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Standard Model of Particle Physics

Electroweak theory SUQR), x U(l)y Wt¢ Bt L= <

v, W¢ z¢ A" (W), e wu v udcsbt H
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What we know about neutrinos at the end of 20th Century?

e [here are 3 types of neutrinos: v flavor: :
“_NU PUATFCORVG

%’;& 5 ‘Z'f'q'i: B e have ZERO mass e ZERO charge

¢ interact only by weak interactions:

See the review by David Vanegas
at this conference.




What we know about neutrinos at the end of 20th Century?
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But something change in recent years.... (from a perspective of 50 yrs old blue dude)



Data/Prediction (null oscillation)
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Neutrino oscillation discovery opens a plethora of new experiments and new questions

== JHyper-Kamiokande

DEEP UNDERGROUND
NEUTRINO EXPERIMENT



Neutrino oscillation discovery opens a plethora of new experiments

Flavor states
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Mass states (to be included in PDG???)

Hint of new states? Sterile neutrino
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Neutrino oscillation discovery opens a plethora of new experiments

Violation of Lepton Number

Neutrino oscillations

Non Standard Neutrino interactions




Neutrino oscillation discovery opens a plethora of new experiments

Violation of Lepton Number

Neutrino oscillations

Which BSM effects can be hidden ?




BSM in Neutrinos: First try: Non Standard Neutrino Interactions b VA
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[JPMNS (Pontecorvo, Maki, Nakagawa, Sakata) can be the source of CP violation for
neutrinos. Not observed yet.



BSM in Neutrinos: First try: Non Standard Neutrino Interactions

wiz¢v AY () =Uy, e p~ 1 udc,s,b,t H

( SCALAR TENSORIAL \

1 ik 7 1 ik v
"CZBSM — 2\/§Gf E[ES]O{ ]VCKMdk la’PLUﬂ 4 [GT]CZ u]VéKMO-ﬂ PLdk l PL ﬁ

In the usual oscil\ation model we have

ZLPMNS = 2\/§Gf<uJVéKMy”PLdk l_aPL;/ﬂz/ﬁ> = 2\/§Gf<uJVéKMy”PLdk 1Py, l/l->

[6 ] ([e ] )) are the scalar (tensorial) couplings is a complex matrix. Can induce CP
S1op VLTl o

violation.



BSM in Neutrinos: First try: Non Standard Neutrino Interactions
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In the usual oscillation model we have /)O
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[6 ] ([6 ] are the scalar (tensorial) couplings is a complex matrix. Can induce CP
S1ap \ETl,

violation.
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charged NSI neutral NSI charged NSI

See M. Acero talk at this conference for NSl propagations for NOVA experiment.



How to include NSI in oscillation ?
Usual oscillation
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New way to include NSI at production and detections,
Follow from references below
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Falkowski, M. Gonzalez-Alonso, and Z. Tabrizi, JHEP 05, 173, arXiv:1901.04553 (2019) [hep-ph]

A. A.
B. A. Falkowski, M. Gonzalez-Alonso, and Z. Tabrizi, JHEP 11, 048, arXiv:1910.02971 (2020) [hep-ph]



The rate with NSI for detecting Vg when it was produced v,
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gt = %‘4 et [VK(Py)| x [Vﬂ (DX)]

Vil(px) = U* U,y (exU)% Uy + pif, U (exU) gy + Pxx(exU)* (exU),, and

the difference in this approach are the p-factors
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where £, = £, = m,and f(E) f~ spectra.

M. Chaves, Pedro de Holanda and O.LG. P, 2106.15725 [hep-ph]




The rate of neutrinos with NSI
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In the usual neutrino oscillation due NSI,
2
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NSI interaction can CP violation into neutrinos.

Game summary : we can have CP violation due NSI interaction.

This is similar super-weak theory of Wolfenstein made for quarks.

[GS] o ([GT] a/)) are the scalar (tensorial) couplings is a complex matrix.

