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Evidence for v mass from oscillations

Evidence for v mass and mixing from LFV in oscillation
phenomenon in many experiments with great agreement

What we already know (1c)

SNO, Borexino
KamLAND

SK, T2K, IC
MINOS, NOvA
Daya Bay

“Solar sector”

“Atm. sector”

RENO, T2K, NOvA

(Am2, = 7.4+02 . 10 5¢V?
k sin? 0;, = 0.303+9912
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(|am2,| = 2.50+393 . 10~3eV?

Sinz 823 — 057t88%
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sin? 8,3 = 0.0203 + 0.0006

I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz and A. Zhou 2007.14792



The simplest SM extension

All SM fermions acquire Dirac masses via Yukawa couplings
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v mass from right-handed neutrinos

All SM fermions acquire Dirac masses via Yukawa couplings
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Simplest option add /N, : a Majorana mass is also allowed
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v mass from right-handed neutrinos

All SM fermions acquire Dirac masses via Yukawa couplings

. SSB Yyv Yev
YrfrOf1L (qb)—yfﬁ fRfL mp —E
V2
Simplest option add /N, : a Majorana mass is also allowed
MyNgNg
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small mixing © ~ m, My*
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v mass from right-handed neutrinos
_Om,g) :t(o m,g)_mo
mv_(mD My U\, M, U_(o M)

If My > mp then M ~ M, and m =~ m5Mytmp-> lightness of v
small mixing © ~ m,My*

Seesaw

Or in EFT language integrating out the heavy neutrinos gives:

d=5 Weinberg 1979 d=6 A. Broncano, B. Gavela and E. Jenkins
hep-ph/0210271
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v mass from right-handed neutrinos
_Om,g) :t(o m,g)_mo
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A lower seesaw scale

But a very high M, leads to the Higgs hierarchy problem

Lightness of v masses could also come naturally from an
approximate symmetry (B-L)



A lower seesaw scale

But a very high M, leads to the Higgs hierarchy problem

Lightness of v masses could also come naturally from an
approximate symmetry (B-L)

mpNpv; + My NpN;

0 mhy O

mp 0 My
0 MN 0 G. C. Branco, W. Grimus,
and L. Lavoura 1988

J. Kersten and
A.Y. Smirnov 0705.3221

Llow M =~ M, andlarge® = sz,gleven if vanishing m,, = 0



A lower seesaw scale

But a very high M, leads to the Higgs hierarchy problem

Lightness of v masses could also come naturally from an
approximate symmetry (B-L)

mpNgv, + My NpN; + uNf N

0 mhy O
mp 0 My “inverse Seesaw”

0 MN U R. Mohapatra and J. Valle 1986

u ¥ mp
LowM ~ My £ Eand large @ ~ m, My*even if small m, ~ o
N



Looking for N;: Non-Unitarity

(8, W= 2 B DG 3
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The 3x3 submatrix V of active neutrinos will not be unitary

Effects in weak interactions...



Looking for N;: Non-Unitarity

(S, o= B D6
mp My ot  xt/)\mp, My/\—oT x 0 M

The 3x3 submatrix V of active neutrinos will not be unitary

Effects in weak interactions...

When the W and Z are integrated out to obtain the Fermi
theory neutrino NSI are recovered

see e.g. M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon
arXiv:1609.08637 for the dictionary
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Looking for N;: Non-Unitarity

G- from p decay is affected! LFU also strong bounds on
ratios: -
(V7).
T
(NNT) 55

From ratios of 7, X, and lepton
decays

- T T
O = Gr (NN )ee (NN )W Also the invisible width of the 7
But this agrees at ~10-3 with ~ Since NC are also affected
G from M, (modulo CDF),

measurents of sin@,, from LE
Tevatron and LHC and gand K
decays (modulo Cabibbo)

P And LFV processes such as
1 — e yor r— e ysince the

GIM cancellation is lost



Looking for Ni: Non-Unitarity

Bounds from a global fit to flavour and Electroweak precision

95% CL LFC LFV
Tee = %Zk |@ek|2 [0.081, 1.4] 1073 - N _ (H T T])U
M 1410 i el ;
—_ — ~ -1
Trr 8.9 .10 i n= 5 O~ myMy
T [n] 2.1-107 : M. Blennow, EFM,
Neu 3.4.10"% 12.105 J. Hernandez-Garcia,
J. Lopez-Pavon
Tler 8.8-107% 8.1-107° X. Marcano and
Nyur 1.8-104 94.10-3 D. Naredo-Tuero
2306.01040

