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We are done celebrating…
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…and know a lot more!

ATLAS-CONF-2015-044

 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Phys. Rev. Lett. 114, 191803

• Higgs mass measured to 0.2%

• Higgs couplings to heavier particles

measured to 10-20% (with assumptions)

• A number of processes remain to
be seen

• Some couplings will be hard or 
basically impossible to measure



Precision will improve

16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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Figure 12: Estimated precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. The pro-
jections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)
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The “kappa” formalism: introduce “coupling strength” scaling factors i

e.g. (� · BR)(gg ! H ! ��) = �SM(gg ! H) · BRSM(H ! ��)⇥
2
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2
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2
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SM limit: i = 1



The Higgs Boson

Recall: within the SM, the Higgs mass measurement gives a measurement of the only
parameter we were missing: the quartic coupling�

This means the model predicts everything else about the properties 
of this particle and how it fits with the rest of the SM particles!

these are many predictions… that should be checked

The 125 GeV resonance indeed looks very much like the SM Higgs

Yet, it is too soon to conclude it is the SM Higgs (as opposed to a SM-like Higgs)

Perspective:

• Yet, our confidence in the SM owes much to the precise measurements at LEP!

• After the discovery of neutral currents in 1973 and of the W & Z gauge bosons 10 years after,

we could have been satisfied: after all, the interactions of spin-1 fields are “almost” fixed

from theory (given minimal input)



The Higgs Boson

Recall: within the SM, the Higgs mass measurement gives a measurement of the only
parameter we were missing: the quartic coupling�

This means the model predicts everything else about the properties 
of this particle and how it fits with the rest of the SM particles!

these are many predictions… that should be checked

The 125 GeV resonance indeed looks very much like the SM Higgs

Yet, it is too soon to conclude it is the SM Higgs (as opposed to a SM-like Higgs)

Perspective: • But scalar fields are much less constrained theoretically

• In addition, the Higgs sector holds the key to one of the crucial physics aspects:

the spontaneous breaking of the electroweak symmetry

We must check as much as we can experimentally!



Plenty of room for “surprises” 

• Are there additional Higgs bosons? (Non-minimal Higgs sectors)

• Higgs portal: only renormalizable operator that can connect to a “dark sector” 

1

2
�SH

†HS2 S( : SM singlet)

• Rare Higgs decays: h ! �Z, h ! µµ

• Higgs flavor-violating couplings: h ! µ⌧, t ! hc

• CP-violating couplings?

• Higgs self-couplings

Invisible Higgs decay width?

• Higgs width



Outline

• A couple of examples of “to do’s" in our list

• The Effective Field Theory Approach

• Composite Higgs models and Dynamical EWSB



The Symmetry Breaking Sector 

The Standard Model posits the existence of a scalar (spin-0) field, transforming as a doublet of

SU(2)L Y = 1/2 and with hypercharge .  In the vacuum, this ``Higgs doublet” has a vacuum

expectation value (VEV):

hHi =
✓
0
v

◆

H = ei ~�·~⌧
✓

0
v + 1p

2
h

◆
⌘

✓
H+

H0

◆
The observed d.o.f. can be parametrized as follows:

``eaten NGB's"

The 125 resonance
(the ``Higgs boson")

``Higgs field” potential:
(Most general renormalizable one)

V (H) = �
�
H†H � v2

�2 |hHi| = v ⇡ 174 GeV



Higgs Self-Interactions
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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 effective

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

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (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 different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently 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.

Measuring �3,�4 : non-trivial check of spontaneous symmetry breaking Multi-Higgs boson (production)

- Small inclusive cross sections

- Difficult signal to background discrimination

V =
m2

h

2
h2 + �3vh

3 +
�4

4
h4 SSB relations: �3 = �4 = m2

h/(4v
2)

Mapping the Higgs potential through Higgs self-interactions at the LHC

Double-Higgs production

Triple-Higgs production

� ⇠ 40 (1750) fb at
p
s = 14 (100) TeV

� ⇠ 80 (4500) ab at
p
s = 14 (100) TeV

at NLO QCD



Double Higgs Production
(a) gg double-Higgs fusion: gg → HH
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(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

where

t̂± = −
ŝ

2

(

1− 2
M2

H

ŝ
∓
√

1−
4M2

H

ŝ

)

, (5)

with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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Figure 2: Total cross sections at the NLO in QCD for the six largest HH production channels at pp colliders. The thickness of the lines
corresponds to the scale and PDF uncertainties added linearly.

scale and PDF uncertainties added linearly. More details
are available in table 1 for selected LHC energies, i.e., 8,
13 and 14 TeV. The first uncertainties (in percent) corre-
sponds to scale variation, while the second (only shown at
the NLO) to PDFs systematics. Several observations are in
order. Firstly, contrary to what happens in single-Higgs
production, the top-pair associated channel is the third-
largest starting at about

√
s =10 TeV, and becomes the

second-largest when c.m. energies approach
√

s =100 TeV.
Secondly, the theoretical uncertainties due to scale varia-
tions in the three most important processes (gluon-gluon
fusion, VBF, and tt̄ associated production) are sizably re-
duced by the inclusion of the NLO corrections. Thirdly,
the K-factor is always slightly larger than one, except for
gluon-gluon fusion where it is of order two, and for the top-
pair associated channel where it is smaller than one. Fi-
nally, PDF uncertainties are comparable to NLO scale un-
certainties, except in the case of gluon-gluon fusion, where
the latter are dominant. In the case of V HH and tjHH
production it is manifest that the standard procedure of
determining uncertainties due to missing higher orders by
varying the scales does not give a reliable estimate, as
NLO corrections for these processes are much larger than
the LO scale dependence band. This is due to two facts:
these processes are purely electro-weak processes at the
LO, and therefore the scale uncertainties are artificially
small; furthermore in the kinematic region probed by these

processes, the quark-gluon initiated channel which opens
up at the NLO can be important.

In fig. 3 we display total LO and NLO cross sections
for the six dominant HH production channels at the LHC
with

√
s =14 TeV, as a function of the self-interaction cou-

pling λ. The dashed (solid) lines and light- (dark-)colour
bands correspond to the LO (NLO) results and to the scale
and PDF uncertainties added linearly. The SM value of
the cross section corresponds to λ/λSM = 1. The sensi-
tivity of the total cross sections to the actual value of λ
depends in a non-trivial way on the relative couplings of
the Higgs to vector bosons and top quarks, and on the
kinematics in a way that is a difficult to predict a priori,
i.e., without an explicit calculation. The reduction of the
scale uncertainties that affect the gg → HH , VBF, and
tt̄HH rates, due to the inclusion of NLO corrections, and
pointed out in table 1 for the SM, is seen here also for
values of λ ̸= λSM.

We then plot typical distributions for all channels and
at the 14 TeV LHC, which we obtain by generating sam-
ples of events at parton level, which are then showered
with Pythia8 (solid) and HERWIG6 (dashes). Being
tiny at the 14 TeV LHC, we do not show the results for
single-top associated production. We present observables
at the NLO+PS accuracy in the main frames of the plots:
the transverse momentum of the hardest (softest) Higgs in
fig. 4 (fig. 5), and the transverse momentum (fig. 6) and the
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Frederix	et.	al.	1401.7340

mh = 125 GeV

�NNLL ⇡ 35 (40) fb at
p
s = 13 (14) TeV

For

Uncertainty ~ 5-10%
LHC	HXSWG	1610.07922

�NNLL ⇡ 1750 fb at
p
s = 100 TeV

- NLO fixed order, full top mass effects
Borowka	et.	al.	1608.04798

- NNLO fixed order, large top mass limit
de	Florián	et.	al.	1309.6594
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Off-Shell Higgs Bosons

• So far we have been studying mostly the on-shell properties of the Higgs boson

• However, off-shell Higgs processes can provide additional information (a different window)

More generally, we want to also study differential distributions



Off-Shell Higgs Bosons
Higgs width in the SM ~ 4 MeV, while the experimental resolution in h ! ��, ZZ is about 1 GeV.

Direct measurement of the Higgs boson width not feasible at the LHC

gg ! h⇤ ! V VObservation: off-shell contributes O(15%)
due to two threshold effects:
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FIG. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
off-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (ℓ) ≥ 10 GeV, |y(ℓ)| ≤ 2.5,
∆R(ℓℓ′) ≥ 0.4.

CMS have presented first results [18] using this strat-
egy, claiming Γh < 4.2 × ΓSM

h at 95% confidence level
by injecting a global Higgs signal strength µ ≃ 1. The
strategy is sketched in Fig. 1; and we give a quick outline
to make this work self-contained (for additional details
see [11, 14, 18]):

As long as the narrow width approximation is appli-
cable, the cross section for the process p(g)p(g) → h →
ZZ∗ → 4ℓ in the the Higgs on-shell region scales as3

σh,g × BR(h → ZZ → 4ℓ) ∼
g2ggh g

2
hZZ

Γh
, (2)

where we denote the relevant couplings by gX . The
dominant Feynman diagram in this phase space region
is the triangle of Fig. 2, the continuum contribution from
gg → ZZ∗ is highly suppressed and interference is negli-
gible [12].

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass Γh/mh ∼ 10−4, we
can expand the Higgs Breit-Wigner propagator D(s) =

g

g

e

e

µ

µ

Z

Z

h

t, b, q

g

g

e

e

µ

µ

Z

Z

q q′

FIG. 2: Representative Feynman diagram topologies con-
tributing to gg → ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.

