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“big unanswered questions”  
about fundamental particles & their interactions 

(dark matter, matter-antimatter asymmetry,  
nature of dark energy, hierarchy of scales…) 

v. 

“big answerable questions” 
and how we go about answering them
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The Higgs boson

�3



�4

11. Status of Higgs boson physics 19

channels of the Higgs boson are searched for in the five Higgs boson production processes
(ggF, VBF, WH, ZH and ttH) described in Section II.4.1.

The candidate events in each Higgs boson decay channel are split into several mutually
exclusive categories (or event tags) based on the specific topological, kinematic or other
features present in the event. The categorization of events increases the sensitivity of the
overall analysis and allows a separation of different Higgs boson production processes.
Most categories are dominated by signal from one Higgs decay mode but contain an
admixture of various Higgs production processes. For example, a typical VBF selection
requires Higgs boson candidates to be accompanied by two energetic jets (≥ 30GeV) with
a large dijet mass (≥ 400GeV) and separated by a large pseudorapidity (∆ηjj ≥ 3.5).
While such a category is enriched in Higgs bosons produced via VBF, the contamination
from the gluon fusion production mechanism can be significant. Hence a measurement of
the signal rate in the VBF category does not imply a measurement of VBF production
cross-section. Simulations are used to determine the relative contributions of the various
Higgs production modes in a particular category.

III.1.1. H → γγ
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Figure 11.3: (Left) The invariant mass distribution of diphoton candidates, with
each event weighted by the ratio of signal-to-background in each event category,
observed by ATLAS [124] at Run 2. The residuals of the data with respect to the
fitted background are displayed in the lower panel. (Right) The m4ℓ distribution
from CMS [125] Run 2 data.

In the H → γγ channel a search is performed for a narrow peak over a smoothly falling
background in the invariant mass distribution of two high pT photons. The background
in this channel is conspicuous and stems from prompt γγ processes for the irreducible
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Higgs 
mass 
peak

Z  
mass  
peak

ATLAS and CMS collaborations at 
CERN’s Large Hadron Collider 

(LHC): 

2012 discovery of a  
Higgs-like boson

plot shows more recent data



Success! 

“The Standard Model is 
complete”

The Higgs boson (2012)
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Crisis! 

No supersymmetry, no 
extra dimensions, there’s 
nothing left for us to do . . .
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https://www.nytimes.com/2017/06/19/science/cern-large-hadron-collider-higgs-physics.html

[…] 
What if there is nothing new to discover? That prospect is now 
a cloud hanging over the physics community. 
[…]



what is the Standard Model?
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particles

+

interactions



STANDARD MODEL — KNOWABLE UNKNOWNS
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This is what you get when you buy one 
of those famous CERN T-shirts

“understanding” = knowledge  ?
“understanding” = assumption ?
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1

Standard Model Lagrangian (including neutrino mass terms)
From An Introduction to the Standard Model of Particle Physics, 2nd Edition,

W.N. Cottingham and D.A. Greenwood, Cambridge University Press, Cambridge, 2007,
Extracted by J.A. Shifflett, updated from Particle Data Group tables at pdg.lbl.gov, 2 Feb 2015.

L = −1
4
BµνB

µν − 1
8
tr(WµνW

µν)− 1
2
tr(GµνG

µν) (U(1), SU(2) and SU(3) gauge terms)

+(ν̄L, ēL) σ̃
µiDµ

(
νL
eL

)
+ ēRσ

µiDµeR + ν̄Rσ
µiDµνR + (h.c.) (lepton dynamical term)

−
√
2

v

[
(ν̄L, ēL)φM

eeR + ēRM̄
eφ̄

(
νL
eL

)]
(electron,muon, tauon mass term)

−
√
2

v

[
(−ēL, ν̄L)φ

∗MννR + ν̄RM̄
νφT

(
−eL
νL

)]
(neutrino mass term)

+(ūL, d̄L) σ̃
µiDµ

(
uL

dL

)
+ ūRσ

µiDµuR + d̄Rσ
µiDµdR + (h.c.) (quark dynamical term)

−
√
2

v

[
(ūL, d̄L)φM

ddR + d̄RM̄
dφ̄

(
uL

dL

)]
(down, strange, bottom mass term)

−
√
2

v

[
(−d̄L, ūL)φ

∗MuuR + ūRM̄
uφT

(
−dL
uL

)]
(up, charmed, top mass term)

+(Dµφ)D
µφ−m2

h[φ̄φ− v2/2]2/2v2. (Higgs dynamical and mass term) (1)

where (h.c.) means Hermitian conjugate of preceeding terms, ψ̄=(h.c.)ψ=ψ†=ψ∗T, and the derivative operators are

Dµ

(
νL
eL

)
=

[
∂µ−

ig1
2

Bµ+
ig2
2

Wµ

](
νL
eL

)
, Dµ

(
uL

dL

)
=

[
∂µ+

ig1
6

Bµ+
ig2
2

Wµ+igGµ

](
uL

dL

)
, (2)

DµνR = ∂µνR, DµeR = [∂µ−ig1Bµ] eR, DµuR =

[
∂µ+

i2g1
3

Bµ+igGµ

]
uR, DµdR =

[
∂µ−

ig1
3

Bµ+igGµ

]
dR, (3)

Dµφ =

[
∂µ+

ig1
2

Bµ+
ig2
2

Wµ

]
φ. (4)

φ is a 2-component complex Higgs field. Since L is SU(2) gauge invariant, a gauge can be chosen so φ has the form

φT =(0, v + h)/
√
2 , <φ>T

0 = (expectation value of φ) = (0, v)/
√
2 , (5)

where v is a real constant such that Lφ=(∂µφ)∂µφ−m2
h[φ̄φ−v2/2]2/2v2 is minimized, and h is a residual Higgs field.

Bµ, Wµ and Gµ are the gauge boson vector potentials, and Wµ and Gµ are composed of 2×2 and 3×3 traceless
Hermitian matrices. Their associated field tensors are

Bµν=∂µBν−∂νBµ, Wµν=∂µWν−∂νWµ+ig2(WµWν−WνWµ)/2, Gµν=∂µGν−∂νGµ+ig(GµGν−GνGµ). (6)

The non-matrix Aµ, Zµ,W±
µ bosons are mixtures of Wµ and Bµ components, according to the weak mixing angle θw,

Aµ=W11µsinθw+Bµcosθw, Zµ=W11µcosθw−Bµsinθw, W+
µ =W−∗

µ =W12µ/
√
2, (7)

Bµ=Aµcosθw−Zµsinθw, W11µ=−W22µ=Aµsinθw+Zµcosθw, W12µ=W ∗
21µ=

√
2W+

µ , sin2θw = .2315(4). (8)

The fermions include the leptons eR, eL, νR, νL and quarks uR, uL, dR, dL. They all have implicit 3-component gen-
eration indices, ei=(e, µ, τ), νi=(νe, νµ, ντ ), ui=(u, c, t), di=(d, s, b), which contract into the fermion mass matrices
Me

ij,M
ν
ij,M

u
ij,M

d
ij , and implicit 2-component indices which contract into the Pauli matrices,

σµ=

[(
1 0
0 1

)
,

(
0 1
1 0

)
,

(
0 −i
i 0

)
,

(
1 0
0 −1

)]
, σ̃µ=[σ0,−σ1,−σ2,−σ3], tr(σi)= 0, σµ†= σµ, tr(σµσν)=2δµν . (9)

The quarks also have implicit 3-component color indices which contract into Gµ. So L really has implicit sums
over 3-component generation indices, 2-component Pauli indices, 3-component color indices in the quark terms, and
2-component SU(2) indices in (ν̄L, ēL), (ūL, d̄L),(−ēL, ν̄L), (−d̄L, ūL), φ̄, Wµ, (

νL

eL
), (uL

dL
),(−eL

νL
), (−dL

uL
),φ.
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The electroweak and strong coupling constants, Higgs vacuum expectation value (VEV), and Higgs mass are,

g1= e/cosθw, g2= e/sinθw, g>6.5e=g(m2
τ ), v=246GeV (PDG)≈

√
2 ·180GeV (CG), mh=125.02(30)GeV (10)

where e=
√
4παh̄c=

√
4π/137 in natural units. Using (4,5) and rewriting some things gives the mass of Aµ, Zµ,W±

µ ,

−1
4
BµνB

µν− 1
8
tr(WµνW

µν) =−1
4
AµνA

µν− 1
4
ZµνZ

µν− 1
2
W−

µνW+µν+
(

higher
order terms

)
, (11)

Aµν=∂µAν−∂νAµ, Zµν=∂µZν−∂νZµ, W±
µν=DµW

±
ν −DνW

±
µ , DµW

±
ν = [ ∂µ ± ieAµ]W

±
ν , (12)

Dµ<φ>0=
iv√
2

(
g2W12µ/2

g1Bµ/2 + g2W22µ/2

)
=

ig2v

2

(
W12µ/

√
2

(Bµsinθw/cosθw +W22µ)/
√
2

)
=

ig2v

2

(
W+

µ

−Zµ/
√
2 cosθw

)
, (13)

⇒ mA=0, mW± = g2v/2 = 80.425(38)GeV, mZ = g2v/2cosθw = 91.1876(21)GeV. (14)

Ordinary 4-component Dirac fermions are composed of the left and right handed 2-component fields,

e =

(
eL1

eR1

)
, νe =

(
νL1

νR1

)
, u =

(
uL1

uR1

)
, d =

(
dL1

dR1

)
, (electron, electron neutrino, up and down quark) (15)

