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Disclaimer: given the large number of papers in the field of neutrinos physics (about 103/year in the
last decade), references are omitted altogether in this talk - they will be given in the Proceedings



INTRODUCTION

e We have now compelling evidence idva —HP .y
that the Hamiltonian H of neutrino dx a °F
flavor evolution,
is nontrivial (=not prop.to unity): o S

—> flavor non conservation H,B i EV 5,8

e Barring LSND, all differences AH from triviality (= massless v)
are consistent with a three-neutrino mass-mixing framework:

uu, -M>-U U

AH =(AH,, +AH,, )= R + Vi ow (X)
Vv
kinematical / \ dynamical
mass-mixing term MSW term in matter

U p — (Dirac) mixing matrix
M 2 = Squared mass matrix

U » — Majorana phase matrix (unobservable in oscillations)



-Relevant three-neutrino parameters:

Up = U(Bz3)U(6y3,5)U(0,,)

3 mixing angles CP phase
normal inverted
M? = p2 + diag( 0, dm2, + Am?2)  +am  -Am?
\
absolute / “solar” “atmospheric”
mass scale A(mass)? << A(mass)? hierarchy

U, = diag(1, exp(ip,), exp(ips))
L

Possible Majorana phases

«Relevant dynamical parameter in matter:

(can modify the

VMS — dlag(\/z GF Ne(X) , O, O) vacuum L/E

4 ,\ oscillation pattern)
electron density



Status of 3-neutrino framework:

(Am2, 6,,) robust upper + lower bound from atmospheric & accelerator data
(dm2, 6,,) robust upper + lower bound from solar & reactor data
Vmsw = O L/E vacuum oscillation pattern recently seen in atm. data
Vmsw 2 O matter effects recently established in solar neutrinos
0,5 upper bound from CHOOZ reactor data + above data
V! upper bound from laboratory (+ 15" lower bound?) & cosmology
Sign(Am?) unknown (is the hierarchy normal or inverted ?)
o unknown (is there leptonic CP violation ?)
95, P53 unknown (are there Majorana phases?)

Questions beyond the standard 3-neutrino framework:

dim(H)=3+Ng ? Light sterile neutrinos?

V=Vyow+AV ? New (subleading) interactions in medium?
Hz H* ? Neutrino decay ?

idv/dx # Hv ? Non-hamiltonian evolution (decoherence)?



Three-neutrino oscillation phenomenology:

Status of (Am2, 6,.)
and L/E pattern

from atmospheric neutrinos
and K2K long-baseline accelerator neutrinos



Atmospheric neutrinos: Super-Kamiokande
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First-generation LBL accelerator experiment: KEK-to-Kamioka (K2K)

Aimed at testing disappearance of
accelerator v, in the same range
probed by atmospheric v:

(L/E)K2K~(25O km/13 G@V)N(L/E)ATM

20

o]

Number of events
o

K2K energy spectrum, standard oscillations
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................ no oscill.
777777 best fit h
best fit + sys. shifts —

_______

2002: muon disappearance
observed at >99% C.L.

No electron appearance.



Our combined oscillation analysis of SK+K2K observables (2003)

SK K2K Combination
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Joint bounds on the leading parameters (Am?, 8,3) prefer
Am2~(2-4)-10-3 eV? (best-fit at 2.6) and maximal mixing, 0,5~7/4

(Consistent with MACRO & Soudan 2)



The parameter Am2 : Summer 2003 SK update

1 VH VT
e Official SK data re-analysis with new MC s |
suggests lower best fit (2.0x10-3) for Am? \Ng\’? FC + PC + up-going n
10 .
e Assuming this is correct, previous range . combined
becomes Am2=(2.077 )x10-3 eV (SK+K2K) I 1489 da
102} -
Preliminary!
e Impact may be relevant for 15" and 2"d gene- : _ i
ration LBL experiments o — 68%C.L.
10 90% C.L.
® E.g., tau appearance events in CERN-t0-GS | = 99% C.L.
beam scale as ~(Am?)?> — reduced by 60% A

