! `a`b) =
G(H ! `a`b)

G(H ! `a`b) + GSM
.

The SM Higgs boson decay width is GSM = 4.1 MeV for a 125 GeV Higgs boson. The 95%

Figure 5: Constraints on the flavour violating Yukawa couplings, |Yet|, |Yte|. The expected (red
solid line) and observed (black solid line) limits are derived from the limit on B(H ! et) from
the present analysis. The flavour diagonal Yukawa couplings are approximated by their SM
values. The green (yellow) band indicates the range that is expected to contain 68% (95%) of all
observed limit excursions from the expected limit. The shaded regions are derived constraints
from null searches for t ! 3e (dark green) and t ! eg (lighter green). The purple diagonal
line is the theoretical naturalness limit YijYji  mimj/v2. The yellow line is the limit from a
theoretical reinterpretation of an ATLAS H ! tt search [3].

confidence level constraint on the Yukawa couplings derived from B(H ! et) < 0.69% and
the expression for the branching fraction above is:

q
|Yet|2 + |Yte|2 < 2.41 ⇥ 10�3.

Figure 5 compares this result to the constraints from previous indirect measurements.

7.3 Limits on branching fraction B(H ! eµ)

The event yields, after the selection described in Sec. 6.1, in the mass range 124 < meµ < 126 GeV
are shown in Table 13 separately for simulation and observed data. The observed mass spectra
for various groups of categories are shown in Figure 6.

21

-3), 10µe→95% CL limit on B(H
-1 0 1 2 3 4 5 6 7 8

 (obs.)-30.358 · 10
 (exp.)-30.480 · 10  

all

 (obs.)-33.470 · 10
 (exp.)-31.878 · 10  

VBF

 (obs.)-33.597 · 10
 (exp.)-33.016 · 10  
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 (exp.)-30.941 · 10  

inc1jet
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σ 1±Expected 
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 (8 TeV)-119.7 fbCMSPreliminary

Figure 7: Upper limit on BR(H ! eµ) at MH= 125 GeV for inclusive categories grouped by
number of jets, jet tagged and all categories combined.

Figure 8: Constraints on the flavour violating Yukawa couplings, |Yeµ|, |Yµe|. The expected (red
solid line) and observed (black solid line) limits are derived from the limit on B(H ! eµ) from
the present analysis. The flavour diagonal Yukawa couplings are approximated by their SM
values. The green (yellow) band indicates the range that is expected to contain 68% (95%) of all
observed limit excursions from the expected limit. The shaded regions are derived constraints
from null searches for µ ! e conversion (dark green), µ ! 3e (light green), and t ! eg (cyan).
The purple diagonal line is the theoretical naturalness limit YijYji  mimj/v2.

YijYji ≤ mimj/v2 Naturalness limit:
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High mass searches:
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Search of a high mass scalar X→γγ

Search of BSM physics in Higgs sector with CMS detector 12

•SM H→γγ adapted for the high mass searches 
•model independent analysis: 
- Inclusive search for a γγ resonance above the background continuum 
- limit on σB(X→γγ) versus mX and ΓX  

• interpretations:

14 8 Summary
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Figure 8: Exclusion limit at 95% CL on the cross section times branching fraction of a new,
spin-0 resonance decaying into two photons as a function of the resonance width hypothesis,
combining the four classes of events. The results for mX = 150 (840) GeV are shown left(right).
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Figure 9: Combined observed (left) and expected (right) exclusion limits at 95% CL on the
cross section times branching fraction of a new, spin-0 resonance decaying into two photons as
a function of the resonance mass and width hypotheses. Contours are displayed for different
values of sB(X ! gg).

8 Summary

A search for resonant production of two photons is performed using 19.7 fb�1 of pp collisions
collected at

p
s = 8 TeV, in the mass range 150–850 GeV. Widths of the resonance X in the range

0.1 GeV to 0.1mX are investigated. Both spin-0 and spin-2 scenarios are considered. A fit to
the diphoton invariant mass distribution in data is performed using a parametric model for
the signal and a background shape obtained directly from data. No evidence for a signal is
observed, and upper exclusion limits at 95% CL are set on the production cross section times
branching fraction. The model-independent upper limits extend over considerably wider mass
and width ranges than in previous searches. We further interpret these limits in the context of
the 2HDM, presenting exclusion contours in the tan b versus cos(b � a) plane. This is the first
search for heavy diphoton resonances carried out at the LHC to be interpreted in terms of the
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Figure 10: Observed and expected 95% CL exclusion regions for gluon-fusion production of a
heavy Higgs boson A of mass 200 GeV (left) and 300 GeV (right) in the tan b versus cos(b � a)
plane for the Type I 2HDM, assuming the H boson to be degenerate in mass with A. The regions
below the curves are excluded.

2HDM.

spin 0

7.1 Interpretation in two-Higgs-doublet model 13
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Figure 6: Exclusion limit at 95% CL on the cross section times branching fraction of a new,
narrow, spin-2 resonance decaying into two photons as a function of the resonance mass hy-
pothesis, combining the four classes of events.
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Figure 7: Exclusion limit at 95% CL on the cross section times branching fraction of a new,
spin-0 resonance decaying into two photons as a function of the resonance mass hypothesis,
combining the four classes of events. The results for a narrow resonance hypothesis (GX =
0.1 GeV) (left) and for a wide resonance hypothesis (GX = 0.1mX) (right) are shown.

of the heavy H scalar.

Figure 10 shows the observed and expected exclusion regions for a heavy Higgs boson A of
mass 200 and 300 GeV for the Type I 2HDM. The case where H and A are degenerate in mass is
considered.

