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Am2, = 2.5 x 10 3eV?

‘Solar Mixing Sector”

14

12—

Normal ordering

Reactor

KamLAND

0.35
sin2912

Am2, = 7.4 x 107 %eV?



&lls] 1§ three neutrino paradigm c, = cos(6,)

j

s. = sin(g.)
1. Introduction Neutrino Mixing Matrix U U
3v Paradigm ~~ -~ _is
' 1 0 0 C13 0 S13€ wap C12 S12 0
Uel UeZ UeB
UPMNS = UM1 UN2 ng = 0 Co3 S93 0 1 0 —S12 Ci2 0
UTl UT2 UTB 0 —S23 Ca23 —Slgeiécp 0 C13 0 0 1
. ~ <\ -~ <\ -~ ~
Atmospheric Sector Reactor Sector Solar Sector

O3 ~ 45° 015 ~ 34°

M. Ross-Lonergan
Oct 24" 2025



&lls] 1§ three neutrino paradigm c, = cos(6,)

j

s. = sin@.)
1. Introduction Neutrino Mixing Matrix U U
3v Paradigm ~~ -~ _is
' 1 0 0 C13 0 S13€ wap C12 S12 0
Uel UeZ UeB
UPMNS = UM1 UN2 ng = 0 Co3 S93 0 1 0 —S12 Ci2 0
Unn Urz Us 0 —S93 Co3 —s13e¥cP () C13 0 0 1
. ~ <\ -~ <\ -~ ~
Atmospheric Sector Reactor Sector Solar Sector

013 = 8.56° £0.11°
(923 ~ 45° \13 012 ~ 34°

Reactor
Double ChooZ
1= RENO

M. Ross-Lonergan
Oct 24" 2025 8



leliglz}remaining questions? Of course c, = cos(6,)

s. = sin(g.)
1. Introduction Neutrino Mixing Matrix U U
3v Paradigm ~~ -~ _is
' 1 0 0 C13 0 S13€ wap C12 S12 0
Uel UeZ UeB
UPMNS = UM1 UN2 ng = 0 Co3 S93 0 1 0 —S12 Ci2 0
UTl UT2 UTB 0 — 23 C23 —Slgeiécp 0 C13 0 0 1
. ~ <\ -~ <\ -~ ~
Atmospheric Sector Reactor Sector Solar Sector
©)
(923 ~ 45

W hat's the octant of of 923?
Measured with sin2(2623)

Is there CP violation in neutrino sector

(do neutrinos and antineutrinos 5 ~
behave differently?) P A

Am2,| = 2.5 x 107 3eV/?
| Ami,|

What's the sign of Am?_,? )
The "Mass Ordering” problem

M. Ross-Lonergan

9

Oct 24" 2025



SloJyilg}remaining questions? .. we have plans! c, = cos(6,)

s. =sin(g.)
1. Introduction Neutrino Mixing Matrix ! !
Paradi i
3v Paradigm fU 1 7 ) U; 1 0 0 Gin 0 S13€ dop 15 $19 0
e e e
UPMNS = Uul UNQ ng = 0 Co3 S923 0 1 0 —S12 C12 0
UTl UT2 UT?’ 0 —sS93 Co3 —Slgeiécp 0 C13 0 0 1
Atmospheric Sector Reactor Sector Solar Sector
b3 ~ 45° \
What's the octant of of ©,? 23 ~ 45
Measured with sin?(26, )
3 “0
“E\“R\
T . 2l .
Is there CP violation in neutrino sector Hyper.Kamlokande

R o8

(do neutrinos and antineutrinos 5C’P ~

behave differently?) p

: sja Many more!

‘Am%z‘ = 2.5 x 107 %eV? _

) . ICECUBE
What's the sign of Am?_? ) Upgrade
The "Mass Ordering” problem

M. Ross-Lonergan

10

Oct 24" 2025



1 1==]Neutrino Paradigm! Success! c, = cos(6,)
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1. Introduction
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Pauli predicts
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Brookhaven Forum 2025
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1930 > Second: Cen

e Neutrinos played a pivotal role in first century of Quantum Physics
and will continue to do so in the second!

e |ets get planning for 2030, a Century of Neutrino Physics!
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PROPERTIES OF THE NEUTRINO
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“We are happy to
— inform you we have
definitely detected

neutrinos”
Reines & Cowan

“Everything comes to
him who knows how

to wait”
Pauli
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z

NEUTRINO MOMENTS, MASSES AND CUSTODIAL SU(2) SYMMETRY *
Pauli predicts

neutrinos Howard GEORGI and Michael LUKE

Lyman Laboratory of Physics, Harvard University, Cambridge, MA 02138, USA
1930 1956

Received 17 April 1990

””’

ATTENTION 1. The problem

' Atmospherlc Most likely, the solar neutrino problem [1] has nothing whatever to do with
’ Neutrino particle physi.cs. It is a great triumph that astrophysicists are able to predict the

Anomal number of B® neutrinos coming from the sun as well as they do, to within a factor
" -~ & ’y’ of 2 or 3 [2]. However, one aspect of the solar neutrino data, the apparent

M. Ross-Lonergan . . . . .
Oct 242025 919 modulation of the flux of solar neutrinos with the sun-spot cycle, is certainly
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The Short Baseline Anois

2. Short-Baselines i
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LSND Anomaly
Decay-at-rest
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Anomalies op A0 .
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’\: j /@ _. vd | /" i
= LSND Anomaly e MiniBooNE Anomaly ~~  Gallium Anomaly
i Decay-at-rest 7\ / Decay-in-flight " #  Radioactive Source =
¥ = SN e N\ V. A =~ W b 4 U e i | !,
' Reactor (RAA) No longer an
Anocinalv anomaly with
Nuclear Reactors modern flux

calculations!

Won't mention again.
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LSND used a beam of ¥y, from muon decay-at-rest, to
search for U, — U appearance oscillations

>
>

2. Short-Baselines

Anomalies

LSND Anomaly
Decay-at-rest

M. Ross-Lonergan
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Beam Excess
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Observed a 3.80 significance excess

was at
the level of 0.078%



LR IIBooNE Anomaly

MiniBooNE was an 800 ton
Cherenkov detector

2. Short-Baselines
Anomalies 'V“ — v_appearance

oscillations using neutrinos
from meson decay-in-flight
at the Booster Neutrino
Beam (BNB) at Fermilab

Observed a 4.80
significance excess
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Ll E1Gallium Anomaly

Looking for neutrinos from radioactive >'Cr and
37Ar sources in two experiments SAGE and
2. Short-Baselines GALLEX circa 1999.
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Ll E1Gallium Anomaly

Looking for neutrinos from radioactive >'Cr and
37Ar sources in two experiments SAGE and
2. Short-Baselines GALLEX circa 1999.

