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experiments see
Low energy muon to electron
an UﬂeXpeCted accelerator (antineutrino) 3.80
deficit or excess of
: High(er) energy [ muon to electron X
neutrino events accelerator (antineutrino) 0
° |ﬂterpl’etab|e as High(er) energy | muon to electron 34
- - accelerator (neutrino) 40
coming from sterile
' ' ' |
neutrino OSCI”BIIOH Beta decay disaepep)(;t;?;]noe 1('4'3'0(;
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with Am? around (antineutrino) | 7
O 1 _IO V2 Source | electron
- c (electron capture) dlsappegrance 280
(neutrino)
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* Put all the data out there together and interpret with
model with 1 additional sterile neutrino (3+1)

Global neutrino 3+1 allowed Global antineutrino 3+1 allowed
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B v99% CL % v best fit B v99% CL * V best fit
v 90% CL v 90% CL
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* Put all the data out there together and interpret with
model with 1 additional sterile neutrino (3+1)
Global neutrino 3+1 allowed Global antineutrino 3+1 allowed
10° e 102 £ - :
* : Sterile neutrino
.. ! oscillation a possible
10 .
OE explanation
;E 1 e N@ 1 ; —_
10 | IR o 101 £
1072 Ll Ll —2_
107 107 1072 o 1074 107 107 lgnarra, et al.
sin” (20,,.) sin? (20, AHEP 2013 163897 (2013)

B v99% CL % v best fit B v99% CL * v best fit
v 90% CL v 90% CL




« Anomalies
motivating
experiments to
verifying each
type of anomaly

directly
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Experiment name Type Oscillation Significance
P ypP channel 9
Low energy muon to electron 380
accelerator (antineutrino) '
High(er) energy [ muon to electron 285
accelerator (antineutrino) '
High(er) energy [ muon to electron 346
accelerator (neutrino) '
electron 14-3.06
Beta decay disappearance o
. . (varies)
(antineutrino)
Source disae le(;t;(?gnce 2.80
(electron capture) Ppec '
(neutrino)




« Anomalies
motivating
experiments to
verifying each
type of anomaly
directly

Experiment name

Type

Oscillation
channel

Significance

Accelerator experiments,
e.g. MicroBooNE, Short
Baseline Neutrino (SBN)

program at Fermilab

muon to electron

Remeasuring reactor v’s,
e.g. Nucifer, Prospect

High intensity v sources,
e.g. SOX, CeLAND, etc.

(antineutrino) 3.80
muon to electron 285
(antineutrino) '
muon to electron
(neutrino) 3.40
electron 1 4-3.00
disappearance (\./ariés)
(antineutrino)
electron
disappearance 2.80

(neutrino)
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Joseph Zennamo, tomorrow 10:30
Liguid Argon
: : Oscillation Significance
channel g

Anne Schukraft, tomorrow 11:00

I\glelggPsUISESM \iicroBooNE: a not-so-micro LArTPC muon to electron 3 80
: : (antineutrino) '
motivating Accelerator experiments,
experiments tO e.g. MlcrOBOONE, Short muon to electron 2 85
T Baseline Neutrino (SBN) (antineutrino)
veritying each program at Fermilab
muon to electron 3.4
type of anomaly (neutrino) 40
d|reCt| Rame- ina reactor v’s, disaeplj)c;terl?gnoe 1.4-3.00
| Prospect . . (varies)
Karin Gilje, today 14:30 —Toepet <a”t:”et“”'”0)
_ . electron
PROSPECT: a short-baseline reactor eIl disappearance 280
antineutrino measurement LAND, etc. (neutrino)

