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LIntroduction: MSW and vacuum
solar-v oscillations

e The sun emits /. s. The Standard Solar Model fluxes
Geljjum __jChiorine o T

1om
o
g

Neutrino Flux
s

1% Cx i 10
Neutrino Energy (MeV)
Solar neutrino energy speclrum

e /. 5 are detected on Earth by
~ Homestake (“ Clorine”)  v. +°" Cl =% Ar + e~
— SAGE and GALLEX ve +7' Ga - Ge+e”
—Kamiokande and SuperK  v.e scattering in H,O Target
e The experiments are sensitive to different E,,
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e The Standard Interpretations:
Oscillation of v, into v, i/, (active v's) , or v, (sterile v)

e Two possible oscillation scenarios:
(a) Vacuum oscillations:

— The distance between the Sun and the Earth /. ~ 10'! m

is of the order of oscillation wavelength

—Since E,, ~ few MeV— Am? ~ n/1.27 E/L ~ 10~ 10¢V?2

— Any effects of Sun or Earth matter are neglected
¢ The elementary survival probability:

P.. = 1. — sin*(28)sin® (1.27&?1#.211/5?-)
Averaging over Earth Orbit /.(1) = L[l — & cos 27 |

Z £/ 2 10
{pf-:“'} =] - l_qin*' 2011 = cos M Jo L'h.{“
€ 2 2k 2E

¢ ~ Earth orbit eccentricity (0.0167).
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e P.7° is symmetric under Am* — —Am~ orf — 0 + 3
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{b) Resonant Oscillations in Matter (MSW effect):
— Neutrinos can interact coherently with matter in the sun
- Different flavours have different interactions
— To include this effect: potential in the evolution equation

d [ ve Ve + S0 h‘”” cos20 —Ssin 20 Ve
.uh‘l r— : | 7 rz
s —4%-sin 020 Vy = &l cos20) \vx

\/ﬁG'F 1

V. = (Ne = =Ny) V,=0
M .
Vi == Vo \/ifp (— % N»n) Ne(n) elec (nucl) density

— The approximate solution:

Pﬁlun e 2 + (.. - P )C.(_’!H{Eﬁm.\_fi )

e
* 0., o is the mixing angle in matter
Am” sin(26)
V(Am? cos(26) — A)2 + (Am? sﬁ{ﬁ@))i
A=2E (V. - Vx)
—When Am? cos(26) = A: Resonant conversion — sin 8, >> sin @
~For E ~ few MeV = Am? ~ 1074-10"8eV?

Bil'l( 28-7?1 e } o

* P, Level Crossing Probability:

5 axp]-— ";"-‘111 fil—axp[—'}] L e dln Neir
Fla = 1—exp[—~] it ﬁ?ﬁu

]ml
T=rres

~ = mr For Exponential Density Profile N (r) = N.g exp (—r/r0)

— Averaging over /.-dependent terms in the Sun-Earth Propagation:
~MSW _ pSun pBEarth +Sun pEarth
Pee T {e]. ‘Plc-' " ‘{62 P‘ze

PEa.rth Day __ wae Ly PEarth Day
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— Due to matter effects /7"’ “"" is only symmetric under

simultaneous (Am?*,6) — (—Am?,0 + )
— For Am* > 0 resonance possible only for # < 7 and Traditionally MSW
solutions are also plotted in (A, sin“(26)) But in principle solutions are

also possible for ¢ > =

: MSW o ac
e Comparing /., with P17
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~For 10" < E/Am? < 10'® both matter and /. dependent effects:
Quasi-vacuum oscillations.
— The size of Quasi-vacuum oscillation region depends on how fast the

cos”  asymptotic regime at large /2 / A °
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Standard 2-i» Oscillation Solutions to the Solar v Deficit
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ILThe Unified Picture

e From MSW to Vacuum: Quasi-Vacuum Oscillations

— The v. survival amplitude after propagation from the Sun to the
detector at the Earth:

Alve 2 ve) = Agun(Ve = 11) X Avac(v = v1) X Agarin(v1 — Ve )
+ ASun(VE — V‘l_] X Avaclino — ) X -‘1Enrrh(U2 — Ue)
— Where
Sumn ' 2
|Asun(ve — ul)| = (Ve = 12|

|l Aparth(V1 — -'-’r'-H PI N == ) = \Aegarth (V2 — Uﬁ!}[g

Avaclv; = v;) = exp (-—.r mf (L = Rsun)/2F)
~ S0 in general:

P.. = PSuﬂ.f_}P:rlrr‘h + (1 = P.ﬁ'uﬂ}(l = Plfiri'rth)
+ \/PSun. Pj‘i“n)P’r ar ”’(1 _ P}fiam‘h)n”s (m;?;:‘j. 4 5)

d small phase ~ 1072,

— The size of the Quasi-vacuum Oscillation Region depends on how
fast the first line acquires the asymptotic vacuum value cos” 4.

