article Physics

lberg SS 2013

Weak Interactions |
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States

(u,)
(u,)
or more general:
(v,)
(V,)
0
|
u,=vE+m| 0
|7l .
E+m limit p — o
uR )’ VL
0
n 7 hT Ve
0 vep=VE+m|E+m
1 0
0 1
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left chirality
YslUy = —U;

YsVr — — Vi

eigenvalues + 1

ded (chiral) particles: -1
-handed (chiral) particles: +1

note: a right-handed chiral anti-particle has a left-handed helicity
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tor

anti-fermions

ulate Dirac Equation:

L L U _—
WUp=mu; [y O,u; =m uy

ote: massive fermions must have left-handed and right handed components
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scalar coupling:
A=Yy

pseudoscalar coupling:
=Py

ensor Coupling
ol = p(y y' =y ¥y v
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lar Currents

in QED: 0, j}, =

(no helicity flip)

u

note: Y'y'=-v¥y
(no helicity flip)

(helicity flip!)

elations:
o (') 2+ i)
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lon Iin +z direction:

N+ 1/2_N—1/2

=1
N, 1ot Ny

=1 (classical)
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Helicity Example

Particle at almost rest (0 < p—0) with spin orientation in +z direction:

polarisation: ) =7z = Nova™ Noyo =1
. N, p,*N_4)
Z-axIS -
> helicity: H= |T;|’ =1 (classical)

+ |n a classical approach states with defined helicities (H=+1) can
be prepared.

+ |n Quantum mechanics the spin and momentum are to be replaced
by operators.

» For massive particles the helicity is not Lorentz invariant.
» This Is easily seen in the above example:

For p — p' = -p the helicity makes a flip: H— H' = -

Schoning/Rodejohann 8 Standard Model of Particle Physics SS 2013



Helicity Example

Particle almost at rest (0 < p—0) with spin orientation in +z direction:

polarisation: ) =7z = Nova™ Noyo =1
. N, p,*N_4)
Z-axIS -
> helicity: H= |T;|’ =1 (classical)

In a Lorentz invariant theory, particle interactions can not be described
by non-Lorentz invariant quantities!

~ The solution to this problem is provided by the Dirac equations
Dirac spinors: Uu=u;+ u,
only the chiral states

In the limit p — «© Up =

1
0
1
are Lorentz invariant 0
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tation in +z direction:

N+ 1/2_N—1/2

=1
N 1ot N_yp

_ i (classical)
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spin orientation in +z direction:

oolarisation: ) =z = Nerz=N oy, -1
N, it N_y)p
helicity H = prlT =1 (classical)
. 0 1
y 1 0
7| | = V2m Tl V2m 7
E+m 0 0
0
tion of right helicity state
o 1 0 ~1
+ 1+y5 V2m |0 B ., — I=y;  v2m |1 f V2m | 0
4 ”‘i t R T2 T ot L
0 1 0
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spin orientation in +z direction:

polarisation: ) =z = Nerz=N oy, -1
Nyt N_yp
helicity: H = prlT =1 (classical)
: 0 1
" 1 0
7| | = V2m Tl V2m 7
E+m 0 0
0
tion of right helicity state
0 1 0 —il
o, = 7Y _V2m 1] | V2m [0 o .-l _¥2m|-1] 2m]| 0
B o 2 |1 B S | 0 1
g 10 e 1o
50% right chiral states 50% left chiral state
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re?

LH anti-neutrino helicity eller transition

vector
Momentum coupling

\
=11

Momentum coupling 2

|
A=

axialvector ‘

helicity 0* - +1 -1 helicity 0O - +1 -1
N P e Vv N P e Vv

scalar tensor
Momentum coupling 9 J Momentum coupling \ J
Spin t — t + t Spin t —_— + t t
helicity 0* - -1 -1 helicity 0* : -1 -1
N P e Vv n P e Vv

Schoning/Rodejohann 13 Standard Model of Particle Physics SS 2013



re?

RH anti-neutrino helicity eller transition

vector
Momentum coupling

-t

helicity 0* -

Momentum coupling 2

=

helicity 0" 3 -1 +1

axialvector J

n o) e Vv n o e v

scalar tensor
Momentum coupling 9 Momentum coupling ‘ ‘
Spin t —_— t + t Spin t —_— tt
helicity 0~ - +1 +1 helicity 0* - +1 +1
N P e Vv n P e Vv
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helicity 0*
n

q
Y

Momentum Cc

Spin t -

helicity 0*
n

structure?

