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‣ BSM Higgs physics via momentum- or loop-suppressed effects
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t

0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly
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challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
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At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1
For recent work probing naturalness indirectly when new fields

are charged under QCD and contribute directly to Higgs digluon

and Higgs diphoton couplings at one loop, see e.g. [5–7].
2
There are also typically corrections to the cubic and quartic cou-

plings as well, which we do not show in this diagram.
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FIG. 2: One-loop contribution to s-channel gg ! HH production. The shaded area represents the remainder (one-loop top
insertion part) of the amplitude.
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FIG. 3: Counter term contribution to s-channel gg ! HH production. The shaded area represents the remainder of the
amplitude as in Fig. 2.

Note that with the above definitions, we denote the S

particle’s pole mass with mS . The leading order contri-
butions to gg ! HH are given by the Feynman topolo-
gies shown in Fig. 1. At the same time, relevant one-loop
S contributions to the gluon fusion amplitude (modulo
field renormalisation constants) are due to the o↵-shell
Higgs three point function shown in Fig. 2.

Let S be the s-channel and B the box part of the one-
loop gg ! HH amplitude, i.e. the left- and right-hand
side of Fig. 1 where all possible fermion flow orientations
are understood implicitly. The full gg ! HH matrix-
element is then represented by

M = S + B. (4)

In the following we will consider the one-loop S insertion
for S. Writing

S = T
1

s�m
2
H

�(s,m2
H
,m

2
H
) (5)

where T denotes the well-known expression of one-loop
Higgs boson production [28, 29], with s = m

2
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FIG. 4: Counter term contribution to the box graphs of gg !
HH production. The shaded area represents the remainder
(one-loop top insertion part) of the box amplitude.

(pH,1 + pH,2)2, we can directly identify the leading or-
der (or Born-level) contribution

�Born(s,m2
H
,m

2
H
) = �

3m2
H

v
= �6�SM

H
(6)

as the Higgs trilinear vertex in the SM. The virtual cor-
rections induced by S arise from the diagrams depicted
in Fig. 2 and are found to be
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This contains divergences that are renormalised by the
counter term contributions shown in Fig. 3. In Eq. (7)
A0, B0, and C0 are the well-known one-loop Passarino-
Veltman [30] functions in the convention of Refs. [31–34].
Tadpoles deserve a special comment as they generate

a non-vanishing contribution for the Higgs boson self-
interaction renormalisation (see e.g. [31]). The SM Higgs
potential reads, after inserting Eq. (2),

VSM(�) = �µ
2
|�|2 + �

SM
H

|�|4

� v(�µ
2 + v

2
�
SM
H

)H = tH . (8)

t = v(�µ
2 + v

2
�H) vanishes at leading order due to the

choice of v. Keeping track of t = v(�µ
2 + v

2
�H) gives

rise to a trilinear contribution

VSM(�) �
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Note that with the above definitions, we denote the S

particle’s pole mass with mS . The leading order contri-
butions to gg ! HH are given by the Feynman topolo-
gies shown in Fig. 1. At the same time, relevant one-loop
S contributions to the gluon fusion amplitude (modulo
field renormalisation constants) are due to the o↵-shell
Higgs three point function shown in Fig. 2.

Let S be the s-channel and B the box part of the one-
loop gg ! HH amplitude, i.e. the left- and right-hand
side of Fig. 1 where all possible fermion flow orientations
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element is then represented by
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In the following we will consider the one-loop S insertion
for S. Writing

S = T
1

s�m
2
H

�(s,m2
H
,m

2
H
) (5)

where T denotes the well-known expression of one-loop
Higgs boson production [28, 29], with s = m

2
HH

=

g

g

H

HH
t

t

t

g

g

H

H

t

t

t

t

H

H

H

S

S

S
H

H

H

S

S

H

H

HH

S

H

H

H

S

S

H

H

H

S

S

H

HH
S

S

H

H

H
H

H

HH

H

HH

H

H

H

H

FIG. 4: Counter term contribution to the box graphs of gg !
HH production. The shaded area represents the remainder
(one-loop top insertion part) of the box amplitude.

(pH,1 + pH,2)2, we can directly identify the leading or-
der (or Born-level) contribution

�Born(s,m2
H
,m

2
H
) = �

3m2
H

v
= �6�SM

H
(6)

as the Higgs trilinear vertex in the SM. The virtual cor-
rections induced by S arise from the diagrams depicted
in Fig. 2 and are found to be

�virt(s,m2
H
,m

2
H
) =

�

16⇡2v

✓
3m2

H
A0(m2

S
)

s�m
2
H

+ 2�v2
⇢
2B0(m

2
H
,m

2
S
,m

2
S
)

+ 4�v2C0(m
2
H
,m

2
H
, s,m

2
S
,m

2
S
,m

2
S
)

+B0(s,m
2
S
,m

2
S
)


1 +

3m2
H

s�m
2
H

��◆
. (7)

This contains divergences that are renormalised by the
counter term contributions shown in Fig. 3. In Eq. (7)
A0, B0, and C0 are the well-known one-loop Passarino-
Veltman [30] functions in the convention of Refs. [31–34].
Tadpoles deserve a special comment as they generate

a non-vanishing contribution for the Higgs boson self-
interaction renormalisation (see e.g. [31]). The SM Higgs
potential reads, after inserting Eq. (2),
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FIG. 1: Representative two-loop Feyn-
man diagram topologies of the elec-
troweak boson polarisation functions for
boson V that give rise to the electroweak
oblique corrections S, T, U ⇠ �,�2. �,�0

denote all possible Higgs and Goldstone
boson insertions. V, V 0, V 00 = W,Z,A
label all allowed SM vector boson inser-
tions.
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FIG. 2: Representative two-loop Feyn-
man diagram counter term topologies of
the electroweak boson polarisation func-
tions similar to Fig. 1. The first di-
agram represents two-loop renormalisa-
tion constants that are not obtained from
one-loop inserted one-loop renormalisa-
tion constants. Note that ��0V 00 vertex
counterterms are suppressed.

where cW , sW are the cosine and sine of the Weinberg an-
gle and ↵ = e

2
/(4⇡) is the fine structure constant, respec-

tively. S, T, U parametrise the leading modifications of
gauge boson interactions due to presence of new physics
a↵ecting their propagation, i.e. they capture modifica-
tions away from the SM expectation of electroweak four-
fermion scattering processes.

In these definitions we have already exploited the Ward
identity ⇧AA(0) = 0 which means that we will work with
on-shell renormalised quantities in the following. For in-
stance for our scalar S insertions we obtain before renor-
malisation in D dimensional regularisation and Feynman
gauge, Fig. 1 (a),(b),(e),

⇧0
AA

(0) = �
↵(D � 4)(D � 2)

256⇡3m2
W

�A0(m
2
S
)A0(m

2
W

) (17)

where A0 is the standard function one-loop function (ex-

panding D = 4 � ✏, ✏ > 0)

A0(x) = x


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2
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This gives upon expansion in ✏
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2

◆

+ O(✏) . (19)

which cancels against the renormalised Goldstone contri-
bution

�⇧AA(0) = �
↵(D � 4)(D � 2)↵

32⇡2m2
W

e�t

mW sW
A0(m

2
W

) (20)

as at one-loop the tadpole renormalisation �t given in
Eq. (15).
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FIG. 3: Mono-jet and S pair /ET distribution for mS = 100
GeV and � = 1 at 100 TeV FCC along with combined back-
ground using the baseline cuts specified in the caption of
Tab. II.
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FIG. 4: Total cross section values for WBF and associate
production of S pair and two leptons at di↵erent energies.

above in Tab. II.3

Lepton Colliders

In analogy to what we have done for the case of hadron
colliders we consider for lepton colliders the two main
channels for scalar pair production via an o↵-shell Higgs:

3
We also include the subdominant non-gluonic partonic processes

not discussed in [30] and use the transverse mass of the Higgs boson,

instead of the partonic center-of-mass energy. This leads to a slight

increase in cross section compared to [30] rendering gluon fusion

slightly more sensitive in our comparison. It furthermore highlights

the relevance of theoretical uncertainties for all these analyses, an

issue that we will not further touch upon in this work.

associate production and weak boson fusion (see in par-
ticular [31] for a recent analysis). For illustration we
show an example of the cross section as a function of the
centre of mass energy in Fig. 4. The events for the cross
sections, as well as the rest of the analysis, are gener-
ated with the requirements p

`

T
> 10 GeV, |⌘(`)| < 5 and

�R`` > 0.4 applied on light leptons `.

