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Outline of this talk:

The LSND excess signal:
1998 Evidence for high-Am? oscillations

The MiniBooNE experiment

MiniBooNE neutrino mode oscillation results:

2008 LSND signature refuted

MiniBooNE antineutrino mode oscillation results:
2010 LSND signature confirmed 2

Light sterile neutrino oscillations: Where we stand today

Future searches: MiniBooNE, MicroBooNE



Why is the LSND signal anomalous?

1998: Evidence for v v o v_oscillations from
the Liquid Scintillator Neutrmo Detector (LSND) at Los Alamos

m -
m -
R 175 & Boam Excess
0
£ -'.«5' R .Dﬁ'”—l"?&.ﬂ‘ljr?
% i pfv.e)n
@ 125|
: other

Observed ;e data in a ;u beam:

In excess of background prediction
(3.86 significance)

- Could be interpreted as
vV oV, oscillations

with osc. probability:

P( Qu — v ) =sin’20 sin’(1.27Am’ L/E)

=0.26%

08 1 12 14

L/E, (meters/MeV) 3



Why is the LSND signal anomalous?

(Simplest) oscillation interpretation implies:

A

o~ 2
S m heavier *

2
lighter

In conflict with well-understood,
three-neutrino mixing model in

the Standard Model (defined by

® only two independent oscillation

signatures)

B o
10 =
'?'3,, E
L]
E =
<
D &
2 E
Am
2<:1tm
Am 0 &
solar Atmospheric/accelerator
LD /
i Solar MSW
U /reactor .
: : V.=V
LD-. JII.I.III-3 'l L IJI.II.II-: L L IIJI.I.I.I.-L
Lo Lo LD L
.2
sin” 20

Needs further confirmation ! — Motivation for MiniBooNE



A neutrino oscillation picture accommodating LSND

(Simplest) oscillation interpretation requires New Physics:

3 active neutrinos + 1 sterile neutrino: “(3+1)” very small flavor content
consistent with small
A I mixing amplitude and

| 1] V4 oscillation probability

Am_*~0.1-10eV> ~Am__ ° large mass splitting
34 LSND
accommodated by
LSND's short baseline

2
I Vl Oscillation probability in this model, approximated

as two-neutrino oscillation™:
P( vll — Ve) = 4|Ue4|2|Uu4|2 sin’( 1.27 Am241 L/E)
or, P( v - v) = sin“20 sin’(1.27Am’ L/E)



MiniBooNE was designed to test this picture

(Simplest) oscillation interpretation requires New Physics:

3 active neutrinos + 1 sterile neutrino: “(3+1)” very small flavor content
consistent with small
A I mixing amplitude and
I 1] V4 oscillation probability
N% Am *~0.1-10eV’ ~Am _° large mass splitting
<
= accommodated by
LSND's short baseline

2
I Vl Oscillation probability in this model, approximated

as two-neutrino oscillation™*:

\ Y

P(v. —>v) = 4U U [ sin(1.27 Am’, L/E)
or, P( v - v) = sin“20 sin’(1.27Am’ L/E)

— 6
*same for vand v



MiniBooNE [Mini Booster Neutrino Experiment @ FNAL]

el $ ) n 5
bl el LS L 2 m
@ T 4
p ~ Decay region Dirt ~500m
(neutrino mode) T ~50m (L v )
MiniBooNE LSND

Makes a primarily vy beam (neutrino running mode)



MiniBooNE [Mini Booster Neutrino Experiment @ FNAL]

= WU SE R
i e s i
[ e o m
=Wy W
_ Decay region Dirt ~500m
(neutrino mode) T ~50m (L ~10L _ )
MiniBooNE LSND
Makes a primarily vy beam (neutrino running mode)
— or —_
B field polarity flip
i g 5 g T
5 Bt e m
=% i &
) ] , Decay region Dirt ~500m
(antineutrino mode) 1T ~50m (L, o ~10L )

Makes a primarily GH beam (antineutrino running mode)



MiniBooNE v_ and v_appearance searches

Two separate searches, one in neutrino mode, and one in antineutrino mode:

