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Synopsis

Introduction and Motivation

Neutrino oscillations have clearly estabilished the fact that at least two out of three active
neutrinos are massive. The immediate question one can then ask is, are neutrinos Majo-
rana or Dirac particles? Lepton number conservation (LNC) would imply that neutrinos
are Dirac particles, but there is no reason to have LNC as it is not a fundamental quantity
like electric charge. From theorist’s point of view, almost all extensions of standard model
(SM) predict Majorana neutrinos. From experimental side, the most promising process
to explore Majorana nature of neutrino is neutrinoless double beta decay, which may be

feasible due to large sample of the decaying nuclei.

From neutrino oscillations and cosmological observations, we know that neutrino masses
are very small. In various seesaw models, the inclusion of SM singlet heavy right handed
neutrinos (sterile neutrinos)! to the Standard Model (SM) particle content is one of the
best motivated way to account for the observed neutrino masses and flavor mixing. The
modification of the charged and neutral currents from active-sterile mixing of the neutral
leptons can provide novel signatures which can be tested at the future collider experi-
ments. Sterile neutrino mass scale can lie in a wide range depending upon the models. In
particular, in low energy seesaw models sterile neutrinos may have masses between 100

MeV to few GeV. On the theoretical and phenomenological side as well, considerable

'We will be using the names sterile neutrinos or RHNs interchangeably.



effort has been made in proposing possible modes that could probe SM singlet Majorana
neutrinos in various mass ranges and constrain their mixing parameters. Search strategy
varies depending on the mass scale. For example, for the sterile neutrino mass of few GeV,
various three and four body LNV meson decays M, — 7€My and M| — Myt 6; M7
can be used as a probe to test their existence [2]. For mass range 100 GeV or beyond,
best way to search for these heavy neutrinos is at e*e™, ey, pp and pp colliders, as well
as in top quark and W-boson rare decays. For very heavy RHNs, the production cross
section of the RHNs decreases as the mass of RHN increases. But for very heavy RHN,
gauge boson produced from heavy neutrino decay is highly boosted, leading to a fatjet.
Hence, for very heavy RHN, even if the production cross section is small, using fatjet
technique, one can significantly reduce the SM background. One common problem with
the RHNs extensions of SM is that RHNs production is very small due to small mix-
ing angle. Hence, prospects of discovering RHNs at colliders greatly improve if RHN

production is independent of the mixing angle.

This thesis deals with three and four body LNV meson decays to search for Majorana
neutrinos in the mass range of few GeV, RHNs search of orders of 100 GeV through Lep-
toquark productions and very heavy RHNs search through fatjet signature. We describe

each of these studies in the following sections.

Favoured B. Decay modes to search for a Majorana neu-

trino

In this work [3], we propose a search for a few lepton-number violating (AL = 2) decay
modes of B, which can only be induced by Majorana neutrinos. We extend the SM to
include n right-handed SM singlets along with the three generation of left-handed SM
SU() doublets: Ly = (VaL gaL)T, Nyk, where a=1,2,3 and b=1,2,3,...n. In this

model, flavor eigenstates v,y can be written in terms of the mass eigenstates as, vp; =



Zizl UrmVimr + 23:724 Vem Ny, » with UUT + VVT = 1. In this work, we consider a
minimal scenario in which a single RH neutrino is added to the SM field content. We
take a phenomenological approach regarding the mass and mixing elements of the heavy
singlet neutrino, taking them to be free parameters, constrained only by experimental
observations. We denote by Vyn the mixing angle between the standard flavour neutrino

ve(f = e, u,7) and the heavy mass eigenstate N.

Since the lepton number violating modes are expected to be rare, when using meson
decay modes for these searches one expects CKM favoured modes to be the preferred
ones; B, — By is one such transition. In the proton-proton collisions at the Large Hadron
Collider, B, mesons are expected to be mainly produced through the gluon-gluon fusion
process gg¢ — B, + b + ¢. The expected number of B. mesons at LHC with /s =
13/14 TeV and luminosity 10 fb~! is O(10° — 10'%). With this large number of B,
events, along with the resonance enhancement of the Majorana neutrino mediating the
B, — E(s)f;fg 7" modes, one can hope to observe these rare modes, or, even their non-
observation can be used to obtain tight constraints on the mixing angles from upper limits
of the branching fractions. Using these modes we obtain exclusion curves for the mixing
angles which are tighter or compatible with results from earlier studies. However, we find
that the relatively suppressed mode B, — J/y/¢{{;n™ can provide even tighter constraints
on |V,n|%, IVMle, |VenVunl, and in a larger range of the heavy neutrino mass. Further,
exclusion regions for |V, yVrn|, [Vun Ven| can also be obtained for masses larger than those
accessible in tau decays. Upper limits on B (BLT — ntl ) can also result in stringent
exclusion curves for all the mixing elements, including that for [V-y|? in a mass range

where it 1S unconstrained thus far.



Constraints on Right Handed Gauge Boson Mass from

Lepton Number Violating Meson Decays

In this work [4], we analyze the three body lepton number violating (LNV) meson decays
M — t*¢"n~, that arise in a TeV scale Left Right Symmetry model (LRSM). The LRSM
is based on the gauge group SU(3), X SU(2)y X SU(2)g X U(1)p—r [5]. In addition to
the particle content of the Standard Model (SM), the model contains three right handed

Majorana neutrinos Ng, and the additional gauge bosons Wx and Z’.

Right handed Majorana neutrinos with mass in the hundreds of MeV-few GeV range can
be produced as an intermediate on mass shell state, resulting in a resonance enhance-
ment of the LNV meson decay rates. We follow a most generic approach taking into
account all the contributions arising from right handed, left handed currents as well as
their combinations. When calculating signal events we have taken care of the velocity of
the decaying meson and also the probability of RH neutrino to decay inside the detector.
The theoretical estimates of the number of events are functions of the mass parameters
My and Mywy,. Hence, equating the numerical upper limit on the number of events to
the theoretical expressions, results in constraints on Myy,, corresponding to specific My
values. Using this method we calculated the number of events for the LNV decay modes
M — {**n~ (My = B,D,D;,K) and derive constraints plausible on the mass of the
right handed charged gauge boson Wg by future searches at the ongoing NA62 and LHCb
experiments at CERN, the upcoming Belle II at SuperKEK, as well as at the proposed fu-
ture experiments, SHiP and FCC-ee. These bounds are complimentary to the limits from
same-sign dilepton search at the Large Hadron Collider (LHC). The very high intensity
of charmed mesons expected to be produced at SHiP will result in a far more stringent

bound, My, > 18.4 TeV (corresponding to My = 1.46 GeV), than the other existing

bounds from collider and neutrinoless double beta decay searches.



Probing Leptoquark and Heavy Neutrino at LHeC

In this work [6], we explore leptoquark (LQ) production and decay for the R, class of
models at the proposed Large Hadron electron Collider (LHeC), planned to operate with
150 GeV electron and 7 TeV proton beams. Leptoquarks (LQs) are hypothetical parti-
cles, which carry both lepton number and baryon number and couple directly to quarks
and leptons. In the Pati-Salam model, they emerge from the unification of quarks and
leptons [7]. Using the SM representation of quarks and leptons, all possible LQ states
can be classified, with six scalar and six vector LQ multiplets under the SM gauge group.
Among the different classes, the scalar LQ R, is interesting, as it is one of the multiplets
that allows for matter stability. Moreover, it also couples to right handed neutrinos (RH
neutrinos). The relevant Lagrangian is given by,

L = ~Yjdyel B2 + (YUpnns)ijdivi 8" + (Vexm2)ijay, NLRS + Zyd NLRS ' + e,
where the superscript of LQ fields denotes electric charge. For the RH neutrino, we adopt
a model independent framework as we are interested in frameworks that can lead to large

active- sterile mixing, so that the heavy neutrinos decay inside the detector.

At e”p colliders like LHeC, LQ can be resonantly produced and the production cross-
section is larger than that at LHC. One more advantage is that unlike seesaw models the
RH neutrino production through resonant LQ production does not depend on active-heavy
neutrino mixing angle. Hence, the RH neutrino production will be enhanced compared
to seesaw models. We analyse the collider signatures of a number of final states that can
originate from LQ decay into the standard model particles, as well as the final states that
originate from further decay of the heavy neutrinos produced from LQ: (1). e™p — ¢J,
(2). e p = jNi, N =» W', (3). e p— N3, — bW~, N3 - v~ W*. We consider
both leptonic and hadronic decays of W boson. We find that the final state {~ +n-jets (1 <

n < 2) has the largest discovery prospect, more than 50 with only few fb~! of data



to probe a LQ of mass 1.1 TeV, even with a generic set of cuts. The significance falls
sharply with increasing LQ mass. However, with 100 fb~! of data, a 5o discovery for
LQs of mass upto 1.4 TeV is still achieveable. Also for the same luminosity, final state
bt*1~ + n-jets (n > 2) + Fr, resulting from the cascade decay of the LQ to a 7 and right

handed neutrino, followed by further decays of 7 and the neutrino, is expected to yield a

rather large number of events (~ 180).

Probing right handed neutrinos at the LHeC and lep-

ton colliders using fat jet signatures

In this work [8], we explore the discovery prospect of a very heavy right handed neu-
trino in Type-I seesaw at the future collider experiments like LHeC and linear collider.
We consider the production of the heavy neutrino via the ¢ and s-channel processes and
its subsequent decays into the semi-leptonic final states. We specifically focus on the
scenario where the gauge boson produced from heavy neutrino decay is highly boosted,
leading to a fat-jet. For both of the colliders we consider the luminosity at 1000 fb~!. In

our analysis we consider the following things:

(1). We study the prospect of discovery of RHNs at LHeC considering the boosted objects
for the first time. In the LHeC we concentrate on the lepton number violating (LNV) and
lepton number conserving (LNC) channels to produce the RHN in association with a jet
(j1). Hence the RHN will decay into the dominant {W and the W will decay into a pair
of jets. The daughter W coming from the heavy RHN will be boosted and its hadronic
decay products, jets, of the W will be collimated such that they can form a fat jet (J).
Hence a signal sample of ¢ + j; + J can be studied thoroughly at this collider. We consider
two scenarios at the LHeC where the electron and proton beams will have 60 GeV and

7 (13.5) TeV energies where the center of mass energy becomes +/s = 1.3 (1.8) TeV.



(2). At the linear collider the leading production of the RHNs is occurring from the
t- channel process in association with a SM light neutrino (v). We consider the linear
collider at two different center of mass energies, such as /s = 1 TeV and +/s = 3 TeV
which can probe up to a high mass of the RHNs such as 900 GeV (at the 1 TeV linear
collider) and 2.9 TeV (at the 3 TeV linear collider) due to the almost constant cross section
for the Nv production. At this mass scale, the RHNs will be produced at rest, however,
the daughter particles can be sufficiently boosted. We consider N — {W,W — jj and
N — hv,h — bb modes at the linear collider where & is the SM Higgs boson. If the
RHN is sufficiently heavy, such the, My > 400 GeV, the W and 4 can be boosted because
My and M; << @ As a result W and /& will produce a fat jet (J) and a fat b jet
(Jp) respectively. Therefore the signal will be £ + J plus missing momentum and J;,
plus missing momentum in the W and 4 modes respectively at the linear collider. Hence
studying the signals and the backgrounds for each process we put the bounds in the mass-

mixing plane of the RHNs.

Conclusion

We propose several LNV B, decay modes to search for sterile neutrinos in the context
of sterile neutrino extension of SM. We also evaluate the LNV meson decays M| —
¢t~ within the framework of Left-Right Symmetric model. For both the above cases,
from non-observations of these decay modes, we put bound on mixing angle and My,
corresponding to specific My values. We also study the discovery prospect of R, class
of LQ model at LHeC. We study the production and its decay to different final states
including a lepton and a jet, a jet and a RHN and RHN and a top quark. We have also
explored the discovery prospect of a very heavy RHN at LHeC and linear collider. A
massive RHN can sufficiently boost the W and h, such that its hadronic decay modes can
form a fat jet. Therefore, we study e + ji + J and e + J + pisS, J,, + p* at the LHeC

and linear collider respectively.






Introduction

The SM is an outstanding theoretical framework of elementary particles. With the discov-
ery of Higgs boson-the last missing piece, the SM is now complete. Though the current
data so far indicates that this is the SM Higgs boson, further work is still needed to be
certain. Even if one consider this as the SM Higgs, the SM can not be the final theory,
as the SM predicts massless neutrinos, there is no viable dark matter candidate and it
can not explain the matter-antimatter asymmetry. There are also several other issues like
unification of forces, hierarchy, fine-tunning and naturalness problem which can not be
explained in SM. A number of beyond Standard Model (BSM) extensions (minimal su-
persymmetric standard model, large extra dimensions, seesaw models of neutrino mass
generation, leptoquarks, grand unified theories etc) have been proposed in the literature
to address some of these issues. All the BSM extensions includes new particles, hence to
experimentally verify a new model, one of the most advantageous paths might be to dis-
cover new states at various ongoing and future collider experiments. In this thesis, we are
mostly dealing with models which can explain the observed neutrino masses in presence
of heavy right-handed neutrinos' and how we can discover them from direct searches at

colliders, as well as through indirect searches from meson decays.

The discovery of neutrino oscillations [9-19] confirms the existence of at least two non-

vanishing neutrino mass-squared differences. So far, the solar and atmospheric mass

square differences Am%z, |Am%3| and the mixing angles 61>, 63 and 613 have been mea-

'We will be using the names sterile neutrinos, RH neutrino or RHNs interchangeably.
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10 Introduction

sured with reasonable accuracy [20]. On the other hand, the cosmological constraints on
the sum of light neutrino masses [21] guarantees the SM neutrino masses to be less than
O(eV). In principle, neutrino mass could be simply generated by addition of right-handed
(RH) neutrinos through the Higgs mechanism, but to get neutrino masses less than 1 eV,
the neutrino Yukawa coupling has to be extremely small ~ O (10‘12). Hence alternate
mechanisms for neutrino mass have been proposed. Among these the seesaw mecha-
nism [22-28] provides a natural explanation of the smallness of neutrino mass. The sim-
plest realization of the seesaw, the so-called type-I seesaw, requires the existence of a set
of heavy electroweak singlet (sterile) lepton number violating (LNV) Majorana fermions,
N. A typical scale for the Majorana mass my in grand unified theories (GUTs) [24] is of
the order of the GUT scale, but in general, in various other scenarios, sterile neutrinos can
lie in a wide range of masses. In particular, in low energy seesaw models [29-32] ster-
ile neutrinos may have mass between ~ 100 MeV to few GeV. eV sterile neutrinos have
also been invoked to explain the LSND [33,34], Miniboone [35-37] and reactor [38—40]
anomalies. A viable dark matter candidate is a KeV sterile neutrino [41-58]. Other as-
trophysical observations including supernovae explosions [59] permit sterile neutrinos
mixed with active ones. While cosmological/astrophysical constraints on sterile neutri-
nos are strong, they are model dependent and hence laboratory searches and constraints on
sterile neutrinos, particularly Majorana sterile neutrinos are rather important. On the theo-
retical and phenomenological side as well, considerable effort has been made in proposing
possible observables or modes that could probe SM singlet Majorana neutrinos in various
mass ranges and constrain their mixing parameters. Sterile neutrinos have been searched
for in the laboratory through peak searches in leptonic decays of pions and kaons [60].
The lepton spectrum would show a monochromatic line at a lower energy in presence of
a heavy neutrino. These have provided tight constraints on the mixing angle of the sterile
neutrino with the active ones.

One of the promising processes to explore Majorana neutrinos is through neutrinoless

double beta decay which may be experimentally feasible due to the large samples of the
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decaying nuclei, however, on the theoretical side this involves large uncertainties coming
from the nuclear matrix elements making it harder to extract information on neutrino prop-
erties. The rare LNV meson and tau decays can be more accurately evaluated [2,61-63]
and although their decay rates may be extremely small, they may be accessible with cur-
rent and future high luminosity machines. In the last decade or so, many experimen-
tal collaborations, CLEO [64—-66], FOCUS [67], BaBar [68], Belle and more recently
LHCDb [69], have searched for such LNV processes. For mass range of my (100 MeV-6
GeV), right handed Majorana neutrinos can be produced as an intermediate on mass shell
state, resulting in a resonance enhancement of these LNV meson and tau decay rates.
For mass range 100 GeV or beyond, sterile neutrinos have also been looked for through
searches of their visible decay products. This includes proposals to search for heavier
neutrinos at accelerator and collider experiments such as, e*e™ [70-75], ey [71,76], pp
and pp [71,74,75,77-86], e"e™ [75,87,88], as well as in top quark and W-boson rare de-
cays [89,90]. For very heavy neutrinos, gauge boson produced from heavy neutrino decay
is highly boosted, leading to a fatjet and this strategy can be very effective. One common
problem with the right-handed neutrino extensions of SM is that their production rate is
very small due to a small mixing angle. Hence, prospects of discovering them at colliders
greatly improve if the production is independent of the mixing angle. We address some

of these issues in this thesis.

This chapter is organized as follows: we first review briefly the basic features of SM,
following which we describe the neutrino mass models. We briefly describe two such
models like type-I seesaw and left right symmetric model. We present the existing bounds
on the sterile-active neutrino mixing angles as a function of sterile neutrino mass. Finally,

we give the outline of this thesis.
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1.1 Standard Model

The SM [91,92] is a renormalizable, Lorentz-invariant quantum field theory based on the
gauge group SU(3), ® SU(2); ® U(1)y which contains the fundamental set of particles,

the leptons, quarks, gauge bosons and the Higgs.

SUB)c SU@)r Uy

i 1
Z,L g i 2 Gauge bosons Force
d{; 3 1 _3% ?Z . Strong
7 I > —1 Wi, Z, Weak

L 2 A Electromagnetic
el 1 1 -1 K
H| 1 2 :

Table 1.1: The SM particle contents and i = 1,2,3 is the generation index.

We have listed the particle content of the SM in Table. 1.1. q’}d and €iL are the left handed
quark and lepton doublets respectively. uie and d% are the right handed up and down type
singlet quarks. 5’}? is the right handed lepton. H is the Higgs field. The SM fermions and
gauge bosons (W=, Z) are forced to be massless due to the exact SU(2);, ®U(1)y symme-
try. We need to break this gauge symmetry somehow to generate masses for fermions and
gauge bosons. This is achieved by the spontaneous symmetry breaking: the electroweak
symmetry SU(2); ® U (1)y is spontaneously broken to the electromagnetic U(1)o through
the non-zero vaccum expectation value (VEV) of the Higgs field. The Lagrangian for the

SM can be written as

£SM = Liinetic + EHiggs + Lyukawa (L.1)

In the following section we describe each part of this Lagrangian.

Kinetic Term for Leptons and Quarks

The kinetic term for the lepton and quark sector is given by
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Elepton+quarks _ [Lyﬂ (DML[L) 4 ay,u (D/elR eR) + q_m/“ (DZLQL)

kinetic

+ tigy" (DiFug) + dry* (Di*dg) . (1.2)
The covariant derivative for the lepton doublet is given by

0 Vow; 1
D =g,-i8 “l-ilw

8 3 .7
p —-ig'Y, B, (1.3)
2\vaw; o 2

0 -1

where g and g’ are the SU(2), and U(1l)y gauge couplings. W;f is defined as, W/'f =

W, FW,
V2

the gauge boson corresponding to U (1)y hypercharge generator. We can write the W3 and

. W}l, Wﬁ and Wg are the gauge bosons of the SU(2); generators 7% = ”7“ B, is

B field in terms of physical gauge field A and Z as

w3 cos 6 sin @ Z
"= " 1. (1.4)
B, —siné,, cosf,[\A,
where 6,, is the weak mixing angle which can be defined as
tan,, = > (1.5)
8
Using Eq. 1.4 we can write Egs.( 1.3) as
0 Vawy
Dt = 8, - i% o i—S (1% = O sin®0,)Z, — ieQiA,  (1.6)
\/EW; 0 cosf,,
and the covariant derivative for eg is given by
D = 0 = ig'Vuy By = Oy — i—o (~ Qo 5in® 0,) Z, — i€QerAy.  (17)

cos 8,
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Similarly for quark doublet g; we can write the covariant derivative as
DI =0, —ig,Gy—igW, —iYy, By, (1.8)

where G, = GZ/I“ is the gluon field and 1¢ (a = 1,2, - - 8) are the generator of SU(3)..
gs 1s the SU(3). gauge coupling constant. The covariant derivative for ug and dg are
given by

DUk = 0, — ig,Gy — ig Yup By,

DIr =0, —ig,Gy — ig'Yup By (1.9)

The kinetic term for SU(2); ® U(1)y and SU(3). gauge sector

The kinetic term for the SU(2); ® U(1)y gauge sector can be written as

1 |
[rsauge _ __pa pat _ _BIUVB/W (1.10)

kinetic 4 4
where Fj;, = 0, Ay —6VAZ+ge“bCAZA§ and B, = d,,B,—0,B,,. This Lagrangian includes
3-point and 4-point interactions like W*W~y, W*W~Z and the 4-point interactions like
W W= yy, WW~ZZ, WW~yZ and W*W~W*W~. The kinetic term for the gluon in

the SU(3). gauge sector can be written as

1

gluon _ a ~auv
Ekinetic - _ZGHVG 7, (L.11)

where G}, = 0,G5 — 0,G}, + gof “bCGZGﬁ, which includes 3-point and 4-point gluon-self

interactions.
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Spontaneous symmetry breaking: Higgs mechanism

In SM, the masses of all the fermions and SU(2); gauge bosons are generated through
the spontaneous symmetry breaking (SSB). The Lagrangian for the Higgs sector is given

by
Luiggs = (D' H) (D"*H) -V (H'H) (1.12)

o 2
where, the Higgs potential is V (H'H) = —w*H'H + A (HTH) . After the SSB, the

Higgs field develops its VEV and can be expanded around its classical minimum as

1 H*
H(x) = — (1.13)
V2\y + h(x) + iHO

Now the covariant derivative can be written as

D _ g 8 A} +tan6, B, V2W; -
u = 0u— 15 7 . ( . )
V2w, 4

cos 6,

Three gauge bosons W* and Z° gets masses by eating up the three Goldstone bosons H*
and H°. The photon field remain massless as U (1)g is unbroken. The masses of these

gauge bosons are given as

1 gh?

