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NEUTRINO MASSES AND MIXING

experiments on solar, atmospheric, accelerator and reactor neutrinos:
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i e |

2
—5412035 — 0425335435

e
$12525 — 0420235435

%
C1acaz — 512525545¢C

FLAVOUR NEUTRINO OSCILLATIONS

2. existence of neutrino mixing:

)

1. at least two massive neutrinos v; with masses m; = 0

veL(T) = Z(UP’MNS)E;;’ viL(x), €=e,puT

physics beyond the Standard Model

=

diag(1+£é£%y'1aﬁ_§ij

&
—C12525 — S12C0255155

Parameter best-fit (£1a) 2a
AmZ [107° eV7 7.58T022 6.90 - 8.18
|Am?| [1073 V7] Za5E 2.06 - 2.87
sin® By 0.3067501  0.265- 0.364
Siﬂg lggg [:]421_883 0.24 - 0.64
sin? Bz 0.025 12007 0,005 - 0.050
Fogli etial.
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NEUTRINO MASSES AND MIXING

¢ From data on the invisible Z decay width: 3 flavour active neutrinos 7,
£=eu,T

¢ The number of mass eigenstate v; can be larger than 3 (sterile neutri-
nos ?), but at least 3 of the v; should be “light”:

m123 < 1 eV and m; #my #ms

s “H B—decay experiments and astrophysical observations

m; < 0.5 eV my/me, < 107°

et

¢ Important questions:

1. Are neutrinos Majorana or Dirac particies ¢
2. What is the mass ordering ¢
3. Is there CP wiolation in the neutrino sector ¥

4, Is there a new fundamental mass scale A in particle physics ¢
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A Majorana mass term for vpz () can arise after EWSB from the (unique) d=5

operator:
% (@Hﬁi) ((;ETQZ)E;L) -} H.c. Weinberg, PRD 22 (1980) 1624
er(®) = (nr(=), Lo(z)) , dlz) = ing()
(@)
By B @By B (Be e
i i i | Y
3 ; 3 3 1 A
| i i i t
—_— e —_— e S E——
vy N N v TR % %
type | type 111 type 11
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TYPE 1 SEESAW MECHANISM

L2252 (@) = Ly(2) + L)

Ly(x) = —Muthyr(2) H(z) Nin(2) — he yr(2) H(z) Lr(2) + hec.
@) = —;MN()NE@), @22

At energies below the lightest N; mass, the heavy Majorana fields are integrated
out =— Majorana mass term for the LH flavour neutrinos at £ ~ M :

o 2 o SR L sl - 1
m, = —vAM " A" = Upyps Dmg(mhmg}mg) Upvns

taking [A| ~ 1 and m, ~ 1072 eV = M ~ 10* GeV

A~ M is not related to the EWSEB scale and can, in principle, take arbitrary
values up to the Planck mass! Testing the see-saw mechanism??¥
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RH NEUTRINOS AT COLLIDERS ?

m, —mDM_lmE mp =~ A

naively for M =1 TeV ~ mp =~ 107* GeV = A~ 10°°

low energy effects very suppressed:
» tiny EDMs
» tiny lepton radiative decays
» tiny deviations from EW precision observables
» production cross-section at colliders is suppressed
(except when RH neutrino has additional interactions, e.g. U(1)s-1)

conversely, testing seesaw mechanism at colliders and/ or from low
energy observables requires large Yukawa couplings. Again naively,

A=0.1, M=11eV = m,=0.1GeV

1s tf possible to have seesaw models at TeV scale consistent with light neutrino
masses and sizeable Yitkatwa couplings ?
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TeV RH Neutrinos and Large Yukawa Couplings

There 15 a continuous fanuly of [irac masses compatible with neutrino data

Consider for simplicity the case of 2 RH neutrinos in the basis where
charged lepton Yukawa and RH neutrino mass matrices are diagonal:

low enerey  high enerey

“measurable” free parameters

mD = 1 UEMNS*\J??I O '\IM Casas, [barra, 2001
0 0
O = cosf +sinf for normal hierarchy

—sinﬁ :I:c{:rsg'

cos +sind
—sinf “4cosf for inverted hierarchy
0 ()

L

= w — &
0 =
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TeV RH Neutrinos and Large Yukawa Couplings

There 15 a continuous fanuly of [irac masses compatible with neutrino data

Consider for simplicity the case of 2 RH neutrinos in the basis where
charged lepton Yukawa and RH neutrino mass matrices are diagonal:

v/ O(10719) CeV

O(0. 1)

