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Fig. 30: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

a simple scaling of the cross sections and luminosities is applied, which is a fair assessment with the
current systematic uncertainties and assuming that the experimental performance and systematic uncer-
tainties are unchanged with respect to the current LHC experiments. Two scenarios are then assumed
for the theoretical and modelling systematic uncertainties on the signal and backgrounds. The first (S2)
is the foreseen baseline scenario at HL-LHC, and the second (S2!) is a scenario where theoretical and
modelling systematic uncertainties are halved, which in many cases would correspond to uncertainties
roughly four times smaller than for current Run 2 analyses. It should be noted that HL-LHC measure-
ments, whose precision is limited by systematic uncertainties, would also improve for S2’. The results
of these projections are reported in Table 40.

2.8 Higgs couplings precision overview in the Kappa-framework and the nonlinear EFT24

After the discovery of the Higgs boson at the LHC, the first exploration of the couplings of the new
particle at Run I and Run II has achieved an overall precision at the level of ten percent. One of the main
goals of Higgs studies at the HL-LHC or HE-LHC will be to push the sensitivity to deviations in the
Higgs couplings close to the percent level.

In this section we study the projected precision that would be possible at such high luminosity
and high energy extensions of the LHC from a global fit to modifications of the different single-Higgs
couplings. Other important goals of the Higgs physics program at the HL/HE-LHC, such as extend-
ing/complementing the studies of the total rates with the information from differential distributions, or
getting access to the Higgs trilinear coupling, will be covered in other parts of this document.

In order to study single-Higgs couplings, we introduce a parametrisation, the nonlinear EFT, that
24 Contacts: J. de Blas, O. Catà, O. Eberhardt, C. Krause
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Figure 6: The di! erential cross section forpp ! W ± W ± jj as a function of the invariant mass
of the W W pair, for di ! erent choices of the outgoingW helicities. All curves have been obtained
by using Madgraph and imposing the following cuts:M jj > 500 GeV,pT j < 120 GeV,pT W > 300
GeV. The cut on pT j exploits the forward jets always present in the signal. The cut onpT W

eliminates the forward region where the cross section is (trivially) dominated by theZ and !
t-channel exchange.

the W luminosity runs out of steam. This situation is depicted in Fig. 6. The casea = 0
corresponds to the Higgsless case already studied in Ref. [16, 17, 18, 19]. Our result, in
spite of the di! erent cuts, basically agrees with them: the cut in energy necessary to win
over the T T background reduces the cross section down to" (pp ! jjW ±

L W ±
L ) " 2.5 fb 6.

Remarkably, a collider with a center of mass energy increased by about a factor of 2 would
do much better than the LHC. But this is an old story.

3.2 V V ! hh scattering

As illustrated by Fig. 7, the situation is quite di ! erent for the W W ! hh scattering. Here
there is no equivalent of a fully transverse scattering channel, as the Higgs itself can be
considered as a ÔlongitudinalÕ mode, being the fourth Goldstone from the strong dynamics.
The scatterings WT WT ! hh and WL WT ! hh never dominate overWL WL ! hh. As
previously, at large energy (s # M 2

W with Þxed t and u) the amplitude for the various
polarization channels can be decomposed as:

A $
At

W s
t %M 2

W
+

Au
W s

u %M 2
W

+ Areg. + As
s
v2 , (3.15)

where the numerical constantsAÕs are given in Table2. The only scattering channel
which can have in principle a Coulomb enhancement is also the one with the energy-
growing interaction, i.e. the longitudinal to Higgs channel. Furthermore, after deriving
the di! erential cross sections fors # v2

d" LL ! hh

dt
$

(b%a2)2

32# v4 ,
d" T T ! hh

dt
$

g4(a4 + ( b%a2)2)
64# s2 , (3.16)

6This corresponds to ! O(10) events with 100 fb! 1 in the fully leptonic Þnal state W ± W ± " l± ! l ± ! .
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Fig. 11 The di-Higgs mhh distribution at 14 TeV (left) and 100 TeV (right) after all analysis cuts showing the results for the signal (SM and
c2V = 0.8) and for the total background.

