Neutrino Phenomenology:
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“The" v Standard Model

e 3 light (m; <1 eV) Majorana Neutrinos: = only 2 dm?

e Only Active flavors (no steriles): e, p, 7

Low Energy CP violation

e Unitary Mixing Matrix:
3 angles (012, 03, ng@ac phasD2 Majorana phases (ao, as)

‘Vea Vs VT>fla’Uo7“ - UO‘Z |V1’ V2, VB mass
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Atmos. L/E y— 7 Atmos. L/E u <« e Solar L/E e — u,7 OvBp3 decay
500km /GeV 15km /MeV

In oscillation phenomena,
the phases o, (3 are unobservable (UmU;i)
as well as the value of my;ze ((5m2).

In Ov 33 decay

only a combination of the phases «, (3 observable

in this CP conserving phenomena.




Vel Yu V|
ol
% sin?6y; sin2912
Mixings: 5 °I — — —
g o 2 sin®0;3 Amgol
3 Amy,, y |
>
U2 ° sin’ 2
0% E 2 — I Ay
= Am?, -2
2 sSin 923
§ B 31 I
Sil’12013
NORMAL INVERTED
Fractional Flavor Content
Normal Hierarchy Inverted Hierarchy
109 : | : | . 100 . | . | :
.« & 102 3 | —~ 1072 -
asses. = =
° ) [\)]
~— \-: B -I
Nz"' i i Ng
10_4 — 2 _ | 10—4 -
- 1 1 .
_6 1 | 1 | 1 10_6 1 | 1 | 1
10 10-86 1074 10~2 109 1076 1074 107R

Mzme (eVZ) leite (evz)




Ratio

s5E (a)

Edclaycd (MeV)

%)
AN LARI AN AR

G
<

40|

Events / 0.425 MeV

20

no-oscillation
[ ] accldenlals
EEEE 19C(0,n) 0
best-fit oscillation + BG
—e— KamLAND data

¥ 6 "
(MeV)

pn)mpl

Figure 3. Schematic view of the KamLAND detector.
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SNO:

CC _ P _ 0.358 + 0.021 (stat) T0:928 (syst)

NC ~— ¢ |

b s

----- oy 68% C.L.

—— Oy 68%,95%,99% CLL.

¢, (x 10%cm 2 s
wn

C [ ox 68% C.L.
20 e [ e e
% - (b) — 68% CL ] - B o 68%C.L.
"Po - —95% CL i s T s 2 2.5 1063 , 39
%’ 151 —99.73% CL 7 e
< f Ance=0. Aps = 0.7Acc
10 —
[ ] Acc = —0.015+0.058 £ 0.027
sL _' Ags = 0.070 £0.197 +£ 0.054.
0 02 04 06 08 1

SK: s

Oscillation analysis ~ Am? (10~ eV?) tan’#4

SNO-only 502 0457010 Apg =—-18+1.6(stat) 2 (syst)%
Global solar 6.5%33 0.45%009 '

0.6 0.09
Solar plus KamL AND 8.0%04 045y D/N asym -2 +/-1% Holanda+Smirnov

hep-ph/0212270




Physics of LMA:

COherent Forward o5 Neutrino Spectrum in Sun

Scattering: I
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SBoron Neutrinos

Neutrino Spectrum in Sun

25 _I T T | |8| T T | T T 1T | T T 1T | T T 1T | T T I_
- ®="B production i
& - \) < -
% 20— 2V
7 i Z
= i i
Z 15 — )
o I Ve = sinfy vo
10— ] + cos Oy 11
51 ~
- 9]/IL(/'T_
. Vi ]
O 1 11 | 1111 | 1111 | 1111 | 1 111 | 1 111

o

25 50 75 100 125 150
pY. (E,/10MeV) (g.cm™?)




Neutrino Spectrum in Sun
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cc
NC

where f; and f, = 1 — f; are the fractions of v; and vy of the 8B neutrinos
arriving at the earth, weighted by the energy response of the SNO detector.

= ficos?O + fosin®fs

(Daytime CC/NC)

(two flavor analysis)

In MSW-LMA region
fo = (sin?Oy) > f1 = (cos?Oy)

CcC :
NC sin” g, + f1 cos 20
0.358 = 0.31+ f1%0.38

8B Neutrinos that SNO is sensitive to are about 90% 15 !!!

thus SNO is measuring the v, fraction of 5 = sin® 6

(upto ~10% corrections)




ém?3 (107° eV?)

