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Neutrino Oscillations

This topic is well covered by Chapter 11 of Griﬃths, and there is also a good web site
at http://neutrinooscillation.org/.

16.1

Introduction to Neutrinos

Neutrinos are the least understood of the Standard Model fermions. They have zero
electric charge and zero colour charge and therefore their only interactions are due
to the weak force and gravity. There are known to be exactly three neutrinos with
mµ < mZ /2.
In the Standard Model neutrinos are described as massless neutral fermions which
come in three diﬀerent flavours, νe , νµ and ντ . Until 1999 the prevailing belief was
that neutrinos were, in fact, massless. We now know they have a very small mass, the
current limits are mν < 2 eV however values for the absolute masses are unknown.
The mass eigenstates of the neutrinos are not identical to the flavour eigenstates. The
flavour eigenstates are νe , νµ , ντ ; these are the states which are interact with the W and
Z boson. The mass eigenstates are labelled ν1 , ν2 and ν3 and are linear superpositions
of the weak eigenstates; these are the states that propagate through matter and vacua.
The observation of neutrino masses means Standard Model does not correctly describe
neutrinos. However for most neutrino phenomena, apart from neutrino mixing, the
Standard Model description of neutrinos is suﬃcient. Neutrino mixing requires a new
lepton-flavour violating interaction which is not present in the Standard Model. We do
not yet know what this interaction is!

16.2

Description of Oscillations

16.2.1

Two Neutrino Flavours

Neutrinos are produced in weak decays, and therefore they start oﬀ as weak eigenstates.
However, they propagate through space-time as plane waves corresponding to their mass
eigenstates:
ν1 (t) = ν1 (0)e−iE1 t
ν2 (t) = ν2 (0)e−iE2 t
(16.1)
The mixing of two neutrinos can be described in terms of a mixing matrix such as:
�
� �
��
�
νe
cos θ12 sin θ12
ν1
=
(16.2)
νµ
− sin θ12 cos θ12
ν2
where θ12 is a new parameter not present in the Standard Model.

If the neutrino masses m1 and m2 are diﬀerent, the energies E1 and E2 are diﬀerent.
Assuming highly relativistic neutrinos with m � E, p ≈ E:
Ei = p +

mi
2p2

∆E =
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∆m212
E

(16.3)

If we start oﬀ with a pure νe beam, the amplitude for νe at a later time t is:
�
�
νe (t) = νe (0) 1 − sin θ12 cos θ12 (−e−iE1 t + e−iE2 t )

(16.4)

and the probability of observing an oscillation to νµ is:

P (νe → νµ ) = |νµ (t)|2 = 1 − |νe (t)|2 = sin2 2θ12 sin2

(E2 − E1 )
t
2

For experimental convenience this is usually expressed as:
�
�
1.27∆m212 L
2
2
P (νe → νµ ) = sin 2θ12 sin
E

(16.5)

(16.6)

where the numerical factor 1.27 applies if we express ∆m2 in eV2 , the distance from
the source L in metres, and the neutrino energy E in MeV.
To observe these oscillations experimentally a “near” detector measures the initial νe
flux, and a “far” detector measures either disappearance of νe , or appearance of νµ . The
choice of the “baseline”, L, has to be matched to the oscillation frequency 1.27∆m212 /E,
and the amplitude of the oscillations is related to the mixing angle by sin2 2θ12 . Note
that the maximum possible mixing is for θ12 = 45◦ .
16.2.2

The PMNS Mixing Matrix

For the full case of three neutrinos we have the equivalent of the CKM matrix which
is known as the PMNS (Pontecorvo, Maki, Nakagawa, Sakata) matrix. It is usually
written out as the product of three matrices representing the three diﬀerent types of
two neutrino mixings:




νe
ν1
 νµ  = VPMNS  ν2 
(16.7)
ντ
ν3




1
0
0
c13
0 s13 eiδ
c12 s12 0
0
1
0   −s12 c12 0 
VPMNS =  0 c23 s23  
(16.8)
−iδ
0 −s23 c23
−s13 e
0 c13
0
0 1
It is parameterised by three angles, where sij = sin θij , cij = cos θij , and one complex
phase δ. The observations of neutrino oscillations, described in the next sections, can
be accounted for by small mass diﬀerences ∆m12 and ∆m23 , and large mixing angles
θ12 and θ23 . As in the CKM case, the phase δ can give rise to CP violation in neutrino
oscillations, but only if θ13 �= 0.

