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https://arxiv.org/abs/2404.10926

Snowmass21 white paper, “Beyond the Standard Model effect with Neutrino Flavour”, EPJC83(2023)15

1. Astrophysical neutrino flavour physics

High-energy particles (>60 TeV) propagating a long distance (>100 Mpc) in vacuum
- Astrophysical neutrino flavour is sensitive to tiny effects in space
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https://link.springer.com/article/10.1140/epjc/s10052-022-11049-7

Snowmass21 white paper, “Beyond the Standard Model effect with Neutrino Flavour”, EPJC83(2023)15

1. Astrophysical neutrino flavour physics

High-energy particles (>60 TeV) propagating a long distance (>100 Mpc) in vacuum
- Astrophysical neutrino flavour is sensitive to tiny effects in space

Lorentz violating field Quantum foam
Nature Physics18(2023)1287 Nature Physics20(2024)913
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https://www.nature.com/articles/s41567-022-01762-1
https://www.nature.com/articles/s41567-024-02436-w
https://link.springer.com/article/10.1140/epjc/s10052-022-11049-7

Ferreira, Astron Astrophys Rev (2021) 29:7
Marsh, Phys. Rep. 643 (2016) 1

1. Ultra-light dark matter

Ultra-light dark matter is a class of dark matter models with very light mass
1072%2eV < mpy < leV

They behave like waves, not particles

v 2Ppm

¢ (t) = gap— sin(mppyt)
Mpym
e.g.) axion dark matter — neutrino coupling Va ~___— VB
Line = gaaﬂa,ua(vayﬂysvﬁ) a

Neutrino interactions with dark matter field in the Milky Way make a matter potential
for neutrinos in this galaxy

10-33eV  107%2eV eV keV GeV M, M, Rl
""" haacnonzmcna } ' I e e { >
DE Ultra-light DM “Light” DM WIMP i,)‘\”l“‘“"““' Primordial BHs
Not DM ) " Limit

thermal relic
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1. Astrophysical neutrino flavour physics

Neutrino mass term in the flavour basis is not diagonal
Mee mgu Mze
hepr~ sz UTM?U - ~——| mg;, mg, mg,
Mze mﬁ; Mmze
Standard astrophysical models predict astrophysical neutrinos are v and v,

Neutrinos mixings in vacuum produce v,

2
Pop(E, °°)~Z|Vai|2|Vﬁi|
i

High-energy
astrophysical object Vv,

Vacuum Earth
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IceCube, Nature Physics18(2023)1287

1. Astrophysical neutrino flavour physics

Any effective interactions in vacuum (=Lorentz violation) modify mixing pattern

) ) mge ms, Mi 00 0
(3) 2% 2 2
mi; mp; mg 0 0 ap

Large diagonal term can modify the neutrino flavour ratio

dim coefficient limit (BF> 10.0)

lceCube set the strongest limit on ag) T3 Re@)) 2x10%GeV |

4  Re(cy) 2% 107
5 Re@Y) 2x10737 Gev™!
6 Re(@?) 3x10% Gev™?
7 Re@?”) 3x10% GevV™?
8 Re(™®) 2x1072Gev™
High-energy Vacuum Earth
astrophysical object Vv, (with aether field)

>
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https://www.nature.com/articles/s41567-022-01762-1

Arqguelles, TK, Salvado, PRL115(2015)161303

muon neutrino dominant

1. Neutrino flavor ratio (ve : v, : v.) 2

Astrophysical neutrino production
mechanism is not known

s

. O

tau neutrino

dominant QQ- Q\-’ Qq’ QO? Q”-" g? Q%- Q[\ QO? Qg \Q- electron neutrino
dominant

Fraction of v,
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.161303

Arqguelles, TK, Salvado, PRL115(2015)161303

muon neutrino dominant

1. Neutrino flavor ratio (ve : v, : v.) 2

Astrophysical neutrino production
mechanism is not known

Flavour ratio on Earth is different
due to mixing by neutrino masses

o

. 2

tau neutrino

dominant QQ- Q\-’ Qq’ Qn? QV’ g? Q%- Q[\ Qo? QO-’ \Q- electron neutrino
dominant

Fraction of v,

Ve : Vy : Uy at source — on Earth:

m 0:1:0—0.17:045: 0.37
® 1:2:0—>0.30:0.36:0.34
A 1:0:.0 - 0.55:0.17: 0.28
¢ 1:1:0—-0.36:0.31:0.33
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.161303

