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L. Two-Neutrino Oscillations:

Solar Neutrinos
e The sun emits /. 5. The Standard Solar Model fluxes

Neutrino Flux

]
Neutrino Energy (MeV)
Solar neutrino energy spectrum

e 1/, s are detected on Earth by
— Homestake (“ Clorine”) v, +°7 Cl =" Ar + ¢~
—~ SAGE and GALLEX+6MN0 v, +"' Ga ="' Ge+ e~
~Kamiokande and SuperK v, ¢ scattering in H;O Target
e The experiments are sensitive to different £,
e All experiments observe a deficit...

{...Of about 30-60 %
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Other Super-Kamiokande Measurements

Super-Kamiokande 1117 Days
e Recoil Electron Energy Spectrum — no distortion x7,,,, = 13/(17dof)
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e Zenith Angle Distribution (Day/Night Effect): Effect of Earth Matter
— Few more events at N than D 2 558 = —0.034 4 0.022 + 0.013(1.30)
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e Seasonal Variation — Small Beyond Earth Orbit Eccentricity

Super-Kamiokande 825 Days
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e The Standard Interpretation: Oscillation v, into v,,, /- (active ¥'8), or 1/,
e Two possible oscillation scenarios:
(a) Vacuum oscillations: P/2¢ = 1. — sin?(268)sin? (1.27Am? L/ F)

O 10T 107 107 107 10 10'® 1077 10'® 107 16
4E/8m* (eVv")
- PY4¢ is symmetric under Am? — —Am? or f - -0 4 %
(b) Resonant Oscillations in Matter (MSW effect):
— Neutrinos can interact coherently with matter in the sun
- Different flavours have different interactions = A = 2B(V, - Vy)
~ Approximate solution: /”\/ 7" = % 4 (% — P.)cos(20,, o) cos(20)
P, Level Crossing Probability

Am?2 sin{28
(Am? con(20)=A)24(Am2 sin(20))2

O 00 Mixing in matter: sin(26,, o) =

Ve 2t N 1, L
8, ' i
a i

0.6 F Leosts

0.4 v

0.2 f 1 |

[ sin*20m00001 (ton®d=0.00025) | sin'20=0.9 (tone=0.52)
0 ._...L.J,..TJ_ni__j_l.._;]._.. TR S SV MY RSP SR P T T
10" 07 10" 10 10° 107"

4E/Zm’ (eV™") 4E/8m? (eV™)

—Matter = )/ °"" symmetric for simultaneous (Am? 6) - (~am® & ~0)
~ For Am? > ( resonance possible only for § < %

~ So Traditionally MSW solutions are also plotted in ( Am?, sin?(20))

— But solutions are also possible for ¢ * (Dark Side)

~ Comparing /°\/ %"V with /"< : For 1013 < E/Am? < 10" both
matter and L. dependent effects: Quasi-vacuum oscillations.
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- In what follows we will use numerical probabilities valid on full parameter
space

4E/8m" (V™)

~ And plot the allowed regions in the Unified Oscillation Parameter Plot:

:ém“

wt

w  w w w 1 toni( g,
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Solutions for Ve — Vaetive
Including new GNO, Sage and Super-Kamiokande 1117 Days
Allowed regions from Rates: m.c.6-G,C. Pets-Garay in preparation

510",5-
X =N
10°,
07}
10°,
107,
1.9'”;_ Active
[ Ga + CI + SK Rutes
10—
10 m” w" m“ .r : )o
tan’(®
bbsmable]
SMA LMA LOW VAC
Rates |AmZ/eV?5.6 x 10~%1.9 x 10759, x 10788 x 10~}
tan® 6 | 0.0014 0.2 0.57 |0.51(1.96)
Prob (%)| 38% 8 % 0.5 % 4 %

- For higher Vacuum solutions matter effects break symmetry
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Solutions for Ve = Vartive Including new GNO, Sage and SK 1117 Dayx
M.C.G-G, C. Pefin-Garay in preparation

