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The scalar sector and the self-coupling

2

■ The scalar sector : the cornerstone of the SM


■ Brout-Englert-Higgs mechanism: a scalar potential 
with a v.e.v. ≠ 0 originates a spontaneous breaking 
of the electroweak symmetry


■ Properties of the scalar sector ⟺ potential shape, 
controlled by λ ⟺ strength of the self-coupling

V (�†�) = �µ2�†�+ �(�†�)2

v / √2

The Higgs boson self-coupling is intimately connected to the EWSB in the SM
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How to measure λHHH?
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■ Use the production of two Higgs bosons to 
probe λHHH

□ direct measurement: theoretically clean

□ very rare process ⟹ experimentally 

challenging

Two complementary strategies exist:

Indirect 
measurements 
in single H
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Figure 1. First row: Leading-order contribution to Higgs-boson production via gluon-gluon fusion
and contribution from heavy quark resonances to the same process; Second row: Leading contributions
to the Higgs decay into two photons, given by a top-quark loop and a W±-boson loop, as well as
contributions from heavy fermion resonances to the same process.

The rotations to the mass basis will be in analogy to (2.6), but now featuring larger

matrices. We will resort to numerical methods for these diagonalizations in the following.

Note that, if we are only interested in sums of ratios of Higgs couplings over masses, we

can arrive at simple analytical expressions, avoiding the diagonalization procedure, see

Section 3.

The couplings of the fermions to the Higgs boson are now given by

Lh =
X

f=E,Y

 ̄f10 (0)
L gf(0)h10  

f10 (0)
R h+ h.c. , (2.17)

where

 E10 (0)
⌘ (⌧ (0), E(0)

1
, E(0)

2
, E(0)

3
)T ,  Y 10 (0)

⌘ (Y (0)

1
, Y (0)

2
, Y (0)

3
)T , (2.18)

and

gf(0)h10 =
@Mf

@v
, (2.19)

with f = E, Y . After rotating to the diagonal mass basis, the Higgs-coupling matrices

become

gfh10 = Uf10†
L gf(0)h10 U

f10
R . (2.20)

3 Higgs Production and Decay

3.1 General Structure

The presence of the new resonances has significant implications on the production and

decay of the Higgs boson, which will be worked out in this section. The most important

production mechanism for the Higgs boson at hadron colliders is gluon-gluon fusion, which

in the SM receives its main contribution from a top-quark triangle loop, with a large

coupling to the Higgs, see the leftmost diagram in Figure 1. In extensions of the SM this
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Figure 1. First row: Leading-order contribution to Higgs-boson production via gluon-gluon fusion
and contribution from heavy quark resonances to the same process; Second row: Leading contributions
to the Higgs decay into two photons, given by a top-quark loop and a W±-boson loop, as well as
contributions from heavy fermion resonances to the same process.

The rotations to the mass basis will be in analogy to (2.6), but now featuring larger

matrices. We will resort to numerical methods for these diagonalizations in the following.

Note that, if we are only interested in sums of ratios of Higgs couplings over masses, we

can arrive at simple analytical expressions, avoiding the diagonalization procedure, see

Section 3.
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Figure 1. First row: Leading-order contribution to Higgs-boson production via gluon-gluon fusion

and contribution from heavy quark resonances to the same process; Second row: Leading contributions

to the Higgs decay into two photons, given by a top-quark loop and a W±-boson loop, as well as

contributions from heavy fermion resonances to the same process.

The rotations to the mass basis will be in analogy to (2.6), but now featuring larger

matrices. We will resort to numerical methods for these diagonalizations in the following.

Note that, if we are only interested in sums of ratios of Higgs couplings over masses, we

can arrive at simple analytical expressions, avoiding the diagonalization procedure, see

Section 3.
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3.1 General Structure

The presence of the new resonances has significant implications on the production and

decay of the Higgs boson, which will be worked out in this section. The most important

production mechanism for the Higgs boson at hadron colliders is gluon-gluon fusion, which

in the SM receives its main contribution from a top-quark triangle loop, with a large

coupling to the Higgs, see the leftmost diagram in Figure 1. In extensions of the SM this
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(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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■ Extract the value of λHHH from precision 
single H cross section measurements

□ indirect measurement: stronger theory 

assumptions needed to disentangle NLO λHHH 
effects from other couplings / new physics