— 4 U* MNS\/% O M Casas, Ibarra, 2001

/—P——/ \
O(10%) GeV

adjust O to generate large mp
e.g. mp =~ 10 GeV = |O| ~ 106

() () . , fw £ § §
z L =%t A & ,
il = cos@ +siné i 1 =3
—ginf +cosb £l 2 i =l
exponentially enhanced!

fixed flavour structure!
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TeV RH Neutrinos and Large Yukawa Couplings

sizeable couplings of RH neutrinos to Standard Model leptons

Lagrangian mass terms:

1_
ﬁu — —W(‘WD)E@ VaR — gny (M)ab bR T h.c.

vy, and vg are interaction eigenstates: M = V* MV, M = diag({ My, M>)

heavy Majorana mass eigenstates

1_
ﬁEE’EE — —Eyaﬁ(my)abybL—I— MNGN + h.c.

my, ~ —mp M1t m} My ~M

| diagonalization:
my, = U* diag(m, e, ms) UT My =~ V*diag(My, Ma) V1
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TeV RH Neutrinos and Large Yukawa Couplings

sizeable couplings of RH neutrinos to Standard Model leptons

Lagrangian mass terms: |

Ly = U7 (mD)ﬁ'a VaR — 5 VEL (M)ab R + h.c.

vy, and vg are interaction eigenstates: M = V* MV, M = diag({ My, M>)

light neutrino interactions

non-unitarity effects

iy

.,

" 1
2%, e (1= 3 EERN) X2 W + e

£

Ne = — g XiL7e U1 — (RV)(BV)WU),. x5z Z°

R* ~ mp M~ provides the mixing between
the interactions eigenstates vy, and vg

Low energy effects are parametrized by (REV')
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TeV RH Neutrinos and Large Yukawa Couplings

sizeable couplings of RH neutrinos to Standard Model leptons

Lagrangian mass terms: |
1y = —W(WD)EQ VaR — 5 VEL (M)ab R + h.c.

vy, and vg are interaction eigenstates: M = V* MV, M = diag({ My, M>)

heavy neutrino interactions

g il
— ¥y, (RY s N W 4+ h.c.
55 Yo (BV )il — v5) Ni

— L Ya (BV)ex (1 - 95) Ny Z* + hec.

Low energy effects are parametrized by (REV')
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TeV RH Neutrinos and Large Yukawa Couplings

the flavour structure of the neutrino Yukawa couplings 1s determined by
neutrino oscillation parameters:

ot Ues +in/mnfms Uso | £4 [ Uz +in/mn/ms U | /o/ Mo /M,y

gr e 2 ; , ;
NH: BV = — 5 |ME;| Ulu,g—l—iwmg/{mg Ulr_.!,ﬁ Sy U,L.!,B —I—zwmg/mg UIL,!,Q /wMg/Mi
Urs +in/mo/ma Uro | 2| Upg + 40/ mo/ms U | /o/ Mo /M,y

chapos hnikoovw, 2007
FKaidal, Strurnia Tursy nskd, 2007
Eersten, Srnirnow, 2009
IH. mggg —7 m]-,g Gavela Hanbye Hernandez, Hernand ez, 2009
" Ibarra, EN, Petoow, 2010

U&Q,&S —r Ucul,::u? (Df — &, [y T)

It is convenient to parametrize the size of the coupling in terms of the highest
neutrino Yukawa eigenvalue:

If

y v = max {eig (mDmL)} = max {eig (\/EOHOT\/E)} = Eegf(mg +mz) (M1 + Ms)
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TeV RH Neutrinos and Large Yukawa Couplings

the flavour structure of the neutrino Yukawa couplings is fixed by neutrino
oscillation data and (RV) can be calculated in term of few parameters:

e maximum Yukawa couplng: ¥
¢ BRH neutrino masses: A, and Mo

¢ a phase: w

Ny

g
D4/ (Y )as
(RV) — —Ei'ﬁ-’y’l} ME (g2 (U -|—z~\/’m»3f’ﬂ1 U )
cel ME+M1 m2+m3 e 3 5 ox W g
o
2 N
B o Ml s ' Eﬁ I:RV:'G:E 2
(RV) ., = Fie*“yu M, £ 3\ o e (U.:xa —|—Eifﬂ12/m3U&g)
w {0

10

NH:
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Constraints from neutrinoless double beta decay

2i T — 2:f(fﬁl)(RV)E;c M.

