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INTRODUCTION

INTRODUCTION

i Dirac or Majorana ? Dirac Neutrino — v # v
Majorana Neutrino — v=7r

Dirac Neutrino — L=L.+ L, + L.
Majorana Neutrino — L # L.+ L, + L,

Lepton number violating (LNV) processes, where the
total lepton number is violated by two units (AL = 2),
represent the most appropriate tool to addres this ques-
tion.
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LNV Processes

o Nuclear Ov3p decay: (A,Z) — (A, Z +2)+e” +e~

The observation of this process will prove that £ and will establish the Majorana
nature of the light neutrinos.

Schechter-Valle Theorem

o 7F — ¢EMFMF

o (K*,D*, Df B, BE) - (fif MF
o X 5 Xte e, BT s pup,

oe  —sput, T —setypu —put.
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o Nuclear Ov3p decay: (A,Z) — (A, Z +2)+e” +e~

The observation of this process will prove that 7 and will establish the Majorana
nature of the light neutrinos.

Schechter-Valle Theorem

<

F - (EMFMT

(K*,D*,DF, BE, BY) - e M+
LT o Xteme ™, ET s pupu,

e~ —»put, T —wetypu —put.

¢ ¢ ¢ ¢

pp — €12 X

In this work, we will study alternative LNV processes in semileptonic
decays of neutral B meson and top quark:

B — Dttt t—btetwo
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Heavy Neutrino Mixing

Standard Model == massless neutrinos

See-saw mechanism: Ny = (N1, N2, ..., Nn)R.

Ng = C]\_flg =Nrp — | Majorana Neutrinos|

Yukawa Lagrangian:

1 -
~Lym = S NEMRNR +he. | (AL=2).

— Ly =L.YyHER + LY, HNg + h.c.

Source of lepton number violation

Néstor Quintero Poveda - CINVESTAV X111 Mexican Workshop on Particles and Fields



Heavy Neutrino Mixing

AL = 2 PROCESSES AND THE RESONANT MECHANISM Y !
General amplitude
Resonant Mechanism in charged pseudoscalar mesons

Heavy Neutrino Mixing
Standard Model == massless neutrinos

See-saw mechanism: Ny = (N1, N2, ..., Nn)R.

5= C]\_fg = Nrp — | Majorana Neutrinos|

Yukawa Lagrangian: 1 _
~ ~ B —Ly = 7NIC%MRNR+h.C. (ALZQ).
Ly =L.Y;HER + LY, HNg + h.c. 2

Source of lepton number violation

g 3 B n B
—Lw = %Wj > [ZU/Z]'(Z’Y”PLV]') +> szc(f"f”PLNk)] + h.c.,
l=e,p, 7 J=1 k=1

A Pr = (1 —75)/2
A Uy; = PMNS matrix

A Vp = mixing matrix of charged leptons with heavy neutrinos
Néstor Quintero Poveda - CINVESTAV X1l Mexican Workshop on Particles and Fields
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AL =2 PROCESSES AND THE RESONANT MECHANISM

The leptonic AL = 2 subprocess

W W™ = 06

imentally verified via LNV processes

The Majorana nature of neutrinos can be exper—J

is induced via Majorana neutrino exchange.

t-channel

s-channel
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AL =2 PROCESSES AND THE RESONANT MECHANISM

The leptonic tensor current

< yHA gl
LMY = = Ug, iUp, imy. Uy - + - PRuE
2 J; 1J 27 Vj 1 q2 _ m12/_7~ + Zruj muj 62 _ mx%j + Zruj myj 2
n
_ Yy pilels c
+ Ve, kVeskmig, e - + - Prug, ¢.
;;1 e R q2—m?\,lC +il'N, ma, ?—mf\,k +il N, MmN, £2

Atre, Han, Pascoli, & Zhang, JHEP 0905, 030 (2009)
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AL =2 PROCESSES AND THE RESONANT MECHANISM

The leptonic tensor current

g2 i yHAY Yt
LM = 72— Uy jUg My, Ug - + - PRuE
2 i V@ mm + il me; @ = mi il my :
= i At
+ Ve k Ve emag, e . + - Prug, .
];1 1R koL q2—m?\,’c + il N, MmN, ?IQ—m?Vk + il N, mn, 2

