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The electron and the muon are the lightest electrically charged particles. Charge
conservation thus ensures that the electron is stable and that an electron is produced
when a muon decays. Muon decay proceeds via

!! ! e! C "e C "! :

In a very few cases an additional photon or eCe! pair is produced. The energetically
allowed process

!! 6! e! C # ;

is, on the other hand, never observed. The muon is therefore not just an excited state
of the electron.

The $-lepton is much heavier than the muon and, indeed, more so than many
hadrons. Thus it does not have to decay solely into lighter leptons

$! ! e! C "e C "$ $! ! !! C "! C "$ ;

but can also turn into hadrons, e.g., into a pion and a neutrino

$! ! %! C "$ :

In fact more than half of all $ decays follow the hadronic route [4].

Neutrinos We have already seen several processes in which neutrinos are pro-
duced: nuclear ˇ-decay and the decays of charged leptons. Neutrinos are electrically
neutral leptons and, as such, do not feel the electromagnetic or strong forces. Since
neutrinos interact only weakly, they can as a rule only be detected indirectly in
processes where charged particles are produced. Typically the energy, momentum
and spin carried away or brought in by the neutrino is determined by measuring the
other particles involved in the reaction and applying conservation laws. For example,
the sums of the energies and angular momenta of the observed particles in ˇ-decays
indicate that another particle as well as the electron must also have been emitted.
Experiment has made it completely clear that neutrinos and antineutrinos are distinct
particles. The antineutrinos produced in a ˇ-decay

n ! pC e! C "e

for example, only induce further reactions in which positrons are produced and do
not lead to electrons being created:

"e C p! nC eC

"e C n 6! pC e! :
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Fig. 10.3 Semileptonic decay of the neutron
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Fig. 10.4 Non-leptonic decays of the ƒı hyperon (left, middle) and of the KC meson (right)

Hadron description Quark description

!! !"! C #" dC u !"! C #"
K! !"! C #" sC u !"! C #" ,

or deep-inelastic neutrino-nucleon scattering, which we will treat in more detail in
Sect. 10.6.

Non-leptonic processes Finally non-leptonic processes do not involve leptons at
all. The basic reaction is

q1 C q2  ! q3 C q4 :

Charge conservation requires that the only allowed quark combinations have a
total charge ˙1e. Examples are the hadronic decays of baryons and mesons with
strangeness, such as the decay of the ƒ0 hyperon into a nucleon and a pion, or that
of KC.us/ into two pions (Fig. 10.4).



More about the Weak Interaction:

• Reminder: 
• Violates Parity (V-A structure)
– For hadrons: Have separate couplings GV = GF, GA

• Quark mixing: Mass eigenstates ≠ participants 
in the weak interaction:
(Cabibbo angle)

• Cabibbo-Kobayashi-Maskawa
 matrix:
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10.3 Coupling Strength of the Weak Interaction

We now want to deal with charged currents in a more quantitative manner. We will
treat leptonic processes in what follows since leptons, in contrast to quarks, exist as
free particles which simplifies matters.

As with Mott scattering or eCe! annihilation, the transition matrix element for
such processes is proportional to the square of the weak charge g to which the W
Boson couples and to the propagator (4.23) of a massive spin-1 particle:

Mfi / g ! 1

Q2c2 CM2
Wc4
! g Q2! 0""""! g2

M2
Wc4

: (10.3)

The difference to an electromagnetic interaction is seen in the finite mass of the
exchange particle. Instead of the photon propagator .Qc/!2, we see a propagator
which is almost a constant for small enough momenta Q2 # M2

Wc
2. We will see in

Sect. 12.2 that the weak charge g and the electric charge e are of a similar size.
In fact, g is slightly larger than e. The very large mass of the exchange boson
means that at small Q2 the weak interaction appears to be much weaker than the
electromagnetic interaction. It also means that its range „=MWc $ 2:5 ! 10!3 fm is
very limited.

