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h(125)
• A comprehensive program is underway to characterize the 

Higgs boson discovered in 2012 
- Mass and width 
- Spin-parity properties 
- Rates and kinematics of production and decay 

• The Higgs boson provides a unique and wide ranging probe 
of Beyond the Standard Model (BSM) physics 

• BSM Higgs boson decays and O(5%) deviations in properties 
may be the only observable sign of new physics at the LHC. 
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BSM Higgs Decays
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Figure 16: Observed (solid line) and expected (dashed line) negative log-likelihood scan of BBSM, shown for the
combination of ATLAS and CMS when allowing additional BSM contributions to the Higgs boson width. The
results are shown for the parameterisation with the assumptions that |V |  1 and BBSM � 0 in Fig. 15. All
the other parameters of interest from the list in the legend are also varied in the minimisation procedure. The red
horizontal line at 3.84 indicates the log-likelihood variation corresponding to the 95% CL upper limit, as discussed
in Section 3.2.

6.2. Parameterisation assuming SM structure of the loops and no BSM decays

In this section it is assumed that there are no new particles in the loops entering ggF production and
H ! �� decay. This assumption is supported by the measurements of the e↵ective coupling modifiers
g and �, which are consistent with the SM predictions. The cross section for ggF production and the
branching fraction for the H ! �� decay are expressed in terms of the coupling modifiers of the SM
particles in the loops, as indicated in Table 4. This leads to a parameterisation with six free coupling
modifiers: W , Z , t, ⌧, b, and µ; the results of the H ! µµ analysis are included for this specific case.
In this more constrained fit, it is also assumed that BBSM = 0.

Figure 18 and Table 18 show the results of the fit for the combination of ATLAS and CMS, and separately
for each experiment. Compared to the results from the fitted decay signal strengths (Table 13) or the global
signal strength µ = 1.09 ± 0.11 (Section 5.1), this fit yields values of the coupling modifiers lower than
those predicted by the SM. This is a consequence of the low value of b, as measured by the combination
of ATLAS and CMS and by each experiment. A low value of b decreases the total Higgs boson width
through the dominant �bb partial decay width, and, as a consequence, the measured values of all the
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Places to look:

Branching ratio to 
BSM decays is only 
constrained to <34% 
at 95% CL

excluded
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Invisible
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Compact Muon Solenoid

5

Detects:
photons
electrons
muons
charged hadrons
neutral hadrons
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Higgs→χχ (invisible)
• Higgs decays to undetected dark matter are inferred from the 

momentum imbalance of detected final state particles 

• Multiple Higgs production channels
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Higgs→χχ (invisible)
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16 5 Results and interpretation
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Figure 10: Observed Emiss
T distribution in the monojet (left) and mono-V (right) signal regions

compared with the post-fit background expectations for various SM processes. The last bin in-
cludes all events with Emiss

T > 1250(750) GeV for the monojet (mono-V) category. The expected
background distributions are evaluated after performing a combined fit to the data in all the
control samples, as well as the signal region. The fit is performed assuming the absence of
any signal. Expected signal distributions from the 125 GeV Higgs boson decaying exclusively
to invisible particles, and a 2 TeV axial-vector mediator decaying to 1 GeV DM particles, are
overlaid. Ratios of data with the pre-fit background prediction (red points) and post-fit back-
ground prediction (blue points) are shown for both the monojet and mono-V signal regions.
The gray bands in these ratio plots indicate the post-fit uncertainty in the background pre-
diction. Finally, the distribution of the pulls, defined as the difference between data and the
post-fit background prediction relative to the quadrature sum of the post-fit uncertainty in the
prediction, and statistical uncertainty in the data are also shown in the lower panel.

sensitivity is also compared to earlier results from CMS. The exclusion is shown in Fig. 16, and
vary between 10 TeV for n = 2 to 5.5 TeV for n = 6. In addition, upper limit on the signal
strength µ = s/sth is presented for the ADD graviton production for n = 2 extra dimensions
as a function of MD.

5.4 Fermion portal dark matter interpretation

Results of the search are further interpreted in the context of FP DM model. Limits are obtained
as a function of the mediator mass mfu and the DM mass mc. Figure 17 shows the exclusion
contours in the mfu �mc plane for the coupling choice of lu = 1 for a scalar mediator. Mediator
masses up to 1.4 TeV, and DM masses up to 600 GeV are excluded.

5.5 Nonthermal dark matter interpretation

Results of the search are also interpreted in the context of nonthermal DM model. Limits are
obtained as a function of coupling strength parameters l1 and l2 for benchmark mediator

-
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• Understanding MET 
distributions is crucial 

• MET arises in standard model 
processes from neutrinos  
- e.g. Z(vv)+jets 
- Modeling is sensitive to high order 

corrections 

• MET also arises from 
momentum mis-measurement 

• Extensive use of data control 
regions
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Higgs→χχ (invisible) Results
• Observed (expected) 95% CL upper 

limits on invisible branching ratio from 
13 TeV searches 

• The searches are statistically 
independent and are combined to 
improve sensitivity

8

5.5 Nonthermal dark matter interpretation 19
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Figure 15: Expected (dotted black line) and observed (solid black line) 95% CL upper limits on
the invisible branching fraction of the 125 GeV SM-like Higgs boson. Limits are shown for the
monojet and mono-V categories separately, and also for their combination.

Number of Extra Dimensions
2 3 4 5 6

 [T
eV

]
D

M

2

4

6

8

10

12

14

16

 (13 TeV)-135.9 fb

CMS Preliminary
Observed 95% CL

Median expected 95% CL

68% expected

95% expected
-1CMS, 8 TeV, 19.7 fb

 [TeV]DM
5 6 7 8 9 10 11 12

th
eo

ry
σ/

σ
95

%
  C

L 
up

pe
r l

im
it 

on
 

0.5

1

1.5

2

2.5
 (13 TeV)-135.9 fb

CMS Preliminary

Observed 95% CL

Median expected 95% CL

68% expected

95% expected

 = 1µ

 ADD n = 2

Figure 16: 95% CL expected (dotted) and observed (solid) lower limits (left) on MD as a func-
tion of the number of extra spatial dimensions n in the ADD model. The 95% CL expected
(dotted) and observed (solid) upper limits on the signal strength µ = s/sth for ADD graviton
production (right), as a function of MD for n = 2.