Atre, Han, Pascoli, & Zhang, JHEP 0905, 030 (2009)

@ Light Majorana neutrinos (g2 > mlz,j):

3
(Mg e,) = Z Ug,jUs,; mu; | Effective Majorana mass
Jj=1

ot
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AL =2 PROCESSES AND THE RESONANT MECHANISM

The leptonic tensor current

g2 i yHAY Yt
LM = 72— Uy jUg My, Ug - + - PRuE
2 i V@ mm + il me; @ = mi il my :
= i At
+ Ve k Ve emag, e . + - Prug, .
];1 1R koL q2—m?\,’c + il N, MmN, ?IQ—m?Vk + il N, mn, 2

Atre, Han, Pascoli, & Zhang, JHEP 0905, 030 (2009)

@ Light Majorana neutrinos (g2 > mlz,j):

3
(Mg e,) = Z Ug,jUs,; mu; | Effective Majorana mass
Jj=1

@ Heavy Majorana neutrinos (m?\,k > q%): S, Ve Vigk/mu,

v
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AL =2 PROCESSES AND THE RESONANT MECHANISM

The leptonic tensor current

3
v = 9 > UsyjUsyjmu, @ el
9 £y Lo g My Wey P

YAk
2 : ~2 2 : Prug,
=1 —my; +ilyme, o @ —my, il my,
i YHyY YA
+ Ver kVeskmy, ey Pru§, .
2 2 ; ~2 2 ; -
= —my, +iln,mN, ¢ —my, + 1N, mn, 2

Atre, Han, Pascoli, & Zhang, JHEP 0905, 030 (2009)

@ Light Majorana neutrinos (g2 > mlz,j):

3
(meyey) =Y Uty Usys mu

Effective Majorana mass
j=1

@ Heavy Majorana neutrinos (m?\,k > q%): S, Ve Vigk/mu,

o Resonant Majorana neutrinos (¢* ~m%, ): ~ > ; 1/Tn, (Strong dependence)
We will assume the dominance of only one heavy neutrino.

>
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Indirect bounds on (my,,)

1 3 1
~ “F / oS E Restrictive limits (indirect):
2 ] 8
:Z j % - A Neutrino oscillations
¢ i 15 ) Am2., 0;;
v 001 E| %‘4 oo } - ( 23’ 01])
<~ 17 NH ] A Cosmology
] Cosmology 5= my + - + -
0,004 o 1 00045 P H\O\J D
T (eV)
! x ‘ (meye,) S 0,14 eV ‘
E “Vond /j ol /,
s
i
s §
% 001 e [ P—— E| Atre, Barger & Han,
Cosmology Phys. Rev. D 71, 113014 (2005)
%01 O] i 0%%or o.“?
I(eV) Z(eV)
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Direct bounds on (my,¢,)

Nuclei Y, (mgg) (eV)
6Ge > 1.9%x10%% y < 0,35 Heidelberg-Moscow
180Te > 3.0x10%*y < (0,19 —0,68) CUORICINO

W. Rodejohann, Int. J. Mod. Phys. E 20, 1833 (2011)
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Direct bounds on (my,¢,)

Nuclei Y, (mgg) (eV)
6Ge > 1.9%x10%% y < 0,35 Heidelberg-Moscow
180Te > 3.0x10%*y < (0,19 —0,68) CUORICINO

W. Rodejohann, Int. J. Mod. Phys. E 20, 1833 (2011)

Alternative Oy,

o 7F  (EMTMF and (K%, DE,DE B, BE) - FefMF
Atre, Han, Pascoli, & Zhang, JHEP 0905, 030 (2009)

Cvetic, et al, Phys. Rev. D 82, 053010 (2010)
Helo, Kovalenko, & Schmidt, Nucl. Phys, B853, 80 (2011)

o hyperon decays: ¥~ — Nte"e™, 27 = pu—p~
Littenberg & Shrock, Phys. Rev. D 46, R892 (1992)
Barbero, Lépez Castro, & Mariano, Phys. Lett. B 566, 98 (2003)

o Nuclear conversion: e~ — ut, p= = et y u= — put

Domin, Kovalenko, Faessler, & Simkovic, Phys. Rev. C 70, 065501 (2004)
Simkovic, Faessler, Kovalenko, & Schmidt, Phys. Rev. D 66, 033005 (2002)
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Direct bounds on (my,¢,)

