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o Current status and future prospects of NSI constraints

o Possible hint of NSI in oscillation data?
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Why Non-Standard Interactions?

‘Neutrino Oscillations =—> Nonzero Neutrino Mass —> BSM Physics ‘

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

@ New couplings involving neutrinos — inevitably lead to NSI.

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

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

o Complementary to 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.

o Better understanding of NSI is crucial for correct interpretation of
oscillation data.

@ Potential hints of NSI in recent T2K/NOvA data.



Standard Neutrino Interactions with Matter
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Effective Matter Potential

Type of reaction Matter potential
Vzn :FGFNn/\/i
Ve +Gr(1 — 4sin”® 0w )N, /2
Vg FGr(1 —4sin® 0w )N /2
Viv +v2GF N,

[For a derivation, see e.g., J. Linder,, hep-ph/0504264]
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Effective Matter Potential

Type of reaction Matter potential
Vzn :FGFNn/\/i
Ve +Gr(1 — 4sin”® 0w )N, /2
Vg FGr(1 —4sin? )N /2
Viv +v2GF N,

[For a derivation, see e.g., J. Linder,, hep-ph/0504264]
@ Upper (Lower) sign is for neutrino (antineutrino).
@ In an electrically neutral medium (N, = NV,,), V7 + Vg =0.
e V7 is diagonal in neutrino flavor, and gives an overall phase shift, which
is of no physical significance in oscillations.
o Effective neutrino matter potential induced by Earth:

Y
=V5 =v?2 e X~ O. 1 —14 ('0> <e> .
Voo = Vi = V2GRN, ~ 3.8 x 107 eV am/en? ) \05



https://arxiv.org/pdf/hep-ph/0504264

Oscillation Probability

@ Time evolution governed by Schrédinger equation:

v, 14 v,
. d e e MMJ[ e
’La V,u, = H V/.L = [2_E =+ V(t)] V:U' s
Vr vr Vr

where E is the neutrino energy, M = U diag(my, ma, m3)U7 is the
neutrino mass matrix and V' = diag(Vc(, 0, 0).



Oscillation Probability

@ Time evolution governed by Schrédinger equation:

v, 14 v,
d ¢ ¢ MMT ©
’La V,u, = H V/.L = [2_E =+ V(t)] V:U' s
Vr Vr Vr

where E is the neutrino energy, M = U diag(my, ma, m3)U7 is the

neutrino mass matrix and V' = diag(Vc(, 0, 0).
@ Probability of oscillation over a length L (in the 2-flavor limit):
. 2 Am?2,L
P(vy, = vg) = ‘<y5|e*ZHL|ua>‘ ~ sin? 20, sin? ( Tg ) ,

Am? sin 26
h tan 20y =
where - tan v Am2cos20 — A’

Am3, = \/(Am2 cos 20 — A)? + (Am?sin 20)?

A=2EVcc.



Neutral Current NSI

NSI = —2\/>GF Z Eﬁ?(ﬂa'YNPLVEXf’YMPXf) ’
X8

with X = L, R, and f € {e, u, d}. [L. Wolfenstein,, PRD '78)]


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.17.2369

Neutral Current NSI

NSI = —2\/>GF Z Eﬁg((Da'YMPLVE)(f’YMPXf) ’
X8

with X = L, R, and f € {e, u, d}. [L. Wolfenstein,, PRD '78)]
@ Only vector part is relevant (axial-vector part is spin-dependent):

N gy N, N,
Eap = Z ﬁf%g = ocﬁ + ﬁ(%aﬂ +€a5) + F( + 2%5)
fefeu,d}
= o + (24 Yo el + (1 +2Y,,)edy

with siﬂ = 525 + 5fR and Y;, = N,,/N, ~ 1 for Earth.
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Neutral Current NSI

NSI = —2\/>GF Z Eﬁg((Da'YMPLVE)(f’YMPXf) ’
X8

with X = L, R, and f € {e, u, d}. [L. Wolfenstein,, PRD '78)]
@ Only vector part is relevant (axial-vector part is spin-dependent):

Nt v N, N,
Eap = Z ﬁf%g = ocﬁ + ﬁ(%aﬂ +€a5) + F( + 2%5)
fe{eu,d}

= o + (24 Yo el + (1 +2Y,,)edy

with siﬂ = 525 + 5fR and Y;, = N,,/N, ~ 1 for Earth.
o Leads to extra matter effect in propagation:

)

2
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What does NSI do?
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[figure adapted from T. Ohlsson]




Induces non-standard oscillations during propagation
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Modifies standard oscillation probabilities

Earth-crossing neutrinos, NO, —¢,, = ¢, = 0.02
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https://github.com/shengfong/nuprobe

Can obscure mass-ordering determination
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[Capozzi, Chatterjee, Palazzo, 1908.06992 (PRL)]



https://arxiv.org/abs/1908.06992

Can degrade octant and dcp discovery potential
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Can degrade octant and dcp discovery potential
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Charged Current NSI

[Y. Grossman,, hep-ph/9507344]

Lyst = —2\/§GF5£J;X(%’Y”PL@)(JBWPXf)

@ Flavor mixture states at source and detection.