Associate production: In contrast to hadron colliders, as-
sociate Higgs production at lepton colliders is relevant
and comparable to the WBF modes. The signal process
e
�

e
+

! Z(H ! SS), where the on-shell Z boson decays
to a lepton pair, is contaminated by e

�
e
+

! `
�

`
+
⌫`⌫̄`,

where the neutrinos appear as missing energy. The sig-
nal is characterised by a smaller pseudorapidity separa-
tion between the lepton pair (�⌘``) and thus the search
region is restricted to �⌘`` < 1.3. Further distinction
from the background is achieved with a cut on the miss-
ing energy, /ET > 150 GeV, and on the missing invariant
mass

MIM =
q

/p
µ
/p
µ

� 200 GeV , (5)

where /p = (
p

s,0) � p`� � p`+ .
An example of the MIM distribution of signal and

backgrounds is shown in Fig. 5. The e↵ects of the cuts
are demonstrated in Tab. III.

Weak boson fusion: WBF remains the dominant process
at centre of mass energies larger than 500 GeV and it is
essential to distinguish it from the associate production.
This can be achieved with a cut on the invariant mass
of the electron-positron pair. For CLIC at 3 TeV we use
Mee > 2200 GeV to isolate the signal from contributing
backgrounds. The background is further reduced with
cuts on the same quantities as in the associate production
case. �⌘ee > 6 is imposed, since WBF results in leptons
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FIG. 3: Mono-jet and S pair /ET distribution for mS = 100
GeV and � = 1 at 100 TeV FCC along with combined back-
ground using the baseline cuts specified in the caption of
Tab. II.

FIG. 4: Total cross section values for WBF and associate
production of S pair and two leptons at di↵erent energies.

above in Tab. II.3

Lepton Colliders

In analogy to what we have done for the case of hadron
colliders we consider for lepton colliders the two main
channels for scalar pair production via an o↵-shell Higgs:

3
We also include the subdominant non-gluonic partonic processes

not discussed in [30] and use the transverse mass of the Higgs boson,

instead of the partonic center-of-mass energy. This leads to a slight

increase in cross section compared to [30] rendering gluon fusion

slightly more sensitive in our comparison. It furthermore highlights

the relevance of theoretical uncertainties for all these analyses, an

issue that we will not further touch upon in this work.

associate production and weak boson fusion (see in par-
ticular [31] for a recent analysis). For illustration we
show an example of the cross section as a function of the
centre of mass energy in Fig. 4. The events for the cross
sections, as well as the rest of the analysis, are gener-
ated with the requirements p

`

T
> 10 GeV, |⌘(`)| < 5 and

�R`` > 0.4 applied on light leptons `.

Associate production: In contrast to hadron colliders, as-
sociate Higgs production at lepton colliders is relevant
and comparable to the WBF modes. The signal process
e
�

e
+

! Z(H ! SS), where the on-shell Z boson decays
to a lepton pair, is contaminated by e

�
e
+

! `
�

`
+
⌫`⌫̄`,

where the neutrinos appear as missing energy. The sig-
nal is characterised by a smaller pseudorapidity separa-
tion between the lepton pair (�⌘``) and thus the search
region is restricted to �⌘`` < 1.3. Further distinction
from the background is achieved with a cut on the miss-
ing energy, /ET > 150 GeV, and on the missing invariant
mass

MIM =
q

/p
µ
/p
µ

� 200 GeV , (5)

where /p = (
p

s,0) � p`� � p`+ .
An example of the MIM distribution of signal and

backgrounds is shown in Fig. 5. The e↵ects of the cuts
are demonstrated in Tab. III.
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at centre of mass energies larger than 500 GeV and it is
essential to distinguish it from the associate production.
This can be achieved with a cut on the invariant mass
of the electron-positron pair. For CLIC at 3 TeV we use
Mee > 2200 GeV to isolate the signal from contributing
backgrounds. The background is further reduced with
cuts on the same quantities as in the associate production
case. �⌘ee > 6 is imposed, since WBF results in leptons
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Cuts SSj [pb] Zj [pb] W
�

j [pb] W
+

j [pb]

Baseline 0.9322 15283 17495 19799

pT (j1) > 100 GeV 0.2858 820.54 553.20 670.02

/ET > 150 GeV 0.1810 298.28 87.381 138.12

TABLE II: Cross sections for the production of an S pair and a monojet event at 100 TeV FCC, with mS = 100 GeV and � = 1.
Background events are also displayed and for the baseline cuts, no /ET restriction is enforced and a relaxed pT (j1) > 30 GeV is
required. W background events are generated with with a minimum lepton cut of ⌘ > 2.5 to enhance statistics. Contamination
from tt̄j was significantly smaller than the rest of the background processes and is therefore not included. We take into account
approximate QCD corrections to the backgrounds via the global K ' 1.6 factors reported in [49].
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FIG. 6: Normalised signal and background distributions of
MIM for mS = 100 GeV and � = 1 at 500 GeV and 3 TeV
lepton colliders produced through WBF. Generation level cuts
as in Tab. IV were used.

with large pseudorapidity separation. The search region
is restricted to /ET > 80 GeV and MIM > 200 GeV. For
ILC at 500 GeV the relaxed restrictions Mee > 120 GeV
and �⌘ee > 2.0 were used and the rest of the cuts were
kept the same. The former cut also removes any signal
event produced via associated modes. Examples of the
MIM distribution and the cutflow are given in Fig. 6 and
Tab. IV.

Finally, in a WBF topology, where W bosons fuse to
produce the Higgs (and neutrinos from the electron and
positron), one could use initial state radiation emitted

Cuts SSZ, Z ! `
+

`
� [fb] `

+
`
�

⌫`⌫̄` [fb]

Generation 0.0236 669.68

�⌘`` < 1.3 0.0194 139.64

/ET > 150 GeV 0.0113 13.786

MIM > 200 GeV 0.0113 2.8209

M`` < 120 GeV 0.0113 2.3947

TABLE III: Cross sections for the associate production of an
S pair at lepton colliders with

p
s = 500 GeV. Parameters

were set to mS = 100 GeV and � = 1.

Cuts SSe
�

e
+ [fb] e

+
e
�

⌫`⌫̄` [fb]

Generation 0.5364 43.86

MIM > 200 GeV 0.5364 9.257

�⌘ee > 6 0.4144 1.687

/ET > 80 GeV 0.2811 1.446

Mee > 2200 GeV 0.2346 0.468

TABLE IV: Cross sections for the S pair and background
production for WBF at 3 TeV CLIC, with mS = 100 GeV
and � = 1. Cuts are enforced at generation level to improve
statistics and include a cut on the sum of neutrino’s momenta
/E
⌫
T > 70 GeV as well as requiring an invariant electron mass

of Mee > 1500 GeV. The latter also removes any event arising
from associate production.

from the colliding electrons or mediating W bosons to
trigger the event. In this case, the final state would con-
sist of only a photon and missing energy (S pair and
neutrinos) and background contamination would arise
from e

+
e
�

! �⌫e⌫̄e. After generating relevant events,
we found a significance NS/

p
NB = 0.0082, where NS

and NB are signal and background events respectively.
Hence, this is not an avenue to significantly gain sensi-
tivity to the hidden scalars.

B. Indirect Sensitivity: Virtual S imprints

Let us now turn to the indirect measurements, where
S is only present in loops (see [26–30, 32–34] for previous
studies using such observables). Here, we will consider
precision observables that are measured at both hadron
and lepton colliders. The discussion therefore applies to
both types of colliders.

The interactions of Eq. (1) will create corrections to
the Higgs and Goldstone boson two-point function. The
Higgs potential contained in LSM is

V (�) = µ
2
|�|

2+�H |�|
4

� v(µ2+v
2
�H)H = tH . (6)

At leading order this is minimised through conveniently
choosing

t = v(µ2 + v
2
�H) = 0 . (7)
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from associate production.

from the colliding electrons or mediating W bosons to
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we found a significance NS/

p
NB = 0.0082, where NS
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Hence, this is not an avenue to significantly gain sensi-
tivity to the hidden scalars.

B. Indirect Sensitivity: Virtual S imprints

Let us now turn to the indirect measurements, where
S is only present in loops (see [26–30, 32–34] for previous
studies using such observables). Here, we will consider
precision observables that are measured at both hadron
and lepton colliders. The discussion therefore applies to
both types of colliders.

