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Nuclear Beta Decay

« Since 1920’'s physicists have observed
beta decay (e.g. “C— 4N + ")

* But the electron energy distribution is
continuous:

VAN

* Where did the energy go??
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Surprise: Detectable after all!

Discovery of the Neutrino — 1956
Reines and Cowan

Finally, we chose to look for the reaction v,+p—n +¢". If the free neutri-
no exists, this inverse beta decay reaction has to be there

F. Reines, Nobel Lecture, 1995
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1967: Solar Neutrino Surprise

August 11, 1967

Dear Willy,

| do have a preliminary result from our
first good run...

This limit is quite low...

Please regard these results as very
preliminary. There are several
points that must be checked before we DR S S :
are certain this is a bonafide ° | §
observation. | will collect another sample
in September—we are ready now,
turn on the sun.

" Ar production rate (atoms per day)

Standard Solar Model
Calculation

.{effeigon Lab

R. McKeown Nov. 22, 2013 6



Subsequent History

e 60’sand 70’s — n‘s studied in accelerator-based
production:

ne¢nm

* 1980-present: the quest for neutrino mass and
oscillations - n’s as dark matter??

"All you have to do is imagine something that
does practically nothing.
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Cosmic ra

sub-GeV e-like

L L

| mult-GeV e-like
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Neutrino Mass and Mixing |, i

Two Generation Model

L —
= A_lv,)
V_l,vz mass eigenstates m, , m,
| Ve ) = cos© I71> + sinB I72> AmZ= m12_ m22
2 2 2 AmzL
PM = I Apyl® = sin 20 sin ( 4B, )
2 . 2 . 2( A
P=1A_"= 1- sin" 20 sin (‘2@
Requires:

 Neutrinos have nonzero mass
* Flavor mixing
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N
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Three Generations of Neutrinos

o
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Pontecorvo Maki — Nakagawa — Sakata Matrix
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More Solar Neutrino Results

Am*® (aV®)
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(Bahcall, Krastev and Smirnov, 2001)
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2002: SNO finds missing
solar neutrinos!!

Measured neutral current process: §

nX+d—>nX+p+®

L G
SNO = 5547033 (stat) T030(syst) 10° /em?s

fosm = 5.15 x 10% /cm?s
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Kashiwazaki Nuclear Power Station : 25 GW

; 7
R7HRemHS0=a—-k/
Neutrinos from nuclear reactors

KamLAND
FTFENe<Ha~pMI/EES>T " KamLAND

EE T R : .
Neuirino cackietion experiet : Super-Kamiokande
CETT )

MERAEHS D=2~k /
Neutrinos from the deep Earth

* n, from n-rich fission products
- detection via inverse beta decay (n,+p—>e*+n)
» Measure flux and energy spectrum

..!effegon Lab
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Nuclear Reactors make Antineutrinos

ZA Z=N

— \
o .
@
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The Reactor Neutrino
Flux and Spectrum

o 235, 239Py, 241Py from b measurements
» 238 calculated

« Time dependence due to fuel cycle
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Detection Signal

n+p->n+e’

g 511keV

& 22 Mev

-

Coincidence signal:

- Prompt:

e* annthilation - E =E

prompt

+E_+0.8 MeV

- Delayed: n+p 180 ms capture time, 2.2 MeV
n+Gd 30 ms capture time, 8 MeV

Jeffegon Lab
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The v.energy spectrum

.§ 0 Vo tp—ntet
£ g cross section
53 I
32 ’ *
3 ﬁ
8 g Calculated reactor
E ol V. spectrum
Neutrinos with E<1.8 MeV
are not detected

'!eﬁ;z on Lab R. McKeown Nov. 22, 2013 18



KamLAND used

the entire Japanese

nuclear power

v industry as a
long-baseline

ot Ao b Y “* neutrino source
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Neutrinos were “free of charge”
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KamLAND Underground Fa<:|||'ry

data ta i
electronl

Neutrino Oscillations Collog BMCK Mar.15, 2012 20



2003: KamLAND Surprise

AF G.Fogli et al.| PR
D66, 010001-406,
1.2+ ¥ (2002)
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5& KamLAND Energy Spectrum (2007)

- i T —e— KamLAND data
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0.8

0.6

04

Survival Probability

0.2

Data - BG - Geo V,
— EXxpectation based on osci. parameters

[ + determined by KamLAND

Sk e

l_l l L1 1 1 l 11 1 1 l L 1L 1 I Ll 1 1 I L1 1 1 l L 1 1 l Ll 1 1 l L1 1 1 l 1
20 30 40 50 60 70 8 90 100

Ly/E, (km/MeV)

PRL 100, 221803 (2008)

estcom .
sz — 7.59+0'2’_0.21 X 10-5 evz
fdn2q= 0.47+O°06_0.05

........................