In the approximation of small four-momentum transfers one may then describe
this interaction as a point-like interaction of the four particles involved (Fig. 10.5).
This was in fact the original description of the weak interaction before the idea of
the W and Z bosons was brought in. The coupling strength of this interaction is
described by the Fermi constant GF, which is proportional to the square of the weak
charge g, very much as the electromagnetic coupling constant ˛ D e2=.4!"0„c/ is

W+

e+

µ+

νµ

νe

g

µ+

νµ e+νe

GF

g

Fig. 10.5 Sketch of the leptonic muon decay with the exchange of a WC boson (left) and as
point-like interaction (right)
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of the neutron, the coupling constant appears to be about 4% smaller. In processes
in which an s-quark is transformed into a u-quark, as inƒ0 decay, it even appears to
be 20 times smaller.

The Cabibbo angle An explanation of these findings was proposed by Cabibbo
as early as 1963 [7], at a time at which quarks had not been introduced. We will
re-express Cabibbo’s hypothesis in modern terms. We may group the quarks into
families, according to their charges and masses, as we did for the leptons:

!
u
d

" !
c
s

" !
t
b

"
:

Quark transitions in the weak decays indeed are observed predominantly within a
family but also, to a lesser degree, from one family to another. For charged currents,
the “partner” of the flavour eigenstate jui is therefore not the flavour eigenstate jdi,
but a linear combination of jdi and jsi. We call this linear combination jd0i. Similarly
the partner of the c-quark is a linear combination of jsi and jdi, orthogonal to jd0i,
which we call js0i.

The coefficients of these linear combinations can be written as the cosine and
sine of an angle called the Cabibbo angle !C. The quark eigenstates jd0i and js0i of
W exchange are related to the eigenstates jdi and jsi of the strong interaction, by a
rotation through !C:

j d0 i D cos !C j d i C sin !C j s i
j s0 i D cos !C j s i! sin !C j d i ; (10.18)

which may be written as a matrix:

!
j d0 i
j s0 i

"
D
!

cos !C sin !C
! sin !C cos !C

"
"
!
j d i
j s i

"
: (10.19)

Whether the state vectors jdi and jsi or the state vectors jui and jci are rotated,
or indeed both pairs simultaneously, is a matter of convention alone. Only the
difference in the rotation angles is of physical importance. Usually the vectors of
the charge !e=3 quarks are rotated while those of the chargeC2e=3 quarks are left
untouched. In view of neutrino oscillations that we will discuss in the next chapter
we emphasise here that only the eigenstates jdi and jsi of the strong interaction have
a well defined mass, but not the states jd0i and js0i.

Experimentally, !C is determined by comparing the lifetimes and branching ratios
of the semileptonic and hadronic decays of various particles as shown in Fig. 10.10.
This yields:

sin !C # 0:22 ; and cos !C # 0:98 : (10.20)
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Fig. 10.10 Leptonic decay of the muon (left) and the Cabibbo-suppressed semileptonic decays of
the neutron (middle) and the ƒı hyperon (right)

The transitions c $ d and s $ u, as compared to c $ s and d $ u, are therefore
suppressed by a factor of

sin2 !C W cos2 !C ! 1 W 20 : (10.21)

We can now make our treatment of " decay more precise. In (10.14), we stated
that " ! #" C u C d is “essentially” the only hadronic decay of the " . But " !
#" C uC s is also energetically possible. Whereas the former decay is only slightly
suppressed by a factor of cos2 !C, the latter is facedwith a factor of sin2 !C. However,
since cos2 !C and sin2 !C add to one our conclusion concerning the lifetime of the
"-lepton is not affected, as long as we ignore the difference in the quark masses.