Anomalies

Recently replicated by the BEST experiment

(PhysRevl ett 128 232501 (2022))
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: T | I
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The Short-
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2. Short-Baselines
Anomalies
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The Short-

2. Short-Baselines
Anomalies
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Baseline Anomalies, discovery of a New Neutrino?

Beam Excess

Allindividually consistent with neutrino oscillations
with a mass difference Am? ~ O(1 eV?)

L e o e Data(staterr.)
PV, —VeE)n = v, from
/v, fromK"

fooose] p(Ve,e‘)ﬂ v, from K°
Em ° misid
o C ANy
other ol din
[ other
Constr. Syst. Error
I Best Fit

Events/MeV

1 1.2
L/E, (meters/MeV)




RSy =151 =3Neutrino?

2. Short-Baselines

Sterile Neutrinos

10

This does not line up with the
global "3 neutrino paradigm”

picture and LEP electroweak
precision data

20 |

T

2v

ALEPH
DELPHI
L3
OPAL

t average measurements,
error bars increased
by factor 10

Phys.Rept.427:257-454,2006
1 1 1 1

M. Ross-Lonergan
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86 88 90 92 9

E_, [GeV]

Mass difference Am? ~ O(1 eV?3)

“e'e” — hadron” cross-section at LEP

Need a 4" “sterile”
neutrino

3 Neutrino Paradigm

}Am%l = 2.5 x 107 3eV?

Am2, = 7.4 x 10~ %eV?


https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physrep.2005.12.006&v=a52d2d2b

SiCI{IEINeutrinos: a generic addition to the SM 0

e Any SM-singlet fermions carrying no standard model
charge can be called a “sterile neutrino’

2. Short-Baselines

Sterile Neutrinos

e Extremely generic extension. Any new ,
theory that contains a fermion that has no Sterile Neutrmo
SM charge can mix with our SM neutrinos

1.Known alias:

Gi i ; , b Heavy Neutral Lepton (HNL)
o Ives neutrino sector a unique prooe eutral HeavyLFermlon

into the unknown | Inert Neutrino

'SM Singlet Ferfnion
Right-handed neutrino
Right*handed neutral fermlo -
| Dark Neutrino

Number 9,450 papers inglet Neutrino +
of papers 362,292 citations 9 E
1972 1980 1990 2000 2010 2020 2025
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1§ =171z Neutrino Masses

Lots of theories and applications,
a priori no clear mass scale

2. Short-Baselines

Sterile Neutrinos

O(keV) warm
dark matter

candidate? \

O(TeV) help with
leptogenesis? T

GUT scale (10%° GeV)
helps with neutrino)
mass generation?

M. Ross-Lonergan
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1§ =171z Neutrino Masses

Lots of theories and applications,
a priori no clear mass scale

2. Short-Baselines

Massless?
Light, ~eV scale, sterile neutrinos Active \
Sterile Neutrinos (SBL-anomaly motivated) Neutrin OSN
0(0.01) eV

O(keV) warm
dark matter

candidate? \

O(TeV) help with
leptogenesis? T

GUT scale (10%° GeV)
helps with neutrino)
mass generation?
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Multiple independent anomalous signhals consistent
with a 4" eV scale neutrino..
2 short-Basclines Why is there still debate? Where's the ?

Sterile Neutrinos

Beam Excess

1 C e o e Data (staterr.)
PV, —Vee)n vV, — 1/, ==vfomu
3 j3s € =3 v.fromK’
I p(v,€e)n [ v, from K
I ° misid

Beam Excess

o C ANy
other -
[ other
Constr. Syst. Error
I Best Fit

Events/MeV
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L R elg 8 Baseline Anomalies, discovery of a Sterile Neutrino?

All consistent with neutrino oscillations
with-a'mass difference Am? ~ O(1 eV?3)

=/

Beam Excess

2. Short-Baselines

Sterile Neutrinos

1 C e o e Data (staterr.)
p(VH—wye )n V % V 1 v, from M“‘f
j3s € =3 v, fomK”
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S ANy
other —
[ other
Constr. Syst. Error
I Best Fit

Beam Excess

Events/MeV
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s~ What have we

4 learned and
where do we

stand on eV




3. Where We Stand
v — v _Results
] e
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Null u—e Vu— Ve

1024

o PhysRevlett.52.10.1103, 1084

101-]  KARMEN 90% C.L

e KARMEN [2002] @ RAL (UK)
O  Phys.Rev.D65:112001,2002

100— /

3. Where We Stand

AmZ, [eV?]
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v, rate at different average baseline.

e Calculate relative between near and
far detector so absolue flux and reactor

M. Ross-Lonergan modelling isn't important
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M Best-Fit oscillation
Am? = 7.3 eV?, sin?20 =
0.36 @ 2.90
significance
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e Commercial reactor, 100 M\X/th in Russia

e 334 days reactor on data

—— Am’=7.2 eV’, sin’(20) = 0.36, resolution 250 keV, bin 125 keV

184 O Observed, 24p, average (125, 250, 500 keV). First obs. + second cycle
16 Average 125, 250, 500 keV
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Several questions have been raised by community
so far, including the effects of the statistical
approach used, and impact of systematics and
expected backgrounds N

H. Almazan et al Sin“20e
° .Almazan et al, arXivi2006.13147 i .
e C. Giuntiet al jphysletb.2021.136214 Positive Hints Null Results

e Gallium
< _ e Neutrino 4?
“Therefore, we conclude that the claimed
Neutrino-4 indication in favor of

short-baseline neutrino oscillations with

M. Ross-Lonergan very large mixing is rather doubtful.”
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\[’{IIReactor Results

DANSS, Movable detector in Russia,
Phys.L ett.B 787(2018)56-63

Detector position changed frequently, 2-3
times a week, in order to reduce systematic
effects.

