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I. INTRODUCTION

The neutrino was proposed in 1930 by Pauli and solved the problem of the ”"missing energy” in beta decay, n —
p+ e + 0. It had to be a fermion with the same spin as the electron, but its mass should be extremely small,
because the threshold being in essence the sum of proton and electron masses. The neutrino was only experimentally
established in 1956 by Reines and Cowan via the inverse beta decay process, 7 +p — n +e™.

In the last decade, we have obtained quite detailed information on neutrinos, both mass differences and couplings,
with the absolute scale of the mass spectrum and the precise nature of the mixings still being open. We know that
there are two quite different differences in the squared masses of which the smaller one plays a role for solar neutrinos
and the larger difference is relevant for atmospheric neutrinos. The precise hierarchy of mass states is still open. Also
the fermionic nature is still open. Are neutrinos Majorana or Dirac fermions which has consequences for the CP
violating phases.

In these lectures we will concentrate on basic theoretical aspects needed to understand the oscillation mechanisms.
In the Review of Particle Properties[1] a complete list of references and up to date listings of experimental results
can be found. In the first lecture, we will look at ’simple’ quantum mechanical aspects of oscillations in vacuum and
matter. In the second and third lecture, we will look at the difference between Dirac and Majorana neutrinos and the
structure of masses and couplings depending on the type and the embedding in and beyond the Standard Model.

II. NEUTRINO VACUUM OSCILLATIONS

The phenomenon of neutrino oscillations is a first year quantum mechanics problem. The quantum mechanical
states at production (say a muon neutrino arising from pion decay) is not an eigenstate of the hamiltonian. Assuming
two relevant neutrino species, there are two orthogonal eigenstates of the Hamiltonian which can be used as our basis
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They are eigenstates with definite energies corresponding to slightly different masses m; and ma, i.e. Ey = \/p? + m?
and Ey = \/p? + m3. Thus we have in general
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Assuming that a muon-neutrino produced in the atmosphere is a linear superposition of the two mass eigenstates v
and 1o, one has at time ¢ = 0 and time ¢
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and the probability to find at time ¢ again a muon-neutrino is

2
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For the situation that mi, ms < p one has F; = E5, both roughly equal to E = p with the difference being
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After travelling a distance L with approximately the speed of light ¢ one has a survival probability
Am? L L
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Numerically a wavelength Ay = 1000 km corresponds for a neutrino with a typical energy of 1 GeV to a mass
squared difference of Am? = (0.05 eV)2. The present-day values for the atmospheric mixing parameters are Am? =
Am? ~ 2.4 x 1073 eV? and sin? 0 = sin? 04 ~ 0.42.

III. PROPAGATION OF PLANE WAVES IN MATTER

We consider here a straightforward treatment of propagation in matter, which will be applied to neutrinos. Suppose
a plane wave crosses a slab of matter (width d < A), as shown below.
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The wave function (continuous) is given by
P(z) = etk? for z <0, (7)
P(z) = etnkz for 0 < z < d( in slab), (8)
Y(z) = et ke tikd(n—1) for z > d. (9)

In order to calculate the wave function in the point indicated in the figure above, we add the contributions from all
scattering centers in the slab. Assuming the density to be N, we obtain
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We estimate the integral by successive partial integrations, omitting always the contributions from r = oo (this can
be done neatly by considering wave packets),
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Since 9f /Or < 1/r (see figure above) we find for large r

9(z) = e 144 T f<k,o>], (10)

to be compared with the above result in terms of the refraction index n, which for n ~ 1 becomes

P(z) = e'*? _1 +ikd(n — 1)] (11)

We obtain n = n’ +in/ with

n =1 + k:2 R f(k,0), (12)
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For the latter we have used the optical theorem, Zm f(k,0) = (k/4m) . From the wave function in the slab (e?"#%)
we see that the imaginary part corresponds to the damping of the wave,

[¥(2)] x exp(—n"kz) = exp(—No,2/2) = exp(—z/A), (14)

with the collision length

2
c = . 15
Nog (15)
As an example, for neutrinos the total cross sections are of the order of 1042 m? and we have
2 x 1012
A= 2107 m) (16)

(p/pwater) x ((or/E)/[107%2 m?/GeV]) x (E/[1 GeV])

Note that 2 x 10'2 m is about 13 times the distance Earth-Sun.

IV. THE MSW EFFECT FOR SOLAR NEUTRINOS

The results of the previous section can be used to study propagating neutrinos in the sun. In matter neutrinos
undergo phase rotations because the elastic scattering in matter, which proceed via t-channel exchange of Z°-bosons
(Mikheyev, Smirnov and Wolfenstein effect). This happens for all neutrino types, so all phase rotations are the same.
For electron neutrinos and antineutrinos we have an additional contribution in the scattering amplitude via t-channel
or s-channel W-exchange respectively,
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Elastic 7.e™ scattering via W-exchange

Elastic v.e™ scattering via W-exchange

These elastic processes are in matter only possible for electron neutrinos or antineutrinos since they require scattering
off the corresponding lepton, in this case the electron. The amplitude for 7.(k) + e (p) — T.(k')e™ (p’) becomes
(including a factor 1/2 for averaging over electron spins)
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For the forward scattering amplitude (p = p’ and k = k') we obtain

—iM(s,0) = iGpV2Tr <1 el kw%%)
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The charged current part of the forward quantummechanical scattering amplitude becomes (with /s = 2FE = 2k)
0 G
Juoll,0) = - 20 Cr (19)
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The additional phase in matter for electron-type neutrinos is

exp (z%]\]f:‘fmx) = exp (iNe pr/ﬁx) = exp (iNe GF\/§t> ,

corresponding to a wavelength
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numerically of the order of
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Again let us consider a two-neutrino mixing scenario with F, ~ Fy ~ E and E; — Ey ~ Am? /2E < E, and assume
the (in this case relevant) electron-neutrino to be a linear combination of vacuum neutrino eigenstates v; and vs.
We assume that (v1]|ve) = cos@ and (va|ve) = sinf. In this case we will, unlike the case of oscillations considered
in section 2, work on the basis v, and another flavor, say vy. This implies that in matter the effective hamiltonian
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The eigenvalues of H in matter then are £ + W Am?/4F, where
W? = (D — cos 26)? + sin” 20. (23)

Defining the angle 6,, via W cos 260,,, = cos 20 — D and W sin 26,,, = sin 20, we recover at D = 0 the usual mixing with
0., = 0. For finite D the angle 6,,, = 6,,(D) and we can write the Hamiltonian as

1 0 —W cos26,, W sin26,,

Am?

+4E

(24)
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/ Let us investigate this for a typical two-state solar neutrino situation
1 T with cosf = c12 ~ /2/3 (and sinf = 4/1/3). Up to the overall
o factor Am?/4E, the diagonal elements of the Hamiltonian cos 20 4 D

D are given as the dashed lines in the Figure. The eigenvalues £W are
given as the solid lines. The results have been plotted as a function

_1’_\ of D, proportional to the matter density.
21 Ny

The eigenstates of the matrix in the above Hamiltonian are at £W. At D # 0, they are just W = +1. At the
level crossing for the diagonal elements, at D — cos26 = 0 (in our case D = 1/3), the level distance is minimal and
0., = w/4. At large values of D, the eigenvalues approach £W ~ +D and 6,, — 7/2.

The corresponding eigenstates in matter are

cosf —siné
v X [ sin@Z ] but also vy x { cos Gmm ] , (25)
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where 0, (D) is the mixing angle in matter. If a v, is produced at finite density D below the critical density D = cos 26,

one is in the combinations of the two levels at low D and the situation is like vacuum oscillations. The v, is divided

over vy and vy with probabilities Py = cos? 6, ~ cos? 6 ~ 2/3 and P, = sin? 0,, ~ sin’§ ~ 1/3. If a v, is produced at

very large density D far above the critical density, the neutrinos are mostly (probability sin26,, — 1) in the upper v

level and, moving adiabatically through the Sun, end up at the upper level v when reaching the surface.
Numerically one has

Av E[MeV] x (p/pwater)
Ae 107 x Am2[eV?]

D:
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i.e. for E ~ 1 MeV and (p/pwater) ~ 100 one finds D ~ 1 for Am? ~ 1075 eV2. The present-day values for the solar
neutrino oscillations are Am? = Am?2 ~ 7.6 x 107° eV? and sin® 6 = sin® 0, ~ 0.31.

V. THE ADIABATIC APPROXIMATION IN QUANTUM MECHANICS

The adiabatic behavior is contrasted with the sudden approzimation that is used in the case of atmospheric neutrino
oscillations. In that case a wave function 1(0) at a given instant is expressed in terms of eigenstates of a new
Hamiltonian, H,, which determines the time evolution for ¢ > 0. Its validity can be investigated and requires
the timescale of the change to be much faster than the typical timescales related to the initial motion. In the
adiabatic approximation, the change in the Hamiltonian is slow. Although the treatment is similar on some parts, the
difference with time-dependent perturbation theory is that the whole system (full spectrum) changes, usually due to
the environment, expressed as H(t) = H(N(t)), where N(t) in the case of neutrinos is the matter density in the Sun.

We simply start with writing down instantaneous sets of (normalized) eigenfunctions,

H(t)pn(t) = En(t) dn(t), (26)

and solve for
.0
ih aw = H(t) (). (27)
For the solution we use the ansatz
V(t) =D enlt) dut) €D, (28)
n
with

i0,(t) = % /0 dt'" E,(t), (29)
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satisfying i6,,(t) = E,(t)/ih = —iwy(t). Singling out this phase is just convenient. For a time-independent Hamilto-
nian with time-independent eigenfunctions and eigenvalues we actually get i6,,(t) = —iw,t.
We find from the Schrodinger equation that

bp ==Y (bpldn) cn O, (30)

Note all quantities in this expression are time-dependent. The matrix element can be related to the matrix element
of H, Starting from Eq. 26, H¢n = _H¢n + En¢n + Enon, giVing

<¢p|H|¢n> = (En - Ep) <¢p‘¢n> (31)

This gives the result

Cp = _<¢p‘¢;p> Cp — Z <§P|Ij|zn> ep €0 00). (32)
n D

n#p

In the adiabatic limit the change of the Hamiltonian is assumed to be small compared to the intrinsic time-dependence,
which is of the order of i/ AFE, where AE are typical energies or energy differences in the spectrum. Therefore, omitting
the second term, and starting with ¢(0) = ¢,,(0) in the nth eigenstate, one gets in the adiabatic limit

b(t) = O e 6, (1), (33)

where the phase 7, defined as

O =i [t (6a16), (34)

incorparates the effect of the (first) term on the righthandside in Eq. 32. As defined, the phase v, is real, because it’s
imaginary part (the real part of (gbn\qbn)) is zero for normalized wave functions. The phase v, is known as Berry’s
phase. It is not relevant for solar neutrinos. In that case, only the fact that at the surface of the Sun the neutrinos
travelling to the Earth are mostly in level v if produced originally at high density. The condition on the adiabaticity
can be checked, knowing the minimal level distance to be E; — E; = Am? sin 20/2E.

VI. SPIN IN QUANTUM MECHANICS

In the next sections we repeat a few topics needed to look at the Dirac equation and the treatment of Majorana
neutrinos. The first topic is that of symmetry groups, starting with the rotations.
Looking in 3-dimensional space, rotations around the z-axis are given by

%40 cos sind 0 Vi
V2 | = —sinf cosf 0 V2. (35)
%46 0 0 1 V3

From the infinitesimal transformation R(6,2) = 1+ i J3, and the corresponding rotations around x and y axes, one
immediately can obtain the (defining) generators and their commutation relations,

[J, J7] = iheik gk (36)
(where €23 = 1). Including spin the rotations in quantummechanics are represented by unitary operators
U@)=exp(i0-J), (37)

with the above commutation relations for the generators J, but allowing different representations besides the defining
three-dimensional one.

Starting with the commutation relations one can study spin states. First we note that an operator that commutes
with all three spin operators (a socalled Casimir operator) is J 2

[J2, 07 = 0. (38)



Only one of the three spin operators can be used to label states, for which we without loss of generality can take J2.

In addition we can use J?, which commutes with J%. We write states ngl) = |s, m) satisfying
J2|J, M) = k2 J(J +1)|J, M), (39)
J3|J, M) = MR|J, M), (40)

where we have used the fact that the eigenvalue of J? must be positive. We recombine the operators J' and J2 into
Jy=J +iJ2 (41)

The commutation relations for these operators are,

[J2,J] =0, (42)
[J2,Js] = +h Jy, (43)
[Ty, J_] =2hJ> (44)

Up to an overall sign convention one can show that

Je|J, M) = B\/J(J+1) = M(M +1)|J,M +1),
= W/(JFM)(J+M+1)|J,M+1) (45)

This shows that given a state |J, M), we have a whole series of states
M=), |, M), |, M+1),. ..

But, we can also easily see that since J* — (J%)? = (J')? 4+ (J?)? must be an operator with positive definite eigenstates
that J(J +1) — M? >0, ie. |M| < /J(J+1) or strictly |M| < J + 1. From the actions for the raising and lowering
operators one sees that this inequality requires M,,,, = J as one necessary state to achieve a cutoff of the series of
states on the upper side, while M,,;, = —J is required as a necessary state to achieve a cutoff of the series of states
on the lower side. Moreover to have both cutoffs the step operators require that the difference My, 40 — Mipin = 2J
must be an integer, i.e. the only allowed values of spin quantum numbers are

J=0,1/2, 1, 3/2,...,
M=JJ—-1,....,—J.

Thus for spin states with a given quantum number J, there exist 2J + 1 states.

In the space of spin states with a given quantum number J, we can write the spin operators as (2J +1) x (2J + 1)
matrices. The most well-known and simplest nontrivial example is the case spin J = 1/2, for which a basis is given
by

1 0
=l (o). w=nz-y2= (1]
Using the definition of the quantum numbers in Eq. 40 one finds that

s (12 0 (00 (01
J*h[ofm]’*‘thJ’L*ﬂooy

For spin 1/2 we find the familiar spin matrices, J = ho /2,

1 _ 0]- 2 _ O—i 3_10
S S R C D R O

With the representation matrices we can consider rotated states using the unitary matrices U (UT = U1),

£ —Ug,
U@) =exp(i0-0/2). (46)

The useful relation

U@)(o-a)U " (0) =0 R(O)a, (47)



shows that when & is an eigenstates of o - a, then U¢ is an eigenstate of o - Ra. For a rotation around the y-axis over
an angle 6, one finds the following two rotated states

wir= (). = ()

eigenstates of J - 2’ with eigenvalues +//2. In general the rotated eigenstates are written as

dSy(0)

Xit @) = | dip,e) |- (48)
J.
), (0)

where dppr(0) are the d-functions. These are in fact just matrix elements of the spin rotation matrix exp(—i6 J?)
between states quantized along the z-direction. Extended to include azimuthal dependence it is customary to use the
rotation matrix e=*¢7° ¢=19 7% ¢=ixJ* and the functions are called Dy (o, 6, x).

Finally a remark on the conjugate representation, for which the transformation matrices are U*. Using € = io
(satisfying €* = ¢, €71 = ¢l = ¢ = —¢), which relates

2

—0*=ecoe = —coe, (49)

shows that e£* transforms as & and hence the equivalence of spin representations with their conjugate representations,
something that cannot be done in for instance SU(3).

VII. SPIN IN RELATIVISTIC THEORIES

In the previous section spin has been introduced as a representation of the rotation group (SU(2)) without worrying
much about the rest of the symmetries of the world. We have considered the rotation group, more specifically its
generators J and then looked for representations among them the two-dimensional (defining) one, J = /2.

The starting point in relativistic theories is the Poincaré group, consisting of the Lorentz group and the translations.
The Lorentz transformations are defined as transformations in Minkowski space,

VI = A" VY, (50)
containing the well-known rotations and the boosts. For instance rotations V' = RV around the z-axis are given by
V7o 1 0 0 0 Vo
vil | 0 cosf sinf 0 Vi (51)
V2 7| 0 —sinf cosf 0 &
1% 0 0 0 1 V3
and the boosts V' = MV along the z-direction by
%8 cosh¢ 0 0 sinh¢ Vo
v 0 10 O Vi
Ve 0 01 0 V2 (52)
V3 sinh¢ 0 0 cosh¢ V3

with —0co < ¢ < 0o. Note that the velocity 8 = v = v/c (taking ¢ = 1 as usual). and the Lorentz contraction factor
v = (1 — B?)~! corresponding to the boost are related to ¢ as v = cosh @, By = sinh ¢ Applying the boost to the
momentum vector of a particle at rest one obtains £ = M cosh¢ and |p| = M sinh ¢. The rotations and boosts
together constitute in fact only the socalled proper orthochrone Lorentz transformations. The full Lorentz group also
includes space and time inversion.

The generators J of rotations U(0) = exp(i@ - J) and the generators K of the boosts U(0) = exp(i¢ - K) are given
by are given by

O OO

Ji=M2 = and K3= M =

oo oo
o O
oo oo
oo OO
oo OO
o O O

—1



etc. They satisfy the commutation relations
[J5, 1] =ieT* P,
[J', K] = ie" K,
[K', K7 = —ie* J*.

VIII. SPIN 1/2 AND THE LORENTZ GROUP

It is straightforward to see that both the following two-dimensional representations satisfy the commutation relations
of the Lorentz group,

2 (53)

Type I: J =

)

2 )

K
Type II: J = K=i—, (54)

v Q

)

o) QrolQ

Correspondingly one has spinors ¢ and 7 transforming similarly under unitary rotations (Ut = U=, U = (U")~! = U)

§— Ug, n—Un,
U(6) =U(8) = exp(i 0 - 0/2) (55)

but differently under hermitean boosts (H' = H, H = (H")~! = H~1), namely

§— HE, 1 — Hy,
H(¢) =exp(¢p-0/2) and H(¢)=exp(—¢-0/2). (56)

A practical boost for the spinors is the one taking a spinor from rest momentum p,

M+FE+o-p
H(p) = e (57)
V2M(E + M)
Introducing the four matrices
ot =(1,0), ot =(I,-o), (58)
(note that these are fake four-vectors) one has
Uo'a, U-l= o' Ray, Hota, H = c"Ma,
Us'a, U™t =6"Ra,,  Hd"a, H=5"Ma,
while the matrix ¢ = io? (satisfying €* = ¢, ¢! = ¢l = €7’ = —¢), can be used to relate 7** = eote™! = —cate,
implying
U*=eUe'=—eUe and H* =eHe ' = —ecHe, (59)
Furthermore one has H*(p) = ¢"p,/M = (E+ o -p)/M.
The most general lagrangian density for spin 1/2 representations invariant under boosts and rotations is
1 R = 1 R = 1 " N 1 " N
L= 5o 9)¢+ 5n'(i6" 9p)n — 5 (Mpn'€ = Mpn"¢") = 5 (Mp &Tn = Mp &)
1 * * 1 * *
) (MMﬁTef —MM§T€§) ) (MMUTEU —MMUTEW) ) (60)
where M), and Mp are referred to as Majorana and Dirac masses. Note that this lagrangian is a real number if £
and 7 are Grassmann numbers for which af = —fa and (af8)* = f*a* = —a*p*.

Considering discrete transformations, one knows that parity leaves J invariant, but changes the sign of K. Thus
for the spin 1/2 representations:

) N2 €. (61)
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Conjugate spin 1/2 representations transform under U* and H*. As we have seen e&* and en* are equivalent to &
and 7 as far as rotations is concerned. The spinors £* and n*, however, are not appropriate type I or type II spinors.
Type I spinors are £ and en*, while type II spinors are n and € £*. Therefore charge conjugation can be defined as

€S —en', n-Seg (62)
The equations of motion can be obtained easily using the Euler-Lagrange equations, e.g.
i6"0,m— Myen" —MpE=0, (63
100, & — My e&" — Mpn =0, (64
1610, e — My &+ Mpen™ =0, (65

implying also (02 + |My|? + |Mp|?) € = 0 and similarly for . Thus the solutions are plane waves, but the (linear
equations impose conditions. Writing

E=E&p)e”™P®  with &(p) = H(p)&, (66)

n=mn(p)e "™  with n(p) = H(p)no (67)
one obtains with M = \/|My|? + |Mp|?

M & — Myre&y — Mpmno =0,

Mno — Mareny — Mp & = 0. (68)
Let us first discuss a general feature for massless fermions, Mp = M); = 0. In this case one has definite helicity states

o¥pué(p) =0 — (E—0-p)&p) =0 — &(p) =&+ (p), (69)

a"pun(p) =0 — (E+a-p)np) =0 — n(p) = 1-(p). (70)

We will consider the massive examples below for some special cases.

IX. DIRAC FERMION

For a Dirac fermion one considers the case My, = 0. Writing Mp as |Mp| €', one sees from the constraint in
Eq. 68 that it requires 179 = e~*? &y. In order to incorporate parity, the fields ¢ and 7 in the Lagrangian

Letiion s L tian 8 t x ot
L = 55 (ic 3u)§+§77 (ic" 9u)n—Mpn'€ — Mp & (71)
< <>
(&t nf) [ sio* 9. —Mj 3 (mt &) [ —Mp gic" 9.\ [€
- <> - <>
~M, List o, N tiok 9, —Mjp N

are written in terms of a four-component spinor

w_(g) (72)

giving
<>

= (Gidh b i) v (73)

with @ = +#0,, Y =9140 M =Re Mp, M’ = Im Mp and v matrices defined as

0 I i (0 o I 0 .
70:(1 0>7 gl :(Ui 0 ) %:(0 _I>=m°717273- (74)

The mass-term can actually be choosen real by a chiral rotation of the spinor, 1 — exp(iays) 1. Under parity and
charge conjugation one has (omitting the space-time arguments which also change)

w=(§)-3+(2)=v%p (75)
w:<5>3ﬁ<2?*>:C¢T ‘th:w%%:<ﬁf.%>. (76)

i 10
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The components of the Dirac spinor, ¢ and n, are referred to as chiral right (righthanded, R) and chiral left (lefthanded,
L) components. They are projected with the help of vs, 1, L= % (1 +£~5) ¢. The Dirac Lagrangian split up into
lefthanded and righthanded fields thus in essence is of the form of the & — n lagrangian,

L=Tngidu on+Tryi vr—MGrvr + 0 bn), ()

i.e. if M = 0 the lagrangian decouples into two independent lefthanded and righthanded fields, which are solutions of
the free equations. In that case chiral states coincide with helicity states, as can be immediately seen in the explicit
expressions above.

The ~-matrices can be defined independent of any representation. They form a Clifford algebra
and the ~5 anti-commutes with all other gamma matrices

{7 =2¢",  {¥", 5} =0 (78)

Under hermitian conjugation the gamma matrices behave as
T

(") =20 (7)) =47 (79)

The charge conjugation matrix C has the following important properties
-1 T -1.5 5\7

C—ytC=-(")", C 702(7) , (80)
and

clt=0cT=0T=—-cC. (81)

Finally note that the spinors obtained after parity and charge conjugation can be chosen indepen-
dent of the representation as

="y (82)
Y¢ = C’ET = C%9* (if 4 real). (83)

X. MAJORANA FERMION

To investigate this case in general we start with a lagrangian containing both type of fermions, £ and n and in first
instance allow different Majorana masses (thus breaking parity). It is convenient to rewrite the fields as n = x1 and
& = ex5. This leads to the lagrangian

1 + -—,uH 1 T-fﬂH
L = §X1(“7 8“)X1+§X2(ZU )Xz
1 * * 1 * *
-5 (MDX16X2—MDX1TGX2) -5 (MDXEEM—MDXQTGM)
-3 (M1X{€X1*M1 X{€X1) 3 (M2X£€X2*M2 X2T€X2>- (84)

It is the lagrangian for two (lefthanded) fermions with for x = (x1, x2) a mass matrix x'My* + h.c.,

_ M1 MD _ M1 |MD|6i¢
M—(MD M2>—(|MD|67,¢ M2 ) (85)

assuming in the last expression that M; and Ms are real and non-negative. This choice is possible without loss of
generality because the phases can be absorbed into x; and xs.

This is a mixing problem (with an symmetric complex mass matrix) leading to two (real) mass eigenstates. Assuming
the mass matrix to be diagonal for ¢ = Uy one sees that U M UT = M. This implies U* MTUT = M, and thus a
normal’ diagonalization of the (hermitean) matrix M MT,

UMMYUT = ME, (86)
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Thus one obtains from

M} + |Mpl? |Mp| (My e~ + M, e™?)
MM = L ; 87
( |MD| (Ml e+1¢—|—M2 e—m) M22+ |MD|2 ; ( )
the eigenvalues
1
miyy =5 |MP+ Mg +2|Mp[* + \/(Jm2 — M3)2 +4|Mp|? (|Mp|? + MF + M3 + 2M, Mj cos(29)) |, (88)

and we are left with the case Mp = 0 of two decoupled (lefthanded) Majorana fields, n; = Ux; and 1y = Uxa, each
of them of the form
1 1 A

. — 1 * *
L=gn (i" dp)mi — 3 (m 0l en; —m; m—Tem) ; (89)

with a real mass. The mass-terms can then actually be combined into a single term

_ My

—my ' en* = 5 (nten* —n"en).

One can also decide to split up the ’kinetic’ term in the same fashion as the mass term,

1 L e 1 L e 1 . “ N
QUT(M“ du)n = Zn*(w" Oun— 3" e(io" du)en’.

By combining —en* and 7 into a self-conjugate (1) = ¥¢) four-component spinor,

b= ( o ) , (90)

one finds the lagrangian,

1— < 1 -
5211/”@1/)—51\41#1/1- (91)

with the same y-matrices as before. This differs by a factor 1/2 from the usual Dirac lagrangian, which comes because
we for a self-conjugate field are essentially doubling a lagrangian in this case, without adding degrees of freedom.
Separating into left- and right-handed components, one has 9§ = 1, and ¢ = 1x and we can write

_ > M /— _ _ A M — —
L= T n— 5 (W wr +T008) = ST B v~ (VG vn+Tnf). (92)

Exercise
In this exercise we investigate the two-Majorana case with only an off-diagonal mass term, showing that it enables us
to write any Dirac field in terms of two Majorana fields.

Calculate for the special choice M}, = Mr = 0 and Mp real, the mass eigenvalues and show that the mixing matrix

is
1 11
o= (i %)
This enables us to rewrite the Dirac field in terms of Majorana spinors. Give the explicit expressions that relate v
and ¥¢ with T; and Ys.

(solution)
One finds M| = My = Mp. For both left- and righthanded fields the relations between 1, ¥¢ and Y1 and T are the

same,

w:%mmm, w:\%mwm.
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XI. THE STANDARD MODEL: SU(2)w ® U(1)y

Symmetry plays an essential role in the standard model that describes the elementary particles, the quarks (up,
down, etc.), the leptons (elektrons, muons, neutrinos, etc.) and the gauge bosons responsible for the strong, electro-
magnetic and weak forces. In the standard model one starts with a very simple basic lagrangian for (massless) fermions
which exhibits more symmetry than observed in nature. By introducing gauge fields and breaking the symmetry a
more complex lagrangian is obtained, that gives a good description of the physical world. The procedure, however,
implies certain nontrivial relations between masses and mixing angles that can be tested experimentally and sofar are
in excellent agreement with experiment.

The lagrangian for the leptons consists of three families each containing an elementary fermion (electron e™, muon
pu~ or tau 77), its corresponding neutrino (ve, v, and v,) and their antiparticles. As they are massless, left- and
righthanded particles, ¢/ = %(1 + v5)¢ decouple. For the neutrino only a lefthanded particle (and righthanded
antiparticle) exist. Thus

L) =iegPer +ierder +iVapPver + (1, 7). (93)

One introduces a (weak) SU(2)w symmetry under which ep forms a singlet, while the lefthanded particles form a
doublet, i.e.

o LO o Ve . _]. 3 +1/2
L—[ ]—[ ] WlthTW—2andTW—{_l/2

and
R=R =eg with Ty = 0 and T§, = 0.

Thus the basic lagrangian density is a Dirac lagrangian with massless (independent left- and right-handed species)
LY) =iTPL + i RPR, (94)

which has an SU(2)y symmetry under transformations e’a'fw, explicitly

1 SU@w RERGIA (95)
R "G g, (96)

One notes that the charges of the leptons can be obtained as @ = T3, — 1/2 for lefthanded particles and Q = T}, — 1
for righthanded particles. The difference between charge and 3-component of isospin is called weak hypercharge and
one writes

Yw
Q="T3 + -5 (97)
The weak hypercharge Yy is an operator that generates a U(1)y symmetry with for the lefthanded and righthanded
particles different hypercharges, Yy (L) = —1 and Yy (R) = —2. The particles transform according to e#Yw/2,
explicitly
L "y iseg (98)
R "Wy s (99)

Next the SU(2)w ® U(1)y symmetry is made into a local symmetry introducing gauge fields Wu and B, in the
covariant derivative D, = 0, —igW,, - Tw —ig¢’ B,Yw /2, explicitly

Dyl = OuL—5gW, 7L+ g ByL, (100)
D.R = 9,R+ig B, R, (101)

where W, is a triplet of gauge bosons with Ty = 1, T3, = £1 or 0 and Yjy = 0 (thus Q = T3,) and B, is a singlet
under SU(2)w (Tw = T3, = 0) and also has Yy = 0. Putting this in leads to

L6 = U 4 o) (102)
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LUD = iRy (0, +ig B)R+i Ly (04 + 5 9'Bu— 5 gWo - 7L

- - - - 1
L2 = (0, W, — 0, W, + gW, x W,)? — Z(GMB,, —0,B,)%.

1

4
In order to break the symmetry to the symmetry of the physical world, the U(1)q symmetry (generated by the charge
operator), a complex Higgs field

B ¢+ B L(92-1—201)
- ()

with Ty = 1/2 and Yy = 1 is introduced, with the following lagrangian density consisting of a symmetry breaking
piece and a coupling to the fermions,

LM = 01 4 p(2) (104)
where
L™ = (D,¢)!(D'¢) —m* ¢Tp — X (¢7¢)%,

~V(9)
L") = _G.(LéR+ Ro'L),

and

T
D, ¢ = (0, — 3 gW,, - 7 — 3 g B,)9. (105)

The Higgs potential V(¢) is choosen such that it gives rise to spontaneous symmetry breaking with pfp = —m? /2
= v2/2. For the classical field the choice 6, = v is made, which assures with the choice of Yy for the Higgs field that
Q generates the remaining U(1) symmetry. Using local gauge invariance 6; for ¢« = 1, 2 and 3 may be eliminated (the

necessary SU(2)w rotation is precisely e_w(””)'T)7 leading to the parametrization

_ 1 0
60 =75 (o4 hiw) (106)
and
Db -4 (W;;%WE) (v+h) (107)
ne = 1 i (9Wi-g'B,

Up to cubic terms, this leads to the lagrangian

(h1) 1 2 272 9> v’ 1\2 212
L0V = S(0uh)* +m? b 4 == [(W,)* + (W)’]
v? 3 2
+3 (GW3—g'B.)" +... (108)
1 2 9,0 90 +12 —\2
= 5(0uh)* +m* h* + == [(W,1)* + (W,))]
2 2Y,2
+
o 89 )v (Z)+ ..., (109)
where the quadratically appearing gauge fields that are furthermore eigenstates of the charge operator are
1 )
Wi = 7 Wy £iW7), (110)
W3 —g¢ B .
Z, = AT e cos By W, — sin by By, (111)

/92 _|_g/2
/W3+ B
A, = W95 = sin Oy Ws + cos 0w By, (112)
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and correspond to three massive particle fields (W* and Z°) and one massless field (photon «) with

2,2
M2 = %, (113)
2,2 2
g-v M,
MZ = = 114
z 4 cos2 0y  cos?Oy’ (114)
2 _
M2 = 0. (115)
The weak mixing angle is related to the ratio of coupling constants, ¢’/g = tan Oy .
The coupling of the fermions to the physical gauge bosons are contained in £ 1) giving
LY = iey"0 e + iUy 0pve — gsinby evte A,
1 1
sin? Oy egyter — = cos 20w epyter + = Tyt ve Z,
cos Oy 2 2
) (e
From the coupling to the photon, we can read off
e = g sinfy = ¢’ cos Oy . (117)

The coupling of electrons or muons to their respective neutrinos, for instance in the amplitude for the decay of the
muon

Vi Vyu
W woS W +% e”
Ve
Ve
is given by
2 .
. qg° —tGpst+ - o
—i M = —j(V;LVpNL)kziiM‘%V(eLV Ve)
2
.90 _
~ i (1= vs)m) (@7 (1 =~°)ve) (118)
8 M2,
G, G)e
. G(F . -(e
= i —Z (G, (G, (119)

V2

the good old four-point interaction introduced by Fermi to explain the weak interactions, i.e. one has the relation

Gr g2 e? 1

JE _ — —— 120
V2 8My, 8 M sin®fy 202 (120)
In this way the parameters g, ¢’ and v determine a number of experimentally measurable quantities, such as

a=¢e*/dn ~ 1/127, (121)

Gp = 1.1664 x 1075 GeV ™2, (122)

sin? @y = 0.2312, (123)

My, = 80.40 GeV, (124)

Mz = 91.19 GeV. (125)

The value of « deviates from the known value a =~ 1/137 because of higher order contributions, giving rise to a
running coupling constant after renormalization of the field theory. The coupling of the Z° to fermions is given by
(g/ cos Oy )y* multiplied with

1 . 1 1
Tg’v 5(1—75)—sm29WQE§CV—§CA75, (126)
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FIG. 1: Appropriate Y and Tj, assignments of
quarks, leptons, their antiparticles and the elec-
troweak gauge bosons as appearing in each fam-
ily. The electric charge Q is then fized, @Q =
TS + Yw /2 and constant along specific diagonals
as indicated in the figure. The pattern is actually
intriguing, suggesting an underlying larger unify-
ing symmetry group, for which SU(5) or SO(10)
are actually nice candidates. We will not discuss
this any further in this chapter.

with

Cy = T, —2sin’ 0w Q, (127)
Ca = T3 (128)

From this coupling it is straightforward to calculate the partial width for Z° into a fermion-antifermion pair,

— MZ g2
rz° =———(Cy +C%). 129
(20 1) = 3 =5 (Ch +C3) (129)
For the electron, muon or tau, leptons with Cy = —1/2 + 2sin® fy ~ —0.05 and C4 = —1/2 we calculate I'(eTe™)

~ 78.5 MeV (exp. I'c = T', = I'; = 83 MeV). For each neutrino species (with Cyy = 1/2 and C4 = 1/2 one expects
I'(vv) ~ 155 MeV. Comparing this with the total width into (invisible!) channels, T pisivie = 480 MeV one sees that
three families of (light) neutrinos are allowed. Actually including corrections corresponding to higher order diagrams
the agreement for the decay width into electrons can be calculated much more accurately and the number of allowed
(light) neutrinos turns to be even closer to three.

The masses of the fermions and the coupling to the Higgs particle are contained in £ ("?). With the choosen vacuum
expectation value for the Higgs field, one obtains

Gev _ Ge _
L2 — _W (eLer +€rer) — % (ezer +egrer)h
— —meEe— %éeh. (130)

First, the mass of the electron comes from the spontaneous symmetry breaking but is not predicted (it is in the
coupling G.). The coupling to the Higgs particle is weak as the value for v calculated e.g. from the My, mass is
about 250 GeV, i.e. m./v is extremely small.

Finally we want to say something about the weak properties of the quarks, as appear for instance in the decay of
the neutron or the decay of the A (quark content uds),
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w” 71<e- w- 7/L<e'
Y v,

e

n—pe v, <= d— ue g, AN—pe D, <— s—ue U

The quarks also turn out to fit into doublets of SU(2)y for the lefthanded species and into singlets for the righthanded
quarks. As shown in Fig. 1, this requires particular YW—T{;’V assignments to get the charges right.

A complication arises for quarks (and as we will discuss in the next section in more detail also for leptons) as it are
not the 'mass’ eigenstates that appear in the weak isospin doublets but linear combinations of them,

o), ), )

where
d Vud Vus Vub d
s = Vea Ves Vi s (131)

This mixing allows all quarks with T‘:}V = —1/2 to decay into an up quark, but with different strength. Comparing
neutron decay and A decay one can get an estimate of the mixing parameter Vs in the socalled Cabibbo-Kobayashi-
Maskawa mixing matrix. Decay of B-mesons containing b-quarks allow estimate of V,,;, etc. In principle one complex
phase is allowed in the most general form of the CKM matrix, which can account for the (observed) CP violation of the
weak interactions. This is only true if the mixing matrix is at least three-dimensional, i.e. CP violation requires three
generations. The magnitudes of the entries in the CKM matrix are nicely represented using the socalled Wolfenstein
parametrization

1— 3\ A X A(p—in)
V= - - éx? A2 A + 0\
NMAL—p—in) =M A 1

with A ~ 0.227, A ~ 0.82 and p ~ 0.22 and 7 =~ 0.34. The imaginary part in gives rise to CP violation in decays of
K and B-mesons (containing s and b quarks, respectively).

XII. FAMILY MIXING IN THE HIGGS SECTOR AND NEUTRINO MASSES
The quark sector

Allowing for the most general (Dirac) mass generating term in the lagrangian one starts with

L0 = —Qr¢AaDr — DrAS QL — Qré°NUr — UrA ¢ Qr (132)
where we include now the three lefthanded quark doublets in Qr, the three righthanded quarks with charge +2/3
in Ug and the three righthanded quarks with charges —1/3 in Dg, each of these containing the three families, e.g.
Ug = [@ CR E] . The A, and A4 are complex matrices in the 3 x 3 family space. The Higgs field is still limited

to one complex doublet. Note that we need the conjugate Higgs field to get a U(1)y singlet in the case of the charge
+2/3 quarks, for which we need the appropriate weak isospin doublet

()5

For the (squared) complex matrices we can find positive eigenvalues,

A AL =V, G2V and AgAL =V, G2V (133)

u u
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where V,, and V; are unitary matrices, allowing us to write

Ay =V G, Wi and Ag=VyGaW), (134)
with G and G4 being real and positive and W,, and W, being different unitary matrices. Thus one has

L1029 — D Vg MyWiDgr — DgWy MgV, Dy — ULV My, WUz — UgW,, M, VUL, (135)

with M, = G,v/v/2 (diagonal matrix containing m.,, m. and m;) and My = G4v/+/2 (diagonal matrix containing
mgq, ms and my). One then reads off that starting with the family basis as defined via the left doublets that the mass
eigenstates (and states coupling to the Higgs field) involve the righthanded states UR*% = WiUg and DR = W; Dpg
and the lefthanded states Uj"*® = VIUL and D7ess = VdT Dyr. Working with the mass eigenstates one simply sees

FrInass

that the weak current coupling to the W* becomes Uy v* Dy, = U, " VIV, D73 i.e. the weak mass eigenstates
are

D} = Dy*™* = VIV, DP*S = Vogm D, (136)

the unitary CKM-matrix introduced above in an ad hoc way.

The lepton sector (massless neutrinos)

For a lepton sector with a lagrangian density of the form

LU0 — _ToA Er — ErAloTL, (137)
in which
_ (M
L= { Ey ]

is a weak doublet containing the three families of neutrinos (INy,) and charged leptons (Ey) and Ef is a three-family
weak singlet, we find massless neutrinos. As before, one can write A, = V., G. W/ and we find

£028) —= M, (ELV.WIERr — ErW.V/E.), (138)

with M, = G.v/v/2 the diagonal mass matrix with masses m, m,, and m,. The mass fields E3** = W/ER, Epass
= VIE. For the (massless) neutrino fields we just can redefine fields into N8 = VI N, since the weak current is

—=Imnass

the only place where they show up. The W-current then becomes E; v* N, = E; ~* N2 ie. there is no family
mixing for massless neutrinos.

The lepton sector (massive Dirac neutrinos)

In principle a massive Dirac neutrino could be accounted for by a lagrangian of the type
L0020 — _ToA Er — EgrAl¢TL — L¢°A,Ng — NgAl 'L (139)

with three righthanded neutrinos added to the previous case, decoupling from all known interactions. Again we
continue as before now with matrices A, = V., G. W] and A,, = V,, G,, W,I, and obtain

L0020 — _ErV, M,W!Epr — EgW. M,V Ep — N.V;y M, Wi Ng — NgW,, M,, VINy. (140)

We note that there are mass fields FR*® = W}ER, Epess = VIEL, NS = VINg and NRass = W/Ng and the
weak current becomes Ep v* Nj = Epass yp VIV, N5 Working with the mass eigenstates for the charged leptons
we see that the weak eigenstates for the neutrinos are N}y©a¢ = VI N, with the relation to the mass eigenstates for
the lefthanded neutrinos given by

N} = Nypek = VIV, NPasS = Upyng NP5, (141)
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with Upymns = VJ V., known as the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix.
For neutrino’s this matrix is parametrized in terms of three angles 6;; with c;; = cosf;; and s;; = sin6;; and one
angle 9,

1 0 0 C13 0 s13 e~ ci2 S12 0
Upmns = | 0 co3 s23 0o 1 0 —s12 ¢12 0 |, (142)
0 —s23 co3 —s13€® 0 c13 0 0 1

a parametrization that in principle also could have been used for quarks. In this case, it is particularly useful because
012 is essentially determined by solar neutrino oscillations, sin® 615 ~ sin® 0 ~ 0.31 and |Am?2,| ~ Am2 ~ 7.6 x 107°
eV? (convention ms > mq). The angle 23 then is determined by atmospheric neutrino oscillations, sin? Or3 =
sin? 04 ~ 0.42 and |Am3,;| ~ Am? ~ 2.4 x 1073 V2. The mixing is intriguingly close to the Harrison-Perkins-Scott
tri-bimaximal mixing matrix

10 0 V273 /i3 0 V2/3 V130
Unps= [ 0 1/2 /1/2 ~V13 23 0| = | =V/1/6 V173 V12 |- (143)
0 —/1/2 /1/2 0 0 1 1/6 —\/1/3 \/1/2

In the case of a tri-bimaximal mixing, having only two 2-dimensional mixing, there are no complex phases and no
CP-violation.

The lepton sector (massive Majorana fields)

An even simpler option than sterile righthanded Dirac neutrinos, is to add in Eq. 138 a Majorana mass term for
the (lefthanded) neutrino mass eigenstates,

, 1 N N,
Emabh’yz_i (MLNiNL'i_MzNLNE)’ (144)

although this option is not attractive as it violates the electroweak symmetry. The way to circumvent this is to
introduce as in the previous section righthanded neutrinos, with for the righthanded sector a mass term Mpg,

1, _
L£mess = —= (M Np Njy + Mj; N5 Ni). (145)

In order to have more than a completely decoupled sector, one must for the neutrinos as well as charged leptons,
couple the right- and lefthanded species through Dirac mass terms coming from the coupling to the Higgs sector as in
the previous section. Thus (disregarding family structure) one has two Majorana neutrinos, one being massive. For
the charged leptons there cannot exist a Majorana mass term as this would break the U(1) electromagnetic symmetry.
For the leptons, the left- and righthanded species then just form a Dirac fermion.

For the neutrino sector, the massless and massive Majorana neutrinos, coupled by a Dirac mass term, are equivalent
to two decoupled Majorana neutrinos (see below). If the Majorana mass Mp > Mp one actually obtains in a natural
way one Majorana neutrino with a very small mass. This is called the see-saw mechanism (outlined below).

For these light Majorana neutrinos one has, as above, a unitary matrix relating them to the weak eigenstates.
Absorption of phases in the states is not possible for Majorana neutrinos, however, hence the mixing matrix becomes

1 0 0
Vemns = Upvns K with K = | 0 e@2/2 . (146)
0 0 eloal2

containing three (CP-violating) phases (as, ag and §).

The see-saw mechanism

Consider (for one family N = n) the most general Lorentz invariant mass term for two independent Majorana
spinors, T] and Y% (satisfying T¢ = T and as discussed in chapter 6, T§ = (Y1) = Tr and T = Tr). We use
here the primes starting with the weak eigenstates. Actually, it is easy to see that this incorporates the Dirac case
by considering the lefthanded part of T} and the righthanded part of Y% as a Dirac spinor 4. Thus

'=nS +ng, T, =ng+nG, Y=np+ng. (147)
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As the most general mass term in the lagrangian density we have

¢ 1 - * = _C 1 = C * ¢
L = ) (ML”CL”L+MLnLnL)_§(MR”R“R+MRTL%:”R)
1 — . — 1 _ * o
_§(MDnin§%+MDnLnR)_i(MDanL"’_MDan%) (148)
1 | ne 7y
- () (A (m) s)
R

which for Mp = 0 is a pure Majorana lagrangian and for M}, = Mp = 0 and real Mp represents the Dirac case. The
mass matrix can be written as

B My |Mpl|e®
M = [|MD|61.¢ Mp, (150)

taking M and Mg real and non-negative. This choice is possible without loss of generality because the phases can
be absorbed into T} and Y% (real must be replaced by hermitean if one includes families). This is a mixing problem
with a symmetric (complex) mass matrix leading to two (real) mass eigenstates. The diagonalization is analogous to
what was done for the A-matrices and one finds U M UT = Mj with a (unitary) matrix U, which implies U* Mt UT
= U*M*U' = My. This 'normal’ diagonalization of the (hermitean) matrix MMT, U (MM UT = M2, gives (as
discussed for Majorana fermions) the eigenvalues

1

M}, = 3 M} + Mg +2|Mp|* + \/(Mg — M32)? 4+ 4|Mpl|? (M} + M3 + 2M Mg cos(2¢)) |, (151)

leaving two decoupled Majorana fields Y; and Yo, related via

(v )=v(ng) (v =v(0E) (152)

for each of which one finds the lagrangians
1. < |

for i = 1, 2 with real masses M;. For the situation M, = 0 and Mg > Mp (taking Mp real) one finds My ~ M3 /Mg
and My =~ Mpg.

Exercise

In this exercise we make the seesaw mechanism explicit. We look at the situation of two Majorana’s where 0 = M, <
|Mp| < Mg, which leads to the socalled seesaw mechanism. Calculate the eigenvalues of the two-Majarano case for
M, =0 and Mg = Mx. Given that neutrino masses are of the order of 1/20 eV, what is the mass Mx if we take for
Mp the electroweak symmetry breaking scale v (about 250 GeV).

(solution)

The eigenvalues are M; =~ M% /M V2 and My &~ M. For a neutrino mass of the order of 1 /20 eV, and a fermion
mass of the order of the electroweak breaking scaling 250 GeV, this leads to Mx ~ 10'® GeV. The recoupling matrix
in this case is

i cosfg —i sinfg
U = . )
sinfg cosfg

with sinfs ~ Mp/Mx. The weak current couples to n; = sinfg Ty — i cosfs Y1, where Yy is the light neutrino
(mass) eigenstate.

[1] J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012) and 2013 partial update for the 2014 edition,
http://pdg.1bl.gov.