In Fig. 10 the region below the curve is excluded. These contour plots are similar to those
in [10]. The constraints obtained in this analysis on the 2HDM parameters are complementary
to those already set by ATLAS on heavy neutral Higgs boson production using multilepton
final states [44] and by CMS on heavy neutral Higgs bosons production using multilepton and
diphoton final states [45, 46].

spin 0, ΓX = 0.1 GeV 2HDM: 
(assuming that H is degenerated 

in mass with A)

arXiv:1506.02301 

•also interpretation for spin II models (Randall-Sundrum)
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Figure 7. Upper limits at the 95% CL for each of the contributing final states and their combina-
tion. The theoretical cross section, σSM, is computed in ref. [73]. The observed and expected limits
of the six individual channels are compared with each other and with the combined results (right),
for H → WW channels (top right panel) and H → ZZ channels (bottom right panel) separately.

used in which the nuisance parameters are profiled. In the likelihood ratio, the total num-

ber of observed events is compared to the signal and background predictions by means of a

product of Poisson probabilities. The predictions are subject to the multiple uncertainties

described in the previous section, and are handled by introducing nuisance parameters

with probability density functions. The nuisance parameters modify parametrically the

expectations for both signal and background processes. Furthermore, a signal strength

modifier (µ) is used to scale the Higgs boson cross sections of all production mechanisms

by the same factor with respect to their SM predictions while keeping the decay branching

fractions unchanged.

6.1 SM-like Higgs boson search

The combined results obtained for a heavy Higgs boson with SM-like couplings for all

the different contributing final states are displayed in figure 7. On the left, the observed

95% CL limit is shown for each final state. The expected combined 95% CL limit of the

six channels is plotted as a dashed black line, while the yellow shaded region is the ±2σ

uncertainty in the expected limit. On the right, the expected and observed limits are

displayed for each of the individual channels as well as the combined result. The top right

panel shows the WW final states, while the ZZ final states are displayed in the bottom

right panel. In the lower mass region of the search range, the most sensitive channels are

H → ZZ → 4ℓ and H → WW → 2ℓ2ν. At the highest masses, the H → ZZ → 2ℓ2ν channel

has the best sensitivity, while H → ZZ → 4ℓ, H → WW → 2ℓ2ν, H → WW → ℓνqq, and

H → ZZ → 2ℓ2q contribute significantly.
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Figure 8. Upper limits at the 95% CL on the EW singlet extension. Upper limits are displayed
as a function of the heavy Higgs boson mass and the model parameter C ′2 for different values of
Bnew. The upper dash-dotted line indicates where, for Bnew = 0.5, the variable width of the heavy
Higgs boson reaches the width of a SM-like Higgs boson. The lower dash-dotted line displays the
indirect limit at 95% CL on C ′2 from the measurement of h(125).

Features in the combined observed limit can be traced to corresponding features in the

limits of the individual channels. At lower masses below 400GeV, there are oscillations in

the observed limit due to the high resolution channel, H → ZZ → 4ℓ, and the narrow width

of the heavy Higgs boson in this mass range. An excess in the combined limit at around

280GeV is related to a small excess in the channels H → ZZ → 4ℓ and H → WW → 2ℓ2ν.

The small excess of observed events seen around 700GeV in the H → WW → ℓνJ merged-

jet category is not supported by the other channels and is reduced to less than 0.5σ in

the combination. The combined upper limits at the 95% CL on the product of the cross

section and branching fractions exclude a Higgs boson with SM-like couplings in the full

search range 145 < mH < 1000GeV.

6.2 EW singlet Higgs boson search

We interpret the search results in terms of a heavy Higgs boson in the EW singlet extension

of the SM. The parameters of the model are C ′2, the heavy Higgs boson contribution to

electroweak symmetry breaking, and Bnew, the contribution to the Higgs boson width of

non-SM decays, and are defined in section 3. Figure 8 shows the expected and observed

upper limits at 95% CL on the singlet scalar cross section with respect to its expected cross

section as a function of its mass.

The region above the curves shows the parameter space that is expected to be excluded

at 95% CL. We show the exclusion region for various values of Bnew. We find a large region

of C ′2 versus mass parameters to be excluded for various values of Bnew. We also plot the

– 23 –

Search of a high mass scalar decaying in VV

Search of BSM physics in Higgs sector with CMS detector 13

•Combination of several VV final 
states  
- H→WW→2l2ν, H→WW→lν qq 
- H→ZZ→4l, H→ZZ→2l2ν 

H→ZZ→2l 2τ, H→ZZ→ 2l 2q 
• Interpretation for a SM like Higgs 

boson  
⇒ exclusion of masses from 145 up to 
1TeV 

• BSM interpretation: EW singlet 
mixing with the SM Higgs   
- 2 neutral Higgs 
- C = SF to SM coupling for the 125GeV 

Higgs   
C’= the one for the heavy one  
Brnew = non SM decay mode branching 
fraction 

- Then: 
‣ µ’ = C’2(1-Brnew) 
‣ Γ’ = ΓSM x C’ / (1-Brnew) 

- focus on C’2 ≤ (1 - Brnew)

JHEP 10 (2015) 144 
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Search of X→hh

Search of BSM physics in Higgs sector with CMS detector 14

•Fits of Mγγ and Mγγjj or Mbbbb, 
kinematic fits of Mbb and Mτ τ to 
125 GeV Higgs 

16 10 Conclusions

mX Observed limit (fb) Expected limit (fb)
400 2.98 1.87
450 1.76 1.42
500 1.19 0.97
550 1.45 0.80
600 0.98 0.69
650 0.61 0.60
700 0.44 0.54
800 0.31 0.46
900 0.32 0.43
1000 0.33 0.43
1100 0.41 0.48

Table 6: Observed and median expected 95% CL limit from the high mass region: mX � 400GeV.
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Figure 8: Expected 95% CL upper limits on the cross section times branching ratios s(pp !
X) ⇥ BR(X ! HH ! ggbb̄). Theory lines corresponding to WED models with radion, RS1
KK-graviton and bulk KK-graviton are also shown. The results are obtained using the asymp-
totic CLs approach. The vertical dashed line shows the separation between the low mass anal-
ysis and high mass analysis. The limits for mX = 400 GeV are shown with both methods.

