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Robust three-flavor neutrino oscillation paradigm
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Non-zero neutrino mass: first experimental proof (gateway) for BSM physics

Several BSM possibilities can be introduced in the framework of Effective Field Theory (EFT)

A5 L 8 e d=5 Weinberg Operator: LLHH, A: New Physics Scale
[Leg = Lsu + A 0= + A2 O ... S. Weinberg, PRL 43 (1979) 1566

BSM Scenarios naturally arise due to different mechanisms for generating v masses (e.g., seesaw)

Many models of BSM physics suggest new fundamental particles and interactions, new sources of
CP violation, lepton number and lepton flavor violations, possibilities of Lorentz and CPT violation
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BSM Scenarios naturally arise due to different mechanisms for generating v masses (e.g., seesaw)

Many models of BSM physics suggest new fundamental particles and interactions, new sources of
CP violation, lepton number and lepton flavor violations, possibilities of Lorentz and CPT violation

ﬂh'obe BSM Physics at High Energies (TeV-PeVN

High-Energy (TeV-PeV) Astrophysical Neutrinos
coming from cosmic distances (Mpc-Gpc)

Giant Neutrino Telescopes: IceCube@South Pole,
KM3NeT@Mediterranean Sea, future IceCube-Gen2

Novel Approach --
%w Physics beyond the reach of modern Collidey
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Non-zero neutrino mass: first experimental proof (gateway) for BSM physics

Several BSM possibilities can be introduced in the framework of Effective Field Theory (EFT)

A5 ik =6 _ . ¢ d=5 Weinberg Operator: LLHH, A: New Physics Scale
[C"B = Lsu + A 0= + A2 O ... S. Weinberg, PRL 43 (1979) 1566

BSM Scenarios naturally arise due to different mechanisms for generating v masses (e.g., seesaw)

Many models of BSM physics suggest new fundamental particles and interactions, new sources of
CP violation, lepton number and lepton flavor violations, possibilities of Lorentz and CPT violation

ﬁobe BSM Physics at Low Energies (MeV—Ge\N
ﬂh'obe BSM Physics at High Energies (TeV-PeVN
Low-Energy (MeV-GeV) Accelerator & Atmospheric

High-Energy (TeV-PeV) Astrophysical Neutrinos Vs travelling terrestrial distances (few m - 1000s of km)
coming from cosmic distances (Mpc-Gpc)

Accelerator: NOvA, DUNE@USA, T2K, HK@Japan

Atmospheric: Super-K, DeepCore, DUNE, Hyper-K
Giant Neutrino Telescopes: IceCube@South Pole, P P P P

KM3NeT@Mediterranean Sea, future IceCube-Gen2 Expected to measure oscillation parameters with a

precision around a few % -- sensitive to sub-leading
Novel Approach -- BSM physics at low energies

%w Physics beyond the reach of modern Collidey
Complement BSM search @ High-Energy Colliders
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« DM-v interaction

.DE-v interaction
.Lorentz+CPT violation

Neutrino d
Heavy relics eutrino decay,

DM annihilation, ong-range interactions>)

DM decay. Secret vv,interactions Supersymmetry.

e Sterile v Effective operators,

Boosted DM. Leptoquarks
Extra dimensions,

Superluminal v
Monopoles
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Alters neutrino flux
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Agarwalla et al., JHEP o5 (2012) 154 Boosted DM. *Leptoquarks

NSI Extra dimensions,

Superluminal v
Monopoles
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Alters neutrino flux
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Alters neutrino flux, oscillation, mixing

(Acts during propagation)

« DM-v interaction

(Acts at production)

DE-v interaction
,Lorentz+CPT violation

Neutrino d
.Heavy relics eutrino decay,

DM annihilation, Long-range interactionss

DM decay,

Secret v, interactions  Supersymmetry.

Effective operators,

*Leptoquarks

Extra dimensions,

Superluminal v
Monopoles
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Alters neutrino flux, oscillation, mixing
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A new multi-dimensional approach — four key observables of astrophysical neutrinos

Standard expectation:
Power-law energy spectrum o\(\““
e

R

Standard expectation:
Isotropy (for diffuse flux)

/
qc:?(? ///@cts dlring propagation)
£ 5

DM-v interaction

Acts at production : ;
( . /)/% LorentZ+CPT violation S
Arguelles, ino

Heavy relics

Bustamante,
Kheirandish, DM annihilation
Palomares-Ruiz, \ DM decay.
Salvado, Vincent,

PoS ICRC2019 (2020) 849

For applications, see:
Song, Li, Arguelles,
Bustamante, Vincent,
arXiv: 2012.12893 [hep-ph]
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energy spectrum, arrival directions, flavor composition, and arrival times to explore BSM Physics
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Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v,, vy, v:

See talks by Alfonso Garcia & Teppei Katori
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f, Neutrino oscillation ”.
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Oscillation probability Neutrino flavor ratio at Earth
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3 Assumption:
Pog =Y _ |Uail*|Usil" Neutrino propagating in vacuum

i=1
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New interaction induces

[ SU(3)C R SU(Q)L R U(])Y R U(])'x] flavor-dependent Yukawa potentials
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. 79
Cosmological electrons (10" ¢

Matter particles inside the interaction range
will contribute to the potential

Under the L-L, or L-L. symmetry, an electron sources a Yukawa potential —

Z’ couplin Z’ mass
oup gﬂ /2

X g g5 0
Sun (107 e) ' V o~ 268 Mg

T . .
Distance to neutrino

A neutrino “feels” all the electrons within the interaction range ~(1/m")