Effective Majnrana mass

V; (A, Z) = (A4,Z+2) + e+ N

7 . 481, TB(yg 825y 124gy 130T, 1363, N}’c )

M,~09GeV,  f(4)=005-0.1

the contribution from RH neutrinos 1s dominant for sizeable Yukawa couphngs:

~ My — My (BV)ea| \® Mo
Hm}'”m‘ﬂ( M, )( 102 1000 Gev

My, — M
m 5026V — () 510

RH neutrinos must be quasi-degenerate

11
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Constraints from neutrinoless double beta decay

Effective Majorana mass

c
(A7) —= (A, Z4+2) + e+ &~
My
L 48,33} :?EGE} SESE} 124513:_ 13DTE} iEEi;{E o
c €
M, =~ 09CeV,  £(4) 00501
cross-section of same sign di-muon production at LHC suppressed!
MM Mz — M2 —i(TyM, —T1M,)
A — gy 1% 2, i o i FELEE, e
B gpae) = el W T M3 +iCoMy)(p? — M7 +<T'1 My)

My — My
A Mi

the Majorana nature of RH neutrinos with “large” couplings cannot be tested at colliders !

Ibarra, EM, Peteosr, 2010
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TeV RH Neutrinos and Large Yukawa Couplings

more 1n detail...

imposing perturbative unitarty:

g~ 2 M;v?
Ty, = M} Vit = = 4
i 16?TM2 Z‘(R el 321 M2,

Ty, /M; < 1/2 = y<A4

naively for Mz > M; > 100 GeV: |(my)ee| = > |[(RV)} My (RV)l,| <16V
k

100 Gev>“2

« —6&
‘(RV)M;‘ o 3 x 10 ( M

By definition TeV scale see-saw scenarios with large Yukawa coupling y
correspond to [(RV )e| > 107°

L2
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top - down approach

Consider the case of 3 RH neutrinos:

0 0 mi My O 0
mp=| 0 0 ml My = 0 0 Mo
0 0 mb, 0 My O

conserved lepton charge: L' = Lo+ L, + Ly + L3 — Lo, Lo(vm) = =84 (a,b=1,2)

mass spectrum: 1 Majorana fermion of mass M4, 1 Dirac fermion of mass Mog
and 3 massless neutrinos

m, — U independently of the size of mp and My

L
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top - down approach

Consider the case of 3 RH neutrinos:

0 0 mi My O
mp=| 0 0 mfg My = 0 0
0 0 mk 0  Mos

For an arbitrary number of RH neutrinos:

i = N (Sl me—0 0 L 0

k:E}.'L{'.‘-'T.‘-" v

massive Dirac fermions : min{ny (L"),n_(L"))

massless fermions : |ny (L) — n_(L')|

Leung, Petcov, 1983 Wevyler, Wolfenstein, 1963

L
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top - down approach

Consider the case of 3 RH neutrinos:

0 0 mi My O 0
mp = 0 0 mfg My = 0 i Mog
0 0 mb, 0 My O

1 18 a small lepton number violating term

v

2 quasi-degenerate Majorana neutrinos Ny and N3 with M3 — Ms| =

pseudo-Dirac neutrino

tiny contribution to light neutrino mass matrix:

mﬁ‘%mgg light Majorana neutrino masses

Mgﬁg can be generated while keeping
sizeable mp and Mp~ 1 TeV

(M )eer = B

L
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Constraints from EW precision observables

+ Invisible Z dECE_y width Langacker, London

.’. Wt dECElyS MNardi, er::ulet, Tommasini | |
del Aguila, De Blas, Perez-Victoria

4 Universality tests of EW interactions
$..-

Antusch, Baumann, Fernandez-IMartines

L0x 1077 12 x10% 3210
(RVY B < | 12x107* 16 x 1073 2.0x 1073
32x107% 20x107% 52x1073

y? v = 2 M (|(BV)et[* + [(RV) 1 |* + [(RV) 1 [*)

M
=
y < 006 (100@@)

14
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Constraints from LFV observables: 1 — € + 7y

Standard contribution

3oy Am? ﬁmg .
BE(p —e+7v) = i 2l {175 U* LS ¥
. g‘w‘%‘\‘ 5 |5 + S Vsl

€  Sizeable couplings, but strong GIM suppression,
Am?/ Mz,

New contribution

3 21Tl
2/2/3) RVV;T‘\N@N BR(p —e+7) = — — [(BV); RV)a|? |GOME [ME, — G(OY)|

e No GIM Suppresaic:-nj observable effects!