Arqguelles, TK, Salvado, PRL115(2015)161303

muon neutrino dominant

1. Neutrino flavor ratio (ve : v, 1 v,) 3
Astrophysical neutrino production i E fgg;gg
. . .0 . - . .
mechanism is not known } A =(1:0:0)
S T
Flavour ratio on Earth is different - 2 d e All possible
due to mixing by neutrino masses & 06 "2 flavour ratios
Q/@‘ = at Earth by
- tandard
All possible flavour ratio is confined 2 y :Sat?o;:ysica
scenario

in a small space

o

. 2

tau neutrino

dominant QQ- Q\-’ Qq’ Qn? QV’ g? Q%- Q[\ Qo? QO-’ \Q- electron neutrino
dominant

Fraction of v,

Ve : Vy : Uy at source — on Earth:

m 0:1:0—0.17:045: 0.37
® 1:2:0—>0.30:0.36:0.34
A 1:0:.0 - 0.55:0.17: 0.28
¢ 1:1:0—-0.36:0.31:0.33
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.161303

IceCube, PRD104,(2021)022002, EPJC82(2022)1031
1. HESE 7.5-yr flavor ratio

Astrophysical neutrino production
mechanism is not known

muon neutrino dominant

IceCube
latest flavour ratio result
(0.20:0.39:0.42)

)
. . . o)
Flavour ratio on Earth is different i 2 All possible
.. . ‘/0
due to mixing by neutrino masses 0.6 "2 favour ratios

05 @ atEarth by

B Rl
K ; = dard
All possible flavour ratio is confined “ AA@A\_“;A : standard
in a small space “ VV’\ Wm 03 :terr?grri]gsmal

o
2 !

Data contours are big, % AAA 68 % )({ \, /i 0.1
VAV

but data can be s v /X '

t t' t' ” d t tau r?eUtran / 7 7 7 7 7 7 '/ 7 7 7 00
statistically used 10 dominant S & 5 8 gp Q%_ Q’\ =& 48 S electron neutrino
exclude some new dominant

physics models Fraction of v,

—— HESE with ternary topology ID 1, : v, : v; at source — on Earth:
%  Best fit: 0.20 : 0.39 : 0.42

m 0:1:0—0.17: 045 : 0.37
Global Fit (IceCube, APJ 2015) e 1:20—030:036:0.34
Inelasticity (IceCube, PRD 2019) A 1:0.0—055:0.17: 0.28
-------- 3v-mixing 3o allowed region ¢ 1:1:0—-036:031:0.33
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IceCube, Nature Physics18(2023)1287

2. Ultra-light dark matter coupling with neutrinos

Any effective interaction in vacuum (=Lorentz violation) modify mixing pattern

) ) mge ms, Mi 00 0
(3) 2% 2 2
mi; mp; mg 0 0 ap

Large diagonal term can modify the flavour ratio

lceCube set the strongest limit on a§i>

This can be interpreted as neutrino - dark matter interaction Milky Way
. N 4
High-energy Galaxy Earth
astrophysical object Vv, (dark matter field)
L
et >
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https://www.nature.com/articles/s41567-022-01762-1

Salas, Lineros, Tortola, PRD94(2016)123001

2. Ultra-light dark matter coupling with neutrinos

Different dark matter models provide different effective Hamiltonian

ex) Generic dark matter model
ppom=0.3 GeV/m3

1

~—Utm? -
Dark matter makes matter hes E UIM=U + Ve, -
potential in galactic halo , ( PpM @

Vie = Grr( ) I \
Mpym
?/VM %
Vpr =0 Vie = 2X10726 GeV' - /\

XS (Vervyive)=(1:2:0)

(IceCube Lorentz </ N\
''''''''''''' violation limit) >/



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.123001

Salas, Lineros, Tortola, PRD94(2016)123001
Karmakar, Pandey, Rakshit, JHEP10(2021)004(2021)