2
Tev 2o 1.15
4 cos? 6,, a (1.15)

2
gV, my=
Replacing the Higgs field of Eq. 1.13 in Higgs potential we can derive the Higgs mass as

1
V= W2h+ Avh + Zh“, (1.16)

where the Higgs mass is m; = V24v?2 and was measured to be 125 GeV in 2012 at LHC.
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Yukawa Lagrangian for leptons and quarks

The Yukawa interactions for the lepton and quark sector are given by

£leeen vy Hep + Hec.,

Yukawa

£k y GrHug + Y,qrHdg + H.c. (1.17)

Yukawa

After the SSB, the Dirac mass terms for the leptons and quarks are generated as

lepton h — —
Lipse = Me (1 + ;) [eLeR + €R€L],

Ly = ml, (1+ )u u +mflj(l+—)d’Ld§e+H.c. (1.18)
1%

Yd” v

ij ..
and mg = In the absence of right handed neutrinos we

Yev _ij _ Y, v

m; =
V22 V2
ij ij

can not write such mass term for neutrinos, hence in SM, neutrinos are massless. m,; , m J

where m, =

are 3 X 3 mass matrices that one needs to diagonalize to get the mass of the quarks. This
can be done by a unitary transformation which connects the gauge eigenstate and mass

eigenstate as

Ui u d d

Uy =ULr|c ., | dy =Drr|s| - (1.19)
d b

U3k ! LR 3 LR LR

We encounter bilinear terms in charged current interactions like uyzy*d 1z, uary*doy,

u3ry*dsp which can be written as inner product of vectors in generation space as

d; d
(m " u3)Ly“ dy Z(u ¢ t)LUZDw“ s (1.20)

d3L bL
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where Vegy = U ZDL is the Cabbibo- Kobayashi- Maskawa matrix and can be parame-

terized as

_‘6
C12€13 $12€13 size”
Vekm = —8512023 — 612S23S13€i6 C12€23 — Sle23S13€i(S $23C13 (1.21)

5 i5
§12823 — €12€23513€'°  —C12523 — S12023513€"0  €23C13

For the sake of completeness, we have given the neutral, electromagnetic and charged

interactions of quarks. The neutral current interaction is given by

i

Che= gLl 4)7" T = Qusint 6| )+ Smler —uy s’ 6.3
w dl w
L
g@ iy (~Quy sin® 6,,)d% | Z), (1.22)
w

where for up and down type quark 73 = % and —%. The electromagnetic interaction of

quarks is given by

Ll = —eQu [l y ul +ulgy uge | A* = eQq[diy*dy + digy* diy| A (1.23)

Finally the charged current interaction for quarks is given as

3 _— .. .
Che =22y Vi diWs + He., (1.24)
\/Eij—l

1.2 Neutrino Mass

Neutrinos are massive, yet we do not know the exact mechanism by which they get mass.
There are various models proposed in the literature which explain the small active neutrino
masses. These includes variants of seesaw mechanism like type-I, II, III seesaw [22-26],

inverse seesaw [93, 94], linear seesaw [95, 96], double seesaw [97] etc. In seesaw, light
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neutrino masses are generated through d = 5 lepton number violating operator [98] once
heavy states are integrated out. In the case of type-I seesaw, the light neutrinos acquire
mass through mixings with additional Majorana RH neutrino fields N¢. To account for the
tiny neutrino mass, the mass scale of these Majorana neutrinos has to be very close to the
gauge coupling unification scale, in which case these massive RH neutrinos will remain
inaccessible at LHC as well as, at other near future colliders. TeV scale RH neutrinos
with substantially large active-sterile mixings are however possible to accommodate in
type-I seesaw if cancellation exists in the light neutrino mass matrix [99]. In the case of
type-III seesaw, one replace the singlet fermions N¢ with SU(2) triplet field X with zero
hypercharge. The neutrino phenomenology is identical to that of type-I seesaw. In the
case of type-II seesaw, one adds a new scalar field &, an SU(2) triplet with hypercharge
-1 and it couples to lepton doublet fields L' as
_Ji

L;= 7L"L,-g +H.c. (1.25)

This leads to Majorana neutrino masses m, = f (&) after the neutral component of &
acquire a vacuum expectation value (¢). For the case of inverse seesaw mechanism, TeV
scale or even smaller RH neutrino masses can exist. In this scheme, in addition to the SM
particles there are gauge singlet neutrinos, with opposite lepton numbers (+1 and -1). The
light neutrino mass matrix is given in terms of the Dirac neutrino mass term, mp ~ ¥,v
(with v being the electroweak vev and Y, a generic Yukawa coupling), the heavy neutrino
mass scale Mg and, a small lepton number violating (AL = 2) mass term u, which ensures
that My scale remains close to TeV or less, with order one Yukawa coupling. The light
neutrino mass matrix in this case is: m, ~ (m% /MI%) u. Left right symmetric model is one
another interesting model which can also explain light neutrino masses. As in this thesis
we predominantly deal with type-I seesaw and left right symmetric model, we briefly

describe these two models in the following sections.
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1.2.1 Formalism for heavy neutrino mixing

In the most general “type-I seesaw” mechanism, one extends the SM to include arbitrary
number of singlet “right-handed neutrinos” along with the three generation of left-handed

SM SU(2) doublets [2,27]:

Ly = , Npr,
L

where ¢ = 1,2,3 and b = 1,2,3,...,n. n = 2 is the minimalistic scenario which can
generate two tree level neutrino masses required to explain neutrino oscillation data. For

the general case, with n right-handed neutrinos, the relevant part of the Lagrangian is

given as
3 n . "
— j— aby r 7 - bb’ = )
L= Z:; ; V" Lo HNo + 5 b;1 MY N Nyg + H.c, (1.26)

where H is the SM Higgs doublet and H is defined as H = iooH*. The second term
in Eq. 1.26 is the Majorana mass term while the first term gives the Dirac mass as the
Higgs field develops vaccum expectation value (VEV), (H) — % after the electroweak
symmetry breaking. Finally, the full neutrino mass matrix can be expressed as,

0 Mp
M, = (1.27)
ML Mg
where, Mp = % is the Dirac mass matrix. The n X n right-handed neutrino Majorana

mass matrix Mg is independent of the electroweak scale as this is invariant under the
gauge SU(3). X SU(2)r X U(1)y and hence can be large Mg >> v, implying | %—? |<< 1.

In this limit, the neutrino mass matrix can be block diagonalized by the unitary matrix L
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as

0 Mp|_, (my 0
L L* = . (1.28)
ML Mg 0 Ml

where the mass eigenvalues mv ¢ and M & are given by

my S ~ ~MpMg' M}, My ~ Mg, (1.29)

and the unitary matrix L can be parameterized as

Usxs Vixn
L= (1.30)

Xn><3 Ynxn

Hence, in this model, flavor eigenstates v, can be written in terms of the mass eigenstates

as,
3+n
ver = Z UemVm + ) Vo Noyy» with UUT+VVT = 1. (1.31)
m=1 m’'=4

As a result of this mixing the charged and neutral currents are now modified. Now the
charged current and neutral current interactions of the leptons in the basis of mass eigen-

states are given by

T 3 T 34n
g
£6¢ = -5V ( > UL Iy PLL+ Y DV Nc,y“PL{’> + h.c,

{=e m=1 {=e m'=4
g .3 T 34n
£1{>’C - _2 2] Z'u Z Umem’}/ Prve + Z Z t’m ,)’#PLV{’ + h.c.
COSIw {=e m=1 {=e m’'=4
g 3 3+n
= T costy 2 >, 1(U U)mlm2 VoV PLYmy + ) 4(V V)mimé Ny ¥ PLNy
miyy= m’ ml=

1772

3 3+4n
- 2C0i9W Zy ( Z Z (UTV)mlmé V_mIV#PLN,;é +h.c.

(1.32)
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where Py = (1_—275), W€ is the charged conjugate, g is the SU(2); gauge coupling. The

diagonalized majorana mass terms for the neutrinos can be written as:

3 3+n
1 . N——
Ln="3 (m Myl Vor + ) mm,N,;,LNm/R) +h.c, (1.33)

=1 m’'=4

1.2.2 Left-Right Symmetric Model

The minimal Left Right Symmetric Model is based on the gauge group SU (3).xXSU(2)1 X
SUR)g xU(1)p—r [100-102], with the fermions assigned in the doublet representation
of SU(2); and SU(2)g. In addition to the particle content of the Standard Model (SM),
the model contains three right handed Majorana neutrinos Ng, and the additional gauge
bosons Wg and Z’. The electric charge Q and the third components of weak isospins
I3; and Iz are related as Q = Iz + I3 + (B — L)/2. The scalar sector of this model
consists of the bi-doublet @ and the Higgs triplets A; and Ag, where the Higgs states
have the following representations: ®(1,2,2,0), Az (1,3,1,+2) and Ag(1,1,3,+2). The
bi-doublet, being neutral under B — L gauge group is not sufficient to break this gauge
symmetry. Hence, additional Higgs triplet fields are required. The Higgs field Ag takes
vacuum expectation value vg and breaks SU(2)g X U(1)p-r down to the group U(1)y of
SM.

In the Yukawa sector, the bi-doublet couples to the fermion bilinears Q; Q and 7y, and
gives masses to quarks and leptons through the spontaneous symmetry breaking, where
its VEVs are denoted as: (@) = diag(k,«2)/ V2. On the other hand, the Higgs triplet Ag
couples with the right handed neutrinos Ng and generates the Majorana mass of heavy
neutrinos during the symmetry breaking. While the heavy neutrino Ng contributes to the
light neutrino mass generation via Type-I seesaw mass [22-24,26], the triplet Higgs Ar
generates the Majorana mass of light neutrinos via Type-II seesaw [103, 104]. The VEV
of @ field breaks the SM gauge group SU(2);, X U(l)y to U(1)g. Hence, the different

VEVs of bi-doublets and triplets follow the hierarchy vi < k12 < vg .
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The Yukawa Lagrangian, that generates the lepton masses have the following form:
Ly = hlﬁL(Dl/lR + illpL(i)l,l/R + le//ICiTQALl/IL + fRWECl.TzAR@bR + H.c. (1.34)

In the above C is the charge-conjugation matrix, C = iy»>vyo, and ® = 1d*n, with
being the second Pauli matrix, and 7y, the Dirac matrices. Upon symmetry breaking, this

gives rise to the following light-heavy mass matrix,

M, M
M, =| TP (1.35)
M} Mg

In the seesaw approximation [22,26, 103], this leads to the following light neutrino mass

matrix (up to O(M?)) [105],

1 E KX
M, ~ M, — MpMz' M}, - (EMDM,;lM,;1 M My, +HC)
2

K> K
2 \/Evlzevl‘

= vz —
vLfL NG

hp fr'hy = ( hofr' fr¥hyfu+he),  (1.36)

where k = ,/K% + K%, Dirac mass Mp = hpk = % (/qh + Kzil), and M; = \/EvaL,
Mg = V2vgfr. The mass matrix given in Eq. (1.35), can be diagonalized by a 6 X 6

unitary matrix, as follows:

§ [ m,o0
VIM,V = N (1.37)
0 Mg

where MV = diag(m,my,m3), MR = diag(M,, M, M3). Upto @(M§2), the mixing matrix

V has the following form,

L, [ maedt e o0 (13
=TT =3 L0 e
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In the above, the expansion parameter ¢ has the following form ¢ = MpM3', and ¢”*

MZMDM§1ME]*~ For M; — 0, ¢’ — 0. The order parameter is defined as, 6 = |||

\Tr(Z77). In the subsequent analysis, we denote the mixing matrix as

V= = (1.39)
TV

where 0 = ,/n’f—;

Gauge Sector and Charged Current Lagrangian

In addition to the SM gauge bosons, this model consists of a right handed charged gauge
boson, W and an additional neutral gauge boson, Z’. The SM gauge boson W and Wy

mix with each other, with the mixing

2
K1K2 2K2 MW
e~ 2 (M) (1.40)
vy k1 \ M,
In the limit of small mixing ¢ < 1, the physical masses are
MWI = MWL = gK, ]WW2 = MWR = iVR . (141)
2 V2

where, g = g = gg and Mz ~ 1.7My,. In our choice of Left-Right model, we assume
discrete parity as a symmetry. The charged current Lagrangian for the quarks have the

following forms:

g
Ll = \/_Z LV Wy ﬂPLdj+%Z VRO Wt y#Pr dj + He., (1.42)

L
where i = (u,c,t) correspond to the up type quarks and j = (d,s,b) represent the down
type quarks. In our subsequent analysis, we consider VR~-CKM’ tg be proportional to VKM

with the proportionality factor 8 ~ O(1). The charged current Lagrangian for the lepton-
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neutrino has the following form,

Eéc = % ZZLiWL‘ﬂﬂPL (UijVL_j + Siijc) + % ZzRi WE#')/”PR (VZ;N] + levz)
i,j i,j

+ H.c. (1.43)

Note that, both the masses of the RH neutrino and Wx gauge boson, are proportional to
the SU (2)r breaking scale. However, while the Wx mass and the right handed current are
dictated with the gauge coupling gr = g, the RH neutrino mass My is governed by the
Yukawa coupling f, therefore allowing the possibility to have a large hierarchy between
Wr and N masses. For sufficiently small My and TeV scale Wg, this can give large

contribution in meson decays.

The neutral currents which will also contribute in some of the decay channels of the right

handed neutrino, are given below: [106, 107]

2
gL " cos<0y _, u
Lyc = —=—(Z, !+ ——7" J* 1.44
e COSHW( Hz cos20,, " z) (149
where,
JY = E Fy(T; PL — Qsin®0,,) £, (1.45)
JY, = E FY*(TpPR — tan®6,,(Q — T3 f- (1.46)

The explicit interaction terms with the leptons and neutrinos are given in [106].

1.3 Existing bounds on mixing angles

As in this thesis we have studied the bounds on mixing angle for various mass ranges of

RH neutrinos N, it is good to give a brief overview of the existing bound on mixing angles
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Figure 1.1: Left: Bounds on the mixing angle |V, |? as a function of RH neutrino mass My in
the mass range 10 MeV-100 GeV. The bounds are from peak searches (K — ev, 1 — ev) and from
the following experiments: PS191, NA3, CHARM, DELPHI, L3. The region above the contour
lines are excluded. The dotted maroon contour is for neutrinoless double beta decay experiment.
Right: Excluded region on |V, |2 versus My from meson decays M; — een. The thin black line
is for K — eemr meson decay with including N decay probability inside the detector.

for our interested mass ranges of N. The results of this section are based on the following
Refs. [2,63,108].

The bounds on the mixing angles V.| (IVNNIZ) exists from the peak searches 7 —
e(uw)v and K — e(u)v [109]. The other limits on \ANE (lVﬂle) are found in decay
searches from beam dump experiments like PS191 [110], NA3 [111], CHARM [112] (PS191,
NA3, BEBC[113], FMMF [114], NuTeV [115] and CHARMII [116]) which assumes the
production of N in meson decays and look for visible channels. We also have limits on
|Ven|? (IV,un|?) analysing the data from DELPHI [117] and L3 [118] detectors by look-
ing for N for Z-boson decays. We have shown all these limits together for mixing angle
|V, 1% and |V#N|2 in the left panel of Fig. 1.1 and 1.2 respectively.

For the case of mixing angle |Ven |2, the limits comes from searches of N decays. We
have shown the results in Fig. 1.3. CHARM and NOMAD [119] bounds comes from the
assumption that the N is produced via D and 7 decays. As earlier, the DELPHI bound
assumes N production in Z-boson decays.

Also in the literature, there are quite a few studies on the mixing angles bounds from the

three body LNV meson decays M| — {;{;n" and tau decays 7~ — {~n*n". From the



26 Introduction

L E T —7
0 R — - Bowup
B 0! p by .
I EB—uun D K3
I 2 | i 4
I 0° N ~—e=, D= puup -y
I v~ LD—=uunr ~* 3

,,? 3 ~ =27 D.—~uuk
E 107 | s R - E
J’J’e , I D,—uum ]
E 1077 | T
L3 _-71 7 F E
o Se=mm——mmmT T !/ - U s L ]
E 10° E
Z - pELPHL 7 ] El 2 N 1
S S it E = e :
= E 10 r T
. 5 1
*——=—> BEBC 0 E
_; - I K—uumn ]
g E 0" u E
™ NuTeV B 2 E
o - - [ 1
\; Ps1ol 3 I -
M| ] R of | ]

10 ) AR ) -
1 10 100 o1 L s
My [GeV] My [GeV]

Figure 1.2: Left: Bounds on the mixing angle |V, ~ 1% as a function of RH neutrino mass My in
the mass range 10 MeV-100 GeV. Again the bounds are from peak searches (1 — uv, K — uv)
and from the visible decay products in N decays in PS191, NA3, BEBC, FMMF, NuTeV. We have
also shown the bounds from DELPHI and L3 data analysis. Right: Excluded region on [V, NI
versus My from meson decays M; — pum. The thin black line is for K — pum meson decay
with including N decay probability inside the detector.
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Figure 1.3: Bounds on |V, y|? as a function of RH neutrino mass My from the decays of heavy
neutrinos in CHARM, NOMAD and DELPHI.
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Figure 1.4: The bounds on the mixing angle |V, x V| versus My from the meson decays M; —
ur. The thin black line is for K — epmr meson decay with including N decay probability inside
the detector

experimental limit on the branching ratios of these decay modes, it is possible to derive
tight constraints on the limit of the mixing angles. We have shown the limits on |V, y|?
and |VMN|2 in the right panel of Fig. 1.1 and 1.2 respectively. For mixing angle |V, nV,n |,
|VenVen| and |V, nyVrn |, the limits are shown in Fig. 1.4 and 1.5.

We would like to point out that inclusion of N decay probability inside the detector makes
these limits significantly weaker. We have included the RH neutrino decay probability in
our analysis. Also note that, in Fig. 1.3, there are is no bound for the mixing angle in
the mass range 2-3 GeV. We have shown in our thesis that studying the meson decay
B, — t7m, we can set limit on |V,y|? in this mass range.

For heavy neutrino mass range, the limit exists on |V,y|?> from Electroweak precision
data [120] which obtains the bound on |V,y|? as 1.681 x 107> at the 95% CL. For the
mass range up to My = 959 GeV, existing strong bound comes from the GERDA [121]
0v 3 study which sets bound on |V,y|> ~ O(107%) at 95% CL.
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Figure 1.5: Bounds on |V.n Vi n| and |V, n Vx| versus My from 7 — e(u)am, T — e(u)nK and
T — e(u)KK decays. The effect of the probability of N decay inside the detector is shown by thin
black line.

1.4 Outline of the thesis

In chapter 2, we study few lepton-number violating (AL = 2) decay modes of B, meson to
BY¢ (Gt It ESnt, B — €5 7" which can only be induced by a Majorana neutrino.
We evaluate these decay modes in the context of type-I seesaw model with the assumption
that only one right-handed neutrino is present in the mass range (100 MeV-6 GeV). From
non observations of these decay we obtain tight constraints on the mixing angles of the
heavy Majorana neutrino mass eigenstate N, with light flavour neutrinos from upper limits

of the branching fractions.

In chapter 3, we study few three body LNV meson decays M|" — ({tin~ (M; =
B,D, Dy, K) in the context of minimal left right symmetric model. In particular, we cal-
culate the expected number of signal events for these decay modes in ongoing and future
experiments like NA62, LHCb, Belle II, SHiP, FCC-ee. When calculating the signal
events, we also include the probability factor of N to decay inside the detector for each of
the experiments. Finally, we derive constraints on the mass of the right handed charged

gauge boson as a function of RH neutrino mass My .
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In chapter 4, we study the prospect of discovering RH neutrino through LQ productions
at the proposed e~ p collider like LHeC. We consider a particular type of scalar LQ R»,
which can couple with RH neutrinos. At LHeC, LQ can be resonantly produced and
decay to RH neutrinos. Further decays of RH neutrinos can give plethora of final states.
We present a detailed collider analysis and discuss the discovery prospects of some of

these final states.

In chapter 5, we study the discovery potential of very heavy RH neutrinos using fatjet
signature. We first calculate the production cross sections for the RH neutrinos at the
LHeC (jN;) and linear collider (N;v,) at various center of mass energies. Very heavy RH
neutrinos dominantly decays to {W or hv modes and can sufficiently boost the W, i such
that its hadronic decay modes can form a fatjet. In particular, we study e + j; + J and
e+ J+ p;?iss, Jp + p‘T‘fliSS at the LHeC and linear collider respectively using detailed cut

based analyses.

In chapter 6, we summarize the results obtained in the thesis.
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search for a Majorana neutrino

In the literature, there are various three body LNV meson decays proposed to search for
Majorana neutrinos [2,108]. While various B, B; and B. meson decay modes have already
been suggested, here we propose a few additional B, decay modes that may perhaps be
preferable for Majorana neutrino searches. The B, mesons are unique, in being the only
states consisting of two heavy quarks of different flavours (bc for B.). The weak decay of
the b quark will be Cabibbo suppressed, for both b — ¢, (1% suppressed) and b — u (13
suppressed) transitions. However the ¢ — s decay will be a Cabibbo favoured transition.
Hence, the mode B, — E(S){’Ifg n* is expected to have a larger branching fraction than
the other rare lepton number violating decay modes of bottom mesons considered so far.
Further, for a heavy neutrino in the mass range ~ (0.1 - 0.9) GeV, it is kinematically pos-
sible for it to be produced as an intermediate on mass shell state, resulting in an additional
resonance enhancement of the transition rate. Note that below 0.1 GeV tight constraints

already exist on | V,n |* from pion decay.

The B, — E(s)n_ mode has already been observed by LHCb [122]. B, decays to other
hadronic modes have also been observed by ATLAS [123] and CMS [124], hence in
addition to LHCb, ATLAS and CMS may also be able to perform the search for Majorana
neutrinos via this B. decay mode. In the proton-proton collisions at the Large Hadron

Collider, B, mesons are expected to be mainly produced through the gluon-gluon fusion

31
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process gg — B. + b + ¢ [125,126]. Hence, the production cross-section would be
expected to increase in the 13/14 TeV run substantially. This, along with the luminosity
of the order of few fb™! in Run II, leads one to believe that searches for this rare LNV B,

decay modes may be feasible.

In Sec. 2.2, the four-body decay rate for B, — E?fl_{’; n* mode is evaluated and the
expected upper limits on branching ratios for these modes are used to obtain bounds on
the mixings of the heavy neutrino with the light flavoured ones. In Sec. 2.3, the modes
B. — J/yt t;n" and B, — n*{|t; are discussed. We find that although these modes
are not Cabibbo favoured, but the ease of reconstruction of the final states for these modes
results in tighter possible upper limits for the branching fractions and in addition the phase

space enhancement helps in obtaining tighter exclusion curves for the mixing elements.

