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FIG. 1: The mixing between h and H, induced by the quartic interaction �h
3
H, modifies the couplings of h to the

fermions w.r.t to its SM value.

Now, notice that the equations of motion for H imply a small vev hHi ⇡ 2
p
2�(v3/m2

H
), so that the expression

for the fermion mass is modified accordingly and we can write the coupling of the physical Higgs h̃ = h�
p
2 v,

normalized with its SM value y
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f
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Using Eq. (3) to read Y
h,H

f
, we finally obtain

cb,⌧ ⇡ 1 � 4 tan�� v
2

m
2
H

,

ct ⇡ 1 + 4 cot�� v
2

m
2
H

. (10)

This simple, yet important, expression summarizes the goal of this work: any new physics that is responsible
for the large Higgs mass Eq. (5) also a↵ects the Higgs couplings to fermions. This approximate formula allows
us to understand qualitatively how this connection works and predicts whether a given contribution to the
Higgs mass results in an increase or decrease of the couplings to tops and bottoms/taus (similar methods have
been used in Refs. [13–15] to study Higgs couplings modifications). Nevertheless, notice that in our plots we
always use the exact expressions listed in Appendix II, rather than Eq. (10).

Deviations in the Higgs couplings to vectors can be studied in a similar way, giving

cV = 1 � O

✓
�
2 v

4

m
4
H

◆
(11)

which is generally suppressed w.r.t. deviations in the couplings to fermions (we have checked that in the region
preferred by data this statement holds at better then the 2 % level and deviations in cV can be ignored).

In principle, complete analyses of Higgs couplings in a SUSY context should take into account possible
modifications of the tree-level couplings to up-type quarks, to down-type quarks (and leptons) and to vectors;
at the loop level extra contributions from light SUSY partners to the couplings to gluons and photons could be
present, and in total generality also the possibility of an invisible decay width should be considered (see Ref. [2]
for a motivated scenario were the Higgs can decay invisibly in a SUSY context): a total of six parameters (see
Refs. [16, 17] for a list of recent analyses of this type). Nevertheless, ignoring the last possibility, Eq. (11)
tells us that in the simplest SUSY models, couplings to vectors are not expected to deviate much from the
SM ones (this is not true when the Higgs sector is extended to include extra states in di↵erent SU(2)L
representations that can mix with the Higgs, as we shall discuss in section VA). Furthermore, the null results
of direct SUSY searches suggest that SUSY partners should have masses of a few hundreds GeV and that
their loop contributions to the e↵ective hgg and h�� couplings might be small (we comment about this in
section VI). For these reasons, in what follows, we orient our analysis mostly to the Higgs couplings to tops
and to bottoms/taus and compare theoretical expectations with data through an intuitive simplified scenario
where only ct,cb are free to vary, and all other couplings are fixed to their SM values.
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Higgs Couplings without the Higgs

Brian Henning, Davide Lombardo, Marc Riembau, and Francesco Riva
Départment de Physique Théorique, Université de Genève,

24 quai Ernest-Ansermet, 1211 Genève 4, Switzerland

The measurement of Higgs couplings constitute an important part of present Standard Model
precision tests at colliders. In this article, we show that modifications of Higgs couplings induce
energy-growing e↵ects in specific amplitudes involving longitudinally polarized vector bosons, and
we initiate a novel program to study these very modifications of Higgs couplings o↵-shell and at
high-energy, rather than on the Higgs resonance. Our analysis suggests that these channels are
complementary and, at times, competitive with familiar on-shell measurements; moreover these
high-energy probes o↵er endless opportunities for refinements and improvements.

I. INTRODUCTION

The precise measurement of the Higgs boson cou-
plings to other Standard Model (SM) particles is
an unquestionable priority in the future of particle
physics. These measurements are important probes
for our understanding of a relatively poorly mea-
sured sector of the SM; at the same time they o↵er
a window into heavy dynamics Beyond the Standard
Model (BSM). Indeed, it is well-known that the ex-
change of heavy states (with masses beyond the di-
rect collider reach) leaves imprints in low-energy ex-
periments, in a way that is systematically captured
by an E↵ective Field Theory (EFT).

There are a number of similar ways in which
one can parametrize modifications of Higgs cou-
plings (HC): via partial widths 2

i
= �h!ii/�SM

h!ii
[1],

via Lagrangian couplings in the unitary gauge ghii [2,
3], via pseudo observables [4], or via the e↵ective field
theory L =

P
i
ci Oi/⇤2, consisting of dimension-6

operators [3, 5]. In particular, the operators

Or = |H|
2@µH

†@µH Oy = Y |H|
2 LH R

OBB = g0 2|H|
2Bµ⌫B

µ⌫
OWW = g2|H|

2W a

µ⌫
W aµ⌫

OGG = g2
s
|H|

2Ga

µ⌫
Gaµ⌫

O6 = |H|
6 (1)

with Y the Yukawa for fermion  , can be put in
simple correspondence with the s, as they modify
single-Higgs processes without inducing other elec-
troweak symmetry breaking e↵ects.

The well-established method for testing HC is, of
course, to measure processes in which a Higgs boson
is produced on-shell.

In this article we initiate a novel program to test
the very same Higgs couplings, o↵-shell and at high-
energy, via their contributions to the physics of longi-
tudinally polarized gauge bosons. We will show that
this program is potentially competitive with on-shell

HC HwH Growth

t Oyt ⇠
E2

⇤2

� O6 ⇠
vE
⇤2

Z�

��

V

OWW

OBB

Or

⇠
E2

⇤2

g Ogg ⇠
E2

⇤2

TABLE I. Each e↵ect (left column) can be measured as an

on-shell Higgs Coupling (diagram in the HC column) or in a

high-energy process (diagram in the HwH column), where it

grows with energy as indicated in the last column.

measurements, but it also o↵ers endless opportunities
of refinements and improvements. Indeed, the high-
energy program can benefit maximally from accu-
mulated statistics, from improved SM computations,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6–11]),
and from dedicated experimental analyses aimed at
reducing the di↵erent backgrounds. Furthermore,
given the complexity of the final states, advanced
machine learning techniques [12–14] are expected to
have a crucial role in improving on our simple cut
and count analysis. In the context of a global pre-
cision program, the high-energy aspects that we dis-
cuss here will be the ones that benefit the most, not
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The measurement of Higgs couplings constitute an important part of present Standard Model
precision tests at colliders. In this article, we show that modifications of Higgs couplings induce
energy-growing e↵ects in specific amplitudes involving longitudinally polarized vector bosons, and
we initiate a novel program to study these very modifications of Higgs couplings o↵-shell and at
high-energy, rather than on the Higgs resonance. Our analysis suggests that these channels are
complementary and, at times, competitive with familiar on-shell measurements; moreover these
high-energy probes o↵er endless opportunities for refinements and improvements.

I. INTRODUCTION

The precise measurement of the Higgs boson cou-
plings to other Standard Model (SM) particles is
an unquestionable priority in the future of particle
physics. These measurements are important probes
for our understanding of a relatively poorly mea-
sured sector of the SM; at the same time they o↵er
a window into heavy dynamics Beyond the Standard
Model (BSM). Indeed, it is well-known that the ex-
change of heavy states (with masses beyond the di-
rect collider reach) leaves imprints in low-energy ex-
periments, in a way that is systematically captured
by an E↵ective Field Theory (EFT).

There are a number of similar ways in which
one can parametrize modifications of Higgs cou-
plings (HC): via partial widths 2

i
= �h!ii/�SM

h!ii
[1],

via Lagrangian couplings in the unitary gauge ghii [2,
3], via pseudo observables [4], or via the e↵ective field
theory L =

P
i
ci Oi/⇤2, consisting of dimension-6

operators [3, 5]. In particular, the operators

Or = |H|
2@µH

†@µH Oy = Y |H|
2 LH R

OBB = g0 2|H|
2Bµ⌫B

µ⌫
OWW = g2|H|

2W a

µ⌫
W aµ⌫

OGG = g2
s
|H|

2Ga

µ⌫
Gaµ⌫

O6 = |H|
6 (1)

with Y the Yukawa for fermion  , can be put in
simple correspondence with the s, as they modify
single-Higgs processes without inducing other elec-
troweak symmetry breaking e↵ects.

The well-established method for testing HC is, of
course, to measure processes in which a Higgs boson
is produced on-shell.

In this article we initiate a novel program to test
the very same Higgs couplings, o↵-shell and at high-
energy, via their contributions to the physics of longi-
tudinally polarized gauge bosons. We will show that
this program is potentially competitive with on-shell

HC HwH Growth
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TABLE I. Each e↵ect (left column) can be measured as an

on-shell Higgs Coupling (diagram in the HC column) or in a

high-energy process (diagram in the HwH column), where it

grows with energy as indicated in the last column.

measurements, but it also o↵ers endless opportunities
of refinements and improvements. Indeed, the high-
energy program can benefit maximally from accu-
mulated statistics, from improved SM computations,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6–11]),
and from dedicated experimental analyses aimed at
reducing the di↵erent backgrounds. Furthermore,
given the complexity of the final states, advanced
machine learning techniques [12–14] are expected to
have a crucial role in improving on our simple cut
and count analysis. In the context of a global pre-
cision program, the high-energy aspects that we dis-
cuss here will be the ones that benefit the most, not
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I. INTRODUCTION

The precise measurement of the Higgs boson cou-
plings to other Standard Model (SM) particles is
an unquestionable priority in the future of particle
physics. These measurements are important probes
for our understanding of a relatively poorly mea-
sured sector of the SM; at the same time they o↵er
a window into heavy dynamics Beyond the Standard
Model (BSM). Indeed, it is well-known that the ex-
change of heavy states (with masses beyond the di-
rect collider reach) leaves imprints in low-energy ex-
periments, in a way that is systematically captured
by an E↵ective Field Theory (EFT).

There are a number of similar ways in which
one can parametrize modifications of Higgs cou-
plings (HC): via partial widths 2

i
= �h!ii/�SM
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[1],

via Lagrangian couplings in the unitary gauge ghii [2,
3], via pseudo observables [4], or via the e↵ective field
theory L =
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ci Oi/⇤2, consisting of dimension-6

operators [3, 5]. In particular, the operators
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6 (1)

with Y the Yukawa for fermion  , can be put in
simple correspondence with the s, as they modify
single-Higgs processes without inducing other elec-
troweak symmetry breaking e↵ects.

The well-established method for testing HC is, of
course, to measure processes in which a Higgs boson
is produced on-shell.

In this article we initiate a novel program to test
the very same Higgs couplings, o↵-shell and at high-
energy, via their contributions to the physics of longi-
tudinally polarized gauge bosons. We will show that
this program is potentially competitive with on-shell
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high-energy process (diagram in the HwH column), where it

grows with energy as indicated in the last column.

measurements, but it also o↵ers endless opportunities
of refinements and improvements. Indeed, the high-
energy program can benefit maximally from accu-
mulated statistics, from improved SM computations,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6–11]),
and from dedicated experimental analyses aimed at
reducing the di↵erent backgrounds. Furthermore,
given the complexity of the final states, advanced
machine learning techniques [12–14] are expected to
have a crucial role in improving on our simple cut
and count analysis. In the context of a global pre-
cision program, the high-energy aspects that we dis-
cuss here will be the ones that benefit the most, not
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energy-growing e↵ects in specific amplitudes involving longitudinally polarized vector bosons, and
we initiate a novel program to study these very modifications of Higgs couplings o↵-shell and at
high-energy, rather than on the Higgs resonance. Our analysis suggests that these channels are
complementary and, at times, competitive with familiar on-shell measurements; moreover these
high-energy probes o↵er endless opportunities for refinements and improvements.

I. INTRODUCTION

The precise measurement of the Higgs boson cou-
plings to other Standard Model (SM) particles is
an unquestionable priority in the future of particle
physics. These measurements are important probes
for our understanding of a relatively poorly mea-
sured sector of the SM; at the same time they o↵er
a window into heavy dynamics Beyond the Standard
Model (BSM). Indeed, it is well-known that the ex-
change of heavy states (with masses beyond the di-
rect collider reach) leaves imprints in low-energy ex-
periments, in a way that is systematically captured
by an E↵ective Field Theory (EFT).

There are a number of similar ways in which
one can parametrize modifications of Higgs cou-
plings (HC): via partial widths 2

i
= �h!ii/�SM

h!ii
[1],

via Lagrangian couplings in the unitary gauge ghii [2,
3], via pseudo observables [4], or via the e↵ective field
theory L =

P
i
ci Oi/⇤2, consisting of dimension-6

operators [3, 5]. In particular, the operators
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6 (1)

with Y the Yukawa for fermion  , can be put in
simple correspondence with the s, as they modify
single-Higgs processes without inducing other elec-
troweak symmetry breaking e↵ects.

The well-established method for testing HC is, of
course, to measure processes in which a Higgs boson
is produced on-shell.

In this article we initiate a novel program to test
the very same Higgs couplings, o↵-shell and at high-
energy, via their contributions to the physics of longi-
tudinally polarized gauge bosons. We will show that
this program is potentially competitive with on-shell
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TABLE I. Each e↵ect (left column) can be measured as an

on-shell Higgs Coupling (diagram in the HC column) or in a

high-energy process (diagram in the HwH column), where it

grows with energy as indicated in the last column.

measurements, but it also o↵ers endless opportunities
of refinements and improvements. Indeed, the high-
energy program can benefit maximally from accu-
mulated statistics, from improved SM computations,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6–11]),
and from dedicated experimental analyses aimed at
reducing the di↵erent backgrounds. Furthermore,
given the complexity of the final states, advanced
machine learning techniques [12–14] are expected to
have a crucial role in improving on our simple cut
and count analysis. In the context of a global pre-
cision program, the high-energy aspects that we dis-
cuss here will be the ones that benefit the most, not
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high-energy, rather than on the Higgs resonance. Our analysis suggests that these channels are
complementary and, at times, competitive with familiar on-shell measurements; moreover these
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I. INTRODUCTION

The precise measurement of the Higgs boson cou-
plings to other Standard Model (SM) particles is
an unquestionable priority in the future of particle
physics. These measurements are important probes
for our understanding of a relatively poorly mea-
sured sector of the SM; at the same time they o↵er
a window into heavy dynamics Beyond the Standard
Model (BSM). Indeed, it is well-known that the ex-
change of heavy states (with masses beyond the di-
rect collider reach) leaves imprints in low-energy ex-
periments, in a way that is systematically captured
by an E↵ective Field Theory (EFT).

