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Neutrino Oscillation 3+ Oscillations Experiment: disappearance Experiment: appearance Interpretations

Neutrino oscillation is a2 well-understood theory, and
almost all oscillation parameters have how been measured

However, a lot remains that we don’t understand: anomalous
experimental results in many different channels

Sterile neutrinos have been proposed as a solution to many
of these anomalies

But the picture isn’t clear: can they really explain all the
experimental data?
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Neutrino Oscillation

RECAP: NEUTRINO
OSCILLATION
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Neutrino Oscillation

RECAP: NEUTRINO OSCILLATION

Distance: L
E < >

Source Vv Detector
~ : Ve
Neutrino energy: E

Muon neutrino disappearance
B

Electron neutrino appearance

ﬁ
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Neutrino Oscillation

RECAP: NEUTRINO OSCILLATION

Ve Uel UeQ UeS 4|
P (Ve | = (U U2 Uiz ] | v2
b ) Vr U’Tl UTQ UTS V3

flavour mass
Propagation

PMNS matrix

named after Pontecorvo, Maki,
Nakagawa, and Sakata
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Neutrino Oscillation

RECAP: NEUTRINO OSCILLATION

1 0 0 C13 0 3136—i5CP C19 S10 0 1
0 C23 5923 0 1 0 —S12 C12 0 1%
0 —S93 (€23 —81367:5013 0 C13 0 0 1 V3

ﬁflavour l mass

Cij = Coseij
sij = sinB;

Each mixing angle describes mixing

Four free parameters:
P between two mass states (3c2 = 3)

Three mixing angles 02, 023, 03

One phase Ocp
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Neutrino Oscillation

Distance: L

< >
U
Source  Vj v. Detector

™ Neutrino energy: E

Probability to detect a
neutrino of a given flavour
oscillates as:

P(I/,UJ — V,u) ~ 1 — 4COS2 9138in2 923

Am?. L Am2. [
sin? ( 45 > x [1 — cos? 0,3sin” 03] sin? 4E32
+ (solar, matter effect terms)
Amfj — mf — m?

%wd, UNIVERSITY OF

f’W‘
Gl iBE) )3
O\ 281 S

Kirsty Duffy 7 w2’ OXFORD



Neutrino Oscillation

Distance: L

< >
.
Source  Vj v. Detector

™ Neutrino energy: E

Depends on mixing
angles from the PMNS
matrix (appearance

Probability to detect a probability also depends
neutrino of a given flavour on dcp)
oscillates as:

P(I/,UJ — V,u) ~ 1 — 4COS2 9138iﬂ2 923

\“"

And mass-squared splittings

Am?2,L
x [1 — cos? 013sin? B3] sin* 32

41K

+ (solar, matter effect term
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Neutrino Oscillation

RECAP: NEUTRINO OSCILLATION

Vu Ve V.
1.0

08

Probability
=
o))

Q
=
T T T T T

<
g

[/E (km /GeV)
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Neutrino Oscillation

RECAP: NEUTRINO OSCILLATION

Because there are two mass-squared splittings (that we know of!), that gives us two
oscillations

BUT many experiments are designed with L/E such that they are mostly sensitive to one

In some cases we can approximate as one two-flavour oscillation

Little sensitivity to
this oscillation

Jllll

T2K sits at this
oscillation maximum
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‘

2x10-2 GeV

Neutrino energy (GeV)
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Neutrino Oscillation

RECAP: NEUTRINO OSCILLATION

Am?. L
sin? i

2 _ 2 2

Oscillation is only sensitive to
the size of Am2, not the
sigh
— We know the sign of

Am?2, from solar neutrino
measurements

— We do not know the
sign of |Am23,|
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I —— (m3)2

(Am®),,_

m——m— (M)’
(Am®)
Y (ml)?'

normal hierarchy

(m.,) " I E—
(Am®)

(ms)z*

inverted hierarchy
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Neutrino Oscillation

HOWEVER...

There have been a number of anomalies observed in the past 20+ years
that don’t quite fit with the three-neutrino picture we know and love

Experiment Type Anomaly
LSND DAR Ve appearance
MiniBooNE SBL accel. Ve appearance
MiniBooNE SBL accel. Ve appearance
GALLEX/SAGE/BEST  Source - e capture Ve disappearance
Ve rate o
Reactors Beta decay e 097 A
Ve shape .(06( \"d
SRl b
- oC %
o) A
See also: e‘F\\
R. Guennette, “Short-Baseline Neutrinos”, APS-DPF 2019 link

G. Karagiorgi, “Short-baseline neutrino experiments and phenomenology”, INSS 2019 link
K. N.Abazajian et. al., Light Sterile Neutrinos: A White Paper, arXiv:1204.5379 [hep-ph] (2012) link
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https://indico.cern.ch/event/782953/contributions/3414291/attachments/1888417/3113667/DPF_SBL_Guenette.pdf
https://indico.fnal.gov/event/19346/contribution/59/material/slides/0.pdf
https://arxiv.org/pdf/1204.5379.pdf

Neutrino Oscillation

HOWEVER...

There have been a number of anomalies observed in the past 20+ years
that don’t quite fit with the three-neutrino picture we know and love

Many of these anomalies have motivated people to think about adding one
or more additional neutrinos

— new heutrino oscillations could explain some of these
results

But | should warn you: it's not a clear picture!

