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Majorana Neutrinos and Seesaw Mechanism
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Effective Delta(L) =2 operators for neutrino masses

Standard seesaw operator

O1 = L'L’ H"H'ejpey

Operators with four fermions: C.N. Leung, KSB (2003)
02 — LiLijecHlEz'jEkl
03 — {LiLijchZEQ;jEkl, LiLijdCHZEikEjl}

Os = {L'L’QucH"ej, L'LQuutH"eij}

Os = L'I’Q"d“H'H™H,ejierm

O7 = L'Q&EQrH"H Heyejm

O = L'¢ucd*H'e;y Choi, Jeong, Song (2002)
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Operators with six fermions:

Og = LiLijecLleceijekl
D10 = LiLijeCQldceijekl
O11 = {L'L7Q"dQ'd°eijer;, L'L'Q"d°Q'd e;rej}
O = {L'I’QiucQu¢, L'L’QucQ uce;je™}
O13 = L'L’QuucL'e;
O14 = {L'IPQuucQfd e, L'L'QucQ'dj}
O15 = L'L7LFd°Liuce;y
D1 = LiLjecdce_C’JCEij
O17 = L'L/d°d°d°uce;;
O1s = L'L/d“u“duce;;
O19 = L'Q d°d e‘uce;;
Oz = L'd°Qiucetac



Dimension 5 operator through loops

01 = L'L7H*H'e;.e;; may arise at loops

without light fermion mass factor

Example: Inert Doublet Model
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From m, alone, Mg, M, ~ 102 GeV will work
Dark matter would require Mpr ~ M, ~ TeV




Dimension 5 operator with one light fermion mass

O1 = L'LH*H'e;e; can arise at loops
with one light fermion mass factor
Example: General Zee model A. Zee (1980)

Effective operator: O, = L'L/LFe‘H'e; e,
+<qs>

- fY( 0) v

+ 77
hp \H m, ~
i \ 1672
» |1 < o » 1 «
1% e e¢ %
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O3 model of neutrino mass

03 — {LiLijchleijekl, LiLijchleikEﬂ}

R—parity violating supersymmetric models
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Two—loop neutrino mass generation via Og
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Consistent with all neutrino oscillation data

Predicts doubly charged Higgs boson with TeV mass

One neutrino is nearly massless



Two—loop neutrino mass model
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Two—loop neutrino mass model

f has an eigenvector with zero eigenvalue:
v =(1,—€€); fvo=0.
€ — fe’r/fuﬁ € =f= eﬂ/f,wr

vo IS an eigenvector of M, with zero eigenvalue: M,vg = 0
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e = tanbiz ggg2 + tanbiz sinfz e Normal hierarchy
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Two—loop neutrino mass model (cont.)

Inverted hierrarchy:

e = —Sinfo3 cotliz e | € = cosbyz cothiz e ™

h— — ¢~v branching ratios fixed:
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Producion of hThTh h~

pp — kTTE™ with kT — hThT

CMS limit of m,++ > 355 GeV not applicable
for kT+ — hThT decay

Branching ratios of kT+ — ¢7/¢T predicted
from neutrino data
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Relative branching ratio gives insight into Majorana phases



Cross section for AT and k71T at LHC and Tevatron
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K.S. Babu, C. Macesanu (2005)

Detailed study: p. sierra, M. Hirsch (2006)
M. Nebot, J. Oliver, D. Paolo, A. Santamaria (2008)



Lepton flavor violation constraints

Process Experiment (90% CL) Bound (90% CL)

p~ —eteme  BR<1.0x 1072 |geugr.| < 2.3 x 107° (my/TeV)?
T~ —eTeTem  BR<3.6x107%  |gergt.| < 0.010 (my/TeV)?
7 —etepum BR<27x10°%  |gergl,| < 0.006 (my/TeV)?
r~ —etu s BR<23% 107 |gergt,| < 0.008 (my/TeV)?
= ptetes  BR<20x 1075 |gurgl| < 0.008 (my/TeV)?

T —pte T BR<37x107%  gurgl,| < 0.008 (my/TeV)?

(
T = ptpTpT BR<32x 107 |grgr,] < 0.010 (my./TeV)?

pte — pmet Gy <0.003GE  |geegs, | < 0.2(my/TeV)?




