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New results confirm old anomaly in neutrino data _
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It's a rather unassuming paper, but it deserves a signal boost because for once we have a
anomaly that did not vanish with further examination. Indeed, it actually increased in
significance, now standing at a whopping 6.10.
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LSND, PRD64(2002)112007 1. MiniBooNE

2. Beam
: P(v — v ) = sin®20sin? ( 1.27Am? £ 3. Detector
1. LSND eXperIment K e E 4. Oscillation

5. Discussion

LSND experiment at Los Alamos

observed excess of anti-electron

neutrino events in the anti-muon 17#
neutrino beam.

oscillation
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LSND, PRD64(2002)112007

1. LSND experiment
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1. MiniBooNE
2. Beam

3. Detector
4. Oscillation
5. Discussion

3 types of neutrino oscillations are found:

LSND neutrino oscillation: Am2Z~1eV/?2
Atmospheric neutrino oscillation: Am2~10-3eV?
Solar neutrino oscillation : Am?2~10-5eV?2

But we cannot have so many Am?!

Am132 # Arrl122 + Am232

I

mass

—
V.

mm V,
Am342 ~0.1-100eV?
V3 [ Vs
W v

H Ve

LSND signal indicates 4th generation neutrino, but we know there is no additional flavour
from Z-boson decay, so it must be sterile neutrino
MiniBooNE is designed to have same L/E~500m/500MeV~1 to test LSND Am?~1eV/?
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1. MiniBooNE experiment P(x = ve) = sin®28sin (1'27Am E)

Keep L/E same with LSND, while changing systematics, energy & event signature;

1. MiniBooNE
2. Beam

3. Detector
4. Oscillation
5. Discussion

MiniBooNE is looking for the single isolated electron like events, which is the signature of v, events

oscillation =
v, >V, +N —p+fe
— oscillation +
Vu >V, +P —= N +E
FNAL Booster target and horn decay region absorber dirt detector
Booster k
primary beam secondary beam tertiary beam .
(protons) " (mesons) (neutrinos) i
MiniBooNE has;
- higher energy (~500 MeV) than LSND (~30 MeV)
" - longer baseline (~500 m) than LSND (~30 m)
\'(\,Q’JJ Queen Mary Teppei Katori, katori@fnal.gov 05/02/19 8
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1. MiniBooNE
2. Beam
3. Detector

1. MiniBooNE is extremely influential! — Tools 4. Oslation

5. Discussion

fitQun: MiniBooNE: NIMAB08(2009)206
Likelihood-based Cherenkov ring
fitter, the main reconstruction
used by Super-Kamiokande
(LSND->MiniBooNE->SuperK).

Flux systematic error: MiniBooNE: PRD79(2009)072002

- Errors are derived directly from hadron production
data (spline fit), not any flux model.

- Event weighted with multiverse simulation to make
a smooth covariance matrix with taking account all
correlations correctly.

Sanford-Wang fit error data error
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- Almost all neutrino experiments at Fermilab adapted online ‘oo F ‘,:/"5;7..’.\\”%_ ;
remote shift, including NOVA, MicroBooNE, MINERVA, etc o * % ]
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3. Detector

1. MiniBooNE is extremely influential! — Offspring 4. Osclaton

5. Discussion
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MiniBooNE: PRD81(2010)092005 1. MiniBooNE
Martini et al, PRC80(2009)065501 2. Beam

3. Detector

1. MiniBooNE is extremely influential! — Cross Sections 4. Osclator

5. Discussion

MiniBooNE measured first flux-integrated neutrino-nucleus differential cross section ~1 GeV.

CCQE puzzle VM w
1. low Q2 suppression - Low forward efficiency? (detector?) W

2. high Q2 enhancement - Axial mass > 1.0 GeV? (physics?)
3. large normalization - Beam simulation is wrong? (flux?) n p
CCQE interaction on nuclear targets are precisely measured by electron scattering

- Lepton universality = precise prediction for neutrino CCQE cross-section...?

0‘39 MiniBooNE vs. NOMAD v ,CCQE cross section on '2C target (per nucleon)

—— NOMAD data with total error
(b) —+4—— LSND data with total error

—t —h —h ek

—ONPOOONPAPD

Q
—

""""""""" +++M*%%**ﬂ+

—ge— V[iNiBooNE data with total error

--------- RFG model with I\"lf§=l.03 GeV,k=1.000
RFG model with M =1.35 GeV,x=1.007
Free nucleon with .\'}A=l.03 GeV

T 10 Ev(Gev)
\E,QE%I Queen Mary Teppei Katori, katori@fnal.gov 05/02/19 11
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MiniBooNE: PRD81(2010)092005
Martini et al, PRC80(2009)065501

1. MiniBooNE is extremely influential! — Cross Sections

1. MiniBooNE
2. Beam

3. Detector
4. Oscillation
5. Discussion

MiniBooNE measured first flux-integrated neutrino-nucleus differential cross section ~1 GeV.

Flux-integrated differential cross section: An explanation of this puzzle

A new concept to measure, and report Inclusion of the multinucleon Genuine CCQE

neutrino cross section data. Now the emission channel (np-nh) H N " |
standard of the community. ) A A AL >\Af @ Slide from
PHYSICAL REVIEW D 81, 092005 (2010) | L= " W%H v N Martini
&c 2 ot 7 ]
—————(cm/GeV) — - g 10 -
dT"dcos?fw-n e MinifioolE: data GR=10.75%) = L one-=-=-==""7]( Two particles-two holes (2p-2h)
xS e I:] MiniBooNE data with shape error é 13 / //,——" ] T N’ N
10 4 00 nl‘l/./(?: * nl,; 014 nl< * l)lti * nl7 * nls * alo : Ill 112 V N N
53.. E e . e } v[GeV] W+ absorbed by a pair of nucleons
‘,’0% Discovery of nucleon correlation in neutrino scattering:
foa, = - Significant enhancement of cross section (10-30%)
on -0 . . . .
ug 0 Soo o0 08 - modify lepton kinematics and final state hadrons

- the hottest topic for T2K, MINERVA, MicroBooNE, etc

Particle Data Group
- Section 42, “Monte Carlo Neutrino Generators” (Hugh Gallagher, Yoshinari Hayato)
- Section 50, “Neutrino Cross-Section Measurements” (Sam Zeller)

On going effort from MiniBooE initiative!

‘a;,_@_s’ Queen Mary

University of London

The first textbook of neutrino interaction physics!
“Foundation of Nuclear and Particle Physics”
- Cambridge University Press (2017), ISBN:0521765110

Teppei | . . .
- Authors: Donnelly, Formaggio, Holstein, Milner, Surrow

FOUNDATIONS OF
NUCLEAR AND
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1. MiniBooNE
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3. Detector
4. Oscillation
5. Discussion

1. MiniBooNE neutrino experiment
2. Booster Neutrino Beamline (BNB)
3. MiniBooNE detector

4. Oscillation candidate search

5. Discussion
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MiniBooNE, PRD79(2009)072002 1. MiniBooNE
2. Beam
3. Detector

2. Neutrino beam 4. Oscillation

5. Discussion

MiniBooNE extracts beam
from the 8 GeV Booster
FNAL Booster

FNAL Booster target and horn decay region absorber dirt detector
\. \ / : - |
Booster s i 3 :
primary beam secondary beam tertiary beam
& (protons) " (mesons) g (neutrinos) i
\(",Q‘:'ol Queen Mary Teppei Katori, katori@fnal.gov 05/02/19 14
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MiniBooNE, PRD79(2009)072002 1. MiniBooNE

2. Beam
3. Detector

2. Neutrino beam 4. Oscillation

5. Discussion

MiniBooNE extracts beam
from the 8 GeV Booster
FNAL Booster

FNAL Booster decay region 1.5ns x82 ]
\. | 19ns I
bl
’**‘?L Beam bunch structure
Booster el ) Y
1.6us x5 /[1sec
primary beam R secondary beam : tertiary 20us tngger)
(protons) (mesons) (neutring
Beam spill structure
\‘Qﬁl Queen Mary Teppei Katori, katori@fnakga
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MiniBooNE, PRD79(2009)072002 1. MiniBooNE
2. Beam
3. Detector

2. Neut”no beam 4. Oscillation

5. Discussion

Magnetlc focusmg horn

8GeV protons are delivered to a 1.7 A Be target

within a magnetic horn (2.5 kV, 174 kA) that
increases the flux by x 6

By switching the current direction, the horn can
focus either positive (neutrino mode) or negative
(antineutrino mode) mesons.

