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Current Major Neutrino Questions

What are their masses?
— Neutrinos have extremely tiny masses. Why?
— But important contributors to how the universe works.

Are there more than three types of neutrinos (electron, muon,
and tau neutrino)?

— Could there be new “sterile” type neutrino partners?

— Are these “sterile” neutrinos the reason that neutrinos are
different?

Neutrinos can change from one type to another
— What is the pattern (and explanation) of these mixings?

— Is there CP violation in the mixing?
Could this hold the key to the “matter-antimatter” asymmetry in
the universe?

Are neutrinos a new type of matter particle where the particle and
antiparticle are the same? (Are neutrinos Majorana fermions?)
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Neutrino Oscillations among v,, v, and v,
— The “Hunt” for the Little Mixing Angle 0,5
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Conclusion
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Neutrino Oscillations

The observation of neutrino oscillations where one type of neutrino
can change (oscillate) into another type implies:

1. Neutrinos have mass
and

2. Lepton number (electron, muon, tau) is not conserved
(Ve™V,, V>V, , VooV, )
« The phenomena comes about because the mass and flavor
states are different as parameterized by a mixing matrix

- Two types of oscillation searches: P, =sin’ 20 sin® (1 27Am’L | E )

— Appearance Experiment:
Look for appearance of v, or v in a pure v, beam vs. L and E

* Need to know the backgrounds

— Disappearance Experiment:
Look for a change in v, flux as a function of L and E

 Need to know the flux/and cross sections



Oscillations Parameterized by 3x3 Unitary Mixing Matrix

(ve \ (Uel UeZ Ue3ei6 \ (vl \
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Flavor o ] Mass
] = (Mlxmg Matrzx) ]
Eigenstate Eigenstate
Three mass splittings: Am, =m’ —m; , Am,,=m;—m. , Ami =m]—m'

But only two are independent since only three masses
If 6 # 0, then have CP violation = P(v“ —>ve);t P@u —>\7€)

solar atmospheric
Current Measurements: Am’, =8x10™ eV? , Am/’, = Ami, =2.5x107 eV’

cosf, sinf, 0 cosf, 0 e™rsinf, ) (1 0 0
U=|-sinf, cosf, 0 |X 0 1 0 x| 0 cosO,, sin0,,
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angles olar. 94 ~ Sin?26,;<0.14 at 90% CL  Atmospheric: 6,53 ~ 45
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Manmade Neutrino Sources and Beams

Pion decay-at-rest beams

Pion decay-in-flight beams > Present and Near-term Program

Nuclear power reactors ),

High energy radioactive beams = “Beta Beams” |
> Future |deas

Muon storage rings = “Neutrino Factories” »



Recent Accelerator v,—v, Measurements: ’
MINOS, OPERA, ICARUS

» Use Pion Decay-in-Flight Beam
— Produce pions and kaons from accelerator protons (8 — 800 GeV)
— Focus mesons towards detector for higher efficiency

— Fairly pure beam of v, or Vu neutrinos depending whether you
focus * or T mesons. 7 (orK*) = p'v,

— Few percent v, backgrounds 7 (orK™) = pvy

— Best to use a near detector to measure flux and background
= MINOS and most new experiments have near detector

Near Far
NuMI / MINOS Beam Layout: Absorber Muon Monitors Detector Detector
orbe
Target Magnetic Horn . \ N | ] |
to focus n/K mesons Decay Pipe u R S R R
120 Ge\\ z B T PN F N T [t
protons N, | = Tl
Main Injector Horns zr | 4 {J o l [
SN IPEE P =
10om  30m TR B p
675 m — . Rockl Rock [Rock
Sm

Hadron Monitor 12m 18m  300m



MINOS Accelerator Oscillation Experiment at Fermilab

A,Habig, July 2
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MINOS v, Disappearance Results

candidates €= 1065+ 60(syst) no-osc. prediction

1

_ Decay and decoherence models are
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i i - i
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, sin*(26) =1.00 L) ! — Best oscillation fit
B "}‘ § ?U' —— Best decay fit .
: e : - i — Best decoherence fit _
Oi PR N TN T TN T N Y NN Y S A T T N W A N 0-..ll..l.l.l..ll..llll.l.
5 10 15 203050 0 5 10 15 203050

