)

il the

united nations

educational, scientific a b d us s al a m

and cuitural

Srizadon international centre for theoretical physics

&

international atomic
energy agency

SMR.1317 - 16

SUMMER SCHOOL ON PARTICLE PHYSICS

18 June - 6 July 2001

NEUTRINO PHYSICS

Lecture 11

E. LISI
Istituto Nazionale di Fisica Nucleare
Department of Physics
University of Bari
Bari, ITALY

Please note: These are preliminary notes intended for internal distribution only.

strada costiera, | | - 34014 trieste italy - tel. +39 04022401 1 | fax +39 040224163 - sci_info@ictp.trieste.it - www.ictp.trieste.it






Lecture 1L






NEUTRINO
0SCILLATIONS

— THEORY -

3 oscillotions

GENERAL CONSEQUENCE OF MIXING
OF FLAVOR STATES YX WITH MASSIVE

STAteEs V'
3 (/% Y4
ac “VQ 9 V/A yz
- 7‘( = Ud (' ya
sterile | R4 ')')4
0<Mg <00 ( : :

Dutal

Importance : MAcRoscopic
’?Wmmw



SMALLNESS OF ¥ MASS (WITH RESPECT TO
DETECTABLE V/ ENERGES)

- cow t‘awom &C%dn’wﬁ\,s Swall clvu’vnug
-{-UPS dwring ?mfagah‘ou |
—> Caun use " Dirnc-lbke" ‘térwu'u,ol;o‘ggz

ot "

YV =Y y “’7":')/& —ea-

—> Cam offen treat v fields as
”\AMVQ{lwcst " ( QM.-lke M‘“«h’m)

EX?LON, fmpajahw Wamun rowiaus H
Of. |'Mcrea9i/vg ()Q,(MFLQ/)([?B
|‘ %—(- yx = ?‘[ Vk

N i f‘wov‘ basis



S massless ¥V in vacuum

l%_(%é - 94(,:;3) m(w)=0

TOR A BEAM OF MOMENTUM P |

|V > = e':i?t-lvaaz

FTLAVOR. CONSERNED

NOTE - overall Hhase. (Eé)-—) e)“’(g)
wuwobservable iw Sﬁ\mrw( mruwm
\<vﬁ]w>|a (fe {or more 4omural
H also)

— A de«'wwl madule M
M'j!\'ﬁm-j ,F)cfm.



3 massless ¥ in matter
‘%—(E‘)" 9{(’;5,) m(Y)=0

L4 4

H= ?1+V

kmemahcs %Wcs

V = interackiou poteutial i muadfer (Wolfeusieir)

%mbo(ﬁ'mllﬁx
- y han
S 5 &
pd=| ¢ —~— ¢ |* itm:’
y'&
o 7 P d
~ Yo  Ya Yo 'y# R} V'cj
—> > >
777 / 7177 1777 77
& dyworma|
+J: '—”ﬁnl‘ff" —f@:" 3 :ﬁm bukou
7
Y22V T m 171 I;: (P+:W MA
Scabken’
+@2 E?- '+

hnl’era.chow? backgowm( YYlAl‘('er



M e Shawolard Elechrowealk. vwadel
+he “interochion blob " ';@: is Wcﬂ--dzf-{m,d:

~ N

| @ &
P/, e ->-%-:— & é—vNC

7 TITTITITIT Ye %
P
?~
4 & 777
N ) )
-’ Ye Ye \
+ W & «
777TT ¢ & VCf_
3 3
ouly for
¢ 4 o Ye (in
\ & 78 ¢( ‘ordiuavy
4 Wt&ﬂ‘iw)
V = Vye+ Vee

Ve o< 4 up o sweall Wigher-order corvechious
~> Relevant poteuhal 1s Vee
Ve

QL

V, e e 4
Cc = w v
e

e Ve



Evaluation of Vee -

Hec = G Eyrli- 1) % % puli-ps)e
Vi ~ Vv -4 “\Wl
I & g«
:F'Qg. Ge §b’/“‘ (-pre ;Q,‘X"(("TS)'VL
VS. “ -~/ ¥ t_—-,v_ &
Je.. & jv

Frowm He v viewpolut, the elechrou i
~wordalivishie aud NMMPOLau'?ul
—> DIRAC REPRESENTATION

€ “"[5] ) E(-p)e v (‘%% , g*é?g) < Neg/”
deuz"g PJLu'e. ~0
3‘1((_‘-‘%5'\’&79_)%(\“%)"1 ={Z_GFNQ ;QLToVeL

Vee = 12 QFNLJ

Uwits . ove = 22GeME ez 5 Ne €
| [ev?) [ol/tm?]  (GeV]