Present upper limit on the BR given by MEG experiment:

0.4 x 1073 for M; = 100 GeV
1.5 x 10~4for M, = 1000 GeV

BR(p—e+v) <24 x107" = |(RV)}1(RV).1] < {
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Constraints on the parameters of the full Lagrangian Tbarra, EM, Petcoy, 2011

If the neutrino Yukawa couplings are large enough to have observable effects,
RV basically depends on neutrino Yukawa eigenvalue and the RH neutrino mass
scale. The rate of it — e + v depends on very few unknown parameters

IH: Blp—e+y) =

Tre Tr
UI.'_;LB S i ?:4, ! —EUI.ULE UEE + id, ! —EUEE
Trig Trg
3., (yg*ug 1

o
z : 2
—) Uiz + s 2 U + U |2 [G(ME/ME) — G(O)

NH: Bipg—e+y)

3o, /YWt me :
327 Mlg Mo + Ms

[l

i 4

[G(ME /M) — G(0)]°

M7 2

Normal Hierarchy Inverted Hierarchy

B(u—e+y) x 10"
B(u—e+y) x 10"

P I . . =1} R i . |
100 150 200 300 SO0 7000 1000 15002000 100 150 200 300 5000 700 1000 15002000

M, (GeV) M, (GeV) 2
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Constraints on the parameters of the full Lagrangian

From the projected sensitivity of the MEG experiment, BR(y — e ++) ~ 10713,
the neutrino Yukawa coupling v is constrained:

y < 0.03b (0.21) for NH with AM; = 100 GeV (1000GeV) and sinfy3 = 0.13

y < 0.025 (0.15) for [H with M; = 100 GeV (1000GeV) and sinfy3 =0.13

rate of i1 — e + -y can be highly suppressed in the case of IH spectrum:
IH: B{p—=ety =

g'ﬁfem ygﬂgl . : 3 : o 2
5 (Mlg 5) (Upo + iU |Usp + iU | " [G(MT /Mg,) — G(0)]

J in the standard parametrisation of PMINS matrix

: L e x 2
3 (cms@cms%—l—ccs?ﬁigsm@sm%)

; r : - _
min (|Uys + iUu1|*) = cs 1+ Zeio 810 sin 224
2
v s LT Wi i
P _ co3 CO820815c0808In =2 — o8 =2t 5N O
8 = .
803 1 4+ 2¢45 815 8in =24

2

to be compared with Dava Bay measurement: sin“ &5 = 0.02236 + 0,0042

L
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Constraints on the parameters of the full Lagrangian

From the projected sensitivity of the MEG experiment, BR(y — e ++) ~ 10713,
the neutrino Yukawa coupling v is constrained:

y < 0.03b (0.21) for NH with AM; = 100 GeV (1000GeV) and sinfy3 = 0.13

y < 0.025 (0.15) for [H with M; = 100 GeV (1000GeV) and sinfy3 =0.13

rate of i1 — e + -y can be highly suppressed in the case of IH spectrum:
IH: B{p—=ety =
Q¥ o (ygﬂg 1

32w \ MZ 2

2
s ! ; .
) 102 40,4 |0 + 0l [ 081 ) G O)

; Dinh, Ibarra, EM, Fetoow, 2012
10 T T .:- 'i .
£
suppressed branching ratio for
CP conserving scenario: 0 = O, Qo =T g
5 FE\}: -;x‘:” . 3
sinflis = 0.13  compatible with Daya Bay measurement! : Y L A
'-'-’é:i_‘:ﬁ?.::_:*fi':f T oy
. - . = 2 el ;;Fi f
CP violating scenario: tand 2 — tan(ao1/2)/ cos 2619 e
e DT | e
. Cog /1 14 tan 4 cos 284 0indte L . g Ry b
sinfyz = : o5 1 e
823 \/1 1 cog? 2815 tan® & + 2¢i0 S19 Son(cos o)
Qg =0.T i
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- - Ibarra, EMW, FPeteow, 2011
Putting together all the constraints: Dink, Toarra, EM. Petcoy, 2012

My = 100 GeV M, = 1000 GeV

Normal Hierarchy Normal Hierarchy

1.0 EWFD

I[H.\"r]ji II

(o

I'”.i. . i 2 & aetadl Iu I
1p-* 14 0.0l |

I{P -1 :U--I- ) ‘.| |H : : I
[(RV) ] [(RV).q]

Discovery channel at LHC with L~13 fb-1 and M= 100 GeV:

= -+ He—py e L e & del Aguila, Acuilar-Saavedra, 2009
qq — # " Nep 'y WT — pu pyy . e

Taking |(RV),1] = 0.04

y = 0.04 for NH with M; = 100QeV ~ no production and detection
y = 0.05 for [H with My = 100 GeV at LHC due to LFV bound! 18
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- - Ibarra, EMW, FPeteow, 2011
Putting together all the constraints: Dink, Toarra, EM. Petcoy, 2012