The interactions of Eq. (1) will create corrections to
the Higgs and Goldstone boson two-point function. The
Higgs potential contained in LSM is
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t

0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly
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challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
2
h

⇠

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

h h
. (1)

At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1
For recent work probing naturalness indirectly when new fields

are charged under QCD and contribute directly to Higgs digluon

and Higgs diphoton couplings at one loop, see e.g. [5–7].
2
There are also typically corrections to the cubic and quartic cou-

plings as well, which we do not show in this diagram.
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This choice leads to tadpole diagrams that parametrise
the shift of the classical Higgs field value away from the
minimum of the Higgs potential as determined by the
theory’s free parameters beyond leading order. In gen-
eral, Higgs boson tadpoles can be removed from higher
order corrections by choosing t = 0 for bare quantities.
This introduces a counterterm �t = ��H(p2 = 0) that
corresponds to a renormalisation of the 1-PI Higgs ver-
tex function �H(p2) involving all tadpole diagrams and a
correlated Goldstone mass renormalisation (see [56, 57])

�m
2
G

= �
�t

v
= �

e

2mW sW
�t (8)

The Goldstone renormalisation will be relevant for
the discussion of oblique electroweak corrections in
Sec. II B 4. Note that at one-loop order we can under-
stand �t also as

�v = �
�t

m
2
H

(9)

which shows that working with the “correct” vacuum
expectation value in spontaneously broken gauge theo-
ries involves tadpole contributions for vertices that result
from setting the Higgs to its vev connected by a zero-
momentum propagator. As the trilinear Higgs boson in-
teraction vertex follows from the four-point vertex with
one leg set to the Higgs’ vacuum expectation, the tad-
pole renormalisation together with the Higgs mass and
wavefunction renormalisation constants are also relevant
for the corrections to Higgs pair production in Sec. II B 3,
see [28, 32–34].

1. Higgs coupling modifications

Measurements of Higgs boson rates are typically re-
ported using the narrow width approximation owing to
the narrowness of the Higgs boson �H/mH ' O(10�5).
Signal strengths µ are then obtained by comparing ob-
servations against the SM expectation

µ =
�(H) ⇥ BR

[�(H) ⇥ BR]SM
(10)

where �(H), BR represent particular Higgs boson pro-
duction and decay branching modes. For the model
given in Eq. (1) when mS > mH/2 no non-SM Higgs
decay channel are present. In this case, all modifications
away from the SM will be due to virtual S e↵ects (see
Ref. [27, 30, 34] for earlier analyses).

The Higgs wave function and mass squared renormal-
isation constants in the on-shell scheme are given by

�ZH = �
�
2

8⇡2

2mW sW

e
Re

@B0(q2, m2
S
, m

2
S
)

@q2

����
q2=m

2
H

,

(11)

and

�m
2
H

=
�
2

8⇡2

4m
2
W

s
2
W

e2
ReB0(m

2
H

, m
2
S
, m

2
S
)

+
�

16⇡2
ReA0(m

2
S
) (12)

with Passarino-Veltman [58] functions A0, B0 which are
given in D-dimensional regularisation in e.g. Ref. [56] (see
also [59, 60]). The D ! 4 divergent pieces of the B0 are
momentum-independent. This renders �ZH finite for the
scenario in this paper and at the given order in pertur-
bation theory. Any single Higgs production process or
partial decay width �i will then obtain an S-correction

�(H)

[�(H)]SM
=

�i

[�i]SM
= 1 + �ZH (13)

which leads to4 (see also [27, 61, 62])

µ =
�(H) ⇥ BR

[�(H) ⇥ BR]SM
= 1 + �ZH . (14)

Constraints on the Higgs signal strength [63] can there-
fore be treated analogously to Higgs portal models with
a dark vacuum expectation value leading to Higgs cou-
pling modifications proportional to a characteristic Higgs
mixing angle, which can be identified with �ZH .

Note that given that the Higgs coupling modifications
are uniform, all relevant information in the comparison
against the SM is contained in the total cross section and,
consequently, in the signal strength constraint.

2. O↵-Shell Higgs boson probes

A channel that received considerable interest recently
in the context of Higgs coupling studies at hadron collid-
ers is the so-called o↵-shell measurement of p(g)p(g) !

H ! ZZ ! 4 leptons. Due to unitarity cancellations in
the absorptive parts of the amplitude linked to tt̄ ! ZZ

scattering, the Higgs contributions are non-decoupling
for energies above the Higgs resonance [64]. Correlat-
ing Higgs o↵-shell with on-shell H ! ZZ measurements
(Eq. (10)) can then be interpreted as an indirect measure-
ment of the Higgs width [65, 66] under assumptions of
how these di↵erent kinematic regions are connected [67].

In the scenario of Eq. (1) at O(�2), the gg ! ZZ

continuum is unchanged while the Higgs contributions
receive corrections from the scalar S. The modification
of the s-channel Higgs exchange amplitude M is given
by

M

MSM
� 1 = �

�
2
m

2
W

s
2
W

8⇡3↵(s � m
2
H

)

⇥
�
B0(s, m

2
S
, m

2
S
) � ReB0(m

2
H

, m
2
S
, m

2
S
)
�

. (15)

4
The Higgs wave function renormalisation can be understood as

e↵ective operator ⇠ (@µ|�|2)2 which leads to identical conclusions.

‣ Higgs couplings receive uniform radiative corrections, accessible 
through signal strength measurements

[Craig, CE, McCullough `13]
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mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
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of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
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I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t

0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly
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challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
2
h

⇠

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

h h
. (1)

At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1
For recent work probing naturalness indirectly when new fields

are charged under QCD and contribute directly to Higgs digluon

and Higgs diphoton couplings at one loop, see e.g. [5–7].
2
There are also typically corrections to the cubic and quartic cou-

plings as well, which we do not show in this diagram.
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6

This choice leads to tadpole diagrams that parametrise
the shift of the classical Higgs field value away from the
minimum of the Higgs potential as determined by the
theory’s free parameters beyond leading order. In gen-
eral, Higgs boson tadpoles can be removed from higher
order corrections by choosing t = 0 for bare quantities.
This introduces a counterterm �t = ��H(p2 = 0) that
corresponds to a renormalisation of the 1-PI Higgs ver-
tex function �H(p2) involving all tadpole diagrams and a
correlated Goldstone mass renormalisation (see [56, 57])

�m
2
G

= �
�t

v
= �

e

2mW sW
�t (8)

The Goldstone renormalisation will be relevant for
the discussion of oblique electroweak corrections in
Sec. II B 4. Note that at one-loop order we can under-
stand �t also as

�v = �
�t

m
2
H

(9)

which shows that working with the “correct” vacuum
expectation value in spontaneously broken gauge theo-
ries involves tadpole contributions for vertices that result
from setting the Higgs to its vev connected by a zero-
momentum propagator. As the trilinear Higgs boson in-
teraction vertex follows from the four-point vertex with
one leg set to the Higgs’ vacuum expectation, the tad-
pole renormalisation together with the Higgs mass and
wavefunction renormalisation constants are also relevant
for the corrections to Higgs pair production in Sec. II B 3,
see [28, 32–34].

1. Higgs coupling modifications

Measurements of Higgs boson rates are typically re-
ported using the narrow width approximation owing to
the narrowness of the Higgs boson �H/mH ' O(10�5).
Signal strengths µ are then obtained by comparing ob-
servations against the SM expectation

µ =
�(H) ⇥ BR

[�(H) ⇥ BR]SM
(10)

where �(H), BR represent particular Higgs boson pro-
duction and decay branching modes. For the model
given in Eq. (1) when mS > mH/2 no non-SM Higgs
decay channel are present. In this case, all modifications
away from the SM will be due to virtual S e↵ects (see
Ref. [27, 30, 34] for earlier analyses).

The Higgs wave function and mass squared renormal-
isation constants in the on-shell scheme are given by

�ZH = �
�
2

8⇡2

2mW sW

e
Re

@B0(q2, m2
S
, m

2
S
)

@q2

����
q2=m

2
H

,

(11)

and

�m
2
H

=
�
2

8⇡2

4m
2
W

s
2
W

e2
ReB0(m

2
H

, m
2
S
, m

2
S
)

+
�

16⇡2
ReA0(m

2
S
) (12)

with Passarino-Veltman [58] functions A0, B0 which are
given in D-dimensional regularisation in e.g. Ref. [56] (see
also [59, 60]). The D ! 4 divergent pieces of the B0 are
momentum-independent. This renders �ZH finite for the
scenario in this paper and at the given order in pertur-
bation theory. Any single Higgs production process or
partial decay width �i will then obtain an S-correction

�(H)

[�(H)]SM
=

�i

[�i]SM
= 1 + �ZH (13)

which leads to4 (see also [27, 61, 62])

µ =
�(H) ⇥ BR

[�(H) ⇥ BR]SM
= 1 + �ZH . (14)

Constraints on the Higgs signal strength [63] can there-
fore be treated analogously to Higgs portal models with
a dark vacuum expectation value leading to Higgs cou-
pling modifications proportional to a characteristic Higgs
mixing angle, which can be identified with �ZH .

