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Neutrino: the most elusive particle
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As a Background
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Part B

March 8: Why Today? ~

News Release +
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Part B _
The Experiment 8
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A Milestone 11
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Fritzsch-Xing Plot (28 fundamental parameters in Nature)
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Flavor Mixing 13
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Quarks (63 — 73):

new physics ?

unitarity ?

P)HEN (we assume three Majorana neutrinos + unitarity)
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Part C

N

Origin of Flavor Mixing 1
—L =y 1) M, (:1’) 4

Weak interaction (flavor) state:
Ve
(v, v, v.)p M, |v,| +hec
Ve ) R
Mass state:

e _ /¢
. 1 _ 1
L =(e pu ) M lpu|l + =(vy, vy ) M, | v5| +h.c.
mass L [ > 1 2 3 /L I 2
R R

b | =

—

/

Weak charged-current interactions:

g U el U e2 U el I
_ — 5 — ~H [ [ [ A~ -
L. = 5 (e p 7)Y Uy Uy Upg vy | W, +he
- ('r 1 (72 ('r% Vs L

The MNSP matrix: [ — O; Oy mass matrices




Part C _
Two Strategies 15

Strategy (A): flavor mlxmg angles depend on mass ratios.

Strategy (B): constant leading term
+ perturbation matrix.

U = (Uy+AU) P,| 1996 <(m—

b+c —b —C Some linear
M,= —=b a+b —a correlations
—C —a a -+ c /| orequalities
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Flavor Symmetries 16

‘Guiding Principle ‘

The Flavor or Family Symmetry might be the promising way towards
deeper understanding of fermion mass generation and flavor mixing
(Harari et al 78; Froggatt, Nielsen 79; ...... ).

Flavor Symmetry

S31S4sAgs 2y, U(L)g, SU2)g s vovees

« a(\2 <
" | Symmetry Breaking
0
“"“ §

v EME-Friéd bera

Observed patterns of fermion masses and flavor mixing |
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Texture Zeros

17

Example: 15 two-zero textures of the Majorana neutrino mass matrix.

Pattern Texture of M,

The scales of neutrino masses

00 x
Ay 0 x x mg ~ VAmM?, (m), =0
X X X
0 0
A, X X X My =~ VAm? (m),, =0
0 X
R
. % % 0 A2 N )
1 x> D X m3 pnt V'II m B t\m-;ee Pt m3 tan 923
0 x x 2
Kk o
ot { LY i~ 2
B2 D xoox '??13 ~ VIII m 3 ‘\m';'ee —~ m3 cot 923
x % 0 23
R
3 . m3 ~ v’ T tandp. ’ \Mee ~ mgtan O3
X X X 23
—_—
. x % 0 ™ Am? N 2
1 X X X mg & v T ootig (Mee = mycot” b
0 0 23
f
! tan? 2923c0t 9125111 -913L\m
Tilg Ao
G ~ E . 3 \/ 1 + 2 cot 0,4 tan 26,4 sin 05 cos §
X X
% 0 4 cot 205 cos d 4 cot? 20,4

/ Y o Ill
(T e == T3 V‘I 1—

tan 20, sin ;5

tan? 26y, sin’ 6,4

Frampton, Glashow, Marfatia:

hep-ph/0201008 ¥ "
(02 Jan 2002) l s

Phys. Lett. B 536 |
(2002) 79
30 May 2002

doing research is a fun

Xing:
hep-ph/0201151 ¢}
(17 Jan 2002)

(2002) 159
28 March 2002

100 citations




rane Constant Patterns 18

Example (A): Democratic FlavorMixing Pattern (Fritzsch, Xing 1996).

EEICINEEIC
2 2 3 3
[ = | _v6 V6 6 [ — | 6 V3 2
6 6 3 6 3 2
g gl 8 4

Example (B): Tri-bimaximal Flavor Mixing Pattern (Harrison, Perkins,
Scott 2002; Xing 2002; He, Zee, 2003)

Democratic Tri-bimaximal

0, = arctan(v/2) — 7/4 = /4 — arctan(1/y/2) ~ 9.7°




Part C _
Perturbations 19

To illustrate, we typically take (0,, ~ 34°, 0,3 = 9° and 0,3 ~ 45°

0.819 0.552 0.156e=%
U= —0.395—10.092¢°  0.586 — 0.062¢% 0.698 P,
0.395 — 0.092¢?  —0.586 — 0.062¢* 0.698
0.112 —0.155 [0.156c—7
Democratic |AU =| 0.013-0.092¢?  0.178 —0.062¢? — —0.118
—0.182 — 0.092¢  —0.009 — 0.062¢  0.121
The nine matrix elements are all 0(0.1) ---- natural?
0.003 —0.025 [ 0156
Tri-bimaximal | AU = | 0.013 —0.092¢"  0.009 — 0.062¢ — —0.000
—0.013 — 0.092¢%  —0.009 — 0.062¢5  —0.009

The smallest (largest) angle receives the maximum
(minimum) correction ---- unnatural?