EXO-16-048

12 7 Conclusion

 inv)→BR (H 
0.0 0.5 1.0

 ln
 L

∆
-2

 

0
1

2

3

4

5

6
7

8

9
Exp. for SM H

Observed

 (13 TeV)-12.3 fb

CMS
Preliminary

 inv.→VBF H 

Figure 8: Log-likelihood versus BR(H ! inv) for a 125 GeV Higgs boson. The solid curve
represents the observation in data and the dashed curve represents the median expected result
for no invisible decays of the Higgs boson.
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Higgs Portal Model
• Interpret in context of Higgs portal model 
- arXiv:0809.2745, arXiv:1212.2131, arXiv:1112.3299, arXiv:1205.3169 
• Dark matter interacts with nuclei via Higgs boson exchange

9
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pp→H*→HH
• The Higgs self coupling is determined by its potential 

• We can test λ3 by studying di-Higgs production 
- Rare in standard model (cross section = 33.5 fb) 
- Constrain the coupling modifiers in these interfering diagrams:

11

2 2 The CMS detector and simulation

In this document we report on a search for Higgs pair production, hh, and resonant Higgs pair
production, X ! hh, where one of the h decays as h ! bb, and the other as h ! VV ! lnln
(where V is either a W or a Z boson, and l is either an electron, a muon or a tau lepton, account-
ing for the contamination from leptonic tau lepton decays) using LHC proton-proton collision
data at

p
s = 13 TeV. The analysis focuses on the invariant mass distribution of the b-jet pair,

searching for a resonant-like excess compatible with the h boson mass, in combination with
an artificial neural network discriminant based on kinematic information. The dominant back-
ground is tt production, with smaller contributions from Drell-Yan and single top production.

h

g

g

h

h

�t ��

g

g

h

h�t

�t

Figure 1: Higgs pair production diagrams via gluon fusion in the SM.

2 The CMS detector and simulation

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, 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 and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity coverage provided by the barrel and
endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel flux-
return yoke outside the solenoid. 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. [43].

The main background processes, in order of decreasing expected yields, are: tt, Drell-Yan, and
single top. Diboson production, ttV production, triboson production, as well as single SM
Higgs production with subsequent decays h ! VV and h ! bb, are also taken into account
in the analysis even if they do not contribute in a visible way. Other contributions, such as W
+ jets or QCD multijet events with jets misidentified as leptons, are negligible due to the tight
dilepton selection. The dominant contribution, especially in the e±µ⌥ selection, arises from
tt production yielding the same final state (2 b-jets, 2 leptons, and 2 neutrinos) when both W
bosons decay as W ! ln.

Background simulation samples have been generated using MADGRAPH 5 versions 2.2.2.0
and 2.3.2.2 [44], POWHEG 2 [45–49] and PYTHIA 8 [50, 51] version 8.205. The non-resonant
(resonant) signal samples have been generated using MADGRAPH 5 version 2.2.2.0 and de-
scribe events at leading order of gluon fusion production of two Higgs bosons (spin-0 or spin-2
narrow resonances decaying into two Higgs bosons). The mass of the Higgs bosons has been
fixed to 125 GeV. One of the Higgs bosons is required to decay into a pair of b-quarks, while
the second one is required to decay to final states containing two leptons and two neutrinos.
This implies that the signal samples contain both h ! Z(ll)Z(nn) and h ! W(ln)W(ln) decay
legs. The SM branching ratios are assumed, therefore the interference in between the two de-
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I.7.1 Introduction
In the SM, the Higgs self-couplings are uniquely determined by the structure of the scalar potential,

V =
m2

h

2
h2 + �3vh3 +

�4

4
h4 , (I.7.1)

where �3 = �4 = m2
h/(2v2). Experimentally measuring �3 and �4 is thus a crucial test of the mechanism

of electroweak symmetry breaking. A measurement of �3 requires double Higgs boson production while
�4 is first probed in the production of 3 Higgs bosons.

The phenomenology of multi-Higgs boson final states will provide complementary information
to that found from single Higgs physics at the LHC. Due to generically small inclusive cross sections
and a difficult signal vs. background discrimination, the best motivated multi-Higgs final states at the
Large Hadron Collider are Higgs boson pair final states, of which gluon fusion gg ! hh is the dominant
production mode.

Many models of physics beyond the Standard Model with SM-compatible single Higgs boson
signal strengths can exhibit a di-Higgs phenomenology vastly different from the SM expectation. In this
sense, a successful discovery of Higgs boson pair production at the LHC and the subsequent measurement
of potential deviations from the SM constitute an important avenue in the search for physics beyond
the SM. In particular, modifications of the Higgs trilinear couplings (e.g. via a modified Higgs self
interaction) can only be directly observed in Higgs boson pair production. In the gluon fusion process
this occurs via the interference of the box and triangle diagrams shown in Figure 110 [432–434].

To facilitate such a measurement, it is crucial to establish the Higgs boson pair production cross
section in the SM to the best theoretical accuracy possible and to provide BSM benchmarks that reflect
the phenomenology of Higgs boson pairs at the LHC in a consistent and concise fashion.

This report summarizes the results of the HH cross section group of the 2014-2015 LHC Higgs
Cross Section working group that aims to establish SM predictions for a range of dominant and subdom-
inant Higgs boson pair production modes at the LHC at the highest available theoretical precision. In
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FIG. 1: Sample Feynman graphs contributing to pp ! hh + X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg ! hh.

The goal of this paper is to provide a comparative
study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<⇠ 1 TeV. As we will see, mh ' 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.

We begin with a discussion of some general aspects
of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp ! hh + X channel
in Sec. II C. We discuss boosted Higgs final states in pp !
hh+X in Sec. II D before we discuss pp ! hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as
the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to e�ective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp ! hh + X.

ggh and gghh interactions [20]

Le↵ =
1

4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v) , (2)

which upon expansion leads to

L � +
1

4

↵s

3⇡v
Ga

µ⌫Ga µ⌫h � 1

4

↵s

6⇡v2
Ga

µ⌫Ga µ⌫h2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have di�erent signs which
indicates important interference between the (nested)
three- and four point contributions to pp ! hh + X al-
ready at the e�ective theory level.

On the other hand, it is known that the e�ective theory
of Eq. (3) insu�ciently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >⇠ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-
nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

Figure 110: Feynman diagrams contributing to Higgs boson pair production via gluon fusion at leading order.
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lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-
nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

Figure 110: Feynman diagrams contributing to Higgs boson pair production via gluon fusion at leading order.
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pp→H*→HH
• The Higgs self coupling is determined by its potential 

• We can test λ3 by studying di-Higgs production 
- Rare in standard model (cross section = 33.5 fb) 
- Constrain the coupling modifiers in these interfering diagrams:

12

2 2 The CMS detector and simulation

In this document we report on a search for Higgs pair production, hh, and resonant Higgs pair
production, X ! hh, where one of the h decays as h ! bb, and the other as h ! VV ! lnln
(where V is either a W or a Z boson, and l is either an electron, a muon or a tau lepton, account-
ing for the contamination from leptonic tau lepton decays) using LHC proton-proton collision
data at

p
s = 13 TeV. The analysis focuses on the invariant mass distribution of the b-jet pair,

searching for a resonant-like excess compatible with the h boson mass, in combination with
an artificial neural network discriminant based on kinematic information. The dominant back-
ground is tt production, with smaller contributions from Drell-Yan and single top production.
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Figure 1: Higgs pair production diagrams via gluon fusion in the SM.

2 The CMS detector and simulation

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, 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 and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity coverage provided by the barrel and
endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel flux-
return yoke outside the solenoid. 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. [43].

