
Christoph Englert

Towards BSM with 
weak scale physics

Particle Physics Department 
Seminar, RAL

22/07/26



SM QFT external symmetriesinternal symmetries massive, light fermions

massless vectors

massive vectors + scalars

chiral symmetry, 
marginal Yukawas

gauge symmetry

gauge + Higgs systems

Mind Map

2

The SM is extremely restrictive - by accident….
‣ baryon-number conservation, CP, custodial isospin, …

e.g. [Sakharov `67]

‣ trouble in theory land: strong CP, Higgs naturalness, …

What is the nature of the TeV scale?

+
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Figure 4: Cross sections times branching fraction for ggF, VBF, +� and CC� + C� production in each relevant decay
mode, normalised to their SM predictions. The values are obtained from a simultaneous fit to all channels. The black
error bars, blue boxes and yellow boxes show the total, systematic, and statistical uncertainties in the measurements,
respectively. The gray bands show the theory uncertainties on the predictions. The level of compatibility between the
measurement and the SM prediction corresponds to a ?-value of ?SM = 79%, computed using the procedure outlined
in the text with 21 degrees of freedom.

12

e.g. [ATLAS `21]
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‣ somehow SM correlations are 
(un)expectedly  accurate…

What is the nature of the TeV scale?
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Figure 4: Cross sections times branching fraction for ggF, VBF, +� and CC� + C� production in each relevant decay
mode, normalised to their SM predictions. The values are obtained from a simultaneous fit to all channels. The black
error bars, blue boxes and yellow boxes show the total, systematic, and statistical uncertainties in the measurements,
respectively. The gray bands show the theory uncertainties on the predictions. The level of compatibility between the
measurement and the SM prediction corresponds to a ?-value of ?SM = 79%, computed using the procedure outlined
in the text with 21 degrees of freedom.
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e.g. [ATLAS `21]

‣ our data are not accurate (yet) 
‣ we are looking in the wrong place 
‣ particle physics does not have answers

What are the possibilities?*

‣ somehow SM correlations are 
(un)expectedly  accurate…

What is the nature of the TeV scale?

* mostly TeV scale collider phenomena today



Higgs coupling deviations @ HL-LHC?
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‣ perturbativity has been a huge success story ! 
‣ trust it one more time ?  (then there are many options…)

Baryogenesis!

e.g. [Morrissey, Ramsey-Musolf  `12]

Electroweak baryogenesis 4

CP

χ
R

χ
L
     +  

χ
L

Sphaleron

B

Bubble Wall

<φ> = 0 <φ> = 0

Sphaleron

Figure 2. Baryon production in front of the bubble walls.

2. The electroweak phase transition

Baryon creation in EWBG is closely tied to the dynamics of the electroweak phase

transition (EWPT). In this transition, the thermal plasma goes from a symmetric state

in which the full SU(2)L ⇥ U(1)Y gauge invariance is manifest to a broken one where

only the U(1)em electroweak subgroup remains [11, 13, 14]. As discussed above, the

transition must be first-order and proceed through the nucleation of bubbles of the

broken phase. In this section we will discuss the dynamics of this phase transition and

describe the role it plays in EWBG.

The transition from symmetric to broken phase in the SM can be characterized by

the vacuum expectation value (VEV) of the Higgs field H ⌘ (H+
, H

0)T that transforms

as (1,2, 1/2) under SU(3)c ⇥ SU(2)L ⇥U(1)Y . A field basis can always be chosen such

that only the real component of H0 develops a non-zero expectation value. Thus, we

will write

�/

p
2 ⌘ hH

0
i . (1)

The symmetric phase corresponds to � = 0 and the broken phase to � 6= 0. Note that

(in unitary gauge) the masses of the W
± and Z

0 weak vector bosons and the fermions

are proportional to �.

The features of this transition that are most relevant for EWBG are (a) its character

(first order, second order, cross over); (b) the critical temperature Tc and the bubble

nucleation temperature Tn that describe when it occurs; (c) the sphaleron transition rate

�sph that governs the rate of baryon number generation and washout; and (d) the bubble

nucleation rate. These features have been studied using a broad range of theoretic tools.

The most robust computations of many of these quantities are performed using

non-perturbative, Monte Carlo methods. However, given the level of e↵ort required

to perform such studies, they have only been applied to a few specific theories of

Electroweak 
baryogenesis
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Esph(T ) →
4ω v(T )

g
<latexit sha1_base64="LCIbMvFOTUzwkvZ5Ac1GK4nfeos="></latexit>

!br
sph(T ) → exp

[
↑Esph(T )

T

]

1.) Baryon number violation 
2.) C and CP violation 
3.) departure from equilibrium

Sakharov Conditions
�
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‣ perturbativity has been a huge success story ! 
‣ trust it one more time ?  (then there are many options…)

Baryogenesis!

SFOEWPT

Higgs sector 
extensionsExotics + Mixing 

+ well-defined decoupling

signatures
concrete and robust predictions, 

especially for future lepton machines

Electroweak 
baryogenesis

ML-improved         
Higgs-sector CP

e.g. [Atwal, Burridge, Costa, et al. `25]
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Higgs mass

electroweak 
scale

‣ standard approaches using effective potentials at finite temperature

when measurements are contrasted with theoretically motivated model correlations that shape

the phenomenology of the TeV scale at the per cent level. In contrast, the plethora of ad-hoc

interactions in e↵ective field theory extensions such as the currently best-motivated SM

E↵ective Field Theory (EFT) can imply blind directions [11], in particular when analysed

in concert with radiative corrections [12, 13]. Whilst this does not equate to a breakdown of

EFT methods, a näıve (often marginalised) treatment of independent interactions significantly

waters down sensitivity prospects obtained by the relatively few available observables accessible

at, e.g., an FCC-ee in comparison with hadron machines.

In this work, we examine the potential of a precision Z and e
+
e
�

! hZ programme to

inform a BSM-motivated parameter region of the 2HDM, namely the parameter region in which

su�cient latent heat released during an SFOEWPT is available to meet the out-of-equilibrium

requirement for electroweak baryogenesis as part of Sakharov’s criteria [6] (swiftly reviewed in

Sec. 2). In this way, the 2HDM acts as a suitable scenario whose renormalisable correlations

enable a highly quantitative analysis of the precision the FCC-ee will provide. To this end, we

focus on the 2HDM of type I, and will firstly turn to the oblique corrections that drive its Z

pole programme in the absence of an LHC discovery in Sec. 3.1. There, we will also provide

context with HL-LHC measurements of the 125 GeV Higgs particle. Further, in Sec. 3.2, we

comment on the search for additional uncharged Higgs bosons at the HL-LHC that will inform

the parameter space of a future e
+
e
� machine in parallel. In Sec. 3.3, we discuss the radiative

corrections to e
+
e
�

! hZ production in the SFOEWPT-preferred parameter region of the

considered 2HDM model. We conclude in Sec. 4.

2 First-Order Electroweak Phase Transition in the 2HDM

Extended Higgs sectors as a promising avenue for electroweak baryogenesis have a long history.

Whilst a range of precise understanding of bubble dynamics and their relation with e�cient

seeding of baryons remains an active area of research, in this work, we will impose a strong

first-order phase transition via the criterion

⇠p ⌘
vp(Tp)

Tp

> 1 . (2.1)

This relates the vacuum expectation value of the Higgs field at the percolation stage, vp, to

the percolation temperature Tp. The parameter region characterised by such quantities can

be considered su�ciently protected against baryon number washout at a stage in the thermal

history of the universe when around a third of the comoving volume has been converted to

the broken electroweak phase.1 We note that perturbative studies for scenarios with values of

⇠p that are closer to the regime where the phase transition is not first order any more, can be

misleading in studies of SFOEWPTs from extended scalar sectors, see, e.g. [15]. Our results

should therefore be understood with these caveats in mind.

In this work, we consider the CP-conserving 2HDM [1–3] as a theoretical framework to

explore the existence of an SFOEWPT in BSM Higgs extended models. The 2HDM consists

1For an overview of related literature, cf. e.g. the recent review on the relation between particle physics,

SFOEWPTs and gravitational waves [14].

– 2 –

“strong enough” for

Upshot: New states need to be light.

many publicly available 
codes/approaches

[BSMPT] 
[CosmoTransition] 
…

‣ LHC data tells us that we are SM-aligned 
‣ SFOEWPT tells us that new physics has large impact

SM

caveat: non-perturbative BSM effects  
[Biermann, Chakrabortty, CE `26]



‣ large interference effects of Higgs “signal” with QCD background
[Gaemers, Hoogeveen `84]
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Figure 1: Distributions of the invariant mass of the tt̄ pair from the decay of a pseudoscalar A of mass mA =
500 GeV before the emission of final-state radiation and before the parton shower for the pure resonance S (filled)
and signal+interference contribution S + I (unfilled). Events from all tt̄ decay modes are included.

Correction factors KS were applied to normalize the generated signal (S ) cross-section to the value cal-
culated at partial next-to-next-to-leading-order (NNLO) precision in QCD [50–52]. The correction factor
for the interference component I is KI =

p
KS ⇥ KB, as suggested in Ref. [53], where KB = 1.87 is

the correction factor to normalize the total cross-section of the SM tt̄ background generated at LO with
MadGraph to the cross-section calculated at NNLO accuracy in the strong coupling constant ↵S, including
resummation of next-to-next-to-leading-logarithmic soft gluon terms. The values of KS range between
two and three for the tested signal hypotheses.

3 Event selection

The event selection criteria for the signal regions provide a high selection e�ciency for tt̄ events. Only
events with a resolved topology, in which the three jets from the hadronically decaying top quark are well
separated in the detector, are selected. This is the most e�cient selection strategy for signal hypotheses
with mA/H < 800 GeV. Events with a merged topology, in which the top quark is reconstructed as a single
jet, are not considered. The event reconstruction and selection criteria are identical to those in Ref. [22]
except that events that would satisfy the criteria for both topologies are classified as “resolved” instead of
“merged”.

Events are required to contain exactly one isolated electron [54] or muon [55] with pT > 25 GeV and
pseudorapidity |⌘| < 2.5 [56]. Events must have large missing transverse momentum, Emiss

T > 20 GeV,
computed as the magnitude of the negative vector sum of lepton and jet transverse momenta [57]. In
addition, Emiss

T + mW
T > 60 GeV, is required to further suppress the contribution from multijet events,

where mW
T is the lepton–Emiss

T transverse mass [22]. Events must contain at least four hadronic jets with
pT > 25 GeV and |⌘| < 2.5, reconstructed using the anti-kt algorithm [58, 59] with radius parameter
R = 0.4. Jets from additional collisions in the same bunch crossing are rejected using dedicated tracking
and vertex requirements [60]. At least one of the jets must be identified as originating from the decay of
a b-hadron (b-jet) using a multivariate tagging algorithm with a 70% e�ciency for b-jets and light-quark
and gluon mistag rates of 0.5-2% [61].

4

[ATLAS `17]

‣ top resonance searches in Higgs sector extensions with narrow 
width approximation inadequate!

