o y MCcDONNELL CENTER
= I FOR THE SPACE SCIENCES
EWashU :

Neutrino Non-Standard Interactions (NSI)

Bhupal Dev
(bdev@wustl.edu)

Washington University in St. Louis

\
‘ EuCAPT

Astroneutrino Theory Workshop 2024
Prague, Czech Republic

September 1, 2024



@ Lecture 1: NSI Basics

o Why care about NSI?
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Wolfenstein parametrization of (vector) NSI

NSI in propagation (NC), production and detection (CC)
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 ™~ O. 1 —14 ('0> <e> .
Voo = Vi = V2GpN, ~ 3.8 x 107 eV am/en? ) L0



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 Eﬁ?(ﬂa'YNPLVEXf’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,
Eaf = Z ﬁff?ig = ocﬁ + ﬁ(%aﬂ +€a5) + F( + 2%5)
fe{eu,d}
= 5% + 2+ Yn)eg‘é +(1+ 2Yn)5%

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.
@ Leads to extra matter effect in propagation:

)

2
P(vy — vg) = ’ vgle™ i(H+Vysi) L|V )‘

Eee Eeu Eer

where Vst = V2G N, Eep Eup Epr
* *

g

Eer 1%s Err


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

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




Induces non-standard oscillations during propagation
cd [ v, I I A ; 146, € v,
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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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\ Zero-distance effect \ [Langacker, London (PRD "88)]



https://inspirehep.net/literature/261493

Interesting Near-Detector Physics

ls

Um)si Ul | UL, Gr

Vs VMi Vo vl

L_M—eigenstate [figure from T. Ohlsson]

2
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P(va = v5) = Y [UUna; exp <1%> [0 Un] 5

4F

i

\ 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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[Blennow et al 1606.08851]
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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
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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 ef 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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[Chatterjee, BD, Machado 2106.04597]
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https://arxiv.org/abs/2106.04597

Dependence on dcp
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[Chatterjee, BD, Machado 2106.04597]
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Breaking Degeneracies
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Improved dcp Sensitivity
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[Chatterjee, BD, Machado 2106.04597;

see also De Romeri, Fernandez-Martinez, Sorel, 1607.00293]
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Hint of NSI

SM SM + NSI () SM + NSI (£e7)
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[Chatterjee, Palazzo 2008.04161 (PRL); see also Denton, Gehrlein, Pestes 2008.01110 (PRL)]
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https://arxiv.org/abs/2409.10599

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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[Chatterjee, Palazzo 2409.10599]
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But not conclusive yet!
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Strong constraints from IceCube and KM3NeT
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[KM3NeT, ICRC 2023; IceCube 2201.03566 (PRL)]
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o Lecture 2: NSI Model Building and Phenomenology

o Challenges
e EFT approach

UV-completion

Heavy mediators

Light mediators

Loop-induced NSI
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