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Y le]gdl Baseline Neutrinos?

1. Introduction “ "o~ .
Short-Baseline? Short” Dictionary Definition

short noun
e knee-length trousers

‘Short verb

e fo sell astock in expectation $$
of a fall in prices
~Short adjective

e Describe flaky pastry

" Short adjective .
° limited in distance {
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Y le]gdl Baseline Neutrinos?

1. Introduction “ "o~ .
Short-Baseline? Short” Dictionary Definition

e knee-length trousers

‘Short verb
e (o sell astock in expectation
of a fall in prices .ﬂf-/
t N . 1
Short adjective Vv ——* VvV -- ‘ \>
- e Describe flaRy pastry 5 u — U
IShort adjective N~ - —

e limited in distance .
Let neutrinos propagate

over some distance L
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Y le]gdl Baseline Neutrinos?

1. Introduction

Short-Baseline? “Short” Dictionary Definition '
: Mass ‘
States
cosf sinf 1
e knee-length trousers (— sinf cos 9) <1/2>
Short verb Mass Difference:
e tosell a stock in expectation m,2-m?
of a fall in prices
~Short adjective |
e Describe flaky pastry . 9 . o (|AmAL
} % PVM_>V6 (EU7 L) ~ sin”(26) sin 5
- Short agjective — -
e limited in distance é Frequency
E Distance, or
Baseline, L
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Ygle]gd. Relative to what?

1. Introduction
Short-Baseline?

Mass Difference:
2 _ 2
m m,

2

P, (B, L)~ sin?(26) sin?

Frequency

Distance, or
Baseline, L
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Ygle]gd. Relative to what?

1. Introduction
Short-Baseline?

INSS24
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~ sin?(20) sin”

———

Mass Difference:
2 _ 2
m m,

2

Frequency

Distance, or
Baseline, L



1. Introduction

Brief History

“Known'’

Neutrino Oscillation

-

Super-Kamiokande 1998
Evidence for Oscillation of Atmospheric Neutrinos
Phys. Rev. Lett. 81, 1562

FC

1 10
Momentum (GeV/c)

INSS24
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SNO 2001/2002
Direct Evidence for Neutrino Flavor Transformation from
NC Interactions in the Sudbury Neutrino Observatory
Phys.Rev.Lett.89:011301
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0, (10° cm? s



“Known'’

Neutrino Oscillation

1. Introduction

SNO 2001/2002
Direct Evidence for Neutrino Flavor Transformation from

NC Interactions in the Sudbury Neutrino Observatory
Phys.Rev.Lett.89:011301

Brief History Super-Kamiokande 1998

Evidence for Oscillation of Atmospheric Neutrinos
Phys. Rev. Lett. 81, 1562

-

Expectation no
oscillations

1 10
Momentum (GeV/c)

0, (10° cm? s
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“Known'’

Neutrino Oscillation

1. Introduction

] SNO 2001/2002
Brief History Super-Kamiokande 1998 Direct Evidence for Neutrino Flavor Transformation from
Evidence for Oscillation of Atmospheric Neutrinos NC Interactions in the Sudbury Neutrino Observatory
Phys. Rev. Lett. 81, 1562 Phys.Rev.Lett.89:011301

1 T
'9: 05 1| Expectation no
= ] oscillations
~ OF -
Q
=2 o5} -

What was
2 1
o 1 o observed!
Momentum (GeV/c)
0, (10° cm? s
7] H
. . ...strong evidence for flavor
“The data are consistent with g evic f , .
arr g ’ transformation consistent with
two-flavor oscillations v,—,

neutrino oscillations”
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o GV Neutrino Oscillation

“for the discovery of neutrino oscillations,

which shows that neutrinos have mass”’

Takaakl Kajlta Arthur B McDonald

INSS24  M.Ross-Lonergan June 12""2024 10



Neutrino Oscillation

2015 Nobel Prize
in Physics

“for the discovery of neutrino oscillations,

‘ R Wwhich shows that neutrinos have mass”
A\

¥

Takaaki Kajita Am*#0  Arthur B. McDonald

Mixing anglf Z0
. . AmQIZ/L
PV,U,_H/e (EV’ L) ~ sin”[26)|sin* ( ) ,

4F,,
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\[=I0ig11leX] a recent field?

“for the discovery of neutrino oscillations,

which shows that neutrinos have mass”’

Takaakl Kajlta Arthur B McDonald
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1. Introduction

Brief History

\[EllidglsleIda ‘recent’ history

1930—1956
Hypothetical Era

‘Dear Radioactive Ladies and Gentlemen,”

Iisbe Radicaktive Damen und Herren

“neutrinos”

19030

INSS24
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\[EllidglsleIda ‘recent’ history

1. Introduction 1930—1956

Hypothetical Era
Brief History

Lo

A m‘n/xs.xz.ss

ot et an s 2 s rttnstvn ot e /
et e o

Birich, L. Des. 39 /

otsen wird, bin ich /
Xerne, sarie

-Spekt vermeielte hsiog

e wn e Srechacizeret (5} dor Stavietik uad den Brergiess /

£ robten. WLoh oo Malicholt, @ Wimian ekirisch ———

Tetlohen, e 1,

Pauli predicts
“neutrinos”

19030 1956

‘Dear Radioactive Ladies and Gentlemen,”

Iighe Radicaktive Damen und Herren,

PROPERTIES OF THE I\EUTRI\TO

Spin: 1/2A.

Mass : < 1/500 electron mass, if any. -
Charge : 0.

Magnetic moment : < 10~* Bohr magneton

INSS24 M. Ross-Lonergan June 12'"2024
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\[EllidglsleIda ‘recent’ history

1930—1956
Hypothetical Era

1. Introduction

Brief History

“neutrinos”
1930 1956
&8
7 4
INSS24

[ coene e RADIOGRAMM-RADIOGRAMME e suisess

TAsren !~. «VYIA RADIOSUISSE"
NEWYURK |B:: it ‘l»}:‘l‘::f“'.

Fheduck PENES auu Ky e Covan
Box //l\s, LOS ALA #or

N /7&,¢ 3

V<

“We are happy to
— inform you we have
definitely detected

neutrinos”
Reines & Cowan

“Everything comes to
him who knows how

to wait”
Pauli

M. Ross-Lonergan June 12'"2024
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1. Introduction

Brief History

\[EllidglsleIda ‘recent’ history

1056—2002
Discovery Era

— N

TEv e P —
AAAAAAA /151286

Offener Brief an dis Grunpo der Radicektiven bei der

Gauverotns-Tagung za Tibingens

Abgohrist

Phystkalisches Institut

dar B1dg. Technischen Hochschila Zirich, ke Des. 193

‘arioh Oloriastrasse

debe Radicaktive Damen wnd Herren,

ulovollst

etsen wird, bin ich
Kerne, sovi.

Pauli predicts
“neutrinos”

£ )
M 4
1930 > >1956 > >1962
)s

Reines and
Cowan
Discover v,
‘Project
Poltergeist”

INSS24 M. Ross-Lonergan June 12'12024
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\[EllidglsleIda ‘recent’ history

1056—2002
Discovery Era

1. Introduction

Brief History ﬁ%

Aba m;n/xs.xz.s

Offener Brief an dis Grunpo der Radicektiven bei der
Gauverotns-Tagung za Tibingens

e ke Solar neutrinos
“"fﬁm.;‘m:.‘;..«"‘g;m discovered by Davis

euf olnen versvelfelten Ausuog

on
Dota-Speict
vorfallan w den ™eohselsats® (1)usumnmmm—c
= retten. Minlich dis Moglic 0 kinnten elektrisch neutrels
T dta. o Bosoones mamtn 4113, 1 don Lest, eciotierens —>
dea 2 31 befc
K ttor durch y of

Pauli predicts v_discovered at

“neutrinos” ) PONUT }
1930 >> 19_5(> 1962 51968 >>1998>>zoo<> 2002 >
Reines and Evidence for j Evidence for solar
Cowan atmospheric neutrino neutrino oscillation at
Discoverv, oscillation at SNO
Project Super-Kamiokande
Poltergeist

INSS24 M. Ross-Lonergan June 1.2":Civ 17



\[EllidglsleIda ‘recent’ history

1056—2002

1. Introduction .
 ort-Bacaline Discovery Era

Brief History ﬂ%

T —
Absohrift/15.12.56

Offener Briaf an dis Gruvpo der Radicektiven bel der
Gauverotns-Tagung za Tibingens

Abgohrist

ERE S e, =AY R Solar neutrinos
B s discovered by Davis
IR R Lederman, — MSW effect

R o T Schwartz &

= i Steinberger
Pauli predicts ( discover v,

“neutrinos”

1930 > > 195€>> 1965
o

Reines and

Evidence fd

C_owan atmospheri
Discoverv, oscillation §
Project Super-Kam
Poltergeist

INSS24 M. Ross-Lonergan  Juis “



\[EllidglsleIda ‘recent’ history

ntroducti 2002—NOoWwW
1. Introauction . .
Oscillation Era

Brief HiStOI‘y ﬁ%ﬁ

Recent: Precision!

B e o Rapid development!

Offener Brief an dis Grunpo der Radicektiven bei der
Gauverotns-Tagung za Tibingens

Solar neutrinos
discovered by Davis

Lederman, — MSW effect Daya-Bay
Schwartz & (Measured 013)
Steinberger ]
Pauli predicts discover v, v_discovered at
“neutrinos” o h DONUT
R V5
T S e s 5 SO
S Py \ Ay .
P ] &
Reines and Evidence for Evidence for solar
Cowan atmospheric neutrino neutrino oscillation at
Plsqover Ve oscillation at SNO -II-_ZK NOvA
Project Super-Kamiokande (Long
Poltergeist” Baseline Osc)

INSS24  M.Ross-Lonergan June 122024 19
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Nuclear Reactor Accelerator
Neutrinos Neutrinos

Atmospheric
Neutrinos

Solar Neutrinos
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Neutrinos e

SK /1I/11/1V LMA Spectrum

o
>

e Data-BG-GeoV,
— Expectation based on osci. parameters
determined by KamLAND

IceCube Cascade-like

Data/MC (ynoscillgted)

Z
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KamLAND

Numb
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Neutrino beam N6y Preliminary

1—}— FD Data

— Prediction

— No oscillation
Total bkg.
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Accelerator
Neutrinos

21


https://arxiv.org/pdf/1606.07538.pdf
https://arxiv.org/pdf/0801.4589.pdf
https://arxiv.org/pdf/1707.07081.pdf

Neutrinos e

+

Neutrino beam N6y Preliminary

SK /1I/11/1V LMA Spectrum

o
>

« Data-BG - Geo¥, ' " "4 FDData
— Expectation based on osci. parameters

IceCube Cascade-like
— Prediction

— No oscillation
Total bkg.

Data/MC (ynoscillgted)

Survival Probability
3

5
o

KamLAND
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Events /0.1 GeV
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o0
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_ Atmospheric = Nuclear Reactor Accelerator
Solar Neutrinos Neutrinos Neutrinos Neutrinos
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https://arxiv.org/pdf/0801.4589.pdf
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Siii{al=Te] together in a surprisingly coherent way!

1. Introduction

"Atmospheric Mixing Sector”

3.2

Global 3v Picture Normal ordering
3.0 e
// -\\\
I \
Atmospheric | !
2.8 K / %
~ SuperK-~ »/ \  Accelerator
e .' '
—_ 1
2.6 — : ! NOvVA
> M
< 2.4 ( / g
. \! ,/
\‘\\5_______"5
: /
2.2— \ /l
\\ _4’/
90% CL
2.0 T T T T T
0.3 0.4 0.5 0.6 0.7 0.8
sin2923

Am2, = 2.5 x 10 3eV?

INSS24 M. Ross-Lonergan June 12'12024
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1. Introduction

Global 3v Picture

Siii{al=Te] together in a surprisingly coherent way!

"Atmospheric Mixing Sector”

3.2

3.0

2.8

2.6 —

AmZ2, [eV?]

