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LSND and MiniBooNE
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» LSND: 7e in 7, beam from stopped pion
source (> 30) at L/E ~ 1km GeV !

(arXiv:hep-ex,/0104049)

» MiniBooNE: reports electron-like event excess

(4.80); in combination with LSND at 6.10
(arXiv:0812.2243,1805.12028, 2006.16883)
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eV-scale v for LSND and MiniBooNE anomalies?

» Oscillation maxima for standard oscillations expected at
> L[/E ~ 500 km/GeV (from Am3, ~ 2.4 x 10-3eV?)
> L/E ~ 15000 km/GeV (from Am3; ~ 7.5 x 10~%eV?)
» the minimal solution for LSND and MiniBooNE requires an additional
mass squared difference Am2; ~ 1eV?; this calls for an introduction of
eV-scale sterile neutrino

(341 scheme)

Kopp et al., arXiv:1803.10661
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while v, appearance data supports eV-scale v explanation of LSND and
MiniBooNE, v,, disappearance data puts such solution in strong tension
and practically excludes this possibility = necessity for alternative models
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S
Altarelli Cocktail?

An Altarelli Cocktail for the MiniBooNE Anomaly?
Vedran Brdar’?® and Joachim Kopp®* "
Y Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
2 Northwestern University, Dept. of Physics € Astronomy, Evanston, IL 60208, USA
3 Theoretical Physics Departm CERN, 1211 Geneva Switzerland
4 Johannes Gutenberg University Mainz, 55099 Mainz, Germany

‘We critically examine a number of theoretical uncertainties affecting the MiniBooNE short-
baseline neutrino oscillation experiment in an attempt to better understand the observed ex-
cess of electron-like events. We re-examine the impact of fake charged current quasi-elastic
(CCQE) events, the background due to neutral current 7° production, and the single-photon
background. For all processes, we compare the predictions of different event generators (GE-
NIE, GiBUU, NUANCE and NuWro) and, for GENIE, of different tunes. Where MiniBooNE
uses data-driven background predictions, we discuss the uncertainties affecting the relation
between the signal sample and the control sample. In the case of the single-photon back-
ground, we emphasize the large uncertainties in the radiative branching ratios of heavy
hadronic resonances. We find that not even a combination of uncertainties in different chan-
nels adding up unfavorably (an “Altarelli cocktail”) appears to be sufficient to resolve the
MiniBooNE anomaly. Varying the radiative branching ratios of the A(1232) and N(1440)
resonances by 20, however, reduces its significance from 4o to less than 30. We finally
investigate how modified background predictions affect the fit of a 3 4+ 1 sterile neutrino
scenario. We carefully account for full four-flavor oscillations not only in the signal, but also
in the background and control samples. We emphasize that because of the strong correlation
between MiniBooNE’s v, and v, samples, a sterile neutrino mixing only with v, is sufficient
to explain the anomaly, even though the well-known tension with external constraints on v,
disappearance persists.
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Employed MC Generators
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. GiBUU

® The Giessen Boltzmann-Uehling-Uhlenbeck Project
NuWro
* *
~ Yo
v »
° ©
a -
c
2 \ v
/A ©
UNIVERSAL NEUTRINO GENERATOR 2 <
& GLOBAL FIT e o
"r,- ve
no ®
Generator Tune Ref. Comments
NUANCE - [40]  the generator used by MiniBooNE
GiBUU [42]  theory-driven generator
NuWro [41]

GENIE ~ GI8 0la_02 1la [3
G18_01b_02_1la
G18_02a 02 1la
G18_02b_02 1la
G18_10a_02_1la
G18_10b_02 lla

9, 44|

GENIE baseline tune; see [44] for naming conventions

different FSI implementation compared to G18_01la_02_1la
updated res./coh. scattering models compared to G18_0la_02_1la
updated res./coh. scattering models and different FST

theory-driven configuration; similar to G18_02a

theory-driven configuration; similar to G18_02b
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Strategy

1. From a Monte Carlo simulation using the NUANCE generator, we
predict the event sample under consideration.

2. The predicted event spectrum from (1) is then compared with the
corresponding prediction obtained by the MiniBooNE collaboration;
the differences are compensated by bin-by-bin tuning.