Effect of Day-Night and Spectrum data:

~10 S ———
% 10 bﬂr ' o'
EVr ¥

10° |

107,

10* ‘ | :

i _

: Ga + Cl + SK Rotes : Rates + SK Zenith

10"
10
107

10" bt A
10 10.
tan*(9)
Observable
SMA LMA LOW VAC
Rates |Am?/eV5.6 x 107%1.9 x 10799, x 10™8 8 x 10~ 11
tan®6 | 0.0014 0.2 0.57 | 0.51(1.96)
Prob (%) | 38% 8 % 0.5 % 4 %
Rates+ |Am2/eV¥5.0 x 10793.2 x 10751, x 10776.7 x 10719
hSpec p+Specy| tan?8 | 0.00056 0.33 057 | 1.75(QVO)
Prob(%)| 34% 59 % 40 % 32 %
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Solutions for v. — Vactive aNd Ve = Viperile
Including new GNO, Sage and Super-Kamiokande 1117 Days

M.C.G+G, C. Pefia-Guray in preparation

:
5

1w Active
Global

Sterile
‘ Global

AT T T T T T )
tan*(9)

~For Active SMA allowed at 95 % CL but with smaller #
LOW solution better than SMA after 1117 SK days
~For Sterile SMA: Am? = 3.8 x 107 tan” # = 0.0006 Prob=31%
— Why differences for oscillations into active or sterile?
Main effect is different contribution to event rates in SuperkK

Vuiry + € = Vu) + e = NC events in SuperK
v, + e - v, + e —= no NC events in SuperK

Also slightly different survival probabilities in the sun
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Atmospheric Neutrinos

Atmospheric 1/, ,, are produced by the interaction of cosmic rays (p,
He ...) with the atmosphere

EVENT CLASSIFICATION
CONTAINED UPGOING MUONS

V,

e k!

"'o';' v“ tl'.. VH :"; vp‘ '1|'
Full Partially ;
Contained ~ Contained SYOPPINg Thru-goini:

E, 0.1-fewGeV few GeV few 10 GeV few 100 GeV
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Atmospheric Neutrino Data

e Total Rates for Contained Events

imf o
Sty
; ++++¢+

e Angular Distribution of Contained Events — Deficit grows with

£ 2
5 y :

(10" em™ 5™

*.(1
28

T 6E-bE=04c07 0 Ui C08-08-04-67 0
sy S eosd  Super-Kamioksnde 1050 Days Upgoing
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Atmospheric Neutrino Data Oscillation Analysis

e In presence of neutrino oscillations:

— The expected number of contained events
JM“ — N,u,u = Nr-,u Nr = Nrr -+ N,ur

d*® der
0 o1 ey ] A .:yd s/ = ﬂpd,h
J dE,dcost, Ka(h)Fap dFEs e(Eg)dE,dEgdcos

— The expected upgoing-y fluxes:

1 rftb‘[:f';“(‘ﬂﬁﬂ]
[ 2] q.T = , :
‘pj'[ ]' o a“{ler”n-H'} -[ df-:“rf:'tlﬂﬂ

ff’e““ -/'1. fth‘J',,“ f:l' f'-'_'fT f_‘ {F r ‘:}f\: dF d}" d‘\..
Al decost i u"i'E.-.r‘_ft*q-IHé e dF 0 OYE IR M S

Nap = mT

As (B, 0)dE,

e Three possible oscillation channels:
vy = vx X = e, 1,sterile
e For X = e and X = sterile Earth matter effects

V,=>V,

.| NOT ENOUGH

| 4 UP/DOWN ASYMMETRY

| FOR SK MULTI~GEV DATA
1 Xy =>0,)=22/8

3 RULED OUT AT > 30 CL
] ALSO EXCLUDED BY CHOOZ
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Atmospheric Neutrino Oscillation Parameters