3We mainly focus on the final state e+e−µ+µ− in the following.
Generalizing our results to full leptonic ZZ decays is straightfor-
ward due to negligible identical fermion interference.

i/(s−m2
h + iΓhmh) away from the peak region s ≫ m2

h

|D|2 =
1

s2

(

1 +
m4

h

s4
Γ2
h

m2
h

)

+O
(

Γ4

s4

)

(3)

which shows that the Higgs width parameter rapidly de-
couples from the scattering process for Higgs off-shell pro-
duction. Therefore, the contribution from the triangle di-
agrams in Fig. 2 (neglecting interference for the moment)
scales as

dσh ∼
g2ggh(

√
s) g2hZZ(

√
s)

s
dLIPS×pdfs. (4)

Now, if there is a direct correspondence between gi(mh)
and gi(

√
s), measuring the signal strength µ in the off-

shell and on-shell regions simultaneously allows us to set
a limit on the width of the Higgs boson Γh. More ex-
plicitly, for Γh > ΓSM

h , we need to have g2gghg
2
hZZ >

(g2gghg
2
hZZ)

SM to keep µ = µSM fixed, which in turn im-

plies σh > σSM
h . Fig. 1 validates this line of thought and

qualitatively reflects the CMS analysis.

But how general is this approach, or put differently,
how solid is a limit on Γh obtained this way once we in-
clude unknown new physics effects? And letting aside
the interpretation in terms of a constraint on the Higgs
width, what are the more general ramifications of a mea-
surement of the gluon-fusion ZZ and WW cross section
away from the Higgs mass peak?
It is the purpose of this letter to address these ques-

tions from a new physics perspective with a particular
emphasis on probability conservation. First we interpret
the outlined Higgs width measurement from a unitarity
perspective, which paves the way to the formulation of a
simple and transparent BSM counterexample. We anal-
yse the interplay of new resolved physics contributions
to gg → V V ∗ to both Higgs and continuum ZZ,WW
production in light of electroweak precision constraints
and finally point out that, enforcing µ ≃ µSM the off-
shell measurement provides additional statistical pull to
constrain the Higgs’ CP nature in the presence of higher

versus
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agrams in Fig. 2 (neglecting interference for the moment)
scales as
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Now, if there is a direct correspondence between gi(mh)
and gi(

√
s), measuring the signal strength µ in the off-

shell and on-shell regions simultaneously allows us to set
a limit on the width of the Higgs boson Γh. More ex-
plicitly, for Γh > ΓSM

h , we need to have g2gghg
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(g2gghg
2
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SM to keep µ = µSM fixed, which in turn im-

plies σh > σSM
h . Fig. 1 validates this line of thought and

qualitatively reflects the CMS analysis.

But how general is this approach, or put differently,
how solid is a limit on Γh obtained this way once we in-
clude unknown new physics effects? And letting aside
the interpretation in terms of a constraint on the Higgs
width, what are the more general ramifications of a mea-
surement of the gluon-fusion ZZ and WW cross section
away from the Higgs mass peak?
It is the purpose of this letter to address these ques-

tions from a new physics perspective with a particular
emphasis on probability conservation. First we interpret
the outlined Higgs width measurement from a unitarity
perspective, which paves the way to the formulation of a
simple and transparent BSM counterexample. We anal-
yse the interplay of new resolved physics contributions
to gg → V V ∗ to both Higgs and continuum ZZ,WW
production in light of electroweak precision constraints
and finally point out that, enforcing µ ≃ µSM the off-
shell measurement provides additional statistical pull to
constrain the Higgs’ CP nature in the presence of higher
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FIG. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
off-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (ℓ) ≥ 10 GeV, |y(ℓ)| ≤ 2.5,
∆R(ℓℓ′) ≥ 0.4.

CMS have presented first results [18] using this strat-
egy, claiming Γh < 4.2 × ΓSM

h at 95% confidence level
by injecting a global Higgs signal strength µ ≃ 1. The
strategy is sketched in Fig. 1; and we give a quick outline
to make this work self-contained (for additional details
see [11, 14, 18]):

As long as the narrow width approximation is appli-
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where we denote the relevant couplings by gX . The
dominant Feynman diagram in this phase space region
is the triangle of Fig. 2, the continuum contribution from
gg → ZZ∗ is highly suppressed and interference is negli-
gible [12].

Since the Higgs width is anticipated to be a small pa-
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FIG. 2: Representative Feynman diagram topologies con-
tributing to gg → ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.

3We mainly focus on the final state e+e−µ+µ− in the following.
Generalizing our results to full leptonic ZZ decays is straightfor-
ward due to negligible identical fermion interference.
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But how general is this approach, or put differently,
how solid is a limit on Γh obtained this way once we in-
clude unknown new physics effects? And letting aside
the interpretation in terms of a constraint on the Higgs
width, what are the more general ramifications of a mea-
surement of the gluon-fusion ZZ and WW cross section
away from the Higgs mass peak?
It is the purpose of this letter to address these ques-
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emphasis on probability conservation. First we interpret
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But how general is this approach, or put differently,
how solid is a limit on Γh obtained this way once we in-
clude unknown new physics effects? And letting aside
the interpretation in terms of a constraint on the Higgs
width, what are the more general ramifications of a mea-
surement of the gluon-fusion ZZ and WW cross section
away from the Higgs mass peak?
It is the purpose of this letter to address these ques-

tions from a new physics perspective with a particular
emphasis on probability conservation. First we interpret
the outlined Higgs width measurement from a unitarity
perspective, which paves the way to the formulation of a
simple and transparent BSM counterexample. We anal-
yse the interplay of new resolved physics contributions
to gg → V V ∗ to both Higgs and continuum ZZ,WW
production in light of electroweak precision constraints
and finally point out that, enforcing µ ≃ µSM the off-
shell measurement provides additional statistical pull to
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FIG. 3: Individual leading order contributions from
Fig. 2 to the full hadronic cross section. For com-
parison we also include the effective theory distri-
bution resulting from a ggh effective vertex in the
mt → ∞ limit. Cuts are identical to Fig. 1. The
coloured scalars are for representative values of λ
and Γh to illustrate their behaviour. For additional
details see text.

dimensional operators (unresolved new physics). We also
discuss off-shell measurements in WBF in Sec. V.
As we will see, in order to gain qualitative control of

new physics effects in the Higgs off-shell region we can-
not rely on effective theory calculations for the SM spec-
trum. We consequently keep all quarks dynamical and
include finite mass effects of the bottom and top quarks.
Our work therefore extends beyond the assumptions of
Ref. [19] which has discussed the impact of new operators
to high invariant mass measurements in detail recently.
We only focus on modified ggh and hZZ/hWW inter-
actions and neglect QED contributions throughout; they
are negligible for high invariant masses when both Zs
are fully reconstructed, but can be sensitive to the pres-
ence of new physics when studied on the Higgs peak via
h → Zγ∗, γ∗γ∗ [20]. We will mainly focus our discussion
on

√
s = 8 TeV; our results straightforwardly generalize

to run II.
Computations have been performed and

cross checked with a combination of Fey-
nArts/FormCalc/LoopTools [21], Helas [22],
MadGraph/MadEvent [23], and Vbfnlo [24]. We
have checked our results against [13] and find very good
agreement.

II. HIGGS WIDTH MEASUREMENTS FROM

gg → V V : A UNITARITY PERSPECTIVE

In Fig. 3 we show the individual contributions of
pp → ZZ∗ → e+e−µ+µ− that result from the Feyn-
man diagrams of Fig. 2. We also include a com-
parison of the full Higgs contribution with the low
energy effective theory [25] as implemented in Mad-
Graph/MadEvent [23], which shows large deviations
when the absorptive parts of the top quark loop are re-

solved (the corresponding Cutkosky cut [26] is included
in Fig. 2). Obviously, a reliable analysis of the high in-
variant mass region in correlation with the on-shell part
cannot be obtained by applying effective theory simpli-
fications. The CMS analysis [18] focuses on m(4ℓ) ≥
330 GeV.
It is known that the interference between the trian-

gle and box diagrams is destructive [12] above the 2mt

threshold. This large interference effect becomes trans-
parent when calculating the cross section for the process
qq̄ → ZZ with massive quarks in the initial state. It in-

87654321
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]

FIG. 4: Unpolarized tt̄ → ZZ cross section as function of
energy. We demonstrate unitarity cancellations between the
gauge and Yukawa-type interactions (blue solid and dashed;
the dashed line lies on top of the solid line), yielding a well-
defined SM cross section (orange). We also show the pa-
rameter choice that corresponds to the CMS-like exclusion
of Γh ≃ 5×ΓSM

h based on the strategy outlined in [2] and the
introduction.
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FIG. 6: New Feynman diagram topologies to Higgs produc-
tion via gluon fusion arising from Eq. (5).

changing interactions. This paves the way to construct a
straightforward counterexample of the Higgs width mea-
surement as outlined above.
Consider φ, a scalar 3 under SU(3)C , coupled to the

Higgs sector via portal interactions (see, e.g., Ref. [31])

Lφ = |Dµφ|2 − m̃2
φ|φ|2 − λ|φ|2|H |2 + . . . . (5)

When the Higgs field obtains its vacuum expectation
value v, the field φ induces a contribution to single-Higgs
production due to the interaction λv|φ|2h, as shown in
Fig. 6. The physical mass m2

φ = m̃2
φ + λv2 is essentially

a free parameter m2
φ > 0.