Sl Etie e s Gamov [eller transition

axialvector
Momentum coupling 2

A=

-1 +1

vector
Momentum coupling

-t

-1 +1 helicity 0*

measure correlations of particle spins
and directions:

» polarisations
* momenta (directions + energies)

-1

+1 +1

+1 +1

helicity 0*

Standard Model of Particle Physics SS 2013
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Important Experiments

+ Wu-Experiment (1957): radioactive decay of Co®

» Goldhaber-Experiment (1958): radioactive decay of Eu'>?
> Muon Decay: Michel spectrum

» Pion Decay: branching ratios

* Neutrino Nucleon Scattering: neutrino-antineutrino

* Nuclear Beta Decays

Schoning/Rodejohann 16 Standard Model of Particle Physics SS 2013



1,11 iMey
z* | — ||
1 332 MY i 1
| |
Y Eﬂ . G.'P
NI M= 5 M, =4

ads to Gamov-Teller transition
ctron (neutrino)?

e )="?
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6OCO

axialvector axialvector
Momentum coupling ? J ‘ Momentum coupling 2 ‘ J
Spin t . f + * * Spin t —_— f + * *
helicity - : -1 +1 helicity - - +1 -1
*Co “ONi e v *Co *ONi e v

tensor
Momentum coupling

tensor
J \ Momentum coupling \ ‘ ‘
Spin t — ' + * * Spin t — f + * *
helicity - +1 -1 -1 helicity - -1 +1 +1
0Co ONj e v 0Co SONj e v
ing/Rodejohann 18 Standard Model of Particle Physics SS 2013



Isation

important cross check!

uclear decay:

§0
22C011=52¢

78HeY Y < Photons are polarised and
z* / oriented (symmetrically) in
direction of the Ni (Co)

332MeY Y polarisation axis. Maximum
Y + is orthogonal to Ni (Co)
711 J- 0 . .
NI polarisation

g/Rodejohann 19 Standard Model of Particle Physics SS 2013



{L"E“:l
Nal

b) photon
detection

) gf W

60CO

Probe.._§

light guide

pump nozzle
(helium)

anthracen crystal

|~ (beta detector)

4ch-*-l

-ttt

Ce: Mg~ Nitrat<=_]]

paramagnetic
container
T=0.01 K

a)

|

7
NI

a) photon
detection

Zahlrate
~< Zahlraie =

Warmm

T 02!

1,8
12
11
1.0
08
0,8
0,7

0.8

=31
w

A

E
&
=

>

+|

Zdhlrate
= Zahlrate

-
—

0
1,20
110

1,00

030
0,80
0,70

']'-:ﬂmis otro p'ie

a) equatorial counter-
| =..| x_| D) polar counter
w’] e N
x4 ﬁx ;e iTh
al® b o«
e
fb
\ T-Anisotmp%é berechnet dus a U.b
C_ W{m/2)-Wi(0)

AN

£

w(z/2)

\ fiir beide Feldrich

tungen

Zeit (min) -—=

N
- B Asymmetrie —-—
\h.:‘\. x____¢H
\S-’“—.w 2 ':q——.i_,;
Fe
3
0 2 4 6 8 10 12 #% % 18



Conclusion Wu-Experiment

» Electrons are dominantly emitted opposite to Co spin direction
» Product J - p / |p| (helicity) is non-zero!

» Helicity is negative!

» Discrete-Parity symmetry is violated (initial state had H=0)

Note: the angular distribution of the electrons is given by:

dN
dcos6

oc 1+ AcosB
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in °°Co

axialvector axialvector
Momentum coupling ? J ‘ Momenm coupling ?
Spin t e f + * * Spin t ‘ + * *

+1 -1

S Y

helicity - : -1 +1 helicity -
0Co ONj e v 0Co ONj

tensor tensor
Momentum coupling ‘ J \ m coupling \
Spin t e ' + * *
helicity - +1 -1 -1

0Co SONj e v
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axialvector
Momentum coupling ?

on §— 4 +

helicity -

6OCO 60-Ni

tensor
Momentum coupling

on §— 4 +

helicity - +1
60C0o 60j

Schoning/Rodejohann

|

-1 +1

$

-1 -1

e Vv
23

e in °°Co

What about the neutrino
helicity?

Standard Model of Particle Physics SS 2013



um Decay Chain

ISZEU

K-capture ¥

12Ey + e — 152Sm* + v

J=1 —— 152G m¥ v _ |
o ke s Europium has no nuclear spin
, 96 . :
17 ° s Polarisation of neutrino and Sm*
J=0 = 1328 m are opposite!
» The neutrino polarisation can
be measured by determining
the Sm* polarisation
s Luckily Sm* decays further:
Sm* v Sm* — ™2Sm + Y
<+—0 00— @ photon is of low energy if emitted
<G mp opposite to Sm* flight direction
) = ~ fluorescence
Y Y LV s exploit Compton scattering to determine
Sm fluorescence photon polarisation
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N Goldhaber Experiment
NV
Compton scattering ﬁ / }-magnetised iron
% %
[]I_I‘m 2 m “\.:‘
0 ™ Spekirum mit
K : \\ 5m203|5tre1|.1kirper
TS — B#Dke‘#/
P 2* 3 1: E | 1'*'\. %951 ke¥
0"z \
sm 10? \ %ﬂlu
3 1
; T — ~361 keV SF—1¢
mE — : M E
scattefer Fe+Pb shield E lf 122kel — > \
" S 2‘3:3% ' 7 s so® TRA-Y .y
Nal = : F
resonance (TH 5 B
fluorescence — - ™~ l
10
16 2C 24 28 32
a) . b) impulshahe (V}--i

Fig. 144 2) Anordnung zur Messung der Helizitéit des Neutrinos (Goldhaber v, Mitarbeiter; b) Im-
pulsverteilung fiir das y-Streuspekirum. Gestrichelt: nichtresonanter Untergrund; nach
[Gol 58]



Goldhaber: Result + Conclusion

» Due to the ingenious construction of the experiment the
polarisation of the photon corresponds to the polarisation
of the neutrino

» The photon helicity was measured to be left-nanded!

