
Multileptons: Implications for the Higgs

Nathaniel Craig (Institute for Advanced Study & Rutgers University)

Chicago 2012 Workshop on LHC Physics

Monday, November 12, 2012



Paris
18/11/11 gigi.rolandi@cern.ch  HCP2011 /33

Higgs production pp@2TeV vs pp@7Tev
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Multi-lepton signals of the Higgs

The Higgs contributes to 
multi-lepton states 

through both associated 
production and decays

Monday, November 12, 2012



Multi-lepton signals of the Higgs

addition to the Standard Model decay channels. The later decay yields a topology with three

pseudoscalar Higgses in the final state. The pseudoscalar, A, as well as H and H
±
, can also

be produced in association with top quarks. The heavy Higgs, H, can also be produced in

gluon fusion and vector boson fusion. The very small partial width for the decay h→ AA
∗

in

this spectrum will be ignored. The complete list of topologies that contribute to multi-lepton

signatures from all these production and decay channels, along with those from the Standard

Model-like Higgs boson, are given in Table 8.

All 233 production and decay topologies listed in Tables 4 - 8 were individually simulated

in our studies of multi-lepton signatures of the Standard Model Higgs and our four 2HDM

spectra benchmarks. Certain channels for the 2HDM benchmarks were omitted for the sake

of conciseness. In general, channels were omitted if the production cross section times fixed

Standard Model branching ratios to multi-lepton final states was much less than 1 fb even in

the most promising regions of parameter space. For nominal simplicity, for the 2HDM bench-

marks, we omitted associated production channels for h with h→ ZZ
∗
, having found in [10]

that with the integrated luminosity considered here, these channels did not contribute signif-

icantly to even low-background search channels. However, with significantly more integrated

luminosity these channels would begin to contribute to the sensitivity.

Production Decay

gg → h h→ 4�
VBF→ h h→ 4�
qq̄ →Wh Wh→WWW,WZZ,W ττ
qq̄ → Zh Zh→ ZWW,ZZZ,Zττ
tt̄h tt̄h→ tt̄WW, tt̄ZZ, tt̄ττ

Table 4. The 11 independent production and decay topologies simulated for the Standard Model

Higgs Boson with mh = 125 GeV. The Higgs boson branching ratios are factored out of each topology.

All top-quark, τ -lepton, and W - and Z bosons branching ratios are Standard Model.

4 Search Strategy and Simulation Tools

In principle, it might be possible to design a multi-lepton search with sensitivity specifically

tailored to certain features of the signatures that arise from some of the production and decay

topologies of 2HDMs. However, designing such a dedicated search would require a detailed

understanding of backgrounds in many channels that is well beyond the scope of a theory-level

study. Instead, as done previously in a study of the multi-lepton signatures of the Standard

Model Higgs boson [10], we will adopt the selection cuts and background estimates of an

existing CMS multi-lepton analysis [8, 9] to demonstrate the efficacy of a 2HDM multi-lepton

search. In the conclusions, we will comment briefly on how a focussed search could be further

optimized to maximize sensitivity to multi-lepton final states arising from an extended scalar

sector.
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Emanuel Contreras-Campana, 
NC, Richard Gray, Can Kilic, 

Michael Park, Sunil Somalwar, 
Scott Thomas (arXiv:1112.2298)

Observed Expected SM Higgs
Signal

4 Leptons

†MET HIGH HT HIGH No Z 0 0.018 ± 0.005 0.03
†MET HIGH HT HIGH Z 0 0.22 ± 0.05 0.01
†MET HIGH HT LOW No Z 1 0.20 ± 0.07 0.06
†MET HIGH HT LOW Z 1 0.79 ± 0.21 0.22
†MET LOW HT HIGH No Z 0 0.006 ± 0.001 0.01
†MET LOW HT HIGH Z 1 0.83 ± 0.33 0.01
†MET LOW HT LOW No Z 1 2.6 ± 1.1 0.36
†MET LOW HT LOW Z 33 37 ± 15 1.2

3 Leptons

†MET HIGH HT HIGH DY0 2 1.5 ± 0.5 0.15
†MET HIGH HT LOW DY0 7 6.6 ± 2.3 0.67
†MET LOW HT HIGH DY0 1 1.2 ± 0.7 0.04
†MET LOW HT LOW DY0 14 11.7 ± 3.6 0.63
†MET HIGH HT HIGH DY1 No Z 8 5.0 ± 1.3 0.38
†MET HIGH HT HIGH DY1 Z 20 18.9 ± 6.4 0.19
†MET HIGH HT LOW DY1 No Z 30 27.0 ± 7.6 1.8
MET HIGH HT LOW DY1 Z 141 134 ± 50 1.6

†MET LOW HT HIGH DY1 No Z 11 4.5 ± 1.5 0.13
†MET LOW HT HIGH DY1 Z 15 19.2 ± 4.8 0.09
MET LOW HT LOW DY1 No Z 123 144 ± 36 1.8
MET LOW HT LOW DY1 Z 657 764 ± 183 4.3

Table 10. Observed and expected number of events in various exclusive multi-lepton channels from
the CMS multi-lepton search with 5 fb−1 of 7 TeV proton-proton collisions [9], along with expected
number of Standard Model Higgs boson signal events for mh = 125 GeV after acceptance and efficiency.
HIGH and LOW for MET and HT indicate �ET

>
< 50 GeV and HT

>
< 200 GeV respectively. DY0

≡ ��±�∓�∓, DY1 ≡ �±�+�−, ��±�+�−, for � = e, µ. No Z and Z indicate |m�� −mZ |>
< 15 GeV for any

opposite sign same flavor pair. The channels with moderate to good sensitivity to multi-lepton Higgs
boson signals are indicated with daggers.

lepton CMS results [9] yield the expected and observed limits for a Standard Model Higgs at
mh = 120, 125, and 130 GeV shown in Table 11. The dominant decay modes and exclusive
channels contributing to these limits were discussed in detail in [10].

