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Figure 4: Constraints on the oblique parameters S and T , with the U parameter fixed to zero, using all
observables (blue). Individual constraints are shown from the asymmetry measurements (yellow), the Z
partial and total widths (green) and W mass and width (red), with confidence levels drawn for one degree
of freedom. The SM prediction within uncertainties is indicated by the thin black stroke.

For the studies presented here we use the SM reference as MH,ref = 125 GeV and mt,ref = 173 GeV.
We find

S = 0.05± 0.11 , T = 0.09± 0.13 , U = 0.01± 0.11 , (4)

with correlation coe�cients of +0.90 between S and T , �0.59 (�0.83) between S and U (T and
U). Fixing U = 0 one obtains S|U=0 = 0.06 ± 0.09 and T |U=0 = 0.10 ± 0.07, with a correlation
coe�cient of +0.91. The constraints on S and T for a fixed value of U = 0 are shown in Fig. 4.
The propagation of the current experimental uncertainties in MH and mt upon the SM prediction
is illustrated by the small black area at about S = T = 0.

3 Prospects of the electroweak fit with the LHC and ILC/GigaZ

We use a simplified set of input observables to study the prospects of the electroweak fit for the
Phase-1 LHC and the ILC/GigaZ. The measurements of the Z pole asymmetry observables are
summarised in a single value of the e↵ective weak mixing angle. The measurement of R0

`
is the

only partial decay width that enters the fit to constrain ↵S. This simplified fit setup leads in some
cases to reduced constraints on observables as can be seen by comparing the uncertainties of the
present scenarios between the last column of Table 2 and the fifth column of Table 3. The central
values of the observables are adjusted to the values predicted by the current best fit giving a fully
consistent set of SM observables.6

6
The following central values are used for the future scenarios: MH = 125.0 GeV, �↵(5)

had(M
2
Z) = 2755.4 · 10�5

,

MZ = 91.1879 GeV, mt = 173.81 GeV, MW = 80.363 GeV, sin
2✓`e↵ = 0.231492 and R0

` = 20.743. See Table 3 for

[GFitter `14]
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LHC outcome so far
❖ a Higgs boson, highly aligned with the SM hypothesis

❖ no compelling signs of new states

Dark Matter?

Baryogenesis?

… how can this be?

❖ (current) model-independent EFT approaches provide little insight here
❖ no flavour

❖ little CP

❖ no baryon number violation

❖ unrealistic sensitivity expectation scaling

❖ still useful as an approach/tool, and intelligent people can hold two naively 
contracting ideas in their mind simultaneously….



‘Strawman’ scenarios

Baryogenesis!

SFOEWPT

2HDM

Exotics + Mixing 
+ well-defined decoupling

phenomenology
concrete and robust predictions, 

especially for future lepton machines



2HDM address SFOEWPT 
❖ 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].
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Where are the exotics?

❖ large accidental destructive interference effects for top-philic BSM
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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]

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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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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FIG. 2: Representative non-resonant “background” diagrams contributing to pp ! tt̄ (a,b) and pp ! hh (c) searches (di↵erent
fermion flows are understood implicitly). The o↵-shell h-induced background contribution derives from graphs shown in Fig. 1
with an o↵-shell h running in the s-channel.

(a) (b)

FIG. 3: Ratio of signal+interference cross section � and OS cross-section �
os (for definition, see text) in pp ! hh and pp ! tt̄

for degenerate non-SM-like Higgs states. Points are pre-selected to have resonance cross sections of at least 170 fb at LO in
the tt̄ and 8 fb in the hh channels. Left: 2HDM type 1, right: 2HDM, type 2.

when considered in relation to the on-shell signal defini-
tion can be very large, however in this case they have lit-
tle phenomenological importance. We therefore filter our
results with some minimum cross section requirements
for both pp ! tt̄ and pp ! hh. For pp ! tt̄ we re-
quire at least 170 fb before the inclusion of K factors,
for pp ! hh we demand at least 8 fb. This amounts to
about O(0.5 pb) [83, 84] when higher-order corrections
are included for tt̄ final states and ' 16 fb for hh pro-
duction [85–92].

B. Results and Discussion

1. The C2HDM

In order to investigate the e↵ects from interferences
for the hh and tt̄ final states, we introduce the ratio
of the signal plus interference cross section � (defined
in Eq. (20)) and the signal cross section �

os (defined in

Eq. (18) for the requirement Eq. (19)), i.e.

R(xx) =
�(xx)

�os(xx)
, xx = hh, tt̄ . (21)

In Fig. 3(a) we show R(hh) versus R(tt̄) for the C2HDM
type 1 for degenerate non-SM-like Higgs states, i.e. states
whose masses di↵er by less than 10%. As can be in-
ferred from the figure, there is a broad range of possible
phenomenological outcomes. We can have a large en-
hancement or suppression of the Hi ! tt̄ signal while
the hh rate can be either enhanced or reduced. Points
with large constructive interference e↵ects in the tt̄ final
state are likely to be constrained through pp ! tt̄ mea-
surements. We also obtain parameter points for which
interference e↵ects decrease the search potential in both
the tt̄ and hh channels. Having simultaneous contribu-
tions from signal-signal (i.e. interference between the two
s-channel Hi 6= h contributions) and signal-background
interference for the resonance masses not too far away
from each other, both e↵ects contribute when we ob-
tain a simultaneous enhancement in the tt̄ and hh rates.

+ …..

+

[Gaemers, Hoogeveen `84] 

[Dicus et al. `94]
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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 –

SFOEWPT-enriched scan

→ exp. systematics: conceivable that this is not yet accessible at the LHC



Higgs precision beyond the LHC?
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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
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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.
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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
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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
+
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� 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
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Why should a hidden sector be trivial?

the hidden sector can be integrated out, it will by construction impart SMEFT-like patterns, even

when the hidden sector is highly non-linear. We will see that these interactions are, in some sense,

then maximally HEFT-like from the point of view of convergence (see also [17]). Nonetheless, the

phenomenology will be dominantly visible through the interactions of the Higgs boson, motivating

the language of HEFT to capture these e↵ects transparently, in particular when the hidden degrees of

freedom are light [18]. Furthermore, e↵ective portal interactions will enlarge the model’s parameter

region, phenomenologically extending beyond the renormalisable correlation expectations.

In this work, we aim to provide a first phenomenological exploration of momentum-dependent,

e↵ective portal interactions that extend the traditional portal interactions into the realm of e↵ective

field theory (such interactions have been considered more broadly in [19–21]). In particular, we focus

on local momentum-dependent candidate interactions in the hidden sector that are communicated

to the visible sector in a standard way ⇠ �†�. Section 2 gives a brief, qualitative motivation on

how such interactions can appear in a range of strongly-interacting sectors. In Section 3, we turn

to collider probes of such interactions with a particular emphasis on how expected SM correlation

patterns are a↵ected by the virtual presence of such physics. This will single out four top production

events as motivated candidates to investigate BSM physics more broadly, extending the results of

[22] into the region of low-scale, propagating degrees of freedom. The presence of non-minimal

interactions can also open up a tuned parameter region where invisible Higgs decays remain in

agreement with current Higgs physics constraints. Whilst we do not attempt to provide a dynamical
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Figure 1. Generic non-minimal
Z2-symmetric Higgs portal interac-
tions coupling two emergent scalar
S bosons to the SM Higgs doublet �
via interactions OS at the lowest mul-
tiplicity order.

explanation of how such cancellations can occur, we show

that our indirect findings are robust in this parameter region.

Finally, in Section 4, we clarify how the presence of such

interactions can induce or modify a first-order phase transition

in the early universe before concluding in Sec. 5.

2 E↵ective momentum dependencies

As a first example of an e↵ective Higgs portal to strong sectors,

consider, e.g., a hidden, QCD-like sector below the symmetry-

breaking scale. Its phenomenology will be characterised by

a set of pseudo-Nambu Goldstone bosons parametrised by a

Callen-Coleman-Wess-Zumino field of the coset G/H (taken as a symmetric space for simplicity),

⇠ = exp(i⇡/f) [23, 24]. A Higgs portal, coupled to this sector, can then exhibit low-energy e↵ective

interactions, Fig. 1,

L
EFT = LSM � �†�

✓
f

2

4⇤2
1

Tr[M(⇠ + ⇠
†)] +

f
2

4⇤2
2
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µ
⇠) + . . .

◆
. (2.1)

where M is an explicit source of symmetry violation (cf. the light quark flavour masses in QCD)

compatible with Z2-odd symmetry assignment of the would-be pion fields. Momentum dependencies

of the e↵ective theory below the cut-o↵ ⇤2 are therefore expected to emerge.

This example might seem ad hoc, but it holds more broadly. Turning to interactions more

generally, a first look at propagators will be instructive. The (unrenormalised) two-point function of

– 2 –
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compatible with Z2-odd symmetry assignment of the would-be pion fields. Momentum dependencies
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the hidden-sector scalar S can be expressed through a Källén-Lehmann representation [25, 26]

h0|T{S(x)S(0)}|0i = i

Z 1

0
dq2

⇢S(q
2)

Z
d4
p

(2⇡)4
e
�ip·x

p2 � q2 + i✏
, (2.2)

with spectral density of states excited from the vacuum by the quantum field S. The standard

single particle-scenario in this parametrisation is obviously recovered through identifying ⇢S(q2) !

