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The Standard Model

2

■ The Higgs field is a necessary element of 
the SM

□ regularises the theory at the TeV scale

□ gives mass to all fermions

□ gives mass to W and Z bosons 

The Higgs field is the cornerstone of the SM 
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The scalar sector of the standard model

Additional d.o.f. 
⟹ W and Z polarisation

Quantum of the field 
⟹ Higgs boson

v / √2

m2

H
= 2�v2 = 2µ2

■ Gauge sector: electroweak and strong interactions 
explained with local gauge symmetries : 
SU(3) ⨉ SU(2) ⨉ U(1)


■ Scalar sector: complex scalar doublet of fields 
subject to potential with VEV ≠ 0


■ Spontaneous electroweak symmetry breaking : 
Brout-Englert-Higgs mechanism 
□ 3 of the 4 components of φ become the W and Z masses

□ the remaining component is the Higgs field

□ fermion masses via Yukawa interactions

V (�†�) = �µ2�†�+ �(�†�)2

A unique type of mechanism in HEP
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1.1. The standard model of particle physics 15

are minima of these potential, and are connected through gauge transformations that
change the phase of the field � but not its modulus. The quantity v is called the vacuum
expectation value (VEV) of the scalar potential. Once a specific ground state is chosen,
the symmetry is explicitly broken but the Lagrangian is still gauge invariant with all the
important consequences for the existence of gauge interactions.

If the symmetry is spontaneously broken to the ground state that is parallel to the „
0

component of the doublet, it can be shown that this specific ground state is still invariant
under the U(1)em symmetry group. As a consequence, the field expansion around this
minimum is written as:

�(x) = 1
Ô

2
exp

C
i‡i◊

i(x)
v

D A
0

v + H(x)

B

(1.25)

This corresponds to the presence of a scalar real massive field H and of three massless fields
◊

i. The latter are expected as consequence of the Goldstone theorem [4], that states that
the spontaneous breaking of a continuous symmetry generates as many massless bosons
(the Goldstone boson) as broken generators of the symmetry. However, such massless
bosons are not observed in Nature. They can be removed with an SU(2)L transformation
that consists in the choice of a specific gauge called “unitary gauge”:
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2

A
0

v + H(x)
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(1.26)

After this transformation, only the real scalar field H(x) remains and its quanta corre-
spond to a new physical massive particle, the Higgs boson (H).

Upon substitution of Eq. (1.21) and of the expression of �(x) in the unitary gauge in
Eq. (1.22), the BEH Lagrangian reads:
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(1.27)

The first line represents the evolution of the scalar Higgs field, that has a mass m
2
H =

2⁄v
2 = 2µ

2. It is a free parameter of the theory, directly related to the parameter µ of
the scalar potential. The second line represents the mass terms of the weak bosons (those
that multiply the constant term), of mass:

m
2
W = g

2
v

2

4

m
2
Z = (g2 + g

Õ2)v2

4 =
m

2
W

cos2
◊W

(1.28)

It can be observed that the Goldstone bosons, removed with the transformation of Eq. (1.26),
are absorbed as additional degrees of freedom of the W

± and Z bosons, corresponding to
their longitudinal polarizations: the mechanism confers mass to the weak bosons. The

Higgs field 
 →  

since mH ~ 125 GeV (Higgs obs.) 
and v ~ 246 GeV (from GF)

m2
H = 2λv2 λ ≈ 0.13

Mass of W / Z 
HWW, HZZ 
interactions, 
strength  ∝ m2

V

Higgs boson self-interactions

Cosmological constant. Note that this is 54 
orders of magnitude larger than the upper bound 
from observations

Fermion masses  
Hff interaction with strength ∝ mf

Higgs boson interactions

We need a precise measurement of all these interactions to characterise the Higgs boson



November 26th, 2025Luca Cadamuro (IJCLab - CNRS/IN2P3) Overview of Higgs boson results

Higgs boson phenomenology
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LHC and the ATLAS and CMS experiments

■ The CERN LHC is designed to deliver pp collisions at √s = 14 TeV and 𝓛 = 1034 cm-2 s-1


■ ATLAS and CMS are the two general purpose, nearly hermetic detectors, designed to trigger, 
identify and measure the particles produced in collisions occurring every 25 ns

6
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LHC operations

7

R. Salerno, EPS 2025

Higgs boson 
discovery

Observation of main 
production and decay 

modes

Precise Higgs boson 
characterization

Cumulative nr of 
Higgs bosons 
produced in each 
exp.