4

Look for appearance of v or ;e events above background prediction

described by a two-neutrino oscillation probability

e

MC background v mode

N
) (2]

Events / MeV

0.5

6.46e20 POT
e Neutrino mode

[ v, fromp®

[ v fromK®

I v, from K°

B =° misid

[ a-Ny

B dirt

[ other

— Syst. Error

0.6 0.8 1

14 1.5 3.0

<= signal region—» EY" (GeV)

'

MC background v mode

0.7

5.66e20 POT
Antineutrino mode
[] v, fromp™
[ v, fromK*™
B v, from K°
I 7° misid
0.3 C]a-ny
B dirt
0.2 [ other

— Syst. Error

0.6

0.5

Events / MeV

0.4

0.1

g. . 0.6 08 1 1.2 14 15 3.0

< signal region—» EY" (GeV)




MiniBooNE v_ and v_appearance searches

Two separate searches, one in neutrino mode, and one in antineutrino mode:

/

High statistics, powerful test of LSND's
simplest interpretation

4

MC background v mode

N
(2]

6.46e20 POT
e Neutrino mode

[ v, fromp®

[ v fromK®

I v, from K°

B =° misid

[ a-Ny

B dirt

[ other

— Syst. Error

N

Events / MeV

0.5

0.6 0.8 1 1.2 14 15

E’® (GeV)

3.0

<= signal region—»

Lower statistics (less powerful), but a
direct test of LSND excess

\

MC background v mode

o
~

5.66e20 POT

Antineutrino mode
[] v, fromp™
[ v, fromK*™
| B v, from K°
I 7° misid
[]a-onNy
B dirt
[ other

— Syst. Error

o
)

0.5

0.4

Events / MeV

0.6 08 1 1.2 14 15

ES (GeV)

3.0

<= signal region—»



MiniBooNE appearance search recipe

Oscillation probability drives MiniBooNE's design parameters:

P( v - v ) =sin"20sin?(1.27Am? L[m]/E [MeV]) = 0.26%

One needs:

[ same L/E as LSND
O high-intensity (cmti-)vll beam with low intrinsic (anti-)v_contamination
O high efficiency in differentiating (anti-)v_ from (anti-)vu events in the

detector

11



MiniBooNE appearance search recipe

m/same L/E as LSND

[B/high-intensity v beam with low intrinsic v_contamination

MiniBooNE flux predictions: phys. rRev. p79, 072002 (2009)

107 F 1077 -

v.mode v (93 ¢%) v.mode _y (1579)

10"} Vu (5.8%) 107"L )
A%
F _° > (0.6%) - 5%)
102 ¢ Ve 107}

®(E,) [v/iem?*POT/50 MeV]
&(E,) [v/em*POT/50 MeV]

10 10}
10'15F||||||||| |||||||| ||||I.'|||||||||||||||||||| 10'15_||||||||||||||||||||||||||'.I||I|||| ||||||||
0 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5
E, [GeV] E, [GeV]

<1% v, flux contamination in either running mode!



MiniBooNE appearance search recipe

[B/high efficiency in differentiating v_from v_events in
the detector

Events in the MiniBooNE detector:

Dominant neutrino cross section: Charged Current Quasi-Elastic (CCQE) on CNH2N

450 ton fid. volume CH, - -

Cherenkov detector,

lined with 1280 PMT's

(10% phogt(ocathode) P/\n D/\n

: : (C or H nucleus)
optically isolated veto

(240 PMT's) signal: e dominant beam component: p'3



MiniBooNE appearance search recipe

m/high efficiency in differentiating v_from v_events in
the detector

Events in the MiniBooNE detector:

Dominant neutrino cross section: Charged Current Quasi-Elastic (CCQE) on CNH2N

Neutrino flavor is T - e
determined by the W

flavor of the outgoing /\ /\
lepton... n p n p

(C nucleus)
neutrino kinematics

also determined by the — —
kinematics of the - .

outgoing lepton. ‘: e

(C or H nucleus)

signal: e dominant beam component: p!*



MiniBooNE v_ and v_appearance searches

Number of Events = (flux) x (cross-section) x (detector response)

How are event rat

s constrained for

single-deteaftor setup?

