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Anomalies MiniBooNE Anomaly MicroBooNE Results Interpretations

There have been a number of anomalies observed in the past 20-

odd years that don’t quite fit with the three-neutrino picture we
know and love

Experiment Type Anomaly
~ ISND DAR V. appearance
"""""""" MinBooNE ~ SBLaccel.  V.appearance
"""""""" MinBooNE ~ SBLaccel  V.appearance

Ve rat
Reactors Beta decay =~ < — e
Ve shape Q
------------------------------------------------------------------------------ 2
ANITA High energy High-energy events e(.’(\o'se’
S e
O% A
See also: ®$\\

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

Kirsty Duffy 2 }lB@ _



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

Anomalies MiniBooNE Anomaly MicroBooNE Results

Interpretations

MY PERSONAL BIAS

= Overview of (some) existing
neutrino anomalies

= MiniBooNE anomaly
= MicroBooNE recent results

= Possible interpretations
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Anomalies

ANOMALIES: LSND

Liquid Scintillator Neutrino Detector: PU* decay at rest
experiment at Los Alamos National Lab

Proton beam T, Pt
— :

Water target Copper beam stop
— TT%, p* decay at rest
— well-understood fluxes Detector

Vu, Vi,
Ve, ve

Uy,

“ —revy,

— —

Phys. Rev. D 64, 112007
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007

Anomalies

ANOMALIES: LSND %

w _
@ Observed excess of Ve at 3.80
O 17.5] ® Beam Excess
W E :
S 15 A akads If interpreted as two-flavour neutrino
& 105 ) Pe)n oscillation, requires

| T otver Am2~0.2-10eV2

10 Expectation

75| for oscillations Not consistent with any

: known Am?

Interestingly, KARMEN at [SIS DAR
neutrino source at RAL did not see

| an excess
04 06 08 1 1.2 14
L/E, (meters/MeV) KARMEN: I7.7m from source,
LSND: 30m

Phys. Rev. D 64, 112007
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007

Anomalies

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

Anomalies

ANOMALIES: MINIBOONE

L oscillations?

FNAL booster  target and horn

decay region
(8 GeV protons) (174 kA) (Syormg)l 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
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Anomalies

ANOMALIES: MINIBOONE

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

| 1 1

' '"e Dan (stat err.)'
] v, from p*”
o v, from K
@ v, from K°
E  misid
23 (P
' B dirt
[ other
———— Constr. Syst. Emror

T

4.80 excess of measured Ve and
Ve over prediction, focused at
low energy

0
[.If1’lllll

Events/MeV

Consistent with LSND results:
combined significance of 6.1C

--------

lllIlIllllIIl L1l Ll il Illlllllllllll

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

Phys. Rev. D 103, 052002
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002

Anomalies

GALLIUM ANOMALY: GALLEX
AND SAGE

Solar neutrino experiments using
Gallium for neutrino detection

1.1 1 GallexCrl SAGE Cr

1.0 -

0.8 4

Tested using >!Cr and 37Ar
radioactive sources - measured

2.80 deficit of Ve

0.9

p(measured)/ p(predicted)

s

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

Gallex Cr2 SAGE Ar i

Phys. Rev. C 73, 045805

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

section ... 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

Anomalies

GALLIUM ANOMALY: BEST

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

Inner target: R=0.791£0.05

L
QO
=
s
o
£
e
O
"

Outer target: R=0.766%+0.05 Inner1 target
Ga

Gallium anomaly reaffirmed with ‘

significantly smaller error bars

Favours Am2>|eV?2
(best fit: 3.3eV?2) — —

arXiv:2109.11482 [nucl-ex]
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https://arxiv.org/abs/2109.11482

Anomalies

ANOMALIES: REACTOR ve RATE

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

Could be explained by neutrino oscillation Am2~0.12eV2

However...

‘ o

| Nucifer | §
: (2012)

|}

3V osc. Am2,3=0.06eV?2
Sterile V osc. Am2=0.[2eV?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

Anomalies

MiniBooNE Anomaly

MicroBooNE Results

Interpretations

ANOMALIES: REACTOR ve RATE

Updated models reduce deficit = tension with Gallium anomaly

R:#’l = 57‘9/6{'.
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(d) HKES-KI model: no RAA (1.5a).
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https://arxiv.org/pdf/2110.06820.pdf

Anomalies

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 |3

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

Anomalies

ANOMALIES: REACTOR Ve SHAPE

- PROSPECT () —— —+
STEREO Reactor combined
DANSS |
Neutrino-4

NEOS —
-
O,
=

e
1+ N 2
I B 30

N [ T T/ B
sin® 20 = 4|U.4|*(1 — |Uea|?)

