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Choice of the gauge group

Consider the one generation IVB model plus QED

L =
g

2
√

2

(
JµW (+)

µ + h.c.
)

+ eJem
µ Aµ

Jµ = 2 (ν̄LγµeL + ūLγµdL) , Jem
µ = −ēγµe +

2
3

ūγµu − 1
3

d̄γµd

Define the week and electric charges as

T+ =
1
2

∫
d3xJ0(x) , T− = T †+, Q =

∫
d3xJem

0 (x)

One can show that [T+,T−] = 2T3 , [T3,T±] = ±T± with

T3 =
1
2

∫
d3x

(
ν†LνL − e†LeL + u†LuL − d†LdL

)
SU(2) algebra in terms of ladder operators!
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however T3 cannot be the charge Q. Define Y = 2(Q−T3) with

JY
µ ≡ − (ν̄LγµνL + ēLγµeL) +

1
3
(
ūLγµuL + d̄LγµdL

)
−2ēRγµeR +

4
3

ūRγµuR −
2
3

d̄RγµdR

and Y =
∫

d3~xJY
0 , which satisfies

[Y ,T±] = 0 , [Y ,T3] = 0

The gauge group will then be the direct product of SU(2) and a
U(1) group with generator Y

W 1
µ , W 2

µ , W 3
µ ← SU(2)L ⊗ U(1)Y → Bµ

4 gauge bosons: prediction of neutral currents!
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Choice of the fermion representations

From the composition of the currents the
SU(3)c ⊗ SU(2)L ⊗ U(1)Y multiplets are

LL ≡
(
νeL
eL

)
∼ (1,2,−1),

eR ∼ (1,1,−2), νR ∼ (1,1,0)?

QL ≡
(

uL
dL

)
∼ (3,2, 1

3),

dR ∼ (3,1,−2
3), uR ∼ (3,1,

4
3

)

Anomalies cancel within a family if NC = 3⇒
The SM should contain complete families.
Anomally cancellation fix uniquely all hypercharges!
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The Lagrangian before SSB

Each family contains 5 multiplets (6 if νR exist)

LF =
∑

i

i ψ̄iγ
µDµψi , ψi = (QL,dR,uR,LL,eR)

Dµψi ≡
(
∂µ − ig~T ~Wµ − ig′

Yi

2
Bµ

)
ψi

with ~T = ~τ/2 acting on doublets and ~T = 0 acting on singlets
Aµ and Zµ linear combinations of W 3

µ and Bµ

Lgauge = −1
4
~Wµν

~Wµν − 1
4

BµνBµν

~Wµν ≡ ∂µ ~Wν − ∂ν ~Wµ + g ~Wµ × ~Wν , Bµν ≡ ∂µBν − ∂νBµ
contains non-Abelian W3 W +W− couplings with the coefficient
needed to solve e+e− →W + W− problems in the IVB.
At this point, W , Z and all fermions are still massless
Need for SSB. Physical spectrum better seen after SSB.
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Spontaneous symmetry breaking

Massive W±,Z require SSB with the following patern

SU(2)L ⊗ U(1)Y
SSB−→ U(1)Q

three Goldstone. Charged fields should not get VEV
Fermion masses are a doublet with Y = −1
T3(eLeR) = 1/2 while Y (eLeR) = −1⇒ Φ doublet Y = 1

Φ ≡
(
φ+

φ0

)
, Y (Φ) = 1

LΦ = (DµΦ)† DµΦ− V (Φ) , V (Φ) = µ2 Φ†Φ + λ (Φ†Φ)2

For µ2 < 0 there is SSB. To preserve the charge, Q〈Φ〉 = 0

〈Φ〉 ≡ 〈0|Φ |0〉 =

(
0

v/
√

2

)
, v =

√
−µ

2

λ
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Exponential parametrization to find the physical spectrum

Φ =
(v + H)√

2
exp

(
i
~τ

2
~θ/v

)(
0
1

)
Choice ~θ = 0, (unitary gauge), no unphysical fields

LΦ =

∣∣∣∣(∂µ − ig
~τ

2
~Wµ − i

g′

2
Bµ

)
(v + H)√

2

(
0
1

)∣∣∣∣2
−µ2 (v + H)2

2
− λ (v + H)4

4

Expanding, one finds the mass terms

LM = −λv2H2 +
v2

8
g2
(

W 1
µW 1µ + W 2

µW 2µ
)