The multi-lepton signals of h remain important in the general 2HDM parameter space,
both through Standard Model production of h and the production of h in scalar cascades.
The variation in these signals as a function of sinα and tanβ for the four types of 2HDM was

– 19 –

Simulate 11 exclusive modes

Use exclusive combination of 
20 signal channels and results 
from CMS 7 TeV search with   

5/ fb for a “new” Higgs search
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Multi-lepton signals of the Higgs

High HT events from ttH prodution 
and hadronic tau decays.

MET evenly distributed on both 
sides of the hi/lo cut.

Various channels populate various signal regions: 
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Multi-lepton signals of the Higgs
mh 120 GeV 125 GeV 130 GeV

Observed 5.4 4.9 3.5
Expected 4.2 3.8 2.8

Table 11. Observed and expected 95% CL limits from the CMS multi-lepton search with 5 fb−1 of
7 TeV proton-proton collisions [9] on the Higgs boson production cross section times branching ratio
in multiples of that for Standard Model Higgs multi-lepton production and decay topologies listed in
Table 4 with Standard Model branching ratios. Limits are obtained from an exclusive combination of
the observed and expected number of events in all the multi-lepton channels presented in Table 10.

studied in detail in [27]; in what follows, we will often refer to these results to understand the
parametric changes in the multi-lepton limit across the 2HDM parameter space.

5.2 Spectrum 1

Now let us turn to the multi-lepton signals and limits of our 2HDM benchmark spectra. The
multi-lepton limits on the first benchmark spectrum for all four types of 2HDM are shown in
Figure 1. Limits in this and the following figures were obtained from an exclusive combination
of the observed and expected number of events in all the multi-lepton channels presented in
Table 10 on an evenly-spaced grid in −1 ≤ sin α ≤ 0 and 1 ≤ tanβ ≤ 10 with spacing
∆(sinα) = 0.1 and ∆(tan β) = 1; contours were determined by numerical interpolation
between these points.

In addition to the Standard Model-like production and decays of scalars to SM final
states, the first benchmark spectrum also features the inter-scalar decays H → hh, A→ Zh,
and A→ ZH. The partial widths for these three inter-scalar decays (which are independent
of the 2HDM type) and the σ · Br for the dominant processes gg → H → hh, gg → A→ Zh,
and gg → A → ZH (which depend weakly on the 2HDM type; here, we display those of a
Type I 2HDM) are shown in Figure 2; their parametric behavior as a function of sin α and
tanβ helps to explain many of the detailed features of the exclusion limits in Figure 1.

The partial width, Γ(H → hh), has a complicated dependence on α,β, but is greatest
when tanβ is large and sinα � −0.85. This process only contributes significantly to multi-
lepton limits in 2HDM types for which the multi-lepton decays of h are unsuppressed in the
same region where Br(H → hh) is large. The partial width, Γ(A → Zh) ∝ cos2(β − α), is
largest away from the alignment limit, while the partial width, Γ(A → ZH) ∝ sin2(β − α),
is largest in the alignment limit. In both cases, the multi-lepton limits are strongest for
2HDM types where the multi-lepton decays of h and H are significant when Br(A → Zh)
and Br(A→ ZH) are respectively large.

On the production side, the dominant production cross section for H, σ(gg → H), is
largest at small tanβ and sinα→ −1, while the dominant cross section for A, σ(gg → A), is
independent of sinα (since the pseudoscalar couplings to fermions, and hence gluons, depend
only on tanβ) and increases as tanβ → 0. These production cross sections and scalar partial
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Competitive with dedicated Higgs searches in 
2011 data (without improvements!).

Even better for non-standard Higgses.
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Multi-lepton signals of the Higgs
mh 120 GeV 125 GeV 130 GeV

Observed 5.4 4.9 3.5
Expected 4.2 3.8 2.8

Table 11. Observed and expected 95% CL limits from the CMS multi-lepton search with 5 fb−1 of
7 TeV proton-proton collisions [9] on the Higgs boson production cross section times branching ratio
in multiples of that for Standard Model Higgs multi-lepton production and decay topologies listed in
Table 4 with Standard Model branching ratios. Limits are obtained from an exclusive combination of
the observed and expected number of events in all the multi-lepton channels presented in Table 10.

studied in detail in [27]; in what follows, we will often refer to these results to understand the
parametric changes in the multi-lepton limit across the 2HDM parameter space.

5.2 Spectrum 1

Now let us turn to the multi-lepton signals and limits of our 2HDM benchmark spectra. The
multi-lepton limits on the first benchmark spectrum for all four types of 2HDM are shown in
Figure 1. Limits in this and the following figures were obtained from an exclusive combination
of the observed and expected number of events in all the multi-lepton channels presented in
Table 10 on an evenly-spaced grid in −1 ≤ sin α ≤ 0 and 1 ≤ tanβ ≤ 10 with spacing
∆(sinα) = 0.1 and ∆(tan β) = 1; contours were determined by numerical interpolation
between these points.

In addition to the Standard Model-like production and decays of scalars to SM final
states, the first benchmark spectrum also features the inter-scalar decays H → hh, A→ Zh,
and A→ ZH. The partial widths for these three inter-scalar decays (which are independent
of the 2HDM type) and the σ · Br for the dominant processes gg → H → hh, gg → A→ Zh,
and gg → A → ZH (which depend weakly on the 2HDM type; here, we display those of a
Type I 2HDM) are shown in Figure 2; their parametric behavior as a function of sin α and
tanβ helps to explain many of the detailed features of the exclusion limits in Figure 1.

