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Neutrinos are the only electrically neutr !

< If a fermion is charged, f # £ (guarks, ¢

< Majorana Neutrino: f s

% The charge properties |
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WE‘UTKIWOLS DOUBLE BETA DECAY

The process is (A, Z) =+ (A, 2 +2) + 2e™
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» While these efforts will :
alternate metihods for pro i

Majorana particles

> Nu-less double beta d'ee
some eaneellaﬁons even |

Majorana

> Uncertainties in
concern in Nu-le

> Alternate Se



Search for LN through MESON AND TAU DECAYS

T~ > M{4tM;
. Ny
sOv N W\
| If the mass of N is lies in the range . °f§ees
~ (100 MeV — 5 GeV), of

N on shell.



Mixing element

oum

140 - 493
140 - 1868
494 - 1868
140 - 1967
494 - 1967
140 - 5278
494 - 5278
776 - 5278
892 - 5278
245 - 388
245 - 1763
599 - 1763
881 - 1763
997 - 1763
245 - 1862
599 - 1862
997 - 1862
245 - 5173
599 - 5173
881 - 5173
997 - 5173
140 - 493
140 - 1868
494 - 1868
140 - 1862
494 - 1967
140 - 5278
494 - 5278
776 - 5278
892 - 5278

Dt —e+etnm
DT —efet K~
Df —etetn™
D+ — ete +K‘
Bt — etetn

Bt — €™ ."'K_
BT —etetp
BT — etetK*~

Ry

D
K+ —efetn—

6.4 % 10710
3.6 x 1076
45x 1078
6.9 x 1074
6.3 x 1074
1.6 x 107°
1.0 x 1076
2.6 x 1076
2.8 x 106
3.0x 1079
4.8 @06
1.3 x107°
5.6 x 1074
85x 1074
2.9 x107°
1.3 x107°
1.4 x 1073
1.4 %106
1.8 x 1076
5.0x 1076
83 x 1076
5.5 x 10710
5.0x 1072
1.3 x 1074
73 %1071
6.8 x 1074
1.3 x10°°
2.0 x 1076
33x10°6
44 %1078

Range of s (McY)

VoaVou|

/-—-‘

140 - 163r
140 - 1637
494 - 1283
245 - 1637
245 - 1637
599 - 1283

—

Huge Experimental
effort to search for
these modes has
been going on!

Limits on Branching ratios,
constrain the Mixing angles
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Proposal to [oo.{at B. DECAYS

B, mesons are umque-ohlys
different flavors.

Weak Decays of b quark wr
b-c, A2supp., b—>u, 1°S

However, the c— s transition is Cab
Expect B, » B¢ é5m
to have a larger B.R
other LNV B meson
decays




OTHER B, MODES

» Although the B, — B ¢7€3m* is ex

reconstruction of the B¢, results in a

limits of 10~°, may only be possible.

tighter than those obtained earlier

> f_r:!‘.e.f‘:’.i‘!f!;’g,’y’,, the D ad '!fb_’ AT — {If;rﬁ, Whtle
supnressed but due to ease of reeanstruction dNCHUIESRSEES
eniancenent results in evapticprareepst ez

» A crude estimate using |

times branching fractions:
at 8TeY, indicates ~ O(10

~



v For B, » Yfif5m, one |
B, —» ¢7¢;m™, both Ieptons DE
v This results in exclusion curv

which A
bounds exist only from tau o
6 GeV can be provided.




T IIIIIIII T IIIHHI T Ily'l'll

T Illlll]

| o | Illll!l

-5 1

1

Based on CHARM '\

v'\

.
.

N

—
—
—
h_-——_—-_
IIIIIIIII

105 01

0.1

m, (EEV)




LNV Decays to set limits on the mass of the RH Gauge Boson

< These can of course be used to get con:

< Alternately, approximating this angle i
the rates or upper limits on the branchi
be used to get limits on the right handed g

L .

(E 50, NUMBER 19 PHYSICAL REVIEW LETTERS IM

Majorana Neutrinos and the Production of the Right-Handed Charged Gauge Boson

Wai-Yee Keung and Goran Senjanovié
Physics Depariment, Brookhaven National Labovatory, Upton, New York 11973
(Received 14 February 1983)

A possibility of a very clean signature for the production of Wg* is pointed out. If the
right-handed neutrino is lighter than Wz*, left-right symmetric gauge theory predicts
the decay Wi*—p*u* + 2 hadronic jets, with the branching ratio ~3%. The lack of neu-
trinos in the final state and the absence of a sizable background make W* rather easy to
detect (if it exists). Detailed predictions regarding the production and decay rates of
Wg* are presented.




LEFT RIGHT SYMMETRY

Based on the gauge group, SU(: >

An attractive framework to expi?';j .

Appearance of right-handed neutrir :
but required in order to complete the

FERMIONS: o -

On the
theoretical
side




LEFT RIGHT SYMMETRY-SCALAR SECTOR

Higgs multiplets mL

(i) Bi-doublet under SU(2); X
Couples to fermion bilinears ane
VEV

|1 I
(®) = diag(r1,m)/VZR &= " ™ |:(1,2,2,0),

(i) SU(2) iriplets that br
terms for heavy neutri

" ﬁ-|— |'II E ‘Iﬁ++ _.'3_+ .'r "IE _,-3_++
Ap=| A~ VoA (1,3,1,2),  Ap=| AN . :(1,1,3,2)
| ALV —ﬁﬁ.-"ﬁ

(ARr) breaks the SU(2)g x U(l)p_r —+ U(l)y




The Yukawa Lagrangian in ihe lepion

— Ly = Ry i + h, J'ﬂﬂ.liii:lﬂ.lﬂlj + _fL.,i_-.i'li-‘I i CinApirj + fr J"i!n'"I:I.-'l:-"!'-'T&ﬂn'ﬁ-’g j+He,

