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☛ EFT-inspired Higgs boson coupling measurements 

☛ the role of high momentum transfers vs uncertainties 

☛ adding degrees of freedom:                                                          

unresolved/hidden Higgs decays and Composite Higgs physics 

Outline



The Standard Model: taking stock

SM QFT external symmetriesinternal symmetries massive, light fermions

massless vectors

massive vectors + scalars

chiral symmetry, 
marginal Yukawas

gauge symmetry

gauge + Higgs systems

Mind Map
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“What’s next at the LHC ?”
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Status of LHC measurements

☛ 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

• compositeness

• …

[Buchmüller, Wyler `87]  
[Hagiwara, Peccei, Zeppenfeld, Hikasa `87] 
[Giudice, Grojean, Pomarol, Rattazzi `07] 
[Grzadkowski, Iskrzynski, Misiak, Rosiek `10]

L = LSM +
�

i

ci

�2
Oi

Fingerprinting the lack of new physics
no evidence for 

exoticsthe SM is flawed

59 B-conserving operators ⊗ flavor ⊗ h.c., d=6
2499 parameters (reduces to 76 with Nf=1)
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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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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]

Higgs decays Higgs production
consistent 

differential 
distributions

[Ellis, Sanz, You `14, 17] [Falkowski et al. `15] [Butter  et al. `16] …….

+ [more - not considered here]
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ŝ [TeV]

21.81.61.41.210.80.60.4

(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� , c̄H

pp ! 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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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
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in a very fast and accurate way.
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using a model file output by FeynRules [47–49] and we
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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
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more involved for full operator set [Berthier, Bjorn, Trott `16]S,T=0 : c̄T = 0, c̄W = �c̄B

[Giudice, Grojean, Pomarol, Rattazzi `07]

g

g

H
t

t

t

q

q′

H
W, Z

W, Z

g

g

t

H

t̄

t

t

q̄′

q

H

W, ZW, Z

f(c̄u3, c̄H)
<latexit sha1_base64="Y6qaEKpLcSuTdcxmOBEqwrCcIp0="></latexit><latexit sha1_base64="Y6qaEKpLcSuTdcxmOBEqwrCcIp0="></latexit><latexit sha1_base64="Y6qaEKpLcSuTdcxmOBEqwrCcIp0="></latexit><latexit sha1_base64="Y6qaEKpLcSuTdcxmOBEqwrCcIp0="></latexit>

f̃(c̄g)
<latexit sha1_base64="52THrWwXbC39rStxSJhjdvhFgYU=">AAACHHicbZDLSsNAFIYn9VbjrV52boJFqJuSiKDuim5cVrC20JQymZy0Q2cmYWZSqSHPolt9D1fiVvA1fAKnl4W2/jDw8//nMIcvSBhV2nW/rMLS8srqWnHd3tjc2t4p7e7dqziVBBokZrFsBVgBowIammoGrUQC5gGDZjC4HvfNIUhFY3GnRwl0OO4JGlGCtYm6pQNfUxZCFuUVP8AyI3m3d9Itld2qO5GzaLyZKaOZ6t3Stx/GJOUgNGFYqbbnJrqTYakpYZDbfqogwWSAe9A2VmAOqpNNrs+dY5OEThRL84R2JunvjQxzpUY8MJMc676a78bhf1071dFFJ6MiSTUIMv0oSpmjY2eMwgmpBKLZyBhMJDW3OqSPJSbaALNtX8ADiTnHIsz84RBInvmpCEGOWee2geTNI1k0jdPqZdW7PSvXrma0iugQHaEK8tA5qqEbVEcNRNAjekYv6NV6st6sd+tjOlqwZjv76I+szx+sCaKR</latexit><latexit sha1_base64="52THrWwXbC39rStxSJhjdvhFgYU=">AAACHHicbZDLSsNAFIYn9VbjrV52boJFqJuSiKDuim5cVrC20JQymZy0Q2cmYWZSqSHPolt9D1fiVvA1fAKnl4W2/jDw8//nMIcvSBhV2nW/rMLS8srqWnHd3tjc2t4p7e7dqziVBBokZrFsBVgBowIammoGrUQC5gGDZjC4HvfNIUhFY3GnRwl0OO4JGlGCtYm6pQNfUxZCFuUVP8AyI3m3d9Itld2qO5GzaLyZKaOZ6t3Stx/GJOUgNGFYqbbnJrqTYakpYZDbfqogwWSAe9A2VmAOqpNNrs+dY5OEThRL84R2JunvjQxzpUY8MJMc676a78bhf1071dFFJ6MiSTUIMv0oSpmjY2eMwgmpBKLZyBhMJDW3OqSPJSbaALNtX8ADiTnHIsz84RBInvmpCEGOWee2geTNI1k0jdPqZdW7PSvXrma0iugQHaEK8tA5qqEbVEcNRNAjekYv6NV6st6sd+tjOlqwZjv76I+szx+sCaKR</latexit><latexit sha1_base64="52THrWwXbC39rStxSJhjdvhFgYU=">AAACHHicbZDLSsNAFIYn9VbjrV52boJFqJuSiKDuim5cVrC20JQymZy0Q2cmYWZSqSHPolt9D1fiVvA1fAKnl4W2/jDw8//nMIcvSBhV2nW/rMLS8srqWnHd3tjc2t4p7e7dqziVBBokZrFsBVgBowIammoGrUQC5gGDZjC4HvfNIUhFY3GnRwl0OO4JGlGCtYm6pQNfUxZCFuUVP8AyI3m3d9Itld2qO5GzaLyZKaOZ6t3Stx/GJOUgNGFYqbbnJrqTYakpYZDbfqogwWSAe9A2VmAOqpNNrs+dY5OEThRL84R2JunvjQxzpUY8MJMc676a78bhf1071dFFJ6MiSTUIMv0oSpmjY2eMwgmpBKLZyBhMJDW3OqSPJSbaALNtX8ADiTnHIsz84RBInvmpCEGOWee2geTNI1k0jdPqZdW7PSvXrma0iugQHaEK8tA5qqEbVEcNRNAjekYv6NV6st6sd+tjOlqwZjv76I+szx+sCaKR</latexit><latexit sha1_base64="52THrWwXbC39rStxSJhjdvhFgYU=">AAACHHicbZDLSsNAFIYn9VbjrV52boJFqJuSiKDuim5cVrC20JQymZy0Q2cmYWZSqSHPolt9D1fiVvA1fAKnl4W2/jDw8//nMIcvSBhV2nW/rMLS8srqWnHd3tjc2t4p7e7dqziVBBokZrFsBVgBowIammoGrUQC5gGDZjC4HvfNIUhFY3GnRwl0OO4JGlGCtYm6pQNfUxZCFuUVP8AyI3m3d9Itld2qO5GzaLyZKaOZ6t3Stx/GJOUgNGFYqbbnJrqTYakpYZDbfqogwWSAe9A2VmAOqpNNrs+dY5OEThRL84R2JunvjQxzpUY8MJMc676a78bhf1071dFFJ6MiSTUIMv0oSpmjY2eMwgmpBKLZyBhMJDW3OqSPJSbaALNtX8ADiTnHIsz84RBInvmpCEGOWee2geTNI1k0jdPqZdW7PSvXrma0iugQHaEK8tA5qqEbVEcNRNAjekYv6NV6st6sd+tjOlqwZjv76I+szx+sCaKR</latexit>



our fitting procedure in a nutshell
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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 = L
SM

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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2v2
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+
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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
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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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 = L
SM

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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definite                                    

(cf. fixed order NnLO)

conservative probe of 
validity of d=6 extension
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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.

4

[Ellis, Sanz, You `14]

A word of caution

☛ linearisation in every bin ⊕ positive 
definite integrated weights = 
technical range of validity



Higgs data: 7/8 TeV

11



Higgs data: towards a differential Higgs fit
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• current status (plethora of run 1 analyses included, narrow width) 5
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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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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.

• good agreement with fits by 
ATLAS and other theory 
groups

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

• systematic uncertainties not too 
limiting anymore more on that later

marginalised 
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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†HBµ⌫B
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H†HGa
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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.
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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.

theoretical &  
experimental  
uncertainty

[CE, Kogler, Schulz, Spannowsky `15]



Higgs measurements: future

13

• extrapolation to 300/fb, 3/ab based on signal strength measurements
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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
�
H†H

�
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�
H†H

�
+

c̄T
2v2

⇣
H† !DµH
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H† !D µH

⌘
�
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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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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.
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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)
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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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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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(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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(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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c̄T = 0 , c̄W + c̄B = 0 . (4)
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A. Higgs Production and Decay
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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
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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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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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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.

Higgs measurements: future
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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

distribution pT,H

depends on 
improved functional 
form of uncertainties
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realistic

importance of high 
pT phase space region in 
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• theoretical uncertainties parametrised via

inclusive production 
uncertainty pT  - dependent uncertainty

[CE, Kogler, Schulz, Spannowsky `17]

3

with FeynArts, FormCalc, LoopTools [54, 55], and
FeynRules [56–58]. Branching ratios are calculated
with eHdecay [59]. Concretely this means we keep
dimension-6 amplitude Md=6 separate from the SM con-
tribution MSM and only consider the interference of the
dimension-6 amplitudes with the SM. The histograms
containing the production cross sections and branching
ratios are interpolated with Professor [60], which pro-
vides an analytical parametrisation that is then fast and
accurate enough for the statistical evaluation based on
the Gfitter framework [61–64]. The accuracy of the
Professor parameterisation is below 0.1% when using
polynomials of order five.

Our motivation to work with strictly linearised
(pseudo-)observables relates to a very general under-
standing of validity of the EFT approach. The pertur-
bative means we use to calculate cross sections are chal-
lenged when the interference contribution becomes com-
parable to the SM part: 2Re(Md=6MSM) ⇠ |MSM|

2,
which is then typically accompanied by negative cross
sections in di↵erential bins. This problem is familiar from
higher order QCD calculations, where negative bin con-
tents signal the requirement for further corrections. In
our case, the appearance of negative cross sections in inte-
grated bins signallises the ultimate breakdown of pertur-
bative techniques for a given value of ci in Eq. (3). Given
that we linearise the contributions from new physics in
every bin, this is symmetrically reflected also in cross
section excesses. Note that we do not impose any con-
straints from unitarity arguments and our constraints can
be interpreted in strongly interacting scenarios, however,
within the limitations of our fundamentally perturbative
approach to calculating pseudo-observables.

For the sensitivity studies 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) and assume inclusive signal strength mea-
surements and measurements of fully di↵erential Higgs
transverse momentum distributions for a HL-LHC sce-
nario with 3 ab�1. Assuming realistic losses due to exper-
imental acceptances and e�ciencies, this results in a to-
tal of 46 signal strength measurements and 117 measured
bins from di↵erential Higgs transverse momentum distri-
butions [40]. The experimental systematic uncertainties
are obtained through a luminosity scaling of the present
available uncertainties. This results in improved system-
atic uncertainties in the low energy regions and uncer-
tainties mostly dominated by statistical components in
the tails of the distributions. Additionally, for our stud-
ies including the measurement of gg ! ZZ, we include
18 bins in the invariant mass of the ZZ system with
mZZ > 330 GeV, where the precision of these pseudo-
data is statistically limited. In a given production and
decay channel, experimental uncertainties are included
as correlated uncertainties in our setup.

A crucial question when analysing the impact of dif-
ferential distributions on the Higgs characterisation pro-
gramme is the level at which theoretical as well as ex-

perimental uncertainties can limit the sensitivity. When
setting constraints on continuum deviations from the SM,
the larger theoretical uncertainties that are intrinsic to
the perturbative modelling of large momentum-transfer
final states compared to inclusive quantities significantly
degrade the sensitivity to relative excesses, as expected
from Eq. (3). Hence the naive expectation that the over-
flow bins (or the very large transverse momentum re-
gions) provide the largest statistical pull in a fit is typi-
cally misleading for Wilson coe�cient choices that war-
rant the use of perturbative techniques [41, 65, 66].‡ In
practice, the most sensitive region in a fit is given by the
region of phase space where BSM deviations are large
compared to theoretical as well as experimental uncer-
tainties. However, as we will see below, the importance
of the tails of distributions also depends on the concrete
physics question that we would like to investigate.
A practical problem then arises when trying to pro-

vide sensitivity estimates for a large statistical sample
of expected LHC data.§ In the following we will focus
(and compare) a range of parametrisations of theoreti-
cal uncertainties in the Higgs transverse momentum dis-
tribution p

H

T
(this observable is likely to be reported in

unfolded form [67]) and trace their impact through the
fit procedure. Concretely, we choose a functional form of
the theory uncertainty of

�(pH
T
) = �0[a+ bf(pH

T
)] . (4a)

The parameter �0 refers to the inclusive cross section un-
certainties. We employ two parameterisations for the pH

T
-

dependence

(i) f(pH
T
) = log

✓
1 +

p
H

T

mH

◆
, (4b)

(ii) f(pH
T
) =

p
H

T

mH

. (4c)

A linear scaling of the theoretical uncertainties is un-
doubtedly a very conservative outlook into the future
while a logarithmic scaling is motivated from QCD con-
siderations [68]. The two terms in Eq. (4), corresponding
to an uncertainty in the inclusive cross section (⇠ a) and
an uncertainty in the tails of the p

H

T
distributions (⇠ b),

are allowed to vary independently in the fits.
In Fig. 1, we show constraints obtained from p

H

T
distri-

butions for the uncertainty choices detailed above. These
constraints document a categorisation of Wilson coe�-
cients that explicitly distinguish between the sensitivity

‡
Note, however, that a non-perturbative Wilson coe�cient con-

straint remains a physical statement as the validity of the param-

eter range is only gauged by matching the EFT to a concrete UV

scenario.

§
Current LHC measurements, which constrain the Higgs couplings

at the 10% level, are just about providing a larger sensitivity to

BSM-induced modifications than expected from electroweak preci-

sion constraints in selected scenarios.
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with FeynArts, FormCalc, LoopTools [54, 55], and
FeynRules [56–58]. Branching ratios are calculated
with eHdecay [59]. Concretely this means we keep
dimension-6 amplitude Md=6 separate from the SM con-
tribution MSM and only consider the interference of the
dimension-6 amplitudes with the SM. The histograms
containing the production cross sections and branching
ratios are interpolated with Professor [60], which pro-
vides an analytical parametrisation that is then fast and
accurate enough for the statistical evaluation based on
the Gfitter framework [61–64]. The accuracy of the
Professor parameterisation is below 0.1% when using
polynomials of order five.

Our motivation to work with strictly linearised
(pseudo-)observables relates to a very general under-
standing of validity of the EFT approach. The pertur-
bative means we use to calculate cross sections are chal-
lenged when the interference contribution becomes com-
parable to the SM part: 2Re(Md=6MSM) ⇠ |MSM|

2,
which is then typically accompanied by negative cross
sections in di↵erential bins. This problem is familiar from
higher order QCD calculations, where negative bin con-
tents signal the requirement for further corrections. In
our case, the appearance of negative cross sections in inte-
grated bins signallises the ultimate breakdown of pertur-
bative techniques for a given value of ci in Eq. (3). Given
that we linearise the contributions from new physics in
every bin, this is symmetrically reflected also in cross
section excesses. Note that we do not impose any con-
straints from unitarity arguments and our constraints can
be interpreted in strongly interacting scenarios, however,
within the limitations of our fundamentally perturbative
approach to calculating pseudo-observables.

For the sensitivity studies 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) and assume inclusive signal strength mea-
surements and measurements of fully di↵erential Higgs
transverse momentum distributions for a HL-LHC sce-
nario with 3 ab�1. Assuming realistic losses due to exper-
imental acceptances and e�ciencies, this results in a to-
tal of 46 signal strength measurements and 117 measured
bins from di↵erential Higgs transverse momentum distri-
butions [40]. The experimental systematic uncertainties
are obtained through a luminosity scaling of the present
available uncertainties. This results in improved system-
atic uncertainties in the low energy regions and uncer-
tainties mostly dominated by statistical components in
the tails of the distributions. Additionally, for our stud-
ies including the measurement of gg ! ZZ, we include
18 bins in the invariant mass of the ZZ system with
mZZ > 330 GeV, where the precision of these pseudo-
data is statistically limited. In a given production and
decay channel, experimental uncertainties are included
as correlated uncertainties in our setup.

A crucial question when analysing the impact of dif-
ferential distributions on the Higgs characterisation pro-
gramme is the level at which theoretical as well as ex-

perimental uncertainties can limit the sensitivity. When
setting constraints on continuum deviations from the SM,
the larger theoretical uncertainties that are intrinsic to
the perturbative modelling of large momentum-transfer
final states compared to inclusive quantities significantly
degrade the sensitivity to relative excesses, as expected
from Eq. (3). Hence the naive expectation that the over-
flow bins (or the very large transverse momentum re-
gions) provide the largest statistical pull in a fit is typi-
cally misleading for Wilson coe�cient choices that war-
rant the use of perturbative techniques [41, 65, 66].‡ In
practice, the most sensitive region in a fit is given by the
region of phase space where BSM deviations are large
compared to theoretical as well as experimental uncer-
tainties. However, as we will see below, the importance
of the tails of distributions also depends on the concrete
physics question that we would like to investigate.
A practical problem then arises when trying to pro-

vide sensitivity estimates for a large statistical sample
of expected LHC data.§ In the following we will focus
(and compare) a range of parametrisations of theoreti-
cal uncertainties in the Higgs transverse momentum dis-
tribution p

H

T
(this observable is likely to be reported in

unfolded form [67]) and trace their impact through the
fit procedure. Concretely, we choose a functional form of
the theory uncertainty of

�(pH
T
) = �0[a+ bf(pH

T
)] . (4a)

The parameter �0 refers to the inclusive cross section un-
certainties. We employ two parameterisations for the pH

T
-

dependence

(i) f(pH
T
) = log

✓
1 +

p
H

T

mH

◆
, (4b)

(ii) f(pH
T
) =

p
H

T

mH

. (4c)

A linear scaling of the theoretical uncertainties is un-
doubtedly a very conservative outlook into the future
while a logarithmic scaling is motivated from QCD con-
siderations [68]. The two terms in Eq. (4), corresponding
to an uncertainty in the inclusive cross section (⇠ a) and
an uncertainty in the tails of the p

H

T
distributions (⇠ b),

are allowed to vary independently in the fits.
In Fig. 1, we show constraints obtained from p

H

T
distri-

butions for the uncertainty choices detailed above. These
constraints document a categorisation of Wilson coe�-
cients that explicitly distinguish between the sensitivity

‡
Note, however, that a non-perturbative Wilson coe�cient con-

straint remains a physical statement as the validity of the param-

eter range is only gauged by matching the EFT to a concrete UV

scenario.

§
Current LHC measurements, which constrain the Higgs couplings

at the 10% level, are just about providing a larger sensitivity to

BSM-induced modifications than expected from electroweak preci-

sion constraints in selected scenarios.
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FIG. 1: Scans of the sum of squared residuals ��2 as a function of the Wilson coe�cients c̄d,3, c̄g, c̄� , c̄H , c̄HB , c̄HW , c̄u,3, and
c̄W (from top left to bottom right), obtained by using di↵erential Higgs pT distributions. Di↵erent assumptions on theoretical
uncertainties as given in Eq. (4) are shown in di↵erent colours. Solid lines refer to scenarios with �inv

h = 0, while dashed lines
indicate fit results with �inv

h left free in the fit.