_ Relative

Ve
::___>:... Qa‘(

. N

, relative 419 m RENO and 24m
NEQOS detectors in Korea
Phys. Rev. D 105, 1111101 (2022)

2,509 days and 180 days of data taken in the
RENO and NEOS, respectively

Need to get closer to reactors!
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\[’{IIReactor Results

Segmented
e ( )

STEREO (ILL, Grenoble, France)

e Nature 613, 257-261 (2023)

e 334 days reactor on data, 58.3 MW/,
3. Where We Stand e 0.4 to11.1 m Baselines

h

PROSPECT (Oak Ridge National Lab, USA)
e arXivi2406.10408 [hep-ex] (2024)
e 06 days reactor on data, 85 MW/,
e 7-9 m Baselines

e 42
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LGV Attacking from different angle Ve — Ve
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o PhysRevlett.52.10.1103, 1084

e CDHS [1984] @ CERN

o PhysRevlett.52.10.1103, 1084
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“No muon disappearance ever observed

. . e CCFR e NOVA
from huge variety of experiments! e CDHS e MINOS
Contradiction to MiniBooNE & LSND!” e MiniBooNE
Me, early 2024 e Super-K
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Sensitivity (99% CL):
e Recent IceCube atmospheric
10.0} result has closed contour at the
'% 05% C.L arXiv:2405.08070 [hep-ex]
. Result:
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v, Disappearance 0.1F == 99% CL |
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sin?(260ay)

“This probability, corresponding to a
significance of 2.20, does not
constitute evidence for the existence
of an eV scale sterile neutrino.”

. But it is the first ever hint in the muon

M. Ross-Lonergan sector
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“This probability, corresponding to a
significance of 2.20, does not
constitute evidence for the existence
of an eV scale sterile neutrino.”
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LR Elephant in the Room... Cosmological Bounds
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Cosmology SiN?20ce

S. Hagstotz et al, PhysRevD.104.123524
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Cosmology
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Can this be avoided? Is this
dependent on specific models
of ACDM?

Possibly, but you have to add
more new physics! It's no longer a
simple vanilla “3+1" model

S. Hagstotz et al, PhysRevD.104.123524
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There is EXTREME tension in global data for a "vanilla 3+1 sterile neutrino”

[

o It's been that way for a long time, and is NOT getting better

o  Gets much worse with cosmology included
e Vanilla 3+1 sterile neutrino has not been a viable solution for a long time.
e While we need to close the box on €V sterile explanation, we also need to

look outside the box..

M. Ross-Lonergan
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3. Where We Stand

New Ideas

M. Ross-Lonergan
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Beam Excess

If a model fails to explain the data
throw out the model, not the data.

If not eV? scale sterile neutrinos, then what?
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\EWldeas from New Physics

Additions/Modifications
to light sterile neutrino oscillations®
l.e 3+1 + something else

e 3+2and 3+3 (more light steriles)

3. Where We Stand o  C.Giuntiet al Phys.Rev.D 84 (2011) 9, 073008

o 31+ (NSI) . .
o J. Liao et al Phys.Rev.D g9 (2019) 1, 015016 Lots of effort in this
direction, to keep the core
New Ideas ° 3+ 3+1 light oscillating sterile

o  ZMoss et al Phys.Rev.D 97, (2018) 055017 . .
Y 0 neutrino model and modify

e 3+1+Decoherence slightly to help reduce
o CA Argtelles et al C.Phys. Rev. D 107 (2023), global tension
036004

e 3+1+Resonance Matter Effects
o D.Alvesetal JHEP0O8 (2022) 034

M. Ross-Lonergan Just a few references, many many more
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New Ideas
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If they are not all related, very little evidence for oscillations

MiniBooNE Anomaly

LSND Anomaly Gallium Anomaly
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effect! HUGE



Decouple

LSND Anomaly
Decay-at-rest

3. Where We Stand

® Beam Excess

Beam Excess

other

1 12 14
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and JSNS2-1l J-PARC Sterile Neutrino Search at the J-PARC Spallation Neutron Source)

2

e JSNS? provides a direct test of LSND

e Uses the same neutrino source (pion
decay-at-rest) , same target, and same

J-PARC Sterile Neutrino Search
at J-PARC Spallation Neutron Source

102

detection principle (Inverse-beta-decay) as
LSND. ]
3. Where We Stand 7
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https://arxiv.org/pdf/2412.18509
https://doi.org/10.48550/arXiv.2012.10807
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allium Anomaly

e BEST was the new testing ground for this 12,
decades old anomaly Lk
e BEST result is extremely compelling, the _ Lop
anomaly is confirmed but sterile origin is \09
NOT confirmed % ol * L
3. Where We Stand - t
0.7
OSSR
New Ideas %@&/\’Q Q’Q)%&’OQ
BEST designed as a

two-distance oscillation
experiment from the
start Inner and Outer
volumes
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L E3Gallium Anomaly

e BEST was the new testing ground for this
decades old anomaly

e BEST result is extremely compelling, the
anomaly is confirmed but sterile origin is

NOT confirmed
3. Where We Stand
o Might be the most robust neutrino
anomaly right now

New Ideas

If it is indeed due to new physics its very hard to
explain a ~20% effect in the electron sector
while remaining consistent with global
experiments

M. Ross-Lonergan
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3. Where We Stand

New Ideas

Events/MeV

E%E (GeV)

M. Ross-Lonergan
Oct 24' 2025 73



MiniBooNE

2= Ifermilab

Protons
Booster
Accelerator
~8 GeV
3. Where We Stand
ﬂ +
New Ideas Be T
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L CRIE IProgram

3= Fermilab

110 ton

90 ton ﬁ 476 ton | A

Protons - T 7 Oy N
Booster : 4 3 o O\
Accelerator ) - Ak V wm?;:\\; o
-8 GeV e TS " I Nlika
3. Where We Stand — - .
o 6o00m
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Y YN\ el alf rom MiniBooNE: Electrons

MiniBooNE couldt separate

electrons from
3. Where We Stand K /N : ' . :
? | @t AT
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Cherenkov ring event
in MiniBooNE

M. Ross-Lonergan

Oct 24™ 2025 76



Y YN\ il ]alfrom MiniBooNE: Electrons, Photons ...

3. Where We Stand

New Ideas
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MiniBooNE couldt separate
electrons from photons

pair-production
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Y YN\ il slf rom MiniBooNE:

, Photons or e’'e™ pairs

MiniBooNE couldt separate P
electrons from photons @ —e e

pair-production

[ 4 N
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Cherenkov ring event
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elill 4\ [1-Bon MiniBooNE/Anomaly “motivation” of BSM/Dark Sector Physics
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4. The Dark Sector
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elill 4\ [1-Bon MiniBooNE/Anomaly “motivation” of BSM/Dark Sector Physics

Events/MeV

MiniBooNE couldt separate

electrons from photons

pair-production
99 —e'e

4. The Dark Sector
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4. The Dark Sector
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Three forces
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“Dark Matter”
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1lslz]Dark Sector

The
Standard
Model

Plethora of particles
Three forces

Forms complex composite
structures, hadrons, mesons..etc..

Forms complex atoms & molecules
(chemistry)

Rich particle content

o Dark matter candidate(s)
o  Sterile Neutrinos
o Axions
o New Scalar Bosons
o +...