□ benefit of the large single H cross section 
(~ 1000 ⨉ σHH) 

The combination of both strategies maximises our sensitivity to λHHH
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HH production ⟹ direct determination of 
Higgs trilinear coupling λHHH

■ Gluon fusion: dominant production mode

□ driving the determination of λHHH


■ Large destructive interference 
⟹ tiny cross section


■ Self-coupling information both total and 
differential cross section (strong mHH 
dependence on λHHH)
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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Direct measurements : HH production
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−23.2% fb (scale ⊕ PDF ⊕ αS ⊕ mt)

(scale ⊕ PDF ⊕ αS ⊕ mt)
30.77 +6.4%

−23.1%σSM
HH = (34.13) 13 (13.6)at TeV

NNLO FT-approx [JHEP 05 (2018) 059] 
+ mt unc [PRD 103, 056002 (2021)]
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HH final states

5

NOTE: a broad program of searches for new resonances and 
similar signatures in HH also exists and is not covered in this talk

■ Phenomenologically rich set of final states


■ Branching fraction and S/B largely vary, 
resulting in several sensitive channels


■ Sensitivity to HH maximised from 
combination of several decay channels 

Keep 𝓑 high

Trade-off 
between 𝓑 
and purity 

Broad experimental programme by 
the ATLAS and CMS Collaborations
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■ High pT phase space leading 
to excellent S/B using 
powerful ML-based bb ID

6

High 𝓑, low S/B : HH→bbbb PRL 129 (2022) 081802

PRL 131 (2023) 041803
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Figure A.4: Prediction of the background distribution obtained directly from the A
3b
SR region

without the application of the BDT reweighting correction. The top and bottom row show the
ggF and VBF categories, respectively, and the data correspond to the 2016 dataset. For the for-
mer, the output of the BDT discriminant is shown for the low-mass category on the left and for
the high-mass category on the right. For the latter, the mHH distribution in the SM-like cate-
gory is shown. The anomalous k2V-like category is not shown because no shape correction is
applied for it since the overall number of observed events is used to perform a counting exper-
iment. Data are represented by points with error bars, while the ggF (VBF) signal contribution
is shown in blue (red) and not stacked. The background prediction without the shape correc-
tion is represented by the shaded blue histograms with the associated systematic uncertainties
(gray dashed areas).
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■ 4 b jet signal region and b jet triggers


■ High multijet bkg requires accurate data-
driven modelling from 3b/2b regions

Obs. (exp.) : 
5.3 (8.1) ⨉ σSM (ATLAS) 
3.9 (7.8) ⨉ σSM (CMS) Obs. (exp.) : 9.9 (5.1) ⨉ σSM (CMS)

https://doi.org/10.1103/PhysRevLett.129.081802
http://dx.doi.org/10.1103/PhysRevLett.131.041803
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://www.sciencedirect.com/science/article/pii/S0370269324005653?via=ihub
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■ 3 𝜏𝜏 final states considered (𝜏e𝜏h, 
𝜏μ𝜏h, 𝜏h𝜏h) : 88% of total decays

□ event categorised by 𝜏𝜏 decay mode 

(𝜏h𝜏h, 𝜏𝓁𝜏h), production mode, and mHH


■ Irreducible backgrounds

□ tt : MC simulation

□ Z(𝜏𝜏) + bb : simulation + data-driven 

correction from Z→μμ


■ Reducible backgrounds (mis-ID 𝜏h) 
from QCD multijet

□ data-driven from inverted 𝜏 ID region


■ Signal extracted with a BDT/NN 
discriminant

7
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Low S, low B : HH→bbγγ

■ Main backgrounds: 𝛾/𝛾𝛾 + 
jets continuum, single H

□ dedicated MVA for 

rejection


■ Purity ⨉ mHH categories


■ Signal extracted from a fit 
to the m𝛾𝛾 distribution 
(+mbb for CMS)


■ Clearly statistically 
limited!

