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@ Must introduce new fermions, scalars and/or gauge bosons — messengers of neutrino
mass physics.

@ New couplings involving neutrinos — inevitably lead to NSI at some level.

@ Potentially observable effects in neutrino production, propagation, and/or detection.

@ Relevant for all kinds of neutrinos (accelerator, reactor, atmospheric, solar, supernova,
astrophysical, cosmic).

@ Search for NSI is complementary to the direct search for new physics at the LHC.

o At the very least, could serve as a foil for the standard 3-neutrino oscillation scheme.
[Liao, Marfatia, Whisnant (PRD ’16); Masud, Mehta (PRD *16); Agarwalla, Chatterjee, Palazzo (PLB ’16); Deepthi, Goswami, Nath
(PRD ’17); Capozzi, Chatterjee, Palazzo (PRL "20); Esteban, Gonzalez-Garcia, Maltoni *20; Bakhti, Rajace (PRD ’21)]
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Standard Neutrino Interactions with Matter
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Standard Neutrino Interactions with Matter

Ves Vyy Vr Ve, Vs Vr
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e Effective potential for coherent forward scattering:

Voo = V2GrN. = (3.8 x 107 4eV) <p> (L> .
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@ Time evolution governed by Schrédinger equation:
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where F is the neutrino energy, M = U diag(m1, ma, m3)U7 is the neutrino mass matrix
and V' = diag(Vcc, 0, 0).
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e Effective potential for coherent forward scattering:

Voo = V2GrN. = (3.8 x 107 4eV) <p> (L> .
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@ Time evolution governed by Schrédinger equation:

U, V, 1%
d © ¢ MMT ¢
i | ve =H | v, —[ 5E —|—V(t)] vy |

Vr Vr Vr

where F is the neutrino energy, M = U diag(m1, ma, m3)U7 is the neutrino mass matrix
and V' = diag(Vcc, 0, 0).
@ Probability of oscillation over a length L:

; Am3,L
Pva = vg) = ’(u@\eﬂHﬂua)‘Z ~ sin? 20, sin? ( Tgf ) .



Non-Standard Neutrino Interactions with Matter

[Wolfenstein (PRD *78)]

CNS = —2V2Gr Y X (van" Povs)(fruPxf) |, with X = L, R, and f € {e,u, d}.
fi X a8




Non-Standard Neutrino Interactions with Matter

[Wolfenstein (PRD 78)]

N6 = -2v2Gr Y X (vay" Prvp)(FryuPxf) |, with X = L, R, and f € {e,u,d}.
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Non-Standard Neutrino Interactions with Matter

[Wolfenstein (PRD *78)]

N6 = -2v2Gr Y X (vay" Prvp)(FryuPxf) |, with X = L, R, and f € {e,u,d}.
fi X a8

@ Only vector part is relevant:

n

N e N, w
€as = N Chp = hp + (2685 +eah) +
fe{eu,d}

(Eg‘é + 26%)

=e0h + (24 Ya)ehs + (1 +2Ya)els

with ei‘g = eig + 555 and Y,, = N, /N..

o Leads to extra matter effect in propagation:
; 2
P(va — vg) = [(vple” HHNDE )|

)

Eee Eeu Eer
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Current Constraints™

[Farzan, Tortola, 1710.09360 (Front. Phys. *18)]

90% C.L. range origin 90% C.L. range origin
NSI with quarks NSI with quarks
el CHARM [—0.023,0.023] accelerator
edR CHARM [~0.036,0.036] accelerator
e [~0.042,0.042] atmospheric + accelerator [—0.073,0.044] oscillation data + COHERENT
G [~0.044,0.044] atmospheric + accelerator [~0.07,0.04] oscillation data + COHERENT
el [-0.072,0.057] atmospheric + accelerator [~0.5,0.5] CHARM
B [0.094,0.14] atmospheric + accelerator [~0.15,0.13] oscillation data + COHERENT
ey [-0.075,0.33]  oscillation data + COHERENT [-0.13,0.12] oscillation data + COHERENT
ey [—0.09,0.38]  oscillation data + COHERENT [-0.023,0.023] accelerator
ety [-0.037,0.037] atmospheric [~0.036,0.036] accelerator
NST with electrons (~0.006,0.0054] IceCube
[—0.039,0.039] atmospheric + accelerator
ek [—0.021,0.052] solar + KamLAND
NSI with electrons
el [~0.07,0.08] TEXONO
el eR 9 . . .
ek, et [-0.03,0.03) reactor + accelerator Cenr Con [~0.13,0.13] reactor + accelerator
) ek [—0.33,0.33] reactor + accelerator
ek [~0.12,0.06] solar + KamLAND R
€cr [—0.28,—-0.05] & [0.05,0.28] reactor + accelerator
el [-0.98,0.23] solar + KamLAND and Borexino [-0.19, 0.19] TEXONO
[:0.25, 0.43] reactor + accelerator ek, el [~0.10,0.10] reactor + accelerator
eV [-0.11,0.11] atmospheric ey [—0.018,0.016] IceCube
(Flavor-diagonal) (Flavor-changing)

*Conditions apply



Global Fit
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[Coloma, Esteban, Gonzalez-Garcia, Maltoni, 1911.09109 (JHEP 20); see also Dutta et al., 2002.03066 (JHEP *20)]



Future Prospects at DUNE

Deep Underground Neutrino Experiment

Sanford Fermilab
Underground
Research

miles
Facility

Incoming beam:
100% muon neutrinos.

