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Neutrinos & Neutrino Oscillation

Fundamental building blocks of matter:
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Neutrino mass: the central issue of neutrino physics
= Tiny mass but huge amount

= Influence to Cosmology: evolution, large scale structure, ...

= Only evidence beyond the Standard Model
Neutrino oscillation: a great method to probe the mass
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Oscillation P(v.—>v,) = sin?(20) sin?(1.27Am?L/E)
probability: Oscillation Oscillation
amplitude frequency
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Daya Bay: for a New Type of Oscillation

Goal: search for a new oscillation mode 0,; ?

: _— Vi
0., solar neutrino oscillation
Vz e13 ?
0,;atmospheric neutrino oscillation @

Neutrino mixing matrix:

1 0 0 Cqs Sq9 0 'Ei‘r:l
0 —S55 Cgya/ \ —5yq 0 1,\0

Unknown mixing parameters: 0,5, 8 + 2 Majorana phases

Need sizable 6,; for the 5 measurement
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Two ways to measure 0,3

Reactor experiments: o
N

P..~1—5sin220,5sin?(1.27Am?2,L/E) — . | \\R M
C05%0155iN%20,,5in? (1.27Am?;,L/E)

0.8 Small-amplitude \

Long baseline acceleratorexperiments: =z~ o7 sseillaTioh e 1676, \\

no_osc

0sc

PuezSin20235in229138in2(1.27Am223|—/E) + = oe \ //\\\-
€0520,,35iN%20,,5iN2(1.27Am?2,L/E) — o ' Large -amplitude /\ /
O
A(p)eC0520,55iN0,;05iN(8) N, éoscﬂlahon due to 0;, v
o1 1 10 10

Baseline (km)

At reactors:
Clean signal, no cross talk with 6 and matter effects
Relatively cheap compared to accelerator based experiments
Provides the direction to the future of neutrino physics
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Direct Searches in the Past

Palo Verde & Chooz: no signal

Sin220,,<0.15 @ 90%C.L.
if AM2,;=0.0024 V2

T2K: 2.5 o over bkg

0.03< Sin%20,3,<0.28 @ 90%C.L. for NH
0.04< Sin%20,3,<0.34 @ 90%C.L. for IH

Minos: 1.7 o over bkg

0 < Sin?20,;< 0.12 @ 90%C.L. NH
0 < Sin20,,< 0.19 @ 90%C.L. IH

Double Chooz: 1.7 o
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sin%20,,=0.086 * 0.041(stat) = 0.030(sys)
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Measuring 613 with Reactor Experiments b”r

Near-Far Concept
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Measuring 813 with Reactor Experiments & i

13
Near-Far Concept
Ve Ve x Ve x
distance L ~ 1.5 km
1.1 ¢
15 A
I \613 :\‘ -
Absolute Reactor Flux 0.9 | : AN
Largest uncertainty in 2 o0s| | : \\
previous measurements £ b R
g ; AmZ .= Am?,,
Z. 0.6 i i \
- 0.5 [ ! '
Relative Measurement ' detector 1 detector 2 \ l
Removes absolute 0.4 | . , \/
uncertainties! osb o4 M
0.1 1 10 100
First proposed by L. A. Baseline (km)
Mikaelyan and V.V. Sinev, 2
Phys. Atomic Nucl. 63 1002 Nf Np,f Ln €f PSU.I“ (E} Lf)
(2000) —_— — — —
Ny Np,n Ly €n Psur(E: Ln)
far/nearv, ratio target mass distances efficiency oscillation deficit
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Reactor Experiment: comparing

observed/expected neutrinos

14F Typical precision: 3-6%
1.2 %
1.0 beeed #.#ﬂ_ ....... P = — = — —-
o f
© 0.8 =
Z A ILL i
8 X Savannah River 2
ZO 0.6 O Bugey H ¥
X Rovno '
0.4 @ Goesgen N
A Krasnoyark *
02F O PaloVerde
B Chooz ® KamLAND
0.0 | | | |
10" 100 100 10t 10’

Distance to Reactor (m)

Precision of past exp.