+
v2

8

(
g2W 3

µW 3µ − 2gg′W 3
µBµ + g′2BµBµ

)
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the W 1
µ and W 2

µ can be combined in fields of definite charge

W±
µ =

1√
2

(
W 1
µ ∓ i W 2

)
the W 3

µ and Bµ mass terms can be rewritten in matrix form as

v2

8

(
W 3
µ ,Bµ

)( g2 −gg′

−gg′ g′2

)(
W 3
µ

Bµ

)
diagonalization leads to two eigenstates:
one massless, which we will identify with the photon, Aµ
one massive, which will be identified with the Z -gauge boson

Zµ = cos θW W 3
µ − sin θW Bµ

Aµ = sin θW W 3
µ + cos θW Bµ , tan θW = g′/g
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Mass terms are written as

LM = −1
2

m2
HH2 + m2

W W +
µ W− µ +

1
2

m2
Z ZµZµ

m2
H = 2λv2 , m2

W =
v2

4
g2 , m2

Z =
v2

4
(g2 + g′2) =

v2

4
g2

cos2 θW

Precise (tree-level) relation between masses and cos θW

ρ =
m2

W

m2
Z cos2 θW

= 1

Custodial symmetry of the Higgs potential for doublets
This symmetry does not exist is for other multiplets of scalars
Also broken by Bµ-interactions and Yukawa couplings
(will appear in radiative corrections)
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Charged and Neutral Current Interactions

Rewriten the interacctions in terms of Wµ and Zµ one finds
(for one family)

LCC =
g√
2

{
W +
µ [ūLγ

µdL + ν̄Lγ
µeL] + h.c.

}
LNC = LQED + LZ

NC , e = g sin θW = g′ cos θW

while

LZ
NC =

e
2 sin θW cos θW

Zµ
∑

f

f̄γµ(gVf − gAfγ5) f ,

where af = T f
3 and vf = T f

3

(
1− 4|Qf | sin2 θW

)
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Fermion masses and mixings

For Ng families of fermions (and no νR ’s) we can write

LY = −L̄LYeΦeR − Q̄LYd ΦdR − Q̄LYuΦ̃uR + h.c.

where, LL,QL,eR,dR,uR are all vectors in family space and
Φ̃ = iτ2Φ∗ and Ye,Yd ,Yu, are Ng × Ng matrices
After SSB (Me = Yev/

√
2 , Md = Ydv/

√
2 , Mu = Yuv/

√
2)

LY = −(1 +
H
v

)
(
ēLMeeR + d̄LMddR + ūLMuuR + h.c.

)
Diagonalization

Me = VLDeV †e , LL → VLLL , eR → VeeR

All V ’s in the leptonic sector can be removed (Not true if νR)
Conservation of family lepton numbers
Similarly for Mu

Mu = VQDuV †u , QL → VQQL , uR → VuuR
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But
Md = VDdV †d , dL → VdL , dR → VddR

All V ’s removed in the NC quark sector
No flavor changing neutral currents (GIM mechanism)
V only in dL not in uL; does not leave CC invariant

LCC =
g√
2

{
W +
µ [ūLγ

µVdL + ν̄Lγ
µeL] + h.c.

}
For Ng generations, V general Ng × Ng unitary matrix
(Ng(Ng − 1)/2 moduli and Ng(Ng + 1)/2 phases)
Rest of Lagrangian invariant under

uaL,R → eiαauaL,R , daL,R → eiβadaL,R

2Ng − 1 phases removed (baryon number is conserved)
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Physical Parameters

Ng(Ng − 1)/2 angles and (Ng − 1)(Ng − 2)/2 phases

For Ng = 2: 1 angle and 0 phases⇒ no CP violation
For Ng = 3: 3 angles and 1 phase: CP Violation Ng ≥ 3
V CKM matrix

V =

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


usually parametrized as

V =

 c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
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Gauge and Higgs Bosons Interactions

Gauge boson self-interactions
Substitution of ~Wµν ,Bµν in the kinetic terms, and rewriting in
terms of Wµ,Zµ,Aµ one obtains a series of trilinear and quartic
selfinteractions arising from the non-Abelian part of ~Wµν :

