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Outline

e Brief history of reactor neutrino physics

e Physics case for a precise 6, measurement

e Status and plan for the Daya Bay neutrinos
oscillation experiment

e Relic neutrino with radioactive nuclel?
(time permitting)



Neutrino News - OPERA Experiment

Researchers Claim Particles Can Travel Faster
than Light

Tiny Neutrinos May Have Broken Cosmic Speed Limit
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A great puzzle in the 1920’s

Why Is the 3-decay energy spectrum not a sharp peak?
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C.D. Ellis and W.A. Wooster,
Proc. R. Soc. (London) A117, 109 (1927)

Bohr suggested that energy conservation
IS only valid “on average” 4



Postulate of the Neutrino
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Fermi wrote down the theory of p-decay in 1933
(after including neutrino)
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Fermi’s theory agreed perfectly with experiment

However, neutrinos were not
detected until 23 years later! .



532 NATURE APRIL 7, 1934

Bethe Peierls

The “Neutrino
| i'f'“

For an energy of 2-3 < 10® volts, ¢ is 3 minutes and
therefore ¢ < 10-%* em.? (corresponding to a &-
trating power of 10'® km. in solid matter). It 1s

V+p—o>e +n

(Inverse beta decay)

of the neutrino in nuclear transformations—one can
conclude that there is no practieall ible wa
of observing the neutrino.

H. BeTHE.
R. PEIERLS,


http://lappweb.in2p3.fr/neutrinos/neutimg/nacteurs/peierls.jpg
http://stwww.weizmann.ac.il/g-junior/matmon/common_tools/scientists/bethe2.jpg

“I have done something very bad by proposing a
particle that cannot be detected; it is something
no theorist should ever do.”

- Wolfgang Pauli



An explosive idea to detect neutrinos

Reines
Nuclear
explosive
’/Fileball
Buried signal line
30 m for triggering release
RE—=—4w0m—|
Back fill Vacuum
pump
Suspended——
The proposal was detector Vacuum
line
approved, but Vacuum —-
: tank Feathers and
never carried out. foam rubber
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A Better Idea

Nuclear reactor generates a lot of neutrinos
continuously ~102%/second

Cowan

Reines and Cowan successfully detected neutrinos from
nuclear reactors using the “inverse neutron beta decay”

V,+p—>e +n
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What we have learned from neutrino

oscillation experiments
1) Neutrinos are massive

Ams, =m; —m/ =(7.9+£0.7)x10°ev* (90%c.l.)
|AMZ, | = |mZ —m? | =(2.4£0.6)x10°ev® (90% c.l.)
2) Neutrinos do mix with each other

4 —is
Ve ) C12Ci5 SPAYE S13€ Vi )
B is i
Vi |7 7512003 —C125,35,5€ C12Ca3 = 5125,35,5€ SxCiz || V2
i i
KVT ) 512523 — C12C,35,3€ —C5S,3 5,035,356 Cp3Ciz )\ V3

(c; =cosd;, s; =sing;)
6,034, 06,1145, 6,<13 for the lepton MNSP Matrix

6,13, 6,,112.2°, 6,110.22° for the quark CKM Matrix
3) Neutrino masses and mixings have provided clear evidence for
physics beyond the Standard Model

12



What we do not know about the neutrinos

« Are neutrinos their own antiparticles?
e The exact values of their masses?
 EXxistence of other types of neutrinos?

* Value of the 6., mixing parameter?

* Do neutrinos violate fundamental symmetries
(CP, CPT)?

 Why are they so light?
* Do neutrinos travel faster than light?
« Other unknown neutrino mysteries.....

13



What we know and do not know about
the neutrinos

Know tosome VoIl Vi V1
extent

Don’t know

Neutrino Mass Squared
[ R

Q. Mena and S. Parke, hep-ph/0312131

What is the v, fraction of v;?
(proportlonal to sin%0,5) ) - e .
Contributions from the CP-phase [VM o lchszgsme' G555 SC
6 to the flavor compositions of v

neutrino mass eigenstates depend

0N sin%0,5) 14

)
S12S23 — 120238136 —C15S53 = 5150535,5€ C,3C13
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Why measuring 6,57

A tabulation of predictions of 63 neutrino mass models on sin?0,,

Predictions of All 63 Models
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Models based on the
Grand Unified
Theories in general
give relatively large
015

Models based on
leptonic symmetries
predict small 0,

A measurement of sinZ20,, at the sensitivity level of
0.01 can rule out at least half of the models!



