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Parity Violation Protokoll1 Aim of the experimentIn this experiment we want to demonstrate the violation of parity with the beta minus de
ay.Also we will estimate the degree of polarization of bremsstrahlung generated by beta-parti
les.Finally we want to estimate the longitudinal polarization of ele
trons emitted during the betade
ay.2 Theoreti
al Prin
iples2.1 The parityThe parity operation is the inversion of the 
oordinates. For a given state with the wave fun
tion
Ψ(~r) we get:

PΨ(~r) = Ψ(−~r) (1)P is the parity operator and Ψ a wave fun
tion in position spa
e. For any given state |a〉 theeigenvalues are given by:
P |a〉 = πa |a〉 (2)A se
ond inversion gives us the original state:
P 2 |a〉 = |a〉 (3)This brings us the eigenvalues πa:

P 2 = 1 ⇔ P = P−1 ⇔ πa = ±1 (4)We 
an see that the eigenvalues of the parity operator are ±1. The eigenvalue +1 indi
ates asymmetri
 state and -1 des
ribes an asymmetri
 state. An operator O transforms under parityoperations like:
POP−1 = πOO (5)Let's have a look at the transformation behaviour of an operator in position state:

〈P ~RP 〉 = 〈~r|P ~RP |~r〉 = 〈~r|P ~R |−~r〉 = −~r 〈~r|P |−~r〉 = −~r 〈~r| |~r〉 = 〈−~R〉 (6)In 
ase of the operators of momentum ~P , spin ~S and angular momentum ~L this leads to:
P ~PP = −~P P ~SP = +~S P ~LP = +~L (7)We 
an see, that there are operators that 
hange their sign. This shows, that spa
e and momen-tum are ve
tors (so 
alled polar ve
tors) and spin and angular momentum are pseudo-ve
tors(so 
alled axial ve
tors).
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Parity Violation Protokoll2.2 Parity violationThe 
onsequen
e of Noether's theorem is that any symmetry (invarian
e of an operator by atransformation in symmetry) leads to a 
onservation law. For example 
onservation of (angular)momentum or energy.To proof a theory on parity 
onservation we had to measure the expe
ted value of a pseudo-s
alar. A pseudo-s
alar is a quantity that behaves like a s
alar, expe
t that it 
hanges signunder a parity inversion. The expe
ted value of a pseudo-s
alar must be 0, otherwise the paritygets violated.In this very experiment we want to measure the pseudo-s
alar of spin ~σ and momentum ~p ofbeta parti
les. The proje
tion of the ele
tron spin onto the dire
tion of momentum ~p is 
alledheli
ity:
H =

~σ · ~p
|~σ||~p| (8)In a parity invariant theory the expe
ted value should be zero:

〈H〉 = 〈PHP 〉 = 〈−H〉 → 〈H〉 = 0 (9)By measuring a heli
ity being di�erent from zero we 
an proof the parity violation of β−-de
ay.2.3 PolarizationThe polarization towards a 
ertain axis is given by the ratio of the expe
tan
y-value in thisdire
tion and the absolute value of the spin.
P =

〈Sz〉
S

(10)For a parti
le with spin 1/2 (su
h as an ele
tron) the spin operator ~S is given by:
~S =

~

2
~σ =

~

2
(σx, σy, σz) (11)with the Pauli matri
es σi. In this notation the basi
 states are:

|1
2
,
1

2
〉 =

(

1

0

) and |1
2
,−1

2
〉 =

(

0

1

) (12)They are oriented parallel and anti-parallel to the z-axis.The general state is a superposition of both:
Ψ =

(

a+
a−

)

= a+

(

1

0

)

+ a−

(

0

1

) (13)with: a2+ + a2− = 1.This brings us the polarization of on single ele
tron:
P =

〈Sz〉
S

= 〈σz〉 = 〈Ψ| σz |Ψ〉 = a2+ − a2− (14)Therefore the polarization of the single ele
tron 
an be between -1 and +1.Gruppe: 108 3



Parity Violation Protokoll
• a− = 0 → P=+1 → spin is parallel
• a+ = 0 → P=-1 → spin is anti-parallelFor the polarization for the entity of all parti
les we get:

P =
N+ −N−

N+ +N−

(15)
N± represents the number of ele
trons in the state |±〉. Note that this equation applies onlyin non relativisti
 quantum me
hani
s, where is no 
oupling between the spin and angular mo-mentum.If we want to determine the polarization of photons (γ-quanta) we need a formula that is alsovalid for relativisti
 quantum me
hani
s. That's be
ause the photon travels of 
ourse with thespeed of light. The spin of photons is S=1. The possible spin orientations are parallel or anti-parallel to the propagation dire
tion. Hen
e the polarization of all the photons together 
an bewritten equivalent to (15).

