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Why Lepton Flavour Violation (LFV)?

@ We have already seen it! v’s change flavour
@ We have not seen, yet, “direct” LFV in charged leptons, WHY?

my => LFV ({3 — {pY)

1 (M2)a

11

LFV = m, ? Not necessarily!
If Majorana m,,, need for Lepton Number Violation (LNV)

Lk = €Spgaperrk ™t
Tree level LFV (u — eee) without neutrino masses!

2
A large class of models have (LNV + LFV): M,
If 1 < M large LFV with small M,

4
~ e
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Higgs Lepton Flavour Violation




Higgs Lepton Flavour Violation (Herrero-Garcia, Rius, AS, 16)

BR(h— ut)=(0.847032)%
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Higgs Lepton Flavour Violation (Herrero-Garcia, Rius, AS, 16)

BR(h—put) <1073 ?

— A — LaLpy = ZYCGRCD + C7LGR<D(¢T<D)

_ v2 h v2
= eL<f<Ye+CY2A2> \/>(Y9+3CY2A2> '->6R+"‘
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Induced 7 — uy by HLFV

Arcadi Santamaria (IFIC/U. Valencia-CSIC) LFV and Neutrino Masses CCPP, Benasque 2017

3/23




Induced 7 — uy by HLFV

P eC,?;v
AT YN

é,-o“vP,qejF“V +h.c.

Upper bounds on BR(h — ur)

— Cy m2/v? | m;/v 1
Cy
1 1 0.04 | 10°°
m./v 0.04 [ 10°® [ 1010
1/(167?) 0.03 | 10°® [ 1010
m;/(16zx%v?) | 1076 [ 10770 |10~
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Tree-level Topologies
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Representations

Topology ‘Particles ‘

Representations

| Coefficient S¥

A 1S S=(2.-1/2) o
B 28 (2,-1/2)s®(1,0)s,(3,0)s,(3,1)s "%“71”%22
c 1F1S (2,-1/2)F & (1,0)5,(3,0)s i
C 1F1S (2,-3/2)F @ (3.1)s Yf;:fé*
Cs 1E1S | (1,-1)r@(1,0)s 3, —1)r & (3,0)s ‘;,FF‘;%“
Ca 1F1S (3,0)F @ (3,1)s s
Dy 2F (2,-1/2)F & (3,0)F [-03F AT
D, oF (2,—1/2)r @ (1,~1)F, (3, ~1)F %‘;fﬁ
Ds 2F (2,-3/2)r @ (1.—1)F, (3, ~1)F %;ZFZ
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Results for HLFV

@ Topology A: type Ill 2HDM can give large HLFV
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Results for HLFV

@ Topology A: type Ill 2HDM can give large HLFV
@ Topology B: also contains a second doublet
@ Topologies C and D contain VL fermions (strongly disfavoured)

@ Most of one-loop topologies also proportional to m; or contain VL
fermions

@ Most of neutrino mass models give HLFV at one loop and
suppressed by m;

@ v—mass models with two Higgs doublets, can give large HLFV

» Extended Zee model
» Left-right symmetric models
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Neutrino mass models and LFV




Neutrino mass models and LFV

M, =UD,U" | with D, = diag(m;,mo,m), U : PMNS ]
(My)ab =< gan, depend on ;A31,523, 6, Mijgth, 01, Ol

Process BR upper bound Couplings limit

- sete e 1.0x 10712 |gengee| <23 x 10 5('1‘";%)

- —ete e 2.7x10°8 |9ezgael < 0.009 (%)2

T —etep 1.8x1078 |9ezgeu| < 0.005 (%"7)2

T oetpp 1.7x10°8 |gergjiy| < 0.007 (%)2

- spteer 15x1078 |z gee| < 0.007 (1’?\‘7)2

T pte 27x1078 |gucgey| < 0.007 (%)2

T s ptppe 21x1078 |Gur gl < 0.008 (ﬂi/)z
L ey 42x10713 |géeTen + GoyuGun + G Gue| < 3x 1074 (my/Tev)2
T ey 33x10°8 |gbedet + GuGut + Gécgre| < 0.2(my/TeV)?
Ty 44x1078 |95 9er + Giudue + GicJre| < 0.2(my /TeV)?