I’'m going to talk about the experimental evidence in the second part of

this lecture, but first | want to talk about what a theory of more than
3 neutrinos might look like

Kirsty Duffy 13 HB@ _




3+ 1 Oscillations
rd

3+ 1 NEUTRINO
OSCILLATION
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3+ 1 Oscillations

THE BIGGER PICTURE!

e Uel UeZ UeB A Uen 1
Vr |l = UTl U’T2 UTB i UT’I'L V3

Vs Usl U32 U33 Usn Vn

't%i:?" UNIVERSITY OF
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3+ 1 Oscillations

WHY WE THINK THERE ARE 3
NEUTRINOS

z N 0(Z—had) = 0(Zotal) - 0(Z—lep)
— | 'f\ - 2i0(Z2Viv)
Z 30| ALEPH | 2
| EELP HI L Three flavours that can be
OPAL produced in decays of Z

20 boson
| ¢+ average measurements, | ',:".
error bars increased ,;'

(4§ o b D)
by factor 10 — three “active’” flavours

10 | — any new flavours must
be sterile (not interact
| with the weak force) or
0 =86 88 90 92 9% too heavy for Z— ViV
Physics Reports, 427(5-6), 257-454 (2006) Ecm [GeV] deca)’!
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https://doi.org/10.1016/j.physrep.2005.12.006

3+ 1 Oscillations

STERILE NEUTRINOS

sterile neutrino

/'sterail/  /nju:’'tri:nau/ <€) m’ (eV?)
(M) —— m v, |

Additional neutrino flavour states
which do not experience weak

interactions (through the standard
model W/Z bosons)

Am’

(m,)’ — ————————— v,

)
Am-,,

The additional mass states associated
with them are assumed to be §
produced through mixing with (m,) +— V2 : v:,
the standard model neutrinos (m,)’ +— vy | v
— can affect neutrino g " lighes Vs
oscillation through mixing

( E;ﬁ UNIVERSITY OF
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3+ 1 Oscillations

SIMPLEST MODEL: 3+

Add one new mass state, v4

A
We know: m” (eV)
my)” m vV
Am?23; ~ 2.5e-3 eV2 () — !
Am2y| ~ 7.5e5 eV2
If our new Am? is large | A
(~ leV?), we can approximate: ,
(m,) - —————— v,
Am243 = Am24 = Am24 = Am? Am*s,
(mz)z_l_Am’-_ v, : ::1
This is basically a 2=-flavour (m,)l‘—[—:"_ v, m v,
approximation, ignoring the two ¢ ™ lightes =

other oscillations due to the other Am32s

Sad UNIVERSITY OF
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3+ 1 Oscillations

SIMPLEST MODEL: 3+

The PMNS matrix will be expanded oy m* (eV?)
. my) » m
with three new parameters: Y ‘
014, 024, and B34 (and some new
CP-violating phases
g phases) .
But if we make the 2-flavour (0 s v,
approximation, we can define some Am2,,
new mixing angles that make (m,)’  p— . | Ve
o o . Vll
the calculations much simpler (m,? f v —_—
v . m’ lightest B v

Sad UNIVERSITY OF
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3+ 1 Oscillations

SIMPLEST MODEL: 3+

Ve disappearance probability: AE
P(v, =v,)=1-sin"20,, sin’(1.27Am’L/ E) ) P evd)

., m,)" —— v

L, 4U,.[(1-[0.]) ()= u

Sad UNIVERSITY OF
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3+ 1 Oscillations

SIMPLEST MODEL: 3+

| U |
Ve disappearance probability:
P(v, =>v,)=1-sin’29,, sin2(1 271Am’L/E) VT oen
I_) Ay ) (m4)2—r' m v,
e4 - e4 '
v, disappearance probability: Am
P(v,—v,)=1-sin"2%, sin’(1.27Am°L/E) '
L’ (m3)2—l—_ vV,
4‘U#4 ( ) "
AmZy,
m v
m, +—
(m,)’ Vs .o,
(m,) +— v, H V:
' m- lightest g v
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3+ 1 Oscillations

SIMPLEST MODEL: 3+

[ U 1?
Ve disappearance probability: U, |2
P(v, = v, )=1-sin"20 sin’(1.27Am’L/ E) ‘L b (V)
L, 4u,.[(1-0..f) ()= Y .

V. disappearance probability:
P(v,—v,)=1-sin"2%, sin’(1.27Am°L/ E)

L, [ 1=V, )

14
B Ve
Vu—Ve ‘“appearance” probability: |V,
R
P(v, —v,)=sin’2¢, sin’(1.27Am’L/E) -

L,

Kirsty Duffy 22 :- OXFORD

Ue4

2 - . .
U] Note: sin®26,, = 1tsin*26, sin’26,,
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3+ 1 Oscillations

SIMPLEST MODEL: 3+

l UpA l 4
Adding a sterile neutrino gives a |U,, |2
new mechanism for vy— Ve b (V)
oscillation
...at a much larger Am2 = much
shorter L (for fixed E)
We would also expect to see vy and
| Ve disappearance
® ® . ve
Vi~ Ve “appearance” probability: |V,
Vv
P(v, —v,)=sin’29,, sin’(1.27Am’L/E) —_

L,

Kirsty Duffy 23 :- OXFORD

Ue4

2, 2 . . .
U4 Note: sin®26,, = 1tsin*26, sin’26,,
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Experiment: disappearance

EXPERIMEN TAL
ANOMALIES

Ve disappearance




Experiment: disappearance

GALLIUM ANOMALY: GALLEX

AND SAGE

Solar neutrino experiments using
Gallium for neutrino detection

Used >ICr and 37Ar radioactive sources
to calibrate V. detection efficiency

Measured 2.80 deficit of Ve

Could be explained by sterile neutrino
with Am2>0.35eV2 (best fit Am2~2eV?)

SAGE:“A probable explanation for this
low result is that the cross section ...
has been overestimated”

Phys. Rev. C 80, 015807 (2009)

Kirsty Duffy 25

GALLEX experiment
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.80.015807
https://pages.uoregon.edu/soper/Sun/GallaxSage.html

Experiment: disappearance

GALLIUM ANOMALY: GALLEX
AND SAGE

Solar neutrino experiments using 1.1 {1 Gallex Crl SAGE Cr

0.8 1

Used >ICr and 37Ar radioactive sources
to calibrate V. detection efficiency

0.9

Measured 2.80 deficit of Ve

p(measured)/ p(predicted)

Could be explained by sterile neutrino
with Am2>0.35eV2 (best fit Am2~2eV?)