~650 k ~8.5 millions ~29 millions
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Characterising the Higgs boson

■ A broad experimental programme by the 
ATLAS and CMS Collaborations

8

Mass, width, CP Couplings Cross sections

Higgs boson

Precision 
measurement Rare decays Self-coupling

Differential 
measurements STXS

New physics 
searches
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Mass measurement

■ High resolution H→ZZ→4𝓁 and H→𝛾𝛾 channels


■ Relies on the excellent detector performance in lepton/photon 
energy scale determination and calibration

9

110 120 130 140 150 160
 [GeV]γγm

0
200
400
600
800

1000
1200
1400
1600
1800

Su
m

 o
f W

ei
gh

ts
 / 

1 
G

eV

Data

Background

Signal + Background

ATLAS
-1=13 TeV, 140 fbs

γγ →H 
All categories
ln(1+ ) weighted sumobs

90/Bobs
90S

ATLAS
Run 1:

p
s = 7-8 TeV, 25 fb°1, Run 2:

p
s = 13 TeV, 140 fb°1

Total Stat. only Combination

Total (Stat. only)

Run 1 H ! ∞∞

Run 2 H ! ∞∞

Run 1+2 H ! ∞∞

Run 1 H ! 4`

Run 2 H ! 4`

Run 1+2 H ! 4`

Run 1 Combined

Run 2 Combined

Run 1+2 Combined 70 80 90 100 110 120 130 140 150 160 170
 (GeV)4lm

0

50

100

150

200

250

Ev
en

ts
 / 

2 
G

eV

Inclusive
Data
H(125)

*γ ZZ, Z→ qq
*γ ZZ, Z→gg 

Z + X

 (13 TeV)-1138 fbCMS

Higgs mass measured with a precision below 1 per mille
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Higgs boson width
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Lineshape fit from H→ZZ→4𝓁

ΓSM (H) = 4.07 MeV 
Direct determination from 

resonance lineshape is limited by 
detector resolution 

Determination from off-shell vs on-shell production possible 
with much larger precision 

Done in H→ZZ→4𝓁, H→WW and in ttH/tttt combination (off-
shell ttH*(tt) ) 

Higgs width measured with ~50% precision

1

The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-
LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was
measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-
periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to
be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
sion production mode the off-shell production cross section is known to be sizable. This arises
from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-
tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark
pair production threshold. The zero-width approximation is inadequate and the ratio of the
off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further
developments to the measurement of the Higgs boson width were proposed in Refs. [13, 14].

The gluon fusion production cross section depends on GH through the Higgs boson propagator

dsgg!H!ZZ

dm
2
ZZ

⇠
g

2
ggHg

2
HZZ

(m2
ZZ � m

2
H)

2 + m
2
HG2

H
, (1)

where gggH and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, respectively.
Integrating either in a small region around mH, or above the mass threshold mZZ > 2mZ, where
(mZZ � mH) � GH, the cross sections are, respectively,

son-shell
gg!H!ZZ⇤ ⇠

g
2
ggHg

2
HZZ

mHGH
and soff-shell

gg!H⇤!ZZ ⇠
g

2
ggHg

2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.
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Higgs boson in action
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■ Couplings to weak bosons and 3rd generation 
firmly established

□ test EWSB

□ test Yukawa interactions


■ Starting to approach the second generation

We have established the quantum-relativistic 
nature of the mass of fundamental particles
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Completely charting production and decay …
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■ Charting individual 
production and 
decay modes 


■ All measurements in 
agreement with the 
SM
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… to an amazing level of granularity

■ Further splitting the 
different production and 
decay modes by the 
kinematics


■ 97 different signal 
strengths measured!