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

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

Anomalies

ANOMALIES: THE 5 MEV BUMP

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

1.

Data / MC (Shape-Only)

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

‘DaynBay 2018 : +

1
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i
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arXiv:2107.03371 [nucl-ex]

Antineutrino energy [MeV]


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

Anomalies

STERILE NEUTRINOS?

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

10 ; 10°
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https://arxiv.org/pdf/1906.00045.pdf

Anomalies

AND NOW FOR SOMETHING
COMPLETELY DIFFERENT

ANtarctic Impulsive Transient Antenna

Not to scale,
poaagl angles don't
\ reflect reality

NEUTRINOS = VPOL
COSMIC RAYS = HPOL

Slide from L.
Cremonesi, QMUL

Ice Ask\e_lryar_\ ‘ean, .",';";«_- _________

Kirsty D L. Cremonesi 12 “UHE neutrinos and ANITA” pB —(E )




Anomalies

ANITA ANOMALIES

ANITA can see events in vertical or horizontal polarisations
Vertical = most neutrino signals

Horizontal — usually cosmic rays
Detected neutrinos (10'8eV) expected to be at shallow angles

Mystery: ANITA-I and ANITA-2 saw 2 events at steep angles coming directly
at the detector, compatible with a tau decay. No SM particle would survive

travelling through the Earth at those energies
Mystery 2: ANITA-4 did not see any of those events, but did see a weird hew

class of “horizon” events that they didn’t see before (courtesy of new and
improved detector?)
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INVES TIGATING THE
MINIBOONE
ANOMALY
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Events/MaV

MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

| Ll L ] T Ll l L L l L T I l | L] Ll 1 L)

E « Data (stat er'r.)' E = 600
. [ v, from u* . 0
7 v, from K - E il
- || v, from K° - w
sl [ " misid —] 500
- L1 ANy |
. - ditt .
; [ other = “00
——— Constr, Syst. Emrer .
= Best Fit —
] 300
3 =
_______ - 200
\ —
- 100
8 3.0 %

Phys. Rev. D 103, 052002
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002

MiniBooNE Anomaly

MINIBOONE

Kirsty Duffy 21

800-ton mineral oil (CH>)
Cherenkov detector

Detect Cherenkov ring from

electrons produced in Ve
CC scattering interactions

9
_ 25 %
€ & "t
V T3 05
e > — ®.%
However, produce

identical Cherenkov rings

S 2ol
/)r '.‘
N\ = ‘%ﬁ ‘%




MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

Is the excess electrons?

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

—

! - Datla (stat err.)l
1 v, fromu™
v, from K -
D v, from K’
' S = misid
. [ A — Ny
' . dirt
[ other

o + ——— Constr. Syst. Emrer
s e Best Fit

Events/MaV
-~
t

om
l1l 1 ll

Best-fit 2-neutrino sterile oscillation
appearance spectrum does not predict
data well at very low energies

lllll | Il I‘Illllllllll | II | llllll

....... More complex models can help S
1 S == Mixed oscillations and decay \..&O
"""" Resonance matter effects @C\/
B - ~ - - Yot ey Additional sterile neutrinos Q:Q

Non-unitary mixing O(Q

...and many more! ,\\\o
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MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

Events/MaV
~
t

Kirsty Duffy

23

L]

l L T I l

L] Ll 1 ] L)

| I ] L] 1 '
e Data(staterr)

0 A = Ny

. dirt
L othe'\’
——— Constr. Syst. Emrer

------- Best Fit

lllll | II l\llllllllll

3.0

E% (GeVv)

Is the excess photons?

Several sources of photon backgrounds:

1 v, from u* .

v, from K " NCT1T% mis-ID
D v, from K’

S = misid

— measured in-situ

detector)

— beam timing

Dirt (neutrino interactions outside the

uB@f



MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY

EXCESS (LEF)

Is the excess

]
-
-
-4
-

Events/MaV
+

L] l ) 1 Ll l

1 Ll l ) 1
e Data(staterr.)

1 v, fromu* .
) v fromK " NCT1T? mis-I|
e v, from K°

e - misid

l L] ) Ll l

Illll

B —

[~ + [ A < Ny 7

il - N dit — 7
5 [ other \’

F*—. Constr. Syst. Errc, -

I Best Fit .

4 ; .

| 3 8

3 E —

o - .

2 1 +1 ]

] "_I_._E,E _________ _:

—_— .