All couplings are dimensionless (trilinear contain one
derivative, and quartic do not contain derivatives)
They contain always (at least) two W and
one or two neutral (Z or γ)

Higgs couplings: Obtained by the following substitution

m→ m
(

1 +
H
v

)
,m 6= mH ; m2

H → m2
H

(
1 +

H
v

+
H2

4v2

)
Produced in association with heavy particles
Decay into the heaviest accessible particles
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Fixing the SM parameters and radiative corrections

Gauge and scalar sector only 4 for parameters: g,g′,µ2 and λ.
Best known observables α, GF , mZ (and mH ), rest derived

sin2 θW =
1
2

{
1−

√
1− 4πα√

2GF m2
Z

}
= 0.21215

m2
W = m2

Z cos2 θW = (80.94 GeV)2

Precision sometimes better than 1%. Rad. Corr. compulsory
Photonic corrections (ISR important because IR and
collinear effects)
QCD corrections: Very important. Often
NC ⇒ NC

{
1 + αs(s)

π + · · ·
}
≈ 3.115

Pure electro-weak corrections (Oblique, Vertex, Boxes)

Arcadi Santamaria The Standard Model of Electroweak Interactions School of Flavour Physics, València, May 2, 2013 14/48



Oblique (gauge boson selfenergies):
Dominated by the running of α and some
large top-quark and Higgs boson mass
contributions

γ, Z, W γ, Z, W

t, b

Vertex corrections: usually small at large
energies except for loops containing the top
quark. Important in flavour changing pro-
cesses

Z
W

b̄

b

t

Boxes: usually small at large energies
but very important in some low energy
and in flavour changing processes

W W
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Relations modified by radiative corrections. In MS scheme

s2
Z =

g′2(mZ )

g′2(mZ ) + g2(mZ )
=

1
2

{
1−

√
1− 4πα̂(mZ )√

2GF m2
Z ρ̂

}
= 0.231

m2
W = ρ̂c2

Z m2
Z = (80.34 GeV)2, ρ̂ ≈ 1.009 , α̂(mZ ) = 1/127.918

to be compared with the global fit
s2

Z = 0.23120± 0.00015 and mW = 80.385± 0.015 GeV
Sometimes one can reach precisions better than 1% by using
tree level in terms of sZ , α̂(mZ ) and mZ
The dominant top-quark/Higgs mass corrections are only in ρ̂
(Information on mt and mH from precission measurements!)
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The line-shape of the Z

Close to the Z peak the cross section for e+e− → f f̄ is
completely dominated by the resonance,

σ0(e+e− → f f̄ ) ≈ 12πΓeΓf

m2
Z

s
(s −m2

Z )2 + s2 Γ2
Z/m

2
Z

LEP gives:

Ecm [GeV]

σ ha
d 

[n
b]

σ from fit
QED unfolded

measurements, error bars
increased by factor 10

ALEPH
DELPHI
L3
OPAL

σ0

ΓZ

MZ

10

20

30

40

86 88 90 92 94
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The line-shape of the Z

Close to the Z peak the cross section for e+e− → f f̄ is
completely dominated by the resonance,

σ0(e+e− → f f̄ ) ≈ 12πΓeΓf

m2
Z

s
(s −m2

Z )2 + s2 Γ2
Z/m

2
Z

0

10

20

30

86 88 90 92 94
Ecm [GeV]

σ ha
d 

[n
b]

3ν

2ν

4ν

average measurements,
error bars increased
   by factor 10

ALEPH
DELPHI
L3
OPAL

Invisible Z width,
in the SM Γinv = NνΓν
(Γν/Γ`)SM = 1.9912(8)
while mearument
Γinv/Γ` = 5.941± 0.016
comparing

Nν = 2.984± 0.009

# of active light neutrinos
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The Global Fit

Expressed in terms of GF , α̂(mZ ), mZ , mt , mH , αs(mZ )

