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(ABSTRACT)

In this thesis we consider a number of past, present, and future neutrino experiments designed
to test physics beyond the Standard Model. First, we analyze potential new physics explanations
of the NuTeV anomaly and check their compatibility with the most recent experimental data. The
models we consider are: gauged L, — L, gauged B — 3L, and 51, S3, V1, V5 leptoquarks. We find
that only the triplet leptoquark models can explain NuTeV and be compatible with the data from
other experiments at the same time, and only if the components of the triplet have different masses.
Then, we analyze the prospects of discovery of heavy Majorana neutrinos (neutrissimos) suggested
by the Okamura model at the LHC. We find that these particles, if produced, will live short enough
to decay inside of the detector, while long enough to lead to a narrow peak in the invariant mass
spectrum of the decay products. We estimate the typical masses of the neutrissimos to be in
the TeV range. However, studies exist that have shown that if their masses are larger than about
150 GeV then the production cross-section is too small to lead to an observable event rate. Thus, we
conclude that it will not be possible to detect the neutrissimo at the LHC unless its mass is smaller
that about 150 GeV which corresponds to a very small region close to the edge of the parameter
space of the Okamura model. Nevertheless, we argue that the signature of the neutrissimo may be
detectable in other neutrino experiments which may be carried out in the future. As examples, we
consider the NuSOnG experiment, which is a fixed target neutrino scattering experiment proposed
at Fermilab, and a hypothetical long-baseline neutrino oscillation experiment in which the Fermilab
NUMI beam is aimed at the Hyper-Kamiokande detector in Japan. In addition to the sensitivity to
neutrissimos, we analyze the capabilities of these experiments to constraint the coupling constants
and masses of new particles in various models of new physics suggested in the literature. The
models we consider are: neutrissimo models, models with generation distinguishing Z’s such as
topcolor assisted technicolor, models containing various types of leptoquarks, R-parity violating
SUSY, and extended Higgs sector models. In several cases, we find that the limits thus obtained
could be competitive with those expected from direct searches at the LHC. In the event that any
of the particles discussed here are discovered at the LHC, then the observation, or non-observation,
of these particles in the NuSOnG and Fermilab—Hyper-Kamiokande experiments could help in
identifying what type of particle had been observed.
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Chapter 1

Introduction

The Standard Model (SM) of elementary particles embodies our current knowledge of elementary
particles and their interactions. It has been very successful in explaining experimental data for
more than thirty years. Apart from the discovery of non-zero neutrino masses in the late 90’s,
no significant deviations from the SM predictions have been found so far. However, there are
many reasons to believe that the SM is not the ultimate theory of Nature because it does not
provide answers to many important questions. For instance, the SM does not tell us what flavor
is and why Nature contains three different generations of quarks and leptons, why there is mixing
between different flavors and what causes the mixing, why neutrino masses and mixing angles
demonstrate significant deviations from the pattern observed in the quark sector, what the origin
of the matter-antimatter asymmetry of the Universe is, etc. The situation is two-fold: on the one
hand, one has a theory whose agreement with experiment is simply amazing and beats all world
records; on the other hand, without experimental hints, it is not clear where one should look for
physics beyond the SM. In this thesis I will present my view on this matter and show a number
of examples illustrating how one can interpret the outcomes of various experiments in terms of
new physics and how one can constrain possible new physics scenarios using experimental data. I
will consider the constraints on different models of new physics derived from 1) the existing data
(NuTeV, LEP, Tevatron), 2) potential constraints from the data which will soon be available (LHC),
and 3) potential constraints form the data which could become available in the future (NuSOnG,
Fermilab—HyperK). In this introduction, I briefly review each of these cases and point the reader
to the parts of the thesis containing more detailed explanation and discussion.

1.1 Existing data

The question of great importance is: What type of new physics should one expect? Many proposals,
such as SUSY, Technicolor, Extra Dimensions models, take the naturalness problem as a starting
point and suggest their own solution to this problem in terms of new physics. However, there are no
well-defined criteria of naturalness and it is often just a matter of opinion which theory is natural
and which is not. Moreover, none of these proposals are based on experimental data. This is why,
in my opinion, a better place to look for possible new physics may be the few known experimental
anomalies, that is, experimental data which do not quite agree with the SM. The examples of such
anomalies are:



1. The Neutrinos at the Tevatron (NuTeV) [1] experiment at Fermilab has measured the ratio
of neutral to charged current events in muon (anti)neutrino-nucleon scattering. It has found
that this ratio is smaller than the SM prediction. In particular, the value of the parameter
g7 (to be introduced in Chapter 2) measured in the NuTeV experiment is 3¢ below its SM
value. This disagreement is often referred to as the NuTeV anomaly. Although, the NuTeV
result is controversial and currently in the process of being reanalyzed it still remains a distinct
possibility that the observed disagreement with the SM value of g% is due to the presence of
new physics. In Chapter 2 we give a number of examples of models of new physics suggested
in the literature to explain the NuTeV result.

2. The invisible widths of the Z, measured at the CERN collider LEP and the SLAC Linear
Collider [2] is also known to be 20 below the SM prediction.

3. In addition to that, the branching fractions of W, B(W — er.), B(W — uv,), BIW — 10,),
measured at CERN [3], were found to be different from each other, whereas according to the
SM they all must be the same. In particular, the ratios B(W — 7v,)/B(W — er,) and
B(W — 1v.)/B(W — up,) differ from unity by more than 2¢. The branching fractions
of W into electrons and muons perfectly agree. It should be pointed out, though, that this
LEP2 result disagrees with low energy data on lepton universality extracted from =, p, and 7
decays [4], making it difficult to interpret.

It is interesting to note that all the experiments in this list involve neutrino interactions. This
suggests that if any of these anomalies are genuine and due to the existence of new physics, then
their explanations could reveal the mechanism responsible for the generation of the masses and
mixing angles in the neutrino as well as in the quark sector. Thus, it is very important to know
which models are capable of explaining these anomalies, how viable they are in light of the most
recent experimental data, and whether the new physics proposed by these models can be seen at the
LHC or in some other experiments. Thus, in Chapter 2 we present a list of possible explanations of
the NuTeV anomaly in terms of various new physics scenarios suggested in the literature. The list
includes gauged L, — L,, gauged B — 3L, and various types of leptoquarks. Then we will consider
constraints on these models coming form the existing experiments (LEP, Tevatron, etc.).

1.2 Soon to be available data

Although many possible extensions of the SM have been suggested during the past decades, all
of them are fine-tuned to reproduce the SM predictions at the energy scales accessible in modern
particle physics experiments. To confirm the existence of physics beyond the SM and, moreover, to
see which one of the suggested models of new physics, if any, is correct, one has to explore higher
energy scales. Fortunately, the Large Hadronic Collider (LHC) built exactly for this purpose is
coming online in 2008. The LHC will probe the energy scale at which the SM is expected either
to fail and reveal some features of a more fundamental theory of Nature or to demonstrate the SM
features which have not yet been observed experimentally such as the existence of Higgs particles.
In either case, I believe that it is going to be a great time for both theoretical and experimental
high energy physics.

In order to illustrate how we can use the LHC data to constrain possible new physics scenario,
we consider an example of so-called neutrissimo models [5] which was suggested in the literature to
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explain the NuTeV anomaly. The explanation relies on the observation that both the NuTeV result
and the decay rate of the Z are smaller than the SM prediction. This suggests that the coupling
of the neutrino to the Z is suppressed with respect to the SM. It was argued in Ref. [6] that such
suppression can occur naturally in models in which the right handed neutrinos are added to the SM
content if we judiciously choose the form of the mass texture and allow mixing between different
generations. Ref. [5] shows an explicit example, called the Okamura model, which demonstrates how
this idea can be implemented in practice. Such a model contains both light and heavy Majorana
neutrino mass eigenstates obtained by diagonalization of the mass texture. The typical masses of
the heavy Majorana states, called neutrissimos, are of order a few TeV in this model. The basic idea
is that there was simply not enough energy to produce the neutrissimos in the NuTeV experiment
and it led to the suppression of the Z-neutrino couplings.

If neutrissimos exist then, having their masses in the TeV range, they could be produced at
the LHC. The question is: Will we be able to detect them or not? We address this question in
Chapter 3 of the thesis which also contains more detailed description of the neutrissimo models.
The consideration given in Chapter 3 is based on our work presented in Ref. [7].

1.3 Future Experiments

Evidence for neutrissimos can also be searched for in other experiments including those which may
be performd in the future. For example, a new experiment called NuSOnG (Neutrino Scattering on
Glass) is being planned at Fermilab. (See our recent paper [8].) If approved, it will check the NuTeV
result, repeating the measurements of the muon (anti)neutrino-nucleon scattering with event sta-
tistics two orders of magnitude higher than that of NuTeV. As a result, NuSOnG is projected to
halve the experimental error on g% (to be introduced in Chapter 2) as compared to NuTeV. In
addition, the NuSOnG experiment will also measure the muon neutrino-electron scattering cross
section to an accuracy of 0.7% using inverse muon beta decay to normalize the neutrino flux. Dif-
ferent explanations of the NuTeV result will affect the neutrino-electron scattering differently, so
NuSOnG can, in principle, distinguish among them. The consideration of this possibility is given
in the beginning of Chapter 4.

In chapter 5 we consider a Long Baseline neutrino oscillation experiment (LBL) which could be
carried out in the future. The LBL neutrino oscillation experiments are also sensitive to the physics
beyond the SM through matter effects and will be complementary to the LHC. The consideration
given in chapter 5 is based on our work presented in Ref. [9], in which we consider a hypothetical
experiment in which a muon neutrino beam prepared at Fermilab is sent to the planned Hyper-
Kamiokande detector in Japan. It was shown in the first paper of Ref. [10] that such an experiment
is capable of constraining neutral current universality violation to better than 1 percent after 5 years
of data taking. We analyzed how various physics beyond the SM can modify the matter effects in
this experiment. We considered models with generation distinguishing Z’s such as topcolor assisted
technicolor, models containing various types of leptoquarks, R-parity violating SUSY, and extended
Higgs sector models.



1.4 Notation

In this section we summarize the notation which we extensively use in the first and the third

chapters of this thesis.
The exchange of the Z
interaction

E:

boson between the neutrino v and fermion f # v leads to the effective

—\/§Gp[ﬂw(95 - 92%)1/] [fv (g1 9A75)f]
—V2Gp [gz V(1= 5)v + g 07, (1 + 75)V]
X [92 FA (L= s)f + g [ (1 + 75)f} , (1.1)

where the Standard Model values of the couplings are:

or equivalently,

9, = \/ﬁ(%),

gr = 0,
i = Vo - @ity |
gk = Vo (—QFsin®y) | (1.2)

9 = 91 +9r =

g‘f/ = gi—kg{_—i = If—ZQfsm 0W> ,

/7
g4 = 9L~ 98 = P
\/_
NAb: ) (1.3)

/\/\

g =9l —gk =

Here, [3{ and Q7 are the weak isospin and electromagnetic charge of fermion f, respectively. At
tree level in the SM, the p-parameter is one. If we assume that g% = 0 even in the presence of new
physics, then Eq. (1.1) can be written as

L:

where

—ﬁGF[ﬁwPLV] [ V- g fv“%f]

_2\/§GF[77’7;LPLV} [gLf FAPLf + gF fv“PRf} (1.4)
g = 20105 = o () .

g7 = 2979l = p(@f — Q sin® 9w> :

g = 29%gh = p(—Q7sin?Oy) . (1.5)



Chapter 2

The NuTeV anomaly and its
explanations

In this chapter we give an example of an existing experiment the result of which disagrees with
the SM. We discuss various interpretations of this disagreement in terms of new physics scenarios
which have been suggested in the literature and analyze the viability of these interpretations in
light of the most recent experimental data.

2.1 The NuTeV anomaly

The Neutrinos at the Tevatron (NuTeV) experiment [1] has measured the ratios of the neutral to
charged current events in muon (anti-)neutrino-nucleon scattering. For the isoscalar target! used
in the experiment these ratios are related to the left- and right-handed coupling of the Z-boson to
quarks as follows.

o(vyN — 1,X)
R, = K’ = 2.1
o (N — p—X) 9L+7"9Ra (2.1)
o(v,N — 1,X) gz
R, = =g 22 2.2
o(v,N — putX) gt (22)
where
N X 1
po 2N =t X) (2.3)
o(vyN —pu=X) 2
The parameters g7 and g% are
g = (97 + (91", (24)
gr = (9r)*+ (95" (2.5)

A somewhat simplified derivation of Egs. (2.1)-(2.2) is given in Appendix A. See Ref. [11] for a
more thorough discussion.

L¢The isoscalar target’ means that the target contains equal amount of the protons and neutrons or, alternatively, v and d quarks.
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NuTeV has determined the parameters g% and g% to be

g; = 0.30005 + 0.00137, (2.6)
g% = 0.03076 & 0.00110. (2.7)

The SM prediction of these parameters based on a global fit to non-NuTeV data given in Ref. [1] is

(97)gy = 0.3042,
(97)gy = 0.0301

which differs from the NuTeV result by 30 in g7. This disagreement is often refereed to as ‘the
NuTeV anomaly’. In principal, it is possible to fit the SM to the NuTeV result but in this case the
preferred range of the Higgs mass is my > 660 GeV (90% CL) [12] which is well above the value
of mg ~ 90 GeV preferred by the non-NuTeV global fit [13].

Although the NuTeV result remains controversial and is currently in the process of being rean-
alyzed, several reasonable explanations of this result have been suggested in the literature. First
of all, we must consider the explanations of NuTeV which lies within the SM framework. This
mainly includes theoretical uncertainties due to Quantum Chromodynamics (QCD) effects which
might be comparable to or larger than the quoted experimental uncertainty of the NuTeV result.
For instance, several groups are evaluating uncertainties coming from next-to-leading (NLO) QCD
corrections [14], NLO electroweak corrections [15], and parton distribution functions (especially as
involves assumptions about sea-quark asymmetries) [16]. These uncertainties are found to be large
and could potentially be responsible for the entire NuTeV anomaly and their actual impact on the
result of NuTeV awaits a reanalysis of the NuTeV data.

On the other hand, it still remains a distinct possibility that the NuTeV anomaly is genuine and
its explanation lies in physics beyond the SM. Several possible explanation of the NuTeV anomaly
in terms of new physics have been suggested in the literature [17, 6]. This includes models with
gauged L, — L., gauged B — 3L,, Si, 53, i, Vg, leptoquarks, and TeV scale heavy Majorana
neutrinos. However, it is important to realize that all these explanations of NuTeV were suggested
several years ago. Now we have more experimental data available to us and thus have to update
the experimental constraints on these models and reanalyze their compatibility with the NuTeV
result. Thus, in this chapter we present a list of models capable of explaining NuTeV and reanalyze
the viability of these explanations of NuTeV in light of the most recent experimental data.

2.2 L,— L; gauge boson

The NuTeV anomaly [1] can be partially explained if one accepts the existence of the new gauge
symmetry L, — L, [18, 19, 20|, where L,, and L. are the muon and tau lepton numbers respectively.
The model in which this idea can be realized was presented by Ma and Roy in Ref. [21]. This
model postulates the existence of the anomaly-free gauge symmetry U(1)x. The gauge boson X
associated with this symmetry couples to (v, )z, pr with charge +1 and to (v.,7)r, Tp with
charge —1, but not to any other fermion. The model also postulates the existence of the usual
Standard Model (SM) Higgs doublet ® = (¢, ¢°) with charge 0 and two additional Higgs doublets
Mo = (77&,77?72) with charges £1 under U(1)x. After spontaneous symmetry breaking the fields
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®, Mo get VEVs: vy = (¢°), v12 = (nf,). This generates mixing between the new X boson and
the usual SM Z boson leading to the mass term of the form:

1 , Zn
EZX — 5 (ZH7XM> . MZX . X'LL ; (210)
where 2( ) 2) ( ) 2)
_ [ 2¢% (w40 gx 9z (v —v }
M2 = X 1 2 1 2 . 211
2X = | gran0t —12) (63203 + i+ ) (2.11)

gx is the X boson gauge coupling constant and gz = /g2 + ¢’> = g/cw at tree level. (g and ¢’ are
the usual SM gauge couplings and ¢y = cos Oy .)

Under the assumption that v; ~ vy, so that the X — Z mixing is small, the mass matrix given
by Eq. (2.11) has the following eigenvalues:

1

and the X — Z mixing angle is given by

ngZ(v% - U%)

sin @ ~ M)Q( —M%

(2.13)

This means that the interaction eigenstates (Z,, X)) are related to the mass eigenstates (Z;”, X,T)
through the following formulas:

Z, = cosb-Z; +sinf- X7,

Xy = —sin6-Z7 +cosf- X". (2.14)

In the SM the low energy effective interactions of v, and 7, with quarks and electrons can be
described by the effective Lagrangian of the form

Ly = —]\% : i ’ [V_ﬂ“ (95 - gZ'Vs) Vu] ' [f’m (gé - gfm) f] : (2.15)
where f = {u,d, e} and
9% = 4V2G, M3. (2.16)

The X — Z mixing modifies the effective interaction Eq. (2.15) since now one needs to take into
account the Z7" and X" exchange diagrams shown in Fig. 2.1. As a result, the effective strength
of this interaction changes from g% /M2 to

20 sin®0 1 1
g%(cos +sm )—QngZsinecose( — )

Mz M3 MZ M3
97 [y 20x (Mz 1 ool = 92 (2.17)
~ _— —_— _— S11 = — . .
Mz g, \2 Mz

The first term on the top line of Eq.(2.17) corresponds to the diagrams shown in Figs. 2.1a and
2.1b while the last term represents contributions of the diagrams in Figs. 2.1c and 2.1d.
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v W) sp Ve ) ve ) g Ve )
zm X
s cosf f sinf
(2) (b)
v ) _gng Ve ) v ) sp Ve )
zm X
F cosf f sinf

Figure 2.1: Z}* and X" exchange diagrams contributing to the v,(7;) — f scattering.

Note that the form of the expression for the effective strength in Eq. (2.17) does not depend
on the details of the Higgs sector of the model. The only assumption we made in deriving this
expression is the existence of mixing between Z and X given by Eq. (2.14).

In sections 2.2.1 through 2.2.4 we reproduce the analysis by Ma and Roy [21, 22], updating
those parts affected by new data. In section 2.2.5 we improve the analysis of Ma and Roy [21,
22] by considering the effects of mixing and the Z vertex corrections simultaneously. Finally, in

section 2.2.6 we consider the constraints on the X mass and coupling coming from the most recent
W decay data [3].

2.2.1 Zdecay: Z — ptpu X — ptpptu

If the X boson exists then it can be searched for in the products of the Z decay. The Z can decay
into p*, =, and X with consecutive decay of the latter into muon-antimuon pair. Thus, LEP I
data on Z decay into the four-muon final state [23] establish a lower bound on My as a function
of gx. In addition to that, Eq. (2.12) implies

M2
= (2.18)
4M7, 92
2 — 4l
9z
Therefore M
gz Mx
> . 2.19
gx oM, ( )

These essentially rule out My < 60 GeV. For details see the paper by Ma and Roy [21, 22].
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2.2.2 Precision measurements of Z couplings: ¢], — ¢}

Another constraint on the L, — L, model comes from the precision measurement of Z couplings [25].
The presence of the Z — X mixing modifies the way the Z interacts with the leptons of the second
and third generations. The effective couplings relevant for further consideration are

1
et gh=\/p (_5 + 2sin? ew) : (2.20)

[T 9 =P <—% + 25sin? HW) -2 <g—X) sin 6, (2.21)

4z

1
T gy =P (—5 + 2sin? HW) +2 (g—X) sin 6. (2.22)

9z

Ref. [26] reports the following values for g, g}, and g7,

gy = —0.03816 % 0.00047, (2.23)
g = —0.0367 = 0.0023, (2:24)
gy = —0.0366 % 0.0010. (2.25)

Adding errors in quadrature, one obtains

gy — gt = 4(gx/gz)sind = 0.0001 £ 0.0025 (2.26)
2- (g7 — %) = 4(gx/gz)sin6 =2 (0.00157 + 0.00111). (2.27)

The 20 bound on this combination is
_Amin S 4(9X/QZ) sin 6 S Amax; (228>

where A« = .0051 and Ay, = .0012. The upper bound A,y is derived from Eq. (2.26) and the
lower bound A, from Eq. (2.27) above.
On the other hand, Eq. (2.17) implies that

4(g9x/9z)sinb = 2(p, — 1) (ﬁ) . (2.29)

In order to explain the NuTeV anomaly one needs to have p, < 1 to suppress the number of the
neutral current events. Thus, combining Eqs. (2.28) and (2.29) one can obtain bounds on the My
as a function of p,. The result is the following.

1. Mx > M.

Amax . .
o Ifp,>1-— — ~ (0.9974 then there exists the lower bound given by

M
My > Z : (2.30)
Amax
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Figure 2.2: Upper and lower bounds on the Mx as a function of p,,.

o If p, < 0.9974 it is not possible to satisfy the LEP constraint with positive M% in this
case.

2. Mx < Myz. Then the upper bound is given by

My < Mz . (2.31)
Amin

To illustrate this result we choose p, = 0.9976, the value used by Ma and Roy in Ref. [21] to
reduce the disagreement between the NuTeV results and theoretical predictions to 1.60 level. Then
using Eq’s (2.30) and (2.31) one obtains the following 20 bounds on My:

Mx <42 GeV or My > 367 GeV. (2.32)

As we already mentioned above, the result of the NuTeV experiment is controversial and in the
process of being reanalyzed. Thus, we do not want to commit ourselves to some particular value
for p,. Fig. 2.2 shows the upper (red curve) and the lower (blue curve) bounds on Mx as functions
of p,. As p approaches unity these curves converge to the same value of Mx = M. The vertical
black line corresponds to p, = 0.9974. The horizontal dashed line represents the 60 GeV lower
bound from the searches of Z decay into utu~X (see Sec. 2.2.1). The regions between the red and
blue curves, and below the 60 GeV line are excluded.

2.2.3 Universality of the Z couplings: Z — ete” and Z — upu~

In the presence of the X boson the universality of the Z boson coupling to e*e™, utu~, and 777~
would be violated since the latter ones couple to X and have an extra one-loop radiative correction
to the vertex diagram, AI'. The corresponding process is shown in Fig. 2.3. This extra correction
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Figure 2.3: Correction to the Z vertex due to the X exchange between the final state leptons.

can be found in [24, 22]? and the result is
AT’ g% (7 3
= - _ X)L 231
T 47r2{4+5+<5+2) né
o 1 o 72
2 |- 2
- il LN (L I
+ (1+49) [L12<1+6>+211 (1+5> 6}}’

where § = M% /M2, and

is the Spence function. The measured Z partial widths are [25]
' =8391+£0.12, T, =283.99+0.18.

This implies that

% — 0.0009 % 0.0026.

1.960 bound on this ratio (corresponding to 95% CL) is

AL/T < 0.006.

2.2.4 Combined constraints

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

Now we are in the position to construct the combined constraints on the possible values of gx and
Mx in the L, — L, model. In order to do that we need to choose some particular value for p, and

2Formula for the AT'/T' in Ref. [22] contains a typo.
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Figure 2.4: Combining constraints on the L, — L, model.

plot together all constraints obtained so far. We take p, = 0.9976, the value used by Ma and Roy
in Ref. [21]. The resulting combined plot is shown in Fig. 2.4.

The dash-dotted red line corresponds to the bound given by the inequality Eq. (2.19). It excludes
the gray region below this line. Two vertical solid black lines represent the bounds on the X boson
mass given by Eq. (2.32).The yellow region between this two lines is not compatible with the results
of the precision measurements of the Z vector couplings. Solid red line is the upper bound on gy
coming from the universality of the Z coupling to the ete™ and putp~. It is obtained by combining
the results of Eq’s (2.33) and (2.37). The purple region above this curve is excluded. Finally, the
vertical dashed red line represents the LEP-I constraint on the mass and coupling of the X boson
from Z — pupX decay presented in Sec. 2.2.1. The values of My smaller than this bound (blue
region) are not compatible with the LEP-I measurements. We see that for the chosen value of p, the
42 GeV constraint from the precision measurements of the Z vector couplings lies below the LEP-I
constraint. On the other hand, Fig. 2.2 shows that it would lie above the the LEP-I constraint for
the values of p, larger than 0.9992 which is indistinguishable from unity in the NuTeV experiment.

Combining these constraints together we see that the only allowed region of the parameter
space is the one shown in white. The X boson mass in this region is greater than 367 GeV and the
corresponding values of the coupling constant gx are greater than one. This means that the theory
approaches the non-perturbative region and the one loop analysis becomes less and less reliable.
One should point it out that such large values of the coupling constant can lead to the dangerous
effects for the model in question. For example, such a large coupling could lead to forming a stable
bound state of 4+ and = which has not been observed experimentally.

2.2.5 Constraining Z — X mixing and radiative corrections simultaneously

The analysis of the previous sections was essentially the repetition and update of the analysis
performd by Ma and Roy in Ref. [21, 22]. Ma and Roy derive the constraints on the masses and
couplings of the X boson using two sets of experimental data:
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e the measurements of the Z effective couplings to leptons, and
e the measurements of the Z partial decay widths to charged lepton pairs.

We point out that there are some problems with Ma and Roy’s analysis. First of all, the two
sets of measurements are not completely independent since the measurements of the Z partial
widths were used to find the value of the Z effective couplings to leptons. And second, Ma and
Roy do not consider all corrections simultaneously. They derive constraints on the X mass using
the measurements of the Z effective couplings and considering corrections coming from Z — X
mixing. Then they derive constraints on the possible values of the X mass and coupling using
the measurements of the Z partial decay widths and considering the radiative corrections to the
Z vertex due to the X exchange. Thus, in each case they only consider one effect at a time. But,
in principal, we can have both effects at the same time: the radiative corrections to the Z vertex
due to the X exchange affects the values of the Z effective couplings to leptons and Z — X mixing
affects the values of the Z partial decay widths to charged leptons. Thus, in this section we improve
the analysis by considering both of these effects simultaneously.

But before we proceed, let us figure out the shift of the vectorial and axial effective couplings of
the mu and tau leptons to the Z and clean up typos in some formulas of Ma and Roy’s paper [21].

Neutrinos

For the electron neutrino case the effective couplings gi¢ and ¢’ remain the same as in the SM.

UV, UV, U, 1
e =t =1 = Vi (+3). (2.39)

For the muon neutrino case® the SM Lagrangian is

Yy — o g Yy = fe% Yy — %
Lsyv =9z - gr - (Vpﬂ/ PLV;A) Lo = 7Z : [gv ’ (V;/Y Vu) — g4 (V/ﬂ/ 757/#)} Za. (2'39)

In this case ¢, = g = g;".
The X couples to the muon neutrino and the interaction Lagrangian is?:

Lx =gx - (,7V,) - X, (2.40)

Now, we should take into account that X is a linear combination of the Z and Z’ (mass eigenstates®):
Xo=—sinf-Z,+cosb-Z.,. (2.41)

Using Egs. (2.40) and (2.41) we find that the additional with respect to the SM interaction

Lagrangian is

0L = —gxsinb - (7,7v,) = 972 : (—Q‘Z—X sin «9) (DY) - Za. (2.42)
z

3In the tau neutrino case the consideration is exactly the same. The only difference is in the overall sign of the shift due to Z — X
mixing.

4We assume that right handed neutrinos do not exist. In our notation vy, is the purely left-handed muon neutrino.

5Strictly speaking Z is also a mixture of mass eigenstates but it is irrelevant for what follows.
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We rewrite this equation as
oL =2 2% gnp (D Prvy)-Zo = 9z (9% gin @ vn) = (00| - Za- (2.43)
2 9z 2 9z
Then both g;* and ¢’/ of the SM are shifted by the same amount®

St = dgit = —g—Xsin0, (2.44)
9z

which differs by a factor of 1/2 from the value obtained by Ma and Roy in [21].

Charged leptons

For the purpose of completeness let us also figure out the shift of the vectorial and axial couplings
to the Z due to Z — X mixing for charged leptons. For electrons the effective couplings g{, and g%
remain the same as in the SM. Namely,

1 ) 1
For muons’ the SM Lagrangian is
— _ 9z — P
Lon = 97191 - (17" Pu) + gg - (17" Prp)] - Za = = - 9% - (i) — g4 - (B °1)] - Zao (2.46)

where gi; = g7 + g5 and ¢4 = g7 — gh.
The X-muon interaction Lagrangian is:

Lx =gx - (17"1) - Xa- (2.47)
Taking into account the mixing given by Eq. (2.7) we obtain

0L = —gxsing - (1) Zo = %Z : (—Q‘Z—X sin 9) (I p) - Za- (2.48)
Z

So, comparing Eqs. (2.46) and (2.48), we observe that the Z — X mixing generates a shift of the
vectorial effective coupling and does not change the value of the axial effective coupling:

dghy = —99% gin 0, g4 =0, (2.49)
9z

which is in agreement with the result obtained by Ma and Roy in Ref. [21].

Fit results

Thus, we see that the presence of the Z — X mixing and the radiative correction to the Z vertex
due to X exchange between the external leptons modify the way the Z interacts with the leptons

SNote that for the purely left-handed muon neutrino 592“ and 59‘1’/“ must be equal to each other.
"In the tau lepton case the consideration is exactly the same. The only difference is in the overall sign of the shift due to Z — X
mixing.
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Parameter Central value Standard deviation
552 -0.0006962 0.002140
op 0.0007324 0.0010725
om -0.0007420 0.0009443
1% -0.0008905 0.0006408

Table 2.1: The values of dp, 6y, and 8y, extracted from the x? fit.

of the second and third generations. Effective couplings become
e ]‘ 2 e ]-
e gy =A/p —§—|—281H Ow |, g4%=+/p —35 ) (2.50)
u 1 o u 1
Lo gy =P —§+281H Ow ) (L+00y)+6m, d4=+/p —3 (I+4dy), (2.51)

T gr=p (—% + 2sin® ew) (1+6v) —0m, ga=+/p <—%) (14 dv) (2.52)

for charged leptons and

v, ]‘ v 1

Ve gve:\/ﬁ<+§>, gAE:\/ﬁ(+§)v (2:53)
, 1 ) » 1 )

Ve 1 gy = P'§(1+5v)+7M, QA“:\/5'§(1+5V)+7M> (2.54)
v 1 0 v 1 J

vt gy =Py (L) = g = Ve 5 (L) - = (2:55)

for neutrinos. dy and d,; are the vertex and mixing corrections, respectively, in the L, — L, model.
Their values are found to be:

2
_ e T 3
oy = 8#2{4+5+(5+2)1n5
2 |1 . 0 1.5 ) 2
+ (1+49) {le(l—i-é +21n 55 5 , (2.56)
gx '\ ..
oy = —2 <—) sin 6, (2.57)
9z

where § = M% /M2 and the Spence function Liy(z) is given by Eq. (2.34).

