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What we know about neutrinos

@ The best fit of neutrino mass and mixing parameters:

Quantity | Value
Am3, (eV?) (7.59 £ 0.21) x 105
L (2.5370:53) x 103 (NH)
Amg (V) —(24%%L) X 1073 (IH)
s 13 032010012
019092
sin’ 0z 0.53765

+0.003
29 0.026 5 504

i +0.003
SoLs 0.02774 504

Forero, Tértola, Valle (2012)

@ The origin of neutrino mass, type of hierarchy, the CP-violating parameter,
and whether neutrinos are Dirac or Majorana are still unknown.



The origin of neutrino mass (seesaw mechanism)

Adding right-handed neutrino N¢ which
transforms as singlet under SU(2),

L=f,(L-H)N®+ 1MrN°N®

Integrating out the N¢, AL = 2 operator is
induced:

EfF:_LE(L-H)(L-H)
€ 2 Mg

Once H acquires VEV, neutrino mass is

induced: )
2 U
my >~ f, —MR

For f,v ~ 100 GeV, Mz ~ 10'* GeV.

Minkowski (1977)

Yanagida (1979)

Gell-Mann, Ramond, Slansky (1980)
Mohapatra & Senjanovic (1980)



Radiative neutrino mass generation

@ An alternative to seesaw is radiative neutrino mass generation,
where neutrino mass is absent at tree level but arises at loop level.

@ The smallness of neutrino mass is explained by loop and chiral
suppressions.

@ New physics scale typically near TeV and thus accessible to LHC.

@ Further tests in observable LFV processes.



Zee model
Introducing a singly charged scalar and extra scalar doublet,
L= fijL?L?’h+€ab + ,uHaq)bhfeab + h.c.
Zee (1980)

Neutrino mass arises at one-loop.

The minimal version of this model in which only one Higgs doublet
couples to fermions yields

0 Me m 2 2
m et
my, = m 0 m Mij fi_(mi —m;)
v — e T 1] — -1
M 122 ) J 1671'2 A
Mer  Myr 0

It requires 012 ~ w/4 — ruled out by neutrino data.

Koide (2001)
Frampton et al. (2002)
He (2004)



AL = 2 operators

01 = L'I’H"H'eey

Oy = L'I’LFe“H'eijen

O3 = L'IQ*d°H'ejen, L'L’Q d H'eines}
O, = {L'I’QucH"ej,, L'I’QuucH"ei;}
0s = L'I’Q"d°H'H™H;ejierm

Os = L'I’QuucH'H*Hieyy

07 = L'QeQrHYH' H ej16m

Os = Lieeucd H’ €ij

Oy = LiLijecLleceijekl

Babu & Leung (2001)
de Gouvea & Jenkins (2008)
Angel, Rodd, & Volkas (2012)



Operator Og

@ Operator Og = L; H;dufe’e;; induces neutrino mass at two—loop:

MMMtV
(1672)2A3

my, ~
@ Scale of new physics near TeV.

@ This operator can be realized in model with scalar leptoquarks.

Babu & JJ (2010)



Two—loop neutrino mass model with leptoquarks

L::)X/”L Qd +F”ucec _1/3+NQTHX—1/3+hC

X 1/3 X 1/3 X 1/3
PN PR P
7 N 7 N\ 7 N\
/! \ /! \ /! \
N L N l' < L T 1 T L 1 T
vy d° odpup oyt e e Vi v o dt o dp o\ e, VL vy, de \uLout e, VL
N 7/ N 7
~ 5 - <5 -
w H H-
~ T .
(M)i; = 110Yie(Da)k (V") ki (D)t (F1)15(De); ikt + transpose,
R 392 sin 20 mempmsr
o =
(1672)2 M?

D. = diag. {@ ﬁ@} , Dy = diag. [@ %,1} , Dy = diag. [
m¢ Mt myp My

Me m#1

mr Mmr

]



Neutrino mass matrix

1
i m(i 27-;7:[" Yy 1 Zlym“
M, ~my 57{7 Y ) mHI:L 52+ 3w T
1, 1mu
5Y 2z+2m7x 1+w
o= 123 y Yis_ Yas o 3 Vi (mc> <m<> Iiko
= 9 & = 77 f— 77 P — — —
Fi Y33 33 F3y Yaz \my my ) Lik3
R ~ 13 Me
mo =2 moF33Y33 k3, (My)11 >y mo

@ This mass matrix has normal hierarchy structure.

