
Christoph Englert

Higgs Coupling Measurements 
and UV completions

Holography, conformal field theories, 

and lattice

28.06.2016



2

 Does the EW scale result from 
confinement?
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☛ Higgs boson coupling measurements 

☛ LHC EFT fits of Higgs couplings 

☛ some words about UV implications

in this talk:

 Does the EW scale result from 
confinement?

inform model 
building and lattice 

investigations

LHC Phenomenology



Yang-Mills+Higgs is true

genuine Higgs properties:  
unitarity conservation and excitation of an isotropic and translationally 
invariant background field.
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☛ "spontaneous" symmetry breaking
[Higgs `64] [Brout, Englert `64] [Guralnik, Hagen, Kibble `64]

☛ CP even bias
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Status of LHC measurements

[CMS  HIG-14-009-PAS]

☛ everything is consistent with the SM Higgs hypothesis (so far) 
but what are the implications for new physics?
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coupling/scale 
separated BSM physics

Effective Field Theory concrete models
• (N)MSSM

• Higgs portals

• 2HDMs

• …

[Buchmüller, Wyler `87]  
[Hagiwara, Peccei, Zeppenfeld, Hikasa `87] 
[Giudice, Grojean, Pomarol, Rattazzi `07] 
[Grzadkowski, Iskrzynski, Misiak, Rosiek `10] 
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Fingerprinting the lack of new physics
no evidence for 

exoticsthe SM is flawed
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Fingerprinting the lack of new physics
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narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 39])
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(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 40])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [41]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [42], which we have
cross checked and introduced in [43]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [44] that inter-

faces FeynArts, FormCalc, and LoopTools [45, 46]
using a model file output by FeynRules [47–49] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

[Giudice, Grojean, Pomarol, Rattazzi `07]
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H†Hū(i)

L Hcu(i)
R + h.c.

⌘
+
⇣ c̄d,iyd,i

v2
H†Hd̄(i)L Hd(i)R + h.c.

⌘

+
ic̄W g

2m2
W

⇣
H†�i !DµH

⌘
(D⌫Wµ⌫)

i +
ic̄Bg0

2m2
W

⇣
H† !DµH

⌘
(@⌫Bµ⌫)

+
ic̄HW g

m2
W

(DµH)†�i(D⌫H)W i
µ⌫ +

ic̄HBg0

m2
W

(DµH)†(D⌫H)Bµ⌫

+
c̄�g0

2

m2
W

H†HBµ⌫B
µ⌫ +

c̄gg2S
m2

W

H†HGa
µ⌫G

aµ⌫ .

(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 40])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [41]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [42], which we have
cross checked and introduced in [43]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [44] that inter-

faces FeynArts, FormCalc, and LoopTools [45, 46]
using a model file output by FeynRules [47–49] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
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p ŝ)

]

0

-5

-10

-15

-20

-25

p T
,H

[T
eV

]

1

0.8

0.6

0.4

0.2

p
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(b) Correlation of Higgs transverse momentum and partonic
centre-of-mass energy (at tree-level) for a typical 2 ! 2 process

(here pp ! HZ in the SM).

FIG. 1: Comparison of pp ! HZ and pp ! H + j for large partonic centre-of-mass energy
p
ŝ and a particular value of c̄g,

rescaled to obtain a SM-signal strength in gluon fusion.

We consider the production modes pp ! H, pp !
H +j, pp ! tt̄H, pp ! WH, pp ! ZH and pp ! H +2j
(via gluon fusion and weak boson fusion) in a fully dif-
ferential fashion by including the di↵erential Higgs trans-
verse momentum distributions to setting constraints. As
we demonstrate, including energy-dependent di↵erential
information whenever possible, is key to setting most
stringent constraints on the dimension six extension by
including the information of the distributions’ shapes
beyond the total cross section, especially when prob-
ing blind directions in the signal strength, as shown in
Fig. 1(a). Note that for the underlying 2 ! 2 and
2 ! 3 processes in the regions of detector acceptance,
the Higgs transverse momentum is highly correlated with
the relevant energy scales that probe the new interac-
tions, Fig. 1(b). Again, expanding the cross sections to
the correct order in the Wilson coe�cients as done in this
work is not a mere technical twist, but essential to obtain
a theoretically consistent description of the high-pT cross
sections and a meaningful exclusion as a consequence.

The operator (H†H)3 and o↵-shell Higgs production
in the EFT framework [50, 57, 58] deserve additional
comments. Dihiggs production is the only process which
provides direct sensitivity to c6 [59] and factorises from
the global fit, at least at leading order. Hence, the c̄6
can be separated from the other directions to good ap-
proximation. While Higgs pair production process can
serve to lift yt-degeneracies in the dimension six exten-
sion [60, 61], the sensitivity to c̄6 is typically small when
we marginalise over c̄u3. The latter can be constrained
either in pp ! t̄tH, pp ! ZZ in the Higgs o↵-shell
regime [50, 57, 58] or pp ! H + j [62–64], however only
the former of these processes provides direct sensitivity to
c̄u3 without significant limitations due to marginalisation
over the other operator directions.

While the expected sensitivity to pp ! HH(+jets) still
remains experimentally vague at this stage in the LHC
programme [65, 66], the potential to observe pp ! t̄tH is
consensus. We therefore do not include pp ! HH to our

production process included sensitivity

pp ! H

c̄g, c̄u3, c̄H
pp ! H + j
pp ! H + 2j (gluon fusion)
pp ! tt̄H
pp ! V H

c̄W , c̄B , c̄HW , c̄HB , c̄� , c̄Hpp ! H + 2j (weak boson fusion)

TABLE I: Tree-level sensitivity of the various production
mechanisms.

projections and also omit o↵-shell Higgs boson produc-
tion, since experimental e�ciencies during the LHC high
luminosity phase will significantly impact the sensitivity
in this channels. We leave a more dedicated discussion
of these channels to future work [67].

Due to the small Yukawa couplings of first and second
generation quarks and leptons, we limit ourselves to mod-
ified top-Higgs and bottom-Higgs couplings throughout
and neglect modifications of the lepton-Higgs system too.
An overview of the tree-level sensitivity of the production
channels considered in this work is given in Tab. I.

III. ANALYSIS

Throughout our analysis we normalise our results to
the recommendation of the Higgs cross section work-
ing group [68–70]. Predicted rates are using the narrow
width approximation of Eq. (2). We construct pseudo-
measurements to asses the sensitivity of the LHC with
a centre-of-mass energy of 14 TeV to the set of opera-
tors considered in this work. The theoretically predicted
number of events for a specific final state Nth is obtained
by multiplying by additional branching ratios if necessary

[Contino et al `13]

branching ratios
total width
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ŝ [TeV]

d
�
/d

p ŝ
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rescaled to obtain a SM-signal strength in gluon fusion.

We consider the production modes pp ! H, pp !
H +j, pp ! tt̄H, pp ! WH, pp ! ZH and pp ! H +2j
(via gluon fusion and weak boson fusion) in a fully dif-
ferential fashion by including the di↵erential Higgs trans-
verse momentum distributions to setting constraints. As
we demonstrate, including energy-dependent di↵erential
information whenever possible, is key to setting most
stringent constraints on the dimension six extension by
including the information of the distributions’ shapes
beyond the total cross section, especially when prob-
ing blind directions in the signal strength, as shown in
Fig. 1(a). Note that for the underlying 2 ! 2 and
2 ! 3 processes in the regions of detector acceptance,
the Higgs transverse momentum is highly correlated with
the relevant energy scales that probe the new interac-
tions, Fig. 1(b). Again, expanding the cross sections to
the correct order in the Wilson coe�cients as done in this
work is not a mere technical twist, but essential to obtain
a theoretically consistent description of the high-pT cross
sections and a meaningful exclusion as a consequence.

The operator (H†H)3 and o↵-shell Higgs production
in the EFT framework [50, 57, 58] deserve additional
comments. Dihiggs production is the only process which
provides direct sensitivity to c6 [59] and factorises from
the global fit, at least at leading order. Hence, the c̄6
can be separated from the other directions to good ap-
proximation. While Higgs pair production process can
serve to lift yt-degeneracies in the dimension six exten-
sion [60, 61], the sensitivity to c̄6 is typically small when
we marginalise over c̄u3. The latter can be constrained
either in pp ! t̄tH, pp ! ZZ in the Higgs o↵-shell
regime [50, 57, 58] or pp ! H + j [62–64], however only
the former of these processes provides direct sensitivity to
c̄u3 without significant limitations due to marginalisation
over the other operator directions.

While the expected sensitivity to pp ! HH(+jets) still
remains experimentally vague at this stage in the LHC
programme [65, 66], the potential to observe pp ! t̄tH is
consensus. We therefore do not include pp ! HH to our

production process included sensitivity
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pp ! H + j
pp ! H + 2j (gluon fusion)
pp ! tt̄H
pp ! V H

c̄W , c̄B , c̄HW , c̄HB , c̄� , c̄Hpp ! H + 2j (weak boson fusion)

TABLE I: Tree-level sensitivity of the various production
mechanisms.

projections and also omit o↵-shell Higgs boson produc-
tion, since experimental e�ciencies during the LHC high
luminosity phase will significantly impact the sensitivity
in this channels. We leave a more dedicated discussion
of these channels to future work [67].

Due to the small Yukawa couplings of first and second
generation quarks and leptons, we limit ourselves to mod-
ified top-Higgs and bottom-Higgs couplings throughout
and neglect modifications of the lepton-Higgs system too.
An overview of the tree-level sensitivity of the production
channels considered in this work is given in Tab. I.

III. ANALYSIS

Throughout our analysis we normalise our results to
the recommendation of the Higgs cross section work-
ing group [68–70]. Predicted rates are using the narrow
width approximation of Eq. (2). We construct pseudo-
measurements to asses the sensitivity of the LHC with
a centre-of-mass energy of 14 TeV to the set of opera-
tors considered in this work. The theoretically predicted
number of events for a specific final state Nth is obtained
by multiplying by additional branching ratios if necessary

[Contino et al `13]
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Due to the absence of tantalising hints for new physics during the LHC’s run 1, the extension
of the Higgs sector by dimension six operators will provide the new phenomenological standard for
searches of non-resonant extensions of the Standard Model. Using all dominant and subdominant
Higgs production mechanisms at the LHC, we compute the constraints on Higgs physics-relevant
dimension six operators in a global and correlated fit. We show in how far these constraints can be
improved by new Higgs channels becoming accessible at higher energy and luminosity, both through
inclusive cross sections as well as through highly sensitive di↵erential distributions. This allows
us to discuss the sensitivity to new e↵ects in the Higgs sector that can be reached at the LHC
if direct hints for physics beyond the SM remain elusive and the impact of these constraints on
well-motivated BSM scenarios.

I. INTRODUCTION

Since the Higgs boson’s discovery in 2012 [1, 2], ATLAS
and CMS have quickly established a picture of consis-
tency with the Standard Model (SM) expectation of the
Higgs sector [3, 4]. By now, a multitude of constraints
have been formulated across many dominant and sub-
dominant Higgs production modes [5]. All these mea-
surements, as well as the absence of a direct hint for
new physics from exotics searches, seem to suggest that
the scale of new physics is well separated from the elec-
troweak scale. This motivates⇤ the extension of the Higgs
sector by dimension six operators [7–11]

LHiggs = LSM
Higgs +

X

i

ci
⇤2

Oi (1)

to capture new interactions beyond the Standard Model
(BSM) in a model-independent way - within the generic
limitations of e↵ective field theories. Constraints on these
operators from a series of run 1 measurements have been
provided [12–24].

A question that arises at this stage in the LHC pro-
gramme is the ultimate extent to which we will be able to
probe the presence of such interactions. Or asked di↵er-
ently: what are realistic estimates of Wilson coe�cient
constraints that we can expect after run 2 or the high lu-
minosity phase if direct hints for new physics will remain
elusive? With a multitude of additional Higgs search
channels as well as di↵erential measurements becoming
available, the complexity of a fit of the relevant dimension
six operators becomes immense.

It is the purpose of this work to provide these esti-
mates. Using the Gfitter [25–28] and Professor [29]

⇤Note, however, that current Higgs measurements still allow for
models with light degrees of freedom, see e.g. [6].

frameworks, we construct predictions of fully-di↵erential
cross sections, evaluated to the correct leading order ex-
pansion in the dimension six extension d� = d�SM +
d�{Oi}/⇤2. We derive constraints on the Wilson coe�-
cients in a fit of the dimension six operators relevant for
the Higgs sector, inputting a multitude of present as well
as projections of future LHC Higgs measurements.

This paper is outlined as follows. In Sec. II we intro-
duce our approach in more detail. In particular, we dis-
cuss the involved Higgs production and decay processes
and review our interpolation methods in the dimension
six operator space, as well as introduce the key elements
of our fit procedure.
In Sec. III we present our results. Firstly, in Sec. IIIA,

we compare our results to existing and related work of
run 1 data, and set the stage for the extrapolation to
14 TeV LHC centre-of-mass energy in Sec. III B, where
we give estimates of the sensitivity that can be expected
at the LHC for the operators that we consider in this
work. We give a discussion of our results and conclude
in Sec. V.
Throughout this work we will use the so-called

strongly-interacting light Higgs basis [9] adopting the
“bar notation” (this choice is not unique and can be re-
lated to other bases [30]), and constrain deviations from
the SM with leading order electroweak precision. A series
of publications have extended the dimension six frame-
work to next-to-leading order [31–38]. Including these
e↵ects is beyond the scope of this work.

