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Conquering 
Post-Higgs 
Tristesse

• The Higgs is our best hope so far 
for discovering new physics at the 
LHC.

• Last year’s discovery is this year’s 
tag: Using the Higgs as a direct 
probe of new physics.

• If one, why not more?: Looking for 
signs of extended electroweak 
symmetry breaking.

• Even if we’re unlucky: Using the 
Higgs as an indirect probe of new 
physics.

Based on recent work with Scott Thomas, Jared Evans, Can Kilic, Michael Park, 
Alex Azatov, Spencer Chang, Jamison Galloway, Emmanuel Contreras-Campana, 
Richard Gray, Sunil Somalwar, Matt Walker;
arXiv:1112.2298, 1206.1058, 1207.4835, 1207.6794, 1210.0559 + ongoing work 
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What did we discover?
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New physics via the Higgs
• Now that we’ve discovered the Higgs, we have a priceless tool in the search for 

new physics!

•  Can make use of it as a probe by studying its couplings directly, or by leveraging 
it to look for new states.

• One possibility is to look for BSM Higgs production in association with additional 
tagging information (leptons, MET, HT, etc.) 

• Another is to look for direct production/decays of new states in the EWSB 
sector.

• Quite likely that these new states have (at least) electroweak 
quantum numbers. So a good place to look is in leptonic final 
states. There may or may not be significant MET or hadronic 
energy, so it’s useful to cast as wide a net as possible.

• It helps that the CMS multi-lepton search is produced down the 
hall at Rutgers...

Friday, March 22, 2013



CMS Multi-leptons: a theorist’s dream 
study

Selection N(τ)=0 N(τ)=1 N(τ)=2

obs expect obs expect obs expect

4� Lepton Results

4� >50,>200, no Z 0 0.018 ± 0.005 0 0.09 ± 0.06 0 0.7 ± 0.7

4� >50,> 200, Z 0 0.22 ± 0.05 0 0.27 ± 0.11 0 0.8 ± 1.2

4� >50,<200, no Z 1 0.20 ± 0.07 3 0.59 ± 0.17 1 1.5 ± 0.6

4� >50,<200, Z 1 0.79 ± 0.21 4 2.3 ± 0.7 0 1.1 ± 0.7

4� <50,>200, no Z 0 0.006 ± 0.001 0 0.14 ± 0.08 0 0.25 ± 0.07

4� <50,>200, Z 1 0.83 ± 0.33 0 0.55 ± 0.21 0 1.14 ± 0.42

4� <50,<200, no Z 1 2.6 ± 1.1 5 3.9 ± 1.2 17 10.6 ± 3.2

4� <50,<200, Z 33 37 ± 15 20 17.0 ± 5.2 62 43 ± 16

3� Lepton Results

3� >50,>200,no-OSSF 2 1.5 ± 0.5 33 30.4 ± 9.7 15 13.5 ± 2.6

3� >50,<200,no-OSSF 7 6.6 ± 2.3 159 143 ± 37 82 106 ± 16

3� <50,>200,no-OSSF 1 1.2 ± 0.7 16 16.9 ± 4.5 18 31.9 ± 4.8

3� <50,<200,no-OSSF 14 11.7 ± 3.6 446 356 ± 55 1006 1026 ± 171

3� >50,>200, no Z 8 5.0 ± 1.3 16 31.7 ± 9.6 – –

3� >50,>200, Z 20 18.9 ± 6.4 13 24.4 ± 5.1 – –

3� >50,<200, no Z 30 27.0 ± 7.6 114 107 ± 27 – –

3� <50,>200, no Z 11 4.5 ± 1.5 45 51.9 ± 6.2 – –

3� >50,<200, Z 141 134 ± 50 107 114 ± 16 – –

3� <50,>200, Z 15 19.2 ± 4.8 166 244 ± 24 – –

3� <50,<200, no Z 123 144 ± 36 3721 2907 ± 412 – –

3� <50,<200, Z 657 764 ± 183 17857 15519 ± 2421 – –

Total 4� 37 42 ± 15 32.0 24.9 ± 5.4 80 59 ± 16

Total 3� 1029 1138 ± 193 22693 19545 ± 2457 1121 1177 ± 172

Total 1066 1180 ± 194 22725 19570 ± 2457 1201 1236 ± 173

1

Every channel is a signal 
channel (data-driven 
backgrounds inferred 
from dilepton sample)