Cr(i— €)au 7x10713 |G5eTen + GG + G5 Guc| < 4x 1074 (my /Tev)?
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The See-Saw type Il (tree level)
Y =1 scalar triplet x
Ly == (LYyali—p®' g othe ), Mom Yy, vem —(®)2

LFV processes controlled by YZ/m?Z ~ MZ/(v,m,)?
Ug = 0G0 tree, x T, €3 — £,y 1-loop, x T, x
lel'[ on VX mx(Fukuyama, Sugiyama, Tsumura. '10, Dev, Miralles, Rodejohann, ’17)

1= ¢z = 0, normal, my+/myy+ = 1, Mg, =0

(a)
1000 |
§ R
4 100 £ P
T ce
Z 10l 2ccl gvithcdata PRISM/PRIME
S e R 2 e iy
T pee —--
e spe =imus . . B |
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Minimal Zee Model (one loop)

Adds to the SM a scalar singlet h™ and a new doublet ¢’
h~(1,1), ¢~ (23)

_$Zee:TLYg(DeR—I—EfLLh_‘_—I—‘uh+¢fdﬂ)’+... J
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Minimal Zee Model (one loop)

Adds to the SM a scalar singlet h™ and a new doublet ¢’
ht ~(1,1), '~ (2,3)

—Z7ece :TLYg(DeH—FEfLLh_'_—I—‘LLh+(DT(T)’_|_... J
, Simplest version gives
I L 2 .2
: (My)ap ~ fap(mg — mg)
e o T @m0
s *
Il \\
er 1 eg
A
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Minimal Zee Model (one loop)

Adds to the SM a scalar singlet h™ and a new doublet ¢’
ht ~(1,1), '~ (2,3)

e = T Y00+ LT L ™ 4 08 ¢ )
. Simplest version gives
Yo 1T u > 2
. /’_L‘\ ¢+ (Mv)ab (4 )2 Mgfab(ma_mb)
i AR @ “Too predictive”: excluded
1 \
4 ' ! @ Type Il 2HDM versions OK
€L i €R (Balaji, Grimus, Schwetz '01)
' @ H — tu linked to v masses?
! (Herrero-Garcia, Rius, AS, '16)
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Generalized Zee Model (one loop)

Zee with type 11l 2HDM (the two doublets coupled to charged leptons)

— Lgee = LL(Y{ 01+ Y]02)en+ LifLihT + pht o]y + ...

1 2 | pg2 T T
My = 2 ((fME+MEf ) fsﬁ (fMEY2+ Y] Mef )
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Generalized Zee Model (one loop)
Zee with type 11l 2HDM (the two doublets coupled to charged leptons)

— Lo = LL(Yi®1+ Y[ 0n)er+ Lif Lt + pht &dp+ -

L 2 2TV Tr o
My = 2 ((fME+MEf ) 25 (fMEY2+ Y] Mef )

HLFV — LFV correlations

(Herrero-Garcia, Ohlsson, Riad, Wirén, ’17)

o]

> 7))

20 region| |
10 rogion
-4 . C ]
AFE AT

120 105 50
logi(Br(r = p))

Wo(Brih

log

-120 -10.5 0.0
logyo(Br{r — p))

(b) NO (c) 10
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The Zee-Babu Model (two loops)

Two scalar singlets h*, k™" (zee '86, Babu '88, Babu,Macesanu '03)
(Aristizabal,Hirsch '06, Nebot,Oliver,Palao,AS '08, Ohlsson,Schwetz,Zhang 09, Schmidt,Schwetz,Zhang '14)

Lrp =L fLh" +eCgepkt™ +u(h™ )2kt +-.. J
My~ o Mg MefT
h ,’/ H \\\\” (47T)4Ml%
5 @ Lightest v is massless
P T e T ® for/fyc, fou/fur fixed from mixings
lg — ULy limits on gap la — LpvV: limits on fy
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The Zee-Babu Model (two loops)

Two scalar singlets h*, k™" (zee '86, Babu '88, Babu,Macesanu '03)
(Aristizabal,Hirsch '06, Nebot,Oliver,Palao,AS '08, Ohlsson,Schwetz,Zhang 09, Schmidt,Schwetz,Zhang '14)

-i”zaZfoLLh++?§gegk+++u(h*)2k+++... J
H ingfT
PR M NifM M f
RN Y (amyane ' EY ME
5 @ Lightest v is massless
o e ‘ B @ for/fur, feu/fur fixed from mixings
S

l7 — £,y - bounds gap and fyp
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Constrained Parameter Space

(Nebot,Oliver,Palao,AS '08, Herrero-Garcia,Nebot,Rius,AS '14)

NH full k=5

TH full k=5

NH & IH, sin’(623) <0.5

10g,0 | 8y / Gpur |

NH b= 1v

NH 75 uv

IH h - py

Hh- v

0.2
T R T ETR
I L

0 /2 n - -nf2 0 T2 kg
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Lepton Number Violation and neutrino masses J