Modeling the Neutrino Mass Matrix

m 0 O m 0 O
UuMu=0 m, 0 UMU=/0 m 0

0 0 m 0 0 m,
UPMNS:UITUV

Examples of neutrino mass matrix:
a) v, —v, symmetry

A B B Symmetric with respect to
M =B C D|; V,~V, permutation
B D C (diagonal M, mass matrix)

After diagonalization, one can determine the mass hierarchy and the
mixing parameters

— Normal mass hierachy (m, <m, <m,)
- 0,=0,0,=7/4
Two ways to get 6, #0:

a) explicit symmetry breaking at the model scale
b) Radiative correction (RGE) from high scale to low scale



Modeling the Neutrino Mass Matrix

Examples of neutrino mass matrix:
b) v mass matrices with texture zeros

0 0 X
M, =0 X X X 1 non-zero entries
X X X
2 2
sin® g, 1 : R, tan 9124 R = Am221
tan’ ,, |1—tan* 6, | AmZ,
0 X O
M = X X X| X 1 non-zero entries
0 X X

R, tan® g, tan® ,,

=2
sin“ @, [

17



Why measuring 6,57
Leptonic CP violation

P(V,u V)~ P(Vy —>V,)= _16512012513C123523C23 X
2 2 2
sin o sin A, L |sin Ay, L |sin A, L
AE AE 4E

If sin220,,>0.02-0.03, then LBNE+T2K will have
good coverage on Oqp.

Reactor experiments set the scale for future
leptonic CP-violation studies

18



Caution: value of 8,; depends on
parametrization of mixing matrix

. 1 ] 0 C13 0 s 13
Define Roz = | 0 €23 S0z |, Rz = 0 1 0
0 —s23 c23 —s13 0 c13

ey [ 512 0
Ry2 = —S12 €12 U '
0 0o 1

and
1 0 0
Was = 0 Cz23 Spge ter .
(] —."'1'2 5[" iﬁ:"_‘ {.’-_:1
C13 D syze *er
Wiz = 0 1 0 .
N =, _M’-.—_ ] .
R23 W13 R12 is s1ze’P 0 c1a
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Various possible mixing matrix parametrizations

Other possible parametrizations:

S& (1) R23 W13 R12, R23 W12 R13, R13 W23 R12 _
R13 W12 R23, R12 W23 R13, Ri12 W13 R23 I
rotation around 3 distinct axes
» R23 W13 R12 : conventional rep. NN

(2) R12 W23 R12, R12 W13 R12, R13 W23 R13, ¢
Ri13 W12 R13, R23 W13 R23, R23 W12 R23 N
rotation around 2 distinct axes
» R12 W23 R12 : using definition of Euler angles

20



In certain parametrizations 0,5 can be rather large

f(:@:_’-phase o) =0:> Case

_ S [ Mu-:mg Matrix Bas f13q a2

S XYZ =(23)(13)(12)|45.00 0.00 33.91
(23)(12) order @ XZY =(23)(12)(13)|45.00 0.00 33.91
YXZ =(13)(23)(12)|45.00 0.00 33.91
YZX = (13)(12)(23) [50.31 -25.43 23.24
(12)(23) order Z\l = (12)(23)(13)]35.93 -29.16 43.55
ZY X =(12)(13)(23)|39.69 -23.24 2543

Case U Mixing Matrix Haq B4 #1a
gg:;ffticem A Y}"Z (23)(13)(12)145.00 544 33.91
B - (23][1}](13) 48.65 6.50 33.74
2oy P c } Xz = (13)(23)(12) [44.74 7.68 30.33
D ZX =(13)(12)(23)[52.03 -22.30 26.76
E ZXY =(12)(23)(13)[38.63 -25.71 45.31
F ZY X =(12)(13)(23) [41.57 -19.81 28.59