There are a number of similar ways in which
one can parametrize modifications of Higgs cou-
plings (HC): via partial widths 2
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[1],

via Lagrangian couplings in the unitary gauge ghii [2,
3], via pseudo observables [4], or via the e↵ective field
theory L =
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i
ci Oi/⇤2, consisting of dimension-6

operators [3, 5]. In particular, the operators
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6 (1)

with Y the Yukawa for fermion  , can be put in
simple correspondence with the s, as they modify
single-Higgs processes without inducing other elec-
troweak symmetry breaking e↵ects.

The well-established method for testing HC is, of
course, to measure processes in which a Higgs boson
is produced on-shell.

In this article we initiate a novel program to test
the very same Higgs couplings, o↵-shell and at high-
energy, via their contributions to the physics of longi-
tudinally polarized gauge bosons. We will show that
this program is potentially competitive with on-shell
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on-shell Higgs Coupling (diagram in the HC column) or in a

high-energy process (diagram in the HwH column), where it

grows with energy as indicated in the last column.

measurements, but it also o↵ers endless opportunities
of refinements and improvements. Indeed, the high-
energy program can benefit maximally from accu-
mulated statistics, from improved SM computations,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6–11]),
and from dedicated experimental analyses aimed at
reducing the di↵erent backgrounds. Furthermore,
given the complexity of the final states, advanced
machine learning techniques [12–14] are expected to
have a crucial role in improving on our simple cut
and count analysis. In the context of a global pre-
cision program, the high-energy aspects that we dis-
cuss here will be the ones that benefit the most, not
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SM is the unique theory, with its particle content,  

valid up to arbitrary energy:

Any coupling modification must induce energy-growth 
in some process, reducing the validity energy-range

Emax ' 4⇡

�g
mh

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Higgs Couplings… without a Higgs

Any modifications of Higgs couplings induces 
E2 growth in some process with longitudinal W,Z bosons! 

Henning,Lombardo,Riembau,FR’18



Higgs Couplings… without a Higgs

Any modifications of Higgs couplings induces 
E2 growth in some process with longitudinal W,Z bosons! 

Henning,Lombardo,Riembau,FR’18

One way of seeing this:

SM   = + =   finite

related

III aste alati

È lun

Te

E



Higgs Couplings… without a Higgs

Any modifications of Higgs couplings induces 
E2 growth in some process with longitudinal W,Z bosons! 

Henning,Lombardo,Riembau,FR’18

One way of seeing this:

SM   = + =    

modification of a coupling (h3) 
compromises gauge 

cancellations in the SM

III aste alati

È lun

Te

E
E2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Another way of understanding E-growth:

2

only from the long-term HL-LHC program, but also
from potential future high energy colliders, such as
the HE-LHC or CLIC.

Our leitmotiv is that any observable modification
of a SM coupling will produce in some process a
growth with energy (see table I). In some sense, this is
obvious: since the SM is the only theory that can be
extrapolated to arbitrarily1 high-energy, any depar-
ture from it can have only a finite range of validity,
a fact that is made manifest by a disproportionate
growth in some scattering amplitude. Theories with
a finite range of validity are, by definition, EFTs;
for this reason the best vehicle to communicate our
message is the EFT language of Eq. (1). We stress
nevertheless that at, tree level, the very same con-
clusions can be reached in the  framework [1] or in
the unitary-gauge framework of Ref. [2, 3].

The operators of Eq. (1) have the form |H|
2
⇥O

SM ,
with O

SM a dimension-4 SM operator (i.e. kinetic
terms, Higgs potential, and Yukawas) times

|H|
2 =

1

2

�
v2 + 2hv + h2 + 2�+�� + (�0)2

�
(2)

where v = 246 GeV is the Higgs vacuum expecta-
tion value (vev), h is the physical Higgs boson, and
�±,0 are the would-be longitudinal polarizations of
W - and Z- bosons. From the operators in Eq. (1),
the piece / v2 can be reabsorbed via a redefinition of
the SM input parameters and is therefore unobserv-
able [15, 16]; the piece / vh constitutes instead the
core of the HC measurements program, as it implies
modifications to single-Higgs processes (triple Higgs
processes for O6), and can be matched easily to the
 framework. The h2 piece was discussed in [17, 18]
in the context of double Higgs production. In this
article we focus on the last two terms in Eq. (2) and
study processes with longitudinal gauge bosons in-
stead of processes with an on-shell Higgs; we dub
this search strategy “Higgs without Higgs” - HwH in
short.

The high-energy avenue is potentially very promis-
ing: for E2-growing e↵ects, a 1% sensitivity at the
Higgs boson mass, corresponds to a O(1) sensitivity
at E ⇠ 1 TeV. We will see that, in practice, High-E
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exciting collider program.

II. HIGH-ENERGY PROCESSES

The first ingredient in this program is to identify
which processes grow maximally with energy once
Higgs Couplings are modified. There is a simple and
intuitive way of quickly accessing this information
based on 1) dimensional analysis, 2) our choice of
EFT basis Eq. (1), and 3) on the parametrization
chosen in Eq. (2), where the longitudinal polariza-
tions are explicitly represented by their scalar high-
energy counterpart [19–21]. For v ! 0, the opera-
tors of Eq. (1) contribute directly to contact inter-
actions with n = 4 fields (OWW , OBB , OGG, Or),
5 fields (Oy ) or 6 fields (OH), with a coupling
/ 1/⇤2 that carries two inverse powers of mass di-
mensions. Amplitudes generated by just these con-
tact vertices do not involve any propagator (which
carries inverse powers of energy) and are therefore
maximally energy-growing. At high-energy—E �

mW ,mh,mt—the only other dimensionful parameter
is the energy E, so that generically we expect that
the BSM and SM contributions to the same process
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only from the long-term HL-LHC program, but also
from potential future high energy colliders, such as
the HE-LHC or CLIC.

Our leitmotiv is that any observable modification
of a SM coupling will produce in some process a
growth with energy (see table I). In some sense, this is
obvious: since the SM is the only theory that can be
extrapolated to arbitrarily1 high-energy, any depar-
ture from it can have only a finite range of validity,
a fact that is made manifest by a disproportionate
growth in some scattering amplitude. Theories with
a finite range of validity are, by definition, EFTs;
for this reason the best vehicle to communicate our
message is the EFT language of Eq. (1). We stress
nevertheless that at, tree level, the very same con-
clusions can be reached in the  framework [1] or in
the unitary-gauge framework of Ref. [2, 3].
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terms, Higgs potential, and Yukawas) times

|H|
2 =

1

2

�
v2 + 2hv + h2 + 2�+�� + (�0)2

�
(2)

where v = 246 GeV is the Higgs vacuum expecta-
tion value (vev), h is the physical Higgs boson, and
�±,0 are the would-be longitudinal polarizations of
W - and Z- bosons. From the operators in Eq. (1),
the piece / v2 can be reabsorbed via a redefinition of
the SM input parameters and is therefore unobserv-
able [15, 16]; the piece / vh constitutes instead the
core of the HC measurements program, as it implies
modifications to single-Higgs processes (triple Higgs
processes for O6), and can be matched easily to the
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study processes with longitudinal gauge bosons in-
stead of processes with an on-shell Higgs; we dub
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ing: for E2-growing e↵ects, a 1% sensitivity at the
Higgs boson mass, corresponds to a O(1) sensitivity
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scaling is hardly achieved in the explorative analysis
presented here. However, we envisage several strate-
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tions are explicitly represented by their scalar high-
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only from the long-term HL-LHC program, but also
from potential future high energy colliders, such as
the HE-LHC or CLIC.

Our leitmotiv is that any observable modification
of a SM coupling will produce in some process a
growth with energy (see table I). In some sense, this is
obvious: since the SM is the only theory that can be
extrapolated to arbitrarily1 high-energy, any depar-
ture from it can have only a finite range of validity,
a fact that is made manifest by a disproportionate
growth in some scattering amplitude. Theories with
a finite range of validity are, by definition, EFTs;
for this reason the best vehicle to communicate our
message is the EFT language of Eq. (1). We stress
nevertheless that at, tree level, the very same con-
clusions can be reached in the  framework [1] or in
the unitary-gauge framework of Ref. [2, 3].
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where v = 246 GeV is the Higgs vacuum expecta-
tion value (vev), h is the physical Higgs boson, and
�±,0 are the would-be longitudinal polarizations of
W - and Z- bosons. From the operators in Eq. (1),
the piece / v2 can be reabsorbed via a redefinition of
the SM input parameters and is therefore unobserv-
able [15, 16]; the piece / vh constitutes instead the
core of the HC measurements program, as it implies
modifications to single-Higgs processes (triple Higgs
processes for O6), and can be matched easily to the
 framework. The h2 piece was discussed in [17, 18]
in the context of double Higgs production. In this
article we focus on the last two terms in Eq. (2) and
study processes with longitudinal gauge bosons in-
stead of processes with an on-shell Higgs; we dub
this search strategy “Higgs without Higgs” - HwH in
short.

The high-energy avenue is potentially very promis-
ing: for E2-growing e↵ects, a 1% sensitivity at the
Higgs boson mass, corresponds to a O(1) sensitivity
at E ⇠ 1 TeV. We will see that, in practice, High-E
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The first ingredient in this program is to identify
which processes grow maximally with energy once
Higgs Couplings are modified. There is a simple and
intuitive way of quickly accessing this information
based on 1) dimensional analysis, 2) our choice of
EFT basis Eq. (1), and 3) on the parametrization
chosen in Eq. (2), where the longitudinal polariza-
tions are explicitly represented by their scalar high-
energy counterpart [19–21]. For v ! 0, the opera-
tors of Eq. (1) contribute directly to contact inter-
actions with n = 4 fields (OWW , OBB , OGG, Or),
5 fields (Oy ) or 6 fields (OH), with a coupling
/ 1/⇤2 that carries two inverse powers of mass di-
mensions. Amplitudes generated by just these con-
tact vertices do not involve any propagator (which
carries inverse powers of energy) and are therefore
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only from the long-term HL-LHC program, but also
from potential future high energy colliders, such as
the HE-LHC or CLIC.

Our leitmotiv is that any observable modification
of a SM coupling will produce in some process a
growth with energy (see table I). In some sense, this is
obvious: since the SM is the only theory that can be
extrapolated to arbitrarily1 high-energy, any depar-
ture from it can have only a finite range of validity,
a fact that is made manifest by a disproportionate
growth in some scattering amplitude. Theories with
a finite range of validity are, by definition, EFTs;
for this reason the best vehicle to communicate our
message is the EFT language of Eq. (1). We stress
nevertheless that at, tree level, the very same con-
clusions can be reached in the  framework [1] or in
the unitary-gauge framework of Ref. [2, 3].

The operators of Eq. (1) have the form |H|
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with O
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terms, Higgs potential, and Yukawas) times
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where v = 246 GeV is the Higgs vacuum expecta-
tion value (vev), h is the physical Higgs boson, and
�±,0 are the would-be longitudinal polarizations of
W - and Z- bosons. From the operators in Eq. (1),
the piece / v2 can be reabsorbed via a redefinition of
the SM input parameters and is therefore unobserv-
able [15, 16]; the piece / vh constitutes instead the
core of the HC measurements program, as it implies
modifications to single-Higgs processes (triple Higgs
processes for O6), and can be matched easily to the
 framework. The h2 piece was discussed in [17, 18]
in the context of double Higgs production. In this
article we focus on the last two terms in Eq. (2) and
study processes with longitudinal gauge bosons in-
stead of processes with an on-shell Higgs; we dub
this search strategy “Higgs without Higgs” - HwH in
short.

The high-energy avenue is potentially very promis-
ing: for E2-growing e↵ects, a 1% sensitivity at the
Higgs boson mass, corresponds to a O(1) sensitivity
at E ⇠ 1 TeV. We will see that, in practice, High-E
measurements are rather complex, so that this näıve
scaling is hardly achieved in the explorative analysis
presented here. However, we envisage several strate-
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gies for improvement that outline a challenging and
exciting collider program.