13
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Simplified template cross sections

■ Detector response and reconstruction 
different depending on the decay channels 
→ difficult to simultaneously exploit 
(requires unfolding, some incompletely 
reconstructed final states, ..)


■ Use Simplified Template Cross Sections 
(STXS) as cross section in specific regions 
of the production phase space

14

Precise combined characterization of the Higgs 
boson over a broad kinematic regime
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Differential measurements

■ Unfolded differential cross sections are 
also measured as function of several 
kinematic variables


■ Combination of several decay channels 
(𝛾𝛾, ZZ, boosted 𝜏𝜏) to optimally cover the 
whole phase space

15
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Rare decays : H→Zɣ
■ Extremely rare loop-induced 

process : BR = 1.5 ⨉ 10-3 in 
the SM

□ plus Z→𝑒𝑒/𝜇𝜇 BR for the 

experimentally accessible 
final state


■ 3.4 σ evidence from 
ATLAS+CMS combination


■ Excess with respect to the 
SM : 1.9 σ deviation

□ tension reduced in new 

ATLAS  Run 2 + Run 3 
analysis (2.5 σ standalone 
significance)
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The second generation : H →μμ

17
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■ Extremely rare BR (H→𝜇𝜇) ~2⨉10-4


■ Irreducible Drell-Yan background


■ Keys are excellent bkg description, mass 
resolution, extensive categorization

10− 5− 0 5 10 15
Signal strength

             Total     Stat.     Syst.

Combined Run 2 + Run 3  0.1 )± 0.4 ,  ± 0.4  (  ±   1.4  

Combined Run 3  0.2 )±  ,   0.5−
 0.6+  0.6  ( ±   1.6  

Combined Run 2   ) 0.1−
 0.2+  0.6 , ± 0.6  (  ±   1.2  

Run 3 0-jet categories  0.5 )± 1.2 ,  ± 1.3  (  ±   2.0  

Run 3 1-jet categories  0.4 )± 1.2 ,  ± 1.2  (  ±   1.3  

Run 3 2-jet categories  0.6 )± 1.2 ,  ± 1.3  (  ±   3.3  

Run 3 VBF categories  0.2 )± 0.9 ,  ± 0.9  (  ±   0.3  

Run 3 VH categories  1.3 )± 4.1 ,  ± 4.3  (  ±   3.1  

H categoriestRun 3 t  1.1 )± 3.4 ,  ± 3.5  (  ±   1.3  

Total Stat. Syst. SM
 ATLAS -1 = 13.6 TeV, 165 fbs        Run 3: -1 = 13 TeV, 140 fbsRun 2: 

µµ → H

Evidence by both ATLAS (Run 2 + Run 3) 
and CMS (Run 2)
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Intermezzo : ML usage for particle physics
■ Modern machine learning techniques are rapidly and 

extensively being deployed at all levels of the analysis 
chains

□ object identification

□ calibration

□ signal and background separation

□ bkg estimation

□ …


■ Same trend in both experiments, often a key driver in the 
improvement of the sensitivity of the results

18

Extensive application of ML is drastically improving 
the sensitivity of the results
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The second generation : H→cc
■ Extremely challenging process : rare (BR ~2.9%) and high contamination from QCD processes : highly 

performant charm flavour taggging is key


■ Highest sensitivity VH production (trigger and reject backgrounds from V) and recently ttH

19
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The self-coupling

20
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Why is it important?

21

■ Metastability or the Universe


■ EWSB phase transition and link to baryogenesis


■ Cosmological constant
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Figure 1: RG evolution of the Higgs self coupling, for di↵erent Higgs masses for the central value of mt

and ↵s, as well as for ±2� variations of mt (dashed lines) and ↵s (dotted lines). For negative values

of �, the life-time of the SM vacuum due to quantum tunneling at zero temperature is longer than the

age of the Universe as long as � remains above the region shaded in red, which takes into account the

finite corrections to the e↵ective bounce action renormalised at the same scale as � (see [11] for more

details).