II. FRAMEWORK AND ASSUMPTIONS

We perform a global fit within a well defined Higgs
boson EFT framework assuming SM gauge and global
symmetries and a SM field content. We focus on the
phenomenology of the Higgs boson that can be cast into
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narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 39])
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(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 40])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [41]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [42], which we have
cross checked and introduced in [43]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [44] that inter-

faces FeynArts, FormCalc, and LoopTools [45, 46]
using a model file output by FeynRules [47–49] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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I. INTRODUCTION

Since the Higgs boson’s discovery in 2012 [1, 2], ATLAS
and CMS have quickly established a picture of consis-
tency with the Standard Model (SM) expectation of the
Higgs sector [3, 4]. By now, a multitude of constraints
have been formulated across many dominant and sub-
dominant Higgs production modes [5]. All these mea-
surements, as well as the absence of a direct hint for
new physics from exotics searches, seem to suggest that
the scale of new physics is well separated from the elec-
troweak scale. This motivates⇤ the extension of the Higgs
sector by dimension six operators [7–11]

LHiggs = LSM
Higgs +

X
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⇤2

Oi (1)

to capture new interactions beyond the Standard Model
(BSM) in a model-independent way - within the generic
limitations of e↵ective field theories. Constraints on these
operators from a series of run 1 measurements have been
provided [12–24].

A question that arises at this stage in the LHC pro-
gramme is the ultimate extent to which we will be able to
probe the presence of such interactions. Or asked di↵er-
ently: what are realistic estimates of Wilson coe�cient
constraints that we can expect after run 2 or the high lu-
minosity phase if direct hints for new physics will remain
elusive? With a multitude of additional Higgs search
channels as well as di↵erential measurements becoming
available, the complexity of a fit of the relevant dimension
six operators becomes immense.

It is the purpose of this work to provide these esti-
mates. Using the Gfitter [25–28] and Professor [29]

⇤Note, however, that current Higgs measurements still allow for
models with light degrees of freedom, see e.g. [6].

frameworks, we construct predictions of fully-di↵erential
cross sections, evaluated to the correct leading order ex-
pansion in the dimension six extension d� = d�SM +
d�{Oi}/⇤2. We derive constraints on the Wilson coe�-
cients in a fit of the dimension six operators relevant for
the Higgs sector, inputting a multitude of present as well
as projections of future LHC Higgs measurements.

This paper is outlined as follows. In Sec. II we intro-
duce our approach in more detail. In particular, we dis-
cuss the involved Higgs production and decay processes
and review our interpolation methods in the dimension
six operator space, as well as introduce the key elements
of our fit procedure.
In Sec. III we present our results. Firstly, in Sec. IIIA,

we compare our results to existing and related work of
run 1 data, and set the stage for the extrapolation to
14 TeV LHC centre-of-mass energy in Sec. III B, where
we give estimates of the sensitivity that can be expected
at the LHC for the operators that we consider in this
work. We give a discussion of our results and conclude
in Sec. V.
Throughout this work we will use the so-called

strongly-interacting light Higgs basis [9] adopting the
“bar notation” (this choice is not unique and can be re-
lated to other bases [30]), and constrain deviations from
the SM with leading order electroweak precision. A series
of publications have extended the dimension six frame-
work to next-to-leading order [31–38]. Including these
e↵ects is beyond the scope of this work.

II. FRAMEWORK AND ASSUMPTIONS

We perform a global fit within a well defined Higgs
boson EFT framework assuming SM gauge and global
symmetries and a SM field content. We focus on the
phenomenology of the Higgs boson that can be cast into
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Figure 1: Simulation of the mV H distribution in (V ! 2`) + (H ! b̄b) events at the
Tevatron after implementing D0 cuts, obtained using MadGraph v2.1.0 interfaced with
Pythia and Delphes v3, combined with the dimension-6 model implementation developed
in [25]. The solid distribution is the SM expectation, while the red-dotted and blue-dashed
lines correspond to the distributions with c̄W =0.1 and 0.035, respectively.

to c̄W via the di↵erential information available in the invariant mass distribution, particu-
larly in the higher-mass bins where the signal-to-background ratio increases most rapidly.
The invariant mass distribution found in our simulation is plotted for the 2-lepton case
in Fig. 1 for various values of c̄W . As expected, the e↵ect of the dimension-6 operator is
to generate a larger tail at high invariant masses than in the SM.

We include the information from signal strength and di↵erential distribution by con-
structing a �2 function with a contribution from each mV H bin. We treat the errors
provided as Gaussian, neglecting any correlations between bins as this information is not
available. Since the sensitivity of the distribution analysis is largely driven by the last
bin, the sensitivity of the limit to correlations is minimal. The resulting improved bounds
are

c̄W 2 [�0.11, 0.06] . (3.1)

The �2 distribution from this constraint is shown as the dashed-red line in the left panel
of Fig. 2.

This limit, using di↵erential information, is better than the more inclusive observable
µHV by 15-20 %. A better understanding of the tail in the kinematic distribution could
improve considerably this limit. However, the Tevatron analysis is limited by statistics,
whereas the LHC experiments benefit from increased energy, which expands the available
phase space and hence enhances the e↵ect of anomalous couplings, with the prospect also
of future improvements in statistical significance. The study of constraints from Run 1
of the LHC at 8 TeV is the subject of the next section.
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I. INTRODUCTION

Since the Higgs boson’s discovery in 2012 [1, 2], ATLAS
and CMS have quickly established a picture of consis-
tency with the Standard Model (SM) expectation of the
Higgs sector [3, 4]. By now, a multitude of constraints
have been formulated across many dominant and sub-
dominant Higgs production modes [5]. All these mea-
surements, as well as the absence of a direct hint for
new physics from exotics searches, seem to suggest that
the scale of new physics is well separated from the elec-
troweak scale. This motivates⇤ the extension of the Higgs
sector by dimension six operators [7–11]

LHiggs = LSM
Higgs +

X
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Oi (1)

to capture new interactions beyond the Standard Model
(BSM) in a model-independent way - within the generic
limitations of e↵ective field theories. Constraints on these
operators from a series of run 1 measurements have been
provided [12–24].

A question that arises at this stage in the LHC pro-
gramme is the ultimate extent to which we will be able to
probe the presence of such interactions. Or asked di↵er-
ently: what are realistic estimates of Wilson coe�cient
constraints that we can expect after run 2 or the high lu-
minosity phase if direct hints for new physics will remain
elusive? With a multitude of additional Higgs search
channels as well as di↵erential measurements becoming
available, the complexity of a fit of the relevant dimension
six operators becomes immense.

It is the purpose of this work to provide these esti-
mates. Using the Gfitter [25–28] and Professor [29]

⇤Note, however, that current Higgs measurements still allow for
models with light degrees of freedom, see e.g. [6].

frameworks, we construct predictions of fully-di↵erential
cross sections, evaluated to the correct leading order ex-
pansion in the dimension six extension d� = d�SM +
d�{Oi}/⇤2. We derive constraints on the Wilson coe�-
cients in a fit of the dimension six operators relevant for
the Higgs sector, inputting a multitude of present as well
as projections of future LHC Higgs measurements.

This paper is outlined as follows. In Sec. II we intro-
duce our approach in more detail. In particular, we dis-
cuss the involved Higgs production and decay processes
and review our interpolation methods in the dimension
six operator space, as well as introduce the key elements
of our fit procedure.
In Sec. III we present our results. Firstly, in Sec. IIIA,

we compare our results to existing and related work of
run 1 data, and set the stage for the extrapolation to
14 TeV LHC centre-of-mass energy in Sec. III B, where
we give estimates of the sensitivity that can be expected
at the LHC for the operators that we consider in this
work. We give a discussion of our results and conclude
in Sec. V.
Throughout this work we will use the so-called

strongly-interacting light Higgs basis [9] adopting the
“bar notation” (this choice is not unique and can be re-
lated to other bases [30]), and constrain deviations from
the SM with leading order electroweak precision. A series
of publications have extended the dimension six frame-
work to next-to-leading order [31–38]. Including these
e↵ects is beyond the scope of this work.

II. FRAMEWORK AND ASSUMPTIONS

We perform a global fit within a well defined Higgs
boson EFT framework assuming SM gauge and global
symmetries and a SM field content. We focus on the
phenomenology of the Higgs boson that can be cast into
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narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 39])
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(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 40])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [41]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [42], which we have
cross checked and introduced in [43]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [44] that inter-

faces FeynArts, FormCalc, and LoopTools [45, 46]
using a model file output by FeynRules [47–49] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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Since the Higgs boson’s discovery in 2012 [1, 2], ATLAS
and CMS have quickly established a picture of consis-
tency with the Standard Model (SM) expectation of the
Higgs sector [3, 4]. By now, a multitude of constraints
have been formulated across many dominant and sub-
dominant Higgs production modes [5]. All these mea-
surements, as well as the absence of a direct hint for
new physics from exotics searches, seem to suggest that
the scale of new physics is well separated from the elec-
troweak scale. This motivates⇤ the extension of the Higgs
sector by dimension six operators [7–11]

LHiggs = LSM
Higgs +
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to capture new interactions beyond the Standard Model
(BSM) in a model-independent way - within the generic
limitations of e↵ective field theories. Constraints on these
operators from a series of run 1 measurements have been
provided [12–24].

A question that arises at this stage in the LHC pro-
gramme is the ultimate extent to which we will be able to
probe the presence of such interactions. Or asked di↵er-
ently: what are realistic estimates of Wilson coe�cient
constraints that we can expect after run 2 or the high lu-
minosity phase if direct hints for new physics will remain
elusive? With a multitude of additional Higgs search
channels as well as di↵erential measurements becoming
available, the complexity of a fit of the relevant dimension
six operators becomes immense.

It is the purpose of this work to provide these esti-
mates. Using the Gfitter [25–28] and Professor [29]

⇤Note, however, that current Higgs measurements still allow for
models with light degrees of freedom, see e.g. [6].

frameworks, we construct predictions of fully-di↵erential
cross sections, evaluated to the correct leading order ex-
pansion in the dimension six extension d� = d�SM +
d�{Oi}/⇤2. We derive constraints on the Wilson coe�-
cients in a fit of the dimension six operators relevant for
the Higgs sector, inputting a multitude of present as well
as projections of future LHC Higgs measurements.

This paper is outlined as follows. In Sec. II we intro-
duce our approach in more detail. In particular, we dis-
cuss the involved Higgs production and decay processes
and review our interpolation methods in the dimension
six operator space, as well as introduce the key elements
of our fit procedure.
In Sec. III we present our results. Firstly, in Sec. IIIA,

we compare our results to existing and related work of
run 1 data, and set the stage for the extrapolation to
14 TeV LHC centre-of-mass energy in Sec. III B, where
we give estimates of the sensitivity that can be expected
at the LHC for the operators that we consider in this
work. We give a discussion of our results and conclude
in Sec. V.
Throughout this work we will use the so-called

strongly-interacting light Higgs basis [9] adopting the
“bar notation” (this choice is not unique and can be re-
lated to other bases [30]), and constrain deviations from
the SM with leading order electroweak precision. A series
of publications have extended the dimension six frame-
work to next-to-leading order [31–38]. Including these
e↵ects is beyond the scope of this work.

