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This talk is based on this publication
by the MiniBooNE Collaboration:

Phys. Rev. Lett. 120, 141802 (2018)
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We report the first measurement of monoenergetic muon neutrino charged current interactions.
MiniBooNE has isolated 236 MeV muon neutrino events originating from charged kaon decay at rest
(K* = p*u,) at the NuMI beamline absorber. These signal u,-carhon events are distinguished from
primarily pion decay in flight ¢, and &, backgrounds produced at the target station and decay pipe using
their arrival time and reconstructed muon energy. The significance of the signal observation is at the 3 9¢
level. The muon kinetic energy, neutrino-nucleus energy transfer (@ = E, — E#), and total cross section for
these events are extracted. This result is the first known-energy, weak-interaction-only probe of the nucleus
to yield a measurement of @ using neutrinos, a quantity thus far only accessible through electron scattering.

DOI: 10.1103/PhysRevLett. 120, 141802

A charged kaon decays to a muon and a muon neutrino  monoenergetic at 236 MeV. The kaon decay at rest (KDAR)
(K" = p'1,)63.6% of the time [1]. Inthe casethat thekaon  neutrino has been identified as a gateway to a number of
is at rest when it decays, the emitted muon neutrino is  physics measurements, including searches for high-Am?

oscillations [2,3] and as a standard candle for studying the
neutrino-nucleus interaction, energy reconstruction, and

Published by the American Physical Society under the terms of
the Creative Commons Artribution 4.0 International license.
Further distribution of this work must mainfain atfribution io
the author(s) and the published article’s title, journal citation,
and DOL Funded by SCOAP.

0031-9007/18/120(14)/ 141802(6) 141802-1

cross sections in the hundreds of MeV energy region [4].
There are other ideas for using this neutrino, including as a
source to make a precision measurement of the strange quark
contribution to the nucleon spin (As) [4] and as a possible

Published by the American Physical Society




Neutrino oscillation experiments

Measure the probability of neutrino flavor transformation
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Neutrino oscillation experiments

... Or between a near and a far detector.

Nnear: (I)nearxO Nfar: (I)farxc
//
O== [
\
Source
Near Detector > ar

Distance (L)

The near and far fluxes are different => must rely on cross section
knowledge to do a proper comparison.
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Problem 1- cross sections @ ~1 GeV

E~1 GeV is an important energy range to study neutrino oscillations, but ..

Muon neutrino cross sections
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Our knowledge of cross sections around ~1 GeV is very weak
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v-energy reconstruction issues

« Neutrino interactions with nuclei are complicated!
* Fermi motion.
d
e Correlations between nucleons
* Final state interactions

» Detector limitations

uoneoljdwoo Buiseaiou|

* Energy resolution

 Event classification issues

)

 Cherenkov threshold

-~
Adapted from K. McFarland
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Problem 2- reconstructing E, is hard

Am?L GeV
) . 9
Po—.3.a43 = sin”(20) sin (1.267 @ 2 km)
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0 lepton (e)-only neutrino energy reconstruction
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distributions=reconstructed neutrino energy M. Martini, M. Ericson, and G. Chanfray, Phys. Rev. D 87, 013009 (2013)
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Efforts 1o study v Iinteractions

[SciBooNE(] JSNS=2
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Monoenergetic neutrinos

10

» Accurate measurement of mono-energetic neutrinos
has remained elusive.

» Achieving it would help to address Problem 1 and
Problem 2 above.

* We are trying to measure the Kaon Decay at Rest
(KDAR) neutrino for the first time.
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Pion/Muon decay-at-rest neutrinos

Few hundred MeV proton beam walks into a dump ...
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Kaon decay-at-rest (KDAR) neutrinos

Few GeV proton beam walks into a dump ...

v, flux at J-PARC spallation neutron facility
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Kt — ,u,+ Vy, (branching ratio: 64%)

E=236 if kaon decays at rest
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Probing the nucleus
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W=EE-F
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Thus, g and w are precisely known

without any reference to the
nuclear final state

inclusive cross section

This measurement has not (yet) L, - S T
been possible with neutrinos. o 200 400 600 800 1000
electron energy loss w
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Why is the KDAR v important?