2 Stability and metastability bounds

We first present the analysis on the Higgs instability region at zero temperature. We are

concerned with large field field values and therefore it is adequate to neglect the Higgs mass

term and to approximate the potential of the real field h contained in the Higgs doublet H =

(0, v + h/
p
2) as

V = �(|H|
2
� v

2)2 ⇡
�

4
h
4
. (1)

Here v = 174 GeV and the physical Higgs mass is mh = 2v
p
� at tree level. Our study here

follows previous state-of-the-art analyses (see in particular [9, 11, 12]). We assume negligible

corrections to the Higgs e↵ective potential from physics beyond the SM up to energy scales of

the order of the Planck mass. We include two-loop renormalization-group (RG) equations for all

the SM couplings, and all the known finite one and two-loop corrections in the relations between
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The shape of the scalar potential connects to many open questions of particle physics and cosmology

4

X X0 �X↵s
�XM �Xpar �X+

µ �X�
µ �Xtru �O(↵2)

i �
O(↵↵s,↵

4
s
)

↵s
�
O(↵4

s
)

q

Mcri
t 171.44 0.23 0.20 0.001 �0.36 0.17 �0.02 171.55�0.47

+1.04 171.43�0.36
+0.17 171.24�0.38

+0.19

log10 µ
cri
t 17.752 �0.051 0.083 0.007 0.007 �0.006 �0.002 17.783+0.062

�0.008 17.754+0.007
�0.006 17.751+0.007

�0.007

Mcri
H 129.30 �0.49 1.79 0.002 0.72 �0.33 0.04 129.06+0.95

�2.14 129.32+0.73
�0.33 129.72+0.76

�0.38

log10 µ
cri
H 18.512 �0.158 0.381 0.008 0.173 �0.082 0.008 18.495+0.226

�0.531 18.518+0.174
�0.082 18.602+0.184

�0.094
fMcri

t 171.64 0.23 0.20 0.001 �0.36 0.17 �0.02 171.74�0.46
+1.04 171.63�0.36

+0.17 171.43�0.37
+0.19

log10 µ̃
cri
t 21.442 �0.059 0.094 0.005 �0.083 0.022 0.002 21.485�0.085

+0.343 21.445�0.083
+0.022 21.441�0.072

+0.014
fMcri

H 128.90 �0.49 1.79 0.003 0.73 �0.34 0.04 128.67+0.95
�2.15 128.92+0.73

�0.34 129.32+0.76
�0.38

log10 µ̃
cri
H 22.209 �0.181 0.436 0.007 0.092 �0.062 0.013 22.201+0.146

�0.171 22.217+0.094
�0.062 22.312+0.113

�0.082

TABLE II: Coe�cients in Eq. (7) and central values with scale dependencies obtained upon switching o↵ the O(↵2) terms in
�i(µ) with i = W,Z,H, q, the O(↵↵s) and O(↵4

s) terms in �↵s
(µ), and the O(↵4

s) terms in �q(µ) one at a time. The unit of
mass is taken to be GeV.

FIG. 1: RG evolution of �(µ) from µthr to µcri and beyond
in the (�,��) plane for default input values and matching
scale (red solid line), e↵ects of 1� (brown solid lines) and 3�
(blue solid lines) variation in MMC

t , theoretical uncertainty
due to the variation of ⇠ from 1/2 to 2 (upper and lower
black dashed lines with asterisks in the insets), and results
for Mcri

t (green dashed line) and Mcri
H (purple dashed line).

The 1� (brown ellipses) and 3� (blue ellipses) contours due to
the errors in MMC

t and MH are indicated for selected values
of µ. The insets in the upper right and lower left corners refer
to µ = MMC

t and µ = 1.55 ⇥ 1010 GeV, respectively.

over to Mt, which is actually the real part of the complex
pole position upon mass renormalization in the on-shell
scheme [25]. In view of the resonance property, a shift of
order �t = 2.00 GeV [2] would be plausible, which should
serve as a useful error estimate for the time being.