Gallex Cr2 SAGE Ar

Phys. Rev. C 73, 045805

SAGE:“A probable explanation for this
low result is that the cross section ... y-axis: ratio to expectation, R

has been overestimated” ) ]
R=| — no oscillations

Phys. Rev. C 80, 015807 (2009)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.80.015807
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.73.045805

Experiment: disappearance

GALLIUM ANOMALY: BEST

BEST collaboration recently
presented a new result: gallium
measurement using a chromium-51

L
source S

2
Inner target: R=0.791%0.05 5
<Li,>=52.03+0.18 cm !7 67cm
<Lout> = 54.4 I io. I 8 Cm 1 (?]a

Gallium anomaly reaffirmed with
significantly smaller error bars

Favours Am2>|eV2

best fit: 3.3eV? S—
( ) Phys. Rev. Lett. 128, 232501 (2022)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.232501

Experiment: disappearance

ANOMALIES: REACTOR ve RATE

Recalculation of neutrino flux from nuclear reactors by multiple groups™ in 201 I:
~30 (3.5%) deficit in Ve

Could be explained by neutrino oscillation Am2~0.]2eV2

However...

| ‘ el
| Nucifer | §
: (2012)
|}

3V osc. Am?2,3=0.06eV?2
Sterile v osc. Am2=0.12eV?2

2

3

10 10

Distance to Reactor (m)
Mention et. al, Phys. Rev. D 83,073006 (201 1)

*Mueller et. al., Phys. Rev. C 83,054615 (201 1), Huber Phys Rev C 84,024617 (201 1)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.83.054615
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.84.024617
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.073006

Neutrino Oscillation

3+ | Oscillations

Experiment: disappearance

Experiment: appearance

Interpretations

ANOMALIES: REACTOR ve RATE

Updated models reduce deficit = tension with Gallium anomaly

g o fugeyd | Omabwy v IL , 4 FPaovede © Fomodd £ o Cugey-d Covabay + AL 4 Pnovede & Zovwdl
- o~ Bupey-4 ~=— Dobhe Clge - l‘mfml -+ RENC - SRP - - ~w— Coelde Clgge - drasenash —+— RENO - 3JFP
L & Chow Ousger Med *  RowusB « STEREC d o Cloce +  Casgen . Nucil 0 Fawod ©  ITEREO
- - .
B~ [ 1 ™ Ze: .
L M . l 1% |
g 2 Loyt - ,{ .{. ..... I R ,* n g : §
!’h gl p % gL : i
(t. = i sg e
! | 1% !
o B 0.033 ’ 2l = 0025
- n W, - v '3 4
! Regr = O.QDO_om. i Hygsg = 0.925_O 023
g . . . & . .
= 1 ¢ 1 < 19 10 10
f [m] i m)]
(a) EF model [18): nc RAA (1.2¢). (b) HKSS model [22]: RAA (29 7).
g o Bugeyd  —+ DmaBsy v ILL ~ Puowre o Powcl £ o Bugy-3 —+ CoBay v AL T ———
. —— Eupey-4 o DM Chez -» K ~»- RENC *- SRP - - ELQwy-3 ~w— Coctie Choaz -»-  srasaoyarst -+ RENOD » SFP
e Chooz » Gasger Ny e Rowoss “  STEREC K ; “e- Crocz - Gosgen e Auor 0 Rowois ©  STEREOD
S 3 °
.. - ' 1 V.’ -
v ' LolE -
g2 £ L. d . | - ca € P —
> - L y ) VS * Ib-: - S ATees P
og 1 " s T
?t. g - ! R é z =
. R.q = 0.975_&05 . RIIKS.‘;-KI = 0.964:0:‘:22
= 0 i« ' © 1 W’ '
L [m] Lo

(¢) KI model [24]: no RAA (1.17).

(d) HKES-KI model: no RAA (1.5a).
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C. Giunti et. al., arXiv:2110.06820 [hep-ph]
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https://arxiv.org/pdf/2110.06820.pdf

Experiment: disappearance

ANOMALIES: REACTOR Ve SHAPE

Neutrino-4

6-12m from
centre of active
zone of the
SM-3 reactor

Spectrum ratio
measurement

Report 2.70
indication of
oscillations with

Am?2 = 7.2eV?2

Kirsty Duffy 30

average

N(L, E)/N(L,E)

Phys. Rev. D 104,032003 (2021)

Am“=T7.2 eV*, sin‘(20) = 0.36, resolution 250 keV, bin 125 keV
18- O Observed, 24p, average (125, 250, 500 keV). First cbs. + sec. cycle + backgr
1 Average 125, 250, 500 keV
164 Am’=7.2 eV, sin’(20) = 0.36 % /DoF  3.98/17 (0.23) GoF (.99
{ Unity 7’MoF  11.66/19(0.61)  GoF (.82
1.4 -
12-
1.0 0
0.8
0.6 -
|| M || M || M 1
1.0 1.9 2.0 2.5

L/E

uB@ ;


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032003

Experiment: disappearance

ANOMALIES: REACTOR Ve SHAPE

- PROSPECT () —_—— -}
STEREO Reactor combined
DANSS 10+
Neutrino-4 T
NEOS —
-
"
]

14+ = - 2
i N 3

No neutrino

: ) Sil’l2 20 = 4|Ue.1|2(1 o |Ue'1’2)
oscillation

Berryman et.al,,
arXiv:2111.12530 [hep-ph]

T — R
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https://arxiv.org/pdf/2111.12530.pdf
https://arxiv.org/pdf/2111.12530.pdf

Experiment: disappearance

ANOMALIES: THE 5 MEV BUMP

Nature Physics volume |6, pages 558-564 (2020)

1.