The new contribution gives an additional and poten-
tially large constructive or destructive contribution to
gg → h, depending on the sign and size of λ [32]. To
enforce SM-like signal strengths µ ≃ 1 we need to in-
troduce a compensating contribution to the Higgs width
(this could be interpreted as a Higgs-portal dark matter
realization) and we have Γh > ΓSM

h .
Due to the scalar and electroweak singlet nature of the

new fields we only change the triangle Higgs production
contribution while leaving the box gg → ZZ contribu-
tions unaltered. Note, for this particle there is no unitar-
ity relation between the boxes and triangles. We show
the individual contributions of the scalar color triplet in
Fig. 3, which allows us to compare their behaviour with
the SM contributions. The scalar loops can easily be
suppressed by two orders of magnitude, leaving absolute
and interference contributions to the total hadronic cross
section small for energetic events. This behaviour is qual-
itatively known from supersymmetric scenarios [33] but
has also been discussed in non-supersymmetric models
[31, 32]; effectively we have achieved a decorrelation of
gggh(mh) and gggh(m(ZZ) > mh), and the measurement
can no longer be interpreted as a Higgs width constraint.
To qualitatively understand why the scalars are sup-

pressed at large invariant masses, let us consider the ratio
of the off-shell gg → h subamplitudes for scalars and tops
(assuming mφ = mt = ytv/

√
2,λ = yt for simplicity):

yt
Mφ

Mt
=

1 + 2m2
tC0(s,mt)

(s− 4m2
t )C0(s,mt)− 2

, (6)

where C0(s,m2
t ) denotes the characteristic scalar three-

point function following the Passarino-Veltman reduc-
tion [34]. The φ-induced amplitude is suppressed ∼ s−1,

mφ µ (h peak) Γh/Γ
SM
h σ/σSM [m(4ℓ) ≥ 330 GeV]a

70 GeV ≃ 1.0 ≃ 5 −2%

170 GeV ≃ 1.0 ≃ 4.7 +80%

170 GeV ≃ 1.0 ≃ 1.7 +6%
aWe impose the cut set used by CMS [18] without the Mela

cut [35].

TABLE I: Results for a single triplet scalar (5) giving the
correlation between µ, Γh/Γ

SM
h and high invariant mass cross

section σ for the CMS selection cuts.

leading to a dominant behaviour of the top loops at large
momenta. This means that, even though we have a mod-
ified Higgs phenomenology at around mh ≃ 125 GeV it
is exactly the decoupling of the Higgs width according to
Eq. (3) which renders the high invariant mass measure-
ment insensitive to modifications of Γh.
There is an interesting possibility when we consider

larger φ masses and larger couplings λ. For invariant
masses s2 ≥ 4m2

φ we can have a sizeable constructive
interference of the φ diagrams with the top loops and as a
result the cross section for large m(4ℓ) rises again and we
recover the qualitative behaviour of Ref. [11]. For these
parameter choices, however, we find that the excess is
smaller than expected for rescalings of ggghgZZh to keep
µ ≃ 1, Tab. I. Similar effects show up for light spectra
mφ

<∼ 2mt, where this interference in destructive and the
high invariant mass search region has a slightly smaller
cross section although Γh/ΓSM

h ≫ 1, outside the current
CMS exclusion.
In total, it is well possible to achieve Γh ≫ ΓSM

h with-
out modifying the high invariant mass regime of pp → 4ℓ
and without running into unitarity issues as mentioned
above. If such a contribution can be present the Higgs
width is an essentially unconstrained parameter, at least
for a measurement as outlined in [11, 18].
Even though Eq. (5) is a toy model to demonstrate

the limitations of total Higgs width measurements in
the gg → 4ℓ channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [33, 37] for a discussion of
squark contributions to Higgs production from gluon fu-
sion in the MSSM. If the extra scalars are charged under
flavour, e.g. they are top partners, exclusion will remain
difficult [38] for the SUSY chimney regions (note, there
are two chimney regions where one can hide 170 GeV
and 70 GeV scalars). Despite being color charged, they
could exist as stable particles on collider lifetimes when
SUSY is relaxed [39]. Quite naturally, details quickly be-
come highly model-dependent. By fixing mφ we can map
Γh = 4.2×ΓSM

h onto λ and obtain σ/σSM in Tab. I. When
the mφ masses become heavy we start approaching an
effective theory limit, which quickly decouples unless we
allow non-perturbative couplings as mφ is not generated
via the Higgs mechanism. This is also visible in Fig. 3
and we recover the qualitative behaviour of Ref. [11] also
in this model as alluded to above. It is important to note,

But, for example: scalar color octet, EW singlet:

m� = 65 GeV

m� = 400 GeV

top and bottom only: non-negligible at large m(4l)

(Englert & Spannowsky, ’14; see also Logan, '14)
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Figure 146: Relative uncertainties on the pT spectrum for the Sherpa+OpenLoops signal (a) and background (b)
samples induced by the QCD scale variations: ratio of the up or down variations with respect to the nominal
distribution. Q labels the resummation scale, R the renormalization scale, F the factorization scale.

of HV V couplings
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⇣
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V 2+a2f
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⇤(1)
µ⌫ f̃⇤(2),µ⌫ ,

(I.8.5)
where f (i)µ⌫ = ✏µ

V iq
⌫
V i � ✏⌫

V iq
µ
V i is the field strength tensor of a gauge boson with momentum qV i and

polarization vector ✏V i, f̃ (i)
µ⌫ = 1

2✏µ⌫⇢�f (i),⇢� is the dual field strength tensor. Spin-one and spin-two
resonance couplings, higher-order terms in q2 expansion, and terms asymmetric in q2

V 1 and q2
V 2 are

supported by the generator but are not shown here, see Refs. [530–532] and generator manual for details.
The above q2 expansion is equivalent to the effective Lagrangian notation with operators up to dimension
five [534, 535]
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2
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2 HGµ⌫
a Ga

µ⌫ � 1

2
agg

3 HGµ⌫
a G̃a

µ⌫ , (I.8.6)

where Vµ⌫ = @µV⌫ �@⌫Vµ, Ga
µ⌫ = @µAa

⌫ �@⌫A
a
µ + gfabcAb

µAc
⌫ , Ṽ µ⌫ = 1/2✏µ⌫↵�V↵� , Z is the Z field,

W is the W field, F is the � field, and G is the g field.
Both on-shell H production and off-shell H⇤ production are considered. There are no kinematic

constraints on either q2
V i or (qV 1 + qV 2)

2, other than the relevant parton luminosities. Since the scale
of validity of the nonrenormalizable higher-dimensional operators is a priori unknown, effective cut-
off scales ⇤V 1,i, ⇤V 2,i, ⇤H,i are introduced for each term in Eq. (I.8.5) with the form factor scaling the
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Figure 146: Relative uncertainties on the pT spectrum for the Sherpa+OpenLoops signal (a) and background (b)
samples induced by the QCD scale variations: ratio of the up or down variations with respect to the nominal
distribution. Q labels the resummation scale, R the renormalization scale, F the factorization scale.

of HV V couplings
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(I.8.5)
where f (i)µ⌫ = ✏µ

V iq
⌫
V i � ✏⌫

V iq
µ
V i is the field strength tensor of a gauge boson with momentum qV i and

polarization vector ✏V i, f̃ (i)
µ⌫ = 1

2✏µ⌫⇢�f (i),⇢� is the dual field strength tensor. Spin-one and spin-two
resonance couplings, higher-order terms in q2 expansion, and terms asymmetric in q2

V 1 and q2
V 2 are

supported by the generator but are not shown here, see Refs. [530–532] and generator manual for details.
The above q2 expansion is equivalent to the effective Lagrangian notation with operators up to dimension
five [534, 535]
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2
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2 HGµ⌫
a Ga

µ⌫ � 1

2
agg

3 HGµ⌫
a G̃a

µ⌫ , (I.8.6)

where Vµ⌫ = @µV⌫ �@⌫Vµ, Ga
µ⌫ = @µAa

⌫ �@⌫A
a
µ + gfabcAb

µAc
⌫ , Ṽ µ⌫ = 1/2✏µ⌫↵�V↵� , Z is the Z field,

W is the W field, F is the � field, and G is the g field.
Both on-shell H production and off-shell H⇤ production are considered. There are no kinematic

constraints on either q2
V i or (qV 1 + qV 2)

2, other than the relevant parton luminosities. Since the scale
of validity of the nonrenormalizable higher-dimensional operators is a priori unknown, effective cut-
off scales ⇤V 1,i, ⇤V 2,i, ⇤H,i are introduced for each term in Eq. (I.8.5) with the form factor scaling the
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Figure 147: Differential cross section of the process gg ! ZZ/Z�⇤/�⇤�⇤ ! 2`2`0 (where `, `0 = e, µ, or
⌧ ) as a function of invariant mass m4` generated with the MCFM+JHUGen framework, including the NNLO in
QCD weights calculated with MCFM+HNNLO. The NNLO and NLO weights (k -factors) as a function of m4` are
shown on the top-right plot. The top-left plot shows several scenarios of H(125) anomalous couplings to two weak
vector bosons with enhancement in the off-shell region with the a3, a2, and ⇤1 terms, as coloured histograms, as
well as the a1 term (SM), as the solid black histogram, from Eq. (I.8.5) in decreasing order of enhancement at
high mass. The bottom plot shows distributions in the presence of a hypothetical X(450) resonance with several
components either isolated or combined. In all cases interference (I) of all contributing amplitudes is included.