(See Huang, Liu, JCP, Reitner, arxXiV:11908.3906)



Current knowledge on 0,

Upper limit from reactors
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Measuring 0,, with Reactor Neutrinos

Search for 6,5 in new oscillation experiment
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Results from Chooz

Choozg B
Muclear Power Station
2 ox 4200 MWtk

Events

300 -

o
Tt
o7 4

et energy
# Reactor ON
+ +_ o Reactor OFF

- — o | +
~3000 v, ! 4
candidates wp 4% +
TrrTTTITIIT (included 10% bkg) in | et
¥ 335d0y5 DD L Idl-lllé-lll'-éllllﬂ
TP redPR |i| Systematic uncertainties
parameter relative uncertainty (%)
5-ton 0.1% &d-loaded liquid scinftillator | reaction cross section 1.9
+o detect Ve+p—>et+nh number of protons 0.8
detection efficiency 1.5
Rate: reactor power 0.7
~5 eVTS/dGY/TOH (fU” pOWCF‘) energy released per fission 0.6
including 0.2-04 bkg/dGY/TOn combined 2.7




How to Reach a Precision of 0.01 in sin?26,,?

* Increase statistics:
— Use more powerful nuclear reactors
— Utilize larger target mass, hence larger detectors

e Suppress background:

— Go deeper underground to gain overburden for reducing cosmogenic
background

* Reduce systematic uncertainties:
— Reactor-related:
» Optimize baseline for best sensitivity and smaller reactor-related errors

* Near and far detectors to minimize reactor-related errors
— Detector-related:
» Use “ldentical” pairs of detectors to do relative measurement

« Comprehensive program in calibration/monitoring of detectors

* Interchange near and far detectors (optional) 25



World of Proposed Reactor Neutrino Experiments
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Location of Daya Bay
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- ~55 km from Hong Kong central
+ All 6 reactors are in commercial
operation

- one of top 5 most powerful nuciw
power p!un'l's in the world

6 < 2.95 .c-;w1rh = 17.7 GW,,
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The Daya Bay Collaboration
Europe (3) (10)

JINR, Dubna, Russia

Dayz Bay,
13
Palilscal Slap of The Waorld, June | yd2
o L
e S N Kurchatov Institute, Russia
-L :m:.,.-' L/ _ "‘;f?f;;s =3 Cl:mrlas Uni::r.'sit}*, Czech Republic
- - ‘ i 3 T _-F.:‘__._ L, i o — - A
Y Ay N GRS e
ey . :-':'."_'. " = %
8 - -—-.“‘ ol r & ..:{. w =
2 Asia (19) (~140)

North America (16)(~100)
BNL, Caltech, LBNL, Iowa State Univ.,
Ilhnois Inst. Tech., Princeton, RP1, Sienna,

UC-Berkeley, UCLA, Univ. of Cincinnati,
Univ. of Houston,
Univ. of Wisconsin-Madison, Virginia Tech.,
Univ. of Illineis-Urbana-Champaign

~ 250 collaborators

IHEP, Beijing Normal Univ., Chengdu Umniv.
of Sci. and Tech., CGNPG, CIAE, Dongguan
Polytech. Univ., Nanjing Univ., Nankai Univ.,

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.
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Eight Identical detectors in three underground
sites connected by tunnels

Far Site
{4 deteclors)g .
% Ling Ao Near
(2 detectors)

hﬂayn Bay Hear : ' L :

i .
(2 detectors) | P‘ -
By, - sy Daya Bay

i
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Antineutrino Detector (AD)
A3

_ Calibration units
Stainless steel (LED, ¢8Ge,

tank AmC-Co)

-
e

S 4m acrylic tank sandwiched
between top and bottom reflectors
20-t 6d-LS Four layers of RPC's
Sm (target) to tag muons
20t liquid scint.
(gamma catcher)
= = - N& 40t mineral
T Y oil shield_

TS 192PMTs " -
i 3m acrylic t_;
! vessel

Bm

2.5m water shield also
serves as two Cherenkov
counters for tagging muons e by
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Detection of antineutrinos