II. FRAMEWORK AND ASSUMPTIONS

We perform a global fit within a well defined Higgs
boson EFT framework assuming SM gauge and global
symmetries and a SM field content. We focus on the
phenomenology of the Higgs boson that can be cast into
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Search channel energy
p
s µ SM signal composition [in %]

ggH VBF WH ZH tt̄H

ATLAS pp ! H ! �� (central high pT ) [82] 8 TeV 1.62+1.00
�0.83 7.1 25.4 20.1 21.0 26.4

ATLAS pp ! H ! �� (central low pT ) [82] 8 TeV 0.62+0.42
�0.40 31.8 22.2 18.5 19.9 7.7

ATLAS pp ! H ! �� (forward high pT ) [82] 8 TeV 1.73+1.34
�1.18 7.1 26.2 23.1 23.6 20.1

ATLAS pp ! H ! �� (forward low pT ) [82] 8 TeV 2.03+0.57
�0.53 29.0 20.9 21.2 21.9 7.1

ATLAS pp ! H ! �� (tt̄H hadronic) [82] 8 TeV �0.84+3.23
�1.25 0.1 0.1 0.2 0.4 99.1

ATLAS pp ! H ! �� (tt̄H leptonic) [82] 8 TeV 2.42+3.21
�2.07 0.0 0.0 2.9 1.4 95.6

ATLAS pp ! H ! �� (VBF loose) [82] 8 TeV 1.33+0.92
�0.77 3.7 90.5 1.9 1.7 2.2

ATLAS pp ! H ! �� (VBF tight) [82] 8 TeV 0.68+0.67
�0.51 1.4 96.3 0.3 0.4 1.7

ATLAS pp ! H ! �� (V H dijet) [82] 8 TeV 0.23+1.67
�1.39 1.9 2.2 46.0 49.3 0.5

ATLAS pp ! H ! �� (V H Emiss
T ) [82] 8 TeV 3.51+3.30

�2.42 0.2 1.1 22.0 47.6 29.2

ATLAS pp ! H ! �� (V H 1`) [82] 8 TeV 0.41+1.43
�1.06 0.0 0.1 80.4 8.9 10.6

ATLAS pp ! H ! ⌧⌧ (boosted, ⌧had⌧had) [90] 7/8 TeV 3.60+2.00
�1.60 6.9 21.1 38.1 33.9 0.0

ATLAS pp ! H ! ⌧⌧ (VBF, ⌧had⌧had) [90] 7/8 TeV 1.40+0.90
�0.70 2.6 97.4 0.0 0.0 0.0

ATLAS pp ! H ! ⌧⌧ (boosted, ⌧lep⌧had) [90] 7/8 TeV 0.90+1.00
�0.90 8.5 24.6 35.6 31.4 0.0

ATLAS pp ! H ! ⌧⌧ (VBF, ⌧lep⌧had) [90] 7/8 TeV 1.00+0.60
�0.50 1.3 98.7 0.0 0.0 0.0

ATLAS pp ! H ! ⌧⌧ (boosted, ⌧lep⌧lep) [90] 7/8 TeV 3.00+1.90
�1.70 9.8 47.1 26.5 16.7 0.0

ATLAS pp ! H ! ⌧⌧ (VBF, ⌧lep⌧lep) [90] 7/8 TeV 1.80+1.10
�0.90 1.1 98.9 0.0 0.0 0.0

ATLAS pp ! H ! WW ! `⌫`⌫ (ggH enhanced) [86, 87] 7/8 TeV 1.01+0.27
�0.25 55.6 11.1 11.1 11.1 11.1

ATLAS pp ! H ! WW ! `⌫`⌫ (VBF enhanced) [86, 87] 7/8 TeV 1.27+0.53
�0.45 2.0 98.0 0.0 0.0 0.0

ATLAS pp ! H ! ZZ ! 4` (ggH-like) [84] 7/8 TeV 1.66+0.51
�0.44 22.7 18.2 18.2 18.2 22.7

ATLAS pp ! H ! ZZ ! 4` (VBF/V H-like) [84] 7/8 TeV 0.26+1.64
�0.94 2.2 32.6 32.6 32.6 0.0

ATLAS pp ! tt̄H ! leptons (1`2⌧had) [97] 8 TeV �9.60+9.60
�9.70 0.0 0.0 0.0 0.0 100.0

ATLAS pp ! tt̄H ! leptons (2`0⌧had) [97] 8 TeV 2.80+2.10
�1.90 0.0 0.0 0.0 0.0 100.0

ATLAS pp ! tt̄H ! leptons (2`1⌧had) [97] 8 TeV �0.90+3.10
�2.00 0.0 0.0 0.0 0.0 100.0

ATLAS pp ! tt̄H ! leptons (3`) [97] 8 TeV 2.80+2.20
�1.80 0.0 0.0 0.0 0.0 100.0

ATLAS pp ! tt̄H ! leptons (4`) [97] 8 TeV 1.80+6.90
�6.90 0.0 0.0 0.0 0.0 100.0

ATLAS pp ! tt̄H ! tt̄bb̄ [95] 8 TeV 1.50+1.10
�1.10 0.0 0.0 0.0 0.0 100.0

ATLAS pp ! V H ! V bb̄ (0`) [92] 7/8 TeV �0.35+0.55
�0.52 0.0 0.0 13.2 86.8 0.0

ATLAS pp ! V H ! V bb̄ (1`) [92] 7/8 TeV 1.17+0.66
�0.60 0.0 0.0 94.4 5.6 0.0

ATLAS pp ! V H ! V bb̄ (2`) [92] 7/8 TeV 0.94+0.88
�0.79 0.0 0.0 0.0 100.0 0.0

ATLAS pp ! V H ! VWW (2`) [87] 7/8 TeV 3.70+1.90
�1.80 0.0 0.0 74.3 25.7 0.0

ATLAS pp ! V H ! VWW (3`) [87] 7/8 TeV 0.72+1.30
�1.10 0.0 0.0 78.8 21.2 0.0

ATLAS pp ! V H ! VWW (4`) [87] 7/8 TeV 4.90+4.60
�3.10 0.0 0.0 0.0 100.0 0.0

TABLE VII: Signal strengths measurements µ from the ATLAS collaboration used in the Run 1 analysis. In the last five
columns the signal compositions are given in terms of e�ciencies for production channels assuming a SM Higgs boson.
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Search channel energy
p
s µ SM signal composition [in %]

ggH VBF WH ZH tt̄H

CMS pp ! H ! �� (tt̄H multijet) [83] 8 TeV 1.24+4.23
�2.70 0.0 0.1 0.1 0.2 99.5

CMS pp ! H ! �� (tt̄H lepton) [83] 8 TeV 3.52+3.89
�2.45 0.0 0.0 0.3 0.5 99.2

CMS pp ! H ! �� (tt̄H tags) [83] 7 TeV 0.71+6.20
�3.56 0.0 0.1 0.4 0.4 99.2

CMS pp ! H ! �� (untagged 0) [83] 7 TeV 1.97+1.51
�1.25 12.1 18.7 23.8 24.0 21.3

CMS pp ! H ! �� (untagged 0) [83] 8 TeV 0.13+1.09
�0.74 6.7 16.7 20.5 18.4 37.7

CMS pp ! H ! �� (untagged 1) [83] 7 TeV 1.23+0.98
�0.88 30.6 17.4 20.9 19.5 11.7

CMS pp ! H ! �� (untagged 1) [83] 8 TeV 0.92+0.57
�0.49 13.7 20.3 21.7 22.4 21.8

CMS pp ! H ! �� (untagged 2) [83] 7 TeV 1.60+1.25
�1.17 30.3 16.8 20.6 20.8 11.5

CMS pp ! H ! �� (untagged 2) [83] 8 TeV 1.10+0.48
�0.44 22.9 18.8 21.1 20.3 16.9

CMS pp ! H ! �� (untagged 3) [83] 7 TeV 2.61+1.74
�1.65 30.9 16.7 21.0 19.7 11.7

CMS pp ! H ! �� (untagged 3) [83] 8 TeV 0.65+0.65
�0.89 23.4 17.9 20.6 20.7 17.3

CMS pp ! H ! �� (untagged 4) [83] 8 TeV 1.46+1.29
�1.24 28.5 17.6 20.6 19.5 13.8

CMS pp ! H ! �� (VBF dijet 0) [83] 7 TeV 4.85+2.17
�1.76 1.8 94.9 0.7 0.9 1.7

CMS pp ! H ! �� (VBF dijet 0) [83] 8 TeV 0.82+0.75
�0.58 1.3 96.1 0.5 0.4 1.7

CMS pp ! H ! �� (VBF dijet 1) [83] 7 TeV 2.60+2.16
�1.76 4.2 81.2 3.4 3.5 7.7

CMS pp ! H ! �� (VBF dijet 1) [83] 8 TeV �0.21+0.75
�0.69 2.3 91.4 1.6 0.9 3.7

CMS pp ! H ! �� (VBF dijet 2) [83] 8 TeV 2.60+1.33
�0.99 3.8 72.8 4.0 4.0 15.4

CMS pp ! H ! �� (V H dijet) [83] 7 TeV 7.86+8.86
�6.40 1.0 1.3 42.8 41.1 13.8

CMS pp ! H ! �� (V H dijet) [83] 8 TeV 0.39+2.16
�1.48 0.9 1.5 40.3 40.1 17.3

CMS pp ! H ! �� (V H Emiss
T ) [83] 7 TeV 4.32+6.72

�4.15 0.1 0.3 23.8 44.2 31.6

CMS pp ! H ! �� (V H Emiss
T ) [83] 8 TeV 0.08+1.86

�1.28 0.3 0.7 20.1 35.6 43.3

CMS pp ! H ! �� (V H loose) [83] 7 TeV 3.10+8.29
�5.34 0.1 0.5 70.2 23.3 5.9

CMS pp ! H ! �� (V H loose) [83] 8 TeV 1.24+3.69
�2.62 0.1 0.4 66.3 24.7 8.5

CMS pp ! H ! �� (V H tight) [83] 8 TeV �0.34+1.30
�0.63 0.0 0.1 57.2 24.4 18.4

CMS pp ! H ! µµ [94] 7/8 TeV 2.90+2.80
�2.70 20.0 20.0 20.0 20.0 20.0

CMS pp ! H ! ⌧⌧ (0 jet) [91] 7/8 TeV 0.40+0.73
�1.13 70.2 8.8 10.5 10.5 0.0

CMS pp ! H ! ⌧⌧ (1 jet) [91] 7/8 TeV 1.06+0.47
�0.47 12.8 31.0 28.1 28.1 0.0

CMS pp ! H ! WW ! 2`2⌫ (0/1 jet) [88] 7/8 TeV 0.74+0.22
�0.20 19.0 31.3 24.9 24.9 0.0

CMS pp ! H ! WW ! 2`2⌫ (VBF) [88] 7/8 TeV 0.60+0.57
�0.46 2.0 98.0 0.0 0.0 0.0

CMS pp ! H ! ZZ ! 4` (0/1 jet) [85, 131] 7/8 TeV 0.88+0.34
�0.27 41.7 58.3 0.0 0.0 0.0

CMS pp ! H ! ZZ ! 4` (2 jet) [85, 131] 7/8 TeV 1.55+0.95
�0.66 16.7 83.3 0.0 0.0 0.0

CMS pp ! tt̄H ! 2` (same sign) [96] 8 TeV 5.30+2.10
�1.80 0.0 0.0 0.0 0.0 100.0

CMS pp ! tt̄H ! 3` [96] 8 TeV 3.10+2.40
�2.00 0.0 0.0 0.0 0.0 100.0

CMS pp ! tt̄H ! 4` [96] 8 TeV �4.70+5.00
�1.30 0.0 0.0 0.0 0.0 100.0

CMS pp ! tt̄H ! tt̄bb̄ [96] 7/8 TeV 0.70+1.90
�1.90 0.0 0.0 0.0 0.0 100.0

CMS pp ! tt̄H ! tt̄�� [96] 8 TeV 2.70+2.60
�1.80 0.0 0.0 0.0 0.0 100.0

CMS pp ! tt̄H ! tt̄⌧⌧ [96] 7/8 TeV �1.30+6.30
�5.50 0.0 0.0 0.0 0.0 100.0

CMS pp ! H ! ⌧⌧ (VBF) [91] 7/8 TeV 0.93+0.41
�0.41 14.3 85.7 0.0 0.0 0.0

CMS pp ! WH ! `⌫bb̄ [93] 7/8 TeV 1.10+0.90
�0.90 0.0 0.0 100.0 0.0 0.0

CMS pp ! ZH ! 2`bb̄ [93] 7/8 TeV 0.80+1.00
�1.00 0.0 0.0 0.0 100.0 0.0

CMS pp ! ZH ! ⌫⌫bb̄ [93] 7/8 TeV 1.00+0.80
�0.80 0.0 0.0 0.0 100.0 0.0

CMS pp ! V H ! ⌧⌧ [91] 7/8 TeV 0.98+1.68
�1.50 0.0 0.0 50.0 50.0 0.0

CMS pp ! V H ! WW ! 2`2⌫ [88] 7/8 TeV 0.39+1.97
�1.87 3.6 3.6 46.4 46.4 0.0

CMS pp ! V H ! VWW (hadronic V) [89] 7/8 TeV 1.00+2.00
�2.00 4.2 3.5 49.1 43.2 0.0

CMS pp ! WH ! WW ! 3`3⌫ [88] 7/8 TeV 0.56+1.27
�0.95 0.0 0.0 100.0 0.0 0.0

TABLE VIII: Signal strengths measurements µ from the CMS collaboration used in the Run 1 analysis. In the last five columns
the signal compositions are given in terms of e�ciencies for production channels assuming a SM Higgs boson.
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• current status (plethora of run 1 analyses included, narrow width) 

[Falkowski, Gonzales, Greljo, Marzocca `15]
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FIG. 2: Confronting the Lagrangian Eq. (3) with the 8 TeV LHC run 1 measurements. Solid lines correspond to a fit with
theoretical uncertainties included, dashed lines show results without theoretical uncertainties, the band shows the impact of
these. Grey lines and bands denote the individual constraints on a given parameter, and blue refers to the marginalised results.
For details see the main text.
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• aim towards a fully differential fit

• not terribly sensitive at this 
stage, coupling deviations of 
order 10% SM allowed 

• systematic uncertainties not too 
limiting anymore in some places

marginalised 

individual
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narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 44, 45])

LSILH =
c̄H
2v2
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H†H
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W
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⌘
(@⌫Bµ⌫)
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ic̄HW g

m2
W

(DµH)†�i(D⌫H)W i
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ic̄HBg0

m2
W

(DµH)†(D⌫H)Bµ⌫

+
c̄�g0
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m2
W

H†HBµ⌫B
µ⌫ +

c̄gg2S
m2

W

H†HGa
µ⌫G

aµ⌫ .

(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 22, 46])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [22, 47].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [48]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [49], which we have
cross checked and introduced in [50]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [51] that inter-

faces FeynArts, FormCalc, and LoopTools [52, 53]
using a model file output by FeynRules [54–56] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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H†Hū(i)

L Hcu(i)
R + h.c.

⌘
+
⇣ c̄d,iyd,i

v2
H†Hd̄(i)L Hd(i)R + h.c.