(in non-accelerator parallel)
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Experiment name Type channel Significance
* EXperiments
. _ muon to electron 380
prOblﬂg (antl—)ve _ (antineutrino) '
. : Accelerator experiments,
oscillations e.g. MicroBoolNE, Short |l muon to electron 5 8g
Baseline Neutrino (SBN) (antineutrino) |
e |sthere a program at Fermilab
. muon to electron 345
complimentary (neutrino)
approach? Remeasuring reactor v’s, _ ©lectron 1.4-3.00
: disappearance .
e.g. Nucifer, Prospect (antineutrino) (varies)
. . . electron
High intensity v sources, disappearance 586
e.g. SOX, CELAND, etC. (neu’[rino)
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A m? [eV?]

wiciettnig

Muon neutrino disappearance; arXiv:1106.5685
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90% CL limits from CCFR and CDHS
90% CL limit from MINOS
MiniBooNE only 90% CL sensitivity
MiniBooNE only 90% CL limit

90% CL sensitivity (Sim. fit)

90% CL observed (Sim. fit)

90% CL observed (Spec. fit)
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* Not all experiments see
anomalies

* |n fact, no experiment
has seen muon neutrino
disappearance

 An iImportant constraint



Muon neutrino disappearance; arXiv:1106.5685
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90% CL limits from CCFR and CDHS
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- : MiniBooNE only 90% CL sensitivity
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90% CL sensitivity (Sim. fit)
: 90% CL observed (Sim. fit)
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* |t sterile neutrinos
exist, there must be
some amount of
mMmuon Neutrino
disappearance!
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e A call for proposals from the DOE at the WINP
workshop (Feb 2015)

e Must satisty the following:




e A call for proposals from the DOE at the WINP
workshop (Feb 2015)

e Must satisty the following:

* Not associated with Fermilab program
(e.g. SBN)

* Decisive within 3 years of running

e pbe a fraction of 10 million dollars




e A call for proposals from the DOE at the WINP
workshop (Feb 2015)

e Must satisty the following:

* Not associated with Fermilab program
(e.g. SBN)

* Decisive within 3 years of running
e pbe a fraction of 10 million dollars

* Present such a proposal
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Overall Design
MLF 3 GeV proton beam in Detector sits at cos 6 <0
Beam 4— with respect to the beam
dump
Monoenergetic
/ 236 MeV n’s
l from
K2 v, u
BEAM DETECTOR
* Neutrinos from a high- A pipe, 3 min diameter and
intensity beam of stopped 90 m in length, filled with
kaons liquid scintillator
e Muon neutrinos mono- e Measure oscillation wave

energetic
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Overall Design
MLF 3 GeV proton beam in Detector sits at cos 6 <0
Roam e with respect to the beam

(1) we want a reaIIy Monoenergetic
236 MeV n’
oure, well known flux of | evns

from
mMuon Neutrinos K*> v, u
BEAM DETECTOR
* Neutrinos from a high- A pipe, 3 min diameter and
intensity beam of stopped 90 m in length, filled with
kaons liquid scintillator
 Muon neutrinos mono-  Measure oscillation wave

energetic



e Beam at Materials and Life
Science Facility at JPARC

* 3 GeV protons on Hg

* target power: 1 MW

No.1 experimental hall

“%%” s * pulsed with tight beam

Muon experimental area il | ‘ A L Wln dOWS
> b\ ¥ e 2 pulses with 80 ns width,
Experﬁlaldewces 540 nS apart at 25 HZ

=

No.2 experimental hall

roton beam



e Our flux simulation: 3 GeV hitting Hg target

T=3 GeV protons on 'semi-realistic' Hg target (Geant4)
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g 10° KDAR
., \ — v, total
%10 — v, from x
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arbitrary units
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— v fromn
—v frompu
—v from K

200 400

600 8

00 1000 1200 1400 1600 1800 2000
Global time (ns)

540 ns

Beam structure

Timing of neutrinos
should be well-
Known

Look for
Interactions coming
from neutrinos in
the two windows

25 Hz
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Overall Design
MLF 3 GeV proton beam in Detector sits at cos 6 <0
Roam e with respect to the beam