2.1 Model

In sec. 1.2.1, we have given the formalism for the extension of the SM to include arbitrary
number of right handed singlets. In principle there can be any number of right-handed
neutrinos but we will consider here only one right-handed neutrino and we denote by Vyy
the mixing coefficient between the standard flavour neutrino v¢(¢ = e, u,7) and the heavy

mass eigenstate N. The charged and neutral current in this case can be written as

T 3 T
8 * = * ATC
£ =~ (530 i ser# it + S VT ) e

t=e mT:I . l=e ) o
NC = _ g * 3 H * NTC A M
L, = 2costn Z, (; mzzl U, VmY" PLve + ; VinNey PLVg) + h.c.,

We take a phenomenological approach regarding the mass and mixing elements of the
heavy singlet neutrino, taking them to be free parameters, constrained only by experi-

mental observations.
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(b)

Figure 2.1: Feynman diagrams for the decay B, — E(S)Kl‘fg n*.
- —0 —_p— _+
2.2 B_. — B[t n" Decays

Evaluation of the four-body decay rate

For the four-body decay B, (p) — E(S)(kl)fl(kz)fz(k3)7r+(k4), where €1,{, = e, u, only
s-channel diagrams shown in Fig.2.1 contribute. Hence, the Majorana neutrino N that
induces this LNV process can appear as an intermediate on mass shell state, leading to an
enhancement of the decay rate. Note that the second diagram(Fig.2.1(b)) arises from the
exchange of the two leptons. We assume that there is only one Majorana neutrino, that lies
in the range, between ~ (0.1 — 0.9) GeV that kinematically allows it to be on mass shell.
Moreover, being much heavier than the active light neutrinos, the cosmological and LEP
bounds would imply that such a neutrino would have to be necessarily an electroweak

gauge singlet or sterile.

The decay amplitude for the processes depicted in Fig.2.1 can be expressed as,
iM= (M), (Miaa)*. 2.2)

where we can write the leptonic part as,

\/EGFV* Vg NN
(Miep), = e i(k3)ypyuPrv (ko) + (ka © ka1 © ),
P (p—ki —ko)* —m3 +imyTy

(2.3)
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where G is the Fermi coupling constant, V;, x(i=1, 2) are the mixing elements between
the neutrino of flavour state vy, and mass eigenstate N and I'y is the total decay width of
the heavy neutrino N, obtained by summing over all accessible final states. The hadronic
tensor is a product of a transition matrix element of B, to By, and a matrix element for the

production of a pion:

G —0 _ _ _
(Mpaa)PH = T%VCSVMJ’ (B (k1) |5y"(1 = y5)c|B; (p)){n* (ka) liyP (1 - y5)d|0) ,
2.4)
where V,,, V,4 are the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements. The above

two hadronic matrix elements can be written as,

(B, (ki) 15y"<|B; (p)) = (Fr(@®)(p+ k)" + F-()(p — k)",

(" (ka) layPysd|0) = i fok?,

(2.5)

where F (qz) , F_ (qz) (g = p — k1) are the momentum transfer squared dependent B
to B, transition form factors and f is the decay constant of pion. In terms of these form

factors and decay constant, we can write the amplitude M as,

GEVesVudVi N Vern fr

= Fe(gH)(p + k)" + F-(g*) (p = k)"
(p— ki — ko) - m3, +imyLy ( 1 l ) (2.6)

@(k3)ypyu (1 +ys) v(k)kl + (ka — k3,0 © £) .

The form factors for B, — E(S) have been calculated in the framework of 3-point QCD

sum rule in Ref. [127, 128]. The ¢* dependence takes a simple pole form:

F.(q) = lFi((;ﬂ . P () = F:((;_Z, 2.7)
M; M}

where F,(0) = 1.3 and F_(0) = -5.8, and M, = 1.7 + 1.8 GeV. The accuracy of the
sum rules used is determined by the variation of various parameters. It is claimed in [127]

that these variations result in % ~ 5%. To avoid this theoretical uncertainty and model
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dependence in the form factors, we recommend that the form factors should be determined
. . . -0 __
experimentally by measurement of the semileptonic mode, B, — B u v,. Alternately,

perhaps lattice estimation of the form factors may also be possible.

Although the heavy sterile neutrino N is a SM singlet, it can decay via charged current
and neutral current interactions, due to its mixing with the active neutrinos as is evident

from the Lagrangian (2.1). The total decay width I'y is given by:

Iy = Z e 4 Z eV’ 4 Z rt Pt 4 Z rtV*
A%

¢ ,pPo ¢ Vo t,P
o (2.8)
+ Z 21’*5162‘/22 + Z rv[rféfé + Z I‘*Vg/Vl_/.
01.02(6#02) .t v

In the mass range, which permits the heavy neutrino to be resonantly produced in the
decay mode B, — E(S)f;f;ﬂ the leptons ¢, £1, £», €} can be e or y, while ¢ can be e, u
or 7, charged pseudoscalars (P*) that can contribute are 7* and K*, while 7° and 7 are
the contributing neutral pseudoscalars (PY), the charged vector mesons (V*) will include
p* and K** and the neutral vector mesons (V) that need to be included are p° and w.

The detailed expressions for the decay rates for each of these channels can be found in

Ref. [2,63].

For the case of B, — J/y¢;n" allowed mass range of my is (0.1 — 3) GeV. This will
allow the additional charged pseudoscalar mesons: D*, D} and charged vector mesons:
D**, D" to contribute, provided ¢ is either e or y; for £ = 7 the mesons can only be 7*,
K*, p*, K*". Additional contributing neutral pseudoscalar mesons are: 1’ and . while,
¢ and J/y are the heavier neutral vector mesons that can also be produced in the decays

of N. ¢ or £, can now also be a .

For the case of B, — ([{;n™" the allowed mass range in which N can be resonantly
produced is (0.1 — 6) GeV. Charged pseudoscalar meson B* and vector meson B** will
also contribute now for ¢ = e, u. For ¢ = 7, the additional accompanying mesons will be

D*, D}, D**, D;*. Also, {7, can also be 7.
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Figure 2.2: Heavy neutrino decay width, I'y as a function of the mass my when the magnitude
of all the mixing angles |V,n| = 1 (¢ = e, u, 7). A bigger range for my is chosen than that which

—0 .
allows a resonant enhancement of the B, — B {{;n™" decay, so as to include the larger values of
my that will be permitted by the other B, decay modes to be discussed in Sec. 2.3.

We have re-evaluated I'y using the meson masses and decay constants from Ref. [129], in

the relevant mass range for the B, decay modes considered here and write it in the form,
Ty = @ () Ven * + ay (m) Vuw? + az (my) Vew (2.9)

where, a., a, and a, are functions of the Majorana neutrino mass and hence will differ
from mode to mode. In Fig. 2.2, we plot the decay width 'y as function of mass my, for

the mixings [Ven!| = |V,uN| =|Veinl = 1.

For the mass range of our interest, ['y is very small, O (10_17 - 10_8) GeV, if the mixing
[Ven|? = [Vunl? = |[Venl? = 1 and even smaller for more realistic values of these mixing
angles. The small width of N will imply that the heavy neutrino may travel outside
the detector before decaying and the resulting decay products may not be visible. We
will discuss this issue further in Sec. 2.3. The narrow decay width of N allows the two

propagators for N, in equation (2.6) to be written as,

! ~ 5 (p}-m). (2.10)
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Moreover, in the narrow width approximation the two channels contribute as a sum to the

total decay width, as the interference term is neglegible.

Most of the earlier studies of LNV meson and tau decays have focused on three-body
decays. A few more recent phenomenological studies [90, 130-133] of four-body LNV
processes have also been performed, including an experimental search through the mode
B~ — D°z* i~ by LHCb [134]. The particular four-body B, decay mode being con-

sidered here has the advantage of being Cabibbo favored and hence enhanced.

To calculate the four-body phase space required for evaluating the decay rate I'(B, (p) —
E(s)(kl){’l(kz)fz(kg)ﬂ+(k4)) = 5~ [ da(ps) | M |2, the final particles can be partitioned
into two subsystems X2 and X34, each of which subsequently decays into a two-body
state. Hence, the four-body phase space integral is decomposed into a product of three

two-body phase space integrals:

da(ps) = dy (ps B, — X12X34) do (ps X12 = kik2) da (ps Xza — kaks) dMT,dM3,,
2.11)

2

i

where X7 = (k1+kp), X34 = (k3+ky), X122 = M122 and X324 = M2

2_ .2 2 _
DT =m andki =m

The four-body phase space therefore takes the form,

1 1 1 M2 M2 m2 m2

W @Gr)6a” \ " mE m? "MZ MR 01

D=

. m
A (1, — —2) dM122dM§4dcos012dcos034d¢,
34

34
where m, mj, my, m3, and my4 are the masses of B, F? {1, > and 7" respectively,
Ax,y,2) = X2+ y2 + 72 - 2xy — 2xz — 2yz, and n = 2 for identical leptons in the
final state, otherwise n = 1. 612(634) is the angle in the qu(Xg4) rest frame between
the three momentum Ia(l%) and the line of flight of qu(X;4) in the B, rest frame. The
angle ¢ is the angle between the normals to the planes defined in the B, rest frame by

the E?f | pair and the £, pair. This is depicted in the four-body kinematics diagram in
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Figure 2.3: ——waE where, £ = e, u. The theoretical calculation uses 'y obtained with
the assumption [Vo | ~ [Vun| ~ [Venl.

the appendix A. The four momenta k1, k> (k3,k4) are first evaluated in the X?Q(X;;) rest
frame. To finally evaluate the decay rate in the B, rest frame, it is assumed that qu moves
in the +Z direction and X§4 in the -Z direction and the resultant boosted explicit form of

all the four momenta in the B, rest frame are also given in the appendix A.

Alternately, rather than calculating the full 4-body kinematics to evaluate the decay rate,
the narrow width approximation can be used to evaluate the decay rate as a product of a
3-body decay rate and the branching ratio for decay of N to a 2-body mode, as specified

below:

(2.13)

B (Bg —>§2€‘e‘7‘r+

|VeN|2

B(BZ —3@‘#‘#*)

|V/1N|2

and

In Fig. 2.3, we show the curves corresponding to , as
a function of the heavy neutrino mass, my. The regions below the curves are theoreti-
cally allowed. For this calculation, I'y is evaluated, under the assumption that has been

frequently used in the literature [2,63], |[Von| ~ [Vun| ~ [Venl.
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Bounds on Mixing angles using upper limits on the Branching

. —0
ratios for B, — B {;{;n" Decays

Using the matrix element in eqn.(2.6) and the narrow width approximation, eqn.(2.10) the

LNV branching ratios can be written as:

— nY - —_+) _ |V€N|4
BB, — Bge e n" | = G (my) ;
I'y
— Vv l*
B (Bc_ - Bgﬂ_ﬂ_f) =Gy (my) | lﬁNl , (2.14)
N

where, G, and G, are functions of the Majorana mass and depend on the explicit matrix
element and phase space for each of the processes. When both the like sign dileptons in
Fig.2.1 are not of the same flavour, then the process is not only lepton number violating
but also lepton flavour violating. If the two vertices of N production and decay can be
separated, then the two processes, B, — E(s)e‘N followed by N —» u~n* and B, —

E? u~ N followed by N — e~ n* can be distinguished. Assuming this separation, we may

write:
— Von 21 Vunl?
B (BC_ — B(S)e_u_n+) = Gy (my) [Ven P 1Vin ™ ,
Iy (2.15)
_ =0 _ _ . Ven I*1Vun |2
B(Bc - Buen )ZG#e(mN)l_,—’
N

where, we use the notation that the first lepton is produced along with the N, while the
second lepton is produced in the decay of N; G., (G,.) are again functions of the Ma-
jorana mass and vary with the explicit matrix element and phase space for each of the

processes. Now, defining,

Bexp (BC_ - Ege_e_ﬂ“L) Bexp (BLT - E?/l_,ll_ﬂ+)
F,. = , Fuu = ,
“ Gee (mN) H Gﬂﬂ (mN)
Berp (BC_ > E?e‘y‘fr) Berp (BLT — Egy_eﬁﬁ)
Feu = s Fue = , (2.16)

Geu (my)
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where B¢? are the expected experimental upper limits of the Branching ratios, we can

obtain the constraints:

|VeN|4 F |V,uN|4 |VeN|2|V,uN|2
< Fee, —/— ues =
[y Iy [y

< Fop/Fpe . (2.17)

The upper limits on the B*? in eqn.(2.17) can be very simply translated into the upper
limits on, [Voy|%, [Vun|?, [Ven Vin| under the assumption, [Voy| ~ Vvl ~ [Venlin Ty.

This leads eqn.(2.17) to result in the constraints,

Venl® < Fee (ac(mn) + ay(my) + az(my)) s \Vanl* < Fp (ac(my) + au(my) + az(my)) ;

VenVin| < Foul Fue (@e(mn) + au(my) + ar(my)) .

(2.18)

According to Ref. [135] at the LHC with /s = 14 TeV, the beam luminosity and pro-
duction cross-section will be high enough that the rate of producing B. events can be
108 — 10° per year. A crude estimate [136] using the measured [137] ratio of production
cross section times branching fractions between the B — J/¥n* and B* — J/¥YK*
decays at /s = 8 TeV, indicates ~ O (109 - 1010) B, events with 10fb~! luminosity at
13/14 TeV. Ultimately, the production cross-section will be directly measured by LHCb
at /s = 13/14TeV and will be known more precisely. In any case the large number of
B, events will make a search for the proposed rare LNV B, decays feasible. Even if these
decay modes are not seen, one may naively estimate that it may be possible to set upper
limits on the branching ratios of ~ O (10_7 - 10_9). However, since the final By meson
needs to be reconstructed via its prominant decay modes, either By — J/y (uu)p(KK)
or By > Dy(KKn)m, with B(B; = J/y¢) X B(J/y — up) x B(¢p —> KK) ~ O(107);
B(B; — Dy X B(Dy; — KKn) ~ O(107*), upper limits on B (BC_ — E?[l_fgn*) of
only ~ O(107> — 107*) may be feasible. These limits are just indicative, exact realistic

limits will only be determined by the experimental collaboration, after incorporating the

detection, reconstruction efficiencies of all the final particles. Of course, tighter limits
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Figure 2.4: Exclusion curves for the mixing element |V,y|?, |V;1N|2 and |Ven V| corre-
sponding to the different expected upper limits for branching ratio of the decay modes B, —

—0 —0 —0 ) .
Bjement, By u nt, Be“epu nt. In I'y, we are using the assumption, |[Veny| ~ [Vun| ~
|VTN|-

would be possible at future colliders.

In Fig. 2.4, we show the exclusion curves corresponding to the constraints on the mixing
angles \ANES |VﬂN|2, [VenVun| given in eqn.(2.18), for possible upper limits on the B¢*?

(B = Bitie;n), of 10+ and 1075

For the lepton flavour violating case, {1 # ¢, the mass difference of e and u results
in a slight difference in the mass range allowed for N (for its resonant production) for
the two cases: when the electron is produced along with the Majorana neutrino N, while
muon arises from the decay of N, or vice versa. Hence, in Fig.2.4 we present the exclusion
curves for these two cases separately. If the separation of the vertices is not easily feasible,
one can just add the results of the two cases in the overlapping kinematic range. Using the
upper limit on the branching fractions, B (BLT - E(S){’Ifg 7r+) ~ 107>, the bounds on

the mixing angles obtained for ~ (0.1 < my < 0.9) GeV, are slightly tighter than those
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from other heavy meson decays considered in [2,63]. Only the constraints from K meson
visible 3-body decays are tighter, but for the mass range of ~ 0.35 < my < 0.90 GeV, our
exclusion limits are either tighter or compatible with the earlier constraints. A comparison
of our exclusion plots against that shown in a recent analysis on global constraints on a
heavy neutrino [138], again shows that these bounds could provide very tight constraints
in a small range of my, beyond that excluded only by peak searches in K meson decays,

which is otherwise so far unconstrained. !

The reasons for this improved sensitivity are that the meson decay modes considered in
the literature so far have been mostly 3-body decay modes involving the annihilation of
the initial meson and the weak annihilation vertex of all heavy mesons (except D;) suf-
fers from Cabibbo suppression. This reduces the coefficient of the mixing elements in
the decay rates, resulting in looser constraints. Hence, in spite of the mild phase space
suppression this 4-body mode can result in improved exclusion limits for the mixing an-
gles of the heavy Majorana neutrino with the light flavour neutrinos. With a larger sample
of B, events, possible at future high energy colliders, much stronger upper limits on the
branching ratios would be possible, which would result in more stringent constraints on

the mixing elements.

2.3 Other B. Decay Modes

Although the modes B, — E(:

t ", are expected to have a larger branching ratios due
to the Cabibbo enhancement, however, as pointed out in the last section, the reconstruction
of the E(S) results in a penalty of ~ O(107%), implying that with the limited number B,
events at LHCD even in the 13/14 TeV run, upper limits on the branching ratios for these

modes, smaller than 107> may not be feasible. In fact, for the modes B, — J/y¢ If; at

which are Cabibbo suppressed, but where the reconstruction of J/i only results in a

'We wish to point out that our constraints cannot be directly compared with that in Ref. [138], as their
conservative constraints are independent of the heavy neutrino decay products.
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Figure 2.5: Feynman diagrams for the decay B, — J/y(;{;n*.

suppression factor of ~ O(1072), tighter upper limits on the branching fraction ~ O(10~7)
may be achievable, provided the final leptons are electrons or muons. If one of the final
leptons is a tau, the upper limit may be less tighter ~ O(107). Also, while LHCb has
already searched for Majorana neutrinos via the mode B~ — n*u~u~, perhaps a search

through the mode B, — n*u~ ™ may provide tighter constraints on the mixing angles.

231 B; = Jyt tn*

The diagrams contributing to this decay mode are shown in Fig. 2.5.

The leptonic tensor in the amplitude will have the same form as that in eqn.(2.3), while

the hadronic tensor can be written as:

G _
(Mpaa)P* = 7% ebVia (J/W (k1) [By* (1 = ys)clBL (p)) ('t (ka) lity” (1 = y5)d|0) ,
(2.19)

Here, the hadronic matrix element of the weak current in the B, — J/y transition in

terms of the vector and axial-vector form factors is given by,

(I (ki) |THIBS (p)) = (= Fve"" ™ PeiQaqp + iFS €™t + iF2(€*.p)QH

+iFA€e .p)gh) , (2.20)

where, Q = p + k1, ¢ = p — k1, and € is the polarization vector of the J/y meson. The

form factors, Fy, F(;“, F f and F4 have been estimated using QCD sum rules in Ref. [127],
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with the values from zero recoil evolved with the pole dependence:

F(e) =9 (2.21)

q
1 - 2
i,pole

with the numerical values: Fy (0) = 0.11GeV™",F =5.9GeV,F{ = -0.074GeV~' and
FA = 0.12GeV~'; while the pole mass used in each of the vector/axial-vector form fac-
tors for B, — cc1s 4.5 GeV. We evaluate the four-body decay rate for this mode using the
procedure analogous to that followed for the B, — E?E (57" decay mode, i.e., using the
narrow width approximation for N and the phase space given in eqn.(2.12). Of course,
due to the presence of larger number of form factors, the matrix element mod-squared
appears more complicated. The bounds on the mixing elements are also derived in a sim-
ilar fashion, using constraints similar to that given in eqn.(2.18), with the corresponding
parameters appropriately defined in terms of the theoretical branching fractions and the
experimental upper limits for the B, — J/y/¢{{; 7" mode. Note however, that the mass
difference between that of B. and J/¢ will allow neutrino masses up to over 3 GeV to be
on shell. This not only allows us to constrain V.nl?, IV#NI2 and |V,yV,n| over a bigger
mass range, but exclusion curves for [VonVin|, |VunVen| can also be provided for heavy

neutrino masses beyond the region probed via tau decays.

232 B - natlt;

While the number of B, events at LHCDb are expected to be smaller than the number of

B* events, still this mode being less suppressed with respect to B~ — n*{;{;, could

2 b
possibly result in tighter constraints on the mixing angles. The diagrams contributing to
this process are shown in Figs. 2.6. Apart from the s-channel diagram (a), there is also
a t-channel diagram, where the off-shell heavy neutrino contributes. However, since this

diagram is highly suppressed due to CKM suppression, as well as due to absence of res-

onant enhancement, we only include the dominant contribution of Fig. 2.6(a) (including
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(b)

Figure 2.6: Feynman diagrams for the decay B, — 7" (| (5.

that for the two leptons exchanged). The large mass difference between that of B, and
m meson allows both final leptons to be taus also. With only pion and electrons/muons
as the final state particles, this mode should be easy to reconstruct, however, for the case
of one or both of the leptons being a tau, the reconstruction will involve accounting for
the tau branching fraction to the final state through which it is seen. The even wider
range allowed for the heavy neutrino mass, also allows upper limit on |V;y|2, which is

unconstrained by any of the 7 or other meson decays.

In Fig. 2.7 (a), (b) and (c) we show the exclusion curves for IVon 2, |V,1N|2 and |VonVyun|
respectively, obtained from the expected upper limits of B (Bc‘ = JIyt [t 7r+) ~ 1077

and B (B; — n*€(;) ~ 107 (€1,6, = e or p), at LHCb with ~ 10'* B, events.

If one or both of the leptons is a tau, then it’s reconstruction would lead to looser upper
limits on the branching fraction. Fig. 2.8(a) shows the exclusion curves for |V,xVinl,
while that for |V,nV;y| are displayed in Fig. 2.8(b), corresponding to the upper lim-
its: B (B; — J/wtyt;n*) ~ 107 and B (B; — (7657) ~ 1078 when, £} or £; is a
77. Fig. 2.8(c) shows the exclusion curve for |V;y|? corresponding to an upper limit of
B (BZ — n*tt717) ~ 107", Note that |V, y|? is very loosely constrained, with some lim-
its from CHARM [139, 140], NOMAD [141] and DELPHI [142] collaborations, but with

the mass range of ~ (0.3 — 5.0) GeV almost unconstrained. 2 The B, — 7777~ mode

2Ref. [143] suggests that the large data sets of the B factories may be able to place stringent limits for



46 Favoured B. Decay modes to search for a Majorana neutrino

1076 B.—>eerr 1076 Be—>ppurt
...... Bc—>J/ypeert wmemem Be=>J/yprt
0 1 2 3 4 5 6 0 1 2 3 4 5 6
my (GeV) my (GeV)
() (b)
! 13
F Bo->eurt
’.5' vvvvvv B.->uern :
10°2 //’ P RSN d 5 i

/ ——= Be=>J/ypert |

e ]

Figure 2.7: Exclusion curves for the mixing element |Vp, 5 Vg, x| from upper limits for the branch-
ing fraction B (B; - J/(//f[fgfr) ~ 1077 and B (BC‘ - 7r+€ffg) ~ 107°. Notation regarding
the ordering of the leptons is the same as that described in Sec. 2.2

partially fills up this gap in providing exclusion limits in part of this range. In each of the
above studies the Majorana sterile neutrino produced in the B, decay is assumed to propa-
gate as a real particle and then decay after a certain distance from the production point. In
the exclusion limits obtained on the mixing elements above, we assumed an idealized de-
tector, where this distance lies within the detector length and hence the probability of this
production and decay of the heavy neutrino within the detector is unity. In practice one
may need to introduce a more realistic probability factor, which could possibly weaken
the constraints on the mixing elements. Estimation of this effect will depend on the spe-
cific experimental set up, the momenta carried by the heavy neutrino which would depend
on that of the decaying B, meson etc. Hence this can be properly incorporated only by
the respective experimental collaborations in their data analysis. In fact, LHCb has in-
deed accounted for this in their analysis of a few LNV B decay modes, for a Majorana

neutrino of mass of 2 — 3 GeV [134]. However, in order to observe these decay modes,

100MeV < My < 1.2GeV.
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Figure 2.8: Exclusion curves for the mixing element |V, y Ve, n|. For (a), one of the leptons is an
electron while the second one is a tau; the upper limits used are: B (B; - J /tlel‘fgﬂ) ~ 1076,

B (BC‘ - 7r+€1‘€£) ~ 1078, (b) corresponds to the case of one muon and one tau, again using the
upper limits: B (Bg - J/gbf[fgﬂ*) ~ 1076, B (B; - 7T+5If£) ~ 1078 and for (c), both final
leptons are taus and the expected upper limit for B (BC‘ -ttty ) ~ 1077,

heavy neutrinos should decay inside the detector and this finite detector size corrections
make these limits significantly weaker. Assuming the detector length is 10 m, obtained
limits on the mixing angle |V,y|*> ~ (107*,107>,107%) for the mode B, — B_gfl_é’gﬂ“L,
B. — J/yt tSnt and B — n*{{; respectively, are only valid if the mass of N is

above 0.6, 1.4 and 2.2 GeV.