⌘

+
ic̄W g

2m2
W

⇣
H†�i !DµH

⌘
(D⌫Wµ⌫)

i +
ic̄Bg0

2m2
W

⇣
H† !DµH

⌘
(@⌫Bµ⌫)

+
ic̄HW g

m2
W

(DµH)†�i(D⌫H)W i
µ⌫ +

ic̄HBg0

m2
W

(DµH)†(D⌫H)Bµ⌫

+
c̄�g0

2

m2
W

H†HBµ⌫B
µ⌫ +

c̄gg2S
m2

W

H†HGa
µ⌫G

aµ⌫ .

(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 22, 46])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [22, 47].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [48]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [49], which we have
cross checked and introduced in [50]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [51] that inter-

faces FeynArts, FormCalc, and LoopTools [52, 53]
using a model file output by FeynRules [54–56] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

theoretical &  
experimental  
uncertainty

[Corbett, Eboli, Goncalves, Fraile, Plehn, Rauch `15]
[Ellis, Sanz, You `14]

[CE, Kogler, Schulz, Spannowsky `15]
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• extrapolation to 300/fb, 3/ab based on signal strength measurements
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FIG. 3: Confronting the Lagrangian Eq. (3) with the 14 TeV LHC run 2 measurements with L = 300 (green) and 3000 fb�1

(orange). We only take signal strength measurements into account. Solid lines correspond to a fit with theoretical uncertainties
included, dashed lines show results without theoretical uncertainties, the band shows the impact of these. For details see the
text.
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2

narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 44, 45])

LSILH =
c̄H
2v2

@µ
�
H†H

�
@µ

�
H†H

�
+

c̄T
2v2

⇣
H† !DµH

⌘⇣
H† !D µH

⌘
� c̄6�

v2
�
H†H

�3

+
⇣ c̄u,iyu,i

v2
H†Hū(i)

L Hcu(i)
R + h.c.

⌘
+
⇣ c̄d,iyd,i

v2
H†Hd̄(i)L Hd(i)R + h.c.

⌘

+
ic̄W g

2m2
W

⇣
H†�i !DµH

⌘
(D⌫Wµ⌫)

i +
ic̄Bg0

2m2
W

⇣
H† !DµH

⌘
(@⌫Bµ⌫)

+
ic̄HW g

m2
W

(DµH)†�i(D⌫H)W i
µ⌫ +

ic̄HBg0

m2
W

(DµH)†(D⌫H)Bµ⌫

+
c̄�g0

2

m2
W

H†HBµ⌫B
µ⌫ +

c̄gg2S
m2

W

H†HGa
µ⌫G

aµ⌫ .

(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 22, 46])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [22, 47].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [48]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [49], which we have
cross checked and introduced in [50]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [51] that inter-

faces FeynArts, FormCalc, and LoopTools [52, 53]
using a model file output by FeynRules [54–56] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 44, 45])

LSILH =
c̄H
2v2

@µ
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H†H
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+
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+
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µ⌫ +
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aµ⌫ .

(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 22, 46])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [22, 47].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [48]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [49], which we have
cross checked and introduced in [50]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [51] that inter-

faces FeynArts, FormCalc, and LoopTools [52, 53]
using a model file output by FeynRules [54–56] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

2

narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 44, 45])
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 22, 46])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [22, 47].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [48]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [49], which we have
cross checked and introduced in [50]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [51] that inter-

faces FeynArts, FormCalc, and LoopTools [52, 53]
using a model file output by FeynRules [54–56] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 22, 46])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [22, 47].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [48]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [49], which we have
cross checked and introduced in [50]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [51] that inter-

faces FeynArts, FormCalc, and LoopTools [52, 53]
using a model file output by FeynRules [54–56] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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FIG. 4: Confronting the Lagrangian Eq. (3) with the 14 TeV LHC run 2 measurements with L = 300 (green) and 3000 fb�1

(orange). We include the full pT,H distribution and the signal strength measurement for pp ! H production in the limit setting
procedure. Solid lines correspond to a fit with theoretical uncertainties included, dashed lines show results without theoretical
uncertainties, the band shows the impact of these.
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narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 44, 45])
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H†Hū(i)

L Hcu(i)
R + h.c.

⌘
+
⇣ c̄d,iyd,i

v2
H†Hd̄(i)L Hd(i)R + h.c.

⌘

+
ic̄W g

2m2
W

⇣
H†�i !DµH

⌘
(D⌫Wµ⌫)

i +
ic̄Bg0

2m2
W

⇣
H† !DµH

⌘
(@⌫Bµ⌫)

+
ic̄HW g

m2
W

(DµH)†�i(D⌫H)W i
µ⌫ +

ic̄HBg0

m2
W

(DµH)†(D⌫H)Bµ⌫

+
c̄�g0

2

m2
W

H†HBµ⌫B
µ⌫ +

c̄gg2S
m2

W

H†HGa
µ⌫G

aµ⌫ .

(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 22, 46])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [22, 47].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [48]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [49], which we have
cross checked and introduced in [50]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [51] that inter-

faces FeynArts, FormCalc, and LoopTools [52, 53]
using a model file output by FeynRules [54–56] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 22, 46])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [22, 47].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [48]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [49], which we have
cross checked and introduced in [50]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [51] that inter-

faces FeynArts, FormCalc, and LoopTools [52, 53]
using a model file output by FeynRules [54–56] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
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(see also [9, 11, 22, 46])
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A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
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parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
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of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 44, 45])
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 22, 46])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [22, 47].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [48]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-
fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [49], which we have
cross checked and introduced in [50]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [51] that inter-

faces FeynArts, FormCalc, and LoopTools [52, 53]
using a model file output by FeynRules [54–56] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|2 = |MSM|2 + 2Re{MSMM⇤
d=6}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|2 is typically not an issue and the parameters c2i
are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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FIG. 7: Marginalised 95% confidence level constraints for the dimension-six operator coe�cients for current data (blue),
the LHC at 14 TeV with an integrated luminosity of 300 fb�1 (green) and 3000 fb�1 (orange). The expected constraints are
centered around zero by construction, since the pseudo-data are generated by using the SM hypothesis. The left panel shows
the constraints obtained using signal strength measurements only, and on the right di↵erential pT,H measurements are included.
The inner error bar depicts the experimental uncertainty, the outer error bar shows the total uncertainty.

where ht ⌘ yts� , Xt ⌘ At � µ cot� and mQ̃ and mt̃R
denote the soft masses of the left and right-handed stops
respectively. To ensure the validity of our EFT approach
based on di↵erential distributions, we have to make the
strong assumption that all supersymmetric particles are
heavier than the momentum transfer probed in all pro-
cesses that are involved in of our fit [37, 106] (see also
[43, 107] for discussions of (non-)resonant signatures in
BSM scenarios and EFT). For convenience, we addition-
ally assume that all supersymmetric particles except the
lightest stop t̃1 are very heavy and decouple from cg.
The largest value for pT,H we expect to probe during the
LHC high-luminosity runs, based on our leading-order
theory predictions is 500 GeV. And we can therefore
trust the e↵ective field theory approach for mt̃1 > 600
GeV. For instance, fixing the soft masses mQ̃ = mt̃ = m,
µ = 200 GeV and tan� = 30 we can understand the con-
straints on cg as constraints in the At �m plane, Fig. 6.
Similar interpretations are, of course, possible with the
other Wilson coe�cients.

V. DISCUSSION, CONCLUSIONS AND
OUTLOOK

Even though current measurements as performed by
ATLAS and CMS show good agreement with the SM
hypothesis for the small statistics collected during LHC
run 1, the recently discovered Higgs boson remains one of
the best candidates that could be a harbinger of physics
beyond the SM. If new physics is heavy enough, modi-
fications to the Higgs boson’s phenomenology from inte-
grating out heavy states can be expressed using e↵ective
field theory methods.

In this paper we have constructed a scalable fitting
framework, based on adapted versions of Gfitter, Pro-
fessor, Vbfnlo, and eHdecay and have used an abun-
dant list of available single-Higgs LHC measurements to
constrain new physics in the Higgs sector for the results
of run 1. In these fits we have adopted the leading order
strongly-interacting light Higgs basis assuming vanishing
tree-level T and S parameters and flavour universality of
the new physics sector. Our results represent the latest
incarnation of fits at 8 TeV, and update results from the
existing literature. The main goal of this work, however,
is to provide an estimate of how these constraints will

signal strength 

 only
distribution pT,H

depends 
on improved 
systematics
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statistical and systematic uncertainties, which leads to a
more constrained fit. The fit for the 300 fb�1 scenario
uses 36 signal strength measurements, and 46 measure-
ments are used for the scenario with 3000 fb�1. Specifi-
cally the constraints on operators that modify associated
Higgs production and weak boson fusion benefit from the
increased centre-of-mass energy and luminosity. In the
scenario for the high luminosity phase the theoretical un-
certainties become dominant in some cases.

In a second step, we include the di↵erential pT,H mea-
surements from all production modes, except pp ! H.
For the pp ! H production mode we include six sig-
nal strength measurements, as no transverse momentum
of the Higgs boson is generated on tree-level. This re-
sults in 82+6 independent measurements included for
the fit with 300 fb�1 and 117+6 for 3000 fb�1. In a
given production and decay channel, experimental sys-
tematic uncertainties are included as correlated uncer-
tainties among bins in pT,H . Comparing the above con-
straints with those expected from including the di↵eren-
tial distributions, Fig. 4, we see a tremendous improve-
ment. Two-dimensional contours of the expected con-
straints are shown in Fig. 5. Several flat directions are re-
solved, which are present when using only signal strength
measurements, e↵ectively allowing to constrain all coef-
ficients simultaneously. Elements of studying di↵erential
distributions to e↵ective Higgs dimension six framework
have been investigated with similar findings in the lit-
erature [21, 23], but, to our knowledge, Figs. 4 and 5
provide the first consistent fit of all single-Higgs relevant
operators in a fully di↵erential fashion, in particular with
extrapolations to 14 TeV.

A series of dimension six operators, on which no con-
straints can be formulated at this stage of the LHC pro-
gramme or by only including signal strength measure-
ments, can eventually be constrained with enough data
and di↵erential distributions. The reason behind this
is that di↵erential measurements ipso facto increase the
number of (correlated) measurements by number of bins,
leading to a highly over-constrained system. Also, since
the impact of many operators is most significant in the
tails of energy-dependent distribution, the relative statis-
tical pull is decreased by only considering inclusive quan-
tities.

IV. INTERPRETATION OF CONSTRAINTS

The whole purpose of interpreting data in terms of an
e↵ective field theory is to use this framework as a means
of communication between a low-scale measurement at
the LHC and a UV model defined at a high scale, out of
reach of the LHC. This way, the EFT framework allows
us to limit a large class of UV models.

For a well-defined interpretation using e↵ective opera-
tors, we assume that the operators, induced by the UV
theory, only directly depend on the SM particle and sym-
metry content, and we also need to assume that the UV

FIG. 6: Matching the constraints on |c̄g| . 5 ⇥ 10�6 of
Fig. 4 onto stop contributions using Eq. (11) for identified
soft masses mQ̃ = mt̃ = m. For details see text.

theory is weakly coupled to the SM sector. The last
condition is necessary to justify the truncation of the ef-
fective Lagrangian at dimension six. After establishing
limits on Wilson coe�cients of the e↵ective theory, as
performed in Secs. III A-III B, we can now address the
implications for a specific UV model.
Two popular ways of addressing the Hierarchy problem

are composite Higgs models and supersymmetric theo-
ries. Let us quickly investigate in how far these con-
straints are relevant once we match the EFT expansion
to a concrete UV scenario.
In the strongly-interacting Higgs case, from the power-

counting arguments of Ref. [9, 100, 101], one typically
expects

cg ⇠ m2
W

16⇡2f2

y2t
g2⇢

, (10)

where g⇢ . 4⇡ and the compositeness scale is set by
⇤ ⇠ g⇢f . So our constraint translates into ⇤ & 2.8
TeV, which falls outside the e↵ective kinematic coverage
of the Higgs phenomenology at the LHC. This means that
new composite physics with a fundamental scale ⇤ & 2.8
TeV can naively not be probed in the Higgs sector alone.
However, new contributions, such as narrow resonances
around this mass can be discovered in di↵erent channels
such as weak-boson fusion [102] or Drell-Yan production
[103].
Matching, say, the MSSM stop contribution on the c̄g

operator, we have (see e.g. [57, 104, 105] for a more
detailed discussion)

cg =
m2

W

(4⇡)2
1
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straints are relevant once we match the EFT expansion
to a concrete UV scenario.
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depicted in Fig. 3

[1](s)� 2mq

�
[3]L(s) + [3]R(s)

�
= 0 , (18a)

[3]R(s) + [3]L(s)� [4]L(t) = 0 , (18b)
[2](s)� [3]R(s) = 0 , (18c)

where the subscripts denote the vertices’ couplings’ chi-
rality and the brackets embrace all couplings of the re-
spective graph.The Feynman graphs are functions of the
Mandelstam ivariable s = (p1 + p2)2 and t = (p1 � p3)2.

Plugging in the SM couplings and the propagators for
the quantum fields with canonical scaling dimension, we
realize quickly that gauge invariance and spontaneous
symmetry breaking enforces cancellation requirements of
Eq. (18) for s, t � mH . Particularly interesting for our
consideration is the requirement Eq. (18a). It becomes
becomes trivial in the chiral limit since mq, [1]! 0, and,
for non-vanishing fermion masses, it relates the quark
mass to the gauge interactions.