(1) we want a reaIIy Monoenergetic
236 MeV n’
oure, well known flux of | evns

from
mMuon Neutrinos K*> v, u
BEAM DETECTOR
* Neutrinos from a high- A pipe, 3 min diameter and
intensity beam of stopped 90 m in length, filled with
kaons liquid scintillator
 Muon neutrinos mono-  Measure oscillation wave

energetic
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Overall Design
MLF 3 GeV proton beam in Detector sits at cos 6 <0
Roarm ] with respect to the beam
(1) we want a really Monoenergetic
} 236 MeVn's
pure, well known flux of | ¢
muon Neutrinos K* > v, u
BEAM =
e Neutrinos from a high- e A (2) long p'?ﬁ 0 igle
Intensity beam of stopped A measure e
KAONS ic oscillation wave
 Muon neutrinos mono-  Measure oscillation wave
energetic



513 ton, 77 m, + 45 m, 3 years, stat only

1 - oscillation prob.

1.1
1.08
1.06
1.04
1.02

0.98
0.96
0.94
0.92

: Am?=1 eV?, sin°26,,=0.05

H ——— Am?=5 eV?, sin®26,,=0.05
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Seeing the osc. wave would be definitive evidence for

sterile v’s

513 ton, 77 m, + 45 m, 3 years, stat only

Am?=1 eV?, sin°26,,=0.05

Am?*=5 eV?, sin’20,,=0.05 90 M |O N g

1 - oscillation prob.
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e \What

we are after:

PE

beam window

» time




 What we are after:

e

PE

» time

beam window
25




e \What we are after: -

e

7%

e

beam window
26

» time




* Silicon photomultipliers
* compact

* |low voltage ~ 27 V bias
needed

* inexpensive: for very large
bulk order, ~$20/SiPM




Hoops of 100 SiPMs read out in quarters (25 SiPMs/quarter ganged together.
Quarter-hoops are mounted on panels that separate define inner target region

From veto region.
Veto region is read out as a block
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* Coverage only 0.4%

* Relying on high light yield of liquid scintillators to overcome
sparse instrumentation

* How many SiPMs one of the key handles for lowering costs




e Signal events have neutrino-induced muon interactions.
Remove backgrounds, which we expect will be mostly
cosMic rays

e 2 flashes: muon, then Michel electron
* NO Vveto hits

e Intime

o 2 flashes close in Z

e upper energy cut on both muon and Michel electron
oulse, to remove high energy cosmic ray events

* |ow energy threshold for noise

e Studied with detector MC
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* simulated photon arrival time
htraw
40 [ Entries 2795
- Mean 608.9
35 B RMS 852.6
) muon michel
25 electron
20
. black and red lines indicate
10f pulse found with simple pulse
s [ finder
0 - ] | ] ] ] ] ] ; ] ; ] ] ] ] ] ] | I ; ] ] ;
0 500 1000 1500 2000 2500
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e Estimated photons collected
 MC scintillator produces ~8000 photons/MeV

* With current coverage, seems to be enough light

pe in first pulse pe in second pulse
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e Cosmic rays are main background

* [Iming and selection will bring event
background down

e Studied via simulation




e Cosmic ray simulation is working

e preliminary: need to generate many more events

e SO far, cosmic rate seems manageable with selection cuts

 ~1e-6 suppression factor when selecting events around beam time

| odpe: selection cuts + pulsepe[0]<3000 |

5 cm veto.

rate (counts/bin/sec)

selection+veto cut:
~125 Hz CR rate

Lo CIm

timing cut:

two ~250 ns windows
around proton pulses

540 ns

‘80ns|

60 70

Veto pe

1 || 1 I |—|ij nm I_II 1 1 l_ll 1 1 1 1 l 1 1 1 1
30 40 50

80 90

‘SOns\




* Inputs from kaon production and detector simulation
* muon reconstruction uncertainty: 30 cm (gaussian)
e kaon creation point uncertainty: 20 cm (uniform)
e efficiency: 87%

e Shape only analysis

e Fit only to frequency

* ignore normalization of
sin wave




90 m long detector

KPipe length:90m, closest point:32m (3 years, shape only)
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1 [ ] KPipe 50 CL projected sensitivity
SBN 56 CL projected sensitivity
Collin 99% allowable region
------------------- Collin 90% allowable region
% 3+1 Best Fit
10—1||||| | | |||III|
107° 107

sin®(26),,)

.,
.

gray band shows
uncertainty in
sensitivity due to
kaon production
model.