OvpBB and Majorana my

Majorana m, = 0v3f3
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OvpBB and Majorana my

Majorana m, = 0v3f3
(9) (¢)

dL . . dL
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OvpBB and Majorana my

Majorana m, = 0v3f3 OvBB = Majorana m,
ds @ dy
‘t :' u[_ UL
F]L dL
€r, U €y,
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OvpBB and Majorana my

Majorana m, = 0v3f3 OvBB = Majorana m,

¢ ¢
dy, (s > <> dy,
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OvpBB and Majorana my

Majorana m, = 0v3f3

93 10)
dy, (s > <> dy,

€y er

OvBpB = Majorana m,

How tight is this connection?
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OvpBB and Majorana my

Majorana m, = 0v3f3

93 10)
dy, (s > <> dy,

er er

OvBpB = Majorana m,

How tight is this connection?

Chiral lepton number

Majoranav: vy v,

What if (My)ee < 1073 eV?

ee
eer
€RrenR

OvpBp :

Break different quantum numbers, only linked by m,
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Contributions to Ov3f3

(del Aguila, Aparici, Bhattacharya, AS, Wudka '12)

Tﬁ(s) - (5) ci
(Lio) (4710 ov2p ™ pp2 2
7) —
o1 = o _ C&

(qﬂ' D,,ﬁf)) (qﬁﬁyu ZL) %vZﬁ A3pesrv

o9 — (9)
areg (070,) (07D4%) Toump ™ C,fse
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Contributions to v Masses

@ o 2
5
ﬁ(S) (Mv)ab ~ W Céb)
vy, vy,
v () (7)
Vi 1672\ (macab +mpCp, )
1 9)
6(9) bR Wma ab mb
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Contributions to v Masses

@ o 2
5
ﬁ(S) (Mv)ab ~ Wcéb)
s ¢
4 (7) (7)
Vi 1672\ (macab +mpCp, )
1 (©)
6(9) bA mma ab mb

Need models: C.S. Chen, C.Q. Geng, J.N. Ng, J.M.S. Wu; del Aguila, Aparici,
Bhattacharya, AS, Wudka; M. Gustafsson, J.M. No, M.A. Rivera
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A model for 1loop Ovf 8, 3loop my with DM

(J. Alcaide, D. Das, A.S. ’17)

3 new scalars k™ ~ (1,2,+), x ~(3,1,-),0 ~(1,0,—) with Z,
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A model for 1loop Ovf 8, 3loop my with DM

(J. Alcaide, D. Das, A.S. ’17)
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The relevant couplings
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A model for 1loop Ovf 8, 3loop my with DM

(J. Alcaide, D. Das, A.S. ’17)
3 new scalars k™ ~ (1,2,+), x ~(3,1,-),0 ~(1,0,—) with Z,

The relevant couplings

L = G faper KT — e kT { gy} —Ag o dTyd + -

@ No new fermions = No see-saw I-llI
@ No xL;L; coupling (Z, symmetry) = No see-saw |l
Scalar spectrum contains: k™, S (DM), A, H, x",x "
Highly constrained by
@ The structure of the potential (sum rules)
@ The p parameter (small charged-neutral splittings)
@ The scale of neutrino masses and LFV
@ The DM requirement (small mixings large singlet-triplet splittings)
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Neutrinoless double beta decay

Neutrinoless double beta decay

€R

Arcadi Santamaria (IFIC/U. Valéncia-CSIC) LFV and Neutrino Masses CCPP, Benasque 2017 17 /23



Neutrinoless double beta decay

The effective k=~ WW vertex

N AT

oA S, A H,% S A H w
X - . 1 P
K . . KT, v " RRS
e 1 SSAH .- A X Bt
s ! heS 1 N .
1 N S
.~ s -
. X "\/\/\,\'W* X w-

V\/\,\,\'L -
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Neutrinoless double beta decay

The effective k=~ WW vertex

e S, A H, 4 S, A H W=
L X{ 1 _ . 1 ’-~’~
K 4 K 1 v
R ' S AH —emx A X --h-( *
S f S 1 ~ .
/}\ : 77\~ : \_':74
* RN X Y X W

The amplitude

fge “KAGZ
1672 m2mj

Zovpp =2 Ig (Ury*dy) (uryud,) eref
Mp f;e 'uKA62

4x1071%<
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The neutrino masses

Neutrino mass in the unitary gauge
S,H, A
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The neutrino masses

Mass insertion approximation
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The neutrino masses

Mass insertion approximation

The neutrino mass matrix

BLAZ

Map = — 6
P (4m)Sm?