10 0 01 02 03 04 05 06 07 08 09 1

sin%20

N
(]
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® Impact also on upper bound on 8,3 (see later)
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® Therefore, assessment of Am? is desirable
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® Higher K2K statistics will help
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Number of events /(0.5 GeV)




L/E and Am? : February 2004 SK update

® Until recently, it was thought that the
oscillatory pattern - if any - had to be
hidden in the SK zenith distributions

® Reason: Large uncertainty in L (direction) and
E (energy) smear out oscillations

c0sO,

T IIIIIIII T llllllll T IIIIIIII T IIIIIIII T TTTTTT

® *Earlier* SK data analyses
replacing cos(8,) with the "most probable”
(reconstructed) L/E parameter also led I +

v

—_

5 -

to similar - pessimistic - conclusions. 2 +
Ditto for other experiments (MACRO, S IR %* ------ + ..... - fote ]
Soudan 2 5 + 9. b

= i

s | T "

® Observation of at least one oscillation cycle =l A
(disppearance + reapparance) was considered T e elike i
a task for future LBL or atmospheric |
experiments with higher "L/E resolution” il
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L/E and Am? : February 2004 SK update (continued)

~ i
Observation of one oscillation cycle would: !
T
® Pin down Am? more precisely 310'8 ;
_d I
© 06
e Rule out (and confine to a subleading role g |
at most) the only Two known surviving 0.4 |
alternatives to standard oscillations: [
decay and decoherence 027
N
) . 2
Neutrino oscillation: Py = 1—sin220 sin3(1.27 A—mEL)
. m 2
Neutrino decay: Puu = [cos?6 +5sin26 exp(- 2_:3_:;)]

Decoherence: Pus =1 -2 sin220 sin(1 — &%)




L/E and Am? : February 2004 SK update (continued)

Using a subset of events with higher “"L/E” resolution, the
SK Collaboration claims observation of first oscillation dip.

Surprising and Very Interesting!
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But, let me add some personal, cautionary remarks:
® Dip falls in the region of lowest statistics (~10 events/bin)
® MonteCarlo is used twice: both for "MC" (of course!) and to assign "L/E" to data
® Systematics not small: responsible for deviations from 1 and 3 aymptotic plateau
® Analysis is valid if and only if 6,3=0 (pure v,—v, oscillations)
® Analysis not reproducible outside the Collaboration

—> Open "LEPEWWG" approach not always followed in neutrino physics!



L/E and Am? : February 2004 SK update (end)

-1

-2
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: SK zenith analysis
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If confirmed, the SK L/E analysis would:

® Significantly improve the determination of Am2, with best fit at 2.4x10-3 eV?
® Establish vacuum oscillations as dominant explanation of atmospheric nu data
® Rule out decay and decoherence at > 30 (can be only subleading effects, if any)

® Taken together, the SK L/E analysis and the ~20 claim for tau appearance
might diminish the "psychological impact” of 15t generation LBL experiments



Three-neutrino oscillation phenomenology:

Status of (Am?, 6,3)

from CHOOZ reactor data



The CHOOZ reactor experiment and 6,

® Searched for disappearance of reactor v,

(E~few MeV) at distance L=1 km L. W W 4P 9P WP W wy gy

optical
barrier

e L/E range comparable to atmospheric v
— probe the same Am?

e No disappearance signal was found (1998)
— Exclusion plot in (Am?, 8,3) plane

. PP PP PFPRPPY
® Results also confirmed by later reactor [low activity gravel shiclding |
experiment (Palo Verde)

I I I 1 I 1

A crucial and beautiful “small-scale” experiment



The CHOOZ reactor experiment and 6,

e For any value of Am2 in the SK+K2K
range, get stringent upper bound on 6,3

e 2002 analysis of SK+K2K+CHOOZ
+other data
+subleading corr.:

sin28,, < 0.050 (30)