Experimental Limits

A K+ o p¥Fptp+ ‘ (mpuu) < 4 x 10 Me\/‘
Zuber, Phys. Lett. B 479, 33 (2000)

Ap +(ZA) et +(AZ-2) — ‘ (mep) < 17(82) Me\/‘
Domin, Kovalenko, Faessler, & Simkovic, Phys. Rev. C 70, 065501 (2004)

A M s etpt(etrtM; — ‘ (Mer), (mur) < (10 — 100) TeV ‘
Atre, Barger & Han, Phys. Rev. D 71, 113014 (2005)

mup) $0.14 eV = | By (BT = nptpt) ~ 10726
o

Bexp(BT — m-ptut) < 1.4 x10-6
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Direct bounds on (my,¢,)

Experimental Limits

A K+ o p¥Fptp+ ‘ (mpuu) < 4 x 10 Me\/‘
Zuber, Phys. Lett. B 479, 33 (2000)

Ap +(ZA) et +(AZ-2) — ‘ (mep) < 17(82) Me\/‘
Domin, Kovalenko, Faessler, & Simkovic, Phys. Rev. C 70, 065501 (2004)

A M s etpt(etrtM; — ‘ (Mer), (mur) < (10 — 100) TeV ‘
Atre, Barger & Han, Phys. Rev. D 71, 113014 (2005)

mup) $0.14 eV = | By (BT = nptpt) ~ 10726
o

Bexp(BT — m-ptut) < 1.4 x10-6

@ Heavy Majorana neutrino N in the range of masses ~ MeV up to 100 GeV

@ Intermediate state at low energy LNV processes.

Néstor Quintero Poveda - CINVESTAV X111 Mexican Workshop on Particles and Fields



AL = 2 PROCESSES AND THE RESONANT MECHANISM teauy Neutrino Mixing
eneral amplitude

Resonant Mechanism in charged pseudoscalar mesons

Resonant Mechanism in charged pseudoscalar mesons

Table 1. Experimental upper bounds (BABAR,
Belle, CLEO, K experiments)

M;r — fff;M{ (£, 01,02 = e, ) Decay mode Beap
Kt 5 n etet 6,4 x 10710
KT s putput 3,0 x 1077

KT s aetpt 5,0 x 10710

- Dt = rmetet 9,6 x 107°
+1 DY = rptut 4,8 x 107
DY - etput 5,0 x 107°

Dt > K- etet 1,2 x 1074

My Dt 5 K putpt  13x107°

Dt - K—etpt 1,3 x 1074

Bt = netet 1,6 x 10~¢

The dynamic of this process is given by: BT o o ptpt 1,4 x 1076
Bt - etput 1,3 x 106

M~ G%VleszmN VI\(/}FMVJSEMfleM Bt K*efe+ 1,0 x 107°

BT - K—putpt 18x10°°
BT - K- etpt 2,0 x 1076
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Resonant Mechanism in charged pseudoscalar mesons

Atre, Han, Pascoli, & Zhang, JHEP 0905, 030 (2009)

LT Dok I ;
107! | . _B—ctn ] 5\ nwup
\ S \D—>upuK l‘» Dg—> 1
\ = \ 7 °
10 S e /! D—uup
o 3 T~ In D R P THTE
E Dg—purm
10 F
o F o
= S L <
o 107 F =
E E e
10°
0’ E
0 | K—>uum 4
0 E
]0-1“7 L L | L L T ] n L —
0.1 1 5 1
m, (GeV) m, (GeV)

Recently, LHCb (arXiv:1110.0730):
BBt - K—ptut) <54 x1078 BBt - 7 ptut) <58 x1078. (95% C.L.)
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LNV BY — Dt¢—¢—7x+ DECAYS

LNV Decay: BY(p) = DT (p1)€~ (p2)€~ (p3)7T (pa)

d d

! ‘ Diagram (b) is suppressed with
- respect to diagram (a)
- ‘Vubvcd‘ ~ 0,02

(a) u [Veb Vadl
d

In the range of neutrino masses

mpy where the resonance effects

d d d a dominate the decay amplitude,

the diagrams (c) and (d) will
R give very small contributions.

b ¢ b . Ivanov & Kovalenko,

Phys. Rev. D 71, 053004 (2005).
I I
© . (@ .

