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» Neutron Star Eclipses as Axion Laboratories
(VB, D. S. Chattopadhyay, arXiv:2504.02030)

» Does the 220 PeV Event at KM3NeT Point to New Physics?
(VB, D. S. Chattopadhyay, arXiv:2502.21299)
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Motivation: Strong CP Problem and Axion

» take QCD with 1 quark

m = es®

0 -,
Lop D o 275 Cuvpo G4 GE7 — i)
» under chiral rotation )/ = e 2’

p—>¢ =¢+a, 00 =0-a
» 0 =0+ ¢ is invariant and we can

not rotate away the CP violation
terms in the strong sector

» neutron electric dipole moment
~ 1071*0 e cm and measurements
give |d,| < 1.8 x 107%%e cm

> ) < 10712 (strong CP problem)

» introduce U(1)pq symmetry
which is spontaneously broken
and generates axion
a 1

LD — - 3or 26,“,ng vGre

» from the axion potential we find
that its VEV is (a) = —0f,

ap) =0

> we got L, D —Oz5—5€0GE G5’
which cancels GP term in QCD £

> redefine a, = a — (a); (

P in addition to solving the strong
CP problem, axion is also a
viable dark matter (DM) candidate
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Axion-Photon Interaction

» axion’s two-photon interaction plays a key role in the majority of
the experimental searches

— —

1 .
LD —Zga,yaF“” Fu = g~E-B

> here, gy £,1 and m,fy ~ myf, ~ (100 MeV)?

» fo the case of axion-like particles (ALPs), particle’s mass and its decay
constant are treated as independent parameters
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Neutron Star Eclipses as Axion Laboratories

n Star

X-ray Satellite
(XMM-New

Companion Star
(O-type Supergiant)

ar <1V > hep-ph > arXiv:2504.02030

High Energy Physics - Phenomenology

[Submitted on 2 Apr 2025]
Neutron Star Eclipses as Axion Laboratories
Vedran Brdar, Dibya S. Chattopadhyay

like partcles (ALPs) are searched for by exposing an opically thick barrier to a laser
beam. In a magnetic field, photons could convert into ALPs in front of the barrier and reconvert behind it giving rise to a signal that can occur only in
the presence of such hidden partcles. In this work, we uiize the

conceptand apply Namely,we

considor elpsing binary systoms,consiting of  neron star,which i a bight source of X aye, and a comparion sar with a much lrger radive

Space observatrie sueh as XM Nowion and NuSTAR have performed extensive measurements o such systems,oblaining dat on both autof

eclipse photon rates and those during eclipses. The latter are typically &/(10% — 107) times smaller, due to the fact that X-rays propagating along the

S .. e 2 lneofsight rom the neuiron str o the Xray observatry do nt pas trough the barir tht i the comparion star. Using s attenuation, we derive
. a constraint on ALP-photon coupling of g, = 10" GeV ! for the LMC X-4 eclipsing binary system, surpassing current bounds from light-shining-

Dibya Chatto padhyay fivough-walls expariments by severalcrlers f magritde, We alao present i prospecs Pt couid ralistcaly mprove s ik by an orer of

magnitude i g making it competive withsome of he srongest mis drived t date
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Light-Shining-Through-Walls

LD —% 8aya FH I-:W

a

RV v g
Source ;,,“ ----------- Detector
B I Wall B I

> Lab-based experiments: OSQAR, CROWS, ALPS (ga, ~ 107 7GeV 1)
ALPS Il (upcoming)

» we utilize the light-shining-through-walls concept and apply it to
astrophysical scales (eclipsing binary system)
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Schematic Diagram

X-ray Satellite
-Newton)

Neutron Star > p
% [
(LMC X-4) \ N

» eclipsing binary system composed of:

1) neutron star — bright source of X-rays
2) larger companion star that serves as a “wall”
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~ — a Transition Near Binary Systems

» 2-level system featuring ALP and photon states:

_ A,
Hesr = — < Aa>

2 2
m m 1 =
A — — eff A =—__32 - B
Y 2E»y a 2E,7 2ga’y| T|
2
effective photon mass: m2(r) = 4;;:‘ ne(r) — 8;373,51 B(r)?