Data / MC (Shape-Only)

CHHEH Reactor Prediction Medel i Uncertainty
1.2 Proge 'E'héub':'u'm“.;a..;;.;.‘;.'.;.'i.".',“‘ O s
énsoszms (Modiiec fverageR = 1) |

‘Dayn 8oy 2018 : +

: <ot :
- e, _ -

o ST i.. ELCUUTRIETRL . "o e » R R b
3 v r t 1

<=

Kirsty Duffy
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Ratio to Huber

RENO
NEOS
Daya Bay
Double Chooz

PROSPECT+STEREO

-
'o -

- O
N

vvvvv

Best fit bump (filtered)

LT R R P PP TIRTIOY R SR S g .......................

Q
O w
0 O

O
o0
5

arXiv:2107.03371 [nucl-ex]

Antineutrino energy [MeV]


https://arxiv.org/abs/2107.03371
https://www.nature.com/articles/s41567-020-0831-y#citeas

Experiment: disappearance

PUTTING [T TOGETHER

Diaz et. al., Phys. Rep. 884 (2020) [-59

102
Global fit from 2019 combines
o disappearance data sets
3
= 100 . Data used shown below
5 920% (note: no BEST)
95%
99%
102 ey T T T T T YT T T Ty S(:iB(mN!TL?.,-"h-I:,I,iTk)oNE KAT{.NTEN,“;:;NDVE:FU.\‘H Section
1074 1073 1072 107} 10° Nentrino LECFB- Gallium *
Sin?26,e MINOS
SciBooNE/MiniBooNE Bugey
— : . CCFR NEOS
. Antineutrino MINOS DANSS &
Disappearance PROSPECT

* = anomaly at = 20

. UNIVERSITY OF
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https://arxiv.org/pdf/1906.00045.pdf

Experiment: appearance
5 | I

EXPERIMEN TAL
ANOMALIES

Ve appearance




Experiment: appearance

ANOMALIES: LSND

Liquid Scintillator Neutrino Detector: U* decay at rest

experiment at Los Alamos National Lab .
Vi, Vi,

Ve, (Ve)

Proton beam

Copper beam stop
— TT, - mostly absorbed

— TT", U+ decay at rest Detector
— well-understood fluxes
o uy,
‘ —evy,
B— — Phys. Rev. D 64, 112007

A58 UNIVERSITY OF
G o
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007

Experiment: appearance

ANOMALIES:LSND | "o

w
1p]
L 175 ® Beam Excess
o ! —
& ; + Observed excess of V. at
£ 15 sl pe,ov,e)n
S 0 p(e..e')n 380
@ 125]| N
i 8ot er
0] - Expectation If interpreted as two-flavour
for oscillations

neutrino oscillation,
requires Am2~0.2-10eV2

Not consistent with
SPENNIE b any known 3-flavour
04 06 08 1 1.2 1.4 illati

L/E, (meters/MeV) osciiiation

Phys. Rev. D 64, 112007

Sad UNIVERSITY OF
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007

Experiment: appearance

ntuv,
ANOMALIES: LSND R
v,
10°E I LSND 90% CL (allowed)
- 10 LSND 99% CL (allowed)
__ 10F .
E: If interpreted as two-flavour
%{; : neutrino oscillation,
< L requires Am2~0.2-10eV2
i Not consistent with
ot il g S any known 3-flavour
107 107° 107 107 ! oscillation

Sin“20,,,

Phys. Rev. D 64, 112007

Sad UNIVERSITY OF

Kirsty Duffy 37 (ia- OXFORD


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007

Experiment: appearance

ANOMALIES: MINIBOONE

oscillations?
1/

/1 —
N = w‘ ¥ * ” a \ﬂ 1,
i R, .
» /)

N LA ve ||,
=, T w‘
FNAL booster  target and horn r !
ecay region
(8 GeV protons) (174 KA) (syo mg) dirt detector

(~500 m)

Similar L/E as LSND: if an oscillation really exists, should see it
here too

Different energy, detector, beam, event signatures, backgrounds

5 ‘ UNIVERSITY OF
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Experiment: appearance

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

Recently released updated
results (2021) with x2 more data
than original anomaly (2009)

1 I 1 | | I ] ] | I 1
e Data (staterr)
] v, from p*”
v, from K™
s v, from K°
E  misid

23 (P
' B dirt
[ other
——— Constr. Syst. Emror

T

4 80 excess of measured V. and
Ve over prediction, focused at
low energy

0
H.ITT’IIIII

Events/MeV

Consistent with LSND results:
combined significance of 6.0

lllllllllllll 1111 L1 11 Illlllllllllll

Best fit for neutrino oscillation
>0 hypothesis: Am2 = 0.04 eV2

Phys. Rev. D 103,052002

Sad UNIVERSITY OF
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002

Experiment: appearance

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

10°

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

— MiniBooNE 90% CL (allowed)
—— MiniBooNE 95% CL (allowed)
— MiniBooNE 99% CL (allowed)

10

AME, (eV?)

Consistent with LSND results:
combined significance of 6.0

) Best fit for neutrino oscillation
101()*1 107 10°2 0! 1 hypothesis: Am2 = 0.04 eV2
sin“29,,

Phys. Rev. D 103,052002

%wd, UNIVERSITY OF
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002

Experiment: appearance

M ‘ N ‘ BOON E 800-ton mineral oil (CH>)

Cherenkov detector

Detect Cherenkov ring from

electrons produced in Ve
CC scattering interactions

28
_ 2 %
e & "
Vv T3 05
e > — ®.%
However, produce

identical Cherenkov rings

Sasd UNIVERSITY OF
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Experiment: appearance

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

Events/MaV
-~
+

.l1| 1 ll

Kirsty Duffy
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l 1 ] ] 'l | l L | )
e Data(staterr.)

