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Absolute Mass Scale Determinations

T
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% §Current limit (Mainz):
7 U @g m, <2.2eV @ 95% CL
KATRIN Sensitivity:

m, <0.2eV @ 90% CL
See J. Formaggio talk on Thurs.

i

If detect Ov23 decay
= Neutrinos are Majoranna particles
and information on m, at 0.1eV scale

Limits sum of neutrino masses:
>mv <~0.7eV



Neutrino Oscillations 4

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™Vy» ViV, VooV, )
 The phenomena comes about because the mass and flavor
states are different as parameterized by a mixing matrix

More details on osc theory
P

e (Va — Vb) — SiIlz 26 SiIlz (1 27 Am2 L/E ) see Boris Kayser talk yesterday
and J. Diaz on Thurs..

where 0 = mixing angle; Am® =m; —m_ ; L = travel distance; E = neutrino energy

« Two types of oscillation searches:

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

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



Oscillations Parameterized by 3x3 Unitary Mixing Matrix

(Ve \ (Uel UeZ Ue3ei5 \ (Vl \
vV, = U ul U 02 U 03 vV,
\vr y, \Url UTZ UT3 ) \V3 y,
Flavor Mass
( ] ] = (Mixing Matrix) ( ] ]
Eigenstate Eigenstate
Three mass splittings: Am), =m’ —m’. , Ami,=m’—m; , Ami =m]—m]

But only two are independent since only three masses
If 0 # 0, then have CP violation = P(v# %ve)i P@u %\76)

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

cosf, sinf, 0 cosb,, 0 ersing, ) (1 0 0
U=|-sinf, cosf, 0 X 0 1 0 x| 0 cosO,, sin0,,
0 0 1] |—€%sinh, 0  cos6, 0 —sinB,, cos0,,
3-mixing Solar: 6 330 “ITit;tIe mixing angle, 6,5 ” - )

(OI’913<11°) and8=99
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Oscillation Summary Before PANIC11

LSND

3 Atmospheric
. OPERA: V>V, = V,—Vx J
L & ICARUS
B Solar MSW
VeV v =V oV :
1l | vl
10° 107 107" 1

sin-20

Confirmed by K2K and
Minos accelerator neutrino exps

Sun

Earth

Confirmed by Kamland
reactor neutrino exp




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 6,,<119

. What is the mass

hierarchy?

— Is the solar pair the least
massive or not?

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

m2
A (] Ve
(A (B Vl«l
-V

m, _(P

atmospheric
~3x107%eV?

solar~8x102eV?2

x solar~8x102eV?2

atmospheric
~3x103eV?2

Normal Hierarchy

Inverted Hierarchy



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



Experimental Limits before PANIC11 on 0,,

Chooz Reactor Experiment
— sin220 < 0.14 90% CL

MINOS previous longbaseline
appearance limits

Solar neutrino agreement
including KAMLAND

Global Fits:
sin’ 20, <0.12@95%CL

arXiv: 1006.0996 (2010)

Am?>0

§ = MINOS Best Fit
: [ e8% cL

£ 2 Moo cL
- ]
o ===+ CHOOZ 90% CL ]
2sin’e,,=1 for CHOOZ
L PR 1 ]
T T T I
2
Am* <0
B
o MINOS —
OOO

7.0110%° POT :

0.0g 0.1 02 03
2sin’(20,,)sin’0,,

0.4



Experimental Methods to Measure the “Little Mixing Angle”, 6., 0

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

MINOS:

<E,>=3.0 GeV YT T2K:

L =735 km ’ <E,>=0.7 GeV
. L =295 km

NOVA:
<E>=2.3GeV “

L =810 km qﬂ
( See J. Nowak NOvA talk on

Tuesday afternoon )

« Reactors: Disappearance ( v,— v,) at Am?=2.5x10-3 eV
— 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, RENO, Daya Bay:
<E,>=3.5MeV
L=~1100 m



Long-Baseline Accelerator Appearance Experiments !

« Oscillation probability complicated and dependent not only on 6,5 but also:
Am3, L <1 2a

1. CP violation P(v, — v,) = 4CE 87,85, 8in® —=— X Al (1- 25%3))
31

parameter (J) 1E e 2 2
Maale | Amaid: | AmsL
+80123512813523(012023 COS 5 — 512513823) COS 452 S1n 42} Sin 42}

AmbL . Ami L . Amd L

2. Mass hierarchy

(Sign of Am312) —80123012023512513823 sin 0 sin sin sin
“Matter Effects” il il i el
+4S%20123 {012261223 = 512252235123 - 2012023512523513 COS 5} Sln2 4—5}
3. Size of sin?0,, RNl .« Al
—8C2,52,52, cos . 22 sin 7 ];’1 T (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

2
P(V. —7.) = 1—sin’26,, sin® 2L

+ small terms



Long-baseline v, Appearance Program
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Big News: T2K Sees Indication of 13
v,—V, Oscillations!