HIG-13-032 
arXiv:1510.01181  

PLB 749 (2015) 560 

•Tiny h→hh SM cross-section but can be signature 
for radion, KK or RS graviton  

•3 channels are used: 
- hh→bbbb,  hh→bbττ (large branching fraction of h→bb and h→ττ) 
- hh→bbγγ (h→γγ small but benefits of the clear mγγ resonance)
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 MSSM Φ→ττ

Search of BSM physics in Higgs sector with CMS detector 15

• Production = ggΦ and bbarΦ 
• Combine τeτµ, τlτh, τhτh and τµτµ channels  

- branching fraction of the neutral scalars (Φ) in ττ varies from 5 to 10% in the (mA,tanβ) 
phase space probed by this analysis 

• Event categories using multiplicity of b jets and pT of τh enhance sensitivity 
• Interpretation in MSSM (mA,tanβ) parameter space with MSUSY = 1 TeV in 

different scenarios:  
- MHmax, MHmod±, light-stop, light-stau, τ-phobic
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Figure 9: Region in mA-tan b parameter space excluded at 95% CL in different MSSM bench-
mark scenarios: mmax

h (a), mmod+
h (b), mmod�

h (c), light-stop (d), light-stau (e) and t-phobic (f).
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Figure 9: Region in mA-tan b parameter space excluded at 95% CL in different MSSM bench-
mark scenarios: mmax
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• Also Model-independent limits: exclude σ × BR(ττ) > 20(6) pb @ mφ = 

90 GeV down to 10(8) fb @ 1 TeV for ggH (bbH). 
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•2HDM at low tan β 
•A→Z+h (Z→ee, µµ, νν), (h→bb, ττ) 
•dominant for 220 GeV < mA < 2mt (ttbar decay not 

possible) 
•search for a resonance in mllbb/mllττ 
•dominant production is gg→A, narrow width 

approximation (ΓA/mA < O(1%))

9

used for the models are: mh = 125 GeV, mH = mH± = mA, m2
12 = m2

A[tan b]/[1 + tan2 b],
l6,7 = 0 [60], while mA = 225–600 GeV, 0.1  tan b  100, and �1  cos(b � a)  1, using
the convention 0 < b � a < p, where tan b and a are, respectively, the ratio of the vacuum
expectation values, and the mixing angle of the two Higgs doublets [4].

The observed limit, together with the expected limit and its relative ±1 and ±2s uncertainty
bands, are shown in Fig. 5, interpreted in Type-I and Type-II 2HDM for mA = 300 GeV. A
sizeable fraction of the 2HDM phase space is excluded at a 95% CL with respect to the previous
CMS searches [13].

Table 3: Observed and expected 95% CL upper limits on sA B(A ! Zh ! ``bb) as a function
of mA in the narrow-width approximation, including statistical and systematic uncertainties.

mA [GeV] 225 250 275 300 325 350 400 500 600
Observed [fb] 17.9 16.8 14.8 19.5 10.1 8.84 3.29 3.35 2.61
Expected [fb] 17.9 18.1 16.4 13.6 10.0 7.84 5.27 2.79 1.93
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of mA in the narrow-width approximation, including all statistical and systematic uncertainties.
The green and yellow bands are the ±1 and ±2s uncertainty bands on the expected limit.

8 Summary

A search is presented for new physics in the extended Higgs sector, in signatures expected from
decays of a pseudoscalar boson A into a Z boson and an SM-like h boson, with the Z boson
decaying into `+`� (` being either e or µ) and the h boson into bb. Different techniques are
employed to increase the sensitivity to signal, exploiting the presence of the three resonances A,
Z, and h to discriminate against standard model backgrounds. Upper limits at a 95% CL are set
on the product of a narrow pseudoscalar boson cross section and branching fraction sA B(A !
Zh ! ``bb), which exclude 30 to 3 fb at the low and high ends of the 250–600 GeV mass range.
Results are also presented as a function of the width of the A boson. Interpretations are given
in the context of Type-I and Type-II 2HDM formulations, thereby reducing the parameter space
for extensions of the standard model.
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8 Summary

A search for a heavy scalar Higgs boson (H) decaying into a pair of SM-like Higgs bosons (hh)
and a search for a heavy neutral pseudoscalar Higgs boson (A) decaying into a Z boson and a
SM-like Higgs boson (h), have been performed using events recorded by the CMS experiment
at the LHC. The dataset corresponds to an integrated luminosity of 19.7 fb�1, recorded at 8 TeV
centre-of-mass energy in 2012. No evidence for a signal has been found and exclusion limits on
the production cross section times branching fraction for the processes H ! hh ! bbtt and
A ! Zh ! LLtt are presented. The results are also interpreted in the context of the MSSM
and 2HDM models.
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•interpretation in 2HDM scenarios:

A→Z+h (h→ττ)A→Z+h (h→bb)

10 8 Summary
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H→ZA, A→ZH

Search of BSM physics in Higgs sector with CMS detector 18

•2 HDM with non degenerated A and H  
- mh=125GeV, mH±=max(mH, mA) 

•2 channels considered: 
- llbb (most sensitive) and llττ

14 7 Results
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Figure 5: Expected (a) and observed (b) upper limits on sH/A!ZA/H!``bb as a function of MA
and MH after the convolution with efficiency and acceptance map for the ``bb final state.

 (GeV)AM
0 200 400 600 800 1000

 (G
eV

)
H

M

0

100

200

300

400

500

600

700

800

900

1000 TH
σ

 / 
95

%
σ

 =
 

µ
Ex

pe
ct

ed
 

-110

1

10

210

310

410

510CMS Preliminary  (8 TeV)-119.8 fb
2HDM type-II

) = 0.01α - β) = 1.5 ; cos(βtan(

 ZA→H 

 Z
H

→
A

 
) =

 0
.0

1
α

 - 
β

) =
 1

.5
 ; 

co
s(

β
ta

n(
2H

D
M

 ty
pe

-II

Kinem
ati

ca
lly

 fo
rbidden

Exp. Excl.

(a)

 (GeV)AM
0 200 400 600 800 1000

 (G
eV

)
H

M

0

100

200

300

400

500

600

700

800

900

1000 TH
σ

 / 
95

%
σ

 =
 

µ
O

bs
er

ve
d 

-110

1

10

210

310

410

510CMS Preliminary  (8 TeV)-119.8 fb
2HDM type-II

) = 0.01α - β) = 1.5 ; cos(βtan(

 ZA→H 
 Z

H
→

A
 

) =
 0

.0
1

α
 - 
β

) =
 1

.5
 ; 

co
s(

β
ta

n(
2H

D
M

 ty
pe

-II

Kinem
ati

ca
lly

 fo
rbidden

Exp. Excl.
Obs. Excl.

