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Kaon Decay-at-Rest (KDAR) Neutrinos

v, flux from the J-PARC spallation neutron facility
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When a kaon decays at rest it
produces a monoenergetic muon
neutrino at 236 MeV 64% of the time.

KT = u"v, [BR=64%]
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Cross Sections

Our knowledge of cross sections

at low energies is not great. CC Inclusive Cross Sections
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T2K flux (unoscillated) peaks below 1 GeV.

K. Abe et al. (T2K Collaboration), Phys. Rev. D 96, 092006 (2017)
C. Patrignani et al. (Particle Data Group), Chin. Phys. C 40 100001 (2016)
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Energy Reconstruction

Neutrino energy smearing for
electron-only reconstruction.

Neutrino energy reconstruction
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iIs complicated by: : -
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Solution: Use KDAR neutrinos to :
0 04 06 o8 1 1o 12 s

benchmark energy reconstruction. T (Gev)

vertical lines = true energy
curves = reconstructed energy

M. Martini et al., Phys. Rev. D 87, 013009 (2013)
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Oscillations

Near and far fluxes are
inherently different...

...need cross section
knowledge!

_b
far detector

near detector

Am?L GeV
P(vy — vg) = sin®(26) sin® (1.267 i 2e )
E eV km Oscillation probability
AL depends on energy!

- = 20% 1is typical

Two-neutrino oscillation probability
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Probing the Nucleus

electron beam

——llp | = = = = = = = m e e

E=680 MeV, 8=36", q,;=402.5 MeV/c
L L

40000

30000 Electron scattering has

been our primary tool for
understanding the nucleus.

20000/

10000|

electron scattering on carbon

w=F—FE'

FERMILAB-PUB-17-195-ND-T
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Probing the Nucleus

Which model of the nucleus, relevant to neutrinos, is correct?
What is the correct way to treat the transition from on-nucleus to on-nucleon scattering?
How many final state neutrons are there as a function of energy transfer?

How large are the contributions of short-range correlations?

300 MeV muon neutrino charged current events . . .
250 r———————————————— Can we do this measurement with neutrinos?
! l Vvl v v

Plot from ] M/ +

N. Jachowicz

T 3 /;k\‘

TS E—

increasing complexity

do/do (10742 cm2 MeV-1)

T40 160 180
o (MeV)
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e
MiniBooNE

* Mineral oil detects scintillation and Cherenkov light in time using
1280 PMTs in the signal region and 240 PMTs in the veto region.

 MiniBooNE observes neutrinos from the BNB (on-axis) and NuMI|
(off-axis) neutrino sources at Fermilab.

» Jaking data since 2002 — many oscillation, cross section, and
exotic search results!

MiniBooNE Detector

Signal Region

http./www-boone.fnal.gov/

A typical
muon in
MiniBooNE
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MiniBooNE and NuMi

NuMI provides an intense

source of KDAR neutrinos that MiniBooNE

can be observed by MiniBooNE.

86 m
KDAR

decay pipe
~1/6 of primary beam power
target horns makes it to the absorber
120 GeV
protons
Target is 2 interaction lengths. —p —>
< —»> <4
40 m 675 m 5m
KT — ,LL_I_VM
This analysis uses NuMI-LE antineutrino mode (2.62x102° POT) (at rest = 236 MeV neutrino)
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-
KDAR Events in MiniBooNE

v, PC—pu X

Use standard MiniBooNE muon neutrino selection:
two sub-events (muon + decayed electron), in fiducial volume, no veto activity.
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Cherenkov threshold for muons in mineral oil = 39 MeV
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Challenge: Modeling Background

We observe an excess of events, but we want to be sure that it’s real.