. 2
P(va = vg) = |(vile w3

@ Source NSI (e.g. in pion decay):

€
W5) =lva) + Y. eplvg), eg.wt S utue
B=e,u,T
@ Detection NSI (e.g. in neutrino-nucleon scattering):

d
Wil = (val+ > edglvsl, eg ven =5 e p
B=e,u,T


https://arxiv.org/abs/hep-ph/9507344

Interesting Near-Detector Physics
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Interesting Near-Detector Physics
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\ Zero-distance effect \ [Langacker, London (PRD "88)]

@ In the 2-flavor case,
Am2L
4F

— 0= P, — v,) — (Ezu - egu)Q

@ Can in principle be probed with a near detector close to the source (e.g.,
ESSvSB), assuming that the neutrino fluxes at source are well-known.


https://inspirehep.net/literature/261493

CC+NC NSI can make things worse!
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https://arxiv.org/abs/1606.08851

Current Constraints™ on NC NSI

[Farzan, Tortola, 1710.09360]
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Current Constraints™ on NC NSI

[Farzan, Tortola, 1710.09360]

90% C.L. range origin 90% C.L. range origin
NSI with quarks NSI with quarks
edl [-0.3,0.3] CHARM el [~0.023,0.023] accelerator
el [-0.6,0.5] CHARM an [-0.036,0.036] accelerator
€ [~0.042,0.042] atmospheric + accelerator e [~0.073,0.044] oscillation data + COHERENT
ey [—0.044,0.044] atmospheric + accelerator ffP‘;’ [~0.07,0.04] oscillation data + COHERENT
el [~0.072,0.057] atmospheric + accelerator cal, caR [~0.5,0.5] CHARM
fﬁﬁ [~0.094,0.14] atmospheric + accelerator ey [-0.15,0.13] oscillation data + COHERENT
ey [-0.075,0.33]  oscillation data + COHERENT 4V [~0.13,0.12] oscillation data + COHERENT
ey [~0.09,0.38]  oscillation data + COHERENT ik [~0.023,0.023] accelerator
214 [~0.037,0.037] atmospheric ellt [~0.036,0.036] accelerator
v A
NSI with electrons € (~0.006,0.0054] TceCube
el [—0.039,0.039] atmospheric + accelerator
ek [—0.021,0.052] solar + KamLAND
NSI with electrons
ek [~0.07,0.08] TEXONO
eL _eR _ E A acc 5

ek, erf [=0.03,0.03] reactor + accelerator €ois €op [-0.13,0.13] reactor + accelerator
oL 0.12.0.06 l KamLAND ek [—0.33,0.33] reactor + accelerator
cr (-0.12,0.06] solar 4 Raml/ B [-0.28,-0.05] & [0.05,0.28] reactor + accelerator
et [~0.98,0.23] solar + KamLAND and Borexino [-0.19, 0.19] TEXONO

[-0.25, 0.43] reactor + accelerator [-0.10,0.10] reactor + accelerator
eV [—0.11,0.11] atmospheric [—0.018,0.016] IceCube

(Flavor-diagonal) (Flavor-changing)

*Conditions apply (one at a time, some constraints do not apply to light mediators)


https://arxiv.org/abs/1710.09360

Current Constraints™

[Farzan, Tortola, 1710.09360]

90% C.L. range origin

semileptonic NSI

esd? [~0.015,0.015] Daya Bay
estt [~0.026,0.026] NOMAD
et [~0.037,0.037] NOMAD
exdl [~0.087,0.087] NOMAD
es® [~0.12,0.12] NOMAD
evdl [~0.013,0.013] NOMAD
el [~0.018,0.018 NOMAD

purely leptonic NSI

el ehell [-0.025,0.025] KARMEN
el ets™ [-0.030,0.030]  kinematic Gp



https://arxiv.org/abs/1710.09360

Current Constraints™ on CC NSI

[Farzan, Tortola, 1710.09360]

90% C.L. range origin

semileptonic NSI

esd? [~0.015,0.015] Daya Bay
estt [~0.026,0.026] NOMAD
et [~0.037,0.037] NOMAD
exdl [~0.087,0.087] NOMAD
es® [~0.12,0.12] NOMAD
evdl [~0.013,0.013] NOMAD
el [~0.018,0.018 NOMAD

purely leptonic NSI

el ehell [-0.025,0.025] KARMEN
el ets™ [-0.030,0.030]  kinematic Gp

@ From model-building perspective, getting ‘large’ CC NSI is more
difficult than NC NSI.

@ In some models (with purely leptonic NSI), CC and NC NSI are
correlated by Fierz transformation.

@ We will mostly focus on NC NSI (unless otherwise specified).


https://arxiv.org/abs/1710.09360
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https://arxiv.org/abs/2305.07698

Future Prospects at DUNE

Deep Underground Neutrino Experiment

Sanford
Underground
Research
Facility

Fermilab

1600 1400 1200 1000 800 600

Probability of detecting electron, muon and tau neutrinos

@ Long baseline, huge statistics, intense & well-characterized beam.
o Excellent sensitivity to matter NSI.