B2 04 06 08 i 12 14 3.0

EXF (GeV)
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Several source

— measur

Dirt (neutrin
detector)

— beam fti

— not constrained directly - predicted from
NCTT0 rate and theoretical branching fraction

Need x3.18 increase to explain excess

— to be investigated...

pb @,;



MiniBooNE Anomaly

THE MINIBOONE LOW-ENERGY
EXCESS (LEF)

Or neither?

—

Rich phenomenology
developed in recent years

- "« Data (stat err.)l
:‘+_' 1 v, fromu™
- 0 v, from K ~
D v, from K°
8 | S = misid

[~ + L A< Ny
= - I dirt
[ other

——— Constr, Syst. Errer
v—}—~.- R Best Fit

Events/MaV
-~

Could be e*e- pairs from
decays of new particles?

Or something else!?

lllll | II l‘IlllIIllllI | II | llllll

I’ll come back to this too!

1.4 3.
£ (GeV)

For now, it’s clear that we need
more information...
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More information can come from Liquid Argon TPCs (LArTPCs)
Bubble-chamber style resolution
Calorimetric information
Automated reconstruction

— enable incredible precision measurements at scale

Placing these detectors in a high-intensity neutrino beam will allow testing of
a variety of models that could explain these anomalies




MicroBooNE Results
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MicroBooNE Results
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MicroBooNE Results

'MicroBooNE: 170 ton Liquid
Argon Time Projection Chamber
(LArTPC)

Stable detector operation since 2015:

“40&* = longest-running LArTPC to date
>95% DAQ uptime

e e f
T | .52x 102! POT collected in total
. ’?w (analyses shown here use subsets, not full POT)
Grateful to Fermilab

LB
e P f Accelerator Division,
—~— i A :

| Cryogenics team, and
Operations team!
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MicroBooNE Results

Phys. Rev. Lett. 125,201803 (2020)

_AFTPC S | %_\IGTH _OW Phys. Rev. D 102, 112013 (2020)

JINST 15, P03022 (2020)

DETECTION THRESHOLDS 10,1357 o

arXiv:2110.14080 [hep-ex]

— access to
new information about nuclear
effects, neutrino interactions

Example: proton detection

thresholds
Phys. Rev. D 98, 032003 (2018)
MicroBooNE: T2K: 500 MeV/c
ArgoNeuT: MINERvVA: 450 MeV/c
Phys. Rev. D 90, 012008 (2014) Phys. Rev. D 99, 012004 (2019)

BNB DATA : RUN 5211 EVENT 1225. FEBRUARY 29, 2016
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https://iopscience.iop.org/article/10.1088/1748-0221/15/03/P03022
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032003
https://doi.org/10.1103/PhysRevD.90.012008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://arxiv.org/abs/2110.13978
https://arxiv.org/abs/2110.14065
https://arxiv.org/abs/2110.14080

MicroBooNE Results

LARTPC STRENG TH: ELECTRONS
AND PHOTONS

Phys. Rev. D 104, 052002 (2021)

Electrons and pho.tons \ e A=276+0.1cm
produce showers in 100 —-- A=1292%*19cm
LArTPCs c 1 n° signal
; 80 - ® data - MC background
Distinguish using dE/dx at start < +
of shower and start point g ,
© MicroBooNE
o 40
- -
/ - 8
e . 4: — = 20
\
) é T — 0 20 40 60 80 100
X \_\ y conversion distance [cm]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002

MicroBooNE Results

LARTPC STRENG TH: ELECTRONS
AND PHOTONS

Electrons and photons

Phys. Rev. D 104, 052002 (2021)

100}— MicroBooNE NuMi Data 2.4x10* POT ~ —+— Beam-On Data {Stat.)
7771 Out-of-Crynstat

produce showers in - L] Bear-0f Date
80— B Vuon
LArTPCs I —e
i I Picn
60_— =Photc~n
. . . . - Proton
Distinguish using dE/dx at start i Eseaen
of shower and start point 40 Stat. Uncertainty
4 cm _ 20
C __— - :
e e 0
\

. ‘LﬁT ;4/\’\ . +++{++++H+J++T..m

1 2 3 4 5 6 7. 8 9
T Leading Shower dE/dx (Collection Plane) [MeV/cm]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002

Anomalies MiniBooNE Anomaly MicroBooNE Results Interpretations

SHORIT-BASELINE NEUTRINOS AT
FERMILAB

Booster Neutrino
Beam (BNB)
I .

e —

MiniBooNE

Sqnal
Bl
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Anomalies MiniBooNE Anomaly MicroBooNE Results Interpretations

SHORT-BASELINE NEUTRINOS AT
"ERMILAR

Beam (BNB)

I .