(b)

Figure 6: Expected (a) and observed (b) limits on the signal strength µ = sexp/sTH for the
2HDM benchmark considered for ``bb final state. The cross section is normalized to the NNLO
SusHi predictions. The dashed contour in both plots show the region which is expected to
be excluded. In the right plot the solid contour shows the region which is excluded by data
observation.
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Table 4: Expected number of signal and background events compared to the number of ob-
served events in data for an integrated luminosity of 19.8 fb �1 at

p
s =8 TeV and after having

applied the final signal selection. The signal MH =200 GeV-MA =50 GeV is normalized to
s⇥BR=1 fb. The yields correspond to LT >20 GeV for eµ, µth and thth and LT >40 GeV for eth.
The statistical uncertainties are reported for all the signal and background processes, while only
systematic uncertainties related to the reducible background estimated from data are shown.
All the other systematic uncertainties affecting the rate, and listed in Table 3, are included in
the final limit computation.

Channels
eth eµ thth µth

H(200) !ZA(50)
SM Zh 0.266 ± 0.012 0.224 ± 0.011 0.665 ± 0.019 0.616 ± 0.018
WZZ 0.0158 ± 0.0054 0.0215 ± 0.0064 0.0210 ± 0.0061 0.0206 ± 0.0062
ZZZ 0.0032 ± 0.0012 0.0037 ± 0.0013 0.0095 ± 0.0020 0.0067 ± 0.0017

WWZ 0.136 ± 0.028 0.460 ± 0.053 0.025 ± 0.012 0.187 ± 0.033
tt Z 0.022 ± 0.022 0.217 ± 0.067 0.021 ± 0.021 0.062 ± 0.036

ZZ!4l 0.309 ± 0.020 0.0605 ± 0.0089 0.344 ± 0.021 0.279 ± 0.019
ZZ!2l2t 3.891 ± 0.071 4.344 ± 0.075 11.40 ± 0.12 11.46 ± 0.12

Fakes 0.9 ± 1.3 ± 0.3 0.4 ± 2.7 ± 0.1 24.5 ± 3.8 ± 6.9 3.7 ± 2.2 ± 1.3
Total bkg. 5.5 ± 1.3 5.7 ± 2.7 37.0 ± 3.8 16.3 ± 2.2

Signal 0.0326 ± 0.0038 0.058 ± 0.0050 0.1100 ± 0.0069 0.1379 ± 0.0077
Data 5 7 42 8

number of signal and background events obtained at the end of the selection compared to
those observed in data are summarized in Table 4 for only one mass pair selection for sake of
illustration: MH=200 GeV-MA=50 GeV. For both analyses, the number of events observed is
found compatible with the expected SM background.

In the shape-based analysis, non-constant mass bin widths have been adopted in order to ac-
count for the Mtt resolution. The Mtt shapes corresponding to the same reference selection

limit on tanβ vs cos(β−α)  
for mH =350GeV,mA =150GeV 

CMS PAS HIG-15-001 

limit on mH vs mA  
for cos(β−α)=0.01, tanβ=1.5 

0.1

2
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Low mass searches:
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H(125) Decays in Ligher Neutral Bosons

Search of BSM physics in Higgs sector with CMS detector 20

•the H(125) can decay in lighter scalar bosons: H→a/h  
- search for lighter scalar boson with low mass (~10 GeV) 

⇒ expected to be boosted  

•  2 searches with a/h →ττ

3

The signal properties discussed above are used to define the search topology. The analysis pre-
sented here searches for the signal in a sample of dimuon events with large angular separation
between the muons. The two muons are required to have the same sign. This criterion almost
entirely eliminates background from the Drell–Yan process, gauge boson pair production, and
tt production. Each muon is accompanied by one nearby opposite-sign track. Further details
of the kinematic selection are given in Section 4. Throughout this paper, the signal yields are
normalized to the benchmark value of the signal production cross section times branching frac-
tion of 5 pb. The choice of the benchmark scenario is motivated by recent phenomenological
analyses [46, 47].

  

Lorentz-boosted       states

well separated 
same-sign muons

Figure 1: Left: Feynman diagram for the signal process. Right: Illustration of the signal topol-
ogy. The label “µ⌥/e⌥/h⌥” denotes a muon, electron, or charged-hadron track.

3 CMS detector, data, and simulated samples

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a field of 3.8 T. The innermost component of the detector is a silicon pixel and
strip tracker, which is used to measure the momenta of charged particles and reconstruct col-
lision vertices. The tracker, which covers the pseudorapidity range |h| < 2.5, is surrounded
by a crystal electromagnetic calorimeter and a brass and scintillator hadronic calorimeter, both
placed inside the solenoid. These calorimeters cover |h| < 3.0. A quartz fiber Cherenkov for-
ward hadron detector extends the calorimetric coverage to |h| < 5.0. Muons are measured in
the pseudorapidity range |h| < 2.4, with detection planes made using three technologies: drift
tubes, cathode strip chambers, and resistive-plate chambers. The first level of the CMS trigger
system, composed of custom hardware processors, uses information from the calorimeters and
muon detectors to select the most interesting events in a fixed time interval of 4 µs. The high-
level trigger processor farm further decreases the event rate from around 100 kHz to less than
1 kHz before data storage. A more detailed description of the CMS detector, together with a
definition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [53].

The data set used in this analysis was recorded in 2012 and corresponds to an integrated lumi-
nosity of 19.7 fb�1 of pp collisions at

p
s = 8 TeV.

The Monte Carlo (MC) event generator PYTHIA 6.426 [54] is used to model the NMSSM Higgs
boson signal produced via gluon-gluon fusion. The H(125) boson pT spectrum from PYTHIA is
reweighted to the spectrum obtained from a next-to-leading-order computation with a next-to-
next-to-leading logarithmic accuracy using the HQT 2.0 program [55, 56], which performs the

4 2 CMS Event Reconstruction

1-prong + 1 π0 τhad

τμ

Jet
To HPS 
reconstruction

To tau muon 
reconstruction

Figure 1: Boosted di-tau pair reconstruction.
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-trigger events with double 
muon paths 

-search for 2 same-sign 
muons 

-search a track of opposite 
sign nearby each muon.18 9 Summary
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The analysis presented here complements the search for h/H ! a1a1 ! µµtt performed
by the ATLAS Collaboration [52], providing results in the 4t channel, which has not been
previously explored at the LHC.