Neutrino mass model with Leptoquarks

K.S. Babu, J. Julio (2010)
Og can be induced via scalar leptoquarks

Og = Lie_C”UTCdCHjGZ‘j
M, arises as d = 7 operators at two loop

My My My UV
(167?2)2]\44

Leptoquark within reach of LHC

Ty,

Leptoquark branching ratios probe m,



Leptoquark model for neutrino mass

Add two leptoquark fields to standard model
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Q(Sa 27 1/6) — |:5—1/3:| ’ X_1/3(3: 17 _1/3)

Lyukawa = Ysz?d;?Qﬁea@ —- E;jefug?x_l/:)’ + h.c.
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B is unbroken, but L is softly broken

L, = Y;;j(yq;dgw_l/?’ — eid§w2/3) -+ Fijefugx_l/?’ + h.c.
V = ww ?BPHT +wPHYY Y2 4+ he
M2 = (Mo W M i lues M?2 ixing 0
0=y m?2 ass eigenvalues M7 ,, mixing




Neutrino mass generation

-1/3
Xn

<
=
S
S
=

M, = mol [YDdVTDuFT D, + DgF*DuVDdYT}

N C'g?sin 20 MMM
mo = _—
0 (1672)2 M?2

D, = diag. [ﬂ, E, 1} , Dy = diag. {@, %, 1} , D, = diag. [

me Ty my Ty

I: Loop integral function

me

mo



Neutrino phenomenology
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Predictions for w > 1

@ Forw > 1,

F% Ya» [ m ms \ k2
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@ This could generate (M, )13 >~ (M, )11 ~ 0.
Glashow, Frampton, & Marfatia (2002)
Xing (2002)
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@ The value of 613 is consistent with current measurements (the blue lines
correspond to 20 allowed value from Daya Bay).



Leptoquark branching ratios

MN(w?® = etb): Mw?3 = uth): Mw?2 =7y = Y2 : |2]?:
Measuring any of the branching ratios will fix ¢
Measuring two ratios overconstrains and gives checks
I_(XQ.J_I/3 — ut): I_(Xa_l/3 ST t)=|z|? : 1
Further checks provided

Since |z| > 1, p will dominate final states



Neutrinoless double beta decay

(M,)11 ~ 0= No neutrino mass contribution to 35,

Y S

Vector-scalar exchange:

Y &
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Normal mass hierarchy and observable 33y, possible



uw — e~y Predictions
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pn — e conversion in Nuclei
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Bs — Bs mixing
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New CP violation can be as large as 40%
LQ mass < 500 GeV needed



D® Dimuon data:
- Nttt _ N—
LT NF+ + N

AV(SM) = -23702x10* 3.2 ¢ discrepancy

= —(9.57+2.514+1.46) x 10>

New contributions:
AM; = AMM |14 hee?”

Best fit parameters: (Ligeti, Papucci, Perez, Zupan, 2010)
{hy = 0.5, 0 =120°} or {hs = 1.8, 0 = 100°}
hs = 0.42, o = 120° realized with leptoquarks

Predicts B, — 777~ decay at the percent level:

BR(Bs — 7-+7-—) — 0.28% (|Y32Y3E’>|)2 (300 GeV)“ ( fB. )2
8 | 0.07 my, 0.24 GeV




Radiative Dirac Neutrino Masses

K.S. Babu, X.G. He (1988)
Left-right symmetric model with minimal Higgs content:
SU(3)C X SU(2)L X SU(Q)R X U(l)B_L
Higgs: (1,2,1,1/2)4+(1,1,2,1/2)

Ferrmion mass generation via singlet fermions:

P(3,1,1,2/3) + N(3,1,1,-1/3) + FE(1,1,1,1)
All charged ferrmions get mass via seesaw

Neutrinos are Dirac particles here, no seesaw for neutrinos!

Chang, Mohapatra (1987)
Davidson, Wali (1988)
Babu Mohapatra (1988)






Summary and Conclusions

e Radiative neutrino mass generation a natural
alternative to seesaw

e New particles must exist at the TeV scale
in Many cases

e Scalar decays probe neutrino mass generation
and CP violation