2.4 Summary

We propose several B. decay modes for Majorana neutrino searches. The B, meson is
unique in being the only meson with two heavy quarks of different flavour, allowing weak
decays not only of the b quark but also the ¢ quark. The b quark decays are always

Cabibbo suppressed, with A2 or A% suppression for b — ¢ or b — u transitions respec-
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tively. The charm quark decay on the other hand can be Cabibbo favoured. Hence the
amplitude for B, — E(S)ZI{’E n*, (61,02 = e, u) decays can be enhanced. These four-body
decay modes involve transition form factors rather than decay constants that appear in
case of annihilation of the decaying meson, as is the case for the 3-body meson decays
extensively studied for Majorana neutrino searches in the literature. To avoid model de-
pendence and theoretical uncertainties, we suggest that these form factors be measured
using the semileptonic mode, B, — Eg u~v. For a Majorana neutrino that lies in the
mass range that allows it to be on the mass shell, there is also a resonant enhancement
of the process. A search for Majorana neutrinos via these rare modes which are expected
to have larger branching fractions, appears more feasible. Even a non-observation can
result in exclusion curves for the mixing angles of the heavy Majorana singlet with the
flavour eigenstates, corresponding to possible upper limits for the branching fractions.
These constriants are mostly tighter than those obtained from other heavy meson decay
modes in earlier studies and the mass range probed lies beyond the range with stringent

constraints from experimental bounds on three-body Kaon LNV decays.

In spite of the Cabibbo enhancement for the B, — F?f;f; n* modes, the reconstruction
of the By leads one to expect less stringent upper limits for these modes compared to
that for B — J/y{{t;x" modes where the J/¢ can be reconstructed more easily via
the p*u~ mode. Similarly the reconstruction of the B, — n¢;{; mode would be less
demanding. This along with the phase space enhancement of the latter two modes may
result in much tighter (by almost an order of magnitude) exclusion curves for the mixing
elements, |V,n|2, |V/1N|2’ |VenVunl. Further, for [VonVinl,|VunVenl, on which bounds
exist only from tau decays, exclusion curves for masses upto about 6 GeV can be provided.
Also, upper limits for |V;y |2 can be obtained in the mass range (0.3 — 5.0) GeV, where it

is so far unconstrained.



Constraints on Right Handed
Gauge Boson Mass from LNV meson

decays

One of the most attractive framework to explain the small light neutrino masses is the Min-
imal Left-Right Symmetry Model (MLRSM) [100-102]. The model offers several novel
features including high scale parity symmetry, Majorana mass of the light and heavy neu-
trinos, explanation of parity violation in SM, existence of the right handed current etc.
The light neutrino masses in this model are generated from dimension-five lepton num-
ber violating (LNV) operator [98] that violates lepton number by two units and hence
their Majorana nature can be confirmed by observing the distinctive LNV signal at exper-
iments, such as neutrinoless double beta decay (Ov ). Additionally, the LNV signature
can also be tested at colliders from direct searches [144—148], as well as through indi-
rect searches from meson and tau decays [2, 3, 149, 150]. While the light neutrinos can
give dominant contribution in Ov 5, the LNV searches at collider and meson decays are
however not sensitive to such small eV mass scale. Hence, a positive result in the lat-
ter experiments will non-arguably prove the existence of lepton number violating BSM

states.

Right handed Majorana neutrinos with mass in the hundreds of MeV-few GeV range, can

be produced as an intermediate on mass shell state, resulting in a resonance enhancement
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of the LNV meson decay rates. The detailed study of these is the main objective of this
chapter. We have described the model in sec. 1.2.2. We follow a most generic approach,
taking into account all the contributions arising from right handed, left handed currents, as
well as their combinations. We obtain constraints on the mass of Wg that may be feasible
from a number of ongoing and future experimental searches of meson decay modes with
like sign dileptons, such as K — ¢fn, Dy — {{n, D — {fn and B — {{n. The huge
number of D; meson decays expected in the SHiP experiment will result in the most

stringent constraint on Wx mass.

3.1 Imprint of Majorana Signature in Meson Decays

In the simplest LRSM, the heavy neutrinos N; are Majorana, that inherently carry lepton
number violation. Together with the gauge bosons Wg, or even with Wy, they can mediate
the lepton number violating meson decays, M| (p) — ¢} (k1){; (k2) M5 (k3), where M is
a pseudoscalar, while M, can be a pseudoscalar or a vector meson. We assume that there
are three RH neutrinos with masses in the 100 MeV — 5 GeV range, that contribute in
these meson decays. The Feynman diagrams for these decays are shown in Figs 3.1 and
3.2. The different contributions are mediated through Wy — N; — Wy (Fig. 3.1(a)), while
those in Fig. 3.1(b) and Fig. 3.1(c) are mediated by Wy — N; — Wr and Wg — N; — Wy,
respectively. All these contributions depend on the active-sterile neutrino mixing S¢; y;
and the RH neutrino mixing V;,y;, while the diagram shown in Fig 3.1(d), is mediated

with Wg — N; — Wg, and depends on Vein;-

The diagram in Fig. 3.2 (and a similar diagram with two W;’s, as well as the diagrams
with doubly charged Higgs triplets exchange) will give a small contribution, as this is
not a s-channel resonance production diagram. In addition, there can also be additional
diagrams with Wy — Wx mixing in one of the legs. These however, will be small compared

to the diagrams discussed above, as these come with a further suppression factor of tan &,
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Figure 3.1: The Feynman diagrams for the lepton number violating meson decays. These pro-
cesses produce resonance enhancement. See text for details.
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Figure 3.2: The t-channel diagram for the lepton number violating meson decay. See text for
details.
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due to the W, — Wx mixing. Hence, we do not consider these in our analysis. Further,
note that, the contributions from light neutrino exchange will be negligibly small as they

will not be resonantly enhanced.

Below, we explicitly write the amplitudes for the LNV decays of pseudoscalar mesons
to a final pseudoscalar as well as to a vector meson. For each of these decays, the LL,
RR, LR and RL contributions are a sum of two terms, where the second term is obtained
by interchanging the momenta k; with k, of the 2 leptons, as well as interchanging the

leptonic mixing elements. Hence for decay to a pseudoscalar meson we may write,

Mhlhz = M1h|h2 + M2h1h2

where, hih, can be of different chiralities LL, RR, LR, RL.

u(ko)kap (1 = s) v(ky)

ME = AN My, (S5 Sin , 3.1)
e Zz: ( o gZNt) (p—ki)* - Mlzvi +iMp, Iy,
u(k2)kap (1 +vs) v(ky)
Migg = AZMN (Vle Ve,n:) f) SR , (3.2)
(p - kl) - MNi + lMN,'FNi

where A = GLV, KMVEEM fu, fur,, ks and p are the four momentums of M; and M;

mesons. The LR and RL contributions are

u(k)ks (p— k1) p (1= ys) vki)
= V , 33
Mg = Z( >( AL (k) Mz%/i + My, Ty, (3.3)

i

u(k)ks (p— k1) p (1 +ys) vk

(3.4)
( k) —1\/[2 +lMNFN

Ml =43

)(VAN Se,n;)
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In the above, the decay rate I’ is
1 2
2 (M = 66,M5) = — (|M’L’L + ME L+ M+ M§L| ) d3(PS),  (3.5)

In Egs.(3.1)- (3.4), G is the Fermi coupling constant, Vg, y; are the elements of the mix-
ing matrix for N;, S, n; are the elements between the neutrino of flavor state v, and mass
eigenstate N, VA%KM , VA(Z(M are the Cabbibo-Kobayashi-Maskawa (CKM) matrix ele-
ments at the annihilation (creation) vertex of the meson M;(M2), fu,, fu, are the decay
constants of M1, M, respectively. We use the values fp = 0.204 GeV, fp, = 0.258 GeV,
fx =0.156 GeV and fp = 0.188 GeV [129]. My, I'y, are the mass and decay width of

the heavy neutrino N;. In Eq.(3.5), n = 2 for identical final leptons, otherwise n = 1.

3.2 Total Decay Width of the heavy Majorana neu-

trino N

If the mass of N; lies in the range 0.140 GeV < My, < 5.3 GeV, it can be produced as an
intermediate on mass shell state in the lepton number violating meson decay modes being
considered. ~We compute the total width of N; including all possible decay channels,
that are listed below. We consider only tree level diagrams for the computation. The
explicit expressions of the partial decay widths are given in the Appendix B. In addition
to the SM gauge bosons Wy, Z, the gauge bosons Wg, Z’ will also contribute in the
following two and three body decays of RH neutrinos via charged current and neutral

current interactions.

e RH neutrino decays to a charged pseudoscalar meson: N;— ¢~ P*, where £ = e, u, T

and P*=n", K*, D*, D}.

e RH neutrino decays to a neutral pseudoscalar meson: N; — veP?, where v, are the

flavor eigenstates v,, v, v, and PO = 79, 7,1, nec.
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rNI (GeV)

Figure 3.3: The total decay width of the heavy neutrino Nj.

e RH neutrino decays to a charged vector meson: N; — {~V*, where { = e, u, 1

and V* = p*, K**, D**, D{™.

e RH neutrino decays to neutral vector meson: N; — vV, where v; = v,, vy, vy and

Vo = pO, w, ¢, JY.

Three body leptonic decays of N;
o N; — €[5 vp,, where {1, £ = e, u, 7, £y # {3,
e N — Vglfgfz, where €1,y = e, u, T.

e N; — vg,vv, where vg, = v, vy, Vo

The total decay width of heavy majorana neutrino A; is given by

Ty, = Z TP 4 Z rveP 4 Z otV 4 Z eV
P ¢.P eV eV

+ Z 21-*(152\/['2 + Z I—*Vglfzfz + Z FV[IVV_
00 (61#02) [4F4 ve,

(3.6)

As each of N; are Majorana, they can also decay to the charge conjugate of the decay
modes N; — {"P*, N; — t"V*, N; — € {] v, with the same partial width, resulting in

a 2 factor associated with these widths. In deriving the above relations, we neglect the
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contributions from the small mixing between W; — Wx and Z — Z’. We show the total
decay width of the heavy neutrino N in Fig. 3.3 for different choices of Wi masses. In

our analysis we consider the following mixing texture:
e U, = Upmns.
o Vr=1,

i.e., the RH neutrinos N;’s are in the mass basis. The numerical values of the elements of

the PMNS mixing matrix are taken from Ref. [20].

3.3 Limit on My, from ongoing and future experiments

in presence of heavy Majorana neutrinos

We consider the LNV signatures from decay modes M;™ — £*¢*M; . As stated before,
the contributions from LL diagram depends on mixing angle S, RL, LR diagrams depend
on the active-sterile neutrino mixing S and V, whereas the RR contribution depends on

the RH mixing matrix V. The active-sterile mixing from Eq. (1.39) is § = 8Vg. Without

loss of generality, one can approximate 6 ~ | A",}]VV, where m, and My are the light and

RH neutrino masses, in accordance with the seesaw condition.

The sensitivity reach for the above LNV decay modes in a particular experiment depends
on the number of the parent mesons M;’s produced (N, M1+), their momentum (pyy,) and
the branching ratio for these mesons to the LNV modes. Assuming the parent meson M

decays at rest, the expected number of signal events is [151]:

Nevens = 2Ny Br (M — €76 My)) Py,
T(N; — €*Mj)
Ty,

1

~ 2Ny Br (M — (*N;) Py, (3.7)
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where for £ = e, N; = N; and for ¢ = u, N;j=N,, the factor 2 is due to inclusion of the
charge conjugate process of M;” — ¢*N; and Py, is the probability of the RH neutrino N;

to decay within a detector of the length Lp given by:

2
mpy 1 m2 My, . .
In the above, p;‘\,, = — LAa(1, mz" , mZN L) is the momentum of N; in M rest frame. For
1
My M,

the meson M| produced with fixed boost ,5, the energy of N; is then given by,

*

* pNi *
Ey, = Ey, Y+ g \ Y2 = lcos by |,

N;

Enmy

where EY, , py. are the energy and momentum of N; in rest frame of M; and y = i
L 13 1

vai is the emission angle of particle N; in the rest frame of M;, which is measured from
the boost direction E The energy Ey, of the N; in the boosted M frame lies within the

range,

Ey, € (Ey,.Ef,) =

(Ey, - iy 7P - 1) (VEY, + Pl N7 - 1)]

Hence, the energy distribution of N; follows a flat distribution as

1 1
f(EN) = =

E;\—’i - E;’i 2p7\[i vV 72 -1

The signal event for M| — ¢*¢* M, in the lab-frame is:

Ef, my T(Ni = C*M;)
Nevent ~ 2Ny f dENBr (M{ — €*N;) T |pLM| : o 2
N N; 1 i

Ni

Pl (38)

Mn,Tn,Lp

2 2
|E}, -M3,

tor length Lp, after taking into account the boost factor. Since the LNV decays will be

where Py, = [1 - exp( - )], is the probability of N; to decay within the detec-

rare, the expected number of events for these processes can be assumed to follow a Pois-
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son distribution. Using the method of Feldman and Cousins, we get the average upper
limit on the number of events at 95% C.L., assuming zero background events and no true

signal event to be Neyeny = 3.09 [152].

Note that the theoretical estimates of the number of events (given in Egs. (3.7) or (3.8),
corresponding to decay of parent meson at rest or in flight respectively) are functions of
the mass parameters My, and My, . If Majorana neutrinos having a mass such that they
can be produced as an on shell intermediate state in the LNV meson decay processes
exist, then, equating the numerical upper limit on the number of events to the theoretical
expressions, results in constraints on My, , corresponding to specific My, values for each

of the following experiments.

NA62

NAG62 is an ongoing experiment at CERN that will produce a large number of K* mesons
[153]. The primary SPS 400 GeV proton beam, aims on a target, producing a secondary
high intensity hadron beam with an optimum content of K*(~ 6%). The expected number
of K* decays in the fiducial volume is 4.5 x 10'? per year. Assuming three years of
running, Ng+ = 1.35 x 10'3. The detector length Lp ~ 170 m and the produced K*
mesons will decay in flight, carrying a momentum of 75 GeV. Non-observation of signal
events for the decay mode K* — ¢*¢*x~ at NA62 can be used to set limits on My, for
My, ~ 0.350GeV. Using Eq. (3.8), we derive the 95% C.L limit on My, for different My,
values, shown in Fig. 3.4(a) for the case of decay to like sign di-electrons. From this ee
channel, for a heavy Majorana neutrino mass My, =~ 0.38 GeV, the RH gauge boson mass
can be constrained to be My, > 4.6 TeV. For the uu channel, for heavy neutrino mass

My, ~ 0.35 GeV, a limit of My, > 4.3 TeV can be obtained and is shown in Fig. 3.5(a).
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Figure 3.4: Constraints on the RH gauge boson My, mass, corresponding to a heavy neutrino
My, that could be resonantly produced in lepton number violating decays of (a)K, (b)D, Dy and
(c)B mesons. The shaded region to the left of the curves corresponding to expected limits from
searches at different ongoing and future experiments will be ruled out in the absence of LNV
meson decays with like sign di-electrons.
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Belle 11

The asymmetric SuperKEKB facility is designed to collide electron and positron beams
such that the centre of mass energy is in the region of the Y resonances. An upgrade of
Belle, the newly completed Belle II detector is expected to collect data samples corre-
sponding to an integrated luminosity of 50 ab~! by the end of 2024 [154]. The expected
number of charged BB pairs to be produced at 50 ab™! is 5.5x10'° [129,155]. In addition,
a large sample of charged D, D; mesons will also be accessible, with Np+ = 3.4 x 10'°
and Np: = 100 [155]. A direct search for heavy Majorana neutrinos in B-meson decays
was performed by the Belle collaboration using a data sample that contained 772 x 10°
BB pairs (at 711 fb=1) [156]. At KEKB as well as superKEKB, the energies of the e,
e~ beams are sufficiently low so that the momentum of the produced B mesons as well as
that for the charmed mesons will not be appreciable and the suppression from high mo-
mentum of the decaying mesons in the number of events will be absent. Using the much
larger expected number of mesons to be produced at Belle I (Np+, Np:, Np+) with the de-
tector length Lp = 1.5 m, we calculate the expected number of signal events for the LNV
decays of these mesons using Eq. (3.7). In Fig. 3.4(b),(c) and Fig. 3.5(b),(c) we show the
limits on My, and My, that will arise, if no events for the LNV D*, D} ,B* — {*(*n~
decays are observed. Note that, among the different decay modes, the most stringent limit
My, > 3.4 TeV for heavy Majorana neutrino mass My, , ~ 1.7 GeV can come from Dj

meson decays, which are Cabibbo favoured modes.

LHCb

The LHCDb detector is a forward spectometer at the Large Hadron Collider (LHC) at
CERN. During run 1, the LHCb detector collected data at /s = 7 TeV with integrated
luminosity of 3 fb~!. During run 2, LHCb will collect additional 5 fb~! at /s = 13 TeV.

A search for heavy Majorana neutrinos in B meson decays had been performed by the
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LHCb collaboration using the 7 TeV data [157]. The cross-section for producing B, D
and Dy mesons at /s = 13 TeV within the LHCb acceptance (2 < n < 5) are 154 ub,
1000 ub and 460 ub respectively [158, 159]. Hence, in run 2 with 5 fb~!, expected num-
ber of B, D and D, mesons are, Ng+ = 7.7 x 10!, Np+ = 5% 10'% and Np+ = 2.3 x 10'2,
The produced B and D mesons will decay in flight, carrying a momentum of order of
100 GeV in forward direction [160]. We take the detector length Lp ~ 20 m. The tight-
est constraint expected from LHCb are also from D, decays, My, > 4.4 TeV for heavy
Majorana neutrino mass My, =~ 1.5 GeV, while for a heavier neutrino, My, =~ 3.8 GeV,

the constraint is weaker, My, > 2.5 TeV.

FCC-ee

The Future Circular Collider (FCC-ee) [161] will collect multi-ab~! integrated luminosi-
ties for e*e™ collisions at c.m.energy /s ~ 91 GeV. The expected number of Z-bosons is

10'2 — 10'3. The number of charged B mesons from Z decays can be estimated as,
Np+ = Nz XBr (Z — bb) X fu,

where Nz ~ 10'3, Br(Z — bb) = 0.1512 [162], f, = 0.410 [163] is the fraction of
B* from b quark in Z decay. The B mesons produced at FCC-ee will have an energy
distribution peaked at Ep+ = % Hence we can calculate the number of signal events
using Eq. (3.8), where the detector length is taken to be, Lp = 2 m. At FCC, for a heavy
Majorana neutrino of mass My, , ~ 3.9 GeV, RH gauge boson mass upto My, =~ 2 TeV

can be excluded using the decay modes B* — " ¢*n~.

SHiP

The SHiP experiment is a newly proposed general purpose fixed target facility at the

CERN SPS accelerator [164]. A 400 GeV proton beam will be dumped on a heavy target
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in order to produce 2 x 10?° proton-target interactions in five years. One of the goals of
the experiment is to use decays of charmed mesons to search for heavy sterile neutrinos
using the decay mode DY /D* — £*¢*n~. The number of charmed meson pairs that are

expected to be produced in this experiment can be estimated as [165],

Npeson = Xee X NPOT X R,

where X s is the c¢ production rate, Npor = 2 X 10%° is the number of proton-target
interaction. The relative abundances R of charmed mesons, such as, D and Dy are 30%
and 8% respectively. Hence, the expected number of D and Ds mesons are Np+ = 1.02 X
107 and Np: = 2.72 x 10'6 respectively. This very high intensity of the charmed mesons
will permit the absence of LNV D meson decay mode at SHiP, to set tight constraints on
the mass of RH gauge boson, My, > 18.4 TeV (M, > 17.4 TeV) for heavy Majorana
neutrino mass My, =~ 1.46 GeV (My, ~ 1.43 GeV). The detector length is taken to be,
Lp = 60 m. For the 400 GeV CNGS proton beam on target, the expected momentum of
the produced charmed mesons is ~ 58 GeV [166]. The result for the constraints on My,
are shown in Fig. 3.4(b) and Fig. 3.5(b). Similar constraint was obtained from the LNV

D, meson decay at SHiP in Ref. [167].