This behaviour is illustrated in Fig. 11 where we show the invariant mass distribution of the Higgs pairs after all
analysis cuts, at 14TeV and 100TeV, for the signal (SM and c2V = 0.8) and the total background. In the case of the
benchmark scenario with c2V = 0.8, the crossover between signal and background is located at mhh ' 2TeV (4TeV) at
14TeV (100TeV). We also observe that, for invariant masses mhh above this crossover, the ratio between the signal and
the backgrounds keeps increasing steeply.

With the final results of our analysis in hand, we can now estimate the expected sensitivity to deviations in the
hhVV coupling, parametrized as dc2V = c2V � 1, by exploiting the information contained in the full mhh differential
distribution (as opposed to using only the total number of events satisfying all cuts from Table 3). To achieve this,
we first bin our results in mhh and then follow a Bayesian approach [109] to construct a posterior probability density
function. We include two nuisance parameters, qB and qS, to account for the uncertainty associated with the background
and signal event rate, respectively. The parameter qS encodes the theoretical uncertainties on the di-Higgs cross section
and the branching fraction BR(h ! bb̄). We conservatively assume a 10% uncertainty uncorrelated in each mhh bin.

Concerning qB, we expect that an actual experimental analysis of di-Higgs production via VBF would estimate the
overall normalization of the different background components by means of data-driven techniques. We assume a 15%
uncertainty arising from the measurement and subsequent extrapolation of the dominant QCD multijet background, see
for example a recent ATLAS measurement of dijet bb̄ cross-sections [110]. The background nuisance parameter, qB, is
conservatively also assumed to be uncorrelated among mhh bins. In addition, while we already rescale the background
cross sections to match existing NLO and NNLO results (see Appendix A), there still remains a sizable uncertainty in
their overall normalization from missing higher orders, in particular for the QCD multijet components. For this reason,
below, we explore the robustness of our results upon an overall rescaling of all the background cross sections by a fixed
factor.

The posterior probability function constructed in this way reads:

P(dc2V |{Ni
obs}) =

Z
’

i2{bins}
dq

i
S dq

i
B L

�
Ni(q i

B,q i
S)|Ni

obs
�

e�(q i
S)2/2 e�(q i

B)2/2
p(c2V ) , (18)

with Ni(q i
B,q i

S) and Ni
obs denoting respectively the number of predicted (for a generic value of c2V ) and observed

(assuming SM couplings) events for a given integrated luminosity L in the i-th bin of the di-Higgs invariant mass
distribution mhh, given by 2:

Ni(qB,qS) =
h
s

i
sig(c2V )

�
1+q

i
S dS

�
+s

i
bkg

�
1+q

i
B dB

�i
⇥L ,

Ni
obs =

h
s

i
sig(c2V = 1)+s

i
bkg

i
⇥L .

(19)

In Eq. (19), s

i
sig(c2V ) and s

i
bkg indicate the signal (for a given value of c2V ) and total background cross sections,

respectively, for the i-th bin of the mhh distribution. The functional form of s

i
sig(c2V ) is given by Eq. (7) and the value

2In our analysis, we use 15 bins starting at 250 GeV up to 6(30)TeV for the LHC(FCC) that are uniformly spaced on a log scale. In addition, we
define an overflow bin up to the relevant centre of mass energy.
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68% probability interval on dc2V

1⇥sbkg 3⇥sbkg

LHC14 [�0.37, 0.45] [�0.43, 0.48]

HL-LHC [�0.15, 0.19] [�0.18, 0.20]

FCC100 [0, 0.01] [�0.01, 0.01]

Table 5 Expected precision (at 68% probability level) for the measurement of dc2V at the LHC and the FCC, assuming SM values of the Higgs
couplings. We show results both for the nominal background cross section sbkg, and for the case in which this value is rescaled by a factor 3.

of the coefficients in bin i are given in Appendix D. We denote by p(c2V ) the prior probability distribution of the c2V
coupling.

As justified above, in the evaluation of Eq. (18) we set dB(S) = 0.15 (0.1) and assume that the two nuisance pa-
rameters are normally distributed. We have verified that assuming instead a log normal distribution leads to similar
results. In addition, we take a Poissonian likelihood L(Ni|Ni

obs) in each bin and assume the prior probability p(c2V ) to
be uniform. The resulting posterior probabilities are shown in Fig. 12 for the LHC with L = 300 fb�1 (LHC14) and
L = 3 ab�1 (HL-LHC), and for the FCC with L = 10 ab�1. To produce this figure, as well as to determine the values
reported in Tabs. 5 and 6, we included all bins with at least one event.