Constrained by HARP p-Be pion
and other production measurements &
v, event rate measured at MiniBooNE

directly.

Constrained by

\/

Detailed detector simulations
checked by neutrino and calibration
data.

external and direct measurements
at MiniBooNE (n°, A, dirt, V-

15



MiniBooNE v_ and v_appearance searches

What are the backgrounds?

@ high E: intrinsic v

« fromn, p
- HARP p+Be 7" production data
- MiniBooNE data

* from K

- Sanford-Wang fits to world K"K production data Phys. Rev. D79, 072002 (2009)

0.7

0.6

0.5

0.4

Events / MeV

0.3

0.2

0.1

)

5.66e20 POT
Antineutrino mode

[ ] v, fromp™
v, fromK*
I v, from K°
[ =0 misid
‘:’ A — Ny
B dirt

[ other

— Syst. Error

14 15 3.0

E’® (GeV)



MiniBooNE v_ and v_appearance searches

What are the backgrounds? > L 566620 POT
= 06 Antineutrino mode
- - Dvefromp*"'
. ° . ° ﬂ 05:_ |:|v from K*"
@ high E: intrinsic v § .0 B, fon
f T [ =° misid
* fromnm, pn Tlas
- HARP p+Be 7" production data —
- MiniBooNE data Syt Erer
e from K

- Sanford-Wang fits to world K”/K* production data
Phys. Rev. D79, 072002 (2009)

@ low E: mis-identified v .
* through NC =’ —

< 0.6f
- MiniBooNE direct NC =’ rate measurement
Phys. Rev. D81, 013005 (2010)

* through NC followed by A radiative decay =~ 03t
- MiniBooNE NC 7’ measurement times
branching fraction

cm?
GeV/c-nucle

i
=~ O

(

do/dp,
o O
— PO

O«
()

00 02 04 06 08 1.0
p.o (Gev/c)

17



MiniBooNE v_ and v_appearance searches

What are the backgrounds?

> L 5.6620 POT
= 06 Antineutrino mode
- - Dvefromp*"'
H H ‘nel 2 051 [ v, from K™
@ high E: intrinsic v £ L — A
e S 04 .
L [ =° misid
« fromn, p Eaom
- HARP p+Be 7" production data —
- MiniBooNE data Syt Erer
* fromK I —— , -
- Sanford-Wang fits to world K”/K* production data E%E (GeV)

Phys. Rev. D79, 072002 (2009)
@ low E: mis-identified v
n

* through NC =’

- MiniBooNE direct NC =’ rate measurement v,
Phys. Rev. DBL, 013005 (2010) G

* through NC followed by A radiative decay
- MiniBooNE NC =’ measurement times
branching fraction
« through interactions outside the detector (“dirt”)
- MiniBooNE direct rate measurement

(events at high R headed inwards, low visible E)

18



MiniBooNE [Mini Booster Neutrino Experiment @ FNAL]

P( v - v ) =sin®20sin*(1.27Am*L[m]/E [MeV]) = 0.26%

two-neutrino

approximation:
oscillation probability
measured in each mode
expected to be the same




Going back to basics:
P(v >v,)=P(v -y, [U>TU)

In the case of two-neutrino approximation, matrix is real:

_{ cosfl  sinf -
U= —sinf cos# - Py, —v) =Py, —v)

Q: If P( ;u > ;e) = P( v ve)... then why both neutrino and antineutrino searches?

A: Equality holds to the extend that only two mass/flavor eigenstates participate
(most-dominantly) in oscillations.

Observing otherwise could suggest:

— CP violation (U#U’) / (3+1) no longer a valid approximation

— CPT violation or other exotic physics
20



+ indirect information on other physics scenarios
— motivation for antineutrino running

Going back to basics:
P(v —>v,)=P(v -v, |[U->TU)

In the case of two-neutrino approximation, matrix is real:

[ — cosf/ sinf - -
~ \—sinf cos# P(v,—v) =P —v)

Q: If P( ;u > ;e) = P( vV — ve)... then why both neutrino and antineutrino searches?

A: Equality holds to the extend that only two mass/flavor eigenstates participate
(most-dominantly) in oscillations.