@ The (1,1) entry is highly suppressed, i.e. < 0.01 eV.

@ w may be significant for Mg < 1 TeV.



Predictions for w < 1

@ Forw << 1,
——% . KamLAND + SOLAR
_@- Original Flux 1mp 1
e MINOS G el o R
m Inverted Hierarchy M, ~ mg 5 ;‘% y m“ Tz 1z41 Tix
m
o m—_ A 1
—— Double Chooz o . .
f— | @ This implies det M, = 0. Together with (M, )11 ~ 0,
5 sigma—@— Daya Bay
m1~0, a~0, B~26+m
o‘Hb[‘)5””0‘1”H“H“HH“H‘03
) i 20, Am?2
sin2d, tan? 613 >~ gl sin? 012
‘ m31
(sin® 2013 exp 0.092 4 0.016 = 0.005 (Daya Bay)

sin? 26013 ~ 0.16
(sin® 2013) e 0.113 + 0.013 £ 0.019 (RENO)



@ Forw>1,

Predictions for w > 1

Xing (2002)

|F33Y33] < |F32Y32]

0.20

F3, Y- m, m m
“= iQﬁ (7(‘) < S) - =1 -
Fiy Yaz \my mp ) Ljks
@ This could generate (M, )13 ~ (M, )11 ~ 0.
Glashow, Frampton, & Marfatia (2002)
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@ The value of 03 is consistent with current measurements (the blue lines

correspond to 20 allowed value from Daya Bay).



Predictions for w > 1

@ Requiring |F32Y32| < 1 implies that LQ cannot be heavier than 1 TeV.

20
15} ]
K .
Z 10} o o f
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o5l ]
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The neutrino mass fit gives |Yi3| ~ |Yas| or |y| ~ |z|.



Leptoquark branching ratios

The ratios of LQ decay widths:

D(w?? = etb) : T(Ww?® = ub) = |y : |2

DX, Y2 = t): DX, P s ) =z 0 1

2

@ Since |y| ~ |z|, w™%® will decay equally to both electron and muon.

—1/3

@ Since |F33| < |Fasl, || > 1, X /7 will dominantly decay to muon.




Operator Oy

@ Operator Oy = L*LPL° Ve e eapes, induces neutrino mass at two—loop:

@ A realization of this operator is model with singly- and doubly-charged
scalars.



Two—loop neutrino mass model with singly- and
doubly-charged scalars

LD fi L LWt eap + hijefeSk™ + phtht k=~

+ .07 St
A 161 m
’ YK \ (My)ij =~ s fimu, hiyme, fij 1 5
(1672)2m?2 F ! mj,

1 1—x 1 1—
I(r) = 7/‘ d:r/ dy In v =y)
0 0 4+ (r—Dy+y>  x+ry

@ Due to Fermi statistics, fi; = —fji, whereas h;; = hj;.

@ Since det f =0, the lightest neutrino is massless.

Zee (1985)
Babu (1988)



i value

Vs D %)\1 (HTH>2 + %)\2 (h+h7)2 + %)\3 (k++k77)2

ks e
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The coupling u is restricted by perturbativity and vacuum stability.
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Neutrino mass matrix

Ewrr + 2e€’wyr ewrr + € wyr —ewpr — €wup
12 ’ 12 2 !
+eCwupn —€€'Wer — € Wey, —€ Wer — €€ Wey
! /
M, — C €wrr + € W Wrr — 2€' Wer —Wpr — EWer
v —e€!wer — €?wey +€2wee +e wey + €€ wee
—ewpr — €wup —Wpr — EWer wpp + 2ewey
—wer — €€wey € wep + €€/ wee +e2wee
2 2
16u f m
_ KT k . — * . — . -
¢ = —H5 91— wi=mehime; €= fer/furs € = feu/fur.
(1672)2 mj mj

Since - (1, —¢, )T =0, then M, - (1, —¢,¢/)T = 0. This leads to

_ (My)12(My)33 — (My)13(My )23 o (My)12(My)23 — (My)13(My)22

(My)22(My)ss — (My)3, (My)22(My)33 — (My)34

Babu & Macesanu (2002)