e —

MiniBooNE

sqnal

I I Ty \‘C?'O

Mimggicnr

MicroBooNE

500m 470m
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Anomalies MiniBooNE Anomaly MicroBooNE Results Interpretations

SHORIT-BASELINE NEUTRINOS AT
FERMILAB

! Booster Neutrino b
Beam (BNB)

L
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Anomalies MiniBooNE Anomaly

OUR SELECTIONS

MicroBooNE Results

Photon search

Target A—Ny:

arXiv:2110.00409 [hep-ex] \

Kirsty Duffy 36
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https://arxiv.org/abs/2110.00409

SINGLE PHOTON SEARCH

1y1p

80

Events

70

NC A - Ny

I NC1r® Resonant A(1232)

'LEE Model (x =3.18)  (lINC1x° DIS

|_] Al Other Backgrounds I NC1x° Higher Resonances

“E%:

50

Total Unconstrained
Background & Error

MicroBooNE ty1p Data

" 6.80x10%° POT)

% Total Constrained
“\ Background & Error

Kirsty Duffy

Unconstrained

37

Constrained

MicroBooNE Results

arXiv:2110.00409 [hep-ex]


https://arxiv.org/abs/2110.00409

MicroBooNE Results

SINGLE PHOTON SEARCH

1y1p

Events

arXiv:2110.00409 [hep-ex]

1y0p

400 NC A — Ny
LEE Model (x MB=3.18)
Bccv,/v, on°

SOl CC v,/¥, (>0)°
44 Total Unconstrained
- Background & Error

350

200
150
100

50

0

[ NC17° Resonant A(1232)
BNC1x° DIS

I NC1r° Higher Resonances
Il NC1r® Coherent

[ ] All Other Backgrounds

MicroBooNE tyOp Data

" (6.80x10% POT)

;g Total Constrained
\\ Background & Error

Unconstrained

Constrained

No evidence of an excess in either sample

2]
€ 0 NC A — Ny [BINC12° Resonant A(1232)
@ 5o~ LEEModel (x =3.18)  [[lINC1° DIS
|_] Al Other Backgrounds I NC1x° Higher Resonances
60 22 Total Unconstrained
5 ~ Background & Error - MicroBooNE ty1p Data
(6.80x10%° POT)
40 % Total Constrained
“\ Background & Error
302
20 N
10
0 .
Unconstrained Constrained
Kirsty Duffy 38
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https://arxiv.org/abs/2110.00409

MicroBooNE Results

SINGLE PHOTON SEARCH

arXiv:2110.00409 [hep-ex]

Simple hypothesis test: use

g 02= SN, .
combined Neyman- 2 0.18F- DX LEE Model (x,, =319 = § @
e B F L . o
Pearson X? as test statistic S o6~ 777 Nominal Prediction 3
Nucl. Inst. Meth.A 961 (2020) 163677 § 0.14f— —— Data 1.9 (94.8%) GL ﬂ? g-
. . < 012 7%,
Data consistent with - P /ﬁ'
0.1 — N ’\':\‘ \\‘:\
nominal A—NY prediction Etge };\::-?-:\:\‘ g?
oOF NN ﬁ?
Data rejects LEE 004~ AR ,/,/&
T 0.02}— K,’(J NN AN
model hypothesis in : Nk /{%

o
1
lsE
v
T
’
1 U
—
(%))
»
|
— .
oV s
i
|
()]
o

fa'vour Of nominal Tast B Axa'ﬁEE?\bcd(x -&ljqu:lcmnal
prediction at 94.8% CL
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https://inspirehep.net/literature/1725472
https://arxiv.org/abs/2110.00409

MicroBooNE Results

OUR SELECTIONS

Photon search

Target A—Ny:
|yOp and lylp

arXiv:2110.00409 [hep-ex]

Electron searches

arXiv:2110.14080 [hep-ex]

CCQE-like: p\

lelp e-
arXiv:2110.14065 [hep-ex] 0
CCOTT:
| eOp and o- ,o\/
leNp

arXiv:2110.13978 [hep-ex]
Inclusive: \V

| eX e
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https://arxiv.org/abs/2110.00409
https://arxiv.org/abs/2110.14080
https://arxiv.org/abs/2110.14065
https://arxiv.org/abs/2110.13978

MicroBooNE Results

A NOTE ON NEUTRINO ENERGY

Each analysis selects

Each analysis uses a different
reconstruction paradigm uBooNE

w— MicroBooNE Data

Electron-search results presented as a ST G T B

function of reconstructed neutrino energy
Remember we have to estimate uBooNE
neutrino energy from the particles we — U1 8617 SOSRUN 45 EVENT 2028

measure BNB Data, Run 5924 Subrun 2 Event 109
Reconslrucled chower energy. 2.8 GeV