My = 100 GeV M, = 1000 GeV

Inverted Hierarchy Inverted Hierarchy

001 EWPD

(.01 -

o [

-+ PR : I
L T e (.01 I

10 16 (.01 ==corty =
RV ), 4] [(RV )|

Discovery channel at LHC with L~13 fb-1 and M= 100 GeV:
qq; s M+NPD . M—FM— W—|— i .|u+.|u_ H—l_y,w : del Aguila, Aguilar-Saavedra, 2009

Taking |(RV),1] = 0.04

y = 0.04 for NH with M; = 100QeV ~ no production and detection
y = 0.05 for [H with My = 100 GeV at LHC due to LFV bound! 18
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Constraints from LFV observables: (1 — € conversion in nuclei

Dinh, Ibarra, EM, Petcow, 2012

Present experimental bound:

CR(uTi — eTi) < 4.3 x 107'* SINDRUMII

Projected bounds:

CR(uTi — €Ti) ~ 107'® PRISM/PRIME @ KEK, Project-X @ Fermilab
CR(pAl — eAl)

e

10~1®  COMET @ KEK, Mu2e @ Fermilab

In type I see-saw scenarios at EW scale with sizeable Yukawa couplings:

GE 5
F | (BV)S1 (B )er | [Cue (M2 /M)

Fcapt

T(pN —eN) al, £

4
= %
CR{pN —eN) = T = g‘f ‘F(—mi)‘
cap

depends on very few parameters!

contributions from y—penguin, Z° —penguin and box type diagrams

Hizano, MMoroi, Tobe, Yamaguchi, Yanagida, 1995
Hizano, MMoroi, Tobe, Yamaguchi, 1996

Buras Duling Feldmann, Heildsiek, Promberger, 2010 19
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Constraints from LFV observables: (1 — € conversion in nuclei

Dinh, Ibarra, EM, Petcow, 2012

Present experimental bound:

CR(uTi — eTi) < 4.3 x 107'* SINDRUMII

Projected bounds:

CR(uTi — €Ti) ~ 107'® PRISM/PRIME @ KEK, Project-X @ Fermilab

CR{pAl — eAl) =~ 107'°® COMET @ KEK, Mu2e @ Fermilab

e

In type I see-saw scenarios at EW scale with sizeable Yukawa couplings:

*%* very small values of the couplings may be probed, e.g. from CR(uTi— eTi) ~= 107
(RV)!1(RV )| S 2.6x107° (0.14 x 107°) for M; =100 (1000) GeV

% interplay between different LFV observables:

CR(uTi — eTi
RpTi=eT) | 40@74) for My~ 100 (1000) GeV
BR(p — ev)

_ 19
only one unknown parameter: the RH neutrino mass!
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Constraints from LFV observables: i conversion i1h nuclei
Dinh, Ibarra, EM, Petcow, 2012

Present experimental bound:

Projected bounds:

CR(pTi — €Ti)

e
et

100.

ratio highly affected =|z .
1|7
by the value of M1! 3[x o

0.01.

CR(uTi — eTi) < 4.3 x 1014

CR(pAl — eAl) =

LR

SINDRUM 11

PRISM/PRIME @ KEK, Project-X @ Fermilab

10—18
10—15

COMET @ KEK, Mu2e @ Fermilab

=

Dinh, Ibarra, EM, Petcov, 2012 -

500 700 1000 40

300

134 200

M; (GeV)

100
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Putting together all the constraints:

M1 = 100 GeV

Normal Hierarchy

L
"h-_ II:'I. ﬁh
I Ny RN, ey =1
s -t ﬁ‘
iy "
™ -l
= o
"'-..,._ b
h.d.
; 0.07 |- ™=
= e
& | LS5 s SINDRUM-I
-4 u, y=0.81 I8 Ts
: LY i ""-l_ I‘l‘-i‘
& | "'-."".l 1“'
— il & = L
y=0.001 A
T R T -
'\.q .i“h !
. "“'1.“ -l:‘“" ]
‘I-- "‘.“_ “‘:1 :‘
PRISM/PRIME *._ i W -
Project X Yy, s
1“ "n‘_
-
o= L

I“ fe In--l “l]l = ----j

I{R‘f"].rll

Dhinh, Ibarra, EM, FPeteow, 2012

Mq = 1000 GeV

Normal Hierarchy

I'H‘!-l’ﬁIJI :';r | I

04 0,01 N

[{(RV), 1]

possibility to probe values of y < 0.001

20
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Constraints from LFV observables: = — e™ + e~ + e™
Dinh, Ibarra, EM, Petcow, 2012