Observing otherwise could suggest:

— CP violation (U#U") / (3+1) no longer a valid approximation

— CPT violation or other exotic physics
21



+ indirect information on other physics scenarios
— motivation for antineutrino running

1) CP violating sterile neutrino oscillations

In a three-neutrino oscillation approximation,
interference term gives sensitivity to
CP violation
P(v,—v,)= 4|U,}|U | sin’(1.27 A, L/ E)
+4 U |U, | sin?(1.27 Am? | L/E)
+4 |Ue4| |Uﬂ4| |Ue5| |Uﬂ5|
sin(1.27 Am?,, L/E)sin(1.27 Am? ., L/E)
cos(1.27 Am?, L/E - p,.) !

3 active neutrinos + 2 sterile
neutrinos: “(3+2)”

) II
D

m
LSND

3

2

< < <

— differences in v vs. v appearance
probabilities, unlike in a two-neutrino
oscillation approximation

22



+ indirect information on other physics scenarios
— motivation for antineutrino running

1) CP violating sterile neutrino oscillations

In a three-neutrino oscillation approximation,
interference term gives sensitivity to
CP violation

P, —v,)= 4|UJF|U [ sin*(1.27 Am?,, L/ E)
+4|U LU | sin®(1.27 Am? | L/E)
+4 |Ue4| |Uﬂ4| |Ue5| |Uﬂ5|

sin(1.27 Am?,, L/E)sin(1.27 Am? ., L/E)
cos(1.27 Am’ ., L/E - ¢ ;)

— differences in v vs. v appearance
probabilities, unlike in a two-neutrino

oscillation approximation

Possible differences in MiniBooNE
observable oscillation probabilities:

2 v mode

pBooNE (1 0

0.20-

onaf
0.16]
0.143
0.2}
onuf
0.08f
onsf
0.04]

0.02f- .

(3+2) CPV*
”,.--"“"’:;&)45= 0
g5 32 -’
“'%45= /2
.‘,.,:..' ““““““““““
<I>45_ b
AT N N I T T

0. E I
lE?EIEI 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Peoone (1) V Mode

GK et al., Phys. Rev. D 75, 013011 (2007)
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MiniBooNE appearance results

Neutrino mode:

Antineutrino mode:

Phys.Rev.Lett.102:101802,2009 6.46E20 POT

Phys.Rev.Lett.105:181801,2010 5.66E20 PO'I;O\"

A\
ot®
‘\€

24



Events / MeV

MiniBooNE appearance results: neutrino running

,\3\\\ Ll T T T T T T T T TT1
[ | NN AR

A high statistics, powerful test of LSND's simplest interpretation

Phys.Rev.Lett.102:101802,2009

e Data
[ Vefromp
0 v, from K*
v, from K°
I 7° misid
ANy
I dirt
I other
Const. Syst. Error

14 15 3.
EJF (GeV)
oscillation fit region: E >475 MeV

E > 475 MeV: 475-1250 MeV, full frequentist approach:
null: ¥*/dof = 9.1/15 (87%) prob = 40%
bf:  y*/dof=7.2/13 (89%)

E > 200 MeV:
null: y?/dof =22.2/18 (22%)

bf:

@/ dof = 18.2/16 (31%)

25



Events / MeV

MiniBooNE appearance results: neutrino running

A high statistics, powerful test of LSND's simplest interpretation

Phys.Rev.Lett.102:101802,2009

1 2
E < dl: ated MiniBooNE mode limit
i e Data r
E [ V. frompu ~ 475-3000 MeV
:* 0 v, fromK* € —— 90% CL
- | v, from K° < 36
= I ° misid 5
L [ | A— -
= B dirt " 105 ------- Origrirr:g(lj 2%”@
H [ other
4 Const. Syst. Error
Ha
).2 14 15 3.
EVF (GeV)
oscillation fit region: E >475 MeV
1 [ ]LSND 99% CL
10°F mLsnD 90% cL
_IIIIII| | IIIIIII| | IIIIIII| “
10° 107 10" 1

sin?(26)

MiniBooNE rules out the LSND two-neutrino oscillcﬂior2|6
interpretation (assuming no CP or CPT violation)