[de Gouvéa, Kelly, 1511.05562; Coloma, 1511.06357; Blennow et al., 1606.08851; Liao, Marfatia,
Whisnant, 1612.01443; Chatterjee et al, 1809.09313; Han et al, 1910.03272]
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Improved Energy Resolution
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https://arxiv.org/abs/1811.06159

Improved Energy Resolution
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https://arxiv.org/abs/1811.06159

Improved Energy Resolution
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https://arxiv.org/abs/1811.06159

Improved Energy Resolution

charge
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True E, (GeV) [Friedland, Li, 1811.06159]
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Improved DUNE Sensitivity to NS
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Dependence on dcp
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Breaking Degeneracies
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Improved dcp Sensitivity
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see also De Romeri, Fernandez-Martinez, Sorel,, 1607.00293]

25


https://arxiv.org/abs/2106.04597
https://arxiv.org/abs/1607.00293

Hint of NSI

SM SM + NSI (&¢,) SM + NSI (&)
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Hint of NSI
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[Chatterjee, Palazzo, 2008.04161 (PRL); see also Denton, Gehrlein, Pestes , 2008.01110 (PRL)]
T2K-NOvA anomaly persists in 2024 data!
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But not conclusive yet!
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[Chatterjee, Palazzo, 2409.10599]
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Strong constraints from IceCube and KM3NeT

KM3NeT /ORCAG preliminary, 433 kton-yr
N ORCAG MINOS 2013
1C DeepCore 2021 ANTARES 2022
Super-K 2011 1C 2022

epl

Err — 5;:.;1 B

I
Eer| I 1
I
I

pr

10" —10°'—10"2-10""% 0 10°% 1072 107t 1Y
Limit at 90% CL
[KM3NEeT,, ICRC 2023; IceCube, 2201.03566 (PRL)] 28
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o Lecture 2: NSI Model Building and Phenomenology

e Main challenge

e EFT approach

UV-completion

Heavy mediators

Light mediators

Loop-induced NSI

29



NSI Model Building

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

Lyst = —2v2G pel (7" Puvp) (FruPx f)

2,2
gaMmw
gaﬁ ~ A2

e Two regimes to get ‘observable’ NSI, i.e. 45 ~ O(1):
o Heavy mediator: gy ~ O(1) and A 2 myy.
o Light mediator: gy < 1and A < myy such that g3 /A? ~ O(GF).
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NSI Model Building

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

Lyst = —2v2G pel (7" Puvp) (FruPx f)

2,2
gaMmw
gaﬁ ~ A2

e Two regimes to get ‘observable’ NSI, i.e. 45 ~ O(1):
o Heavy mediator: gy ~ O(1) and A 2 myy.
o Light mediator: gy < 1and A < myy such that g3 /A? ~ O(GF).

e EFT approach is valid in both cases as long as ¢> < A2.

e Always true for matter NSI, since ¢> — 0 for coherent forward
scattering.
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Main Challenge

@ The NSI operator by itself is not SU(2);, gauge-invariant.
@ Restoring gauge invariance in a renormalizable, UV-complete model will
in general impose stringent constraints on NSI.

[Gavela, Hernandez, Ota, Winter, 0809.3451; Biggio, Blennow, Fernandez-Martinez, 0907.0097]
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Main Challenge

@ The NSI operator by itself is not SU(2);, gauge-invariant.

@ Restoring gauge invariance in a renormalizable, UV-complete model will
in general impose stringent constraints on NSI.
[Gavela, Hernandez, Ota, Winter, 0809.3451; Biggio, Blennow, Fernandez-Martinez, 0907.0097]

@ Consider the leptonic NSI operator of the form

1 _
p(”a’Y“PLVB)(EW’YuPL&)-

@ In a UV-complete theory, it must be part of the more general form

1
F(LaV#Lﬂ)(L77uL6)~
@ Severely constrained by rare LFV processes like 1 — 3e, viz.
BR(u — 3e) < 107'% implies £, < 107°.
@ Similar constraints for quark NSI from atomic parity violation, CKM
unitarity, etC. [Antusch, Baumann, Fernandez-Martinez, 0807.1003]
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Why do we care?

o Are there realistic UV-complete models having observable NSI?

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

@ Complementarity of neutrino oscillation and scattering experiments with
traditional low- and high-energy experiments searching for new physics.

32



Why do we care?

o Are there realistic UV-complete models having observable NSI?

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

@ Complementarity of neutrino oscillation and scattering experiments with
traditional low- and high-energy experiments searching for new physics.

o After all, neutrinos are the first (and so far only) ones to give concrete
laboratory evidence of new physics.

@ Can we use NSI to probe neutrino mass physics?

@ Oscillation physics is insensitive to absolute neutrino mass, but not
necessarily to the origin of neutrino mass.
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Neutrino Mass Mechanism

neutrinos de se pe
—A ure cCo 1@
ce Ue Te
| \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HM | \HHH‘ | HHH\‘ | \HHH‘ | HHH\‘ | \HHH‘ | HHH\‘ L LN
3 @ ~ = ® —
o) < ® o) ® ®
< < < < <

Simplest solution: Add right-handed neutrinos V.

e Gives Dirac Yukawa term Yp L H N+H.c.

o After EWSB, gives Dirac neutrino mass Mp = Ypv.

e Butm, <0.1eV implies Yp < 10712, Possible but ugly!

Perhaps something (beautiful) beyond the SM Higgs mechanism?
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Seesaw Mechanism

@ One possibility is to break the accidental B — L symmetry of the SM by
higher-dimensional operators.
o Lowest-order is dimension-5 Weinberg operator: [Weinberg,, PRL "79]
1. . .
0, = KLZLJHkHleikeﬂ.