In conclusion, we performed a high-precision analy-
sis of the vacuum stability in the SM incorporating full
two-loop threshold corrections [5, 12–14], three-loop beta
functions [6], and O(↵4

s
) corrections to the matching and

running of gs [7, 17] and yq [8, 18], and adopting two
gauge-independent approaches, one based on the criti-
cality criterion (2) for �(µ) [5] and one on a reorgani-
zation of Ve↵(H) so that its minimum is gauge inde-
pendent order by order [20]. For the Mt upper bound
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FIG. 2: Phase diagram of vacuum stability (light-green
shaded area), metastability, and instability (pink shaded area)
in the (MH ,Mt) plane, contours of �(µ0) = 0 for selected val-
ues of µ0 (purple dotted lines), contours of ��(µ0) = 0 for se-
lected values of µ0 (solid parabolalike lines) with uncertainties

due to 1� error in ↵(5)
s (MZ) (dashed and dot-dashed lines),

critical line of Eq. (2) (solid green line) with uncertainty due

to 1� error in ↵(5)
s (MZ) (orange shaded band), and critical

points with Mcri
t (lower red bullet) and Mcri

H (right red bul-
let). The present world average of (MMC

t ,MH) (upper left
red bullet) and its 1� (purple ellipse), 2� (brown ellipse), and
3� (blue ellipse) contours are marked for reference.

we thus obtained M cri
t

= (171.44 ± 0.30+0.17

�0.36
) GeV and

fM cri
t

= (171.64±0.30+0.17

�0.36
) GeV, respectively, where the

first errors are experimental, due the 1� variations in the
input parameters [2], and the second ones are theoretical,
due to the scale and truncation uncertainties. In want of
more specific information, we assume the individual error
sources to be independent and combine them quadrati-
cally to be on the conservative side. The 0.20 GeV dif-
ference between the central values of M cri

t
and fM cri

t
in-

dicates the scheme dependence, which arguably comes
as a third independent source of theoretical uncertainty.
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attribute of the system. Massive plasmons are manifest 
through the exponential decrease of the magnetic field 
inside the superconductor (the Meissner effect).

The extension of this physics to relativistic 
dynamics18–21 has been introduced to provide a consist-
ent model of weak interactions in particle physics32–35. 
Contrary to the BCS case, the weak interaction requires 
the introduction of an additional fundamental scalar 
field. A dynamic explanation of the Higgs mechanism 
using BCS theory would be a major breakthrough and 
is one of the fundamental motivations to measure with 
the highest possible precision the properties of the 
Higgs particle. For a more detailed history of theoretical 
developments, see REF.36.

For weak interactions the gauge group is SU(2). There 
are three massless Goldstone modes, which combine to 
form the massive W charged bosons and the massive Z.  
The massless photon and neutral Z boson are linear 
combinations of the neutral weak SU(2) gauge boson 
and a U(1) gauge boson called hypercharge. Within 
the SM, the BEH mechanism is also important for the 
fermion masses, something required by parity viola-
tion of weak interactions37. The weak interaction gauge 
bosons couple to SU(2) doublets of left- handed leptons 
and quarks, whereas right- handed fermions are weak 
interaction neutral. Singlet mass terms for the charged 
fermions are constructed by contracting the left- handed 
fermion doublets with the SU(2) Higgs doublet, includ-
ing the VEV, and then multiplying by the right- handed 
fermion. The SM particle masses are:

.

′m g v m g g v

m y v m λv

= 1
4

, = 1
4

( + ) ,

=
2

, = 2
(3)

W
2 2 2

Z
2 2 2 2

f f H
2 2

Here g and ′g  are the SU(2) and U(1) gauge coupl-
ings and yf denotes the fermion Yukawa coupling to the 
Higgs boson. Without considering the tiny neutrino 
masses, the SM has 18 parameters: 3 gauge couplings 
and 15 in the Higgs sector (6 quark masses, 3 charged 
leptons, 4 quark mixing angles including 1 CP- violating 
complex phase, the W and Higgs masses). There is a 

wide range of masses with mW = 80 GeV, mZ = 91 GeV, 
mH = 125 GeV and the charged fermion masses ranging 
from 0.5 MeV for the electron up to 173 GeV for the 
top quark. The Higgs VEV v = 246 GeV. In natural units 
v G= ( 2 )F

−1
2 , where GF is the Fermi coupling constant 

of weak interactions.
Small changes in the Higgs couplings and particle 

masses can lead to a very different Universe, assuming 
that the vacuum remains stable. One example is that 
small changes in the light- quark masses can prevent Big 
Bang nucleosynthesis38. Once radiative corrections are 
taken into account, the stability of the Higgs vacuum is 
very sensitive to the value of the top quark mass. Vitally, 
the Higgs boson cannot be too heavy to do its job of 
maintaining perturbative unitarity. If the Higgs boson 
had not been found at the LHC, new strong dynam-
ics would have been needed in the energy range of the 
experiments, for example, involving strongly interacting 
W+W− scattering with the Higgs boson replaced by some 
broad resonance in the WW system39.

