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Identical Solar Twins:

Ve
vy UV .
. g flavor eigenstates
_— Ve
7

. ” mass eigenstates
L2
\ 1
01/10/2015
Kinematical Phase: dm?2 = 8.0 x 10~ 5eV2
sin 65 = 0.31
sm2 L -5 2 - 11
P A— o=~ 8x10 -V . 1.hx10° m
Ao 4E 1.27 0.1=10 M eV
A ~ 107+
Effectively Incoherent !!!
01/10/2015
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Vacuum v, Survival Probability:

(Pec) = frcos?fg + fosin® b

where f1 and fa are the fraction of 11 and 12 at production.

n ¢ . i S oa
In vacuum f; = cos? s and fo = sin” .

Note energy independence

. , o O mon
(P..) = cos*Og +sin* 0, =1 — ;1_)'5111“ 20..

for pp and "Be this is approximately THE ANSWER.

f1 ~ 69% and fo ~ 31% and (P..) ~ 0.6

01/1012015
pp and "Be
/1 " ) - (;/
" vy oy f1 ~ 69%
o
/1 . RPN
o 1 ]{2 ~ 3 ]%/
\n 17
(P.e) =~ 0.6
fa= sin® B3 < 4%
01/10/2015
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) ](2 ~ 90(/,
V2 f1 ~ 10%

() = sin® 6 + ficos20 ~ sin? 0. =0.31

Wow!!! How did that happen???

energy dependence!!!

01/10/2015

What about *B ?
SNO's CC/NC

----- o 68 CL.

—— oL 68%,95%.99% CL

§,, 0 10°em? s

CCv+d—e +p+p

JF. I 4o 8% CL.

T I e sewcL
1 DO ¢a° 8% CL.
il o ss%cL

NC:ve+d—-ve+p+n

25 3 3.2
o, (x lﬂiem‘: )

ES: vop+e” = ugte”
CC — (Poe) = f1cos26g + fasin g
% = (% —sin? 6 / cos 26,

= (0.35—-0.31)/04 =10 £ 77?%

01/10/2015
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MSW

Neutrino Spectrum in Sun
T T T i

Coherent Forward
Scattering:

e v,
VOV
- W “

m? (107% ev?)

25 T

v e,p.n 5
z [
w epn
o ks
o

|

Wolfenstein ‘78

MATTER EFFECTS
CHANGE THE NEUTRINO
MASSES AND MIXINGS

01/10/2015

%5 100 i25 150
pY, (E,/10MeV) (g.cm™)

'
25 50

Mikheyev + Smirnov Resonance WIN ‘85

Neutrino Evolution:

ot

in the mass eigenstate basis
= Vl
Vy
" 4

¥ .2
s 1t ms, 1
H=@p+Bm] + 4
s

»

01/10/2015

(

—i2y = Hy

sy v+ m% 0
N 0 \/11'3 + m:j

B — \,-"/J"' + m?
—om? 0
0 om?

S92 2 2
om* =mz—mi >0
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in the flavor basis

v —Uvand H - UHU'
where v = ( j:, ) and U7 = ( _U.:;?H :(1:2 )

and therefore in flavor basis

(&1

H— sm2 [ —cos20. sin26
4B sin 26.. cos 26

. E, 0 sm? [ —cos20g  sin 20
o E THAE sin20p  cos26
2 / mass Sl 2Vg €08 2Ve flavor

01/10/2015

Coherent Forward
Scatte ring: dimensions [GpN.] = M~2L~*= M

e 2 +v2GEN, Gee

N, is number density of electrons

+(-) for neutrinos (anti-neutrinos)