@ Only 3 tree-level realizations: [Ma,, hep-ph/9805219 (PRL)]

@ @

0, 0

Type-I seesaw Type-II seesaw Type-III seesaw

Minkowski (PLB *77); Moha- Schechter, Valle (PRD ’80); Foot, Lew, He, Joshi (ZPC
patra, Senjanovic (PRL ’80); Lazarides, Shafi, ~Wetterich 89)
Yanagida ’79; Gell-Mann, Ra- (NPB ’81); Mohapatra, Sen-

mond, Slansky ’79 janovic (PRD ’81)
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NSI in Type-I Seesaw

o Related to non-unitarity in the neutrino mixing matrix. [Blennow, Coloma,

Fernandez-Martinez, Hernandez-Garcia, Lopez-Pavon, 1609.08637]

0
@ The seesaw mass matrix M, = T D is diagonalized by a
My My
(3 4+ n) x (3 4 n) unitarity matrix U = g ‘}j

o U=~ (1—n)Upnmns Withn = RR/2 and R ~ MpMy*.

@ £, are identical to 7,5 (up to a factor of 2 for the off-diagonals).

@ Can also be derived from ‘first principles’ using the canonical
diagonalization of the kinetic term. [Broncano, Gavela, Jenkins, hep-ph/0210271]

@ Stringent constraints on non-unitarity from EWPD, LFV, CKM unitarity,
etc. [Antusch, Biggio, Fernandez-Martinez, Gavela, Lopez-Pavon,, hep-ph/0607020; Antusch,

Fischer, 1407.6607]; Blennow, Fernandez-Martinez, Hernandez-Garcia, Lopez-Pavén, Marcano,

Naredo-Tuero,, 2306.01040]
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Global Analysis of NSI with 2 RHNs

10° 10% 10°
68
= Bootstrap . -
Q10 b Wilks 10°! 107!
95% I
Normal Ordering \ Normal Ordering Normal Ordering
102 | | 1 102 | | Al 1072 | | |
0.00 0.02 0.04 0.06 0.08 0.10- 0.0 03 06 09 12 1.5 00 05 1.0 15 20 25
109 Vne.e x10~4 100\ Mup x1074 100 N x107*
= Bootstra k .
-1 P
2 1077 ... Wilks e
95% R 3
Inverted Ordering \\ Inverted Ordering \ Inverted Ordering
-2 S S S S R | | Y02 N
10 i 2 3 4 5 6900 o1 02 03 0490001020304 050607
Nee x1074 Nup x1074 Nee x1074

[Blennow, Fernandez-Martinez, Hernandez-Garcia, Lopez-Pavén, Marcano, Naredo-Tuero,, 2306.01040]
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Global Analysis of NSI with 3 RHNs

0 0
<] 10 W < 10 ™,
N N\ P
68% >y \ N
‘\ ‘.
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K N
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Nee x1073 Nup Moz x1073
10° PN 100 ==
, N, (N
e AN \\
68BN \
¢ N, A}
! N\ \
= 7 N\ Profiled Bootstrap
—1] . —1]| == Prof ootstrap y —1
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7 95% \ \iaos
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N,
1072 102 R
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Nee x1073 Nup

[Blennow, Fernandez-Martinez, Hernandez-Garcia, Lopez-Pavén, Marcano, Naredo-Tuero,, 2306.01040]

Mild preference for non-zero NSI at 10~* level (in ee and 77) for NO.
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NSI in Type-II Seesaw

At A+
@ SM+ a scalar triplet A = \A/% A+ | [Schechter, Valle *80]
V2
— 1 — — —
ﬁy = Yaﬂ |:AO VSR VgL — EAJr ([51? VgL + VSR 65L> - A++ KSR gﬂL:| + h.c.

o Integrating out the triplet scalars (with mass Ma),

, Y 3 )\ U2 — 1 —
Ly =~ (V§R VBL) = —5 (Mv)as Vep var,

M2 2 Vs o Va
Lngt = YU;[?L) (VoL Yu VpL) (ETLV# EUL) ) 2, l,
@ Leads to the NSI parameters
- MR

_ T
3 = — my)s my aps
aB 8\/§GFU4)\§) ( ) B ( ) P
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NSI in Type-II Seesaw

Strongly constrained by cLFV, neutrino mass and lab constraints on A™.

Decay Constraint on| Bound
p —eete” leck 3.5 x 1077
T = e eter 54 1.4 x107*
T = p T eﬁﬁ 1.2 x 107
T e pte” lec, 1.0 x 1074
T = puetu” |elie 1.0 x 1074
TT = e utpT e 1.0 x 10~*
T —eetuT lece 9.9 x 1075
poo— ey IS, e 2.6 x 107
T ey >, e, 1.8 x 1072
T = uTy >, cha 2.0x 1074
e — uet lehe 3.0x 1073

[Huitu, Karkkainen, Maalampi, Vihonen, 1711.02971]
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Radiative Neutrino Mass Models

@ Attractive alternative to tree-level seesaw.

@ In-buit loop (and chiral) suppression factors naturally allows for lower
new physics scale.

1 \\ ,/’
Yo s H .-
L=ty PRt SN e e N
’ \ / \ ’ ! \ ’ / —— \
/ \ / \ ' ! \ ! / . N \
! \ i ] 1 | H 1 1 / \ \
. - L - . L . -—=- B e e
v *” v v v v v v v v v
H
/
1N VUi o~ Py
A= I )
/ \ , \ , M TS
’ \ ’ \ / Se \ ’
1 ) 1 1 \ ’ N
1 1 1 1 1 \
T \ \
v AoALY v v \ ' |
)4 1H v v v v

[Zee (PLB ’80; NPB ’86); Babu (PLB ’88); Cai, Herrero-Garcia, Schmidt, Vicente, Volkas, 1706.08524]
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NSI in Radiative Neutrino Models

E - Zoe model

g = LQ model (triplet)
- = Zee-Babu model

0.00001 0.0001  0.001  0.01 0.1 1 10 100
(¥
|€apl (%) [Babu, BD, Jana, Thapa, 1907.09498]
‘ Essentially covers all NSI possibilities with heavy mediators.