Have 2: Geant4
and MARS —
/0% different

*costs do not include
civil engineering
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90 m Iog defector

KPipe length:90m, closest point:32m (3 years, shape only)
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1 [ ] KPipe 50 CL projected sensitivity
SBN 56 CL projected sensitivity
Collin 99% allowable region
------------------- Collin 90% allowable region
% 3+1 Best Fit
10—1||||| | | |||III|

1072

KPipe would
exclude some of
allowed 3+1 global
fit parameter space
at 5 sigma

complements other
short-baseline
experiment,
SBN@Fermilab

*costs do not include
civil engineering
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90 m long detector

KPipe -- length 90m -- MARS15/Geant4 -- 3 years, shape only
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extend muon
disappearance
[imit by an order of
magnitude

complimentary to
SBN muon
disappearance
reach

*costs do not include
civil engineering



 (Observation (or lack there of) of muon neutrino
disappearance is important in understanding sterile
anomaly

 KPipe is a proposal to look for muon neutrino
disappearance at around 1-10 eV2 given the WINP
constraints

e Lots of power for less than 5 million dollars

* Preparing a paper with more detalls



Backup
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e overly optimistic case:
sign of sterile neutrinos
though muon
disappearance just past
limits

 more realistically, one or
more data sets has a
problem, so we need to

check both appearance
and disappearance



* Being on the upstream side of target reduces
background from decay in flight neutrinos

all events

T=3 GeV protons on 'semi-realistic' Hg target (Geant4)

vIMeV/POT
3&)

sw
IIIIIﬂ] IIIIIIﬂ] IIIIIIﬂ] IIIIIIII| I'TI

KDAR

_V

Y

—\)

0.05 0.1 0.15

0.2

0.35

04 045 0.5

E, (GeV)

cos 6<0 (w.r.t proton direction)

T=3

v/IMeV/POT

10°

GeV protons on 'semi-realistic' Hg target (Geant4)

= | KDAR o
I§_ \ " Vu from
L — v, from u
= — v, fromK

0 005 01 0.15 0.2| 025 03 035 04 045 0.5

E, (GeV)

n.b. scaled by 2 to allow comparison with left plot




e Such a big stainless pipe is likely very expensive
* |dea: use less expensive high density polyethylene vessel

e used for sanitation, irrigation, wastewater

DuroMaxx” — Steel Reinforced Polyethylene Technology




* Fill vessel with liquid scintillator
* options:
* Mineral oil + pseudocumeme

e pros: used by another neutrino experiment, NOVA,
supposedly inexpensive, about 4500 photons/MeV

* Ccons: pseudocumeme can be aggressive solvent
* LAB: linear alkyl benzene
* pros: higher light yield ~10,000 photons/MeV, non-toxic

* con: potentially more expensive
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* |nterpret data with neutrino oscillations
. o Am?L
P(D. — 7,) =~ 1 — sin?(26) sin*( )
4F
L R A A1 I WA L1 A R 1| N AR R RN
— thierry.lasserre @ceafr  —
—11— 1 e HH
= frequency modes
e T e
R
O 0.9 —
Q -
c 0.8 —
o L
S 0.7—
.
8 0.6— Anomalous data
7’05:;_ (new frequency mode?)
Q4__ I T S N N | I R T N R A A R R A

107 10° 10’ 10° 10° 10" 10° 10°
Reactor To Detector Distance (m)



 Reanalysis of old reactor data sets show
observed events is lower than expectation
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 How to interpret all of the

anomalies”?

e Could there be a new

neutrino?

