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The Lack of Symmetry
Why are we here...
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1956 — A Year of Revolution

(A. Zee)

FOR THE FIRST TIME -
A FORCE OF NATURE WAS ASYMMETRIC
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1964 - More Violation of Symmetry
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Cabibbo — Kobayashi - Maskawa
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Matter — Antimatter Asymmetry

(The universe contains matter, not antimatter)
Sakharov Criteria (1967):

« Baryon number violation (or L—B) (no evidence yet!)

« CP violation (Quark (CKM) matrix? Not enough!)
* Non-equilibrium
(universe expands, OK, need phase transition?)

e.g., N-decay, EDM'’s, v mixing
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Search for proton decay
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Meanwhile....

Why Does the Sun Shine?

« Sun = Ball of H gas compressed by gravity
— HEAT (not enough)
 HEAT — Nuclear fusion

p+tp—od+e Oenergy
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SOLAR NEUTRINO FLUX*

The discovery by Holmgren and Johnston (1958, 19395 of an unexpectedly Jarge cross-
section for the Hed(a, v)Be? reaction led to studies by Fowler (1938) and Cameron (1938)
which showed that the proton-proton chain in the present sun is frequently com-
pleted by a series of reactions involving Be. Fowler and Cameron also discussed the pos-
sibility that the decay of BY, formed by Be7(p, v)B¥ reactions in the interior of the sun,
produces a terrestrially measurable flux of high-energy neutrinos (0 < E, < 14 Mev).
The detection of solar neutrinos is the only experiment that we can think of which could
provide direct evidence of specific nuclear reactions occurring in the interior of a star.

We have made use of recently obtained accurate values for the Be7 electron-capture
cross-section (Bahcall 1962) and the Be” formation cross-section (Parker and Kavanagh
1962) to make a detailed calculation of the expected B® solar neutrine flux. Other relevant
nuclear cross-sections have been taken from the report of Fowler (1960). The cross-section
constants, corrected for shielding factors, which we have used are, in units of kev-barns,
as follows: S = 3.5 X 1072, Sy = 1300, Sz: = 0.5, S17 = 0.03. The Be? decay rate is

Ne(Be™) =2.12 X107 % (1 +ay )T 712 sec™! .

The rate of neutrino emission per gram has been integrated over a new model for the
interior of the present sun (Iben and Sears 1962); this model has a central temaperature of
16.2 X 10°° K, a central density of 142 gm/cm?, and a central composition ay = 0.333,
2o = 0.633, compared with a surface composition of xg = 0.630, wz. = 0.336. The
opacity and encrgy-generation rates with B® reactions included were taken from the
work of Iben and Ehrman (1962); we find that 1.0 X 10% high-energy ncutrinos are
generated in the sun per second and that the expected neutrino flux at the earth from B#
decays in the sun is

¢,(B8) = 3.6 X 107 neutrinos cm~2 sec™! .

The neutrino generation corresponds approximately to 1 neutrino for every 1500 proton-
proton reactions, and the flux should be compared with the value of 6.4 X 10™ low-
energy neutrinos cm~2 sec ™ from the pp-reaction and the Be’-decays. The flux is a factor
of 10 less than could be detected with current experimental techniques using the
CI37(», )A¥ reaction and a detector consisting of 10° gallons of perchlorethylene (Davis
1962).

However, Davis (1962) has pointed out to us that the more energetic Be” neutrinos
(E, = 0.861 MeV, 88 per cent; 0.383 McV, 12 per cent) are just above threshold for
detection by CU¥7 absorption (Q = —0.814 MeV). The Be” solar neutrino flux above the
C1%7 threshold is

¢,(Be; 0.861 MeV) = 1.0 X 10™° cm™2 sec? .

Since the CI¥7 neutrino-absorption cross-scection for the 0.861-MeV Be™ neutrinos is about
a factor of 200 less than the average absorption cross-section for BS neutrinos, about
one-half of the detectable solar neutrinos are from B® decays, according to the model
of Iben and Sears (1962).

J. N. Bancarr
Wiriam A. FowLER
I. TN, JR.

R. L. SEARs

December 1, 1962

CALIFORNIA INSTITUTE OF TECHNOLOGY
PasapeENa, CALIFORNIA
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Not Enough Neutrinos!
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Super-Kamiokande (1998)

a— Cosmic ray
First evidence for neutrino oscillations!
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. Aelve> + AHIV

V,,V, Inasseigenstates m; , m,

| Ve ? = cos® |V1> + sin© | V2> Alnzz m12— 11122
5 2 2 A1112L
— < = sin“ 2 i S
PH Ayl sin” 26 sin ( 4B, )

2 .2 .2 Arx
| © = | — sin 26 sin (‘:@

E=1GeV, Am?=10-3 eV?, L= 1240 km

 Neutrinos have mass!