Feynman diagrams for the LNV four-body decay of neutral B meson.
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SEMILEPTONIC FOUR-BODY DECAYS LNV ¢ — beT oW — DECAYS

LNV BY — Dt¢—¢—7x+ DECAYS

The decay amplitude

Y Yt

L =g
ul(pQ) ay + b ag + ib

Prug(p3)

M = GEVAEVualVen | my H, L* HE

2 =2
N @2 =4

a1 =¢> —m —-m2, b=Tymy
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LNV BY — Dt¢—¢—7x+ DECAYS

The decay amplitude

_ Y Yt
LHY = 1,(p2) <al b + as + b Prug(p3)
M = GEVAEVualVen | my H, L* HE

2 =2
N @2 =4

a1 =¢> —m —-m2, b=Tymy

Hadronic current H}.

H}, = (D(p1)|&v.b| B(p))
(m% —m3)

Q2

Qu Fo(Q%).

(m% —m3)
(p+p1)p — %Qu}lﬂ(@%ﬂ-

Hadronic current H?2

H,% = (W(P4)|Cz7u"/5u|0> =ifx(pa)v. fr =130,4 MeV
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LNV BY — Dt¢—¢—7x+ DECAYS

Resonant Region: (mx +my) < my < (mp —mp —my).

s 101% Dominant modes (mpy < myy):

C 10

z %

“ o1l + 0
104k N — (T P=E, v PY,
1015? €$Vi, Z/zVO

16 + -+
10 E KTZQ Uiy, VZIZQ 62 s
1017? 72
10%F

190 2 2
10%E I'n ~ Gy [Ven|
00k

0

my (Gev)

Fig. | Decay width of heavy neutrino for my < mw .

Néstor Quintero Poveda - CINVESTAV X111 Mexican Workshop on Particles and Fields



N B9 — pte—re—xt DECAYS
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LNV B° — D+*¢—¢—x+t DECAYS

/ 854 ) ds3a
(s34 — 2 4 FNmN

s
:711 /G(534) 6(s34 — m?\r) ds3a,
I'n—0 NN

_G(m?v)w
- Tymn

Atre, Han, Pascoli, & Zhang, JHEP 0905, 030 (2009)
-
The decay width

rBér =r(B° - DTe 4=, ) . .
Kinematic variables

1
W[/fqu>1+/f23dq>2], {s12, 534,061,605, 6}
B

‘ BDUr _ . pDUx ‘
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LNV BY — Dt¢—¢—7x+ DECAYS

Heavy neutrino mixing : | |Ven|? <3x107%, Vv <3x107%, |Vin|? <6x 1077

del Aguila, de Blas, & Perez-Victoria, Phys. Rev. D 78, 013010 (2008).

g — B — DT (WSB)

1 - - B - Deem(WSB)
m [
o 107
10°¢
10°

I P U B | I T

200 400 600 800 1000 1200 1400 1600 1800

my (MeV)
Fig. Il. Branching ratios as function of m . The WSB model is used to evaluate the form factors

of B — D. [Wirbel, Stech, & Bauer, Z. Phys. C 29, 637 (1985)]
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N B9 — pte—re—xt DECAYS
SEMILEPTONIC FOUR-BODY DECAYS LNV ¢ — beT oW — DECAYS

LNV BY — Dt¢—¢—7x+ DECAYS

Tabla I1. Branching ratios for B — D¢~ ¢~ 7t decays.