In contrast to particle physics, where the Higgs boson 
is treated as an elementary particle, in condensed matter 
systems, the Higgs boson forms as a collective mode40. 
Following the Higgs boson discovery in high- energy 
physics, collective Higgs states have been observed in 
superconductors41; for discussion see REFS42–44.

Discovery and first measurements
More than 40 years after the original postulation of the 
electroweak symmetry breaking through the BEH mech-
anism, the first potential experimental observation of 
its predictions was announced by the ATLAS and CMS 
experiments on 4 July 2012. The LHC is a circular parti-
cle accelerator, colliding proton beams at centre- of- mass 
energies of 7 TeV and 8 TeV (in run 1, 2010−2012) and 
13 TeV (in run 2, 2015−2018) to search for new parti-
cles and phenomena45. The ATLAS46 and CMS47 experi-
ments are two general- purpose detectors making use of 
the highest luminosities (high rates of collision events) 
at the LHC.

The announcement from ATLAS and CMS was 
based on the data collected in run 1, which was suffi-
cient for both experimental collaborations to claim inde-
pendently the observation of a new particle, that is, with 
a significance of the result of more than five standard 
deviations, or 5σ, away from a background- only result, 
meaning that the chance of this result being due to a 
fluctuation of the background is less than 1 in 3,500,000. 
Measurements that give a significance above 3σ are 
considered as evidence.

According to the SM, a Higgs boson with mass about 
125 GeV produced in a proton−proton collision has a 
lifetime of only about 1.6 × 10−22 seconds, after which 
it disintegrates into particles that are recorded by the 
detectors. The 2012 ATLAS and CMS data showed that 
the new particle had a mass of around 125 GeV (about 
133 times the mass of a proton) and decayed into vector 
bosons, namely a pair of photons, W bosons or Z bos-
ons, exactly as predicted by the SM theory, and there-
fore was labelled ‘a Higgs boson candidate’. The observed 
decay into two photons meant that the new particle 
could not have spin one, according to the Landau−Yang 
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HH searches

■ Direct access to λHHH via HH 
production in a variety of final states


■ Interference effects : signal 
distributions have a strong 
dependence on λ


■ Extremely rare process (~1/1000 wrt 
single Higgs cross section)

□ studied via the combination of several 

HH decay channels (bbbb, bb𝜏𝜏, bb𝛾𝛾, 
bbWW, multilepton final states)
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
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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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Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
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ŝ

2

(

1− 2
M2

H

ŝ
∓
√

1−
4M2

H

ŝ
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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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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

6

g

g t

t
_

H
H

g

H
HV*

V*

H
H

V*

(a) gg double-Higgs fusion: gg → HH

H

H

H

g

g

Q

H

Hg

g

Q

(b) WW/ZZ double-Higgs fusion: qq′ → HHqq′

q

q′

q

q′

V ∗

V ∗

H
H

(c) Double Higgs-strahlung: qq̄′ → ZHH/WHH

q

q̄′ V ∗

V

H

H

g

g

t̄

t
H
H

q

q̄
g

(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

where

t̂± = −
ŝ

2

(

1− 2
M2

H

ŝ
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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

6

(a) gg double-Higgs fusion: gg → HH
H

H

Hg

g

Q

H

H

g

g

Q

(b) WW/ZZ double-Higgs fusion: qq ′→ HHqq ′
q

q ′

q

q ′
V ∗

V ∗ H
H(c) Double Higgs-strahlung: qq̄ ′→ ZHH/WHH

q

q̄ ′

V ∗

V

H

H

g

g

t̄

t

H
H

q

q̄

g

(d) Associated production with top-quarks: qq̄/gg → tt̄HHFigure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron

colliders.
where

t̂± = − ŝ
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ŝ ∓
√

1− 4M 2
H

ŝ
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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