µ =

(
eL2

eR2

)
, νµ =

(
νL2

νR2

)
, c =

(
uL2

uR2

)
, s =

(
dL2

dR2

)
, (muon, muon neutrino, charmed and strange quark) (16)

τ =

(
eL3

eR3

)
, ντ =

(
νL3

νR3

)
, t =

(
uL3

uR3

)
, b =

(
dL3

dR3

)
, (tauon, tauon neutrino, top and bottom quark) (17)

γµ =

(
0 σµ

σ̃µ 0

)
where γµγν + γνγµ = 2Igµν. (Dirac gamma matrices in chiral representation) (18)

The corresponding antiparticles are related to the particles according to ψc=−iγ2ψ∗ or ψc
L=−iσ2ψ∗

R, ψ
c
R= iσ2ψ∗

L.
The fermion charges are the coefficients of Aµ when (8,10) are substituted into either the left or right handed derivative
operators (2-4). The fermion masses are the singular values of the 3×3 fermion mass matrices Mν ,Me,Mu,Md,

Me=Ue†
L

(
me 0 0
0 mµ 0
0 0 mτ

)
Ue

R, Mν=Uν†
L

(
mνe 0 0
0 mνµ 0
0 0 mντ

)
Uν

R, Mu=Uu†
L

(
mu 0 0
0 mc 0
0 0 mt

)
Uu

R, Md=Ud†
L

(
md 0 0
0 ms 0
0 0 mb

)
Ud

R, (19)

me = .510998910(13)MeV, mνe ∼ .001− 2eV, mu = 1.7− 3.1MeV, md = 4.1− 5.7MeV, (20)

mµ = 105.658367(4)MeV, mνµ ∼ .001− 2eV, mc = 1.18− 1.34GeV, ms = 80− 130MeV, (21)

mτ = 1776.84(17)MeV, mντ ∼ .001− 2eV, mt = 171.4− 174.4GeV, mb = 4.13− 4.37GeV, (22)

where theUs are 3×3 unitary matrices (U−1=U†). Consequently the “true fermions” with definite masses are actually
linear combinations of those in L, or conversely the fermions in L are linear combinations of the true fermions,

e′L=Ue
LeL, e′R=Ue

ReR, ν′L=Uν
LνL, ν′R=Uν

RνR, u′
L=Uu

LuL, u′
R=Uu

RuR, d′L=Ud
LdL, d′R=Ud

RdR, (23)

eL=Ue†
L e′L, eR=Ue†

R e′R, νL=Uν†
L ν′L, νR=Uν†

R ν′R, uL=Uu†
L u′

L, uR=Uu†
R u′

R, dL=Ud†
L d′L, dR=Ud†

R d′R. (24)

When L is written in terms of the true fermions, the Us fall out except in ū′
LU

u
L σ̃

µW±
µ Ud†

L d′L and ν̄′LU
ν
L σ̃

µW±
µ Ue†

L e′L.
Because of this, and some absorption of constants into the fermion fields, all the parameters in the Us are con-
tained in only four components of the Cabibbo-Kobayashi-Maskawa matrix Vq=Uu

LU
d†
L and four components of the

Pontecorvo-Maki-Nakagawa-Sakata matrix Vl=Uν
LU

e†
L . The unitary matrices Vq and Vl are often parameterized as

V =

(
1 0 0
0 c23 s23
0 −s23 c23

)(
e−iδ/2 0 0

0 1 0
0 0 eiδ/2

)(
c13 0 s13
0 1 0

−s13 0 c13

)(
eiδ/2 0 0
0 1 0
0 0 e−iδ/2

)(
c12 s12 0
−s12 c12 0
0 0 1

)
, cj =

√
1− s2j , (25)

δq = 69(4) deg, sq12 = 0.2253(7), sq23 = 0.041(1), sq13 = 0.0035(2), (26)

δl =?, sl12 = 0.560(16), sl23 = 0.7(1), sl13 = 0.153(28). (27)

L is invariant under a U(1)⊗ SU(2) gauge transformation with U−1=U †, detU=1, θ real,

Wµ→UWµU
† − (2i/g2)U∂µU

†, Wµν→UWµνU
†, Bµ→Bµ + (2/g1)∂µθ, Bµν→Bµν , φ→e−iθUφ, (28)

(
νL
eL

)
→eiθU

(
νL
eL

)
,

(
uL

dL

)
→e−iθ/3U

(
uL

dL

)
,

νR→νR,
eR→e2iθeR,

uR→e−4iθ/3uR,
dR→e2iθ/3dR,

(29)

and under an SU(3) gauge transformation with V −1=V †, detV =1,

Gµ→VGµV
† − (i/g)V ∂µV

†, Gµν→VGµνV
†, uL→V uL, dL→V dL, uR→V uR, dR→V dR. (30)

=
http://einstein-schrodinger.com/Standard_Model.pdf
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What does it mean?

Quantum formulation 
of Maxwell’s equations, 
(and their analogues for 
the weak and strong 
forces). 



�12

What does it mean?

ψ =
D ∼ eA(=photon field) + ⋯

fermion (e.g. electron) field

ψ ψ

A

tells you there’s an  
electron-photon interaction vertex
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What does it mean?

many experiments have 
probed these so-called 
“gauge” interactions 

(in classical form, they 
date back to 1860s) 

Describe  
electromagnetism,  

full electroweak theory  
& the strong force. 

They work to high 
precision (best tests go 

up to 1 part in 108)



Higgs sector
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until 7 years ago none of these 
terms had ever been directly 

observed.
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= −μ2ϕ2 + λϕ4 ➤ φ is a field at every point 
in space (plot shows 
potential vs. 1 of 4 
components, at 1 point 
in space)

➤ Excitation of the φ field 
around φ0 is a Higgs 
boson (φ = φ0 + Η)

ϕ = ϕ0 = μ
2λ

➤ Our universe sits at 
minimum of V(φ), at
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Higgs field in space

x
yφ

Higgs field can be different at each 
point in space 

A Higgs boson at a given point in 
space is a localised fluctuation of 

the field

φ = φ0 + Η
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φ = φ0 + Η

established 
(2012 Higgs boson discovery)

= −μ2ϕ2 + λϕ4

hypothesis
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what terms are there in the Higgs sector? 
2. Gauge-Higgs term

Z-boson  
mass term

HZZ interaction  
term

{constants fields{

! g
2
�
2
0 ZµZ

µ + 2g2�0 H ZµZ
µ + . . .

<latexit sha1_base64="5U+0CGasXG3fWEu5ZVzgWLmzBFI="></latexit>

{constants fields{
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what terms are there in the Higgs sector? 
2. Gauge-Higgs term

→ g 2ϕ2
0 ZμZμ + 2g 2ϕ0 H ZμZμ + …

Z-boson  
mass term

ZZH interaction  
term

Table 6: Number of expected and observed events in the four decay channels after the event selection, in the mass
range 115 GeV< m4` < 130 GeV. The sum of the expected number of SM Higgs boson events and the estimated
background yields is compared to the data. Combined statistical and systematic uncertainties are included for the
predictions (see Section 7).

Final Signal Z Z
⇤ Other Total Observed

state background backgrounds expected
4µ 40.5 ± 1.7 19.0 ± 1.1 1.71 ± 0.10 61.2 ± 2.0 64

2e2µ 28.2 ± 1.2 13.3 ± 0.8 1.38 ± 0.10 42.8 ± 1.4 64
2µ2e 22.1 ± 1.4 9.2 ± 0.9 2.99 ± 0.09 34.3 ± 1.7 39
4e 21.1 ± 1.4 8.6 ± 0.8 2.90 ± 0.09 32.5 ± 1.6 28

Total 112 ± 5 50 ± 4 8.96 ± 0.12 171 ± 6 195

production and to the Higgs boson signal with a mass near 125 GeV. The overall observed and predicted
event counts agree within 1.7 standard deviations.
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Figure 3: The expected and observed inclusive four-lepton invariant mass distributions for the selected Higgs boson
candidates, shown for an integrated luminosity of 79.8 fb�1 and at

p
s = 13 TeV. The uncertainty in the prediction

is shown by the hatched band, calculated as described in Section 7.

The observed and expected distributions of the jet multiplicity and the four-lepton transverse momenta are
shown in Figure 5. Further details on the compatibility with the SM are reported in Section 8.2.

The expected numbers of signal and background events in each reconstructed event category of the
production mode analysis are shown in Table 7 together with the corresponding observed number of
events. The expected event yields are in reasonable agreement with the observed ones. The largest
di�erences are observed in the two VBF-enriched categories.

19

H → ZZ*Hig
gs 

(BE
H) 

me
cha

nis
m f

or 

vec
tor

 bo
son

 ma
ss 

= 2
013

 No
bel

 pr
ize

Higgs mechanism 
predicts specific relation 
between Z-boson mass 
and HZZ interaction
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what terms are there in the Higgs sector? 
3. Fermion-Higgs (Yukawa) term

fermion  
mass term

Higgs-fermion-fermion  
 interaction term; 

coupling ~ yii

ϕ = ϕ0 + H

Phenomenology: lecture 1 (12/101)

Recall of SM (EW part) Fermion Sector

LF = ψ̄R i (̸∂ + ig ′
W YR ̸B)ψR + Ψ̄Li (̸∂ + igW T W̸ + ig ′

W YL ̸B)ΨL

− yu Ψ̄Lψu ,R φ̃ − ydΨ̄Lψd,Rφ − h.c.