The measured by LEP values of the effective couplings of leptons to the Z are listed in Table 2.2.
To do the fit to the SM values we have to take into account radiative corrections other than that
included in dy. There are two types of radiative correction we must consider: the SM corrections,
and the extra corrections appearing in the L, — L, model. The SM corrections shift the value of the

p parameter from unity and change the value of the sin? 6y from its tree level value. We calculate
these corrections using ZFITTER [27].
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j || Parameter Average Correlations
94 94 94 94 9y 9v gy
1 g4 = g% +0.5003 £ 0.0012 1.00
2 9% —0.50111 4+ 0.00035 || —0.75 1.00
3 g —0.50120 £ 0.00054 0.39 -0.13 1.00
4 94 —0.50204 4+ 0.00064 0.37 —-0.12 0.35 1.00
5 9y —0.03816 4+ 0.00047 || —0.10 0.01 -0.01 -0.03 1.00
6 gt —0.0367 + 0.0023 0.02 0.00 —0.30 0.01 —-0.10 1.00
7 9v —0.0366 + 0.0010 0.02 -0.01 0.01 -0.07 —-0.02 0.01 1.00
i 1 2 3 4 5 6 7

Table 2.2: Results on the effective coupling constants for leptons [26].

The L, — L, model contains at least two extra Higgs fields. These extra fields contribute to the
Z vacuum polarization and this also affects the values of p and sin?fy,. We will call these extra
corrections specific to the L, — L, model §p and ds? respectively. In addition to that we also have
extra corrections due to mixing, d,;7, and the extra vertex corrections, dy .

Using the data of Table 2.2 we can fit the parameters ds2, dp, oy, and d,; to the observed values
of g‘f,’A (f ={v,e,u,7}). The results of the y? fit® are listed in Table 2.1.

Now we can use the fitted values of d); and dy to improve the analysis of Ma and Roy given in
Ref. [21]

Constraints from d,;

From Egs. (2.29) and (2.57) we see that the parameter d,; is equal to
Mz

M% — M%

= (%)2] | (2.59)

Fig. 2.5 shows how p, depends on the Mx where we used the value of d,; from the fit.
Allowing 20 deviation of the d,; from its central value we obtain

S = —(1— py) - (2.58)

This means that

pu=1+0ym

Apin < Mg <A (2.60)
mimn = M;{ _ M% _— max .
where
Sar — 2
Apiy = — 20, (2.61)
1—p,
o + 2
Ammax M T 2oy (2.62)
1—p,

8For the details on how we made this fit see Appendix C.
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Figure 2.5: p,, dependence on the Mx for the fitted value of 6.

Here 6, and o5, are the central value and the standard deviation of the d,, respectively. Their
values are given in Table 2.1.

In order to find the constraints on the allowed values of My we need to consider two cases:
My > My and Mx < M.

1. If Mx > My then —M% /(M?% — M%) is always negative. So, the inequality with A,y is always
satisfied. The inequality with A, gives
2
A > L
— M2 — M2

We observe that the left-hand side is smaller than one while the right-hand side is always
greater than one for the case in question. So, this inequality cannot be satisfied. Therefore,
this model cannot explain NuTeV if My > M.

2. If Mx < My then Eq. (2.60) becomes

(2.63)

M2
X < Ao (2.64)

The M% /(M2— M%) is always positive. Therefore the inequality with A, is trivially satisfied.
The inequality with A, can be solved for Mx. The result is

M
My < —Z1 (2.65)
1
T Ao

Now, let us determine what value of p,” we need to bring the NuTeV result within one o
agreement with the SM predictions. The value of the g? measured by NuTeV is

(97) nygey = 0-30005 £ 0.00137. (2.66)

9See Eq. (2.17)
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The SM prediction is
(97 ) gy = 0-3042. (2.67)

Therefore, the value of p, we need is

B \/0.30005 +0.00137
P = 0.3042

If we now plug this value of p, into Eq. (2.65) we obtain the following upper bound on the values
of the X mass:

~ 0.9954. (2.68)

My < 40.8GeV. (2.69)

This upper bound is obviously smaller than the 60 GeV lower bound on the X mass obtained
in section 2.2.1. Thus we see that the L, — L, model cannot explain the entire NuTeV anomaly
without conflicting with the LEP data.

It was argued by Ma and Roy in Ref. [21] that the L, — L, model can explain at least a part
of the NuTeV anomaly and bring the disagreement between the SM prediction and the measured
value of the ¢g? at the 1.60 level. We can try to do the same thing using the data we obtained
from the fit. The value of p, needed to bring the NuTeV result within 1.60 agreement with the
SM predictions is

0.30005 + 1.6 - 0.00137
= ~ 0. ) 2.
& \/ 0.3042 0.9968 (2.:70)
With this value of p,, the upper bound on the X mass moves up a little bit and becomes
My < 46.7 GeV (2.71)

which is still smaller than the 60 GeV lower bound on the X mass obtained in section 2.2.1. Thus,
we see that the L, — L; model is not a viable candidate for explaining the NuTeV anomaly even
partially because such an explanation conflicts with the LEP data.

Constraints from Jy

Now, let us consider constraints on gx and Mx from the fitted value of dy .

g2
Sy = _8_;(2 - f(Mx) , (2.72)
where
7 3 2 |1 0 L. 0 m
f(Mx)—1+5+<6+§> Ind+ (1+9) {le (1—+5>+§1D <1—+5)_€ (2.73)

as can be seen from Eq. (2.56). 6 = M% /M2 as before. Allowing 20 deviation from the central
value of the 0y, we obtain

2
9x
_Amin S - : M S Amax ) 2.74
() (2.74)
where
Anin = —(—0.0008905 —2- 0.0006408) = 0.002172, (2.75)
Apax = —0.0008905 + 2 - 0.0006408 = 0.0003911. (2.76)
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Figure 2.6: Constraints on the gx and Mx of the L, — L, model from the fit.

f(Mx) is negative for sufficiently large M. Therefore, we only have to consider the inequality
with A... It implies that
| 872 Apax
<y | —=. 2.77

The combined constraints are plotted in Fig. 2.6. The figure also include constraints obtained in
Section 2.2.1. The ruled out regions are shown in different colors.

The dash-dotted red line corresponds to the bound given by the inequality Eq. (2.19). The
region below this line is excluded. The vertical solid black line represents the bounds on the X
boson mass given by Eq. (2.71).The region to the left of this line (red) is excluded by the result of
the fit to the SM observables. Solid red line is the upper bound on gx coming from the result of the
fit for the parameter dy and given by Eq. (2.77). The region above this curve is excluded. Finally,
the vertical dashed red line represents the 60 GeV LEP-I constraint on the mass and coupling of
the X boson from Z — pupX decay discussed in Sec. 2.2.1. The values of Mx smaller than this
bound (blue region) are not compatible with the LEP-I measurements.

We observe from the figure that it does not contain any white (allowed) region at all. Thus, we
conclude that the fit to the SM observables completely rules out the possibility that the L, — L,
model can explain NuTeV and at the same time be compatible with the results of the precision
measurements.

Combined constraints

2.2.6 W decay width

Another independent set of constraints on the L, — L; model comes from the preliminary measure-
ments of the W partial width. Ref. [3] reports the following results for the branching ratios of W
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Figure 2.7: Constraints from the W branching ratios data.

into leptons of different flavor:

B(W — up,)/B(W — ep,) = 0.994 + 0.020, (2.78)
B(W — 75,)/B(W — ep,) = 1.074+0.029, (2.79)
B(W — 75,)/B(W — pup,) = 1.080 % 0.028. (2.80)

It is not difficult to express the ratio AI'/T" in terms of the branching ratios given above. In the
L, — L; model both p and 7 channel give extra corrections to the W decay vertex. So, we can
write

AT
= BOV = ui)/[BOW — e) =1 = —0.006 4 0.020, (2.81)
AT
T =BV = 15)/BOV —ene) =1 = +0.07440.029, (2.82)

The first equation above implies the following 95% CL (1.960) upper bound on the possible values

of AT'/T

AT
< 0.033, (2.83)

The second equation above implies both upper and lower 95% CL bounds on the possible values of
AT'/T given by
AT
0.017 < T < 0.131. (2.84)

The analytic expression for the AT'/T" ratio is given by essentially the same formula as for the
Z decay case Eq. (2.33) in which My is replaced with the W mass My,. We derive this formula
in Appendix B. The constraints given by Egs. (2.83) and (2.84) are presented graphically in
Fig. 2.7. The red solid line represents the upper bound given by Eq. (2.83). The dashed green line
corresponds to the upper and the dash-dotted blue line to the lower bounds of Eq. (2.84). The
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excluded regions are shown in different colors. The only allowed region of the parameter space
is the white region between the solid red and the dash-dotted blue line. One observes that the
values of the coupling constant in this region are larger than one and approaches the perturbative
bound of ax (= g% /47) = 1 or gx = V4 (the dotted black horizontal line) as the value of the My
increases.

In addition to that, in the L, — L, model both p and 7 contributes equally to the W decay
vertex. This implies that in this model the branching ratios in the numerator and the denominator
of Eq. (2.80) must be equal to each other and their ratio must be equal to unity. But it is not
compatible with the experimental data. In fact, if one takes the W decay data seriously, this
possibility is ruled out at more than 99% CL (2.580 = 0.072) as can be easily seen from the right
hand side of Eq. (2.80).

So, we conclude that the W decay data also greatly disfavor this model.

2.3 B - 3L, gauge boson

We next consider the gauged B — 3L, model, where B is the baryon number and L, is the muon
number. The gauge boson of this model couples to the quarks of all generations and to leptons of
the second generation. To satisfy the anomaly cancellation condition we must also add an extra
right-handed neutrino to the particle content of the SM.

It was suggested by Davidson et al. in Ref. [17] to use the B — 3L, gauge boson as a possible
explanation of the NuTeV anomaly. Thus, in this section we analyze how the existence of such a
particle would affect the NuTeV result.

The SM effective Lagrangian describing the 4-Fermi neutral current interaction between muon
neutrino and quarks has the form!:

Loy = =2V2-Gp - [g7" - (Wpy“ur) + g5* - (Wa“ur) + g7 - (drrdr) + g5 - (dry*dr)] - (TaYabi)-

(2.85)
In the framework of the B — 3L, model one generates an additional contribution to the effective
Lagrangian (2.85) given by!!

g ! 1 — e —
Lp 3, = J\/[Z; 3 (=3) - (@ v+ dy*d) - (VyValy)
2
]\9/[32 (upy“ur, + UpY*ug + dpy*dy + dry*dg) - (T Yaly)- (2.86)
Z/
Adding (2.85) and (2.86) together one obtains
['SM + »CB—3LH — _2\/§ . GF . [~uu . (E’YQUL) + g}v%u . (W'YQUR)
+ grt (dy*de) + G5 (dry*de)] - (Tryav), (2.87)
where g5 = gn' — 09, P ={L, R}, ¢ = {u,d} and
2
5g = ]\%’ S(2v2-Gp) (2.88)
Z/

10
11

see for instance the expression on the bottom of p. 2 in the paper by Davidson et al. [17]
see for example a similar Eq. (33) in [9]
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Squaring g¥* and g4 gives

(1) = (97")" — 29769 + 0¢°, (2.89)
()" = (90%) — 207789 + 00 (2.90)

The NuTeV experiment measured the following quantity:

~ ~VUu ~U 2 ru 14
(Gr)° = (37 + (354)" = g% — 6g(29%" + 2g%* — 209) = g7 + A, (2.91)

where
A= —5g(2g4" + 29 — 26g). (2.92)

Plugging g7* = p (% — %s%,v) and ¢g¥? = p (—% + %s%,v) into the expression above yields

4 2 2
A=—dg-(1- 5312/{/ -1+ 53124/ —2dg) =g - (209 + gs%,[,), (2.93)
where we set p = 1. Thus, one observes that in the model with the B — 3L, gauge boson the SM
value g7 is shifted by the positive value of A making g% bigger then g2. But the NuTeV experiment
saw the opposite: the measured value

(97) xyrey = 0-30005 £ 0.00137 (2.94)
was smaller then the SM prediction of
(97) gy = 0-3042. (2.95)

Thus, we conclude that the claim made by Davidson et al. in Ref. [17] that the B — 3L, gauge
boson can explain the NuTeV anomaly is wrong.

2.4 Leptoquark

Leptoquarks are particles carrying both baryon number B, and lepton number L. They occur in
various extensions of the SM such as Grand Unification Theories (GUT’s) or Extended Technicolor
(ETC). In GUT models, the quarks and leptons are placed in the same multiplet of the GUT group.
The massive gauge bosons which correspond to the broken generators of the GUT group which
change quarks into leptons, and vice versa, are vector leptoquarks. In ETC models, the technicolor
interaction will bind the techniquarks and the technileptons into scalar or vector bound states.
These leptoquark states couple to the ordinary quarks and leptons through ETC interactions.

The interactions of leptoquarks with ordinary matter can be described in a model-independent
fashion by an effective low-energy Lagrangian as discussed in Ref. [28]. Assuming the fermionic
content of the SM, the most general dimensionless SU(3)¢ x SU(2), x U(1)y invariant couplings
of scalar and vector leptoquarks satisfying baryon and lepton number conservation is given by:

£ = £F:2 -+ ﬁpzo s (296)
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where

Lp—y = [glL qSimaly, + i @63} Si+ Gir [@63] Sy

+g3L [gZTQFKL} 5_:3

+ [QQL Sl + gan £7“€R] Vou + gor [@7“&} Vo + hec. (2.97)
Lp—y = [th urlr + hor q_LiT2€R] Sy + hap, [@&} Sy

+ [hm "l + hr @7#612} Vig + hir [WV%R] ‘71#
hy [Py Va4 (2.98)

Here, the scalar and vector leptoquark fields are denoted by S and V', respectively, their subscripts
indicating the dimension of their SU(2), representation. The same index is attached to their
respective coupling constants, the ¢g’s and h’s, with the extra subscript L or R indicating the chirality
of the lepton involved in the interaction. For simplicity, color, weak isospin, and generation indices
have been suppressed. The leptoquarks 51, Sy, 53, V5,V carry fermion number F =3B + L = —2,
while the leptoquarks S, S, V4, V4, V3 have F' = 0.

Rewriting the fermion doublets and the leptoquark multiplets in terms of the individual com-
ponent fields, Egs. (2.97) and (2.98) are expanded as follows:

Lp— = |:91L<U_CL€L —djvy) +91R<@€R)}S? + G1r [@61%] 51
+ g2 (@res) + gon(@ien) | Vot + |gar (B5v,) + om0 e ) | Vi,
+0or [(@V‘L@L)VQZ + (@7“”1:)‘72;]
g1 |~ V2(&er)ST — (uFer + div,) S + V2(wEy,)S5 | + hee. (2.99)

Lr—o = [hQL(UReL) + har(urer } [hQL URvL) — th(EeR)] Sy
+hor | (drer) S5 + (drve)Ss }
) + hir(dry" eR)] Vi, + hig [U_R”Y“ €R} Vi
+ (uL

Yy vy — dpyter) 3(L + \@(@7“@)‘/3;} + h.c. (2.100)

[hlL(uL'y vi 4+ diyter

+hsr, \/i(UL'YueL)

Superscripts indicate the weak isospin of each field, not the electromagnetic charge. For fields
with subscript 1, the superscript 0 is redundant and may be dropped. The quantum numbers and
couplings of the various leptoquarks fields are summarized in Table 2.3. Note that the scalar S
and the vector V;,, do not couple to the neutrinos, so they are irrelevant to our discussion and will
not be considered further. The isospin plus components of the remaining leptoquarks, namely Sy,
S, ST, V;;:’ V;[L, and V}’:, do not couple to the neutrinos either, but we will keep them in our
Lagrangian since their coupling constants are common with the other components that do couple,
and are important in understanding how the couplings are constrained by neutrinoless experiments.
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’ Leptoquark \ Spin \ F \ Allowed Couplings ‘

S Sy 0 -2 3 0 3 3 gir(ufe; — divy), g1r(u%eR)
Sh S9 0 -2 3 0 2 3 Gir(dser)
Vau | Vo, S 3 +3 5 3 g20(df7" e ), gar(diyer)
Vzﬁ _% % 92r(d5"vy), g2r(uE Y eg)
Vau | Va, 1 —2 3 +3 -5 3 Gar(uyer)
) Vau -3 -3 Gar (upy*vy)
Sg S;r 0 —2 3 +1 % % 7\593[,(@67[‘)
59 0 3 —gsr(uge, +divy)
S5 —1 —3 V2gs1(ufv,)
Sa S;— 0 0 3 +% % g hQL(ﬁeL),th(@?R)
) Sy -3 £ hor (WrvL), —hor(drer)
SQ S2+ 0 0 3 +% é % fLQL (@eL)
Sy —% —% h&(dRVL) _
Vi ‘{ﬁL 1 0 3 0 z 2 hip(ugy*ve +divy*er), hir(dry"er)
Vig | Vi, 0 3 0 s 2 hir(@rY"er)
Vau | Vi 1 0 3 +1 2 2 V2hs (T er)
Vi, 0 2 hsr(Wpy v — dpyter)
Vi, -1 —3 V2hs (dpytvr)

Table 2.3: Quantum numbers of scalar and vector leptoquarks with SU(3)c x SU(2)r, x U(1)y invariant couplings
to quark-lepton pairs (Qem = I3 +Y).

Since the leptoquarks must distinguish among different generation fermions to contribute to
quark-muon (anti-)neutrino scattering we generalize their interactions by allowing the coupling
constants to depend on the generations of the quarks and leptons that couple to each leptoquark:

Lr—p = [gu( e — dzLV]L)+glR< zReJR)]S(lj
+[92L(duﬂ eyL) +92R<dzL7 %R)] V2J;Z [ (duﬂ V; )+g;§%(@7#€ﬂ%)] ‘/2;

35, | (e, ) Vit + (Wyv,0) Vi |

+95, [_\/_(dzLejL)S+ (uiejn + dipv;) S5 + \/§<U_§LVJ'L)S§} hec. (2101
Lp—o = [hgjﬁ(@eﬂ) + h;]ﬁ(mem)} Sy + [th(WVjL) - héﬂﬁ(@eﬂﬂ &)

i, | (@imesn) S5 + (dnv;) S5 |
+ [h?ﬁ(u_im” vip + diye;i) + hip(diry" €jR)] Vi,

1 | V2T ) Vil + (T vis — dinejn)Va, + V2diy vin) Vi + hee
(2.102)

Here, ¢ is the quark generation number, and j is the lepton generation number. Summation
over repeated indices is assumed. The interactions that contribute to quark-muon (anti-)neutrino
scattering are those with indices (ij) = (12).
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It is often assumed in the literature that generation non-diagonal couplings are absent to account
for the non-observation of flavor changing neutral currents and lepton flavor violation. However,
the constraints from such rare processes are always on products of different (ij)-couplings and not
on the individual non-diagonal couplings by themselves. For instance, non-observation of the decay
K| — ep constrains the product of (12) and (21) couplings, but not the (12) and (21) couplings
separately, which allows one of them to be sizable if the other is small. Constraints on the individual
(12) and (13) couplings actually come from precision measurements of flavor conserving processes,
such as Ry = I'(m — pv,)/T'(m — ev,) which constrains the square of the (12) coupling, and those
constraints are not yet that strong [29, 30].

In order to affect the result of the NuTeV experiment the leptoquark must couple to the (anti-
Jneutrino of the second generation and the first generation quarks. The main result of the NuTeV
experiment was that the measured value of the parameter g7 disagreed with the SM prediction.
Thus, we are most interested in the leptoquarks which couple to the left-handed v and d quarks
because the presence of such interaction will obviously affect the value of g2.

We follow the notation given in Ref. [9]. There are four types of leptoquarks which couple to
the muon (anti-)neutrino and the left-handed u and d quarks. They are:

1. S; leptoquark. Tt has spin 0, I3 = 0, Y = 1/3, and Qe = 1/3 (Qem = I3 +Y). The
corresponding Lagrangian has the form:

L= 1[92 (WSup—dov,) + gi% - (uGur)] - Si + hee. (2.103)

2. 95 leptoquark. It has spin 0, I3 = {+1,0,—1}, Y = 1/3, and Qe = {4/3,1/3,—-2/3}. The
Lagrangian has the form:

L= gs - [_\/5 (dSpr) - S5 — (uGpr +dSv,) - S5 + V2. (uSv,) - 53_] + h.c. (2.104)

3. Vi leptoquark. It has spin 1, I3 =0, Y = 2/3, and Qe = 2/3. The Lagrangian is

L= [m7 - Wy v +dey*pe) + hig - (dry*ir)] - Vie + hc. (2.105)

4. V5 leptoquark. It has spin 1, I3 = {+1,0,—1}, Y = 2/3, and Qe = {5/3,2/3,—1/3}. The
Lagrangian is

L=h - [\/5 @y ie) - Vb + (@ v — diy ) - Vs + V2 - (diy"v) - V},;} +h.c.
(2.106)

The v,-quark effective Lagrangian of the SM at tree level is

Low = —2V2Gp - (77" pe) (drvaus) + hec.]

—2V2Gp - [g7" @y ur) + g5 (TR ur) + g7 (dryde) + ¢4 (dry*dr)] (Tivavy)-
(2.107)
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The leptoquarks listed above induce extra contributions to both neutral and charged current
parts of the SM effective Lagrangian'?:

£ = —2V2Gr - [ (7 ) (e Pd) + £ - (G v (@ Pr)], (2.108)
L) = —2V2Gp - e, - (1 Poyy)(@ya Prd) + hec., (2.109)

where gL gul

> Epps
In the presence of nglf) the parameters ¢¢*" change: g¥*"* — /™" = gv%" 4 gdul By definition

g = (g¥")? + (g4%)%. Therefore, in the leading order the change of the g2 due to the leptoquark
contribution to the neutral current part of the effective SM Lagrangian is

and e, are the effective couplings whose values depend on the type of leptoquark.

(697)™ = 2(g7%epr: + gient). (2.110)

Now, let us find the change of the g2 due to the leptoquark contribution to the charged current
part. The following ratio was measured in the NuTeV experiment:

o(vN — vX) 9 9
R,y = —F—— = . 2.111
U(VN—>MX> gL+TgR ( )

In the presence of 5((;3 the denominator of the expression above gets reduced by the factor of
(1 + &.)% This means that

(9%)51\4 + T(gfz)SM

Ate)e (97 )nutev + (g7 Nurev- (2.112)

Since (1 +e&.)7% &~ 1 — 2e., one gets (9% )nutev = (92 )sm — 292¢.. Therefore, the change of the g2
due to the leptoquark contribution to the charged current part of the effective SM Lagrangian is

(697)) = —2g7e.. (2.113)

Similarly, the change of the g% due to the leptoquark contribution to the charged current part of
the effective SM Lagrangian is
(6g%)© = —2g%¢... (2.114)

Note that for the leptoquarks we are considering g% and ¢g%* will not be affected simply because
the muon neutrino does not couple to right-handed quarks as can be seen from Eq’s (2.103-2.106).
Therefore, g% will only be shifted by the amount given by Eq. (2.114).

Combining Eq’s (2.110) and (2.113) we find that the total change of the g% is

0g7 = 2(gyel + gty — giee). (2.115)

We want to emphasize that the g2 in the expression above is the SM value of this parameter.

12 Using the terminology and logic of Ref. [17] we are only considering left-handed ‘vector’ operators. In the presence of leptoquarks,
‘scalar’ and ‘tensor’ operators can also be generated. ‘Tensor’ operators can in principle explain NuTeV by increasing the value of the
charged current. However, they always appear in pairs with the ‘scalar’ operators so that the effective couplings of these two types
of operators have the same orders of magnitude. It was found in Ref [17] (pp. 14-15) that 1) the scalar operator itself cannot explain
NuTeV because the value of the coupling required for that is inconsistent with the measurement of R, and 2) if some ‘tensor’ operator
has the value of the effective coupling needed to explain NuTeV then the corresponding ‘scalar’ operator overcontributes to the value of
Ry. Thus, we exclude ‘tensor’ and ‘scalar’ operators from the scope of our consideration.
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Process (i5) LQ Assumptions 95% CL bound Reference
pp— LQLQ X — (ju)(jr)X || (x%) S B =0 117 GeV CDF [31]
pp— LQLQ X — (jv)(jr)X () S 8=0 135 GeV DO [32]
= LQLOX — GuGmX || +2) | S 3=05 208 GeV CDF [33]
pp = LQLOX — (ju)(jv)X

pp— LQLQX — (ju)(Gu)X (x2) S 8 =0.5 204 GeV DO [34]
pp— LQLQ X — (ju)(jv)X

P — LQuX — (ju)puX 2) | S | =05 r=10® 226 GeV(© DO [35]

Table 2.4: Direct search limits on the Leptoquark mass from the Tevatron. (%) is the assumed branching fraction
B(LQ — qf) =1 — B(LQ — qv), and M\ is the Yukawa coupling of the Leptoquark with the quark-lepton pair.
(©)Combined bound with the pair production data.

2.4.1 Constraints on the Leptoquark Couplings and Masses

Limits on leptoquark masses from direct searches at the Tevatron are listed in Table 2.4. Bounds
from LEP and LEP II are weaker due to their smaller center of mass energies. Since the NuTeV
experiment is only sensitive to leptoquarks with (ij) = (12) coupling, we only quote limits which
apply to leptoquarks with only this particular coupling, that is, leptoquarks that decay into a first
generation quark, and a second generation lepton. Though it is usually stated in collider analyses
that leptoquarks are assumed to decay into a quark-lepton pair of one particular generation, it is
often the case that the jets coming from the quarks are not flavor tagged. Analyses that look for
the leptoquark in the quark-neutrino decay channel are of course blind to the flavor of the neutrino.
Therefore, the bounds listed apply to leptoquarks with generation non-diagonal couplings also.
As can be seen from Table 2.4, the mass bounds from the Tevatron are typically around 200 GeV
and are mostly independent of the leptoquark-quark-lepton coupling A. This independence is due
to the dominance of the strong interaction processes, ¢¢ annihilation and gluon fusion, in the
leptoquark pair-production cross sections, and the fact that heavy leptoquarks decay without a
displaced vertex even for very small values of \: the decay widths of scalar and vector leptoquarks
with leptoquark-quark-lepton coupling A are given by A>Mq/16m and A\*M[q /24, respectively,
which correspond to lifetimes of O(107%!) seconds for Mo = O(10?) GeV, and A = O(1072).
Bounds on leptoquarks with (ij) = (12) couplings can also be obtained from bounds on contact

interactions of the form
47

L =+—— (V" Pxq) (17 Prp) (2.116)
(Ag)

where X = L or R, and ¢ = u or d. For instance, at energies much lower than the leptoquark mass,
the exchange of the S; leptoquark leads to the interaction [9]

Ls, = ’g (" Pru) (e Prp) - (2.117)
The remaining cases are listed in Table 2.5. The 95% CL lower bounds on the A;tg’s from CDF
can be found in Ref. [36]'3, and the cases relevant to our discussion are listed in Table 2.6. These

bounds translate into bounds on the leptoquark masses and couplings listed in the third column of
Table 2.5.

13See also discussion in Ref. [9].
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[ LQ | Induced Interaction | CDF 95% CL [36] [ Bounds from R,

917 . _ 9177 > | loitl? 2
S1 +2M2 (" Pru) (By,Pri) e <2.2TeV~™ e <0.37TeV~™
S1 S1
2 2
S3 +|2‘qu (uy“PLu+2dv”PLd) (v Prp) — |§]M Ll < 0.08 TeV—2
SO
Vi —‘hﬁp (dy* Prd) (v, Pr) [hii [ < 4.3TeV—2 |hh|2 < 0.18 TeV 2
M2 o M, M2,
o | 5Ll o bt dyepya) (P — 2 < 0.04TeV~2
s | g @@ Prust dPed) (P L < 0.04Te
VO

Table 2.5: The quark-muon interactions induced by leptoquark exchange, the bounds from CDF [36], and the bounds
from the measurement of R,. Only the couplings that also contribute to NuTeV are listed. Analysis of the Tevatron
Run II data is expected to improve the CDF bound by a factor of four.

(qu) chirality [ Af, (TeV) | A, (TeV) | A7 (TeV) [ Ay, (TeV)
(LL) 3.4 4.1 2.3 1.7

Table 2.6: The 95% CL lower bound on the compositeness scale from CDF [36]. Results from DO [37] do not provide
limits for cases where the muons couple to only u or d, but we expect the bounds to be in the range 4 ~ 7 TeV.

The presence of ng}) given by Eq. (2.109) changes the value of R, as follows [38, 39, 29].

B(m — er,
R, = (—_) = RiM (1 =2e.) , (2.118)
B(m — pw,)
where R°M is the SM value of this ratio’*. This provides us with another important source of
constraints on the possible values of the squared coupling-to-mass ratios for the leptoquarks. These
constraints were considered in Ref. [29, 30]'®. However, the theoretical and experimental values of

R, have been improved over the last years. Thus, we update the analysis. The theoretical value of
the R, is [40]

R™ = (1.2354 4+ 0.0002) x 107, (2.119)
The experimental value of the R is [25]
R = (1.230 £ 0.004) x 1074, (2.120)

Now, it is not difficult to obtain the 20 constraints on the possible values of the squared coupling-
to-mass ratios for the different types of leptoquark. We make use of Eqgs. (2.130), (2.140), (2.152),
(2.155) given below which relate these ratios to the values of e, for each particular type of lepto-
quark. The bounds obtained in such a way are summarized in the last column of Table 2.5.

Comparing the last two columns of Table 2.5 we observe that the CDF bounds are significantly
weaker than those derived from the R, measurement. However, it should be noted that the results
of Ref. [36] are from Tevatron Run I, and we can expect the Run II results to improve these bounds.
Indeed, Ref. [37] from DO analyzes the Run II data for contact interactions of the form

L =+—— (uy"Pxu+ dy"Pxd) (i Prp) , X =LorR, (2.121)

T (
(A%)?
4 Here we make an assumption that there exists only one type of leptoquark contributing to the value of R, and ignore possible

‘scalar’ and ‘tensor’ operators in the effective Lagrangian as discussed in footnote 12.
153ee also the part discussing leptoquarks in Ref. [17].
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and places 95% CL lower bounds on the A*’s in the 4 ~ 7 TeV range. While these are not exactly
the interactions induced by leptoquarks, we can nevertheless expect that the bounds on the Afltu’s
will be in a similar range, and thereby conclude that the Run II data will roughly double the lower
bounds from Run I. This means that the Run II bounds on the squared coupling-to-mass ratios for
different types of leptoquarks will be about four times smaller than those of Run I shown in the
third column of Table 2.5. If this estimates are correct then even the Run II Tevatron bounds are
going to be weaker than bounds derived from the R, measurements. Thus, in the further analysis
we will concentrate our attention on the latter.

2.4.2 5 leptoquark
The relevant terms of the Lagrangian are
L =g} (ugpL —djv,) - Sy +he (2.122)

One can construct the effective Lagrangian correcting the neutral current part of the effective
SM Lagrangian by considering the process v,,d;, — S — v,,dr. The matrix element associated
with it is .