The Cabibbo-Kobayashi-Maskawa matrix Adding the third generation of
quarks, the 2 " 2 matrix of (10.19) is replaced by a 3 " 3 matrix [15]. This is
called the Cabibbo-Kobayashi-Maskawamatrix (CKM matrix):

0

@
j d0 i
j s0 i
j b0 i

1

A D

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A #

0

@
j d i
j s i
j b i

1

A : (10.22)

The probability for a transition from a quark qi to a quark qj is proportional to
jVqiqj j2, the square of the magnitude of the matrix element.

The matrix elements are correlated since the matrix is unitary. The total number
of independent parameters is four: three real angles and an imaginary phase. The
phase affects weak processes of higher order via the interference terms. CP violation
(cf. Sect. 15.5) is attributed to the existence of this imaginary phase [17].

The matrix elements have been determined from a large number of decays and
meanwhile are known very well [19]. Their magnitudes are approximately:

(
ˇ̌
Vij
ˇ̌
) D

0

B@
0:974 0:225 0:003

0:225 0:973 0:041

0:008 0:040 0:999

1

CA : (10.23)
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proportional to the square of the electric charge e. It is so defined that GF=.„c/3 has
dimensions of [1=energy2] and is related to g by

GFp
2
D !˛

2
! g

2

e2
! .„c/

3

M2
Wc4

: (10.4)

The decay of the muon The most exact value for the Fermi constant is obtained
from muon decay. The muon decays, as explained in Sect. 10.1, by

"! ! e! C #e C #" ; "C ! eC C #e C #" :

Since the muonmass is tiny compared to that of theW boson, it is reasonable to treat
this interaction as point-like and to describe the coupling via the Fermi constant.

In this approximation the lifetime of the muon may be calculated with the help
of the golden rule, if we use the Dirac equation and take into account the amount
of phase space available to the three outgoing leptons. One finds that the decay
width is:

$" D
„
%"
D G2F
192!3.„c/6 ! .m"c

2/5 ! .1C "/ : (10.5)

The correction term ", which reflects higher order (radiative) corrections and phase-
space effects resulting from the finite electron mass, is small (see Eq. 5 in [16]). It
should be noted that the transition rate is proportional to the fifth power of the energy
and hence the mass of the decaying muon. In Sect. 16.6 we will show in detail how
the phase space may be calculated and how the E5-dependence can be derived (in
the example of the ˇ-decay of the neutron).

The muon mass and lifetime have been measured to a high precision:

m" D .105:6583715˙ 0:0000035/MeV/c2 ;

%" D .2:1969811˙ 0:0000022/ ! 10!6 s : (10.6)

This yields a value for the Fermi constant

GF

.„c/3 D .1:1663787˙ 0:0000006/ ! 10!5GeV!2 " 1:03 ! 10!5
.Mpc2/2

: (10.7)

Neutrino-electron scattering Neutrino-electron scattering is a reaction between
free, elementary particles. It proceeds exclusively through the weak interaction. We
can discuss the effects of the effective coupling strength GF on the cross-section of
this reaction and show why the weak interaction is called “weak”.

In Fig. 10.6 the scattering of muon neutrinos off electrons in which the #" is
changed into a "! is shown.



Parity Violation

• Maximal in the weak interaction! 
• W’s couple only to “left-handed” 

particles
• Explains preference for µ in π 

decay
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In weak-interaction experiments the participating particles are mostly relativistic
and the difference between helicity and chirality is normally irrelevant.

In general, the operator of an interaction described by the exchange of a spin-
1 particle can have a vector or an axial vector nature. In order for an interaction
to conserve parity, and therefore to couple identically to both right- and left-
handed particles, it must be either purely vectorial or purely axial-vectorial. In
electromagnetic interactions, for example, it is experimentally observed that only
a vector part is present. But in parity-violating interactions, the matrix element has
a vector part as well as an axial vector part. Their strengths are described by two
coefficients, cV and cA. The closer the size of the two parts the stronger is the
parity violation. Maximum parity violation occurs if both contributions are equal
in magnitude. A .VCA/ interaction, i.e., a sum of vector and axial interactions of
equal strength .cV D cA/, couples exclusively to right-handed fermions and left-
handed antifermions. A .V!A/ interaction .cVD!cA/ only couples to left-handed
fermions and right-handed antifermions.

