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Neutrino Spectrum in Sun

Coherent Forward
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MATTER EFFECTS
CHANGE THE NEUTRINO
MASSES AND MIXINGS



Neutrino Evolution:
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in the mass eigenstate basis
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in the flavor basis

v — Uy and H - UHU'
where v = ( :{T ) and U = ( _c(;;fﬂ :::; g )

and therefore in flavor basis

77 sm? [ —cos 20, sin 26
4E sin260.  cos 26
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0 Ey J sin 26, cos 26, Flavor



Coherent Forward

Scattering:
e L Ve
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Wolfenstein ‘78
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dimensions [GeN.] = M~2L-3= M

::'\/iGFI\’TE Oce

N 15 number density of electrons

+(-) for neutrinos (anti-neutrinos)

Same for all active flavors,
therefore overall phases
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Including Matter Effects in the Flavor Basis:

- i e T - ¥ "
o . —dm?cos 20 + 2v2G N E, dm? sin 20,
flavor — JIE. 5. . = -
g dm? sin 26, dm?cos 26 — 2\/2GpN.E,

Diagonalize by identifying with

. —dm3; cos 2605 §m3, sin 262
Hfﬂat-'m-:' — 1E,

s’i'm.'ir SIn 26‘;’}; ..r’im.%r COS EH;’Z};

Masses and Mixings in MATTER: 0%, and 67
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hmi-— CcoS ‘;’H;}_ om~ cos 20, —2V2GpN.E,

)
s

_— - anlN g2 s ¢
Omy sin 26 = om”sin 20

Notice:
(1) Possible zero when 6m? cos 26 = 2V2GFNE,
(2) the invariance of the product §m*=sin 24,



v, disappearance in Loooong Block of Lead:

1 — P(v. — 1,) = sin? 262 sin? Ay
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o OTTLNL
AN = D

same form as vacuum



The Solution:;

s \/@H 260 — 2V2GrNeE,,

+ (dm?2sin 26, )?

sin2 O — (1  (6m®cos 205 —2V2Gp N, E,J)) Qrg‘_{ > 0
=) 6m"\. w
| 1 pp and "Be
Quasi-Vacuum: 2v/2GpN,.E, < dm? cos 20,

om3z = om* and 6 =6
Resonance (Mikheyev 4 Smirnov '85): 2v/2GpN_.E, = dm? cos 26,
om7, = dm?*sin 26, and 0% = 7 /4

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

°B

ama, — 2v2GrN_FE, and 9\” — /2
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In Vacuum

3 6m2 = 8.0+ 0.4 x 1075 ¢V
I sin?6. = 0.31 +0.03

Whereas for °B

at center of Sun

(x 0.01)

1 1 | L 1 1 | L1 -+

T e s sin? Y = 0.91
Y.pE (kg em” MeV)




Mass Eigenstate Purity: "B v fraction (%)
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Counts/ (10 keV x day x 100 tons)
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Borexino results (2011)

— Fit: y'/NDF = 55/60
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Solar Pair Mass Hierarchy:

. 2 e- V’u VT-
= sin” b sin® A,
2] 2 . I . N 000 B
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3| I . | I
0, < /4 On > /4

Fractional Flavor Content

Who cares ?

S N O dOeS 1 r r for HEUJ,ET :; matter
o~ %

_ 31 9 2 AN s 2 11 N o
(P..) = cos 19 | cos® 6 + sin EJE:, sin“ 6., = 5 + 5 cos 219,_,3, cos 26, /2GrN., Ep})

if O < ’Tf / |f 6. > -r4
{Pee} E sin” H (Pee) = ’kl + cos® 20, %
(Pou) ey = 0.347 + 0.038 Solar Hierarchy

Determined !!!




Solar matter effects put more

sin? 6, of the neutrino into vs.
o | . This raises the survival probability
zol
| — — above vacuum value since 1 has more V.

But the minimum of P.. in vacuum is 1/2.

9.53. = W/—l
For this hierarchy Pmatter > pvac > 1 /9

Vel Vy V. Y Lee — ee — X

But PSNO — 0.347 4 0.038 < 1/2

This solar hierarchy EXCLUDED !,



The Big Picture:

P,. = ficos?0. + fs sin’ 0

fi=(1—P,)cos’ 8 + P,sin” 0

fo=(1—P,)sin?8Y + P, cos? 4

P, is the probability to jump
from 5 to vy (or 11 to 1s)
during MS-resonance crossing.