χ2(parameters) =
∑

i

(
Oi

th(parameters)−Oi
exp

∆Oi

)2

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02750 ± 0.00033 0.02759

mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874

ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959

σhad [nb]σ0 41.540 ± 0.037 41.478

RlRl 20.767 ± 0.025 20.742

AfbA0,l 0.01714 ± 0.00095 0.01645

Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481

RbRb 0.21629 ± 0.00066 0.21579

RcRc 0.1721 ± 0.0030 0.1723

AfbA0,b 0.0992 ± 0.0016 0.1038

AfbA0,c 0.0707 ± 0.0035 0.0742

AbAb 0.923 ± 0.020 0.935

AcAc 0.670 ± 0.027 0.668

Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481

sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314

mW [GeV]mW [GeV] 80.385 ± 0.015 80.377

ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092

mt [GeV]mt [GeV] 173.20 ± 0.90 173.26

March 2012

Parameters determined by
minimizing χ2

Global fit
mZ 91.1874± 0.0021 GeV
mH 99+28

−23 GeV
mt 173.3± 1 GeV

αs(mZ ) 0.1196± 0.0017
1/α̂(mZ ) 127.944± 0.014

Pulli =
(
Oi

th(fit)−Oi
exp
)
/∆Oi
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The couplings of fermions and universality

The partial Z widths in the different lepton flavors together
with the asymmetries allows for a determination of all lepton
neutral-current couplings, The values of gV ` and gA` can be
obtained for ` = e, µ, τ and quarks c,b.

-0.041

-0.038

-0.035

-0.032

-0.503 -0.502 -0.501 -0.5

gAl

g V
l

68% CL

l+l−

e+e−

µ+µ−

τ+τ−

mt

mH

mt= 172.7 ± 2.9 GeV
mH= 114...1000 GeV

∆α

Arcadi Santamaria The Standard Model of Electroweak Interactions School of Flavour Physics, València, May 2, 2013 19/48



The couplings of fermions and universality

The partial Z widths in the different lepton flavors together
with the asymmetries allows for a determination of all lepton
neutral-current couplings, The values of gV ` and gA` can be
obtained for ` = e, µ, τ and quarks c,b.

-0.041

-0.038

-0.035

-0.032

-0.503 -0.502 -0.501 -0.5

gAl

g V
l

68% CL

l+l−

e+e−

µ+µ−

τ+τ−

mt

mH
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mH= 114...1000 GeV

∆α

0.16

0.18

0.2

0.22

0.47 0.5 0.53

gAc

g V
c

68.3  95.5  99.5  % CL

SM
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The partial Z widths in the different lepton flavors together
with the asymmetries allows for a determination of all lepton
neutral-current couplings, The values of gV ` and gA` can be
obtained for ` = e, µ, τ and quarks c,b.

-0.041

-0.038

-0.035

-0.032

-0.503 -0.502 -0.501 -0.5

gAl

g V
l

68% CL

l+l−

e+e−

µ+µ−

τ+τ−

mt

mH

mt= 172.7 ± 2.9 GeV
mH= 114...1000 GeV

∆α

-0.36

-0.34

-0.32

-0.3

-0.54 -0.52 -0.5 -0.48

gAb

g V
b

68.3  95.5  99.5  % CL

SM
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LEP2 and the non-Abelian couplings

The unitarity problems of the IVB and the need for
non-Abelian couplings were one of the main points that
triggered the development of the SM. Tested at LEP2

0

10

20

30

160 180 200

√s (GeV)

σ W
W

 (
pb

)

YFSWW/RacoonWW
no ZWW vertex (Gentle)
only νe exchange (Gentle)

LEP
PRELIMINARY

11/07/2003
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Quark masses

Quarks are not free: different definitions

u,d ,s quark masses determined indirectly from Lattice QCD
and χPT. The s quark mass also determined from its effects in
hadronic tau decays. Presented in terms of m̄(µ = 2 GeV).
mu ≈ 2.15± 0.15 MeV, md ≈ 4.7± 0.2 MeV, ms ≈ 94± 3 MeV

c,b, quark masses determined from heavy quark
bound-states using Lattice QCD, HQET and NRQCD, we give
m̄(m̄)
mc ≈ 1.27± 0.03 GeV, mb ≈ 4.18± 0.03 GeV

t quark mass determined from direct production at Fermilab
and from radiative corrections in electroweak observables mpole:
mt ≈ 174± 1 GeV , (pole) , (m̄t (m̄t ) ≈ 164± 1 GeV)
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Quark mixings