Note that given that the Higgs coupling modifications
are uniform, all relevant information in the comparison
against the SM is contained in the total cross section and,
consequently, in the signal strength constraint.

2. O↵-Shell Higgs boson probes

A channel that received considerable interest recently
in the context of Higgs coupling studies at hadron collid-
ers is the so-called o↵-shell measurement of p(g)p(g) !

H ! ZZ ! 4 leptons. Due to unitarity cancellations in
the absorptive parts of the amplitude linked to tt̄ ! ZZ

scattering, the Higgs contributions are non-decoupling
for energies above the Higgs resonance [64]. Correlat-
ing Higgs o↵-shell with on-shell H ! ZZ measurements
(Eq. (10)) can then be interpreted as an indirect measure-
ment of the Higgs width [65, 66] under assumptions of
how these di↵erent kinematic regions are connected [67].

In the scenario of Eq. (1) at O(�2), the gg ! ZZ

continuum is unchanged while the Higgs contributions
receive corrections from the scalar S. The modification
of the s-channel Higgs exchange amplitude M is given
by

M

MSM
� 1 = �

�
2
m

2
W

s
2
W

8⇡3↵(s � m
2
H

)

⇥
�
B0(s, m

2
S
, m

2
S
) � ReB0(m

2
H

, m
2
S
, m

2
S
)
�

. (15)

4
The Higgs wave function renormalisation can be understood as

e↵ective operator ⇠ (@µ|�|2)2 which leads to identical conclusions.

‣ Higgs couplings receive uniform radiative corrections, accessible 
through signal strength measurements

‣ Higgs propagation accesses absorptive parts when probed off-
shell and unitarity restoration guarantees non-decoupling          
(e.g. gg → ZZ)

[Craig, CE, McCullough `13]

[Kauer, Passarino `12]
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FIG. 7: Di↵erential cross sections for gg ! ZZ at 100 TeV
FCC, indicating that corrections originating from S to the
Higgs contribution of pp ! 4` are negligible.

Note that the right hand side vanishes when we take the
limit s ! m

2
H

as expected from the cancellation of ver-
tex and propagator renormalisations when we do not in-
clude the finite lifetime of the Higgs boson with an ad-hoc
Breit-Wigner distribution. Including the modification of
the total Higgs decay width according to Eq. (13) results
again in Eq. (14) upon expansion.

This channel only shows limited sensitivity as can be
seen from Fig. 7. As can be expected from the discussion
of Ref. [68], the corrections of Eq. (15) are small even
before interfering with the SM gg ! ZZ continuum am-
plitude. Even for extrapolations to 30/ab at a 100 TeV
FCC-hh that are typically discussed as design targets for
such a machine [1–3, 69], we do not obtain constraints in
this channel that are robust in the sense of perturbative
unitarity (see below).

3. Higgs Pair Production

Virtual S-loops also modify Higgs pair production [26,
29, 32–34]. As the trilinear Higgs boson interaction ver-

tex follows from the four-point vertex with one leg set to
the Higgs’ vacuum expectation value, the 3-point Higgs
function is still a function of the tadpole renormalisation
constant �t even when we remove tadpoles throughout
the calculation by choosing a tadpole renormalisation

�t = �
�

8⇡2

2mW sW

e
ReA0(m

2
S
) . (16)

The amplitude for the relevant HH production (i.e. weak
boson fusion e

+
e
�

! HH⌫e⌫̄e at high-energy lepton col-
liders and gg ! HH at hadron colliders) is then obtained
from expanding the transition probability

|M|
2 = |MSM|

2 + 2Re (MSMM
⇤
�
) , (17)

where SM/� refer to the leading order and next-to-
leading order contributions ⇠ �, respectively. We will
consider the next-to-leading correction in the following,
see [34].

4. Oblique Corrections

The Peskin-Takeuchi S, T, U parameters [70] follow
from an investigation of polarisation functions ⇧V V 0

H V µ(p) V ��(p)
⇠ ⇧µ⌫

V V 0(p2)

= (p2 � m
2
V

)�V V 0 + ⇧V V 0(p2)

✓
g
µ⌫

�
p
µ
p
⌫

p2

◆

+ BV V 0(p2)
p
µ
p
⌫

p2
, (18)

and their transverse parts in particular. The so-called
oblique corrections are then given by (see also [71–78])

S =
4s

2
W

c
2
W

↵

✓
⇧ZZ(m2

Z
) � ⇧ZZ(0)

m
2
Z

�
c
2
W

� s
2
W

cW sW

⇧AZ(m2
Z
) � ⇧AZ(0)

m
2
Z

�
⇧AA(m2

Z
)

m
2
Z

◆
,

T =
1

↵

✓
⇧WW (0)

m
2
W

�
⇧ZZ(0)

m
2
Z

�
2sW

cW

⇧AZ(0)

m
2
Z

◆
,

U =
4s

2
W

↵

✓
⇧WW (m2

W
) � ⇧WW (0)

m
2
W

� c
2
W

⇧ZZ(m2
Z
) � ⇧ZZ(0)

m
2
Z

� 2sW cW
⇧AZ(m2

Z
) � ⇧AZ(0)

m
2
Z

� s
2
W

⇧AA(m2
Z
)

m
2
Z

◆
,

(19)

where cW , sW are the cosine and sine of the Weinberg angle, respectively. S, T, U parametrise the leading mod-

Cancellation between gauge 
couplings and Higgs propagation

[CE, Giudice, Greljo, McCullough `19]
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t

0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly
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challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
2
h

⇠

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

h h
. (1)

At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1
For recent work probing naturalness indirectly when new fields

are charged under QCD and contribute directly to Higgs digluon

and Higgs diphoton couplings at one loop, see e.g. [5–7].
2
There are also typically corrections to the cubic and quartic cou-

plings as well, which we do not show in this diagram.
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‣ Precision analysis of Z-pole measurements ( e+ e- →ff’ ) [Peskin, Takeuchi `90]
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FIG. 8: Representative two-loop Feyn-
man diagram topologies of the elec-
troweak boson polarisation functions for
boson V that give rise to the electroweak
oblique corrections S, T, U ⇠ �, �

2. �, �0

denote all possible Higgs and Goldstone
boson insertions. V, V

0
, V

00 = W, Z, A

label all allowed SM vector boson inser-
tions.

FIG. 9: Representative two-loop Feyn-
man diagram counter term topologies of
the electroweak boson polarisation func-
tions similar to Fig. 8. The first di-
agram represents two-loop renormalisa-
tion constants that are not obtained from
one-loop inserted one-loop renormalisa-
tion constants. Note that ��0

V
00 vertex

counterterms are suppressed.
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ifications of gauge boson interactions due to presence of
new physics a↵ecting their propagation, i.e. they capture
correlated modifications away from the SM expectation
of electroweak four-fermion scattering processes. As the
new scalar only couples to the Higgs boson and is pro-
tected by the unbroken Z2-symmetry, contributions to
S, T, U do only arise at two-loop order. The relevant
diagrams and counterterms are given in Fig. 8 and 9,
respectively.

In the definition of Eq. (19) we have already exploited
the Ward identity ⇧AA(0) = 0 which means that we will
work with on-shell renormalised quantities in the follow-
ing. For instance, for our scalar S insertions we obtain
before renormalisation in D-dimensional regularisation
and using Feynman gauge, Fig. 8 (a),(b),(e),

⇧0
AA

(0) = �
↵(D � 4)(D � 2)

256⇡3m2
W

�A0(m
2
S
)A0(m

2
W

) (20)

where A0 is the standard function one-loop function (ex-

panding D = 4 � ✏ < 4)

A0(x) = x


2

✏
� �E � log

x

4⇡µ2
+ 1+

✏

4

�
(��E � log

x

µ2
+ 1)2 + 1 +

⇡
2

6

◆�
. (21)

This yields

⇧0
AA

(0) =
↵�m

2
S

32⇡3

✓
1

✏
� �E + log

✓
mSmW

4⇡µ2

◆
�

1

2

◆

+ O(✏) . (22)

This cancels identically against the renormalised Gold-
stone contribution

�⇧AA(0) = �
↵(D � 4)(D � 2)

32⇡2m2
W

e �t

mW sW
A0(m

2
W

) (23)

with the one-loop tadpole renormalisation �t given in
Eq. (16).