Present experimental bound:

BR(u"™ —efe et)<1.0x107'*  SINDRUM

Projected bounds:

BR(ut —efTee) < o MuSIC facility @ Osaka University

Branching ratio sensitive to the neutrino Yukawa coupling and the RH neutrino mass:

4 on”
=171
BR(u —3e) = —3=|(RV)[.(RV Ye|” |Cuse(M2/ME)|
flavour structure fixed by neutrino oscillation data contributions from y—penguin and box type diagrams

Hisano et al., 1996 Buras et al., 2010

From the current experimental bound:

(RV)5,(RV)e1] £ 21 x107% (5.3 x107°) for M; =100 (1000) GeV

less stringent than it — e conversion in Ti

B 3
St ) > 0.067 for M, > 100 GeV lower bound on the ratio
BR(p — ev) 21
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Future constraints from neutrinoless double beta decay:

(A, Z) = (AL Z+2) + e + e

:;LEDBJ} 'FGGE} EESE} 12481;} 1EDTE, 135}{8

Normal Hierarchy Inverted Hierarchy
1 : I,

o1 GERDAN AR . o0 fp SERDAN e _
> ﬂ_m-?ﬁ_‘ﬁajﬁﬁ ------------------- S oo GERDAIII
y -
g 0,001 E (.00
P y=0.001 § T 7g. ot |
y=0.01 :
“r;n-h 10-* 10—+ ﬂ.'":” 0.01 "1 Hr;u-n . “E’-_i . 1"-! ﬂ,ﬁl’ll . "."] {LI
[(RV)] [(RV)e]
My = 100 GeV
: : M
o 4 s 2 a
(m)] =[S0 Ums — 3 F(A) (RV)Z,
'3:1 k:l ’EG

Ibarra, EM, Peteow, 2011 22
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Interplay between different low energy observables:

1000

GERDA I11
GERDA IT

=

NH

I
|
|
|
I
|
|
I

0.1 M

B(u—e+y) x 10"

0.02 005  0.10 020  0.50
[{m)] (eV)

M; = 100 GeV, (My — M)/ M, = 1077

Ibarra, EW, FPeteow, 2011

A5
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Summary about type | see-saw scenarios:

A minimal extension of the Standard Model, which aims to explain the mechanism

of generation of neutrino masses and mixing, consists in adding RH neutrinos.
The RH neutrino mass introduces a new scale in the theory.

The TeV scale see-saw model may induce observable signatures in:

» Collider experiments

» Electroweak precision observables
» Lepton flavour violating processes
» Neutrinoless double beta decay

'The most stringent constraints come from LEFV and Ov53-decay

1. RH neutrino must be almost degenerate in mass

2.y = 0.03 (0.1) for M; = 100GeV (1000 GeV) and sin 3 = 0.13
3. values of y > few x 10~*can be probed with 1 — e conversion in Ti

24
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TYPE 1I SEESAW MECHANISM
(Higgs Triplet Models)

Consider a minimal extension of the Standard Model with at least one SU(2) triplet
scalar representation:

s = (P8 aa)

see-saw Lagrangian:

I:H

SESRATY

—METI‘ (ﬁTﬁ) — (h@gr '(Z)—CEL ’I:’Tg ﬁ’lf)gfL = [EN HT E.Tg ﬁTH + hC) 5

T

Lepton number soft-breaking parameter

Ma = (100 — 1000) GeV

lunedl 4 diugno 2012



Generation of active neutrino masses

The light neutrino mass scale and mixing determined by (AY) = v, and the
Yukawa coupling fhypr = hyrpr

AN A 2 ¥
From EW precision observables: p = iig; ﬁgg ~1 = va <5 GeV

Taking the Yukawa couplings sizeable in order to predict observable signatures of
LFV and the see-saw scale in the TeV range, typically:

VA Dpua for Mi 2 2

va = (1—100)eV :
N ) oA Fpa g for MZ > o7

Lepton number is restored in the limit 1A — 0: massless neutrinos

26
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Generation of active neutrino masses

The matrix of Yukawa couplings is directly related to the PMINS matrix:

1
hopr = (Uh+¢ diag(my, mo, m3) UT)

DA X

Scalar spectrum:

H } 2= ; HU ? AU j hU
S 7y PR S
only triplet mainly triplet mainly doublet

Possible hierarchies: mj{ﬁ > m}_} > Mo A0

m}}+ < m}} < T HO_ A0

27
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Lepton Flavour Violation L5k [harra BN Poteoy 212

o "
H*é H++§ gt
IIIIIr,,..-- -"\. f.ﬂ" '\.\ f,... '\.\
we/ V2] VA /V2 hi ! AU 'oep
_|_ P ‘ | — _|_ _|_1- ‘ » B _|_ _|_1- ‘ — _|_
€, 4 €; € €L €; € g €
()
AR ? AL AR ? AL AL

Effective low energy LFV Lagrangian:

{e GF

LT = —4 (m,, Apec®’ Pg uFg, + h.c.)