Wolfenstein ‘78

v, e,p,n .
= P Same for all active flavors,
Z therefore overall phases

v, ep,n

Q

+V2GpN. 0\ _ GpN¢p il +v2GpN, 0
0 0 4: 2 0 — V'QG N,

01/10/2015
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Including Matter Effects in the Flavor Basis:
" —dm2 cos 20, + 2/2GpN.E, dm? sin 26,
Hflui’ur 1E,

dm? sin 26 dm?cos 20, — 2/2GpN.E,

Diagonalize by identifying with

—dm3,; cos 20N dm3; sin 20N

Hf’ — 1 i . 5 :
avor al ~ - " N - - N
4E, (5;1177\. sin QH_‘:\ 0 m.—j\, COS 2H;}

Masses and Mixings in MATTER: §/12%, and 67

. A AN - 9 - o oy aT
(‘)mi; cos 21"7'_.‘}_ = o0m“cos26, —2Vv2GpN.E,

= 2 . AaaN [
Omiy sin 2."7‘;}_ = O0m” sin 26,

Notice:
(l%lﬁgggfg)le zero when dm? cos 26, = 2v/2GrN.E,

(2) the invariance of the product dm?sin 24,

)

v, disappearance in Loooong Block of Lead:

i \ i o B
1 — Py, — v.) =sin® 20N sin“ Ay

.
dmz L
AN = —IF

same form as vacuum

01/10/2015
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The Solution:
L ———— e

dmi, = \/ dm2cos 20, — 2v/2Gp N E,

+ (dm2sin 26, )2

2 aN . &9 2 s 20~ —2 /5(_‘7\' N.E,)
sin 9\ = % (1 _ (dm”co ‘_Srn"-{: FNe ;.))

pp and “Be

Quasi-Vacuum: 2v/2GpNE, < dm?cos 20

-~ 9 - I - AT .

omy = om? and (7'\ 9;3-;.

Resonance (Mikheyev 4+ Smirnov '85): 2V2GpNE, = ém? cos 26..
dm3, = dm?sin 20, and 6N = 7 /4

Matter Dominated: 2v2GpN.E, > dm? cos 26,

°B

01/10/2015

ovi02015  dm% — 2/2GpN.E, and 8N — 7/2
Life of a Boron-8 Solar Neutrino:
Ve =2 179 In Vac
for 5B Once a 2 always a 5! : va s W
o ® @ o ®
~ 2 e - I @ . L
- EEEE TS TR ———  ——
atbirth  toddler teenager adult senior
Solar Center N
Exit Core Exit Sun
Vel Vi Ve
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In Vacuum

] sin® 0. = 0.31 &+ 0.03

— T T T T T
q?, 20 [ mzm /ﬁ:
=]
= 10f: m?2 J
_E’ NEI MS-resonance 1m
o o] 0 [ h
E 1 | I | 1 1 11 ! ! 1 1 ! | I ! | ! ! ! ! ! | 1 ! ! | !
08 -
Zz !
Ng :0'6 § fraction of v, in v, |
£ 04 b ]
@ | Ly
b 0_2 | - { | ! 1 | - 1 | - 1 | | 1 | ! | 1 |
= 6 [
= Op
- 4 -
g (x 0.01) o
s B
= 2il'Be
= 0
0 02 04 06 038 1 1.2

_ -3
Y, pE, (kg em™ MeV)

01/10/2015

] Whereas for B

at center of Sun

dm2 =8.0+0.4x 1075 eV?

om3 =14 x 1075 eV*
14 sin” 0 = 0.91

Mass Eigenstate Purity:

(f2) (%)

(f1) (%)
vac 69 + 3
PP 67 + 4
"Be 63 + 4
5B 9F2

2 AT .9 AN
fi =cos?8Y and f = sin” 6%

vac pp "Be

31 e 8
335 4
37 =4

91 £+ 2

#B: 1 fraction (%)

hmf (10 eV

quasi-vacuum

5F (@ O es%cL
E W 5% cL ]

sin’8

matter dominated

(P..) = f1cos? 0 + fasin B

"B

> ‘F\TC E 1%

g2 =1‘u.-1-‘1', +~l'llllH_

01/10/2015

.. 2
= sin” 6.