[CE, Jaeckel, Spannowsky, Stylianou `20] 
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t

0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly

⇤
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†
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‡
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challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
2
h

⇠

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

h h
. (1)

At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1
For recent work probing naturalness indirectly when new fields

are charged under QCD and contribute directly to Higgs digluon

and Higgs diphoton couplings at one loop, see e.g. [5–7].
2
There are also typically corrections to the cubic and quartic cou-

plings as well, which we do not show in this diagram.
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‣ Precision analysis of Z-pole measurements ( e+ e- →ff’ ) [Peskin, Takeuchi `90]
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FIG. 8: Representative two-loop Feyn-
man diagram topologies of the elec-
troweak boson polarisation functions for
boson V that give rise to the electroweak
oblique corrections S, T, U ⇠ �, �

2. �, �0

denote all possible Higgs and Goldstone
boson insertions. V, V

0
, V

00 = W, Z, A

label all allowed SM vector boson inser-
tions.

FIG. 9: Representative two-loop Feyn-
man diagram counter term topologies of
the electroweak boson polarisation func-
tions similar to Fig. 8. The first di-
agram represents two-loop renormalisa-
tion constants that are not obtained from
one-loop inserted one-loop renormalisa-
tion constants. Note that ��0

V
00 vertex

counterterms are suppressed.
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ifications of gauge boson interactions due to presence of
new physics a↵ecting their propagation, i.e. they capture
correlated modifications away from the SM expectation
of electroweak four-fermion scattering processes. As the
new scalar only couples to the Higgs boson and is pro-
tected by the unbroken Z2-symmetry, contributions to
S, T, U do only arise at two-loop order. The relevant
diagrams and counterterms are given in Fig. 8 and 9,
respectively.

In the definition of Eq. (19) we have already exploited
the Ward identity ⇧AA(0) = 0 which means that we will
work with on-shell renormalised quantities in the follow-
ing. For instance, for our scalar S insertions we obtain
before renormalisation in D-dimensional regularisation
and using Feynman gauge, Fig. 8 (a),(b),(e),

⇧0
AA

(0) = �
↵(D � 4)(D � 2)

256⇡3m2
W

�A0(m
2
S
)A0(m

2
W

) (20)

where A0 is the standard function one-loop function (ex-

panding D = 4 � ✏ < 4)

A0(x) = x


2

✏
� �E � log

x

4⇡µ2
+ 1+

✏

4

�
(��E � log

x

µ2
+ 1)2 + 1 +

⇡
2

6

◆�
. (21)

This yields

⇧0
AA

(0) =
↵�m

2
S

32⇡3

✓
1

✏
� �E + log

✓
mSmW

4⇡µ2

◆
�

1

2

◆

+ O(✏) . (22)

This cancels identically against the renormalised Gold-
stone contribution

�⇧AA(0) = �
↵(D � 4)(D � 2)

32⇡2m2
W

e �t

mW sW
A0(m

2
W

) (23)

with the one-loop tadpole renormalisation �t given in
Eq. (16).

[CE, Jaeckel, Spannowsky, Stylianou `20] 
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Higgs pairs

‣ virtual S exchange impacts the trilinear coupling - absorptive parts 
and SM coupling correlation modification
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FIG. 2: One-loop contribution to s-channel gg ! HH production. The shaded area represents the remainder (one-loop top
insertion part) of the amplitude.
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FIG. 3: Counter term contribution to s-channel gg ! HH production. The shaded area represents the remainder of the
amplitude as in Fig. 2.

Note that with the above definitions, we denote the S

particle’s pole mass with mS . The leading order contri-
butions to gg ! HH are given by the Feynman topolo-
gies shown in Fig. 1. At the same time, relevant one-loop
S contributions to the gluon fusion amplitude (modulo
field renormalisation constants) are due to the o↵-shell
Higgs three point function shown in Fig. 2.

Let S be the s-channel and B the box part of the one-
loop gg ! HH amplitude, i.e. the left- and right-hand
side of Fig. 1 where all possible fermion flow orientations
are understood implicitly. The full gg ! HH matrix-
element is then represented by

M = S + B. (4)

In the following we will consider the one-loop S insertion
for S. Writing

S = T
1

s�m
2
H

�(s,m2
H
,m

2
H
) (5)

where T denotes the well-known expression of one-loop
Higgs boson production [28, 29], with s = m

2
HH

=
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FIG. 4: Counter term contribution to the box graphs of gg !
HH production. The shaded area represents the remainder
(one-loop top insertion part) of the box amplitude.

(pH,1 + pH,2)2, we can directly identify the leading or-
der (or Born-level) contribution

�Born(s,m2
H
,m

2
H
) = �

3m2
H

v
= �6�SM

H
(6)

as the Higgs trilinear vertex in the SM. The virtual cor-
rections induced by S arise from the diagrams depicted
in Fig. 2 and are found to be

�virt(s,m2
H
,m

2
H
) =

�

16⇡2v

✓
3m2

H
A0(m2

S
)

s�m
2
H

+ 2�v2
⇢
2B0(m

2
H
,m

2
S
,m

2
S
)

+ 4�v2C0(m
2
H
,m

2
H
, s,m

2
S
,m

2
S
,m

2
S
)

+B0(s,m
2
S
,m

2
S
)


1 +

3m2
H

s�m
2
H

��◆
. (7)

This contains divergences that are renormalised by the
counter term contributions shown in Fig. 3. In Eq. (7)
A0, B0, and C0 are the well-known one-loop Passarino-
Veltman [30] functions in the convention of Refs. [31–34].
Tadpoles deserve a special comment as they generate

a non-vanishing contribution for the Higgs boson self-
interaction renormalisation (see e.g. [31]). The SM Higgs
potential reads, after inserting Eq. (2),

VSM(�) = �µ
2
|�|2 + �

SM
H

|�|4

� v(�µ
2 + v

2
�
SM
H

)H = tH . (8)

t = v(�µ
2 + v

2
�H) vanishes at leading order due to the

choice of v. Keeping track of t = v(�µ
2 + v

2
�H) gives

rise to a trilinear contribution

VSM(�) �

✓
m

2
H

2v
�

t

2v2

◆
H

3
. (9)
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change in the self-coupling as shown in Fig. 7. If the
binned distribution deviates by more than the band in-
dicated by the self-coupling projection in the sense of a
binned �

2 test, we consider a particular (mS ,�) point to
be excludable.

We consider both the sensitivity at LHC but also
a future FCC. The implicit momentum dependence of
pp ! HH has been used to set constraints on the Higgs
boson self-coupling by exploiting the destructive interfer-
ence between the triangle and box contributions of Fig. 1.
Given the relatively small cross section ofHH production
at the LHC of about 32 fb [41–50], the expected precision
of the self-coupling extraction is going to be limited. A
recent projection by CMS [40] suggests that a sensitiv-
ity to �

95%CL
SM /�SM = [�0.18, 3.6] can be achieved, which

corresponds to a gluon fusion cross section extraction of
O(15%) when assuming SM dynamics. The obtainable
sensitivity is shown as the red dashed line in Fig. 8. As
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FIG. 7: Invariant di-Higgs mass spectra relative to the SM
and 6% self-coupling extraction as described in [24].

we can see, detectable e↵ects typically require couplings �
significantly larger than 1, where our calculations are not
fully trustworthy. To be conservative we perform the cal-
culation with and without the squared virtual corrections
and only show whatever sensitivity is weaker. However,
it should be kept in mind that this still includes only part
of the higher order corrections and therefore is only an
estimate.

Di-Higgs boson production is one of the key motiva-
tors for pushing the high-energy frontier beyond the high-
luminosity and high-energy LHC options. As shown in
Ref. [24] (see also [52–58]) a coupling extraction of �SM

at the . 6% level could be attainable at an FCC-hh with
100 TeV collisions and a 30/ab dataset. This is a direct
reflection of a much larger di-Higgs inclusive cross section
of around 1 pb [48]. On the basis of this extrapolation,
a much better sensitivity to the portal coupling can be
achieved. This is shown as the solid black line and the
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Note that with the above definitions, we denote the S

particle’s pole mass with mS . The leading order contri-
butions to gg ! HH are given by the Feynman topolo-
gies shown in Fig. 1. At the same time, relevant one-loop
S contributions to the gluon fusion amplitude (modulo
field renormalisation constants) are due to the o↵-shell
Higgs three point function shown in Fig. 2.