From Fig. 3.4 and Fig. 3.5 it is evident that the most stringent limit in the My ~ 1
GeV range will be provided by SHiP with the Dg/D — ¢*¢*n~ decay mode. In the
relatively higher mass range My ~ 4 GeV, stringent limit can be obtained by FCC-
ee, Belle-II and LHCb experiments. Besides, the ongoing NA62 can give constraint

My

R

> 4.6 TeV(My, ~ 0.38 GeV), which is competitive with the collider bounds from
LHC. Note that our numerical constraints on My, for various experiments are obtained
assuming idealized detectors with 100% detection, reconstruction efficiencies etc. The
realistic constraints (expected to be weaker) will only be feasible through searches by the

experimental collaborations, incorporating all these corrections.
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Figure 3.5: Same as Fig. 3.4, except that the limits corresponding to searches at different ongoing
and future experiments with like sign dimuons are shown.
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3.4 Comparison with Existing constraints from other

experiments

A constraint on My, mass, My, > 2.5 TeV was obtained in Ref [168], by calculating
the K meson mass difference in a minimal Left-Right symmetric model. In addition
to the meson decay searches, there are other direct and indirect searches that constrain
the mass of heavy neutrino N and My,. In particular, direct collider searches, such as,
LHC dijet searches for W’ [169], the same sign dilepton searches [146, 147] and indirect
searches, such as, Ov B and LFV u — ey, give stringent constraints on the masses of the
gauge boson Wg and heavy neutrino N. Assuming a 75% branching ratio of W — jj,
the 13 TeV ATLAS dijet search ruled out the Wz mass upto 2.9 TeV [169]. For Wg
that couples to two light generation of quarks through CKM type mixing, the branching
ratios to of Wg — jj is 60% [145]. The limit will be comparable with the reported
limit from ATLAS. On the other hand, the search for same-sign dilepton at LHC is only
relevant for heavy neutrino mass My in the 100 GeV-TeV range. The 95% C.L limit
from ATLAS 8 TeV search on the My, reaches 2.9 TeV [147,170]. For all the mediators
My, and My in the TeV-few hundred GeV mass range, the LHC same sign lepton search
is more constraining than OvgB [171]. The latter is sensitive to a wide range of heavy
neutrino N and RH gauge boson Wi masses. The tightest bound from Ovgg My, >
9 — 10 TeV is applicable for My ~ 0.1 GeV [170]. The meson decays, on the other
hand, are sensitive in constraining the low mass region of RH neutrino of mass between
few hundred MeV to few GeV. The ongoing experiment NA62 can constrain My, >
4.6 TeV(My, ~ 0.38 GeV), that will be more stringent than the limit provided by LHC-
dijet search. The other future experiments, such as, SHiP can allow upto a very large mass

My

R

> 18.4 TeV(My, ~ 1.46 GeV).
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3.5 Summary

We evaluate the lepton number violating meson decays M| — £*¢* M, within the frame-
work of a Left-Right symmetric model. The right handed Majorana neutrinos of masses
in the ~ (100 MeV — 6 GeV) range, can result in a resonant enhancement of these pro-
cesses. These neutrinos along with the left handed and right handed gauge bosons mediate
these processes, with contributions from Wg — N; — Wg, Wp — N; — Wr, Wg — N; — W
and Wy — N; — Wg exchanges. If Majorana neutrinos in this low mass range (~ upto few
GeV), exist, then, non-observation of the LNV meson decays at the various ongoing and
future experiments will result in constraints on the RH gauge boson Myy,,, corresponding
to the Majorana neutrino mass My;. The ongoing experiment NA62 can provide the limit
My, > 4.6 TeV(My, ~ 0.38 GeV), that is more stringent than the present collider con-
straint on Wx. The future experiment, such as SHiP will be sensitive upto a very large
mass My, > 18.4 TeV(My, ~ 1.46 GeV) which will be tighter than any collider con-
straint but will correspond to a low value of My. The meson decays are sensitive for low
mass right handed neutrinos (in the few 100 MeV-few GeV range) and are complementary

to LHC (sensitive to few hundred GeV to TeV mass neutrinos).



4 Probing Leptoquark and Heavy

Neutrino at LHeC

In this chapter we explore leptoquark production and decay for the R, class of models at
the proposed e p collider LHeC, planned to operate with 150 GeV electron and 7 TeV

proton beams.

Leptoquarks (LQs) are hypothetical particles, which make leptons couple directly to
quarks and vice versa [100, 172, 173]. In the Pati-Salam model, they emerged from the
unification of quarks and leptons [174]. They also exist in grand unification theories
based on SU(S5) [175] and SO(10) [176—180]. They are also expected to exist at TeV
scale in extended technicolour models [181-184]. LQs can be either of scalar or vector
nature. Using the SM representation of quarks and leptons, all possible LQ states can be
classified, with six scalar and six vector LQ multiplets under the SM gauge group [185].
Among the different classes, the scalar LQ R, is interesting, as it is one of the multiplets
that allows for matter stability [186]. Moreover, it also couples to right handed neutrinos
(RH neutrinos). A substantial rise in the production cross section of the RH neutrinos is
feasible in the presence of LQs. This has been explored recently for LHC in [187] for
inverse seesaw, where a number of final states have been analysed in detail. Leptoquark
models have also been tested recently for fitting the IceCube events [188]. For the heavy
neutrino searches at LHeC in inverse seesaw model, see [189] and for the LNV signal

at LHeC, see [190]. Similar studies for heavy neutrino searches also been carried out
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in [191,192].

The scalar leptoquark R, transforms as (3,2,%) under the SM gauge group SU(3), X
SU2)r x U(1)y. For the RH neutrino, we adopt a model independent framework. The
colour charge of the LQ will enable in its copious production at LHC. Moreover, at e™p
colliders like LHeC, they can be resonantly produced. The LHeC is a proposed e p
collider in the TeV regime after HERA, supposed to be built in the LHC tunnel [193].
LHeC will use a newly built electron beam of 60 GeV, up to possibly 150 GeV, to collide
with the intense 7 TeV proton beam of the LHC. LHeC is expected to operate with 100
fb~! integrated luminosity, and is complementary to the pp collider LHC [194]. The RH
neutrino, being coupled to the LQ, can be produced from LQ decay. The decay of LQ
into a lepton and a jet, and the decay of RH neutrino in different SM states give rise to a

plethora of model signatures, that we study in detail.

4.1 Model

We consider the scalar LQ R,, which in the presence of the RH neutrinos Ng, has addi-
tional interaction [172,173, 185],

L= -Y;da R Ly’ + 7,05 RYNY, + hec., 4.1)
where i,j = 1,2,3 are flavor indices and a,b = 1,2 are SU(2); indices. We assume
that there are three right-chiral neutrinos N Ié (j = 1,2,3), ¥ and Z;; are the elements of
arbitrary complex 3 x 3 Yukawa coupling matrices. Note that, R, comprises two LQs.
One has Q = %, and the other has Q = —%. Upon expansion, the Lagrangian becomes

L = ~Y;dwel B + (Y Upnins)ijdigvi R + (Vexm2)ijit, N RS

+ Zidy NARS'P + hec., (4.2)
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where the superscript of LQ fields denotes electric charge of a given SU(2); doublet
component of R>, Upmns and Ve are Pontecorvo-Maki-Nakagawa-Sakata (PMNS) and

Cabibbo- Kobayashi-Maskawa (CKM) matrices.

The charged current and neutral current interactions of the RH neutrinos are parametrized

in a model independent way as follows,

~Lee = %W;Ey#PLngN,@ +Hec.,

__ & ] - J
—ENC = 3 cos QW Z/J {(UPMNSV)U'V,")/#PLNR + HC} (43)

The interaction of the heavy neutrinos with Higgs has the following form:

gM;
4 Myw

—Lpy = H {(U*

vnsV)ii7iPrNG + Hee.| (4.4)

In the above P /g = (1 F ¥>)/2 is the left/right-chirality projection operator, and V is the

mixing matrix through which light neutrinos mix with the RH neutrinos.

For the RH neutrino, coupled with LQ, we do not assume any particular model. Instead,
we are interested in different frameworks of RH neutrinos, that can lead to large active-
sterile mixing, so that the heavy neutrinos decay inside the detector. It is widely known,
that a number of different frameworks can generate large active-sterile mixing, includ-
ing inverse and linear seesaw [93-96], extended seesaw [195-197], cancellation frame-
work [99]. In the inverse seesaw, light SM neutrino masses are extremely tiny, owing
to the small lepton number violating parameter of the model. The active-sterile neutrino
mixing is not constrained from light neutrino masses in this model. Active-sterile mix-
ing up to O(1072) is allowed from experimental data [198-203]. In extended seesaw,
or double seesaw [204], the RH neutrino gets mass due to seesaw, and light neutrino
masses are generated due to two-fold seesaw. In other frameworks, such as, cancel-
lation, small light neutrino masses are generated due to cancellation between different

RH neutrino contributions in the mass matrix [99]. The active-sterile mixing is yet un-



68 Probing Leptoquark and Heavy Neutrino at LHeC

constrained from neutrino data. In all the above mentioned frameworks, owing to the
charged current and neutral current interactions as well as the interaction with the Higgs,
specified above in Eqs.4.3 and 4.4, the RH neutrino N can decay to a number of SM
particles, including /*W7*, vZ, and vH. The branching ratio of these three decays is
Br(N - 1W) : Br(N — vZ) : Br(N — vH) = 0.6 : 0.3 : 0.1, once RH neutrino mass

becomes larger than the Higgs mass My > My and My < 200 GeV [2,75].

In the following sections, we first consider the resonant production of LQ and its decay to
a lepton and jet. We next consider the production of heavy neutrinos from LQ decay, and
discuss the discovery prospect of the LQ in a number of channels. As mentioned before,
we consider the prompt decays of heavy neutrino for the analysis of the RH neutrino
signature, that occurs due to large active-sterile neutrino mixing. We compare between
the usual charged current (CC) production of heavy neutrinos vs the alternate production
from LQ decay. We show that the production from LQ decay dominates over the CC

production mode by order of magnitude for active-sterile mixing V < 1072,

4.2 Constraints on Leptoquark Couplings

The couplings of the LQs to fermions are constrained by low energy precision observables
such as atomic parity violation, Kaon decays etc. We assume that the Yukawa coupling
matrix elements, ¥;; = 6;;¥; and Z;; = 6;;Z;, where, i,j = 1,2,3. Hence the LQ couples
exclusively to a lepton and a quark of the same generation, although it can have non-zero

couplings to fermions of more than one generation.

LQs have been searched for and studied in the context of e™e™ [205,206], ep [207,208],
pp (209, 210], and pp [211,212] colliders. The present tightest bounds are from the
LHC [1,213-216]. LHC has studied the process pp — LQ LQ — (j{j for LQs of
first, second and third generations. Non-observation of any new physics at the LHC has

ruled out LQs of masses up to 1.1 TeV at 95% C.L for the LQ decaying to ej with 100%
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Figure 4.1: Left panel: Feynman diagram for the gluon-initiated LQ pair-production process at
LHC. Right panel: the same, but for the quark-initiated processes.

branching ratio [1]. For second generation, the bound is even more stringent Mo > 1.5
TeV at 95% C.L [216]. For third generation, the bound is Mo > 900 GeV at 95%
C.L [215].

At LHC, numerous QCD diagrams contribute to the LQ pair production. For illustration,
we show only one representative gluon initiated diagram in the left panel of Fig. 4.1.
However, with non-zero Yukawa couplings, significantly large contribution to the LQ pair
production may arise through a single t channel diagram (see the right panel of Fig. 4.1).

The pair production cross-section at LHC can be parametrised as [217],

o pair (Yii, ML) = ao(Mrg) + ax(Mpo)|Yil* + as(Mpo)|¥il*, 4.5)

where the three terms correspond to the QCD pair production, an interference term and t-
channel production. In Fig. 4.2, we show the variation of LQ pair production cross-section

with the Yukawa coupling Y.

For small Yukawa coupling Y71, LQ pair production is mostly governed by QCD, as can be
seen from the straight line upto Y1 ~ 0.5 in Fig. 4.2. For intermediate Yukawa couplings
there exists a region with negative interference between QCD diagrams and the t-channel
diagram where the total cross section decreases [217], resulting in the mild dip in the
cross-section for coupling beyond 0.5, that is seen in Fig. 4.2. For large Yukawa coupling
Y;i, the t-channel process dominates and significantly enhances the cross-section. The

right panel of Fig. 4.2 shows the limit on the first-generation scalar LQ pair-production
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Figure 4.2: Left panel: variation of the production cross-section with Yukawa coupling for /s =
13 TeV. Right panel: limit on scalar LQ pair-production time branching fraction to eq final state
as a function of mass for first-generation LQs. The yellow and green bands represent the 20~ and
1o expected limits. The NLO prediction is shown in blue curve with uncertainty due to choice of
PDF set and renormalisation/factorisation scale [1] .

times the branching fraction to ej final state as a function of the mass. For the branching
fraction LQ — ej as 100%, the bound on the pair-production of LQ becomes o (pp —
LOLQ) < 3 fb, for LQ mass 1.1 TeV. Comparing the left and right panel of Fig. 4.2, one
can see that the limit on the cross section for a LQ of mass 1.1 TeV, will be inconsistent

with a Yukawa coupling larger than 1.

It is obvious from Eq. 4.1, that for the LQ to have 100% branching ratio in the LQ — ej
decay mode, the coupling Z needs to be zero. Allowing non-zero value for coupling Z will
open up new decay modes, such as N for LQ, and hence will lower the stringent bound
on LQs. We however, adopt a conservative approach, and in order to be consistent with
the LHC results for first generation of LQ, throughout our study, we consider Mo > 1.1

TeV. Additionally, we also keep both the couplings non-zero.

The present bound on coupling Y from atomic parity violation are Yy, < 0.34 (f‘;@%),

Y. < 0.36 (IA/;’;%) [217]. These bounds are extracted under the assumption that only one
of the two contributions is present at a given moment. These bounds allow large coupling

for larger mass of LQ, and place a stringent constraint for lighter LQ.
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~ 2
The most stringent bound on the diagonal couplings of R, 3 comes from LFV decay mode

K — u~e*, as this is a tree level process. Following Refs. [217,218], the bound is given

2
<2.1x107 (IA/;’;%) . In order to satisfy both the APV and LFV constraints,

by’ YS/V‘Y;e
for Yy ~ O(0.1), the other coupling Y;, has to be tiny. We consider ¥;,, to be zero and a

large value (0.3) for Yy, to get large production cross-section of LQ at LHeC.

We discuss the production of a LQ, and its decay to different final states in the next section,

for the benchmark points, that are in agreement with the described constraints.

4.3 Leptoquark Production and Its Decays

At e” p colliders, scalar LQs can be resonantly produced through s-channel process as
shown in the left panel of Fig. 4.3, and decay to a lepton and a jet. In addition, LQ can
also be a t-channel mediator for the process e”p — [7j, that we consider in our analysis

(shown in the right panel of Fig. 4.3).

The production cross-section of a LQ at LHeC, as well as that for both the single and
pair production at LHC, are shown in Fig. 4.4 for varying LQ mass. Clearly, the LHeC
cross-section is more than both the pair-production, as well as, the single production of
LQ associated with a charged lepton at LHC. The higher LQ production cross-section as
well as the lower background at LHeC will allow more precise studies for probing LQ and
RH neutrinos. Once produced, the LQ can decay into a number of final states, including,

a) a quark-lepton pair that gives rise to single charged lepton and a light jet, b) a light jet
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Figure 4.4: Comparison of the cross section for LQ production at LHC and at LHeC. The

c.m.energy for LHC is /s = 13 TeV. For LHeC, we use electron beam of 150 GeV and pro-

ton beam of 7 TeV, respectively. The coupling ¥, has been varied as 0.3 175,

the APV constraints.

in agreement with

Benchmarks My, , , Y V4 Process | o (fb)
BP1 (150,1000,1000) | (0.3,0,0) | (0,0,0) lj 221
BP2 (150,1000,1000) | (0.3,0,0) | (1,0,0) | jN; 242
BP3 (1000,1000,150) | (0.3,0,0) | (0,0,1) | N3 222

Table 4.1: Benchmark parameters and production cross-section for €j, jN; and N3 at LHeC
with electron and proton beam energy 150 GeV and 7 TeV respectively. LQ mass is considered as
1.1 TeV.

and a heavy neutrino, and c) a top quark accompanied with a heavy neutrino. These heavy
neutrinos appearing from the decays of the LQ can again be more easily probed at LHeC
through its decay products. Note that, for all these processes, the LQ can also mediate
as t-channel mediator. For b) and c), there is also 7-channel contribution from W gauge
boson mediator, but significantly smaller for the active-sterile mixing V < 1072. We give
numerical estimates in Section. 4.5. However, during computation (in Fig. 4.5 and for the

collider analysis), we consider all the contributions together.

For our computations, the LQ mass has been set to 1.1 TeV. We choose three benchmark
points, with the three heavy neutrino masses and the LQ couplings, ¥; and Z; chosen
such that they are consistent with all the constraints mentioned in Sec. 4.2, as well as with
the neutrino oscillation data [189]. These parameters for the benchmark points have been
specified in Table 4.1. The production cross-section for these three processes at LHeC,

with electron and proton beam energies of 150 GeV and 7 TeV respectively, are also
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shown in Fig. 4.5 as a function of the couplings.

The general expression for the two body decay of a scalar LQ to £;q and N;q final states

are given by,

Yil> 1
T(LQ — tiq) = ——— (M} y.mj ,mp) (M}, —mj —m) (4.6)
167TMLQ
Zal> 1 5 2 2 2
[(LQ = Nig) = === (Mg, My, mg2) (Mg = My, = m) (4.7)
Lo

In the massless limit of leptons and quarks, the branching ratios are given by,

|;il? and B(LO — Nig) = |Zi|?
>i(Yil? +1Zii|?) l >i(Yil? + 1Zii|?)

B(LQ — tiq) = (4.8)

At an e” p collider LQs can be resonantly produced, followed by their decay. Hence, we

can write the cross section approximately as,

o(e p—tigor Nig) ~o(e p— LQ).B(LQ — {iq or Niq). 4.9)

As can be seen, from Eq. (4.8), with increasing coupling Z;; the branching ratio of
o(e"p — jNp) increases, while o(e"p — [j) decreases. This results in larger cross-
section for o-(e”p — jN;) for larger Z;;. Cross section for the other channel e”p — N3
is also large for large value of Z33. The values of the cross-section in fb, for three bench-
mark points are given in the last column of Table. 4.1. As can be seen, the production
cross-section at LHeC is fairly large, approximately oo ~ 221 — 242 fb for the chosen
benchmark points. As we will show in the next section, folded with branching ratios
of heavy neutrino, top quark, the total cross-section for the different final states will be

sizeable.
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Figure 4.5: Production cross-section for ¢j, jN; and N3 at LHeC with varying coupling Z;.
We have considered 150 GeV electron beam colliding with 7 TeV Proton beam. The LQ mass has
been set to 1.1 TeV. For [~ j, j Ny, the coupling Y;; = 0.3, Z;; is varying and for N3 production,
the coupling Y1 = 0.3, Zs3 is varying, rest of the Yukawa couplings have been set to zero.

4.4 Collider Analysis

We implemented the model in FeynRules [219], generated the model files for MadGraph5
(v2_5_5) [220] to calculate the parton level cross-section for signals and background.
For the collider simulation part, we passed the MadGraph generated parton level events
to PYTHIA (v6.4.28) [221], where subsequent decay, initial state radiation, final state
radiation and hadronisation have been carried out. The jets are reconstructed by anti-«;
algorithim [222] implemented in Fastjet package [223] with radius parameter R = 0.4.

For the analysis of signal and background events we use the following set of basic cuts,

1. Electrons and muons in the final state should have the following transverse momentum
and pseudo-rapidity p? > 20GeV, |nf| < 2.5.

2. Jets are ordered in pr, jets should have pJ} > 40GeV and |5/| < 2.5.

3. Photons are counted if p% > 10GeV and |p7| < 2.5.

4. Jets should be separated by AR;; > 0.5.

5. Leptons should be separated by ARy, > 0.2.

6. Leptons and photons isolation AR, > 0.2.

7. Jets and leptons should be separated by AR;; > 0.4.

8. Hadronic activity within a cone of radius 0.3 around a lepton must be limited to
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> pl%adr"“ < O.2p§, where p? is the transverse momentum of lepton within the specified

cone.

Due to the initial and final state radiations, additional jets will be present in the final states
considered. For the inverse seesaw framework, lepton number violation (LNV) is dictated
by the parameter uyx, that is negligibly small. Therefore, the cross-section for LNV di-
lepton final states will be suppressed. For the framework where light neutrino masses
are generated as a result of cancellation, sizable lepton number violation can however
be present. Below, we adopt a conservative approach, and only consider lepton number
conserving signatures. A number of signatures, including single lepton and multi-jet,
di-lepton associated with multi-jet and missing energy, and multi-lepton associated with

missing energy and b-jet have been analysed in the subsequent sections.

4.5 Signals and Background

SignalI: (™ + n-jets (1 <n <2)

The single-lepton associated with jet is the easiest channel to probe LQ. LQ, once pro-
duced resonantly, can directly decay to a charged-lepton and a jet. Additionally, the z-
channel contribution, as shown in Fig. 4.3 will also be present. Therefore, the parton
level final state is £~ + n-jets (n = 1). Additional jets will be present due to ISR, FSR.
We demand the final state should contain ¢~ and number of jets 1 < n-jets < 2. The
main backgrounds arise from SM process, such as, e p — € j, £"jj, that are signifi-
cantly larger as compared to the signal. From Tab. 4.2, the signal cross-section is 220 fb,

while the background cross-section is 3 x 10° fb. We use a number of cuts on different

kinematic variables to reduce the background.

In Fig. 4.6 we have shown the transverse momentum of the leading lepton, leading and

subleading jet, as well as the invariant mass distribution of the leading jet and leading
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Figure 4.6: Distribution of transverse momentum pr of leading lepton, leading and sub leading
jet pr distribution, and invariant mass distribution of leading lepton and leading jet for the final
state £~ + n-jets (1 <n < 2).

lepton, both for the signal and background. Evidently, for a very heavy LQ, a high-
pr cut on leading jet or lepton, and LQ invariant mass-cut will reduce SM background

drastically.

In Table. 4.2, we have shown how we can reduce the SM background to zero using pr cut
- p?(> 400GeV) on leading lepton and invariant mass cut - [Myg — My, j,| < 100GeV

simultaneously after using the basic sets of cuts mentioned in the previous section.

Cuts Final States Signal (fb) | Background (fb)
No cuts {~+n-jets(1 < n < 2) 220 2.96 x 10°
Basic cuts ¢~ +n-jets(l < n <2) 159 4.08 x 10°
Leading lepton pr cut +p§7 (> 400GeV) 118 178
LQ invariant mass cut | +|Mpo — Mg, ;| < 100GeV 101 0

Table 4.2: Signal and Background cross-sections for the final state £~ + n-jets (1 < n < 2) after
different cuts. BP1 has been used for this final state.
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Figure 4.7: Feynman diagram for various final states from e"p — jN. For this case, t-channel
LQ mediated diagram can also contribute.

Signal II

If the coupling Z;; is non-zero, the LQ can also decay to RH neutrino and a jet, as shown
in the right panel of Fig. 4.7. The considered final state, can also arise from the t-channel
W exchange diagram as shown in left panel of Fig. 4.7. For active-sterile mixing V ~
1072 — 1073, the contribution from LQ however dominates. For example, with the BP2,
the CC production cross section is ~ 12.7 fb, while the production cross section from LQ

decay is = 240 fb.

The subsequent decays of RH neutrino, followed by hadronic and leptonic decays of

gauge bosons gives rise to a number of partonic states, that we list below.

1. £~ + n-jets (n = 3) (For hadronic decays of W*).

2. ¢+ {* +n-jets (n = 1) + E7 (For leptonic decays of W).

{~ + n-jets (n > 3)

For the case of the hadronic decays of the charged gauge boson, we demand a charged
lepton and at least three jets as final state. The invariant mass of the three jets and the
charged lepton must be equal to that of the mass of the LQ. Hence a cut on the invari-
ant mass distribution allows the separation of the signal from the backgound. For the
background we generate e”p — [~ + n-jets upto n = 3. The distribution is given in the

top left panel of Fig. 4.8. Additionally, the leading jet that is directly generated from LQ
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decay has a very high transverse momentum (see Fig. 4.8). Therefore, a large cut on the
transverse momentum of the leading jet reduces the background. As can be seen from
Table. 4.3, the large pr cut on the leading jet itself reduces the background by O(10%).
Further reduction in background is achieved though a cut on the invariant mass distribu-
tion of the heavy neutrino. Stringent cuts, such as, the cuts on the invariant mass of the

LQ and the heavy neutrino make the background negligibly small.

