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We present the first search for new flavor-dependent long-range interactions (LRI) of neutrinos us-
ing publicly available & years of high-purity v, CC data from IceCube DeepCore. These interactions
are mediated by ultra-light gauge bosons with masses below 107" ¢V, which can arise due to a new
lepton-number gauge symmetry, such as L. — L, or L. — Lr. These long-range interactions induce
matter potential between neutrinos and abundant electrons present in distant astrophysical sources.
These LRI potentials could modify neutrino oscillation probabilities. By probing the effects of LRI
on atmospheric neutrino oscillations at IeeCube DeepCore, we place world-leading constraints on

the coupling strength of these interactions.

Introduction.— The discovery of neutrino oscilla-
tions [1-5] established that neutrinos possess nonzero
masses and undergo flavor mixing, highlighting the need
for an extension of the Standard Model (SM) of particle
physics. This makes neutrinos a unique probe to search
for potential signatures of physics beyond the Standard
Model (BSM). A broad class of proposed BSM models
predicts new flavor-dependent interactions for leptons.
Since neutrinos with different flavors experience these
interactions differently, the oscillation patterns get mod-
ified, which can be seen in neutrino oscillation exper-
iments. Over the years, various neutrino experiments
have investigated the possibility of such BSM interactions
and placed limits on their coupling strengths, including
studies with atmospheric [6, 7], solar and reactor [8-10],
long-baseline [11-15], astrophysical neutrinos [16, 17], as
well as with thelr combinations [18-24]. Also, there are
other complementary constraints on these BSM interac-
tions from phenomena not involving neutrinos [25-30]. In
this letter, we use weakly interacting neutrinos produeced

in the atmosphere of Earth to search for such lepton
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Long-Range Neutrino Interactions
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U(1)’ Extension of Standard Model (SM)

Standard Model is a gauge theory based on, Vo Vo,
SU(3). ® SU(2), ® U(1), 97

It requires an extension to accommodate
unexplained issues such as neutrino mass, baryon Z!
asymmetry, dark matter, etc.

One possible way to expand it, is by an additional 9z?

U(1)’ symmetry,

SU(3). ® SU(2), ® U(1), ® U(L), bay u, d by u, d
% M. Bustamante & S. K. Agarwalla, PRL122(2019)

% X.-G. He, G.C. Joshi, H. Lew, R. R. Volkas,
PRD 43 R22 (1991)

where, X =L L, &L L,

These are abelian flavor-dependent symmetries & A Khatun, T. Thakore, & S. K. Agarwalla,
. . . . JHEP04(2018)023
This model does not require any exotic particles & S.S.Chatterjee, A. Dasgupta, S. K. Agarwalla,
] JHEP12(2015)167
These symmetries are sourced by the electrons & S.K. Agarwalla, et. al, JHEPOS(2023)113
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U(1)’ Extension of Standard Model (SM)

e Out of Le- Ly & Le- Ly, Only one symmetry can be
gauged in an anomaly free way at a time

* An additional flavor-dependent neutral current
interaction

* Z’ may be very heavy or very light in nature

* Avery light Z’ gauge boson (m,. < 10 eV) gives
rise to leptonic flavor-dependednt Long Range
heutrino interactions
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Long-Range Interaction (LRI)

Interaction range, 1/ m

5 kpc]

Under L - L; (B = |, T) symmetry, a neutrino located

T o1 10716 Sun _ _
MMBRRLIETIAT - 7| aorev) at a distance d from a collection of N, electrons
1075 | A 1410 experiences a Yukawa like potential,
107 ¢ - N,
a ~153, V G —m; gd
i 2 8 dmd®
% 0¥ _ .
g 1078 e where m’_, is the mass of mediating Z’_, boson
o = ep ep
10-2 | ST -3 * LRI strength depends on the electron content of the
155 celestial objects within the interaction range d
; T e * Step-like transitions in potential is due to the
/6—35' 100 10-3 10-® 10-15 109-1 | Galactic contributions from various sources at different
cacu Mediator mass, mi,ﬁ [eV] ((J-Zoe_gt:\;‘) distances
oy Can we probe these flavor-dependent neutral-

current long-range interactions using attmospheric
neutrino oscillations at IceCube DeepCore?

