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Total Rates: Standard Model vs. Experiment
Baheall-Serenelli 2005 [BE0G(0F)]
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Neutrino Flavor Transistions!!!



ldentical Solar Twins:
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mass eigenstates




Kinematical Phase: dm2 = 8.0 x 10-%eV?

sin 0, = 0.31
_ dmiL 8x107° eV? . 1.5x10'! m
AG Y 1.27 0.1—10 MeV
Ae ~ 10

Effectively Incoherent !!!



Vacuum v, Survival Probability:
(P..) = f1c08?0u + fasin® O
where f1 and f9 are the fraction of v; and vy at production.

In vacuum f; = cos? 6y and fy = sin® 6.

Note energy independence.

(P..) = cos* O +sin* 0y =1 — %Sin2 20

for pp and “Be this is approximately THE ANSWER.

f1 ~69% and fo ~ 31% and (P..) ~ 0.6



B 1 ~ 69%
/ V2 4]
4 1 1% N 31%
f2
71 Vo 11

fg — Sin2 (913 < 4%
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What about 8B ?
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CC:ve+d—e +p+p ;

NC:Vx+d_>Vx+p‘|‘n

ES: Va_|_6—_>y()é_|_6— 00_""0.5 1 5 2 25 3 3.5

b, (x 106 em? s1)

SNO's CC/NC

g—g = (P,.) = fi1cos? 0z + fo sin? 0o

f1= (%% —sin®6y) / cos 20

T (0.35 — 0.31)/0.4 ~ 10 &+ ???%



V2 fz ~ 90%
/sz Vo s
— V1 Dy
<2 V2V2 - fl - 10%

. 9 o
(P..) = sin® 60 + fi cos 20y ~ sin” 0 = 0.31

Wow!!l How did that happen???

energy dependence!!!



These are o Neutrinos !l



MSW

Neutrino Spectrum in Sun
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Coherent Forward
Scattering:

m? (10_5 eVz)

0 25 20 75 100 125 150

Wolfenstein ‘78 pY. (E,/10MeV) (g.cm™)
MATTER EFFECTS A

CHANGE TH E NEUTR'NO Mikheyev + Smirnov Resonance VVIN ‘85
MASSES AND MIXINGS



Neutrino Evolution:

—ZQV—HV

in the mass eigenstate basis

2 5
I “1 andH:<\/erml & 2)
2 0 V/p?+ m

F = \/p2+m2
/
I 2/—|—'rn,2 I _5m2 O
= (p/'/mlllp )1 A 459( 0 S1m2 )

om? =mi —m4 > 0



in the flavor basis

v —Uv and H — UHU?

where v = ( Ve ) and U = ( costp  sinbo )

Ve —sinf, cosfg

| | 0 <Oy < 5
and therefore in flavor basis

77— om? [ —COS 20 sin 204
- 4E sin20s  cos 204

.e E; 0 N sm?2 [ —cos20q sin20g
.e. 0 E, o 4F sin20s  cos 20 flavor



Coherent Forward
Scattering:

Yo &p,n

Va cp,n

_|_\/§GFN€ 0
0 0

dimensions [GpN.| = ML 3% =M

+v/2GrN, 6.,

N, is number density of electrons

+(-) for neutrinos (anti-neutrinos)

Same for all active flavors,
therefore overall phases

1 _I_\/§GFN€ 0
0 —2GrN.



Including Matter Effects in the Flavor Basis:

—0m? cos 20, + 22/2GrN.E, dm?sin 20,
dm? sin 20, dm? cos 20 — 2v/2GrN.E,

Hfla,vo'r — 4E,

Diagonalize by identifying with
( —5m%\, COS 26’5 5m?\, sin 26’@ )

Hflavor — 4FE,

om3y sin 205 dm3, cos 203

Masses and Mixings in MATTER: dm7, and 6

5m?\7 COS 2(9g dm? cos 20 — 2V2G rN.E,

dm3; sin 2(9g ém? sin 260,

Notice:
(1) Possible zero when ém? cos 20, = 2v/2G N F,,
(2) the invariance of the product dm? sin 20



V. disappearance in Loooong Block of Lead:

1 — P(v. — V) = sin” 20 sin® Ay

5m%\,L
AN = 1E

same form as vacuum



The Solution:

Sm3; = \/ (9m? cos 200, — 2v2G N, E,)? + (5m?sin 20,2

- 22N __ 1 (5m260829 —24/2G NeEy) N
S1I 9@ 2 (1 %m%\[ £ ) (9@ > (9@
4
Quasi-Vacuum: 2v/2GrN.E, < ém? cos 20 PP and ‘Be

om3; = dm?* and 63 = 65
Resonance (Mikheyev + Smirnov '85): 2v/2GrN.E, = ém? cos 20
om3; = dm?sin 260 and 63 = /4

Matter Dominated: 2v/2GrN.E,, > dm? cos 20

°B

oms; — 24v/2G N, E,, and Hg — /2



Life of a Boron-8 Solar Neutrino:

Ve < V9

| In Vac
for 8B Once a v, always a vp! o~ L,
O O o o o
2 I B I Em - 2 - I
1IN I 1 I | I I § B ' e
at birth  toddler teenager =~ adult senior
Solar Center | " '
Exit Core Exit Sun
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In Vacuum

Sm2 = 8.0+ 0.4 x 1075 ¢}/

sin® 6 = 0.31 4 0.03

Whereas for B
at center of Sun

om3; = 14 x 107° eV?
sin® Y = 0.91



Mass Eigenstate Purity:

B: vy fraction (%)

(F1) (%) | (f2) (%)
VacC 09 += 3 31 F %
PP o7/ = 4 334 . L 3
quasi-vacuum ‘¢ :
"Be 63+ 4| 37F4 e g
3B 0 2 01 4+ 2 matter dominafed- a0,

_ na2 N 2N
J1 =cos“ 03 and fa = sin” 03

vac pp

"Be

(Poeo) = f1cos? 0 + fosin® Oy

°B

— > N.E,

(P..) = cos* 0 + sin* 05

— SiIl2 (9@



Solar Pair Mass Hierarchy:

Ve R Vu Vr il
sin29@ Sil’l28@
S| 2 - E— 2
2 Arngol
S| 1 I 1 E—
2
(9@ < 7T/4 9@ > 7T/4

Fractional Flavor Content

KamLAND doesn't care since sin” 26, same for 6 and 5 — 0o

:)Ut SNO dOeS | I | for neu@t]r\i,no in matter
o > 0o
(P.e) = cos? 05 cos? O + sin” 0% sin” , = =+ 2 cos 203 cos 264
if 0 < /4 if 0o > 7/4
<Pee> > sin? 0 (Pee) > %(1 + cos? 20) > %

Solar Hierarchy
Determined !!!




Solar matter effects put more

sin” 0 of the neutrino into vs.
An, I his raises the survival probability
1 p— —— above vacuum value since v5 has more v..
But the minimum of P.. in vacuum is 1/2.
(9@ > 7'('/4
om Y, - For this hierarchy Pmetter > pvac > 1 /2

But PPNY = 0.347 + 0.038 < 1/2

This solar hierarchy EXCLUDED !l



The Big Picture:

1072
. 10~3
Pee:f1C0829@+fQSln2(9@ g
AV
= 10~4
f1i=(1— P,) cos? Hg + P, sin” Hg Q9
fo=(01-F,) sin? Hg + P, cos? Hg NEQ 1079
© 106

P, is the probability to jump
from vy to 14 (or V1 to Vg) 10="7

during MS-resonance crossing.
10~ 8

°B

Vo, purity contours

pure v,
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102

P.. = % + (% — Px) COS 26’@ cos 20

P, ~ exp (—7?

SP PRL, 57, 1275 and 2322 (1986)

10~4

1073 102 101 100
<
sSin~ 0,

Jump Probability:

Width of Resonance
Oscillation Length



Day/Night Asymmetry:

sin® §o — sin® 0 = sin” 6 + %sim2 20 <51:§’§ ) in the earth.
o

Apg =—1.8+1.6(stat)’] 2 (syst)%

A=2(D-N)/(D+N) expected to be few %

Spectral Distortion:

A characteristic of matter effects is that
the Fraction of v is energy dependent .

Smaller at smaller E.