[CE, Kogler, Schulz, Spannowsky `17]
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Role of uncertainties

• decay-relevant operators with suppressed production contributions

re-scale distributions

• decay-relevant operators with dominant production contributions

degeneracy 
lifted by “tails”
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FIG. 1: Scans of the sum of squared residuals ��2 as a function of the Wilson coe�cients c̄d,3, c̄g, c̄� , c̄H , c̄HB , c̄HW , c̄u,3, and
c̄W (from top left to bottom right), obtained by using di↵erential Higgs pT distributions. Di↵erent assumptions on theoretical
uncertainties as given in Eq. (4) are shown in di↵erent colours. Solid lines refer to scenarios with �inv
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indicate fit results with �inv

h left free in the fit.
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Role of uncertainties

• comparably small impact of tail uncertainties                                          
(lin vs log ∼ 35% different shape uncertainty at 150 GeV pT 

• decoupled (non-resonant) new physics perturbatively 
constrained at low transverse momentum.
“fit will always pick region where null hypothesis is under good control”
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FIG. 1: Scans of the sum of squared residuals ��2 as a function of the Wilson coe�cients c̄d,3, c̄g, c̄� , c̄H , c̄HB , c̄HW , c̄u,3, and
c̄W (from top left to bottom right), obtained by using di↵erential Higgs pT distributions. Di↵erent assumptions on theoretical
uncertainties as given in Eq. (4) are shown in di↵erent colours. Solid lines refer to scenarios with �inv

h = 0, while dashed lines
indicate fit results with �inv

h left free in the fit.

[CE, Kogler, Schulz, Spannowsky `17]
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Role of uncertainties
• Is this due to small production cross sections?                                         

No - similar conclusions hold for top sector fits 3
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FIG. 1: Transverse momentum distributions for the re-
constructed hadronic top quark candidate. The bars rep-
resent 30 fb�1 of pseudodata with

p
s = 13 TeV con-

structed with the SM-only hypothesis, while the shaded
curves include the e↵ects of four-quark operators with
Wilson coe�cients Ci = 10 TeV�2 for illustration. De-
tails of the top quark reconstruction are described in the
text.

with the Ct14 [43], Mmht14 [44] and Nnpdf3.0 [45] as
per the recommendations of the Pdf4Lhc working group
for LHC run 2 [46], and we take the full scale+PDF en-
velope as our theory band. This defines an uncertainty
on the di↵erential K-factor which we propagate into each
observable. We treat theory uncertainties as uncorrelated
with experimental systematics and take them to be fixed
as a function of luminosity unless stated otherwise.

In order to build the parameter space for the Wil-
son coe�cients Ci, instead of calculating coe�cients
on a multidimensional grid, which su↵ers from expo-
nential scaling in the number of operators, we use an
interpolation-based method, detailed in [47].

• We construct a logarithmically random-sampled 6
dimensional parameter space in the operators of
Tab. 1. The logarithmic spacing reflects that we
want our sampling to be most accurate near to the
SM point {Ci} = 0.

• We generate our theory predictions and uncertain-
ties, as detailed above, at each point in this space.

• Once the parameter space has been constructed, we
use a polynomial to interpolate between the ran-
domly chosen values of {Ci}, thus building up a
smooth functional form for the change in the pre-
diction for the observables considered with respect
to {Ci}.

Motivated by the functional form of the cross section
with respect to the Wilson coe�cient

d� ⇠ d�SM + Cid�D6 + C
2
i d�D62 , (II.3)

we choose a polynomial dependence on {Ci} as our re-
sponse function for a single bin b.

fb({Ci}) = ↵
b
0 +

X

i

�
b
iCi +

X

ij

�
b
i,jCi,j + . . . . (II.4)

This way operators with vanishing interference with the
SM amplitude piece can be treated separately and we
gain complete analytical control over the fit. The ellipsis
in Eq. (II.4) denotes higher order terms in {Ci}. Compar-
ing Eqs. (II.3) and (II.4), one would expect a quadratic
polynomial to capture the full dependence on {Ci}. How-
ever, when one considers observables such as asymme-
tries, or distributions normalised to the total cross sec-
tion, this simple relation is no longer valid. In order to
capture the dependence on the coe�cients as accurately
as possible, we use a fourth-order polynomial for fb.
Once fb is constructed, all that remains is to define a

goodness of fit function between theory and data, and
minimise it to obtain exclusion contours for {Ci}.

III. IMPROVING THE TOP EFT FIT AT THE
LHC

A. The impact of high pT top final states

As noted in the introduction, the bounds obtained on
top quark operators from early LHC data are rather
weak. In principle, di↵erential distributions provide
much more sensitivity to higher-dimensional operators
than inclusive rates, because they isolate the regions of
phase space where the operators are most sensitive. Typ-
ically, however, the di↵erential measurements used in the

3

1

10

102

103

104

105

Ev
en

ts
/5

0G
eV

resolved boosted

1
10

102
103

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ra
tio

to
SM

pt
T [TeV]

SM @ 30 fb≠1

C1
u

C2
u

C1
d

C2
d

FIG. 1: Transverse momentum distributions for the re-
constructed hadronic top quark candidate. The bars rep-
resent 30 fb�1 of pseudodata with

p
s = 13 TeV con-

structed with the SM-only hypothesis, while the shaded
curves include the e↵ects of four-quark operators with
Wilson coe�cients Ci = 10 TeV�2 for illustration. De-
tails of the top quark reconstruction are described in the
text.

with the Ct14 [43], Mmht14 [44] and Nnpdf3.0 [45] as
per the recommendations of the Pdf4Lhc working group
for LHC run 2 [46], and we take the full scale+PDF en-
velope as our theory band. This defines an uncertainty
on the di↵erential K-factor which we propagate into each
observable. We treat theory uncertainties as uncorrelated
with experimental systematics and take them to be fixed
as a function of luminosity unless stated otherwise.

In order to build the parameter space for the Wil-
son coe�cients Ci, instead of calculating coe�cients
on a multidimensional grid, which su↵ers from expo-
nential scaling in the number of operators, we use an
interpolation-based method, detailed in [47].

• We construct a logarithmically random-sampled 6
dimensional parameter space in the operators of
Tab. 1. The logarithmic spacing reflects that we
want our sampling to be most accurate near to the
SM point {Ci} = 0.

• We generate our theory predictions and uncertain-
ties, as detailed above, at each point in this space.

• Once the parameter space has been constructed, we
use a polynomial to interpolate between the ran-
domly chosen values of {Ci}, thus building up a
smooth functional form for the change in the pre-
diction for the observables considered with respect
to {Ci}.

Motivated by the functional form of the cross section
with respect to the Wilson coe�cient

d� ⇠ d�SM + Cid�D6 + C
2
i d�D62 , (II.3)

we choose a polynomial dependence on {Ci} as our re-
sponse function for a single bin b.

fb({Ci}) = ↵
b
0 +

X

i

�
b
iCi +

X

ij

�
b
i,jCi,j + . . . . (II.4)

This way operators with vanishing interference with the
SM amplitude piece can be treated separately and we
gain complete analytical control over the fit. The ellipsis
in Eq. (II.4) denotes higher order terms in {Ci}. Compar-
ing Eqs. (II.3) and (II.4), one would expect a quadratic
polynomial to capture the full dependence on {Ci}. How-
ever, when one considers observables such as asymme-
tries, or distributions normalised to the total cross sec-
tion, this simple relation is no longer valid. In order to
capture the dependence on the coe�cients as accurately
as possible, we use a fourth-order polynomial for fb.
Once fb is constructed, all that remains is to define a

goodness of fit function between theory and data, and
minimise it to obtain exclusion contours for {Ci}.

III. IMPROVING THE TOP EFT FIT AT THE
LHC

A. The impact of high pT top final states

As noted in the introduction, the bounds obtained on
top quark operators from early LHC data are rather
weak. In principle, di↵erential distributions provide
much more sensitivity to higher-dimensional operators
than inclusive rates, because they isolate the regions of
phase space where the operators are most sensitive. Typ-
ically, however, the di↵erential measurements used in the
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FIG. 2: Individual 95% bounds on the operators consid-
ered here, from the boosted analysis and the resolved fat jet
analysis, and the combined constraint from both, assuming
20% systematics and 30 fb�1 of data. We also show existing
constraints from unfolded 8 TeV pT distributions published
in [48] and [49], showing the sizeable improvement even for a
modest luminosity gain.

fit have been based on standard top reconstruction tech-
niques, which, while providing good coverage of the low
pT ‘threshold’ region, su↵er from poor statistical and sys-
tematic uncertainties in the tails of distributions, pre-
cisely the region of phase space we aim to isolate.

Moreover, the measurements used were typically un-
folded; that is, the final-state objects were corrected for
detector e↵ects and the actual measured ‘fiducial’ cross
section extrapolated to the full phase space, without cuts.
This includes the treatment of reducible as well as ir-
reducible backgrounds, which we implicitly understand
as part of experimental systematic uncertainties in the
following. Unfolded distributions substantially ease the
workflow of our fit, since we can compare them directly
to parton level quantities without the need for shower-
ing, hadronisation and detector simulation at each point
in the parameter space. However, the extrapolation from
the fiducial to full phase space, which makes use of com-
paring to Monte Carlo simulations, necessarily biases the
unfolded distributions towards SM-like shapes. It also
introduces additional correlations between neighbouring
bins, broadening the �

2.

For top pair production, being a 2 ! 2 process, the
relevant observables which span the partonic phase space
are scattering angle and partonic centre-of-mass energy.
All other observables are functions of these parameters,
of which the top quark transverse momentum is crucial
observable which determines quality and e�ciency of the
boosted top tagging approach [50–56] which we will em-
ploy in the following. The advantage of selecting high
pT objects is thus twofold [57]. Firstly, by making use of

sophisticated reconstruction techniques for boosted ob-
jects, we move to the region of phase space where the
e↵ects of heavy new degrees of freedom will be most pro-
nounced, as illustrated in Fig. 1, and secondly, jet sub-
structure techniques require, by definition, a hadron-level
analysis, so we avoid the model-dependence that fitting
parton-level distributions to unfolded measurements suf-
fers from.
The sting in the tail for analyses selecting high pT ob-

jects is, of course, low rates. At 13 TeV, for instance, we
find that 90% of the cross section comes from the resolved
region p

t
T < 200 GeV.† We thus aim to quantify at what

stage in the LHC programme, if at all, the increased sen-
sitivity in this region can compensate for the relatively
poor statistics. Our analysis setup, as implemented in
Rivet [58], is as follows:
Restricting ourselves to the semileptonic top pair de-

cay channel, we first require a single charged lepton with
pT > 30 GeV‡, and find the Emiss

T vector which we require
to have a magnitude > 30 GeV. The leptonic W -boson
is reconstructed from these by assuming it was produced
on-shell. Jets are then clustered using the anti-kT al-
gorithm [59] using FastJet [60] in two separate groups
with R = (0.4, 1.2) requiring pT > (30, 200) GeV respec-
tively, and jets which overlap with the charged lepton are
removed. The R = 1.2 fat jets are required to be within
|⌘| < 2, and the R = 0.4 small jets are b-tagged within
the same ⌘ range with an e�ciency of 70% and fake rate
of 1% [61].

If at least one fat jet and one b-tagged small jet which
does not overlap with the leading fat jet exists, we per-
form a boosted top-tag of the leading fat jet using HEP-

TopTagger [50, 51, 62] and reconstruct the leptonic top
candidate using the leading, non-overlapping b-tagged
small jet and the reconstructed leptonic W .

If no fat jet fulfilling all the criteria exists, we instead

Leptons pT > 30 GeV

|⌘| < 4.2

Missing energy Emiss
T > 30 GeV

Small jets anti-kT R = 0.4

pT > 30 GeV , |⌘| < 2

Fat jets anti-kT R = 1.2

pT > 200 GeV , |⌘| < 2

Resolved � 4 small jets w/� 2 b-tags

Boosted � 1 fat jet, � 1 small jet w/ b-tag

TABLE II: Summary of the physics object definitions and
event selection criteria in our hadron-level analysis.

†We choose ptT � 200 GeV as benchmark point of the boosted se-
lection as the top tagging below this threshold su↵ers from large
mistag rates and small e�ciencies.

‡We do not consider ⌧ decays here to avoid the more involved re-
construction.

[CE, Moore, Nordstrom, Russell `16]
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coupling/scale 
separated BSM physics

Effective Field Theory concrete models
• (N)MSSM

• Higgs portals

• compositeness

• …

[Buchmüller, Wyler `87]  
[Hagiwara, Peccei, Zeppenfeld, Hikasa `87] 
[Giudice, Grojean, Pomarol, Rattazzi `07] 
[Grzadkowski, Iskrzynski, Misiak, Rosiek `10]

L = LSM +
�

i

ci

�2
Oi

Fingerprinting the lack of new physics
no evidence for 

exoticsthe SM is flawed

59 B-conserving operators ⊗ flavor ⊗ h.c., d=6
2499 parameters (reduces to 76 with Nf=1)

informs

+ additional dofs



Generic hints of compositeness
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• interpret the electroweak scale as a radiative phenomenon, 
analogous to the pion mass splitting

[SU(2)LxSU(2)R]
/SU(2)D

𝜋0 𝜋- 𝜋+
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• interpret the electroweak scale as a radiative phenomenon, 
analogous to the pion mass splitting

[SU(2)LxSU(2)R]
/SU(2)D

A UV Complete Compositeness Scenario: LHC Constraints Meet The Lattice

Luigi Del Debbio,1 Christoph Englert,2 and Roman Zwicky1

1
SUPA, School of Physics, University of Edinburgh, Edinburgh EH9 3JZ, UK

2
SUPA, School of Physics and Astronomy,University of Glasgow, Glasgow G12 8QQ, UK

We investigate the allowed parameter range of a concrete UV scenario of Higgs compositeness

based on a SU(4) gauge group in the light of recent measurements at the LHC Run-1. We contrast

these findings with predictions from lattice calculations....
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FIG. 1: Representative Feynman diagram mediating the de-

cay of a neutral scalar S 2 {30,31} to vector bosons V, V 0 2
{Z, �,W±} with interaction vertices obtained in the mass-

diagonal representation of the charged and neutral top and

bottom space currents.

Appendix A: Analysis of Loop-induced decays of the

non-Higgs states

In this section we quickly review the calculation under-
pinning the loop-induced decays of the additional neutral
scalars in the model. After diagonalising the top- and

bottom mass mixing matrices with bi-unitary transfor-
mations, the scalar as well as vectorial couplings will be
in general non-diagonal in the top and bottom partner
spaces. This leads creates a multi-scale decay amplitude
that can be pictorially represented by the sum over Feyn-
man diagrams as indicated in Fig. 1.

We can write the decay amplitude as

iA =
X

i

CihÔii (A1)

with Ôi denoting the quantum operators contributing to
the decay with matrix element hÔii and associated cou-
plings Ci (which can have a non-zero mass dimension).
In our case the relevant operators are

Ô1 = ŜV̂ V̂
0

Ô2 = ŜŜV̂ V̂
0

Ô3 = ŜŜV̂ V̂
0

Aµ

𝜋0 𝜋- 𝜋+

Generic hints of compositeness
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• interpret the electroweak scale as a radiative phenomenon, 
analogous to the pion mass splitting

[SU(2)LxSU(2)R]
/SU(2)D

A UV Complete Compositeness Scenario: LHC Constraints Meet The Lattice

Luigi Del Debbio,1 Christoph Englert,2 and Roman Zwicky1

1
SUPA, School of Physics, University of Edinburgh, Edinburgh EH9 3JZ, UK

2
SUPA, School of Physics and Astronomy,University of Glasgow, Glasgow G12 8QQ, UK

We investigate the allowed parameter range of a concrete UV scenario of Higgs compositeness

based on a SU(4) gauge group in the light of recent measurements at the LHC Run-1. We contrast

these findings with predictions from lattice calculations....
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cay of a neutral scalar S 2 {30,31} to vector bosons V, V 0 2
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bottom space currents.

Appendix A: Analysis of Loop-induced decays of the

non-Higgs states

In this section we quickly review the calculation under-
pinning the loop-induced decays of the additional neutral
scalars in the model. After diagonalising the top- and

bottom mass mixing matrices with bi-unitary transfor-
mations, the scalar as well as vectorial couplings will be
in general non-diagonal in the top and bottom partner
spaces. This leads creates a multi-scale decay amplitude
that can be pictorially represented by the sum over Feyn-
man diagrams as indicated in Fig. 1.

We can write the decay amplitude as

iA =
X

i

CihÔii (A1)

with Ôi denoting the quantum operators contributing to
the decay with matrix element hÔii and associated cou-
plings Ci (which can have a non-zero mass dimension).
In our case the relevant operators are

Ô1 = ŜV̂ V̂
0

Ô2 = ŜŜV̂ V̂
0

Ô3 = ŜŜV̂ V̂
0

Aµ

1-loop diagrams associated to the Coleman-Weinberg potential are these same as those
in Fig. 7. Their resummation gives

V (⇡) =
3

16⇡2

Z 1

0

dQ2 Q2 log

✓
1 +

1

2

⇧LR(Q2)

⇧V V (Q2)

sin2(⇡/f⇡)

⇡2
(⇡+⇡�)

◆
. (76)

The convergence of the integral thus depends on the behavior of the form factors
⇧LR(Q2) and ⇧V V (Q2) at large Euclidean momenta Q2. To infer such behavior we can
use the information that comes from the OPE of the product of two vector and axial
currents, see eq.(63). The color-singlet, scalar 9 operators of dimension 6 or less are:

1 (identity operator) (d=0)

Om =  ̄mq (d=4)

OG = Ga
µ⌫G

aµ⌫ (d=4)

O� =  ̄�µ⌫tamq Ga
µ⌫ (d=6)

O� =
�
 ̄�1 

� �
 ̄�2 

�
(d=6)

Of = fabcGaµ
⌫ Gb ⌫

⇢ Gc ⇢
µ (d=6)

where a, b, c are color indices and �1,2 are matrices in flavor, color and Lorentz space.
Notice that the operators Om and O� break explicitly the chiral symmetry and must be
thus proportional to the quark mass matrix mq. As such they vanish in the chiral limit.
On the other hand O� is the only chiral-invariant operator among those listed above
whose vacuum expectation value can violate the chiral symmetry and thus distinguish
between the axial and vector currents. In other words, O� is the operator with lowest
dimension to contribute to the form factor ⇧LR:

⇧LR(Q2) = Q2 CO�(Q
2)hO�i + · · · = Q2

✓
�

Q6
+ O

✓
1

Q8

◆◆
, (77)

where � is a numerical coe�cient. 10 Since the form factor ⇧V V grows as Q2 at
large Euclidean momenta (the leading term in its expansion corresponds to the kinetic
term of the photon), we deduce that the integral in the pion potential is convergent. A
reasonable approximation to the full potential is obtained by setting ⇧V V (Q2) ' Q2/e2

and expanding the logarithm at first order:

V (⇡) '
3

8⇡2
↵em

sin2(⇡/f⇡)

⇡2
(⇡+⇡�)

Z 1

0

dQ2 ⇧LR(Q2) . (78)

9Operators of spin 1/2 and higher do not contribute to the vacuum expectation value hJµJ⌫i and
are thus irrelevant to the following argument.

10The coe�cient � can be computed perturbatively expanding in powers of ↵s and 1/Nc.
In the large Nc limit, the matrix element hO�i factorizes into (h ̄ i)2, and one finds: � =
8⇡2

�
↵s/⇡ + O(↵2

s)
�
(h ̄ i)2 [38, 39].
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super-convergent
[Weinberg `67]…

𝜋0 𝜋- 𝜋+effective potential
[Coleman, Weinberg `73]…

Using the above expression of ⇧LR, the integral appearing in the pion potential gives
Z 1

0

dQ2 ⇧LR(Q2) = f 2

⇡

m2

⇢m
2

a1

m2
a1 � m2

⇢

log

✓
m2

a1

m2
⇢

◆
. (87)

For any value of the masses, the above expression is always positive (reflecting the
positivity of ⇧LR in eq.(86)). This means that the pion potential is minimized for

h⇡1
i = h⇡2

i = 0 . (88)

In other words, the radiative corrections align the vacuum along the U(1)-preserving
direction, and the photon remains massless. It turns out that the positivity of the
integral (87) and the above conclusion on the alignment of the vacuum are much more
general that our approximate result. Witten [41] has shown that in a generic vector-like
confining gauge theory one has

⇧LR(Q2) � 0 for 0  Q2
 1 , (89)

so that the radiative contribution from gauge fields always tends to align the vacuum
in the direction that preserves the gauge symmetry.