1

iM = (=019 - (v d] (FPLv) - — o - (TuPrd) 1, ). (2123)
S1
Using Fierz rearrangement
- 1 — 1 -
(ZuPrd*)(d*Pryy) = =5 (07" Pvn)(dva Prd’) = S (07 Prv,) (dya Prd) (2.124)
we obtain
. |g%%|2 — 3
iM = YE (vul 7y vy, |v,) (d] dya Prd|d) . (2.125)
S1
Therefore, the effective Lagrangian we are looking for is
wa) _ Hil o\
L4 = AL (77, Prd). (2.126)
S1
Thus,
e ___ L loiil’

ul
Epp = “ovaGn 2MZ Epp = 0. (2.127)

Similarly, one can calculate the leptoquark correction to the charged current part of the effective
SM Lagrangian by considering the process v,,d; — S1 — p, ur.

1212
. g o _
iM = —@% (| iy* Pryy, [vy) (u] aye Prdld) . (2.128)
St
The effective Lagrangian is
£l = _loi 2(— *Prv,) (TyePrd) + h.c (2.129)
eff — 2M2 wry LV )\UYa L .C. .
St
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The h.c. term comes from the inverse process p, uy, — S; — v, dr. Eq. (2.129) implies that

N T
Tavacy oMy M

(2.130)

Thus, using the result given by Eq. (2.115) one obtains that the total change of the g2 in the
presence of the S leptoquark is

897 = 2[gi"ett — gie.] = —2e.(gv + g7 ). (2.131)

Numerically, g¥¢ = p (—% + %si}), s2 = 0.23113, g2 = 0.3042. Therefore, setting p = 1, the tree
level value, we obtain
597 ~ +0.24-¢. >0, (2.132)

because . > 0 according to Eq. (2.130). Thus, we see that the S; leptoquark cannot explain the
NuTeV anomaly because it generates the shift of g7 which is positive rather than negative.

2.4.3 5, leptoquark
The relevant terms of the Lagrangian are
L=gy- [— (uGpr + d5v,) - ST+ V2 (ufy,) - Sg] +he. (2.133)

Corrections to the neutral current part of the effective SM are generated through two different
processes. They are

1. The processes v, d;, — S5 — v, dy,. The matrix element associated with these processes is

M = (_i)2|g§%|2 : <Vu> d| (ﬁPLVM) . VR . (V_MPRCZC) |VM7 d) . (2.134)
5
Therefore, the corresponding effective Lagrangian is
ma) _ 195217 o\
off = > Ty V) (dya Prd). (2.135)
2M%,
3
Thus,
1 1212
dL _ ) 951 (2.136)

E = .

2. The processes v, ur, — S; — v, ur. Similarly to the previous case

2|2
L

1
n,u g — a —
L& = ‘]\/3[2 (77 V) (e Prw). (2.137)
Sy

Thus,

L lgsil

ul 3L
€ = — : : 2.138
oA M2 (2.138)
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The correction to the charged current part of the effective SM Lagrangian can be calculated by
considering the process v, d;, — S1 — g, ur. It is clear that in this case

1212
29 = 1920 oo p ) @ Prd) + he (2.139)
2M 2,
3
This implies that
1 lgstl’

dL
€= — : =gl (2.140)
2/2G 2M§g Hi

In order to find the total shift of the g7, let us consider two cases:

1. ‘Degenerate’ case: assume that the masses of all three components of the triplet are the same.
In this case 5“L = 2€dL = 2¢,.. The total shift of the g2 is

) » 4 1 1
597 = 2(—e.)(—g7" — 297"+ g7) = 2(—e.) (-1 + §S€v +5 - 55% +97) (2.141)

1
= 2(—50)(—5 + 8% 4+ g2) = 2(—&.)(=0.5 + 0.23113 + 0.3042) ~ +0.07 - (—¢.) > 0,

because ¢, < 0 according to Eq. (2.140), and we set p = 1. Thus, we see that the degenerate

5'3 leptoquark cannot explain the NuTeV anomaly because it generates the shift of g2 which
is positive rather than negative.

2. ‘Non-degenerate’ case: assume that the masses of the components of the triplet are non-
degenerate. In this case 5dL = . but 5“L is an independent parameter. In order to explain
NuTeV we need

097 = (97 )xurev — (97)sm = 2efngi" + ec(g7 — g1)]. (2.142)
Therefore
1212 2guu gz/d _ 92
Sa2 — — 951 ) L 4 9L L) 2143
gL 2\/§GF Mg, M;O ( )
3 3
This means that ) 5
297" g1 — gt° gL
= — 2V 2G 2.144
M2 MY V2 Flgi2|2 (2.144)
3 3

or ) } oy
My = /297" <9LM_2 — 22 2Gr 05 gLP) . (2.145)

We see that for a given M s9 and negative dg? there always exists the mass M Sy such that
Eq. (2.143) is satisfied. Thus, the Sy leptoquark can in principle explain the NuTeV anomaly.
The shift of the g% is given by Eq. (2.114):

(6g%) = —2g%e. (2.146)
where . is determined by Eq. (2.140).
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Figure 2.8: MS; dependence on Mgo. g3 = 0.1 — red line; gi2 = 0.35 — green dashed line; gi% = 0.65 — blue
dashed-dotted line.

Fig. 2.8 illustrates the result above for
(97)xutev = 0.30005, (2.147)

the central values of the NuTeV result cited in [1]'®, and (g% )sm = 0.3042. The graph shows
how the mass of the S5 component of the triplet required to explain NuTeV depends on the
mass of the S§ component for three different choices of coupling. The vertical cutoffs are due
to the lower bound on the mass of the Sy component derived from the bound on the squared
coupling-to-mass ratio given in the last column of Table 2.5.

2.4.4 V; leptoquark
The relevant interactions are
L =h3 - (@y*v, +dpy*ur) - Vie + hec. (2.148)

The correction to the neutral current part of the effective SM Lagrangian is generated by the
process vy, ur, — U, ur, proceeding through the exchange of V; in the t-channel. The matrix element
associated with it is

. . — _iga —
iM = ()’ |13 > (v, ul (0 Prv) - — - (7 Pro) [, ) (2.149)

2
%1

Using Fierz rearrangement

(T Pru) - (uyePrv,) =+ Pryy,) - (WyaPru) (2.150)
we obtain
mw I .o
Lo W(VH’V v,) @y Pru). (2.151)
Vi

16The NuTeV data are in the process of being reanalyzed. Thus this number can change in the future.
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Thus,

ghs = . , =
e 9VRGE  ME fipe
The calculations of the correction to the charged current part of the effective SM Lagrangian
are exactly the same and ¢, = 6Zﬁ . Thus, using the result given by Eq. (2.115) one obtains that
the total change of the g2 in the presence of the V; leptoquark is

1 h12 2
ul Livd el — . (2.152)

ru _u ru 1
897 = 2[gy el — gied = 2e.(g7" — g7) = 2e. (—

2
5~ gs%,[, — 0.3042) ~ 008 >0, (2.153)

where, again, we set p = 1. Thus, we see that the V; leptoquark cannot explain the NuTeV anomaly
because it generates the shift of g? which is positive rather than negative.

2.4.5 Vg, type leptoquark

The relevant terms of the Lagrangian are

L = hs - [(E’yo‘l/# —dpy*ur) - Ve + V2 (diryvy) - Vg’;:| + h.c. (2.154)
This case is completely analogous to the case of V; leptoquark. The 5%, 5M];, and e, are
1 12K
ulL 3L
gl = —€.= : : (2.155)
s 2\/§GF M‘Q/SO
1 2 h12 2
dL _ . | 3L| (2156)

gl = :
e 2v2Gr M7
In order to find the total shift of the g%, let us consider two cases:

1. ‘Degenerate’ case: assume that the masses of all three components of the triplet are the same.

In this case 8Zﬁ = 5%/2 = —¢&.. The total shift of the g7 is
2 vd vu 2 1 2 2 2 2 2
0971 = 2(—e.) (297 + g7* + g7) = 2(—¢.) 5735w 1+ 35w +g7 | =—=04-(—¢.) <0,

(2.157)

because . < 0 according to Eq. (2.155). Thus, we see that the presence of the degenerate ‘_/;
leptoquark makes g? smaller which is exactly what was observed in the NuTeV experiment.
Unfortunately, the value of €. needed to explain NuTeV conflicts with the measurements of
R,. Indeed, according to the bound shown in last column of Table 2.5 and Eq. (2.155), the

value of the (—¢.) is limited from above as
1
2V2Gp

This means that the value of g7 can at most be reduced by —0.4 x 0.001 = —4 x 10~ while
in order to explain NuTeV we need to make the value of this parameter smaller by

—&. < -0.04 - (1000) 2 GeV~2 2 0.001. (2.158)

73 ) nutev — (¢2)sm = 0.30005 — 0.3042 ~ —4 - 1073 2.159
L L
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Figure 2.9: M, - dependence on Myo. hiZ = 0.1 - red line; hi? = 0.35 — green dashed line; hi? = 0.65 — blue
dashed-dotted line.

which is ten times bigger. Thus, we conclude that the ‘73 triplet leptoquark which components
are mass degenerate can only explain a tiny fraction of the NuTeV anomaly.

. ‘Non-degenerate’ case: assume that the masses of the components of the triplet are non-

degenerate. In this case EZﬁ = —¢. but edL is an independent parameter. In order to explain
NuTeV we need

. o h12 2 zgyd gyu +g2
5% = 2ethgr 1 (—e) (g + g2)] = 2. Ll ( ) (960

W2G M‘Z_ Méo
This means that 5q2 7+ gr
M2 - = VG- iy e
or —1/2
My = /2t (gL ]\j[_zg fGF’ }%2) | (2.162)

We see that for a given My, and negative dg? there always exists the mass M, - such that the
Eq. (2.143) is satisfied. Thus, the ‘73 leptoquark can in principle explain the NuTeV anomaly.

Fig. 2.9 illustrates the result above for the value of (g2 )nurev given by Eq. (2.147). The graph
shows how the mass of the V5~ component of the triplet required to explain NuTeV depends
on the mass of the V3’ component for three different choices of coupling. The vertical cutoffs
are due to the lower bound on the mass of the V3’ component which is derived from the bound
on the squared coupling-to-mass ratio given in the last column of Table 2.5.

In the both ‘degenerate’ and ‘non-degenerate’ cases the shift of the g% is equal to
(69%) = —2g7e. (2.163)
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where ¢, is determined by Eq. (2.155).
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Chapter 3

Neutrissimo Models

In this chapter we give an example of what we can learn about new physics from the experimental
data soon to be available to us. We consider a special class of models containing TeV scale heavy
Majorana neutrinos mixing with the regular SM neutrinos and analyze whether or not it will be
possible to detect these heavy Majorana neutrinos at the LHC.

3.1 Introduction.

Several models of neutrino mass have been suggested in the literature in which the neutrinos
acquire masses through a seesaw [43] type mass texture, but the Majorana masses of the right-
handed neutrinos are at the TeV scale instead of the GUT scale of ~ 10'6 GeV [5, 44, 45, 46, 47].
The smallness of the neutrino masses in those models is achieved either by the reduction of the
rank of the mass matrix through a judicious choice of mass texture [5, 44], or by the suppression
of the Dirac masses through an extended Higgs sector [45, 46, 47].

In such models, the heavy, mostly-right-handed mass eigenstates typically have masses of a
few TeV, placing them within reach of the CERN Large Hadron Collider (LHC) or future ete”
linear colliders. If created, the particles will decay into a light neutrino+Higgs through the Yukawa
interaction responsible for the Dirac masses, or into a light neutrino+2 or a charged lepton+W
through the small admixture of the left-handed neutrino state. This last decay mode is particularly
interesting since the decay products can be all visible. Of course, whether such a decay, and thus
the particle, can be observed at colliders or not depends on whether the lifetime of the particle is
short enough for it to decay inside the detector, and if that is the case, whether the width is small
enough so that a narrow peak is discernible in the invariant mass of its decay products.

In this chapter, we calculate the lifetimes of the heavy, mostly-right-handed states of the model
proposed by Okamura et al. in Ref. [5]. The original motivation of the model was to explain the
NuTeV anomaly [1, 17], one possible solution of which requires largish mixing (#* ~ 0.003) between
the light and heavy (>> M) neutrino states [6]. Denoting the left- and right-handed neutrino states
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by v and &, respectively, the Okamura texture is given by

[0 0 0 am m ym 7 [ v1 ]
0 0 0 am pPm ym Vo
0 0 0 am [m ~ym V3
am am am oM 0 0 S
6m OBm [fm 0 M 0 &

Lym ym ~ym 0 0 M 1 L& |

[V v5 5 & & & (3.1)

where the dimensionless parameters «, (3, and « are in general complex and assumed to satisfy the
relation

a+B+y=0. (3.2)

This condition reduces the rank of the above mass matrix to three, leading automatically to three
massless neutrino states. Though the actual light, mostly left-handed neutrino states in nature are
not completely massless, this model suffices as a first approximation. We fix the normalization of
the three complex parameters «, 3, and v to

lal* + |82+ 4[> =3. (3.3)

The dimensionful parameters m and M can be taken to be real and they set the scale of the Dirac

and Majorana masses, respectively. The solution to the NuTeV anomaly requires their ratio to be

[1, 5] -
7~ 003 (3.4)

If the gauge singlet states &; (1 = 1,2, 3) couple to other particles only through the Yukawa interac-

tions which generate the Dirac submatrix of Eq. (3.1), then any permutation of the three complex

parameters «, 3 and ~ leads to the exact same model since we will have the freedom to relabel the

three gauge singlet states without affecting any physics. In those cases, there exist a 3! = 6 fold

redundancy in the parameter space spanned by «, 3, and . This will be assumed in the following.
If we set M =0 in Eq. (3.1), we obtain

0 0 0 am PBm ~ym
0 0 0 am pBm ~ym
0 0 0 am pBm ~ym

am am am 0 0 0 (3.5)
Gm pBm pfm 0 0 0
| ym ym ym 0 0 0
which is manifestly rank 2. The non-zero eigenvalues of this matrix are!
+tmy/3 (|a]> + | + [1[?) = £3m . (3.6)

Therefore, this mass texture leads to four massless and two massive Majorana fermions. Pairing up
the Majorana fermions with the same mass and opposite CP, we can reduce the set to one massive
and two massless Dirac fermions [48]. If we assume that the up-type quarks share the same Dirac
mass texture as the neutrinos, as would be the case in the Pati-Salam model [49], we obtain one

LA factor of v/3 is missing from Eq. (65) of Ref. [5].
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massive quark which can be identified with the ¢, and two massless quarks which can be identified
with the u and the c¢. To produce the t quark mass, we need

m ~ 60GeV , (3.7)

which together with Eq. (3.4) implies
M ~2TeV . (3.8)

Fixing m and M to these values, the parameter space of the Okamura model is given by the values
of a, , and 7 which satisfy Eqs. (3.2) and (3.3).

In the following, we introduce a convenient graphical representation of the parameter space for
the Okamura model, and calculate the masses and lifetimes of the three heavy mass eigenstates
over it. We find that except for the vicinity of three isolated points at the ‘edge’ of the parameter
space, the three masses are always in the TeV range, and the lifetimes are typically in the range
of 10726 to 1072* seconds. In terms of the widths, these correspond to the range of 0.7 ~ 70 GeV,
which are fairly narrow compared to the masses.

3.2 The Parameter Space of the Okamura Model

We begin by noting that for the three complex parameters «, 3, and «y to sum to zero, Eq. (3.2), they
must form a closed triangle when summed tip-to-tail as vectors in the complex plane. Without
loss of generality, we can set the phase of o to zero. This can always be achieved by changing
the overall phase of o, # and ~, and does not affect any physical result. Therefore, the triangle
formed by «, (3, and v can be assumed to have its base along the positive real axis. We define the
“orientation” of this triangle as the direction of the vectorial cross product oo x (. If the orientation
of the triangle is ® (out of the complex plane), then 3 is in the upper complex plane while ~ is
in the lower complex plane. If the orientation of the triangle is ® (into the complex plane), then
B is in the lower complex plane while v is in the upper complex plane (see Fig. 3.1). Then, it is
easy to see that specifying the lengths of the three sides |a|, ||, and ||, and the orientation of the
triangle is equivalent to specifying the three complex numbers «, 3, and 7.

Furthermore, we need not consider both orientations since the two cases can be transformed
into each other by a simple interchange of the lengths of # and v, and a relabeling of the singlet
neutrino fields. As discussed previously, this does not affect any physical result either. Therefore,
we will always take the triangle to be in the ® orientation. This choice also reduces the redundancy
of the parameter space from 3! = 6 to 3 since we have used up the freedom to interchange 3 and v
to fix the orientation.

This consideration shows that specifying the three lengths |o|, |3, and |v| suffices to uniquely
determine the Okamura texture, with cyclic permutations of the three lengths leading to the same
model. (This residual redundancy comes from our freedom to choose which of the three lengths
to call |a|.) The question then, is, how can we specify those three lengths so they satisfy the
normalization condition Eq. (3.3), and also the triangle inequalities:

1Bl = lal, ol + 181 = ], lal+ =16, (3.9)

so they form a closed triangle? To this end, we utilize the fact that the sum of distances from
any point inside a triangle to its three sides is constant: any point inside an equilateral triangle
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Figure 3.1: The three complex numbers «a,  and « satisfying o + 8 + v = 0 form a close triangle. For each choice
of the three lengths |al, |5], and ||, there are two possible orientations of the triangle (® and ®) which are related
by complex conjugation (1st and 2nd columns). However, the ® case is equivalent to the ® case with the lengths
|8] and |v| interchanged (2nd and 3rd columns).

of height three will have distances to the three sides which add up to three. If we identify these
distances with |a|?, |3]?, and |y|?, we can use the position of the point to specify the three lengths.
Requiring the square-roots of these distances to satisfy the triangle inequality constrains the point
to be inside a unit circle which inscribes the triangle. Therefore, for every point inside the unit
circle, we can associate a corresponding parameter set for the Okamura texture (see Fig. 3.2).

If we specify the position of a point inside the unit circle with its polar coordinate (7, 8), where
0<r<1,80¢€[—mn ), the corresponding values of |«|, | 3|, and || are:

2 2
la] = V1+rsind , |ﬁ|:\/1—|—rsin(9——7r>, |7|:\/1—|—rsin(9—l—§>. (3.10)

3

The phases of the three numbers are:

argaa = 0, .
g = 1 cos! 1/2 4 rsin(6 — 7/3)
V1 +7sin@][1+rsin(@ —27/3)]
1/2 in(6
argy = —m+cos ' /24 reim@+m/3) (3.11)

VT +7rsin@][1+rsin(@ +27/3)]
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Figure 3.2: The distances from any point inside an equilateral triangle of height three to its three sides add up to
three. We can use these distances to specify |a|?, |3]?, and |y|2. The triangle inequality is satisfied for points inside
the unit circle which inscribes the triangle.

In Fig. 3.3, we plot the dependence of arg 3 and arg~y on the position of the point inside the unit
circle.

A cyclic permutation of a, §, and v which leaves the physics invariant up to an overall phase
corresponds to the transformation  — 6 + 27 /3 (120° rotations). This means that we expect the
same symmetry to be present in the mass spectrum and the values of heavy neutrino decay widths
and lifetimes. This can be used as a useful check of our calculations.

3.3 The Lagrangian

To calculate the lifetimes of the heavy neutral states, we must first specify their interactions. We
denote the left-handed charged lepton fields with ¢, and the left- and right-handed neutrino fields
with v and &, respectively:

El 41 51
(= EQ s V= 1) s f = 52 . (312)
3 Vs &3
The right-handed neutrino fields, §; (i = 1,2, 3), are gauge singlets. The components of the Higgs
doublet are denoted
ot
H = . (3.13)
bo
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Figure 3.3: Contour lines and density plots for arg 8 (left) and arg~y (middle). The distances between two consecutive
equipotential lines are A arg 5 = Aarg~y = 0.057. The color scheme is shown on the right.

Then, the Lagrangian which governs the interaction of the neutrinos is

L="Lwz+Lu+Lu, (3.14)
where
Lwz = % (') W, + % (T ) W + ﬁ (") Z,,
Ly = —EX (d)oy — ¢+€) + h.c.,
Ly = —%EM&%Lh.c.. (3.15)

We neglect the Yukawa interactions which give rise to the charged lepton masses: the charged
leptons are treated as massless as well as the light neutrino states. In the Okamura model, the
Yukawa matrix A and the Majorana mass matrix M are given by

:\/im

(Y

A

a o « a 0
BB B, M=M|0p (3.16)
e 0 0

=2 OO

After the neutral Higgs develops a VEV,
0 (0£3 v
(#) = (o) = 2 (317

the Yukawa matrix A leads to the Dirac mass matrix of the neutrinos:

v a o « ( )
D=-—F2A=m|p B B | . 3.18
V2 T

The Goldstone bosons are absorbed into the W and the Z, ¢° — 1/v/2(h + v) as usual, and the
resulting Lagrangian is:

— _ g _
(Erv) Wy + 5 @ OW,! +
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The neutrino mass terms can be written as

—(Dv — (EAu)h—%ZMgchh.c. (3.19)

EDV—F%EM&‘:—i-h.c.
= %(EDV+EDT§C+EM§C)+h.c.
:%[ﬁg]{gljj]{;}—i—h.c. (3.20)

This mass matrix is diagonalized with a unitary transformation involving the v and £¢ fields:

{g}:(][ﬂ (3.21)
so that

— = 0 DT v — — 0 DT — —
7 T[] -tm wp T o[-0 v ).
(3.22)
with Mg, = diag(0,0,0, My, Ms, M;). The n and x fields are the left-handed mass eigenfields with
n being the light (massless) states, and x being the heavy states. Decomposing the 6 x 6 matrix U
into four 3 x 3 matrices as

U,, U
U= vn X , 3.23
[ Uén Uéx ] ( )

we can write

v = Upmn+U,yx,
§ = U +UsX", (3.24)

(Because the 7 fields are exactly massless and degenerate in our model, the matrices U, and Uy,
are not uniquely determined. However, this does not affect our final results. Note also, that though
U is unitary, its four 3 x 3 submatrices are non-unitary in general.) The relevant interaction terms
in the Lagrangian involving the y fields are then:

g — —_
2 cos GW 2 cos 0W |:7] (UJTIUVX> f}/” X + X (UIJIXUVW) f}ﬂu 77] Z,LL )

% (ny“y) WJ — % (Z U " X) WJ ,
1

75 @) - %[W(U;AUVX)X+F(U£TXAUW)7;}h, (3.25)

plus the Hermitian conjugates of the later two lines. Introducing the Majorana fields

(y'v) Z, —

n=n+n", N=x+x", (3.26)
(note that these fields do not have definite lepton number) we can write
n= Prn, n° = Pgrn , x = PN, X¢ = PgrN , (3.27)
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and the relevant interaction Lagrangian in terms of these fields becomes

g _
_ ANPP, — A*HP N}
L QCOSQW[n< 7L 7" Pr) Zn

g 7 — g e D*
5 ({By"PLN) W, — NG (te B+"Pr N)W,F
_7 <C’hPL + C*ﬁPR> N (3.28)

where

1
A=UlU,,, B=U,, C=

vn

(UL AN Uey + UE AUy ) - (3.29)

n

Sl

2

We have used the generic relations [50]

1 OPp by = Y5O " Prppf, 1y OV Pr by = =S OT* P g o5 | (3.30)

(O is a matrix which carries flavor indices only), and the fact that n® = n and N® = N by
construction, to rearrange the terms in Eq. (3.28) in such a way that all the N-fields stand at the
rightmost position of each term to facilitate the extraction of the N-decay matrix elements.

3.4 Lifetimes

(— {+ n n
N N N N /
N

N
N
AN
N
wt Ww- Z h

Figure 3.4: The 2-body decay processes of the heavy neutrino V.

From Eq. (3.28), we can immediately derive the amplitudes for the two-body decay processed
of the heavy neutrinos, N; (i = 1,2,3), shown in Fig. 3.4. If the N; were lighter than the W, Z,
or h, then we will need to consider three-body decay processes mediated by these particles, but it
turns out that except for small neighborhoods around isolated points in the parameter space of the
model, they are always heavier. It therefore suffices to consider only the two-body decay modes.

Now, straightforward calculations allow us to write down the partial decay widths for each
channel of decay (the indices ¢ and j below run from 1 to 3):

2G | A7) M2\? M3
O(N; = n;Z) = MME (1 - —Z) (1 + 2—2) :

167 M? M2
2G| B7"|? M2\ > M2
D(N; = (fW™) = T(N; = (GWF) = %ME (1 _ MMQ/) (1 19 Mv;/) 7
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Figure 3.5: (a), (b), (c) density and contour plots for masses My, Ms, and Ms of the lightest N7, medium heavy
Ny and heaviest N3 heavy neutrino respectively (TeV). The distances between two consecutive equipotential lines
are AM; = 0.1 TeV, AMy; = AM3 = 0.05 TeV; (d) the vicinity of the point where M; approaches zero (r = 1,
0 =—m/2); A My =0.025 TeV; (e) mass color coding.

v 2\ 2
T(N; — njh) = |f6ﬂ| Mi( —ﬂ) , (3.31)

where Mz, My, and my, are the masses of the Z boson, W boson, and Higgs, respectively. The first
two lines can be compared with the results of Djouadi in Ref. [51]. We give a detailed derivation
of these formulas in Appendix D.

At first sight, these expressions may seem to imply that the N — nh channel is suppressed
with respect to the other two since its partial width grows linearly with the mass M;, while for the
N — nZ and N — (W channels the widths grow as M?. However, the interactions of the heavy
Majorana neutrino N with the gauge bosons are suppressed because only a small fraction of N is
the left-handed neutrino v. Since most of N is the right-handed neutrino £, no such suppression
exists for its interaction with the Higgs h. Numerically, it turns out that all three channels of decay
must be taken into account.

3.5 Results

Now we have everything at hand to calculate the lifetimes of the heavy neutrinos in the Okamura
model. The parameter space of the model is represented by the interior of a unit circle as discussed
in section 3.2. For each point inside the unit circle, we can calculate the Okamura texture using
Egs. (3.1), (3.7), (3.8), (3.10), and (3.11), diagonalize it to obtain the masses and mixings [52],
and calculate the decay widths and lifetimes of the heavy neutrinos using Eq. (3.31). As the Higgs
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Figure 3.6: (a), (b), (c) density and contour plots for widths 'y, T's, and T'g of the lightest Ny, medium heavy N,
and heaviest N3 heavy neutrino respectively (GeV). The distances between two consecutive equipotential lines are
ATy =1 GeV, ATy =2 GeV, AT'3 = 3 GeV; (d) the detailed picture of the central part of I'y; ATy = 1 GeV; (e)
width color coding.

mass, we take my = 200 GeV. (The choice of the Higgs mass has little effect on our result as long
as my < M;.)

The resulting contour and density plots for masses, decay widths, and lifetimes of the heavy
neutrinos Ny, Ny and N3 are presented in Figs. 3.5-3.7. First, note that the graphs are symmetric
under rotations by multiples of 27 /3 as anticipated in section 3.2. Next, from Fig. 3.5, we can easily
see that the values of the heavy neutrino masses are larger than the W, Z, or Higgs thresholds
for most of the parameter space, justifying our use of two-body decay amplitudes. The mass of
N; becomes smaller than these thresholds only in the vicinity of three isolated points at r = 1,
0 =—7m/2+2rk/3 (k=0,1,2), as illustrated in Fig. 3.5d. As was shown in Ref. [5], at these three
points one of the N-fields is completely massless while the other two have degenerate mass. The
lightest IV particle is completely stable at these points with zero decay width and infinite lifetime.
However, the existence of such a light (less than W and Z thresholds) N particle is already ruled
out experimentally by L3 [53] so we need not consider these points further.

It was also shown in Ref. [5] that at the center of the circle one heavy neutrino completely
decouples from the light neutrino states (and therefore from the rest of the Standard Model par-
ticles) while the other two heavy states have degenerate masses. This decoupling can be seen in
Fig. 3.6d and Fig. 3.7d where at the center of the circle the decay width of the lightest heavy
neutrino is zero and the lifetime is infinite. A similar decoupling occurs at the points where r = 1
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Figure 3.7: (a), (b), (c) density and contour plots for lifetimes 71, 72, and 73 of the lightest N7, medium heavy N
and heaviest N3 heavy neutrino respectively (1072 sec). The distances between two consecutive equipotential lines
are A1y = 1 x 10725 sec for 71 < 10 x 10726 sec and for 7; > 10 x 10726 sec equipotential lines corresponding to
71 =20 % 10726, 40 x 10726 and 200 x 10725 sec are presented, Aty = 0.2 x 10720 sec, A3 = 0.1 x 10726 sec; (d) the
detailed picture of the central part of 71; A = 10 x 10720 sec for 7 < 100 x 10726 sec and A7 = 100 x 10726 sec
for 71 > 100 x 10726 sec; (e) lifetime color coding.

and 0 = =57 /6 + 27k/3, k =0,1,2.

Except for the vicinity of these points, the lifetimes of the N particles are typically in the
range of 10726 to 1072* seconds (see Fig. 3.7). Assuming that the particles are non-relativistic,
the maximum distance they can travel from their production points before decay is in the range of
10717 to 10~' meters. If produced at colliders, they will decay inside the detector. On the other
hand, the width-to-mass ratios of the particles are in the range of 0.1 to 3 percent as shown in
Fig. 3.8. Therefore, the invariant mass spectrum of the decay products can be expected to show a
very narrow peak.

3.6 Observability at the LHC

In this section we consider the prospects of discovery of the heavy Majorana neutrinos at the LHC.
This question has attracted ever-increasing attention over the past decades and was extensively
discussed in the literature by many authors [54, 56, 57, 58, 59, 60]. The unambiguous proof of the
existence of a Majorana neutrino would be an observation of a lepton number violating process.
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Figure 3.8: (a), (b), (¢) density and contour plots for the widths-to-mass ratios of the lightest Ny, medium heavy
Ny and heaviest N3 heavy neutrinos respectively. The distances between two consecutive equipotential lines is 0.001
for all plots; (d) mass-to-width ratio color coding.

For example, in Ref. [54], Dicus, Karatas, and Roy consider the production of like-sign electrons,
a lepton number violating process, as the signature of the heavy mostly-right-handed Majorana
neutrino N: this can occur through the ¢- and u-channel exchange of N between two like-sign W's
radiated from the protons as shown in Fig. 3.9). Dicus, Karatas, and Roy estimated the cross-
section of this process to be in the range of 0.01 to 0.03 fb for the neutrissimo mass from 150 to
2000 GeV. This corresponds to the event rate of 1 to 3 events per year for the LHC luminosity of
100 fb~! /year. They used the following value of the mixing matrix element defined by Eq. (3.29):

| By | = 0.043. (3.32)

The typical value of | By;|? calculated for the Okamura model is around 0.001 and it stays practically
constant for the entire parameter space. We observe that this value is more that one order of
magnitude smaller than that given by Eq. (3.32). This means that the corresponding cross-section
and event rate for the Okamura model are more than two orders of magnitude smaller that than
that obtained by Dicus, Karatas, and Roy. The number of expected events at the LHC is extremely
small, of order 1072 per year, which makes it impossible to discover the neutrissimo at the LHC
through this process. Thus, though we have found that the heavy neutral particles in the Okamura
model have lifetimes in the range that allows for their observation at colliders, the analysis by
Dicus, Karatas, and Roy suggests that they are impossible to observe at the LHC through the
process we just considered.