�(q2
� m

2
S
)|h0|S(0)|qi|2 with hidden-sector state excitations characterised by p

2
S
= m

2
S
. But less

canonical representations are possible. For instance, Georgi considered “unparticle” spectral densities

in [27]
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�
q
2
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, (2.3)

identifying the right-hand side of Eq. (2.3) with the phase space a non-integral number dU of massless

particles. This is motivated by understanding S as a conformal operator with scaling dimension dU ;

such a theory naturally lends itself to AdS/CFT duality descriptions [28–30]. Entering Eq. (2.3)

into Eq. (2.2) leads to a non-local behaviour ⇠ x
�2dU , for 1  dU < 2

�i h0|T{S(x)S(0)}|0i =
AdU

2 sin (dU⇡)
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. (2.4)

reducing to a massless propagator for unity operator dimensions.

Fox, Rajaraman, and Shirman [31] proposed a modification q
2

! q
2
�µ

2 of Eq. (2.3), introducing

an infrared cut-o↵ µ
2 of the original, continuous CFT spectrum to obtain more realistic theories.

This also yields the standard scalar propagator for dU ! 1 and potentially additional poles appearing

in the spectrum. The extension to dU > 2 is non-trivial and has been discussed in [30]: The divergent

behaviour of the two-point function in this instance requires local subtraction terms, which can

quickly dominate the phenomenology as the unparticle spectrum decouples (see also [32]).

This discussion can be extended to 2 ! 2 scattering amplitudes that also obey dispersion

relations. A generic Higgs portal interaction

L = LSM � ⌘�†�O
2
S , (2.5)

with a Z2-odd SM-singlet and scalar operator OS can exhibit a highly non-trivial interaction and

momentum dependencies. In cases of large anomalous operator dimensions, the above holographic

interpretations can be employed to gain qualitative insights. In this case, the three-point function is

fixed by conformal symmetry [33], e.g. in the limit x1,2 ! x3 (for the portal OSM = �†�)

h0|OSM(x1)OS(x2)OS(x3)|0i ⇠
1

|x23|
2+2dU

. (2.6)

With su�cient subtractions (required to satisfy the Froissart bound [34]), again the interactions are

dominated by local terms of an interpolating field S

L
EFT = LSM � �†�

⇣
⌘S

2
S

2 +
⌘KS

⇤2
@µS@

µ
S + . . .

⌘
. (2.7)
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h0|OSM(x1)OS(x2)OS(x3)|0i ⇠
1

|x23|
2+2dU

. (2.6)

With su�cient subtractions (required to satisfy the Froissart bound [34]), again the interactions are

dominated by local terms of an interpolating field S
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(most complicated) dark sectors?

spectral density contains vast amount of physically relevant information

[Källén `52] 
[Lehmann `54]

poles, branch cuts, LSZ factors,…



the hidden-sector scalar S can be expressed through a Källén-Lehmann representation [25, 26]
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single particle-scenario in this parametrisation is obviously recovered through identifying ⇢S(q2) !
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2
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identifying the right-hand side of Eq. (2.3) with the phase space a non-integral number dU of massless

particles. This is motivated by understanding S as a conformal operator with scaling dimension dU ;

such a theory naturally lends itself to AdS/CFT duality descriptions [28–30]. Entering Eq. (2.3)
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reducing to a massless propagator for unity operator dimensions.

Fox, Rajaraman, and Shirman [31] proposed a modification q
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2
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2 of Eq. (2.3), introducing

an infrared cut-o↵ µ
2 of the original, continuous CFT spectrum to obtain more realistic theories.

This also yields the standard scalar propagator for dU ! 1 and potentially additional poles appearing

in the spectrum. The extension to dU > 2 is non-trivial and has been discussed in [30]: The divergent

behaviour of the two-point function in this instance requires local subtraction terms, which can

quickly dominate the phenomenology as the unparticle spectrum decouples (see also [32]).

This discussion can be extended to 2 ! 2 scattering amplitudes that also obey dispersion

relations. A generic Higgs portal interaction

L = LSM � ⌘�†�O
2
S , (2.5)

with a Z2-odd SM-singlet and scalar operator OS can exhibit a highly non-trivial interaction and

momentum dependencies. In cases of large anomalous operator dimensions, the above holographic

interpretations can be employed to gain qualitative insights. In this case, the three-point function is

fixed by conformal symmetry [33], e.g. in the limit x1,2 ! x3 (for the portal OSM = �†�)

h0|OSM(x1)OS(x2)OS(x3)|0i ⇠
1
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. (2.6)

With su�cient subtractions (required to satisfy the Froissart bound [34]), again the interactions are

dominated by local terms of an interpolating field S
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❖ extreme case: S arises as an interpolating field in broken CFT with large 
anomalous dimension (“unparticles”) [Georgi `07]
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the hidden-sector scalar S can be expressed through a Källén-Lehmann representation [25, 26]

h0|T{S(x)S(0)}|0i = i

Z 1

0
dq2

⇢S(q
2)

Z
d4
p

(2⇡)4
e
�ip·x

p2 � q2 + i✏
, (2.2)

with spectral density of states excited from the vacuum by the quantum field S. The standard

single particle-scenario in this parametrisation is obviously recovered through identifying ⇢S(q2) !
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. But less
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identifying the right-hand side of Eq. (2.3) with the phase space a non-integral number dU of massless

particles. This is motivated by understanding S as a conformal operator with scaling dimension dU ;

such a theory naturally lends itself to AdS/CFT duality descriptions [28–30]. Entering Eq. (2.3)

into Eq. (2.2) leads to a non-local behaviour ⇠ x
�2dU , for 1  dU < 2
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reducing to a massless propagator for unity operator dimensions.

Fox, Rajaraman, and Shirman [31] proposed a modification q
2

! q
2
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2 of Eq. (2.3), introducing

an infrared cut-o↵ µ
2 of the original, continuous CFT spectrum to obtain more realistic theories.

This also yields the standard scalar propagator for dU ! 1 and potentially additional poles appearing

in the spectrum. The extension to dU > 2 is non-trivial and has been discussed in [30]: The divergent

behaviour of the two-point function in this instance requires local subtraction terms, which can

quickly dominate the phenomenology as the unparticle spectrum decouples (see also [32]).

This discussion can be extended to 2 ! 2 scattering amplitudes that also obey dispersion

relations. A generic Higgs portal interaction

L = LSM � ⌘�†�O
2
S , (2.5)

with a Z2-odd SM-singlet and scalar operator OS can exhibit a highly non-trivial interaction and

momentum dependencies. In cases of large anomalous operator dimensions, the above holographic

interpretations can be employed to gain qualitative insights. In this case, the three-point function is

fixed by conformal symmetry [33], e.g. in the limit x1,2 ! x3 (for the portal OSM = �†�)

h0|OSM(x1)OS(x2)OS(x3)|0i ⇠
1

|x23|
2+2dU

. (2.6)

With su�cient subtractions (required to satisfy the Froissart bound [34]), again the interactions are

dominated by local terms of an interpolating field S
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❖ extreme case: S arises as an interpolating field in broken CFT with large 
anomalous dimension (“unparticles”) [Georgi `07]

the hidden-sector scalar S can be expressed through a Källén-Lehmann representation [25, 26]
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0
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Z
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(2⇡)4
e
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, (2.2)

with spectral density of states excited from the vacuum by the quantum field S. The standard

single particle-scenario in this parametrisation is obviously recovered through identifying ⇢S(q2) !

�(q2
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2
S
)|h0|S(0)|qi|2 with hidden-sector state excitations characterised by p
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. But less

canonical representations are possible. For instance, Georgi considered “unparticle” spectral densities
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, (2.3)

identifying the right-hand side of Eq. (2.3) with the phase space a non-integral number dU of massless

particles. This is motivated by understanding S as a conformal operator with scaling dimension dU ;

such a theory naturally lends itself to AdS/CFT duality descriptions [28–30]. Entering Eq. (2.3)

into Eq. (2.2) leads to a non-local behaviour ⇠ x
�2dU , for 1  dU < 2
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reducing to a massless propagator for unity operator dimensions.

Fox, Rajaraman, and Shirman [31] proposed a modification q
2

! q
2
�µ

2 of Eq. (2.3), introducing

an infrared cut-o↵ µ
2 of the original, continuous CFT spectrum to obtain more realistic theories.

This also yields the standard scalar propagator for dU ! 1 and potentially additional poles appearing

in the spectrum. The extension to dU > 2 is non-trivial and has been discussed in [30]: The divergent

behaviour of the two-point function in this instance requires local subtraction terms, which can

quickly dominate the phenomenology as the unparticle spectrum decouples (see also [32]).