°B v, purity contours
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Jump Probability:
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Width of Resonance
Oscillation Length



Day/Night Asymmetry:

. 2 . 2 . 2 . 2 Ag |\ -
sin” s — sin“ fg = sin” f; + % sin” 260, (5?”2 ) in the earth.

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

AES =18+ l.ﬁ{stat}__'_i:g (syst) %

Spectral Distortion:

A characteristic of matter effects is that

the Fraction of 15 is energy dependent . R B e B R
508 ]
Smaller at smaller E. T oos i racton of s, v,
. . . mﬁ:i!i!!'!!!'!!!'!!!'!i!'!!!'!!!'!:
Implies an increase in P.. near threshold. %2 Hr— 7~ =
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The neutrinos definitely come from the Sun, expected seasonal

variation, no spectral distorsion and no significant day-night
asymmetry



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 =35 F 2% with P._ = 0.56

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

fo =01+ 2% and f; = 9 F 2% with P._ = 0.35.

sin® @,
Lo 2 — omZ =8.0+0.4 x 107%eV?
M) =
1 I—— sin 6z = 0.310 = 0.026

at 68% CL
Vel Vi Vril



Testing solar neutrino oscillations with reactors

1 — P(ve — 1v,) = sin® 26, sin® A

10 eV/?

- 2
om-= L
A 4F

1 MeV

10°m =100 km




Kamioka Liquid Antineutrino Detector
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expected no-oscillation neutrino event rate at KamLAND
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Summary:

The low energy pp and "Be Solar Neutrinos exit the sun as
two thirds 171 and one third 5 due to (quasi-) vacuum oscillations.

fi = 65£2%, fo=35F2% with P._ = 0.56

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

fo =01+ 2% and f, = 97 2% with P.. = 0.35.

sin?d,
S, 2 I dm2 =8.0£0.4 x 107°eV?
‘ﬂmgc-l -
1 sin ., = 0.310 & 0.026
at 68% CL
Vel V}I Ve

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



The LSND experiment

e The only short distance signal for oscillation: L = 30 m with (E) ~ 30 MeV;

e Used the proton beam of Los Alamos. Same production chain as in ATM:

I | p+target — ™ +.X, I
3

+ +
21T —=ut vy,

3 ‘u+ — e v, +V,;

e observed v, — v, with probability (F.;,) = (0.26 £ 3 oo
0.07 +0.05)%

e Karmen which searched for the same signal and W
did not observe oscillations.

2
T

AmESND l_:‘:j 0.2 EV2 (>> &miTM > &mEOL)
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Events / MeV
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1
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Low E region

Excess Events / MeV

[MiniBooNE, PRL 102 (2009) 101802, arXiv:0812.2243]

MiniBooNE Neutrinos

01; PRL 102 (2009) 101802]

. 475 MeV < E < 3GeV
Excess of events at low energy: 10°
¢ 128.8 + 20.4 + 38.3 (3.05) .ﬁ‘*ﬁﬂ“ P
(6.3c stat.) . .
cificial Ex475MeV 90501
10
_ - -
0.4 14 1.5 3.
E?F (Ge n
) 1
— e data- expected background -
:_ —---—---- bestit v, —va
- sinf26=0.004, A mi=1.0eV?2
— Sin26=0.2, A =0, 1eV? 107
“I-“'I I'I'III"EEIII‘I-“I‘;III-‘- 1u-! Lol L Liiiinl Ll IR
E'F (GeV)

10° 107 10" 1
sin?(20)

[Djurcic, arXiv:0901.1648]

Low-Energy Anomaly!



MiniBooNE Antineutrinos

[PRL 103 (2009) 111801; PRL 105 (2010) 181801]

Events / MeV

Low E region
200-475 MeV _I_.ﬁ._._
1 l LV T Ay LTS -
D]JI; ' 'u_'4'|' ‘0.6 LIE, (m.u"Mei

With new data the significance went down

10°

107

3 GeV

LR — —- )

—— B8% CL
e 1% CL
— B5% CL
99% CL §

Preliminary
July 2011

Oscillation fit
for E > 475 MeV |

l LEMD 909 CL

. LEMD 99% CL

10°%

10°
sin°(26)

Similar L/E but different L and E = Oscillations!
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With 3 different Am* 4 light neutrinos needed!