The main background processes, in order of decreasing expected yields, are: tt, Drell-Yan, and
single top. Diboson production, ttV production, triboson production, as well as single SM
Higgs production with subsequent decays h ! VV and h ! bb, are also taken into account
in the analysis even if they do not contribute in a visible way. Other contributions, such as W
+ jets or QCD multijet events with jets misidentified as leptons, are negligible due to the tight
dilepton selection. The dominant contribution, especially in the e±µ⌥ selection, arises from
tt production yielding the same final state (2 b-jets, 2 leptons, and 2 neutrinos) when both W
bosons decay as W ! ln.

Background simulation samples have been generated using MADGRAPH 5 versions 2.2.2.0
and 2.3.2.2 [44], POWHEG 2 [45–49] and PYTHIA 8 [50, 51] version 8.205. The non-resonant
(resonant) signal samples have been generated using MADGRAPH 5 version 2.2.2.0 and de-
scribe events at leading order of gluon fusion production of two Higgs bosons (spin-0 or spin-2
narrow resonances decaying into two Higgs bosons). The mass of the Higgs bosons has been
fixed to 125 GeV. One of the Higgs bosons is required to decay into a pair of b-quarks, while
the second one is required to decay to final states containing two leptons and two neutrinos.
This implies that the signal samples contain both h ! Z(ll)Z(nn) and h ! W(ln)W(ln) decay
legs. The SM branching ratios are assumed, therefore the interference in between the two de-
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I.7.1 Introduction
In the SM, the Higgs self-couplings are uniquely determined by the structure of the scalar potential,

V =
m2

h
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h2 + �3vh3 +

�4

4
h4 , (I.7.1)

where �3 = �4 = m2
h/(2v2). Experimentally measuring �3 and �4 is thus a crucial test of the mechanism

of electroweak symmetry breaking. A measurement of �3 requires double Higgs boson production while
�4 is first probed in the production of 3 Higgs bosons.

The phenomenology of multi-Higgs boson final states will provide complementary information
to that found from single Higgs physics at the LHC. Due to generically small inclusive cross sections
and a difficult signal vs. background discrimination, the best motivated multi-Higgs final states at the
Large Hadron Collider are Higgs boson pair final states, of which gluon fusion gg ! hh is the dominant
production mode.

Many models of physics beyond the Standard Model with SM-compatible single Higgs boson
signal strengths can exhibit a di-Higgs phenomenology vastly different from the SM expectation. In this
sense, a successful discovery of Higgs boson pair production at the LHC and the subsequent measurement
of potential deviations from the SM constitute an important avenue in the search for physics beyond
the SM. In particular, modifications of the Higgs trilinear couplings (e.g. via a modified Higgs self
interaction) can only be directly observed in Higgs boson pair production. In the gluon fusion process
this occurs via the interference of the box and triangle diagrams shown in Figure 110 [432–434].

To facilitate such a measurement, it is crucial to establish the Higgs boson pair production cross
section in the SM to the best theoretical accuracy possible and to provide BSM benchmarks that reflect
the phenomenology of Higgs boson pairs at the LHC in a consistent and concise fashion.

This report summarizes the results of the HH cross section group of the 2014-2015 LHC Higgs
Cross Section working group that aims to establish SM predictions for a range of dominant and subdom-
inant Higgs boson pair production modes at the LHC at the highest available theoretical precision. In
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FIG. 1: Sample Feynman graphs contributing to pp ! hh + X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg ! hh.

The goal of this paper is to provide a comparative
study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<⇠ 1 TeV. As we will see, mh ' 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.

We begin with a discussion of some general aspects
of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp ! hh + X channel
in Sec. II C. We discuss boosted Higgs final states in pp !
hh+X in Sec. II D before we discuss pp ! hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as
the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to e�ective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp ! hh + X.

ggh and gghh interactions [20]

Le↵ =
1

4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v) , (2)

which upon expansion leads to

L � +
1
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3⇡v
Ga

µ⌫Ga µ⌫h � 1

4

↵s

6⇡v2
Ga

µ⌫Ga µ⌫h2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have di�erent signs which
indicates important interference between the (nested)
three- and four point contributions to pp ! hh + X al-
ready at the e�ective theory level.

On the other hand, it is known that the e�ective theory
of Eq. (3) insu�ciently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >⇠ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-
nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

Figure 110: Feynman diagrams contributing to Higgs boson pair production via gluon fusion at leading order.
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Is the EW phase transition first order?
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LHC can not distinguish these definitively.

v2 = 2|�|⇤2, and we find m2
H = �v2, µ = 7m2

H/v = (7/3)µSM , giving an O(1)
deviation in the cubic Higgs coupling relative to the Standard Model. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .

The LHC will not have the sensitivity to the triple Higgs coupling to
distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
there may be a number of light scalars, and not all of them need be weakly
coupled!

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. How can we
experimentally decide whether the electroweak phase transition in the early
universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry
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pp→H*→HH
• Multiple final states 
- H(bb)H(bb)
- H(bb)H(ττ)
- H(bb)H(VV), leptonic V decays
- H(bb)H(γγ)

• Analysis sensitivity depends on 
branching ratios, backgrounds, 
and experimental resolutions 

• The H(bb)H(γγ) channel has the 
smallest branching ratio, but is 
the most sensitive to standard 
model di-Higgs production 
- σ/σSM < 19.2 at 95% CL

13

Standard Model 
HH Branching Ratios

34%

7%

3%

56%

0.3%

Other

Results: 
- HIG-16-026: H(bb)H(bb) 
- HIG-17-002: H(bb)H(ττ) 
- HIG-17-006: H(bb)H(VV) 
- HIG-17-008: H(bb)H(γγ) 
(These also cover BSM 
resonances decaying to HH)
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H(bb)H(γγ)
• Excellent di-photon mass resolution  
• Fit data in 2D M(γγ)-M(bb) plane

14

HIG-17-008
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Figure 8: Background fits for the SM HH nonresonant analysis selection, in the high mass
region. The plots on the left (right) show the distributions on the HPC (MPC).
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Figure 9: Background fits for the SM HH nonresonant analysis selection, in the low mass region.
The plots on the left (right) show the distributions on the HPC (MPC).
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Figure 8: Background fits for the SM HH nonresonant analysis selection, in the high mass
region. The plots on the left (right) show the distributions on the HPC (MPC).
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Figure 9: Background fits for the SM HH nonresonant analysis selection, in the low mass region.
The plots on the left (right) show the distributions on the HPC (MPC).
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2 2 The CMS detector and simulation

In this document we report on a search for Higgs pair production, hh, and resonant Higgs pair
production, X ! hh, where one of the h decays as h ! bb, and the other as h ! VV ! lnln
(where V is either a W or a Z boson, and l is either an electron, a muon or a tau lepton, account-
ing for the contamination from leptonic tau lepton decays) using LHC proton-proton collision
data at

p
s = 13 TeV. The analysis focuses on the invariant mass distribution of the b-jet pair,

searching for a resonant-like excess compatible with the h boson mass, in combination with
an artificial neural network discriminant based on kinematic information. The dominant back-
ground is tt production, with smaller contributions from Drell-Yan and single top production.

h

g

g

h

h

�t ��

g

g

h

h�t

�t

Figure 1: Higgs pair production diagrams via gluon fusion in the SM.