! P Ve

A= P ) et

\ P

> WO oﬂ—dm’ml dowmets

- .({[avov camserved (W Vx*vﬁ wi B Mi‘)s)

V TYPE  Bked mdler  Iuterachou potenhal V
Ye. e G (4sur) (Ne—Ne)

Wt € Gr(dsim) (Ne-Ng)
Ye, it M Gr(Na-Na)

Ve, mt P % ar (4- 4sd )(Np- Np)
VS ecPlW /
Va>y V-V

Tw ordivary water (Neskp, Ng=N5=Ng=0)

Ve~ Vae = 2GrNe §as befou
'\/;L.—'V.'C = @ )g chmu,mm&ke.
Vs - Tt = Uz Ge %‘ z Vmponhut fon

Ve-Vi =& G (NQ—.- %N“) g 3 ?Ltwavmsf(ﬁ”



But Beyond +he SN one cau hawe

: 73 V'g :
Vo( s ( J wike ‘V,'(quo
' for vt !

E“‘Mew

interachou
'BQCkgzwmn\

'f\'ud (mﬂ‘zr,“sfmhmc ", Smml-” - )

€.4. 1w SUSY wilh R-party breakimg, com
%ﬂi FCNC#O 1 w Mﬁ'

r Ye Vm Yoo Ve \ '
Va|? &K | o € 2 Gr Ny
¢ & \j\@<vt 1
7 & g JENc  Swall

Or, \'{. Eqad\lo\)m ?r‘t'uaplz WMolated .for Vv,
Com get Vu-Vg #0

Case o{. FCNC iu(‘emsmﬁ R 9{ \MMdAﬁM\
W-For masslom V

—7 Com gel or
‘hmsq‘woj:w\:’vi Kromh
Y wass

‘whlikely but fossille )
C ‘xk;ﬁmcxp&) "



[3 massive ¥V in Yacuum,
(unmixed case)

Assume W (V)= 5«,' - W

? 2
Jpamt. & L W
Ey = |>2+W"'¢° L Py L = P4 ——LZ

( wltravelal vishhe mautrinas, X ’kt:)

H: 9133 - o Zt“?me}

=|?:ﬁ.+ C/__é_(.z

0“ N ((m'il mZ, §>
“t

oagqeuna)
:tH* Ml;ﬁ-fwt\/or Tramsiveus



‘2 massive & mixeol
I Y m vacuuwm

Yo\ [ Uey Uea Ues /)
Yu | = | Yn U Uas | %

143 Ue Uzz Utz / \
Y= Ui W ; m(v;)=m
Ut =|

® HAMILTONIAN DIAGONAL IN MASS BASIS:
2
Hwmass = <A, FA_
. . 2P
M= Inag (m}, m3,m})
@® TRANSFORM TO FLAVOR BASIS:

= Myt
H= U U+ bd
® I No CF, Lireal aud uswal ?aramzfn‘z. s
_[40 0 Co O S Cw S
= (o‘?s‘f)(o‘f A o(P )(‘chzg)
O-5¢ (y -Scro Cep O oA
"(’=923 (f-- €3 w=0, € [OIT’/ZY

Cw C\.(J gwaf 5",
= [-Sw Cc.(/ -(‘”S'*I’S‘f Cw(\,,—SwScyS“f Sy C
Sw S‘.}a -lwly ch —Cw Sy - §WG+§;.'> C‘f C‘f
(Same. €ij cvctering an for Guarks)

10



@ IE CP AND MNASS/omiximq o fmaledﬁrmwu
oy o SwCp 3’?*)
U: (—ch.f-.cw&rs’:r CwG.f-SquSi/ S&r (c.r
SwSy-Cw g Sy ~CwSp-SwiySy Cyoy
A oF phase 45 for quarks

If wass /qu’ﬁ erigimates (S}zovw\ “Ajomm

mass terms .
U-> UV, V= e*
4 g < aei("’;’g)
Twe NeEw PHASES ¢z;‘$3

. ut wo eflect on oscilla haug -
uv&z +=U V&Z 4 U+= .a/'Z +
A @Qv) ( va) SIS

4

> NOT P0SSIBLE TO DISTINGUISH DIRAC/NATOR,
IN ¥V 0SCILLATIONS

HOWEVER, @, wmay Showup im OVEB

11



IZV osullabions WM vacuum

o Take ouly oue wixing amgle B #O ;ey.