As we will show, the angular distribution of electrons produced in the decay
of polarised muons exhibits parity violation. This decay can be used to measure
the ratio cV=cA. Such experiments yield cV D !cA D 1 for the coupling strength
of W bosons to leptons. One therefore speaks of a V-minus-A theory of charged
currents. Parity violation is maximal. If a neutrino or an antineutrino is produced
by W exchange, the neutrino helicity is negative, while the antineutrino helicity
is positive. Indeed all experiments are consistent with neutrinos being always left-
handed and antineutrinos right-handed. We will describe such an experiment in
Sect. 18.6.

Parity violation in muon decay An instructive example of parity violation is the
muon decay !! ! e! C "! C "e. In the rest frame of the muon, the momentum of
the electron is maximised if the momenta of the neutrinos are parallel to each other,
and antiparallel to the momentum of the electron. From Fig. 10.11 it is apparent that
the spin of the emitted electron must be in the same direction as that of the muon
since the spins of the ."e; "!/ pair cancel.

Fig. 10.11 Parity-violating
decay of a polarised muon,
!!! e! C "! C "!

e .
Electrons are emitted
preferentially with their spin
opposite to their momentum
(right)
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Experimentally it is observed that electrons from polarised muon decays are
preferentially emitted with their spin opposite to their momentum; i.e., they are left-
handed. This left-right asymmetry is a manifestation of parity violation. The ratio of
the vector to axial vector strengths can be determined from the angular distribution
[6].

Helicity suppressed pion decay Our second example is the decay of the charged
pion. The lightest hadron with electric charge, the !!, can only decay in a
semileptonic weak process, i.e., through a charged current, according to

!! ! "! C #" ;
!! ! e! C #e :

The muon mass is only slightly smaller than the pion mass, therefore in pion
decay the muon is non-relativistic and we have to distinguish between helicity and
chirality. The second process is suppressed, compared to the first one, by a factor
of 1:8,000 [5] (cf. Table 15.3). From the amount of phase space available, however,
one would expect the pion to decay about 3.5 times more often into an electron than
into a muon. This behaviour may be explained from helicity considerations.

The particles created in such two-particle pion decays are emitted, in the centre-
of-mass system, in opposite directions. Since the pion has spin zero, the spins of the
two leptons must be opposite to each other. Thus, the projections on the direction
of motion are either C1=2 for both, or !1=2 for both. The latter case is impossible
as the helicity of antineutrinos is fixed. Therefore, the spin projection of the muon
(electron) isC1=2 (Fig. 10.12).

If electrons andmuons were massless, two-body pion decays would be forbidden.
A massless electron, or muon, would have to be 100% right-handed, but W bosons
only couple to left-handed leptons. Because of their finite mass, electrons andmuons
with their spins pointing in their directions of motion actually also have a left-
handed component. This leads to a factor (1 ! ˇ) in the decay width (Fig. 10.12).
The W boson couples to this component. Since the electron mass is so small,
1 ! ˇe D 2:6 " 10!5 is very small in pion decay, compared to 1 ! ˇ" D 0:72.
Hence, the left-handed component of the electron is far smaller than that of the
muon, and the electron decay is accordingly strongly suppressed.

CP conservation It may be easily seen that if the helicity of the neutrinos is fixed,
then C-parity (“charge conjugation”) is simultaneously violated. Application of
the C-parity operator replaces all particles by their antiparticles. Thus, left-handed

Fig. 10.12 Allowed spin
projections of "! and N#" in
!! decay ε−

µ− νµ

J = 0



Weak Interactions with Weak Eigenstates
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Why don’t the Lepton States mix? 
THEY DO! But we cannot observe the mass eigenstates of the 
neutrinos. See later…

..  .. ..  ..