Neutrino Mass Squared

SNO ®B: v, Fraction (%)
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SNO’s ®Boron Neutrinos
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23- Sector (Atmospheric)

SK:

1 0‘2 ! 1 N 1 ! 1 ! 1 ' 1
| 1.5x103eV2 < Am2 < 3.4 x 10-3 V2
| sin220 > 0.92 at 90% CL
I Best Fit:
| sin220 =1.02
o | Am2=2.1 x 10-3eV2 _——|99%
> %2 =174.9177 dof / 95%
Q2 %2 = 465/179 dof for no osc 90%
NE .
) ll’ C
1 0.3 R T L

' | ' '
07 075 08 08 09 095 1
sin®20

K2K has confirmed neutrino oscillations at 3.9¢ -

Data/Prediction

Am? (eV?)

L/E analysis

1.8r
16 . Preliminary 1489.2 days FC+PC
1.4
1.2f Decoherence
1 + Decay
0.8F ||+ + +
0.6F
0.4F
0.2F
Oscillation /7
O' sl il sl il
2 3 4
1 10 10 10 1N
L/E (km/GeV) 3.4 ¢ to decay
3.8 o to decoherence
-2
10 T T
[ Allowed region (@90%C.L.)
L 1.9%x10-3 < Am2< 3.0x10-3 eV?
- 0.90 < sin220
—
- — 99% C.L. (
— 90% C.L.
— 68% C.L.
10° ' '
0.7 0.8 0.9 1
sin%20

Stronger constraint on Am?2
even with fewer data sample




Ve Vu Vrm
- sin2923 = Sin2 O3 =
8 sin262; sin2€|2
g 3 - 2/3 2 2/3
T I e 13 — _— 13
e Sin2 913 Amzol 2/3
‘§ Am?, | —
g Sil‘l2912 2
£ (T Amie
= Am? 1/3 .2
15} sol sm 923
Z | — e 38 e "
1/3 .2 1/3
sin“ 63
NORMAL INVERTED

Fractional Flavor Content varying sin® 03

Mena + SP hep-ph/0312131

1.9 X 10 %eV? < |dm2,| < 3.0 X 10 %eV?
0.36 < sin®6fy; < 0.64

at the 90 % confidence level.




| 3- Sector (Reactor)

Chooz bound

Neutrino Mass Squared
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I ' I IXI ng sin? 015 = %(1 —40) sin? fyy = %(1 —A) and sin? @3 = €2
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Neutrino Mass Squared
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Within v Standard Model

The Big Questions to be Addressed are

e 1, fraction of vj3: — sin? 05
e mass hierarchy: — sign of dms3;,
e CP violation: —sino # 0

Other Questions

v
® o3 <> 5 — b3

e sign of coso = :I:\/l — sin”§




Quest for v, fraction in v3: sin® 3

Current LBL (MINOS)

Atmospheric Neutrinos

Low and High Energy Solar Neutrinos
Supernova Neutrinos

Short Baseline Reactor (Double Chooz, ...)
Future Long Baseline (T2K, NuMI, BNL27?, ...)
Neutrino Factories

Beta Beams




Hierarchy Quest: sign of dms3,

Ov B3 decay

Atmospheric Neutrinos

e Supernova Neutrinos

Future Long Baseline (NuMI, NuMI+T2K, BNL2? ...)

Neutrino Factories (hi-y Beta Beams)

Quest for CP Violation: sind

e Future Long Baseline with Superbeams (T2HK, NuMI, BNL2? ...)
e Neutrino Factories

e Beta Beams




Quest for v, fraction in v5: sin® 03




No 1ndication yet of nonzero 0,5 from
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Short Baseline Reactor (Double Chooz,

)

ve Survival Probability is

where A is the kinematical phase A;; = dm7;L/4E

1 — P(Ve — V) = 4|Ues|*(1 — |Ues|?) sin® Acyy + O(A3))

and (5mgff is the effective atmospheric 9m? for v, disappearance:

omZp = cos® bhp dm3, + sin” 15 0m32, = m2 — (cos? 612 m? + sin® 015 m2)

Direct measurement of v, fraction of v3:
Ue3]? = sin? 0153 > 0.006 (ultimately to 0.002)

(independent of sign dm3,, § etc)

LBLs measure sin” f53 sin® 645
remember (o3 < 7/2 — 53 degeneracy!!!
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Goswami + Smirnov
hep-ph/0411359
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Low and High Energy Solar Neutrinos

CC/NC vs Ga
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Elimate U j1Uex

using unitarity of U.
Use A;; = 5m§jL/4E = 1.275m§jL/E
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Square of Atmospheric+Solar amplitude:
U:3Ue3 = 8238136136:Fi5 for v and v:
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Interference term different for v and v:
CP violation !l provided Ags # 0




VAC LBL:

CP violation !l
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where

|IP—P|/|P+P|

Patm = sin 6’23 sin 2(913 sin A31
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CP violation !l

Vy — Ve with MATTER
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Bi-Probability Diagram:

NOvA: E=2.3GeV and L=810km
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Parameter Degeneracies: S St
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The NUMI Beamline /\/