II. HIGH-ENERGY PROCESSES

The first ingredient in this program is to identify
which processes grow maximally with energy once
Higgs Couplings are modified. There is a simple and
intuitive way of quickly accessing this information
based on 1) dimensional analysis, 2) our choice of
EFT basis Eq. (1), and 3) on the parametrization
chosen in Eq. (2), where the longitudinal polariza-
tions are explicitly represented by their scalar high-
energy counterpart [19–21]. For v ! 0, the opera-
tors of Eq. (1) contribute directly to contact inter-
actions with n = 4 fields (OWW , OBB , OGG, Or),
5 fields (Oy ) or 6 fields (OH), with a coupling
/ 1/⇤2 that carries two inverse powers of mass di-
mensions. Amplitudes generated by just these con-
tact vertices do not involve any propagator (which
carries inverse powers of energy) and are therefore
maximally energy-growing. At high-energy—E �

mW ,mh,mt—the only other dimensionful parameter
is the energy E, so that generically we expect that
the BSM and SM contributions to the same process
scale as
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colliders,

t : pp ! jt+ VLV
0

L
(4)

(e+e� ! ll + {tbWL, tbZL, ttWL, ttZL})

� : pp ! jjh+ VLV
0

L
, (e+e� ! llhVLV

0

L
) (5)

pp ! jj + 4VL, (e+e� ! ll 4VL) (6)

��,Z� : pp ! jj + V 0V, (e+e� ! llV 0V ) (7)

V : pp ! jj + VLV
0

L
, (e+e� ! llVLV

0

L
) (8)

g : pp ! W+
L
W�

L
, ZLZL, (e+e� ! lljj) (9)

where VLV 0

L
⌘ {W±

L
W±

L
,W±

L
W⌥

L
,W±

L
ZL, ZLZL}

(similarly 4VL a generic longitudinaly polarized fi-
nal state) and V (0) any (longitudinal or transverse)
vector, including photons, while l denotes either a
charged lepton `± or a neutrino, depending on the
final state. We also show in Fig. 1 a unitary-gauge
diagram that exhibits E-growth and helps visualize
our discussion in terms of HC. Notice that, for all
processes, the amplitude associated with the modi-
fied couplings grows quadratically with the relevant
energy scale of the process E2 (with the exception
of Eq. (5), see later). In the following paragraphs
we explore these processes in turn and provide a first
estimate of the potential HwH reach at the HL-LHC
in comparison with the reach from Higgs couplings
measurements. This rhetoric of competitiveness has
the sole scope of providing the reader with a quan-
titative feeling about the power of HwH processes;
it is understood that, for practical purposes, the two
search methods should be thought of as complemen-
tary. Our results are based on leading order (LO)
MadGraph simulations [22], where the Higgs cou-
plings have been modified using FeynRules [13] and
checked against the model of Ref. [23].

FIG. 2. Process sensitive to the top yukawa. The boosted

single top and the forward jet tag the event. The analysis is

binned in the number of leptons, from the vector boson decays.

The top Yukawa. Modifications of the Yukawa
coupling of the Higgs boson to top quarks is reput-
edly di�cult to measure on the h resonance [24];
however, an anomalous top quark Yukawa induces a
quadratic energy growth in the five point amplitude
involving a bottom quark, a top, and three longitu-
dinal bosons WLVLVL. This amplitude leads to a
process with a final state consisting of a top quark,
a forward jet and two longitudinally polarized vector
bosons in the final state, see Eq. (4) and Fig. 2.2

The top carries a large transverse momentum pt
T

due to the hardness of the process, which makes it a
good discriminator. We consider two categories, for
pt
T

> 250(500) GeV. A forward jet with |⌘j | > 2.5,
pj
T
> 30 GeV and Ej > 300 GeV is required.
The signal is classified by counting the number of

extra leptons reconstructed in the event. The follow-
ing table shows the number of signal events at the 14
TeV HL-LHC with 3000 fb�1, for pt

T
> 250 GeV /

pt
T
> 500 GeV,

Process 0` 1` `±`⌥ `±`± 3`(4`)
W±W⌥ 3449/567 1724/283 216/35 - -
W±W± 2850/398 1425/199 - 178/25 -
W±Z 3860/632 965/158 273/45 - 68/11
ZZ 2484/364 - 351/49 - (12/2)

The categories with two or more leptons have small
background. The largest source of background for
the hadronic modes comes from t̄tjj ! tWbjj where
a bj pair is taken to reconstruct a W/Z-boson. The
initial t̄tjj cross section is approximately six orders of
magnitude bigger than the ones we are interested in,
but we have verified that simple cuts on the invariant
mass of the bj pair, on the rapidity of the forward jet,
on pt

T
, and on the separation between the W and the

b, as well as vector boson tagging techniques [26], can
reduce this background to a level that is comparable
with the signal.

We broadly parametrize this and other back-
grounds by a uniform rescaling B of the SM signal
expectation in each bin (so that for B = 1 we add
an irreducible background equal to the SM signal in
each channel), and show the estimated reach in the
left panel of Fig. 3. The dashed grey lines compare
our results with those from HC measurements [27].
For illustration we also show results that focus on
channels with at least 2 leptons with a dashed pur-
ple line: here the backgrounds are much smaller. The

2
See also Ref. [25] that studies thj final states which exhibits

linear E-growth with modifications of the top-Yukawa.
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only from the long-term HL-LHC program, but also
from potential future high energy colliders, such as
the HE-LHC or CLIC.

Our leitmotiv is that any observable modification
of a SM coupling will produce in some process a
growth with energy (see table I). In some sense, this is
obvious: since the SM is the only theory that can be
extrapolated to arbitrarily1 high-energy, any depar-
ture from it can have only a finite range of validity,
a fact that is made manifest by a disproportionate
growth in some scattering amplitude. Theories with
a finite range of validity are, by definition, EFTs;
for this reason the best vehicle to communicate our
message is the EFT language of Eq. (1). We stress
nevertheless that at, tree level, the very same con-
clusions can be reached in the  framework [1] or in
the unitary-gauge framework of Ref. [2, 3].
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terms, Higgs potential, and Yukawas) times
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where v = 246 GeV is the Higgs vacuum expecta-
tion value (vev), h is the physical Higgs boson, and
�±,0 are the would-be longitudinal polarizations of
W - and Z- bosons. From the operators in Eq. (1),
the piece / v2 can be reabsorbed via a redefinition of
the SM input parameters and is therefore unobserv-
able [15, 16]; the piece / vh constitutes instead the
core of the HC measurements program, as it implies
modifications to single-Higgs processes (triple Higgs
processes for O6), and can be matched easily to the
 framework. The h2 piece was discussed in [17, 18]
in the context of double Higgs production. In this
article we focus on the last two terms in Eq. (2) and
study processes with longitudinal gauge bosons in-
stead of processes with an on-shell Higgs; we dub
this search strategy “Higgs without Higgs” - HwH in
short.

The high-energy avenue is potentially very promis-
ing: for E2-growing e↵ects, a 1% sensitivity at the
Higgs boson mass, corresponds to a O(1) sensitivity
at E ⇠ 1 TeV. We will see that, in practice, High-E
measurements are rather complex, so that this näıve
scaling is hardly achieved in the explorative analysis
presented here. However, we envisage several strate-
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The first ingredient in this program is to identify
which processes grow maximally with energy once
Higgs Couplings are modified. There is a simple and
intuitive way of quickly accessing this information
based on 1) dimensional analysis, 2) our choice of
EFT basis Eq. (1), and 3) on the parametrization
chosen in Eq. (2), where the longitudinal polariza-
tions are explicitly represented by their scalar high-
energy counterpart [19–21]. For v ! 0, the opera-
tors of Eq. (1) contribute directly to contact inter-
actions with n = 4 fields (OWW , OBB , OGG, Or),
5 fields (Oy ) or 6 fields (OH), with a coupling
/ 1/⇤2 that carries two inverse powers of mass di-
mensions. Amplitudes generated by just these con-
tact vertices do not involve any propagator (which
carries inverse powers of energy) and are therefore
maximally energy-growing. At high-energy—E �
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is the energy E, so that generically we expect that
the BSM and SM contributions to the same process
scale as
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where VLV 0

L
⌘ {W±

L
W±

L
,W±

L
W⌥

L
,W±

L
ZL, ZLZL}

(similarly 4VL a generic longitudinaly polarized fi-
nal state) and V (0) any (longitudinal or transverse)
vector, including photons, while l denotes either a
charged lepton `± or a neutrino, depending on the
final state. We also show in Fig. 1 a unitary-gauge
diagram that exhibits E-growth and helps visualize
our discussion in terms of HC. Notice that, for all
processes, the amplitude associated with the modi-
fied couplings grows quadratically with the relevant
energy scale of the process E2 (with the exception
of Eq. (5), see later). In the following paragraphs
we explore these processes in turn and provide a first
estimate of the potential HwH reach at the HL-LHC
in comparison with the reach from Higgs couplings
measurements. This rhetoric of competitiveness has
the sole scope of providing the reader with a quan-
titative feeling about the power of HwH processes;
it is understood that, for practical purposes, the two
search methods should be thought of as complemen-
tary. Our results are based on leading order (LO)
MadGraph simulations [22], where the Higgs cou-
plings have been modified using FeynRules [13] and
checked against the model of Ref. [23].

FIG. 2. Process sensitive to the top yukawa. The boosted

single top and the forward jet tag the event. The analysis is

binned in the number of leptons, from the vector boson decays.

The top Yukawa. Modifications of the Yukawa
coupling of the Higgs boson to top quarks is reput-
edly di�cult to measure on the h resonance [24];
however, an anomalous top quark Yukawa induces a
quadratic energy growth in the five point amplitude
involving a bottom quark, a top, and three longitu-
dinal bosons WLVLVL. This amplitude leads to a
process with a final state consisting of a top quark,
a forward jet and two longitudinally polarized vector
bosons in the final state, see Eq. (4) and Fig. 2.2

The top carries a large transverse momentum pt
T

due to the hardness of the process, which makes it a
good discriminator. We consider two categories, for
pt
T

> 250(500) GeV. A forward jet with |⌘j | > 2.5,
pj
T
> 30 GeV and Ej > 300 GeV is required.
The signal is classified by counting the number of

extra leptons reconstructed in the event. The follow-
ing table shows the number of signal events at the 14
TeV HL-LHC with 3000 fb�1, for pt

T
> 250 GeV /

pt
T
> 500 GeV,

Process 0` 1` `±`⌥ `±`± 3`(4`)
W±W⌥ 3449/567 1724/283 216/35 - -
W±W± 2850/398 1425/199 - 178/25 -
W±Z 3860/632 965/158 273/45 - 68/11
ZZ 2484/364 - 351/49 - (12/2)

The categories with two or more leptons have small
background. The largest source of background for
the hadronic modes comes from t̄tjj ! tWbjj where
a bj pair is taken to reconstruct a W/Z-boson. The
initial t̄tjj cross section is approximately six orders of
magnitude bigger than the ones we are interested in,
but we have verified that simple cuts on the invariant
mass of the bj pair, on the rapidity of the forward jet,
on pt

T
, and on the separation between the W and the

b, as well as vector boson tagging techniques [26], can
reduce this background to a level that is comparable
with the signal.

We broadly parametrize this and other back-
grounds by a uniform rescaling B of the SM signal
expectation in each bin (so that for B = 1 we add
an irreducible background equal to the SM signal in
each channel), and show the estimated reach in the
left panel of Fig. 3. The dashed grey lines compare
our results with those from HC measurements [27].
For illustration we also show results that focus on
channels with at least 2 leptons with a dashed pur-
ple line: here the backgrounds are much smaller. The

2
See also Ref. [25] that studies thj final states which exhibits

linear E-growth with modifications of the top-Yukawa.
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coupling of the Higgs boson to top quarks is reput-
edly di�cult to measure on the h resonance [24];
however, an anomalous top quark Yukawa induces a
quadratic energy growth in the five point amplitude
involving a bottom quark, a top, and three longitu-
dinal bosons WLVLVL. This amplitude leads to a
process with a final state consisting of a top quark,
a forward jet and two longitudinally polarized vector
bosons in the final state, see Eq. (4) and Fig. 2.2
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due to the hardness of the process, which makes it a
good discriminator. We consider two categories, for
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> 250(500) GeV. A forward jet with |⌘j | > 2.5,
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> 30 GeV and Ej > 300 GeV is required.
The signal is classified by counting the number of

extra leptons reconstructed in the event. The follow-
ing table shows the number of signal events at the 14
TeV HL-LHC with 3000 fb�1, for pt
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W±W± 2850/398 1425/199 - 178/25 -
W±Z 3860/632 965/158 273/45 - 68/11
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The categories with two or more leptons have small
background. The largest source of background for
the hadronic modes comes from t̄tjj ! tWbjj where
a bj pair is taken to reconstruct a W/Z-boson. The
initial t̄tjj cross section is approximately six orders of
magnitude bigger than the ones we are interested in,
but we have verified that simple cuts on the invariant
mass of the bj pair, on the rapidity of the forward jet,
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, and on the separation between the W and the

b, as well as vector boson tagging techniques [26], can
reduce this background to a level that is comparable
with the signal.

We broadly parametrize this and other back-
grounds by a uniform rescaling B of the SM signal
expectation in each bin (so that for B = 1 we add
an irreducible background equal to the SM signal in
each channel), and show the estimated reach in the
left panel of Fig. 3. The dashed grey lines compare
our results with those from HC measurements [27].
For illustration we also show results that focus on
channels with at least 2 leptons with a dashed pur-
ple line: here the backgrounds are much smaller. The
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only from the long-term HL-LHC program, but also
from potential future high energy colliders, such as
the HE-LHC or CLIC.

Our leitmotiv is that any observable modification
of a SM coupling will produce in some process a
growth with energy (see table I). In some sense, this is
obvious: since the SM is the only theory that can be
extrapolated to arbitrarily1 high-energy, any depar-
ture from it can have only a finite range of validity,
a fact that is made manifest by a disproportionate
growth in some scattering amplitude. Theories with
a finite range of validity are, by definition, EFTs;
for this reason the best vehicle to communicate our
message is the EFT language of Eq. (1). We stress
nevertheless that at, tree level, the very same con-
clusions can be reached in the  framework [1] or in
the unitary-gauge framework of Ref. [2, 3].