The size and shape of the excess depends highly on the selected background model.

two neutrino event generator predictions for background
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KDAR is not simulated and MC is scaled to data in background-only region (PMThitssns > 120)
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Solution: Timing

All non-KDAR v, +v, E>0.15 GeV
N KDAR v, from d _
s £ YuTrom SUTP MiniBooNE
g “F
= m
g 40F 86
2 hE KDAR
© —
X 30F DIF background decay pipe
© asf KDAR target _NOrNS ) J
20E- normalizations are arbitrary 1
15:— > — —
= —>
10F- “40m 675 m 5m
5E- simulation
E s N Signal events take a longer path to the
02000 4000 6000 8000 10000 12000 g gerp
Expected arrival time at MB (ns) detector than background events.
This means we can look at
_ the evolution of signal and
background enhanced signal enhanced background over time!
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Solution: Timing

We expect
KDAR here o ,
2.10 deficit at early time
2.40 excess at late time
O
;cg -+ Normal time data
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We can perform a 100% data-driven

analysis that is independent of the uncertain
flux and background predictions!
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The Result

We observe the KDAR signal
with 3.90 significance.

Determined significance by
comparing simulated data to the
background-only hypothesis.

Systematics only contribute at the
1-2% level and are not shown.

Shape-only differential cross section
in T, and w with 10 error bands.
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Theory Comparisons

© @ © '[§ mccaffrey.physics.lsa.umich.c X

https://www-boone.fnal.gov/for physicists/data release/kdar/

Data release allows comparisons between
our result and any arbitrary theoretical model.

© @ © [y MiniBooNE KDAR Cross Sectic x

[l O hitps://www-boone.fnal.gov/for_physicists/data_release/kdar/

1
0300W£0| Booster Neutrino Experiment
T

Data Release for "First Measurement of Monoenergetic Muon Neutrino Charged Current Interactions" [arXiv:1801.03848]

Description

This is a simple website dedicated to allowing comparisons between theoretical predictions and the measurements of KDAR neutrinos made by MiniBooNE. Through the exact same procedure used in the full analysis, an input model is compared to the data

and then given a corresponding x2 value and probability. All comparisons made using this tool should be treated carefully, and any anomalies should be reported to the authors.

Instructions

The input to the theory-data comparison is a single text file (.txt) which contains the model T}, spectrum. The file should contain a single column of numbers specifying the model's bin contents in 1 MeV bins (i.e. at 0.5 MeV, 1.5 MeV, etc.). The comparison is

shape-only (including endpoint) so the spectrum will be normalized appropriately by the program. An example file for the best fit beta distribution is linked here.

Files can be uploaded using this link. Results of the comparison will be printed in your browser after the file is uploaded.
Examples

Below are a few example text files for Ty, models which can be compared to the data:

Genie [C. Andreopoulos ef al., Nucl. Instr. Meth. A 614 87 (2010).]

Martini et al. [M. Martini, M. Ericson, G. Chanfray, and J. Marteau, Phys. Rev. C 80 065501 (2009); M. Martini, M. Ericson, and G. Chanfray, Phys. Rev. C 84 055502 (2011).]
Nuance (kappa=1.0, My=1.23) [D. Casper, Nucl. Phys. Proc. Suppl. 112 161 (2002).]

NuWro [C. Juszczak, Acta Phys. Pol. B 40 2507 (2009); T. Golan, C. Juszczak, and J. Sobczyk, Phys. Rev. C 86 015505 (2012).]

Singh et al. (Ms=1.2) [F. Akbar, M. Sajjad Athar, and S.K. Singh, arXiv:1708.00321 [nucl-th] (2017).]

‘A number of plots comparing these models to the best fit results with stat-only errors for the corresponding end points are shown below. The shaded red region represents the 10 (szin+3-53) stat-only allowed region from our measurement, in consideration of

3 parameters (shape and endpoint). The models and data are normalized appropriately.

Endpoint = 98 MeV

—— NuWro
0.051 —— Nuance
Data

0.06

2 0044

|
et

www-boone.fnal.gov/index.html
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< (AN (O mccaffrey.physics.lsa.umich.edu/MiniBooNEKDA...

The file nuwro.txt has been uploaded.
Running Analysis...