2 The CMS detector and simulation

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, 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 and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity coverage provided by the barrel and
endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel flux-
return yoke outside the solenoid. 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. [43].

The main background processes, in order of decreasing expected yields, are: tt, Drell-Yan, and
single top. Diboson production, ttV production, triboson production, as well as single SM
Higgs production with subsequent decays h ! VV and h ! bb, are also taken into account
in the analysis even if they do not contribute in a visible way. Other contributions, such as W
+ jets or QCD multijet events with jets misidentified as leptons, are negligible due to the tight
dilepton selection. The dominant contribution, especially in the e±µ⌥ selection, arises from
tt production yielding the same final state (2 b-jets, 2 leptons, and 2 neutrinos) when both W
bosons decay as W ! ln.

Background simulation samples have been generated using MADGRAPH 5 versions 2.2.2.0
and 2.3.2.2 [44], POWHEG 2 [45–49] and PYTHIA 8 [50, 51] version 8.205. The non-resonant
(resonant) signal samples have been generated using MADGRAPH 5 version 2.2.2.0 and de-
scribe events at leading order of gluon fusion production of two Higgs bosons (spin-0 or spin-2
narrow resonances decaying into two Higgs bosons). The mass of the Higgs bosons has been
fixed to 125 GeV. One of the Higgs bosons is required to decay into a pair of b-quarks, while
the second one is required to decay to final states containing two leptons and two neutrinos.
This implies that the signal samples contain both h ! Z(ll)Z(nn) and h ! W(ln)W(ln) decay
legs. The SM branching ratios are assumed, therefore the interference in between the two de-
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Figure 13: On the left, upper limits for the BSM models with varying kl parameter, while the
others are fixed to their SM values. On the right, exclusion regions for models with varying kl

and kt parameters, while the others are fixed to their SM values.

8 Conclusion
A search is performed by the CMS collaboration for resonant and nonresonant production of
two Higgs bosons in the decay channel HH ! bbgg, based on an integrated luminosity of
35.9 fb�1 of pp collisions collected at

p
s = 13 TeV in 2016. Resonances are investigated in the

mass range between 250 and 900 GeV, under spin-0 and spin-2 hypotheses. Expected and
observed upper limits at a 95% CL are measured on the cross sections for the production of
new particles decaying to HH ! bbgg. The limits are compared to BSM predictions, based on
the assumption of the existence of a warped extra dimension. No statistically significant
deviations from the null hypothesis are found. The observed limits exclude the radion (spin-0)
signal hypothesis, assuming LR = 3 TeV, for all mass points below mX = 550 GeV, and
exclude the graviton (spin-2) hypothesis, assuming k/MPl = 1.0, for the mass points above
mX = 280 GeV and below 900 GeV. For nonresonant production with SM-like kinematics, a
95% CL upper limit is set on s(pp ! HH)⇥ B(HH ! bbgg) at 1.67 fb. Anomalous couplings
of the Higgs boson are also investigated. Exclusions are performed on the effective Higgs
boson self coupling (kl) for kl > �8.82 and kl < 15.04, assuming all other Higgs couplings to
be SM-like. Additionally, exclusions are performed on the two-dimensional plane in which
both kl and the Higgs-top quark Yukawa coupling vary.

References
[1] CMS Collaboration, “Observation of a new boson at a mass of 125 GeV with the CMS

experiment at the LHC”, Phys.Lett. B716 (2012), no. CMS-HIG-12-028,
CERN-PH-EP-2012-220, 30–61, doi:10.1016/j.physletb.2012.08.021,
arXiv:1207.7235.

[2] ATLAS Collaboration, “Observation of a new particle in the search for the standard
model Higgs boson with the ATLAS detector at the LHC”, Phys.Lett. B716 (2012),
no. CERN-PH-EP-2012-218, 1–29, doi:10.1016/j.physletb.2012.08.020,
arXiv:1207.7214.

SM

SM

Kt=1

excluded

excluded

SM near maximal 
destructive interference

interfering diagrams 
changes mHH shape

HIG-17-008



Benjamin KreisRare, Exotic, and Invisible Higgs Decays 16

Exotic



Benjamin KreisRare, Exotic, and Invisible Higgs Decays

10 7 Conclusions

 [GeV]imass of h
90 100 110 120 130 140 150

) [
fb

]
µ

 2
 

→ 1
(a2

) B 1
 2

a
→ i

 h
→

(p
p 

σ

0

5

10

15

20

25

30
NMSSM 95% CL upper limits:

2c = 3.55 GeV/
1am

2c = 2 GeV/
1am

2c = 0.25 GeV/
1am

Reference model:

SMσ × ) = 0.03 1 2a→ 
i

 h→(pp σ

)=7.7%µ 2→
1

B(a

:1 = hih
=125 GeV

2h < m
1hm

:2 = hih

2h m≤ 
1h125 GeV = m

 (13 TeV)-1          2.8 fbCMS Preliminary

 [GeV]1mass of a
0 0.5 1 1.5 2 2.5 3 3.5 4

) [
fb

]
µ

 2
 

→ 1
(a2

) B 1
 2

a
→ i

 h
→

(p
p 

σ 1

10

210

310
NMSSM 95% CL upper limits:

2c =   86 GeV/
1hm

2c = 125 GeV/
1hm

2c = 150 GeV/
1hm

Reference model:

SMσ × ) = 0.03 1 2a→ 
i

 h→(pp σ

 i≠) = 0 for j 1 2a→ 
j

 B(h×) 
j

 h→(pp σ

 (13 TeV)-1          2.8 fbCMS Preliminary

Figure 5: Left: The 95% CL upper limits as functions of mh1 , for the NMSSM case, on s(pp !
h1,2 ! 2a1) ⇥ B2(a1 ! 2µ) with ma1 = 0.25 GeV/c2 (dashed curve), ma1 = 2 GeV/c2 (dash-
dotted curve) and ma1 = 3.55 GeV/c2 (dotted curve). As an illustration, the limits are compared
to the predicted rate (solid curve) obtained using a simplified scenario with s(pp ! h1) =
sSM(mh1) [69], s(pp ! h2) ⇥ B(h2 ! 2a1) = 0, B(h1 ! 2a1) = 0.3%, and B(a1 ! 2µ) =
7.7%. The chosen B(a1 ! 2µ) is taken from [28] for ma1 = 2 GeV/c2 and NMSSM parameter
tan b = 20. Right: The 95% CL upper limits as functions of ma1 , for the NMSSM case, on
s(pp ! h1,2 ! 2a1)⇥ B2(a1 ! 2µ) with mh1 = 86 GeV/c2 (dashed curve), mh1 = 125 GeV/c2