Probability of detecting electron, muon and tau neutrinos

o Long baseline.
@ Huge statistics.
@ Well-understood beam.

Good sensitivity to matter NSI

[de Gouvéa, Kelly (NPB *16); Coloma (JHEP ’16); Blennow ef al. (JHEP *16); Liao, Marfatia, Whisnant (JHEP *17)]



Improved Energy Resolution
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Improved DUNE Sensitivity to NSI
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Breaking Degeneracies

CDR, 20 C.L.
TDR, 20C. L.
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NSI Model Building

@ In the standard parametrization, NSI is a dimension-6 operator:

Lnst = —2V2Grel} (vay" Povs)(fyuPx f)

2
which implies that | a5 ~ % |

o If new physics scale A ~ 1 (10) TeV, then naively e,5 ~ 1072 (10™%).
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which implies that | a5 ~ % |

o If new physics scale A ~ 1 (10) TeV, then naively e,5 ~ 1072 (10™%).

® Moreover, it breaks SU(2) 1, gauge symmetry explicitly.

@ Restoring gauge invariance in a UV-complete model will in general impose stringent
constraints on NSI. [Gavela, Hernandez, Ota, Winter (PRD ’09); Biggio, Blennow, Fernandez-Martinez (JHEP *09)]



NSI Model Building

@ In the standard parametrization, NSI is a dimension-6 operator:

Lnst = *2\/§GF€£§(DaWMPLVﬁ)(JF’YuPXf)

2
which implies that | a5 ~ % |

o If new physics scale A ~ 1 (10) TeV, then naively e,5 ~ 1072 (10™%).
® Moreover, it breaks SU(2) 1, gauge symmetry explicitly.

@ Restoring gauge invariance in a UV-complete model will in general impose stringent
constraints on NSI. [Gavela, Hernandez, Ota, Winter (PRD ’09); Biggio, Blennow, Fernandez-Martinez (JHEP *09)]

o Specifically, if there is an operator of the form 5 (7a7" Prv) (€4, Pr{s), it must be
part of the more general form - (Lo Lg)(Ly7uLs).

o Severely constrained by rare LFV processes like 1 — 3e, viz. BR(p — 3¢) < 1072
implies e¢;, < 1076,
o Are there realistic UV-complete models having large NSI?

@ Important in order to understand which sort of physics the neutrino experimental program
is actually probing when model-independent NSI constraints are presented.



I in Radiative Neutrino Models

E  Zoe model

mm LQ model (triplet)
= Zee-Babu model
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[/ [Babu, BD, Jana, Thapa, 1907.09498 (JHEP "20)]
|£Hﬁ | ( é} ) (see talk from K.S. Babu)

‘ Essentially covers all NSI possibilities with heavy mediators (with mass > FE,). 14



An Example: Zee Model

[Zee (PLB ’80)]
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An Example: Zee Model
[Zee (PLB ’80)]

—Ly D faﬁL,ile 67‘,]'7]+ + ?a,ﬁﬁi[/ié%eij + YagﬁgLéf%Eij + H.c.

Vo
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ly & Vs
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NSI Predictions in the Zee Model

o

|Yee° |sing

e

[Babu, BD, Jana, Thapa, 1907.09498 (JHEP "20)]
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NSI Predictions in the Zee Model

& Ve Yee |sin?e
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[Babu, BD, Jana, Thapa, 1907.09498 (JHEP "20)]
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NSI with Ultra High Energy Neutrinos

A Hadronic Cascade
e

[Glashow (Phys. Rev. *60)]
Glashogv resonance
m
—_ A% Z—
Eu = 2me 63 PeV

Observed by IceCube
[Nature 591,220 (2021)]
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A Hadronic Cascade
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[Glashow (Phys. Rev. *60)]
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Z-burst
E, = 54 > 10" GeV
Beyond GZK cutoff

Unlikely to be seen



NSI with Ultra High Energy Neutrinos

A Hadronic Cascade
e

[Glashow (Phys. Rev. *60)]
Glashogv resonance
m
—_ A% Z—
Eu = 2me 63 PeV

Observed by IceCube
[Nature 591,220 (2021)]

/ Hadronic Cascade

[Weiler (PRL °82)]

Z-burst
E, = 54 > 10" GeV
Beyond GZK cutoff

Unlikely to be seen

[Babu, BD, Jana, Sui (PRL "20)]
“%ee-burst”

B, = “h/17 > 10 pey

2m

Observablee at IceCube



NSI with Ultra High Energy Neutrinos

e

Muons Muons _ .
w q< —_— oo cq:: —_— ¢ !
g e VAT
7 Hadronic Cascade v Hadronic Cascade
[Glashow (Phys. Rev. *60)] [Weiler (PRL °82)] v v

[Babu, BD, Jana, Sui (PRL "20)]

Glashoy resonance Z-burst “Zee-burst”
B, = mw — 6.3 PeV E, = 2mTZ > 10 GeV £ etj— urst
v h— /H—
Observed by IceCube Beyond GZK cutoff E, = 2me % 10PeV
Nature 391, 220 (2021 Unlikely to be seen Observable at IceCube

10?