1 v, fromu™
0 v, from K~
D v, from K°

s = misid

L A< Ny

. dirt

[ other

—— Constr. Syst. Emrer
------- Best Fit

lllll | ll | Illllllllll | II | llllll

30
EF (GeV)

Is the excess electrons?

Sterile neutrino oscillations — difficult to
explain MiniBooNE excess and all other
global data

Best-fit 2-neutrino sterile oscillation
appearance spectrum does not predict
data well at very low energies
More complex models can help
Mixed oscillations and decay
Resonance matter effects
Additional sterile neutrinos
Non-unitary mixing

...and many more!
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Experiment: appearance

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

Is the excess photons?

M ——— Several sources of photon backgrounds:

- 1 1 1 ] ] L | l
- l e Data(staterr.)

1 v, from u*" .
- E\"fmml("' NC'I'IO mIS-ID
_ D v, from K°
8 | S = misid

- L A—Ny — measured in-situ

- dit
Rre == Zﬁ”m Dirt (neutrino interactions outside the

------- Best Fit detecto I")

Events/MaV/
-~

— beam timing

lllll | II l‘IlllIIllll

B2 . . . g . 3.0
EXF (GeV)
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Experiment: appearance

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

Is the excess

Several source

% - 1 Ll L] l 1 1 l 1 L l ) 1 1 l 1 | l " | ‘l L] ) | l Ll —
3 E e Data (stat err.) =
% = + [ v, fromu* a .
t TE = v, from K © — NCm° mis-I
G - B v, from K® -
B8l— S = misid —
F - o A& — Ny : — measur
il - N it — .

i B other el D) .
- Constr. Syst. Emrc, Dirt (neutrln

. str .
4 T Sest Pt — detector)
3 i = — beam t
I ; 7 N
2 i .__*__, —
1 ‘h—’_g'ﬁ — , , :
——— - — not constrained directly - predicted from
85 0.4 0.6 0.8 3 5 14 3.0 NCTP rate and theoretical branching fraction

E% (GeV)
Need x3.18 increase to explain excess

— to be investigated...

S e, UNIVERSITY OF
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Experiment: appearance

ENTER MICROBOONE

NuMli
Neutrino
Beam

Booster
Neutrino
Beam (BNB)

MicroBooNE

& UNIVERSITY OF
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Experiment: appearance

FIRST STEP IN THE FERMILAB SBIN
PROGRAMME

NuMli
Neutrino
Beam

Booster
Neutrino
Beam (BNB)

MicroBooNE

7AW |

I8 ),
XZ X8

Kirsty Duffy 46
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Experiment: appearance

LIQUID ARGON TPC

(Anne Schukraft)

Cathode

neutrino interacts with the argon

inside the TPC volume and
produces secondary particles

Sasd UNIVERSITY OF
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Experiment: appearance

LIQUID ARGON TPC

(Anne Schukraft)

Flash of scintillation
light at time of

Cathode ) . .
neutrino interaction

Detected by PMTs behind
Anode plane to get t0
— time of interaction

((aﬁ

Kirsty Duffy 48
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Experiment: appearance

LIQUID ARGON TPC

(Anne Schukraft)

lonization e-

secondary particles produce
ionization electrons

Sasd UNIVERSITY OF
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Experiment: appearance

LIQUID ARGON TPC

(Anne Schukraft)

lonization e-
()

these electrons drift

towards the anode

Kirsty Duffy 50
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Experiment: appearance

LIQUID ARGON TPC

(Anne Schukraft)

lonization e-
Cathode

electrons arrive at anode

Sasd UNIVERSITY OF
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Experiment: appearance

LIQUID ARGON TPC

(Anne Schukraft)

wire planes

Cathode

the pattern is recorded on a
set of closely spaced wires

Kirsty Duffy 52
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Experiment: appearance

LIQUID ARGON TPC

(Anne Schukraft)

wire planes

Cathode

9” get a 3D picture

Sas UNIVERSITY OF
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Experiment: appearance

>

Time (drift direction)

>
Wire number (beam direction)

Kirsty Duffy



>

Time (drift direction)

Kirsty Duffy

>
Wire number (beam direction)

Experiment: appearance

— enable incredible precision
measurements at scale

— Transformative physics in
oscillations, BSM, and cross-
section measurements




Experiment: appearance

LARTPC STRENG TH: ELECTRONS
AND PHOTONS

Phys. Rev. D 104, 052002 (2021)

Electrons and photons f§9100__ MicroBooNE NuMi Data 2.4x10* POT gz:r;gr:y lz:‘t; (Stat.)
produce showers in wo [ ] o PR
LArTPCs o —Jin
i B Pion
60_— =zhotc-n
o e . . - roton
Distinguish using dE/dx at start i Eskcton
of shower and start point 40 Siat. Unoertainty
4 cm _ 201
e- q— 44 ‘\ 0 . ! u'_;f___'___~____1____41_];____H: .:“m:” ==
— 90 SV UPRSE ) 83 (R S
4 S EO 5 .52 S0 S G AVELERCEE Y bl ¥ 1 B«
cm - Gor ::::+:iii:j:::::_:.::+:i+:1:1+ h
X ® .244\\ a _al. + ..................................... L.
| 0 1 2 3 4 5 6 7 8 9 10
T Leading Shower dE/dx (Collection Plane) [MeV/cm]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002