® Same global analysis if SK update
of summer 2003 assumed:

sin?9,; < 0.067 (30)

Feverish world-wide activity to make
one -or more- new reactor experiment
with higher 6,; sensitivity (=smaller error)

MARCH 2004: "Double CHOOZ" approved !
Double CHOOZ = CHOOZ + near detector
(announcement given at Niigata reactor workshop)
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Three-neutrino oscillation phenomenology:

Status of (3m2, 6,,)
and Matter effects

from solar neutrinos
and KamLAND reactor neutrinos



Solar neutrinos: Looking at the sky from underground

The Sun Earth's orbit
as seen with neutrinos as seen with neutrinos
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(through neutrino-electron scattering in SK, ~22000 events)



Solar neutrinos: The 1st SNO breakthrough (2002)
e Solar neutrino deficit in Cl, Ga, C expt.: model-independent proof desirable
® Proof provided beyond any doubt by CC/NC event ratio in SNO:

R P _ p(v.)
e O(v)+o(v,)+o(v,)

=P(v, <>v,) independently of SSM

® R~1/3 was found — solar Ve must oscillate into VMT
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Solar neutrinos: Oscillation analysis

e Leading parameters: (dm?, 0,,)

® MSW effects must be carefully taken into account

— need electron density profile .. and in the Earth
in the Sun (always) ... (for night-time trajectories)
| = v entry point
Flectron density in the Sun o rondport (aetecten)
4/””mww‘wwrr‘rwm‘um,mm‘mu,um‘wrwrwrw; P = generic v position