E L ! 1
01 02 o3 04 os

01/10/2015



Borexino results (2012)

) g
E - — Fit: y'/NDF = 55/60
108 |—"Be: 45%%3 cpd/100 tons|
2 E- TSRi+CNO: 202 cpd/100 tons
- C — "gr; 29%4 opd/100 tons
L B S—} -
2 10 b Ci 24%1 cupsdfloc tons
== ! T T
o F
i o
= 1 E
-
- L 0.6
i Ll o z
Pl 173
g 10 l_[ ]
8 R i s UED o ok 04
200 400 600 800 10005
g
Ener ke
oy [ke'3 MSW-LMA prediction
02 |l @ SNOdata ]
® Borexino data
® prediction for pp solar neutrinos
0.0 — — :
0.1 1 10
Neutrino Energy [MeV]
01/10/2015

Solar Pair Mass Hierarchy:

Ve Vymo vrm
sin® @ sin? 4.
D2 — E— 2 .
s Amém
3| 1 | — E—
5
0. <7/4 0. > ’:T/—l

Who cares ?
SNO does !l

Fractional Flavor Content

for neutrine in matter
O = b,

(P..) = cos? Y cos? O + sin® 6N sin® ;, = 1 4 L cos 20Y cos 26, /2GpN.E, ))

if e <= Tl“/"—L
{ o) = gili®

if 8 > /4
lrj.. = %tl—}—(_w_»s‘."'__’()_ ) > 1

53 2
(O] &

onoNO: (Pee)day = 0.347 £+ 0.038

Solar Hierarchy
Determined !!!

01/10/2015
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Solar matter effects put more

sin 4. of the neutrino into 5.
- =

) This raises the survival probability
501
| — — above vacuum value since 5 has more v,.
But the minimum of P.. in vacuum is 1/2.
£ z matter vac D
oy e For this hierarchy P." = Pt 143

But PSNO = 0.347 4 0.038 < 1/2

This solar hierarchy EXCLUDED !!!.

01/10/2015

Day/Night Asymmetry:

om?=

sin? 0o — sin® Oy = sin? Oz + Lsin?26 5 ( 2 3) in the earth.

Amplitude fit separate D, N:[;
Am Am (D-N)/((D+N)/2)
SK-l | -2.0+18+1.0% |-19+17+1.0% | -2.142.0+1.3% |'
SKl | -44+38+1.0% [ -44+36+10% | -55+42+37%
‘| Sk | -42427+07% | -38+426+07% | -59+3.2+1.3%
SKIV | -36+1.6+06% |-33+15+06% | -40+18+]14% |
comb| -3.341.0£0.5% |-3.141.0£0.5%] -4.1¢1.2+¢0.8% |-
ey 3.00 280 280

ionit

A=2(D-N)/(D+N) expected to be few %

Spectral Distortion:

A characteristic of matter effects is that

the Fraction of 1/, is energy dependent . LI AR PR N RS EEES
08 | — :

)
Smaller at smaller E. % os // —
04k ]
Implies an increase in P.. near threshold. 02 I

01/10/2015

01/10/2015
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2055 T T T 7T

045} + ++++++

04F

0'352m:rn:>-z-lon.|—>u
WL CO23WO00UW
ShLsq€sz>22gw0oz0

The neutrinos definitely come from the Sun, expected seasonal

variation, no spectral distorsion and no significant day-night

asymmetry
01/10/2015

Summary:

The low energy pp and "Be Solar Neutrinos exit the sun as
two thirds 11 and one third 2 due to (quasi-) vacuum oscillations.

fi =65+£2%, fo =35 F 2% with P.. = 0.56

The high energy ®B Solar Neutrinos exit the sun as
"PURE" 11, mass eigenstates due to matter effects.

fo =914 2% and f, = 9 F 2% with P.. = 0.35.

csin? 6.
o - — dm2 =8.0+0.4 x 10~ %V?

1 I —— sin? 6, = 0.310 + 0.026

at 68% CL
Vel Vu Vrm

e
01/10/2015

01/10/2015
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Testing solar neutrino oscillations with reactors

. . 9 . 2
| — P(v, — v,) = sin” 20 sin“ A

10° eV?
5 10°m = 100 km

om~ L
A = 4F

1 MeV

01/10/2015
Reactor Neutrinos
I E%)::;'.- _ 5 ‘ ; Russia=~— /! | 607

L& T s TN .S .
North America’ . % e [ i | =
i i ¢ LR o LN
iy i ey o .-'o- At Asia ,."'

