For atmospheric and accelerator neutrions (E large, L medium):

Vi
V3

With Am,, <<Am,; ~ Am,,

1 0
0 Cyg
0 —s,,

and B, small

P(v,»v,) = 1-5in?26,; 5|n3'f{E"-3"'—L Plv.=>v,.) ~1 ‘

For solar neutrinos and very long baseline neutrinos (L large, E small):

(almost like two neutrino system, only one mass difference)

Plv.>v,) =

—sin?20,, sin?(

For short baseline reactor neutrinos (E small, L small):

- s
0 Cy3 S13€ Ciz  Syg
Sy3 . 1 512 Cpz
Cya —5,4€" Cq3 1
Am.CL
1 - << ]_
Am. *L
—l b ]_
L4 ] i 7
[ e sl T
7 4
_u_L
4F
Am. %L ’ i
—_— <& 1 N

Plv.—>v,) =1

—sin?28,

2
smz{ﬂ_mu_l'}
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Sensitivity
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Cosmic radiation; Air shower
p+N-> =7, K
7, K= +v, (v)

lut —¥ E1 v FE(FE)+ F;;{FHJ

Exact calculation: R=2.1
(E,<1GeV)

(For larger energies R>2.1)
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Walter = “aclive largel”

Vx Vi @ Cherenkov
| z ®—- Light
Elastic scattering . E;,
e e \
Vy X
Charged current w
-3 Ve

Detection of Cherenkov photons: Photo multiplier

Experiments: (Super)-Kamiokande
IMB
Soudan-2

treshold: ~ 5 MeV (to produce sufficiently high energetic electrons to produce
Cherenkov light, no issue for atmospheric neutrinos, but for solar neutrinos)

Advantage: - scattered electron/muons carry direction information
- in-situ detection
- measurement of neutrino energy
23



(Super-)Kamiokande

« Largest artificial water detector (50 kt)

« Until the 2001 accident:
11000 PMTs (50 cm tubes!): 40% of
surface covered with photo-cathode

il

' * Back in operation since 2003
n “ﬂ

(8
fil;

L g
Hid




The Cerenkov radiation
from a muon produced

by a muon neutrino event
yields a well defined circular
ring in the photomultiplier
detector bank,

The Cerenkov radiation
from the electron shower
produced by an electron
neutrino event produces
multiple cones and
therefore a diffuse ring

in the detector array.

Electron Electron
neutrino shower

25




Energy measurement:

2

Thickness of ring is related to travel distance of electron/muon in the detector.
This is related to the energy of the electron/muon thus (with some uncertainties)

to the original neutrino energy.



oscillation depend on E, thus splitup
sample in high and low momentum neutrinos

- Prediction with oscillation

Ry oy =0.658+0.016(siar) +0.032(sys)

R = W/Ong,

(M/e)yc.

R, cor = 0.7027 pyo(s1at) = 0.099(sv5)

assuming no oscillation
in simulation

_ _ ~ Am?(atmospheric) ~ 2-5 103
To few muon neutrinos observed —» can be explained by oscillation!

, . : Am_ FL
For atmospheric and accelerator neutrions (E large, L medium): —"T‘;— <1

Plv,2v)=1- sin?28,, sinl{%ﬂgz—‘r‘} Plv.ov,)~1
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e

Sub-GeV o-ike
P = 400 MaV/z

Theoretical predicton

== w/0 oscillation
m— W/ oscillation

5 8

8

Number of Events

0 proalossnlmowalpsnnl 0 panpliwnslonwuloponel

1 05 0 05 1 -1 056 0 05 1
150 Multi-GeV edike 150

Mul-GaV u-hke

cost ﬁ v, deficit depends on angle
v, flux okay

Oscillation: v, <> v,

Electron neutrion seem to consist mainly of matter
eigenstate, which has a significant longer oscillation distance both compared to
Distance atmosphere earth and to diameter of the earth.
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e T

EEELAEEES

a

Data/Prediction (null oscillation)

0.2
o
1 10 0" 10 10
L/E (kmiGeV)
oscillation dip seen
at ~300 km/GeV

v, «> v, mixing of atmos. neutrinos

Am® =(2.4+0.4)x10 eV
sin26 > 0.92 @90% C.L.