Part C
Quantum Corrections

A mechanism of neutrino mass generation most
- likely works at a super-high energy scale. After
N et integrating out heavy degrees of freedom, one
S . is left with the unique Weinberg operator:
b Ry

; ) Ed:5 1 71l pc
New Physics Scale Vi iﬁangLHH o1, + hoc.

Impossible
unless ......

RGEs = Cable Car

To compare a theory with experiments,
one must run the RGEs of the effective
v=-mass matrix down to low energies:

RGE = renormalization-group equation e
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Initially 6., =0 ? 21

Example (A): Tetra-maximal mixing (Xing, 2008) 9@ ~ 30.4°
/ 2+4\/(§\f ) 2 2_4\(/3 ) \ 9&?} ~ 8.4°
i(v2-1 2- i(v2+1
Uy = \ij(\/é ) %_f \f (\/il ) 9%?-45
V2 i(vV2—1 1 iv2 2 i V2+1
\_T T T 3T 4 i 1 / 0% = 90°
Example (B): Correlative mixing (Xing, Jan 2011)
V2, 1 i 99 ~ 35.3°
1 Ve L s 1 \/_ i | | (0)
Up = | =5 — 755 7 \/65’*6 75Cs 015 ~ 9.7
11 i 1 is 1
V6 T V3% velmiv S 0% = 45°

Comment (1): it is easier to get perturbations or quantum corrections

Comment (2): it is not easy to get such a pattern from group theories



Part C
How to Play?

w h a t distinguishes different families of fermions?

----- they have the same gauge quantum numbers,

yvet they are quite different from one another. D/}grl;r;ld

Radiative Mechanism (S. Weinberg 1972; A. Zee 1980)
Texture Zeros (S. Weinberg; H. Fritzsch 1977; H. Fritzsch 1978)

Family Symmetries (H. Harari et al 1978; C. Froggatt, H. Nielsen 1979)
Seesaw Mechanism (P. Minkowski 1977; T. Yanagida 1979;
Extra Dimensions (K. Dienes et al; G. Dvali, A. Smirnov 1999)

Although nature commences with reason and
ends in experience, it is necessary for us to do the
opposite, thatis, to commence with experience
and from this to proceed to investigate the reason




Part C
The Structure 23

Off-diagonal asymmetries | 4, = |V,.,|? = |[V.il? = [Val? = [Vis]? = [Vial? = [V ]?
of the CKM matrix: == i , ,
Almost symmetric! [l |42 = [Vusl® = [Val® = [Val® = [Vis]* = [Val* = [Vaal?
) 1216/ - ‘ m
A = ATA°(1 - 2p) lor
- a b =0
(s o 0
us el 1M, =| b ¢ d || [bs=45, 6,5=0]
”
= —b d c
=
E. a b =0
A (M, = b ¢ d || |lus=45", §==L90
ONGIRON - v

The MNSP matrix exhibits an approximate p—t symmetry in modulus:

“ “a 5 “ 5 ] _?’(5
(..1 9 (l 3 S 12 (..1 3 s S 13 (&
T L B 7. PP e —
“ i X} i X} > Z’ 6 —_ — I “ — " ») 2 “a "

What to do

Conditions: [0,; = 45°, 6, = 0°] or |0,, = 45°, § = £90°| next ?




Part C

The 1st Paper on CPV 2«

Volume 72B, number 3 PHYSICS LETTERS 2 January 1978

TIME REVERSAL VIOLATION IN NEUTRINO OSCILLATION

Nicola CABIBBO™
Laboratowe de Physique Théorique et Hautes Energtes, Paris, France™

Recewved 11 Qctober 1977

We discuss the possibility of CP or T violation in neutrino oscillation CP requires », < v, and ﬁp “— b, oscilla-
tions to be equal Time reversal mvanance requires the oscillation probability to be an even function of time Both
conditions can be violated, even drastically, 1f more than two neutrinos exist

The Cabibbo Texture: the tri-maximal mixing + maximal CP violation:

O S0+ 10-%) &
i Vi VA s(1-%) —3(+%) &

The Jarlskog invariant: |J,.. = C19519C13513Cy3593 SIN 0 = 1/ (6\/5) ~ 9.6 X 10‘2‘




Part C

CP & T Violation 25

Under CPT invariance, CP- and T-violating asymmetries are identical:

P (ya — Vﬁ) - P (L_/a — Fg) = P (L/a — 1{5) - P (Vﬁ — L/a)

Am3 L . Am3, L . Am3,L
£ N TaE MR

= 1GJZ € o SIN

Comments: 4 CP / T violation cannot show up in the disappearance
- neutrino oscillation experiments (o = B);

013 ~ 0" | % CP/ T violation in normal lepton-number-conserving

neutrino oscillations depends only upon the Dirac phase

f.. = 45°| of U; hence such oscillation experiments cannot tell us
23 whether neutrinos are Dirac or Majorana particles.