L SCE

- 'y 1 =T ) N R
; e £
T Sr—icc Africa’ ) . - 15
I ot e * East Asia I
; West Asia L
I Sémh America I -15°
; -30°
45
I ! mmmmnrm-mmz,ngml
240° 270 3007 330 o a0 60° a0 120° 150"
01/10/2015

01/10/2015
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Reactor Neutrinos

01/10/2015

Reactor Neutrinos

KamLAND Detector

© detector location: old Kamiokande site

uid scintillator
: B0% (dodecane) + 20% (pseudocumene)
+1.52 g/ PPO
: housed in spherical plastic balloon

photocathode coverage : 22% < 34%
energy resolution at 1 MeV : 7.3% 2 6.3%

water Cerenkov outer detector

01/10/2015

01/10/2015
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Kamioka Liquid Antineutrino Detector

Kevlar ropes

Balloon

Phototubes .| Liquid scintillator

Prompt signal Delayed signal
0 5~EMeV 22Mev

3 -
time bﬁ»

=
Tagy s

i, it

h
r

Balloon 13m¢

01/10/2015 Ee —I_ p H €_|_ _|_ n

expected no-oscillation neutrino event rate at KamLAND

15

H

no-osc ¥, {eventsh

]

[ 4
L4 )
o 6 MIC\" prompt ®  KamLAND data
12 analysis |]\reshaldl ——  best-fit oscillation
L best-fit decay
i = best-fit decoherence
2 osl |
]
e -
0.6
0.4
Fr
02— l ! L L
E 10 10° 0 10* 10
o I.':‘Il.} — ISIU' — '4:]' — ISIU — Ibltll — I','Iul — ISU Distance to Reactor (m)
01/10/2015 LﬂJE;_ (km/MeV) 180 km
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Summary:

The low energy pp and "Be Solar Neutrinos exit the sun as
two thirds 11 and one third 12 due to (quasi-) vacuum oscillations.

f1=65+2%, fo = 35F 2% with P._ = 0.56

The high energy "B Solar Neutrinos exit the sun as
"PURE" 15 mass eigenstates due to matter effects.

fa=9142% and f; = 9F 2% with P.. = (.35.

;sin?8,,
L, 2 . — dm2 = 8.0+ 0.4 x 107212
Am;al -
: .2 - -
| sin?f. = 0.310 + 0.026
at 68% CL
Vel Yu Y
01/10/2015 SNO, KamLAND, SK/K, GNO/Gallex, SAGE, Cl

The LSND experiment

e The only short distance signal for oscillation: L = 30 m with (E,;) ~ 30 MeV;

e Used the proton beam of Los Alamos. Same production chain as in ATM:

o107

p+target— nt + X, :

- L
nt—ut + Vi, 3

{
enfe
I KARMEN2 {
.”+ - €+ + Vet Vi <> Feb. 1997 Mar 2000 é\‘
¢ observed v, — Vv, with probability (7.,) = (0.26+ i | T -
0.07 £0.05)%

e Karmen which searched for the same signal and 07} .
did not observe oscillations. '

2
1o

Am(fﬁfﬁ)?or? 0.2eV2 (>> Am%TM > Am%OL)

01/10/2015
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Events / MeV

Low E region

Excess of events at low e JE’
128.8 +20.4+38.3 (1 4

MiniBooNE Neutrinos

J1; PRL 102 (2009) 101802]

475MeV < E < 3GeV

i Syst £

(6.3 stat.)

Excess Events / MeV

T I

- bestit v, e

data - expected background 1

Sif2e=0.004, A ni'=1.0eV2
sinf28=0.2 A nP=0.1eV?

1

[ LsnD 90% CL
] LsnND 99% CL
=-== KARMEN2 90% CL
— 68%

— 90%

[ EERT:

— 95%
— 99%

Jtwo neutrino oscillations over full
"marginally compatible" with data: chi2/dof = 13.2/6.8

spectrum is

O (Gev

L.

Phys. Rev. Lett. 110, 161801 (2013)

01/10/2015

Low-Energy Anomaly!