See K. Okumura
talk yesterday for
more details

= PARC Main Ring
(K E )

& - 5

Delivered protons for analysis
RUN1 (Jan. 2010 ~ Jun. 2010) 3.23 x 10*° p.o.t. achieved ave. 50 kW running
RUN2 (Nov. 2010 ~ Mar. 2011) 11.09 x 10*° p.o.t. achieved ave. 145 kW running

- RUNI1+RUNZ2total 1.43 x 10%° p.o.t. (2% of final goal)

Select signal events and compare to 1.5 + 0.3 event expected background

Signal (v, CCQE) o BG (NC 71%) - 0.6 events v
-7 X

-
-

\/“——->Ve—--)(y v -=-% y
P ’ A
»{/

0 .
(Also intrinsic v, in beam - 0.8 events) > 2y
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Observe Six Events with 1.5 £ 0.3 Background

6 candidate events observed Invariant mass Reconst. v energy
5 < —4— Data < —4— Data
[ v, CcC v,
Null hypothesis (6,5=0): 1.5 0.3 (syst.) » - e =
Null Prob. = 0.7% corresponding to 2.50 3 (Mo 20= 01 (MC w/ sin"20,5-0.1)

Super-Kamiokande IV

T2K Beam Run 0 Spill 1039222

Run 67969 Sub 921 Event 218931934
1 s

Number of events /(15 MeV/c?)
Number of events /(250 MeV)

0 I
0 100 200 » 300 0 1000 2000 3000
Invariant mass (MeV/c") Reconstructed v energy (MeV)
2000
- }L 1000 | 1000 | |
co — ° !
e e e e 5 5 .
Times (ns) >>-< 0 = :: 0 - i
() [} |
T © i
() o) L4 |
> > !
-1000 _ -1000 1
A ___________________ .- _____ _. _E
in bottam \ \ -
-200Q 2000 \ \
2000 -1000 0 1000 2000 0 1000 2000 3000

Vertex X (cm) Vertex R? (cm2) x 10 8



New T2K Results for sin?26,, P

—— Best fit to T2K data
68% CL -
. 90% CL

0 01 02 03 04 05 06

.2
sin 2913

Published in Phys. Rev. Lett. 107, 041801 (2011)

From 6 events versus 1.540.3 backgnd (2.50)

90% C.L. allowed regions and best fit
(for Am?23=2.4 x 103 eV2, d¢cp=0)

0.03 < sin%2613 < 0.28
sin?20813 =0.11
(normal hierarchy)

0.04 < sin?20613 < 0.34
sin®2013 =0.14
(inverted hierarchy)

March 11 Earthquake caused damage to J-PARC
but not too extensive (See K. Tanaka plenary talk)

Plan to resume J-PARC operation in Dec. 2011
and restart T2K data taking as soon as possible
after that. Could triple data set by Summer 2012

15



New MINOS v,—v, Oscillation Search and Results
N2
for sin 2613 See L. Whitehead
talk on Thurs.

Expected background (613=0): for more details

* New selection criteria for v,

candidates 49.5 +- 2.8 (syst) +- 7.0 (stat)
— MINOS not optimized for Observed data:
isolating v, 62
40 T T T T T .
— Developed new type of " Far Detector Prediction (lLEM >'0.7)
“library event matching” - MINOS PRELIMINARY === gjignal |
technique E 30— —— Background_
* Use nearly identical Near L | — FD Data -
detector to make background ﬁ 20 ] sin’(20,,)=0.040, Am3,>0, §,=0
prediction in Far detector. % F Merged for Fit
E 4 >
— Using Near detector is essential $ E .
w 10— —
for the search i _’_ -
» Look for an excess of Far I .
detector events over background T E e

Reconstructed Energy (GeV)

— Use MC to predict Far/Near
ratio

Best Fit: sin” 20,, = 0.04(0.08) for normal (inverted) hierarchy
Null (sin®26,, = 0.0) hypothesis excluded at 89% CL



(7]
o

Events / 8.2x10%° PoT

Comparisons of T2K and MINOS sin?20,; Results

Expected signal from
T2K Best Fit value

/

- MINOS PRELIMIMARY s NC

Y
o
2

o5
e
o
o
»

T I T | T ] T ] T | T
~ Far Detector Predjction (LEM > 0.7)

I ! —— FD Data

2 — === Signal (T2K)

N i sin?(20,)=0.11, AmZ,>0, 5,=0
R . ah e Merged for Fit

5 6
Reconstructed Energy (GeV)

IIII|J'II[[IJI|I[II

Neutrino Mixing Angle - sin? 20,,

Normal Neutrino Mass Hierarchy
B e T2K Range
|IIIIIII|IlIIIIIIIIIIIIIIIIIII
i} o1 | 0.2 03
0,04 0.1
Inverted Neutrino Mass Hierarchy