Reactor power: ~ 1%
Spectrum: ~ 0.3%
Fission rate: 2%

Backgrounds: ~1-3%

Target mass: ~1-2%
Efficiency: ~ 2-3%

Our design goal: a precision of ~ 0.4%
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automated calibration units (ACU)

RPCs AD Gd-LS target

outer and inner
water shields
(IWS and OWS)

EH3
AD6

AD4
c% AD5

Daya Bay Experiment Layout

Daya Bay,

13

L3
o 14
AD3 Ling Ao-11 NPP
o L1
® 12
Ling Ao NPP

EH2

6 reactor cores

AD1 AD2

concrete EH]
antineutrino detectors (AD)
Overburden R, FE, D12 L12 L34 e DI
_ _ _ EH1 250 127 57 364 857 1307 ® D2
6 antineutrino detectors in 3 EH2 265 095 58 1348 480 528 Daya Bay NPP
EH3 860 0056 137 1912 1540 1548

underground experimental halls

Karsten Heeger, Univ. of Wisconsin

EWNP Symposium, March 8, 2012 10



Daya Bay Experiment: Layout

W W RPCs

Redundancy Il

¢ Relative measurement to cancel Corr. Syst. Err.

= 2 nearsites, 1 far site
¢ Multiple AD modules at each site to reduce Uncorr. Syst. Err.

= Far: 4 modules, near:2 modules Cross check; Reduce errors by 1/AN
¢ Multiple muon detectors to reduce veto eff. uncertainties

= Water Cherenkov: 2 layers

= RPC: 4layers atthetop+ telescopes
2012/3/20



% EH3

EH2

L3
I.-t'.

Water Hall

Ling Ao-11 NPP
|.zl'.l
Ling Ao NPP
LS Hall
ant < EH1
AD2
Dava Bay NPP
Overburden R, E, D1,2 L1,2 L3,4
(MWE) (HzZm?) (GeV) (m) (m) (m)
EH1 250 1.27 57 364 857 1307
EH2 265 0.95 58 1348 480 528
EH3 860 0.056 137 1912 1540 1548
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Daya Bay Experiment Layout emﬂay
(3

......

Hall 2: began 1 AD o L1
operation on Nov. 5, 2011 ® |2
AD6 Ling Ao NPP

AD4
O .o

AD1 AD2

e DI
)
Daya Bay NPP

Hall 1: began 2 ADoperatlon on Sep 23, 2011

Karsten Heeger, Univ. of Wisconsin EWNP Symposium, March 8, 2012 13



Daya Bay Antineutrino Detectors

Gd-doped
liquid scintillator

—

6 “functionally identical”’, 3-zone detectors
reduces systematic uncertainties

Karsten Heeger, Univ. of Wisconsin

automated
calibration system

reflectors at top/
bottom of cylinder

photomultipliers
steel tank
radial shield

o ¢ 0 o

outer acrylic tank

LS & & = ® = ®

A e S S b

inner acrylic tank

total detector mass: ~ 110t
inner: 20 tons Gd-doped LS (d=3m)
mid: 20 tons LS (d=4m)
outer: 40 tons mineral oil buffer (d=5m)

photosensors: 192 8”-PMTs

energy resolution: (7.5/VE + 0.9)%
Ny (Ln>2 [Psur<E, Ly) ]
Nn Lf Psur(E: Ln)

EWNP Symposium, March 8, 2012 14



Daya Bay Antineutrino Detection

Vot P —€t+n
0.3b +p—=D+y (2.2 MeV) (delayed)
49,000b = + Gd — Gd* — Gd + y’s (8 MeV) (delayed)

prompt+delayed coincidence provides distinctive signature

Prompt positron: carries antineutrino energy
E_,~E, —0.8MeV
Delayed neutron capture: tags antineutrino signal