New Forces and Interactions
o New dark gauge bosons

Rich & Complex
phenomenology
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1lslz]Dark Sector

The
Standard
Model

4. The Dark Sector
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Y 1llss=\8Portals to the Dark Sector

The
Standard
Model

Neutrino Portal

4.The Dark Sector Neutrino Portal

Minimal Portals d

LD —y*L,HN + h.c.
Couples active

heutrinos with
sterile neutrinos

U
4 [z N4
U
M. Ross-Lonergan ®- — e —
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Y 1llss=\8Portals to the Dark Sector

The
Standard
Model

Scalar Portal

Neutrino Portal

4..The Dark Sector Neutrino Portal Scalar Portal
Minimal Portals d '
LD(AS+AXSHH'H
Couples higgs
boson with

dark/scalar bosons

Hhiggs 6 ¢HPS

M. Ross-Lonergan ®_ .......
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Y 1llss=\8Portals to the Dark Sector

The
Standard
Model

Vector

Portal

Scalar Portal

Neutrino Portal

4..The Dark Sector Neutrino Portal - Scalar Portal
Minimal Portals

Vector Portal

L > cF, B"

Couples SM
photon with dark
U(1)' photons

Y € ADark
M. Ross-Lonergan /W\N\.®- — — —
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Y 1llss=\8Portals to the Dark Sector

. - - @ » ~
-~ . .
. Axion Portal ~

Vector

L 4

The
Standard
Model

Portal

Scalar Portal

Neutrino Portal

4..The Dark Sector Neutrino Portal - Scalar Portal
Minimal Portals

®Vector Portal . @ Axion Portal .

LD CGG fGZVGa Ll
Couples our
axions to SM

gluons
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Y 1llss=\8Portals to the Dark Sector

. - - @ » ~
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. Axion Portal ~

Vector

L 4

The
Standard
Model

Portal

Scalar Portal

Neutrino Portal

4.The Dark Sector Neutrino Portal Scalar Portal Vector Portal Axion Portal
Minimal Portals ¢ ' . a ~
LD —y*LoHN+he. LD(AS+AS*)H'H L D eF,, B" LD cGGﬁ?GzyGa’“”:
] Couples higgs Couples SM Couples our
COUp[.eS aCtI.VI? boson \with photon with dark axions to SM
neutrinos wit dark/scalar U(2)’ photons gluons
sterile neutrinos
bosons
VN TP — Huge amount of phenomenology associated with these portals at short-baselines!
. - gan
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4. The Dark Sector
Minimal Portals
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\WATEIEYto look?

4. The Dark Sector
Minimal Portals
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ATLAS: JHEP 03 (2021) 243
CMS: arXiv:2405.13778 (2024)
FASER: arXiv:2410.10363 (2025)
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\WATEIEYto look?

N. Sabti et al JCAP11(2020/056 ISR
A. Caputo et al . )
Phys. Rev. D 104 (2021) 095029
A. Boyarsky et al

Phys. Rev. D 104, 023517 (2021)

ATLAS: JHEP 03 (2021) 243
CMS: arXiv:2405.13778 (2024)
FASER: arXiv:2410.10363 (2025)

4. The Dark Sector
Minimal Portals

Cosmology

-~ Energy

Colliders

Astroparticle
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\WATEIEYto look?

N. Sabti et al JCAP11(2020)056 Accelerator

A. Caputo et al

Phys. Rev. D 104 (2021) 095029 Neutrinos

A. Boyarsky et al
Phys. Rev. D 104, 023517 (2021)

ATLAS: JHEP 03 (2021) 243
CMS: arXiv:2405.13778 (2024)
FASER: arXiv:2410.10363 (2025)

4. The Dark Sector
Minimal Portals

Cosmology High

and
Energy
Colliders

Astroparticle
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DV =1u o] sector searches with Accelerator Neutrinos

Natural place to search

1. Impressive increase in neutrino beam intensity over past decades

4. The Dark Sector

Accelerator Probes
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DV =1u o] sector searches with Accelerator Neutrinos

Natural place to search

1. Impressive increase in neutrino beam intensity over past decades

Eg NU,MI beam at Ferm | I_ab Main Injecror 120GeV beam power
0 : [ T T T T ¥ T T ¥ T 5= :
RAinsworth et al Collimation 30 = 1100 |- =162 i3
Phys.Rev.Accel.Beams 23 12, 121002 Diode Damper s | June 26 2024 T
S Max. Point 3
500 6+6 l 25 S 1050 . . 60 =
— (700 kW) i % [ / o
— B 446 vatt = S F ! o
82 (525 kW) = 3 ; ] g
5 o 600 2+6 205 2 1000 g
QB) E pp | @00KW) 2 3 [ £
=] 8 = [
= M 0w : 159 950 55
£ 400l @40kW) & r
] = =
R 10 S ! :
4. The Dark Sector S S 900 | 54
200 2 |g
i o N ; vt [ s0L Averaged beam power 52
Accelerator Probes e A & % 850 | g P {52
Ry * £ RN R R & e g d
% X © o 1
i W A \» QY 1\
o° NN UGN i

b\\'\\\% &\QD‘\\q 00 Sro0 s 0700 10:09°
N\ Q ( Credit to Adam Schreckenberger)

From 240 kW (2013) to successful 1.018 MW (2024) tests in just over a decade

M. Ross-Lonergan
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DV =1u o] sector searches with Accelerator Neutrinos

Natural place to search

1. Impressive increase in neutrino beam intensity over past decades

Future beam upgrades of 1.3MW for Hyper-K

DUNE (Phase 1) to start with a 1.2MW beam with upgrade paths for Phase Il including
e ACE-MIRT (Main Injector Ramp and Targetry upgrade). Beam power to 2.0MW
e ACE-BR (Booster Replacement): Beam power to 2.4MW

Oct 24' 2025 99

Parameter PIP-II Booster || ICD-2 BSR vl BSR v2 Further upgrade paths as
Linac Energy 0.8 GeV 2 GeV 2 GeV i

4. The Dark Sector Minimum Linac Current 2 mA 2 mA 2 mA 5 mA hlgh ?-S 4i:0hddw have been
GeV-scale Accumulator Ring Optional Optional Required Optional Investigate