0 0.1 [ H 03

0.08 0.4

» Good compatibility between two results:
— MINOS consistent with T2K best fit value
— MINOS upper limit cuts into T2K larger allowed values

= Need combined fit to establish the best sin’20,; range



Global Fits with New T2K and MINOS Results

“Evidence of 8,5 > 0 from global neutrino data analysis”,
Fogli et al. (arXiv:1106.6028v1 [hep-ph]))

Greater than 30 evidence for 6, >0

. 0.084 £0.028 , old reactor fluxes
sin” 20,, = (lo)
0.100 £0.028 , new reactor fluxes

Global evidence for 913 >0

""""" RARRRRRRAN RARRRARERE RERRARAREN RARLRERERE RAARERRARE RERRRRAR
| o | SOLAR + KamLAND
------------- g
: 2 I ATM + LBL + CHOOZ
______ _B'"""
I ® | ALL
S REEERY
................. (IR NN RN NN RN ENE RN RN ERER RN R NN
. 0.07




Reactor Neutrino Experiments

19



Reactor Measurements of 0,

20

Nuclear reactors are very intense sources of

Observed Events

v, with a well understood spectrum f}_,‘; ;}f ;,___;
— 3GW — 6x10% v /s & B G
700 events / yr / ton at 1500 m away i Uf_rfu SN g N BT
— Reactor spectrum peaks at ~3.7 MeV M - o 7
— Oscillation Max. for Am2=2.5x10-3 eV?2 T T
at L near 1500 m %-\“e- @ s 5%“&

35

v

AM* =2.5x10° eV?
Full Mixing

Disappearance Measurement:
Look for small rate deviation from 1/r?
measured at near and far baselines



How to do better than previous
CHOOZ reactor experiment?

= Better detectors with reduced
systematic uncertainties

= Use larger detectors

= Reduce and control backgrounds

= Use Near/Far Detectors

sin

Unoscillate
flux

21

reactor neutrino

geo neutrino
x e.|. prompt
b

> 9
N Gd
mean capture time Z/l\
~ 200 psec on proton n- Y




Double Chooz Reactor Experiment?’
in Ardennes, France

See M. Kuse Talk yesterday for details

Near 8.6t e Far 8.6t
overbdn 45m - < overbdn 110m

«.ﬁ#«.—&;& Q:a_

TR
Y 400m "

W*‘“‘h A
. ].‘,'.. 0

Chooz-B Power Plant
« 2 cores, 8.6 GW,_

ELLAN Geograph
(605) 6853100 wwwmapscom |







Double Chooz: Stable Data Taking since April 2011 >

Over 70 days of data already
collected

Rates of for prompt and delayed
signals at or below expectation

= Promising sign for low accidental
rates

Neutron-capture as expected on Gd
(Target) & Hydrogen (T+GC)

Initial data supports the prospects
for DC to have a clean set of
neutrino candidates soon

The T2K central values can be
addressed at 99% CL with 2011
data

Michel electron timing distribution

Lifetime 2.25 = 0.13 us

Events

10°

| Can easily find
- delayed coincidence
from stopped muons.

Preliminary

e Lo b vy b by b v b e v by 0
15 2.0 25 3.0 35 4.0 45 5.0

Time since stopped muon (us)

§ 30000 1 Preliminary _|
Charge spectrum in Gd-capture
20000 time window for muon-correlated
events
= See clear peaks for
10000 Gadolinium and Hydrogen -
capture
k| L N x10
0 50 100 150 200

PMT charge sum (a.u.)



>éRE M@ Reactor Experiment for Neutrino Oscillations

V A~~~ 3 at YoungGwang in Korea
- Status:
Near 20t . B2 - Both detectors filled
70m overbdn 7

s, NORTH KOREA ;

PUkpyongdong',
19 Jaejon
'f‘;'l’,(unsan Taegl:'ohang_
25 ehonugan |
Masan, Ghinpiae
RS

B YeongGwang Power Plant Far 20t
i . 6 cores, 17.3 GW, 200m overbdn
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i/ Daya Bay Experiment
V. y y EXp

Far 4x20t
overbdn 355m

\ "ONE
LA Near 2x20t |
overbdn 112m

R 2 W ..‘.
1985m B WO N
/T L Liﬁng Status:
(gp” | » 2 near detectors
. DYB Near 2x20t - 4 running Summer 2011

overbdn: 95m AR L y * 4 far detectors

DR RS P deployed in 2012
P ' % ! :  Data taking to start in
Summer 2012

Daya Bay/lLing Ao Power Plant
. 4 cores, 11.6 Gw,_

« 2011: 6 cores, 17.4 GW_

e e T
== See W. Wang Talk on Tuesday afternoon for details




Expected Sensitivities

RENO 0.3

27
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22013 90% CL Sensi

sin

90%CL Sensitivity Estimates vs Year

0.14 freeoeqdrevcccceccccencccencccencecencccencccscccccsccccsccccsccsasccccssccssscsssscsssnces
- T2K Inverted Best Fit
0.12 | == Double Chooz
0.10 | T2K Normal Best Fit
i Fogli et al.
: Global Fit
0.08 , .........................................................................................
- MINOS Normal Best Fit
0.06 |
i MINOS Inverted Best Fit
004 E DOAAAAAAA AR AL R L R A e L AR AR LA AR R LA AL AL LR EEEES
: T2K 90%CL Lower Bountt
0.02 1
000 4—————————
2011 2012 2013 2014 2015 2016 2017