16.3

Neutrino Experiments

Neutrinos cross sections are very small, therefore any neutrino experiment needs a huge
neutrino flux, and a very massive detector, in order to detect a reasonable number of
events. There a few man-made and natural sources of neutrino fluxes which can be
used:
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• Solar Neutrinos: νe produced in the sun
• Atmospheric Neutrinos: νe , νµ from the decay of cosmic rays
• Reactor Neutrinos: ν̄e from fusion reactions
• Accelerator Neutrinos: νµ , ν̄µ from π ± decays
Diﬀerent detection techniques are sensitive to diﬀerent reactions. The main detection
mechanisms are W -boson interactions (charged current):
νe + n → p + e− ν̄e + p → n + e+
νµ + n → p + µ− ν̄µ + p → n + µ+
ντ + n → p + τ − ν̄τ + p → n + τ +

(16.9)

and Z-boson interactions (elastic scattering):
νe + e− → νe + e− νµ + e− → νµ + e− ντ + e− → ντ + e−

16.4

Solar Neutrinos

16.4.1

The Standard Solar Model

(16.10)

The sun creates energy by fusion of light nuclei. During this process a large flux of low
energy electron neutrinos are released from β + decays of the fusion products. Most
of the flux comes from the p-p fusion process, in which neutrinos are emitted up to a
maximum energy of 400 keV. There is a small component of higher energy neutrinos,
up to a maximum of 15 MeV, associated with 8 B. A large amount of work, mostly by
Bahcall, has gone into calculating the flux of solar neutrinos using a Standard Solar
Model (SSM), shown in figure 16.1.
16.4.2

The Davis Experiment

From 1970-1995 Ray Davis looked for solar neutrinos using a large tank containing
100,000 gallons of cleaning fluid placed in a mine in South Dakota. The neutrinos from
8
B and 7 Be are detected by the interaction:
νe +37Cl →37 Ar + e−

(16.11)

As shown in figure 16.2, only 0.5 Argon atoms are produced per day(!). The whole
cleaning tank is analysed radiochemically every few months to count these atoms. The
observed rate is 2.56 ± 0.23 SNU, whereas predicted rate from the SSM is 7.7 ± 1.2
SNU, resulting in a “solar neutrino deficit” of 0.33 ± 0.06. (One SNU (solar neutrino
unit) is 10−36 captures per atom per second.)
There was a long discussion about whether the radiochemical extraction of the Argon
atoms was reliable, and an equally long discussion about whether the predictions of the
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Figure 16.1: Predicted spectrum of solar neutrinos.

Solar Neutrino Unit
= 106cm-2s-1
Standard
Solar Model
(SSM)

10

0.5 Argon atoms per
day were found by
chemical extraction!

Figure 16.2: Results from the Davis Experiment.
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Standard Solar Model were reliable. Now it is accepted that the deficit is real, and is
attributable to νe → νµ (or ντ ) oscillations.
Note that due to the low neutrino energy it is impossible to detect νµ or ντ by charged
current interactions.
16.4.3

Recent Solar Neutrino Experiments

The Kamiokande, Gallex and SAGE experiments have also measured solar neutrinos
and have also observed a defecit in the number of electron neutrinos.
The SNO experiment proved this between 2000 and 2006 using 1,000 tons of heavy
water (D2 O) to detect neutrinos in three diﬀerent ways:
• Scattering on electrons νe + e− → νe + e−
• Charged current scattering on deuterium νe + d → p + p + e−
• Neutral current scattering on deuterium ν + d → n + p + ν
As indicated by the lack of a subscript, the last process does not distinguish between
νe , νµ and ντ . The diﬀerence between the neutral and charged current scattering on
deuterium shows that the νµ (or ντ ) flux is exactly what is required to account for the
solar neutrino deficit.

16.5

Propagation of Neutrinos through Matter: The MSW
Eﬀect

In 1978 Wolfenstein noted that the eﬀect of flavour-specific neutrino interactions must
be taken into account when considering neutrino propagation in the presence of matter.
Since matter contains electrons but not muons, electron neutrinos experience a potential
energy due to interactions, Ue ∝ GF Ne , where Ne is the electron density of the matter.
This potential has an equivalent eﬀect to a mass diﬀerence, i.e. it changes the energy
with which the electron neutrinos propagate. This leads to matter-induced electron
neutrino oscillations, with an eﬀective mixing angle in matter θm , which diﬀers from θ
in vacuum:
sin2 2θ
sin 2θm =
(cos 2θ − a)2 + sin2 2θ
2

a ∝ GF Eν Ne /∆m2

(16.12)

In the sun, the electron density Ne varies with radius, and there can be a radius where
a = cos 2θ and sin2 2θm = 1 leads to resonance-enhanced oscillations of electron
neutrinos. This is known as the MSW eﬀect.
Combining all solar neutrino results, and including the MSW eﬀect, the parameters of
the solar neutrino oscillations have been determined to be:
∆m212 = (7.6 ± 0.2) × 10−5 eV2
71

sin2 2θ12 = 0.87 ± 0.03

(16.13)

(There is an alternative solution with vacuum oscillations and no MSW eﬀect. This
has a much smaller ∆m212 , but it is ruled out by reactor experiments. )

16.6

Atmospheric Neutrinos

Neutrinos are produced in the upper atmosphere by the interactions of cosmic rays. The
initial strong interaction of protons with nuclei produces charged (and neutral) pions.
The charged pions decay via π + → µ+ νµ , µ+ → e+ νe ν̄µ , and the charge conjugate π −
decays. This gives ratios of two muon (anti)neutrinos to one electron (anti)neutrino.
Note that atmospheric neutrinos have much higher energies than solar neutrinos, in the
GeV range.
The SuperKamiokande experiment in Japan used 50,000 tonnes of ultra pure water to
detect atmospheric neutrinos via the charged current interactions νe + p → p + e− ,
νµ + p → p + µ− . The muon and electron can be identified and used to tag the flavour
of the incoming neutrino. As illustrated in figure 16.3 what is observed is a deficit of
upward going muons, produced by muon neutrinos coming from the atmosphere on the
other side of the earth.
This observation is interpreted as the oscillation of muon neutrinos into unobserved tau
neutrinos over the earth’s diameter, with parameters:
∆m223 = (2.4 ± 0.1) × 10−3 eV2

sin2 2θ23 = 1.00 ± 0.05

(16.14)

Note that this mass diﬀerence squared is 30 times larger than the solar neutrino mass
diﬀerence, and that the mixing is consistent with being maximal.