\'VQ ) = 0\ siub (V,' 2 o2 7
(7“ (-Nm9 CAAB') Vz) A = Tz

® - A ( )(—Aw«" )(Ca -—se) Use " waoel 1.1
= A i e s
4e \"%e o +amt /\Sp Q;‘ traﬁ:g

® Evolubau: A
A(Ye> V)= (0 A)(Ce Se) e 2 \[ee-so 4)
W o G O é'%’z" Se Ceo (0

1 t
-{uu( bazk ‘o Lrolve in YoiIfQ imNal
Y- Nov: Wass bascs  to wass Ve
basi's basi's

o ump)= oy s oo (425]

UTWO- SLIT " EXPERIMENT

L2 am® L QoY
evikm E

L
A= LTTE (os'(. (Q,,ﬂ}-b\)

Amr

12



obsmmd_ : ?
<P¢p> = Sin28 < Sint (AZ@EL»&

témmrivﬁ”
Q 2
- %Slu 26 -fon At oo
i 50— <Pou
S\(ﬂ Covntour
T/

octaut” symmeting -
.PQ/A (9) = Pé,ci (ZT./Z ‘*‘9)

- Foud 2nd octuut oubw first o get wsuad plot

[ & “9rey gereem! |
2 S * 2-sht
oL g < Mfuinges” 5 Auslogy
< “WMslMug N
frimges

Sin’2

13



m? (eV?) m? (eV?) m? (eV?)

m? (eV?)

o | . 2

- S 1 3 KR o

w' L Komioka sub—GeV & - Ktmioko sub—GeV &
Emulﬁ—cev binned 3

1078 | [l vl

e

v

<> v, oscillations

AL SRR Bl

MRAALL IR AR L BB L e A L)

3

102 107" 1 10 16?102 107 1 10
2 2
tan®y tan®y

Ex«wyk o{ octaut sy ww\cfrt’ .
Pre-SK awmalys's Of Yue Ve atm.v
(~1995)

14



TYPICAL EXPT. RESWLTS
| A =ALLcwen

NEGATIVE PosITIVE
RESULT REsver
Pup < C Pup>C
e
AWII /w/’/
Amt
/ gm'w g,q'ulza |
ACLURATE SEVERAL ACCY
PosiTive RESULT RESULTS .
P, =
ap @ 241¢ (Mone EPERIMENTS OR:
A EXPT. WITH GoOD

Spectru| dAh)

15



100 NI 77 LU BRI RRELL I AL
= \\ AL g o]
- ~C - - = N
r A >
CHORUS 98 <s=.>-CCrp S
10 - N ~ImHSe o
= ) KARMENZ = 57 >2
1E
0.1 =
B
0.01
1073
_ KamLAND  gq)or
~10-4 reactor LMA
0:1> S neutrino
O -
| Solar SMA
;310 *E SuperK exclusion _
- day-night asymmeti
1076
- :_ KamLAND day-night
7 L
107 E asymmetry in /Be Solar
F LOW
10°8 -
- KamLAND seasonal
- variation in 'Be
1079 -
10710 =
10-11 Cond oveend vl 0
104 103 0.01 0.1 1
sin2 20

Review of Parkcle 'ProperHQS( 2000)

16



2 massive Y in
onstout wmaliter

=_L(C9 se \/™ 0)(69-59 Vo
(}’ € \-5 C@)(O my Ssce)+(o 0)

VEO for Cuy) (e, vs)  Omy¥s)
O’,A,'VQ ) cade - Ve‘v;ﬂ= ' \E—GFNQ—

1 A
Mook 5 T it
S Gp- £

A=2UZGeNeE  (49-A Lo V)

ONALIZATION
b 24Tl "Am " iu maker wixi

| . { Uim mdtter
'_}",—'_L((Gm §em)(’Amm )(@M—SG“ :
9€ \-Se,, Cow +OMGy 6. (B Vi

Am L Vam

- ' “\ 1\

—> P(YQ‘-&V/,(') Siu 29)% m' ( A€ ) Mass
Giguslates

n\:ovwxa,uj angalu\‘l‘ bo Vacwium 279 “v mattey?

17



o Sin26py =
| WCZD - f;“, )z+ Su .@rm

AW‘%V‘ = AW\I _S_"E_.ze
(il

> cam get o MSW ( Milehegonr- Swarnon Wolfeuslein)
resouaint belraviour {op

Cop Nf%’l =  Am?(0s28 = 2§ 4 NeE
- siwd, ~ 1 (eukmmmuf)
_— Am‘m Wi niwei 323

> Cam gd‘ matter- Suwreswol 08¢ Ur yanus (Par*
A > Am* > qiu,, ~0

MATTER CAN PROFOUNDLY  MODIFY
0SULLATIN  AMPLITUDE  (‘ennancemen/ SuPPresSiow )

AND ENERGY DEPENDENCE

s NEW Lengrn Scals ), = WU
Qe Ve
® IMPORTANT EFRECTS WHEN A Ae

< " Breil-Wignet"

18



MATTER EFFECTS NOT OCTANT-SYMMETRC,!