The partial width, Γ(H → hh), has a complicated dependence on α,β, but is greatest
when tanβ is large and sinα � −0.85. This process only contributes significantly to multi-
lepton limits in 2HDM types for which the multi-lepton decays of h are unsuppressed in the
same region where Br(H → hh) is large. The partial width, Γ(A → Zh) ∝ cos2(β − α), is
largest away from the alignment limit, while the partial width, Γ(A → ZH) ∝ sin2(β − α),
is largest in the alignment limit. In both cases, the multi-lepton limits are strongest for
2HDM types where the multi-lepton decays of h and H are significant when Br(A → Zh)
and Br(A→ ZH) are respectively large.

On the production side, the dominant production cross section for H, σ(gg → H), is
largest at small tanβ and sinα→ −1, while the dominant cross section for A, σ(gg → A), is
independent of sinα (since the pseudoscalar couplings to fermions, and hence gluons, depend
only on tanβ) and increases as tanβ → 0. These production cross sections and scalar partial
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Competitive with dedicated Higgs searches in 
2011 data (without improvements!).

Even better for non-standard Higgses.
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The sensitivity of multi-lepton 
searches to Higgs suggests 
that they may be particularly 
effective in looking for new 

sources of Higgs production 
with additional leptons...
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Looking for the Higgs in rare decays

Could either aim for Higgs in rare decays of SM states w/ 
large cross section, or in cascades of new physics.

A good example of the former is       production followed by   tt̄

the rare decay t→ hj

LHC 7 TeV cross section is ~165 pb, so the sample is large!

Multi-lepton final states primarily from leptonic decay of one top, h+j 
decay of the other top, with 

h→WW ∗ → ��νν, h→ τ�τ�

SM Br is 10-13, so any signal is NP!

NC, Jared Evans, Richard Gray, 
Can Kilic, Michael Park, Sunil 

Somalwar, Scott Thomas, Matt 
Walker (arXiv:1207.6794)

(for examples of the latter, see Daniele’s talk)
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Looking for the Higgs in rare decays

Observed Expected Signal
4 Leptons

MET HIGH HT HIGH No Z 0 0.018 ± 0.005 0.02
MET HIGH HT HIGH Z 0 0.22 ± 0.05 0.0
MET HIGH HT LOW No Z 1 0.2 ± 0.07 0.11
MET HIGH HT LOW Z 1 0.79 ± 0.21 0.04
MET LOW HT HIGH No Z 0 0.006 ± 0001 0.0
MET LOW HT HIGH Z 1 0.83 ± 0.33 0.04
MET LOW HT LOW No Z 1 2.6 ± 1.1 0.08
MET LOW HT LOW Z 33 37 ± 15 0.15

3 Leptons

MET HIGH HT HIGH DY0 2 1.5 ± 0.5 0.48
MET HIGH HT LOW DY0 7 6.6 ± 2.3 2.1
MET LOW HT HIGH DY0 1 1.2 ± 0.7 0.26
MET LOW HT LOW DY0 14 11.7 ± 3.6 1.68
MET HIGH HT HIGH DY1 No Z 8 5 ± 1.3 1.54
MET HIGH HT HIGH DY1 Z 20 18.9 ± 6.4 0.41
MET HIGH HT LOW DY1 No Z 30 27 ± 7.6 5.8
MET HIGH HT LOW DY1 Z 141 134 ± 50 2.0
MET LOW HT HIGH DY1 No Z 11 4.5 ± 1.5 0.80
MET LOW HT HIGH DY1 Z 15 19.2 ± 4.8 0.72
MET LOW HT LOW DY1 No Z 123 144 ± 36 3.1
MET LOW HT LOW DY1 Z 657 764 ± 183 2.4

Table 1: Observed number of events, expected number of background events, and expected
number of t → ch signal events with Br(t → ch) = 1% in various CMS multi-lepton
channels after acceptance and efficiency for 5 fb−1 of 7 TeV proton-proton collisions. HIGH
and LOW for MET and HT indicate �ET

>
< 50 GeV and HT

>
< 200 GeV respectively. DY0

≡ ��±�∓�∓, DY1 ≡ �±�+�−, ��±�+�−, for � = e, µ. No Z and Z indicate |m�� −mZ | >
< 15 GeV

for any opposite sign same flavor pair.

6

Signal for 1% Br

3.3 Results

The multi-lepton final states coming from t → ch in tt̄ pair production arise mainly from

charged current decay of one top quark, t → Wb with W → �ν, and flavor-violating

decay of the other top quark, t̄ → c̄h, with h decaying to final states with two or more

leptons. The most relevant Higgs final states are those with two leptons that arise from

h→ WW ∗ → �ν�ν and h→ ττ with leptonic decays of the tau-leptons, τ → �X, as well as

h → ZZ∗ → jj��, νν��. All of these decay modes give three-lepton final states. Although

the total branching ratio of the Higgs to two leptons is comparable for h → WW ∗ and

h → ZZ∗, leptons coming from Z and/or Z∗ decays are less significant because they fall

into higher-background DY1 channels with either Z or No Z. In contrast, pairs of leptons

coming from WW ∗ decay are uncorrelated in flavor and fall into lower-background DY0

channels, in addition to the higher-background DY1 channels. There are additionally four-

and five-lepton final states from charged current decay of one top quark, t → Wb with

W → jj or �ν respectively, and flavor-violating decay of the other top quark, t̄ → c̄h,

with h → ZZ∗ → ����. The small total branching ratio for these final states makes them

less significant than the three-lepton final states in obtaining a bound from the 5 fb−1 of

integrated luminosity in the CMS search [5]. However, in the future with more integrated

luminosity, these channels should contribute more significantly to the sensitivity for t→ ch.

The signal contributions to each of the exclusive multi-lepton channels are shown in

Table 1. Events are entered in the table exclusive-hierarchically from the top to the bottom.