8

4

t� ↵1,2,3 Re(m2
12) [TeV

2] mH± [TeV] mHi,j 6=h [TeV]

min 0.8 �
⇡

2 0 0.15/0.59 0.01

max 20 ⇡

2 0.5 1.5 1.5

TABLE II: C2HDM scan: All parameters are varied inde-
pendently between the given minimum and maximum values.
The two minimum values of the charged Higgs mass range
refer to the scan in the C2HDM T1 and T2, respectively. For
more details, see text.

denoted by h, to be mh = 125.09 GeV [32]. In Tab. II
we summarise the ranges of the other scan parameters.
Note that the third neutral Higgs boson mass mHj 6=Hi,h

is calculated from the other input values and forced to lie
in the interval given in Tab. II. In order to circumvent de-
generate Higgs signals, we additionally impose mHi,j 6=h

to be 5 GeV away from 125 GeV. The SM input pa-
rameters are chosen as in the scan for the CxSM. In our
scan we neglect parameter points with Re(m2

12) < 0, as
they are extremely rare. We check all parameter points
at the 2� exclusion level in the mH± � tan� plane for
compatibility with the flavour constraints on Rb [62, 63]
and B ! Xs� [63–67] Applying the results of [67] we re-
quire mH± to be above 590 GeV in the C2HDM T2. In
the C2HDM T1, on the other hand, the bound is much
weaker and depends more strongly on tan�. Our re-
tained parameter points are put in agreement with the
electroweak precision data by demanding 2� compatibil-
ity with the SM fit [68] of the oblique parameters S, T
and U , including the full correlation among the three
parameters. The necessary 2HDM formulae are given
in [52, 69]. For the check of the compatibility with the
Higgs data we proceeded as in the CxSM, with the di↵er-
ence that we obtained the here necessary branching ratios
from the C2HDM implementation C2HDM HDECAY [58] in
HDECAY [42, 43]. Further details, can be found in [28, 58].

Since we work in the C2HDM, we also have to check for
agreement with the measurements of the electric dipole
moment (EDM), with the strongest constraint originat-
ing from the electron EDM [70]. We take the experimen-
tal limit given by the ACME collaboration [71]. Like for
the CxSM we also checked if the final scenarios induce a
strong first order phase transition [49, 72]. Also here we
found that for none of them this is the case.

III. INTERFERENCE EFFECTS: TOP VS.
DI-HIGGS FINAL STATES

A. Setup

Based on the scan detailed in Sec. II, we implement the
pp ! Hi ! tt̄ and pp ! Hi ! hh resonant amplitudes
into Vbfnlo [73–76], where Hi denotes any of the non-
SM-like heavy Higgs bosons of the CxSM or C2HDM,
respectively. For the parameter regions investigated here
the main production channel is given by gluon fusion.

The one-loop (leading order) computation uses Form-
Calc/LoopTools [77, 78]. Various cross checks against
MadGraph [79] and other results [5, 80–82] have been
carried out. We do not include b quark loops throughout
as they are negligible for the parameter regions studied
in this work.

We select one state Hi, defined as the signal, and com-
pute the squared amplitude for the gg ! Hi ! tt̄/hh

process:

d�os
i

⇠ |Msig(gg ! Hi ! XX̄)|2 , X = t, h , (18)

where M is the signal amplitude given by the s-channel
one-loop diagrams shown in Fig. 1. This cross section
can be understood as the on-shell cross section that one
would obtain from �-times-branching ratio estimates. To
obtain these cross sections and put them in relation to
interference e↵ects, we integrate the cross sections within

|m(tt̄/hh) � mHi | < 2 �Hi . (19)

We keep track of the interference e↵ects with the SM
“background” and BSM signal. The former is given by
continuum gg ! tt̄ production, Fig. 2, for the tt̄ final
state, and by box, Fig. 2, and o↵-shell h-induced gg ! hh

contributions for the hh final state. The latter derives
from the competing gg ! Hj 6=i ! hh diagrams, Fig. 1.
This gives rise to an estimate of the observed cross section
in the presence of interference e↵ects:

d�i ⇠ |Msig(gg ! Hi ! XX̄)|2

+ 2 Re
�
MsigM

⇤
bkg(Hj 6=i, cont.)

 
, (20)

where “cont.” stands for the continuum tt̄ or hh “back-
ground” and (o↵-shell) Hj 6=i contributions as mentioned
above, including the SM-like h.

The scans described in the previous section show that
there are viable parameter choices with the tendency to
produce quasi-degenerate mass spectra in the C2HDM
when both tt̄ and hh decay channels are open. We de-
fine the two non-SM states as “degenerate” when their
mass splitting is less than 10% of the heavy scalar’s mass.
This accounts for most of the parameter points that are
described in Sec. II.

For parameter points that have very small cross sec-
tions in either of the two channels, interference e↵ects
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t

FIG. 1: Representative signal diagram contributing to tt̄ and
hh resonance searches. h denotes the light SM-like state with
mh ' 125 GeV, while Hi denotes the remaining heavy Higgs
bosons that arise in the C2HDM and CxSM.
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Figure 2. Interference-corrected (signal-signal as well as signal-background) cross sections compared
to the pure signal process for LHC production of the uncharged heavy scalars, H (blue points) and A

(red points), respectively, as a function of their respective mass, for the parameter points of the scan
detailed in Sec. 2.

For the parameter points sampled in our scan of Sec. 2, we observe destructive interferences,

which can erase the net cross section when integrated across the scalar threshold or lead to an

underproduction due to interference with the QCD background. Whilst the experiments are

taking into account these e↵ects, they are intrinsically model-dependent, and given the results

of Fig. 2, it is conceivable that the LHC might not be able to fully exclude the parameter

range that is highlighted by our scan region, although it is kinematically accessible.

We stress that the results presented here should not be understood as a ‘no-go theorem’

for the discovery of such states at the LHC. In fact, both ATLAS and CMS [63–65] incorporate

interference e↵ects in their likelihood analyses, yet with simplifying assumptions that make

a direct comparison with our 2HDM scenario opaque. For instance, the recent ATLAS

analysis [64] excludes parameter regions in the 2HDM type II with mH = mA > 300 GeV

with tan � . 1.5 � 3. It is worth highlighting that these exclusions are severely impacted by

systematic uncertainties, as demonstrated by ATLAS.

The results for a 2HDM type I (as considered in this paper) would arguably be similar to

those reported by ATLAS, because the phenomenology of all 2HDM types is very similar for

tan � ⇠ 1, and, moreover, the Higgs boson coupling to the top quark is universal for all types.

Therefore, the ATLAS findings serve as a strong indicator that the LHC is gaining sensitivity in

the mass region we consider.6 Especially towards the HL-LHC phase, we can therefore expect

these analyses to become increasingly sensitive, also to dip structures in the mtt̄ spectrum,

which could then facilitate a discovery when the interference becomes large. To our knowledge,

no HL-LHC extrapolation is currently available, but such analyses remain high-priority lines

of BSM investigations with the potential to reveal new physics. In light of this, we will assume

an overly pessimistic view that the LHC will not fully explore this region to show that an

6The observation of an excess near the tt̄ threshold consistent with a “toponium” bound state by both

ATLAS [72] and CMS [73] is evidence of this. However, precise non-relativistic QCD predictions of such a

bound state will be necessary in the future for BSM searches in the tt̄ channel in this mass range.

– 8 –

‣ for instance 2HDM + current Higgs signal coupling fits

‣ large modifications of on-shell pheno - there is a chance to miss this

[Anisha et al. `25]
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Figure 1. Projections of the SFOEWPT scan as detailed in the main body of the text. Panel 1(a)
shows the compatibility with the S and T parameters at 68% CL (dotted blue line) and 95% CL (full
blue line). Here, light grey points are parameter points compatible with the constraints specified in
Sec. 2, dark grey points additionally fulfil the SFOEWPT constraint ⇠p > 1, and colored points fulfil
the projected constraints on the EWPOs representatively obtained at a future FCC-ee for its

p
s = mZ

phase. The Z-pole programme will e�ciently single out a relatively small parameter space of the
SFOEWPT-preferred parameter region. Panels 1(b) and 1(c) show the contours of the allowed mass
spectra after successively applying the constraints. Panel 1(d) highlights the relation of this region in
the context of the expected 125 GeV signal strength constraints obtainable at the HL-LHC at 68% CL
(dotted red line) and 95% CL (dashed red line), displayed in the tan � versus cos(� � ↵) plane.

The results for our parameter scan are presented in Fig. 1. As expected, parameter choices

that are relatively far from the alignment limit can be e�ciently constrained with a precision

Z pole programme at an e
+
e
� machine. Sensitivity here extends well beyond the sensitivity

of a coupling analysis for the 125 GeV Higgs boson at the HL-LHC, which is highlighted in

Fig. 1(d).5 The requirement of a significant mass splitting between the heavy neutral scalar

5To obtain the confidence intervals of the HL-LHC we performed a �2 fit to test the projected values of the

– 6 –

HL-LHC Higgs couplings

[Anisha et al. `25]



Higgs signal strength sensitivity ?

11

‣ for instance 2HDM + current Higgs signal coupling fits

�0.010 �0.005 0.000 0.005 0.010
S

�0.010

�0.005

0.000

0.005

0.010

T

FCC-ee proj.

SM

68% CL

95% CL

Allowed Points

FOEWPT (�p > 1)

FOEWPT+FCC-ee

1.00

1.15

1.30

1.45

1.60

1.75

1.90

2.05

2.20

� p
=

v p
/T

p

(a)

�600 �400 �200 0 200 400

mH � mH± [GeV]

�400

�200

0

200

400

m
A

�
m

H
±

[G
eV

]

Allowed Points

FOEWPT (�p > 1)

FOEWPT+FCC-ee

1.00

1.15

1.30

1.45

1.60

1.75

1.90

2.05

2.20

� p
=

v p
/T

p

(b)

0 100 200 300

mH � m̄ [GeV]

200

400

600

800

1000

1200

1400

1600

m
H

[G
eV

]

Allowed Points

FOEWPT (�p > 1)

FOEWPT+FCC-ee

1.00

1.15

1.30

1.45

1.60

1.75

1.90

2.05

2.20
� p

=
v p

/T
p

(c)

�0.2 0.0 0.2

cos(� � �)

100

101

ta
n

�

HL-LHC � proj.

68% CL

95% CL

Allowed Points

FOEWPT (�p > 1)

FOEWPT+FCC-ee

1.00

1.15

1.30

1.45

1.60

1.75

1.90

2.05

2.20

� p
=

v p
/T

p

(d)

Figure 1. Projections of the SFOEWPT scan as detailed in the main body of the text. Panel 1(a)
shows the compatibility with the S and T parameters at 68% CL (dotted blue line) and 95% CL (full
blue line). Here, light grey points are parameter points compatible with the constraints specified in
Sec. 2, dark grey points additionally fulfil the SFOEWPT constraint ⇠p > 1, and colored points fulfil
the projected constraints on the EWPOs representatively obtained at a future FCC-ee for its

p
s = mZ

phase. The Z-pole programme will e�ciently single out a relatively small parameter space of the
SFOEWPT-preferred parameter region. Panels 1(b) and 1(c) show the contours of the allowed mass
spectra after successively applying the constraints. Panel 1(d) highlights the relation of this region in
the context of the expected 125 GeV signal strength constraints obtainable at the HL-LHC at 68% CL
(dotted red line) and 95% CL (dashed red line), displayed in the tan � versus cos(� � ↵) plane.