X () # X(72-9)

whare X= Aw, Om, Tope

—> MUST UNFOLD 2ud 0cTavT

MATTER ERRECTS :
ASYMMETRIC.

S,

S ey
g g A o
; s

#

. .
o, R
T N —\\epﬂ
ol
o e
N

/4 Tz

‘ 1(6)
usc{«! {(O) 2 §in‘ B (Lwea SCALE)
ton O (Loa scae)

{
Preserve skt

19



m? (eV?) m? (eV?)

m? (eV?)

—4 F Komioka sub—G

-5 T

v, <>V, oscillations

T T TY TTYrr

TIVT T T

S SRR BALLL |

s e
Teeeaes ee®

amioka sub—GeV

~
E

s, ’
v, s

eV &
E multi~GeV unbinned

Gk BRALLL ML BERILL AL

LLBMALLL SUELIL BRALIL Al

TTm

All sub—~GeV &
omioka muiti—GeV unbinned

X

Ty

10 1 10

tan’y

pasisd toged s sund s o o uad g

[LLL BRI SRELLLL IR WA

¥
x
)
3,
3
o
@
c
o
&
<
R

?multi—GeV binned

IHIIIJ J)ﬂu‘ IIIIIIJ lllll.lj llJlﬂd 1iil

Komioka multi—GeV binned

tan’y

PRTITY ERRTIT® BRI

LA v ]
X
> E
R T =,
s o 3
H 3
:
H
4 J
H .,/'
Nenrtes b TISURRN L

Kamioka multi--GeV binned

sdiuind sl sl

veew’

A

‘Al SUb—GeVeers-vm -t

LRALL 2L ERELL SRALLL IR BARL

T BT

.\‘
N

Y

.............

P B

sl 2l

Accelerotor & Reactor

100102 107! 1 10 1010 o' 1 10 1

tan’e

YV asywm. Wit wmadter effects

20



m? (eV?) m? (eV?) m? (eV?)

m* (eV?)

v, <> v, oscillations without matter effect

Ladisil

LGNNI SRALLL BRALCL AL

" Region aliowed ot

90 (99) % C.L. (2 DF)

PRSI ERTT RETTTY IRRTTTTY ARRTIIT BEUT

PRTITY BEUTTT EPRTTTTY BEUTTT BRI, |

[T

TITT
LAAM & LA BELAMCALLL ¥ SIS

MM UL AL U TTTI T

T R

......
........

i
Kumiok_q sub—GeV L

------------

Komioka muiti—GeV binned

e
.

:
* 1
3
s - . e "!
Komioka multi—GeV unbinned

W BREALL BRALLLEERILL ALl maaiL

. —errsinng,
.,

s

P
~., i
S etteeetgy e
sossnd covead seaued ol

T
L4

LERRELL BRELLL BLALLL I

i

.

%t eresetsenarsetoaneeced]
AEETTY BERTTI ERWTITY AERTT™ NPT

T

Kamioka sub—GeV &
multi—-GeV binned

1
Kamioka sub—GeV &

E multi~GeV unbinned

m

Eorod cnd vond pvud s 1o

bl

Y f!’" ! T IT”_ N

E P2 '! -

-1 F ] ] 3
2F 3 3 E 3
2 . 2 -

-3 d .', 3 p 3
—4 | All sub—GeV o _; All sub-GeV &7, _; ]
E Komioko multi~GeV unbinned: Komioka multi—GeV binned 3 Accelerator & Reactor

saspald sovenad s cad o snn

102 10 1 10 10t102 10 1 10 102102 10” 1 10 10°

tan’p tan’p tan’p



| 2V in lagered matter

(4., Earth (maukexcore?)]