Soudan

Duluth® a4

JHF — Super-Kamiokande

295 km baseline

Super-Kamiokande:
22.5 kton fiducial
Excellent e/p ID
Additional =°/e ID

Hyper-Kamiokande
20 fiducial mass of
SuperkK

Matter effects small

Study using fully

simulated and

reconstructed data
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L0 NOvA 10km: <E>=2.3GeV L=810km
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Solving Degeneracies:

LBL LBL Reactor
Variable Vy = Uy | Uy — Ve | Ve — Vg Comments
Measured Uy — Ve
| Am3,| Y n n magnitude but not sign
sin? 20o3 Y n n tlo3 < 5 — la3 ambiguous
sin? 05 n n Y direct measurement
sin? B3 sin” 613 n Y n combination of 053 and 643
sign(Am3,) n Y n via matter effects
cos B3 sin do p n Y n CP violation
cos B3 cos oo p n I n extremely difficult




Neutrinoless double beta decay

e Most sensitive (terrestrial)
probe of the absolute
neutrino mass

e Unique way of proving
Majorana nature of v

e [If Majorana v is the only
mechanism, ===>
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e If Inverted hierarchy and Majorana
then a signal above 10 meV. !

90% CL (1 dof)

101

%
dividing point mgg ~ 10 meV  — £ 107
E

1074
1074 1073 10-2 107! 1
lightest neutrino mass in eV

e If Inverted hierarchy and no sign;I
above 10 meV then Dirac !!!

Petcov // talk




Beyond the v Standard Model

e Sterile Neutrinos, (LSND/miniBOONE) e.g. 3+n models
e Dirac Neutrinos

e CP and/or T violation requiring more than one phase

e CPT violation

e Exotic interactions:
magnetic moments, addition matter interactions, . . .

\ unexpected




Light Sterile Neutrinos:

LSND/miniBOONE

Various schemes are
proposed motivated by
the LSND data, which
include:

e 242 sterile-active scheme

e 3+]

e 342

e CPT violation

e Sterile + CPT violation

LSND: v,, — ¥, from p~ decay.

miniBOONE: v, — v, from 7" decay.
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to definitively exclude LSND in the event that MiniBooNE
does not see a signal, we need 1x102' POT




Four Neutrino Scenarios
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3+2 Active-Sterile Scenario
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FIG. 6: Allowed ranges in (Am3;,Amg,) space for (3+2)
models, for the combined NSBL+LSND analysis, assuming
statistical compatibility between the NSBL and LSND data
sots. The star indicates the best-fit point, the grev-shaded
regions indicate the 90, 95, 99% CL allowed regions. Only
the Am3; = Am]; region is shown; the complementary region
.ﬁmgi = Ami, can be obtained by interchanging Am3, with
.ﬁmm.

(Sorel-Conrad-Shaevitz,
hep-ph/0305255)
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MiniBooNE can have

a small signal in neutrino-mode
(which could easily fluctuate to a null signal!)

& a x3 larger signal in antinneutrino mode







Fermion Masses:

S
e -
7»5 electron  positron
O Left Chiral er ER SU(2)xU(1
Right Chiral eR er U(1)

CPT: €1, <> eR and ER < €,

Mass couples L to R:

P2:M2

er, to eg AND also e to e, Dirac Mass terms. )= Lt

R

Spin

Massive Particle
at Rest

P-S=0 and S?=-1

P+MS)+ei¢(1—fy5)u(P—MS

u(

2 2

right massless

A coupling of

2 2 )

left massless

er, to egr OR ep to 7, would be (Majorana) mass term

but this violates conservation of electric charge!




Seesaw / Dirac Neutrinos / Light Sterile Neutrinos

Nu Anti-Nu
Left Chiral vy, & Vr
¢ ¢ Dirac Masses
Right Chiral vg & Ur,
Majorana
Masses
Coupling of

e v, to vg AND vp to vy, are the Dirac masses.
e vy to vy forbidden by weak isospin.

e vy to vy, allowed and coefficient is unprotected. (— M)

0 _ _ Seesaw:
mp Two Majorana neutrinos Yanagida, Gell-man-
mp M with masses m%/M and M Ramond-Slansky

e Coupling of v to v, allowed and coefficient is unprotected. (— M)
Also applies to sterile neutrinos.