ψL/R =
1 ∓ γ5

2
ψ , Ψ =

(
ψu

ψd

)
φ̃ =

(
φ0∗

φ+∗

)

Fermion T3
L YL T3

R YR qi

u c t + 1
2 + 1

6 0 + 2
3 + 2

3

d s b − 1
2 + 1

6 0 − 1
3 + 1

3

νe νµ ντ + 1
2 − 1

2 0 - -

e− µ− τ− − 1
2 − 1

2 0 − 1 − 1

i yi i yi

u 2 · 10 −5 d 3 · 10 −5

c 8 · 10 −3 s 6 · 10 −4

b 3 · 10 −2 t 1

νe e 3 · 10 −6

νµ ∼ 10 −13 µ 6 · 10 −4

ντ τ 1 · 10 −4?

mi = yiiϕ0

! yij �0  i  j + yij H  i  j
<latexit sha1_base64="mnIL/d9UHhsGjh5K6QLcffaTtgw="></latexit>

the
 su

bje
ct o

f th
e  

nex
t fe

w s
lide

s



 
Yukawa interaction hypothesis

Yukawa couplings ~ fermion mass 

first fundamental interaction that we probe at the 
quantum level where interaction strength is not quantised  

(i.e. no underlying unit of charge across particles)
�21
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Up quarks (mass ~ 2.2 MeV) are lighter than  
down quarks (mass ~ 4.7 MeV) 

proton        (up+up+down): 2.2 + 2.2 + 4.7 + … = 938.3 MeV 
neutron (up+down+down): 2.2 + 4.7 + 4.7 + … = 939.6 MeV 

So protons are lighter than neutrons,  
→ protons are stable.  

 
Which gives us the hydrogen atom,  

& chemistry and biology as we know it
�22

neutron  
mass = 939.6MeV

proton  
mass = 938.3MeV

u u
d

u d
d

Why do Yukawa couplings matter?  
(1) Because, within SM conjecture, they’re what give masses to all quarks



Gavin Salam

Why do Yukawa couplings matter?  
(2) Because, within SM conjecture, they’re what give masses to all leptons

�23

Bohr radius

electron mass determines size of all atoms 

it sets energy levels of all chemical reactions

a0 = 4πϵ0ℏ2

mee2 = ℏ
mecα

∝ 1
ye
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1st generation (us) has low 
mass because of weak 

interactions with Higgs field 
(and so with Higgs bosons): 

too weak to test today

3rd generation (us) has high 
mass because of strong 
interactions with Higgs field 
(and so with Higgs bosons): 
can potentially be tested
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Copyright CERN



�26
ATLAS

~up to 2 billion 
collisions/second

ATLAS & CMS  
@LHC 

(+ lower rates at 
LHCb and ALICE)

Gavin Salam
Copyright CERN



what underlying processes tell 
us about Yukawa interactions? 

�27



Higgs production: the dominant channel

�28

10 11. Status of Higgs boson physics

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs
production channels in the SM, and the major MC tools used in the simulations

ggF VBF VH tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:

NNLO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)

Resummed: Fixed order: Fixed order: (MG5 aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD

(HRes) (HAWK) (VH@NNLO)

Higgs pT :

NNLO+NNLL

(HqT, HRes)

Jet Veto:

N3LO+NNLL

Figure 11.1: Main Leading Order Feynman diagrams contributing to the Higgs
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or
associated production with a gauge boson), (d) associated production with a pair
of top (or bottom) quarks, (e-f) production in association with a single top quark.
with top quarks.

December 1, 2017 09:35

gluon in from proton 1

gluon in from proton 2

Higgs outvirtual 
top-quark  

pair: not actually 
seen in detector Expected to happen once for every 

~2 billion inelastic 
proton–proton collisions 

 
LHC data consistent with that 
already at discovery in 2012
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Higgs field in space

x

yφ

10 11. Status of Higgs boson physics
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NNLO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)

Resummed: Fixed order: Fixed order: (MG5 aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD

(HRes) (HAWK) (VH@NNLO)

Higgs pT :

NNLO+NNLL

(HqT, HRes)

Jet Veto:

N3LO+NNLL

Figure 11.1: Main Leading Order Feynman diagrams contributing to the Higgs
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or
associated production with a gauge boson), (d) associated production with a pair
of top (or bottom) quarks, (e-f) production in association with a single top quark.
with top quarks.
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Figure 2: (a) Invariant mass distributions (circles) of simulated H ! �� events reconstructed in two categories
with one of the best (“ggH 0J Cen”: open circles) and one of the worst (“ggH 0J Fwd”: solid circles) experimental
resolutions. The signal model derived from a fit of the simulated events is superimposed (solid lines). (b) Diphoton
invariant mass distribution of all selected data events, overlaid with the result of the fit (solid red line). Both for data
and for the fit, each category is weighted by a factor ln(1+ S/B), where S and B are the fitted signal and background
yields in a m�� interval containing 90% of the expected signal. The dotted line describes the background component
of the model. The bottom inset shows the di�erence between the sum of weights and the background component of
the fitted model (dots), compared with the signal model (black line).

the SM values multiplied by a signal modifier for each production mode: µggF, µVBF, µVH and µt t̄H .
The expected yield for mH = 125 GeV varies between about one event in categories sensitive to rare
production modes (tt̄H, tH) to almost 500 events in the most populated event category (“ggH 0J Fwd”).

The background invariant mass distribution of each category is parameterised with an empirical continuous
function of the diphoton system invariant mass value. The parameters of these functions are fitted directly
to data. The functional form used to describe the background in each category is chosen among several
alternatives according to the three criteria described in Ref. [24]: (i) the fitted signal yield in a test sample
representative of the data background, built by combining simulation and control regions in data, must be
minimised; (ii) the �2 probability for the fit of this background control sample must be larger than a certain
threshold; (iii) the quality of the fit to data sidebands must not improve significantly when adding an extra
degree of freedom to the model. The models selected by this procedure are exponential or power-law
functions with one degree of freedom for the categories with few events, while exponential functions of a
second-order polynomial are used for the others.

From the extrapolation of a background-only fit to the sidebands of the m�� distribution in data, excluding
events with 121 GeV < m�� < 129 GeV, the expected signal-to-background ratio in a m�� window
containing 90% of the signal distribution for mH = 125 GeV varies between 2% in the “ggH 0J Fwd”
category and 100% in a high-purity, low-yield (about 12 events) category targeting H+2jet, VBF-like
events with low transverse momentum of the H+2jet system.
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Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs
production channels in the SM, and the major MC tools used in the simulations

ggF VBF VH tt̄H
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Figure 11.1: Main Leading Order Feynman diagrams contributing to the Higgs
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or
associated production with a gauge boson), (d) associated production with a pair
of top (or bottom) quarks, (e-f) production in association with a single top quark.
with top quarks.
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but how can you be sure the 
Higgs boson is really being 
radiated off a top-quark, i.e. 
that you’re actually seeing a 

Yukawa coupling? 

? ?
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Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs
production channels in the SM, and the major MC tools used in the simulations

ggF VBF VH tt̄H
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Figure 11.1: Main Leading Order Feynman diagrams contributing to the Higgs
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or
associated production with a gauge boson), (d) associated production with a pair
of top (or bottom) quarks, (e-f) production in association with a single top quark.
with top quarks.
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real top-quarks 
seen in detector

If SM top-Yukawa hypothesis is 
correct, expect 1 Higgs for every 

1600 top-quark pairs. 

(rather than 1 Higgs for every 2 
billion pp collisions)
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the news of the past year: ATLAS & CMS see events with top-quarks & Higgs simultaneously
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ATLAS > 5-sigma ttH

Jelena Jovicevic - LHCP 2018, Bologna, Italy

ttH̄(γγ) results

 24

Significance: 4.1 σ (expected 3.7 σ)

Dominant uncertainties
• Statistical (~29%);

• t tH̄ parton shower model (8%);

• photon isolation, energy resolution 
& scale (8%); 

• Jet energy scale & resolution (6%);

Background estimation and signal extraction performed by simultaneous 
unbinned fit of mγγ spectra (105-160 GeV) in all 7 categories.

• Higgs signal parametrisation: double-sided Crystal Ball function;

• Continuous background parametrisation: smooth function (power-law or exponential)

110 120 130 140 150 160
 [GeV]γγm

5

10

15

20

25

30

35

Su
m

 o
f W

ei
gh

ts
 / 

 2
.5

 G
eV Data

Continuum Background
Total Background
Signal + Background

ATLAS
-1 = 13 TeV, 79.8 fbs

 = 125.09 GeVHm
All categories
ln(1+S/B) weighted sum

CMS > 5-sigma ttH

C. Grefe - Higgs couplings to fermions - LHCP2018

5− 4− 3− 2− 1− 0
(S/B)

10
log

10

210

Ev
en

ts

CMS  (13 TeV)-135.9 fb

Data

=1.23)µH (tt

Background

Background uncertainty

5− 4− 3− 2− 1− 0
(S/B)

10
log

Bk
g.

D
at

a-
Bk

g.

