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INTRODUCTION

The status of two- family oscillations of
ai‘mospheric neutrinos is well known :

v, V. Excellent fit o K+Sk+Soudan+ MACRO
i (“féx\‘booljmsulf" affer SK@ ¥'98)

VMHVE Strongly disfavored by Sk
and excluded by CHOOZ (+Palo Verde)

VMHVS (Strongly) disfavored by SK (+Macro),
associoted matter e{{ed’s* not observed

Pure »u4>vy Ok, but fwo important signatures
(T appearance. + periodicity) skl missing :

oK 61 KTy, DATa/McC
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The lack o} direct /complete information
about flavor (= ¥ states)

and periodicity (= v dynamics)

warrants the THEO/EXPT exploration of
scenarios beyond standard yue vy oscillations

either (a) ApoiNg ) STATES
or (b) MODIEYING 3’ DYNAMICS

I will .fow.s on the {ollowing exawmples :

(a) ADDING Ve (3v mixing)
ADDING Vs (4Y mixiug)

(b) DYNAMICS WITH AND WITHOUT
L/E - dependeuce

ownd correspondingly discuss

o currenl cowstrainfs from atw. ¥ data.
e Tosks -{or -fu’mm ax?eﬁme,ms



3V (Wu,¥%,V) OSCILLATIONS

my
A
® POSSIBLE SPECTRA -T—v_,, %,
(absolute values wnknown) e o
e %
ém?

® For definifeness , consider normal hierarchy
with, dm? « M2, Then:
e Physics governed by m* and {lavor corferitt of ¥ :
V3 = Ue3Ve +* UWVF ¥ Ut-3v-.-_-

® Unitarity constraint Ugs+ Uds +Uzs =1
embedded in friangle. (Dalitz-like) P}Ot-:

Fogli, E.L., Marrone, Scioscio-
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® 52kTy Sk data awalysis at
best-fit value of m? (~3xi07%e¥?)

Sub-GeV Multi-GeV  Up-going i Combined

@ SK+ (HO0Z '99 data auwalysis :

CHOOZ SK+CHO0Z

@ Compare wita "
Sifuation <1238 N,
@

YuerVy

-» | TREMENDOUS PROGRESS IN
3Y MIXING CONSTRAINTS
IN THE LAST COUPLE OF YEARS
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o In oddition , significant reduchion of M~ range :
Cdrivgm by zenith ‘m‘gormq.‘h'on)
Progress in m? bounds for unconstrained 3v mixing
(90% C.L., Ny = 3) '
Ref. .: : o0 ;
. .—- | pre—SK atmespheric
= Fd i : ;
; 3 b 4 + pre=CHOOQZ reoctors 493?
i F—“"—'—l SK 33 kTy
{oe) : : : :
s coroozes 1938
: e SK 52 kTy
(on0) 4999
5 e + CHOOZ '99
107 107> 1072 107"
m (eV')

(+) G.L. Fogli, E. Lisi, D. Montanine, and G. Scioscia, Phys. Rev. D 55, 4385 (1997}
(++) G.L. Fogli. E. Lisi, A, Marrone, and G. Scioscio, ~ Phys. Rev. D 59, 033001 (1999)
(+s+) G.L. Fogli, E. Lisi, A. Marrone, and G. Scioscia Proceedings of TAUP 89

Current sumwary :

e Mi~3x103 V? wirhin & factor ~2

(7] (1] 1]

& Ll}.(g NU?E.!:
® Ley < dew %
® Missing evidemce for U%s#0

e ond MO Yeasow J;or UEaEO!



@ Cleonest signal of Ues#0 in SK would be
onm U/D asymmetry in MGe sample

e However, Ug; £ fow% + large smearing
moke fypical sigwal swaller than uncerhninties

. . - 2 z v 7
Best-fit distributions mo Us Us s X
————— 3E-3 0.05 045 0.50 226
------- SK (52 kTy) —— 3E-3 000 057 0.43 230
—— 5K + CHOOZ (no escillation? »* = 158.6)
1 »B T L 1 T T
in SGCe SG,u__ MGe MG | UPw
1.4} -
1.2 ¢ +
.B.. 1 + PR, +
Ro s
0.8 P
0.6 -+ 7
0.4} - 1
i i 1 i 1
Vi 0 1 =1 o 1 =1 [} 1 =1 o 1 =1 =05 0

cos? cos? cos cosd cos?

e For U&3#0, eﬂ-ecfa of mo -m® (inverted
hierarchy) are of similar size in SK.
Expect hinfs, not 36 signals .