Reconstructed neutrino energy (GeV)
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PRL 101 (2008) 131802
(2996) (5% accuracy, MINOS)

(hep-ex/0806.2273)
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Initial MINOS v, Disappearance Results in v Mode

Somewhat Inconsistent with v Mode = CPT Violation?
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OPERA and ICARUS: v_ Appearance Search

)
CER&k&e\‘;
J_\JJ /))

GRAN SASSO

1.0

» Uses 400 GeV protons to
produce neutrino beam (E,) =
17 GeV i

 (E,) above threshold to " .
produce t leptons from v, 4}

* (L/E) = 43 so oscillation =
probability for Am?_, is small

atm 1 10 100 1000 10°

L/E

0.8

VoV,




OPERA: Nuclear Emulsion plus Lead ICARUS: Liquid Argon TPC 600 Tons

emulsion “grains”

v

track segment

~15 grains/50 pm

decay “kink”

>25 mrad

Pb ES Pb ES Gy~ 2 1 mrad

1 mm

- P o,~0.21 pm
50 200 50 (um)

 Scintillator Strips isolate emulsion

brick with an event - Will use kinematic reconstruction to
* Robot then picks out brick to be isolate v -events.
scanned.

» Currently running since 2007
« Expect about 15 v, events in 5 years



OPERA: Nuclear Emulsion plus Lead ICARUS: Liquid Argon TPC 600 Tons

emulsion “grains”

v ot ~15 grains/50 pm

track segment / Vi

2 l\'\(

’ Ve, Vi

e, h

decay “kink”

>25 mrad

200 um

» Expect about 15 v, events in 5 years



Current Global Fits to Solar, Atmospheric, Accelerator,

8.5
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Am?, [107%eV7?] 7.5970 7% 7.24-7.99 7.09-8.19
‘ 1 <3t 2.45+0.09 2.28 — 2.64 2.18 — 2.73
Am3, [10~%eV?
i [107eV] —(2.3470.00 —(2.17 — 2.54) —(2.08 — 2.64)
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1.

Big Questions in (3x3) Neutrino Mixing

What is v, component in
the v, mass eigenstate?
= The size of the “little
mixing angle”, 6,5 ?

— Only know 0,,<110

What is the mass
hierarchy?

— Is the solar pair the least
massive or not?

Do neutrinos exhibit CP
violation, i.e. is 0= 07

.V,

0, -V

u
‘/ —

2
i —P

solar~8x102eV?2 2
; my
atmospheric

~3x103eV?2

solar~8x10eV?2

atmospheric
~3x107%eV?

17

Normal Hierarchy

Inverted Hierarchy




The Search for the “Little Mixing Angle” (0,5)

18



MINOS and CHOOZ Experimental Limits on 0,5

arXiv: 1006.0996 (2010)

2.0 —
AmM?>0

§ == MINOS Best Fit

: Bl esvcL

= [ 90% cL

----- CHOOZ 90% CL

Ocp (M)

2sin’e,,=1 for CHOOZ

MINOS

Ocp (M)

7.0110%° POT :

0.1 02 0.3
2sin%(20,,)sin%0,,

0.4

Global Fits:
sin’ 20, <0.12@95%CL



Experimental Methods to Measure the “Little Mixing Angle”, 0.,

- Long-Baseline Accelerators: Appearance (v,—V,) at Am#=2.5x10 eV?
— Look for appearance of v, in a pure v, beamvs. L and E
 Use near detector to measure background v_'s (beam and misid)

NOVA: T2K:
<E,>=2.3 GeV <E,>=0.7 GeV
L =810 km L =295 km

— Look for a change in v, flux as a function of L and E
* Look for a non- 1/r? behavior of the v, rate
 Use near detector to measure the un-oscillated flux

Double Chooz:
<E,>=3.5MeV
L=1100m

20




Long-Baseline Accelerator Appearance Experiments

21

+ Oscillation probability complicated and dependent not only on 6,5 but also:

1. CP violation
parameter (0)

2. Mass hierarchy
(sign of Am,,?)
“Matter Effects”

3. Size of sin?0,,

+455,C% {01220223 + 57555573 —
Amisl,
i

2 o2 Q2
—8C{3573553 COS

Ami L

By, — ) =A@ 8

—80123012023812513323 sin 0 sin

2a
. (1+ = (0 25123))