Experiment: appearance

INVES TIGATING THE MINIBOONE
LOW-ENERGY EXCESS

Photon search

Target A—Ny:
|yOp and lylp

Phys. Rev. Lett. 128, [ 11801

’(Eﬁ\‘ UNIVERSITY OF
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801

Experiment: appearance

SINGLE PHOTON SEARCH

Phys. Rev. Lett. 128, [ 11801

1y1p
80 NC A — Ny [ NC1x° Resonant A(1232)

7of-—— LEE Model (x _=3.18)  |[[lINCx° DIS

[_] Al Other Backgrounds  |JlINC1x° Higher Resonances

2. Total Unconstrained
“ Background & Error - MicroBooNE ty1p Data
(6.80x10%° POT)

% Total Constrained
“\ Background & Error

Events

Unconstrained Constrained

e UNIVERSITY OF
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801

Experiment: appearance

SINGLE PHOTON SEARCH

Phys. Rev. Lett. 128, [ 11801

1y1p 1y0p

2 %)
S 80 NC A — Ny B NC1r® Resonant A(1232) € 400 NC A — Ny [ NC17° Resonant A(1232)
@ 20 LEE Model (x  =3.18) . NC1x° DIS T 250 LEE Model (x, =3.18) B NC1° DIS
[_] Al Other Backgrounds  |JlINC1x° Higher Resonances Bcc v/, on° I NC1=° Higher Resonances
44. Total Unconstrained 300 CC v, /¥, (>0 NC1r° Coherent
" Background & Error et P Bein ; T°ta'uu'$°(°"s):2i"ed E All Other Backgrounds
(6.80x10%° POT) - Background & Error 9
\ Total Constrained
. & Background & Error 200 p
150 A
N \ 100 - MicroBooNE tyOp Data
(6.80x10* POT)
10 50 % Total Constrained
\\ Background & Error
0 . . 0 . .
Unconstrained Constrained Unconstrained Constrained

No evidence of an excess in either sample
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801

Experiment: appearance

INVES TIGATING THE MINIBOONE
L OW-ENERGY EXCESS

Photon search

Target A—Ny:
|yOp and lylp

Phys. Rev. Lett. 128, [ 11801

Electron searches

Phys. Rev. D 105, 112003

CCQE-like: p\

lelp e-
Phys. Rev. D 105, 112004
p
CCOrt: 1e0p p\/
and leNp e e
|
Phys. Rev. D 105, 112005 X
Inclusive: \V
leX €
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112005

Experiment: appearance

e-

Phys. Rev. D 105, 112003 Phys. Rev. D 105, 112004

Phys. Rev. D 105, 112004 Phys. Rev. D 105, 112005
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112003

Phys. Rev. D 105, 112003

Experiment: appearance

1e0p0m va selection

Phys. Rev. D 105, 112004

: 2 4+ Data (25) 20.0 -
0.0 MicroBooNE 6,67 x10 0 POT - CC v, (25.8) MicroBooNE 6.86 xlo.‘o POT
Fitred 17.51 —— constrained prediction | vwthn®: 8.6
17.5 Background (3.2) | =~ = gLEE model (x=1): 3.3 v, CC; 22.8
T P Aalls eLCC{x=1) 15.0 - —— B Outside TPC: 0.5 4 BNB Data: 34
> 160 I e I p Mocel (11.6) %) v othor: 2 8 Uncertainty
e oy CoOnstraned = B Cosmice: 5.7
-o’- “ Uncertainties = 12.51 i e
2125 =
= ~10.0 I eOp
4 10.0 )
e . 11 z 75
QJ —
$ s >
W 50
!
D T 2.5
: 0.0 '
0.%00 400 a00 800 1000 1200 500 1000 1500 2000
Reconstructed E, (MeV) Reconstructed E, (MeV)
leNpOmn ve selection
* : ror 45 MicroBooNE 6,369 x 10™ POT
MicroBooNE 6.86 x10+Y POT —e— BNB data, 338 P'red. uncertainty
20.0- —— canstrainad pradiction v other: 5.5 40 [ Others, 10.0 NC, 223
I e N p ~— elFF model ix=1):93 va CC: 75.4 v, CC, 19.3 I v, CC, 333.1
17.5 m Outside 1FC: DU 4 SNE Data; 64 > 35 - == ¢LIE Model (x=1), 37.0
E e Cosmics: 0.8 Jncerminty O o
= 15.0- :-—L__ vwtha® 51 ‘__n"'. . x
125 E = oot :- o= I e
— < 25 = ol
~ . =5 =
;]10.0 3 20 E el ) e :
v 7.5+ S 15 o <L
w o B = -
5.0 SN g S2e
2.5 sE-: o = e
- ' - Bl L stess
0.0- . ' S — E
200 100 1500 2000 % 500 1000 1500 2000 2500
Reconstructed E, (MeV)

Phys. Rev. D 105, | 12004 Reconstructed E, (MeV) .. 5 105, 112005
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112003

Neutrino Oscillation
<o

Kirsty Duffy

3+ Oscillations Experiment: disappearance Experiment: appearance

Interpretations

® MicroBooNE Observed
Non-v. background

-= Total, w/ eLEE (x =1.0)

Phys. Rev. Lett. 128,241801

Fas®d UNIVERSITY OF

o 2.5 -
L
D 0 Intrinsic ve
O B — 4. Total, no eLEE (x=0.0)
£ 20-
©
@
dd
L
©
v 1.5-4
—
o
S
o)
v
Z 1.0-
V
wn
ol
O
U
= 0.5 1
@
>
L
0.0 | . .
lelp CCQE leNpOn 1e0pO0mn leX
[200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801

Experiment: appearance

O «
EXCLUSION CONTOURS — we¥

B LSND 90% CL (allowed)

What does this 107 1 LSND 99% CL (allowed)
mean for the sterile n

. : ) - - MicroBooNE 95% CL, (BNE data)
neutrino hypothesis! 10

‘e . D
profiling over sin“g,,

MicroBooNE hasn’t
seen evidence of an
excess — place

_v leX analysis

amg, (eV?)

