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Neutrinos
Windows to New Physics

Neutrino Oscillations provided

® Neutrino Masses
® Neutrino Flavor Mixings

New Symmetry
Connecting Physical Phenomena
Leptogenesis, Lepton Flavor Violation

Sterile Neutrino

Mass Varying Neutrino
CPT Violation ......



Alternative Solutions 1o
Neutrino Oscillations

Neutrino Decays
Decoherence

However, data disfavor
non-standard interaction.



Neutrino Decays

L = gaU%VaJ
J : Massless Scalar Majoron
va — Vg + J (massless scalar)

Am2L
OF

Py = sin® 0 + cos* 0e~*L/E 4 25sin? g cos? e~ *L/2F cos

m
where o = s

T2



Decoherence Effect
BFIREEROTFHNIBE

Neutrino system to be copled to an environment

Instead of Schrodinger Equations, we are forced 1o use
Liouville Equation for neutrino density matrix p

p = —i[Hm, p] — D|p]

Decoherence Term

1 2 Am=?L
Pm=§sin229<1—e_d’:cos o )

2K

In Am2=0 limit, the pure neutrino decoherence formula is obtained.
In d=0 limit, the neutrino oscillation formula is obtained,



Tests for neutrino decay & decoherence

% 1: Best fit parameters

= 16 Am?=2.3x10-3,sin?206=1.00

8 14 +2min=83.9/83 d.o.f

H o (5in220=1.03, y2min=83.4/83 d.0.f)

4_2 0.8

2 o4 2.0x10 < Am2 < 2.8x10-3 eV?

2 02 0.93 < sin?26 at 90% C.L.

§ O T g g g

L/E (km/GeV)

— Oscillation 2 = 839/83d.0.f SK-I
— Decay Y2, =107.1/83 d.0.f, Ay2 =23.2(4.80) 340

Decoherence ¥%4.. = 112.5/83 d.o.f, Ay? =27.6(5.30) 380




Nevertheless,
Non-Standard Interaction may be
comparable oscillation effect,

Broken of Neutral Current Universality

Flavor Changing Interactions
NuTeV Anomaly
Sterile Neutrinos

CPT Violations

Mass Varying Neutrinos



Broken of Neutral Current Universality
hep—ph/0603268 M.Honda, N. Okamura and T. Takeuchi

Zvyvpy coupling: Charm and Charm 1II

g”¢ = 0.528 4+ 0.085
g"* = 0.502 £ 0.017
e _ 0.15 __
g¢/g"" = 1.057 312 = 0.87 ~ 1.20

Contraint by Z invisible width measured LEP
and SLD

(g"¢)? + (g"1)? 4 (g"7)?



Effective Hamiltonian for Neutrino Oscillation in Matter

d,
’L£|V>—H|V>
. [0 0 0 a 0 O be O O
H=U_—|0 Am3, o |U'+]|o 0 o|+]|0 b, o}
0 0 Am3, 0 0 O 0O 0 b
U is MNS matrix in vacuum:
CL:\/EGFNG
W exchange interaction with e:
b:-\%GFNn: if be=0b,=0br =10

Z exchange interaction with n

b does not contribute 1o neutrino oscillations,
However,

If be = by # b7, b; Mmatix cannot be ignored.



Non-Standard Interactions
hep—ph/0606013 N.Kitazawa, H. Sugiyama and O.Yasuda

Four Ferimi Interactions

ci = —2v2¢ GF(Va’YuPLVB)(f’Y“Pf)

f:€7u7d7 PZPL?‘PR



Effective Hamiltonian for Neutrino Oscillation in Matter

. [0 0 0 a 0 O bee bey  ber
H = U_|0 Am3, 0 |U'+]0 0 Of+ b5 buu bur
0 0 Am3, | 0O 0 O bi, b brr
1 0 0 O 1+ €ce €ep  €er
= Uﬁ 0 Am3, 0 Ul +a 39 €L em}
0 0 Am%l ] € €7 €T
a=\/§GFNe:

€ = 2P (eg]; + 3635 + 3eg§); P=L R

€, 3 have bounds at present:

S. Davidson, C. Pena—Garay, N. Rius, A. Santamaria, JHEP 0303 (2003) 011



Present Bounds

—4 < €ee < 2.6 |eeu| <3.8x107%  Jeer| < 1.9

lerr| < 18.6
Effect of e,3 : 2 family (e, p) case:
tan 26, — L% sin 20 4 2ace
AmZ 00520 — a1 + ece — )
(AT’?LY _ (Achosze_a’Q(l-l—eee—eﬂu))z

2
Am2L

Posibility to find the large effect of the non-standard interactions
in LBL oscillation experiments.