Ami,L . Ami L . AmiL

AF

+80123512513523(012023 CcOS 0 — 512513523> CcoS sin sin

AF 4F 4FE
2 ) 2
Am3z,L = Amz, L . Ams, L
AF AF AF

AE

. o Am3, L
2012023S12323$13 COS (5} Sln2 4—;71
Am2 L aL 5
AE 4E (1-25%)

=> These extra dependencies are both a “curse” and a “blessing”

Reactor Disappearance Experiments

« Reactor disappearance measurements provide a straight forward method to
measure 0, with no dependence on matter effects and CP violation

P(V, —V,)=1-sin”20,,sin

» Am’ L

+ small terms



Reactor Neutrino Experiments

22



* Nuclear reactors are very intense sources of

Observed Events

Reactor Measurements of 0,

23

v, with a well understood spectrum 6 6 z
— 3GW — 6x102 v /s & B G
700 events / yr / ton at 1500 m away ) vorPu_x g g e
— Reactor spectrum peaks at ~3.7 MeV ®— Gg® . - o7 o
— Oscillation Max. for Am2=2.5x10-3 eV/2 T
at L near 1500 m %-\“e- % s 5% 8

35

v

30 4

25 -

20 +

15

10 -

AM? = 2.5 x 107 eV?
Full Mixing

» Disappearance Measurement:
Look for small rate deviation from 1/r?
measured at near and far baselines
— Counting Experiment
« Compare events in near and far detector
— Energy Shape Experiment

« Compare energy spectrum in near and far
detector



How to do better than previous
CHOOZ reactor experiment?

= Better detectors with reduced
systematic uncertainties

= Larger detectors

= Reduce and control backgrounds

= Use Near/Far Detectors

Unoscillate
flux

24

reactor neutrino

eo neutrino
B x e.|. prompt
\\

Gd
mean capture time z/
~ 200 usec on proton n - Y




Double Chooz Reactor Experiment?
in Ardennes, France

Near 8.6t S Far 8.6t
overbdn 45m x—» 5 " overbdn 110m

w‘ «'~é:$‘ fga. b
=

oy 400m ”}\ f'

W@*

Chooz-B Power P
« 2 cores, 8.6 GW,_

Goograph o
ws] scmmnupm \







>é&§ M@ Reactor Experiment for Neutrino Oscillations

V A~~~ O3 at YoungGwang in Korea

Near 20t
70m overbdn

4 NORTH KOREA .

SN ‘, \
< < it \
. S2AP “,Kangniing

Pukg'yongdong',
v Jaejon
eq . - P'ohary
JKunsan Teegu, 9.3
*Chonju Ulsan,\f

M 3
okwangin - eChinnae

B YeongGwang Power Plant Far 20t
g | . G cores, 17.3 GW_ 200m overbdn




e/ Daya Bay Experiment
. y y EXp

Far 4x20t
overbdn 355m

\ "INE
LA Near 2x20t
overbdn 112m

-------

[ 1
“ & *
Bt p
» ) sevra o F
¥ .
"I 4 * .
1 985 P i " 2 o - qt 1
s ™ g
s -, r f | J

b : o G 22U 7 LA Far
 DYB Near 2x20t = 151 = 5 e Site {m) | Site (m) | Site {m)
overbdn: 95m Wl TV A ‘

v

363 1347 | 1985
857 481 1618

| 526 | 1613
Daya Bay/Ling Ao Power Plant

J.

"JM§V~° |
- Bl - . 4 cores, 11.6 Gw,,
St M | . 2011: 6 cores, 17.4 GW,_



Expected Sensitivities

RENO 0.3

29



Longbaseline v, Appearance Experiments
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Longbaseline Experiment: T2K and Nova

Improved Beams and Near/Far Detectors

Much Higher Intensity
J-PARC
N OV A T2K (750kW design)
: (~2013 -) (2009 -) (==

15 kton totally

Dulu

active detector finn.

2 Wis.
810km

Fermilab

.