x = MP = trajectory coordinate
| r = OP = radial distance
standard solar model . 7 = nadir angle

~~~~~~~ exponential fit (y =2.39 — 4.58 x)

log,o(N./mal cm™)

—

CORE
inner core
outer core

MANTLE

lower mantle
transition zone +:voeeees
upper mantle




Solar neutrinos: Oscillation analysis (as of summer 2002)

All experiments

combined (summer ‘02) _.

(90, 95, 99, 99.73% C.L.)

Jargon:

LMA  Large Mixing Angle

LOW Low dm?

QVO  Quasi-vacuum oscillations
VAC  Vacuum oscillations

(SMA  Small mixing angle, 12001)

6m® (eV

2v active oscillations. all data
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Solar neutrinos: LMA pull analysis
(as of summer 2002)

(Analogous to LEPEWWG
global fit to the Standard
Electroweak Model)

Excellent statistical behavior.
Is LMA the true solution?

Observable Pull (expt—fit) in o units

4 32—t 0 41 42 43 +4

CHLORINE RATE

CALLIUM RATE
GALLEX/GNO W—S

LMA solution
Sm?=5.5E—5 eV?
tan®,, = 0.42

X2obs = 71.35 Distribution of pulls of observables

Mean = 0.03 Variance = 0.87




Man-made reactor neutrinos: KamLAND

Nuclear Power Stations in Japan
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® Average distance: ~180 km (two orders of magnitude greater than CHOOZ)

e CHOOZ was mainly sensitive to Am2 ~ few x 10-3 eV?

e KamLAND is mainly sensitive to dm? ~ few x 10-° eV2 (LMA range!)

® KamLAND will also open fundamental new field of geoneutrino physics



KamLAND breakthrough (December 2002)

Disappearance of reactor V. measured
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LMA solution confirmed; all others ruled out



KamLAND impact on (dm?, 8,,) parameter space

sm? (eV?)

..before KamLAND
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Why should we care about (non)maximal 6,,

SNO CC/NC double ratio
Without MSW
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In LMA, SNO CC/NC can be <0.5 only WITH matter effects AND mixing <m/4




The 2nd SNO breakthrough (September 2003): maximal mixing ruled out
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Compelling evidence for matter effects in the Sun




Updated LMA analysis (as of september 2003)

Note: LMA uniguely selected by solar data only!

. 2v Solar + CHOOZ + KamLAND s 2v Solar + KamLAND
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Status of 3v oscillation analysis

A numerical summary (with approx. 1o errors):

e Neutrino mass and mixing established
e Vacuum oscillation pattern tested
e Matter effects in the Sun established

e 5m?/eV? ~ 7.0 x 10-5 +12%
e Am?/eV2 ~ 2.0 (2.4?) x 103 +20%
esin’d,, ~ 0.3 + 9%
esin?0,; ~ 0.5 +15%
esin?9,; < 0.022 (1o)

— Gross kinematical and dynamical structure
of three-neutrino Hamiltonian understood.
Start of “precision era”



Status of 3v oscillation analysis

A pictorial summary of three-flavor mixing:

V3 | N
& Am?
)
Vo oo | | } ome
Vi s |
(or up-side-down) V.e \ét \S

Most urgent task: determine 6,5 (if >0) !

Without it, no access to CP phase and hierarchy ...



CP-violation and hier'ar'chy: accessible to future accelerator
experiments with baseline so long to probe both mass differences:
CP odd Hierarchy

P, = TS —

+8C135,55,353(C1,C3 COSO= 12813823)COSA38111A21
2 . . .
_8 C13C12C23SI2SISSZ @' 1nA32 SlnASl SlnAZl

2

2 2 2 222 . 2
4 515C13(C1aC o3+ 815853813~ 2(312(323312323313111 Ay

—8csis5,(1-2 8123)OSA32 sinA

Leading term

CP even

MSW term

Explosion of interest in last few years (Nu factories, superbeams, beta-beams)

Experiments look promising but also challenging (and costly):
so far, one approved (T2K, Tokai-to-Kamioka) at least for the 15t phase

Prospects depend, of course, on (unknown) size of prefactor sin?6,,



With oscillations we cannot access

Absolute masses

We need different tools:

Beta decay
Neutrinoless beta decay

Cosmology




Absolute neutrino masses

From oscillations we find indication about two mass differences, related to “solar’” and
“atmospheric” v oscillations, with two possible hierarchies

A

normal hierarchy inverted hierarchy

Va  mm— zf —N VamZ,,, ~7x10%eV (LMA-)

I
2
\VAm
am JAmZ,. \VAmZ, ~.045 eV
Vo mmmm [ 2
V? } Amsolar V3

From the experiment:

The two hierarchies tend to

It follows l l merge phenomenologically
only for large masses

4 4
m, = free (20 m, = free (20 2 2
1 0) 3 = free (2 0) (M? >> Am?,,)
2 2 2 2
< m, =Jm1 + AMgy o < m;, =Jm3 + AMg l
2 2 2 2 2 2