V. THE MODEL

1. Gauge-Higgs sector

We will focus on a model with bulk gauge group
SU(2)L ⇥ SU(2)R ⇥ U(1)X [22]. Gauging the SU(2)R

is phenomenoglogically required to avoid large custodial
Isospin violation [23]. We introduce a bulk Higgs field
H, which transforms under the bi-fundamental represen-
tation of SU(2)L⇥SU(2)R with X charge zero [24]. can
then be arranged to trigger spontaneous SM-like bulk-
symmetry breaking SU(2)L ⇥ SU(2)R ! SU(2)L+R,
while a UV boundary-localized potential controls the
Higgs UV boundary condition (see e.g. [6]). Further-
more, we reduce the field content on the UV brane to
the electroweak gauge group SU(2)R ⇥ U(1)X ! U(1)Y

by choosing the appropriate Dirichlet boundary condi-
tions. These can e↵ectively be realized by introducing
a boundary-localized Higgs mechanism in the decoupling
limit [25]. Color interactions are not important for our
purpose, and we will hencefore neglect (bulk) QCD in-
teractions except for trivial color factors contributing to
the numerical values of the cross sections.

2. Fermion sector

To account for a chiral low energy fermion spectrum,
that is going to participate in the gauge interactions we
have to introduce two 5d vector-like bulk fermions and
project to the low energy spectrum by boundary con-
ditions or, equally e�cient, by assigning the repsective
orbifold parities.

We now move on to consider qq̄ ! WW scattering
in the e↵ective theory derived from the boundary ac-
tion of the soft wall set up with bulk gauge symmetry
SU(2)L ⇥ SU(2)R ⇥ U(1)X . We first have to construct

the e↵ective interactions from the 5d action by integrat-
ing out the bulk according to Eq. (2). This gives rise to
operators with an arbitrary number of fields by insert-
ing bulk propagators as is shown in e.g. Fig. 4(c), whose
structure is determined by the 5d gauge theory. We fix
the underlying 5d parameters to recover the Thomson
limit for the qq̄A vertex. This fixes the photons’ inter-
action with all other fields, and hence their charge, but
does not a↵ect the other couplings since the photon ex-
hibits a flat wavefunction, independent of the underlying
5d geometry. mention S,T Zbb!!! The e↵ective vertices
can be determined along the lines of Sec. II. The func-
tional form of the Lagrangian is not important for our
purposes and we apply the method of Sec. II directly to
the computation of the scattering amplitude of massive
quarks qq̄ ! WW to investigate the amplitude’s uni-
tarity behaviour to leading order approximation. The
Feynman graphs of Fig. 3 translates to amplitudes via
graphs analogous to Fig. 4(c).

VI. PHENOMENOLOGY

Appendix A: Gamma matrix conventions

In this paper we work with the mostly-minus conven-
tion for the metric gMN = diag(1,�1,�1,�1,�1). We
choose the Dirac matrices to be

�

µ =
✓

0 �

µ

�̄

µ 0

◆
, �5 =

✓
2 0
0 2

◆
(A1)

with

{�̄µ}µ=0,...,3 = {�µ}µ=0,...,3 = (� 2, �
i) , (A2)

where the �

i are the familiar Pauli matrices.
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FIG. 4: 4d e↵ective vertices for (a) the WWZ interaction, (b)
the qQ̄W interaction, and (c) the e↵ective four point inter-
action due to-bulk Higgs exchange, recovered from the pre-
scription of Eq. (2) in the soft wall geometry explained in
Fig. 1.
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I. INTRODUCTION

The actual realization of electroweak symmetry break-
ing remains far from being resolved. Apart from well-
motivated approaches like within the Standard Model or
Supersymmetry, applications of (approximately) confor-
mal sectors taking part in EWSB have received increasing
interest recently.

Perturbative unitarity at energy scales much larger
than e.g. the W mass, E � mW , is a necessary trait
of any model which indends to formulate physics at the
desired more fundamental level than the Standard model
(SM). Tree-level perturbative unitarity can be ultimately
traced back to an underlying spontaneously broken gauge
symmetry [1], which contributes to a working knowl-
egde of building models of electroweak symmetry break-
ing that do not face immediate conflicts with probablilty
conservation.

II. CONSTRUCTING THE EFFECTIVE
THEORY

We start with a generic 5d theory defined on an inter-
vall with metric

ds

2 = a

2(z)
�
⌘µ⌫ dx

µdx

⌫ � dz

2
�

= gMN (z) dx

Mdx

N
, (1)

with 0 < R0  z  R1, where R1 is not necessarily fi-
nite (see Fig. 1). This choice is the only one compatible
with 4d Lorentz invariance. It specializes to the usual
Randall-Sundrum scenario (RS) for a(z) = R/z, where
R ⇠ MPl ⇠ 1019 GeV denotes the inverse curvature of
the 5d Anti-de Sitter space (AdS5), which is obtained
from the S

1
/Z2 orbifold [2]. Eq. (1) leaves also enough

freedom to account for a plethora of phenomenologically
distinct scenarios. If we introduce a boundary at z = R1

(infrared brane), as it is done in the original RS1 pro-
posal, we obtain a discrete spectrum for the bulk fields

⇤
Electronic address: c.englert@thphys.uni-heidelberg.de

†
Electronic address: mspannow@uoregon.edu

SO(1, 3)

AdS
5

x

µ

z

soft wall
regime

regime

z = R

1

FIG. 1: Sktech of the 5d set-up considered in this paper. The
shaded area depicts the “soft wall”, i.e. the departure from
the pure AdS5 metric. For comparisons we will also conisder
the soft wall by a “rigid” infrared (IR) brane located at z = R̃.

in the 4d e↵ective theory. Considering R1 ! 1 generi-
cally leads to theories which fit into the notion of unpar-
ticles [3, 4, 6]. Both limits are well-described in terms
of the AdS/CFT duality’s dictionary [11–13], in this pa-
per, however, we solely invoke the 5d picture to define a
strongly interacting sector with a UV cut-o↵.

An appropriate choice of a(z) can be used to generate
a mass gap by approaching a so-called soft-wall cut-o↵ [7,
9], where the AdS5 space gets deformed at values z ⇠ 1/µ

by choosing a(z) = .... This deformation leads to a mass
gap of order µ between the continuum and the lowest-
lying states. In the boundary-localized dual picture the
departure from AdS signalizes a soft explicit breaking of
conformality at low scales.

From the generating functional of the full 5d theory
one computes the n-point vertex functions �n,

�n(⇠1, . . . , ⇠n) =
�

n�[J ]
i

n
�J(⇠1) · · · J(⇠n)

, (2a)

where we use the notation ⇠ = (xµ
, z). By limit-

ing Eq. (2a) to boundary-localized sources of the form
J(⇠) = J(x)�(z � R), we define a 4d e↵ective boundary
action

e�[J ] =
X

n

i

n

n!

Z
· · ·

Z
d4

x1 · · · dxn
e�n(x1, . . . , xn)

⇥ J(x1) · · · J(xn) , (2b)
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(SM). Tree-level perturbative unitarity can be ultimately
traced back to an underlying spontaneously broken gauge
symmetry [1], which contributes to a working knowl-
egde of building models of electroweak symmetry break-
ing that do not face immediate conflicts with probablilty
conservation.

II. CONSTRUCTING THE EFFECTIVE
THEORY

We start with a generic 5d theory defined on an inter-
vall with metric

ds

2 = a

2(z)
�
⌘µ⌫ dx

µdx

⌫ � dz

2
�

= gMN (z) dx

Mdx

N
, (1)

with 0 < R0  z  R1, where R1 is not necessarily fi-
nite (see Fig. 1). This choice is the only one compatible
with 4d Lorentz invariance. It specializes to the usual
Randall-Sundrum scenario (RS) for a(z) = R/z, where
R ⇠ MPl ⇠ 1019 GeV denotes the inverse curvature of
the 5d Anti-de Sitter space (AdS5), which is obtained
from the S

1
/Z2 orbifold [2]. Eq. (1) leaves also enough

freedom to account for a plethora of phenomenologically
distinct scenarios. If we introduce a boundary at z = R1

(infrared brane), as it is done in the original RS1 pro-
posal, we obtain a discrete spectrum for the bulk fields

⇤
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FIG. 1: Sktech of the 5d set-up considered in this paper. The
shaded area depicts the “soft wall”, i.e. the departure from
the pure AdS5 metric. For comparisons we will also conisder
the soft wall by a “rigid” infrared (IR) brane located at z = R̃.

in the 4d e↵ective theory. Considering R1 ! 1 generi-
cally leads to theories which fit into the notion of unpar-
ticles [3, 4, 6]. Both limits are well-described in terms
of the AdS/CFT duality’s dictionary [11–13], in this pa-
per, however, we solely invoke the 5d picture to define a
strongly interacting sector with a UV cut-o↵.

An appropriate choice of a(z) can be used to generate
a mass gap by approaching a so-called soft-wall cut-o↵ [7,
9], where the AdS5 space gets deformed at values z ⇠ 1/µ

by choosing a(z) = .... This deformation leads to a mass
gap of order µ between the continuum and the lowest-
lying states. In the boundary-localized dual picture the
departure from AdS signalizes a soft explicit breaking of
conformality at low scales.

From the generating functional of the full 5d theory
one computes the n-point vertex functions �n,

�n(⇠1, . . . , ⇠n) =
�

n�[J ]
i

n
�J(⇠1) · · · J(⇠n)

, (2a)

where we use the notation ⇠ = (xµ
, z). By limit-

ing Eq. (2a) to boundary-localized sources of the form
J(⇠) = J(x)�(z � R), we define a 4d e↵ective boundary
action

e�[J ] =
X

n

i

n

n!

Z
· · ·

Z
d4

x1 · · · dxn
e�n(x1, . . . , xn)

⇥ J(x1) · · · J(xn) , (2b)

☛ unitarity restored in general background geometries
[CE, Spannowsky, Stancato, Terning `13]

☛ resonances take over the job in scenarios admitting canonical 
particle interpretations as a limit

[Stancato, Terning `12]
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If additional resonances in V V scattering are present,
an identification will depend on their mass, width and
coupling strengths, fixed through high scale unitarity as
a function of their spin: The naive growth proportional to
s2 and s of the amplitude, depicted in Fig. 1, in the high

energy limit "µL(p) ⇠ pµ/mV is mitigated by imposing
sum rules that link quartic and trilinear gauge and Higgs
couplings (see also [15–17] for a similar discussion of the
pure Higgs-less case).
For SM-like WW scattering, the sum rules read

gWWWW = g2WW� +
X

i

g2WWZi
(1a)

4m2
W gWWWW =

X

i

3m2
i g

2
WWZi

+
X

i

g2WWHi
, (1b)

and for WW ! ZZ (and crossed) scattering these are modified to

gWWZZ =
X

i

g2WiWZ (1c)

2(m2
W +m2

Z)gWWZZ =
X

i

✓
3m2

i �
(m2

Z �m2
W )2

m2
i

◆
g2WiWZ +

X

i

gWWHigZZHi . (1d)

In these sums the index i = 1 refers to the SM W , Z and
Higgs bosons, respectively, and i > 1 refer to a series of
isotriplet massive vector bosons W 0, Z 0 and isosinglet H 0

scalar bosons respectively.† Although we will not make
contact with a concrete model, one can think of the i > 1
states as Kaluza-Klein states that arise in models with
extra dimensions and dual interpretations thereof [9, 16]
as a guideline: Wi>1 can couple to SM W and Z bosons,
while Zi>1 can couple to a pair of SM W bosons etc.
In concrete scenarios [8, 9, 16] the above sum rules are
quickly saturated by the first i 6= 1 states. We assume
that custodial SU(2) is intact, which, in addition to the
correct tree-level Z/W mass ratio, will leave imprints in
the the additional resonances spectrum, see e.g. [9]. The
unitarity sum rules are independent of custodial isospin
and since the sum rules are quickly saturated, custodial
SU(2) is not important for our investigation, but remains
a testable concept in case of a discovery of additional
vector resonances.