Year
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ivity

22013 90% CL Sensi

sin

90%CL Sensitivity Estimates vs Year

0.14 {

0.12 |

0.10

0.08

0.06 |
0.04 |

0.02 |

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Fogli et al.
Global Fit

MINOS Normal Best Fit

MINOS Inverted Best Fit

T2K 90%CL Lower Bound

0.00 +——
2011

2012 2013 2014 2015 2016
Year

2017
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22013 90% CL Sensi

sin

90%CL Sensitivity Estimates vs Year

0.14 ecoofleocccccleccescccsccccsssesssscsccosesssssscscessesssssssscsssssssssscsossssssssssce
- T2K Inverted Best Fit — T2 K

0.12 | === Double Chooz
i = Reno

0.10 | T2K Normal Best Fit
i Fogli et al.
i Global Fit

0. 08 e e e TSP
i MINOS Normal Best Fit

0.06 |

0.04 |

0.02 |

MINOS Inverted Best Fit

T2K 90%CL Lower Bound

0.00 +——

20

11 2012 2013 2014 2015 2016
Year

2017
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ivity

22013 90% CL Sensi

sin

90%CL Sensitivity Estimates vs Year

0.14 feeeoflecccccfocccececdoceeeiiceeniieenicceniccenccecncccencccencccescccescccacsccccncns
! T2K Inverted Best Fit m— T 2 K
i == Double Chooz
0.12 *E — Reno
== Daya Bay
0.10 - T2K Normal Best Fit
Fogli et al.
- Global Fit
0.08 foeeeceRececedhecerccendeceeetcreecctectennecerncccrccccrscccsscccasscccsscscsscccscoccsd
- MINOS Normal Best Fit
0.06 |
0.04 forvrreeeeeeeee Do eeeeiiiiiii MINOS Inverted Best Fit |
: T2K 90%CL Lower Bound
0.02 |
H
0.00 —— i —_—
2011 2012 2013 2014 2015 2016 2017

Year
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22013 90% CL Sensi

sin

90%CL Sensitivity Estimates vs Year

0.14 1 ........................................................................................
i T2K Inverted Best Fit = T2K
=== Double Chooz
i === Reno
0.12 +
i == Daya Bay
Nova
0.10 T2K Normal Best Fit
I Fogli et al.
- Global Fit
0.08 foeeeceReceeedderieccsclereceeeceescceescceesccrsccedeccsccccsccccsseccsscccsscccsconed
- MINOS Normal Best Fit
0.06 |
0.04 forvrrereeeeeee A Dereobereereiiiiiiiin MINOS Inverted Best K ...
| T2K 90%CL Lower Bound ~—
0.02 |
:5
0.007“ % Y
2011 2012 2013 2014 2015 2016 2017

Year
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Moving on to Measuring the Mass Hierarchy
and CP Violation

33



Plvye)

Measure CP Violation by Comparing 34
V,— Ve Versus v, — v

. Am?. L
])(V,, — Ve) 2 2 13

1c} 13 513893 SIN 1E 6,3 driven

) Am2.L  Am?.L  Am3L
}8(.’%331'_)‘-913 93(€19€230080 — 8198138: 3)(‘09 23 L L2

~— sin sin =—(Peven
4K 1K 1K

Y, .. Am3L . AmiL
8€13€12C2381281382351N 0 SIN

Ami,L
7 sin 7 sin f;’;{z CPodd

Am?, L ,
{(’13('“ T & %12 g%\.¥* - )(12('23612‘\23%13(06()} sin _”]:, solar driven

+

g2
+ 4879013

2
ma. L, Am?.L al
287 o 13

1E T 1')(1 — 2s73) matter effect (CP odd)

Leptonic CP discovery requires
_ Plvy—.)—P(v,—7, )
AcP = P, SuTPE.—we) 7 0




Opportunities with Current Program Data »

Combine T2K, NOvA, and Reactor Data

o (m)