Energy Signal ““:7\‘\""“

Scintillator

Prompt Energy Signal Delayed

. 3000 T T T T
% 20000 7> g B % g Data, DYB-ADI1 ] v
L 4 — ata, - —
> i — Data, DYB-ADI1 = 2500¢ ] ¢
) )
& 1500/ 13 2000 —MC . Vv
% 7 b % | F 1 ~30us 8 MeV
e L 1500- — = [E) |
= 1000F J e r >
0] ) C | |
2 i 2 100op .
500~ ] B
i 500F E
o= ! ] ot/ M =
0 2 4 6 8§ 10 12 0 2 4 6 g 10 12
Prompt energy (MeV) Delayed energy (MeV)

Karsten Heeger, Univ. of Wisconsin EWNP Symposium, March 8, 2012 21



Antineutrino Detector Installation - Near HaII
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Antineutrino Detector Installation - Far Hall
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March 8, 2012 : Daya Bay results
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. Comparing with the prediction based on the near-hall
measurements, a deficit of 6.0% was found. A rate-only anal-
ysis vielded sin? 2813 = 0.092 4 0.016(stat) £ 0.005(syst).
The neutrino mixing angle &1z 1s non-zero with a significance
of 5.2 standard deviations.




v Analysis
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v Analysis

2 — 4 Sin220,,= 0.092 + 0.016(stat) + 0.005(syst)
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Uncertainty Summary

Detector
Efficiency Correlated Uncorrelated
Target Protons 0.47% 0.03%
Flasher cut 99.98%  0.01% 0.01%
Delayed energy cut 90.9% 0.6% 0.12%
Prompt energy cut 99.88%  0.10% 0.01% \
Multiplicity cut 0.02% <0.01% >
Capture time cut  98.6% 0.12% 0.01% /
Gd capture ratio  83.8% 0.8% <0.1%
Spill-in 105.0% 1.5% 0.02%
Livetime 100.0%  0.002% <0.01%
Combined 78.8% 1.9% 0.2%
Reactor
Correlated Uncorrelated
Energy/fission 0.2% Power 0.5%
ve/fission 3% Fission fraction 0.6% /
Spent fuel 0.3% pyd
Combined 3% Combined 08% *“

Karsten Heeger, Univ. of Wisconsin

EWNP Symposium, March 8, 2012

Daya Bay,

13

For near/far oscillation,
only uncorrelated
uncertainties are used.

Largest systematics are
smaller than far site statistics
(~1%)

Influence of uncorrelated
reactor systematics reduced
(~1/20) by far vs. near
measurement.

38
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Future plan

Assembly of AD7 and ADS8 Is underway now, to
be completed before summer

Current data taking will continue until the
summer

Summer activities:

= Installationof AD7 & ADS
= Detector calibration

Re-start data taking after summer

56



The Daya Bay Collaboration

Political Map of the World, June 1999
Europe (2)
= Y = JINR, Dubna, Russia
foe T e i | Charles University, Czech Republic
. \CANADA < p: - :;_\;s ‘ -
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‘ Asia (20)

IHEP, Beijing Normal Univ., Chengdu Univ.
of Sci. and Tech., CGNPG, CIAE, Dongguan
Polytech. Univ., Nanjing Univ., Nankai Univ.,
NCEPU, Shandong Univ., Shanghai Jiao tong

North America (16)
BNL, Caltech, LBNL, lowa State Univ.,
lllinois Inst. Tech., Princeton, RPI,

UC-Berkeley, UCLA, Univ. of Cincinnati,
Univ. of Houston, Univ. of Wisconsin, Univ., Shenzhen Univ.,
William & Mary, Virginia Tech., Tsinghua Univ., USTC, Zhongshan Univ.,
National Taiwan Univ., National Chiao Tung Univ.,

~250 Collaborators
National United Univ.
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Summary

Electron anti-neutrino disappearance is observed at Daya
Bay,

R =0.940 +0.011 (stat) *=0.004 (syst),

together with a spectral distortion

2012/3/20

A new type of neutrino oscillation is thus discovered

Sin?206,,=0.092+ 0.016 (stat)+0.005(syst)
v2INDF = 4.26/4
5.2 ¢ for non-zero 0,

58



013 measurement is a milestone in HEP

@ f13 was one of the few standard model parameters still
unknown.

@ It is one of the most discriminant parameters to select
neutrino mass matrixes, a key ingredient to decide grand
unified theories (if any).