The discovery of particles categorized as Eq. (1) in
the V V jj channels would provide a conclusive hint

†It is worth noting that similar sum rules cannot be formulated for
iso-tensors [18].

for the role of new resonances in electroweak symme-
try breaking. It is intriguing that both ATLAS and
CMS have observed non-significant excesses in (multi-
)lepton+/ET+jets searches [19].
In addition, recently, both ATLAS and CMS re-

ported on excesses in final states with reconstructed
hadronically-decaying di-vector boson final states with
an invariant mass mV V ' 2 TeV [20, 21]. ATLAS found
a global significance of 2.5 standard deviations. Both
vector bosons were reconstructed using fat jets and jet
substructure methods, i.e. mass-drop and filtering [22].
While WBF tagging jets are very energetic, they have
small transverse momentum. Hence, they are likely to
be overlooked in the reconstruction procedure applied.
We take this observation as another motivation for an
as model-independent as possible analysis of these final
states.
It is important to realize that due to SU(2)L invariance

(e.g. the absence of a quartic Z interaction) the reason-
ing along the above lines does not apply to ZZ ! ZZ
scattering. In the high energy regime the Higgs exchange
diagrams conspire

M(ZLZL ! ZLZL) ⇠ s+ t+ u = 4m2
Z , (2)

i.e. the scattering amplitude becomes independent of
the center of mass energy. Hence, on the one hand, in
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If additional resonances in V V scattering are present,
an identification will depend on their mass, width and
coupling strengths, fixed through high scale unitarity as
a function of their spin: The naive growth proportional to
s2 and s of the amplitude, depicted in Fig. 1, in the high

energy limit "µL(p) ⇠ pµ/mV is mitigated by imposing
sum rules that link quartic and trilinear gauge and Higgs
couplings (see also [15–17] for a similar discussion of the
pure Higgs-less case).
For SM-like WW scattering, the sum rules read
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and for WW ! ZZ (and crossed) scattering these are modified to
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In these sums the index i = 1 refers to the SM W , Z and
Higgs bosons, respectively, and i > 1 refer to a series of
isotriplet massive vector bosons W 0, Z 0 and isosinglet H 0

scalar bosons respectively.† Although we will not make
contact with a concrete model, one can think of the i > 1
states as Kaluza-Klein states that arise in models with
extra dimensions and dual interpretations thereof [9, 16]
as a guideline: Wi>1 can couple to SM W and Z bosons,
while Zi>1 can couple to a pair of SM W bosons etc.
In concrete scenarios [8, 9, 16] the above sum rules are
quickly saturated by the first i 6= 1 states. We assume
that custodial SU(2) is intact, which, in addition to the
correct tree-level Z/W mass ratio, will leave imprints in
the the additional resonances spectrum, see e.g. [9]. The
unitarity sum rules are independent of custodial isospin
and since the sum rules are quickly saturated, custodial
SU(2) is not important for our investigation, but remains
a testable concept in case of a discovery of additional
vector resonances.

The discovery of particles categorized as Eq. (1) in
the V V jj channels would provide a conclusive hint

†It is worth noting that similar sum rules cannot be formulated for
iso-tensors [18].

for the role of new resonances in electroweak symme-
try breaking. It is intriguing that both ATLAS and
CMS have observed non-significant excesses in (multi-
)lepton+/ET+jets searches [19].
In addition, recently, both ATLAS and CMS re-

ported on excesses in final states with reconstructed
hadronically-decaying di-vector boson final states with
an invariant mass mV V ' 2 TeV [20, 21]. ATLAS found
a global significance of 2.5 standard deviations. Both
vector bosons were reconstructed using fat jets and jet
substructure methods, i.e. mass-drop and filtering [22].
While WBF tagging jets are very energetic, they have
small transverse momentum. Hence, they are likely to
be overlooked in the reconstruction procedure applied.
We take this observation as another motivation for an
as model-independent as possible analysis of these final
states.
It is important to realize that due to SU(2)L invariance

(e.g. the absence of a quartic Z interaction) the reason-
ing along the above lines does not apply to ZZ ! ZZ
scattering. In the high energy regime the Higgs exchange
diagrams conspire

M(ZLZL ! ZLZL) ⇠ s+ t+ u = 4m2
Z , (2)

i.e. the scattering amplitude becomes independent of
the center of mass energy. Hence, on the one hand, in
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If additional resonances in V V scattering are present,
an identification will depend on their mass, width and
coupling strengths, fixed through high scale unitarity as
a function of their spin: The naive growth proportional to
s2 and s of the amplitude, depicted in Fig. 1, in the high

energy limit "µL(p) ⇠ pµ/mV is mitigated by imposing
sum rules that link quartic and trilinear gauge and Higgs
couplings (see also [15–17] for a similar discussion of the
pure Higgs-less case).
For SM-like WW scattering, the sum rules read
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and for WW ! ZZ (and crossed) scattering these are modified to
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In these sums the index i = 1 refers to the SM W , Z and
Higgs bosons, respectively, and i > 1 refer to a series of
isotriplet massive vector bosons W 0, Z 0 and isosinglet H 0

scalar bosons respectively.† Although we will not make
contact with a concrete model, one can think of the i > 1
states as Kaluza-Klein states that arise in models with
extra dimensions and dual interpretations thereof [9, 16]
as a guideline: Wi>1 can couple to SM W and Z bosons,
while Zi>1 can couple to a pair of SM W bosons etc.
In concrete scenarios [8, 9, 16] the above sum rules are
quickly saturated by the first i 6= 1 states. We assume
that custodial SU(2) is intact, which, in addition to the
correct tree-level Z/W mass ratio, will leave imprints in
the the additional resonances spectrum, see e.g. [9]. The
unitarity sum rules are independent of custodial isospin
and since the sum rules are quickly saturated, custodial
SU(2) is not important for our investigation, but remains
a testable concept in case of a discovery of additional
vector resonances.

The discovery of particles categorized as Eq. (1) in
the V V jj channels would provide a conclusive hint

†It is worth noting that similar sum rules cannot be formulated for
iso-tensors [18].
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CMS have observed non-significant excesses in (multi-
)lepton+/ET+jets searches [19].
In addition, recently, both ATLAS and CMS re-

ported on excesses in final states with reconstructed
hadronically-decaying di-vector boson final states with
an invariant mass mV V ' 2 TeV [20, 21]. ATLAS found
a global significance of 2.5 standard deviations. Both
vector bosons were reconstructed using fat jets and jet
substructure methods, i.e. mass-drop and filtering [22].
While WBF tagging jets are very energetic, they have
small transverse momentum. Hence, they are likely to
be overlooked in the reconstruction procedure applied.
We take this observation as another motivation for an
as model-independent as possible analysis of these final
states.
It is important to realize that due to SU(2)L invariance

(e.g. the absence of a quartic Z interaction) the reason-
ing along the above lines does not apply to ZZ ! ZZ
scattering. In the high energy regime the Higgs exchange
diagrams conspire
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Z , (2)

i.e. the scattering amplitude becomes independent of
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3

mV 0 = 1500 GeV
mV 0 = 1000 GeV
mZ0 = 700 GeV
mW 0 = 700 GeV

↵ = gH/gSMH

co
u
p
li
n
g

10.80.60.40.20

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0

FIG. 2: W 0 and Z0 couplings to SM W and Z bosons as func-
tion of the Higgs coupling deviation following from Eq. (1).

scenarios where unitarity in WW and WZ scattering is
enforced by iso-vectors, we do not expect new resonant
structures in pp ! 4`+2j. On the other hand if unitarity
is conserved via the exchange of iso-scalar states, this
channel will provide a phenomenological smoking gun.
Obviously this is not a novel insight and under discussion
in the context of e.g. Higgs portal scenarios [23]. We will
not investigate the ZZ channel along this line in further
detail.

For the purpose of this paper we start with a mini-
mal, yet powerful set of assumptions, that can be recon-
ciled in models that range from (perturbative and large
N) AdS/CFT duality over SUSY to simple Higgs por-
tal scenarios. We will focus on a vectorial realization of
unitarity, assuming an electroweak doublet nature of the
Higgs boson.‡ This represents an alternative benchmark
of new resonant physics involved in the mechanism of
EWSB which has been largely ignored after the Higgs
discovery so far.

The first rules Eq. (1a), (1c) are typically a conse-
quence of gauge invariance [16] while the second rules
(1b), (1d) reflect the particular mechanism of EWSB.
Similar sum rules exist for massive qq̄ ! VLVL scatter-
ing, linking the Yukawa sector to the gauge sector [25].
We are predominantly interested in a modified Higgs phe-
nomenology in the standard WBF search channels. It
is however important to note that the latter sum rules
also predict new resonant states in Drell-Yan type pro-
duction [26] (for a recent comprehensive discussion see
also [27]) or gluon fusion induced V V jj production. For
this analysis, gluon fusion events can e�ciently be re-
moved by imposing selection criteria [28]; this process is
neglected further on (see below).

The presence of unitarizing spin one resonances is tan-

‡See [24] for a detailed discussion of WBF signatures in Higgs triplet
scenarios.

tamount to a modification of the 4-point gauge interac-
tions when we choose the trilinear couplings to be SM-
like. In higher dimensional and dual composite Higgs sce-
narios this fact is typically encoded in multiple definitions
of the tree-level Weinberg angle and a resulting constraint
from the ⇢ parameter. The quartic gauge couplings are
currently not well constrained and we use this freedom
to saturate the above sum rules via a non-standard value
of gWWWW and gWWZZ . The numerical modifications
away from the SM values as a function of the modified
Higgs couplings is small ' 0.1%, especially in the vicinity
of the SM when gWWZ0 = gW 0WZ = 0 are small and well
within the latest quartic coupling measurements’ uncer-
tainty as performed during the LEP era [29].§

II. RESULTS

A. Details of the simulation

Using Eq. (1), we have a simple parameterization of
new physics interactions in terms of mass and width of
the new vector state, and Higgs coupling modification
parameter. Since we do not specify a complete model
we treat the extra boson widths as nuisance parame-
ters. In concrete models the width can span a range
from rather narrow to extremely wide. Masses are typi-
cally constrained by electroweak precision measurements.
Since the sum rules give an independent prediction, we
will not consider these corrections further.

We use a modified version of Vbfnlo [30] to simulate
the weak boson fusion channel events for fully partonic
final states inputting the relevant model parameters men-
tioned above. Since WBF can be identified as “double-
DIS” we can e�ciently include the impact of higher order
QCD corrections on di↵erential distributions by dynam-
ically choosing the t-channel momentum transfer of the
electroweak bosons as the factorization and renormaliza-
tion scales [31] irrespective of new resonant structures
in the leptonic final state [32]. We generate the gluon
fusion contribution using again Vbfnlo, but find that
they are negligible for typical WBF requirements. As
benchmarks we consider the following parameter points,

§On a theoretical level, a modification of the quartic interactions
away from the the SM expectation introduces issues with Ward
identities which ultimately feed into the unitarity of the S matrix
beyond the tree-level approximation. Hence, Eqs. (1) need to be
understood as an e↵ective theory below the compositeness scale.
In concrete scenarios motivated from AdS/CFT, the fundamental
scale can be as high as 10 TeV [9, 16] and the SM-like ward iden-
tities need to be replaced by the corresponding 5d AdS relations.
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If additional resonances in V V scattering are present,
an identification will depend on their mass, width and
coupling strengths, fixed through high scale unitarity as
a function of their spin: The naive growth proportional to
s2 and s of the amplitude, depicted in Fig. 1, in the high

energy limit "µL(p) ⇠ pµ/mV is mitigated by imposing
sum rules that link quartic and trilinear gauge and Higgs
couplings (see also [15–17] for a similar discussion of the
pure Higgs-less case).
For SM-like WW scattering, the sum rules read
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In these sums the index i = 1 refers to the SM W , Z and
Higgs bosons, respectively, and i > 1 refer to a series of
isotriplet massive vector bosons W 0, Z 0 and isosinglet H 0

scalar bosons respectively.† Although we will not make
contact with a concrete model, one can think of the i > 1
states as Kaluza-Klein states that arise in models with
extra dimensions and dual interpretations thereof [9, 16]
as a guideline: Wi>1 can couple to SM W and Z bosons,
while Zi>1 can couple to a pair of SM W bosons etc.
In concrete scenarios [8, 9, 16] the above sum rules are
quickly saturated by the first i 6= 1 states. We assume
that custodial SU(2) is intact, which, in addition to the
correct tree-level Z/W mass ratio, will leave imprints in
the the additional resonances spectrum, see e.g. [9]. The
unitarity sum rules are independent of custodial isospin
and since the sum rules are quickly saturated, custodial
SU(2) is not important for our investigation, but remains
a testable concept in case of a discovery of additional
vector resonances.

The discovery of particles categorized as Eq. (1) in
the V V jj channels would provide a conclusive hint

†It is worth noting that similar sum rules cannot be formulated for
iso-tensors [18].

for the role of new resonances in electroweak symme-
try breaking. It is intriguing that both ATLAS and
CMS have observed non-significant excesses in (multi-
)lepton+/ET+jets searches [19].
In addition, recently, both ATLAS and CMS re-

ported on excesses in final states with reconstructed
hadronically-decaying di-vector boson final states with
an invariant mass mV V ' 2 TeV [20, 21]. ATLAS found
a global significance of 2.5 standard deviations. Both
vector bosons were reconstructed using fat jets and jet
substructure methods, i.e. mass-drop and filtering [22].
While WBF tagging jets are very energetic, they have
small transverse momentum. Hence, they are likely to
be overlooked in the reconstruction procedure applied.
We take this observation as another motivation for an
as model-independent as possible analysis of these final
states.
It is important to realize that due to SU(2)L invariance

(e.g. the absence of a quartic Z interaction) the reason-
ing along the above lines does not apply to ZZ ! ZZ
scattering. In the high energy regime the Higgs exchange
diagrams conspire

M(ZLZL ! ZLZL) ⇠ s+ t+ u = 4m2
Z , (2)

i.e. the scattering amplitude becomes independent of
the center of mass energy. Hence, on the one hand, in

7

Sample lepton cuts WBF cuts mT,3l

WZ+jets 2.20 0.61 0.47

tt̄+jets 0.013 0 0

mW 0,Z0 = 700 GeV, ↵ = 0.9 2.58 0.75 0.59

mW 0,Z0 = 1000 GeV, ↵ = 0.9 2.32 0.67 0.51

mW 0,Z0 = 1500 GeV, ↵ = 0.9 2.22 0.63 0.48

mW 0,Z0 = 2000 GeV, ↵ = 0.9 2.23 0.63 0.48

mW 0,Z0 = 700 GeV, ↵ = 0.5 4.01 1.22 1.06

mW 0,Z0 = 1000 GeV, ↵ = 0.5 2.82 0.84 0.68

mW 0,Z0 = 1500 GeV, ↵ = 0.5 2.40 0.69 0.54

mW 0,Z0 = 2000 GeV, ↵ = 0.5 2.31 0.66 0.50

TABLE III: Results for 3 lepton search. The cross sections are
given in femtobarn, corresponding to proton-proton collisions
at

p
s = 14 TeV. Further details on the cuts can be found in

the text.
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FIG. 6: Projections of the 3l + /ET + jj 95% confidence
level contours for 100/fb (green), 500/fb (orange) and 3000/fb
(red). The Higgs coupling deviation is ↵2 = 0.95.