I.8.3.g.ii Interference contributions to gluon-initiated heavy Higgs boson production in the 2HDM
In this section we discuss the loop-induced processes gg ! ZZ and gg ! V V (! e+e�µ+µ�/e+e�⌫l⌫̄l)
at LO QCD in the context of a CP-conserving Two-Higgs-Doublet-Model (2HDM). In particular, we
study the effect of the interference between light and heavy Higgs bosons, and with the background. The
2HDM contains two Higgs doublets, which we name H1 and H2. The models can be classified into
type I and type II, if we demand no tree-level flavour-changing neutral currents and CP conservation.
By convention [485], the up-type quarks couple to H2. In models of type I, the down-type quarks also
couple to H2, while in type II models, they couple to H1. The coupling to the leptons can either be
through H1 or H2, but as our studies are not sensitive to the coupling of the Higgs bosons to leptons, we
do not need a further type distinction. The two Higgs doublets form one CP-odd field A and two CP-even
Higgs fields h and H due to CP conservation, as well as two charged Higgs bosons H±. The 2HDM
can be described in different basis representations. We make use of the “physical basis”, in which the
masses of all physical Higgs bosons, the ratio of the vacuum expectation values tan � := tan � = v2/v1

Anomalous couplings of the Higgs to di-bosons can introduce distinct kinematics for

248 I.8.3. H ! V V modes (V = W, Z)

anomalous contribution gBSM
i as

gi = gSM
i ⇥ �i1 + gBSM

i ⇥ ⇤2
V 1,i⇤

2
V 2,i⇤

2
H,i

(⇤2
V 1,i + |q2

V 1|)(⇤2
V 2,i + |q2

V 2|)(⇤2
H,i + |(qV 1 + qV 2)

2|) . (I.8.7)

The gg ! ZZ/Z�⇤/�⇤�⇤ ! 4f process is generated at LO in QCD. In simulation shown in
Figure 147, the QCD factorization and renormalization scales are chosen to be running as m4`/2 and
NNPDF30 parton structure functions are adopted. In order to include higher-order QCD corrections,
LO, NLO, and NNLO signal cross section calculation is performed using the MCFM and HNNLO pro-
grams [172, 224, 536] for a wide range of masses using narrow width approximation. The ratio between
the NNLO and LO, or between the NLO and LO, values is used as a weight (k -factor). The NNLO
k -factors are applied to simulation as shown in Figure 147. While this calculation is directly applicable
for signal, it is approximate for background. However, the NLO calculation is available [527, 537] for
background for the mass range 2mZ < m4` < 2mt. There is a good agreement between the NLO k -
factors calculated for signal and background, and any differences set the scale of systematic uncertainties
from this procedure.

Two applications of off-shell H(125) simulation are shown in Figure 147. In one case, anomalous
HV V couplings introduce distinct kinematics in the mass range m4` > 2mZ . In the other case, a hypo-
thetical X(mX) resonance interferes with both H(125) off-shell tail and the gg ! 4` background. In all
cases, most general HV V and XV V couplings discussed above are possible. Anomalous coupling pa-
rameterization in terms effective fractions of events follows LHC convention [534,535] and is equivalent
to parameterization in Eq. (I.8.5) with fai = |ai|2�i/⌃j |aj |2�j .

I.8.3.g Interference contributions to gluon-initiated heavy Higgs boson production in the 2HDM
using GOSAM

I.8.3.g.i GOSAM

GOSAM [227, 228] is a package for the automated calculation of one-loop (and tree-level) amplitudes.
It can be used either in standalone mode or as a One Loop Provider (OLP) in combination with a Monte
Carlo program, where the interface is automated, based on the standards defined in Refs. [360, 361].
GOSAM is not a library of pre-computed processes, but calculates the amplitude for the process spec-
ified by the user in a run card on the fly. In the OLP version, the information for the code generation
is taken from the order file generated by the Monte Carlo program. The amplitudes are evaluated us-
ing D-dimensional reduction at integrand level [359, 538, 539], which is available through the reduction
procedures and libraries SAMURAI [540, 541] or NINJA [542, 543]. Alternatively, tensorial reconstruc-
tion [544] is also available, based on the library golem95C [545–547]. The scalar master integrals can
be taken from ONELOOP [548] or QCDLOOP [549].

The GOSAM package comes with the built-in model files sm, smdiag, smehc, sm_complex,
smdiag_complex, where the latter two should be used if complex masses and couplings are present
in the amplitude. Complex masses, stemming from the consistent inclusion of decay widths for unstable
particles at NLO [374], are particularly important for the inclusion of electroweak corrections, which
also can be calculated with GOSAM [550]. The model files smehc contain the effective Higgs-gluon
couplings. It has been used for example in the calculation of the NLO corrections to H+3 jet production
in gluon fusion [230, 551] and in the calculation of HH+2 jet production in both the gluon fusion and
the vector boson fusion channel [448].

Other models can be imported easily, using the UFO (Universal FeynRules Output) [552, 553]
format. This feature has been exploited for example in Refs. [554, 555].

Therefore, GOSAM comprises all the features which are needed to calculate interference effects,
both within and beyond the Standard Model. An example for interference effects within the 2-Higgs-
Doublet Model will be given below.

The LHC XS WG illustrates with the differential XS for

SM:
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Figure 146: Relative uncertainties on the pT spectrum for the Sherpa+OpenLoops signal (a) and background (b)
samples induced by the QCD scale variations: ratio of the up or down variations with respect to the nominal
distribution. Q labels the resummation scale, R the renormalization scale, F the factorization scale.

of HV V couplings
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(I.8.5)
where f (i)µ⌫ = ✏µ

V iq
⌫
V i � ✏⌫

V iq
µ
V i is the field strength tensor of a gauge boson with momentum qV i and

polarization vector ✏V i, f̃ (i)
µ⌫ = 1

2✏µ⌫⇢�f (i),⇢� is the dual field strength tensor. Spin-one and spin-two
resonance couplings, higher-order terms in q2 expansion, and terms asymmetric in q2

V 1 and q2
V 2 are

supported by the generator but are not shown here, see Refs. [530–532] and generator manual for details.
The above q2 expansion is equivalent to the effective Lagrangian notation with operators up to dimension
five [534, 535]
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where Vµ⌫ = @µV⌫ �@⌫Vµ, Ga
µ⌫ = @µAa

⌫ �@⌫A
a
µ + gfabcAb

µAc
⌫ , Ṽ µ⌫ = 1/2✏µ⌫↵�V↵� , Z is the Z field,

W is the W field, F is the � field, and G is the g field.
Both on-shell H production and off-shell H⇤ production are considered. There are no kinematic

constraints on either q2
V i or (qV 1 + qV 2)

2, other than the relevant parton luminosities. Since the scale
of validity of the nonrenormalizable higher-dimensional operators is a priori unknown, effective cut-
off scales ⇤V 1,i, ⇤V 2,i, ⇤H,i are introduced for each term in Eq. (I.8.5) with the form factor scaling the

Some anomalous couplings with the Z:

k-factor at NNLO ~ 2-2.5
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Figure 147: Differential cross section of the process gg ! ZZ/Z�⇤/�⇤�⇤ ! 2`2`0 (where `, `0 = e, µ, or
⌧ ) as a function of invariant mass m4` generated with the MCFM+JHUGen framework, including the NNLO in
QCD weights calculated with MCFM+HNNLO. The NNLO and NLO weights (k -factors) as a function of m4` are
shown on the top-right plot. The top-left plot shows several scenarios of H(125) anomalous couplings to two weak
vector bosons with enhancement in the off-shell region with the a3, a2, and ⇤1 terms, as coloured histograms, as
well as the a1 term (SM), as the solid black histogram, from Eq. (I.8.5) in decreasing order of enhancement at
high mass. The bottom plot shows distributions in the presence of a hypothetical X(450) resonance with several
components either isolated or combined. In all cases interference (I) of all contributing amplitudes is included.

I.8.3.g.ii Interference contributions to gluon-initiated heavy Higgs boson production in the 2HDM
In this section we discuss the loop-induced processes gg ! ZZ and gg ! V V (! e+e�µ+µ�/e+e�⌫l⌫̄l)
at LO QCD in the context of a CP-conserving Two-Higgs-Doublet-Model (2HDM). In particular, we
study the effect of the interference between light and heavy Higgs bosons, and with the background. The
2HDM contains two Higgs doublets, which we name H1 and H2. The models can be classified into
type I and type II, if we demand no tree-level flavour-changing neutral currents and CP conservation.
By convention [485], the up-type quarks couple to H2. In models of type I, the down-type quarks also
couple to H2, while in type II models, they couple to H1. The coupling to the leptons can either be
through H1 or H2, but as our studies are not sensitive to the coupling of the Higgs bosons to leptons, we
do not need a further type distinction. The two Higgs doublets form one CP-odd field A and two CP-even
Higgs fields h and H due to CP conservation, as well as two charged Higgs bosons H±. The 2HDM
can be described in different basis representations. We make use of the “physical basis”, in which the
masses of all physical Higgs bosons, the ratio of the vacuum expectation values tan � := tan � = v2/v1

SM
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Figure 147: Differential cross section of the process gg ! ZZ/Z�⇤/�⇤�⇤ ! 2`2`0 (where `, `0 = e, µ, or
⌧ ) as a function of invariant mass m4` generated with the MCFM+JHUGen framework, including the NNLO in
QCD weights calculated with MCFM+HNNLO. The NNLO and NLO weights (k -factors) as a function of m4` are
shown on the top-right plot. The top-left plot shows several scenarios of H(125) anomalous couplings to two weak
vector bosons with enhancement in the off-shell region with the a3, a2, and ⇤1 terms, as coloured histograms, as
well as the a1 term (SM), as the solid black histogram, from Eq. (I.8.5) in decreasing order of enhancement at
high mass. The bottom plot shows distributions in the presence of a hypothetical X(450) resonance with several
components either isolated or combined. In all cases interference (I) of all contributing amplitudes is included.