16.7

Accelerator Neutrino Experiments

A typical accelerator neutrino beam is either νµ or ν̄µ , produced from the decays of π ±
and K ± mesons. There is ∼ 1% contamination of νe from semileptonic decays. The
beam energies are in the range 100 MeV to 10 GeV, and the corresponding baselines
range from 1 to 1000 km.
Accelerator beams have been used to confirm the oscillations of νµ → ντ . The K2K
experiment fired a 1 GeV beam across Japan from KEK to Kamiokande (L =250km).
They measured the disappearance of νµ , and obtained results consistent with the atmospheric neutrinos. More recently the MINOS experiment fired a 10 GeV beam from
Fermilab to Soudan (L =735km), to obtain the world’s most accurate values for ∆m223
and sin2 2θ23 .
Both MINOS and a Japanese experiment, T2K, are now looking for νµ → νe appearance
to try and measure the small mixing angle θ13 .
First results from T2K measure 0.03(0.04) < sin 2θ13 < 0.28(0.34) at 90% confidence
level. The two sets of values reflect the diﬀerent possible orderings of the masses, see
figure 16.4.
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13. Neutrino mixing

13.5. Measurements of |∆m2A | and θA
Atmospheric neutrino results :
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first compelling evidence for the neutrino oscillation was presented by the SuperKamiokande Collaboration in 1998 [13] from the observation of atmospheric neutrinos
produced by cosmic-ray interactions in the atmosphere. The zenith-angle distributions
of the µ-like events which are mostly muon-neutrino and muon antineutrino initiated
charged-current interactions, showed a clear deficit compared to the no-oscillation
expectation. Note that a water Cherenkov detector cannot measure the charge of the
final-state leptons, and therefore neutrino and antineutrino induced events cannot be
discriminated. Neutrino events having their vertex in the 22.5 kton fiducial volume in
February 16, 2012
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Figure 16.4: Illustration of the masses and composition of the three neutrino mass
eigenstates, based on current measurements. There are two possible orderings of the
masses.

16.8

Experimental Results

The current results on neutrino masses and mixing are summarised in figure 16.4. The
current estimate of the PNMS matrix is:

 

Ue1 Ue2 Ue3
0.85
0.53 0.1eiδ
 Uµ1 Uµ2 Uµ3  ∼  −0.37
0.60 0.71 
(16.15)
Uτ 1 Uτ 2 Uτ 3
0.37 −0.60 0.71
Where δ is an unknown CP -violating phase.

However, there are still several open questions about neutrino mixing:
• We do not know the absolute neutrino mass scale. It could be m ≈ ∆m, or the
masses could be degenerate m � ∆m.
• We do not know the mass hierarchy, because we determine the magnitudes but
not the signs of the mass diﬀerences. It could be ”normal” m1 , m2 < m3 , or
”inverted” m3 < m2 , m1 . These two possibilities are illustrated in figure 16.4.

16.9

Neutrinos in Astrophysics*

Finally some comments on the role of neutrinos in astrophysics:
• The Big Bang model predicts a large relic density of very low energy neutrinos,
similar to the microwave background of photons. However, the mass of neutrinos
is too small to account for dark matter.
74

• In 1987 a few electron neutrinos with E= 10−40 MeV were observed coming from
the Supernova SN1987A in the Large Magellanic Cloud (L =175k light years).
The energies and spread of arrival times constrain the neutrino mass, and may
eventually provide information on the initial stages of a supernova explosion. We
just have to wait for the next one...
• Detectors such as AMANDA at the South Pole, and ANTARES in the Mediterranean detect very high energy neutrinos from outer space. The advantage of
neutrinos is that they are unaﬀected on their path from a point source to the
earth.
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17

Electroweak Physics

A unified description of the electromagnetic and weak interactions was developed by
Weinberg and Salam in 1967. At high energies (E � mZ ) the electromagnetic force and
the weak force are unified as a single electroweak force. At low energies (E � mZ ) the
manifestations of the electroweak force are separate weak and electromagnetic forces.