Examples:
Measuring the mass hierarchy: Measuring CP violation:
Compare NOVA appearance with matter effects to Compare NOVA neutrino and antineutrino
T2K appearance measurement without matter effects appearance measurements.
95% CL Resolution of the Mass Ordering 1 and 2 o Contours for Starred Point for NOvA
2 = — 2
NOVA + T2K - E NOvA
18 | d < 48 |
; for each v and ¥ . !
16 | SF 700 kW, 16 :
: and 2.3MW
14 5 years of v 14 |
nal, x2, and x4 .
12 | 12 r
1} 1 |
08 I L=810 km, 15.3 0.8 L
Amy,? =24 10 .
0.6 | Sin(20,) =1 06 |Amy2=24107eV?
Am® >0 sin‘(20,,) =1
04 | 04 |
| NOvA 3 years
02 - 02 | @t700kw
for each v and ¥
L A i s L L L I L — P
%0 0.05 0.1 0.15 ® 9 002 004 006 008 0.1 0.12

2 8in’(0,,) Sin’(26,,) 2 sin(6,,) sin®(26,,)



Future Longbaseline Experiments ¥

Homestake Long Baseline Experiment HyperK Long Baseline Experiment

Milwaukee (:?
¥
£ Fermilab 75

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




European Design Study - LAGUNA 37
(Large Apparatus for Grand Unification and Neutrino Astrophysics)

@ VMIEMPHYS - MEgaton Mass PHYSics

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

Fréjus

@ GLACIER - Giant Liquid Argon Charge
o r———— Imaging ExpeRiment

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

< - Low Energy Neutrino Astronomy

e 100mlong x 30m @ [WEEEEEE
sites

e ~ 50kt liquid scintillator

LENA

50kt

Possible sites for a program —p
with a neutrino beam from CERN




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 v running with 700kW:

Mass Hierarchy

CP Violation

%‘ - 200 kton WC 1 w - 200 kton WC
£ 150F5yrsv+5yrsv - g 150-5yrsv+5yrsv
< [ 700 kW 2 [ 700 kW
o 100 - T2 100}
bGu L :.ou L
- — 3a, normal | — 3a, normal
50 — 54, normal B 30 — 50, normal
- - 30, inverted - - 30, inverted
0f---- Bo, inverted ] O 50, inverted
=50 -] =501
-100 ] =100
-150F - -150F
i I.I. i i i1 JI ' ||
1073 10" 107
sin’(ze”?
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Limitations of LBNE Approach

Long Baseline experiments are usually low in antineutrino statistics
— due to lower T~ production and V cross section

200 kton WC
Vv, Spectrum
3. [ 5yrsvrunning
9100 hormal hierarchy
g - sin®(20,,) = 0.04 — signal+Bkgd, 5, =0
E ﬂﬂ__ e Signal+Bkgd G, = 90°
- —— Signal+Bkgd.i., = -90°

60
40 ’

20

L. Whitehead

s
Meutrino Energy (GeV)

Events/0.25 GeV

V, Spectrum

[ 5 yrs v running
30~ normal hierarchy
- sin(260,,) = 0.04

a0

200 kton WC

—— Signal+Bkgd, 5., = 0
—— Signal+Bkgd s, = 90°

—— Signal+Bkgd i, =-00°

| AN Bkgd

1 2 3 4 5 6 T B
L. Whitehead Meutrino Energy (GeV)

. and the backgrounds are large compared to signal



. . . 0
Daedalus Experiment: Antineutrino Source for CP Measurements
3 Cyclotron (~800 MeV KE proton)

Dumpj

Vg proton See K. Scholberg talk
A | on Tues. afternoon
osc max (1/2) off max (7/4) Constrains
at 40 MeV at 40 Me flux
« Combine:
— High statistics
Daedalus
V, = Ve

A multiple-baseline,
single-detector
experiment

— High statistics
Longbaseline
V, — Ve

( Described in: Conrad/Shaevitz, PRL104,141802 (2010), Alonso et al., arXiv:1006.0260 [physics.ins-det] and 1008.4967 [hep-eX] )



Combined running LBNE plus Daedalus gives best sensitivity

Exclusion of 6.p= 0° or 180° at 3¢

| —e—Daedalus (10yrs)
1.0 + ... LBNE (5yrs/30e20+5yrs/30e20)
Daedalus + LENE nu-only (10 yrs/60e20)
— - — LBNE ProjectX (5yrs/100e20+5yrs/100e20)
0.8
a /M
O
O
e . . aam
© 556 Combined Runnin S
c X T
9 x’
e .
&)
o : Separate .-
L 0 .4 _/' ¥ . g *
* Running
/|
7
0.2 N
i ,.//
s ',"
0 .0 3¢ I I I I I R B | I I I
0.001 0.01 0.1

sin’(20,,)
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Possible Oscillations to Sterile Neutrinos

Sterile neutrinos
— Have no weak interactions (through the standard W/Z bosons)

— Would be produced and decay through mixing with the standard
model neutrinos

— Can affect oscillations through mixing

42
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LSND v, — v, Signal
800 MeV proton beam from " i
LANSCE accelerator @ i
g 17 5 — ® Beam Excess
" 151 B pE,—V.en
‘ Water target S '
5 : 2B oo
Copper beamstop 1251 EEEE other
10}
y 751
5 4
2.0 | R Rsessen:
o
N N T
T — ‘LL V 04 06 08 1 1.2 14
L/E, (meters/MeV)
L.e vV, V
_ Saw an excess of:
Oscillations? vV, 87.9 + 22.4 + 6.0 events.