8
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Combination : SM HH sensitivity
■ Similar sensitivity 

from ATLAS and CMS

□ but different hierarchy 

across channels


■ Results are limited by 
stat. uncertainties

□ theo (σHH) and bkg 

modelling as 
dominant 
uncertainties


■ Ongoing effort for an 
ATLAS+CMS 
combination

arXiv:2406.09971 (sub. to PRL)

1 10 100 1000

Theory
σ HH)/→(pp σ95% CL limit on 

Observed: 97
Expected: 52

γγWW 
CMS-PAS-HIG-21-014

Observed: 14
Expected: 18
bb WW

CMS-PAS-HIG-21-005

Observed: 32
Expected: 40

♣bb ZZ 
Acc. by JHEP (2206.10657)

Observed: 21
Expected: 19

♣Multilepton 
Acc. by JHEP (2206.10268)

Observed: 8.4
Expected: 5.5

♣ γγbb 
JHEP 03 (2021) 257

Observed: 3.3
Expected: 5.2

♣ ττbb 
Acc. by PLB (2206.09401)

Observed: 7.2
Expected: 4.2

♣bb bb 
Nature 607 (2022) 60

Observed: 3.4
Expected: 2.5

♣Comb. of 
Nature 607 (2022) 60

Observed          Median expected
                        68% expected    
                        95% expected    

CMS Preliminary

 = 1tκ = λκ
 = 12Vκ = Vκ

 (13 TeV)-1138 fb

CMS Summary Plots

Obs (exp) : 3.4 (2.5) ⨉ SMObs (exp) : 2.9 (2.4) ⨉ SM

PRL 133 (2024) 101801

 

Nature 607 (2022) 60 
CMS summary plots

https://arxiv.org/abs/2406.09971
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#Summary_of_Run_2_sigma_HH_sigma
https://doi.org/10.1038/s41586-022-04892-x
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#Summary_of_Run_2_sigma_HH_sigma
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Combination : self-coupling
■ Effect of interference 

in gg→HH clearly 
visible


■ 1 ≲ λ ≲ 5 hardest 
region to probe (min 
xs, soft spectrum)


■ Complementarity of 
channels to cover full 
κλ (mHH) spectrum
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Sensitivity 
maximised with 
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PRL 133 (2024) 101801 
Nature 607 (2022) 60

http://dx.doi.org/10.1038/s41586-022-04892-x
https://arxiv.org/abs/2406.09971
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VBF HH 20 times rarer than ggF HH, but unique access to  VVHH coupling
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Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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ŝ
2

(

1− 2
M

2
H

ŝ
∓

√

1−
4M

2
H

ŝ
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Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
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, F! → −
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3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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ŝ
and

t̂
denoting

the
partonic

M
andelstam

variables.
T
he

triangular
and

b
ox

form

factors
F
△
,
F
!
and

G
!
approach

constant
values

in
the

infinite
top

quark
m
ass

lim
it,

F
△
→

23 ,
F
!
→

−
23 ,

G
!
→

0
.

(6)

T
he

expressions
w
ith

the
com

plete
m
ass

dep
endence

are
rather

lengthy
and

can
b
e
found

in
R
ef.

[11]
as

w
ell

as
the

N
L
O

Q
C
D

corrections
in

the
L
E
T
approxim

ation
in

R
ef.

[18].

T
he

full
L
O

expressions
for

F
△
, F

!
and

G
!
are

used
w
herever

they
app

ear
in

the

N
L
O

corrections
in

order
to

im
prove

the
p
erturbative

results,
sim

ilar
to

w
hat

has
b
een

done
in

the
single

H
iggs

production
case

w
here

using
the

exact
L
O
expression

reduces
the

disagreem
ent

b
etw

een
the

full
N
L
O

result
and

the
L
E
T
result

[7, 19].

For
the

num
erical

evaluation
w
e
have

used
the

publicly
available

code
HPAIR

[44]
in

w
hich

the
know

n
N
L
O

corrections
are

im
plem

ented.
A
s
a
central

scale
for

this
process

6

(a)
gg

double-H
iggs

fusion:
gg

→
H
H

H

H
H

g

g
Q

H

H

g

g
Q

(b)
W

W
/Z

Z
double-H

iggs
fusion:

qq ′→
H
H
qq ′

q

q ′

q

q ′

V
∗V
∗

HH

(c)
D
ouble

H
iggs-strahlung:

qq̄ ′→
Z
H
H
/W

H
H

q

q̄ ′
V
∗

V

HH

g

g
t̄

t
HH

q

q̄
g

(d)
A
ssociated

production
w
ith

top-quarks:
qq̄/gg

→
t̄tH

H

F
igure

1:
Som

e
generic

F
eynm

an
diagram

s
contributing

to
H
iggs

pair
production

at
hadron

colliders.