17.1

Weak Isospin and Hypercharge

Analogous to electric charge (for QED) and colour charge (for QCD), weak isospin
(T, T3 ) and hypercharge (Y , or weak hypercharge) are the two charges for the electroweak force. Each fermion has a particular value of weak isospin and hypercharge.
These two diﬀerent charges couple to two diﬀerent (sets of) bosons.
The weak isopsin charge is analogous to spin (and strong isospin) in that it has two
components: total weak isospin (T ) and the third component of weak isospin (T3 ). T3
can take on values between T and −T in integer steps. The values of T and T3 for
a given fermion depend on the handedness of the fermion (which can be either left or
right):
• All left-handed fermions have T = 12 , T3 = ± 12 .
• All right-handed fermions have zero weak isospin: T = 0, T3 = 0.
• All left-handed antifermions have zero weak isospin: T = 0, T3 = 0.
• All right-handed antifermions have T = 12 , T3 (f¯) = −T3 (f ).
Hypercharge (Y ) can be defined in terms of the electric charge Q as Y = 2(Q − T3 ).
The values for the weak isospin and hypercharge of the fundamental fermions are given
in table 1.
The left-handed leptons (i.e. the neutrinos and the left-handed e, µ, τ ) form weak isospin
doublets, denoted as χL . All members of the doublets have the same values of T , Y
and lepton number L, but are distinguished by diﬀerent values of T3 . The left-handed
quarks also form isospin doublets:
χL =

�

νe L
e−
L

χL =

�

uL
dL

� �
�

�

νµ L
µ−
L
cL
sL

� �
�

�

ντ L
τL−
tL
bL
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�
�

T = 1/2;

T3 = +1/2
T3 = −1/2

(17.1)

T = 1/2;

T3 = +1/2
T3 = −1/2

(17.2)

Lepton
νeL , νµL , ντ L
eL , µL , τL
νeR , νµR , ντ R
eR , µR , τR

Q T
1
0
2
−1 12
0 0
−1 0

I3
+ 12
− 12
0
0

Y
−1
−1
0
−2

Quark
uL , cL , tL
dL , sL , bL
uR , cR , tR
dR , sR , bR

Q
+ 23
− 13
+ 23
− 13

T
1
2
1
2

0
0

T3
+ 12
− 12
0
0

Y
+ 13
+ 13
+ 43
− 23

Table 1: The values of weak isospin and hypercharge for each of the fundamental
fermions. The L and R subscripts indicate the handedness of the fermion. Righthanded neutrinos (νeR , νµR , ντ R ) do not exist in the Standard Model, they are included
in the table for completeness only.

17.2

Weak Isospin and Hypercharge Currents

Particles with non-zero values of weak isospin couple to a set of W -bosons: W 1 , W 2
and W 3 with a coupling strength gW .
Particles with non-zero values of hypercharge couple to one boson B 0 with a coupling
�
strength gW
/2.
All fermions with non-zero values of weak isospin sit in one of the isospin doublets
(equations (17.1), (17.2)). The three W -bosons have an SU(2) symmetry, described by
the Pauli matrix structure in the following equations. The interaction of the fermions
with the W 1 , W 2 and W 3 bosons are:
�
�
0 1
W1
µ
jµ
= (gW |T3 |) χL γ
χL
1 0
�
�
0 −i
W2
µ
jµ
= (gW |T3 |) χL γ
χL
(17.3)
i 0
�
�
1 0
W3
µ
jµ
= (gW |T3 |) χL γ
χL
0 −1
where χL are any one of the weak isospin doublet in equations (17.1) and (17.2). Here
you should think of the components of the χL representing the spinors of these particles.
Note that the strength of the fermion interaction with the boson is gW T3 .
All fermions (with the exception of right-handed neutrinos, which are not present in the
Standard Model) have non-zero hypercharge and therefore interact with the B 0 boson.
This boson has a U(1) symmetry. For an example, the interaction of an electron with
the B 0 boson is written as:
1 �
1 �
jµY = ( gW
Ye ) eγ µ e = gW
(YeL eL γ µ eL + YeR eR γ µ eR )
2
2

(17.4)

where:
• Ye is the hypercharge of the electron. It is diﬀerent for the left-handed and righthanded components on the electron, which is why the equation is expanded show
the coupling between the left- and right-handed components separately.
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• eL is a spinor for the left-handed electron
• eR is a spinor for the right-handed electron
�
Note the strength of the interaction is gW
Y /2.

17.3

Electroweak Unification

The combined electroweak interaction is written as a sum of all the equations (17.4)
and (17.3) above.
The physically observed bosons, W + , W − , Z 0 and γ are linear superposition of the
W 1 , W 2 , W 3 and B 0 bosons:
1
W + = √ (W 1 − iW 2 )
2
0
3
Z = W cos θW − B 0 sin θW

1
W − = √ (W 1 + iW 2 )
2
3
γ = W sin θW + B 0 cos θW

(17.5)

where the cos θW and sin θW terms insure the correct normalisation. θW is known as
the weak mixing angle.
17.3.1

Charged Current Interactions

The coupling between the W + and W − states is therefore:
1
1
√ (gW |T3 |) = √ gW
2
2 2

(17.6)

√
Where the 1/ 2 term comes from the normalisation of the W ± states. The (1 − γ 5 )
term in the W -boson interaction is integrated into the left-handed component, as the
left-handed projection operator includes a (1 − γ 5 ) term (see section 7.5).
17.3.2