41


https://arxiv.org/abs/1907.09498

An Example: Zee Model

¥ (HD)
b7 T ~ HY
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» *
7 \
1 \
B ——— e S e e
0y 5 vg

[Zee (PLB °80)] Yo

M, = k(fMY + Y M fT)
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An Example: Zee Model

¥ (HD)
L -==~ . H,‘
n 2
» *
7 \
1 \
—_—l— el
tj, [: V‘Lf

[Zee (PLB °80)] Yo

M, = k(fMY + YT M fT)

, l Vg, ¢ v ,
Cpf VBIL, PR 7 oL rz BL R VgL,

! re ;Hz’ ! "

f nt " - ?n— f H;
IW" Val ég]? Vol énL WR
(small) (small)

. 2
_ () (H) 1 « [sinp  cosyp
€ =« + ¢ = —Y,.Y — 4
o of ob 422G T Pe < me. m3,.
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NSI Predictions in the Zee Model

[Babu, BD, Jana, Thapa, 1907.09498]

Yeelsing

¢ LERSTHC Hi
LER+7 parameter ..

5%

100 200 300 400 500

my+ (GeV)
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NSI Predictions in the Zee Model

[Babu, BD, Jana, Thapa, 1907.09498]

Epup
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NSI Predictions in the Zee Model

[Babu, BD, Jana, Thapa, 1907.09498]
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NSI Predictions in the Zee Model

[Babu, BD, Jana, Thapa, 1907.09498]
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NSI Predictions in the Zee Model

[Babu, BD, Jana, Thapa, 1907.09498]
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NSI Predictions in the Zee Model

[Babu, BD, Jana, Thapa, 1907.09498]
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A New Resonance for High Energy Neutrinos

e Muons
w &
q
7 Hadronic Cascade
A

[Glashow (PR ’60)]
Glashoyzv resonance
FE, = ;':VVLV = 6.3 PeV

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

|
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A New Resonance for High Energy Neutrinos

Hadronic Cascade
[Glashow (PR ’60)]

Glashow resonance
FE, = miy

v — 2m

= 6.3 PeV
Observed by IceCube

[Nature 591, 220 (2021)]

v Muons
70 a e
q
v i

Hadrenic Cascade

[Weiler (PRL °82)]

|

22 -burst
E, = 27”72 > 1014 GeVv
Beyond GZK cutoff

Unlikely to be seen
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A New Resonance for High Energy Neutrinos

Hadronic Cascade
[Glashow (PR ’60)]

Glashow resonance
FE, = miy

v — 2m

= 6.3 PeV
Observed by IceCube

[Nature 591, 220 (2021)]

v Muons
70 a e
q
v i

Hadrenic Cascade

[Weiler (PRL °82)]

|

22 -burst
E, = % > 1014 GeVv
Beyond GZK cutoff
Unlikely to be seen

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

My - 5—

B, =~ "= > 10 PeV

Observable (soon!)
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A New Resonance for High Energy Neutrinos

7, Hadronic Cascade
[Glashow (PR ’60)]
Glashow resonance
E, = mW = 6.3 PeV
Observed by IceCube
[Nature 591, 220 (2021)]

z2 9
v Hadronic Cascade
[Weiler (PRL *82)]
Z-burst
E, = 2 > 10" GeV
Beyond GZK cutoff
Unlikely to be seen

v

e I

JHTM
[Babu, BD, Jana, Sui (PRL "20)]
Zzee-burst
m; _
E, =1/ 2 10 PeV

Observable (soon!)

10?

10!

10°

Events per 2635 days

Myt = my: = 100 GeV

10° 10°
Deposited Energy (GeV)

Zee Model(Y=1.0) + SM + Atm BG
Zee Model(Y=0.5) + SM + Atm BG
B Zee Model(Y=0.25) + SM + Atm BG
B SM + Atm BG

Atm BG

® 1C7.5 year data

I
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A New Probe of NSI using UHE Neutrinos

1.0

my+ (GeV)

[Babu, BD, Jana, Sui, 1908.02779; Babu, BD, Jana , 2202.06975]
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NSI with Light Mediators

Still lacking a comprehensive UV-complete
exploration.

Possible to avoid cLFV constraints with flavored
light mediators.

An explicit example with (B — L)3 flavored light
Z'. [Babu, Friedland, Machado, Mocioiu, 1705.01822]

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

o= gf(gz/)aﬂ

An explicit example violating the Schwartz

inequality, i.e. |££/3| > \sga&‘éﬁ]lﬂ, with
U(1) X Zsy. [Farzan, 1912.00408] 4


https://arxiv.org/abs/1705.01822
https://arxiv.org/abs/1912.09408

LHC Probe of NSI

100§ I 1 ||||||| 1 I I |||| “I I ||||||| I I ||||||| §
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10_1 = — €er . __ __ __ =
E — Cuw€rr _ €y — =

- 1072 =

:L P Cpfr — ]

| =—— LHC13 monojet Y ]
10-3L === LHCI3 dijet __
= HL-LHC monojet E

B | Lol | NN 1 1 |l||||| 1 111 l| ]