Why is there no W0? 
THERE IS! However, in “real life” we instead observe the Z0 
which is slightly more massive than the W’s. see later…
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Fig. 10.9 Superposition of the electromagnetic and weak interaction in eCe! annihilation (left)
and for electron-quark scattering (right)

Normally weak interactions via neutral currents will be hardly observed, since
they will be superposed by the much stronger electromagnetic interaction and
in case of the quarks by the strong interaction. In electron-positron annihilation
(Fig. 10.9 (left)) or for electron-quark scattering (Fig. 10.9 (right)) a superposition
of the weak and the electromagnetic interactions occurs.

Only when the centre-of-mass energy is comparable to the mass of the Z0 the two
interactions become comparably large (cf. Sect. 12.2). The interference between the
weak and the electromagnetic neutral currents has been observed very clearly in
experiments at the electron-positron collider LEP and in deep-inelastic scattering at
very high Q2 at HERA (cf. Sect. 12.2).

Universality of the weak interaction If we assume that the weak charge g is the
same for all quarks and leptons, then (10.5) must hold for all possible charged
decays of the fundamental fermions into lighter leptons or quarks. All the decay
channels then contribute equally to the total decay width, up to a phase-space
correction coming from the different masses.
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energy
p
s the cross-section falls off, as in electromagnetic scattering, as 1=Q4. The

total cross-section is on the other hand [9]:

! D G2F
".„c/4 !

M2
Wc4

sCM2
Wc4
! s : (10.11)

It does not increase linearly with s, as the point-like approximation implies, rather
it asymptotically approaches a constant value.

Neutral currents Up to now we have only considered neutrino-electron scattering
via WC exchange, i.e., through charged currents. Neutrinos and electrons can,
however, interact via Z0 exchange, i.e., neutral-current interactions are possible. The
Z0 changes neither the mass nor the charge of the involved particles.

Elastic muon-neutrino scattering off electrons, #$ e! ! #$ e! (Fig. 10.7), is
particularly suitable for investigating the weak interaction via Z0 exchange. This
is because conservation of lepton family number precludes W exchange. Reactions
of this kind were first seen in 1973 at CERN [14]. This was the first experimental
signal for weak neutral currents.

We can estimate the total cross-section for the reaction #$ e! ! #$ e! for small
four-momenta by repeating the calculation we did for the scattering via charged
currents but modifying the coupling GF. The only difference between the two
interactions is in the mass of the two exchange bosons. The mass of the exchange
boson squared appears in the propagator, so that the GF should be multiplied by
M2

W=M
2
Z0 " 0:78. The total cross-section at low energies reads then

! D M4
W

M4
Z0
! G2F
".„c/4 ! s ; (10.12)

or

!.#$ e! ! #$ e!/ " 0:6 ! !.#$ e! $! #e/ : (10.13)

Calculating #ee! scattering is more complicated since both Z and W exchange
lead to the same final state and thus interfere with each other.

Fig. 10.7 Sketch of the
neutral-current reaction
#$e! ! #$e!

Z 0

eε

eε

νµ

νµ



Fig. 3: The left-handed doublets and right-handed singlets of quarks and leptons.

element of the electroweak theory that I will review in Lecture 2.
Perhaps our familiarity with parity violation in the weak interactions has dulled our senses a

bit. It seems to me that nature’s broken mirror—the distinction between left-handed and right-handed
fermions—qualifies as one of the great mysteries. Even if we will not get to the bottom of this mystery
next week or next year, it should be prominent in our consciousness—and among the goals we present
to others as the aspirations of our science.

There is more to our understanding of the world than Figure 3 reveals. The electroweak gauge
symmetry is hidden, SU(2)L ⊗ U(1)Y → U(1)em. If it were not, the world would be very different:
✷ All the quarks and leptons would be massless and move at the speed of light. ✷ Electromagnetism as
we know it would not exist, but there would be a long-range hypercharge force. ✷ The strong interaction,
QCD, would confine quarks and generate baryon masses roughly as we know them. ✷ The Bohr radius
of “atoms” consisting of an electron or neutrino attracted by the hypercharge interaction to the nucleons
would be infinite. ✷ Beta decay, inhibited in our world by the great mass of theW boson, would not be
weak. ✷ The unbroken SU(2)L interaction would confine objects that carry weak isospin.