» As a result the helicity of the neutrino has to be left handed

» Left-handed chiral (neutrino!) fermion couplings can be
described either by V-A coupling or T(P)-S couplings.

> T(P)-S couplings excluded by Wu- and Goldhaber-experiments
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o in %°Co

axialvector axialvector
Momentum coupling ? J ‘ Momen coupling ?
Spin t e f + * * Spi64 '.;<{§ ,+VVM *

Left-handed
helicity - - -1 +1

%0Co 60N| e V

+1 -1
%0Co 50N e NV

tensor
m coupling \

helicity

tensor
Mormegtum coupling

Sein ‘30 Aoir t 4

- +1 1 -1
0Co SONj NV
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1.0

0.8

0.6

0.4

0.2

The weak interaction: low energy phenomenology

o ’'H
8%0
o p

I 1 I

QO

vie

only left-handed particles!
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vector
Momentum coupling

-t

helicity 0* :
W %
‘

e Vv
e

Momentum

Spin t —_—

Schoning/Rodejohann 31

-1 -1 +1

V e v
e

Momentum coupling

A=t

axialvector J

helicity 0" - -1 +1

Th \Y e Vv

Spif
Momentum

o =
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ure in Muon Decay

Gamov Teller transition

vector axialvector
Momentum coupling l I [ Momentum coupling l
Spin t —_— t ‘ t Spin t — + t
helicity 0* -1 +1 helicity 0O -1 +1
L vM e Vv Th vlLl e V
yon neutrino has highest energy electron has highest energy

From helicity considerations, the electron is expected to have
In average an energy of 3/4 of half the muon mass —3/8 (exact: 7/10)
In contrast to 1/3 naively expected from kinematics

~ Michel spectrum
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d*T GZmP
dz dcos? 1927}'§ 3 — 2z + P, cosd(2x — 1)] z°

3||ll

I—l_l

10-103

5-10°

LR

I | l 1 [ | l ( l L.l_
Positronen-Impuls/MeV

-
JyJ Ludalivudaiu Ivivuch VI aluvic 1 11yoivo O 2013




1°T 2 -
_ T 2 80— 2+ 2 — 3) + 3 wo(1— 2)/a
dx dcosd 3

+ P, -§-cos? [1—334—23—5(43:—3)}}

tal results:
|97R] < 0.062 gl <0031 |g%,|=0
97 ] < 0.074 /| < 0. g7 5| < 0.021
g7, | < 0.412 ; 104 [g%,] <0.103
|97, < 0.550 g¥,] > 0.960 | |g%,| =0
975 + 697l <0143 [g3, +6gh,| < 0.418
NG (97; + 2915 <0.108 |95, +2g%,| < 0.417
977 — 2015l <0.070  |gfi, —2gf,| < 0.418
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Test Charged Pion Branching Ratios

» dominant decay: B(nt — uv) =99.9877 %

e suppressed decay: B(n"— e"v) =1.23-10"
Similar to the neutral pion in QED the more obvious decay
IS suppressed!
V-A Currents:

Joeae = V(%) ¥* (1=y5)u(x)

» VV-A currents conserve helicity.

» Resulting spin should be J(7")=1
"« But pion is a Pseudo-scalar J(n°)=0
W ~ helicity suppression

Decay width:

[(n = M_):G—;me m_(1— m“)
8TC 1At Al V )

Polarisation of helicity state is +

given by fermion velocity:

(N) = —P forleft chiral states
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=\ T +
Wire Chqmbers \}

TINA

(Nal) D AN T
. E} LB ‘“BEVL\

5000 =

e =l | ﬁ% B1 A
N /\\ B3 % .
| S~ -~ ~. O t f ' -
‘ ; \Torget g
| Assembly = (b)
WA [Hj %500_ -
: ) 400 - -
~_ " Energy .
T1,72,73
4 200 - s

L \ __L_--__«.=——-J-——~——~‘—t‘200 G'
] Timing

p——
e

|

D .
0 1000 2000 3000 4000 5000

PULSE HEIGHT (ADC Channels)

—

e Result:
B(x" —¢e"v)=1.23-10"

Conclusion: no scalar coupling!
Standard Model of Particle Physics SS 2013
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O 1 O
0O 0 —1
0O 0 O
1 0 O
0
1 (in other representations
0 d is diagonal )
0
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