€ and ¢

@ Normal hierarchy

cos 023 . i
fe—T = tan 012 + tan 013 sin fa3e 8
fur cos 013

sin fa3 .
fen = tan 012 — tan 013 cos fa23e 6
Fur cos 013

@ Inverted hierarchy

fe—‘r = —sin fa3 cot 913677;6
fur
feu i

= cos f23 cot O13e™

Fur



Lepton flavor violation

@ /; —)fj’y
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Neutrino mass matrix (simplified)

@ Ignoring terms proportional to electron mass yields

Ewrr +2e€lwpr + Pwuy  ewrr + €wpr  —ewpr — €wpy
v~ ( €wrr + E/w;l,T Wrr —Wur
—ewur — €wup —Wur Wpp
2
he =, M (My)22 b = _py M (My)23
T = Pen o P = T
m2 (My)33 my (My)3s

@ From (wuu = (My)33,

1 1
P2 gemt | e (MR (M)ss (P
wT mp mp,  \ m3 m2 my,

@ The smallest f.r will be obtained when [(u/mp,)(mg/mp)I]~1 and
(h,w/mkf1 are minimum.

@ The smallest my, can be determined with the help of BR(u — ev):
Sur 3.5

<
. <V

x 107° Gev~!
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[(u/mp)(my /mp)l(m

@ hyu/my is bounded by 7= — ptu~pT and 77 — et u~ processes:

M < 81x 1079 GeV™2; |h‘“‘h”|
mk k

<7.3%x107° GeV~?

@ her does not appear in neutrino mass matrix, while hy,+ is fixed by neutrino

mass.
@ In the most relaxed situation, the upper bound of |h,|/my, is obtained from
T = ptpT s
nwomp mi -1z 5 (M,)s3| / GeV\3 /GeV\]Y/*
> o oy [ (2 ENES)
mp mp my eV eV My mar

@ By imposing the perturbativity bound on

1 o [(/mn) (my /mp) I (m? /m3)] =1/ will
be minimum when my ~ 4.1my,.

10¢ E @ my, > 583 GeV in NH.
myp, > 875 GeV in IH.
1, 4
@ LEP limit: ~ 100 GeV.
0001 001 61 1 10 100 1000



k% mass

ATLAS and CMS limits: mj > 400 GeV, assuming 100% decay into muons.



Decay rates

@ The branching ratios of h — ¢v depend on € and €¢’:
BR(h — ev) : BR(h — uv) : BR(h = mv) = |2 + |2 : 1+ €] : 1+ |¢]?

@ In normal hierarchy, |¢| and |€/| are §-dependent:

0.6 T T T
BR(h - ev) ——

BR(h" - pv) -
[BR(N = Tv) o ]

0.5

03 r q

BR(h - (V)

02 r q

0.1 | q

0 . . .
0 0.5 1 15 2

t e

@ In IH hierarchy,
BR(h™ — e v)~0.49; BR(h™ — p v)~0.26; BR(h™ — 7 v)~0.26.

€| and |¢’| are §-independent:

@ Measuring these ratios can probe the neutrino mass hierarchy.

Avristizabal-Sierra & Hirsch (2006)



Boundedness of scalar potential

@ With 125 GeV Higgs mass, the Higgs self-quartic coupling will turn negative
around 1010 GeV.

@ In this model,

L MM X5
Vo= —ab X A= M X2 X | =’ = (|H|?, |n?, k%)
2 DYDY

@ The boundedness will be obeyed if matrix A is co-positive, i.e.:
(1) i 20,
2) M=V A > Vs A > —VAads,
(3) MvAs+X6VAL+Asv A2 + v/ A1A2d3 >0 or  det A > 0.

Hadeler (1983)
Klimenko (1985)



Boundedness of scalar potential

4 6 8 10 12 14 16 18
log;o(Q/1GeV)

AgAsAg
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log;o(Q/1GeV)



Conclusions

Radiative neutrino mass generation is a natural alternative to seesaw
mechanism.

New particles are predicted to be at TeV scale.

The phenomenology of new particles can be correlated to the
neutrino mass hierarchy.

It may provide solution to vacuum stability problem.
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