Let S be the s-channel and B the box part of the one-
loop gg ! HH amplitude, i.e. the left- and right-hand
side of Fig. 1 where all possible fermion flow orientations
are understood implicitly. The full gg ! HH matrix-
element is then represented by

M = S + B. (4)

In the following we will consider the one-loop S insertion
for S. Writing

S = T
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where T denotes the well-known expression of one-loop
Higgs boson production [28, 29], with s = m
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FIG. 4: Counter term contribution to the box graphs of gg !
HH production. The shaded area represents the remainder
(one-loop top insertion part) of the box amplitude.

(pH,1 + pH,2)2, we can directly identify the leading or-
der (or Born-level) contribution

�Born(s,m2
H
,m

2
H
) = �

3m2
H

v
= �6�SM

H
(6)

as the Higgs trilinear vertex in the SM. The virtual cor-
rections induced by S arise from the diagrams depicted
in Fig. 2 and are found to be
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This contains divergences that are renormalised by the
counter term contributions shown in Fig. 3. In Eq. (7)
A0, B0, and C0 are the well-known one-loop Passarino-
Veltman [30] functions in the convention of Refs. [31–34].
Tadpoles deserve a special comment as they generate

a non-vanishing contribution for the Higgs boson self-
interaction renormalisation (see e.g. [31]). The SM Higgs
potential reads, after inserting Eq. (2),
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�H) vanishes at leading order due to the

choice of v. Keeping track of t = v(�µ
2 + v

2
�H) gives

rise to a trilinear contribution
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[He, Zhu `16] 
[Voigt, Westhoff  `17]

[CE, Jaeckel `19] 

‣ deviation from expected SM results, with characteristic shape in 
invariant mHH distribution
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off-shell 
production: WBF
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iso-singlet mixing

‣ if singlet develops a vev, Higgs phenomenology is parametrised by 
single mixing angle

Exploring the Higgs portal
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We study the Higgs portal from the Standard-Model to a hidden sector and examine which elements of the
extended theory can be discovered and explored at the LHC. Our model includes two Higgs bosons covering
parameter regions where the LHC will be sensitive to two, one or none of the particles at typical discovery
luminosities for Standard Model Higgs production.

I. INTRODUCTION

Theoretical scenarios beyond the Standard Model [SM] which will be tested at the LHC [1] often include a hidden sector. The
standard sector and the hidden sector are coupled by interactions of gauge-invariant operators which open the gate for exploring
structures in the hidden sector by observing phenomena in the visible standard sector. An attractive realization of this idea is
provided by the Higgs portal which connects the Higgs fields in the two sectors by an elementary quartic interaction [2–14].
Such a setup moves a precision study of the Higgs sector [15–17] into a central position of new physics searches at the LHC.

Starting from a wide range of Higgs observables at the LHC [18, 19] its focus will naturally be on measurements of Higgs
masses, couplings and, to a lesser extent, Higgs self-interactions particularly in cascade decays [20]. The key observables which
allow for such an analysis are production rates for different decay channels combined with the weak boson fusion process [21, 22]
and the recently revived associated production channels with decays to bottom pairs [23]. For Higgs masses between 120 and
160 GeV the LHC, running at a center-of-mass energy of 14 TeV and collecting integrated luminosities in the O(10�100 fb�1)
range, can detect uncorrelated modifications to individual Higgs couplings of the order of 30% to 50% [16]. Provided there
exists some kind of universal pattern in these modified couplings, the sensitivity increases to 20% or better [13]. A Higgs portal
or hidden Higgs sector is such a case with generally well-defined patterns in the modified couplings. To render our analysis as
transparent as possible, we will illustrate the basic idea in a set-up in which fields and interactions are isomorphic in the two
sectors, just supplemented by the quartic portal interaction. Adapting our results to other models should be straightforward.

We study the set of observables of a hidden Higgs sector and examine to which extent it can be reconstructed by precision
measurements in collider experiments, n.b. at the LHC. In an earlier, related study [13] we restricted ourselves to the properties
of the SM-type Higgs boson. To explore elements of the hidden sector, invisible Higgs decays [24] to particles in this sector play
a crucial role. Valuable additional insight we can obtain from standard Higgs properties like masses and visible decay branching
ratios. The fundamental question whether a Higgs portal with noticeable interactions between standard and hidden sector exists
or not, can be answered this way.

In this extended analysis we systematically explore the maximum information that can be obtained on the Higgs portal and the
associated standard and hidden sector states from established Higgs search strategies [25], i.e. we consider both Higgs masses
lighter than O(1 TeV). For Higgs spectra with the heavy narrow mass state in the trans-TeV region, analysis strategies have
been described in Ref. [3]; discovery reaches for broad and heavy states are discussed in, e.g., Ref. [26]. The key question is
how we can link the parameters in our Higgs potential to general observables, like masses, cross sections, or decay widths, and
then to possible LHC measurements, like twin width ratios [13]. While this work is not meant to be an experimental analysis,
realistically modelling all statistical, systematic, and theoretical uncertainties, it defines the strategy underlying such an analysis
and points out its critical steps from an experimental and theoretical point of view.

II. FROM THE POTENTIAL TO COLLIDER OBSERVABLES

Before we discuss realistic LHC prospects, it is important to study the structure of Higgs portal models and identify the
complete set of observables which we can then try and access at the LHC. The Higgs potential we study in this letter consists of
the Standard Model component [s], the isomorphic component in the hidden sector [h], and the quartic interaction coupling the
two sectors with strength ⌘�, videlicet,

V = µ
2
s
|�s|

2 + �s|�s|
4 + µ

2
h
|�h|

2 + �h|�h|
4 + ⌘�|�s|

2
|�h|

2
. (1)

The mass parameters µj are generally substituted by vj after expanding the two Higgs fields about their vacuum expectation
values, �j ! (vj + Hj)/

p
2 with v

2
j

= (�µ
2
j

� ⌘�v
2
i
/2)/�j for i 6= j = s, h. The SM Higgs vacuum expectation value is
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2

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

H1 = cos � Hs + sin � Hh

H2 =� sin � Hs + cos � Hh . (2)

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

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

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

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

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

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

M
2 =

✓
2�sv

2
s

⌘�vsvh

⌘�vsvh 2�hv
2
h

◆
, (3)

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

M
2
1,2 = [�sv

2
s

+ �hv
2
h
] ⌥ |�sv

2
s

� �hv
2
h
|

q
1 + tan2 2� (4)

tan 2� =
⌘�vsvh

�sv
2
s

� �hv
2
h

with ⇡/8  ±� ± ⇡/8  3⇡/8 , (5)

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

2
s

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

tan2 2� 
4�s�hv

2
s
v
2
h

[�sv
2
s

� �hv
2
h
]2

. (6)

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

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

�, e.g.,

unitarity M
2
HSM

! hM
2
i
i ⌘ cos2 � M

2
1 + sin2

� M
2
2  4⇡

p
2/3GF ' (700 GeV)2

⇢ parameter log M
2
HSM

! hlog M
2
i
i ⌘ cos2 � log M

2
1 + sin2

� log M
2
2  log(175 GeV)2 . (7)

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

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

on the complete set of S, T, U parameters [28]. Confronting the model defined in Eq. (1) with the current bounds on S, T, U [29],
we need to emphasize one caveat: if the spontaneous symmetry breaking in the hidden sector also gives rise to additional massive

SM-like cross sections & BRs
Cascade decays &  

modifications of SM trilinear couplings

precision pheno studies: 
[Bowen et al. `07] 

[CE, Plehn, Zerwas `12] 
[Bertoloni, McCullough `12] 

[Chen, Dawson, Lewis `14] 
[Lopez-Val, Robens `14] 
[Chako, Cui, Hong `14] 

…

4

the model as described in Refs. [15, 16]. In relation to the visible decay widths the invisible decay widths can be extracted by
measuring the ratios of the corresponding branching ratios, i.e.

�inv
1

�vis
1

=
BRinv

1

BRvis
1

,

�inv
2 + �HH,inv

2

�vis
2

=
BRinv

2

BRvis
2

, (11)

where �HH,inv denotes the invisible decay width resulting from the cascade decay H2 ! H1H1 with invisible H1 decay modes.
In contrast to the ad-hoc definition of the visible branching ratio BRvis

2 = �vis
2 /�tot

2 , the measured invisible branching ratio BRinv
2

necessarily includes the invisible cascade decays.