Photon Interactions

The coupling between the electron and the photon is:
jµW 3 sin θW + jµY cos θW

�
1 0
�
= (gW |T3 | sin θW ) χL γ
χL + ( 12 gW
Ye cos θW ) eγ µ e
0 −1
�
= −( 12 gW sin θW )eL γ µ eL + ( 12 gW
cos θW )(−eL γ µ eL − 2eR γ µ eR )
�
�
= − 12 (gW sin θW + gW
cos θW )(eL γ µ eL ) − (gW
cos θW )(eR γ µ eR )
µ

�

This is consistent with the coupling strength of e between the electron and photon if:
�
e = gW
cos θW = gW sin θW
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(17.7)

Lepton
νe , νµ , ντ
e, µ, τ

1
2

cV

cA

1
2

1
2

Quark
u, c, t
d, s, b

+ −2 sin2 θW ∼ −0.03 − 12

1
2

cV
cA
1
− sin θW ∼ 0.19
2
2
2
+ 3 sin θW ∼ −0.34 − 12

1
2

4
3

2

Table 2: Vector and axial vector coupling constants cV and cA between fermions and
Z-bosons.

Therefore the mixing angle θW can be defined as:
2

�

sin θW

g2
= 2 W � 2 (≈ 0.22)
gW + gW

(17.8)

The value for θW is not predicted by the electroweak model, it must be measured
experimentally.
17.3.3

Neutral Current Interaction

The Z 0 boson is defined in equation (17.5). The interaction between an electron and
the Z boson can be written as the following current:
�
gW �
(T3 − Q sin2 θW )(eL γ µ eL ) − (Q sin2 θW )(eR γ µ eR )
cos θW
gZ
=
ē γ µ (ceV − ceA γ 5 ) e
2

jµz =

(17.9)

where e represents the electron spinor. and in the last line we have written the coupling
in terms introduced in section 7.9. We can now identify the following constants:
gZ =

gW
cos θW

cV = T3 − 2Q sin2 θW

cA = T3

(17.10)

These constants are shown for the diﬀerent fermions in table 2.
Note that cV and cA have diﬀerent values for diﬀerent types of fermion. These couplings
are predicted by the electroweak theory, and verified by experimental measurements.

17.4

Summary of the Electroweak Model

In the previous section we have recovered the known behaviour of the weak and electromagnetic bosons: W ± , Z and γ.
We did this by introducing an SU(2) symmetry (3 bosons) coupling to weak isospin with
a coupling constant gW and a U(1) symmetry (1 boson) coupling to weak hypercharge
�
with a coupling constant gW
/2. These four bosons are mix together to form the physical
+
−
W , W , Z and γ.
Electroweak Theory is often called SU(2) × U(1) model. All of the properties of electroweak interactions described by:
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• the intrinsic charges of the fermions
• the SU(2) × U(1) symmetry
�
�
• the coupling constants gW and gW
. gW and gW
are free parameters that need to
be measured.

17.5

Electroweak Parameters

If electroweak symmetry were exact, the physical bosons would all be massless. To
generate the masses of the W and Z bosons, the symmetry is spontaneously broken,
through the Higgs mechanism, which will be discussed in detail in the next section.
The mass scale at which the symmetry is broken is known as the electroweak scale,
v ≈ 246 GeV.
�
All of the fundamental parameter of the electroweak model are combinations of gW , gW
and v. The values for these can be extracted from three independent parameters. The
three most precisely measured quantities are:

• The electric charge, e, measured by the electric dipole moment.
• The Fermi Constant, GF (precision: 0.9 × 10−5 ) measured by the muon lifetime.
• The mass of the Z boson, MZ (precision: 2.3 × 10−5 ).
Some of the electroweak parameters are:
�
gW gW

e= �
�
2
gW
+ gW2

1
MZ = v
2

sin2 θW =

�

�

2
gW
+ gW2

�

gW2
�
2
gW
+ gW2

MW =

GF = √

1
2 v2

v gW
2

(17.11)

(17.12)

The masses of the W and Z bosons are measured to very high precision:
MW = 80.425(38)GeV

MZ = 91.1876(21)GeV

(17.13)

and the ratio of the masses gives the weak mixing angle:
sin2 θW = 0.2221

cos θW = 0.8819

17.6

(17.14)

Z 0 Production at LEP

From 1989 to 2001 four experiments, ALEPH, DELPHI, L3 and OPAL, took data at
the Large Electron Positron (LEP) collider at CERN. During the first six years detailed
measurements of e+ e− collisions at the Z 0 mass were made. The width of the Z 0 boson
is measured to very high precision:
ΓZ = 2.4952(23)GeV
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(17.15)
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Figure 1.13: Measurements of the hadron production cross-section around the Z resonance.
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When measuring the properties of the Z boson, the energy-dependent interference between
the Z and the purely vector coupling of the photon must also be taken into account. This
interference leads to an additional asymmetry component which changes sign across the Zpole.
Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion,

and the ratio of the couplings of the Z 0 to hadrons and charged leptons (�) is:

2
As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary
parts of couplings, are taken into account in the analysis. They, as well as the small differences between helicity
and chirality, are neglected here to allow a clearer view of the helicity structure. It is likewise assumed that the
magnitude of the beam polarisation is equal in the two helicity states.