In principle, the neutrissimo can be looked for in another process at the LHC. For instance, it
can be produced in resonance through the process shown in Fig. 3.10 if it is kinematically accessible,
i.e. if the neutrissimo mass is smaller than /s. The resonant production will have a substantially
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Figure 3.9: Feynman diagrams for AL = 2 processes induced by a t-channel Majorana neutrino N in ¢g’ collisions.

U an

Figure 3.10: Feynman diagrams for AL = 2 processes induced by an s-channel Majorana neutrino N in ¢q’ collisions.

enhanced event rate [56, 57, 58, 59, 60]. In addition, it was suggested by Han and Zhang in Ref. [59]
to look for like-sign dimuons p*p*, easier for detection than electrons in hadronic collisions, as the
best signature for a heavy Majorana neutrino at both Tevatron and LHC energies. The final state
W boson decays hadronically and there is no neutrino involved in the final state. This allows

for the unambiguous identification of AL = 2 processes. Han and Zhang approximate the signal
cross-section as

o(pp — p W) = a(pp — p=N)B(N — = W*) = 5,00, (3.33)
where S, is the “effective mixing parameter” of N with muons, defined in our notation as
| Bou|*
SMH - 3—, (334)
> |Bal
i=1

and og is a “bare cross-section”, essentially independent of the mixing parameters when the heavy
neutrino decay width is narrow.
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Figure 3.11: The value of the S, parameter for the region of the parameter space where the mass of N; is smaller
than 400 GeV.

Figs. 4a and 4b in the paper by Han and Zhang [59] illustrate the result they obtain. Fig. 4a
shows the bare cross-section oy as a function of the neutrissimo mass and Fig. 4b shows the graph
corresponding to the 20 upper bound that the LHC will be able to place on the values of the
parameter S, and neutrissimo mass. The region of the (S,,, my) parameter space? above the
bound will be excluded if the LHC does not find the neutrissimos.

If we fix the value of S, then from Fig. 4b of Han and Zhang’s paper we can obtain the value
of mass that saturates the bound and using Fig. 4a we can find the value of the bare cross-section
oo that corresponds to this mass. Then, using Eq. (3.33) we can calculate the cross-section of
the process corresponding to the chosen value of mixing and the value of the mass saturating the
bound. Multiplying this cross-section by an integrated luminosity of the LHC we can convert
it to the expected number of events. Han and Zhang find that for the integrated luminosity of
100 fb~! /year the heavy Majorana neutrino mass range with significant detection sensitivity, that
is, the expected number of events if at least 1 ~ 10 events per year, is from 10 to 400 GeV. Our
Fig. 3.5 shows that only the /V; neutrissimo has a region of the parameter space corresponding to
such a low value of mass. This region is shown in Fig. 3.5d. Thus, we only consider /V; contribution
in Eq. (3.34).

In order to apply the result of Han and Zhang to the Okamura model, we need to know the
value of the effective mixing parameter S, in this model. Fig. 3.11 shows the density plot for the
value of S, in the Okamura model. We see that S, stays practically constant in the region of
interest and has the value of about 2 x 10~*. Fig. 4b from Han and Zhang’s paper shows that for
this value of the effective mixing parameter the LHC will only be able to constrain the mass of the
Nj to about 150 GeV level. Thus, we conclude that it will not be possible to detect the neutrissimo
of the Okamura model at the LHC unless its mass is smaller than about 150 GeV. Such a small
value of mass corresponds to a very small region close to the edge of the parameter space of the
Okamura model.

This result might seem to be discouraging but we want to point out that the neutrissimos can be
looked for in other experiments. In addition to the searches at hadronic colliders, we can also search
for the neutrissimo in the e~ p scattering, ete~ annihilation processes, and e~y collisions. For a
recent review see Ref. [60]. Another place where we can look for the signatures of the neutrissimos
is the high statistics neutrino experiments which provide us with a unique opportunity to probe
the neutrino sector of the SM at a high level of precision. In the next chapter we give an example
of such an experiment, called NuSOnG.

Finally, if the gauge group is extended to SU(2);, x SU(2)gr x U(1)p_r, then the N’s can be

2my stands for the neutrissimo mass as in the Han and Zhang’s paper.
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copiously produced through the Wx and Z’, as discussed in Refs. [62, 63, 64]. The question of
whether the Okamura texture can be embedded into such a gauge structure will be left to future
work.
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Chapter 4

NuSOnG

In this chapter we give an example of an experiment which can be carried out in the future and
discuss what we can learn about possible extensions of the SM which this experiment will be able
to probe.

4.1 Introduction

NuSOnG (Neutrino Scattering On Glass) is a fixed target muon neutrino scattering experiment
which is currently being planned at the Fermi National Acceleration Laboratory [55, 8]. If approved,
it will repeat the NuTeV measurements of the quark-muon (anti-)neutrino scattering to acquire
two orders of magnitude improved statistics and, as a result, NuSOnG is projected to halve the
experimental error on ¢g? and g% as compared to NuTeV. NuSOnG will also measure the muon
neutrino-electron elastic scattering (ES) cross section o(v, +e~ — v, +€7) to an accuracy of 0.7%
using inverse muon beta decay (IMB) o(v, + e~ — v, + ) to normalize the neutrino flux.

NuSOnG will be sensitive to new physics that modifies neutrino-quark and neutrino-electron
scattering. In this chapter, we analyze this possibility. First, we explain our assumptions about
NuSOnG. Then we parametrize possible new physics scenarios in terms of Non-Standard Inter-
actions (NSI) of the neutrinos and investigate the bounds that the NuSOnG experiment will be
capable of imposing on the parameters of NSI. In another type of new physics scenario which
NuSOnG will be able to probe, the neutrinos mix with gauge sterile states. This mixing occurs
naturally in the neutrissimo models discussed in Chapter 3 and it leads to a suppression of the
neutrino-gauge coupling. Thus we also derive NuSOnG bounds on neutrino mixing parameters in
this type of new physics scenario. Finally, we consider a list of concrete models that NuSOnG
will be able to constrain and derive the NuSOnG bounds on mass-to-coupling ratios in these mod-
els. The list of models we consider includes generation distinguishing Z’ models, extended Higgs
models, R-parity violating SUSY and generation non-diagonal leptoquarks!.

1'We want to point out that our analysis of the NuSOnG capabilities is still on-going and we might be able to say more in the future.
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4.1.1 Assumptions on v,e and v,e ES

NuSOnG expects about 75k v,e ES events, and about 7k 7,e ES events. The statistical errors in

each are therefore ) .
= 0.4% = 1.2% . (4.1)

/75000 7000

Preliminary Monte Carlo studies suggest that the systematic error of the measurement will be
about 0.6% [8]. Adding this error to the above in quadrature, we find

/(0.004)2 + (0.006)2 = 0.007 ,
V/(0.012)2 + (0.006)2 = 0.013 . (4.2)

So we are going to assume that NuSOnG will measure o(v,€) to a precision of 0.7%, and o(7,e) to
1.3%. That is:

A

e = 200 — 40.007
AUue

e = 207 10,013 . (4.3)
Ope

We will neglect any correlations between the two (though part of the systematic errors are probably
correlated). For the sake of comparison with New Physics models, it is convenient to recast this
into limits on the coupling constants. This requires some preparation:

The differential cross sections are given by:

do(vue) = % (97 + 9%)° % + (97 = 95)° (1 - E%)Q %
_ 2G2m.E ( Ze)gcé_Ty_i_( ;,%e)z (1_%”)2% |
do(v.e) = G%Z:E” (9 — g4)? % + (v + 94x°)° (1 - Ely)2 %
_ QG%:LEEV (g2 c;_Tu () (1 _ EZV)Q % 7 (4.4)

where T is the kinetic energy of the recoil electron and FE, is the neutrino energy. If we introduce
the variable y = T'/E,, then

) G (g g+ — g0 -0
= ZOEB e (g (-]
d”é”yue) _ G%;::E“ [(gge — 9+ (g ) (1 - y)ﬂ
= —QG%:LEE" (97 + (95 (1 - )] (4.5)
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Integrating over the region 0 <y < 1, we obtain the total cross sections which are

G2 meEl’ ve ve 1 ve ve 2G2 meEV ve 1 ve
olvse) = I g ot g ot - | = ZEEE g g
— G2 meEl/ 1 ve ve ve ve 2G2 mEEV ve 1 ve
orae) = SEE g gt ot - | = P et S o)
Note that
(0 + %) = (205) = p? (=14 2sin?0y)” = p? (1 — 4sin? fyy + 4sin® Oy |
ve ve ve 3 2 3
(ge — g)° = (29%)% = p? (2sin®Oy)” = p* (4sin*Oy) . (4.7)
Therefore,
G2m, B, | 16 4, |
o(ve) = %pQ 1—481n2(9W—|—?Sm46W :
) Gim.E, p* . g
o(ve) = 5 3 1 —4sin® Oy + 16sin” Oy | (4.8)
and 2 16 ;4
1 —4sin® Oy + 3 sin™ 0
Rezg(?ue) =3 .QW 2 .4W‘ (49>
om,e) 1 —4sin” Oy + 16 sin” Oy,

From Eq. (4.6), we can see that if both total cross sections o(v,e) and o(7,e) are measured,
we can constrain the pair (g{°, ¢4°), or equivalently, the pair (¢7¢, g%). On the other hand, from
Eq. (4.5), we can see that if the neutrino beam were mono-energetic, measuring the 7" dependence
of the neutrino cross section alone will allow us to disentangle ¢g7¢ and g without the anti-neutrino
cross section. This is the strategy proposed in Ref. [65] to measure the NSI (Non-Standard Inter-
actions) of the electron-neutrino using the "Be Solar neutrinos and the Borexino detector. In the
case of NuSOnG, the v, beam is not mono-energetic, so the differential cross section will be a
convolution of the v, energy spectrum and Eq. (4.5).

In Appendix E we explain how measurements of o(v, e) and o(7, e) translate into constraints
on g;° and ¢%°. For €, = 0.007 and €5, = 0.013, we find

Ag¥ = 0.0036,
Ag’e = 0.0019 ,
Corr(gv7,g%°) = —0.57, (4.10)

where we have used p = 1, sin®fy = 0.2315 as inputs. For comparison, the World Average
according to the PDG [25] (dominated by CHARM II) is:

g, = —0.040=£0.015,
g = —0.507+0.014
Corr(gv%, 9%°) = —0.05. (4.11)

So the errors are expected to improve dramatically.
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4.1.2 Assumptions on v,N and 7,N DIS

The ratios of charged-current to neutral current cross sections in neutrino Deep Inelastic Scattering
(DIS) are derived in Appendix A and given by

O.I/
I GRS S
— g
RV _ JYC _ 2+_ 2’
_UE'O gy, rgR
O.l/
ro= << (4.12)
Occo

where
2 vu\2 vd\2 v _u\2 v d\2 2 1 2 5 4
9. = (97")" +(91")" = (29791)" + (29797)" = p 5 —sm Ow + §s1n Ow | ,
ru v v _u v 5 :
g = (98’ + (@) = (2979%)° + 2g79%)* = o (5 Sln49w) - (4.13)

The NuTeV result in terms of g? and g% was

g2 = 0.30005+ 0.00137 ,
g% = 0.03076 & 0.00110 ,
Corr(gz, 95) = —0.017. (4.14)

The World average according to the PDG is

g7 = 0.3004 4 0.0012,
gn = 0.031140.0010,
Corr(g7,9%) = —0.11, (4.15)

We will assume that NuSOnG will be able to halve the errors on NuTeV:

Ag:; = 0.0007,
Agy = 0.0006 , (4.16)

with negligible correlation (since the correlation in NuTeV was only —0.017).

4.2 Constraints on New Physics Section

Here, we consider the constraints on new physics that will be placed by NuSOnG if it agrees with
the SM.

If new particles are heavier that the center of mass energy of NuSOnG they cannot be produced
at resonance in neutrino-quark or neutrino-electron collisions. Nevertheless, these new particles
can shift the values of observables from SM predictions through radiative corrections. The precise
measurements of these observables can either constrain the parameter space of new physics models
contributing to the shifts or detect new physics at mass scales well above the energies of the
colliding particles. In this way the precision neutrino scattering measurements at NuSOnG will
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place TeV-scale indirect constraints on many models of new physics, or perhaps detect new physics
by measuring deviations from SM predictions. The new physics effects can be parametrized by a
small number of effective operators. The parameters of these operators can be fit to NuSOnG data.
Although the particular set of the effective operators we use depends on our assumptions about new
physics, this approach gives a parameterization of new physics which is largely model-independent.

We first parameterize new physics using the oblique parameters ST, which is appropriate when
the important effects of new physics appear in vacuum polarizations of gauge bosons. We next
assume new physics effects manifest as higher-dimensional operators made of SM fermion fields.
We separately consider the possibility that the gauge couplings to neutrinos are modified. Realistic
models usually introduce several new operators with relations among the coefficients; we consider
several examples.

4.2.1 Oblique Correction Analysis

For models of new physics in which the dominant loop corrections are vacuum polarization correc-
tions to the SU(2), x U(1)y gauge boson propagators (“oblique” corrections), the STU [66, 67]
parameterization provides a convenient framework in which to describe the effects of new physics
on precision electroweak data. Differences between the predictions of a new physics model and
those of a reference Standard Model (with a specified Higgs boson and top quark mass) can be
expressed as nonzero values of the oblique correction parameters S, T and U. T and U are sensitive
to new physics that violates isospin, while S is sensitive to isospin-conserving physics. Predictions
of a Standard Model with Higgs or top masses different from the reference Standard Model may
also be subsumed into shifts in .S and 7. (The U parameter is often omitted in the fit because only
W mass depends on this parameter, so including both W mass and the U parameter in the fit does
not affect the limits on S and 7'.) Within a specific model of new physics the shift on the ST plot
away from the SM will be calculable [68].

Figure 4.1: The impact of NuSOnG on the limits of S and T. The reference SM is m; = 170.9 GeV, and my =
115 GeV. 1o bands due to NuSOnG observables are shown against the 90% contour from LEP/SLD. The central
ellipses are the 68% and 90% confidence limit contours with NuSOnG included.
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The constraints on S and T" from the full set of precision electroweak data strongly restrict the
models of new physics which are viable. The strongest constraints are from LEP/SLD, which give
a current bound of

S = —0.02+0.11,
T = +0.06+0.13,
Corr(S,T) = 0.91. (4.17)

The ES and DIS measurements from NuSOnG provide four distinct and complementary probes of
S and T, as shown in Fig. 4.1. If the target precision is achieved, and assuming the NuSOnG agree
with SM predictions, NuSOnG will further reduce the errors on S and 7" from the LEP /SLD values
to

S = —-0.05+0.09,
T = 40.02+0.10,
Corr(S,T) = 0.87. (4.18)

The ~ 25% reduction in the errors is primarily due to the improved measurement of ¢2.

4.2.2 Non-Standard Interactions

NuSOnG will probe new physics that modifies neutrino-quark and neutrino-electron scattering. If
the masses associated to the new degrees of freedom are much larger than the center of mass energy
(s = 2MeEpeam < 0.5 GeV?) then modifications to these processes are well-described by higher-
dimensional effective operators. In the context of neutrino reactions, these operators are also
referred to as non-standard interactions (NSI's). In a model-independent effective Lagrangian ap-
proach these effective operators are added to the SM effective Lagrangian with arbitrary coefficients.
Expressions for experimental observables can be computed using the new effective Lagrangian, and
the arbitrary coefficients can then be constrained by fitting to data. Typically, bounds on the mag-
nitude of the coefficients are obtained using only one or a few of the available effective operators.
This approach simplifies the analysis and gives an indication of the scale of constraints, although
we must be mindful of relationships among different operators that will be imposed by specific
assumptions regarding the underlying physics.

To assess the sensitivity of NuSOnG to “heavy” new physics in neutral current processes, we
introduce the following effective Lagrangian for neutrino-fermion interactions [69, 70, 71]:

Lyst = —V2Gp [%%PLVﬁ] [éﬁg Ff =l st }
_ _zﬁGF[ﬂa%PLyﬁ} [ggg FAPLf + 5 fy7 Py f} . (4.19)

where o, 3 = e, u, 7 and L, R represent left-chiral and right-chiral fermion fields. If o # 3, then
the a < ( terms must be Hermitian conjugates of each other, i.e. €5, = £;,5. NuSOnG is sensitive
to the § = u couplings. This effective Lagrangian is appropriate for parameterizing corrections to
neutral current processes; an analysis of corrections to charged-current processes requires a different
set of four-fermion operators.

Assuming e,45 = 0 for o # 3 we need consider only the terms 5{22 (x =V, A, L, R). If we rewrite
Eq. (1.1) as
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£ o= —V2Gr| P || gV 2 — g [1"sf ]

= —2v2Gr| PP || g ' PLf + g Py Paf | (4:20)
where
g = 291 = 0(1:{ —2Q sin® 9w) ,
gl = 20i9h = o (H) .
vf — 924 f _ _[f— I 20
Ir 9L9L p (L3 — Q' sin® Oy ) |
g7 = 29igr = p(~Q'sin*6y) (4.21)
then we see that adding Eq. (4.19) to the SM Lagrangian will simply shift the effective couplings:
& — @ = el
g — G = gl +ell,
g — g =g+l
g7 — G¢ = gi +elf (4.22)

Consequently, errors on the g;f ’s translate directly into errors on the 5£§ s, P=V,Aor P=L,R.

Neutrino-lepton NSI

The world average value for neutrino-electron effective couplings, dominated by CHARM 11, is

g = —0.040 £0.015
g = —0.507+0.014,
Corr(gy7, g%°) = —0.05. (4.23)

The current 1o bounds from CHARM II, Eq. (4.23) translates to |e5)| < 0.01, (P = L, R) with
a correlation of 0.07 [69]. At the current precision goals, NuSOnG’s v,e and 7,e will significantly
reduce the uncertainties on these NSI’s, to

eV
£V < 0.0036,

4] < 0.0019 ,
Corr(ei‘;, EZﬁ) = —0.57, (4.24)
or in terms of the chiral couplings,
el
lehl < 0.0015,
e < 0.0025 ,
Corr(efk esl) = 0.64. (4.25)

Neutrino-Quark NSI
We next consider the f = u,d case. The change in the parameters g? and g% due to the NST’s is
Agi = 297" + 297
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ulL dL
2 H0.69c — 085
Agp = 29p'c,, +29%¢€,
~  —031lep +0.15e00 (4.26)

[T

so only these linear combinations are constrained. The bounds from NuTeV (rescaled to 1o bounds
from ref. [69]) are:

enl = —0.0053 £ 0.0020 ,

el = 40.0043 £+ 0.0016 ,

en™] < 0.0035,

et < 0.0073 . (4.27)

These bounds are obtained by setting only one of the parameters be non-zero at a time. If NuSOnG
reduces the errors on the NuTeV measurement of g7 and g% by a factor of 2, the 1o bounds on the
NSI parameters are similarly reduced:

lej] < 0.001,
dL
letk] < 0.0008 ,

en] < 0.002,
o] < 0.004 . (4.28)

We note that neutrino-quark scattering will also be sensitive to NSIs which correct CC interac-
tions. These interactions are not included in Eq. (4.19). If they are important, as is the case in
some of the scenarios we treat later, a new analysis is necessary and the bounds above cannot be
used. This is to be contrasted to the neutrino—lepton case, discussed in the previous subsection.

4.2.3 Neutrissimos, Neutrino Mixing and Gauge Couplings

In those classes of models which include moderately heavy electroweak gauge singlet (“neutrissimo”)
states, with masses above 45 GeV, the mixing of the SU(2)-active neutrinos and the sterile states
may lead to a suppression of the neutrino-gauge couplings. The resulting pattern of modified
interactions is distinct from those of the previous section since they will also induce correlated
shifts to the charged-current coupling. For example, Ref. [5] presents models with one sterile state
per active neutrino flavor and intergenerational mixing among neutrinos. In these models the flavor
eigenstates are linear combinations of mass eigenstates, and those mass eigenstates too heavy to be
produced in final states result in an effective suppression of the neutrino-gauge boson coupling. This
suppression may be flavor-dependent depending on the structure of the neutrino mixing matrix.
If the mass matrix contains Majorana terms, such models permit both lepton flavor violation and
lepton universality violation.
Neutrinos couple to the W and the Z through interactions described by:

L

9 11— 7 [/
EWM Ci ver, + —QWM vyl +
where ¢ = e, pu, 7. If the neutrinos mix with gauge singlet states so that the SU(2) interaction
eigenstate is a superposition of mass eigenstates v jight and g heavy

Z, UerY" 4.29
23WCW ;LVZL’V L, ( )

Vir, = Vg light COS 0, + Vg heavy sin 6, , (430)
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Figure 4.2: Potential constraint on €, and €, from NuSOnG (see Eq. (4.33)). This is a two-dimensional projection
of a 4 parameter fit with S, T', €. and €,. The green ellipse is the 90% CL contour of a fit to all the charge current
particle decay data + LEP/SLD.

then the interaction of the light states is given by

L = iVV— gLV”W,hght + iVVJr Vg ightY“Lr | costy
V2 V2
e

+ ( 2 Vg tight V" Vz,light) cos® Oy . (4.31)
28WcW
Defining
€ = 1—cos?0, (4.32)
the shift in the Lagrangian due to this mixing is

0L =— iWJ (v + iWJ vyl “_ ‘ Zpve'vg ) € (4.33)
\/§ 2 2 QSwCW

where we have dropped the subscript “light” from the neutrino fields.

Lepton universality data from W decays and from charged current m,7 and K decays [4] con-
straint differences €, —€,;. LEP/SLD and other precision electroweak data will imposed additional
constraints on €, in combination with the oblique parameters, as will NuSOnG. A fit to all the
charge current decay data and LEP/SLD with S, T', €. and ¢, yields

S = —0.05+0.11,

T = —0.44+0.28,

€. = 0.0049 & 0.0022 ,

e, = 0.0023+0.0021 . (4.34)

The correlations are shown in table 4.1.
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S T €e €
S 1.00 0.53 —0.09 -0.09
T 1.00 -0.73 -0.71
€e 1.00 0.33
€ 1.00

Table 4.1: Correlation among the fit parameters in a fit to charged current decay and LEP/SLD data.

If we now included hypothetical data from NuSOnG, assuming NuSOnG achieves its precision
goals and measures central values consistent with the Standard Model, we see the constraints on
€, and €. are substantially improved. In this case, the fit yields

S = 0.00=£0.10,
T = —0.114+0.12,
e« = 0.0030£0.0017,
€, = 0.0001 £ 0.0012. , (4.35)
with correlations given in Table 4.2.
S T €e €u
S 1.00 0.51 0.15 0.39
T 1.00 —0.58 0.09
€e 1.00 -0.29
€4 1.00

Table 4.2: Correlation among the fit parameters in a fit to charge current decay, LEP/SLD, and possible NuSOnG
data.

Fig. 4.2 shows the two dimensional cross section in the €.-¢, plane of the four dimensional fit.
The likelihood contours are 2D projections. Though not obvious from the figure, it is NuSOnG’s
improved measurement of g2 which contributes the most to strengthening the bounds on the €.

In models of this class lepton flavor violating decays such as ;1 — ey impose additional constraints
on products €€, For example, the strong constraint from p — ey implies €.€,, &~ 0. This type of
model has been proposed as a solution to the NuTeV anomaly. If we take take only one of €. or ¢,
to be nonzero (to respect the constraint from y — ev), the NuTeV value of g2 is accommodated
in the fit by best-fit values of € that are large and positive and best-fit values of T are large and
negative (consistent with a heavy Higgs).

4.2.4 Sensitivity in the Case of Specific Theoretical Models

We next consider the constraints imposed by the proposed NuSOnG measurements on explicit
models of beyond the SM physics. An explicit model provides relations among effective operators
which give stronger and sometimes better-motivated constraints on new physics than is obtained
from bounds obtained by considering effective operators one by one, but at the expense of the
generality of the conclusions. Many models can be analyzed using the effective Lagrangian of
Eq. (4.19), but others introduce new operators and must be treated individually. The list of
models considered is not exhaustive, but rather illustrates the new physics reach of NuSOnG.
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Generation distinguishing 7’

The existence of the Z’s which distinguish among generations can affect neutrino scattering. These
will be probed by NuSOnG at the TeV scale [18, 19, 20, 72, 73, 74]. Few models of this class,
namely gauged B — 3L, and gauged L, — L., were at one time suggested as possible explanations
of the NuTeV anomaly [17], however, we have shown in Chapter 2 that they cannot serve this
purpose. Nevertheless, they remain interesting examples to consider.

e In the gauged B — 3L, the Z' modifies v, N DIS. The exchange of the Z' between the v, and
the quarks induces operators with coefficients

ul wR _ _dL __ _dR

S - Can = Cpun = Epp
L 9z (4.36)

= — = ecp_ , .
202G M2, B3y
which shift g7 and g% by
252

Ag; = Agy = _TW EB-3L,- (4.37)

It should be noted that since ep_3r, is negative, this shows that both g2 and g% will be shifted
positive. This, in fact, excludes gauged B — 3L, as an explanation of the NuTeV anomaly.
With this said, a NuSOnG measurement of g and g% that improves on NuTeV errors by a
factor of 2 yields a 20 bound

My

gz
which is comparable and complementary to the existing bound from D0 of 1.9 TeV (see Eq. (36)
in Ref. [9]), and thus interesting to consider.

> 2.2TeV . (4.38)

e As another example, consider gauged L, — L,. The Z' in such a model will affect v,e and 7,e
ES through a direct exchange of the Z’ between the neutrino and the electron. The effective
Lagrangian of the Z’ exchange interaction is

2
9y .,
Lre-r, = +Mi%, (DurVovur) (€77€) - (4.39)
Comparison with Eq. (4.19) tells us that effectively, we have the following NST’s:
1 g2
eV __ Z eA
€'u” = _\/_Q—C}'FM_%/ ; 6## =0. (440)
Taking into account the large correlation in Eq. (4.24), the 1o bound on 52‘; when 5% =01is
le6h] < 0.0030 . (4.41)
This translates into the 95% (20) bound given by
M
Z > 32TeV . (4.42)
9z

The existing bound for this ratio from LEP/LEP2 is 4.1 TeV [9] so NuSOnG will not be able
to improve this particular bound.
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Extended Higgs Models

In the Zee [75] and Babu-Zee [76] models, an isosinglet scalar h™ with hypercharge Y = +1 is
introduced, which couples to left-handed lepton doublets as

where (ab) are flavor indices: a,b = e, u,7. The hypercharge assignment prohibits the h* fields
from having a similar interaction with the quarks. Due to SU(2) gauge invariance, the couplings
Aap are antisymmetric: Ay, = —Ape. This interaction is analogous to the R-parity violating LLE
coupling with h* playing the role of the slepton.

Expanding Eq. (4.43), we obtain
L= 2Ny (Vipnp —viger) + Xer (VT —viper) + Nur (VipTp —vipng ) | hT + hee. (4.44)

The only terms relevant for NuSOnG is

2 (Vo ep) BT + hec. (4.45)
The exchange of an h induces the following interaction:
ANepl? — . 2Aen® .
Lrabu/zee = + |M’;| (VﬁLeL) (eLyu) = + |Mg| (Varvovur) (ezyer) (4.46)
h h
which leads to
i L Pal et =0 (4.47)
fup V2Gy MZE popt : :
Again, taking into account the large correlation seen in Eq. (4.25), the 1o bound on 8;1;1 when
sfflf =0is
ek < 0.0011, (4.48)
which translates into the 20 (95%) bound given by:
M,
b > 52TeV, (4.49)
[Ae

which is competitive with the current bound from 7-decay of 5.4 TeV.