I.8.3.g.ii Interference contributions to gluon-initiated heavy Higgs boson production in the 2HDM
In this section we discuss the loop-induced processes gg ! ZZ and gg ! V V (! e+e�µ+µ�/e+e�⌫l⌫̄l)
at LO QCD in the context of a CP-conserving Two-Higgs-Doublet-Model (2HDM). In particular, we
study the effect of the interference between light and heavy Higgs bosons, and with the background. The
2HDM contains two Higgs doublets, which we name H1 and H2. The models can be classified into
type I and type II, if we demand no tree-level flavour-changing neutral currents and CP conservation.
By convention [485], the up-type quarks couple to H2. In models of type I, the down-type quarks also
couple to H2, while in type II models, they couple to H1. The coupling to the leptons can either be
through H1 or H2, but as our studies are not sensitive to the coupling of the Higgs bosons to leptons, we
do not need a further type distinction. The two Higgs doublets form one CP-odd field A and two CP-even
Higgs fields h and H due to CP conservation, as well as two charged Higgs bosons H±. The 2HDM
can be described in different basis representations. We make use of the “physical basis”, in which the
masses of all physical Higgs bosons, the ratio of the vacuum expectation values tan � := tan � = v2/v1
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Table 88: Cross sections (fb) for gg (! {h1, h2}) ! Z(g

⇤)Z(g

⇤) ! ```0`
0

in pp collisions at
p

s = 13 TeV at
loop-induced leading order in the 1-Higgs-Singlet Extension of the SM (1HSM) with Mh1 = 125 GeV, Mh2 =

400, 600, 900 GeV and mixing angle sin ✓ = 0.2 or 0.4 as indicated. Results for the heavy Higgs (h2) signal
(S) and its interference with the light Higgs (Ih1) and the continuum background (Ibkg) and the full interference
(Ifull) are given. The ratio Ri = (S + Ii)/S illustrates the relative change of the heavy Higgs boson signal due
to interference with the light Higgs and continuum background amplitude contributions. Cross sections are given
for a single lepton flavour combination. Minimal cuts are applied: M`` > 4 GeV, M`

0
`

0 > 4 GeV, pTZ > 1 GeV.
The integration error is displayed in brackets.

interference ratio

sin ✓ Mh2 [ GeV] S(h2) Ih1 Ibkg Ifull Rh1 Rbkg Rfull

0.2 400 0.07412(6) 0.00682(6) -0.00171(2) 0.00511(6) 1.092(2) 0.977(1) 1.069(2)

0.2 600 0.01710(2) -0.00369(3) 0.00384(3) 0.00015(4) 0.784(2) 1.225(2) 1.009(3)

0.2 900 0.002219(2) -0.003369(9) 0.003058(8) -0.00031(2) -0.518(4) 2.378(4) 0.860(6)

0.4 600 0.07065(6) -0.01191(6) 0.01465(6) -0.00274(9) 0.831(2) 1.207(2) 1.039(2)

Table 89: Cross sections (fb) for gg (! {h1, h2}) ! Z(g

⇤)Z(g

⇤) ! ```0`
0

in pp collisions at
p

s = 13 TeV in
the 1HSM with Mh1 = 125 GeV, Mh2 = 400, 600, 900 GeV and mixing angle sin ✓ = 0.2 or 0.4 as indicated.
Results for the heavy Higgs (h2) signal (S), light Higgs background (h1) and continuum background (gg bkg.) are
given. Where more than one contribution is included, all interferences are taken into account. Other details as in
Table 88.

sin ✓ Mh2 [ GeV] S(h2) h1 gg bkg. S + h1 + Ih1 all

0.2 400 0.07412(6) 0.854(2) 21.18(7) 0.934(2) 21.86(7)
0.2 600 0.01710(2) 0.854(2) 21.18(7) 0.867(2) 21.80(7)
0.2 900 0.002219(2) 0.854(2) 21.18(7) 0.852(2) 21.79(7)
0.4 600 0.07065(6) 0.734(2) 21.18(7) 0.793(2) 21.77(7)
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0
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Table 89.

SM + singlet: parametrized by singlet mass and
mixing angle with the Higgs boson

Broad Higgs-like resonance

Non-trivial interference between SM Higgs (h1),
the heavy Higgs (h2) and the gg background



Heavy New Physics

We have not observed any degrees of freedom beyond those described by the SM
(except for DM, but only gravitational effects thus far, or indirect evidence for new d.o.f. from neutrino oscillations)

For collider discussion, new physics heavier than energies probed so far

Le↵ = LSM +
X

i

c(5)i

⇤
O(5)

i +
X

i

c(6)i

⇤2
O(6)

i +
X

i

c(7)i

⇤3
O(7)

i +
X

i

c(8)i

⇤4
O(8)

i + · · ·

Focus on indirect effects on SM properties after integrating out such heavy d.o.f., and describe by local
higher-dimension operators, suppressed by a typical scale ⇤

Provided the assumption is satisfied, such an expansion captures the low-energy effects of a large class
of microscopic theories.

Motivation:  cast the experimental information/bounds on the c-parameters, then interpret them as
constraints on masses and couplings in a variety of BSM models.

translation of experimental data into a theoretical framework done only once

In principle: observed deviations could be used as a guide towards the UV theory.
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Dimension-6

Focus on dimension-6 operators: leading order effects from heavy new physics

• Baryon or lepton number violation 

• Flavor structure

(strong constraints: unimportant at colliders)

• CP violation

B-preserving operators:

2499
Minimal Flavor

violation

U(3)5 flavor symm.
(broken only by 

Yukawa interactions)

59
CP-preserving

53



Choice of Basis

A basis is a non-redundant and complete set of operators.

There are a number of widely used bases, for example:

• The Warsaw basis: First true basis (Grzadkowski et. al. ’10, following Buchmüller & Wyler, ‘86)

Drawback: blind direction w.r.t. EW precision tests

Convenient for comparison with BSM theories that modify fermion couplings

• The SILH basis: (Contino et. al. ‘13, following Giudice et. al. ’07; Elias-Miro et. al. '13)

Designed to capture effects of “universal theories”
(New physics mostly coupled to EW gauge bosons)

Drawback: correlation between LEP2 and LHC constraints

• The BSM primaries basis: (Gupta et. al. ’14; Masso ’14; Pomarol, ‘14)

More transparent connection to physical observables
(formulated in terms of mass eigenstates)

Drawback: more difficult comparison to BSM theories

The ROSETTA package allows to convert between bases (Falkowski et. al. ’15)
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coupling ↵(0). The Higgs quartic couplings � can then be fixed from the measured Higgs boson mass.
The tree-level relations between the input observables and the electroweak parameters are given by:

GF =
1p
2v2 , ↵ =

g2g02

4⇡(g2 + g02)
, mZ =

q

g2 + g02v

2
, m2

h = 2�v2. (II.2.4)

We demand that the dimension-6 operators O(6)
i in Eq. (II.2.2) form a complete, non-redundant

set - a so-called basis. Complete means that any dimension-6 operator is either a part of the basis or
can be obtained from a combination of operators in the basis using equations of motion, integration
by parts, field redefinitions, and Fierz transformations. Non-redundant means it is a minimal such set.
Any complete basis leads to the same physical predictions concerning possible new physics effects.
Several bases have been proposed in the literature, and they may be convenient for specific applications.
Historically, a complete and non-redundant set of D=6 operators was first identified in Ref. [614], and
is usually referred to as the Warsaw basis. This basis is described in detail in Section II.2.3., and the
relevant formulas are summarized in Appendix A of Ref. [621]. Below, we work with another basis
choice commonly used in the literature: the so-called SILH basis [464]. Later, in Section. II.2.1.d, we
propose a new basis choice that is particularly convenient for leading-order LHC Higgs analyses in the
EFT framework.

Table 97: Bosonic D=6 operators in the SILH basis.
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The full set of operators in the SILH basis is given in Tables 97, 98, and 99. We use the normal-
ization and conventions of Ref. [464].II.4

II.4In Ref. [464] it was assumed that the flavour indices of fermionic D=6 operators are proportional to the unit matrix.
Generalizing this to an arbitrary flavour structure, one needs to specify flavour indices of the operators [OH`], [O

0
H`], [O``] and

[O
0
uu] which are absent in the SILH basis to avoid redundancy. Here, for concreteness, we made a particular though somewhat

arbitrary choice of these indices.

Barbieri, Bellazzini, Rychkov & Varagnolo, ‘07

(Contino et. al. ‘13, following Giudice et. al. ’07; Elias-Miro et. al. '13)
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coupling ↵(0). The Higgs quartic couplings � can then be fixed from the measured Higgs boson mass.
The tree-level relations between the input observables and the electroweak parameters are given by:
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We demand that the dimension-6 operators O(6)
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set - a so-called basis. Complete means that any dimension-6 operator is either a part of the basis or
can be obtained from a combination of operators in the basis using equations of motion, integration
by parts, field redefinitions, and Fierz transformations. Non-redundant means it is a minimal such set.
Any complete basis leads to the same physical predictions concerning possible new physics effects.
Several bases have been proposed in the literature, and they may be convenient for specific applications.
Historically, a complete and non-redundant set of D=6 operators was first identified in Ref. [614], and
is usually referred to as the Warsaw basis. This basis is described in detail in Section II.2.3., and the
relevant formulas are summarized in Appendix A of Ref. [621]. Below, we work with another basis
choice commonly used in the literature: the so-called SILH basis [464]. Later, in Section. II.2.1.d, we
propose a new basis choice that is particularly convenient for leading-order LHC Higgs analyses in the
EFT framework.
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The full set of operators in the SILH basis is given in Tables 97, 98, and 99. We use the normal-
ization and conventions of Ref. [464].II.4

II.4In Ref. [464] it was assumed that the flavour indices of fermionic D=6 operators are proportional to the unit matrix.
Generalizing this to an arbitrary flavour structure, one needs to specify flavour indices of the operators [OH`], [O

0
H`], [O``] and

[O
0
uu] which are absent in the SILH basis to avoid redundancy. Here, for concreteness, we made a particular though somewhat

arbitrary choice of these indices.