FNAL Booster decay region absorber dirt detector
Booster
primary beam secondary beam tertiary beam
(protons) " (mesons) g (neutrinos) g
\‘QSI Queen Mary Teppei Katori, katori@fnal.gov 05/02/19 16
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MiniBooNE, PRD79(2009)072002 1. MiniBooNE
HARP, Eur.Phys.J.C52(2007)29 2. Beam

3. Detector

2. Neutrino beam ¢.Osclaion
HARP eXperlment (CERN) Modeling of meson production is based on the

e measurement done by HARP collaboration.

- Identical, but 5% A Beryllium target

- 8.9 GeV/c proton beam momentum

- >80% coverage for n+

FNAL Booster target and horn decay region absorber dirt detector

\ —

Booster *
primary beam secondary beam tertiary beam
(protons) " (mesons) g (neutrinos) g
\‘QSI Queen Mary Teppei Katori, katori@fnal.gov 05/02/19 17
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MiniBooNE, PRD79(2009)072002
HARP, Eur.Phys.J.C52(2007)29

2. Neutrino beam

HARP experlment (CERN)

% ==}
W -!E

1. MiniBooNE
2. Beam

3. Detector
4. Oscillation
5. Discussion

Modeling of meson production is based on the
measurement done by HARP collaboration.

- Identical, but 5% A Beryllium target

- 8.9 GeV/c proton beam momentum

- >80% coverage for n+

0 (mrad)

FNAL Booster target and horn
=
Booster e L

primary beam secondary beam

»

(protons) (mesons)

500
450
400

INENEER]

HARP kinematic
coverage

350
300

250
200
150
100

50

EREIRERINRERARRRIRRETHAT.

\-Qs’ Queen Mary

University of London
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P_. (GeV/c)
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MiniBooNE, PRD79(2009)072002 1. MiniBooNE

2. Beam
. 3. Detector
2. Neutrino beam 4. Oscilation
. Neutrino flux from simulation by GEANT4 '
8 B v, Flux
&) -1 u
— 10 B v_Flux - . . _—
S e MiniBooNE is the v, (anti v,) appearance oscillation
é‘ experiment, so we need to know the distribution of
=10 beam or|g|n ve and anti v, (intrinsic v,)
-
g
. intrinsic ve from p decay 49% 55%
10 intrinsic ve from K decay 47% 41%
others 4% 4%
-5

FNAL Booster target and horn absorber dirt detector

N\ \

Booster Y

primary beam secondary beam tertiary beam

»

v
v

(protons) " (mesons) (neutrinos)
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Huang, Neutrino 2018 1. MiniBooNE
2. Beam

3. Detector

3. Data ta klng 4. Oscillation

5. Discussion

15+ years of running in ne trmo antineutrino, and beam dump
mode. More than 3 ><10 POT to date.

Result of a combined 12.84x10%° POT in v mode + 11.27 X
10%° POT in ¥ mode is presented in this talk

POT

new v:
2.0E10 .0E21
I Comissioning M Neutrino [l Antineutrino Beam Dump 6.38X% 1020 POT
2 L 20 y
Previousv: 6.46x10“" POT Beam dumpl »|—> more to come
1.5E19 | o 20 C— 3.0E21
Previous v: 11.27x10<" POT dark matter
search 5
Q@
. i =
o 1.0E19 2.0E21 3
3
5
Q
5.0E18 1.0E21
] n
ol | ' I
0.0E00 L] 0.0E00
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\\\\‘:\n%\q' &\o \\'51 q'L\'?' N v\% . 6@0\ ,D'v \\’L A 2 .\4 m(: el LA L g\‘w\q’ B

LAY )
Teppei Ka%glékkatorl@fnal.gov



1. MiniBooNE
2. Beam

3. Detector
4. Oscillation
5. Discussion

1. MiniBooNE neutrino experiment
2. Booster Neutrino Beamline (BNB)
3. MiniBooNE detector

4. Oscillation candidate search

5. Discussion
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MiniBooNE,NIM.A599(2009)28 1. MiniBooNE

2. Beam
3. Detector

3. Events in the Detector 4. Oscillation

5. Discussion

The MiniBooNE Detector
- 541 meters downstream of target

- 12 meter diameter sphere

(10 meter “fiducial” volume)

- Filled with 800 t of pure mineral oil (CH,)
(Fiducial volume: 450 t)

% 1280 inner phototubes,

) 240 veto phototubes

-+
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1. MiniBooNE
2. Beam
3. Detector

3. Events in the Detector 1. Oscllaion

MiniBooNE,NIM.A599(2009)28

The MiniBooNE Detector
- 541 meters downstream of target
- 12 meter diameter sphere
(10 meter “fiducial” volume)
- Filled with 800 t of pure mineral oil (CH,)
(Fiducial volume: 450 t)
- 1280 inner phototubes,
- 240 veto phototubes

-+
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MiniBooNE,NIM.A599(2009)28 1. MiniBooNE
2. Beam
3. Detector

3. Events in the Detector 4. Oscillation

5. Discussion
— 4 Sl e e y
/17 \ﬁ .

The MiniBooNE Detector

- 541 meters downstream of target

- 12 meter diameter sphere
(10 meter “fiducial” volume)

- Filled with 800 t of pure mineral oil (CH,)
(Fiducial volume: 450 t)

- 1280 inner phototubes,

'f - 240 veto phototubes

- y Teppei Katori, katori@fnal.gov 05/02/19 24
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MiniBooNE,NIM.A599(2009)28 1. MiniBooNE

2. Beam
. 3. Detector
3. Events in the Detector ¢ Oscllaton
Times of hit-clusters (subevents) 5 1
Beam spill (1.6us) is clearly evident eam_an
simple cuts eliminate cosmic Cosmic BG
backgrounds x102
1400
Neutrino Candidate Cuts _ ;""'i Tank hits > 10
<6 veto PMT hits Rt [t
Gets rid of muons ! o
1000 —
>200 tank PMT hits n:
Gets rid of Michels i \"’”-..,.,_* o
v - Fr—
600 —
Only neutrinos are left! [
400 — °
200 _—
,‘. 0 == I2l]|l]lJI I llllll]llI I ;Sﬂlﬂli I ;mloﬁ I1Il]l[Jlfl;] I 1I2l[J[lE] I 1I4IIJ[1;] I1|[i[|ll]l|] I 1|8[|ll]l|] I lell]l][l
Event Time (ns)
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MiniBooNE,NIM.A599(2009)28

3. Events in the Detector

Times of hit-clusters (subevents)
Beam spill (1.6us) is clearly evident

simple cuts eliminate cosmic
backgrounds

Neutrino Candidate Cuts
<6 veto PMT hits
Gets rid of muons

>200 tank PMT hits
Gets rid of Michels

Only neutrinos are left!