N. Fornengo, M.C.G-G, J. Valle, NPBGSO (2000)
Vo=> ¥y V=2 ¥, V=2 V,
(Am?* < 0) (am? > 0)

1
= |
w10

& Contained
T Unbinned

Upgoing

e | RPN FRa e

I FRPRPSL ISR IS W Arare (rawey i | il L i
0. 02040608 02040608 02040608 1

- s SRR oo
Xmin
: My Vg
—
N AT . S 58/61 76/61
&1 T MINGE .- MINDS T
"5 eeid } e | vy =+ vy Favoured ,a%
I TR TORPRUL T TR TPl PRt (e, TR P‘I’Ub{b'ﬂ, —y lfn) o n

0506070809 06070809 06070809 1

2
sin“(20)
Super—Kamiokande from the analysis of the zenith angle dependence of

high-E PC + thrugoing + NC enriched events:
vy —+ v disfavoured with ~ 99 %.

(not that bad!!)
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II.Three-Neutrino Oscillations:

e We have 3 oscillation signals with 3 different mass differences
¢ But 3 neutrinos — 2 mass differences. So:
(a) Solar or Atmospheric see a combined effect, or
(b) One experiment is wrong
e (a) is not supported by data
Solar experiments observe E dependence
Atmospheric experiment observe L. and E dependence
CHOOZ Reactor Limit constraints this possibility
¢ (b) Usually discard LSND (Due to Karmen)
~ For 3-v mixing [/: 3 angles and | CP-phase

1 0 0 C13 0 313!.'“ Can 12 0
{)r = 0 Can 84913 0 1 0 =-8192 10 0
0 — 897 €93 —.R|3£_i# 0 13 0 0 1
— Two possible mass patterns
o0
=
A — ! S
5
o
:;E:-] $ b
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— The Evolution Equation in Matter:

dv, Z Z
L - {’rﬁj{fﬁj 2F + 45ag6ﬁg Vg
Z s .&m Ams.
) 8 [ 21;2 a1 Usn 2F:“+‘45“5"“

e For #,5 = 0 solar and atmospheric oscillations decouple

—~ solar — Amiy = Ami,, 012 = Opun
~ atmospheric — Am3s = Am3,,, 023 = Oarm

e For ¢4 7‘3 () and .&Tﬂ%g < Ll?ﬂ%:i

~ solar =
Ae, Sun 2. Sun 2 - 4
Foe "CHP (Amia, 012, A = cigAa) + 835

Independent of ¥

— atmospheric — (in vacuum)
Pi!la,ﬂ.fm . P!lr.ufrrl (&mg:‘. 913.)
P.—-!: atm 5‘2& !J,-JJ: urru(&mgﬂ‘ 913}

S+ alkm = 2w, atm 2 la atm 2
Fuw' 1= 834 P, I? (Am3g, 013) = ¢y oo (Am3q, P2a)

Independent of ¢, (also holds in matter)
— For CHOOZ 2
PSHOOZ o 1 — ackysly sin® (2t )
For Amay > 1077 eV? CHOOZ limit
R = ek =101+ 0.038 = PL"9°% >0.99

rrpnr
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3—1 Solar Neutrino Oscillation Parameters
M.C.G-G, M. Maltoni, C. Pefia-Garay, . Valle, in preparation

Allowed regions from Global Analysis

f tand, =0.1

Ara® (eV)

tan'ﬂ,,’-&ﬂ é

-

m’ a" : 100,

tr:‘.in’(-'f.?)1 2

10 -
w10 1w 10’ 10’ ' 1 10, 100. 10° 107 107

de=Co Tee TS5
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3-v Solar Neutrino Oscillation Analysis

M.C.G-G, M. Maltoni, C. Pefia-Guaray, J. Valle, in prepuration
Constraints on 0,3

(LT TR RN R T, A i AT

Solar Rates only

16
E‘H

12 B e ——
10
3
3 N TN .. WRRNCTIN
4
2
06 %3 0.4 06 a8 02 04 06 08
" sin*d,s
sin? 013 013 deg
Observables best | limit 90% (99%) | limit 90% (99%)
Rates 0.005 0.45 (0.71) 42° (57.5°)
Global 0, 0.7 (0.78) 57° (62°)