300 MeV muon neutrino charged current events

20 mean field Woods-Saxan
« Can provide a measurement of w with a known e oS
. . RFG EB=30 MeV - - -
energy, weak-interaction-only nuclear probe. 200 ”
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Other physics with KDAR neutrinos

KDAR neutrinos open up many other physics
measurements:

e Oscillation search for sterile neutrinos at short
baselines

* Measure s quark contribution to nucleon spin (As)
* Look for dark matter annihilation in the Sun

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

S. Axani, et. al., Phys. Rev. D 92 092010 (2015)

C. Rott, et. al., J. of Cosmol. and Astropart. Phys. 11 039 (2015)
C. Rott, et. al., arXiv:1710.03822 [hep-ph].
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MiniBoOoONE detector
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« 12 m diameter sphere with 800 tons of mineral oil (CH.).

* Cherenkov + scintillation detector, instrumented with
1280 (main) + 240 (veto) PMTs.

* Exposed to two neutrino beamlines at Fermilab:
- Booster Neutrino Beam (on-axis)
- NuMI neutrino beam (off-axis)

« Taking data since 2002!

« Many oscillation, cross section, and exotic search
results! See www-boone.fnal.gov for more info.

A typical muon in MiniBooNE

Signal
Region Veto

Region
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MiniBooNE and the NuMI beamline

Neutrino (v,) flux at MiniBooNE from the NUMI beamline

|— E‘ T T T _[' ‘O’a’ T E
é v raget | —KDAR v's from
T 0 : the absorber Distance to
E . .
S 4+ n absorber: 86 m
E i K™ — u"y,
o H
3 E=236 MeV if -
107 K* decays at rest MiniBooNE
| f
10 !

o/ Muon Monitors
!/

/

Absorbqf

00 05 1.0 1.5 20 25 3.0
v, Energy (GeV)

Decay Pipe

* Hadron ©°M Rock 12 m
LE10 NUMI configuration (2\ target) 675 m Monitor

o
=

'
()
o
3
1L

adapted from Z. Pavlovic PhD thesis
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Short Baseline Neutrino (SBN) program

« Motivated by LSND/MiniBooNE to study v oscillations. To begin operations in 2019.

Plain View:

MiniBooMNE Target

NuMI Near

MiniBooNE
Detector

Elevation View:

MiniBooNE
Detector

MiniBooNE Target

NuMI
Target

NuMI Near

To Soudan, MN

AIP Conf.Proc. 842 (2006) 834-836

BNB and NUMI beamline elements with MiniBoonE and MINOS Near Detector.
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Dataset
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KDAR neutrinos in MInIBOONE

12 —
v, “C —= pu~ X
KDAR events feature a low energy muon (T, ~0-120 MeV, 2 sub-event , including Michel decay).

We use the standard MiniBooNE muon neutrino selection to isolate KDAR-like events (2 sub-
event, in fiducial volume, no veto activity).

Typical two “subevents” event
[ T T [ T T 1 I T T ] T [

220
200
180

12 — 160
v, “C — u= X o
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KDAR neutrinos in MInIBOONE

12 —
v, “C — pu~ X
KDAR events feature a low energy muon (T, ~0-120 MeV, 2 sub-event , including Michel decay).

We use the standard MiniBooNE muon neutrino selection to isolate KDAR-like events (2 sub-
event, in fiducial volume, no veto activity).