9 Summary

A search for a very light NMSSM Higgs boson a1 or h1, produced in decays of the observed
boson with a mass near 125 GeV, H(125), is performed on a p p collision data set corresponding
to an integrated luminosity of 19.7 fb�1, collected at a centre-of-mass energy of 8 TeV. The anal-
ysis searches for the production of an H(125) boson via gluon-gluon fusion, and its decay into
a pair of a1 (h1) states, each of which decays into a pair of t leptons. The search covers a mass
range of the a1 (h1) boson of 4 to 8 GeV. No significant excess above background expectations
is found in data, and upper limits at 95% CL are set on the signal production cross section times
branching fraction,

(sB)sig ⌘ s(gg ! H(125))B(H(125) ! f1f1)B2(f1 ! tt),

where f1 is either the a1 or h1 boson. The observed upper limit at 95% CL on (sB)sig ranges
from 4.5 pb at mf1 = 8 GeV to 10.3 pb at mf1 = 5 GeV.
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•production of a light pseudo-scalar A associated with a bbar 
pair in a Type II 2 HDM context 

•A→ττ:3 finals states considered 
- eτh, µτh and µe 
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Figure 3: Expected cross sections for Type II 2HDM, superimposed on the expected and ob-
served combined limits from this search. Cyan and green points, indicating small values of
tan b as shown in the colour scale, have sin(b � a) ⇡ 1, cos(b � a) > 0, and low m2

12, and
correspond to models with SM-like Yukawa coupling, while red and orange points, with large
tan b, have sin(b + a) ⇡ 1, small cos(b � a) < 0, and tan b > 5, and correspond to the mod-
els with a “wrong sign” Yukawa coupling. Theoretically viable points are shown only up to
mA = mh/2 [19].

Table 2: Expected and observed 95 % CL combined upper limits in pb on pseudoscalar Higgs
bosons produced in association with bb pairs, along with their 1 and 2 standard deviation
uncertainties.

mA(GeV)
Expected limit (pb) Observed limit (pb)�2s �1s Median +1s +2s

25 20.4 28.1 41.3 63.1 95.5 35.8
30 14.6 20.0 29.1 44.3 66.3 38.7
35 12.2 16.6 24.3 36.7 55.1 37.4
40 10.3 14.1 20.6 31.1 46.5 31.3
45 8.4 11.6 16.8 25.3 37.9 20.3
50 7.0 9.5 13.7 20.7 30.8 13.2
55 6.7 9.2 13.3 20.1 29.9 10.5
60 6.1 8.2 12.0 18.0 26.7 10.6
65 5.6 7.7 11.2 17.0 25.4 8.3
70 5.1 7.0 10.2 15.6 23.3 7.1
75 5.3 7.2 10.5 15.9 23.8 7.9
80 5.5 7.5 10.9 16.6 25.0 8.0
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Figure 1: Observed and predicted mtt distributions in the µth (top), eth (middle), and eµ (bot-
tom) channels. The plots on the left are the zoomed-in versions for mtt distributions below
50 GeV. A signal for a mass of mA = 35 GeV is shown for a cross section of 40 pb. In µth and
eth final states, the electroweak background is composed of Z ! ee, Z ! µµ, W+jets, diboson,
and single top quark contributions. In the eµ final state, the electroweak background is com-
posed of diboson and single top backgrounds, while the misidentified e/µ background is due
to QCD multijet and W+jets events. The contribution from the SM Higgs boson is negligible
and therefore not shown.

limit extracted using mττ distribution:
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• in NMSSM context 
- search of a light neutral Higgs boson (h1) 

produced in SUSY cascades 
2 2 CMS detector

Âg

Âq

h1

‰̃0
2

Âq

Z0

‰̃0
2g

q

b

b

‰̃0
1

b b

‰̃0
1

q

q q

Figure 1: Feynman diagram of squark-gluino production with subsequent cascade decays via
neutralinos into h1.

a2 and H± are too heavy to be produced in SUSY cascades. In this scenario the squark and
gluino masses are at a common scale of 1 TeV and therefore the production of coloured spar-
ticles includes all four modes: eqeq, eqeg, egeg, and eqeq. Due to the higher parton density function
(PDF) values of the first generation quarks at large Bjorken-x compared to gluons, processes in-
volving squarks are dominating. As an alternative production scenario, the case of decoupled
squarks is also considered, where egeg production is the dominating process. The results of this
analysis are interpreted within both of these scenarios, and complement the search for 125 GeV
Higgs bosons within supersymmetric cascades reported in [36].

2 CMS detector
The central feature of the CMS apparatus is a superconducting solenoid with 13 m length and
6 m inner diameter, that provides an axial magnetic field of 3.8 T. The core of the solenoid
is instrumented with various particle detection systems: a silicon pixel and strip tracker, an
electromagnetic lead tungstate calorimeter (ECAL), and a brass/scintillator hadron calorimeter
(HCAL). The silicon pixel and strip tracker covers |h| < 2.5, where the pseudorapidity h is
defined by h = � ln tan(q/2) with q the polar angle of the trajectory of the particle with respect
to the counterclockwise beam direction. The ECAL and HCAL cover |h| < 3. The iron return
yoke outside the solenoid is instrumented with gas detectors used to identify muons. A quartz-
steel Cerenkov-radiation-based forward hadron calorimeter extends the coverage to |h|  5.
The detector is nearly hermetic, covering 0 < f < 2p in azimuth, allowing for energy balance
measurements in the plane transverse to the beam directions. The first level of the CMS trigger
system, composed of custom hardware processors, uses information from the calorimeters and
muon detectors to select the most interesting events in a fixed time interval of less than 4 µs. The
high level trigger (HLT) processor farm further decreases the event rate from around 100 kHz to
around 400 Hz, before data storage. A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the relevant kinematic variables, can be
found in Ref. [37].
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Figure 8: Upper limits for the NMSSM cross section times branching fraction into bb in com-
parison to the theoretical expectations from the NMSSM P4 scenario (blue dashed line).