The operators of Eq. (1) have the form |H|
2
⇥O

SM ,
with O

SM a dimension-4 SM operator (i.e. kinetic
terms, Higgs potential, and Yukawas) times

|H|
2 =

1

2

�
v2 + 2hv + h2 + 2�+�� + (�0)2

�
(2)

where v = 246 GeV is the Higgs vacuum expecta-
tion value (vev), h is the physical Higgs boson, and
�±,0 are the would-be longitudinal polarizations of
W - and Z- bosons. From the operators in Eq. (1),
the piece / v2 can be reabsorbed via a redefinition of
the SM input parameters and is therefore unobserv-
able [15, 16]; the piece / vh constitutes instead the
core of the HC measurements program, as it implies
modifications to single-Higgs processes (triple Higgs
processes for O6), and can be matched easily to the
 framework. The h2 piece was discussed in [17, 18]
in the context of double Higgs production. In this
article we focus on the last two terms in Eq. (2) and
study processes with longitudinal gauge bosons in-
stead of processes with an on-shell Higgs; we dub
this search strategy “Higgs without Higgs” - HwH in
short.

The high-energy avenue is potentially very promis-
ing: for E2-growing e↵ects, a 1% sensitivity at the
Higgs boson mass, corresponds to a O(1) sensitivity
at E ⇠ 1 TeV. We will see that, in practice, High-E
measurements are rather complex, so that this näıve
scaling is hardly achieved in the explorative analysis
presented here. However, we envisage several strate-

1
Modulo the Landau pole and the coupling to gravity, both

irrelevant for the present discussion.

FIG. 1. A unitary-gauge diagram with energy-growing sen-

sitive to the Higgs trilinear. The two VBF jets and, in par-

ticular, same sign leptons, give rise to an exceptionally clean

channel.

gies for improvement that outline a challenging and
exciting collider program.

II. HIGH-ENERGY PROCESSES

The first ingredient in this program is to identify
which processes grow maximally with energy once
Higgs Couplings are modified. There is a simple and
intuitive way of quickly accessing this information
based on 1) dimensional analysis, 2) our choice of
EFT basis Eq. (1), and 3) on the parametrization
chosen in Eq. (2), where the longitudinal polariza-
tions are explicitly represented by their scalar high-
energy counterpart [19–21]. For v ! 0, the opera-
tors of Eq. (1) contribute directly to contact inter-
actions with n = 4 fields (OWW , OBB , OGG, Or),
5 fields (Oy ) or 6 fields (OH), with a coupling
/ 1/⇤2 that carries two inverse powers of mass di-
mensions. Amplitudes generated by just these con-
tact vertices do not involve any propagator (which
carries inverse powers of energy) and are therefore
maximally energy-growing. At high-energy—E �

mW ,mh,mt—the only other dimensionful parameter
is the energy E, so that generically we expect that
the BSM and SM contributions to the same process
scale as

A
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n
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⇠
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Table I shows the relevant processes that exhibit
this behaviour; more explicitly, at hadron (lepton)
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L
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ZL, ZLZL}

(similarly 4VL a generic longitudinaly polarized fi-
nal state) and V (0) any (longitudinal or transverse)
vector, including photons, while l denotes either a
charged lepton `± or a neutrino, depending on the
final state. We also show in Fig. 1 a unitary-gauge
diagram that exhibits E-growth and helps visualize
our discussion in terms of HC. Notice that, for all
processes, the amplitude associated with the modi-
fied couplings grows quadratically with the relevant
energy scale of the process E2 (with the exception
of Eq. (5), see later). In the following paragraphs
we explore these processes in turn and provide a first
estimate of the potential HwH reach at the HL-LHC
in comparison with the reach from Higgs couplings
measurements. This rhetoric of competitiveness has
the sole scope of providing the reader with a quan-
titative feeling about the power of HwH processes;
it is understood that, for practical purposes, the two
search methods should be thought of as complemen-
tary. Our results are based on leading order (LO)
MadGraph simulations [22], where the Higgs cou-
plings have been modified using FeynRules [13] and
checked against the model of Ref. [23].

FIG. 2. Process sensitive to the top yukawa. The boosted

single top and the forward jet tag the event. The analysis is

binned in the number of leptons, from the vector boson decays.

The top Yukawa. Modifications of the Yukawa
coupling of the Higgs boson to top quarks is reput-
edly di�cult to measure on the h resonance [24];
however, an anomalous top quark Yukawa induces a
quadratic energy growth in the five point amplitude
involving a bottom quark, a top, and three longitu-
dinal bosons WLVLVL. This amplitude leads to a
process with a final state consisting of a top quark,
a forward jet and two longitudinally polarized vector
bosons in the final state, see Eq. (4) and Fig. 2.2

The top carries a large transverse momentum pt
T

due to the hardness of the process, which makes it a
good discriminator. We consider two categories, for
pt
T

> 250(500) GeV. A forward jet with |⌘j | > 2.5,
pj
T
> 30 GeV and Ej > 300 GeV is required.
The signal is classified by counting the number of

extra leptons reconstructed in the event. The follow-
ing table shows the number of signal events at the 14
TeV HL-LHC with 3000 fb�1, for pt

T
> 250 GeV /

pt
T
> 500 GeV,

Process 0` 1` `±`⌥ `±`± 3`(4`)
W±W⌥ 3449/567 1724/283 216/35 - -
W±W± 2850/398 1425/199 - 178/25 -
W±Z 3860/632 965/158 273/45 - 68/11
ZZ 2484/364 - 351/49 - (12/2)

The categories with two or more leptons have small
background. The largest source of background for
the hadronic modes comes from t̄tjj ! tWbjj where
a bj pair is taken to reconstruct a W/Z-boson. The
initial t̄tjj cross section is approximately six orders of
magnitude bigger than the ones we are interested in,
but we have verified that simple cuts on the invariant
mass of the bj pair, on the rapidity of the forward jet,
on pt

T
, and on the separation between the W and the

b, as well as vector boson tagging techniques [26], can
reduce this background to a level that is comparable
with the signal.

We broadly parametrize this and other back-
grounds by a uniform rescaling B of the SM signal
expectation in each bin (so that for B = 1 we add
an irreducible background equal to the SM signal in
each channel), and show the estimated reach in the
left panel of Fig. 3. The dashed grey lines compare
our results with those from HC measurements [27].
For illustration we also show results that focus on
channels with at least 2 leptons with a dashed pur-
ple line: here the backgrounds are much smaller. The

2
See also Ref. [25] that studies thj final states which exhibits

linear E-growth with modifications of the top-Yukawa.

with 3 Higgs v.e.v.s
(= traditional  
Higgs Coupling 
 measurement)

⇠ v2

⇤2
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

a
I

Io f
te

È jf asta

È lun

È

età

3

colliders,

t : pp ! jt+ VLV
0

L
(4)

(e+e� ! ll + {tbWL, tbZL, ttWL, ttZL})

� : pp ! jjh+ VLV
0

L
, (e+e� ! llhVLV

0

L
) (5)

pp ! jj + 4VL, (e+e� ! ll 4VL) (6)

��,Z� : pp ! jj + V 0V, (e+e� ! llV 0V ) (7)

V : pp ! jj + VLV
0

L
, (e+e� ! llVLV

0

L
) (8)

g : pp ! W+
L
W�

L
, ZLZL, (e+e� ! lljj) (9)

where VLV 0

L
⌘ {W±

L
W±

L
,W±

L
W⌥

L
,W±

L
ZL, ZLZL}

(similarly 4VL a generic longitudinaly polarized fi-
nal state) and V (0) any (longitudinal or transverse)
vector, including photons, while l denotes either a
charged lepton `± or a neutrino, depending on the
final state. We also show in Fig. 1 a unitary-gauge
diagram that exhibits E-growth and helps visualize
our discussion in terms of HC. Notice that, for all
processes, the amplitude associated with the modi-
fied couplings grows quadratically with the relevant
energy scale of the process E2 (with the exception
of Eq. (5), see later). In the following paragraphs
we explore these processes in turn and provide a first
estimate of the potential HwH reach at the HL-LHC
in comparison with the reach from Higgs couplings
measurements. This rhetoric of competitiveness has
the sole scope of providing the reader with a quan-
titative feeling about the power of HwH processes;
it is understood that, for practical purposes, the two
search methods should be thought of as complemen-
tary. Our results are based on leading order (LO)
MadGraph simulations [22], where the Higgs cou-
plings have been modified using FeynRules [13] and
checked against the model of Ref. [23].

FIG. 2. Process sensitive to the top yukawa. The boosted

single top and the forward jet tag the event. The analysis is

binned in the number of leptons, from the vector boson decays.

The top Yukawa. Modifications of the Yukawa
coupling of the Higgs boson to top quarks is reput-
edly di�cult to measure on the h resonance [24];
however, an anomalous top quark Yukawa induces a
quadratic energy growth in the five point amplitude
involving a bottom quark, a top, and three longitu-
dinal bosons WLVLVL. This amplitude leads to a
process with a final state consisting of a top quark,
a forward jet and two longitudinally polarized vector
bosons in the final state, see Eq. (4) and Fig. 2.2

The top carries a large transverse momentum pt
T

due to the hardness of the process, which makes it a
good discriminator. We consider two categories, for
pt
T

> 250(500) GeV. A forward jet with |⌘j | > 2.5,
pj
T
> 30 GeV and Ej > 300 GeV is required.
The signal is classified by counting the number of

extra leptons reconstructed in the event. The follow-
ing table shows the number of signal events at the 14
TeV HL-LHC with 3000 fb�1, for pt

T
> 250 GeV /

pt
T
> 500 GeV,

Process 0` 1` `±`⌥ `±`± 3`(4`)
W±W⌥ 3449/567 1724/283 216/35 - -
W±W± 2850/398 1425/199 - 178/25 -
W±Z 3860/632 965/158 273/45 - 68/11
ZZ 2484/364 - 351/49 - (12/2)

The categories with two or more leptons have small
background. The largest source of background for
the hadronic modes comes from t̄tjj ! tWbjj where
a bj pair is taken to reconstruct a W/Z-boson. The
initial t̄tjj cross section is approximately six orders of
magnitude bigger than the ones we are interested in,
but we have verified that simple cuts on the invariant
mass of the bj pair, on the rapidity of the forward jet,
on pt

T
, and on the separation between the W and the

b, as well as vector boson tagging techniques [26], can
reduce this background to a level that is comparable
with the signal.

We broadly parametrize this and other back-
grounds by a uniform rescaling B of the SM signal
expectation in each bin (so that for B = 1 we add
an irreducible background equal to the SM signal in
each channel), and show the estimated reach in the
left panel of Fig. 3. The dashed grey lines compare
our results with those from HC measurements [27].
For illustration we also show results that focus on
channels with at least 2 leptons with a dashed pur-
ple line: here the backgrounds are much smaller. The

2
See also Ref. [25] that studies thj final states which exhibits

linear E-growth with modifications of the top-Yukawa.
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only from the long-term HL-LHC program, but also
from potential future high energy colliders, such as
the HE-LHC or CLIC.

Our leitmotiv is that any observable modification
of a SM coupling will produce in some process a
growth with energy (see table I). In some sense, this is
obvious: since the SM is the only theory that can be
extrapolated to arbitrarily1 high-energy, any depar-
ture from it can have only a finite range of validity,
a fact that is made manifest by a disproportionate
growth in some scattering amplitude. Theories with
a finite range of validity are, by definition, EFTs;
for this reason the best vehicle to communicate our
message is the EFT language of Eq. (1). We stress
nevertheless that at, tree level, the very same con-
clusions can be reached in the  framework [1] or in
the unitary-gauge framework of Ref. [2, 3].

The operators of Eq. (1) have the form |H|
2
⇥O

SM ,
with O

SM a dimension-4 SM operator (i.e. kinetic
terms, Higgs potential, and Yukawas) times

|H|
2 =

1

2

�
v2 + 2hv + h2 + 2�+�� + (�0)2

�
(2)

where v = 246 GeV is the Higgs vacuum expecta-
tion value (vev), h is the physical Higgs boson, and
�±,0 are the would-be longitudinal polarizations of
W - and Z- bosons. From the operators in Eq. (1),
the piece / v2 can be reabsorbed via a redefinition of
the SM input parameters and is therefore unobserv-
able [15, 16]; the piece / vh constitutes instead the
core of the HC measurements program, as it implies
modifications to single-Higgs processes (triple Higgs
processes for O6), and can be matched easily to the
 framework. The h2 piece was discussed in [17, 18]
in the context of double Higgs production. In this
article we focus on the last two terms in Eq. (2) and
study processes with longitudinal gauge bosons in-
stead of processes with an on-shell Higgs; we dub
this search strategy “Higgs without Higgs” - HwH in
short.

The high-energy avenue is potentially very promis-
ing: for E2-growing e↵ects, a 1% sensitivity at the
Higgs boson mass, corresponds to a O(1) sensitivity
at E ⇠ 1 TeV. We will see that, in practice, High-E
measurements are rather complex, so that this näıve
scaling is hardly achieved in the explorative analysis
presented here. However, we envisage several strate-

1
Modulo the Landau pole and the coupling to gravity, both

irrelevant for the present discussion.

FIG. 1. A unitary-gauge diagram with energy-growing sen-

sitive to the Higgs trilinear. The two VBF jets and, in par-

ticular, same sign leptons, give rise to an exceptionally clean

channel.

gies for improvement that outline a challenging and
exciting collider program.