2−

0

2

• Target ttH + all Higgs decays with leptons            
in final state: H→((, H→WW* and H→ZZ* 

• Categorise events based on number of hadronic 
taus and light leptons 

• Large backgrounds from ttV, non-prompt leptons 
and jets faking taus depending on region 

• Dedicated BDTs to reject non-prompt leptons 

• Largest uncertainties: signal modelling, jet energy 
scale and non-prompt lepton estimate 

Obs. (exp.) excess of 4.1" (2.8") for mH = 125 GeV 

• Use BDT in each signal region to classify signal 
and background (jet and lepton kinematics) 

Obs. (exp.) excess of 3.2" (2.8") for mH = 125 GeV

ttH, H→multi-leptons 
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ATLAS

CMS

Phys. Rev. D 97 (2018) 072003

arXiv:1803.05485
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Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs
production channels in the SM, and the major MC tools used in the simulations

ggF VBF VH tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:
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(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)

Resummed: Fixed order: Fixed order: (MG5 aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD

(HRes) (HAWK) (VH@NNLO)

Higgs pT :
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Jet Veto:
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Figure 11.1: Main Leading Order Feynman diagrams contributing to the Higgs
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or
associated production with a gauge boson), (d) associated production with a pair
of top (or bottom) quarks, (e-f) production in association with a single top quark.
with top quarks.
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Higgs  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For Standard-Model Higgs–tau 
Yukawa coupling: 

~ 1 in every 16 Higgs bosons 
decays to τ+τ–



observation of H → ττ
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Figure 19: Combined observed and predicted mtt distributions. The left pane includes the VBF
category of the µth, eth and eµ channels, and the right pane includes all other channels that
make use of mtt instead of mvis for the signal strength fit. The binning reflects the one used in
the 2D distributions, and does not allow merging of the two figures. The normalization of the
predicted background distributions corresponds to the result of the global fit, while the signal
is normalized to its best fit signal strength. The mass distributions for a constant range of the
second dimension of the signal distributions are weighted according to S/(S + B), where S

and B are computed, respectively, as the signal or background contribution in the mass distri-
bution excluding the first and last bins. The “Others” background contribution includes events
from diboson, tt, and single top quark production, as well as Higgs boson decay to a pair of
W bosons and Z bosons decaying to a pair of light leptons. The background uncertainty band
accounts for all sources of background uncertainty, systematic as well as statistical, after the
global fit. The inset shows the corresponding difference between the observed data and ex-
pected background distributions, together with the signal expectation. The signal yield is not
affected by the reweighting.

deviations.
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| Experimental results using the decay of the Higgs to taus and muons | Mareike Meyer, 05/06/2018 !8

Results & interpretation

• obs. (exp.) significance of 4.4 σ (4.1 σ) at mH = 125 GeV 
• signal strength :                                                                        

µ = 1.09 +0.18-0.17 (stat) +0.27-0.22 (syst) +0.16-0.11 (theory syst)  
• σVBFH → ττ = 0.28 ± 0.09 (stat) +0.11-0.09 (syst) pb 
• σggFH → ττ = 3.0 ± 1.0 (stat) +1.6-1.2 (syst) pb 
• in agreement with SM predictions

combination with Run I data: 
• obs. (exp.) significance of 6.4 σ (5.4 σ) 

Observation of H → ττ~2 years ago: 
CMS >5-sigma H → ττ

1 year ago: 
ATLAS >5-sigma H → ττ
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Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs
production channels in the SM, and the major MC tools used in the simulations
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Figure 11.1: Main Leading Order Feynman diagrams contributing to the Higgs
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or
associated production with a gauge boson), (d) associated production with a pair
of top (or bottom) quarks, (e-f) production in association with a single top quark.
with top quarks.
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~ 58% of Higgs bosons  
should decay to bb



six months ago, observation of H → bb
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Figure 1: Selection of plots illustrating the observation of H ! ⌧⌧ (left), the tt̄H process (middle) and
H! bb̄ (right) by the ATLAS [6, 8, 9] and CMS collaborations [5, 7, 10].

The last two terms of Eq. (1) are, in contrast, unlike any fundamental interaction that had been
probed before the Higgs boson discovery. Let us first discuss the Yukawa term.

2.1 The Higgs Yukawa sector

Within the SM hypothesis, the Higgs Yukawa term,  iyi j j�, generates masses for all quarks
and charged leptons. Experimentally, the hypothesis that the Higgs field genuinely produces these
mass terms can be tested by probing Hf f type interactions, where f is any massive fermion, and
verifying the proportionality of interaction in the amplitude with the fermion mass. Considering
a flavour basis in which the yi j are diagonal, there are nine independent terms (though one should
also check for flavour changing Higgs interactions, Hf f 0).

Prior to the discovery of the Higgs boson there was no evidence for fundamental Yukawa in-
teractions: this was not the part of the SM that had been probed by 40 years of tests, not even
indirectly at LEP. Discovery provided indirect evidence for two of the nine interactions. Specif-
ically, the consistency of the cross section in all observed decay channels was both sensitive to,
and consistent with, the SM expectation for the top and bottom Higgs interactions, given that the
Htt coupling appears in the gg! H and H ! �� e↵ective interactions, while the Hbb coupling
dominates the overall width of the Higgs boson and so a↵ects all branching fractions and cross
sections.

Over the past 18 months, our knowledge of Higgs Yukawa interactions has undergone a rev-
olution, with all three of the third-generation Yukawa couplings now established directly at 5�,
independently by each of the ATLAS and CMS collaborations, through the observation Higgs de-
cays to ⌧+⌧� [5, 6], Higgs production in association with a tt̄ system [7, 8] and Higgs decays to
bb̄ [9, 10]. A selection of corresponding plots is shown in Fig. 1.1 This part of the SM is no longer
a hypothesis. It is quite clearly a fact, at least to within the roughly 20% accuracy that accompanies
a 5� discovery.

What importance should we, as a field, attribute to the observation of Yukawa interactions? I
would argue that it is comparable to the importance of the discovery of the Higgs boson in the first
place, for three main reasons.

1When this talk was originally given, only the top and ⌧ couplings had been established.
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Analysis includes key idea from Butterworth, Davison, Rubin, Salam (PRL 100 (2008) 242001) 



Gavin Salam

what’s the message?

The >5σ observations of the ttH process and of H → ττ and H→ bb decays, independently by 
ATLAS and CMS, firmly establish the existence of a new kind of fundamental interaction, 

Yukawa interactions. 

Yukawa interactions are important because they are: 
(1) qualitatively unlike any quantum interaction probed before (effective charge not quantised), 
(2) hypothesized to be responsible for the stability of hydrogen, and for determining the size of 

atoms and the energy scales of chemical reactions. 

Establishing the pattern of Yukawa couplings across the full remaining set of quarks and charged 
leptons is one of the major challenges for particle physics today.
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Is this any less important than the discovery of the Higgs boson itself? 
My opinion: no, because fundamental interactions are as important  

as fundamental particles



Gavin Salam

what could one be saying about it?

This is a fifth force, the “Higgs force” 

(up to you to decide whether you prefer to talk about  
new interactions or new force)
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Is this any less important than the discovery of the Higgs boson itself? 
My opinion: no, because fundamental interactions are as important  

as fundamental particles
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today: no evidence yet  
(1 in 4570 decays) 

observable at the LHC  
within about 10 years.

overall normalisation  
(related to Higgs width): 
needs an e+e– collider✓

✓
✓

today: no evidence yet  
(1 in 35 decays) 
needs an e+e– 
or ep collider

today: no evidence yet  
(1 in 4000 decays) 
no clear route to 
establishing SM 
couplings at 5σ

Yukawas
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A cosmological Higgs

HIGGS

Fate of the Universe
Stability

Inflation
Higgs inflation

Inflaton vs Higgs

Dark Matter
Higgs portal

Higgs DM mediator

UV sensitivity
Naturalness

heavy new physics
Relaxation

Phase transitions
Baryogenesis

gravitational waves

The LHC provides the most precise, controlled way of studying 
the Higgs and direct access to TeV scales 

Exploiting complementarity with cosmo/astro probes

Similar story for Axions and ALPs, scalars are versatile
Sanz

EFT approach

Well-defined theoretical approach 
Assumes New Physics states are heavy

Write Effective Lagrangian with only light (SM) particles
BSM effects can be incorporated as a momentum expansion

L = LSM +
X ci

⇤2
O

d=6
i +

X ci
⇤4

O
d=8
i + . . .

dimension-6 dimension-8

BSM effects SM particles

example: 

c̄W =
m2

W (2 �̃3 + �̃4)

192⇡2 µ̃2
2

ig

2m2
W

c̄W
⇥
�†T2k

 !
D µ�

⇤
D⌫W

k,µ⌫

where

H1

H
†
1

H2

Vµ

V⌫

2HDM

Sanz

E.Vryonidou LHCP2018 13

New idea: Using kinematic distributions i.e. the Higgs pT 

Light quark Yukawas (2)

Bishara et al.1606.09253

1st generation
To be fully explored

Ιnclusive Higgs decays i.e VH + flavour tagging (limited by c-tagging) 
(for evidence of bottom couplings: ATLAS: arXiv:1708.03299 and CMS: arXiv:1708.04188)

                     gives a limit of 110 x SM expectation

Soreq,Zhu,Zupan:1606.09621

c

ZH(H ! cc̄) (ATLAS-CONF-2017-078)

Bishara et al.1606.09253

Vryonidou

C. Grefe - Higgs couplings to fermions - LHCP2018

Bottom-Yukawa coupling
How? 

