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Neutral heavy leptons and seesaw schemes
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Minkowski 1977, Gell-Mann Ramond Slanski 1979, Yanagida 1979,
Mohapatra Senjanovic 80, Schechter Valle 1980.
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Neutral heavy leptons and seesaw schemes

Massive neutrinos and physics beyond the Standard Model. J
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Minkowski; Gell-mann, Ramond, Slansky; Yanagida; Mohapatra, Senjanovic; Schechter, Valle
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Seesaw schemes
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Minkowski 1977, Gell-Mann Ramond

Slanski 1979, Yanagida 1979,

(n—1)(n—2) phases Mohapatra Senjanovic 80, Schechter
2 Valle 1980.
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NP
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a;; O 0
N = NNP U3><3 — as1 Qo 0 U3><3
31 Q32 Q33

o211 = C1pCip-1€1n-2..-C4,
Q2 = CpC2p—-1C2p—2...C24,
o33 = €33C3p-1C3p—2...C34,

Escrihuela, Forero, OGM, Tortola, Valle PRD 93 053009 (2015)
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Extended gauge models

SU(2). ® U(1)y ® SU(2)r ® U(1)},

String inspired theories J
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Leptoquarks
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Scalar leptoquarks
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| |

See e.g. |. Dorsner et. al. Phys. Rept. 641 (2016) 1
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Non-standard interactions (NSI) J
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Non-standard interactions NSI

Most extensions of the SM predict neutral current non-standard interactions (NSI) of neutrinos

which can be either flavor preserving (FD or NU) or flavor-changing (FC).

NSI effective Lagragian form:

Lo == eli2vV2Gr(a,Lvp)(Fr” PF)
affP
Vg Vp
Here o«,8=e,u,7; f=eud;, P=LR, =(1-9)/2;, R=(1415)/2
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NSI in Solar neutrino data
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Neutrino oscillations

Massive v's:

the neutrino mass states v; (i=1,2,3) are different from the flavor states (weak interaction) vy

(e p 1)
lva) = Z Ui [vi)
Time: t =0 |va(x,t=0)) = Z Uqie®™ |uj)

Time: t >0 |va(x,t)) = Z UgyjeP*—Eit |1,
i

2
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Ultrarelativistic v-s m; < p; E; = \/mi2 +p; =~ pi + ﬁ
!
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and x =t |va(x, 1) = Use 2 |v)

i
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Neutrino oscillations
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Neutrino oscillations

Wolfenstein 1978
o Neutral currents (NC): Z
e Charged currents (CC): W.
N N
Ve = V2 Gr (Ne—2"> . Vu=V.=V2GF (—2”> :

Evolution ecuation

Ii( Ve )_ A"’ cos 20 + /2 Gg N, A’" sin 26 ( Ve )
dt YV A’"2 sin 20 All’gz cos 20 Y ’
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Constant density case

Conversion probability ve <+ v:

P(ve — v,; L) = sin® 20, sin? <7r/L> ,

m

Matter mixing angle

2
(%—ﬁ) sin 26

2
(%—’EQ cos20 — /2 G Ne)2 + (Az—’,’__f) sin 20

sin?20,, =

Am?

2E

Resonance /2 Ge N. = cos 20

Wolfenstein 1978, Mikheev & Smirnov 1985
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Non Standard Interactions in the Sun

0 ¢
Hxst = V2Gg Ny ( / ) .
€ €
Mixing angle in matter + NSI

(Aﬁ )sm 20 + 2v/2GreNy

tan20,, =
Am cos 20 — f 2 G N + \/> 2 Gpe! Nd
Am? ,
Resonance 5 c0s20 — V2 Gg Ne + V2 Gre' Ny = 0.
N
1 Ne
g > Nd

OGM, M. Tortola, J. W. F. Valle, JHEP 0610:008 (2006) hep-ph/0406280
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Solar + KamLAND without and with NSI
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OGM, M. Tortola, J. W. F. Valle, JHEP 0610:008 (2006)
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LMA-Dark solution

= - []7' T T T TTTT T T TTTT \‘

—_ L ] [ —  global best it
o - i - BFvilhou NI
% B ] -~ BF darkside

g - ] A, 05
9 8 - ] 8 ’
% r ) ( 1 y
SR b V04
E I ]
< L ]
oLl v Lo 1y 1] [
0.2 0.4 0.6 0.8 02 Lol Lol
sin"@ 1 0
SOL E [MeV]