The results for our parameter scan are presented in Fig. 1. As expected, parameter choices

that are relatively far from the alignment limit can be e�ciently constrained with a precision

Z pole programme at an e
+
e
� machine. Sensitivity here extends well beyond the sensitivity

of a coupling analysis for the 125 GeV Higgs boson at the HL-LHC, which is highlighted in

Fig. 1(d).5 The requirement of a significant mass splitting between the heavy neutral scalar

5To obtain the confidence intervals of the HL-LHC we performed a �2 fit to test the projected values of the

– 6 –
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The above equations show that cv can be larger than
unity, a typical property of models with weak isospin
j > 1/2 multiplets [22]. It is interesting to ob-
serve from the above expressions that values |cv| > 1
are possible only when the term with the prefactorp

8/3 ⇠ 1.6 dominates over the first term. Values
of |cv| very close to one can be obtained either when
the first term is very close to unity (which means
very small triplet vev and minimal mixing in the sin-
glet sector, i.e. cq very close to one or zero) or when
there is a compensation between the two terms in
|cv|. This compensation can potentially take place
only when the second term is not too suppressed, i.e.
an enhanced |cv| does not occur for 0  sH ⌧ 1.

2.) Another very interesting feature of the GM model
shows up for vanishing mixing of the singlet states
In this situation the mass eigenstates are by defini-
tion aligned with the H�, H⌅ states. If we take the
limit sH(cH) ' 0, which corresponds to breaking elec-
troweak symmetry mainly with the doublet (triplet)
vev, we get a massless scalar in the spectrum. This
state always corresponds to H

0
0 and, as we will see,

it has important consequences for the model’s phe-
nomenology.

Away from the edges of the parameter space
(i.e. when neither sH nor cH are very small, and �’s
are all of the same order), the above mechanism can
be rephrased by saying that the lighter custodial sin-
glet Higgs boson is usually the one which is less re-
lated to electroweak symmetry breaking [16]. When
the mixing in the singlets sector is non-negligible, the
mass spectrum becomes e↵ectively less a↵ected by
this property, and the mass of the lightest Higgs bo-

son can be made sizeable: the allowed size of this
misalignment is encoded in our results.

Moreover, despite of these considerations, all states
clearly contribute to unitarization of longitudi-
nal gauge boson scattering (the longitudinal gauge
bosons are mixtures of the triplet ⌅ and doublet
�), and this has interesting implications for the elec-
troweak precision constraints, especially in the sce-
nario discussed in Sec. IVA.

For a more general potential that also violates SU(2)R
invariance, the sH ! 0 limit does not necessarily in-
volve mH

0
0

! 0, cf. [15]. For these more general
potentials there always exist parameter choices that
involve light scalars in the spectrum. The correla-
tion with sH , however, is not so obvious. Generically
the light scalars follow from parameters with a small
SU(2)R breaking. Since ⇢ ' 1 is well-established ex-
perimentally, invariance under global SU(2)R is well-
established too, and the allowed isospin violation can
be treated as a perturbation which should restore,
to large extent, the correlation between vanishing
sH and mH

0
0

! 0, for phenomenologically allowed
choices. In fact, the limit v⌅ ! 0 in Eq. (2b) is tan-
tamount to µ

2
3 ! (�2�2 +�5)v2SM, which means that

the custodial singlet part of the Higgs potential e↵ec-
tively “sees” a vanishing mass term, while this is not
the case for the custodial triplet and quintet.

III. BOUNDS

The implications of the GM model for the Peskin-
Takeuchi S, T, U parameters [9],

S =
4s2

w
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(13)

have been pioneered in Ref. [23].
The parameters ⇧XY denote the gauge boson polar-

ization functions which are obtained from the two-point
functions X ! Y (X,Y = A,Z,W ),

⇧XY (Q
2) ⇠

0.1 Peskin Takeuchi Parameters

The Peskin Takeuchi parameters S, T, U are given by

S =
4s2

w
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w
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where ΠV V are the usual vacuum polarization functions. To evaluate them it is helpful to
consider the vector boson polarization function for general masses and couplings

X

Y
= i

(
gµνΠV ′V (q2) − qµqνΣL(q2)

)

ΠV ′V (q2) =
1

8π2

[
(gL

V
gL
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V ′gR

V
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ψ
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χ
)
]
, (5)

where χ and ψ denote Dirac fermions with right and left-handed chiral couplings gL

V
, gR

V
, gL

V ′ ,
gR

V ′ to V and V ′, respectively. A0, B0, etc. denote the Passarino-Veltman scalar and tensor
functions in the convention of Ref. [1]. The function ΣL(q2) only contributes to the (gauge-
dependent) longitudinal part of the massive gauge boson propagator and, in fact, drops
out in the on-shell renormalization procedure [2]. The divergent pieces of the polarization
functions in dimensional regularization d = 4 − 2ε read

Πdiv

V ′V (q2) =
1

48π2ε

[
(3m2

χ
+ 3m2

ψ
− 2q2)(gL

V
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V
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]
. (6)

A quick check: The T parameter for a lepton doublet

We can write T ∼ ΠW 3W 3(0) − ΠW+W −(0) and for a SM lepton doublet gR

W 3,W+ = 0 and

gL

W 3 = gw/2 = gL

W+/
√

2. We write gL

W+ = αgL

W 3 with α =
√

2 and find

Πdiv,e
−

W 3W 3(0) + Πdiv,ν

W 3W 3(0) − Πdiv,e
−

ν

W+W −(0) =
1

16π2ε
gL 2

W 3(m2

χ
+ m2

ψ
)(α2

− 2) = 0 . (7)

1

, (14)

↵ is the fine structure constant and sw, cw are the sine
and cosine of the weak mixing angle as usual. The blob
denotes all particle dynamics which enters the polariza-
tion functions in the corresponding model.

At this stage, it is important to note a peculiarity
of the T parameter that arises in the tree-level SU(2)R
symmetric GM model. Although the identification be-
tween the real and complex triplets’ vevs yields the cor-
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Figure 1. Projections of the SFOEWPT scan as detailed in the main body of the text. Panel 1(a)
shows the compatibility with the S and T parameters at 68% CL (dotted blue line) and 95% CL (full
blue line). Here, light grey points are parameter points compatible with the constraints specified in
Sec. 2, dark grey points additionally fulfil the SFOEWPT constraint ⇠p > 1, and colored points fulfil
the projected constraints on the EWPOs representatively obtained at a future FCC-ee for its

p
s = mZ

phase. The Z-pole programme will e�ciently single out a relatively small parameter space of the
SFOEWPT-preferred parameter region. Panels 1(b) and 1(c) show the contours of the allowed mass
spectra after successively applying the constraints. Panel 1(d) highlights the relation of this region in
the context of the expected 125 GeV signal strength constraints obtainable at the HL-LHC at 68% CL
(dotted red line) and 95% CL (dashed red line), displayed in the tan � versus cos(� � ↵) plane.

The results for our parameter scan are presented in Fig. 1. As expected, parameter choices

that are relatively far from the alignment limit can be e�ciently constrained with a precision

Z pole programme at an e
+
e
� machine. Sensitivity here extends well beyond the sensitivity

of a coupling analysis for the 125 GeV Higgs boson at the HL-LHC, which is highlighted in

Fig. 1(d).5 The requirement of a significant mass splitting between the heavy neutral scalar

5To obtain the confidence intervals of the HL-LHC we performed a �2 fit to test the projected values of the
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‣ but alignment without decoupling cannot hide forever !
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No reason to be so pessimistic….
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Figure 4: Cross sections times branching fraction for ggF, VBF, +� and CC� + C� production in each relevant decay
mode, normalised to their SM predictions. The values are obtained from a simultaneous fit to all channels. The black
error bars, blue boxes and yellow boxes show the total, systematic, and statistical uncertainties in the measurements,
respectively. The gray bands show the theory uncertainties on the predictions. The level of compatibility between the
measurement and the SM prediction corresponds to a ?-value of ?SM = 79%, computed using the procedure outlined
in the text with 21 degrees of freedom.
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…back in business big time!

HL-LHC could reveal %-level coupling deviations

Any coupling modification away from the SM:

‣ Unitarity violation induces a new particle scale 
correlated with size of deviation

‣ Which (WBF) collider concept prepares us best ?

Chapter 5

Implementation into vbfnlo

5.1 The program vbfnlo

Vbfnlo [38] is a next-to-leading order QCD parton-level Monte-Carlo for vector boson
fusion processes (VBF) created by D. Zeppenfeld et al. This thesis focuses on weak
boson fusion processes, figure 5.1:

pp −→ W+ +W− +

{

2j

3j

}

+X −→ e+ + νe + µ− + ν̄µ +

{

2j

3j

}

+X (5.1a)

−→ W± + Z +

{

2j

3j

}

+X −→ e± + νe + µ± + µ∓ +

{

2j

3j

}

+X (5.1b)

−→ Z + Z +

{

2j

3j

}

+X −→ e+ + e− + µ+ + µ− +

{

2j

3j

}

+X (5.1c)

The third jet arises from additional gluons radiated off the quark legs in figure 5.1. It
is also possible to switch to pp̄ as initial state.

NLO-QCD corrections and model characteristics

There are several other topologies besides fig. 5.1 to be considered for the full processes
(5.1), e.g. graphs where one gauge boson is radiated off the quark leg and subsequently

Figure 5.1: Weak boson fusion topology calculated by Vbfnlo. The shaded area contains
the topologies of figure 4.1 in the physical basis and corresponds to the leptonic tensor, cf.
section 5.2.

q1

q2

q1

W±, Z

q2

W∓, Z

W±, Z
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l
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Unitarity for discovery
‣ Unitarity restoration is only efficient with scalar and vector resonances

sum rules for longitudinal vector boson scattering

2

W

W

W

W

W

W

W

WH
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W

W

W!, Z, Zk

W

W

W

WZ

W

W

W

W

H

W

W

W

W

!

FIG. 1. Feynman diagram contributions to the s channel of WW ! WW scattering (suppressing t topologies). Similar
diagrams exist for WZ scattering with W resonances appearing as s and t channel contributions.

e
+
e
� machine. We provide conclusions in Sec. V.