M.C. Gonzalez-Garcia 2000, June 2000 Page B




e ————

Gonzalez - 09

- The First Piece at the Day side of the Earth:
PDov — pSuneae? 8 4 (1 — PS¥™)sin? @

— Comparing the numerical result with analytical approximations:

3 Ty i R SEUERLLL R BN BRI AR i TR,
g ‘ [ e Analytical for Exponential o with const r,
a . Numerical for p BP2000 .
| Anolytical for Exponential p with rs(r)
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~ Quasi-Vacuum oscillations are slightly over estimated in the approximate
analytical solution for constant exponential density profile

— Quasi-Vacuum oscillations are slightly under-estimated in the approximate
analytical solution for variable exponential density profile

— How about Earth Matter effects?:

'? 0.4 S T it J " T ; P ey ]
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— Earth Matter effects are small in the Quasi-Vacuum region
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e Matter effects at ¢ > 7: The dark side?
— The First Piece at the Day side of the Earth:

PPay = pSuncns2 9 4 (1 — P;"™)sin®

— How to compute P“" for 6 > 7 7:
* For Exponential Profile N.(r) = N.gexp —r/r0:

Trivial analytical continuation to the second octant using:

p::lun- — _;..{, (%— — R.)C{)S(Egm,“]

e

with . and cos(26,,, () computed for sin® 6 > %
* Numerically

J 1 k 0 WL I i Y I E hil Ll ] I -
atose u win’(2¢)=0.99 % }(20)=0.85 x|
0.8 | —— Numarical for o BP2000 % 3
07 E_ _____ Analyticol for Exponentiol o ;3
06 | lontg=1.22 B
05 F
04 £ o d=0 818

tan'd=0.63

DI!'-I |“|I ' podee | | i il s . i ' il
13 1Dlﬂ lul? 1 13 15 V7

4E/Am? (eV™") 4E/Am* (eV™)

— For angles close to # = 7 the survival Probabilities are mirror-symmetric

— Again differences in the Quasi-vacuum region
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~ In what follows we will use numerical probabilities valid on full parameter
space
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— And plot the allowed regions in the Unified Oscillatiom; Parameter Plot:
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III.Global Analysis

We include in the analysis the data on:

* Total Rates:

\'i’ = Z {f-,."h R: r;i]ﬁl’;i{H;h - Rt ‘i';r)

J
5. 1=1,3

., contains theoretical uncertainties and
the experimental systematic and statistical errors

« Zenith Angle Distribution: Day + 5 Nights data points

th
(s ber — RE°P)*
EHT'TE g

3 E 7
= 2
I J-;.

cv. free normalization factar.

# Recoil Electron Energy Spectrum: |8 bins

th th
2 }? erp -2 j?.l exrp
Xs= ) (@ep pipos — i )i (Qep pppas — B5™)
Nl gy K R, :
t,J=1,

vyp free normalization factor.

2 - 2 2
Tij = O-;_j((?‘?ﬂqf,” -+ fré.u”f-(”-;-)  u TiexpTjexp + Ti,calTj,cal (l)

A total of 25 independent data points
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Solutions for v, = Vaetive

Allowed regions from Rates:

gra'jg i R R JEHT L b | . """"i_
& P
€107}
- 3
I & ‘
10 6— E
|
il ‘ ]
10°. ]
]
10”;-
10’”’; Active M
Go + Cl + SK Rates
FOM ki i i iiad
10” 107 107 M“ 1 .
tan (1Sl
Observables Probability (%)
SMA | LMA | LOW | Vac
Rates 54 9 1 34

— For higher Vacuum solutions matter effects break symmetry
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Solutions for v. — Vi, tive

EII».;:LI of Day-Night and bpeur um data:
HT .