II. HIGH-ENERGY PROCESSES

The first ingredient in this program is to identify
which processes grow maximally with energy once
Higgs Couplings are modified. There is a simple and
intuitive way of quickly accessing this information
based on 1) dimensional analysis, 2) our choice of
EFT basis Eq. (1), and 3) on the parametrization
chosen in Eq. (2), where the longitudinal polariza-
tions are explicitly represented by their scalar high-
energy counterpart [19–21]. For v ! 0, the opera-
tors of Eq. (1) contribute directly to contact inter-
actions with n = 4 fields (OWW , OBB , OGG, Or),
5 fields (Oy ) or 6 fields (OH), with a coupling
/ 1/⇤2 that carries two inverse powers of mass di-
mensions. Amplitudes generated by just these con-
tact vertices do not involve any propagator (which
carries inverse powers of energy) and are therefore
maximally energy-growing. At high-energy—E �

mW ,mh,mt—the only other dimensionful parameter
is the energy E, so that generically we expect that
the BSM and SM contributions to the same process
scale as

A
O
n

ASM
n

⇠
E2

⇤2
. (3)

Table I shows the relevant processes that exhibit
this behaviour; more explicitly, at hadron (lepton)
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colliders,

t : pp ! jt+ VLV
0

L
(4)

(e+e� ! ll + {tbWL, tbZL, ttWL, ttZL})

� : pp ! jjh+ VLV
0

L
, (e+e� ! llhVLV

0

L
) (5)

pp ! jj + 4VL, (e+e� ! ll 4VL) (6)

��,Z� : pp ! jj + V 0V, (e+e� ! llV 0V ) (7)

V : pp ! jj + VLV
0

L
, (e+e� ! llVLV

0

L
) (8)

g : pp ! W+
L
W�

L
, ZLZL, (e+e� ! lljj) (9)

where VLV 0

L
⌘ {W±

L
W±

L
,W±

L
W⌥

L
,W±

L
ZL, ZLZL}

(similarly 4VL a generic longitudinaly polarized fi-
nal state) and V (0) any (longitudinal or transverse)
vector, including photons, while l denotes either a
charged lepton `± or a neutrino, depending on the
final state. We also show in Fig. 1 a unitary-gauge
diagram that exhibits E-growth and helps visualize
our discussion in terms of HC. Notice that, for all
processes, the amplitude associated with the modi-
fied couplings grows quadratically with the relevant
energy scale of the process E2 (with the exception
of Eq. (5), see later). In the following paragraphs
we explore these processes in turn and provide a first
estimate of the potential HwH reach at the HL-LHC
in comparison with the reach from Higgs couplings
measurements. This rhetoric of competitiveness has
the sole scope of providing the reader with a quan-
titative feeling about the power of HwH processes;
it is understood that, for practical purposes, the two
search methods should be thought of as complemen-
tary. Our results are based on leading order (LO)
MadGraph simulations [22], where the Higgs cou-
plings have been modified using FeynRules [13] and
checked against the model of Ref. [23].

FIG. 2. Process sensitive to the top yukawa. The boosted

single top and the forward jet tag the event. The analysis is

binned in the number of leptons, from the vector boson decays.

The top Yukawa. Modifications of the Yukawa
coupling of the Higgs boson to top quarks is reput-
edly di�cult to measure on the h resonance [24];
however, an anomalous top quark Yukawa induces a
quadratic energy growth in the five point amplitude
involving a bottom quark, a top, and three longitu-
dinal bosons WLVLVL. This amplitude leads to a
process with a final state consisting of a top quark,
a forward jet and two longitudinally polarized vector
bosons in the final state, see Eq. (4) and Fig. 2.2

The top carries a large transverse momentum pt
T

due to the hardness of the process, which makes it a
good discriminator. We consider two categories, for
pt
T

> 250(500) GeV. A forward jet with |⌘j | > 2.5,
pj
T
> 30 GeV and Ej > 300 GeV is required.
The signal is classified by counting the number of

extra leptons reconstructed in the event. The follow-
ing table shows the number of signal events at the 14
TeV HL-LHC with 3000 fb�1, for pt

T
> 250 GeV /

pt
T
> 500 GeV,

Process 0` 1` `±`⌥ `±`± 3`(4`)
W±W⌥ 3449/567 1724/283 216/35 - -
W±W± 2850/398 1425/199 - 178/25 -
W±Z 3860/632 965/158 273/45 - 68/11
ZZ 2484/364 - 351/49 - (12/2)

The categories with two or more leptons have small
background. The largest source of background for
the hadronic modes comes from t̄tjj ! tWbjj where
a bj pair is taken to reconstruct a W/Z-boson. The
initial t̄tjj cross section is approximately six orders of
magnitude bigger than the ones we are interested in,
but we have verified that simple cuts on the invariant
mass of the bj pair, on the rapidity of the forward jet,
on pt

T
, and on the separation between the W and the

b, as well as vector boson tagging techniques [26], can
reduce this background to a level that is comparable
with the signal.

We broadly parametrize this and other back-
grounds by a uniform rescaling B of the SM signal
expectation in each bin (so that for B = 1 we add
an irreducible background equal to the SM signal in
each channel), and show the estimated reach in the
left panel of Fig. 3. The dashed grey lines compare
our results with those from HC measurements [27].
For illustration we also show results that focus on
channels with at least 2 leptons with a dashed pur-
ple line: here the backgrounds are much smaller. The

2
See also Ref. [25] that studies thj final states which exhibits

linear E-growth with modifications of the top-Yukawa.
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colliders,

t : pp ! jt+ VLV
0

L
(4)

(e+e� ! ll + {tbWL, tbZL, ttWL, ttZL})

� : pp ! jjh+ VLV
0

L
, (e+e� ! llhVLV

0

L
) (5)

pp ! jj + 4VL, (e+e� ! ll 4VL) (6)

��,Z� : pp ! jj + V 0V, (e+e� ! llV 0V ) (7)

V : pp ! jj + VLV
0

L
, (e+e� ! llVLV
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) (8)

g : pp ! W+
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L
, ZLZL, (e+e� ! lljj) (9)

where VLV 0

L
⌘ {W±

L
W±

L
,W±

L
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L
,W±

L
ZL, ZLZL}

(similarly 4VL a generic longitudinaly polarized fi-
nal state) and V (0) any (longitudinal or transverse)
vector, including photons, while l denotes either a
charged lepton `± or a neutrino, depending on the
final state. We also show in Fig. 1 a unitary-gauge
diagram that exhibits E-growth and helps visualize
our discussion in terms of HC. Notice that, for all
processes, the amplitude associated with the modi-
fied couplings grows quadratically with the relevant
energy scale of the process E2 (with the exception
of Eq. (5), see later). In the following paragraphs
we explore these processes in turn and provide a first
estimate of the potential HwH reach at the HL-LHC
in comparison with the reach from Higgs couplings
measurements. This rhetoric of competitiveness has
the sole scope of providing the reader with a quan-
titative feeling about the power of HwH processes;
it is understood that, for practical purposes, the two
search methods should be thought of as complemen-
tary. Our results are based on leading order (LO)
MadGraph simulations [22], where the Higgs cou-
plings have been modified using FeynRules [13] and
checked against the model of Ref. [23].

FIG. 2. Process sensitive to the top yukawa. The boosted

single top and the forward jet tag the event. The analysis is

binned in the number of leptons, from the vector boson decays.

The top Yukawa. Modifications of the Yukawa
coupling of the Higgs boson to top quarks is reput-
edly di�cult to measure on the h resonance [24];
however, an anomalous top quark Yukawa induces a
quadratic energy growth in the five point amplitude
involving a bottom quark, a top, and three longitu-
dinal bosons WLVLVL. This amplitude leads to a
process with a final state consisting of a top quark,
a forward jet and two longitudinally polarized vector
bosons in the final state, see Eq. (4) and Fig. 2.2

The top carries a large transverse momentum pt
T

due to the hardness of the process, which makes it a
good discriminator. We consider two categories, for
pt
T

> 250(500) GeV. A forward jet with |⌘j | > 2.5,
pj
T
> 30 GeV and Ej > 300 GeV is required.
The signal is classified by counting the number of

extra leptons reconstructed in the event. The follow-
ing table shows the number of signal events at the 14
TeV HL-LHC with 3000 fb�1, for pt

T
> 250 GeV /

pt
T
> 500 GeV,

Process 0` 1` `±`⌥ `±`± 3`(4`)
W±W⌥ 3449/567 1724/283 216/35 - -
W±W± 2850/398 1425/199 - 178/25 -
W±Z 3860/632 965/158 273/45 - 68/11
ZZ 2484/364 - 351/49 - (12/2)

The categories with two or more leptons have small
background. The largest source of background for
the hadronic modes comes from t̄tjj ! tWbjj where
a bj pair is taken to reconstruct a W/Z-boson. The
initial t̄tjj cross section is approximately six orders of
magnitude bigger than the ones we are interested in,
but we have verified that simple cuts on the invariant
mass of the bj pair, on the rapidity of the forward jet,
on pt

T
, and on the separation between the W and the

b, as well as vector boson tagging techniques [26], can
reduce this background to a level that is comparable
with the signal.

We broadly parametrize this and other back-
grounds by a uniform rescaling B of the SM signal
expectation in each bin (so that for B = 1 we add
an irreducible background equal to the SM signal in
each channel), and show the estimated reach in the
left panel of Fig. 3. The dashed grey lines compare
our results with those from HC measurements [27].
For illustration we also show results that focus on
channels with at least 2 leptons with a dashed pur-
ple line: here the backgrounds are much smaller. The
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See also Ref. [25] that studies thj final states which exhibits

linear E-growth with modifications of the top-Yukawa.



Another way of understanding E-growth:

2

only from the long-term HL-LHC program, but also
from potential future high energy colliders, such as
the HE-LHC or CLIC.

Our leitmotiv is that any observable modification
of a SM coupling will produce in some process a
growth with energy (see table I). In some sense, this is
obvious: since the SM is the only theory that can be
extrapolated to arbitrarily1 high-energy, any depar-
ture from it can have only a finite range of validity,
a fact that is made manifest by a disproportionate
growth in some scattering amplitude. Theories with
a finite range of validity are, by definition, EFTs;
for this reason the best vehicle to communicate our
message is the EFT language of Eq. (1). We stress
nevertheless that at, tree level, the very same con-
clusions can be reached in the  framework [1] or in
the unitary-gauge framework of Ref. [2, 3].

The operators of Eq. (1) have the form |H|
2
⇥O

SM ,
with O

SM a dimension-4 SM operator (i.e. kinetic
terms, Higgs potential, and Yukawas) times

|H|
2 =

1

2

�
v2 + 2hv + h2 + 2�+�� + (�0)2

�
(2)

where v = 246 GeV is the Higgs vacuum expecta-
tion value (vev), h is the physical Higgs boson, and
�±,0 are the would-be longitudinal polarizations of
W - and Z- bosons. From the operators in Eq. (1),
the piece / v2 can be reabsorbed via a redefinition of
the SM input parameters and is therefore unobserv-
able [15, 16]; the piece / vh constitutes instead the
core of the HC measurements program, as it implies
modifications to single-Higgs processes (triple Higgs
processes for O6), and can be matched easily to the
 framework. The h2 piece was discussed in [17, 18]
in the context of double Higgs production. In this
article we focus on the last two terms in Eq. (2) and
study processes with longitudinal gauge bosons in-
stead of processes with an on-shell Higgs; we dub
this search strategy “Higgs without Higgs” - HwH in
short.

The high-energy avenue is potentially very promis-
ing: for E2-growing e↵ects, a 1% sensitivity at the
Higgs boson mass, corresponds to a O(1) sensitivity
at E ⇠ 1 TeV. We will see that, in practice, High-E
measurements are rather complex, so that this näıve
scaling is hardly achieved in the explorative analysis
presented here. However, we envisage several strate-

1
Modulo the Landau pole and the coupling to gravity, both

irrelevant for the present discussion.

FIG. 1. A unitary-gauge diagram with energy-growing sen-

sitive to the Higgs trilinear. The two VBF jets and, in par-

ticular, same sign leptons, give rise to an exceptionally clean

channel.

gies for improvement that outline a challenging and
exciting collider program.

II. HIGH-ENERGY PROCESSES

The first ingredient in this program is to identify
which processes grow maximally with energy once
Higgs Couplings are modified. There is a simple and
intuitive way of quickly accessing this information
based on 1) dimensional analysis, 2) our choice of
EFT basis Eq. (1), and 3) on the parametrization
chosen in Eq. (2), where the longitudinal polariza-
tions are explicitly represented by their scalar high-
energy counterpart [19–21]. For v ! 0, the opera-
tors of Eq. (1) contribute directly to contact inter-
actions with n = 4 fields (OWW , OBB , OGG, Or),
5 fields (Oy ) or 6 fields (OH), with a coupling
/ 1/⇤2 that carries two inverse powers of mass di-
mensions. Amplitudes generated by just these con-
tact vertices do not involve any propagator (which
carries inverse powers of energy) and are therefore
maximally energy-growing. At high-energy—E �

mW ,mh,mt—the only other dimensionful parameter
is the energy E, so that generically we expect that
the BSM and SM contributions to the same process
scale as

A
O
n

ASM
n

⇠
E2

⇤2
. (3)

Table I shows the relevant processes that exhibit
this behaviour; more explicitly, at hadron (lepton)
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colliders,
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(similarly 4VL a generic longitudinaly polarized fi-
nal state) and V (0) any (longitudinal or transverse)
vector, including photons, while l denotes either a
charged lepton `± or a neutrino, depending on the
final state. We also show in Fig. 1 a unitary-gauge
diagram that exhibits E-growth and helps visualize
our discussion in terms of HC. Notice that, for all
processes, the amplitude associated with the modi-
fied couplings grows quadratically with the relevant
energy scale of the process E2 (with the exception
of Eq. (5), see later). In the following paragraphs
we explore these processes in turn and provide a first
estimate of the potential HwH reach at the HL-LHC
in comparison with the reach from Higgs couplings
measurements. This rhetoric of competitiveness has
the sole scope of providing the reader with a quan-
titative feeling about the power of HwH processes;
it is understood that, for practical purposes, the two
search methods should be thought of as complemen-
tary. Our results are based on leading order (LO)
MadGraph simulations [22], where the Higgs cou-
plings have been modified using FeynRules [13] and
checked against the model of Ref. [23].

FIG. 2. Process sensitive to the top yukawa. The boosted

single top and the forward jet tag the event. The analysis is

binned in the number of leptons, from the vector boson decays.