WO Queen Mary

University of London
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MiniBooNE,NIM.A599(2009)28 1. MiniBooNE

2. Beam
3. Detector

3. Events in the Detector 4. Oscillation

5. Discussion

Times of hit-clusters (subevents) B
Beam spill (1.6us) is clearly evident et
simple cuts eliminate cosmic Only
backgrounds
20000 [
<6 veto PMT hits 000 - . Veto hits < B
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14000 - P
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10000 C !
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MiniBooNE collaboration,

3. Events in the Detector NIM.A599(2009)28

Muons
- Long strait tracks
—> Sharp clear rings

Electrons
- Multiple scattering
- Radiative processes
- Scattered fuzzy rings

Neutral pions
- Decays to 2 photons
—> Double fuzzy rings

NC elastic scattering
- No Cherenkov radiation
—> Isotropic scintillation hits
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MiniBooNE collaboration,

3. Events in the Detector NIM.A599(2009)28

Muons
- Long strait tracks
- Sharp clear rings

Electrons
- Multiple scattering
- Radiative processes
- Scattered fuzzy rings

Neutral pions
- Decays to 2 photons

- No Cherenkov radlatlon
—> Isotropic scintillation hits




MiniBooNE: PRL100(2008)032301 1. MiniBooNE
2. Beam

3. Detector

3. QE kinematics based energy reconstruction 4 Osclaton

Event reconstruction from Cherenkov ring profile for PID
- scattering angle 6 and kinetic energy of charged lepton T are measured

Charged Current Quasi-Elastic (CCQE) interaction
The simplest and the most abundant interaction around ~1 GeV. Neutrino
energy is reconstructed from the observed lepton kinematics “QE assumption”

1. assuming neutron at rest v, u
2. assuming interaction is CCQE

vtn—op+u (v, +X— X' +u")

n p

ZQE _ ME, — 0.5m;
v M —-E, +p,cos6

CCQE is the most important channel of neutrino oscillation physics for MiniBooNE, T2K,
microBoonE, SBND, etc (also important for NOvA, Hyper-Kamiokande, DUNE, etc)

el
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3. Detector stability

Event rate look consistent from expectations
- Antineutrino mode (factor 5 lower event rate)

- factor ~2 lower flux
- factor ~2-3 lower cross section

- Dark matter mode (factor 50 lower event rate)

- factor ~40 lower flux

1. MiniBooNE
2. Beam

3. Detector
4. Oscillation
5. Discussion

MiniBooNE, PRL118(2017)221803,
PRD98(2018)112004

102 VERGEE i - SN - - - - - - - - - - i
v/POT =(102.1 = 0.1)x 10"
x2/ndf = 840.35/862

E“Old” data set

v/POT x 1077
111

10 — i 7 —
— 6.27e+20 v POT _]
| 1.13e+21 T POT _
N 1.56e+20 bot POT v/POT = (2.00 = 0.04)x 1077 ,; : _

5.27e+20 uB-erav POT v2/ndf = 101.81/97
’ I | | l I I I l l l 1 I I I
01/Jan/04 31/Dec/04 31/Dec/05 31/Dec/06 01/Jan/08 31/Dec/08 31/Dec/09 31/Dec/A0 01/Jan/12 31/Dec/12 31/Dec/A3 31/Dec/i4 01Man/16 31/Dec/16

!
v/iIPOT =(99.7 = 0.2)x 10
v2/ndf = 146.09/171

v“New” data set

{
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1. MiniBooNE
2. Beam
3. Detector

3. Detector stability 4. Oscilaton

5. Discussion

Old and new data agree within 2% over 8 years separation.

Michel electron spectrum peak
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1. MiniBooNE
2. Beam
3. Detector

3. Detector stability 4. Oscilaton

5. Discussion

Old and new data agree within 2% over 8 years separation.

EVAE from vuCCQE sample n° mass peak from NCn° sample
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3. Data-Simulation comparison

Old and new data agree within 2% over 8 years separation.
- Excellent agreements with MC.
EvQE from vuCCQE sample

X
=

Events

10

III|III|III|III|III|I

lII|lII|llI|IlI|IlI|

Data/MC
&

.........

\Q_s/ Queen Mary

University of London
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Data/MC
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Teppei Katori, katori@fnal.gov

1. MiniBooNE
2. Beam

3. Detector
4. Oscillation
5. Discussion

7° mass peak from NCn° sample
|
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1. MiniBooNE
2. Beam

3. Detector
4. Oscillation
5. Discussion

1. MiniBooNE neutrino experiment
2. Booster Neutrino Beamline (BNB)
3. MiniBooNE detector

4. Oscillation candidate search

5. Discussion

- .
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Process Neutrino Mode Antineutrino Mode

V. & 1, CCQE 737 £ 19.3 120 £ 4.3
- 0
4. Internal background constraints NC 50154654 1123+ 115
misiD4 NC A = Ny 172.5 £24.1 34.7 + 5.4
External Events 75.2 + 10.9 15.3 + 2.8
All karoun re internall nstrain Other v, & 7, 89.6 = 22.9 223+ 35
I.Dac. 9 .ou ds are _e ally constrained Ve & Ue from p™ Decay 425.3 + 100.2 01.4 + 27.6
— intrinsic (beam v,) = flat o) ve & from K* Decay 19224419 512+ 110
- misID (gamma) = accumulate at low E Ve & 7, from K§ Decay 54.5 + 20.5 51.4 + 18.0
Other v. & 7, 6.0 £ 3.2 6.7 £ 6.0
Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8 £ 85.2 398.7 £ 28.6
Total Data 1959 478
Excess 381.2 + 85.2 79.3 £+ 28.6
E : T LI I T LI I T LI I T T I .l T Dlatla (;talt e;T) T LI I T :
2 5_=f~ [ v, fromu** ]
s [ O/ v, fromK*" |
Z F = v, fromK° .
o I =° misid .
4T 4 AN ]
| I dirt N
—- [T other .
3 |—+—< Constr. Syst. Error 7]
e Best Fit ]
T :
’ > = .
— - E
82 04 06 08 1 12 14 30
E/" (GeV)
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Process Neutrino Mode Antineutrino Mode

v, & 7, CCQE 73.7 £ 19.3 129 £ 4.3
1 0
4 Ve from H_decay constraint NC 7 501.5 £ 65.4  112.3 £ 115
NC A — Ny 172.5 £24.1 34.7 £ 5.4
External Events 75.2 £ 10.9 15.3 £ 2.8
All karoun re internall nstrain Other v, & 7, 89.6 = 22.9 223+ 35
I.Dac. grod ds are _e ally constrained [V. & . from p~ Decay 425.3 + 100.2 914 + 27.6 |
— intrinsic (beam v,) = flat V. & 7, from K= Decay 1022 £ 410 512 £ 11.0
- misID (gamma) = accumulate at low E Ve & 7, from K§ Decay 54.5 + 20.5 51.4 + 18.0
Other v, & 7. 6.0 + 3.2 6.7 + 6.0
Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8 £ 85.2 398.7 £ 28.6
Total Data 1959 478
Excess 381.2 + 85.2 79.3 4+ 28.6
E : T LI I T LI I T LI I T T I .l T Dlatla (;talt e;T) T LI I T :
3 SH- [ v from ! —_
s L =2 v, fomK B ve from p decay
z F = v, fromK° - . .
2 I ° misid E is constrained
- H- - Jing 4 | from v,CCQE
| [ other -
m|—+—< Constr. Syst. Error ] measurement
S O Best Fit . /
s B E
1 -
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+
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1. MiniBooNE