constraints on 107
oscillation phase -
space for a new 1072 el il il
neutrino flavour 10 10 siul‘fozeue 10 1

S UNIVERSITY OF
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1116-PUB.pdf

Experiment: appearance

OSCILLATION PARAMETER %™
DEGENERACY B

MICROBOONE-NOTE-I | 16-PUB

Ve disappearance Ve appearance

Events

MicroBooNE Preliminary

70

- nueCC No oscillation \

- . : 2 _ 2
60: C?s;:nllatlon with Ami, = 7.3 eV N ve — 4Vintrinsic ve P, Ve—Ve + N intrinsic v, P, Vy— Ve

':_ BNB sin“26,, = 0.36, Sir'lzeu =0
SO sin°28,, = 0.36, sin°6,, = 0.010

- . . 2
a0 snn229,4 = 0.36, Slnzez‘ = 0.005 N 29 . 9 . 2 Am41L

: [ ------ sin20,, = 0.72, sin%6,, = 0.005 mtrinsic ve (1 + (B, v, Sin”" O = 1) sin” 2614 sin” =7
30:— peeny, b\,—i
20;-— ° ° ° —

: - Cancellation if sin2024 = Rye/v
F = (ratio of Ve to vy in beam)

: L 1 L l 1 A L A l A L 1 1 l 1 A 1 A l :...:...:..'l...l .

0 500 1000 1500 2000 2500 — about 0.005 in BNB
Reconstructed neutrino energy (MeV) — about 004 in NUMl beam
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1116-PUB.pdf

Experiment: appearance

FUTURE PROSPECTS s
BNB+NUM| B

MICROBOONE-NOTE-I | 16-PUB

B LSND 90% CL (allowed)

2 [
BNB Rve/vp: 0.005 10 : ; 107 LSND 99% CL (allowed)
NuMI Rvevp: 0.04 - — MicroBooNE 85% CL, (BNB data)
i : profiling over sin,,
. 10 '
Comblnlng bOth data 0;\ : -= MicroBooNE 95% CL, (BNB+NuMI sens)
sets —* significantly = Sine;, = 0.005
improved sensitivity & |
3
— Upcoming BNB + ;
NuMI analysis will be ‘ - 9
o, o 10—1 Ll L vl L1 1 N
allowed regions sin“20,,

(aa“\ e e
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1116-PUB.pdf

Experiment: appearance

PUTTING [T TOGETHER

Diaz et. al., Phys. Rep. 884 (2020) [-59

10 We can now also look at global
90% fits using only v, — V. appearance

101-i 95% data
| 99%

Note: does not include
MicroBooNE

AmZ,/eV?
-
<

1071 +
| v, — V.
MiniBBoaNTE (BNB} *
10_2 LA B B IR Rl A b b S B B B R A AL B B B IR R A L o B B B B A R b U let;rim) h’lmlB.OONE(I\ul\(II)
104 103 10-2 10! 10° NOMAD
Sin?26,e LSND ~
Antineutrino KARMEN
T — — ‘ MiniBooNE (BENB) =
Appeal‘ance * = anomaly at = 20

%wd, UNIVERSITY OF
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https://arxiv.org/pdf/1906.00045.pdf

Experiment: appearance

DOES THE MODEL HT ALL THE
DATA!

102

Diaz et. al., Phys. Rep. 884 (2020) [-59

1
P e ‘4

10! 4

10~4 1073 107 107! 100 10-;(:)“‘ 1073 1072 107! 10°
Sin?26,, Sin?26,,
Appearance Disappearance
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https://arxiv.org/pdf/1906.00045.pdf

SO WHATI DOES
THIS MEANY

MB ONE _



Interpretations

SO WHAI DOES THIS MEAN!?

We have a large number of anomalous experimental
results

Note: a lot of these are enduring, but not statistically significant:
very few above 20

Many could be explained by the addition of a sterile neutrino

But adding one new neutrino to the model can’t explain all
the data

&3, UNIVERSITY OF

o
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Interpretations

MORE STERILE NEU TRINOS?

What about 3+2, 3+3 models?

Add in a lot of new degrees of
freedom (3+2 adds /dof to the fits!)

Helps a little with the
tension, but not a lot

Appearance vs
Disappearance tension: assumed
Diaz et. al., Phys. Rep. 884 (2020) 1-59 q egenergfe
3+1 = 4.50 - two effective Am?
3+2 = 440

NIVERSITY OF

Kirsty Duffy 71 w2’ OXFORD
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https://arxiv.org/pdf/1906.00045.pdf

Interpretations

MORE STERILE NEUTRINOS?

What about 3+2, 3+3 models!?

 3+1 BI Signal

Add in a lot of new degrees of I [ 3+2 BF Signal
freedom (3+2 adds 7dof to the fits!) T o
11 . Background

MiniBooNE v mode
G. Karagiorgi, INSS 2019

Helps a little with the
tension, but not a lot

-

Events/MeV

Does not improve
agreement with MiniBooNE ,

PRELIMINARY

Sad UNIVERSITY OF
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https://indico.fnal.gov/event/19346/contributions/51585/attachments/32058/39326/INSS_2019_SBL.pdf

Interpretations

STERILE NEUTRINOS + DECAY?

¢

Source vy V4 ~~

Something

Different models have different predictions for the something:
Something = invisible (non-interacting)
As long as the decay takes place before the detector...