@ Non-zero 613 is necessary to build-up leptonic CP
violation. The value (order of magnitude) of 613 is
necessary to optimize new facilities to measure leptonic
CP violation.

Mauro Mezzetto (INFN Padova) Rassegna Sperimentale sulle Oscillazioni dei Neutrini IFAE 2012, Ferrara



A refresher on neutrino mixing

The flavor state of the neutrino, v, is related to the mass states, v,, by a
mixing matrix, U

v,>=>U,lv,>

Since there are three observed flavors of neutrinos (v, Vi, v.), U contains
three mixing angles (64,, 0,3, 0,3) and a CP violating phase 0.

ve Uel UeZ Ue3 vl
Vo= Uy Uy Uyl v,
vr Url U’L’2 UT3 v3
C;= Cosbj, s;= sing;
—i0 H . ~ o o
1 0 0 c; 0 sae ¢, s, 0) “Atmospheric”:0,;~37°-53
U,=[0 c,; 5y 0 1 0 —-s, ¢, Of “CPsector”: 0,5<11°
0 —5,, cu M—5,° 0 ¢, 0 0 1) “Solar”:0,,~34°
Rather different from quark mixing: Open questions:
» Nearly diagonal unitary matrix " |s 0,5 exactly 45 degrees, or not?
= Small angles: " |s 0,5 zero, or just small?
oM ,~13.0°, KM _,~2.3°, M _.~0.2° = |s there CP violation in the neutrino
sector?
2012/02/27 K Mahn, Les Rencontres de Physique de la

3
Vallée d'Aoste



Reactors vs Accelerators

Accelerators: v. appearance

AmisL
B2 A o3 13 2 .
Py, —v. = 4ci35i353 sin T4E X |: Am13(1 2513)] 013 driven

Am§3L . Am%:),L . Amle_
s "2 " T2E
Am§3LSi AmisL <in Am3,L
4E AE 4E

2
+ 8ci3S12513523(C1223€0S0 — S12513523) €COS CPey

CPodd

2 . .
F 8¢i3C1262351251352351N 0 Sin

2
my, L .
solar driven

2 2,2 2 2 2 2 .
+ 4sprci3{ci3Co3 + 512593513 — 2C12C23512523513€0S0 | sin

AmiL in Am13L al

aE SN 4E(1—2sl3) matter effect (CP odd)

2 2 2
F 8ci2513523 €OS
Reactors: v. disappearance

1— Py,_p, ~ sin’ 26013 sin’(Am3,L/4E) + (Amd/Am3,)? (Am3; L/4E)? cos® 613 sin® 261,

Mauro Mezzetto (INFN Padova) Rassegna Sperimentale sulle Oscillazioni dei Neutrini IFAE 2012, Ferrara 3/31



CHOOZ final results

3m? (ev?)

@ Analysis A U, spectrum after
background subtraction. Both the
absolute rate and the spectrum are
used.

@ Analysis B Uses the different
baseline
(AL = 117.7 m) of the two reactors.
Many systematic errors cancel, but
statistical errors are bigger and the
Am? sensitivity is reduced by the
10— andyssA shorter baseline.

10

Sy GRS @ Analysis C Only spectrum

~ - andyssC information is used.
1 90% CL Kamiokande (multi-GeV)

1450 citations:

091 the top cited null result in hep ever !
sin’(26)

B3 90% CL
Il Il Il Il

Kamiokande (sub+multi-GeV)
Il Il L Il L
0 01 02 03 04 05 06 07 08

10

Mauro Mezzetto (INFN Padova) Rassegna Sperimentale sulle Oscillazioni dei Neutrini IFAE 2012, Ferrara 5/31



The T2K Experiment

Mauro Mezzetto (INFN Padova) Rassegna Sperimentale sulle Oscillazioni dei Neutrini IFAE 2012, Ferrara



Number of events /(250 MeV)