3. We then predict the same event sample using GiBUU, NuWro, as well
as six different GENIE tunes, using the same cuts and efficiency
factors as for NUANCE. We then apply the tuning factors determined
in (2) as the ratio between our NUANCE prediction and
MiniBooNE's.
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Charged Current Events
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Neutral Current 7% Production

v+ N = v+ N+ r2yy)

NC n° background — MC predictions
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Neutral Current Single v Production

A — N~

A-y background — MC predictions
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A-y background — with BR uncertainties
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3+1 model with eV-scale sterile neutrino

Brdar Kopp 2021

Data—driven backgrounds

V-mode data
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GiBUU

MC-only backgrounds

Z
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Monte Carlo-only background predictions
Generator  Tune Amd V2] sin?20,,  [Uu®  x?/dof  ANZ, .. Significance

MB official 025 001 0062 120 19.1 0o
GiBUU default 0.25 0.01 0076 120 160
BR(A — 7) — 20 00063 0076 122 5.00
BR(A 1) +20 0.01 0062 119 390
NUANCE - 00079 0.051 100
NuWro - 00020 0.040 350
GENIE G18_0la_02_11a 0079 0.16 430

GI8_01b_02_11a 0.0001 012 2

GI8_02a_02_lla 0.050 016 120

G18_02b_02_11a 0.050 018 121

GIS_10a_02_lla 0.016 0051 121

GI8_10b_02_11a 0.013 0016 121

data-driven backgrounds
Generator Tune Ami, sin?20,.  |Uul*  x*/dof  Ax3, ..  Significance

MB official 025 0.01 0062 120 191 100
NUANCE - 00079 0051 123 100
NuWro - 00016 0040 133 310
GENIE GI8_0la_02_lla 000020 014 122 140
G18_01b_02_11a 0.0001 012 122 350
G18_02a_02_lla 0.063 018 122 100
G18_02b_02_11a 0.050 0.20 123 370
G18_10a_02_11a 0016 0062 123 350
G18_10b_02_1la 0.0 0016 121 100
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MicroBooNE (2110.14054)

two-body v, CCQE scattering (1elp)
pionless v, scattering (1eNpOm, 1e0p0r)

inclusive v, scattering (1eX)

1eNpOr v, selection
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- ____________________________________
MicroBooNE (2110.00409)
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New Physics?
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From interactions of protons on target to 1 shower events

» The source of events are 8 GeV protons from Booster that hit the
Beryllium target producing secondary particles. The 818 ton liquid
scintillation detector observes the single shower events

p + A [target] — [X] — 1sh events [detector]

» The “black box” , X, is assumed to be represented by a particle (or a
system of particles) that are produced in the source (X;) and evolve to
detector where they interact or decay (Xy) producing 1 shower events

> X, can be produced
> A S ;
> in decays (interactions) of known particles produced in the pA—collisions,
such as 7, K, heavy mesons. But those particles need to be charged!
» from neutrinos v, in detector or/and surrounding matter along the baseline

> N—>v+v, N—v+et + e (decay into particle(s) £ that give shower)
» N—-v+B, B—set+e or B=vy+xy

» N — ...ve... followed by v, scattering in the detector

» N can also scatter — additional smallness
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Scenarios involving right-handed neutrino N

VB, Fischer, Smirnov, 2007.14411:
1) Mn D¢, Mixing - Decay scenario: the heavy neutrino N produced in the
K and m—decay via mixing in v,, and decays as N — N’ + ¢

Mixing-Decay scenario MD.

target  decay pipe detector e
P n L —\ 1sh
K
% ik Z
d
doQ(En) Pgec ~ — e~ !/Mw
2 d
Ne-e = cAlUP [ den ™0 M) b (En)Pac ™ 2w
dEy
P event excess peaks in the 8 ns window [ SR S

associated with beam bunch time, as
expected from neutrino events in the
detector = my < 10 MeV for My D;
scenario

100

10 15
Bunch Time (ns)
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Scenarios involving right-handed neutrino N

2) UnDg, Upscattering - decay scenario: N is produced in the v, interactions
with particles of medium between the source and the detector and in the
detector. Then N decays in the detector, producing & state

Upscattering-Decay scenario UD;

target  decay pipe detector

P Vy N
Iﬂ{ q q 1sh
(o] X L Y 7
dop(En) _ dE do.(Ey) do(E,, En)
dEN B v dEu dEN

- do%,(E, A )
N’n_S :Gvdnd/dENfg_S(EN)qZVE(N) |:1_ TN(l_e d/)\N):|

P> we also considered upscattering in the dirt as well as various detector

subcomponents
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Scenarios involving right-handed neutrino N