Mixings obtained from semileptonic decays of hadrons
H → H ′l ν̄l (associated with dj → ui l−ν̄l ) together with data from
hadronic decays of the W and from top decays

|Vij | =

 0.97427± 0.00015 0.22534±0.00065 0.00351 +0.00015
−0.00014

0.22520±0.00065 0.97344± 0.00016 0.0412 +0.0011
-0.0005

0.00867 +0.00029
-0.00031 0.0404 +0.0011

−0.0005 0.999146 +0.000021
−0.000046


Hierarchical pattern⇒Wolfenstein parametrization

V ≈

 1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1


λ = |Vus| ≈ 0.22 , A ≈ 0.8 ,

√
ρ2 + η2 ≈ 0.4

Useful to estimate the size of amplitudes and CP violation
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CP Violation

To disentangle CP violation and
determine δ, the only source of
CP-violation in the SM, it is im-
portant to use the unitarity of the
CKM matrix

∑
k=u,c,t VkiV ∗kj =

δij with i , j = d , s,b. For in-
stance, for i = d and j = b, we
have

VudV ∗ub + VcdV ∗cb + VtdV ∗tb = 0

This is the Unitarity triangle
An area 6= 0 means CP violation

BC

A
a)

V
ud

V *
ub

V
td

V *
tb

V
cd

V *
cb

α

βγ

C = (0,0)

A = (ρ,η)

B = (1,0)

b)

α

βγ

ρ̄+ i η̄ ≡ −VudV ∗ub/VcdV ∗cb

Arcadi Santamaria The Standard Model of Electroweak Interactions School of Flavour Physics, València, May 2, 2013 23/48



To constrain the sides and angles from the triangle one uses:
Flavour changing processes which do not violate CP
(basically the value of |Vub| and data on B-B mixing)
Data on CP violating processes
(εK and asymmetries in Bd decays which provide sin 2β)

Generated by Box diagrams

s W

s

d

d W

u, c, t u, c, t
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The unitarity triangle

γ

γ

α
α

dm∆
Kε

Kε

sm∆ & dm∆

ubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2

excluded at C
L > 0.95

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

λ = 0.22535±0.00065
A = 0.811 +0.022

−0.012

ρ̄ = 0.131 +0.026
−0.013

η̄ = 0.345 +0.013
−0.014

α+β+γ = (178 +11
−12 )◦
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Charged lepton masses

Charged Lepton masses are all well known

me = 0.51099892± 0.00000004 MeV ,

mµ = 105.658369± 0.000009 MeV ,

mτ = 1777.0± 0.3 GeV

In the SM we studied there are no righthanded neutrinos and
there is just one Higgs doublet. Then, we can choose Me
diagonal. As a consequence the theory is diagonal in lepton
flavour (no CKM in the lepton sector): Individual lepton
numbers are conserved.

µ 6→ eγ , τ 6→ µγ , µ 6→ eeē, τ 6→ eēµ

Its non-observation suggested that neutrinos are massless,
however...
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Intrinsic properties of neutrinos

Before oscillation experiments

Three types of neutrinos νe,νµ,ντ

Lepton numbers Le, Lµ, Lτ conserved separately

νe produces e’s and no µ’s
No µ→ eγ, τ → eγ, τ → eγ, µ→ 3e

Total lepton number L = Le + Lµ + Lτ conserved (no 0νββ)

ν masses much smaller than charged lepton masses

mνe < 2 eV , mνµ < 170 KeV , mντ < 18 MeV
X

a

ma . 14 eV

ν’s helicity −1/2 and ν̄’s helicity +1/2

Magnetic moments very small: µν < 10−10µB , µν < 10−12µB)

After oscillation experiments

Neutrinos must be massive (mν ∼ 1 eV)

They mix (with large mixings)

LFV processes must exist (still not observed)

Arcadi Santamaria The Standard Model of Electroweak Interactions School of Flavour Physics, València, May 2, 2013 27/48



Solar and atmospheric neutrino problems

The Solar neutrino problem
The Sun produces νe’s, whose flux can be
calculated using solar models
The flux of νe measured in the earth in all
experiments reduced by a factor 0.3–0.5
Explained by oscillations νe → νµ,τ

The atmospheric neutrino problem
π’s produced in the atmosphere should
give a flux of νµ’s twice that of νe’s
The observed flux of νµ’s is largely
reduced
Explained in terms of oscillations νµ → ντ
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Masses of neutrinos in the SM

Simpler solution: add νR like in the quark sector

LYL = −L̄LYeΦeR − L̄LYνΦ̃νR + h.c.