The e↵ect of the one-loop potential (78) is that of lifting the degeneracy of vacua
and give a (positive) mass to the charged pion, while leaving the neutral one massless.
Notice indeed that the potential vanishes in the vacuum (88), so that there is still
a flat direction along ⇡0. All the results derived above are valid in the chiral limit,
that is for vanishing quark masses. When the quark masses is turned on, both the
charged and neutral pion get a mass, as a consequence of the explicit breaking of the
chiral symmetry. The di↵erence of the charged and neutral pion mass, however, is
still dominantly accounted for by the electromagnetic correction that we have derived.
Thus, we can compare our prediction with the experimentally measured value and
check the accuracy of our approximations. From eqs.(78) and (87) one gets

m2

⇡± � m2

⇡0
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3 ↵em

4⇡
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⇢m
2

a1

m2
a1 � m2

⇢

log

✓
m2

a1

m2
⇢

◆
. (90)

This result was first derived in 1967 by Das et al. using current algebra techniques [42].
Inserting the experimental values m⇢ = 770 MeV and ma1 = 1260 MeV into eq.(90) one
obtains the theoretical prediction

(m⇡± � m⇡0)|TH ' 5.8 MeV , (91)

to be compared with the experimentally measured value

(m⇡± � m⇡0)|EXP ' 4.6 MeV . (92)

Considering that corrections to the large-Nc approximation are expected to be of or-
der ⇠ 30%, we conclude that the agreement of our theoretical prediction with the
experimental value is fully satisfactory.
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Using the above expression of ⇧LR, the integral appearing in the pion potential gives
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positivity of ⇧LR in eq.(86)). This means that the pion potential is minimized for
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In other words, the radiative corrections align the vacuum along the U(1)-preserving
direction, and the photon remains massless. It turns out that the positivity of the
integral (87) and the above conclusion on the alignment of the vacuum are much more
general that our approximate result. Witten [41] has shown that in a generic vector-like
confining gauge theory one has

⇧LR(Q2) � 0 for 0  Q2
 1 , (89)

so that the radiative contribution from gauge fields always tends to align the vacuum
in the direction that preserves the gauge symmetry.

The e↵ect of the one-loop potential (78) is that of lifting the degeneracy of vacua
and give a (positive) mass to the charged pion, while leaving the neutral one massless.
Notice indeed that the potential vanishes in the vacuum (88), so that there is still
a flat direction along ⇡0. All the results derived above are valid in the chiral limit,
that is for vanishing quark masses. When the quark masses is turned on, both the
charged and neutral pion get a mass, as a consequence of the explicit breaking of the
chiral symmetry. The di↵erence of the charged and neutral pion mass, however, is
still dominantly accounted for by the electromagnetic correction that we have derived.
Thus, we can compare our prediction with the experimentally measured value and
check the accuracy of our approximations. From eqs.(78) and (87) one gets

m2

⇡± � m2

⇡0
'

3 ↵em

4⇡

m2

⇢m
2

a1

m2
a1 � m2

⇢

log

✓
m2

a1

m2
⇢

◆
. (90)

This result was first derived in 1967 by Das et al. using current algebra techniques [42].
Inserting the experimental values m⇢ = 770 MeV and ma1 = 1260 MeV into eq.(90) one
obtains the theoretical prediction

(m⇡± � m⇡0)|TH ' 5.8 MeV , (91)

to be compared with the experimentally measured value

(m⇡± � m⇡0)|EXP ' 4.6 MeV . (92)

Considering that corrections to the large-Nc approximation are expected to be of or-
der ⇠ 30%, we conclude that the agreement of our theoretical prediction with the
experimental value is fully satisfactory.
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• not straightforward to this adapt to the Higgs case

respect global 
symmetries in the 

Higgs sector

LEP precision 
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trigger 
ELW symmetry 
breaking not just 

CW masses …….

e.g. [Contino `10]
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• not straightforward to this adapt to the Higgs case

respect global 
symmetries in the 

Higgs sector

LEP precision 
measurements 

trigger 
ELW symmetry 
breaking not just 

CW masses …….

• vacuum mis-alignement from SU(2)L x U(1)Y direction requires the 
presence of heavy fermions

+ + + · · ·

t R

t L

+

t L

t Rt L

t R

+ · · ·

Figure 12: 1-loop contribution of the SM top and bottom quark to the Higgs potential.
Upper row: diagrams where the same elementary field, either qL = (tL, bL) or tR, circulates
in the loop with a propagator i/(6p ⇧0). A grey blob denotes the form factor 6p⇧1. Lower row:
diagrams where both tL and tR circulate in the loop with a Higgs-dependent propagator (see
text). In this case a grey blob denotes the form factor M

u
1
.

where this time the first two terms in the integral can be thought of as due to the
resummation of 1-loop diagrams where only qL or tR are exchanged, see Fig. 12 (upper
row). The last term, instead, comes from resumming the diagrams where both tL and
tR circulate in the loop with a Higgs-dependent propagator, respectively

i

6p (⇧q
0
+ ⇧q

1
cos(h/f))

, and
i

6p (⇧u
0

� ⇧u
1
cos(h/f))

,

see Fig. 12 (lower row). As for the case of the gauge fields, the finiteness of the integral
is guaranteed by the convergence of the form factors Mu

1
and ⇧u,q

1
at large Euclidean

momenta. Provided these decrease fast enough, the potential can be reasonably well
approximated by expanding the logarithms at first order. This gives:

V (h) ' ↵ cos
h

f
� � sin2

h

f
, (125)

where the coe�cients ↵ and � are defined in terms of integrals of the form factors.
Including the contribution of the gauge potential (59) to �, one has:

↵ = 2Nc

Z
d4p
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✓
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1
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0

� 2
⇧q

1

⇧q
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◆
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1
)2

(�p2) (⇧q
0
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1
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�
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8

⇧1
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◆
.

(126)
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• gauge boson masses through symmetry choices 

• fermion masses through mixing with baryonic matter (part. compositeness) 

• minimal pheno model SO(5)→ SO(4) ≃ SU(2)L x SU(2)R 

• fermions (and hypercolour baryons) in a 4/5 of SO(5) 

Generic hints of compositeness
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Figure 10: Constraints on Minimal Composite Higgs models from Ref. [75].
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Figure 11: Constraints on Minimal Composite Higgs models’ coupling modifiers (Tab. V) as reported by ATLAS in [65].

particle in these models typically provide complementary information from measurement of Higgs couplings. In a
model with heavy vector resonances of mass, m⇢ and coupling g⇢, the parameter ⇠ ⇠ g2

⇢
v2/m2

⇢
and typically limits

are shown in Fig. ??.
Scalar sectors typically share phenomenological similarities with the 2HDM or the Georgi-Machaceck model cite-

Georgi:1985nv as they form representations of SU(2)R ⇥SU(2)L by construction. Current constraints from a range of
existing searches are loose, in particular when the triplets do not contribute to electroweak symmetry breaking [58].

CE largely done
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no EWSB
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Figure 9: Constraints on the low energy constants by a representative LHC Higgs measurement ⇠  0.12. UV models
need to fall into the intersection of the purple and grey band. Figure taken from [58]. The limit of ⇠ . 0.12 results from a
re-interpretation of the combined ATLAS/CMS measurements of [66].

Model hV V hhV V hff̄ hhff̄ hhh

MCHM4
p
1� ⇠ 1� 2⇠

p
1� ⇠ ⇠mf/v

2 p
1� ⇠

MCHM5
p
1� ⇠ 1� 2⇠ 1�2⇠p

1�⇠
4⇠mf/v

2 1�2⇠p
1�⇠

Table V: Coupling modifiers for di↵erent minimal composite Higgs models, which are used as LHC benchmark scenarios.

As for the example of the pions, the dimensionless coe�cients ↵, � are related to (combinations of) two and four-
point correlator functions of the microscopic theory, similar to Eq. (65), see [55–58]. Calculating these functions
using lattice simulations is possible in principle, however, for realistic theories with an enlarged matter and symmetry
content (see e.g. [59]) this is unfortunately beyond the current state-of-the-art. Nonetheless, using the e↵ective
low energy constants ↵, � and their relation to measurable quantities like the Higgs mass and the Higgs couplings,
constraints can formulated which can inform future lattice investigations. In particular, the condition for electroweak
symmetry breaking requires ↵+2� > 0 and the Higgs mass measured in units of the electroweak vacuum expectation
value correlates ⇠ and �

0.26 '
m2

h

v2
=

V 00(hhi)

v2
= 32�⇠(1 � ⇠) . (68)

The parameter ⇠ is phenomenologically particularly relevant as it parameterises the di↵erences in Higgs phenomenol-
ogy compared to the SM. Scenarios, which are typically adopted as minimal phenomenological benchmarks1 of a pNGB
origin of electroweak symmetry breaking are models based on a SO(5) ! SO(4) non-linear sigma model[? ? ? ]
with fermions either embedded in the spinorial (four-dimensional) or fundamental five-dimensional representation
of SO(5). These models are referred to as minimal composite Higgs models MCHM4 and MCHM5. They imply
di↵erent Higgs interactions with SM fermions, as tabulated in Tab. V, from which modified Higgs branching ratios
can be computed following standard techniques[? ]. A ⇠ 10% constraint on ⇠ can therefore be used to contrast
predictions from specific UV models, Fig. 9. MCHM5 is a particularly well-motivated phenomenological candidate as
it includes enough symmetry to satisfy LEP constraints [63] and a range of viable parameter choices consistent with
LHC data can be formulated [64]. ATLAS, e.g., have provided interpretations of their single Higgs measurements in
these models in [65], see Fig. 11.

Models like MCHM4 and MCHM5 have currently no known (non-supersymmetric) UV completion. Extended
theories [59, 67–69] typically include other exotic states on top of top and bottom quark partners [70–72], such hyper-
pions [73], axion-like states [73], (doubly) charged Higgs bosons [58] and vectors [74, 75]. Searches for the heavy

1Other scenarios of strong interactions that approach the light nature of the Higgs boson from a di↵erent angle are theories of collective
symmetry breaking, known as Little Higgs theories[? ? ], where the Higgs is interpreted as a pNGB that typically (but not necessarily)
arises through breaking of a product group of symmetries. These models have been reviewed in other places in detail [60, 61]. Other
versions of pNGB type Higgs physics include Twin Higgs models [62] as well as models motivated from holography [53].

[ATLAS 1509.00672]

coupling modifiers
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• gauge boson masses through symmetry choices 

• fermion masses through mixing with baryonic matter (part. compositeness) 

• minimal pheno model SO(5)→ SO(4) ≃ SU(2)L x SU(2)R 

• fermions (and hypercolour baryons) in a 4/5 of SO(5) 

so far no UV completion known for this!
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• gauge boson masses through symmetry choices 

• fermion masses through mixing with baryonic matter (part. compositeness) 

• minimal pheno model SO(5)→ SO(4) ≃ SU(2)L x SU(2)R 

• fermions (and hypercolour baryons) in a 4/5 of SO(5) 

so far no UV completion known for this!
• but

2

This will allow us to identify the parameter domain of the
model, which is mostly driven by Higgs searches, and we
will confront our findings with concrete predictions from
the lattice in IIA. We summarise and conclude in Sec. IV

II. THE MODEL

this section requires some polishing... ldd to do

The model of [9] is based on a symmetry group

SU(4)| {z }
GHC

⇥SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0| {z }
GF

.

(1)
with Weyl fermions transforming  2 6,� 2 4, �̃ 2 4̄

under the hypercolor gauge group GHC = SU(4). The
strong dynamics of GHC will cause a symmetry break-
ing of the global flavour symmetries SU(5) ! SO(5)
and SU(3) ⇥ SU(3)0 ! SU(3)c as well as a broken
U(1)X . Based on the maximally attractive channel hy-
pothesis [10], we can expect SU(5) ! SO(5) to occur
at a higher scale than SU(3) ⇥ SU(3)0 ! SU(3)c. This
leads to a low-energy e↵ective theory based on the global
symmetry breaking pattern

GF /HF =
SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0

SO(5)⇥ SU(3)⇥ U(1)X

=
SU(5)

SO(5)
⇥

SU(3)⇥ SU(3)0

SU(3)
⇥ U(1)0 . (2)

Since SO(5) � SO(4) ' SU(2) ⇥ SU(2), the unbroken
global symmetry group HF contains the custodial sub-
group

Hc = SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X (3)

and following the standard paradigm of composite Higgs
scenarios, we weakly gauge the SM subgroup Hc �

GSM = SU(3)c⇥SU(2)L⇥U(1)Y , where hypercharge is a
linear combination for SU(2)R and U(1)X , Y = T 3

R +X.
Weakly gauging a subgroup and heavy quark mass gen-
eration through partial compositeness [11, 12] amount to
explicit violation of GF , and the analysis of the one-loop
e↵ective action [9] shows that this indeed gives rise to
NGB misalignment and electroweak symmetry breaking
SU(2)L ⇥ U(1)Y ! U(1)QED, completely analogous to
the minimal e↵ective realisations [2, 3]. The di↵erence
between the MCHM5 scenario of [3] is the rather unique
prediction of additional NGBs from the SU(5) ! SO(5)
breaking which transform as 10 + 21/2 + 30 + 3±1 =
(⌘, H,�0,�) (in addition to an ⌘0 from U(1)0) under
SU(2)L ⇥ U(1)Y , of which the 21/2 can be identified as
the SM Higgs doublet.

This extended scalar sector reveals parallels with the
so-called Georgi-Machacek model [13–15] (for recent phe-
nomenological investigations see also [16–20]), which also
predicts the appearance of a real as well as a complex
SU(2)L triplet in the scalar sector. The crucial di↵erence

between these theories is, neglecting the SM-inert singlet
in the following, that these extra states do not contribute
to the breaking of electroweak symmetry breaking [9].
Hence, potential fine tuning problems which are associ-
ated with the ⇢ parameter [21] in custodial triplet sce-
narios are avoided entirely in this model.

The construction of the low-energy e↵ective theory
follows the approach pioneered by Callen, Coleman,
Wess and Zumino (CCWZ) [22, 23]. Denoting the

SU(5)/SO(5) generators by T Â, we can introduce a non-
linear sigma field

⌃(x) = exp

✓
i⇧

f

◆
, ⇧ = �Â(x)T Â . (4)

Since SU(5)/SO(5) is a symmetric space, we can simplify
the CCWZ kinetic term construction by introducing an
object U = ⌃⌃T = exp(2i⇧/f), which allows us to write
the interactions with the gauge bosons from

L �
f2

16
Tr

�
DµUDµU†� (5)

as U 7! gUgT under g 2 SU(5). The covariant derivative
is given by

DµU = @µU � igWA
µ [TA

L , U ]� ig0Bµ[T
3

R, U ] (6)

as all NGBs have zero U(1)X charge. We use a con-
vention with tr[TATB ] = �AB/2 with ⇧ � H+T+ =
H+

p
2(T 18

�iT 15) which with (5) lead to canonically nor-
malised kinetic terms of the form L �

1

2
@µH+(@µH+)†.

Expanding this Lagrangian we find the standard
MCHM4/5 coupling modifications of the physical Higgs
boson to the massive electroweak gauge bosons rescaled
by

p
1� ⇠, where ⇠ = v2/f2 with v ' 246 GeV, while the

remaining pNGB interactions are completely determined
by their SU(2)L quantum numbers.
Heavy third family quark masses are included through

partial compositeness [11, 12], i.e. mixing e↵ects with
vector-like hyperbaryons of the strongly interacting sec-
tor. The relevant terms are

� L � M ̄ + �qf ¯̂qL� R + �tf
¯̂tR�

⇤ L

+
p
2µbTr(¯̂q

3

L⌃d̂
3

R) + h.c. (7)

with

 =
1
p
2
[iB � iX,B +X, iT + iY,�T + Y,

p
2iR] , (8)

q̂L =
1
p
2
[ibL, bL, itL,�tL, 0]

T , (9)

t̂R =
1
p
2
[0, 0, 0, 0, itR]

T . (10)

while  2 5 of SO(5), ldd: check the quantum num-

bers of the components!! q̂L, t̂R, q̂3L and d̂3R are spuri-
onic SU(5) embeddings that facilitate the bottom mass

could work with
[Ferretti `14]
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This will allow us to identify the parameter domain of the
model, which is mostly driven by Higgs searches, and we
will confront our findings with concrete predictions from
the lattice in IIA. We summarise and conclude in Sec. IV

II. THE MODEL

this section requires some polishing... ldd to do

The model of [9] is based on a symmetry group

SU(4)| {z }
GHC

⇥SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0| {z }
GF

.

(1)
with Weyl fermions transforming  2 6,� 2 4, �̃ 2 4̄

under the hypercolor gauge group GHC = SU(4). The
strong dynamics of GHC will cause a symmetry break-
ing of the global flavour symmetries SU(5) ! SO(5)
and SU(3) ⇥ SU(3)0 ! SU(3)c as well as a broken
U(1)X . Based on the maximally attractive channel hy-
pothesis [10], we can expect SU(5) ! SO(5) to occur
at a higher scale than SU(3) ⇥ SU(3)0 ! SU(3)c. This
leads to a low-energy e↵ective theory based on the global
symmetry breaking pattern

GF /HF =
SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0

SO(5)⇥ SU(3)⇥ U(1)X

=
SU(5)

SO(5)
⇥

SU(3)⇥ SU(3)0

SU(3)
⇥ U(1)0 . (2)

Since SO(5) � SO(4) ' SU(2) ⇥ SU(2), the unbroken
global symmetry group HF contains the custodial sub-
group

Hc = SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X (3)

and following the standard paradigm of composite Higgs
scenarios, we weakly gauge the SM subgroup Hc �

GSM = SU(3)c⇥SU(2)L⇥U(1)Y , where hypercharge is a
linear combination for SU(2)R and U(1)X , Y = T 3

R +X.
Weakly gauging a subgroup and heavy quark mass gen-
eration through partial compositeness [11, 12] amount to
explicit violation of GF , and the analysis of the one-loop
e↵ective action [9] shows that this indeed gives rise to
NGB misalignment and electroweak symmetry breaking
SU(2)L ⇥ U(1)Y ! U(1)QED, completely analogous to
the minimal e↵ective realisations [2, 3]. The di↵erence
between the MCHM5 scenario of [3] is the rather unique
prediction of additional NGBs from the SU(5) ! SO(5)
breaking which transform as 10 + 21/2 + 30 + 3±1 =
(⌘, H,�0,�) (in addition to an ⌘0 from U(1)0) under
SU(2)L ⇥ U(1)Y , of which the 21/2 can be identified as
the SM Higgs doublet.

This extended scalar sector reveals parallels with the
so-called Georgi-Machacek model [13–15] (for recent phe-
nomenological investigations see also [16–20]), which also
predicts the appearance of a real as well as a complex
SU(2)L triplet in the scalar sector. The crucial di↵erence

between these theories is, neglecting the SM-inert singlet
in the following, that these extra states do not contribute
to the breaking of electroweak symmetry breaking [9].
Hence, potential fine tuning problems which are associ-
ated with the ⇢ parameter [21] in custodial triplet sce-
narios are avoided entirely in this model.