(dash-dotted curve), and mh1 = 150 GeV/c2 (dotted curve). The limits are compared to the
predicted rate (solid curve) obtained using a simplified scenario with B(h1 ! 2a1) = 0.3%,
s(pp ! h1) = sSM(mh1 = 125 GeV/c2) [69], s(pp ! h2)⇥ B(h2 ! 2a1) = 0, and B(a1 ! 2µ)
as a function of ma1 which is taken from [28] for NMSSM parameter tan b = 20.

production cross section and the branching fractions of the Higgs boson (cascade) decay to
a pair of dark photons is determined. The limit set in the (mgD, #) plane from this analysis
and is shown in Fig. 6, along with limits from other experimental searches. The lifetime is
directly related to the kinetic mixing parameter # and the mass of the dark photon mgD via
tgD(#, mgD) = #�2 f (mgD), where f (mgD) is a function that depends only on the mass of the
dark photon [70]. This search constrains a large, previously unconstrained area of the parame-
ter space.

7 Conclusions

A search for beyond the standard model Higgs boson decays to pairs of new light bosons,
which subsequently decay to pairs of oppositely charged muons (h ! 2a + X ! 4µ + X) has
been presented. The search is based on a data sample corresponding to an integrated luminos-
ity of 2.8 fb�1 collected by the CMS experiment in proton-proton collisions at

p
s = 13 TeV in

2015. One event with two dimuons of consistent single mass in the signal region was observed.
The analysis has been designed as a model-independent search allowing interpretation of its
results in the context of a broad range of new physics scenarios predicting the same type of fi-
nal state signature. The results are interpreted in the context of the NMSSM and the dark SUSY
benchmark models for mh < 150 GeV/c2.

H→4μ
• Arise in supersymmetry 

• Reconstruct di-muon pairs 
with invariant mass < 9 GeV 

• Dominant background is bb 

• Model-independent limit 
-   

• Interpret model benchmarks
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1 Introduction

The observation of a SM-like Higgs boson [1, 2] with a mass near 125 GeV/c2 in searches for the
Standard Model (SM) Higgs boson [3–5] at the Large Hadron Collider (LHC) raises the question
of whether this new particle is the SM Higgs boson. The precision of the comparisons of the
new particle’s production and decay properties with the final states predicted by the SM will
improve with additional data from the LHC. However, distinguishing between a SM Higgs
boson from a non-SM Higgs boson with couplings moderately different from the SM values
will remain a challenge. Searches for non-SM Higgs boson production and decay modes are
particularly well-motivated as they provide a complementary search that could open a window
to new physics.

We present an analysis that explores one of the non-SM decay modes of a Higgs boson (h) which
includes the production of two new light bosons (a). Each boson a subsequently decays to a
boosted pair of oppositely charged muons that are isolated from the rest of the event activity:

h ! 2a + X ! 4µ + X,

where X denotes possible additional particles from cascade decays of a Higgs boson.

The Higgs boson production cross section may be enhanced compared to the SM depending on
the specific parameters of the model. The search described in this paper is designed to be inde-
pendent of the details of specific models. We study two specific scenarios: the next-to-minimal
supersymmetric standard model (NMSSM) and supersymmetric models with additional “hid-
den” or “dark” sectors (dark SUSY).

Figure 1: Left: Feynman diagram of the NMSSM benchmark process h1,2 ! 2a1 ! 4µ. Right:
Feynman diagram of the dark SUSY benchmark process h ! 2n1 ! 2nD + 2gD ! 2nD + 4µ.

The NMSSM [6–14] extends the minimal supersymmetric standard model (MSSM) [15–17] by
an additional gauge singlet field under a new U(1)PQ symmetry in the Higgs sector of the su-
perpotential. Compared to the MSSM, the NMSSM naturally generates the mass parameter (µ)
in the Higgs superpotential at the electroweak scale [18] and significantly reduces the amount
of fine tuning required [19–21]. This leads to an extension of the Higgs sector compared to
the MSSM. The Higgs sector of the NMSSM consists of 3 CP-even Higgs bosons h1,2,3 and 2
CP-odd Higgs bosons a1,2. Note that the new light Higgs boson a1,2 can couple to the SM-like
Higgs h1,2 and substantially broaden the phenomenology of the Higgs sector. Specifically in
the NMSSM, the CP-even Higgs bosons h1,2 can decay via h1,2 ! 2a1. In this decay, one of
the CP-even Higgs bosons is a SM-like Higgs boson that could correspond to the newly ob-
served particle at the LHC with a mass near 125 GeV/c2 [1, 2], and a1 is a new CP-odd light
Higgs boson [22–26]. The new light boson a1 couples weakly to SM particles with the coupling

MET

MET

SM-like 
Higgs

pseudoscalar
Higgs neutralino

NMSSM Dark SUSY

9

Figure 4: 95% CL upper Limit on s(pp ! 2gD + X)⇥ B2(gD ! 2µ) as a function of ctgD for
two dark photon masses. The limits are compared to the predicted rate (dashed lines) obtained
using a simplified scenario with s(pp ! 2gD) = 0.1 ⇥ sSM(125GeV) and B(gD ! 2µ) for 0.25
and 2 GeV mass points.

B2(a ! 2µ)⇥ agen, where agen is the generator level kinematic and geometric acceptance. The
calculation uses the integrated luminosity, L = 2.8 fb�1, as measured in data and takes the
ratio, efull/agen = 0.63 ± 0.13, derived in Sec. 3. The ratio includes the scale factor correcting
for experimental effects not accounted for by the simulation or systematic uncertainties. The
reported value for the ratio also includes its variation over all of the benchmark points. This
model independent limit on s(pp ! 2a + X)⇥ B2(a ! 2µ)⇥ agen is 1.7 fb and it is constant in
the entire ma range, as a consequence of having a constant efull/agen for each signal mass.

Once the model independent limit has been set, it is possible to translate it into an expected
limit in the context of a benchmark scenario, like dark SUSY, setting a limit on the cross section
s(pp ! 2a + X) ⇥ B2(a ! 2µ) as a function of ctgD. This is shown in Fig. 4 for two mass
points.

For the NMSSM, the 95% CL upper limit is derived for s (pp ! h1,2 ! 2a1) ⇥ B2(a1 ! 2µ)
as a function of mh1 for three choices of ma1 as shown in Fig. 5 (left) and as a function of ma1

for three choices of mh1 as shown in Fig. 5 (right). As mh2 is unrestricted for any given mh1 ,
we use efull(mh2) = efull(mh1) to simplify the interpretation. This is a conservative choice since
efull(mh2) > efull(mh1) if mh2 > mh1 , for any ma1 . For the NMSSM simplified prediction scenario
we use B(a1 ! 2µ) as a function of ma1 , calculated in [28] for tan b = 20 with no hadronization
effects included in the ma1 < 2mt region. The branching fraction B(a1 ! 2µ) is influenced by
the a1 ! ss̄ and a1 ! gg channels. The significant structures in the predicted curves visible
in Fig. 5 (right) arise from the fact that B(a1 ! gg) varies rapidly in that region of ma1 . The
rapid variation in B(a1 ! gg) occurs when ma1 crosses the internal quark loop thresholds. The
representative value of B(a1 ! 2µ) is equal to 7.7% for ma1 ⇡ 2 GeV/c2. Finally, we choose
B(h1 ! 2a1) = 0.3%, which yields predictions for the rates of dimuon pair events comparable
to the obtained experimental limits.