OGM, M. Tortola, J. W. F. Valle, JHEP 0610:008 (2006) hep-ph /0406280
F. J. Escrihuela, OGM, M. Tortola, J. W. F. Valle, Phys. Rev. D 80 105009 (2009)
M. C. Gonzalez-Garcia, M. Maltoni, JHEP 1309 152 (2013)

M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz Nucl. Phys. B 908 199 (2016)

P. Coloma, T. Schwetz, Phys.Rev. D94 (2016) 055005
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NSI degeneracy

€ee = — Eee—2
€ap = — Ehp (aB # ee)
Hmat — mat

P. Coloma, T. Schwetz, Phys.Rev. D94 (2016) 055005
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CP violation dege
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P. Huber, D. V. Forero Phys.Rev. D94 (2016) 055005
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NSI and CP violation

Pue = (a11022)° P23 + ad 0|01 | Pl + oo |,

Am2, L Am2, L
Pl’w = -2 sin(2913)sin923sin< linEil )sin (‘E+¢+5CP>]
Am3, L
- cos{913cost923sin(2012)sin< mE21 >sin(¢),
v

with —dcp = ¢12 — P13 + @23 and ¢ = Inp = P12 — Arg(awy).
M. A. Tortola, OGM, J W F Valle, Phys.Rev.Lett. 117 (2016) 061804
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NSI and CP violation
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M. A. Tortola, OGM, J W F Valle, Phys.Rev.Lett. 117 (2016) 061804
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NSI and CP violation
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OGM, J W F Valle, Nucl. Phys. B908 (2016) 436
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Coherent elastic neutrino-nucleus
scattering

Omar Miranda (Cinvestav ) Studying neutrino physics ... February, 2023 29 /94



(4.2) A.2)

2
<g;> ~ GL:V’ {1 — gg] [INFn(g?) + Z(1 — 45sin® Oy)Fz(q°)]?
M is the nucleus mass;

T recoil nucleus energy (from 0 to Tax = 2E2/(M + 2E,));

E, neutrino energy;

gR << 1, g ~V2MT;

D. Freedman Phys. Rev. D9 1389 (1974)
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CEvNS experiments

at m-DAR and reactors
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For LBL: Aristizabal-Sierra, Dutta, Kim, Snowden-Ifft,
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Strigari Phys. Rev. D104 (2021) 033004
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Eur. Phys. J C79 (2019) 727
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For ANS: Bellengghi, Chiesa, Di Noto, Pallavicini, Previtali,

33/94

Omar Miranda (Cinvestav )

Studying neutrino physics ...



CEvNS Csl detector
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De Romeri, OMG, Papoulias, Sanchez Garcia, Tortola, Valle arXiv:2211.11905

based on COHERENT Coll. D. Akimov et al. Phys. Rev. Lett. 129 (2022)
081801, arXiv:2110.07730
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De Romeri, OMG, Papoulias, Sanchez Garcia, Tortola, Valle arXiv:2211.11905

in agreement with D. Pershey, talk at Magnificent CEVNS, 2020
https://indico.cern.ch/event/943069 /contributions/4066386/
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CEvNS Csl detector

9 11 Nexp
2 Csl exp exp
‘ - 2 NG — NEP + NS In
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+(1+ al)N}jD‘RN( 6) +(1+ ag)NNIN( 6)+ (14 as)N,-?SB )

De Romeri, OMG, Papoulias, Sanchez Garcia, Tortola, Valle arXiv:2211.11905

based on COHERENT Coll. D. Akimov et al. Phys. Rev. Lett. 129 (2022)
081801, arXiv:2110.07730
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CEvNS Csl detector