R=

Γ(Z 0 → hadrons)
= 20.767(25)
Γ(Z 0 → �+ �− )

36

(17.16)

The couplings of the Z 0 to the diﬀerent fermions are predicted by electroweak theory:
Γ(Z 0 → f f¯) =

g2
(c2 + c2A )MZ
48π cos2 θW V

Γ(Z 0 → �+ �− ) = 84 MeV

Γ(Z 0 → ν� ν̄� ) = 166 MeV

(17.17)
(17.18)

For the quarks there is an additional colour factor NC = 3, and the tt̄ decay is not
available because of the large top quark mass.
Γ(Z 0 → uū) = Γ(Z 0 → cc̄) = 291 MeV

(17.19)

Γ(Z 0 → dd̄) = Γ(Z 0 → ss̄) = Γ(Z 0 → bb̄) = 372 MeV

(17.20)

From the total width ΓZ it is possible to deduce the part due to Z 0 → ν ν̄, which is
known as the “invisible width”, by subtracting the known widths for Z 0 → hadrons
and Z 0 → �+ �− . This gives a constraint on the number of types of neutrino with
masses mν < 45 GeV, Nν = 2.988(23), which is consistent with the Standard Model
expectation of 3.
The lepton universality of the Z 0 couplings has also been checked to high precision at
LEP.
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17.7

W Boson Production at Colliders

The W and Z bosons were originally discovered at CERN in proton-antiproton collisions, where they are produced by quark-antiquark annihilation, e.g. ud̄ → W + . The
W was first measured using W → �ν� , where � is an electron or muon and the neutrino
is inferred from transverse missing energy. The W can also be reconstructed from its
decays to quarks.
Precise measurements of the W boson mass and width have been made in protonantiproton collisions at the Tevatron collider and in e+ e− → W + W − production at the
LEP collider:
MW = 80.395(15) GeV
ΓW = 2.085(42) GeV
(17.21)

17.8

Precision Tests of Electroweak Theory*

These are summarised at http://lepewwg.web.cern.ch and for the Tevatron at
http://tevewwg.fnal.gov.
The plot shows the number of σ by which each measurement deviates from the electroweak theory prediction. Overall the agreement is very good, but the AF B measurement shows a 3σ discrepancy.
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Figure 18.1: The Higgs potential.
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18.1

The Higgs Boson
Spontaneous Symmetry Breaking

If the ground state configuration of a system does not display the full symmetry that
might be expected from the Hamiltonian, it is said to be “spontaneously broken”, and
the symmetry is said to be “hidden”. An example is a set of table napkins placed
between people at a dining table. The first person who picks up a napkin, either with
their left or right hand, breaks the symmetry, and all the other people have to follow
with the same hand.
An example from a physical system is ferromagnetism. Below the critical temperature
TC , all the spins of the atoms align, but the direction of alignment is arbitrary, i.e. all
alignments have equal energy. During the phase transition, in the absence of an external
magnetic field, the rotational symmetry is spontaneously broken, and an arbitrary
direction of magnetization is chosen. If there is an external magnetic field this breaks
the symmetry explicitly and aligns the spins along the field direction.

18.2

The Higgs Field

To explain the non-zero masses of the weak vector bosons, we introduce a spontaneous breaking of the electroweak symmetry between the γ, W, Z bosons. We assign a
vacuum expectation value, v, to a Higgs field, �φ�. The Higgs potential energy
distribution a “Mexican hat” shape, shown in figure 18.1:
V (φ) = −µ2 φ† φ + λ(φ† φ)2
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µ2 > 0

λ>0

(18.1)

V (φ) is minimised around a circle in the complex plane defined as:
�
µ2
�φ� = −v
v=
2λ

(18.2)

v is known as the vacuum expectation value, and is measured to be v = 246 GeV. Note
that the Higgs field exists in a vacuum, i.e. independent of the presence of matter.
The simplest form of the Higgs field is described by one doublet of weak isospin with
four parameters:
� + �
�
�
1
φ
φ1 + iφ2
φ=
=√
(18.3)
φ0
2 φ3 + iφ4
The + and 0 indicate the value of the electric charge (+1 or neutral). Note that there
are more complicated forms of the Higgs field beyond the Standard Model, which will
be discussed in the next lecture.

18.3

The Standard Model Higgs Boson

When electroweak symmetry is spontaneously broken, three of φi degrees of freedom
are used to give mass to W + , W − and Z 0 bosons. This fixes three of the degrees of φi
freedom: two charged and one neutral.
The value of φ for the for ground state (φ0 ) can then be written in terms of the remaining
free parameter:
� �
1
0
φ0 = √
(18.4)
2 v
�
Where v = µ2 /2λ (equation (18.2)).
An excitation (fluctuations) of the Higgs field will be around this minimum and can be
written as:
�
�
0
φ(x) = φ0 + h(x) =
(18.5)
v + h(x)
Substituting φ(x) =
in h(x) gives:
V (φ) = −µ

2

�

√1 (v
2

+ h(x)) into equation (18.1) and expanding to second order

v + h(x)
√
2

�2

+λ

�

v + h(x)
√
2

�4

= V (φ0 ) + λv 2 h2 + O(h(x)3 )