I, Mafapmp = UD, UT
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Structure of the v Mass Matrix

@ M, highly suppressed by the factor m2
@ M, also suppressed because the u — 3e bound on f,
@ Mee, Mgy < Mgy, My, My, My ~0.02eV

M, strongly constrained

<104 <104 ~0.01
My=|<10% ~002 ~0.02]eV

~001 ~0.02 ~0.02

@ Only NH allowed
@ sin? 63 cannot be zero

@ Predicction for
mﬁght ~ 0.005eV

@ Prediction for Majorana
phases: fixed by &
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Structure of the v Mass Matrix

@ M, highly suppressed by the factor m2
@ M, also suppressed because the u — 3e bound on f,
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@ sin® 63 cannot be zero |l
@ Predicction for i 4
Miighe ~ 0.005eV 03 07
@ Prediction for Majorana ’
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The fit (preliminary)
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LFV and LHC

LFV (¢; = thegey, bz — ¢y, ..

.): limits on £

Arcadi Santamaria (IFIC/U. Valéncia-CSIC)

Experimental Data (90% CL)

Bounds (90% CL) Bounds assuming Eq. (28

)
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LFV and LHC

LRV (¢; — tfigly, b3 — £y, ...): limits on fy J

- Experimental Data (90% CL) Bounds (90% CL) Bounds assuming Eq. (28)
BR(u™ = eteme) < LOx 10712 | [foufiel < 23 x 1077 (Bet)®
R BR(r~ = eTeme™) < 2.7 x 1078 [ferf2u) < 0,009 (Teit)? frofrrl ST8x 1076 (Tett)?
i i\\ " BR(7~ —efe ) <1.8x107"% | fer £2,] < 0.005 ( 4 ) [Faufrr] S 43 %1070 (Dt )
' N BR(7~ = e*p~p~) < 1.7x 1078 Jer L £)? Jrel 14 x 1078 (et
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Corrrelations of BR fixed by v oscillation data
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LFV and LHC

LRV (¢; — tfigly, b3 — £y, ...): limits on fy J

Bounds assuming Eq. (28)

Experimental Data (90% CL) Bounds (90% CL)

)

BR(u™ — et e™) < L0 x 1072 | [foufr,] < 2.3 x 1070 ("t
BR(r~ — eteme) < 2.7 x 1078 fertZl < 0.009 )’ Fokrel ST8x 1076 ()
BR(r —ele ) <18x10°° | [furfi] <0005 (%it)® | 1£5uforl S43% 1070 (Tct)?
BR( o et i™) < LT 1075 | [fur [l < 0.007 (o) Jrrl S 14107 (Tt
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BR(4— ) < 5.7 x 10 ! Frr S1251070 ()

Corrrelations of BR fixed by v oscillation data

LHC
@ K~ — Ly Easily produced and detected.

BR fixed by v oscilaton data

@ x —, x easily produced.
Interesting phenomenology because the discrete symmetry; have

to decay into DM.
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Dark Matter (Singlet-triplet scalar Higgs portal)

0.20 Excluded by LUX (2016) — e

0.020 \

Expected exclusion limit from Xenon1T (2017)
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Dark Matter (Singlet-triplet scalar Higgs portal)

0.20 Excluded by LUX (2016) — e

0.020 \

Expected exclusion limit from Xenon1T (2017)

0.0 100 " 200 300 400 500

ms (GeV)

@ Adjust the relic density with the mixing singlet-triplet
@ Connection with neutrino masses

Ae = S\%i‘: (m,24 - mg)
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Conclusions

@ LFV compulsory from v data
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@ Large HLFV difficult in v mass models but possible if they contain
two Higgs doublets

@ HLFV strongly constrained by neutrino data and LFV
@ Large LFV natural in a large class of v mass models
@ LFV with BR correlated to oscillation parameters

@ Charged scalars could be seen at the LHC with decay BR
predicted by v-mass parameters
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Charged scalars could be seen at the LHC with decay BR
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@ In 3loop models new contributions to Ov and DM candidate

e 6 6 o
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Conclusions

@ LFV compulsory from v data

@ Large HLFV difficult in v mass models but possible if they contain
two Higgs doublets

HLFV strongly constrained by neutrino data and LFV
Large LFV natural in a large class of v mass models
LFV with BR correlated to oscillation parameters

Charged scalars could be seen at the LHC with decay BR
predicted by v-mass parameters

In 3loop models new contributions to Ov 3 and DM candidate

e 6 6 o

Can be tested NOW! J
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An example of HLFV-LFV correlations
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