Assume N

5{'@?4/2142, NQ-'—T

k-Hl, Laﬁqr X

CO\'\.VQMA‘WJ!" Yo work l‘V\ -QA,VOQ/\ ’945[5
{“HA'\MV‘ Comserved. across goou/m,g{a,yyi\

SINGLE LAVER EvolvTion (> ( ii'i*iﬂw

&

<Vd> _ (COSBK SiMBK e,lcl"k Cor8, —-.)wu&k )()«
YP 1 ~4mBy cosBk e i SemDy, 030 )P ¢

n m‘:y,ﬁ;,,, wraktez,

- (Af(;) Af(;) “)(v,()
Ag Apg” I\
AL - cosdy + i Siudy cos26;,
A “)=A?(k)=~|'$1‘ucfks;m29,(_
Aﬁg")= Cosd, —15iuPy 0s2%Wy, o
MAXMAL CONVERSION o~ P (=p Awa =0

A 4 CDSCPV,-‘-'O MSW
{ Q328 = O 4 %Mﬁ/m/

22



TWO LAYER EVOWTION .‘.»)c:

(Vu) _ ASY Aoffs) A;;z AC}B) Y%
YP C2) () ) (n ) Yo /.1
Folap A Agp) LY

Qnd L%Qr lAﬂe .

" (- :;;f;)(;‘>,
()

(
Ao(o( = ﬂ A + ()

Ax P A?(I)
= Cosq) Cosp, ~ Loy (28, -26,) Nm\P, Sy,
~ (€878, ST, Cosip, + o320, Cos ¢, kumyp, )

Haximal oo 5 Fom 6T, Cos(26,-28, )=/
comveysiom }MS’ COAQGI - MS'Z 008292

/r

# -From wina| MSW refonamce.
—> INTERFERENCE GFREECT

Fo(g | 7&/\ MSW,

(“TRiPET" R PEAKS)

23



AKWwmedov of ak.

& i V\TQT&Q rw(e«

0.8%

E (Q_\O

24



P/ue contours (&4@'\/4 (—fed)

Awm*

QO—? 9!2
MeV

T T ™1 F T T T T

0 Q2 04 06 03 1
Sin?20

Ea-He Diameter crossn'uﬁ, “mostlet Core 4+ mostle)

-?ossilo15 rich phemomewology
Uuforbunately ~haelow preset exph. seusitiviby

Chizhov X Tetwou

25



2v 0scllablions W
Vavriable matter densi‘lg '

REQUIRES, (N GENERAL, NWUMERICAL SOLUTIONS.

Avalyrical appaox. ?ossa‘bte. iu cweral canen
o} P\nuwtmwﬂoyml imteresT.
wslowl

Ne %V:Ilging
® ADIABAT\C EVOL. m |

Af‘ each 1>01‘V\"" _3(
('Ve )= ( 01Om(x) $nB(x) (ﬁm(ﬂ)
};M =M By (x) CosOy, (x Vawm (%)

wile P(m —=Vem) 20 (“no crossing™)

Typiecaly , Am &<l - PMSQ \'wfo, lost
- Cam propagate prob abi Uhies" vaHuer Mam‘oumdnq

Plve >%)= (4 ©) oos"% i \ (4 o0 (wi‘&- snd\ [4 )
S-M?B‘} Cosieg 0 A S)"v!?@,' oy [\ O

. ) 1 f T
fwal e ke wo ol fwhal%
back Cro 51 nz_ +to Vf:”?,

= —(2 (1+ cos 26; 603297c)

3 (whal N{ (nge ) Hom os28; v~
omd  Poe = ) (1-cos28s) «4d if G small

26



CORRECTIONS TO 40 - 4~F P
ADIABATILATY ! 9] 4 P A- pc)

CfO$$I'~3 Yii Yam
(“ \"uvmclh'uo v)
Tee = 1 4 (—%—Pc)Co.sZ&g cos Wy
T awor mous LiteraTure aw £

IN THE SUN, SOLAR MATYER (AN SUPPRESS
foe THRovGH AD. /ivow- AD. TRANSITIONS:

\_\MSWH ‘)—V‘l'd-M’j!Q.
= 2ove of small
Pee.

< strowg dfr“uw(w

({;Qom vatuumw,

27



Solar ¥

A“1 Ast sctomnt ' 2nd ockoml
o VAR AVERAGED 0SCILLATIONS

(R0) ,ocf‘amf-S3 mm.

MSW TRANSITIONS
wov - $5mm.

vacuum Soluhons
symwm. (Vo)

Recent work ( “relakively” receut in some casey)

® LHoRrizonTAL " (MPROVEMENTS: ENSURE SMOOTH
PASSAGE TROM Ast fo Znd OCTANT AT ANY Am
(max. viclahon of adiabahcily, ek.)

® L yERTICAL" |MPROVEMENTS. ENSURE SMAOTH
PASSAGE FROM VO To MSW (quasi-vacuum 0scild.)
AND FROM MSW To A0 (guasi- Averased oscild.)

=Y PHYSIS VERY WELL UNDERSTOOD [N THE
WroLE PLANE ; CALCULAT(ONS ACCURATE

Jo X AY% .