* Substantial flavor mixing!
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Three Generations of Neutrinos
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Pontecorvo Maki — Nakagawa — Sakata Matrix
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Progress Since 2000 |

e Sudbury Neutrino Observatory (SNO)
— flavor change responsible for solar v,
deficit
« KamLAND
— observes oscillation pattern, dm,,?
« K2K & MINOS
— precise determination of dm,;?, 6,5
« Daya Bay (2012)
— discovery of 0,
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RFOREANSO=a—k/

Neutrinos from mm

FTF \iae M) /ST KamLAND
FHEHS<B=a—M)/

BT R ;

Neutrina oscifation expenment Super-Kamiokande

ing production neutrinos. :
SR N

. . ~ . p—— EERAEEIS D =2~
Kashiwazaki Nuclear Power Station : 25 GW mﬁﬁ?‘&p%

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

ZA Z=N

.}effergon Lab



Detection Signal

v+p—>n+et

Y 2.2 MeV

Y 511keV !
—a"'

Coincidence signal:
« Prompt: e* annihilation - EV=Epmmpt+El+O.8 MeV
- Delayed: n+p 180 us capture time, 2.2 MeV
n+Gd 30 us capture time, 8 MeV
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KamLAND used
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nuclear power
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KamLAND Underground Facility

data-taking
electronics

1000 ton liquid
scintillator detector




Energy Spectrum

———— —e— KamLAND data

: :
350 — . -====- no-oscillation
E e best-fit osci.
300 ' : .
E : accidental

3C(e,n)'°O
best-fit Geo V,

- best-fit osci. + BG
+ best-fit Geo V,

—

it

200

o

150

Events/(0.425MeV

100

50

- -

IIII|IIII|IIIIIIIII|lIlI|IIII|IIII|IIII

O L1 1 l:{i.l 11 I 11 1 lI | I - Il L1 1 l | - — ll 1 }1’¢§FE%555*‘Ld=ﬂ
o 1 2 3 4 5 6 1 8

Ep (MeV)

.jeffergon Lab



KamLAND Result (2008)

| e Data-BG-GeoV, KamTAND f
1'_ — EXxpectation based on osci. parameters B 95%CL. ;
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Best combined fit values:
Am? = 7,59+021 . x 10-° eV?
fdn20 — 0.47+0'06_0.05

PRL 100, 221803 (2008)
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Pontecorvo Maki — Nakagawa — Sakata Matrix
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v, Survival Probability (3 generations)

Am. L (Am, L
P =1-sin"26,,sin’| —2—|-cos* 6,,sin”26,, sin’| —=2
4F, 4E,
probablht}, Dominant 6,, Oscillation

Subdominant 6,5

Oscillation / /

0-2 — Distance (m)
1000 10000100000,

e “Clean” measurements of 6, Am?
e Use 2 detector sites
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New Reactor 813 Neutrino Experiments
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Daya Bay Collaboration
An International Effort

Asia (20)
é 9 IHEP, Beijing Normal Univ., Chengdu Univ. of
o & ’ ‘)‘ Sci and Tech, CGNPG, CIAE, Dongguan
® 4 Polytech, Nanjing Univ., Nankai Univ., 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, Cal Tech, Cincinnati,
Houston, Illinois Institute of Technology,
Iowa State, Lawrence Berkeley Natl’ Lab,
Princeton, Rensselaer Polytech, UC Berkeley,
UCLA, Wisconsin, William & Mary, Virginia
Tech, Illinois, Siena College

Collab:::t_i:: cns . 7 .‘ ' : ¥ Elll'Ope (3)

e — e _ - Charles Univ,. Dubna, Kurchatov Inst.

~240 collaborators
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Daya Bay - A Powerful Neutrino Source

r

: T R ve
Ling Ao NPP ’!ﬁ% L >

2%29GW,,

Llng Ao II NPP
2x29GW,

SR . L - & - N ‘-’-';j:':‘
v e S < =

= Daya Bay NPP
2><29GWth

BN XTI (YT s TR
- L TR A ra
~ R A

«  Among the top 5 most powerful reactor complexes in the world, producing
174 GW,, (6 x2.95GW,,)

* 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 ~2x10?° antineutrinos/sec/GW
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Daya Bay Experiment Layout #,,,.,,,.,,
L3

L3
RPCs_ .. ‘

AD3 Ling Ao-11 NPP

outer and inner
water shields

EH2

[ ] lal
® 12

Ling Ao NPP

6 reactor cores

AD1 AD2

O

EHI1

N v concrete
antineutrino detectors (AD)

Overburden R, FE, DI1.D2 LIL2 L3L4 .. D1
EHI 280 127 57 364 857 1307 D2
EH2 300 095 58 1348 480 528 Daya Bay NPP
EH3 880 0056 137 1912 1540 1548

6 antineutrino detectors in 3
underground experimental halls
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Daya Bay Experiment Layout <2722
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o |4
AD3 Ling Ao-11 NPP

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

AD1 AD2

e DI

Ml )
Daya Bay NPP
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Far vs. Near Comparison

Compare measured rates and spectra

>
Q F([I‘ easured 1'1’7_]. + i"l: + [‘/{

E 800 ~+ Farhall K= Farm — = 6 {74 \W : M

g —}— Near halls (scaled) expected Zi:-t(al(‘ | + M2) + piM3)

2 600 M, are the measured rates in each detector.
q Weights a. 3. are determined from baselines

400 and reactor fluxes.