II. HIGGS COUPLINGS, UNITARITY AND
RESONANCES

We focus first on the high-energy behaviour of WBF
scattering. Even when the Higgs couplings are modi-
fied away from the SM expectation, the bulk of WBF
scattering does not reflect the naive longitudinal scatter-
ing ⇠ s growth (

p
s denoting the centre-of-mass energy)

except in regions of phase space that are well modelled
by the e↵ective W/Z approximation [9–11]. That said,
these regions exist and unitarity-violating behaviour is
typically mended through the appearance of new reso-
nances in the spectrum, in particular the SM Higgs. Ear-
lier work by Birkedal, Matchev and Perelstein provided
coupling selection rules for an a priori good high-energy
behaviour of WBF scattering via vectorial iso-triplet res-
onances [12]. These were particularly relevant for the
so-called higgsless models and their holographic descrip-
tions [13, 14] where the sum rules arise as completeness
relations of the compactified theory [15, 16]. Such theo-
ries are disfavoured by the observation of the Higgs bo-
son, but generic composite theories are likely to produce a
combination of resonances in addition to the Higgs when
the cut-o↵ of the theory is considerably higher than the
new particles’ mass scale. Such a situation can be phe-
nomenologically parametrised as [17–19]

gWWWW = g
2
WW�

+
X

k

g
2
WWZk

, (1a)

4m2
W
gWWWW =

X

k

3m2
Zk

g
2
WWZk

+
X

k

g
2
WWHk

, (1b)

for WW scattering, Fig. 1; k runs over the non-SM
modes. For WW ! ZZ (and crossed) scattering, they
read

gWWZZ =
X

k

g
2
WkWZ

, (1c)

2(m2
W

+m
2
Z
)gWWZZ =

X

k

 
3m2

Wk
� (m2

Z
�m

2
W
)2

m
2
Wk

!
g
2
WkWZ

+
X

k

gWWHkgZZHk . (1d)

These sum rules cancel the ⇠ s
2 (Eqs. (1a) and (1c))

and ⇠ s (Eqs. (1b) and (1d)) high energy behaviour of
longitudinal gauge boson scattering above the relevant
particle thresholds i. Mixed longitudinal-transverse scat-
tering does not lead to new rules.

In large N theories and their holographic interpreta-
tion [13, 14, 20, 21], the resonances’ relevance is con-
trolled by their wave function overlap with the SM mode
in the compactified 5D theory [17, 22]. Realistically,
we can, therefore, expect these to be saturated by the
first modes, similar to the behaviour of QCD [23] and
the large-N properties of SU(N) gauge theories [24].
This has also been verified through explicit AdS calcula-
tions [25].

In the SM, due to gauge invariance, we have
gWWWW = g

2
w
(the SU(2)L gauge coupling, gw = e/sW ,

with sW denoting the sine of the Weinberg angle), and
gWWZ = gwcW , gWW� = gwsW = e. The sum rule for
the s

2 behaviour is satisfied by gauge invariance. The
s-divergent behaviour is mended in the SM as a result of
“spontaneous symmetry breaking” with couplings related
to the order parameter, e.g., gWWH = gwmW . Notably,
longitudinal ZZ scattering is not sensitive to the mecha-
nism of electroweak symmetry breaking (except for mix-
ing e↵ects, see below). Abelian masses can also be intro-
duced semi-classically via a Stückelberg mechanism (at
very di↵erent quantum properties compared to the SM
weak sector). Vector and scalar resonances exhaust the
possibility of ameliorating or curing a bad high-energy
behaviour. Tensor resonances, for example, inevitably
lead to pathological high-energy amplitudes [18].

These observations are semi-classical manifestations of
the quantum behaviour of spontaneously broken quan-
tum field theories [26, 27]. Theories with a well-behaved
high-energy limit to all orders have no choice but to re-
place virtual longitudinal gauge boson contributions by
derivatively coupled scalar degrees of freedom to restore
the superficial degree of divergence counting. This sets
tight constraints that shape tree-level approximations,
which dominate phenomenological implications, e.g., as
demonstrated by the SM. Any theory of unitarising iso-
vectors is, therefore, only valid as an e↵ective theory be-
low some cut-o↵. This is obvious for the 5D theories un-
derpinning Eq. (1); tensorial states further enhance the
energy growth of amplitudes.

In this work, we will not refer to any particular un-
derlying renormalisable or e↵ective theory. Instead, the
above relations enable a consistent treatment of the high-
energy environment that is explored at p10 TeV ma-

Higgs coupling deviation

prediction

prediction

pheno determined by unitarity, 
gauge symmetry, and convergence

[Weinberg `67]… 
…[Alboteanu et al. `08] 

[Birkedal, Matchev, Perelstein `04] 
[CE, Harris, Spannowsky, Takeuchi `15]
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Unitarity for discovery [CE, Naskar, Pilkington, Spannowsky `26]
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FIG. 2. Sensitivity of resonance searches in the WW and ZZ weak boson fusion production modes when considering scalar
unitarity restoration for µH < 1. We show two scenarios for comparison related to the width of the (assumed narrow) resonance
(a) !H→/mH→ = 10% and (b) !H→/mH→ = 2.5%; overlaid on the significance plot is the signal strength that such parameter
choices will probe. The magenta lines include the expected improvements from accessing semi-leptonic channels (FCC-hh
e”ciencies are provided at the end of Sec. III B, we comment on more conservative current LHC e”ciencies in the text).

exploited. At the FCC-hh, control regions would be used
to constrain the modelling of non-WBS backgrounds. At
this stage, many decades before the FCC-hh or a muon
collider would be operational, it is not possible to ac-
curately estimate the modelling systematics. Instead,
our results should be understood as being indicative of
the relative performance of FCC-hh and a muon collider
when searching for resonances associated with unitarity
restoration.

IV. RESULTS

Starting with exotic Higgs production, we show results
in Fig. 2 for two scenarios: !H→/mH→ = 0.025 or 0.1.
Both FCC-hh and the muon collider have very simi-
lar sensitivity and are capable of observing scalar res-
onances with a mass of up to 6 TeV. However, the ori-
gin of the sensitivity is very di”erent at each collider.
Specifically, H

→ → WW drives the sensitivity and, al-
though the hadron collider has a much larger overall
cross section for resonance production via weak boson
fusion, the fully-leptonic signal is smeared over a large
window in transverse mass due to the presence of two
neutrinos in the final state. This leads to substantial
background contamination at FCC-hh. The inclusion of
the semi-leptonic decay channel at FCC-hh does not im-
prove the sensitivity, despite the narrower Jacobian peak
in the transverse mass spectrum, due to the very large
background from V + jets events. The muon collider, on
the other hand, exploits the fully hadronic decays of the
weak bosons to reconstruct the diboson invariant mass
directly, allowing the narrow resonance to be identified
with much less background contamination. It is interest-

ing to note that FCC-hh and muon collider sensitivities
are comparable in the parameter region of narrow reso-
nance searches. This is due to e#cient background rejec-
tion at the hadron machine and e#cient operation at a
signal-dominant muon collider. Broad resonances are not
covered in this work; they lend themselves to continuum-
enhanced searches building on EFT analyses. However,
it is worthwhile mentioning that for increasingly broader
resonances, one needs to rely on a larger mV V window at
the muon collider, which leads to a substantial decrease in
sensitivity. The FCC-hh sensitivity is almost una”ected,
however, because the transverse mass window is driven
by the inability to reconstruct the final-state neutrinos.
The sensitivity to vector resonances is shown in Fig. 3.

The hadron collider and muon collider would have similar
sensitivity to a Z

→ resonance if large coupling deviations
are observed at the HL-LHC (µH = 0.95), probing reso-
nance masses up to roughly 7 TeV. For small coupling de-
viations (µH = 0.99), the muon collider would retain sen-
sitivity up to about 5.5 TeV, whereas the FCC-hh has no
sensitivity above resonance masses of about 2 TeV. The
sensitivity to a W

→ resonance is similar at both collid-
ers, with sensitivities around 2.5-3.0 TeV for µH = 0.99,
rising to up to roughly 4 TeV if µH = 0.95. This is
predominantly due to a larger production cross section
for larger values of 1 ↑ µH that still lead to a relatively
narrow decay phenomenology across the di”erent decay
modes.
We finally return to the theoretical considerations re-

lated to fermion-gauge-Higgs unitarity. The Z
→ discov-

ery reach in the considered WBF production mode is
crucially sensitive to couplings to fermions. If the ex-
tra vector resonances are fermiophobic, both muon and
hadron colliders show formidable sensitivity as shown

6
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FIG. 3. Sensitivity of a WBF search of unitarity-restoring vector resonances. Shown are (a) the Z→ search and (b) the W →

search for two choices of Higgs signal strengths µH = 0.95, 0.99. A significant coupling modification leads to a large signal at
an FCC-hh, which decreases more quickly as it approaches the SM, since the kinematic endpoint of the FCC-hh is probed with
lower statistical yield compared to the muon collider. The magenta lines include the expected improvements from accessing
semi-leptonic channels.

in Fig. 3(a). If there is a significant coupling of these
states to fermions, the additional contributions to the
decay width from Z

→ → tt̄ suppress the overall rate of
Z

→ → W
+
W

↑ and restrict the sensitivity at both collid-
ers dramatically, as shown in Fig. 4. A muon collider in
the described analysis setup would still retain some sen-
sitivity. In this case, however, attention would shift to
analyses of tt̄ production, not covered in this work.

V. CONCLUSIONS

In this work, we have highlighted how a two-pronged
approach combining Higgs precision measurements with
high-energy searches for iso-scalar and iso-vector reso-
nances (expected in theories of strong electroweak sym-
metry breaking) has the potential for new physics dis-
covery at this high-energy frontier. Our analysis is solely
based on unitarity and convergence, leading to a poten-
tial no-lose theorem at FCC-hh and a 10 TeV muon fa-
cility in case a small coupling deviation of the Higgs from
the SM expectation is realised in nature (and potentially
observed at the HL-LHC). In such an instance, narrow
resonances could show up in the multi-TeV region, and
searches for these particles are complementary to EFT-
based approaches that are applicable to wide resonances
at energies comparable to the maximally attainable col-
lider energy scale. We have aimed to provide a qualitative
picture of the sensitivity achievable at these experiments
within the context of bump hunting in WBF production
channels. Of course, many of the experimental details
of these future colliders are currently not known. Keep-
ing these limitations in mind, we find that the physics
potential for observing unitarity-restoring resonances is

FIG. 4. Sensitivity for wide fermion-aware resonances. The
magenta line includes semi-leptonic channels using the FCC-
hh extrapolation of e!ciencies given in the text.

excellent at both FCC-hh and at a 10 TeV muon collider.
The next community-agreed steps will likely involve an
FCC-ee with dedicated precision Z pole runs and a de-
tailed investigation of e+e↑ → HZ production. This ma-
chine can therefore probe the HV V vertices with unpar-
alleled precision [44–46]. A dedicated, relatively model-
independent measurement of the HZ production could
detect a 0.3% departure from the SM [47, 48]. This way,
the FCC-ee can corroborate the findings of the HL-LHC,
or can form the basis of a resonance search detailed in
this work if the HL-LHC data set does not reveal a sig-
nificant Higgs coupling deviation.
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gauge + Higgs systems
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The SM is extremely restrictive - by accident….
‣ baryon-number conservation, CP, custodial isospin, …
‣ fine tuning: strong CP, Higgs naturalness, …

What is the nature of the TeV scale?

‣ SM correlations to restrictive for new physics ?
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No reason to be so pessimistic….