w
here

t̂
±
=
−
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Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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Figure 10: pT (H) (left) and m(tt̄H) (right) distributions for tt̄H. Upper plots: (�BSM

NLO
�

�LO)/�LO ratio for di↵erent values of 3. Lower plots: comparison of BSM/SM ratio including
or not NLO EW corrections for di↵erent values of 3.

that does not depend on �3, namely 7,

�EW

��
�3=0

⌘ KEW � 1� C1 � �ZH . (15)

In eq. (14), ⌃SM

NLO
stands for the observable ⌃ at LO + NLO EW accuracy. Thus, in the limit

�3 ! 1, ⌃BSM

NLO
! ⌃SM

NLO
. As can be noted, the ZBSM

H
term factorises the NLO EW contributions

in the SM, while C1 does not. Indeed, in general, EW loop corrections on top of �3-induced
e↵ects need a dedicated two-loop calculation and a full-fledged EFT approach in order to obtain
UV-finite results; only the Z

BSM

H
contribution is completely model-independent and factorises

the NLO EW corrections in the SM. However, it is worth to note that, assuming factorisation
also for C1 contributions, terms of the order 3C1⇥ �EW

��
�3=0

would be anyway negligible, since

either �EW
��
�3=0

(Sudakov logarithms in the boosted regime) or C1 (Sommerfeld enhancement
in the threshold region) is sizeable, but never both of them at the same time. This will be clear
in the di↵erential plots we display in the following.

The EWK-factor at the inclusive level can be found for all processes in Tab. 2, while relevant
di↵erential results for ZH, WH and tt̄H are displayed in Figs. 8, 9 and 10, respectively. In
each figure, plots on the left show the pT (H) distributions, while plots on the right those for
the invariant mass of the final state. In the upper plots we display the ratio (�BSM

NLO
� �LO)/�LO

7Here, in order to keep the notation simple, with the symbol �ZH we still refer to only the �3 contributions to
the Higgs wave-function counterterm. Thus, �EW

��
�3=0

contains further contributions to the Higgs wave-function
counterterm that do not depend on �3.
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degenerate with � ⇠ 6. The fact that the degeneracy appears at different values � for
different processes is important in order to be able to lift it.

The results for the decay widths and branching ratios are shown Fig. 7. We plot (left)
�⌃�3 as a function of � for the decay widths of the relevant modes at the LHC, which
we denote as ���3 , and we show (right) the analogous quantity (�BR�3) for the Branching
Ratios (BRs). The quantity �BR�3(i) for the Higgs decay into the final-state i can be
conveniently written as

�BR�3(i) =
(� � 1)(C�

1
(i)� C

�tot
1

)

1 + (� � 1)C�tot
1

, (4.4)

where we have defined C
�tot
1

⌘
P

j
BRSM(j)C�

1
(j) and with our input parameters C

�tot
1

=

2.3 · 10�3. The quantity C
�tot
1

, which actually is the C1 term for the total decay width, is
very small since C

�
1
(bb̄) = 0 and bb̄ is the dominant decay channel. Note that, although the

H ! gg decay is not phenomenologically relevant, the total decay width does depend on
���3(gg), since �gg yields a non-negligible fraction (8.5 %) of �tot.
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Production xs and decay BR Differential distributions

Single H production as a precision tool 
to look for NLO effects from λHHH 

Simplified template XS single H 
measurements used as input

(a)

(b) (c) (d)

Figure 1: Examples of one loop �HHH -dependent diagrams for the Higgs boson self energy (a) and the single Higgs
boson production in the VBF (b), VH (c), and ttH (d) modes. The self-coupling vertex is indicated by the filled
circle.

1 Introduction

After the discovery of the Higgs boson by the ATLAS [1] and CMS [2] experiments, the properties of this
new particle have been probed by the two experiments, testing their compatibility with the prediction of the
Standard Model (SM). During the two runs of data-taking of the Large Hadron Collider (LHC) at CERN, the
Higgs production cross-sections and decay branching ratios in various channels have been measured with
an increasing precision, as well as the Higgs boson couplings with the SM particles [3–5]. Nevertheless
the properties of the Higgs scalar potential, and in particular the Higgs boson self-coupling, are still largely
unconstrained. The most recent constraints on the Higgs boson trilinear self-coupling, �HHH , have been
set in the context of a direct search of double Higgs boson production. Results are reported in terms
of � = �HHH/�SMHHH

, which is the ratio of the Higgs boson self-coupling to its SM expectation. It is
constrained to at 95% confidence level (C.L.) to �5.0 < � < 12.1 [6] and �11.8 < � < 18.8 [7] by
ATLAS and CMS, respectively, using up to 36 fb�1of Run-2 data.