6

(a) g
g doub

le-H
iggs

fusio
n: g

g →
HH

H

H
H

g

g Q

H

H

g

g Q

(b)
WW/ZZ

doub
le-H

iggs
fusio

n: q
q′ →

HHqq
′

q

q′

q

q′

V
∗

V
∗

H
H

(c) D
oubl

e Hi
ggs-

stra
hlun

g: q
q̄′ →

ZH
H/WHH

q

q̄′
V
∗

V

H

H

g

g
t̄

t
H
H q

q̄ g

(d)
Asso

ciate
d prod

ucti
on with

top-
quar

ks: q
q̄/gg

→ t̄tHH

Figu
re 1:

Som
e gen

eric
Feyn

man diag
ram

s con
tribu

ting
to H

iggs
pair

prod
uctio

n at ha
dron

colli
ders

.

whe
re

t̂± = −
ŝ
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ŝ

)

,

(5)

with
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ŝ2 (

1
−
2 M

2Hŝ
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)

,

(5)

w
ith

ŝ
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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

6

(a) gg double-Higgs fusion: gg → HH
H

H

Hg

g

Q

H

H

g

g

Q

(b) WW/ZZ double-Higgs fusion: qq ′→ HHqq ′
q

q ′

q

q ′
V ∗

V ∗ H
H(c) Double Higgs-strahlung: qq̄ ′→ ZHH/WHH

q

q̄ ′

V ∗

V

H

H

g

g

t̄

t

H
H

q

q̄

g

(d) Associated production with top-quarks: qq̄/gg → tt̄HHFigure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron

colliders.
where

t̂± = − ŝ
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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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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
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ŝ
∓
√

1−
4M2

H

ŝ
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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.

where
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1− 2
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∓
√
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4M2

H

ŝ

)

, (5)

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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ŝ
∓

√

1−
4M

2
H

ŝ
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ŝ

2

(

1− 2
M2

H

ŝ
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)

,

(5)

w
ith

ŝ
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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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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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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

)

, (5)
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ŝ
2

(

1− 2
M

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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∓

√

1
−
4M

2Hŝ
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h ŝ a

nd
t̂ d

eno
tin

g the
par

ton
ic M

and
elst

am
var

iab
les.

Th
e t

rian
gul

ar
and

box
for

m

fac
tor

s F△
, F!

and
G!

app
roa

ch
con

sta
nt

val
ues

in the
infi

nit
e to

p qua
rk

ma
ss l

imi
t,

F△
→
2
3
,

F!
→ −

2
3
,

G!
→ 0 .

(6)

Th
e e

xpr
ess

ion
s w

ith
the

com
ple

te m
ass

dep
end

enc
e a

re r
ath

er l
eng

thy
and

can
be

fou
nd

in Ref
. [1

1] a
s w

ell
as

the
NL

O QC
D cor

rec
tion

s in
the

LE
T app

rox
ima

tion
in Ref

. [1
8].

Th
e full

LO
exp

res
sion

s for
F△

, F!
and

G!
are

use
d wh

ere
ver

the
y app

ear
in

the

NL
O cor

rec
tion

s in
ord

er
to

imp
rov

e t
he

per
tur

bat
ive

res
ult

s, s
imi

lar
to

wh
at

has
bee

n

don
e in

the
sin

gle
Hig

gs p
rod

uct
ion

cas
e w

her
e u

sin
g th

e ex
act

LO
exp

res
sion

red
uce

s th
e

dis
agr

eem
ent

bet
wee

n the
full

NL
O res

ult
and

the
LE

T res
ult

[7, 1
9].