4− 2− 0 2 4 6 8
 B normalised to SM× σ

0.5−

26
Total
Stat.
Syst.
SM

 PreliminaryATLAS
-1 = 13 TeV, 36.1 - 139 fbs

 = 125.09 GeVHm
 = 79%

SM
p

              Total      Stat.     Syst.
γγggF   ) 0.07−

 0.07+   ,   0.08−
 0.08+      (  0.11−

 0.11+  1.02     

ggF ZZ   ) 0.03−
 0.04+   ,   0.10−

 0.10+      (  0.11−
 0.11+  0.95     

ggF WW   ) 0.10−
 0.12+   ,   0.06−

 0.06+      (  0.12−
 0.13+  1.13     

ττggF   ) 0.20−
 0.23+   ,   0.15−

 0.15+      (  0.25−
 0.28+  0.87     

µµggF+ttH   ) 0.38−
 0.49+   ,   0.79−

 0.77+      (  0.88−
 0.91+  0.52     

γγVBF   ) 0.14−
 0.17+   ,   0.20−

 0.21+      (  0.24−
 0.27+  1.47     

VBF ZZ   ) 0.06−
 0.11+   ,   0.42−

 0.50+      (  0.42−
 0.51+  1.31     

VBF WW   ) 0.10−
 0.11+   ,   0.14−

 0.15+      (  0.17−
 0.19+  1.09     

ττVBF   ) 0.12−
 0.15+   ,   0.14−

 0.14+      (  0.18−
 0.20+  0.99     

VBF+ggF bb   ) 0.15−
 0.21+   ,   0.33−

 0.31+      (  0.36−
 0.38+  0.98     

µµVBF+VH   ) 0.23−
 0.20+   ,   1.24−

 1.32+      (  1.26−
 1.34+  2.33     

γγVH   ) 0.08−
 0.10+   ,   0.30−

 0.32+      (  0.31−
 0.33+  1.33     

VH ZZ   ) 0.16−
 0.24+   ,   0.93−

 1.14+      (  0.94−
 1.17+  1.51     

ττVH   ) 0.29−
 0.33+   ,   0.49−

 0.49+      (  0.57−
 0.59+  0.98     

WH bb   ) 0.18−
 0.20+   ,   0.19−

 0.19+      (  0.26−
 0.28+  1.04     

ZH bb   ) 0.14−
 0.17+   ,   0.17−

 0.17+      (  0.22−
 0.24+  1.00     

γγttH+tH   ) 0.06−
 0.08+   ,   0.24−

 0.26+      (  0.25−
 0.27+  0.93     

ttH+tH WW   ) 0.43−
 0.48+   ,   0.43−

 0.44+      (  0.61−
 0.65+  1.64     

ttH+tH ZZ   ) 0.16−
 0.37+   ,   1.09−

 1.65+      (  1.10−
 1.69+  1.69     

ττttH+tH   ) 0.44−
 0.54+   ,   0.62−

 0.66+      (  0.76−
 0.86+  1.39     

ttH+tH bb   ) 0.27−
 0.28+   ,   0.20−

 0.20+      (  0.33−
 0.34+  0.35     

Figure 4: Cross sections times branching fraction for ggF, VBF, +� and CC� + C� production in each relevant decay
mode, normalised to their SM predictions. The values are obtained from a simultaneous fit to all channels. The black
error bars, blue boxes and yellow boxes show the total, systematic, and statistical uncertainties in the measurements,
respectively. The gray bands show the theory uncertainties on the predictions. The level of compatibility between the
measurement and the SM prediction corresponds to a ?-value of ?SM = 79%, computed using the procedure outlined
in the text with 21 degrees of freedom.
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Figure 1. Representative Feynman diagram topologies contributing to 2V sensitivity via weak
boson fusion.

In, e.g., the recent [2], modifications of the (trilinear) Higgs self-coupling � and the quartic

gauge-Higgs couplings 2V have been constrained

� 2 [�3.5, 11.3] , 2V 2 [0.0, 2.1] , (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
p

1 � ⇠,

cos 2↵ 6= cos2 ↵ (1.5)

away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.
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also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.
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SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through
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with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
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1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
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away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.
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gauge-Higgs couplings 2V have been constrained

� 2 [�3.5, 11.3] , 2V 2 [0.0, 2.1] , (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
p
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cos 2↵ 6= cos2 ↵ (1.5)

away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.
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with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.
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consistently, which is also demonstrated by � investigations beyond tree level [11–14] that
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SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level
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the typical deviations in the Higgs-gauge sector are given by
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responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)
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Figure 2. Next-to-leading order QCD corrections to WBF pp ! hhjj production in the large
invariant tagging jet mass region mjj � 800 GeV at the LHC (a) and FCC-hh (b) as a function of
2V for all other parameters chosen to be SM-like.

approximation), however, large enough deviations from the SM correlation manifest them-

selves as an enhanced cross section so that limits can be set. Note that � does not enter

the Wh amplitude with energy enhancement, and its constraints are therefore set by a

priori perturbativity limits (see [30–32] for more model-specific considerations).

2.1 Hadron collider constraints on V and 2V

pp ! hhjj production follows hjj production from the point of view of QCD. There-

fore, the search region that is selected by the LHC experiments exploits the usual WBF

paradigm [33–36]. Similar to the findings in single-Higgs and double-Higgs production via

WBF [37, 38], the QCD corrections can be formidably captured through an adapted choice

of the renormalisation and factorisation scales, due to the process’ ‘double-Deep Inelastic

Scattering’ structure. In particular, in the 2V measurement region selected by the LHC

experiments then becomes extraordinarily stable: In Fig. 2 we show the pp ! hhjj WBF

cross section component at next-to-leading order QCD in comparison to the leading order

estimate, employing the central scale choice µ = Q (cf. Fig. 1) for the signal region char-

acterised by an invariant jet mass of mjj � 800 GeV.† This extends to the FCC-hh at a

significantly increased cross-section, Fig. 2. The cross-section is well-approximated by the

LO µ = Q choice, and the NLO corrections are modest ⇠ 5% at the LHC, decreasing in

relevance at the FCC-hh, running at 100 TeV [43]. The key limitation of setting constraints

on 2V is then statistics and background systematics.

†We obtain this through a modification of the publicly available Vbfnlo Monte Carlo programme [36,

39, 40]. Modifications have been cross-checked against MadGraph aMC@NLO [41]. See also [42] for

studies of rescalings of the Higgs self-coupling.
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gauge-Higgs couplings 2V have been constrained

� 2 [�3.5, 11.3] , 2V 2 [0.0, 2.1] , (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
p

1 � ⇠,

cos 2↵ 6= cos2 ↵ (1.5)

away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.
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What do these mean if SM(EFT) can’t accommodate them?
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gauge-Higgs quartics are dangerous…

‣ high scale unitarity requirements 

In this note, we provide a detailed discussion about the relevance of 2V and its relation

to V , � for BSM physics, spanning from traditional renormalisable scenarios to e↵ective

theories. We will focus on the phenomenology in WBF di-Higgs production at the LHC and

its extrapolation to other future collider environments, where these three couplings enter on

an a priori equal footing. Including a viewpoint of geometry [24], we clarify the sensitivity

to BSM scenarios that can be gained in a range of models (and their deformations) at

the high-luminosity (HL-)LHC phase, as well as future colliders such as the FCC-hh or

electron-positron machines. In passing, we include a discussion of higher-order QCD e↵ects

at hadron machines.

This work is organised as follows: In Sec. 2, we discuss the future sensitivity that can

be achieved in a Feynman-diagram templated analysis as performed by the experiments,

extrapolating from the current sensitivity that they report. This forms the phenomeno-

logical backdrop of the theoretical reach of this sensitivity in Sec. 3. There we categorise

the V , 2V , � parameter space in terms of renormalisable theories and e↵ective theo-

ries of compositeness and their deformations. We summarise in Sec. 4, which provides an

outlook towards monetising the BSM potential of 2V sensitivity in these experimental

environments in relation to V and �.

2 Present and future of scalar couplings in WBF Higgs pair production

In this section, we consider the experimental limit on V , 2V , and �, as defined by the

tree-level lagrangian

L =
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(@h)2 + m2

W

✓
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h

2v
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with v = 246 GeV and cosine of the Weinberg angle cW = cos ✓W . Tree-level custodial

symmetry is assumed throughout (i.e., W = Z = V and 2W = 2Z = 2V ).

Before we turn to the relevance of the di↵erent couplings and their BSM reach, it is

instructive to clarify the anticipated shape of the V � 2V exclusion. WBF probes the

incoming weak bosons at space-like momenta in the diagrams of Fig. 1. However, the

analysis of Wh ! Wh scattering for physical momenta (the crossed process that enters

WBF subdiagrams of Fig. 1) provides insight into gauge-symmetry cancellations that carry

over into qualitative phenomenological outcomes via the e↵ective W approximation [25, 26].

In the high energy limit
p

s � mh + mW , the polarised amplitudes scale as∗

m2
W

s
A(WLh ! WLh) ⇠

mW
p

s
A(WT h ! WLh) ⇠ 2V � 2

V . (2.2)

This shows that in the SM (as well as for direct Higgs mixing), we can expect a significant

destructive interference to maintain unitarity at high energies. The scaling with energy

in the WBF process is pdf-suppressed for massless partons (including in the e↵ective W

∗This result can be straightforwardly obtained with FeynArts/FormCalc/LoopTools [27–29], which we

use throughout this work. Phase-space and polynomial suppression of the valence quark parton distribution

functions significantly modify these naive expectations.
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In, e.g., the recent [2], modifications of the (trilinear) Higgs self-coupling � and the quartic

gauge-Higgs couplings 2V have been constrained

� 2 [�3.5, 11.3] , 2V 2 [0.0, 2.1] , (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
p

1 � ⇠,

cos 2↵ 6= cos2 ↵ (1.5)

away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.
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gauge-Higgs couplings 2V have been constrained

� 2 [�3.5, 11.3] , 2V 2 [0.0, 2.1] , (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
p

1 � ⇠,

cos 2↵ 6= cos2 ↵ (1.5)

away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.
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fixed by the gauge boson masses, since even in the presence of a non-vanishing expectation value the hidden Higgs fields do not
contribute to electroweak symmetry breaking in the standard sector. This is an important difference between the hidden Higgs
sector and other multi-Higgs models. However, due to the coupling of the two sectors the physical Higgs states in the SM and
the hidden sector mix to the mass eigenstates

H1 = cos � Hs + sin � Hh

H2 =� sin � Hs + cos � Hh . (2)

Both, H1 and H2, couple to Standard Model fields through their components Hs and to the hidden sector through the admixtures
Hh. For moderate coupling ⌘� the properties of H1 remain dominated by the Standard Model component, while the properties
of H2 are characterized primarily by the hidden Higgs component. The mixing of the fields in the potential generates self-
interactions among the light and heavy Higgs bosons [3], in particular trilinear couplings HiHjHk of any combination.

The phenomenology of the Higgs portal to the hidden sector depends on the ratio of the Higgs boson masses. We will take
H1, primarily [s], to be the lighter particle and H2, primarily [h], to be the heavier companion. Any scenario with other mass
ratios could be treated analogously but suffers from electroweak precision and unitarity constraints.

The properties of the two Higgs bosons are summarized in the masses, M1,2, the visible and invisible widths, �vis
1,2 and �inv

1,2,
both defined without including Higgs cascade decays, and finally the Higgs cascade �HH

2 , realized by H2 ! H1H1 for suitable
mass ratios. From these observables we can derive all fundamental parameters of the Higgs potential.