An alternative and complementary approach to study the Higgs boson self-coupling has been proposed in
the Refs. [8–13]. Single Higgs processes do not depend on �HHH at leading order (LO), but the Higgs
trilinear self-coupling contributions need to be taken into account for the calculation of the complete
next-to-leading (NLO) electro-weak (EW) corrections. In particular, �HHH contributes at NLO EW
via Higgs self energy loop corrections and additional diagrams, as shown by the examples in Figure 1.
Therefore, an indirect constraint on �HHH can be extracted by comparing precise measurements of single
Higgs production yields and the SM predictions corrected for the �HHH -dependent NLO EW e�ects.
Refs. [8, 9] propose a framework for a global fit to constrain the Higgs trilinear coupling, where all the
Higgs boson production and decay channels are modified by parameters:

µi f (�) = µi(�) ⇥ µ f (�) ⌘
�i(�)
�SM,i

⇥
BR f (�)
BRSM, f

, (1)
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Figure 1: Representative one-loop diagrams in single Higgs processes with anomalous trilinear
coupling. Di↵erential information on ggF requires the calculation of EW two-loop amplitudes
for Hj production, which is not yet feasible with the current technology.

be a correct approach up to NNLO in ref. [40].4 Representative diagrams contributing to the
C1 for the di↵erent processes are depicted in Fig. 1.

In eq. (5), at variance with the case of ⌃NLO

�3
in ref. [39], the universal component Z

BSM

H

corresponds to the wave function renormalisation where we have resummed only the new-physics
contributions at one loop,

Z
BSM

H
=

1

1� (2

3
� 1)�ZH

, (6)

�ZH = � 9

16
p
2⇡2

✓
2⇡

3
p
3
� 1

◆
Gµm

2

H
= �1.536⇥ 10�3

. (7)

The SM component is directly included at fixed NLO via the �ZH term appearing in eq. (5).
Numerically, the di↵erence between eq. (5) and ⌃NLO

�3
in ref. [39] is at sub-permill level and thus

negligible. On the other hand, in the limit 3 ! 1, ZBSM

H
! 1 and thus ⌃BSM

�3
goes to the SM

case at fixed NLO

⌃SM

�3
= ⌃LO(1 + C1 + �ZH) . (8)

4As the weak loops considered here are always characterised by scales of the order of the mass of the heavy
particles in the propagators (weak bosons, top quarks and the Higgs) while QCD corrections at threshold are
typically dominated by lower scales, factorisation is a reasonable working assumption.
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□ PLB 843 (2024) 137745 

□ arXiv:2407.13554 (sub. to PLB)

In gg→HH production 
  with dσ/dx ∝ κ4

t (1 + r + r2) r = κλ/κt

Degeneracy with  in HH lifted thanks to 
the independent  measurement 

κt
κt

 effects in single H standalone cannot 
be disentangled from other couplings

κλ

Degeneracy with   in single H lifted 
thanks to combined  constraint

κV, κf
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■ Will at least double the data set with at Run 3


■ Opportunity to maximise the analysis sensitivity 
(triggers, object reconstruction, analysis 
techniques)

Improved object identification leveraging on 
modern machine learning methods

Exciting opportunities for HH physics at Run 3

95% CL UL @ Run 2 : ~2.4 ⨉ SM per experiment 
→ 1.4 ⨉ SM / experiment (Run 2 + 3 lumi scaling) 
→ 1 ⨉ SM  ATLAS+CMS (Run 2 + 3 lumi scaling) 
→ analysis improvements : HH evidence @ Run 3?
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Improved triggers on hadronic signatures (bbbb, bb𝜏h𝜏h)
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CMS-DP-2023-050
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Combination of channels and experiments is crucial to observe HH

CERN-LPCC-2018-04

ATL-PHYS-PUB-2024-016

   Major HL-LHC legacy

■ Current 
projections 
based on 36 
fb-1 Run 2 
analyses 
extrapolation / 
parametric 
simulation 