— reconstructed neutrino energy !=
true neutrino energy

— AND reco—true mapping is
different between analyses
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Anomalies MiniBooNE Anomaly MicroBooNE Results Interpretations

arXiv:2110.14080 [hep-ex] arXiv:2110.14065 [hep-ex]

arXiv:2110.14065 [hep-ex] arXiv:2110.13978 [hep-ex]
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https://arxiv.org/abs/2110.13978
https://arxiv.org/abs/2110.14065
https://arxiv.org/abs/2110.14065
https://arxiv.org/abs/2110.14080

arXiv:2110.14080 [hep-ex]
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— constrainad pradiction v other: £.5
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e OQutside 1FC: DU 4 SNE Dats 69
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Events / 140 MeV

MicroBooNE Results

1e0p0m va selection

arXiv:2110.14065 [hep-ex]
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500

1000 1500
Reconstructed E, (MeV)

2000
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X
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—e— BND data, 338 I'red. uncertamty
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MicroBooNE Results

_ ® MicroBooNE Observed
Ll <= Predicted, no eLEE (x =0.0)
— 2.5 - — Predicted, w/ eLEE (x =1.0)
o
=
&) -
5 2.0
+
L=
=
g
s 1.5-
~
e,
o
S 10- —_—
)
5 ¢
O
0
c 0.5-
v
=
L]
0.0 |

lelp  1leNpOm 1e0pOm  leX
CCQE

arXiv:2110.14054 [hep-ex]
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https://arxiv.org/abs/2110.14054

Interpretations
B, W, Y r A = A 1 T —— N

INTERPRETATIONS

These slides heavily inspired by
P. Machado, Fermilab PAC, November 202 |
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https://indico.fnal.gov/event/51174/contributions/224749/attachments/149348/192224/2021-PAC-winter-Machado.pdf

Interpretations

EVOLVING THEORY LANDSCAPE

Decay of O(keV) Sterile Neutrinos to active neutrinos
g [13] Dentler, Esteban, Kopp, Machado Phys. Rev. D 101, 115013 (2020)
[14] de Gouvéa, Peres, Prakash, Stenico JHEP 07 (2020) 141
New resonance matter effects
[5] Asaadi, Church, Guenette, Jones, Szelc, PRD 97, 075021 (2018)
Mixed O(1eV) sterile oscillations and O(100 MeV) sterile decay )
o [7]Vergani, Kamp, Diaz, Arguelles, Conrad, Shaevitz, Uchida, arXiv:2105.06470
Decay of heavy sterile neutrinos produced in beam
o) [4] Gninenko, Phys.Rev.D83:015015,2011
o [12] Alvarez-Ruso, Saul-Sala, Phys. Rev. D 101, 075045 {2020)
o [15] Magill, Plestid, Pospelov, Tsai Phys. Rev. D 98, 115015 (2018)
o [11] Fischer, Hernandez-Cabezudo, Schwetz, PRD 101, 075045 {2020)

Decay of upscattered heavy sterile neutrinos or new scalars

mediated by Z’ or more complex higgs sectors
o [1] Bertuzzo, Jana, Machado, Zukanovich Funchal, PRL 121, 241801 (2018)
[2] Abdullahi, Hostert, Pascoli, Phys.Lett.B 820 (2021) 136531
O [3] Ballett, Pascoli, Ross-Lonergan, PRD 99, 071701 (2019)
[10] Dutta, Ghosh, Li, PRD 102, 055017 (2020)
o [6] Abdallah, Gandhi, Roy,Phys. Rev. D 104, 055028 (2021)
Decay of axion-like particles
[8] Chang, Chen, Ho, Tseng, Phys. Rev. D 104, 015030 (2021)
A model-independent approach to any new particle
o [9] Brdar, Fischer, Smirnov, PRD 103, 075008 (2021)
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>_Produces
True Electrons

Produces
True Photons

Produces
e'e” pairs

Caution: not
‘an exhaustive
list!