R-parity Violating SUSY
Assuming the particle content of the Minimal Supersymmetric Standard Model (MSSM), the most

general R-parity violating superpotential (involving only tri-linear couplings) has the form [77]

1 PP PPN 1 NP
Wp = 5/\Z~jkLiLjEk + )\gjkLinDk. + 5/\;’]-kUiDjDk , (4.50)

where L;, E;, Q;, D;, and U; are the left-handed MSSM superfields defined in the usual fashion, and
the subscripts i, j, k = 1,2, 3 are the generation indices. (Note, however, that in some references,
such as Ref. [78], the isospin singlet superfields E;, D;, and U; are defined to be right-handed, so
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the corresponding left-handed fields in Eq. (4.50) appear with a superscript ¢ indicating charge-
conjugation.) SU(2);, gauge invariance requires the couplings \;;; to be antisymmetric in the first
two indices:

Aijk = —Njik 5 (4.51)

whereas SU(3) gauge invariance requires the couplings A x to be antisymmetric in the latter two:

= =N (4.52)

These conditions reduce the number of R-parity violating couplings in Eq. (4.50) to 45 (9 A, 27

: j 5, and 9 )\ «)- The purely baryonic operator U; D; Dy, is irrelevant to our discussion on NuSOnG so
we will not con31der the A, couplings further. We also neglect possible bilinear R-parity violating
couplings which have the effect of mixing the neutrinos with the neutral higgsino.

e The LLE part of the R-parity violating Lagrangian, Eq. (4.50), expressed in terms of the
component fields is

ACLLE = >\ijkz [ﬁiL%ejL + éjL%ViL + éZR%ejL] + h.c. (453)

The second and third terms of this Lagrangian, together with their hermitian conjugates,
contribute to v,e ES at NuSOnG. Since \;j; is antisymmetric under ¢ < j, it follows that
1 # j. The exchange of sleptons induce the following interaction:

Mo
(rer) (i) + 3 220 wren) Ev)

6 j=1,3 &L

A
Luig = +Z| 21k’
ER

A A .
= +Z | ]\ij’ (TurYovur) (€Y7er) — Z ‘2]\2};’ (TurYoVur) (R €R)

k=1 €kR j=13 €jL

(4.54)

Therefore,

1 ’)\2119’ |)\2 1|
cel § : ’ ceB — E ] 4.55
s 4\/_GF s 4\/_GF ( )

€kR ejL

There are four different couplings involved in these expressions, namely: Asi1, Agi2, Aoy3, and
Aa31. If we look at the contribution of each coupling separately, we find

52{1 _ 1 ’/\211| ’ EZ}; _ + 1 ‘)\211’2 :

42 GF| elT 142Gy M2,

1

el 212 eR
gt = ) et =0,
g T 2Gr M 62R P (4.56)
geL _ 1 | 213| {_:eR =0
1223 4\/_GF 63R Y Joph 9
el — ceR g 1 ‘)\231’2
e T T NRGE M2,
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’ Coupling H 95% NuSOnG bound \ current 95% bound ‘

[A121] 0.03 0.05 (Voua)

[ A122] 0.04 0.05 (Viug)

| Ar2s] 0.04 0.05 (Viua)

A2z 0.05 0.07 (1 decay)

[ Ad11 | 0.05 0.06 (7 decay)

[A%12] 0.06 0.06 (7 decay)

[ A%13] 0.06 0.06 (7 decay)

| A1 | 0.07 0.21 (D meson decay)
[ Aai | 0.07 045 (Z — ptp~)

Table 4.3: Potential bounds on the R-parity violating LLE (top) and LQD (bottom) couplings from NuSOnG,
assuming that only one coupling is non-zero at a time for each set. All squark and slepton masses are set to

100 GeV. To obtain limits for different masses, rescale by (%) Current bounds are from Ref. [78].

If either 5% or e is restricted to zero, the bound on the other will be

o
el < 0.0011, if e = 0
n )
52% < 0.0019, if 565 =0. (4.57)

These bounds on the epsilons, as well as that obtained in Eq. (4.25), can be converted into
bounds on the mass to coupling constant ratios using Eq. (4.56). However, in the case of
R-parity violation, it is customary to fix the sparticle masses to 100 GeV and express the
bound as a bound on the coupling constants. This is due to the fact that if the sparticles
exist, they will be discovered through non-R-parity-violating interactions and their masses
Will be measured /constrained independently. As an example, consider the \y1; coupling. Both
£, and £ depend on the value of this coupling as apparent from the first line of Eq. (4.56).
If we set the masses of the left handed and right handed selectrons equal to each other then
the right hand sides of the equations on the first line of Eq. (4.56) will depend on only one
parameter, mass-to- coupling ratio of the selectron. Using the potential NuSOnG bounds on
the values of z—:fm and 6 ., given by Eq. (4.25) and performing one parameter fit we obtain the
following bound on the mass to-coupling ratio for the selectrons:

>3.3TeV , (4.58)
|/\211|

where Mg, is the mass of the right and left handed selectrons. Setting M; = 100 GeV we
obtain the following bound on the value of |A\yy1 ]|

Aart| < 0.03 . (4.59)

The bounds on the other couplings can be obtained in a similar fashion and the results are
tabulated in Table 4.3. They can be compared to current bounds Ref. [78]. NuSOnG improves
all of these bounds.

e The i@f) part of the R-parity violating Lagrangian expressed in terms of the component fields
is

Lrop = Nk [ﬁiL%djL +djpdirvie + dypvidis
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— <éiL%UjL + ﬁjL%eiL -+ JZR%UJ'L>} + h.C. (460)

The second and third terms of this Lagrangian, together with their hermitian conjugates,
contribute to NC v, N DIS at NuSOnG. In addition, the third and sixth terms contribute to
CC v, N DIS through an s-channel sdown. The induced effective interactions are:

3 )\ 2 3 )\, 2 L o
fran = 300 @) () + 30 o ) (@)
Jj=1 djL k=1 der
_ 5 Do e ) 4
Mg |: WLAL Uurp ) + .C.}
k 1 dkR
1|2 > NG| _
= _Z 2]\4]2 (ZazoVur) (d37 dr) + Z glk (Zrzvovir) (dry7dr)
=1 dkR
|/\21k’2 — O
Z [ uL%VML) (uL'y dL) + h.c.] ) (4.61)
dkR
The NSI parameters are
Al |2
gL | 21k
17 4\/_GF Z dkR
dR __ 1 ‘)\ ]1|2
5## = 4\/_GF Z L )
1 A k|2 L
c = , 4.62
T TG L Z e

where we have introduced the parameter . to account for the non-standard charged current
coupling:

_2\/§GF€C [(U_L’YUVNL) (u_LfyUdL) + h.c. } ) (4.63)

There are five couplings contributing to the €’s, namely A5 1, Ay, A5, Aoy, and Aoy, If we
write out their contributions separately, we find

sl 1Ay, CAR 1Ay, 2

Nt M3 s W2Gp M;

€dL — 1 ‘)\ 12’2 €dR — 0

o 4\/—GF M2R ) o )

sl L|X 13’2 SR _ (4.64)
s 426y M; Hi ’ '
5dL — 0 ng — ]‘ |)\ 21|2

L ) o 4\/—GF M2L )

dL dR 1 |y 31|2

= 0, gttt =

e _4\/§GF Mdgu
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The shifts in g7 and g% are:

o091 = 2(gv" +g7)cln

o
0gh = 2gneiy + 295l (4.65)
If either Szﬁ or Ezﬁ is restricted to zero, the bound on the other will be
ledE| < 0.0027 , if e =0 |
|55 | < 0.0039 if 5% =0 (4.66)
B : J pp :

We can convert these bounds on the epsilons into bounds on the couplings in the same way
as we did before for the LLE case®. The potential 20 bounds on the R-parity violating LQ)D
couplings are shown in Table 4.3. These bounds are presented for masses of 100 GeV. To
obtain limits for different masses, one simply rescales by (%). We see that NuSOnG’s
measurements are competitive with m decay bounds, and improves the current bounds on the

221 and 231 couplings by factors of 3 and 5, respectively.

Generation Non-Diagonal Leptoquarks

We reviewed leptoquarks in Chapter 2 and the leptoquark Lagrangian is given by Eq. (2.102).
Leptoquarks effects can be seen at NuSOnG through v, N DIS. The interactions that contribute to
v, N DIS are those with indices (ij) = (12). Note that the v,-electron cross-section, which is also
going to be measured by NuSOnG, will not be affected by the leptoquarks because the scattering
process does not involve quarks. This can be used to distinguish between different explanations of
the NuTeV anomaly.

Since leptoquark exchange can interfere with both W and Z exchange processes, we cannot use
the limits on NSI's given by Eq. (4.25) as is. In the following, we calculate the shifts in g7 and g%
induced by the exchange of these leptoquarks.

® 51:

SY contributes to both NC and CC v, N DIS. The contribution of the g{% coupling of SY to the
CC process is suppressed, however, since it requires a chirality flip to interfere with the SM
process of W exchange in the t-channel. The effective interactions induced by 57 are therefore:

91217 == S i il
L, =+ (@) (7zds) — D5 (zus) (Fve) + e |
1512 51 122
UL ) (@) — L (0v,) (377d0) + e ] - (467
2MZ VT 2MZ, a
The effective NSI’s are:
AL o 1 |g}%_|2 gl — gul _ uR (4.68)
B 4\/§GF M?h o e B

The shifts in ¢ and g% are

597 = 2(91"+g1) e,

2See the discussion following Eq. (4.57)
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Sg% = 2g% 5% . (4.69)
The bounds of Eq. (4.16) lead to

e < 0.0027 , (4.70)
which translates to the 95% bound of
M 2
1212 S1
. s S 4.71
g2 < ooow(mogw) , (4.71)
or M
SLos 1.7TeV . (4.72)
917
531

S9, and S3 contribute to NC v, N DIS in the s-channel. S§ also contribute to CC v, N DIS.
The effective interactions induced by S3 are therefore:

(L#L)(

[ uLuL dcuuL) + h.c. }

c 17
V#LdL) + 2 M2, (uLVuL) (VuLUL)

Ls,

gi22 -
= 2M2 (V Dovur) (dry7dr) + ﬁ(’/@%”@) (T ur)
3
2M2 [ ,uL'yUI/”L UL’YUCZL) +h.c.} , (4.73)
The effective NSI’s are:
EuL - 1 |g§%2/|2 ’ guR — O,
ph W2Gy M2 ptt
3
g. = e = L el gl =0 (4.74)
¢ M 4\/§GF MQO ’ K ’ !
and the shifts in g7 and g% are
dg; = 2(97" — 91)ep + 297" €y
5% = —2g12{€ﬁﬁ (4.75)

It we assume degeneracy of the masses of leptoquarks in the same iso-multiplet, Mgy = M s; =
M, S35 then

gul = 9gdl — —#M (4.76)
pp o 2\/§GF Mgg ) )

and

697 = 2(9;" — g1 +297")elk
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59 = —29% eﬁ . (4.77)
The bounds in Eq. (4.16) then lead to the bound

dL
el < 0.0077, (4.78)
which translates to the 95% bound of
Mg, \°
1212 S3
< 0.010 { ———— 4.79
195z (100 GeV) ’ (4.79)
or \
— S 1.0TeV . (4.80)
|93L
S9.

Sy contributes to both NC and CC processes, but the CC process is suppressed. The contri-
bution to the NC process is

1577 pp———
Ls, = M—z(VuL“R) (TrVuL)
Sy
I [ S
= —Q(V/.LLVO'V/J,L) (UR7 UR) . (481)
2M_
2
Therefore,
and all other £’s are zero. The shifts in g7 and g% are
5g; = 0,  Ogh = 2g7eny, (4.83)
leading to the constraint
x| < 0.0019 , (4.84)
which at 20 translates to )
M.
W22 < 0.0013 [ ———2_ 4.85
] 100GeV ) (4.85)
or
o7 > 2.8TeV. (4.86)
|hat,
522
The contribution of S5 to the NC process is
A5l
£§2 = Mg (VuLdR) (dRV,uL)
55
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= _—(VM_LVGVALL) (@ngR) :

Therefore, 3
dR _ 1 |haif?

€

and all other £’s are zero. The shifts in g7 and g% are

6g; = 0,  dgh = 297l

leading to the constraint
o] < 0.0039,

which at 20 translates to
8 Mg \?
|33 |> < 0.0026 (—) .

100 GeV
or
M-
—2 > 2.0TeV ,
|37
Vi:

V1 exchange leads to the effective interaction given by (after a Fierz transformation):

B )
Ly, VurYoVur) (U ur) —
1 M{2/1 22 a2 M{%'l
Therefore,
oL P
= G, M,
and g7 and g% are shifted by
dg; = 2(91" — 91)epme -
2 2 _ul
59}2 = _29R5Z#7

leading to the constraint
let™| < 0.0060,

which at 20 gives

M 2
R212 < 0.0040 [ — 2
i 100GeV )

or

M
L > 1.6TeV .
1wy

71

[(Fzt0,0) (T dg) + .|

(4.87)

(4.88)

(4.89)

(4.90)

(4.91)

(4.92)

(4.93)

(4.94)

(4.95)

(4.96)

(4.97)

(4.98)



Vi:
The exchange of Vs leads to the following effective interactions (after a Fierz transformation):

|hsi | |t |”

Ly, Ve (Zarvovun) (@77 ur) = 25 5= (ParVovue ) (dy” )
v vy
sl (v (T2 dL) + b (4.99)
M2 K YeVur ) \ULY QL Cof .
Vo
Therefore,
1 R12 12 1 |pL22
D R L TR R L (4.100)
2\/§GF MV30 \/§GF MV3_
with the other €’s zero. The shifts in g7 and g% are
dg; = 2(g7" + gi)epm: + 297 el
59 = 2gnen - (4.101)
Assuming degeneracy of the masses, Myo = MVS_ = My,, we have
1 |hi2P?
L ul 3L
Enn = 2, = +—F——5—, (4.102)
g g V2Gr M
and
dg; = 2(97" + 91 + 291 e
69n = 2gnen (4.103)
leading to the constraint
e’ < 0.0017, (4.104)
which at 20 gives
My, \?
hi7 > < 0.0011 [ ——— 4.105
e 100GeV ) (4.105)
or M
> 3.0TeV . (4.106)
|31,
Va:

The exchange of the V5 can affect both NC and CC processes, but the CC process is suppresses,
so we will only consider the NC process. The effective interaction is

[ = 922 ” -
Ly, = _M—Q(VML%d%) (dzyvur) = +M—2(VuL%VuL) (dr17dR) - (4.107)
Vy Vy
Therefore,
ng - 1 |95%|2 (4 108)
K 2\/§GF M‘z/{ ) .
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with all other &’s equal to zero. The shifts in dg7 and dg% are

0g; = 0,  bgn = 297 iy, (4.109)
leading to the constraint
o] < 0.0039, (4.110)
which at 20 translates to
92212 < 0.0026 My (4.111)
92 100GeV ) '
or
—2 > 20TeV . (4.112)
927
o Vy:
The exchange of V5 leads to the effective interaction
’§5%|2 ~C 0 |§%%’2 — O
‘CVQ = Mg (VuLfYauR) (URP)/ V;LL) - M2 (V,uL'yol/,uL) (URF)/ UR) : (4113)
£
Therefore,
1 |§12 |2
uR 2L
e — , 4.114
102 2\/§GF M?/é_ ( )
with all other &’s equal to zero. The shifts in dg7 and dg% are
597 = 0,  dgnp = 297 entt, (4.115)
leading to the constraint
|l < 0.0019 , (4.116)
which at 20 translates to
2 MV_ i
13572 < 0.0013 (1OOGeV> : (4.117)
or
—~1V227 > 2.8TeV . (4.118)
927

Assuming degenerate masses within each iso-multiplet, the shifts in g7 and g% can be written
generically as

)\12 2 M2 C 12 2
5 = CL’LC;’/ZLQ: LA Q\ |

| {]\/4 7 4\/_GFI LCTQ

212 /0 Cn N2
5% = C e - n , 4.119
Ir " 9%/ M, 442Gy M ( )
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where A}%, denotes the (ij) = (12) coupling of the leptoquark and My is its mass. C, and Cp, are
constants that depend on the type leptoquark. In table 4.4 we list what they are, and in figure 4.3
we plot the dependence of dg7 and dg% on the ratio [Apq|*/M7,. Table 4.4 also lists the projected

NuSOnG bounds on the coupling constants. Existing bounds on 57, 53, Vi, and ‘_/;3 couplings from
R, = B(m — ev)/B(m — pv) are already much stronger, but could be circumvented for S3 and V3
if the masses within the multiplet are allowed to be non-degenerate.

’ LQ H Cr ‘ Cr H Aol H NuSOnG 95% bound ‘ 95% bound from R, ‘
Sy s? (2 - 1057 10,1 917 |2 0.0036 0.0037
S 104 s 0.010 0.0008
Sy 0 —3s7 |ni2)? 0.0013 N/A
S, 0 +15° |hi2 )2 0.0026 N/A
Vi (3 - 2sh) | —Fs! |hi1 |2 0.0040 0.0018
Vs || —4s2(1-3s%) | +2s1 [ |l 0.0011 0.0004
Va 0 —35° l932]? 0.0026 N/A
Va 0 +3552 13322 0.0013 N/A

Table 4.4: Potential and existing 95% bounds on the leptoquark couplings squared when the leptoquark masses are
set to 100 GeV. To obtain the limits for different leptoquark masses, multiply by (Mrq/100 GeV)2. Existing bounds

on the Sy, S5, V4, and V3 couplings from R, = B(r — ev)/B(mw — pv) are also shown.

0.002 0.002
[ s Y
— A S o s Vs
0001 1 0001 1
Ny N
S 0000 S 0000
—0001F ] —0001F 1
Ve ] A Va v,
~00020— N - N w _o002 L D L i L
0.000 0.005 0,010 0015 0.020 0.000 0.005 0,010 0015 0.020
NEQl/4V2 GeMEg N2ol/4V 2 GeMZ,

Figure 4.3: Shifts in g7 and g% due to leptoquarks. Horizontal lines indicate the projected 1o limits of NuSOnG.

4.2.5 A New NuSOnG Anomaly? g% #+ (g%z)SM

Table 4.4 does not provide bounds on the leptoquarks Sy, Ss, Vs, and Vs from R, since their
exchange do not interfere with the W exchange process. Current bounds on these leptoquarks are
fairly weak [29]. Furthermore, their presence can affect the value of g%, but not the value of g7, as
is evident from the values of C';, and Cf, listed in Table 4.4 and Fig. 4.3. Therefore, we can envision
a scenario, given that a concrete model that makes it possible exists, in which NuSOnG finds that
g% is shifted away from its SM value, while g7 is not. The mass to coupling ratios required to
produce significant shifts in g% are listed in Table 4.5. If a deviation as large as 30 is observed, the
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Figure 4.4: Expected S-T plot if a 60 deviation is seen in g7 which is due to a non-zero gauge suppression parameter
€u. All four observables g%, g%, o(v,e), and o(7,e) are shifted away from their SM values. Unfortunately, the
expected errors in g% and o(vue) are too large for this shift to be seen. Seeing the shift in o(v,e) may also be
difficult.

1o band on the ST plot for g% will be so displaced from the origin (i.e. the SM) that it will be off
screen at the scale shown in Figs. 4.4 through 4.6.

deviation from SM H So ‘ So H %5 ‘ %) ‘
+60 N/A 1.1 TevV N/A 1.6 TeV
+30 N/A 1.6 TeV N/A 2.3 TeV
“30 2.3 TeV N/A 1.6 TeV N/A
—60 1.6 TeV N/A 1.1 TeV N/A

’ 20 NuTeV bound H >2.5 TeV \ >1.3 TeV H >1.7 TeV \ >1.8 TeV ‘

Table 4.5: The values of MLQ/|)\1L2Q| required for the leptoquarks S, Sa, Va, Vs to shift the value of g% by +£30
and +60. For comparison, the 20 lower bound from NuTeV is also listed, though the reanalysis could change the
bounds significantly. The NuTeV bounds are asymmetric for positive and negative shifts in g% due to the fact that
the NuTeV central value is about 0.60 above the SM value.
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Figure 4.5: Expected S-T plot if a 60 deviation is seen in g7 which is due to a non-zero gauge suppression parameter
€c. The v, N DIS observables g7 and g% will be shifted away from their SM values, but not the v,e ES observables
o(v,e) and o(v,e). However, the expected error in g% is too large for this shift to be seen.

~1.0 —05 0.0 0.5 1.0

Figure 4.6: Expected S-T plot if a 60 deviation is seen in g2 which is due to triplet leptoquarks with large mass
splitting. Only ¢? is shifted from its SM value.
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Chapter 5

Fermilab— Hyper-Kamiokande
experiment

The Long Baseline (LBL) neutrino oscillation experiments are also sensitive to the physics beyond
the SM through matter effects and will be complementary to the LHC. Thus, in this chapter we
give an example of a LBL experiment which can be performd in the future and discuss what we
can learn about possible extensions of the SM which this experiment will be able to probe.

5.1 Introduction

When considering matter effects on neutrino oscillation, it is customary to consider only the W-
exchange interaction of the v, with the electrons in matter. However, if new interactions beyond
the Standard Model (SM) that distinguish among the three generations of neutrinos exist, they can
lead to extra matter effects via radiative corrections to the Zvv vertex, which effectively violate
neutral current universality, or via the direct exchange of new particles between the neutrinos and
matter particles [79)].

Many models of physics beyond the SM introduce interactions which distinguish among genera-
tions: gauged L, — Lg [18, 19] and gauged B — oL, — L, —vL, [72, 73, 74, 80] models introduce
Z's and Higgs sectors which distinguish among the three generations of leptons; topcolor assisted
technicolor treats the third generation differently from the first two to explain the large top mass
[81, 82]; R-parity violating couplings in supersymmetric models couple fermions/sfermions from
different generations [77, 78, 83].

The effective Hamiltonian that governs neutrino oscillation in the presence of neutral-current
lepton universality violation, or new physics that couples to the different generations differently, is
given by [10]

A0 0 B 0 O 0 a 0 0 b 0 O
H=U|0 X 0 |U=U|0dm% 0 [U+]00O0|+]0 b 0]. (51)
0 0 Xs 0 0 om3 0 00 0 0 b

In this expression, U is the MNS matrix [84],
2
a = 2EVCC s VCC = \/5671}7]\[6 = Neg—2 y (52)
4 My,
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is the usual matter effect due to W-exchange between v, and the electrons [85], and b., b,, b, are
the extra matter effects which we assume to be flavor diagonal and non-equal. The matter effect
terms in this Hamiltonian can always be written as

a 0 0 b 0 O
000|+]0 b 0
0 0 0 0 0 b,
[ b, +0b,
(a—i—b—“;) 0

. (5.3)

OO =
O = O
—_— o O

- (T) o |+ (mF)
o o (27,

The unit matrix term does not contribute to neutrino oscillation so it can be dropped. We define
the parameter & as

by — b,
=¢£. 5.4
g (5.4)
Then, the effective Hamiltonian can be written as
A 00| 0 0 0 1 0 0
H=U| 0 X 0 |U=U|0 6m2 0 |[U+a|0 —£/2 0 , (5.5)
0 0 X3 0 0 o0m3 0 0 +£/2

where we have absorbed the extra b-terms in the (1,1) element into a.
The extra {-dependent contribution in Eq. (5.5) can manifest itself when a > [0m3,| (i.e. E 2>
10 GeV for typical matter densities in the Earth) in the v, and 7, survival probabilities as [10]

A
Py, —v,) ~ 1-—sin’ (2923 - %) sin” PR
31

a& A
P(v 7,) ~ 1—sin® (26 in? — 5.6
(Vy — 1) sin ( 93 + (5m§1> sin 5 (5.6)
where
2 2 5m12j
A~ A31013 — Aglcm s Aij = ﬁL s Cij = COS 01] s (57)

and the CP violating phase ¢ has been set to zero. As is evident from these expressions, the small
shift due to & will be invisible if the value of sin? 26,5 is too close to one. However, if the value
of sin? 20,3 is as low as sin® 20,3 = 0.92 (the current 90% lower bound [86]), and if ¢ is as large
as & = 0.025 (the central value from CHARM/CHARM II [87]), then the shift in the survival
probability at the first oscillation dip can be as large as ~ 40%. If the Fermilab-NUMI beam in
its high-energy mode [88] were aimed at a declination angle of 46° toward the planned Hyper-
Kamiokande detector [89] in Kamioka, Japan (baseline 9120 km), such a shift would be visible
after just one year of data taking, assuming a Mega-ton fiducial volume and 100% efficiency. The
absence of any shift after 5 years of data taking would constrain & to [10]

€] < & = 0.005, (5.8)

78



at the 99% confidence level.

In this chapter, we look at how this potential limit on £ would translate into constraints on
new physics, in particular, on the couplings and masses of new particles. As mentioned above, the
models must be those that distinguish among different generations. We consider the following four
classes of models:

1. Models with a generation distinguishing Z’ boson. This class includes gauged L. — L,,, gauged
L.— L., gauged B — aL. — 8L, — vL., and topcolor assisted technicolor.

2. Models with leptoquarks (scalar and vector). This class includes various Grand Unification
Theory (GUT) models and extended technicolor (ETC).

3. The Supersymmetric Standard Model with R-parity violation.

4. Extended Higgs models. This class includes the Babu model, the Zee model, and various
models with triplet Higgs, as well as the generation distinguishing Z’ models listed above.

These classes will be discussed one by one in sections 5.2 through 5.5. The constraints on these
models will be compared with existing ones from LEP/SLD, the Tevatron, and other low energy
experiments, and with those expected from direct searches for the new particles at the LHC.

5.2 Models with an extra 7' boson

7' generically refers to any electrically neutral gauge boson corresponding to a flavor-diagonal
generator of some new gauge group. Here, we are interested in models in which the Z’ couples
differently to different generations. The models we will consider are (A) gauged L.—L,, and L.— L.,
(B) gauged B — aL. — L, — vL,, with a+ 3+ v = 3, and (C) topcolor assisted technicolor.

5.2.1 Gauged L.— L, and L. — L,

Vi —igz L Vr —igz vy

v
v
v
v

A A

A

A
A 4
A

Figure 5.1: Diagrams that contribute to neutrino oscillation matter effects in (a) the gauged L. — L, model, and
(b) the gauged L. — L, model.

In Ref. [18, 19], it was pointed out that the charges L. — L,,, L. — L, and L, — L, are anomaly
free within the particle content of the Standard Model, and therefore can be gauged. Models with
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these symmetries are recently receiving renewed attention in attempts to explain the large mixing
angles observed in the neutrino sector [20]. Of these, gauged L. — L, and L. — L, affect neutrino
oscillation in matter. These models necessarily possess a Higgs sector which also distinguishes
among different lepton generations [90], but we will only consider the effect of the the extra gauge
boson in this section and relegate the effect of the Higgs sector to a more generic discussion in
section 5.5.

The interaction Lagrangian for gauged L. — Ly (¢ = p or 7) is given by

L =gy (ev"e — V"0 + Ver V" ver, — Verh"vir,) Z, . (5.9)

The diagrams that affect neutrino propagation in matter are shown in Fig. 5.1. (The exchange of
the Z’ between the v, and the electrons do not lead to new matter effects.) The forward scattering
amplitude of the left-handed neutrino v, (¢ = u,7) is

iM = (igz)(—igz) (ver| Vet ver [Ver) (;i‘;”) (e|er“ele) . (5.10)
p%
The electrons in matter are non-relativistic, so only the time-like components of the currents need
to be considered. Replacing (e| €y’ |e) = (e|efe|e) with N,, the number density of electrons in
matter, and (vor| very ver |ver) = (ver| z/ng/gL |ver) with qﬁ,te@e, where ¢,, is the wave function of
the left-handed neutrino v, we obtain

2
. Gy o
iM = zM—Z%/ (6], 00,) Ne = —iV,, (8],04,) - (5.11)
Therefore, the effective potential felt by the neutrinos as they traverse matter can be identified as
2

gz
vz/e = _]\42%/ Ne . (512)

The effective {’s for the L, — L, and L. — L, cases are

Vi, (9% /M%) 1 ( 9z >2
_ = —— = +4— = —|— s
Shemt Vee (92/M3,) V2G \ My )
|2 (9% /M3,) 1 ( 9z )
o= 4 = g2 e) 97 ) 5.13
SLeL Voo (92/M3)) V2GE \ Mz (5:13)

Ignoring potential contributions from the Higgs sector, a bound on & of |£| < & = 0.005 from

Eq. (5.8) translates into:
My 1
Z > ~ 3500 GeV | (5.14)
9z V2GR

for both the L, — L, and L. — L. cases.

The Z’ in gauged L. — L, (¢ = p, 7) cannot be sought for at the LHC since they only couple to
leptons. However, they can be produced in e*e™ collisions and subsequently decay into ete™ or £T¢~
pairs, and stringent constraints already exist from LEP/LEP2. The exchange of the Z" induces the

80



A_ (TeV) from | A; (TeV) from | A4 (TeV) from
ete™ —ete™ ete™ — utu~ ete™ — 77~ Reference
L3 10.1 144 76 [91]
OPAL 10.6 12.7 8.6 [92]
DELPHI 13.9 12.2 15.8 [93]
ALEPH 12.5 10.5 12.8 [94]

Table 5.1: The 95% confidence level lower bounds on the compositeness scale A* (TeV) from leptonic LEP/LEP2
data. Dividing by v/4m converts these limits to those on (Mz//g.).

following effective four-fermion interactions, relevant to eTe™ colliders, among the charged leptons
at energies far below the Z' mass:

2
g _ _ 9z =
L= 2]\/Z[%, (evue) (evte) + MZ% (ev.€) (ﬁ’y“ﬁ) ) (5.15)
The LEP collaborations fit their data to
47 - 4 -
L= “9AZ (evue) (evte) + A2 (ev.e) (f'y“ﬁ) , (5.16)

with the 95% confidence limits on Ay shown in Table 5.1. The strongest constraint for the L, — L,,
case comes from the ete™ — ptp~ channel of L3, which translates to
My
2 > 41TeV, (5.17)
9z
while that for the L. — L, case comes from the ete™ — 777~ channel of DELPHI, which translates

to
My
2 > 45TeV . (5.18)
9z
Though these are the 95% confidence limits while that given in Eq. (5.14) is the 99% limit, it
is clear that the bound on & will not lead to any improvement of already existing bounds from

LEP/LEP2.

5.2.2 Gauged B — (aL.+ (L, +vL;)

In Refs. [72, 73, 74, 80], extensions of the SM gauge group to SU(3)c x SU(2), x U(1)y x U(1)x

with X = B — (aL. + L, + vL;) were considered. Again, the motivation was to explain the

observed pattern of neutrino masses and mixings. The cases («, 3,7) = (0,0,3), (3,0,0), and
3

(0,2,32) were considered, respectively, in Refs. [72], [73], and [74]. In all cases, the condition

a+f+v=3 (5.19)
is required for anomaly cancellation within the SM plus right-handed neutrinos'. When o # 3 # 7,

the U(1)x gauge boson, i.e. the Z', couples to the three lepton generations differently, and can lead
to extra neutrino oscillation matter effects. As in the gauged L. — L, case, the Higgs sectors of these

1Only the right-handed neutrinos with non-zero X charge need to be included for anomaly cancellation.
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Figure 5.2: Diagrams that contribute to neutrino oscillation matter effects in (a) the gauged X = B—aL.—BL,—vL,
model, ¢ = {e,u, 7}, f = {u,d, e}, and (b) topcolor assisted technicolor, f = {ur,ug,dr,dr,er,er}.

models also necessarily distinguish among the lepton generations, but we relegate the discussion of
their effects to section 5.5.
For generic values of («, 3,7), the Z’ couples to the quarks and leptons as

EZ/ = gZ/Jél(ZL ; (520)
where

Te o= > X))
7

1 _ _ _ _ _ _ _
-3 > (@"q) — a(ey'e+Ty"ve) — B(IV 1+ Ty v) — v (FY' T + T7fvr )
q
(5.21)

The forward scattering amplitude of the left-handed neutrino v, (¢ = e, u,7) on matter fermion
F (F = p,n,e) due to Z'-exchange (cf. Fig. 5.2a) is

. . . _ Guv v
M = CrigeX,) gz (i ) (S22 (P IF) (5.2
Z/

Again, we can assume that the matter fermions are non-relativistic, so that only the time-like
components of the currents need be considered. Then, we can make the replacements

le] J%]e) = —alelelele) — —aN,,
1 1
plJxlp) = 3@l (Wutdd)lp) — 22N, +N,) = Ny,
1 1
(n|JS In) = 3 (n| (ulu+d'd) [n) — 3 (N, +2N,,) = N, , (5.23)
and
ver 702w vy = (el (Vioves + vigvs) ) = al vigvg o) = L6, (5:24)
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which gives us
iMp = —iX,, 22 (¢},6,) (XpNF) | (5.25)
where we have defined X, = X,, = 1. Summing over F' = p,n, e, we find:

iM:iZMF

F=pn,e
- Agj% (¢}, 80,) (Np+No—al.) = =iV, (},6,,) .
(5.26)
where )
V, = +XW]\% (N, + N, — aN,) (5.27)

can be identified as the effective potential experienced by the left-handed neutrino v, as it travels
through matter. Since the Earth is electrically neutral and is mostly composed of lighter elements,
we can make the approximation N,, =& N, = N, = N, in which case

2
9z
V,, =~ -X,~5-(a—2)N . (5.28)
‘ “ M2,
The effective £ is then
V.. =V, (921 /Mz)?
N R A T—— Y ) A Y SR 5.29
g( B57) VCC ( )(ﬁ 7) (g/;\ [W)z ( )

When a = 2, the contribution of the matter electrons is canceled by those of the matter nucleons
and £z g,y) vanishes, regardless of the values of 3 and v. When 3 = ~, the matter effects on v, and
v, will be the same, again resulting in g3 = 0, regardless of the value of a.