(18.6)

In quantum field theory a term quadratic in the field describes a particles mass. The
2 2
2
2
term λv
√ h therefore describes a physical particle h(x) with a mass mH /2 = λv , or
mH = 2λ v.
This fluctuation
√ around the minimum of the potential describes a spin-0 particle with a
mass mH = 2λ v which we call the Higgs boson! It is electrically neutral and has zero
spin. Its mass is unknown but can be constrained by experiment and by electroweak
theory.
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18.4

Higgs Couplings to Gauge Bosons

The Higgs field also interacts with the electroweak currents and adds additional terms
to the electroweak Lagrangian of:
2
gW

v2 + −
v2
�
2
W W + (gW
+ gW2 ) Z 0 Z 0
4
8

(18.7)

�
where the gW and gW
terms are the couplings between vector bosons and the Higgs
field. From this we can identify the W and Z boson masses:
�
2
�2
v gW
+ gW
vgW
MW =
MZ =
(18.8)
2
2

The vacuum expectation value of the Higgs field, v, determines the mass scale of the
weak vector bosons. The measured masses give the electroweak scale parameter:
v=

2MW sin θW
= 246 GeV
e

(18.9)

Note that v is a free parameter of the electroweak theory, determined from experimental
measurements.
The photon does not acquire a mass as a result of the Higgs mechanism. Note that the
Standard Model Higgs boson has no charge, so does not couple to the photon.

18.5

Higgs couplings to Fermions

The Lagrangian acquires additional terms for each fermion type f :
gf (f¯f )v = gf (f¯L fR + f¯R fL )v

(18.10)

The Higgs couples the fermions to v, a parameter with a mass dimension. The fermion
masses are proportional to the couplings of the fermions to the Higgs field gf , which
are still free parameters in the Standard Model.
We interpret gf v as the mass of the fermion. Therefore we say The Higgs mechanism
explains the masses of all the quarks and charged leptons!
Note that the coupling of the fermions to the Higgs boson is proportional to the gf , or
equivalently to the fermion mass.

18.6

Decays of the Higgs Boson

The strength of Higgs boson couplings in order is:
• W -boson
• Z-boson
86

!)$!GHIB!J&&-!$,!K/,L!%,L!$%&!0122*!-&7)5*!!
!0122*!4,*,/!7,#.+1/2*!.6,.,6$1,/)+!
!!!!!!$,!()**!

!0122*!-&7)5*!.6&-,(1/)/$+5!$,!!
!!!!%&);1&*$!.)6$17+&*!L%17%!)6&!!
!!!!&/&62&$17)++5!)++,L&-!
3Q#&*$1,/!RO8!

()1/+5!!

M!)..6,D!NOP!!

Figure 18.2: Feynman diagrams illustrating Higgs bosons decays. Here, f represents
any fermion.
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The Higgs can also couple to pairs of photons through loop diagrams. The relevant
Feynman diagrams are shown in figure 18.2.

The actual decay modes of the Higgs boson depend on its mass. The predicted branching
ratios are illustrated in figure 18.3. The main constraint is whether there is if Higgs
has enough mass to decay to two W -bosons (W -bosons being the Higgs preferred decay
mode as it couples to W -boson most strongly). The decay modes are:
• MH < 2MW : the main decay is H 0 → bb̄, but the rare decays H 0 → τ + τ − and
H 0 → γγ may also be observable.
• MH > 2MZ : the main decays are H 0 → W + W − and H 0 → Z 0 Z 0 , The decay of
two Z 0 bosons to four leptons is a particularly clean signature.
• MH > 650 GeV: for very large Higgs masses the decay width ΓH is large, and the
production cross-section is small even at the LHC. In this range it will be hard
to observe a mass peak.

18.7

First Searches for the Higgs Boson

During the 1990’s the LEP collider at CERN (introduced in section 17.6) searched for
the Higgs boson through e+ e− → ZH production.
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Figure 18.3: Branching ratios for Higgs decays as a function of Higgs mass.

√
√
The measurements were sensitive to values of mH up to s − mZ , where s is the
centre of mass energy of the collider. LEP did not observe any conclusive evidence for
the Higgs boson and therefore set a limit of mH > 144.4 GeV.

18.8

Electroweak Constraints on the Higgs Mass

Diagrams involving Higgs boson couplings enter as corrections to all Standard Model
predictions for electroweak processes:
• The determination of sin2 θW from neutrino scattering.
• The measurements of the masses and widths of the W and Z bosons.
• Polarization asymmetries in lepton pair production e+ e− → �+ �− .
These can be used to provide indirect constraints on the Higgs boson mass. These are
illustrated in figure 18.4.
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Figure 18.4: Top - the sensitivity of the Higgs mass to the mass of the top quark and
the mass of the W boson. Bottom - constraints on the Higgs mass. The parabolic
curves come from the electroweak constraints. The excluded region to the left is the
result of the direct experimental searches at LEP, the excluded region to the right is
from searches at the LHC and the Tevatron.
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Figure 18.5: Feynman diagrams for Higgs production processes at hadron colliders.