The signal extraction is performed over a mass window of
0.3⇥mW 0 in the transverse mass Eq. (7). The calculated
significance follows from:

S =
N(BSM)�N(WBF,SM)p

N(bkg,non-WBF) +N(WBF,SM)
, (8)

where the individual Ns refer to the signal counts at a
given luminosity. Using this measure we can isolate a
statistically significant deviation from the SM WBF dis-
tribution outside the Higgs signal region, taking into ac-
count the irreducible background in the WZ channel.

Already for a target luminosity of run 2 of 100/fb, a
large parameter region can be explored in the 3l+ /ET+jj
channel. A crucial parameter in this analysis is the width
of the additional resonance, which we take as a free pa-
rameter in our analysis. With an increasing width the

signal decouples quickly, but stringent constraints can
still be formulated at a high-luminosity LHC, especially
if new physics gives rise to only a percent-level defor-
mation of the SM Higgs interactions, see Fig. 6. Note
that the signal decouples very quickly with an increased
value of the width. Hence, if there in scenarios where
the extra vector bosons have a large coupling to the top
as expected in some composite models, the sensitivity
in the WBF search might not be su�cient to constrain
the presence of such states. It is worthwhile to stress
the complementarity of the WBF searches as outlined
in the previous sections to the aforementioned Drell-Yan
like production in this regard. Both ATLAS and CMS
have published limits of searches for W 0 and Z 0 reso-
nances in third quark generation final states [39–42]. If
the states we investigate in this paper have a sizeable
coupling to massive fermions, these searches will even-
tually facilitate a discovery. In this case, however, the
search for WBF resonances still provides complementary
information about the nature of electroweak symmetry
breaking. In particular WBF production will act as a
consistency check of the excesses around 2 TeV seen by
CMS and ATLAS [20, 21].

In Fig. 7 we show the cross section for a 2 TeV reso-
nance in WBF correlated with the Higgs boson on-shell
signal strengths for the scenario where the extra reso-
nances width solely arises from the partial width to SM
gauge bosons. This is optimistic in the sense that the ex-
pected signal rate is maximised; the Higgs phenomenol-
ogy is only modified via the interactions with the gauge
bosons (see above). As can be seen from the inclusive
cross section in Fig. 7 the expected cross section before
reconstruction is far to small to account for a ⇠ 1 fb
signal cross section required to explain the ATLAS and
CMS anomalies. If these excesses become statistically
significant, this means that the observed particle(s) do
not stand in relation relation to longitudinal gauge boson
unitarization. Alternative scenarios are discussed in [43].
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FIG. 7: Cross section of 2 TeV diboson resonance in WBF
for single lepton inclusive cuts at 8 TeV center of mass energy.
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☛ fermiophobic = WBF 

☛ fermiophilic = Drell-Yan 
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Compositeness: Complementary channels
☛ if the Higgs is a PNGB: operators  ∼              are suppressed by 

explicit symmetry violation
H†H

☛ top partners as predicted by PC conspire2
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FIG. 1: Sample Feynman graphs contributing to pp! hh + X. Graphs of type (a) yield vanishing contributions due to color
conservation.

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

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

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

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

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

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

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

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

ggh and gghh interactions [20]

Le↵ =
1
4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v) , (2)

which upon expansion leads to

L � +
1
4

↵s

3⇡v
Ga

µ⌫Ga µ⌫h� 1
4

↵s

6⇡v2
Ga

µ⌫Ga µ⌫h2 . (3)

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

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

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

B. Parton-level considerations

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

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg ! hh.

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

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

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

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

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

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

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

ggh and gghh interactions [20]

Le↵ =
1
4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v) , (2)

which upon expansion leads to

L � +
1
4

↵s

3⇡v
Ga

µ⌫Ga µ⌫h� 1
4

↵s

6⇡v2
Ga

µ⌫Ga µ⌫h2 . (3)

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

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

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

B. Parton-level considerations

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

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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higher. This of course is due to the double suppression
coming from the factor v2/f2 associated with each dila-
ton decay to massive final states. Thus, massive final
states such as bbWW and bb⌧ ⌧̄ are suppressed by the
same amount relative to the SM. What’s the xsec for

��jj like? — 16fb. As it will never be feasible to pick
out the relatively few gggg or bbgg events from the enor-
mous QCD background, one does not expect any signal
to be observed in the case where the 125 GeV boson is a
pseudo-dilaton.

In Fig. 5 we show the e↵ects of turning on and o↵ stu↵..

• anything else

Summary

Similar to single dilaton production, the cross-section
for di-dilaton production is much larger than in the Stan-
dard Model. However, when the suppression associated
with non-gluonic final states is taken into account, all
possibly observable final states are too suppressed by
their branching ratios to give a signal at the LHC. While
this is disappointing from the point of view of measur-
ing interesting e↵ects such as the dilaton’s anomalous
derivative couplings, this fact useful in distinguising be-
tween the pseudo-dilaton and other contenders for the
125 GeV boson.

B. Composite dihiggs production

We move on the other model where the light
Higgs boson as pseudo-Nambu Goldstone boson trig-
gering electroweak symmetry breaking. The composite
Higgs [40, 54] relies on gauging the electroweak inter-
actions as a subgroup of a larger spontaneously broken
global symmetry group, e.g.

SO(5)! SO(4) ' SU(2)L ⇥ SU(2)R , (3.7)

which contains the gauged SU(2)L. Gaugeing a subgroup
is tantamount to explicit breaking, and the Nambu-
Goldstone bosons that arise from gobal symmetry break-
ing pattern Eq. (3.7) (and that transform as a bidoublet
under SU(2)L ⇥ SU(2)R and are thus identified with
the Higgs doublet) pick up a mass from a Coleman-
Weinberg potential [55] that involves both gauge and
fermion loops [54, 56, 57]. To incorporate proper hy-
percharges we need to extend the symmetry group to
SO(5) ⇥ U(1)X , and we identify hypercharge as Y =
X + T 3

R just like in other models of strong symmetry
breaking [36]. This mechanism is elegantly described by
holographic approaches [39], where symmetry breaking is
realized via the Hosotani mechanism [58] in gauge-Higgs
unified models.

The crucial parameter, that parametrically measures
deviations of the physical Higgs’ couplings to SM matter
and parametrizes the model’s oblique corrections, is given
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j

FIG. 6: Schematic representation of the 2h + ng irreducible
one-loop (sub)amplitude and for the involved fermion flavors
in MCHM5, the gluon lines should be understood as o↵-shell
currents contruting to e.g. qq̄ ! hhg. The amplitudes in-
volving the trilinear Higgs vertex (i.e. the irreducible h + ng
(sub)amplitudes) are flavor diagonal due to diagonality at the
gluon vertices /Af̄ifj / �ij .
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FIG. 7: Branching ratios for the mh = 125 GeV Higgs as a
function of � in MCHM5.

by
p

⇠ = v/f , where f is the analogue to the pion decay
constant. Consistency with experimental data can there-
fore be achieved without tuning, which makes this model
class a promising candidate for a BSM Higgs sector.
In these composite Higgs models one generates fermion
masses (at least partially) via linear mixings with com-
posite fermionic operators instead of Technicolor-type in-
teractions to avoid bounds ⇠ ⌧ 1. In total this amounts
to a highly modified dihiggs phenomenology compared
to the SM expectation, which has already been discussed
in Ref. [59–62]. In Ref. [63], the e↵ect of the light ad-
ditional fermionic degrees of freedom in MCHM5 (where
the Zb̄b coupling is protected from large unwanted cor-
rections [57]) have been included to inclusive dihiggs
predictions beyond low energy e↵ective Higgs theorems
(LET) [31, 50, 64]. The additional resonances that run in
the gluon fusion loops strongly enhance the cross section,
and, therefore, can be highly constrained by applying the
strategies that involve jet recoils in dihiggs production
discussed in Ref. [18].

unsuppressed
similar h � Z�

[Contino et al. `13]
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cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg ! hh.

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

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

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

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

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

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

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

ggh and gghh interactions [20]

Le↵ =
1
4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v) , (2)

which upon expansion leads to

L � +
1
4

↵s

3⇡v
Ga

µ⌫Ga µ⌫h� 1
4

↵s

6⇡v2
Ga

µ⌫Ga µ⌫h2 . (3)

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

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

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

B. Parton-level considerations

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

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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higher. This of course is due to the double suppression
coming from the factor v2/f2 associated with each dila-
ton decay to massive final states. Thus, massive final
states such as bbWW and bb⌧ ⌧̄ are suppressed by the
same amount relative to the SM. What’s the xsec for

��jj like? — 16fb. As it will never be feasible to pick
out the relatively few gggg or bbgg events from the enor-
mous QCD background, one does not expect any signal
to be observed in the case where the 125 GeV boson is a
pseudo-dilaton.

In Fig. 5 we show the e↵ects of turning on and o↵ stu↵..

• anything else

Summary

Similar to single dilaton production, the cross-section
for di-dilaton production is much larger than in the Stan-
dard Model. However, when the suppression associated
with non-gluonic final states is taken into account, all
possibly observable final states are too suppressed by
their branching ratios to give a signal at the LHC. While
this is disappointing from the point of view of measur-
ing interesting e↵ects such as the dilaton’s anomalous
derivative couplings, this fact useful in distinguising be-
tween the pseudo-dilaton and other contenders for the
125 GeV boson.

B. Composite dihiggs production

We move on the other model where the light
Higgs boson as pseudo-Nambu Goldstone boson trig-
gering electroweak symmetry breaking. The composite
Higgs [40, 54] relies on gauging the electroweak inter-
actions as a subgroup of a larger spontaneously broken
global symmetry group, e.g.

SO(5)! SO(4) ' SU(2)L ⇥ SU(2)R , (3.7)

which contains the gauged SU(2)L. Gaugeing a subgroup
is tantamount to explicit breaking, and the Nambu-
Goldstone bosons that arise from gobal symmetry break-
ing pattern Eq. (3.7) (and that transform as a bidoublet
under SU(2)L ⇥ SU(2)R and are thus identified with
the Higgs doublet) pick up a mass from a Coleman-
Weinberg potential [55] that involves both gauge and
fermion loops [54, 56, 57]. To incorporate proper hy-
percharges we need to extend the symmetry group to
SO(5) ⇥ U(1)X , and we identify hypercharge as Y =
X + T 3

R just like in other models of strong symmetry
breaking [36]. This mechanism is elegantly described by
holographic approaches [39], where symmetry breaking is
realized via the Hosotani mechanism [58] in gauge-Higgs
unified models.

The crucial parameter, that parametrically measures
deviations of the physical Higgs’ couplings to SM matter
and parametrizes the model’s oblique corrections, is given

h

h

j

i

j

j

j

FIG. 6: Schematic representation of the 2h + ng irreducible
one-loop (sub)amplitude and for the involved fermion flavors
in MCHM5, the gluon lines should be understood as o↵-shell
currents contruting to e.g. qq̄ ! hhg. The amplitudes in-
volving the trilinear Higgs vertex (i.e. the irreducible h + ng
(sub)amplitudes) are flavor diagonal due to diagonality at the
gluon vertices /Af̄ifj / �ij .

h! ��

h! gg

h! ZZ

h!W+W�
h! ⌧+⌧�

h! b¯b

mh = 125 GeV

�

b
r
a
n
c
h
i
n
g

r
a
t
i
o

10.80.60.40.20

1

0.1

0.01

0.001
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by
p

⇠ = v/f , where f is the analogue to the pion decay
constant. Consistency with experimental data can there-
fore be achieved without tuning, which makes this model
class a promising candidate for a BSM Higgs sector.
In these composite Higgs models one generates fermion
masses (at least partially) via linear mixings with com-
posite fermionic operators instead of Technicolor-type in-
teractions to avoid bounds ⇠ ⌧ 1. In total this amounts
to a highly modified dihiggs phenomenology compared
to the SM expectation, which has already been discussed
in Ref. [59–62]. In Ref. [63], the e↵ect of the light ad-
ditional fermionic degrees of freedom in MCHM5 (where
the Zb̄b coupling is protected from large unwanted cor-
rections [57]) have been included to inclusive dihiggs
predictions beyond low energy e↵ective Higgs theorems
(LET) [31, 50, 64]. The additional resonances that run in
the gluon fusion loops strongly enhance the cross section,
and, therefore, can be highly constrained by applying the
strategies that involve jet recoils in dihiggs production
discussed in Ref. [18].
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We introduce a set of composite vector-like fermions
that forms a complete 5 under SO(5). The 5 decom-
poses under the unbroken SU(2)L⇥SU(2)R,  ⌘ 52/3 =
(2, 2)2/3 + (1, 1)2/3. Obviously, the 52/3 contains a weak
doublet of fields with the same quantum numbers as the
left-handed SM doublet qL = (tL, bL)T right handed chi-
rality top quark, and we can therefore understand the
mass of the top quark as a mixing e↵ect,

� Lm = yf( ̄L⌃T )(⌃ R) + m0 ̄L R

+ �Lq̄LQR + �R
eTLtR + h.c. , (3.8a)

where the non-linear Higgs field ⌃ is parametrized via the
SO(5)/SO(4) coset space generators and can be chosen
(see e.g. Ref. [63])

⌃ = (0, 0, sin(h/f), 0, cos(h/f)) . (3.8b)

Expanding the non-linear sigma model we recover the
interactions with electroweak gauge bosons as well as the
Higgs self-couplings relevant to this study

Lh =
1
2
(@µh)2 � m2

h

2
h2 � 1� 2⇠p

1� 2⇠
h3 + . . .