See also P. Langaker and D. London 1988; S. M. Bilenky and C. Giunti hep-ph/9211269 ; E.
Nardi, E. Roulet and D. Tommasini hep-ph/9503228; D. Tommasini, G. Barenboim, J. Bernabeu
and C. Jarlskog hep-ph/9503228; S. Antusch, C. Biggio, EFM, B. Gavela and J. Lépez Pavon hep-
ph/0607020; S. Antusch, J. Baumann and EFM 0807.1003; D. V. Forero, S. Morisi, M. Tortola,
and J. W. F. Valle 1107.6009; S. Antusch and O. Fischer 1407.6607; F.J. Escrihuela, D.V. Forero,
O.G. Miranda, M. Tortola, J.W.F. Valle 1612.07377, EFM, J. Hernandez-Garcia and J. Lopez-Pavon
1605.08774, A. M. Coutinho, A. Crivellin, and C. A. Manzari 1912.08823...



Looking for Ni: Non-Unitarity

Bounds from a global fit to flavour and Electroweak precision

95% CL LFC LFV
Nee = & 304 |Ocr[? |[0.081,1.4] - 1072 ]
m 1.4-10~* _
Nrr 8.9.10~4 _
Tr [n] 2.1-1073 _

Nep 3.4-1074 1.2. 10;2

Ner 8.8-1074 81.1073
Nyt Ql()4 9.4-103

D

QI¢,
TI = ——
2
LFC constraints dominate
over LFV in 7 sector since
n is positive definite
M. Blennow, EFM,
J. Hernandez-Garcia,
J. Lopez-Pavon
X. Marcano and

D. Naredo-Tuero
2306.01040

See also P. Langaker and D. London 1988; S. M. Bilenky and C. Giunti hep-ph/9211269 ; E.
Nardi, E. Roulet and D. Tommasini hep-ph/9503228; D. Tommasini, G. Barenboim, J. Bernabeu
and C. Jarlskog hep-ph/9503228; S. Antusch, C. Biggio, EFM, B. Gavela and J. Lépez Pavon hep-
ph/0607020; S. Antusch, J. Baumann and EFM 0807.1003; D. V. Forero, S. Morisi, M. Tortola,
and J. W. F. Valle 1107.6009; S. Antusch and O. Fischer 1407.6607; F.J. Escrihuela, D.V. Forero,
O.G. Miranda, M. Tortola, J.W.F. Valle 1612.07377, EFM, J. Hernandez-Garcia and J. Lopez-Pavon
1605.08774, A. M. Coutinho, A. Crivellin, and C. A. Manzari 1912.08823...



Looking for Ni: Non-Unitarity

Bounds from a global fit to flavour and Electroweak precision

2 o preference

95% CL | LFV
Nee = 5 2 |Ockl m“ _
um W _
Nrr 8.9.1074 _
Tr [n] 2.1-1073 _
Nep 3.4-107% 1.2.10°3
Ner 8.8-104 81.1073
Nyt 1.8-107¢ 94.10"3

= for mixing with
electrons ~0.03

M. Blennow, EFM,
J. Hernandez-Garcia,
J. Lopez-Pavon
X. Marcano and
D. Naredo-Tuero
2306.01040

See also P. Langaker and D. London 1988; S. M. Bilenky and C. Giunti hep-ph/9211269 ; E.
Nardi, E. Roulet and D. Tommasini hep-ph/9503228; D. Tommasini, G. Barenboim, J. Bernabeu
and C. Jarlskog hep-ph/9503228; S. Antusch, C. Biggio, EFM, B. Gavela and J. Lépez Pavon hep-
ph/0607020; S. Antusch, J. Baumann and EFM 0807.1003; D. V. Forero, S. Morisi, M. Tortola,
and J. W. F. Valle 1107.6009; S. Antusch and O. Fischer 1407.6607; F.J. Escrihuela, D.V. Forero,
O.G. Miranda, M. Tortola, J.W.F. Valle 1612.07377, EFM, J. Hernandez-Garcia and J. Lopez-Pavon
1605.08774, A. M. Coutinho, A. Crivellin, and C. A. Manzari 1912.08823...