2.4 —

2.2

2.0

Normal ordering
// s\\\
I \
Atmospheric | i
/
SuperK-~ »/ \\\ Accelerator
I 1
| T
: I NOvA
)
L X *\\“\
Y /
\ oo 4
‘.
‘\ /’
\\~——/,/
90% CL
0!3 0!4 OI.5 0!6 0!7 0.8
5|n2923
2 -3 2
Amzo=2.5x10""eV
INSS24 M. Ross-Lonergan June 12'"2024

Am3; [eV?]

"Solar Mixing Sector”

14

12—+

10—

Normal ordering

Reactor

KamLAND

Am2, = 7.4 x 107 %eV?

25



elle] 18 three flavor neutrino paradigm

1. Introduction @

Global 3v Picture

Am32, = 2.5 x 107 3eV?

@ Am2, = 7.4 x 107 %eV?

&

INSS24 M. Ross-Lonergan June 122024
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elle] 18 three flavor neutrino paradigm

1. Introduction /@ “Normal Orderingu \

Global 3v Picture

Am32, = 2.5 x 107 3eV?

@ ® :
@ }Am%l = 7.4 x 107%eV? @ }Amgl = 7.4 x 107%eV?
\ /
Am3, = —2.5 x 10 3eV?
Am3y|= 2.5 x 107%eV? @
(r . N\ Inverted Ordering )
What's the sign of Am232? ]
LThe “Mass Ordering” problem

INSS24 M. Ross-Lonergan June 122024 27



elle] 18 three flavor neutrino paradigm ¢, = cos(6,)

] s. = sin@.)
1. Introduction Neutrino Mixing Matrix U U
~ — ~~ 5
' U U U 1 0 0 C13 0 813€_Z et C12 S12 0
Global 3v Picture el e2 e3
UPMNS = UM1 UH2 ng = 0 Co3 S923 0 1 0 —S12 C12 0
UTl UT2 UTB 0 —S23 Ca23 _81361'501: 0 C13 0 0 1
. ~— <\ -~ <\ -~ ~
Atmospheric Sector Reactor Sector Solar Sector
(@) o
(923 ~ 45 612 ~ 34

INSS24 M. Ross-Lonergan June 12'12024 28



elle] 18 three flavor neutrino paradigm ¢, = cos(6,)

] s. = sin@.)
1. Introduction Neutrino Mixing Matrix U U
~ — ~~ 5
' U U U 1 0 0 C13 0 813€_Z et C12 S12 0
Global 3v Picture el e2 e3
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

(923 ~ 45° N ( 612 ~ 34°

"] Reactor
Double ChooZ
14 RENO

sin22913

INSS24  M.Ross-Lonergan June 122024 29



elle] 18 three flavor neutrino paradigm ¢, = cos(6,)

ij
. S = Sm(Q)
1. Introduction Neutrino Mixing Matrix
~ — =~
U U U 1 0 0 0 8136 C12 S12 0
Global 3v Picture el e2 e3
Upmns =|Up1 Upz Upg|= |0 c2s 523 0 —s12 ¢12 0
Ui Urz Urs) \0 —sp e —8135‘ 0 e 0 0 1
. ~ <\ <\ -~ ~
Atmospheric Sector Reactor Soctor Solar Sector

~ ?? (923 ~ 45° (913 ~ 8.5° 012 ~ 34°
l QA T T
% 35: = T2K Run 1-10, 2022 preliminary _E
(\|] ]

T

Exciting 30F s
hints at 25k E
T2K!

V)

=

TTTTT
|

INSS24 M. Ro:




Llul(zEJremaining oscillation questions c; = cos(o))
S = Sm(Q)

1. Introduction Neutrino Mixing Matrix

— ™ — - .
' U U U 1 0 0 C13 0 8136_156’13 C12 S12 0
Global 3v Picture el e2 e3

Upnns =|Up1 Upz Upg|= |0 c2s 0 1 0 —s12 c12 0
UTl UT2 UTB 0 —S23 Ca23 —Slgeiécp 0 C13 0 0 1
Atmosph?a?ic Sector React(?rr Sector Sola:gector
5CP ~ ?°? (923 ~ 45° (913 ~ 8.5° 612 ~ 34°
Is there CP violation in neutrino ,
sector (do neutrinos and Whats the °Fta'?t2‘3f of 6,7
antineutrinos behave differently?) Measured with sin“(20, )
Am3y| = 2.5 x 10~%eV?
\X/hats the sign of Am?
The ‘Mass Ordering’ problem

INSS24  M.Ross-Lonergan June 122024 31



Future

1. Introduction

Global 3v Picture

Experiments probing the 3v paradigm

\

NEUTRINO

260,000 tons Ultra
Pure water

~30,000 tons Liquid Argon

7
Al
N

avr s

7

X
%
20,000 tons
liquid scintillator

See lectures by E. Lisi, J. Maricic, F. Di Lodovico, A. Weber ..etc, for more on these

experiments and many, many more

INSS24 M. Ross-Lonergan June 12'"2024
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elle] 18 three flavor neutrino paradigm c; = cos(o))

) S = sin(0,)
1. Introduction Neutrino Mixing Matrix
-

' U U U 1 0 0 C13 0 S13€ war C12 S12 0

Global 3v Picture el e2 e3
UpMNs = Uul U,u2 ng =10 Co3 593 0 1 —S12 C12 0
U'rl UTQ U'r3 0 —S93 Co3 _5136i5CP 0 0 1

Atmospheric Sector Reactor Sector Solar Sector

(‘ dop R 2?7 0oz ~ 45°

What's the value of Ocp ? '
there CP violation in What's the
neutrino sector

Am3y| = 2.5 x 10~%eV?

The ‘Mass Ordering’ problem

\X/hats the sign of Am? ]
Hyper-Kamiokande

INSS24 M. Ross-Lonergan June 12'"2024
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1. Introduction

2. Anomalies

LW CICIEIsomething anomalous happening...

INSS24

FANTASTIC SIGHTS LEAP AT YOU!

AMAZING! EXCITING!

SPECTACULAR! '~

| CARLSON-Barbara RUSH
RLES DRAKE - RUSSELL JOHNSON
m ES - JOE snwvegf';gi‘

M. Ross-Lonergan June 12'"2024
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LLWEIGCIEIsomething anomalous happening at short-baselines

1. Introduction

FANTASTIC SIGHTS LEAP AT YOU!

2. Anomalies
At Short Baselines?

AMAZING! EXCITING!

SPECTACULARY «/~ '/,

INSS24 M. Ross-Lonergan June 12'"2024



LLWEIGCIEIsomething anomalous happening at short-baselines

1056—2002
Discovery Era

1. Introduction

—

v e e
xxxxxxx /151286

2. Anomalies o e e v e Solar neutrinos
At Short Baselines? discovered by Davis,

leading to discovery of
MSW effect

1930 } 195<>> 196>>f9_62>>1995>> zoo<>32/:_oz>

Reines and First evidence for j Evidence for solar
Cowan atmospheric neutrino neutrino oscillation at
Discoverv, oscillation at SNO

Project

. Super-Kamiokande
Poltergeist

INSS24  M.Ross-Lonergan June 122024 37



LUWCIGCIEIsomething anomalous happening at shor,‘*s%es

1. Introduction

g Sola,
2. Anomalies Solar neutri " g rnaly
At Short Baselines? discovered by Daﬁ' ’
leading to discovery of > g
MSW effect

RotaeZarfall vttt
id, derart, dess dle Sume der Energlen von Neutron und Klektron
lonstent iste

1930 51968 >}1998 > 2002

)
First eviden ””’ or solar
atmospheri' ATTENTION scillation at
oscillation ¢ Atmospherlc
Super'Kam" Neutrino '
‘ Anomaly

INSS24 M. Ross-Lonergan Jur’__4&9._ 4 38




I R leJgdBaseline Anomalies

I; “f' R, " fQX ’@:XE’* _ A . G 77 B
1. Introduction Y NSt et - A
ot e e y \
; Lo rryeleee ) LY
) 9/*\' .
- ‘.“c >
o * S ;}'. '
LSND Anomaly BS MiniBooNE Anomaly —~  Gallium Anomaly
Decay-at-rest /\\ Decay-in-flight / Radioactive Source - ;\_
NS )\ e o N v A < — et A\ R e, bl Ei

INSS24  M.Ross-Lonergan June 122024 39



N\ [J{-INeutrino Anomalies

1. Introduction “Y || 5 § /i }
Reactor Anomaly ANITA Anomaly 3 Neutrino-4 Anomaly
Nuclear Reactors Cosmic Neutrinos o] i Nuclear Reactor
1 B e | 13
b‘ 3 IiE A : " 3“ -4 - 1_2_
2. Anomalies e . L 4 T~ F 1]
At Short Baselines? | ' Al o8 — : % 1.0_' t%
i : o | % = 094 :% F%H
‘ ‘- S i %oal t;
o L e b 0.7
ey ¥ o) i 5 0.6 7 /DoF =1.21, unity y*/DoF = 1.68
BEE 0.5 41— , ' :

1.0 1.5 20 2.
L/E (m/MeV)

Frne

*Dubious systematics?

*no longer anomaly
with new fluxes?

Not today!

P. Coloma touched base on some of these in
her lecture last week

M. Ross-Lonergan June 12'"2024
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I R leJgdBaseline Anomalies

I; “f' R, " fQX ’@:XE’* _ A . G 77 B
1. Introduction Y NSt et - A
ot e e y \
; Lo rryeleee ) LY
) 9/*\' .
- ‘.“c >
o * S ;}'. '
LSND Anomaly BS MiniBooNE Anomaly —~  Gallium Anomaly
Decay-at-rest /\\ Decay-in-flight / Radioactive Source - ;\_
NS )\ e o N v A < — et A\ R e, bl Ei
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L G lilelgaBaseline Anomalies LSND (Liquid Scintillator Neutrino Detector)

@ e

1. Introduction LSND used a beam of Yy, from muon decay-at-rest, to

search for U, — U appearance oscillations

2. Anomalies e 5
Began with LSND PI’OtOﬂS N J'L'+ (DAR) N M+ (DAR) .
" + — 1
LSND Anomaly - & TV _HHV_“_ '
Decay-at-rest i Extremely Pure!

Protons - 77—~ —

Highly suppressed through pion
capture on heavy nuclei

INSS24 M. Ross-Lonergan June 12'"2024



L G lilelgaBaseline Anomalies LSND (Liquid Scintillator Neutrino Detector)

@

1. Introduction LSND used a beam of Yy, from muon decay-at-rest, to

search for U, — U appearance oscillations

2. Anomalies oo " — >
Began with LSND ‘ Protons N _7'[,'+ (DAR) N ‘L[+ (DAR) o
f' + 7o
LSND Anomaly L' € T Ve _H_V_“_ :
Decay-at-rest 7 Extremely Pure!

Protons - 77—~ —

Highly suppressed through pion
capture on heavy nuclei

Oscillated anti-electron neutrinos detected by inverse beta decay, with
coincidence e’ and 2.2 MeV gamma

Ve + D —>‘+ n
6 & n+p—d+{y)2.2 MeV)

M. Ross-Lonergan June 12'"2024
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I R leJgdBaseline Anomalies

LSND (Liquid Scintillator Neutrino Detector)

@ e

1. Introduction

2. Anomalies

Began with LSND

LSND Anomaly
Decay-at-rest

Observed a 3.80

INSS24

: ——— 125}
10§

e ~ sl
significance excess N |

M. Ross-Lonergan June 12'"2024

LSND used a beam of Yy, from muon decay-at-rest, to
search for U, — U appearance oscillations

—
—

17.5}

® Beam Excess

EZE pv,e’)n

Beam Excess

B2 other
was at the level
+ of 0.078%

1.4
L/E, (meters/MeV)




L G lilelgaBaseline Anomalies LSND (Liquid Scintillator Neutrino Detector)

@ e

1. Introduction LSND used a beam of Yy, from muon decay-at-rest, to

search for U, — U appearance oscillations

If interpreted as oscillations, —>
2. Anomalles et : best fit Am? ~ 1eV? >
Began with LSND ‘ ‘
5 = (8 F
(V) [
LSND Anomaly lL% 17.5E ® Beam Excess
Decay-at-rest g 15[ S RS
3 i B3 pW,e)n
m 7125}
other
10+
ngerved a3.80 ~~ 2ek was at the level
Slgmﬁcance exXCcess Tt of 0.078%
251
oF
0.4I | l0.6l I0.8‘ B 1‘ | ‘1.2 | ‘1.4‘
L/E, (meters/MeV)
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.\ WlINeutrino?