28



2V osallat. with
won staudard H

& Py ”"f“"‘“‘k
H= C-E"

T ofi - o\,\’oﬁm\

GENERAL FORM FOR TRAKISITION PROSB.:
— E«p" A-sin*(B-E™/L)

RECOVER STANDARD CASE FOoR V= -4
| — L/E

WF —4 = NONSTANDARD DYMAMICS
ey

W=0 — FeNC

U= +4 —  Violahem o{. Loreuls mvar
ov o-f €3w'v‘ ?Y‘ivla'r((

29



“more rodical" voustomdard H

Stomdovd \ , "
0 |
standard . .
Liouville eg- Q=- ‘[H:Q] y €+ demsihy wakuix
() ad-t‘rr(g) =0 S (ouser- 04 Fm\aalos‘my
(+1) ngr (g")ao —= user, o“. ':um"g

Queve (1) : H-> H-il e—Vdem_g

gt overall disappearamce of v with Fme

GWe v (i) : Q’: -( [N, g] + %[g] &« 6:’“‘::?2’:"5:”

Y decoherence :

Ti both cases , gef dew( oschllaioms :

?

/e

30



CPviolakon
| 1o be obserrade

Y‘Qq\M'NS M >/ 3 V\w"ﬁ'WOS . osallabkous

L ‘7;; ;c( '17 ';;(
yﬁ > >» < - tﬁ > —o
Source ‘(agel- T ‘lh.zjef’ Source.  Saurc .hbe F
Ccp T

CPT P(Vo(—-)VP)‘: P(VP.—)E)
IfCP P(wms¥p) = P(ix->7)
(P PORY) # P(7k ~Vp)
APCP o< Sinl6,, sin26;; smZb,; tosD3 x
‘ R LY iy f AME LY. [OMS L
X S\V\(A_"Z:_E )\Sm( :"és ).;m(_“_ga)
X Sind

VANISHES 18 @ 020

or: 4 W!Axwu] a,wgﬂt ->C

: 4 Amt
VERY DIFFICULT. MoRreover, ‘FAKE / IN MATTER

( oralmavg wul‘l‘er es nol contaun
ambparices!)

MAY BE PosSIBLE AT FuturRE V-fack

31



3y with one domivant

- YNnessS scale N
m A v "
m' Smi*& mt
—V‘L

S )/, ‘ijgm?' Q.%. T T

Solar  atimes.
2

(/{/L':(ogm" ) omed A
m?

@ TROM THE TOINT OF VIEW OF ATMOSPRERIC" V:
..C/“Z A (00m2) 91{ wwob servable
2
2 Rux = 1- 4053 (4-U%) ssnz(m?__el-)
| Te(P ~ 4U§(3UE3 S\‘u"(%)
! 4 2
Paweters . (W Uey, Uiy, L3;)

@ IN MATTER ;| PARAMETERS REMAIN THE SAME

TOR ATU. 7V, BUT TFua o 'Fap RECEIVE
CORRECTIONS -

A} Amy, =0 in mc. — Amfz’m £0 In Mmalkey

9) case mi—> -mt ( solar daunblet)
dAS"\Y\ﬁ wshable .Fo'l U(; #O



® From He ?ami‘ of olew of*solar" V
(probiug Awl,z=dm®) : -
(/(,L"-"'( Smt ) }‘Afwwlosezrv:::
o .

m Tee

Re = A= 418 Dey siw %‘-;—L')
~ 413, Ugs Sin? (o)
— 4 Ué, UQ.Q} Seent (00)
PARAMETERS: (5w LYy, Uk, Uts)

Taking  Siw (@) ~3
2 ]
Pee = (1-L%3 )= 40508, Suwl(i'nf.L)+u:3

[4 - sin'lw sint (5”‘ L)] ?f
I Fr‘ab)o\buhl-}

%P -——C4 .quv,,"\‘ s?f ')0(9

structure rewmarns the same M waller
(wwdulo No —> Ne: &)

33



1 ackive + 00 sterile Vs
(ExTRA m.u,ew's\oNS)

_ MH~|- RN m‘“fr, V#O'
A= SE + V0 Ve -z #o0
Y‘h’f“'\éio

let us facus ow the vacuum case (V=0)

?{:Mj M= m zm B VZom - - -
‘ 2 T O NR 0o o . -
© o R © -.
Lo R .