It is fair to say that electroweak symmetry breaking shapes our world! In fact, when we take into
account every aspect of the influence of the strong interactions, the analysis of how the world would be
is very subtle and fascinating. Please take time to think about

Problem 1 What would the everyday world be like if the SU(2)L ⊗ U(1)Y electroweak symmetry were
exact? Consider the effects of all of the SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge interactions.

1.3 Toward the double simplex
We have seen that both quarks and leptons are spin-12 , pointlike fermions that occur in SU(2)L doublets.
The obvious difference is that quarks carry SU(3)c color charge whereas leptons do not, so we could
imagine that quarks and leptons are simply distinct and unrelated species. But we have reason to believe
otherwise. The proton’s electric charge very closely balances the electron’s, (Qp + Qe)/e < 10−21

[2], suggesting that there must be a link between protons—hence, quarks—and electrons—hence, lep-
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Figure 1: Patterns of charge-changing weak transitions among quarks and leptons.
The strongest inter-quark transitions correspond to the solid lines, with dashed, dot-
dashed, and dotted lines corresponding to successively weaker transitions.

theory of weak and electromagnetic interactions. We sketch how the electroweak
theory describes CP violation, and mention the missing piece of the electroweak
theory — the Higgs boson.

Important questions remain which are not addressed in the Standard Model.
These include the unification of the electroweak and strong interactions (possibly
including gravity), the origin of quark and lepton masses, the source of the baryon
asymmetry of the Universe, and the nature of its unseen matter and energy den-
sity. Some proposed Standard Model extensions devoted to these problems are noted
in Section III. Concrete evidence for physics beyond the Standard Model, including
neutrino neutrino masses, cosmic microwave background radiation, dark matter, and
“dark energy,” is described in Section IV. A variety of experimental methods are
appropriate for probing these phenomena (Section V).

Most references in Sections II–V are at the intermediate or advanced level. Sub-
sequent sections are devoted to detailed sources of information, including those at a
more elementary level.

II. SNAPSHOT OF THE STANDARD MODEL

A. Quarks and leptons

The major ingredients of the Standard Model have been in place for some time,
and can be gleaned from the popular article by Quigg [3]. The known building blocks
of strongly interacting particles, the quarks [4, 5, 6], and the fundamental fermions

2

u,d,s,c,b,t are mass 
eigenstates. The thin 
(dashed, dottet) 
lines indicate their 
mixing strength in 
the EW eigenstates 
d’,s’ and b’

The neutrinos are the EW 
eigenstates. They are NOT mass 
eigenstates.



Neutrinos DISAPPEAR!

• Originally discovered by Ray Davis: there 
are too few neutrinos coming from the sun

• Original experiment in 
Homestead Mine (Cl): Only 1/3 
of expected flux

• Confirmed by Sage, Gallex, 
Super-K, SNO, …

• Confirmed with reactors:
Bugey, Chooz, KamLand,… and 
accelerator neutrinos (T2K, 
NOnA,…)

• Also found disappearance of µ-
neutrinos in atmosphere: Super-K.