1. Introduction

Mass difference Am? ~ O(1 eV?)

2. Anomalies

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

Am32, = 2.5 x 107 3eV?

@ Am3, = 7.4 x 10 %eV?

Began with LSND

INSS24 M. Ross-Lonergan June 12'12024
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.\ WlINeutrino?

1. Introduction

A
Mass difference Am? ~ O(1 eV?3) A fourth neutrino?

2. Anomalies

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

¢

Began with LSND

Am? ~ 1leV?

Am32, = 2.5 x 107 3eV?
Am3, = 2.5 x 10 3eV?

}Am%l = 7.4 x 107 %eV?

® ®
Am3, = 7.4 x 107 %eV? @
@ ®
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I'\\1le11slzld Definition : Short Baseline Oscillations

1. Introduction

. 5 (Am?L
Py (B L) =site)sin? (S5 ). 4

A fourth neutrino?
W
2. Anomalies O ( 1 )

Began with LSND

Am3, =25x107%eV? = | L/E, ~500 [km/GeV]
Am3, =74x10"%V? = |L/E,~ 17,000 [km/GeV]|: AmQ ~ 16V2
(L/EV)LSND ~ 0(07)[k:m/GeV

(L/EI/)SBL << 0(500) [km/GeV] (

Amz g >> 107 %eV?

Am3, = 2.5 x 10 3eV?

®»
@ }Am2 — 7.4 x 107 %eV?
@ 21
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.\ WlINeutrino? ... a Sterile Neutrino

Precision measurement at LEP shows only three (light)

: neutrinos feel the weak force \ “e’e” — hadron” cross-section at LEP
2. Anomalies

Began with LSND ALEPH

An O(1 eV) scale neutrino DELPHI

1] H ”n L3
must be “sterile OPAL

le a fermion with no charge b ayerage measnremetits, |

erll)'m}batrs iilgreased
y factor
under the Standard Model

Phys.Rept.427:257-454,2006

Incredibly generic extension to SM  *
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BY\'I»] Historical Context

1. Introduction

Evidence for 7,

2. Anomalies - I. Cohen®, D. O. Caldwell®, B. D. Dietc

A. Fazely'!, F. J. Federspiel”,

R. Imlay®, K. Johnston?, H. J. Kim®, W.
K. \lclhany!, W. .\|l'l<:\]l” G. B. \]ill~ |
I'Stancu!, W. Strossman!, R. Tayloe”, G.
J. Waltz®, Wang?, D. H. W hl!t‘

Began with LSND

2 University of California,
* University of California, S

® Louisiana State University,
10 University of New Mexzico,

2 Temple University, Ph

A search for 7, — Pe oscillations has been conducted at the
Los /
at rest. The 7, are detected via the res

nos Meson Physics Facility by using #, from p* decay

tion Z.p — et n,
correlated with a v from np — dvy (2 feV). The use of
tight cuts to identify e® events with correlated ~ rays yields
22 events with et energy between 36 and 60 MeV and only
4.6 + 0.6 background events. A fit to the e* nu-n|> between
20 and 60 MeV yields a total excess of 51.8*187 + 8.0 events.
If attributed to ¥, — e osci
oscillation probability of (0.317

ations, this u)n(\pumh to an

0.1 p
010 £ 0.05)

14.60.Pq, 13.15.4+g

We present the results from a search for neutrino os-
cillations using the Liquid Scintillator Neutrino Detector
(LSND) apparatus described in reference [1]. The ¢
tence of neutrino oscillations would imply that neutrinos
have mass and that there is mixine amone the different

INSS24

G..T. (}m\u

? Louisiana Tech University, Ruston, LA 71

(August 17,

LA-UR-

Oscillations from the LSND Experiment at LAMP

C. Athanassopoulos'?, L. B. Auerbach'?, R. L. Burman?,

le!, J. B. Donahue”, A. M. 1€
, M. Gray®, R. M. (hnmsin“hr\‘.
. Louis”, R. Majkic'?,
A. Reeder'?, V. Sandberg”, D. 'suulh
VanDalen', W. Vernon®* N. Wadia®,
D. Works'?, Y. Xiao'2, S. Yellin®

\l(u“ ulies!

LSND Collaboration
! University of California,

Riverside, CA 92521
San Diego, CA 92093

anta Barbara, CA 93106
' Unig#sity of California Intercampus Institute for Research at Particle Accelerators, Stanford, CA 94309
5 Embry Riddle Aeronautical University, Prescott, AZ 86301
8 Linfield College, McMinnville, OR 97128
7 Los Alamos National Laboratory, Los Alamos, NM 87545

Baton Rouge, LA 70803
>

Albuguerque, NM 87131

" Southern University, Baton Rouge, LA 70813

iladelphia, PA 19122
2019)

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

Most of the 7% come to rest and decay through the
sequence ©° — pty,, followed by p* — et ., supply-
ing 7, with a maximum energy of 52.8 MeV. The energy
at rest (D! \Ri is
» well known, and the absolute value is known to 79

dependence of the 7, flux from dec

The open space around the target is short com-
|>d1ul to the pion decay length, so only 3% of the
decay in flight (DIF). A much smaller fraction (approxi-
mately 0.001%) of the muons DIF, due to the difference
in lifetimes and that a 7 must first DIF. The total 7,
flux averaged over the detector volume, including con-
tributions from upstream targets and all elements of the
beam stop, was 7.6 x 10~1©

7, /em? /proton.

A 7, component in the beam comes from the symmet-
¢ chain starting with a #—. This background
is suppressed by three factors in this experiment. First,
" production is about eight times the 7~ production

rical dec

M. Ross-Lonergan June 12'"2024

LSND first results came out in
1996 there was No mention of
“sterile” neutrino whatsoever.

At this point, while there was
compelling evidence building
for solar and atmospheric
oscillations, the 3v paradigm
was by no means taken for
granted by entire HEP
community
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BY\'I»] Historical Context

1. Introduction

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
the results obtained in the LSND

2 Anomaljes oM experiment for neutrino physics.”

hep-

Began with LSND

Phenomenology of
Neutrino Oscillations

S.M. Bilenky
Joint Institute for Nuclear Research, Dubna, Russia, and i“ .
Institut fir Theoretische Physik, Technische Unwversitat Minchen, D-85748 Garching s ta/?en together \X/Ith the
Ger . . . .
e indications in favour of solar and
e atmospheric neutrino oscillations
INFN, Sezione di Torino, and Dipartimento di Fisica Teorica,

Universita di Torino, Via P. Giuria 1, I-10125 Torino, Italy, and requlre the exlstence of at least
School of Physics, Korea Institute for Advanced Study, Seoul 130-012, Korea . . ”
one sterile neutrino

W. Grimus

Institute for Theoretical Physics, University of Vienna,
Boltzmanngasse 5, A-1090 Vienna, Austria

arXiv:hep-ph/9812360v4

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
existing evidence and indications in favour of neutrino oscillations that have

INSS24  M.Ross-Lonergan June 122024 Y|



I R leJgdBaseline Anomalies

1. Introduction

el 2= Fermilab

Brief History
Global 3v Picture

2. Anomalies
At Short Baselines?

Began with LSND
Enter MiniBooNE WILSON HALL

BOOSTER RING

£ ', b & A E
- : =
LEDERMAN .
SCIENCE CENTER
R SBN NEAR B
N\ DETECTOR :
NOVA SBN FAR i
PROTOTYPE DETECTOR
MiniBooNE MicroBooNE/ SciBooNE
DETECTOR AT e DETECTOR ~
S B <,
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1L ER) 1 le]gdBaseli

MiniBooNE was an 800 ton Mineral Oil
Cherenkov detector

2. Anomalies /Y . « - « o o

| R : o= &4 Marcol 7 Light Mineral Oil
Enter MiniBoc | ‘g R @ © o 0 som et Less dense than water
....... oou : - - R e e e "’085 gm/cm3

Long hydrocarbon chains

STOR: f ViniBooNE ;
s MicroBooNE/
“ ,DETECTOR ==
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MiniBooNE was an 800 ton Mineral Oil
Cherenkov detector

2. Anomalies

| . s o e Marcol 7 Light Mineral Oil
Enter MiniBoc |/ e K—m [/ S et e Less dense than water
AN, ~ ol | e Eogme ey ~0.85 gm/cm3

Long hydrocarbon chains

’ | NOVA B
PROTOTYPE 7 g -
SciBooNE .
=7 /‘ DETECTOR SR =
T

Se)

f MiniBooNE ;
A
/ m E@' ——gpN o P

MiniBooNE
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=leYe Xy t=JdNeutrino Beam (BNB)

1. Introduction
Short-Baseline?

Brief History
Global 3v Picture

2. Anomalies

Vast majority of neutrinos produced by pion decay-in-flight

At Short Baselines?
Began with LSND
Enter MiniBooNE

WILSON HALL

= 8 GeV
=SS Protons

7 e el

LEDERMAN = 4
SCIENCE CENTER 3

SBN NEAR B
DETECTOR :
NOVA SBN FAR )
PROTOTYPE DETECTOR )
MicroBooNE/ v SciBooNE
LAITF DETECTOR
@ ) —

Beryllium
Target
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1. Introduction

1L ER) 1 le]gdBaseli aalj — @
- v” _>.

Idea: Search for v,V appearance at different E
and L, but similar L/E

2. Anomalies | LSND: 755 = (epeqy = 0607
MiniBooNE: - od0m_ o 675

Enter MiniBoc

(E,)  800MeV

DETECTOR

el 7~ w
MiniBooNE L/

INSS24 M. Ross-Lonergan June 12'"2024
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The Short =ERE 2| — @
- YV —
1. Introduction —— ”

Idea: Search for v,V appearance at different E
and L, but similar L/E

L 30m
2. Anomalies » LSND: <Eu> — A5MeV ~ 0.667
MiniBooNE: -~ — 240m 675

Enter MiniBoc

(E,)  800MeV

T N T T T | T T T | T T T ] T [ | T T T
. Data (stat err)
[ v, from u
1 v, from K
[ v from K°
I ° misid
. AN
| I dirt
[ other
Constr. Syst. Error

Observed a
4.80
significance
excess

Events/MeV

e
/ DEFECIOR f ViniBooNE

DETECTOR

MiniBooNE L/

\‘I\\I‘\I\\l\\I\‘IJ\II\\I\‘I\\I'\I\\
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The Short =ERE 2| — @
- YV —
1. Introduction —— ”

Idea: Search for v,V appearance at different E
and L, but similar L/E

L 30m
2. Anomalies » LSND: <Eu> — A5MeV ~ 0.667
MiniBooNE: -~ — 240m 675

Enter MiniBoc

(E,)  800MeV

T | T T T | T T T N T T T | T | ‘ T T
. Data (stat err)
1 v, from u

[ v, from K

. [ v from K°

,,,,,, I ° misid

Ey CA-Ny

I dirt

[ other

Constr. Syst. Error

Observed a
4.80
significance BN Best Fit

excess \ If interpreted as

m/ fo B "N sterile oscillation

DETECTOR

MiniBooNE L/

Events/MeV

\|I\II|II|I|\IIIIII]I|]II\ll\lllllll
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1. Introduction

2. Anomalies

Enter MiniBooNE

I R leJgdBaseline Anomalies

Looking for neutrinos from radioactive >'Cr and
37Ar sources in two experiments SAGE and
GALLEX.

Recently replicated by the BEST experiment
(PhysRevl ett.128 232501 (2022))

Sensitive to Ve — Ve disappearance
oscillations

—>
ve_,ve

INSS24 M. Ross-Lonergan June 12'"2024

— - Gallium Anomaly
#  Radioactive Source

£ e e A o, i |1
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1L =R le]gdBaseline Anomalies

1. Introduction

Looking for neutrinos from radioactive >'Cr and
37Ar sources in two experiments SAGE and
GALLEX.