Note: Earth malter eflects (Msw resovomce,
mantle- core infrference ) ave sensikive *o
Lis#0 omd o =Wt

Foatl, EL., MONTANING, MARRONE , $010SCIA
ARKHMEDOV, LIPAR), SMIRNOV

. PETCOVI 5 YASUDPA ; BARBIER! X STRUMIA
DE RUJULA , GAVELA, HERNANDEZ
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¢ Subleading Yu—>Ye effects generated by
“solar" (v,72) mass splithng + wmixivg

are alse typically small :

sin*(20,)=0.8

09 | .

0.8 | 7

0.7 B
____________ am’; (eV)=2. 10" 5in*(20,2)=0.9

06 L o AmTy (eV)=1. 10 5in’(20,,)=0.9 ]
I . Amt, (eVA)=4. 10 sin®(20,,)=0.9 ]

L PIEL I L | BPUrUPT R o ee | boaiogl | e
-1 -0.8-0.6-0.4-0.2 0 0.2 04 06 08 1
cos(©,)

.t%

T
Sm*< O(0*)
for solar LMA

5
Y

14 Peres X Smirnov,

Struumio.

Diagnostics of different 3y effects (Ues #0,
T M2, Sw'#0) in atm ¥ reqa.u‘re, seleckHon

Cowmparison of evewl” samples iw
of Ey oamd By

swall romges

- Twsk {or future experiments wile
'.mprovzd wergﬂ-auﬂle, Y recoustruchon.
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4y  (Ve,Vu,Vr,Vs) OSCILLATIONS

e Required fo explain solar+ atw + LSND .
e Constraints on mass spectrum : twe doublels

54 ATM™ S 0L
3

M* LSND or LSND

m* §

Smt{====3" soL

¢ Constraints on mixiwg:

Ve mixed wainly with solor dowblet” (v4,v,)
(ol'herwisc, l&fge_. Ye>Ye n Tta.d'br‘_‘.)

Y mixed mainly with, atm. doublet (V3,Va)
(otherwise, large Ya?Vr in CDHSW )

® Residual (ve,u) iuter- doublet Mixing
(4aw %.) needed to explain LSND |, but
~uegligible (in 4st approx.) for sofar
or ofwespheric » phemowenotogy

X See Bilenky , Giuwnti, Grimus,
PPNP 43, 4 (1999) amd Refs. therzin



Neglect warve inter-doublet omiximg (Ast approx.) —>

Concerning 4w oscill. channels, one often agsumes

either "A" or “B"
solar Ve Vg solar Yo © Vs
atm. V>V albm . Yur Ve
( Sk - dishavored) ( $% - favored)

However, smooth, interpolabions befweew
the above Cases are Glso possible. ¥

solar Ve &> V. Vo= G Vs =S¢Vt
M. Vuo V| % sSek+cein
\\AII ((.rﬁ:O) >\\Bu (Cﬁ:\)

For geveric € fravsitions ACTIVE —> STERWLE
oteur wn addihon o ACTIVE —» ACTIVE
for both solar avnd abwmospheric veutrines

X See Dmhuﬁ , GiveaM, leuca, Kiw,
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Recently , solar ¥ solukons have been .Fowd*
with lorge Cte, (AcTIVE @ STERILE MIXTURE ).

E.q., all solukions (SMA, LMA,Low,VAC) ARE
Wwpakible i, <k ~ 42 (50% Vs + 50% V)

® Givnh Qrmmlet— Qa.,m'a} Feva -Ciwm,q#

® What about a’f‘mosvpheria veutrivog 7
(Fc‘g;h' (EL., Marrone, work in progress )

In 4v scewarios, Ve is alwmost decoupled
Arom twe atwosphenic doublet amd (vs,v4)
afe basically wixed wih (v, v, Vs)

—> parameker space. om be mapped aqain.

w o uwitariby triasgle. (different from 3v )

MIXED
| AcTvE- STERILE

I
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Fogli, E-L., Marrone. : PRELIMINARY RESULTS
USING 61 KTy SK dalo. (55 bing)

m® (eV?) Sub-GeV Multi-GeV  Up-going SK Combined

1.5X107°

o Bestfit ot ~3x10%e0%, close o left side. (~ Vuorve )
o Pure Wu-r Vs (right side) disfavered @ 93% <-L.
o However, large Yu-»vs oscillations, i addition to
Yu->Vr, Cmmet be excluded (eg., Yu> & (s+¥))
® At “high" m', wonzero Yu-rVs favored (reduces
lavge m Suppression )
® Constraints increase with energy omd s§
due to effective mass term in matter
Ael = 212 Gp yz.l. £, S?g



=

Cruual observable fo determine the
relative amplitude of Move awd W5
Upward Harough-goiwg muon distribuhion

mi= Bx\0 >Nt

1.8

6

1.4}

il

Y T *

9N

/\
o\

i

iy

cosB

0

ws®

wst

pure achive —5 wixed —3 pure sterile.