Define ic RWL

Y_ bim [Aezw)e® (2 20Z¢ --- N2 ]
REMMT = Vim ¢ Vzg 2dzg ;
N- o0 "3€ 4 O - -—-0
2\\5% © 4.-----0
! NW% c; c:> S r\:;Z ]

N alups st ! dA'quq!,

—> DIAGONA L1ZATION

34



Y XQ.O -.Az XoA XQz .. XON '_‘
de_ X4o x“—)\l O --- O <. QYbMA
x'w xzz_,\ --- © s Tousi
- X © © - Xyt
? Tx44-A" o {- ——- 0
—_— (XOO")\ ) Ckk o Xzz—,\ . - -~ 0 _\%_"*—/"\HM
L © O - Xnw-X*
[ Xao O ---. © “
~ Xor " | %o X2-A"--- 0 &~ Expond Ak
;o S Yo/
L o & ~-- =X - 14
[ Kio X44-22 -~ --0O
—‘.
Xop dlet | 0 i--0 l$a9
L-XNO O - - ‘Xm;—,\
T ..

= (Xoo - /\)TTkak A - on.o‘!TCXu-/\I)

[(xw 2)- 2

k=t Xk -A*

X-M - At
~Xor Xz ZL‘( Xk -At)
Kzz—z\’—ﬁ

] T(Xurc X)=0

P AR

Xok X ko

35



Tu o Ccase, Xao= (A+ Zw)gz
(V=0) Kok = Xio= kV¥Z &
| Xee = k*

Piw [(4.+2N)g X ﬁ'i? ;Jﬁ(ka/\z —5

-l
‘ s

N->00
buk A=l mf“ecfgw,vaw%

06
= | - /1 T wt X
e Zip™ 2 - )
—> EBauATloNn For Xo egeuvalies of RN :
)\%, - ﬂ)m%ZCot‘ Mip=0 (vacvum)
c=mR

IN MATTER ONE WOULD GET

)\z"_dl -'n v %z cot Thy =0

Y = 2€ VR*

36



Sofuhaous o eigauvalie 01Mw M Vacuum
deterwii ped bﬁ Parawetric ivterse chveus

]5 Y=A/me?
5 = CotTA
Y=ot IT | T
. 1,“\‘1
T I S
| (| | | |
| | LT
|\ ' | :
' |K ) | I
l l HUL §
Z| - o 4|)“ Zl'\z »5"\5 /\
I
l ' | |
. |
! TR
L I

Ay~ I asymprohealiy

"t pctubaus folded iade Ve
(wily Ay wlevaut)

37



MIXING MATRIX : heeol eigeuseclors

Yo Y0 y®__yN) lwhal

R ot - Xao ¥Xoy Xor -- - Xon Ye
RUM® = [Xm Xy O -~--0 v0)

Xo © & 1T Xww 4 ¥

mass basfs ﬁg‘ ("6; 'Vz/ ;VN)

1"/? T Ueo Ve L, ---Uen r“(’: |
Yo | = | Do Dt Ue --Uw | | 5%
V:- Uzo Uz Uu ~~ UstN v
|y LJN-a UN: UN?. -- UNN - -—-)i}l:l ‘
1 1 :
»gawor mewﬁ mass
(real s U= U")
Elgeuvedhor 'Q%MANOM
vt [Hew | 2 [Hew
R MM Ut | = X | Ut U=0,4, - ,M
L Uvn J Uun |

t cquabs @ aquqclor MV‘mL\hM
— N \»w(ii# eg - h

‘*EPAAAAAM’!‘e A< E eﬁ

38



3‘1*' Xko Uen Xk U =>-an¢" (k:l,--., N)

—2 Ukn = - —& LJQv;
X - \?
%ZUZ =(5 Xio >u2
k= ot ks (Kiere - i) it

but Z Uiy = A= L2, (mrmah’&\ﬂw) So that

Xe
He (“%‘ (x.r )" )_l

N
2. ) - A+ 2 le?
C en) T < Z ( —Az)

% (mixima metiax  eloments
T

€ or amu . achve shake

Foeus on Uén, Yiwee v shple

—2 auly (PC'YQ_—%VQ:) observallc
f

12
Uley,

39



Nooo K

The @\m =Vham com be putim osed form .

