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Outline 
Search	for	heavy	scalars	
•  BSM	summary	(8	TeV)	

HIG-16-007	
•  H->ZZ->4l,	->2l2ν	(13	TeV)	

HIG-15-005,	HIG-16-001	
•  H->Z(ll)A(bb)	(13	TeV)	

HIG-16-010	
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Search	for	resonant	HH	
produc=on	
•  X->HH->bbττ, ->bbWW, ->4b	

(13	TeV)	HIG-16-013,	
HIG-16-011,	HIG-16-002	

Search	for	BSM	decays	of	
H(125	GeV)	
•  H->invisible	(13	TeV)	

HIG-16-009,	HIG-16-008	and	
combinaBon	with	LHC	Run	1	

•  H->a1a1->bbµµ, ->µµττ	(8	
TeV)	HIG-14-041,	HIG-15-011	

Not	covered	
•  X(750)	–	dedicated	session	on	

Thursday	
•  Anomalous	H(125)	couplings	(

arXiv:1602.04305)	
•  Lepton	flavour-violaBng	decays	

(talk	by	Michal	Bluj)	



Heavy	scalars:	Run	1	summary 
2HDM	constraints	from	H(125)		 	HIG-16-007		

CMS	measurements	of	H(125)	
couplings	strongly	constrain	

heavy	scalar	sector	

01/06/16	 Pascal	Vanlaer,	ULB,	Bruxelles	

3.2 Constraints from direct searches 7

Table 2: Modifications of the couplings of the h to up- (ku), down-type (kd) fermions and vector
bosons (kV), 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 su and sd as given in Equation (4).

2HDM hMSSM
type I type II/MSSM

kV sin(b � a) sin(b � a) sd+su tan bp
1+tan2 b

ku cos(a)/ sin(b) cos(a)/ sin(b) su

p
1+tan2 b
tan b

kd cos(a)/ sin(b) � sin(a)/ cos(b) sd

q
1 + tan2 b

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

q(mA,H, tan b) =
L(data|µ · s + b, {q̂i,µ})

��
µ=1

L(data|µ̂ · s + b, {q̂i})
, (5)

where µ corresponds to a single signal strength parameter, s to the expected signal and b to
the expected background yields. The value µ = 1 corresponds to the exact prediction of the
scenario for given mA,H and tan b. The parameters {q̂i,µ} correspond to the best estimates of
the nuisance parameters for a fixed value of µ, and {q̂i} to the global best estimates of the
nuisance parameters for 0  µ̂  1. Those points where CLS falls below 0.05 are excluded at
95% CL. This method has been used for the A/H/h ! tt (with a slightly different test statistic
as discussed below), A/H/h ! µµ 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:

• A search in the A/H/h ! tt 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, mtt. The
search is performed in the µµ, eµ, µth, eth and thth 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 th. 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 mtt, 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 mtt justifies the use of single
mass templates obtained from the simulation with Pythia [40], which have been

Alignment	limit	

InterpretaBon	in	2HDM	with	Type-I	and	Type-II	couplings	

3	



Heavy	scalars:	Run	1	summary 
Direct	searches	 	HIG-16-007		
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2 3 Datasets and Simulations

Table 1: Parameters of the 2HDM Type-I and II scenarios used in this note. The values of mh and
cos(b � a) are constrained by the measured properties of the observed Higgs boson. The values
of mA and mH± are chosen degenerate and larger than mH to allow for decays like A ! ZH.
The remaining parameter, m12 is 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
mh 125.09 GeV
mA mH + 100 GeV

mH+ mH + 100 GeV
cos(b � a) 0.1

m2
12 max(1 � tan b�2, 0) · 1

2 sin(2b)(m2
A + l5v2)

mH scanned
tan b scanned

2 The CMS detector

A detailed description of the CMS detector can be found in Ref. [22]. The key components of
the detector include a silicon pixel and a silicon strip tracker, embedded in a 3.8 T solenoidal
magnetic field, used to measure the momentum of charged particles. The silicon pixel and
strip tracking system covers the pseudorapidity range |h| < 2.5, where h = � ln [tan (q/2)],
and q is the polar angle of the trajectory of the particle with respect to the beam direction.
It is surrounded by a lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass-
scintillator hadron calorimeter (HCAL). The ECAL and HCAL extend to a pseudorapidity
range of |h| < 3.0. A steel/quartz-fiber Cherenkov forward detector (HF) extends the calori-
metric coverage to |h| < 5.2. The calorimeters are surrounded by the muon system, used to
identify muons and measure their momentum. The muon system consists of gas detectors
placed in the steel return yoke of the magnet.