In this way each event appears only once in the table, and in the lowest possible background

channel consistent with its characteristics. The strongest limit-setting channels for t→ ch

are those with three leptons. The best limits come from [MET HIGH, HT LOW, DY1

No Z], which alone constrains Br(t → ch) < 3.7%, and [MET HIGH, HT LOW, DY0],

which constrains Br(t → ch) < 4.2%. In each case the lack of a reconstructed Z or OSSF

lepton pair reflects the contributions from h→ WW ∗ and h→ ττ , while the MET comes

predominantly from neutrinos emitted in the W and τ -lepton decays. Significant limits

also come from the channel [MET HIGH, HT HIGH, DY1 No Z], which constrains Br(t→
ch) < 6.5%; and [MET LOW, HT LOW, DY0], which constrains Br(t→ ch) < 7.9%; these

likewise reflect dominant contributions from the Higgs decays h → WW ∗ and h → ττ .

All other channels give constraints on the branching ratio that are weaker than 10% in an

individual channel.

Although limits may be placed on the signal from any individual channel in the multi-

lepton search, the greatest sensitivity comes from combining all exclusive channels. Com-

bining all multilepton channels, we find that the 5 fb−1 multi-lepton CMS results [5] yield

an observed limit of Br(t → ch) < 2.7%, with an expected limit Br(t → ch) < 1.7%.

7
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This corresponds to a bound on the scale of the dimension-six effective operator (2) in-

troduced in §2 of M2/
�

|ξtc|2 + |ξct|2 > (370 GeV)
2

or equivalently on the flavor-violating

Higgs Yukawa couplings (5) of

�
|λh

tc|2 + |λh
ct|2 < 0.31. This limit represents a combined

Bayesian 95% CL limit computed using the observed event counts, background estimates,

and systematic errors listed in Table 1.

An upper limit on the branching ratio Br(t → ch) can also be expressed in terms of a

limit on the cross section times branching ratio σ·Br(pp→ tt̄→ Wbhc). This is related to

the cross section and branching ratio individually by σ ·Br(pp → tt̄ → Wbhc) � σ(pp →
tt̄) ·2 Br(t→ hc) where the factor of two accounts for combinatorics of the top quark decay.

With this, our estimate for the observed upper limit of Br(t→ ch) < 2.7% corresponds to

σ ·Br(pp → tt̄ → Wbhc) < 8.9 pb for 7 TeV pp collisions. While this limit is specific to

the acceptance and efficiency associated to top–anti-top production and decay, it does give

a rough indication of the cross section times branching limit that would be obtained from

the results of the CMS multi-lepton search [5] for other new physics processes pp→ WhX

with similar kinematics.

The sensitivity of future dedicated multi-lepton searches for flavor-changing top quark

decay t→ ch could be improved in a number of ways. The most straightforward improve-

ment would be to include the CMS exclusive multi-lepton channels that contain τ -leptons.

For simplicity these were neglected in this study. These channels have higher backgrounds,

but would contribute a bit to the overall sensitivity. Another improvement would be to

sub-divide the exclusive multi-lepton channels according to whether there are tagged b-

quarks in an event. The t → ch signal has both a b- and c-quark in the final state, and

so would fall primarily in the b-tagged channels. Although there is background from t̄t

production with fully-leptonic decay and a fake lepton in these channels, other Standard

Model backgrounds from, e.g. WZ production with fully leptonic decay, would be reduced

in these channels. Yet another possibility would be to incorporate exclusive same-sign di-

lepton channels, again with b-quark tagging sub-division [15]. Although the backgrounds

in these channels are by definition larger than those of three- or more-lepton channels, this

would bring in other relevant final states of the t̄t signal such as charged current decay of

one top quark, t → Wb with W → �ν, and flavor-violating decay of the other top quark,

t̄ → c̄h with h → WW ∗ → �νjj. Since the Higgs boson is neutral, the charges of the two

leptons from these decays are uncorrelated and same-sign half the time. Finally, further

signal specific sub-divisions of channels could be utilized based on partial kinematic tagging

information of the top quark and/or Higgs boson to isolate regions of phase space that are

populated only by the signal.

We emphasize that in respect to possible improvements focused at the t → ch signal,

8

Best limit on these couplings.

Expect

Observe

Corresponds to

Can improve significantly 
with b-tags, top tagging
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Of course, Higgs discovery also 
strongly motivates looking for 

extended EWSB sectors! 
For example, theories whose IR 
Higgs physics is described by a 

2HDM...
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Looking for extended EWSB in multi-leptons

• Can look for additional states in the same standard channels as 
the Higgs, but this may not be fruitful -- rates to those final states 
may be suppressed or nonexistent. Direct decays to SM states 
may be in high-background channels.

• One possibility is to instead look for collective, non-resonant 
signals -- exploit the totality of production and decay modes. 

• Multi-lepton search is an ideal approach: sensitive to totality of 
SM-like Higgs decays to leptonic final states; new scalar decays 
to leptonic final states; and scalar cascades. 

• Straightforward to apply the existing multi-lepton search to 
2HDM...

NC, Jared Evans, Richard Gray, 
Can Kilic, Michael Park, Sunil 

Somalwar, Scott Thomas (arXiv:
1210.0559)
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Looking for extended EWSB in multi-leptons

2HDM I 2HDM II 2HDM III 2HDM IV

u Hu Hu Hu Hu

d Hu Hd Hu Hd

e Hu Hd Hd Hu

Table 1. The four discrete types of 2HDM Hu and Hd Yukawa couplings to right-handed quarks and

leptons that satisfy the Glashow-Weinberg condition. By convention Hu is taken to couple to right

handed up-type quarks, and the assignments of the remaining couplings are indicated.

conventionally defined as tanβ ≡ �Hu�/�Hd�, and the mixing angle α that diagonalizes the

2×2 neutral scalar h−H mass squared matrix. The parametric dependences of these couplings

on α and β relative to coupling of the Standard Model Higgs boson with a single Higgs doublet

are given in Table 2. The parametric dependence of the couplings of the charged scalar, H
±
,

are the same as those of the pseudo-scalar, A.