KamLAND

B 95% C.L.
99% C.L.

N 99.73% C.L.

95% C.L.

99% C.L.

— 99.73% C.L.
*  best fit

10

ine

IT vaiues.
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The Mass Puzzle

fermion masses
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Pontecorvo Maki — Nakagawa — Sakata Matrix
U.p U Gateway to

7 _ T T T CP Violation!
L PMNS U pel U L2 U (3
Uri Uro Urg /

C13 @ CP violation
1 0

0
= 20 0
— S 13 €

C13
T T T T
SuperK atmospheric /‘

Solar v -
+ KamLAND 1
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Neutrino vs. Quark Mixing

Leptons

Quarks

0.85 0.52 sin qlBX
U =033 062 -072
~0.40 0.59 0.70)

Why so different???

0.976 0.22 0.003
Vg=|-0.22 098 0.04
0.007 -0.04 1

Tri-bimaximal neutrino mixing:

v2/3 1/V3 0
Urem = | —/1/6 1/+/3 —1/42

—/1/6 1//3 1/2
(Harrison, Perkins, Scott 1999)
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CHOOZ/Palo Verde limits for [¥],

Palo Verde

; Chooz
[ 2008 MINOS result:

[ |Dm2,,| = 2.43[]0.13([#]103eV?

lO“qllllIllllllnllllllllllllllllllllllllllllllll .|

0 01 02 03 04 05 06 07 08

09

1

(2001-3)

Vd A A A d A dh A i A 4
[low activity gravel shielding |

sin“2¥] gz < 0.15
(90% CL)
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Recent Reactor Flux Analysis (2011)
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n, Survival Probability
(3 generations)

— = . L . . L)
P(v, —»v,)=1-sin" 26, sin’ [Ameze = j— cos” @, -sin” 26, -sin’ (Amzz1 : E)

|Am§e |~ A’/’7322 |~ Am321 >> Amzzl |

—

Prob&blllty near far Dominant 0¥ 12 Oscillatior

Subdominant ¥}, /
Oscillation

SRR SE— Distance (m)
10 10 1000 10000 100000,

« “Clean” measurements of q, Dm?
« Far/near ratio to cancel uncertainty in reactor flux
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New Reactor 613 Neutrino Experiments




Daya Bay Collaboration
An International Effort

Asia (20)
N IHEP, Beijing Normal Univ., Chengdu Univ. of
° .‘ ° ‘“ Sci and Tech, _(?GNP(_S, CIAE, I?ongguan
® ’ Polytech, Nanjing Univ., Nankai Univ.,
o

NCEPU, Shandong Univ., Shanghai Jiao Tong

‘ Univ., Shenzhen Univ., Tsinghua Univ., USTC,
Zhongshan Univ., Univ. of Hong Kong,
Chinese Univ. of Hong Kong, National Taiwan
Univ., National Chiao Tung Univ., National
United Univ.

North America (16)

Brookhaven Natl’ Lab, Caltech, Cincinnati,
Houston, lllinois Institute of Technology,

lowa State, Lawrence Berkeley Natl’ Lab,
Princeton, Rensselaer Polytech, UC Berkeley,
UCLA, Wisconsin, William & Mary, Virginia
Tech, lllinois, Siena College

Europe (3)

Charles Univ,. Dubna, Kurchatov Inst.