Barbieri, Bellazzini, Rychkov & Varagnolo, ‘07

OWW ⌘ OW �OB

+OHB �OHW +
1

4
O�

(Contino et. al. ‘13, following Giudice et. al. ’07; Elias-Miro et. al. '13)
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coupling ↵(0). The Higgs quartic couplings � can then be fixed from the measured Higgs boson mass.
The tree-level relations between the input observables and the electroweak parameters are given by:
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We demand that the dimension-6 operators O(6)
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set - a so-called basis. Complete means that any dimension-6 operator is either a part of the basis or
can be obtained from a combination of operators in the basis using equations of motion, integration
by parts, field redefinitions, and Fierz transformations. Non-redundant means it is a minimal such set.
Any complete basis leads to the same physical predictions concerning possible new physics effects.
Several bases have been proposed in the literature, and they may be convenient for specific applications.
Historically, a complete and non-redundant set of D=6 operators was first identified in Ref. [614], and
is usually referred to as the Warsaw basis. This basis is described in detail in Section II.2.3., and the
relevant formulas are summarized in Appendix A of Ref. [621]. Below, we work with another basis
choice commonly used in the literature: the so-called SILH basis [464]. Later, in Section. II.2.1.d, we
propose a new basis choice that is particularly convenient for leading-order LHC Higgs analyses in the
EFT framework.
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The full set of operators in the SILH basis is given in Tables 97, 98, and 99. We use the normal-
ization and conventions of Ref. [464].II.4

II.4In Ref. [464] it was assumed that the flavour indices of fermionic D=6 operators are proportional to the unit matrix.
Generalizing this to an arbitrary flavour structure, one needs to specify flavour indices of the operators [OH`], [O
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H`], [O``] and
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uu] which are absent in the SILH basis to avoid redundancy. Here, for concreteness, we made a particular though somewhat

arbitrary choice of these indices.

Barbieri, Bellazzini, Rychkov & Varagnolo, ‘07

OWW ⌘ OW �OB

+OHB �OHW +
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4
O�

Constrained by LEP

OW +OB

Two combinations constrained 
by TGC. Third related to Z�

(Contino et. al. ‘13, following Giudice et. al. ’07; Elias-Miro et. al. '13)
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Table 98: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the Warsaw basis, except
that the operators [OH`]11, [O0

H`]11 are absent by definition. We define �µ⌫ = i[�µ, �⌫ ]/2. In this table, e, u, d

are always right-handed fermions, while ` and q are left-handed. For complex operators the complex conjugate
operator is implicit.
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2 ūi�µdjH̃

†DµH

Yukawa and Dipole

[Oe]ij

p
2mei

mej

v
3 H†H ¯̀

iHej

[Ou]ij

p
2mui

muj

v
3 H†Hq̄i

eHuj

[Od]ij

p
2mdi

mdj

v
3 H†Hq̄iHdj

[OeW ]ij
g

m
2
W

p
2mei

mej

v
¯̀
i�

kH�µ⌫ejW
k
µ⌫

[OeB ]ij
g

0

m
2
W

p
2mei

mej

v
¯̀
iH�µ⌫ejBµ⌫

[OuG]ij
gs

m
2
W

p
2mui

muj

v q̄iH̃�µ⌫T aujG
a
µ⌫

[OuW ]ij
g

m
2
W

p
2mui

muj

v q̄i�
kH̃�µ⌫ujW

k
µ⌫

[OuB ]ij
g

0

m
2
W

p
2mui

muj

v q̄iH̃�µ⌫ujBµ⌫

[OdG]ij
gs

m
2
W

p
2mdi

mdj

v q̄iH�µ⌫T adjG
a
µ⌫

[OdW ]ij
g

m
2
W

p
2mdi

mdj

v q̄i�
kH�µ⌫djW

k
µ⌫

[OdB ]ij
g

0

m
2
W

p
2mdi

mdj

v q̄iH�µ⌫djBµ⌫

II.2.1.c Effective Lagrangian of mass eigenstates

In Section. II.2.1.b we introduced an EFT with the SM supplemented by D=6 operators, using a man-
ifestly SU(2) ⇥ U(1) invariant notation. At that point, the connection between the new operators and
phenomenology is not obvious. To relate to high-energy collider observables, it is more transparent to ex-
press the EFT Lagrangian in terms of the mass eigenstates after electroweak symmetry breaking (Higgs
boson, W , Z, photon, etc.). Once this step is made, only the unbroken SU(3)c ⇥ U(1)em local symme-
try is manifest in the Lagrangian. Moreover, to simplify the interaction vertices, we will make further
field transformations that respect only SU(3)c⇥U(1)em. Since field redefinitions do not affect physical
predictions, the gauge invariance of the EFT we started with ensures that observables calculated using
this mass eigenstate Lagrangian are also gauge invariant. This is possible because the full SU(2)⇥U(1)
electroweak symmetry is still present, albeit in a non-manifest way, in the form of non-trivial relations be-
tween different couplings of mass eigenstates. Finally, for the sake of calculating observables beyond the
tree-level one needs to specify the gauge fixing terms. Again, the gauge invariance of the starting point
ensures that physical observables are independent of the gauge fixing procedure. Below we only present
the Lagrangian in the unitary gauge when the Goldstone bosons eaten by W and Z are set to zero, which
is completely sufficient to calculate LHC Higgs observables at tree level; see Appendix C of Ref. [621]
for a generalization to the R⇠ gauge.

In this section we relate the Wilson coefficients of dimension-6 operators in the SILH basis to the
parameters of the tree-level effective Lagrangian describing the interactions of the mass eigenstates. The
analogous relations can be derived for any other basis; see Appendix A of [621] for the map from the
Warsaw basis. The form of the mass eigenstate Lagrangian obtained directly by inserting the Higgs VEV
and eigenstates into Eq. (II.2.2) is not convenient for practical applications. However, at this point one is

The rest are four-fermion operators

SILH Basis
(Contino et. al. ‘13, following Giudice et. al. ’07; Elias-Miro et. al. '13)



The Higgs Basis
Gupta et. al. ’14; Falkowski, ’15

The previous bases display explicitly the SU(3)C ⇥ SU(2)L ⇥U(1)Y gauge invariance.

To make contact with experiment, replace Higgs vev: only the SU(3)C ⇥U(1)Q is explicit

underlying symmetry reflected in relations between coefficients

One can make further field redefinitions, integrate by parts, use EOM, to put the Lagrangian in a more 
transparent form, e.g.

• Require canonical normalization

• Preserve tree-level relations between EW parameters and input: transparent interpretation of g, g’, v

If GF,↵,mZ taken as input: g, g’ and v have the same numerical values as in the SM

• Higgs basis: separate parameters that impact the precision tests (already well determined) from

parameters that impact only the Higgs observables 



The Higgs Basis

Canonical normalization and SM tree-level relation between EW parameters and input parameters preserved:
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Gupta et. al. ’14; Falkowski, ’15

Corrections to self-couplings of gauge bosons, plus four-fermion interactions: do not affect Higgs production
and decay at leading order. Not displayed here.



The Higgs Basis

Interactions between fermions and gluons/photons as in the SM. But W and Z receive vertex corrections:
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The Higgs Basis

Single Higgs interactions with fermion pairs:

and to gauge bosons:
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The Higgs Basis

Single Higgs interactions with fermion pairs:
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The Higgs Basis

Single Higgs interactions with fermion pairs:
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Independent parameters

Dipole-like Higgs couplings also fixed by corresponding dipole moment coefficients

Dependent couplings
(underlying gauge invariance)

Gupta et. al. ’14; Falkowski, ’15
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Higgs boson self-couplings:
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Simplified  scenarios

A number of parameters are already well constrained by EW precision and dipole measurements:

�m, [�gZe
L ]ij , [�gZe

R ]ij , [�gW `
L ]ij , [�gZu

L ]ij , [�gZu
R ]ij , [�gZd

L ]ij , [�gZd
R ]ij , [�gWq

R ]ij

[dGu]ij , [dGd]ij , [dAe]ij , [dAu]ij , [dAd]ij , [dZe]ij , [dZu]ij , [dZd]ij

One may neglect these since LHC is not competitive. Focus instead on:

cgg, �cz, c�� , cz� , czz, cz⇤, c̃gg, c̃�� , c̃z� , c̃zz, ��3

[�yu]ij , [�yd]ij , [�ye]ij , [�u]ij , [�d]ij , [�`]ij

CP-even : cgg, �cz, c�� , cz� , czz, cz⇤, �yu, �yd, �ye, ��3;

CP-odd : c̃gg, c̃�� , c̃z� , c̃zz, �u, �d,�e

These may be further reduced by imposing MFV: [�yf ]ij = �ij�yf [�f ]ij = �ij�fand :

10 pars

7 pars

It may be feasible for LHC Run II to constrain these 17 pars. in a “model-independent” way.



Run I Fit: an Example
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Run II Fit: a projection
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Only signal strengths With differential pT,h distr.