T2K result, PRL 107 (2011) 041801

— Best fit to T2K data
68% CL
[ 90% CL

- 5°..cc| Expected: 1.5 +-0.3
37 Measured: 6
NC .
m2f
& of
2
0 1000 2000 3000 L
Reconstructed v energy (MeV) n
Systematic errors E
Source sin?26;3 =0  sin®26;3 = Opl /2 ;
(1) neutrino flux + 8.5% + 8.5% o E
(2) near detector % sl o’ 0;
(3) near det. statistics + 2.7% + 2.7% -rr/Zi
) cross section + 14.0% +10.5% [
+ 14.7% + 9.4% i

Mauro Mezzetto (INFN Padova)

Rassegna Sperimentale sulle Oscillazion

Neutrini

Am3;<0

T2K
1.43x10% p.o.t.

IFAE 2012, Ferrara



MINOS, PRL 107 (2011) 181802

"! Results on
‘l appearance of MINOS T2K

i CHOOZ 90% C.L.
E 2sin’0,, = 1 for CHOOZ-|

electron-neutrinos pot 8.210% 1.4510%
with 8.2x102° POT tjoule 1.57 0.07
W T tjoule kton  7.85 1.57
[ Far Detector Prediction (LEM > 0.7)
§ == Signal
s 3r — Background- 20 ‘ ‘ ]
9‘3 ¥ — FD Data ] Am?>0 ]
ﬁ 20— sin’(26,,)=0.040, AM2,>0, 5.,=0 1.5 — MINOS Best Fit ,
@ L Merged for Fit ] WesxcL ]
] E Moo%cL. 1
[ ; 1.0 ]
I ]

-
°

®

-
N

3 4 5 6
Reconstructed Energy (GeV)

Am?2<0

MINOS
8.2x10%° POT

8(m)

Year pot Expected Detected
2009 3.110% 27 35
2010 7.010% 49 54
2011 8.210% 49 62

T AR R R

Mauro Mezzetto (INFN Padova) Rassegna Sperimentale sulle Oscillazioni dei Neutrini IFAE 2012, Ferrara 10 / 31



The three reactor players

Setup Pt [GW] L [m] mpes [t] Events/year Backgrounds/day
Daya Bay 17.4 1700 80 10 -10° 0.4
Double Chooz 8.6 1050 8.3 1.5-10*% 3.6
RENO 16.4 1400 15.4 3 .10 2.6

I @ Reactor a2
el O Detector 7 x20t

X o *
S EEEA S 0
o 2 N/
NI e 2x20t
/e Vil . ‘.
o & 42 %) LA2
TR A IS AR
S\ N\ N S~y °
b N7 2 N NN 9 A1
% N o ~3
0%\ VS S
~ L S o
N J ©2x20t
O =
RENO S DavaB
Double Chooz co aya Bay

Mauro Mezzetto (INFN Padova) Rassegna Sperimentale sulle Oscillazioni dei Neutrini IFAE 2012, Ferrara



#evtR1
55.5%
55.5%

1 050 m in preparation

~ 300 mwe

Mauro Mezzetto (INFN Padova)

Sperimentale sulle O:

ni dei Neutrini

2 cores — 1 site — 8.5 GW,,

1 near position, 1 far

- target: 2x 8.3 t

Civil engineering

-1 nearlab ~ Depth 40 m, 3 6 m
- 1 available lab
Statistics (including €)
- far: ~ 40 evts/day

- near: ~ 460 evts/day
Systematics

- reactor : ~ 0.2%

- detector : ~ 0.5%
Backgrounds

- 0,,, at far site: ~ 1%

- 0,,, at near site: ~ 0.5%
Planning

1. Far detector only

- Sensitivity (1.5 ans) ~ 0.06
2. Far + Near sites

- available from 2010

- Sensitivity (3 years) ~ 0.025




N=\0)

Thermal | Distances Near/Far (m) Depth Target Mass | Cost
Location | Power (mwe) (tons)

Bufer & &
(Mincral O)
0 o °
Xt o) =
L Bt
oo o @
Veto Target |
\ (Water) © (tAsvGd) '1"'
XL
0 e e glgl o
b
o