In order to isolate the muon KDAR events we consider the Cherenkov-dominated light in the first
5 ns of the event (after correcting for vertex location) —— % PMThitsSss

Akbar, Sajjad, Singh, arXiv:1708.00321 KDAR muons produce
R S <102 PMThitss. in the 0-120 range
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KDAR signal vs Bkgd prediction

After-cuts, event sample shows clear excess at low energies where KDAR is expected!
but ...
large flux uncertainties and choice of input event generator
=> large variations in bkgd shape and normalization predictions.

two possible (extreme)
background predictions from the

/ Nuance event generator \

i
1600 — 1600 —
C 4t @ -t
"g 1400 +* data — Total bkgd E 1400[— +T data
| - -
‘© 1200 ++ v bkgd = 1200 ++
| e —— ¥ bkgd S "t .
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o ]
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BB e e e B
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notes: (1) KDAR is not simulated; (2) MC prediction is normalized to data in background region
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Timing to the rescuel

—— Allnon-KDAR v +v, E>0.15 GeV
—— KDAR v, from dump

Beam timing simulation
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Beam timing simulation

- Ratio of KDAR to non-KDAR-background
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KDAR and background events arrive at
MiniBooNE at different times

MiniBooNE
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,....-:‘--""'Eiécav pipe

—
»

v
A

h—
40 m 675 m 5m

Signal events take a longer path to the
detector than background events.

» Bkgd-enhanced region: first ~600 ns after beam start.

* Signl-enhanced region: last ~600 ns of beam window.
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Sign of KDAR events

Deficit (excess) of KDAR-like data at early (late) times seen in the
overall PMThits,  distribution, but with low significance.

E + — Normal time data
= 0.4 —+  Early time data (first 600 ns)
S = Late time data (last 600 ns) - Early time deficit: 2.10
Lf) —t— J
§= —— - Late time excess: 2.40
0.2
k= S
Q S —
aa $"i_li“=';|_
0.0 1 | | | | |
0 200 400 600 800 1000 1200

PMThits,,

KDAR expected here

We want to extract information about the muon kinematics in KDAR events.

Alexis A. Aguilar-Arévalo (ICN-UNAM) Seminario de Fisica de Altas Energias ICN-IF UNAM Instituto de Fisica, UNAM 16 mayo 2018



Analysis overview
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We extract the true T, distribution by studying how the data

(sighal and background) evolve in time.

Analysis procedure:

1. Specify a candidate signal model by choosing a shape,
normalization, and end point.

2. Use this signal model to construct a background model using
a high-statistics region where signal:background is constant.

3. Compare the signal+background model to data in the signal-
and background-enhanced regions to determine how well the
model matches the data.

4. Repeat for each physically allowed signal model.

100% data-driven analysis
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Extracting the KDAR T, distribution

Beam timing simulation
- Ratio of KDAR to non-KDAR-background

ratio

10

1 ||||II1]

10!

S:B is expected to
1072 1) increase in early and late time
2) remain constant in normal time

1073

-4

2000 000 6000 8000 10000 12000
Expected arrival time at MB (ns)

10
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Extracting the KDAR T, distribution

Data split into 7 time windows: 3 “early time”, 3 “late time”, and 1 high-stats “normal time”)

8 20 25
early time #1 } early time #3

16 1 1
6 20
2 Th
< 11 15711
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g - *
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PMThits,, PMThits,,

3 early time
(200 ns each)

 PMThits,,

zzz by normal time

oy 8000 ns :
N ( ) S:B is expected to black - data
£ 1) increase in early and late time green & orange
o 2) remain constant in normal time explained in next slides

9 50 100 oMT }115; ts, 200 250 300
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A U
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Basic analysis ided
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A signal hypothesis is formed using high-statistics normal time data

/
/

/
/
/
/
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/

Events/bin
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black - data
green - a signal hypothesis
orange - background

signal+background = data (in normal time)
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Basic analysis idea (cont.)
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Compare this hypothesis to data in early and late times, noting that:

8

early time #1

[=2]
L

e
L

Events/bin

[Bv]

ikEaEs

20

16 1

early time #2

PMThits,,

PMThits,,

early time #3

(1) the underlying (true) signal and background shapes
remain constant over the time scales considered.