• Look for Higgs decays into two b-quarks 

• Huge background from jet events ⟹ use production modes with 
additional objects to tag: VBF, VH and ttH 

• Complex final states ⟹ multivariate analysis techniques to assign 
jets to objects and to distinguish signal and background 

Greatest challenges

• Good flavour tagging performance to identify b-jets 

• Large backgrounds from tt and W/Z + heavy flavour jets

�7Grefe

C. Grefe - Higgs couplings to fermions - LHCP2018

Search for H→!!

�23

CMS-PAS-HIG-17-019 

Phys. Rev. Lett. 119 (2017) 051802

Ev
en

ts
 / 

2 
G

eV
 

210

310

410

510

610

710

ATLAS
-1 = 13 TeV, 36.1 fbs

Data  100×ggF 
Drell-Yan  100×VBF 
Top  100×VH 
Diboson

 [GeV]µµm
110 115 120 125 130 135 140 145 150 155 160

D
at

a/
M

C

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

0.
1

210

310

410

510
ATLAS

-1 = 13 TeV, 36.1 fbs

Data  100×ggF 
Drell-Yan  100×VBF 
Top  100×VH 
Diboson

BDT score
-0.2 0 0.2 0.4 0.6 0.8 1

D
at

a/
M

C

0.6
0.8

1
1.2
1.4

transformed BDT

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts

1

10

210

310

410

510

610

 (13 TeV)-135.9 fb

Preliminary CMS Data ggH
DY qqH

+sttt ZH
VV H-W
TTX H+W
VVV ttH

CMS Preliminary

transformed BDT

Ev
en

ts

• Use BDT to select events in 2 VBF 
categories (mjj, p

T
!!, |Δ"jj|, ΔRjj, etc.) 

• All other events categorised in 6 ggF 
categories based on p

T
!! and |Δ"!| 

• Separate signal from background using 
BDT (p

T
!!, "!!, mjj, |Δ"jj|, Nb-jets etc.) 

• Define 15 signal regions in slices of BDT 
score and |Δ"!|

• Loose event selection requiring two isolated OS muons and veto b-jets 

• Large background from Drell-Yan and smaller background from top quarks 

• Signal and background described by analytical functions; fit to di-muon mass 
distribution in all signal regions

ATLAS CMS

Grefe

so much more  
to do with  

the Higgs sector 
[LHCP conf. 

2018]

E.Vryonidou LHCP2018 20

Higgs potential: 

The Higgs potential
V(H ) = 1

2
MH

2H 2 +λHHHvH 3 +
1
4
λHHHHH 4

λHHH = λHHHH =
MH

2

2v2Fixed values in the SM:

Electroweak baryogenesis requires 
a first order strong EWPT

EWBG

Measuring λΗΗΗ and  
λΗΗΗH tests the SM

Reichert et al: arXiv:1711.00019

What can measuring λΗΗΗ tell us?

EW baryogenesis is disfavoured

EW baryogenesis is favoured

�H3/�H3,SM < 1.5 : �c/Tc < 1

�H3/�H3,SM > 2 : �c/Tc > 1

Vryonidou



for parts of Higgs sector, we know what to do to get answers. 
What about other “big” questions

Nature of dark matter (& dark energy) 

Fine-tuning (e.g. supersymmetry and similar) 

Matter-antimatter asymmetry of the universe 

[…]
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“
Finding dark matter and studying it will be the 
biggest challenge for the Large Hadron Collider’s 
second run

-a large LHC experiment’s  
spokesperson [2015]
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https://www.pbs.org/newshour/science/large-
hadron-collider-gears-find-dark-matter-new-
particles-second-run
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Rotation curve of spiral galaxy Messier 33

dark matter
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Looking beyond the SM: searches for dark matter at LHC & elsewhere
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Classic dark-matter 
candidate: a weakly-
interacting massive 

particle (WIMP, e.g. 
from supersymmetry).  

Masses ~ GeV upwards 

(search interpretations 
strongly model 

dependent)

EXCLUDED
LHC

direct detection



musn’t be (too) disappointed at lack of dark 
matter signal at LHC

Evidence for dark matter exists since the 
1930s. 

Today we know that 

➤ there are many possible models  

➤ the range of parameters they span is large 

We must deploy full ingenuity in searching for 
dark matter, including at LHC. 

But must also recognise that it has remained 
elusive for 80–90 years, and chances of finding 
it in any given year are small!
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4 The (incomplete) landscape of candidates 7
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Figure 1. Graphical representation of the (incomplete) landscape of candidates. Above, the landscape of
dark matter candidates due to T. Tait. Below, the range of dark matter candidates’ masses and interaction
cross sections with a nucleus of Xe (for illustrative purposes) compiled by L. Pearce. Dark matter candidates
have an enormous range of masses and interaction cross sections.

point to a DM mass scale rather similar to the nucleon mass, in the few GeV range [17, 18, 19, 20, 21, 22].
The observed clustering patterns of DM can be explained better by DM with self-interaction cross-section
within an order of magnitude from the neutron self-scattering cross-section, rather than by collisionless cold

Community Planning Study: Snowmass 2013
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future progress?
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(1) approved plans 
LHC will collect ~40–100 times more data than used for the 

plots shown so far, though at mostly similar energy (13–14 TeV). 
That programme is called High-Luminosity LHC (HL-LHC)



Higgs precision (H → γγ) : optimistic estimate v. luminosity & time
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HL-LHC official Higgs coupling projections (by ~2036)
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Figure 1. Projected uncertainties on ki, combining
ATLAS and CMS: total (grey box), statistical (blue),
experimental (green) and theory (red). From Ref. [2].

These coupling measurements assume the absence of sizable
additional contributions to GH . As recently suggested, the patterns
of quantum interference between background and Higgs-mediated
production of photon pairs or four leptons are sensitive to GH .
Measuring the off-shell four-fermion final states, and assuming
the Higgs couplings to gluons and ZZ evolve off-shell as in the
SM, the HL-LHC will extract GH with a 20% precision at 68% CL.
Furthermore, combining all Higgs channels, and with the sole
assumption that the couplings to vector bosons are not larger than
the SM ones (kV  1), will constrain GH with a 5% precision at
95% CL. Invisible Higgs boson decays will be searched for at
HL-LHC in all production channels, VBF being the most sensitive.
The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
channels, some of which were not considered in previous projections: 2b2g , 2b2t , 4b, 2bWW, 2bZZ. Assuming the SM Higgs

Figure 2. Left: Summary of the projected HL-LHC limits on the quark Yukawa couplings. Right: Summary of constraints on
the SMEFT operators considered. The shaded bounds arise from a global fit of all operators, those assuming the existence of a
single operator are labeled as "exclusive". From Ref. [2].
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interesting measurements of kg/kZ, which serves as a probe of
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uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
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the SMEFT operators considered. The shaded bounds arise from a global fit of all operators, those assuming the existence of a
single operator are labeled as "exclusive". From Ref. [2].
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the Higgs couplings to gluons and ZZ evolve off-shell as in the
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Furthermore, combining all Higgs channels, and with the sole
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95% CL. Invisible Higgs boson decays will be searched for at
HL-LHC in all production channels, VBF being the most sensitive.
The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
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Figure 2. Left: Summary of the projected HL-LHC limits on the quark Yukawa couplings. Right: Summary of constraints on
the SMEFT operators considered. The shaded bounds arise from a global fit of all operators, those assuming the existence of a
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SM, the HL-LHC will extract GH with a 20% precision at 68% CL.
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The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
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techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
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Furthermore, combining all Higgs channels, and with the sole
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ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
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The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
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2nd-generation Yukawas at HL-LHC (H→ μμ)
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Phenomenology: lecture 1 (12/101)

Recall of SM (EW part) Fermion Sector

LF = ψ̄R i (̸∂ + ig ′
W YR ̸B)ψR + Ψ̄Li (̸∂ + igW T W̸ + ig ′

W YL ̸B)ΨL

− yu Ψ̄Lψu ,R φ̃ − ydΨ̄Lψd,Rφ − h.c.

ψL/R =
1 ∓ γ5

2
ψ , Ψ =
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These coupling measurements assume the absence of sizable
additional contributions to GH . As recently suggested, the patterns
of quantum interference between background and Higgs-mediated
production of photon pairs or four leptons are sensitive to GH .
Measuring the off-shell four-fermion final states, and assuming
the Higgs couplings to gluons and ZZ evolve off-shell as in the
SM, the HL-LHC will extract GH with a 20% precision at 68% CL.
Furthermore, combining all Higgs channels, and with the sole
assumption that the couplings to vector bosons are not larger than
the SM ones (kV  1), will constrain GH with a 5% precision at
95% CL. Invisible Higgs boson decays will be searched for at
HL-LHC in all production channels, VBF being the most sensitive.
The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
channels, some of which were not considered in previous projections: 2b2g , 2b2t , 4b, 2bWW, 2bZZ. Assuming the SM Higgs

Figure 2. Left: Summary of the projected HL-LHC limits on the quark Yukawa couplings. Right: Summary of constraints on
the SMEFT operators considered. The shaded bounds arise from a global fit of all operators, those assuming the existence of a
single operator are labeled as "exclusive". From Ref. [2].
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eration quarks from a variety of observables is given in Fig. 2
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cross sections of kinematic observables (in particular pT); (iii)
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(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
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(2) proposed future colliders 
e+e–: ILC, CLIC, CepC, FCC-ee, LEP3  

pp: CppC, HE-LHC, FCC-hh  
ep: LHeC, FCC-eh
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FCC Physics Opportunities

measurements sensitive to tiny deviations from the Standard Model (SM) behaviour. The precision
will benefit from event statistics (for each collider, typically several orders of magnitude larger
than anything attainable before the FCC), improved theoretical calculations, synergies within the
programme (e.g. precise ↵s and parton distribution functions (PDF) provided to FCC-hh by FCC-
ee and FCC-eh, respectively) and suitable detector performance.

