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Neutrino oscillation
results before 2011
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Neutrino Oscillation

Mixing angle
atm.-nu, acc.-nu acc.-nu, reactor (SBL). solar-nu, reactor (KamL.)
v ] 0 0 \f 0036’13 0 smHBe'l \( cosf, siné, O\/vl\

v, =10 co sin 6, 1 —sm‘ c:osﬁ12 Vv,

V. ) \0 -sm0, cos(923)\—sir16’13 0 cos@/\ 1/\1/3)

Mass differences

p

m? m
" - 1 |In 2012, discovery of surprisingly large 013
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i sin“ 2613 = 0.099 + 0.014
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Solar neutrinos

Nuclear fusion reaction

2o deep inside the Sun
4p>2He+2e*+2v,
(~6.6x10"°neutrinos/sec/cm?)
This reaction is actually realized
through pp-chain / CNO cycle.
e Measurement of the current
status in the center of the Sun
#%(27) * Study of
108 : %
+ox—) | . - a mechanism of the energy
& I£~18.5 millionK | - -
W o e | generation in the Sun
| R - a property of neutrinos




Neutrino Flux (cm=/sec/MeV)
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Solar neutrmo spectrum

(Bahcall B Garay -Serenelli 2008)
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Borexino




Observation in Borexino

Gran Sasso, Italy Neutrino-electron elastic scattering
Liquid scintillator: = =
270 t PC+PPO G.5g/) V+C v +@

in nylon vessel (R=4.25m)

2202 8"PMTs | @ Hjoh light yield

‘' with light guide cone :

- - lowering threshold
- good energy resolution

* No neutrino direction inf.
- hard to distinguish signal
and background...

Recent progress:

® Precise detector calibration
- reduce systematic error

* First results in pep and CNO

------------
-----
] -"




Result of ’Be solar neutrino

w/o Po subtraction

10  Fir /D = 141D38 7Be rate (E=862 keV line)
S — 'Be:4551 1.5 .
- R 34417 in 750 days of data

10 — 20B{-41 5+ 15

) P 2, I.
—r T 46.0 1.5 (stat) 12 (sys)
50, pep, CNO (Fixed counts/(day x 1o0t)

(total uncertainty is 4.7%)
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Neutrino oscillation analysis

1077 10-3
| All solar w/o BX All solar w/ BX
1074 10_4 g e
E)/ 107> | r\'@ 105
NE 10—6 r‘E' 10—6 EXCiugled by ‘BX
< | | < D/N asymmetry
1077] . 107 &
- Only Borexino |
1075 | P
- 5 _ 10
1073 1072 10~ 1 - .
tan”6 12 10 tan’0 12 10 tan*d 12

Confirm the current neutrino oscillation scenario

(MSW-LMA)
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Counts / (day x 100 tomn x 0.01 MeV)

Counts / (day x 100 ton x 0.01 MeV)

Result of pep and CNO neutrino

10 =
= spectrum of events in FV
B Spectrum after TFC veto
Egpeeemmmm— C rate = 27  cccccssssen ® *C rate = 2.5 pep rate:
L — pepvrate = 3.1 eeeecnnneen cggsv]éi:‘ig = 7.9
e =B3 rate = 55 ( -L. 6
Al 3.120.6(stat.)+0.3(sys.)

e Uy, count/day/1ooton
' | > (1.620.3) x 108 cm2 s
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o,
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------- First direct observation. (98%C.L.)
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0.8 1.0 1.2 1.4 1.6
Energy / Mev

10.: 1 1

CNO rate:
< 7.9 count/day/1ooton

—— > <77x108Ccm2 s
(95%C.L. upper limit)

Residual signal energy spectrum
e recoils from pep v

: Strongest constraint.
Tt ekl e a:
TN (feno< 1.4

1 l 1 1 1 l 1 1 1 l 1 1 1 l 1
1.0 1.2 1.4 1.6

Energy / MeV




V. survival Probability (Pee)

1C
o 0.9
L -
s o - pep
g 0.9:—
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8 'k Be
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S 0.5
1N -
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$ - e "B - 8SNO + SK
& 0.1 MSW-LMA Prediction
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Consistent with the current neutrino oscillation scenario




Super-Kamiokande
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Observation in Super-K