3 Datasets and Simulations

The largest background to this search consists of events in which a Z boson is produced in
association with jets (Z + jets). The Z + jets cross section is five orders of magnitude larger
than the expected production cross section of the signal. The other major backgrounds are top-
quark production (tt ! 2`2n2b and tW ! 2`2nb), and the diboson production (WZ ! 3`n,
ZZ ! 2`2n, and WW ! 2`2n).

Several Monte Carlo (MC) event generators are used to simulate the signal and background
processes. MC samples for various background processes are generated using the MadGraph5
aMC@NLO [23], PYTHIA [24, 25], and POWHEG [26] generators. The cross sections are based on
MCFM [27] and FEWZ [28].

The dominant irreducible background from ZZ production is simulated with POWHEG. We
apply two K-factors to the qq̄ ! ZZ ! ``nn sample: one to take into account the electroweak
next-to-leading order (NLO) corrections [29] and an other one for the QCD next-to-next-to-
leading order (NNLO) corrections [30].

An additional gg ! ZZ ! 2`2n contribution is simulated with MCFM, scaled with a NNLO/LO
K-factor computed with hNNLO version 2.0 [31].

•  Summarized	in	benchmark	2HDM	
–  Parameter	space	chosen	where	

different	searches	are	complementary	
and	theory	is	consistent	

•  Type-II	models	more	constrained	



Heavy	scalars:	Run	1	summary 
MSSM	constraints	from	direct	searches	 	HIG-16-007		
•  Summarized	in	benchmark	MSSM	models	

–  mh
mod+	(mh	=	125	+/-	3	GeV)	and	hMSSM	(mh	=	125	GeV)		

•  Results	in	(mA,	tan	β)	plane	
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Heavy	scalars:	13	TeV 
H->ZZ->4l 		HIG-15-004	
•  search	using	m4l	

•  Generic	cross	secBon	
limits	for	several	widths	
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2HDM	Type-II	

gluon		
fusion	 VBF	

H->ZZ->2l2ν HIG-16-001		
-  search	using	mT		
-  EWK	singlet	model	

1

1 Introduction

We present a search for a heavy scalar in the H ! ZZ ! 2`2n channel (where ` refers to either
e or µ), using 13 TeV proton-proton collision data produced at the LHC in 2015 and recorded
with the CMS detector corresponding to an integrated luminosity of 2.3 fb�1. The analysis
is performed in a range of heavy scalar masses 200 < mH < 1500 GeV. The mass range is
significantly extended compared to the Run 1 analysis [1].

The observation of a Higgs boson with a mass of 125 GeV is consistent with the unitarity con-
straints on diboson scattering at high energies [2–11]. Nevertheless, there is a possibility that
the newly discovered particle is a part of a larger Higgs boson sector and thus only partially
responsible for electroweak (EW) symmetry breaking. This can be realised in several scenarios,
such as two-Higgs-doublet models [12–14], or models in which the SM Higgs boson mixes with
a heavy EW singlet, which predict the existence of an additional resonance at high mass, with
couplings similar to those of the SM Higgs boson, as most recently described in [15–20],

The data are analysed to search for a generic scalar of variable mass and width, modelled as an
electroweak singlet mixing with the recently-discovered Higgs boson, h(125). The couplings
of the two gauge eigenstates (h(125) and EW singlet) are phenomenologically constrained by
unitarity. The unitarity constraint is ensured by enforcing C2 + C

02 = 1, where C and C0 are
defined as the scale factors of the couplings with respect to the SM of the low- and high-mass
Higgs bosons, respectively. The EW singlet production cross section is also modified by a factor
µ0 and the modified width is G0; they are defined as

µ0 = C02 (1 � Bnew), (1)

G0 = GSM
C02

1 � Bnew
, (2)

where Bnew is the branching fraction of the EW singlet to non-SM decay modes. An upper limit
of 0.13 can be set on C

02 at 95% CL from signal strength fits to the h(125) boson as obtained
in [21].