Implies an increase in P,. near threshold.

Maybe in SK with 4.5MeV threshold!!!



Summary:

The low energy pp and "Be Solar Neutrinos exit the sun as
two thirds 11 and one third v, due to (quasi-) vacuum oscillations.

fi = 65+2%, fo=35F 2% with P.. ~ 0.56

The high energy ®B Solar Neutrinos exit the sun as
"PURE" 15 mass eigenstates due to matter effects.

fo=91+2% and f1 =9 F 2% with P, ~ 0.35.

sin? 6,
2 e omz = 8.0+ 0.4 x 10~ °eV?
Amgol
1 - sin® 0 = 0.310 % 0.026
at 68% CL
Vel  Vy 124

SNO, KamLAND, SK/K, GNO/Gallex, SAGE, Cl



These are o Neutrinos !l



Nu Standard Model:;




The v Standard Model

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

[om?2, | ~ 2.5 x 107° eV? and dm? , ~ +8.0 x 107° eV?

atm solar

e Only Active flavors (no steriles):

e M, T
e Unitary Mixing Matrix:
3 angles (012, 623, 013), 1 Dirac phase (9),

2 Majorana phases (as, a3)



|Voz>flcwor — ozi‘Vi>mass-

Atmos. L/E u — 7 Atmos. L/E p < e Solar L/E e — u,7 [BB0v decay

500km/GeV | 5km/MeV
1 C13 s13€~ %0 Cl12  S12 1
Co3  S23 1 —S812  C12 e
—S23 €23 —s513€" €13 1 e’

In oscillation phenomena,
the phases a2, a3 are unobservable (U,:Uj;)

and also the value of My, Is irrelevant (5m2)

C13C12 C13512 513€

i i
—C23S12 — S13523C12€ C23C12 — 513523512€ C13523

) )
5923512 — §13C23C12€ —893C12 — S13C23512€ C13C23



(12)-Sector:

Vel Vi Vr
o)
% sin’ 0>3 sin’ 61>
=, 31 I ] I
.2 2
2 . sin” 63 Amg,,
é’ Amy, y B
g Sil’l2 91 2 )
k= R | Ay,
8 Amg,, SiIl2 63
z ' e 31 ]
.2
sin” 63
NORMAL INVERTED

Fractional Flavor Content

(12) Parameters: SNO, KamLAND, SK

5m%1 = +8.0=L 0.8 X 10_5 €V2
0.25 < sin” 6, < 0.37

sin® @15 > % excluded at > 5 o

sign of dm3, determined at this C.L.



(23)-Sector:

Neutrino Mass Squared

Arnatm

2
AInsol

Vel

sin2 923 =
sin2 923 2/3

31 g —
1/3

sin’ 013 /

SiIl2 912 2/3

q -
1/3
2/3

I .

NORMAL

1/3

Mena + SP hep-ph/0312131

V.|

SiIl2 923 =
Sil’l2 912 2/3

2 . -
2 1/3
Arnsol 2/3

' .
1/3

Arngtm
-2
S 023

3 "

.9 1/3
sin“ 613
INVERTED

Fractional Flavor Content varying sin’6»;

(23) Parameters: SK, K2K

om3,| =1.5—3.4 x 1073 eV?
0m3g)

0.36 < sin® 693 < 0.64

(obtained from sin? 2093 > 0.91)

Magnitude of ém2, and sin® 3 not

as well known!

Sign of dm3, Unknown !!
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(13)-Sector:

Neutrino Mass Squared

Vel
.2 cos d =
sin” 63 1
31 ]
.2 -1
Sin 013
2
Arnatm
sin® 0y, kin64 |
2 I |
An'lgol -1

' e !
sing] 1
NORMAL

2
AInsol

Amg,

sin2 923
31 |

Sil’l2 0 13
INVERTED

Less than
4% VU,
In the 3 state!

Fractional Flavor Content varying cos ¢

(13) Parameters: Chooz, SK, K2K

sin 013 < 0.03 — 0.05
limit |0m3,| dependent

O§5CP<27T

CPT: 0 & —9 Invariant!