S g 4
k=t (-0,)Y @el k=t )L —olkt |-

q 1 [TTCO("TD\Y\/;( i]
o=

'ao(, 2 X wn

= -7—2'-(& cot' TA,) —%’co#ﬂxw
Usmﬂ also e«awm\ue as}mhm (wi- M= /\M/T?Z)

gef-
(L30) 7= 2 [4+T%h X /et ]

OSClLLATON AMPLITUDE _
A(w.-wg)- Z Ueue 2€R1

RENNSANNNN

what will AH\W

ou B screen ©

[ J

40



I(Aferfelﬂ!"‘! Horn eulmug w@'wd-
bo wm»emr ?r% SM) -
1f ¢4 tam wuk %’L"’J’& .
Moore) 22 [Tde A o "2("'%%&)
o -"é*%;z
A e% (4"€Y‘f ‘E_) th ?:-—({77?2/0?)?((/&

00 2 :

Pves Ye)= AkK = [ A~ erf1re? JJ‘z%’ IZ
R‘L

A izmﬁ
%& (oqz,%

> A/ﬁzgz
>

L/ER®

QUM OF [NERINITE HARMONICS (CAN
QWE MONOTONIC Pee

(t'-e-, “Non-gsc L aTING " ?QL)

41



However, R GEMERIC. £ = wR ~ O(1),
peck Fo of the form:

_PA

ée

>
L/cR?

1

DISAPPEARANCE N STERILE
STATES WA 0SCILLATIONS

€>cauw\$>(a/; —_

42



0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Dvolt, Smirnow j Ross;
(ol dwelt

TosSStBLY
STRONG MODIFICATIONS
OF UsVAL MSW  Tpe

THROUGN ADDIT IONAL
HNARMONICS - - .

rE X4

(Pee' ($0lar) ptrondamn

T 17T 771 | T 17 |1 T"I'!""]'dlhnl-l-l.l,’_.l_llJ'l-ll-l T l T 1T 1 I LI L ] T 7 Ij‘l T 1 1

-
~
"n
[}

43



0.7

0.6

0.5

0.4

0.3

0.2

0.1

--- BUT SMEARED 6EFFecTsS
ON OBSERVABLE QUANTITIES

Caldwell

I T T 1T 1 |

Suber-Kamikanste - olechn /slaecpww

siaalit T WL

i dalo.

—lllllllllllllll l-ll l‘ll III lllllllllLllJl

5 6 7 8 9 10 11 12 13 14
Feo

44



Barbier’, Crevumwnels , Steumiio

R. Barbieri et al. / Nuclear Physics B 585 (2000) 2844 37

negligible interference of the KK towers. For small values of 1/R there is however the
possibility of a transition v, — vk using the MSW effect, which is compatible with the
solar data [20]. It requires 1/R &~ 3 x 103eVanda mixing with the KK states determined
by & = 0.01, or my 2 10~4+3 eV, so that a fit of SK atmospheric data requires &3 ~ 2.
When the parameter 2 of Section 4 is specified for the electron neutrino and with the
solar density profile, the resonant MSW conversion mentioned there (i positive, small &)
takes place and suppresses the different components of the solar v, spectrum as possibly
observed by the various solar neutrino experiments.

7. Special features of the proposed solutions 6;‘-
Yadidm

Some alternative descriptions of the atmospheric neutrinos appear possible. The crucial
point, however, would be to indicate precise signatures of such solutions visible in
appropriate neutrino experiments. To this purpose Fig. 4 is of interest. We give there, versus
L/E,, the probabilities P,, and P,, that correspond to the fits of the SK results shown in
Fig. 3. A few features of these plots might be relevant for an experimental discrimination
of the various possibilities.

1. The absence of a first clear dip in the L/FE,-shape of P,, is a characteristic of the
KX fits that we have discussed at intermediate and big &, at clear variance with the
shape of P, in the standard v, — v; interpretation of the data.

2. The non-standard transition from unoscillated to oscillated atmospheric neutrinos
requires a L/E,-range longer than the standard one and even the one that would
be produced by neutrino decay [28-31]. Therefore, unlike what happens in the
standard case, a good fit of atmospheric data significantly constrains the outcome
of v, disappearance experiments. For example the on-going K2K experiment [32]
should observe only 65% + 85% of the events with respect to the no-oscillation case,

/«/“ 08| 08 |
02 0.2
w07 10% i0! 167 10* 10* 16° 1071 167 10! 10?2 {o* 16* 16°

Fig. 4. The Py, (a) and Py, (b) that give the best SK fits (see caption of Fig. 1 for colour version).
Continuous blue line: standard vy, — vy fit. Dotted red line: vy, — vk fit with intermediate £ = 1/2.
Dashed green line: v, — vr, vk fit with large §.
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FIG. 3. - Exact survival probability for 1 versus L/2E in units of R? (as it is explicit in
the argument) for three different values of £. Dotted lines represent the continuos approximation
discused in the main text. Note that only the low £ limit has a periodic behaviour.
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FIG. 4. Here we show an amplification of the survival probability for the £ = 0.1 case showed
in figure 3. Note the large number of wiggles produced by the oscillation of consecutive levels in
Eq. (9). We also depict the continuos limit (dotted line) for comparison.
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