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

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

3.8 ¢ evidence for oscillation.
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The MiniBooNE Experiment
at Fermilab

u_i-n """ ?
i e |y i
“g g « I H e
Booster
magnetic horn  decay pipe ¢4 450 m dirt toct
andtarget ~ 250r50m &Ofé@/ detector

e 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:
— 6.5x10° POT v
— 8.6 x 1020 POT v



MiniBooNE neutrino-mode results

(2009)

« E >475 MeV data in good agreement with
background prediction.

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

« E <475 MeV shows a 3¢ excess at low enegy

— The total excess of 129 + 43 (stat+syst) is
consistent with magnitude of LSND signal

Published PRL 102,101802 (2009)
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Updated MiniBooNE v, — v, Result

Updated result from previous publication
— 5.66E20 = 8.58E20 protons-on-target (x1.5)

— Reduced systematic uncertainties especially
backgrounds from beam K* decays

For E > 475 MeV (>200 MeV), oscillations favored
over background only (null) hypothesis at the 91.1%
CL (97.6% CL)

— Consistent with LSND but less strong than
previous result (99.4%)

| -

— Best fit: x2 prob. = 35.5% (51%)
Null:  %2prob. =14.9% (10%)

Low energy excess now more prominent for
antineutrino running than previous result

— For E<475 MeV, excess = 38.6 + 18.5
(For all energies, excess = 57.7 + 28.5)

— Neutrino and antineutrino results are now more
similar.

MiniBooNE will continue running through spring
2012 (at least) towards the request of 15E20 pot
(~x2 from this update)

— Full data set will probe LSND signal at the 2-3
sigma level

See E. Zimmerman talk yesterday for detgils

_L
o

Events/MeV

e Data (stat err.)
3 ve fromp*”
3 v, fromK*"

[ — Ve from K°
[ 7’ misid

Constr. Syst. Error

Preliminary |
July 2011
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—
=

I:I LSND 90% CL
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—— 68% CL
—— 90% CL
—— 95% CL
—— 99% CL .
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July 2011

Oscillation fit
for E > 475 MeV

1072 b

10°

102

10" 1

sin“(26)



Phenomenology of Oscillations with Sterile Neutrinos

(3+1 Models)

* |n sterile neutrino (3+1) models, high
Am? v, appearance comes from

oscillation through v,
= V= Ve = (V= Vg) + (Vg V)

* This then requires that there be v,
and v, disappearance oscillations

— Limits on disappearance then
restrict any (3+1) models

Vs

2
y m lightest

47

m’ (eV?)

B Ve
m Vv
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Stringent limits on v, disappearance from experiments

* New SciBooNE/MiniBooNE Vy disappearance limit event stronger
» Less stringent limits for v, Disappgarance
» CPT conservation implies v, and v, disappearance arelhe same
= Restricts application of 3+1 since vy constrains A disappearance.

Vu disappearance

[ ] 90% CL limits from CCFR and CDHS

10 <L ] MiniBooNE only 90% CL limit
90% CL limit from MINOS
i 90% CL sensitivity (Sim. fit)
90% CL observed (Sim. fit)
---------- 90% CL observed (Spec. fit)

v ,5:': Ty,
.New SciBooNE/MiniBooNE ......
. 2-detector result |

01 02 03 04 05 06 0.7 08 09 1
sin26

Mahn et al. arXiv:1106.5685 [hep-ex], submitted to PRL

-

10°

Vu disappearance

i: v“ =V,
" =
£
q -
10
1=
- MiniBooNE 80% CL sensitivity
L ¥ best fit: (31.30, 0.96) with 5° of 5.43, x*(null) of 10.29
- — MiniBooNE 90% CL limit
| [ 20%CL excluded, CCFR
10‘1 Il i I i L | i L i |-
107 10" sin’(20) 1

Aguilar-Arevalo et al., Phys. Rev. Lett. 103, 061802 (2009)



Possible Indication of v, Disappearance 49

Reactor Antineutrino Anomaly

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

e 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

: ] : o Oscillations
assuming 3
neutrino mixing

Blue line:
Oscillations in a
3 + 1 (sterile

alhepex/||0l2755— neutrino) model

i i i—t i ' i i ' i
i o i V i i ' ' o
PR 1 1 1 1 L S P

10°
Distance to Reactor (m)



Gallium Anomaly: v, Disappearance? 0

Measured cross sections agree well

» Gallium SAGE and GALLEX solar neutrino o a0t *
experiments used MCi 5'Cr and 3"Ar | points: KARMEN ]
sources to calibrate their detectors s | crosses: LSND

— A recent analysis claims a significant

Cross Section (x 10 cm
o

(30) deficit 5 |
(Giunti and Laveder, 1006.3244v3 [hep-ph]) ®is 20 25 30 35 a0 a5 50
E, (MeV)
» Ratio (observation/prediction) =

0.76 £ 0.09 100 e

* An oscillation interpretations gives
sin?26 > 0.07,Am? > 0.35eV/?