Ll \ ‘\hu
vkt

— V.
0.7
% 0025,
Sos 4 MiniBooNE 7.
[ 0.020 e LSNDV,
'E ~ m MiniRaoNE v,
I.Ig.l 04 ? o012 == v, or v, 3+2 best fit
sl = = v, or v, 2v best fit
=
o2 & oow L
E ]
01 § 0.005)
o
0.000| l T -
Low E region -o00k - m 1= S -
200-475 MeV - LB, tmeters i) - -
e , (meters/Me
'Dh.z 04 0.6 uE U 12 14 1.5 wu MU uLIn v
EX (Gev) |:
2 ol |
Phys. Rev. Lett. 110, 161801 (2013) 10 . R
10 10~

MiniBooNE Antineutrinos

[PRL 103 (2009) 111801; PRL 105 (2010) 181801]

- _

Similar L/E but different L and E = Oscillations!

01/10/2015

01/10/2015
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With 3 different Am? 4 light neutrinos needed!

4th v: cannot be active — must be sterile. Mixing matrix: 6 6;;,
3 Dirac-type 7 phases. But: simplifications occur — only

two possible type of schemes: 2+2 and 3+1

4-neutrino mass schemes:

m;

(2+2) (3+1)
— —————
am;m
— )
LY.
A
—
L\.'H:”n
7, E—— S—
01/10/2015 Vo Yu
Nu Standard Model:
01/10/2015

01/10/2015
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The v Standard Model

e 3 light (m; <1 eV) Majorana Neutrinos:
= only 2 §m?

[6m2,,,] ~ 2.5 x 107% eV? and dm? ;,, ~ +8.0 x 107" eV?

solar

e Only Active flavors (no steriles):
e, [t T

e Unitary Mixing Matrix:
3 angles (612, 623, 613), 1 Dirac phase (),

2 Majorana phases (v, ag)
01/10/2015

(n > n) unitary mixing matrix U = n° real parameters:

nin—1)
2

nin+1)
2

mixing angles, phases

In Dirac v case: n+ (n—1)=2n — 1 phases unphysical — can be absorbed
into redefinition of charged lepton and neutrino fields. Number of physical
phases:

n(n;— 1 (2n—1) = (n— 1){)(7?- —2)

In Majorana case — only n phases can be absorbed (redefinition
of v fields not possible) = In addition to Dirac-type phases there are
(n —1) physical Majorana-type phases.

01/10/2015

01/10/2015
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\ — T7 14,0
|'UCJ.- [ flavor — U [a %) ‘V'z,f mass:

Atmos. L/E p— 7 Atmos. L/E p+— e Solar L/E e — p,7  [330r decay
500km/GeV |1 5km/MeV
1 c13 s13e7% c12 S12 1
Co3  Sa3 1 —512 €12 et
—s93  Co3 — 5136 ci3 1 et
In oscillation phenomena,
the phases cva, a3 are unobservable (U, U3;)
and also the value of ;. is irrelevant ('rim")
- o —1d
€13C12 s €13512 5 S13€
. - . i . . i .
= —C23512 — S13523C12€ €23C12 — S13523512€ 13523
- - i S ) .
23512 — S13C23C12€ —S23C12 — S13€23512€ €13C23
01/10/2015
(12)-Sector:
el Vu Vrm
?;‘, s s ey
= e | | —] 4| ]
% sindyy iy
4| s —
é sin’ By .
g L (| 2 — ) s A
| amiy n” g
= —— a =]
NORMAL s INVERTED
Fractional Flavor Content
(12) Parameters: SNO, KamLAND, SK
6111%1 = +8.0+0.8 x 1077 ¢V?
. 2 =
0.25 < sin“ #12 < 0.37
sin? 6,2 > L excluded at > 5 o!
sign of m3,; determined at this C.L.
01/10/2015 2

01/10/2015
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(23)-Sector:

Vel Vi Vi
- . sin‘Bay = sin‘6yy =
= SN . . sin'y: 2
7 31 e 2 T—
@ sin‘6yy Amiy 23
El s | e
<
2 sin"61z .
. 2 273 Am?
£ || > — o
2 Ay . sin’ézs ‘
“ | 31 —
13 2 13
: . sin’6, ;
NORMAL INVERTED
Fractional Flavor Content varying sin’6»s
(23) Parameters: SK, K2K
.92 ‘ — r2
|om3y) = 1.5 — 3.4 x 1073 eV
e ) y
0.36 < sin” fog < 0.64
(obtained from sin® 2099 > 0.91)
01/10/2015
(13)-Sector:
Vel  Vu Vrl
-_-;: S!"\:ﬂu coséd =l ;;Ir,:ﬂy sinth cosd ';
= & E— - e
"f sin’ Ay 1
2 sy | I .
2 R ingh3
2 'y iy i 2
£ L p| > — ~— A0
3 e sin'ey
2 | I | | —
) sindyy L sty =
NORMAL - INVERTED
Fractional Flavor Content varying cos & . -
CPT: 4 & —4 Invariant!

P(V(: g V(,) =1 —4‘U(.| |2|Ug2|2$in2 Ag] —4|U51|2|D‘g3

2 :\'il‘l2 Aj] —4|U[;2|2‘U95|2.‘ii]11A53

P(Vt‘ — Ve)

01/10/2015

m_% — nﬁ = (m§ — m%) + (m% — mf)

Vi « 2 . 2 « 2 « 2
~ | —cos® 835in% 20,2 sin” Ay; — sin® 26,3 sin” Azs

01/10/2015
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P(Ve — V) & —4U Uy 1 UpUya sin® Agy +4U5U 5 sin” A
= sin’(2843) sin?(28,5 ) sin?( A4, )

¢ T2K: 2.5 c over bkg

0.03 < g +0.038
0.04 < sin®(2013) = 0.1407 39

for NH
for IH

¢ Minos: 1.7 o over bkg

0 <Sin?20,,<0.12 @ 90%C.L. NH

01/10/2015

March 8, 2012, Daya Bay (electron antineutrino disaprearance)

®
-4
=

Observed: 9901 neutrinos at far site
Prediction: 10530 neutrinos if no os

600

Entries / 0.25MeV

400

* Double Chooz
— sin220,,=0.109+0.03(stat)+0.025(sys)
— zero is excluded at 99.9% (3.10)

* Daya Bay

— R=0.944 + 0.007 (stat) + 0.003 (syst)

5 10 -
— 5in220,, = 0.089 * 0.010 (stat) + 0.005 (sys) -OOS(Syst) e o
« RENO

pectral distortion
‘onsi ith oscillati
— R=0.920 £ 0.009(stat) + 0.014(syst) (4.90) —rrent IR osclation

o1mo/seng’20 ;= 0.113x0.013(stat)+0.019(sys)

22
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)
What's to be done ...

Vel VH V:
L9 cos d = . i cosd =
sin” 63 1 sin” kinby 1
| m— 2 ~—
sin’ 63 Am._fcl 1
Am,, |

g SHEE
sm3613 bu}glj 5
, | — Aty
An]gOl _l Si.l].2 313 1
| I % L

sing§ ! - I -1

1 S 913

NORMAL INVERTED
01/10/2015

We determined that m(K,) > m(Ks) by
Passing kaons through matter (regenerator)

*Beating the unknown sign[m(K, ) -m(K)] against the known
sign[reg. ampl.]
We will determine the sign(Am?;,) by

*Passing neutrinos through matter (Earth)

*Beating the unknown sign(Am>,,) against the known
sign[forward v,e — v e ampl]

2w

1.69 10% em®
L~ e o)

01/10/2015 Fitg

~ 1.16 10* km (
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pﬁ :How we are going to do it ?

Accelerator experiments

P target homn

2 -
2 Amy, L - ]
J + . J+

. 3 .2 .
P,, =sin”20,;sin"26,; sin

v

» Appearance experiment v, v,

»>Measurement of v,—v, and v,—v, yields 5

Remember what happens in the quark sector !l

decay pipe absorber detector

,L/
- e

011012015
P _ 2 e 20 2.2 [ Ana D = Puhrw.-s
vevp(peby) = Sag Sl 13 sin —-5—2 =
2 2y . 2 A9 L —e solar
+ ¢33 sin” 260, sin (—13:—) = p**®*
. s DanBX AiglL.s. fawl inter
+J cos (:I:é o ) L2~ sin ( 24 ) == PN

(j = c13 sin 26013 sin 2605 sin 26053, AJ;J' S )