This paper focuses on the case where C02  (1�Bnew). In this regime the new state is expected
to have an equal or narrower width with respect to the SM case. Generic limits are set for gluon
fusion (ggF) and vector-boson fusion (VBF) production modes separately. The two channels are
also combined assuming a ratio of ggF to VBF production rates as predicted in the EW singlet
scenario, i.e. as in the SM for a scalar of mass mH.

The results are then reinterpreted in the context of benchmark 2HDM Type-I and Type-II mod-
els. We set constraints in the tan(b) vs mH plane, where tan(b) is the ratio of the vacuum expec-
tation values of the two Higgs doublets. The parametrisation is given in Table 1. It corresponds
to the hybrid basis described in [14]. The parameter space is chosen to allow a combination of
LHC Run 1 results in various final states. It accounts for constraints from the measurement of
the couplings of the observed Higgs boson and is set requiring perturbativity of the couplings
and a stable vacuum for low values of tan b.

1

1 Introduction

We present a search for a heavy scalar in the H ! ZZ ! 2`2n channel (where ` refers to either
e or µ), using 13 TeV proton-proton collision data produced at the LHC in 2015 and recorded
with the CMS detector corresponding to an integrated luminosity of 2.3 fb�1. The analysis
is performed in a range of heavy scalar masses 200 < mH < 1500 GeV. The mass range is
significantly extended compared to the Run 1 analysis [1].

The observation of a Higgs boson with a mass of 125 GeV is consistent with the unitarity con-
straints on diboson scattering at high energies [2–11]. Nevertheless, there is a possibility that
the newly discovered particle is a part of a larger Higgs boson sector and thus only partially
responsible for electroweak (EW) symmetry breaking. This can be realised in several scenarios,
such as two-Higgs-doublet models [12–14], or models in which the SM Higgs boson mixes with
a heavy EW singlet, which predict the existence of an additional resonance at high mass, with
couplings similar to those of the SM Higgs boson, as most recently described in [15–20],

The data are analysed to search for a generic scalar of variable mass and width, modelled as an
electroweak singlet mixing with the recently-discovered Higgs boson, h(125). The couplings
of the two gauge eigenstates (h(125) and EW singlet) are phenomenologically constrained by
unitarity. The unitarity constraint is ensured by enforcing C2 + C

02 = 1, where C and C0 are
defined as the scale factors of the couplings with respect to the SM of the low- and high-mass
Higgs bosons, respectively. The EW singlet production cross section is also modified by a factor
µ0 and the modified width is G0; they are defined as

µ0 = C02 (1 � Bnew), (1)

G0 = GSM
C02

1 � Bnew
, (2)

where Bnew is the branching fraction of the EW singlet to non-SM decay modes. An upper limit
of 0.13 can be set on C

02 at 95% CL from signal strength fits to the h(125) boson as obtained
in [21].

This paper focuses on the case where C02  (1�Bnew). In this regime the new state is expected
to have an equal or narrower width with respect to the SM case. Generic limits are set for gluon
fusion (ggF) and vector-boson fusion (VBF) production modes separately. The two channels are
also combined assuming a ratio of ggF to VBF production rates as predicted in the EW singlet
scenario, i.e. as in the SM for a scalar of mass mH.

The results are then reinterpreted in the context of benchmark 2HDM Type-I and Type-II mod-
els. We set constraints in the tan(b) vs mH plane, where tan(b) is the ratio of the vacuum expec-
tation values of the two Higgs doublets. The parametrisation is given in Table 1. It corresponds
to the hybrid basis described in [14]. The parameter space is chosen to allow a combination of
LHC Run 1 results in various final states. It accounts for constraints from the measurement of
the couplings of the observed Higgs boson and is set requiring perturbativity of the couplings
and a stable vacuum for low values of tan b.