—
Ti 1r \}ﬂ
'E 08} l
= |
(115
04t
o2
ﬂ d
1 10 10 10 10
L/E (kmiGeV)
1u"_1r1----1-
SK-1 Full Data Set Analysis .
(to be submitied shortly to FRD) |
%
5 LE Analysie
(publishiod)
1u-a S i | L 1 a 1 " 1 " l "
D7 075 O0Bg iy 09 085 1
Slide taken from Neutrino 2004 conference
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prtet p*—ﬁll@

-

%

—_ L P

*Het+*He—'He Ei* ‘

5 sources of solar neutrinos:

*H+p*—+°He+ ¢ "IJHr:*jj+ — 'He ﬂ:@
‘He+'He— "Be+ v j
"Bete —r'Ll;ff: i Bep =B ¢
1 |
Litpt=i] lcﬁ "B->*Pe*+e
¥Be*—He+'He

Neutrino Flux

Neutrino Energy (MeV)

fixed energy from 2 body decay, continious spectrum from multi-body decay

measured flux depends strongly on detection treashold
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Pioneering experiment, started in 1970:

Raymond Davids Jr. (NP 2002)
Homestake mine, 1400 m underground

615t of CoC' Ly ~ 2.2 x 103" atoms of 3" ('l

Detection via: v, +2* C'l —3" Ar + ¢, treshold (0.8 MeV)

i1



after 60-70 days *' Ar is extracted by blowing helium gas over a
thin layer of %" C'l (*" Ar mean decay time: 35 days)

measured *’ A1 decays in helium gas in proportional counters
no “in-situ” measurement
average count: one neutrino event every 2 days

expected number of neutrino events: 1.6 per day

1 P ' First indication of

THid ’T } } ;_ solar neutrino problem

| ‘m dl %

°T' s J. ' - initially results were ignored

e ereien  issz  lsse  iwa, 1994 ,maybe” a mistake in the measurement method
o S



e GALLEX/GNO/SAGE, radiochemic experiments:
Ve +'1 Ga —™ Ge + e, threshold: 0.2 MeV
- delayed read out
- no information on neutrino energy
- no direction information

e (Super)Kammiokande: v, + ¢~ — v, + e

i’ .
} + | Supermamioxance 101.9 cay (Pratvmenary) i
: }

‘ ooy T Mhkee P o 2 Sam

' —
ssassssss (Pl dll

(-] - g b
Ll
&
L]
-
L

elastic scattering: direction of electron related to direction of initial neutrino, thus
usefull to separate background from neutrinos from the sun. .




Total Rates: Standard Model vs. Experiment
Baheall-Pinsonneault 2000

E,> 5 MeV

E.> 5MeV

E.>0.2 MeV

: Neutrino
disappearance

CC: Charge current IA
ES: elastic scattering

1 SNV = 1 v interaction/sec per 10% target atoms

Experiments pgm

Uncertainties

ES

To establish neutrino mixing, need to measure additionally appearance effects!
34



Homestake experiment

0 The Nobel Prize in Physics 2002
J" spokesperson Kamiokande

-
% |

Raymond Davis Jr. Masatoshi Koshiba | Riccardo Giaconi

"“for pioneering contributions to astrophysics, in
particular for the detection of cosmic neutrinos”

"for pioneering contributions to
astrophysics, which have led to the
discovery of cosmic X-ray sources"

35




Sudbury Neutrino Observatory:

* 6 m radius transparent acrylic vessel
* 1000 t of heavy water (D,O)

* 9456 inward looking photo multipliers
» Add 2 t of NaCl to detect neutrons




Charged current
o(v,)=0o(v,)=0

4, =9,

Elastic scattering
0.154 .a(v,) =
o(v,)=o(v,)

g =0 +(0 +46.)/6

Neutral current

o(ve) = o(v,)=o(v,)

=0, 10, +4,

ve . B
n n

Neutron
Cl (n,y)*ClI
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e < Pes < Oy !

appearance of p/t neutrinos detected!

- 0.06, 0.09,
@gﬁéﬂ = 1,76 gas (¢lat)q o (ayst)
qﬁ%gﬂ = 2.391%%3(stut)[{?‘zw(.&yst]
O = 5.0970 3 (stat)g 45 (syst)

Electron neutrino flux is too low: P,,__.,,, = (35 £ 2)%

0, (10" em 57

Total flux of neutrinos is correct — Interpreted as v, < v, or I/, < - oscillation

But in case of simple “vacuum oszillation™:

Py—v, =1 — §sin? 260 = 50%

P
¥

Ll

i "
i e —
A E 'f.-_.-r - —

-'l|-|p-

f
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d S b
(g /u. o N d)
SI = |C =) . & S
L) v .« l)\b,

Most preferred transitions with in the same quark family.

