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LHC Higgs-boson physics is as important as ever!
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(2012)

 [GeV]34m
20 40 60 80 100

E
ve

nt
s/

5 
G

eV

0

20

40

60

80

100 Data
(*)

ZZ

tZ+jets,t

H(125 GeV)

Syst.Unc.

ATLAS

-1Ldt = 4.8 fb∫ = 7 TeV: s
-1Ldt = 5.8 fb∫ = 8 TeV: s

4l→(*)
ZZ→H

After Run 2

(2019)

 [GeV]4lm

80 90 100 110 120 130 140 150 160 170

E
ve

nt
s/

2.
5 

G
eV

0

20

40

60

80

100

120

140

Data

Higgs (125 GeV)

ZZ*

tXX, VVV 

tZ+jets, t

Uncertainty

ATLAS Preliminary  4l→ ZZ* →H 
1−

13 TeV, 139 fb 

80 100 120 140 160
 (GeV)l4m

0

20

40

60

80

100

120

140

160

180

200

220

240

E
ve

nt
s 

/ 2
G

eV Data
H(125)

*γZZ, Z→qq
*γZZ, Z→gg

Z+X

 (13 TeV)-1137.1 fbPreliminary 2016 + 2017 + 2018 CMS

Much improved statistics: main production and decay modes observed.

↪→ Access to Higgs couplings: Higgs portal to new physics!



Outline of these lectures

• Lecture 1: the Standard-Model Higgs boson.

↪→ EW gauge symmetry, Higgs mechanism.

↪→ Higgs-boson interactions.

↪→ Quantum constraints.

• Lecture 2: Higgs-boson physics at the LHC.

↪→ Production and decay modes, what do they probe.

↪→ Theoretical predictions and their accuracy.

• Lecture 3: from Higgs-boson properties to new physics.

↪→ Probing specific extensions of the SM.

↪→ Probing classes of interactions within SM boundaries.



The Standard Model of particle physics

“The Standard Model is a gauge invariant quantum field theory based on

the local symmetry group SU(3)× SU(2)× U(1).”

SU(3)c → strong force (g)

SU(2)L × U(1)Y electroweak force (W1,2,3, BY )

(Y = T 3 −Q)

particle multiplets:

 νe

e


L

,

 u

d


L

↔

 u u u

d d d


L︸ ︷︷ ︸

SU(3)

}
SU(2)

eR , uR = (u u u)R , dR = (d d d)R

with some caveats:

↪→ Masses of Z and W bosons breaks gauge invariance ↔ EWSB

↪→ Fermion masses breaks gauge invariance as well.



The Higgs discovery has constrained the mechanism of EWSB

Before H discovery After H discovery

−→

The EW symmetry is spontaneously broken (SSB) to U(1)Q

SU(2)L × U(1)Y
SSB−→ U(1)Q

{
W±, Z0 MW ,MZ 6= 0

γ mγ = 0

After which, fermions get mass through Yukawa-type interactions.



The SM Lagrangian on a mug . . .

LSM = LQCD + LEW LQCD −→ M. Grazzini’s lectures

We will focus on:

LEW = Lgauge
EW +Lferm

EW +LY ukawaEW +LscalarEW

Lgauge
EW −→ 1st line

Lferm
EW −→ 2nd line

and in particular:

LY ukawaEW −→ 3rd line

LscalarEW −→ 4th line

Very simple and very complete −→ contains all kinds of d = 4

renormalizable interactions between scalar, fermion, and vector fields.