P(v, =7,)-P(v, = v,)=2cosfy35in26y35in26;, sin 26,3 5ind

xsin[Aman]sm[Amzﬂ . ]siu(AmlJl £ ]
4E ‘ 4E] \ 4E,

01/10/2015

01/10/2015
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The off axis idea

Medium energy beam

-

L at 730 km

= On-axis
= Off-axis 2.0° ‘
ar Off-axis 2.5° i
o i Off-axis 3.0°
>
=
B o il
I P
= E, GeV
5
]
= L
0 ) ; ===S% e 10 km
g 05 ¥ 15 2 25 3 35 4
Neutrino energy /GeV

B E ] "Off-axis"

150

100

ot L

o Exdals, |

o

2
01/10/2015

y
4 & & 10
E. GeV

What will we get ?

5 E[ [_I 1;5l ]qevl T 1 IL[ f_\ Ir")lglzfl lk[:[lH
L ~Cosd i
Py -
B2 i 1
EAY
a3
A L
[ C
s C
B 2 ]
A, L
v C
o an /e om? >0
- /sin® 20,, = 0.05
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Neutrino v Anti-Neutrino One Expt.

The NUMI Beamline 4/ o NOvA: E=23GeV and 1=810km
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in the overlap region

sin® 204
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exact along diagonal --- approximately true throughout the overlap region!!!
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Stisdy Using Electron neutrino signal events -
simulated ar - 2g events observed with expected sin®28,,
reconstructe 4.9 = 0.6 background = 90% C.L. Excluded il r, 14
23.125.3 signal events S 4 5 6
= "7 —— Normal hierarchy v)> %
Observed signal is a 54=35% — Inverted hierarchy
ent over the koL - .F=§ &m
y
Pushes best fit values to favor 5ot
excursions which enhance the neutrino
oscillation probability | o
- normal hierarchy e - ;
e S\ - Scp=3m2(-12) E 291‘}
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and to disfavor combinations which L s B '0'3
suppress the neutrino oscillation PRELIMINARY [
probability NN 14 corrcn

Goes in the opposite direction of the ~ Data corresponds to 10% of proposal
MINOs data — favors IH and 823 < 45° 100% of data -> 290 events

(pL) T2K.
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On March 2011 .... ArXiv 1101.2755

New reactor antineutrino spectra ha\
and 238U, increasing the mean flux b

This reevaluation applies to all reactt

Nobs/Nexp
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It means that for experiments at reactor-detector distances < 100 m the
ratio of observed event rate to predicted rate shifts

0.976 +£ 0.024 — 0.943 +0.023
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“The Reactor Antineutrino Anomaly,” Phys.
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Rev. D 83: 073006, 2011
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The Gallium Anomaly

Tests of the solar neutrino detectors GALLEX (Crl, Cr2) and SAGE (Cr, Ar)

sin2(26) = 0.50 Am? x2¢eV?

) { Experiment Type Channel Significance J
Signals at - = =
SBLL ] 1 LSND DAR b, — 7, CC 3.80
0 4:\1;; a? [l e MiniBooNE SBL accelerator v, = v, CC 340
—\.l_l s MiniBooNE  SBL accelerator | v, — v, CC 280 e)
s L
Al pomtng YFGATLEX/SAGE | Source - ¢ capture | v, disappearance 280
B: - Fhe 5_ame Reactors Beta-decay v, disappearance 3.0
¢ direction T = . pa— 10401]
. N. ijian et al. "Light Sterile Neutrinos: A Whitepaper”, arXiv:1204.5379 [hep-ph], (2012)

g*lr) =581 X 10 em” (LgGsg) = |Kea = U8B0+ U.uﬂ
o

] T 111 [SAGE. PRC T3 [2006) (45805, nucl-us /D512041)

Haxton: [Hata, Haxton, PLB 353 (1905) 422, nucl-th/9503017; Haxton, PLB 431 (1998) 110, nucl-th/9804011]

a(°1Cr) = 63.9 x 10 % cm? (1 + 0.106)

— | Rg, = 0767502

1o

|&(l{_ 104204 ri.w:. 2246, hep-ph /0B0M41E]
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