2. Beam
measured 3. Detector
4. Oscillation
5. Discussion

4. v, from p-decay constraint

All backgrounds are internally constrained

= intrinsic (beam v,) = flat _ _ guessed
- misID (gamma) = accumulate at low E L /
U —e +v, Hve
They are large background, but we have a good control of v,&v,
background by joint v, &v, (v.&v,,) fit for oscillation search.
>
E -l . V”Flux 8 4:lll IllIIIIllIIIlll]lllllllllllllllllll
= 10 B v_Flux S Ev-En space ”
e -2
S
8 10’
o -3
& 10
4 10°
10
-5
1o 0 0.5 1 1.5 2 2.5 3 En(GeV)
E, (GeV)
e
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MiniBooNE, PRD84(2011)072005 1. MiniBooNE

2. Beam
. . . 3. Detector
4. Anti-neutrino mode flux tuning 4. Oscllation
PHYSICAL REVIEW D 84, 072005 (2011)
12000
V&, flux are harder to predict due to larger wrong N -
sign (v.&v,) background, and measured lepton 100
kinematics and =* production are used to tune flux 8600 m
| v mode

- they consistently suggest we overestimate
antineutrino flux around 20%

Predicted Events

2
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Process Neutrino Mode Antineutrino Mode

_ V. & 7, CCQE 73.7 = 10.3 120 £ 4.3
4 Ve from H_decay constraint NC 7° 501.5 £ 65.4 1123+ 115
NC A — N~y 172.5 +24.1 34.7 + 5.4
External Events 75.2 + 10.9 15.3 £ 2.8
- - Other v, & B, 80.6 + 22.9 22.3 + 3.5
Al l_oaclkgr.ounds are Interna”y constrained | ve & e from uj-:_Decay 425.3 + 100.2 91.4 + 27.6 |
— intrinsic (beam v,) = flat V. & 7, from K= Decay 1022 £ 410 512 £ 11.0
- mislID (gamma) = accumulate at low E Ve & 7, from K Decay 54.5 + 20.5 51.4 + 18.0
Other v. & 7. 6.0 + 3.2 6.7 + 6.0
Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8 £ 85.2 398.7 £ 28.6
Total Data 1959 478
Excess 381.2 + 85.2 79.3 + 28.6

IIIIIIIII

. Data (stat err.)

1 v, fromp**
O/ v, fromK**
= v, fromK°
[ =° misid
ANy
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Fraction of Vu Flux /0.1 GeV

ve from p decay
is constrained
from v,CCQE
measurement

E,GeV) e Best Fit
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Process

Neutrino Mode Antineutrino Mode

V. & 7, CCQE 73.7 = 10.3 120 £ 4.3
+ i 0
4. v, from K*-decay constraint NC m 5015+ 654 1123+ 115
NC A = N~y 172.5 +24.1 34.7 + 5.4
External Events 75.2 + 10.9 15.3 £ 2.8
All karoun re internall nstrain Other v, & 7, 89.6 + 22.9 223+ 3.5
l.aacl grod ds are _e ally constrained Ve & U from p* Decay 425.3 + 100.2 914 + 27.6
— intrinsic (beam v,) = flat [V. & 7. from K= Decay 1922 £ 4.9 512 £ 11.0 |
- misID (gamma) = accumulate at low E Ve & U, from Ky Decay 54.5 + 20.5 51.4 + 18.0
Other v. & 7. 6.0 + 3.2 6.7 + 6.0
Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8 £ 85.2 398.7 £ 28.6
Total Data 1959 178
Excess 381.2 + 85.2 79.3 + 28.6
E : T LI I T LI I T LI I T T I .l T Dlatla (;talt el".) T LI I T :
3 SH- [ v from ! —_
s L =2 v, fomK B ve from p decay
z F = v, fromK° - . .
2 I ° misid E is constrained
- H- - Jing 4 | from v,CCQE
| 1 other i
m|—+—< Constr. Syst. Error ] measurement
3 -l Best Fit __/
2 + ______ — | ve from K decay is
’ ] constrained from
] - i SciBooNE high
S |y £ J energy v, event
= measurement
82 04 0.6 08 1 12 14 3.0
E (GeV)
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SciBooNE,PRD84(2011)012009 1. MiniBooNE

2. Beam
3. Detector

4. v, from K*-decay constraint 4. Osclation

5. Discussion

SciBooNE is a scintillator tracker located on BNB (detector hall is used by ANNIE now)
- neutrinos from kaon decay tend to be higher energy, and tend to make 3 tracks
- from 3 track analysis, kaon decay neutrinos are constrained (0.85+0.11, prior is 40% error)

SciBooNE 3 track event 550— SciBar EC RO o

! i Wl : ® — Total MC
8 GeV | il L
Proton LU L

Be 00:

K* V 5°§

SciBooNE,PRD84(2011)012009 1

M 1 (¢) 3-Track Sample

f 1T Reconstructed Muon Angle (degrees)




Process Neutrino Mode Antineutrino Mode

v, & 1, CCQE 73.7 £ 19.3 120+43
+ i 0
4. v, from K*-decay constraint NC 50154654 1123+ 115
NC A — Ny 172.5 +24.1 34.7 + 54
External Events 75.2 £ 10.9 15.3 £ 2.8
All karoun re internall nstrain Other v, & 7, 89.6 + 22.9 223+ 3.5
l':)acl grod ds are _e ally constrained Ve & De from - Decay 425.3 + 100.2 91.4 + 27.6
— intrinsic (beam v,) = flat [V. & 7. from K= Decay 1922 £ 4.9 512 £ 11.0 |
- misID (gamma) = accumulate at low E Ve & U, from Ky Decay 54.5 + 20.5 51.4 + 18.0
Other v. & 7. 6.0 + 3.2 6.7 + 6.0
Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd.  1577.8 +85.2 398.7 +28.6
, i Total Data 1959 478
SciBooNE 3 track event  §soi- . Scba e HRD Excess 381.2 + 85.2 70.3 + 28.6
8 GeV i T _
Proton R B T T T ftatem T
Be BT IAHHnaM B FHA HH R HH (P =
Il i pmie a ve from p decay
THTHTHTTTT] e E is constrained
K+ V‘r'o 101 T [ M . from v,CCQE
i ninin T -
. N 1 1]][Ee. syst Ereor B measurement
H H H R L H R HE BB Fit _
SciBooNE,PRD84(2011)012009 {1 I Ml /

ve from K decay is
constrained from
SciBooNE high
energy v, event
measurement
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Process Neutrino Mode Antineutrino Mode