...effect is that active neutrino flavour (V. in this diagram) seem to disappear,
with no balancing appearance

&3, UNIVERSITY OF

LB )
NN _ by
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Interpretations

o “’
HE
Source VvV Va \

Something
Something = visible

Option |: active neutrino, Ve Or V;

Effect is of ve/V: appearance but not with L/E dependence we'd expect from
oscillation

Decay can happen before or in the detector

Option 2: active neutrino, v,
High energy v, = v4 — lower-energy v, + ¢
Effect is to change the energy spectrum in favour of lower-energy neutrinos
Decay can happen before or in the detector

Option 3: something else visible e.g. Yy, ete-
Perhaps this thing can be mistaken as the v interaction (e.g.in MiniBooNE)?
Decay needs to happen inside the detector

&3, UNIVERSITY OF

LB )
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Interpretations

Some more beyond-the-
standard-model models that
aren’t sterile neutrinos

Mostly motivated by appearance measurements (MiniBooNE)
rather than disappearance

These slides heavily inspired by
P. Machado, Fermilab PAC, November 202 |

Kirsty Duffy 75


https://indico.fnal.gov/event/51174/contributions/224749/attachments/149348/192224/2021-PAC-winter-Machado.pdf

Interpretations

Ballett, Pascoli, Ross-Lonergan PRD 2019

Ballett, Hostert, Pascoli PRD 2020

DA RK N E U T R‘ N O S Bertuzzo, Jana, Machado, Zukanovich PRL 2018
Bertuzzo, Jana, Machado, Zukanovich PLB 2019

Arguelles, Hostert, Tsai PRL 2019

© O,

incoming neutrinos from the
beam scatter/up-scatter
inside the detector

Motivation: Heavy Zp
Origin of neutrino masses

Dark sector portal

Fit to MiniBooNE energy and angular
spectrum

Kirsty Duffy 76


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.241801
https://www.sciencedirect.com/science/article/pii/S0370269319301194?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.261801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.115025
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.071701

Interpretations

HIGGS PORTAL SCALARS

Batell, Berger, Ismail PRD 2019
Patt, Wilczek 2006

— Experimental signature:
Zj‘ i No hadronic activity
- T boos ete- or MU
= g
o /
S : - /t Invariant mass
=/
Motivation:

Portal to dark sector

Connection to Higgs
sector

A58 UNIVERSITY OF
| i )
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https://arxiv.org/abs/hep-ph/0605188
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.115039

Interpretations

Too many papers to list, but see

Ballett, Pascoli, Ross-

HEAVY NEUTRAL LEPTONS &l

HNL produced in beam
decay pipe, propagates to
detector, and decays

( J
'WD/K/ “-( {2*

o —

Motivation: WLLS 6

Possibly related to neutrino mass

Dirac vs Majorana nature of
HNLs can be probed, if
discovered

Kirsty Duffy 78

Lonergan JHEP 2017

Kelly, Machado PRD 2021

Experimental sighature:

Several possibilities Less likely/
harder to

Delayed timing w.r.t.A/ explain

beam neutrinos anomalies

Reconstruct invariant mass?

%wd, UNIVERSITY OF
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.055015
https://link.springer.com/article/10.1007/JHEP04(2017)102
https://link.springer.com/article/10.1007/JHEP04(2017)102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.071701
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.071701

Interpretations

AXION-LIKE PARTICLES

Kelly Kumar Liu PRD 2021
Brdar et al PRL 2021

Axion produced in beam Experimental sighature:
decay pipe, propagates to : :
detector, and decays Two high-energy electron-like

EM showers

No hadronic activity

o
" O ¢
— — X-- e: Invariant mass

Motivation:

Axions are well motivated
(although this isn’t necessarily
related to strong CP problem)

Relatively simple search

A58 UNIVERSITY OF
| i )
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.095002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.201801

Interpretations

WHAIT WE REALLY NEED IS
MORE DATA

Follow-up high=sensitivity, direct experimental tests (ongoing, planned,
and proposed sterile neutrino oscillation searches):

Accelerator-based: SBN (ICARUS+SBND), IsoDAR

Reactor-based: SoLiD, Neutrino-4, DANSS, NEOS, STEREO,
PROSPECT, CHANDLER, ...

Radioactive source: BEST

Also searches at long-baseline experiments (using near detectors or looking
for NC active-flavour disappearance) and at high-energy atmospheric neutrino
experiments: T2K, NOVA, IceCube/DeepCore, Super-K

And neutral-current based searches with coherent scattering: COHERENT,
CEVNS

&3, UNIVERSITY OF

(| 1B )
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Neutrino Oscillation 3+ Oscillations Experiment: ¢ 107 rance Interpretations
o
SUMMARY :
<
107!
T T B S B S 9
Sin26,,
T — T\:*
= A number of anomalies exist that g
can’t be explained in the 3-neutrino 5
paradigm 107
102§ 10-2 +——rrr TP S —
= Could hint at interesting new ; Y e,
physics? he3 | — ——
‘%‘ ;
— 1
= May be evidence for sterile E
- . . - 20 g
neutl"II‘IOS but pICtUI‘e IS unCIGar — 107" Reactor combined
tension in 3+1 model : 103
1072 ol —nl
107 107 10 >
= More data and more ol P
° ° . I — E .d_-f
experiments will soon add to this <
picture! 14
B - "% 0z 10T
Kirsty Duffy 8l sin® 20 = 4|Uc4[*(1 — [Ues?)
T — T —
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Interpretations

TRANSITION MAGNETIC

Coloma Machado Soler
Shoemaker PRL 2017

M O M E N ‘ Atkinson et al JHEP 2022

Vergani et al PRD 2021

Neutrino up-scatters to a heavy Experimental signature:
neutrino - travels some distance

before decaying in detector

J Photon EM shower

Some hadronic activity (1y 1p)

“Double bang” if both interactions
happen within detector

Motivation:

May be a consequence of the
mechanism for neutrino masses

Excellent fit to MiniBooNE energy
spectrum

S UNIVERSITY OF
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.241802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.201804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.201804
https://link.springer.com/article/10.1007/JHEP04(2022)174
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.095005