Light Sterile Neutrinos and/or Dirac Neutrinos Unexpected!!!




e CP and/or T violation requiring more than one phase

CP
vy, < Ve <— Uy, < Vg Super-Beams
T ) 0 T
Ve < V), = Ve <> Uy Nu-Factory
CP
v, > v, E,=13 GeV L=3000 km
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~ mat(ﬁu — De, _6m§1, 5’}7?,%1, mw — 5) <P(7/)> 7%

Minakata, Nunokawa + SP

hep-ph/020417 | Ve <= UV v




Predictions from Models:

Selected SO(10) Models and 6013 Predictions

Model (Level) Flavor Sym. Texture tanp sin? 2613
AB (4) U(1) x Za x Z» Lopsided ~ 0.0008-0.00
ABMSV (1) Min. eff. ops. Sym (II) ? 0.10
BO (1) Min. eff. ops. Sym ? 0.004-0.008
BKOT (1) Min. eff. ops. Sym ? 0.0004-0.01
BPW ( ) U(1) eff. ops. Sym (II) low ?
CM (4) U(2) x (Z2)3 Sym 10 0.09
FKO (1) Min. eff. ops. Sym 4 0.1
GMN (1) Min. eff. ops. Sym(II) 10 0.10
KM (2) SU( )yxU(1) Lopsided small ~ 0.19
KRV-S (4) SU( )x ZoxU(1)a Sym/Asym ? 0.02
M (2) U(1)a x Z> Lopsided ~ 0.19
AB Albright, Barr sin? 204tm ~ 0.99
ABMSV Aulakh, Bajc, Melfo, Senjanovic,
Vissani not spelled out
BO Bando, Obara
BKOT Bando, Kaneko, Obaro, Tanimoto
BPW Babu, Pati, Wilczek
CM Chen, Mahanthappa sin28 = 0.74,
dcxM ~
FKO Fukuyama, Kikuchi, Okada Am?2 /Am2, =0.188
GMN Goh, Mohapatra, Ng sin? 2604m < 0.92,
sin?2615 > 0.9
KM Kitano, Mimura satisfies LMA mixing?
KRV-S King, Ross, Velasco-Sevilla
M Maekawa satisfies LMA mixing?

Albright’04




QUARK-LEPTON COMPLEMENTARITY; A REVIEW

ASiIl2 ng sin2 2913 D23 = % — 833 Jlep/ sin 0
Scenarios

neutrino bi-maximal 0.051 0.10 £ 0.032 0.025 1.5 x 1073

lepton bi-maximal —6x 1074 2x 1073 0.035* 5x 1073
hybrid bi-maximal 1.4 x10~* 3.3x 1074 0.04* 2.1 x 1073
neutrino max-+large | 0.057 4+ 0.023 | 0.10 £+ 0.032 SK bound <6.8x 1073
lepton max-+large —6 x 107* 2 x 1073 SK bound <5x1073
hybrid max-+large 1.4 x 1074 3.3 x107* SK bound <21x1073
single maximal 0.015 0.034 0.06 — 0.16 9.1 x 1073

Table 1: Predictions to the deviation from the QLC relation A sin? 012, sin? 2013, the deviation
parameter from the maximal 2-3 mixing D3, and the leptonic Jarlskog factor Ji, for different
scenarios. The uncertainties indicated with + come from the experimental uncertainty of the at-
mospheric mixing angle #23. Whenever there exist uncertainty due to the CP violating phase ¢ we
assume that cosd = 0 to obtain an “average value”. For the quantities which vanish at cosd = 0
(indicated by *) the numbers are calculated by assuming cosd = 1 “SK bound” implies the whole re-
gion allowed by the Super-Kamiokande: |Ds3| < 0.16. The numbers for the last row (single-maximal
case) are computed with the assumed values of 63 = ¢ and 65, = 27°.

Minakata hep-ph/0505262




Summary + Conclusions

Tremendous progress has been made in the last 10 years,
Many hard questions left (the low olives have been picked):

e # of light sterile neutrinos
e Majorana v Dirac

e absolute mass, my;te

e fraction v, in ms

e mass hierarchy

e CP violation

e mass and mixing models

BUT watch out for SURPRISES, THE UNEXPECTED...




Summary + Conclusions (conti)

e miniBOONE confirms LSND osc.
e inverted hierarchy

e Dirac neutrinos

e degenerate masses

e new neutrino interactions

e STHNTO







Matter Effects:

N - @ 1]

{0m?sin 20} is invariant € e |-
£—0_005_ " —

E‘: o e b b

—-20 -10 OE (G;%) 20 30

sin Az; = (AAq: L) sin(As; Fal)

sin Aoy = (AA:F L) sin(Ag; Fal) (4000 km)
sin Agg = sin A32

Matter effects are IMPORTANT when sin(A F al) # (A F al).




CP violation !l

Pp,—>e ~ | V Patme_i(A32:|:6) ‘l‘ V Psol |2

o : sin A31:FCLL
where /P, ;,, = sin 653 sin 26435 (égﬁaL) ) Asq

a = GpNe/V2 = (4000 km)~", and /Py, = cos 013 cos 023 sin 2615 SI?(ZI):) ACS!
+ = sign(dm3,)

Aij = |6m |L/4E

NOvA: E=2.3GeV and L=810km

0 Neutrino—AntiNeutrino Asymmetry
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