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The Standard 3v Oscillation Picture circa 2010
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The Standard 3v Oscillation Picture circa 2010
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The Standard 3v Oscillation Picture circa 2010
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v Oscillation Probabilities

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

1. CP violation Am2 L 20
J2 _AC2.G2 G2 gin? 31 ( a2 )
parameter (8) (V‘u — I/e) 4013 613523 S111 AR 1 -+ Am%l (1 2813)
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= These extra dependencies are both a “curse” and a “blessing”

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

» Am L

P(v, » V) =1-sin’26,,sin + small terms
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Experimental Methods to Measure
the “Little Mixing Angle”, 0.,

- Long-Baseline Accelerators: Appearance (v,—v,) at Am?~2.4x10 eV?
— Look for appearance of v, in a quite pure v beam vs. L and E
+ Use near detector to measure background v, 's (beam and misid)
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— Look for a change in"v, flux as a function of L and E
 Use near detector to measure the unoscillated flux
« Look for a non- 1/r2 behavior of the v, rate

Daya Bay: RENO: Double Chooz:
<L>=1642 m <L>= 1444 m <L>=1050 m
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Accelerator-based v Oscillation Experiment
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Extrapolate signal/background flux measured in near detector to far detector
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Indications of Nonzero 0,5 From
Accelerator Experiments in 2011

PRL 107 (2011) 041801 0 PRL 108 (2012) 191801
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Reactor v Oscillation Experiment

2
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EV
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— CHOOZ and Double Chooz first results
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Indications of Nonzero 06,5 From
Reactor Experiment in 2011:

Double Chooz

S 7007 ————— Far detector only fit to rate and energy
S et Noosllaton - spectrum (101 days of data):
F - o e e | ] « 4344 +165 sig + bkg expected (no osc.)
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100? Energy [MeV] {
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>30 Evidence of Nonzero 6,5 From
3v Global Fits in 2011:
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However, no single experiment had >3c evidence for 6,5, # 0
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2012: A Flurry of Results on 6.,

Month: 1 2 3 4 5 6 7 8 9 10 11 12
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To save the punch line for the end,
| will work backwards
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Double Chooz Site in Ardennes, France

Near detector
Distance: ~400 m
Overburden: ~120 m.w.e.
flat topology

Far detector
Distance: ~1050 m
Overburden: ~300 m.w.e.

hill topology
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The Double Chooz Detector

(Typical of multi-zone detectors used by reactor neutrino experiments)

Outer Veto (OV) Calibration Glove Box
plastic scintillator strips

Outer Shielding o
250t steel shielding (15 cm)

Inner Veto (IV)
90m? of scintillator in a steel

vessel (10 mm) equipped
with 78 PMTs (8 inches)

Buffer ,
110 m3 of mineral oil in a -
stainless steel vessel (3 mm)
viewed by 390 PMTs (10 in.)

y-Catcher (GC)
22.3 m3 scintillator in an
acrylic vessel (12 mm)

Target
10.3 m3 scintillator doped
with 19/l of Gd compound in
an acrvlic vessel (8 mm)




The Double Chooz Detector

Inner Veto

Target GC Buffer
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Experimental Signal For Reactor Neutrino Experiments

The reaction process is inverse [3-
decay followed by neutron capture

— Two part coincidence signal is
crucial to reduce background

.
vV,+ p > e +n
L n capture

» Positron energy spectrum implies
the neutrino spectrum

E,=E, + 1.8 MeV —2m,

» The scintillator is doped with
gadolinium to enhance capture

n "Gd — "*'Gd y’s (8 MeV)

« Veto system for cosmic—ray muons

Signal = Positron signal + Neutron signal after an average of ~30 usec
Matt Toups, MIT -- BENE 2012 17



Double Chooz Far Detector Only Analysis

Simultaneous fit to two far detector spectra—Ilow and high
reactor power samples

No near/far comparison—far detector spectrum is compared
to MC prediction

— Flux normalization taken from Bugey4 + corrections

Rate and spectral shape fit to positron spectrum

)N _ appred (A7 nTpred (0! —1)2 (Am2 ~Am; )2
X —;(Ni N,-P yMU (N]. NJ’,’ )+Zk: kG]f i 3101%4[N024]NOS

First publication showed that background rate
measurements agreed with data taken with both reactors off
— Additional week of reactor off data in the can
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—#—— Double Chooz 2012 Total Data
------------ No Oscillation, Best-fit Backgrounds
Best Fit: sin?(26,.) = 0.109

Rate-only:
sin226., = 0.170 £ 0.035 (stat.) + 0.040 (syst.)

at AmZ, = 0.00232 eV? (;7/d.0.f. = 42.1/35)
from fit to two integration periods.
Summed Backgrounds (see insets)
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Rate+Shape:
sin220,,= 0.109 £ 0.030 (stat.) £ 0.025 (syst.)
x2/d.o.f. = 42.1/35

Frequentist analysis:
_________________________ s ++ . | sin228,, = 0 excluded at 99.8% (2.90)
._+_.