Validity of the EFT

The crucial assumption of the EFT approach is that the new d.o.f. are much heavier than the energies probed
(or the masses of the particles kept in the EFT description)

⇤

The consistency of the analysis is model dependent, and has to be checked on a case by case basis

If we identify as the mass of new states, the EFT expansion requires

 ⌘ E

⇤
< 1

Contino et. al., ‘16
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⇤

The consistency of the analysis is model dependent, and has to be checked on a case by case basis

If we identify as the mass of new states, the EFT expansion requires

 ⌘ E

⇤
< 1

Note: - If the UV theory is strongly coupled (à la NDA) at the scale ⇤ then:

For E ⇠ ⇤ all operators in the tower contribute equally to observables. Furthermore, all loop

contributions are equally important, and as important as the tree-level effects.

- If the UV theory is weakly coupled at the scale⇤ then:

For E ⇠ ⇤ a truncation of the tower is not justified. But higher-loop contributions are suppressed.

- If a truncation of the tower at dim-6, for example, leads to a theoretical uncertaintyE ⌧ ⇤ 2

from the neglected dim-8 operators, whether the UV theory is weakly or strongly coupled.

Contino et. al., ‘16



Validity of the EFT

The crucial assumption of the EFT approach is that the new d.o.f. are much heavier than the energies probed
(or the masses of the particles kept in the EFT description)

⇤

The consistency of the analysis is model dependent, and has to be checked on a case by case basis

If we identify as the mass of new states, the EFT expansion requires

 ⌘ E

⇤
< 1

Upshot: in fit to experimental data include processes with typical energies E < ⇤ . Derive limits of the form

c(6)i ⌘ ĉ(6)i (g⇤)

⇤2

< �Exp

i (⇤)

Contino et. al., ‘16



Validity of the EFT

The crucial assumption of the EFT approach is that the new d.o.f. are much heavier than the energies probed
(or the masses of the particles kept in the EFT description)

⇤

The consistency of the analysis is model dependent, and has to be checked on a case by case basis

If we identify as the mass of new states, the EFT expansion requires

 ⌘ E

⇤
< 1

Upshot: in fit to experimental data include processes with typical energies E < ⇤ . Derive limits of the form

c(6)i ⌘ ĉ(6)i (g⇤)
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Validity of the EFT

The crucial assumption of the EFT approach is that the new d.o.f. are much heavier than the energies probed
(or the masses of the particles kept in the EFT description)

⇤

The consistency of the analysis is model dependent, and has to be checked on a case by case basis

If we identify as the mass of new states, the EFT expansion requires
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g⇤ typical coupling of the
heavy physics to the SM
(Need to determine the
power counting, which 
depends on the UV theory)

Fix  according to the 
experimental sensitivity
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Provide as a function of ⇤

Finally, infer the bound on the new 
physics scale for the given model

Check for self-consistency
(wants strongest bound)
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Validity of the EFT

One should also note that special situations may arise, where one could naively think that the EFT 

expansion is breaking down, but it isn’t. For example:

- If the BSM couplings are large compared to the SM ones, the largest contribution to some observables

- Extreme case: when the SM does not contribute to a process (e.g. lepton-flavor violation), but the new
  physics does

In both cases, the dim-6 effect is “large” without implying a breakdown of the EFT expansion

Carena, Kong, EP & Zurita, ‘09

- One can also encounter UV examples where operators of dim-D give comparable or dominant effects
  than those induced by operators of lower dimension. Example: Higgs sector in SUSY theories

Some warnings

can arise from the higher-dimension operators

Contino et. al., ‘16



Non-linear EFT

The SM EFT discussed thus far assumes that the observed Higgs boson fits, together with the 
NGB’s, into a SU(2) doublet

``eaten NGB's"

The resulting theory exhibits the SU(2) x U(1) symmetry linearly, and describes simultaneously a
number of SM deviations:

- Gauge boson couplings to fermions

- Gauge boson self-interactions

- Higgs boson couplings

Given that the gauge boson properties are well constrained by precision measurements, it can
be useful to have a consistent description where only the Higgs boson properties deviate from
the SM expectation. This leads to a non-linear EFT:

EW Chiral Lagrangian plus a scalar gauge singlet h

H = U(x)

✓
0

v + 1p
2
h

◆
U(x) = e

i ~�·~⌧



Non-linear EFT
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EW Chiral Lagrangian plus a scalar gauge singlet h
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Buchalla, Catá & Krause, ‘14

Feruglio, ’93; Bagger et. al., ‘93

and many others…

e2Fµ⌫F
µ⌫h, eg0Fµ⌫Z

µ⌫h, g2shGµ⌫G
µ⌫ihOne also adds the “loop-induced” terms:
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Figure 189: Systematics of the effective theory with sizeable anomalous couplings in the Higgs sector. The dots
indicate operators in the effective Lagrangian (or terms in a physical amplitude). In general, they may be organized
both in powers of ⇠ = v2/f2 (vertical axis) and according to their order L in the loop expansion (horizontal axis).
The latter is equivalent to the chiral dimension 2L + 2.

deviations characterized by ⇠ are parametrically larger than the loop factor, ⇠ � 1/16⇡2, or equivalently
f ⌧ 4⇡v ⇡ 3 TeV. This would typically be the case for ⇠ = O(10%), within reach of the precision
achievable at the LHC. The experimental program to explore such a scenario will then be the search for
anomalous Higgs boson couplings with sizeable deviations from the SM values. Given the precision goal
of the LHC in Run 2 and 3, this search should be focussed on the leading-order couplings contained in
L2. Important targets are the hV V , htt̄, hbb̄, h⌧ ⌧̄ couplings, but also h3 from the Higgs potential or
h ! gg, h ! ��, h ! Z� local contributions. Longitudinal gauge-boson scattering, although chal-
lenging experimentally, might also yield important information [629, 800, 814]. The same is true for ��
scattering and other photon-related observables [815].

Besides the expected size of the deviations, one of the generic features of the chiral Lagrangian
is the decorrelation between Higgs boson couplings [682, 802], which arises already at leading order.
For instance, the quark mass and the Yukawa interaction at LO are controlled by different coefficients
(see (II.2.164) above). If an expansion at fixed order in ⇠ is performed on the Wilson coefficients of the
electroweak chiral Lagrangian, then correlations will appear. If ⇠ is sufficiently small, these correlations
will eventually be the same as in the SMEFT (see for instance [653,682] for a discussion). The distinction
between a linear and nonlinear framework therefore depends crucially on the size of ⇠.

As another example, the corrections to the oblique parameter a1 in (II.2.169), or to the triple gauge
boson vertex (parameterized by a2 and a3), or to longitudinal WW scattering (a4 and a5) all appear at
chiral dimension 4 in the nonlinear EFT, whereas in the linear realization corrections to the triple gauge
boson vertex appear at D = 6 while anomalous contribution to the quartic gauge boson vertex appear
only at D = 8. In the linear case there is thus a strong hierarchy between those corrections. In the
nonlinear case a1, a2, a3 ⇠ ⇠/16⇡2 while a4, a5 ⇠ ⇠2/16⇡2, thus their hierarchy depends on the size of
⇠ and would disappear for ⇠ = O(1).

II.2.4.e Sample applications

The following examples illustrate how Higgs-related processes are affected by new physics as described
by the electroweak chiral Lagrangian.

Focusing on single Higgs couplings and processes accesible at the LHC, leads to the “-formalism”:
(with custodial symmetry)

L = 2V

✓
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2
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◆
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v
� tytt̄th� bybb̄bh� ⌧y⌧ ⌧̄ ⌧h
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16⇡2
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+

g2s
16⇡2

ghGµ⌫G
µ⌫ih

v

Unlike the “linear SM EFT”, the non-linear EFT
can consistently accommodate order one 
deviations from the SM:

⇠ ⌘ v2/f2

new scale in the “EWSB sector”

⇤ = 4⇡fBreakdown at



Non-linear EFT

350 II.2.4. Non-linear EFT

10 2 3 loops

4

6

8

10

d⇠(d�4)/2

⇠3

⇠2

⇠

1

Figure 189: Systematics of the effective theory with sizeable anomalous couplings in the Higgs sector. The dots
indicate operators in the effective Lagrangian (or terms in a physical amplitude). In general, they may be organized
both in powers of ⇠ = v2/f2 (vertical axis) and according to their order L in the loop expansion (horizontal axis).
The latter is equivalent to the chiral dimension 2L + 2.

deviations characterized by ⇠ are parametrically larger than the loop factor, ⇠ � 1/16⇡2, or equivalently
f ⌧ 4⇡v ⇡ 3 TeV. This would typically be the case for ⇠ = O(10%), within reach of the precision
achievable at the LHC. The experimental program to explore such a scenario will then be the search for
anomalous Higgs boson couplings with sizeable deviations from the SM values. Given the precision goal
of the LHC in Run 2 and 3, this search should be focussed on the leading-order couplings contained in
L2. Important targets are the hV V , htt̄, hbb̄, h⌧ ⌧̄ couplings, but also h3 from the Higgs potential or
h ! gg, h ! ��, h ! Z� local contributions. Longitudinal gauge-boson scattering, although chal-
lenging experimentally, might also yield important information [629, 800, 814]. The same is true for ��
scattering and other photon-related observables [815].

Besides the expected size of the deviations, one of the generic features of the chiral Lagrangian
is the decorrelation between Higgs boson couplings [682, 802], which arises already at leading order.
For instance, the quark mass and the Yukawa interaction at LO are controlled by different coefficients
(see (II.2.164) above). If an expansion at fixed order in ⇠ is performed on the Wilson coefficients of the
electroweak chiral Lagrangian, then correlations will appear. If ⇠ is sufficiently small, these correlations
will eventually be the same as in the SMEFT (see for instance [653,682] for a discussion). The distinction
between a linear and nonlinear framework therefore depends crucially on the size of ⇠.