(i) Higgs masses — Diagonalizing the Higgs mass matrix [squared],

M
2 =

✓
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2
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2
h

◆
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generates the mass eigenvalues M1,2 and the mixing angle �,
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2
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h

with ⇡/8  ±� ± ⇡/8  3⇡/8 , (5)

for the two mass eigenstates H1,2 defined in Eq. (2). The sign in front of � coincides with sgn[⌘�] while the sign of the phase
shift ±⇡/8 corresponds to sgn[�sv

2
s

� �hv
2
h
]. The mixing is restricted to

tan2 2� 
4�s�hv

2
s
v
2
h

[�sv
2
s

� �hv
2
h
]2

. (6)

For vh = vs = 246 GeV and �s = �h/4 = 1/8, a parameter set reminiscent of the Standard Model, we illustrate the two Higgs
masses as functions of the mixing parameter in Fig. 1. They are compared with the bounds derived from the non-observation of
Higgs bosons at LEP for standard and reduced couplings [27]. For this illustrational parameter set the mixing has to stay below
sin �  0.22, as a direct result of the LEP bound on the Higgs mass. This kind of bound is a general feature, because the mixture
of a Standard Model and a relatively light hidden Higgs state will generate one mass eigenvalue below the SM diagonal entry in
Eq. (4).

Unitarity for high energies and precision observables like the ⇢ parameter constrain the mass values in complete analogy to
the Standard Model case. The usual SM Higgs mass or its logarithm is substituted by the superposition of the two Higgs masses,
weighted by the mixing parameters cos2 � and sin2

�, e.g.,

unitarity M
2
HSM

! hM
2
i
i ⌘ cos2 � M

2
1 + sin2

� M
2
2  4⇡

p
2/3GF ' (700 GeV)2

⇢ parameter log M
2
HSM

! hlog M
2
i
i ⌘ cos2 � log M

2
1 + sin2

� log M
2
2  log(175 GeV)2 . (7)

As expected, for small mixing the SM bounds transfer to M1 while M2 remains essentially unconstrained. However, for large
mixing the two bounds transfer to the algebraic and geometric means of the M1, M2 mass pair, thus reducing the allowed range
for M2 considerably. Finally, for large sin2

�, M1 and M2 interchange their roles.
Because the most restrictive bounds arise from electroweak precision data we base our numerical scan over the Higgs potential

on the complete set of S, T, U parameters [28]. Confronting the model defined in Eq. (1) with the current bounds on S, T, U [29],
we need to emphasize one caveat: if the spontaneous symmetry breaking in the hidden sector also gives rise to additional massive
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In, e.g., the recent [2], modifications of the (trilinear) Higgs self-coupling � and the quartic

gauge-Higgs couplings 2V have been constrained

� 2 [�3.5, 11.3] , 2V 2 [0.0, 2.1] , (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
p

1 � ⇠,

cos 2↵ 6= cos2 ↵ (1.5)

away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.
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gauge-Higgs couplings 2V have been constrained

� 2 [�3.5, 11.3] , 2V 2 [0.0, 2.1] , (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
p

1 � ⇠,

cos 2↵ 6= cos2 ↵ (1.5)

away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.
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In this note, we provide a detailed discussion about the relevance of 2V and its relation

to V , � for BSM physics, spanning from traditional renormalisable scenarios to e↵ective

theories. We will focus on the phenomenology in WBF di-Higgs production at the LHC and

its extrapolation to other future collider environments, where these three couplings enter on

an a priori equal footing. Including a viewpoint of geometry [24], we clarify the sensitivity

to BSM scenarios that can be gained in a range of models (and their deformations) at

the high-luminosity (HL-)LHC phase, as well as future colliders such as the FCC-hh or

electron-positron machines. In passing, we include a discussion of higher-order QCD e↵ects

at hadron machines.

This work is organised as follows: In Sec. 2, we discuss the future sensitivity that can

be achieved in a Feynman-diagram templated analysis as performed by the experiments,

extrapolating from the current sensitivity that they report. This forms the phenomeno-

logical backdrop of the theoretical reach of this sensitivity in Sec. 3. There we categorise

the V , 2V , � parameter space in terms of renormalisable theories and e↵ective theo-

ries of compositeness and their deformations. We summarise in Sec. 4, which provides an

outlook towards monetising the BSM potential of 2V sensitivity in these experimental

environments in relation to V and �.

2 Present and future of scalar couplings in WBF Higgs pair production

In this section, we consider the experimental limit on V , 2V , and �, as defined by the

tree-level lagrangian

L =
1

2
(@h)2 + m2
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✓
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with v = 246 GeV and cosine of the Weinberg angle cW = cos ✓W . Tree-level custodial

symmetry is assumed throughout (i.e., W = Z = V and 2W = 2Z = 2V ).

Before we turn to the relevance of the di↵erent couplings and their BSM reach, it is

instructive to clarify the anticipated shape of the V � 2V exclusion. WBF probes the

incoming weak bosons at space-like momenta in the diagrams of Fig. 1. However, the

analysis of Wh ! Wh scattering for physical momenta (the crossed process that enters

WBF subdiagrams of Fig. 1) provides insight into gauge-symmetry cancellations that carry

over into qualitative phenomenological outcomes via the e↵ective W approximation [25, 26].

In the high energy limit
p

s � mh + mW , the polarised amplitudes scale as∗

m2
W

s
A(WLh ! WLh) ⇠

mW
p

s
A(WT h ! WLh) ⇠ 2V � 2

V . (2.2)

This shows that in the SM (as well as for direct Higgs mixing), we can expect a significant

destructive interference to maintain unitarity at high energies. The scaling with energy

in the WBF process is pdf-suppressed for massless partons (including in the e↵ective W

∗This result can be straightforwardly obtained with FeynArts/FormCalc/LoopTools [27–29], which we

use throughout this work. Phase-space and polynomial suppression of the valence quark parton distribution

functions significantly modify these naive expectations.
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linked to sectional curvature of EWSB manifold

[Alonso et al. `16]

‣ Goldstone-equivalence: relation probes scalar EWSB manifold
[Alonso, CE, Naskar, Rahaman et al. `25]

“Physics must 
not depend on 

coordinate choices”

Scattering = Curvature
2

fixed by the gauge boson masses, since even in the presence of a non-vanishing expectation value the hidden Higgs fields do not
contribute to electroweak symmetry breaking in the standard sector. This is an important difference between the hidden Higgs
sector and other multi-Higgs models. However, due to the coupling of the two sectors the physical Higgs states in the SM and
the hidden sector mix to the mass eigenstates

H1 = cos � Hs + sin � Hh

H2 =� sin � Hs + cos � Hh . (2)

Both, H1 and H2, couple to Standard Model fields through their components Hs and to the hidden sector through the admixtures
Hh. For moderate coupling ⌘� the properties of H1 remain dominated by the Standard Model component, while the properties
of H2 are characterized primarily by the hidden Higgs component. The mixing of the fields in the potential generates self-
interactions among the light and heavy Higgs bosons [3], in particular trilinear couplings HiHjHk of any combination.

The phenomenology of the Higgs portal to the hidden sector depends on the ratio of the Higgs boson masses. We will take
H1, primarily [s], to be the lighter particle and H2, primarily [h], to be the heavier companion. Any scenario with other mass
ratios could be treated analogously but suffers from electroweak precision and unitarity constraints.

The properties of the two Higgs bosons are summarized in the masses, M1,2, the visible and invisible widths, �vis
1,2 and �inv

1,2,
both defined without including Higgs cascade decays, and finally the Higgs cascade �HH

2 , realized by H2 ! H1H1 for suitable
mass ratios. From these observables we can derive all fundamental parameters of the Higgs potential.
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shift ±⇡/8 corresponds to sgn[�sv
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For vh = vs = 246 GeV and �s = �h/4 = 1/8, a parameter set reminiscent of the Standard Model, we illustrate the two Higgs
masses as functions of the mixing parameter in Fig. 1. They are compared with the bounds derived from the non-observation of
Higgs bosons at LEP for standard and reduced couplings [27]. For this illustrational parameter set the mixing has to stay below
sin �  0.22, as a direct result of the LEP bound on the Higgs mass. This kind of bound is a general feature, because the mixture
of a Standard Model and a relatively light hidden Higgs state will generate one mass eigenvalue below the SM diagonal entry in
Eq. (4).

Unitarity for high energies and precision observables like the ⇢ parameter constrain the mass values in complete analogy to
the Standard Model case. The usual SM Higgs mass or its logarithm is substituted by the superposition of the two Higgs masses,
weighted by the mixing parameters cos2 � and sin2

�, e.g.,
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2
2  log(175 GeV)2 . (7)

As expected, for small mixing the SM bounds transfer to M1 while M2 remains essentially unconstrained. However, for large
mixing the two bounds transfer to the algebraic and geometric means of the M1, M2 mass pair, thus reducing the allowed range
for M2 considerably. Finally, for large sin2

�, M1 and M2 interchange their roles.
Because the most restrictive bounds arise from electroweak precision data we base our numerical scan over the Higgs potential

on the complete set of S, T, U parameters [28]. Confronting the model defined in Eq. (1) with the current bounds on S, T, U [29],
we need to emphasize one caveat: if the spontaneous symmetry breaking in the hidden sector also gives rise to additional massive
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where h is understood to be the Higgs coordinate shifted such that h = 0 in the absence

of electroweak symmetry breaking. Substitution of Eq. (3.27) into Eq. (3.25) yields the

unitary gauge lagrangian
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4
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and expanding about the vacuum h = hhi + h then gives

V =
p

1 � ⇠ ,

2V =1 � 2⇠ ,
(3.29)

in terms of ⇠ = v
2

f2 . While this pattern will change for di↵erent cosets, it was shown in [82]

that for all custodial-symmetry-preserving cosets arising from the breaking of a compact

group, it is guaranteed that

1 � 2
V � 0 ,

2
V � 2V � 0 .

(3.30)

By contrast, this can be violated for non-compact groups. A non-compact coset

SO(4, 1)/SO(4) can be constructed via the linear sigma model lagrangian [81]

L =
1

2

4X

M=1

�
(D�)M

�2
�

1

2
(@�5)2 , (3.31)

restricted to the surface
4X

M=1

(�M )2 � (�5)2 = �f2 (3.32)

which is parametrised in unitary gauge by
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�1, �2, �3, �4, �5
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=
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f
, f cosh

h

f

◆
. (3.33)

(Note that trigonometric functions in Eq. (3.27) become hyperbolic ones in Eq. (3.33),

similar in spirit to the compactification of the Lorentz group.) This yields

V =
p

1 + ⇠ ,

2V =1 + 2⇠ ,
(3.34)

for the hyperbolic composite Higgs model.

In composite Higgs theories, the Higgs potential can be written schematically in

MCHM5 (and MCHM5-like theories such as Ref. [83], where the 5 refers to the spurionic

irrep of the top quark) as

f�4VCH

✓
h

f

◆
= ↵ cos

✓
2h

f

◆
� � sin2

✓
2h

f

◆
=

m2
H

8v2(1 � ⇠)


sin2

✓
h

f

◆
� ⇠

�2

+ V0 , (3.35)
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‣ high scale unitarity requirements 

In this note, we provide a detailed discussion about the relevance of 2V and its relation

to V , � for BSM physics, spanning from traditional renormalisable scenarios to e↵ective

theories. We will focus on the phenomenology in WBF di-Higgs production at the LHC and

its extrapolation to other future collider environments, where these three couplings enter on

an a priori equal footing. Including a viewpoint of geometry [24], we clarify the sensitivity

to BSM scenarios that can be gained in a range of models (and their deformations) at

the high-luminosity (HL-)LHC phase, as well as future colliders such as the FCC-hh or

electron-positron machines. In passing, we include a discussion of higher-order QCD e↵ects

at hadron machines.