* New neutrino cannot
Interact via the weak
force — width of the Z
boson tells us only 3

couple weakly

sterile

V4

provides new
frequency mode

V3

R

Amys

Am32

Ams,;



* In order to measure oscillation of muon neutrinos, measure
interaction of neutrinos along pipe that make muons

e Signal from KDAR (black) >20 times larger than decay-in-
flight background neutrinos

236 MeV muon neutrinos on C
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1. Neutrino beamline tiinnel
underground and very large

‘e
Studied possible ;E g
locations of pipe = = R

2. Closest point 32.0m.

arOund I\/”_I: bUl'dIﬂg 102_d?geesfromprotondir.

‘a storage tank in the way.
v o .,}&‘v \A

il 61 degrees from proton dir.

(highlighted in orange) i EEiadaies
based on sensitivity #

C h 0sS€E | OC at l on 1 ¥.3. Closest point 35.7m. / ;

Lots of space.




e received test piece of HDPE

e testing to see it material withstands attack from
pseudocumene

e In the process of trying to get some LAB
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neutrino Induced muons

&8 5000

» According to 5 before cuts
. . (%) -

simulation: ~87% 4°°°- after cuts
3000(— ]
* matches analytic 2000/
calculation using o F
muon spectrum and :
32"+

expected range % 1000 2000 3000 4000 5000

pe in first pulse
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e Cosmic ray simulation using package called CRY

e generates cosmic ray shower event at given latitude and altitude

e particles provided: muons, photons, pions, neutrons, protons
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Muon energy [MeV]

Vertical Intensity [1 ImzlslsrlMeV]

e Kornmayer1995
m MCNPX
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neutron energy [MeV]



Proton-on-target Geant4 sim
(w/ simplified geometry)

Be reflector

3 GeV protons

(surrounded by Fe)




KDAR neutrino creation position

v, (from K) creation position (Beam is into page) v, (from K) creation position (Beam is Ieft-to-rig ht)
~500 - ~500 - ——————— e — =
£ - —5104 S - " - R _.-:' - - =" |
E a00F - - 3 E a00F : P ]
> - _ x - — 10
300/ - 3001~ =
- | 4n3 C - -
200F= " 310 200 i
_:-_: [ o
100 =1 100 402
0 ;T- - — 10° 0 g'- 3
-100 ;— -:| 100 ;_.
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-300F - -300—_ " " =,
- T - Tl el
-400 — -400 = - .
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Intrinsic baseline uncertainty is +/-25 cm or So.



Parent Process Cross section (cm2) events/ton /year

Kt — uty, v,C — pu~ N* 8.4 x10~% 757

Kt = uty, v, C — v, C* (15.11) 4.2 x10~4 3.7

K* - uty, | 026% v, — ve, v.C — e~ N* 1.4 x10738 3.3
pt —etve | 02607, > U, Uep = et 9.5 x10~# 3.3
pt = et v, veC — e~ Ny 8.9 x10~%2 58.3
pt —etv,u, v.,C — e  N* 4.3 x10~42 28.1
pt = etv, v, vC — vC* (15.11) 10.5 x10~42 68.9
pt = et v, Ve€™ — V€™ 3.13 x10743 8.2

™t — uty, v, C = v,C* (15.11) 2.8 x10742 18.3

Assumptions that go into event rate (above):

Assumption Value Comment
Baseline 20 m
Detection efficiency 100% For simplicity
Detection target CH,
Tt /p 0.256 Geant4 (semi-realistic geometry)
K*/p 0.0035\ Geant4 (semi-realistic geometry)
Protons on target | 3E22 POT /year~~_ Consistent with MLF plan

T~

MARS predicts 75% more




Neutrino

* One of the particles of the standard model
e There are three flavors; electron, muon, tau