The top Yukawa. Modifications of the Yukawa
coupling of the Higgs boson to top quarks is reput-
edly di�cult to measure on the h resonance [24];
however, an anomalous top quark Yukawa induces a
quadratic energy growth in the five point amplitude
involving a bottom quark, a top, and three longitu-
dinal bosons WLVLVL. This amplitude leads to a
process with a final state consisting of a top quark,
a forward jet and two longitudinally polarized vector
bosons in the final state, see Eq. (4) and Fig. 2.2

The top carries a large transverse momentum pt
T

due to the hardness of the process, which makes it a
good discriminator. We consider two categories, for
pt
T

> 250(500) GeV. A forward jet with |⌘j | > 2.5,
pj
T
> 30 GeV and Ej > 300 GeV is required.
The signal is classified by counting the number of

extra leptons reconstructed in the event. The follow-
ing table shows the number of signal events at the 14
TeV HL-LHC with 3000 fb�1, for pt

T
> 250 GeV /

pt
T
> 500 GeV,

Process 0` 1` `±`⌥ `±`± 3`(4`)
W±W⌥ 3449/567 1724/283 216/35 - -
W±W± 2850/398 1425/199 - 178/25 -
W±Z 3860/632 965/158 273/45 - 68/11
ZZ 2484/364 - 351/49 - (12/2)

The categories with two or more leptons have small
background. The largest source of background for
the hadronic modes comes from t̄tjj ! tWbjj where
a bj pair is taken to reconstruct a W/Z-boson. The
initial t̄tjj cross section is approximately six orders of
magnitude bigger than the ones we are interested in,
but we have verified that simple cuts on the invariant
mass of the bj pair, on the rapidity of the forward jet,
on pt

T
, and on the separation between the W and the

b, as well as vector boson tagging techniques [26], can
reduce this background to a level that is comparable
with the signal.

We broadly parametrize this and other back-
grounds by a uniform rescaling B of the SM signal
expectation in each bin (so that for B = 1 we add
an irreducible background equal to the SM signal in
each channel), and show the estimated reach in the
left panel of Fig. 3. The dashed grey lines compare
our results with those from HC measurements [27].
For illustration we also show results that focus on
channels with at least 2 leptons with a dashed pur-
ple line: here the backgrounds are much smaller. The

2
See also Ref. [25] that studies thj final states which exhibits

linear E-growth with modifications of the top-Yukawa.
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search methods should be thought of as complemen-
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MadGraph simulations [22], where the Higgs cou-
plings have been modified using FeynRules [13] and
checked against the model of Ref. [23].
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however, an anomalous top quark Yukawa induces a
quadratic energy growth in the five point amplitude
involving a bottom quark, a top, and three longitu-
dinal bosons WLVLVL. This amplitude leads to a
process with a final state consisting of a top quark,
a forward jet and two longitudinally polarized vector
bosons in the final state, see Eq. (4) and Fig. 2.2

The top carries a large transverse momentum pt
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due to the hardness of the process, which makes it a
good discriminator. We consider two categories, for
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> 250(500) GeV. A forward jet with |⌘j | > 2.5,
pj
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> 30 GeV and Ej > 300 GeV is required.
The signal is classified by counting the number of

extra leptons reconstructed in the event. The follow-
ing table shows the number of signal events at the 14
TeV HL-LHC with 3000 fb�1, for pt
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W±W⌥ 3449/567 1724/283 216/35 - -
W±W± 2850/398 1425/199 - 178/25 -
W±Z 3860/632 965/158 273/45 - 68/11
ZZ 2484/364 - 351/49 - (12/2)

The categories with two or more leptons have small
background. The largest source of background for
the hadronic modes comes from t̄tjj ! tWbjj where
a bj pair is taken to reconstruct a W/Z-boson. The
initial t̄tjj cross section is approximately six orders of
magnitude bigger than the ones we are interested in,
but we have verified that simple cuts on the invariant
mass of the bj pair, on the rapidity of the forward jet,
on pt

T
, and on the separation between the W and the

b, as well as vector boson tagging techniques [26], can
reduce this background to a level that is comparable
with the signal.

We broadly parametrize this and other back-
grounds by a uniform rescaling B of the SM signal
expectation in each bin (so that for B = 1 we add
an irreducible background equal to the SM signal in
each channel), and show the estimated reach in the
left panel of Fig. 3. The dashed grey lines compare
our results with those from HC measurements [27].
For illustration we also show results that focus on
channels with at least 2 leptons with a dashed pur-
ple line: here the backgrounds are much smaller. The
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linear E-growth with modifications of the top-Yukawa.
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FIG. 3. LEFT: HL-LHC (3000 fb
�1

) sensitivity on modifications of the top quark Yukawa �yt from the process in Fig. 2

(shaded bands), and from measurements of Higgs couplings (95%C.L., dashed grey lines); B controls additional backgrounds

(for B = 1 the analysis includes a number of background events equal to the SM signal); 1� results without the 0` and 1`
categories correspond to the dashed purple line. CENTER: same but for modifications of the Higgs trilinear ��. RIGHT:

1� reach for modification of the Higgs-�� and Z� rates, using high-E measurements (green,pink,brown bands correspond to

leptonic,semileptonic, and also hadronic final states) or Higgs couplings (black error bars).

large number of events left in the zero and one lepton
categories makes it possible to extend the analysis
to higher energies, where not only the e↵ects of the
energy growth will be enhanced, but also the back-
ground reduced.

This mode of exploration also appears well-suited
for high-energy lepton colliders like CLIC. Indeed,
the processes in the second line of Eq. (4) have a
lower threshold for production than the t̄th final state
that is usually considered to measure the top quark
Yukawa. Moreover, the final state in Eq. (4) is pro-
duced in vector boson fusion, whose crossection in-
creases with energy, while t̄th is produced in Drell-
Yan, decreases with energy. We plan to study this in
detail in the future.

The Higgs self coupling. Measurements of the
Higgs self-coupling have received enormous atten-
tion in collider studies. In the di-Higgs channel at
HL-LHC precision can reach �� 2 [�1.8, 6.7] at
95%C.L. [28] using the bb̄�� final state. Here we pro-
pose the processes of Eqs. (5,6) with VBS scattering
topology and a multitude of longitudinally polarized
vector bosons, see second row of Tab. I and Fig. 1
where a unitary-gauge diagram is shown. The modi-
fied coupling ��, or the operator O6, induces a lin-
ear growth with energy w.r.t. the SM in processes
with jjhVLVL final state (Tab. I), and a quadratic
growth in processes with jjVLVLVLVL. For the for-
mer, the same-sign W±W±hjj with leptonic (e, µ)
decays is particularly favourable for its low back-

ground: two same-sign leptons (2ssl) and VBS topol-
ogy o↵ers a good discriminator against background,
allowing for h ! b̄b decays. For illustration we focus
on this channel in which the SM gives NSM ' 50
events. Backgrounds from tt̄jj enter with a mis-
identified lepton, but it can be shown that they can
be kept under control with the e�ciencies reported
in [29] and with VBS cuts on the forward jets. A po-
tentially larger background is expected to come from
fake leptons, but the precise estimation of it is left
for future work.

The results—shown in the center panel of Fig. 3—
are very encouraging: this simple analysis can match
the precision of the by-now very elaborate di-Higgs
studies. There are many directions in which this ap-
proach can be further refined: i) including the many
other final states in Eq. (5), both for the vector de-
cays and for the Higgs decay ii) including the E2-
growing jjVLVLVLVL topologies of Eq. (6), iii) tak-
ing into account di↵erential information. Moreover,
the process of Tab. I grows only linearly with energy
w.r.t. the SM amplitude with transverse vectors in
the final state, but it grows quadratically w.r.t. the
SM final states; iv) measurements of the polarization
fraction can improve this measurement. We leave all
this for a future detailed study.

Higgs to ��, Z�. These decay rates are loop-level
and small in the SM: their measurement implies
therefore tight constraints on possible large (tree-
level) BSM e↵ects, which in the EFT language are
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large number of events left in the zero and one lepton
categories makes it possible to extend the analysis
to higher energies, where not only the e↵ects of the
energy growth will be enhanced, but also the back-
ground reduced.

This mode of exploration also appears well-suited
for high-energy lepton colliders like CLIC. Indeed,
the processes in the second line of Eq. (4) have a
lower threshold for production than the t̄th final state
that is usually considered to measure the top quark
Yukawa. Moreover, the final state in Eq. (4) is pro-
duced in vector boson fusion, whose crossection in-
creases with energy, while t̄th is produced in Drell-
Yan, decreases with energy. We plan to study this in
detail in the future.

The Higgs self coupling. Measurements of the
Higgs self-coupling have received enormous atten-
tion in collider studies. In the di-Higgs channel at
HL-LHC precision can reach �� 2 [�1.8, 6.7] at
95%C.L. [28] using the bb̄�� final state. Here we pro-
pose the processes of Eqs. (5,6) with VBS scattering
topology and a multitude of longitudinally polarized
vector bosons, see second row of Tab. I and Fig. 1
where a unitary-gauge diagram is shown. The modi-
fied coupling ��, or the operator O6, induces a lin-
ear growth with energy w.r.t. the SM in processes
with jjhVLVL final state (Tab. I), and a quadratic
growth in processes with jjVLVLVLVL. For the for-
mer, the same-sign W±W±hjj with leptonic (e, µ)
decays is particularly favourable for its low back-

ground: two same-sign leptons (2ssl) and VBS topol-
ogy o↵ers a good discriminator against background,
allowing for h ! b̄b decays. For illustration we focus
on this channel in which the SM gives NSM ' 50
events. Backgrounds from tt̄jj enter with a mis-
identified lepton, but it can be shown that they can
be kept under control with the e�ciencies reported
in [29] and with VBS cuts on the forward jets. A po-
tentially larger background is expected to come from
fake leptons, but the precise estimation of it is left
for future work.

The results—shown in the center panel of Fig. 3—
are very encouraging: this simple analysis can match
the precision of the by-now very elaborate di-Higgs
studies. There are many directions in which this ap-
proach can be further refined: i) including the many
other final states in Eq. (5), both for the vector de-
cays and for the Higgs decay ii) including the E2-
growing jjVLVLVLVL topologies of Eq. (6), iii) tak-
ing into account di↵erential information. Moreover,
the process of Tab. I grows only linearly with energy
w.r.t. the SM amplitude with transverse vectors in
the final state, but it grows quadratically w.r.t. the
SM final states; iv) measurements of the polarization
fraction can improve this measurement. We leave all
this for a future detailed study.

Higgs to ��, Z�. These decay rates are loop-level
and small in the SM: their measurement implies
therefore tight constraints on possible large (tree-
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Higgs Couplings without the Higgs

Brian Henning, Davide Lombardo, Marc Riembau, and Francesco Riva
Départment de Physique Théorique, Université de Genève,

24 quai Ernest-Ansermet, 1211 Genève 4, Switzerland

The measurement of Higgs couplings constitute an important part of present Standard Model
precision tests at colliders. In this article, we show that modifications of Higgs couplings induce
energy-growing e↵ects in specific amplitudes involving longitudinally polarized vector bosons, and
we initiate a novel program to study these very modifications of Higgs couplings o↵-shell and at
high-energy, rather than on the Higgs resonance. Our analysis suggests that these channels are
complementary and, at times, competitive with familiar on-shell measurements; moreover these
high-energy probes o↵er endless opportunities for refinements and improvements.

I. INTRODUCTION

The precise measurement of the Higgs boson cou-
plings to other Standard Model (SM) particles is
an unquestionable priority in the future of particle
physics. These measurements are important probes
for our understanding of a relatively poorly mea-
sured sector of the SM; at the same time they o↵er
a window into heavy dynamics Beyond the Standard
Model (BSM). Indeed, it is well-known that the ex-
change of heavy states (with masses beyond the di-
rect collider reach) leaves imprints in low-energy ex-
periments, in a way that is systematically captured
by an E↵ective Field Theory (EFT).

There are a number of similar ways in which
one can parametrize modifications of Higgs cou-
plings (HC): via partial widths 2

i
= �h!ii/�SM

h!ii
[1],

via Lagrangian couplings in the unitary gauge ghii [2,
3], via pseudo observables [4], or via the e↵ective field
theory L =

P
i
ci Oi/⇤2, consisting of dimension-6

operators [3, 5]. In particular, the operators

Or = |H|
2@µH

†@µH Oy = Y |H|
2 LH R

OBB = g0 2|H|
2Bµ⌫B

µ⌫
OWW = g2|H|

2W a

µ⌫
W aµ⌫

OGG = g2
s
|H|

2Ga

µ⌫
Gaµ⌫

O6 = |H|
6 (1)

with Y the Yukawa for fermion  , can be put in
simple correspondence with the s, as they modify
single-Higgs processes without inducing other elec-
troweak symmetry breaking e↵ects.

The well-established method for testing HC is, of
course, to measure processes in which a Higgs boson
is produced on-shell.

In this article we initiate a novel program to test
the very same Higgs couplings, o↵-shell and at high-
energy, via their contributions to the physics of longi-
tudinally polarized gauge bosons. We will show that
this program is potentially competitive with on-shell

HC HwH Growth

t Oyt ⇠
E2

⇤2

� O6 ⇠
vE
⇤2

Z�

��

V

OWW

OBB

Or

⇠
E2

⇤2

g Ogg ⇠
E2

⇤2

TABLE I. Each e↵ect (left column) can be measured as an

on-shell Higgs Coupling (diagram in the HC column) or in a

high-energy process (diagram in the HwH column), where it

grows with energy as indicated in the last column.

measurements, but it also o↵ers endless opportunities
of refinements and improvements. Indeed, the high-
energy program can benefit maximally from accu-
mulated statistics, from improved SM computations,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6–11]),
and from dedicated experimental analyses aimed at
reducing the di↵erent backgrounds. Furthermore,
given the complexity of the final states, advanced
machine learning techniques [12–14] are expected to
have a crucial role in improving on our simple cut
and count analysis. In the context of a global pre-
cision program, the high-energy aspects that we dis-
cuss here will be the ones that benefit the most, not
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The measurement of Higgs couplings constitute an important part of present Standard Model
precision tests at colliders. In this article, we show that modifications of Higgs couplings induce
energy-growing e↵ects in specific amplitudes involving longitudinally polarized vector bosons, and
we initiate a novel program to study these very modifications of Higgs couplings o↵-shell and at
high-energy, rather than on the Higgs resonance. Our analysis suggests that these channels are
complementary and, at times, competitive with familiar on-shell measurements; moreover these
high-energy probes o↵er endless opportunities for refinements and improvements.