This is meant to
be representative

only
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Interpretations

LANDSCAPE OF POSSIBLE
TOPOLOGIES

“ e e (e
— A il
v Y y
J B = S N Y
Overlapping ete- Overlapping ete- Highly asymmetric e+e- Highly asymmetric ete-
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Interpretations

LANDSCAPE OF POSSIBLE
TOPOLOGIES

MicroBooNE’s first LEE results

4 " ~
S S S
T X L
- y
A 4
v Ly }
S B = S N Y
M p\ S = y
- ) A
Overlapping e+e- Overlapping e+e- Highly asymmetric e+e- Highly asymmetric ete-
. MM _______ mﬁ*'w
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Interpretations

EXPLORATION OF THE
MINIBOONE EXCESS

First series of results (1/2 the MicroBooNE data set)

Reco
opology, 1€0P | 1€1p | 1eNp TeX | e*e e'’eX |1y0p |1ylp | 1yX

Models + nothing

eV Sterile v Osc V V V V
MixedOsc+Steriiev | ¢/ (¢, &, |V V.
Sterile v Decay %A,ﬂ %141 V[ﬂ,_n] Vm,.m] [1.11,12,15]

’ %*
Dal‘k SeCtOI' & Z /[2,'!] %'3] Vlz.ﬂ V[l,?.}] 11,2,3] %2,3]
More complex higgs * %n, [10] [6,10) %,101 Ms.mj

Axion-like particle * Vl“l

Res matter effects “[-,1 V[s | % V[S]
SM y production V V V

*Requires heavy sterile/other new particles also

[—

AN
AN
AN

AN

LN
A\AN
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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

Light Zp

e-l'
e"

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
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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

_n,-* Experimental signature:

-

Zj i No hadronic activity

— <
o ~ . boox eter or P*Y-
o s |
S L Invariant mass
6,/&

Motivation:

Portal to dark sector

Connection to Higgs sector

Experimental synergy with
HNL search
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https://arxiv.org/abs/hep-ph/0605188
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.115039

Anomalies MiniBooNE Anomaly MicroBooNE Results Interpretations

MICROBOONE'S HIGGS PORTAL
SCALARS SEARCH

Phys.Rev.D 101,052001 (2020)

Kirsty Duffy


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001

Interpretations

MICROBOONE'S HIGGS PORTAL
SCALARS SEARCH

Motivated by KOTO anomaly:

Phys. Rev. Lett. 127, 151803 (2021)

In 2019 KOTO collaboration

reported four KO = TT0VV + o
invisible decay candidates Side view ete 5

2 orders of magnitude above MicroBooNE™,
— o
\\%
X
>

prediction and horns It

Search for e*e- decays from scalars
coming from NuMI hadron fladiron ey

(not to scale) absorber
absorber

| event observed — 95% C.L.
excludes KOTO central value
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151803

Interpretations

MICROBOONE'S HIGGS PORTAL
SCALARS SEARCH

Motivated by KOTO anomaly:

In 2019 KOTO collaboration
reported four KO = TT0VV +
invisible decay candidates

2 orders of magnitude above
standard model KO — 110V
prediction

Search for ete- decays from scalars
coming from NuMI hadron
absorber

| event observed — 95% C.L.
excludes KOTO central value

Kirsty Duffy 54
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1074 =

Phys. Rev. Lett. 127, 151803 (2021)

- E949

* reinterpretation
A central value

CH Rhge N |
- KOTO*A = L

NAG62

PR
0 20

40 60 80 100 120 140 160

| P )
180 200
Scalar mass m, (MeV/c?)

T
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151803

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

€ _- (‘{Z

N

Motivation: WLLS 6

Possibly related to neutrino mass

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

Kirsty Duffy 55

Lonergan JHEP 2017

Kelly, Machado PRD 2021

Experimental sighature:

Several possibilities Less likely/
harder to

Delayed timing w.r.t.A/ explain mB

beam neutrinos anomaly

Reconstruct invariant mass?



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

MICROBOONE'S
HNL SEARCH

Phys.Rev.D 101,052001 (2020)

Search for HNLs decaying to PTT
pairs

Dedicated trigger configuration
to detect HNL decays that occur
after the neutrino beam spill

nBooNE

SIMULATION 700 MaV HNL Decay

[Mass 370 MeV)
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Interpretations

&S
c
G

Fraction of events
= =]
o o
Is‘.) 129

MicroBooNE Simulation :

3.5

W -

0
2.5

4

4.5 5 5.5 6

Fvent time [us]

== BN B neutrinos
s HNL (365 MeV)

- == BNB Trigger window

HNL Trigger window


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001

Interpretations

MICROBOONE'S HNL SEARCH

Phys.Rev.D 101,052001 (2020)

Set upper limits on extended PMNS matrix element |Up4|?2 = most constraining
experimental limits at higher masses

10°°
Q-l) Majorana
S F
S
&
©
= 1077
g - = Observed
. | | == Expected
I | MicroBooNE | Expected 10
= POT: 2.0x102° Expected 20
108 . . . .
300 350 300 350
Mass [MeV] Mass [MeV]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001

Anomalies MiniBooNE Anomaly MicroBooNE Results Interpretations

WHAT'S NEXT?