] Presented in arXiv:1207.6632,
T 4T 3 accepted by PRD

p) 4 3 8 10 12
Energy [MeV]
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Double Chooz Near Detector

Expected to start taking data at the end of 2013

Matt Toups, MIT -- BENE 2012
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The MINOS Experiment

Focusing Horns

Target

Fermilab p_} |

NUMI beam line

15m 675 m

Positively (negatively) focused pions produce ~3 GeV v, (Vu)

Three different horn configurations allow separation of background
- Neutral current, Vv, charged-current, intrinsic v, charged-current

Veto shield ;“1!15—’%&:?;& ."~_ “-N
- 7 - ‘ * % |

[ —

S :&‘ ) d imge \ .
Near detector Far detector

Functionally identical, magnetized, steel-scintillator tracking calorimeters
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MINOS v, - v, Appearance Analysis

MINOS detectors optimized to look for v, i C aso
dlsappearance 1.5: = IINOS Best Fit _:
_ Difficult to identify v, events - ey
— Instead use MC library event matching
technique to statistically separate v, / bkg 7
Neutrino mode
— No oscillation expectation: 128.6 events R
— Observe 152 events AM? <0
Antineutrino mode _ . ]
— No oscillation expectation: 17.5 events £ 3.8:10% POT~-mode -
— Observe 20 events .
Two neutrino fit MINOS :
PRELIMINARY 7
— 0,570 at 96% C.L. for Am2>0, 5,,=0 0.7 Y R—

Final three neutrino fit expected soon 28iM(20,)sin°0,

R. Nichol, Neutrino 2012
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The T2K Experiment

i ¥

JPARC |
beam line p =A™ N 3----;*-»*-‘:“"&5'-9'?;« Kamioka.ggﬁ‘rbkgi
LR e |- 2.5 SR s il
- Sy 47 77295 km
‘ Jimonitor  INGRIDRS, ND: e~
0 118 m 280 m : e

e 22.5 kt water
Cerenkov detector

*~11,000 ID 207
PMTs

* |dentify v, charged-
current interactions
from electron-like
single ring events

Downstream ECAL

Near detector (ND280)

.3 m
Far detector (Super-K)

Roughly doubled the POT used in the 2011 v, appearance results
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T2K v, - v, Appearance Analysis

=
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No oscillation expectation: 3.22 + 0.43 events

Observed events: 11

Probability to observe 11 or more events given
no oscillation expectation is 0.08% (3.20)

&
o
o

Three different analysis methods used yielding

consistent results

* Main analysis uses maximum likelihood fit to
signal + 4 background pdfs is (p,, 6,) bins

Latest results consistent with 2011 results, but

more precise

1o

2

D\Illl\llll‘\l\\

assuming sin22823=1

preliminary

68% CL.
B 90% C L.
— Best fit

Runl+2+3 data
(3.010e20 POT)

normal hierarchy
IAm3,1=2 4x107 eV?

68% C.L.
N 90% CL.
—— Best fit

Runl+2+3 data
(3.010e20 POT)

inverted hierarchy
IAm3,I=2.4x107 eV?
1 ‘ 1 1 1

01 02 03 q 0.4
sin“2813

M. G. Catanesi, NOW 2012

—— Plan to achieve 50 significance of nonzero 6., in coming years

Matt Toups, MIT -- BENE 2012
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T2K v, -V, AppearanceﬂAngllxsils “

. . . i Normal hierarchy 1
No oscillation expectation: 3.22 + 0.43 events w At 24x10%eV
- sin'ﬁ"éﬁgz 1.0 i
[a® = -
Observed events: 11 o’ O _— .
L 68% CL ]
2 [ 90% CI1. N
Probability to observe 11 or more events given 1 IS O TKEOI) Best it
. . . . B ' T2K(2011) 90% CL
no oscillation expectation is 0.08% (3.20) A el
Three different analysis methods used yielding mf_ Inycrted hierarc_hy_f
consistent results : e 10 ]
« Main analysis uses maximum likelihood fitto | & * N
signal + 4 background pdfs is (p,, 6,) bins S :
. . /2 r T2K Run 14243 _]
Latest results consistent with 2011 results, but C 301x10% pot. ]
more precise
0 0.1 0.2 0.3 0.4 0.5 0.