1073 102 101 10° 10

M VA ( TGV)

[Babu,Gongalves, Jana, Machado, 2003.03383] 47
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Loop-induced NSI

vp
Vo
> O GF_ JTgyp—
L"NSI = (eaﬁ + 60&[‘3) E"/"}’ TbVaW;LPLVﬁ, (¢ = €L, €rR, UL, UR," " )7
(1) 1 Vayr 2
&p= B oW, 0 - L VWauslyyl®
of g 277 BT 16n? 4miGp
ef & e [ eJ el el
model A 0(1073) 0(107%) O(107%) 0(107%) 0(107®) 0 0
model B 0 o0 o(1) 0107 0 0 0
model C 0 0 0 0 0(1072) 0(1072) 0(1072)

[Bischer, Rodejohann, Xu, 1807.08102]
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o
o Lecture 3: Going beyond ¢

e Scalar NSI
o Neutrino Self Interactions

o Neutrino-DM interactions
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Going beyond Vector NSI

@ Recall that the matter NSI operator involves (axial)vector currents:

LYS = —2\/§GF5£,)3((%7“PLVB)(JFWPXf) :
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Going beyond Vector NSI

@ Recall that the matter NSI operator involves (axial)vector currents:
LNSt = —2\/§GFE£,)@((77M“PLVB)(JFWPXf) .

@ For a leptonic charged scalar mediator, the NSI operator can be
Fierz-transformed to the usual form.
@ For instance, in the Zee model: [Babu, BD, Jana, Thapa, 1907.09498]
Y, Y*

£ef‘f =sin? (VaLng)(ZURVﬁL)
h+
1 9 Y. YB 4 -
= ——sin“p (7o PLvg) (Lo PrE))-

2 2,
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Going beyond Vector NSI

@ Recall that the matter NSI operator involves (axial)vector currents:
LNSt = —2\/§GFE£,)@((77M“PLVB)(JFWPXf) .

@ For a leptonic charged scalar mediator, the NSI operator can be
Fierz-transformed to the usual form.
@ For instance, in the Zee model: [Babu, BD, Jana, Thapa, 1907.09498]

9 Y., Y* _
£ef‘f = sin® (VaLng)(gaRVﬁL)
h+
1 Y., Y},
= —5 Sln2 Y2 6

@ But for a neutral scalar mediator,

L = 23" ) (D).

which cannot be Fierzed into a vector current, so it does not contribute to

(Va'Y'uPLVﬂ) (EO"YMPRZP)'
h+

the matter potential.
@ Same is true for a tensor current (Vo 0" vg)(fo,uw f). 50
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Scalar NSI

] m3
L D ~YapTadvp — YrfOf — Maplalp — 7¢2-

@ NSI induced by a neutral scalar mediator:

Ly = Sg 1),

appears as a medium-dependent correction to the neutrino mass.

[Ge, Parke, 1812.08376; Smirnov, Xu, 1909.07505]
o Field-theoretic understanding from neutrino self-energy correction at
finite temperature and density: [Babu, Chauhan, BD, 1912.13488]
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General Expression for Scalar NSI

m (oo}
Sag = %/ dko /K3 —m3 [y (ko) +np(ko)] = Amyag -

2
My Sy
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General Expression for Scalar NSI

Yapysmys [
Yop = %/m dko /K3 —m? [ns(ko) +np(ko)] = Ammugg -
f

(2
YfYap
7771% (Nf+Nf’) (u,T<<mf)
2
Yr¥ap™myg (3\3 (.2/3 2/3
Amyas = {2 2 (;) (N7 N) s me )

2
2 3
YfYapMms ™ (Nz/s Ng/3>
371% (124(3)) 7Nz (m<mp<T).

52



General Expression for Scalar NSI

Yapysmys [
Yop = %/m dko /K3 —m? [ns(ko) +np(ko)] = Ammugg -
f

3
Y5Yop ,
mg (Nf+Nf) (1, T < my)
2
YrYap™mys (3 5( 2/3 2/3)
Amy, . = —mi ) (ﬂ) Ny +Nf— (w>mp>T)

2
2 3
YfYapmmf ™ (Nz/s Ng/3> T
371% (124(3)) 7Nz (m<mp<T).

Special cases:
o Earth and Sun: N 7 = 0 and non-relativistic background of electrons
and nucleons. Include finite-medium correction for light mediators
Mg < R
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General Expression for Scalar NSI

m (oo}
Yo = %/m dko 1/ k& — m% [nf(ko) —I—nf(ko)] = Amyeg -
7

b
Y1Yap
7771% (Nf+Nf’) (1, T < my)
2
YrYap™mys (3 3( 2/3 2/3)
Amy, . = —mi ) (ﬂ) Ny +Nf— (w>mp>T)

2
2 3
YfYapmmf ™ (Nz/s Ng/3> T
371% (124(3)) 7Nz (m<mp<T).

Special cases:
o Earth and Sun: N 7 = 0 and non-relativistic background of electrons
and nucleons. Include finite-medium correction for light mediators
Mg < R
@ Supernova: Background nucleons are non-relativistic but electrons are
relativistic. Additional effects from large thermal mass and trapping of
the scalar.
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General Expression for Scalar NSI

Yapysmys [
Yop = %/m dko /K3 —m? [ns(ko) +np(ko)] = Ammugg -
f

3
Y5Yop ,
mg (Nf+Nf) (1, T < my)
2
YrYap™mys (3 5( 2/3 2/3)
Amy, . = —mi ) (ﬂ) Ny +Nf— (w>mp>T)

2
2 3
YfYapMms ™ (Nz/s Ng/3> T
371% (124(3)) 7Nz (m<mp<T).