(iv) Higgs cascade — If H2 is sufficiently heavier than H1, the cascade channel H2 ! H1H1 opens up with its partial width

�HH

2 =
⇤2
211

32⇡

�1

M2
. (12)

The velocity of H1 in the rest frame of H2 is denoted by �1 while the effective H2H1H1 coupling, derived by inserting the
mixed states into the potential V , reads

⇤211 = 3 sin 2�


cos �

�sv
2
s

vs
� sin �

�hv
2
h

vh

�

� tan 2� [�sv
2
s

� �hv
2
h
]


(1 � 3 cos2 �)

sin �

vh
� (1 � 3 sin2

�)
cos �

vs

�
. (13)

The decays of the H1H1 pair give rise to visible-visible, visible-invisible, and invisible-invisible final states with probabilities
cos4 �, 2 sin2

� cos2 � and sin4
�, respectively. As a result, we can reconstruct �HH

2 from the channel in which both H1 decays
are visible: �HH

2 = �HH,vis
2 / cos4 �. To illustrate the probability of cascade decays we show the �-dependence of the ratio

�HH

2 /�vis
2 in the right panel of Fig. 1.

From all observables listed above we can derive the fundamental properties of the two Higgs bosons, which are related to the
dynamics in the hidden sector: the mixing angle sin �, the invisible partial widths �inv

1,2, the cascade width �HH

2 and the total
widths �tot

1,2. The latter are notorious at hadron colliders. While we cannot experimentally determine them for narrow states, they
are crucial properties of our two Higgs states. Provided H2 is heavier than twice the H1 mass, the total widths of the two Higgs
bosons are given in terms of five partial widths

�tot
1 = cos2 � �SM

1 + sin2
� �hid

1

�tot
2 = sin2

� �SM
2 + cos2 � �hid

2 + �HH

2 . (14)

Ratios of partial and total Higgs widths, however, are observable at the LHC. For the light SM-type Higgs boson the relations

�inv
1

�SM
1

= cos2 �


cos2 �

1
� 1

�
,

�HH

1

�SM
1

= 0 ,

�inv
1

�SM
1

= cos2 �
BRinv

1

BRvis
1

,
�tot
1

�SM
1

=
cos4 �

1
. (15)

link the decay width to SM particles �SM
1 to the total width �tot and provide us with two equivalent expressions for the modified

invisible branching ratio. Thus, we can express the mixing angle cos2 � and �inv
1 /�SM

1 in terms of the observable twin-width
ratio 1 and the branching ratios BRinv

1 /BRvis
1 .

The corresponding expressions for the heavy hidden-type Higgs boson H2 are slightly modified because they include the
cascade decay, followed by the decay of the H1 pair back to the visible sector

�inv
2

�SM
2

= sin2
�

"
sin2

�

2
� 1 �

1

cos4 �

BRHH,vis
2

BRvis
2

#
,

�HH

2

�SM
2

=
sin2

�

cos4 �

BRHH,vis
2

BRvis
2

,

�inv
2

�SM
2

= sin2
�

"
BRinv

2

BRvis
2

� tan4
�

BRHH,vis
2

BRvis
2

#
,

�tot
2

�SM
2

=
sin4

�

2
. (16)
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iso-singlet mixing

‣ SM-likeness of 125 GeV 
selects small mixing angles 

‣ cross sections decouple for 
large masses

…heavy states with small mixing angles could be missed…..

IV Results of the Full Parameter Scan
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FIG. 8: Comparison of all constraints on | sin↵| as a function of the heavy Higgs mass m in the high mass
region. The �1 perturbativity and perturbative unitarity constraint have been evaluated for tan� = 0.1.

masses fixed at 125.14GeV and vary the other, while in the intermediate mass region we treat both

Higgs masses as scan parameters. In the following we first present results for fixed mass m in order

to facilitate the understanding of the respective parameter space in dependence of sin↵, tan�.

These discussions will then be extended by a more general scan, where all parameters are allowed

to vary simultaneously. For each of these scans, we generate around O(105� 106) points. We close

the discussion of each mass region by commenting on the relevant collider phenomenology.

A. High mass region

In this section, we explore the parameter space of the high mass region, m 2 [130, 1000]GeV.

In general, for masses m � 600 GeV, our results agree with those presented in Ref. [41]. However,

we obtain stronger bounds on the maximally allowed value of | sin↵| due to the constraints from

the NLO calculation of mW [43], which has not been available for the previous analysis [41]. As

has been discussed in Section IIID, Fig. 3, the constraints from mW are much more stringent than

those obtained from the oblique parameters S, T , and U in the high mass region.

We compile all previously discussed constraints on the maximal mixing angle in Fig. 8. Fur-

thermore, the (one-dimensional) allowed regions in | sin↵| and tan� are given in Tab. II for fixed

values of m.12 Here, the allowed range of | sin↵| is evaluated for fixed tan� = 0.15 and we explicitly

specify the relevant constraint that provides in the upper limit on | sin↵|. We find the following

12 Note, that the upper limit on | sin↵| from the Higgs signal rates is based on a two-dimensional ��
2 profile (for

floating mh) in Fig. 8, whereas in Tab. II the one-dimensional ��
2 profile (for fixed mh) is used. This leads to

small di↵erences in the obtained limit.

20
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iso-singlet mixing
‣ precision measurement of diHiggs production at lepton colliders 

enables the parameter determination of 
8
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FIG. 2: The system of mass relations in Eqs. (2.6), (2.7)

and (2.8) for the parameter point in Eq. (2.16). The

light red band gives the expected 1σ interval for an LHC

measurement of H0m at the luminosity of 3 ab−1. The

blue band corresponds to the parameter range allowed

by an ILC measurement at
√
s = 250 GeV with the same

luminosity of 3 ab−1.

reconstruct all the parameters individually.

There are two independent approaches to this problem, depending on the size of the invisible Higgs branching ratios.

For large values, we can use an invisible Higgs measurement to constrain the parameter sin2 χ as described in Ref. [10].

Since recent measurements of H0m point towards a SM-like total width (at least when SU(2)L doublets are

involved [17]) we investigate a different possibility in the following, assuming no direct partial decay width of H0m to

the hidden sector. Then phenomenology is dominated by mixing only and we can use an experimentally measured

region of sin2 χ to constrain the system of mass relations in Eqs. (2.6), (2.7) and (2.8) as shown in Fig. 2. The

additional information to reconstruct the individual parameters should then be made available from the measurement

of the trilinear Higgs couplings in Eqs. (2.12)-(2.15) [10, 18], which can be phenomenologically accessed via light

dihiggs production, i.e. predominantly gg → H0mH0m at the LHC [19]. [Recall that in 1 ⊕ n scenarios v0 is known

from the W mass and the SU(2)L gauge coupling g measured by the W width, both of which are not affected by

U(1) mixings.]

Recent analyses [20] indicate that a variation of the trilinear Higgs coupling is only feasible in the context of the SM

in the bb̄τ+τ− channel [21] if possible at all. Rare Higgs decays such as H0mH0m → bb̄γγ [22] are clean [S/B = 0.7

for 12 signal events in 3 ab−1 [20].] Nevertheless the involved uncertainties are too large and the signal yield is too

small to obtain a more fine grained picture. In contrast to the SM, however, the 1 ⊕ 1 scenario offers the possibility

to discriminate the H1m → H0mH0m signal region from the “continuum” H0mH0m production. Upon correlating

the two regions we can constrain v1 in different channels: Electroweak precision measurements, even for rather small

mixing angles sin2 χ ∼ 0.1, indicate that the mass splitting between the 125 GeV boson and H1m must not be too

large. Observing a cascade decay H1m → H0mH0m therefore implies small boosts of the H0m bosons and the analysis

of the H0mH0m → bb̄τ+τ− final state is not applicable anymore. On the other hand, H0mH0m → bb̄γγ is inclusive in

this sense and we can extract a limit on v1 in this channel when selecting invariant masses m(H0mH0m) ∼ m(H1m).

The complimentary phase space region can again be tackled in the boosted selection using the methods of Ref. [21].

In both analyses interference plays an important role. We therefore use a complete leading order calculation

keeping the full top mass dependence following Ref. [18]. The result for the two signal regions including the

expected measured 1σ interval at 14 TeV and 3 ab−1 is shown in Figs. 3a and 3b. The dip structure of Fig. 3b

highlights the importance of the interference effects: for v1 ∼ v0/ tanχ ∼ 80 GeV the resonant production has

a global minimum due to the vanishing of tm011. For values v1 < v0/ tanχ the gg → H1m → H0mH0m diagrams

interfere destructively with the gg → H0mH0m box contributions, but the tm001 grows quickly to outrun the

suppression. For the away-from-resonance region this interference is always destructive, i.e. the smaller v1 the larger

tm000 and the smaller the resulting pp → H0mH0m cross section until the trilinear coupling tm001 compensates the

LHC
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FIG. 4: Double Higgs-strahlung at a 500 GeV e+e− col-

lider as a function of v1 for the chosen parameter point.