sin20), ,

M. G. Catanesi, NOW 2012
—— Plan to achieve 50 significance of nonzero 6., in coming years
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T2K v, -V, AppearanceﬂAneﬂalllysils “

N -

Normal hierarchy

No oscillation expectation: 3.22 + 0.43 events 72
2000

AmZ, = 2.4x107%eV?
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M. G. Catanesi, NOW 2012
—— Plan to achieve 50 significance of nonzero 6., in coming years
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The RENO Experiment

Yonggwang Nuclear Power Plant, Korea

] 120 riwe |

N Near Detector 2 L “ ; = = P 1-D calibration system B 3-D calibration system
i & ", 1::;" » LA o ey e v A ey \1
o K Tt : E
\.3 .-{‘ o 5 b = }
% s~ SixPWRs, 16.5 GW,, total | = RS ==
- 4 o 1N # ; -
;:‘.- : A v \ . ',"}5.’__ < \ Veto(OD) | \ Tyvek
1D |
_‘_\\m — — %
OD PMTs
Buffer 1 —
| 16t
y-catcher | . / "~ ID PMTs
—_— e e o T~ ID PMTs
e
Target | 7 /\ /N Tyvek
MNear Detector .- = [/ \ 4 \\ / ‘\\‘\.' j
; -~ ! Far Detector o ol / A
- e | 450 mwe

Soo-Bong Kim, Neutrino 2012

« Started taking data with two detectors in August 2011
* Found 17102 (154088) candidates for 222.06 (192.42) days in the far (near) detector

» Performed rate-only fit with floating normalization
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RENO v, Disappearance Analysis
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PRL108(2012) 191802 R =(.920 + 0.009 (stat.) + 0.014 (syst.)

o
wn

sin220,;, = 0.113 £ 0.013 (stat.) £ 0.019 (syst.)

——— Ultimate goal is 5% measurement of 6.,
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RENO v, Disappearance Analysis

2
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PRL 108 (2012) 191802
arXiv:1205.5626v1

Problem with positron energy spectrum
— Measured value of sin?26,, depends on upper bound of prompt energy cut
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The Daya Bay Experiment

Daya Bay nuclear power complex, China

inner water shield Automated Calibration Units (ACU)

outer water shield

S Overburden: ~860 mwe
=t Weighted baseline: ~1650 m

reflector
40 t MO

Overburden: ~265 mwe : % 20tLS
We:i,ghtﬂ} baseline: ~500 m [ T il : & 20 t Target

reflector

concrete

L

- e =

* First results from 55 days of data taking Dec. 24,2011 — Feb.;l7,
« > 200k antineutrino interactions
» Performed rate-only fit with floating normalization
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Entries / 0.25MeV

Far / Near (weighted)

800
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Daya Bay v, Disappearance Analysis
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T 1 Ll
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55 days data

----- No oscillation
- — Best Fit

Prompt energy (MeV)

PRL 108 (2012) 171803
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Matt Toups, MIT -- BENE 2012 31



Updated Daya Bay v, Disappearance Analysis
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——— Final two AD’s will be installed later this year

Aim to achieve 5% measurement of sin?20,, in < 2 years
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Conclusions

* Up to 2010 only upper bounds on 6,5

* In 2011 we had 3o evidence for 6,,#0 from
fits, but not from any one experiment

* The situation in 2012 is completely different:

» Two accelerator-based experiments
see v, — v, appearance (T2K: 3.20)

« Should also be confirmed in near
future by NovA (not discussed here)

« Three reactor-based experiments see
v, disappearance (Daya Bay >> 50)

« Measurement of sin226., to a precision of
5% very likely in the next 2 years

sin226, , is LARGE

—> Good prospect for 3, searches
in next 10-20 years

s;inzzﬁ13 Measurements

Double Chooz Jun. 2012 -

Double Chooz Nov. 2011 ——

Daya Bay Mar. 2012
RENO April 2012
T2K (2011) Normal hierarchy ———
T2K (2011) Inverted hierarchy E—e----1

MINOS (2011) Normal hierarchy

MINOS (2011) Inverted hierarchy

-0.6 -0.4 -0.2 0 0.2 0.4
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dwall of FC Events for RUN1+RUN2+RUN3
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