From Global to Local: gauging a symmetry

Abelian case (→ QED)

A theory of free Fermi fields described by the Lagrangian density

L = ψ̄(x)(i∂/−m)ψ(x)

is invariant under a global U(1) transformation (α=constant phase)

ψ(x)→ eiαψ(x) such that ∂µψ(x)→ eiα∂µψ(x)

The same is not true for a local U(1) transformation (α = α(x)) since

ψ(x)→ eiα(x)ψ(x) but ∂µψ(x)→ eiα(x)∂µψ(x) + igeiα(x)∂µα(x)ψ(x)

Need to introduce a covariant derivative Dµ such that

Dµψ(x)→ eiα(x)Dµψ(x)



Only possibility: introduce a vector field Aµ(x) transforming as

Aµ(x)→ Aµ(x)− 1

g
∂µα(x)

and define a covariant derivative Dµ according to

Dµ = ∂µ + igAµ(x)

modifying L to accomodate Dµ and the gauge field Aµ(x) as

L = ψ̄(x)(iD/−m)ψ(x)− 1

4
Fµν(x)Fµν(x)

where the last term is the Maxwell Lagrangian for a vector field Aµ, i.e.

Fµν(x) = ∂µAν(x)− ∂νAµ(x) .

Requiring invariance under a local U(1) symmetry has:

−→ promoted a free theory of fermions to an interacting one;
−→ fixed the form of the interaction in terms of a new vector field Aµ(x):

Lint = −gψ̄(x)γµψ(x)Aµ(x)

−→ no mass term AµAµ allowed by the symmetry → this is QED.



Non-abelian case: Yang-Mills theories

Consider the same Lagrangian density

L = ψ̄(x)(i∂/−m)ψ(x)

where ψ(x)→ ψi(x) (i = 1, . . . , n) is a n-dimensional representation of a

non-abelian compact Lie group (e.g. SU(N)).

L is invariant under the global transformation U(α)

ψ(x)→ ψ′(x) = U(α)ψ(x) , U(α) = eiα
aTa = 1 + iαaT a +O(α2)

where T a ((a = 1, . . . , dadj)) are the generators of the group infinitesimal

transformations with algebra,

[T a, T b] = ifabcT c

and the corresponding Noether’s current are conserved. However, requiring

L to be invariant under the corresponding local transformation U(x)

U(x) = 1 + iαa(x)T a +O(α2)

brings us to replace ∂µ by a covariant derivative

Dµ = ∂µ − igAaµ(x)T a



in terms of vector fields Aaµ(x) that transform as

Aaµ(x)→ Aaµ(x) +
1

g
∂µα

a(x) + fabcAbµ(x)αc(x)

such that

Dµ → U(x)DµU
−1(x)

Dµψ(x) → U(x)DµU
−1(x)U(x)ψ = U(x)Dµψ(x)

Fµν ≡
i

g
[Dµ, Dν ] → U(x)FµνU

−1(x)

The invariant form of L or Yang Mills Lagrangian will then be

LYM = L(ψ,Dµψ)− 1

2
TrFµνF

µν = ψ̄(iD/−m)ψ − 1

4
F aµνF

µν
a

where Fµν = F aµνT
a and

F aµν = ∂µA
a
ν − ∂νAaµ + gfabcAbµA

c
ν

Notice: boxed part is lines 1+2 of the mug Lagrangian!



Also notice that:

• as in the abelian case:

−→ mass terms Aa,µAaµ are forbidden by symmetry: gauge bosons

are massless.

−→ the form of the interaction between fermions and gauge bosons is fixed

by symmetry to be

Lint = −gψ̄(x)γµT
aψ(x)Aa,µ(x)

• at difference from the abelian case:

−→ gauge bosons carry a group charge and therefore . . .

−→ gauge bosons have self-interaction.

−→ the quantization procedure can be trickier (gauge fixing, ghosts).

↪→ Can we build a massive gauge theory?