+
g2f2

4
sin2

✓
h

f

◆ ✓
W+

µ W�µ +
1

cos2 ✓w
ZµZµ

◆
, (3.9)

i.e. we need to rescale the SM trilinear hV V vertices by
a factor

p
1� ⇠ and we have sin2(hhi /f) = v.

Following Ref. [63], we do not include another 5�1/3

multiplet for generating the bottom quark mass, but in-
clude it by breaking partial compositeness with an ex-
plicit coupling of the Yukawa-like interactions. Expand-
ing Eq. (3.8) in the mass diagonal basis we obtain the
masses of the fermionic mass spectrum and interactions
hf̄ifj and hhf̄ifj (where i, j run over the fermion fla-
vors) which are relevant for dihiggs(+jet) production
from gluon fusion, which is the dominant production
mechanismk.

In general, the composite Higgs interactions Eq. (3.8)
will not be flavor-diagonal in the space of states that con-
tains the composite multiplet augmented by tL,R. Con-
straints from both direct detection of flavor constraints,
which have been discussed in detail in Ref. [63]. For
the remainder of this section we will choose parameters
points that are in agreement with these constraints to
discuss the composite Higgs model’s implications on di-
higgs and dihiggs+jet phenomenology.

kDihiggs production from weak boson fusion [65] is suppressed, also
because in addition to the hV V vertices the hhV V vertices are
rescaled by 1 � 2⇠ with respect to the SM. Unitarization of the
VLVL ! VLVL, qq̄ amplitudes is partially taken over by the ex-
change of techni-⇢ like resonances. These can be studied in the
weak boson fusion channels [66].
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FIG. 8: Comparison of composite dihiggs production pT,H

spectra with the SM for ⇠ = 0.25.

We include take into account all non-diagonal cou-
plings and keep the full mass dependence in the calcula-
tion beyond any approximation. This results in computa-
tionally intense calculations, especially for the pentagon
part in gg ! ghh and box gg ! hh (sub)amplitudes
where non-diagonality of the hf̄ifj vertices increases the
feynman graph combinatorics, Fig. 6.

The result in comparison to the SM is shown in Fig. 8
for pp ! hh + X production. We find that for a
typical mass spectrum mt ' 174 GeV and the light-
est composite fermion mlightest ' 1500 GeV we find
agreement with the enhaced cross sections as reported
in Ref. [63], �(hh)/�SM(hh) ⇠ 3. The phase space de-
pendence of this enhancement is rich and non-trivial as
a consequence of the non-diagonal couplings and addi-
tional mass scales that show up in the box contributions,
which also interfere with modified trilinear interactions.
Hence, it is di�cult to comment on quantitative simi-
larities of the composite Higgs phenomenology for dif-
ferent parameter choices. However, since the compos-
ite scale needs typically to be large in order to have
agreement with direct searches and flavor bounds, the
inclusive pp ! hh + X composite phenomenology will
be dominated by modifications with respect to the SM
at medium pT,h ' 100 GeV. This phase space region
is mostly sensitive to modifications of the tth coupling
and the modified trilinear h vertex. At large pT,H we
encounter an enhancement due to the presence of new
massive fermions in the box contributions.

We find a similar enhacement of the pp ! hh + jet
production cross section, with pT,j � 80 GeV, as can
be expected from an initial-state radiation approxima-
tion. Obviously, in dihiggs+jet production, we probe
all involved degrees of freedom in a similar fashion as
compared to dihiggs production. Interference e↵ects in
MCHM5 between new fermionic degrees of freedom sub-
ject to modified and new interaction vertices and mod-
ified Higgs trilinear vertices does typically not result in

' 3

�(hh + j)/�(SM) ' 4.6

[Dolan, CE, Spannowsky`12]



Compositeness: Complementary channels
☛ if the Higgs is a PNGB: operators  ∼              are suppressed by 

explicit symmetry violation
H†H

☛ top partners as predicted by PC conspire2
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FIG. 1: Sample Feynman graphs contributing to pp! hh + X. Graphs of type (a) yield vanishing contributions due to color
conservation.

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

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

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

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

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

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

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

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

ggh and gghh interactions [20]

Le↵ =
1
4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v) , (2)

which upon expansion leads to

L � +
1
4

↵s

3⇡v
Ga

µ⌫Ga µ⌫h� 1
4

↵s

6⇡v2
Ga

µ⌫Ga µ⌫h2 . (3)

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

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

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

B. Parton-level considerations

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

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

Tj

Tj

 suppressed, but

8

higher. This of course is due to the double suppression
coming from the factor v2/f2 associated with each dila-
ton decay to massive final states. Thus, massive final
states such as bbWW and bb⌧ ⌧̄ are suppressed by the
same amount relative to the SM. What’s the xsec for

��jj like? — 16fb. As it will never be feasible to pick
out the relatively few gggg or bbgg events from the enor-
mous QCD background, one does not expect any signal
to be observed in the case where the 125 GeV boson is a
pseudo-dilaton.

In Fig. 5 we show the e↵ects of turning on and o↵ stu↵..

• anything else

Summary

Similar to single dilaton production, the cross-section
for di-dilaton production is much larger than in the Stan-
dard Model. However, when the suppression associated
with non-gluonic final states is taken into account, all
possibly observable final states are too suppressed by
their branching ratios to give a signal at the LHC. While
this is disappointing from the point of view of measur-
ing interesting e↵ects such as the dilaton’s anomalous
derivative couplings, this fact useful in distinguising be-
tween the pseudo-dilaton and other contenders for the
125 GeV boson.

B. Composite dihiggs production

We move on the other model where the light
Higgs boson as pseudo-Nambu Goldstone boson trig-
gering electroweak symmetry breaking. The composite
Higgs [40, 54] relies on gauging the electroweak inter-
actions as a subgroup of a larger spontaneously broken
global symmetry group, e.g.

SO(5)! SO(4) ' SU(2)L ⇥ SU(2)R , (3.7)

which contains the gauged SU(2)L. Gaugeing a subgroup
is tantamount to explicit breaking, and the Nambu-
Goldstone bosons that arise from gobal symmetry break-
ing pattern Eq. (3.7) (and that transform as a bidoublet
under SU(2)L ⇥ SU(2)R and are thus identified with
the Higgs doublet) pick up a mass from a Coleman-
Weinberg potential [55] that involves both gauge and
fermion loops [54, 56, 57]. To incorporate proper hy-
percharges we need to extend the symmetry group to
SO(5) ⇥ U(1)X , and we identify hypercharge as Y =
X + T 3

R just like in other models of strong symmetry
breaking [36]. This mechanism is elegantly described by
holographic approaches [39], where symmetry breaking is
realized via the Hosotani mechanism [58] in gauge-Higgs
unified models.

The crucial parameter, that parametrically measures
deviations of the physical Higgs’ couplings to SM matter
and parametrizes the model’s oblique corrections, is given

h

h

j

i

j

j

j

FIG. 6: Schematic representation of the 2h + ng irreducible
one-loop (sub)amplitude and for the involved fermion flavors
in MCHM5, the gluon lines should be understood as o↵-shell
currents contruting to e.g. qq̄ ! hhg. The amplitudes in-
volving the trilinear Higgs vertex (i.e. the irreducible h + ng
(sub)amplitudes) are flavor diagonal due to diagonality at the
gluon vertices /Af̄ifj / �ij .

h! ��

h! gg

h! ZZ

h!W+W�
h! ⌧+⌧�

h! b¯b

mh = 125 GeV

�

b
r
a
n
c
h
i
n
g

r
a
t
i
o

10.80.60.40.20

1

0.1

0.01

0.001

FIG. 7: Branching ratios for the mh = 125 GeV Higgs as a
function of � in MCHM5.

by
p

⇠ = v/f , where f is the analogue to the pion decay
constant. Consistency with experimental data can there-
fore be achieved without tuning, which makes this model
class a promising candidate for a BSM Higgs sector.
In these composite Higgs models one generates fermion
masses (at least partially) via linear mixings with com-
posite fermionic operators instead of Technicolor-type in-
teractions to avoid bounds ⇠ ⌧ 1. In total this amounts
to a highly modified dihiggs phenomenology compared
to the SM expectation, which has already been discussed
in Ref. [59–62]. In Ref. [63], the e↵ect of the light ad-
ditional fermionic degrees of freedom in MCHM5 (where
the Zb̄b coupling is protected from large unwanted cor-
rections [57]) have been included to inclusive dihiggs
predictions beyond low energy e↵ective Higgs theorems
(LET) [31, 50, 64]. The additional resonances that run in
the gluon fusion loops strongly enhance the cross section,
and, therefore, can be highly constrained by applying the
strategies that involve jet recoils in dihiggs production
discussed in Ref. [18].
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FIG. 1: Transverse momentum distribution of the reconstructed Higgs (i.e. the bb̄ pair) and the mT2 distribution after the
analysis steps described in the text have been carried out (see also Tab. I) but before cuts on either mT2 or pT,bb̄ have been
applied.

⌧+⌧� as already presently performed in the Z ! ⌧+⌧�

case [56, 57], this contamination could be reduced.
The bb̄ invariant mass is calculated from the four-vector

sum of the two b-tagged jets. Events are selected if they
satisfy 100 GeV < mbb < 150 GeV.

RESULTS

The numbers of events passing each of the selection cri-
teria are tabulated in Tab. I. We find that the transverse
momentum and mT2 observables are necessary for back-
ground suppression, and, hence, for a potentially success-
ful measurement of the di-Higgs final state in a hadron-
ically busy environment. The normalized mT2 and pT,bb̄

distributions after the selection shown in Tab. I are plot-
ted in Fig. 1. It can be seen that each of the two variables
o↵ers good signal versus background discrimination at
the large integrated luminosities anticipated at the high
luminosity LHC. We also observe that, mT2 and pT,bb̄ en-
code orthogonal information and they can be combined
towards an optimised search strategy.

We find it is straightforward to obtain signal-to-
background (S/B) ratios of ⇠ 1/5 while retaining ac-
ceptably large signal cross section. These ratios are re-
expressed in Fig. 1 which depicts the luminosity contours
that are necessary to claim a 5� discovery of di-Higgs pro-
duction on the basis of a simple ‘cut and count’ experi-
ment that makes the rectangular cut requirements that
both pT,bb̄ > pT,bb̄(cut) and mT2 > mT2(cut). Both axes

stop at rather low values of
�
pT,bb̄, mT2

�
since a tighter

selection would be dependent on the tail of the tt̄ dis-
tribution where S/

p
B does not provide an appropriate

indicator of sensitivity. We find that the HL-LHC has
good sensitivity to the hh production at high luminos-
ity. For an example selection we obtain a cross section

FIG. 2: Luminosity in fb�1 required to reach S/
p
B = 5

for di-Higgs production based on simple rectangular cuts on
pT,bb̄ and mT2. Numbers in red show luminosities that would
require a combination of the ATLAS and CMS data sets from
a 3 ab�1 high luminosity LHC.

measurement in the 30% range (including the statistical
background uncertainty).

The sensitivity to the Higgs trilinear coupling follows
from destructive interference with other SM diagrams
(see Ref. [16]), such that

� ? �SM =) �(hh) 7 �(hh)SM . (6)

Using the full parton-level p(g)p(g) ! hh + X calcula-
tion [16] we find that the quoted 30% cross section uncer-
tainty translates into 60% level sensitivity to the Higgs
trilinear coupling in the part of the pT,bb̄ distribution
which is relevant for this analysis, pT,bb̄ & 180 GeV.

As an alternative to a ‘cut and count’ analysis we
construct a two dimensional likelihood from (mT2, pT,bb̄)

[Barr, Dolan, CE, Spannowsky`13]

hh � bb̄��



Summary
higher statistics (= smaller systematics)! 

differential cross sections ! 
high momentum transfer final states ! 

direct evidence for exotics ?!



Summary
higher statistics (= smaller systematics)! 

differential cross sections ! 
high momentum transfer final states ! 

direct evidence for exotics ?!
☛ EFT analyses have seen tremendous progress recently 

☛ developments for new fully differential fitting techniques  

☛ pitfalls are known, not relevant at this stage of the LHC programme 

☛ expect a tremendous improvement with more data 

☛ …. but ultimately a losing game too, if new physics is decoupled 

☛ LHC is zeroing in on exotics as predicted in composite Higgs models