I. INTRODUCTION

The precise measurement of the Higgs boson cou-
plings to other Standard Model (SM) particles is
an unquestionable priority in the future of particle
physics. These measurements are important probes
for our understanding of a relatively poorly mea-
sured sector of the SM; at the same time they o↵er
a window into heavy dynamics Beyond the Standard
Model (BSM). Indeed, it is well-known that the ex-
change of heavy states (with masses beyond the di-
rect collider reach) leaves imprints in low-energy ex-
periments, in a way that is systematically captured
by an E↵ective Field Theory (EFT).

There are a number of similar ways in which
one can parametrize modifications of Higgs cou-
plings (HC): via partial widths 2

i
= �h!ii/�SM

h!ii
[1],

via Lagrangian couplings in the unitary gauge ghii [2,
3], via pseudo observables [4], or via the e↵ective field
theory L =

P
i
ci Oi/⇤2, consisting of dimension-6

operators [3, 5]. In particular, the operators

Or = |H|
2@µH

†@µH Oy = Y |H|
2 LH R

OBB = g0 2|H|
2Bµ⌫B

µ⌫
OWW = g2|H|

2W a

µ⌫
W aµ⌫

OGG = g2
s
|H|

2Ga

µ⌫
Gaµ⌫

O6 = |H|
6 (1)

with Y the Yukawa for fermion  , can be put in
simple correspondence with the s, as they modify
single-Higgs processes without inducing other elec-
troweak symmetry breaking e↵ects.

The well-established method for testing HC is, of
course, to measure processes in which a Higgs boson
is produced on-shell.

In this article we initiate a novel program to test
the very same Higgs couplings, o↵-shell and at high-
energy, via their contributions to the physics of longi-
tudinally polarized gauge bosons. We will show that
this program is potentially competitive with on-shell

HC HwH Growth

t Oyt ⇠
E2

⇤2
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vE
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g Ogg ⇠
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⇤2

TABLE I. Each e↵ect (left column) can be measured as an

on-shell Higgs Coupling (diagram in the HC column) or in a

high-energy process (diagram in the HwH column), where it

grows with energy as indicated in the last column.

measurements, but it also o↵ers endless opportunities
of refinements and improvements. Indeed, the high-
energy program can benefit maximally from accu-
mulated statistics, from improved SM computations,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6–11]),
and from dedicated experimental analyses aimed at
reducing the di↵erent backgrounds. Furthermore,
given the complexity of the final states, advanced
machine learning techniques [12–14] are expected to
have a crucial role in improving on our simple cut
and count analysis. In the context of a global pre-
cision program, the high-energy aspects that we dis-
cuss here will be the ones that benefit the most, not
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ZH

(different w.r.t LHC)

w.r.t. LEP:                  
✓
3000

91.2

◆2

⇡ 1000
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>times larger



HwH Program at Lepton Colliders

lower threshold 
⇠ E2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

I È
Fei È

in Ermi
ei

t
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

HC HwH

VBF xsec larger

VBF
� ⇠ log s

<latexit sha1_base64="c8gaYR18B5XVUnJG775qGrrvpDQ=">AAACBnicdVA9SwNBEN3zM8avqKXNYhCswl08ktgFbSwVjApJCHPrJC7ZvTt250QJ9v4KW63sxNa/YeF/cS9GUNHXzOO9GWbmRamSlnz/zZuanpmdmy8sFBeXlldWS2vrpzbJjMCWSFRiziOwqGSMLZKk8Dw1CDpSeBYND3L/7AqNlUl8QjcpdjUMYtmXAshJvdJ6x8qBBu6K5h2VDLjtlcp+Za9Rq4Y17ld8vx5Ug5xU6+FuyAOn5CizCY56pffORSIyjTEJBda2Az+l7ggMSaHwttjJLKYghjDAtqMxaLTd0fj2W76dWaCEp2i4VHws4veJEWhrb3TkOjXQpf3t5eJfXjujfqM7knGaEcYiX0RS4XiRFUa6UJBfSINEkF+OXMZcgAEiNJKDEE7MXEpFl8fX0/x/clqtBI4fh+Xm/iSZAttkW2yHBazOmuyQHbEWE+ya3bMH9ujdeU/es/fy2TrlTWY22A94rx98lZip</latexit><latexit sha1_base64="c8gaYR18B5XVUnJG775qGrrvpDQ=">AAACBnicdVA9SwNBEN3zM8avqKXNYhCswl08ktgFbSwVjApJCHPrJC7ZvTt250QJ9v4KW63sxNa/YeF/cS9GUNHXzOO9GWbmRamSlnz/zZuanpmdmy8sFBeXlldWS2vrpzbJjMCWSFRiziOwqGSMLZKk8Dw1CDpSeBYND3L/7AqNlUl8QjcpdjUMYtmXAshJvdJ6x8qBBu6K5h2VDLjtlcp+Za9Rq4Y17ld8vx5Ug5xU6+FuyAOn5CizCY56pffORSIyjTEJBda2Az+l7ggMSaHwttjJLKYghjDAtqMxaLTd0fj2W76dWaCEp2i4VHws4veJEWhrb3TkOjXQpf3t5eJfXjujfqM7knGaEcYiX0RS4XiRFUa6UJBfSINEkF+OXMZcgAEiNJKDEE7MXEpFl8fX0/x/clqtBI4fh+Xm/iSZAttkW2yHBazOmuyQHbEWE+ya3bMH9ujdeU/es/fy2TrlTWY22A94rx98lZip</latexit><latexit sha1_base64="c8gaYR18B5XVUnJG775qGrrvpDQ=">AAACBnicdVA9SwNBEN3zM8avqKXNYhCswl08ktgFbSwVjApJCHPrJC7ZvTt250QJ9v4KW63sxNa/YeF/cS9GUNHXzOO9GWbmRamSlnz/zZuanpmdmy8sFBeXlldWS2vrpzbJjMCWSFRiziOwqGSMLZKk8Dw1CDpSeBYND3L/7AqNlUl8QjcpdjUMYtmXAshJvdJ6x8qBBu6K5h2VDLjtlcp+Za9Rq4Y17ld8vx5Ug5xU6+FuyAOn5CizCY56pffORSIyjTEJBda2Az+l7ggMSaHwttjJLKYghjDAtqMxaLTd0fj2W76dWaCEp2i4VHws4veJEWhrb3TkOjXQpf3t5eJfXjujfqM7knGaEcYiX0RS4XiRFUa6UJBfSINEkF+OXMZcgAEiNJKDEE7MXEpFl8fX0/x/clqtBI4fh+Xm/iSZAttkW2yHBazOmuyQHbEWE+ya3bMH9ujdeU/es/fy2TrlTWY22A94rx98lZip</latexit><latexit sha1_base64="c8gaYR18B5XVUnJG775qGrrvpDQ=">AAACBnicdVA9SwNBEN3zM8avqKXNYhCswl08ktgFbSwVjApJCHPrJC7ZvTt250QJ9v4KW63sxNa/YeF/cS9GUNHXzOO9GWbmRamSlnz/zZuanpmdmy8sFBeXlldWS2vrpzbJjMCWSFRiziOwqGSMLZKk8Dw1CDpSeBYND3L/7AqNlUl8QjcpdjUMYtmXAshJvdJ6x8qBBu6K5h2VDLjtlcp+Za9Rq4Y17ld8vx5Ug5xU6+FuyAOn5CizCY56pffORSIyjTEJBda2Az+l7ggMSaHwttjJLKYghjDAtqMxaLTd0fj2W76dWaCEp2i4VHws4veJEWhrb3TkOjXQpf3t5eJfXjujfqM7knGaEcYiX0RS4XiRFUa6UJBfSINEkF+OXMZcgAEiNJKDEE7MXEpFl8fX0/x/clqtBI4fh+Xm/iSZAttkW2yHBazOmuyQHbEWE+ya3bMH9ujdeU/es/fy2TrlTWY22A94rx98lZip</latexit>

~5

� ⇠ 1

s
<latexit sha1_base64="4cWjStnoFSNsdjJA+QpzLaXbkaE=">AAACC3icdVA9SwNBEN3z2/gVtbCwWQyCVbiLwWgn2lgqGA0kIcxtJnFx9+7YnRPkuJ/gr7DVyk5s/REW/hf3YgQVfc083pthZl6YKGnJ99+8icmp6ZnZufnSwuLS8kp5de3CxqkR2BSxik0rBItKRtgkSQpbiUHQocLL8Pq48C9v0FgZR+d0m2BXwzCSAymAnNQrb3SsHGrgrmjeGRgQWZBnNu+VK371YH+vVt/jftX3G0EtKEitUd+t88ApBSpsjNNe+b3Tj0WqMSKhwNp24CfUzcCQFArzUie1mIC4hiG2HY1Ao+1mowdyvp1aoJgnaLhUfCTi94kMtLW3OnSdGujK/vYK8S+vndJgv5vJKEkJI1EsIqlwtMgKI10yyPvSIBEUlyOXERdggAiN5CCEE1MXVcnl8fU0/59c1KqB42f1yuHROJk5tsm22A4LWIMdshN2yppMsJzdswf26N15T96z9/LZOuGNZ9bZD3ivHwhemzY=</latexit><latexit sha1_base64="4cWjStnoFSNsdjJA+QpzLaXbkaE=">AAACC3icdVA9SwNBEN3z2/gVtbCwWQyCVbiLwWgn2lgqGA0kIcxtJnFx9+7YnRPkuJ/gr7DVyk5s/REW/hf3YgQVfc083pthZl6YKGnJ99+8icmp6ZnZufnSwuLS8kp5de3CxqkR2BSxik0rBItKRtgkSQpbiUHQocLL8Pq48C9v0FgZR+d0m2BXwzCSAymAnNQrb3SsHGrgrmjeGRgQWZBnNu+VK371YH+vVt/jftX3G0EtKEitUd+t88ApBSpsjNNe+b3Tj0WqMSKhwNp24CfUzcCQFArzUie1mIC4hiG2HY1Ao+1mowdyvp1aoJgnaLhUfCTi94kMtLW3OnSdGujK/vYK8S+vndJgv5vJKEkJI1EsIqlwtMgKI10yyPvSIBEUlyOXERdggAiN5CCEE1MXVcnl8fU0/59c1KqB42f1yuHROJk5tsm22A4LWIMdshN2yppMsJzdswf26N15T96z9/LZOuGNZ9bZD3ivHwhemzY=</latexit><latexit sha1_base64="4cWjStnoFSNsdjJA+QpzLaXbkaE=">AAACC3icdVA9SwNBEN3z2/gVtbCwWQyCVbiLwWgn2lgqGA0kIcxtJnFx9+7YnRPkuJ/gr7DVyk5s/REW/hf3YgQVfc083pthZl6YKGnJ99+8icmp6ZnZufnSwuLS8kp5de3CxqkR2BSxik0rBItKRtgkSQpbiUHQocLL8Pq48C9v0FgZR+d0m2BXwzCSAymAnNQrb3SsHGrgrmjeGRgQWZBnNu+VK371YH+vVt/jftX3G0EtKEitUd+t88ApBSpsjNNe+b3Tj0WqMSKhwNp24CfUzcCQFArzUie1mIC4hiG2HY1Ao+1mowdyvp1aoJgnaLhUfCTi94kMtLW3OnSdGujK/vYK8S+vndJgv5vJKEkJI1EsIqlwtMgKI10yyPvSIBEUlyOXERdggAiN5CCEE1MXVcnl8fU0/59c1KqB42f1yuHROJk5tsm22A4LWIMdshN2yppMsJzdswf26N15T96z9/LZOuGNZ9bZD3ivHwhemzY=</latexit><latexit sha1_base64="4cWjStnoFSNsdjJA+QpzLaXbkaE=">AAACC3icdVA9SwNBEN3z2/gVtbCwWQyCVbiLwWgn2lgqGA0kIcxtJnFx9+7YnRPkuJ/gr7DVyk5s/REW/hf3YgQVfc083pthZl6YKGnJ99+8icmp6ZnZufnSwuLS8kp5de3CxqkR2BSxik0rBItKRtgkSQpbiUHQocLL8Pq48C9v0FgZR+d0m2BXwzCSAymAnNQrb3SsHGrgrmjeGRgQWZBnNu+VK371YH+vVt/jftX3G0EtKEitUd+t88ApBSpsjNNe+b3Tj0WqMSKhwNp24CfUzcCQFArzUie1mIC4hiG2HY1Ao+1mowdyvp1aoJgnaLhUfCTi94kMtLW3OnSdGujK/vYK8S+vndJgv5vJKEkJI1EsIqlwtMgKI10yyPvSIBEUlyOXERdggAiN5CCEE1MXVcnl8fU0/59c1KqB42f1yuHROJk5tsm22A4LWIMdshN2yppMsJzdswf26N15T96z9/LZOuGNZ9bZD3ivHwhemzY=</latexit>

ZH

(different w.r.t LHC)

w.r.t. LEP:                  
✓
3000

91.2

◆2

⇡ 1000
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>times larger

I È
Fei È

in Ermi
ei

G
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Poorly measured  
at ee-colliders

Beam Polarization: 
Enhance LL?