Combining Solar with Atmospheric and Reactor

;}13 r---wr:;'r* BUARARANAE" "7 T From Atmospheric + Solar
14 f ;
: ; i at 99%CL

— sin? 013 < 03§ (34°)
p Atm 4 Solar + Chooz

| at99%CL
sin? 613 < 0.095 (18.0°)

e ..a.u»Lu#a_luLuua—-M_u_Ls_-_l_-J_-_l_-__l_L_l_-_l_:
0 005 0.1 015 02 025 03 035
sin“d,

M.C. Gonzalez-Carcia ICHEP, Osaka July 2000 Page 23




3-v Atmospheric Neutrino Oscillation Parameters
M.C.G-G, M. Maltoni, C. Petia-Caray. J, Valle, in preparation

From All Atmospheric Neutrino Experiments

=1
10 ¢

10 -i T T L ST T T TR T Tt B TR BT T PEEATE \
10 1 10 1 10 1 10

tan9,,
Including Also Chooz

P T TR T I
8in’®,;=0.06% sin’®,;=0.1

e
yog sl PR EER T & . xaausdl PRSI Pa T
TR ) mw' 1 10
tan™8,s
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3—1 Atmospheric and Reactor Neutrino Oscillation Analysis

~ M.C.G-G. M. Maltoni, C. Pefia-Garay, J, Valle, in prepaation
Constraints on 6,3

16 g T
EH,

12
10
8
ok
4
2}
0 0.1 02 03 0.4
sin*d,;
sin? B3 613 deg
Experiment | best | limit90% (99%) | limit90% (99%)
All Atmos 0.025 0.25 (0.37) 30° (37.5%)
All+Chooz | 0.005 0.04 (0.075) 11.5° (16°)

Constraints on Am3,

From Global Atmospheric

¥1B:r -

4 | P . ;
: : ; ;ﬁ.mé.” oy = 33 X 103 eV?
12 E . | . 1I- O, 068
10 4 ji ; at 99%CL

1.3 x 1073 < Ama, < 8% 107
From Global Atmospheric + Chooz
;‘mrﬁ_.; best = 3-06 X 10~ eV?

at 99%CL

o K - G o
REEaoo o

1.2%1077 £ ﬁ&m%n < 6.5%10™
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IIL. Unifying Active and Sterile Oscillations:
Four-neutrino Oscillations

e To fit solar, atmospheric and LSND
—3Am%: Amionp 3> Amian > Ami e,
43

e But LEP data implies only 3 neutrino flavours
— 4th v must be sterile

e [J/: 6 mixing angles and 3 CP phases

¢ Possible mass spectra:

1 1 4
+ My L p Ty Ty + Flkg .- m
ml . m L
¢ g m: s B
- My
.- m m‘ T m! £ m‘ﬂ
il my & Ty my & 1y I

(1 (In) (1) (V) (A) (B)

e Limits from Accelerator and Reactor:
— Only two possible mass spectra

A B
solar - atm
LSND LSTND
aam —— solar

— Mixings between ¢ and heavy states negligible : Only 4 angles
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e The mixing matrix [/
19 Mo 0 ()
=#13923°24 €12°23°24 A23°24 R24

s12(c23024934+923¢€34) —©12(923¢34+023%24934) ©23€34 923724934 “24%34
s12(c23524034 —923%34) ©12(523534 -€23%24¢34) —(c23004+923%24°34) ©24°34 |

e For neutrinos:
* o324 = 0 = pure ve — Vactive Oscillations with mixing ;2
¥ cggcaq = 1 = pure v, — Vggerite oscillations with mixing 62

* Intermediate cases 0 < ca3c24 < 1 also possible v, — vy
vy 18 a combination of Vgyerite and Vg otive