@ «y efficiency and flux 11 %

@ «; Beam related neutrons 25 %

@ a» Neutrino induced neutrons 35 %

@ a3 Steady state background 2.1 %

@ a4 nuclear root mean square radius 5 %
@ a5 Quenching factor 3.8 %

@ ap Beam timing

@ a7 Uncertainty in the CEvNS efficiency

De Romeri, OMG, Papoulias, Sanchez Garcia, Tortola, Valle arXiv:2211.11905

based on COHERENT Coll. D. Akimov et al. Phys. Rev. Lett. 129 (2022)
081801, arXiv:2110.07730
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CEvNS LAr detector
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De Romeri, OMG, Papoulias, Sanchez Garcia, Tortola, Valle arXiv:2211.11905
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Testing Standard Model with CEVNS. |
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Current test for sin?
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e sin?fy = 0.237 £ 0.029
o sin? 0y, = 0.25873325 LAr
e sin? 0y, = 0.209700¢3 Csl
De Romeri, OGM, Papoulias, Sanchez Garcia, Tortola, Valle, 2211.11905
OGM, Papoulias, Sanchez Garcia, Sanders, Tortola, Valle, JHEP 05(2020) 130 2003.12050
Papoulias Phys. Rev. D102 (2020) 113004
See also Cadeddu, Dordei, Giunti, Li, Picciau et al Phys. Rev. D102 (2020) 015030
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Future sensitivity for sin® Oy
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Canas, Garces, OGM, Parada Phys. Lett. B784 (2018) 159
SBC Coll. Flores et. al. Phys. Rev. D103 (2021) L091301

See also: Fernandez-Moroni, Machado, Martinez-Soler, Perez-Gonzalez, Rodriguez,

Rosauro-Alcaraz, JHEP 03(2021) 186

February, 2023
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Curren result for R,

10 T
8fF ]
6F ]
o
Lok ]
< r ]
4F ]
2F Csl ]
0’ww|uu|uu|\ [N NN
2 3 4 5 6 7 8

Ry [fm]

e R,(Ar)[0.00,3.72]fm

o R,(CsI)[5.22,6.03]fm
De Romeri, OGM, Papoulias, Sanchez Garcia, Tortola, Valle, 2211.11905
Phys. Rev. D102 (2020) 015030
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CEvNS and NSI
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a=p,T

J. Barranco, OGM, T. |. Rashba JHEP 0512 (2005) 021

K. Scholberg PRD 73 (2007) 033005
J. Barranco, OGM, T. I. Rashba PRD 73 (2007) 033005
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CENNS + NSI

2 2
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updated from J. Barranco, OGM, T.l. Rashba JHEP 0512:021 (2005)
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Estimated bounds on NSI for TEXONO (Ge+Si)
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J. Barranco, OGM, T.l. Rashba JHEP 0512:021 (2005)
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First bound from COHERENT

= GHARM

= COHERENT (Csl)

LI N B S N e Sy B

COHERENT Coll. Science 357 (2017) 1123
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Combined analysis of CEvNS Csl and LAr

T 1

Csl

"1 -075-05-0.25

De Romeri, OGM, Papoulias, Sanchez Garcia, Tortola, Valle, 2211.11905
See also COHERENT Coll. Phys. Rev. Lett. D129 (2022) 081801

CsI+LAr

0 02505075 1

COHERENT Coll. Phys. Rev. Lett. D126 (2021) 012002
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Combined analysis of CEvNS Csl and

e R e e e
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De Romeri, OGM, Papoulias, Sanchez Garcia,

Tortola, Valle, 2211.11905

OGM, Papoulias, Sanchez Garcia, Sanders, Tor-

tola, Valle, JHEP 01(2021)067 2003.12050

Papoulias Phys. Rev. D102 (2020) 113004 €4V from CHARM data
See also Giunti Phys. Rev. D101 (2020) 035039

Omar Miranda (Cinvestav ) Studying neutrino physics ... February, 2023 48 /94



Interplay between different observables |
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NSI vs R,
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OGM, Papoulias, Sanchez Garcia, Sanders, Tortola, Valle, JHEP 01(2021)067 2003.12050
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NSI vs R,
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Canas, Garces, OGM, Parada, Sanchez Garcia Phys. Rev. B 101 (2020) 035012
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Future CEVENS tests J
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Using three isotopes of the same element

Detectors

Galindo-Uribarri, OGM, Sanchez Garcia Phys Rev D 105 033001 (2022) ArXiv:2011.10230
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Using three isotopes of the same ele
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Galindo-Uribarri, OGM, Sanchez Garcia Phys Rev D 105 033001 (2022) ArXiv:2011.10230
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Using three isotopes of the same ele
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The European Spallation Source
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ralized neutrino interactions

Gr . -
NS = -7 Zeg;,(yaojyﬁ)(fojf),
J

€ 0; 0;
et Yu(1—7°) (1 —17°)
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Table: Effective operators and effective couplings.