Cuts Final States Signal (fb) | Background (fb)
No cuts ¢~ +n-jets(n > 3) 24.8 2.99 x 10°
Basic cuts ¢~ +n-jets(n > 3) 7.65 29x103
Leading Jet pr cut +py (> 200GeV) 6.56 180
LQ invaraint mass cut | +|Mpp — My, j,j,j;| < 100GeV 3.65 60
N invaraint mass cut +IMy, — My, j, i, | < 30GeV 3.08 0

Table 4.3: Signal and Background cross-sections for the final state £~ + n-jets (n > 3) with cuts.
BP2 has been used for this final state.

" +n-jets(n > 1) + Er

For the scenario, when charged gauge boson produced in the decay of RH neutrino, decays
leptonically, the signal will have 2 opposite sign charged leptons, jets (one or more) and
missing energy. The dominant SM background comes from the processes like e”p —
(" jvyand e"p — €€ jjve. The reduction of the background in this case is achieved
by applying proper cuts on the missing energy, transverse momentum of leading jet and

effective mass Mgpp. The Mgrp variable is defined as,
Mgrr = ijTi + ZP%. + Er,
i i

where p;i , p% are the transverse momentum of the jet and lepton, and E7 is the missing
transverse energy. We expect a hard distribution for Mgrr, since the pr of the lepton and
jets coming mostly from resonantly produced LQ (as the t-channel contribution is small)
is significantly large. The peak of the MgpF shifts towards higher values with increasing

LQ mass.
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Figure 4.8: Invariant Mass distribution of LQ, pr distribution of leading, sub leading jet, and of
leading lepton. We also show the invariant mass distribution of N for the final state £~ +n-jets (n >

3).
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Figure 4.9: Missing transverse energy distribution, Mg g distribution, pr distribution of leading
jet, and leading lepton for the final state £~¢* + n-jets (n > 1) + E7.

We have shown in Fig. 4.9 the missing energy E7, Mgrr, leading jet and leading lepton
pr distributions. The effect of different cuts on the signal and background cross-sections

are given in Table. 4.4.

Cuts Final States Signal (fb) | Background (fb)
No cuts {Ct+n-jets(n > 1) + Er 11.2 5.22 x 102
Basic cuts ¢~ +n-jets(n > 1) + Er 7.84 258
Missing energy cut | £~ ¢*+n-jets(n > 1) + E7(> 100GeV) 4.26 57.5
Leading Jet pr cut +p’T1 (> 300GeV) 3.24 3.73
MEFF cuts +MEFF(> SOOGGV) 2.88 2.54

Table 4.4: Signal and Background cross-section after various cuts for the final state £~¢* +
n-jets (n > 1) + £7. BP2 has been used for this final state.
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Figure 4.10: Feynman diagram for various final states from e~ p — 7N3. For this case also, the
t-channel mediated diagram with gauge boson and LQ will contribute.

Signal 111

For the LQ mass more than My + M,, it can further decay to 7 N3, that enables a final state
with large lepton or large jet multiplicity. The large lepton multiplicity is promising due

to suppressed SM background.

For the N3 production channel, considering subsequent decays of N3 and 7, where N3 is
assumed to decay to W7, following final states at parton-level are possible:

(1) bt~t=¢* + E7 (For leptonic decays of both the W bosons, W~ — £~v, W — (*v),
(2) b7t~ + n-jets (n = 2) + E7(For the W boson decays, W~ — £~y and W — jj),

(3) bt €* + n-jets (n = 2) + Er(For the W boson decays, W~ — jj and W+ — {*v),

(4) bt~ + n-jets (n = 4)(For the W boson decays, W~ — jj and W — j)).

We do not consider the last final states in our study because of very small cross-section

and very large SM background due to large jet multiplicity.

[;f_‘['_f+ + ET

For the final states involving 7 and b, tagging can reduce the SM background significantly.
We consider the pr for the b and 7 jets, as pr > 40 GeV. In this work, we adopt a
minimalistic approach and consider a flat 75% efficiency for b-tagging and 60% efficiency

for 7-tagging. Similar to the previous case, the Mgrr distribution is hard due to the large
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Cuts Final States Signal (fb) | Background (fb)
No cuts bt t" + Er 1.57 0.323
Basic cuts bt=t=t* + Er 0.83 7.51x 1073
Missing energy cut bt~t=* + Er(> 100GeV) 0.502 4.46x 1073
Leading Jet pr cut +p§1 (> 100GeV) 0.476 2.16 x 1073
Mgrr cuts, b and 7 tagging +Mgpr(> 500GeV) 0.21 7.7 %107

Table 4.5: Signal and Background cross-section after various cuts for the final state b6~ 7~ €*+ E7.
BP3 has been used for this final state.

Cuts Final States Signal (fb) | Background (fb)
No cuts b=t~ +n-jets (n > 2) + Er 3.54 0.729
Basic cuts bt~ +n-jets (n > 2) + Er 1.457 2.18 x 1072
Missing energy cut b=t~ +n-jets (n > 2) + E7(> 100GeV) 1.277 1.344 x 1072
Leading Jet pr cut +pjT" (> 100GeV) 1.226 7.65 x 1073
MEgpp cuts, b and T tagging +Mgprp(> 500GeV) 0.522 2.4x1073

Table 4.6: Signal and Background cross-section after various cuts for the final state b7~ +
n-jets (n > 2) + £7. BP3 has been used for this final state.

missing energy and large transverse momenta of final state particles. For this signal,
the most dominant SM backgound comes from the process 7£~W™, iZv and thv with
f— bt v, W5 — Tv,Z — 7", and h — €*¢~. After applying the basic cuts only, SM
background drops significantly. In addition, we use missing energy £7, leading jet pr and

Mg distribution to further reduce the SM background.

bt~ 1t~ + n-jets (n > 2) + Er

For this case, due to large jet multiplicity, SM background is greater than the previous
signal and the background mainly comes from the process 7£~W*.  However, using
missing energy K7, cuts on leading jet pr and Mgpp distribution, the SM background can

be reduced significantly.

bt*t™ + n-jets (n > 2) + Er

For this final state, SM background is actualy negligibly small at e” p collider for the beam

energies considered.
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Cuts Final States Signal (fb) | Background (fb)
No cuts bt*t™ +n-jets (n > 2) + £y 4.07 0
Basic cuts, b and 7 tagging | b£* 1~ + n-jets (n > 2) + Er 1.83 0

Table 4.7: Signal and Background cross-section after various cuts for the final state bf*7~ +
n-jets (n > 2) + £7. BP3 has been used for this final state.

Final States 1.1TeV | 1.2TeV | 1.3TeV | 1.4TeV | 1L.5TeV | 1.6 TeV | 1.7 TeV
" +n-jets(1 <n <2) 101 47.53 18.37 6.148 2.04 0.82 0.42
¢~ +n-jets(n > 3) 3.08 1.98 0.83 0.47 0.322 0.24 0.18
be*t~ +n-jets (n = 2) + Er 1.83 0.74 0.29 0.12 0.06 0.03 0.02

Table 4.8: Cross-sections (in fb) after all the cuts as a function of LQ mass.

4.6 Signal Strength for Higher LQ Mass

Bound on LQs parameter space is expected to improve in future with increasing luminos-
ity at LHC. Hence, we repeat our study for higher LQ masses. Though for higher LQ
mass, we can allow for large yukawa coupling, we use the same coupling as for 1.1 TeV
LQ mass to compare our result for different LQ masses. Using the same set of cuts for
each final states as we did for LQ mass 1.1 TeV, we have calculated the cross-section for
LQ mass of 1.2,1.3,...upto 1.7 TeV. The partonic cross-sections and the effect of different

cuts is shown in Table. 4.8 and 4.9.

Zero Background Case

First, we consider only final states for which the SM background is zero or can be re-
duced to zero using invariant mass cut of LQ and RH neutrinos. The SM background is
practically zero, for final state, bttt + n-jets (n > 2) + E7. For the final state, {~+n-
jets(1 < n < 2), using p’; cut and LQ invariant mass cut (for corresponding LQ mass),

the SM background can be reduced to zero.

Similarly, for the final state, {~+n-jets(n > 3), selection cut on p;, along with on LQ

invariant mass, and invariant mass of RH neutrino can make the SM background negli-

gibly small. The results are given in Table. 4.8. We have also shown the cross section
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Figure 4.11: Signal cross-section as a function of LQ mass for different final states.

as a function of LQ masses in Fig. 4.11. As can be seen, the cross-section for the {~+n-
jets(I < n < 2) channel is the largest, varies 10> — 0.42 fb for a wide range of LQ mass.
With 100 fb~! luminosity, this predicts 10* number of events at LHeC. The other channel
with jet multiplicity (n > 3) also offers a large cross-section, and large number of events

O10?).

Non-Zero Backgound Case

For the final states, {~+n-jets(1 < n < 2) and ¢ +n-jets(n > 3), the SM background
is non zero if we do not use the invariant mass of LQ and RH neutrino. Since, the LQ
and RH neutrino masses are unknown, we do not implement the mass cut, rather in this
section show the cross-sections with a very generic sets of cuts. Assuming LQ mass to
be more than 1 TeV, all the other cuts which we considered can be easily applied. For
the above two final states we applied cuts only on p§ and p;. For final states, {~¢*+n-
jets(n > 1) + E7, bt~ ¢* + E7 and b6~ 7~ + n-jets (n > 2) + E7 we used the same cuts

as in Tables. 4.4, 4.5 and 4.6 respectively.

We show the signal cross section and statistical significance with integrated luminosity
of 100fb~" in Fig. 4.12. We also show the required luminosity to achieve 30~ and 5o

statistical significance in Fig. 4.13. The statistical significance has been calculated using
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Final States 11TeV [ 12TeV | 13TeV | 14TeV | 1.5TeV | 1.6 TeV | 1.7 TeV
¢ +njets(1 <n < 2) 118 57 23 8 2.8 1.16 0.62
¢~ +n-jets(n > 3) 6.56 2.36 1 0.5 0.32 0.23 0.18
=0 +n-jets(n > 1) + Er 2.88 1.38 0.57 023 | 0.102 | 0.057 | 0.039
bt t* + Er 0.21 0.08 0.03 | 0012 | 0007 | 0003 | 0.0018
bt~t~ +n+ets(n >2)+ Er | 0522 | 0.175 | 0.063 | 0.025 | 0013 | 0.008 | 0.006

Table 4.9: Cross-sections in fb, after all the cuts (except invariant LQ and right handed neutrinos
mass cut) as a function of LQ mass. Backgrounds are same as for 1.1 TeV, as the beam energies
are same.
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Figure 4.12: Left panel: The signal cross-section as a function of LQ mass for different final
states. Right panel: the significance with 100 fb~! luminosity.

the following expression:
S

VS+B

where, S and B denote the number of signal and background events, respectively.

Ssig = (4.10)

4,7 Results

We discuss the discovery prospect of LQ in the mass range 1.1-1.7 TeV at LHeC. We
have shown the significance for different final states with integrated luminosity 100 fb~!
and 1000 fb~! for each LQ mass in the range 1.1-1.7 TeV in Table.4.10. The channel
¢~ +n-jets(1 < n < 2) is the most promising. For the final states £~ + n-jets(1 < n < 2),
even with integrated luminosity 2 fb~!, the statistical significance is 9.69¢ for the LQ of

mass 1.1 TeV.
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Final States I1TeV | 12TeV | 13TeV | 14TeV | 15TeV | 1.6TeV | 1.7TeV
Cnjets(l<n<2) | 68217 | 37 |[117| 16 | 51 | 6 | 19 | 2 | 7 |087[274046] 1.46
¢ +n-jets(n > 3) 48| 15 [ 1.74 | 55 | 074 | 235 | 037 | 1.17 | 0.24 | 0.75 | 0.23 | 0.54 | 0.13 | 0.42
CCndetsn = D+ Er |12 39 | 7 |22 | 32| 10 | 1.4 | 44 | 062 198|035 1.12 | 0.24 | 0.76
btttk 4514428 89| 1.7 | 54 |1.06| 33|08 |25|05]| 15035112
bt +njets(n>2)+Er |72 ] 22 | 415| 13 |246| 7.8 | 1.5 | 477 | 1.04 | 3.3 | 0.78 | 2.48 | 0.65 | 2.1
Table 4.10: Significance for different final states with integrated luminosity £ = 100fb~! (st

column corresponding to each LQ mass) and £ = 1000fb~"' (2nd column corresponding to each
LQ mass) respectively for the LQ mass range [1.1-1.7]TeV.
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Figure 4.13: The required luminosity to achieve 3o~ (left panel) and 50~ (right panel ) for different
final states.

For final states ¢~ + n-jets(n > 3) and £~ ¢* + n-jets(n > 1) + E7, statistical significance
drastically decreases with higher LQ masses. Similarly for the final states b{~t~€* + Er
and b£~ 7~ + n-jets (n > 2) + K7, in spite of small SM background, as the signal cross

section is itself small for higher LQ masses, its difficult to observe these final state for

higher LQ masses.

4.8 Summary

We study the discovery prospect of R, class of LQ model at LHeC. The model contains

two LQs with Q = %, and Q = —% LQ with Q = % can be copiously produced at
LHeC, due to its interaction with the electron and down type quark. We study the pro-
duction and its decay to different final states, including a lepton and a jet, a jet and a

RH neutrino, and RH neutrino and a top quark. The typical production cross-section for
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e p — lj,jN1,iN3 are 221, 242, 222 fb for Mo = 1.1 TeV, My, , = 150 GeV, and
the couplings ¥;; = 0.3,Z33 = 1. The produced RH neutrino further decays and give
a plethora of model signatures. For the RH neutrinos, we adopt a model independent
framework, and a large active-sterile mixing to ensure its decay within the detector. For
the LQs, the higher production cross-section as well as the lower backgrounds at LHeC

result in a much higher statistical significance for few of the signals studied.

We have analysed a number of final states, including ¢~ + n-jets (1 < n < 2), £* +

n-jets (n > 3), (¢ + n-jets (n > 1) + Er, b~ 7 €* + Er, b6™7~ + n-jets (n > 2) + Er,
bt*t~ + n-jets (n > 2) + Er. Among these, the model signature £~ + n-jets (1 < n < 2)
arises due to the direct decay of LQ to a lepton and a jet. All the other final states arise

due to the decay of LQ to a RH neutrino and a light jet, or to a RH neutrino and top quark,

with successive decays of RH neutrino, and # quark into SM states.

We find that, among all the above mentioned final states, £~ + n-jets (1 < n < 2) has the
highest discovery prospect even after giving a generic set of cuts. A LQ of mass upto
1.4 TeV in this channel can be discovered at more than 5o C.L. with 100 fb~! of data.
The LQs will also result in the enhancement of the RH neutrino production in association
with a light jet, or with top quark. If at LHeC the electron beam is polarized, the right
handed neutrino- light jet production cross-section can substantially increase [189, 190].
We find that among all the final states £~ + n-jets(n > 3), and b¢* 1~ + n-jets(n > 2) + Er
are the most optimal, after implementing the selection cuts judiciously. With 100 fb~!
integrated luminosity, for LQ mass 1.1 TeV, the expected number of events for the final

sates £~ + n-jets(n > 3), and b7~ + n-jets(n > 2) + K7 are 10* and 180 respectively.






Probing right handed neutrinos

using fat jet signatures

The inclusion of heavy neutral leptons (right-handed neutrinos) to the Standard Model
(SM) particle content is one of the best motivated ways to account for the observed neu-
trino masses and flavor mixing. The modification of the charged and neutral currents
from active-sterile mixing of the neutral leptons can provide novel signatures which can
be tested at the future collider experiments. In this chapter, we explore the discovery
prospect of a very heavy right handed neutrino to probe such extensions at the future col-
lider experiments like Large Hadron electron Collider (LHeC) and linear collider. We
consider the production of the heavy neutrino via the ¢ and s-channel processes and its
subsequent decays into the semi-leptonic final states. We specifically focus on the sce-
nario where the gauge boson produced from heavy neutrino decay is highly boosted,
leading to a fat-jet. We study the bounds on the sterile neutrino properties from several

past experiments and compare with our results.

1. We study the prospect of discovery of RHNs at LHeC considering the boosted objects
for the first time. In the LHeC we concentrate on the lepton number violating (LNV) and
lepton number conserving (LNC) channels to produce the RHN in association with a jet
(j1). Hence the RHN will decay into the dominant {W and the W will decay into a pair of
jets. The daughter W coming from the heavy RHN will be boosted and its hadronic decay

products, jets, of the W will be collimated such that they can form a fat jet (J).Hence a

89
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signal sample of £+ j; + J can be studied thoroughly at this collider. In this process people
have mostly studied the lepton number conserving channel where as the lepton number
violating will be potentially background free. However, for clarity we study the combined
channel and the corresponding SM backgrounds. We consider two scenarios at the LHeC
where the electron and proton beams will have 60 GeV and 7 TeV energies where the
center of mass energy becomes /s = 1.3 TeV. We have also considered another center of
mass energy at the /s = 1.8 TeV where the proton beam energy is raised up to the 13.5
TeV. For both of the colliders we consider the luminosity at 1 ab~!. Here the RHN is a

first generation RHN (N;) and ¢ is electron (e). Finally we study up to 3 ab~! luminosity.

2. At the linear collider the production of the RHNs is occurring from the s- and #- chan-
nel processes in association with a SM light neutrino (v). We consider the linear collider
at two different center of mass energies, such as v/s = 1 TeV and +/s = 3 TeV which
can probe up to a high mass of the RHNs such as 900 GeV (at the 1 TeV linear collider)
and 2.9 TeV (at the 3 TeV linear collider) due to the almost constant cross section for the
Nv production. For both of the center of mass energies we consider 1 ab~! luminosity.

Finally we study up to 3 (5) ab~! luminosity for the 1 (3) TeV linear collider.

3. At this mass scale, the RHNs will be produced at rest, however, the daughter particles
can be sufficiently boosted. We consider N — {W,W — jjand N — hv,h — bb modes
at the linear collider where £ is the SM Higgs boson. If the RHN is sufficiently heavy,
such the, My > 400 GeV, the W and % can be boosted because My and M; << @
As aresult W and h will produce a fat jet (J) and a fat b jet (Jp) respectively. Therefore
the signal will be ¢ + J plus missing momentum and Jj plus missing momentum in the

W and h modes respectively at the linear collider. Therefore studying the signals and the

backgrounds for each process we put the bounds in the mass- mixing plane of the RHNSs.



91

4. We want to comment that studying e”e* — N,v,/N3v; mode in the Z mediated
s-channel will be interesting where N,(N3) will be the second (third) generation RHN.
Studying the signal events and the corresponding SM backgrounds one can also calculate
the limits on the mixing angles involved in these processes. Such a process will be propor-
tional to | V,.n 12 (] Ven [2). In these processes the signal will be u(7) + jj plus missing
momentum followed by the decay of N2(N3) — wjj(rjj). One can also calculate the
bounds on the mass-mixing plane for different significances. A boosted analysis could be
interesting, however, a non-boosted study might be more useful as the cross-section goes
down with the rise in collider energy in these processes. Such signals can also be studied
if the RHN’s can decay through the LFV modes, such as e"¢™ — Nv,,N —» uW,W — j],
however, u — ey process will make this process highly constrained due to the strong
limit Br(u* — e*y) < 4.2 x 10713 at the 90% C. L. [224]. The corresponding limits on
T are weaker [225,226]. Such final states have been studied in [227] for My = 150 GeV,
a high mass test with using boosted object will be interesting in future. A comprehensive

LHC study has been performed in [228].

5. The RHN produced at the linear collider may decay in to another interesting mode,
namely, N — Zv,Z — bb. Which can be another interesting channel where boosted
objects can be stated. However, precision measurements at the Z-boson resonance using
electron-positron colliding beams at LEP experiment strongly constrains Z boson current,
and hence, Zbb coupling. This channel also suffers from larger QCD background com-
pared to the leptonic decay of Z boson, and hence, leptonic decay of Z boson has better
discovery prospect for this particular mode of RHN decay. On the other hand, SM Higgs
, h, mostly decays (~ 60%) to bb due to large hbb coupling. Due to this, we focus on the
Higgs decay mode of RHN, N — hv,h — bb to study the fat jet signature. We mainly

focus on the first two items.

This chapter is organised as follows. in Sec. 5.1, we calculate the production cross sec-

tions of heavy neutrino at different colliders. In Sec.5.2 we discuss the complete collider
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e Nl

q q

Figure 5.1: Production process, ep — N, j; , of the RHN at the LHeC through a ¢ channel W
boson exchange.

study. In Sec. 5.3 we calculate the bounds on the mixing angles and compare them with

the existing results.

5.1 Heavy neutrino production

5.1.1 Production cross section at LHeC

The LHeC can produce the RHN in the process e p — Njj; through the 7- channel
exchanging the W boson. In this case the first generation RHN (/N;) will be produced.
The corresponding Feynman diagram is given in Fig. 5.1. The total differential production

cross section for this process is calculated as

Ao L Hec ,3.89%x 108 1 ,1\2, M2 — My,
= Vo, P22 — 3% (=) (X
dcosé Vew| 32 3(2) ( MI%, )

256C2C2 (M)

(5.1)

2 2

[MI%, - 2{%(1 —cosﬁ)} + %(1 + cos@)]2 + F%VM‘%,

where V§ = M,,, and C; = C, = 4. Performing the integration over cos 6 between
22

[-1,1] we find the cross section as 61 y.c and finally convoluting the PDF (CTEQS5M)
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Figure 5.2: RHN production cross section at the LHeC considering e p — N j process for the
e p collider at /s = 1.3 TeV (LHeC, left panel) and +/s = 1.8 TeV (HE-LHeC, right panel).

Y

et v

Figure 5.3: RHN production processes at the linear collider. The left panel is the dominant ¢
channel process and the right panel is s channel process to produce the e*e™ — Njv;. To produce
N> v and N3vs, the Z mediated s channel process will act.