Explanation: 2 –neutrino model



Kamiokande, Super-K
• Detect neutrinos from sun and atmospheric 

neutrinos
• Only 50%

of solar ns
• Detection

via 
Cherenkov
Light

Kamioka Observatory, ICRR (Institute for Cosmic Ray Research), The University of Tokyo



SNO
• Heavy Water Cherenkov detector
• Sensitive to all 3 types of n’s with 

different observables:
 d + ne ®  p + p + e-; 
 d + nµ ®  p + n + nµ 

• First unambiguous confirmation that 
total number of n’s from sun is as 
expected - 
only flavor
changes





uncertainties. There are no best-fit values in the inverted
mass hierarchy and lower θ23 octant because the likelihood
has no local maximum in this hierarchy-octant region, as
will become clear in Fig. 14. The χ2 for the overall best fit is
84.6 for 72 degrees of freedom.
The precision measurements of sin2 θ23 and Δm2

32 come
from the νμ disappearance data. A fit to these data alone
gives essentially the same values for these parameters in the
normal mass hierarchy. However, the best joint νμ − νe fit
pulls the value of jΔm2

32j up by 0.04 × 10−3 eV2=c4 from
the νμ disappearance-only fit in the inverted mass hierarchy.

2. Two-dimensional contours and significance
levels of single parameters

All of the contours and significance levels that follow are
constructed following the unified approach of Feldman and
Cousins [56], profiling over unspecified physics parameters
and systematic uncertainties.
Figure 10 shows the 1, 2, and 3σ two-dimensional

contours for Δm2
32 and sin2 θ23, separately for each mass

hierarchy. Figure 11 shows a comparison of 90% confi-
dence level contours for these parameters in the normal

mass hierarchy for NOvA, T2K [7], MINOS [6],
IceCube [57], and Super-Kamiokande [58]. All of the
experiments have results consistent with maximal mixing.
Note that the range 0.4 to 0.6 in sin2 θ23 corresponds to the
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FIG. 10. Regions of Δm2
32 vs sin2 θ23 parameter space con-

sistent with the νe appearance and the νμ disappearance data at
various levels of significance. The top panel corresponds to
normal mass hierarchy, and the bottom panel corresponds to
inverted hierarchy. The color intensity indicates the confidence
level at which particular parameter combinations are allowed.
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2 θ23 for this result (black line; best-fit value,

black point), T2K [7] (green dashed), MINOS [6] (red dashed),
IceCube [57] (blue dotted), and Super-Kamiokande [58] (purple
dash-dotted).
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FIG. 12. Regions of sin2 θ23 vs δCP parameter space consistent
with the νe appearance and the νμ disappearance data. The top
panel corresponds to normal mass hierarchy (Δm2

32 > 0), and the
bottom panel corresponds to inverted hierarchy (Δm2

32 < 0). The
color intensity indicates the confidence level at which particular
parameter combinations are allowed.
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Electroweak Interaction
(Unification by Salam and Weinberg et al.)
• Just like the strong and EM interaction, Weak 

interactions are mediated by “charges”
– Named “Hypercharge Y” and ”Weak Isospin I”
–W+, W- , W0 and couple with strength g to I
– B0 couples with strength g’ to Y
–  

• Huh? Because of their interaction with the 
Higgs field, some particles we actually observe 
are mixtures: 

192 12 Exchange Bosons of the Weak Interaction and the Higgs Boson

The W0 cannot be identical to the Z0, since we saw that the coupling of the
latter also depends on the electric charge. One now postulates the existence of an
additional state B0, a singlet of the weak isospin .T D 0; T3 D 0/. Its coupling
strength does not have to be equal to that of the triplet .W˙;W0/. The corresponding
weak charge is denoted by g0. The B0 and W0 couple to fermions without changing
their weak isospin and hence without changing their type.

Experimentally two neutral vector bosons, the photon and the Z0, are indeed
known. The basic idea of the electroweak unification is to describe the photon and
the Z0 as mutually orthogonal, linear combinations of the B0 and the W0. This
mixing is, analogously to the description of quark mixing in terms of the Cabibbo
angle (10.18), expressed as a rotation through the so-called electroweak mixing
angle !W (also called theWeinberg angle)

j"i D cos !WjB0i C sin !WjW0i

jZ0i D ! sin !WjB0i C cos !WjW0i : (12.12)