> model the magnetic field like that of a dipole: B(r) = B(® (r/10km)~3
> ne(r) = n® (r/lO km)~3

» B and ng ) are magnetic field and electron number density at the
surface of the neutron star
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Finding the Ideal System: LMC X-4

» Optimal candidate — high out-of-eclipse to eclipse flux ratio, large B(®,

large distance from Earth

Distance NS Mag. field Flux ratio Location
LMC X-4 ~50 kpc 3x 1018 G ~237 LMC
m
Z| vela x-1 1.6 kpc 26x% 102 G ~100 MW
Cen X-3 ~7.2 kpc 3% 102G ~70 MW
———
2 MXB 1659-298 9-15 kpc 10%-10% G ~ 30, 250 Towards GC
90% LMXBs have weaker Q
* magnetic fields, while Z| EXO 0748-676 ~7 kpc (108—10% G | ~50,600 Galactic disk
~1 0% have magnehc 5
fieldat ~10'* G XTE 1710-281 12-16 kpc 108 -10% G ~129, 500 Towards GC

>
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R
~v — a Process Near LMC X-4

> i f}/(r) _ 'y(r) 24 =107 GeV E,~ 1keV
solve I (a(r) Pt { a(r)

and compute |a(r)|? 0010
.. " Z 0.001 P,
» the large transition probability, Pys, S e i
originates from the resonance 105 e,
achieved for m% = m> * )
10" = 1076 eV
—1n- m,=10""¢
21073
10_4' g(/y: 10-11 GCV"I E
LMC X-4
1073 : ' :
1 2 5
E, (keV)
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a — 7 Transition in the Interstellar Medium (ISM)

» ISM n. and B will affect the oscillation probabilities

» we use UF23 (x8) magnetic field, and the YMW16 electron density model

"\2 0.10 — ne2001 6 1.0
80.08 YMW16 508 — base — nebCor
2 = expX — crel0
‘g 0.06 ] LE) 0.6 ne.CL — synCG
< 0.04 ){ % 0.4 — twistX spur
o
S =
£0.02 S &0 (.2
3 7 = ;
D0.00l——— 0.0
40 42 44 46 48 50 25 30 35 40 45 50
Distance (kpc) Distance (kpc)
A, ~11 ( ) E ) kpe
- _
~ 07 em=3 (lkeV) pc 5 A2y - 2/ AL
. PISM = 4(A37/A7) sin ( 3
~ 8ay T -1
A,y = 0.15 (10_10 GeV’1> <1MG) kpc
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a — v Transition in the Interstellar Medium (ISM)

T -
50 pc @

» ~ kpc distances necessary for efficient transition probability Pigm
» we consider conversion in Milky Way (LMC and IGMF not considered)

‘ | Towards LMC X-4 ]
1 2 5
E, (keV)
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Constraining the ALP-Photon Coupling

» The total number of photons observed during the eclipse must exceed
the number of photons produced through the y-ALP-v process

Feclipse Z Fout—of—eclipse PNS PISM

10
» we take that at least 80%
of the observed photons L
during the eclipse are not T oo}
arising from ALPs 8 il o L
> LMC X-4 (OB ID:'0142800101) T
arXiv:1906.07739 [astro-ph.HE] LTy
1o [[N:Aftab, B. Paul, P Kretschmar \ “‘ i
0.5 1 2 5 10

Energy (keV)

> to set the limit we use:

'DNS PISM = 0'2Feclipse/Fout—of—ecIipse
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Constraining the ALP-Photon Coupling

> PnsPism is maximum in E, ~ (3 —6) keV range
» ISM conversion becomes inefficient at higher ALP masses

» bound at around g5, ~ 1.5 x 10710 Gev !

n OOE

XMM-Newton o

LMCI X-4 (Obs. Il?: 0142800101) .
1 2 5
E, (keV)
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Constraining the ALP-Photon Coupling

Light-shining-through-walls

Eclipse of LMC X-4

Pliysics

LI AULLAAL I L AL AL S AL L B AL AL AL AR

10—20 10—18 10—16 10—14 10—12 10—10
m, [eV]
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Towards the Ideal Candidate

» better understanding of the eclipsing system may constrain the
contribution of the y-ALP-v process to at most a few %

» an eclipsing system located towards the Galactic Center would be ideal
due to the stronger magnetic fields (factor of 10 in Pigpm)

> a stronger magnetic field of the candidate neutron star (e.g., an eclipsing
magnetar) could increase Pys by O(10)