Feynman rules, Yang-Mills theory:

a

pF
b

=
iδab

p/−m

i

�g
µ,c

j
E

= igγµ(T c)ij

µ,a

kG
ν,b

=
−i
k2

[
gµν − (1− ξ)kµkν

k2

]
δab

α,a
p

V r�
γ,c

q

U
β,b

= gfabc
(
gβγ(q − r)α + gγα(r − p)β + gαβ(p− q)γ

)
α,a β,b

vu
uv
γ,c δ,d

= −ig2
[
fabef cde(gαγgβδ − gαδgβγ) + facef bde(· · · ) + fadef bce(· · · )

]



Spontaneous Breaking of a Gauge Symmetry

Higgs mechanism, abelian case: abelian gauge theory (one vector field

Aµ(x)) coupled to one complex scalar field φ(x):

L = LA + Lφ

where

LA = −1

4
FµνFµν = −1

4
(∂µAν − ∂νAµ)(∂µAν − ∂νAµ)

and (Dµ=∂µ + igAµ)

Lφ = (Dµφ)∗Dµφ− V (φ) = (Dµφ)∗Dµφ− µ2φ∗φ− λ(φ∗φ)2

L invariant under local U(1) symmetry:

φ(x) → eiα(x)φ(x)

Aµ(x) → Aµ(x) +
1

g
∂µα(x)

Mass term for Aµ breaks the U(1) gauge invariance (same as before).



Can we build a gauge invariant massive theory? Yes.

Consider the potential of the scalar field:

V (φ) = µ2φ∗φ+ λ(φ∗φ)2

where λ>0 (to be bounded from below), and observe that:
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• µ2>0 −→ electrodynamics of a massless photon and a massive scalar

field of mass µ (g=−e).

• µ2<0 −→ when we choose a minimum, the original U(1) symmetry

is spontaneously broken or hidden.

φ0 =

(
−µ

2

2λ

)1/2

=
v√
2
−→ φ(x) = φ0 +

1√
2

(φ1(x) + iφ2(x))

⇓

L = −1

4
FµνFµν +

1

2
g2v2AµAµ︸ ︷︷ ︸

massive vector field

+
1

2
(∂µφ1)2 + µ2φ2

1︸ ︷︷ ︸
massive scalar field

+
1

2
(∂µφ2)2 + gvAµ∂

µφ2︸ ︷︷ ︸
Goldstone boson

+ . . .

Side remark: The φ2 field actually generates the correct transverse

structure for the mass term of the (now massive) Aµ field propagator:

〈Aµ(k)Aν(−k)〉 =
−i

k2 −m2
A

(
gµν − kµkν

k2

)
+ · · ·



More convenient parameterization (unitary gauge):

φ(x) =
ei
χ(x)
v

√
2

(v +H(x))
U(1)−→ 1√

2
(v +H(x))

The χ(x) degree of freedom (“would-be” Goldstone boson) is rotated away

using gauge invariance, while the original Lagrangian becomes:

L = LA +
g2v2

2
AµAµ +

1

2

(
∂µH∂µH + 2µ2H2

)
+ . . .

which describes now the dynamics of a system made of:

• a massive vector field Aµ with m2
A=g2v2;

• a real scalar field H of mass m2
H =−2µ2 =2λv2: the Higgs field.

⇓

Total number of degrees of freedom is balanced

(2 vector +2 scalar d.o.f) → (3 vector+1 scalar d.o.f.)



Higgs mechanism, non-abelian case: several vector fields Aaµ(x) and several

(real) scalar field φi(x):

L = LA + Lφ , Lφ =
1

2
(Dµφ)2 − V (φ) , V (φ) = µ2φ2 +

λ

2
φ4

(µ2<0, λ>0) invariant under a non-Abelian symmetry group G:

φi −→ (1 + iαata)ijφj
ta=iTa−→ (1− αaT a)ijφj

(s.t. Dµ=∂µ + gAaµT
a). In analogy to the Abelian case:

1

2
(Dµφ)2 −→ . . . +

1

2
g2(T aφ)i(T

bφ)iA
a
µA

bµ + . . .