The connection between the Weinberg angle !W, the weak charges g and g0 and the
electric charge e is given by demanding that the photon couples to the charges of the
left- and right-handed fermions but not to the neutrinos. One so obtains [18]

tan !W D
g0

g
; sin !W D

g0
p
g2 C g02

; cos !W D
g

p
g2 C g02

: (12.13)

The electromagnetic charge is given by

e D g " sin !W: (12.14)

The Weinberg angle can be determined, for example, from #-e scattering, from
electroweak interference in eCe! scattering, from the width of the Z0, or from the
ratio of the masses of the W˙ and the Z0 [4, 10]. A combined analysis of such
experiments gives the result [19]

sin2 !W D 0:23116˙ 0:00012 : (12.15)

Hence, the weak coupling constant (˛w / g " g) is about four times stronger than the
electromagnetic one (˛ / e"e). It is the propagator term in the matrix element (10.3),
which is responsible for the tiny effective strength of the weak interaction at low
energies.

This Weinberg mixing somewhat complicates the interaction. The W boson
couples with equal strength to all the quarks and leptons (universality) but always
to only left-handed particles and right-handed antiparticles (maximum parity vio-
lation). In the coupling of the Z boson, however, the electric charges of the
fundamental fermions play a part as well. The coupling strength of the Z0 to a
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fermion f is

gZ.f/ D
g

cos !W
! Og.f/ where Og.f/ D T3 " zf sin2 !W ; (12.16)

and zf is the electric charge of the fermion in units of the elementary charge e.

The ratio of the masses of the W and Z bosons The electroweak unification
theory could be used to predict the absolute masses of the W and the Z fairly well
before their actual discovery. According to (10.4) and (12.14), the electromagnetic
coupling constant ˛, the Fermi constant GF and the mass of the W boson are
related by

M2
Wc

4 D 4"˛

8 sin2 !W
!
p
2 .„c/3
GF

: (12.17)

It is important to realise that in in quantum field theory the “constants” ˛ and sin2 !W
are in fact weakly dependent upon the energy range (renormalisation) [11, 13]. For
the mass region of (12.17), we have ˛ # 1=128 and sin2 !W # 0:231. The mass of
the Z boson is fixed by the relation

MW

MZ
D cos !W # 0:88 : (12.18)

This is in good agreement with the ratio calculated from the experimentally
measured masses (12.6) and (12.7):

MW

MZ
D 0:8818˙ 0:0011 : (12.19)

The resulting value of sin2 !W is in very good agreement with the results of other
experiments. The value given in (12.15) is from the combined analysis of all
experiments.

Neutral and charged currents at large Q2 The aspects discussed so far can be
illustrated nicely with theQ2 dependence of cross-sections for neutral currents (#NC)
and charged currents (#CC) in deep-inelastic scattering of electrons and positrons. In
Fig. 12.3 we show results of the H1 experiment [2] for those cross-sections as a
function of Q2 in the regime of 200 to 5 ! 104 (GeV/c)2. For small values of Q2

the neutral current cross-section is almost a factor 1,000 larger than #CC. Here
the cross-section is dominated by exchange of a virtual photon. This contribution
decreases quickly with 1=Q4 and is for electrons and positrons of the same size. The
Z0 exchange becomes significant only for values of Q2 larger than 3,000 (GeV/c)2.
For larger values of Q2 electrons have a larger #NC than positrons. This is caused by
the interference of Z0 and $ exchange, discussed already in Sect. 10.3.



Higgs Field
• Create “Drag” on Particles (“Molasses”)
• *) Origin of Mass 

Makes some gauge bosons very heavy 
(W’s, Z’s) and therefore short-range 
(“Weak” interaction)

• Origin of electroweak symmetry breaking
• Pointlike, Fundamental
• Bosons (Spin 0)
• Three massless (“swallowed up” by W’s, 

Z’s); one very massive (125 GeV)
• Discovered in 2012 at CERN



The LHC at CERN

• See also the movie “Particle Fever”



Higgs Discovery


