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Solar 2—-v Oscillations: Active versus Sterile

e The sun emits /. s. The Standard Solar Model fluxes
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e /.5 are detected on Earth by

— Homestake (* Clorine™) Ve +37 Cl —37 Ar+ e~
— SAGE and GALLEX +GNO pe 1 G — "L Ge 8
—Kamiokande and SuperK  vee scattering in H2O Target
—SNO(Sudbury,Canada)
CC Ve +8—B--p-t8"
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e The experiments are sensitive to different £,
e They observe a deficit...

—

E 5
= = E
O F -
o = =
§ - E
& } } :
] S S SO N
- SAGE  GALLEX :
= + } -
3 GNO } Sk ] 3
; Homestake SNOg _
U:Ill YN S T TS NN T T N T T T O T T T A [ N W I O O
Experiment ...Of about 30-60 %cd

4-Neutrino Oscillations Concha Gonzalez-Garcia



Other Super-Kamiokande Measurements

Super—Kamiokande 1258 Days

e Recoil Electron Energy Spectrum — no distortion x%,,, = 19/(18do )
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e Zenith Angle Distribution (Day/Night Effect): Effect of Earth Matter

— Few more events at N than D 25— = —0.033 & 0.022 £ 0.013 (1.30)
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e Seasonal Variation — Small Beyond Earth Orbit Eccentricity
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e The Standard Interpretation:

Oscillation of v, into v, v, (active v's) , or v; (sterile v/)
— The v. survival amplitude after propagation from the Sun to the
detector at the Earth:

AlVe S Ve) = Agynlte = 11 ) X Avaclin — 1) X ABgrin(l — Ve)

+ Agun(Ve — v2) X Avac(va — v2) X Agarth (V2 — Ve)

— Where

‘ASun(Ve - Vl)‘g PSun =i - IASun(VE — VQ)‘L)

JAEa*r'th (Vl =% I/E) ‘

— S0 1n general:

_ Sun Fa,’rth Sun pDEarth
P.. = PSunpEarth 4 ( )(1 — PE

e
- e e - |
\/PSun PSW)PJ%&W?‘*’*(l . pﬁmth)( 0S (&m. L | 5)

N
Ry

& small phase ~ 1077,

— For Am* ~ F//L matter effects can be neglected

PS“’” PL‘“’W* — cos® 0 = Vacuum Oscillations

—For Am? > 107° eV? = {(cos (&f’”g I)) = 0 = MSW Transitions

2F
— In the intermediate range Quasi-vacuum Oscillations
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Solutions for v, — vV, tive aNA Ve — Vetorile

Including new GNO, Sage and Super—Kamiokande 1258 Days

Allowed regions from Rates: m.c.6-G, . Pefia-Garay
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— Why differences for oscillations into active or sterile?
Main effect 1s different contribution to event rates in SuperK

Vy(r) T € — Vy(ry + € — NC events in SuperK
vs + e 4 vy + e — no NC events in SuperK

Also slightly different survival probabilities in the sun

Active Sterile

SMA LMA LOW VAC SMA
Rate An?/eV2[7.1 x 107 2.1 x 107°/1.0 x 10 "|7.9 x 10~ "}{|4.9 x 10~°
tan® 6 [1.6 x 1073  0.34 0.63 0.29 (3.4) ||5.5 x 10~ *

Prob (%) 10 % 15 % 1.3 % 17.5 % 0.01%

4-Neutrino Oscillations Concha Gonzalez-Garcia



Regions with Only Two Experiments
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Main difference between Active and Sterile due to SK+Cl
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Survival Probabilities For Active and Sterile Neutrinos

- _|||||||| ||||||||| ||||||||| I T 1TTTHI I 1T T 1T 1T I 1T 1TTTHI I T 1IN ||||||!
Sﬂ (s By
£ i ¢

0.8 - [

0.6 [N ' active N

i e e sterile i

0.4 — =i

i pp neutrinos

0.2 - X

o O [P
r:'an$ ! _ .
al L :

0.8 | ': 1

0.6 |- ; T

0.4 - ' —

i : °B neutrinos
0,2 __ ;=)
O _||||||||| ||||||||| ||Il ||||||||| ||||||||| |||||||I| ||||||||| ||||||||| ||||||H
0?10 10" 10 10" 10" 10'% 10" 10™°
2 -1
4E /Am*(eV™")

Due to smaller matter potential the SMA region for sterile 1s slightly
shifted down

4-Neutrino Oscillations Concha Gonzalez-Garcia



Excluded regions from Day—Night Spectrum:
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Solutions for v, — vV, tive aNA Ve — Vetorile