MiniBooNE appearance results: neutrino running

Phys.Rev.Lett.102:101802,2009

3 r
E 2.5:— u
% 2 K’ However,
I A Excess of events at low energy:
150 128.8 + 20.4 + 38.3 (3.00)
(6.3 stat.)
Syst. Error
0.5
-
Low E region
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MiniBooNE appearance results: neutrino running

Phys.Rev.Lett.102:101802,2009

> [
[«}] =
= - ;
~ 25 rom
= E* from K* However,
o oF from K° f | .
it n misid Excess of events at low energy:
oF >Ny 128.8 + 20.4 + 38.3 (3.00)
> i
Q
= 08— e  data - expected background
S
0.5 -g A ¢ 0 e best-fit V,>Ve - MiniBooNHbest fit
Q e
02 02 @ - sin?26=0.004, A m°=1.0eV? <&/ gxpectations under
) ) % 0.4 B J ) 2 > various 0ScC.
- : g L sin“20=0.2, A m"=0.1eV <a—| | hypotheses
Low E region o -
0.2—
o i -
ool v v 1T
9.2 0.4 0.6 0.8 1 1.2 1.4 1.5 3.
EC* (GeV)
Low E excess shape is inconsistent with two-neutrino oscillations. 28

Excess remains unexplained.



Switching to antineutrinos

10"

MiniBooNE sensitivity to antineutrino appearance (5.66e20 POT):

A direct test of LSND, independent of CP (or CPT) assumptions

Sensitivity
475-3000 MeV

— 90%
— 95%
— 99%

MiniBooNE v mode

cq-\102

Am? (eV

10

heutrino oscillal

O

107

[ |LSND 99% CL

] LSND 90% CL

10° 102 10" 1
sin®20

ipproximation) |

MiniBooNE v mode
Sensitivity
475-3000 MeV

— 90%
— 95%
— 99%

|| LSND+KARMEN 90% CL

lIlllJJ 1| lJllJlI - lllJlJl [ JlJllII

10" 1
sin®20

10° 102

Only antineutrinos (right-sign beam component) are assumed to oscillate!
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+ indirect information on other physics scenarios
— motivation for antineutrino running

1) CP violating sterile neutrino oscillations

2) MiniBooNE low energy excess seen in neutrino mode

Could (3+2) + CPV explain the MiniBooNE neutrino low energy excess,
or is the excess due to some other effect 2

30



+ indirect information on other physics scenarios
— motivation for antineutrino running

1) CP violating sterile neutrino oscillations

2) MiniBooNE low energy excess seen in neutrino mode

Could (3+2) + CPV explain the MiniBooNE neutrino low energy excess,
or is the excess due to some other effect 2

e.g., anomaly-mediated photon production:

\”\/V;/ in MiniBooNE, photon shower is indistinguishable

. 7 from that of an electron

* SM-predicted background
W v « Same NC cross section for neutrinos and antineutrinos

N N

Jeffrey A. Harvey, Christopher T. Hill &
Richard J. Hill, Phys.Rev.Lett.99:261601,2007 31



MiniBooNE appearance results: antineutrino running

Phys.Rev.Lett.105:181801,2010

s o 475 <E < 1250 MeV:
; []v. fromu™
o 054 [ v, from K* v’ probability for model-independent,
::j . =:.;:::0 background-only hypothesis: 0.5%
4 { []Ja—=Ny
I dirt Data: 120
2 I |_‘}_, (] other MC: 99.1+£14.0
- : O SELET | Excess: 20.9+14.0
? : LSND best-fit expectation: 22
2 0.6 0.8 1 1.2 14 15 3.0
ESE (GeV) (1.50, counting exp.)

oscillation fit region: E >475 MeV

MiniBooNE observes an excess of events at high energy consistent
in size with that of LSND-like oscillations...
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MiniBooNE appearance results: antineutrino running

Excess Events/MeV
o © o
- N [\
(-] an (o)

O
o
a

O
-
S

-0.05 |

-0.10 L—

Phys.Rev.Lett.105:181801,2010

Data - expected background

sin?20=0.004, Am?=1.0eV>

sin?20=0.2, Am’=0.1eV?