2. Anomalies

Recently replicated by the BEST experiment

(PhysRevl ett 128 232501 (2022))

i - |
Gallium Anomaly |
rd - 3
4 ~Radioactive Source =

&\

Enter MiniBooNE

Sensitive to Ve — Ve disappearance

oscillations
—>
1.1
- 1.0:-[ T T
Observed a ~4.00 % oof T
significance deficit Lo Eml ——
] [
0.7;—
0.6 N S R L L L
o ?5 C}\ (ﬁr ‘&‘ &
Q) @ "F A Ix@ ,OQ
S . Yy& . y@ & %&&
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1L =R le]gdBaseline Anomalies

1. Introduction

Looking for neutrinos from radioactive >'Cr and
37Ar sources in two experiments SAGE and
GALLEX.

2. Anomalies

Recently replicated by the BEST experiment

(PhysRevl ett 128 232501 (2022))

i - |
Gallium Anomaly |
rd - 3
4 ~Radioactive Source =

&\

Enter MiniBooNE

Sensitive to Ve — Ve disappearance
oscillations

[ e A e, ikt |

Observed a ~4.00 \09 I - -f ______
significance deficit o‘s-—_}‘__}_ _+__;

ol
Iflnt.erpret.ed as ) 0.6 l@o : ;?5 —— C}\ - oa/ ‘ ‘Q‘@‘ - 'Q@
sterile oscillation O IR IR - AP
R S
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1. Introduction

------

LSND Anomaly & ' MiniBooNE Anomaly — ~  Gallium Anomaly
Decay-at-rest 7>, Decay-in-flight . #  Radioactive Source

» F
a [
§ 175 ® Beam Excess SR I B B PN A L I 12
] t 1 v, from p B F
g 15 7 [ v, from K - [
© r :lvsfromKD ] L1
[y [ 6 I ° misid - [
Q 1251 + Ca-Ny ] 10’-[ S S— T ______
[ % . I dirt ] s
. = other = B I
10k % 4 Constr. Syst. Error 1 = 0.9F T
; € =N EO |
7.5} 2 1] “osf | ]]f }
5F 1 0.7F T
25F g 0.6: I | Lyoeo o | I
; = <<»’O {(;?5 ,C/"\ o é“ 0\»@&
0 = 1 & S =t ¥ b
: . o A 0% $ &
. S I G
s 3.0 R\ R Y )
0.4

L/E, (meters/MeV)




I R leJgdBaseline Anomalies

1. Introduction

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

2. Anomalies

Enter MiniBooNE

o D& .
[ v, fromp*:
1 v, fromK"™
[ v, from K°
m ° misid
ANy
e dit
[ other

Constr. Syst. Error
I Best Fit

9
%)
[0
S
LL
£
]
0]
Q

Events/MeV

1 1.2
L/E, (meters/MeV)




\W\Athe debate?

1. Introduction

Multiple independent anomalous signhals consistent
with a 4" eV scale neutrino..
2. Anomalies Why is there still debate? Where's the @ ?

"

17.5 vu _> ve ® Beam Excess

e e e Data (staterr.)
e p(vu—weﬁ )n 1 v, fromp*
1 v, fromK"™
I p(v.e’)n = v, from K°
Em ° misid
] S ANy
other 2N —
[ other
Constr. Syst. Error
I Best Fit

Why the Debate?

Beam Excess

Events/MeV

1 1.2
L/E, (meters/MeV)



\W\Athe debate?

1. Introduction

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

2. Anomalies

Why the Debate?

Beam Excess

e Data (staterr.)
1 v, fromp*
1 v, fromK"™
| p@,en = v, from K°

Em ° misid
Fi Ca-N

other cl o dint

[ other
Constr. Syst. Error
I Best Fit

I pEv,~Vv.e’)n

[}
7]
[
S
LU
£
]
]
Q

meas. /pred.

Events/MeV

1 1.2 14
L/E, (meters/MeV)




WA the debate? (1) Massive Tension in global “3+1" data

1. Introduction

2. Anomalies

Why the Debate?

Am3, [eV?]

P(vy, = Ve) = 4|Upu|* |Uea|” sin® (

Am3, L
4E,
v_appearance

10!

100

101

| 1 I\I\I!I

1072

—
v, =

LSND allowed
at 99% C.L

10-5

T I\IHIJI T \IIIIIII T IIIIIJII T II\IIIII T T TTTTIT

104 10-3 102 10-! 100
Sin%26,e

INSS24 M. Ross-Lonergan June 122024

66



WA the debate? (1) Massive Tension in global “3+1" data
A/=> -

1. Introduction
e Am2 L Am?2, L
~ 2 2 x 2 41 2 2\ . 2 my
P(v, = ve) = 4|Uul|Uesl sin ( 1B Py, = v,)~1—-||Uu| (1 — |Upa]” ) sin 1B
14 14
v_appearance v disappearance
10° v —vy z .
2. Anomalies ] 7} — e 10 —
] NOvVA
] 90% CL
101_ 101_
Why the Debate? 3 v e v
1 e
o
% _ > 100 -
e ) /
10° - d
NS 1 ~S IceCUBE
E 1 LSND allowed g 99% CL \
g | at99%CL g N . .
10_1—: P S
] - MINOS/MINOS+ Sso
] 1o 90% CL -t
i T2K (NH)
. 90% CL
10 RN EREY | AR R AR R LR T T T 11110 10—3_| T T T T — T
1073 104 1073 5 1072 10! 10° 10-4 10-3 10-2 10-1 100
Sin?26, sin220,4
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WA the debate? (1) Massive Tension in global “3+1" data
A/=> -

1. Introduction ” : Am2. L A I
- 4 .
P(v, = ve) = 4|Uul|Uesl” sin® ( 4Ei ) Py, — v,) ~ 1 =40 (1 — |U,4)?) sin? ( 4E41 )
v_appearance v, disappearance
102 v — v
2. Anomalies ] “ — e 100.0 j
] Sensitivity (99% CL):
| Median 1,20
Why the Debate? 101_; v —>
] —
- i N
o — Ll
5 -
100 T 1.0 Result:
i, = N <f : ]
Ng E LSND allowed E % Be;t Bk
J 1 at99% C.L < === 90% CL
i = = 95% CL
10”‘; 01 — 09% CL |
First “hint” from lceCube?
arXiv:i2405.08070 (2024) -
10_2 T T \IHHI T T IIIIIII T T IIIIJII T T I\IIIII T T TTTTT (J.l 1()
10-5 104 1073 102 101 10° w3
5in226 .0 sin“(26y)
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WA the debate? (1) Massive Tension in global “3+1" data
A/=> -

1. Introduction
e Am2 L Am?2, L
~ 2 2 x 2 41 2 2\ . 2 my
P(v, = ve) = 4|Uul|Uesl sin ( 1B Py, = v,)~1—-||Uu| (1 — |Upa]” ) sin 1B
14 14
v_appearance v disappearance
10° v —vy z .
2. Anomalies ] 7} — e 10 —
] NOvVA
] 90% CL
101_ 101_
Why the Debate? 3 v e v
1 e
o
% _ > 100 -
e ) /
10° - d
NS 1 ~S IceCUBE
E 1 LSND allowed g 99% CL \
g | at99%CL g N . .
10_1—: P S
] - MINOS/MINOS+ Sso
] 1o 90% CL -t
i T2K (NH)
. 90% CL
10 RN EREY | AR R AR R LR T T T 11110 10—3_| T T T T — T
1073 104 1073 5 1072 10! 10° 10-4 10-3 10-2 10-1 100
Sin?26, sin220,4
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\WiiVAthe debate? (II) MiniBooNE may not be as it seems

1. Introduction

2. Anomalies

Why the Debate?

X /" Electron Cherenkov
=t 7 ring event in
) MiniBooNE

INSS24 M. Ross-Lonergan June 12'12024

—
—

If truly electrons, strong evidence
for v oV and sterile neutrino
oscillations
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\WiiVAthe debate? (II) MiniBooNE may not be as it seems

1. Introduction

;ﬁdﬁion MiniBooNE couldn't
separate true
from

2. Anomalies

Why the Debate?
S » ‘ *\" ) d
X ¥ X XK, ox\® .",-
L A\ .J* W
. é ® (o LN
—8 XK—"7 N e |
. o6 . . ‘\‘. A
o\ O ot Xe A Jq',. |#
\ ..-‘, \ VA Yo
N[ %0 ',) ).o:) Vs E .'
. . Vv":'. : :/‘. o A
s 7, - Electron Cherenkov
M VS A ring event in

MiniBooNE
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\WiiVAthe debate? (II) MiniBooNE may not be as it seems

1. Introduction

;gdﬁion MiniBooNE couldn't
separate true

from
2. Anomalies

e Data (staterr.)
1 vefromp”
O v, fromK™
/= v, fromK°
E «° misid
Ca-Ny

Why the Debate?

o= it
X A D I other
8 ’ Ay ° Constr. Syst. Error

] WYL =~ 1‘; .

.\° ::: A .,.. “‘,;'

.‘l.':":’ )..7/»" /;“. ., 7.4—4
WO\ e 8 g'z'..,’o A
‘s 7, 7~ Electron Cherenkov o
S s=S e d ring event in B (GeV)
MiniBooNE We need an experiment

to set things straight!
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mBooster Neutrino Beam
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niBooNE
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s MiniBooNE ~70m MicroBooNE! \
D e
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=1 =J@l MicroBooNE

1. Introduction

MicroBooNE is a Liquid Argon Time

Projection Chamber (LAfTPC) neutrino
detector built at Fermilab to investigate
the MiniBooNE anomaly

2. Anomalies

3. MicroBooNE
LArTPC Detectors

— =
=

TPC being moved 5,
inside cryostat
. Y
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=1 =J@l MicroBooNE

1. Introduction

MicroBooNE is a Liquid Argon Time

Projection Chamber (LAfTPC) neutrino
detector built at Fermilab to investigate
the MiniBooNE anomaly

/\

3 Wire planes
8192 wires

2. Anomalies

3. MicroBooNE
LArTPC Detectors

TPC being moved
inside cryostat
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=1 =J@l MicroBooNE

1. Introduction

MicroBooNE is a Liquid Argon Time

Projection Chamber (LAfTPC) neutrino
detector built at Fermilab to investigate
the MiniBooNE anomaly

3 Wire planes
8192 wires

2. Anomalies

Charged
particles!

3. MicroBooNE
LArTPC Detectors

| g
i S

et T

TPC being moved
inside cryostat
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=1 =J@l MicroBooNE

1. Introduction

MicroBooNE is a Liquid Argon Time
Projection Chamber (LAfTPC) neutrino
detector built at Fermilab to investigate
the MiniBooNE anomaly

/\

3 Wire planes
8192 wires

2. Anomalies

3. MicroBooNE
LArTPC Detectors

Liquid Argon @ 89 K

i

TPC being moved
inside cryostat
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1. Introduction

MicroBooNE is a Liquid Argon Time
Projection Chamber (LAfTPC) neutrino
detector built at Fermilab to investigate
the MiniBooNE anomaly
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3 Wire planes
8192 wires

2. Anomalies

3. MicroBooNE
LArTPC Detectors

Liquid Argon @ 89 K

i

TPC being moved
inside cryostat
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Electrons or Photons?

1. Introduction RS

2. Anomalies

3. MicroBooNE
LArTPC Detectors

Electron
Cherenkov ring
event in

MiniBooNE

Electron + 1 proton event

‘ —

Y
glectron 5*.‘°“"‘?