* Interact through the weak force

from Particle Zoo



Neutrinos can change flavor

 Change flavor as they propagate

* Seen in many experiments over the past few

decades
N N
|4 [l ~rmrmremmmmmmmmmemmemmmmssnemmemmenonenee > V2
created in flavor state \

detected in a flavor state



Neutrino Oscillation Model

* Requires that neutrinos have mass

 Mass and flavor eigenstates not the same:
overlap parameterized by mixing matrix

Vo > = Ullvi >
1

Neutrino Flavor Unitary Mixing Neutrino Mass
Eigenstates Matrix Eigenstates

Ve Ut Ue2 Ues 1
v, | = Uua Us U V2
| UTl U’T2 UTS V3



Oscillations

* Result: probability of detecting neutrinos with a
certain flavor oscillates as a function of L/E

Flavor States  Mixing Matrix  Mass States

Example 2 v ( v, ) B ( cosf  sind ) ( ” ) W /mass m;

model vy, ) \ —sinf cosf Vo W/mass ma

For a neutrino, va, with energy, E, after a distance, L, in vacuum

. . 2 . 2/ Am? L where
P,_., = sin (29) sin ( T E) AR o
. 2 1
Result Is 5 |
sinusoidal o
o o 0.5
probability, S
function of L/E A A D /A
© 500 1000 1500 2000

distance



Oscillations

* Result: probability of detecting neutrinos with a
certain flavor oscillates as a function of L/E

Flavor States  Mixing Matrix  Mass States

model vy, ) \ —sinf cosf Vo W/mass mo
For a neutrino, va, with energy, E, after a distance, L, in vacuum
- . 2 . 2/ Am? L\ where

Posy = sin™(20)sin™ (55 F) procre, e,

. > 1 amplitude gives info on -

Result is % \Va mixing parameter
sinusoidal S &
o 205—
probab|||ty, 2 frequency gives info on
function of L/E g Vb — N/ N\ masssquared splitting
s % 500 1000 150y vy

distance



Oscillations

 Experimental Evidence

KamLAND experiment

experiment measuring neutrinos
from several reactors around Japan

WAOE "a5E Ly Pl f 145E
/Ctina " VR
4 Q S - TR
¢ RSN AP
.,-»-[' N .I'!‘ I""r.‘")ul
North Korea - i =
5 c ; ! 40N
o ~4
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. / 2
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5 A _
'-_‘_ "/, , l,n!-'»/[_f
" Japan T o
JoRyR
> 0
";fr/’ 35N
o

from G.H. Smith

I140E I145&

‘135E

neutrinos at different L and E

P(ﬂe — De) ~1— Sin2(2(912) Sin2 (

1267Am?[eV?]L [km]
E, [MeV] )

1 B KamLAND, Phys. Rev. D 83, 052002
> .
% 0.8 i +
‘B i
S 0.6 ' ol | TS
- S LT T
g L e
= 04 +
5 u
70

0.2 | — 3-v best-fit oscillation —— Data - BG - Geo V,
[ e 2-v best-fit oscillation
0 llllllllllllllllllllllllllllllllllllllllllll
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Oscillations

« Many measurements have been made using many
different sources

3 neutrino model can explain almost all of the data

'&

Atmospheric v Reactor V Solar v Accelerator v




Oscillations

e Summary diagram:

e bars depict mass states

e colors show proportion
of flavor mixture for
each mass state

e Characterization of model
incomplete

* e.g. order of mass
states unknown

Mass Hierarchy

(m2)2— —

(Am®) |
(m,)* —

v (Am%),

(m3)2l Y ——

“Inverted”

m I (m3)2

/

(Am®)

m—— (1)

(Amz) sol
4 — (ml)2

III

“Norma



Oscillations

e found two unigue mass-
squared values (though
order of splittings
unknown)

e one mass splitting much
larger than other —
reason why 2-flavor
approximation is often
good first order fit to data

(m,)?

(m,)*

(m,)’n

Mass Hierarchy

I (Am®)

v (Am?)