The pronounced effect of M3 compared to the other parameters reflects the general dependence
of the primary production cross section on this parameter. The at most mild dependence on the
other parameters is due to the varied masses, production cross sections and branching fractions
of the individual particles. In the decoupled squarks scenario, the dominant production mode
of coloured sparticles is gluino pair creation. Each gluino decays via an intermediate squark
into neutralinos and charginos. In each of these two decay steps, a quark is emitted, which is
often a t-quark, due to its large Yukawa-coupling, which subsequently decays into a b-quark.
This leads to an increased non-resonant contribution (see Fig. 5, bottom left). As for the P4
scenario, the observed limits are well consistent with the expected ones.

•consider h1 decay in bbar 
- fit on mbb 

•NMSSM “P4” benchmark  
- h2 =h(125 GeV), h1 is mostly singlet i.e. 

suppressed couplings to V  
•Interpretations:  
- Model independent limits on resonant 

production  
- MMSSM interpretation  in 2 scenarios: 

• M3 = Mq = 1 TeV → fully excluded 
• decoupled-squarks: vary M1, M2, M3 

8.1 Cross section results 15
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Figure 9: Upper limits in the M3–mh1 plane of the NMSSM in the scenario of decoupled squarks
for an exemplary combination of M1 and M2. In this approach the full NMSSM spectrum has
been used. A detailed overview is shown in Appendix B, Fig. 12.
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•Two productions modes depending of mH+-:

2 1 Introduction

but the H+ ! t+nt decay mode still contributes. For the H+ ! t+nt decay mode, considering
the final state with hadronic t lepton and associated W boson decays, the current upper limits
of 0.8–0.004 pb have been set on s(pp ! t(b)H+)B(H+ ! t+nt) by the ATLAS experiment
for mH+ = 180–1000 GeV using data at

p
s = 8 TeV [24].
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Figure 1: Left: A representative diagram for the production mode of the light charged Higgs
boson through tt production with a subsequent decay to the th+jets final state. Middle and
right: Representative diagrams for the direct production of the charged Higgs boson in the
four-flavour scheme and five-flavour scheme, respectively.

In this paper, a search for the charged Higgs boson is performed in pp collisions at
p

s = 8 TeV.
The data were recorded by the CMS experiment at the LHC and correspond to an integrated
luminosity of 19.7± 0.5 fb�1. The charged Higgs boson decay modes and final states discussed
in this paper are summarized in Table 1. Model-independent limits without any assumption
on the charged Higgs boson branching fractions are calculated on B(t ! H+b)B(H+ ! t+nt)
and s(pp ! t(b)H+)B(H+ ! t+nt) for mH+ < mt � mb and mH+ > mt � mb, respectively,
with the analysis on the H+ ! t+nt decay mode in the th+jets final state. Additionally, the
H+ ! t+nt and H+ ! tb decay modes are inclusively studied in the µth, single lepton (`+jets),
and ``0 (`0 referring to the possible different flavour between the two leptons) final states for
mH+ > mt � mb. Combined limits for the H+ ! tb decay mode are set on s(pp ! t(b)H+) by
assuming either B(H+ ! t+nt) = 1 or B(H+ ! tb) = 1. The th+jets final state is not sensitive
to the presence of charged Higgs boson decay modes other than H+ ! t+nt, because any such
decay mode would be estimated inclusively with the background through the measurement
from data described in Section 5.2.1, . All the decay modes and final states considered are used
to set exclusion limits in the mH+–tan b parameter space for different MSSM benchmark scenar-
ios [29, 33]. To set these limits, the specific branching fractions predicted by those benchmark
scenarios are applied. This paper includes the first results on the direct charged Higgs boson
production for mH+ > mt � mb in the H+ ! tb decay mode.

Table 1: Overview of the charged Higgs boson production processes, decay modes, final states,
and mass regions analysed in this paper (` = e, µ). All final states contain additional jets from
the hadronization of b quarks and missing transverse energy from undetected neutrinos. The
index after each signature denotes the section where it is discussed.

Decay mode Signatures for mH+ < mt � mb Signatures for mH+ > mt � mb

pp ! tt ! bH+bH�/bH+bW� pp ! t(b)H+

H+ ! t+nt th+jets(5) th+jets(5), µt(6)
h , ``0(7)

H+ ! tb — µt(6)
h , ``0(7), `+jets(8)

The CMS detector is briefly described in Section 2, followed by details of the event reconstruc-
tion and simulation in Sections 3 and 4, respectively. The event selection together with the
background estimation is described in Sections 5, 6, 7, and 8 for the th+jets, µth, ``0, and `+jets
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In this paper, a search for the charged Higgs boson is performed in pp collisions at
p
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The data were recorded by the CMS experiment at the LHC and correspond to an integrated
luminosity of 19.7± 0.5 fb�1. The charged Higgs boson decay modes and final states discussed
in this paper are summarized in Table 1. Model-independent limits without any assumption
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assuming either B(H+ ! t+nt) = 1 or B(H+ ! tb) = 1. The th+jets final state is not sensitive
to the presence of charged Higgs boson decay modes other than H+ ! t+nt, because any such
decay mode would be estimated inclusively with the background through the measurement
from data described in Section 5.2.1, . All the decay modes and final states considered are used
to set exclusion limits in the mH+–tan b parameter space for different MSSM benchmark scenar-
ios [29, 33]. To set these limits, the specific branching fractions predicted by those benchmark
scenarios are applied. This paper includes the first results on the direct charged Higgs boson
production for mH+ > mt � mb in the H+ ! tb decay mode.

Table 1: Overview of the charged Higgs boson production processes, decay modes, final states,
and mass regions analysed in this paper (` = e, µ). All final states contain additional jets from
the hadronization of b quarks and missing transverse energy from undetected neutrinos. The
index after each signature denotes the section where it is discussed.
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if mH+- < mt trough ttbar production: if mH+- > mt trough direct 
production:

H+→τ+ντ 
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Figure 8: Expected and observed 95% CL model-independent upper limits on B(t !
H+b)B(H+ ! t+nt) with mH+ = 80–160 GeV (left), and on s(pp ! t(b)H+)B(H+ ! t+nt)
with mH+ = 180–600 GeV (right) for the H+ ! t+nt search in the th+jets final state. The
regions above the solid lines are excluded.