2 Feb, 2026

M. Bustamante & S. K. Agarwalla, PRL122(2019)
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Atmospheric Neutrinos

103: A I I I B
Primary Cosmic Particles SPL all direction average .
(p, He, ...)
Interaction with Particles 7r+ — y,+ + v N; 2
_of Earth's Atmosphere a H ﬁ 107
: pt = et + v+, "
" _ _ _ o
T = Yy E
N. — — — Lk
v :.:ve :: e [_,L — @ —|_ Ve —|_ 1/# £}1 01
| — PRD92, 023004 (2015)
" Detector
10! 1 10 102 10° 10*
E, (GeV)
e Baselines: ~ 20 km to 12700 km * In the GeV range, initial atmospheric neutrino
- Wide energy range: few MeV to flux is almost isotropic (up-down symr?;—:-trlc)
more than TeV * Steeply falling power-law spectra (~E ) in the

GeV range
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Neutrino Oscillations

Neutrino flavor eigenstates v_ as superposition of mass eigenstates v,

Vo = E UaiVi
7

1 0 0 C13 0 sl3e_i5CP C12 s;o O
U = 0 Co3 S23 0 1 0 — S12 Ci2 0
0 —so3 Cp3 — 513€19%CP C13 0 0 1
where, cj; = cos @ and s;; = sin 6j;.
Probability of oscillation of flavor a to f3:
P(va = vg) = |UsnUzy + UpaUlpe 2D 4+ UggUlye 22|
Am?3, L, Am?3
where, A = %, Am?j =m; — m?, and «a = Arﬂ;;

Coherent elastic scattering with ambient electrons inside the Earth
resonance in the oscillation probabilities.

e Normal Ordering (NO): (ms > mg > mq)

Anil Kumar | Constraining Long-Range Neutrino Interactions with DeepCore Data | PRL

Osc. Params. Nominal
0, 33.41
0, 8.58
Scp 0
Am?,, 7.41e-05

This analysis is performed
assuming normal mass ordering.

leads to

e Inverted Ordering (I0): (mo > mq > mg3)

2 Feb, 2026 Page 8



Long-Range Interaction (LRI) Hamiltonian

The effective Hamiltonian in the flavor basis in presence of LRI,

0 0 0  Vem O § | c 0 0
Hi=U|o &2 o |Ut+]| 0o o0 o0|+]0 ¢ 0 Where,
0 0 Amyy | 0 00| |00 n Voo = £V2GpN.
Vacuum Std. Matter V(LRI)
e [ \
For L,-L,symmetry,{=V, ,&=-V, & =0 ] Diag (V,, -V, 0)
: VLRI = {
ForL-L_symmetry, {(=V,,£=0& 1N =-V,, ] Diag (V,, 0,-V,)
\ \ /)

« For antineutrinos, V.. & V change their sign

eul/er

* WhenV,,, = Am231/ E=V.,= 10" eV, its effect can be observed in atmospheric neutrino

oscillations
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Effect of L.- L, on Probability Oscillograms

P (v, — ), SI+LRI P (1, — ), SI P (v = v,), [(SI+LRI)—SI]
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IceCube Neutrino Observatory

IceCube Lab | p—— 1000m

X\-\:_- = IceTop 5 e ¥ i
e s - = = & __— 81 Stations oo BB N mDOM
50m —— =——— = = = = 324 optical sensors % s I
™ S . ,,;”_‘Z‘x'\ e
IceCube Array ° N S P Kol w8
86 strings including 8 DeepCore strings / \ oo PRty oo
5160 optical sensors ! \ . & .
p : o . ® . : 5 g n®
i ® o & (Y i el w BT
| ° ;
A\\ ] . . ",
1450 m ' v
17m
DeepCore -
8 strings-spacing optimized for lower energies 100m 7m
480 optical sensors I
"""""" 3m
Eiffel Tower 1
A Js . o .0 D-Egg
1450
2450 m lceCube  DeepCore  Upgrade Lk > >
2820 m

‘Bediock

* Neutrino interactions —» Cherenkov photons —» DOMs
* IceCube: up to PeV energies

« DeepCore: GeV-scale

* IceCube Upgrade: Energy threshold of a few GeV
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Events at DeepCore