- Super-Kamiokande
NuMI beam A (22.5 kton fid. vol)

intensity upgrade @
to 700 kW



T2K and Nova Use Off-axis Neutrino Beam

« Want to maximize neutrino flux at the appearance probability peak
» Narrow spectrum to reduce backgrounds from high energy processes

Tt

;
"ﬁ@; Tos
&Horns Decay pipe

m; —m, 5 P[] Oscillafion Probi@
4 [—0.0deg
355 |—2.0 deg
3= | —25deg
25 | —3.0deg
2
155
05 e ——
L B B S S S S SN B T 1) 0

x 0 06 1 15 2 25 3 35 4

GeV

32



Use Near Detectors to Measure Beam Flux 33
and Backgrounds

T2K Near Detector

UA1 Magnet Yoke

Barrel ECAL



Sensitivity Estimates for 0,; vs Time 34

Upper limit at 90% CL in case of no signal

| I | | | I | | |
—OT2K |
——@DoubleChooz
——GRENO
10" ——@®@DayaBay o
—GNOVA E
@2 ]
N
“c
107

Based on M. Mezzetto
arXiv:1003.5800



Moving on to Measuring CP Violation
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Measure CP Violation by Comparing 36
V,— Ve Versus v, — v,

. Am?, L
Pl — ) = Ackysshysin® —18

1013 13893 SN

6,4 driven
1K
Am2.L  Am:.L  Am3L
0.2 23 13 12* ~p
b 8¢72819813893(€19C03€080 — 819813893 ) €OS sin =— sin =—(Peven
9 1E 1E 4F
+ 8¢

. Am4.L . Am3.L . AmiL
3c12023s12s13¢23smOsm “;,‘ sin 1; sin ”1,2 CPodd

2 Am?, L :
ca{chachy + 829834825 — 2¢19€93812893813¢080 )} sin 7 solar driven

2
ma. L . Am?. L al
i 13

1 E 1B (1- ‘23'f3) matter effect (CP odd)

P(yve)

Leptonic CP discovery requires
_ Plyy—w.)—P(v,—v, )
Acp = T 70




Future Longbaseline Experiments ¥

Homestake Long Baseline Experiment HyperK Long Baseline Experiment

Milwaukee '-..‘
‘1-.______‘ \
£ Fermilab

O

0.54Mton detector in Kamioka, or
0.27 Mton water Cherenkov detector
in Kamioka and Korea.




European Design Study - LAGUNA 38
(Large Apparatus for Grand Unification and Neutrino Astrophysics)

e MIEMPHYS - MEgaton Mass PHYSics

e tanks of 60 m heigth x65 m @
e ~ 440kt water Cherenkov detector

Fréjus

MEMPHYS

@ GLACIER - Giant Liquid Argon Charge
T —— Imaging ExpeRiment

GLACIER 100 kion e 20 m helgth x70m @
o ~ 100kt liquid Ar TPC

° - Low Energy Neutrino Astronomy
@ 100mlong x 30m @ investigated

sites

e ~ 50kt liquid scintillator |

LENA

50kt




On-axis Beam used for CP Violation

30

25

20

v, CC events/kt/3.7E20 POT 0.2 GeV

« On-axis beam spans large energy region that allows 15 . Omad 3
one to measure the oscillation probability at both the S | TN 4.
first and second maximum (sin%(1.27Am2L/E) Y ]

o C ! l':- oo mp i o
0 2.5 5 7.5 10
|__1300 km On_Axis new WBB _ | |__1300 km On_Axis new WBB |
2 :f: Unoscillated v,CC events 2 j Unoscillated v,CC events

1.8 ----------- Appearance Probability x 10 : v §_,=0 1.8 ........... Appearance Probability x 10 : v 5, =/2

1.6 ; """""" Appearance Probability x 10 : V' 5 =0 1.6 . ----------- Appearance Probability x 10 : ¥ §,,=x/2

4t CP Conserved 4 CP Violated

v,CC Events/KT/1E20/250MeV

128
15 s
[ i i 9nd 151-
0.8 = HH
C 0.8}~ '
0.6} i
: _ 0.6
0.4f T L
- e 0.4 . A
0.2 i
0 : l:: | 1‘" r"'r l] T Y P P P P P 0.2 :’_‘E"':.:-: '
0 1 2 3 4 5 6 7 8 9 10 ) - A e I
True Neutrino Energy (GeV) 0 2 3 4