Kamioka Jap an Neutrino-electron elastic scattering
)

¥solar 3 V + e- — V _l_@

‘ T * Find solar direction
N g = A e Realtime measurements
=3 - day/night flux differences
- Seasonal variation

* Energy spectrum (-MeV)




'Total solar neutrino event

 SK-LILIILIV 3904 days
20000 i SIGNAL = 57721 events

! best fit: 0.451+0.007
S (SK rate/MC (unoscillated))

Events/bin

2
15000 "+
kmo45_IIIIIIIIIZI}IIIIIIIIIIII"IIIIIIIIIIIfﬁIIIIIIII;IZIIIIII
10000 | &0

5000 [ e about 19,000 events more than from pure ve -
 *small systematic uncertainty |
® rate is consistent between all the SK phases

e =

coso



V. survival Probability (Pee)
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v . Super-Kamiokande
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= = See this up-turn?
> 0.5 1
B oo.af
+ 0.3~ e “Be - Borexino
- = ep - Borexino
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& 0.1 MSW-LMA Prediction
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Consistent with the current neutrino oscillation scenario




Recoil electron spectrum
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Day/Night variation

Night

SK,

l sun

Day/Night Asymmetry
ADN=2(¢pD-¢N)/ (PpD T ¢N)

earth 2-4% eflect in the
current neutrino
oscillation scenario

~N

© ~0O0 0 0 -
© OO0 OO0V OO0 O
O-=_2NOO—=2N 00N 00N

-
o
N

E
0.98F .
-1 -0.8-0.6-04-0.2 0 02040
from Phys.Rev. D69 011104 (2004): Am2,°=6.3-107eV?

Ly
6 0.
coso,

Results
- D/N amplitude e
method

SK-I -2.0x£1.7£1.0% | -2.1£2.0+1.3%
SK-II -4.3£3.8+1.0% | -6.3£4.2+3.7%
SK-III -4.3+2.720.7% | -5.9%£3.4+1.3%
SK-IV -2.811.9%20.7% | -5.2%£2.3+1.4%
SK comb. | -2.8%1.1%0.5% | -4.0£1.3£0.8%

Day-Night asymmetry
consistent with zero at. 2.3 0

s 1 Some hint to see a direct MSW effect?




AX2

Sin*(045)

N eutrmo oscﬂlatlon analysis

8 30
6 \ | | -
= - = " e 1 . +0.017
e 020 P e e Sln2913=0.030 -0.015
1(1“HH‘\HHHH‘\HHHH
= Sin%(0,,)=0.3049%%8 | Solar+Kamland
Sin%(®,5)=0.03135% f‘s \ /
S e 1l Cons1stent with SBL
Sin%(0:,)= 0.30533 1l reactor experiments
Sin®(©,,)=0.030"381Z |
~(0.025)
01 B . \\ _|
I Comblned\‘ Solar
data
KamLANDY |
0o L Daya Bay/Renot|. e e 3

0.0 0.1 0.2 0.3 0.4 052 46 8

Sin*(4,) Ay



N WHALO100N0O

sin*(@,,)=0.309+3949 Am21 (7.49* g%;) 10°eV?
' sin*(@,,)=0.310%4414 Am21 (4.86*144) 10°eV?
Sin*(©,,)=0.304+0.013  Am3,=(7.44+339) 10”eV?

G 613) .

N eutrmo oscﬂlatlon ana1y51s

sin® 015, = 0.304 + 0.013
Amgl = 7.44t8;§8 x 10~°eV?
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Atmospheric neutrinos

® Very long baseline (in matter)
® Wide energy range
®2 flavors ( vu and ve)

@ Cost free...

v/ v, / : L=13000km
b/ , He ...




Observation in Super-K

Kamioka Jap an Charged Current Quasi Elastic scattering
9
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2-flavor analysis update

Sub-GaV a-like 1-doy &

Sub-Gav a-like O-doy &

T T 1w FE - - T
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| SK all data during
N T | |phase 1-4 (3903 days)

I:I 1 1 1 1 1 r n - | r n r 0 1 1 L L 1 1 L L 1 I:I L 1 1 1 1

S00 1000 -1 i} 1 -1 i} 1

lepton momentum (Mel) cos zenith cos zenith



Number of Events

1000}

2-flavor analysis update

SK-I+lI+lI+1V, 3903 Days

500 .
Sub-GeV e-like
D . . . | . . . .
-1 0 1
600 '
400 | .