φmin=φ0−→ . . . +
1

2
g2(T aφ0)i(T

bφ0)i︸ ︷︷ ︸
m2
ab

AaµA
bµ + . . . =

T aφ0 6= 0 −→ massive vector boson + (Goldstone boson)

T aφ0 = 0 −→ massless vector boson + massive scalar field



Classical −→ Quantum : V (φ) −→ Veff (ϕcl)

The stable vacuum configurations of the theory are now determined by the

extrema of the Effective Potential:

Veff (ϕcl) = − 1

V T
Γeff [φcl] , φcl = constant = ϕcl

where

Γeff [φcl] = W [J ]−
∫
d4yJ(y)φcl(y) , φcl(x) =

δW [J ]

δJ(x)
= 〈0|φ(x)|0〉J

W [J ] −→ generating functional of connected correlation functions

Γeff [φcl] −→ generating functional of 1PI connected correlation functions

Veff (ϕcl) can be organized as a loop expansion (expansion in ~), s.t.:

Veff (ϕcl) = V (ϕcl) + loop effects

SSB −→ non trivial vacuum configurations



The Rξ gauges: nature of would-be Goldstone bosons made explicit.

Consider the abelian case:

L = −1

4
FµνFµν + (Dµφ)∗Dµφ− V (φ)

upon SSB:

φ(x) =
1√
2

((v + φ1(x)) + iφ2(x))

⇓

L = −1

4
FµνFµν +

1

2
(∂µφ1 + gAµφ2)2 +

1

2
(∂µφ2 − gAµ(v + φ1))2 − V (φ)

Quantizing using the gauge fixing condition:

G =
1√
ξ

(∂µA
µ + ξgvφ2)

in the generating functional

Z = C

∫
DADφ1Dφ2 exp

[∫
d4x

(
L − 1

2
G2

)]
det

(
δG

δα

)
(α −→ gauge transformation parameter)



L − 1

2
G2 = −1

2
Aµ

(
−gµν∂2 +

(
1− 1

ξ

)
∂µ∂ν − (gv)2gµν

)
Aν

1

2
(∂µφ1)2 − 1

2
m2
φ1
φ2

1 +
1

2
(∂µφ2)2 − ξ

2
(gv)2φ2

2 + · · ·

+

Lghost = c̄

[
−∂2 − ξ(gv)2

(
1 +

φ1

v

)]
c

such that:

〈Aµ(k)Aν(−k)〉 =
−i

k2 −m2
A

(
gµν − kµkν

k2

)
+

−iξ
k2 − ξm2

A

(
kµkν

k2

)
〈φ1(k)φ1(−k)〉 =

−i
k2 −m2

φ1

〈φ2(k)φ2(−k)〉 = 〈c(k)c̄(−k)〉 =
−i

k2 − ξm2
A

Goldtone boson φ2, ⇐⇒ longitudinal gauge bosons



Glashow-Weinberg-Salam Model, i.e. the SM:

Spontaneously broken Yang-Mills theory based on SU(2)L × U(1)Y .

• SU(2)L → weak isospin group, gauge coupling g:

. three generators: T i = σi/2 (σi = Pauli matrices, i = 1, 2, 3)

. three gauge bosons: Wµ
1 , Wµ

2 , and Wµ
3

. ψL = 1
2
(1− γ5)ψ fields are doublets of SU(2)

. ψR = 1
2
(1 + γ5)ψ fields are singlets of SU(2)

. mass terms not allowed by gauge symmetry

• U(1)Y → weak hypercharge group (Q = T3 + Y ), gauge coupling g′:

. one generator → each field has a Y charge

. one gauge boson: Bµ

Example: first generation

LL =

 νeL

eL


Y=−1/2

(νeR)Y=0 (eR)Y=−1

QL =

 uL

dL


Y=1/6

(uR)Y=2/3 (dR)Y=−1/3



Three fermionic generations, summary of gauge quantum numbers:

SU(3)C SU(2)L U(1)Y U(1)Q

QiL =

 uL

dL

  cL

sL

  tL

bL

 3 2 1
6

2
3

− 1
3

uiR = uR cR tR 3 1 2
3

2
3

diR = dR sR bR 3 1 − 1
3

− 1
3

LiL =

 νeL

eL

  νµL

µL

  ντL

τL

 1 2 − 1
2

0

−1

eiR = eR µR τR 1 1 −1 −1

νiR = νeR νµR ντR 1 1 0 0

where a minimal extension to include νiR has been allowed (notice however

that it has zero charge under the entire SM gauge group!)