Unknown!



e

sin’(20,,) @ 90% CL
o o
=1 =] =]
n =]

o o
S B

Systematic Error (%) 10

David Reyna - ANL
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g
2
10 -
L O t !?‘
3
10 -
——90% CL
— 30
4 :
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10 10

1
sin“20),
7 GW, 50 tons, 3 years, and 1400 meters

J. Link, Columbia

e Pure measurement of sin” 65
— no contamination from

s

923 <

\
/4

2

023 degeneracy.

With Off-axis measurements of v, — v.:

e of sin” 63 sin® 615 can help resolve
s . 2
023 < 5 — 023 degeneracy for sin” 2053 # 1.

e Help resolve hierarchy and sin o # 0, maybe.



Vacuum LBL:



Qe
Pp,—>e ~ | \/Patme_i(Agzié) ‘|_ \/Psol ‘2
2
A;; = |6mZ|L/AE CP violation !l

where \/Patm — sin (923 SN 2(913 SN Agl

and \ Psol — COS (923 SN 2(912 SN Agl
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Zero Mimicking
Solutions:

3= 0 Mlmlcklng Solutions:
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0.0 — _om
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Vy VI\P:(( .
\N.\&\\ PM_*e ~ ‘ \/Patme—z(ASZ::6) _I_ \/Psol ‘2
where \/Patm = SIn 923 SN 2913 Sl?gélgil:al))

== - o I

- -

in(aL
and /Pso = cos 03 sin 20;9 Smcf“ )

a = GFNe/\/i = (4000 km)—l’

0.005

- = sign(dm3,) A, = 6m? | L /4B

0.000

{5m2 sin 26’} IS Invariant Né: —0.0057




Neutrino v Anti-Neutrino One Expt.

The NUMI Beamline /\/ . NOvA: E=2.3GeV and L=810km

O LI T T I2I | LR UL | L | I I’}’
P B om” < 0 .
- / 7 s
'q 5— *0O 2 s
X F o R | :
Two functionally identical A - om i
neutrino detectors ~ 4 —
A ~ -
M Ht]ist.tnn ‘ "’ / \ | A : :
. Fermilab 10 km Soudan | 3 - -
: 730 km o Ia . i
Det. 1 12 km E: o __ ' 7
\ B / .
Det. 2 _ ) ]
1 7 ya P “. _—
T sin®20,3=0.05 1

O ‘?l/l I/l 1 1 1 I 1 11 1 I 1 11 1 I 1 11 1 I 1 1 1
0 1 2 3 4 5 6

. . <P(v, —> v, )> 7%
in the overlap region W e)
. . Sln2 2013
(sind), — (sind)_ = 2(0)/0.;+ ~ 1.4
0.05
exact along diagonal --- approximately true throughout the overlap region!!!

2

. 2 2 2
Opriz = &= S22012 5m§1 ( e ) /(aL) ~ 1/6

8 tan o3 5m31 1—A cot A

O. Mena + SP
i.e. sin®20.,.;; = 0.10 hep-ph/0408070



(sind); — (sind) _

JHF — Super-Kamiokande

295 km baseline

}

: q i
Super-Kamiokande: A T
22.5 kton fiducial - P ]
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CEps A P [ 5 ‘M.
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Eaka o g ! .._{'I L -
Matter effects small o N A

Study using fully
simulated and
reconstructed data

2 <0> /Hcrit

VM -2 ;e)> Z

T2K <P(

0.05

(pL) for NOVA three times larger than (pL) than T2K.
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® 7, fraction of V3. — Sin2 6’13
e mass hierarchy: — sign of dms,

o CP violation: — sin o # 0

observable



Neutrino Mass Squared

Vel Vi V-

cos § = . cos 0 =
sin’ 63 | sin6;, kin64 1
3 — 2
.Iz » i I ‘_1
s 913 Arnsol 1
Am?,, § b ]
|sin01 3|
SiIl2 01> sinb4 1 5
(|2 E——— A
AmSOl 1 SiIl2 023 1
Ny 31 I
sinf ] ~ in? -1
sin“ 6,3
NORMAL INVERTED

Fractional Flavor Content varying cos ¢

CPT: d & —¢ Invariant!



e Absolute Neutrino Mass
e Majorana v Dirac — Seesaw

e | eptogenesis