Em'ﬂ"' LAy ‘1‘1‘|"1|'||1_
I
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1ttt G0 + C1 + SK Rates

3

Am" (e

""'1.'“
h

Rates + SK Zen

S

:

S

S
b |
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-
— 3
[

1o Rotes + SK Spectru

tan?(8)

w0 107 107 w0t 1 107 107 107 107 1 10

Observables Probability (%)

SMA | LMA | LOW | Vac

Rates 50 8 1 3.4

Rates + Zenith | 18 26 11 9
+Spectrum

e Best fit point for zenith distribution in second octant

e LOW and Vacuum regions connected in the second octant
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Blow up around Maximal mixing
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cos(29)

spiiual 54

e Inclusion of Day-Night data pushes LM A towards second octant
¢ Inclusion of Spectrum data pushes LOW towards second octant
e At 99 % CL New set of alowed islands in the Second Octant in

Quasi-Vacuum Region
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Solutions for v, — Vactive ANd Ve — Vaterile

10°

Am* (eV¥)

Active Sterile
[ Global Global Sterile
w0 10’ 1 u e 1 1 1 1 I
tan®*(49) tan*(8)

— Why differences for oscillations into active or sterile?
Main effect is different contribution to event rates in SuperK

Vury + € = v,y + e — NC events in SuperK
vs + e 4 v, + e — noNC events in SuperK

Also slightly different survival probabilities in the sun
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Regions with Only Two Experiments Gonzalez - 17

W v

10" S . Co+Cl Sterile 5

107, v i AT Go+SK Sterild t 2 3

£ 4
10" CI+SK Active s=imp, & CI+SK Sterile  oin.
10"t i o
W N kNN
tan*(9)
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Survival Probabilities For Active and Sterile Neutrinos

E [ SRR LREREE | IIIIIII1 I'IIIIIIT I |||||1 T ||||-|I II||I|'||.| llr“m

4 -l- bl

0.8 |

—_— active

0.6 - v
sterile

al)il.

0.4

pp neutrinos
0.2

0.8

T ST

0.6 -

= Tt T T

0.4
' *8 neutrinos

0.2 |

10'°10'"10"%10"10"10"®10'%10'" 10"®

4E /Am*(eV™")

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

A\/m Ve = V:iGF Ne
A Valerie =V2CF (Ne - L Nn)
1 o2
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IV. Unifying Active and Sterile Oscillations:
Four-neutrino Oscillations
e To fit solar, atmospheric and LSND — 4 /s

e But LEP data implies only 3 neutrino flavours — 4th v sterile
@ The mixing matrix U/: 6 mixing angles

e Limits from Accelerator and Reactor:

— Only two possible mass spectra

A B

solar

LSND LSND

atm solar

— Mixings between e and heavy states neglegeable : Only 4 angles

c19 819 ] L \
TEIRCIRCaY C12°23%24 52324 294
"'}'i'}}{(::33""24“:ﬂd+'92f3":l£1-j —ec1z(s23e34 +C23524 234) C23%34 — 923224934 £24%34

£12(¢23924¢34 —223834) ©12(923534—C23%24¢34) —(c239341923924°34) ©24°34

® cp3c24 = 0 = pure ve — Vgcotive Oscillations with mixing 6,2
® co3c2q4 = 1 — pure ve —» Vggerite OScillations with mixing #12
e Intermediate cases 0 < cg3c94 < 1 also possible
— In the general case of simultaneous v — v, and v. — v/, oscillations:
Ei—:l::,su-n = jr_;:iff,:j'u n
Rﬁ:’sun - J:E)E:H:‘? (1 o Pfiun)

but P21°4" jg computed for a matter potential A = Ac ¢ + C’%-‘:chd Ane

— Same analysis but with 3 parameters: Am?,,012, and ¢5,¢3,

M.C. Gonzalez-Garcia v-2000, June 2000 Page 21



Solutions for Four-neutrino Oscillations
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e LMA, LOW and VAC solutions can have a subdominant . — 1.,

component

Gaonzalez - 20

M.C. Gonzalez-Garcia

1-2000, June 2000

Page 22



Gonzalez - 21

IV. Summary

e Global Analysis of Solar Neutrino Data in the Full Parameter
Space for Oscillations:
— Including Matter Effects in Quasi- Vacuum Oscillation Region
~ Including MSW Transitions for 6 > 7
o For oscillations ve — Vactive:
The best fit points:

Am? tan’ @ go.f
LMA 22x10™° 034 2%
SMA 49x107% 00013 1I8%
LOW 9x10°° 0.49 11 %
QVO 44x107" 175 9 %

— At 99% CL: New set of allowed islands in the Second Octant
in Quasi-Vacuum Region
— Best Fit for Zenith angle distribution in the Second Octant
— At 99% CL: LMA and LOW regions extend to 6 > 7 :
Maximal Mixing is Allowed
e For oscillations ve — Vaterile:
~Only SMA (Am” = 3.8 x 107° tan® § = 0.001) 4%/,
e In Four-v mixing:
— Continuous mixture of simultaneous Ve — Vgjerije and
Ve = Vactive OSCillations
- LMA, LOW and VAC solutions can have a subdominant
Ve = Vsterile COMpoONent
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