This discussion can be extended to 2 ! 2 scattering amplitudes that also obey dispersion

relations. A generic Higgs portal interaction

L = LSM � ⌘�†�O
2
S , (2.5)

with a Z2-odd SM-singlet and scalar operator OS can exhibit a highly non-trivial interaction and

momentum dependencies. In cases of large anomalous operator dimensions, the above holographic

interpretations can be employed to gain qualitative insights. In this case, the three-point function is

fixed by conformal symmetry [33], e.g. in the limit x1,2 ! x3 (for the portal OSM = �†�)

h0|OSM(x1)OS(x2)OS(x3)|0i ⇠
1
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With su�cient subtractions (required to satisfy the Froissart bound [34]), again the interactions are

dominated by local terms of an interpolating field S
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the hidden-sector scalar S can be expressed through a Källén-Lehmann representation [25, 26]
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with spectral density of states excited from the vacuum by the quantum field S. The standard

single particle-scenario in this parametrisation is obviously recovered through identifying ⇢S(q2) !
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2
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)|h0|S(0)|qi|2 with hidden-sector state excitations characterised by p
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. But less

canonical representations are possible. For instance, Georgi considered “unparticle” spectral densities

in [27]
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identifying the right-hand side of Eq. (2.3) with the phase space a non-integral number dU of massless

particles. This is motivated by understanding S as a conformal operator with scaling dimension dU ;

such a theory naturally lends itself to AdS/CFT duality descriptions [28–30]. Entering Eq. (2.3)

into Eq. (2.2) leads to a non-local behaviour ⇠ x
�2dU , for 1  dU < 2
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reducing to a massless propagator for unity operator dimensions.

Fox, Rajaraman, and Shirman [31] proposed a modification q
2

! q
2
�µ

2 of Eq. (2.3), introducing

an infrared cut-o↵ µ
2 of the original, continuous CFT spectrum to obtain more realistic theories.

This also yields the standard scalar propagator for dU ! 1 and potentially additional poles appearing

in the spectrum. The extension to dU > 2 is non-trivial and has been discussed in [30]: The divergent

behaviour of the two-point function in this instance requires local subtraction terms, which can

quickly dominate the phenomenology as the unparticle spectrum decouples (see also [32]).

This discussion can be extended to 2 ! 2 scattering amplitudes that also obey dispersion

relations. A generic Higgs portal interaction

L = LSM � ⌘�†�O
2
S , (2.5)

with a Z2-odd SM-singlet and scalar operator OS can exhibit a highly non-trivial interaction and

momentum dependencies. In cases of large anomalous operator dimensions, the above holographic

interpretations can be employed to gain qualitative insights. In this case, the three-point function is

fixed by conformal symmetry [33], e.g. in the limit x1,2 ! x3 (for the portal OSM = �†�)

h0|OSM(x1)OS(x2)OS(x3)|0i ⇠
1
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2+2dU

. (2.6)

With su�cient subtractions (required to satisfy the Froissart bound [34]), again the interactions are

dominated by local terms of an interpolating field S
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❖ IR CFT breaking scale relatively straightforward: 

❖ non-local theory with propagator scaling                 (expected for prim. operators)

the hidden-sector scalar S can be expressed through a Källén-Lehmann representation [25, 26]
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with spectral density of states excited from the vacuum by the quantum field S. The standard

single particle-scenario in this parametrisation is obviously recovered through identifying ⇢S(q2) !
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� m

2
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)|h0|S(0)|qi|2 with hidden-sector state excitations characterised by p
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. But less
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identifying the right-hand side of Eq. (2.3) with the phase space a non-integral number dU of massless

particles. This is motivated by understanding S as a conformal operator with scaling dimension dU ;

such a theory naturally lends itself to AdS/CFT duality descriptions [28–30]. Entering Eq. (2.3)

into Eq. (2.2) leads to a non-local behaviour ⇠ x
�2dU , for 1  dU < 2
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reducing to a massless propagator for unity operator dimensions.

Fox, Rajaraman, and Shirman [31] proposed a modification q
2

! q
2
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2 of Eq. (2.3), introducing

an infrared cut-o↵ µ
2 of the original, continuous CFT spectrum to obtain more realistic theories.

This also yields the standard scalar propagator for dU ! 1 and potentially additional poles appearing

in the spectrum. The extension to dU > 2 is non-trivial and has been discussed in [30]: The divergent

behaviour of the two-point function in this instance requires local subtraction terms, which can

quickly dominate the phenomenology as the unparticle spectrum decouples (see also [32]).

This discussion can be extended to 2 ! 2 scattering amplitudes that also obey dispersion

relations. A generic Higgs portal interaction

L = LSM � ⌘�†�O
2
S , (2.5)

with a Z2-odd SM-singlet and scalar operator OS can exhibit a highly non-trivial interaction and

momentum dependencies. In cases of large anomalous operator dimensions, the above holographic

interpretations can be employed to gain qualitative insights. In this case, the three-point function is

fixed by conformal symmetry [33], e.g. in the limit x1,2 ! x3 (for the portal OSM = �†�)
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With su�cient subtractions (required to satisfy the Froissart bound [34]), again the interactions are

dominated by local terms of an interpolating field S
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(most complicated) dark sectors?

[Fox et al. `07]

the hidden-sector scalar S can be expressed through a Källén-Lehmann representation [25, 26]
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with spectral density of states excited from the vacuum by the quantum field S. The standard

single particle-scenario in this parametrisation is obviously recovered through identifying ⇢S(q2) !
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2
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)|h0|S(0)|qi|2 with hidden-sector state excitations characterised by p
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. But less

canonical representations are possible. For instance, Georgi considered “unparticle” spectral densities
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identifying the right-hand side of Eq. (2.3) with the phase space a non-integral number dU of massless

particles. This is motivated by understanding S as a conformal operator with scaling dimension dU ;

such a theory naturally lends itself to AdS/CFT duality descriptions [28–30]. Entering Eq. (2.3)

into Eq. (2.2) leads to a non-local behaviour ⇠ x
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reducing to a massless propagator for unity operator dimensions.

Fox, Rajaraman, and Shirman [31] proposed a modification q
2
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2
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2 of Eq. (2.3), introducing

an infrared cut-o↵ µ
2 of the original, continuous CFT spectrum to obtain more realistic theories.

This also yields the standard scalar propagator for dU ! 1 and potentially additional poles appearing

in the spectrum. The extension to dU > 2 is non-trivial and has been discussed in [30]: The divergent

behaviour of the two-point function in this instance requires local subtraction terms, which can

quickly dominate the phenomenology as the unparticle spectrum decouples (see also [32]).

This discussion can be extended to 2 ! 2 scattering amplitudes that also obey dispersion

relations. A generic Higgs portal interaction
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with a Z2-odd SM-singlet and scalar operator OS can exhibit a highly non-trivial interaction and

momentum dependencies. In cases of large anomalous operator dimensions, the above holographic

interpretations can be employed to gain qualitative insights. In this case, the three-point function is

fixed by conformal symmetry [33], e.g. in the limit x1,2 ! x3 (for the portal OSM = �†�)

h0|OSM(x1)OS(x2)OS(x3)|0i ⇠
1
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With su�cient subtractions (required to satisfy the Froissart bound [34]), again the interactions are

dominated by local terms of an interpolating field S
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[Cacciapaglia et al. `07, `08]

(not so complicated) dark sectors!
❖ extension to              non-trivial: local subtraction terms to regularise behaviour        

perturbatively this means a momentum expansion in the S self-energies

❖ a similar argument carries over to amplitudes 

the hidden-sector scalar S can be expressed through a Källén-Lehmann representation [25, 26]
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fixed by conformal symmetry [33], e.g. in the limit x1,2 ! x3 (for the portal OSM = �†�)
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the hidden-sector scalar S can be expressed through a Källén-Lehmann representation [25, 26]

h0|T{S(x)S(0)}|0i = i

Z 1

0
dq2

⇢S(q
2)

Z
d4
p

(2⇡)4
e
�ip·x

p2 � q2 + i✏
, (2.2)

with spectral density of states excited from the vacuum by the quantum field S. The standard

single particle-scenario in this parametrisation is obviously recovered through identifying ⇢S(q2) !
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)|h0|S(0)|qi|2 with hidden-sector state excitations characterised by p
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canonical representations are possible. For instance, Georgi considered “unparticle” spectral densities
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identifying the right-hand side of Eq. (2.3) with the phase space a non-integral number dU of massless

particles. This is motivated by understanding S as a conformal operator with scaling dimension dU ;

such a theory naturally lends itself to AdS/CFT duality descriptions [28–30]. Entering Eq. (2.3)

into Eq. (2.2) leads to a non-local behaviour ⇠ x
�2dU , for 1  dU < 2
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reducing to a massless propagator for unity operator dimensions.

Fox, Rajaraman, and Shirman [31] proposed a modification p
2

! p
2
�µ

2 of Eq. (2.3), introducing

an infrared cut-o↵ µ
2 of the original, continuous CFT spectrum to obtain more realistic theories.

This also yields the standard scalar propagator for dU ! 1 and potentially additional poles appearing

in the spectrum. The extension to dU > 2 is non-trivial and has been discussed in [30]: The divergent

behaviour of the two-point function in this instance requires local subtraction terms, which can

quickly dominate the phenomenology as the unparticle spectrum decouples (see also [32]).