From Fig. 12, we can determine the expected precision for a measurement of dc2V at the LHC and the FCC in the
case of SM values of the Higgs couplings. The 68% probability intervals for the determination of c2V at the LHC and
the FCC are listed in Table 5. This is the central result of this work. To assess its robustness with respect to our estimate
of the background cross sections, we also provide the same intervals in the case of an overall rescaling of the total
background by a factor 3. Furthermore, we can also assess the effect of varying cV on the bound on dc2V by treating cV
as a nuisance parameter and marginalizing over it. The leading effect of varying cV comes from the (c2V � c2

V ) term at
the amplitude level – see Eq. 4 – and can be included using the parametrization of Eq. 8. The neglected dependence
is sub-leading and arises from the interference of diagrams proportional to c2

V and cV c3. We take cV to be Gaussian
distributed with a mean equal to 1 (i.e., its SM value) and a width equal to 4.3%, 3.3%, and 2% at the LHC Run II,
HL-LHC, and FCC respectively. In case of the LHC (both Run II and HL), the width of the Gaussian corresponds to
the projected sensitivity from the two parameter fit by ATLAS [111]. The effect of marginalizing over cV is sub-leading
in both LHC scenarios and weakens the bound on dc2V . We find that the results of Table 5 change by 2% for LHC14
and 7% for HL-LHC. The effect at the FCC is much larger causing the bound on dc2V to be O(0.04) rather than 0.01.
This is not surprising and indicates that a joint likelihood would be required at the FCC.

From Table 5, we find that the c2V coupling, for which there are currently no direct experimental constraints, can
already be measured at the LHC with 300fb�1 with a reasonably good accuracy: +45%

�37% with 68% probability. This ac-
curacy is only marginally degraded if the background is increased by a factor 3. A better precision, of the order of +19%

�15%,
is expected at the HL-LHC with 3ab�1. Also, this estimate is robust against an overall rescaling of the background
cross section. Finally, we find a very significant improvement at the FCC with 10ab�1, where a measurement at the
1% level could be achieved providing an unprecedented test for our understanding of the Higgs sector.
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This behaviour is illustrated in Fig. 11 where we show the invariant mass distribution of the Higgs pairs after all
analysis cuts, at 14TeV and 100TeV, for the signal (SM and c2V = 0.8) and the total background. In the case of the
benchmark scenario with c2V = 0.8, the crossover between signal and background is located at mhh ' 2TeV (4TeV) at
14TeV (100TeV). We also observe that, for invariant masses mhh above this crossover, the ratio between the signal and
the backgrounds keeps increasing steeply.

With the final results of our analysis in hand, we can now estimate the expected sensitivity to deviations in the
hhVV coupling, parametrized as dc2V = c2V � 1, by exploiting the information contained in the full mhh differential
distribution (as opposed to using only the total number of events satisfying all cuts from Table 3). To achieve this,
we first bin our results in mhh and then follow a Bayesian approach [109] to construct a posterior probability density
function. We include two nuisance parameters, qB and qS, to account for the uncertainty associated with the background
and signal event rate, respectively. The parameter qS encodes the theoretical uncertainties on the di-Higgs cross section
and the branching fraction BR(h ! bb̄). We conservatively assume a 10% uncertainty uncorrelated in each mhh bin.

Concerning qB, we expect that an actual experimental analysis of di-Higgs production via VBF would estimate the
overall normalization of the different background components by means of data-driven techniques. We assume a 15%
uncertainty arising from the measurement and subsequent extrapolation of the dominant QCD multijet background, see
for example a recent ATLAS measurement of dijet bb̄ cross-sections [110]. The background nuisance parameter, qB, is
conservatively also assumed to be uncorrelated among mhh bins. In addition, while we already rescale the background
cross sections to match existing NLO and NNLO results (see Appendix A), there still remains a sizable uncertainty in
their overall normalization from missing higher orders, in particular for the QCD multijet components. For this reason,
below, we explore the robustness of our results upon an overall rescaling of all the background cross sections by a fixed
factor.