In the case of the dark SUSY scenario, a 95% CL limit on the product of the Higgs boson

< 1.7 fb at 95% CL

HIG-16-035

arXiv:0810.0713, 
arXiv:0901.0283, 
arXiv:1002.2952
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Lepton Flavor Violating Decays
• Occur in many BSM models, 

including supersymmetry and 
Randall-Sundrum models. 

• LHC experiments have best 
sensitivity for H→eτ and H→μτ 
- Exploiting multiple decay 

channels of the τ (e, μ, hadronic) 

• Set upper limits on branching 
ratios and Yukawa couplings

18

15

), %τµ→95% CL Limit on Br(H
0 2 4 6 8 10 12 14

 0.51% (0.49%)    
τµ→H

 1.40% (1.73%)    
, VBFeτµ

 3.33% (3.23%)    
, 2 Jetseτµ

 1.35% (1.47%)    
, 1 Jeteτµ

 1.08% (1.01%)    
, 0 Jetseτµ

 1.30% (1.41%)    
, VBF

had
τµ

 1.65% (2.12%)    
, 2 Jets

had
τµ

 1.74% (1.26%)    
, 1 Jet

had
τµ

 1.04% (1.14%)    
, 0 Jets

had
τµ

: Mass Fitτµ→h
Observed
Median expected
68% expected
95% expected

 (13 TeV)-135.9 fbCMS Preliminary

), %τµ→95% CL Limit on Br(H
0 2 4 6 8 10 12 14

 0.25% (0.25%)    
τµ→H

 1.79% (1.62%)    
, VBFeτµ

 2.27% (1.98%)    
, 2 Jetseτµ

 1.34% (1.19%)    
, 1 Jeteτµ

 1.30% (0.83%)    
, 0 Jetseτµ

 0.51% (0.58%)    
, VBF

had
τµ

 0.56% (0.94%)    
, 2 Jets

had
τµ

 0.53% (0.56%)    
, 1 Jet

had
τµ

 0.51% (0.43%)    
, 0 Jets

had
τµ

: BDT Fitτµ→h
Observed
Median expected
68% expected
95% expected

 (13 TeV)-135.9 fbCMS Preliminary

Figure 4: Observed and expected 95% CL upper limits on the B(H ! µt) for each individual
category and combined. Left: Mcol-fit analysis. Right: BDT-fit analysis.

Table 5: The expected and observed upper limits at 95% CL and best fit branching fractions in
percent for each individual jet category, and combined, in the H ! et process obtained with
the Mcol-fit analysis.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 0.94 < 1.21 < 3.73 < 2.76 < 0.71
eth < 1.52 < 1.93 < 3.55 < 1.76 < 0.97
et < 0.56

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 1.27 < 1.26 < 3.90 < 1.78 < 0.85
eth < 1.53 < 2.07 < 3.65 < 3.39 < 1.31
et < 0.72

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

etµ 0.46 ± 0.43 0.07 ± 0.39 0.13 ± 1.13 -1.38 ± 1.03 0.21 ± 0.36
eth 0.18 ± 0.35 0.45 ± 0.60 0.29 ± 1.13 2.03 ± 0.47 0.51 ± 0.41
et 0.23 ± 0.24
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Figure 4: Examples of leading-order Feynman diagrams for Higgs boson production in association with a single
top quark via the (a, b) tHq and (c, d) tHW production processes.
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Figure 5: Examples of leading-order Feynman diagrams for Higgs boson decays (a) to W and Z bosons and (b) to
fermions.
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Figure 6: Examples of leading-order Feynman diagrams for Higgs boson decays to a pair of photons.

not an explicit part of the searches, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yields in some of the individual analyses.

2.2. Signal Monte Carlo simulation

All analyses use MC samples to model the Higgs boson production and decay kinematics, to estimate
the acceptance and selection e�ciency, and to describe the distributions of variables used to discriminate
between signal and background events. The main features of the signal simulation are summarised here;
for more details, the reader is referred to the individual publications:

• for ggF and VBF production, both experiments use Powheg [80–84] for the event generation, in-
terfaced either to Pythia8 [85] (ATLAS) or Pythia6.4 [86] (CMS) for the simulation of the par-
ton shower, the hadronisation, and the underlying event, collectively referred to in the following
as UEPS.

5

H

e, μ

τ
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CL upper limits. The BDT-fit analysis is more sensitive than the Mcol-fit analysis, with limits
reduced by about a factor two.

Table 7: The observed and expected upper limits at the 95% CL and the best fit branching
fractions in percent for the H ! µt and H ! et processes, with the different selections.

Observed(Expected) limits (%) Best fit branching fraction (%)
Mcol-fit BDT-fit Mcol-fit BDT-fit

H ! µt <0.51 (0.49) % <0.25 (0.25)% 0.02 ± 0.20% 0.00 ± 0.12 %
H ! et <0.72 (0.56) % <0.61 (0.37) % 0.23 ± 0.24 % 0.30 ± 0.18 %

The constraints on B(H ! µt) and B(H ! et) can be interpreted in terms of LFV Yukawa
couplings [34]. The LFV decays et and µt arise at tree level from the assumed flavour violating
Yukawa interactions, Y`a`b 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 H decay width is assumed to be GSM = 4.1 MeV [71] for MH = 125 GeV. The 95%
CL upper limit on the Yukawa couplings derived from the expression for the branching frac-
tion above is shown in Table 8. The limits on the Yukawa couplings derived from the BDT-fit
analysis results are shown in Figure 8.