-  Generic	gluon-fusion	and	
VBF	cross	secBon	limits	
independent	of	width	



Heavy	scalars:	13	TeV 
H->Z(ll)A(bb)	 	 	HIG-16-010		
•  2HDM	with	inverted	mass	hierarchy	(light	A)	
•  2D	search	in	(mbb,	mllbb)	plane		

–  Signal	region	centered	on	(mA,	mH)	+	mll	around	Z	peak	
–  Background	filed	in	mll	sidebands	

•  Type-II	2HDM	interpretaBon	
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X->hh:	13	TeV 
H->hh->bbττ	
HIG-16-013		Search	using	mH		

3	categories:	bbeτh,	bbµτh,	bbτhτh	
kinemaBc	fit	fixing	mbb=mττ=125	GeV	
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X	(spin-0	or	2)->HH->bbW(lν)W(lν)	
•  Search	using	yields	in	4	event	categories	

–  On/offpeak	mbb	x	low/high	BDT	score	
•  BDT	trained	at	mX=	400	and	650	GeV	

Search	using	mX	
kinemaBc	fit;	
Bkg	shape	obtained		
from	sidebands	
in	(mH1,	mH2)	plane	

X->HH->4b			
HIG-16-002	

H->hh->bbττ	

X->HH->bbWW	
HIG-16-011	

X->HH->4b		



H->invisible 
ZH->ll+MET	13	TeV	 		

Search	using	mT	in	jet	categories	
ZZ	background	from	simulaBon	

Z+jets	from	γ+jet	data	
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HIG-16-008	

H(125)	combined	Run	1	+	13	TeV	

HIG-16-009	

VBF	qqH->jj+MET	13	TeV		
ü  Trigger;	MET	and	jet	(VBF)	cuts	
ü  Signal	region:	window	in	mjj	x	minΔφ(j,MET)	
ü  Search	using	yields	in	signal	and	mulBple	

control	regions	

HIG-16-009	



H(125)->a1a1:	8	TeV 
H->a1a1->µµbb	
20<ma1<70	GeV	

|mµµbb–	125|<25	GeV	
Search	for	peak	in	mµµ	
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HIG-14-041	

H->a1a1->µµττ	
ü  5	different	ττ	decay	modes	
ü  20<ma1<62.5	GeV	
ü  |mµµττ–	125|<25	GeV	
ü  |mµµ–mττ|/mµµ<0.8	

HIG-15-011	

2 3 Data and simulated samples

h

a1

a1

g

g

µ+

µ�

b̄

b

1

Figure 1: Feynman diagram for the signal topology.

loss of sensitivity of the current search towards ma1 ⇡ 20 GeV and lower. The upper bound
is slightly above the kinematic threshold imposed by mass of the Higgs boson. The analysis
is performed using the data collected with the CMS detector during 2012, corresponding to an
integrated luminosity of 19.7 fb�1.

2 CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are
a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL),
and a brass/scintillator hadron calorimeter (HCAL). Muons are measured in gas-ionization
detectors embedded in the steel flux-return yoke outside the solenoid. Extensive forward
calorimetry complements the coverage provided by the barrel and endcap detectors. Muons
measured in the pseudorapidity range |h| < 2.4 of the muon system are matched to tracks
measured in the silicon tracker. This results in transverse momentum resolution for muons
with 20 < pT < 100 GeV of 1.3–2.0% in the barrel and better than 6% in the endcaps [22].
The calorimetry systems, ECAL and HCAL, with |h| < 3.0 coverage are used to identify and
measure the energy of different particles including hadrons. The CMS detector is nearly her-
metic, which permits good measurements of the energy imbalance in the plane transverse to
the beam line. 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 [23].

3 Data and simulated samples

This analysis is performed using the data from the LHC proton-proton collisions at 8 TeV
center-of-mass energy. The data sample, corresponding to an integrated luminosity of 19.7 fb�1

for the double-muon triggers, was collected with the CMS detector in 2012. The NMSSM
benchmark model is used to generate signal samples with PYTHIA 6.4 [24] where the pT of the
Higgs boson is corrected for the next-to-next-to-leading order effects. The Drell-Yan process,
Z/g⇤(! ``) + jets, is modeled with MADGRAPH 5.148 [25] event generator and interfaced
with PYTHIA for parton showering. A lower bound of m`` > 10 GeV is applied to avoid di-
vergences at low dilepton invariant masses. Similar generator and showering program is used
for tt and dibosons (WW, WZ, ZZ) event samples. Single top quark events produced in asso-
ciation with a W boson are generated using POWHEG 1.0 [26–29] interfaced with PYTHIA for
parton showering. Despite its small contribution, the Z-boson associated production of the
SM Higgs boson is also included in the list of backgrounds. This sample is generated with