4th v: cannot be active — must be sterile. Mixing matnx: 6 6;;,
3 Dirac-type OF phases. But: simplifications occur — only

two possible type of schemes: 2+2 and 3+1

4-neutrino mass schemes:

4
i

(2+2) ' (3+1)
. I | |
ﬂ""i:“l\
T
2
A, SND
'ﬁi?rfr:hl'l
I
2
A““! |||||
> [ ] I
ﬂ.l.lr | JJ.” ol
“ I | [ I
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Nu Standard Model:




The v Standard Model

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

[om?2, | ~ 2.5 x 1072 eV% and dm? , ~ +8.0 x 107° eV?

solar

e Only Active flavors (no steriles):
e, [, T

e Unitary Mixing Matrix:
3 angles (012, 623, 613), 1 Dirac phase (4),

2 Majorana phases (s, as)



e

(n » n) unitary mixing matrix U = n? real parameters:

nn—1) mixing angles, nnt1)

5 5 phases

In Dirac v case: n+ (n—1)=2n —1 phases unphysical — can be absorbed
into redefinition of charged lepton and neutrino fields. Number of physical
phases:

?1(?12-|— 1) (9n 1) = (n — l]g(ﬂ — 2)

In Majorana case — only n phases can be absorbed (redefinition
of  fields not possible) = In addition to Dirac-type phases there are
(n — 1) physical Majorana-type phases.



‘y&)ff‘ﬂ-l’ﬂ?" - er:ti|'ui>-rna.55'

Atmos. L/E ¢t — 7 Atmos. L/E e Solar L/E e — pu,7  (330r decay
500km/GeV | 5km/MeV
1 C13 s13€" " 12 812 1
Co3 523 1 —812 €12 et
—523 (23 — 5136 13 1 et

In oscillation phenomena,
the phases cva, g are unobservable (U,:U3,)
" = o= 7.
and also the value of 1. is irrelevant (dm~)

€13C12 13512 S13€
. id . id .
= —(23512 — 513523C12€ C23C12 — 513523512€ €13523
i6 . i85 ]
§23512 — S13C23C12€ —8S23C12 — 513023512€ €13C23



(12)-Sector:

MNeutrino Mass Squared

Vel

i [ F]
B | I
T
J:Iﬂ:I;p_-._

sin” &2
‘. ]
B
NOEMAL

'ii"'l:'.q:j,
S | I

sin- 613 INVERTED

Fractional Flavor Content

(12) Parameters: SNO, KamLAND, SK

dm3; = +8.0+0.8 x 107° ¢V?
0.25 < sin® @12 < 0.37

. R - .
sin®f15 > 5 excluded at > 5 o!

sign of dm3,; determined at this C.L.



(23)-Sector:

T

=

)

=

=n
oy
= Amiz
e
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=

- A,
=

» '
Vel Vu Vel
sin“ﬂ:_: = siu:H:E =
Slllz'ﬂ:_r, 13 Ei"l.:'ﬂ]: 711
3 == 2 T
.Iw 1/3 - 1/3
5in” 83 Amey, 23
g . I
1/3
E:i"l:-ﬂ]: 1
2 T —
13 .\
sIN" 23
23 - - 213
| - 3 e
13 . I 1/3
- sin" 85 —
NOBRMATL INVERTED

Fractional Flavor Content varying sin” 8-

(23) Parameters: SK, K2K

dm2,| = 1.5 — 3.4 x 1072 eV?2
|03,

0.36 < sin® sy < 0.64

] -\"‘ r . 5
(obtained from sin® 2894 > 0.91)



(13)-Sector:

Vel Vp Vil

o . oos d = . ) cosd =
= Sin"8hy 1 i . s )
= o I - T
- sin" gy Az .
” Am | I
= m '."—1
- . Einfy3
2 g Eing 4 !
= 2 I —— A,
= el -1 -
3 A X sin’ 6 .
= q &l | I

) sinffys -1 g iy -1

HOBMAL INWERTED

Fractional Flavor Content varying cos &

CPT: 8 = —4 Invariant!