2. Ultra-light dark matter coupling with neutrinos

Different dark matter models provide different effective Hamiltonian

ex) Generic dark matter model
pom=0.3 GeV/m?3

1
~—UtTM?2 !
Dark matter makes matter herr 2E UTM=U + Vi, "®
»

potential in galactic halo , (pDM)
Vie =G
T “\mpn / I \

Dark matter potential limit: V., < 2x10726 GeV

Dark matter effective Fermi coupling limit: G}, < 10713GeV 2 (%)

Dark matter non-standard interaction limit: €., < 8x10~° (%)

lceCube sensitivity goes beyond terrestrial experiments

- Higher energy suppresses neutrino mass term
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.123001
https://link.springer.com/article/10.1007/JHEP10(2021)004

Berlin, PRL117(2016)231801
Huang and Nath, EPJC78(2018)922

3. Time varying ultra-light dark matter coupling with neutrinos

Different dark matter models provide different effective Hamiltonian

ex) Axion dark matter model
ppom=0.3 GeV/m3

1
heff"’i U-I-MZU + VTT

Vi (t) = GareMaaosin (ma t)

Axion dark matter is coherently oscillating in the galaxy halo
—> oscillation of the dark matter field is important
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Losada,et al, JHEP04(2022)030.
Hamaide,Muller,Marsh,PRD106(2022)123509

3. Time varying ultra-light dark matter coupling with neutrinos

Since we do not know the exact propagation length of each neutrino in our
galaxy and the phase of dark matter oscillation, oscillation is averaged out

pom=0.3 GeV/m?3

t— oo

Ve (t) = garemgaosin(mgt) — 0

On average, dark matter potential is zero

We monitor the smearing effect to look for
ultra-light dark matter

ING’S
College teppei.katori@kcl.ac.uk 25/01/07 15

LONDON



Berlin, PRL117(2016)231801,
Huang and Nath, EPJC78(2018)922

3. Time varying ultra-light dark matter coupling with neutrinos

We calculate flavour prediction points with oscillating dark matter potential which
smears predicted flavour ratio

Choose field amplitude where 95% of parameter space is
rejected by data

/\
VAVAVAVAV .AVAVAVAN
VAVAY, Y .VAVAVAVAVAN
AV R R

L ee—

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.1




Arqguelles, TK, Farrag, ArXiv.2404.10926
Huang and Nath, EPJC78(2018)922

3. Time varying ultra-light dark matter coupling with neutrinos

Axion dark matter limit: V.. (t) = ggremgaosin(mgt)
—~ 1073

g
T 10
51075 = .
= Free-Streaming (v+v<> v+v) Pt
10_65- """"""""""""""""""""""""""""""""" e '-'-,,'--:"“b"f"‘ """"
= SN1987A Propagation . _ 26
%S \ - AN <052
..... 1ceCuve
""""""" T2K
y = _JUNO
10 E
10-12 - DUNE
10713 é— IceCube astrophysical neutrino ﬂavoi'-(-9-5-% exclusion)
1014 |-
10—15 E | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

22 -20 -18 -16 -14 -12 -10 -8 -6 -4 -2
Iogmma(eV)
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https://arxiv.org/abs/2404.10926
https://link.springer.com/article/10.1140/epjc/s10052-018-6391-y

Arqguelles, TK, Farrag, ArXiv.2404.10926
Brzeminski et al, JHEP08(2023)181

3. Time varying ultra-light dark matter coupling with neutrinos

Vector dark matter limit: V. (t) = g/ 2Ppp /Masin(imyt)
+10722
CDP10—23 e

10-% ’
102 &
1072
-27 o© ’
10 N . é\o&
10 L’ 6]0 Qﬂ’
107% <o
107% NPt 0
) 6\/_,‘ 6\‘\
10731 =9 >
108 C\)‘o

10734
10-3 i BHSR BHSR

10—36 I | I | I I | I | I | I
-2 21 20 -19 18 17 -16 -15 -14 -13 -12 -11
Iog10 m, (eV)
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https://arxiv.org/abs/2404.10926
https://link.springer.com/article/10.1007/JHEP08(2023)181

Arqguelles, TK, Farrag, ArXiv.2404.10926

3. Time varying ultra-light dark matter coupling with neutrinos

Ultra-light dark matter limit from astrophysical neutrino flavour is the strongest in
neutrino sector