But
Why mν are so small?
Why omit terms of the form νc

RνR in the Lagrangian?
Solution to the two questions: they are not omitted!

LYL → LYL = −L̄LYeΦeR − L̄LYνΦ̃νR −
1
2
νc

RMνR + h.c.

LνM = −1
2

(
ν̄L, ν

c
R

) ( 0 MD
MT

D M

) (
νc

L
νR

)
+ h.c.

if M � MD (“see-saw” mechanism):
3 Heavy Majorana neutrinos ∼ νR with masses ∼ M
3 Light Majorana neutrinos ∼ νL with masses ∼ M2

D/M
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Dirac and Majorana neutrinos

Dirac: if M = 0, (Mν = MD)

LDirac = iνL/∂νL + νR /∂νR − (νRMννL + h.c.)

4 degrees of freedom
Conserve total lepton number (NO 0νββ decay)
Less natural (why m ν are so small)

Majorana: if M � MD, (Mν = −MDM−1MT
D )

LMajorana = iνL/∂νL −
1
2

(
νc

LMννL + h.c.
)

2 degrees of freedom
Do not conserve total lepton number (0νββ decay)
More natural and more CP violating phases
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Neutrinos at low energies: Dirac

LDirac = iνL/∂νL + νR /∂νR − (νRMννL + h.c.) +

−GF√
2

JµJ†µ −
GF√

2
JµZ JZµ + LMM + LNSI + · · ·

Jµ = 2ν̄Lγ
µeL + · · · , JµZ = ν̄Lγ

µνL + · · ·

diagonalization

ναL = VαiνiL , ναR = UαiνiR , U†MνV = Mdiag , νi = νiL +νiR

Jµ = 2ν̄γµV †PLe + · · · , JµZ = ν̄Lγ
µνL + · · ·

V =

1 0 0
0 c23 s23
0 −s23 c23

 c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13

 c12 s12 0
−s12eiδ c12 0

0 0 1
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Neutrinos at low energies: Majorana

LDirac = iνL/∂νL −
1
2

(
νc

LMννL + h.c.
)

+

−GF√
2

JµJ†µ −
GF√

2
JµZ JZµ + LMM + LNSI + L0νββ + · · ·

Jµ = 2ν̄Lγ
µeL + · · · , JµZ = ν̄Lγ

µνL + · · ·
diagonalization

ναL = VαiνiL , V T MνV = Mdiag , νi = νiL + νc
iL

Jµ = 2ν̄V †PLeL + · · · , JµZ = −1
2
ν̄γµγ5ν + · · ·

VMajorana = VDirac

1 0 0
0 eiα 0
0 0 eiβ
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Neutrino oscillations in vacuum

If ν’s are massive, mass eigenstates are no flavour eigenstates
(W + → `+

α να, α = e, µ, τ )

|να〉 =
∑

i

V ∗αi |νi〉

where V parametrized as the CKM matrix.
After traveling some distance, L, time evolution gives (p � mi )

|να(L)〉 =
∑

i

V ∗αie
−im2

i L/2E |νi〉 , P(να → νβ) = |〈νβ |να(L)〉|2

for only 2 flavours

P(να → νβ) = sin2 2θ sin2
(

1.27
(∆m2/eV)(L/km)

(E/GeV)

)
Can be large even if ∆m2/E2 is small (magic of oscillations!)
Enhanced in the presence of matter (MSW), as in the Sun
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Global results for solar ∆m2

Solar data + reactor neutrinos (KamLAND)
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Global results for Atmospheric ∆m2

Atmospheric + accelerator neutrinos (MINOS, K2K, · · · )
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Two solutions:

∆m2
31 > 0

Normal hierarchy (NH)

∆m2
31 < 0

Inverted hierarchy (IH)