3) UnDgDg, Upscattering - double decay scenario: N produced by v,
upscattering undergoes double decay: N — B — £. If B decays promptly,
calculations match previous scenario

Upscattering-Double Decay scenario U DgD,

target  decay pipe detector

Upscattering-Decay into v, scenario, UnD,U,

4) UyD, U,, Upscattering-decay into v,

. . targel. decay pipe " detector
scenario: N produced by the v, upscattering L ——% v e 3
decays with emission of v, which then scatters | |7 N ‘
in the d ia CCQE producing e sh of Tty
in the detector via CCQE producing e shower s
5) MN DB DE: I\/Iixing— double decay scenario: Mixing-Double Decay scenario, MyDgD

. .- . .. . target  decay pipe iisgtiar
N produced via mixing decays invisibly into | e
another new particle B, which in turn decays e By | 5 i
into (or with emission of) & o x b
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Scenarios involving right-handed neutrino N

6) MyD, Ue, Mixing - Decay into v, scenario: N is produced via mixing and
decays with emission of ve: N — ve + B. Then v, upscatters in the detector,

pro d uc | ng e + Mixing-Decay v, scenario MD,U,
target  decay pipe deiasion
P N Ve 1sh
‘ =
K q q
(0] X 1p y Z

» for small N decay length ¢7® — 0 '
Nio ~ o¢e Vini By 82 (1 — Exp[—I1/Ax]) = otec Vini By b,

Dentler et al. 2019

€ MiniBooNE (v mode)
» the spectrum for this scenario N %‘ "
looks similar to the one in the = o SV
i = B dirt
3+1 scenario £ S et 0

v4 decay (this work): 1
MB + null results

== syst error

» viable N masses O(keV)

o
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Non-oscillatory Explanations of MiniBooNE Anomaly

1 shower MiniBooNE events can be produced by e, ~, collimated eTe™ pair
and collimated vy

> M/\/Dgi
Fischer et al. (arXiv:1909.09561)
> UND£Z
Gninenko (arXiv:0902.3802)
Ballett et al. (arXiv:1808.02915)
> UNDBD,gZ
Bertuzzo et al. (arXiv:1807.09877)
Datta et al. (2005.08920)
Dutta et al. (2006.01319)
Abdallah et al. (2006.01948)
> MyD, Ue:
Dentler et al. (1911.01427)
de Gouvea et al. (1911.01447)
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VB, Fischer, Smirnov, 2007.14411
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Mini SBN-Theory workshop

13 Dec 2021, 14:55 - 15 Dec 2021, 18:00 U

Q@ online

Description  Given the recent exciting developments in Fermilab’s SBN Program, we are organizing the special SBN-Theory mini-workshop
“Physics opportunities at the Short Baseline Neutrino Program” on December 13-15, 2021

The goal of the workshop is to foster collaborations among theorists and experimentalists to discuss future searches in the SBN Program,
particularly in the context of the MiniBooNE anomaly, though not limited to it

As in other SBN-Theory events, this mini-workshop will be informal, focused on the physics, and in the intersection between theory and
experiment.

We aim to get work done and to distribute tasks among participants by the end of the event.

Registration

& Participants
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Summary

» MiniBooNE anomaly has been a mystery for over a decade
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Summary

» MiniBooNE anomaly has been a mystery for over a decade

» Recent background re-evaluations as well as MicroBooNE data did not
unravel it
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Summary

» MiniBooNE anomaly has been a mystery for over a decade

» Recent background re-evaluations as well as MicroBooNE data did not
unravel it

> Light eV-scale sterile neutrino hypothesis is disfavored
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Summary

» MiniBooNE anomaly has been a mystery for over a decade

» Recent background re-evaluations as well as MicroBooNE data did not
unravel it

> Light eV-scale sterile neutrino hypothesis is disfavored

» Alternative models with heavier sub-GeV new physics?
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Summary

» MiniBooNE anomaly has been a mystery for over a decade

» Recent background re-evaluations as well as MicroBooNE data did not
unravel it

> Light eV-scale sterile neutrino hypothesis is disfavored
» Alternative models with heavier sub-GeV new physics?

» Short-Baseline Neutrino Program at Fermilab may be the key
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