[229] we get the total cross section as
1
o= Z sz dx qi(x, VXEcy) O rrec(NxEcu) (5.2)
™

where Ecy 1s the center of mass energy of the LHeC and i runs over the quark flavors.
For different center of mass energies E will be different. In Fig. 5.2 we plot the total
production cross sections of N; at the three different collider energies such as /s = 1.3
TeV (LHeC) and /s = 1.8 TeV (High Energy LHeC (HE-LHeC)) respectively. The
2

cross section in Fig. 5.2 is normalized by the square of the mixing |V,n, | to correspond

the maximum value for a fixed My.
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5.1.2 Production cross section at linear collider

The linear collider can produce the heavy neutrino in the process e*e~ — v N; through
t and s-channels exchanging the W and Z bosons, respectively. The corresponding Feyn-
man diagrams are given in Fig. 5.3. The total differential production cross section for this

process is calculated as

doirc

= |Von 1%(3.89 x 108 pb) x —— —
Toos 0 [Ven, 17 ( X pb) x

2r s 2
16C2C3 (s = M) (1 + cos ) (1 + S cos )

B stM]%,(l)2

—M?
(M2 = =2(1 = BeosO) — M2)? + M2TZ,

(4(C§ +C2)(C% +C2)(1 + Bcos? ) + 16C4,Cy,Ca,Cy, (1 + B) cos 9) (s = My)
+ e e 4 v
(s — M2)? + M3T%

—32C7C; (s° = My)(1 +cos 0)(1 + B cos 6)

s—M?2
(M3 = 5521 = Boosd) - M3 ) (5 = MZ) + My MzTwT,
8 R . (53)
(ME — —2(1 = BeosO) — M2)? + MLT ) ((s — M2)? + M2T2)
where B = (s — M3)/(s + M}),
8 8
Ci=-C = ,Cy =Cy = ,
: 2 212 A %~ 4cos Ow
8 LD Y. 8
— —— 42 HW R Cy = — . 54
A ™ 2 cos Oy ( 2 - ) Ve 4cos b, (>4)

The total production cross section for the process e*e~ — v N; from the # and s channel
processes at the linear collider at different center of mass energies are shown in Fig. 5.4.
The s channel Z mediated process can produce the second (third) generation of RHNs,
N> (N3) in association with v»(v3). The cross sections for different center of mass energies
have been given in Fig. 5.5. The cross section in this mode decreases with the increase
in the center of mass energy. Such modes can reach up to a cross section of 1 pb for

My = 100 GeV at /s = 250 GeV. Consider the leading decay mode of the RHN into
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Figure 5.4: RHN production cross section at the linear collider considering e*e™ — N;v; process

at the different center of mass energies.
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Figure 5.5: RHN production cross section at the linear collider considering e*e™ — Npv, (N3v3)
process at the different center of mass energies from the s channel Z boson exchange.

W and ¢ (u,7) followed by the hadronic decay of the W could be interesting to probe the

corresponding mixing angles. The cross sections in Figs. 5.4 and 5.5 are normalized by

the square of the mixing |V, |? to correspond the maximum value for a fixed My.

5.2 Collider Analysis

We implement our model in FeynRules [219], generate the UFO file of the model for

MadGraph5 [220] to calculate the signals and the backgrounds. Further we use PYTHIA6

[221] for LHeC and PYTHIAS [230] for the linear colliders, where subsequent decay,

initial state radiation, final state radiation and hadronisation have been carried out. We

prefer the hadronic decay mode of the W where the jets can be collimated so that we

can call it a fat-jet (J). Such a topology is very powerful to discriminate the signal from
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Figure 5.6: e + J + j final state at the LHeC and HE-LHeC.

the SM backgrounds. We perform the detector simulation using DELPHES version 3.4.1
[231]. The detector card for the LHeC has been used from [232]. We use the ILD card
for the linear collider. In our analysis the jets are reconstructed by Cambridge-Achen
algorithm [233,234] implemented in Fastjet package [223,235] with the radius parameter
as R =0.8.

We study the production of the first generation RHN (Np) and its subsequent leading
decay mode (e p = Ny ji,N; > We,W — J) at the LHeC with /s = 1.3 TeV and 1.8
TeV center of mass energies. The corresponding Feynman diagram is given in Fig. 5.6.
We also study the RHN production at the linear collider (International Linear Collider,
ILC) at 4/s = 1 TeV and CLIC at +/s = 3 TeV collider energies. However, for simplicity
we will use the term linear collider unanimously. At the linear collider we consider two
sets of signals after the production of the RHN, such that, e* e~ — N; v,N; > We,W —
Jand et e~ — N; v,N| — hv,h — J, where Jj, is a fat b-jet coming from the boosted
SM Higgs decay in the dominant mode. For the two types of colliders we consider 1000
fb~! luminosity. The corresponding Feynman diagrams are given in Fig. 5.7. For the
analysis of signal and background events we use the following set of basic cuts,

1. Electrons in the final state should have the following transverse momentum (p7) and
pseudo-rapidity (|n¢|) as p7. > 10 GeV, [p¢| < 2.5.

2. Jets are ordered in pr, jets should have p]% > 10 GeV and |n/| < 2.5.

3. Photons are counted ifp; > 10 GeV and |n7| < 2.5.

4. Leptons should be separated by ARy, > 0.2.
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Figure 5.7: e + J + p}"is $and Jp + p?i 55 final states at the linear colliders.

5. The leptons and photons are separated by ARy, > 0.3.
6. The jets and leptons should be separated by ARy; > 0.3.

7. Fat Jet is constructed with radius parameter R = (.8.

5.2.1 LHeC analysis for the signal e™p — jN; — e* + J + j;

Producing N; at the LHeC and followed by its decay into leading mode to study the
boosted objects, we consider the final state e* + J + j;. In this case we have two different
processes, one is them is the e* + J + j; and the other one is ¢~ + J + j;. The first
one is the Lepton Number Violating (LNV) channel and the second one is the Lepton
Number Conserving (LNC). At the time of showing the results we combine LNV and

LNC channels to obtain the final state as e* + J + jj.

The LNV signal is almost background free until some e* +jets events appear from some
radiations, however, that effect will be negligible. Therefore for completeness we include
the LNC channel where the leading SM backgrounds will come from e™jjj, e”jj and

e” j including initial state and final state radiations. For completeness we include both
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Figure 5.8: Transverse momentum distribution of the associated jet (p#) from the signal and
background events for My = 600 GeV and 700 GeV at the /s = 1.3 TeV LHeC (left panel) and
My =900 GeV and 1 TeV at the /s = 1.8 TeV LHeC (right panel).
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Figure 5.9: Transverse momentum distribution of the electron (p.) from the signal and back-
ground events for My = 600 GeV and 700 GeV at the /s = 1.3 TeV LHeC (left panel) and
My =900 GeV and 1 TeV at the /s = 1.8 TeV HE-LHeC (right panel).

of the LNV and LNC channels. Further we use the fat-jet algorithm to reduce the SM
backgrounds. We have shown the distributions of the transverse momentum of the leading
jet (p]T.' ), lepton (p7) and fat-jet (p%) in Figs.5.8-5.10. The fat-jet mass distribution (M)
has been shown in Figs.5.11. The invariant mass distribution of the lepton and fat-jet
system (M, ;) has been shown in Fig. 5.12. We have also compared the signals with the
corresponding SM backgrounds. As a sample we consider My = 600 GeV and 700 GeV
for /s = 1.3 TeV LHeC and My = 900 GeV, 1 TeV at /s = 1.8 TeV HE-LHeC as
shown in Figs.5.8-5.12.  We have chosen My = 400 GeV- 900 GeV for the 1.3 TeV
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Figure 5.10: Transverse momentum distribution of the fat jet (ps.) from the signal and back-
ground events for My = 600 GeV and 700 GeV at the +/s = 1.3 TeV LHeC (left panel) and
My =900 GeV and 1 TeV at the /s = 1.8 TeV HE-LHeC (right panel).
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Figure 5.11: Jet mass (M) distribution of the fat jet from the signal and background events for
My = 600 GeV and 700 GeV at the +/s = 1.3 TeV LHeC (left panel) and My = 900 GeV and 1
TeV at the +/s = 1.8 TeV HE-LHeC (right panel).

LHeC and My = 800 GeV- 1.5 TeV for the 1.8 TeV HE-LHeC. As benchmark points we
have chosen My = 600 GeV, 700 GeV at the 1.3 TeV LHeC and My =900 GeV, 1.0 TeV
at the 1.8 TeV HE-LHeC after the basic cuts. In view of the distributions in Figs.5.8-5.12,

we have used the following advanced selection cuts to reduce the backgrounds:
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Figure 5.12: Invariant mass distribution of the fat jet and electron system (M, ;) from the signal
and background events for My = 600 GeV and 700 GeV at the +/s = 1.3 TeV LHeC (left panel)
and My =900 GeV and 1 TeV at the +/s = 1.8 TeV HE-LHeC (right panel).

Advanced cuts for My = 400 GeV -900 GeV at the /s = 1.3 TeV LHeC after the

detector simulation

1. Transverse momentum for lepton and jet, p?i > 50 GeV.

2. Transverse momentum for fat-jet p% > 175 GeV.

3. Fat-jet mass M; > 70 GeV.

4. Invariant mass window of e* and fat-jet J, |[M,; — My| < 20 GeV.

We have noticed that M; > 70 GeV cuts out the low energy peaks (M; < 25 GeV) which
come from the hadronic activity of the low energy jets. Similarly, the p% and p7. cuts are
also very effective. Due to the presence of the RHN, these distributions from the signal
will be in the high values than the SM backgrounds. Therefore selecting such cuts at high

values, as we have done here, will be extremely useful to reduce the SM backgrounds.

We have noticed that ej background can completely be reduced with the application of the
kinematic cuts on p7, p% and M. It is difficult to obtain a fat jet from this process because
the ¢ channel exchange of the Z boson and photon will contribute to this process, however,
the other low-energy jets may come from the radiations at the initial and final states. These
jets do not help to make the fat jets sufficiently energetic. Therefore p% > 175 GeV (p% >

400 GeV) at the LHeC (HE-LHeC) are very useful. Similarly the ejj; is the irreducible
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Cuts Signal Background Total
My, = 600 GeV | My, =700 GeV ejjj ejj
Basic Cuts 645,860 261,254 70,029,800 | 189,689,000 | 259,718,800
p% > 175 GeV 476,640 214,520 295,658 338,720 634,378
M; > 70 GeV 356,350 160,017 35,244 17,520 52,764
Py > 50 GeV 356,126 159,918 33,286 17,520 50,806
IM.j — My| < 20 GeV 304,457 129,690 7 1 8

Table 5.1: Cut flow of the signal and background events for the final state e*+J+j; for My = 600
GeV and 700 GeV with /s = 1.3 TeV LHeC where the signal events are normalized by the square
of the mixing.

Cuts Signal Background Total
My, =900 GeV | My, =1 TeV ejjj ejj
Basic Cuts 427,311 207,015 108,243,000 | 273,410,000 | 381,653,000
p% > 400 GeV 158,694 110,289 12,225 12,450 24,675
Mj; > 70 GeV 145,558 96,787 4,596 4,150 8,746
Py > 250 GeV 144,997 96,487 4,596 4,150 8,746
[Mo; — My| <20 GeV 119,659 71,490 3 1 4

Table 5.2: Cut flow of the signal and background events for the final state e*+J+j; for My = 900
GeV and 1.0 TeV with +/s = 1.8 TeV HE-LHeC where the signal events are normalized by the
square of the mixing.

background in this case which will contribute most among the backgrounds. Whereas ej j
is the second leading background in this case. However, both of these backgrounds can
be reduced using the invariant mass cut of the RHN. As the RHN will decay according
to N — eJ, therefore the invariant mass of the eJ system with an window of 20 GeV
(|IM,; — My| < 20 GeV) will be extremely useful to reduce the backgrounds further in
these colliders. In Tab. 5.1 we have given the two benchmark scenarios at the 1.3 TeV

LHeC where the signal events are normalized by the square of the mixing.

Advanced cuts for My = 800 GeV — 1.5 TeV at the /s = 1.8 TeV HE-LHeC after

the detector simulation

1. Transverse momentum for lepton, p?i > 250 GeV.
2. Transverse momentum for fat-jet p; > 400 GeV.
3. Fat-jet mass M; > 70 GeV.

4. Invariant mass window of e* and fat-jet J, |[M,; — My| < 20 GeV.
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We have chosen My = 900 GeVand 1 TeV at the /s = 1.8 TeV HE-LHeC. The cor-
responding signals normalized by the square of the mixing and the SM backgrounds are
listed in Tab. 5.2. Due to the heavier mass range of the RHN, we have chosen stronger
cuts for the transverse momenta of the electron and fat-jet which became useful to reduce

the backgrounds.

miss

5.2.2 Linear collider analysis for the signal e* + J + p7

In linear collider we study e* + J + p?"” signal from the leading decay mode of the RHN
at the 1 TeV and 3 TeV center of mass energy. The corresponding distributions for two
benchmark points for My = 500 GeV, 800 GeV at+/s = 1 TeV and My = 800 GeV, 2 TeV
at /s = 3 TeV linear colliders are given in Figs.5.13-5.17 after the basic cuts. We perform
a complete cut based analysis for the signal and the SM backgrounds. In this process
we have v,eW as the leading background where as WW, ZZ and ¢f are other important

backgrounds. We have shown the missing momentum (p?i”), transverse momenta of
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Figure 5.13: Missing momentum distribution of the signal and background events for My = 500
GeV and 800 GeV at the /s = 1 TeV (left panel) and My = 800 GeV and 2 TeV at the /s = 3
TeV (right panel) linear colliders.

the electron pf. and fat-jet p% in Figs. 5.13-5.15 for the linear colliders. The fat-jet mass

M distribution has been shown in Fig. 5.16. We construct the polar angle variable in

e(J)
Fig. 5.17 for the electron (fat jet), cos 8.(cos ;) where 0,y = tan~! [%], where pim
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Figure 5.14: Transverse momentum distribution of the electron (p$.) from the signal and back-
ground events for My = 500 GeV and 800 GeV at the /s = 1 TeV (left panel) and My = 800
GeV and 2 TeV at the +/s = 3 TeV (right panel) linear colliders.
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Figure 5.15: Transverse momentum distribution of the fat jet (p%) from the signal and back-
ground events for My = 500 GeV and 800 GeV at the /s = 1 TeV (left panel) and My = 800
GeV and 2 TeV at the /s = 3 TeV linear colliders.

is the z component of the three momentum of the electron (fat jet). This is a very effective

cut which reduces the SM background significantly. In view of these distributions, we

have used the following advanced selection cuts to reduce the backgrounds:

Advanced cuts for My = 400 GeV-900 GeV at the /s = 1 TeV linear collider

after the detector simulation

1. Transverse momentum for fat-jet p% > 150 GeV for My mass range 400 GeV-600 GeV

and p% > 250 GeV for My mass range 700 GeV-900 GeV.
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Figure 5.16: Jet mass (M, ) distribution of the fat jet from the signal and background events for
My = 500 GeV and 800 GeV at the /s = 1 TeV (left panel) and My = 800 GeV and 2 TeV at
the /s = 3 TeV (right panel) linear colliders.
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Cuts Signal Background Total
v.eW wWw Z7Z 1t

Basic Cuts 12,996,200 | 201,586 | 72,244 | 7,200 | 4,300 | 285,330
|cos 8y < 0.85 | 12,789,800 | 148,802 | 44,910 | 3,800 | 4,100 | 201,600
|cos 6. < 0.85 | 12,671,800 | 79,008 | 40,574 | 2,800 | 3,900 | 126,280
p% > 150 GeV | 12,308,300 | 70,669 | 40,490 | 2,300 | 3,200 | 116,660
Mj; >70GeV | 10,923,100 | 62,303 | 37,043 | 2,100 | 2,300 | 103,700
pg > 100GeV | 10,714,500 | 57,076 | 33,488 | 1,400 | 1,530 | 93,400

Table 5.3: Cut flow for the signal and background events for the final state e* + J + pi''s* for
My =500 GeV at the /s = 1 TeV linear collider. The signal events are normalized by the square
of the mixing.

Cuts Signal Background Total
v.eW wWwW Z7Z tr

Basic Cuts 8,684,990 | 201,586 | 72,244 | 7,200 | 4,300 | 285,330
|cos 8] < 0.85 | 8,649,570 | 148,802 | 44,910 | 3,800 | 4,100 | 201,600
|cos 6. < 0.85 | 8,618,420 | 79,008 | 40,574 | 2,800 | 3,900 | 126,280
p; > 250 GeV | 7,681,440 | 59,001 | 40,329 | 2,303 | 2,720 | 104,354
Mj; >70GeV | 7,176,280 | 53,990 | 36,997 | 2,187 | 2,282 | 95,437
p? > 200GeV | 7,080,200 | 38,729 | 26,208 | 942 | 613 | 66,493

Table 5.4: Cut flow for the signal and background events for the final state e* + J + pi''s* for
My =800 GeV at the /s = 1 TeV linear collider. The signal events are normalized by the square
of the mixing.

2. Transverse momentum for leading lepton p?i > 100 GeV for My mass range 400
GeV-600 GeV and p;i > 200 GeV for My mass range 700 GeV-900 GeV.

3. Polar angle of lepton and fat-jet |cos 6,.| < 0.85, |cos 6| < 0.85.

4. Fat-jet mass M; > 70 GeV.

We have tested My = 400 GeV to 900 GeV at the 4/s = 1 TeV at the linear collider.
Hence we consider two benchmark points at the /s = 1 TeV linear collider such as
My = 500 GeV and 800 GeV. The cut flow for the 4/s = 1 TeV are given in the Tabs. 5.3
and 5.4 respectively. We have noticed that cos 6,y is a very important kinematic variable
and setting | cos 0.¢s)| < 0.85 puts a very strong cut for the SM backgrounds. The M; >
70 GeV is also effective to cut out the low mass peaks (1 GeV < M; < 25 GeV ) from

the low energy jets.
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Cuts Signal Background Total
v.eW ww ZZ 1t

Basic Cuts 21,789,900 | 193,533 | 12,135 | 1,361 | 271 | 207,301
lcos 8y < 0.85 | 13,599,300 | 126,980 | 4,766 | 406 | 215 | 132,367
|cos 6. < 0.85 | 12,163,300 | 21,110 | 4,609 | 390 | 195 | 26,304
p% > 250 GeV | 12,083,500 | 18,619 | 4,607 | 390 | 189 | 23,807
M;>70GeV | 11,287,000 | 17,442 | 4,411 | 385 | 176 | 22,416
p§ >200GeV | 11,094,300 | 16,915 | 4,108 | 343 | 104 | 21,470

Table 5.5: Cut flow for the signal and background events for the final state e* + J + pi''s* for
My =800 GeV at the /s = 3 TeV linear collider. The signal events are normalized by the square
of the mixing.

Advanced cuts for My = 700 GeV-2.9 TeV at the /s = 3 TeV linear collider after

the detector simulation

1. Transverse momentum for fat-jet p% > 250 GeV for the My mass range 700 GeV-900
GeV and p; > 400 GeV for My mass range 1 — 2.9 TeV.

2. Transverse momentum for leading lepton p?i > 200 GeV for My mass range 700—-900
GeV and p;i > 250 GeV for My mass range 1 — 2.9 TeV.

3. Polar angle of lepton and fat-jet |cos 6.| < 0.85, |cos 6| < 0.85.

4. Fat-jet mass M; > 70 GeV.

We have tested My = 700 GeV to 2.9 TeV at the /s = 3 TeV at the linear collider. Hence
we consider two benchmark points at the /s = 3 TeV linear collider such as My = 800
GeV and 2 TeV. The cut flow for the benchmark points at the /s = 3 TeV are given in
the Tabs. 5.5 and 5.6 respectively. At the 3 TeV we see almost the same behavior for
the kinematic variables as we noticed at the 1 TeV case except the pr distributions of the
electron and fat jet. At this point we must mention that the backgrounds like ZZ and
tt can have more than one lepton in the final state which has been efficiently vetoed to

reduce the effect.
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Cuts Signal Background Total
v.eW ww ZZ 1t

Basic Cuts 13,822,500 | 193,533 | 12,135 | 1,382 | 271 | 207,322
lcos 8y < 0.85 | 12,701,600 | 126,980 | 4,766 | 412 | 215 | 132,374
|cos 6. < 0.85 | 12,647,200 | 21,110 | 4,609 | 396 | 195 | 26,310
p% > 400 GeV | 12,611,000 | 15,737 | 4,605 | 396 | 184 | 20,923
Mj; >70GeV | 12,015,600 | 14,889 | 4,410 | 391 | 175 | 19,865
p§ > 250GeV | 11,987,000 | 14,184 | 4,010 | 336 | 10 | 18,630

Table 5.6: Cut flow for the signal and background events for the final state e* + J + pi''s* for
My =2 TeV atthe /s = 3 TeV linear collider. The signal events are normalized by the square of
the mixing.

5.2.3 Linear collider analysis for the signal J;, + p;”“

Considering the N — hv,h — J, mode at the linear collider we obtain the J;, + p7’{’i5s final
state. For this final state the dominant SM backgrounds come from the processes hv,v,
and Zv,v,. Backgrounds can also come from the intermediate processes ZZ and ZH.

We have generated the background events combining all these processes in MadGraph

. . ot miss
for our analysis. In Figs.5.18, 5.19 and 5.20, we plot the missing momentum (p7***),
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Figure 5.18: p’T"i s distribution of the signal and background events for My = 700 GeV and 800
GeV at the /s = 1 TeV (left panel) and My = 1.5 TeV and 2 TeV at the s = 3 TeV (right
panel) linear colliders.

transverse momentum of the fat-b jet p;" and jet mass of the fat-b jet (M}, ) distributions
for My = 700 GeV and 800 GeV at the /s = 1 TeV linear collider and My = 1.5 TeV

and 2 TeV at the /s = 3 TeV linear collider. In view of these distributions, we have used
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Figure 5.19: Transverse momentum distribution of Jp (p;”) from the signal and background
events for My = 700 GeV and 800 GeV at the /s = 1 TeV (left panel) and My = 1.5 TeV and 2

TeV at the /s = 3 TeV (right panel) linear colliders.

0.06 : :
700 GeV
800 GeV' wmmsmmnne
Background oo
0.05 . |
— 0.04 |- | T_
|
5 2
© o003} il 2
.5 o
=I5 0.02 | b
0.01 4
O e e
0 L ! ik I~ .
0 20 40 60 80 100 120 140

M;,|GeV]

0.07

0.06

0.05

0.04

0.02 | i

0.01

0,03 LG

Background oo

1.5 TeV ‘
2 TeV ammanenns

20 40 60 80 100 120 140
M;,|GeV]

Figure 5.20: Fat b-Jet mass (M}, ) distribution from the signal and background events for My =
700 GeV and 800 GeV at the v/s = 1 TeV (left panel) and My = 1.5 TeV and 2 TeV at the

Vs = 3 TeV (right panel) linear colliders.

the following advanced selection cuts to reduce the SM background:

Advanced cuts for My = 400 GeV- 900 GeV at the /s = 1 TeV linear collider

after the detector simulation

1. Transverse momentum for Jj, p;” > 250 GeV.
2. Fat-b mass, M, > 115 GeV.

3. Missing energy, pj™** > 150 GeV.

We consider two benchmark points such as My = 700 GeV and 800 GeV at the 1 TeV
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Cuts Signal Background
My =700 GeV | My = 800 GeV
Basic Cuts 1,288,150 1,248,340 19,300
p;’iss > 150 GeV 1,239,440 1,223,480 8,373
p# > 250 GeV 1,100,790 1,153,650 4,239
M;, > 115 GeV 609,330 661,258 855

Table 5.7: Cut flow for the signal and background events for the final state J;, + pi''s* for My =
700 GeV and 800 GeV at the +/s = 1 TeV linear collider. The signal events are normalized by the
square of the mixing.

linear collider to produce the boosted Higgs from RHNs. The cut flow has been shown in
Tab. 5.7. The b-jets are coming from the SM £ as the M, distribution peaks at the Higgs
mass for the signal at the linear colliders. As aresult M;, > 115 GeV sets a strong cut on

the SM backgrounds.