~240 collaborators
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Daya Bay - A Powerful Neutrino Source
:‘;':Ff

B | Ling Ao Il NPP
-;( 2 x 2.9 GW,,

Ling Ao NPP
2x29GW,

',.. >

” Daya Bay NPP
2 x 2.9 GW,,

&7

-~ e - J‘wr J’d@“*’

-

- Among the top 5 most powerful reactor complexes in the world,
producing 17.4 GW,, (6 x 2.95 GW,;,))

« All 6 reactors are in commercial operation

- Adjacent to mountains; convenient to construct tunnels and
underground labs with sufficient overburden to suppress cosmic rays

Reactors produce ~2x1020 antineutrinos/sec/GW

]
o y
@&
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automated calibration units (ACU)

RPCs AD Gd-LS target

outer and inner
water shields
(IWS and OWS)

®
o L4
AD3 Ling Ao-11 NPP
EH2

[ ] lJl
® 12
Ling Ao NPP

6 reactor cores

——— vconcrete
antineutrino detectors (AD)

AD1 AD2

Overburden R, FE,

6 antineutrino detectors in 3 EHI 280 127 57

underground experimental halls =2 3% 095 38
g p EH3 880 0.056 137

EHI1
DI,D2 LIL2 L1314 o D
364 857 1307 D2

1348 480 528 Daya Bay NPP
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[ ] lJl
® 12
Ling Ao NPP

operation on Nov. 5, 2011
ADG6

G %A‘D4

e \ >
i (==
2 =

Hall 3: began 3AD o

— 7 4 -
NI / b

peration on Dec. 24, 2011

AD1 AD2

e DI

Ml )
Daya Bay NPP
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Al : (o
‘zzAntineutrino Detectors

Calibration units
6 ‘functionally identical’

detectors:

Reduce systematic uncertainties

& . Np, Ln 2\lﬁf Psur(E; Lf) I
Nn B Np,n <Lf> (611) |:Psur(E: Ln)]
3 nested cylinders:
Inner: 20 tons Gd-doped LS (d=3.1m)

Mid: 20 tons LS (d=4m)
Outer: 40 tons mineral oil buffer (d=5m)

¥
~
b
- -
1 -
~

7
5

TR

Each detector:
192 8-inch Photomuiltipliers
Reflectors at top/bottom of cylinder
Provides (7.5 / VE + 0.9)% energy resolution

\ . R . =T T6
"!effegon Lab R. McKeown Nov. 22, 2013 35 E @ g:m




Detector F|IIing and Target Mass Measurement

mQuantlty

Relative

Absolute

protons/kg
Density (kg/L)

Total mass

neg.
neg.
0.015%

0.47%
neg.
0.015%

Overflow tank geometry 0.0066% | 0.0066%
Overflow sensor calibration | 0.0043% | 0.0043%
Bellows Capacity 0.0025% | 0.0025%
Target mass 0.017% | 0.017%
Target protons 0.017% | 0.47%

—
-~

LS Gd-Ls MO

' detector]in®’
scintillator:

LA i [

nnul,l

N r:é."‘.é"'é."‘

Target mass determination error *
3kg out of 20,000

Detectors are filled from

<0.03% during data taking period = same reservoirs ‘in-pairs”
within < 2 weeks.
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ya Bay,
13

Detector Installation - Far Hall

Antineutrino

(=
L/

37

R. McKeown Nov. 22, 2013
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: Automated Calibration System
13

= 3 Automatic calibration units (ACUs)
on each detector

R=1.7725m R=0 R=1.35m TOp view

3 sources for each z axis on a turntable (position
accuracy < 5 mm):

- 10 Hz %8Ge (0 KE e* = 2x0.511 MeV y’s)

* 0.5 Hz #TAm-"3C neutron source (3.5 MeV n
without y) + 100 Hz °Co gamma source
(1.173+1.332 MeV y)

* LED diffuser ball (500 Hz) for T, and gain

W ._

Three axes: center, edge of target,
middle of gamma catcher
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Antineutrino (IBD) Selection

Selection of Prompt + Delayed

- Reject Flashers
- Prompt Positron: 0.7 MeV <E_< 12 MeV
- Delayed Neutron: 6.0 MeV < E, < 12 MeV
- Capture time: 1 us <At <200 ps
- Muon Veto:

Pool Muon: Reject 0.6ms

AD Muon (>20 MeV): Reject 1ms

AD Shower Muon (>2.5GeV): Reject 1s
- Multiplicity:

No other signal > 0.7 MeV

in -200 ps to 200 ps of IBD.