This work is organised as follows: In Sec. 2, we discuss the future sensitivity that can

be achieved in a Feynman-diagram templated analysis as performed by the experiments,

extrapolating from the current sensitivity that they report. This forms the phenomeno-

logical backdrop of the theoretical reach of this sensitivity in Sec. 3. There we categorise

the V , 2V , � parameter space in terms of renormalisable theories and e↵ective theo-

ries of compositeness and their deformations. We summarise in Sec. 4, which provides an

outlook towards monetising the BSM potential of 2V sensitivity in these experimental

environments in relation to V and �.

2 Present and future of scalar couplings in WBF Higgs pair production

In this section, we consider the experimental limit on V , 2V , and �, as defined by the

tree-level lagrangian

L =
1

2
(@h)2 + m2

W

✓
W+

µ W�µ +
1

2c2
W

ZµZµ

◆
1 + V

2h

v
+ 2V

h2

v2

�
� �

m2
h

2v
h3 , (2.1)

with v = 246 GeV and cosine of the Weinberg angle cW = cos ✓W . Tree-level custodial

symmetry is assumed throughout (i.e., W = Z = V and 2W = 2Z = 2V ).

Before we turn to the relevance of the di↵erent couplings and their BSM reach, it is

instructive to clarify the anticipated shape of the V � 2V exclusion. WBF probes the

incoming weak bosons at space-like momenta in the diagrams of Fig. 1. However, the

analysis of Wh ! Wh scattering for physical momenta (the crossed process that enters

WBF subdiagrams of Fig. 1) provides insight into gauge-symmetry cancellations that carry

over into qualitative phenomenological outcomes via the e↵ective W approximation [25, 26].

In the high energy limit
p

s � mh + mW , the polarised amplitudes scale as∗

m2
W

s
A(WLh ! WLh) ⇠

mW
p

s
A(WT h ! WLh) ⇠ 2V � 2

V . (2.2)

This shows that in the SM (as well as for direct Higgs mixing), we can expect a significant

destructive interference to maintain unitarity at high energies. The scaling with energy

in the WBF process is pdf-suppressed for massless partons (including in the e↵ective W

∗This result can be straightforwardly obtained with FeynArts/FormCalc/LoopTools [27–29], which we

use throughout this work. Phase-space and polynomial suppression of the valence quark parton distribution

functions significantly modify these naive expectations.
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‣ Goldstone-equivalence: relation probes scalar EWSB manifold

Scattering = Curvature
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Figure 1. Representative Feynman diagram topologies contributing to 2V sensitivity via weak
boson fusion.

In, e.g., the recent [2], modifications of the (trilinear) Higgs self-coupling � and the quartic

gauge-Higgs couplings 2V have been constrained

� 2 [�3.5, 11.3] , 2V 2 [0.0, 2.1] , (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
p

1 � ⇠,

cos 2↵ 6= cos2 ↵ (1.5)

away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.
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singlet mixing SMEFT

2

fixed by the gauge boson masses, since even in the presence of a non-vanishing expectation value the hidden Higgs fields do not
contribute to electroweak symmetry breaking in the standard sector. This is an important difference between the hidden Higgs
sector and other multi-Higgs models. However, due to the coupling of the two sectors the physical Higgs states in the SM and
the hidden sector mix to the mass eigenstates

H1 = cos � Hs + sin � Hh

H2 =� sin � Hs + cos � Hh . (2)

Both, H1 and H2, couple to Standard Model fields through their components Hs and to the hidden sector through the admixtures
Hh. For moderate coupling ⌘� the properties of H1 remain dominated by the Standard Model component, while the properties
of H2 are characterized primarily by the hidden Higgs component. The mixing of the fields in the potential generates self-
interactions among the light and heavy Higgs bosons [3], in particular trilinear couplings HiHjHk of any combination.

The phenomenology of the Higgs portal to the hidden sector depends on the ratio of the Higgs boson masses. We will take
H1, primarily [s], to be the lighter particle and H2, primarily [h], to be the heavier companion. Any scenario with other mass
ratios could be treated analogously but suffers from electroweak precision and unitarity constraints.

The properties of the two Higgs bosons are summarized in the masses, M1,2, the visible and invisible widths, �vis
1,2 and �inv

1,2,
both defined without including Higgs cascade decays, and finally the Higgs cascade �HH

2 , realized by H2 ! H1H1 for suitable
mass ratios. From these observables we can derive all fundamental parameters of the Higgs potential.

(i) Higgs masses — Diagonalizing the Higgs mass matrix [squared],

M
2 =

✓
2�sv

2
s

⌘�vsvh

⌘�vsvh 2�hv
2
h

◆
, (3)

generates the mass eigenvalues M1,2 and the mixing angle �,

M
2
1,2 = [�sv

2
s

+ �hv
2
h
] ⌥ |�sv

2
s

� �hv
2
h
|

q
1 + tan2 2� (4)

tan 2� =
⌘�vsvh

�sv
2
s

� �hv
2
h

with ⇡/8  ±� ± ⇡/8  3⇡/8 , (5)

for the two mass eigenstates H1,2 defined in Eq. (2). The sign in front of � coincides with sgn[⌘�] while the sign of the phase
shift ±⇡/8 corresponds to sgn[�sv

2
s

� �hv
2
h
]. The mixing is restricted to

tan2 2� 
4�s�hv

2
s
v
2
h

[�sv
2
s

� �hv
2
h
]2

. (6)

For vh = vs = 246 GeV and �s = �h/4 = 1/8, a parameter set reminiscent of the Standard Model, we illustrate the two Higgs
masses as functions of the mixing parameter in Fig. 1. They are compared with the bounds derived from the non-observation of
Higgs bosons at LEP for standard and reduced couplings [27]. For this illustrational parameter set the mixing has to stay below
sin �  0.22, as a direct result of the LEP bound on the Higgs mass. This kind of bound is a general feature, because the mixture
of a Standard Model and a relatively light hidden Higgs state will generate one mass eigenvalue below the SM diagonal entry in
Eq. (4).

Unitarity for high energies and precision observables like the ⇢ parameter constrain the mass values in complete analogy to
the Standard Model case. The usual SM Higgs mass or its logarithm is substituted by the superposition of the two Higgs masses,
weighted by the mixing parameters cos2 � and sin2

�, e.g.,

unitarity M
2
HSM

! hM
2
i
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2
1 + sin2

� M
2
2  4⇡

p
2/3GF ' (700 GeV)2

⇢ parameter log M
2
HSM

! hlog M
2
i
i ⌘ cos2 � log M

2
1 + sin2

� log M
2
2  log(175 GeV)2 . (7)

As expected, for small mixing the SM bounds transfer to M1 while M2 remains essentially unconstrained. However, for large
mixing the two bounds transfer to the algebraic and geometric means of the M1, M2 mass pair, thus reducing the allowed range
for M2 considerably. Finally, for large sin2

�, M1 and M2 interchange their roles.
Because the most restrictive bounds arise from electroweak precision data we base our numerical scan over the Higgs potential

on the complete set of S, T, U parameters [28]. Confronting the model defined in Eq. (1) with the current bounds on S, T, U [29],
we need to emphasize one caveat: if the spontaneous symmetry breaking in the hidden sector also gives rise to additional massive
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where h is understood to be the Higgs coordinate shifted such that h = 0 in the absence

of electroweak symmetry breaking. Substitution of Eq. (3.27) into Eq. (3.25) yields the

unitary gauge lagrangian

L =
1

2
(@h)2 +

g2
W

f2

4
sin2

✓
h

f

◆
W+W� +

1

2c2
W

Z2

�
, (3.28)

and expanding about the vacuum h = hhi + h then gives

V =
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2V =1 � 2⇠ ,
(3.29)

in terms of ⇠ = v
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f2 . While this pattern will change for di↵erent cosets, it was shown in [82]

that for all custodial-symmetry-preserving cosets arising from the breaking of a compact

group, it is guaranteed that
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By contrast, this can be violated for non-compact groups. A non-compact coset

SO(4, 1)/SO(4) can be constructed via the linear sigma model lagrangian [81]
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(Note that trigonometric functions in Eq. (3.27) become hyperbolic ones in Eq. (3.33),

similar in spirit to the compactification of the Lorentz group.) This yields
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2V =1 + 2⇠ ,
(3.34)

for the hyperbolic composite Higgs model.

In composite Higgs theories, the Higgs potential can be written schematically in

MCHM5 (and MCHM5-like theories such as Ref. [83], where the 5 refers to the spurionic

irrep of the top quark) as

f�4VCH
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h

f

◆
= ↵ cos

✓
2h

f

◆
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✓
2h

f

◆
=

m2
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8v2(1 � ⇠)
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◆
� ⇠

�2

+ V0 , (3.35)

– 15 –

which, in unitary gauge, can be parametrised by

�
�1, �2, �3, �4, �5

�
=

✓
0, 0, 0, f sin

h

f
, f cos

h

f

◆
(3.27)

where h is understood to be the Higgs coordinate shifted such that h = 0 in the absence

of electroweak symmetry breaking. Substitution of Eq. (3.27) into Eq. (3.25) yields the

unitary gauge lagrangian

L =
1

2
(@h)2 +

g2
W

f2

4
sin2

✓
h

f

◆
W+W� +

1

2c2
W

Z2

�
, (3.28)

and expanding about the vacuum h = hhi + h then gives

V =
p

1 � ⇠ ,

2V =1 � 2⇠ ,
(3.29)

in terms of ⇠ = v
2

f2 . While this pattern will change for di↵erent cosets, it was shown in [82]

that for all custodial-symmetry-preserving cosets arising from the breaking of a compact

group, it is guaranteed that

1 � 2
V � 0 ,

2
V � 2V � 0 .

(3.30)

By contrast, this can be violated for non-compact groups. A non-compact coset

SO(4, 1)/SO(4) can be constructed via the linear sigma model lagrangian [81]

L =
1

2

4X

M=1

�
(D�)M

�2
�

1

2
(@�5)2 , (3.31)

restricted to the surface
4X

M=1

(�M )2 � (�5)2 = �f2 (3.32)

which is parametrised in unitary gauge by

�
�1, �2, �3, �4, �5

�
=

✓
0, 0, 0, f sinh

h

f
, f cosh

h

f

◆
. (3.33)

(Note that trigonometric functions in Eq. (3.27) become hyperbolic ones in Eq. (3.33),

similar in spirit to the compactification of the Lorentz group.) This yields

V =
p

1 + ⇠ ,

2V =1 + 2⇠ ,
(3.34)

for the hyperbolic composite Higgs model.