Y.

sol
J—

atm

“Inverted”

/

I (m3)2

(Am®)

atm

“Norma

m—— (1)

(Amz) sol
4 — (ml)2

III



Anomalies

e But ... not all neutrino data fits into 3 neutrino model|

Experiment name Type Oscillation Significance
P yp channel 9
Low energy muon to electron
. . 3.80
accelerator (antineutrino)
High(er) energy | muon to electron
. . 2.80
accelerator (antineutrino)
High(er) energy | muon to electron
. 3.40
accelerator (neutrino)
| electron 1 4-3.00
Beta decay disappearance :
. . (varies)
(antineutrino)
Source ’ electron 5
(electron capture) isappearance '
(neutrino)




MinIBooNE

 MiniBooNE: (anti-)electron appearance experiment
* accelerator neutrinos: mostly muon neutrinos

* run In both neutrino and anti-neutrino mode

e mineral oil detector

Booster e st

f Magnetic Decay 1 corber 450 m Detector
ocusing horn region dirt

Py, - v.) or Py, — )



Events/MeV

Events/MeV

MinIBooNE

25 -
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1.5

1.0

0.5

........
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0.8

0.6

0.4

0.2

0.0
0.2
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.....................

Neutrino

e Data (stat err.)
3 ve frompu*”
3 v, from K*"
I VS from K°
1 n misid
CJA-> Ny
E dirt
3 other

! ‘ —— Constr. Syst. Error

=‘:i—l—|

Antineutrino

1.0 1.2 14 15
ESE (GeV)

Vuéye

1 Neutrinos and antineutrinos from an
' accelerator seem to appear!




Radiochemical Anomal

GALLE

SAGE and GALLEX
experiments

T &

EEELEEESE
PSS ST SIIIN

5300

e detectors built for solar
neutrino measurements

e count neutrino interactions
which convert Ga into 7"1Ge

30.3 tons of Gallium
in an aqueous solution : GaCl, + HCI



Radioactive Anomalies

high intensity electron
neutrino source introduced
to calibrate detectors

number of neutrino events
measured lower on average
than expected

can be interpreted as
electron neutrino
disappearance

P(v. — ve)

Measured / predicted

1.1F

1.05-

0.95-

0.9

0.85}-

0.8

0.75

0.7F

0.65

electron neutrino

disappearance

data

o

GALLEX1

GALLEX2

SAGE-Cr

SAGE-Ar




Summary of Anomalies

e Have several
anomalies

* Alone might consider
outliers, but together
could they be a hint
of something?

i Oscillation g
Experiment name Type channel Significance
LSND Low energy muonlto eleptron 3.80
accelerator (antineutrino)
MiniBooNE High(er) energy muonlto eleptron 580
accelerator (antineutrino)
MiniBooNE High(er) energy | muon to Qlectron 346
accelerator (neutrino)
electron
Reactors Beta decay disappearance 1.4-3.00
. . (varies)
(antineutrino)
electron
GALLEX/SAGE source disappearance 2.80

(electron capture)

(neutrino)




Reactor Anomaly

* Reanalysis of old reactor data sets show

| - Py, — v,.)

observed events is lower than expectation

T T TTTI T T T T T OTT T LTI T T T
— thierry.lasserre@cea.fr T
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2 Known oscillation il
= frequency modes |l
ﬁ - NN / [
Qo \ &
O 0.9— T o=l H
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Q. — _~,' ‘\\ \ LI
C 08— . aill
o L il
-
S 0.7— a
g B L]
o 06— Anomalous data T
’ | |
: (new frequency mode?)
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Reactor To Detector Distance (m)



Reactor Anomaly

* |f interpret as oscillations, at different P(s
14
frequency mode than other data

l IIIIIII‘ | IIIIIII‘ | |||I||I‘ | IIIIIII‘ | IIIIIII‘ [T T TTIT T T TTTT

thierry.lasserre@cea.fr T

Known oscillation
/ frequency modes
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L SND

e | SND: anti-electron

neutrinc appearance sees excess of anti-electron
. Pion decay at rest neutrino events
source: muon anti-
neutrinos
* Liquid scintillator & sl o
detector 4 sl I
3 i EZD pi,ein
@ 12‘5; b other

04 06 0.8 1 1.2 1.4
L/E, (meters/MeV)



L SND

oscillation with Am? ~ 1 eV?2

* Interpret LSND excess as
osclllation signature

e oscillations with Am2 ~ 1
eV?