Accelerator Probes RCS Energy 8 GeV 8 GeV 8 GeV
RCS Intensity 6.5 el2 26 el2 37 el2 .
RCS Circumference 4742 m 553.2 m 570 m R. Ainsworth et alAn Upgrade
RCS Rep. Rate 20 Hz 10 Hz 20 Hz Path for the Fermilab
Number of Batches 12 6 5 Accelerator Complex
Accumulation Technique Slip-stacking Conventional || Conventional
8 GeV Accumulation Recycler Recycler Main Injector J. Eldred et al. Design
Available RCS Power 80 kW 170 kW 750 kW Considerations for Fermilab
Main Injector Intensity 80 el2 156 €12 185 el2 Multi-M\W Proton Facility in
Main Injector Cycle Time 1.2 s 1.2 s 14s the DUNE/LBNF era
Main Injector Power (120 GeV) I142 MW I 2.4 MW 2.4 MW

m Upgraded Main Injector Power 3.3 MW I]I4.0 MW |


https://arxiv.org/pdf/2106.02133
https://arxiv.org/pdf/2106.02133
https://arxiv.org/pdf/2106.02133
https://lss.fnal.gov/archive/test-fn/1000/fermilab-fn-1146-ad.pdf
https://lss.fnal.gov/archive/test-fn/1000/fermilab-fn-1146-ad.pdf
https://lss.fnal.gov/archive/test-fn/1000/fermilab-fn-1146-ad.pdf
https://lss.fnal.gov/archive/test-fn/1000/fermilab-fn-1146-ad.pdf

BF11 € =ua o] sector searches with Accelerator Neutrinos

Natural place to search
1. Impressive increase in neutrino beam intensity over past decades

2. High precision, multi purpose neutrino detector technology being
employed

3 Millimeter Scale Resolution
Eg, The Liquid Argon Time Calorimetry & Energy Measurement
Projection Chamber (LAFTPC) Powerful Particle ID
detector technology =eatiic e s

used at the Short-Baseline
Neutrino Program at Fermilab

4. The Dark Sector

Accelerator Probes . — — — — == == == = = = = =

M. ROSf;Lonergan Single-Photon + Proton Candidate
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Jlelg g ETline Neutrino Program

2= Ifermilab

Protons
Booster
Accelerator
~8 GeV
Jt+
Be _K
JU

4. The Dark Sector

Accelerator Probes

M. Ross-Lonergan
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pIEIIBeam Experiments

2= Ifermilab

Protons

Booster
Accelerator
~8 GeV

Be

4. The Dark Sector
Accelerator Probes
Main Injector

~120 GeV
Protons
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Proton
Accelerator

Protons K*

4. The Dark Sector

Accelerator Probes
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JiVelo=1 L1 g=100]d Neutrinos

Proton
Accelerator

Protons K-

4. The Dark Sector e

Accelerator Probes
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JiVelo=1 L1 g=100]d Neutrinos

Proton
Accelerator

Protons

4. The Dark Sector

Accelerator Probes
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V€ =1ua o] Production in the beam

0Neutrino Portal N
€ NUNL

4. The Dark Sector

Accelerator Probes

M. Ross-Lonergan
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V€ =1ua o] Production in the beam

Target
Protons

4. The Dark Sector

Accelerator Probes
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V€ =1ua o] Production in the beam

Target
Protons

4. The Dark Sector

Accelerator Probes
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V€ =1ua o] Production in the beam

Target
Protons

4. The Dark Sector

Accelerator Probes
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All neutrino
beams are Dark
Sector particle
beams, for free



pI=1{Yudle]s] Of Dark Sector Particles

4. The Dark Sector

Accelerator Probes

M. Ross-Lonergan
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1 ETadle]y] of Dark Sector Particles: Decays

/ Neutrino Detector

H 7
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1 ETadle]y] of Dark Sector Particles: Decays

A% Neutrino Portal N
@ Scalar Portal ¢
HPS
___________________________________ -
Higgs Portal Scalar Branching Ratio
1.01 B. Batell et al
4. M Phys. Rev. D 10?).61156;32
o 0.81
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M. Ross-Lonergan ms {BeN) \ /

Oct 24" 2025 112



1 ETadle]y] of Dark Sector Particles: Decays

V Neutrino Portal HNL

4. The Dark Sector

Accelerator Probes

Often to be very short
lived, decay before
reaching the detector

Neutrino Detector

M. Ross-Lonergan
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1 ETadle]y] of Dark Sector Particles: Decays

V Neutrino Portal NHNL

4. The Dark Sector @ Vector Portal

Accelerator Probes ADark x
If there is anything else in the
dark sector, e.g low-mass dark
matter y, it could also be

produced \ /

M. Ross-Lonergan
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pI-1{=Yudle]s] Of Dark Sector Particles: Scattering

/ Neutrino Detector

7
. e
A Neutrino Portal N R

4. The Dark Sector @ Vector Portal

Accelerator Probes NN _ABaE\

This dark matter candidate, y, is stable
but enters the detector and scatters off
an atom, so-called trident e'e”

production \ /
M. Ross-Lonergan
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MWV =gl Dark Sector Probes
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XV Egitll Dark Sector Probes: not just neutrino portals
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XV Egitll Dark Sector Probes: not just neutrino portals
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XV Egitll Dark Sector Probes: not just neutrino portals
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ul[d{]BooNE's extensive suite of searches: Summary

4. The Dark Sector

MicroBooNE

M. Ross-Lonergan
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ul[d{]BooNE's extensive suite of searches: Summary
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XWEgil Dark Sector Probes: Only scratching the surface

Anderson at Caltech , August 2"9, 1932
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"Background Free” Dark Sector Searches
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Nano Second Angular Vertex & MeV
Timing Resolution Scale Activity
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Nano Second Angular Vertex & MeV
Timing Resolution Scale Activity
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"Background Free” Dark Sector Searches

Nano Second Angular Vertex & MeV
Timing Resolution Scale Activity

AQ!
x\‘-’““o
O

Min dist from e

cluster to shower start S|
St N
Pro‘on nd‘da\e

Cste!
___—-————:;
e

-
nowe! = =~ Impact
Parameter

\ Shower Start Point

uBooNE:

Photon
Candidate

Proton
Candidate

22(m

Run: 8906 Subrun: 303 Event:

Rejecting events with low energy
proton “blips” below 20 MeV at
~060% efficiencity

—— NC non-coherent 1r°
—— NCA=> Ny

%
]
o

o]
o

Rejection Efficiency [%]

||||||||||||||||||||||||

0.15 0.2 025 03 035 0.4
Leading exiting proton KE (GeV)

"First Search for Neutral Current Coherent
Single-Photon Production in MicroBooNE”

MicroBooNE, arXiv:2502.06091 [hep-ex]



LV Ele ] "Background Free” Dark Sector Searches

Nano Second Angular Vertex & MeV
Timing Resolution Scale Activity
y gﬁ*&
%.
e

49

o))

