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Higgs Physics1

1Good reviews include Higg’s Hunter’s Guide, Heather Logan’s TASI Lectures,
Abdelhak Djouadi’s Review
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https://arxiv.org/pdf/1406.1786
https://arxiv.org/abs/hep-ph/0503172


Properties of the Higgs Boson

Higgs field enters L as (v + h(x)) ⇒ couples to particles ∝ mass
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Properties of the Higgs Boson
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Higgs Decays

h preferentially decays into heaviest kinematically-accessible particles, e.g.
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Higgs Decays

Loop-induced decays are experimentally important, despite small branching
fraction:

Br(h → γγ)exp = 2.5× 10−3

th
γ

γ
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γ

γ W
h

γ

γ

The W loops provide the dominant contribution:

Γ(h → γγ) ∼ 1

16π︸︷︷︸
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Higgs Decays

Evaluating the partial widths at mh = 125 GeV gives Γh ≈ 4 MeV and

Decay channel Branching ratio
h → bb̄ 5.82× 10−1

h → WW ∗ 2.14× 10−1

h → τ+τ− 6.27× 10−2

h → cc̄ 2.89× 10−2

h → ZZ∗ 2.62× 10−2

h → γγ 2.27× 10−3

h → Zγ 1.53× 10−3

h → µ+µ− 2.18× 10−4  [GeV]HM
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Higgs Before the LHC

EW precision observables constrained Higgs before 2012:
71 < mh/GeV < 126
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https://pdg.lbl.gov/2024/reviews/rpp2024-rev-standard-model.pdf


Higgs Before the LHC

Direct searches for Higgs at LEP and Tevatron:
114 < mh/GeV < 149

PDG (2010)
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https://pdg.lbl.gov/2010/reviews/rpp2010-rev-standard-model.pdf


Higgs Production

At e+e− collider:

Z

e−

e+

Z

h

Need
√

s > mZ + mh = 216 GeV, LEP had
√

s ≤ 209 GeV.
At hadron colliders

arXiv:2207.00092, ATLAS (2022)
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https://arxiv.org/pdf/2207.00092


Higgs Discovery

Production Rate(i → h → j) = σi Brj

Largest Br(h → b̄b) has large background, so:
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https://arxiv.org/abs/1207.7214
https://arxiv.org/pdf/1207.7235


Observed Properties
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https://arxiv.org/pdf/2207.00092


Higgs Self-Interactions

So far have only probed the quadratic part of V (h)

V (h) = 1

2
m2

hh2 + λvh3 +
1

4
λh4

In the SM mh =
√
2λv ⇒ λ ≈ 0.13. To test shape of potential need to

measure Higgs self-interactions

= −i3!λv = −i3!λ

These enter di-Higgs and single Higgs (through loops) production.
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Higgs Self-Interactions

Effects are small, so λ is difficult to constrain
Di-Higgs production via, e.g.

g

g H

H

H

κt κλ

Small cross-sections and “competing” diagrams
Loop corrections to single Higgs production, e.g.

t
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Hκλ

Loop and coupling suppressions
−0.4 < κλ = (λHHH/λSM

HHH ) < 6.3

arXiv: 2211.01216, ATLAS 2023
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https://arxiv.org/abs/2211.01216


Quantum Chromodynamics

11/29



Gauge Theory of Strong Interactions

Strong interactions are described by SU (3) gauge theory

L ⊃ −1

4
(∂µAa

ν − ∂νAa
µ − gsf bcaAb

µAc
ν)

2 −
∑

q
−gsAa

µq̄iγ
µ(Ta)ijqj

with a = 1, . . . 8 and quarks q in the fundamental representation

q = qi , i = 1, . . . 3 = “colour” index

Note: couplings of the gluon Aµ are not chiral (like QED, unlike CC & NC)
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Evidence for Colour Degree of Freedom

Consider e+e− → hadrons; dominant contribution is e+e− → q̄q

A 2-jet event at LEP
CELLO Collaboration (1987)

dσ
d cos θ

∝ (1 + cos2 θ) ⇒ spin-1/2 quarks

This is just one way to infer quark spin.
13/29

https://doi.org/10.1016/0370-2693(87)90986-5


Evidence for Colour Degree of Freedom

Consider e+e− → hadrons; dominant contribution is e+e− → q̄q

R ≡ σ(e+e− → hadrons)
σ(e+e− → µ+µ−)