The construction of the low-energy e↵ective theory
follows the approach pioneered by Callen, Coleman,
Wess and Zumino (CCWZ) [22, 23]. Denoting the

SU(5)/SO(5) generators by T Â, we can introduce a non-
linear sigma field

⌃(x) = exp

✓
i⇧

f

◆
, ⇧ = �Â(x)T Â . (4)

Since SU(5)/SO(5) is a symmetric space, we can simplify
the CCWZ kinetic term construction by introducing an
object U = ⌃⌃T = exp(2i⇧/f), which allows us to write
the interactions with the gauge bosons from

L �
f2

16
Tr

�
DµUDµU†� (5)

as U 7! gUgT under g 2 SU(5). The covariant derivative
is given by

DµU = @µU � igWA
µ [TA

L , U ]� ig0Bµ[T
3

R, U ] (6)

as all NGBs have zero U(1)X charge. We use a con-
vention with tr[TATB ] = �AB/2 with ⇧ � H+T+ =
H+

p
2(T 18

�iT 15) which with (5) lead to canonically nor-
malised kinetic terms of the form L �

1

2
@µH+(@µH+)†.

Expanding this Lagrangian we find the standard
MCHM4/5 coupling modifications of the physical Higgs
boson to the massive electroweak gauge bosons rescaled
by

p
1� ⇠, where ⇠ = v2/f2 with v ' 246 GeV, while the

remaining pNGB interactions are completely determined
by their SU(2)L quantum numbers.
Heavy third family quark masses are included through

partial compositeness [11, 12], i.e. mixing e↵ects with
vector-like hyperbaryons of the strongly interacting sec-
tor. The relevant terms are

� L � M ̄ + �qf ¯̂qL� R + �tf
¯̂tR�

⇤ L

+
p
2µbTr(¯̂q

3

L⌃d̂
3

R) + h.c. (7)

with

 =
1
p
2
[iB � iX,B +X, iT + iY,�T + Y,

p
2iR] , (8)

q̂L =
1
p
2
[ibL, bL, itL,�tL, 0]

T , (9)

t̂R =
1
p
2
[0, 0, 0, 0, itR]

T . (10)

while  2 5 of SO(5), ldd: check the quantum num-

bers of the components!! q̂L, t̂R, q̂3L and d̂3R are spuri-
onic SU(5) embeddings that facilitate the bottom mass

2

This will allow us to identify the parameter domain of the
model, which is mostly driven by Higgs searches, and we
will confront our findings with concrete predictions from
the lattice in IIA. We summarise and conclude in Sec. IV

II. THE MODEL

this section requires some polishing... ldd to do

The model of [9] is based on a symmetry group

SU(4)| {z }
GHC

⇥SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0| {z }
GF

.

(1)
with Weyl fermions transforming  2 6,� 2 4, �̃ 2 4̄

under the hypercolor gauge group GHC = SU(4). The
strong dynamics of GHC will cause a symmetry break-
ing of the global flavour symmetries SU(5) ! SO(5)
and SU(3) ⇥ SU(3)0 ! SU(3)c as well as a broken
U(1)X . Based on the maximally attractive channel hy-
pothesis [10], we can expect SU(5) ! SO(5) to occur
at a higher scale than SU(3) ⇥ SU(3)0 ! SU(3)c. This
leads to a low-energy e↵ective theory based on the global
symmetry breaking pattern

GF /HF =
SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0

SO(5)⇥ SU(3)⇥ U(1)X

=
SU(5)

SO(5)
⇥

SU(3)⇥ SU(3)0

SU(3)
⇥ U(1)0 . (2)

Since SO(5) � SO(4) ' SU(2) ⇥ SU(2), the unbroken
global symmetry group HF contains the custodial sub-
group

Hc = SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X (3)

and following the standard paradigm of composite Higgs
scenarios, we weakly gauge the SM subgroup Hc �

GSM = SU(3)c⇥SU(2)L⇥U(1)Y , where hypercharge is a
linear combination for SU(2)R and U(1)X , Y = T 3

R +X.
Weakly gauging a subgroup and heavy quark mass gen-
eration through partial compositeness [11, 12] amount to
explicit violation of GF , and the analysis of the one-loop
e↵ective action [9] shows that this indeed gives rise to
NGB misalignment and electroweak symmetry breaking
SU(2)L ⇥ U(1)Y ! U(1)QED, completely analogous to
the minimal e↵ective realisations [2, 3]. The di↵erence
between the MCHM5 scenario of [3] is the rather unique
prediction of additional NGBs from the SU(5) ! SO(5)
breaking which transform as 10 + 21/2 + 30 + 3±1 =
(⌘, H,�0,�) (in addition to an ⌘0 from U(1)0) under
SU(2)L ⇥ U(1)Y , of which the 21/2 can be identified as
the SM Higgs doublet.

This extended scalar sector reveals parallels with the
so-called Georgi-Machacek model [13–15] (for recent phe-
nomenological investigations see also [16–20]), which also
predicts the appearance of a real as well as a complex
SU(2)L triplet in the scalar sector. The crucial di↵erence

between these theories is, neglecting the SM-inert singlet
in the following, that these extra states do not contribute
to the breaking of electroweak symmetry breaking [9].
Hence, potential fine tuning problems which are associ-
ated with the ⇢ parameter [21] in custodial triplet sce-
narios are avoided entirely in this model.

The construction of the low-energy e↵ective theory
follows the approach pioneered by Callen, Coleman,
Wess and Zumino (CCWZ) [22, 23]. Denoting the

SU(5)/SO(5) generators by T Â, we can introduce a non-
linear sigma field

⌃(x) = exp

✓
i⇧

f

◆
, ⇧ = �Â(x)T Â . (4)

Since SU(5)/SO(5) is a symmetric space, we can simplify
the CCWZ kinetic term construction by introducing an
object U = ⌃⌃T = exp(2i⇧/f), which allows us to write
the interactions with the gauge bosons from

L �
f2

16
Tr

�
DµUDµU†� (5)

as U 7! gUgT under g 2 SU(5). The covariant derivative
is given by

DµU = @µU � igWA
µ [TA

L , U ]� ig0Bµ[T
3

R, U ] (6)

as all NGBs have zero U(1)X charge. We use a con-
vention with tr[TATB ] = �AB/2 with ⇧ � H+T+ =
H+

p
2(T 18

�iT 15) which with (5) lead to canonically nor-
malised kinetic terms of the form L �

1

2
@µH+(@µH+)†.

Expanding this Lagrangian we find the standard
MCHM4/5 coupling modifications of the physical Higgs
boson to the massive electroweak gauge bosons rescaled
by

p
1� ⇠, where ⇠ = v2/f2 with v ' 246 GeV, while the

remaining pNGB interactions are completely determined
by their SU(2)L quantum numbers.
Heavy third family quark masses are included through

partial compositeness [11, 12], i.e. mixing e↵ects with
vector-like hyperbaryons of the strongly interacting sec-
tor. The relevant terms are

� L � M ̄ + �qf ¯̂qL� R + �tf
¯̂tR�

⇤ L

+
p
2µbTr(¯̂q

3

L⌃d̂
3

R) + h.c. (7)

with

 =
1
p
2
[iB � iX,B +X, iT + iY,�T + Y,

p
2iR] , (8)

q̂L =
1
p
2
[ibL, bL, itL,�tL, 0]

T , (9)

t̂R =
1
p
2
[0, 0, 0, 0, itR]

T . (10)

while  2 5 of SO(5), ldd: check the quantum num-

bers of the components!! q̂L, t̂R, q̂3L and d̂3R are spuri-
onic SU(5) embeddings that facilitate the bottom mass

[Rabi, Dimopoulos, Susskind `80] 
[Preskill, Weinberg `81]

Generic hints of compositeness



A concrete model of compositeness ?

32

• model predicts a number of exotics phenomenological implications

2

This will allow us to identify the parameter domain of the
model, which is mostly driven by Higgs searches, and we
will confront our findings with concrete predictions from
the lattice in IIA. We summarise and conclude in Sec. IV

II. THE MODEL

this section requires some polishing... ldd to do
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and SU(3) ⇥ SU(3)0 ! SU(3)c as well as a broken
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linear sigma field

⌃(x) = exp

✓
i⇧

f

◆
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Since SU(5)/SO(5) is a symmetric space, we can simplify
the CCWZ kinetic term construction by introducing an
object U = ⌃⌃T = exp(2i⇧/f), which allows us to write
the interactions with the gauge bosons from

L �
f2

16
Tr

�
DµUDµU†� (5)

as U 7! gUgT under g 2 SU(5). The covariant derivative
is given by

DµU = @µU � igWA
µ [TA

L , U ]� ig0Bµ[T
3

R, U ] (6)

as all NGBs have zero U(1)X charge. We use a con-
vention with tr[TATB ] = �AB/2 with ⇧ � H+T+ =
H+

p
2(T 18

�iT 15) which with (5) lead to canonically nor-
malised kinetic terms of the form L �

1

2
@µH+(@µH+)†.

Expanding this Lagrangian we find the standard
MCHM4/5 coupling modifications of the physical Higgs
boson to the massive electroweak gauge bosons rescaled
by

p
1� ⇠, where ⇠ = v2/f2 with v ' 246 GeV, while the

remaining pNGB interactions are completely determined
by their SU(2)L quantum numbers.
Heavy third family quark masses are included through

partial compositeness [11, 12], i.e. mixing e↵ects with
vector-like hyperbaryons of the strongly interacting sec-
tor. The relevant terms are

� L � M ̄ + �qf ¯̂qL� R + �tf
¯̂tR�

⇤ L

+
p
2µbTr(¯̂q

3

L⌃d̂
3

R) + h.c. (7)

with

 =
1
p
2
[iB � iX,B +X, iT + iY,�T + Y,

p
2iR] , (8)

q̂L =
1
p
2
[ibL, bL, itL,�tL, 0]

T , (9)

t̂R =
1
p
2
[0, 0, 0, 0, itR]

T . (10)

while  2 5 of SO(5), ldd: check the quantum num-

bers of the components!! q̂L, t̂R, q̂3L and d̂3R are spuri-
onic SU(5) embeddings that facilitate the bottom mass

2

This will allow us to identify the parameter domain of the
model, which is mostly driven by Higgs searches, and we
will confront our findings with concrete predictions from
the lattice in IIA. We summarise and conclude in Sec. IV

II. THE MODEL

this section requires some polishing... ldd to do

The model of [9] is based on a symmetry group

SU(4)| {z }
GHC

⇥SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0| {z }
GF

.

(1)
with Weyl fermions transforming  2 6,� 2 4, �̃ 2 4̄

under the hypercolor gauge group GHC = SU(4). The
strong dynamics of GHC will cause a symmetry break-
ing of the global flavour symmetries SU(5) ! SO(5)
and SU(3) ⇥ SU(3)0 ! SU(3)c as well as a broken
U(1)X . Based on the maximally attractive channel hy-
pothesis [10], we can expect SU(5) ! SO(5) to occur
at a higher scale than SU(3) ⇥ SU(3)0 ! SU(3)c. This
leads to a low-energy e↵ective theory based on the global
symmetry breaking pattern

GF /HF =
SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0

SO(5)⇥ SU(3)⇥ U(1)X

=
SU(5)

SO(5)
⇥

SU(3)⇥ SU(3)0

SU(3)
⇥ U(1)0 . (2)

Since SO(5) � SO(4) ' SU(2) ⇥ SU(2), the unbroken
global symmetry group HF contains the custodial sub-
group

Hc = SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X (3)

and following the standard paradigm of composite Higgs
scenarios, we weakly gauge the SM subgroup Hc �

GSM = SU(3)c⇥SU(2)L⇥U(1)Y , where hypercharge is a
linear combination for SU(2)R and U(1)X , Y = T 3

R +X.
Weakly gauging a subgroup and heavy quark mass gen-
eration through partial compositeness [11, 12] amount to
explicit violation of GF , and the analysis of the one-loop
e↵ective action [9] shows that this indeed gives rise to
NGB misalignment and electroweak symmetry breaking
SU(2)L ⇥ U(1)Y ! U(1)QED, completely analogous to
the minimal e↵ective realisations [2, 3]. The di↵erence
between the MCHM5 scenario of [3] is the rather unique
prediction of additional NGBs from the SU(5) ! SO(5)
breaking which transform as 10 + 21/2 + 30 + 3±1 =
(⌘, H,�0,�) (in addition to an ⌘0 from U(1)0) under
SU(2)L ⇥ U(1)Y , of which the 21/2 can be identified as
the SM Higgs doublet.

This extended scalar sector reveals parallels with the
so-called Georgi-Machacek model [13–15] (for recent phe-
nomenological investigations see also [16–20]), which also
predicts the appearance of a real as well as a complex
SU(2)L triplet in the scalar sector. The crucial di↵erence

between these theories is, neglecting the SM-inert singlet
in the following, that these extra states do not contribute
to the breaking of electroweak symmetry breaking [9].
Hence, potential fine tuning problems which are associ-
ated with the ⇢ parameter [21] in custodial triplet sce-
narios are avoided entirely in this model.

The construction of the low-energy e↵ective theory
follows the approach pioneered by Callen, Coleman,
Wess and Zumino (CCWZ) [22, 23]. Denoting the

SU(5)/SO(5) generators by T Â, we can introduce a non-
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4

Higgs Potential

As discussed above, the Higgs particle is one of the
NGBs of the UV complete theory. In the hypercolour the-
ory in isolation, no potential is generated for the NGBs;
hence the Higgs potential can only arise from interac-
tions with the SM sector. In particular there are two
contributions to the one-loop e↵ective potential: the first
one is due to the coupling to the weak gauge bosons (cf.
Eq. (II.13)) and the second one to the coupling to the top
and the composite fermions. Using the standard compos-
ite Higgs potential parametrisation

V̂ (ĥ) = ↵ cos(2ĥ) � � sin2(2ĥ) , (II.16)

the dimensionless parameters ↵ and � are given by

↵ = �ĈLR
1

2

�
3g2 + g02

�
< 0 ,

2� = �y2Ĉtop , (II.17)

where CLR = ĈLRf4 is defined in Eq. (II.14) and Ctop

is a top-baryon 4-point function of O(�2
q�

2
t ) originating

from the terms in Eq. (II.7), as discussed in detail in [31].
Note that Eq. (II.16) includes radiative corrections as dis-
cussed in [33] in a more systematic way. Up to a constant
the potential Eq. (II.16) can be written as

V̂ (ĥ) = 4�(sin2(ĥ) � ⇠)2 , (II.18)

where

⇠ ⌘
v2

f2
= sin2(hĥi) =

↵ + 2�

4�
. (II.19)

The important condition, for EWSB, reads

↵ + 2� > 0. (II.20)

Hence the sign of �, and its magnitude compared to ↵,
are the first constraints that the UV complete theory
needs to satisfy.

The ↵-� parameter space is shown in Fig. 1 with phe-
nomenologically acceptable values of ⇠ 2 [0, 0.12] shown
in purple. The Higgs mass is related to the second deriva-
tive of the potential

m̂2
h = V̂ 00(hĥi) = 32�⇠(1 � ⇠) = 8� � 2↵2/� , (II.21)

and gives a second constraint, cf. Fig. 1, in the ↵-� plane
by combining Eqs. (II.19) and (II.21)

m2
h

v2
= 32�(1 � ⇠) = 8(2� � ↵) ' 0.258 . (II.22)

From Fig. 1, 0.012 < �↵ < 0.02 and 0.06 < � < 0.11,
are inferred whose range mainly depends on unknown
radiative corrections to the Higgs mass. The value of
↵ allows us to set a lower bound, at leading order in
the EFT, on the PNGB triplets masses. The latter are
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FIG. 1: Contour plot for ⇠ = (↵ + 2�)/(4�), Eq. (II.19). In
the white region no EWSB occurs and the purple level curves
are values of ⇠ ranging from 0 to 0.12 where the latter value is
a representative constraint taken from Ref. [4]. An additional
constraint comes from the Higgs mass m2

h/v
2 = 8(2� � ↵) '

0.258, Eq. (II.22), for which we have allowed generous 20%
radiative corrections. The intersection of the purple and grey
region is the physically allowed parameter space of the model
that has to be satisfied by the UV theory.

given by the contribution of the weak gauge bosons only,
Eq. (II.13), (rg ⌘ 3g2/(3g2 + g02))

m̂� =
⇣32|↵|

3

⌘ 1
2

= 4

✓
ĈLR

✓
g2 +

g02

3

◆◆ 1
2

' 0.36 ,

m̂�0 =
⇣32|↵|

3
rg
⌘ 1

2
= 4(ĈLRg

2)
1
2 ' 0.34 ,

which are identical in the limit g02 ! 0 of no hypercharge.
The mass di↵erence of the charged to neutral is positive,
m� � m�0 � 0, as for the pions in the SM [34]. Since
the hypercharge contribution is small the two masses are
very close in numerical value. From the LHC bound ⇠ =
v2/f2 < 0.12 it follows that f >

⇠ 5.7mh and thus

m�
>
⇠ m�0 > 1.97mh . (II.23)

In summary the Higgs potential is parameterised by
the two constants ↵ and �, Eq. (II.16), which are experi-
mentally constrained by mh/v, v/f and the requirement
of EWSB. On the other hand ↵ and � can be deter-
mined from well-defined correlation function of the UV
hypercolor theory, Eq. (II.17). Hence the determination
of either ↵ or � alone can exclude the model. Somewhat
more precisely, the model can be excluded/validated by
computing � ⇠ Ctop, and using the Higgs mass con-
straint. Since in practice, cf. the discussion below, com-
puting ↵ ⇠ CLR is more feasible the latter is going to be
the computation that excludes/validates the model. The
quantity CLR has been computed recently in [35] for an
SU(4) gauge theory in the quenched approximation with

see also [Golterman, Shamir `15, 17]
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q2 expansion, which underpins Eq. (II.13). In the next
section we will consider further corrections to the Higgs
potential for which LHC constraints furnish a value for
ĈLR. The latter gives a lower bound on the triplet masses
� and �0. Further low energy exotic states include an
SU(3)c octet hyper-pion, whose mass is estimated to be
in the multi-TeV regime [38] and has been investigated
phenomenologically in [25].

Lessons from the Lattice and the LHC

Several LECs are accessible by first principle compu-
tations, e.g. lattice Monte Carlo simulations, of the UV
complete theory. As previously mentioned one might
think of f , the ⇧ decay constant in Eq. (II.4), as set-
ting the scale of the SU(4)-hypercolour theory. In in-
creasing order of complexity LECs of interest are the
spectrum of the lowest lying state in a given channel
(including the composite baryon mass M̂), the quark
condensates h  i and h�̄�i with associated decay con-
stants f and f 0, and the Higgs potential parameters ĈLR,
F̂EW and F̂LLresulting from non-trivial correlation func-
tions. Preliminary lattice investigations have already
started [14, 15], highlighting the subtleties involved in
simulating models with fermions in multiple representa-
tions of the gauge groups. The results in this section
should help in identifying the lattice measurements that
are likely to have a significant phenomenological impact.