Lagrangian of fermion fields

For each generation (here specialized to the first generation):

Lferm
EW = L̄L(iD/)LL+ēR(iD/)eR+ν̄eR(iD/)νeR+Q̄L(iD/)QL+ūR(iD/)uR+d̄R(iD/)dR

where in each term the covariant derivative is given by

Dµ = ∂µ − igW i
µT

i − ig′ 1
2
Y Bµ

and T i = σi/2 for L-fields, while T i = 0 for R-fields (i = 1, 2, 3), i.e.

Dµ,L = ∂µ −
ig√

2

 0 W+
µ

W−µ 0

− i

2

 gW 3
µ − g′Y Bµ 0

0 −gW 3
µ − g′Y Bµ


Dµ,R = ∂µ + ig′

1

2
Y Bµ

with

W± =
1√
2

(
W 1
µ ∓ iW 2

µ

)



Lferm
EW can then be written as

Lferm
EW = Lferm

kin + LCC + LNC

where

Lferm
kin = L̄L(i∂/)LL + ēR(i∂/)eR + . . .

LCC =
g√
2
W+
µ ν̄eLγ

µeL +W−µ ēLγ
µνeL + . . .

LNC =
g

2
W 3
µ [ν̄eLγ

µνeL − ēLγµeL] +
g′

2
Bµ [Y (L)(ν̄eLγ

µνeL + ēLγ
µeL)

+ Y (eR)ν̄eRγ
µνeR + Y (eR)ēRγ

µeR] + . . .

where

W± = 1√
2

(
W 1
µ ∓ iW 2

µ

)
→ mediators of Charged Currents

W 3
µ and Bµ → mediators of Neutral Currents.

⇓

However neither W 3
µ nor Bµ can be identified with the photon field Aµ,

because they couple to neutral fields.



Rotate W 3
µ and Bµ introducing a weak mixing angle (θW )

W 3
µ = sin θWAµ + cos θWZµ

Bµ = cos θWAµ − sin θWZµ

such that the kinetic terms are still diagonal and the neutral current

Lagrangian becomes

LNC = ψ̄γµ
(
g sin θWT

3 + g′ cos θW
Y

2

)
ψAµ+ψ̄γµ

(
g cos θWT

3 − g′ sin θW
Y

2

)
ψZµ

for ψT = (νeL, eL, νeR, eR,. . . ). One can then identify (Q→ e.m. charge)

eQ = g sin θWT
3 + g′ cos θW

Y

2

and, e.g., from the leptonic doublet LL derive that g
2 sin θW − g′

2 cos θW = 0

− g2 sin θW − g′

2 cos θW = −e
−→ g sin θW = g′ cos θW = e



i

�gAµ

j
E

= −ieQfγµ

i

�gWµ

j
E

=
ie

2
√

2sw
γµ(1− γ5)

i

�gZµ

j
E

= ieγµ(vf − afγ5)

where

vf = −sw
cw
Qf +

T 3
f

2sW cW

af =
T 3
f

2sW cW



Lagrangian of gauge fields

Lgauge
EW = −1

4
W a
µνW

a,µν − 1

4
BµνB

µν

where

Bµν = ∂µBν − ∂νBµ
W a
µν = ∂µW

a
ν − ∂νW a

µ + gεabcW b
µW

c
ν

in terms of physical fields:

Lgauge
EW = Lgauge

kin + L3V

EW + L4V

EW

where

Lgauge
kin = −1

2
(∂µW

+
ν − ∂νW+

µ )(∂µW−ν − ∂νW−µ)