-

“<\
“._ ' Proton
Slige]gle y, Q
photon « electron /f"
separation / Proton
P4
Smoking gun
sgap” ped EK‘;
.~ Photon
' Shower
i
S S

ne 12t 2024

Photon + 1 proton event

90



ISEI=LINT's first photon search

1. Introduction

2. Anomalies

3. MicroBooNE

Photon Searches

MicroBooNE's primary aim was to discover if the
excess in MiniBooNE was electrons or photons. NC A—Ny

—

First results focused on the extremely rare
and unmeasured standard model process,
neutrino induced neutral current A
radiative decay (NC A—Ny)

I . Datg (stat err.)‘
2 v, from p*-
1 v, from K"
= v, from K°
s 7 misid
CdA->Ny
s dirt
[ other

Constr. Syst. Error

r,—i,—: ,,,,,,, Best Fit

MiniBooNE Collaboration
Phys. Rev. D 103, 052002

Events/MeV

3.0
EX (GeV)

Only needs to be ~3.18 times higher than predicted
in order to explain the MiniBooNE anomaly
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1. Introduction

[%2]
s ¥ - NCAoNy
2. Anomalies M 70| — LEE Model (x =3.18)
60 MicroBooNE 1y1p Data
™ (6.80x10% POT)
a \ Total Constrained
% Background & Error
40
3. MicroBooNE %0
20 N
Photon Searches 10 \f
° Constrained
1y1p
Unconstr. bkgd. 27.0 £ 8.1 16
Constr. bkgd. [ 20.5 + 3.6 |
NC A = Ny - 1.88 Data Events
LEE (zmp = 3.18)  +15.5 Observed
MicroBooNE Phys.Rev.Lett. 128 (2022) I, 111801
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LEE (zmp = 3.18)  +15.5 Observed
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No evidence for an enhanced rate of
single-photons from NC A—Ny
decay

Disfavors NC A—Ny backgrounds
as a sole source of the MiniBooNE
excess at 94.8% C.L
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YIS LINN s first photon search fy\
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1. Introduction

MicroBooNE Phys.Rev.Lett. 128 (2022) 1, 111801

2. Anomalies o [ Feldman-Cousins CL )
il o5 e No evidence for an enhanced rate of
X g single-photons from NC A—Ny
T B — 959% RN LEE Model decay
o 4 (x,5=3-18) £ 1o CL
a4
N O - .
3. MicroBooNE 5o e Disfavors NC A—Ny backgrounds
Dhoto Search - . | | | | as a sole source of the MiniBooNE
oton Searches o= N — e
B : 2 \ ! xAsscaIe FactorE excess at 94'8% CL
- = l0.15l — ‘; — l1.15l l c 21 N l2.15L = :Ii — I3.15
B Bes(A — N v) [%]
C A T B NNy ]

40 5 50
oA [10™*2 cm?/nucleon]

r
NCA >Ny

Resulting bound
< 19.8 x 107*2 [em ™ ?/nucleon], at 90% CL
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1. Introduction
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\L/
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LEE Model (x, .=3.18)
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% Total Constrained
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i

Very little sensitivity in
the zero-proton sample
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YIS LINN s first photon search f)',\
\L/

1. Introduction

1y0p

e

2. Anomalies s 80FE=ncasny INC 17 Coherent
2 0 & 70 EEE NC 170 Non-Coherent EmCCv, 1
o NC A —» Ny 7 [ BNB Other [ CC v/¥;, Intrinsic
u>_| LEE Model 318 S 60 Dirt (Outside TPC) 23 Cosmic Data
350 ode (XMB= .18) o 50 44 Total Background and Error LEE Model (x, =3.18)
MicroBooNE 1yOp Data 2 8- DD Data, otal. 153 MicroBooNE
300 -e- (6.80x10% POT) o 40 Runs 1-3 (6.80x10°° POT)
s 2 Tol Constaned Very little sensitivity in @ 5 Unconirined C¥
3. MicroBooNE "\ Background & Error the zero-proton sample 20
200
10
Photon Searches 150 E _J = . - ‘ e
(0] F : e Unconstrained Backgrounds & Error
100 ‘ et E : { A AN =S Constrained Background & Error
0 30 F : :
S E i :
o - H
50 2 20 g N R
0 . g 18 p ; * i i T s
Constrained 0.1 0.2 0.3 0.4 05 0.6 0.7

Reconstructed Shower Energy [GeV]

In fact mild (local 2.7¢) excess at lower
energy in the 1pop selection
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ISEI=LINT's first photon search .
1. Introduction 1y0p

2. Anomalies

3. MicroBooNE

Photon Searches

Run: 9524 Subrun: 127 Event: 6375 : Runh: 5506 Subrun: 30 Event:\1506

Ruled out as MiniBooNE
explanation!
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1. Introduction .
What would be expected to see if
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in the beam_ -~ S,
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1. Introduction .
What would be expected to see if
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in the beam -~ .
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1. Introduction MicroBooNE PhysRev| ett.128.241801
-t T - = [ ® MicroBooNE Observed
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MiniBooNE is rejected at > 95% CL observed, not excess
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IE(e LI S's sterile oscillation result v,

1. Introduction MicroBooNE Phys. Rev. Lett. 130, 011801 (2023)
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) - e, 95% CL, neutrino search
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“It appears that the sterile
neutrino is not real.”

E—

New Measurement Rules Out
Sterile Neutrinos

Don Lincoln Contributor

@ Listen to article 6 minutes
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IE(e LI S's sterile oscillation result v,
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“The search failed to find the
particle, known as the sterile

/—meutrino."
2. Anomalies

Neutrino result heralds new chapter
in physics

© 27 October 2021

3. MicroBooNE

Electron Searches
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New Measurement Rules Out
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I cover the physics of nothing, everything, and the m
tuff in between
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finding the sterile neutrino”
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4. SBN Programme
Intro to the SBN
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::cline Neutrino Program
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Short-Base

NuMI Beam Flux off-axis at MicroBooNE
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Off-axis NuMI Flux
at MicroBooNE

Forward Horn Current Mode

4. SBN Programme
Intro to the SBN

=
O
o
8
o
x
N
(Q\
~
E
(&)
~
>
O
=
()
(e}
S
o

Extremely peaked at low energy

MicroBooNE, htips://arxiv.org/pdf/2101.04228
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Intro to the SBN
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SBN Disappearance Sensitivities (BNB only)

1. Introduction v —_—>

SBN v, disappearance
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SBN Disappearance Sensitivities (BNB only)

1. Introduction v —_—>

SBN v, disappearance

SBN D \X/i“. Observe Over oy 102 : : S SlliNDm.(;eZ() POITI] MicmB?ON[f[IZRZIC:IIE])}—) l(‘f\RL’S(f\.(xiZ() PIOIT’
2. Anomalies iLLi N f sBN Preliminary | .’/ f
5 million charged > EsBNPrlinina 00% s ¢ Recent
currentv events e E 2 IceCube *hint”
Injected Point, oSt 2" TR -
5 10 +  sin’20,,=0.07, l, : -
Extremely strong E e S
3- MicroBooNE sensitivity to steriles in § {
. H \
mass region favourable 12 z Yo

tO I_SN D and L e 90% IceCube \ . o
[ e 99% IceCube et
= 90% MiniBooNE k:
--------- 90% MINOS/MINOS+ N

4. SBN Programme MlnlBOONE
107

Sterile Sensitivities = == 90% SBN Stat+Syst
~ 50 SBN Stat+Syst

7] 50 SBN Stat+Syst

{7777 56 SBN Stat-Only
—2 L Il { il ] I Il L1 Ll 1 | 1 ||||1| | L w‘hn
10 -3 -2 -1
10 10 10"
sin“26,

SBN: Oscillation Strateqy, 2nd Theory/Exp workshop

[S—

I
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SBN Disappearance Sensitivities (BNB only)

1. Introduction v —_— v
e/ — e

SBN v, disappearance only

® SBND will also see over A AR e | __SBND (6.6¢20 T’OT)[NI;cx'l)B«»(»NIE(I.R[Zc'_’l POT) ICARUS (6.6¢20 POT)
. . . . = e =
2. Anomalies 35,000 intrinsic 've N 66620 N> = SBN Preliminary ST e =
= v -
POT. L F 790%.." -
. D) ; i Gigcedpeit: 0 N ™
e Allows foradirect accelerator & 105 + swz.-0a. >
: < = sin:'.’(),“. =0, s
based v_ disappearance - ani,m3ev:
3. MicroBooNE search, complementary to C
both reactor and radioactive ik
source v_disappearance &
experiments - o o e o
--------- T2K/ND280 excluded 95% CL -~
4. SBN Pro ramme . Ir - = T2K/ND280 allowed 90% CL 1
mesenmeesennl ¢ ICARUS will also see many (L L ISR TZKIND280 allowed 68 1. |
Sterile Sensitivities intrinsic intrinsic v_ from  ——. 90% SBN Stat+Syst -
1 I 56 SBN Stat+Syst =1
NuMl and will be able to - 5o 5B Suussys :
perform a stand alone search [ Mo SRR ek Only |
uickl ! 10—_, B Il | 1 | L 1| - L 1 L 1 11
quickty 107 10" !

sin’20,,
SBN: Oscillation Strateqgy. 2nd Theory/Exp workshop
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SBN Appearance Sensitivities (BNB only)

1. Introduction v 'V
—> e

7}

SBN v, appearance

SBN will be able to cover: 102 SBND (6.6¢20 POT) MicroBooNE (1.32¢21 POT) ICARUS (6.6¢20 POT)
. Y [ — T T 1T ¥l EGA . T T T LEFT ‘ TT TT | T T T TTH
2. Anomalies . L. N> E SBN Preliminary ,v'. _ ) E
e Entire LSND and MiniBooNE © f s 50 Injected Point, .
anomalous regions at >99% CL oig T 99/" sl R
E 10 S = = Amj, = 1.32eV? a
e Best Fits being covered at >50 < = E

3. MicroBooNE

1E
I MiniBooNE(\'H)k)‘/&z‘.l:"u... ;
------ KARMEN 99% CL :
4. SBN Programme ; —— LSND w/ DiF 99% CL
P [hese were calculated assuming 6.6x10° £ oo 99% SBN Stat+Syst
. —— 50 SBN Stat+Syst
POT for ICARUS. but current estimates for - @ so SN Stat+Syst S
running until 2027 means ICARUS may [~ #0050 SBN Stat-Only ]
H e 1 1 | ] tred B et 4 L 1 Il { B B | 1‘ Ll | ll Il 1 L Lil
have close to x3 this amount 107 > — »
10 10~ 10~ 10 I

.
sin“26,
SBN: Oscillation Strategy, 2nd Theory/Exp workshop
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e£TT1{T i1} Unphysical! YA ~y '

1. Introduction

SBN v, appeat

SBND (6.6¢20 POT) MicroBooNE (
W] = T U TIo00

2. Anomalies

-++= MiniBooNE (v) 99% C.I:"n,..
rrrrrr KARMEN 99% CL
LSND w/ DiF 99% CL R

Cannot have appearance-only
without associated disappearance!

10° Tl A
sin*26,,, P(VM —3 Ve) s 4|Uu4|2 |Ue4’281n2 ( e > # O

3. MicroBooNE

4. SBN Programme

Sterile Sensitivities
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oe=1114()1l Unphysical! - - ~y »y '

1. Introduction SBN v, appeall

SBND (6.6¢20 POT) MicroBooNE (
M = T L T L6lT

E :\H\[ 1 S‘c \ ‘
oF \
€ 10 ‘,e-
2. Anomalies < B SS‘b )
~y
1=
- ;‘:;;i;f:a':{ . Cannot have appearance-only
S S without associated disappearance!
3. MicroBooNE B Ef:ﬁi o .
107 4 - =3 — ll—2 - M—l -
o 0 " sin20, P(v, = ve) o A|Uul?||Uea[* sin? (Am‘“ > # O
4. SBN Programme # O # O

Sterile Sensitivities

A
Py, = v,) =1 —4|Uu)? (1 -—|UM4|2) sin ( iy ) 7é 0

. Ami, L
P(ve = ve) =1~ 4Ueal? (1 — |Uea|q) sin’ (4—L§j> all
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1. Introduction

2. Anomalies

3. MicroBooNE

4. SBN Programme

Sterile Sensitivities

T etV between appearance and disappearance in a true 3+1 scenario

Initial Beam
Composition

99% v,

1% v,

INSS24

M. Ross-Lonergan June 12'12024
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1. Introduction

2. Anomalies

3. MicroBooNE

4. SBN Programme

Sterile Sensitivities

T etV between appearance and disappearance in a true 3+1 scenario

Initial Beam
Composition /
~98.5% v,
99% v
Apped®
—
/%
1% v,
Amil

P(vy, = Ve) = 4|U,4||Ued|’|sin? (

INSS24

AF,

)