Higgs Potential

As discussed above, the Higgs particle is one of the
NGBs of the UV complete theory. In the hypercolour the-
ory in isolation, no potential is generated for the NGBs;
hence the Higgs potential can only arise from interac-
tions with the SM sector. In particular there are two
contributions to the one-loop e↵ective potential: the first
one is due to the coupling to the weak gauge bosons (cf.
Eq. (II.13)) and the second one to the coupling to the top
and the composite fermions. Using the standard compos-
ite Higgs potential parametrisation

V̂ (ĥ) = ↵ cos(2ĥ) � � sin2(2ĥ) , (II.16)

the dimensionless parameters ↵ and � are given by

↵=
1

2
F̂LL � ĉLR

�=
1

2
F̂EW �

1

4
F̂LL . (II.17)

The quantities ĉLR, F̂LL and F̂EW are related to corre-
lation functions of the UV theory. The quantity ĉLR ⌘

1
2 (3g2 + g02)ĈLR is the previously defined 2-point func-
tion Eq. (II.14) whose evaluation on the lattice is a rou-
tine matter. The quantities F̂LL and F̂EW ⌘ F̂LR�2F̂RR

are related to 4-point functions as defined in appendix
A. Their evaluation is a more complex task for lattice
Monte Carlo simulations.‡

We can now analyse the potential in terms of ↵ and �,
imposing the Higgs mass and direct search constraints,
and then discuss the relation of the Higgs sector with
the two triplet PNGBs. Up to a constant the potential
Eq. (II.16) can be written as

V̂ (ĥ) = 4�(sin2(ĥ) � ⇠)2 , (II.18)

with

⇠ ⌘
v2

f2
= sin2(hĥi) =

↵ + 2�

4�
. (II.19)

The important condition for EWSB, then reads

↵ + 2� = F̂EW � ĉLR > 0 . (II.20)

Hence, the sign of �, and its magnitude compared to
↵, are the first constraints that the UV complete theory
needs to satisfy.

The ↵-� parameter space is shown in Fig. 1 with phe-
nomenologically acceptable values of ⇠ 2 [0, 0.12] shown
in purple. The Higgs mass is related to the second deriva-
tive of the potential

m̂2
h = V̂ 00(hĥi) = 32�⇠(1 � ⇠) = 8� � 2↵2/� , (II.21)

and gives a second constraint, cf. Fig. 1, in the ↵-� plane
by combining Eqs. (II.19) and (II.21)

m2
h

v2
= 32�(1 � ⇠) = 8(2� � ↵) ' 0.258 . (II.22)

From Fig. 1, 0.012 < �↵ < 0.02 and 0.06 < � < 0.11
can be inferred. Note that this range mainly depends on
unknown radiative corrections to the Higgs mass.

Further observables are the two triplet �0 2 30 and
� 2 31 (for SU(2)L ⇥ U(1)Y ) PNGB masses. At leading
order the mass of �0 is determined by integrating out
the gauge bosons Eq. (II.13); the charged triplet receives
a contribution from integrating out the third generation
through the 4-point function F̂LL defined in appendix A,

m̂2
�0

= 16g2ĈLR , ' 0.362 , (II.23)

m̂2
� = 16(g2 +

g02

3
)ĈLR + 8F̂LL ' 0.342 + 8F̂LL .

The triplet masses are equal in the limit where the hyper-
charge disappears g02 ! 0 and the EHC-coupling �1 ! 0
(cf. appendix A.) In the limit F̂LL ! 0 the mass di↵er-
ence of the charged to neutral is positive, m��m�0 � 0,
as for the pions in the SM [40].

‡Note, Eq. (II.16) includes radiative corrections of the type discussed
in [39] in a more systematic way.
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Higgs Potential

As discussed above, the Higgs particle is one of the
NGBs of the UV complete theory. In the hypercolour the-
ory in isolation, no potential is generated for the NGBs;
hence the Higgs potential can only arise from interac-
tions with the SM sector. In particular there are two
contributions to the one-loop e↵ective potential: the first
one is due to the coupling to the weak gauge bosons (cf.
Eq. (II.13)) and the second one to the coupling to the top
and the composite fermions. Using the standard compos-
ite Higgs potential parametrisation

V̂ (ĥ) = ↵ cos(2ĥ) � � sin2(2ĥ) , (II.16)

the dimensionless parameters ↵ and � are given by

↵ = �ĈLR
1

2

�
3g2 + g02

�
< 0 ,

2� = �y2Ĉtop , (II.17)

where CLR = ĈLRf4 is defined in Eq. (II.14) and Ctop

is a top-baryon 4-point function of O(�2
q�

2
t ) originating

from the terms in Eq. (II.7), as discussed in detail in [31].
Note that Eq. (II.16) includes radiative corrections as dis-
cussed in [33] in a more systematic way. Up to a constant
the potential Eq. (II.16) can be written as

V̂ (ĥ) = 4�(sin2(ĥ) � ⇠)2 , (II.18)

where

⇠ ⌘
v2

f2
= sin2(hĥi) =

↵ + 2�

4�
. (II.19)

The important condition, for EWSB, reads

↵ + 2� > 0. (II.20)

Hence the sign of �, and its magnitude compared to ↵,
are the first constraints that the UV complete theory
needs to satisfy.

The ↵-� parameter space is shown in Fig. 1 with phe-
nomenologically acceptable values of ⇠ 2 [0, 0.12] shown
in purple. The Higgs mass is related to the second deriva-
tive of the potential

m̂2
h = V̂ 00(hĥi) = 32�⇠(1 � ⇠) = 8� � 2↵2/� , (II.21)

and gives a second constraint, cf. Fig. 1, in the ↵-� plane
by combining Eqs. (II.19) and (II.21)

m2
h

v2
= 32�(1 � ⇠) = 8(2� � ↵) ' 0.258 . (II.22)

From Fig. 1, 0.012 < �↵ < 0.02 and 0.06 < � < 0.11,
are inferred whose range mainly depends on unknown
radiative corrections to the Higgs mass. The value of
↵ allows us to set a lower bound, at leading order in
the EFT, on the PNGB triplets masses. The latter are
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FIG. 1: Contour plot for ⇠ = (↵ + 2�)/(4�), Eq. (II.19). In
the white region no EWSB occurs and the purple level curves
are values of ⇠ ranging from 0 to 0.12 where the latter value is
a representative constraint taken from Ref. [4]. An additional
constraint comes from the Higgs mass m2

h/v
2 = 8(2� � ↵) '

0.258, Eq. (II.22), for which we have allowed generous 20%
radiative corrections. The intersection of the purple and grey
region is the physically allowed parameter space of the model
that has to be satisfied by the UV theory.

given by the contribution of the weak gauge bosons only,
Eq. (II.13), (rg ⌘ 3g2/(3g2 + g02))
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which are identical in the limit g02 ! 0 of no hypercharge.
The mass di↵erence of the charged to neutral is positive,
m� � m�0 � 0, as for the pions in the SM [34]. Since
the hypercharge contribution is small the two masses are
very close in numerical value. From the LHC bound ⇠ =
v2/f2 < 0.12 it follows that f >

⇠ 5.7mh and thus

m�
>
⇠ m�0 > 1.97mh . (II.23)

In summary the Higgs potential is parameterised by
the two constants ↵ and �, Eq. (II.16), which are experi-
mentally constrained by mh/v, v/f and the requirement
of EWSB. On the other hand ↵ and � can be deter-
mined from well-defined correlation function of the UV
hypercolor theory, Eq. (II.17). Hence the determination
of either ↵ or � alone can exclude the model. Somewhat
more precisely, the model can be excluded/validated by
computing � ⇠ Ctop, and using the Higgs mass con-
straint. Since in practice, cf. the discussion below, com-
puting ↵ ⇠ CLR is more feasible the latter is going to be
the computation that excludes/validates the model. The
quantity CLR has been computed recently in [35] for an
SU(4) gauge theory in the quenched approximation with

see also [Golterman, Shamir `15, 17]
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q2 expansion, which underpins Eq. (II.13). In the next
section we will consider further corrections to the Higgs
potential for which LHC constraints furnish a value for
ĈLR. The latter gives a lower bound on the triplet masses
� and �0. Further low energy exotic states include an
SU(3)c octet hyper-pion, whose mass is estimated to be
in the multi-TeV regime [38] and has been investigated
phenomenologically in [25].

Lessons from the Lattice and the LHC

Several LECs are accessible by first principle compu-
tations, e.g. lattice Monte Carlo simulations, of the UV
complete theory. As previously mentioned one might
think of f , the ⇧ decay constant in Eq. (II.4), as set-
ting the scale of the SU(4)-hypercolour theory. In in-
creasing order of complexity LECs of interest are the
spectrum of the lowest lying state in a given channel
(including the composite baryon mass M̂), the quark
condensates h  i and h�̄�i with associated decay con-
stants f and f 0, and the Higgs potential parameters ĈLR,
F̂EW and F̂LLresulting from non-trivial correlation func-
tions. Preliminary lattice investigations have already
started [14, 15], highlighting the subtleties involved in
simulating models with fermions in multiple representa-
tions of the gauge groups. The results in this section
should help in identifying the lattice measurements that
are likely to have a significant phenomenological impact.

Higgs Potential

As discussed above, the Higgs particle is one of the
NGBs of the UV complete theory. In the hypercolour the-
ory in isolation, no potential is generated for the NGBs;
hence the Higgs potential can only arise from interac-
tions with the SM sector. In particular there are two
contributions to the one-loop e↵ective potential: the first
one is due to the coupling to the weak gauge bosons (cf.
Eq. (II.13)) and the second one to the coupling to the top
and the composite fermions. Using the standard compos-
ite Higgs potential parametrisation

V̂ (ĥ) = ↵ cos(2ĥ) � � sin2(2ĥ) , (II.16)

the dimensionless parameters ↵ and � are given by

↵=
1

2
F̂LL � ĉLR

�=
1

2
F̂EW �

1

4
F̂LL . (II.17)

The quantities ĉLR, F̂LL and F̂EW are related to corre-
lation functions of the UV theory. The quantity ĉLR ⌘

1
2 (3g2 + g02)ĈLR is the previously defined 2-point func-
tion Eq. (II.14) whose evaluation on the lattice is a rou-
tine matter. The quantities F̂LL and F̂EW ⌘ F̂LR�2F̂RR

are related to 4-point functions as defined in appendix
A. Their evaluation is a more complex task for lattice
Monte Carlo simulations.‡

We can now analyse the potential in terms of ↵ and �,
imposing the Higgs mass and direct search constraints,
and then discuss the relation of the Higgs sector with
the two triplet PNGBs. Up to a constant the potential
Eq. (II.16) can be written as

V̂ (ĥ) = 4�(sin2(ĥ) � ⇠)2 , (II.18)

with

⇠ ⌘
v2

f2
= sin2(hĥi) =

↵ + 2�

4�
. (II.19)

The important condition for EWSB, then reads

↵ + 2� = F̂EW � ĉLR > 0 . (II.20)

Hence, the sign of �, and its magnitude compared to
↵, are the first constraints that the UV complete theory
needs to satisfy.

The ↵-� parameter space is shown in Fig. 1 with phe-
nomenologically acceptable values of ⇠ 2 [0, 0.12] shown
in purple. The Higgs mass is related to the second deriva-
tive of the potential

m̂2
h = V̂ 00(hĥi) = 32�⇠(1 � ⇠) = 8� � 2↵2/� , (II.21)

and gives a second constraint, cf. Fig. 1, in the ↵-� plane
by combining Eqs. (II.19) and (II.21)

m2
h

v2
= 32�(1 � ⇠) = 8(2� � ↵) ' 0.258 . (II.22)

From Fig. 1, 0.012 < �↵ < 0.02 and 0.06 < � < 0.11
can be inferred. Note that this range mainly depends on
unknown radiative corrections to the Higgs mass.

Further observables are the two triplet �0 2 30 and
� 2 31 (for SU(2)L ⇥ U(1)Y ) PNGB masses. At leading
order the mass of �0 is determined by integrating out
the gauge bosons Eq. (II.13); the charged triplet receives
a contribution from integrating out the third generation
through the 4-point function F̂LL defined in appendix A,

m̂2
�0

= 16g2ĈLR , ' 0.362 , (II.23)

m̂2
� = 16(g2 +

g02

3
)ĈLR + 8F̂LL ' 0.342 + 8F̂LL .

The triplet masses are equal in the limit where the hyper-
charge disappears g02 ! 0 and the EHC-coupling �1 ! 0
(cf. appendix A.) In the limit F̂LL ! 0 the mass di↵er-
ence of the charged to neutral is positive, m��m�0 � 0,
as for the pions in the SM [40].

‡Note, Eq. (II.16) includes radiative corrections of the type discussed
in [39] in a more systematic way.
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constrained at this stage in the LHC programme. Ex-
trapolating to 3/ab, the weak exotics searches are capa-
ble of limiting the e↵ective theory’s parameter space. In
particular, the increasing precision on the 125 GeV Higgs
couplings (see e.g. [100–102]) will allow us to explore the
coupling strength deviations in the 5%-range, which will
provide stringent constraints (see Fig. 2) on the model.

Direct searches are not constraining on the top partner
mass m0

t but when combined with lattice determinations
the situation may change. For instance, the prediction
of the hypercolor baryon mass M , in units of the decay
constants f , provides directly falsifiable predictions on
the top quark partner spectra as shown in Fig. 5. In
the longer term, the computation of the Higgs potential
parameters ↵ and � provides first principle constraints
on the viability of the model against the Higgs mass and
Higgs decay channel measurements (cf. Fig. 1). In par-
ticular the determination of only one of these parame-
ters can exclude the model whereas both parameters are
needed to confirm it in this sector. The lattice technol-
ogy developed within this particular model can be used
for future UV completions that may become interesting
in the future.

Acknowledgments — We thank Tom DeGrand, Gabriele
Ferretti, Marc Gillioz, Maarten Golterman, and Yigal
Shamir for helpful discussions and especially Gabriele
Ferretti for relevant comments on the draft. In partic-
ular we would like to thank Maarten Golterman, and
Yigal Shamir for informing us about the possibility of
further 4-point function corrections to the Higgs poten-
tial. LDD and RZ are supported by the UK STFC grants
ST/L000458/1 and ST/P000630/1. LDD is supported by
the Royal Society, Wolfson Research Merit Award, grant
WM140078.

Appendix A: Four point-functions

The Higgs potential arises from integrating out the
gauge bosons using the Coleman-Weinberg method (giv-
ing rise to CLR) and involves the e↵ective top and bottom
quark couplings to the hypercolour-baryon. The contri-
butions of the latter are given by 4-point correlator func-
tions

FLR= � (�1�2)
2

Z

x1,2,3

hJL̄Ri(x1, x2)J
†
L̄Rk

(x3, x4)ii 6=k ,

FRR= � �42⇥

Z

x1,2,3

hJRRi(x1, x2)J
†
RRk(x3, x4)ii 6=k ,

FLL = � �41⇥

Z

x1,2,3

hJLLi(x1, x2)J
†
LLk(x3, x4)ii 6=k ,

(A.1)

where FLR = �y2Ctop in the notation of Ref. [37], and
where we have defined the short-hand notation

R
x1,2,3

=R
d4x1 d4x2 d4x3. The bi-local currents in Eq. (A.1) are

defined as

JL̄Ri(x1, x2) = t̄LBi(x1)B̄itR(x2) ,

JRRi(x1, x2) = B̄i(x1)tRB̄itR(x2) ,

JLLi(x1, x2) = B̄i(x1)tLB̄itL(x2) .

The latter originate from the (E)HC interaction

LEHC = �1 ¯̂qLBR + �2 ¯̂qRBL + h.c. ,

with q̂L,R = TL,R in the notation of Ref. [37]. The
hypercolour-baryon operator is given by

BRia = �
1

2
✏ABCD✏abcPR ABi�

T
CbCPR�Dc , (A.2)

where a, b, c are SU(3)c, A,B,C,D are SU(4)HC, and i is
a SO(5) indices. Comparing to the notation of [37], we
use �$  in accordance with Ferretti’s original conven-
tion. Note that q̂L but not q̂R transforms non-trivially
under the e↵ective custodial symmetry SU(2)R. There-
fore �1 or FLL are responsible for further splittings of the
two isotriplets SU(2)L in Eq. (II.23).

At last we note that in order to obtain a potential
which is manifestly SU(2)L invariant the bottom quarks
also needs to be integrated out. The 4-point function,
focusing on the top quark, do though give the right co-
e�cients.

Appendix B: Analysis of loop-induced decays of the
non-Higgs scalar states

In this section we briefly review the calculation under-
pinning the loop-induced decays of the additional neutral
scalars in the model.

After diagonalising the top- and bottom mass mixing
matrices, the scalar as well as vectorial couplings will
be in general non-diagonal in the top and bottom part-
ner spaces (and not necessarily purely vectorial)w . This
leads to a multi-scale decay amplitude that can be pic-
torially represented by the sum over Feynman diagrams
indicated in Fig. 6.
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FIG. 6: Representative Feynman diagram mediating the de-
cay of a neutral scalar S 2 {30,31} to vector bosons V, V 0 2
{Z, �,W±} with interaction vertices obtained in the mass-
diagonal representation of the charged and neutral top and
bottom space currents.
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term, governing the interactions with the gauge bosons,
is simplified to

L �
f2

16
Tr

�
DµUDµU †� , (II.5)

where U = ⌃⌃T = exp(2i⇧/f) transforms linearly U 7!

gUgT under g 2 SU(5). The covariant derivative is given
by

DµU = @µU � igWA
µ [TA

L , U ] � ig0Bµ[T 3
R, U ] , (II.6)

as all NGBs have zero U(1)X charge. With the conven-
tion tr[TATB ] = �AB/2 and ⇧ � H+T+ = H+

p
2(T 18

�

iT 15), Eq. (II.5) leads to canonically normalised kinetic
terms.

Expanding this Lagrangian we find the standard
MCHM4/5 coupling modifications of the physical Higgs
boson to the massive electroweak gauge bosons rescaled
by

p
1 � ⇠, where ⇠ ⌘ v2/f2, while the remaining PNGB

interactions are completely determined by their SU(2)L
quantum numbers.

Heavy third family quark masses are included through
partial compositeness [21, 22], i.e. mixing e↵ects with
vector-like hyperbaryons of the strongly interacting sec-
tor. The relevant terms originating from an extended HC
(EHC) sector are

� L � M ̄ + �qf ¯̂qL⌃ R + �tf
¯̂tR⌃

⇤ L

+
p

2µbTr(¯̂q3LUd̂3R) + h.c. (II.7)

where we introduced the field  to represent the com-
posite fermion in the e↵ective theory, transforming under
a 5 of SO(5) and a 3 of SU(3)c, and q̂L � (tL, bL), and
t̂R � tR are SO(5)-spurionic embeddings of the third gen-
eration quarks. The field  can be written in terms of its
components that have definite quantum numbers under
the standard model gauge group SU(3)c ⇥ SU(2)⇥U(1):

 =
1
p

2
[iB � iX,B + X, iT + iY,�T + Y,

p
2iR] ,

(II.8)

where the quantum numbers are (T,B) 2 (3,2)1/6,
R 2 (3,1)2/3, and (X,Y ) 2 (3,2)7/6. Expanding this
Lagrangian yields a mass matrix in the top partner space
(t, T, Y,R):

M̂T =
0

BBB@

0 �q

2 (1 + ch) �q

2 (1 � ch) �qp
2
sh

�tp
2
sh M̂ 0 0

�
�tp
2
sh 0 M̂ 0

�tch 0 0 M̂

1

CCCA
, (II.9)

and an analogous matrix in the bottom partner space
(b, B):

M̂B =

✓
µ̂bshch �q

0 M̂

◆
, (II.10)

where hatted quantities, e.g. M̂ ⌘ M/f , are made dimen-
sionless by dividing by the appropriate power of f . In the
expressions above ch ⌘ cos(ĥ) and sh ⌘ sin(ĥ), where h
is the physical Higgs in the unitary gauge. Bi-unitary
transformations yield the physical top and bottom part-
ner mass spectrum as well as their (non-diagonal) inter-
actions with the Higgs after expanding sh, ch. Note that
the X-particle and the Higgs h do not interact at the
tree-level. To lowest order in v the top mass O(v0) and
bottom mass O(v) are given by

mt '

p
2�q�tq

M̂2 + �2q

q
M̂2 + �2t

M (II.11)

and

mb '
M̂µ̂bq
M̂2 + �2q

v , (II.12)

where v = sin(hĥi) has been used in the last equation.
It is seen from Eq. (II.12) that µ̂b essentially acts like a
Yukawa coupling for the b-quark as in the SM. Eq. (II.11)
is inverted to �q = �q(mt) for the scan for which we
use mt ' 173 GeV. We use a similar strategy to invert
Eq. (II.12) µb = µb(mb,�q) with mb ' 4.7 GeV as an
input. Furthermore, we will require M > 1.5 TeV (see
below) and leave f as a free parameter.