This discussion can be extended to 2 ! 2 scattering amplitudes that also obey dispersion

relations. A generic Higgs portal interaction

L = LSM � ⌘�†�O
2
S , (2.5)

with a Z2-odd SM-singlet and scalar operator OS can exhibit a highly non-trivial interaction and

momentum dependencies. In cases of large anomalous operator dimensions, the above holographic

interpretations can be employed to gain qualitative insights. In this case, the three-point function is

fixed by conformal symmetry [33], e.g. in the limit x1,2 ! x3 (for the portal OSM = �†�)

h0|OSM(x1)OS(x2)OS(x3)|0i ⇠
1

|x23|
2+2dU

. (2.6)
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❖ such a theory is immediately constructed by SM + dark QCD SU(3)2/SU(3)

the hidden sector can be integrated out, it will by construction impart SMEFT-like patterns, even

when the hidden sector is highly non-linear. We will see that these interactions are, in some sense,

then maximally HEFT-like from the point of view of convergence (see also [17]). Nonetheless, the

phenomenology will be dominantly visible through the interactions of the Higgs boson, motivating

the language of HEFT to capture these e↵ects transparently, in particular when the hidden degrees of

freedom are light [18]. Furthermore, e↵ective portal interactions will enlarge the model’s parameter

region, phenomenologically extending beyond the renormalisable correlation expectations.

In this work, we aim to provide a first phenomenological exploration of momentum-dependent,

e↵ective portal interactions that extend the traditional portal interactions into the realm of e↵ective

field theory (such interactions have been considered more broadly in [19–21]). In particular, we focus

on local momentum-dependent candidate interactions in the hidden sector that are communicated

to the visible sector in a standard way ⇠ �†�. Section 2 gives a brief, qualitative motivation on

how such interactions can appear in a range of strongly-interacting sectors. In Section 3, we turn

to collider probes of such interactions with a particular emphasis on how expected SM correlation

patterns are a↵ected by the virtual presence of such physics. This will single out four top production

events as motivated candidates to investigate BSM physics more broadly, extending the results of

[22] into the region of low-scale, propagating degrees of freedom. The presence of non-minimal

interactions can also open up a tuned parameter region where invisible Higgs decays remain in

agreement with current Higgs physics constraints. Whilst we do not attempt to provide a dynamical
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Figure 1. Generic non-minimal
Z2-symmetric Higgs portal interac-
tions coupling two emergent scalar
S bosons to the SM Higgs doublet �
via interactions OS at the lowest mul-
tiplicity order.

explanation of how such cancellations can occur, we show

that our indirect findings are robust in this parameter region.

Finally, in Section 4, we clarify how the presence of such

interactions can induce or modify a first-order phase transition

in the early universe before concluding in Sec. 5.

2 E↵ective momentum dependencies

As a first example of an e↵ective Higgs portal to strong sectors,

consider, e.g., a hidden, QCD-like sector below the symmetry-

breaking scale. Its phenomenology will be characterised by

a set of pseudo-Nambu Goldstone bosons parametrised by a

Callen-Coleman-Wess-Zumino field of the coset G/H (taken as a symmetric space for simplicity),

⇠ = exp(i⇡/f) [23, 24]. A Higgs portal, coupled to this sector, can then exhibit low-energy e↵ective

interactions, Fig. 1,

L
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4⇤2
1

Tr[M(⇠ + ⇠
†)] +

f
2

4⇤2
2

Tr(@µ⇠
†
@

µ
⇠) + . . .

◆
. (2.1)

where M is an explicit source of symmetry violation (cf. the light quark flavour masses in QCD)

compatible with Z2-odd symmetry assignment of the would-be pion fields. Momentum dependencies

of the e↵ective theory below the cut-o↵ ⇤2 are therefore expected to emerge.

This example might seem ad hoc, but it holds more broadly. Turning to interactions more

generally, a first look at propagators will be instructive. The (unrenormalised) two-point function of

– 2 –

…big hullabaloo - but does it work?

❖ at a technical level transparant treatment in the HEFT e.g. [Anisha `24]



Kinetically resurrecting the Higgs portal

below the cut-o↵ ⇤, very similar to Eq. (2.1), upon expanding the latter.

These interaction terms are reminiscent of a HEFT-like structure in the hidden sector, i.e. the

lowest-lying state is described by a singlet that could be coupled in some non-trivial way to a strongly

interacting hidden sector below the symmetry-breaking scale. Assuming that the heavy degrees of

freedom can communicate with the SM via the portal interaction, a low-energy theory similar to

Eq. (2.7) can emerge. It is worthwhile mentioning that the operator in ⇠ ⌘KS is unique in the usual

sense of EFT categorisation (see also [19, 20]). We outline this in appendix A.

In the following, we will consider Eq. (2.7) as a motivated extension of the standard Higgs portal

⇠ ⌘S . Phenomenologically, this has interesting implications in its own right. Firstly, the portal

interactions contribute coherently; mS < mh/2 can be accessed without directly violating existing

Higgs signal strength and hidden Higgs decay measurements. Secondly, the momentum dependencies

lead to a non-decoupling behaviour of the extra scalar that sources additional momentum dependencies

in the visible sector through radiative corrections. This, of course, does not occur in renormalisable

scenarios and can lead to a modification of Higgs-propagation sensitive observables in addition to

characteristic Higgs coupling modifications for mS > mH/2. Thirdly, the momentum dependence

translates to a non-trivial modification of Daisy corrections in the thermal Higgs potential. These

terms are known to be relevant near the critical temperature; therefore, the interactions of Eq. (2.7)

could have a significant impact on the thermal history of the electroweak scale in the universe, with

correlated e↵ects potentially accessible at the LHC.

3 Phenomenological probes at the LHC

3.1 Direct sensitivity: Invisible Higgs decay searches

We first turn to direct sensitivities at the LHC. In contrast to the standard portal (which is of course

recovered for ⌘KS = 0, the prompt decay H ! SS is modified for mH > 2mS

�(H ! SS) =
1

32⇡
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m
2
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mH

✓
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. (3.1)

This singles out a new parameter region for which the invisible Higgs decay width when mH > 2mS

is parametrically suppressed for

⌘S ⇡ ⌘KS

m
2
H

� 2m2
S

⇤2
. (3.2)

When the standard Higgs portal is open for mS ' 0, perturbative (if so tuned) choices of the

kinetic portal couplings can remove the Higgs signal constraints from a sizeable invisible decay width

for perturbative couplings of the standard portal coupling ⌘S ⇡ 0.16 ⌘KS (⇤/TeV)2. This can be

contrasted with unitarity constraints from considering elastic SH scattering using the standard

techniques of partial wave projection (see e.g. [35, 36]). Perturbative unitarity of HS ! HS up

to the cut-o↵ ⇤ ⇠ TeV at leading order can be achieved for choices |⌘KS |/⇤2 . 7/TeV2 relatively

independent of the choice of mS where it can be expected to leave phenomenological footprints at

the LHC (we will consider mS < 200 GeV, see below). An invisible branching ratio can therefore be

avoided for ⌘S ⇠ 1.
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scenarios and can lead to a modification of Higgs-propagation sensitive observables in addition to

characteristic Higgs coupling modifications for mS > mH/2. Thirdly, the momentum dependence

translates to a non-trivial modification of Daisy corrections in the thermal Higgs potential. These

terms are known to be relevant near the critical temperature; therefore, the interactions of Eq. (2.7)

could have a significant impact on the thermal history of the electroweak scale in the universe, with

correlated e↵ects potentially accessible at the LHC.

3 Phenomenological probes at the LHC

3.1 Direct sensitivity: Invisible Higgs decay searches

We first turn to direct sensitivities at the LHC. In contrast to the standard portal (which is of course

recovered for ⌘KS = 0, the prompt decay H ! SS is modified for mH > 2mS
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This singles out a new parameter region for which the invisible Higgs decay width when mH > 2mS
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When the standard Higgs portal is open for mS ' 0, perturbative (if so tuned) choices of the

kinetic portal couplings can remove the Higgs signal constraints from a sizeable invisible decay width

for perturbative couplings of the standard portal coupling ⌘S ⇡ 0.16 ⌘KS (⇤/TeV)2. This can be

contrasted with unitarity constraints from considering elastic SH scattering using the standard

techniques of partial wave projection (see e.g. [35, 36]). Perturbative unitarity of HS ! HS up

to the cut-o↵ ⇤ ⇠ TeV at leading order can be achieved for choices |⌘KS |/⇤2 . 7/TeV2 relatively

independent of the choice of mS where it can be expected to leave phenomenological footprints at

the LHC (we will consider mS < 200 GeV, see below). An invisible branching ratio can therefore be

avoided for ⌘S ⇠ 1.
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chiral dimension four act as counterterms. The building blocks relevant for the gg ! HHH

(gg ! HH follows from similar decomposition as shown in Fig. 2) are the irreducible two,

three, and four-point vertex functions. The renormalized self-energy of the (iso-singlet) Higgs

boson is given by
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such that
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in the on-shell scheme.

The electroweak vacuum expectation value (vev) is fixed through the gauge boson masses

assuming custodial invariance as highlighted in Eq. (2.1). The renormalisation conditions are

tabled in Refs. [26, 27]; it is worth highlighting that owing to the singlet nature of the Higgs

boson in HEFT, any gauge dependence cancels explicitly. Although, at face value, HEFT

is a much broader class of field theories (see in particular Ref. [33]), this fact together with

similar cancellations of gauge dependencies in the gauge boson sector [26, 27], lead to tech-

nical simplifications that are not present in, e.g., SMEFT. Furthermore, it is known that the

HEFT approximates the resummation behaviour of SMEFT [34]. Nonetheless, the latter can

be obtained from the former through appropriate redefinitions, which in turn alludes to a

less transparent power counting of HEFT. In fixed order calculations, which one is forced to

use for the concrete computation of scattering probabilities, such field redefinitions amount

to scheme-dependencies, which are typically employed to gauge the theoretical robustness of

calculations in renormalisable scenarios. This is qualitatively di↵erent in HEFT (also com-

pared to SMEFT). Here, scheme dependencies are directly linked to truncation uncertainties

which are to be tensioned against the redundancies of field redefinitions, which do necessarily

equate to applying equations of motion when higher-order corrections are considered [35]. For

the renormalisation process of the 1-PI contributions, all vertex insertions are required for a

consistent (gauge-independent) renormalisation procedure, see [26, 27] as well as appendix A.