Analyels el NuWro neutrino event
Your ¥ = 74.8628

eié=n20  generator prediction

Ay? =223894
%2 Probability = 0.524319

Analysis Complete!

Results Plot

Endpoint = 98 MeV

— Model
0.05 4 Data

0.06

2 0.04 1 5
L Model y* = 74.86
C 9

2. 0.031 Ax*=2.239

8

~ie 0.021

0.01 4

120

T, (MeV)
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https://www-boone.fnal.gov/for_physicists/data_release/kdar/

Outlook of KDAR Physics

 MiniBooNE has used KDAR neutrinos to measure energy transfer (w) for the
first time using neutrinos.

e Provides a standard candle for neutrino-nucleus interactions, cross sections,
and energy reconstruction in the few-hundreds of MeV region.

* Inthe next few years:

MicroBooNE (taking data since 2015): can study both muon and hadronic outgoing
components of KDAR interaction on argon with LArTPC technology.

JSNS2 (first data in 2019): will collect 10-20k KDAR events/year on carbon.

e Other published ideas: muon neutrino disappearance, electron neutrino
appearance, DM annihilation signature, strange quark contribution to nucleon
spin...

R. S. Fitzpatrick — University of Michigan May 31, 2018
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Setup and DM Model

‘ Searching for vector-boson mediated dark matter production. ‘

Target Decay Pipe Beam Dump MiniBooNE Detector
20
8 GeV p 1.86 x 1020 POT collected
n from BNB protons
Be .
Air
I }
50 m 4m 487 m
X Xooooilaeene X e X
g ﬁgo M L N
w0, : p > P v v
V ‘QQ é "y e TVy P
X' p—s > P p » 2c 2 ‘ X
(a) 7%, n Decay (b) Proton Bremsstrahlung (a) Free protons (b) Bound nucleons in 12C.
| production channels | interaction channels |
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Results
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Summary

MiniBooNE’s recent (and upcoming) physics results include:

* The first observation of monoenergetic neutrinos from
kaon decay at rest and a measurement of energy
transfer using neutrinos.

* New limits on sub-GeV dark matter, setting globally
most stringent limits for 0.08 < my < 0.3 GeV.

* DM 10 and electron scattering channels are being
analyzed and will have better sensitivity. Look for
these results in the coming months!
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Questions?
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Sighal Model Construction

Efficiency-corrected T, distribution

UUTZF—

“True” T, distribution
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Background Model

normal time (8000 ns)

1600 _
; I Nor_mal time data Background
1400 ; $ with constant KDAR sional
. . . i . 1811
Now we assign a normalization to the ; signal:background 5
signal model (yet another parameter we 12001 ;
have to vary to find the best fit). =
.= 1000 3
O
~~
E
= 800- _'_|_,_
& $
Define the back d del h that =600 - Background model for which
_e Iné the background mo e SUC . a signal+background = data
signal + background = data in the high- 400 1|
statistics normal time region. Signal model with
200 1 some normalization
shown here: best fits
O T T T T T
0 50 100 150 200 250 300

PMThitsg,

Step 2: Construct background model.
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Data Comparison

Divide the early (signal-enhanced) and late
(background-enhanced) time regions into
three time bins each.

Normalize the background model to match
the background-only region.

Allow signal normalization to float.

Signal and background shapes are constant
at all times, only normalization can change.

Compute agreement between data and
signal+background in each time bin using a
Poisson x-.

Step 3: Compare signal+background
to data in early and late times.

R. S. Fitzpatrick — University of Michigan

Each plot represents

Events/bin

Events/bin

Events/bin

200 ns of data.
15
early time #1 late time #1
6.
2_
IiENEARA Bk
20
| M } } early time #2 late time #2
late time #3
51 l 1J~—"; )
J’,‘LL‘Ishown here: best fits I _J i
%0 5 100 150 200 250 300 0 50 100 150 200 250 300
PMThits,, PMThits,,
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Repeat

o
)
@)

Models covered this parameter space:

—— [ Function Models /ﬁ_
20<a<8.0
0.0<b<6.0

Normalized

0.04
Models with a < 2.0 are unphysical.

We allowed the end point to vary from 95
MeV to 115 MeV to reflect variation among
model predictions. 0. 02

Signal normalization was varied from zero to
the maximum value allowed by the data.