N. Aftab, B. Paul, [arXiv:2308.03916]

. . EXO 0748-676 | |

» future observations may achieve 1000 [OOF o
unprecedented angular resolution 100 | L
for such a system, enhancing the % 10 ‘ R

out-of-eclipse to eclipse flux £ 1 pBelipse T Tk,

. 3 A Y

ratio by 0(100) S 0L E ource region gy g ok

001 | »“'fw

10*3 1 1 L
10 100

arc—sec
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Constraining the ALP-Photon Coupling

Light-shining-through-walls

Pliysics

LI AULLAAL I L AL AL S AL L B AL AL AL AR
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Take-Home Message

» Light-shining-through-walls in astrophysics
» Eclipsing neutron stars as a novel system to look for ALPs
» LMC X-4 system gives constraints of g,, ~ 10710 Gev1

» Optimal eclipse scenario can yield gz, ~ 10711 GeV !
Neutron Star

(LMC X-4)

Companio
(O-type S

Astrophysical Probes of New Physics

“The Future is Whispering” Workshop, June 2025



Neutrino Astronomy: IceCube

50m
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Neutrino Astronomy: IceCube

10-°

1071

10—13

E2¢,45 [TeV cm=2 571
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0 NGC 1068
TXS 05064056

Astro. v,

—4— Astro. vev,
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Science 2023
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Former Energy Champion: Glashow Resonance at lceCube

Bull. Am. Astron. Soc. 51, 185 (2019)

Arriva s of neuts

» ((100) upgoing tracks and HESE events

» Glashow resonance: cross section
enhancement from on-shell W™ production

with Ey = Miv ~ 6.3 pev

1
> 0 X EoE T 2me

- = S. Glashow, Phys. Rev. 118, 316
» shower with an energy of 6.05 £ 0.72 PeV

» presence of electron antineutrinos in the astro-
physical flux — way to distinguish v from ¥

Nature 591, 220-224 (2021) , a :

;‘!
N
~
a

t,=328ns 3ms after t;
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KM3NeT
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New Energy Champion: KM3-230213A Event

KM3NeT Collaboration, Nature (2025)
» The KM3NeT collaboration reported i I
the detection of a ~ 120 PeV muon pa § RN i g
originating from a neutrino interaction :
with a median neutrino energy of 220

PeV

L 5 TR

\
=
-
< wiry . o
#u.w'm-“- SR,
\

A A YA .

» This is the highest-energy neutrino
ever detected, exceeding the Glashow
resonance event in IceCube's dataset
by a factor of O(10)

AR e
o P
.
W - s . .
AARNMMNA N 5 o o o

€
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What about IceCube?
» IceCube has been operating :" N Ea— o L
with a much larger effective area Pt L 9L
. H ietal,
for a longer time and has not :'/arXiv:2502.04508
observed neutrinos above ~ 10 i . /
PeV {
. III IeeCube
» 2-3.50 tension, depending on ) [
. 0576 18 20 22 24 26 28 30
the neutrino source Spectral Index v
(Li et al., arXiv:2502.04508) 1077t et 3L, arXiv:2502.04508
:,,\ tx,\l”»,\vl this work c}/
» Event such as KM3-230213A J
would be expected in 70 years of
observation...an upward

10° 107 101
E, (GeV)

fluctuation at the level of 2.20
(KM3NeT, Nature (2025)) N o
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KM3NeT vs IceCube

INE) — T [ dQ Acg(E,, cos 0) D(E,., Q)

» The difference in the effective
areas between IceCube and
KM3NeT is ~ 20

» To explain the tension, the i /
3

neutrino flux at KM3NeT needs

Li et al., arXiv:2502.04508

. . — ¥
to be larger by a similar factor 10 KMBNeT all sky
KM3NeT horizon
. Z 1
» How to achieve that? g 4
. . . w20
= Sterile neutrinos partially ST o = d,
E, (GeV)

converting into active neutrinos
inside Earth

“The Future is Whispering” Workshop, June 2025
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Sterile Neutrino Sources

» Lack of multi-messenger observations corresponding to KM3-230213A
event
Speculations on sterile neutrino sources:
» A dense outer layer around the source - stops/downscatters SM particles
» AGN jets + dense matter blocking ultra high energy SM particles

» Dark sector stars
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2.85 km altitude