0.6I | IO.S 1.0I | 1.2 .1.4 I3.0
EJE (GeV)

E-dependent fit to oscillations, and
frequentist treatment of Ay* for
two-neutrino oscillations:

Oscillations favored over background
hypothesis at 99.4% CL.

Excess is consistent with two-neutrino oscillations

due to (bestfit):

(sin?26, Am?) = (0.96, 0.064 eV?)
2/dof = 8.0/4 (4751250 MeV)
x>-prob = 8.7% 33



MiniBooNE appearance results: antineutrino running

MiniBooNE antineutrino mode appearance search (5.66e20 POT):
A direct test of LSND, independent of CP or CPT assumptions

T
' E — 68% CL
—— 80%CL Excess-inferred oscillation probability:
= —— 99% CL 0.020r- : : : . : . : 5
------ KARMEN2 90% CL * LSND
0 "l BUGEY90%CL | — 0.015} A MB v mode L
F | =
~ T
N 0010
“ﬁ _______ ES
. v -
= AL 0.005} o I
E | +L—+—
b 0.000! l hias [ ] |
T |
-1 — . ) . . . . . :
1071 0003536206 08 10 T2 14 16 1.5 26
- [Hsvosonc L/E, (m/MeV)
I DLSNDQQ%CL
10—2 a g2l L gl gl Lyt
10° 10° 10" 1
sin®(20)
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MiniBooNE appearance results: antineutrino running

MiniBooNE antineutrino mode appearance search (5.66e20 POT):
A direct test of LSND, independent of CP or CPT assumptions

; —— 68% CL
—— 80%CL Excess-inferred oscillation probability:
= —— 99% CL 0.020r- : : : . : : : s
------ KARMEN2 90% CL * LSND
R "ol ¢ - BUGEY90%CL | — 0.015} A MB v mode L
F | =
~ T
N 0010
§ _______ B
. v -
2 1 0.005} ' g
I [ "
5 ‘Lr{' 4 g4 |
0.000¢ ll ‘+ 1 -—T——-
-1 — . A . . . . . .
1071 0003536206 08 10 T2 14 16 1.5 26
- [Hsvosonc L/E, (m/MeV)
I DLSNDQQ%CL
10-2 a g2l L gl gl Lyt
10° 10° 10" 1
sin®(20)

QL

MiniBooNE is consistent with two-neutrino v — v oscillations at the LSND level, at 99.4% CL




MiniBooNE appearance results: antineutrino running

What about the low energy region?

> 07 o assumptions made about low energy in MC.
= 06 e Data
~~ B v, from '
% 0.5 =ve from K*"
v, from K°
u=j o4 Il ~° misic
0.3 B A — Ny
I
0.2 [ other
01 =— Constr. Syst. Err Da-ta 119
MC 100.5+14.3
ECE (Ge Excess 18.5+14.3
Low E region
200-475 MeV

Assuming only neutrinos

in the beam contribute to

the excess, and scaling from
neutrino mode observed excess.




Summary of MiniBooNE results

© C Charley-Franzwa * www.ClipartOf.com/50185
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Summary of MiniBooNE results

102 @ High E:
C ) T
“; u . MiniBooNE v mode limit 10° T
o E —— 68% CL
~— - 475-3000 MeV
& - { — 90% CL
E I —— 90%0CL el
] — 3 0000 | PSSR0 ) T, (... KARMEN2 90% CL
ol 50 LN 2 TS g— BUGEY 90% CL |
: - Official 90% CL
4—\-
\ /NG
>
L 1
1 | ct
- |
i
10
LSND 90% CL
| [Z]LSND 99% CL .
10 E_ -LSND 90% CL DLSND 99% CL
_IIIIII| | 1 IIIIII| | | IIIIII| 1 | 1 , 10.2 il e S : ———
10° 102 10" -Franzwa * www.Clipart 10° 102 10 1

]
sin®(26) sin’(20)