~ In this general case of simultaneous 1. —» v, and 1. — v,

p;l:‘ Sun — F.Ew. Sun

dp, Sun 2 2 Sun
PM = C23C24 (1 - Pee )

but /7" is computed for a matter potential
A= Acc + C:a:it‘?ﬂd Anc
— Same analysis but with 3 parameters: Armi,,012, and c3403,
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Solutions for Four-neutrino Oscillations
Updoale oé C Givnhk , MC é-6 ¢ Rda -Garay PRDE2Z (2000)

lll|l'l! |1||I'l1|| |

w0 10t 107 10t 1 10 100 167 107 1 1.
tan’(®)
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Solutions for Four-neutrino Oscillations
vpdole o) C.Grunk, Mce~6 ,C. Pedt-Gamy , PRD 62 (2000 )

§ AL N SR |
“ ' F GClobal
o - CNQ (e F-';?'"" -
e
6 ;_"‘ o .
——
f———"""5WA
4 ?Lﬂa 'r"'_r
0 LIS IV IO WTR TN KTP SN W WS Fewew e
0 0.10.203040506070809 1
Cas’ Cas”

o LMA, LOW and QVO can have a subdominant v, — 15 component
limit on ¢240%,

CL | SMA LMA LOW QVO
90 0.9 0.44 0.3 forbidden
95 all 0.53 044 0.28
99 all 072 0.77 0.88

e Upgoing-y atmospheric data can also limit », component for
Atmospheric: But limit strongly depends on theoretical uncertainties
O. Yasuvda.
Foglc ,Lusi etal
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IV. Summary

23

e Global Analysis of Solar Neutrino Data after -2000 in the Full Parameter

Space for Oscillations:

— Including Matter Effects in Quasi-Vacuum Oscillation Region

- Including MSW Transitions for 8 > %

The best fit points:

Am? tan@ gof
LMA 3.2x 1075 033 59 %
LOW 1 x 10-7 0.57 40 %
SMA 50x 10°% 00006 34%
QVO 6T x 10~ 175 32 %
SMA(sterile) 3.8 x 10°% 00006 31 %

~ SMA allowed at 95 % CL but with smaller mixing angle
~ LOW solution better than SMA after 1117 SK days

~ A1 99% CL LOW and QVO regions connect and extend to 6 > T :

Maximal Mixing is Allowed
e Global Analysis of Atmospheric Neutrino Data 17, — wy !

- X = e ruled out

=X = s disfavoured but not ruled out

For Am? < 0 Am? ~ (2-7) x 1073 eV2 sin?(20) ~ 0.85-1
For Am?2 > 0 Am? ~ (2-9) % 103 eV2, sin?(26) =~ 0.7-1
- X = 7: Am? ~ (1-6) x 1073 ¢V?, sin?(20) ~ 0.8-1

M.C. Gonzalez-Garcla
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e In Three-r» mixing
— Fitting together Solar, Atmospheric and Reactor Data
~ Atmospheric Analysis depends on Am3,. f23, 613
- Solar Analysis depends on Am7,, 612, 013
~ Chooz depends on Am3,. 03
~ Limits on #y3 at 90% (99%) CL

sin? B3 0y deg
Atmos 0.25 (0.37) 30° (37.5°)
Solar 0.7 (0,78) 57 (62°)

Atmos + Solar 0203 9 ¥
Atmos + Solar + Chooz  0.045 0.@5 127 (158"

~ Constraints on &m%a
From Global Atmospheric

Bm3s segy = 33 x 1072 eV?
at 99%CL:1.3 x 107% < Am3, <8 x 1079
From Global Atmospheric + Chooz
ﬁmgalb“t = 3.06 x 1073 eV*
at99%CL: 1.2 x 10~ < Am3, < 6.5 x 1079
¢ In Four-v mixing:

— Mixture of Simultaneous v, — vy and Ve = Vg oscillations

24

- LMA, LOW and QVO can have a subdominant e — g component

limit on Cgﬂcg-l
CL | SMA LMA LOW QVO
90 0.9 0.44 0.3 forbidden
95 all 0.53 0.44 0.28
99 all 0.72 0.77 (.88
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