(2) the background normalization can be determined
using a region where no signal is expected.

—_
(&)

 PMThits,,

black - data

3 early time
(200 ns each)

green - a signal hypothesis
orange - background

Events/bin
e B

(=21

w
- T

0

10

late time #1 late time #2 late time #3
il ]
" PMThits, " PMThits, | " PMThits,

3 late time
(200 ns each)
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Generating signal candidates

Two-parameter shape templates (based on a beta distribution):
normalization and endpoint (95-115 MeV)

T 0.06 . .
'T;g —— 3 Function Models
—
g iL‘a_l(l - £C)b_1
0.04F B(a,b) .
B(a,b) = (a)T'(b)
0.02
Small subset of shape
candidates for the KDAR T,
distribution.
0l
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From frue T, to PMThitsSsns

T, observed (raw, not efficiency corrected), a=2.20, b=1.10, endpoint=100 MeV TH! wue (fficiency corrected), a=2.20, b=1.10, endpoint=100 MeV

0.018F UUTZf~
0.016 B

= o 0.01—
0.014f~ Efficiency C

0.012E- correction 0.008-
0.01= _

= 0.006}—
0.008f [

0.008— 0.004 —
0.004f~ [

C 0.002f—
0.002f~ N

0 PR TR T T NN TRNNT SN TR NN TR TH TR NN TR T 1 PR T 0 L PO [T ST T NN TR T T [ TN T T N TR T 1
0 20 40 60 80 100 0 20 40 ) R0 100 0

120 12
T,u,raw (MGV) T,u,eﬂiciency—corrected (Mev)

tankhits*fqit05 (efficiency corrected and folded), a=2.20, b=1.10, endpoint=100 MeV

Candidate signal template Folding
(“true” T, distribution)

)

— 1

units

0.09

0.08

arbitra

0.07

(

ht
o
o
)

£0.05

0.04

0.03
0.02

0.01

-Trrrrllllllllllllllllllll IIIIIIIIIIIIIIIIII'III

0 PR TS R T TR N T I N B
0 20 40 60 80 100 120 140

PMThitss,,
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Best fit spectra
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normal time (8000 ns window)
1600

1400 4
1200 4 i

1000 - ]

800

Events/bin

600 -

400 A

200 A

150 200 250

PMThitseg,

100 300

black - data
green - asignal hypothesis
orange - background

/

early & late time windows: 200 ns
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A
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l _ i

early time #2
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—_—
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5 100
PMThits, .
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Resulis

Endpoint = 95 MeV (best fit)

0.06

0.05 A

(MeV™1)

0.04 1

1do
o dw

0.03 A

or

0.02 A

1 d

1 do
odT),

0 20 40 60 80 100 120
1y or w (MeV)

Shape-only differential cross section
measurement in T, and w (fully

correlated) with 1o error bands.

Statistical uncertainties dominant.

Total v, CC Xsec at Ev = 236 MeV:
c=(27+0.940.8) x 107* cm?/neutron

Y N\

Measurement unc. flux unc.
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Data release

https://www-boone.fnal.gov/for_physicists/data_release/kdar/

MiniBooNE KDAR Cross Section Data Release - Mozilla Firefox

MiniBooNE KDAR Cross Sect X

Alexis A. Aguilar-Arevalo

<) > C @

B|-Q% £ » =

@ # https://www-boone.fnal.gov/for_physicists,

]
0300\'”80‘ Booster Neutrino Experiment
|
{

Data Release for "First Measurement of Monoenergetic
Muon Neutrino Charged Current Interactions" [Phys.
Rev. Lett. 120, 141802 (2018)]

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 y2 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 T), models which can be compared to the data:

Genie [C. Andreopoulos et 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).]

Allows comparison between theoretical
models for KDAR T, to MB data.