Summary of MiniBooNE results

. @ High E:
S MiniBooNE v mode limit 10° T
QO — 68% CL
> 475-3000 MeV .
E —— 90%CL 8% CL
— 3¢ | OSSR ) e ... KARMEN2 90% CL
1ol S0 100 (e BUGEY 90% CL |
- ------- Official 90% CL [
\ Lads
(o]
>
L 1
1} E
: <
10"
} [ |LSND 99% CL .LSNDQO% «
10 - 7] LSND 90% CL DLSND 99% CL
:||||||| Lol Conl . 10'2 ] —— e —
102 102 10" 1 -Franzwa * www.Clipart 10° 10?2 10" 1
sin®(26) sin’(26)
@ Low E:
v Analysis v Analysis
(6.46e20 POT) (5.66e20 POT)
Data: 544 119
Background: 4152+ 43.4 100.5 £ 14.3

Excess: 128.8 + 43.4 (3.00) 18.5 + 14.3 (1.30)




Light sterile neutrino oscillations:
Where we stand today
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The big picture

Under (3+1) sterile neutrino oscillation hypothesis:

All antineutrino experimental results, including appearance and
disappearance constraints, are compatible at 20%.

102 -

|

10

_
_ 2 / =
: // ////////////

Am2 (eV?

10"

/Jv SBL without LSND 90% CL
[ ]v SBL without LSND 99% CL

lIIlIJI

1 lIllJIIl 1 lIlIJlIJ

10?

(3+1)

v SBL 90% CL

BV SBL 99% CL
v SBL3c CL

1

1

A fit to all antineutrino short-baseline data

excludes no oscillations at >3c,

and at >99% CL when LSND is not included

10° 10"

. 2
sin (28“3)

10°

GK et al., Phys. Rev. D80, 073001 (2009),
updated to accommodate recent MiniBooNE

antineutrino results.

in the fit.

Bestfit:  y2/dof Am? sin”20,,  sin’20,,  sin’26,
v 85.0/103 0.92 0.0045 0.043 0.37

v w/o LSND80.3/98 0.91 0.0037 0.046 0.30

T

Predicts large v, disappearance!
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The big picture

Under (3+1) sterile neutrino oscillation hypothesis:

All antineutrino experimental results, including appearance and
disappearance constraints, are compatible at 20%.

102

10

Am2 (eV?

10"

10?

(3+1)

| e v SBL 90% CL

% BV SBL 99% CL
C v SBL3c CL

/Jv SBL without LSND 90% CL
[ ]v SBL without LSND 99% CL
l | |

10° 10 10"
. 2
sin (2%9)
GK et al., Phys. Rev. D80, 073001 (2009),

updated to accommodate recent MiniBooNE
antineutrino results.

A fit to all antineutrino short-baseline data
excludes no oscillations at >3c,

and at >99% CL when LSND is not included
in the fit.

Similarly, neutrino short-baseline and
atmospheric data are compatible with each
other at 6.5% (MiniBooNE low energy excess
driven).
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The big picture

Under (3+1) sterile neutrino oscillation hypothesis:

Combining all neutrino and antineutrino short-baseline and atmospheric results —
compatibility = 0.04% 10% ¢

(3+1)

—null APP+DIS 90% CL
—null APP+DIS 99% CL
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Joint LSND+MiniBooNE(v)* allowed
(compatible at 49%)
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The big picture

Under (3+1) sterile neutrino oscillation hypothesis:

Combining all neutrino and antineutrino short-baseline and atmospheric results —
compatibility = 0.04% 10% ¢

(3+1)

—null APP+DIS 90% CL
—null APP+DIS 99% CL
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The big picture

Under (3+1) sterile neutrino oscillation hypothesis:

Combining all neutrino and antineutrino short-baseline and atmospheric results —
compatibility = 0.04% 10% ¢

(3+1)

Combined exclusion limits from null
atmospheric v disappearance
and null experiments:

Bugey and Chooz: Gc disappearance o

CCFR, CDHS: v, disappearance ;5
NOMAD, NuMI-MiniBooNE v —V,_appearance ""':
KARMEN: Gu—> v_appearance “E‘"

<]

—null APP+DIS 90% CL

. —null APP+DIS 99% CL

_—
LSND + BNB-MB(v) 90%

B LSND + BNB-MB(v) 99%
~ | BNB-MB(v) 90%CL

Joint LSND+MiniBooNE(v)* allowed
(compatible at 49%)
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Where we stand today

Is this CP violation? Not so clear...