P(Ve — Vo) = 1 —4|U1 |?|Up2|* sin® Agy — 4|U,1 |*|Uss|? sin® Asp — 4|Usz || Ues|? sin® As:

m3 —mt = (m3 —m3) + (m3 —m3)

P(v. —V,) = | —cos"0;3sin*260,sin* Ay; — sin® 203 sin” A

L,, ~30 km



(I3)-Sector:

Vel Vi Vel
Less than

— 0
= 8 = = ¢ .-""I
% s, cos & : . cindui cos 4 1 . ":I- o I e
2 3 ______ 2 I T— in the 3 statel
o . T - ) -
. | ETs Ay .
E Amiy | I .
= . . Eind 3
FE i:i'l'l‘-HL-_ b"]'lllla:l.:l- 1 2
= - | T a
S | = sin
< ! . &l I

) sinfh3 -1 sint iy, -1

NORMAL INVERTED

Fractional Flavor Content varying cos & . _
CPT: 6 & —4 Invariant!

T T T T T T T T T T T T T T YT T T YT

¢ Palo Verde & Chooz: no signal

Sin220,,<0.12 @ 90%C.L.
if AMZ,, = 0.0024 eV? —)

~— Palo Verde (excluded)
== CHOOZ (excluded)
woee SK 90% CL (allowed) E

Am2 (eV2)

Double Chooz: 1.7 © ™ i

Allowed region

sin?20,;=0.086 £ 0.041(stat) £+ 0.030(sys) d

10 T FTETE FTTEE PETY FETRE PTREE FETT PETEE PrET SR
0 01 02 03 04 05 06 07 08 09 1
sin’28;3




P(v, —f-’v']u) 4U£]U,LIIUE?' ,Li”Sln ﬂ”' +4U Uy 15il’12&32

~ sin?(2603) sin?(26,3 ) sin?( A;,)

¢ T2K: 2.5 c over bkg

0.03 < Sin220,, < 0.28 @ 90%C.L. for NH
0.04 < Sin220,; < 0.34 @ 90%C.L. for IH

¢ Minos: 1.7 ¢ over bkg

0 <Sin%20,;<0.12 @ 90%C.L. NH
0 <Sin?26,;<0.19 @ 90%C.L. TH




March 8, 2012, Daya Bay (electron antineutrino disaprearance)

S

—4— Far hall
—}— Near halls (weighted)

S

Observed: 9901 neutrinos at far site
Prediction: 10530 neutrinos if no os

R =0.940 +0.011 (stat) +0.00.

Entries / 0.25MeV

B
=

=

[ o
—

—
T T
.

Far / Near (weighted)

=
5o

sin?(2 6,;) =0.092 + 0. 016(stat) -1— 0 005(syst) Prompt ey (MeY)

Spectral distortion
Consistent with oscillation

5.2 o for nonzero 0,




What's to be done ...

Vel  Vy
9 Cos 0 =
s~ 63

3 |
" -1

sin- 63

ﬁmgm
S]'_'ll2 813 binglj 1
e ~_—

Amg, -1
| N
sinfy4 L

NORMAL

ﬁm;'%.:al

i
Amg,,

9 : Cos 6 =
sin” 6y sind3

. 2
sin~ 6h;

o | ]

sin’ 13 INVERTED



We determined that m(K,) > m(Kg) by
*Passing kaons through matter (regenerator)

*Beating the unknown sign[m(K, ) -m(Ks)] against the known
sign[reg. ampl.]

We will determine the sign(Am2,,) by

*Passing neutrinos through matter (Earth)

*Beating the unknown sign(Am?,,) against the known
sign[forward v,e — v.e ampl]
2T

L~ ~ 1.16 1041<m(

GFne

1.69 10%* cm3)
Ne



/Qf‘ :How we are going to do it ?