L | T ™ T T Py T
- ratesfor L=810km "% 1 30
L . K A ]
L oo o . 1
C e '. 7]
[ HE «

.
e Omrad « ]

v,CC Events/KT/1E20/250MeV

e,
R
sl by by bya g g Loy

5 6 7 8 9 10
True Neutrino Energy (GeV)

1st Maximum : Gives the neutrino mass hierarchy

2"d Maximum : Sensitive to CP Violation effects



Sensitivity for Determining Mass Hierarchy and CP

Homestake (DUSEL) Long Baseline Experiment (LBNE)
200 kt WCD detector and 5 yrs of v + 5 yrs of U running with 700kW:

Mass Hierarchy

CP Violation

E‘ - 200 kton WC - 200 kton WC
£ 150r5yrsv+5yrsv 1505 yrsv+5yrsv
8 . 700 kW [ 700 kW
= 1001 100}
!-G'ul - -
- —— 3o, normal - — 30, normal
50" — 54, normal 30" — 50, normal
E 35, inverted E e 313,, inverted
0 ----- 5ag, inverted of--- 5o, inverted
=50 =50
-100F -100F
150 1501
L il L 1aal
10° 10°




Other Complications for Conventional LBNE Approach

Long Baseline experiments are usually low in antineutrino statistics

— a combination of style of beam and cross section

Ve Spectrum

 5yrsvrunning
. normal hierarchy
- sin’(26,,) = 0.04

'y
[=]
=]

Events/0.25 GeV
las ]
~7

=)
o
T |

40 ,'

20

L. Whitehead

200 kton WC

—— Signal+Bkgd, 6., =0
——— Signal+Bkgd,i_, = 90°

—— Signal+Bkgds,, =-90°

Neutrino Energy (GeV)

Events/0.25 GeV

L. Whitehead

_ 200 kton WC
V Spectrum
[ 5 yrsvrunning
30" normal hierarchy
C sl n2{2813) =0.04 —— Signal+Bkgd, 5, =0
aof- = Signal+Bkgd 5., = 90°

—— Signal+Bkgds_, =-90°

20 , All Bkgd

2088

e

Sssseessmmus 1
e W RINar e e el .MUEJ e m TN T T %
1 2 3 4 5 6 Fi 8

Neutrino Energy (GeV)

e -
-.g.gig-zi.;

... and the backgrounds are large compared to signal
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Decay-at-Rest (or Beam Dump) Neutrino Source

.  § Cyclotron (~800 MeV KE proton)
Decay-at-Rest gives Y

isotropic neutrino source

Ve .
‘..". —
v, A
Captures
: before
v decay
Oscillations?
Ve !
.' § E Vy f;‘
W
:_ gl lrJrFlj“.,
E JJIF it LL
Each ©* decay gives one V,,onev,, A P 1
and one v, with known energy spectrum. | 7 P |
= | A ’
i |

0 0.01 0.02 003 004 005 006
Energy, GeV



Daedalus Experiment &

Multiple beam sources using high-power cyclotrons
— Very few v, produced so can do precise v, — v, search
— For study assume each cyclotron 1 MW at ~0.8 GeV

Detector is assumed to be 300 kton water Cerenkov detector with gadolinium
doping

Osc signal events are Ve + p — e* + n (Inverse-beta decay) which can be
well identified by a two part delayed coincidence (Like reactor experiments)

Excellent CP sensitivity alone or combined with LBNE v-only running

osc max (m/2) off max (w/4) Constrains
at 40 MeV "N at 40 MeV flux

Sites have
sequential duty
factors.

Timing used

to separate

A multiple-baseline, event source.

single-detector
experiment

(Described in Conrad and Shaevitz, PRL 104, 141802 (2010))



Exclusion of 6.p= 0° or 180° at 3¢ 4

Combined running substantially better than either LBNE or Daedalus alone

| —e—Daedalus (10yrs)
1.0 + ... LBNE (5yrs/30e20+5yrs/30e20)
: Daedalus + LBENE nu-only (10 yrs/60e20)
| — >¢— LBNE ProjectX (5yrs/100e20+5yrs/100e20)
0.8
n- =
O
S B
\.5 =
- 0.6
o =
-— B
(&)
E B
w 04
0.2
= ')( e
- . /'
0.0 <
0.001 0.01 0.1

sin?(20,,)