H(125)->a1a1:	2HDM+S	summary 

a1	couplings	to	fermions	depend	on	
model	type	and	tanβ	

Type-1	and	-2	limits	are	~indep.	of	tanβ	
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hlps://twiki.cern.ch/twiki/bin/viewauth/CMSPublic/SummaryResultsHIG	

SensiBvity	to	B(h->aa)	in	Type-3	and	-4	



Conclusions	
•  CMS	searches	for	BSM	scalar	sector	in	LHC	Run	2	
are	well	under	way	
–  SensiBvity	close	to	Run	1	already	with	2.7	q-1	of	data	

•  The	analysis	methods	are	conBnuously	improving	
•  LHC	and	CMS	are	performing	very	well	
– More	results	coming	soon	
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BACKUP	
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H->ZZ+WW	analysis	
•  In	[140,	1000]	GeV	mass	range	
•  Search	in	WWàlνlν,	WWàlνjj,	WWàlνJ,	ZZàllll, 
ZZàllττ,	ZZàllνν,	ZZàllqq	final	states	

•  Several	models	considered:	
–  Heavy	scalar	with	SM	couplings	
–  Electroweak	singlet	mixing	with	light	scalar	

•  Couplings	of	h	and	H	states	are	universally	rescaled	by	C	and	
C’,	constrained	by	unitarity	and	h(125)	signal	strength	

	
•  Heavy	H	is	allowed	to	decay	into	new	modes	with	a	B.F.	Bnew:	

•  Results	also	interpreted	as	a	generic	2D	limit	on	mass	and	
width	
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2 3 Signal model and simulations

interesting events in a fixed time interval of less than 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 detector as well as the definition of the coordinate system and
relevant kinematic variables can be found in Ref. [58].

3 Signal model and simulations
Several Monte Carlo event generators are used to simulate the signal and background event
samples. The Higgs boson signal samples from gluon fusion (ggF, gg ! H), and vector bo-
son fusion (VBF, qq ! qqH), are generated with POWHEG 1.0 [59–63] at next-to-leading order
(NLO) and a dedicated program [64] used for angular correlations. Samples of WH, ZH, and
ttH events are generated using the leading-order (LO) PYTHIA 6.4 [65] program. At the gener-
ator level, events are weighted according to the total cross section s(pp ! H) [66], which con-
tains contributions from ggF computed to next-to-next-to-leading order (NNLO) and next-to-
next-to-leading-log (NNLL), and from weak-boson fusion computed at NNLO. The WW(ZZ)
invariant mass, mWW (mZZ), lineshape is affected by interference between signal and SM back-
ground processes. The simulated mH lineshape is therefore corrected to match theoretical pre-
dictions [67–69] using the complex-pole scheme for the Higgs boson propagator. The procedure
for including lineshape corrections and uncertainties from interference of the signal with back-
ground processes for both ggF and VBF production are described below in the discussion of
the lineshape corrections applied for the EW singlet interpretation.

The background contribution from qq ! WW production is generated using MADGRAPH
5.1 [70], and the subdominant gg ! WW process is generated at LO with GG2WW 3.1 [71]. The
qq ! ZZ production process is simulated at NLO with POWHEG, and the gg ! ZZ process is
simulated at LO using GG2ZZ 3.1 [72]. Other diboson processes (WZ, Zg(⇤), Wg(⇤)), Z+jets, and
W+jets are generated with PYTHIA and MADGRAPH. The tt and tW events are generated at
NLO with POWHEG. For all samples, PYTHIA is used for parton showering, hadronization, and
underlying event simulation. For LO generators, the default set of parton distribution func-
tions (PDF) used to produce these samples is CTEQ6L [73], while CT10 [74] is used for NLO
generators. The tau lepton decays are simulated with TAUOLA [75]. The detector response is
simulated using a detailed description of the CMS detector, based on the GEANT4 package [76],
with event reconstruction performed identically to that of recorded data. The simulated sam-
ples include the effect of multiple pp interactions per bunch crossing (pileup). The PYTHIA
parameters for the underlying events and pileup interactions are set to the Z2 (Z2⇤) tune [77]
for the 7 (8) TeV simulated data sample, with the pileup multiplicity distribution matching the
one observed in data.