For
the

num
eric

al e
val

uat
ion

we
hav

e u
sed

the
pub

licl
y ava

ilab
le c

ode
HPA

IR
[44

] in

wh
ich

the
kno

wn
NL

O cor
rec

tion
s a

re
imp

lem
ent

ed.
As

a cen
tra

l sc
ale

for
thi

s p
roc

ess

6

(a) gg double-Higgs fusion: gg → HH

H

H

H

g

g

Q

H

Hg

g

Q

(b) WW/ZZ double-Higgs fusion: qq′ → HHqq′

q

q′

q

q′

V ∗

V ∗

H
H

(c) Double Higgs-strahlung: qq̄′ → ZHH/WHH

q

q̄′ V ∗

V

H

H

g

g

t̄

t
H
H

q

q̄
g

(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,
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, F! → −
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, 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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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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ŝ = mhh � mt, mh. We

10

H

H

H

HH g

g

g

g
t t

H

V

H

⨉

Phys.  Lett. B 732  (2014) 142

10-1

100

101

102

-4 -3 -2 -1  0  1  2  3  4

σ
(N

)L
O

[fb
]

λ/λSM

ppÆHH (EFT loop-improved)
ppÆHHjj (VBF)

ppÆttHH

ppÆWHH

ppÆZHH ppÆtjHH

HH production at 14 TeV LHC at (N)LO in QCD
MH=125 GeV, MSTW2008 (N)LO pdf (68%cl)

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O



November 26th, 2025Luca Cadamuro (IJCLab - CNRS/IN2P3) Overview of Higgs boson results

HH results

23

■ ATLAS + CMS Run 2 combination achieves 2.5 ⨉ the SM


■ Evidence for HH at the Run 3 is possible!

HH will be one of the key parts of the LHC Run 3 physics programme
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Higgs boson for new physics searches
■ Direct search for extended scalar 

sectors or new particles that couple 
with the Higgs boson

24

The Higgs boson is a powerful and versatile probe for new physics

Direct searches EFT

■ SM Lagrangian expanded with dim-6 operators

□ 2499 operators! Symmetries + eigenvector combinatons

Specific UV-complete 
models

Low-energy expansion if theory 
scale beyond direct LHC access 
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High-Luminosity LHC

25

Unique possibility for high precision 
Higgs physics

■ Upgrade of the LHC 
planned to start after 
the LS3

□ expect first beams in 

2030

■ Increase of the instantaneous luminosity by ~5 w.r.t. 
design values


■ 3 ab-1 during a decade of operations 

■ A very challenging programme of upgrades of ATLAS 
and CMS is ongoing

□ new trackers, timing information, upgraded barrel 

electronics, new endcap calorimeter (CMS), upgraded 
trigger systems
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The success of the HL-LHC physics 
programme depends crucially on the 

success of the upgrade projects
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Prospects for HL-LHC : Higgs boson couplings

■ Projections of current experimental analyses 
extrapolated at 3000 fb-1

□ consider reduction in most experimental uncertainties

□ consider 50% reduction in theoretical uncertainties


■ Most couplings will be constrained at the level of 2-4%

□ for the H→cc coupling, expect to be sensitive to values 1.5 

times the SM prediction


■ Dominated by theory uncertainties in most 
measurements

□ challenges ahead for the whole HEP community to optimally 

exploit the HL-LHC data aset
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Prospects for HL-LHC : HH production

■ Expect 7.6σ 
significance for 
SM HH production 
(ATLAS+CMS)


■ Expect -26%/
+29% precision on 
the self-coupling

27

Direct access to the shape of the Higgs potential
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Conclusions
■ The Higgs boson is the cornerstone of the SM, and its study is at the center of the ATLAS and 

CMS programmes


■ Impressive advancement with the Run 2 and early Run 3 data sets

□ precise determination of properties and couplings

□ rare decays

□ differential cross sections and STXS

□ self-coupling via HH


■ With the Run 3 ending in 2026, we will have an unprecedented data set to achieve the most 
precise results

□ H→𝜇𝜇, single-experiment H→Z𝛾 evidence, possibly combined ATLAS + CMS HH evidence


□ progress is much faster than anticipated!


■ Ultimate precision at the HL-LHC

□ 2-4%-level determination of most couplings

□ Sensitive to κc = 1.5

□ Single-experiment observation of HH and ~30% uncertainty on λ
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