inoreasinﬁ matter eff. — increasimg o0lulation

Higher UPu stabshics would be of
great help fo (dis) prove the preseuce.
Of Yu—=Vs , in addition To Vu-Vy

Foal,,', E.L., Morrone
work im ?fbsws;

P



| A peculior example o} scenario allowed |
by sol.+atm dah :

. 4
soLaR ¥, = & (v )
ATMOS. V3 =~ jf'z'. (Vux Vy)
with Vi = L (V2V)

(up o small " LSND correchons u)
> might be dubbed " Fourfold maxiwal omixi g "

4y sumwary :

There are allowed scenarios in which 2

con be on oscillation partner ol;. both

solar %'s and atmospheric wu's.

Solar and atwm. ¥ experiments then

probe orthogonal combinalons of Vp,vs.
(% 1)
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DYNAMICS WITH(0UT) L/E -dependence

Let's get back to 2y (Y=Yt Tramsitions)
with Hamiltonian H (« 63) dingonal in
some basis # {laver basis.

sty

- = i
ru STANDARD CASE : He [ € ) |
| > O0SCILLATION PHASE: o< L/E %

En
o possiBLe NON-stD, case: Hx [® en]

-> OSCILLATION PHASE: o< |-E"
T.Pown.r-law J

Ea X nN: +4 Viclahons o WAV. prindple
s (qagpe,riml-?;q r

n=0 Energy-indepandent
Vp disappear. [~ FonC)

N= =41  Standard case recovered

X Staudard MSW efeds, whidh spoil
exact LIE dependence, are alsewt for YV
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® Unconstrained fit to sk data strongly
favors n=-4, and excludes other infegers

Bounds on n for unconstrained a and f

S A BRI BB [~ 1
Q0 : i e - g 5 !
g P, = asin’ (,@ 1(}*‘Lk TLQ}'?> 3 EiL,
E m e |
80 : { Marrowe,
E SK 45 kTy! SGe,u + MGen + UPp (30 dota) E g(‘.-‘:ﬁ‘fi.;ﬂg
70 E |
: 60
x|
S50 F
40 F
305 n=-09+0.4
ot 807 C.l. (Nop =3}
20f X win E
10 F -
E e @ L L-E 3
05..“! .................. R AT s

energy exponent n

® Wide enerqy rauge probed by SK
(107'+ 103 qev) crucial fo obrain such
results (Lipari X Lusiﬂmh')

@ Osdllakion phase dowinated by
L/E depw Quce.



SK muon dMshribukoms

Marraowme
Senw i
Super-Kamiokande muon Mo, t’:: ,‘f‘; i ;’_',:
distributions ot best fit i,;' :Tog gﬁ :.;: 027
sub-GeV u multi-GeV p up-going L
1.5 T T T T r T T 3 - e e L/Ez L/£
n=-2
0 i B — ! %4 } '
05 F 1 Fy o+ 1 F ]
g R TR R e P
e cos® il cos? 11 cos® 0
i o L/E (1/5

_E®

Foqlv
€.

nm=

n=0

f
A il L1
s o gl b o 18 G
e :;os:ﬂ 1-1 cos® fl Iéo‘s'llj‘ i
15 — v T L€
+: n=i
1 i (] = } l\*-:
Wb el ot |
os5f° 4 Ft 4 i F 1
0-1 c.:os;B L Bl (I:os;.’ ‘—1. ; colst! ; .0

R
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Q. Pupa = Oup (L/E) 0K, but is Pup
necessarily a periodic funchion 7

A. No.

gm::l\'hree different {-uncwHonal forms for
| pﬂp(L/E). two o{- which monotonic in
L/E, give ~equally good fits to Sk dahu:

() Puu = 05 +05 cos (4pL/E)

() Bun[07+03 exp(-pL/E)]?

| 6) Puwx=05+05exp(-pL/e)
‘t all with B~ #x107? Gev/km | i

o b
ComPle‘I'elﬂ diH-e,renl' Phgsfcs involved :

(1) Stawdard case , @ec Am?
(1) V decay, Boe T'  (Borger eral)

-4 :
(5) ¥ decoherewce , Bt Leon {E"L"m:taimmf@



data/MC

data/MC

Compcm‘éo\n o{~ 3 osullakon avd
Y demg* SK data {ﬂ's :

