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NEUTRNO s D Mt
I. Three Neu’&’lm;

¢ Neldf;,wo Pfoo'ud‘.;M audk. M'Mc.twn,
¢ Tlhree $lowers
» Neutrwos amd  Autineutiauos

: Ne(fb "o Mé«ss: Divect Searches

e Seonches for Y mass m v P"O‘{“d:‘m

. Neutrwo Oscilletions
- Indirect probe of very swall v masses
. 5?“ mertnl indicatisns:

-Atwospheric v *LSND - Solor v
. The cwrreul s iuotbion,
* New eXpm'uwfs

1. Concludvg Rones
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NeUTRNO  PRODUCTION:
NEUTRINGS ME PRIVCED N WERK INTEACTIONS:
s Nucleus or neutron ﬁ a(ecay
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NEUTRINO  INTERACTION:

'ﬁ)o RINDS oF NEUTRING INTFERACTIONS:

@ NeuTRAL CURRENT:  Nevreivo i Nevrrap OUT:

£8: ‘
e'ﬂnz%g /%O‘MEZ PR TueeEs

(D) CHARGED cumganT:  NevRWo W), CHEED L CUT
v \/ }
Wti K Chnrecn (2PN l
_ /\ FLAVOR I SAME As
&p,Me, \

AN [NCOMING- NEUTRINO:

(cownnkenss, 1953) Ve ONLY PRODUCE =

(Brookiaten, 1962) Vu T /M -

(FermiLhB, 2000) V. —_— T
IDENTIFICATION OF INTSZACTION PRODUCTS IV CHIRGED
CURRENT PROCESSES ALLOWS MEASUREMENT OF v FLAVCR.
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Nee  NEUTRMDS avp ANTINEUTRIOS  DrsGUISHAB 4
E“.PER'\M'MLL*[:
-“d' *
T +beam o{una$ | .
T W 3 > K ONLY
NEUTR)NOS
ANTINEVIRINOS )

T \DQNM decoms:
T > 4 (Opy > )A* ONLY

WE CALL THESE:

BUT — "THE “NEURIND WAS PRODVCED IN A
NEGAVE WELICITY STATE By THE PRITY -
VIOLATING WERK |NTERACTION; “THE “ANTINEVIRIMNO”
HAs PosiTivE BEUCSTY ("mehT-mibed”), SINCE THE
Vs ALSO INTERACT IN A PARITY- VIOLATING WAy
THEY PRoducE DIFFERENT-3GVED  MUONS.

Do we Nezd \V ap ¥ € ("Diac” prrricee)

OR, ARE They SRy DIFRENT HELKITY STWES OF
THE SAME PARTICLE T (MAJoRAN4” PARTICLE)
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To ANSWER. THIS QUBSTION,  WE™ NEED TO
EToP A NEURING TR T ARQUMD, AND 55? IF IT
BEHAVES LIKE AN ANTINEUTR(NO:

NUCLEAR  NeuTRBOLESS Doue BETA paty:

75/0 NEUTRDE N A WUCLEUS pea/ _wmue‘oUSL}/f

o |
N ——"‘—/ NEUTRING EMITTED

CABYREED.
I _}Z;:B AD REABIRBED

TTHS PROCESS  can OMY WIPPEN IF THE
NEURID 1S A MAJoRMA PATICLE (D=D).
PRICESS PAS NEVER BEEN OBSERVED; LIFETIME

LIMTS IN 210%' VERS RAVGE.

LAvEN tUESE LWETINE LWITS, ANY MA JORINA
NEUTRINDG  LOHICYN XOPLES TD THE ELEGLON)

MUST HAWE  MASS < ~ATFW eV/e .
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SEARCHES

e KiNemarics OF NEUTRING PRODUCTION
SENSITWVE To ) MASS

o\, : TRITVM BETA DETy
* Vi PION DECAY AT REST

«\L: TAU petdf AT e'e’ COLIDERS
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L MASS MEASUREMENT:
TRIMUL - BETA  DeCAY
' *H *—’BHe tae +{]

= gé I((’,V'“ mV

kinelie en
/Jmf”

ELEcRN KINENC ENERGY RAMES  FRoM O
T 18,56 ReV “ENDPOINT

IF v WSS >0, EWpPONT EWERGY DROPS:

ELECTRON SPECTRUM

Relative Decay Prob

€ Energy (keV)
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Vo Mmiss o 3H B -vecty