Accelerator experiments

p target horn decay pipe absorber detector

P, =~sin®20,,sin”26,,sin”> —31— + .. n* M*
He 4FE

v

» Appearance experiment v, v,

»Measurement of v,—v, and v,— v, yields §

Remember what happens in the quark sector !l




B il .. 2 (Ao L
S5 Sin” 2613 sin (—?23—> =

evp(Pepy)
T 2 (ApL - solar
+ ¢35 sin” 2602 sin 4 = p*

T A 2 IJ A [J . A I ter
+J  cos (:ta — 223 ) 2L gin (_223 _ pinter
7 - . . A'mtz-
(J = c13 sin26;3 sin 260;; sin 263, Ajj = 552

P(? — FE) —P(vﬁ — ‘FE] = 2cost3sm26y3smn 2y sin26r3s1no

X sin(ﬂmzm i)sm(.ﬁmzzz i) sir{ Am’91 i]
AE 4E) \ AE



The of f axis idea

Medium energy beam

at 730 km

By going of f axis, the beam =
energy is reduced and the
spectrum becomes very g
sharp. :

lllllllllIlllllll"lllllllllllll"lllll[lllllll"

o
rn
L
of
o
=

Allows an experiments to 0
pick an energy for the 5
maximum oscillation length. =

J 10 km

"Off-axis"

| VO

|
2 4 (5] 8 10
E,. GeV

by

o lllllll lllllll]ll"lllll Illllllllll"lllll llllll



What will we get ?
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- 1.5 GeV I = 732. km

i[lIT'I'IIIIIIII lr

~C0SO
Sm® < 0

I 2 N
a, i v 0
W _ R
1 - o
am/2 om”® > 0
sin® 20,5 = 0.05
U ]llllJJIJIIlIJIIlLJI.
.0 1 2 3 4
sin“go,3 <Py, —> v,)> %

Minakata and Nunokawa

3



g
P](_L—}E ~ ‘ \/Patme_t(ﬁggia) _|_ V PSGE ‘2
~
Aij = |om2,|L/AE CP violation !l

where /P, = sin 023 sin 26013 sin Asq

and / P.,; = cosfo38in 26015 sin Aoy



‘\"{r“"\ Pﬁ—re ~ | Patme_i(&ggiﬁ) + v PSDE |2

; Hlllfﬁ 31+ L} Agl

Where \/Pﬂfﬂl — 51]-1 9}{3 "'?11]. 991{3 (ﬁ.ﬂl ZFEIL}

“In vac sin Agy

and / Ps,; = cos fa38in 2645 - ”LE)} Aoy

in vac sin Aoy

ﬂ. — GFNEfﬁ — (4000 kTTL)_]-: :E__H -lI{;}III Illlllll ™ T |lll|
== B FEEEEEE
D 0005 g : _;.f:i
. 2 E 1 _ i :
T = sign(dmy,) Ay = |om}|L/AE am2 Pt
g 0.000 | L
| B .Hf”'l---
E ;’,—f’f:n.-l
[dm?sin 20} is invariant s T
i I N |
=20 =10 0 10 20



Neutrino v Anti-Neutrino One Expt.

in the overlap region

(sind) — (sind)_

The NUMI Beumlmz /VO

Twe functionally identical

i

'*'rmll'l':

neutring detectors
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T30 Il.m

L LI LI LI LI LI L
- | o2 If_ "y | | | | E
B . -
“q o - =
B v i
e N o |, .
B o A .
—~ A = ame 5
= F - AN N
: g AN N\
| tl i p e —
= B = - — =]
E - e o E'l ]
':—J_i 2 — ) A '._ g R ] .'_3 2 ]
R N
N s - — i
1= - - _ —]
Nk 511'_225'1:1=D.E'=_: ]
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L] 1 2 3 4 o G
<Plv, —> vg)> %
L 2 ¥
sin” 2643
~ 1.4

14 |-|:n'\

2(0) /Ocrit

NOwvA: E=236GeV and L=610km

0.05

exact along diagonal --- approximately true throughout the overlap region!!!

Ocrit =

2

(i

. 2
2111 '_3#'}'1::- {?i’ﬁ'gl

AA? /72

o

(

tan foq -z?m:‘;l

1—Acot A

) /(aL) ~1/6

ie. sin®20,,..; =0.10



JHF > Super-Kén‘;iokande

¢ 295 km baseline . : ;’é
* Super-Kamiokande: ' R e
» 22.5 kton fiduckl S R . ]
« Excellent g/ ID - o !
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It means that for experiments at reactor-detector distances < 100 m the

ratio of observed event rate to predicted rate shifts
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“The Reactor Antineutrino Anomaly,” Phys. Rev. D 83:
073006, 2011 (ArXiv preprint, 14 Jan. 2011)
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