Including new GNO, Sage and Super—Kamiokande 12358 Days
Allowed regions from Global Analysis: M.c.6-, C.Pefia-Garay
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Active Sterile
SMA LMA LOW VAC SMA
Rates |Am2/eV37.1 x 10 °°2.1 x 107°1.0 x 10 77.9 x 10~ 11]4.9 x 107°
tan?0 (1.6 x 102 0.34 0.63 0.29 (3.4) |[5.5 x 104
Prob (%) 10 % 15 % 1.3 % 17.5 % 0.01%
Globall Am=2/eV244.7 x 107°4.5 x 107°/1.0 x 10 4.6 x 10 19|4.5 x 107°
tan® 0 |13.9x 1074 041 0.70 2.4 3.1 x 104
Prob (%) 22 % 64 % 50 % 47 % 19%

— LMA cut for Am? 2 8 x 10~% eV? due to Chooz bound

— SMA sterile allowed but with smaller mixing (worse than any active)

— SMA active allowed at ~ 95 % CL but with smaller mixing
— LOW solution better than SMA
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Solutions for v, — V,etine aNd Vo — Veporile
Allowed regions from Global Analysis with free °B:

M.C.G-G, C. Peiia-Garay hep-ph/000904 1
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Active Sterile
SMA LMA LOW SMA
Rates| Am=2/eV34.0 x 107%3.5 x 107°1.0 x 10~ 7[3.9 x 10~
+Spp| tanZ6 | 0.00049 0.29 0.65 0.00058
+Sp| Prob (%) 47 % 62 % 34 % 37 %

— Improvement of SMA solutions Active and Sterile:

Flatter spectrum = SMA shifted to smaller mixing=> Larger 3 B flux

— Small improvement of the active LMA:

Easier simultaneous agreement of Cl and SK rates

— Just So? improves
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Solutions for v, — vV, tive aNA Ve — Vetorile

Allowed regions from Rates (Including SNO):

J. Bahcall, M.C.G-G, C. Pena-Garay
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— Why differences for oscillations into active or sterile?

Main effect 1s different contribution to event rates in SuperK

Vu(ry + € — Vur) + € — NCevents in SuperkK

vs + e 4 vs + e — no NC events in SuperK
Difficult to fit SuperK and SNO CC

Active Sterile
RATES SMA LMA LOW VAC SMA VAC
Am2/evV36.9 x 107%2.1 x 10751.0 x 1077|7.9 x 10 *}{|4.9 x 107%|1.1 x 10~1©
tan® @ [1.6 x 107°  0.34 0.63 0.29 (3.4) ||5.5 x 10~ 4 0.29 (3.4)
Prob (%) 7 % 15 % 1.3 % 17 % 0.01% 0.63%
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Solutions for Ve —* Voetive A0 Ve — Vgterdle

* Including SNO
Allowed regions from Global Analysis (Including SNO):
J. Bahcall, M.C.G-G, C. Pena-Garay
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Active Sterile
SMA LMA LOW VAC SMA
Rates |Am?2/eV36.9 x 10 %2.1 x 107°[1.0 x 10 77.9 x 10 '{[4.9 x 10~°
tan?0 [1.6 x 1073 034 0.63 0.29 3.4) ||5.5 x 1074
Prob (%) 7 % 14 % 1.3 % 17.5 % 0.01%
Globall Am2/eV4.7 x 10794.5 x 107°[1.0 x 10 714.6 x 10 'Y|4.5 x 10~
tan® 0 |3.9x 1074 041 0.70 2.4 3.1 x 104
Prob (%) 19 % 59 % 45 % 42 % 16%

— LMA cut for Am? 2 8 x 10~% eV# due to Chooz bound
— SMA sterile marginally allowed (worse than any active)

— SMA active allowed at ~ 99 % CL but with smaller mixing
— LOW solution better than SMA
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— Just so? appears

4-Neutrino Oscillations Concha Gonzalez-Garcia



Solutions for v, — V,etive and Ve — Veporile
SNoﬂgllowcd regions from Global Analysis with free °B (Including

J. Bahcall, M.C.G-G, C. Pena-Garay
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Active Sterile
SMA LMA LOW SMA
Rates| Am=2/eV34.0 x 107°3.5 x 107 °/1.0 x 10 7|3.9 x 10~ °

+Spp| tan® @ 0.00049 0.29 0.65 0.00058

+Sp| Prob (%) | 47 % 62 % 34 % 37 %

— Improvement of SMA solutions Active and Sterile:

Flatter spectrum = SMA shifted to smaller mixing=> Larger 8B flux

— Small improvement of the active LMA.:

Easier simultaneous agreement of Cl and SK rates

— JustSo? at3 o
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Atmospheric 2-v Oscillations: Active vs Sterile

Atmospheric ., are produced by the interaction of cosmic rays (p,
He ...) with the atmosphere
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e Total Rates for Contained Events
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e Angular Distribution of Contained Events — Deficit grows with L
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Atmospheric Neutrino Data Oscillation Analysis

e In presence of neutrino oscillations:

— The expected number of contained events
iu:Nﬂ’”_{-iVE:u iE:iwee+i e

= do

Nsg = gl h)P
. /dEudcosﬁuﬁ&( ) Ddﬁa”’%?ﬁ

e(Eg)dEydEgdcos 0,dh

— The expected upgoing-p tluxes:

1 " d®,(FE,,cosB) .
P 0)g = / ol E,..0dE,
! ( ) g A(Lﬂt’iﬂ- 9 6) : dEf.i_.d cos 6 . T( 4 ) /
dd , * o d‘f»"u“ do 1 1 1 -
— f‘jﬁﬂ. ff'Tnﬁ;g(EH_[;? EH-? X)i\fﬂiibydbu(}dx

e Three possible oscillation channels:
Yy —¥ilix A = €,7,5terlle
e For X = e and X = sterile Earth matter effects

600 -1 L S T ] PR R LA O Y P 2 B T T 1 T R T T T ]
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i +_'—|_’___ _
g : — ¢ — @ _'_;lzﬁ:’_ld
=5 - - [l
;300 B 1 _

~
2200 - No os Ilatlor{— .
100 - V, % I 3
: pr, — 1’ T :
350 preerhrre bbb b b e NOT ENOUGH
300 - SK e multi-GeV SK 1 multi-GeV

1 UP/DOWN ASYMMETRY

| FOR SK MULTI—GEV DATA
i X:miﬂ(l”u% U¢)=22/8
' RULED OUT AT > 30 CL

| ALSO EXCLUDED BY CHO0Z
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Atmospheric Neutrino Oscillation Parameters

Vg =7 ¥

M.C.G-G, M. Maltoni, C.Pefia-Garay

Vy —2 ¥,

FINKS

From Partial Analysis

Vr

16/8

2
Xm*in

Vs

16/8

36/38 38/38

Contained

19/23 29/23

Upgoing
(Also Macro)

Difference from matter

effects in upgoig-u

sin~®
1 From Global Analysis
N0 o :
‘E‘" E Xmin
Ex | k2K disapp e U Vg
o™ _____ 0 5 ,
= S 56/63 T72/63
< 10 = MINOS disapp £ MINOS disapp z O
4; T i v,, — v, Favoured
AP AR AU R A AU U R R B
10 0 0.20400608 0 0.20.40.060.8 1

sin’®
Super—-Kamiokande from the analysis of the zenith angle dependence of

high-E PC + thrugoing + NC enriched events:

v, — Vs disfavoured with ~ 30 .
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Four Neutrino Mixing

e To fit solar, atmospheric and LSND
3 AmM?* 1 Amienn 35 AMies > Amicg.
— 4 Vs

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

e [/: 6 mixing angles and 3 CP phases

e Possible mass spectra:

Iy L my Iy my TIL 4
fit3 g R T3
Tria Mo

Iria . TTig

Iy i my Mo

iy Trey Trey rriy Triy T

e L.imits from Accelerator and Reactor: — A and B favoured

n or example, naively:
A B InBf ple, naively
solar ——— atm Atm: vy, — vy
1 A Solar: ve — v
LSiND LSND U_ ™~ CyVs + Sylr
atti sl Vg 2 —8y Vg T Cy Vs

x fuction of angles in U
e Open Question: 18 vg part of Atm or Solar Oscillation?

* In 2-v oscillations we have seen the limiting cases:

Atm: v, — Vs

cy =0 —
X Solar: v. — v,

Atm: v, — v,
Solar: v. — v,

P,

Cx

*But intermediate cases 0 < s, < 1 also possible
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e More precisely for B:

2 ? 2 2
ATan:_:} —_— Amgl << AT”’&‘EIH — Am43
2 2 2 2 2
< Amianp = Ami; =~ Amis ~ Ams; ~ Amise

e The mixing matrix UJ

U = Uszq Uz U14 U1z U3q U2

e Limits from Reactor Experiments

Z
DT saies L

Bu T - 1R N
P ROy ==1-2(1JE3| + |Ueal®) (1 — |Uea|® — [Uea|?) (sin =

2 2 2 9 2 .
+ |Ues|” = 14813 + 814 S 10

:" i Z-JTES

= 113, V14 negligeable in solar and atmospheric oscillations

= And the simplifed mixing matrix /

/ C12 $12 0 0
—812C23C24 C12C23C24 823C24C34 — 824834 823C24834 T 824C34

5125823 —C12823 C23C34 C23834

\ $12€23824 —C12€23824 —823824C34 — €24834 —823824834 + C24C34

— Four relevant mixing angles:

— 1912 — amplitude of oscillations with Am?,

— 134 — amplitude of oscillations with Am;,,

— Y23 and Y34 — active—sterile admixture.

4-Neutrino Oscillations Concha Gonzalez-Garcia



Solar Neutrinos

e Am’, oscillations occur between the states

Ve — Vo WIith Ve = Co3CoqlVs + \/ 1 — et Wi

(v, linear combination of v,, and v )

with mixing angle ;2

® (:33634 =] — |U,11|2 - ’Ua.z']z — ]Usl|2 L ’Ufi‘2|2
gives the active—sterile admixture
e Cases
ca3C24 = 0 — pure ve — Vgctive 0SCillations with mixing 012
* 93024 = 1 — PUre Ve — Vgterite OSCillations with mixing 612
* 0 < c23c24 < 1 — simultaneous ve — vs and ve — g

— In this general case:

Pfi_lIJ,S“LL?’L
]

41;,5‘11,?1 2 Sun
P %™ = cacha (1— P2

pr:Sun
ee

but P2”°“" is computed for a matter potential
= &
A= ACZ’C -+ Co3Coy ANCL‘

— Same analysis but with 3 parameters: Am3s, 012, and c33¢5,
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Solutions for Solar 4—v Oscillations

M.C.G-G, M. Maltoni, C.Pena-Garay hep-ph/0105269 (Updated with SNO)
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Lol L
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Solutions for Solar 4—v Oscillations

M.C.G-G, M. Maltoni, C.Pena-Garay hep-ph/0105269 (Updated with SNO)

12 | s

10 E .

.............................................. @J .Q“ trasasaglenic s cra i sra e ra s is s ra s ra s r el r AT sisr e st e ra e 99 1 |

---------------------------------------------------------------------------------------------------------------------------------------- 90 i |
-

_ | LA | I I | | I O | | I O | | I I I | | ] 11 1 | I I | I A I | | N ) | | [ |_
O 01 0.2 03 04 05 06 0.7 0.8 0.9 1
02:3C224=|U,1|2 + ILL:'2

— Best fit point for LMA pure v, — v,

— LMA, LOW-QVO can have a sizeable subdominant . — v
component

— For large v projection SMA tavoured

— Regions disappear for:

|Usl|.2 ¥ ‘U52|2 — 033034

CL | SMA LMA LOW-QVO
90 | >0.0 >0.45 >().4
99 | never >0.72 >(0.99
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Atmospheric Neutrinos

e A, oscillations occur between the states v — 1/,

Vg = 823C24Vs + C23V, — 823824V, and vy = So4Vs + C24Vr

with mixing angle v/34

e (Cases

|

* 93 = | (Uu1 U,UJQ =) — by = Uy

— €23 = C24 = 1 — pure v, — v, oscillations

— c23 = 1, c24 = 0 — pure v, — v, oscillations

— 0 < ¢24 < 1 — simultaneous v, — v and v, — v
* c23 = 0 — no atmospheric v, oscillations

e c2, = T—sterile admixture

o ¢33 = |Uus|® + |Uusa|? = v, projection on Am,,,,,, oscillations
= 555 limited by the atmospheric analysis.

= Also v, disappearance searches at CDHSW = i 5 D2
— In the general case survival probabilities obtained numerically

with Earth matter potential

— - o
A = (324 = 823624) /\_N(_;‘

: . 2 2
— Same analysis but with 4 parameters: Ams3s, 012, and €335 C24

— In the general case —5 < 34 < 5

4-Neutrino Oscillations Concha Gonzalez-Garcia



Solutions for Atmospheric 4— Oscillations

M.C.G-G, M. Maltoni, C.Pena-Garay hep-ph/0105269

Varying both 54 and Y53

T T T T T T T T[T ]
3232=D-06 EE ‘-':23: C242=Du38

Amys* (eVe)

| | | | | |
s | | | | | | | | |
" Cos Cpy=0.66

0.5
sgn ¥s, Sin“Y;,
— Best fit almost pure v,,—1/~
Us1] + |Us2|* = cizc3y = 0.97
Up1 - |U;-L2|2 . 5%3 = 0.01
Amis = 24% 107 eV*
Y34 = 39°
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Solutions for Atmospheric 4— Oscillations

