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1.5 Introduction:

NGU,tran OSCillationS: SNO, Super-Kamiokande, KamLAND ...

\/

‘L’

iz | This is only possible if neutrinos have masses
and mix with each other.

——> New Physics beyond the standard model (BSM)




Experiments on solar neutrinos

7.1 x 107° < Am? < 89 x 107° (eV?) | m2, —m2, |
Neutrinos born in Cosmic ray collisions and on earth

1.4 x 1072 < |Am?, | < 3.3 x 1072 (eV?) | mj, —mp, |
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The best bound to their absolute values of the masses comes from the WMAP
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In terms of the PMNS mixing matrix
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Neutrino oscillations measure m? but
they do not provide information
about the absolute neutrino spectrum
and cannot distinguish between pure

What is a Dirac neutrino or Majorana neutrino?




Dirac neutrino mass: Lp=—-mpVLvg+h.e.

= the lepton number L is conserved

Majorana neutrino mass: Ly = —mumrgrR+ he.

&= v~ Thus, it clearly does not conserve L
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Fig. 4. Massive Majorana neutrino exchange mechanism describing the neutrinoless
double 3 decay. The antineutrino 7 emitted in one vertex must be absorbed as a
neutrino v in other. Such a scenario is possible only if the neutrino is massive (then
there is a chance that the emitted antineutrino has negative helicity 7 and must
be a Majorana particle (then 7 = v).

The present limit is givenby = | _| 9
[H.V.Klapdor-Kleingrothaus] ()| = Zl»'f-z771-z

< 0.2 eV

FORBIDDEN
IN THE SM.



“Black Box” theorem |J. schechter and J.W.F. valle, Phys.Rev. D 25, 2951 (1982)

Any mechanism inducing the Ovf3 decay produces an
effective Majorana neutrino mass term, which must
therefore contribute to this decay.
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the Ovfp decay Majorana neutrino mass




Note that (1) the theorem does not state which mechanism of
Ovpp decay is the dominant one and (2) in some SUSY models

with R-parity, OvBp decay can be generated without vy :
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FIG. 1: a) Ov33-decay through the exchange of a light Majorana
neutrino. b) Ov33-decay through the exchange of heavy particles,
in this case two squarks and a gluino in RPV SUSY.

e SUSY - If the Ov3B decay is observed,

* Hfggs triplets | | how can we tell (a) which
° ng%lt—ha.nclod interactions mechanism is responsible and
* Majorons (b) what value of mv is?




© Three important questions:

1. What are the masses of the neutrino mass eigenstates (vi)?

2. Are the neutrino mass eigenstates Dirac or Majorana particles?

3. If OVBB is observed, is v a Majorana particle?

In the SM: SU(3) @ SU(2) @ U(1)
L, = (v, 1,)T (1,2, —1)

ec (1,1.2)

Q, = (u,,d,)" (3,2,1/3)

ue (3,1,—4/3)

Table 1: Matter and scalar multiplets of the Standard Model (SM)

B No Dirac mass term (no right-handed neutrino).

B No Majorana mass term either (viis an SU(2) doublet).



In the SM: s Weinverg, Phys. Rev. D22, 1694 (1980). | Effective Dim-5 operator:

L O=(Ao/Mx)LOLD
- l SSB
L
m, = Ao \(I[)\ (Majorana)

Dimension five operator responsible for neutrino mass

For Mo~1, <®d>~100 GeV, Mx~Mp — my~10°%eV (too small)
BSM: (a) If the right handed neutrinos vg exist:

Ly = Y, L®vp+hec = md =Y, <d>
The observed neutrino masses would require Y, < 10713 — 107! (unnatural)

(b) Majorana mass for vg: MpvpC~'vg + h.c.

- T -1
See-saw mechanism: M, = —mpMp mp.

(naturally small+Majorana)

e Where are the RH neutrinos, vg?
e If vp exist, why the Dirac mass terms effects are small or absent?



Many other possible mechanisms for my
without introducing vr:

e Model with scalar triplet: £, = —¢L,TL; +he = my = g<T>

e Zee model (with charged scalar singlet X
and additional scalar doublets) Majorana )y
neutrino masses arise at one loop level. Nt H D)

T fioaly™ + > IfieH;. - - .
i=1.2 VL 11_ Ip VL
e Babu-Zee model (with doubly charged

- = -
scalar singlet) Majorana neutrino masses L
arise at two loop level. | "

T fin*t +15highktt Vo oL R R LoV

e Other models ...

No 0VBB decays in Zee and Babu-Zee models




: .. : . . [ cS.chen+COG+Ng,
2. A new model with radiative neutrino mass generation: ‘;::1'};:5;33:4[’0 '#'
SU(3)¢ SU(2),@ U(1), Chen+C0G+Ng-+Wu,
Lo= (ol 1.2.-1) JHEP0708,22(07).
€aL (1,1,2)
Qu = (e o)} (3.2,1/3)
UL (3,1,—4/3)
de 3,1,2/3)
o TR No Vg added

Table 1: Matter and scalar multiplets of the Standard Model (SM)

New scalars: a triplet T (1,3,2) + a singlet ¥ (1,1,4)

V(p, T, ) = —uldtd + Ay(dTd)? — w2 Te(TIT) + A [Te(TTT)F + AL Te(TITTIT) + m>Wiw + Ay (W)
+ Kk Tr(@TdTIT) + ka1 TTH D + kbt WTW + pTH(TTT VW)
+ A THWY) — M(d"TTh) + Hee]

New Yukawa term:  YoplSplpgV =~ «—— lepton # for ¥ is 2

No Yukawa coupling for the triplet: JE\

Highly suppressed or forbidden by some symmetry*




*“For example: two Higgs doublets (@1 and @)
with Z; discrete symmetry or T-parity

T-parity: @D; —- D;; Dr— Dy T— -T ; L—-L

L

No effects for other couplings.