68%CL | 90%CL
‘Allowed Regions
- for Gallium Anomaly

i —

« Such an oscillation would change the —
measured v -Carbon cross section since 07—
assumed flux would be wrong

— Comparing the LSND and KARMEN ?f
measured cross sections restricts g +
possible v, disappearance.
(Conrad and Shaevitz, 1106.5552v2 [hep- H o — ]
ex]) / —
« Experiments at different distances: 95%CL Limit
LSND (29.8m) and KARMEN . from cross section
(17.7m) analysis
0.1

0 0.2 0.4 0.6 0.8 1
sin?20



v — Only Data: Good 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

all v
m"’E
[Jallv90% CL
i B all v 99% CL
> i
() i
-
o [
E 1F
< -
L NEW
o'k Preliminary
:Illllll IIlIIIII IIIIIIIII
10° 107 10"

. 9 From Georgia Karagiorgi
sin (2Bue) Columbia University
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Global 3+2 Fits with Sterile Neutrinos

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

Amiy |Uea| |Upal AmEy |Ues| |Uus| 8/7

x* [dof

3+2

» But still hard to fit appearance and disappearance simultaneously

1 T T T 1 0.3
— LSND
V U-B —— I:F.d‘ | —
C— mm v, £ oafed 1 o2
S 06 F02F— -
2 = 01 :
AmLSND E 0.4 j& m
eV, [ MiniBooNE ]
3 “02 {neutrinos) n
N Y, o T
L L I L I I

03 06 09 12 15 3
ECCUE [GeV]

0.47 0.128 0.165 0.87 0.138 0.148 1.64 110.1/130

MiniBooMWNE
+ {(anti-neutrinos)

03 06 09 12 1.5 3
ECEOF [GeV]

» Compatibility between data sets better but still not very good

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

52

(Kopp et al. - hep-ph:1103.4570)

Red: Fit to
Disapp + App
Blue: Fit to
App Only



53

Future Plans and Prospects

Approved program:

1. Should reach x2 the current MiniBooNE v data over the next year
— Address the LSND region at the 2 to 3 ¢ level

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 (VSBL) v, disappearance and Ve appearance exps
— Use high rate radioactive sources in Borexino (or other) detector
— Small detector close (<10m) to nuclear reactor
— Decay-at-rest beam close to a large detector (Nova, LAr_1kton)



Examples: Very-short Baseline Exps

* NUCIFER Proposed Experiment

— Osiris Research Reactor:
Core Size: 57x57x60 cm

— 1.2m x 0.7m detector 7m distance
from core

See A.S. Cucoanes talk on Thurs.

Electronic bay

11
—— 24 month @ Osiris

— 12 months @ Osiris

(error stat only)

1.05—

] L+
ST

0.85—

4 5 6
Visible Energy [MeV]
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« Small (10 kW) decay-at-rest source
(like Daedalus) near a large liquid
scintillator detector (ala LENA)

— Detect v,— V. appearance

Event ratio [ Wit Osc/Full Trnsmutation

eV ]

001
O .009

0008 [
0007 [
0006 [
0005 [
0004 [
0003 [
o002 E 4

1
10

(31

vl b bbb b by

di 10 kW (1 year) 1

P! MiniBooNE(W) + LSND |
PR 995 CL (2 dof)

ry DAR-LENA 50 (2 dof)
: ! 5kt
i 10kt - - -
] 25kt .
5‘_'.'. SOkt =ee=ee

N
=3 =2
10 10 10

. 2
sin 20,

Agarwalla, Conrad, and Shaevitz,1105.4984 [hep-ph]



Final Comments

* Recent results from T2K and MINOS suggest that 6,,>5° (sin?26,,>0.03)

— Such a large value would open up a large window for near-term reactor
and longbaseline experiments.
» Better measurements of 6,5 and 0,4

» Possible resolution of the mass hierarchy and, if lucky, hints of CP violation

— This would give the next generation longbaseline experiments a rich
program of neutrino oscillation physics with precision mass hierarchy and
CP violation measurements.