BNB Data collection: Protons on Target (POT)

2.0E19 2.0E21
1.5E19 1.5E21 ~
@)
Q.
~ @
O 1.0E19 1.0E21 =
Q. B
g
S
5.0E18 H || ’ 5020 O
0.0EQ0 ‘ 0.0EQ0

A AR N W9 A9
TN oS 09" g8 o 0 g
'\0\'\7’\ T '15"\ \’2«“ \’\'\\ \f?fq\ g P08 %\'\rﬂ 'L\””

S ——————— N —

Analysed ~7x1020 POT Approximately the same
agaln still to come!
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Anomalies

MiniBooNE Anomaly MicroBooNE Results Interpretations

WHAT'S NEXT?

X

,,4/:""” " \i{/:‘“ﬁ p\iﬁ/:"’l/f Future

investigations

-

4

..... 4
M/ p\ TRl X N\L“

~

<~

Y, \.
~ )
Overlapping ete- 0ver|apping ete- Highly asymmetric e+e- nghly asymmetric,e+e_
. - M“;"’ ------- —% . yw
___§_,*~ "\‘g ::..: ....... w:: \\_?\\ \ . “
. p . N P ha

\_ J
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Anomalies MiniBooNE Anomaly 2 Interpretations
: L 175 ® Beam Excess !
g 15 SEE pe,ov.etin
Q@ 125 : :z:)"
10
SUMMARY -
g v, fom K° :
25} — i ;
of" e
i . 0.4 06 o8 1 ., Best Fit ;
A number of anomalies exist that ve :
can’t be explained in the 3-neutrino | [FEE i :
aradigm ——,
P g 1y1p EX (GeV)
% 80 [ NC12° Resonant A(1232) T —
Could hint at interesting new physics? | " muomsuons T
7 gf’f)ltca:(lSJL::;:':?K? ssllr%l?fﬁ? MicroBooNE ty1p Data
" (6.80x10% POT)
. . . . X Total Constrained
MicroBooNE investigation of the e
MiniBooNE anomaly shows no evidence
for excess in Single eIeCtron Or : . ® MicroBooNE Observed
. Unconstrained LéJ 55 ] -~ Predicted, no eLEE (x = 0.0)
A—NY single photon samples | — ; = Predicted, w/ elE (x=10)
3 20
More data (x2 data statistics), more £ s [ —
analyses,and more experiments ¢
(SBN) will soon add to this picture! S * } !
c 0.5-
0.0 T T T T
lelp leNpOnm 1leOpOm leX
Kirsty Duffy 60 CCQE
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MicroBooNE Results

SINGLE PHOTON SEARCH

~12
>
§ oL la Bzest Fit: x. = 0.0
v b s 80% XS 5.53 (15 dof)
T [ e 95%
8— .
i |
sl :
B 1
o I
4_
j ! LEE Model
i ' !
L i (x,,5=3-18)
Best Fit: I |
X, =0 ¥ T T T P B
A R B T m—

5 6 7
/ | X, (Scaling of NC A—Ny)

[ Nominal GENIE NC A>N}-'J x. < 2.3 at the go% CL J
A . o

rate (xA = 1) within 16

Slide credit: Mark R-L
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eLEE Signal Strength (x)

63

MicroBooNE Results

—@— MicroBooNE Observed (1, 20)
1| ==== Expected, no eLEE (20)

T
10‘5 ——— MiniBooNE approx. (x10) I
I T
&
I
i |
| |
1.5 - ~ I
: B
|
: I
1.0 T 4 4
| @ L4
I | I
| | ! |
0.5 1 : || : I
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Median
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MicroBooNE Results
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MicroBooNE Results

A SIMPLE MODEL OF THE
MINIBOONE EXCESS

i "+ Dat (stat orr)
5+ ) v, from !
: o v, fom K
: = v, om K
= . . < risid
- ANy

: E_— it
[ other
— Cumists, Syst, Enror
...... Bes! Fit

llllllll

llllllllll

llllll

3.0

8 1
Er” (GeV)

Take
reported in
MiniBooNFE’s
2018 results

Phys. Rev. Lett. 121, 221801
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Events/MeV

Ratio Unfolded/MC Truth

-
N

Unfold to true energy,
assuming excess Iis
entirely electron

neutrino

Unfoced Resull in MiniBcoNE, Elecion-like Model

MicroBooNE Preliminary - Linfo cod 14 niSoollE spactra
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MicroBooNE Simulation
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oK o & e MC prediction without L.EE
1 «=«« LEE {x=1) prediction
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.221801