Reactors
in Korea

Mauro Mezzetto (INm Padova) ] I ) I ) 14 /31



Daya Bay,

13

DYH LA Far
= Site (m) | Site (m} | Site {(m)
’ D.:;., B,_-.y Near! DYB | 363 | 1347 | 1985
. Overburden: 98 m LA 857 481 1618
_ LA 1307 326 1613

Mauro Mezzetto (INFN Padova) Rassegna Sperimentale sulle Oscillazioni dei Neutrini IFAE 2012, Ferrara




Reactor detectors

Double Chooz

f 8.6 ton, 1 detector (far
—\ (far)

] wper OV near detector by 2013 1-D calibration system 2:D calibration systam

‘ glove box
'I veto (OV) ! X E BT L
7 inner veto 1ol % Tyvek
2 % o
g —ﬁh\hum‘r L\ o o
g g \ OD PMTs
8 '\3 -gamma catcher Buffer o
5 ) o
By o v-target (Gd-doped) y-catcher E ol 1D PMTs
. SO, ' o
ip Thb =80 steel shielding e |
B Targét -~ /\‘ Tyvek
y & Mele
a7
o reflectors
RC o o ACU-B ACU-A ACU-C |
ows e RENO
ws | - —4—F o 16 ton, 2 detectors (near + far)
i " [ )
Tyvek | o o o |- 2mIAv ]y
T P emoav |1
o “ 1 radial shield 3
n
Muon PMTs ., o [ 20tcdts | I
i 20 tLS i
AD PMTs L, ALZnom
e ‘ . | Daya Bay
| e ] - 2 2 20 ton, 6 detectors (3 far, 3 near)
aostand o[ T T o [ ik 8 detectors by 2013 (4+4)

Mauro Mezzetto (INFN Padova) erimentale sulle Oscillazioni dei Neutrini IFAE 2012



Experimental Results

T2K (913 >00 250)
Expected events: 1.5, Detected 6

Double Chooz (1.30)
Expected events: 4344, Detected 4101
Rpc = 0.944 + 0.016(stat) 4 0.040(syst)

Daya Bay (5.20)
Expected events: 85506, Detected 80376
Rps = 0.940 £ 0.011(stat) + 0.004(syst)

RENO (4.90)
Expected events:149905, Detected 137912
Rr = 0.920 £ 0.009(stat.) 4 0.014(syst.)

Mauro Mezzetto (INFN Padova) Rassegna Sperimentale sulle Oscillazioni dei Neutrini IFAE 2012, Ferrara 17 / 31



Spectral information

Not used in the fit

Double Chooz Daya Bay RENO
T T T T T > 3 3
700 > L T Fast neutron
s E Gouble Chooz Data 5 = [ = Accidental
2 oo + i 4 . S
e r < <1000 3
2 soof- I Summed Sacktounds seeinset g .,,10007 g
§ F Lithiom s 2 2 5
s E S Fastnand stopping £ 2 L
00— 70 Accidentals w u o
300f- 500
E [ —+— Far Detector
200~ —+ Near Detector
s b
]
2 100
= ©
] g i L
g £ | | <= Nooscilton |
3 s — Best Fit 2
] E =
T | 5 FEPPLEEELTPELY i S
: ; i
g N
] 5
8 Pl
= 0 12 5 10
10
Energy (MeV] Prompt energy (MeV) Prompt energy [MeV]
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Mauro Mezzetto (INFN Padova)

Summary of 613 results

Computed for Am2, = 2.4- 1073 eV?

Fogli et al. pre-T2K
<

T2K

Double Chooz
A

Daya Bay
X

RENO
<

Raw Average

T T
0.000 0.050 0.100 0.150 0.200 0.250
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Conclusions

The measurement of 63 solves one of the few question marks
still left in the standard model. Among the many fondamental
consequences, it opens the door to future long-baseline neutrino
experiments addressing leptonic CP violation.

Five experimental results in the past 9 months, coming from
accelerators and reactors, provided exciting information about 63.

Leptonic CP violation, measurable only at accelerators, will require
challenging experimental improvements. The optimization of future
facilities is now possible by knowing the 63 value.

A worldwide effort is ongoing with multiple proposals in three
different continents.
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