The posterior probability function constructed in this way reads:

P(dc2V |{Ni
obs}) =

Z
’

i2{bins}
dq

i
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i
B L

�
Ni(q i

B,q i
S)|Ni
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e�(q i
S)2/2 e�(q i

B)2/2
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with Ni(q i
B,q i

S) and Ni
obs denoting respectively the number of predicted (for a generic value of c2V ) and observed

(assuming SM couplings) events for a given integrated luminosity L in the i-th bin of the di-Higgs invariant mass
distribution mhh, given by 2:

Ni(qB,qS) =
h
s

i
sig(c2V )
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1+q
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S dS
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�
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i
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(19)

In Eq. (19), s

i
sig(c2V ) and s

i
bkg indicate the signal (for a given value of c2V ) and total background cross sections,

respectively, for the i-th bin of the mhh distribution. The functional form of s

i
sig(c2V ) is given by Eq. (7) and the value

2In our analysis, we use 15 bins starting at 250 GeV up to 6(30)TeV for the LHC(FCC) that are uniformly spaced on a log scale. In addition, we
define an overflow bin up to the relevant centre of mass energy.
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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 modiÞcations of Higgs couplings induce
energy-growing e! ects in speciÞc amplitudes involving longitudinally polarized vector bosons, and
we initiate a novel program to study these very modiÞcations 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 reÞnements 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 modiÞcations of Higgs cou-
plings (HC): via partial widths 2

i = �h! ii/�SM
h! ii [1],

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

!
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 = g" 2|H |2Bµ⌫B
µ⌫ OWW = g2|H |2W a

µ⌫W
aµ⌫

OGG = g2
s |H |2Ga

µ⌫G
aµ⌫ 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 ! E 2

! 2

! � O6 ! vE
! 2

! Z �

! ��

! V

OW W

OBB

Or

! E 2

! 2

! g Ogg ! E 2

! 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 reÞnements and improvements. Indeed, the high-
energy program can beneÞt maximally from accu-
mulated statistics, from improved SM computations,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6Ð11]),
and from dedicated experimental analyses aimed at
reducing the di↵erent backgrounds. Furthermore,
given the complexity of the Þnal states, advanced
machine learning techniques [12Ð14] 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 beneÞt the most, not

ar
X

iv
:1

81
2.

09
29

9v
1 

 [h
ep

-p
h]

  2
1 

D
ec

 2
01

8

4

1

2

95%, HL- LHC tt h

Constraints from pp jtVV at HL- LHC

10310.1 0.3
- 0.4

- 0.2

0.0

0.2

0.4

B

y t

FIG. 3. LEFT: HL-LHC (3000 fb ! 1) sensitivity on modiÞcations 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 modiÞcations of the Higgs trilinear !$ ! . RIGHT:
1" reach for modiÞcation of the Higgs- %%and Z % rates, using high- E measurements (green,pink,brown bands correspond to
leptonic,semileptonic, and also hadronic Þnal 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 øtth Þnal state
that is usually considered to measure the top quark
Yukawa. Moreover, the Þnal state in Eq. (4) is pro-
duced in vector boson fusion, whose crossection in-
creases with energy, whileøtth 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 bøb�� Þnal 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-
Þed coupling��, or the operator O6, induces a lin-
ear growth with energy w.r.t. the SM in processes
with jjhVLVL Þnal state (Tab. I), and a quadratic
growth in processes withjjVLVLVLVL. For the for-
mer, the same-signW±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 ! øbb decays. For illustration we focus
on this channel in which the SM givesNSM ' 50
events. Backgrounds from tøtjj enter with a mis-
identiÞed 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 resultsÑshown in the center panel of Fig. 3Ñ
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 reÞned:i) including the many
other Þnal states in Eq. (5), both for the vector de-
cays and for the Higgs decayii) 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 Þnal state, but it grows quadratically w.r.t. the
SM Þnal 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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FIG. 3. LEFT: HL-LHC (3000 fb ! 1) sensitivity on modiÞcations 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 modiÞcations of the Higgs trilinear !$ ! . RIGHT:
1" reach for modiÞcation of the Higgs- %%and Z % rates, using high- E measurements (green,pink,brown bands correspond to
leptonic,semileptonic, and also hadronic Þnal 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 !" ! ! [" 1.8, 6.7] at
95%C.L. [28] using the b̄b## 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 jjhV L VL final state (Tab. I), and a quadratic
growth in processes with jjV L VL VL VL . 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 # b̄bdecays. For illustration we focus
on this channel in which the SM gives NSM $ 50
events. Backgrounds from t t̄jj 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 E 2-
growing jjV L VL VL VL 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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or may not be able to discover it at the HL LHC. The higher energy and integrated luminosity of the HE
LHC would significantly expand this discovery potential.