Can induce CP violation.



We use solar neutrinos, v, — 1, Super-Kamiokande, SNO, Gallex, SAGE, Borexino

anti-neutrinos from reactors atores, , — I/, medium baseline (Daya Bay, RENO, Double Chooz)
longbaseline (KamLand)




Analysis of neutrino experiments
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Combining
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)(global = AMBR +)(Kamland +){Sun :

we have the parameters 0,,, 0,5, Amzzl, Am321 and from NSI , R [ES] 5 ) [éS] . we define
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Ex = exUp3(0p3, 9).




Results
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Beam Excess

There are other signal of BSM ?

Not yet, search for sterile neutrinos, NSI (Non-standard neutrino interactions),
Non-unitary scenarios, open quantum systems.... V
S

Hints from LSND,MINI-BOONE, Reactor Anomalyl
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Sterile neutrinos: Appearance of electron neutrinos

Mini-BOONE experiment

LSND experiment
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Sterile neutrinos: Disappearance of electron neutrinos

DAYA-BAY experiment

MINOS experiment
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Sterile neutrinos: How to understand this mess?
vV, = Ve J / x
_)

General constraint

) 2 2
sin“(20,,) =4|U;, || U, |
U 4 Iz Sin2(2@€e)8in2(29/m)

)
. sin“(260 ) =
in?(20,,) = 4| Uy P B S (0 4

sin*(20,,) = 4| U, |

O.L.G Peres and A. Yu. Smirnov,Nucl.Phys.B 599 (2001) 3



Neutrino decay phenomenology

Can neutrino decay to be the solution of short-baseline electron appearance?

Main Idea
™t — ut + Vy
u+ — et + Ve TV

Assumption:
MeVish neutrino state

Vy = eeee T UM4V4

Oscillation scenario: _
electron neutrino appearance

vV, — U
M € G. Stenico, Suprabh Prakash et al JHEP 07 (2020) 141

Better solution then oscillation scenario



Neutrino decay scenario for LNSD and MINI-BOONE
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Better solution then oscillation scenario

Program to describe LSND and MINI-BOONE
available under request, G. Stenico ( Texas University at Austin)




Standard Model

Eletroweak theory SUQ2), x U(l), WHta Bt [ = <

v, W¢ z¢ A" (W), e wu v udcsbt H

+

Zckm = 2\/§Gf<l/_tj y'Pydy 1P L?’,W/}) = 2\/§Gf<1’_tj y'Pydy [P L?’,M)
G_f Fermi constant, P; left-handed projector, complex matrix source of matriz

CP violation .
There is no mixing of leptons.



Conclusions

BSM neutrinos is a very active field : QFT description, sterile neutrinos, decaying
neutrinos, quantum decoherence (open quantum system), wave-packet description
(QFT and QM)

We reached a precision that allow us to revisite assumptions made in our
phenomenology: coherence, QFT effects,

No BSM effect found yet, but some hints are appearing,



NSI production and detection bounds



NSI production and detection bounds
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Experimental Data from solar neutrinos, v, — v,

The dominating solar pp - cycle
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Experiments Data from
reactors anti-neutrinos , 7, > U/, medium baseline
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Results
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Neutrino decay scenario for short-baseline neutrinos:
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Oscillation
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Assuming complete decay.

Invisible decay scenario

V1

V2

\
4

L |

V1

V2

VAR

/(

—

N

VAN

Visible decay scenario

anti-neutrinos!!

¢ > GEFAN e

UNICAMP



Neutrino decay scenario for solar neutrinos: solar anti-neutrinos



Neutrino flux including neutrino as unstable particle

decaying neutrinos (invisible decay) decaying neutrinos (visible decay)
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Neutrino flux (solid curves), Anti-neutrino flux (in dashed curves)
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Experimental information for measurements of anti-electron neutrino from the sun

------- BG + solar v,
(90% C.L. upper limit)
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