The data are analysed to search for both a beyond the standard model (BSM) case in the form
of an EW singlet scalar mixed with the recently discovered Higgs boson, h(125), as well as a
heavy Higgs boson with SM-like couplings. The couplings of the two gauge eigenstates (h(125)
and EW singlet) are phenomenologically constrained by unitarity and the coupling strength of
the light Higgs boson is therefore reduced with respect to the SM case. The unitarity constraint
is ensured by enforcing C2 + C

02 = 1, where C and C0 are defined as the scale factors of the
couplings with respect to the SM of the low- and high-mass Higgs boson, respectively. The EW
singlet production cross section is also modified by a factor µ0 and the modified width is G0;
they are defined as

µ0 = C02 (1 � Bnew), (1)

3

G0 = GSM
C02

1 � Bnew
, (2)

where Bnew is the branching fraction of the EW singlet to non-SM decay modes. An upper limit
at 95% CL can be set indirectly as C

02 < 0.28 using the signal strength fits to the h(125) boson
as obtained in Ref. [78].

This paper focuses on the case where C02  (1�Bnew). In this regime the new state is expected
to have an equal or narrower width with respect to the SM case. Results are presented distin-
guishing between the Bnew = 0 and Bnew > 0 cases. Under this hypothesis, signal samples
with different Higgs boson widths are generated, scanning the C

02 and Bnew space. We follow
the recommendations of the “LHC Higgs Cross Section Working Group” [66] described below.

The SM signal mass lineshape generated with POWHEG is weighted in order to simulate the nar-
row scalar singlet lineshape. For the ggF production mode, the weights are calculated using
either the GG2ZZ generator for the ZZ channel, or the POWHEG and MCFM 6.2 [79] generators
for the interference calculation for the WW channel. For the VBF production mode, the in-
terference weights are computed using the PHANTOM 1.2 [80] generator, where the signal-only
lineshape at LO is weighted based on results obtained with MADGRAPH generator predictions.
The weights are defined as the ratio of the sum of a narrow resonance signal plus interference
and the standard model signal lineshape as generated. The contribution from the interference
term between the BSM Higgs boson and the background is furthermore assumed to scale ac-
cording to the modified coupling of the Higgs boson as (µ + I)BSM = µSMC02 + ISMC0, where
µ(I) is the signal strength (interference) in the BSM or SM cases. This assumption is based on
the hypothesis that the couplings are similar to the SM case and simply rescale due to unitarity
constraints. Systematic uncertainties considered for this procedure are detailed later.

If the new resonance has a very small width, its production will tend to interfere less with
the background continuum. Thus in the most interesting region of low-C02, the effect of the
interference and its exact modeling is of limited importance. Any possible interference between
h(125) and its EW singlet partner [81, 82] is assumed to be covered by a conservative systematic
uncertainty. In addition to the EW singlet, the analysis searches for a heavy Higgs boson that
gets produced and decays like the SM Higgs boson, but has a higher mass and interferes with
h(125).

4 Event reconstruction
CMS uses a particle-flow (PF) reconstruction algorithm [83, 84] to provide an event description
in the form of particle candidates, which are then used to build higher-level objects, such as
jets and missing transverse energy, as well as lepton isolation quantities. Not all the channels
considered here use the same selection criteria for their objects, but the common reconstruction
methods are listed below.

The high instantaneous luminosity delivered by the LHC provides an average of about 9 (21)
pileup interactions per bunch crossing in 7 (8) TeV data, leading to events with several possi-
ble primary vertices. The vertex with largest value of the sum of the square of the transverse
momenta (pT) for the associated tracks is chosen to be the reference vertex. According to sim-
ulation, this requirement provides the correct primary vertex in more than 99% of both signal
and background events.

Muon candidates are reconstructed by using one of two algorithms: one in which tracks in the

2 3 Signal model and simulations

interesting events in a fixed time interval of less than 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 detector as well as the definition of the coordinate system and
relevant kinematic variables can be found in Ref. [58].