Limits can be further improved by new astrophysical neutrino flavour data
- Improved neutrino PID algorithm (tau neutrinos)

- Higher statistics data from IceCube

- New neutrino telescopes

Model Limits
IceCube Lorentz violation limit 63 < 9% 10-26GeV
Dark matter potential V.r <2x10726GeV
Dark matter effective Fermi coupling | G < 10713GeV~2(my4/10~2%V)
Dark matter non-standard interaction €rr < 8 x 1079(my/1072%V)
Vector dark matter coupling Grr < 3 X 10733 (my/1072%V)
Axion dark matter coupling Garr <3 x 107 BevV—1
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https://arxiv.org/abs/2404.10926

Song et al., JCAP04(2021)054
Liu et al., ArXiv:2312.07649

Astrophysical neutrino flavour physics - future

Smaller flavour ratio contour will allow to find any anomalous effects
- Improved neutrino PID algorithm (tau neutrinos)

- Higher statistics data from lceCube

- New neutrino telescopes

- Improved oscillation parameter data
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https://iopscience.iop.org/article/10.1088/1475-7516/2021/04/054
https://arxiv.org/abs/2312.07649

UK High-Energy Astrophysical Neutrino Consortium

TXS 05064056 M iceCube # KM3NeT
NGC 1068 B PONE M Baikal-GVD

* IceCube, PUEO, P-ONE, KM3NeT, Trinity i
* Experimental submission to PPGP N
(IceCube, PUEO, P-ONE)
Near term plan:
Exploit science from IceCube and PUEO
Long term plan:
P-ONE as a baseline UK project
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Dark sector searches with the MicroBooNE

neutrino detector

85-tonne Liquid
Argon Time

NuMI Beamline Top View -
~* Located at
i Fermilab, USA
* Exposed to two

neutrino beams
(NuMI & BNB)

~100 m

* Search for dark
particles
produced via
meson decays in
the beam(s)

Not to Scale -

~470 m

BNB NuMI

Projection Chamber |

| Heavy Neutral Leptons

i ® One new right handed
singlet state

Mixing with active neutrinos via
extended PMNS matrix

® Produced from charged kaon
decays

e Decaytoete orvm®

 Higgs Portal Scalars
i * Neutral scalar singlet S,
mixing angle 6 with the Higgs
boson
* Production from charged kaon
decays
* Decay to lepton or pion pairs

1072

1073

107

1075

108

Phys. Rev. Lett. 132, 041801 (2024)

10

|Ugal? limit at 90% C.L.

; Light dark matter
{ ° Dark matter produced in the neutrino
beam via dark photon mixing
¢ Produced via neutral meson decay
* Scatter off argon nucleus,
accompanied by a dark photon radiation
subsequently decaying to ete™

Phys.Rev.Lett. 132 (2024) 24, 241801

HBooNE _

Anyssa Navrer-Agasson (a.navrer-agasson@imperial.ac.uk)



Conclusion

Ultra-light dark matter is a class of dark matter models which is oscillating
like a classical field

lceCube set the strongest limit on Lorentz violating vector field in vacuum
through astrophysical neutrino flavour

We investigate to recast IceCube LV limits to set limits on ultra-light dark
matter coupling with neutrinos. Our limit is the strongest among current and

future neutrino experiments
R : "
Thes its will be improved by future astrcﬁhysmal neutrino flavour data

p itta ] |
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Mewes and Kostelecky, PRD85(2012)096005
IceCube, Nature Physics18(2023)1287

1. Neutrino - dark matter field coupling

Different dark matter models provide different effective Hamiltonian
New physics

Standard Model

L= il/jyﬂaul/) - ml/jl,b :"' 1/3y“au Y+ lﬁyucuvavw

a®

ee

a® = | @

Effective Hamiltonian can be written from here
Standard Model |1 | New physics Tap ag‘)*
RER ) e 4 -
lceCube sensitivity goes beyond terrestrial experiments
- Higher energy suppresses neutrino mass term
- Higher energy enhances new physics term
These parameters can be interpreted for many new physics
25/01/07
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Kostelecky and Mewes, PRD85(2012)096005
Arguelles, TK, Salvado, PRL115(2015)161303