Atmosphere

0 km altitude

Antarctica

=y <1V > hep-ph > arXiv:2502.21299

High Energy Physics - Phenomenology
[Submitted on 28 Feb 2025]

Does the 220 PeV Event at KM3NeT Point to New Physics?
Vedran Brdar, Dibya S. Chattopadhyay

The KM3NeT collaboration recently reported the observation of KM3-230213A, a neuitrino event with an energy exceeding 100 PeV, more than an
order of magnitude higher than the most energetic neutrino in IceCube's catalog. Given its longer data-taking period and larger effective area relative
to KM3NeT, IceCube should have observed events around that energy. This tension has recently been quantified to lie between 2¢ and 3.5,
depending on the neutrino source. A G(100) PeV neutrino detected at KM3NeT has traversed approximately 147 km of rock and sea en route to the
detector, whereas neutrinos arriving from the same location in the sky would have only traveled through about 14 km of ice before reaching IceCube.
We use this difference in propagation distance to address the tension between KM3NeT and IceCube. Specifically, we consider a scenario in which
the source emits sterile neutrinos that partially convert to active neutrinos through oscillations. We scrutinize two such realizations, one where a new
physics matter potential induces a resonance in sterile-to-active transitions and another one where off-diagonal neutrino non-standard interactions
are employed. In both cases, sterile-to-active neutrino oscillations become relevant at length scales of ~ 100 km, resulting in increased active
neutrino flux near the KM3NeT detector, alleviating the tension between KM3NeT and IceCube. Overall, we propose the exciting possibility that
neutrino telescopes may have started detecting new physics.
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36°16°N
16°06°E

""""
(ARCA)

Atmosphere

2.85 km altitude

IceCube Antarctica

» (O(100) PeV neutrino detected at KM3NeT has traversed ~ 150 km of
rock and sea en route to the detector

» Neutrinos arriving from the same location in the sky (angle of 8° w.r.t.
horizon) would have only traveled through ~ 14 km of ice before
reaching IceCube

Astrophysical Probes of New Physics / “The Future is Whispering” Workshop, June 2025



Neutrino production via non-standard interactions

» Consider the following Hamiltonian in the (v,, vs) flavor basis

g s 0 0 A We  eusVec
—Sp Cp 0 mg/(2El,) So Co €us VCC 0
» NSI term arises from £ D —2\5@:625 (DSV“PLVM)(F’Yuf)

» The effective mixing angle and mass-squared difference in the limit of
small 6:

1 _1 [ 4eusEL V4 2
Om = 3tan L (320 ) AmZ = /(B Vee + m2)? + 162, E2V2,

» vs — v, conversion probability:

Py, = sin®(20,,) sin® [AmZL/(4E,)]
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Neutrino production via non-standard interactions

E,=220 PeV |
1072 107! 1 10!
> ¢,s values up to O(1-10) have a negligible effect on low-energy neutrino

oscillations

» The difference in the propagation length between KM3NeT and IceCube
leads to a difference in Ps,, which implies a larger active neutrino flux at
KM3NeT, alleviating the tension
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Alternative explanations for the tension

» in addition to oscillations, scattering in Earth is an option to explain
the tension

Blazar Production (pvy) Scattering in Earth Decay — ppu~
X1

X1
ZI
P —p—wwwx< X1 X2 _
_ VA Xz z' K
X2
(b)

(2)

Search

ar <1V > hep-ph > arXiv:2505.22754 Help | A

ar <1V > hep-ph > arXiv:2505.22711

High Energy Physics - Phenomenology High Energy Physics - Phenomenology

[ ———— [Submitted on 28 sz-2025] )
‘Dark’ Matter Effect as a Novel Solution to the Astrophysical sources of dark particles as a
KM3-230213A Puzzle solution to the KM3NeT and IceCube tension

over KM3-230213A

Yasaman Farzan, Matheus Hostert

P. S. Bhupal Dev, Bhaskar Dutta, Aparajitha Karthikeyan, Writasree Maitra,
Louis E. Strigari, Ankur Verma
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Take-Home Message

» KM3NeT collaboration observed highest-energy neutrino event
exceeding O(100) PeV

» No such observation has been reported at IceCube, resulting in a
tension of 2-3.50

» To alleviate the tension, we use the fact that the path through the
Earth for KM3NeT is an order of magnitude longer than that for
IceCube, leading to a larger P(vs — v,) and hence a higher flux of
muon neutrinos at KM3NeT