\ m2 = Jms + Amatm + Amsolar \ m2 = Jms + Amatm + Amsolar

quasidegenerate spectrum




two alternative absolute spectra ..

normal hierarchy inverted hierarchy
100 L) B AL ALY B~ 100 A B B
degeneracy limit ] i degeneracy limit
N : N
10 F m3\ . 3 oy M1 M2 / E
S =5 = e
L L
m _
. 1072 :‘—2 A 7::’::/: E . 102§ 3
S r ] S r ]
M M3,
10°F E 10°F E
T T [ T I T2 T T [ 1 I T2
m, (eV) m; (eV)

... with their present 30 uncertainties.

® Ambiguity in the interpretation of the experimental searches of the absolute n masses

® Experimental sensitivity down to O( YAmZ. ~ 0.05 eV) needed to discriminate hierarchies!



n

Different combinations of masses probed

L
m, X Vi
_’_,.r""

(Only for Majorana neutrinos)

o=y Mo

vV, 92.5eV

B decay probes

m§ = Z |Uei |2m|2

Ov2B decay probes

2
mee = |Z Uei mil

cosmology probes

2 m,



o B decay current limits: ™M <2.2eV (95%C.L.) (Mainz, Troitsk, hep-ex/0210050)

® future limits: mg < few x 101 eV (KATRIN experiment, 20107)
® these limits can be compared with the two absolute spectra:
normal hierarchy inverted hierarchy
101 E LAY B L T i 10+ o o T Bl
v Mainz & Troitsk ¥ / V' Mainz & Troitsk ¥
100} P 100¢ <3
< V' KATRIN / = v KATRIN ¥ .
o - o | |
10 { o / 3
£ ] & P i
—— <] E ]
108 vind vl vl vl e 103wt v v v
104 108 102 10' 100 10* 104 108 102 10" 100 10*
m; (eV) m; (eV)

— useful to probe the “degenerate spectrum”

— not enough to discriminate hierarchies



Ov2p decay (in 2003)

Situation last year: all experiments
compatible with m,, ~ O, except for the
Heidelberg-Moscow expt, claiming m,, ~
0.1-0.6 eV (controversial result & lively
debate).

L

Future prospects: sensitivity fo m,, can
be pushed down by an order of
magnitude in CUORE, GENIUS, EXO.
Together  with  KATRIN, these
experiments will completely probe the
"degenerate” case, and will start to
probe the region where normal and

inverted spectra branch out.

Compiled by Vuilleumier (2003) [ >

counts

log({l<m=l [eV])

 Heidelberg-Moscow experiment

2000 2020 2030 2040 2050 2060 2070 2080
energy [keV]

.| quasi degenerate
CP! Im=mz=m, (=mCH))

Mainz, Troitsk
Katrin

CUORE, EXO,
GENIUS




Ov2p decay: Heidelberg-Moscow experiment final analysis (March 2004)

15 =

A

Four lines at 2010, 2017, 2022, 2053 keV
7 are identified as due to 24Bi decay

One possible line at 2030 keV is not identified

Counts [/ kaV)

Claimed Ovfp line at ~2039 keV is now
more clearly seen "by eye". Statistically,
it emerges at about 40 C.L. (~23 events)

10— —
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| | | [ |
2000 2010 2020 2030 2040 2050

Ensrqgy [(HzV)
| |

We might have reached an "LSND-like" situation:

1 1

20 / - _ .
- Initial claim is rather controversial
- Then, further data/analysis strengthen it

15 — - - No current experiment can disprove it
- It will stay with us for a long fime and

will demand more sensitive expt. checks

10 - —
There is one important difference with LSND, however:
the possible neutrinoless double-beta decay signal

57 B (Mg ~ 0.1-0.9 eV) is not in conflict with other v data.

| | | | | |
2000 2010 2020 2030 2040 2050

Enerqgy [(HeV)

Counts (/kaV)




10T

Cosmology

After WMAP (2003), typical

upper bounds are in the range

of a few x 10! eV?, depending on
data set, priors, and correlations
with other cosmological parameters

cumulative distribution

0.0L

E.g., from the fit to Q h? one
derives at 95% C.L.:

{-thz < 0.0067
eQh? < 0.0076

0.8
0.6
0.4
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\\
.
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I.e.
{ozmi < 062 eV [ {o m, < 0.21 eV

e2m < 0.70 eV

em, < 0.23 eV

0.000 ;002 0.004 0/0p6
2
Q.h

from WMAPext + 2dFGRS
with WMAPext + 2dFGRS + Lyman « forest

0.008

0.010

for quasi degenerate
neutrinos

But: conservative approach on priors can weaken bound by factor 2~3;
Future surveys needed to make bounds more robust or to find a signal.



Conclusions

® "Pioneeristic era” of neutrino oscillation searches concluded

® Neutrino flavor oscillations and matter effects have been established

® Leading 3v mass-mixing parameters are measured with 10-20% accuracy
® Absolute neutrino masses are being probed in the (sub)eV range

® But: 05, 8, hierarchy... are still "Terra Incognita”

® Surprises (4v ? Nonstandard inter.?) not excluded at subleading level

® A lot of work to be done in the (just started) "Precision era” of v physics