The SM-like Higgs boson phenomenology is identical
to MCHM4/5 but includes the previously mentioned ex-
otically charged NGBs. The masses of the NGBs are
radiatively induced, in analogy to the ⇡±

�⇡0 mass di↵er-
ence in the SM due to electromagnetic interaction. The
leading order expression assumes the form [37]†

V = f2ĈLR

✓
(3g2 + g02)

✓
2H†H +

16

3
�†�

◆
+ 8g2�†

0�0

◆
,

(II.13)
where 3g2 + g02 ' 1.31 and g2 ' 0.40 and

CLR =
3

16⇡2

Z 1

0
dq2 q2⇧33

LR(q2) , (II.14)

is an integral over the SU(2)L ⇥ SU(2)R-correlator

i

Z
d4x eiq·x hTJµa

L (x) Jµ b
R (0)i = ⇧ab

LR(q2)Pµ⌫ . (II.15)

Above Pµ⌫ = (q2gµ⌫ � qµq⌫), gµ⌫ = diag(1,�1,�1,�1)
and the chiral currents are in the adjoint flavour repre-
sentation 2Jµa

L,R =  ̄�µ(1⌥�5)T a . This current has the
right quantum numbers to excite the NGBs and there-
fore limq2!0 q

2⇧33
LR(q2) = f2 as the lowest term in a

†A further contribution to �2 from the integrating out the third
generation quarks. C.f. the Higgs potential section for further
remarks.

10

constrained at this stage in the LHC programme. Ex-
trapolating to 3/ab, the weak exotics searches are capa-
ble of limiting the e↵ective theory’s parameter space. In
particular, the increasing precision on the 125 GeV Higgs
couplings (see e.g. [100–102]) will allow us to explore the
coupling strength deviations in the 5%-range, which will
provide stringent constraints (see Fig. 2) on the model.

Direct searches are not constraining on the top partner
mass m0

t but when combined with lattice determinations
the situation may change. For instance, the prediction
of the hypercolor baryon mass M , in units of the decay
constants f , provides directly falsifiable predictions on
the top quark partner spectra as shown in Fig. 5. In
the longer term, the computation of the Higgs potential
parameters ↵ and � provides first principle constraints
on the viability of the model against the Higgs mass and
Higgs decay channel measurements (cf. Fig. 1). In par-
ticular the determination of only one of these parame-
ters can exclude the model whereas both parameters are
needed to confirm it in this sector. The lattice technol-
ogy developed within this particular model can be used
for future UV completions that may become interesting
in the future.
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Appendix A: Four point-functions

The Higgs potential arises from integrating out the
gauge bosons using the Coleman-Weinberg method (giv-
ing rise to CLR) and involves the e↵ective top and bottom
quark couplings to the hypercolour-baryon. The contri-
butions of the latter are given by 4-point correlator func-
tions

FLR= � (�1�2)
2

Z

x1,2,3

hJL̄Ri(x1, x2)J
†
L̄Rk

(x3, x4)ii 6=k ,

FRR= � �42⇥

Z

x1,2,3

hJRRi(x1, x2)J
†
RRk(x3, x4)ii 6=k ,

FLL = � �41⇥

Z

x1,2,3

hJLLi(x1, x2)J
†
LLk(x3, x4)ii 6=k ,

(A.1)

where FLR = �y2Ctop in the notation of Ref. [37], and
where we have defined the short-hand notation

R
x1,2,3

=R
d4x1 d4x2 d4x3. The bi-local currents in Eq. (A.1) are

defined as

JL̄Ri(x1, x2) = t̄LBi(x1)B̄itR(x2) ,

JRRi(x1, x2) = B̄i(x1)tRB̄itR(x2) ,

JLLi(x1, x2) = B̄i(x1)tLB̄itL(x2) .

The latter originate from the (E)HC interaction

LEHC = �1 ¯̂qLBR + �2 ¯̂qRBL + h.c. ,

with q̂L,R = TL,R in the notation of Ref. [37]. The
hypercolour-baryon operator is given by

BRia = �
1

2
✏ABCD✏abcPR ABi�

T
CbCPR�Dc , (A.2)

where a, b, c are SU(3)c, A,B,C,D are SU(4)HC, and i is
a SO(5) indices. Comparing to the notation of [37], we
use �$  in accordance with Ferretti’s original conven-
tion. Note that q̂L but not q̂R transforms non-trivially
under the e↵ective custodial symmetry SU(2)R. There-
fore �1 or FLL are responsible for further splittings of the
two isotriplets SU(2)L in Eq. (II.23).

At last we note that in order to obtain a potential
which is manifestly SU(2)L invariant the bottom quarks
also needs to be integrated out. The 4-point function,
focusing on the top quark, do though give the right co-
e�cients.

Appendix B: Analysis of loop-induced decays of the
non-Higgs scalar states

In this section we briefly review the calculation under-
pinning the loop-induced decays of the additional neutral
scalars in the model.

After diagonalising the top- and bottom mass mixing
matrices, the scalar as well as vectorial couplings will
be in general non-diagonal in the top and bottom part-
ner spaces (and not necessarily purely vectorial)w . This
leads to a multi-scale decay amplitude that can be pic-
torially represented by the sum over Feynman diagrams
indicated in Fig. 6.
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FIG. 6: Representative Feynman diagram mediating the de-
cay of a neutral scalar S 2 {30,31} to vector bosons V, V 0 2
{Z, �,W±} with interaction vertices obtained in the mass-
diagonal representation of the charged and neutral top and
bottom space currents.
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where FLR = �y2Ctop in the notation of Ref. [37], and
where we have defined the short-hand notation
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x1,2,3

=R
d4x1 d4x2 d4x3. The bi-local currents in Eq. (A.1) are

defined as
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JRRi(x1, x2) = B̄i(x1)tRB̄itR(x2) ,

JLLi(x1, x2) = B̄i(x1)tLB̄itL(x2) .

The latter originate from the (E)HC interaction

LEHC = �1 ¯̂qLBR + �2 ¯̂qRBL + h.c. ,

with q̂L,R = TL,R in the notation of Ref. [37]. The
hypercolour-baryon operator is given by

BRia = �
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✏ABCD✏abcPR ABi�

T
CbCPR�Dc , (A.2)

where a, b, c are SU(3)c, A,B,C,D are SU(4)HC, and i is
a SO(5) indices. Comparing to the notation of [37], we
use �$  in accordance with Ferretti’s original conven-
tion. Note that q̂L but not q̂R transforms non-trivially
under the e↵ective custodial symmetry SU(2)R. There-
fore �1 or FLL are responsible for further splittings of the
two isotriplets SU(2)L in Eq. (II.23).

At last we note that in order to obtain a potential
which is manifestly SU(2)L invariant the bottom quarks
also needs to be integrated out. The 4-point function,
focusing on the top quark, do though give the right co-
e�cients.

Appendix B: Analysis of loop-induced decays of the
non-Higgs scalar states

In this section we briefly review the calculation under-
pinning the loop-induced decays of the additional neutral
scalars in the model.

After diagonalising the top- and bottom mass mixing
matrices, the scalar as well as vectorial couplings will
be in general non-diagonal in the top and bottom part-
ner spaces (and not necessarily purely vectorial)w . This
leads to a multi-scale decay amplitude that can be pic-
torially represented by the sum over Feynman diagrams
indicated in Fig. 6.
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FIG. 6: Representative Feynman diagram mediating the de-
cay of a neutral scalar S 2 {30,31} to vector bosons V, V 0 2
{Z, �,W±} with interaction vertices obtained in the mass-
diagonal representation of the charged and neutral top and
bottom space currents.

GHC GF

z }| { z }| {

SU(4) SU(5) SU(3) SU(3)0 U(1)X U(1)0

 6 5 1 1 0 �1

� 4 1 3 1 �1/3 5/3

�̃ 4̄ 1 1 3̄ 1/3 5/3

Table 1: The fermions of the UV theory studied in this paper. They are to be thought of as two-component

left-handed objects. Later, when discussing the low energy phenomenological lagrangian, we will find it more

convenient to revert to four-component notation. GHC is the hypercolor gauge group and GF the global sym-

metry group before symmetry breaking.

Object SU(2)L ⇥ SU(2)R SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0

� � (1/2, 0) (5, 3̄,1)(�2/3, 7/3)

(1/2, 0) (5,6,1)(�2/3, 7/3)

(3/2, 0) (5,6,1)(�2/3, 7/3)

�̃ �̃ (1/2, 0) (5,1,3)(2/3, 7/3)

(1/2, 0) (5,1, 6̄)(2/3, 7/3)

(3/2, 0) (5,1, 6̄)(2/3, 7/3)

¯̃� ̄� (1/2, 0) (5̄,3,3)(�2/3, 1)

(1/2, 1) (5̄,3,3)(�2/3, 1)

�̄ ̄�̃ (1/2, 0) (5̄, 3̄, 3̄)(2/3, 1)

(1/2, 1) (5̄, 3̄, 3̄)(2/3, 1)

�̄ �̄ (1/2, 0) (5,3,1)(2/3, �13/3)

(1/2, 1) (5, 6̄,1)(2/3, �13/3)

¯̃� ¯̃� (1/2, 0) (5,1, 3̄)(�2/3, �13/3)

(1/2, 1) (5,1,6)(�2/3, �13/3)

Table 2: The composite fermionic operators classified according to their Lorentz and flavor quantum numbers.

For each operator there is a corresponding conjugate one. After symmetry breaking, they combine into vector-

like operators that create spin 1/2 or spin 3/2 resonances out of the vacuum.
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q2 expansion, which underpins Eq. (II.13). In the next
section we will consider further corrections to the Higgs
potential for which LHC constraints furnish a value for
ĈLR. The latter gives a lower bound on the triplet masses
� and �0. Further low energy exotic states include an
SU(3)c octet hyper-pion, whose mass is estimated to be
in the multi-TeV regime [38] and has been investigated
phenomenologically in [25].

Lessons from the Lattice and the LHC

Several LECs are accessible by first principle compu-
tations, e.g. lattice Monte Carlo simulations, of the UV
complete theory. As previously mentioned one might
think of f , the ⇧ decay constant in Eq. (II.4), as set-
ting the scale of the SU(4)-hypercolour theory. In in-
creasing order of complexity LECs of interest are the
spectrum of the lowest lying state in a given channel
(including the composite baryon mass M̂), the quark
condensates h  i and h�̄�i with associated decay con-
stants f and f 0, and the Higgs potential parameters ĈLR,
F̂EW and F̂LLresulting from non-trivial correlation func-
tions. Preliminary lattice investigations have already
started [14, 15], highlighting the subtleties involved in
simulating models with fermions in multiple representa-
tions of the gauge groups. The results in this section
should help in identifying the lattice measurements that
are likely to have a significant phenomenological impact.

Higgs Potential

As discussed above, the Higgs particle is one of the
NGBs of the UV complete theory. In the hypercolour the-
ory in isolation, no potential is generated for the NGBs;
hence the Higgs potential can only arise from interac-
tions with the SM sector. In particular there are two
contributions to the one-loop e↵ective potential: the first
one is due to the coupling to the weak gauge bosons (cf.
Eq. (II.13)) and the second one to the coupling to the top
and the composite fermions. Using the standard compos-
ite Higgs potential parametrisation

V̂ (ĥ) = ↵ cos(2ĥ) � � sin2(2ĥ) , (II.16)

the dimensionless parameters ↵ and � are given by

↵=
1

2
F̂LL � ĉLR

�=
1

2
F̂EW �

1

4
F̂LL . (II.17)

The quantities ĉLR, F̂LL and F̂EW are related to corre-
lation functions of the UV theory. The quantity ĉLR ⌘

1
2 (3g2 + g02)ĈLR is the previously defined 2-point func-
tion Eq. (II.14) whose evaluation on the lattice is a rou-
tine matter. The quantities F̂LL and F̂EW ⌘ F̂LR�2F̂RR

are related to 4-point functions as defined in appendix
A. Their evaluation is a more complex task for lattice
Monte Carlo simulations.‡

We can now analyse the potential in terms of ↵ and �,
imposing the Higgs mass and direct search constraints,
and then discuss the relation of the Higgs sector with
the two triplet PNGBs. Up to a constant the potential
Eq. (II.16) can be written as

V̂ (ĥ) = 4�(sin2(ĥ) � ⇠)2 , (II.18)

with

⇠ ⌘
v2

f2
= sin2(hĥi) =

↵ + 2�

4�
. (II.19)

The important condition for EWSB, then reads

↵ + 2� = F̂EW � ĉLR > 0 . (II.20)

Hence, the sign of �, and its magnitude compared to
↵, are the first constraints that the UV complete theory
needs to satisfy.

The ↵-� parameter space is shown in Fig. 1 with phe-
nomenologically acceptable values of ⇠ 2 [0, 0.12] shown
in purple. The Higgs mass is related to the second deriva-
tive of the potential

m̂2
h = V̂ 00(hĥi) = 32�⇠(1 � ⇠) = 8� � 2↵2/� , (II.21)

and gives a second constraint, cf. Fig. 1, in the ↵-� plane
by combining Eqs. (II.19) and (II.21)

m2
h

v2
= 32�(1 � ⇠) = 8(2� � ↵) ' 0.258 . (II.22)

From Fig. 1, 0.012 < �↵ < 0.02 and 0.06 < � < 0.11
can be inferred. Note that this range mainly depends on
unknown radiative corrections to the Higgs mass.

Further observables are the two triplet �0 2 30 and
� 2 31 (for SU(2)L ⇥ U(1)Y ) PNGB masses. At leading
order the mass of �0 is determined by integrating out
the gauge bosons Eq. (II.13); the charged triplet receives
a contribution from integrating out the third generation
through the 4-point function F̂LL defined in appendix A,

m̂2
�0

= 16g2ĈLR , ' 0.362 , (II.23)

m̂2
� = 16(g2 +

g02

3
)ĈLR + 8F̂LL ' 0.342 + 8F̂LL .

The triplet masses are equal in the limit where the hyper-
charge disappears g02 ! 0 and the EHC-coupling �1 ! 0
(cf. appendix A.) In the limit F̂LL ! 0 the mass di↵er-
ence of the charged to neutral is positive, m��m�0 � 0,
as for the pions in the SM [40].

‡Note, Eq. (II.16) includes radiative corrections of the type discussed
in [39] in a more systematic way.

• first principle lattice 
calculation not possible with 
current techniques

but progress is being made e.g. [Ayar, DeGrand `17 & `18]
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Higgs Potential

As discussed above, the Higgs particle is one of the
NGBs of the UV complete theory. In the hypercolour the-
ory in isolation, no potential is generated for the NGBs;
hence the Higgs potential can only arise from interac-
tions with the SM sector. In particular there are two
contributions to the one-loop e↵ective potential: the first
one is due to the coupling to the weak gauge bosons (cf.
Eq. (II.13)) and the second one to the coupling to the top
and the composite fermions. Using the standard compos-
ite Higgs potential parametrisation

V̂ (ĥ) = ↵ cos(2ĥ) � � sin2(2ĥ) , (II.16)

the dimensionless parameters ↵ and � are given by

↵ = �ĈLR
1

2

�
3g2 + g02

�
< 0 ,

2� = �y2Ĉtop , (II.17)

where CLR = ĈLRf4 is defined in Eq. (II.14) and Ctop

is a top-baryon 4-point function of O(�2
q�

2
t ) originating

from the terms in Eq. (II.7), as discussed in detail in [31].
Note that Eq. (II.16) includes radiative corrections as dis-
cussed in [33] in a more systematic way. Up to a constant
the potential Eq. (II.16) can be written as

V̂ (ĥ) = 4�(sin2(ĥ) � ⇠)2 , (II.18)

where

⇠ ⌘
v2

f2
= sin2(hĥi) =

↵ + 2�

4�
. (II.19)

The important condition, for EWSB, reads

↵ + 2� > 0. (II.20)

Hence the sign of �, and its magnitude compared to ↵,
are the first constraints that the UV complete theory
needs to satisfy.

The ↵-� parameter space is shown in Fig. 1 with phe-
nomenologically acceptable values of ⇠ 2 [0, 0.12] shown
in purple. The Higgs mass is related to the second deriva-
tive of the potential

m̂2
h = V̂ 00(hĥi) = 32�⇠(1 � ⇠) = 8� � 2↵2/� , (II.21)

and gives a second constraint, cf. Fig. 1, in the ↵-� plane
by combining Eqs. (II.19) and (II.21)

m2
h

v2
= 32�(1 � ⇠) = 8(2� � ↵) ' 0.258 . (II.22)

From Fig. 1, 0.012 < �↵ < 0.02 and 0.06 < � < 0.11,
are inferred whose range mainly depends on unknown
radiative corrections to the Higgs mass. The value of
↵ allows us to set a lower bound, at leading order in
the EFT, on the PNGB triplets masses. The latter are
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FIG. 1: Contour plot for ⇠ = (↵ + 2�)/(4�), Eq. (II.19). In
the white region no EWSB occurs and the purple level curves
are values of ⇠ ranging from 0 to 0.12 where the latter value is
a representative constraint taken from Ref. [4]. An additional
constraint comes from the Higgs mass m2

h/v
2 = 8(2� � ↵) '

0.258, Eq. (II.22), for which we have allowed generous 20%
radiative corrections. The intersection of the purple and grey
region is the physically allowed parameter space of the model
that has to be satisfied by the UV theory.

given by the contribution of the weak gauge bosons only,
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which are identical in the limit g02 ! 0 of no hypercharge.
The mass di↵erence of the charged to neutral is positive,
m� � m�0 � 0, as for the pions in the SM [34]. Since
the hypercharge contribution is small the two masses are
very close in numerical value. From the LHC bound ⇠ =
v2/f2 < 0.12 it follows that f >

⇠ 5.7mh and thus

m�
>
⇠ m�0 > 1.97mh . (II.23)

In summary the Higgs potential is parameterised by
the two constants ↵ and �, Eq. (II.16), which are experi-
mentally constrained by mh/v, v/f and the requirement
of EWSB. On the other hand ↵ and � can be deter-
mined from well-defined correlation function of the UV
hypercolor theory, Eq. (II.17). Hence the determination
of either ↵ or � alone can exclude the model. Somewhat
more precisely, the model can be excluded/validated by
computing � ⇠ Ctop, and using the Higgs mass con-
straint. Since in practice, cf. the discussion below, com-
puting ↵ ⇠ CLR is more feasible the latter is going to be
the computation that excludes/validates the model. The
quantity CLR has been computed recently in [35] for an
SU(4) gauge theory in the quenched approximation with
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As discussed above, the Higgs particle is one of the
NGBs of the UV complete theory. In the hypercolour the-
ory in isolation, no potential is generated for the NGBs;
hence the Higgs potential can only arise from interac-
tions with the SM sector. In particular there are two
contributions to the one-loop e↵ective potential: the first
one is due to the coupling to the weak gauge bosons (cf.
Eq. (II.13)) and the second one to the coupling to the top
and the composite fermions. Using the standard compos-
ite Higgs potential parametrisation

V̂ (ĥ) = ↵ cos(2ĥ) � � sin2(2ĥ) , (II.16)

the dimensionless parameters ↵ and � are given by
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where CLR = ĈLRf4 is defined in Eq. (II.14) and Ctop

is a top-baryon 4-point function of O(�2
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t ) originating

from the terms in Eq. (II.7), as discussed in detail in [31].
Note that Eq. (II.16) includes radiative corrections as dis-
cussed in [33] in a more systematic way. Up to a constant
the potential Eq. (II.16) can be written as
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where
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The important condition, for EWSB, reads

↵ + 2� > 0. (II.20)

Hence the sign of �, and its magnitude compared to ↵,
are the first constraints that the UV complete theory
needs to satisfy.