v mass from type III Seesaw

Add heavy fermion triplets % with YZL_L’E)QBZ_R)

Integrating out the heavy triplets gives:
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v mass from type III Seesaw

Add heavy fermion triplets % with YZL_L’E)QBZ_R)

Integrating out the heavy triplets gives:

. d=6 A. Abada, C. Biggio, F. Bonnet,
d=5 Weinberg 1979 B. Gavela and T, Hambye 0707.4058
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v mass from type III Seesaw

Add heavy fermion triplets % with YzzféZ_R)

Integrating out the heavy triplets gives:

d=6 A. Abada, C. Biggio, F. Bonnet,

d=5 Weinberg 1979 B. Gavela and T. Hambye 0707.4058
Vi Mz 'Yz (L5 0") (QETLL) YETMZ_ZYZ (L.74)D (QBHLL)
() = —
2
M=ot A
msMs "msv; Vv, Modifi_es % 2 Modifies ¢
Kinnetic terms § kinnetic terms
Modifies
couplings to

the v/



Non-unitarity in type I vs type III Seesaw
Type I
v, My2Y,(L,$)d ($7L,)
1

mZ;M,QZmD
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Non-unitarity in type I vs type III Seesaw

Type 1 Type III
v, My2Y,(L,$)d ($7L,) ¥y Mz2Ys(L,76)B ($77L, )
| |
- 'mz;M,QZmD o m;rMZ_sz

2 2

If contributions from both Type I and III are
present the non-unitary contribution is no
longer definite




Non-unitarity in type I + type III Seesaw

If contributions from both Type I and III are present the non-
unitary contribution is no longer definite

With extra freedom is a posible solution to the Cabibbo anomaly
A. M, Coutinho, A. Crivellin, and C. A. Manzari 1912.08823

And LFV becomes independent of LFC constraints

LFC Bound LFV Bound
GUV
68%CL 95%CL 68%CL | 95%CL
Nee (0.56,1.29] - 1073 (0.20,1.65] - 1073 Mep| | 5.0-107°% | 7.2.107°
Nup | [-82,-3.3]-107% | [-1.1,-0.088] - 1073 || |9er| | 3.4-1073 | 491073
Ner | [-2.2,-0.38] - 1072 | [=3.1,0.56]- 1073 || |nur| | 4.0-1072 | 5.6-1073

M. Blennow, EFM, J. Hernandez-Garcia, J. Lopez-Pavon X. Marcano and
D. Naredo-Tuero 2306.01040



Bound on type III Seesaw

But very strong bounds on type III from FCNC at tree level
Mye| < 8.5-107% [45]

Mre| < 3.1-1073 [45]

0| < 3.4-1073 [45)]

|??,u€
Nre

| N

< 0.54 [45]
< 0.14 [45]

< 0.20 [45]

Z — ue

Z —Te

Z =T

h — pe

p— e (Ti)||nue| < 3.0-1077 [53] h — Te
p—eee | |nue| < 8.7-1077 [45] h—=Tp

T — eee Nre| < 3.4 - 104 [45] pH— ey

T — pppe | mr] < 3.0-107% [45] T ey
T — epp ||nre| < 3.0 1074 [45] T

T — pee

|'ﬂ-rp,| < 2.5 10_4 [45]

Mue| < 1.1-1075 [45]

Nre| < 7.2-1073 [45]

rp| < 8.4-1073 [45]

C. Biggio, EFM, M. Filaci J. Hernandez-
Garcia, J. Lopez-Pavon 1911.11790



The type II Seesaw

Add heavy scalar triplets A with YAEfgLiA + 'uAngquA
Integrating out the heavy triplets gives:

d=5 Weinberg 1979 d=6 A. Abada, C. Biggio, F. Bonnet,
B. Gavela and T. Hambye 0707.4058

WyuaMz2(I567) (87L0) V¥ Ma?(Tuyuls) Ty L)