■ Ongoing 
update effort 
for the next 
European 
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Figure 3. Left: Projected combined HL-LHC sensitivity to Higgs trilinear coupling from direct search channels. Right:
sensitivity to BSM Higgs bosons, in the H/A ! tt channel. From Ref. [2].

self-coupling l , ATLAS and CMS project a sensitivity to the HH signal of approximately 3 s.d. per experiment, leading to
a combined observation sensitivity of 4 s.d. These analyses, which make use also of the HH mass spectrum shape, result in
the likelihood profile as a function of kl shown in Fig. 3 (left). An important feature of these analyses is the presence of the
secondary minimum in the likelihood lineshape, due to the degeneracy in the total number of HH signal events for different kl
values. We note that at the HL-LHC the secondary minimum can be excluded at 99.4% CL, with a constraint on the Higgs
self-coupling of 0.5 < kl < 1.5 at the 68% CL. The results on HH production studies are statistics limited, therefore a dataset
of at least 6 ab�1 (ATLAS and CMS combined) is essential to achieve this objective.

Higgs studies at HL-LHC will enhance the sensitivity to BSM physics, exploiting indirect probes via precision measurements,
and a multitude of direct search targets, ranging from exotic decays of the 125 GeV Higgs boson (e.g. decays including light
scalars, light dark photons or axion-like particles, and decays to long-lived BSM particles) to the production of new Higgs
bosons, neutral and charged, at masses above or below 125 GeV. As an example, Fig. 3 (right) shows a summary of the MSSM
regions of parameter space that will be probed by ATLAS and CMS. The expected exclusion limit for H/A ! tt is presented
in black-dashed and compared to the present limit (in red and green for ATLAS and CMS, respectively). The HL-LHC will
have access to new Higgs bosons as heavy as 2.5 TeV for tanb > 50. In the figure, we also present the expected bound coming
from Higgs precision coupling measurements which excludes Higgs bosons with masses lower than approximately 1 TeV over
a large range of tanb .

Precision measurements provide an important tool to search for BSM physics associated to mass scales beyond the LHC
direct reach. The EFT framework, where the SM Lagrangian is supplemented with dimension-6 operators Âi ciO

(6)
i

/L2, allows
one to systematically parametrise BSM effects and how they modify SM processes. Figure 2 (right) shows the results of a global
fit to observables in Higgs physics, as well as diboson and Drell-Yan processes at high energy. The fit includes all operators
generated by new physics that only couples to SM bosons. These operators can either modify SM amplitudes, or generate new
amplitudes. In the former case, the best LHC probes are, for example, precision measurements of Higgs branching ratios. In the
case of the operator OH , for example, the constraints in Fig. 2 (right) translate into a sensitivity to the Higgs compositeness
scale f > 1.6 TeV, corresponding to a new physics mass scale of 20 TeV for an underlying strongly coupled theory. The effects
associated with some new amplitudes grow quadratically with the energy. For example, Drell-Yan production at large mass can
access, via the operators O2W,2B, energy scales of order 12 TeV (Fig. 2).

2.1 Production of multiple EW gauge bosons
The measurement of production of pairs or triplets of EW gauge boson will be of great importance to test the mechanism of EW
symmetry breaking, since it can signal the presence of anomalous EW couplings, and of new physics at energy scales beyond
the reach of direct resonance production. First observations of EW multiboson interactions have recently been achieved in
vector boson scattering (VBS) of WW and WZ and we expect a fuller picture to be accessible at HL-LHC, by statistics, but also
through improved detector instrumentation and acceptance in the forward direction. Table 1 summarizes the expected SM yields,
quoting the expected precision and significance for several HL-LHC measurements. In particular, the extraction of individual
polarization contributions to same-sign WW scattering will yield a > 3 s.d. evidence for WLWL production, combining ATLAS
and CMS results.
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Conclusions

■ HH is a fundamental process to probe the electroweak symmetry breaking mechanism

□ access to the self-coupling HHH → shape of the scalar potential

□ access to the quartic coupling VVHH → electroweak Higgs doublet structure


■ ATLAS and CMS conducted a broad programme of analyses with the full Run 2 data set

□ several channels covered

□ comprehensive study of ggF and VBF production modes

□ combined constraint from H and HH data


■ Possibility of combined evidence at the Run 3 with a long-term observation at HL-LHC at reach
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