Advanced cuts for the My = 1 TeV -2.9 TeV for the /s = 3 TeV linear collider

after the detector simulation

1. Transverse momentum for fat-b (Jp), p;” > 350 GeV.

2. Fat-b mass, M;, > 115 GeV.

3. Missing energy, p?’“ > 175 GeV.

We consider two benchmark points such as My = 1.5 TeV and 2 TeV at the 3 TeV linear
collider for the boosted Higgs production from the RHN. The cut flow has been shown in
Tab. 5.8. The b-jets are coming from the SM £ as the M, distribution peaks at the Higgs
mass for the signal at the linear colliders. As a result M;, > 115 GeV sets a strong cut
on the SM backgrounds. We also consider a strong p;” > 350 GeV cut for the high mass
RHNSs at the 3 TeV collider. In this work, we adopt a minimalistic approach and consider

a flat 70% tagging efficiency for each of the daughter b jets coming from the Higgs decay.
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Cuts Signal Background
My =1.5TeV | My =2 TeV
Basic Cuts 5,077,160 4,043,130 74,245
p?i” > 175 GeV 5,005,240 4,011,420 39,231
p;b > 350 GeV 4,731,550 3,902,490 15,327
M;, > 115 GeV 2,961,620 2,479,960 3,740

Table 5.8: Cut flow for the signal and background events for the final state J;, + p''s* for My =
1.5 TeV and 2 TeV at the /s = 3 TeV linear collider. The signal events are normalized by the
square of the mixing.

5.3 Current bounds

The bounds on the light-heavy neutrino mixing for the electron flavor comes from a va-
riety of searches. As we are interested on the RHN of mass My > 100 GeV, therefore
we will compare our results with such bounds which are important for that mass range.
The Electroweak Precision Data (EWPD) bounds have been calculated in [120,236,237]
which obtains the bound on |V,y|? as 1.681 x 1073 at the 95% C. L., the LEP2 [238],
calculated at the 95% C.L., bounds are rather weaker except My = 108 GeV where it
touches the EWPD line. The strongest bounds are coming from the GERDA [121] 0v23
study where the limits as calculated in [148] up to My = 959 GeV. The lepton universality

limits from [138] set bounds on |V, y|? at 6.232 x 107* up to My = 1 TeV at the 95% C.

L. These bounds are plotted in Figs. 5.21 -5.26.

Apart from the above mentioned indirect searches, the recent collider searches for the
LHC also set bounds |V,y|? at the Vs = 8 TeV at 95% C. L. from same sign dilepton
plus dijet search. The bounds on |V,n|? from ATLAS (ATLAS8-ee) [147] and CMS
(CMS8 — ee) [199] are obtained at 23.3 fb~! and 19.7 fb~! luminosities respectively for
the e*e* + 2j sample. The ATLAS limit is weaker than the CMS limits for 100 GeV
< My < 500 GeV. The LHC has also published the recent results at /s = 13 TeV
with 35.9 fb~! luminosity which set stronger bounds on |V,n|? than the previous direct
searches for 100 GeV < My < 500 GeV. The bounds on |V, y|? from the e*e* + 2 signal

in CMS (CMS13-ee) [201] and from trilepton search at CMS (CMS13-3¢) [200] are also
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Figure 5.21: The prospective upper limits on |V, y|* at the 1.3 TeV LHeC (blue band) and 1.8
TeV HE-LHeC (red band) at the 1 ab~! luminosity compared to EWPD, LEP2, GERDA, ATLAS
(ATLAS8-ee), CMS (CMS8 — ee) at the 8 TeV LHC, 13 TeV CMS search for e*e* +2j (CMS13-
ee) and 13 TeV CMS search for 3¢ (CMS13-ee) respectively.

competitive, however, weaker than the EWPD for 100 GeV < My < 1.2 TeV. These

limits are also plotted in Figs. 5.21 -5.26.

We have explored that at the LHeC with /s = 1.3 TeV collider energy and 1 ab™! lu-
minosity, the bound on |V, ~|% for My = 600 GeV with 1-o- C.L. is better than the 0v2p
limit from GERDA-low where as My > 959 GeV at 1-o limit can be probed better than
the GERDA-low and high limit [121, 148]. The GERDA limits are stronger for the My
benchmarks we have studied. The results have been shown in Fig. 5.21. In the same
figure we show the bounds obtained from the HE-LHeC with /s = 1.8 TeV collider
energy and 1 ab ~! luminosity. In this case the current GERDA bounds are stronger up to
My = 959 GeV [121, 148]. At the HE-LHeC RHN up to My = 1.2 TeV can be probed
at 5-o0 and these bounds could be stronger than the limits obtained from the EWPD-e
limit [120,236,237]. The improved scenario at the 3 ab™! luminosity for the LHeC and

HE-LHeC are shown in Figs. 5.22.

At the linear collider we have explored two sets of signals. one is the e + J + p;”” and
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Figure 5.22: Same as Fig. 5.21 with 3 ab™! luminosity at the 1.3 TeV LHeC and 1.8 TeV HE-
LHeC.

the other one is Jjp + p]’f‘i” . Using e + J + p?i” signal at the 1 TeV linear collider we
have probed RHNs between 400 GeV < My < 900 GeV at 5-0 but the Ov2 5 limit from
GERDA [148] is stronger than this result for My < 959 GeV, however, the bounds on
|V,n|? for the RHNs heavier than 1 TeV can be probed at 5-0 significance or more at
the linear collider with the 3 TeV center of mass energy. In this case apart from the fat
jet properties, the polar angle cut for the leptons worked nicely. The results are shown in
Fig. 5.23. We have also studied the linear colliders at 1(3) TeV center of mass energy with
3(5) ab~! luminosity. We can find the improved results in Fig. 5.24. Using the Jj, + p™s$

T
signal we did a complementarity check where My > 1 TeV can be probed better than
GERDA [148] at 5-0 significance or more at the 3 TeV linear collider. The linear collider
can probe |V.n|? down to O(107°) for My = 1.35 TeV at 3 TeV, however, compared
to this the bounds obtained at the 1 TeV linear collider are weaker. The corresponding
bounds at the /s = 1 TeV and 3 TeV linear collider are plotted in Figs. 5.23 and 5.25.
The red (blue) band represents the bounds on |V,y|? at 1 TeV (3 TeV) linear collider at

different confidence levels. Comparing the bounds between the final states e + J + pj’f”'”
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Figure 5.23: The prospective upper limits on |V, x| at the 1 TeV (red band) and 3 TeV (blue
band) linear colliders at the 1 ab~! luminosity for e + J + p?is ¥ signal compared to EWPD, LEP2,
GERDA, ATLAS (ATLAS8-e¢), CMS (CMSS8 — ¢e) at the 8 TeV LHC, 13 TeV CMS search for
e*e* +2j (CMS13-ee) and 13 TeV CMS search for 3¢ (CMS13-ee) respectively.

and Jp, + p?”s we find that the former one puts slightly stronger limits on |V,y|>. The
results are shown in Fig. 5.25. We have also studied the linear colliders at 1(3) TeV
center of mass energy with 3(5) ab~! luminosity. We can find the improved results in
Fig. 5.26. Finally we comment that our results at the linear collider are stronger than the

limits obtained from the EWPD-e [120,236,237] throughout the study.

54 Summary

We have studied the RHNs which can be responsible for the generation of the tiny light
neutrino masses. We have calculated the production cross sections for the RHNs at the
LHeC and linear collider at various center of mass energies and have tested the discovery
prospects of these RHNs. We have chosen /s = 1.3 TeV and 1.8 TeV for the LHeC
and /s = 1 TeV and 3 TeV for the linear collider. We have considered the sufficiently

heavy mass range of the RHNs. These RHNs can decay dominantly into {W mode. A
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Figure 5.24: Same as Fig. 5.23 with 3(5) ab~! luminosity at the 1(3) TeV linear collider.
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Figure 5.25: The prospective upper limits on |V, x|* at the 1 TeV (red band) and 3 TeV (blue
band) linear colliders at the 1 ab~! luminosity for J;, + p;“'” signal compared to EWPD, LEP2,
GERDA, ATLAS (ATLASS8-ee), CMS (CMS8 — ee) at the 8 TeV LHC, 13 TeV CMS search for

e*e* +2j (CMS13-ee) and 13 TeV CMS search for 3¢ (CMS13-ee) respectively.
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Figure 5.26: Same as Fig. 5.25 with 3(5) ab~! luminosity at the 1(3) TeV linear collider.

massive RHN can sufficiently boost the W such that its hadronic decay modes can form a
fat-jet. Therefore we study e + j; + Jand e + J + p?”“ at the LHeC and linear collider
respectively. Similarly we consider another interesting mode N — hv,h — bb where a
boosted SM Higgs can produce a fat b-jet and test the Jj;, + p’T”"” final state at the linear
collider. Simulating the events and passing through the selection cuts for the different
colliders we calculate the bounds on |V,y|? at different luminosities and compare with
the existing bounds. We conclude that My > 959 GeV can be successfully probed at the
1.8 TeV at the at 5-0- C. L. with 1 ab™! and 3 ab™! luminosities respectively. Whereas
My < 2.9 TeV can be probed at the 3 TeV linear collider with more than 5-0- C.L using
thee + J + p;””s signal. A complementary signal of J;, + p*$ can be useful, too but this

T

is weaker than the bounds obtained by the e + J + p?“"” final state.






Conclusions and Outlook

The neutrino mass mechanism is still unknown. There are many possible models pro-
posed in the literature, some of which have been discussed in this thesis. Different models
predict different mass ranges of sterile neutrinos. We have concentrated on models in
which sterile neutrinos are Majorana, although there are many neutrino mass models with

Dirac sterile neutrinos also.

In this thesis, we study in detail few three and four body LNV meson decays in the context
of type-I seesaw and MLRSM. From non-observation of these decay modes, we derive
constraints on active-sterile neutrino mixing angles or on the right handed gauge boson
mass My,, as function of sterile neutrino mass My in the mass range 100 MeV - 6 GeV.
We obtain tight exclusion curves for the mixing elements |V, x|, |V#N|2, [VenVunl. We
further obtain exclusion curves for |V.x Vinl, [Vun Ven |, on which bounds exist only from
tau decays. Most importantly we derive upper limits for |V;y|? in the mass range (0.3-
5) GeV, where it had been so far unconstrained. We find that the ongoing experiment
NAG62 can provide the limit My, > 4.6 TeV corresponding to My, ~ 0.38 GeV), which
is tighter than the present collider constraint on Wg. We also find that the future experi-
ment SHiP will result in a far more stringent bound My, > 18.4 TeV for My ~ 1.46 GeV,

than other existing bounds from collider and neutrinoless double beta decay searches.

We also study heavy neutrino production through a scalar LQ R, at the proposed a ep col-
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lider LHeC and study many possible final states emerging from the decay of this heavy
neutrino using cut based analyses. As the heavy neutrino production in this model is in-
dependent of mixing angle, the production cross-section is large and greatly improves the
discovery potential of heavy neutrinos. We find that final state £~ + n-jets (1 < n < 2) has
the highest discovery prospect and a LQ mass upto 1.4 TeV can be discovered at more
than 5o C.L. with 100 fb~! data. Among all the final states, which are coming from the
channel jNj, the final states £~ + n-jets (n > 3) and b7~ + n-jets (n > 2) are the most

optimal.

Finally, we study the discovery prospects of very heavy RHNs using fatjet signature at
LHeC and linear collider. The gauge boson W or the Higgs boson % produced from very
heavy RHNss is highly boosted and as a result the hadronic decay products will be highly
collimated to give a fatjet. We show that using the fatjet high pr and mass distributions
we can significantly reduce the SM background which enhances the discovery prospects
of these heavy RHNs. We find that the final state e + j; + J at HE-LHeC and e + J + prTniss
at the linear collider, can give stronger limits on the mixing angle |V,y|? than the lim-
its obtained from the EWPD-e limit for the mass range 1 TeV < My < 1.2 TeV and

1 TeV < My < 2.9 TeV respectively.

It is important to discover whether neutrinos are Majorana or Dirac fermions and the
absolute scale of neutrino masses. The possible clue can come from the Ov 54 and from
the cosmological observations. Nature of neutrinos and the absolute scale of neutrino
masses will determine the direction of neutrino mass model building and the scale of new
physics. Searches for sterile neutrinos including majorana sterile neutrinos need to be
performed at all possible scales, as their discovery may provide hints of the new physics
responsible for neutrino mass generation. The LNV meson decays are sensitive for the

searches of low mass right handed neutrinos (in the few 100 MeV-few GeV range) and
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are complementary to collider searches which are sensitive to few hundred GeV to TeV
mass neutrinos. One can expect to observe these meson decays at experiments like NA62,
SHiP, LHCb, FCC-ee and Belle-1I due to large number of mesons production. For the
mass range of 100 GeV or beyond, RH neutrinos can be searched for more easily at the
proposed e*e” (ILC) or e~ p (LHeC) colliders compared to pp and pp colliders, due to

smaller background.
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A Kinematics of four-body decay

B; — B, tyt;nt

To describe the kinematics of four-body decays, five independent variables are required.

We choose the independent variables to be, Mizz, M324,

cesses, B, (p) — E(s)(kl)f[(kz)fg(kﬁf(kzt) or B (p) — J/p (k)] (ko) (k3)m™ (ka)

012, 634 and ¢, which for the pro-

are defined as:

0.k —.k
MY = (ki +ka)? 3 M3, = (ks + ka)?scosbiy =~ 5 cosbyy = ——,  (A.])
| ki | | k3 |

E(S)(J /W)€ and €™ pair goes back to back in the B, rest frame and we define the direction
of E(S)(J /W)€y as v and direction of £, as —9. ¢ is the angle between the normals to the
planes defined in the B, rest frame by the E(s)(J /W) pair and the £, pair. The ranges
of the angular variables are 0 < 612 < 7,0 < 034 < 7w, and —n < ¢ < 7. To evaluate the
decay rate for the 4-body LNV B, — E(s)fffg 7" mode, the mod squared of the matrix

element specified in eqn. (2.6) is expressed in terms of the dot products of the momenta
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Figure A.1: Kinematics of four-body decays B, — E(s)t’;fg n* in the B, rest frame.

of the final state particles as:

S M P= Ghmd, | Vs 21 Via P Ve Veuy 1P f252—6 (p2 — m2)
(8 (F2 +2F,F_ + F?) (mim? (ky.k3) — 2m? (ky.ka) (k3.ka) + 4 (k.p) (k3.ks) (ka.p)
—2mj (ka.p) (k3.p)) +8 (F+2 —-2F,F_+ F_2) (mim7 (kp.k3) — 2m3 (ka.ks) (k3.k4)
+4 (k1.ka) (k3.ka) (ka.ky) = 2m? (ky.kp) (ky.k3)) + 16 (F2 = F2) (m? (ka.k3) (p-k1)
=2 (ka.ks) (k3.ka) (p-k1) +2 (p.ka) (k3.ka) (ki.ka) — m2 (p.ka) (ky.k3) + 2 (ki.ka) (k3.ka)

(p-ka) — mj (ki.k2) (p-k3))) + (ko & k3, my & m3) . (A.2)
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Following are the explicit form of the four momenta of the final state particles E(s) (k1),

t] (k2), €5 (k3) and it (ky) in the B, rest frame,

p = [m,0,0,0]; (A.3)
2 2
X m; m
(M122+m%—m%) + —Cos(Glz)/l% (1 1 2 ),

M + X2
k# _ [ 12
- Ag2 7 g2
2 M12 M12
2 2
1 my m 1
EMIZA% (1, M—; ﬁ) sin(612),0, 5 M? + X2 cos(612)

12 1

2 2
/1%(1 " mz) X (M2 4 md - md)]: (A4)

+
> g2 0 ag2 2
My, M, 2My,
2 2
X m;y m
(M122 + m% - m%) - —cos(@lz)/l% (1 L 2 ),

2
RIARS i i
b 2 9 2
2 M12 M12
2 2
1 1 ml mz 5 1 5
- EMIZ/lZ <1,M—122, M_Z) Sln(912),0,—§ 1' ]‘412 + X2 COS(012)

12

2 2
of, myom; X 2 2 2
A211, , + M: + ms5 —m7y) |; A5
( ) 2M122( 2772 1)] (&.3)

2 2
X 1 m m
(M2, + 2 = 12) = X cosana} (1 m _4)
34 3 K 2 9 2 9
2 M3, M3,
1 m% mi ) 1 1 m% mzzt . .
M3, 12 1,—2,—2 s1n(634)cos(¢),§M34/l2 1,—2,—2 sin(634) sin(¢),
M34 34 M34 34

2 2
1 i, My oy X R
= M2, + X2 cos(034)A7 [ 1, —, —~ My, +m5 —mg) |; A.6
2 V3 (s ( M2, M324) 2M324< i+ = mi) | (A0

2 2
X 1 m m
M2 +m? - mz) + = cos(634) A2 (1 3 —4)
34 4 3 a2 a2 |
2 M34 M34

m m2

2
e ,M—;‘)sin<934> sin(¢),

- =M34A2 |1 —- |8in(034) cos(@), =5 M34 42 | 1,
2 34 M3y

) _25
Mz, M,

| B— o omiomg X 2,2 2\ ].
—5,/M34+X C08(634) A2 1,1‘4324,M324 o (M3, +mi - m3) |: (A7)
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2 2
where X = %/l% ( ,%,%). The results for B, — J/yt ;" are obtained in an

analogous way, although they are a bit more complicated due to the additional form factors

involved in the pseudoscalar to vector meson transition.



B Partial decay widths of RH
neutrino N; in LRSM

The different partial decay widths of the RH neutrinos N; are

2 113
RN, — 6P = SFos 21y R (1g P Vi | €4F
(N; — )—Wfp| qq'| (| le,—| P(xf,XP)+| f,N,| &1Fp (xe,xp)

+ 4Re [SgleVgle] flzxpc%/l% (l,xg,x%,) );
G2 3A
r (Nj - 5_V+) = %f‘% |qu'|2 ( |S€,N,|2 Fy (x¢,xv) + |V€,1vj|2 EFy (x¢,xv)

1
— 12Re Sgle‘/gle:I gfxgx%,/lz (l,xg,x%,) );
2 203

M
F"N; 2 ’ ’
r (Nj - WPO) = Tin L fp Z Uil |S5,N,| (K% +Kg&y - 2KPKPg§)FP (xy,,Xp) ;
i
2 a3
F'N; 2 ’ ’
(N = V) = v D UG [Seuwy| (K% +K2&8 - 2KVKV§§)FV (Xypsxp) ;

i
In the above, fp and fy are the decay constants for the pseudoscalar and vector mesons

respectively. The values used for these are taken from PDG [129].

2 g5
r(N; = r3ve) = ——(|say)

2 2 2 2 .4
Uil It (%605 %0, %0, ) + Ve, | D 1Tl €]
: :

11 (xflaxV[z’xfz) - SRe(SZNjVZNj Z Ufzinzi)§]213 (xf1’xV52ax€2) )’
i
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2 g5
GiM

Nj(
1673

Iy (%, X000, +2(<gv> = (84)%) I (v, xeroxe) +2 (g7 + (€D)7) &

)
) +2 (1) = (8)7) 1 (v, X0 x0,) — 463 (818} + 85870)
)
) -

r (Nj - vt»zfgf;) = ?

2 [11 (xwz’xt’z’x&) +2 ((g‘f/)z + (gf\)z)

i

I (XV[ ’xfz’xfz

2 2
il (xwz Xy, Xty ) + (gvg gAgA)IZ (xwz XKZ,sz) ] + |V52Nj| Z|T52i| 'f?
I ()C,,f2 Xeys Xey 8Re SZN 6N; Z ngngz,].fllg, (ng,xw, ,ng) + 2Re |S[2N | Z |U52,|
[f%(g;\f - g{/g)ll (ngzaxfzaxt’z) 52 (gA + gV )12 (-X:V[2 -xfz’xfz) - (gf; - g\{;)ll (ngz,xfzaxfg)

+ (gfx + gé)IZ (XW,Z,XgZ,ng) ] - 8Re [szNijzNj Z ngingi]f%[(g(/g - g:f)f%k (xwz’xé’z’xfz)
i

1
+ (gV + gA )§214 (xfz’xfpxw ) + (g{[/ - gfx)lii (-xwfz,xfprz) + Z(g‘{; + gi)

Iy (xfz,xa,xwz) ])

GEMy,
r(N = ve6) = —|va| ZIUmI [((gv) + (@D (X, X000 X0,)

+ ((8))* = @D 12 (X0, X2 X0, ) + (&) + @DDED (v, X000, )

+ ((g ) - (g ) )6212 (-XV[1 xfzrxfz) - zfg[(gvgv +gAgA)Il (-ng ’xfzrxfz) + (gvg ggg;f)
15 (xyfl,xfz,xez) ]]-
In the above decay mode ¢ # ¢>.

G2 M5
1927

r (Nj - wv?) =

(1 - stgwgz) ,
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MWL My m; . + . .
where &) = My & = oo Xi = M—]‘V with m; = me, mpo, nyo, mp+,my,. The kinematical

function are given by,

(=27 gy 2 2 2 ! 2 2y ,) 2
Il(x,y,Z):f _(S_-x -y )(1+Z —S)/lf(s,x » Y )/17(17S9Z )’
(x+y)?
(1-x)?

L(x,y,z) = yzf
(y+2)?

(1-2)?
L(x,y,z) = xyzf

(x+y)?

D1+ 22— 225,95 22 (1,5, x2);

d
S 35,22y A2 (1,5, 22):;
S

(1-2)* ds 1 1
Iy(x,y,2) = zf — A2 (s5,x%,y%) 22 (1,5,2°);
(x+y)2 S

Fp(x,y) = (1+ 221+ x> = y) —4x2) A3 (1,x%,y2);

Fy(xy) = (1= + (1 + 27" = 29 22 (1,2 7).
Neutral current couplings of leptons are given by,

¢ 1 2 t_ 1
gy =—7+sin“6y, g, =7,

gl = -1 +5sin’0,, g =—1 + 3sin’4,,.

Neutral current coupling of pseudoscalar mesons are given by,

2v2> 'n
K, = ‘z_i/a’ K} = %(% —sin%6,,),
K, = 13, K, = %(—}1 1sin®6,,),
Ky = -1 K = (3 - 1sin’6,,),
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Neutral current coupling of vector mesons are given by,

Ky = 553 = sin’6y),
1 2
K, = 3\/Esm 0.,
Ky = —% + %sinzew),

Ky = (5 - 3sin0,,).
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