Red = Early Hits
Blue = Late Hits

Signals: Tracks Cascades
" Ve Ve Vo N R R R e R Ko
* Predominantly DIS interactions | =~ ¥ gt vAR L AR R e
* Operate above 1 production I 8 e .. HRSIRENT
threshold of 3.5 GeV At T : @ @Y T
URE -4 5. 28 ¥ o
. 9. @0 e - @
SR SRR AR LN
Backgrounds: A LA BN @Y.
. — . —
e Atmospheric muons 0 N 1
. .
Random detector noise mostly u,fc pCC e NC

Anil Kumar | Constraining Long-Range Neutrino Interactions with DeepCore Data | PRL

A. Terliuk, Ph.D. thesis (2018)
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Event Selection and Reconstruction

1
10 —— U Ve
. ] —— Ve —§— noise
10 E Vy data
o 1071 3
h
[}
S 1077 3
- E
1073 4 ¢ —o \o
E —e
10—4 a R‘
1 1 1 1
L2 L3 L4 L5
DeepCore Basic Muon & Noise  Advanced
Filter Background BDTs Muon Veto
Reduction

Filters at various levels reduce
backgrounds such as noise and
atmospheric muons below 1% of signal.

PRD 108, 012014 (2023)

Publicly available golden event sample

2011-2019 : 8 years of DeepCore data

Quick reconstruction for events with
only unscattered photon

Computationally less expensive
Clean events

Lower statistics (~22Kk)

High purity v, CC event sample
Analysis using track-like events only

Assume normal mass ordering
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PRD 108, 012014 (2023)

8-year Golden Event Sample

Mixed Tracks

200

150

§ o6 - 100 ”
—0.8 - 50
-1.0 T T —T — B — —
8 16 32 64 128 8 16 32 64 128
Ereco (GeV) Ereco (GEV)
Binning Scheme :
: Egre]irt%y—_l%)olifga?lga Isnir[16fi_olf]£3 5] GeV Particle Identification (PID) score is the
gy probability for an event to be v, CC

. PID — Mixed : [0.55, 0.75] & Tracks [0.75, 1]
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Effect of L.- L, on Expected Events

150
0.00 PID = Mixed PID = Tracks

7

Qo _025 B 100 Z

§ | |
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8 —0.50 ~
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-0.75 L n

| l 8

1 o Lo Al I

S 16 32 64 128 8 16 32 64 128
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The difference of expected MC events at DeepCore for Sl + LRI
(V,, =5 x 1074 eV) and Sl scenarios.
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Results

4.0

—— Observed =---- Expected
BN Trials 68% Trials 90%

DeepCore 8 - year golden event sample

90% C.L.

68% C.L.

Vo, [10715 eV]

mod

Aszod = szod (VLRI leEd) - szod (VLRI free)

4.0

3.5

3.0

2.0

1.0

0.0

25F |

15k

0.5 Hii

— Observed =--- Expected
I Trials 68% Trials 90%

DeepCore 8 - year golden event sample

90% C.L.

68% C.L.

T2 4 6 8 0 12
Ver [10_15 eV]

* The best-fit values are : V_, = 8.9 x 10" eV,V,_=4.8x10"" eV (consistent with no LRI)

» The 90% upper bounds are : V,,<8.9x 10 " eV, V, <9.2x10 " eV

Anil Kumar | Constraining Long-Range Neutrino Interactions with DeepCore Data | PRL
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« Constraints on LRI potentials for L, - L,

Results

& L, — L. symmetries in terms of the

coupling strength g’ & the mediator
mass m,. at 90% C.L.

DeepCore put the most stringent
experimental bounds on such long-
range interactions using neutrino data

References:
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Summary

The 8-year high-purity v, CC golden event sample of IceCube DeepCore can be used
to test various BSM models

We explore the U(1)’ symmetry using DeepCore data

We put the best constraint on LRI potential using the DeepCore data

We also put the bounds on mass and coupling of ultra-light gauge boson

Thank You
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NSI and LRI

% NSl is a short range interaction while LRI is a long range interaction

% LRI depends on the type of symmetry

% NSI hamiltonian can have both real and imaginary terms

% LRI Hamiltonian has only diagonal terms which can be only real

% NSI depends on the density of ambient electrons present inside the Earth

% LRI is sourced by the electrons present in large celestial objects

00 0 1+ €ee Eep Eer 0.0 0] = [Vecoo] Vo 0 0
T F r + — 7 M2y T R Ve
.Jr.l; = f.-' [} Jrf:ri [} { I ‘I‘ 1{'(1 _'f'l: Iy '.j-.“.“ :,IJT HJ'F Uio 2K 7?;5 Ut + 0 00|+ 0 Lf-’-#i 0
0 0 ks L. ERaE 0 0 S 0 00 0 0 0
NSI Hamiltonian LRI Hamiltonian 20
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Long-Range Interaction (LRI)