NuTeV Anomaly
oc(VvuN - vy X) o(@uN —7,X)
c(vyN = p=X) o(N — uTX)
are smaller than expected by SM

g2 = 0.30005 4+ 0.00137 g¢2(SM) = 0.3042
g% = 0.03076 + 0.00110 ¢#(SM) = 0.0301

2
Differ from the NuTeV result by 3 G in g

heavy gauge singlet
V = Vjght COSO + VpegyySINO, 6 >~ 0.05
Zvv is supressed by cos?60, Wiy is by cosé.

T. Takeuchi, W, Loinaz, hep-ph/0410201
W. Loinaz, N. Okamura, T. TaKeuchi, L.CR. Wijewardhana, PRD67 (2003) 073012



PT Violation

A4 | L4 B

Phenomenological Motivation comes from LSND result.
I¥ CPT is broKen in the neutrino sector, one expects differences
4 7! — Ve 7M — Ve
Am? 7= AT
However, Gonzales-Garcia, Maltoni and Schwetz showed

a global fit of all data except that of LSND is
in agreement with the CPT conserving solution:

Am? = A2
The situation is changed if Decoherence effect is taken,
G. Barenboim, N, Mavromatos, JHEP 0501 (2005) 034



Dynamical Realization of Neutrino CPT Violation

Derivative coupling of the dark energy scalar

Lopp~0ugd gyl = Tl = gng
q'b #= 0 violates CPT invariance because trans-
lation invariance is broken in the spacetime.

Dark Energy Scalar : Quintessence, Acceleron

However, the laboratory experimental limit
on CPT Violation in electrons is so stringent,

Interesting idea: Derivative coupling to vp;

i _
Lepp %%qﬁ URiV"VR;

P-H. Gu, X-J. Bi and X. Zhang, hep-ph/0511027



Sterile Neutrinos
Sterile Neutrino Mass and Active-Sterile neutrino mixing

substantial impact of induced 3 x 3mass matrix

mg ~ (0.1 —0.3) eV and sin?f4s ~ 1073 — 1072
mg > 300 MeV and sin?6,q < 1072

Three Benchmarks
sin?6,q ms =103, 3x 1073, (2-3)x107° eV

A. Yu, Smirnov, RZ, Funchal, hep-ph/0603009
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Mass Varvying Neutrinos

R.Fardon,A.E.Nelson, N.Weiner, Astropart.Phys.10(2004)005
P.Gu, X-L.Wang and X-Min.Zhang, PRD68(2003)087301|

Motivations

Very little is Known about the cosmological behavior

of neutrinos and the neutrino energy density.
The energy scale of the dark energy is close 1o
the neutrino mass scale:

Am?, ~ 8.0 x 10%eV* [KamLAND,SNO] s
Am?,,, ~2.5x10~%eV? [K2K,SK] Apg~ (2 x107°eV)
7x107* <, <0.02

20
20



MaVaNs Scenario

Assumption 1: mvis the function of @, (Acceleron).

Ly = A¢aYY +vpmpy = my = — N oa

=1 SM sector [ — Dark sector [™

¢a:acceleron
) @¢$- ¥ :dark fermion

Assumption 2: Poe has two components.

PDE — Pv+ Viga(my))

Stationarity ofOpe leads to the varying neutrino mass.

n, Non-rela neutrinos
Ony, Oy iy 21

21



Neutrino Oscillations as a Probe of Dark Energy

DB. Kaplan, AE. Nelson, N. Weiner, PRL 93(2004) 091801

Solar mass-varying neutrino oscillation
VBarger, P, Huber, D, Marfatis, PRL 95(2005) 211802
Mass varing neutrinos in the sun
M, Cirelli, M.C. Gonzalez-Garcia, C, Pena-Garay, NPB719(2005) 219

Confronting mass-varing neutrinos with MiniBooNE
V. Barger, D, Marfatia, K. Whisnant, PRD73 (2006) 013005
Testing mass-varing neutrinos with reactor experiments
T. Schwetz, W. Winter, PL B633(2006) 557
Effects of environment dependence of neutrino mass versus

solar and reactor neutrino data
M.C. Gonzalez-Garcia, P.C. Hondara, RZ. Funchal, PRD73(2006)033008

Dark Energy in non-relativistic neutrino back-
ground

Vdark(¢a) = nymy(Pa) + Vo(¢a)



In the presence of matter, we have new effec-
tive potential for ¢:

pPBP
planck

1
Vaari(9) = V(¢0) + V'(d0)d + SV"(40)¢° + ...
V(¢g) = dark energy, V'(¢g) =0, V"'(¢g) = mq%

V=2

+ Vdark (¢)

oV _ APB . O,
O m?]ﬁ Mplanck’ Ay = Heb o

8777,1/

09

mu(¢) = mu(Po) + ¢+ ...=mu(¢o) + v+ ...

A Ay
Ay = mu(o) — mu(d) = —Avp = ‘2. =]eV

mgMplcmck
A=10"° )\, =101 o = 3g/cm3, me = 107° eV



Challenge 10 observe

the non-stanadrd physics
in future Neutrino
Oscillation Experiments !