The ↵-� parameter space is shown in Fig. 1 with phe-
nomenologically acceptable values of ⇠ 2 [0, 0.12] shown
in purple. The Higgs mass is related to the second deriva-
tive of the potential

m̂2
h = V̂ 00(hĥi) = 32�⇠(1 � ⇠) = 8� � 2↵2/� , (II.21)

and gives a second constraint, cf. Fig. 1, in the ↵-� plane
by combining Eqs. (II.19) and (II.21)
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= 32�(1 � ⇠) = 8(2� � ↵) ' 0.258 . (II.22)

From Fig. 1, 0.012 < �↵ < 0.02 and 0.06 < � < 0.11,
are inferred whose range mainly depends on unknown
radiative corrections to the Higgs mass. The value of
↵ allows us to set a lower bound, at leading order in
the EFT, on the PNGB triplets masses. The latter are
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FIG. 1: Contour plot for ⇠ = (↵ + 2�)/(4�), Eq. (II.19). In
the white region no EWSB occurs and the purple level curves
are values of ⇠ ranging from 0 to 0.12 where the latter value is
a representative constraint taken from Ref. [4]. An additional
constraint comes from the Higgs mass m2
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0.258, Eq. (II.22), for which we have allowed generous 20%
radiative corrections. The intersection of the purple and grey
region is the physically allowed parameter space of the model
that has to be satisfied by the UV theory.
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which are identical in the limit g02 ! 0 of no hypercharge.
The mass di↵erence of the charged to neutral is positive,
m� � m�0 � 0, as for the pions in the SM [34]. Since
the hypercharge contribution is small the two masses are
very close in numerical value. From the LHC bound ⇠ =
v2/f2 < 0.12 it follows that f >
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In summary the Higgs potential is parameterised by
the two constants ↵ and �, Eq. (II.16), which are experi-
mentally constrained by mh/v, v/f and the requirement
of EWSB. On the other hand ↵ and � can be deter-
mined from well-defined correlation function of the UV
hypercolor theory, Eq. (II.17). Hence the determination
of either ↵ or � alone can exclude the model. Somewhat
more precisely, the model can be excluded/validated by
computing � ⇠ Ctop, and using the Higgs mass con-
straint. Since in practice, cf. the discussion below, com-
puting ↵ ⇠ CLR is more feasible the latter is going to be
the computation that excludes/validates the model. The
quantity CLR has been computed recently in [35] for an
SU(4) gauge theory in the quenched approximation with
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Hence the sign of �, and its magnitude compared to ↵,
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needs to satisfy.
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in purple. The Higgs mass is related to the second deriva-
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h = V̂ 00(hĥi) = 32�⇠(1 � ⇠) = 8� � 2↵2/� , (II.21)

and gives a second constraint, cf. Fig. 1, in the ↵-� plane
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FIG. 1: Contour plot for ⇠ = (↵ + 2�)/(4�), Eq. (II.19). In
the white region no EWSB occurs and the purple level curves
are values of ⇠ ranging from 0 to 0.12 where the latter value is
a representative constraint taken from Ref. [4]. An additional
constraint comes from the Higgs mass m2
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0.258, Eq. (II.22), for which we have allowed generous 20%
radiative corrections. The intersection of the purple and grey
region is the physically allowed parameter space of the model
that has to be satisfied by the UV theory.
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which are identical in the limit g02 ! 0 of no hypercharge.
The mass di↵erence of the charged to neutral is positive,
m� � m�0 � 0, as for the pions in the SM [34]. Since
the hypercharge contribution is small the two masses are
very close in numerical value. From the LHC bound ⇠ =
v2/f2 < 0.12 it follows that f >
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In summary the Higgs potential is parameterised by
the two constants ↵ and �, Eq. (II.16), which are experi-
mentally constrained by mh/v, v/f and the requirement
of EWSB. On the other hand ↵ and � can be deter-
mined from well-defined correlation function of the UV
hypercolor theory, Eq. (II.17). Hence the determination
of either ↵ or � alone can exclude the model. Somewhat
more precisely, the model can be excluded/validated by
computing � ⇠ Ctop, and using the Higgs mass con-
straint. Since in practice, cf. the discussion below, com-
puting ↵ ⇠ CLR is more feasible the latter is going to be
the computation that excludes/validates the model. The
quantity CLR has been computed recently in [35] for an
SU(4) gauge theory in the quenched approximation with
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Hence the sign of �, and its magnitude compared to ↵,
are the first constraints that the UV complete theory
needs to satisfy.

The ↵-� parameter space is shown in Fig. 1 with phe-
nomenologically acceptable values of ⇠ 2 [0, 0.12] shown
in purple. The Higgs mass is related to the second deriva-
tive of the potential
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are inferred whose range mainly depends on unknown
radiative corrections to the Higgs mass. The value of
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the EFT, on the PNGB triplets masses. The latter are
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FIG. 1: Contour plot for ⇠ = (↵ + 2�)/(4�), Eq. (II.19). In
the white region no EWSB occurs and the purple level curves
are values of ⇠ ranging from 0 to 0.12 where the latter value is
a representative constraint taken from Ref. [4]. An additional
constraint comes from the Higgs mass m2
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0.258, Eq. (II.22), for which we have allowed generous 20%
radiative corrections. The intersection of the purple and grey
region is the physically allowed parameter space of the model
that has to be satisfied by the UV theory.
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which are identical in the limit g02 ! 0 of no hypercharge.
The mass di↵erence of the charged to neutral is positive,
m� � m�0 � 0, as for the pions in the SM [34]. Since
the hypercharge contribution is small the two masses are
very close in numerical value. From the LHC bound ⇠ =
v2/f2 < 0.12 it follows that f >
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In summary the Higgs potential is parameterised by
the two constants ↵ and �, Eq. (II.16), which are experi-
mentally constrained by mh/v, v/f and the requirement
of EWSB. On the other hand ↵ and � can be deter-
mined from well-defined correlation function of the UV
hypercolor theory, Eq. (II.17). Hence the determination
of either ↵ or � alone can exclude the model. Somewhat
more precisely, the model can be excluded/validated by
computing � ⇠ Ctop, and using the Higgs mass con-
straint. Since in practice, cf. the discussion below, com-
puting ↵ ⇠ CLR is more feasible the latter is going to be
the computation that excludes/validates the model. The
quantity CLR has been computed recently in [35] for an
SU(4) gauge theory in the quenched approximation with
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q2 expansion, which underpins Eq. (II.13). In the next
section we will consider further corrections to the Higgs
potential for which LHC constraints furnish a value for
ĈLR. The latter gives a lower bound on the triplet masses
� and �0. Further low energy exotic states include an
SU(3)c octet hyper-pion, whose mass is estimated to be
in the multi-TeV regime [38] and has been investigated
phenomenologically in [25].

Lessons from the Lattice and the LHC

Several LECs are accessible by first principle compu-
tations, e.g. lattice Monte Carlo simulations, of the UV
complete theory. As previously mentioned one might
think of f , the ⇧ decay constant in Eq. (II.4), as set-
ting the scale of the SU(4)-hypercolour theory. In in-
creasing order of complexity LECs of interest are the
spectrum of the lowest lying state in a given channel
(including the composite baryon mass M̂), the quark
condensates h  i and h�̄�i with associated decay con-
stants f and f 0, and the Higgs potential parameters ĈLR,
F̂EW and F̂LLresulting from non-trivial correlation func-
tions. Preliminary lattice investigations have already
started [14, 15], highlighting the subtleties involved in
simulating models with fermions in multiple representa-
tions of the gauge groups. The results in this section
should help in identifying the lattice measurements that
are likely to have a significant phenomenological impact.

Higgs Potential

As discussed above, the Higgs particle is one of the
NGBs of the UV complete theory. In the hypercolour the-
ory in isolation, no potential is generated for the NGBs;
hence the Higgs potential can only arise from interac-
tions with the SM sector. In particular there are two
contributions to the one-loop e↵ective potential: the first
one is due to the coupling to the weak gauge bosons (cf.
Eq. (II.13)) and the second one to the coupling to the top
and the composite fermions. Using the standard compos-
ite Higgs potential parametrisation

V̂ (ĥ) = ↵ cos(2ĥ) � � sin2(2ĥ) , (II.16)

the dimensionless parameters ↵ and � are given by
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The quantities ĉLR, F̂LL and F̂EW are related to corre-
lation functions of the UV theory. The quantity ĉLR ⌘

1
2 (3g2 + g02)ĈLR is the previously defined 2-point func-
tion Eq. (II.14) whose evaluation on the lattice is a rou-
tine matter. The quantities F̂LL and F̂EW ⌘ F̂LR�2F̂RR

are related to 4-point functions as defined in appendix
A. Their evaluation is a more complex task for lattice
Monte Carlo simulations.‡

We can now analyse the potential in terms of ↵ and �,
imposing the Higgs mass and direct search constraints,
and then discuss the relation of the Higgs sector with
the two triplet PNGBs. Up to a constant the potential
Eq. (II.16) can be written as

V̂ (ĥ) = 4�(sin2(ĥ) � ⇠)2 , (II.18)

with
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The important condition for EWSB, then reads

↵ + 2� = F̂EW � ĉLR > 0 . (II.20)

Hence, the sign of �, and its magnitude compared to
↵, are the first constraints that the UV complete theory
needs to satisfy.

The ↵-� parameter space is shown in Fig. 1 with phe-
nomenologically acceptable values of ⇠ 2 [0, 0.12] shown
in purple. The Higgs mass is related to the second deriva-
tive of the potential

m̂2
h = V̂ 00(hĥi) = 32�⇠(1 � ⇠) = 8� � 2↵2/� , (II.21)

and gives a second constraint, cf. Fig. 1, in the ↵-� plane
by combining Eqs. (II.19) and (II.21)

m2
h
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= 32�(1 � ⇠) = 8(2� � ↵) ' 0.258 . (II.22)

From Fig. 1, 0.012 < �↵ < 0.02 and 0.06 < � < 0.11
can be inferred. Note that this range mainly depends on
unknown radiative corrections to the Higgs mass.

Further observables are the two triplet �0 2 30 and
� 2 31 (for SU(2)L ⇥ U(1)Y ) PNGB masses. At leading
order the mass of �0 is determined by integrating out
the gauge bosons Eq. (II.13); the charged triplet receives
a contribution from integrating out the third generation
through the 4-point function F̂LL defined in appendix A,

m̂2
�0

= 16g2ĈLR , ' 0.362 , (II.23)

m̂2
� = 16(g2 +

g02

3
)ĈLR + 8F̂LL ' 0.342 + 8F̂LL .

The triplet masses are equal in the limit where the hyper-
charge disappears g02 ! 0 and the EHC-coupling �1 ! 0
(cf. appendix A.) In the limit F̂LL ! 0 the mass di↵er-
ence of the charged to neutral is positive, m��m�0 � 0,
as for the pions in the SM [40].

‡Note, Eq. (II.16) includes radiative corrections of the type discussed
in [39] in a more systematic way.
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From Fig. 1, 0.012 < �↵ < 0.02 and 0.06 < � < 0.11
can be inferred. Note that this range mainly depends on
unknown radiative corrections to the Higgs mass.
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order the mass of �0 is determined by integrating out
the gauge bosons Eq. (II.13); the charged triplet receives
a contribution from integrating out the third generation
through the 4-point function F̂LL defined in appendix A,

m̂2
�0
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charge disappears g02 ! 0 and the EHC-coupling �1 ! 0
(cf. appendix A.) In the limit F̂LL ! 0 the mass di↵er-
ence of the charged to neutral is positive, m��m�0 � 0,
as for the pions in the SM [40].

‡Note, Eq. (II.16) includes radiative corrections of the type discussed
in [39] in a more systematic way.
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Higgs Potential

As discussed above, the Higgs particle is one of the
NGBs of the UV complete theory. In the hypercolour the-
ory in isolation, no potential is generated for the NGBs;
hence the Higgs potential can only arise from interac-
tions with the SM sector. In particular there are two
contributions to the one-loop e↵ective potential: the first
one is due to the coupling to the weak gauge bosons (cf.
Eq. (II.13)) and the second one to the coupling to the top
and the composite fermions. Using the standard compos-
ite Higgs potential parametrisation

V̂ (ĥ) = ↵ cos(2ĥ) � � sin2(2ĥ) , (II.16)

the dimensionless parameters ↵ and � are given by

↵ = �ĈLR
1
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�
3g2 + g02

�
< 0 ,

2� = �y2Ĉtop , (II.17)

where CLR = ĈLRf4 is defined in Eq. (II.14) and Ctop

is a top-baryon 4-point function of O(�2
q�

2
t ) originating

from the terms in Eq. (II.7), as discussed in detail in [31].
Note that Eq. (II.16) includes radiative corrections as dis-
cussed in [33] in a more systematic way. Up to a constant
the potential Eq. (II.16) can be written as

V̂ (ĥ) = 4�(sin2(ĥ) � ⇠)2 , (II.18)

where

⇠ ⌘
v2

f2
= sin2(hĥi) =

↵ + 2�

4�
. (II.19)

The important condition, for EWSB, reads

↵ + 2� > 0. (II.20)

Hence the sign of �, and its magnitude compared to ↵,
are the first constraints that the UV complete theory
needs to satisfy.

The ↵-� parameter space is shown in Fig. 1 with phe-
nomenologically acceptable values of ⇠ 2 [0, 0.12] shown
in purple. The Higgs mass is related to the second deriva-
tive of the potential

m̂2
h = V̂ 00(hĥi) = 32�⇠(1 � ⇠) = 8� � 2↵2/� , (II.21)

and gives a second constraint, cf. Fig. 1, in the ↵-� plane
by combining Eqs. (II.19) and (II.21)

m2
h

v2
= 32�(1 � ⇠) = 8(2� � ↵) ' 0.258 . (II.22)

From Fig. 1, 0.012 < �↵ < 0.02 and 0.06 < � < 0.11,
are inferred whose range mainly depends on unknown
radiative corrections to the Higgs mass. The value of
↵ allows us to set a lower bound, at leading order in
the EFT, on the PNGB triplets masses. The latter are
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FIG. 1: Contour plot for ⇠ = (↵ + 2�)/(4�), Eq. (II.19). In
the white region no EWSB occurs and the purple level curves
are values of ⇠ ranging from 0 to 0.12 where the latter value is
a representative constraint taken from Ref. [4]. An additional
constraint comes from the Higgs mass m2

h/v
2 = 8(2� � ↵) '

0.258, Eq. (II.22), for which we have allowed generous 20%
radiative corrections. The intersection of the purple and grey
region is the physically allowed parameter space of the model
that has to be satisfied by the UV theory.

given by the contribution of the weak gauge bosons only,
Eq. (II.13), (rg ⌘ 3g2/(3g2 + g02))

m̂� =
⇣32|↵|

3

⌘ 1
2
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ĈLR

✓
g2 +

g02

3

◆◆ 1
2

' 0.36 ,

m̂�0 =
⇣32|↵|
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= 4(ĈLRg

2)
1
2 ' 0.34 ,

which are identical in the limit g02 ! 0 of no hypercharge.
The mass di↵erence of the charged to neutral is positive,
m� � m�0 � 0, as for the pions in the SM [34]. Since
the hypercharge contribution is small the two masses are
very close in numerical value. From the LHC bound ⇠ =
v2/f2 < 0.12 it follows that f >

⇠ 5.7mh and thus

m�
>
⇠ m�0 > 1.97mh . (II.23)

In summary the Higgs potential is parameterised by
the two constants ↵ and �, Eq. (II.16), which are experi-
mentally constrained by mh/v, v/f and the requirement
of EWSB. On the other hand ↵ and � can be deter-
mined from well-defined correlation function of the UV
hypercolor theory, Eq. (II.17). Hence the determination
of either ↵ or � alone can exclude the model. Somewhat
more precisely, the model can be excluded/validated by
computing � ⇠ Ctop, and using the Higgs mass con-
straint. Since in practice, cf. the discussion below, com-
puting ↵ ⇠ CLR is more feasible the latter is going to be
the computation that excludes/validates the model. The
quantity CLR has been computed recently in [35] for an
SU(4) gauge theory in the quenched approximation with
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Higgs Potential

As discussed above, the Higgs particle is one of the
NGBs of the UV complete theory. In the hypercolour the-
ory in isolation, no potential is generated for the NGBs;
hence the Higgs potential can only arise from interac-
tions with the SM sector. In particular there are two
contributions to the one-loop e↵ective potential: the first
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Eq. (II.13)) and the second one to the coupling to the top
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FIG. 1: Contour plot for ⇠ = (↵ + 2�)/(4�), Eq. (II.19). In
the white region no EWSB occurs and the purple level curves
are values of ⇠ ranging from 0 to 0.12 where the latter value is
a representative constraint taken from Ref. [4]. An additional
constraint comes from the Higgs mass m2

h/v
2 = 8(2� � ↵) '

0.258, Eq. (II.22), for which we have allowed generous 20%
radiative corrections. The intersection of the purple and grey
region is the physically allowed parameter space of the model
that has to be satisfied by the UV theory.
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which are identical in the limit g02 ! 0 of no hypercharge.
The mass di↵erence of the charged to neutral is positive,
m� � m�0 � 0, as for the pions in the SM [34]. Since
the hypercharge contribution is small the two masses are
very close in numerical value. From the LHC bound ⇠ =
v2/f2 < 0.12 it follows that f >

⇠ 5.7mh and thus

m�
>
⇠ m�0 > 1.97mh . (II.23)

In summary the Higgs potential is parameterised by
the two constants ↵ and �, Eq. (II.16), which are experi-
mentally constrained by mh/v, v/f and the requirement
of EWSB. On the other hand ↵ and � can be deter-
mined from well-defined correlation function of the UV
hypercolor theory, Eq. (II.17). Hence the determination
of either ↵ or � alone can exclude the model. Somewhat
more precisely, the model can be excluded/validated by
computing � ⇠ Ctop, and using the Higgs mass con-
straint. Since in practice, cf. the discussion below, com-
puting ↵ ⇠ CLR is more feasible the latter is going to be
the computation that excludes/validates the model. The
quantity CLR has been computed recently in [35] for an
SU(4) gauge theory in the quenched approximation with
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FIG. 1: Contour plot for ⇠ = (↵ + 2�)/(4�), Eq. (II.19). In
the white region no EWSB occurs and the purple level curves
are values of ⇠ ranging from 0 to 0.12 where the latter value is
a representative constraint taken from Ref. [4]. An additional
constraint comes from the Higgs mass m2
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0.258, Eq. (II.22), for which we have allowed generous 20%
radiative corrections. The intersection of the purple and grey
region is the physically allowed parameter space of the model
that has to be satisfied by the UV theory.
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which are identical in the limit g02 ! 0 of no hypercharge.
The mass di↵erence of the charged to neutral is positive,
m� � m�0 � 0, as for the pions in the SM [34]. Since
the hypercharge contribution is small the two masses are
very close in numerical value. From the LHC bound ⇠ =
v2/f2 < 0.12 it follows that f >

⇠ 5.7mh and thus
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In summary the Higgs potential is parameterised by
the two constants ↵ and �, Eq. (II.16), which are experi-
mentally constrained by mh/v, v/f and the requirement
of EWSB. On the other hand ↵ and � can be deter-
mined from well-defined correlation function of the UV
hypercolor theory, Eq. (II.17). Hence the determination
of either ↵ or � alone can exclude the model. Somewhat
more precisely, the model can be excluded/validated by
computing � ⇠ Ctop, and using the Higgs mass con-
straint. Since in practice, cf. the discussion below, com-
puting ↵ ⇠ CLR is more feasible the latter is going to be
the computation that excludes/validates the model. The
quantity CLR has been computed recently in [35] for an
SU(4) gauge theory in the quenched approximation with
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• model predicts a number of exotics phenomenological implications

2

This will allow us to identify the parameter domain of the
model, which is mostly driven by Higgs searches, and we
will confront our findings with concrete predictions from
the lattice in IIA. We summarise and conclude in Sec. IV

II. THE MODEL

this section requires some polishing... ldd to do

The model of [9] is based on a symmetry group

SU(4)| {z }
GHC

⇥SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0| {z }
GF

.