» There are a number of results and hints that suggest that there may be
oscillations to sterile neutrinos in the Am2 ~ 1 eV2 region

— Further running and new experiments are being planned to address this
possibility
= Establishing the existence of sterile neutrinos would be a major result

= These are certainly exciting times for neutrino physics
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Backup
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Event Vertex Distribution 58

Fully-contained (FC) sample
(w/o v, selection and fiducial volume cuts)

Fiducial volume cut is 2m top, bottom, and
radius

beam coordinate (cm)



NOVA Longbaseline Experiment - Beam: >

— Accelerator shutdown to
install upgrades for 700kW
beam: March 2012

— Horn1 and target design
complete

— Kicker for Booster-Recycler
in use

— First recycler injector magnet
installed

 Far Detector:
— Start construction: Jan 2012

— 1 block ready by start of
shutdown

— 50% detector by end of
shutdown

— Complete by early 2014
* Near Detectro:

— Cavern excavation during
shutdown

— Prototype in operation at
FNAL on the surface

__ ©2011 Boogle - Imagesy @201 TerraMetrics. Map data @014 Eurds
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T2K New v, Disappearance Result: Measuring Am,,2% o

A selected single-ring Li-like event

Super-Kamiokande IV

------

See K. Okumura
Talk yesterday

Observe 31 events for single-ring muon-like

— (104 events expected w/o osc.)
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FD Events/GeV

v, and Vu Charged Current Events
using neutrino or antineutrino mode running
(magnetized target = muon sign)
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New MINOS v, and v,
Disappearance Results

[ I L T 1 ]

- MINOS Far Detector
>300:— —¢$— Far detector data __
(o)) B vu —— No oscillations ]
Q) i Best oscillation fit |
;200 B |:| NC background —
o i
G>J i
1y 100f

0
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Reconstructed neutrino energy (GeV)

—
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c | 4
(@] | ]
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S L .
S 1
U) —— i
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_9 05? —4— Far detector data ]
(@) Best oscillation fit
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Stats. only decoherence fit
oC e

=24 6 8 10
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Am®> =232%07 %107 eV?
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A m?[eV?]

Good agreement for T2K and MINOS
neutrino measurements

Comparisons of Am? Measurements

MINOS v and v measurements only
consistent at the 2% conf. level.

x10” <
——— T2K 1.43x10°°POT (W/ syst. error fitting), 90% CL T R L P L L L I 0' T
--------- T2K 1.43x10?°POT (w/o syst. error fitting), 90% CL % 6 I m:mgg fu gg:;" — m:mgg Vi (9330; ° 7
| ——— MINOS 7.25x10%’POT, 90% CL 7 ™ - . Best v ;Tt ° i . Best v ;Tt ° ]
[T ——— Super-K Zenith (preliminary, Neutrino2010), 90% CL n -] - K 20 s 20 —
L — Super-KL/E (preliminary, Neutrino2010), 90% CL . A 5__ 1.71x 107 POT 7.24x 107 POT
L NE B ]
— E : t
L S 3;
i SV
B | g 2 I N R S B
0.8 — 05 06 07 08 09

sin®(20) and sin*(20)

e Questions:

— |s there a real difference for the v and v Amz2 values?
(CPT invariance demands them to be the same.)

— Is the sin?26,, mixing angle maximal? If so, why?
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Events/MeV

MicroBooNE can resolve Low-E Excess

« MicroBooNE can separate events as to outgoing electrons or

photons

— Therefore, can determine what the excess is due to

« Backgrounds are very different

— Much better sensitivity for electrons than photons - but either ok

Low-E Excess is electrons

Stacked backgrounds:

K
Ve

vi

A— N'I’
other

Low-E excess

ECF (MeV)

Events/MeV

07 Low-E Excess is photons

K
vK
Ve

A— N;
other
Low-E excess

Stacked backgrounds:

1500 2000
EX* (MeV)
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CERN Low Energy (~1GeV) Two Detector o
Experiment (C. Rubbia)

CERN-SPSC/99-26 SEARCH FOR v,, — v OSCILLATION
SPSC/P311 AT THE CERN PS
August 30, 1999 .';\\,\.\“\

T T T TTTTd Il : T T mTTT Il__
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OPERA and ICARUS: v_ Appearance Search

2
CE R.JJ“ 9 eé
a 130 7

GRAN SASSO

« Uses 400 GeV protons to N n ”
produce neutrino beam (E,) = o4
17 GeV "

- (E,) above threshold to ‘

04

produce 1 leptons from v, |

* (L/E) = 43 so oscillation o I
probability for Am2_, is small

atm 1 10 100 1000 10°

L/E

VoV,




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

emulsion “grains”

7

track segment

~15 grains/50 pm

decay “kink”

>25 mrad

Pb ES Pb ES GBXN 2 1 mrad

1 mm

- PA o,~0.21 pm
50 200 50 (Mm)

» 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”

7 ot ~15 grains/50 pm

track segment / Ve

- l\'\(

' Ve, Vyu
7’

e, h

decay “kink”
>25 mrad

.........

200 um

» Expect about 15 v_ events in 5 years