Inverse Beta Decay
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Coincidence signal: detect
Prompt: " annihilation E =KE_, + 1.8 MeV
Delayed: n capture on proton (2.2 MeV) or Gd (8 MeV)

33



Eventbin
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Expected neutrino signals and rates

Prompt Energy Signal
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Energy
Monte Car s dows
28011 Mev N‘m -4 Eﬂi

150 : Iﬂ Mﬁ
| ,'\l u‘ll’i,
Si— I I!
¥ ; %‘*mm L
% 2 s B 8 10 12
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Delaved Energy Signal

reconstructed neutron (delayed) capture energy spectrum
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Near sites

~700/day/detector

Far site

~90/day/detector
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Assembly of Antineutrino Detector (AD)




View of the assembled Antineutrino Detector (AD)
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AD1 and AD2 installed in Hall 1




Filling water into Hall 1

AD Reconstructed Position slZVekicnl_AdSimph
Eniries 63328
E 1: A I S L R R T e Maan x 0.01426
vy ‘:_ e :
in air
u.sf—
N et s - - e
aE g 4
in water :
2
4 CLrE T 1
' |Boundary of 4-macrylic vessel|
23 2 ] 0 1 2 3 0
.y [M]

Reconstructed vertices
during water-filling

Clear demonstration of the water
| shielding effect.
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Hall 1 ready for data-taking




Hall 1 started data-taking since August 15

Daya Bay Near Site livetime
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Comparison between AD1 and AD2 (with Am-C source)
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Hall 2 installation started




Hall 3 (Far hall) getting ready

P h  Siea—————




ADS and
AD7 anc
I 1 tal
| 2 being mstalled

Hal
Hal
Hal

Current status of Daya Bay

Daya Bay has finished 4 out of 8 ADs

-6 assembly nearly fiish

8 completion 1n spring 2012

King data since Aug 2011

| 3 getting ready for installation

Summer 2012, data taking with full
experiment
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Projected sensitivity

3 Years,
90% Cﬂnfidence Level

"“.1.‘1 5 : 1 o8 Sensitivity ws. running tirme
c:; 15 C — Choog i i i i i i
'E: = Diava Bay 3 v i i i i i i
._-Q‘,E‘ 4 = Ao smz{EE]g} < ﬂ 01 @ QU“’? CL in 3 years
= C 1 f !
E as5C O data talﬂng
E = .:,.33: -. S S——
‘B 3 L
25 :— 'E (17| I i R i
= Amf =25 x 107 %eV?
1.5 — . . . bl T gy S
1 a ; ; ; ; ; ; ;
C o 0.5 10 15 2.0 2.5 1.0 15 FY
ﬂ 5 I | 1 1 L1 ||| 1 | 1 Runn '1-;|:|rm:[5-'m'=|
2 -1
10 11
s LE]
1 Year Of Data Taking = 300 Days

4b



Backup Slides



Relic neutrinos and the inverse beta decays

Expected properties cosmic neutrino background (CNB) versus
cosmic microwave background (CMB)

CMB CNB Relation
Temperature 2.73K 1.9 K TJT, = (4/11)13
(1.7 x 10* ev) =0.714
Decouple time | 3.8 x 10° years ~ 1 sec
Density ~411/cm?3 ~56 / cm?3 (per n,=(3/22) n,
flavor, n,=n, . )

 CNB took a snapshot of the Universe at a much earlier epoch than
CMB n,

* Since Am,,? = (8.0£0.3) x 10~ ev?, and [Am,,?| = (1.9 —3.0) x 1073
ev?, at least two of the three neutrinos have masses higher than 10-2

ev, and these two types of CNB are non-relativistic (f<<1)
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Capture of CNB on radioactive nuclel

A very old idea: S. Weinberg, 1962
Consider tritium beta-decay:
a) ’H - *He+e +v,
This is a 3-body S-decay with Q-value of
Q. =M(*H)=M (*He)=M (e ) - M (7,)
where M (x) refers to mass of particle x
Now consider the CNB capture reaction:
b)v, +°H — °He +e
This is a 2-body reaction with the Q-value of
Q, =M(v,)+M(H)-M(*He)-M(e")
It follows that