Shower + Shower + MeV Shower + Shower +
Isolated proton scale proton neutron evidence of
Shower kinematics “blip” evidence BSM particle

M. Ross-Lonergan
Oct 242025 145

5. Future
Towards Bkg Free
s g 7 < - -’ \d - P e -
K ) \



LV Ele ] "Background Free” Dark Sector Searches

Nano Second Angular Vertex & MeV
Timing Resolution Scale Activity
y gﬁ*&
%.
e

S

“Smoking Gun”

49

o))

Shower + Shower + MeV Shower + Shower +
Isolated proton scale proton neutron evidence of
Shower kinematics “blip” evidence BSM particle

5. Future
Towards Bkg Free N
-’ o =T sl
P \/ - -, - ==
M. Ross-Lonergan

Oct 242025 146




LV Ele ] "Background Free” Dark Sector Searches

Nano Second
Timing

Angular
Resolution

Vertex & MeV
Scale Activity

LArTPC capability to probe detailed hadronic kinematics and

MeV scale vertex activity gives us a powerful handle to
distinguish between various SM and BSM signals

Shower + Shower + MeV Shower + Shower +
Isolated proton scale proton neutron evidence of
Shower kinematics “blip” evidence BSM particle

5. Future
Towards Bkg Free N
7 ” - - -—
” P - ~ -~
e Ve e -l -~ b
\
M. Ross-Lonergan

Oct 24™2025 147




LV Ele ] "Background Free” Dark Sector Searches

Nano Second Angular Vertex & MeV
Timing Resolution Scale Activity AR Eliees
DUNE-PRISM sswrrerree  SBND=-PRISM

l“i(lll%/dﬁun(\
\ \

Beam Axis
) //
S .
1 AN
Y
Al
1

Anode
Plane 0

L]
...
Y

Neutrino Beam Axis

5. Future
Towards Bkg Free

SBND arXiv:2508.20239 [hep-ex|

ISl | )\ E o rivi2500.07664 [hep-ex]



LV Ele ] "Background Free” Dark Sector Searches

Nano Second Angular Vertex & MeV
. : . . PRISM effect
Timing Resolution Scale Activity
SBND Simulation
x10~ 0.07/ ol =
e I EngineeredSept2017, 120 GeV, 1.2MW | = o6l 3, a2
5 A0F 6m On Axis FHCv,{ & ' § o 8
o i 12m V]J. : I;l :':I E ZE
p —RHCV,{ £ 005 = g 100 S
=] u o L 13
3} 1 > Z _200
% g 0.041 Zél\?eutljgo ertex_)léofcr;?oo 0
O 3
é 3 00 = coonn
o ﬂ — eZﬁ €10.4°,0.6%
= = Boa €[0.6°,0.8°)
g 0-021 — o1z
= Bon €[1.2°,1.4°)
: I\ : § 001 ] Boa €[1.4°,1.6°)
% 1 2 3 4 5 7 d
E, (GeV) S . | | S ———
5. Future 0.0 0.5 1.0 15 2.0 2.5 3.0

Neutrino Energy [GeV]
Towards Bkg Free

Conceived as a way to greatly improve understanding of your
flux and systematics

M. Ross-Lonergan

LERYLP TR DUNE arXivi2509.07664 [hep-ex| SBND arXiv:2508.20239 [hep-ex]




LV Ele ] "Background Free” Dark Sector Searches

Nano Second Angular Vertex & MeV
Timing Resolution Scale Activity AR Eliees
DUNE-PRISM

1OﬂsScalar DM ¢, ap =0.1, My = 3My;

10°6

Almost an order of magnitude 107
increase in sensitivity using .
PRISM for scalar light dark

matter models 107

\ {mg

I-\I IIIII| I I\\IIIIIIl | IIIIIIII T T

5. Future e ] DUNE On-axis
Towards Bkg Free ’ ,// —— DUNE PRISM
10710 | ’I/ I | | | I I
1072 107! 1
MA/ [GGV]
Oct oyinzons o 150 V. De Romeri, K. Kelly, PA.N. Machado Phys. Rev. D 100, 095010 (2019)



Towards

5. Future
Towards Bkg Free

M. Ross-Lonergan
Oct 242025 151

"Background Free” Dark Sector Searches
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s this as clean as “single-event’ positron discovery? Of course not!

But by leveraging and combining multiple aspects of modern
LArTPC design short-baseline LArTPC's are an excellent probe of a
wide array of dark sector and BSM searches
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“Precision Era”
Solar neutrinos Rapid development! ° Access .tO .
discovered by Davis, increasingly high
leading to discovery of precision neutrino
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e As it stands, three-neutrino paradigm remains king. { Ve) (| Vu @

o The light oscillating 3+1 sterile neutrino interpretation of the anomalies
is very much in trouble with global evidence against it extremely strong @

o  Next generation MicroBooNE and SBN program will be capable of
putting nail in the coffin
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o The light oscillating 3+1 sterile neutrino interpretation of the anomalies
is very much in trouble with global evidence against it extremely strong @

o  Next generation MicroBooNE and SBN program will be capable of
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e Regardless of your belief in an eV scale sterile neutrino, the
Short-Baseline anomalies have so far survived scrutiny and remain
unexplained!

o For MiniBooNE anomaly, single-photon with zero-protons remains one
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6. Conclusions
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As it stands, three-neutrino paradigm remains king. { Ve | Vu @

o The light oscillating 3+1 sterile neutrino interpretation of the anomalies
is very much in trouble with global evidence against it extremely strong

o  Next generation MicroBooNE and SBN program will be capable of
putting nail in the coffin

Regardless of your belief in an eV scale sterile neutrino, the
Short-Baseline anomalies have so far survived scrutiny and remain
unexplained!

o For MiniBooNE anomaly, single-photon with zero-protons remains one
of the last plausible hiding places

Recent results have highlighted the capability and
feasibility of current and next generation neutrino v
experiments to begin to probe into the dark sector,
an exciting and rapidly growing direction in heutrino
physics







eI of the Dark Neutrino Signal

: ek : T : Single Dark Dual Dark
1. Wide distributions of e'e” opening angles NoUtrino NoUtring
2. Events are very forward with respect to the ° ) e A<t
neutrino beam . A | C
Light 7 I
2. The Dark Sector 3. Total energy deposited can be quite varied koo : ______ ]
4. Both coherent and incoherently produced Heavy 2 . D
Our e+e- Signal | (S — L e -
[
This analysis focuses entirely on coherent (zero proton) scattering
MicroBooNE
85 Tonnes Z Coherent

scattering naively
scales as atomic

~9.6 times less number squared:

MiniBooNE active mass

818 Tonnes
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LRy ElgAways to mimic a single-photon or e'e” pair

Background: .