Zee Model(Y=1.0) + SM + Atm BG

Zee Model(Y=0.5) + SM + Atm BG
W Zee Model(Y=0.25) + SM + Atm BG
== SM + Atm BG

Atm BG

M+ = my+ = 100 GeV

® IC7.5 year data

Events per 2635 days

10° 10°
Deposited Energy (GeV)



A New Probe of

1.0

mp+ (GeV)

[Babu, BD, Jana, Sui, 1908.02779 (PRL ’20); Babu, BD, Jana, 2202.06975 (IIMPA "22)]



NSI with Light Mediators

o The EFT argument does not work.

@ Possible to avoid cLFV constraints with light
mediators.

o An explicit example with (B — L)3 flavored light
Z/. [Babu, Friedland, Machado, Mocioiu, 1705.01822 (JHEP "17)]

o Large diagonal e~ up to ~ 50%.
@ How about large off-diagonal NSI?
o In general, for light Z’,

o = gr(gv)as
oB QﬂGFmQZ,

@ An explicit example violating the Schwartz
inequality, i.e. \€£ﬁ| > \eéaséﬂ\l/g, with

U(1)" x Zs. [Farzan, 1912.09408 (PLB 20)]



LHC versus Oscillation Experiments
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[Babu,Gongalves, Jana, Machado, 2003.03383 (PLB '21);

see also Friedland, Graesser, Shoemaker, Vecchi (PLB *12); Franzosi, Frandsen, Shoemaker (PRD ’15); Liu, Sun, Gao (JHEP ’21)]



Going beyond Vector NSI

@ NSIinduced by a neutral scalar mediator:

Lo = Ha" (aws) (1),

@ Cannot be Fierzed into a vector current, so does not contribute to matter potential.

@ Appears as a medium-dependent correction to the neutrino mass.
[Ge, Parke (PRL ’19); Smirnov, Xu (JHEP *19)]

o Need Gegt = Y1Yas/ mi ~ 10'°G to have any observable effect. Possible only for a
sufficiently light scalar mediator.



Going beyond Vector NSI

@ NSIinduced by a neutral scalar mediator:

L = R Barp) ().

¢

@ Cannot be Fierzed into a vector current, so does not contribute to matter potential.

@ Appears as a medium-dependent correction to the neutrino mass.

[Ge, Parke (PRL ’19); Smirnov, Xu (JHEP *19)]

o Need Gegt = Y1Yas/ mi ~ 10'°G to have any observable effect. Possible only for a

sufficiently light scalar mediator.
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1024
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[Babu, Chauhan, BD, 1912.13488 (PRD *20)]



Non-Standard Neutrino Self-Interactions
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[Berryman et al., Snowmass White Paper 2203.01955]

Can also lead to novel features in UHE neutrino spectrum.

[Ioka, Murase (PTEP ’14); Ng, Beacom (PRD ’14); Cherry, Friedland, Shoemaker *14; Esteban, Pandey, Brdar, Beacom (PRD "21)] 2



Leptonic Scalar

1
L B} EAaﬁﬁbyaVﬁ

[Berryman, de Gouvéa, Kelly, Zhang (PRD ’18); Kelly, Zhang (PRD ’19); Blinov, Kelly, Krnjaic, McDermott (PRL *19)]
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Distinct LHC signatures [de Gouvéa, BD, Dutta, Ghosh, Han, Zhang (JHEP *20); BD, Dutta, Ghosh, Han, Qin, Zhang (JHEP *22)]



Conclusion

@ NSI at some level is inevitable in BSM scenarios for neutrino mass generation.

Searches for NSI are complementary to the direct searches for new physics at the LHC.

@ Possible to achieve observable NSI in realistic, UV-complete models.

[

Heavy mediator case is now exhausted.

Light mediator case still being explored.

@ Going beyond vector NSI: Scalar NSI requires ultralight scalars.

NSSI: Nice synergy between Intensity and Energy Frontiers.



Conclusion

@ NSI at some level is inevitable in BSM scenarios for neutrino mass generation.

Searches for NSI are complementary to the direct searches for new physics at the LHC.

@ Possible to achieve observable NSI in realistic, UV-complete models.

[

Heavy mediator case is now exhausted.

Light mediator case still being explored.

@ Going beyond vector NSI: Scalar NSI requires ultralight scalars.

NSSI: Nice synergy between Intensity and Energy Frontiers.

Thank You.
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