0.225 0975  0.0405

0975 0.225 0.00364
|VCKM| = ( )
0.00820 0.0405 1

In first order only V., and V,, are complex numbers.
CKM matrix and their complex elements important for meson mixing and CP violation
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In early 70s only 3 quarks where known (u,d,s)

uy _ u d\ _ [(cosO, sinO,\ (d
(d’) - (cosec d+sin©, s) (s') - (—Sinec cosec) (s)
cos 6, €
g -
BR(K—-pp) _ 9 ~ Gj
BR(K —all) 7.220.510 KO — u v M ™ sind cosO,
S
h — e
sin ©,

Proposal by Glashow, llianopoulus, Miani (GIM) 1970: ©

m=) There is a fourth quark which build together with the s quar a second doublet

-sin B, €
d - .
(C) _ ( c ) KO C v M~ -sinB_ cos6,
s’/ \—sin©,d + cosO, s 3
h— — o — —

mmm) Prediction of a fourth quark! cos 6 e’ 22



# SLAC-Mark-l experiment (see tau discovery)
group leader Burton Richter

egt+ = Y
I—) multi hadrons
I—P gte

l—P py + KK + '

m() = 3.105 + 0.003 GeV, (1)) < 1.3 MeV

performed scan of E . (e* + &)

Direct discovery
of charm quark 5
years later than
indirect
prediction

Lot
riet, KK fimsd siaies, The curve o ) L e
R e ey TR p——

SO0 - tal
oo i3 4
re g .: *i.
En. 00 ." ":‘
ool 1 N
P i b T
50 ; T *
_—
—
1L - - -
e § e
o
E. 1 \
¥
5O * &
b t
20
=
raa ol e}
[LE_
=a [ f
] q‘
1o | |
5 [ | } t
2
" ol
] i } Sk
}
Cross ssellpn versoa amergy fer ) el

p (28 GeV) + Be

m()) = 3.1 GeV

X

gle

I: consistent with detector
resolution (20 MeV)

BOF

™

EVENTS /28 Mal

reconstructed invariant mass of final state parficles

8 T T

~ BNL (Berkly National Laboratory): proton beam on fix target (Berilium)
group leader Samuel Ting

P42 Evastnl

L SMECTROMETER

a1 o caoet
L [~ curmnt

F

dur the socmal run,



CKM Matrix

CKM matrix is consequence of introduction of Yukawa term to Lagrangian:
d

Charged currents: Jj’ o (ﬁj c, f) (1 — 75) YuVorxm | s
b

( d:\ (Via Vis Vip\ () v/

d
s | = Vea Ves Vo | X |5 \\;d//

\b ) \Vie Vs Va) \b) W

flavour CKM matrix mass '

18 parameters (9 complex elements)
-5 relative quark phases (unobservable)
-9 unitarity conditions

= 4 independent parameters 3 Euler angles and 1 Phase

Phase is only source of CPV in SM, requires third quark family (Nobel Priz&.2Q0&8hanwvenzamer 11



S relative phases

d
Charged currents: Jf{ X (E,E, f) (1 — 75) T Verkwm | s
b

Lagrangian insensitive to phases of left-handed fields, possible redefinition:

uy, — eiﬁf’“uL cr, — eiquCL tr, — eid’ftL

dL — BigbddL Sy — BM)SSL bL — Bid)bbL

(eive 0 0\ (Vig Vie Vig) [e=®¢ 0 0 )
Vexknr — | 0 €% Via Ves Va 0 e s
\ 0 0 e¢t/ \Via Vis Vo) \ O 0 e—*?%/

or Va.g — P8~ %a Vag

5 unobservable phase differences ¢z — @

Stephanie Hansmann-Merzemer 12



d\ (Vg
sgi=lV
Quarks ! ;d
b/ \‘m

Anti-quarks:

CKM under C' P Transformation

Vub

[ d)
s

Kb)

Weak (CKM) phases change sign under C' P transformation!

Stephanie Hansmann-Menzemer 14



Weak and Strong Phases

+ N L
“ <] 7
Vu.ot-

ol

Weak phases are related to involved CKM elements: &y = arg( V. Viya)
Strong phases d comes often (but not always) from the hadronisation.

Definition of strong phase:

phase which doesn’t change sign under CP transformation.

Stephanie Hansmann-Menzemer 15



C'P Violation

Al — Al(_j—i(plei(sl

B -

N

Ay = Age 192102

.Al — Alei@l Gigl
B » |

N

AQ — Agei(’bgeﬁg

AI* = A2 =
A2 + A3 + 2A1 A5 cos(A¢ + AJ) A2 4+ A2 4 24, A5 cos(—Ag + AS)
A1 and As need to have different weak phases ¢ and different strong phases 9.

For sizable (measurable) effects both amplitudes should have about same size,

and both phase differences have to be sizable.

To conclude on weak phases, strong phases need to be known/measured.

Stephanie Hansmann-Menzemer 16




CPV in Kaon System

Interfering amplitudes which cause CPV in mixing:

long range contribution AT
/_,-—.\
/"’\w_-/\ -
K*® -
o
short range contribution Am
Interfering amplitudes which cause CPV in decay:

> _ ol
Kﬂ U /e > - r-
= Vs a KOU ﬁd‘:‘z E’g
e e - r-'
e oL
LD? s

U\ e #
7 W
Vo ™s

ol

Stephanie Hansmann-Menzemer 17
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