In Fig. 5.3, we plot the dependence of {7 on the Z’ mass for selected values of gz for the case
a = (=0, v =3, namely, the Z’ couples to B — 3L.. In this case

o gz /Mg 6 (ng>2
fooy =~ A =~ (I ) (5.30)

Ignoring the possible contribution of the Higgs sector, a bound on & of |£| < & = 0.005 from

Eq. (5.8) translates into:
My 6
Z > | ———— ~8500GeV . (5.31)
9z V2G &

More generically, the bound on the Z’ mass is

|(a
\/ pré“o ~ |(a—2)(3—7)| x (3500 GeV) . (5.32)

This bound is plotted in Fig. 5.4 as a function of § for three different values of gz, and two
different values of a. The value of v is fixed by the anomaly cancellation condition, Eq. (5.19), to
v =3 —a — (. The region of the (3, Mz) parameter space below each curve will be excluded.
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Figure 5.3: £z dependence on the Z’ mass for the special case « = 3 =0, v = 3.
20 (95%) limit from 95% limit from limit from
(. 8,7) 9z LEP/SLD [30] CDF [95]/D0 [37] | [¢] < &o (99%)
(0,0,3) 0.65 580 GeV ~ 1 TeV 5500 GeV
0.35 220 GeV ~ 0.6 TeV 3000 GeV
(0,2,3) 0.65 500 GeV 880 GeV —
0.35 — 470 GeV —

Table 5.2: Current and possible lower bounds on the Z’ mass in gauged B — aLs — L, — vL, models

Let us now look at existing bounds. We limit our attention to the o« = 0 case, i.e. the 7’
couples to B — 3L, — vL., with 4+ v = 3. In this case, the Z' can be produced in pp collisions
and subsequently decay into u*p~ or 777~ pairs. The exchange of the Z’ in this case leads to the
following four-fermion interactions, relevant to pp colliders, between the charged leptons and the

light quarks at energies way below the Z’ mass:

B9 _ V9% _
L=+ MZ% (@7 + dy*d) (pyum) + 3 A2, - (@ + dyd) (Ty,r) (5.33)
DO has searched for the contact interaction
4 = _
L= ~|—A—2 (v u + dy*d) (v (5.34)
in its dimuon production data [37] and has set a 95% confidence level limit of
A, > 6.88TeV . (5.35)
This translates into I,
=2 > /IB] x (1.1 TeV) (5.36)
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Figure 5.4: Lower bounds on Z’ mass.

CDF has searched for the production of a Z’ followed by its decay into 777~ pairs [95] and has set
a 95% confidence level lower bound of

for a sequential Z’ (i.e. a Z’ with the exact same couplings to the fermions as the SM Z). Rescaling
to account for the difference in couplings, we estimate

My

> /7] x (1TeV) . (5.38)
gz

Limits on this model also exist from a global analysis of loop effects in LEP /SLD data [80], but they
are weaker than the direct search limits from the Tevatron. In Table 5.2, we compare the bounds
from LEP/SLD, CDF/DO0, and the potential bounds from a measurement of £ for two choices of
(e, B,7), and two choices for the value of gz . For the («,3,v) = (0,0,3) case, we can expect a
significant improvement over current bounds.

The sensitivity of the LHC to Z’s has been analyzed assuming Z’ decay into ete™ or pu*u~
pairs, or 2 jets [41]. For a sequential Z’, the LHC is sensitive to masses as heavy as 5 TeV with
100 fb~! of integrated luminosity. The Z’ of the (a, 8,7) = (0,0, 3) model, however, decays mostly
into 7777, which will not provide as clean a signal as decays into the lighter charged lepton pairs.
Ref. [96] estimates that if gz ~ ¢’ ~ 0.35, then the LHC reach will be up to about 1 TeV with
100 fb~!. If this estimate is correct, the potential bound on My from neutrino oscillation may be
better than that from the LHC. A complete detector analysis may show that the actual reach of
the LHC is somewhat higher, but even then we can expect the neutrino oscillation bound to be
competitive with the LHC bound for the (0,0, 3) model.

5.2.3 Topcolor Assisted Technicolor

Another example of a model with a Z’ which distinguishes among different generations is topcolor
assisted technicolor [81, 82]. Models of this class are hybrids of topcolor and technicolor: the
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1
(t,b)r 3 1 5 0 2
2 1
(tb)r 3 1 (3,3) 0 )
1
(V‘HT_)L 1 1 —5 0 2
TR 1 1 -1 0 1
1
(Cvs)ln (uud)L 1 3 0 Z )
2 1
(c,8)r, (u,d)m 1 3 0 (33) )
1
(Vm,ui)La (Ve, 7)1 1 1 0 -5 )
N;{v e;{ 1 1 O —1

Table 5.3: Charge assignments of the ordinary fermions. The U(1) charges are equal to the SM hypercharges
normalized to Q¢ = I3+ Y.

topcolor interactions generate the large top-mass (and a fraction of the W and Z masses), while
the technicolor interactions generate (the majority of ) the W and Z masses. The models include
a Z' in the topcolor sector, the interactions of which helps the top to condense, but prevents the
bottom from doing so also. To extract the interactions of this Z’ relevant to our discussion, we
need to look at the model in some detail.

Though there are several different versions of topcolor assisted technicolor, we consider here the
simplest in which the quarks and leptons transform under the gauge group

SU(3)s x SU(3)w x U(1)s x U(1)y x SU(2); (5.39)

with coupling constants ¢ss, 93w, 91s, J1w, and g. It is assumed that gss > g3, and g15 > g1-
SU(2)r is the usual weak-isospin gauge group of the SM with coupling constant g. The charge
assignments of the three generation of ordinary fermions under these gauge groups are given in
Table 5.3. Note that each generation must transform non-trivially under only one of the SU(3)’s
and one of the U(1)’s, and that those charges are the same as that of the SM color, and hypercharge
Y (normalized to Q. = I3 +Y). This ensures anomaly cancellation.

At scale A ~ 1 TeV, technicolor, which is included in the model to generate the W and Z masses,
is assumed to become strong and generate a condensate (of something which is left unspecified)
which breaks the two SU(3)’s and the two U(1)’s to their diagonal subgroups:

SU(3), x SUB)w — SUB)e,  UL)s x UL)w — ULy , (5.40)

which we identify with the usual SM color and hypercharge groups. The massless unbroken SU(3)
gauge bosons (the gluons ) and the massive broken SU(3) gauge bosons (the so called colorons
C7) are related to the original SU(3), x SU(3),, gauge fields Xg, and X7 , by

C, = X,,cosl3— X,,sin0;

G, = Xy sinfs+ X, costs (5.41)
where we have suppressed the color indices, and
tanfs = Pw (5.42)
g3s
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The currents to which the gluons and colorons couple to are:
G35 T8 Xy + G3w by, Xy = g3 (cot O3J5, — tan6s3J5, ) C,, + g5 (Jh, + J&,) G, (5.43)

where 1 ] 1
S= ot (5.44)
gS g3s gSw

Since the quarks carry only one of the SU(3) charges, we can identify
Ji = Ji 4+ Jk, (5.45)

as the QCD color current, and g3 as the QCD coupling constant.
Similarly, the massless unbroken U(1) gauge boson B,, and the massive broken U(1) gauge boson
7, are related to the original U(1), x U(1),, gauge fields Y;, and Y, by

Z;L = Y, cos6y —Y,,sinb,

B, = Y,,sint +Y,,cosb; (5.46)
where g
tanf, = 22 . (5.47)
J1s
The currents to which the B, and Z L couple to are:
91515y + Grw iy, Y = g1 (cot O1Jf — tan01J1,,) Z, + g1 (Jis + J1,,) By (5.48)
where ) ) )
(5.49)

79 i
Again, since the fermions carry only one of the U(1) charges, we can identify

JE=J b (5.50)

as the SM hypercharge current, and g; as the SM hypercharge coupling constant ¢’. Note that the
interactions of the colorons and the Z’ with the third generation fermions are strong, while their
interactions with the first and second generation fermions are weak. This results in the formation
of a top-condensate which accounts for the large mass of the top quark.?

Therefore, the interaction of the Z’ in this model with the quarks and leptons is given by

L =g (cot0,Ji, —tan6,J},) Z, , (5.51)

where ¢’ is the SM hypercharge coupling, and

1 - - 2_ 1- 1
Jiy = 6 (£t + bry*br) + gtR’Y“fR — -bry"br — 3 (T TL + Ve VeL) — TRV TR

3
1 B 2 1 1 _ _
Jp, = 5 (epyter + spytsp) + gch“cR — §5R7“3R b (B pr + vury varn) — ey i
1, - 2 1- _ _ _
+ G (" ur + diy*dr) + gURV“UR — ngV“dR —3 (ecy*er + Ver'ver) — €rYeR -

2The Z’-exchange interaction in the tf channel is attractive, but that in the bb channel is repulsive. This repulsion is assumed to be
strong enough to counter the attraction due to the colorons and prevent the bottom from condensing.
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Figure 5.5: &pr dependence on the Z’ mass in the top color assisted technicolor model.

(5.52)
The exchange of the Z’ leads to the current-current interaction
1
5 (COt ‘91(]15 — tan 01(]11”) (COt ‘91(]15 — tan ‘91<]1w> s (553)

the JisJ1s part of which does not contribute to neutrino oscillations on the Earth, while the Ji,,J14
part is suppressed relative to the Jy,Jis part by a factor of tan?#; < 1. Therefore, we only need
to consider the Ji4J1,, interaction which only affects the propagation of v, (c¢f. Fig. 5.2b). The
forward scattering amplitude of v, against fermion F' = p,n, e is given by

1 1
iM = (—ig cotby)(+ig tanb) (v.p| | —= vA*Pryy | |ve) i/
2 MZ,
12 1 1 AR
<F\ ury” 6PL+ “Pr ) u+dy” 6PL_§PR d+ ey _EPL_PR el |F)
1/1 1 1 1
(2N, + N, —— =] (N, + 2N, —({—=—1) N,
- QM% [ ( ) ' )+2(6 3)<p+ n)+2(2 ) ]
3 3
= N, N —N,
2M§, (4 * 1 >
7
g\ N ‘
~ _Z<M§/> g(ﬂ&%) = —iV,, (¢} ¢, ) . (5.54)

Note that the angle ; has vanished from this expression and the only unknown parameter here is
the Z' mass.

The effective potentials felt by the different neutrino flavors are

N g/2

V, =V, =0, V, =+=—

— 5.95
8 MZ,~ ( )
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and the effective ¢ is

1 M2 1 M?2
= == — Oy~ W — i By 2

(5.56)

The dependence of &pp on the Z’ mass is shown in Fig. 5.5. The limit |77 < & = 0.005 in this
case translates to:

sin2 HW
280
This potential limit from the measurement of ¢ is much weaker than what is already available

from precision electroweak data [82], or from the direct search for pp — Z’X — 7777 X at CDF
mentioned earlier [95].

5.3 Generation Non-Diagonal Leptoquarks

The review of the leptoquarks was presented in Chapter 2. Since the leptoquarks must distinguish
among different generation fermions to contribute to neutrino oscillation matter effects, the lepto-
quark Lagrangian is given by Eq. (2.102). The interactions that contribute to neutrino oscillation
matter effects are those with indices (ij) = (12) and (ij) = (13).

In the following, we calculate the effective value of ¢ induced by the exchange of these lepto-
quarks. The leptoquark fields are naturally grouped into pairs from the way they couple to the
quarks and leptons: (Si,S3), (Sa,52), (Va,V3), and (V4, V3). We treat each of these pairs in turn,
and then discuss the potential bounds on the leptoquark couplings and masses.

5.3.1 S, and S; leptoquarks

—igg - o= sigh gy - - === ivig
p+k P+k

vj(k)
(@) a=1,3 (b)
Figure 5.6: Diagrams contributing to neutrino oscillation matter effects from the exchange of (a) SY or the isospin

0 component of S5, and (b) the isospin —1 component of S3. The EM charge Qe = I3 + Y for 59 and S9 are +1,
while that for S5 is —2.

The (ij) = (12) and (13) interactions of the leptoquarks S; and Sy are, respectively,
L= _g}%(ﬁyuL)S glL(d yTL)‘Sl + h.c. (558)
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and

L = g [—(@VML)SQ + \/5(@”@)55] + 931 [—(@VTL)S:? +V2(uSv,1)S; | + hc.
(5.59)

The interactions described by Egs. (5.58) and (5.59) can be written in a common general form as

where ¢ = u or d. The Feynman diagrams contributing to neutrino oscillation matter effects are
shown in Fig. 5.6. At momenta much smaller than the mass of the leptoquark, the corresponding
matrix element is

‘ . _ o[ 0\ =
iM = (—2)2\)\]2 (v, q| (PR q°) (W) (¢°PLv) v, q) . (5.61)
Using the Fierz rearrangement
_ 1 _ 1
(TPrq°) (¢°PLv) = 3 (TY*PLv) (¢, Prq") = +§ (T Prv) (@v.PLa) , (5.62)
we obtain
Sy 12 2
M = S 1P P l) i Prala) = iy Vo 0o) ==V (ele) . (509
where | |2
Ny A
= _TelA 64
= (5.64)

Applying this expression to the Sy case, the effective potential for the neutrino of generation number
j is:

12 ;12 ;12
Y 4 Mgl 4 M52‘1 4 M§1 ’ '
The effective £ is then
2 2
o Veo 9%/ Mg, ' '
For the S5 case, the effective potential is
voo— Nalgsil? Nulgsil’
vj 2 2
4 Msg 2 Msg
_ _|glj|2 (Np+2Nn) o (2Np+Nn)
St M, 2M¢_
3N | 12 ( 1 P
~ =191l |7 tae | (5.67)
4 ]\45g MS;?
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Figure 5.7: Diagrams contributing to neutrino oscillation matter effects from the exchange of (a) S5, and (b) S5 .

The EM charge Q¢p, = I3 +Y for S5 is —&—%, while that for 5; is —%.

and the effective ¢ is

VV3 B ‘/VQ |g?1,% ? |g?1)i ? 1 2
. o= B 2 _ 43 ) 5.68
£5'3 VCC + 92/M3V M;O + M;_ ( )
3 3
In the case of degenerate mass, Msg = MS; = Mg,, we have
2 2
% g* /My,
5.3.2 S, and S, leptoquarks
The relevant interactions are
L = hy; (Wgv,r)Sy + hys (Wrver)Sy + h.c. (5.70)
for S5 and . . . .
L = hy (dpv,r)Sy + hys (drvyr)Sy + hec. (5.71)
for Sy leptoquarks. Both (5.70) and (5.71) can be written in a common general form as
L=X(qPLv)S+ X (WPrq)S, (5.72)

where ¢ = uw or d. The Feynman diagram contributing to neutrino oscillation matter effects is
shown in Fig. 5.7a. For momenta much smaller than the mass of the leptoquark, the corresponding
matrix element is

: : _ =i\
M= PP il 0P (173 ) @) ) 573
S
Using the Fierz identity given in Eq. (5.62) again, we obtain
M= i 2L p 7P Si2E N (6h6,) = —ivi (6 4
iM=—io—s (WY PLvv) (d@nPrale) — —i 75N, (616,) = =iV, (6),) . (5.74)
2M3 AM3
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where

N, M\

V, = +—q%.

4 Mg

Applying this expression to the S5 case, the effective potential for the neutrino of generation
number j is

(5.75)

12 2 i,
vV, = %‘MJL‘ o +(2Np—|—Nn)|h2]L’ _ _l_ﬂ‘hzﬂ 576)
vi T 4 MS2" N 4 M§7 ~ 4 M;7 ) .
and the effective ¢ is
2 2
Vo, = Vi ; (1hai|” — [n3EI" )/ M2 577
é“s,;*w*— T2, . (5.77)

The effective potential for the Sy case is

Nalhs? - (Ny+2No) [P 3N [hgy [

Vi, = + 2 2 2 (5.78)
4 M§£ 4 M§£ 4 Mg;
and the effective ¢ is
Vi~V (PSP - P )/ 570
2 Ve g%/ M2, ' '

5.3.3 Vyand V,

Figure 5.8: Diagrams contributing to neutrino oscillation matter effects from the exchange of (a) V5, and (b) V5 .

The EM charge Q¢ = I3 +Y for V, is —i—%, while that for f/{ is —%.

The relevant interactions for V,~ are
L = g1, (A" vur) Vo + 921, (A5 V71 ) Va, + hec. (5.80)
and those for V, are
£ = 531 (W5 Vur) Vi + o1 (uipy ver ) Vi, + hec. (5.81)
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Both (5.80) and (5.81) can be written in a common general form as
L =NV PLv)V, + N (0" P ¢V, . (5.82)

The Feynman diagrams contributing to neutrino oscillation matter effects are shown in Fig. 5.8.
For momenta much smaller than the mass of the leptoquark the corresponding matrix element is

. , _ N
M= PR 0l 07 Po) (31 ) @) ) (5.89
v
Using the Fierz rearrangement
TV PLq") (¢ vPrv) = 0 Puv) (@ Prd’) = — @V PLv) (@Pra) (5.84)
we obtain
' A TYMP, 77, P ‘WN 1o ) =—iV, (¢} 5.85
ZM—ZM <V|V7 LV|V> <q,qﬂyu Rq‘q>_)7’2M2 q(¢ll¢ll)_ ¢ V(¢V¢l/) ) ( . )
% 1%
where N, ‘)\|2
Vi, = - : 5.86
2 M2 ( )
Applying this to the V, case, the effective potential for the neutrino of generation number j is
12 12 12
voo_ Naleal _ (Np+2N) el 3N o] (587
vi T 2 2 Az :
2 MV; 2 MV; 2 MV2
The effective & is
Vi — Vi, ; (lgdzl” — lgatl )/ (5.58)
gV{ - Voo = =+ QQ/MI%V ) )
The effective potential for the V,~ case is
. - 192
2 2 2 2 :
2 M 7 2 M 7 2 M 7
The effective & is
: Voo =Vio _ ¢ (1352 — 1953 1° ) /M3 - (5.90)
2 Ve 9%/ Mgy ' .
5.3.4 Vi and ‘_/:3 leptoquarks
The relevant interactions for V; are
L = hy7 @y vur)Vig + b (@ ven ) Vi + hec. (5.91)

and those for 173 are
L= i @y v Vi, + V2(dy vV,
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Figure 5.9: Diagrams contributing to neutrino oscillation matter effects from the exchange of (a) V;? or the isospin
0 component of V3, and (b) the isospin —1 component of V3. The EM charges Qe = I3 +Y for V¥ and VY are —|—§,

while that for V5~ is —%.

thst | (T ver) Ve + V2Adey vrn )V, | + hec. (5.92)
The interactions described by Egs. (5.91) and (5.92) can be written in a common general form as
L=X\@"PLv)V + XN Prq)V . (5.93)

The Feynman diagrams contributing to neutrino oscillation matter effects are shown in Fig. 5.9.
For momenta much smaller than the mass of the leptoquark the corresponding matrix element is

iM = (=) |AP (v, q| (77" Prq) (MLa) @V PLv)|v,q) - (5.94)

Using the Fierz identity given in Eq. (5.84) again, we find

2 2
M= % wlv*Prvlv) {dqvPrale) — —i | |2 N, (¢10,) = =iV, (¢10,) ,  (5.95)
M 2M3
where
_ NG AP
V, = 5 M2 : (5.96)
Applying this result to the V] case, effective potential is
hy 2N, + N,) |hy 3N |hy
V,,j:+ |1‘_+( p Tt |1‘N+ ‘1‘ (5.97)
2 (My,)* 2 (My,)” 2 (My,)*
The effective & is
V., —V, B212 _p1312 ) /M2
, = oV g Ui 2' e )My (5.98)
Vee 9%/ My,
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’ LQ H Cro ‘ MNig ‘ upper bound from |£| < & ‘ current bounds from Ref. [30] ‘

S1 +3 l912]% — [g13 |2 1.1 x 1073 (g12)2<37x1073 (Ry)
(g13)2 < 0.7 (1 — 7v)

Sy +9 93217 — 1933 17 3.7 1071 (932)2 <8 x107% (Ry)
(932)° < 0.7 (1 — 7v)

S2 -3 7511 — [hot [? 1.1x 1077 (h31)> <1 (uN — pX)

So -3 Ay 1.1x107° (h37)> <2 (uN — pX)

Vs +6 952 — 1927 17 55x107" (952)° <1 (uN — pX)

Vs +6 95317 = 1931 5.5 x 10 (322)° <5 (uN — pX)

Vi —6 |h1212 — [hi3 2 5.5 x 1071 (hi2)2<18x 1073 (Ry)
(h3)2 <01 (D — )

Vs —18 W22 — |hi3 2 1.8x 1074 (h2)2<4x107* (R,
(h31)* <0.1 (D — )

Table 5.4: Constraints on the leptoquark couplings with all the leptoquark masses set to 100 GeV. To obtain the
bounds for a different leptoquark mass Mg, simply rescale these numbers with the factor (Mg/100 GeV)2.

The effective potential for the V, case is

V,, = +— Pl o, DLl
i 2 M‘Q/30 M‘Z,
_ —i—|h1j 2 (2Np+Nn) (Np+2Nn)
st 2M2, M?_
3 3
SN 15 12 1 2
~ +— |y | | - (5.99)
2 Mg, M7
The effective & is
VV3 — VV2 |hé% ‘- ‘hil’)?i ’ 1 2
L o= _ g + . 5.100
= PG\ A o

In the case of degenerate mass, MV30 = MVS‘ = My,, we have

(|hi2)* — |37 ) /M2,
9%/ My,

£y, = —18 (5.101)

5.3.5 Constraints on the Leptoquark Couplings and Masses

Assuming® a common mass for leptoquarks in the same SU(2), weak-isospin multiplet, the effective
& due to the exchange of any particular type of leptoquark can be written in the form

Mo/Mig  Cig DN
9%/ My 442G \ M3,

3The consideration given in this section overlaps to some extend with the consideration of section 2.4.1 .
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Figure 5.10: {1 dependence on the leptoquark mass for ,/AA%Q =0.5. (a) S1; (b) Va, Va; (c) S3; (d) Sa, Sa: (e)
Vi; (f) V.

Process (17) LQ Assumptions 95% CL bound Reference

pp— LQLQX — (ju)(jr)X || (%) S B =0 117 GeV CDF [31]

pp— LQLQ X — (jv)(jv)X (k) S 6=0 135 GeV DO [32]

w—LOLQX — (Gu(mX || +2) | S 3=05 208 GeV CDF [33]

pp— LQLQX — (ju)(jv)X

= LOLOX — (juGwX || =2) | S 3=05 204 GeV DO [34]

pp— LQLQX — (ju)(jv)X

= LQuX — (jupuX (+x2) | S B=05 =10 226 GeV(© DO [35]
pp— LQLQ X — (j7)(j7)X (x3) 14 minimal coupling [97] 251 GeV CDF (98]

Table 5.5: Direct search limits on the Leptoquark mass from the Tevatron. (*)3 is the assumed branching fraction
B(LQ — ¢f) =1 — B(LQ — qv), and ) is the Yukawa coupling of the Leptoquark with the quark-lepton pair.
(©)Combined bound with the pair production data.

Here, Cpq is a constant prefactor, and 5)\%Q represents

= [ALol* — Aol (5.103)
where )\iLjQ is a generic coupling constant. The values of Crg and 5)\%62 for the different types of
leptoquark are listed in the first two columns of Table 5.4. In Fig. 5.10, we show how {1 depend

on the leptoquark mass M for the choice , /5)\%Q = 0.5, where we have assumed 5/\%62 > 0. To

obtain the picture for the case when 5)\%Q < 0, the vertical axis of the graph should be flipped.
The constraint |{Lq| < & translates into:

[16X2,| | CLol|ON2
Mo > My | g§Q| |%Q| _ % ~ 1/ |CrqlldA2 o] x (1700 GeV) . (5.104)
F SO

The resulting bounds are shown in Fig. 5.11, where the regions of the (Mg, \/|0A},|) parameter

space below each of the lines will be excluded. One can also fix the leptoquark mass and obtain
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Figure 5.11: Lower bounds on the leptoquark masses. (a) Sy, Sa, Sa; (b) Vi, Va, Va; (¢) S (d) Vs.

upper bounds on the leptoquark couplings:

IV2GF & 3.3x107% [ My \°
2 < M2 — . 1
92zl = ( |Crol Lo |CLol 100 GeV (5.105)

The values when Mg = 100 GeV are listed in the third column of Table 5.4. The bounds for a differ-
ent choice of leptoquark mass Mg can be obtained by multiplying by a factor of (Myo/100GeV)?.
This result can be compared with various indirect bounds from rare processes which are listed in
the last column of Table 5.4%. As can be seen, the limits from |£| < & can significantly improve
existing bounds.

Limits on leptoquark masses from direct searches at the Tevatron are listed in Table 5.5. Bounds
from LEP and LEP II are weaker due to their smaller center of mass energies. Since neutrino
oscillation is only sensitive to leptoquarks with (ij) = (12) and/or (ij) = (13) couplings, we only
quote limits which apply to leptoquarks with only those particular couplings, that is, leptoquarks
that decay into a first generation quark, and either a second or third generation lepton. Though
it is usually stated in collider analyses that leptoquarks are assumed to decay into a quark-lepton
pair of one particular generation, it is often the case that the jets coming from the quarks are not
flavor tagged. Analyses that look for the leptoquark in the quark-neutrino decay channel are of
course blind to the flavor of the neutrino. Therefore, the bounds listed apply to leptoquarks with
generation non-diagonal couplings also.

As can be seen from Table 5.5, the mass bounds from the Tevatron are typically around 200 GeV
and are mostly independent of the leptoquark-quark-lepton coupling A. This independence is due
to the dominance of the strong interaction processes, ¢¢ annihilation and gluon fusion, in the
leptoquark pair-production cross sections, and the fact that heavy leptoquarks decay without a
displaced vertex even for very small values of \: the decay widths of scalar and vector leptoquarks

4We updated the limits of Ref. [30] extracted from the measured value of R.
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with leptoquark-quark-lepton coupling A are given by A?Mq/16m and A\2M[q/24m, respectively,
which correspond to lifetimes of O(1072!) seconds for Mg = O(10?) GeV, and A = O(1072).
In contrast, the potential bound on My from neutrino oscillation, Eq. (5.104), depends on the

coupling 4 /[Cq|[0A] |, but can be expected to be stronger than the existing ones for y /|CLo||0A7 )]

as small as 0.1.
Bounds on leptoquarks with (ij) = (12) couplings can also be obtained from bounds on contact
interactions of the form

T _
L=Er5v (@"Pxq) (v Pup) (5.106)
(Ag)
where X = L or R, and ¢ = u or d. For instance, at energies much lower than the leptoquark mass,
the exchange of the S; leptoquark leads to the interaction
9171
2M gl

Ls =+ (uy* Pru) (yuPrp) - (5.107)

The remaining cases are listed in Table 5.6. The 95% CL lower bounds on the A;’s from CDF
can be found in Ref. [36], and the cases relevant to our discussion are listed in Table 5.7. These
bounds translate into bounds on the leptoquark masses and couplings listed in Table 5.6. Clearly,
the potential bounds from [£| < &, also listed in Table 5.6, are much stronger. It should be
noted, though, that the results of Ref. [36] are from Tevatron Run I, and we can expect the Run
IT results to improve these bounds. Indeed, Ref. [37] from DO analyzes the Run II data for contact
interactions of the form

L= i(f—j:)? (av" Pxu + dy* Pxd) (@, Prp) X=LorR, (5.108)
and places 95% CL lower bounds on the A*’s in the 4 ~ 7 TeV range. While these are not exactly
the interactions induced by leptoquarks, we can nevertheless expect that the bounds on the A;tu’s
will be in a similar range, and thereby conclude that the Run II data will roughly double the lower
bounds from Run I. Even then, Table 5.6 indicates that the potential bounds from |£] < &, will be
much stronger.

The prospects for leptoquark discovery at the LHC are discussed in Refs. [41, 42]. At the LHC,
leptoquarks can be pair-produced via gluon fusion and quark-antiquark annihilation, or singly-
produced with an accompanying lepton via quark-gluon fusion. The pair-production cross section
is dominated by gluon fusion, which does not involve the leptoquark-quark-lepton coupling A, and
is therefore independent of the details assumed for the leptoquark interactions. Once produced,
each leptoquark will decay into a lepton plus jet, regardless of whether the coupling is generation
diagonal or not. The leptoquark width in this decay depends on A, but it is too narrow compared
to the calorimeter resolution for the A-dependence to be of relevance in the analyses. Therefore,
though the analyses of Refs. [41, 42] assume specific values of A and generation diagonal couplings,
we expect their conclusions to apply equally well to different A-values and generation non-diagonal
cases: for 3 = B(LQ — ¢f) = 0.5, the expected sensitivity is up to Mg &~ 1TeV with 30! b of
data [42]. Again, in contrast, the the potential bound from neutrino oscillation, Eq. (5.104), depends

on the coupling 4 /|Crql|[0A |- If | /|CLll0A7o| = O(1), then Eq. (5.104) will be competitive with
the expected LHC bound.
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[ LQ | Induced Interaction | CDF 95% CL [36] | €] < &o ‘
l9i1” - . Msl Ms,
Sy + 5 (uy* Ppu) (v, Prp) > 0.68 TeV > 3.0TeV
|21g5|12 I Y, 5911:
h ~ _ Ms Mg
Sa — 2L (" Pru) (iry, Pru Z > 0.72TeV 2 >3.0TeV
oMz, | ) i) |33 VO3,
s |yt |° Mg Mg,
So SR (dy* Prd) (v, PrLi) =% > 0.38TeV > 3.0TeV
52 h3i 6h§L
‘g3L| o " o o M 3
Ss + 2L (ay* Ppu+ 2 dy* Prd) (i, Prop) — >5.2TeV
2M3E, o 0957,
h M M
Vi | 1L| (dy"Prd) (fiy, Prp) ol > 0.48 TeV > 4.3TeV
V1 ‘h V 6h1L
2 M M
Vs L Lot 2' (dy" Prd) (jiry, Prp) Y2 > 0.56 TeV 2 > 43TeV
]\/—[1/2 921 0951,
- 192117 _ My, My,
Va +==5— (uy" Pru) (i, Pri) > 0.85 TeV —— > 4.3TeV
7 ‘g2L| vV 4] 2L
V ‘h%)%‘Q 2 /J,P s - o MVS
3 M2 ( ay* Pru + dy PLd) (fyuPru) \/T > 7.4TeV
oh3;

Table 5.6: The quark-muon interactions induced by leptoquark exchange, and the bounds from CDF [36] compared
with potential bounds from neutrino oscillations. Only the couplings that also contribute to neutrino oscillation are
listed. Analysis of the Tevatron Run II data is expected to improve the CDF bound by a factor of two.

(qu) chirality [ Aj, (TeV) [ A,, (TeV) | A7, (TeV) [ Ay, (TeV)
(LL) 3.4 4.1 2.3 1.7
(RL) 3.0 3.6 2.0 1.9

Table 5.7: The 95% CL lower bound on the compositeness scale from CDF [36]. Results from DO [37] do not provide
limits for cases where the muons couple to only u or d, but we expect the bounds to be in the range 4 ~ 7 TeV.