200

Multi-GeV e-like
-1 0 1

cos zenith

11000 | 1

| Eﬂ'ﬂ _ﬁlr_l N

——

[ Prediction

[ SK Data
LL _} \'J'l.'

Sub-GeV p-like
-1 0 1

“"'51%

Multi-GeV p1-like + PC
-1 0 1

cos zenith

-01{__\ | | | | | | | | I | | | I | | | I | | | | | | | | | _‘t
- 2-Fl .
0.009— SKA I -
- Allowed Region .
0.008}- 68% C.L. —
— E 90% C.L. E
g, 0.007 .
(1)) B ]
~ 0.006|- —
~ N - .
£ 0.005- —
<] u ]
0.004| —
0.003F =
0'002;_ | | | | @
0.84 086 088 0.9 092 094 096 098 1
. 2
sin 2923
Red: SK-I+II+III+1IV Best Fit
Oscillations
Am223 — 2.30 x 107 eV?
sin’ 2923 — 0.99

Blue: No Oscillations Prediction




2-flavor L./E analysis update

— -2
.s 1.8 E—— 10 , .
® 16 Oscillatio
§ 14k Decoherenc§
212
g 1hy
C " :
% 0.6 : — 99% C.L.
o 0.4¢ — 90%C.L.
& 0.2 : — 68% Cl_
3 : 3
o 0 aaaaal sl e aaaaal e aaaaul 10 1 1
2 3 4
(] 1 10 10 10 10 0.7 0.8 0.9 1
L/E (km/GeV) (SK 1+2+3+4) sinZ20
Neutrino decay 2 v oscillation result
x2. =187.8/169(4.00) sin” 260 =1.00(= 0.93(90%CL))
<ﬁ> 2 +0.27 -3 2
Neutrino decoherence Am” = (2-5 -0.27 ) x10~ eV

x> =194.8/169(4.80) xo. =171.7/169



cos®v

3-flavor analysis

Non-zero 013 makes sub-leading eftect appear

sin” 26, = 0 sin’26,,=0.05 |  sin’26,=0.1

P(v, = v,) P(vu >V,) P(Vu -V,
sin’0,,=0.5, sin’26,,=0.05, solar on sin0,,=0.5, sin’26,,=0.1, solar on

C 2 200 o
0 sin8,,=0.5, sin"20,,=0, solar on

Ev (GeV) Ev (GeV) Ev (GeV)

Region of interest : up-going (cos®<-0.4) , multi-GeV(2-12GeV)



3-flavor analysis with
reactor constraint (sin;5=0.25)
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Oscillation results

0.004 —— ———
é Normal hierarchy Inverted hierarchy -
0.01 7 0.01 A SK1-4 3v
(02 | T sin20
SIN“023 N.H. 23 LH. . ,
0.008 . i N ) RS
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V; appearance?

~r _(}_ 3 multi ring
oot -: I
& | . /
c R - .
= 200} - o’ <= =+
w E ; N
§ - [ L decay-e
100F O -
at . .
- Up-going : Corresponding T events of
- . +17.8
a0l & ] 180.1x44.3(stat)”,s,(sys)
so0} { |3.80 deviation from
) 1 | “no v; appearance”
200} OO« EH
“ :O-< ‘
Non-tau Like : . Down-going
005 "0 05 0=0"02"04 06 08 1

cos(B) NN output









MINOS (2005~2012)

— Standard MC
—— Horn Off MC
—— High Energy MC

True Energy (GeV)

* 3GeV vy beam from FINAL

W 120GeV MI

- 10.7 x 102° POT for vy

- 3.4 x 102° POT for anti-vy
* magnetized iron-scintillator
tracker at 5.4kt (far) / 980t (near)
* event-by-event charge
discrimination