The renormalizable couplings of a single physical Higgs boson to two gauge bosons are

fixed by gauge invariance in terms of the mixing angles in any CP-conserving 2HDM as

ghV V = sin(β − α)gV gHV V = cos(β − α)gV gAV V = 0 gH±W∓Z = 0 (2.2)

where for V = W,Z the Standard Model Higgs couplings are gW = g and gZ = g/ cos θW ,

where g is the SU(2)L gauge coupling and θW the weak mixing angle. The renormalizable

couplings of two physical Higgs bosons to a single gauge boson are likewise fixed in any

CP-conserving 2HDM as

ghZA =
1
2gZ cos(β − α) gHZA = −1

2
gZ sin(β − α)

ghW∓H± = ∓ i

2g cos(β − α) gHW∓H± = ± i

2
g sin(β − α) gAW∓H± =

1

2
g (2.3)

None of these couplings involve additional assumptions about the form of the full non-

renormalizable scalar potential, beyond CP conservation.

The couplings between three physical Higgs bosons depends on details of the Higgs scalar

potential. Specifying these therefore requires additional assumptions to completely specify

the branching ratios that appear in some of the decay topologies discussed below. The main

goal here is to present multi-lepton sensitivities to 2HDMs in relatively simple, manageable

parameter spaces. A straightforward condition that fulfills this requirement is to consider

2HDM Higgs potentials that, in additional to being CP-conserving, are renormalizable and

restricted by a (discrete) Peccei-Quinn symmetry that forbids terms with an odd number of

Hu or Hd fields. The most general potential of this type is given by

Vscalar = m
2
uH

†
uHu + m

2
d
H
†
d
Hd +

1

2
λ1(H

†
uHu)

2
+

1

2
λ2(H

†
d
Hd)

2
+ λ3(H

†
uHu)(H

†
d
Hd)

+ λ4(H
†
uHd)(H

†
d
Hu) +

�
1

2
λ5(H

†
uHd)

2
+ h.c.

�
(2.4)
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y2HDM/ySM 2HDM I 2HDM II 2HDM III 2HDM IV

hV V sin(β − α) sin(β − α) sin(β − α) sin(β − α)

hQu cos α/sin β cos α/sin β cos α/sin β cos α/sin β

hQd cos α/sin β −sin α/cos β cos α/sin β −sin α/cos β

hLe cos α/sin β −sin α/cos β −sin α/cos β cos α/sin β

HV V cos(β − α) cos(β − α) cos(β − α) cos(β − α)

HQu sin α/sin β sin α/sin β sin α/sin β sin α/sin β

HQd sin α/sin β cos α/cos β sin α/sin β cos α/cos β

HLe sin α/sin β cos α/cos β cos α/cos β sin α/sin β

AV V 0 0 0 0

AQu cot β cot β cot β cot β

AQd − cot β tanβ − cot β tanβ

ALe − cot β tanβ tanβ − cot β

Table 2. Tree-level couplings of the neutral Higgs bosons to up- and down-type quarks, leptons, and

massive gauge bosons in the four types of 2HDM models relative to the SM Higgs boson couplings

as functions of α and β. The coefficients of the couplings of the charged scalar H
±

, are the same as

those of the pseudo-scalar, A

This potential has seven free parameters, which may be exchanged for the overall Higgs

expectation value, the four physical masses mh, mH , mA, and mH± , and the two mixing

angles, α and β. So all the Higgs boson couplings in a renormalizable 2HDM with the potential

(2.4) are, for a given mass spectrum, specified entirely in terms of the mixing angles α and

β. The couplings of three physical Higgs bosons from the potential (2.4) that are relevant to

the production and decay topologies studied below are

gHhh =
1

v
(m

2

H + 2m
2

h
) cos(β − α)(sin 2α/ sin 2β)

gHAA =
1

v

�
m

2

H (cos β cot β sin α + sinβ tanβ cos α) + 2m
2

A cos(β − α)
�

gHH+H− =
1

v

�
m

2

H (cos β cot β sin α + sinβ tanβ cos α) + 2m
2

H± cos(β − α)
�

(2.5)

We emphasize that the choice of the potential (2.4) is illustrative to allow a simple presen-

tation in terms of a two-dimensional parameter space of mixing angles for a given physical

spectrum. Although there is additional parametric freedom available in the most general CP-

conserving 2HDM potential, the phenomenology is qualitatively similar. The only important

generalization in the production and decay topologies studied below for the most general CP-

and flavor-conserving 2HDMs as compared with the assumptions outlined here is that the

partial decay widths of the CP-even heavy Higgs boson, H, to pairs of lighter Higgs bosons

become free parameters, rather than being specified in terms of α and β through the couplings

(2.5).
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Consider four discrete types 
w/out tree-level FCNC

Fixes couplings 
to fermions and 
vectors in terms 
of two angles

A H
±pseudoscalar    , and charged Higgses

Physical spectrum consists of CP even neutral scalars h, H,
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Looking for extended EWSB in multi-leptons

SM Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4

(GeV) (GeV) (GeV) (GeV) (GeV)

h 125 125 125 125 125

H − 300 140 500 200

A − 500 250 230 80

H
± − 500 250 230 250

Table 3. Higgs boson masses in the SM Benchmark and our four 2HDM Benchmark Spectra.

spectra are as follows:

Benchmark spectrum 1: The heavy neutral Higgs, H, is produced mainly through

gluon fusion and vector boson fusion, and can decay through the same channels as a heavy

Standard Model Higgs, plus the new kinematically allowed decay H → hh. The pseudoscalar,

A, is produced mainly through gluon fusion and can decay by A → Zh, ZH. The charged

Higgs, H
±
, does not play an important role in this spectrum. The complete list of topologies

that contribute to multi-lepton signatures from these production and decay channels, along

with those from the Standard Model-like Higgs boson, are given in Table 5.