(Recent preprint has similar conclusions:
Agarwalla,Huber,Link,Mohapatra - http://arxiv.org/abs/1005.4055 )



Possible Oscillations to Sterile Neutrinos
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LSND v, — v, Sig

800 MeV proton beam from o
LANSCE accelerator 2
$]

4

‘ Water target E

(0]

Q

wer beamstop
_‘ LSND Detector

Tt UV,
L.evv

U
Oscillations? L’ \7

LSND in conjunction with the atmospheric and
solar oscillation results needs more than 3 v's
— Models developed with 1 or 2 sterile v's

nal
17 5 ‘ ® Beam Excess
15 B pl, Ve
i B2 pfgen
125
10}
75 B
——
| Y SRR W AU WY ST TR ST S WU N .

46

04 06 038 1 1.2 1.4
L/E, (meters/MeV)

Saw an excess of:
87.9 +22.4 £+ 6.0 events.

With an oscillation probability of
(0.264 + 0.067 = 0.045)%.

3.8 o evidence for oscillation.



The MiniBooNE Experiment
at Fermilab

?
8GeV : V, oV,
iy It i
Booster = -
magnetic horn  decay pipe %, 450 m dirt detector

and target 250r50 m 7
O

» Goal to confirm or exclude the LSND result - Similar L/E as LSND
— Different energy, beam and detector systematics
— Event signatures and backgrounds different from LSND

« Since August 2002 have collected data:
— 6.5x 1020 POT v
~ 5.7 x 1020 POT v
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MiniBooNE v, — v, Result 10
i — 90% CL

— 85% CL

5.66E20 POT ol

. Oscillations favored over background only |
hypotheses at 99.6% CL (model dependent), |

« No assumption made about low energy
excess

— 99% CL
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MiniBooNE v, — v, Result Consistent with LSND

P(vu— v.)=(sin’26)sin’ (127Am’L/ E)

000 .
e LSND

= 0.015¢ A MB v mode : e
t 0.010}
B

0.005} -+ —e

theg [l
0.000 1 1 [
—0.005L

02 04 06 08 10 12 14 16
L/E,(m/MeV)



Neutrino mode MB results (2009)

6.5E20 POT collected in neutrino mode

E > 475 MeV data in good agreement with
background prediction

-& energy region has reduced backgrounds and maintains
high sensitivity to LSND oscillations.

=8 A two neutrino fit inconsistent with LSND at the 90% CL
assuming CP conservation.

E < 475 MeV, statistically large (6c) excess

- Reduced to 3o after systematics, shape inconsistent

with two neutrino oscillation interpretation of LSND.
Excess of 129 +/- 43 (stat+sys) events is consistent
with magnitude of LSND oscillations.

Events / MeV

Published PRL 102,101802 (2009)

|IT'|r ||1r]r11|]r||||l|||]1|

e Data
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|Am?| (eV¥c*)

107

Excess Events ' MaV

Neutrino Exclusion Limits: 6.5E20 POT

I |-Irr|| I I I|I'Ir'I| I T

sin’(20) upper limit

m MiniBooNE 90% C L
=== MiniBooNE 0% CL. sensiivity
= BOT analysis 90% C.L

IIIIIIIJ

(E>475 MeV)

IIIIIIJl 1
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(EEDE:T AN
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Phenomenology of Oscillations with Sterile Neutrinos
(3+1 Models)

* In sterile neutrino (3+1) models, high
Am? v, appearance comes from
oscillation through v,

— V> Ve = (vue Vo) + (Vs — V)

* This then requires that there be v, and

v, disappearance oscillations

— In the past, constraints on
disappearance have restricted any
(3+1) models

» Information on appearance and
disappearance confusing

— Differences needed between v
versus v disappearance needed

— But CPT invariance demands
neutrino and antineutrino
disappearance to be the same.
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i m’ (eV?)
(m,) T 7Y WV,
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(m3)2—]kL— v,
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MiniBooNE, CDHS, CCFR v, and Vu Disappearance Limits

» Stringent limits on v, disappearance from previous experiments
* Less stringent limits for v, Dlsappearance
« CPT conservation |mpI|es v, and v, disappearance are the same

= Restricts application of 3+1 smce v, constrains v disappearance.