>

0
£ o
s AL(—mi)E’}f@ Fry E 70 & Vo & + h.c.
/2 =
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Lepton Flavour Violation L5k [harra BN Poteoy 212

A9 )
HY g H++§ Hi o
0 ~a v 'h.\ 5 '\.\
r/ V2] vhes/V2 Ryt \ Fog roep
» ‘ | — _|_ > ‘ > a— _|_ # ‘ —
ej Uk ej ej €l ej ej é €
()
ARy AL Ap, Ar Ar
Effective low energy LFV Lagrangian:
T b 1 (RTR),, [ 1 Sk
= Vol 4B87%  |8ml, i
1 hih 1 1 —g* -
AL(Q’E) i le ;H { - e 5 f ( gq } TE )}
V2Gp 67 12mp, Mgy Mpg++ Mg+
B de; 2 4 g \/’F‘_“—I- m
flr,s) = T+1Og(35)+ (1—T) 1+?1D§\/—_m
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Constraints from LFV observables: (1 — € + 7y

Q 2
BR(z — ~ 38472 (A7 0 )| AR} = —2

* From present upper limit on the BR given by MEG: m}';r = m};_l_ = A

100 GeV

* Hlavour structure fixed by neutrino mixing parameters:

!
rilfug&

independent of the Majorana phases/-’/
100 GeV 100 GeV
( ’ ) ~ 3,06V ( : )

1
2 2 e
va > 2.1 X 10% |s13 803 Ameay
‘ ‘ Ma Ma

Ueo UQTIM ﬁma + Us Ura:[ " ﬁm§1 ‘ exact relation

1 — e+ v may be detected if the charged scalars are in the I'eV range

1eVN* /100CeV Y *?
B = s T
Ry — ey) X (ﬂﬁ) ( M )
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Constraints from LFV observables: (1 — € + 7y

Q 2
BR(z — ~ 38472 (A7 0 )| AR} = —2

* From present upper limit on the BR given by MEG: m}';r = m};_l_ = A

Ma
100 GeV

(Bth),,| < 58X 107 (

* Hlavour structure fixed by neutrino mixing parameters:

The dependance of the BR on
the neutrino mass spectrum and -
on the Dirac phase is negligible e

1 1 1 1 . 1 1 1 1
1] oo02 o004 006 003 04 042 044 046 1048
zin El13
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Constraints from LFV observables: (1 — € conversion in nuclei

CR(pN — eN)

|
P
=
02
o
oy
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Constraints from LFV observables: (1 — € conversion in nuclei

5 e

ol M D |
CR(F’:N—}* EN) = 36 ?’[‘4 Fcazt anff ZFE(—mi) |(h-|-h)£# [24??1%{_'_ -+ ?‘?112-{4__'_

2 2

1 712 )
+ 2 Z hlt”f(WEM =- zf )hm

H++ Tl

The flavour structure is sensitive to the see-saw scale, to the CP violating phases of

the PMNS matrix and to the type of neutrino mass spectrum:
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Constraints from LFV observables: (1 — € conversion in nuclei

5 5
o D |
CR(uN — eN) = = Fc;; 744 Z FY(—m?) |(h*h)w [mmﬁﬁ o

1 rr mﬁ
+ 2 Z hlt”f(WEM A )hm

The flavour structure is sensitive to the see-saw scale, to the CP violating phases of

the PMNS matrix and to the type of neutrino mass spectrum:

Taking m;; gt m’H ~ Ma

CR(uN — eN) o |CLD)3

1 29 -
C(II) - o) -
pe " = T2 g AR Z (). ( Mﬂ) (e e

=&, T

From current experimental upper limitin Ti

. o g
\Oﬁif}\¢1.24x1o—4< e )

100 GeV
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Constraints from LFV observables: (1 — € conversion in nuclei