®
(2) a° events from neutrino interactions
whose daughter

photons scatter inside

3. e+e- Selection
Reject Background

> L

_Cryostat .-~

e

M. Ross-Lonergan
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'How BDT Aims to Reject: .

Due to the long thin shape of
MicroBooNE TPC 2.56 x 2.32 X 10.36 m

Most of this enters from the
long-edges

Harder for this background to
coincidently look like very forward
going showers (also the main
phase space of our signal)

As such, the BDT preferentially
select this very forward events



LRy ElgAways to mimic a single-photon or e'e” pair

3. e+e- Selection
Reject Background
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Background: .

[
(3)  NC x° from neutrino interactions inside
of the TPC where
before pair converting
Y
S
- —— *\’JL’
116
cm
2\
N
______ > ’J;O
TPC
Cryostat
Y

'How BDT Aims to Reject:

Both this and last similar.
Fiducialize?

Average distance to TPC
boundary is 38 cm

70 y Absorption Length in Argon

== total energy loss
— Compton scattering
— pair-production

9/7 xradiation length

60

w
o

A~25Cm
A N @ 100 MeV

Mean Free Path A [cm]
K-
\
]
,/

N
o

I o o

10 I
10° 10 102 10° 104
Photon Energy [MeV]

Average event is less than 24 from TP(
boundary. Very difficult




Y [[edge]=1eTe]\|T's Recent Dark Sector e'e” result

Bkg Prediction: 69.7 t17.3events  “w o MicroBeoNE Duta
6.87x10*" POT
Observed Data: 95 events 5 401 -

He—

Events

{ Single Dark Neutrino Signal
mz, 30 MeV, my : 106 MeV,

& _|—§—|J [Uuf? 2 x 1071 ¢ : 8 x 10~

20+

No evidence was observed for an
e+e- signal consistent with

. H 200 400 600 800 1000 1200 1400 1600
MiniBooNE. - e
Total Reconstructed Visible Energy [MeV]

At 95% C.L. excluded the majority of
the model phase space motivated by
MB anomaly

4

4. The Dark Sector

Solving Anomalies? Broad class of models tested, with
varied dark gauge boson mass, as well o1 MiniBooNE 95% Allowed Regions
as scenarios with both single and dual o 0 oy MicroBooNE 95% CL
dark neutrinos 01 Gov N 08 GeV prcluston Resions
" H 02 GeV 1.25 GeV e Independent Bounds
10~ '
1072 101 100
M. Ross-Lonergan my [GQV]

R AR y] MicroBooNE Collaboration arXiv:2502.10900 [hep-ex] (2025)



L ARV of 3+1 Light Sterile Oscillation
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5. The Future The SBN program, alongside experiments like JSNS?-II, will close the discussion on
For 3+1? oscillating 3+1 sterile interpretation one way or another.

If a positive signal is indeed found, the difficulty is then the extreme tension between
global experiments. Most likely require more new physics: 3+1+"'something”

M. Ross-Lonergan
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Improved search with almost
double efficiency of first-gen
analysis by combining
reconstruction paradigms

Coherent y

Search for coherent yp, an even
rarer SM process than A
Radiative.

Coherent p

A broad search aiming to

capture all possible
single-photons, of both SM and

BSM origin

M. Ross-Lonergan
Oct 24™ 2025



Mav4Single-Photon Results from MicroBooNE

e Confirmed no anomalous NC A
Improved search with almost Radiative excess.

double efficiency of first-gen e Rejected hypothesis at 94.4% CL,

analysis by combining consistent with 2021 analysis.
reconstruction paradigms

° and reconstruction

show great agreement
Coherent y nowgreatag
Search for coherent yp, an even 2 WC 19Np e 220 10 POT Mook Datn
rarer SM process than A ? \ Pandora 171p
Radiative. . 1]

g 0 0 ‘ 200 400 600 0 200 3:4003: 600
A broad search aiming to . WC 1~0p Pandora 10p
capture all possible © i

single-photons, of both SM and

I
BSM origin ﬂﬂﬂ%ﬂkﬂ %

0 200 400 600 0 200 400 600

Reconstructed Shower Energy (MeV)

M. Ross-Lonergan arXiv.2502.05750 [hep-ex] (2025)
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A Radiative y

Improved search with almost
double efficiency of first-gen
analysis by combining

reconstruction parad;gms/'

Coherent y

Search for coherent yp, an even
rarer SM process than A
Radiative.

A broad search aiming to
capture all possible
single-photons, of both SM and
BSM origin

First ever search for this process.
Developed tools to veto protons
below 35 MeV Kinetic Energy

Observes no excess

Places an upper limit on the cross
section of this process of 1.49x1074*
cm?at 9o% CL

a F
§ 80[=---- 72, /ndof: 0.00/1, pwie: 0.997 Event Rate
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70
Constrained prediction - 29.0
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MicroBooNE Data
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e Total sample is consistent with

Improved search with almost background prediction to within 1.6

double efficiency of first-gen
analysis by combining
reconstruction paradigms

250

% ;_ _+_ + Data

w C
COherent y 200:_ — Prediction with constraint
Search for coherent p, an even 150; x2/ndf: 23.05/16
rarer SM process than A 100 MicroBooNE
Radiative. sob

A broad search aiming to

5
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Y
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+ |
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capture all possible i
single-photons, of both SM and oS
. . 0 I I
0 00 000
BSM Orlgln ° Reconstructed1Shower Energy (MeV)
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e Total sample is consistent with

Improved search with almost background prediction to within 1.6

40
20

double efficiency of first-gen e In the zero-proton sample we observed
analysis by combining a 2o excess below 600 MeV shower
reconstruction paradigms energies
single-photon, zero-proton events
3 180

Coherent y Pw 4 oata
Sea rCh fOI’ COhel’ent y. an even 140;_ I — Prediction with constraint

120—
rarer SM process than A o ‘ it 14,4077
Radiative. 80; MicroBooNE

60—

A broad search aiming to ,g 2-
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L E3Gallium Anomaly

e BEST was the new testing ground for this
decades old anomaly

e BEST result is extremely compelling, the
anomaly is confirmed but sterile origin is
NOT confirmed

3. Where We Stand

©)

New Ideas

Lots of scrutiny: E.g A larger value of the half-life of *Ge used to compute the
neutrino cross sections on 7*Ga could explain the difference

T e | E.BNorman etal, PhysRevC.100.055501 (2024)
AT
‘-% I . ‘With this experiment, the potential explanation of the
< fid thjff_vfég((;)of) Gallium Anomaly being due to an unexpectedly long
8 72Ge half-life has been ruled out, leaving the
o Hampel (1995) anomaly’s origin as an open question”
M Ross-Lonergan 11.43(3) d

Oct 242025 169 1.3
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EETale]d(RAA) Global Anomaly?