3 Signal model and simulations
Several Monte Carlo event generators are used to simulate the signal and background event
samples. The Higgs boson signal samples from gluon fusion (ggF, gg ! H), and vector bo-
son fusion (VBF, qq ! qqH), are generated with POWHEG 1.0 [59–63] at next-to-leading order
(NLO) and a dedicated program [64] used for angular correlations. Samples of WH, ZH, and
ttH events are generated using the leading-order (LO) PYTHIA 6.4 [65] program. At the gener-
ator level, events are weighted according to the total cross section s(pp ! H) [66], which con-
tains contributions from ggF computed to next-to-next-to-leading order (NNLO) and next-to-
next-to-leading-log (NNLL), and from weak-boson fusion computed at NNLO. The WW(ZZ)
invariant mass, mWW (mZZ), lineshape is affected by interference between signal and SM back-
ground processes. The simulated mH lineshape is therefore corrected to match theoretical pre-
dictions [67–69] using the complex-pole scheme for the Higgs boson propagator. The procedure
for including lineshape corrections and uncertainties from interference of the signal with back-
ground processes for both ggF and VBF production are described below in the discussion of
the lineshape corrections applied for the EW singlet interpretation.

The background contribution from qq ! WW production is generated using MADGRAPH
5.1 [70], and the subdominant gg ! WW process is generated at LO with GG2WW 3.1 [71]. The
qq ! ZZ production process is simulated at NLO with POWHEG, and the gg ! ZZ process is
simulated at LO using GG2ZZ 3.1 [72]. Other diboson processes (WZ, Zg(⇤), Wg(⇤)), Z+jets, and
W+jets are generated with PYTHIA and MADGRAPH. The tt and tW events are generated at
NLO with POWHEG. For all samples, PYTHIA is used for parton showering, hadronization, and
underlying event simulation. For LO generators, the default set of parton distribution func-
tions (PDF) used to produce these samples is CTEQ6L [73], while CT10 [74] is used for NLO
generators. The tau lepton decays are simulated with TAUOLA [75]. The detector response is
simulated using a detailed description of the CMS detector, based on the GEANT4 package [76],
with event reconstruction performed identically to that of recorded data. The simulated sam-
ples include the effect of multiple pp interactions per bunch crossing (pileup). The PYTHIA
parameters for the underlying events and pileup interactions are set to the Z2 (Z2⇤) tune [77]
for the 7 (8) TeV simulated data sample, with the pileup multiplicity distribution matching the
one observed in data.

The data are analysed to search for both a beyond the standard model (BSM) case in the form
of an EW singlet scalar mixed with the recently discovered Higgs boson, h(125), as well as a
heavy Higgs boson with SM-like couplings. The couplings of the two gauge eigenstates (h(125)
and EW singlet) are phenomenologically constrained by unitarity and the coupling strength of
the light Higgs boson is therefore reduced with respect to the SM case. The unitarity constraint
is ensured by enforcing C2 + C

02 = 1, where C and C0 are defined as the scale factors of the
couplings with respect to the SM of the low- and high-mass Higgs boson, respectively. The EW
singlet production cross section is also modified by a factor µ0 and the modified width is G0;
they are defined as

µ0 = C02 (1 � Bnew), (1)
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hUU hDD hEE HUU HDD HEE iAUγ5U iADγ5D iAEγ5E

Type I cosα
sinβ

cosα
sinβ

cosα
sinβ

sinα
sinβ

sinα
sinβ

sinα
sinβ − cot β cot β cot β

Type II cosα
sinβ − sinα

cos β − sinα
cos β

sinα
sinβ

cosα
cos β

cosα
cos β − cot β − tan β − tan β

Type X cosα
sinβ

cosα
sinβ − sinα

cos β
sinα
sinβ

sinα
sinβ

cosα
cos β − cot β cot β − tan β

Type Y cosα
sinβ − sinα

cos β
cosα
sinβ

sinα
sinβ

cosα
cos β

sinα
sinβ − cot β − tan β cot β

Table 2: Neutral Higgs–fermion couplings in the 2HDM subject to the Z2 symmetries given in Table 1.
The couplings listed above are normalized relative to the SM Higgs couplings to UU , DD, and EE.

The neutral Higgs Yukawa couplings (relative to the corresponding couplings of the SM Higgs boson)
are conveniently summarized in Table 2 for the four possible implementations of the GWP condition.