Step 4: Repeat for each
possible signal model.

There exists a beta function within our parameter space that agrees
reasonably with each neutrino generator model we could have picked.
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R
Other KDAR Physics

e (QOscillation search for sterile neutrinos at short baseline.

e Precision measurement of strange spin component of
the nucleon (As).

* Signature of dark matter annihilation in the sun.

 Measure charged current neutron yield.

J. Spitz, Phys. Rev. D 85 093020 (2012).

S. Axani, G. Collin, J.M. Conrad, M.H. Shaevitz, J. Spitz, T. Wongjirad, Phys. Rev. D 92 092010 (2015).
J. Spitz, Phys. Rev. D 89 073007 (2014).

C. Rott, S. In, J. Kumar, and D. Yaylali, J. Cosmol. and Astropart. Phys. 11 039 (2015).

C. Rott, S. In, J. Kumar, and D. Yaylali, arXiv:1710.03822 [hep-ph].
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e
KDAR Dataset

Bin width is  1.20 days

_ X107
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has higher signal:background than neutrino mode

2.62 x 1020 POT
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Why use antineutrino mode?

! background rates F

600:—
00 R ST | total
400 i A b ms numu
- total
300—
B numu
200—
100:_ numubar
: [ pm et e AL T e e e S emmmrmmm ey e, fmam et mm e numubar
0_ | | | | | | | | | | | | | | | | | | | | | | |
0 50 100 150 200 250
tank hits

Background rates are lower in antineutrino mode.
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-
KDAR Cuts

MichDist after all cuts (except MichDist and beam timing) in tankhits<150 region

1. Two subevents (SE) and < 6 veto
hits in each SE.

0.05

— Data
First SE in beam time window. . ~ Sirobs

— Dirt
Second SE 20 < tank hits < 200.

r< 500 cm.
First SE tank hits > 20.
First SE PMT hit time RMS < 50 ns.

Michel distance < 150 cm.

0.02

S

0.01

L L A R e e s I
100 150 200 250 300 350 40 450 500
Distance between neutrino vertex and Michel decay (cm)

(EEm NN R RRRRARARRR RS
—
==
i
R
5

o
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Distance between primary track endpoint and
reconstructed decay point (cm)
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Efficiency and Folding Matrix

k=0.978 k=0.978
- <120 — — .
- (] —_—
B g - — ‘
0.6{— 100 - — | —1500
0.5 - - -
- 80 - —400
g 0.4
s | 60 —300
© 0.3
- 40 —200
0.2
C 20 100
0.1
N 1 1 | I | | | ] | 1 | | 1 1 | | 1 1 | | 1 | 1 0 1 | 1 | | | | 1 | | I | | 1 | I 1 | 1 1 I 1 | 1 1 0
0 20 40 60 80 100 12 0 50 100 150 200 250 300
gen T“ (MeV) tankhits*fqlt05

This result is nearly independent of the flux prediction, assumptions about low-
energy neutrino kinematics and cross sections, and neutrino event generators!

The only, (demonstrably) weak dependence on these items is in forming the efficiency
correction and folding matrix (see next slide).
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Model Dependence of Folding

— nuance k = 0.978

—— nuance k = 0.980

H nuance x = 0.982

T, spectra for varying K e oons
nuance kx = 0.986
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— —1500

14000 _ oo

12000
—1{300

10000

—200

I1oo
' 0

250 300
tankhits*fqlt05

nuance x = 1.008
nuance x = 1.010
nuance x = 1.012
nuance x = 1.014
nuance x = 1.016
1 nuance x = 1.018

nuance x = 1.020
nuance kx = 1.022

8000

6000

4000

| 1 1 1
100 120
T, (MeV)