200

L L) L) I L L L l L L L ] Ll 1 Ll I L)

R =0.940 £ 0.011 (stat) + 0.004 (syst)

- O . 2 L 4
e L
% I -- No oscillation . . .
g 12 — Best Fit Clear observation of far site deficit.
P [
o -
IR ma ¥\ T ey G %, i s o e U : : : : 1y
PR B Spectral distortion consistent with oscillation.*
o - * Caveat: Spectral systematics not fully studied;

0.8 . ) 0,, value from shape analysis is not recommended.

0 10
Prompt energy (MeV)
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Rate Analysis

sUBdated June 20122
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3 Dec. 24,2011 — May 11, 2012

[E—
U

detected / Nexpected

Z 1.05

[E—

Most precise
measurement of
EH3 '| sin’20, to date.

EH1 EH2
0.95

<
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02 04 06 08 1 12 14 16 18 2
Weighted Baseline [km]

sin?20,; = 0.089 + 0.010 (stat) = 0.005 (syst)

CDI|IIII|IIII
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0.015"

0.005"

Future Sensitivity to sin?20,,

0.01

1-c Uncertainty
—— 6 AD
° PRL 108 171803
—— 8 AD
® June 2012

500

1000 1500
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Neutrino Mixing versus Quark Mixing

0.85 0.52 0.15
~eptons Uy =| 033 062 -0.72
-0.40 0.59 0.70

Why so different???

0.976 0.22 0.003
Quarks ‘;/ S -0.22 0.98 0.04
0.007 -0.04 1

Tri-bimaximal neutrino mixing:

Vv2/3 1/v3 0

Urem = | —/1/6 1/v3 —1/42

—/1/6 1/4/3 1/y2
(Harrison, Perkins, Scott 1999)
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The Mass Puzzle

fermion masses
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Leptogenesis

« CP Violation implies different rates for matter,
antimatter production via heavy Neutrino decay:

F(N S +H+) - F(N Sty H‘)

F(N %V+HO) y F(N %\7+HO)

 Lepton asymmetry converted to baryon asymmetry:

B Sphaleron
Process
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Leptogenesis

We have all the ingredients except demonstration of
CP violation in lepton sector!

— New Experiments...
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v, Appearance

T2K- From Tokai To
Kamioka

=2 | Mass hierarchy (+/-)

CP violation

A2 2 2 2
P(v,—ve) = 4¢]38738538In” Agy

+ 8¢13513823¢23812¢12 5in Ag) [cos Azz cds 6 ) sin\Asz, inAzl
2 .2 .2

— 8¢ 87,582,587, cos Agy sin Ag; sin A, matter
+ 4c2,52,[c2,c2. + 52,5252, — 2¢19Can8TTST3515 ks O)6in Agy

sin A31
2 2 2 2
— 8613813823(1 — 2813 HA31 [COS A32 — A—31:|




Current US (Fermilab) Program
2 D N
MINOS | —long baseline—>

v, disappearance:
Am,2=2.43 + 0.13 x10-3 e V2

.}effer.gon Lab
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Summary

 Many exciting discoveries in neutrino physics

Some extraordinary serendipity

Many bold and creative ideas

Clever, demanding and increasingly expensive
experiments

Future experiments are planned to study mass
hierarchy, CP violation, supernova neutrinos ...

Perhaps we will soon know why and how the
matter we are made of came into existence!






Why are we really “here”?

« [61]is the 18th prime number. The previous is 59, with which it
comprises a twin prime, Slxty one is a cuban prime of the form

. )—(I—qi’(l—ub.rzq—l—l

Sixty-one mlght be the Iargest prime that divides the product of the
next two primes plus 1. If there is a larger such prime, it would have to
be greater than 179,424,673 .[c/ation needed]

« 61 is 9th Mersenne prime exponent. (261 - 1 =
2,305,843,009,213,693,951)

«  Sixty-one is the sum of two squares, 5% + 62, and it is also a
centered square number, a centered hexagonal number and a
centered decagonal number.

« Since 8! + 1 is divisible by 61 but 61 is not one more than a multiple of
8, 61 is a Pillai prime. In the list of Fortunate numbers, 61 occurs
thrice, since adding 61 to either the tenth, twelfth or seventeenth
primorial gives a prime number (namely 6,469,693,291;
7,420,738,134,871; and 1,922,760,350,154,212,639,131).

. It is also a Keith number, because it recurs in a Fibonacci-like
sequence started from its base 10 digits: 6, 1, 7, 8, 15, 23, 38, 61...
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