_ v, & 7, CCQE 73.7 £ 19.3 12.0 + 4.3
4. v, from K*-decay constraint I NC n” 50L5+£654 1123+ 115]
€ NC A — Ny 172.5 £24.1 34.7 £ 5.4
External Events 75.2 £ 10.9 15.3 £ 2.8
- - Other v, & 7, 89.6 + 22.9 22.3 + 3.5
Al l.aac.kgr.ounds are Int_erna”y constrained ve & 7. from p* Decay 425.3 + 100.2 91.4 + 27.6
— intrinsic (beam v,) = flat v & U, from K* Decay 1922 +41.9  51.2 + 11.0
- misID (gamma) = accumulate at low E Ve & 7, from K§ Decay 54.5 + 20.5 51.4 + 18.0
Other v. & 7. 6.0 + 3.2 6.7 + 6.0
Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd.  1577.8 4 85.2 308.7 + 28.6
Total Data 1959 478
Excess 381.2 + 85.2 79.3 + 28.6
. > —~ T LI I T T I T LI I T T I LI T I LI T T LI I =
Asymmetnc m° 2 _r e Data (staterr) -
. . 2 5_=f—‘ 3 v, from -]
decay is constrained 5 | o v, fom K- . ve from p decay
from measured “ e I misid - is constrained
0 o T e ]
CCno rate (n°—v) l+ = . from v,CCQE
— [ other —
|—+—< Constr. Syst. Error 7] measurement
3 -l Best Fit ~ /
2 + ______ — | ve from K decay is
’ ] constrained from
] _— i SciBooNE high
S |y £ J energy v, event
‘ = measurement
8.2 04 0.6 08 1 12 14 3.0
E (GeV)
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MiniBooNE, PLB664(2008)41

4. v from m° constraint

T°>vy

- not background, we can measure
o>y

- misID background, we cannot measure

The biggest systematics is production
rate of n°, because once you find that, the
chance to make a single gamma ray is
predictable.

We measure w° production rate, and
correct simulation with function of n°
momentum

W Queen Mary Topps

University of London

1. MiniBooNE
2. Beam

3. Detector
4. Oscillation

n® momentum data-MC comparison > Piscussion
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Process

Neutrino Mode Antineutrino Mode

v, & 7, CCQE 73.7 £ 10.3 12.0 + 4.3
! 0
4 Y from 1° constraint | NC 5015 £ 654 1123 £ 11.5]
NC A — N« 172.5 £24.1 34.7 £ 5.4
External Events 75.2 + 10.9 15.3 + 2.8
: : Other v, & B, 89.6 + 22.9 22.3 + 3.5
Al l.aac.kgr.ounds are Int_erna”y constrained ve & 7. from p* Decay 425.3 + 100.2 91.4 + 27.6
— intrinsic (beam v,) = flat v & U, from K* Decay 1922 +41.9  51.2 + 11.0
- misID (gamma) = accumulate at low E Ve & 7, from K§ Decay 54.5 + 20.5 51.4 + 18.0
Other v, & 7. 6.0 + 3.2 6.7 + 6.0
Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd.  1577.8 + 85.2 308.7 + 28.6
Total Data 1959 478
Excess 381.2 + 85.2 79.3 + 28.6
. > ~ 1 LI I T T I T LI I T T I LI T I LI T T LI I =
Asymmetric r° 2 5;{_ . Daft? (stat err) =
. . B [ ] v, from p*” ]
decay is constrained f§ N —J Ve 2g$ E;’ i ve from p decay
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. Othes N measurement
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Process Neutrino Mode Antineutrino Mode

_ V. & 1, CCQE 73.7 £ 19.3 120 £ 43
4 NC’Y constraint NC 7° 5015 + 654 112.3 +11.5
| NC A — N~ 172.5 +24.1 34.7 £ 5.4 |
External Events 75.2 + 10.9 15.3 + 2.8
- - Other v, & 7, 89.6 + 22.9 22.3 + 3.5
All l.aaclkgr.ounds are Int_erna”y constrained ve & 7. from p* Decay 425.3 + 100.2 91.4 + 27.6
— intrinsic (beam v,) = flat v & U, from K* Decay 1922 +41.9  51.2 + 11.0
- misID (gamma) = accumulate at low E Ve & 7, from K§ Decay 54.5 + 20.5 51.4 + 18.0
Other v, & 7. 6.0 + 3.2 6.7 + 6.0
Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8 £ 85.2 398.7 £ 28.6
Total Data 1959 478
Excess 381.2 + 85.2 79.3 + 28.6
. > L I T LI I LI I T T I LI I LI 17T I =
Asymmetnc m° 2 _r e Data (staterr) -
. . 2 5_=f—‘ 3 v, from -]
decay is constrained 5 | o v, fom K- ] ve from p decay
from measured Y e I -5 misic ] is constrained
CCr®° rate (n°—y) - l+ - Jing . from v,CCQE
— (== other ]
|—+—< Constr. Syst. Error 7] measurement
A resonance rate S O Best Fit . /
is constrained ' ’e
from measured 2 o — ve from K decay is
NCn° rate ’ 1 | constrained from
’ ==l - SciBooNE high
l*¥= £ energy v, event
‘ = measurement
8.2 04 0.6 08 1 1.2 14 3.0
E/" (GeV)

+
\(}_Q_ﬁl Queen Mary Teppei Katori, katori@fnal.gov 05/02/19
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4. NCy constraint

All backgrounds are internally constrained

—> intrinsic (beam v,) = flat

- misID (gamma) = accumulate at low E

Asymmetric r°
decay is constrained
from measured
CCnr® rate (n°—>vy)

T

Events/MeV
I':I | L IT I j

Process Neutrino Mode Antineutrino Mode

v, & 7, CCQE 73.7 £ 19.3 129 £ 4.3
NC 7 501.5 & 65.4 112.3 + 11.5
| NC A — N~ 172.5 +24.1 34.7 £ 5.4 |
External Events 75.2 £ 10.9 15.3 £ 2.8
Other v, & 7, 89.6 + 22.9 22.3 + 3.5
ve & 7. from p* Decay 425.3 + 100.2 01.4 + 27.6
ve & 7, from K* Decay 192.2 4+ 41.9 51.2 + 11.0
ve & 7. from K} Decay 54.5 + 20.5 51.4 + 18.0
Other v, & 7. 6.0 + 3.2 6.7 + 6.0
1 Bkgd. 1590.5 398.2
Bkgd. 1577.8 4 85.2 398.7 4+ 28.6
N(A- Ny) _ 3Ly ta 1959 i78
N(A = Nm°) 2l,0e 381.2 + 85.2 79.3 &+ 28.6
I'y/Tn: NCy to NCr branching ratio | = '
n° fraction (=2/3) - v. from u deca
e: m escaping factor B . © M y
e AL e— — IS constrained

A resonance rate 3
is constrained
from measured 2
NCnr° rate
"
82

WO Queen Mary

University of London

This simple estimation more or less from v, CCQE

agree with modern calculations (later) | measurement
— BESTFN _/

+ ______ — | ve from K decay is
’ ] constrained from
. '—i—‘_=!= - SciBooNE high
""" | £ u energy v, event
- measurement
04 0.6 08 1 12 14 3.0
E (GeV)
. . . 50
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Process Neutrino Mode Antineutrino Mode