CMS-SUS-11-013
CMS-SUS-12-006

Power of the search 
arises from the exclusive 

combination of all 
channels; sensitive to 

correlated signals arising 
in multiple channels

Particularly useful for 
nonresonant electroweak 
production/decay of new 

physics.
Friday, March 22, 2013



Multi-leptons and MET
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Multi-leptons and HT
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Higgs production pp@2TeV vs pp@7Tev
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The Higgs contributes to multi-
lepton states through both 

associated production and decays

Searching for the Higgs
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A Higgs multilepton search

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.

– 10 –

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

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

Higgs production pp@2TeV vs pp@7Tev
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The Higgs in 
multileptons

Various channels populate various 
signal regions:

High HT events from ttH prodution 
and hadronic tau decays.

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

Power of the search arises from the exclusive combination of all 
channels; sensitive to correlated signals arising in multiple channels

Friday, March 22, 2013



A guerilla Higgs 
search

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

– 20 –
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Looking forward
• This home-made Higgs search using multi-leptons highlights the impressive nature 

of Higgs-specific search refinements! Focused searches several times stronger, 
even though signals are roughly equivalent.

• But also indicates that multi-leptons are a promising avenue to look for less 
specific related physics. We’ve found one Higgs, but we have a less focused idea 
about what else could be out there in terms of couplings and production/decays.

• It’s apparent that the sensitivity of multi-leptons (and other NP searches) is such 
that new states could be near the Higgs with discovery just around the corner.

• Given the multi-lepton sensitivity to the Higgs, there are two 
interesting ideas to pursue: 

• Look for indirect evidence of NP by searching for the Higgs 
in rare decays, ideally ones that provide additional leptons.

• Look for direct evidence of NP by looking for the totality of 
multi-lepton signals in an extended EWSB sector.

Friday, March 22, 2013



Higgs as probe
• 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 the rare decay 

• LHC 7 TeV cross section is ~165 pb, so the sample is large! SM Br is 10-13, 
so any signal is NP!

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

g

g

q

b̄

�

ν

W,Z, (τ)

W,Z, (τ)
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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

Expect

Br(t→ hq) < 1.7%

Br(t→ hq) < 2.7%

Observe

Corresponds to

�
|λh

tc|2 + |λh
ct|2 < 0.31

Best limit on these couplings.

Can improve significantly 
with b-tags, top tagging

Motivated new physics signals begin around ~10-4 
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One Higgs, Two Higgs
• Innumerable uses of the Higgs as probe! But particularly 

exciting to look close to home by searching for evidence 
for extended electroweak symmetry breaking.

• Models with two (or more!) Higgs doublets are generic 
effective theory descriptions for many models of new 
physics. E.g., supersymmetry is a particular type of 
2HDM; certain composite Higgs models are another 
type of 2HDM. 

• Additional states in the Higgs sector unlikely to have the 
same dominant decay modes as the Higgs we’ve 
found. In this respect multi-leptons are particularly 
useful, since they’re sensitive to the totality of 
production and decay modes.

Look for h, H, A, H
±

in direct decays, cascade decays, etc.
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Two Higgs in one slide
• Although total parameter 

space is vast, there is a 
motivated subspace given by 
theories without tree-level 
flavor violation.

• Reduces to four discrete types 
of models. In each, couplings 
to SM fermions and vector 
bosons are fixed in terms of 
two angles,      and

• (Scalar self-couplings have 
somewhat more parametric 
freedom)

• Gives a map between current 
fits to the Higgs couplings and 
the possible size of NP signals!

α β

H1, H2

H

A H
±

h

G0 G±

EWSB

• Physical spectrum consists of five real scalar fields

• The more h is SM-like, the less H is SM-like 

•Two common types: “Type 1” leads to fermiophobic 
Higgs; “Type 2” is MSSM-like.

g2
hV V

+ g2
HV V

= g2
hSM V V
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Making the map
Assuming that the state at 126 GeV 
is the lightest CP-even Higgs h, and 
that the remaining states are heavier, 
we can map the current Higgs 
measurements onto the two angles 
that parameterize the 2HDM space.