Constraints on the model:
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Two doubly charged scalars:
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Figure 1: Maximum value of Mp, for vp = M =4GeV, and |A}| set to 47.
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Figure 2: Mp, as a function of m for |k2| = 0.5, 0.25, 0.125 in units of 47, with vr = M =4GeV
and A = -\ = 1.

The P, state is well within the reach of the LHC;
P> will be too heavy to be of interest to the LHC.




(i) Neutrino masses:

’Ih/.

a.b=e 1

The neutrino masses are generated
radiatively at two-loop level
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(i1) OvpP decays:
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Figure 9: Ov 33 decays via exchange of: (a) doubly charged Higgs and (b) light Majorana neutrinos.
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The smallness of this ratio is due to the fact that in our model,
Mee 18 suppressed not only by a two-loop factor, it is also sup-

pressed by the electron mass factor (m./My)? coming from the
doubly charged scalar coupling.

No Black box theorem, Ov3f3 1s from P~ tree diagram without vm.



(iii) Other phenomenology:| Doubly Charged Scalars

a. Lepton flavor physics:

1. Muonium anti-muonium conversion /ﬁ'e‘ — y‘e*‘

e R L U

YeeYi , | .
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\3. Rare yu — 3e decays and its T counterparts

N r —_ AN \ I

Vewpt < 1.0 10712 6.6 x 10~ (M__/100 GeV)?,
| Jeapt < 2.0 x 1077, /\/ Yo Yee < 3.0 x 107% (M__/100 GeV')?,
Br(t — eptt)omp < 2.0 % 107, ? Y., Y., < 3.0 x 1075 (M__/100 GeV)?,
Vewot <
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1.9 x 10-:, YV < 20 1073 (M__/100 GeV)?,
19> 107", 5 = Y,V < 29x107%(M__/100 GeV)?.



4. Radiative flavor violating charged leptonic decays|ft — ey and 7 — p(e)~y.

5 Y YiuYie < 1.5 x 107° (M__ /100 GeV)?,
a Y. Y 1

2 AT2
3nCE = \ M2

D VY. <14 x 107% (M__ /100 GeV)?,
l

D VY, < 11 x 107% (M__ /100 GeV)? .
l

In summary, we have from contact interactions the upper limits
Yee < 0.17, Yeu <02, Yer < 0.2,

and from neutrino data |

Y, <35, Yur <02, Yrr < 0.02




b. Doubly charged Higgs at the LHC:
1 Production of the doubly charged Higgs

® There are no direct couplings between P"" and quarks.

The WW fusion processes similar to Ovp decays
+
the Drell-Yan annihilation processes:
qq_yf}'*aZ*_*Pl'*"*.Pl-— (q=u,d)

o (fb) vr = 4GeV and s; = 0.12.
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Zu PP (1= 2sb) — 26 32, AP P - he

C.8.Chen+COG+]Ng+ . Wu, JHEP0708, 22 [07) ~ WW fusion
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2 The decay of PI’H:

(1) P — 1505 (a,b=e,p,7),
(2) pl-’ci — WEWE, <«

(3) Pi* — P*W#*,

(4) P — pEp* |

(5) Pt — WEW*X0,
(6) P+ — pEp*X".

(4) and (6) are not allowed in our model
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: ol . . . . :h[:E X
3 ?ame sign single dilepton signatures: it 2 N

u(d) d(u) C.S.Chen,CQG,D.V.Zhuridov,
- > - arXiv:0801.2011 [hep-ph]
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Remarks:

(a) In our model, the final state charged leptons are right-
handed. Hence in principle, helicity measurements can be
used to distinguish between our model and those whose
doubly charged Higgs coupling only to left-handed leptons.

(b) P+= will directly produce spectacular lepton # violating
signals from like-sign dileptons such as eu, et and pr.




3. Summary:

¥ A new neutrino mass generation model is proposed
with an SU(2) triplet and a doubly charged SU(2) singlet.

¢ Majorana neutrino masses are generated radiatively at
two-loop level with a normal neutrino mass hierachy.

¢ The neutrinoless double beta (0vfp) decays predominantly
arise from exchange processes involving the doubly charged
Higgs, whereas the long range contributions due to Majorana
neutrinos are negligible.

The Black box theorem 1s irrelevant here, 1.e., OvBf decays
_are not originated from the Majorana neutrino mass term.

¥ Rich physics for lepton flavor processes and unique
signatures at the LHC due to the doubly charged Higgs.

(<™ | Future data on Ovpf decays and the
LHC searches would distinguish our
model from other neutrino mod