Recent progress:

e Both neutrino and anti-neutrino
beam data
 Atmospheric neutrino data




Results 1n beam and

atmospherlc neutrinos

600 p——mm 25— 80—
-V Neutrino beam ' 'V ‘Neutrino beam V Antineutrino beam
500" M b 1 L
> : MINOS PRELIMINARY { >20¢ = 601 _J’"
B 400 I ©
O —— MINOS Data O 5 1 10
& 300 —— No Oscillations : P> ' 40
- —— Best Fit Oscillations 1 <10} T | T
® 200 1 O ()
b & 5 Gi20f [ :
100} 5 [ 8 ig |
00 2 4 6 8 10 15 20 30 50 OO 5 10 15 20 30 50 OO 2 4 6 8 10 30 50
Reconstructed Energy (GeV) Reconstructed Energy (GeV) Reconstructed Energy (GeV)
AtTmas Ic,ont;a‘lned verte; ¥ AtmosI ;' uhduc;édlrock L ' 30/ At}nos contallhedY i/ertex V| 25¢ A]tn;(')sT vxlnrdluced rock 11
i [
m -
T 40
o ‘
> i ]
w | I
20} ;L
U 1 2 3 4 U 4 2 9 4 O 1 2 3 4 D 1 2 3
log, ( L[km]/E[GeV]) log_(L[km]/E [GeV]) log, (L[km]/E[GeV]) log, (L[km]/E [GeV])

y :



Oscillation contour for v

3.5

— MINOS 10.71x 10? POT( 2
+3.36 x 10°° POT (v,) + 37. 9 kton-years

& | — Super-K zenith angle
> 3} — SuperK L/E*
()) - — T2K**
2 I
(@) i
T 2.9¢
\ -
E o
< 2 5 *Neutrino 2010

- **PRD 85, 031103(R) (2012)
I I\/IINOS PRELII\/IINARY

90% C L

||||h|||

'0.8 085 0.9
sin°(20)

095

best fit parameters

Am? = 2.397090 x 10™%eV?
sin® (260) = 0.96704

sin® (26) > 0.90 at 90% C.L.



Oscillation contour for anti-v

c\|>4
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@ 3
-
= 2
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- — MINOS v, All Data SRS
- ---Super-Kv,* j
B —_—
i . -

~3.36 x 10°° POT, v,-mode
~10.71x 10%° POT, v,-mode

*arXiv: 1109 1621

- 37.9 kt- yrs. Atmospherlc EXp.

06 0.7 0.8 1

sin“(20)

0.9

best fit parameters
AT2| = 248702 x 10~ %)
sin? (2@) = 0.97f8:8§

sin” (260) > 0.83 at 90% C.L.



Oscillation contour

Neutrino vs Anti-Neutrino

0
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| | | | | | | | |
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O /
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OPERA (2008~

e Wide band vy, beam Go-30Gev)
Suis fﬁew N L) § from CERN 4OOG€V SPS

l--l-"-."I E h "i,-r-"...

YRS SURERS «2 M - <E>=17GeV
SRS 1.2 x 10’9 POl up to 2011

"u'["r Ona .

32kﬂmm ; & * Emulsion-Counter Hybrid

Genovi |
[ ] L
Bole lﬂrﬂ OPERA Detector ~150000 ECC Bricks = Weight ~1250 ton

: GranSasso Undergroud Lab, ltaly
’ San Marino
ovence  Monaco : : - e 5 e
e lIUDFH{J'4.1F”-- = o ' R ey |
Cannes . <\ e || ( T
Toulon i - ) ] .. [ -Ji i
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v; appearance search

Neutrino

V Oscillation V

L — T

<Ev>:17 GeV /‘
Negligible prompt v_ v. CC int

# of events for

Years Status q N Observed | Expected signal | Expected BG
€cay searcC
2008-2009 | Finished 2783 I e
2 .ﬁegtxm‘a’t dB G
20102011 | In analysis 1343 I oo% Ssgﬁdeﬁcy &
2012 Started desef =

Total 4126 ) T EE
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% Neutrino oscillation parameters are updated
Mass difterences Mixing angle
Am32, = 7.447920 5 107%eV?  32.7 < 012 < 34.3deg (sol.+kaml.)
Am32, = 2.661015 x 1073eV?  38.7 < 023 < 51.9deg (SK-atm.)
—2.39709% x 107%eV?  36.8 < 63 < 53.2deg (MINOS)