Special cases:
o Earth and Sun: N 7 = 0 and non-relativistic background of electrons
and nucleons. Include finite-medium correction for light mediators
Mg < R
@ Supernova: Background nucleons are non-relativistic but electrons are
relativistic. Additional effects from large thermal mass and trapping of
the scalar.
o Early Universe: High-temperature limit. Thermal background of
neutrinos is relevant. 52



Constraints on Scalar NSI

10 (9-2)
10- Ammearn =107 eV & /{MEWA | BBN
10—12 /
RG/HB Stars/f
10-16 -
-20
= 10 Torsional Balances
10—24
|____Amsy>5MeV.
10—28
-32
10 y,=26x10710
10-36 Dirac v
1018 1014 10710 106 102 10? 106

my (€V) [Babu, Chauhan, BD, 1912.13488]

o Need Gegt = YfYap/ mi ~ 109G to have any observable effect.
@ Possible only for a sufficiently light scalar mediator.

@ Connection to Hubble tension? [see A. Trautner’s lecture] 53
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Comparison of Vector and Scalar NSI Effects
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Comparison of Vector and Scalar NSI Effects
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[Ge, Parke, 1812.08376 (PRL)]
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Future Prospects
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Future Prospects
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Future Prospects at DUNE
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Future Prospects at DUNE
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Neutrino Non-Standard Self-Interactions
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Hubble Tension
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Sterile Neutrino Dark Matter Production
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[Dhuria, Pradhan, 2301.09552; see also M. Dias’s talk]
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Astrophysical Constraints
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Laboratory Probes
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[de Gouvéa, BD, Dutta, Ghosh, Han, Zhang, 1910.01132]
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Updated Meson Decay Constraints

[BD, Kim, Sathyan, Sinha, Zhang, 2407.12738]
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Updated Meson Decay Constraints

[BD, Kim, Sathyan, Sinha, Zhang, 2407.12738]
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Updated Meson Decay Constraints

[BD, Kim, Sathyan, Sinha, Zhang, 2407.12738]
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The IR divergent part (1 — zom)? log xgm cancels between (1) & (2).
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Updated Meson Decay Constraints

[BD, Kim, Sathyan, Sinha, Zhang, 2407.12738]
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The IR divergent part (1 — zom)? log xgm cancels between (1) & (2).

Consequence of the KLLN theorem. [Kinoshita 62; Lee, Nauenberg *64]
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Updated Pion Decay Constraints
| S

v

1

0.500}

0.100
0.050§

0.010}
0.005}

0.001

mg [MeV]

S
z
3
FO/
=
v, (Bree) et ™
_PIENU|(w,, y
PIENU
(v, tree+loop )
V(i
7 v
$7 . .
S = limits from © — (v
0.1 1 10 100 1000 104

[BD et al., 2407.12738]

63


https://arxiv.org/abs/2407.12738

Updated Kaon Decay Constraints
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Updated Z Decay Constraints
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Updated Z Decay Constraints
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[Berryman et al., 1802.00009; de Gouvéa, BD et al., 1910.01132]

Interference terms | FD1 FD2 and | FD1{FD3  are @(gyz), like tree level Z — vv¢
[Brdar, Lindner, Vogl, Xu, 2003.05339; BD, Kim, Sathyan, Sinha, Zhang, 2407.12738]
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Neutrino-Dark Matter Interactions

Weak

interactions
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Neutrino-Dark Matter Interactions

Weak Dark Matter

interactions

Neutrinos
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Neutrino-Dark Matter Interactions

Weak ' Dark Matter

interactions

Neutrinos

[see also lectures by A. Ibarra and A. Smirnov]
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How to Observe v-DM Interactions Today?

l
Opacity : 7 = oyx/dl pxl)

my

For observable effect, need large opacity:
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How to Observe v-DM Interactions Today?

l
Opacity : 7 = oyx/dl pxl)

my

For observable effect, need large opacity:
o Large number density = Light DM.

70



How to Observe v-DM Interactions Today?

Opacity : 7 = 0, / dl

Px(l)

For observable effect, need large opacity:

o Large number density = Light DM.

@ Large neutrino travel distance through DM halo —=

Astrophysical/cosmological sources.
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Existing Constraints

o Cosmological:
o BBN and CMB |[Serpico, Raffelt *04; Boehm, Dolan, McCabe *13; Escudero *18;
Giovanetti, Schmaltz, Weiner *24]
o Collisional damping [Baehm, Fayet, Schaeffer *00; Bertoni, Ipek, McKeen, Nelson *14;
Akita, Ando ’23; Heston, Horiuchi, Shirai *24]
e Reionization History [Dey, Paul, Pal *22; Mosbech, Beehm, Wong *22]
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Giovanetti, Schmaltz, Weiner *24]
o Collisional damping [Baehm, Fayet, Schaeffer *00; Bertoni, Ipek, McKeen, Nelson *14;
Akita, Ando ’23; Heston, Horiuchi, Shirai *24]
e Reionization History [Dey, Paul, Pal *22; Mosbech, Beehm, Wong *22]
o Astrophysical:
o SNI1987A and future galactic SN [Mangano et al *06; Fayet, Hooper, Sigl *06]
o DSNB (future) [Farzan, Palomares-Ruiz *14]
o AGNSs [Arguelles, Kheirandish, Vincent *17; Murase, Shoemaker *19; Cline et al *22;
Ferrer, Herrera, Ibarra *22]
e DM self-annihilation or decay into neutrinos [Beacom, Bell, Mack *06;
Palomares-Ruiz, Pascoli *07; Covi, Grefe, Ibarra *09; El Aisati et al 17]
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Existing Constraints