5.4 SUSY Standard Model with R-parity Violation

Let us next consider contributions from R-parity violating couplings. Assuming the particle content
of the Minimal Supersymmetric Standard Model (MSSM), the most general R-parity violating
superpotential (involving only tri-linear couplings) has the form [77]
Wp = —)\”kL L Ek + )\ZJ,CL QJDk + = )\ kUD Dy, (5.109)
where L;, E;, Q;, D;, and U; are the left-handed MSSM superﬁelds defined in the usual fashion, and
the subscripts 7, j, k = 1,2, 3 are the generation indices. (Note, however, that in some references,
such as Ref. [78], the isospin singlet superfields E;, D;, and U; are defined to be right-handed, so
the corresponding left-handed fields in Eq. (5.109) appear with a superscript ¢ indicating charge-

conjugation.) SU(2), gauge invariance requires the couplings \;;; to be antisymmetric in the first
two indices:

Aijk = —Njik 5 (5.110)
whereas SU(3) gauge invariance requires the couplings Aijx to be antisymmetric in the latter two:
Tk = — A - (5.111)
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These conditions reduce the number of R-parity Vlolatlng couplings in Eq. (5.109) to 45 (9 \ijk, 27
Uk7 and 9 X’ «). The purely baryonic operator U D Dy, is irrelevant to our discussion on neutrino
oscillation so we will not consider the ik couphngs further. We also neglect possible bilinear R-
parity violating couplings which have the effect of mixing the neutrinos with the neutral higgsino;
their effect on neutrino oscillation has been discussed extensively by many authors [78, 99, 100].

5.4.1 LLFE couplings

vi(k) e(p) vi(k) i i e(p)
Lag T -
&in :
+Z )\11] -_—— - - = +7/ )\7,1] é]L L p - k
_— 1
p+k '
> i >
e(p) vi(k) e(p) +i Aij1 vi(k)

Figure 5.12: LLF interactions that contribute to neutrino oscillation matter effects..

The LLE part of the R-parity violating Lagrangian, Eq. (5.109), expressed in terms of the
component fields is

‘CLLE = Azgk [VZLekRe]L + e]LekRVZL + ekR LejL} + h.c. (5112)

The second and third terms of this Lagrangian, together with their hermitian conjugates, contribute
to neutrino oscillation matter effects. The corresponding Feynman diagrams are shown in Fig 5.12.
Since A;;i, is antisymmetric under ¢ < j, it follows that ¢ # j. Calculations similar to those for the

scalar leptoquarks yield
Y Y
(Z ’ ]1| Z | 1]’ ) , (5113)
e]R

J#i eﬂL

or if we write everything out explicitly:

Ve o Ne |/\211|2 |)\231|2 |)\211|2 |)\212|2 |)\213|2
o) = o\ T, T, R, e, )
Ne (Pouf | Paarl? Dol Panl?  Paof
e 311 321 311 312 313
Ve(vs) = I(M2 + M2 JVE M2 M2 >

€1L €2r €1R €2R €3R

(5.114)

The effective £ is

Vé(Vs) - Vé(V2)
Vee

|>\2a1\ !)\3]1! |>\21]\ !)\313|
= 2/M2( Z M2 Z Z

L j=1,2 eJL eJR

& =
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1 . ) 1 1
= m |:( |/\211| - |)\311| ) (M—g _ M—g)

€1R €1L
1 1 Noral” = Paral” | Parsl” — [Aasl’
2 212 312 213 313
+ |21 (M? e )+ VE + 2 . (5.115)
€2L €3L €2R €3R
For degenerate s-electron masses Méj L= Méj » = Mz, we have
¢ = 1 |>\231|2 + |/\122|2 - |)\132|2 B |)\231|2 - |>\123|2 + |/\133|2 (5.116)
9%/ M M, Mz,
where we have used \;jp = — i to reorder the indices.

5.4.2 ﬁQﬁ couplings

<y /
vi(k) d(p) vk) TN d(p)
j
J 1
jR oo
+i)‘;1j i il +i)‘;1j d]LL p—k
el !
p+k 1
> i >
d(p) vi(k) d(p) N, vi(k)

Figure 5.13: L@D interactions that contribute to neutrino oscillation matter effects..

The ﬁ@f) part of the R-parity violating Lagrangian expressed in terms of the component fields
is
Lrop = N [ﬂiL%djL + JjL%ViL + JZREdjL
— <éiL%UjL + &jL%eiL + dNZR%UjL>} + h.c. (5117)
The second and third terms of this Lagrangian, together with their hermitian conjugates, contribute
to neutrino oscillation matter effects. The corresponding Feynman diagrams are shown in Fig 5.13.

Calculations similar to those for the scalar leptoquarks lead to the following effective potential for
neutrino flavor v;:

SN, N, (X L 23N (Nl [N
Vi) = Y =2 7 ‘MJ}‘ - }M{ﬂ} ~ ZT |MJ~1| _ \M{J\ , (5.118)
j=1 i), & j=1 4, &p

The effective & is

Vi(vs) — Vi(re)
Vee

&g =
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Figure 5.14: Dependence of fﬁ,d,h on the smuon, sdown, and h* masses for |, /5)\/21 in= 0.5 in the (a) LLE R-parity

violating interaction; (b) LQD R-parity violating interaction; and (c) the Zee/Babu-Zee models.

(1P = ) 723 = (1 = 1) /022

- 32 P

For degenerate d-squark masses M i M Qg = M FRALC have

I R e A e P i Y

s (Xl
;=3
gd ]Zl QQ/MI%V

(5.119)

(5.120)

5.4.3 Constraints on the R-parity Violating Couplings and Squark/Slepton Masses

To illustrate our result for R-parity violating interactions, we simplify the analysis by assuming that
only the Ai2; and Ays couplings are non-zero for the LLE case, and only the A\};; and A5, couplings
are non-zero for the LQD case. Under these assumptions, only the smuon, é; = /i, contributes in
the first case, and only the sdown, d; = d, contributes in the latter. The corresponding &’s are

oo AR (W)
g (9/Mw)? 4\/_GF ME)
2 2 2
6 = 6 ON/Mg 6 [0
¢ (9/Mw)? W2Gp \ M7 )
where
5)\,21 = |)\122‘2—’)\132|27
5)\32 = ’)"211‘2_’)\2311‘2'
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Figure 5.15: Lower bounds on (a) the smuon mass in the LLE R-parity violating interaction model, (b) the sdown
mass in the LD R-parity violating interaction model, and (c) the h* mass in the Zee/Babu-Zee models, respectively.

Fig. 5.14 shows how {; and &; depend on masses of the smuon and the sdown for a specific choice
of couplings: ,/(5)\121 = 1/(5)\3~ = 0.5 (we have assumed (5)\3~ and 5)\/21 to be positive). The bound
€] < & = 0.005 translates into:

1
My > ‘”M%‘”m ~ y/[6AZ] % (1700 GeV) ,
/ / 6 / -

The resulting graphs for the lower mass bounds are shown in Fig. 5.15. The regions of the

(Mﬂ, ,/|5)\%|) and (MJ, \ /\(L\%\) parameter spaces below each of the lines are excluded. One

can also fix the smuon and sdown masses and obtain upper bounds on the R-parity violating

couplings:
M;
21 < - = R
VIO < \/4V2Gr & M; (0'057)(100Ge\/)’

S < \/% M, = (0.023) (@”ﬁ) | (5.124)

These relations are actually more useful than Eq. (5.123) since if the smuon and sdown exist, their
masses will be measured/constrained by searches for their pair-production at the LHC, indepen-
dently of the size of possible R-parity violating couplings.

Current bounds on R-parity violating couplings come from a variety of sources [78, 83]. The
current indirect bounds of the four couplings under consideration from low-energy experiments are
listed in Table 5.8. Comparison with Eq. (5.124) shows that the bounds on Aj22 and \;35 are already
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’ Coupling H Current 20 Bound Observable/Process
| A122] 0.05 (10]2)4?}6\/) Via from nuclear 8 decay/muon decay
M- '™ — e vy
Aiaz| 0.07 (100 (H}ZV) , = F((T— — ,LL_VMZ/T))
A2 Tso| || (22 1077) (101(\)424(3\/') T — 3
I\ | 0.06 (100 é@v) R, = m
Ny 0.12 (10](\)%2\/) Ry = M

Table 5.8: Current 20 bounds on R-parity violating couplings from Ref. [78].

These bounds assume that each

coupling is non-zero only one at a time.

fairly tight, and neutrino oscillation will do little to improve them. On the other hand, the bounds
on Ay, and A5y, can potentially be improved by factors of roughly 2.5 and 5, respectively.

Bounds on R-parity violating couplings from ep and pp colliders come from searches for s-channel
resonant production of sparticles. The bounds from the ep collider HERA necessarily involve the
couplings lek since the squark must couple to the first generation lepton (electron or positron)
[101, 102, 103, 104] so we will not discuss them here. The bound from the Tevatron comes from the
analysis of DO which looked for the R-parity violating processes dit — fi or dd — v, which occur if
Aoy # 0, followed by the decay of the slepton via the R-parity conserving processes fi — )2(1)727374 14
or v, — )ng p [105]. The neutralinos and charginos produced in these processes cascade decay
down to the ! (the assumed lightest supersymmetric particle, or LSP) which decays via a virtual
smuon, muon-sneutrino, or squark though the R-parity violating \,,, coupling again into a muon
and two jets, giving 2 muons in the final state. The bound on the value of A}, from this analysis
depends in a complicated manner on all the masses of the particles involved in the processes. If one
uses a minimal supergravity (mSUGRA) framework [106] with tan 3 =5, u < 0, and Ag = 0, then
the 95% bound is Ay, < 0.1 assuming M; = 363 GeV [105]. A similar bound would result from
Eq. (5.124) if M; = 460 GeV. However, since squarks are generically much heavier than sleptons
[106], the existing DO bound is effectively stronger than the potential bound from |£] < &.

5.5 Extended Higgs Models

Most models, including the Standard Model (SM) and its various extensions, possess Higgs sectors
which distinguish among the different generation fermions. The models discussed in section 5.2 are
necessarily so, and so are the Zee [75] and Babu-Zee [76] models of neutrino mass, as well as various
triplet Higgs models [107]. As representative cases, we consider the effect of the singlet Higgs in the
Zee and Babu-Zee models, and that of a triplet Higgs with hypercharge Y = +1 (Qem = I3+ Y).
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Figure 5.16: Diagrams which generate the Majorana masses and mixings of the neutrino in the (a) Zee [75] and (b)
Babu-Zee [76] models.

5.5.1 Singlet Higgs in the Zee and Babu-Zee Models

In the Zee [75] and Babu-Zee [76] models, an isosinglet scalar h™ with hypercharge Y = +1 is
introduced, which couples to left-handed lepton doublets as

Ly = Ay (03, Cioa by ) W+ hee. = Ay (5 o2l ) KT+ hec. (5.125)

where (ab) are flavor indices: a,b = e, u, 7. The hypercharge assignment prohibits the h* fields
from having a similar interaction with the quarks. Due to SU(2) gauge invariance, the couplings
Aap are antisymmetric: Ay, = —Ape. This interaction is analogous to the R-parity violating LLE
coupling with h* playing the role of the slepton.

In the Zee model [75], in addition to the h*, two or more SU(2) doublets ¢, (a =1,2,---) with
hypercharge Y = —1 are introduced which couple to the h* via

2
£¢¢h = Mag (¢2 iTQ ¢,3) h+ + h.c. y (5126)

and to the fermions in the usual fashion. The couplings M,g are antisymmetric, just like Ay,
which necessitates the introduction of more than one doublet. In this model, Majorana masses and
mixings of the neutrinos are generated at one-loop as shown in Fig. 5.16a. The extra doublets can
also contribute to neutrino oscillation depending on their Yukawa couplings to the leptons, but we
will assume that their effect is negligible compared to that of the h*.

In the Babu-Zee model [76], in addition to the h*, another isosinglet scalar k**+ with hypercharge
Y = +2 is introduced which couples to the right-handed leptons and h* via

Ly = Ny (€Spepp) kPt = MhthTE™ + hee., (5.127)

where A, = A,,. In this model, Majorana masses and mixings of the neutrinos are generated at
the two-loop level as shown in Fig. 5.16b. In this case, the extra scalar, k£, does not contribute to
neutrino oscillation.

Expanding Eq. (5.125), we obtain

L= 2Ny (Vopy— VMTLGL) + Xer (Ve — Ve ) + Aur (VHTLTL —vepy ) | AT+ he (5.128)
Keeping only the terms that are relevant for neutrino oscillation matter effects, we have
=2 (AepVipep + Aer v ep ) BT + hec. (5.129)
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Figure 5.17: Contribution to neutrino oscillation matter effects from a singly-charged Higgs in the Zee, Babu-Zee,
and Y =1 Triplet Higgs models.

The corresponding Feynman diagram is shown in Fig. 5.17.
Calculations similar to those for the S; leptoquark yield

v Pl R (5.130)
Z Mo My
and VoV (Menl? = s |2) /M2 1 S\2
e = Ve Vo (Dl =D P/ _(_h) , (5.131)
Voo (g/ My )? V2Gr \ Mj;

where we have defined 0A} = |A\.u|2 — |Aer|?. The dependence of &, on the h* mass is plotted in

Fig. 5.14 for the case 1/dA? = 0.5, where we have assumed 6A? > 0. The bound [¢] < & = 0.005
translates into

2
%5 < V2Gr& = (82 x107%)GeV 2, (5.132)
or
077 ]
— L0~ 16X2] x (3500 GeV) . 5.133
NoTeR LRARS ) ( )

This result is represented graphically in Fig. 5.15. The region of the (Mj, y/|0A?|) parameter space
below the constructed line would be excluded.

A constraint on the exact same combination of the couplings and mass of the h* as above
exists from 7 decay data: The measured value of the 7= — v.e” 1, branching fraction imposes the
constraint [108]

o
M;;
which is clearly stronger than Eq. (5.132).

< (3.4 x107®%) GeV ™2, (5.134)

5.5.2 Triplet Higgs with Y = +1

We denote the components of an isotriplet Higgs with hypercharge ¥ = +1 as

AT+
AT | (5.135)
AO
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It is customary to write this in 2 x 2 matrix form:

A = %[AO <01_T2MQ>+A+03+N+ (&ﬂwz)} _ [NA/O\@ _AA:;@ . (5.136)

The coupling of A to the leptons is then
La = V2N, (65,Cioy Aly;) + he. = V2N (65 i02 Al ) + hec. (5.137)

This time, the couplings are symmetric in the flavor indices X, = A, , and the factor of /2 is

ba>
thrown in for latter convenience. Expanding out, we find

La = Au [\/5 (’/aTLVbL) A — (VaTLebL + BZ_LVbL) AT -2 (%ebL) A++] + h.c. (5.138)
and the terms relevant to neutrino oscillation in matter are:
=2 (Mo vi e+ A, viep+ A, ve e ) AT + hee. (5.139)

Of these, the A, term does not affect £, while the other terms are precisely the same as those listed
in Eq. (5.129). So without further calculations, we can conclude that all the results of the previous
subsection apply in this case also.
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Chapter 6

Summary

We have considered several neutrino experiments and analyzed the constraints they can impose on
various models of new physics. In the last chapter we summarize our results.

6.1 NuTeV

We considered several explanations of the NuTeV anomaly suggested in the literature: gauged
L, — L;, gauged B — 3L, and Sy, S3, V1, and V3 leptoquark models. We found that the L, — L.
model cannot explain NuTeV and be consistent with the most recent LEP data at the same time.
The B — 3L, model cannot explain the NuTeV anomaly at all because in this model the value of
g2 is larger than the SM prediction while NuTeV observed the suppression of this parameter with
respect to its SM value. The same can be said of the Sj, Vj leptoquark models, and the SU(2)
triplet 53 leptoquark model with degenerate masses. In all these models g% acquires a positive
rather than a negative shift with respect to its SM value. The mass-degenerate Vs leptoquark shifts
the value of g% in the negative direction. However, the size of the shift needed to explain the NuTeV
anomaly requires the value of the mass-to-coupling ratio which is incompatible with the measured
value of R,. . .

However, we found that the S3 and V3 leptoquark models with the mass-non-degenerate com-
ponents of the SU(2) triplet are capable of explaining the NuTeV anomaly. In these models, the
parameter g7 acquires a negative shift and the size of this shift can be adjusted to the value needed
to explain NuTeV without contradicting experimental data.

6.2 Neutrissimo Lifetime

Neutrissimo models presented in Chapter 3 were also suggested as potential candidates for explain-
ing the NuTeV anomaly [5, 6]. The models of this type are still phenomenologically viable and
predict the existence of the mostly-right-handed heavy Majorana neutrino states, called neutris-
simos, which have their masses in a few TeV range. The values of the masses suggest that these
particles can be produced at the LHC energies. Thus, in Chapter 3, we addressed the question of
whether or not these states can actually be observed at the LHC. We calculated the mass spectrum,
decay widths and lifetimes of the neutrissimos that appear in the model proposed by Okamura et al.
in Ref. [5]. We mapped the parameter space of the Okamura model to the interior of a unit circle,
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and represented the results of our calculations as density-contour plots over it. We showed that for
the phenomenologically viable region of the model’s parameter space, the neutrissimos have masses
of a few TeV, and are short-lived with the typical lifetimes from 1072% to 10724 seconds. Assuming
that the particles are non-relativistic, the maximum distance they can travel from their production
points before decay is in the range of 1077 to 107! meters. Therefore, if produced at colliders
they will decay inside the detector. At the same time, the decay widths are very small comparing
to the masses. The typical width-to-mass ratio is in the range of 0.1 to 3 percent. Therefore, the
invariant mass spectrum of the decay products can be expected to show a very narrow peak.

Since the neutrissimo is a Majorana particle, the signature of its production at the LHC would
involve lepton number violation, e.g., the production of like-sign leptons. Our analysis showed that
if the neutrissimo mass is smaller than around 150 GeV than it can be seen at the LHC. If it is
heavier that 150 GeV that the number of expected events is too small to lead to an observable
event rate. This suggests that we should also try to look for the signatures of these particles in
some other experiments involving neutrinos. One such experiment, called NuSOnG, was considered
by us in Chapter 4.

6.3 NuSOnG

NuSOnG is an experiment which can search for new physics from keV through TeV energy scales.
This thesis has focused mainly on the Terascale physics which can be accessed through this new
high statistics neutrino scattering experiment.

We considered several models of new physics which NuSOnG will be able to constrain. The
models we considered are: the neutrissimo models, generation distinguishing Z’ models, such as
gauged B — 3L, and gauged L. — L, models, extended Higgs models, R-parity violating SUSY
models and various types of generation non-diagonal leptoquarks.

We found that NuSOnG’s improved measurement of g7 would substantially improve the con-
straints on ¢, and e, the parameters which deviation from unity would signal a violation of the
lepton universality. The deviation of these parameters from unity is an intrinsic feature of the
neutrissimo models, considered in chapter 3. Thus, if NuSOnG does not see the signature of the
neutrissimos it would be able to put constraints on this type of new physics models or, conversely,
if the neutrissimos exist NuSOnG would see the suppression of the number of the neutral current
events in the quark-neutrino scattering with respect to the number predicted by the SM!.

We saw that the NuSOnG potential lower bound on the mass-to-coupling ratio of the Z" appear-
ing in the gauged B — 3L, model is comparable and complementary to the existing bound from
DO0. On the other hand, the NuSOnG lower bound on the mass-to-coupling ratio of the Z’ of the
L. — L, model is found to be weaker that the existing bound from LEP/LEP2 measurements, so
NuSOnG will not be able to improve this particular bound.
 The R-parity violating interactions that NuSOnG is able to constrain come from the LLE and
LQD parts of the R-parity violating MSSM Lagrangian. In the LLE case the NuSOnG potential
bounds on the couplings are slightly better than currently existing bounds. In the LQD case the
NuSOnG potential bounds on the couplings are either competitive with currently existing bounds
or by a factor of 3 or 5 stronger. The result of our analysis is summarized in Table 4.3 of Chapter 4.

IThis would be exactly the same as the anomaly observed by the NuTeV experiment.
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’ Model H Stronger than existing bounds? \ Competitive with LHC? ‘

Gauged L. — L, and L. — L, No —
Gauged B — 3L, Yes Yes
Topcolor Assisted Technicolor No —
Leptoquarks Yes Yes*
R-parity violation No —
Zee, Babu-Zee, Triplet Higgs No —

Table 6.1: The result of our survey. The potential bound from the Fermilab—Hyper-Kamiokande experiment is
compared with existing bounds, and the expected bounds from the LHC. If the existing bound is already stronger,
no comparison with the LHC bound is made. *The leptoquark bound will be competitive with the LHC, provided

that \/|Crqll6A2,] = O(1).

We also considered several types of leptoquarks which can affect the result of the NuSOnG
experiment. We found that existing bounds on Sy, Sg, Vi, and V}, leptoquark couplings from
R, = B(r — ev)/B(m — pv) are already much stronger than potential bounds from NuSOnG.
However, these bounds can be circumvented for §3 and ‘7}) if the masses within the multiplets are
allowed to be non-degenerate.

For S,, S, Vs, and Vj leptoquarks the existing bounds are fairly weak and NuSOnG is able to
significantly improve them. If any of these particles exist, NuSOnG could see the shift in the value
of g%, but not in the value of g7. This would opposite to what was observed by NuTeV.

6.4 Fermilab—Hyper-Kamiokande

We also surveyed the potential constraints on various models of new physics which could be obtained
from a hypothetical Fermilab—Hyper-Kamiokande, or similar type of experiment. We saw that
the experiment of this type will be able to place constraints on the couplings and masses of new
particles that are exchanged between the neutrinos and matter fermions.

Table 6.1 summarizes our result. Of the models surveyed, the potential bound on gauged B—3L,
can be expected to be stronger than the expected bound from the LHC. Bounds on generation

non-diagonal leptoquarks can be competitive if |/|Crql|0A7,| = O(1). For these cases, neutrino

oscillation can be used as an independent check in the event that such new physics is discovered at
the LHC.

All the other models are already well constrained by existing experiments, either indirectly by
low-energy precision measurements, or by direct searches at colliders. Generically, the couplings
and masses of new particles that couple only to leptons are well constrained by lepton universality,
while their contribution to neutrino oscillation tend to be suppressed since they only interact with
the electrons in matter. This tends to render the existing bound stronger than the potential bound
from the Fermilab—Hyper-Kamiokande experiment.

Topcolor assisted technicolor, and R-parity violating LD couplings involve interactions with
the quarks in matter, but they too belong to the list of already well-constrained models. For the Z’
in topcolor assisted technicolor, the proton and electron contributions to neutrino oscillation cancel,
just as for the Standard Model Z, and the coupling is also fixed to a small value, which results
in a weak bound from the Fermilab—Hyper-Kamiokande experiment. For the LQD coupling,
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restriction to minimal supergravity provided an extra constraint which strengthened the existing
bound.

The fact that only a limited number of models (at least among those we surveyed) can be well
constrained by the Fermilab—Hyper-Kamiokande experiment means, conversely, that if a non-zero
effect? is observed in neutrino oscillation, the list of possible new physics that could lead to such an
effect is also limited. This could, in principle, help distinguish among possible new physics which
have the same type of signature (e.g. a leptoquark which may, or may not be generation diagonal)
at the LHC.

6.5 Future prospects

In addition to the projects presented in this thesis, I have calculated CP asymmetries in the neu-
trissimo and MSSM chargino decays to see if they can explain the matter-antimatter asymmetry
of the universe, and am also working on producing a list of possible interpretations of the W decay
anomaly. In the immediate future, I plan to continue analyzing data coming from different ele-
mentary particle experiments, especially those involving neutrinos: Borexino, MiniBooNE, LENS,
NuSOnG, just to name a few, and paying very close attention to the news from the LHC.

In the long term, I plan to continue doing my research in high energy physics. More data will
be available as time passes and more experiments will be performd. For example, the International
Linear Collider (ILC), if built, will provide us with another excellent opportunity to probe physics
beyond the SM. And I strongly believe that no matter how many secrets of Nature we reveal in the
future, there will always be things which puzzle us, things which are yet to be discovered, analyzed,
and explained.

2Non-zero ¢ in our notation.

112



Appendix A

Ratios of the neutral to charged current
events

In this Appendix, I will give a somewhat simplified version of the derivation of Egs. (2.1)-(2.2).
The derivation is based on the materials of the lecture presented by Prof. Takeuchi at the 1991
Nagoya Spring School on Dynamical Symmetry Breaking [109].

The amplitudes for the neutral current processes v, (k)u(p) — v, (K")u(p’) and 7,(k)u(p) —
U, (K u(p'), where p, p/, k, k' are the momenta of the particles, are given by:

Moy = %p[ﬂ(k’)’m(l — 75)U(k)} [ﬂ(p’){gh“(l —75) + gyt (1 + 75)}U(p)} (A1)

Moy = G—\/gp[ﬁ(/ﬂ)%(l - %)v(k’)] [ﬂ(p’){gzv“(l — ) + gyt (1 + 75)}U(p)] (A.2)

Neglecting the u-quark mass, we find

Mouenl? = 128G (912 (- K)* + (91 (0 - K] (A3)

Monl® = 128G302| (9120 )2 + (g2 (p - R)?]. (A4)
Similarly,

Muacaa® =128GH0?|(g)2(p - k)? + (98)2(p- F')?). (A5)

Migopa” =128 G3p? [(9%)2(19 k)2 + (98)°(p - k)Q] (A.6)

On the other hand, the amplitudes for the charged current processes v,(k)d(p) — p= (K")u(p’)
and v, (k)u(p) — pt(K')d(p') are given by

Mty = ZE [0l = 25)a0)] [a(37)2#(0 = 25)at0) (A7)
Morespea = 00,1 =)o) )21 = )], (A8)

113



from which we find

Myap—al* =128GE(p - k)*, (A.9)
Moupral” =128G%(p - K')2. (A.10)

If we denote the probability of finding a u-quark with momentum p inside the target as f,(p),
and the same for the d-quark as fy(p), then the contributions to the deep inelastic cross sections
from the scattering between v, or 7, with momentum £ and quarks with momentum p would be:

do(v,N — v, X) o p*[(98)*(p-k)* + (93)°(p - K')*] fu(p)dp
+ P2 [(91) (- k) + (gh)*(p - k)] falp)dp, (A.11)

do(r,N — 1, X) o< p* [(97)*(p- K')* + (95)*(p - k)] fu(p)dp

+ 0 [(90)* (- K)? + (98)* (0 - k)*] fa(p), dp (A12)
do(v,N — p=X) o< (p-k)*fa(p)dp, (A.13)
do(D,N — p*X) o< (p-K)*fu(p)dp. (A.14)

When the target is an isoscalar, it will contain the same number of u-quarks and d-quarks.
Therefore, we can expect

fu(p) = fa(p) = f(p).

Then,
do(v,N — v, X) o< gi(p-k)*f(p)dp + gi(p- K)?f(p)dp, (A.15)
do(p,N — 7,X) o< gi(p-K)*f(p)dp + gz(p - k)* [ (p)dp, (A.16)
do(v,N — p~X) o (p-k)*f(p)dp, (A.17)
do(7,N — p*X) o (p- k')’ f(p)dp, (A.18)

where
g = |0 + (0] (A.19)
gh = oo + (9. (A.20)

Egs. (A.15)-(A.18) imply

o, N =1, X) =gio(v,N — = X) + ggo (0N — p*X), (A.21)
o(v,N - 10,X) =gio(,N — p"X)+ gho(v,N — p=X), (A.22)
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or

R, =gi +rg3,

R, =y

=t
+
< |5
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Appendix B

Calculation of the W vertex corrections
in the L, — L model

In this Appendix we show how we calculate radiative corrections to the W vertex in the L, — L,
model. The corresponding Feynman diagram is shown in Fig. B.1. We consider only the situation
when W~ decays into the anti-neutrino and charged lepton of the second generation. For v, and 7
in the final state the consideration and the final result are exactly the same.

B.1 Matrix element

The relevant terms of the interaction Lagrangian are

9

£ile) = ol Py e)W o), (B.1)
Lo(y) = gxi(y)y" my)Xu(y), (B.2)
Ls(z) = gxVu(2)7" Prvu(2)X,(2). (B.3)

Applying Feynman rules to this process we obtain the expression for the amplitude

2
iM = % (pa) T Pro(pr)e, (ps). (B.4)
where ;
W:/dQVV A —" q.% ! - (B.5)
(2m)¢ " (¢4 p3)2+ie’ ¢*+ie ' (q+p1)? — M% +ie
The 4-momentum assignment is shown in Fig. B.1. d is the space-time dimension. Introducing
AP = p oty = 9 g 4 (4 — d)yH e (B.6)
we can write ; o
d AH 'y
v — / 4 _ (Gt Pa)wdy (B.7)
(2m)* ¢*(q + ps)*[(q + p1)* — M]
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Figure B.1: Correction to the W vertex due to the X exchange between the final state leptons.

Using Feynman’s formula

1

=/
dedydz §(x +y+ 2z —1 ;
¢*(q + p3)?[(q + p1)? / ) D3
where
D =z¢* +y(g+ps)’ + z[(q + p1) — MZ],
we write
1
XS :2/d:cdydz S(x+y+z—1)- A¥H B,“,,
0
where

B~ [ 0wt
wy (2m)d Dy

Next, we can expand D as
D= (x+y+2)+2(q yps + zp1) + yMy, — 2M5 = 1> — A,
where!

