Leptons and the Weak Interaction

Three generations
of matter (fermions)

mass - | 2.4 MeV/c? 1.27 GeV/c? 171.2 GeV/c? ? GeV/c?
charge -| 25 23 2/ t 0
spin-| % u b7 C b2 0

Higgs

name - up charm top bo%g >

Quarks

L

4.8 MeV/c?

~d
b7
down

<2.2 eV/c?

104 MeV/c?

" S

4.2 GeV/c?

<0.17 MeV/c?

"Ve 1.V 1.V
Ve VYU VYT
electron muon tau
neutrino neutrino neutrino

<15.5 MeV/c?

0.511 MeV/c?
€
Y2

electron

105.7 MeV/c?

M

Ya
muon

1.777 GeV/c?

sauge bosons




Question:
Do you know any weak decays?



Microscopic picture of decay

Figure 2.5 Dominant Feynman diagram for muon decay.

Lifetime: 2.2 us is very long compared to strong and EM decays



Lepton number is conserved In
weak (all) interactions

L.=N(Ee)=N@E)D)+NWy,)—-N®u.), (2.3a)
And similar for Ly and Lt

Microscopically the picture is that:
Z does not change particle type
W works like this:

e% - v+ W%

+ “crossing’:

e% + v-bar - W%

v-bar - W% + e+

N-bar + W+ - e+

And so on (we return to this later)



TABLE2.1 Examples of leptonic decays that violate conservation of lepton
numbers and the experimental upper limits on their branching ratios B.

Decay Violates B

W —e +e +e L, L, <1.0x 107"
L~ —>e +y L, L, <1.2x 107"
T"—=>e 4y L..L, =1.1 x 1077
T-—u +vy L.L, <6.8 x 107"
T-—=e +ut+u L..L, =2x 1077




Discovery (1/2)

Detector 1

Ta:gat A
Detector 2

Target B

Detector 3

Figure 2.1 Schematic diagram of the apparatus used by Reines and Cowen to detect anti-
neutrinos. The two target tanks, containing an aqueous solution of cadmium chloride,
are sandwiched between three detector tanks of liquid scintillator. The whole apparatus
1s surrounded by heavy shielding to eliminate all incident particles except neutrinos and
antineutrinos.



Discovery (2/2)
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Figure 2.2 Schematic picture of an event corresponding to reaction (2.8b) in the Reines—
Cowan experiment. The emitted positron rapidly annihilates with an atomic electron, and the
emitted photons are detected in the adjacent tanks of scintillator as a ‘prompt coincidence’. The
neutron is reduced to thermal energies by repeated scattering from protons in the water before

being radiatively captured by the cadmium nucleus. The emitted photons are then detected as
a ‘delayed coincidence’ in the same pair of scintillator tanks.




Why Is the interaction weak?
Do you recall?

Figure 2.5 Dominant Feynman diagram for muon decay.



Propagator is very small!

Figure 2.5 Dominant Feynman diagram for muon decay.



Almost constant

Figure 2.5 Dominant Feynman diagram for muon decay.



Good approximation:
point interaction!

Figure 2.8 Origin of the low-energy zero-range interaction in muon decay (2.10).



Estimate o, from G_

« G, =1.166 x 10° GeV~
e Relation:
gw Admay

Gr
J2 O M, M

(2.17)




Neutrino oscillations

 An electron neutrino can be observed later as
a muon neutrino

- Very small violation of lepton number and in
general negligible (see also book)

» Current understanding:

- Neutrinos in particle zoo are not mass eignestates
= free particles

- They are Interaction eigenstates = the particles the
W couple too!



Neutrino oscillations
(considering only 2 states for simplicity)

V 2 xginﬂ

X' = x cos0 + y sind

y' =y cos0O - x sin0



Super Kamiokande
(Kamioka Nucleon Decay
Experiment)

=




I .
* ¢+ % 2 % %

R A Y
£ RIE s Wi ) ]
3 e A o
F I S Q“;q.J..AJyt
: .l
‘».‘.dv.,w...s. n.‘..,..&_.r...et... s "
iR Kr IR K €0v'nnidh
; P 4 ’ ou
o Ho s Koo s €0 wongnt,
e
P A K Oy
‘~‘L¢~‘.s..ww,‘.!:_.‘..,1».
RIT IR TR R L
! ] N ] v
I TR TR ER R ‘..‘..J..f.»;...:.._:._
W i .
b PPP RV e
‘.~‘. PET TR TR TR R I R TR ) AN e} 3
! ‘..,n»u.‘\u.‘..q.«u,a,n.‘i.n.l_r!.._.i...h..m?ﬁ.* 1g
3 ; . RS J,
o R R G .,,.L_.(..,.:.w:._.,..w}... ; v
PR AT RIS
P PR ¥ ¥ t._;”._a....?ﬁﬁ ;
LR N A Z__s_..;._... 3
€ € 0 € Gl
LS EE i aren B,
; L K‘W.._:

.,,.,...,.,,i, .._.

,4 ; n T .a_ J.la%.&vi—?!

SRR SRR SN u._J”J.Dn .t,us.;%,\.._ .
C _p.. 11 g

| LTV ..e‘ ut
' J I
» € € o Al Wd g .@ k )
E U NG % 5 o
€. i.i».:,i.?u:g. PR
LR '
W s____n{. Voov |

L B
i _tw.ﬁ{,._tﬂ.,srs_.:

Tyl '
VE D &

b
I

e

ABDOHD

—~—

el
~

—~ -

-~ -

L

VO & .._L.,e.-v_.}f,

L e

Cadlls WY d o

gt
g FR 4 e
MRS B
0.-.r.b.'....4.a;.4,... ;
T E LN &R o
S E R R R
£ ¥ Ny & 80P
- . . & A
£ oA

"..







W=
EETTRR L




2001 accident during cleaning
Implosion of most PMTs

SUPER-KAMIODKANDE



Overview
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Works by Cherenkov light




The picture before shows an incoming 1063
MeV neutrino which strikes a free proton at
rest and produces a 1032 MeV muon.
Different colors are related to time, blue
shows the muon, green the electron of the
muon decay.
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Advantages of Super
Kamiokande

* The direction the neutrino came from can
be determined

* The time of the neutrino’s arrival can be
determined

* The energy of the electron gives a rough
estimate of the neutrino energy
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Time of neutrino’s arrival

* |t Is possible to search for day/night or
seasonal variations
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Direction of neutrino

One can provide solid evidence that the
neutrinos are actually coming from the sun
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Estimate of neutrino Energy

It IS possible to distinguish neutrinos from
different reaction chains in the sun
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Osclillations
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Figure 2.10 Data from the SuperKamiokande detector showing evidence for neutrino oscil-

lations in atmospheric neutrinos. See text for details. (Reprinted Figure 4 with permission from
Y. Ashie et al., Phys. Rev. Lett., 93, 101801. Copyright 2004 American Physical Society.)



Summary

- Neutrino interaction eigenstates: v_, V,, v are not
mass eigenstates: v, v,, v,

* |f the mass eigenstates have different masses
their phases evolves asynchronous in time

* This gives rise to neutrino oscillations in the
Interaction states, e.g., V_ - v, that have been
measured experimentally (indirectly =
disappearance)

 There are ideas to also make neutrino
experiments at ESS!
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