M. Ross-Lonergan June 12'12024
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1. Introduction

2. Anomalies

3. MicroBooNE

4. SBN Programme

Sterile Sensitivities

T etV between appearance and disappearance in a true 3+1 scenario

Initial Beam
Composition /
~98.5% v,
99% v,
AP\Oeara“Ce
—
/%
1% v v
e
Di ei Ve "'0.5% 'Ve
'sappearan(;e
) Am2. L
P(vy, = Ve) = 4|U,4||Ued|’|sin? ( 4E4j >

Pve — v,) ~=

INSS24

1 — 4|Ues?|(1 — |Uea %)) sin? (

M. Ross-Lonergan June 12'12024
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T etV between appearance and disappearance in a true 3+1 scenario

1. Introduction

Initial Beam Final Beam
Composition / Composition
(o)
2. Anomalies 98'5 /o vy
99% v 08.5% v
pppe2’®
3. MicroBooNE > '\’e “'0.5% vV
/VV < E
1% ‘Ve v - 1% ve
4. SBN Programme . eQ Ve “'0.5% 'Ve -
Sterile Sensitiviti D'sappea"ance
erie ensivities Am?. L Indlstlngulshable!
P(vy, = Ve) = 4|U,4||Ued|’|sin? ( Zgl >

Am3, L
P(ve = ve) =1 — 4|Uey*|(1 = |Ue4|?) sin® ( ZZ:“ )
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DTN T =TVl in MicroBooNE's Results

= = 1
1. Introduction Unlpflysmal Appearance Proper “3+1" combined
Only". \ /V appearance/disappearance
2
>. Anomalies - % %~ MicroBooNE 6.369x10%" POT
. ( . 95% CL,
10 = \ ." === Data, profiling
F ) = = == Sensitivity, profiling
e B r — = Sensitivity, v, App. only
X \
> B N6
. (0] d
3. MicroBooNE =~ 1 N
o <+ -
g -
< C
107'F
4. SBN Programme E [ LSND 90% CL (allowed)
i LSND 99% CL (allowed)
Sterile Sensitivities
10—2 1 1 IlIIIII 1 1 IlIIIIl 1 1 IIIIIIl 1 Ll L LLLl
107 107 107 107! 1

)
sin"20,,

MicroBooNE, Phys. Rev. Lett. 130, 011801 (2023)

INSS24 M. Ross-Lonergan June 12'"2024 129



DTN T =TVl in MicroBooNE's Results

1. Introduction Unlpflysmal Appearance Proper “3+1" combined
Only". \ /V appearance/disappearance
2 3 =
e N1
>. Anomalies - % MicroBooNE 6.369x10*° POT
- (Ko, 95%CL
; 10 getv —— Data, profiling
Region of degeneracy, 3 \ o :
E ) = === Sensitivity, profiling
w.here appearance and R / lf — = Sensitivity, v, App. only
N\ o
disappearance cancel > \ \
3. MicroBooNE = 1 \ NS
o <+ -
g - ~
< .
107'F
4. SBN Programme E [ LSND 90% CL (allowed)
i LSND 99% CL (allowed)
Sterile Sensitivities
10—2 1 1 IlIIIII 1 1 IlIIIIl 1 1 IIIIIIl 1 Ll L Llll
10 10~ 107 107 1

)
sin"20,,

MicroBooNE, Phys. Rev. Lett. 130, 011801 (2023)
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Degeneracy [«[I=2{] v,

/ve ratio

1. Introduction

1077

10°%
2. Anomalies 5
@ 107
l()fm;‘
3. MicroBooNE
250
200
Q
-}
£
3 150
4. SBN Programme = -

Using NuMI Beam

50f

MicroBooNE Simulation, Preliminary

. BNB

— numu + anti
— nue + anti

MICROBOONE-NOTE-1116-PUB

Rate ratio ~180

| I

Loaaalisas

. faaaiil ] I 1
0 05 1 15 2 25 3 35 4 45 5

True Neutrino Energy (GeV)

990.5% v, & anti—vu
0.5% v, & anti—ve

INSS24 M. Ross-Lonergan June 12'"2024
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Degeneracy [[I-R{¢] v”/ v, ratio

1. Introduction MicroBooNE Simulation, Preliminary

e~ BNB
: . Nv = ]Vintrinsic Ve Pv —ve T Nintrinsic vy P, —V
iy — numu + anti ¢ coe S
— nue + anti = N s 2 02 2
. F = Nintrinsic Ve [1 T (Rv'u/ve -sin“f24 — 1) -sin“2014 - Sin“ A4
2. Anomalies = -
< 107F \ /
l()fm;_‘ — '-Lw‘.“i \K‘*\_\“‘—\L‘ 1 —_ e I
- Ly = .. 9
: e sin“ 0oy = TR QJJIO.OO5|
PRSP 1 1 1 1Tha.l 1 1 V/,L/Ve — _I —
3. MicroBooNE r |
C MICROBOONE-NOTE-1116-PUB
2501 102 3 T T 1
200 Rate ratio ~180 . B e
) B s o CLy
S 10 { ). l == Data, profiling
5 150 E B == == Sensitivity, profiling
4. SBN Programme § C = r (/ I — - Sensitivity, v App. only
100~ N L g
C < 4k Y
50f o
Using NuMI Beam T N e, < r
0 05 1 15 2 25 3 35 4 45 5
True Neutrino Energy (GeV) 107! e |
o . F I LSND 90% CL rllowed)
995/0 VM & aﬂtl—vu i LSND 99% CL (allowed)
o . 1072 vul .I....I |
0.5% v, & ant|—ve 107 107 107 107"
sin220“e

INSS24  M.Ross-Lonergan June 12'"2024 sin“20,,, = sin®204 sin® 04 Y]




zline Neutrino Program

2= Ifermilab

Protons
Booster
omalie Accelerator
~8 GeV
+
Be K e

Main Injector
~120 GeV
Protons

110 ton

90 ton

NuMI @ MicroBooNE,” .~
8.0° off-axis ,“ ’

68o0m

7’
/7 s
’

e

476 ton | A\
MBO@ P T = N
;. o IPRES-H o - G g S M
b e ag R PR
. \ o =
= u;;} s & "4 N
W =
™ 1 SN oD
b S
4
/ 6oom -
470m Y B
X il P PSS
— — —— / ——————— <
s ikl 4 -
-/::-’Z____}"'""’-’— - — >
< ST TRk
_~-” _-~" NuMI@ICARUS
il 5.7° off-axis
Pt Se g8oom
- -

SBN Program:
3 LArTPC detectors sitting in
2 neutrino beams



TN I ETaVABreaking with the NuMIl Beam

1. Introduction

MicroBooNE Simulation, Preliminary MicroBooNE Simulation, Preliminary
J 10°°F
107
. BNB : NuMI
£ — numu + anti 104 — numu + anti
R — nue + anti : — nue + anti
2. Anomalies 5 . 3 o7l
< 107F p
]()fm;_‘ h ’-Lw‘_“: \RH\H_‘“W-\L‘L 1085
FR PP U PUUI PR PO » SO ] ! 10°
3. MicroBooNE r 5
- MICROBOONE-NOTE-1116-PUB MICROBOONE-NOTE-1116-PUB
250 100
200%— H—LHI Rate ratio ~180 NuMIl has ~x8 80
[} Q
3 15(&{ times more v 5 60
4. SBN Programme § u . L § . LL
100 relativeto v inits © « Rate ratio ~25
r iy s
sof- beam composition f ~77 T
USingNUMIBeam L Liaaail s o 1 1 1 Eaiaadis 0 R PR [ TPI TP | L LEiiada
0 05 1 15 2 25 3 35 4 45 5 \_' 0 05 1 15 2 25 3 35 4 45 5
True Neutrino Energy (GeV) True Neutrino Energy (GeV)

990.5% v, & anti—vu

Q6% v, & anti—vﬂ
0.5% v, & anti—ve

4.0% v, & anti—ve
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2if-laXeli NUMI on MicroBooNE's Sensitivity

1. Introduction

2. Anomalies

3. MicroBooNE

4. SBN Programme

Using NuMI Beam

Unphysical “Appearance

Only”.

Addition of NuMI
breaks the
degeneracy!

Allows full 3+1 to
get very close to

Am3, (eV?)

—_—

“appearance only”

INSS24

Proper “3+1" combined
appearance/disappearance

MicroBooNE Prsh{ary'

M. Ross-Lonergan June 12'"2024

E MICROBOONE-NOTE-1116-PUB
10
I /7
10—1 é_ P Ve
=
- I
10—2 1 IlIIlIII L lIlIIIII 1 lllllll[ 1 Lol LLL]
107 0= 10~ 0y
sin°20),

B LSND 90% CL (allowed)
LSND 99% CL (allowed)

= MicroBooNE 95% CL (BNB data)
profiling over sin°e,,
in the 3+1 oscillation scenario

MicroBooNE 95% CL, (BNB data)
v, appearance-only

== MicroBooNE 95% CL, (BNB+NuMI sens)
sin°e,, = 0.005
in the 3+1 oscillation scenario




\ligiydanomaly hunting, Cross-Section measurement

1. Introduction Liquid Argon is one of the important nuclear targets of the future.
The SBN program aims to improve our understanding of v-Ar interactions.

3D v CC Inclusive Cross Section Results Rev. Mod. Phys. 84. 1307 (2012)

2. Anomalies )
MitroBooNE 6.4 x 10%° POT

E 08F -1<cosf, <-0.5 -0.5<cosf, <0 - 0<cost, <0.27 ’>‘
S b T e ———— 3 1.4 BNB on-axis and
6F v £
2 . v v v - . i = = . < NuMI off-axis
o % Y | osk = :/\- € 1.2 Fl
S~ o02F I/:\ '/./\- o5 ° = o uxes
6 =0.2 5§ =03 5§ =04
“g ok . ok ® . of * . 3 |
) 0.1 0.2 0.3 0.4 0.2 0.4 0.6 0.2 0.4 0.6 9
*? 0.27 <cosf, < 0.45 0.45 < cost, <0.62 E 0.62 < cos0, <0.76 ~ TOTAL
o sk " * 4 . = 0.8
. z T R R — oF D I g o - . w » I
3. MicroBooNE = v g v ~
e =) v L] v v v £ = -4 =
7] ./\- = 2 -/.l—\ s 0.6
8 o0sf- o T e £ 5
° 5=0.4 . §=0.7 . §=1.1 oy
a* ok’ o | of° s of * . 3 0.4
o 02 03 04 05 _ 06 0.2 0.4 0.6 0.8 1 02 04 06 08 1 12 ]
~  oF 0.76 <coso, <0.86 | 0.86<cos0, <0.94 | 094 <cosd, <1 3
o e 6 e e——— ST 5 0.2 _
~ 4 v - I > WS
v
4. SBN Programme 2 o S S 107 1 10 10°
ok . o §=1.6 of e =18 Olimeaimse =2 E\: (Gev)
02 04 06 08 1 12 05 1 15 2 05 T 15 2
P, (GeV/c)
. Data, E, €[0.2, 0.705] GeV NuWro Model, E  €[0.2, 0.705] GeV Quasi-elastic Resonance production Deep inelastic
] 5+ Data, E €[0.705, 1.05] GeV 8+ NuWro Model, E, €[0.705, 1.05] GeV 7 7
25 +Data, E, €[1.05, 1.57] GeV 25 + NuWro Model, E | €[1.05, 1.57] GeV "

A 35+Data E E[157, 4.0]GeV

36 + NuWro Model, E  €[1.57, 4.0] GeV

MicroBooNE: https://arxiv.org/abs/2307.06413

H wo
‘s.;%:;—’; X
N

n p »n

MicroBooNE already has 22 published cross-section papers,
and SBND/ICARUS will dwarf this in the long run
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VLTS do we currently stand on eV scale sterile

1. Introduction . ) )
1. eV sterile neutrinos as solution for

MiniBooNE and LSND are not ruled
out

102

Experimental
Landscape

| L1 1111l

2. Anomalies
10!

2. MicroBooNE's results combined with
extreme tension in global picture
has led to “disfavor’ of €V sterile
neutrino in community”

100
3. MicroBooNE

7

LSND allowed
at 99% C.L

Am2, [eV?]

| 1 III\I\I

101

3.  While we 100% need to close the
box on the eV sterile question,

4. SBN Programme

o And SBN, with its dual beams,
10-2 will do this...