Perhaps, the simplest illustration of this potential is the extension of the SM scalar sector with a
single real singlet scalar [395, 396, 397, 398, 399, 400, 401, 402, 403, 404, 405, 333, 406], the “xSM”
[407] (for analogous studies with a complex singlet, see [408, 409]). The xSM contains two Higgs-
like scalars, h1 and h2 that are admixtures of the neutral component of the SM Higgs doublet and the
singlet. For a wide range or model parameters, the interactions in the xSM scalar potential can lead to
a strong first order EWPT when the SM-like state h1 has a mass of 125 GeV. The associated collider
signatures direct and indirect effects: direct production of scalar pairs; include modifications of the Higgs
self-coupling, which may be as as large as O(1) or small as a few percent; and a shift in the associated
production (Zh1) cross section.

We consider first scalar pair production. In pp collisions, a pair of SM-like scalars h1 can be
produced through an on-shell h2, corresponding to the so-called “resonant di-Higgs production”. Each
h1 then decays to the conventional Higgs boson decay products, yielding various combinations. The
possibilities for discovery through the “resonant di-Higgs production” process are illustrated in Fig. 86,
where the results are obtained by combining the 4t and bb̄gg final states [403] (for early studies of
resonant di-Higgs production, see, e.g.. Ref. [353]). Each coloured band gives the projected significance
N� of observation as a function of the h2 mass, with the N� range obtained by varying over all other
model parameters consistent with a strong first order EWPT, constraints from EW precision observables,
and present LHC Higgs signal strength determinations. The maximum h2 mass consistent with a strong
first order EWPT is just below 900 GeV. Results are shown for different prospective centre of mass
energies.

At the time this work was completed, no analysis had been performed for
p

s = 27 TeV and 15
ab�1 integrated luminosity. Consequently, we show in the left panel the reach for the LHC and a 100
TeV pp collider and in the right panel the corresponding reach for

p
s = 50, 100, and 200 TeV with 30

ab�1. As one can see, the HL-LHC discovery potential is limited to a relatively modest portion of the
light h2 parameter space, whereas the FCC-hh with 30 ab�1 would enable discovery over the entire first
order EWPT-viable parameter space in this model. Interpolating by eye, one can anticipate that the reach
for the HE LHC will lie somewhere between that of the LHC and the 50 TeV band in the right panel.
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Fig. 86: Discovery potential for the singlet-induced strong first order EWPT using resonant di-Higgs
production combining 4t and bb̄gg final states [403]. Vertical axis gives significance as a function of
the singlet-like scalar mass m2. Left panel gives comparison of the reach for the HL-LHC (blue band)
and the FCC-hh with 3 ab�1 and 30 ab�1 (purple and red bands, respectively). Right panel shows the
prospective reach for different centre of mass energies, assuming 30 ab�1.

It is worth noting that the foregoing analyses are based on the assumption that the di-Higgs pro-
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Fig. 30: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

a simple scaling of the cross sections and luminosities is applied, which is a fair assessment with the
current systematic uncertainties and assuming that the experimental performance and systematic uncer-
tainties are unchanged with respect to the current LHC experiments. Two scenarios are then assumed
for the theoretical and modelling systematic uncertainties on the signal and backgrounds. The first (S2)
is the foreseen baseline scenario at HL-LHC, and the second (S2!) is a scenario where theoretical and
modelling systematic uncertainties are halved, which in many cases would correspond to uncertainties
roughly four times smaller than for current Run 2 analyses. It should be noted that HL-LHC measure-
ments, whose precision is limited by systematic uncertainties, would also improve for S2’. The results
of these projections are reported in Table 40.