 Since the 126 GeV Higgs is SM-like, 
it’s convenient to work in terms of the 
departure from the decoupling limit.

This is the case of Type 1 couplings, 
i.e., all fermions couple to one Higgs 
doublet.

*Note: these are inadequate theorist fits.*

[NC, J.Galloway, S.Thomas ’13]
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Making the map
The same thing, but for Type 2 
(MSSM-like), where down-type 
quarks and leptons couple to a 
separate doublet from up-type 
quarks.

Note the much tighter constraint 
around the decoupling limit; this is in 
large part because the bottom 
coupling changes rapidly on either 
side of the alignment limit.

Now the fun part: map these fits onto 
the production and decay modes of 
the remaining scalars.
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Signs of H&A
Both H and A are still dominantly 
produced by gluon fusion, so we 
expect O(pb) production cross 
sections.

Here I’ve chosen a benchmark point 
on the edge of the 68% contour for 
Type 1 couplings.

Rates to SM states are still 
appreciable due to interplay between 
total width and vector couplings. 

Modes involving h (Zh, hh) dominate 
when kinematically accessible.
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Signs of H&A
The same exercise for Type 2. Here 
the benchmarks are much closer to 
the decoupling limit. Rates are 
correspondingly reduced.

However, when kinematically 
accessible, Zh and hh can still have 
appreciable production rates, on the 
order of ~pb.

Even though the Higgs is mostly SM-
like, there’s a tremendous amount of 
room for BSM signals right around 
the corner.
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Drilling further down on di-Higgs
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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
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Complementarity

Zh, hh (also VV) turn off in decoupling limit, but fermion couplings are 
nonzero; diphoton and ditau final states most promising avenues.
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Collective signalthe 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)

– 15 –

37 channels

Production 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

– 11 –

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.

h/A/H
±

/H : 125/500/500/300 GeV

Can also search for the sum total of production and decay modes

 

!"

Emmanuel Contreras-Compana, John Paul Chou,  
 Nathaniel Craig, Jared Evans, Yuri Gershtein,  
    Richard Gray, Yevgeny Kats, Can Kilic,  
  Michael Park, Sunil Somalwar, Matt Walker    

[NC, J.Evans, R.Gray, C.Kilic, M.Park, 
S.Somalwar, S.Thomas ’12]
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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.

– 21 –

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 –

New regions of 
parameter space 

already excluded with 
5/fb of 7 TeV data

Further 
improvements with 

b-tagging, etc.
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Precision physics

Isolate this by measuring inclusive ratios to find !"#

Precision Physics Through the Higgs 

Higgs Observables  
    ! . Br ( Initial -> h -> Final )  

  Best Channels:  (Ratios)  
     ! . Br ( Inclusive -> h ->  
                   Resonant Final )  
 
    
 
 
  
 
    

 
Renormalizable SM +  
    D=6 Operators  
 
     H = <H> + h    
 
    

$%&'()*#+,-#

one-to-one with S parameter

one-to-one with T parameter

Br(h→ γγ) ∝ S11 + S22 − S12

New information from Higgs!

↔

↔

Br(h→ γγ)
Br(h→ ZZ)

� Br(h→ γγ)
Br(h→ ZZ)

����
SM

�
1 +O

�
4πv2

α

ξ

M2

��

Sensitive because the leading SM contribution starts at one loop

Can write NP in terms of effective operators involving the Higgs...

[NC, S.Thomas ’13]
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Systematics: statistics, resonance-continuum interferenceSystematics: mt, log(mh),

!"#

Precision Probes of New Physics  

Electroweak Observables 
   GF, mW, mZ, !Z, AFB, … 
    

Systematics:  mt, ln(mh), "S , ….   

PDG  
Renormalizable SM +  
    D=6 Operators  
 
     H = <H> 
 
    

$#%#&'&(#)*#&'(&#
#
+#%#&'&,#)*#&'((#

-./0123#$+4#

Also can get orthogonal 
information from Z       γ

αs

!!"