Generic scheme-dependencies, therefore, are possibly intrinsically large in HEFT (but can be

resolved by matching calculations).
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below the cut-o↵ ⇤, very similar to Eq. (2.1), upon expanding the latter.

These interaction terms are reminiscent of a HEFT-like structure in the hidden sector, i.e. the

lowest-lying state is described by a singlet that could be coupled in some non-trivial way to a strongly

interacting hidden sector below the symmetry-breaking scale. Assuming that the heavy degrees of

freedom can communicate with the SM via the portal interaction, a low-energy theory similar to

Eq. (2.7) can emerge. It is worthwhile mentioning that the operator in ⇠ ⌘KS is unique in the usual

sense of EFT categorisation (see also [19, 20]). We outline this in appendix A.

In the following, we will consider Eq. (2.7) as a motivated extension of the standard Higgs portal

⇠ ⌘S . Phenomenologically, this has interesting implications in its own right. Firstly, the portal

interactions contribute coherently; mS < mh/2 can be accessed without directly violating existing

Higgs signal strength and hidden Higgs decay measurements. Secondly, the momentum dependencies

lead to a non-decoupling behaviour of the extra scalar that sources additional momentum dependencies

in the visible sector through radiative corrections. This, of course, does not occur in renormalisable

scenarios and can lead to a modification of Higgs-propagation sensitive observables in addition to

characteristic Higgs coupling modifications for mS > mH/2. Thirdly, the momentum dependence

translates to a non-trivial modification of Daisy corrections in the thermal Higgs potential. These

terms are known to be relevant near the critical temperature; therefore, the interactions of Eq. (2.7)

could have a significant impact on the thermal history of the electroweak scale in the universe, with

correlated e↵ects potentially accessible at the LHC.

3 Phenomenological probes at the LHC

3.1 Direct sensitivity: Invisible Higgs decay searches

We first turn to direct sensitivities at the LHC. In contrast to the standard portal (which is of course

recovered for ⌘KS = 0, the prompt decay H ! SS is modified for mH > 2mS
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This singles out a new parameter region for which the invisible Higgs decay width when mH > 2mS

is parametrically suppressed for
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When the standard Higgs portal is open for mS ' 0, perturbative (if so tuned) choices of the

kinetic portal couplings can remove the Higgs signal constraints from a sizeable invisible decay width

for perturbative couplings of the standard portal coupling ⌘S ⇡ 0.16 ⌘KS (⇤/TeV)2. This can be

contrasted with unitarity constraints from considering elastic SH scattering using the standard

techniques of partial wave projection (see e.g. [35, 36]). Perturbative unitarity of HS ! HS up

to the cut-o↵ ⇤ ⇠ TeV at leading order can be achieved for choices |⌘KS |/⇤2 . 7/TeV2 relatively

independent of the choice of mS where it can be expected to leave phenomenological footprints at

the LHC (we will consider mS < 200 GeV, see below). An invisible branching ratio can therefore be

avoided for ⌘S ⇠ 1.

– 4 –

❖ relax Higgs signal strength constraints for 

below the cut-o↵ ⇤, very similar to Eq. (2.1), upon expanding the latter.

These interaction terms are reminiscent of a HEFT-like structure in the hidden sector, i.e. the

lowest-lying state is described by a singlet that could be coupled in some non-trivial way to a strongly

interacting hidden sector below the symmetry-breaking scale. Assuming that the heavy degrees of

freedom can communicate with the SM via the portal interaction, a low-energy theory similar to

Eq. (2.7) can emerge. It is worthwhile mentioning that the operator in ⇠ ⌘KS is unique in the usual

sense of EFT categorisation (see also [19, 20]). We outline this in appendix A.

In the following, we will consider Eq. (2.7) as a motivated extension of the standard Higgs portal

⇠ ⌘S . Phenomenologically, this has interesting implications in its own right. Firstly, the portal

interactions contribute coherently; mS < mh/2 can be accessed without directly violating existing

Higgs signal strength and hidden Higgs decay measurements. Secondly, the momentum dependencies

lead to a non-decoupling behaviour of the extra scalar that sources additional momentum dependencies

in the visible sector through radiative corrections. This, of course, does not occur in renormalisable

scenarios and can lead to a modification of Higgs-propagation sensitive observables in addition to

characteristic Higgs coupling modifications for mS > mH/2. Thirdly, the momentum dependence

translates to a non-trivial modification of Daisy corrections in the thermal Higgs potential. These

terms are known to be relevant near the critical temperature; therefore, the interactions of Eq. (2.7)

could have a significant impact on the thermal history of the electroweak scale in the universe, with

correlated e↵ects potentially accessible at the LHC.

3 Phenomenological probes at the LHC

3.1 Direct sensitivity: Invisible Higgs decay searches

We first turn to direct sensitivities at the LHC. In contrast to the standard portal (which is of course

recovered for ⌘KS = 0, the prompt decay H ! SS is modified for mH > 2mS

�(H ! SS) =
1

32⇡

s

1 �
4m2

S

m
2
H

v
2

mH

✓
⌘S + ⌘KS

2m2
S

� m
2
H

⇤2

◆2

. (3.1)

This singles out a new parameter region for which the invisible Higgs decay width when mH > 2mS

is parametrically suppressed for

⌘S ⇡ ⌘KS

m
2
H

� 2m2
S

⇤2
. (3.2)

When the standard Higgs portal is open for mS ' 0, perturbative (if so tuned) choices of the

kinetic portal couplings can remove the Higgs signal constraints from a sizeable invisible decay width

for perturbative couplings of the standard portal coupling ⌘S ⇡ 0.16 ⌘KS (⇤/TeV)2. This can be

contrasted with unitarity constraints from considering elastic SH scattering using the standard

techniques of partial wave projection (see e.g. [35, 36]). Perturbative unitarity of HS ! HS up

to the cut-o↵ ⇤ ⇠ TeV at leading order can be achieved for choices |⌘KS |/⇤2 . 7/TeV2 relatively

independent of the choice of mS where it can be expected to leave phenomenological footprints at

the LHC (we will consider mS < 200 GeV, see below). An invisible branching ratio can therefore be

avoided for ⌘S ⇠ 1.

– 4 –

❖ direct constraints (Higgs to invisible, on/offshell)

❖ indirect constraints 

chiral dimension four act as counterterms. The building blocks relevant for the gg ! HHH

(gg ! HH follows from similar decomposition as shown in Fig. 2) are the irreducible two,

three, and four-point vertex functions. The renormalized self-energy of the (iso-singlet) Higgs

boson is given by

(a)

g

g

H

H

HH
t

t

t

(b)

g

g
H

t

t

t

t

H

H

H

(c)

g

g

H

H

H

t

t

t

t

t

H

H

H

H H

H

H

H

H

H

H

H

H

H

H

H

H
= �i⌃̂HH(q2)

= �i⌃Loop
HH (q2) + i

�
�ZH(q2 �m

2
H) � �m

2
H

�
+ i

2a22
v2

q
4
,

(2.4)

such that

⌃̂HH(m2
H) =

d⌃̂HH

dq2

����
q2=m2

H

= 0 (2.5)

in the on-shell scheme.

The electroweak vacuum expectation value (vev) is fixed through the gauge boson masses

assuming custodial invariance as highlighted in Eq. (2.1). The renormalisation conditions are

tabled in Refs. [26, 27]; it is worth highlighting that owing to the singlet nature of the Higgs

boson in HEFT, any gauge dependence cancels explicitly. Although, at face value, HEFT

is a much broader class of field theories (see in particular Ref. [33]), this fact together with

similar cancellations of gauge dependencies in the gauge boson sector [26, 27], lead to tech-

nical simplifications that are not present in, e.g., SMEFT. Furthermore, it is known that the

HEFT approximates the resummation behaviour of SMEFT [34]. Nonetheless, the latter can

be obtained from the former through appropriate redefinitions, which in turn alludes to a

less transparent power counting of HEFT. In fixed order calculations, which one is forced to

use for the concrete computation of scattering probabilities, such field redefinitions amount

to scheme-dependencies, which are typically employed to gauge the theoretical robustness of

calculations in renormalisable scenarios. This is qualitatively di↵erent in HEFT (also com-

pared to SMEFT). Here, scheme dependencies are directly linked to truncation uncertainties

which are to be tensioned against the redundancies of field redefinitions, which do necessarily

equate to applying equations of motion when higher-order corrections are considered [35]. For

the renormalisation process of the 1-PI contributions, all vertex insertions are required for a

consistent (gauge-independent) renormalisation procedure, see [26, 27] as well as appendix A.