@ SPECTRUM NEAR ENDPoINT

tos (TROITSK EXPERIMENT) /AZit':i:“S
VM lohdey ebady | 4 ¢
Phis.[oiL., B4 J2F o o i
é _ | EH SRR ER O A i} 2
» 7 3 1111} IBDE o T
9: Q.04
2 wm==THEORY
% . lB:!tb ﬂ;ﬁl ' I1z'no. 19:00‘ ‘ I‘Iﬂ:m‘ I!ﬂj”
© MBI fre DA SR
Background leval
PR o st RO O . : :
‘18é55L " '18;60‘ II l18é85' ’. ‘18370l — ‘18é75

Electron energy, eV

Negbrive mass shoud cause olata & fall belows
“3@"'} near emdpowt : JNOMALOUS EXEESS NOT WELL UNDERST2OD.

— - y R
FIT GIES  SIGNIFICANT Y NEGATIVE M, ; DESPITE”
UmPHYsIcAL. RESULT, CAN PLACE “MIT

M, < 3 eV/rf‘ (PDG)
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\),, MASS  MEAS\UREMENT

~Basic iped:

Toooucs TCF I TARGET; Alow T TO
COME TO REST AND .’DECA/:

\CNORNG- RADWTNE  EFFECTS, DEcAf 15 z-sw/%
T t_ /Af %
IN " REST FRAME, u MOMENTUM  UONOCHROMATIC:

R -
Pu= T A (W) - 4—M}m3

= 29.991816 Mel.  My=0
—29.391719 Mk =01 Mfct

Al MV v mass = ovul} 15* MY shift in P Pm ‘'S
also seustive o o(nc.exfm'nf} m WMo

Even with sPagéMulwg, pr‘ca'se_ P,, weasiremedt, Con mﬂjj,
Qimit m,ﬁ < 019 ‘M@,v/,-_z | (105 o o v, St
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Ve MSs MEASUREMENT:

USE RIEE, LOW-Q T DerAfs:
TV T'TT 14 ){71'*)('”‘)

Sourre of T €'e collsiams
- on 2 resouance (Et=4'569-v)
~on Ts) (5) (Ez=5.%6Y)

m(5%) =698 Md//
u (T) =173 Ml

SaME BaSic PRINGPLE AS Vi MEASUREMENT, BUT HERE
THE RecolunG RODY' 1S THE ENTRE" 5-PION SHSTEM,
AND TS MAS MUST BE MEASURED oN AW
EVENT*B)’-'EUU;’TT' E:ASJEC:

DECA '
IN TRGSTZPAME v’t." \ (s
'JT
T
IS INTERPRETED AS:

X |
Ve > HADRONIC. S/SEM: R =PFPn
“ T (OMBINED MONENTIR,  INVARUNT MASS
OF ALL PION S,
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TV, +>5)r B Mo
KINEMATIC. LMY

(NEPH detn, Epz456)

c 1
S ALEPH
L [\
Lid T = 5n(r") v,
~_ 1.05
iy
1
0.95 |-
0.9 |
1 m,=0 MeV/c?
— m,=23 Mev/c?
085, 5"~ 162 168 172  1.76 1.8

My (GeV/c?)

Figure 4: Distribution in the upper part of the (mp, En) plane for 7= -+ 3~ 277 (7°) vy
candidates in the data. The grey area is the allowed region for a massless neutrino.
The borderline of the allowed region for a 23 MeV/c* neutrino is also drawn. The only
7= — 37~ 2nt 70 v, event in the plot is the one with the largest hadronic energy.

No cvimeNce For. MiSS SUPPRession NCAR. ENDPowT:

PDG LIMIT: 'mV-a< 18 Me\//cZ
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Nevmmp 0stusdrions

o Tt 06 t03sip'5 V&R SWALL PIEFERENES BERXTV
NU MASSES, PLUS MIXING WiTH FLAIORS

o EXPERIMENTAL INDICATIONS OF OSCILLATIONS:

- ATMOSPUERIC. NEUTRWDS:  Super- Kawortwoe™
. Accareratog. Neomewos: LSND
- Sour. NEUTRNOS: HOMESTAKE AND SUCCESSORS

« THe CONFUSING CLRRENT PICTURE
« (URRENT EFFeRTS TO RESOWE |T

K2K, MINOS
¢ Boo NE
- SNO
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Nemamo  osautarions: FROBE OF ﬂu/ MSSES

AssumE THAT:
¢ There are TWO netfinos (S;MPﬂzf Bhan -{;hnu:)

* They are mssiu ) awi nel o(%e/w.mfc_

« The weak flavor e.igws‘tafcs are NOT £he @ua as
the mass elgp&daﬁS:

A CLASSIC.  QUANTUM-MECHANCAL- Tio-STATE SYTEM:

Ve CO$9 Siﬂg V.'
Vu T\l cosh )\,

? ?
FLAVORS MASSE |
V)V, PHISES ROTATE AT DIFFERENT RATES:

oy = @™

Sa. iFevg ImARE AT T=0  WITH
V00 = coshlu>+siud Vi)

IT EVOLVES:

[p®)y = cosBe M)+ sub ey
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THE INTERFERENCE GIVES RISE TO A
“TIME-DEPENDENT  |Vu)  ComPONENT:

SOLVING AD PLUGCING N SENSIBLE (NITS:
Pmqu:h%_qC'gﬁluﬂ} % ;F Mllﬁro‘ﬁ" s CreqfeA as V'

P(vc-*\ﬁ) = 8)C 10 sit [122 Ak £

Az mE-mz (/)
L = prokag.dfﬁm lwgﬂt (kw)
E = Neutrino enesgs (G<V)
nge aumplitude 4> [ng siit20 ra'i-( asc;lIution &= ﬂa/??.Amz

P(vs) !

Pl o

Pie)

Pl
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. ATMOSPHERIC. NEUTRINOS

NG DEck/ CHUN CVES:
“FVn 3\7 % 3Ve

VRS I,
ATMSPERE Vo IN £10 G/ RANGE.
FLUX RATIO Y "M KNOWN TO ~ 5
Ve MSoLUTE FLUK ~207s

\\/\—\EQKTH\ \\\

A DETECTOR. NEAR QUHS SURFACE chLSEE

DOWNWARD-GOING
- (TRNEL FEW kn)

~ UPWIRD-SONG. V
(TRAVEL. ~ 10# km)
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FDR_ABOUT A DECADE, EXpERIMERTS M SHoull
AV ATPIROVT DECIT of v, IN ATHRSHERIC. v INTIACTIOUS,

20— .
233 events | |

—

e
n

7 T 7
i

(p/8)ata/(p/eIMC
o

1994 KAMOLADE  EXPRIMENS IN TUPAN  (NDICATES DEFiciT
MA y RE DIRECTIONAL —— THIS /S EVIDENCE
FOR [~ DEPENDENCE OF NEUTRINO FLAVOR.
(EXPECTED N OSCILLATION SCETURIG )
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 THREE YERS' DATA: SUPF?ZK 19%-99
Up-Down Asymmetry

250 v mufti-GeV e-ike . :

.82 & 8

PRI MRS

R (L) Nt Bk NG, 1d800 6200 700 < Ap iskm.

//4[ AGULIE- DEPENDENCE /S 7254

No  STIDARD-MODEL.  PROCES'S
ALLOWS v, TO "DIAPPEAR ™ LIKE
THIS.

: O,w.]’ Vi VANISH == SIGNIFI CATVT  NUMRERS
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IS THIS OSCILLATION?  PLOT RAE .

15 |
o | * +
21_ 4 *f —_— “
£ Tl
805 - "'¢"'-..-¢..-..¢. |
. s e-lke | RAIDM} -
o p-like - OSCILLATION
- SMEARS OUT
0 L ol a i and - L e s . e
1 10 102 ‘03 10 A ":o
L/E, (km/GeV)
=222 TS To AsLATION HpoTHES S (Ve
| PR::DM"'J“W'Y

. Proswry Jor, ese (N0 vy M)
« (owd BE W& Ve (FITS Very wm) bt auk ok v

» (ouwn JuLso BE %4_, V? (N&ﬁ@aﬁ"‘p ._,.mes'as/mgwm)
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INTERPRETING  AS  Va-Ur
OSALLATION:

T-128 P.28/38
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THE LSND BePAANCE™ ERZCT

—~> | sarch Pt VY, asewmons.

NEUTEINO SOUNCE: AT |os Aumoes AUTL LUE.

AWPF LlL_t—:MH L\@ Dereeror, DecAy CHAIN
acaleastr) oo\ ! | 3«
SR sk, &“M“'ﬂ— Seitilibor- chped miicad o

DEcAy s ( 30 u«eﬁas)

SERCHING  FOR. T, APPEARANCE™

L= B0 wedes; E = 30-55 Mel/

SIGNAL: |
Vo- "C infemctin prodices el wd peylion. n ol.

e — pronyfé Flst, flz}(é |
n o — evarémﬂ; aaptwed 6 form 2H + (z.?.Mc.V)

§ produces auster #lash
LOOK FOR DELAYED CoINCDENCE.













