3. HESE 7.5-yr flavor Lorentz violation search

We start from isotropic model of nonminimal SME

3) _ EC(4) + Eza(S) _ E3C(6) + E4a(7) _ ESC(S)

1
heffN_UTMZU‘l'a aﬁ (Xﬁ aﬁ (Xﬂ

2F apB apB
Neutrino oscillation formula is written with mixing matrix elements and eigenvalues

‘s o[l ‘s .
Poop(E,L) =1— 4Z Re(VyiViVaiVp;) sin? ( . L> +2 Z Im(VyiVgiVaVp;) sin ((Ai - Aj)L)
>] L>]
However, astrophysical neutrinos propagate O(100Mpc) - lost coherence

Pyp(E,00)~1 —2 Z Re(VyiVpiVaiVgj) = Z|Vai|2|vﬁi
i>) i
Finally, fraction of neutrino flavour 8 on the earth is

| 2
Emin

Emax
@B [ Pap(l > 0, )b (BYIE
a

-> Information of small Lorentz violation is encoded on neutrino mixing probability, so by
measuring (tasting) astrophysical neutrino flavours, you can explore Lorentz violation
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IceCube, Nature Physics18(2023)1287

3. Flavor ratio — Astrophysical neutrinos

muon neutrino dominant

0.0
O °F ;1: 0 : [ Standard Scenarios ]
5 _ 1/3:2/3:0),+ N.P.

Nonzero new physics
moves standard predictions
o to different locations © 1
depending on the types of ¢ g ~1070GeV ™
new physics operators.

0.8 m=m 68% C.L.
mmi1 95% C.L.

All possible
. flavour ratios
If the new physics models at Earth by
bring the standard Sti”dar:d -
. : astrophysica
predictions outside of the scenario

data contour, such model
can be rejected by current

data 1.0
tau neutrino 7/ 7 7 QU
i 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 .
dominant 4 electron neutrino
b g dominant
©) ©) ©) A
ol o o6
w— Coe(1:0:0), wmm c  (1:0:0), wmm c_(1:0:0),

ING’'S
College

.0 - o(6)
[ New ] CWL (1 50% O)s — Cl“. (0 < O)S

Physics (N.P. :
ysics (N.P.) Cup (0:1:0)5 s &9 (1/3:2/3: 0),
FONBON h g



https://www.nature.com/articles/s41567-022-01762-1

Arglelles, TK, Salvado, PRL115(2015)161303
3. Neutrino flavor ratio (v : v, 1 v,)

Astrophysical neutrino production mechanism is
not known - production flavour ratio is not known 0.Q41.0

n-decay
B-decay
u-cooling
exotic v,

Flavour ratio on Earth is different due to
mixing by neutrino masses 0.2/

All possible flavour ratio is
confined in a small space

X
- O
e.g.) New physics just below
the limit can produce any

flavour ratio

v N ' \~’

’ V %V \ SAR A\‘
% y

MO0 0.2 04 O 6 O 8
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IceCube, Nature Physics18(2023)1287

3. HESE 7.5-yr flavor Lorentz violation search
60 HESE events in 60 TeV — 2 PeV

dim-6 new physics operator limit

lceCube data start to explore 1022 ‘G
quantum gravity-motivated signal oy \\\
region for some parameters & \\

c® <

\"\\\\\II\\\\\\‘

2
Planck

Quantum Gravity .
Motivated Region . ~
-

dim coefficient limit (BF> 10.0)
3 Re@?) 2x1072°GeV

(1/3:2/3:0),

0.4 0.6

o(4 _3 3 E
4 Re (C(rr)) 2x 1073 x, source flavour ratio (z : 1 —z : 0)g
5 Re(@) 2x107% GeV™ ,
o (6) _40 ) New Physics (N.P.) )
6 Re(cy) 3x107* GeV Ro(@®) Ao |
7 Re (COZ-(Z,-) 3 X 10_47 GCV_3 : ((((:] ‘ C(’f:) : Rc(czjri) atm. limit (90%)
8 Re(dy) 2x107 Gev™ el Re(c“‘“) | —10,(Cy X Epy) = 0
s Re()) e Re (6 :
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https://www.nature.com/articles/s41567-022-01762-1