As another example, the corrections to the oblique parameter a1 in (II.2.169), or to the triple gauge
boson vertex (parameterized by a2 and a3), or to longitudinal WW scattering (a4 and a5) all appear at
chiral dimension 4 in the nonlinear EFT, whereas in the linear realization corrections to the triple gauge
boson vertex appear at D = 6 while anomalous contribution to the quartic gauge boson vertex appear
only at D = 8. In the linear case there is thus a strong hierarchy between those corrections. In the
nonlinear case a1, a2, a3 ⇠ ⇠/16⇡2 while a4, a5 ⇠ ⇠2/16⇡2, thus their hierarchy depends on the size of
⇠ and would disappear for ⇠ = O(1).

II.2.4.e Sample applications

The following examples illustrate how Higgs-related processes are affected by new physics as described
by the electroweak chiral Lagrangian.

Focusing on single Higgs couplings and processes accesible at the LHC, leads to the “-formalism”:
(with custodial symmetry)

L = 2V
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Unlike the “linear SM EFT”, the non-linear EFT
can consistently accommodate order one 
deviations from the SM:

⇠ ⌘ v2/f2

new scale in the “EWSB sector”

⇤ = 4⇡fBreakdown at
Two expansion parameters:

⇠
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=

f2

⇤2and

Linear EFT: resum in loops

Non-linear EFT: resum in ⇠



Microscopic Models



Dynamics underlying EWSB?

Two broad possibilities:

a) Weakly coupled SUSY (See M. Carena’s talk)

b) Strongly coupled Composite Higgs Models



The Higgs as a pNGB

New strong sector:
resonances +
Higgs bound state

SM gauge bosons,
quarks & leptons

Elementary sector: SM gauge interactions

Mixing

BSM: Standard Model  +  Strongly coupled sector

G
Sufficiently large  
global symmetry

SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇢ G )(
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The Higgs as a pNGB

New strong sector:
resonances +
Higgs bound state

SM gauge bosons,
quarks & leptons

Elementary sector: SM gauge interactions

Mixing

BSM: Standard Model  +  Strongly coupled sector

G
Sufficiently large  
global symmetry

SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇢ G )(

• Higgs lighter than other resonances if it is a pNGB of the G/H breaking
Georgi & Kaplan ’84

Agashe et. al ’03

• Observed fermions (and gauge bosons) are admixtures of elementary and composite

Kaplan ’91states. Observed flavor structure translates into a structure of mixing angles

G ! H⇤
Dynamically generated

scale

Set of resonances

...

Mass gap: Higgs as a pNGB



The Higgs as a pNGB

• In the absence of mixing with the elementary sector, the NGB Higgs has no potential 

• The potential is generated at loop level as a result of the SM gauge and Yukawa int’s.
(explicit breaking of G)

V = � ↵

2
s2h +

�

4
s4h +O(s6h)

vSM = sh f

0.0 0.1 0.2 0.3 0.4
Ε " sin!v " f#

V
!Ε#

• Gauge interactions:  
   prefer ``vacuum alignment” (no EWSB)

• Yukawa interactions (dominated by top):  
   can induce EWSB

sh = sin(h/f)

Expect deviations from SM ansatz



Effects of Strong Resonances
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Carena, da Rold, EP '14
(updated to Run II)

Model dependence

• Deviations from the SM depend on the 

G/H symmetry breaking pattern

• They also depend on the strong resonances
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• Interesting (partial) cancellations 

• Of course, the resonances can also be produced directly, with typical LHC bounds for

• Typical bounds: f > 500-800 GeV

top-like resonances around 700-800 GeV

Falkowski ’07, Low & Vicci ’10, Azatov & Galloway '10



Low-Energy Approach

• The pattern of deviations from the SM in pNGB scenarios can be effectively studied

in the context of a low-energy non-linear sigma-model

G H NG NGBs rep.[H] = rep.[SU(2)⇥ SU(2)]
SO(5) SO(4) 4 4 = (2,2)
SO(6) SO(5) 5 5 = (1,1) + (2,2)
SO(6) SO(4) ⇥ SO(2) 8 4+2 + 4̄�2 = 2⇥ (2,2)
SO(7) SO(6) 6 6 = 2⇥ (1,1) + (2,2)
SO(7) G2 7 7 = (1,3) + (2,2)
SO(7) SO(5) ⇥ SO(2) 10 100 = (3,1) + (1,3) + (2,2)
SO(7) [SO(3)]3 12 (2,2,3) = 3⇥ (2,2)
Sp(6) Sp(4) ⇥ SU(2) 8 (4,2) = 2⇥ (2,2), (2,2) + 2⇥ (2,1)
SU(5) SU(4) ⇥ U(1) 8 4�5 + 4̄+5 = 2⇥ (2,2)
SU(5) SO(5) 14 14 = (3,3) + (2,2) + (1,1)
SO(9) SO(8) 8 8 = (2,2)1 + (2,2)�1

Modified from Mrazek et. al 2011

Approach: assume the symmetry breaking pattern, then write down non-linear sigma-model

Doesn’t care about the UV completion



Origin of the Bound States?

Question: can such symmetry breaking patterns arise from microscopic theories? 
If so, what form might such UV theories take?

Many of the proposed groups are of the SO(N) type. But gauge theories involving fermions lead naturally 
to global SU(N) symmetries (Of course, the space of strongly coupled-theories remains largely unexplored)

Simple observation: unlike fermion bilinears, 4-fermion interactions can respect only an SO(N) symmetry, e.g.

Gersdorff, EP, Rosenfeld '15+
GS

2

�
S̄RFL + F̄LSR

�2 � G0
S

2

�
S̄RFL � F̄LSR

�2LF = iF̄L/@FL + iS̄R/@SR

GS = G0
S 2GS |S̄RF

i
L|2 SU(5)Two SO(5) structures: if is invariantthen

In addition: in a large N limit, one can show that the global symmetry is spontaneously broken, and that 
there is a massive scalar mode (provided Gs above a critical value)

y = 0

y = L

k is the spacetime curvature

UV brane
IR brane

H1

ξL

ξR

χ′

R

QL

+ + + · · ·

0-1

à la Nambu-Jona Lasinio

Allows the building of models where

• Higgs constituents are explicitly identified

• One identifies the interactions that hold the Higgs bound state together



Some signatures

• Deviations in the Higgs sector reflecting pNGB Higgs

• Fermionic (and other) resonances at the TeV scale

• A second “light” scalar: the global Higgs



The Global Higgs
Fichet, Gersdorff, EP, Rosenfeld '16

H = ei ~�·~⌧
✓

0
v + 1p

2
h

◆
In analogy to SM h + NGB decomposition: …

� = eiH
â·T â/f̂ (f̂ + �)ê5

Our UV model: predicted to have a mass around the fermionic resonances

Essentially model-independent couplings to SM 
gauge bosons and fermions

L � f�1
H � |DµH|2 � mt

f̂
� t̄ t

The global Higgs can be a narrow or broad resonance

(Excitation of the global-symmetry breaking vacuum)

Tree-level: Higgs boson, longitudinal gauge bosons, SM fermions and fermion resonances

Loop level: transverse gauge bosons (e.g. gluons/photons)

… consider a radial mode,    , of the global symmetry breaking vacuum�



The Global Higgs
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Figure 2. Branching fractions of the global Higgs in the MCHM
5,1,10, MCHM

5,15,10, MCHM
14,14,10,

MCHM
5.1 scenarios, assuming that decays into fermion resonances are forbidden. Both extreme

values � = {⇠2,�
max

} of the global Higgs quartic coupling are shown, and we fix f = 800 GeV and
M = m�. Blue lines correspond to WLWL (solid), ZLZL (dashed), hh (dotted) final states. The
green line is tt̄. The red line is gg and orange lines correspond to WTWT (solid), ZTZT (dashed),
�� (dotted), �ZT (dash-dotted).

heavier global Higgs (see Fig. 2). Such enhancement of the couplings to transverse gauge

bosons is potentially interesting for production of the global Higgs at the LHC and will be

explored in more detail in the accompanying Ref. [19].

The total width of the global Higgs is dominated by the decays into the SO(5)/SO(4)

Goldstone bosons and into pairs of top quarks. These contributions do not depend on the

– 21 –

Fichet, Gersdorff, EP, Rosenfeld '16

Fermion resonance channels closed
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} of the global Higgs quartic coupling are shown, and we fix f = 800 GeV and
M = m�. Blue lines correspond to WLWL (solid), ZLZL (dashed), hh (dotted) final states. The
green line is tt̄. The red line is gg and orange lines correspond to WTWT (solid), ZTZT (dashed),
�� (dotted), �ZT (dash-dotted).

heavier global Higgs (see Fig. 2). Such enhancement of the couplings to transverse gauge

bosons is potentially interesting for production of the global Higgs at the LHC and will be

explored in more detail in the accompanying Ref. [19].

The total width of the global Higgs is dominated by the decays into the SO(5)/SO(4)

Goldstone bosons and into pairs of top quarks. These contributions do not depend on the
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Summary

• Checking the Higgs properties fully is a high-priority program (e.g. distributions)

• Important to use theoretically consistent frameworks to encode the Higgs LHC 
   results: strong interplay between theorists and experimentalists

• “Model-independent” studies are important, but must remember that their  
   interpretation is model-dependent

• The study of specific models, while making specific assumptions, will be comple- 
   mentary to the EFT approach… even in the case of null results

• There is room for non-SM properties. In particular, the Higgs could be a composite 
   state, which could provide a deeper understanding of EWSB.



SM Higgs Branching Fractions
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Higgs Production XS at the LHC
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