Benchmark spectrum 2: This spectrum is qualitatively similar to the first, but with

H → hh no longer kinematically allowed. Production of the Heavy Higgs, H, can proceed

through gluon fusion, vector boson fusion, and in association with vector bosons and top

quarks, with decays to Standard Model channels. Production of the pseudoscalar, A, through

gluon fusion production and in association with top quarks with A → Zh,ZH, ττ is much

greater than in spectrum 1 due to the lower A mass. The charged Higgs, H
±
, can also be

produced in association with a top quark, and can decay by H
± → Wh. The complete

list of topologies that contribute to multi-lepton signatures from these production and decay

channels, along with those from the Standard Model-like Higgs boson, are given in Table 6.

Benchmark spectrum 3: This spectrum is the most rich in the multiplicity of multi-

lepton final states, as the decay channels H → hh, AA,H
+
H
−
, AZ are all kinematically open,

in addition to the Standard Model decay channels. The heavy Higgs, H, can be produced

in gluon fusion and vector boson fusion. The pseudoscalar, A, is produced in gluon fusion,

as well as from decays of the H, with decays A → Zh, ττ . The charged Higgs, H
±
, can be

produced in association with a top quark, or from decay of H with decays H
± → τν, Wh.

This spectrum includes topologies with sequential cascade decays through up to three Higgs

scalars. The complete list of topologies that contribute to multi-lepton signatures from all

these production and decay channels, along with those from the Standard Model-like Higgs

boson, are given in Table 7.

Benchmark spectrum 4: This spectrum breaks the degeneracy between the pseu-

doscalar, A, and the charged Higgs, H
±
, in order to highlight the role of a light pseudoscalar.

Quark–anti-quark fusion production of A with the scalar Higgses, H,h or charged Higgs,

H
±
, is significant, with decays A → bb, ττ and H

± → τν, Wh,WA as well as H → AA, in

– 9 –

2HDM I 2HDM II 2HDM III 2HDM IV

u Hu Hu Hu Hu

d Hu Hd Hu Hd

e Hu Hd Hd Hu

Table 1. The four discrete types of 2HDM Hu and Hd Yukawa couplings to right-handed quarks and

leptons that satisfy the Glashow-Weinberg condition. By convention Hu is taken to couple to right

handed up-type quarks, and the assignments of the remaining couplings are indicated.

conventionally defined as tanβ ≡ �Hu�/�Hd�, and the mixing angle α that diagonalizes the

2×2 neutral scalar h−H mass squared matrix. The parametric dependences of these couplings

on α and β relative to coupling of the Standard Model Higgs boson with a single Higgs doublet

are given in Table 2. The parametric dependence of the couplings of the charged scalar, H
±
,

are the same as those of the pseudo-scalar, A.

The renormalizable couplings of a single physical Higgs boson to two gauge bosons are

fixed by gauge invariance in terms of the mixing angles in any CP-conserving 2HDM as

ghV V = sin(β − α)gV gHV V = cos(β − α)gV gAV V = 0 gH±W∓Z = 0 (2.2)

where for V = W,Z the Standard Model Higgs couplings are gW = g and gZ = g/ cos θW ,

where g is the SU(2)L gauge coupling and θW the weak mixing angle. The renormalizable

couplings of two physical Higgs bosons to a single gauge boson are likewise fixed in any

CP-conserving 2HDM as

ghZA =
1
2gZ cos(β − α) gHZA = −1

2
gZ sin(β − α)

ghW∓H± = ∓ i

2g cos(β − α) gHW∓H± = ± i

2
g sin(β − α) gAW∓H± =

1

2
g (2.3)

None of these couplings involve additional assumptions about the form of the full non-

renormalizable scalar potential, beyond CP conservation.

The couplings between three physical Higgs bosons depends on details of the Higgs scalar

potential. Specifying these therefore requires additional assumptions to completely specify

the branching ratios that appear in some of the decay topologies discussed below. The main

goal here is to present multi-lepton sensitivities to 2HDMs in relatively simple, manageable

parameter spaces. A straightforward condition that fulfills this requirement is to consider

2HDM Higgs potentials that, in additional to being CP-conserving, are renormalizable and

restricted by a (discrete) Peccei-Quinn symmetry that forbids terms with an odd number of

Hu or Hd fields. The most general potential of this type is given by

Vscalar = m
2
uH

†
uHu + m

2
d
H
†
d
Hd +

1

2
λ1(H

†
uHu)

2
+

1

2
λ2(H

†
d
Hd)

2
+ λ3(H

†
uHu)(H

†
d
Hd)

+ λ4(H
†
uHd)(H

†
d
Hu) +

�
1

2
λ5(H

†
uHd)

2
+ h.c.

�
(2.4)
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Consider a few 
benchmark spectra 
to exemplify certain 

topologies

For simplicity, impose PQ symmetry; fixes 
scalar widths in terms of masses and angles.

With these assumptions, cross sections and branching ratios 
are fixed in terms of the physical spectrum, two angles, and four 

discrete choices of tree-level couplings. 
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Looking for extended EWSB in multi-leptons

the CMS study, we applied a lepton ID efficiency correction of 0.87 per lepton to our signal
events. As discussed earlier, we applied preselection and analysis cuts in accordance with
those in [8].