− 1

4
(∂µZν − ∂νZµ)(∂µZν − ∂νZµ)− 1

4
(∂µAν − ∂νAµ)(∂µAν − ∂νAµ)

L3V
EW = (3-gauge-boson vertices involving ZW+W− and AW+W−)

L4V
EW = (4-gauge-boson vertices involving ZZW+W−, AAW+W−,

AZW+W−, and W+W−W+W−)



µ

kG
ν

=
−i

k2 −M2
V

(
gµν −

kµkν
M2
V

)
W+
µ

vg
Vρu

W−ν

= ieCV [gµν(k+ − k−)ρ + gνρ(k− − kV )µ + gρµ(kV − k+)ν ]

W+
µ Vρ

vu
uv

W−ν V ′σ

= ie2CV V ′ (2gµνgρσ − gµρgνσ − gµσgνρ)

where

Cγ = 1 , CZ = − cW
sW

and

Cγγ = −1 , CZZ = − c
2
W

s2
W

, CγZ =
cW
sW

, CWW =
1

s2
W



The Higgs sector of the Standard Model: SU(2)L × U(1)Y
SSB−→ U(1)Q

Introduce one complex scalar doublet of SU(2)L with Y =1/2:

φ =

(
φ+

φ0

)
←→ LSSBEW = (Dµφ)†Dµφ− µ2φ†φ− λ(φ†φ)2

where Dµφ = (∂µ − igW a
µT

a − ig′YφBµ), (T a=σa/2, a=1, 2, 3).

The SM symmetry is spontaneously broken when 〈φ〉 is chosen to be (e.g.):

〈φ〉 =
1√
2

(
0

v

)
with v =

(
−µ2

λ

)1/2

(µ2 < 0, λ > 0)

The gauge boson mass terms arise from:

(Dµφ)†Dµφ −→ · · ·+ 1

8
(0 v)

(
gW a

µσ
a + g′Bµ

) (
gW bµσb + g′Bµ

)( 0

v

)
+ · · ·

−→ · · ·+ 1

2

v2

4

[
g2(W 1

µ)2 + g2(W 2
µ)2 + (−gW 3

µ + g′Bµ)2
]

+ · · ·



And correspond to the weak gauge bosons:

W±µ =
1√
2

(W 1
µ ∓ iW 2

µ) −→ MW = g v2

Zµ =
1√

g2 + g′2
(gW 3

µ − g′Bµ) −→ MZ =
√
g2 + g′2 v2

while the linear combination orthogonal to Zµ remains massless and

corresponds to the photon field:

Aµ =
1√

g2 + g′2
(g′W 3

µ + gBµ) −→ MA = 0

Notice: using the definition of the weak mixing angle, θw:

cos θw =
g√

g2 + g′2
, sin θw =

g′√
g2 + g′2

the W and Z masses are related by: MW = MZ cos θw



The scalar sector becomes more transparent in the unitary gauge:

φ(x) =
e
i
v ~χ(x)·~τ
√

2

(
0

v +H(x)

)
SU(2)−→ φ(x) =

1√
2

(
0

v +H(x)

)
after which the Lagrangian becomes

L = µ2H2 − λvH3 − 1

4
H4 = −1

2
M2
HH

2 −
√
λ

2
MHH

3 − 1

4
λH4

Three degrees of freedom, the χa(x) Goldstone bosons, have been

reabsorbed into the longitudinal components of the W±µ and Zµ weak

gauge bosons. One real scalar field remains:

the Higgs boson, H, with mass M2
H = −2µ2 = 2λv2

and self-couplings:

H

H

H = −3i
M2
H

v

H

H

H

H

= −3i
M2
H

v2



From (Dµφ)†Dµφ −→ Higgs-Gauge boson couplings:

Vµ

Vν

H = 2i
M2
V

v
gµν

Vµ

Vν

H

H

= 2i
M2
V

v2
gµν

Notice: The entire Higgs sector depends on only two parameters, e.g.