Generic scheme-dependencies, therefore, are possibly intrinsically large in HEFT (but can be

resolved by matching calculations).
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Figure 3. Universal Higgs coupling rescalings for MS = 30 GeV for parameter choices that remove invisible
branching ratio constraints (dot-dashed) through a choice of ⌘S . Also shown is MS = 120 GeV for ⌘S = 0
(dashed). The green bands represent the scale uncertainty, which is obtained from varying the renormalisation
scale in µ 2 [0.5mH , 2mH ] for a central choice µ = mH . Throughout, we choose ⇤ = 1 TeV. An optimistic
target for the HL-LHC is a 2% determination of the Higgs coupling [64], which can be improved by a 0.31%
measurement of Higgs strahlung [65] at a future Higgs machine (here represented by FCC-ee). Other concepts
such as the ILC [66], CLIC [67], CEPC [68], or LCF [69, 70] can obtain quantitatively similar constraints.
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with the renormalisation scale µ. In this limit, we recover the expected momentum independence,

and this result is also consistent with a renormalisation group flow from matching the SM to the full

theory at a scale mS .

We will set the renormalised HEFT coe�cients to zero, imagining there are no additional

sources that lead to a finite contribution to a22 (for extraction strategies see the recent [63]). Finite

logarithmic corrections will dynamically source these interactions for process-specific scales p2
6= m

2
H
.

Owing to the nature of the portal interactions, all SM-related radiative corrections take the

guise of BSM contributions to SM renormalisation constants. Furthermore, these contributions to

the Goldstone propagation and vertex corrections are such that they cancel identically in physical

processes. It is therefore possible to perform the calculation in Feynman gauge ⇠ = 1 and afterwards

decouple the Goldstone sector in unitary gauge ⇠ ! 1 for simplicity. This further highlights the

physical Higgs properties as the main phenomenological drivers, as expected in HEFT. Carrying

out the renormalisation programme (we give details further below), we find universal coupling

modifications for fermions f and massive gauge bosons (suppressing the known ⌘S result, e.g. [56–58],

for convenience)2


V = 

f = 1 + �H =

2We perform calculations in this work with FeynArts/FormCalc/LoopTools [71–77].
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below the cut-o↵ ⇤, very similar to Eq. (2.1), upon expanding the latter.

These interaction terms are reminiscent of a HEFT-like structure in the hidden sector, i.e. the

lowest-lying state is described by a singlet that could be coupled in some non-trivial way to a strongly

interacting hidden sector below the symmetry-breaking scale. Assuming that the heavy degrees of

freedom can communicate with the SM via the portal interaction, a low-energy theory similar to

Eq. (2.7) can emerge. It is worthwhile mentioning that the operator in ⇠ ⌘KS is unique in the usual

sense of EFT categorisation (see also [19, 20]). We outline this in appendix A.

In the following, we will consider Eq. (2.7) as a motivated extension of the standard Higgs portal

⇠ ⌘S . Phenomenologically, this has interesting implications in its own right. Firstly, the portal

interactions contribute coherently; mS < mh/2 can be accessed without directly violating existing

Higgs signal strength and hidden Higgs decay measurements. Secondly, the momentum dependencies

lead to a non-decoupling behaviour of the extra scalar that sources additional momentum dependencies

in the visible sector through radiative corrections. This, of course, does not occur in renormalisable

scenarios and can lead to a modification of Higgs-propagation sensitive observables in addition to

characteristic Higgs coupling modifications for mS > mH/2. Thirdly, the momentum dependence

translates to a non-trivial modification of Daisy corrections in the thermal Higgs potential. These

terms are known to be relevant near the critical temperature; therefore, the interactions of Eq. (2.7)

could have a significant impact on the thermal history of the electroweak scale in the universe, with

correlated e↵ects potentially accessible at the LHC.

3 Phenomenological probes at the LHC

3.1 Direct sensitivity: Invisible Higgs decay searches

We first turn to direct sensitivities at the LHC. In contrast to the standard portal (which is of course

recovered for ⌘KS = 0, the prompt decay H ! SS is modified for mH > 2mS
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1
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This singles out a new parameter region for which the invisible Higgs decay width when mH > 2mS

is parametrically suppressed for

⌘S ⇡ ⌘KS
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. (3.2)

When the standard Higgs portal is open for mS ' 0, perturbative (if so tuned) choices of the

kinetic portal couplings can remove the Higgs signal constraints from a sizeable invisible decay width

for perturbative couplings of the standard portal coupling ⌘S ⇡ 0.16 ⌘KS (⇤/TeV)2. This can be

contrasted with unitarity constraints from considering elastic SH scattering using the standard

techniques of partial wave projection (see e.g. [35, 36]). Perturbative unitarity of HS ! HS up

to the cut-o↵ ⇤ ⇠ TeV at leading order can be achieved for choices |⌘KS |/⇤2 . 7/TeV2 relatively

independent of the choice of mS where it can be expected to leave phenomenological footprints at

the LHC (we will consider mS < 200 GeV, see below). An invisible branching ratio can therefore be

avoided for ⌘S ⇠ 1.
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boson is given by
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such that

⌃̂HH(m2
H) =

d⌃̂HH

dq2

����
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H

= 0 (2.5)

in the on-shell scheme.

The electroweak vacuum expectation value (vev) is fixed through the gauge boson masses

assuming custodial invariance as highlighted in Eq. (2.1). The renormalisation conditions are

tabled in Refs. [26, 27]; it is worth highlighting that owing to the singlet nature of the Higgs

boson in HEFT, any gauge dependence cancels explicitly. Although, at face value, HEFT

is a much broader class of field theories (see in particular Ref. [33]), this fact together with

similar cancellations of gauge dependencies in the gauge boson sector [26, 27], lead to tech-

nical simplifications that are not present in, e.g., SMEFT. Furthermore, it is known that the

HEFT approximates the resummation behaviour of SMEFT [34]. Nonetheless, the latter can

be obtained from the former through appropriate redefinitions, which in turn alludes to a

less transparent power counting of HEFT. In fixed order calculations, which one is forced to

use for the concrete computation of scattering probabilities, such field redefinitions amount

to scheme-dependencies, which are typically employed to gauge the theoretical robustness of

calculations in renormalisable scenarios. This is qualitatively di↵erent in HEFT (also com-

pared to SMEFT). Here, scheme dependencies are directly linked to truncation uncertainties

which are to be tensioned against the redundancies of field redefinitions, which do necessarily

equate to applying equations of motion when higher-order corrections are considered [35]. For

the renormalisation process of the 1-PI contributions, all vertex insertions are required for a

consistent (gauge-independent) renormalisation procedure, see [26, 27] as well as appendix A.

Generic scheme-dependencies, therefore, are possibly intrinsically large in HEFT (but can be

resolved by matching calculations).
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Figure 3. Universal Higgs coupling rescalings for MS = 30 GeV for parameter choices that remove invisible
branching ratio constraints (dot-dashed) through a choice of ⌘S . Also shown is MS = 120 GeV for ⌘S = 0
(dashed). The green bands represent the scale uncertainty, which is obtained from varying the renormalisation
scale in µ 2 [0.5mH , 2mH ] for a central choice µ = mH . Throughout, we choose ⇤ = 1 TeV. An optimistic
target for the HL-LHC is a 2% determination of the Higgs coupling [64], which can be improved by a 0.31%
measurement of Higgs strahlung [65] at a future Higgs machine (here represented by FCC-ee). Other concepts
such as the ILC [66], CLIC [67], CEPC [68], or LCF [69, 70] can obtain quantitatively similar constraints.
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with the renormalisation scale µ. In this limit, we recover the expected momentum independence,

and this result is also consistent with a renormalisation group flow from matching the SM to the full

theory at a scale mS .

We will set the renormalised HEFT coe�cients to zero, imagining there are no additional

sources that lead to a finite contribution to a22 (for extraction strategies see the recent [63]). Finite

logarithmic corrections will dynamically source these interactions for process-specific scales p2
6= m

2
H
.

Owing to the nature of the portal interactions, all SM-related radiative corrections take the

guise of BSM contributions to SM renormalisation constants. Furthermore, these contributions to

the Goldstone propagation and vertex corrections are such that they cancel identically in physical

processes. It is therefore possible to perform the calculation in Feynman gauge ⇠ = 1 and afterwards

decouple the Goldstone sector in unitary gauge ⇠ ! 1 for simplicity. This further highlights the

physical Higgs properties as the main phenomenological drivers, as expected in HEFT. Carrying

out the renormalisation programme (we give details further below), we find universal coupling

modifications for fermions f and massive gauge bosons (suppressing the known ⌘S result, e.g. [56–58],

for convenience)2


V = 

f = 1 + �H =

2We perform calculations in this work with FeynArts/FormCalc/LoopTools [71–77].
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Figure 3. Universal Higgs coupling rescalings for MS = 30 GeV for parameter choices that remove invisible
branching ratio constraints (dot-dashed) through a choice of ⌘S . Also shown is MS = 120 GeV for ⌘S = 0
(dashed). The green bands represent the scale uncertainty, which is obtained from varying the renormalisation
scale in µ 2 [0.5mH , 2mH ] for a central choice µ = mH . Throughout, we choose ⇤ = 1 TeV. An optimistic
target for the HL-LHC is a 2% determination of the Higgs coupling [64], which can be improved by a 0.31%
measurement of Higgs strahlung [65] at a future Higgs machine (here represented by FCC-ee). Other concepts
such as the ILC [66], CLIC [67], CEPC [68], or LCF [69, 70] can obtain quantitatively similar constraints.
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with the renormalisation scale µ. In this limit, we recover the expected momentum independence,

and this result is also consistent with a renormalisation group flow from matching the SM to the full

theory at a scale mS .