(1)
with Weyl fermions transforming  2 6,� 2 4, �̃ 2 4̄

under the hypercolor gauge group GHC = SU(4). The
strong dynamics of GHC will cause a symmetry break-
ing of the global flavour symmetries SU(5) ! SO(5)
and SU(3) ⇥ SU(3)0 ! SU(3)c as well as a broken
U(1)X . Based on the maximally attractive channel hy-
pothesis [10], we can expect SU(5) ! SO(5) to occur
at a higher scale than SU(3) ⇥ SU(3)0 ! SU(3)c. This
leads to a low-energy e↵ective theory based on the global
symmetry breaking pattern

GF /HF =
SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0

SO(5)⇥ SU(3)⇥ U(1)X

=
SU(5)

SO(5)
⇥

SU(3)⇥ SU(3)0

SU(3)
⇥ U(1)0 . (2)

Since SO(5) � SO(4) ' SU(2) ⇥ SU(2), the unbroken
global symmetry group HF contains the custodial sub-
group

Hc = SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X (3)

and following the standard paradigm of composite Higgs
scenarios, we weakly gauge the SM subgroup Hc �

GSM = SU(3)c⇥SU(2)L⇥U(1)Y , where hypercharge is a
linear combination for SU(2)R and U(1)X , Y = T 3

R +X.
Weakly gauging a subgroup and heavy quark mass gen-
eration through partial compositeness [11, 12] amount to
explicit violation of GF , and the analysis of the one-loop
e↵ective action [9] shows that this indeed gives rise to
NGB misalignment and electroweak symmetry breaking
SU(2)L ⇥ U(1)Y ! U(1)QED, completely analogous to
the minimal e↵ective realisations [2, 3]. The di↵erence
between the MCHM5 scenario of [3] is the rather unique
prediction of additional NGBs from the SU(5) ! SO(5)
breaking which transform as 10 + 21/2 + 30 + 3±1 =
(⌘, H,�0,�) (in addition to an ⌘0 from U(1)0) under
SU(2)L ⇥ U(1)Y , of which the 21/2 can be identified as
the SM Higgs doublet.

This extended scalar sector reveals parallels with the
so-called Georgi-Machacek model [13–15] (for recent phe-
nomenological investigations see also [16–20]), which also
predicts the appearance of a real as well as a complex
SU(2)L triplet in the scalar sector. The crucial di↵erence

between these theories is, neglecting the SM-inert singlet
in the following, that these extra states do not contribute
to the breaking of electroweak symmetry breaking [9].
Hence, potential fine tuning problems which are associ-
ated with the ⇢ parameter [21] in custodial triplet sce-
narios are avoided entirely in this model.

The construction of the low-energy e↵ective theory
follows the approach pioneered by Callen, Coleman,
Wess and Zumino (CCWZ) [22, 23]. Denoting the

SU(5)/SO(5) generators by T Â, we can introduce a non-
linear sigma field

⌃(x) = exp

✓
i⇧

f

◆
, ⇧ = �Â(x)T Â . (4)

Since SU(5)/SO(5) is a symmetric space, we can simplify
the CCWZ kinetic term construction by introducing an
object U = ⌃⌃T = exp(2i⇧/f), which allows us to write
the interactions with the gauge bosons from

L �
f2

16
Tr

�
DµUDµU†� (5)

as U 7! gUgT under g 2 SU(5). The covariant derivative
is given by

DµU = @µU � igWA
µ [TA

L , U ]� ig0Bµ[T
3

R, U ] (6)

as all NGBs have zero U(1)X charge. We use a con-
vention with tr[TATB ] = �AB/2 with ⇧ � H+T+ =
H+

p
2(T 18

�iT 15) which with (5) lead to canonically nor-
malised kinetic terms of the form L �

1

2
@µH+(@µH+)†.

Expanding this Lagrangian we find the standard
MCHM4/5 coupling modifications of the physical Higgs
boson to the massive electroweak gauge bosons rescaled
by

p
1� ⇠, where ⇠ = v2/f2 with v ' 246 GeV, while the

remaining pNGB interactions are completely determined
by their SU(2)L quantum numbers.
Heavy third family quark masses are included through

partial compositeness [11, 12], i.e. mixing e↵ects with
vector-like hyperbaryons of the strongly interacting sec-
tor. The relevant terms are

� L � M ̄ + �qf ¯̂qL� R + �tf
¯̂tR�

⇤ L

+
p
2µbTr(¯̂q

3

L⌃d̂
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R) + h.c. (7)
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2iR] , (8)
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T , (9)

t̂R =
1
p
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[0, 0, 0, 0, itR]

T . (10)

while  2 5 of SO(5), ldd: check the quantum num-

bers of the components!! q̂L, t̂R, q̂3L and d̂3R are spuri-
onic SU(5) embeddings that facilitate the bottom mass
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remaining pNGB interactions are completely determined
by their SU(2)L quantum numbers.
Heavy third family quark masses are included through

partial compositeness [11, 12], i.e. mixing e↵ects with
vector-like hyperbaryons of the strongly interacting sec-
tor. The relevant terms are

� L � M ̄ + �qf ¯̂qL� R + �tf
¯̂tR�

⇤ L

+
p
2µbTr(¯̂q

3

L⌃d̂
3

R) + h.c. (7)
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 =
1
p
2
[iB � iX,B +X, iT + iY,�T + Y,

p
2iR] , (8)

q̂L =
1
p
2
[ibL, bL, itL,�tL, 0]

T , (9)

t̂R =
1
p
2
[0, 0, 0, 0, itR]

T . (10)

while  2 5 of SO(5), ldd: check the quantum num-

bers of the components!! q̂L, t̂R, q̂3L and d̂3R are spuri-
onic SU(5) embeddings that facilitate the bottom mass
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• top partner constraints
• compatibility with exotics searches
• compatibility with Higgs signal strength measurements

[CE, Schichtel, Spannowsky `17]

[Belyaev et al. `17]
[Matsedonskyi, Panico, Wulzer `15] 

similarities with [Georgi, Machacek `85]

[CE, Ferretti, Spannowsky. `17]
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• no constraints from charged Higgs searches 

• doubly charged Higgs bosons produced via Drell Yan might be 
accessible at the LHC in the future [CE, Schichtel, Spannowsky `16]
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• no constraints from charged Higgs searches 

• doubly charged Higgs bosons produced via Drell Yan might be 
accessible at the LHC in the future 

• Higgs signal strength - no news here either
6
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FIG. 2: 125 GeV Higgs signal strengths as constrained by the ATLAS and CMS combination of Ref. [43]. The blue-shaded
area corresponds to the points in our scan yielding the correct top and bottom masses. The red points in panel (a) result from
a modified scan which includes the charged exotic Higgs loop contributions to the diphoton partial decay width, demonstrating
that the signal strength in the photon channel can be significantly impacted by the presence of these states. The scatter in the
red points results from varying the sign and size of the unknown trilinear Higgs couplings.

1 [43] (see also [4] for an interpretation of ATLAS results
in terms of composite models).

In Fig. 2, we show a scan over the model following the
prescription as detailed earlier. As can be seen, the cur-
rent Higgs signal strength measurements are consistent
with the model’s prediction over a large range of values
of ⇠ = v2/f2. In this sense our findings are consistent
with the analysis of [4]. However, the possibility of addi-
tional charged scalars running in the h ! �� loops can
significantly change this result†. Given the early stage
of the Higgs phenomenology programme, the Higgs mea-
surements are not sensitive enough to provide tight con-
straints on the model.

†Similar ideas have been used to explain the early excess in the
observed diphoton branching ratio, see [58].

Constraints from exotic Higgs searches

Doubly Charged Scalars

The most striking BSM signature related to the exotic
Higgs states is the production of doubly charged scalars.
Since the triplet states’ potential is not a↵ected by elec-
troweak symmetry breaking, these states can only be
pair-produced as W+W+��

� vertices are absent in the ef-
fective theory. This leads to a qualitatively di↵erent phe-
nomenology compared to one of the standard scenarios
of scalar weak triplets [20–22]: In our case, the dominant
production mechanism relevant for the LHC is Drell-Yan
production (with expected moderate QCD corrections
K ' 1.3 see e.g. [59]) which is entirely determined by
the hypercharge and SU(2)L quantum numbers of the
doubly charged scalar. For a choice m�±

±
= 200 GeV, we

ATLAS+CMS combination
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• searches for extra scalar / pseudoscalar Higgs bosons with 
couplings to top quarks 
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obtain a Drell-Yan cross section of 84 fb‡, which decreases
exponentially for heavier masses.

Current analyses [65, 66] set constraints mostly from
searches for same-sign lepton production, which are
motivated from a Majorana-type lepton sector opera-
tors involving the 31 multiplet in the Georgi-Machacek
model [20, 22]. Although leptons are not included in Fer-
retti’s proposal [10], we can expect the biggest coupling
to arise from ⌧ leptons following the partial composite-
ness paradigm. Ref. [66] sets a constraint in this channel
of ⇠ 100 fb, which is not stringent enough to constrain
the presence of a doubly charged Higgs boson as pre-
dicted in the model even when we consider decays to ⌧
leptons.

If this lepton operator is not considered, the domi-
nant decay will be to same sign W bosons via fermion
loops [67]. Ref. [65] does not make any specific assump-
tions on jet or missing energy activity and set constraints
of ⇠ 1 fb. Including the W branching fractions the weak
pair production of the doubly-charged scalar in our model
readily evades these constraints. The recent analysis [67]
that specifically targets the pp ! 4` + missing energy
smoking signature shows that the LHC should in princi-
ple be able to probe a mass regime up to 700 GeV.

Charged Scalars

Charged Higgs boson searches have been performed
during Run-1 by ATLAS [68] and CMS [69] from the
production o↵ top quarks and set constraints of 0.6-0.8 pb
in the considered mass region. In our scan, we find cross
sections§ in the range of ' 1 fb after averaging between
the 4 and 5 flavour scheme as detailed in [70]. W conclude
that available LHC analyses are not sensitive enough to
constrain the exotic Higgs spectrum because of the small
production cross section.

Neutral Scalars

The interactions of Eq. (II.7) also introduces Yukawa-
type interactions with the heavy SM fermions and top
partners after diagonalisation of Eqs. (II.9) and (II.10).
The dominant production modes of the extra neutral
scalars is then gluon fusion with heavy SM fermions and
top partners running in the gluon fusion loops.¶

‡We use a combination of Feynrules [60–62], Ufo [63] and MadE-
vent [64] for the calculation of the cross section.

§Again we use a combination of Feynrules [60–62], Ufo [63] and
MadEvent [64]

¶There is also the possibility of small anomaly-induced terms which
we will not consider in this work; they are expected to be paramet-
rically small [18].
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FIG. 3: Scan over the neutral, CP even 31 state including AT-
LAS [71] and CMS [72, 73]. Currently no model-independent
LHC constraint exists for the t̄t-channel.

We calculate the gluon fusion cross sections,k for the
parameters that reproduce the correct top and bottom
masses, which satisfy constraints of the current top part-
ners outlined above as well as the 125 GeV Higgs mea-
surements. A flat QCD K ' 1.6 factor [77–81] is in-
cluded.

Since the 30 state couples to ⇠ �q b̄LBR/
p

2 + h.c. the
phase space enhanced decay into physical bottom quarks
dominates, irrespective of the smallness of the coupling.
For these final states there are currently no sensitive
searches given the large expected QCD backgrounds and
the challenge of triggering such final states in the first
place.
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FIG. 4: Scan over the neutral, CP odd 31 state including AT-
LAS [71] and CMS [72, 73]. Currently no model-independent
LHC constraint exists for the t̄t-channel.

kUsing a modified version of Vbfnlo [74] together with Fey-
nArts/FormCalc/LoopTools [75, 76].
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• extra scalars with net bottom coupling avoid experimental detection 
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the 4 and 5 flavour scheme as detailed in [81]. W conclude
that available LHC analyses are not sensitive enough to
constrain the exotic Higgs spectrum because of the small
production cross section.

Neutral Scalars

The interactions of Eq. (II.7) also introduces Yukawa-
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The dominant production modes of the extra neutral
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top partners running in the gluon fusion loops.⇤⇤

We calculate the gluon fusion cross sections,†† for the
parameters that reproduce the correct top and bottom
masses, which satisfy constraints of the current top part-
ners outlined above as well as the 125 GeV Higgs mea-
surements. A flat QCD K ' 1.6 factor [88–92] is in-
cluded.

Since the 30 state couples to ⇠ �q b̄LBR/
p

2 + h.c. the
phase space enhanced decay into physical bottom quarks
dominates, irrespective of the smallness of the coupling.
For these final states there are currently no sensitive
searches given the large expected QCD backgrounds and
the challenge of triggering such final states in the first
place.

Loop-induced decays (see Appendix B) to �� are al-
ready fairly constrained after Run-1. For instance, CMS
limit �Br(��) <⇠ 1-10 fb between 180 and 800 GeV with
little dependence on the resonance width [83] (see also
the analysis by ATLAS [93] with similar sensitivity).
CMS have updated their results also including 13 TeV
data [84], which mostly extends the sensitivity region
up to m ' 4 TeV with limits �Br(��) <

⇠ 0.2 fb for
m > 2 TeV. Numerically we find the diphoton branch-
ing ratios to be suppressed by three orders of magnitude
compared to bb̄ for the 30 state in our scan, which leaves
it unconstrained by these measurements (identical con-
clusions hold for other loop-induced decays).

The neutral 31 states do not couple to bottom quarks
but both CP-even and odd interactions follow from the
operator ⇠

p
2�q t̄LYr + h.c. This opens up the interest-

ing phenomenological possibilities below the tt̄ threshold.
We find that for such a mass choice the decay into glu-
ons typically dominates.‡‡ However, it is worthwhile to
also check the sensitivity to these states in other final
states, also extending beyond the aforementioned dipho-
ton analysis.

The production of Z� final states was constrained in
Run-1 analyses [94, 95], which focused on mass ranges
inspired by the SM m <

⇠ 190 GeV with only weak con-
straints �BR(Z�) <

⇠ 100 fb. ATLAS and CMS have ex-
tended these searches to the higher mass regime [82, 96]
with 13 TeV data and set limits O(10) fb above 300 GeV.
The hierarchy in branching ratios, however, makes nei-
ther the diphoton searches nor the Z� analyses sensitive
enough to impose mass limits on the considered CP even
state, Fig. 3.

Searches for ZZ and WW decays, which are also medi-
ated at the loop level are available [97, 98] and constrain

⇤⇤There is also the possibility of small anomaly-induced terms which
we will not consider in this work; they are expected to be paramet-
rically small [24].

††Using a modified version of Vbfnlo [85] together with Fey-
nArts/FormCalc/LoopTools [86, 87].

‡‡We retain full mass dependencies and include all non-diagonal
Higgs interactions in the decay diagrams at one-loop. We consider
decays to ZZ, WW , gg, �� and Z�.
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Hence the sign of �, and its magnitude compared to ↵,
are the first constraints that the UV complete theory
needs to satisfy.

Furthermore, at a more quantitative level, the values
of the LECs need to conspire to yield the right values for
the Higgs mass and self-coupling. The usual relation for
the Higgs boson mass,

mh =
p

2�v =
p

2(↵+ 2�)f . (22)

This is a highly non-trivial test that the UV complete
theory needs to satisfy.move fig-

ure

FIG. 1: Contour plot for ⇠ ⌘ v̂ = �↵/(2�). The allowed
values of ⇠ constrain the possible values of ↵ and � very sig-
nificantly. [coloured area EWSB broken. Blue level curves for
⇠ ranginf from 0 to 0.12.]

2. Constrained parameter scan

The lattice computation of the parameter ⇢M = f/M
constrains the scan over the free parameters in the model.
First of all, the value of the top partner mass is no longer
a free parameter. Given the value of ⇠, we have

M =
v

p
⇠⇢M

. (23)

Furthermore, when combined with the expression for the
top quark mass,

mt/v =

p
2⇢M�q�tq

1 + �2
q⇢

2

M

p
1 + �2

t⇢
2

M

, (24)

the value of ⇢M relates �t and �q. For a given value of
⇢M and �t, �q is then fixed by the physical value of the
top mass.
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FIG. 2: Contour plot for a scan of the first non-SM top
partner in agreement with the current constraints detailed
in Sec. III. Blue points show the correlation expected from
a lattice result of ⇢M 2 [0.20, 0.47] while the red points leave
M as a free parameter in M 2 [1.5, 5.5] TeV.

III. PARAMETER REGIONS AFTER LHC
MEASUREMENTS

The model predicts a singly charged scalar, a doubly
charged scalar, and two neutral scalars from 31 in ad-
dition to a charged and and a neural scalar from 30 in
addition to QCD-charged fermionic and scalar exotica.
The masses of the weak scalars are fixed via Eq. (15) at
leading order in the e↵ective theory approach, which we
will adopt in the following. Note that, at this order, there
is no mixing between the 30,1 states.
The necessary value of CLR modulo the vacuum mis-

aligning top contributions is fixed by the observation of
the SM-like Higgs with mh ' 125 GeV. We treat exotic
Higgs mass multiplets as free parameters in our scan in
the range m > 200 GeV > mh given the PNGB character
of the 125 GeV state.

Constraints from colored exotica

The LHC analysis programme that targets the phe-
nomenology of the fermionic partners of Eq. (8) is well-
developed across a range of final states (see e.g. [32]
or [33]). A comprehensive interpretation of searches for
exotic top partner spectra as detailed above has been
performed recently in Ref. [34]. In particular, searches
for the fermion X with exotic charge 5/3 set constraints
on the vector-like mass M >

⇠ 1.5 TeV. We include this
constraint to our scan directly.
Searches for pair-produced colour-octet scalars, as

predicted from the breaking to QCD in Eq. (2)
SU(3)2/SU(3) with subsequent gauging of QCD, have
been considered in theories of vector-like confine-
ment [35–37] as well as in N = 1/N = 2 hybrid SUSY

mock lattice 
measurement of

baryon mass

decay constant

top partners 
democratic

= v2/f2

excluded

Lattice input crucial to pin down the 
very character of a concrete scenario!
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Summary

higher statistics (= smaller systematics)! 

differential cross sections ! 

high momentum transfer final states ! 

direct evidence for exotics ?!

☛ EFT is a promising avenue to interface LHC measurements and 
(some) UV interpretations 

☛ get low energy correlations right 

☛ hone sensitivity through differential techniques consistently

☛ however, current analyses not sensitive enough to provide a clear  
picture, but…