(WSB Model) Wirbel, Stech, & Bauer, Z. Phys. C 29, 637 (1985)
(CLF Model) Cheng, Chua, & Hwang, Phys. Rev. D 69, 074025 (2004)

e e” I
my (MeV) WSB CLF my (MeV) WSB CLF
170 2.6x1076  3.4x10°6 250 3.0x1077  3.9x10~7
190 2.8x1076 3.6x10~6 270 41x10~7 5.4x10~7
200 2.6x1076  3.4x10-6 300 3.4x1077  4.3x1077
220 1.5x107% 2.0x1076 400 1.4x1077  1.9x10°7
250 7.3x1077  9.7x10~7 500 7.0x10~%  1.0x10~7
300 2.5x10~7  3.3x1077 600 40x10~%  6.0x10~8

Delepine, Lépez Castro, & Quintero, arXiv:1108.6009
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Lnv B9 — pte— ¢~ xt+ DECAYS

SEMILEPTONIC FOUR-BODY DECAYS LNV ¢ — beT et W — DECAYS

LNV ¢ — b/t ¢TW~ DECAYS

LNV Decay:

t(p) — b(p1)et (p2)€* (p3)W = (pa)

. b Tabla VI. Branching ratios (units of 10_6) for
t s bTetw— decays.
“'LLLL - mpy (GeV) ee i TT
90 0.29 0.29 1.12
v 100 0.12 0.12 0.47
" 110 0.05 0.05 0.19

W Delepine, Lépez Castro, & Quintero, arXiv:1108.6009

Bar-Shalom et al, Phys. Lett. B 643, 342
(2006)
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In this work we have studied the effects of heavy Majorana neutrinos in semileptonic
decays of neutral B meson:

|B° = preent| [t betetwo
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In this work we have studied the effects of heavy Majorana neutrinos in semileptonic
decays of neutral B meson:

|B° = preent| [t betetwo

9 Assumed the dominance of only one heavy neutrino N that falls in the resonant
region.
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CONCLUSIONS

In this work we have studied the effects of heavy Majorana neutrinos in semileptonic

decays of neutral B meson:

|B° = preent| [t betetwo

9 Assumed the dominance of only one heavy neutrino N that falls in the resonant
region.

@ We have calculated numerically the enhanced branching ratios as function of the
mass my .

@ We have found that the most optimistic branching ratios are of the order 10=6 —
10~7.
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CONCLUSIONS

CONCLUSIONS

In this work we have studied the effects of heavy Majorana neutrinos in semileptonic
decays of neutral B meson:

|B° = preent| [t betetwo

9 Assumed the dominance of only one heavy neutrino N that falls in the resonant
region.

@ We have calculated numerically the enhanced branching ratios as function of the
mass my .

@ We have found that the most optimistic branching ratios are of the order 10=6 —
10~7.

9 Experimental sensitivity
A BABAR ~ 450 x 10° BB
A B = Dt~ ¢t (Dt - K—ntzt)
A 70% efficiency for the identification and reconstruction of each of the six
charged tracks

B(B® - Dte=¢—nt) ~ 2.0 x10~7.
A LHCb, Super-KEKB, Super-B factories

o
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LNV ¢ — b/t ¢TW~ DECAYS

LNV Decay: The decay amplitude

t(p) — b(p1)ET (p2)€* (p3)W ™ (pa)

Grm? g
' : M= = (G5 VialVan? mx e
H'LLLL Weak transition ¢t — b
N

, H7? = (p1)y? (1= s )us ()15,
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The decay width

Phase space factors
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Kinematicall variables
{s12, 534, 601,03, ¢}

Kinematicall region: my > my,

'y ~ (1072 — 10) GeV
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Resonant Region: (my + my) < mpy < (m¢ —mp —my)
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Fig. 11l Normalized branching ratio of ¢ — bfT¢T W = decays as a function of m .
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Tabla VI. Branching ratios (units of 1076) for t — b ¢T W~ decays.

Set |
mp (GeV) ee o T
90 0.29 0.29 1.12
100 0.12 0.12 0.47
110 0.05 0.05 0.19
Set Il
mpy (GeV) ee i TT
) 148 (1.4) 005 (1.1) 255 (1.9)
100 0.6 (0.6) 0.4 (0.5) 1.08 (0.8)
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