We will set the renormalised HEFT coe�cients to zero, imagining there are no additional

sources that lead to a finite contribution to a22 (for extraction strategies see the recent [63]). Finite

logarithmic corrections will dynamically source these interactions for process-specific scales p2
6= m

2
H
.

Owing to the nature of the portal interactions, all SM-related radiative corrections take the

guise of BSM contributions to SM renormalisation constants. Furthermore, these contributions to

the Goldstone propagation and vertex corrections are such that they cancel identically in physical

processes. It is therefore possible to perform the calculation in Feynman gauge ⇠ = 1 and afterwards

decouple the Goldstone sector in unitary gauge ⇠ ! 1 for simplicity. This further highlights the

physical Higgs properties as the main phenomenological drivers, as expected in HEFT. Carrying

out the renormalisation programme (we give details further below), we find universal coupling

modifications for fermions f and massive gauge bosons (suppressing the known ⌘S result, e.g. [56–58],

for convenience)2


V = 

f = 1 + �H =

2We perform calculations in this work with FeynArts/FormCalc/LoopTools [71–77].
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universal Higgs coupling modifications
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again in terms of the real and renormalised parts of the standard Passarino-Veltman [62] one-loop

scalar integrals where A0, B0, B
0
0 (and the derivative of the B0 function indicated by the prime).3 We

show the sensitivity from projected single Higgs observations in Fig. 3 for two mass scenarios alongside

scale variations in relation to changes of µ. As can be seen, the precision that becomes available at

the HL-LHC for single Higgs observables greatly improves over the o↵-shell suppression of direct

production in Fig. 2. When S is light and is characterised such that H ! SS is suppressed through

destructive interference, the Higgs coupling modification will fall below the HL-LHC sensitivity

threshold. Here, a future e
+
e
� Higgs factory could partly regain sensitivity and would e�ciently

constrain the kinetic portal for heavier states in parallel.

3.2.2 Processes with Higgs o↵-shell modifications

We now turn to constraining the momentum dependence imparted on the physical Higgs boson’s

propagation in four top quark, ZZ, and HH production. Firstly, we consider tt̄tt̄, which has recently

been observed by ATLAS [78] and CMS [79], surpassing their midterm sensitivity extrapolations. It

can be expected that the HL-LHC will further improve its sensitivity to this channel, eventually being

able to set relatively tight constraints on new physics [80]. Similar to on-shell Higgs production, we

renormalise the tt̄ ! H ! tt̄ amplitude. As mentioned above, we can decouple the Goldstone boson

50 100 150
-6

-4

-2
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2

4

6

(a) (b)

Figure 4. Constraints from four top quark production on the kinetic Higgs portal with ⇤ = 1 TeV. In (a), we
also show constraints from invisible Higgs constraints when ⌘S = 0 (black, dashed) and WBF constraints when
they are extended to the o↵shell regime (black solid). (b) shows the constraints on ⌘KS when ⌘S = ⌘S(⌘KS)
is chosen to remove the invisible Higgs decay according to Eq. (3.1). The di↵erent coloured bands correspond
to the allowed ranges for di↵erent choices of the renormalisation scale µ.

3It is interesting to highlight that although this scenario is manifestly e↵ective, the coupling portal renders

the virtual e↵ects in the visible sector would-be renormalisable. This is signified by, e.g., the relation between the

gauge-Higgs quartic and the Higgs-gauge interactions 2
V = 2V , see e.g. [14].
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Higgs pair production (inc H3 interactions) 
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Figure 6. Higgs pair production constraints from ATLAS and CMS projections [87] as described in the text.
Also shown is the impact of a scale variation µ 2 [0.5, 2]v for a central scale choice µ = v.

The gg ! ZZ amplitude through fermion box contributions remains SM-like. This way, the results

of [54, 55, 85] can be generalised to the present scenario. As the Higgs contribution is relatively

small and given the relation of broken and unbroken phase detailed in [22], the overall corrections

are minor, and not large enough to set competitive constraints, see Fig. 5.

Finally, we turn to Higgs pair production. The renormalisation programme has been described

in detail in [61]. We treat the tadpole contributions in the parameter-renormalised scheme [84],

which requires their inclusion in the renormalisation of the Higgs three-point vertex function (they

also contribute to the Goldstone 2-point function). The momentum dependence sourced by the

virtual S contributions will renormalise a range of chiral dimension-two and four operators on the

HEFT side [86]. Without repeating details here, require the renormalisation of the trilinear Higgs

coupling 3 as well as the HEFT parameters add2, aHdd, aH22 in the basis of [60]. Again, we choose

these couplings to vanish at a given renormalisation scale (for measurement strategies of this input

data, we refer the reader to [63] once more).

In terms of expected limits, the ATLAS and CMS have very recently [87] updated their HL-LHC

projections across a range of motivated double Higgs final states, setting limits on modifications of

the Higgs trilinear couplings within [�26%,+29%] at 68% confidence level. This interval can be

mapped onto a cross section constraint using the cross section interpolation of the Higgs Working

Group and [88, 89], and we interpret this cross section constraint �25% . 1 � �/�SM . 23% onto

the parameter space of the model considered here. The result is shown in Fig. 6. In comparison to

the other channels discussed so far, Higgs pair production does not provide competitive constraints

and shows a larger vulnerability to scale uncertainties. This is due to the increased relevance of

logarithms related to the renormalisation of the multi-Higgs vertex functions (see, e.g., [60, 61]).
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Figure 5. Cross section deviations from gg ! ZZ through its dependence on the modified Higgs propagator.

contributions so that the o↵-shell tt̄ ! tt̄ amplitudes can be interfaced with MadGraph aMC@NLO [81].

The result for the HL-LHC4, including its sensitivity to scale variations, is shown in Fig. 4 for the

four-top production extrapolation to the HL-LHC of [80]. Here we also revisit the combined Higgs

signal strength constraints and direct WBF constraints detailed in Sec. 3.1. Indeed, four top quark

production is sensitive enough to constrain the parameter space of the kinetic Higgs portal e�ciently.

This sensitivity, however, is relatively insensitive to the mass scale of the propagating scalar S, which

becomes apparent from the comparison of Figs. 4(a) and 4(b).

Next, we consider ZZ production.5 Similar to the tt̄ ! tt̄ amplitudes the tt̄ ! ZZ amplitude

can be renormalised. The universal character of the Higgs portal guarantees a relation between the

renormalisation constants6
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(again for ⌘S = 0 and suppressing the poles in dimensional regularisation d = 4 � 2✏) where the

renormalisation constants �m2
W
, �mt are understood as terms ⇠ ⇤�4. In particular, a renormalisation

of the Weinberg angle is not required. We note the divergent contributions to the Higgs mass

renormalisation, as well as the HEFT parameter a22 for completeness
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As for tt̄ ! tt̄ mentioned above, entering these counterterms in the one-loop renormalised amplitude,

we obtain a UV-finite result. The tt̄ ! ZZ amplitude then extends to the gg ! H ! ZZ amplitude.

4Throughout this paper, we consider 13.6 TeV collisions for our HL-LHC projections.
5Both ZZ and HH results have been obtained with vbfnlo [82].
6Electroweak one-loop renormalisation techniques have been reviewed extensively in [83, 84].
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Figure 8. Expected cross section deviation in the kinetic portal model, reproducing the correct DM relic
abundance whilst evading DM direct detection constraints (as implemented in mircOMEGAs [98]). Again, we
show a scale variation by a factor of two around a central scale choice µ = mH .

production at a future FCC-ee. (Other lepton colliders discussed in the literature such as the ILC [66],

CLIC [67], CEPC [68], or LCF [69, 70] can obtain a quantitatively similar measurement.) A projected

universal Higgs coupling modification of O(5%) is pushing the model correlations in this parameter

region, but an increased sensitivity beyond the current extrapolations (see e.g. [80]) could indeed

lead to sensitivity at the HL-LHC as well. Given that four top production is insensitive to ⌘S in this

range, these final states can, in principle, add complementary sensitivity during the HL-LHC phase.

5 Summary and Conclusions

Non-minimal Higgs sector extensions arise in a multitude of BSM theories. In this work, we have

focused on strongly interacting hidden sectors that give rise to non-standard e↵ective modifications

of the so-called Higgs portal. The leading e↵ects of such interactions can be motivated from chiral

perturbation theory and its large N generalisation via AdS/CFT, and they are kinetic in nature,

introducing unique non-standard momentum dependencies at the dimension-six level.

Phenomenologically, such interactions manifest themselves predominantly through modifications

of the physical Higgs boson. In this sense, the phenomenology is well-captured in an HEFT approach,

albeit communicated to the SM sector in a SMEFT-like fashion. We find that the e↵ects of

the kinetic portal extension can be probed in universal Higgs coupling modifications. Due to its

indirect sensitivity, this information is insu�cient to reveal the momentum-dependent nature of the

extension in the presence of standard, renormalisable couplings. The non-decoupling nature of these

interactions (below the hidden sector’s intrinsic mass scale, here taken to be O(TeV)), however,

highlight other phenomenological arenas for sensitivity where naturally radiative, renormalisable

portal interactions are negligible. We demonstrate that the dominant sensitivity can be found in

four top quark final states, with reduced sensitivity from Higgs pair and Z pair production (in this

order). These constraints remain relevant when destructive interference removes sensitivity from

Higgs signal strength and invisible decay searches for light exotic scalar masses.
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❖ can satisfy direct detection and 
relic abundance simultaneously

❖ requires carefully arranging 
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states

Figure 7. Response of the phase transition strength ⇠p with varying ⌘KS for ⇤ = 1 TeV. The plots are
shown for three chosen benchmark points, with di↵erent values of mS indicated by the colorbar.