_ v, & 1, CCQE 73.7 £ 19.3 120 £ 4.3
4. External Y constraint NC 7° 501.5 + 654  112.3 £ 11.5
NC A — Ny 172.5 +£24.1 34.7 + 5.4
| External Events 75.2 + 10.9 15.3 + 2.8 |
- - Other v, & 7, 80.6 + 22.9 22.3 £ 3.5
Al l.aac.kgr.ounds are Int_erna”y constrained ve & 7. from p* Decay 425.3 + 100.2 91.4 + 27.6
— intrinsic (beam v,) = flat v & U, from K* Decay 1922 +41.9  51.2 + 11.0
- misID (gamma) = accumulate at low E Ve & 7, from K§ Decay 54.5 + 20.5 51.4 + 18.0
Other v, & 7. 6.0 + 3.2 6.7 + 6.0
Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. ~ 1577.8 4 85.2 398.7 + 28.6
Total Data 1959 478
Excess 381.2 + 85.2 79.3 + 28.6
. > ~ 1 LI I T T I T LI I T T I LI T I LI T T LI I =
Asymmetnc m° 2 5L e Data (stater) -
: : 2 _=f—‘ 1 v, from p** .
decay is constrained |z [ == v, from E: ] ve from p decay
from measured @ - v, from ] - -
_____ I ~° misid . is constrained
CCn° rate (n°—) 0 4 P = f CC
l B it . rom v,CCQE
— [T other .
|—+—< Constr. Syst. Error 7] measureme nt
A resonance rate S O Best Fit . /
is constrained | ’e
from measured 2 o — ve from K decay is
NCn° rate ’ 1 | constrained from
: : 1 : I_f_l%% - SciBooNE high
e o | ey ovn
‘ S measuremen
dirt data sample 82 0.4 0.6 08 1 12 14 3.0
h ES™ (GeV)
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MniBooNE, PRD82(2010)092005 1. MiniBooNE

2. Beam
3. Detector

4. External y constraint 4. Oscllation

5. Discussion

MiniBooNE detector has a simple geometry
- Spherical Cherenkov detector

- Homogeneous, large active veto

We have number of internal measurement to
understand distributions of external events.

e.g.) NC elastic candidates with function of Z
Mis-modelling of external background is visible

400— 234 MeV<T<261 MeV 240

345 MeV<T<372 MeV

1 220
350 L T

180
160
140
120
100

'-I_.'_-"_I_".'I"'I"'I"'I"'I"'I"'I
=

Events/(0.24 m)
Events/(0.24 m)

o 8 88 8

L
W

f_!lllllll

Z (m)
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Process Neutrino Mode Antineutrino Mode

_ v, & 7, CCQE 73.7 £ 10.3 120 £ 43
4. External Y constraint NC 7° 501.5 + 654  112.3 £ 11.5
NC A = Ny 172.5 +24.1 34.7 + 54

All backgrounds are internally constrained
- intrinsic (beam v,) = flat P
- misID (gamma) = accumulate at low E

Asymmetric r° E 5:=lf~l I 'Da;ra(stat;en.) -
. . B [ ] v, from p*” ]
decay is constrained |z [ == v, from E:' u ve from p decay
> L = v, from - . .
from measured i | B S misid e is constrained
CCnO rate (m°—vy) - H- - Jing . from v,CCQE
| [ other -
measurement
Constr. Syst. Error 7]
A resonance rate 3 '_% ....... Best Fit . /
is constrained ' ’e
from measured 2 o — ve from K decay is
NCn=° rate = ] constrained from
: : 1 : I_f_l%% - SciBooNE high
(rjr:garsaerelz from = T | measurer ev?cnt
‘ 3 measuremen
dirt data sample B2 0.4 06 08 1 12 14 3.0
. E/" (GeV)
\C‘,Qsl Queen Mary Teppei Katori, katori@fnal.gov 05/02/19 o3

University of London



V. & 7, CCQE 73.7 = 10.3 120 £ 4.3
1 0
4. Internal background constraints NC = 50L5 + 654 1123+ 115
NC A — N~y 172.5 +24.1 34.7 + 5.4
External Events 75.2 £ 10.9 15.3 £ 2.8
- - Other v, & B, 80.6 + 22.9 22.3 + 3.5
Al l.aac.kgr.ounds are Int_erna”y constrained ve & 7. from p* Decay 425.3 + 100.2 91.4 + 27.6
— intrinsic (beam v,) = flat v & U, from K* Decay 1922 +41.9  51.2 + 11.0
- misID (gamma) = accumulate at low E Ve & 7, from K§ Decay 54.5 + 20.5 51.4 + 18.0
Other v. & 7. 6.0 + 3.2 6.7 + 6.0
Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd.  1577.8 + 85.2 308.7 + 28.6
Total Data 1959 478
Excess 381.2 + 85.2 79.3 + 28.6
. > —~ T LI I T T I T LI I T T LI T LI T T LI I =
Asymmetnc m° 2 L e Data (stater) -
: : s 5+ 1 v, from p** —
decay is constrained f§ N —J Ve 2§$ E;’ i ve from p decay
from measured Y I 73 misi : is constrained
o o T e ]
CCr® rate (1°—y) l+ —p" . from v,CCQE
"-|—+—< c():tgr?;tr. Syst. Error - measurement
A resonance rate S O Best Fit . /
is constrained ' ’e
from measured 2 o — ve from K decay is
NCn=° rate = ] constrained from
] - i SciBooNE high
dirt rate is —— 1 energy v, event
measured from ] measurement
dirt data sample 82 0.4 0.6 08 1 12 14 3.0
E/- (GeV)

‘Q_s’ Queen Mary

University of London

Process

Neutrino Mode Antineutrino Mode

Major backgrounds are all measured in other data
sample and their errors are constrained!
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1. MiniBooNE
2. Beam

3. Detector
4. Oscillation
5. Discussion

1. MiniBooNE neutrino experiment
2. Booster Neutrino Beamline (BNB)
3. MiniBooNE detector

4. Oscillation candidate search

5. Discussion

Je
\(E,_Q_ﬁl Queen Mary Teppei Katori, katori@fnal.gov 05/02/19 55
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5. Oscillation candidate event excess

200 < EvQE < 1250 MeV

- neutrino mode: Data = 1959 events
Bkgd = 1577.8 + 39.7(stat) + 75.4(syst) > 381.2 + 85.2 excess (4.50)

Old data (50.3%)
162.0 event excess

New data (49.7%)
219.2 event excess

KS test suggests
they are compatible
P(KS)=76%

WO Queen Mary

University of London

.|||l|."'|'"I‘IIDlamlg('slallell'l-)llIl
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1. MiniBooNE
2. Beam

3. Detector
4. Oscillation
5. Discussion
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5. Oscillation candidate event excess

200 < EvQE < 1250 MeV

- neutrino mode: Data = 1959 events
Bkgd = 1577.8 + 39.7(stat) + 75.4(syst) > 381.2 + 85.2 excess (4.50)

- antineutrino mode: Data = 478 events

Bkgd = 398.7 + 20.0(stat) + 20.3(syst) > 79.3 + 28.6 excess (2.8c)

\-_,__ Queen Mary

University of London

Excess Events/MeV

1. MiniBooNE
2. Beam

3. Detector
4. Oscillation
5. Discussion

u L L
12 = —e— v, 12.84><10z POT
= —=— 7,:11.27x10” POT 1
HE (1, 0.04 eV?) bestfit
e 0 (0.01,0.4 eV? —
15— . _f
0.8f- B =
o.sf—_r_,: =
Y| =S =
0.2 ;___,_ _ _f
o .
—0.2& o | L | =
0.2 0.4 1 1.2 1.4 3.0
Ev" (GeV)
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Detler et al., JHEP08(2018)010 1. MiniBooNE
2. Beam
3. Detector

5. Sterile neutrino hypothesis 4. Oscilltion

5. Discussion

200 < EvQE < 1250 MeV

- neutrino mode: Data = 1959 events

Bkgd = 1577.8 + 39.7(stat) + 75.4(syst) > 381.2 + 85.2 excess (4.50)
- antineutrino mode: Data = 478 events

Bkgd = 398.7 + 20.0(stat) + 20.3(syst) > 79.3 + 28.6 excess (2.80)

0.005 +

'/E?
0.000 4 +

. . vgy » . 10%E TTTT T T TTTTTT T TTTT
Compatible with LSND excess within 2-neutrino > s D esscL .
oscillation hypothesis e —90% CL §

< —95% CL 7
0.020 T
— bestfit —99% CL 7
§ v mode: 12.84 x 102 POT __36CL
oo1s|| & ¥ mode: 1127 x 10 POT 10 oL —
’ @ LSND s —4o 3
_____ KARMEN2 ]

£ 90% CL .

g oowf __OPERA T

£ 90% CL .