Table 8: 95% CL upper limit on the Yukawa couplings
Mcol-fit BDT-fitq

|Yµt|2 + |Ytµ|2 < 2.05 ⇥ 10�3 < 1.43 ⇥ 10�3
p|Yet|2 + |Yte|2 < 2.45 ⇥ 10�3 < 2.26 ⇥ 10�3

9 Summary

This article presents the search for LFV decays of the Higgs boson in the µt and et final states,
with the 2016 data collected by the CMS detector. The dataset analyzed corresponds to an in-
tegrated luminosity of 35.9 fb�1 of proton-proton collision data recorded at

p
s = 13 TeV. The

results are extracted by a fit to the output of a BDT trained to discriminate the signal from back-
grounds. The results are cross-checked with alternate analysis that fits the Mcol distribution
after applying selection criteria on kinematic variables. No evidence is found for LFV Higgs
boson decays. The observed (expected) limits on the branching fraction of the Higgs boson to
µt and to et are found to be less than 0.25(0.25)% and 0.61(0.37)%, respectively, at 95% confi-
dence level, and constitute a significant improvement with respect to the previously obtained
limits by CMS and ATLAS using 20 fb�1 of 8 TeV proton-proton collision data. Upper limits on
the off-diagonal µt and et Yukawa couplings are derived from these constraints on the branch-
ing ratios, and found to be

q
|Yµt|2 + |Ytµ|2 < 1.43 ⇥ 10�3 and

p|Yet|2 + |Yte|2 < 2.26 ⇥ 10�3

at 95% CL.
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CL upper limits. The BDT-fit analysis is more sensitive than the Mcol-fit analysis, with limits
reduced by about a factor two.
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couplings [34]. The LFV decays et and µt arise at tree level from the assumed flavour violating
Yukawa interactions, Y`a`b 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 H decay width is assumed to be GSM = 4.1 MeV [71] for MH = 125 GeV. The 95%
CL upper limit on the Yukawa couplings derived from the expression for the branching frac-
tion above is shown in Table 8. The limits on the Yukawa couplings derived from the BDT-fit
analysis results are shown in Figure 8.

Table 8: 95% CL upper limit on the Yukawa couplings
Mcol-fit BDT-fitq

|Yµt|2 + |Ytµ|2 < 2.05 ⇥ 10�3 < 1.43 ⇥ 10�3
p|Yet|2 + |Yte|2 < 2.45 ⇥ 10�3 < 2.26 ⇥ 10�3

9 Summary

This article presents the search for LFV decays of the Higgs boson in the µt and et final states,
with the 2016 data collected by the CMS detector. The dataset analyzed corresponds to an in-
tegrated luminosity of 35.9 fb�1 of proton-proton collision data recorded at

p
s = 13 TeV. The

results are extracted by a fit to the output of a BDT trained to discriminate the signal from back-
grounds. The results are cross-checked with alternate analysis that fits the Mcol distribution
after applying selection criteria on kinematic variables. No evidence is found for LFV Higgs
boson decays. The observed (expected) limits on the branching fraction of the Higgs boson to
µt and to et are found to be less than 0.25(0.25)% and 0.61(0.37)%, respectively, at 95% confi-
dence level, and constitute a significant improvement with respect to the previously obtained
limits by CMS and ATLAS using 20 fb�1 of 8 TeV proton-proton collision data. Upper limits on
the off-diagonal µt and et Yukawa couplings are derived from these constraints on the branch-
ing ratios, and found to be

q
|Yµt|2 + |Ytµ|2 < 1.43 ⇥ 10�3 and

p|Yet|2 + |Yte|2 < 2.26 ⇥ 10�3

at 95% CL.

< 0.25%
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Summary
• A comprehensive program is underway to characterize the 

125 GeV Higgs boson 

• So far, searches for rare, exotic, and invisible Higgs decays 
show compatibility with standard model 

• Recent results on 
- Higgs decays to undetected particles  
- Higgs self coupling 
- Higgs decays to light scalars 
- Lepton flavor violating decays 

• Constraints are placed on a wide range of beyond the 
standard model physics models
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Backup
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h(125) Properties (examples)
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Figure 7: Best fit values of �i · B f for each specific channel i ! H ! f , as obtained from the generic paramet-
erisation with 23 parameters for the combination of the ATLAS and CMS measurements. The error bars indicate
the 1� intervals. The fit results are normalised to the SM predictions for the various parameters and the shaded
bands indicate the theoretical uncertainties in these predictions. Only 20 parameters are shown because some are
either not measured with a meaningful precision, in the case of the H ! ZZ decay channel for the WH, ZH, and
ttH production processes, or not measured at all and therefore fixed to their corresponding SM predictions, in the
case of the H ! bb decay mode for the ggF and VBF production processes.
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h(125) Properties (examples)
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2 2 Phenomenology of anomalous HVV interactions

2 Phenomenology of anomalous HVV interactions

This analysis is based on a phenomenological framework that describes the couplings of a
Higgs-like boson to two gauge bosons, such as ZZ, Zg, gg, WW, and gg. These couplings ap-
pear either in production of the H boson or in its decay. The H boson can also be produced
in interaction with the fermion-antifermion pair, such as for example ttH production, but kine-
matic correlations sensitive to such interactions are not studied in this work. The techniques
and ideas for such measurements can be found in Refs. [20–47].

In the following we assume that the H boson couples to two gauge bosons VV, such as ZZ, Zg,
gg, WW, which in turn couple to fermions. It is assumed that the H boson does not couple
to fermions through a new heavy state, generating the so-called contact term [45, 46]. How-
ever, as shown later in Table 2, inclusion of the contact terms is equivalent to the anomalous
HVV couplings already tested [13]. Three general tensor structures allowed by Lorentz sym-
metry are tested, with form factors Fi(q2

1, q2
2) in front of each term, where q1 and q2 are the

four-momenta of the two di-fermion states, such as (e+e�) and (µ+µ�) in the H ! e+e�µ+µ�

decay, and equivalent states in production. We also fix all lepton and quark couplings to vector
bosons according to the SM expectations. Relaxing this requirement would make it equivalent
to flavor non-universal couplings of the contact terms, but would also introduce too many un-
constrained parameters, which cannot be tested with present statistics. Only the lowest order
operators, or lowest order terms in the (q2

j /L2) form-factor expansion, are tested, where L is
the energy scale of new physics.

The scattering amplitude describing the interaction between a spin-zero H boson and two spin-
one gauge bosons VV includes three tensor structures with non-trivial (q2

j /L2) expansion in
front of the first structure
2

64aVV
1 +

kVV
1 q2

1 + kVV
2 q2

2�
LVV

1
�2 +

kVV
3 (q1 + q2)2

⇣
LVV

Q

⌘2

3

75 m2
V1e⇤V1e⇤V2 + aVV

2 f ⇤(1)µn f ⇤(2),µn + aVV
3 f ⇤(1)µn f̃ ⇤(2),µn, (1)

where f (i)µn = e
µ
Viq

n
Vi � en

Viq
µ
Vi, f̃ (i)µn = 1

2 eµnrs f (i),rs, eVi and mV1 are polarization vector and
pole mass of a gauge boson, L1 and LQ are the scales of BSM physics. The above approach
allows a general enough test of H ! 4` kinematics in decay and equivalent kinematics in
production, as discussed below. If deviations from the SM are detected, a more detailed study
of (q2

j /L2) form-factor expansion could be performed, eventually providing a measurement of
the double-differential cross section for each tensor structure tested.