The imposition of the discrete symmetry also restricts the form of the Higgs scalar potential given
in Eq. (1) by setting m2

12 = λ6 = λ7 = 0. As discussed in Section 2.3, the condition m2
12 = 0 can

be relaxed. In the case of a softly-broken Z2-invariant 2HDM with m2
12 ̸= 0, Higgs-mediated FCNCs

are still absent at tree-level, although they are generated at one-loop order. Nevertheless, the size of
these FCNCs may be phenomenologically acceptable, depending on the region of the 2HDM parameter
space. This motivates us to focus on the Higgs scalar potential of the form given in Eq. (41). Note
that the parameter tan β ≡ ⟨Φ0

2⟩/⟨Φ0
1⟩ is defined in terms of the vevs with respect to the Z2-basis of

scalar fields, where the discrete Z2 symmetry of the Higgs-fermion Yukawa interactions is manifest
(i.e., where three of the six Higgs-fermion Yukawa matrices vanish). Indeed as previously advertised,
the parameter tan β has been promoted to a physical parameter of the theory.

2.5 Parametrizing the softly-broken Z2-symmetric CP-conserving 2HDM

The scalar potential in the Z2-basis [Eq. (41)] is governed by three squared-mass parameters and five
dimensionless quartic coupling parameters. Minimizing the scalar potential, we re-express m2

11 and
m2

22 in terms of v = 246 GeV and tan β. Excluding v (which determines the W and Z masses), we
are left with seven real parameters: m2

12, tan β and the λi (i = 1, 2, . . . , 5). In the Higgs basis, the
counting is also straightforward: after imposing the scalar potential minimum conditions the relevant
real parameters (excluding v) are Y2 and Zi (i = 1, 2, . . . , 7). Imposing one relation, Eq. (54), to
guarantee the existence of a basis where λ6 = λ7 = 0, we are again left with seven real parameters.

A more physical choice of parameters would consist of α, β and the four scalar masses, mh,
mH , mA and mH± . This leaves one additional parameter, which is usually chosen to be m2

12 or λ5

(cf. Appendix D of [47]). In many of the previous studies of the 2HDM parameter space [24–26,29–
31,33,34], scans were performed over the parameters mh, mH , mA, mH± , m2

12, α and β. Acceptable
points in the scan must satisfy unitarity and perturbativity constraints [55,56]. However, for random
choices of m2

12 and masses of the three non-SM-like Higgs bosons, one finds that the unitarity and
perturbativity constraints are often violated. This is easily understood by examining the decoupling
limit where Y2 ≫ v. In this limit, mH ≫ v in which case cβ−α → 0 [cf. Eq. (39)] and the properties of
h approach that of the SM Higgs boson. Moreover, eqs. (24), (26), (36) and (56) yield squared-mass
differences,

m2
A −m2

H± = 1
2
(Z4 − Z5)v

2 , m2
H −m2

A ≃ Z5v
2 , m 2 −m2

A = λ5v
2 . (60)

12
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energy scale and jet energy scale are propagated as shape uncertainties.

The model independent expected and observed cross section times branching fraction limits
for the H ! hh ! bbtt process are shown in Fig. 8 and for the A ! Zh ! LLtt process in
Figs. 9 and 10 where L = e, µ or t in order to reflect the small Z ! tt contribution to the signal
acceptance.
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Figure 8: Upper limits at 95% CL on the H ! hh ! bbtt cross section times branching fraction
for the µth (top left), eth (top right), thth (bottom left), and for final states combined (bottom
right)

We interpret the observed limits on the cross section times branching fraction in the MSSM and
2HDM frameworks, discussed in Section 1.

In the MSSM we interpret them in the “low tanb” scenario [27, 77] in which the value of MSUSY
is increased until the mass of the lightest Higgs boson is consistent with 125 GeV over a range
of low tan b and mA values. The exclusion region in the mA-tan b plane for the combination of
the H ! hh ! bbtt and A ! Zh ! ``tt analyses, in such a scenario, is shown in Fig. 11.
The limit falls off rapidly as mA approaches 350 GeV because decays of the A to two top quarks
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H(125)->a1a1	:	8	TeV	
NMSSM	and	2HDM+S 
H->a1a1->µµbb	
•  25<ma1<65	GeV	
•  Signal	region:	|mµµbb–	125|<25	GeV	
•  Search	for	a	sharp	peak	in	mµµ	

01/06/16	 Pascal	Vanlaer,	ULB,	Bruxelles	 20	

HIG-14-041	

H->a1a1->µµττ	
HIG-15-011	
	
•  2HDM+S	Type-3		
and	Type-4	
•  20<ma1<62.5	GeV	
•  |mµµττ–	125|<25	GeV	
•  |mµµ–mττ|/mµµ<0.8	