£

1 IllIlIlI

—0.00%

1 1 1 1
.0 0.5 1.0 15 2.0

L/E [meters/MeV] 10_1 — =
However, appearance and disappearance data i LSND 90%cCL  { :
N have a strong tension (Maltoni, Neutrino 2018) [ I:ILSND 095 CL N
—2 IlIIIII 1 1 IIIIlI| | | IIII\I‘”"* |
\(‘-,QSI Queen Mary Teppei Katori, katori@fnal.gée 10° 1072 10- 1

University of London sin®20



1. MiniBooNE
2. Beam
3. Detector

5. Alternative photon production models? 4. Osclaton

5. Discussion

Excess look like more photons
(misID) than electrons

- peaked forward direction

- shape match with n° spectrum

,_I_

Events

8 8§ 8 8§ 8 8 8 8

Neutrino

Any misID background missing?
- New NCy process?
- New NCn®° process?

g

- BSM y production process?
- BSM e-scattering process? %
- BSM oscillation physics? -

T
1

Antineutrino m_ Antineutrino

- oo T
o Bl =g - (= pe— i

02 04 06 08 1 12 14 m TR R 01 08 06 0402 0 02 04 06 08 1

Evis (GeV) cose (rad)

+
\(2'_@_5[ Queen Mary Teppei Katori, katori@fnal.gov 05/02/19 o9
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MicroBooNE,JINST12(2017)P02017, Public Note: 1041

5. Liquid argon time projection chamber

High resolution detector with e/y separation
- Original motivation of US LArTPC program

1. MiniBooNE

2. Beam

3. Detector

4. Oscillation

5. Discussion

§ Colloctlon Plane ; l\*_hi/l’roton Track -
Photon Shower & -~
v'w
|MicroBooNE simulation e
\\\\n\\ \l ///
AN \\\\\WW//// // ////
NN /////// o — Electron
\‘lll"” ) '
Al
| ‘w .,W’/ . os — Photon

‘a_Qs’ Queen Mary

University of London

Teppei Katori, katori@fnal.gov
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o
e
o
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P T T
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=}

-

i el
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Simulated Shower dE/dx [MeV/cm]

dE/dx of first 4cm track (simulation)

05/02/19

60



Harvey,Hill,Hill, PRL99(2007)261601 \V i 1. MiniBooNE
2. Beam
. . . Z 3. Detector

5. Neutrino NC single photon production 4 Oscillation

5. Discussion

Anomaly mediated y production

- process within SM, but not considered. omega |
meson
V\/ vV
Z\ -
v N
o g
X X Particle Zoo, http://www.particlezoo.net/
\(', 'I Queen Mary Teppei Katori, katori@fnal.gov 05/02/19 o

University of London



Harvey,Hill,Hill, PRL99(2007)261601 \% 1. MiniBooNE
Lasorak, PhD thesis (Queen Mary, 2018) g ngggtor

5. Neutrino NC single photon productio 4 Oscillation

5. Discussion

Anomaly mediated y production

- process within SM, but not considered. omega
meson
V\/ V
Z
v N
o v
X X Particle Zoo, http://www.particlezoo.net/
A lot of new calculations
- A-radiative decay with nuclear corrections. cgo-025 e T E R
- all theoretical models and generators more 3] - | | | .
or less agree in MiniBooNE energy region. é‘vSO 0.020 [ I T
V\/ % G 0.015 |- HH e - |—'—[
] C ~ - —’_l_._'—l—-,_
Z: o - e -
: y 60010 __ : : =WangetzaIA
! Z B — Hill
'A< b Rosner
/_ ZhangSerot
N N 0.005 :xei: Se;;half(xw)
= NEUT v5.3.3
- GENIE R-2.8.0
0.000 L NUANCE
0. . . . 2.0 25 3.0
E..(GeV)
\(', 'I Queen Mary Teppei Katori, katori@fnal.gov 05/02/19 \6£

University of London



Harvey,Hill,Hill, PRL99(2007)261601 1. MiniBooNE

Lasorak, PhD thesis (Queen Mary, 2018) g SZ?;;tor
5. Neutrino NC single photon production ¢ Oscilaton
_ o o 40 l! | | |:1‘68%ICL I

NC y production prediction for MiniBooNE ~ m our model

- MiniBooNE provides efficiency tables to & 30 | - RAOBN

convert theory - experimental distribution 5 »—-== Zhang

- New models are more or less consistent with 5 20 [ v-mode

MiniBooNE NCy model - ™

Hill, PRD84(2011)017501 D

Zhang and Serot, PLB719(2013)409
Wang et al, PLB740(2015)16

—
o o

02 04 06 08 1 12 14
EY(GeV)

Are we missing any other background processes?

Statistical uncertainties only

- It's easy to forget processes with 6 ~ 1041 cm? 600 Sty iz fodf e
(e.g., diffractive n° production c(1GeV) ~ 1041 cm? + Fos
. . g g
was identified very recently by MINERVA, also o 400F Jﬁt L
. . =S 7m T 2 3 4 5
neglected by all simulations) g L G sy e d0mmm deiin st SO0 Oevi)
w Data
MINERVA, PRL117(2016)111801 200f _j *"f**‘;** e
Z 7 “,, lef'“:iﬁ ) Final-state =
£ 15 + =+ kL F + -H,
§ 05 + L l 1 | -]+ 1 ++ 1 .H Il ++
%" "2 "3 4 5 6 7 8

Min 100mm dE/dx in first 500mm (MeV/cm)

\(', ‘I Queen Mary Teppei Katori, katori@fnal.gov 05/02/19 o3
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MicroBooNE, public note 1041 (2018)
Lasorak, PhD thesis (Queen Mary, 2018)

5. Neutrino NC single photon production

T2K near detector

- 95% pure photon sample (M;,,<50 MeV)

- Large external photon background and

internal ©° production background. T2K can

only set a limit.

Pierre Lasorak
Queen Mary (T2K)
- Sussex (DUNE)

MicroBooNE 8

- First large v-LArTPC in USA %

- Good e/y PID <°

- Large active veto region 2

- Good internal n° measurement  * 10
- Good chance to measure the

first positive signal of this channel.