In order to assess the multi-lepton signatures of the 2HDMs studied here we employ
a factorized mapping procedure [12] to go between model parameters and signatures. In
this procedure the acceptance times efficiency is independently determined in each of the 20
exclusive multi-lepton channels by monte carlo simulation of each individual production and
decay topology in each of the four 2HDM mass spectra as well as for the individual topologies
of the Standard Model Higgs boson. The cross section times branching ratio times acceptance
and efficiency in any of the 20 exclusive channels at any point in parameter space in a given
mass spectrum is then given by a sum over the production cross section times acceptance and
efficiency for each topology of that spectrum, times a product of the branching ratios that
appear in each topology

σ ·Br·A(pp→ f) =
�

t

σ(pp→ t)A(pp→ t→ f)
�

a

Bra(t→ f) (4.1)

where f is a given exclusive final state channel, t labels the topology, and a the branching
ratios of the decays in the t-th topology. Dependence on the parameter space characterized
by α and β enters only through the production cross sections and decay branching ratios.
The factorized terms in (4.1) are determined as follows:

• Acceptance times Efficiency: For each individual production and decay topology
listed in Tables 4 - 8, the acceptance times detector efficiency into each of the 20
exclusive multi-lepton channels listed in Table 10 was simulated with the monte carlo
tools described above. The acceptance times efficiency of each topology was calculated
assuming unit branching ratios for all Higgs boson decays but with Standard Model
values for decays of W and Z bosons, and top quarks and τ -leptons. A total of 50,000
events were simulated for each topology to ensure good statistical coverage of all the
exclusive multi-lepton channels.

• Cross Sections: For the case of the Standard Model Higgs boson, the NLO production
cross sections for gluon fusion, vector boson fusion, and production in association with
a vector boson or top quarks are taken from the LHC Higgs Cross Section Group [22].
For the 2HDM spectra the ratio of LO production partial widths in each production
channel for h and H relative to a Standard Model Higgs boson of the same mass are
calculated analytically from the couplings presented in section 2 as functions of the
mixing parameters α and β. The NLO Standard Model Higgs production cross sections
in each production channel are then rescaled by these factors to obtain an estimate for
the NLO cross sections; for instance the α,β dependent cross section for gluon fusion
production of H is taken to be

σNLO(gg → H)|α,β = σNLO(gg → hSM)
ΓLO(H → gg)

��
α,β

ΓLO(hSM → gg)
(4.2)
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Many possible multi-lepton channels for each benchmark. 
Would be prohibitive to simulate inclusively as a function of the 

mixing angles. Instead factorize into topologies, compute 
acceptance for each topology, then re-weight analytically using 
functional dependence of cross section and branching ratios.

37 channelsProduction Decay

gg → h h→ 4�
VBF→ h h→ 4�
gg → H H → 4�

H → hh→ 4W,WW ττ, 4τ, ZZbb̄, ZZWW, 4Z, ZZττ
VBF→ H H → 4�

H → hh→ 4W,WW ττ, 4τ, ZZbb̄, ZZWW, 4Z, ZZττ
gg → A A→ Zh→ ZWW,Zττ, ZZZ

A→ ZH → ZWW,Zττ, ZZZ

A→ ZH → Zhh→ ZWWWW,ZWW ττ, Zττττ, ZZZbb̄, ZZZWW, 5Z, ZZZττ
qq̄ →Wh Wh→WWW,W ττ
qq̄ → Zh Zh→ ZWW,Zττ
tt̄h tt̄h→ tt̄WW, tt̄ττ

Table 5. The 37 independent production and decay topologies simulated for the 2HDM Benchmark

Spectrum 1 with mh = 125 GeV, mH = 300 GeV, mA = mH± = 500 GeV. All Higgs boson branching

ratios are factored out of each topology. All top-quark, b-quark, τ -lepton, and W - and Z-boson

branching ratios are Standard Model.

Production Decay

gg → h h→ 4�
VBF→ h h→ 4�
gg → H H → 4�
VBF→ H H → 4�
gg → A A→ Zh→ ZWW,Zττ, ZZZ

A→ ZH → ZWW,Zττ, ZZZ

qq̄ →Wh Wh→WWW,W ττ
qq̄ → Zh Zh→ ZWW,Zττ
qq̄ →WH WH →WWW,W ττ
qq̄ → ZH ZH → ZWW,Zττ
tt̄h tt̄h→ tt̄WW, tt̄ττ
tt̄H tt̄H → tt̄WW, tt̄ττ
tt̄A tt̄A→ tt̄ττ

tt̄A→ tt̄Zh→ tt̄ZWW, tt̄Zττ, tt̄Zbb̄, tt̄ZZZ

tt̄A→ tt̄ZH → tt̄ZWW, tt̄Zττ, tt̄Zbb̄, tt̄ZZZ

tbH
±

tbH
± → tbWh→ tbWWW, tbW ττ, tbWZZ

Table 6. The 34 independent production and decay topologies simulated for the 2HDM Benchmark

Spectrum 2 with mh = 125 GeV, mH = 140 GeV, mA = mH± = 250 GeV. All Higgs boson branching

ratios are factored out of each topology. All top-quark, b-quark, τ -lepton, and W - and Z-boson

branching ratios are Standard Model.