Endpoint = 114 MeV

0.06
— Martini

0.05 1 — Singh
[ Data

0.04 -

0.03

0.02

0.01 -

[}[}U_ T T T

0 20 40 60 80 100 120
T, (MeV)

Example: Comparison to Martini and
Singh models.
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Summary and outlook

* Using neutrinos, MiniBooNE performed the first known-energy, weak-
intferaction-only probe of the nucleus fo yield a measurement of w,
a quantity thus far only accessible through electron scattering.

 Result can be used to calibrate neutrino-nucleus interactions in the
~O(100) MeV region.

 First step towards full exploitation of the 236 MeV KDAR neutrino for
ofther fundamental physics.

 Near future

« MicroBooNE (runnig since 2015) will measure the same KDAR v’s.

 J-PARC Sterile Neutrino Search at the J-PARC SNS will collect ~10-
20k KDAR events/year on Carbon.

* Ofther uses of KDAR v’s: neutrino oscillation experiments, DM-
annihilation signature, s-quark contribution to nucleon spin, ...
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Thank you for your attention!

A.A. Aguilar-Arevalo et al.,Phys.Rev.Lett. 120, 141802 (2018), arXiv:1801.03848 [hep-ex].
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Backups
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Experimentos “fuera del eje”

- haces enfocados con cornos magneticos
o - v's a un angulo 820 respecto al gje.
- Espectro de E_ pseudo-monocromatico

(Mg, Px)

e
u,

p(my. p ] T

- menor flujo, pero menor bkgd.
m? — m? - NUMI-MiniBooNE: un ejemplo arxiv:0809.2447

~ 2(Ex — prcosfpn)
T2K NOVA

= Medium Energy Beam
w l4p — 0, = 0.0° ' Qscillation Prob. | 3 A B BN B ]
] 0 F09 /] @ L=295km & . ]
w HF — Hpy=2.0° g% Am?=2.5% 107, g .
a e? T 3.0 ID':[E‘F] = - -
1k — Hga =23 ag — | E *
———— figy = 3.0° E“WD“V ener s Secti Q .
L — na = 3- I 2V SPeClIln (flux X Cross Section) | &
-‘—\.\_\__ :I_] -
g i S [ Omrad «
— o 2 7 mrad -
Tee— T E: — 14 mmad
— 2 1w0F | le 2l mrad ]
_ _ — e g 1
U ]
= -
1 1 1 1 u
E 7 B O 10 C o "o
Py (Gevic) 05 BE 7 18 2 2l 3“ 7.5 10
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NuMI-MiniBooNE

39

ca. 2005, LE10 neutrino configuration

MINOS NEAR SONG | High energy events in MiniBooNE
PETECTOR (from decay pipe)
@ 80T T e e
i 2 oot [< 6, >: (65.86+ 0.32)
SERVICE m o F <0y > (65.86% 0.32) . . .
MOC p ey 51 (87.25¢ 041) Angular distributions
1200 mce, > (24.41% 0.18)
1000
80f
60F
MINI-BOONE 40f
DETECTOR 20l y
of . Wi
-1 -0.8-0.6-0.4-0.2 -0 0.2 0.4 0.6 0.8 1
cos 0
élZO:“I“‘I"‘I“‘ ]
——— 5 100 =i oan { Horizontal projection
s0f 1 angle
20F -
B & 0
T cos Oy,
210,1 PORRENRARARARE ENAR ER ARl RS SRR
No Cuts 5 . .
— o vt Samams | 1IMING
10'2_—5‘ e |
104—_....|‘.‘|(.‘|.‘.‘..‘ L P O R R
0 2 4 6 é 1|01I21J41‘61|820
Avg Time (us)
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Short Baseline Neutrino (SBN) program

= 2% Fermilab

— - s S — e e ——

——— ——

A
¥
O.-/':;/—__._ E

« Motivated by LSND/MiniBooNE to study v oscillations. To begin operations in 2018.
« Short Baseline Near Detector (SBND) — Ideal for beam dump sub-GeV DM search.
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