2.8 Higgs couplings precision overview in the Kappa-framework and the nonlinear EFT24

After the discovery of the Higgs boson at the LHC, the first exploration of the couplings of the new
particle at Run I and Run II has achieved an overall precision at the level of ten percent. One of the main
goals of Higgs studies at the HL-LHC or HE-LHC will be to push the sensitivity to deviations in the
Higgs couplings close to the percent level.

In this section we study the projected precision that would be possible at such high luminosity
and high energy extensions of the LHC from a global fit to modifications of the different single-Higgs
couplings. Other important goals of the Higgs physics program at the HL/HE-LHC, such as extend-
ing/complementing the studies of the total rates with the information from differential distributions, or
getting access to the Higgs trilinear coupling, will be covered in other parts of this document.

In order to study single-Higgs couplings, we introduce a parametrisation, the nonlinear EFT, that
24 Contacts: J. de Blas, O. Catà, O. Eberhardt, C. Krause
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Fig. 11 The di-Higgs mhh distribution at 14 TeV (left) and 100 TeV (right) after all analysis cuts showing the results for the signal (SM and
c2V = 0.8) and for the total background.

This behaviour is illustrated in Fig. 11 where we show the invariant mass distribution of the Higgs pairs after all
analysis cuts, at 14TeV and 100TeV, for the signal (SM and c2V = 0.8) and the total background. In the case of the
benchmark scenario with c2V = 0.8, the crossover between signal and background is located at mhh ' 2TeV (4TeV) at
14TeV (100TeV). We also observe that, for invariant masses mhh above this crossover, the ratio between the signal and
the backgrounds keeps increasing steeply.

With the final results of our analysis in hand, we can now estimate the expected sensitivity to deviations in the
hhVV coupling, parametrized as dc2V = c2V � 1, by exploiting the information contained in the full mhh differential
distribution (as opposed to using only the total number of events satisfying all cuts from Table 3). To achieve this,
we first bin our results in mhh and then follow a Bayesian approach [109] to construct a posterior probability density
function. We include two nuisance parameters, qB and qS, to account for the uncertainty associated with the background
and signal event rate, respectively. The parameter qS encodes the theoretical uncertainties on the di-Higgs cross section
and the branching fraction BR(h ! bb̄). We conservatively assume a 10% uncertainty uncorrelated in each mhh bin.

Concerning qB, we expect that an actual experimental analysis of di-Higgs production via VBF would estimate the
overall normalization of the different background components by means of data-driven techniques. We assume a 15%
uncertainty arising from the measurement and subsequent extrapolation of the dominant QCD multijet background, see
for example a recent ATLAS measurement of dijet bb̄ cross-sections [110]. The background nuisance parameter, qB, is
conservatively also assumed to be uncorrelated among mhh bins. In addition, while we already rescale the background
cross sections to match existing NLO and NNLO results (see Appendix A), there still remains a sizable uncertainty in
their overall normalization from missing higher orders, in particular for the QCD multijet components. For this reason,
below, we explore the robustness of our results upon an overall rescaling of all the background cross sections by a fixed
factor.

The posterior probability function constructed in this way reads:

P(dc2V |{Ni
obs}) =

Z
’

i2{bins}
dq

i
S dq

i
B L

�
Ni(q i

B,q i
S)|Ni

obs
�

e�(q i
S)2/2 e�(q i

B)2/2
p(c2V ) , (18)

with Ni(q i
B,q i

S) and Ni
obs denoting respectively the number of predicted (for a generic value of c2V ) and observed

(assuming SM couplings) events for a given integrated luminosity L in the i-th bin of the di-Higgs invariant mass
distribution mhh, given by 2:
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h
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1+q
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�
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B dB
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h
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sig(c2V = 1)+s

i
bkg

i
⇥L .

(19)

In Eq. (19), s

i
sig(c2V ) and s

i
bkg indicate the signal (for a given value of c2V ) and total background cross sections,

respectively, for the i-th bin of the mhh distribution. The functional form of s

i
sig(c2V ) is given by Eq. (7) and the value

2In our analysis, we use 15 bins starting at 250 GeV up to 6(30)TeV for the LHC(FCC) that are uniformly spaced on a log scale. In addition, we
define an overflow bin up to the relevant centre of mass energy.
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