HwH Program at Lepton Colliders

lower threshold 
⇠ E2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

I È
Fei È

in Ermi
ei

t
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

HC HwH

VBF xsec larger

VBF
� ⇠ log s

<latexit sha1_base64="c8gaYR18B5XVUnJG775qGrrvpDQ=">AAACBnicdVA9SwNBEN3zM8avqKXNYhCswl08ktgFbSwVjApJCHPrJC7ZvTt250QJ9v4KW63sxNa/YeF/cS9GUNHXzOO9GWbmRamSlnz/zZuanpmdmy8sFBeXlldWS2vrpzbJjMCWSFRiziOwqGSMLZKk8Dw1CDpSeBYND3L/7AqNlUl8QjcpdjUMYtmXAshJvdJ6x8qBBu6K5h2VDLjtlcp+Za9Rq4Y17ld8vx5Ug5xU6+FuyAOn5CizCY56pffORSIyjTEJBda2Az+l7ggMSaHwttjJLKYghjDAtqMxaLTd0fj2W76dWaCEp2i4VHws4veJEWhrb3TkOjXQpf3t5eJfXjujfqM7knGaEcYiX0RS4XiRFUa6UJBfSINEkF+OXMZcgAEiNJKDEE7MXEpFl8fX0/x/clqtBI4fh+Xm/iSZAttkW2yHBazOmuyQHbEWE+ya3bMH9ujdeU/es/fy2TrlTWY22A94rx98lZip</latexit><latexit sha1_base64="c8gaYR18B5XVUnJG775qGrrvpDQ=">AAACBnicdVA9SwNBEN3zM8avqKXNYhCswl08ktgFbSwVjApJCHPrJC7ZvTt250QJ9v4KW63sxNa/YeF/cS9GUNHXzOO9GWbmRamSlnz/zZuanpmdmy8sFBeXlldWS2vrpzbJjMCWSFRiziOwqGSMLZKk8Dw1CDpSeBYND3L/7AqNlUl8QjcpdjUMYtmXAshJvdJ6x8qBBu6K5h2VDLjtlcp+Za9Rq4Y17ld8vx5Ug5xU6+FuyAOn5CizCY56pffORSIyjTEJBda2Az+l7ggMSaHwttjJLKYghjDAtqMxaLTd0fj2W76dWaCEp2i4VHws4veJEWhrb3TkOjXQpf3t5eJfXjujfqM7knGaEcYiX0RS4XiRFUa6UJBfSINEkF+OXMZcgAEiNJKDEE7MXEpFl8fX0/x/clqtBI4fh+Xm/iSZAttkW2yHBazOmuyQHbEWE+ya3bMH9ujdeU/es/fy2TrlTWY22A94rx98lZip</latexit><latexit sha1_base64="c8gaYR18B5XVUnJG775qGrrvpDQ=">AAACBnicdVA9SwNBEN3zM8avqKXNYhCswl08ktgFbSwVjApJCHPrJC7ZvTt250QJ9v4KW63sxNa/YeF/cS9GUNHXzOO9GWbmRamSlnz/zZuanpmdmy8sFBeXlldWS2vrpzbJjMCWSFRiziOwqGSMLZKk8Dw1CDpSeBYND3L/7AqNlUl8QjcpdjUMYtmXAshJvdJ6x8qBBu6K5h2VDLjtlcp+Za9Rq4Y17ld8vx5Ug5xU6+FuyAOn5CizCY56pffORSIyjTEJBda2Az+l7ggMSaHwttjJLKYghjDAtqMxaLTd0fj2W76dWaCEp2i4VHws4veJEWhrb3TkOjXQpf3t5eJfXjujfqM7knGaEcYiX0RS4XiRFUa6UJBfSINEkF+OXMZcgAEiNJKDEE7MXEpFl8fX0/x/clqtBI4fh+Xm/iSZAttkW2yHBazOmuyQHbEWE+ya3bMH9ujdeU/es/fy2TrlTWY22A94rx98lZip</latexit><latexit sha1_base64="c8gaYR18B5XVUnJG775qGrrvpDQ=">AAACBnicdVA9SwNBEN3zM8avqKXNYhCswl08ktgFbSwVjApJCHPrJC7ZvTt250QJ9v4KW63sxNa/YeF/cS9GUNHXzOO9GWbmRamSlnz/zZuanpmdmy8sFBeXlldWS2vrpzbJjMCWSFRiziOwqGSMLZKk8Dw1CDpSeBYND3L/7AqNlUl8QjcpdjUMYtmXAshJvdJ6x8qBBu6K5h2VDLjtlcp+Za9Rq4Y17ld8vx5Ug5xU6+FuyAOn5CizCY56pffORSIyjTEJBda2Az+l7ggMSaHwttjJLKYghjDAtqMxaLTd0fj2W76dWaCEp2i4VHws4veJEWhrb3TkOjXQpf3t5eJfXjujfqM7knGaEcYiX0RS4XiRFUa6UJBfSINEkF+OXMZcgAEiNJKDEE7MXEpFl8fX0/x/clqtBI4fh+Xm/iSZAttkW2yHBazOmuyQHbEWE+ya3bMH9ujdeU/es/fy2TrlTWY22A94rx98lZip</latexit>

~5

� ⇠ 1

s
<latexit sha1_base64="4cWjStnoFSNsdjJA+QpzLaXbkaE=">AAACC3icdVA9SwNBEN3z2/gVtbCwWQyCVbiLwWgn2lgqGA0kIcxtJnFx9+7YnRPkuJ/gr7DVyk5s/REW/hf3YgQVfc083pthZl6YKGnJ99+8icmp6ZnZufnSwuLS8kp5de3CxqkR2BSxik0rBItKRtgkSQpbiUHQocLL8Pq48C9v0FgZR+d0m2BXwzCSAymAnNQrb3SsHGrgrmjeGRgQWZBnNu+VK371YH+vVt/jftX3G0EtKEitUd+t88ApBSpsjNNe+b3Tj0WqMSKhwNp24CfUzcCQFArzUie1mIC4hiG2HY1Ao+1mowdyvp1aoJgnaLhUfCTi94kMtLW3OnSdGujK/vYK8S+vndJgv5vJKEkJI1EsIqlwtMgKI10yyPvSIBEUlyOXERdggAiN5CCEE1MXVcnl8fU0/59c1KqB42f1yuHROJk5tsm22A4LWIMdshN2yppMsJzdswf26N15T96z9/LZOuGNZ9bZD3ivHwhemzY=</latexit><latexit sha1_base64="4cWjStnoFSNsdjJA+QpzLaXbkaE=">AAACC3icdVA9SwNBEN3z2/gVtbCwWQyCVbiLwWgn2lgqGA0kIcxtJnFx9+7YnRPkuJ/gr7DVyk5s/REW/hf3YgQVfc083pthZl6YKGnJ99+8icmp6ZnZufnSwuLS8kp5de3CxqkR2BSxik0rBItKRtgkSQpbiUHQocLL8Pq48C9v0FgZR+d0m2BXwzCSAymAnNQrb3SsHGrgrmjeGRgQWZBnNu+VK371YH+vVt/jftX3G0EtKEitUd+t88ApBSpsjNNe+b3Tj0WqMSKhwNp24CfUzcCQFArzUie1mIC4hiG2HY1Ao+1mowdyvp1aoJgnaLhUfCTi94kMtLW3OnSdGujK/vYK8S+vndJgv5vJKEkJI1EsIqlwtMgKI10yyPvSIBEUlyOXERdggAiN5CCEE1MXVcnl8fU0/59c1KqB42f1yuHROJk5tsm22A4LWIMdshN2yppMsJzdswf26N15T96z9/LZOuGNZ9bZD3ivHwhemzY=</latexit><latexit sha1_base64="4cWjStnoFSNsdjJA+QpzLaXbkaE=">AAACC3icdVA9SwNBEN3z2/gVtbCwWQyCVbiLwWgn2lgqGA0kIcxtJnFx9+7YnRPkuJ/gr7DVyk5s/REW/hf3YgQVfc083pthZl6YKGnJ99+8icmp6ZnZufnSwuLS8kp5de3CxqkR2BSxik0rBItKRtgkSQpbiUHQocLL8Pq48C9v0FgZR+d0m2BXwzCSAymAnNQrb3SsHGrgrmjeGRgQWZBnNu+VK371YH+vVt/jftX3G0EtKEitUd+t88ApBSpsjNNe+b3Tj0WqMSKhwNp24CfUzcCQFArzUie1mIC4hiG2HY1Ao+1mowdyvp1aoJgnaLhUfCTi94kMtLW3OnSdGujK/vYK8S+vndJgv5vJKEkJI1EsIqlwtMgKI10yyPvSIBEUlyOXERdggAiN5CCEE1MXVcnl8fU0/59c1KqB42f1yuHROJk5tsm22A4LWIMdshN2yppMsJzdswf26N15T96z9/LZOuGNZ9bZD3ivHwhemzY=</latexit><latexit sha1_base64="4cWjStnoFSNsdjJA+QpzLaXbkaE=">AAACC3icdVA9SwNBEN3z2/gVtbCwWQyCVbiLwWgn2lgqGA0kIcxtJnFx9+7YnRPkuJ/gr7DVyk5s/REW/hf3YgQVfc083pthZl6YKGnJ99+8icmp6ZnZufnSwuLS8kp5de3CxqkR2BSxik0rBItKRtgkSQpbiUHQocLL8Pq48C9v0FgZR+d0m2BXwzCSAymAnNQrb3SsHGrgrmjeGRgQWZBnNu+VK371YH+vVt/jftX3G0EtKEitUd+t88ApBSpsjNNe+b3Tj0WqMSKhwNp24CfUzcCQFArzUie1mIC4hiG2HY1Ao+1mowdyvp1aoJgnaLhUfCTi94kMtLW3OnSdGujK/vYK8S+vndJgv5vJKEkJI1EsIqlwtMgKI10yyPvSIBEUlyOXERdggAiN5CCEE1MXVcnl8fU0/59c1KqB42f1yuHROJk5tsm22A4LWIMdshN2yppMsJzdswf26N15T96z9/LZOuGNZ9bZD3ivHwhemzY=</latexit>

ZH

(different w.r.t LHC)

w.r.t. LEP:                  
✓
3000

91.2

◆2

⇡ 1000
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>times larger

I È
Fei È

in Ermi
ei

G
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Poorly measured  
at ee-colliders

Beam Polarization: 
Enhance LL?

I È
Fei È

in Ermi
ei

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Z�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

V
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Similar  
to 

 LHCVL
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

È È
Fei

Fà Ermi
ei

e a
ii f

e

I
VL

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

VL
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

VL
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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The measurement of Higgs couplings constitute an important part of present Standard Model
precision tests at colliders. In this article, we show that modifications of Higgs couplings induce
energy-growing e↵ects in specific amplitudes involving longitudinally polarized vector bosons, and
we initiate a novel program to study these very modifications of Higgs couplings o↵-shell and at
high-energy, rather than on the Higgs resonance. Our analysis suggests that these channels are
complementary and, at times, competitive with familiar on-shell measurements; moreover these
high-energy probes o↵er endless opportunities for refinements and improvements.

I. INTRODUCTION

The precise measurement of the Higgs boson cou-
plings to other Standard Model (SM) particles is
an unquestionable priority in the future of particle
physics. These measurements are important probes
for our understanding of a relatively poorly mea-
sured sector of the SM; at the same time they o↵er
a window into heavy dynamics Beyond the Standard
Model (BSM). Indeed, it is well-known that the ex-
change of heavy states (with masses beyond the di-
rect collider reach) leaves imprints in low-energy ex-
periments, in a way that is systematically captured
by an E↵ective Field Theory (EFT).

There are a number of similar ways in which
one can parametrize modifications of Higgs cou-
plings (HC): via partial widths 2

i
= �h!ii/�SM

h!ii
[1],

via Lagrangian couplings in the unitary gauge ghii [2,
3], via pseudo observables [4], or via the e↵ective field
theory L =

P
i
ci Oi/⇤2, consisting of dimension-6

operators [3, 5]. In particular, the operators
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µ⌫
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O6 = |H|
6 (1)

with Y the Yukawa for fermion  , can be put in
simple correspondence with the s, as they modify
single-Higgs processes without inducing other elec-
troweak symmetry breaking e↵ects.

The well-established method for testing HC is, of
course, to measure processes in which a Higgs boson
is produced on-shell.

In this article we initiate a novel program to test
the very same Higgs couplings, o↵-shell and at high-
energy, via their contributions to the physics of longi-
tudinally polarized gauge bosons. We will show that
this program is potentially competitive with on-shell
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TABLE I. Each e↵ect (left column) can be measured as an

on-shell Higgs Coupling (diagram in the HC column) or in a

high-energy process (diagram in the HwH column), where it

grows with energy as indicated in the last column.

measurements, but it also o↵ers endless opportunities
of refinements and improvements. Indeed, the high-
energy program can benefit maximally from accu-
mulated statistics, from improved SM computations,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6–11]),
and from dedicated experimental analyses aimed at
reducing the di↵erent backgrounds. Furthermore,
given the complexity of the final states, advanced
machine learning techniques [12–14] are expected to
have a crucial role in improving on our simple cut
and count analysis. In the context of a global pre-
cision program, the high-energy aspects that we dis-
cuss here will be the ones that benefit the most, not

ar
X

iv
:1

81
2.

09
29

9v
1 

 [h
ep

-p
h]

  2
1 

D
ec

 2
01

8

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

0.1 ab



FCCee estimates

|H|2QH̃tR
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

t
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Higgs Couplings without the Higgs

Brian Henning, Davide Lombardo, Marc Riembau, and Francesco Riva
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