≈
∑

q
NcQ2

q
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Testing the Structure of Gauge Interactions

Key properties of QCD can be tested experimentally:
Existence of spin-1 gluons; existence of qgg, ggg, gggg couplings; group

theory relations between them, …

e+

e−

q

q
g

3-jet events

Kluth (2006), arXiv:0603011
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https://inspirehep.net/literature/711759


Testing the Structure of Gauge Interactions

Key properties of QCD can be tested experimentally:
Existence of spin-1 gluons; existence of qgg, ggg, gggg couplings; group

theory relations between them, …
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4-jet and 5-jet events

Kluth (2006), arXiv:0603011
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https://inspirehep.net/literature/711759


Testing the Structure of Gauge Interactions

Key properties of QCD can be tested experimentally:
Existence of spin-1 gluons; existence of qgg, ggg, gggg couplings; group

theory relations between them, …

∣∣∣∣∣∣∣∣∣∣
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2
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N 2
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2Nc
for SU (N )
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2

∝ f abcf abd = CA = Nc for SU (N )

Kluth (2006), arXiv:0603011
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Testing the Structure of Gauge Interactions

Key properties of QCD can be tested experimentally:

Existence of spin-1 gluons; existence of qgg, ggg, gggg couplings; group
theory relations between them, …
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Running of the Strong Coupling Constant

In QCD the energy-scale dependent coupling parameter is

αs(Q) =
αs (Q0)

1− αs
2πb0 log (Q/Q0)

, b0 =
(
−11

3
Nc +

2

3
nf

)
.

Compare to QED

α(Q) =
α (Q0)

1− α
3π

∑
i q2i log (Q/Q0)
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Running of the Strong Coupling Constant

αs(mZ
2) = 0.1180 ± 0.0009

August 2023
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Gluon self-interactions lead to qualitative differences relative to QED:
Asymptotic freedom: αs(Q) → 0 as Q → ∞, weak qq, qg int.
Confinement: αs(Q) → ∞ as Q → ΛQCD, theory non-perturbative

ΛQCD ≈ 200 MeV
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Confinement

Empirical observation:

Only colour neutral combinations of quarks - mesons (qq̄) and
baryons (qqq) observed

We associate it with non-perturbative dynamics when Q ∼ 1/r ∼ ΛQCD

Bissey, Signal, Leinweber (2009)

integration of the force-3 loops

bosonic string

V (r) ∼ −αsCF
r + σr + . . .

Necco & Sommer (2001)
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https://arxiv.org/pdf/0910.0958
https://arxiv.org/abs/hep-lat/0108008


Hadronization and Jets

We do not see individual q or g, but collimated bunches of hadrons (jets)

e+e− → 2 jets at LEP
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Hadronization and Jets

We do not see individual q or g, but collimated bunches of hadrons (jets)

prob. of emission ∼

∣∣∣∣∣∣∣∣∣∣
q

ga

q

∣∣∣∣∣∣∣∣∣∣

2

d3kg ∼ 2CFαs
π

dEk
Ek

dθk
θk

High probability to radiate soft (Ek → 0) and collinear (θk → 0) gluons

Lectures by Gavin Salam

This process is modelled numerically using parton shower, e.g., PYTHIA
When q, g pT ∼ ΛQCD, they confine/hadronize
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https://gsalam.web.cern.ch/teaching/PhD-courses.html


Hadronization and Jets

We do not see individual q or g, but collimated bunches of hadrons (jets)
Hadronization is a non-perturbative process, can be modelled by repeated
stretching and breaking of the gluon “string”

Thomson (2013)

Lund model : repeated string breaks for large system
with pure V (r) = κr, i.e. neglecting Coulomb part:
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=
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∣

∣
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dpz
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∣

∣

∣

∣

= κ

so energy–momentum quantities can be read off from space–time ones

Motion of quarks and antiquarks in a qq system:

z

tqq

gives simple but powerful picture of hadron production
Pasechnik & Šumbera (2021)
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https://www.cambridge.org/ae/universitypress/subjects/physics/particle-physics-and-nuclear-physics/modern-particle-physics
https://arxiv.org/abs/2109.07600


Deep Inelastic Scattering

What are the constituents of hadrons? Consider e−p scattering:

At high energies

λγ ∼ 1

|~q|
� rp

process is inelastic, but can learn a
lot from kinematics of recoil e−

Q2 = −(p′
e − pe)

2 = EE ′ sin2 θ/2
Xp

e

e

}

θ

X = any hadrons
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Deep Inelastic Scattering

What are the constituents of hadrons? Consider e−p scattering:

H1 experiment at HERA, DESY
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Deep Inelastic Scattering

What are the constituents of hadrons? Consider e−p scattering:

Assume p is a bag of non-interacting spin-1/2 “partons”. Underlying
interaction is elastic eq scattering:

dσ (e−q → e−q)
dQ2

= 2πα2Q2
q
1 +

(
1− Q2/ŝ

)2
Q4

ŝ, t̂ = −Q2 Mandelstams for eq
Relate these to ep, assuming q
carries fraction x of pp:

ŝ = (pe+xpp)
2 = xs ⇒ x =

Q2

2(pe − p′
e) · pp

γ

e− e−

qq
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Parton Distribution Functions

Momentum fraction x is drawn from a probability distribution fq:

fq(x)dx = probability of q to carry fraction x ∈ [x, x + dx] of pp

This allows us to write the DIS cross-section as

dσ (e−p → e−X)

dQ2
= 2πα2

∑
quarks q

fq(x)dxQ2
q

1 +
(
1− Q2

xs

)2

Q4

≡ 1

x
F2(x)dx︸ ︷︷ ︸

non-pert. hadron dynamics

× 2πα2
1 +

(
1− Q2

xs

)2

Q4︸ ︷︷ ︸
“hard” eq interaction

Spin-1/2, non-interacting parton model: F2(x) is Q-independent (Bjorken
Scaling)
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Partons and Asymptotic Freedom

Scaling (Q2-independence) is
good (approximately): evidence
for nearly-non-interacting,
spin-1/2 partons
Scaling violation: αs 6= 0:

Q2-dependence can be
computed using Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi
(DGLAP) equations

PDG (1994)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.50.1173


What is a Proton?

DIS experiments with different beam and target configurations measure
PDFs of different parton species:
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Factorization

Note how we were able to factorize the hard/perturbative eq interaction
from the soft/non-perturbative physics

dσ(ep → eX) =
∑

q

∫ 1

0
dxfq(x,Q2)dσ(eq → eq)

Key observation: fq(x,Q2) is a universal property of the hadron.

Once measured (in DIS) we can apply it to other processes

For example, for hadron-hadron collisions we use

σh1h2→f =
∑
a,b

∫ 1

0
dxadxbfa/h1

(xa, µF) fb/h2
(xb, µF) σ̂ab→f (ŝ, µF)

Campbell, Huston and Krauss (2018)
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https://academic.oup.com/book/27902?login=false


Gluon Fusion

As an example consider Higgs production via ggF

h

g

g

⇒ σ(gg → h) ≈ π2

8mh
Γ(h → gg)δ(ŝ − m2

h)

At the LHC, the corresponding cross-section is

σ(pp → h)ggF =

∫ 1

0
dx1dx2fg/p (x1, µF) fg/p (x2, µF) σ̂gg→h (ŝ, µF)

=
π2

8mhs
Γ(h → gg)

∫ 1

m2
h/s

dx
x

fg/p (x, µF) fg/p
(
m2

h/(sx), µF
)

Djouadi (2005)

23/29

https://arxiv.org/pdf/hep-ph/0503172


Gluon Fusion
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Summary and Miscellaneous Comments
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Standard Model

The SM is the most general renormalizable QFT with

Gauge Eigenstates SU (3)C SU (2)L U (1)Y
Q × 3 3 2 +1/6
L × 3 1 2 −1/2
uR × 3 3 1 +2/3
dR × 3 3 1 −1/3
eR × 3 1 1 −1

H 1 2 +1/2

There are 26+ free parameters in LSM:
g, g′, gs, µ

2, λ,

mu, md , mc, ms, mb, mt ,VCKM (4 parameters)
me, mµ, mτ , mν1 , mν2 , mν3 ,UPMNS (4+ parameters)
θQCD
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Cancellation of Gauge Anomalies

Could the charge/irrep assignments be anything else?