Selection driven by uncertainty in relative
detector efficiency

Ny [ Nps <Ln>2 (ef) [Psur(E, Lf)]

N T — |

Nn Np,n Lf €n Psur(E: Ln)
Uncertainty in relative E efficiency (0.12%)
between detectors is largest systematic.

Prompt energy (MeV)

Events/0.05 MeV

20— -
18f i
Fey . 4
-ty ' 10
16: ‘-'--5 :
145 0o ]
12Fm % —=10°
10}
8F 10°
6f .
af- ol 10
2t WL
O-I 111 Ill ll Ilrr-l-llllllllll.llllll 1
0 6 8 10 12 14 16 18 20
Delayed energy (MeV)
3000—— )
2500/ —— Data, DYB-ADI E
2000F — MC &
1500f —> =
1000f -
500F =
oL A e et -
0 4 6 8 10 12

Delayed energy (MeV)
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: March 2012: q,; Surprise!

13
Compare measured rates and spectra

‘M Farmeasure My + Ms + Mg
2 8001 —+—Farhall R = Farrmasuud _ - 4‘/[ Dw 6 —
g —|—Nearhalls(scaled) expected Zi:-l(()i(‘ 1+ Mp) +lbi‘ 3)
-E 600 M,, are the measured rates in each
a [ detector. Weights a;,3; are determined
400¢ from baselines and reactor fluxes.
200}
i R =0.940 £ 0.011 (stat) £ 0.004 (syst)
- 0 ° -
=) L
-% - ---- No oscillation i i L.
3 12r — Best Fit Clear observation of far site deficit!
§ [
| SRS AN L % GRS G S0 U S & i SRS : : : :
PR 1 Spectral distortion consistent with
| L
08k | oscillation.
0
Prompt energy (MeV)
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/)
March 2012 Rate Analysis

Estimate 6,, using measured rates in each detector.

g LIS

E T
E 1.1 U tandard y2 h

T ses standard x< approach.
Z 105 Far vs. near relative measurement.

[Absolute rate is not constrained.]

EH1¢ cris Consistent results obtained by
095 - independent analyses, different
i reactor flux models.
09F
-l Ll l Ll Ll l Ll 1 I Ll 1l l Ll 1l l Ll 1l l Ll 1l l Ll 1 I Ll l Ll 1
0 02 04 06 08 1 12 14 16 18 2

Weighted Baseline [km]
sin?20,, = 0.092 = 0.016 (stat) £ 0.005 (syst)
sin?20,, = 0 excluded at 5.20
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Daya Bay,

L3

1.04
1.02

—

0.98

Expected Events

o
©
o

©0.94
O
2092
(O]

0.90

0.88

July 2013: Updated resulit

Rate only analysis:

_] T T T UL l UL I T T I UL I UL I L L T T I_ N
- ] =
- - <]
- Far Hall* S

E *AD 4+6 data points are displaced E

- by -50m and 50m for visual clarity

_ 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1 1 |_

0 02 04 06 08 10 12 14 16 18 20

Effective Baseline [km]

sin22q,, = 0.089 * 0.009

rTrrrprrr7 T T T T T [ T T T T T T T T TTT

TTT 1717 TT

Pl b bvr b b

IIIIIIIIIIlII L IIIIIIIII
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

.2
sin 2613

IIIIIIlIII
0.16 0.18 0.2
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: Energy Spectrum Distortion

= T T T T T —
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Rate + Shape Analysis

o = A / 3
_1 | t t - o | t t i T T T
B Daya Bay: 6 Detectors 1 »
i [ 99.7% C.L. 1 7
L [CJ955%C.L. 4
3 [ 683%CL. 1
— L e Rate+SpectraBestFit 4 /
N> - m Rate-only Best Fit =4
o B S B MINOS JAN? | +
o B . —— Rate+Spectra Ay’ 1
= 25~ e Rate-only Ay? —\
= 1t S’ SR |
T T T\
ﬁ — —
2 — -1 \

Si"z 2913 —_— 0_090_'__%%%89 Xz/NDoF = 162.7/153
|Am2 | = 2.59T01) x 1073 eV?