3. Test of Lorentz violation with neutrinos

Spectral distortion

Sidereal variation

Super-Kamiokande
PRD91(2015)052003

AMANDA

IceCube

PRD79(2009)102005

Nature Physics
14(2018)961

;gb' ¥

ol D
|| — M

MiniBooNE

MINOS FD [

"_— ‘14\ \l s
. ‘\. .// "'I\_';
7 y S \ 7 i

Ars:

151601

IceCube

Flavor ratio

Nature Physics, 18(2022)1287

IceCube
i
WUWW A- PRD86(2013)112009
PRD82(2010)112003
SNO
Seasonal variation
PRD98(1 8)112013
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lceCube, PRL114(2015)171102, Astro.J.809:98(2015), PRD99(2019)032004, ArXiv:2011:03560

3. HESE 7.5-yr data (2018)

IceCube

1st flavour ratio result 60

IceCube
3 flavour ratio

Confidence Level Exclusion (%)

Ve iV, : v, at source o

(0.5:0.5:0.0)

g W10 K IceCube
A 100 2nd flavour ratio result

0.00

60

Confidence Level (%)

» Fraction of v,

% Best fit: 0.20 : 0.39 : 0.42
Global Fit (IceCube, APJ 2015)
Inelasticity (IceCube, PRD 2019)

-------- 3v-mixing 30 allowed region

¢ »>» o n

New flavour ratio measurement

0.45 :
0.36 :
0:177%
0.31:

- Likelihood is very shallow and fit often

confuses between v, and v,

—— HESE with ternary topology ID 1, : 1, : V7 at source — on Earth:
0:1:0 — 0.17 :
1:2:0 — 0.30 :
1:0:0 — 0.55 :
1:1:0 — 0.36 :

0.37
0.34
0.28
0.33

- New flavour ratio result has some power to

distinguish v, and v,
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3. Energy dependence of flavor ratio

Flavor ratio at source
e 1:2:0
m 0:1:0
a 1:0:0
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The MicroBooNE Experiment

Strategy: explore the different portals to the dark sector

Dark
tridents

e —— e

T — /
Heavy
Neutral

Leptons

Neutrino portal
mixing of v-N

N?

Dark

Sector
e

v (neutrinos)

Standard
Model

A, (photons)

Vector portal

mixing A, -X,,

S?
H (Higgs

Higgs Portal |
Scalar
—

Higgs portal

mixing H-S

Anyssa Navrer-Agasson (a.navrer-agasson@imperial.ac.uk)



The MicroBooNE Experiment

85-tonne Liquid Argon Time
Projection Chamber

BNB
Target and

Focusing Horn BNB Charged

Pion Beam

"0 Located at Fermilab,
7 USA

* Exposed to two
neutrino beams
(NuMI & BNB)

* Search for dark
particles produced
o v via meson decays in
Side view sz the beam(s)

Not to scale!
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Recent BSM results from MicroBooNE

Light dark matter

| * Dark matter produced in the neutrino
beam via dark photon mixing

* Produced via neutral meson decay

* Scatter off argon nucleus,
accompanied by a dark photon radiation
subsequently decaying to et e~

Scalar DM (ap = 1.0, M,/M, = 0.6)

Fermion DM (ap = 1.0, M,/Ms = 0.6)

LHCb 2l LHCb

(a) ~— (b)

o= 10T 107 1o+
My[GeV] My[GeV]

Phys.Rev.Lett. 132 (2024) 24, 241801

1075
Bellell —— NAG62 = MicroBooNE e*e~ 2021
—— E949 CHARM = MicroBooNE u*u~ 2022
LHCb PS191 = MicroBooNE (this work)
1078
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Scalar mass [MeV]

‘ Higgs Portal Scalars

Neutral scalar singlet S, mixing
angle 8 with the Higgs boson

* Production from charged kaon
decays

Decay to lepton or pion pairs

——

350

|U,ia]? limit at 90% C.L.

i-llaavv Neutral Leptons

|® One new right handed singlet
state

® Mixing with active neutrinos via
extended PMNS matrix

¢ Produced from charged kaon
decays

e Decaytoete” orvn®

Phys. Rev. Lett. 132, 041801

(2024
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