T TTTTT T TTTT] T TTTTTT] T TTTTf T T TTTTIT

10-5 104 10-3 102 10-! 10°
SiN®20,e o We also need to look outside
the box..

*my opinion entirely!
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IiVale] o BT still need explanations!

1. Introduction

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

300

LSND Anomaly MiniBooNE Anomaly Gallium Anomaly
3. MicroBooNE Decay-at-rest Decay-in-flight Radioactive Source

2. Anomalies

® Beam Excess
e Data (stat err.)
0 v, from
[ v, from KD
v, from K
B pM.e')n S misid
CaA-N
E dir
[ other
Constr. Syst. Error

4. SBN Programme

Beam Excess

other

Hy

1 1.2 1.4
L/E, (meters/MeV)

>
[
b=
<
[2]
2
c
[
>
i}




e

5. The Dark

R




\VW[-{le]aslz}to the Dark Sector

1. Introduction

2. Anomalies

3. MicroBooNE

4. SBN Programme

5. The ‘Dark’ Sector
Portals to Darkness

The

Standard
Model

INSS24

M. Ross-Lonergan June 12'12024

“Dark Matter”
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1. Introduction

2. Anomalies

3. MicroBooNE

4. SBN Programme

5. The ‘Dark’ Sector
Portals to Darkness

\VW[-{le]aslz}to the Dark Sector

The
Standard
Model

Plethora of particles
Three forces U(1)y x SU(2), x SU(3)¢

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

Forms complex atoms & molecules
(chemistry)

INSS24 M. Ross-Lonergan June 12'"2024

“Dark Matter”

*Just” Dark Matter
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\VW[-{le]aslz}to the Dark Sector

1. Introduction

2. Anomalies

The "4 1
Standard 4 3 Dark™
Model @8 Sector ¢

e

3. MicroBooNE

4. SBN Programme

5. The ‘Dark’ Sector
Portals to Darkness
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1. Introduction

2. Anomalies

3. MicroBooNE

4. SBN Programme

5. The ‘Dark’ Sector
Portals to Darkness

\VW[-{le]aslz}to the Dark Sector

The

Standard
Model

INSS24

M. Ross-Lonergan June 12'"2024

Rich particle content
o Dark matter candidate (s)
o  Sterile Neutrinos .. + more

New Forces and Interactions

Potentially complex phenomenology

143



\[E1T1dg]slel] as a portal to the Dark Sector

1. Introduction

|H[?[S|?
_ - Sealar Por—taT -
2. Anomalies _-
The 1
Standard Fuv Xuv : ¥ ¥ : 1] Dark"\«
Model L. e 4 Sector

e

Vector Portal
3. MicroBooNE

LHN

Neutrino Portal

4. SBN Programme

5. The ‘Dark’ Sector
Portals to Darkness
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Neutrinos

1. Introduction

2. Anomalies

3. MicroBooNE

4. SBN Programme

5. The ‘Dark’ Sector
Portals to Darkness

as a portal to the Dark Sector

The

[HI?IS[?

-———

Standard F, X
Model

Vector Portal

LHN

Neutrino Portal

Why is this useful?

Low level: To explain the anomalies without violating other null bounds

High Level: The discovery of a dark sector, potentially containing theorized dark
matter would be groundbreaking!

INSS24

M. Ross-Lonergan June 12'"2024

See F. Sala’s lectures for details!
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Y YN\ il slf rom MiniBooNE: . Photons ....

1. Introduction

pair-production
-
@ —e'e

2. Anomalies

3. MicroBooNE

4. SBN Programme

Electron Cherenkov
ring event in

5. The '‘Dark’ Sector MiniBooNE

Portals to Darkness
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(Lol d\EV [l sl from MiniBooNE: , Photons or e’e™ pairs

1. Introduction

pair-production
-
@ —e'e

2. Anomalies

3. MicroBooNE

4. SBN Programme

Electron Cherenkov
ring event in

5. The '‘Dark’ Sector MiniBooNE
Portals to Darkness

INSS24  M.Ross-Lonergan June 12""2024 147



M7eJoJelY-Ye IMiniBOoONE Solution

1. Introduction PBallett, S.Pascoli, M. RL (2018) PhysRevD.99.071701
One such proposal of a “dark sector”  £*°F -
) Lo @ anl iniBooNE excess data
e'e” signal as a plausible MiniBooNE @™ 12:84e50 1RO Neutins:Mode
. B160— i
2. Anomalies explanation S oF IA'; 125 Gev, M, =0.140 GeV
LL] —
120 c e Sterile Neutrino Oscillation
F sin?26 = 0.894, A m? = 0.04 eV?
. . 100=
Provided the e+e- pairis B i——'
—— (a) Sufficiently Overlapping o JI !__,
(b) Asymmetric enough “E »#.L‘
20— = r-f£
e ——
0: e ey o s ‘i_" '“&T*’f
0.2 04 0.6 0.8 i 12 14
4. SBN Programme Reconstructed Visible Energy [GeV]
- 3??.
+ — Py e e ‘
ee \ 2o
9> L\ %

o822
e 28
5. The ‘Dark’ Sector @KV %

Portals to Darkness
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+ -

enerating G LSS

1. Introduction Add

e Heavy sterile neutrinov,

e Charged under a dark sector U(1)’
o With its own gauge boson Z'

MiniBooNE

2. Anomalies

3. MicroBooNE

4. SBN Programme

5. The ‘Dark’ Sector
Portals to Darkness

INSS24 M. Ross



+ -

enerating G LSS

MiniBooNE

1. Introduction Add
e Heavy sterile neutrino v

e Charged under a dark sector U(1)'
o With its own gauge boson Z'

2. Anomalies
e Neutrino Portal: Mixing allows
for v, production in scattering

3. MicroBooNE

4. SBN Programme

5. The ‘Dark’ Sector
Portals to Darkness

INSS24 M. Ross



1. Introduction

2. Anomalies

3. MicroBooNE

4. SBN Programme

5. The ‘Dark’ Sector
Portals to Darkness

+ -

e

pairs p

MiniBooNE

Heavy sterile neutrino v,
Charged under a dark sector U(1)’
o With its own gauge boson Z'

Neutrino Portal: Mixing allows
for v, production in scattering

Vector Portal: Allows for tiny
coupling of Z to e+e- pairs &
quarks

INSS24 M. Ross



1. Introduction

2. Anomalies

3. MicroBooNE

4. SBN Programme

5. The ‘Dark’ Sector

Pheno Explosion

]l le1h]lin the theoretical landscape

Anomalies

\ Category Model Signature [SND MiniBooNE References
(3+1) oscillations oscillations v/ v Reviews and
global fits [93,
- 103,105, 106]
Flavor transitions e Te | oscTIations W/ o1 7 7 TI5T, 155]
Secs. 3.1.1-3.1.3, sterile decay invisible decay
315 (3+1) w/ sterile decay vy — OV, v v
[159-162, 270]
(3+1) w/ anomalous v, — V. Via v/ v/ (143,147,
matter effects matter effects 271-273]
Matter effects [7(35T) w/ quasi-sterile Uy — Ve W/ v v [148]
Secs. 3.1.4, 3.1.7 neutrinos resonant v
matter effects
Lepton-flavor-violating ut = ety v X [174,175,274]
J decays
Flavor violation neutrino-flavor- v, A = edA v v [279]
Sec. 3.1.6 changing
bremsstrahlung
Transition magnetic N - vy X v [207]
Decays in flight | mom., heavy v decay
Sec. 3.2.3 Dark sector heavy N—->v(X— X v [208]
neutrino decay ete™) or
N> v(X = vy)
neutrino-induced vA — NA, v [205, 206,
Neutrino upscattering N — vete or 209-216]
Scattering N = vy
Secs. 3.2.1, 3.2.2 neutrino dipole vA = NA, 4 [40,185,187,
upscattering N = vy 188,190,193,
233,276
dark particle-induced vy orete X v/ [217]
Dark Ma}ter upscattering
Scattering dark particle-induced 5 v/ v/ [217]
Sec. 3.2.4

inverse Primakoff

Table modified from Snowmass \White Paper on Light Sterile

Neutrino Searches and Related Phenomenology
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1. Introduction : s 25+ dark-sector models in
\ Category Model Signature [SND MiniBooNE References
(3+1) oscillations oscillations v/ v/ Reviews and l'aSt 5 years
global fits [93,
» 103,105,106]
Flavor transitions ™37y 7 nvisible | oscillations w/ 7 7z 7
Secs. z'll‘é'?"l'?" sterile decay invisible decay
. o (3+1) w/ sterile decay vy — OV, v v
2. Anomalies selteokero)
(3+1) w/ anomalous v, — V. Via v/ v/ (143147,
matter effects matter effects 271
Matter effects [7(35T) w/ quasi-sterile Uy — Ve W/ v v 4
Secs. 3.1.4, 3.1.7 neutrinos resonant v
matter effects
Lepton-flavor-violating ut = ety / X [174,175,p74]|
J decays
. Flavor violation neutrino-flavor- v, A = edA v v/ m
3. M Sec. 3.1.6 changing
bremsstrahlung
Transition magnetic N = vy X v m
Decays in flight | mom., heavy v decay
Sec. 3.2.3 Dark sector heavy Nov(X — X b7
neutrino decay ete™) or m_
N> v(X = vy)
neutrino-induced vA - NA, v 205 206
4. SBN Programme Neutrino upscattering N = vete or 09-216
Scattering N = vy
Secs. 3.2.1, 3.2.2 neutrino dipole vA = NA, 4 [40, 185
upscattering N > vy 188,190,
233,276] |
dark particle-induced yorete” X v
Dark Ma}ter upscattering W
5. The ‘Dark’ Sector Zzactt;”zni dafk particlévinduced 5 v/ v/ 217
- . . - . e inverse Primakoff

Pheno Explosion

]l le1h]lin the theoretical landscape

Table modified from Snowmass \White Paper on Light Sterile

Neutrino Searches and Related Phenomenology

INSS24 153

M. Ross-Lonergan June 12'"2024



https://inspirehep.net/literature/2051352

]l le1h]lin the theoretical landscape

1. Introduction : s 25+ dark-sector models in
Category Model Signature [SND MiniBooNE References
(3+1) oscillations ascillations v/ v Reviews and l'aSt 5 years
global fits [93,
= . 103,105, 1 lc
avor transitions 7
(3+1) w/ invisible os( s w/ vy v v
Secs. z'll‘é'?"l'?" sterile decay in e decay
2. Anomalies - (LW seniereon | PO ¢ " || psofeRlero Incredibly rich and varied
(3+1) w/ anomalous v, — Ve Via v v (143147, 11
matter effects ‘\;tter effects 271 phenomenOlogy Contaln I ng
Matter effects [7(35T) w/ quasi-sterile = Ve W/ v v 4
Secs. 3.1.4,3.1.7 neutrinos resonant v
’ matter effects .
Lepton-flavor-violating / Yol v/ X [174,175,p74]| E I_ectro N Si g Nna LS
J decays
. Flavor violation neutrino-flavor- v, A = 1 v v H
3. MicroBooNE Sec. 316 ehangiig : 173l @ Photon signals
bremsstrahlung
Transition magnetic y IV — vy X v m ly
Decays in flight | mom., heavy v decay 0 - H
Sec. 3.2.3 Dark sector heavy X v/ m_ Dl phOton Slg nal‘s
neutrino decay O
e
neutrino-induced v 205 1206 et+e- S| na[s
4. SBN Programme Neutrino upscattering 09-216 e g
Scattering
Secs. 3:2.1;:3.2:2 neutrino dipole v [40, 185
upscattering 188,190
233,276] |
dark particle-induced X v E Z I
Dark Mgtter upscattering
3 The 'Dark’ Sector antt:nzni dérk particlginduced v/ v
- . . - . €€ 22 inverse Primakoff
Pheno Explosion Table modified from Snowmass White Paper on Light Sterile

Neutrino Searches and Related Phenomenology
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»ET  dSector Phenomenology at SBL [ Neutrino Detector

1. Introduction Flavor changing: “3+1" Neutrino Oscillations Am? ~ eV?

>

2. Anomalies

3. MicroBooNE

4. SBN Programme

5. The ‘Dark’ Sector

Pheno Explosion
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el dSector Phenomenology at SBL

1. Introduction Flavor changing: “3+1" Neutrino Oscillations Am? ~ eV?

vV U
U r SR - ]
2. Anomalies —> 3+1 with Anoma‘loﬁs/ Resonant

Matter effects

Neutrino induced upscattering

3. MicroBooNE “Dark Neutrinos “

4. SBN Programme

5. The ‘Dark’ Sector

Pheno Explosion
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el dSector Phenomenology at SBL

Flavor changing: “3+1" Neutrino Oscillations Am? ~ eV?