Bischer and W. Rodejohann, Phys. Rev. D 99, 036006 (2019), arXiv:1810.02220
Han, J. Liao, H. Liu, and D. Marfatia, JHEP 07, 207 (2020), arXiv:2004.13869
D. Aristizabal Sierra, V. De Romeri, and N. Rojas, Phys. Rev. D 98, 075018 (2018),

arXiv:1806.07424
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Bounds on GNI f

12 12 T 12 e
10 F Csl . 10 F B 10 f- Csl 4
F CsI+LAr ] F d F CsI+LAr ]
8 7 8r 1 8 .
N>< r ] N>< r ] N>< r ]
< SF 1 <S°F 1 <°F E
4F e 4 e 4F e
r 1 [ Csl ] r ]
2: ] 2: CsI+LAr b 2: b
I RN S TR SRR 07\\\‘ [N FREEE SR A Lo 0—|HH|H\|H A SR FEEEE
—0.04 —0.02 0.00 0.02 0.04 —0.050.00 0.05 0.10 0.15 0.20 0.25 -0.75-05-025 0 025 05 0.75

q q q

cl cl cl
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Bounds on scalar GNI for neutrino-quark
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Bounds on tensor GNI for neutrino-quark
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Bounds on tensor GNI for neutrino-quark

Experiments Scalar Pseudoscalar Tensor
CHARM—e [e:X] < 1.9 e 7| < 0.13
CHARM + CDHS (+ NuTeV) led:X] < 0.15(0.1) e, 7| < 0.01(0.006)
CHARM—e + CHARM + CDHS (4 NuTeV) ledX] < 0.15(0.1) leZ]| < 0.01(0.006)
CHARM—e [edX| < 1.9 led:T| < 0.13
CHARM + CDHS (+ NuTeV) led:X] < 0.15(0.1) g7 < 0.01(0.006)

Table: Combined 90% C.L. limits on the different scalar, pseudoscalar, and tensor
neutrino interaction parameters, with X = S, P. For each suitable parameter, we also
show in brackets the corresponding limits including the NuTeV measurements.

F. J. Escrihuela, L. J. Flores, OGM, J. Rendon, JHEP 07 (2021) 061 arXiv:2105.06484
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Electromagnetic interaction

Hlm(x) = JECVAR(x) = arF (x)af (A (x), ]

v(a)
(a)

v(q)
(b)

For neutrinos: q, = 0 — there are no
electromagnetic interactions at tree level.

However, such interactions can arise from loop
diagrams at higher order in the perturbative
expansion.

Herr (x) = j5T (x)A#(x) =
S8 1 TR v (x) A (x)

C. Giunti, A. Studenikin RMP 87 (2015) 531
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Neutrino magnetic in the " Standard Model”

In a minimal extension of the Standard Model

3eG;: a .
= ————=(my;+ my; iZm
Hi 167r2ﬂ( J) Z

a=e

2
* mIOé
it (3 ] |

Robert E. Shrock NPB 206 (1982) 359
P. B. Pal and L. Wolfenstein, Phys. Rev. D25, 766 (1982)
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Neutrino magnetic in the " Standard Model”

In the minimal SM extension with light neutrino mass, the neutrino
magnetic moment is expected to be very small:

=32 1—19('"”)
p = 3.2 x 10 1leV UB

Robert E. Shrock NPB 206 (1982) 359
W. Marciano, A. |. Sanda PLB 67 303 (1977)
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Majorana neutrinos

1 .
H%:—ZVLTC_l (n—idvys) o I/LFQB——ZV C Y Xo*Py Fop + hc.,

pl=—p  d'=-d

Majorana case:

The MM and EDM matrices are antisymmetric and hermitian, and,
therefore, imaginary. A is an antisymmetric matrix.

J. Schechter and J. W. F. Valle, PRD 24 1883 (1981)
P. B. Pal and L. Wolfenstein, Phys. Rev. D25, 766 (1982)
B. Kayser, Phys.Rev. D26, 1662 (1982)

J..F. Nieves, Phys.-Rev.. D26, 3152 (1982)
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The effective neutrino magnetic moment

The discussion could be translated into a more phenomenological approach
in which the NMM is described by a complex matrix A = p — id (A) in the
flavor (mass) basis, that for the Majorana case takes the form

0 e =iy 3 0 N3 =N
A=| A, 0 A |, A= A3 0 A |,
Ny —Ne 0 Ao =A1 0

where A5 = a5y Ny-

The transition magnetic moments A, and A; are complex parameters:

Ao = lAaleiCa7 Ai = |Ai|eiCi' J

W. Grimus, T. Schwetz, NPB 587 45 (2000)
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A transition into a massive neutrino state |
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Massive neutrino state

If a fourth neutrino exists, the complete expression for the effective solar
neutrino magnetic moment would be:

(1 o)® = Per(lA2 + [Xas® + [A1a?) + Pea(|Ar2]* + [A2s]* + [Aaa?)
4+ Pes(|A132 4 |23l + [X34]?) 4 Pea(|A1a]? + [X2a® + | X3a]?)
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Massive neutrino state
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Massive neutrino state

H
9
L

H
3
L

TEXONO (EvES)

10710

101 XENONIT (1) L~ CEYNS with *1Cr

neutrino magnetic moment p, [ug)

-12
10 102

10 10° 10t - 10%
sterile neutrino mass m,4 [MeV]

OGM, Papoulias, Sanders, Tértola, Valle, JHEP 12(2021) 191 arXiv:2109.09545

P D Bolton, F F Deppisch, K Fridell, et al Phys.Rev.D 106 (2022) 035036 arXiv:2110.02233
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Conclusions

v Neutrino physics is living in a precision era, with a lot of experimental
results and many others to come.

v Neutrino oscillation experiments are fundamental, but there are other
experiments that play an important complementary role.

v" With the detection of CE¥NS a new window to test for standard and
non-standard particle physics is open.

v The systematic study of the results to come may lead us to new
physics beyond the Standard Model that could explain the neutrino
mass pattern.
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Light vector mediators
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Sterile neutrino

— CENNS-610kg — CCM-Tt — ESS-10kg --- ESS-t
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See also B Dutta et al, Phys. Rev. D 94 093003 (2016)
Canas, Garces, OGM, Parada, Phys. Lett. B 776 451 (2018)
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Non-unitarity and CEvNS |
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Non unitarity

Neutral heavy leptons are a common feature of many extensions of the SM and
play and important role in models for neutrino mass generation. The seesaw
mechanism is perhaps the most representative example.

N S
nxXn __

Vi "=\ v 1
NNT 4 SST = 1,

S Antusch, O Fischer, JHEP 10(2014) 094

Escriuela, Forero, OGM, Tortola, Valle, Phys. Rev. D92 119905 (2015)

S Parke, M Ross-Lonergan, Physical Review, D93 113009 (2016)

C S Fong, H Minakata, H Nunokawa, JHEP 02(2017) 114

M Blennow, P Coloma, E Fernandez-Martinez, J Hernandez-Garcia, J Lopez-Pavon, JHEP 02(2019) 015
S A Ellis, K Kelly, S W Li JHEP 12(2020) 068

Forero, Giunti, Ternes, Tortola, arXiv: 2103.01998

Omar Miranda (Cinvestav ) Studying neutrino physics ... February, 2023



Non unitarity
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Other experimental observables |
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Global with NuTeV reanalysis NSI with down NSI with up
NU NU
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The v.e interaction

Experiment Energy (MeV) events measurement
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Laboratory constraints

Barranco, Miranda, Moura, Valle PRD 77 093014 '08
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Laborat constraints
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Laborat constraints

Region at 90% C. L.

one parameter

ek, —0.14<el, <009  —0.03<el, <008
ek —0.03 < ek <0.18 0.004 < eR < 0.15
6,2’” —0.033 < 5;;4 < 0.055 |6,2u\ <0.03
G —0.040 < R | < 0.053 eR | <0.03
et —-06<el <04 —05<el <02
eR_ —0.4<ef <06 -03<ef <04

Barranco, Miranda, Moura, Valle PRD 77 093014 '08

February, 2023 88 /94

Omar Miranda (Cinvestav ) Studying neutrino physics ...



NSI-d constraints for v,
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Global constraints on GNI for neutrino-quark
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Bounds on scalar GNI for neutrino-elec
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on tensor GNI for neutrino-electron
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Bounds on tensor GNI for neutrino-electron

Experiments Scalar Pseudoscalar Tensor
e e’ + TEXONO le°] < 0.38 le&Pl <040 [e57] <0.07
e~ et + CHARM-II legn] < 0.31 e ] < 0.03
e~ et le&:X| < 0.40 les:]| <0.12
e~et + TEXONO + CHARM-Il  [e&,5] < 0.25 leg;Pl <025 |es;]| < 0.03
e~ et + TEXONO leg;5| < 0.28 &Pl <020 [e57] < 0.07
e~ et + CHARM-II le&X| < 0.25 le&; ]| < 0.0

Table: Combined 90% C.L. limits on the different scalar, pseudoscalar, and tensor
neutrino interaction parameters, with X = S, P. For each suitable parameter, we also
show in brackets the corresponding limits including the NuTeV measurements.
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Massive neutrino state

EUBES with 1 Cr-LXe
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