If u, is small L is approximately conserved and the LNV d=5 is
suppressed but the LFV d=6 operator may be sizable

Leading constraints from d=6 4-lepton LFV operators



Type II Seesaw LFV

(eair\ (6.2 % 107)

LV
Corl 2.4 x 1073
LV /
s 2.1 x 1073 /S
/
upu LV _3 / / /S
Corr, | <120 x10 YA
Cii.%v 2.0 x 1073 ,. | i ~ K
epn LV -3 | II"- E
cHr 1.8 x 10 |
LV 1.9 x 1073 N\
\ put L \ ) \ \‘\\
Bounds from LFV 7 decays AR
probing close to 10 TeV and RN
1L — 3e close to 100 TeV T~

EFM, X. Marcano, D. Naredo-Tuero 2403. 09772 -
bounds and correlations available at https://qgithub. com/dnaredo/cLFV GlobalBounds



https://github.com/dnaredo/cLFV_GlobalBounds

Type II Seesaw LFV

(et

eeLV
CeTL

pp LV

CMTL

pp LV
CeTL

eelLV

cpTL

epnlV
CerL

cpeLL’

wut L

These bounds are obtained
with one op at a time but

(6.2 x 107%)
2.4 x 1073
2.1 x 1073
2.0 x 1073
2.0 x 1073

1.8 x 1073

\1.9 x 1073

also apply in a global

scenario (no flat directions)

[5.2 X 10_6\
2.0 x 1073
1.8 x 1073
2.0 x 1073
2.0 x 1073
2.0 x 1073
2.0 x 1073

1.5 x 1073

(i

eeRS
CerR

dlp-TR

uURS
CﬁTR

ep RS
c,m'R

eeRS
C,wTR

peRS
CerR

euRS
CerR

\1.6 X 10_3/

g

/3.1 x 10_6\
1.2 x 1073
1.1 x1073
1.4 x 1073
1.4 x 1073
1.4 x 1073
1.4 x 1073

9.0 x 1074

\9.6 x 1074/

EFM, X. Marcano, D. Naredo-Tuero 2403.09772

bounds and correlations available at https://github.com/dnaredo/cLFV GlobalBounds



https://github.com/dnaredo/cLFV_GlobalBounds

LFV semileptonic operators

For 4-fermion
semileptonic
operators
many posible
flat directions
may be
present in
general
prevent to set
fully global
constraints

EFM, X. Marcano,
D. Naredo-Tuero
2403.09772
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LFV semileptonic operators
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For 4-fermion 10 10 o0 107
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e ———
Ty posble o —
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flat directions <4, —
may be g?ﬁL [ 1 one-at-a-time
present in Aﬁ
general i ~—
prevent to set %" \\ |
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constraints apL ‘ | help with these
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EFM, X. Marcano, % S
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available at 100 10! 102 103
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104
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LFV semileptonic operators

SMEFT global bounds with u, d, s quarks

C1%
Situation 10° 102 10 10-° 10-%
improves if . ]
vy =
only operators |
O LB
from low B
energy d=6 o — ——m . —
,ue w/0 nuclear uncertainties
SM EFT are CE‘BL_ ||| B e (W nuclear uncertainties)
considered ) J —
CaﬁL II [ ] one-at-a-time
Cst;ﬁ,{, I| |
uS R ]
CaﬁL |
(s T— ]
EFM, X. Marcano, Pt '
D. Naredo-Tuero e
2403.09772
bounds and correlations sz 95% CL
available at 00 o 9 e o

https://qgithub.com/dnaredo/cLFV GlobalBounds A (TeV)



https://github.com/dnaredo/cLFV_GlobalBounds

LFV semileptonic operators
SMEFT global bounds with u, d, s quarks
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LFV semileptonic operators

SMEFT global bounds with u, d quarks

C15
Situation 10° 102 10~ 10 107
improves if ) 1
only operators on—————————————————o
from low N 1
energy d=6 ’
e (w/o nuclear uncertainties)
SM EFT are C"A l [ ] ie(\w’ nuclear uncertainties)
i opL I
considered -
and for Only C‘é?m ] [ 1 one-at-a-time
couplings with
uand d O ————
R, X, Marane, o —
D. Naredo-Tuero
2403.09772
cur 95% CL
bounds and correlations““h ¢
available at 109 10! 102 103

https://github.com/dnaredo/cLFV GlobalBounds A (TeV)
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Conclusions