Table 10: Expected and observed 95% CL model-independent upper limits on B(t !
H+b)B(H+ ! t+nt) for mH+ = 80–160 GeV (top), and on s(pp ! t(b)H+)B(H+ ! t+nt)
for mH+ = 180–600 GeV (bottom), for the H+ ! t+nt search in the th+jets final state.

mH+ Expected limit Observed
[ GeV ] �2s �1s median +1s +2s limit

95% CL upper limit on B(t ! H+b)B(H+ ! t+nt)
80 0.0059 0.0079 0.0112 0.0160 0.0221 0.0120
90 0.0042 0.0057 0.0080 0.0115 0.0160 0.0092

100 0.0033 0.0044 0.0062 0.0089 0.0124 0.0061
120 0.0018 0.0024 0.0034 0.0049 0.0069 0.0028
140 0.0012 0.0017 0.0024 0.0034 0.0048 0.0017
150 0.0011 0.0015 0.0021 0.0031 0.0043 0.0015
155 0.0012 0.0016 0.0023 0.0033 0.0046 0.0016
160 0.0011 0.0016 0.0022 0.0032 0.0045 0.0015

95% CL upper limit on s(pp ! t(b)H+)B(H+ ! t+nt) [pb]
180 0.213 0.289 0.409 0.587 0.816 0.377
190 0.188 0.254 0.358 0.516 0.719 0.373
200 0.152 0.205 0.291 0.423 0.587 0.361
220 0.114 0.155 0.221 0.321 0.448 0.332
250 0.081 0.110 0.159 0.231 0.328 0.267
300 0.048 0.065 0.096 0.142 0.205 0.153
400 0.022 0.032 0.049 0.076 0.115 0.054
500 0.014 0.021 0.033 0.056 0.088 0.032
600 0.011 0.016 0.028 0.047 0.076 0.025

10.2 Limits on charged Higgs boson production with branching fraction assumed 29
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Figure 8: Expected and observed 95% CL model-independent upper limits on B(t !
H+b)B(H+ ! t+nt) with mH+ = 80–160 GeV (left), and on s(pp ! t(b)H+)B(H+ ! t+nt)
with mH+ = 180–600 GeV (right) for the H+ ! t+nt search in the th+jets final state. The
regions above the solid lines are excluded.

Table 10: Expected and observed 95% CL model-independent upper limits on B(t !
H+b)B(H+ ! t+nt) for mH+ = 80–160 GeV (top), and on s(pp ! t(b)H+)B(H+ ! t+nt)
for mH+ = 180–600 GeV (bottom), for the H+ ! t+nt search in the th+jets final state.

mH+ Expected limit Observed
[ GeV ] �2s �1s median +1s +2s limit

95% CL upper limit on B(t ! H+b)B(H+ ! t+nt)
80 0.0059 0.0079 0.0112 0.0160 0.0221 0.0120
90 0.0042 0.0057 0.0080 0.0115 0.0160 0.0092

100 0.0033 0.0044 0.0062 0.0089 0.0124 0.0061
120 0.0018 0.0024 0.0034 0.0049 0.0069 0.0028
140 0.0012 0.0017 0.0024 0.0034 0.0048 0.0017
150 0.0011 0.0015 0.0021 0.0031 0.0043 0.0015
155 0.0012 0.0016 0.0023 0.0033 0.0046 0.0016
160 0.0011 0.0016 0.0022 0.0032 0.0045 0.0015

95% CL upper limit on s(pp ! t(b)H+)B(H+ ! t+nt) [pb]
180 0.213 0.289 0.409 0.587 0.816 0.377
190 0.188 0.254 0.358 0.516 0.719 0.373
200 0.152 0.205 0.291 0.423 0.587 0.361
220 0.114 0.155 0.221 0.321 0.448 0.332
250 0.081 0.110 0.159 0.231 0.328 0.267
300 0.048 0.065 0.096 0.142 0.205 0.153
400 0.022 0.032 0.049 0.076 0.115 0.054
500 0.014 0.021 0.033 0.056 0.088 0.032
600 0.011 0.016 0.028 0.047 0.076 0.025

Final state considered: 
τh + jets

H+→τ+ντ 
H+→tb

Final state considered: 
H+→τ+ντ: τh + jets, µτh, ll’ 

H+→tb:  µτh, ll’, l+jets

no theoretical calculation for 
160-180 GeV transition
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Figure 12: Exclusion region in the MSSM Higgsino mass parameter (µ) vs. tan b parameter
space in the low-M H scenario [29, 33] with mA = 110 GeV for the H+ ! t+nt search with
the th+jets final state. The light-grey region is excluded and the blue region is theoretically
inaccessible. The area inside the red lines is the allowed parameter space for the assump-
tion that the discovered scalar boson is the heavy CP-even MSSM Higgs boson with a mass
mH = 125 ± 3 GeV, where the uncertainty is the theoretical uncertainty in the Higgs boson
mass calculation.

Assuming B(H+ ! tb) = 1, a 95% CL upper limit of s(pp ! t(b)H+) = 2.0–0.13 pb is set for
a combination of the µth, `+jets, and ``0 final states for mH+ = 180–600 GeV. This is the first
experimental result on the H+ ! tb decay mode. Here, cross section s(pp ! t(b)H±) stands
for the sum s(pp ! t(b)H+) + s(pp ! t(b)H�).

The results are interpreted in different MSSM benchmark scenarios and used to set exclusion
limits in the mH+–tan b parameter spaces. In the various models, a lower bound on the charged
Higgs boson mass of about 155 GeV is set assuming mh = 125 ± 3 GeV. The light-stop scenario
is excluded for mH+ < 160 GeV assuming mh = 125 ± 3 GeV, and the low-MH scenario defined
in Refs. [29, 33] is completely excluded assuming mH = 125 ± 3 GeV.
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Figure 11: Exclusion region in the MSSM mH+–tan b parameter space for mH+ = 80–160 GeV
(left column) and for mH+ = 180–600 GeV (right column) in the updated MSSM mmax

h scenario
(top row) and mmod�

h scenarios [29, 33] (bottom row). In the upper row plots the limit is derived
from the H+ ! t+nt search with the th+jets final state, and in the lower row plots the limit
is derived from a combination of all the charged Higgs boson decay modes and final states
considered. The ±1s and ±2s bands around the expected limit are also shown. The light-grey
region is excluded. The red lines depict the allowed parameter space for the assumption that
the discovered scalar boson is the lightest CP-even MSSM Higgs boson with a mass mh = 125±
3 GeV, where the uncertainty is the theoretical uncertainty in the Higgs boson mass calculation.