A more complete overview of the FCC physics potential is presented in CDR volumes 1–3. This
document highlights some of the most significant findings of those studies that, in addition to setting
targets for the FCC achievements, have driven the choice of the collider parameters (energy, luminosity)
and their operation plans, and contributed to the definition of the critical detector features and parameters.

Table S.1: Precisions determined in the  framework on the Higgs boson couplings and total decay
width, as expected from the FCC-ee data, and compared to those from HL-LHC. All numbers indicate
68% C.L. sensitivities, except for the last line which gives the 95% C.L. sensitivity on the “exotic”
branching fraction, accounting for final states that cannot be tagged as SM decays. The fit to the HL-
LHC projections alone (first column) requires assumptions: here, the branching ratios into cc̄ and into
exotic particles (and those not indicated in the table) are set to their SM values. The FCC-ee accuracies
are subdivided in three categories: the first sub-column gives the results of the fit expected with 5 ab

�1

at 240 GeV, the second sub-column in bold includes the additional 1.5 ab
�1 at

p
s = 365 GeV, and the

last sub-column shows the result of the combined fit with HL-LHC. Similar to the HL-LHC, the fit to the
FCC-eh projections alone requires an assumption to be made: here the total width is set to its SM value,
but in practice will be taken to be the value measured by the FCC-ee.

Collider HL-LHC ILC250 CLIC380 FCC-ee FCC-eh

Luminosity (ab
�1) 3 2 0.5 5 @ +1.5 @ + 2

240 GeV 365 GeV HL-LHC
Years 25 15 7 3 +4 — 20
��H/�H (%) SM 3.8 6.3 2.7 1.3 1.1 SM
�gHZZ/gHZZ (%) 1.3 0.35 0.80 0.2 0.17 0.16 0.43
�gHWW/gHWW (%) 1.4 1.7 1.3 1.3 0.43 0.40 0.26
�gHbb/gHbb (%) 2.9 1.8 2.8 1.3 0.61 0.55 0.74
�gHcc/gHcc (%) SM 2.3 6.8 1.7 1.21 1.18 1.35
�gHgg/gHgg (%) 1.8 2.2 3.8 1.6 1.01 0.83 1.17
�gHtt/gHtt (%) 1.7 1.9 4.2 1.4 0.74 0.64 1.10
�gHµµ/gHµµ (%) 4.4 13 n.a. 10.1 9.0 3.9 n.a.
�gHgg/gHgg (%) 1.6 6.4 n.a. 4.8 3.9 1.1 2.3
�gHtt/gHtt (%) 2.5 – – – – 2.4 1.7
BREXO (%) SM < 1.8 < 3.0 < 1.2 < 1.0 < 1.0 n.a.

Higgs Studies
The achievements and prospects of the LHC Higgs programme are opening a new era, in which the
Higgs boson is moving from being the object of a search, to become an exploration tool. The FCC
positions itself as the most powerful heir of the future LHC Higgs’ legacy. On one side it will extend
the range of measurable Higgs properties (e.g. its elusive H ! gg, cc̄ decays, its total width, and its
self-coupling), allowing more incisive and model-independent determinations of its couplings. On the
other, the combination of superior precision and energy reach provides a framework in which indirect
and direct probes of new physics complement each other, and cooperate to characterise the nature of
possible discoveries.

xx
PREPRINT submitted to Eur. Phys. J. C
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measurements sensitive to tiny deviations from the Standard Model (SM) behaviour. The precision
will benefit from event statistics (for each collider, typically several orders of magnitude larger
than anything attainable before the FCC), improved theoretical calculations, synergies within the
programme (e.g. precise ↵s and parton distribution functions (PDF) provided to FCC-hh by FCC-
ee and FCC-eh, respectively) and suitable detector performance.

A more complete overview of the FCC physics potential is presented in CDR volumes 1–3. This
document highlights some of the most significant findings of those studies that, in addition to setting
targets for the FCC achievements, have driven the choice of the collider parameters (energy, luminosity)
and their operation plans, and contributed to the definition of the critical detector features and parameters.

Table S.1: Precisions determined in the  framework on the Higgs boson couplings and total decay
width, as expected from the FCC-ee data, and compared to those from HL-LHC. All numbers indicate
68% C.L. sensitivities, except for the last line which gives the 95% C.L. sensitivity on the “exotic”
branching fraction, accounting for final states that cannot be tagged as SM decays. The fit to the HL-
LHC projections alone (first column) requires assumptions: here, the branching ratios into cc̄ and into
exotic particles (and those not indicated in the table) are set to their SM values. The FCC-ee accuracies
are subdivided in three categories: the first sub-column gives the results of the fit expected with 5 ab

�1

at 240 GeV, the second sub-column in bold includes the additional 1.5 ab
�1 at

p
s = 365 GeV, and the

last sub-column shows the result of the combined fit with HL-LHC. Similar to the HL-LHC, the fit to the
FCC-eh projections alone requires an assumption to be made: here the total width is set to its SM value,
but in practice will be taken to be the value measured by the FCC-ee.

Collider HL-LHC ILC250 CLIC380 FCC-ee FCC-eh

Luminosity (ab
�1) 3 2 0.5 5 @ +1.5 @ + 2

240 GeV 365 GeV HL-LHC
Years 25 15 7 3 +4 — 20
��H/�H (%) SM 3.8 6.3 2.7 1.3 1.1 SM
�gHZZ/gHZZ (%) 1.3 0.35 0.80 0.2 0.17 0.16 0.43
�gHWW/gHWW (%) 1.4 1.7 1.3 1.3 0.43 0.40 0.26
�gHbb/gHbb (%) 2.9 1.8 2.8 1.3 0.61 0.55 0.74
�gHcc/gHcc (%) SM 2.3 6.8 1.7 1.21 1.18 1.35
�gHgg/gHgg (%) 1.8 2.2 3.8 1.6 1.01 0.83 1.17
�gHtt/gHtt (%) 1.7 1.9 4.2 1.4 0.74 0.64 1.10
�gHµµ/gHµµ (%) 4.4 13 n.a. 10.1 9.0 3.9 n.a.
�gHgg/gHgg (%) 1.6 6.4 n.a. 4.8 3.9 1.1 2.3
�gHtt/gHtt (%) 2.5 – – – – 2.4 1.7
BREXO (%) SM < 1.8 < 3.0 < 1.2 < 1.0 < 1.0 n.a.

Higgs Studies
The achievements and prospects of the LHC Higgs programme are opening a new era, in which the
Higgs boson is moving from being the object of a search, to become an exploration tool. The FCC
positions itself as the most powerful heir of the future LHC Higgs’ legacy. On one side it will extend
the range of measurable Higgs properties (e.g. its elusive H ! gg, cc̄ decays, its total width, and its
self-coupling), allowing more incisive and model-independent determinations of its couplings. On the
other, the combination of superior precision and energy reach provides a framework in which indirect
and direct probes of new physics complement each other, and cooperate to characterise the nature of
possible discoveries.

xx
PREPRINT submitted to Eur. Phys. J. C
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measurements sensitive to tiny deviations from the Standard Model (SM) behaviour. The precision
will benefit from event statistics (for each collider, typically several orders of magnitude larger
than anything attainable before the FCC), improved theoretical calculations, synergies within the
programme (e.g. precise ↵s and parton distribution functions (PDF) provided to FCC-hh by FCC-
ee and FCC-eh, respectively) and suitable detector performance.

A more complete overview of the FCC physics potential is presented in CDR volumes 1–3. This
document highlights some of the most significant findings of those studies that, in addition to setting
targets for the FCC achievements, have driven the choice of the collider parameters (energy, luminosity)
and their operation plans, and contributed to the definition of the critical detector features and parameters.

Table S.1: Precisions determined in the  framework on the Higgs boson couplings and total decay
width, as expected from the FCC-ee data, and compared to those from HL-LHC. All numbers indicate
68% C.L. sensitivities, except for the last line which gives the 95% C.L. sensitivity on the “exotic”
branching fraction, accounting for final states that cannot be tagged as SM decays. The fit to the HL-
LHC projections alone (first column) requires assumptions: here, the branching ratios into cc̄ and into
exotic particles (and those not indicated in the table) are set to their SM values. The FCC-ee accuracies
are subdivided in three categories: the first sub-column gives the results of the fit expected with 5 ab

�1

at 240 GeV, the second sub-column in bold includes the additional 1.5 ab
�1 at

p
s = 365 GeV, and the

last sub-column shows the result of the combined fit with HL-LHC. Similar to the HL-LHC, the fit to the
FCC-eh projections alone requires an assumption to be made: here the total width is set to its SM value,
but in practice will be taken to be the value measured by the FCC-ee.
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�1) 3 2 0.5 5 @ +1.5 @ + 2

240 GeV 365 GeV HL-LHC
Years 25 15 7 3 +4 — 20
��H/�H (%) SM 3.8 6.3 2.7 1.3 1.1 SM
�gHZZ/gHZZ (%) 1.3 0.35 0.80 0.2 0.17 0.16 0.43
�gHWW/gHWW (%) 1.4 1.7 1.3 1.3 0.43 0.40 0.26
�gHbb/gHbb (%) 2.9 1.8 2.8 1.3 0.61 0.55 0.74
�gHcc/gHcc (%) SM 2.3 6.8 1.7 1.21 1.18 1.35
�gHgg/gHgg (%) 1.8 2.2 3.8 1.6 1.01 0.83 1.17
�gHtt/gHtt (%) 1.7 1.9 4.2 1.4 0.74 0.64 1.10
�gHµµ/gHµµ (%) 4.4 13 n.a. 10.1 9.0 3.9 n.a.
�gHgg/gHgg (%) 1.6 6.4 n.a. 4.8 3.9 1.1 2.3
�gHtt/gHtt (%) 2.5 – – – – 2.4 1.7
BREXO (%) SM < 1.8 < 3.0 < 1.2 < 1.0 < 1.0 n.a.