Atmosphere

Atmosphere 2.85 km altitude

0 km altitude

Antarctica
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Neutrino production through matter-induced resonance

» in a 2-flavor scenario (v, and vs), MSW resonance is realized when
V = cos20 Am?/(2E,)

» in SM, matter potential V is ~ 10723 GeV; resonant oscillation length
Lyes =~ 7/(V sin 20) for 62 = 1073 reads Lyes = 10° km

> for KM3NeT (L ~ 100 km), L2/L2_ ~ 107

res —

» consider a large sterile neutrino matter potential (Vs > Vsv) in order to
have larger vs — v, transition probability

» model with spontaneously broken U(1)g (Pospelov, PRD 2011)

LD g Yvs+ (85/3) >, aVa+hc.

» EFT framework: Lef D [usfyu(l — vs)vs) [Py p + Ayt n)

Sterile neutrino potential Vs = [gng,/m%| (np + nn) = Gg(np + ny)
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Neutrino production through matter-induced resonance

0 O _
H_ ( Co 59) e (Co 59) n (VNC 0 )
—Sy G 0 3E Sp G 0 Vs

Ve = —(vV2/2)Geny = —(1/2) Ve

> Vi =2Gress(nn+ np)
> (O(10% — 10%) €4 considered

» for O(100) PeV neutrino energy, resonance occurs for
VAM?2 =~ ms ~ 2 x 1071, /e keV = keV sterile neutrino

1 10°

ms=3 keV, -e,= 150

===

0.100 KM3NeT, rock i o 108
_E / \-\‘!(MBNST, water ~ ‘s 107 g
g 0.010¢ \‘\, IceCube, ice QE 4 ,/'/kM.'&NcT. water
106 KM3NeT, rock \\’/I eCube. o
0.001 Fms=3keV, -e=150 . e j; feeCube iee
1 10 100 1000 10* 1 10 100 1000  10*
E, (PeV) E, (PeV)
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Neutrino production through matter-induced resonance

107!
my=3keV, KM3NeT
100 N e 10f
SETE N
-7
10 102 103 sl
—€Es §
()
=
3 S
> The difference in P(vs — v,) & S
implies a larger active neutrino oA e S
flux at KM3NeT compared to y
that at IceCube, alleviatin
_ ' & E,=220 PeV
the tension It . .
10! 107 10°

—€gs
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U(1)g Constraints

,/', Dror, Lasenby, Pospelov, PRL 2017_

- om, e g =y my—mg mz
L [ L s L

.
10 107 107 107" 1 10 10
mylGeV]
GO 100105 o
Avomic Phy
10~
< 10
E
2o
=
£
g 101
I
10 12F Fifth Force 1012
fre 1 ‘Sun/Globular Clusters, energy loss via
LG on Harnik, Kopp, Machado, JCAP 2012
1016 Bt oty
[ (N N U (R 107 107 107
Gauge boson mass My(GeV)

> we require €55 ~ 100

2 2
g Mz

- o) =~ 100

Harnik, Kopp, Machado, JCAP 2012

Tl 1 (vector conplings) Kinetically mixed U1}z (veetor couplings)
(Model[A) (Model B) (Model [C)

g2 v v x
Fixed Targel v v x

v v X
Atomic physics v v x
Sun/Clusto v v 7
SN19STA v v v
15w v v x
CMB v v ?
Borexino v only if v, exist x
GEMMA v x
Fifth force v x v
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Alleviating Sterile Neutrino Constraints

» v, + secret self-interactions (1310.6337,1806.10629)

» v, with initially a very large mass generated by the VEV of a new scalar
field (1806.10629)

» Yukawa coupling of vs to ultra-light scalar particle (dark matter)
— large effective mass of vs in early Universe (1907.04271,1908.02278)

» Low reheating temperature (2501.01369)

1908.02278 2501.01369
A2 e asF 01369
125 b b
A 3,
a3 b o 3.0
T 135 251
£ -4 | <20
° =
& -145 15+
8
15 2 1 Lof 1
g kS .
-15.5 P’\\dﬂ 05k 95% Planck 2018 |
16 L L L L L L ) ’ 95% Simons Obs.
1 12 14 16 18 2 22 24 00y 5 3 5 10
log1o ms g (€V) Thn [MeV)
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