" =q" + yph + zpf,
A = My (v —y +yz + 20),

1'We used 2(p1,p3) = 2(p1,p2) = MZ,.
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B* becomes

g [ (" —yps — 2ph + ps) (" — yph — =) (B.16)
) @2n) (> = A)? ' '
Only even powers of [* give non-zero contributions. Thus,
v _ Al 1M+ (ypk + 2p8) (yps + 2pY) — p5 (yps + 2p%) B.17
=) e CEFNE ' (A7

Symmetry of the integral allows us to replace

1
Y —s < 2. g™

We can simplify the expression for I'* making use of Dirac equations:

u(pz2) Y2 =0, pv(p)=0. (B.18)

In order to do that we have to commute all po’s to the left-most and all p,’s to the right-most
positions. We also make use of the identity

VY Y = —(d = 2)7". (B.19)
The independent of [ part of the numerator Eq. (B.17) is
(ypsy + 2p1) (Yp3w + 2P10) — D3 (Yp3n + 2p1) = (Y — D1y + Do) + 201 [Y(01 + p2v) + 2p1,)]
= [pu(y +2 = 1)+ (v = Dp2ll(y + 2)p1w + yp2] = prupio(y + 2 = Dy + 2) + y(y — 1)p2upay

+p1p2y(y + 2 — 1) + (y — 1)(y + 2)pouprv-

The contribution of the first two term in the expression above vanishes when we take into account
Dirac equations (B.18). Thus,

!’ / ddl l// ’ ’ l//
AW B, = / (%)d[—% 7+ (4 = )yt

y G )d 4 prupoy(y + 2 — 1) + propow (y — 1)(y + 2)
(12— A)3

B / (jwl)d (2 —1A)3 {g [2(d = 2)7" = (4 = d)(d — 2)7"]

A=Ay +2—1) P =2 v aly — Dy + z)}

_ / dl y"P(d—2)%/d+[(4—dyly+2z-1) =2y — D(y + 2)] $" o
(2m)d (12— A)3 ’
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The second term in the numerator of the expression above gives a finite contribution to the total
integral. It does not need to be regularized by dimensional regularization, so we take d = 4 for this

term. Then
AR, = / dl_ 7l +2(1 = y)(y + 2) " o
m (2m)4 (2 —A)3 ’

where we introduced

r=(d—2)%/d. (B.20)
In py* Yo we can either commute p; to the right or ¥, to the left.
Y =% (29" = APt) = 29"y — P,

The first term in the expression above gives zero acting on v(p;). The second term is

— (29" = Py) "
And again the second term in the parenthesis gives zero acting on u(py). Thus

Yy’ — =29y,
or

py" B2 — —2(p1,p2)" = —MI%V’Y“-

Putting all together we find that

1

il rl?—2(1— M}
' = Q/dmdydz r+y+z— 1)/ o) L ((12 _y)iy); )My A =iFAy*, (B.21)
0
where .
, Al ri? —2(1 —y)(y + 2) M2
F = —22/dxdydz rz+y+z— 1)/ @i (([2 _)2)3 ) W (B.22)

0
The expressions for the matrix element (B.4) and its conjugated become

. 2
. ] _
iM = 99X G(py) Py  Pro(p)ea(ps), (B.23)
V2
. T ZggE(, *x U *
—iM' = - 0(p1) F*y" Pru(pa)e;, (ps)- (B.24)

NG
B.2 AT

We also have to consider the tree level process shown in Fig. B.2. The tree-level matrix element M,
can be obtained by considering the part of the interaction Lagrangian given by Eq. (B.1). Applying
standard Feynman rules we find that

iM, = i%a(pgwpw(pl)gu@g), (B.25)
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Figure B.2: The tree level W vertex.

and

M = —i%@(pl)”y“PLu(pg)au(pg). (B.26)

The 4-momentum assignment is clear from Fig. B.2. The matrix element M for the vertex correction
due to the X exchange was calculated in the previous section and given by Eq. (B.23). The total
matrix element is M, = M; + M. Squaring it and summing over the spins of the final state
particles we obtain to the leading order:

| Miot|* = |Mt|2 + MM, + MM/ (B.27)

We denote AT the correction to the W vertex due to the X exchange and I is the tree level W
decay width?. For two-body decay processes the phase space factor is just a constant which cancels
in the ratio AT'/T", so we do not have to worry about it. Up to the irrelevant constant factor

T~ | M2, AT ~ MM, + MM, (B.28)

and

AT MM, + MM!
— = bl (B.29)
r | M,|?

Calculation of |M;|?

Let us calculate | M;|? first. The tree level matrix element and its conjugated are given by Eqs. (B.25)
and (B.26).

2
VA g v *
|M,|* = 5 Tr (" Pr Yo" Pr) Y eu(ps)e;(ps)

pol’s

_ 92 T U1~V bp P3uPsv
- 5 r (ry Y 7#27 L) p1u1p2,u2 _g/,u/ + M2 5
w

because

. P33
> culpa)es(ps) = —gu + (B.30)
w

pol’s

21t should not be confused with the I" we used in the previous section. From now on I is the tree level W decay width.
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We know that
Tr (¥ yf2qt) = 4(ghrght — ghizgh + ghiitgh?Y) (B.31)

Tr (i yH2qtays) = —diettHek, (B.32)

el1vrE2l term does not contribute to the final result because it is contracted with the symmetric
tensor given by the right-hand side of Eq. (B.30). So, we do not have to worry about it. Thus,

YA v v v P3uP3v
|M,J* = ¢? [plpg — (p1,2)9" +pr2] (—gWJr 2 )
w

1
=g {(p17p2> — 4(p1,p2) + (p1,p2) — M2 2(p2, p3)(p1,p3) — (p1;p2)p§]}
w
2 29°
= g°(p1.p2) + M—Q(p17p3)(p27p3)-
w

Using the conservation of the total 4-momentum and taking p? = p2 = 0 we find

(p1,p3) = (p1,p1 + p2) = P + (p1,p2) = (p1,p2),

(P2, p3) = (P2, 01 + p2) = D5 + (p1,p2) = (P1,D2)-
To find (p1, p2) we consider

p3 = Mp = (p1 +p2)® = pi + p3 + 2(p1, p2).

Therefore,
M2
(p1,p2) = —QW' (B.33)

The square of the matrix element becomes

’MP _ gz(phm) ll +2(p1,pg)} :

Mg,
or, using Eq. (B.33), we can rewrite it as

M| = g° Mg, (B.34)

Calculation of g

The matrix elements M and M, are given by Eqgs. (B.23) and (B.25), respectively. It is not difficult

to see that the calculation of MTM, + MM, are very similar to the calculation of [M]2. We can
immediately write down the result

MiM, = g*g5xFMj,, (B.35)
MM} = QM (5.36)
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and

MM, + MM = [M,2g%2Re F.

Finally,

AT
T = gx2Re F.

Therefore, we need to calculate Re F'.

B.3 Calculation of the real part of F

The expression for F' is given by Eq. (B.22). We can rewrite is as follows.

1

F=-2 /dmdydz S(x+y+z—1)[L — L M2l —y)(y+2)],

0

where

/ dl rl?
[1 = : )
(2m)® (I*—A)?

dl 1
L = /(2w)d'(z2—A)3’
(d—2)?
.

Using standard formulas we get?

_ D TE-2) (1T i ()
b= T ( )

A
Taking into account that ['(1) = 0! = 1 and I'(3) = 2! = 2 we obtain

1
2(4m)2 A
Similarly,

d
2

L= ((;rl));/zz ' grf(?) ;(:13)_ 8. (i)Q B Zg ' r((;r_)—d/g;) ' (%)23 '

Introducing a small parameter € satisfying d = 4 — 2¢ we find that
d
2_522_(2_6)267

and
(d—2)*=(2—2€)* =4(1 — €)* = 4(1 — 2¢).

3I"s in the expressions for the integrals I1 and I» stand for Gamma-functions, not the decay width.
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d

(B.37)

(B.38)

(B.39)

(B.40)

(B.41)

(B.42)
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Therefore

I = - D(€)(4m) A™(1 — 2¢). (B.44)

1
C(e) = P + O(e) , (B.45)
(47)¢ = e ™™ x 14 elndn + O(e) (B.46)
AT = e MBx 1 —clnA+O0(e), (B.47)
we find
7 1 A

I = e +1n47r 1DE —-2—74+0(¢| , (B.48)
where we introduced a mass scale parameter p. The final answer must be independent of this

parameter.

The expression for F' becomes

1

2 1 A L—yly+z) ;o
F = W/dxdydz d(x+y+z—1) {€+1H4W_IHE_Z_V+T'MW . (B.49)
0
Recall that A = M2, (y? — y + yz + 28), where § = M% /MZ,. Introducing integrals
1
(1—y)y +2)
= [dxdydz ¢ —1 B.
G /xyz (x+y+z >y2—y(1—z)—|—25 (B.50)
y)(y+2)
= [d
/y/ y—yl—z)+z§
1 1—y A 1 1—y
Gy, = /dy/dz lnmz/dy/dz In(y® —y + yz + 20) (B.51)
0 0 0 0
1 1—y
— [ay [ @ miy+ 9z -v1-v) (B.52)
0 0
and calculating
1 1-y 1 ]
/dxdydzd(x—l—y—l—z—l):/dy/dz:/dy(l—y):§, (B.53)
0 0 0

124



Figure B.3: The X contribution to the self-energy.

we rewrite our expression for F' as

1 (11 1, M2

We will not present here the details of calculations of the two dimensional integrals G; and G,.
The calculations are straightforward, though, a bit tedious. The result is

, ) 1 2
Gil—Go=1-0—(0+2)Ind — (1+6)* {ng (m) +§1n2(5—%} , (B.55)

where Liy is the Spence function defined in the main text by Eq. (2.34). Introducing parameter F
defined as

1
= - —~v+In4r, (B.56)
€

we obtain the following expression for the real part of F'

M, , ) 1.5 w2

(B.57)

Re ' =

1672

B.4 Contribution from the renormalization of the wave functions

Note that our Eq. (B.57) for Re F' contains a part which blows up in the limit ¢ — 0. To make it
finite we need to take into account contribution from the renormalization of the wave functions of
the final state fermions. In order to do that we need to calculate the X contribution to the fermion
self-energy. The corresponding Feynman diagram and our 4-momentum assignment are shown in
Fig. B.3.

The Lagrangian is

L=gx-(y0)-X,, (B.58)
where ¢ = {41, v, }. The contribution of the X to the fermion self-energy is
d’q id g
i\ = (igv)? | — . AH. LAY Hy
() = (i9x) /(27r)d 7 q? + i€ 7 (g —p)? — M% +ie

Using Eq. (B.19) we can rewrite it as
—i%(§) = g5 (d = 2)v"B,. (B.59)
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where

d'q q
B, = / : S . B.60
=) Gt Pl w0 (560
Feynman’s formula
1
1 1
= B.61
AB /dwa—i—(l—:c)B (B.61)
0
applied to B, gives
1
d'q ¢
B,= [d LR B.62
H / x/(Qﬂ-)d D ) ( 6 )
0
where (remember that p* = 0)
D=(1-2)¢+z[¢> —2(¢,p) —Mx]|=1F"—-A, A=zM;.
Thus X
d’q 1
B,= |dz- . B.
= Jomon [ o ay .
0
and —iX(§) becomes
/ d? 1
. q
S0 = a2 p farn [ (B.64)
0

We can use the following formula to perform d-dimensional integration

dlg 1 (D TE- INTE
/(QW)d (I2— A2 (4m)¥2)  T(2) (A) (dn)? (4m)°-T(e) - A7 (B.65)

[SI[o8

Expanding € dependent terms to the leading order in € and performing one-dimensional integration
over x we obtain

2 M?2 1
S(y) = _1%);, Iz [E—lnﬂ—‘;/—lné—i} : (B.66)

where F is defined by Eq. (B.56).

B.5 Putting all together

The self-energy corrections change the propagator of the external fermion. For massless fermions
the propagator becomes

? )
where

Zo=1+ Lo =1+62, (B.67)
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The square of the matrix element acquires an extra contribution which is equal to
iM, (iM6 Zy)" + (iM6 Zy) (iMy)' = | My)? - 2Re 67, |

where M, is the tree level matrix element calculated above. The expression for AI'/T" becomes

AT
Thus, putting all together we find that
AT 9% 7 3 9 [+, o 1.5 w2
— =—"=-3-+90 0+ = |Ind+(140)° |Lis | ——= —In"y — — : B.69
T o {4++(+2>n—|—(+) (175) tan G (B.69)
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Appendix C

Minimum y? fit in the L, — L; model

In this Appendix we explain how we made the minimum x? fit in the L, — L, model the result of

which we used in section 2.2.5.

The values of the p parameter and sin?fy = s? are shifted by the SM correction and by the
corrections specific to the L, — L, model. We denote the SM corrections to the tree level values of
the p parameter and s* by dpsy and ds3y;, respectively. We also denote the corresponding L, — L,

model corrections to p and s by dp and §s%.
The effective Z couplings are!

1 1
e : gev=\/ﬁ(—§+283>, gi;:\/ﬁ(—§>,

1 1
K 9\6:\/5(_§+233)(1+5v)+5% gﬁz\/ﬁ<—§)(1+(5\/),

- 253> (1+0y)—6m, g1=+/p (_%) (1+6y)

N | —

rooa=vi(-

for charged leptons and

v, 1 v 1
Ve gVe :\/ﬁ(—'_E) ) gAe :\/ﬁ(—’_é) )

) 1 5 ., 1 5
o R P N N R CE IR SR

Onm

v, g;r:ﬁ'(%).(uav)—?, gj;:ﬁ(%).(uav)—é—.

s? is the corrected value of the sin® fy,. The V/p and s2 are
1 1
VP = V1+dpsm+dp= 1+§5PSM+§5Pa

sT = §°+8s§y + 05

*

1See Egs. (2.50) through (2.55).
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The result of plugging these expressions in Eq. (C.1) should be equal to the experimentally measured
value of gy

1 1 1
[Py = (1 + §5PSM + §5p) <—§ + 258 + 2855y + 2652>

1 2052 1 1 205>
= (—§+282) 1+ % (1+§5PSM> L+ 50p+ —4——

—Z 49252 —— + 252
. 1 20s?
= [gvlp | 1+ §5P+ I ;
_ +282
where

1 1 2052
o7l = (—5 +2°) [ 14 Jomne+ 2
2 2 I
—5 =+ 25

is the SM prediction for ¢f, which includes one-loop corrections. We calculate the values of [¢{],p
using the ZFITTER program package. We can do analogous calculations for the effective couplings
of the other charged leptons. The result is

. . 1 205>
[0V ]eepy = [oV]ze [ 1+ 5510 1" (C.9)
— 4 282
2
e e 1
[gA]exp = [gA]ZF 1 + 5510 ) (ClO)
1 2052 )
[‘ge]exp = [gﬁ]ZF 1 + 5510 + 1 + 1 M + 5\/ 9 (Cl].)
——+2s2  —— 425
2 2
1
Galey = [9alzp (1 + 500+ 5v> : (C.12)
1 2052 )
——+252  —— 425
2 2
T T 1

Now, let us consider the effective couplings for the neutrinos. The LEP collaboration extracted
the value of ¢ = g1, from the measurement of the Z invisible width. So, ¢ is actually the average
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value of the effective neutrino couplings given by Eqs. (C.4)-(C.6). The value of this parameter is
cited in Table 2.2 of section 2.2.5. Thus, using Egs. (C.4)-(C.6) we find

ey = 1oy = V5 (+3) - 3 3+ 200).

Expanding the ,/p as in Eq. (C.7) and factoring out the SM contribution we obtain

1 2
[gZX]exp = [94lzp (1 + bl + 55\/) . (C.15)

Now we have everything at hand to construct the x? function. First of all, we introduce the
vector:

XT - (xl,IQ,I3,$47x5,I6,])7), (Cl6)
where " v
=0 T8 T (C.17)
0;

zt" are given by the functions of ds2, dp, dy, and §y; appearing on the right-hand sides of Egs. (C.9)-

(C.15) and x™ are the central values of the effective couplings appearing on the left-hand sides of
these equations. o; are the standard deviations of the experimental values®. We are treating xth
as true values.

The x? function is

i = —% - XTAX, (C.18)
where A is the matrix which can be found from the following relationship
<3§'Z’ : fl?j> = COV(.%?IP,Z';IP)/ (O'iO'j) =Tij = (Ail)l.j . (Clg)

ri; are the correlation coefficients. They can be found in Table 2.2. The matrix A is found to be

3.3484 23177 —0.8600 —0.6544  0.2527 —0.2924 —-0.0730
23177 26293 —-0.4817 —-0.3691  0.1719 -0.1696 —0.0359
—0.8600 —0.4817 1.5104 -0.2757 —-0.0278  0.4706 —0.0273
A= —-0.6544 —-0.3691 —-0.2757 1.3015 —-0.0321 —-0.0869  0.1035 |. (C.20)
0.2527  0.1719 -0.0278 —0.0321  1.0316  0.0899  0.0144
—0.2924 —0.1696  0.4706 —0.0869  0.0899  1.1571 —-0.0164
—0.0730 —0.0359 —-0.0273  0.1035 0.0144 —-0.0164  1.0091

The values of ds2, dp, dy, and &,y minimizing the x? function are listed in the second column of
Table 2.1.

To find the standard deviations and correlation coefficients we need to reinterpret the constructed
x? in terms of new variables (§; — £?), i =1,...,4, where

& =08 &=0p, &=20dy, & =0y, (C.21)

2The central values, standard deviations, and correlation coefficients are listed in Table 2.2. Our assignment for indices 7 and j can
also be seen from the table.
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and &) are the central values listed in the second column of Table 2.1. In terms of these new variable

the x? becomes
R
—5 2D (E=&) by (6 -€). (C.22)

i=1 j=1
Matrix B is

2.38852 x 107 —550217. —122638. —1.44191 x 10°
—550217.  980177. 515371. —22792.3
—122638.  515371. 2.71172 x 10° —89745.8

—1.44191 x 106 —22792.3 —89745.8  1.21361 x 10°

(C.23)

Inverse of this matrix is the variance-covariance matrix for ds2, dp, oy, and Jy;:

0.45809 - 10~"  0.27716- 1077 —0.13807 - 107% 0.54845- 107"

0.27716 - 1077 0.11503 - 107° —0.21609 - 107% 0.38554 - 107
—0.13807-107® —0.21609-107%  0.41059-107% 0.24664 -10~7 |~

0.54845-1077  0.38554-107"  0.24664 - 10~" 0.89170 - 10~°

B = (C.24)

and the correlation matrix is

1 012074 —0.01007 0.27136
0.12074 1 031443 0.03807
Corr =" 01007 —0.31443 1 0.04076 | (C.25)

0.27136  0.03807  0.04076 1

Thus, the central values of §s2, dp, dy, and &y; and the corresponding standard deviations are given
in Table 2.1, and the correlation coefficients are listed in Eq. (C.25). The combination has a x?/dof
of 5.10/3.
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Appendix D

Calculation of the neutrissimo lifetime

In this Appendix we calculate the 2-body decay widths of the neutrissimo for all three decay
channels: N —-n+ 2, N -1+ W, N —n+h.

Only the first term of the Lagrangian given by Eq. (3.28) is relevant for these processes. This term

18
9

~ 2cos Oy

[ (Ajiy"PL — (A7) " Pr) Ni] Z,. (D.1)
We find it convenient to introduce the following notation:

ji g Gi\*
= Scosty (47) (D:2)

Then, the interaction Lagrangian becomes
L=n(a"v"P,—ay'Pr) NZ,, (D.3)

where we dropped indices ¢ and j. We will reintroduce them at the final stage of our calculations.
Feynman diagram corresponding to the process in question is the third diagram in Fig. 3.4. The
matrix element and its conjugated are

iM = ia"e,(k)un,(q)7v" Prun(p) — iae, (k)i (q)y" Prun (p), (D.4)
—iM" = —iaci (k)un(p)y” Prun(q) + ia* e (k)an(p)y” Prua(q), (D.5)

where p, ¢, and k are momenta of N, n, and Z, respectively. Squaring the matrix element and
summing over spins and polarizations of the final state particles we obtain

MPP = Y MM =|af (Z@(’f)@(’f))Z{Tr[ﬂn(Q)v“PLuN(p)ﬂN(p)v”PLun(q)]

spins, pol’s pol’s spins

— Tr[un ()" Prun (p)tun (p)y” Prun(q)] + Tr [, (q)v" Prun (p)un (p)y” Prun(q)]

—  Tr [tn ()" Prun(p)un(p)y” Prua(q)]} - (D.6)
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Now let us make use of the following relationships:

Z un(p)un(p) = P+ M, (D.7)
Z un(q)un(q) = 4, (D.8)
Sk k) = =g+ L, (0.9)

where M and My are the neutrissimo and Z boson masses, respectively!. The masses of the light
neutrinos n are negligibly small.
Now we can write

Tr [u,(q)7" Prrun (p)un(p)Y" Prrun(q)] = Tr{dy"Prr (¥ + M)~y Pr gl
=Tr[Prr V' Prr (P+M)'] = Trlfy"PrpPri($+M)y"] =0 (D.10)

Thus, we see that the second and the third terms in Eq. (D.6) are equal to zero.

_ Kk,
ISP = T [P 5+ 002" Pu P+ 00) 7P (2 — g )
Z
Kk, .
= af? ( VE —gw> Tr [ $"], (D.11)
Z
because P;, + Pr = 1.
. 5 [ kuky o Bov
|M|* = |al Az I dapp It (7 YEA ) (D.12)
Z
Tr (Y*9"y7y") = 4 (g™ — g*7g" + g™ g™) . (D.13)
|/ k k” v v v
|M? = W(;&z —gw>4(Q“p — (0, 99" +¢"p")
Z

4la)? [Uﬁq)(km) — (0, Ok + (k, q)(k, p)

M2 — (p,q) +4(p. q) — (p, Q)} , (D.14)

where we used ¢""g,, = 4.

2(1{:7 Q)(k7p) _ <p7 q)M%
M3

2(k, q)(k,p) + (p, q) M3
M3 '

NP = | +200.0)

= 4af?

(D.15)

1The neutrissimo mass M should not be confused with our notation for the matrix element. We hope that the distinction between
them is self-obvious.
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Let us now find the scalar products in the expression above. Note that

p'= M= (g+k)? ="+ K+ 2(k,q) = Mz + 2(k, q).

Therefore,
M? — M2
(k,q) = TZ (D.16)
Using the conservation of the total momentum we can write
(p.a) = (a+k,q) = ¢ + (k. q).
This means that ) )
M — M
(p,q) = TZ (D.17)
Similarly,
M2 _ M2 M2 M2
(k,p) = (kop+ ) = (k) + 12 = = —Z 4 Mg = =22
Using these results we can rewrite Eq. (D.15) as follows.
_ M2 _ M2
[M? = dla =55 (M +2M5)
Z
or, finally,
_ M4 M2 M2
|M|? = 2|a\2@ ( - Vg) (1 - 2M§) : (D.18)

Only the second and the third terms of the Lagrangian given by Eq. (3.28) are relevant for these
processes. They are

9 (7.gii — 9 (e (piiyt
L=75 (6;B" Y PLN:) W, — NG (€5 (B")" A" PrN;) Wr. (D.19)
Recall that
l = / _dk > [bi(k) s (k)™ + dq(k)v,(k)e "] (D.20)
(27T)3 2EE - s s $ S ) .
P o= [ b 3 e e Da)
(2m)3 2E; - B 3 8 s : :
We find it convenient to introduce the following notation:
b= =B D.22
NG (D.22)
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e Let us consider the process N; — ¢ + W~ generated by the second term of the Lagrangian
(D.19). The corresponding Feynman diagram is the second diagram in Fig. 3.4. The La-
grangian is

L =—b* (I*4"PrN) W, (D.23)

where we dropped the indices ¢ and j. We will reinstate them in the very end of our calcula-
tions.

The matrix element and its conjugated are

’LM = —ib*ﬁu(l{)ﬂl(q)"y“PRUN(p), (D24)
—iM" = dbe (k)an(p)y” Pru(q), (D.25)

where p, ¢, and k are momenta of the neutrissimo, lepton, and W boson, respectively.

. Kk, )
|M|2 = |b|2 < ]MWQ _guu) Tr (g Pr (¥ + M)~"Pr|. (D.26)
Z
Note that
Gops Tr (Y*7*979"75) ~ qappe™™. (D.27)

The antisymmetric tensor is contracted with the symmetric tensor (k,k,)/M% — . The
resulting combination is obviously zero. Thus, we only have to consider

M2_|b|2 kaV a B v\ _ 2
M| = - Az o daps T (Y9277") = 2|b]

Kk,
M3

— gw> (¢"p” — (0, Q)g"" + ¢"p"),
(D.28)

where we make use of Eq. (D.13). But we already calculated a similar combination in part D.1.
Thus, we can easily write down the result which is

. M* M3, M3
|M|* = |b|2M—V2V ( — W”g) (1 + 2%) : (D.29)

e The process N; — ¢~ + W™ generated by the first term of the Lagrangian (D.19) corresponds
to the first Feynman diagram in Fig. 3.4. The Lagrangian is

L=b('PLN)W, . (D.30)
It is not difficult to see that in this case calculations are exactly the same as in the N; —
(* + W~ case. We will not repeat them here. It should be clear that the final result for |M|?
is given by the same Eq. (D.29).
Only the last term of the Lagrangian given by Eq. (3.28) is relevant for this process. It is
c:_nJcMwi+Qﬂ%ang; (D.31)
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The corresponding Feynman diagram is the last diagram shown in Fig. 3.4. Dropping indices ¢ and
j, we find that the matrix element for this process and its conjugated are

iM = —iun(q) (CPy + C*Pr) un(p), (D.32)
—iM" = iuy(p) (C*Pp 4 CPg) un(q). (D.33)
Therefore,
|M|* = Tr[(§+ M)(C*Pr+ CPp) f(CPr, + C*Pg)]
|CPAT[($ + M) ¢Pr] + Te[($+ M) ¢Pg]} = |C] Te (¥ ) (D.34)
41CP*(p, q). (D.35)

Using the conservation of the total 4-momentum we can write

M?* —m?

TR (D.36)

(p,q) =

which is analogous to the result given by Eq. (D.17). Thus, finally, we can rewrite the expression
for the square of the matrix element as

M| = 2|C]2(M? — m2). (D.37)

D.4 Integration over the phase space

Now we need to calculate phase space factors associated with the processes we have just considered.
We consider a general case when N with the 4-momentum p decays into a two-particle state. One
particle in the final state is assumed to be massive with the 4-momentum k and the other is assumed
to be massless and with the 4-momentum ¢. The final formula will be applicable to all processes
we considered above.

The differential decay width is

BF Bk
2F;(2m)3 2E5(2m)3”

_ 1 1 712 4¢4
— 3 PN S g - k)

(D.38)

where s = 1/2 is the spin of the neutrissimo, E, F;, and E, and the energies of the neutrissimo,
massless and massive particles, respectively. At the rest frame of the neutrissimo £ = M. Thus,

1 |M)?2 1 A Bg Pk
ar=--—-—-6p—q—Fk) — - —. D.
TR Ay ey - (D-39)
Now we have to integrate over all possible ¢ and k. Tn order to do that let us consider
d3“ Bk a3q
D= [ M —E, — E) - : D.4
/ i B B / A ), (5-40)
Note that
d*q = |q)d|q)d, (D.41)
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where dS) is the element of the solid angle. By examining Eqgs. (D.18), (D.29), and (D.37) we
can easily convince ourselves that |M|*’s do not have any angular dependence in the case we are
interested in. Thus, the solid angle part can be integrated out giving us an extra factor of 4.

At the rest frame of the neutrissimo ¢+ k = 0 which means that |7] = |k|. Then

—|q* =0, By—|q*=m?
where m = { My, My, my,} depending on the decay channel. Differentiating these equations we get
2F,\dE, = 2FydE> = 2|q|d|q],
or

d d

Therefore,

Ey+ E,

B+ Be) = (g + ) 10 = Z 2 i

This means that
E\Ey  d(Ey+ Es)

d|q] = . D.42
=g o (D42
We will see below that |7] is a constant. Thus, we can write
q1? BBy,  d(E) + Es)
=4 )M — (E,+ E . ) :
7T/ ! 2)] E\Ey Ey+ Ey |4
" trlg
7|q
D=——. D.43
i (D.43)
Now we can calculate the total decay width.
1 1 ,_, 1 1_ [|M? 1 4n|g
= [dl == - —|M|? -D =
/ > o ™M 1P T oniamE
N 1P
M
TS |q] (D.44)
What is |q]? Using the conservation of the total 4-momentum we find that
M2 _ m2
(p,q) = 9

which is analogous to the result given by Eq. (D.17). On the other hand, at the rest frame of the
neutrissimo

(p7Q) =ME, = M|(ﬂ>
where we used Ef — |q]> = 0. Thus,

-5 (1-17). (D.15)
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The total decay width becomes

|M|2 m2

Now we can put our results together. Using our formulas for |M|*’s given by Egs. (D.18), (D.29),
and (D.37) and Eq. (D.46) we find the expressions for the decay widths

la*  M? MZ\*® M7
(N —nZ) = .2 (1 _22) (1492
(N =n2) = J6z 32 m2) \C )
b2 M3 M2\ M2
I'(N - (TW~) = I'(N —+=|—-—-1——W-12—W
(N — (TW™) (N — (W) T MI%/( e + 7z )
|2 2\ 2
[(N — nh) = %-M(l—%) . (D.47)
Recall that g g
= A*, b=—=B.
T ScosOy V2
Therefore,
2| A]2 3 2\ 2 2
94| M M M3
I'(NV Z) = : 1= =2 1492°Z2
(V' = nZ) 64w cos? Oy, M2 M? e )
2B M3 M2\ 2 M2
DV — W) = T(N = ety = CBE M0y My™ () My
(N = £W7) = TV = W) G4r M3, M? e )
2 2\ 2
T(N —nh) = %-M(l—%) . (D.48)

Now, making use of the well-known relationships

Mw

— 2= V2Gp - AM?E
MZ7 g \/_ F W

cos Oy =

and reinstating the indices ¢ and j we obtain the expressions for the decay widths given by Eq. (3.31).
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Appendix E

Errors on the effective couplings in the
NuSOnG analysis

In this Appendix we show how measurements of o(v, e) and o(7, e) translate into constraints on
ve and ¢'f°. From Eq. (4.6), we find

00y, 297 + gx° S+ gV +29%° e
e (977 + g + () 77 (90 gt +(95)7
Ov e 29\/ — gA ve gV — 29
= ve ve gv — ve ve ,ve ve g : (E1>
Ovze (9v°)* — g7 g + (9%°)? v (9v°)* — gvtg + (9%)? i
To simplify the notation, let us make the replacements g;© — V', and ¢%4° — A. Then,
00y, 2V+ A V +2A
£ o= ) 0A
G <V2+VA+A2> V+(V2+VA+A2) ’
Yopm® 2V - A V —2A
— = oV — 0A . E.2
e (- () -
Inverting this relation, we find
P (V2+VA+ A (V —24) d0y,. N (V2—VA+ A?)(V +2A) 005
4(V2 — A?) Tpe 4(V2 — A?) Ovre
SA — (V2+VA+ A2V — A) d0y,. B (V2—VA+A?)(2V + A) 005 (E3)
B 4(V2 — A?) Type 4(V2 — A?) Ovre .

To simplify the notation further, let us write the fractional errors of 0, . and oy as €,. and €,
respectively. Assuming that the measurements of 0, . and oy, are uncorrelated (for the sake of
simplicity), we find

(V2+ VA4 AD2(V —24)2 , (VE—VA+ A**(V +2A)?

— 2
(0VoVy = 16(V2 — A2)2 €ve T 16(V2 — A2)? €ve 5
2 2\2 . 2 2 2\2 2
(DAGA) — (VZ2+VA+ A% (2V — A) 2 (V2 =VA+ A2V + A) e
16(V2 — A2)2 16(V2 — A2)2
(VZ+VA+ AV —24)2V — A) ,
Ay =

(ovod) 16(V2 — A2)2 Cve
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(V2—VA+ AV +24)2V + A) ,

- 16(V2 — A2)? e -
(E.4)
Therefore, the errors of V' and A are
AV (V2+ VA4 A2 (V—2A)2 (V2-VA+ AV 4 2A)
= € 4
16(V?2 — A2)? ve 16(V2 — A2)? e
2 2 A2 2 _ 212 2
AA — (V2+VA+ A??2(2V — A) 62+(V VA4 A%)?(2V + A) 2
16 V2 A2)2 ve 16<V2 _ A2)2
(E.5)
and the correlation coefficient between them is
Corr(V, A)
_ 1 2 N21/ _ 2
16(V2 = A2)°AV AA (VE+VA+ AV —2A)(2V — A)es,
—(VE—VA+ AV +24)(2V + A)e2,
(E.6)
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