Higgs Studies
The achievements and prospects of the LHC Higgs programme are opening a new era, in which the
Higgs boson is moving from being the object of a search, to become an exploration tool. The FCC
positions itself as the most powerful heir of the future LHC Higgs’ legacy. On one side it will extend
the range of measurable Higgs properties (e.g. its elusive H ! gg, cc̄ decays, its total width, and its
self-coupling), allowing more incisive and model-independent determinations of its couplings. On the
other, the combination of superior precision and energy reach provides a framework in which indirect
and direct probes of new physics complement each other, and cooperate to characterise the nature of
possible discoveries.
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All current fits need to make assumptions about the total Higgs width (sum over all 
decay channels, whether observed or not). 

Only e+e– colliders can measure this directly.
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early universe to be of strong first order. This discovery would enable scenarios where the phase transition 
triggered the generation of the matter-antimatter asymmetry, or scenarios where detectable gravitational waves 
were generated by the collision of bubbles of the new vacuum during the Big Bang. 

The Higgs particle could provide a portal to new sectors, other-
wise completely decoupled from other SM particles. These inter-
actions could lead to Higgs transitions to invisible or otherwise exotic 
final states. The FCC-hh will probe invisible Higgs decays down to 
branching ratios in the range of 10–4, giving access to DM candidates 
with mass below 60 GeV. Flavour-changing-neutral-couplings of the 
Higgs boson, strongly suppressed in the SM, can be probed in the de-
cays of the 1012 top quarks produced, with sensitivity down to branch-
ing ratios of order 10–5 in t→Hq (q=u,c). 
The study of the Higgs and electroweak sector will also benefit from 
the FCC-hh’s lever arm in energy. The production of Higgs bosons at 
large transverse momentum or of gauge boson and Drell-Yan dilepton 
pairs at high invariant mass, will test the existence of effective field 
theory couplings induced by new physics existing at scales well above 

the direct reach, in a way complementary to the sensitivity achieved by precision measurements. For example, the 
scattering of longitudinal gauge bosons at high mass, to be discovered at FCC-hh, will be measured with a precision 
of 3%, leading to a sensitivity to deviations in the coupling of the Higgs to W bosons at the percent level. Drell-
Yan dileptons will be measured up to 15 TeV mass with a 10% statistical precision. This will constrain effective 
couplings induced by new interactions at mass scales up to the 100 TeV range. 
WIMP dark matter scenarios will be thoroughly tested. The mass of higgsino and wino-like WIMP candidates is 
theoretically constrained to be 1 and 3 TeV, respectively. Dedicated searches, using also disappearing track signa-
tures, will conclusively detect, or exclude, these WIMP candidates in the whole of the allowed region.  
In the near future, flavour phenomena can reveal new physics beyond the LHC reach, as suggested by the current 
flavour anomalies in B decays. Interpretations of these anomalies point to mediators of these interactions (lep-
toquarks or Z’ bosons) whose mass might be sufficiently large that only a hadron collider in the 100 TeV energy 
range can guarantee direct observation. 
The FCC-hh collider can be extended to an electron-hadron collider with a centre of mass energy of 3.5 TeV, 
collecting up to 2 ab–1 of integrated luminosity in parallel to FCC-hh operation. Deep inelastic scattering is the 
cleanest probe to resolve the substructure and dynamics of hadronic matter. The FCC-eh will determine the par-
tonic luminosities of gg, gq and qq initial states with a few per mille precision, throughout the large range of masses 
relevant to FCC-hh’s precise measurements and searches of new physics. This precision will also improve the 
determination of the fine structure coupling constant αs and, in the small-x region, will shed new light on dynamic 
issues such as gluon saturation. FCC-eh also covers a rich programme of Higgs and electroweak precision meas-
urements, as well as searches for new physics. The Higgs boson will be studied through the well-known neutral 
and charged vector boson fusion channels, providing measurements of Higgs couplings complementary in preci-
sion, sensitivity and systematics to FCC-ee and FCC-hh. This will include precise measurements of the Higgs self-
coupling, using Higgs pair production in vector boson fusion. FCC-eh has the best reach for a heavy sterile neu-
trino νS, which can be produced and detected up to TeV masses and over a broad range of mixings, through the 
clean process eq→ νSq'. The FCC-eh option is based on the electron energy recovery linac under study for LHeC 
and the FCC-eh physics programme is a higher-energy version of the LHeC’s.  
The operation with heavy-ion beams at 39 TeV per nucleon-nucleon collision for PbPb and 63 TeV for pPb, 
with luminosities 10 to 30 times higher than in future LHC runs, allows unique new ways of addressing the fun-
damental questions about the nature of QCD matter. At the reachable temperatures, around 1 GeV, charm quarks 
start to contribute as active thermal degrees of freedom in the quark-gluon plasma (QGP) equation of state and 
this novel role in the QCD equilibrium process can be investigated. The time evolution of the QGP formation 
and equilibration, in a window around 10–24 s, can be monitored by measuring the medium interactions of the 
hadronic debris of boosted top quarks, as they emerge from the subsequent decays t→Wb and W→qq. The high 
density of gluons in the QGP is also expected to influence the propagation and decay of the Higgs boson. A first 
observation of Υ formation from bbത recombination is expected. More in general, all studies currently performed 
at the LHC will greatly benefit from the FCC-hh statistics, from the extended kinematic reach for hard probes, 
and from the prospects of colliding additional nuclear species, such as Ar, Kr and Xe. 
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➤ The Higgs potential holds together the rest of the 

standard model (keystone) 
➤ so far (as a fundamental potential) only ever seen in 

textbooks! 
➤ -φ2 + φ4 implies specific Taylor expansion around φ=φ0:
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boson to a pair of b quarks [180], yiedling a 95% CL upper limit on BR(t → Hc) < 0.47%
with an expected sensitivity of 0.44%.

III.4. Higgs boson pair production

Higgs boson pair production in the SM is rare. It is however a very interesting final
state to search in two specific modes: (i) the search for non-resonant production of the
Higgs boson pair and (ii) the search for resonant production of two Higgs bosons in the
decay of a heavier particle.

The measurement of non-resonant Higgs pair production is important for constraining
Higgs self-couplings. In the SM the main non-resonant production mode of two Higgs
bosons in the final state proceeds through a loop (mainly of top quarks) (Fig. 11.5a).
Another production mode is via the trilinear coupling of the Higgs boson (Fig. 11.5b),
whose amplitude is not negligible compared to the former. These diagrams interfere
negatively making the overall production rate smaller than what would be expected in
the absence of a trilinear coupling.

Figure 11.5: Feynman diagrams contributing to Higgs boson pair production
through (a) a top- and b-quark loop and (b) through the self couplings of the Higgs
boson.

III.4.1. Searches for Higgs boson pair production

The searches for Higgs boson pair production both resonant and non-resonant are very
interesting probes for a variety of theories beyond the SM, and can be done in a large
number of Higgs boson decay channels. At Run 1 the ATLAS and CMS collaborations
have searched for both resonant and non resonant Higgs boson pair production in the
following channels: (i) HH → bbγγ [181]; (ii) HH → bbτ+τ− [182]; (iii) HH → bbbb [183];
and (iv) HH → WW ∗γγ [182]. (iv) in final states containing multiple leptons (electrons
or muons) covering the WW ∗WW ∗, WW ∗ZZ∗, ZZ∗ZZ∗, ZZ∗τ+τ−, WW ∗τ+τ−,
ZZ∗bb, τ+τ−τ+τ− channels [184]; (v) γγτ+τ− channels [184].

At Run 2 most of these channels have been updated both by the ATLAS and CMS
collaborations and the results are summarized in Table 11.7.

III.4.2. The Higgs self coupling

The Higgs boson self coupling is an extremely important direct probe of the Higgs
potential with implications on our understanding of the electroweak phase transition.
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boson to a pair of b quarks [180], yiedling a 95% CL upper limit on BR(t → Hc) < 0.47%
with an expected sensitivity of 0.44%.

III.4. Higgs boson pair production

Higgs boson pair production in the SM is rare. It is however a very interesting final
state to search in two specific modes: (i) the search for non-resonant production of the
Higgs boson pair and (ii) the search for resonant production of two Higgs bosons in the
decay of a heavier particle.