Although the CMS analysis includes hadronically decaying τ -leptons, for simplicity of

simulation, we will consider only strictly leptonic � = e, µ final states (of course, still including
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h/A/H
±

/H : 125/500/500/300 GeV
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Looking for extended EWSB in multi-leptons

New regions of parameter 
space already excluded 
with 5/fb of 7 TeV data

Further improvements 
with b-tagging, etc.
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Figure 1. Multi-lepton limits from the CMS multi-lepton search with 5 fb
−1

of 7 TeV proton-proton

collisions [9] for the production and decay topologies of Benchmark Spectrum 1 given in Table 5, for

Type I (top left), Type II (top right), Type III (bottom left), and Type IV (bottom right) couplings

as a function of sin α and tanβ. Limits were obtained from an exclusive combination of the observed

and expected number of events in all the multi-lepton channels presented in Table 10. The solid and

dashed lines correspond to the observed and expected 95% CL limits on the production cross section

times branching ratio in multiples of the theory cross section times branching ratio for the benchmark

spectrum and 2HDM type. The blue shaded regions denote excluded parameter space. The solid

red line denotes the alignment limit sin(β − α) = 1. The gray shaded region corresponds to areas of

parameter space where vector decays of the heavy CP-even Higgs, H → V V , are excluded at 95% CL

by the SM Higgs searches at 7 TeV [1].

widths are largely independent of the 2HDM type; the gluon fusion rates for Type II and

Type IV 2HDM increase slightly at large tan β due to the sizable bottom quark coupling.
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Looking for extended EWSB in multi-leptons

New regions of parameter 
space already excluded 
with 5/fb of 7 TeV data

Further improvements 
with b-tagging, etc.
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Figure 1. Multi-lepton limits from the CMS multi-lepton search with 5 fb
−1

of 7 TeV proton-proton

collisions [9] for the production and decay topologies of Benchmark Spectrum 1 given in Table 5, for

Type I (top left), Type II (top right), Type III (bottom left), and Type IV (bottom right) couplings

as a function of sin α and tanβ. Limits were obtained from an exclusive combination of the observed

and expected number of events in all the multi-lepton channels presented in Table 10. The solid and

dashed lines correspond to the observed and expected 95% CL limits on the production cross section

times branching ratio in multiples of the theory cross section times branching ratio for the benchmark

spectrum and 2HDM type. The blue shaded regions denote excluded parameter space. The solid

red line denotes the alignment limit sin(β − α) = 1. The gray shaded region corresponds to areas of

parameter space where vector decays of the heavy CP-even Higgs, H → V V , are excluded at 95% CL

by the SM Higgs searches at 7 TeV [1].

widths are largely independent of the 2HDM type; the gluon fusion rates for Type II and

Type IV 2HDM increase slightly at large tan β due to the sizable bottom quark coupling.
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Figure 3. The 2HDM signal transverse hadronic energy distribution (left) and missing transverse
energy distribution (right) after acceptance and efficiency for 7 TeV proton-proton collisions arising
from the production and decay topologies of Benchmark Spectrum 1 given in Table 5 with mh = 125
GeV, mH = 300 GeV, mH± = mA = 500 GeV, for Type I 2HDM couplings with sin α = −0.9 and
tanβ = 1.0. Signal events correspond to those falling in the exclusive three- or four-lepton channels
labelled with a dagger in Table 10 that have moderate to good sensitivity. The colors indicate the
initial type of Higgs boson produced. For each color, the lighter shade corresponds to three-lepton
channels, while the darker shade corresponds to four-lepton channels. The bin size is 40 GeV for HT

and 10 GeV for �E
T
, and in both cases the highest bin includes overflow.

where the dominant multi-lepton limit comes from scalar cascades.

Types II & IV

A very important difference in the phenomenology of the Type II & IV 2HDM compared to
the preceding description of the Type I & III phenomenology is that the down-type quarks
now couple to Hd rather than Hu, thus the partial width of h→ bb̄ has an entirely different
parametric dependence. Since this decay mode dominates in the SM-like alignment limit, its
variation sharply affects the Br’s of all other decay modes as well. For instance, the multi-
lepton signals of the SM-like Higgs h change rapidly as we move away from the alignment
limit, decreasing sharply with increasing tanβ above the sin(β−α) = 1 line due to the rapidly
increasing partial width, Γ(h → bb̄), and rising rapidly below sin(β − α) = 1 as Γ(h → bb̄)
drops. Thus at large tanβ above the alignment line, the multi-lepton signals of h diminish
rapidly, weakening the limit both from SM-like production of h and from new associated
production, such as H → hh. The only exception are multi-lepton signals involving h→ ττ ,
since Γ(h → ττ)/Γ(h → bb̄) is fixed in a Type II 2HDM. On the other hand, below the
alignment line there is an overall enhancement of multi-lepton decays involving h → V V

∗

since the partial width Γ(h → bb̄) drops, leading to an increase in the purely SM-like multi-
lepton production and decay modes of h. As sinα→ −1, the direct multi-lepton decays of H

somewhat compensate for the loss of h signals, but there is a wide region of large tan β and

– 24 –
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Drilling down on di-Higgs

 [GeV]llM
0 20 40 60 80 100 120 140 160 180 200 220

 [G
eV

]
T

M

0

50

100

150

200

250

I

II III IV

V

µµµ

eee
eµµ
µee

CMS Preliminary -1 = 4.98,fb
int

 = 7 TeV, Ls

Now we also have more 
kinematic information 

about 3L events. Useful 
for di-Higgs production. 

h→WW ∗ → ��νν
h→WW ∗ → �νqq̄�

Leptons from the 
fully leptonic decay 

will be collinear; 
events populate the 
low-bkgd Region II

NC, Jared Evans, Richard Gray, 
Can Kilic, Michael Park, Sunil 

Somalwar, Scott Thomas 
(in progress)
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Conclusions

• The Higgs itself is now meaningfully populating multi-lepton signal regions

• We can exploit this to use the Higgs as a probe for NP associated production in 
multi-leptons, either in NP-induced rare decays of SM states or in NP cascades. 
Only need one or two more leptons on top of Higgs final states!

• Higgs discovery also suggests looking for related states in the same mass range 
from, e.g., extended EWSB. Multi-leptons ideally suited to this end.

The discovery of the Higgs suggests many 
novel approaches to the search for new 

physics, particularly in multi-lepton final states!

Current higgs signals also motivate multi-lepton searches for 
additional states -- see Kfir’s talk! 
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