Bobby Murrell

Manchester |
(MicroBooNE) Y R,
\a_,__" Queen Mary 1o 1

University of London

1. MiniBooNE
2. Beam

3. Detector
4. Oscillation
5. Discussion

Run number : 6839 | SubRun number :36 | Event number : 152719 | Spill : 33024 | Time : Wed 2010-12-08 01:54:17 JST | Partition : 63 |Trigger: Beam Spill

[ 12K Flux (all v)

Wang et al. calculation

Expected 90%CL limit T2K
90%CL limit NOMAD

[~ ] NOMAD FluX (v,,) | s 90%CL limit T2K

90%CL limit NOMAD (foward photons)

_T2K limit

N\

CroBooNE sen

' 'yity? *

Neutrino energy [GeV]



Coleman and Glashow, PRD59(1999)116008, TK et al,PRD74(2006)105009, 1. MiniBooNE

Diaz and Kostelecky, PLB700(2011)25, Barger et al, PRD84(2011)056014 g SZ?;;tor
5. BSM neutrino oscillation model 4 Oscilaton

5. Discussion

Lorentz violation as alternative neutrino oscillation model LV-motivated effective Hamiltonian
- Making a new texture in Hamiltonian to control oscillations.
- Could explain all signals, including LSND and MiniBooNE. h:ﬁ=,\(} } })+B(} . (‘)>+C<(1, 0 8)
- This moment, no LV-motivated models can explain all signals. 1 100 000

where A(E) =m?2/2E, B(E) =GE2, and C(E) = ¢E>

It is extremely difficult to make a neutrino oscillation model without
neutrino mass, but consistent with all high-precision data. ‘ lceCube

Test of Lorentz violation with neutrinos
- Almost all neutrino experiments look for Lorentz violation.

- Current best limits of Lorentz violation by neutrinos; Nature Physics = 1 S0
- CPT-odd (dimension-3) < 2.0x10724 GeV 14(2018)961 (Queen Mary)
- CPT-even (dimension-4) < 2.8x107%8 T -

fyas=( search Q L

New study again proves Einstein right: Most thorough test to date finds no

It turns out neutrino experiments are one Lorentz violation in high-energy neutrinos
of the highest-precision tests of space-time | v
effects!

New ex(remely distant solar sys(em
object found during hunt for Planet X
Oct 02, 2018 9

Black holes ruled out as universe's
missing dark matter © Oct 02, 2018 ™ 59

A new brain-inspired architecture could
improve how computers handle data
” and advance Al 2018 W 0

03, 20

smmm  Touchdown! Japan space probe lands
S = new robot on asteroid © Oct 03, 2018
5

\C,le Queen Mary Teppei Katori

Un |VerS|ty Of LondO n The univgrse should be a predictably symmetrical placeLaooording to a cornerstone of Einstein's

Laser pioneers win Nobel Physics Prize
Oct 02,2018 ™ 0




deNiverville et al, PRD84(2011)075020 1. MiniBooNE

MiniBooNE-DM, PRD98(2018)112004 2. Beam
. R - 3. Detgctqr
5. BSM electron scattering 2 ol 4 Oscillation
£ 5. Discussion
g
;, 10°
. . %, 1071
Dark matter particle - electron scattering

Y

New particles created in the beam dump can
scatter electrons in the detector.

3

0 107
m, (GeV/c)

(a) vector portal

However, MiniBooNE beam dump mode data

> 40
() v-e
o 3 ——
shows no excess. 3 S a2t 712y
g 25 [ Dirt Bkg.
. e I.I>J 2 I Dpstscior Bkg.
This result set limits on beam dump produced b
new particle — electron scattering interpretation. SEREss
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
S
3
H
£
el
2
&
&

Target Decay Pipe Beam Dump MiniBooNE Detector
D - E
Be Air i
: 50 m T — 487 m ! 45 e
‘E‘;,_\?b_" NUUC| I 1Vidi _y Teppei Katori, katori( 16 15

University of London Bunch Time (ns)



Gninenko, PRL103(2009)241802 and many others, Jordan et al.,ArXiv:1810.07185 1. MiniBooNE

2. Beam

. 3. Detector
5. BSM photon production 4. Osclaton
heavy neutrino decay |

Heavy neutrino decay y production )4

- Minimum extension of the SM \Y Vh .-t y
- Heavy neutrinos are produced in the beamline \/‘“( N

by kinetically mix with SM neutrinos

- Heavy neutrinos decay to SM neutrinos in the
detector.

N—" —> N

These models have problems because they

cannot reproduce the angular distribution of

oscillation candidates. 4~ MiniBooNE v,

—» my = 100 MeV (x%/dof = 88/10)

300 F —& mx =350 MeV (x2/dof = 40/10) 1
—m my = 1800 MeV (x2dof = 59/10) ]

Electron angular spectrum, semi-visible decay (mx: = 0)

Z 200}
?
< 100}
0 I p
\C ‘I Queen Mary Teppei Katori, kator@fh%l.gov —0.5 c?h% 0.5 1.0

University of London



Gninenko, PRL103(2009)241802 and many others, Jordan et al.,ArXiv:1810.07185 1. MiniBooNE
Ballett, et al, JHEP04(2017)102, Bertuzzo et al.,PRL121(2018)241801, Arguelles et al., ArXiv:1812.08768 g ge?mt
. . betector
5. BSM e+e- product|on 4. Oscillation
5. Discussion
heavy neutrino decay

\%
Heavy neutrino decay y production )4

- Minimum extension of the SM vy v Vhe y
- Heavy neutrinos are produced in the beamline \/“( |

by kinetically mix with SM neutrinos ||

- Heavy neutrinos decay to SM neutrinos in the 7 \

detector.

N—" >N
These models have problems because they
cannot reproduce the angular distribution of 2 4
—— . ecay
oscillation candidates.
\%

Z’ decay model
A new class of models predict a heavy neutrino v Vi /
and a neutral heavy boson decaying to e+e-. H 7~ et

These models explain both energy and angular \ """""" ZAii

distributions of MiniBooNE oscillation candidate
data. Z "

el
\E_,_Q_B'I Queen Mary Teppei Katori, katori@fnal.gov 05/02/19 o8
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Future of MiniBooNE

MiniBooNE run will be end on Jun%, 2019
- Expected to reach ~ 18E20POT in v-mode
- The excess may reach ~ 5

<0

PRAtori@fnal.gov 05/02/19



Future of MiniBooNE

MiniBooNE run will be end on June 2019
- Expected to reach ~ 18E20POT ) in v-mode
- The excess may reach ~ 5

Next oscillation analysis: timing background rejection
- It is possible to reject both intrinsic and misID backgrounds by timing (ongoing)

Bunch structure, data-MC comparison
- intrinsic bkgd: u-decay ve, K-decay ve - slow
- misID bkgd: photon conversion = slow

Stat
Data: 9.78+ 2.04
—— Pred: 9.81+ 2.02

misID bkgd
(gamma) intrinsic ve bkgd

fullosc: 0.00470 (u&K—decay)

dirt: 1.69

external bkgd
(dirt event)

Oscillation
candidate ve
(electron)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
ns




Conclusion

MiniBooNE is a short-baseline neutrino oscillation experiment

After 15 years of running
- neutrino mode: 381.2 + 85.2 excess (4.50)
- antineutrino mode: 79.3 + 28.6 excess (2.8c)

MiniBooNE has many legacies in this community

- Many useful tools

- Many useful people

- Many new topics - Neutrino cross section measurements
- Test of Lorentz violation with neutrinos
- Direct production & detection Dark Matter search with v-detector
- efc.

But the biggest legacy is the

Thanksyou for your attention!
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4. PID cuts Oscillation candidate events 4. Oscillation
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Everts
Everts

4 PID cuts

(a) Before PID cuts
(b) After L(e/mu) cut
(c) After L(e/n°) cut
(d) After m,, cut

Old and new data agree
within 2% over 8 years
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4. v from m° constraint

DYy
- not background, we can measure
o>y

- misID background, we cannot measure

The biggest systematics is production

rate of n°, because once you find that, the

chance to make a single gamma ray is
predictable.

We measure =° production rate, and
correct simulation with function of =°
momentum

‘a_,__" Queen Mary

University of London

Reweighting

Factor

Teppei Katori, katori@fnal.gov

n° momentum data-MC comparison
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