The measurement of non-resonant Higgs pair production is important for constraining
Higgs self-couplings. In the SM the main non-resonant production mode of two Higgs
bosons in the final state proceeds through a loop (mainly of top quarks) (Fig. 11.5a).
Another production mode is via the trilinear coupling of the Higgs boson (Fig. 11.5b),
whose amplitude is not negligible compared to the former. These diagrams interfere
negatively making the overall production rate smaller than what would be expected in
the absence of a trilinear coupling.

Figure 11.5: Feynman diagrams contributing to Higgs boson pair production
through (a) a top- and b-quark loop and (b) through the self couplings of the Higgs
boson.

III.4.1. Searches for Higgs boson pair production

The searches for Higgs boson pair production both resonant and non-resonant are very
interesting probes for a variety of theories beyond the SM, and can be done in a large
number of Higgs boson decay channels. At Run 1 the ATLAS and CMS collaborations
have searched for both resonant and non resonant Higgs boson pair production in the
following channels: (i) HH → bbγγ [181]; (ii) HH → bbτ+τ− [182]; (iii) HH → bbbb [183];
and (iv) HH → WW ∗γγ [182]. (iv) in final states containing multiple leptons (electrons
or muons) covering the WW ∗WW ∗, WW ∗ZZ∗, ZZ∗ZZ∗, ZZ∗τ+τ−, WW ∗τ+τ−,
ZZ∗bb, τ+τ−τ+τ− channels [184]; (v) γγτ+τ− channels [184].

At Run 2 most of these channels have been updated both by the ATLAS and CMS
collaborations and the results are summarized in Table 11.7.

III.4.2. The Higgs self coupling

The Higgs boson self coupling is an extremely important direct probe of the Higgs
potential with implications on our understanding of the electroweak phase transition.
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10.5.2 Other Final States in gg!HH
Decay modes other than HH!bb̄gg have also been considered in the detector performance studies.
These include bb̄ZZ*[!4`] (` =e,µ), bb̄WW*[!2j`n], and 4b+jet. A summary of the target precision
in the measurement of � is given in Table 10.2, where the results were obtained with the baseline
detector performance parameters, and a 1% systematics on the rates of the signals and of the leading
backgrounds.

Table 10.2: Precision of the direct Higgs self-coupling measurement in gg!HH production, for various
decay modes, from the FCC-hh detector performance studies.

bb̄gg bb̄ZZ*[!4`] bb̄WW*[!2j`n] 4b+jet
�� 6.5% 14% 40% 30%

Additional studies, of a more phenomenological nature, have appeared in the literature. Typi-
cally these adopt simplified detector simulations, based however, on benchmark performance parameters
consistent with the FCC-hh baseline assumptions.

Reference [291] performs a kinematic analysis of various HH distributions in the bb̄gg final state,
considering quantities such as the invariant mass mHH, the Higgs pT and various angular correlations.
The mHH spectrum is strongly sensitive to the Higgs self-coupling. At threshold, mHH = 2mH, the SM
amplitude exactly vanishes, due to the interference between box and self-coupling diagrams. For � ⇠ 2

a strong dip develops instead for mHH = 2mt. At large mHH, the self-coupling contribution dies off due
to the 1/m2

HH s-channel propagator. These effects are clearly visible in the left plot of Fig. 10.6. The
� sensitivity obtained from the detector study based on the Delphes [288] parameterisation of the HL-
LHC ATLAS and CMS detector performances is shown on the right plot. The projected 1� sensitivity at
100 TeV (30 ab�1) is 5%, consistent with the results of the FCC-hh detector performance study. Studies
of the Higgs self-coupling sensitivity at HE-LHC have been carried out in the context of the HL/HE-LHC
Workshop. The results are summarised in the right plot of Fig. 10.6, showing a 10-20% sensitivity at
68% CL. Independent results have appeared in Ref. [292].
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Figure 10.6: Left: dependence on � of the mHH spectrum [291]. Right: Expected sensitivity for the
measurement of the Higgs trilinear coupling in the gg! HH process at HE-LHC.

For FCC-hh, reference [293] proposed using a boosted HH final state, recoiling against a jet, to
maintain the HH invariant mass as close to threshold as possible, enhancing the sensitivity to the Higgs
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boson to a pair of b quarks [180], yiedling a 95% CL upper limit on BR(t → Hc) < 0.47%
with an expected sensitivity of 0.44%.

III.4. Higgs boson pair production

Higgs boson pair production in the SM is rare. It is however a very interesting final
state to search in two specific modes: (i) the search for non-resonant production of the
Higgs boson pair and (ii) the search for resonant production of two Higgs bosons in the
decay of a heavier particle.

The measurement of non-resonant Higgs pair production is important for constraining
Higgs self-couplings. In the SM the main non-resonant production mode of two Higgs
bosons in the final state proceeds through a loop (mainly of top quarks) (Fig. 11.5a).
Another production mode is via the trilinear coupling of the Higgs boson (Fig. 11.5b),
whose amplitude is not negligible compared to the former. These diagrams interfere
negatively making the overall production rate smaller than what would be expected in
the absence of a trilinear coupling.

Figure 11.5: Feynman diagrams contributing to Higgs boson pair production
through (a) a top- and b-quark loop and (b) through the self couplings of the Higgs
boson.

III.4.1. Searches for Higgs boson pair production

The searches for Higgs boson pair production both resonant and non-resonant are very
interesting probes for a variety of theories beyond the SM, and can be done in a large
number of Higgs boson decay channels. At Run 1 the ATLAS and CMS collaborations
have searched for both resonant and non resonant Higgs boson pair production in the
following channels: (i) HH → bbγγ [181]; (ii) HH → bbτ+τ− [182]; (iii) HH → bbbb [183];
and (iv) HH → WW ∗γγ [182]. (iv) in final states containing multiple leptons (electrons
or muons) covering the WW ∗WW ∗, WW ∗ZZ∗, ZZ∗ZZ∗, ZZ∗τ+τ−, WW ∗τ+τ−,
ZZ∗bb, τ+τ−τ+τ− channels [184]; (v) γγτ+τ− channels [184].

At Run 2 most of these channels have been updated both by the ATLAS and CMS
collaborations and the results are summarized in Table 11.7.

III.4.2. The Higgs self coupling

The Higgs boson self coupling is an extremely important direct probe of the Higgs
potential with implications on our understanding of the electroweak phase transition.
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5.2 Timeline 
The overall project duration for implementation and operation of the integrated FCC is about 7 decades. 
Realisation of the first stage, the intensity-frontier lepton collider, FCC-ee, will commence with a preparatory phase 
of 8 years, followed by the construction phase (all civil and technical infrastructure, machines and detectors in-
cluding commissioning) lasting 10 years. A duration of 15 years is projected for the subsequent operation of 
the FCC-ee facility, to complete the currently envisaged physics programme. This makes a total of nearly 
35 years for construction and operation of FCC-ee. 
The preparatory phase for the second stage, the energy-frontier hadron collider, FCC-hh, will start in the first half 
of the FCC-ee operation phase. After the stop of FCC-ee operation, machine removal, limited civil engineering 
activities and an adaptation of the general technical infrastructure will take place, followed by FCC-hh machine 
and detector installation and commissioning, taking in total about 10 years. A duration of 25 years is projected 
for the subsequent operation of the FCC-hh facility, resulting in a total of 35 years for construction and 
operation of FCC-hh. 
The preparatory phase for each of the two project stages includes: 

• all administrative procedures with the host states, ultimately leading to the construction permits and the 
provision of the required surface and underground rights-of-way; 

• consultation process with authorities and public stakeholders; 
• development of project financing, organisation and governing structures; 
• site investigations, civil engineering design, and tendering for consultant and construction contracts. 

The construction phase for the first stage, FCC-ee, includes construction of: 

• all underground and surface structures required for FCC-ee; 
• technical infrastructures; 
• FCC-ee accelerator, detectors and associated injectors, including hardware and beam commissioning. 

The construction phase for the second stage, FCC-hh, includes: 

• removal of FCC-ee machine and detectors; 
• construction of additional civil structures and adaptation of technical infrastructures for FCC-hh; 
• installation of FCC-hh accelerator, injector and detectors, including hardware and beam commissioning. 

The staged implementation provides a time window of 25 – 30 years for R&D on key technologies for FCC-hh. 
This will allow alternative technologies to be considered e.g. high-temperature superconducting magnets, and 
should lead to improved parameters and reduced implementation risks, compared to immediate construction after 
HL-LHC. The timeline for the complete FCC scenario is shown in Fig. 9. 

 
Figure 9: Overview of implementation timeline for the integral FCC program, starting in 2020. Numbers in the top row indicate the year. 

Physics operation for FCC-ee would start towards the end-2030s; physics operation for FCC-hh would start in the mid-2060s. 
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the Higgs sector is unlike anything probed before in particle physics,  
much of it remains to be established & explored 

it is remarkably fortunate that so much can be done with  
the LHC and possible next-generation colliders 

e.g. accessing Yukawa couplings beyond the 3rd generation,  
the triple-Higgs coupling → Higgs-field potential, SM keystone,  

& the pathway from discovery to precision 
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meanwhile, the search for new physics continues 

with much scope for inventing ingenious search techniques,  
and identifying novel models that could be probed 

(And finding other things to do with the particles we have) 
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searches, Higgs & other standard-model physics  
share in common 

the need to think about how we relate the  
underlying laws of particle physics  

with observations of ~1016 high-energy proton collisions 
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UNDERLYING 
THEORY

EXPERIMENTAL 
DATA

how do you make a 
quantitative 
connection?

The subject of the 
next two talks