® The Solar electrons can generate a flavor-dependent long-range potential V at

eu/et

the Earth’s surface as,
O]

N, _ Aep/er
e e 1014\/( . )
Reg x Y \10-53

‘/e,u/eT (RSE) = Qep/er

where, N_® denotes the total number of electrons (= 10%) inside the Sun,
Qe = 9% /4T IS the fine structure constant of the coupling,
R, is the Sun - Earth distance (= 1.5 x 102 cm = 7.6 x 10% GeV?)

® | RI potential due to the Earth can be neglected safely as,

Veu/er (RE) = 005 Veu/et (RSE)

21
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Present Bounds

Experiment

LRI Potential V_ ,_(eV)

ep /et

Reference

IceCube

DeepCore**

V,, < 0.89 X 10"4(90% CL)
V.. <0.92 X 10"4(90% CL)

Present work
constraints**

Super-Kamiokande*

V,, <5.5 X 10"3(90% CL)
V. <6.4 X 103(90% CL)

A. Joshipura & S. Mohanty
PLB 584 (2004)

Solar + KamLAND*

V,, <44 X 10 (30)
V,_<33X1043 )

A. Bandyopadhyay, A. Dighe, &
A.S. Joshipura
PRD 75 093005 (2007)

ICAL-INO (500 kt.yr)

Ve <1.6 X107 (90% CL)

ep/et

A. Khatun, T. Thakore, &S. K.
Agarwalla
JHEP 04 (2018) 023

DUNE + T2HK

V,, <156 X103 )
V, <132X104(3 )

S. K. Agarwalla, et. al,

JHEP 09 (2024) 055

Anil Kumar | Constraining Long-Range Neutrino Interactions with DeepCore Data | PRL
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Effect of L.- L: on Probability Oscillograms

P (v, — 1), SI+LRI P (v, —v,), SI P (v, — ), [(SI+LRI)—SI]
0.0 10 00
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disappears I 2 4 8 163264128 0 MO8 16 32 64128
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P (Ve — 1), SI+LRI P (v > 1,), SI P (ve — v,), [(SI+LRI)—SI]
0.0 ‘ 10 00
Ver=5x10"14 eV _ V. =5x10""eV,
_0.2 - -
i0‘4 - -
_0'6 = -
: 2 -08f -
10 > 0.0 -1.0 |
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Final Level Resolutions - Golden Sample

—— median
--- 68%

v + 9, CC

—— median

4
4
)

————

——

[GeV]

Eu. reco

10!

distribution density

median
68%

vr+ v CC

—— median
-== 68%
et Li

. mad

—Furer

e

~fe=_r
Allv+ v NC

[GeV]

(
E, v, reco

102

10!

-0.8 -0.6 -0.4 -0.2
Cosgtrue

vy, CC events have better energy and direction
resolutions than ve CC and v NC events

PRD 108, 012014 (2023)
Anil Kumar | Constraining Long-Range Neutrino Interactions with DeepCore Data | PRL

-0.8 -0.6 -0.4 -0.2

cos etrue

102

—— ve + 7, CC Vi + u, CC
vr + b, CC ——allv, NC

101 £

—

o
|
]

Ll

| Track-like
—

0.2 0.4 0.6 0.8
PID score

—h
<
N

o
—_

Particle Identification (PID)
score is the probability for an
event to be v, CC

PID classification
 Track-like: 0.75 < PID < 1.00

* Mixed: 0.55 < PID <0.75
2 Feb, 2026 Page 24
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Event Sample

Type Events Rates [1/10° s]
v, +u, CC 17656 75.03
ve +v, CC 1820 7.74
v, + v, CC 603 2.56
Vaip + Van NC 1222 5.19
Atmospheric u 711 3.02
Total (best-fit) 22012 03.54
Observed 21914 93.08

Anil Kumar | Constraining Long-Range Neutrino Interactions with DeepCore Data | PRL
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Effect of L.- L on Event Level