— 3.1 with Ahomalous/Resonant

Matter effects

vﬂ Neutrino induced upscattering
“Dark Neutrinos “
Decay Pipe
+Ki- ¢ V. x: N4 Exotic Production in Beam
- o —————————————————————
T JU “Light dark matter/ Heavy neutral leptons”
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1. Introduction

2. Anomalies

3. MicroBooNE

4. SBN Programme

5. The ‘Dark’ Sector

Pheno Explosion

eIl leTh]in the theoretical landscape: MiniBooNE explanations

Broad class of upscattering,
both on and off shell Z’

v—mode | 3+2-model best-fit (off-shell Z’)

81 [ Coherent (223 events)
[ Proton-Elastic (384 events)
[ Backgrounds

> 61
2* A. Abdullahi et a,
Py 4 arXiv:2308.02543v2 [hep-ph]
g
es}
2 <
0 T T T T . .
0.2 0.4 0.6 0.8 1.0 1.2 14

ES(‘QE—:’(v(:o/GeV

NHL with transmission magnetic
mome, t

& my =250MeV, N =400

] | ¢ data v mode

ﬁ 100 ¢ data » mode

e 80 | [ v mode

g) [ b mode

o 601

5 O. Fischer et al,

5 40 ) Phys. Rev. D 101, 075045

Q

€ 20

S |

= 0 T 3L & § e d L
0.5 1.0 1.5 2.0

Eus [GeV]

INSS24

Light axion-like particles

600
—e— Data (v mode) m, = 20MeV
500
+ I:’ Background my = 380 MeV
400} -7 ! Our fit ey =04
P Colfo = 1072 GeV™!
[ = ¥
g 300 -+ |Uual = 1.6x107°
w
2000 _ g C. V.Chang et al,
Phys. Rev. D 104, 015030
100 i
=
0 . " . . el
200 400 600 800 1000 1200
E\'is (MCV)

Dark Neutrino upscatter w/ light 2’

Events/MeV

Events/MeV

Neutrino mode

E.Bertuzza et al,
Phys. Rev. Lett. 121, 241801

I 2 n T
200 400 600 800 1000 1200 1400

Reconstructed neutrino energy in MeV
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Counts

Counts

Light Dark Matter and
Scalar Primakoff

v-mode
i
ol B.Dutta et al,
i Phys. Rev. Lett.
i 129, 111803
[}
200 A
0
1}
400 1 By
¥
200
() T T T T
250 500 750 1000 1250
Eyis [MeV]

159



V(g4 theory? Anatomy of an Anomaly in MiniBooNE (I)

1. Introduction

Visible Energy Angle relative to Neutrino Beam
o = =
g 500— [ other 2 600 — [ other %_
A i o B + B o L% - B oirt
2. Anomalies wob 17 B 2w soo— [ a-m
C : |—}_‘ - w misid C - n° misid i
C - Ir_% D v, from K° 400 - [: v, from K°
300— i [ v. fromK* .
_ , -
] \:l v, from u*- i C v, from p*
L ~- O T 7 Bestit r ==
i1 L -l - Best-fit
3. MicroBooNE 200 id = =9 Dala F .
B — - 200—
100~ - -
- ) 100—
i - —
0 L e [ = e e — —— . T E—— = e !
200 400 600 800 1000 1200 0T E o2 o4 06
4. SBN Programme Visible Energy [MeV] codd

~Quite Difficult

5. The ‘Dark’ Sector

Pheno Explosion
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V(g4 theory? Anatomy of an Anomaly in MiniBooNE (I)

Beam Timing

I [ Datla (stat err.)

+ ------- Best Fit

: : ] v, from u*"
3 v, fromK*™"
& v, from K°
E ° misid
CJA->Ny
I dirt
3 other

200

1 1 | | I | I Il |

100

15
Bunch Time (ns)

In time with the neutrino spills,
l.e can't be due to very heavy
particles traveling from target

INSS24 M. Ross-Lonergan June 12'"2024

Invariant Mass of di-photon system

Events

500
400
300

200F

0 50 100 150 200

250 300 350 400
m,, (MeVic?)

If it is two photon-like rings, invariant

mass <= 50 MeV
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BNyl targeting dark-sector e+e- pairs(S€ 4 oo 470 MEV hB@
| ; !

sep

 Introduction LArTPC technology used at the SBN is the
perfect place to probe these models as an
explanation for the MiniBooNE Anomaly

2. Anomalies

20cm

uBooNE

E,... ~210 MeV

9sep ~3°

3. MicroBooNE Dark Sector ete- Simulation

4. SBN Programme

5. The ‘Dark’ Sector

Future Probes

17em

Dark Sector ete- Simulation
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WHENif a positive signal is observed in a search?

1. Introduction @e

0., ~ 30° Very little in the Standard Model that
produces e+e- pairs with wide (> 5°) opening
angles at O(100 MeV) energies

2. Anomalies

Observation would be a smoking gun

T e, ~20° . iy
—— - P signature of BSM physics!
3. MicroBooNE ) 7 .
< . 6sep ~10°
4. SBN Programme ‘I\X/here can we stop telling
T, =T O, ~4° the difference?
5. The ‘Dark’ Sector ' : B s o
s 6se;:; ~1°
Future Probes True photon

INSS24 M. Ross-Lonergan June 12'"2024 163



Y [{3ge)=Te 7o)\ | e+e- Searches

1. Introduction

2. Anomalies

3. MicroBooNE

4. SBN Programme

5. The ‘Dark’ Sector

Future Probes

Building on the first generation
photon searches, MicroBooNE has
several analyses targeting e+e-

final states.

Dark-trident searches
using the MicroBooNE @
detector and NuMI
Beam

Signal score: 0.997

Dark Trident Simulation

Targeting phase

space that can / v+ fit | 3+1 model | e2ap|Upa|* =5 x 1078
. -3 NN S O =

explain the NN 7

MiniBooNE anomaly

Based on:
A. Abdullahi, J. Hoefken ~ 1077 A E
Zink, M. Hostert, D, 3 7 5
Massaro, S. Pascoli — e
arxiv:2308.02543 lhep-phl 1077 1
my /GeV
10711 | Il 0.03 I 0.20 /3 0.80 : i )
- ¢ - 50 = 12 e e
-2 '_1 0 ° Wire Number >
10 1 10 MicroBooNE
my [ GeV Phys.Rev.Lett. 132 (2024) 24, 241801
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1=\ o): A Dark Sector Factory
1. Introduction 110 ton 90 ton uBO@ ‘ﬁgq A k‘,—,.4F7]6, t;)?‘ R :
> . y o WREST s ,\5" Hh B
Protons s s e o ol N
Booster ‘ 7 \4“ y N
2. Anomalies Accelerator ; N o or;.“i’»“#\“\“;r
~8 GeV o : b/
e e
6oom
3. MicroBooNE aom [ == o
y e rlbuliluiinl s RS --->
Be K e ;—-:55555:_.:_.5:--:::::: ———————————— - - >
- o T
4. SBN Programme A lOt Of dark
sector physics is R?, 4702 |
not oscillatory or 7 = 10~ 18 Huge Rate increase!
L/E dependent SBND
5. The ‘Dark’ Sector 1
X — SBND will collect more data in 3 months
Future Probes R than MicroBooNE did in 5 years!
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onclusions

1. Introduction

2. Anomalies

3. MicroBooNE

4. SBN Programme

5. The '‘Dark’ Sector

6. Conclusions

2002—N0OW

Oscillation Era

Pauli predicts

Lederman,

Schwartz &
Steinberger
discover v,

—
“Precision Era”

Solar neutrinos Rapid development!

discovered by Dauvis,

leading to discovery of

MSW effect Daya_Bay

(Measured 6 )

vrdiscovered at
DONUT

“neutrinos” ) #
1930 >> 1955>> 1962}}@1998 >>2oo> zooz>

kY ‘ ,}‘ 2

Reines and First evidence for Evidence for solar

Cowan atmospheric neutrino neutrino oscillation at - &

Discover v, oscillation at SNO 2K {Japan)

Project o Super-Kamiokande NOVA (US)

Poltergeist sc) (Long

Baseline Osc)
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Pauli predicts
“neutrinos”

leading to discovery of
Lederman, MSW effect Daya_Bay
Schwartz & (Measured 6 )
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discover v vrdiscovered at
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Discover v,
‘Project
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2002—N0owW 13 Portal Erau
Oscillation Era
- A A A —
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“Precision Era”
Solar neutrinos Rapid development! Access _to .
discovered by Davis, increasingly high

precision neutrino
data

Neutrinos as a tool,
or a probe, to

unlock new
physics
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>



onclusionsiil

1. Introduction

e The 3-v paradigm fits most global data astoundingly well

e But persistent anomalies still hint at something happening at
short-baselines outside our understanding

2. Anomalies

o Regardless of your personal opinion of ‘light eV scale sterile neutrinos”
the anomalies themselves remain unexplained!

o Big Picture: Let data point the way!

3. MicroBooNE

4. SBN Programme

5. The ‘Dark’ Sector ' :':}vThe g
& “Dark™
"% Sector.,

6. Conclusions INSS24  M.Ross-Lonergan June 12'2024




onclusionsiil

1. Introduction

e The 3-v paradigm fits most global data astoundingly well

e But persistent anomalies still hint at something happening at
short-baselines outside our understanding

2. Anomalies

o Regardless of your personal opinion of ‘light eV scale sterile neutrinos”
the anomalies themselves remain unexplained!

3 MicroBooNE o Big Picture: Let data point the way!

e MicroBooNE, using LArTPC technology, has already ruled
out many possibilities with first photon and electron

4. SBN Programme searches, and has shown were capable of probing a vast

array of possible explanations including Dark Sector e+e-

results

5. The ‘Dark’ Sector The full SBN program, with three detectors across two Y
neutrino beams will prove invaluable as we probe deeper
into the anomalies and the dark sector

6. Conclusions INSS24  M.Ross-Lonergan June 12'2024
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JiXloE T T ddirect probes of LSND

DAR Anomaly e  JSNS? provides a clean and direct test of the LSND
JSNS? anomaly.

same target, and same detection principle
(Inverse-beta-decay) as LSND.

INSS24 M. Ross-Lonergan June 12'"2024

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

>JSNS%
JSNS? (J-PARC Sterile Neutrino Search at the J-PARC Spallation Neutron Source) STTRR Spission Neutron Source

Stainless Steel Tank

Liquid Level

Stabilization Tank | | ‘
Acrylic Vessel
(ST

;

10" PMTs

Optical Separator
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JiXloE T T ddirect probes of LSND

DAR Anomaly e  JSNS? provides a clean and direct test of the LSND

JSNS? anomaly.

same target, and same detection principle
(Inverse-beta-decay) as LSND.

1st Phase: JSNS? [1310.1347]

e Commissioned 2020, First physics data in 2021,
e Expect first results in 2023!

2nd Phase: JSNS2-1l [2012.10807I

Upgrade to two detectors, Has been granted stage-2

approval
° Near@24m (17 tons, 120 10" PMTs
° Far @ 28m (32 tons, 220 10" PMTs)

Expected data taking in late 2023.

INSS24 M. Ross-Lonergan June 12'"2024

[eV?]
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o~

Am

102

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

o
e

1

100

1071

1072

JSNS?(J-PARC Sterile Neutrino Search at the J-PARC Spallation Neutron Source)

J-PARC Sterile Neu
atJ-PARC Spallation Neutron Source

::::: Search
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Mielgsleld and long lived particles
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NuMi @ MicroBooNE

NuMI Beam line Top View
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