1 1r||r||]

T II'I|

MiniBooNE 90% CL sensitivity

— MiniBooNE 80% CL limit
- [180%CL excluded, CDHS
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1 i L1 i1 i 1
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— MiniBooNE 90% CL limit
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Reactor Antineutrino Anomaly - v_ Disappearance

Re-analysis of predicted reactor fluxes based on a new approach for the
conversion of the measured electron spectra to anti-neutrino spectra.

* Reactor flux prediction increases by 3%.

* Re-analysis of reactor experiments show a deficit of electron anti-neutrinos
compared to this prediction — at the 2.140 level

* Could be oscillations to sterile with Am?~1eV? and sin226~0.1

=> Relaxes restriction on 3+1 since now have v_disappearance

Red line:
Oscillations
assuming 3

% 1.06 . . .
3 . neutrino mixing
-
Zﬁ 0.6
3 o Blue line:
2° oes Oscillations in a
= I : : : - | ¢ ; ; A O 3 + 1 (Sterile
omp e e G MERGH 66l hepexITI01:2755]  neutrino) model
07 H H HE | H H H H H M | H H H H H H HE I’

10°
Distance to Reactor (m)
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v — Only Data: 3+1 Fits with Sterile Neutrinos

v Data from LSND, MiniBooNE, Karmen, Reactor
Good fits and compatibility for antineutrino - only data.

MiniBooNE v, appearance and CDHS v, disappearance do not fit
= Need CP (and maybe CPT) violation = 3+2 Model

AmZ, (eV?)

allv v disappearance
: 107
[Jallv90% CL - NEW
- B all v 99% CL - S
ol B 2l 30 CL —~ 1l Prelimina
[ o :
| )
| <
43 E it R ST -
: < ;
s B
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- [ JBugey+ CL
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| Lol L oo aarenl L1 :II”“I-S 1 """|2 L'ﬂ"“‘|1 S
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. 92 rom Georgia Karagiorgi . 2
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Global 3+2 Fits with Sterile Neutrinos
(Kopp,Maltoni,and Schwetz - hep-ph:1103.4570)

+ In 3+2 fits, CP violation allowed so P(v, — v,) # P( v, — V,)

Amiy |Uea| |Uual Amzy |Ues| |Uus| 8/m

x* /dof

3+2

« But still hard to fit appearance and disappearance simultaneously

| | L |
LSND
0.8 — 04 i |
= 03 5
e = T 8=
S 06 % 02 -
o il 01
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u - F
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« Compatibility between data sets better but still not very good

— LSND+MB( v) vs Rest = 0.13%
— Appearance vs Disappearance = 0.53%
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Next Steps

Search for effects from high Am? sterile neutrinos
— Address MiniBooNE/LSND v,— v, appearance signal

Address MiniBooNE low-energy v, excess
— Could be oscillations or something else

Very short baseline v, and v, disappearance

Two detector v, VH disappearance
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Future Plans and Prospects

Approved program:

1. Increase by x2-x3 the MiniBooNE v data over the next 2 years
— Reach3to4 o

2. New MicroBooNE Exp in front of MiniBooNE (2013)
Liquid Argon TPC detector which can address the
low-energy excess:

— Reduced background levels

— Can determine if low-energy excess due to single electron or
photon events?

Other ideas:
 New two detector experiments for appearance and disappearance

— At Fermilab using using new detectors in MiniBooNE beamline

— CERN PS neutrino beam with Icarus style detectors at 130m/850m
« Very short baseline v, disappearance

— Use high rate radioactive sources in Borexino detector

— Small detector close (<10m) to nuclear reactor

— Decay-at-rest beam close to a large detector (Nova, LAr_1kton)



Final Comments

« Reactor and longbaseline experiments will be soon providing
new information on 0,

— 0, is a important physics parameter for modeling v mixing

— 0, is key for planning future long-baseline experiments to
measure CP violation and the mass hierarchy

* Next generation longbaseline experiments have the promise to
give information on the mass hierarchy and CP violation if sin226
13> ~0.01

* There are a number of results and hints that suggest that there
may be oscillations to sterile neutrinos at the Am? ~ 1 eV? level

— Further running and new experiments are being planned to
address this possibility

= Exciting times for neutrino physics
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