4.2 Dark Matter Relic Abundance and Direct Detection

Understanding the Z2-odd scalar as a minimal solution to the WIMP miracle is experimentally

challenged. The generic finding of the standard singlet scenario is that the concordance of dark

matter relic abundance ⌦DMh
2

' 0.12 and direct detection exclusion leads to a substantial tension.

If the hidden sector is less minimal and contains additional fields, this tension can be reduced.

Nonetheless, to gauge the compatibility of the discussed scenario with these data, we will assume

here that S is indeed stable and the only relevant state for direct detection and relic abundance

computations. Similar to extending the parameter space via the kinetic interactions ⇠ ⌘KS into

the regime mS  mh/2, we can then also revisit the implications for astrophysics. We employ

mircOMEGAs [98] to identify regions of the (mS , ⌘S , ⌘KS) parameter space where the correct DM

relic abundance is reproduced whilst no direct detection constraints can be obtained. In this region

mS . mh/2, we find that a benchmark choice

mS = 55 GeV, ⌘KS = �0.3, ⌘S = 0.003, (BR(inv) = 1.9%), (4.7)

is consistent with experimental observations and can approximate the astrophysical data within 10%.

Viewed against our previous discussion of Sec. 4.1, it is clear that this region is not compatible with

the simultaneous requirement of an SFOEWPT. Yet, higher-order corrections might indeed create

a phenomenological outcome that can be constrained at colliders. The parameter region around

this point is fairly narrow and well-represented by this point. Such coupling deviation will also be

observable at a future Higgs factory.8

Turning to regions mS/2 > mH , around the threshold region, much bigger ⌘KS are allowed,

reaching |⌘KS | ' 4.5 around 70 GeV. Relic abundance and direct detection results are reproduced

by ⌘S ' 0.04. Here, the observed cross section modification is detectable. The Higgs cross section

modifications in this region are shown in Fig. 8, in comparison to the projected associated Higgs

8As part of the renormalisation programme detailed in the previous section, we have checked that the RGE flow

does not significantly change the correlation between measurements at the involved di↵erent energy scales.
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shown for three chosen benchmark points, with di↵erent values of mS indicated by the colorbar.
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challenged. The generic finding of the standard singlet scenario is that the concordance of dark

matter relic abundance ⌦DMh
2

' 0.12 and direct detection exclusion leads to a substantial tension.

If the hidden sector is less minimal and contains additional fields, this tension can be reduced.

Nonetheless, to gauge the compatibility of the discussed scenario with these data, we will assume

here that S is indeed stable and the only relevant state for direct detection and relic abundance

computations. Similar to extending the parameter space via the kinetic interactions ⇠ ⌘KS into

the regime mS  mh/2, we can then also revisit the implications for astrophysics. We employ

mircOMEGAs [98] to identify regions of the (mS , ⌘S , ⌘KS) parameter space where the correct DM

relic abundance is reproduced whilst no direct detection constraints can be obtained. In this region

mS . mh/2, we find that a benchmark choice

mS = 55 GeV, ⌘KS = �0.3, ⌘S = 0.003, (BR(inv) = 1.9%), (4.7)

is consistent with experimental observations and can approximate the astrophysical data within 10%.

Viewed against our previous discussion of Sec. 4.1, it is clear that this region is not compatible with

the simultaneous requirement of an SFOEWPT. Yet, higher-order corrections might indeed create

a phenomenological outcome that can be constrained at colliders. The parameter region around

this point is fairly narrow and well-represented by this point. Such coupling deviation will also be

observable at a future Higgs factory.8

Turning to regions mS/2 > mH , around the threshold region, much bigger ⌘KS are allowed,

reaching |⌘KS | ' 4.5 around 70 GeV. Relic abundance and direct detection results are reproduced

by ⌘S ' 0.04. Here, the observed cross section modification is detectable. The Higgs cross section

modifications in this region are shown in Fig. 8, in comparison to the projected associated Higgs

8As part of the renormalisation programme detailed in the previous section, we have checked that the RGE flow

does not significantly change the correlation between measurements at the involved di↵erent energy scales.
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Figure 8. Expected cross section deviation in the kinetic portal model, reproducing the correct DM relic
abundance whilst evading DM direct detection constraints (as implemented in mircOMEGAs [98]). Again, we
show a scale variation by a factor of two around a central scale choice µ = mH .

production at a future FCC-ee. (Other lepton colliders discussed in the literature such as the ILC [66],

CLIC [67], CEPC [68], or LCF [69, 70] can obtain a quantitatively similar measurement.) A projected

universal Higgs coupling modification of O(5%) is pushing the model correlations in this parameter

region, but an increased sensitivity beyond the current extrapolations (see e.g. [80]) could indeed

lead to sensitivity at the HL-LHC as well. Given that four top production is insensitive to ⌘S in this

range, these final states can, in principle, add complementary sensitivity during the HL-LHC phase.

5 Summary and Conclusions

Non-minimal Higgs sector extensions arise in a multitude of BSM theories. In this work, we have

focused on strongly interacting hidden sectors that give rise to non-standard e↵ective modifications

of the so-called Higgs portal. The leading e↵ects of such interactions can be motivated from chiral

perturbation theory and its large N generalisation via AdS/CFT, and they are kinetic in nature,

introducing unique non-standard momentum dependencies at the dimension-six level.

Phenomenologically, such interactions manifest themselves predominantly through modifications

of the physical Higgs boson. In this sense, the phenomenology is well-captured in an HEFT approach,

albeit communicated to the SM sector in a SMEFT-like fashion. We find that the e↵ects of

the kinetic portal extension can be probed in universal Higgs coupling modifications. Due to its

indirect sensitivity, this information is insu�cient to reveal the momentum-dependent nature of the

extension in the presence of standard, renormalisable couplings. The non-decoupling nature of these

interactions (below the hidden sector’s intrinsic mass scale, here taken to be O(TeV)), however,

highlight other phenomenological arenas for sensitivity where naturally radiative, renormalisable

portal interactions are negligible. We demonstrate that the dominant sensitivity can be found in

four top quark final states, with reduced sensitivity from Higgs pair and Z pair production (in this

order). These constraints remain relevant when destructive interference removes sensitivity from

Higgs signal strength and invisible decay searches for light exotic scalar masses.
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4.2 Dark Matter Relic Abundance and Direct Detection

Understanding the Z2-odd scalar as a minimal solution to the WIMP miracle is experimentally

challenged. The generic finding of the standard singlet scenario is that the concordance of dark

matter relic abundance ⌦DMh
2

' 0.12 and direct detection exclusion leads to a substantial tension.

If the hidden sector is less minimal and contains additional fields, this tension can be reduced.

Nonetheless, to gauge the compatibility of the discussed scenario with these data, we will assume

here that S is indeed stable and the only relevant state for direct detection and relic abundance

computations. Similar to extending the parameter space via the kinetic interactions ⇠ ⌘KS into

the regime mS  mh/2, we can then also revisit the implications for astrophysics. We employ

mircOMEGAs [98] to identify regions of the (mS , ⌘S , ⌘KS) parameter space where the correct DM

relic abundance is reproduced whilst no direct detection constraints can be obtained. In this region

mS . mh/2, we find that a benchmark choice

mS = 55 GeV, ⌘KS = �0.3, ⌘S = 0.003, (BR(inv) = 1.9%), (4.7)

is consistent with experimental observations and can approximate the astrophysical data within 10%.

Viewed against our previous discussion of Sec. 4.1, it is clear that this region is not compatible with

the simultaneous requirement of an SFOEWPT. Yet, higher-order corrections might indeed create

a phenomenological outcome that can be constrained at colliders. The parameter region around

this point is fairly narrow and well-represented by this point. Such coupling deviation will also be

observable at a future Higgs factory.8

Turning to regions mS/2 > mH , around the threshold region, much bigger ⌘KS are allowed,

reaching |⌘KS | ' 4.5 around 70 GeV. Relic abundance and direct detection results are reproduced

by ⌘S ' 0.04. Here, the observed cross section modification is detectable. The Higgs cross section

modifications in this region are shown in Fig. 8, in comparison to the projected associated Higgs

8As part of the renormalisation programme detailed in the previous section, we have checked that the RGE flow

does not significantly change the correlation between measurements at the involved di↵erent energy scales.
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Figure 8. Expected cross section deviation in the kinetic portal model, reproducing the correct DM relic
abundance whilst evading DM direct detection constraints (as implemented in mircOMEGAs [98]). Again, we
show a scale variation by a factor of two around a central scale choice µ = mH .
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Figure 7. Response of the phase transition strength ⇠p with varying ⌘KS for ⇤ = 1 TeV. The plots are
shown for three chosen benchmark points, with di↵erent values of mS indicated by the colorbar.
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