Oscillation channel
Oscillations νµ → ντ

Arcadi Santamaria The Standard Model of Electroweak Interactions School of Flavour Physics, València, May 2, 2013 35/48



Results on θ13

Exclusion of non-zero θ13 By S. Jetter
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The two mass orderings

sin2
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2
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sin2
Θ13
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cos ∆ =

1
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1
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1

-1

sin2
Θ23

sin2
Θ12

INVERTED

Dmsol
2

Dmatm
2

È ÈsinΘ13

È ÈsinΘ13

∆m2
21 = 7.5× 10−5 eV2 (2.4%

∆m2
31 =

(
2.45× 10−3 eV2

−2.43× 10−3 eV2 (2.8%)

sin2 θ12 = 0.3 (4%)

sin2 θ23 = 0.42 (11%)

sin2 θ13 = 0.023 (10%)
δ still not well determinded from the fits
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Absolute mass scale

Cosmo:
∑

i mνi < 0.2–2 eV β decay: (m2
νe

=
∑

i |Vei |2m2
νi

)
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Summary of parameters

∆m2
31 ∼ ±2.4× 10−3 eV2 θ23 ∼ 45◦ Atmos,K2K,MINOS

∆m2
21 ∼ 7.6× 10−5 eV2 θ12 ∼ 35◦ Solar, KamLAND

θ13 ∼ 9◦
T2K,MINOS,Double Chooz

Daya Bay,RENO

Nν (active and light) 3 LEP

mββ =
P

i |V
2
eimνi | . 0.4 eV HM,IGEX,EXO,. . .

mνe =
P

i |Vei |2m2
νi < 2.2 eV Mainz,TroitskP

i mνi . 1 eV Cosmology

sign(∆m2
31) ? Noνa,NF,BB,SB,. . .

CP, δ ? Noνa,NF,BB,SB,. . .

Dirac or Majorana? (α,β) ? HM?,0νββ

Ns (light sterile) 1, 2 ? LSND,MiniBooNE,Cosmology

µν/µB < 10−10, 10−12 σν , red giants

NSI ε . 0.01–10 Sun,Atm,LSND,NF,. . .

LFV (µ→ eγ, · · · ) < 5.7× 10−13 MEG,COMET/Mu2e,. . .
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Perturbativity and Triviality

Widths of the Higgs into gauge bosons grow like m3
H

Γ(H →W +W−) =
GF m3

H

8π
√

2
, Γ(H → Z Z ) =

GF m3
H

16π
√

2
Requiring Γtot(H) ≤ mH (perturbativity) gives

mH ≤ 1.6 TeV

The λ coupling in the scalar potential grows with energy

dλ
d ln q2 =

3
4π2

(
λ2 + λy2

t − y4
t + · · ·

)
If large,λ diverges at some scale Λ. Taking λ(Λ) =∞
(the theory only makes sense up to q2 ∼ Λ2) one finds

λ(q2) =
4π2

3 log(Λ2/q2)
m2

H ≤
8π2

3
√

2GF log(m2
H/v

2)
≈ (850 GeV)2

Arcadi Santamaria The Standard Model of Electroweak Interactions School of Flavour Physics, València, May 2, 2013 40/48



Stability of the Higgs Potential

Because the top quark dependence if mH is very light λ can be
driven to negative values making the potential unstable

Stability of the potential

VHΦL
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mH from Radiative Corrections
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mH from Radiative Corrections
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Production of the Higgs Boson

e+–e− colliders
Bjorken: e+e− → Z → Z H (Dominant at LEP2)
WW fusion: e+e− → νν̄WW → νν̄H
ZZ fusion: e+e− → e+e−(ZZ )→ e+e−H

Hadron colliders [proton–(anti)proton collisions]
Gluon fusion: p p → g g → H (Dominant at the LHC)
VV fusion: pp → VV → H
Association with V : pp → qq′ → VH (Dominant at
Tevatron)
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Higgs Boson Decays
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Higgs Boson Discovery
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Is the SM complete?

Is there a SM of neutrino masses?

Check if the boson discovered is the SM Higgs?
Understand CP violation
Understand hierarchies of masses and mixings
Why 3 generations?
Unification of couplings
Solve the Hierarchy problem
Unify with quantum gravity
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