150
0.00 F PID = Mixed PID = Tracks

7

@) _025 B 100 z

&é | |
2 050k =
8 —(0.50 ~
= =50 +
—0.75r 75)

| * l 8

_100 —_I_l_! 1 1 1 - O

1 1 1 1 1 L |
8 16 32 64 128 8§ 16 32 64 128
Ereco [GEV] Ereco [GEV]

The difference of expected MC events at DeepCore for Sl + LRI
(V.. =5x101eV) and Sl scenarios.
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Systematic Treatment

@® Flux uncertainties [Pion & Kaon production uncertainties (Barr et al., Phys. Rev. D 74, 094009)]

@® Cross section [Axial mass uncertainty for resonance and quasielastic events, GENIE - CSMS
transition for DIS (JHEP 08, 042 (2011))]

@ Detector & Ice properties [Better treatment for modeling the optical properties of ice, PMT charge

calibration]
@ Oscillation parameters

@® Atmospheric muon (scale) [Gaisser et al.+ Sibyll2.1]

@® Normalization of neutrino event counts [calibration + flux models]

Total number of free systematics: 18

For more detdils, please see:
arXiv:2304.12236v1
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.094009
https://link.springer.com/article/10.1007/JHEP08(2011)042
https://link.springer.com/article/10.1007/JHEP08(2011)042
https://link.springer.com/article/10.1007/s11467-013-0319-7
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.094003
https://arxiv.org/abs/2304.12236

Parameter Best-fit (V.,) Best-fit (V.;) Nominal value Prior Range
Detector:

DOM efficiency 1.064 1.064 1.0 +=0.1 [0.8, 1.2]
Ice absorption 0.974 0.974 1.0 - [0.9, 1.1]
Ice scattering 0.988 0.988 1.05 - [0.95, 1.15]
Relative eff. pg —0.269 —0.269 0.10 - [~ 0.2, 0.6]
Relative eff. p, —0.043 —0.043 —0.05 - [-0.2,0.2]
Atmospheric flux:

A 0.064 0.064 0.0 +0.1 [~ 0.5, 0.5]
An* yields [A-F] 0.061 0.061 0.0 +0.3 [~ 1.5, 1.5]
Ant yields G —0.055 —0.055 0.0 +0.15 [~ 1.5, 1.5]
Ax® vields H —0.018 —0.018 0.0 +=0.15 [-0.75, 0.75]
AK™ yields W 0.085 0.085 0.0 +0.4 [~ 2.0, 2.0]
AK™T yields Y 0.107 0.108 0.0 +=0.3 [~ 1.5, 1.5]
AK™ yields W —0.009 —0.009 0.0 +0.4 [~ 2.0, 2.0]
Cross-section:

MG (in o) 0.062 0.062 0.0 +1.0 [—2.0, 2.0]
MSRES (in ) 0.606 0.606 0.0 +1.0 [—2.0, 2.0]
DIS CSMS 0.034 0.035 0.0 +=1.0 [—3.0, 3.0]
anc/oce 1.127 1.127 1.0 +0.2 [0.5, 1.5]
Normalization:

A.g scale 0.824 0.824 1.0 - [0.6, 1.4]
Atmospheric muons:

Atm. p scale 1.365 1.365 1.0 - [0.7, 1.5]

Oscillations:
B3

A 2
Amg,

45.385°
0.002489 eV?

45.297°
0.002489 eV?

45.573°
0.002484 eV?

[38°, 52°]
[0.002, 0.003] eV?
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Goodness of fit and Data - MC Agreement

0 EXP. £20g Obs. 22, _— PID = Mixed PID = Tracks
T —/ L-L, == L, —L,(p=0.26) —— L.—L, Best-fit
or e i o 2000 - I éi)]_di;]z::tﬁstample r Ky E-E- 1
L '3
TE 60__ % 1500 3 ;'l; -
= i | I
% R % 1000 i: |
8 40 = r* L :*
g - oo R
> 30_— e[
201 0 T 2 .'I"l 2
L 10 10 10 10
10 F Ereco [GeV] Ereco [GeV]
0™"40 160 180 200 220 240 260 1655 — 12— Mixed HID = Tl
. )(rznod . L -5
® We perform 500 fits to pseudo-data trials that T L
. . it T
are generated by fluctuating best fit template g woor eyt gt
S |
® Observed x?_ .4 has a p-value of ~25 %, 8
. . . LE 500 - = L.—L, Best-fit
indicating good agreement between Lot
. - L olden event sample
simulation and data

0 1 | 1 1
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