The blue band corresponds to the parameter range al-

lowed by an measurement with a 2 ab−1 sample. We

adopt efficiencies from Ref. [24].

Thus, the fundamental current parameters λ0, µ2
0;λ1, µ2

1; η in the Higgs potential can, in principle, be extracted

from experimental data, the combinations λ0v20 ;λ1v21 ; η1v0v1 easily extracted from masses and mixings, and the v′s

separately bounded from trilinear Higgs couplings or derived from vector-mass measurements in specified theories.

When the gauge couplings and charges are predicted theoretically, all the fundamental Higgs parameters can be

extracted.

2.2. Kinetic Mixing

Analogously, the mixing of the gauge sector can be worked out explicitly. The kinetic term and the mass term are

diagonalized by a SL(3,R) kinetic transformation and an orthogonal 3× 3 rotation matrix OV as

⎛

⎜

⎝

W

B

V

⎞

⎟

⎠

c

=

⎛

⎜

⎜

⎝

sW cW 0

cW −sW −sσ

0 0 σ

⎞

⎟

⎟

⎠

⎛

⎜

⎜

⎝

1 0 0

0 cos θ − sin θ

0 sin θ cos θ

⎞

⎟

⎟

⎠

⎛

⎜

⎝

A

Z

V

⎞

⎟

⎠

m

(2.19)

with σ = 1/
√
1− s2. The masses, in the current basis,

M2
Wc

= g2 T 2
3 v20 = g2 v20/4 (2.20)

M2
Bc

= g′2 Y 2
0 v20 = g′2v20/4 (2.21)

M2
Zc

= [g2 + g′2]v20/4 (2.22)

M2
Vc

= g2V Y 2
V v21 (2.23)

are defined by the gauge couplings, the vacuum expectation values, and the SU(2) T3 and the U(1) Y charges of the

Higgs fields. Since the charged W -field does not mix with the vector field in the hidden sector, the measured values of

the W -mass and width determine the parameters g and v0 and the SM relations g = e/sW and g′ = e/cW define sW ,

g′, gZ = [g2 + g′2]1/2 and MZc
before mixing. The [neutral] current masses are transformed to the vanishing photon

mass MAm
= 0 and two physical non-zero gauge boson masses MZm

,MVm
by the rotation angle θ. The exact and the

approximate forms, expanded up to second order in s and ||M2
Zc/M

2
VC

||, may be denoted as

M2
Zm

= M2
Zc

{

(1 + s2Wσ2s2 + σ2∆)−
√

(1 + s2Wσ2s2 + σ2∆)2 − 4σ2∆

}

/2 ≃M2
Zc

+ ... (2.24)

M2
Vm

= M2
Zc

{

(1 + s2Wσ2s2 + σ2∆) +
√

(1 + s2Wσ2s2 + σ2∆)2 − 4σ2∆

}

/2 ≃ M2
V c + s2M2

Vc
+ ... (2.25)

tan 2θ = 2sWσs/(1 − s2Wσ2s2 − σ2∆) ≃ −2sW (M2
Zc
/M2

Vc
) s+ ... (2.26)

[Choi, CE, Zerwas `13] 

ee, 500 GeV

‣ combination of precision lepton colliders studies + possible ee/
LHC discovery → full reconstruction of extended Higgs potential



13

iso-singlet mixing
‣ Higgs width measurement possible as kappa framework is 

appropriate
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Figure 51: Recoil spectrum of e+e� ! hZ, with Z ! µ+µ�. Figure taken from Ref. [593].

independent of the Higgs boson decay channel, and the branching ratios of the Higgs boson are observed directly. The Higgs
mass can be measured precisely with an accuracy of 14 MeV [593] through the recoil of Z ! µ+µ� events, Fig. 51. Similarly,
the ILC can constrain an invisible Higgs branching ration as low as 0.4% [594] (such constraints, however, are model-dependent,
as already mentioned).

The Higgs coupling strengths are obtained by noting that

BR(h ! XX) = �(h ! XX)/�h . (C.2)

Assuming that the Higgs couplings are related to the SM couplings by the factors X = 1 + �X described previously, then

�(e+e�
! Zh)

BR(h ! ZZ)
=

�(e+e�
! Zh)SM

�(h ! ZZ)SM
�h . (C.3)

This yields a measurement of the total Higgs width with the same assumptions as for the LHC: that is, that there are no non-SM
tensor structures for the interactions of the Higgs boson with the SM fermions. As the Higgs branching ratio into ZZ is small, this
requires a significant amount of luminosity. Another way to determine the Higgs width is based on four measurements [570, 595]
of both production processes shown in Fig. 49,

1. Higgs–strahlung inclusive: �Zh ,

2. Higgs–strahlung with a decay to bb̄: �Zbb ,

3. Higgs–strahlung with a decay to WW : �ZWW ,

4. W -fusion with a decay to bb̄: �⌫⌫bb ,

involving the four unknown parameters W , Z , b, and �h. Schematically, the total width can be extracted as

�h ⇠
�⌫⌫bb/�Zbb

�ZWW /�Zh

⇥ �Zh . (C.4)

This is demonstrated in in Fig. 52, where we show the projected coupling measurements from Ref. [596], assuming that the
total width can be computed as the sum of all observed partial widths plus contributions from second-generation fermions. The
comparison of FCCee and ILC projections assumes a combination with the expected HL-LHC results and it is apparent that the
linear and circular designs will both be limited by the theoretical uncertainty in extracting Higgs couplings from observed event
rates. The general pattern we see in Fig. 52 is that for all couplings with the exception of W the FCCee base design, the ILC
base design, and the ILC staging design give comparable results. As a representative value to be compared with sensitivities of
potential future hadron machines, the fit of [596] gives a best Yukawa coupling precision of

t = 1 ± 1.8% . (C.5)

The 500 GeV ILC will probe the W -fusion process combined with all main decay modes, allowing for a higher overall precision.
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Figure 52: Precision of the Higgs couplings extracted in the linear and circular baseline scenarios using the current theoretical errors and
assuming negligible theory errors. We also show results assuming a staged low-energy operation of the ILC and the impact of the W -fusion
process by restricting the FCCee measurements to Zh production. We assume that the total Higgs width is constructed from all observed
partial widths. Figure taken from Ref. [596].

Improving on studies based on Higgs coupling strength modifiers, the most generic Higgs coupling modifications from
integrated-out UV states at both the LHC and e+e� colliders should be analyzed in terms of an e�ective field theory approach.
The corresponding frameworks are discussed in Sec. A 7. This introduces new interactions and thereby breaks the naive
correlations between di�erent production modes at di�erent energies expressed in the kappa framework. This has profound
consequences [583–585, 597–599] for the Higgs coupling extractions as can be seen from Fig. 53.

The presence of di�erent Lorentz structures in the EFT framework induces momentum dependencies in the Higgs interac-
tions [325, 330]. This means that there is a gain in information when pushing lepton colliders to larger energy due to the
energy-dependent cross section enhancements. This is clearly shown for the cZ⇤ direction ⇠ Zµ@⌫Zµ⌫ , which is not directly
related to Higgs physics but demonstrates clearly the impact of energy coverage. In addition, the polarization at the ILC can be
used to obtain an increased number of observables (relative to an unpolarized e+e� collider), potentially yielding precisions on
EFT couplings at the sub-percent level [599].

One particular coupling that is expected to be only poorly constrained at the LHC even when considering large luminosities is
the Higgs self coupling. Lepton colliders close this gap at least partially. Direct sensitivity to the Higgs self-interactions requires

Figure 53: Constraints on EFT operators in the Higgs basis [37] at di�erent lepton colliders. Taken from Ref. [583].

→ spectroscopy of hidden sector dynamics possible!

[Lafaye et al. `17] 
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‣ Higgs portals are motivated extensions of the SM 

‣ Portal phenomenology is a great playground to estimate collider 
sensitivity reach 

‣ Clean lepton collider environment, possibly directed by LHC 
measurements/discoveries will yield a fine-grained picture of 
extended Higgs potential

Summary

Electroweak 
precision 
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Higgs signal 
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Higgs pair 
production


