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ABSTRACT OF THE DISSERTATION

New Interactions in Effective Theory
by
Kyungwook Kim

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, March 2011
Dr. Jose Wudka, Chairperson

I studied the physics beyond the Standard Model by using effective field theory. I built
models of new heavy physics and obtained their low energy effective Lagrangians; 1
studied new effects on physical observables in collider experiments and nuclear, astro-
physical and cosmological processes. In Part 1, I will discuss the phenomenology of the
most general effective Lagrangian including up to dimension five operators built with
standard model fields and right-handed neutrinos. In particular, the new interactions by
a dimension five electro-weak moment operator of right-handed neutrinos will be shown
mainly. In Part 2, new interactions for neutrinoless double beta (Ov/33) decay will be
discussed. The observation of the Ov/33 decay will (i) tell us the type of neutrinos (Ma-
jorana or Dirac); (ii) open up the possibility of new physics; (iii) provide the constraints
on the energy scales of the new heavy physics. I will list the effective operators and
possible new physics models contributing to the Ov53 decay. Then I will present the
condition for the dominant contribution of each effective operator over other operators,
the lower limits on the energy scales of the new physics models, and the types of heavy

particles that can contribute to the O35 decay and may also be produced at the LHC.
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Chapter 1

Introduction

In Part 1, I will discuss the phenomenology of the dimension five effective oper-
ators including right-handed neutrinos. This work was published on Physical Review D
in 2009 [1] by Alberto Aparici, Kyungwook Kim, Arcadi Santamaria, and Jose Wudka.
In the following section an introduction to the effective field theory will be given, which

is one of the most efficient tools to describe the physics beyond the Standard Model.

1.1 Effective field theory

Effective field theory is a tool to describe the physics of elementary particles
with an energy scale above the Standard Model and below the mass scale of the heavy
particles in new heavy physics which we do not know the details. The effective theory
is described by effective Lagrangian that provides a parameterization of virtual heavy
physics effects. In this section, I will follow the ref. [2], in which an introduction to

effective theory is given.



1.1.1 Effective Lagrangian

To construct a model for a certain set of phenomena, first we need to determine
the corresponding fields for the light particles. Second, we need to specify low-energy
symmetries of the model based on the experimental evidence. Finally, we can construct
the most general Lagrangian with the fields satisfying the symmetries.

Since we need an effective theory describing the physics at energy scale below
a certain level A (the energy scale of new physics) the effective action Sé\ﬁ for the theory
will be obtained by integrating the action of the corresponding full theory over all
Fourier components of energy > A and all fields of masses above A. Then the effective

Lagrangian, L.g can be defined in the effective action as follows

Sh = /d4xceﬁz /d%Zai(A)(’)i, (1.1)

where O; are effective operators consist of only low energy fields and «; are A-dependent
coefficients. The effective Lagrangian describes all the virtual effects of heavy physics.
The form of the effective Lagrangian is independent of the model of new physics and
provides consistent, complete and unitary description of heavy physics effects at scales
below A. In this thesis, we will assume that in all the theories we consider, the heavy
physics is weakly-coupled and decoupling. This means that, if we define £*) as part of
Leg containing operators of dimension less than four, £ is renormalizable. Then all
new-physics effects disappear in the limit A — oo, so the coefficients «; can be expanded

in powers of 1/A.

1.1.2 Symmetries of effective theory

Since the energy level of heavy physics A is greater than the energy level of

electroweak symmetry breaking, we impose the same gauge invariance on the effective



theory as the Standard Model has. However, we do not need to impose global symmetries
such as lepton or baryon number conservations because they are accidental symmetries

of the Standard Model.

1.1.3 Redundancy of effective operators

Effective operators can be removed from the effective Lagrangian if the S ma-
trix does not change by replacing the effective operators by others or linear sum of other

operators. This is the case when operators are related by the equations of motion [3].

1.1.4 Estimations of the effective operator coefficients

We can estimate the coefficient of an effective operator from the new physics
generating the effective operator. The estimation depends on whether the corresponding
new physics is weakly or strongly coupled theory. If an effective operator is generated

from a weakly coupled new physics at tree level the coefficient estimate is,

1

— 1.2)
A[df4 (
NP

[0 73ad

where Myp is the energy scale of the new physics and d is the energy-dimension of the
effective operator. If an effective operator can only be generated at one-loop level then
the coefficient estimate will be further suppressed by a factor of 1/1672.

If an effective operator is generated by a strongly coupled theory, the coefficient

is estimated as follows [2,4]
A4—A-3B/2-C-D

(471.)27AfB )

(1.3)

(67 ad

where A, B, C, and D are the number of scalar fields, the number of fermion fields,
the number of derivatives, and the number of gauge fields in the effective operator

respectively.



1.2 Neutrino physics

In this section, I will give a brief introduction to neutrinos and their non-zero

masses following [5,6] and the references therein.

1.2.1 Discovery of neutrinos

The discovery of neutrinos was from the observation of the decay processes of
nuclei

N(A,Z) » N'(A, Z £ 1) + €F, (1.4)

where N and N’ are the initial and final nuclei. In the above processes the total energy
E. of the emitting electron is approximately the difference between the initial and the
final masses of the nuclei

EeNMN—MN/EQ. (1.5)

However, the experimental result for E, was different from the expectation. The elec-
tron’s total energy varied continuously between electron’s rest mass and . Pauli sug-
gested that a neutral fermion with spin 1/2 should be emitted together with an electron
to explain the observation. This idea was developed by Fermi, and he invented the effec-
tive theory of weak interaction. Fermi’s theory predicted the decay rates of neutron and
muon, and also predicted the smallness of the neutrino’s cross-section. By year 2000,

the existence of all three neutrinos have been experimentally proved.

1.2.2 Evidence for non-zero neutrino mass

Whether or not neutrinos are massive the created neutrino through a weak
interaction

—L = LDL’y“eLWJ +H.c. (1.6)

V2



is a flavor eigenstate, where the constant g is a gauge coupling constant, vy and er,
are flavor eigenfields of left-handed neutrino and left-handed electron, and Wlfc are the
charged weak bosons. If neutrinos are massive, then the flavor eigenstate created through

the above interaction will, in general, be a linear combination of mass eigenstates

va) =D Usilvi), (1.7)
i=1

where n is the number of the generations of neutrinos and U is the mixing matrix
between charged left-handed leptons and left-handed neutrinos in flavor space. If n = 3

then U can be parameterized as

1 0 0 C13 0 513671'6 C21 s12 0 etm 0
U= 0 co3 S23 0 1 0 —s12 c12 O 0 e 0 )
0 —S893 C23 —813€i5 0 C13 0 0 1 0 0 1

(1.8)
where s;; = sinf;;,c;; = cost; and d,7n; are phases. 7’s appear only for Majorana
neutrinos and cannot be measured in neutrino oscillation experiments. The Majorana
phases can be measured in experiments for neutrinoless double beta decay which will

be treated in Part 2 of this thesis.

1.2.2.1 Neutrino oscillations in vacuum

As a flavor eigenstate of neutrino travels the space, each mass eigenstate will
evolve differently depending on its energy. For simplicity, let us consider the case that
n = 2 and use the standard approximation that the mass eigenstates are momentum
eigenstates. Then the flavor eigenstates at time ¢ and at the distance [ from where the

neutrino was created will be as follows,

[Va, t,1) cosf  sinf e~ i E1t=p1l)| 1))

lvg, t, 1) —sinf cosé e~ i(Bat=p2l) |1,



where v1 and v, are mass eigenstates with m; < mo. Without loss of generality the
mixing angle 6 can be taken as 0 < 6 < 7/2, and it can be assumed that the neutrino
propagates in vacuum or not very dense matter. If neutrinos are light enough to be

relativistic, and have the same momentum p then

2

ma
E; ~ —L. I~ 1.10
i p+2E’ ) ( )

and, omitting an overall phase, (1.9) will be approximately

’VOUZ> cos 6 sin 6 e_im%l/QE’Vﬁ
B . (1.11)
lvg, 1) —sinf@ cos@ e—imgl/QE’V2>

As a result neutrinos oscillate between their flavor states as they travel, and from the

above equation, the probability that a-flavor eigenstate becomes g-flavor eigenstate is

P.g = (Va|vp, 1) = sin® 20 sin? ¢y, (1.12)
where
Gji = A:gil, Am3; = mj —m?, (1.13)
in natural units, in which ¢ = A = 1 and in more practical units for experimental
observations,
bji = 1-3Am?¢éei\//[2e'\in, (1.14)

where Am? is in eV?, [ is in meters, and F is in MeV. The survival probability can be

easily obtained as

Poo =1 — Pag. (1.15)

From (1.14), if the neutrino oscillation is observed we can conclude that at least one
flavor of neutrinos has non-zero mass.
Since neutrinos have small masses, Am? is also small. Therefore, to have non

trivial value for the oscillation probability, [/E in (1.12) has to be large enough such



that

T
¢ 2 5 (1.16)

When [ is very large we can take the average value of sin? ¢o; as 1/2. We are going
to use this throughout the chapter. [/FE is different in various experiments. For solar
neutrino experiments, the distance [ from the sun to the detector on the earth is about

10" m and E ~ MeV so the experiments can probe Am? down to 107! eV?2,

Long
baseline reactor experiments have [ ~ 10> m and E ~ MeV so Am? can be probed down
to 1075 eV. For atmospheric experiments [ ~ 10* km and E ~ GeV so Am? can be

probed down to 10™% eV. A long baseline accelerator experiment has [ ~ 103 km and

E ~ GeV so Am? can be probed down to 1073 eV.

1.2.2.2 Atmospheric neutrino oscillation

In the earth’s atmosphere, @ and K mesons are created in the collisions of
high energy cosmic rays with nuclei. The produced mesons decay dominantly into
pt(u™) + vu(,) through the Standard Model weak coupling because, in the rest frame
of the ™ or K meson, decaying into relativistic e (e™) + v () is not allowed by angular
momentum conservation. Super-Kamiokande (SK) experiment [7] detected clearly fewer
number of v, compared to the expected number from the known cosmic ray fluxes
without neutrino oscillations. This v,-deficit indicates v, — v, oscillation. The data

from the SK showed that the survival probability

P,y = 1 — sin? 20, sin? datm, (1.17)
where
[ MeV
¢atm = 13Am§tnlﬁe\[27m7 (118)
Am?, = (heavier mass eigenvalue)? — (lighter mass eigenvalue)?, (1.19)



was minimum when [/E ~ 500km/GeV. This means

km MeV T
1.3Am2, 500—— ————— = —. 1.20
Matm GeV eVQ .m 2 ( )
From this we can obtain
Am?2,, =24 x 1073 eV (1.21)

Also, from the observation of large oscillation

sin% 20,0 ~ 1, (1.22)
which means
T
Oaom ~ - (1.23)

The above two results agreed with two long-baseline accelerator experiments K2K (8]
and MINOS [9]. The lepton mixing angle is very large when it is compared to the mixing
angle in quark sector, and therefore it is not as obvious how to assign each neutrino mass

eigenvalue to each flavor eigenstate as in the quark sector.

1.2.2.3 Neutrino oscillations in matter

When neutrinos are in a dense matter the Hamiltonian will include potential
energy terms in addition to the kinetic energy terms. The potential is generated by the
charged weak interaction of neutrinos with the matter. This will affect the neutrino
oscillation significantly if the neutrino interaction in matter is coherent and forward
scattering, which means that the neutrinos have the same momentum and spin before
and after the interaction. The effect of the effective potential on the neutrino oscillation
is known as MSW effect [10,11]. Let us consider the case that v, is traveling in a medium
with electrons, protons and neutrons. Then from the wave equation, the neutrino mixing

in the matter can be calculated, and the flavor eigenstates created at x can be expressed



Vo cos By, sinb,, Vmy
= : (1.24)
Vg —sin@,, cosb,, Vi
Am? sin 26
20,, = : 1.2
tan 26 Am?2cos20 — A (1.25)
A = 2V2GpE[na(z) — ng(z)), (1.26)

where vy, , are mass eigenstates in matter, and n,(g) () is the density of neutrino «(/3)
at z. When A = 0 then 6, = 6. For A > Ar = Am?cos20, if § < /4, the mass
eigenstate in the matter will have inverted flavor components compared to the mass
eigenstates in vacuum. Therefore, when a neutrino mass eigenstate in matter is passing
across the region where A = Apg, flavor components will be switched. This is called level
crossing.

The mass eigenstates of neutrinos in matter are not energy eigenstates. How-
ever, if the matter potential is a slowly varying function of position then the mass eigen-
states in matter are approximately mass eigenstates, which is the adiabatic transition

approximation. In this case, the oscillation probability can be expressed as [6]

2 . 1 2
P = ;UmUﬁi exp {_;E/o m?(x)da:} : (1.27)
where
R cos@,, sinb,, cos@ sinf
U= , U= , (1.28)
—sinf,, cosb,, —sinf cos6

m; are the masses of the eigenstates in matter and the integration is performed along

the path of the neutrinos.

1.2.2.4 Solar neutrino oscillation

The electron density in the sun decreases monotonically and slowly from its

center to surface. Therefore (1.27) can be used to analyze the neutrino oscillation in the

10



sun, and the survival probability at detectors on the earth can be rewritten as

P.. = cos? 0,, cos? Oso) + sin® 0, sin? Oy,

1 I
+ 5 sin? 26, sin” 20,,] cos [2E /0 dz{mi(x) —m3(x)}]|, (1.29)

where 0, is a mixing angle of U in (1.28), and we choose to use the convention of
positive Am? and 0 < 6y < T- Then the last term is averaged to zero for the sun
giving
P. = %(1 + c0s 26, cos 2051 ). (1.30)

In the above equation cos26 is always positive, and therefore whether P,. is greater
than 1/2 depends on the sign of cos 26,,, which depends on the sign of the denominator
of (1.25), Ar — A.

If A< Ag then 0,, ~ 65, and the survival probability on the earth will be the
same as in vacuum (1.12) with sin? ¢=1/2 because of the long I.

If A< Ap

P.. > (1.31)

Since P,. implies no flavor change, the above equation means that most neutrinos will
be electron-like when they get to the Earth.

If A> Ag then

1
€08 20, cos 20451 < 0 — Py < 3 (1.32)

For example, if A > Ap then

Oy = g — P = sin® Oy, (1.33)

which resolves the solar neutrino problem that we observe less v, than we expected

without taking account of MSW effect.

11



The electron density and adiabatic condition in the sun leave four independent
solutions for Amyg, and sin? 20,,. They are SMA (Small Mixing Angle), LMA (Large
Mixing Angle), LOW (Low Mass), and VAC(Vacuum Oscillation). By comparing the
experimental results from SK, SNO [12,13], KamLAND [14-16] and the predicted sur-
vival probabilities [8] for the four different solutions, all other solutions have been ruled

out but the LMS solution. The best fit value for the solar neutrino oscillations were

Am2, = 7.7 x 107°eV?, sin® 0y, = 0.33. (1.34)

1.2.3 Neutrino mass hierarchy and the lepton mixing matrix

From the various neutrino oscillation experiments, Am2,, and Am?2; were

m

2

found, and also it is found that Am3,,,

> Amgol between neutrino mass eigenvalues.
Assuming there are only three mass eigenvalues, we still do not know if Amgol is the gap
between the lightest two mass eigenvalues or the heaviest two. If we define Am;; and
0;; as the mass-squared difference and the mixing angle between two mass eigenstates
v; and vj, and Am2, = Am3; then from the reactor experiment CHOOZ [17], it was

found that

sin? A3 < 0.07. (1.35)

This means that v, component of v is very small and therefore we can conclude that

2
atm

2 _ 2 _ 2
9501 = 012, eatm = 023, Amsol = Am21, and Am = Am32.
For the case there are only three neutrino mass eigenvalues, from the known

mixing angles and the unitarity of the lepton mixing matrix, the ranges of the elements

12



of the absolute value of U in (1.8) have been obtained in [6, 18] at 90% CL

80~ .84 .53~ .60 .00~ .17
Ul=1] 20~ .52 51~.69 61~.76 |- (1.36)

.26 ~ .50 46 ~ .66 .64~ .79

1.2.4 Physics models for massive neutrinos and the see-saw mechanism

In the Standard Model, after the spontaneous breaking of SU(2) symmetry,
fermions acquire masses through the Yukawa interaction terms. FEach fermion mass
is Yukawa coupling constant times the vacuum expectation value of the scalar fields
v/v/2 = 174 GeV. A Yukawa term consists of a pair of SU(2) doublets of a scalar and
a left-handed fermion, and a right-handed fermion singlet. The matter content of the
Standard Model does not include right-handed neutrinos, which does not allow neutrinos
to have masses.

Since we have been obtaining the information that neutrinos are massive and
also their masses are very small compared to the charged fermions, we need new physics
allowing neutrinos to have masses much smaller than the vacuum expectation value. In
effective field theory, if we include the matter content with n additional right-handed
neutrinos and the local symmetries of the Standard Model, we can have the following

mass terms after the spontaneous symmetry breaking

1— 1—
Ly, = -0V Mpvg — iylc%MRVR — iszLVL + H.c., (137)

v

where Mp, Mg, and M are mass matrices in the flavor space and are called Dirac,
Right-handed Majorana, and left-handed Majoran mass term respectively. Mp is a
completely general 3 x n matrix, Mp is a complex symmetric n x n matrix, and My, is
a complex symmetric 3 x 3 matrix. The Dirac mass term is from a Yukawa interaction,

the right-handed neutrino mass term can be put either by hand or through effective
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operators, and the left-handed neutrino mass term can be generated only by effective

operators, the lowest dimension one is unique:

Lo = 63 f + Hee., (1.38)

where x is a complex symmetric 3 x 3 flavor matrix and have energy dimension, —1.
This dimension five operator was first introduced by Weinberg [19]. The neutrino mass

terms in (1.37) can be rewritten in a convenient form as

T
Lo, :—%(EL ) My Mo L (1.39)
ML Mg VR
If Mp = My = 0, then neutrinos will have usual Dirac masses as charged
fermions. However, the Dirac mass, which is proportional to the coefficient of the
Yukawa, coupling of the neutrinos times v/v/2, can be made small only if the Yukawa

coupling is extremely small.

If the scales of the eigenvalues of the mass matrices are
Mg > Mp > M, (1.40)

then the symmetric neutrino mass matrix can be approximately diagonalized by a uni-

tary matrix as follows

Y c
L D v

L, =—= (o vj) V'V 4% +He
ML Mg VR

1 -
~ 5 [ = VRN, (e + VRVR] Do +He, (141)

where

V>~ (1.42)



is the (3 +n) x (3 4+ n) unitary matrix in flavor space diagonalizing the mass matrix,
e= MpM3zt, (1.43)

and

US(M] — MpMz*MDU? 0
D, ~ g fop . (1.44)

0 UﬁMRUN

In the above equation, the block elements are diagonalized by a 3 x 3 unitary matrix U,

and a n X n unitary matrix Uy. Then, with the following definitions
Umrp ~ Ul (v, — ev$), Np ~ UJTV(Z/R +eTuf), (1.45)

my, = Ul (M} — eMB)U*, My = Uy MpUy, (1.46)

the diagonalized mass term can be written as

1 j
L, = _5( 'mL + chnL)mu(VmL + VL) — i(NR + NIC?,)MN(NR + Ng)
1_ 1_
= —iljml,l/ — 5NMNN, (1.47)
where
V=Unr + Vo, N=Ng+ N (1.48)
are Majorana neutrinos
v¢=v, N°=N. (1.49)

The matrix € characterizes the mixing between heavy and light neutrinos and its ele-

ments can be estimated as

my
|Eij| ~ N (1.50)

mn

where m, is a mass of the order of the light neutrino masses and my is a mass of
the order of the heavy neutrino masses. In most scenarios |e;;| are very small then

the three components of v correspond to very light Majorana neutrinos and they are

15



mostly left-handed neutrinos vy, but n components of N will have very large masses
and they are mostly right-handed neutrinos vg. This is known as standard (Type-I)
see-saw mechanism [4,20-24], and can explain the smallness of the neutrino masses.

New physics models generating the left-handed neutrino mass term at tree
level with My, ~ v?/Myp ~ m, in (1.37) through the effective operator in (1.38) can
be categorized into three types [25] known as type-1, type-II and type-I1I [25-33]. Since
there is only one dimension 5 operator (1.38) generating the left-handed neutrino mass
term, all these heavy physics will give the same result.

A Lagrangian that can realize the type-I see-saw mechanism is
L = NijN — IAN — %NCMN +H.c., (1.51)
where N is a heavy fermion field with the following quantum numbers
(SU(3)-charge, SU(2)-isospin, U(1)-hypercharge) = (0,0,0), (1.52)

and A is a Yukawa coupling. After ¢ acquires VEV and the heavy fields are integrated

out, we can obtain an effective Majorana mass term

Lo = —Id(AM~AT) 310 + He. (1.53)
Y _VeMivp + He., (1.54)
where
U2
M, = E(AM—IAT)T. (1.55)

When the scale of the heavy fermion masses becomes large the scale of neutrino masses
become small. If the above Lagrangian has heavy fermion triplets instead of the singlets
we will obtain the same result, which is the type-III.

The type-II see-saw mechanism can be realized by a Lagrangian

L= 0\&rolt — pd diolé + Hee. — 2M%0T, (1.56)

16



where ® is a heavy scalar field with quantum numbers (0, 1,1), ol are Pauli matrices,
and p is a dimensionful coefficient. ®;o! can be written in terms of charge eigenfield

basis

; P Py — iy o, /2 Dy,
®;0' = = , (1.57)

Py +idy  — D3 oy D, /V2

and 2070 = |®¢|2 + @4 |2 + |®, |2, The first term in the Lagrangian plus its Her-
mitian conjugate are Majorana mass terms, and the remaining terms correspond to a
scalar potential. Through the minimization of the potential, &g will acquire a vacuum

expectation value together with the scalar field of the Standard Model,

VEV VEY Yo i
P2 — 7=

1%,
by — , Vp = .
0 N 2M2

v

7 1.58
V2 (1.58)
If M ~ p > v then the heavy scalars will be integrated out and neutrinos will acquire

small Majorana masses proportional to vg.

1.2.5 Right-handed neutrinos and leptogenesis

The heavy Majorana fermions, i.e., heavy Majorana neutrinos in (1.51) can

decay into two modes

N —=e +¢tor (1.59a)

N —et +¢, (1.59Db)

where e is a charged lepton and ¢* are the first component of the scalar doublet in the
Standard Model. The decay rates in the above two processes are different in general
because the Yukawa coupling is a complex matrix. And the phases of the Yukawa
coupling can not be removed by field redefinitions since the redefinitions are not canceled

out in the Majorana mass term. Therefore we will have a non zero CP asymmetry

I(N—=e +¢7)—T(N —=et+¢7)
or = I'(N—=e +¢H)+T(N —et +¢7)

(1.60)
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This is the standard process of the leptogenesis and could contribute to the baryon

asymmetry in the early universe because B — L is conserved [34].
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Chapter 2

Dimension five effective

Lagrangian

If we include right-handed neutrinos in the collection of light fields in effective
theory we may have new effective interactions involving vr. We will assume that there
are two scales of new physics: the heavy Majorana mass M and A, and we will usually
(but not always) assume v < M < A.

The electroweak part of the most general effective Lagrangian including vz up

to dim-5 operators is

Log = ’ngf + iéRlﬁeR — (ZY;equ + H.C.) + - (2.1&)
+ ivpdvr — (%@MUR +H.c.)— (0Y,vré + H.c.) (2.1b)
+ %CO"LWVRB,W + (Eqb)x(qﬂé) — (QZ)TQZ))%&/R +H.c., (2.1c)

where ¢ is left-handed lepton doublet, ep is right-handed charged lepton singlet, and
¢ is scalar doublet. Y, and Y, are 3 x 3 and 3 X n complex matrices in flavor space
respectively, where n is the number of flavors of vg. ( is a n X n antisymmetric, x is a

3 x 3 symmetric and £ is a n X n symmetric complex matrix in flavor space respectively,
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and all these couplings have energy dimension —1.

The first line (2.1a) of the above effective Lagrangian is the electroweak part of
the Standard Model, the second line (2.1b) contains the operators of dimension 4 or less
involving vg, and the third line has dim-5 effective operators. The second operator in
the last line (2.1c), which was already introduced in the previous chapter, contributes to
the left-handed Majorana-neutrino mass matrix My, in (1.37) and provides the various
lepton number violating interactions of left-handed neutrinos with Higgs. The first and
the third operators in (2.1c) are new due to the addition of vg. The third operator in
(2.1c) contributes to the right-handed Majorana-neutrino mass matrix Mg in (1.37) and
generates lepton number violating interactions of right-handed neutrinos with Higgs.

The first operator in (2.1c), which has not been considered in the previous lit-
erature, produces unique electroweak magnetic couplings of vg. There are other types
of effective operators producing neutrino magnetic moments: dim-6 or higher operators
generating ¢ — vy (Dirac-type) magnetic moments and dim-7 or higher operators gen-
erating ¢ — ¢ (Majorana-type) magnetic moments, which are suppressed by their small
couplings (that is, higher powers of 1/A) compared to the dim-5 magnetic moments. In
addition, these Dirac-type and Majorana type operators contribute to the light neutrino
mass terms at the loop level, and therefore their couplings will be strongly constrained
due to the small mass of light neutrinos. In Part 1, we will discuss the various effects
of the dim-5 magnetic moment operator in collider experiments and astrophysical and

cosmological processes.
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2.1 New heavy physics for the dim-5 effective operators

and coefficient estimates

We will present possible heavy physics models that can generate the dim-5
effective operators at low energies. From the heavy physics, we can identify the couplings
of the effective operators in terms of the couplings and the masses of the heavy physics.
More than one model of heavy physics can generate the same effective operator but they
all give the same coefficient estimate in terms of the mass scale of the heavy physics
as long as the effective operators are induced at the same level of diagram, i.e., tree
or loop level. Therefore, we will consider only the simple heavy physics models for the

coefficient estimations.

2.1.1 v; Majorana mass term %XW

As previously mentioned in Subsection 1.2.4, the new physics models generating
the three types of see-saw mechanism can induce the v;, Majorana mass term. For weakly
coupled heavy physics, independent of the type of the see-saw mechanism, the coefficient

estimate is
A2
X ~ Mup’

(2.2)
where A is the coupling of the heavy particles to the Standard Model particles as we can

see in Subsection 1.2.4, and Myp is the mass of the corresponding heavy particle.

2.1.2 v Majorana mass term (¢!¢)viévg

This operator can be generated by either a heavy scalar SU(2) singlet of hy-

percharge Y = 0 or a heavy fermion doublet of Y = 1/2. The coefficient estimate
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is
)\2
E~ g
NP

(2.3)

where \ is the coupling of the heavy scalar particles to ¢f¢ and vv or the coupling of

the heavy fermion to ¢v.

2.1.3 vg electroweak coupling v5(o" vg

The vr magnetic moment operator cannot be generated at tree-level, but can
be obtained from a one-loop diagram by a pair of scalar and fermion fields with opposite
(nonzero) hypercharges or a pair of vector and fermion fields with opposite (nonzero)

hypercharges. An example of the Lagrangian for the scalar-fermion pair is
Lig = Y NpZpEw” + \iEvipw + Hee, (2.4)
i

where the subscript ¢ is a flavor index, and we take A; and )\;- are real. This Lagrangian

generates the vp magnetic moment through the diagrams in figure 2.1 [35]. Then, the

Figure 2.1: Diagrams generating @Ca’“’ VR.

coefficient estimate is

g'yN\? 1
1672 M5 1672 Mnp’

¢ (2.5)

where we assumed A ~ X and M, ~ Mg, ¢’ is the coupling constant of U (1) gauge boson

in the covariant derivative of the Standard Model, and y is the hypercharge of E or w.
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The coupling is suppressed by 1/167% because of the loop. However, if the heavy physics
is strongly coupled and right-handed neutrinos participate in these strong interactions

then the coefficient can be estimated by naive dimensional analysis (NDA) [4,36] as

1
Myp’

(2.6)

where Myp is the scale of the strong interactions. This enhanced coupling may have

interesting effects at colliders.

2.2 The effective Lagrangian in terms of mass eigenfields

of Majorana neutrinos

After ¢ acquires a VEV, the effective Lagrangian (2.1) can be written in terms
of the mass eigenfields of Majorana neutrinos. The mass terms have the same form
as (1.37)

1 1—
ﬁmy = —DLMDVR — §VIC%MRVR — §VEMLVL + H.c. (27)

where the various mass matrices are defined in terms of the coupling constants as follows

v

Mp =M + &°, My, = xv?, Mp =Y, —.
R §ve, Mp =x Du\/§

(2.8)

From (1.45) and (1.48), we can have the expressions of the flavor eigenstates in terms

of the Majorana mass eigenstates of neutrinos as follows
vy >~ PL(UVI/—FEU;{[N), (2.9)

vp ~ PR(UNN — U7, (2.10)

where ¢ was defined and estimated in (1.43) and (1.50). Pr (Pg) is the left-handed

(right-handed) projection operator for fermion fields and we have used the following
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definitions

_1-9

1445
P =— v,

2

7PRE

(2.11)

Plugging (2.9) and (2.10) into (2.1), each interaction terms will be written in terms of
the mass eigenfields.

The vrp magnetic moment term can be written as

O¢ = v5¢o" v By, + Hec.

~ (NUY — vUje)PrCo™ (UnN — P Urv) (ew Fuw — swZ,u) + Hee, (2.12)
where cyr = cos By, sy = sin By, Oy is the weak mixing angle and we have used
By =cwAy — swZy, (2.13)

here A, is the massless electromagnetic gauge boson and ZB is the massive neutral elec-
troweak gauge boson. As we can see from (2.12), O; produces six different electroweak
interactions between the Majorana neutrinos and the neutral bosons. Let us summarize

the new interactions schematically as follows

[N—N —(yor Z%] x¢, (2.14a)
[N —v — (yor Z%)] x (e, (2.14b)
[v—v—(yor Z°)] x ¢ (2.14c)

The interactions are suppressed by € or €2 depending on how many v’s get involved.
The smallness of € leads to a strong suppression of any electroweak-moment coupling to
v. Also, notice that since the electromagnetic moment coupling ( is an antisymmetric
flavor matrix, any two neutrinos in each of the above interactions must have two different

flavors.
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The vr mass term in terms of mass eigenfields will be

Oup = — (0 d)viévr + Hee.

H 2
N _(;“)(NU]JQ  DULe) Pre(UnN — U + Hee, (2.15)

where H is the Higgs boson. The new interactions are schematically as follows

[N =N — (H or H?)] x &, (2.16a)
[N —v — (H or H?)] x &, (2.16b)
[v—v— (H or H)] x &2 (2.16¢)

O, provides the interactions of Higgs bosons with Majorana neutrinos. The interactions

involving v are suppressed by ¢ or £2.

The vr Yukawa term can be written as

OY,, = —Z(Z;YVVR + H.c.

1

V2

~

(H 4 v)(pU} + NULeNPRY, (UyN — TUv) + He., (2.17)

and the corresponding new interactions can be schematically shown as

H-N—1]xY,, (2.18a)
[H—- N — N|xYe, (2.18b)
[H—v—v]xYe. (2.18¢)

Oy, also provides Higgs interactions with Majorana neutrinos, especially the dominant
contribution to the decay of the lightest heavy neutrino into a Higgs boson and a light
Majorana neutrino. For later uses, it is useful to see the relationship and the relative
size of the neutrino Yukawa coupling Y, and the mixing matrix . From (1.43), (1.50)
and (2.8)

M m
Y, = \/57’%, Y| ~ \/iTN\g\. (2.19)
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Finally, if we substitute (2.9) and (2.10) into the covariant derivative term of

lepton doublet in (2.1a) and writing only the interaction terms

Zgﬁg = iI/V_éL’}/“UL +H.c. + iZOI7L’)/“UL + ..
2 26W i

7

%W,;ELUJWPL(U,,V +eULN) + He.

+ %Zg(w; + NULN) Pry (Uyw + UL N) + - - . (2.20)
cw

~

And the above equation can be expressed schematically

W —v—¢] xg, (2.21a)
N — W — €] x g, (2.21b)
(Z° —v—1] xg, (2.21c)
[N — 2% — ] x ge, (2.21d)
[Z° — N — NJ] x ge°. (2.21e)

Among the above interactions, (2.21b) and (2.21d) produce the decay of the lightest
heavy Majorana neutrinos into a pair of Standard Model particles. If the heavy neutrinos
are lighter than the W and Z, they would affect the decay modes of these particles, and

LEP data can then be used to put a limit on €.
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Chapter 3

New interactions at colliders

From the fact that the heavy Majorana neutrinos have not been produced at
LEP2 (Large Electron-Positron collider at 209 MeV) or Tevatron (proton-antiproton
collider at 1 TeV), we can conclude that the heavy physics scale Myp > 100 GeV. As
it was mentioned in Subsection 2.1.3, if the heavy physics is weakly coupled, from (2.5)

the coefficient will be suppressed as

1 1

¢~ 16m2Myp 15 TeV.

(3.1)

Therefore, we considered the case that the heavy physics is strongly coupled. We took

1
Myp’

(3.2)

and studied the interesting effects of vr magnetic moments on the observables at LEP,

LHC and ILC (International Linear Collider).

3.1 Decay rates and decay lengths of heavy neutrinos

Since the Majorana particles are neutral, it is important to know their decay

rates and lengths to detect them at colliders. In this section, the dominant decay modes
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and lengths of the heavy neutrinos for relevant experiments will be discussed. For
simplicity, we assumed n = 2, i.e., there are only N; and Ny with mo > m;.
If the vr magnetic moment coupling is strong enough to produce N> at a

collider, it will decay dominantly by the same interaction as follows

N2—>N1+’Y,

Ny — Ny + 2°, (3.3)

unless my and my are almost the same, and if the second process is kinematically allowed.
If N is relatively heavy, mo > 10 GeV, the energy of the produced photon will be large
then it could be a signal for Ny decay. The decay length and the lifetime of Ny is very
short. For example, we found that if V5 is produced at center of mass energy 100-1000

GeV then the decay length is well bellow 10~® m unless m; ~ ma.

1.000¢

0.500t

o
S

BR(N;—X)
o
o
S

0.010¢

0.005¢

10 20 50 100 200
m (GeV)
Figure 3.1: Decay branching ratio of N;. Solid line for Ny — v + v and dashed line for

Ny — e+ Wx — e+ fermions, Ny — v + Z* — v+ fermions, and Ny — v + H (see
text). We take e ~ 107%, Axp = 10 TeV and my = 130 GeV.
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However the lightest heavy neutrino can only decay into Standard Model par-
ticles. As we can see from (2.14b), (2.21b) and (2.21d), the interactions are always
suppressed by e. In addition, (2.18a) generates the decay H — N + v and this process
is also suppressed by e, which we can see from the discussion below (A.8). Therefore
the branching ratios of N; decay will be sensitive to the magnitude of (. The possible

decay modes are as follows

N1 — v+, (3.4a)
Ni — e+ W* — e + fermions, (3.4b)
Ny — v+ Z* — v + fermions, (3.4c)
Ny —e+ W, (3.4d)
Ny — v+ 2Y, (3.4e)
Ny — v+ H, (3.4f)

where the asterisk on top of W or Z means that the particle is a virtual because the
mass of the decaying particle is not heavy enough to produce W or Z°. Notice that
(3.4b) and (3.4d) includes both cases of decaying into e~ and e. Fig. 3.1 shows an
example of Ny decay for Myp = 10 TeV. In the figure, we can see that, for m; < myy,
(3.4a) dominates but as m; grows, (3.4b) and (3.4c) become more and more important.

For my > myy, the branching ratio of (3.4a) drops rapidly and (3.4d) becomes a
dominant decay mode, and for m; > mz, (3.4e) becomes also important. For m; > myy,
Nj can decay into v and H. When m; > my, the decay ratios of (3.4e) and (3.4f) are
equal and a half of (3.4d) (see the discussion below (A.8)). In figure 3.1 we assumed
Myp = 10 TeV but if Myp ~ 1 TeV, then (3.4a) could be important even when

m1 > my. In figure 3.2 we estimated the decay lengths of a N; when the Ny is
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Figure 3.2: N; decay lengths for a N1 produced together with a No at CM. We present

result for CM energies of v/2 = 100 GeV (solid line), 500 GeV (dashed line), and 1 TeV
(dotted line); we took mg = 2mq, Axp = 10 TeV, and ¢ = 1076.

produced together with a No by the vp magnetic moment interaction, for example,
e~ +eT — Ny + Ns. The produced Ny will decay into one of the possible modes in (3.4).
We considered the case that the center of mass energies are 100 GeV, 500 GeV and
1 TeV. And we assumed mo = 2m;, Axp = 10 TeV and € = 107%. The figure shows
that for m; < 100 GeV, the decay length is from a few millimeters to 10 km depending
on the variables involved and the center of mass energy +/s. In particular, for a certain

range of mg, Na could be observed through a displaced photon vertex [37-39].
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3.2 Heavy Majorana neutrinos in electron-positron collid-

ers

If Ni and Ns are sufficiently light, when they are produced at an electron-
positron collider, their decay lengths could be long and will escape the detector. As
we mentioned before, N; decay is suppressed by € so the decay length could be very
large. However, Ny could decay into N7 and an energetic photon. If the energy of the
produced photon is large enough to be detected, then strong bounds on the magnetic
moment coupling can be set, which depend on the masses of the heavy neutrinos. Notice
that the results depend on the specific values of the masses and couplings, and we will
not cover all possibilities in full detail, but will concentrate in cases where interesting
effects might occur.

First, let us consider the case that Z° decays into N7 and Ny invisibly. We
calculated the decay rate I'(Z° — Nj + N3) by the vz magnetic moment coupling ¢ and
compared with the experimental data to obtain a bound on (. We assumed that only
the standard decay modes Z — vy + vy (¢ = e, u,7) and Z — Ny + N contribute to the

invisible Z-decay. From the data at the LEP [40] we can have
Ty = 30M 4+ T(Z2° — Ny + No) = 499 + 1.5 MeV. (3.5)
Also from the decay rate of Z° into a pair of charged leptons [40]
['(Z — £+ () = 83.984 + 0.086 MeV, (3.6)

and the ratio of the neutrino and charged leptons partial widths calculated within the

Standard Model

M
- =1.991 =+ 0.001, (3.7)

17

31



we find the mean value of I'(Z — N; + Nj) as

Fﬂl/
L'z

SM
I'(Z = Ny + No) = Tipy — 3 ( > Iz ~ —2.6+ 1.5 MeV. (3.8)

Since the mean value is negative, we use the Feldman and Cousins prescription [41] to

obtain the following bound
(Z° = Ny 4+ No) < 0.48 x 1.5 MeV = 0.72 MeV  95% C.L.. (3.9)

Comparing this value with the calculation (A.2), we obtain the bound on |(;2]

1
Myp = (i > T/ fa(mz, ma,mz) Tev., (3.10)
12

where fz(mz, mq1,me) is a phase space factor and defined in (A.1). For example, if
m1 = mo = 35 GeV then

1
Myp = — > 1.9 TeV. (3.11)
|C12]

Now we consider the case that (-coupling is large enough to produce N; and
Ny at the LEP. The dominant decay mode for Ny is No — Nj + ~ unless m; ~ mao.
If the produced photon has energy E, > 10 GeV, it could be detected and separated
from the background. The searches for this type of processes have been conducted at
LEP1 [42-45] and at LEP2 [46-48]. If 5 GeV < mg < 90 GeV and BR(Ny — Ni+7) =1,

one typically obtains upper bounds on the production branching ratio [42,49]
BR(Z° = Ny 4+ Ny) ~2x 1076 -8 x 1079, (3.12)

depending on m; and mo. For example, if m; = 0, 10 GeV < ms < myz and if we use

BR(Z" — N; + N3) < 8 x 1075, we obtain

1
Myp = —— > 40 TeV. (3.13)
Ci2]
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LEP2 data can also be used to obtain bounds on |(12]. For typical values of m; and mag,
one can obtain the upper bounds on the production cross section of the order of 0.1 pb

for \/s = 207 GeV. This means

Myp = L > 1 TeV. (3.14)
|C12]
10}
~ Vs =my
o)
2 4
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Figure 3.3: e +e~ — Ni+ Nj as a fuction of the heavy neutrino mass, mo, for different
center of mass energies. We took mq = 0, Mnxp = 10 TeV

Figure 3.3 shows the cross section for et 4+ e~ — Nj + N as a function of mo
for four different /s values. We took m; = 0 and Myp = 10 TeV. Here /s = 200 GeV
is for LEP and /s = 500 GeV and /s = 1 TeV are for future electron-positron colliders,
for example, the International Linear Collider (ILC). We can see from the figure that
except for the collisions at /s = my, cross sections are almost independent of the center

of mass energy as long as the reactions are kinematically allowed.
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3.3 Heavy Majorana neutrino production at the LHC

By the vr magnetic moment coupling, the heavy neutrinos can also be pro-
duced at hadron colliders through the Drell-Yan process. The differential cross section

for proton-proton collisions can be calculated in terms of the partonic cross sections

do(p+p— N1+ Ny + X)
1 1
_ Z/ dxl/ daa{ fy (1, 8) fola, 8) + (0 © D)6+ 7 = N1+ Navd),  (3.15)
0 0
q
where § = z129s is the partonic center of mass invariant square mass, & is the partonic

cross section, and fy(x1, §), fz(x2, §) are the parton distribution function for the proton.

Using the partonic cross sections in (A.12) we can find the total cross section as a

function of my, mo and (i2.

10.
5.}
6 ml = 70 GeV
2
~ 1}
X
+ 05
N
<,
pZa m; = 100 GeV
T o1}
o
o
~ 0.05}
b
0.01L. . . . ) g
1 5 10 50 100 500 1000
m, (GeV)

Figure 3.4: p+ p — Ni + Ny cross section at the LHC (y/s = 14 TeV) as a functions of
the mass of No. We took Myp = 10 TeV and drew three curves for few representative

masses of the V7.

In figure 3.4, we show the total cross sections for the heavy neutrino production
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at the LHC as a function of mo for three different m; examples. Here we assumed that
Myp = 10 TeV and /s = 14 TeV. The cross sections are more than a 100 fb if

m1 4+ mo < myz. For larger mo the cross section decreases very fast.
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Figure 3.5: Transverse momentum distribution of the process p +p — N1 + No + X for
different sets of heavy neutrino masses.

Figure 3.5 shows the differential cross section for p+p — N1 + No+ X as a
function of the transverse momentum pr for different sets of m; and ms. In the figure,

we clearly see the peek of Z0 boson for mi + ma < my.

3.4 Higgs decays into heavy neutrinos

As mentioned in Section 2.2, vp mass term can generate Higgs decay into a
pair of heavy neutrinos by the interaction (2.16a). The other two interactions which
are suppressed by € have been neglected. We also neglected the Yukawa interactions

in (2.18), which are suppressed by Y, and €. We computed the decay rate from (2.15),
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which is given in (A.13), and compared this result with the Standard Model decay rates

of the Higgs boson.

1
0.5}

0.01}
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BR (H- X)

0.001¢

100 150 200 250 300 350 200

Figure 3.6: Estimated branching ratios for Higgs decays with the new-physics scale at
1/£ = 10 TeV. Heavy neutrino masses have been neglected.

In figure 3.6 we presented the branching ratio of the Higgs decay into pairs of
heavy neutrinos and the Standard Model particles, where we assumed Mype = 10 TeV
and neglected the masses of the heavy neutrinos for simplicity. In the figure, we see
that for mpy < 2my, the decay rate I'(H — Nj + N2) is dominant. If the coupling
&= 1/MNP£ becomes larger I'(H — Nj + N2) could be dominant even for mg > 2myy .
If the vg magnetic moment interaction takes place the produced Ny can decay into N;
and a photon which could be detected. Also Nj can decay into a light neutrino and
a photon. But this decay mode is suppressed by &, therefore the decay length of the
N1 could be long and produce nonpointing photons which could be detected. If the vgr

magnetic moment coupling is weak or does not exist, there will be three-body decays
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N; - W*+v or Ny = Z* + v which are suppressed by e.
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Chapter 4

Astrophysical and cosmological

effects

In this chapter we will consider the effects of the vp magnetic moment on
several astrophysical and cosmological systems and processes. We will focus on some of

the most interesting effects.

4.1 Astrophysical effects

Among the various astrophysical processes the cooling of red giant stars pro-
vides a very tight bound on the magnitude of the vg magnetic moment coupling ( if
the neutrinos involved in the process have sufficiently small masses. In the plasma of a
red giant star a photon acquires a temperature-dependent effective mass. This massive
photon is called a plasmon. The plasmon decays into a pair of neutrinos by (-coupling
if the neutrinos are lighter than the plasmon. If the neutrinos are produced, they will
leave the star and contribute to the cooling rate that is very sensitive to the size of the

magnetic moment [50-56]. This provides an upper limit on the coupling.
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From (2.12), the electromagnetic part of the electroweak moment coupling to

the heavy neutrinos is
Ley = ewNo ((Pr+ (T PL)NF,,, (4.1)

where we took Uy = 1. In a nonrelativistic nondegenerate plasma, the emissivity of
neutrinos is dominated by transverse plasma [57], which have an effective mass equal to

the plasma frequency wp. The decay rate of the plasmon into two heavy neutrinos are

22 Ci5]?

I'(plasmon — N; + N;) = 3
™

Wy
UfZ(wPamiamj)a (42)

where 7 and j are the flavors of the heavy neutrinos, w is the plasma energy in plasma

rest frame, and fz is defined in (A.1). Then the total decay rate is

Mo W

I'(pl N+ N)=2+L

(plasmon — N + N) oar
pée = 16cty Y 1G> fz(wp,mi, my), (4.3)

all

where the sum runs over all allowed channels, i > j such that m; + m; < wp. Compar-

ing (4.3) with the observation, we get [57]
feff < 3 x 1072 pg, (4.4)

where pg is the Bohr magneton. This then provides a bound on |¢;;| when the heavy

neutrinos are light
1Gijl <85 x 107 Bug; mi; < wp =~ 8.6 KeV, (4.5)

which means

Mype > 4 x 10% TeV. (4.6)

By the interactions (2.14b) and (2.14c), the plasmon can also decay into N +v

or v+v. But these processes are suppressed by e and 2 respectively, and therefore they
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can affect plasma decays only for extremely light N, my ~ m,. In this case the masses
of all the neutrinos can be neglected compared to the plasma frequency wp ~ 10 KeV.
However, if my > wp ~ 10 KeV the plasma will decay into only light neutrinos. Since
this interaction is suppressed by €2 the bounds from this process will be suppressed by

¢4, which is very small. For example, if m, = 0.1 eV and my = 10 KeV then

2
Myp > <m”> x 4 x 10° TeV ~ 400 MeV. (4.7)
mn

The discussion above can be applied to other astrophysical objects. The plasma
frequency in the crust of a neutron star is wp = 1 MeV. This larger frequency allow us
to obtain bounds from processes involving heavier neutrinos. However, the much weaker
limit [58],

Peff < D X 1077”,37 (4.8)

provides a weaker bound
Mnp 2 23 TeV, m;; S1 MeV. (4.9)

This limit is interesting in the region 10 KeV < my < 1 MeV, where red giant bounds
do not apply. However, the bounds from neutron stars are less reliable than the bounds
from red giant stars and supernovae.

The magnetic moment coupling also generates a new supernova cooling mech-
anism. In a supernova a light neutrino can transform to a heavy neutrino by the in-
teraction (2.14b). The produced heavy neutrino will escape the star and contribute
to the cooling rate. Since the process is suppressed by e, with the observational limit
et < 3 % 107125 [57] and my < 30 MeV (which is of the order of the maximum

neutrino energy in the supernova core), we obtain a bound on the new physics scale

Myp 2 4 x 10° (Z;) TeV. (4.10)
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If m, ~ 0.1 eV and my = 10 KeV then

Myp > 40 TeV, (4.11)
and for m, ~ 0.1 eV and my =1 MeV

Myp > 400 GeV. (4.12)

The bounds from the cooling of supernovae are weaker than the limit derived from
neutron stars for 17 KeV < my <1 MeV.
It is also worth noting that if my ~ 1 KeV, N may contribute to the dark

matter content of the universe [59-64].

4.2 (CP asymmetries

Now let us consider an example of cosmological effect of the vz magnetic mo-
ment. The required conditions for any interactions to generate the baryon number

asymmetry in the early universe are as follows [65]:
1. Baryon number (B) violation.
2. C and C'P violation.
3. Departure from thermal equilibrium.

The ¢ operator in (2.1c) violates lepton number by two and transforms under C' and P

as follows

V5o vp B, + Hee. <, V5 0" vp B + Hee,, (4.13)

v§.(o" vpB, + Hee. N v§(o" vpB + Hee,, (4.14)
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where we used (T = —(. Therefore the vp moment coupling satisfies the condition 1
(from the conservation of B — L) and 2. In a process in which the condition 3 is given,
the electroweak moment may contribute to the baryogenesis in our universe [34].

As lepton-number-violating processes, we considered the standard decaying
processes in (1.59)

N — et T, (4.15)

which receive a contribution from the vg magnetic moment in one-loop diagrams as in

figure 4.1. The loop diagrams will generate a lepton asymmetry only if the decaying

(a) (b)

Figure 4.1: One-loop graphs involving electroweak moments contributing to lepton-
number-violating heavy neutrino decays.

heavy neutrino is heavier than the virtual heavy neutrino in the loop. Because of this,
this type of contribution may be relevant only when the lightest of the heavy neutrino
states are degenerate or almost degenerate (for a recent review see [66]).

In the calculation of the decay rate of the heavy neutrinos, we assumed that
mpy > v so that all gauge bosons, leptons and scalars are massless except the heavy
neutrino which has a mass by a Majorana mass term. We also neglected Yukawa cou-

plings for charged leptons for simplicity. The relevant part of the Lagrangian in (2.1)
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is

. L i o
Ln :%N@N ~ SNMyN — 0¥, PrNG — SNY P

/

+ Not(CPy + (PN By — 1% (0,60 B + 1L Br6l(9,0) (410

where My, without loss of generality, can be taken diagonal. Since we ignore Y, in (2.1a),
we can transform the lepton doublet ¢ by a unitary matrix so that Y, is Hermitian. But
we do not have freedom to rotate  because of the Majorana mass term. For n flavors of
N both Y, and ¢ contain n(n —1)/2 phases. In particular, for n = 3 we will have a total
of six phases. But even for n = 2 we will have two phases, which means, for simplicity,
we can consider a case with n = 2 to have non zero C' P asymmetries.

Assuming there are only two heavy neutrino flavors N7 and Na with mg > my,

we considered the following lepton-number-violating decays

Ny = e +¢t, (4.17a)

Ny —et +¢7, (4.17b)

to calculate C P-violating asymmetry

['(Ny e +¢t)—T(Ny = et +¢7)

= . 4.1
CTTT(Ny w e +¢1) +T(Na — et +¢7) (4.18)
At tree level the amplitudes are simply
Ao(N2 — €~ ¢™) = Yeau(pe) Pru(p2), (4.19)
Ao(Ny = €7¢™) = Yoo (p2) Pru(Pe),
= —You(pe) Pru(pz), (4.20)

where Y;; is an element of Y, p. and py are the momenta of the outgoing electron and

Ny respectively, and we used v(p) = u®(p).
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The one loop corrections to the decay processes involving the electroweak mo-
ment coupling ¢ are given in figure 4.1. Since the ( is antisymmetric the virtual heavy
neutrino must be Nj. Therefore we can expect finite imaginary contributions from
these diagrams. After a tedious calculation, we found the following finite C'P-violating

asymmetry in No decays

/ *
g mi Yoo ,
E/%f = —%(m% — m%)m—glm {5/62[521((127712 + <12m1)} . (421)

If mo > m4 the above equation becomes

/ * / *
g Yoo g mi YoV _is
~_ I e ~od g el o—if12 4.22

where we have used (12 ~ €12 /Axp.

These contributions to C'P violating asymmetry are relevant only for the decay
of the heavier neutrinos and so could be relevant for leptogenesis only when my and ms
are relatively close [67-70]. In (4.21), if (12 is real, the C'P asymmetry is maximum
when

14+ V1
m_ +T7 ~ 0.64, (4.23)

m2

and the corresponding maximum CP asymmetry is

g, my Yeo e*l
~ 0972 1 : 4.24
Cop = —097) m{ ST } (4.24)

For a comparison, we present the C'P-asymmetry in the same decay processes in (4.15)
by using the Lagrangian in (4.16) without the magnetic moment coupling. According
to the reference [34] the C'P asymmetry, from the interference of the tree diagram and

the one-loop radiative correction by a Higgs boson, is

9 my
o~ e Vil (4.25)

m2
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where 0 is the phase causing C'P, Y is the Yukawa coupling matrix, and m; » are heavy
neutrino masses. In the calculation they assumed Y32 to be the largest element of Y

and mo > my.
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Chapter 5

Summary of Bounds, prospects

and Conclusions of Part 1

In Part 1, we have seen that the dimension five effective operators involving
right-handed neutrinos open up observable effects in various interesting physical pro-
cesses. The electroweak moment operator %CO’MVVRBHV + H.c. provides the richest
phenomenology and the right-handed neutrino mass term —(quqﬁ)%fuR + H.c. can af-
fect Higgs boson decays. After spontaneous symmetry breaking, the £ operator gives
rise to new interaction vertices involving right-handed neutrinos and the Higgs bosons
as in (2.16). The vertex H — N; — N; in (2.16a) provides new decay modes of the Higgs
to heavy neutrinos if the processes are kinematically allowed. These new decay modes
could dramatically change the Higgs decay branching ratios (see figure 3.6), especially
in the region 100 GeV < mp < 160 GeV where the decaying into gauge bosons are kine-
matically not allowed. The new decays could result in an invisible Higgs, if the heavy
neutrinos cannot be detected, or in new, enhanced detection channels if the right-handed

neutrinos can be seen through their own decay channels, for example No — Nj + y or
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N; = v+~ and N; — e+ W with a displaced vertex.

1010 r . . . r . . ,
N mag. moment
108
Z
(@)
E 106 |
< \
Lol \]\V — v transition LHC |
LEP

| L L I
10-¢ 104 0.01 1 100 104
m N(GGV)
Figure 5.1: Summary of bounds and prospects. The shaded areas labeled N magnetic
moment, N — v transition, and LEP denote regions excluded by the corresponding
observables; the areas marked EF Tw and EFT's correspond to the regions where the EF'T
parametrization is inconsistent (for the weak- and strong-coupling regimes, respectively).
Finally, shaded areas marked C'P asym. and LHC denote the range of parameters where

the dimension five electroweak moment might affect the corresponding observables. See
the text for details.

In the basis of mass eigenfields, as shown in (2.14), the unique electroweak
moment operator generates N —N, N —v, and v—v magnetic moments, and N —-N, N —
v, and v — v tensor coupling to the Z° bosons giving rise to a very rich phenomenology
which depends basically on three parameters: the coupling matrix { = 1/Anp, the heavy-
light mixing matrix €, and the masses of the heavy neutrinos. Figure 5.1 summarizes
the bounds of the v magnetic moment coupling on the plane of the new physics scale
and the heavy neutrino’s mass. The figure also shows two interesting regions, the region

relevant for the LHC and the region that can provide a relatively large C'P asymmetry. In
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the figure, except for the shaded area labeled as C'P-asym, we assumed that my = mao,
g~ \/m with m, = 0.1 eV and my; = 0. For the C'P-asym area, we assumed
mpy = my = 0.64mso. Then we presented the regions in the Axp — my plane forbidden
by the red giant bound on the N magnetic moment, by the supernova bound on the
transition magnetic moment N — v and by the LEP bound from the invisible Z°-boson
decay width.

To test the new interactions involving heavy neutrinos at the LHC, one should
produce first the heavy neutrinos and then one should detect them. The analysis of the
detection is complicated and depends on the details of the spectrum and the capabilities
of the detectors, but at least one should produce them with reasonable rate. In the
shadowed area marked as LHC, the cross section of p+p — Nj + Ny + X is at least 100
fh.

The new interactions we have introduced new sources of C'P violation which
can modify the standard leptogenesis scenarios. In particular, we have found that the
electroweak moment coupling gives additional contributions to the C'P asymmetry in
Ny — e~ + ¢T decay processes. These could be relevant in leptogenesis if €cp ~
(¢'/27)(my/Axp) > 107% and my > 1 TeV. This region is represented in figure 5.1 as
the shaded area marked C P-asym.

Finally, in the regions marked as EF'Tw and EFTs, my > Myp so the effective
field theory is not available. In the region EFTw, Axp = 1672Myp, and in the region
EFTs, Anp = Myp.

From figure 5.1 we can draw the following conclusions:

(i) For my < 10 KeV, we obtain very tight bounds Axp > 4 x 106 TeV coming from

red giants cooling. This energy scale is too large that any effect of the electroweak
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(i)

(iii)

(iv)

moment coupling would be totally negligible in any present or planned collider

experiment. For m, <

~

1 MeV, the cooling of neutron stars provides bounds
Anp 2 23 TeV. Although, this limit is interesting in the region 10 KeV < m, <
1 MeV, where the red giant bounds do not apply, we did not put it in figure 5.1
because the bounds from neutron stars are less reliable than the bounds from red

giants and supernovae.

For my < 30 MeV supernova cooling by the magnetic-moment-transitions y+v —
N provides bounds on the new physics scale. However, the amplitudes for these
processes are suppressed by ¢ and therefore provide relatively weak bounds. For
this mass range, the limits on the magnetic moment coupling from the cooling of
red giants are obtained from plasmon decay into a pair of light neutrinos. How-
ever, these decay processes has amplitudes suppressed by €2 and therefore yields

extremely weak constraints.

For my < my, the invisible Z° decays impose Axp > 7 x 103 GeV, depending on

the details of the heavy neutrino spectrum.

For my ~ 1 — 200 GeV and roughly 7 TeV < Axp < 100 TeV, heavy neutrinos
could be produced at the LHC with cross sections above 100 fb. Assuming there
are three flavors of right-handed neutrinos, the heaviest two neutrinos would decay
rapidly to hard photons which could be detected. The lightest heavy neutrino is

quite long-lived and would produce nonpointing photons which could be detected.

In the above conclusions we have assumed that the new heavy physics generating the

vr magnetic moment operator is strongly coupled, in which 1/ = A = Myp. If the

operator is generated by perturbative physics it arises at one loop and one expects

¢ ~ 1/(16m2Myp). Thus, in this case, all the constraints discussed above still valid if
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Anp is replaced by 16m2 Myp. Then, if the new physics is weakly coupled, the interesting
range for collider physics, Axp ~ 10 — 100 TeV, corresponds to Myp ~ 0.1 — 1 TeV,
which is too low that the effective theory cannot be applied at LHC energies and one
should use the complete theory generating the vy electroweak moments. Those complete
theories should contain new particles carrying weak charges with masses ~ 0.1 — 1 TeV
which should be produced in the LHC by the Drell-Yan process, for example.

There still remains much work to be done around this effective theory, especially

concerning astrophysical and cosmological scenarios:

(a) The magnetic moment coupling may have effects in the early universe because it
can potentially alter the equilibrium conditions of the heavy neutrinos and their

decoupling temperature.

(b) Heavy neutrinos with masses my ~ 1 KeV could be a good dark matter candidate.
The magnetic moment coupling could change significantly the analysis of this

possibility.

(¢) One should evaluate carefully the effects of the Majorana magnetic couplings on

nonthermal leptogenesis.

(d) Sufficiently large ¢ might lead to the trapping of the right-handed neutrinos in the

supernova core.
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Part 11

New physics effects in

neutrinoless double-beta decay
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Chapter 6

Introduction

Neutrinoless double-beta decay (Ovf33 decay) violates lepton number conser-
vation which is valid in the Standard Model. Ovf3( decay also requires neutrinos to
be Majorana particles regardless of what model of new physics generated the decay.
Observation of neutrinoless double beta decay will prove that there exist new physics
beyond the Standard Model. In the following chapter, we will give a brief introduction
to the OvB3 decay, the standard mechanism generating the decay, and current limit on
the half life of the decay. In Chapter 7, we will list the Feynman diagrams and effective
operators generating Ov35 decay, and discuss the possible types of new physics con-
tributing to the effective operators. In Chapter 8, we will estimate the amplitude of the
OvBp3 decay for each effective operator from the Feynman diagrams and find the range
of the new physics scale of each effective operator for the dominant contribution to the
Ovf3f decay over the contributions from other operators including the operator for the
standard mechanism. Then we will estimate the lower limit of each new physics scale,
and show that some types of heavy particles which can contribute to the Ov383 decay

may be produced at the LHC. In addition, we will present the discovery limits on the
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new physics scales for same-sigh dilepton production at the LHC.

6.1 Neutrinoless double-beta decay

In this section, a brief introduction to Ov58 decay will be given. The detailed
reviews can be found in [71-73].

The OvBB decay is a nuclear process emitting two electrons without anti-
neutrinos

(A, Z) = (A, Z+2)+e +e, (6.1)

where A and Z are the numbers of the nucleons and protons in the nucleus respec-
tively. In this process two neutrons decay into two protons and two electrons, which
violates lepton number by two. The standard mechanism generating the above process

is diagrammatically shown in figure 6.1.

u > U
n d > d p
d > > U
w
> e
A
v
Y
> e
w
d > > U
n d > d p
U > u

Figure 6.1: The standard mechanism for OvB3 decay. The cross mark indicates a Ma-
jorana mass insertion.

The amplitude of the standard mechanism in figure 6.1 is proportional to the
hadron part times the weak interaction part. Since the average momentum of the

exchanged virtual neutrino is typically 100 MeV which is well below the W mass, we
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can use four-fermion effective vertex for the amplitude calculation

G .
['weak - 7};2(6L’YHV6L)];M (6‘2)

where the Fermi constant Gy is

G 2 1
== (6.3)
V2 8my, v
and the charged hadronic current j, is
Ju = 2cosO.uryudr, (6.4)
0. is the CKM angle. The lepton part of the decay amplitude is
_ I — _ —
(ELy"ver)(@ryuver)” = =€y Vervi  Cyues, (6.5)

where the contraction IL;‘/EL is nonzero only if the neutrinos are Majorana particles.
This means that if neutrinos are Majorana particles then the OvS8 decay can occur.
However it has been shown that if the Ov35 decay occurs, the type of the neutrinos
exchanged in the decay process have to be Majorana [74-76]. If the neutrinos have

Majorana masses the contraction can be written in momentum space as

— i(g + myg) i
VeLVZL = Z(UeLk)QPqu_mQPL - Z(Ue%c)zmkmpb (6~6)
k k k k

where U eLk is the lepton mixing matrix, my is the mass of k-th Majorana neutrino, and
q is the momentum of the virtual neutrino. Then the amplitude of Ov33 decay can be

calculated as [71]

Gr\’ _ v
«401166:2(\/;) > (UL Pmuti(pr)y* PLy” Ca” (ps) (6.7)
k
‘ . dq deia(z1—o2)
dArdt Zpl-xlﬂpz-:rz/ ]
></ T1d*T9€ o) qQ—mi (6.8)

X Ap'|T[Ju(21)Ju (22)][p) — (p1 = p2), (6.9)
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where p; and py are the momenta of the outgoing electrons, p and p’ are the momenta
of the initial and final nucleus respectively, and J,(z) is the weak charged current in
the Heisenberg representation. After applying the conventional approximations [77],
and also using m, < |q] ~ qo, one can find that the amplitude of the Ov3/ decay is

proportional to the effective Majorana-neutrino mass

(my) = S (U5 . (6.10)

k

As we can see from the expression for the lepton mixing matrix (1.8), the effective
mass depends on the Majorana-neutrino masses, mixing angles, C'P-violating phases

and Majorana phases.

6.2 Current limits in neutrinoless double-beta decay

What is measured in the experiment for Ov53 decay is the half life. The inverse

half life, also called the decay rate, can be expressed as

1

Ov
T1/2

= G(Z,Q)| Mo, [*|(mu) 2, (6.11)

where G(Z, Q) is from the phase space integral, a function of the proton number Z, and
the kinetic energy of the electrons ) = M; — My —2m,, where M; and M/ are the initial
mass and final mass of the nucleus. My, is the nuclear matrix element for the decay
process.

Currently, the strongest limit on the half life is from the non-observation of

OvpBB decay in Heidelberg-Moscow experiment [78]
Tr}y > 1.9 x 10% years with 90% C.L., (6.12)
which gives an upper limit of the effective Majorana-neutrino mass [78]

|(m,)] < 0.35 eV with 90% C.L.. (6.13)
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At present, there are many planned future projects for the Ov35 decay experiment [79].
For example, GERDA experiment will test the effective Majorana-neutrino mass down
to several 10 meV [80].

Notice that the above limits will be true only if the standard mechanism is the
sole contribution to the Ov55 decay. If there are new mechanisms contributing to Ov3s3
decay, the limit on the effective Majorana-neutrino mass will be changed. In 2001 the
subgroup of the Heidelberg-Moscow experiment claimed the observation of Ov3/3 decay

[81-84] with the following half life and effective neutrino mass [84]
Ty o = 2.237051 x 10% years, |(m,)| = 0.32+0.03 eV. (6.14)

However, this observation does not have detailed analysis of systematic errors, and
the only way to verify the claim is performing more sensitive experiment, for example,

GERDA experiment [85].
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Chapter 7

Diagrams and effective vertices

Since Ovff decay is generated by non-standard physics (in the canonical case
by Majorana masses) it is sensible to explore the types of new physics that can give rise
to this effect. Since all the energies involved are well below the scale of new physics,
the new physics effects can be catalogued using an effective Lagrangian. In this chap-
ter, we list the relevant operators that can be separated into lepton-number-violating
operators (LNVOs) and lepton-number-conserving operators (LNCOs). However, the
LNCOs contribute only in the presence of right-handed neutrinos and in combination
with a Majorana mass term.

Our goal is to determine the kinds of new physics that can affect Ov35 decay
and to see what other observable effects they can have. The last point is important
because one cannot differentiate between different contributions to Ov33 decay by doing

this measurement only.
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7.1 List of diagrams

Figure 7.1 shows all possible diagrams generating Ov53 decay produced by
either LNVOs or LNCOs plus the Majorana mass insertion. We will use the same
notation used in [86] for the diagrams by the LNVOs. For the diagrams by the LNCOs
we will simply prime the notations for the diagrams by LNVOs. After the spontaneous
symmetry breaking in the Standard Model, there can be one graph by a light Majorana
neutrino mass term and five graphs by LNVOs. Also, we can have two graphs including

both LNCO and the left-handed Majorana mass vertex.

7.2 List of contributing operators

In this section, we list the effective operators generating each effective vertex
from D, to Dy in figure (7.1). All the LNVOs up to dim-11, not containing gauge bosons
were surveyed in [86] and [87]. We will use their notations for LNVOs. As mentioned
in [87], we will omit the LNVOs which have the form of (¢T$) x Oar—s because the
presence of those operators implies the presence of Oar—o and the contributions of
those higher dimensional operators to the Ovf55 decay is negligible compared to the
contributions of the lower dimensional operators Oar—s. For simplicity, we will not
show the color indices of the fields in the effective operators but we will denote SU(2)
indices explicitly. Also note that the covariant derivative acting on a field in an operator
can also act on the other fields in the operator, but mostly we will only show one example
for each operator, and therefore the actual number of operators contributing to the Ov 33
will be more than we present.

D,: Any operator generating left-handed Majorana neutrino mass term will
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Figure 7.1: Graphs generating OvgB3-decay. vp’s are left-handed neutrinos and v’s are
Majorana neutrinos.

contribute to D,. However, there is only one dim-5 LNVO contributing to the mass

term at tree level, which is

O, = lgxd' L. (7.1)
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D,: There are three dim-7 LNVOs

Ogsa = Er(01iDP)(417),
Ogap = (ID,0)(¢ D*$),

Ogac = (£9)[(Due) (DH0)). (7.2)

D/;: This graph includes both Majorana mass vertex and a LNCO. There are

two dim-6 LNCOs contributing to D/,

Oneg = (¢7i0%Du9)(VrY"eR),
0y = (61iD,0" 6) (0" 0), (7.3)

where O,y and Og? were considered first in [88] and [89] respectively. However, the

contributions of these operators are negligible when the corresponding new physics scales
are less then ~ TeV compared to other operators’ contributions.

D5: There are two dim-7 LNVOs contributing to Dg

Ogsy = [D,Le][(D* )", (7.4)

and one dim-9 LNVO

Oyse = erele! (Duo)][0" (D 0)], (7.5)
where ¢ = i02(¢ and ¢ = io2¢*. The above operators have not been studied in the
previous literature.

Dg: There are five dim-7 LNVOs and four of these operators can have Lorentz

contractions by the antisymmetric tensors o, = %[’y“, ~¥] instead of charge conjugation
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O3 = (U0)(qdRd), O, = (l0,,,ic*T" ) (&' dho¢°),

Ogy = (Li5) (@i dr)emeje, Oy = (ol ) (dho™ dlaf)eimeje,

Osa = (Z@TZ)(&R%), Ol = (ZiQSTiUQUWZT)(%TUWU%)v

Oy, = (00)(urg'q), Oy, = (ZiU?UuuZT)(qTUMVGﬁ*U%),

Os = (lpyue) (iry"dr), (7.6)

and there are five dim-9 LNVOs

O5 = (9 1)(d50'Q), 05 = (Ip¢lio 0l ) (dfo™ 61q).

06 = ((66'0) (rd'q). O = (9¢7i0°0, 0 )(a" 0" 6" ufy),

Or = (er1ud'0) @y d'a), (7.7)
where the subscripts of the fields are SU(2) indices and the repeated indices are assumed

to be summed. The LNVOs in the above equation were introduced in [87] and [86].

Dj: This graph also contains both a Majorana mass vertex and a LNCO. There

are three dim-6 LNCOs

0 = (Tyuo' ) (@70 q),

Ogte = (ler)(dra), Ogge = (¢ 0 dfy) (o™ (°), (7.8)

where the LNCOs were introduced in [89]. All these operators have negligible contribu-
tions to OvBp-decay.

D7: There is one dim-7 LNVO

Oyra = (iD,00)(ipy"dR), (7.9)
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and the dim-9 LNVOs contributing to D7 are

Oy = (LiD0) (37" 9)(¢'a),

Ogre = Li(¢1iDL 037" (¢ a)eis,
Ogra = L($1iD,u ) (@) ai,

Ogre = (6:65)(a7"47) (1Dud)  Pei,
Ogrs = bil(iDud) g (¢'a)eij,
Oyrg = Lil(iDu9) (a0 a1,

Ogrn = ((4"'¢})(iDy) (qdr ),

Ogri = (6ir"e})(@;dR)[(iDu) ' dlei,

Og7j = eref(ury"dr)(¢'iD,). (7.10)

Dy: Only the LNVOs will contribute to Dg, which were listed in [86]. There
are five dim-9 operators, O11p, O124, O14, O19, O20, and fifteen dim-11 operators, Osyq,

0284, O28¢, O324, O36, O37, O38, Ous7a, Os7d, Os53, Os445 Os44, Os54, Os9, Ogo-

7.3 Possible types of new physics contributing to each op-

erator

Each effective operator can be induced by one or more models of new physics.
Since the form of an effective operator is independent of the type of new physics, we will
mostly consider simple examples of heavy physics except for the operators generating

Ds5. To denote the heavy fields, we will use the following notations:

® = scalar, ¥ = fermion, X = vector, (7.11)

62



and their quantum numbers will be indicated as
(1,Y) = (SU(2)-isospin, U (1)-hypercharge) (7.12)

or in the graph, the quantum numbers will be appeared as subscripts, for example, ®7y.

Notice that the diagrams in this section will simply list the minimal set of
heavy fields that the new physics must contain in order to generate a given operator.
In general a complete model of the heavy physics will contain additional fields and
interactions, these do not contribute to the operators being studied, but can have other
low-energy effects. This can have the advantage that a complete model can have many
more predictions, but it is also possible that the current experimental constraints on the
other effects are so strong as to insure that the contribution to Ov3g is negligible.

D,: As we mentioned in the introduction of Part 1, the operator O, can be

generated though the see-saw mechanisms by the following heavy particles
\11070, \I/Lo, (1)1’1. (713)
Dy: Oy4 can be induced at tree level from a new physics. The Lagrangian is

Lo,, = Vip¥ — MyTV — MO

+ (Yo U1+ YT D% + vod ol 1+ Heel), (7.14)

where U = (1,0) and ® = (1,1). Y’s are coupling constants, ve is a massive coupling
constant of the order of Mg for consistency, and the corresponding interaction is showed
in figure 7.2. However, both ¥ and ® can also generate O, at tree level and induce the
interaction D,. This means that the physics scale Agy is the same as A, and constrained
through both diagrams D, and D4 from Ovj3S decay but the contribution of the heavy

physics through the diagram D4 is negligible compared to the contribution through D, .

63



0.

“ )
X L N
: 1D
L 1

14 W \ er

Figure 7.2: A new physics diagram generating Qg4 (D4). This diagram involves heavy
physics contributing to D, at tree level. ¥ = (1,0), ® = (1,1).

The exception is the heavy physics in figure 7.3 [90]. This heavy physics induces Dy

but does not induce D, at tree level. In the figure, the heavy vector X has quantum

numbers (3, 3) and X’ has quantum numbers (0, 1) or (1,1).

€Rr

Figure 7.3: A new physics that contributes to D4 but does not contribute to D, at tree

level. X = (3,2), X' =(0,1) or (1,1).

D/;: Opnee can be generated from the following Lagrangian
Loy,, = 10DV — MyUV + (Yvgé' ¥ + V' Ugef, + Hee.), (7.15)

where ¥ = (%, %), and Y and Y’ are coupling constants. The corresponding interaction

is in figure 7.4.
¢ g w

Figure 7.4: A new physics diagram inducing Oy, (D)), ¥ = (%, %)
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(9((;) can be generated from following Lagrangian
Lo = WiPV — My BT + (Y0U;0'd+ Y'$ o' 010 + He), (7.16)
Y4
where ¥ = (1,0), and the corresponding interaction is in figure 7.5.

K2 EW Lo

14 v v 4

Figure 7.5: A new physics inducing Oé‘? (D). ¥ = (1,0).

Ds5: Dim-7 Ogys4y can be obtained from the following Lagrangians
Lo, = ViV — MyWV + (Yl U6+ Y ¢" 000 + He), (7.17)
0,5 = (Du®) (D'®) — MGPT® + (vad'®107 ) + Yoldjo!l + H.c.), (7.18)

where ¥ = (1,0) and ® = (1, 1). The corresponding interactions are in figure 7.6. These

w (0 w

‘ , W % ¢

v - < &
- AN , <
~ PRe fl

W P! W

Figure 7.6: New physics diagrams generating Ogs (Ds). All these diagrams involve
heavy physics contributing to D,. ¥ = (1,0), ® = (1,1).

heavy particles can also generate O,,.
Dim-9 Oys. can be induced by the same heavy particles generating O,, but
there are also heavy physics models inducing Ogys. but not O,. The heavy physics and

their particles are presented in figure 7.7.
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Figure 7.7: New physics diagrams generating dim-9 Ogs. (D5). Subscripts of the fields
denote isospin and hypercharge, for example, ®;y denotes a heavy scalar with isospin

I and hypercgarge Y.
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Dg: O3, can be obtained from the following Lagrangian

Loy, = (D,®) (D'®) + (D, @) (D) — ME[®[* — M,/

+ Yo lld* + Yorq®' dp + vo® ¢d + Hec.,

where ® = (0,1) and &’

( %, %) The corresponding interaction is in figure 7.8.

dr

Figure 7.8: A new physics diagram generating O3, (Dg). ® = (0,1), ' = (3, 1).
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Dy: Oég) can be induced from a Lagrangian

1 _
L o = —EFM,,F’“’ +Y X o+ Yy X o',
q

where X = (1,0) and the corresponding interaction is in figure 7.9.

Figure 7.9: A new physics diagram generating (98) (D). X

(7.20)

D7: Oy7q has both SU(2)-singlet and doublet fermions without ¢’s, and there-

fore, it can be generated only at the loop-level.

The heavy physics models generating the operators contributing to Dg are

listed in [87]. The new physics diagrams in this section give possible cases generating

a given operator. Although there is no guarantee that a complete model that contains

these particles will satisfy all experimental constraints, it still has a measurable effect

at a current or near future experiment.
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Chapter 8

Estimates and calculations

We will estimate the amplitudes of the Ov33 decay by using the diagrams
in figure 7.1 for different effective operators, and evaluate the decay rate explicitly
for Ogs. The amplitude for the OvB3 decay is proportional to the multiplication of
the weak interaction part (the amplitude for a graph in figure 7.1) and the strong
interaction part which is incorporated in the nuclear matrix element. The calculation
of the nuclear matrix elements is complicated many body nuclear physics problem.
However, we will assume that the strong interaction part of the decay amplitude for each
effective operator is in the same order of magnitude, and therefore we will concentrate
on the weak interaction part of the amplitude. Then, based on the amplitude estimates,
we will evaluate the ranges of the new physics scales for the dominant contributions to
the OvBS decay, and obtain the limits on the new physics scales for each diagram by
using the data from currently the most sensitive Ov35 decay experiment. In addition,
we will present the discovery limits on the new physics scales for same-sigh dilepton

production at the LHC.
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8.1 The amplitude estimate for each case

In this section, we will present amplitude estimates for different effective ver-
tices. From the diagrams in figure 7.1, amplitudes can be estimated by using the fol-

lowing rules:
(i) For each Standard Model W vertex, include a factor of g
(ii) Replace each W propagator by 1/(g%v?)
(iii) Replace each vy, propagator by 1/Q
(iv) Replace each contraction of vy, and v by m, /Q?
(v) Replace each contraction of vz, and vk by €/Q

where v is the electroweak scale, and @ is the momentum of intermediate particles,
which is typically ~ 100 MeV.

Since the various operators can arise from new physics at different scales we
will distinguish between the corresponding A’s (new physics scales). Then the amplitude

estimates are as follows:
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diagrams dim. operators amplitudes

D, 5 0, 1/Q%*v2A,
Dy 7 ogr 1/QuA3

7 ot 1/QuA3
D), 6 Oneg  1/QuAZA,
Ds 7 oy 1/v2A3

9 og) 1/A3 (8.1)
Dg 7 o 1/QuAd,

9  Of v/QAY,
D 7 Off  1/16m*0?A3,

9 o) 1/A2,
Dy 9 o 1/A3,

11 Ot v? /NS,

In the above chart we used

my = —, (8.2)

and the following definitions

A = The new physics scale of each operator,
Of;, = {Ogta.c}
d7 _ d9 _
Oby = {103, 044, Ou4, Os}, Op, = {05, 0p, Or},
OB; = Ogta: OB, = {Oymcdetaniil
O = {O11p, 0124, O14, 019, 020}

OBt = {0244, O28a,6: O324, O36, O37, O35, Ou74.4, O3, Os4a.d, Os5a, O59, g0}, (8.3)
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where the superscript dn of O%’Zﬂ indicates the dimension of the operator and the sub-
script D,,, indicates the type of the corresponding Feynman diagram. Notice that, as it
was mentioned in Section 7.3, the same A, for O, also has been used for OdDz and O]d)z
because the heavy physics models inducing these operators also induce O,. Therefore,
the limits on A, can be obtained from more than one diagrams, but the contributions
of the heavy physics to Ov55 through Ds and Dy are negligible compared to the contri-

butions through D, .

8.2 Ranges of dominance for each type of graph

Table 8.1 shows the condition that each operator has dominant contribution
to the OvB[3 decay over other operators’ contributions. In the table, we have assumed

@ = 100 MeV and v = 246 MeV.

8.3 Limits on the new physics scales from Ov(55 decay

Using the limit on the effective Majorana-neutrino mass from currently the
most sensitive experiment, the limit on the amplitude of Ov5 decay can be estimated
as

A< 8x1073 TeV 5. (8.4)

From this we can obtain the limit on the new physics scale assuming that each new
physics is the only contribution to the Ov35 decay. We also assume that there is no
accidental suppression by the presence of small couplings.

The lower limits on the heavy physics scales are listed in the following chart
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diagrams new physics scales lower limits in TeV

D, A, 2 x 1011
Dy Ay 170
Ds As 2.6
Dg Aea 170
(8.5)
Ay 12.5
D7 A7q 2.3
Ay 2.6
Dy Agq 2.6
Aoy 2.3

where we have assumed Q = 100 MeV and v = 246 MeV.

The lower limits on A,, Agq, and Ag, are so large that the corresponding heavy
particles cannot be produced at any collider in the present and near future. All other
physics scales are several TeVs and the corresponding heavy particles can be produced
at the LHC. The limits on the heavy physics scales generating Dg were first mentioned
in [87]. The observation of Ov33 decay will open up the possibility that there are some
types of heavy particles that contribute to the Ov35 decay and also can be produced at

the LHC.

8.4 Discovery limits on new physics scales at the LHC
The effective operators (’)%75 and OdD% contributing to Dy can contribute to the
same-sign dilepton production in proton-proton collisions

ptp— T+ + X (8.6)
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Reference [91] provides the discovery limits when the processes (8.6) are generated by
right-handed neutrino interactions at the LHC. These results can be easily translated
into limits on the new physics scale A, for O%Z, and Ag for (’)%?3 for 1, 3 and 10 events.

Then, the upper limits on the new physics scales for the discovery of the same-

sign dilepton production by 0%75 and OdD95 at the LHC are as follows

n  Ay(TeV) As(TeV)

10 2.7 1.0

(8.7)
3 3.2 1.2
1 3.9 1.3

Here n is the number of events, and it is assumed that the luminosity of the beam at
the LHC is 100 fb=! and /s = 14 TeV. As we can see from the chart, the discovery
limits of the new physics scales are below the lower bounds on the scales from the Ov3p3

decay.

8.5 Explicit evaluation of the decay rate for O

In this section we are going to evaluate the decay rate of Ov33 induced by Lgys.
We are going to follow the calculation in [71].
After ¢ aquires a VEV, eq.(7.17) can be rewritten in the basis of electric-charge

eigenfields as follows

Lg5 = \%Wu_ (U_~yH g — Uy" W) + Yve, U + Yol ef + H.c.
My - My - _
- T‘I’m\m - 7‘1’@,\1/, — My g0, (8.8)

where U_ = U +1Wy, U, = U —iVy and ¥y = V3, which have electric charges —1, —2

73



and 0 respectively. We integrate out only W_ and ¥, to have the following expression

! YWoW, M eg + He.. (8.9)

R y— g9
Lgs ~Yv—=( )GLWH AWy — Y’v—(M—\I}

V2 My V2
From the above Lagrangian, with the W-hadron current in the Standard Model, we can
obtain an effective Lagrangian for Ov33 decay as in figure 8.1, which is in the same form

as the effective Lagrangian for the standard mechanism

Figure 8.1: 0v33 by Ogys

YuvGp _,_ . YvGp_ - )
———=2(e "W +i——=2(Yov"e5 ) ju, 8.10
M\I/ \/§ ( LY 0)jM M\IJ \/§ ( oY L)]M ( )

B _
EW h—
Ju = 2cos0.uryudr, (8.11)

where 6. is the CKM mixing angle.

Following the calculations in [71] we obtain the amplitude for the Ov/3 decay

Ags = iYY' [ - Ny @a(pl)(l +~°)Cat (po)
g ) \Va) R
x (Mg — gaMat)d(p1o + p20 + M' — M), (8.12)

where M and M’ are the masses of the initial and final nuclei respectively. Here we
neglected the momentum of the final nucleus. Then the above amplitude gives the same
decay rate as the standard mechanism with G% is replaced by G2 = YY'(v'/My)?G%

and the effective neutrino mass |(m)| is replaced by My. Here, notice that this does
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not imply that the decay rate diverges as My — oo, because My is included in other
factors too.

The decay rate will then be

G%’4m2 9 1 2 2 2
Loups = 22myp M\pﬁ ‘MF - QAMGT} F*(Z)
1
X — (g5 + 10es + 407 + 60<2 + 30¢0), (8.13)

15

where the constants and the functions are defined as follows [71]

me = Electron mass,
R = The radius of the initial nucleus,

ga = 1.25, Axial constant,

2ra(Z +2)
F(Z)=
(2) 1 —exp[—2ma(Z + 2)]

= Fermi factor of the coulomb corrections,

1
€0 = 7(Minitial nucleus — Mﬁnal nucleus — 2me)

e

= Kinetic energy of the final electrons, (8.14)

Mp and Mg are the nuclear matrix elements. Mp is negligible compared to Mgy [73].
In the reference [73], Mqr is calculated for the cases in which the mass of the mediating
particle is light or heavy. When the standard mechanism is mediated by a heavy particle

of mass My, the nuclear matrix element is proportional to 1 /M\%

M A ’ {( )34+3( )243( )}
~ | 24 —MAr{(Ma7T)>+3(Ma7T)*+3(M T
T (_A fq}) e ; (8.15)

where r is the distance between the neutrons, and the dipole form factor mass of the

nucleon M4 ~ 0.9 GeV.
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Chapter 9

Conclusions of Part 11

The observation of O35 decay will tell us if neutrinos are Majorana particles
and it also opens up the possibility of new physics and provide the constraints on the
new physics scales. If the OvS3 decay is generated by only the standard mechanism,
the amplitude of the decay is proportional to the effective Majorana-neutrino mass
which depends on the Majorana-mass eigenvalues of light neutrinos, the C'P-phases
and Majorana phases of the lepton mixing matrix. However, it is possible that the
Ov 36 decay can also be generated by various effective vertices induced from new physics
models.

In Part 2, we discussed mechanisms for the Ov33 decay, effective operators and

possible new physics models for the new mechanisms as follows:

(i) We listed all possible tree-level Feynman diagrams with effective vertices con-
tributing to OvS3 decay. These diagrams include Standard Model vertices and
a lepton number violating vertex. We also considered diagrams containing the
standard Majorana mass insertion and a lepton-number-conserving effective ver-

tex. But the contributions of the lepton-number-conserving effective vertices were

7



(iii)

negligible compared to the lepton-number-violating vertices.

We listed the effective operators generating the effective vertices contributing to

the OvB6 decay.

We found possible types of new physics with heavy particles generating the effective
operators at tree level. In this work, we especially considered the heavy physics
generating the effective vertices involving W bosons. Among the effective operators
contributing to the diagram D7, dim-7 operator is not generated at tree level but
the dim-9 operator can be generated at tree level. The heavy physics models

inducing Dg were considered in the reference [87].

We estimated the amplitude of the OvB3 decay for each effective operator. For
a dim-7 operator contributing to D5 diagram, we calculated the amplitude of the
OvpBp explicitly. Based on the amplitude estimates, we presented a table in which
we provided the condition for the dominance of each operator’s contribution to

the Ov35 decay over other operators’ contributions.

By using the most strict experimental limit on the amplitude of the Ov33 decay,
We estimated the lower limit of each new physics scale. We found that there are
heavy particles whose energy scale limits are within several TeVs, which means
that some of these heavy particles can generate the Ov33 decay and also can be
produced at the LHC. The heavy particles that contribute to D5 but not to D,, at
tree level were

2 (9.1)

where @7y, Uiy, and Xy indicate a heavy scalar, a heavy fermion, and a heavy

vector with isospin I and hypercharge Y respectively. All these heavy particles
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may be produced at the LHC but a definite statement in this respect requires a
complete model. The above set of heavy particles includes doubly charged scalar

and vector particles.

(vi) We also obtained the discovery limits on the new physics scales for same-sigh

dilepton production at the LHC.
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Appendix A

Decay rates and cross sections

We present the relevant formulas for decay rates and cross sections used in

Part 1.
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A.1 Notations and definitions

We have used the following notations and definitions:

62

cw = cosbyy, sy =sinby, a = —,
47
Cij = |Gijle™®s,

qr = charge of fermion f,

1
ay = t3(f) = eigenvalue of t3 of f, t3 = 503,

vy = t3(f)(1 = 4lgylsdy),
Ma, b, c) = a® 4+ b* 4 ¢ — 2ab — 2ac — 2be,

A(m,mi,m3)

fz(mz,mi,m;) = G
mz
x [m%(m% +m?2 + mj2 — 6m;m; cos 20;;) — 2(m? —m
(5) -
§) = ,
= ST mE T im T (Z = NiNy)
2 2
vt a
ny(s) = dajly — dagusRe{x(s)} + 5~ x(s)
w

A.2 Decay rates for 7' — N;N;

2
J

)7,

The decay rate of the Z° boson into heavy Majorana neutrinos is

2¢i51? 4

P(ZO — NZ + N]) = 3 Swm%fZ(mZ7mi7mj)7

where fz is defined in (A.1g) and fz(mgz,0,0) = 1.
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A.3 N, decay rates

The decay rates of the heaviest neutrino into a neutral boson and a lighter

heavy neutrino are

PNy My 47) = 2 ol (1 ™E) A
(Ny — 1+7)—;CW|C12! my\1="5] (A.3)
2
o _ 2.2 2 3 A
I'(No = N1+ 27) = ’/TSW|C12’ ms fa(mz, mi, ma), (A.4)
with
my,
fa(mz,m1,ma) = _ﬁfZ(mZ,mlamZ),
mo
f2(0,0,mg) = 1. (A.5)

A.4 N, decay rates

The lightest heavy neutrinos Ni can only decay into the SM particles. If
m1 > myz the dominant decays proceed through the SM interactions induced by the

mixing of heavy-light neutrinos:

1 am? m2 2 m?
D(Ny — L5 + W o (1- %) (1+2% A6
(v + )= 16|€W %,Vm%,[, m% + ml ( )

where [ is a flavor index and ey characterizes the mixing of heavy-light neutrinos in
W boson couplings, which is of the order of \/m, /my.

For N1 — vg + 79 decays we obtain

3 2\ 2 2
am m m
(N, = v+ 2°) = | L ( — §> (1 - 2§> , (A7)
SWCWmZ m ml

where e is defined as ey but for Z° boson couplings. Notice that since my = cyymy
the two decay widths are equal up to phase space factors and differences in the mixing

factors ez and ey. However, we have two decay channels into W’s, Ny — e~ + W™ and
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Ny — et + W™, and only one into Z’s (we already took into account that the vz are
Majorana particles; should we treat them as Weyl particles, we have two decay channels
and the sum over them gives the same result).

If my > my the Ny can also decay into Higgs bosons. The decay rate of

N1 —v+His

327 2

B12 2\ 2
(N, — vg +H) = Yo" [Tma (1 - mH> . (A.8)
m

If we use ¢ ~ MpMy"', Mp = Y,v/v?2 and o/ (s}m?,) = 1/(7v?) to rewrite

2 3
€
o |y, p i (4.9)
Sty Myy 2T

then in the limit m; > mpy, mw,mz, the above three decay rates are identical, i.e.,
D(Ny — £ + Wt) =T(Ny = vg + Z2°) = I'(N1 — vg + H). This is required by the
equivalence theorem [93,94] which states that, in this limit, the calculation could have
been performed in the theory before spontaneous symmetry breaking; in that theory, all
the fields except the N are massless, there is no heavy-light mixing and the N’s decay
into the doublet of leptons and the Higgs scalar doublet through the standard model
Yukawa couplings. However for moderate m1, the phase space factors are important, in
particular, I'(Ny — vg + H) decreases rapidly as m; approaches mp.

If m1 < my, N1 dominantly decays into a light neutrino and a photon by the
magnetic moment coupling, which is suppressed by the heavy-light mixing. The decay
rate is

2
D(N) = v +7) = —[5 Peym, (A.10)

where €, is a parameter that characterizes the strength of the N1 — vg — v interaction

and it is of the order of (1/Axp)\/m.,/mny.
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A.5 Cross section for ete™ — N; + Ny + X

If we neglect the interactions involving light neutrinos, the cross sections at

the LEP and ILC are
_ 2a
U(€+ +e — N+ Ng) = ?’Cu‘sz(\/i,ml, mg)nf(s), (All)

where 7 is defined in (A.1i) and f =e.

A.6 Partonic cross section for p+p — Ny + Ny + X

To calculate o(p +p — N1 + Na + X), We need to calculate the differential
cross sections for ¢ + ¢ — N — 1 + N, which proceed through the electroweak-moment

interaction and are dominated by v and Z° exchange:

de
— g — N1+ N
a0 (q+q— N1+ Na)
_ a 2 a A(éam%7m%)
—67’C12\ Uq(s)—§3
X [(m? +m3) (5 + 2t) — 2t(5 + 1) — (m] + m3) — 25m1my cos 2019, (A.12)

where § and ¢ are the Mandelstam variables for the partonic collision in the center of
mass frame of the quarks, and 74(5) is defined in (A.1i) with f = ¢. Then the total
partonic cross section is obtained by integration of the angular variables and the result
is the same as (A.11) with an additional factor 1/3 due to color and with g, ay, vy

appropriate for f = u,d.
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A.7 Decay rates for H — N; + Ns

The operator ((Z)T(f))gfypb can induce new decay modes for the Higgs boson.

We found
_ v 2 2 2,2
I'(H — N1+ Na) —27rmgl,{|fl2| A(mi, mi, m3)
x [(m3% — m} —m3) — 2mymy cos 2075], (A.13)

where &; = [¢;;] and (¢©)) = v/V/2.
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