5 5
o D |
CR(uN — eN) = = Fc;; 744 Z FY(—m?) |(h*h)w [mmﬁﬁ o

1 rr mﬁ
+ 2 Z hlt”f(WEM A )hm

The flavour structure is sensitive to the see-saw scale, to the CP violating phases of

the PMNS matrix and to the type of neutrino mass spectrum:

Taking m;; gt m’H ~ Ma

CR(uN — eN) o |CLD)3

1 29 -
C(II) - o) -
pe " = T2 g AR Z (). ( Mﬂ) (e e

=&, T

An experiment sensitive to CR ~ 10-%® will be able to probe values

ALt
100 GeV

0L > 5.8 x 107° (
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Putting together all the constraints:

10' ¢ 10
F MO, [0,0,0] 1Oy 2,07 o
o | NO, B0 10° | |0, b
LR ; |0 [2.355,2 458.0.400]
60 oy 0 | | [ |2y [, 32, 0]
: 107 F
_I E
10 F i
e F - F [ IH
[ -z
- Tt —
== 107 |NH ==
o F L S
W Rusieisesiibusis ettt P it~ oL 07 EREIR SRS e E e
=T =T | -
.“:I'G__ |' _|—-__‘_‘_""._,_‘_"-.._‘_-.--__.-
: 107 F
i i
10 o]
=i I”I—G 1I:I_E ””—d- I III”“—E
10 10 10 1d

m, (24

Ma = (100 — 1000) GeV

no strong suppression in the limit m%ﬁJr = m%Jr > (100 GeV)?

T g+ )2
100 GeV
less stringent than u — e + v

current bound: (hth)e,| = 610 (
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Putting together all the constraints:

10 g 10
_ MO, [0,0,0] : 1, [n2,0.7 7]
o | NO, B0 i0° |0, b
15 B F |0, [2.355,2.488,0.400]
: 107 F
_I F
10 F :
iy : i L | H
C -z
3 R e S
S M0 =4
o F L S
W Rusieisesiibusis ettt P it~ oid 07 R e e EE
=T =T i -
.“:I'G__ |' _|—-__‘_‘_""._,_‘_"-.._‘_-.--__.-
' 107 F -
e [
10 10|
=i I”I—G 1I:I_E ””—d- I III”“—E
0 10 10 L

m, (24

Ma = (100 — 1000) GeV

no strong suppression in the limit m%ﬁJr = m%Jr > (100 GeV)?

T+ )2
100 GeV

more stringent than future @ — e + v constraint *

future bound: (hTh)e,| < 3 x 1077 (
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Constraints from LFV observables: = — e™ + e~ + e™

Tree-level contribution mediated by a TeV scale H**

fixed
BR(:U' = 35) — 1 KhT)EE(h)ME‘E — : ‘(?’Hp);e (mp)’ue‘g ﬂainur
er m (4 ms 16 v+
F T RE I =i o FAN structure !

For Mg++ = (100 — 1000) GeV and va <« 1 MeV:

3 standard contribution to
(2, )| = my U.Sj [ {m) | the effective Majorana mass
]
Hq

of OvB83-decay

|12

the prediction for the BR depends very strongly on the type of neutrino mass spectrum!
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Putting together all the constraints:

j ——— MO, [0.x0] i — |0, [x& 0.233,0] 10 -
10k | — NGO, fr 7z ! el — 12, [0, 7,m]
——— N0, [0,00] ; g
107°F | —— NO, [0, 1|
10°*
A
E-\I-
+ @
£
107
10
IIIl:l 1I:I_E—d- ”I—E II”I—E IIII—1 IIIl:l
10 10 10 10 10 10
r, (24

MH‘l"l' — (100 — 1000) GEV

NH: BR (1 — 3e) < 6 x 1072(1 eV /ua)2(100 GeV /mg++ )4

IH: BR(u — 3e) < 2.4 x 107%(1 eV/va)*(100 GeV /mg++)?

observable effects!
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Summary about type Il see-saw (Higgs triplet) scenarios:

Neutrino masses can be generated by tree-level exchange of SU(2):-triplet scalars
coupled to Standard Model leptons (type Il see-saw mechanism). It is possible to
test Higgs triplet models at present and future collider facilities if the mass scale of
the new scalars is in the TeV range.

Indirect tests are possible in ongoing and future experiments searching for LFV.

Main teatures:

e BR(zt — e7) does not depend on the Majorana CPV phages and on
rin (#72;)

e BR(x — 3e) and CR(u N — e N') are strongly affected by both the type

of neutrino mass spectrum and the Dirac and Majorana CPV phases

e All LE'V obgervables can have values within the sensitivity of current and
planned future experiments. The best constraints will be provided by yu—e
conversion experiments
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