18.9

Production of the Higgs at Hadron Colliders

Figure 18.6: Predicted cross-sections for Higgs production processes at the LHC, as a
function of the Higgs boson mass, mH .
The search for the Higgs boson is now continuing √
at the Large Hadron Collider at
CERN. The LHC began taking data in 2010 with s = 7 TeV. In December 2011
the first results were announced ruling out a wide range of masses for the value of
the Standard Model Higgs boson mass. These are illustrated
√ in figure 18.7. Final
results from the Tevatron proton-antiproton collider with s = 1.96 TeV have also
been announced recently.
The main Higgs production mechanisms at a hadron collider are shown in figure 18.5
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and 18.6:
• Direct production through gluon-gluon fusion and an intermediate top quark loop.
This is the dominant process.
• Associated production with top quarks.
• Fusion of either W ± or Z 0 bosons.
• Associated production with either a Z 0 or W boson.
The fusion processes have large cross-sections but are hard to identify experimentally.
The associated production processes have small cross-sections but clear signatures.
The overall results from LEP, the Tevatron and the LHC rule out the following masses
for the Higgs boson: mH � 120 GeV and 130 GeV � mH � 600 GeV.
The Tevatron and the LHC experiments (ATLAS and CMS) all observe an excess in
Higgs-like events (compared to what would be expected if there were no Higgs-like
events) for mH ∼ 125 GeV. This is illustrated as the bump above the yellow band at
mH ∼ 125 GeV in figure 18.7. However, there are currently not enough statistics to
confirm if this observed excess is actually due to Higgs bosons being produced. The
LHC will continue to take data in 2012, hopefully this will be enough to confirm or
dismiss this eﬀect!
(See the lecture slides for slides from ATLAS and CMS presented at recent conferences
about these exciting results!)
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Figure 18.7: Limits on the Higgs boson mass from the ATLAS experiment at the
LHC. The Higgs boson mass is now constrained to be between ∼ 120 and 127 GeV, or
mH >∼ 550 GeV. The bump at mH ∼ 125 GeV could be the first sign of Higgs boson
production! (However it is not yet significant to say for sure if this is really the Higgs
boson.)
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19

Beyond the Standard Model

There are many experimental motivations for believing that the Standard Model of
particle physics is incomplete, including:
• Neutrino oscillations are not explained.
• The matter-antimatter asymmetry of the universe requires baryon number violation, and a much larger source of CP violation than is provided by the CKM
matrix.
• There is no candidate for dark matter (20% of the universe).
There are a large number of diﬀerent models that have been proposed to go beyond
the Standard Model. In most cases these models predict new particles and couplings
at or just above the electroweak scale. An exception to this is “string” theory, which
deals with phenomena near the Planck scale which are unlikely to be testable in the
foreseeable future.

19.1

Multiple Higgs doublets

One of the simplest extension to the Standard Model is a two Higgs doublet model, in
which one Higgs doublet couples to the d-type quarks and the charged leptons, and the
other doublet couples to the u-type quarks. Note that electroweak symmetry breaking
requires the Higgs to be doublets of SU(2) weak isospin, but does not restrict the
number of doublets. There are two vacuum expectation values vd and vu which satisfy
vd2 + vu2 = v 2 , where v = 246 GeV. The ratio vu /vd = tan β is a free parameter. An
advantage of two Higgs doublet models is that they naturally suppress flavour-changing
neutral currents associated with Higgs boson exchange.
In a two Higgs doublet model there are eight independent φ parameters of which only
three get “eaten” during electroweak symmetry breaking, so there are five corresponding
Higgs bosons, the H ± , h0 , H 0 and A0 . The lightest h0 is similar to the Standard Model
Higgs, but the charged Higgs in particular has distinctive signatures and decay modes,
e.g. H + → tb̄.

19.2

Supersymmetry (SUSY)

SUSY models introduce an explicit symmetry between fermions and boson. For each
Standard Model fermion there is a spin 0 supersymmetric partner. They are known as
squarks (stop, sbottom ...), and sleptons (selectron, smuon, sneutrino ...), and are
˜
notated q̃ and �.
Similarly for every Standard Model boson there is a spin 1/2 partner. They are known
as neutralinos (photino, Zino or Bino, gluino, higgsino), χ̃0 , and charginos (Wino),
χ̃+ .
93

Figure 19.1: A potential SUSY particle production mechanism at the LHC.

19.3

Grand Unification

The electromagnetic and weak interactions were unified at the electroweak scale. By
analogy it is hoped that the strong and electroweak interactions can be unified at some
higher mass scale. An extrapolation of the running coupling constant αs suggests a
unification scale MX ≈ 1015 GeV.

Figure 19.2: Evolution of coupling constants from the electroweak to the GUT scale in
the Standard Model and the MSSM.
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19.4

Extra Dimensions

String theories require extra dimensions (typically 10 or 11 in total), which are said to
be “compactified” over small distances corresponding to high mass scales. These dimensions are either “universal” or anomalous (“warped” or Randall-Sundrum). Within
the extra dimensions there can be excitations of Kaluza-Klein graviton states. The
search for these states is similar to the search for the Z � and gives limits of ≈ 1 TeV.
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