MH and v

v measured in µ-decay:
v = (

√
2GF )−1/2 = 246 GeV

−→ SM Higgs Physics depends on MH

Run 1+2 (combined): MH = 125.09± 0.24 (±0.21) GeV



Also: remember Higgs-gauge boson loop-induced couplings:

H

γ,Z

γ

H

γ,Z

γ

H

g

g

Surprisingly important in Higgs-boson phenomenology!



Higgs boson couplings to quarks and leptons

The gauge symmetry of the SM also forbids fermion mass terms

(mQiQ
i
Lu

i
R, . . .), but all fermions are massive.

⇓

Fermion masses are generated via gauge invariant Yukawa couplings:

LY ukawaEW = −Γiju Q̄
i
Lφ

cujR − Γijd Q̄
i
Lφd

j
R − Γije L̄

i
Lφl

j
R + h.c.

such that, upon spontaneous symmetry breaking:

LY ukawaEW = −Γiju ū
i
L

v +H√
2
ujR − Γijd d̄

i
L

v +H√
2
djR − Γije l̄

i
L

v +H√
2
ljR + h.c.

= −
∑
f,i,j

f̄ iLM
ij
f f

j
R

(
1 +

H

v

)
+ h.c.

where

M ij
f = Γijf

v√
2

is a non-diagonal mass matrix.



Upon diagonalization (by unitary transformation UL and UR)

MD = (UfL)†MfU
f
R

and defining mass eigenstates:

f ′ iL = (UfL)ijf
j
L and f ′ iR = (UfR)ijf

j
R

the fermion masses are extracted as

LY ukawaEW =
∑
f,i,j

f̄ ′ iL [(UfL)†MfU
f
R]f ′ jR

(
1 +

H

v

)
+ h.c.

=
∑
f,i

mfi

(
f̄ ′iLf

′i
R + f̄ ′iRf

′i
L

)(
1 +

H

v

)

f

f

H = −imf
v

=−iyf



In terms of the new mass eigenstates the quark part of LCC now reads

LCC =
g√
2
ū′ iL [(UuL)†UdR]γµdjL + h.c.

where

VCKM = (UuL)†UdR

is the Cabibbo-Kobayashi-Maskawa matrix, origin of flavour mixing in the

SM → G.Wilkinson’s lectures



LHC Run 1+Run 2: first measurements of Higgs couplings
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i ATLAS CMS HL-LHC

Z 1.10+0.08
�0.08 0.99+0.11

�0.12 2.4%

W 1.05+0.08
�0.08 1.10+0.12

�0.17 2.2%

t 1.02+0.11
�0.10 1.11+0.12

�0.10 3.4%

b 1.06+0.19
�0.18 -1.10+0.33

�0.23 3.7%

⌧ 1.07+0.15
�0.15 1.01+0.16

�0.20 1.9%

µ < 1.51 at 95% CL. 0.79+0.58
�0.79 4.3%

1

κi = gHi/g
SM
Hi

→ Higgs couplings to gauge bosons measured to 10-15% level.

→ Higgs couplings to 3rd-generation fermions measured at 20-30% level.

→ First bound on Higgs self-coupling (κλ = λ3/λ
SM
3 )

−11.8 ≤ κλ ≤ 18.8 (95% CL) [CMS, PRL 122, 121803]

−5.0 ≤ κλ ≤ 12.0 (95% CL) [ATLAS, arXiv:1906.02025]



SM Higgs-boson decay branching ratios and width
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These curves include: tree level + QCD and EW loop corrections .

• Can you make sense of these plots?

• You have all the building blocks to calculate them! How do your results

compare with the plots above?

• You can also use automated tools (see e.g. HDECAY, and its extensions).

• Observe difference between light and heavy Higgs.