Chiral gauge theories subject to consistency conditions

0 = 〈∂µJµ
Y 〉 = Jµ

Y

Jρ
Y

Jσ
Y

∝
∑

l∈LH ferm.
Y 3

l −
∑

r∈RH ferm.
Y 3

r

“QFT and SM”, Schwartz

Similar conditions for other current combinations constrain irreps, charges.
If conditions are violated, gauge invariance broken by quantum corrections.
This means theory cannot be extended to high energy.
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Cancellation of Gauge Anomalies

Could the charge/irrep assignments be anything else?

Example
For a single generation

0 =
[
2Y 3

L − Y 3
eR

]
+ 3

[
2Y 3

Q − Y 3
uR − Y 3

dR

]
=

[
2

(
−1

2

)3

− (−1)3

]
+ 3

[
2

(
1

6

)3

−
(
2

3

)3

−
(
−1

3

)3
]

All gauge anomalies cancel, fixing charges up, irreps

SM matter and charges are just so that all anomalies cancel.

There are no obstructions to extending SM to arbitrarily high energies.
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Standard Model as an Effective Field Theory

Recall: QED is a renormalizable theory but one cannot extend it to
arbitrarily high energies.
Q: Can we get a sense of the UV theory?
A: Yes – measure higher-dim. operators to describe rare phenomena

∆L = − 2
√
2GFJNCµJµ

NC︸ ︷︷ ︸
P violation in e+e−

− 2
√
2GFJ †

CCµJµ
CC︸ ︷︷ ︸

β decays

Wilson coefficients indicate the scale of new particles, ∼ G−1/2
F .

EFTs have a finite range of validity (even if theory appears renormalizable
at low energies)

Does the SM also have a limited range of validity?
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Standard Model as an Effective Field Theory

Probably, but we do yet know what it is.
At least one concrete scale, MPl at which something happens (more
suggestive examples will be provided later)
Alternatively, systematically list all higher-dimensional operators
consistent with SM symmetries. Use experiments to constrain them.

∆L =
1

Λ
Odim 5+

1

Λ2

84∑
i=1

Odim 6
i +

1

Λ3

18∑
i=1

Odim 7
i +

1

Λ4

993∑
i=1

Odim 8
i + . . .

See, e.g., Murphy (2020) and references therein.
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Standard Model as an Effective Field Theory

Some examples of new effects that can appear in the EFT:
Dimension 5: (Majorana) neutrino mass

1

Λ
(LpH )(LqH ) → v2

2Λ
νpνq

Observed neutrino masses ⇒ Λ ∼ 1015 GeV
Dimension 6: Proton decay

1

Λ2
uc

Ruc
Rdc

Rec
R

Depending on flavour structure leads to p → e+ + meson

τp > 1033−35 years ⇒ Λ & 1015 GeV

Beneito et al (2023)

Λ bounds are so strong because these operators break L, B (accidental
symmetries of LSM)
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https://arxiv.org/abs/2312.13361


Standard Model as an Effective Field Theory

Caveats:
Λ is not the mass scale of new physics (NP); e.g., recall Fermi theory:

1

Λ2
= 2

√
2GF =

g2

2m2
W

Coupling constants can be small, such that Λ � MNP

If NP is light but weakly coupled - EFT does not apply
See Prof. Stefania Gori’s Lectures.

Why does the SM appear to work so well? May be Λ is very large. May be
symmetries exclude some O.
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Flavour Problems

Most of the parameters of the SM are fermion masses and mixings. There
are open questions related to this flavour structure of the SM, e.g.

Why is there is a triplication of matter content?
3× 3 VCKM is the smallest matrix with a CP-violating phase

Why are the fermion masses spread over an exponentially large range?
Do the Yukawa couplings vary in size from ∼ 10−13 to 1?

Why does (n’t) VCKM (UPMNS) have structure?

|VCKM| = |UPMNS| =

See Prof. Stefania Gori’s Lectures.
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Vacuum Stability

The tree-level potential of the Higgs is quartic

Vtree =
1

2
m2

hh2 + λvh3 +
1

4
λh4

V

Hv = 246 GeV
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Vacuum Stability

To evaluate at large field values, need higher-order corrections:

Veff = Vtree + loop corrections

Veff

Hv 1010 GeV

Our vacuum appears to be metastable to tunneling!
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Vacuum Stability

EW vacuum lifetime sensitive to mh and mt :

0 50 100 150 200
0

50

100

150

200

10400 < τSM < 101329 yrs

See Andreassen et al (2017), Chigusa et al (2017) and refs therein.
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