Neutrino oscillations require neutrino masses and LFV

The simplest extension, right-handed neutrinos, induces LFV
but LFC constraints presently dominate in the 7 sector

Together with type III may solve the Cabibbo anomaly but
strong bounds from LFV leptonic decays need to be avoided

Type II and type III both induce d=6 ops with LFV leptonic
decays at tree level and LFV constraints are very relevant

In a global EFT perspective semileptonic decays suffer from
flat directions and additional information would be useful



Non-unitarity and M,, from CDF

%107

3.5

M. Blennow, P. Coloma, EFM, M-Gonzalez-Lopez Phys.Rev.D 106 (2022) 7



Probing the Seesaw: Non-Unitarity

All constraints are for the limit of very heavy extra neutrinos
OK for all processes except maybe the loop LFV

Cancellations of these diagrams explored in:
D.V. Forero, S. Moirisi,
M. Tortola, J.W.F. Valle 1107.6009 >

s
l

[ § i Oeif <M_2)
; w



Probing the Seesaw: Non-Unitarity

All constraints are for the limit of very heavy extra neutrinos
OK for all processes except maybe the loop LFV

Cancellations of these diagrams explored in:
D.V. Forero, S. Moirisi,
M. Tortola, J.W.F. Valle 1107.6009 g

M?2
FOCEGM ( >_2neuf(oo)+z@m ( <Mé/)_f(°°)>



Probing the Seesaw: Non-Unitarity

All constraints are for the limit of very heavy extra neutrinos
OK for all processes except maybe the loop LFV
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LNV at colliders

If the HNLs are pseudoDirac, LNV signals should be very supressed



LNV at colliders

If the HNLs are pseudoDirac, LNV signals should be very supressed

But, if AM >>T they will oscillate many times between the two states

before decaying, breaking the coherence and the supression of LNV
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LNV at colliders

If the HNLs are pseudoDirac, LNV signals should be very supressed

But, if AM >>T they will oscillate many times between the two states

before decaying, breaking the coherence and the supression of LNV
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v oscillations

Interaction .
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Evidence for v mass from oscillations

Evidence for v mass and mixing from oscillation
phenomenon in many experiments with great agreement

What we already know (1c)

SNO, Borexino |\amZ, = 7.4%33 - 107°eV?
Solar sector 5 0012
KamLAND sin“ 81, = 0.303% 5011

I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz and A. Zhou 2007.14792



Evidence for v mass from oscillations

Survival Probability

Evidence for v mass and mixing from oscillation
phenomenon in many experiments with great agreement
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I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz and A. Zhou 2007.14792



Evidence for v mass from oscillations

Evidence for v mass and mixing from oscillation
phenomenon in many experiments with great agreement

What we already know (1c)

SNO, Borexino . (Am2, = 7.4792 . 10-5eV?
Solar sector” § .7, N 40.012
KamLAND | sin® 6, = 0.303Z401%
( —
oK, T2K, IC “Atm. sector” )1Am31| = 250253 - 1073eV?
MINOS, NOvA | sin2 f,; = 0.57+0:02

I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz and A. Zhou 2007.14792



Evidence for v mass from oscillations

Evidence for v mass and mixing from oscillation
phenomenon in many experiments with great agreement
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Evidence for v mass from oscillations

Evidence for v mass and mixing from oscillation
phenomenon in many experiments with great agreement

What we already know (1c)

(
NO. Borexin Am3, = 7.4702.107°eV?
SNO, BOreXino - wg - cactorr {221 02

KamLAND [ sin® 6, = 0.303+0:012

oK, T2K, 1C “Atm. sector” <|Am§1| = 2.50%0,03 - 1073eV?
MINOS, NOvA | sin® 6,3 = 0.571005
Daya Bay -

RENO. T2K. NOvVA sin“ 6,3 = 0.0203 £ 0.0006

I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz and A. Zhou 2007.14792



Evidence for v mass from oscillations

Evidence for v mass and mixing from oscillation
phenomenon in many experiments with great agreement
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