In composite Higgs theories, the Higgs potential can be written schematically in

MCHM5 (and MCHM5-like theories such as Ref. [83], where the 5 refers to the spurionic

irrep of the top quark) as
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compact groups

[Alonso et al. `16]

MCHM

‣ high scale unitarity requirements 

In this note, we provide a detailed discussion about the relevance of 2V and its relation

to V , � for BSM physics, spanning from traditional renormalisable scenarios to e↵ective

theories. We will focus on the phenomenology in WBF di-Higgs production at the LHC and

its extrapolation to other future collider environments, where these three couplings enter on

an a priori equal footing. Including a viewpoint of geometry [24], we clarify the sensitivity

to BSM scenarios that can be gained in a range of models (and their deformations) at

the high-luminosity (HL-)LHC phase, as well as future colliders such as the FCC-hh or

electron-positron machines. In passing, we include a discussion of higher-order QCD e↵ects

at hadron machines.

This work is organised as follows: In Sec. 2, we discuss the future sensitivity that can

be achieved in a Feynman-diagram templated analysis as performed by the experiments,

extrapolating from the current sensitivity that they report. This forms the phenomeno-

logical backdrop of the theoretical reach of this sensitivity in Sec. 3. There we categorise

the V , 2V , � parameter space in terms of renormalisable theories and e↵ective theo-

ries of compositeness and their deformations. We summarise in Sec. 4, which provides an

outlook towards monetising the BSM potential of 2V sensitivity in these experimental

environments in relation to V and �.

2 Present and future of scalar couplings in WBF Higgs pair production

In this section, we consider the experimental limit on V , 2V , and �, as defined by the

tree-level lagrangian

L =
1

2
(@h)2 + m2

W

✓
W+

µ W�µ +
1

2c2
W

ZµZµ

◆
1 + V

2h

v
+ 2V

h2

v2

�
� �

m2
h

2v
h3 , (2.1)

with v = 246 GeV and cosine of the Weinberg angle cW = cos ✓W . Tree-level custodial

symmetry is assumed throughout (i.e., W = Z = V and 2W = 2Z = 2V ).

Before we turn to the relevance of the di↵erent couplings and their BSM reach, it is

instructive to clarify the anticipated shape of the V � 2V exclusion. WBF probes the

incoming weak bosons at space-like momenta in the diagrams of Fig. 1. However, the

analysis of Wh ! Wh scattering for physical momenta (the crossed process that enters

WBF subdiagrams of Fig. 1) provides insight into gauge-symmetry cancellations that carry

over into qualitative phenomenological outcomes via the e↵ective W approximation [25, 26].

In the high energy limit
p

s � mh + mW , the polarised amplitudes scale as∗

m2
W

s
A(WLh ! WLh) ⇠

mW
p

s
A(WT h ! WLh) ⇠ 2V � 2

V . (2.2)

This shows that in the SM (as well as for direct Higgs mixing), we can expect a significant

destructive interference to maintain unitarity at high energies. The scaling with energy

in the WBF process is pdf-suppressed for massless partons (including in the e↵ective W

∗This result can be straightforwardly obtained with FeynArts/FormCalc/LoopTools [27–29], which we

use throughout this work. Phase-space and polynomial suppression of the valence quark parton distribution

functions significantly modify these naive expectations.

– 3 –

‣ Goldstone-equivalence: relation probes scalar EWSB manifold

Scattering = Curvature

[Alonso et al. `16]
[Alonso, CE, Naskar, Rahaman et al. `25]

linked to sectional curvature of EWSB manifold
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Figure 1. Representative Feynman diagram topologies contributing to 2V sensitivity via weak
boson fusion.

In, e.g., the recent [2], modifications of the (trilinear) Higgs self-coupling � and the quartic

gauge-Higgs couplings 2V have been constrained

� 2 [�3.5, 11.3] , 2V 2 [0.0, 2.1] , (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
p

1 � ⇠,

cos 2↵ 6= cos2 ↵ (1.5)

away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.
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with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.
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field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
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where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
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away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.
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singlet mixing SMEFT

2

fixed by the gauge boson masses, since even in the presence of a non-vanishing expectation value the hidden Higgs fields do not
contribute to electroweak symmetry breaking in the standard sector. This is an important difference between the hidden Higgs
sector and other multi-Higgs models. However, due to the coupling of the two sectors the physical Higgs states in the SM and
the hidden sector mix to the mass eigenstates

H1 = cos � Hs + sin � Hh

H2 =� sin � Hs + cos � Hh . (2)

Both, H1 and H2, couple to Standard Model fields through their components Hs and to the hidden sector through the admixtures
Hh. For moderate coupling ⌘� the properties of H1 remain dominated by the Standard Model component, while the properties
of H2 are characterized primarily by the hidden Higgs component. The mixing of the fields in the potential generates self-
interactions among the light and heavy Higgs bosons [3], in particular trilinear couplings HiHjHk of any combination.

The phenomenology of the Higgs portal to the hidden sector depends on the ratio of the Higgs boson masses. We will take
H1, primarily [s], to be the lighter particle and H2, primarily [h], to be the heavier companion. Any scenario with other mass
ratios could be treated analogously but suffers from electroweak precision and unitarity constraints.

The properties of the two Higgs bosons are summarized in the masses, M1,2, the visible and invisible widths, �vis
1,2 and �inv

1,2,
both defined without including Higgs cascade decays, and finally the Higgs cascade �HH

2 , realized by H2 ! H1H1 for suitable
mass ratios. From these observables we can derive all fundamental parameters of the Higgs potential.

(i) Higgs masses — Diagonalizing the Higgs mass matrix [squared],

M
2 =

✓
2�sv

2
s

⌘�vsvh

⌘�vsvh 2�hv
2
h

◆
, (3)

generates the mass eigenvalues M1,2 and the mixing angle �,

M
2
1,2 = [�sv

2
s

+ �hv
2
h
] ⌥ |�sv

2
s

� �hv
2
h
|

q
1 + tan2 2� (4)

tan 2� =
⌘�vsvh

�sv
2
s

� �hv
2
h

with ⇡/8  ±� ± ⇡/8  3⇡/8 , (5)

for the two mass eigenstates H1,2 defined in Eq. (2). The sign in front of � coincides with sgn[⌘�] while the sign of the phase
shift ±⇡/8 corresponds to sgn[�sv

2
s

� �hv
2
h
]. The mixing is restricted to

tan2 2� 
4�s�hv

2
s
v
2
h

[�sv
2
s

� �hv
2
h
]2

. (6)

For vh = vs = 246 GeV and �s = �h/4 = 1/8, a parameter set reminiscent of the Standard Model, we illustrate the two Higgs
masses as functions of the mixing parameter in Fig. 1. They are compared with the bounds derived from the non-observation of
Higgs bosons at LEP for standard and reduced couplings [27]. For this illustrational parameter set the mixing has to stay below
sin �  0.22, as a direct result of the LEP bound on the Higgs mass. This kind of bound is a general feature, because the mixture
of a Standard Model and a relatively light hidden Higgs state will generate one mass eigenvalue below the SM diagonal entry in
Eq. (4).

Unitarity for high energies and precision observables like the ⇢ parameter constrain the mass values in complete analogy to
the Standard Model case. The usual SM Higgs mass or its logarithm is substituted by the superposition of the two Higgs masses,
weighted by the mixing parameters cos2 � and sin2

�, e.g.,

unitarity M
2
HSM

! hM
2
i
i ⌘ cos2 � M

2
1 + sin2

� M
2
2  4⇡

p
2/3GF ' (700 GeV)2

⇢ parameter log M
2
HSM

! hlog M
2
i
i ⌘ cos2 � log M

2
1 + sin2

� log M
2
2  log(175 GeV)2 . (7)

As expected, for small mixing the SM bounds transfer to M1 while M2 remains essentially unconstrained. However, for large
mixing the two bounds transfer to the algebraic and geometric means of the M1, M2 mass pair, thus reducing the allowed range
for M2 considerably. Finally, for large sin2

�, M1 and M2 interchange their roles.
Because the most restrictive bounds arise from electroweak precision data we base our numerical scan over the Higgs potential

on the complete set of S, T, U parameters [28]. Confronting the model defined in Eq. (1) with the current bounds on S, T, U [29],
we need to emphasize one caveat: if the spontaneous symmetry breaking in the hidden sector also gives rise to additional massive
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Figure 7. V -2V correlation for di↵erent 95% CL collider sensitivity extrapolations, assuming
� = 1. We overlay the BSM model discussion of Sec. 3 to highlight regions for which 2V can
provide information beyond V . In particular, the fourth quadrant (where 2V < 1 < V ) is
populated by scenarios of large dilaton-Higgs mixing (we scan �1  2V  2, |s✓|  1 with a physical
solution of ⇣ > 0; again we assume Mhh = 300 GeV as before). Note that the dilaton includes
e↵ects beyond the deformation truncated in Eq. (3.38). Hence, the covered area is comparably
larger. The black dashed line represents 2

V
= 2V and all BSM renormalisable models lie in the

region above this line, i.e., 2
V

 2V .

with bounds on V from single Higgs measurements that are approximately an order of

magnitude smaller.

On the theoretical side, deviations in 2V and V are highly correlated in all models of

heavy, decoupling new physics. This can be understood through their SMEFT parametri-

sation, where, due to the doublet nature of the Higgs field, 2V = 22
V

� 1 at dimension

6. In the broader HEFT parametrisation, 2V and V are independent free parameters

due to the custodial iso-singlet parameterisation of the Higgs boson. Any models of non-

decoupling new physics where the deviation in 2V is an order of magnitude larger than

that in V would highly motivate WBF di-Higgs production as an indirect probe of new

physics.

To this end, we surveyed many BSM models in Sec. 3, and summarise their patterns

of e↵ects in 2V and V in Table 2. In sum, to achieve an enhancement in 2V within

an extended scalar sector requires tree-level mixing with triplets or higher electroweak

representations. This cannot be done at loop level, where extra scalars give a characteristic

2V = 2
V

pattern from wavefunction renormalisation of the Higgs. We note in passing,

however, that we have identified a large class of scalar extensions of the SM for which a

Feynman-templated analysis extends to one-loop BSM precision in the weak sector.

We find that all renormalisable extended scalar sectors satisfy 2V �2
V

� 0, with this
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charting phenomenological possibilities

[CE, Naskar, Sutherland `23]

Triplets

2HDM
singlet

HCHM

CHM
highly non-standard 

e.g. CHM-Dilaton

‣ radiative correcitions possible using “HEFT”
‣ lots of interesting physics/technical advantages

[Buchala et al. `17] 
[Herrero, Morales `21] 

[Anisha et al. `22] 
[Alminawi, Brivio, Davighi `23, `26] 

…27
‣ indirect sensitivity at precision ee machines



‣ no new physics so far, but LHC has a lot of headroom for sensitivity                       

‣ clear BSM opportunities for HL-LHC and beyond FCC-ee/muCol/… 

‣ holistically-informed & directed effort for discovery-led physics 

‣ only limited insights into the electroweak scale (& flavour!) so far 
☛ …we  could be in for a surprise! 
☛ direct relevance for other phenomenological arenas

Summary

BSM momentum 
dependencies…

(non-)perturbative 
electroweak symmetry breaking

relation with electroweak 
baryogenesis, cosmology…

28

model-(in)dependent techniqes, ML, ….