11 Summary
A search is performed for a charged Higgs boson with the CMS detector using a data sam-
ple corresponding to an integrated luminosity of 19.7 ± 0.5 fb�1 in proton-proton collisions atp

s = 8 TeV. The charged Higgs boson production in tt decays and in pp ! t(b)H+ is studied
assuming H+ ! t+nt and H+ ! tb decay modes, using the th+jets, µth, `+jets, and ``0 final
states. Data are found to agree with the SM expectations.

Model-independent limits without an assumption on the charged Higgs boson branching frac-
tions are derived for the H+ ! t+nt decay mode in the th+jets final state. Upper limits at 95%
CL of B(t ! H+b)B(H+ ! t+nt) = 1.2–0.15% and s(pp ! t(b)H+)B(H+ ! t+nt) = 0.38–
0.025 pb are set for charged Higgs boson mass ranges mH+ = 80–160 GeV and mH+ = 180–
600 GeV, respectively.
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assuming H+ ! t+nt and H+ ! tb decay modes, using the th+jets, µth, `+jets, and ``0 final
states. Data are found to agree with the SM expectations.

Model-independent limits without an assumption on the charged Higgs boson branching frac-
tions are derived for the H+ ! t+nt decay mode in the th+jets final state. Upper limits at 95%
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H+→cs

Search of BSM physics in Higgs sector with CMS detector 26

•assumption of BR(cs)=100% 
•tt fully reconstructed thanks to 

kinematic fits  
- relaxed constraint on mjj to match both 

W (background) and H+ mass

2 2 The CMS detector, simulation and reconstruction

g

g

t

t

+W

-W

b

b

q'

q

-l

lν

t

g

g

t

t

+H

-W

b

b

c

s

-l

lν

t

Figure 1: Leading order Feynman diagram for tt production at the LHC in the `+jets final state
in the SM (left) and additional diagram for the model with a charged Higgs boson (right).

2 The CMS detector, simulation and reconstruction

A detailed description of the CMS detector together with a definition of the coordinate sys-
tem used and the relevant kinematic variables can be found in Ref. [15]. The central feature
of CMS is a superconducting solenoid of 6 m diameter providing a magnetic field of 3.8 T. A
silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass-
scintillator hadron calorimeter are located inside the solenoid. Forward calorimeters extend the
pseudorapidity [15] coverage provided by the barrel and endcap detectors. The muon detec-
tion system is composed of drift tubes, cathode strip chambers, and resistive plate chambers,
embedded in the steel flux-return yoke outside the solenoid.

The CMS first-level trigger system consists of custom hardware processors. It uses information
from the calorimeters and muon detector to select the interesting events. The high-level trigger
system, based on a computing farm, further reduces the event rate from around 100 kHz to less
than 1 kHz, before data storage.

The analysis exploits event reconstruction based on the particle-flow (PF) algorithm [16, 17].
This algorithm reconstructs all stable particles in an event by combining information from all
subdetectors. The resulting list of particles is then used to reconstruct higher-level objects such
as jets and missing transverse energy (Emiss

T ). Muons are reconstructed by performing a si-
multaneous global track fit to hits in the silicon tracker and the muon detector [18]. Electrons
are identified by combining information from clusters of energy deposits in the electromag-
netic calorimeter and the hits in the tracker [19]. Jets are reconstructed using the anti-kT algo-
rithm [20] with a distance parameter of 0.5.

Among the large number of pp interactions per LHC bunch crossing (“pileup”) we select the
one having the maximum squared sum of the transverse momenta (pT) of charged-particle
tracks as the primary vertex. On average, there were about 20 pileup events in the 2012 data. In
order to suppress jets coming from pileup interactions, a jet identification criterion [21] based
on a multivariate analysis method is used. We correct for the detector response to obtain a
realistic jet energy scale. The Emiss

T [22] is defined as the magnitude of the vector sum of pT of
all reconstructed particles.

The method to identify jets from b quark hadronization (called “b jets”) involves the use of

Final state:  
isolated lepton 
+>= 4 jets 
+large MET
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Figure 6: Exclusion limit on the branching fraction B(t ! H+b) as a function of mH+ assuming
B(H+ ! cs) = 100%.

Table 4: Expected and observed limits on B(t ! H+b) (in percent) at 95% CL in the mass range
of 90 to 160 GeV.

95% CL upper limit on B(t ! H+b) in percent
mH+ Expected limit Observed limit

(GeV) �2s �1s median +1s +2s
90 1.9 2.6 3.6 5.3 7.3 6.5

100 0.9 1.2 1.8 2.3 3.4 1.4
120 0.6 0.8 1.2 1.8 2.4 1.2
140 0.6 0.7 1.1 1.4 2.0 1.5
150 0.5 0.7 1.0 1.4 2.0 2.1
155 0.7 0.9 1.3 1.9 2.6 1.9
160 0.6 1.0 1.4 2.2 3.6 2.0

arXiv:1510.04252 
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Conclusion:

Search of BSM physics in Higgs sector with CMS detector 27

• Large number of models tested → no sign of new physics yet: 
- Some models starting to be excluded 
- Many model starting to be tested (NMSSM) 
- Invisible decays of neutral Higgs probing O(30%) BR 

• Run I data reaching O(fb) sensitivity on model independent limits on 
σxBR in many channels 

• A lot of CMS run I results not presented in this talk 
- full list of results available here 

• Starting to analyze run II data 
- Expand coverage of Run I with more low mass searches 
- Increase combined approach between exotica/SUSY/diboson searches and Higgs 

interpretations  

Stay Tuned ! 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG

