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Chapter 1

Introduction

This chapter serves as the introduction to the thesis, and also reviews the basic requirements
necessary to study a class of exotic processes mediated by non-standard interactions in neutrino
sector at a neutrino factory (NF) set-up. At the level of our present day understanding, the
standard model (SM) of particle physics (with massless neutrinos) is capable of successfully
describing a large amount of experimental data. In the neutrino sector, it is no longer adequate
since a series of recent solar, atmospheric, accelerator and reactor experimental results point
to the fact that neutrinos do oscillate and that they are massive ! In fact, neutrinos provide
an unmatched window to probe physics beyond the SM. In this dissertation, we will try to
address some of the issues related to non-oscillation new physics signatures in the neutrino

sector at proposed NF.

1.1 Neutrinos and the Standard Model

Over the last three decades experimental and theoretical efforts to understand the fundamental
constituents of matter have condensed into a theory called the SM. This theory, initially devised
by Glashow, Weinberg and Salam, includes the unified theory of electroweak interactions and

the theory of strong interactions, quantum chromodynamics. Many excellent texts describing
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the SM in detail are available and so only a brief discussion of the structure of the theory will
be made here. To begin with let us briefly review the particle content of the SM. In the next

subsection we will discuss the neutrino interactions in the SM.

1.1.1 Review of the Standard Model

In this section we define the SM of elementary particles by introducing its particle content
and parameters of this model. We aim at giving a short introduction, to go deeper into
the subjects touched here, we refer the reader to the seminal papers on the SM [1] and to
standard books and reviews [2]. The SM of particle physics gives a comprehensive description
of fundamental particles of matter and their interactions. It is built from 3 types of particles :
the Gauge Bosons which mediate the interactions, Fermions (i.e. the leptons and the quarks)
and the Higgs sector. The SM is a quantum field theory of electromagnetic, weak and strong
interactions based on a gauge theory with an SU(3). ® SU(2)L, ® U(1)y gauge group. The
symmetry group of strong interactions is SU(3). where c is the color quantum number carried by
the gauge bosons which mediate the strong interactions. The SU(2), ® U(1)y is the symmetry
group of electroweak interactions where L is the left chirality and Y is the weak hypercharge,
which is defined below.

Fermionic content of the SM : The basic constituents of matter are the spin-half
fermions which comprise of the leptons and the quarks. There are 3 generations of leptons and
quarks in the SM.

() () '
lir, - €ir: Qp - Uiar diap; 1=1,2,3 & a=1,2,3
) dia ) |
Here ¢ is the generation index and « is the colour index. In SM, the quarks and leptons
transform according to left-handed (LH) doublet and right-handed (RH) singlet representations
of SU(2);, to account for the V-A nature of the charged current weak interactions. The quarks
(both LH and RH) transform as triplets of SU(3). of colour, in order to account for the strong

interactions of quarks, while the leptons are singlets under SU(3). . The assignment of weak
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Generation | Particles Symbol Mass Q T35 Y Lepton no.
Leptons in MeV /c? L. L, L;
I Electron neutrino Ve <3x10% 0 +3 -1 41 0 0
Electron e 0.511 —1 —% —% +1 0 0
I Electron €r 0.511 -1 0 -1 +1 0 O
II Muon neutrino Yy < 0.19 0 +% —% 0 +1 0
Muon T 105.66 -1 —3 —2 0 +1 0
IT Muon JIrs 105.66 -1 0 -1 0 +1 0
111 Tau neutrino v, <18 0 +% —% 0 0 +1
Tau T 1777 -1 -2 -3 0 0 +1
11 Tau TR 1777 -1 0 -1 0 0 +1

Table 1.1: Properties of 6 known leptons in the SM. The corresponding anti-leptons have equal

mass but opposite charge and additive quantum numbers.

hypercharge corresponding to the U(1)y group to the various SU(2);, and SU(3). multiplets is
according to the charge formula : @) = T3+Y, where T3, Y and @) denote the third component
of weak isospin corresponding to SU(2)y, , weak hypercharge and the electric charge generators
respectively. Note that electric charge is independent of colour, since no generator of SU(3).
appears in the charge formula. In Table 1.1 and Table 1.2 respectively, we have listed the three
generations of leptons and quarks and their properties like mass (in units of MeV /c?), electric
charge (@ in units of |e|), the third component of the weak isospin (73 = £1/2 for a weak
isospin doublet and 0 for a singlet), the average charge of the weak isospin multiplet called the
hypercharge assignments for fermions and the individual lepton family and baryon numbers.
Bosonic content of the SM : The scalar sector of the theory has one elementary particle
called the Higgs boson. In the SM the Higgs boson transforms according to doublet repre-
sentation of SU(2)y, while under SU(3). it is a singlet. The complex scalar doublet is given
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Generation | Particles | Symbol Mass Q 73 Y Baryon no.
Quarks in MeV/c? B
I Up u 1.5-45 +3 +3 5 1/3
Down d 5—8.5 -3 -5 + 1/3
I Up up 1.5—4.5 +2 0 +3 1/3
Down dr 5-85 -5 0 —1 1/3
11 Charm c 1000 — 1400  +2 +3 +& 1/3
Strange s 80 — 155 -3 —3 +: 1/3
11 Charm Cr 1000 — 1400  +2 0 +3 1/3
Strange SR 80 — 155 —5 0 —3 1/3
111 Top t 1743451 x10* +2 +5 +; 1/3
Bottom b 4000 — 4500 -1 —i +i 1/3
111 Top tp  1743+51x10° +2 0 42 1/3
Bottom br 4000 —4500  —1 0 —i 1/3

Table 1.2: Properties of six known quarks in the SM. The corresponding anti-quarks have

equal mass but opposite charge and additive quantum numbers.

¢+
- (4)
¢0

The two complex scalars carry an electric charge ) = +1,0 and a weak hypercharge YV =

by

Q) — T3 = 1/2. Note that the Higgs boson is the only boson in the theory which is not a gauge
boson.

In the gauge sector, we have eight gluons which are the gauge bosons of SU(3). and are
the mediators of strong interactions. For the broken SU(2), @ U(1)y , we have three weak
gauge bosons : the W* and the Z and one photon (y) which mediates the electromagnetic

interactions. The gluons are chargeless and massless objects and carry colour quantum number.
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The W+ are charged and massive particles while Z is electrically neutral but massive and the
photon is both chargeless and massless. The 8 gluons (g) and the 3 weak bosons (W=*, Z)
are self-interacting but the photon () is not. The properties of the gauge bosons and their
interactions etc are listed in Table 1.3.

In the gauge invariant theory, none of the fields correspond to massive particles. Fermion
mass terms are forbidden by global gauge invariance. Gauge boson mass terms are forbidden
by local gauge invariance. The way to give masses without sacrificing the renormalizability of
the theory is to allow for spontaneous symmetry breaking. The Higgs bosons induce this spon-

taneous symmetry breaking of the gauge group SU(3). ® SU(2)r, @ U(1)y to SU(3). @ U(1)y.

Particles Symbol Mass Q Symmetry Interaction(strength)
Gauge bosons in MeV /c?

8 Gluons g 0 0 SU(3) Strong(1)

Photons c 0 0 U(1) Electromagnetic(1072)
Intermediate vector | W=+ 80.423  +1 SU(2)  Weak(1079)

bosons A 91.1876 0 SU(2)  Weak(1075)

Table 1.3: Properties of gauge bosons and their interactions and underlying symmetries in SM.

A Remark : The neutrino sector in the SM has only LH neutrinos and RH anti-neutrinos
which form doublets with corresponding charged leptons. With one Higgs field ® in the theory,
only the Yukawa couplings l;zl;;® + h.c. are present in the SM and we have a global symmetry
corresponding to lepton number conservation. Thus, neutrinos are massless in the SM. There

are many possible extensions of the SM to give m, # 0; they can be broadly categorized as

1. Eztension of the Higgs sector only : Other scalars besides the Higgs doublet, ® can join
the lepton bilinear to form SU(2); ® U(1)y gauge-invariant Yukawa couplings. These
can be triplet : H, singly charged singlet : A" and doubly charged singlet : R™*. For

example, when the triplet, H develops a vacuum expectation value (vg), a Majorana
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mass term for the neutrino, (vy f)vf, v, results.

2. Extension of the lepton sector only : The simplest scheme is obviously the addition of
three neutral singlets, the RH neutrinos, vep v, and v, in the theory. These are singlets
under SU(3). and SU(2)y, and carry no hypercharge. In this extension we get additional
terms in the Lagrangian of the type : DuLvig + BUSpvir + h.c., where D = (1/v/2)vg f.
A Majorana bare-mass term B is present because vg is totally neutral with respect to
SU(2), ® U(1)y group and we do not impose lepton number conservation on the theory.
Thus in this extension we are naturally led to consider neutrino mass terms of the Dirac

and Majorana types.

3. Extension of both Higgs and lepton sectors : This is the most general case where one
adds new scalars like Higgs triplet mentioned above as well as RH singlet neutrinos to

the theory. Here also, we can get neutrino mass terms of both Dirac and Majorana types.

1.1.2 Neutrino Interactions in the Standard Model

Neutrinos interact and scatter off matter as described by the electroweak theory of SM. Neu-
trinos make excellent probes of hadronic matter. They are structureless, comparatively easy
to generate in accelerators and their electroweak properties are well understood. One of the
common methods of studying hadrons at quark level is by investigating the collisions of neutri-
nos with protons or neutrons in a fixed target. The effects of small interaction cross section for
neutrinos has been overcome by modern experiments through the use of high-intensity beams
coupled with massive detectors which give luminosities in the range of 103cm=2s7!. Data
samples in excess of one million events are now available, which allow measurements of strong
and electroweak parameters comparable in precision to other fixed target and collider deter-
minations. In the SM, neutrinos interact only weakly with matter, either via the exchange
of a W boson or of a Z boson. Neutrino-nucleon interactions dominate over neutrino-electron

interaction, due to the small electron mass and the composite structure of the nucleon. The
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ratio 0,_c/0,_p(n) is of the order of m./m,. The only exception is the v, —e interaction around
E = 6.3 x 10° GeV, where the resonant W boson production enhances the cross section by two

orders of magnitude.

e Charged Current interactions are given by

g2 ot
Loo = —2=(JTWTH 4 J-WH 1.1
cc 2\/5( o n ) ( )

where the strength go is the SU(2)p, coupling constant and J :[ is the V' — A weak charged

current (CC) and can be written as
Ti = 2l =) (1.2)

Here ’i’ stands for charged leptons (e, u,7,d’,s',b') and ’f" is the corresponding weak
isospin partner (ve,v,,v,,u,c,t) respectively. In short-hand notation, we may simply

write
Jr=@d)y-a+@s)yoat+ @ )vor+ (e e)yon+ (T p)voa+ (7 T)voa  (1.3)

For the low-energy four-fermion interaction, we generate the following effective La-

grangian

2
ce . Y93 44—
Eeff = 2M5VJ“J # (1.4)

We can make the identification that gs is related to the Fermi coupling constant G,

Gr _ g
VoA

where My, is the mass of the W boson.

e Neutral Current interactions are given by

. em g2 0
ENC—GJH A“+mJHZ“ (15)
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where e is the QED coupling constant, gs is the SU(2)y, coupling constant and Oy is the

Weinberg angle. The electromagnetic and weak neutral current (NC) are given by

T = > Qsfwf (1.6)
f
I = 3 ol Fu(l =) f + gh (1 +75) ]
f
= > frulvr —app)f (1.7)
f

where ' ' represents (v., v, vy, u, ¢, t) and their corresponding SU(2)y, partners. The sum
is over 12 fermions (6 leptons and 6 quarks). We can express vy and as in terms of g{

andg]f%as
vf:g£+g};:Tg—2Qf sin? @y ; af:gi—g};:Tg (1.8)

where ¢ and T:{ denotes the electric charge and the third component of the weak isospin
of the LH fermion f;, respectively and Oy is the Weinberg angle. The electroweak charges
of leptons and quarks in the SM are listed in Table 1.1 and Table 1.2 respectively. We

can generate low-energy four-fermion interactions corresponding to the product of NC,

2
NC . TY92 1040
Eeff = QMI%/J“J H (1.9)

where My cos Oy = My, has been used, Mz being the mass of Z-boson.

We see that the weak CC is exclusively LH as opposed to the weak NC which contains a
RH component. This is why the RH quarks and charged leptons are in weak isospin singlets.
The gauge bosons W* connect leptons within a family e.g. (¢,,%.W T + h.c.). We can assign
an additive “lepton family number” to each of the leptons : electron number, L. is equal to 1
for e~ and v,, -1 for e and 7., etc. As can be seen from the form of the weak CC and NC,
the weak interactions conserve this lepton family number, which means v, induced interaction
always has a e~ or v, in the final state for example. An important consequence of this is that

in the SM neutrinos cannot change flavour by any means.
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Neutrino-electron interactions

For completeness, we shall first review both the elastic and inelastic scattering of the
neutrino off electron in standard electroweak theory. For the neutrino-electron scattering, the

following reactions are accessible to experimental measurements [3]:
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Figure 1.2: The tree level Feynman diagrams for elastic and inelastic v, — e~ and v, — e~

scattering.

vem — pr(CC) (1.10)
Here, NC and CC refer to the neutral current (Z° exchange) and charged current (W=* ex-
change) respectively. The tree level feynman diagrams for neutrino-electron scatterings are
depicted in Figure 1.1 and Figure 1.2. We have the following differential cross sections for first
four elastic reactions,

2

do"?  GE(s—m?) 2mzy

dy — Aw(l—¢?/ME)?

x |[A+B(1-y)?*-C (1.11)

—m2
s —mg

where, Gp = 1.16639 x 107°GeV 2 is the Fermi coupling constant and the coefficients, A, B
and C for different initial and final states are listed in Table 1.4.
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11

The total cross sections for the above interactions are obtained by integrating the differ-

ential cross section over y, which upon neglecting the m? term and the ¢* dependence of the

propagator,

G%s B
Ot = - <A+§)

E B
4.3 x 1074 2(7” ) (A —)
3> 10 ey 3

Q

(1.12)

where, s >~ 2m.F, and F, is the lab energy of v or v. Hence unless F, is very large, experi-

mental observation of these reactions is a formidable problem.

The presence of the final state muon in the inelastic process v,e” — v.u~ (Figure 1.2)

means that the reaction has a threshold of E, ~ m?,/(2m.) ~ 11 GeV. This process is related

to u= — e v, by replacement of an outgoing 7. by an incoming v,, and is thus known as

inverse muon decay. The differential cross section for this process is

do Gi(s —mj)

— |2

dy — w(l - ?/ME)?

This gives at high energies,

G2$ _ EV
ot = TF ~ 1.7 x 107%¥m? (1 MeV>

For low energies, replace s by (s —m2)?/s. For the process ,e™ — Doy~ , we get

G%s E
L= TS 5% 1074 2(7” )
Ttot = T3 XA T ey

(1.13)

(1.14)

(1.15)

The total cross section of the electrons is slightly higher for v,’s than for v,’s or v;’s because
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Reaction A B C
vpe” = e || (gv +94)° (gv —ga)® (gv® — g4?)
ve” — e | (g —ga)® (gv+9a)* (9v* —ga®)
veem — vee | (g +94)* (9 — 94)? (9(/2 - 9142)
vee” = vee” | (g —g)* (g +94)° (91" — 94"

Table 1.4: The value of coefficients A, B and C for different reactions in v(7) — e scattering.

Here gy = 2sin® Oy — 3, ga = —3, gy = gv + L and ¢/y = ga + L.

they have additional W-exchange channels available. The inverse muon decay is only possible
for very high v, energies (£ > 11 GeV). However the neutrino-electron cross section is much
lower than the neutrino-nucleon cross section (roughly by the mass ratio m./m,). All data
are consistent with a value of Weinberg angle close to sin? Oy ~ 0.23. The tau neutrinos

scatter in the same way as muon neutrinos.

Neutrino-nucleon interactions

Unlike the case of v — e scattering, ingeneral three different classes of interactions of neutrinos
with hadronic target can be distinguished : Elastic scattering, Quasi-elastic (QE) scattering
off nucleons and inelastic interactions with nucleons. The tree level Feynman diagrams for
each class of these processes are depicted in Figure 1.3, Figure 1.4 and Figure 1.5 respectively.
We discuss these in turn below.

Quasi-elastic neutrino scattering : At low neutrino energies, charged current neutrino-

hadron interactions are predominantly elastic and QE in which the neutrino scatters off an
entire nucleon rather than the constituent partons. Nucleons are essentially point-like objects
at very low energy (i.e. the elastic regime) but for £ > 30 — 50 MeV, the structure of the
nucleons must be taken into account (the QE regime). QE process has been studied at low

energies (100 MeV - 10 GeV) mostly in bubble chamber experiments, light targets [4].
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Consider the QE process for v and v:

v(k) +n(p1) — 17 (k) +p(p2)
(k1) +p(pr) — 17 (k2) + n(p2) (1.16)
The most general hadronic current for the above nucleon transition (for v) can be written

vin—I1 p vyp—Itn

Y

Figure 1.3: The tree level Feynman diagrams for quasi-elastic v; and v, scattering.

as [5]

) 100 R () | pFP (¢
< p(p)| I In(p1) > = u(ps) %\in(qz)Jf : 2MV( )+ . ]‘\//‘[( )

qmﬂj(q ), 5 1]9\24% A (117)

+ s Fald?) +

where Fg, Fp, Fy, Fa, Fr describe the scalar, pseudoscalar, vector, axial-vector, and tensor
form factors of the nucleon, respectively. ¢ = ki — ko = p1 — pa, £ = (p4p — 1) — i, and
M = (m, +my)/2. Here p, —1 = 1.793 and u,, = —1.913 are the proton and neutron
anomalous magnetic moments.

Using the above current, the cross section (in the limit where E, >> m;) is [5]

do™? M?*G? cos? 6, s —u
iz # x | A(g?) :FB(QQ)( ) +C(¢?)
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In this expression, G'r is the Fermi coupling constant and 6, is the Cabibbo angle, cosf,. =
0.9740. The functions A(q?), B(¢*) and C(¢?) are convenient combinations of form factors (in

the limit where m; is negligible):

m2_ 2 q2 4q2ReF1*£F2
M) = e {<4__>|F - (4+_>|F - |§F |2< 4M2> B YER

B(q?) = ;/IIQReF* (FL + ¢F2)

F
Ola?) = H(IFal+ FL L )

According to the conserved vector current (CVC) hypothesis, the vector part of the weak
current and isovector part of the electromagnetic current form an isotriplet of conserved cur-
rents [6]. This allows us to relate the vector form factors (Fy(¢?) and £FZ(g?)) to the electro-
magnetic form factors of proton and neutron. which are better measured. Also the contribution
of second class currents (that violate the symmetry of strong interactions called the G-parity
where G = CR,, C being charge conjugation and R, being a rotation by an angle 7 around
the isospin axis I,) can be assumed to vanish (F} and F§ — 0), and one remains with two
unknown functions the axial form factor F4 and the pseudoscalar form factor Fp. In terms of

Sachs (electromagnetic) form factors, the vector form factors are given by

Fy(@®) = <1—4q_1\;>1 [GE(QQ)_KLq—l\;G“VmQ)]

) = (1-ig) ok - oY) (119

F(¢*) and F2(¢?) are called Dirac and Pauli electromagnetic isovector form factors respec-

tively. The electromagnetic form factors are determined from the electron scattering experi-
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ments :

Gr(a®) = Gh(d®) — GR(d®),  Gy(d®) = Ghi(q®) — Giu(a®) (1.20)

The vector form factors are often described by the dipole approximation (which matches with

experiments well within +10%):

Gp=Gn(a®), Gg=0, G} =mGo(d®), Gi=mGn(d). (1.21)
So, the vector form factors are

1.2 @\ 2 q’
R = (1-g05) Gol@)|1- pite -]
-1
q
R = (1-05) Go(@) - -1 (122)
The above combinations of form factors is referred to as 'Dipole form factors’. Here M = 0.71
GeV?2. It is an approximation that has been improved recently by Budd, Bodek and Arrington

(BBA) who refer to the new form factors as 'BBA-2003 Form Factors’ [7].

The axial form factor F4 (using dipolar parametrization) is given by

@\
Fa(d) = ga(1--L
A(Q) gA( M2A> ;

The value of F; at Q? = 0 can be related to the axial coupling measured in 3—decay exper-

iments (F4(0) = g4 = —1.2670 £ 0.0035), but the ¢*> dependence of F4 has to be determined
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ga = -1.267
Grp = 1.1803x107° GeV 2
cos . = 0.9740

Hp = 2.793 UN
Hn = -1.913 UN
€ =3.706 py

M2 = 0.71 GeV?

Table 1.5: The most recent values of the parameters used in QE scattering [7].

experimentally. In the dipolar parametrization, 'y depends on a single parameter, M4 which
denotes the mass specifying the ¢ dependence of the axial form factor. Therefore, in first
approximation the problem of the determination of the QE cross section can be identified
with the measurement for M4. The ¢* dependence of the differential scattering cross section
has been measured in low energy experiments [4] and agrees well with the above expression.
The updated value of M4 from BBA-2003 form factors is M4 = 1.00 £ 0.020 GeV [7] which
is in good agreement with the theoretically corrected value from pion electroproduction of
M, =1.014+0.016 GeV. Studies of A production in, e.g. v,p — p~ AT can also be used to
study My, yielding a roughly similar value.

The contribution of the pseudoscalar form factor Fp to the QE cross section is proportional
to (m;/M)?, therefore this term is important only for v,. In muon neutrino interactions the
effect of Fp is very small except at very low energy, below 0.2 GeV. Therefore some assumptions
must be made about the pseudoscalar form factor Fp. One can use the Partially Conserved
Axial Current (PCAC) hypothesis, dujh = m3 fr¢(z) (where, f, is the pion decay constant
and ¢, is the pion field) to postulate a form for Fip. A plausible parametrization that satisfies

PCAC at low ¢? is [5]



1.1. NEUTRINOS AND THE STANDARD MODEL 17

Fp(q®) (1.23)

The inclusion of Fp leads to an approximately 5% reduction in both the v, and 7, QE cross
sections. The most recent parameter values appearing in QE form factors are listed in Table
1.5.

Elastic regime :

For really low energies, where the above expression (equation 1.18) is not valid, for example,
E;, ~ 50 MeV for v.N — et N and E,, ~ 110 MeV for v,N — p~N we have the following

formula for the elastic cross section :

vy N—I[" N vy N—IT N

Y

Figure 1.4: The tree level Feynman diagrams for elastic v; and v, scattering.

_ G2.(hc)?E?
o_uy — F( C) v {g\/2+3,gA2:|
48 2 E 2
~ 0. 10~ — 1.24
9-77 > 10 o (1 MeV) ( )

where the mass difference between the proton and neutron is neglected and gy = 1, g4 =

—1.267 (previous neutrino experiments used g4 = —1.23) has been used, which are the current
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best values.

A Comment on Resonance pion production :

Above the neutrino energy of 0.15 GeV, the threshold opens for pion production. Pion
production becomes important at E > 0.34 GeV, when A33(1232) is produced. Above 1 GeV
multipion production dominates the neutrino-nucleon reactions.

Deep Inelastic Regime :

The tree level diagram for CC neutrino-nucleon scattering is shown in Figure 1.5. The
interaction is mediated by a W-boson (W™ for v and W~ for ©) carrying a four momentum g.

At high enough energies (E > 10 GeV), the neutrino scatters off the partons present
inside the nucleon. The deep inelastic neutrino-nucleon scattering has been studied with high
precision in the energy range of 20 — 200 GeV by numerous experiments (CCFRR, CHARM,
CDHS) [8]. The CC neutrino-nucleon interaction ¥N — [~ X in the SM plays a central role
in neutrino detection, since, except for the electron neutrino, only the hadronic component X
produces visible signals to neutrino detectors. For the investigation of ¥ — N interactions in
new physics models, this channel also constitutes the main background to the observation of

neutrino-induced signals resulting from v — N interactions in extensions of the SM.

Figure 1.5: The leading order diagram for deep inelastic v — N scatttering. Here W™ is the

mediator for v CC interactions and X is any possible final state.
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We consider the DIS process for v and v:

v(k) + N(p) — 1 (K)+ X(pn)
n(k) +Np) — UF(K)+ X(pn) (1.25)

We perform the calculation within the renormalization group improved parton model, and
focus on the inclusive process ;N — [~ + anything, where N is an isoscalar nucleon N =
(n+p)/2 of mass M and | stands for the lepton flavour. If we retain the effects of lepton-mass
(where [ = 7, ), the double differential cross section can be written in terms of the Bjorken

scaling! variables x = Q?/2Mv and y = v/E, as

d*o"" GLME m? M m?
- Ty Frl(—y) - IR
dz dy - ny+2ME,, =9 \ag o)
m2

1 m? M m? M
+ 1——y)— — F +—L L) Fy — I3
{xy( 2y) 4ME,,y} 3+M2{<2Efy+4E2> ‘TR, 5”

’ (1.26)

Here —@Q? is the invariant momentum transfer between the incident neutrino and outgoing
tau, v = E, — E; is the energy loss in the lab (target) frame, M and My are the nucleon
and intermediate boson masses respectively, and Gp = 1.16632 x 10> GeV~?2 is the Fermi
constant. The limits on x and y are

mi

2M (E, — M)

<z<l1, A-B<y<A+B

where

!Bjorken scaling is the statement that in the large Q2 limit with x fixed, the F}s are functions of x only. Thus,
Fy(x,q?/M?) = Fi(x) as |¢?| — oo,z — fixed. The dimensionless structure functions become independent of
any mass scale. The functions Fjs are called scaling functions. Experimentally, Bjorken scaling seems to be

obtained for a rather modest value of Q2 > 2(GeV)? in ep scattering.
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M)7

1 m? m?
A = =(1- L (1
2( oM E,x 2E3>/ T 3E,
M
1 . 1.27
(ertt) o

1
oomi o mi |
2ME,x 2 B2

v

1
2

Structure functions in the quark-parton model : In the quark parton model, the con-
tributions to the structure functions F;’s can be expressed in terms of quark distribution
functions ¢(z, Q?) of the proton, where ¢ = u, %, d, d etc. The quantity ¢(x, Q?)dx is the
number of quarks (or anti-quarks) of designated flavor that carry a momentum fraction be-
tween x and x + dx of the proton’s momentum in a frame in which the proton momentum is
large.

Experimentally, massive neutrino detectors are constructed of materials of medium atmoic
number, for e.g. , CHARM use marble (A=40) and CDHS use iron (A=56). Calcium is
isoscalar (equal number of protons and neutrons) and iron is approximately so. Hence,

structure functions are often measured per nucleon, reducing the number to half i.e. |

(F) - (E)proton + (E)neutron
nucleon 9

For the process mediated by W, we have

F = x(u+d+ﬂ+a+2s+26),
Fy
%7
3 = (u+d—@—8+25—2?)),

2
Fy, = <—%> F2+<—%> Fi,

Fy
i
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A straightforward application of the Callan-Gross equations (2zF; = Fy) shows that Fj van-
ishes in this case. In the above, u,d,c,s and b denote the distributions for the various quark
flavours in a proton. For W™, the structure functions are obtained by flavour interchanges

d < u and s < ¢. For our calculations we use CTEQ4LQ parton distributions [9].

1.2 Directions beyond the Standard Model

Unification of all fundamental interactions observed in nature has been the dream of particle
physic(ist)s. SM of particle physics has been a big step in this direction which successfully
unified weak and electromagnetic interactions. But as has been well discussed in literature,
the SM despite all successes also leave many questions unanswered. The SM also has known
and well emphasized problems like naturalness, hierarchy etc. associated with it. So there are
very strong reasons to believe that SM is a effective theory valid upto a certain energy scale
(~ 1 TeV), and beyond this scale some new physics should take over.

As is already mentioned in the introduction, the SM is clearly inadequate to explain the
phenomena of neutrino oscillations and masses. One is therefore interested in possible exten-
sions of SM, which can accomodate the masses of neutrinos in a natural way. Here we will
describe the possible candidates for theories beyond the SM including non-zero masses of neu-
trinos, viz, Supersymmetry (SUSY) and Leptoquarks (LQ). A possible extension of the SM
can be found in the theory of SUSY, which proposes a massive supersymmetric ”partner” for

every particle in the conventional SM.

1.2.1 Supersymmetry

It is believed that the SM is an effective low energy theory branching out from a more funda-
mental theory at a very high scale (say GUT scale, ~ 10'® GeV). So, one would expect that

the gauge couplings meet at that high scale. In fact, experimental data shows converging be-
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haviour of all the three couplings at ~ 10'® GeV when extrapolating upto that very high scale.
If we try to see the evolution of couplings in SM, then this unification comes very naturally.

SUSY implies symmetry between bosons & fermions, which is successful in protecting the
scalar mass through the cancellation of quadratic divergences in scalar mass coming from
bosonic and fermionic loops.

Minimal Supersymmetric Standard Model :

In the Minimal Supersymmetric Standard Model (MSSM), the gauge group is same as the SM
gauge group, i.e, SU(3). ® SU(2), ® U(1)y . The particle spectrum necessary to construct the
MSSM consists of all the three generations of quarks and leptons and their superpartners, the
SU(3). gauge bosons, gluons and their fermionic partners as well as the SU(2)y, and U(1)y
gauge bosons and their superpartners. In addition, one needs two complex Higgs doublets and
their corresponding superpartners. Each quark (lepton) has two scalar partners corresponding
to two quark (lepton) chiralities.

The basic building blocks of N = 1 Supersymmetric theories are supermultiplets containing

following helicity states

: 1 2

chiral : , gauge : , graviton : ,
0 1 3
2 2

which are used to describe matter and higgses, gauge fields and gravity respectively. The
MSSM is constructed out of SM particles alone. The MSSM has the same gauge interactions

as the SM. In addition there are couplings derived from the superpotential :
W=MNQD“H+XNLE°H+X\ QU® H+uHH

Here, Q[L] denote isodoublets of supermultiplets containing (u,d).[(v, )], DC[UC, E°] are
singlets containing the left-handed conjugates d¥[u¢,e¢] of the right-handed dg[ug,er], and
the superpotential couplings Ag4[A, | correspond to the Yukawa couplings of the SM that give

masses to the d[u, £7], respectively:

mg=XN<H>, my= N<H>, m=\N<H> .
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Each of these should be understood as a 3 x 3 matrix in generation space, which is to be
diagonalized as in the SM. We require two Higgs doublets H, H with opposite hypercharges in
order to give masses to all the matter fermions. In the SM ;| one doublet ¢ and its complex
conjugate ¢ would have sufficed. This does not work in the MSSM, because the superpotential
W must be an analytic function of the fields. Moreover, Higgs supermultiplets include Higgsino
fermions that generate triangle anomalies which must cancel among themselves, requiring at
least two Higgs doublets. These couple via the p term in superpotential. The particle content

of SM and MSSM is given in Table 1.6.

Particle | Spin || Spartner Spin
quark q % squark ¢ 0
lepton ¢ % slepton ¢ 0
photon v | 1 | photino 7 :
w 1 wino W %
Z 1 zino Z %
Higgs H 0 higgsino H %

Table 1.6: Particles in the SM and their supersymmetric partners.

MSSM is the simplest supersymmetric extension of SM in that it contains the fewest number
of fields and superpotential interactions.

The presence of scalars carrying lepton (L) or baryon (B) number in a SUSY scenario makes
it possible to have one of the above quantum numbers broken while the other is conserved.
One can thus avoid undesirable consequences like fast proton decay, and can still be consistent
with all other symmetries when R-parity [10] is violated. In such a scenario with broken lepton
number, the corresponding part of the superpotential is given (suppressing colour and SU(2)

indices) by [11],
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where i, j and k are generation indices, L and Q represent the SU(2) doublet lepton and quark
superfields, and E, U and D denote the right-handed charged lepton, up-type quark and down-
type quark superfields respectively. In terms of the component fields (with the sfermion fields

characterised by the tilde sign), the trilinear terms above lead to interactions of the form

L= Ny [dy dpvy + (di)"(v})°d), + vy djpds,
— éicﬁ%ui — fLJL Jlf%eiL — ((;l%)*(é’L)cujL] + h.c.
i [ €] kvl + (ER)7(0))%€], + Dhehel, — (i & §)] + hc (1.29)

It should be noted that these interaction terms violate both lepton flavour and lepton
number. By suitable combinations of two such terms, it is possible to achieve contributions to

processes which conserve lepton number but involve transition between different generations.

1.2.2 Leptoquarks

There are no interactions involving a quark, a lepton and a boson in the SM. There is a
scalar Higgs doublet with electroweak quantum numbers, and vector bosons that are either
coloured or charged, but no boson carrying colour and charge. This is a reflection of the
fact that classically the leptons and quarks appear to be independant unrelated ingredients
in the SM. However, in each generation of the quantum theory, they have equal and opposite
contributions to the hypercharge anomaly, which must vanish for the quantum theory to make
sense. It would therefore seem natural to have interactions between the quarks and leptons in
any extension of the SM, and, in consequence, bosons coupling to a lepton and a quark.

The association between quarks and leptons exemplified by the cancellation of triangle

anomalies preserving the renormalizability of the SM provide convincing hints at potential,
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fundamental connections. Theories incorporating LQ furnish a mechanism whereby quarks
and leptons can couple directly through a Yukawa-type interaction.

LQ are hypothetical particles which combine quantum numbers of the fundamental fermions
of the SM and emerge as bosonic (scalar and vector) states in various extensions of the SM with
extended gauge symmetries [12]. Lepton and quarks may be arranged in common multiplets,
like in grand unified theories, and superstring motivated Fg models, or they may have common
sub-structure as in composite models. They are not part of MSSM, but can be accomodated in
certain extended SUSY models. In most of these scenarios the mass spectrum of these states
in not predicted. In a series of models, however, one expects states in the range of several
hundred GeV to a few TeV.

LQ, as the name suggests, couple to a current comprising of a lepton and a quark. A LQ
is a scalar (spin=0) or a vector (spin=1) particle carrying colour, fractional electric charge,
and both lepton and baryon numbers. It may or may not have well-defined baryon and lepton
number, depending on the choices of coupling. Those with B violating interactions would in
general mediate proton decay, so their masses are expected to be very large (~ 10 GeV). In
many models, both baryon and lepton numbers are conserved, allowing low mass LQ to exist
without mediating the proton decay. LQ with universal couplings to all flavours would give
rise to flavour changing neutral currents (FCNC) and are severely constrained by low energy
experiments. In most analyses it is assumed that there is no intergenerational mixing and that,
for e.g. the first generation LQ couple only to e or v, and to u or d quarks in order to suppress
FCNC. In this document, we shall only consider LQ with B and L conserving renormalizable
couplings consistent with the symmetries of the SM. A fermion number F' = 3B+ L is defined,
which takes the value |F'| = 2 for LQ coupling to e~ ¢ and |F| = 0 for e~¢. For positrons, the
fermion number F' changes by two (since L = —1 for e*).

Since LQ carry colour, they will not affect pure leptonic processes; thus ve — ve will not
be affected. LQ will not mix with the weak intermediate bosons, which are colourless, so the

masses of W and Z bosons will not be changed.
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The interactions of L with known particles can be described by an effective Lagrangian
valid at sufficiently low energies. The effective Lagrangian with the most general dimensionless,
SU3). ®SU(2)r, ® U(1)y invariant couplings of scalar and vector LQ) satisfying baryon (B)
and lepton number (L) conservation (suppressing colour, weak isospin and generation (flavour)

indices) is given (we use the notation used in [13]) by:

LQ Q T3 | Spin | Ar(lg) | Ar(lq) | Ae(vq)
S1 Si 1/3 0 0 g1L J1R —01L
S S| 4/3 0] 0 0 Gir 0
Sy S| 4/3 1| 0 | =vV2g5.| 0 0
Sy 1/3 0 0 gs1, 0 —g3L
Sy | —2/3| —1| 0 0 0 V2931
Vo Vo, | 4/3| 1/2| 1 Gor 92R 0
VQCL 1/3 —1/2 1 0 g2Rr gar
Vo Vo | 1/3] 172 1 Gor 0 0
Ve | =2/3 | =1/2| 1 0 0 Gor,

Table 1.7: Coupling strengths of possible interactions allowed by LQ lagrangian for scalar &
vector LQ corresponding to |F|=2.

L = Lip=+Lr=  where
Lip=2 = [0 q il + girtufer| S1+ ﬁlef;;@RSl + 9304112 T S
+ {QQL A%yl + gar @5 V" 61«2} Vo + Gor, 057" 11 Vay, + hec.,
Lipi=o = |hortrly + hopqrimer] Ry + har drlp Ry + higig 7" er Ulu
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LQ Q| Ts| Spin| Ar(lg) | Ar(lg) | ArL(vg)
R, RY| 5/3| 1/2| 0 har har 0
R:| 2/3|-1/2| 0 0 —hag | har
Ry RY| 2/3| 1/2] 0 har, 0 0
Re | —1/3|—=1/2| 0 0 0 har,
Uy, Uyl 2/3 0 1 hir hig hir
U, U,| 5/3 0 1 0 hir 0
U, Us,| 5/3 1] 1 [ V2hy| O 0
Uy, | 2/3 0| 1 | —ha 0 hsr
Uy, | -1/3] -1] 1 0 0 V2har,

Table 1.8: Coupling strengths of possible interactions allowed by LQ lagrangian for scalar &
vector LQ) corresponding to |F|=0.

+ [hm a1l + hirdgy* GR} Ui+ hap gp 7"l Uz, + hec. (1.30)

where [, q; are the LH lepton and quark doublets under SU(2)y, i.e. I, = (vp,er) and q =
(ur,dr) and egr, dgr, ur are the RH charged leptons, down- and up-quark singlets respectively.
The scalar (i.e. S, Sy, S3) and vector (i.e. Vs, 172) LQ carry fermion number F=3B+L=-2,
while the scalar (i.e. Ry, Ry ) and vector (i.e. Uy, Uy, Us) LQ have F=0. Decomposing the
two terms corresponding to a fermion number on the right hand side of above equation, into

scalar and vector parts, we have the following

Lipi = L4 Lt (i= 2, 0) with

Cf}?fi = gt erSi— gipds v Si+ girtGer S+ Girdyer Sy
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— \/éggLJEGLS;*F\/iggLfLEVLSg — ggLﬂcLeLSg
—  gsL sz vy, Sg + h.C.,
£Vector

Fl=2 = Gor 5" v Vo, + gor d " er VQIL—F gar UG V" eg Vs,

+  gardi ' er ‘/QIL + Ggop up Y vp fGL + Gor up Y er \722 + h.c.,

L = hoptigyvp RS+ hoptigep RS — hopdp e RS + hopiig ep R
+ iLQL dr vy Rg + iLQL dper, RS + h.c.,

C‘\f?fi%r = hirur Y v Uiy + hapdp e, Uy + higdpy* er Uy
+ hirupy" er Uy + V2hspup " e Us, + V2 hsp dy v vy Us,
+ hspup v Us, — hspdpy' e Us, + hec,

(1.31)

where ur g, d g are the generic LH (or RH) up- and down-type quarks of any generation
and er, g, vy g represent the LH (or RH) charged leptons and neutrinos of any generation
respectively. The generation indices for both quarks and leptons are not explicitly mentioned
here. Some LQ carry another index as a superscript, which represents the weak isospin, T5.
The isospin doublet LQ carry the indices a, b, where a=-1/2 and b=+1/2, while the triplet
LQ carry indices -, 0, +, where “-”7 implies T3=-1, “+” implies T35 = +1 and “0” implies
T3 = 0. In our notation, u§ = (ur)¢ stands for anti-up quarks. We tabulate below the various
interactions that are possible via LF'V LQ. Table 1.7 gives the effective couplings for the LQ
carrying fermion number |F|=2 while, Table 1.8 gives the couplings for LQ carrying fermion
number |F|=0.

In another notation (called the Aachen notation, used in [14]), the LQ lagrangian is
written in terms of seven renormalizable B and L conserving quark-lepton-boson couplings
consistent with the SU(3). ® SU(2)r, ® U(1)y symmetries of the SM for both scalar and vector

LQ, and each coupling carries generation indices for the two fermions (suppressed in the
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Our Notation | Aachen Notation
S So
S, So
S Sy
Vo Vf;z
‘72u ‘7172
Ry St /2
Ry St

Ulu ‘7()“
Ulu VOM
v, W

Table 1.9: LQ in our notation and the Aachen notation.

equation below). The scalar and vector interaction Lagrangians are therefore,

ES {(ALSQQE/,I:TQZL + /\RSOEEGR) Sg; + ()\RSOJ%GR) Sg
+ (ALSUQ{LRZL + ARSI/QqLiTQGR) SI/Q + ()\LS’I/QJRZL) SI/Q
+

()\LglqziTgTilL) Si} —+ h.C.,

Ly = {(ALVOCIL%JL + /\RVOJR'YMGR) Vow + ()\RVOQRweR) f/ouT
(Aevi o @5vule + Arv, o @ vuer) Vi + (Ao, /ﬂfﬂulL) Vi
()\Lvqu”}/uTilL) me} + h.c.,

(1.32)

where Lg and Ly contain the interactions with the scalar (S, 50, S1/2, 51/2 S?) and vectorial

Ve, Vi, Vi 171’;2, V") LQ fields, respectively. The subscript (0,1/2,1) in each scalar
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Our Notation | Aachen Notation
gir ALs,
JiRrR ARSo
JiRr ARS,
gL ALS,
gL )\Lvl /2
92R >\va /2
92L ALV
har ALS, 5
har ARS, s
hor ALS)
hir ARvh
hir ALVo
hir ARVy
har, ALvy

Table 1.10: LQ couplings in our notation and the Aachen notation.

and vectorial LQ indicates the singlet, doublet, and triplet SU(2), representation, respectively,
whereas the 7%s are the Pauli matrices. The quark fields qi g are the corresponding conjugate of
the qr g fields respectively, where ¢f p = (P rq)°. The L/R index reflects the lepton chirality.
Here also the generation (flavor) and color indices in the fields appearing in equation 1.32 are
omitted. The generation indices are usually mentioned as superscripts and the lepton family
index comes first: A\¥Y couples a LQ to an ith generation lepton and a jth generation quark.
The relation between the two notations can be obtained by equating the interaction terms in
the equation 1.31 and equation 1.32. The correspondence between various LQ and coupling

constants is given in Table 1.9 and Table 1.10 respectively. In our entire analysis, we shall use
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the former notation.

The main direct experimental searches for LQ investigate their production in the s-channel
[13, 15], these searches are carried out at the e—p collider HERA at DESY [13,16]. On the other
hand, the indirect searches of L(Q) consist mainly in analyzing the anomalous effects induced
by the LQ interactions in the DIS as well as in the low energy processes [14,17]. Recently
there has been a renewed interest in the subject [18] due to the high Q% anomalous events
observed in the H1 [19] and ZEUS [20] experiments at HERA, although subsequent analyses

of new data have shown a less significant discrepancy with the SM predictions [21].

1.3 Using the Neutrino Sector to learn about beyond
the Standard Model

The study of neutrino properties is one of the most important probes of possible physics beyond
the SM. Searching for the effects of neutrino mass and flavor mixing, the determination of
the Dirac or Majorana character of neutrinos, searching for the neutrino magnetic moment,
and accurate measurement of neutrino-nuclear cross sections all have a potentially significant

impact on particle physics, astrophysics, and cosmology.

1.3.1 Present Status and Future Neutrino Experiments

First let us briefly review the present situation of the neutrino experiments. Results from
atmospheric neutrino experiments [22-25|, corraborated by the accelerator beam based K2K
experiment [26] have provided firm evidence for v, — v, oscillations with maximal (or almost
maximal) mixing. To this body of evidence have been added the solar neutrino results [27—
33], which when combined with the results of the reactor based KamLAND experiment [34]
have established the LMA-MSW solution [35] as the most favoured explanation for the solar

neutrino deficit. As a result there has been a shift in the nature of goals in the neutrino sector.
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The shift has been from a search for understanding the particle physics and/or the astrophysics
driving the solar and atmospheric neutrino deficits to one where we seek to make increasingly
precise measurements of neutrino mass and mixing matrix parameters.

Experiments planned to yield results over the next one or two decades thus reflect this
change of emphasis. Almost all of the planned projects are long baseline (LBL)? endeavours

using either

e a conventional proton beam colliding with a target to produce pions which then decay

to give muon neutrinos, or

e superbeams, which are essentially technologically upgraded versions of present conven-

tional beams,
e reactor sources with both near and far detectors for reduced systematic errors, and finally

e neutrino factory beams.

1.3.2 Future Neutrino Experiments Focus on Long Baselines and

Neutrino Factories

Conventional neutrino beams are produced from a beam of charged pions decaying in a long
(= several hundred meters) decay channel. If positive (negative) pions are selected, the result
is an almost pure v,(7,) beam from 7+ — pty, (7= — p~v,) decays, with a small O(1%)
component of v, from the three body decays of kaons.

The idea of superbeams was introducted by B. Richter. Superbeam experiments utilise the
same basic principle used in conventional beam experiments mentioned above, but incorporate

substantial technological improvements. This includes higher power beams and the idea of an

2By “long baseline” we actually mean the L/E range of about 50-500 km/GeV. For accelerator experiments,
this translates to baselines conventionally termed “long”, but for the lower reactor neutrino energies, the

baselines are actually 1-2 km.
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“off-axis” location for the detector. One of the planned projects is the 295 km Japanese J-
PARC project [36], with Super-K (22.5 kT) as the detector and < E, >~ 0.76 GeV. Similarly,
NuMI [37] is planned for location in the US, with a 712 km (or possibly somewhat higher)
baseline terminating in a 50 kT calorimeter and < F, >~ 2.2 GeV. Both experiments primarily
aim at heightened sensitivity to sin®#;3 via the electron appearance channel. It is anticipated
that the upper bound on this parameter will be improved by a factor of four over a five year

running period.

vy .
Ve Ve e
<1% -
Vi
+
i, K
Ve e
>99%
Vu Vu I
Vo T

Figure 1.6:  Neutrino production, oscillation and detection via C'C interactions for a superbeam

set-up.

Superbeam experiments, despite the fact that the neutrino beams produced are with high
intensity are inadequate for v, — vy measurements (see Figure 1.6) since they are based on

the same idea as conventional beams where the v, component is not large enough to be useful.
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Conventional neutrino beams and superbeams are almost pure v, beams, which therefore
permit the study of v, — v, oscillations. The experiments must look for v, CC interactions
in a distant detector. Backgrounds that fake v, CC interactions, together with a small v,
component in the initial beam, account for O(1%) of the total interaction rate. This makes it
difficult for experiments using conventional beams to probe very small oscillation amplitudes,
below the 0.01 - 0.001 range. This limitation motivates new types of neutrino facilities that
provide v, beams, permitting the search for v, — v, oscillations, and if the beam energy is
above the v, CC interaction threshold, the search for v, — v, oscillations.

Hence, if we want both v, and 7, beams we will need a different sort of neutrino source.

An obvious way to try to get v, and 7, beams is to exploit the decays :

+

poo— e v, or p— e o, (1.33)

This is the concept of a NF. To create a neutrino beam with sufficient intensity will require a
very intense muon source. The decay of the muons and the relevant oscillation channels are
shown in Figure 1.7.

The concept of a neutrino source based on a pion storage ring was originally considered by
Koshkarev [38] in 1974. However the intensity of the muons created within the ring from pion
decays was too low® to provide a useful neutrino source. The muon collider concept provided
a way to produce a very intense muon source. To create a sufficiently intense muon source, a
NF requires an intense multi-GeV proton source capable of producing a primary proton beam
with a beam power of 1 MW or more on target. This is just the proton source required in
medium term for neutrino superbeams. Hence, there is a natural evolution from superbeam
experiments to NF experiments.

New accelerator technologies offer the possibility of building, within the next two decades,
an accelerator complex that can produce and capture more than 10% muons per year. In a

NF, it has been proposed that muons from this intense source can be accelerated to energies

3The intensity of neutrino beam resulting from captured muon beam is a factor of 1000 less than that

obtained with modern NF scheme.
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Figure 1.7:  Neutrino production, oscillation and detection via CC interactions for a NF' for

one polarity.

of several GeV and then injected into a storage ring having long straight sections*, where the
muons decay to give rise to intense neutrino beams. The concept of a NF [39-41] therefore is
to create a millimole/year muon source, rapidly accelerate the muons to the desired storage
ring energy, and inject them into a storage ring wih long straight section that points in desired
direction.

The design of NF is being pursued in the USA [42], at CERN [43], and in Japan [44]. The

key advantages of the NF beams (over conventional beams) are :

4Muon lifetime is 100 times longer than charged pions, so inorder to ensure that a large fraction of muons
decay in a channel we need to have a storage ring with long straight sections. Since the decay fraction must

be large we cannot use a linear muon decay channel as it is practically not feasible.
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e v, and 7, beams, as well as v, and 7, beams!

e No contamination : The decay of ;1™ gives v, and 7,. Thus, we get neutrino and anti-
neutrino beams of different flavours. One can look for appearance modes, v, — v., v,

and v, — Uy, U,

e High event rates. With 2 x 10?° muon decays per year in the beam-forming straight
section of a 50 GeV neutrino factory the v, event rates in a distant detector would
be about a factor of 60 higher than the corresponding rates for the next generation of
conventional beams (NuMI at FNAL for example). These neutrino factory rates would
yield tens of thousands of events per year within a reasonable sized detector on the other
side of the Earth (L ~ 10000 km). In addition a near detector a few hundred meters from
the end of beam-forming striaght section of a 50 GeV neutrino factory would measure of
the order of a million events per year per kg ! This facilitates search for non-oscillation

physics scenarios.

e Narrow v and 7 energy spectra : The beam neutrino factory is essentially narrow
band’ as they have much narrower energy spectrum while those from conventional sources

are 'wide band’ beams.

e Low systematic uncertainities : The systematic uncertainties on the flux and spec-
trum of neutrinos at a distant experiment are expected to be significantly lower than for
a conventional beam since muon decay spectrum is well known. This would improve the

ultimate precision of v, disappearance measurements.

e Polarization : The v, component in the beam can be controlled by changing the po-

larisation of the muons in the storage ring.

e Compactness : By injecting the muons in a storage ring with long straight sections, the

muon storage ring is compact. Thus, it is possible to tilt it downwards at a large angle so
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that the neutrino beam can pass through Earth and very LBL experiments (L ~ O(10%)

Km) can be imagined.

Now let us discuss the properties of neutrino beams produced at a NF. Consider an ensemble
of polarized negatively-charged muons. When the muons decay they produce muon neutrinos

with a distribution of energies and angles in the muon rest—frame described by [45]:

d*N,, 222
dzdQ,,  4x

(3 —2x) + (1 —22)P, cos O] , (1.34)

where z = 2E, /my,, 0., is the angle between the neutrino momentum vector and the muon
spin direction, and P, is the average muon polarization along the beam direction. The electron

antineutrino distribution is given by:

d*>Ny, 1222
x
dxde., 4

(1—2)+ (1 —2)P,cosbup) , (1.35)

and the corresponding distributions for 7, and v, from pu* decay are obtained by the
replacement P, — —F,. Only neutrinos and antineutrinos emitted in the forward direction
(cos O =~ 1) are relevant to the neutrino flux for long-baseline experiments; in this limit
E, = xF,, and at high energies the maximum F, in the laboratory frame is given by
Eraz = Y(1 + [ cosb.,)m, /2, where § and « are the usual relativistic factors. The v, and 7,

distributions as a function of the laboratory frame variables are then given by:

dQNV 1 212
dedQuy Y2(1 — Bcosbyy)? 4m It z) + ( z) P, cos O, (1.36)

and

d?> Ny 1 1242
» 1- 1 — ) By oS O] - 1.37
dxdSdqp > Y*(1 — Beosb)? 4 I )+ 2) P, 08 for] (1.37)
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Neutrino Fluxes at L = 10000 Km
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Figure 1.8:  Calculated v and T fluxes in the absence of oscillations at a far site located
10000 km from a neutrino factory in which 2 x 10%° muons have decayed in the beam—forming
stratght section. The fluxes are shown as a function of the energy of the stored muons for
negative muons (top two plots) and positive muons (bottom two plots), and for three muon
polarizations as indicated. The calculated flures are averaged over a circular area of radius

1 km at the far site.
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Thus, for a high energy muon beam with no beam divergence, the neutrino and antineutrino
energy and angular distributions depend upon the parent muon energy, the decay angle, and
the direction of the muon spin vector. With the muon beam intensities that could be provided
by a muon collider type muon source [46] the resulting neutrino fluxes at a distant site would
be large. For example, Figure 1.8 shows as a function of muon energy and polarization, the
computed fluxes per 2 x 10%° muon decays at a site on the other side of the Earth (L =
10000 km). Note that the v, (7.) fluxes are suppressed when the muons have P = +1 (-1).
This can be understood by examining equation 1.37 and noting that for P = —1 the two terms
cancel in the forward direction for all z.

Specifications for the LBL NF detector are rather typical for an accelerator -based neutrino
experiment. However, because of the need to maintain a high neutrino rate at these long
distances (~ 3000 Km), the detectors considered here are 3-10 times more massive than those
in current neutrino experiments.

For the far-site several detector options can be considered :

A 50 kKT steel-scintillator-proportional-drift-tube(PDT) detector.

A large water-Cherenkov detector, similar to Super-Kamiokande but with either a mag-

netized water volume or toroids separating smaller water tanks [47].

A massive liquid-argon magnetized detector [48]

A large mass magnetized iron calorimeter, such as one proposed for India-based Neutrino

Observatory (INO) [49]

Near-site detectors are crucial from the view point of flux optimization. For the near
detector, a compact liquid-argon type time-projection-chamber (TPC) (similar to ICARUS
[50]) could be used. An experiment with a relatively thin Pb target (1 L,.q), followed by a

standard fixed-target spectrometer could also be considered.
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1.4 Physics Goals at a Neutrino Factory

In this section we describe the important physics goals that can be addressed at a NF. Broadly

speaking we can divide them into 2 classes :

e Oscillation Physics : Ultimately, to fully test the three-flavour mixing framework,
determine all of the relevant neutrino oscillation parameters, and answer the most im-
portant neutrino-oscillation related physics questions, one would like to measure the
oscillation probabilities P(v, — v3) as a function of baseline L and neutrino energy E
(and hence L/E) for all possible initial and final states. This requires a beam with
well-known flavour content, and a detector that can identify the flavour of interacting
neutrino. The neutrinos interact in the detector via CC and NC interactions to produce
a lepton accompanied by a hadronic shower arising from the remnants of the struck nu-
cleon. In CC interactions, the final-state lepton tags the flavour (/) of the interacting
neutrino. To accomplish the ultimate goal, we need v, in addition to the v, beams, and
detectors that can distinguish between NC, v, CC, v, CC and v, CC interactions. The
exact neutrino helicity composition of beams produced via muon decay is ideally suited
for oscillation measurements. Thus one can easily select the helicities of neutrinos and
anti-neutrinos by allowing either p~ or ut to decay. At a NF, with negative muons
stored, the initial beam consists of 50% v, and 50% 7. and the following transitions can

occur (see Figure 1.7),

- v, — v, disappearance
— Vv, — V. appearance
— v, — U, appearance
- v, — U, disappearance

— Ve — U, appearance

— UV, — Uy appearance
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An important feature of the NF is the possibility of having opposite muon charges cir-
culating in the ring, therefore allowing also the study of the charge-conjugated processes

of those above.

The simultaneous presence of both neutrino flavours in the beam poses the problem
of separating the neutrinos due to oscillations from beam background. A simple iden-
tification of the lepton produced in CC interactions is not sufficient, since muons, for
instance, could come from the v, component of the beam, from the oscillation v, — ,,
or even from the oscillation 7, — ©,, followed by the decay 7 — u. The obvious way
to distinguish the neutrinos coming from the beam from those coming from oscillations
is to measure the charge of lepton produced in CC events. The ideal case would be to
measure the charge of both electrons and muons, and perhaps find a way also to identify
taus. The last two requirements are quite difficult to match. We consider a case that the
detector for NF will be able to identify the charge of muons and taus. If also electron

identification can be performed, the detected events can be classified in six classes:

— CC electron or positron (assuming the charge cannot be measured)
— Right-sign muons

— Wrong-sign muons

— Positive tau leptons

— Negative tau leptons

Events with no leptons

The measurements can be made with negative muons stored in the NF', and with negative
muons stored. Thus there are 12 differential spectra that can be simultaneously fit to

obtain the oscillation parameters.

e Non-Oscillation Physics : The study of utility of intense beams from a muon storage

ring in determining the parameters governing non-oscillation physics started in 1997
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[51]. An extensive non-oscillation physics program is planned to be carried out at a NF
facilty. A high-performance 50 GeV NF can provide 10° — 107 neutrino events per kg per
year, enabling highly instrumented detectors to obtain data samples of unprecedented

magnitude. Experiments that might benefit from these intense beams include

— precise neutrino cross section measurements,

— structure function measurements (with no nuclear corrections), in which individual

qurak flavour parton distributions can be extracted,
— precise a, measurements from non-singlet structure functions,
— studies of nuclear effects (e.g. shadowing) separately for valence and se quarks,
— spin structure functions,

— tagged single charm meson and baryon production (a 1 ton detector could yield 10%

flavour-tagged charm hadrons per year),
— electroweak tests (sin Oy and o(v — e)),
— exotic interaction searches,
— neutral heavy lepton searches, and

— searches for anomalous neutrino interactions in EM fields.

Among the non-oscillation physics possibilities, NF offer the possibility of searching for
exotic processes resulting in production of e~, u*, or 7- lepton of either charge.
These searches are also useful to rule out exotic contributions to LBL neutrino oscilla-
tion signals (discussed above). One could distinguish between exotic processes and the
beginning of a neutrino oscillation by exploiting their differing dependence on energy and
distance. Specifically, these exotic processes would probably have a flat or rising depen-
dence on the neutrino energy E. In contrast, a neutrino oscillation would have a 1/FE?
dependence. Also if the distance L of the experiment changes, the rate of exotic events

would decrease with the flux as 1/L?. In contrast, the neutrino oscillation probability
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would increase as L? (for L small compared to the oscillation period), and so the rate of

oscillated events would be independent of L.

Current understanding of muon interactions allows for exotic processes in two forms :

— Anomalous lepton production could occur if muons decay to neutrino flavours other
than those in the usual decay j1 — ev, 7., and the anomalous neutrinos then interact

in the target.

— Alternatively, they could be produced if a v, or 7. interacts with the target via an

exotic process.

In order to look for exotic interactions, it is preferable to have a detector at near-site

since oscillation effects are negligible at short distances.

1.5 Chapters Layout

The approach here seeks to explore how NF, a tool of the future can be used to explore non-
standard interactions in the neutrino sector. In this thesis we consider SUSY and theories with
LQ as possible candidates for probing beyond SM physics in the neutrino sector. The layout of
various chapters is : In chapter 2 we analyze the R-parity violating SUSY interactions leading
to tau and wrong sign muon production at a NF. In chapter 3 we describe interactions arising
from LQ interactions that lead to tau and wrong sign muon production at near and short

baselines. In chapter 4 we show how LQ can lead to an enhanced production of b(b) at a NF.



Chapter 2

Signals of R-parity Violating

Supersymmetry

Neutrino oscillation signals at muon storage rings can be faked by SUSY interactions in an R-
parity violating scenario. We investigate the T-appearance signals for both LBL and near-site
experiments, and conclude that the latter is of great use in distinguishing between oscillation
and SUSY effects. On the other hand, for a wide and phenomenologically consistent choice
of parameters, SUSY can cause a manifold increase in the event rate for wrong-sign muons
at a LBL setting, thereby providing us with signatures of new physics. Some of the results

presented in this chapter are published in Phys. Rev. D64, 015011 (2001).

2.1 Introduction

The increasingly strong empirical indications of neutrino oscillations from the observed solar
and atmospheric neutrino deficits [52] have emphasised the need for their independent con-
firmation in accelerator and reactor experiments. One of the actively discussed possibilities
in this connection is a muon storage ring [39-41,53] which can act as an intense source of

collimated neutrinos impinging upon a fixed target. A p~ (u) beam can thus produce both
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v, (7,) and 7, (ve), thereby providing an opportunity to test both v.-v, and v,-v, oscillations
which are the favoured solutions for the two anomalies mentioned above.

In the simplest extensions of the SM, non-degenerate masses for the different neutrino
species (and consequent mixing among them) can account for the oscillation phenomena.
Considering, for example, the atmospheric v, deficit, the Super-Kamiokande (SK) results [52]
strongly suggest v,-v;, oscillation with Am? ~ 1073 — 1072 eV? and sin?20 ~ 1. Such
oscillation was earlier indicated by the Irving-Michigan-Brookhaven and Kamiokande collabo-
rations, and has been also supported more recently by the SOUDAN-II [54] and MACRO [55]
experiments. At a muon storage ring, one therefore expects a certain fraction of the v,’s to
oscillate into v, depending on the energy and the baseline length. Interaction of these v,’s
with the target material will produce 7-leptons, the detection of which may, in the simplest
case, be interpreted as additional proof of oscillation [56]. Similarly, the detection of wrong
sign muons may be a vindication of the 7,-7, oscillation hypothesis, thereby providing one with
a probe of the parameter spaces corresponding to the vacuum and matter-enhanced oscillation
solutions to the solar neutrino puzzle.

However, the predicted rates of T-appearance or wrong-sign muons in a given experimental
setting can be significantly affected by non-standard interactions. In other words, it is pos-
sible for non-oscillation physics to intervene and fake oscillation phenomena. Lepton flavour
violation (LFV) effects in general can mimic the neutrino oscillation signal. Such issues have
been already discussed in some detail in a model-independent way in the references [57]. For
example, it is possible for un-oscillated v, ’s to scatter into 7’s in an R-parity violating SUSY
framework (with R = (—1)®B+L+29) by virtue of lepton-number violating trilinear cou-
plings [10]. Also, such couplings can produce 7,’s from p~-decay and thus give rise to p*’s in
the detector even in the absence of oscillation [11]. It is important to know the effects of such

interactions for two reasons:

(i) to look for enhancement in 7 and wrong-sign muon event rates and thus to uncover

SUSY effects, and
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(ii) to see to what extent the signals supposedly coming from oscillation are faked by

such new physics.

In this chapter, we show that one can answer both questions by combining LBL experiments
with those in which one places the neutrino detectors at a short distance from the storage ring,
where the oscillation probability gets suppressed by the baseline length.

In addition, other non-standard options such as left-right symmetric models and theories
with extra gauge bosons also can lead to some of the observable consequences discussed here.
However, the rather stringent lower bounds (of the order of 500 GeV and above) on the masses
of these bosons suppress the contributions. On the other hand, the very relaxation of lepton
number conservation in a SUSY scenario introduces several additional couplings in the theory,
not all of which can be excluded with a great degree of severity from currently available ex-
perimental results. It is some of these new interaction terms, coupled with the possibility of
having sfermions in the mass range of 100-300 GeV, that are responsible for the remarkable
enhancement of tau-and wrong-sign muon event rates at a NF. Similarly, lepton number vio-
lating couplings also occur in the theories with LQ. In R-parity violating SUSY (with A-type
couplings), squarks behave in much the same way as scalar leptoquarks. Therefore, the results
of our analysis on 7 appearance are equally applicable to the interactions involving scalar LQ
with charge j:%. This will be discussed in detail in chapter 3.

While a LBL experiment is of advantage from the viewpoint of oscillation, a detector placed
at a near site has also been considered in recent studies [40, 58]. Its merit lies in having a large
event rate even when its dimensions are small. In reference [40], for example, 7 detection has
been investigated in the context of a detector consisting of an array of tungsten sheets with
silicon tracking. Such a detector will be helpful in isolating new 7-producing interactions which

can be potential contaminants of the oscillation signature.
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2.2 Neutrino Oscillations

Let us first consider T-appearance through oscillation. For a muon-neutrino with energy FE,
(in GeV) traversing a distance L (in Km), the probability of oscillation into a tau-neutrino is

given by

L
Pyo—w, = sin®26 sin® [1.27 Am? E—] (2.1)

v

where Am? is the mass-squared difference between the corresponding physical states in eV?,
and 6, the mixing angle between flavours. For a baseline length of, say, 700 Km, and a
muon beam of energy 50 GeV, this probability corresponding to the solution space for the
atmospheric SK data lies in the range 1073 — 1072, and is smaller for shorter baselines. In
order to obtain the 7-event rate one has to fold the CC cross-section with this probability as
well as the v, energy distribution, and finally use the effective luminosity appropriate for the

cone subtended by the detector, which depends on the area and baseline length.

2.3 R-parity Violating Supersymmetric Interactions

The presence of scalars carrying lepton (L) or baryon (B) number in a SUSY scenario makes
it possible to have one of the above quantum numbers broken while the other is conserved.
One can thus avoid undesirable consequences like fast proton decay, and can still be consistent
with all other symmetries when R-parity is violated. In such a scenario with broken lepton
number, the corresponding part of the superpotential is given (suppressing colour and SU(2)

indices) by [11],

where i, j and k are generation indices, L and Q represent the SU(2) doublet lepton and quark
superfields, and E, U and D denote the right-handed charged lepton, up-type quark and down-
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type quark superfields respectively. In terms of the component fields (with the sfermion fields

characterised by the tilde sign), the trilinear terms above lead to interactions of the form

L= Ny [dydpvp + (dR) () dy + vpdpdy
— &y dpuy, — g, dyey, — (dp)*(€) up] + hc.

F\iji [ &) Envt + (ER) (71, + Dhehel — (i« §)] + hec (2.3)

It should be noted that these interaction terms violate both lepton flavour and lepton

number. By suitable combinations of two such terms, it is possible to achieve contributions to

processes which conserve lepton number but involve transition between different generations.

The implications of such interactions have been investigated earlier in the contexts of solar [59]

and ultra-high energy neutrinos [60]. At a NF, they can affect the 7 or wrong sign p event

rates in the following ways:

1. XN-type interactions give rise to a 7 starting from a v, which is produced via standard

muon decay.

2. A-type interactions produce a v, from muon decay, which subsequently has standard

charged-current interaction with the target, leading to a wrong-sign muon.

3. A v, can be produced as a result of A-type interactions in muon decay, which produces

a 7 through standard interaction.

4. The v, from p~ decay may scatter into a ut via N-type interactions with the target.

Here we present results for cases 1 and 2 above. The Feynman diagrams for these two cases
are shown in Figure 2.1, where we have chosen those A'-and A-interactions which make b and
7 the mediators in the corresponding diagrams. Predictions for cases 3 and 4 are qualitatively

similar to those for 1 and 2 respectively.
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Figure 2.1: Feynman diagrams for processes producing (a) a T or (b) a wrong sign muon in

R-parity violating SUSY.

The SM CC cross-section for v, N — 7~ X can be found, for example, in references [40, 56].
In R-parity violating SUSY, a v, can give rise to the same final state through the couplings
Ayy3 and Aj;5 when the tree-level process is mediated by a b-squark. From considerations
of phase-space availability as well as parton densities in a nucleon, the most favourable 7-
producing processes at the quark level are v,d — 7 v and v,u — 7=d. On performing
Fierz transformations (see Appendix A) on the SUSY amplitudes for these processes, one

obtains

Ao a AL
MSUSY<V;L d— 77 u) = 7313 3123 [fLT’}/“PLu,/#] [ﬂufy“PLud]
2(s8 — mBR)
- A2 A
Msusy(v, o — 7~ d) = B8 (g, Pru,] [0.9" Prod] (2.4)

where mj is the b-squark mass. Left-right mixing in the squark sector has been neglected
here. No consequence of the phases of the A'-type couplings has been considered. It should be
noted that the (v, < v,) oscillation amplitude (arising from neutrino mass splitting) is purely
imaginary in a two level analysis [61]. Hence, there is no interference between the oscillation
and R-parity violating amplitudes as long as the product of two A" couplings is real. We have
worked under such an assumption here.

There are phenomenological bounds on the L-violating couplings [62]; however, most of
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these bounds are derived on the assumption that only a single coupling at a time is non-zero
(we call them the ‘stand-alone’ bounds). Thus, although there are individual limits on A5 and
A}y, obtained from the universality of charged-current decays of 7~ and 7 [62], such limits are
not necessarily applicable in the most general case. At any rate, no conclusive limit has been
obtained for the product (A5 A5;5). Hence this product can be treated as a free parameter
when it comes to looking for experimental signals. We have also checked that the values of the
effective LF'V coupling used here do not contradict any limits on such couplings available in

the literature.
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Figure 2.2: The T-event rate as a function of the baseline length (L) for E,, = 50 GeV. The
solid line corresponds to the contribution from v, — v, oscillation, using SK parameters (see
text). The two dashed lines refer to cases where the SUSY contributions are included, taking

different values of ¢ (= Nyj3N\53)-
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In Figure 2.2 we show the event rates for tau production for long-baseline experiments,
as functions of the baseline length, for a 50 GeV muon beam. When calculating the total 7
appearance rate, we add the R-parity violating contribution with the SM contribution (from
v; N — 7= X) after folding the latter with oscillation probability. The results presented here
correspond to a sample detector of mass 10 kT, with a circular cross-section of 100 m?. Such
a specification is similar to that of the ICANOE experiment [63]. A muon source producing
10%° muons per year has been assumed. The expected event rates for both standard CC
and SUSY contributions added to them are displayed. We have used CTEQ4LQ [9] parton
distributions to calculate the event rates. The SM contribution to the 7-production rates has
been calculated assuming an oscillation probability corresponding to Am3; ~ 5.0 x 1073 eV/2
and sin?fy; = 1, which is within solution space for the atmospheric v, deficit. An average
T-detection efficiency of 30% [40,63] has been used here. Different values of the products of
the R-violating couplings have been used, with a bottom-squark mass of 300 GeV, which is
consistent with current experimental limits. The lower one of these corresponds to the product
of the stand-alone bounds of the individual couplings; we also display the results with a value
of ¢ which is 10 times greater, and is close to the product of the perturbative limits of the
individual couplings. As can be seen from the figure, for baselines of length > 200 km, R-
parity violating effects make a serious difference only when the couplings are close to their
perturbative limits, while for shorter baselines (~ 100 km), they can be competitive even with
values on the order of the stand-alone bounds.

However, new physics effects are quite clearly separated when one comes to a near-site
detector setting. Here the SM contribution is suppressed due to the paucity of 7’s produced in
oscillation. In Figure 2.3 we show some plots of T-event rates with a 1 k7', 2500 cm? detector
placed at a distance of 40 m from the storage ring [40]. The two sets of values for the product
of the N-type couplings already used in the previous figure are also used here; in addition,
we show the predictions for two considerably smaller values of this product. One notices a

substantial enhancement in the number of T-events (calculated again with an assumed average
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detection efficiency of 30%) to a level considerably higher than what the SM predicts. This
is the case even when the relevant coupling strengths are much smaller than the limits given
in reference [64]. Combining Figure 2.2 and Figure 2.3, the conclusion, therefore, is that even
when the couplings are well within the bounds for the stand-alone situation, near-site effects
arising from them lead to overwhelmingly large 7-production, while for LBL experiments,
contamination of the oscillation signals through R-violating interactions is appreciable when

one goes beyond the limits derived on the assumption that only one coupling is non-vanishing

at a time.
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Figure 2.3: The 71-event rate as function of the muon beam energy for a near-site detector.
The solid line shows the oscillation contribution, while the SUSY contributions are included to

the dashed lines, using different values of ¢ (= Ny3M\5;5)-

Similarly, a v, can also be produced in the decay of the u~ via diagrams of the kind shown
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in Figure 2.1. It can consequently produce a 7 at the detector even without oscillation. In such
a case, the event rates are suppressed by the branching ratio of the R-parity violating decay;,
to an extent depending on the product of the corresponding A-couplings. The predictions are

similar to the ones discussed above.
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Figure 2.4: The event rates for wrong-sign muons as functions of muon energy, for a baseline
length of 250 km and a 10 kT detector of area 100 m?. Different values of ¢ (= Aaz1 Aiz2) have
been used, with mz = 100 GeV

Next, we consider wrong-sign muons produced due to R-parity violating effects in muon
decays. The Mikhyev-Smirnov-Wolfenstein (MSW) solution to the solar neutrino problem with
matter-enhanced v,-v, oscillation requires a mass-splitting of ~ 107" eV? between the mass
ecigenstates [65]. It has been found earlier [56] that with a muon beam energy of upto 50
GeV, and with standard charged current interactions, one can hardly expect to see any events

given this kind of mass-splitting, for any realistic baseline length. The situation is even worse
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Figure 2.5: The event rates for wrong-sign muons as functions of muon energy, for a baseline
length of 732 km and a 10 kT detector of area 100 m?*. Different values of ¢ (= Aa31A132) have
been used, with mz = 100 GeV

for the vacuum oscillation solution which requires Am? ~ 107!° eV2. Thus a sizable event
rate for wrong-sign muons at a LBL experiment should be interpreted as a signal of some
new effect, unless v.-v, oscillation is not the solution to the solar neutrino puzzle. In the
latter situation, however, the predicted wrong-sign muon rates allow one to probe the solution
space to, for example, the LSND results [66]. In such a case, it becomes even more important
to understand the potential contributions coming from new physics effects such as R-parity
violating SUSY. In the discussion below, we have tried to demonstrate our main point by
confining ourselves to solar neutrino solution space, and showing the visibility of the events
through SUSY interactions.

Equation 2.3 tells us that the v, produced in p-decays cannot give rise to a u* through R-
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parity-violating interactions unless there is substantial left-right mixing in the (D-type) squark
sector. On the other hand, diagrams of the kind shown in Figure 2.1(b) can lead to decays like
p~ — veev,. This decay is governed, for example, by the product Ag31Ai32 when the process

is mediated by a stau. The decay amplitude, as obtained from Figure 2.1, is

A132A
Msusy(n—vee ) = = [ P, [cPrus, (2:5)
TL

where 51 = (p, — pu.)?

In Figure 2.4 and Figure 2.5 we show the event rates for a typical ICANOE-type detector
as functions of the muon beam energy, using different values of the above product. Predictions
are made for two different baseline lengths, one corresponding to the K2K proposal (Figure
2.4) and the other, to the Fermilab-SOUDAN or CERN-Gran Sasso LBL experiment. Again,
the value 0.004 corresponds to the product of the stand-alone bounds. In addition, two other
values, one close to the perturbative limit and the other one considerably smaller, have been
used. It may be noted that the only limit on the relevant product ¢, attempted from the
absence of muonium-antimuonium conversion [67], is about 6.3 x 1072. Two of the three
values of ¢ taken here are consistent with these limits. Substantial event rates are produced
even with such values. In addition, a general limit on the parameter, g% ' denoting the scalar
coupling of a muon leading to its decay into a right-handed electron exists in the literature.
Such a limit translates to ¢ < 0.022, with which a large part of the parameter space covered
in the figures is consistent.

Even with conservative choices of the interaction strengths, a clear prediction of ten to
several hundred events can be observed for £, ~ 50 GeV, in the R-parity violating case,
while no events are expected so long as the masses and mixing in the v,-v. sector offer a

solution to the solar deficit. Clearly, a shorter baseline such as the one shown in Figure

!'The most general scalar interaction leading to the decay of a muon to a right-handed electron can be

4GE
V2

to be less than 0.066 [73].

written as: £ = (957 (€rIT|(ve)r) (7.)LIT¥|pur)]. The current experimental limit on g%y constrains it
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2.4 is of greater advantage. Furthermore, a near-site detector should be able to detect a
huge abundance of events, although backgrounds caused by muons produced upstream of the
detector pose additional problems there. Taking everything into account, we conclude that
a far-site detector with modest baseline length like the one studied in Figure 2.4 is probably
the optimal answer to questions on possible contributions to wrong-sign muon signals. This
statement, however, ceases to be valid if the mass-squared splitting corresponding to v.-v,
oscillation belongs, for example, to the solution space for the LSND results. A confirmation
(or otherwise) of the LSND claim is expected to come from the MiniBooNE experiment. In
case of a reaffirmation of such kind of v.-v, oscillation, for which substantial wrong-sign muon
rates are predicted in LBL experiments, one has to worry about possible faking by SUSY
processes discussed here. Under such circumstances, one has to combine the observed data

with those obtained from a near-site detector to separate the two types of effects.

2.4 Conclusions

In conclusion, we have investigated the effects of the R-parity violating trilinear couplings on
the suggested signals of neutrino oscillations at a muon storage ring. We find that, while
the new couplings have to be on the higher side to show a detectable enhancement in the
T-appearance rate with LBL, even tiny R-violating couplings can lead to very large number
of 7’s at a near-site detector, much in excess of what is expected via oscillation. Near-site
experiments can thus be recommended for isolating new physics effects that fake signals of
neutrino oscillation. On the other hand, a class of R-violating interactions, with strengths
well within their current experimental limits, can be responsible for an enhanced rate of wrong
sign muons at a LBL experiment. Since the solution space for the solar neutrino puzzle does
not permit such event rates, such muons, if observed at a NF, can therefore be greeted as

harbingers of some new physics, of which R-parity violating SUSY is a favoured example.



Chapter 3

Leptoquark Signals in Neutrino

Scattering

The accurate prediction of neutrino beam produced in muon decays and the absence of opposite
helicity contamination for a particular neutrino flavour makes a future NF based on a MSR,
the ideal place to look for the LFV effects. In this chapter, we address the contribution of
mediating LFV LQ in v(7) — N interactions leading to production of 7’s and wrong sign u’s
at MSR and investigate the region where () interactions are significant in the near-site and
short baseline experiments. Some of the results presented in this chapter are published in

Phys. Lett. B535, 219 (2002).

3.1 Introduction

Recent results from Super-Kamiokande and other experiments [52] strongly suggest v,-v, os-
cillation as the dominant oscillation mode, in order to explain the atmospheric v, deficit.
Similarly, the results for solar neutrino problem point towards v.-v, oscillation as the favoured
solution [65]. In fact, the prime goal of next generation neutrino physics experimental studies

(e.g. NF based on MSR) is to explore the physics beyond SM to unfold the mystery of the
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neutrino mass hierarchy and confirm the nature of neutrino flavour conversion [53]. At MSR
with a u= (u*) beam, roughly ~ 10* muons are allowed to decay per year giving rise to
nearly equal number of v, (7,) and 7. (v.). These v (7)’s at the detector, may or may not
have changed their flavour due to oscillation of neutrino mass eigenstates, which on interaction
with matter produce associated charged leptons [56]. However, as mentioned in chapter 1 and
chapter 2, there can be effective LF'V interactions motivated from new physics which may give
rise to charged leptons in the final state as expected through v()-oscillations [68].

In this backdrop, it is worthwhile to study the production of 7 and wrong sign u via
LQ as mediators which occur naturally in grand unified theories, tecnicolour models and Fg
inspired superstring theories [69]. There have been numerous phenomenological studies to
put constraints on LQ from low energy flavour changing NC processes which are generated
by both the scalar and vector LQ interactions, since there is no reason why the quark-lepton
couplings with LQ have to be simultaneously diagonal in quark and lepton mass matrices.
Direct experimental searches for L(Q have also been carried out at the e p collider and bounds
obtained [70]. In this work, we compute and analyse the contribution of mediating LFV LQ
in v(r)-N CC interactions.

3.2 Expression for Event Rate

The most general expression for the event rate per kilo Ton (kT) of the target per year for
any charged lepton flavour /5, obtained via CC interaction of v; beam® produced as a result of

oscillation from an initial v; beam can be written as :

+ —
l]C Ay

./\f/d2 o VJ v5)q — I (I))a )[dNW

(3.1)

'k = j for the SM Lepton Flavour Conserving situation
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where, N, is the number of nucleons present kT of the target material, x and y are the Bjorken
scaling variables, q and q’ are the quarks in the initial and final states, respectively and P,
is the oscillation probability. The differential parton level cross-section is given by

:

l
5

2 VU 2
d g [|M(x7y)| ‘| le—1/2(170’m

dz dy - 327s

where , § is the parton level CM energy, m,; is the mass of the final-state lepton and

M2z y,2) =22 + % + 2% — 20y — 202 — 22

is the Michael parameter and [ dﬁvf’f_] is the differential v (7) flux.

For the two flavour oscillation scenario?, the probability

L
Posc(vi — vj) = sin® 20, sin® l1.27 Am?[eV?] %
L[Ge

where, L is the baseline length, F, is the neutrino energy, Am? is the mass-squared difference
between the corresponding physical states, and 6, is mixing angle between flavours. The
general characteristics of 7 and wrong sign p production in the oscillation scenario (OS), for

example are given by Dutta et al. [56].

3.3 Leptoquark Lagrangian

The effective Lagrangian with the most general dimensionless, SU(3). x SU(2), x U(1)y
invariant couplings of scalar and wvector LQ satisfying baryon (B) and lepton number (L)
conservation (suppressing colour, weak isospin and generation (flavour) indices ) is given [13]

by:

L = E\F|:2—|—/:|F\:0 where

2For the present case, it is sufficient to illustrate the main ideas by considering only the two flavour oscilla-

tions in vacuum.



3.4. TAU PRODUCTION 60

Lip=2 = [0 qr il + girtufer] S1+ Girdyer S+ a1 @5 i Tl S

+ {gu A%yl + gar @5 Y 61«2} Vo + Gor 07" 11 Vay + hec.,

Lip—o = |hoptrly + hopqrimer] Ry + har drlp Ry + higig " er Ulu

—+ [hquL’}/ﬂlL—i- thJR’y“eR} Ulﬂ—l—th(jLF”y“lL Ugﬂ—i—h.c. (32)

where gy, [, are the LH quarks and lepton doublets and eg, dg, ug are the RH charged leptons,
down- and up-quark singlets respectively. The scalar (i.e. Sy, Sy, S3) and vector (i.e. Vi, V3)
LQ carry fermion number F=3B+L=-2, while the scalar (i.e. Ry, Ry ) and vector (i.e. Uy, Uy,
Us) LQ have F=0. Using this Lagrangian we discuss below the production of 7’s and wrong

sign u’s along with the standard Mass-Mixing solution of neutrino oscillation case.

3.4 Tau Production

u, ¢ T d T
> - < > - <
v, (a) d v, (b) u, c
Figure 3.1: 7= from scalar & vector LQ): (a) u-channel process corresponding to |F| = 0 LQ

and (b) s-channel process corresponding to |F| = 2 LQ.

We consider the production of 7~ from unoscillated v, (obtained from ;= decay) through
LFV interactions with nucleon via u-channel processes for |F'| = 0 case ( Figure 3.1(a) ) and

s-channel processes for |F| = 2 case ( Figure 3.1(b) ) LQ unlike OS where 7~ are produced
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through v, ( oscillated from v, with Am? = 0.0023 eV? and sin®(26,,) = 1.0) nucleon interac-
tion. There are four processes contributing to 7~ production in the u-channel ( Figure 3.1(a)
), one mediated by the charge 2/3, scalar LQ (Rs) with T3 = —1/2 and three by the vector
LQ (U, Uy, U3) with T3 = 0 each, where T3 is the weak isospin. The matrix element squared

for all the u-channel processes is

NP h3Lh3n 528 My

= [u(u — mz)} [m + [45(5 — mQ)} %
2

h%thL ] + {45(
(4 — M7, )? (@ = Mg, ) (i — Mg, )?

(3.3)

where, the Mandelstam variables at the parton level are given by § = (p,, +p4)?, t= (Pv, —pr-)?
and @ = (p,, — Puc)?, with p; denoting the four momemtum of the i particle. In the s-channel,
three processes are mediated by charge -1/3, scalar LQ (S1, S1, S3) with T3 = 0 and fourth by
vector LQ (Va) with T3 = —1/2 ( Figure 3.1(b) ). The matrix element squared for s-channel

processes is

‘Msfchann(y d — TilL)’Q _ {g,(g . mQ)} gilL + g%Lg%R + g§L
Le : B UL =M (3 Mg)? (8- ME)?
3
2 2 2 2
911931 cit 2 921.92R
- 2 4t(t — —
(5= ME)(5 - M§g>21 ] l@ - M&M

(3.4)

In order to demonstrate the behaviour of the 7 production rate, we consider the contribution
from LQ carrying different fermion numbers separately, which implies that either the h's or
the ¢'s ( contributing to a given process ) are non-zero at a time. For simplicity, we have

taken the masses of scalar and vector L(Q and couplings h's ( ¢’s ) for |F| =0 ( |F|=2) to be
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equal. We have used CTEQ4LQ parton distribution functions [9] to compute the event rates.
To study the variation of 7 events w.r.t £, and baseline length L, we have plotted the events
for two different LQ masses 250 GeV & 500 GeV respectively using the product of couplings
to be equal to a.,,. As also mentioned earlier, there exist bounds on lepton number violating
couplings from rare 7-decays, specifically from 7= — p~7° [70]. These bounds however are
derived on the assumption that only a single coupling at a time is non-zero and either a scalar
or a vector LQ contributes to the process. Thus, though there are individual limits on A’s and
¢’s, it would be the weaker bound that will mainly contribute to the processes considered here.
If such bounds, whatever there applicability are to be used, the cross section will decrease
by roughly a factor of 40 in comparison to what has been presented here for the purpose of
illustration.

In Figure 3.2(a), we plot the net contribution ( from LQ and oscillation ) to tau events for
a near-site experimental set-up w.r.t £,. We have considered a detector with a sample area of
.025 m? [40] and placed at 40 mts from the storage ring. It is worthwhile to mention that the
contribution is predominantly from LQ as the oscillation is suppressed at such baseline length.
We give similar curves in Figure 3.2(c) with the detector placed at a baseline length of 250 kms
( K2K Proposal, from KEK to Kamioka ) and sample detector area of 100 m? [40]. Here the
contribution of LQ is comparable to that of the oscillation. Figure 3.2(b) shows the variation
of events w.r.t. the baseline length, 1m to 100 m (appropriate for near-site experiment) for
E, fixed at 50 GeV'. The graph clearly shows the independence of the tau events with baseline
length in this range, while in Figure 3.2(d) the behaviour of tau event rate is markedly different
for short and medium baselines (1 — 1000 kms). Here, the LQ event rate falls off as 1/L? to
zero and hence the combined event rate for 7 essentially merges with that due to oscillation
alone.

The background for the signal of 7 and the ways to eliminate them have been already
discussed in detail in the existing literature ( see for example, reference [71] ) and it is found out

that the missing-pr and isolation cuts taken together can remove the entire set of backgrounds
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due to charmed particle production, from unoscillated CC events and from the neutral current
background. Recently, there have been theories that propose the existence of an extra neutral
boson in many extensions of SM which lead to v, associated charm production [72], which also
acts as a source of background and need to be eliminated as far as detection of 7 events are
concerned. The 7-detection efficiency factor of 30% [40, 68, 71] taken in the present calculation,
adequately accounts for all the selection cuts (including the cuts for missing pr, isolation cut
and the branching ratio) required to eliminate the backgrounds.

Sensitivity Limits : An estimate of the sensitivity limits on product of couplings and LQ
masses can be based on the total number of events. Here we determine the range of LQQ masses
and product of LF'V couplings, for which the number of signal events is equal to two and five
times the square root of the OS events. Accepting this requirement of 20 and 50 effect as
a sensible discovery criterion, we plot the corresponding contours in Figure 3.3 for baseline
length=40 m. Thus, non compliance of these estimate with experimental observation would

mean that the lower region enclosed by the curve are ruled out at 20 and 5o level, respectively.

3.5 Wrong Sign Muon Production

In the OS, 7, from the parent u~ beam can oscillate to either 7, or to 7, which give rise to
and 71, respectively. The 7" furthur decay muonically (BR = 17% [73]) and thus contribute
to the pu™ events. However, it is worthwhile to mention here that one can hardly expect
any ut events from oscillations since the neutrino mass-slitting required for the Mikheyev-
Smirnov-Wolfenstein (MSW) solution to the solar neutrino problem [65] with matter-enhanced
ve-v, oscillation is Am? ~ 107°eV2. The situation is even worse for the case of Vacuum
Oscillation solution which requires Am? ~ 10~1%V?2. For the v.-v;, oscillation , there exists no
experimental support and so, the region of parameter space to be explored for such oscillation
mode is not known at all. Thus, a significant event rate for wrong sign muons cannot be

attributed to v-oscillation effects alone.
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Here, we consider the production of u* from parent p~ beam via unoscillated v, through

LFV interactions with nucleon mediated by LQ in two different ways:

(i) Direct Production of pu* as well as
(ii) Production of 7%, which further decays leptonically to u*.

Both of these involve s-channel processes corresponding to F=0 & charge=2/3 ( Figure 3.4(a)
) LQ and u-channel processes corresponding to |F| =2 & charge = -1/3 ( Figure 3.4(b) ) LQ.
In Figure 3.4(a) out of four s-channel diagrams, one is mediated by scalar LQ ( R§ ) with
Ty = —1/2 , while the other three are mediated by vector LQ ( Uyy; Uyy; Us,) with Ty = 0.

The matrix element squared for all the four s-channel processes is

s—chann ( ~ 2 afa h2 h’2 a N A N T h4
Mg (g — pra)| = [3(5 - m2)] l%] + [AG+DHE+T—mD)] lm
2 1p
th h%thL ‘| N 2 [ h%Lh%R 1
+ — — 2— = + |4t(t—m —_—
e T ey vy i v ] I N Ve v

where, § = (ps, + Pue)® t = (D, — pu+)? and @ = (p,, — pa)?, with p; denoting the four
momemtum of the i particle. In Figure 3.4(b) out of four u-channel diagrams three are
mediated by scalar LQ ( Sy; Sy; SY) with T3 = 0 and the fourth diagram is mediated by vector
LQ ( V3, ) with T3 = —1/2. The matrix element squared for all the four u-channel processes

corresponding to |F|=2 is

Mu—chann( - N +d) 2 _ {A(A _ 2):| g%L + g%Lg%R + ggL
Mg s — ] = [ =m)} |G23p * G G agy
3
)
911931, ] 2 951.92Rr
— 2— K + |4ttt —m2)| | =
(@ — M3,)?*(0 — M) [ : } (4 — M{‘}QL;L)QI
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Similar expressions of matrix element squared for s- and u- channel diagrams corresponding
to the process v,u — 77d can be obtained just by substituting mi by m2 and p,+ by p,+ in
equation 3.5 and equation 3.6.

In order to study the behaviour of wrong sign muon events w.r.t £, and baseline lengths,
we have used the same coupling strengths and masses as mentioned in section 3.4. For the
indirect production of u™ via decay of 71 we have taken the efficiency factor for 7 detection (in
leptonic channel) to be 30% [40, 68]. Predictions for wrong sign muon production rate w.r.t £,
and baseline length are plotted in Figure 3.5. The features of the plots for both near-site and
short baseline experiments are same as that for 7 production case discussed in the previous
section.

In our calculation, we have not put any specific selection cut for the production of wrong
sign . However, the muons from charm decay which forms a significant background for the
production of wrong sign muons, can be eliminated by incorporating stringent cuts on the
transverse momentum of muons , missing pr and isolation cut as mentioned in [40, 68, 71].
Sensitivity Limits : Accepting the requirement of 20 and 50 effect as a sensible discovery
criterion, we plot the corresponding contours for the wrong sign muons at a baseline length=40

m in Figure 3.6.

3.6 Low Energy Bounds

In last two sections, for the purpose of illustration, we considered |F| = 0 and |F| = 2 couplings
separately and took all couplings to be equal to the electromagnetic coupling, a.,,. But as also
discussed in the introduction, strong constraints on the L(Q couplings and masses have been
obtained in the literature from FCNC processes [14]. In particular, bounds obtained from rare
7 decay 7 — 7’1 and from p «+ e conversion in nuclei would have a direct bearing on the

processes considered here. This is because low energy limits put stringent bounds on effective
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four-fermion interactions involving two leptons and two quarks and since at a NF the centre of
mass energy in collisions is low enough, we can consider the neutrino-quark interactions as four-
fermion interactions. These bounds on the effective couplings given as LQ couplings over mass
squared of the LQ are derived on the assumption that individual LQ coupling contribution
to the branching ratio does not exceed the experimental upper limits and in the branching
ratios only one L(Q coupling contribution is considered by switching off all the other couplings.
The couplings are taken to be real but in these studies combinations of left and right chirality
couplings are not considered.

Based on these studies, we make some simplified assumptions like obtaining the product of
couplings of different chirality from the square of couplings of individual chirality. We extract
the coupling products relevant to (v, d) (7u) vertex from rare 7 decay bounds as quoted in

the reference [14] and we get the following
2

M M
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In case of wrong sign y, the bounds on the couplings for (Z.u)(u*d) vertex arising from p <
e conversion are so stringent, being typically 2-3 orders of magnitude lower compared to bounds
on couplings involving third generation of quarks and leptons, that the direct production of

p't is highly suppressed. The relevant coupling constants extracted from [14] are
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In this situation, wrong sign muons mainly arise through the production of 77’s, which sub-
sequently decay via leptonic channel. The bounds on coupling constants for the (Z.u)(71d)
vertex come from the decay 7 — 7’e and are essentially the same as that for the case of 7
production [14]. In Figure 3.7 we show the variation of 7 events with muon beam energy and
in Figure 3.8, the variation of wrong sign muons with muon energy for the baseline lengths of
40 m and 250 km respectively. The graphs clearly show that number of tau and wrong sign
muon events is independent of L(Q masses, as expected. On comparing Figure 3.7 & Figure 3.8
with Figure 3.2 & Figure 3.5 respectively, we find considerable suppression in event rates. We
should however bear in mind that rare decay bounds in LQ interactions with a charm quark
are comparatively weak and therefore these bounds can be evaded if we can tag the charm

production.

3.7 Conclusions

Neutrino factory will open up unprecendented opportunities to investigate neutrino physics,
bearing not only on neutrino oscillation phenomenon but also providing physical laboratory for
testing physics beyond the SM. In this chapter, we investigated the LF'V effect in theories with
LQ on the production of 7’s and wrong sign p’s in the near-site and short baseline experiments.
It is clear that with the increase in baseline length, the LQ event rate falls off and neutrino
oscillations are the main source events examined here. At near-site experiments, on the other
hand, the events mainly arise from new interactions and can thus be used to constrain the
theory. In particular one can obtain constraints on LFV couplings between the first and third
generation, the bounds on which are generally not available. At near-site experiments, the

event rate is practically independent of baseline length.
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Figure 3.2: Variation T-events ( from oscillation and LQ ) for a 1 kT detector, LQ mass 250
& 500 GeV and product of LQ coulings = 0.089 with : (a) muon beam energy for a baseline
length 40 m and sample detector area 0.025 m?, (b) baseline length for muon beam energy 50
GeV and detector area 0.025 m?, (c) muon beam energy for a baseline length 250 kms and
sample detector area 100 m?, (d) baseline length for muon beam energy 50 GeV and detector

area 100 m?.
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Figure 3.3: Contours for 20 and 50 effect for E, = 50 GeV, baseline length = 40 m and
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Figure 3.4: 7 and ut from scalar & vector LQ: (a) s-channel process corresponding to |F|=0

L@ and (b) u-channel process corresponding to |F|=2 LQ.
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Figure 3.5: Variation of wrong sign p-events ( from oscillation and LQ ) coulings = 0.089 with

: (a) muon beam energy for a baseline length 40 m, (b) baseline length for near-site detector

configuration, (c) muon beam energy for a baseline length 250 kms, (d) baseline length for short

baseline situation. All the parameters used here are as mentioned in the caption of Figure 3.2.
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Figure 3.7: Variation of T-events ( from oscillation and LQ) ) with : (a) muon beam energy for

a baseline length 40 m, (b) muon beam energy for a baseline length 250 kms. All the parameters

used here except for the couplings are as mentioned in the caption of Figure 3.2.
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Chapter 4

Heavy Quark Production via

Leptoquarks

The proposed NF based on a MSR is an ideal place to look for heavy quark production
via NC and CC interactions. In this chapter, we address the issue of contribution coming
from mediating LQ in v,(7.) — N scattering leading to the production of b(b) at a MSR and
investigate the region where L(Q) interactions are significant in the near-site experiments. Some

of the results presented in this chapter are published in Phys. Rev. D67, 053006 (2003).

4.1 Introduction

It is being frequently suggested nowadays that a NF, cashing on the intense and well-calibrated
supply of v, and v, coming out of a MSR, can go a long way in investigating the world of
neutrinos where numerous puzzles are still in store for us [53,74]. In addition to its usefulness
in probing neutrino oscillations, such high precision neutrino experiments can have several
other interesting physics goals. One of these is the possible investigation of physics beyond
the SM, something which becomes a necessity once one accepts the existence of neutrino mass

and mixing. Thus it is natural to ask whether there are observables rising above the threshold
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of detectability in a NF, which will unequivocally imply the existence of such new physics
interactions involving the neutrino sector.

Recent strong indications of atmospheric neutrino oscillation (v, — v,, where z is not
e) [75] have rekindled the interest in accelerator experiments that could study the same
range of parameter space. The solar neutrino deficit is interpreted either as matter enhanced
Mikhyev—Smirnov—Wolfenstein (MSW) oscillations [76] or as vacuum oscillations [77] that
deplete the original v,’s, presumably in favour of v,’s.

The role of a NF in determining masses and mixing angles for v, < v, and 7. < 7,
oscillations both at short and long baseline experiments has been extensively discussed in the
literature. Investigation of physics beyond the SM through certain novel interactions in the
neutrino sector, in particular the appearance of 7 and wrong sign p signals in new physics
scenarios like SUSY theories with broken R-parity [68] and theories that allow LQ mediated
LFV interactions [78] have been dealt with in chapter 2 and chapter 3.

With the same motivation to look for the role played by the non-standard interactions at
a NF the production of heavy quarks through v,-N scattering (particularly in NC events) in
an R-parity violating SUSY theory was investigated recently [79] and it was shown that it is

possible to have significant event rates for b (b) production via both NC and CC interactions.

We should emphasize here that in SM the production of b (b) is severely suppressed at tree
level. Thus a considerable number of b (b) or an excess well above the SM rate at a NF would
unequivocally imply the existence of non-standard physics in the neutrino sector. In contrast
to SM, b quark production via non-standard v — N scattering processes can take place at the
tree level itself via the CC interactions, v, u — pu~ b, v, ¢ — p~band v,u — et b, all
of which are suppressed in the SM either due to the Cabibbo—Kobayashi—Masakawa (CKM)
matrix elements Vi, or due to the interaction of v, with sea quarks present inside the nucleon.
The corresponding NC processes v, d — v, b and . d — ¥, b can occur only at one loop
level in the SM.

One can conclude from above that if there is any observation of excess in CC b-production
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over the SM rate, or if NC events are observed with a b in final state, it will clearly signal some
kind of new physics. The question is, given other kinds of constraints (specially those from
b-decays) on the same operators that give rise to such events, is it possible at a NF to have
any observable excess of events, or to use the absence of such excess to impose useful bounds
on the new interactions.

In this context, it is worthwhile to consider theories with leptoquarks which occur naturally
in Grand Unified Theories, Superstring inspired Eg models and in Technicolor models [69] and
study heavy flavour (b,b) production in scattering of neutrinos on a fixed isonucleon target
with LQ as mediators of the interaction. In our earlier work (chapter 3), we have studied
the contribution of mediating lepton flavor violating LQ in v, (7)-N scattering leading to an
enhanced production of 7’s and wrong sign u’s at MSR and investigated the region where
LQ interactions are significant in the near-site and short baseline experiments and we found
that one can constrain LF'V couplings between the first and third generation, the bounds on
which are not generally available. With the same spirit in this present work, we investigate
the b quark production in both NC and CC channels through v, (7 )-N scattering at the NF,
mediated by scalar and vector leptoquarks. It is worth mentioning that we consider 7, beam
also for production of b, b in both the NC and CC channels unlike reference [79]. In order to
observe new physics effects in the DIS of these neutrinos, it is preferable to have a near-site
detector, where the neutrino detectors are placed at a very short distance (typically ~ 40m
from the straight section of storage ring) rather than a long baseline one, so that oscillation
effects do not dominate. Here we do not consider the LFV processes. The processes that we

consider in this chapter for the b, b production via NC and CC channels are :

NC: v, d— v, b, Ved — Db (4.1)

CC: v,u— p~b, Veu — e b (4.2)

At near-site experiments, the incoherent scattering effects dominate over oscillation effects.

The total number of b, b quark production events per year via either CC or NC interactions
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can be obtained by folding the relevant cross section by a survival probability and the neutrino

flux and it can be written as

dQUsz’DC/CC AN,z _ _
Noy = N [ =G0 | T Prars (7)1 (7)Ao ale) dv dy (43

where, N, is the number of nucleons per kT of the target material ! , 2 and y are the Bjorken
scaling variables, q and ¢’ are the quarks in the initial and final states, respectively and ¢(z)

is the quark distribution function. The differential parton level cross-section can be expressed

as

v,v v,v 2

o0 00 _ o000 " o', y) _ M (2", y')nesco (4.4)
dz dy dz' dy’ J(z, y) 32715 .

where i = —1/S = Q*/(2M E, «'), 2’ is the slow rescaling variable® that arises due to the
mass shell constraint of the heavy quark produced in the final state,

Q* +mg mg a2, y)

M x+72MEVy erefore (. y) (4.5)

~

with M being the nucleon mass, F, being the neutrino energy and v = E,, — E- (Ep, —Ej+). S

is the parton level CM energy and { dcgf’:} is the differential v () flux. The survival probability

of a particular neutrino flavour i’ is given by Py (v; — i) = 1 — Pose(vi — ;) where j takes
all possible values, j = e, i, 7 but j # i>. The predictions on b-production have no perceptible
dependence on the precise values of the oscillation parameters, at near-site setting.

The effective Lagrangian with the most general dimensionless, SU(3). x SU(2)r x U(1)y
invariant couplings of scalar and wvector LQ) satisfying baryon (B) and lepton number (L)
conservation (suppressing colour, weak isospin and generation (flavour) indices ) is given [13]
by:

LA, = 6.023X10°2 for a target of mass 1 kT.
2For production of a heavy quark from a light quark, the heavy quark mass modifies the scaling variable of

the quark distribution. z’ is the quark momentum fraction appropriate to absorb the virtual W described by
v and Q2.

3For two flavour oscillation case, Posc(v; — v;) = sin® 26,,, sin? |1.27 Am? [eV?] %}, where, L is the
baseline length, E, is the neutrino energy, Am? is the mass-squared difference between the corresponding

physical states, and 6, is mixing angle between flavours.
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L = Lip=+ L=  where
EIF\:2 = [ qriml, + g1R UR er) S1+ Gir Jfg €Rr 51 + g3 qr i TlL 53
+ {gu Ayl + Gor @5 Y 61«2} Vou + Gor, 0%y 11, Vo, + c.c.,
Lip=o = [hopUrly + horqrimeer] Ry + hor, drlp Ry + Mg g Y er Um

+ [hu; a1l + hirdgy* GR} Ui+ hap qp 7" 1 Uz, + c.c. (4.6)

where g7, [, are the LH quarks and lepton doublets and eg, dg, ug are the RH charged leptons,
down- and up-quark singlets respectively . The Scalar (i.e. Sy, Sy, S3) and Vector (i.e. Vi, V3)
LQ carry fermion number F = 3B + L = —2, while the Scalar (i.e. Ry, Ry ) and Vector (i.e.
Uy, Uy, Us) LQ have F = 0.

Numerous phenomenological studies have been made in order to derive bounds and put
stringent constraints on LQ couplings particularly from low energy FCNC processes [14] that
are generated by scalar and vector LQ interactions. Direct experimental searches for lepto-
quarks have also been carried out at the e-p collider and bounds obtained [70] and in particular
bounds obtained from B meson decays (B — (11~ X, where [Tl™ = ptpu~, ete™) and also
bounds derived from meson-antimeson (BB) mixing would have direct bearing on the pro-
cesses considered here. This is because low energy limit puts stringent bound on effective
four-fermion interactions involving two leptons and two quarks and since at the NF the centre
of mass energy in collision is low enough, we can consider the neutrino-quark interaction as
an effective four-fermion interaction. The bounds on effective couplings used in this chapter
are the LQ couplings over mass squared of the LQ and are derived on the assumption that
individual leptoquark coupling contribution to the branching ratio does not exceed the experi-
mental upper limits and in the branching ratios only one leptoquark coupling is considered by
switching off all the other couplings. All couplings are considered to be real and combinations

of left and right chirality coupling are not considered. We discuss the b(b) production through
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v(v)-N interactions via NC and CC channels in section 4.2 and 4.3 respectively and give the
plots of event rate versus muon beam energy. In the last section we outline the conclusions

drawn from our results.

4.2 b(b) production via neutral current processes

Let us first consider the possible NC processes that can lead to b/b in the final state. There
is no SM tree level process in the NC channel as NC processes leading to b/b can only occur
at one loop level in the SM. However, there can be two possible non-standard tree level NC
processes that can lead to the production of /b in the final state, due to the presence of both

v and v of different flavors from p decay, viz = — e" v,

I.vyy+d—v,+b

2 Uet+d— Uo+b

For the two NC processes mentioned above, we have both s- and u-channel diagrams arising
from the relevant interaction terms in the effective LQ lagrangian. For the first process,
vy +d — v, +b ( shown in Figure 4.1 ), there are two possible u-channel diagrams mediated
by LQs (R', Ut) carrying |F| = 0 and charge = 1/3, while there are three possible s-channel
diagrams that are mediated by LQs (ST, VT) carrying |F| = 2 and charge = —1/3. For the
second process, U, + d — U, + b ( shown in Figure 4.2 ), the two possible s-channel diagrams
are mediated by LQs (R,U) carrying |F| = 0 and charge = —1/3, while the three possible
u-channel diagrams are mediated by LQs (S,V) carrying |F| = 2 and charge = 1/3.

We first consider the production of “b” from v, (obtained from p~ decay) interactions
with nucleon via NC u-channel processes for |F| = 0 case ( Figure 4.1(a) ) and NC s-channel
processes for |F| = 2 case ( Figure 4.1(b) ). There are in all two diagrams contributing to
production of b via (v, +d — v, +b) in the u-channel ( Figure 4.1(a) ), one mediated by
the charge = 1/3, scalar LQ (Rz:l/ZT) carrying T35 = —1/2 and the other one by a vector LQ
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Figure 4.1: b production via NC process (v, +d — v, + b) from scalar & vector LQ: (a)

u-channel process corresponding to |F| = 0 LQ and (b) s-channel process corresponding to
|F| =2 LQ.
(U?;LT) with 75 = —1, where T3 is the weak isospin. The matrix element squared for 2 diagrams

contributing to the u-channel NC process is

- .2 2
L, |har o | oy [|V2har V2
= {u(u — mb)} —(11 ) + {45(5 — mb)} CESYERE
—1/2 Us

R2 3n

MG ,d — v,b)[

(4.7)

where, the Mandelstam variables at the parton level are given by 5 = (p,, + pa)?, t =
(py, (initial) — p,,(final))* and @ = (p,, — py)?, with p; denoting the four momentum of
the " particle.

In the s-channel, two diagrams are mediated by charge = —1/3, scalar LQs (SIT, S??T) with
T3 = 0, while one is mediated by a vector LQ (V2;1/2T) with T3 = —1/2 ( Figure 4.1(b) ). The

matrix element squared for all the 3 diagrams contributing to the NC s-channel process is

2 2
s—chann 2 _ lara 2 |gnglL| |93L93L|
MG (d — w,b)|” = [3(5 = m})] [(é_Mgl)Q + ST

3
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‘glL 93L|2 ] PN 2 [ |Q2L Q2L\2 ]
+ 2— — + 4u(u —-m ) —_— (4.8)
(5 - Mgl)(s - Mgg) [ b } (5 - M‘2/—1/2>2

2

Figure 4.2: b production via NC process (V. + d — v, + b) from scalar € vector LQ: (a)

s-channel process corresponding to |F| = 0 LQ and (b) u-channel process corresponding to

IF| =2 LQ.

Next we consider the production of “b” from v, (also obtained from the ;= decay) through
interactions with nucleon via NC s-channel process for |F| = 0 case ( Figure 4.2(a) ) and NC
u-channel process for |F| = 2 case ( Figure 4.2(b) ). There are in all two diagrams contributing
to production of b via (. + d — 1, + b) in the s-channel ( Figure 4.2(a) ), one mediated
by the charge = —1/3, scalar LQ (Ry /?) with Ty = —1/2 and while the other one by a vector
LQ (Uj,) with T3 = —1. The matrix element squared for the 2 diagrams contributing to the
NC s-channel process is

2
Mgt (7.d — )| = [3(3 — m3)] [@hQJLW};/Q)?] + [4a(a—m})] Uﬁhggh;j ]

’ 2

3p

(4.9)

~

where, the Mandelstam variables at the parton level are given by § = (p,. + pg)?, t =

(pi, (initial) — py. (final))? and 4 = (ps, — py)°.
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In the u-channel, two diagrams are mediated by the charge = 1/3, scalar LQs (S, S9) with
T3 = 0 and one is mediated by a vector LQ (V2;1/2) with 75 = —1/2 ( Figure 4.2(b) ). The

matrix element squared for all 3 diagrams contributing to the NC u-channel process is

Mg (z,d — 7,b)|

+ 2

‘91L 93L‘2

a

(6~ M3,) (i — M)

)} l |91L91L|2 + |93L93L|2
(@— M3~ (a— M)
2
Al A 2 \92L gzL\
] + [45(5 = m})] l—(ﬁ— M‘2,—1/2)2] (4.10)

2u

Having said all about the relevant NC diagrams leading to b-production, we now focus on
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Figure 4.3: Variation of b-events ( from LQ ) for a 1kT detector and LQ mass 250 GeV with

muon beam energy for a baseline length 40 meters and sample detector area 0.025 m?
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Figure 4.4: Variation of b-events ( from LQ ) for a 1kT detector and LQ mass 250 GeV with

muon beam energy for a baseline length 40 meters and sample detector area 0.025 m?

the details that we use in order to compute the number of events for b/b via NC channel
and demonstrate their behaviour as a function of muon energy ranging from 0 upto 250 GeV.
We consider the contribution from LQ carrying different fermion numbers separately, which
essentially means that either all the h’s or all the g’s contributing to a given process, are
non-zero at a time. For simplicity, we take the masses of scalar and vector LQs for both
F =0 and |F| = 2 to be equal ( = 250 GeV ). As in our earlier works ( [68], [78] ), we have
used CTEQ4LQ Parton Distribution Functions [9] in order to compute the events. There is
however significant suppression in phase space due to the production of massive ‘b’ quark. In

our calculation we have not imposed any event selection cuts. Using events selection cuts for
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detail analysis as given in reference [74] will further scale down the contribution. We have
considered a detector with a sample area of 0.025 m? [40] and placed at 40 m from the storage
ring. Regarding the bounds on LQ couplings, we have used model independent constraints on
the couplings to b quarks of B and L conserving LQs as discussed in [14] where it is shown that
one can constrain the generation dependent LQ couplings to b quarks from the upper bounds
on the flavour-changing decays B — [T~ X (where IT]” = pTu~,ete), the CKM matrix
element V,;, and from meson - antimeson (BB) mixing and obtain some of the best bounds for
the processes of our interest. All the bounds on couplings that we have used for calculation of
event rates are listed in Table 4.1. Since the bounds on the couplings hoy, & g1 are not available
from reference [14], we take them to be the same as bounds on couplings hor & ¢17, (which
are the opposite chirality counterparts of hyy, & g1g respectively). We make some simplifying
assumptions like the product of couplings of different chirality is obtained from the squares of
the couplings of individual chiralities. We extract bounds relevant to (v,d)(v,b) vertex from
the bounds for (21)(23) generation of quark-lepton pair, while for the vertex (v.d)(7.b), we
use the bounds for the (11)(13) generation indices relevant to the process. These bounds are
derived from semileptonic inclusive B decays. The latest bounds coming from BABAR and
BELLE experiments [80] however are not relevant for the processes considered here except
for the bound on V,;, which does not make any significant change in the couplings. In Figure
4.3 and Figure 4.4, we have plotted the b-quark production rate as a function of muon beam

energy for v, — N and 7, — N scattering processes respectively.

4.3 b(b) production via charged current processes

As discussed above the production of b or b in the final state through CC interaction can
also occur in the SM at the tree level in contrast to the NC case where SM contributes only

at the one loop level. The SM cross-sections for the CC processes v, + 4 — - + b and



4.3. B(B) PRODUCTION VIA CHARGED CURRENT PROCESSES 85

(1(1)(161) hir hir hor, haor hsr, g1L JiRr 9oL 9or
(11)(13) .002 .003

006 |.002 |.004

.0008 | .0004 | .004

.003 |.003 |.004 ‘

(21)(23)| .0004 | .0004 0004 | .0004 | .0004

Table 4.1: The best bounds on all relevant products of couplings (from B decays and BB
mixing) taken from Table 15 of the reference [14] by S. Davidson et al. ). All the bounds are
multiplied by (mzg/[100 GeV])2.

u H b W
VM <a) Z) VM (b> u

Figure 4.5: b production via CC process (v, + 4 — p~ +b) from scalar & vector LQ: (a)

s-channel diagram corresponding to |F| = 0 LQ and (b) u-channel diagram corresponding to

IF| =2 LQ.

Ue +u — et + b are given by

o GLS ( Mz o\’ m? _
o (v — o) = S (M (- T ()
W
d20' G2 S M2 2 m2
_ + _ F w r .0 % o / 2
= (UeN—>e bX) = — <M5V+Q2> <x 'y S>(1 y) u(a') [Vl

(4.11)

Here we have the advantage of having the SM rates as benchmark against which to the compare

the rates obtained via LQ. u(z’) and u(2’) are the distribution functions of up-type antiquark

and quark respectively.

For the CC processes mentioned above, we can have both s- and u-channel diagrams arising
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u et b o
. (a) b v (b) u

Figure 4.6: b production via CC process (Ve +u — et +b) from scalar € vector LQ: (a)
s-channel diagram corresponding to |F| = 0 LQ and (b) u-channel diagram corresponding to

IF| =2 LQ.

from the relevant interaction terms in the effective LQ Lagrangian, as for the case of NC
processes. For the first process, v, +u — pu~ + b ( as shown in Figure 4.5 ), there are 4
possible s-channel diagrams mediated by LQs (RT,UT) carrying |F| = 0 and charge = —2/3.
Also there are 4 possible u-channel diagrams that are mediated by LQs (ST, VT) carrying
|F| = 2 and charge = —1/3. For the second process, 7, + u — e* +b ( as shown in Figure 4.6
), the 4 possible s-channel diagrams are mediated by LQs (R, U) carrying |F| = 0 and charge
= 2/3, while the 4 possible u-channel diagrams are mediated by LQs (S, V') carrying |F| = 2
and charge = 1/3, respectively. We first consider the production of “b” from v, (obtained from
p~ decay) through interactions with nucleon via CC s-channel process for the |F'| = 0 case (
Figure 4.5(a) ) and CC u-channel process for the |F| = 2 case ( Figure 4.5(b) ).

There are in all 4 diagrams contributing to production of b via (v, + & — pu~ + b) in
the s-channel ( Figure 4.5(a) ), one mediated by the charge = —2/3, scalar LQ (R;UQT) with
T; = —1/2 and the other three by vector LQs (Uy,', Uy,", U??MT) with 75 = —1. The matrix

element squared for all 4 diagrams contributing to the CC s-channel process is

har hagl” |7 bl
= |3(5 - m} l'”—”‘] + (i —m] [7
(6 —mb) |Gz e | B |65, 7

‘Miz?chann(yua _ ,u_l_))
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Figure 4.7: Variation of b-events ( from SM and LQ ) for a 1kT detector and LQ mass 250

GeV with muon beam energy for a baseline length 40 meters and sample detector area 0.025

m2

|\hsp hsp|? \ha hsp|? i g [ hp gl
L el B ) 4 — B e il )

(§ _ M[Q]O )2 (§ _ M[QJIH) (§ — M[2]0 ) + { (5 +U)(S +u mb)} (§ — M[2]1N)2
(4.12)

3u 3

where, the Mandelstam variables at the parton level are given by 5 = (p,, +pa)?, t= (Pv, =Py~ )2
and @ = (p,, — p)*.

In the u-channel, 3 diagrams are mediated by the charge = —1/3, scalar LQs (S;', S;", ng)
with T3 = 0 and one is mediated by a vector LQ (V2;1/2T) with T3 = —1/2 ( Figure 4.5(b) ).
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The matrix element squared for all 4 diagrams contributing to the CC u-channel process is

2 2 2
_ _ N N |gnglL| |91L91R| |93L93L|
Mucchann(y G4 — 17b)|” = |a(t —m?) [ - + + =
‘ LQ 2 } [ b } (u . Mgl)z (u _ Mgl)g (u _ Mgg)z

|91L93L\2 ] AN (A LA 2 \92L92L|2
— 2 - + M4+ a)(s+u—mp)| | ——0—
@) g a7

2u

(4.13)

Next we consider the production of “b” from v, (also obtained from the p~ decay) through
interactions with nucleon via CC s-channel process for |F| = 0 case ( Figure 4.6(a) ) and CC
u-channel process for |F| = 2 case ( figure 4.6(b) ). There are in all 4 diagrams contributing
to production of b via (7, + u — e + b) in the s-channel ( Figure 4.6(a) ), one mediated by
the charge = 2/3, scalar LQ (Rz_l/Q) with 75 = —1/2 and while the other three mediated by
vector LQs (Uy,,, Uy, U??u) having T3 = 0 each. The matrix element squared for the 4 diagrams

contributing to the CC s-channel process is

iﬂﬁJMW@u—ewwf=F@—n®}Fﬁﬁiﬁﬁz]+ Hwﬂ—mM[Qﬁdgﬁg

(8- MR2—1/2) (8- MUM)

\har har|” |hir s ] U [|h1Lh1R|2]

~ — — + 4(s+w)(s+u—m —_

G Y )6 o) e e,
(4.14)

where, the Mandelstam variables at the parton level are given by 5 = (py. +pu)?, t = (P, —pe+)?
and @ = (py, — pp)*

In the u-channel, three diagrams are mediated by the charge = 1/3, scalar LQs (S, S1, S9)
with 75 = 0 and one is mediated by a vector LQ (‘/'2;1/2) with T3 = —1/2 ( Figure 4.6(b) ).

The matrix element squared for all 4 diagrams contributing to the CC u-channel process is
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Figure 4.8: Variation of b-events ( from SM and LQ ) for a 1kT detector and LQ mass 250

GeV with muon beam energy for a baseline length 40 meters and sample detector area 0.025

_ 2 N \91L91L|2 |g1L ngQ |g3L 93L\2
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| U ) e 7 S A oy vyl e TR
|91L 93L|2 ] A ANfA | A 2 |92L 92L|2
— 2— - + A+ a)(s+u—my)| | ———
G- | @
(4.15)

As discussed in the previous section, we have used the model independent bounds on couplings

from [14] and the relevant bounds for the processes listed above are listed in Table 4.1. We
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Figure 4.9: Contour plot for b production at 20 and 50 effect for E,=50 GeV, baseline

length=40 meters and sample detector of area 2500 cm? and mass 1kT.

extract bounds relevant to (v,u)(u~b) vertex from the bounds for (21)(23) generation of quark-
lepton pair, while for the vertex (.u)(e™b), we use the bounds for the (11)(13) generation
indices relevant for the process v,u — e*b. The other inputs to compute the event rates are
the same as for the NC diagrams. In Figure 4.7 and Figure 4.8, we have plotted the b and b
event rates as a function of muon beam energy for v, — N and v, — NN scattering processes
respectively. For these processes we have also plotted the SM contribution to b and b events.
To determine the allowed range of LQ masses and products of couplings, we have used the
criterion that the number of signal events is equal to two or five times the square root of events

in the SM. Accepting this requirement of 20 and 50 effect as a sensible discovery criterion the
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Figure 4.10: Contour plot for b production at 20 and 50 effect for E,=50 GeV, baseline

length=40 meters and sample detector of area 2500 cm? and mass 1kT.

contour in Figure 4.9 and Figure 4.10 are drawn for a baseline length of 40 m and thus the
non-compliance of these estimates with experimental observation would mean that the region

above these curves is ruled out.

4.4 Discussions and Results

Heavy quark (b, b) production from v, — N and 7, — N scattering via both the CC and NC
interactions at a NF provides an exciting possibility to detect signals of new physics. This

comes about because in these processes the SM contribution is heavily suppressed either due
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to CKM matrix element or due to interaction of neutrinos with the sea quarks present inside
the nucleon. The NC processes in SM are further suppressed as they can take place only at
one loop level. We have computed here the b(b) event rates in theories with LQ and confined
ourselves to the near-site experiments where the oscillation effects are negligible. From Figure
4.7, it is clear that the contribution coming from the SM to the b production rate in the
CC channel is higher than that of LQ’s with |F| = 0, while it is lower than the contribution
from LQ’s with |F| = 2 for our choice of the couplings obtained from low energy experiments.
We typically find (Figure 4.8) that the SM contribution to b production rate is 2 to 3 orders
of magnitude smaller than L(Q) contribution in CC channel even after using the most severe
constraints on LQ couplings and masses from low energy FCNC processes. Further the b
production rate in the NC channel (Figure 4.3 and Figure 4.4) is comparable to that for the
CC case. We have investigated the region in coupling - mass space for L) which can provide
a reasonable signal for the discovery of new physics involving LQ. It may be noted that this
region can be even more restrictive than that implied by the low energy bounds obtained from

B meson decays. Also the inclusion of LFV interactions via LQ’s could further squeeze the

allowed region of LF'V Couplings and masses.



Chapter 5

Summary and Final Comments

In this thesis we have studied the effects of non-standard interactions in the neutrino sector
at a NF set-up. In particular we have looked at the production of tau and wrong sign muon
production in a SUSY scenario with broken R-parity and in theories with LQ. We infer that
non-standard interactions both at muon decay level and at interaction level in new physics
scenarios discussed above, can give signals that mimic the standard oscillation signals. One
can have a clean detection of the presence of non-standard interactions at a near site set-up
where the effects due to oscillations are suppressed. We have also looked at heavy quark
production in DIS of neutrinos (v, and 7,) via LQ as mediators of interactions in both CC
and NC channels. In case of heavy quark production, our findings are that a clear signal of
new physics can emerge. This is due to the fact that in SM, b quark production is heavily

suppressed. In this chapter we will summarize our inferences and will discuss the future aspects.

5.1 Summary

In chapter 2 we have investigated the effects of the R-parity violating trilinear couplings on the
suggested signals of neutrino oscillations. LFV can in general mimic the neutrino oscillation

signal. We consider two illustrative cases in the framework of R-parity violating SUSY : In the
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first case, by virtue of lepton number violating trilinear couplings (A\'—type), the unoscillated v,
can scatter into 7. In the second case, such couplings (A—type) can produce a 7, from p~ decay,
which subsequently has standard CC interactions and gives rise to x4 in the detector. We find
that, even tiny R-violating couplings can lead to very large number of 7’s at a near-detector
setting, much in excess of what is expected via oscillation. Thus, near-site experiments are
recommended for isolating new physics effects that fake the signals of oscillation. On the other
hand, a class of R-violating interactions, with strengths well within their current experimental
limits, can be responsible for an enhanced rate of u* at a LBL experiment.

In chapter 3 we addressed the contribution of mediating LFV LQ in v(7) — N interactions
leading to the production of 7 and wrong sign p at a NF. We also investigated the region
where LQ interactions are significant in the near-site and short baseline experiments. As the
baseline length increases, the LQ event rate falls off and neutrino oscillation effects take over.
At near-site experiments, on the other hand, the events mainly arise from new interactions
and can thus be used to constrain the theory. We also find that the event rates at near-site
experiment are independent of the baseline length.

In the last chapter (chapter 4) we discussed the heavy quark production (b/b) via LQ in
v, — N and v, — N scattering via both CC and NC channels at a NF. Given the fact that
these processes are heavily suppressed in SM, the detection of heavy quarks at NF allows us

to probe signals of new physics.

5.2 Experimental Status

In the context of R-parity violating SUSY theories, we have looked at tau and wrong sign muon
production. We consider two representative processes to illustrate the main ideas. In the case
for tau production, the couplings, )5, \5;5 are involved and the interaction is mediated by b
squark. For wrong sign muon production, the interaction is mediated by 7 slepton and the

couplings A3z, Ag31 are involved.
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Indirect bounds : The R-violating interactions can contribute to various (low-energy) pro-
cesses through the virtual exchange of SUSY particles. To data all data are in good agreement
with the SM. This leads directly to bounds on R-violating operators. When determining such
bounds one makes simplifying assumptions due to large number of operators present. We
assume that only one R-violating operator at a time is dominant, while others are negligible.
Thus, although there are individual limits on A3 and A 53 couplings from CC decays of 7~
and 7, such limits are not necessarily applicable in the most general case. At any rate no
conclusive limit has been obtained for the product A5;3A5,5. Hence this product can be treated
as a free parameter when it comes to looking for experimental signals. The first systematic
study of low-energy bounds on R-parity violating Yukawa couplings was performed in [11].
More recently, a very nice thorough update of all the bounds on lepton number violating
couplings is listed in [81]. Below we have listed the latest 20 [64] limits on the magnitudes
of weak scale trilinear R-parity violating couplings from indirect decays and perturbativity.
The dependence of the relevant superparticle mass is explicitly shown. When perturbativity
bounds are more stringent than the empirical bounds for masses m; . = 1TeV, then those are

displayed in paranthesis.
mI;R

100GeV

Ny < 011 x — s (] 19)
100GeV

Lis < 0.059 x

m~
A 0062 x —n__
132 < 0.0062 7505 5

m~
Aoz < 0.070 x —én__
231 *100GeV

We have used m;, = 300GeV and mz, = 100GeV, which are consistent with current limits.
In case of LQ, we first consider the production of 7 and wrong sign p from unoscillated

v, and v, through LFV interactions with the nucleon via the u-channel and the s-channel

processes. At a neutrino factory, the center of mass energy in collisions is sufficiently low

that the neutrino-quark interaction can be approximated as a four-fermion vertex. So, the
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low energy limits on the L(Q couplings obtained from g and 7 rare processes are applicable
here [14]. The low energy limits are bounds on bounds on an effective four-fermion operator
involving two charged leptons and two quarks. In the case of tau production v,d — 77 u, the
u-channel process is mediated by LQ R$, Uy, USH and the coupling products that are involved
are : (hor, hor), (hir,hir), (hsr, hsr), (hin, hir) and (hip, hsr) while the s-channel process is
mediated by the LQ S, S5, V3, and the coupling products that are involved are : (912, 91L),
(910, 91r), (931, 931), (921, 92r) and (g11, gsr). For the case of wrong sign muon production
veu — ptd, the s-channel process is mediated by Ry, Uy, Ui?u and the coupling products that
are involved are : (har, hor), (hir, hir), (hsr, har), (hir, hir) and (hyp, hsr) while the u-channel
process is mediated by the LQ S, S, V3, and the coupling products that are involved are :
(912, 911), (912, 91r), (931, 931), (921, 92r) and (1L, gs1)-

Low energy bounds : There exist bounds on lepton number violating couplings from rare
7 decays, specifically from 7= — 7%~ (involves couplings of generations (13)(12)) and from
it < e conversion in nuclei. The bounds are available for coupling products of same chirality
only. In order to obtain the constraints on the coupling product of mixed chirality, we use the
assumption that the LQ couplings (all the h’s and ¢’s) are generation blind and extract the
“individual bounds” on couplings of any chirality and then take the product of these bounds
to get the relevant products for the processes considered. Otherwise these coupling products
of mixed chirality will have to be treated as a free parameters. These individual bounds are
derived from the existing bounds on the coupling products of same chirality and same LQ
type from the tau decays. These bounds are however derived on the assumption that only a
single coupling at a time is non-zero. Considering only the effects of the same kind of coupling
constant at a time while “switching off” all the others, leads to more conservative bounds. We
extract coupling products relevant to (v,d)(7u) vertex from rare 7 decay bounds as quoted in

reference [14] and get

bl = [hgl* = 1.9 x 1072 (ﬂf lhar|* = 3.9 x 1073 (&)2
100 GeV ) 100 GeV/
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M 2 M 2
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M 2 M 2
2 2 -3 LQ 2 3 (e
- =39x 1073 (——i- = 1.3 x 10
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971 M )5
)’ 92" = 9.7 10 <100Ge\/> (5.1)

lgor|” = 1.9 x 1073 (

In case of wrong sign p, the bounds on the couplings for (7.u)(u"d) vertex arising from p <
e conversion are so stringent, being typically 2-3 orders of magnitude lower compared to bounds
on couplings involving third generation of quarks and leptons, that the direct production of

p't is highly suppressed. The relevant coupling constants extracted from [14] are
2

hap|* = [higl* = 2.6 x 1077 (10](\)4%)2, lhor|> = 5.2 x 1077 (101(;/[&%\/)
|hap|” = 8.5 x 107° (10](\)4%)27 Ihor|® = 2.6 x 1077 (101(;/&%\/)2
910> = |g1r]° = 5.2 x 1077 (10](\)4%)27 ganl? = 1.7 1077 (10](\)4&6\/)2
920" = 26 x 1077 (10](\)4%)27 lgor* = 1.3 % 1077 (10?)4%) . (52)

In this situation, wrong sign muons mainly arise through the production of 7%’s, which sub-
sequently decay via leptonic channel. The bounds on coupling constants for the (Z.u)(71d)

O¢ and are essentially the same as that for the case of 7

vertex come from the decay 7 — 7
production [14].

Next we discuss the heavy quark production via LQ. The bounds on relevant couplings
generally come from electroweak tests. Regarding the bounds on LQ couplings, we have used
model independent constraints on the couplings to b quarks of B and L conserving LQs as
discussed in [14] where it is shown that one can constrain the generation dependent LQ cou-
plings to b quarks from the upper bounds on the flavour-changing decays B — (71~ X (where

*e7), the CKM matrix element V,;, and from meson - antimeson (BB) mixing

ITl- =putp e
and obtain some of the best bounds for the processes of our interest. All the bounds on cou-
plings that we have used for calculation of event rates are listed in Table 5.1. Since the bounds

on the couplings hoy & ¢1r are not available from reference [14], we take them to be the same
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as bounds on couplings hog & g1, (which are the opposite chirality counterparts of hop & g1r
respectively). We make some simplifying assumptions like the product of couplings of different
chirality is obtained from the squares of the couplings of individual chiralities. We extract
bounds relevant to (v,d)(v,b) vertex from the bounds for (21)(23) generation of quark-lepton
pair, while for the vertex (v.d)(v.b), we use the bounds for the (11)(13) generation indices
relevant to the process. These bounds are derived from semileptonic inclusive B decays. The
latest bounds coming from BABAR and BELLE experiments [80] however are not relevant for
the processes considered here except for the bound on V,;, which does not make any significant

change in the couplings.

(101) (1<1) hir hir har, har har, g1L 9iRr gar 9oR g3L
(11) (13) .002 .003 — .006 .002 .004 — .003 .003 .004

(21)(23) .0004 | .0004 | — .0008 | .0004 | .004 |- .0004 | .0004 | .0004

Table 5.1: The best bounds on all relevant products of couplings (from B decays and BB
mixing) taken from Table 15 of the reference [14] by S. Davidson et al. ). All the bounds are
multiplied by (mrq/[100 GeV])2.

5.3 Future Prospects

Future prospects for all the processes which we have considered in this report are promising.
With the kind of enhancement we have for tau and wrong sign muon production, neutrino
factories when coupled with detectors that are able to detect 7 and wrong sign muons should
be able to observe such effects easily. The non-standard eventrate falls off with the increase in
baseline length and neutrino oscillations are the main source of events examined at LBL. At

near-site experiments, on the other hand, the events mainly arise from new interactions and
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thus can be used to constrain the theory. Thus, near site experiments are recommended for
isolating new physics signals that fake signals of neutrino oscillation. A class of non-standard
interactions (R-violating), with strengths well below their current experimental limits, can be
responsible for an enhanced rate of wrong sign muons at a LBL setting. Since the solution
space of solar neutrino puzzle doesnot permit such event rates, such muons if observed at a
neutrino factory, can therefore be greeted as harbingers of new physics, of which both R-parity
violating SUSY and LQ are favoured examples. In particular, one can obtain constraints on
LFV couplings between the first and third generation, the bounds on which are generally not
available.

Heavy quark (b,b) production from v, — N and #, — N scattering via both the CC and
NC interactions at a NF provides an exciting possibility to detect signals of new physics. This
comes about because in these processes the SM contribution is heavily suppressed either due
to CKM matrix element or due to interaction of neutrinos with the sea quarks present inside
the nucleon. The NC processes in SM are further suppressed as they can take place only at
one loop level. We have computed here the b(b) event rates in theories with LQ and confined
ourselves to the near-site experiments where the oscillation effects are negligible. We have
investigated the region in coupling - mass space for LQ which can provide a reasonable signal
for the discovery of new physics involving LQ. It may be noted that this region can be even
more restrictive than that implied by the low energy bounds obtained from B meson decays.
Also the inclusion of LFV interactions via LQ could further squeeze the allowed region of LEFV
Couplings and masses. Detection of b/b in final state are very important as far as the indirect

signatures of new physics are concerned.
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Appendix A

A.1 Dirac Matrices

{797} ="+ = 29", {7} =0 (A1)
7’ =5 = —iemners = VY (A.2)

= ("9 (A.3)

(V) ==-(")?=0") =1 (k=1,2,3) (A.4)

Ve = gu?” = (30, =7) (A.5)

O = 5[%7%] (A.6)

In Dirac Representation,

, (10 A R s
K _(0 1) 7_(—5 0) %—(I 0) (A7)

where, [ is the 2 x 2 identity matrix. The 2 x 2 Pauli matrices ¢ = (0,,0,,0,) are given by

B 0 1 B 0 —i B 1 0 As
0’;;;—(1 0) Uy—<i 0) Uz—(o _1) ()

which satisfy
(05, 0;] = 2i€'¥* gy, (A.9)
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{O'Z',O'j} = 251] (AlO)

TT(O'Z‘O']') = 2(51] (All)

where, €* is totally antisymmetric : €% = ¢;;; = 1 for an even permutation of x,y, z.

Hermitian Conjugate :

()T = 42949°

(") =", (M) =" (k=123 (") =1 (A12)
A.2 Particle-Antiparticle Conjugation Operator (C)
The action of C' on a fermionic field ¢ is defined through
C:p— ¢ =CyPT where C =iy (A.13)

The matrix C' has the following properties :

ct=c"=0c"'1=-C
C’Yucil = _’YMT (A.14)

Some useful relations based on these properties are :
. (v =4
o =T C
o Yy’ = Y5
o Y1 AYy = YP5(CATC™ )i

where 1, 11, 19 are four component fermion fields and A is any arbitrary 4 x 4 matrix.
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Using the commutation properties of the Dirac y-matrices, we can see that, acting on a

chiral field, C flips its chirality;

C: Y — (V) = (V)R

C:p — (Yr) = (V)L (A.15)

i.e. the antiparticle of a LH fermion is RH.

Note : The particle-antiparticle conjugation operator C should not be confused with the
charge conjugation operator C' which, by definition flips all the charge-like quantum numbers
of a field (e.g. electric charge, baryon number, lepton number, etc.) but leaves all the other
quantum numbers (e.g. chirality) intact. Inparticular, C' will take a LH neutrino to a RH
antineutrino (which does not exist). This is a consequence of C'-noninvariance of weak inter-
actions. At the sametime, particle-antiparticle conjugation C converts a LH neutrino into a
RH antineutrino which does exist and is the antiparticle of LH neutrino.

For massive fermions, C' coincides with the usual charge conjugation operator, C.

For Dirac fermions,

Citp =+ Pr — ¥ = (1) + (Yr)° = (V)r + (¥°)L
C:p=vp+p — =1 +1r= ()L + (V)r (A.16)
For Majorana neutrinos, both C and C leave the field unchanged, since it does not have

any charges. However, there may be some difference in phase factors.

Note that for a massive fermion, the mass term in Lagrangian has the form

L =mp = (Y1 + Vr)(Yr + Yr) = Yrbr + Yrir (A17)

Thus the mass terms couple the LH and RH components of the fermion field and therefore a
massive field must have both components : ¢ =Y + ¥

There are 2 possibilities :
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(1) vR is independent of ¢, — Dirac Field.

(2) ¥z — C-conjugate of the LH field v, — Majorana Field

Yr = (Yr)" = (V°)r

V=1 +Yr =L +1 W) = +n (L) (1 =e?, arbitrary phase factor )

Therefore just one Weyl field is required to construct the Majorana field. C - conjugate

field and therefore coincides with itself upto a phase factor.

—> Particles described by Majorana fields are genuinely neutral, i.e. , coincide with

their antiparticles.

Examples

Consider the expression [0y, Pre‘| and express it interms of SM current

Using the properties of particle-antiparticle conjugation operator (equation A.13 and equa-

tion A.14),

C%C_l = —75
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Therefore we have

v’y Pref

V|
2]
=
7 N\
—_
ro | T
2
o
N————
[2)

v C(=CT1 A 0) (1) (~C ) ]

V(OO 7 C(Lt) (CT e

yTvgéT + VT%T% (CC'_l)éT}

vyl + Tl Al e

|
|
|
rAp(ceE + vl O 0 e
|
|
(@) + (Ev7v)"]

[(evur) + (e 7uV)]

NN ORI NGRS ORI ORI (ORI NN NN NN e

e (1 = 75)v]

Q]

'VMPLV]

(A.19)

Figure A.1:  Diagrammatic depiction of the equivalence between charge-conjugated current

term with (V+A) interaction term interms of charge-conjugated fields and the SM (V-A) cur-

rent term in terms of usual fields denoted by the particles.

The above equality (equation A.19) of the two currents in terms of charge-conjugated fields

and the usual SM fields respectively is shown diagramatically in Figure A.1.
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A.3 Fierz Transformations

As the 16 I'¥ matrices with i = S, V, T, A, P form a complete set of N=4 matrices, any product
of bilinear covariants of the form (u;I"uy) (37 uy) can be expressed as a linear combination
of similar products written with a different sequence of spinors

(ﬂlril@) (713Fju4) = Z C;r]m (ﬂlfmu4) (ﬂanUQ) (AQO)
Ingeneral, the spinors u; refer to different particles.

It can be shown that

(/A
Cmn -

Tr(T'T"IVT™) (A.21)

m n

I are assumed to be orthonormalized such that

The basic expansion relation in spinor components (a,b=1,2,3,4) is

(ol hyuz) (Ul Tguag) = > Cia(@allguiag) (Usel (yua) (A.23)
kl

Assume that u, are all c-valued so that
Fibfid = C/i]ZFZdFlcb (A-24)

(If u, are anticommuting operators, there is an overall relative negative sign.) Multiplying
both sides of this equation by I';?I'};, and then summing over all the spinor indices we obtain
Tr(I'I"T9T™) where Tr(I'"TV) = N; 6;; For Lorentz scalar products of bilinear covariants with

all their lorentz indices contracted,

(ﬂlriUQ) (ﬂgFiU4) = ZCZ(leFJm) (ﬂgFjUQ) (A25)

— J
J



A.3. FIERZ TRANSFORMATIONS 115

I'* denote

r’ =1
v = T
rr = O
I’ =
r = YuV5

The coefficients C; assume the values given below :

S % T A P
S 1/4 1/4 1/8 14 | 1/4
1% 1 -1/2 |0 12 |4
T 3 0 1/2 |0 3
A -1 -1/2 |0 12 |1
P 1/4 1/4 | 1/8 1/4 1/4

Similar to equation A.25 is the relation,

(ﬂﬂ”ﬂg) (ﬂgl—‘i’)/5U4) = ZC;([L1F]’75U4) (ﬂgFjUQ) (A26)
J
which comes with the same numerical coefficients CJZ The above identities yield the following

relations, very useful for the studies of weak processes :

[y, (1 £ ys)ug] [Usy (1 £ y5)ua] = — [a17u(1 £ 95)ua] [usy" (1 £ 95)ug]  (A27)

[y, (1 % y5)ug] [y (1 F y5)ua] = 2 [w1(1F v5)ua] [Us(1 £ v5)us] (A.28)

When anti-commuting fields 1);, rather than c-valued spinors u;, appear in the bilinear prod-
ucts, the R.H.S. of the above equations (equation A.25, equation A.26, equation A.27 and

equation A.28) will carry an additional overall “negative” sign.
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Examples

Consider the term [0° P du Pg e€] and evaluate its Fierz Transform.

1-— 1
[Dc V5 d + Vs GC]

7 PLduPye?] =
[0° P, du PR e 5 T

1
= Z[Dcdﬂec — Vysdue + viduyse’ — voysdiuysel]
(A.29)

Let us consider the 4 terms in square brackets on the R.H.S. of above equation one by one,

1. [p°due

—_

1
[fdue’] = —[udv®e’ + ury,dvyet + §aa,wdﬂca“”ec -

W

Wy, Vs AUy  y5€° + Uy dvc s el
1 1
:Z[S+V+§T—A+P] (A.30)
we have used equation A.25 with I =T =1
2. [—0°y5duys el
—c — c lffcc — —C b C L —C__puv ¢
— [P°ysdurysef] = —Z[udy e — uy, dvyte’ + éuauydua e +
Uy, Vs AUy 5 ef + U5 d U ys €]

= i[—S LV - %T ya— (A.31)

we have used equation A.25 with ' = I'P = ~;4

Adding 1 and 2 : we have the following terms
{[Ucduec] + [—Vc%du%ec]}
= 1[S+V+1T A+P]+1[ S+ V 1T A — P]
4 2 4 2

% vV — A) (A.32)
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3. [-0°5 duef]

Note that since 42 = 1, we can write the above term and we will have ' = T'* = ;5
[—0ysdue] = [0 y5duysyse (A.33)

here we need to use equation A.26 instead of equation A.25 because of another 5 sitting

before e°.
_ _ _ _ 1_ _
= —Z[ucv5ecud — Uy sefuntd + éucow%ecua‘“’d
+ Vs s et uyt s d + U5 ys e Uy d]
= —Z[ﬂc%e%‘td — Vi ysefuntd + %Dcauws,ecao—“”d
+ iy efuntysd + e unysd (A.34)
4. [P°duryse]

Note that here we have IV = I'* = 1 for the above expression and we will use equation
A.26 instead of equation A.25 because of a 5 sitting before e°.
[—vfdu~ysef| = i[ﬂc% e“ud + vy, sefuntd + % Vo, vsefuctd
— s ecuyt ysd + U ys s e tys d]
= Z[Dcyyfﬂd + Uy ysefuntd + %Ucauy%ecua‘“’d

— Uy efuytysd + e uysd (A.35)

Adding 3 and 4 : we have the following terms

{[—Dc% due] + [v°duys ec]}

1 1
= —glPrsetud = Viysetuntd + o et uotd + vy ctuntasd
1 1
-+ Dcec’lj’}/g)d] + 1[5675607161 + ﬂc’}/“fyg)eczafy“d + iﬁcaﬂy75ecﬂ0'uud
- Vpetuntysd + vt uysd

1
= 5[17c Yuysecuytd — vfyefunyt s d (A.36)
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Adding equation A.32 and equation A.36 and dividing by a factor of 4, we get the full

Fierz Transformed current, i.e.,

0 Py dii Ppe?] — i[1+2+3+4]
= i - %[ﬁwdﬂcv“ec — WYy Aty s et +
ypysecuytd — vy, efunyt v d|
= %[Ucw(l + y)e‘uytd — vy efunt (1 + vs5)d]
= PP ar (L~ 5
= %[DCWHPReCE’y“PLd]
= %[e’yMPLl/uy“PLd]

(A.37)

Finally there will be an overall minus sign, since we are using fields instead of spinors.

Therefore,

1
[lePLdTLPRGC] = —§[é’VMPLV7jL’7MPLd] (A38)