o Cosmological:
o BBN and CMB |[Serpico, Raffelt *04; Boehm, Dolan, McCabe *13; Escudero *18;
Giovanetti, Schmaltz, Weiner *24]
o Collisional damping [Baehm, Fayet, Schaeffer *00; Bertoni, Ipek, McKeen, Nelson *14;
Akita, Ando ’23; Heston, Horiuchi, Shirai *24]
e Reionization History [Dey, Paul, Pal *22; Mosbech, Beehm, Wong *22]
o Astrophysical:
o SNI1987A and future galactic SN [Mangano et al *06; Fayet, Hooper, Sigl *06]
o DSNB (future) [Farzan, Palomares-Ruiz *14]
o AGNSs [Arguelles, Kheirandish, Vincent *17; Murase, Shoemaker *19; Cline et al *22;
Ferrer, Herrera, Ibarra *22]
e DM self-annihilation or decay into neutrinos [Beacom, Bell, Mack *06;
Palomares-Ruiz, Pascoli *07; Covi, Grefe, Ibarra *09; El Aisati et al 17]

o Laboratory: Meson decays, Z decay, 7 decay, double beta decay, v
scattering, etc. [Olivares-Del Campo, Beehm, Palomares-Ruiz, Pascoli *17; Berryman et al.
*18; Deppisch, Graf, Rodejohann, Xu *20; BD, Kim, Sathyan, Sinha, Zhang *24]
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Modeling v-DM Interactions

o Simplified EFT approach.

[Olivares-Del Campo, Beehm, Palomares-Ruiz, Pascoli, 1711.05283;
Blennow, Fernandez-Martinez, Olivares-Del Campo, Pascoli, Rosauro-Alcaraz, Titov, 1903.00006]

o Categorize models into DM and mediator types: Scalar, fermion, vector.
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Modeling v-DM Interactions

o Simplified EFT approach.

[Olivares-Del Campo, Beehm, Palomares-Ruiz, Pascoli, 1711.05283;
Blennow, Fernandez-Martinez, Olivares-Del Campo, Pascoli, Rosauro-Alcaraz, Titov, 1903.00006]

o Categorize models into DM and mediator types: Scalar, fermion, vector.

@ Secondary categorization: t-channel or s and u channel v-DM
scatterings, depending on the mediator type.

M X X W
§¢ or 2. & ¢
TN

Only free parameters: DM and mediator masses and couplings.
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Cross Sections

e Differential cross sections can be computed analytically and exactly.

do 1 E'? —_—
= —— M2,
dcosé 87 Ami 7 Z M
spins
L 1 1 n 1 —cosf
ere — = —+—.
v B B, my
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Cross Sections

e Differential cross sections can be computed analytically and exactly.

do 1 E'? —_
= ——F M|Z,
dcosé 87 Ami 7 Z M
spins
L 1 1 n 1 —cosf
where — = — 4 —-—.
£ E, My

@ Consider one example scenario:

Dirac fermion DM, (pseudo)scalar mediator:

—L = ¢D(gus+igup'75)y+¢>z(gxs+igxp'75)X'
tlg2 (t —4m?) + g2 t
S IMP = 4(g,+a2,) 4. ’ )
(t —mg)

spins

where t = —2E,FE!,(1 — cosf).
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Astrophysical Bounds
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Is v-DM Interaction Observable in a Future SN Event?
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Is v-DM Interaction Observable in a Future SN Event?

Depends on many things: DM density profile, location of the SN, DM and
mediator masses and couplings.
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Is v-DM Interaction Observable in a Future SN Event?

Depends on many things: DM density profile, location of the SN, DM and

mediator masses and couplings.
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Is v-DM Interaction Observable in a Future SN Event?

Depends on many things: DM density profile, location of the SN, DM and

mediator masses and couplings.
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Cosmological Bounds
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Laboratory Bounds
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Combined v-DM Constraints
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[BD, Kim, Sathyan, Sinha, Zhang, to appear (soon!)] 78
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Best Case Scenario for Local Supernova

Vector DM, Vector Mediator
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SN Neutrino Flux Attenuation
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Event Distributions (Without Attenuation)
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[Hajjar, Mena, Palomares-Ruiz, 2303.09369]
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Event Distributions (With Attenuation) at Hyper-K
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Possible to detect v-DM interaction but only for a spike profile.

[BD, Kim, Sathyan, Sinha, Zhang, to appear]
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Conclusions

e Explaining neutrino mass requires new physics.
o Inevitably leads to NSI at some level.

o Understanding NSI effects is essential for the correct interpretation of the
oscillation data.

@ Possible to get observable NSI in UV-complete neutrino mass models.
@ Heavy mediator case is done. Light mediator case requires more work.
@ Going beyond vector NSI: Scalar NSI requires ultralight scalars.

@ Neutrino self-interactions: Important implications for cosmology and
astrophysics.

@ Updated laboratory constraints on mediators.

@ Neutrino-DM interactions and the case for a future galactic SN.
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