Con you tell one {m'm Hhe other 7

:l‘r!Trf‘rﬁTﬁ-wTY—l—r_l: I-r1|.|llllllllll|llll-l -I T 1 T T T L
1.6 e J — [ a-like - =] |~ wt stopping —
:fll ]l L sub-Gev E i3
a4 =¥} 6 -
s T 2 1 o = -
b e 31 —
05 [ 4 F - !
e—like v S 1L
sub-GeV 4 F
00 -LJ. llllll 1llllf!t|| I IllEI‘! I i L L ' I L 1
-T1lllli I|I 1lI|FIl_ I IITFTT I T | T
1.6 ! o oK 700 p—like s
- . % | multi-GeV
: 1 ot -4
1.0 :— :13_ i 1 ;—_Q_ﬁLJ—MK_ i
0.5 F— ) =
- e—like 3 [ B i
| multi-GeV B :
OD -Illlllllllllji[llll- -IiII1IFIIII|II1ll|I- | - L L l Ll lJ_
=1 =06 0 05 1-1 -05 0 06 1-1 -0.5 0
cosé, ; cosf, cosf,

Spedfic Wodel; Darger, Learned, Lipar,

Hasignel, Pakvasa, Weiler
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Neurrino decoherence hﬂpo’rhesfs
(E-L., Marvove, Montanine, hep-ph/0002053 v2)

o If (Yu, Vi) are a quantum open sgsﬁm;‘
hypothehcally interacting with a dissipakive
environment , »-Liouville equakion is modified:

¢ = -i[H, ] - Dle] (L)

W&n‘-’j \.—..‘v_.____,)
Stoandord Liowville  Extra torem
(“Lindblod")

o Extra-term Dle]l (new physics) allows fransitions
from pure states fo mixed states (decwherence)
E.q.: Environment = Spacekime + Plonkian gravify **

e We have specialized (L) to gel
. (lloh
Pus =4 = 4 536 (4~ & Feoskx), *gﬁ;ﬂm
the stawdard case being recovered for yzo.

@ Al very hypothetical, but bonus :
moximal wmixing = wmaximal entropy
{ir‘lh‘fguiuﬁ')

* Benath X Floveanint
%k Hawkfng; Ellis, Haogelin, Namoi;omtasf Srednick(

ist - 20



¢ Simply assume previows Pum as o
phenomenological ansatz

® Fif quality depends on dy/dE (wnknown).
1t dy/de > 0, Sk dota prefer y=0
(no decoherence, standard osc.)

e However, f yot4/E (as if should 4
Y 15 o Lovrentz scalar), then Sk data
Can be fitted Jor Am=0 !

(no oscillation, pure decohereme)

comparison o} {1{1‘5

— pure oscallaRons Pum = 0.5+0.5 ¢os (PL/E)
---- pure demheﬁmce_ ﬁuﬂto.'&m}b ekp(-pl.le)
P~ Ixo3 Gev/Kkm

Super-Kamiokande (52 kTy) Am?/eV?  sin’20 5./ GeV
zenith distributions of — 3.E-3 1 0
v events for ¥y =7, = (E/GeV)™ s-=ems 0 1 12E-21
1.8 T T
1.6} sub-GeV e L sub-GeV g | multi-GeV e L multi-GeV u | upgoing x|
1.4 | 4
1.2F S T }-- i R
R e L4 1 i
Ry R ki | ' 3
i F ¥ g e +
0.4 £ o 4 +
el 0 1 =1 0 1 =1 o 1 =1 [ t -1 -05 a

cos? cosv cos? cos1 cos®
E.L., Mevrone, Meulwmine
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Lisi - 22

So, the lack of periodicity in Sk m dafa
Can be inferpreted in two ways :
e Smearing ot oscillahon pattern

e sianal of non-cscillatory new physics
:.-!ewj, decoherence , ... )X

OSCILLATION '.
DECOHERENCE \
DECAY

Sirrmgert! L/km
L.B.L. E/GaV
raage.

— Important 1o see at least one vsuillahon
e (or the lack of iF) m the energy
omd [or pathlength dowain. (LBL 7)

* Anotner MWP{E.‘- Borbier X al,
Y Ve o xbro-dim. mgdels



CONCLUSIONS

® Standard 2V osdllahiens in the vu->Ye
chanwvel are simple and work . Greal
SUCCess 0{- K+ SK+ Macro+ Soudan2

® However , it would be nice fo see af least
some hints of Earth malter effects , requiring
extra shates besides W, W :
3¥Y 1 YurVe @ Vuo Ve (small)
4y - W21 @ Yu->Vs (may be lavye)

® Life might become even more inferesking,
if the nonobservakon of periodicity in
Yu disappearance Turns out to be induced
by some non-oscillatory new physics ,
rather than merely by energy-ange smearing

® Belter understonding o} v states (> 2v)
ond of v dywnamics requives, in general :
x {lavor appearam(e
% belter L, E, reconstruchon