Interaction range < 1
XAT rnzl
\]]H\\ \\. \
Nf —mgd
‘/f _ / Mz €
qz 4md

Not to scale

Vi(mz, G) = (VP + VE + VD 4+ VIV vpe)

Huge Electron repositories in the local and distant Universe

(N 11 .. . . ,

Oscillations sensitive to long-ranged flavor interactions WRia = ba E afVi(mz, G)
between neutrinos and electrons. Use flavor composition f=epn

\Of TeV-PeV astrophysical neutrinos at IceCube

Bustamante, Agarwalla PRL 122, 061103 (2019)
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Interaction range, 1/m’, [kpc]
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» Neutrino propagation Ham1lton1an

H = Hvac + Vmat + V
New potential

Hyoc = 2EU diag(0, Am3,, Am3,) UT | Vimat = diag(Vee, 0,0)

Virt = diag(Ve, =V¢,0)

 Neutrino flavor transition probability ATh?jL/ (2FE) > 1
3
P = Umn P \um?® . Modified
o parameters

* Neutrino flavor compostion at Earth

fa, - paf, , fa,GB_)(fe:fu:fr)@
) B;’Tﬂ ” fas = (fe: fu:fr)s  (eifu:fr)s=(1:2:0)
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Interaction range, 1/m, 5 [kpc]
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Dependence of the Ax? function on the effective NSI parameters
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dimension-6

4-fermion 90% C.L. range origin Ref.
Ope:tors semileptonic NSI
< exd? [—0.015,0.015] Daya Bay [13]
Ay eadk [—0.026, 0.026] NOMAD [33]
S = ezdR [—0.037,0.037] NOMAD [33]
&3 exdl [—0.087, 0.087] NOMAD 33]
< v udR [—0.12,0.12] NOMAD [33]
& % eudL (~0.013,0.013] NOMAD 33]
f.‘;m% = erdht [—0.018,0.018] NOMAD [33]
2 | F
INEIRES purely leptonic NSI
=, = i
@ b el ere [-0.025,0.025) KARMEN [33]
Y = ehel, et [-0.030,0.030]  kinematic G  [33]
I
S Farzan, Tortola, Front.in Phys. 6 (2018) 10
Q

Ref. [13]: Agarwalla, Bagchi, Forero, Tortola, JHEP 07 (2015) 060
Ref. [33]: Biggio, Blennow, Fernandez-Martinez, JHEP 08 (2009) 090
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, 90% confidence level bounds
Experiment
Ee“ Ee'r 6'“1-
IceCube [160] - - leur| < 0.01
DeepCore [161] |Een| < 0.143 | |eer | < 0.17 leur| < 0.0228
ANTARES [162] - - —1.4x 1072 <5, < 0.87 x 1072
KM3NET/ORCA [163] | |gep| < 0.168 | |ger| < 0.22 lepr| < 0.0162
NOvA [164] lgep| <03 | |eer| <04 -

Krishnamoorthi J. et al., arXiv:2507.02167 [hep-ph]

Ref. [160]: IceCube Collaboration, PRL 129 (2022) 1, 011804
Ref. [161]: IceCube Collaboration, PRD 104 (2021) 7, 072006
Ref. [162]: ANTARES Collaboration, JHEP 07 (2022) 048
Ref. [163]: KM3NeT Collaboration, JCAP 02 (2025) 073

Ref. [164]: NOvA Collaboration, PRL 133 (2024) 20, 201802
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High-energy astrophysical neutrinos detected by big neutrino telescopes may
reveal the presence of new fundamental particles and interactions, probing
energy and distance scales far exceeding those accessible in the laboratory

Various BSM scenarios may affect the outcome of next-generation high-precision

neutrino oscillation experiments as the precision on the neutrino oscillation
parameters and CP violation measurements continues to improve

BSM physics may become the dominant physics topic of next-generation neutrino
experiments!

Stay tuned!
Apologies for missing your important work. Time is too short to cover everything

Thank you!
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Universe’s Worth of Electrons to Probe Long-Range Interactions of High-Energy
Astrophysical Neutrinos

Mauricio Bustamante'” and Sanjib Kumar Agarwalla™*"
'Niels Bohr International Academy and Discovery Center, Niels Bohr Institute, Blegdamsvej 17, 2100 Copenhagen, Denmark
*Institute of Physics, Sachivalaya Marg, Sainik School Post, Bhubaneswar 751005, India
*Homi Bhabha National Institute, Anushakti Nagar, Mumbai 400085, India
*International Centre for Theoretical Physics, Strada Costiera 11, 34151 Trieste, Italy

®  (Received 27 September 2018; revised manuscript received 9 January 2019; published 12 February 2019)

Astrophysical searches for new long-range interactions complement collider searches for new short-
range interactions. Conveniently, neutrino flavor oscillations are keenly sensitive to the existence of long-
ranged flavored interactions between neutrinos and electrons, motivated by lepton-number symmetries of
the standard model. For the first time, we probe them using TeV-PeV astrophysical neutrinos and
accounting for all large electron repositories in the local and distant Universe. The high energies and
colossal number of electrons grant us unprecedented sensitivity to the new interaction, even if it is
extraordinarily feeble. Based on IceCube results for the flavor composition of astrophysical neutrinos, we
set the ultimate bounds on long-range neutrino flavored interactions.

DOI: 10.1103/PhysRevLett.122.061103
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