Q,=Q,+2M(v)
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Capture of CNB on radioactive nuclei (continued)

For massless neutrinos, M (v) =0, and we have

Q. =G

Note that the conventional definition of Q-value for

the S-decay, Q ,, assumes M (v) = 0, hence

Qs =Q, +M(v)

The maximal energy for electrons from the

H - °He+e™ +v,

S-decay is the end-point energy (ignoring recoil energy)

Ta:Qa:Qﬂ_M(V)

Electrons from CNB capture reaction are mono-energetic:

T, =Q, :Qﬂ+M(V)
(Q,=18.6 KeV for tritium S-decay)

It follows that
T, =T, +2M (v)
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Capture of CNB on radioactive nuclei (continued)

e Neutrino masses: M (v)=1ev (mass degeneracy of three neutrinos)
e Experimental energy resolution : A=0.5ev

e Any local clustering of CNB due to gravity? n,/ <n, >=50

e Size of the tritium source: 100 grams

800

T
itium [} decay tail
olded with A = 0.5 eV resolution

700

600 |-

300

400 |-

300

Rate (events/eV/vear)

200 -

100 |

0

1
Electron kinetic energy in eV

Lazauskas, Vogel, Volpe, J. Phys. G. 35 (2008) 025001 51



Capture of CNB on radioactive nuclei (continued)

e Neutrino masses: M (v)=0 ev (for the lightest neutrino, assuming inverted
mass hierarchy, the other two massive neutrinos are nearly degenerate)

e Experimental energy resolution : A=0.03 (0.06) ev

e Any local clustering of CNB due to gravity? n, / <n, >=1

e Size of the tritium source: 100 grams

nts/{eV year)]

hTe-Q [eV]

M. Blennow, Phys. Rev. D 77 (2008) 113014 52



Capture of CNB on radioactive nucle1 (continued)

e Is there a way to INCREASE the energy separation between
the electrons from the f-decay background and the CNB capture signals?
e How about boosting the momentum of the tritium relative to the
sea of CNB? (by accelerating the tritinm)?
e Now consider a tritium accelerated to an energy corresponding to
ECH)/m(CH)=y. It is simple to show that in the center-of-mass
frame of “H +v. the total energy is equal to
\/;:FH(EH) + v -m(v)
e This means that electron emitted from the CNB capture would have
an energy larger by y-m(v)relative to case when a tritinun 1s at rest.
¢ On the other hand, electrons from the trittum fS-decay would still have
the same end-point energy in the tritinm rest frame.
¢ This implies the separation between the energy of CNB capture electron
and f-decay end-point 1s now increased by an amount ~y - m(v).
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Capture of CNB on radioactive nucle1 (continued)

e We need to boost the electrons back to the lab frame, since the detectors

will only measure the electron energy in the lab frame.

e [t 1s interesting that one would gain another important factor for electrons
emitted along the direction of the tritium momentum. Consider the Lorentz
transformation:

E; =yE, + pyh: E:i =yE, + pyF,

where E and E’ are the electron energies in the c.m. frame and the lab
frames .respectively. The subscripts 1 and 2 refer to electrons emitted
in the CNB capture and f-decay. rspectively. We have

E,~E, = y(E, - E,)+ By(R - B) ~ 2y(E, ~ E,) for f —1

e This shows that the energy separation between electrons emitted in the
torward angles from the CNB capture and the electrons from the f-decay
1s further increase by a factor of ~ 2y!! This amounts to a separation of
~ 2(1+ y)ym,  1n the relativistic limit.
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Capture of CNB on radioactive nucler (continued)

» We have carried out calculations for various neutrino masses over

a wide range of tritium momentum:

AT is the separation of the kinetic
energy for electrons emitted at
forward angle from the CNB
capture and electrons at end-point
from the tritium B-decay.

1D T R N T T T T [ TR T TN M [T TR TN T Y MO T T N N N T N
o o0 100 150 200 250 300

P(GeV/C)

The figure shows that AT becomes very large for high energy tritium beam.
Note that P=300 GeV/c can be achieved at the RHIC accelerator. 15
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