*¥ Notes:

v New solar neutrino results, pep and CNO, appeared. (Borexino)
v Hints of direct MSW effects? (SK-sol. D/N)

v Analysis for 9CP and NH/IH, need more statistics. (SK-atm.)
v Hints of v; appearance? (SK-atm., OPERA)

v Neutrino and anti-neutrino oscillation is consistent (MINOS)
v etc..
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Speed of neutrinos

To summarize S.Bertolucci @ Nu2012

m All experiments consistent with no measurable
deviation from the speed of light for neutrinos: MINOS measurement (Giles Barr)
m Borexino: at=27 1.2 (stat) = 3(sys) ns
m [CARUS: o&t=5.1x1.1(stat) £5.5(sys) ns
= LVD: ot = 2.9 = 0.6(stat) = 3(sys) ns which is consistent with v=c
= OPERA: ot=1.6=1.1(stat) [+ 6.1, -3.7](sys) ns

15 £ 11 (stat.) £ 29 (syst.) ns

m Very preliminary analyses, more refinements to be
expected soon

m A paradigmatic example of collaboration and
competition!

All are consistent with light speed




« ml Jetector calibration

assembly

7 CCD cameras; determine the
absolute source position <2cm

- Source insertion

umbilical cord

Q“‘\
P

movable arm

PMT radioactive source
i p o n
ol - - 222Rn loaded liqg. scint. _
dopant dissolved in small water vial e Am-Be
57Co 39Ce | 203Hg 85Sr 54Mn 657Zn 6oCo 40K 14C 214Bj 214Po n-p +11:C n+Fe
Energy =
(MeV) 0.122 | 0.a65 | 0.279 | o514 | 0,834 1.1 1.3 1.4 0.15 3.2 (7.6) 2.2 4.94 ~7.5
]

Y
clear tag from Bi-Po
fast coincidence




Implication on sola physms

§\1§HPI|( lo).
. HIGH-Met

LOW-Mect ( \(‘\'S“T‘N
1.1 /_\ ? santi 106

* Metallicity controversy

Fit to the available all solar )
- - i A\ ,
neutrino data leaving free fz. ""L | U \) \)\ ioh
OW i\ |
and fy (f=D/DESM) ) 09 “\‘\\_/ | )
L
Hard to discriminate e N~ S
) 9.73%C.L.
) 0.7- !
* Other solar neutrino sources 7 °* *_ ' M 1

Each solar neutrino flux can be calculated with

$ b . M.C.Gonzalez-Garcia, M.Martoni, J.Salvado
solar luminosity constraint. THEP osteorhors loor ol

+0.02

D, = (6.06-506)x107cm. 57 (f,, = 1.013)
D o < 1.3x109cm7257T (feng < 2.5) at 95%C. L.




Day/Night asymmetry in 'Be rate

¥ In the MSW scenario, the flux rate in Night should be

higher than Day because of the regeneration eftect.

¥ In the 7Be energy region, no eftect expected in MSW-LMA
region, but large in MSW-LOW region (-20%)).

Day (positive Sun altitude)

§ - 10’ -

210t} === 360.25 days

3 | M S N Night (negative Sun altitude)
240 === 380.63 days

S

055 06 065 0.7 0.75
MeV

—_—
II"II LI

| No significant effect was found
ER Lo :
: N-D
R ¥ P T T T TRt S T T P g Adn =
S (N+D)/2
=0.001x£0.012 (stat.) +0.007(sys.)




Three Fold Coincidence

¥ Veto using space-time correlation

W — 2usec
cylindrical veto
along its track

Neutron
production

Spherical cut
(r=xm) around y -
2hrs after w

Energy spectrum in FV

After TFC veto

2
r'Ar!]l

No !¢ subtraction

d
Q,

=

| IHTH:I B

Events /(20409 days x tons x 5 p.e.)

—
o

il HT”[

—k
T T

| l | |

| l | i | | | | | | | | 1 | | |
200 400 600 800 1000

Optimal compromise: 91%
rejection of “C keeping 48.5%
residual exposure

| I | | |
1200 1400




What’s new

* mistake in SK-III calculation of expected solar neutrino event rate :

best fit flux changes  2.32>2.40%106/(cm?'sec)
* First results from SK-IV (1069.3 days of data)

- Large statistics with lower backgrounds.

- Reduce systematic error (1.7% for flux)
2.1% (SK-T1I1)
- new electronics : 3.4% (SK-1)
- better timing determination
- better MC model of trigger eft.
- Lower threshold (-3.sMeV (kin.))