FiXiIlg 1923

M.C.G-G, M. Maltoni, C.Pena-Garay hep-ph/0105269

— 0 (“restricted” case)

B3

o 3.
- Co3 Coy =
-

0.21

| - | | ] | | | | | | | | | | |
B C:32 CE4Z=O.3O

0.40

: 2 2
C Coz Coy =

T Cps Cz4 =0.68

0.5

sgn ¥z, sin"Ys,
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Solutions for Atmospheric 4—v Oscillations

M.C.G-G, M. Maltoni, C.Pena-Garay hep-ph/0105269

0.05
D | | ey

Q 0.1 .2 03 04 05 08 07 08 09 1

o, 13 | AL R | | | L B
< 2
< (b)
ATMg ]
10 — =
| ATM _
............................................................................................................................... 99 CL -
5 = —
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 20.CL.
0 _| 1 1 | I I | | [ | | | I A I | | I I | | | N I | | | I N | | I PR T T~ g

0 0.1 0.2 0.2 04 0.5 0.6 0.7 0.8 0.9 1
Cg;z C:42=|U,.|2 + IU,,:I2

o vg =close-to-pure v, (535 < 0.12(0.16) at 90 (99%))

e this oscillates into a state which 1s preferably composed by v,
but a 48% admixture of sterile still allowed at 99% CL

e “restricted” case so3 = 0 = sterile admixture tightened by ~ 2

e flatter SK upgoing muon data at —0.7 < cos < —0.4 = lost of
sensitivity to large active—sterile admixture
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Solutions for Solar and Atmospheric 4—v Oscillations

M.C.G-G, M. Maltoni, C.Pena-Garay hep-ph/0105269 (Updated with SNO)

"2514 . =

12 =

oE. gz =

s et :
S ¢\ e\ U 199 CL

4E :
e e e 490 CL

oy el AT T TP e,

0 01 02 0.3 04 05 06 0.7 0.8 0.9 1

c’C=IU, 17 + IU_I°

e Naively:
— Solar Analysis = o205 < 0.52 at 99% C
— Atmospheric Analysis = c¢55¢5, > 0.52 at 99% CL

— 242 scenarios are valid at 99% CL

But if combined properly...
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Combined Analysis

(') ' ol ] I ]
X 14 F =
<] £
ol 2
0 - LMA+ATM, =
5 | :
5 ; 99 CL
4 N
3 . N 90 CL
5 LMA+ATM
ot
ﬂ>< ; 4 1 1 1 | I 1 1 1 1T 1 1 11 1 | I 1 1 | 17 1 1 | 1 1T 1 | 1 1 1 I 1T 1 1 11 1 I__
<] :
2 p SMA+ATM. =
0 F .
8 o SMA+ATM _
. 299 CL
4 —
B 390 CL
0 o] A I AR EEEETEAE YRR REAEE R E E
0 0 2 0.3 0.4 0 o 06 0. 7 0 8 0. 9
Focti=IlL P 4 [P
Scenario Best fit (ség)min (cégcg o Xfﬂm (GOF)
ATM+SOL1, v A CAS+CSA 0.065 0.21 73.8 (68%)
ATMp +SOL1, M A CAS+CSA 0. 0.22 77.4 (56%)
ATM+SOLgn A NPSS+NPAA 0.030 0.91 75.4 (62%)
ATMp +SOLgn A NPSS+NPAA 0. 0.98 75.5 (62%)
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Conclusions

e Maximal active—sterile (MAS) admixture
‘USI ‘2 _[— ‘U52‘2 — (2%3(25)4 — 05
always distavoured

e Two favourite configurations (but not very deep in minima)

* CAS+CSA: close-to-active solar neutrino oscillations plus
close-to-sterile atmospheric neutrino oscillations

Ua1 |2 + |Us2|? ~ 0.18-0.2

— active-sterile admixture controlled by solar data

— favoured when solar 1s LMA

— favoured quality of global fit

— MAS ruled out at ~ 95 % CL

— secondary minimum at complementary CSS+CAA scenario

* NPSS+NPAA: near-pure-sterile solar neutrino oscillations +
near-pure-active atmospheric neutrino oscillations

Us1|? + |Us2|? ~ 0.91-0.97

— active-sterile admixture controlled by atmospheric data
— favoured when solar 1s SMA

— worse quality of global fit

— MAS ruled out at more than 99 % CL
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