% CP / T violation is a small three-family flavor effect;

‘J =sin@d,,cosd,,sind,,cosb,,sind,,cos°6,.sind = 3.6sin 6 x10™°
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Unitarity Triangles 26
® 0, =34
0,=9
0, =45
0 =90

\(I)‘rl (I)TQ (I)T?)
(12.05o 26.11° 141.80)

( (I)el (1)62 (1)63 )

12

83.98° 76.94° 19.08°
\ 83.98°  76.94° 19.08°

S, =Y, =180°
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Part C _
Leptogenesis 28

€ add 3 heavy right-handed Majorana neutrinos
into SM & keep its SU(2) XU(1) gauge symmetry:

_ o~ |

lepton

Fukugita, Yanagida 86

€ lepton-number-violating & CP-violating decays of heavy neutrinos:
by

\Hb

€4 non-perturbative (B-L)-conserving weak sphaleron reactions work:

| CP violation ”I L-number asymmetry H B-number asymmetry

€ a link to low-energy CP violation? The phase counting: 9 phases at
high scales, 3 phases at low scales ----- related indirectly via SEESAW.



Part C ,
It's a Dream! 29

'l Cosmological matter-antimatter asymmetry >

Seesaw

Signatures

-+

i at colliders
Leptogenesis

‘<l Neutrino oscillations & lepton number violation >

Cosmic messenger: neutrino astronomy and neutrino cosmology.

Surprise maker: history of neutrino physics was full of surprises.
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active
flavor
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flavor

Sterile Neutrinos?
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Parametrization 31

W
0 Uy,/\S B/\0 1

interplay

(VO 0) — 023013012 , Full parametrization:
o1 15 rotation angles
! 0 — 15 phase phases
(0 UO) B 056046045 ’ Xing, arXiv:1110.0083
A R
( S B) = U350560150350550,503,05,04
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Unitarity Polygons 32

Ae : V#1VT*1 + V}LQVT*Q + V,LL3VT*3 = 0] Deformed A; 3 Vul 7*1 + V,uz :2 + V,us T*3 ~ —Z"
A,u, : ‘/7'1 e*l + VTQ‘/:E*Q + VT3‘/€>§ — O u'?itarity Ai@ : ‘/'rl‘/e*l + VTQV;E =+ VT3‘/6>§ = _y
* * * !, * * * oy *
A’T : ‘/el nl + ‘/632 12 + ‘/;3 p3 trlangles AT : ‘/61 pl + ‘/€2V,U,2 + ‘/63 n3 — X
1'/;,:.3 ‘/:ES ‘/;1-3 "fT*B
1 2 —Z*
V#l i : VLQV:Q /1 "/:11 VX VLZ V5
(AL) X = 814854+ 5155551 81659 (A1)
Y = 8145341815535+ 516536
Fa ¥ A ~ ~ A~k ~ I~ V4 J*
‘Fl"el é — 824834+825S35+826S§9 ‘Tl‘el
4 5 -
) VoV V_ Vi
RCE VoV o
(A,) New effects (A7)
V.V of VoV

Vo ; CP violation —X V
e3 v 3
o "{EQ 1'/:,:.2 S 1 (0] /0 I evel V:zii ‘/;15 "{22 "/;1-2

(&) (A7)



2011 (440 pages)

Open QuUestionNS  cucwssummmomouon

the absolute mass scale?
the mass hierarchy problem?

Zhizhong Xing

ShunZhou

the flavor desert problem?

how small is ? Neutrinos in Particle

leptonic CP violation? Physics, Astronomy
and Cosmolog

T
"‘0

the Majorana nature?
how many species? ...

cosmic v background?
supernova & stellar 's?

UHE cosmic 's?

SR NANG UNIVERMTY AN

warm dark matter? W oIk 9 Springer

matter-antimatter asymmetry



Cosmic Flavor Physics

Baryogenesis
Leptogenesis

Supernova V's

(relic background)

A New Road Ahead?
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CPC(HEP & NP), 2012, 36(4): 281 297 Chinese Physics C Vol. 36, No. 4, Apr., 2012

Implications of the Daya Bay observation of {3 on the

leptonic flavor mixing structure and C' P violation

XING Zhi-Zhong(Jff &)Y

Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

Abstract: The Daya Bay collaboration has recently reported its first 7, — ¥, oscillation result which points
to 615 ~ 8.8° £0.8° (best-fit =10 range) or f13 # 0° at the 5.20 level. The fact that this smallest neutrino
mixing angle is not strongly suppressed motivates us to look into the underlying structure of lepton flavor
mixing and C'P violation. Two phenomenological strategies are outlined: (1) the lepton flavor mixing matrix
U consists of a constant leading term Uj and a small perturbation term AU; and (2) the mixing angles of
U are associated with the lepton mass ratios. Some typical patterns of Uy are reexamined by constraining
their respective perturbations with current experimental data. We illustrate a few possible ways to minimally
correct Uy in order to fit the observed values of three mixing angles. We point out that the structure of U may
exhibit an approximate pu-7 permutation symmetry in modulus, and reiterate the geometrical description of
C'P violation in terms of the leptonic unitarity triangles. The salient features of nine distinct parametrizations
of U are summarized, and its Wolfenstein-like expansion is presented by taking Uy to be the democratic mixing
pattern.
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