* Introduce multiple scattering goodness

~ Multiple scattering effect——

lower energy hit pattel‘ n

4/\<

more 1Sotropic
higher energy

T

- more forward g




Lower background

[event/day/kton @ 4.0-4.§MeV(kin.)}
A
| Achieve stable lov
& background level

- ” B
2007/ 2008/ 2010/ 2012/
01 10 01 03

Solar angular distribution
(3.5~4.0MeV(kin.))

Y T
E 7 ﬂ ++ | +H+ + +
Wikl

| SK-IlI |
’ TN ey Lo + >
we e |
0.02 *° f

% a5 o 05

Signél @-70 leve




Recolil electron spectrum

SK I/II/N/IV LMA Spectrum

o
o))

oscillation par’s ¥ 8y

*) §in%812=0.025 /(cm-sec)
sin%619=0.304 *), SK spec: 78.51 | 5.37-10°
Am?=7.41-10eV? | (global: 82.55) | (5.24-10°)
sin®019=0.314 *), SK spec: 75.76 | 5.48-10°
Am?=4.8-102eV? (elobal: 79.33) | (5.32-109)
flat probability SK spec 74.68 | 5.55-10°

— Iﬂat prob., do ratio | SK spec 74.10 | 5.53-10°

o
a
o

O
Ol
a

Data/MC (unoscillated)
o
o)
(o)}

o
&)
N

!

o
&)

0.48

s

0.46 hn._!_ =
0.44— . =
- '|' unoscillated shape =
= favored -1.1 to 1.9 0 5
04 | | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 L

4 6 8 10 12

14 16 18

psp=5.25X10°/(cm?sec) Phep=7.88%103/(cm?-sec)  Eunin MeV



Day/Night amplitude fits

as a function of Am?

SK-I/II/IIVIV Combine Day/Night Asymmetry

°\E 1Llll| ;??l;;l;llllllllllllllllllllllll]lll_l
=X . 2 — =
% oF sin20,,=0.314 |
£ - =
£ - =
> = R
7)) —
- —
L 3
Rl o :
Z B /
> =2 4
p _
(]
3 _
Best Fit Expected =
-4 1 Sigma Kamland |
1 Sigma Stat. + Sys. 1 Sigma Solar 7]
-5 | - | BES 3 l ) | I | DS I | l | I L1 1 I | I I i1 1 l | - l—[



Allowed oscillation parameter

region from Day/Night

5

L x10 / I AR A
c 18 -
o 17 1

KamLAND lo




1sin*(@,,)=0.309+3%43

Only Super-K solar

é 1AM, =(7.49°321)107eV*
o 1sin?(®,,)=0.339+3928
R 7 T|Am?,=(4.69%189)10°eV?
___|sin®(®,,)=0.822+322
s == e e - L s
S x10 y | S
D : =
E 18 ([ J | | ([ J |
wrl? SK (Day/Night) picks
£ 16
<15 best-fit solar Am2,,

flux/ constraint
Psp=(5.2520.20)

m?-sec)

[ L |
. T e T

L NP,
P




Electron appearance (813) in

MINOS

AMZ2>0
1.5: — MINOS Best Fit _:
v beam anti-v beam - - = :zz: gt

f 1.0 .
128.6 17.5 :

Expect 0.5k h
(+32.5) | (+3.7) g

Observe 152 20 2.00 —_—

Signal prediction for N.H.

sin2(20,3)=0.1, dcp=0 1.57

10.6x10%° POT v-mode
3.3x10°° POT v-mode ]|

d (i)

1.0}

disfavor 0,,=0 @96%C.L. o5

MINOS T
PRELIMINARY 7

I | I T
0.0y 0.1 0.2 0.3 0.4




2nd candidate reported in

Tune 2012 in OPERA




Ve appearance search in

OPERA

E™° Distribution

i Erec < 20GeV.
= — .
E B B . EEAM
£ & B v, OSCILLATED
:E B — Data
- -t = E'CEIT‘I'
5 I—
- 19 events observed
A 4 events (Ev<20GeV)
n expected :
Nl oscillated 1.1
- beam 3.7

0 20 40 60 80 100 120 140
E™ (GeV)