Atmospheric
V—Vx

* bigger than SM mass
splittings — allows 2
neutrino approximation et

for flt 10 10 10 Sinzzel

Solar MSW

V,—Vy




Sterile Neutrino

. sterile
 How to interpret data” v, EE———
 Could there be a new orovides new ,
: Amy,
neutrino? frequency mode 4
* New neutrino cannot e g
iInteract via the weak Bl
force — width of the Z : SM
) - — 4 Am%l

boson tells us only 3
couple weakly




Sterile Neutrino

. sterile
 How to interpret data” V) O —
1 sterile nu
* Could there be a new oferred 10 as 34 7
neutrino? -
model
* New neutrino cannot e i
INnteract via the weak
, SM Amj3,
force — width of the Z :
, - ~— Am%l

boson tells us only 3
couple weakly




Sterile Neutrino

 How to interpret data” Vi L —

can add N sterile nu’s
focusing on 3+1 A,

e Could there be a new
neutrino”

 New neutrino cannot
iInteract via the weak
force — width of the Z 2 SM
boson tells us only 3 ' —
couple weakly

2
Amj3,

5
Amy,




Global Fit

* Put all the data out there together and interpret with
3+ 1 sterile neutrino model

Global neutrino 3+1 allowed Global antineutrino 3+1 allowed

2 T T A

10° e 10 [
10 10 =
> N ]

2y e s, —d
AN < — —
S A <A [
g —
< 2t < B

-1 AT T ____________
10_2 | 1 L1 1111 1 | 1 L1111 _2
10
1074 1073 1072 _ _ _
2 107 1073 1072 Ignarra, et al.
sin” (20),,) sin® (26,,) AHEP 2013 163897 (2013)
H v99% CL * v best fit M v 99% CL * v best fit

v 90% CL v 90% CL



Global Fit

* Put all the data out there together and interpret with
3+ 1 sterile neutrino model

Global neutrino 3+1 allowed Global antineutrino 3+1 allowed

10" s 102 : -
= Sterile neutrino
.. i oscillation a possible
10 10 E .
; explanation
g s f
\q’: 1 R i 5 1 L .
T ~F =
§ L
< 2t < B
“b?::?i% «: :ﬁ—”j' R B o B
1 T BT TR ____________
10_2 L1 1 1 1 L1111 _2
-4 -3 -2 10
10 10 2 10 104 1073 1072 Ignarra, et al.
sin” (26),.) sin? (20,,) AHEP 2013 163897 (2013)
B v99% CL % v best fit B v99% CL * V best fit

v 90% CL v 90% CL



SBN at Fermilab

e Proposal for 3 liguid argon TPCs to look for short
baseline oscillations

110 m 470 m 600 m
| |

Fermilab

booster | | >
neutrino
beam

SBND " T600



SBN at Fermilab

 Modeling flux and cross section to get correct
poredicted rate in detector is not easy

* Use ratio of events at different baselines
removes some systematic uncertainties

SBND ' T600



SBN at Fermilab

e Proposal for 3 liguid argon TPCs to look for short
baseline oscillations

110 m 470 m 600 m
|

Fermilab

booster |
neutrino
beam

SBND " T600



t (ticks)

SBN at Fermilab

SBN detectors are liguid argon TPCs

ability to produced detailed images of neutrino
interactions

aim is to use this information to reduce
backgrounds

e & &§ & 8

Collection Plane Wire