@ e !
@ &
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Best Fit +
68% C.L.

Accelerator
Experiments*

Normal
= Hierarchy

Inverted

"B Hierarchy

*All results assuming:
6cp =0,
623 - 45°

Reactor
Experiments

® Rate only
O Rate+Spectral

— n-Gd
==== n-H

sin22913

-0.05

Global Comparison

/ ——

origina':l flux : —¢ : 1

2011

T

2012

L ————

e

-
(]

L I SRR L TR L e R L T TR C L LV EERT LY LEPEPRLE

H
-
\%;

— reactor.éon data obly

— rjeevaluatedi flux

P o—
7 :

reactor ori+off data:

2013

bemmmmm e sennnn ]
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A Future Sensitivity
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-Statistics contribute 73% (65%) to total uncertainty in sin?26,; (|JAm?2_| )
* Major systematics:

013: Relative + absolute energy, and relative efficiencies

|Am?_| : Relative energy model, relative efficiencies, and backgrounds
* Precision of mass splitting measurement closing in on results

from p flavor sector
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Neutrinos: Completing the Picture

d,5 — the last mixing angle (reactor — now have it!!)

Mass hierarchy (— accelerator, reactor?)

CP violation — “leptogenesis” (— accelerator
Absolute mass scale (— Tritium b endpoint, cosmology...)

* Antineutrino=neutrino (Majorana — double b decay)?

Mass (eV)
A

% 0.058

u tau

o
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Mass Hierarchy
using Reactor
Antineutrinos

60 km baseline
* E resolution ~DB/3

Choubey, Petcov, and Piai PRD68,113006 (2003)
Learned et al. PRD78, 071302R, (2008)

Zhan et al. PRD78, 111103R (2008)

Zhan et al. PRD79, 073007 (2009)

Qian et al. PRD, 87, 033005 (2013)

Requires ~ 0.2% absolute energy scale
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“JUNO” (~ 300 M$)

e 20 kT F.V. liquid scintillator
detector at 55-60 km

* ~40 GW,, power

e ~700 m underground

e <3%resolution @ 1 MeV
 Sub 1% energy calibration

Current Daya Bay 11
Dm?,, 3% 0.6%
Dm?,, 5% 0.6%
sin’q, 6% 0.7%
sin’q,, 20% N/A
sinq,, 14%=> 4% ~15%

From Y. F. Wang
Jeffelgon Lab
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MH can be determined to

Ax?*>25 in 6 years
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Appearance

T2K- From Tokail To
Kamioka

*“5l Mass hierarchy (+/-)

CP violation
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Current US (Fermilab) Program

' Fermilab
/_ 10 km e e
_ 735.340 km —
, 12 km

—long baseline— /’

‘.‘ "q’

MINOS

n,, disappearance:
Dm,,%=2.43 + 0.13 x10-3
eV*

AR - -
nm ne
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NOVA Sensitivity (2019)

NOV A hierarchy resolution, 3+3 yr (V+V)
sin*(20,,)=0.095, sin’(26,,)=1.00

L;‘xm:<0'i. -

significance of hierarchy resolution (G)
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)5 sin*(20,,)=0.095, sin’(26,,)=1.00

NOVA CPv determination, 3+3 yr (V+V)
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(R. Patterson, NUFACT 2012)

* For Mass Hierarchy, 37% of d range covered
« Slight improvement from combining with T2K
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Far Detector :LAr TPC Detector

* 10 kt fiducial mass

« TPC design:
o 3.7 m drift length

o 5 mm wire spacing
o three stereo views

I EXISTING GRCUND \
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— - :/'— T
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el ool | 1 \ FINISH GROUND
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2+00 4+00 6+00
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LBNE Sensitivity

Mass Hierarchy Significance vs dqp
Normal Hierarchy

CPV Significance vs dqp
NH(IH considered)
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(Caveat: MH significance is not Gaussian statistics
see Qian, et al., Phys.Rev. D86 (2012) 113011)
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Summary

* Many surprising discoveries in neutrino physics
in the last decades

* We now have determined q,; !
-large value facilitates future measurements

* Future experiments are being planned to study
mass hierarchy, CP violation, supernova
heutrinos ...

Perhaps the best is yet to come!
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