MicroBooNE Results

A SIMPLE MODEL OF THE
MINIBOONE EXCESs ANy

1y1p
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MicroBooNE Results

DOING THE MEASUREMENT

Tune neutrino
interaction model
to external data

41 Elastic
Sca;tering

.\
™ o
n
S Absdrption
v
¢ \
L L
S "e e
Pian Production
Kirsty Duffy 67
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MicroBooNE Results

DOING THE MEASUREMENT

Tune neutrino
interaction model
to external data

predict mapping of reconstructed to true
neutrino energy

c1s provide correlations between data samples
| (see next step of analysis)

/ | Accurate estimation of uncertainties
»{ can be more important than central-
Cre W value model prediction

Pian Production
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- Tune neutrino
interaction model
to external data

v, CCQE-like

100
2 Data/> Pred = 1.23 £ 0.13 BN BNB v, CCQE (2008.04)

600 L4 20 Neutrino Background (632.16)
. MicroBooNE 6.67 x 104" POT mm. BNB OffVtx (287 65)
%, 500 } N Cosmic Background (97.77)
= t v Systematic Error
o 400 { Data(4848)
n
S
w 300
-
C
£ 200
w

1001

o0 600 800 1000 1200
o 2
E . . A . ¢
% 1 A AT A p Py f-/—f-)-fﬂ/f-//}‘/—ﬁf}%//////;
)
8 900 400 600 800 1000 1200
E, [MeV]
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MicroBooNE Results

DOING ITHE MEASUREMENT

GENIE v3 (untuned) X?=115.3/67 bins

MicroBooNE Tune X2=63.8/67 bins
T2K Data

0.98<cos(8,)<1.00




MicroBooNE Results

DOING THE MEASUREMENT

Tune neutrino
interaction model
to external data

100

700
ZData/ZPred = 1.23 £ 0.13 EEN BNE v, CCQE (2908.04) 2 Data/2 Pred = 1.08 = 0.13 BN BNB v, CCQE (3369.27)

600 aa:in . . 20 : Neutrino Background (632.16) 600 | pa; 20 Neutrino Background (699.15)
_ MicroBooNE 6.67 x 104" POT BN BNS OMfVIx (287.65) _ MicroBooNE 6.67 x 10“* POT Emm BNB OffVIx (313.08)
z 500 } B Cosmic Beckground (97.77) % 500 { B Cosmic Background (97.77)
= { v Systematic Error E Systematic Error
o 400 Data (41848) o 400 Data (4848)
n un
v 300/ w 300
- P
5 g
£ 200 $ 200
w w

100 100

900 400 600 800 1000 1200 9(56 400 600 800 1000 1200
o 2 T 2
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MicroBooNE Results

DOING THE MEASUREMENT

Tune neutrino Sideband data sample
interaction model [—| — data-driven signal
to external data prediction

“Sideband” — independent (i.e.
non-sighal) data sample

Use to:
= validate analysis strategy and modelling
= constrain backgrounds in signal sample

= further constrain models to provide
data-driven prediction for signal region

Kirsty Duffy 71 HB@ -



Interpretations

Anomalies MiniBooNE Anomaly MicroBooNE Results

DOING THE MEASUREMENT

. . Ve selection
Tune neutrino Sideband data sample “
) : ) : ¥ 0
interaction model (=% — data-driven signal sidebands: 11
to external data prediction and v,
n° selection
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Anomalies MiniBooNE Anomaly

MicroBooNE Results Interpretations

DOING THE MEASUREMENT

Ve Selection

Tune neutrino
interaction model
to external data

Sideband data sample
— data-driven signal
prediction

sidebands: 11°

and vy,

lncertainty
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and reduces uncertainty
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MicroBooNE Results

DOING THE MEASUREMENT

. —— MicroBooNE
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MicroBooNE Results

DOING THE MEASUREMENT

to external data

~ Tune neutrino Sideband data sample
interaction model [—| — data-driven signal |[—

~ Staged
unblinding

prediction

Blind analysis strategy:
Limited open data sample
Analysis of sideband data sets
Blind analysis of fake data sets

Progressive Ve unblinding
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MicroBooNE Results

DOING THE MEASUREMENT

~ Tune neutrino Sideband data sample -
. . , , Staged Statistical
interaction model [—| — data-driven signal |[— AT

| o unblinding tests
to external data prediction

1) Simple hypothesis test
Does the data prefer the LEE model over the non-LEE model?
2) Signal strength measurement

Use Feldman-Cousins procedure to measure best-fit signal
strength (x) assuming a linear scaling of the LEE model
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