Precision Physics Through the Higgs 
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     ! . Br ( Inclusive -> h ->  
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    D=6 Operators  
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Higgs+Dark Matter
• We’ve discovered the Higgs, we know there’s dark matter, so it’s 

fruitful to contemplate the intersection no matter what other BSM 
physics is out there.
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Onwards!

• Via Higgs couplings, which improve our sensitivity to new physics even if not directly 
produced.

• Via appearance in NP-induced decays of SM states, especially the top.

• Via appearance in conjunction with additional Higgs scalars or other states.

• Via its potential relationship to dark matter, with various detection prospects.

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

Thank you!

Many of these can be efficiently probed with multi-leptons, but we also 
need to mobilize the Higgs groups for more BSM searches. We’re at 

the dawn of an exciting era, with much to be done!
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• Fit constructed with all available LHC+Tevatron data.

• Use fully exclusive channel breakdowns. Profile of signal strength modifier is 
fit with a two-sided Gaussian when available, likelihood constructed as

• Otherwise, construct likelihood for each channel with corresponding 
rescaling using event counts,

• Neglects correlations between channels, which is reasonable currently while 
data is statistics limited.

Higgs fits

Taking the expected exclusion limit from collaboration data thus tells us a specific ratio of

signal to background events.

Incorporating the observed exclusion limit—again in the Gaussian limit—we find it con-

venient to recast the Gaussian and express the integral as follows:

α �
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obs
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where we’ve defined

δ =
nB − nobs√

nobs
. (A.8)

Now if we assume that the number of signal events is small compared to background, i.e.
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� 1 =⇒ L(µ) → exp
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we find from Eqs. (A.5, A.6, A.7)
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2µ
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Now setting µ(α)
obs to its experimentally determined value, Eq. (A.10) can be solved numerically

for δ and the likelihood in Eq. (A.9) is fully determined as a function of µ.
This method is useful, as advertised, in cases where best fits are not quoted. In cases

where we can explicitly check its accuracy (cases where event yields or best fits are also

quoted) we find deviations from the ‘true’ likelihood of order 15% or less over the entire range

of µ; global fits performed using this approximation however turn out to agree with official

results at the level of ∼ 10% in the Higgs searches for mh � 400GeV. Such approximations

may thus be useful in assessing the properties of other significant fluctuations that may

appear in the Higgs searches at higher scales.

A.3 Constructing Likelihoods from Best Fits

Reconstructing likelihoods becomes a particularly simple task when best fit values and error

bands are given for the signal strength modifier of each channel. At early stages of data tak-

ing, non-Gaussianities can be sizable, so we adopt an approach to accommodate asymmetric

uncertainties. We construct a likelihood by joining two separate (half) Gaussians, L±
, fit to

either side of the central value of the signal strength modifier, µ̂. Each distribution is defined

by its respective variance, σ±, corresponding to the appropriate uncertainty. Explicitly,

L±
i (µ) ∝ exp

−(µ− µ̂i)
2

2(σ±
i )

2
. (A.11)
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Figure 11: Higgs couplings to vectors and fermions combining all search modes and using fully

exclusive γγ channels assuming zero correlation, compared to official results provided from CMS

data sets with ≈ 5/fb at 7 TeV and ≈ 5/fb at 8 TeV [77]. The reproduced best fit point is found

to align with the reported best fit at the percent level.

Gauging global symmetries can be included through a (partially) covariant derivative:

Dµξ(x) = ∂µξ(x)− igA
A
µT

Aξ(x). (B.2)

This form is not quite the covariant object we’d like, since we want to write models in a way
that explicitly preserves H. For this we introduce the Cartan form Cµ and its projections,
Eµ (dµ), along unbroken (broken) directions:

Cµ = iξ†(x)Dµξ(x) = E
a
µT

a + d
â
µT

â
. (B.3)

Explicitly,

E
a
µ = tr(CµT

a); d
â
µ = tr(CµT

â). (B.4)

The projections have nice covariant transformation laws as a gauge field and adjoint, respec-
tively, of H:

Eµ ≡ E
a
µT

a �→ V (Eµ + i∂µ)V
†
, (B.5)

dµ ≡ d
â
µT

â �→ V dµV
†
. (B.6)
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