We have several valid models of reactor
fluxes that have no anomaly.
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C.Giunti et al Physics Letters B Volume 829, 10 June 2022,
137044

In fact, global fits of reactors essentially o
exclude the BEST and Neutrino-4 allowed o

regions. E.g the Estienne-Fallot (EF)
reactor flux model
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L.yZ4 oM Data Exclusion Regions

Dual Dark Neutrino (A=1)

N |

@
0
3.
MiniBooNE 95% Allowed Regions 1 MiniBooNE 95% Allowed Regions
10_11 1 Example My values : 107 1 Example My values : »
. . MicroBooNE 95% CL . MicroBooNE 95% CL
0.03 GeV EEER 0.5 GeV Exclusion Regions 0.03 Gev HEER 0.5 GeV Exclusion Regions
I 0.1 GeV I 0.8 GeV . I 0.1 Gev HEE 08 GeV . )
Prior Model Prior Model
H 0.2 GeV 1.25 GeV Independent Bounds 14 N 0.2 GeV 1.25 GeV Independent Bounds
1014 : 10~ '
1072 1071 10° 102 1071 10°
my [GeV] ms [GeV]

The world's first direct limits on these dark sector models and, at the 95%
confidence level, excludes the majority of the parameter space viable as
a solution to the MiniBooNE anomaly (especially for light Z' boson masses)

M. Ross-Lonergan

Oct 24" 2025 MicroBooNE Collaboration arXiv.2502.10900 [hep-ex] (2025)
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- —@— Total Signal Efficiency

1 shower + 0 tracks
2 showers + 0 tracks

1 shower + 1 track
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2. Short-Baselines LA-UR-

Evidence for 7, — 7. Oscillations from the LSND Experiment at LAMP

Sterlle NeutranS \ \\ C. Athanassopoulos'2, L. B. Auerbach'?, R. L. Burman’, I_SN D ﬁ rSt resul,ts Came Out In
s L. Cohen®, D. O. Caldwell®, B. D. Dieterle!”, J. B. Donahue?, A. M. Eisner?, .
A. Fazely!!, F. J. Federspiel?, G. T. Garvey”, M. Gray?, R. M. Gunasingha®, 6 th N t f
R. Imlay®, K. Johnston?, H. J. Kim®, W. C. Louis’, R. Mz 2, J. Margulies'2, 199 ere was O mention o
K. Mcllhany!, W. Metcalf®, G. B. Mills”, R. A. Reeder!?, V. Sandberg?, D. Smith, " . ” .
L'Shancu?, W. Strossman’, R. Tayloe”, G. J. VanDalen', W. Vernon®*,N. Wadia®, Ste”le neutﬂno Whatsoe\[er
J. Waltz®, Y-X. Wang?, D. H. White?, D. Works'2, Y. Xiao'2, S. Yellin®
LSND Collaboration
\ ! University of California, Riverside, CA 92521
2 University of California, San Diego, CA 92093
S ¥ University of California, Santa Barbara, CA 93106
=4 ! Unig#fsity of California Intercampus Institute for Research at Particle Accelerators, Stanford, CA 94309
4 5 Embry Riddle Aeronautical University, Prescott, AZ 86301

e Xt L At this point, while there was

i‘ 7 Los Alamos National Laboratory, Los Alamos, NM 87545

— ® Louisiana State University, Baton Rouge, LA 70803 - - - -

= 9 Louisiana Tech University, Ruston, LA 7187 com pe[hng evidence bu||_d|ng
-~ 10 University of New Mexico, Albuquerque, NM 87131
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for solar and atmospheric

(August 17, 2019)

%/ oscillations, the 3v paradigm

was 1787 C in 1993, 5904 C in 1994, and 7081 C in 1995.

) A search for 7, — . oscillations has been conducted at the M. 3 et ; o 3
Most of the 7% come to rest and decay through the
Los Alamos Meson Physica Facility by using b from i+ decay A e ou WwWas NO Means taken 1or

O at rest. The 7, are detected via the reaction D.p — et n, - duonce ¥ vy, followed by v —-e {f","’f" supply-
S correlated with a v from np — dy (22MeV). The use of M8 Zu With a maximum energy of 52.8 MeV. The energy t d b t H EP
> tight cuts to identify e events with correlated ~ rays yields ~ dependence of the 7, flux from decay at rest (DAR) is gran e y en Ire

) 22 events with e* energy between 36 and 60 MeV and only very well known, and the absolute value is known to 7% .
. 1.6 4 0.6 background events. A fit to the e events between  [1.3]. The open space around the target is short com- Com m un |t

Q 20 and 60 MeV yields a total excess of 51.87157 + 8.0 events. pared to the pion decay length, so only 3% of the =* y

E If attributed to 7, — . oscillations, this corresponds to an decay in flight (DIF). A much smaller fraction (approxi-

oscillation probability of (0.317]5 % 0.05)%. mately 0.001%) of the muons DIF, due to the difference

¥ in lifetimes and that a 7% must first DIF. The total 7,
14.60.Pq, 13.15

flux averaged over the detector volume, including con-
tributions from upstream targets and all elements of the

i BTN
. . . . beam stop, was 7.6 x 1075, /em? /proton.
We present the results from a search for neutrino os-

cillations using the Liquid Scintillator Neutrino Detector

M. ROSS- Onergan (LSND) apparatus described in reference [1]. The exis-
tence of neutrino oscillations would imply that neutri
Oct 24™ 2025 ;

A 7, component in the beam comes from the symmet-

rical decay chain starting with a #—. This bacl

is suppressed by three factors in this experiment. Fir:

7+ production is about eight times the 7~ production

have mass and that there is mixine amone the different
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Three years later, after Super-K's

atmospheric results, the picture as “we would like to finish this section
we know it started to form by emphasizing the importance of
» Short-Baselines g the results obtained in the LSND

TUM] experiment for neutrino physics."
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o indications in favour of solar and
o atmospheric neutrino oscillations
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Abstract

This review is focused on neutrino mixing and neutrino oscillations in the light
of the recent experimental developments. After discussing possible types of
neutrino mixing for Dirac and Majorana neutrinos and considering in detail the
phenomenology of neutrino oscillations in vacuum and matter, we review all
M. Ross-Lonergan existing evidence and indications in favour of neutrino oscillations that have
Oct 24th2025 174 been obtained in the atmospheric, solar and LSND experiments. We present
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