(3+2) CP-violating fits to all data sets also yield low compatibility: 3%.
(tension due to strict disappearance constraints)

Still, there is clear compatibility among all antineutrino datasets
as well as compatibility among all neutrino datasets,
even in the simplest, (3+1), model.
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Where we stand today

Is this CP violation? Not so clear...

(3+2) CP-violating fits to all data sets also yield low compatibility: 3%.
(tension due to strict disappearance constraints)

Still, there is clear compatibility among all antineutrino datasets
as well as compatibility among all neutrino datasets,
even in the simplest, (3+1), model.

Some misunderstood systematic effect? Or hints of new physics?

MOKE EXAOTIC FOIIIPILITIES:

Extra Dimensions 3+1 Model: Pas, Pakvasa & Weiler, Phys. Rev. D72 (2005) 095017

CPT violation 3+1 Model:  Barger, Marfatia & Whisnant, Phys. Lett. B576 (2003) 303

Lorentz violation: Katori, Kostelecky & Tayloe, Phys. Rev. D74 (2006) 105009

Light-gauge boson (sterile neutrinos not fully sterile): Ann E. Nelson & Jonathan Walsh, Phys. Rev. D77 (2008) 033001

Heavy sterile neutrino decay: Gninenko, Phys. Rev. D83 (2011) 015015 i



Near future:
What can we learn?®
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2010-2012

2012-...

Lots of signals. Which do we go after?

LSND(v) 3.8¢
MiniBooNE(v) 3.0¢
MiniBooNE(v) 2.76¢

1) Antineutrinos:

o, 20
)
18

16

Make as much use of MiniBooNE as possible! 14

Current results is still statistics-limited.
MiniBooNE antineutrino running
approved to 1e21 POT (~doubles current
statistics)

Collaboration submitted a proposal
for 1.5e21 POT by March 2012

shut-down. Positively received.

2) Neutrinos:
MicroBooNE experiment!

12

10

2

currentresult
approved running

B Fake data (BF)
[ A Fake data (null)

" ¥ Realdata |-

15x10°°POT

10x10%°PO
»

8x10°°POT

61x10°°POT
»

20x102°POT
|

3o |

% 5

|
>
[=

99% |

- -

95%

A 90% |

ol

MiniBooNE POT goal

POT
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Lots of signals. Which do we go after?
The MicroBooNE experiment
70 ton fiducial volume LArTPC detector in the MiniBooNE beamline
Will run in neutrino mode (6.0e20 POT)

Can determine the source of the excess as
either v CCQE, or mis-identified single photon

Energy loss in the first 2.4cm of track: 250 MeV e, vs 250 MeV vy
0.16[ MicroBooNE CDR

0.14 e

0.12

0.1 n
0.08 e
0.06 |
0.04

0.02[

i | =1

1 i

1 i

'LI| .||||
J
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Lots of signals. Which do we go after?

The MicroBooNE experiment

- 0.5 =
2 oasE
MicroBooNE sensitivity to low 2 u,é— B . fromy
energy excess: ‘E u_g_r,g_ I [ v, from k-
@ uzi—l I | [ v, from K°
(neutrino running, 0.25¢ | I other
70 ton fiducial volume, w3 electron ke hypothesis signal

x2 higher PID efficiency
than MiniBooNE,

3% mis-ID,

6.0e20 POT)

Electron-like hypothesis:
36.8 excess events

41.6 background events

5.7 stat. significance



Conclusions

SO ARS8 Evidence of an excess at low energy in neutrino mode
= - -~ currently unexplained

Hints of an excess at both low and high energy in antineutrino mode
Excess at high energy consistent with LSND two-neutrino oscillation
interpretation at 99.4% CL

(3+1): all antineutrino data compatible

all neutrino data compatible

(3+2) CPV: appearance experiments compatible
but in conflict with disappearance constraints

Future tests include MiniBooNE additional antineutrino running for increased
sensitivity, and MicroBooNE low energy excess search in a LArTPC
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