In the above, the only leading tree-level contributions are aZZ
1 6= 0 and aWW

1 6= 0, and in the
following we assume custodial symmetry aZZ

1 = aWW
1 . The rest of the couplings are considered

anomalous contributions, which are either tiny contributions arising in the SM due to loop
effects or new BSM contributions. The SM value of those are not accessible experimentally
with the available data yet. Among anomalous contributions, considerations of symmetry and
gauge invariance require kZZ

1 = kZZ
2 = � exp(ifZZ

L1), kgg
1 = kgg

2 = 0, k
gg
1 = k

gg
2 = 0, kZg

1 =

0 and kZg
2 = � exp(ifZg

L1). While not strictly required, the same symmetry is considered in
the WW case kWW

1 = kWW
2 = � exp(ifWW

L1 ). While the aZg
2,3 and agg

2,3 terms were tested in the
Run 1 analysis [13], precision of those constraints is still not competitive with on-shell photon
measurements in H ! Zg and gg. We therefore omit those measurements in this note. In the
following, the ZZ labels for the ZZ interactions are omitted, and the WW measurements are
integrated into the ZZ measurements assuming custodial symmetry for anomalous couplings
as well. The latter appear in VBF and WH production only. The full list of tested anomalous

tree-level 
scalar (SM) leading momentum expansion higher order 

scalar pseudoscalar
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Higgs→χχ (invisible)
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Figure 9: Post-fit distribution of the BDT classifier in the multivariate analysis signal region for
the SM H(inv.) decay hypothesis.
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Figure 10: Expected and observed 95% CL upper limits on the production cross section times
branching fraction, sZH ⇥ B(H ! inv.) as a function of the Higgs boson mass.

• Understanding MET 
distributions is crucial 
- MET arises in standard model 

processes from neutrinos  
• e.g. Z(vv)+jets 
• Modeling is sensitive to high order 

corrections 
- MET also arises from momentum 

mis-measurement 
- Extensive use of data control 

regions 

• Multivariate techniques 
- Boosted Decision Tree including 

MET, lepton kinematics, etc. 
- Improve sensitivity by ~10%

-

EXO-16-052

-

q̄

q H

V

VZ(ll)
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Z(ll)H(inv) Boosted Decision Tree
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12 9 Multivariate analysis

9 Multivariate analysis
For the SM Higgs boson decaying invisibly interpretation, a multivariate classifier is employed
to increase the sensitivity of the analysis. We use the following set of twelve variables to train
a multiclass boosted decision tree (BDT) classifier:

• |m`` � mZ| (dilepton mass);
• p`1

T (leading lepton transverse momentum);
• p`2

T (subleading lepton transverse momentum);
• p``T (dilepton transverse momentum);
• |h`1| (leading lepton pseudorapidity);
• |h`2| (subleading lepton pseudorapidity);
• Emiss

T (missing transverse energy);
• mT(p`1

T ,Emiss
T ) (leading lepton transverse mass);

• mT(p`2
T ,Emiss

T ) (subleading lepton transverse mass);

• Df(~pT
``, ~pT

miss) (azimuthal separation between dilepton and missing energy);
• DR`` (separation between leptons); and
• | cos qCS

`1 | (cosine of Collins–Soper angle for leading lepton).

We define the Collins–Soper angle qCS
`1 as the angle between the leading lepton trajectory and

the Z boson mother trajectory, in the rest frame of the Z boson. This allows some access to
the spin information of the invisible particle and adds a small amount of discrimination power
between the diboson processes and the invisible Higgs boson decay hypothesis.

The classifier is trained on half of the simulated events, chosen randomly from a weighted
combination of the simulated background events. The multiple classes considered for the mul-
ticlass BDT are: H(inv.) decay (Signal); ZZ; WZ; DY; and flavor-symmetric or nonresonant
backgrounds (Nonprompt). The signal likelihood which is used as the final discriminator is the
likelihood assigned to the quark- and gluon-induced H(inv.) process, normalized to the sum
of the likelihoods of all processes. The training preselection requires: a loosely identified lep-
tonic Z boson candidate; no highly background-like hadronic activity; and missing transverse
energy greater than 130 GeV, where differentiating between diboson background and signal is
most challenging. Details pertaining to these requirements are found in Table 3. On top of all
of the sources of systematic uncertainty using the Emiss

T -based analysis, additional systematic
uncertainties in the classifier spectrum are propagated by varying relevant nuisances within a
resolution function and observing the quantiles of subsequent variations in the classifier shape.

Table 3: Summary of the training preselection for the multivariate analysis.
Variable Selection
N` = 2

p`T
>25/20 GeV (electrons)

>20 GeV (muons)
Z boson requirement |m`` � mZ| < 30 GeV
Jet counting  1 jet with pj

T > 30 GeV
p``T > 60 GeV
b tagging veto CSVv2 < 0.8484
t lepton veto 0 th candidates with pt

T > 18 GeV
Emiss

T > 130 GeV
Df(~pT

j, ~pT
miss) > 0.5 rad
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H→e±e∓, μ±μ∓
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Figure 3: Exclusion limits on sB are shown for H ! µ+µ� (left), and for H ! e+e� (right),
both for 8 TeV. Theoretical uncertainties on the cross sections and branching fraction are omit-
ted, and the relative contributions of GF, VBF, and VH are as predicted in the SM.

categories separated by pµµ
T . As in the main analysis, results are extracted by fitting signal

and background shapes to the mµµ spectra in each category, but unlike the main analysis,
f (mµµ) = exp(p1mµµ)/(mµµ � p2)2 is used as the background shape. The systematic uncer-
tainty on the parameterization of the background is estimated and applied in the same way
as in the main analysis. For the alternative analysis, the observed (expected) 95% CL upper
limit on the signal strength is 7.8 (6.5+2.8

�1.9) for the combination of 7 TeV and 8 TeV data and
mH = 125 GeV. The observed limits of both the main and alternative analyses are within one
standard deviation of their respective background-only expected limits, for mH = 125 GeV.

7 Search for Higgs boson decays to e+e�

In the SM, the branching fraction of the Higgs boson into e+e� is tiny, because the fermionic
decay width is proportional to the mass of the fermion squared. This leads to poor sensitivity
to SM production for this search when compared to the search for H ! µ+µ�. On the other
hand, the sensitivity in terms of sB is similar to H ! µ+µ�, because dielectrons and dimuons
share similar invariant mass resolutions, selection efficiencies, and backgrounds. Since the
sensitivity to the SM rate of H ! e+e� is so poor, an observation of the newly discovered
particle decaying to e+e� with the current integrated luminosity would be evidence of physics
beyond the standard model.

In a similar way to the H ! µ+µ� analysis, a search in the mee spectrum is performed for a
narrow peak over a smoothly falling background. The irreducible background is dominated by
Drell–Yan production, with smaller contributions from tt and diboson production. Misidenti-
fied electrons make up a reducible background that is highly suppressed by the electron iden-
tification criteria. The reducible H ! gg background is estimated from simulation to be neg-
ligible compared to other backgrounds, although large compared to the SM H ! e+e� signal.
The overall background shape and normalization are estimated by fitting the observed mee
spectrum in data, assuming a smooth functional form, while the signal acceptance times selec-
tion efficiency is estimated from simulation. The analysis is performed only on proton-proton

HIG-13-007
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H→4μ Dark SUSY Limits
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