Upon symmetry breaking the ligh

M, Mp ~ where the 3 x 3 Dirac and Majorana mass matrices are given by
M, = ( ) |
v

T -
Mp - My Mp = ‘Lﬁ (mlh + .r:g.h_} . My =+v2vrfi, Mp=+v2urfr

which can be

The mixing ma




Gauge sector and charged current Lagrangian

In addition to the SM gauge bosons,
Wy and an additional neutral gal

Charged current Lagrangian for

’-zf'\’" .
# Will contribute in ‘

some of the
»~ decay channels of \
- the RH neutrino

Lic= %Z”:ngdw+ yYPrd;

‘I‘%Z Jpﬁ—cm-’w-i- ?#PRdJ—l'H{:,

Zf Wi, TPPL( :JFL ‘|‘
Zf RpT"PR T;vg)

+ H.c.

Jz = Z}?#(T%.PL — Qsin’6,,)f,

J = Z}yﬂ(T};PR — tan®0,,(Q - T3,)f.




IMPRINT OF MAJO SIGNATURE IN MESON
DECAYS

In LRSM, Heavy Neutrinos are Majoran__
violating decays MT(P) = 'f]l_(kl ]ff(kg)ME(kﬂ

".( \\:l\ VH_,':'”_(\,;I/I " B ‘“ﬂh%l)\,: /} &,

/{{ .\'1\\\/ a1 VX/
ASSU me 3 R H i Wi -‘I .“kf_gi" M, W: L“-:'.?%‘O.ug
neutrinos ““ b
in the mass range | (@) (b)

100 MeV — 5 GeV,
that contribute to
these Meson Decays.
The different
contributions are
mediated through

Neglect contributions from
light neutrino ex

.. Qane .. = . .
(and similar one with W,)) smaller contribution
e



The Amplitudes

(ko )Ksp (1 —ys)v(ky)
(,P — .IC] )2 — Mﬁr! ‘l‘ EMN,-FN,- '

M%n (Vo xVon) i(ky s p(1 +ys)v(ky)
My, RN (p—k )P =My, +iMy Ty,

M = ZGZ V(}:fl;:MVC I F s, My, (Sz 5.Sen,)

Migg = ZGZ Vit VM fan o, My |
where k3 and p are the four momentums of M, and M7 mesons. The LR and RL contributions are

M, (ks ) Kz (pr— Ky )p(1 —vs)v(ky)
Zgzvﬂmvg,z fM,fuz( wﬂ)( e V) (p—ki)? =My, +iMy Ly,

M2 i(ky) Ks (= Ky) p(1 + ys)v(ky)
P s KM W, # /73 ] 3 !
M,H_ZGFV%, Vﬂ?‘fu,fuz(w )(Vfuﬁe ) (p—k))> =M% +iMyTy

R

In the above, the decay rate I'? is

1
TP(My — £,16,M,) = ;(leL + Mpgg + Mg + Mg |?)ds5(PS).




TOTAL DECAY WIDTH OF THE HEAVY

Ty, = 207+ 3 0P 43 orV + 3y 1,
N N eV eV

-+ Z zrflfz-'-‘fz + Zl‘wﬁ 2t + erflu.-}.

f]_ ,fz {f'l ?éfz:l f'l ,fz .!.-'f.l

Narrow
Width




SIGNAL EVENTS

The expected number of events jbr- th
depend on:

Number of parent meson M, prog |

Branching Ratio for these mesons to dee

Probability of thelREueus LRI A GAGCECtor aldength Ly, given by

NE\E‘IH ..-Nﬂ,f+ BTl:ﬂ'I+ —F 'fr—|—£r +ﬂ._f JPN

T(N, — £+M5)

S 2Ny Br(M{ — 07Ny ———
N;




Inputs for the different Experiments

VAG2 Q

Nk =135x 102, Lp=100m, [P =T75GeV

‘ Np =34 x 10", Np, =10'°, Ng = 5.5 x 10"°

Lp=15m, .‘BD,DS,B ~ (

Np =5 x 102, Np, = 2.3 x 10'%, Ng = 7.7 x 10!

LD = 20m : !'BB,D = 100 GeV

M
Ng=6x10"', Lp=2m, 33—7""

Np =1.02 x 10", Np. =2.72x 10'®, Lp =60m

., Sl Bp.p, = 58 GeV




Constraints on My, for LNV decays with

Like Sign Dielectrons

— SHIP(D,)
- = SHIP(D}
0.6F —— LHCh{D,)
— LHCB{D]
. e Belle—ll{ ;) ]
% 0.4f — Bolla-1(D)
Q
=
=
0.2
1000 2000 3000 4000 5000 5000 10000 15000 20000 25000 30000

My, (GeV) My, (GeV)

T=ccemr
— -FCCIB)
—— Belle-INB)

My, > 4.6 TeV,My~0.38 (

e
i

~ S. Mandal, M. Mit
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Lr

Comparison with constraints from other Experiments

Calculation of K meson mass difference in MLRSM gives constraint,
My, > 2.5TeV Phys.Rev.D 82, 055022 (2010)

From Owvvf3 tightest bound is Mwy >9—10TeV for My ~ 0.1 GeV
Phys. Rev.D 92,073017 (2015)

|3 TeV ATLAS dijet search ruled out the Wr mass upto 3 TeV
ATLAS Collaboration, Report No. ATLAS-CONF-2016-069

8 TeV ATLAS dilepton search ruled out the Z’ mass upto 4 TeV

arXiv:1604.07419
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