300

- —250

The analysis extracts the same

best fit model using both the o
extreme options for creating the 40
folding and efficiency matrices. %
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Muon Energy Resolution

Cosmic Muon Energy
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| Muon kinetic energy resolution |

Large sample of Michel electrons provides calibration for e [ PMThits.
detector response to scintillation and Cherenkov light at i -
energies highly relevant for KDAR muons. ,§ 031 "“++
Bo.25 Energy resolution as
Further, a scintillator “calibration cube” inside the MiniBooNE Eio_zf_ function of energy
tank provides an ultra-clean sample of tagged 95 MeV muons £ .,
for understanding energy resolution and detector response. §°"5§ +"+*+++ﬂ_'
0.1— P,
12% muon energy resolution at T, = 95 MeV dropping to 0.05F i
25% for T, = 50 MeV. | S
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

<T,>(GeV)
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Muon Direction

Why can’t we use neutrino direction to distinguish signal from background?

> = 2
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Correlation between neutrino direction and muon direction at KDAR energies is
very weak — need to know something about hadronic component of interaction to
reconstruct neutrino direction.
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Poisson Extended Maximum Likelihood

- | signal prediction |
time bin: 7
energy bin: } i

Pi,j,a — Tj,oz -+ Bz,j 4—' background predictionl

2 ZZ Piia—di;+d;ijIn(d;;i/P;ia) dij>0
Pi,j,a T di,j:O-

non-normal time bins.

S 3 Marginalize over signal normalization (¢ in
Xi = min(x; )

Expect no signal in first time bin, so compare

2 2 : 2
X T X'L _I_ fpull +— distribution of events in that time bin to

background candidate to form pull term.
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X2 Results

250

real data
simulation
x2 for 64 dof

# of trials

200

Test 10,000s combinations of shapes,
L5 normalizations, and endpoints.
Report x2 for each candidate signal,
marginalizing over varying signal normalization in
each time bin.

100

50

0 & L L L 1
30 40 50 60 70 80 90 100 110 120

x? (fake data)

Simulated data demonstrates that extended maximum likelihood follows x2 distribution
for (# bins - # of parameters) degrees of freedom
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Observation Significance

» Calculate x2.; assuming no signal.
» Find: Ax? = X7 — Xonin = 41.2

 We use a Poisson X2 statistic rather
than the standard one, so we can not
directly convert this Ax? to a
probability. J - T et 10ar s o

Slope -0.2522 = 0.0035

Ay? (fake data)

T

* Instead, generate lots of fake data

assuming no signal. 10 real data

5 exponential fit
e FInd Xmin Of each fake dataset. 10

« Use this sample to find significance
of observation: 3.9¢0

1 | IIIIHW (L IHIHF | IIIEH”

4411 tests total
4 tests w/ Ay® > 41.2
int. £it > 41.2 = 2.88

IRLL
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MiniBooNE-DM Flux

S =
) ~
Lo
§ = .
= 102 Predicted flux
8 (off-target)
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6810-14 g_ ! ! ! ! }
~ 1=
wF
g Off-target flux ratio to
y{_ 10 3 nu-mode
L
10%,
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MiniBooNE-DM Model

Minimal dark sector model.

Interactions with x mediated by U(1) gauge boson V, (“dark photon”) that
kinetically mixes with ordinary photon.

Four tunable physics parameters:
DM mass (my), V. mass (mv), kinetic mixing (€), dark gauge coupling (gpo)

Dark matter particle is assumed to be a complex scalar.

Event rate scales as e*gp%/(4m) for my > 2m,.

--------
____________________
--------
------------

7: X! v 3901 ;
w0, 4 p »"”\N: p Y § v
Vv \’ é 2% — P
x''s p —bp > P P P 2cd ‘ § X
(a) 70, n Decay (b) Proton Bremsstrahlung (a) Free protons (b) Bound nucleons in '2C.
| Production rates scale as €2 | Scattering rate scales as e2gp?/(4m) |
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