PC =
N+ −N−

N+ +N−

(16)
N+ and N− represents the number right- or left-handed 
ir
ular polarized ele
trons. This means:
PC = 1 says, that all photons are right-handed 
ir
ular polarized. Note that a single γ-quantum
annot be linear polarized!2.4 β−-de
ayFor this experiment we use a β−-de
ay, whi
h 
an be des
ribed as:

n→ p+ e− + ν̄e (17)In β−−de
ay, the weak intera
tion 
onverts an atomi
 nu
leus into a nu
leus with one higheratomi
 number while emitting an ele
tron (e−) and an ele
tron antineutrino (ν̄e).
Figure 1: Feynman diagram of β−-de
ay
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Parity Violation Protokoll3 Measuring prin
iple3.1 Heli
ity transferSadly we 
annot measure the heli
ity dire
tly, but we 
an measure them indir
etly with the
β−-de
ay of the ele
trons.The ele
trons of the β−-de
ay are de
elerated in a plumb layer. This generates bremsstrahlung.The brems-quanta have a 
ir
ular polarization PC . There will be a partial transfer of the heli
ityof ele
trons to the brems-quanta:

H =
PC

L
(18)A negative heli
ity transfers to a left-handed polarisation for the photons. The more energy thephotons have, the more heli
ity will be transferred. However, the 
arry is nearly independentof the ele
tron energy.
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/Figure 2: Heli
ity transfer over photon energyFrom the diagram 2 we are able to estimate the heli
ity transfer L.3.2 Measuring of 
ir
ular polarized photonsWe see, that the heli
ity gets transferred to the bremsstrahlung. Now we had to �nd a wayto measure the polarization of the photons. For that we 
an use the Compton s
attering atpolarized ele
trons. As s
attering body we use iron, whi
h ele
trons gets polarized by a magneti
�eld. The 
ross se
tion of the Compton s
attering is:
dσ

dθ
=
r20
2

(

k

k0

)2

(Φ0 + f · Pc · Φc) (19)
r0 is the 
lassi
al ele
tron radius, k0 / k is the impulse of the in
oming / s
attered photon.The degree of polarization is f = 2

26 . That's be
ause only the two valen
e ele
trons are polarized.The variables Φ0 and Φc are given by:
Φ0 = 1 + cos2 θ + (k0 − k) · (1− cos θ)

Φc = −(1− cos θ) · [(k0 + k) · cos θ cosψ + k sin θ sinψ cosφ]
(20)Gruppe: 108 5



Parity Violation Protokoll
θ is the s
atter angle, psi is the angle between ~k0 and the ele
tron spin ~S, φ is the angle betweenthe (~k0 · ~S)- and (~k0 · ~k)-layer.Its obvious, that only Φc depends of polarization. The reason for that, is the dependen
y of
ψ. If the polarity of the magneti
 �eld gets reversed, the ele
tron spin of the valen
e ele
tronsturns around. So ψ be
omes: ψ + π. This means:

Φc(ψ + π) = −Φc(ψ) (21)For the relative 
ount rate E for spin swit
hing we get:
E =

N− −N+

N− +N+
= f · Pc ·

Φ−
c

Φ0
(22)with N+ the number of s
attered photons for ele
tron spin parallel to the in
oming photon(0 ≤ ψ ≤ π

2 ) and N− the amount of photons, where the spin is anti-parallel (π ≤ ψ 3π
2 ).With the asymmetry E of the 
ount rates of the Compton s
attered photons we 
an suggest tothe 
ir
ular polarization Pc. With Pc and the heli
ity transfer L we 
an 
ompute the heli
ity H.The parity violation 
an be shown by measuring a value unequal zero.The fa
tor Φ−

c

Φ0
dependen
e on the experimental set-up. In our 
ase is it:

Φ−
c

Φ0
= 0, 52 ± 0, 05 (23)4 Experiment4.1 Set-UpAn emitted ele
tron from the sour
e impa
t onto the lead-layer. There it generates bremsstrah-lung. The bremsstrahlung rea
hes the iron 
ore of the magneti
 
oil. There it gets s
attered(Compton s
attering). Under an angle of 60◦ the photon rea
hes a �ber-opti
. The �ber opti
leads to an s
intillator, where the photons 
an be dete
ted.
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h of set-upBy the di�eren
e of 
ount rates for several magneti
 �eld orientations, we 
an asses the asym-metry E.4.2 CalibrationAs we only want to 
ount the γ-quanta with a higher energy that 1MeV, we got to 
alibrate oursingle-
hannel-dis
riminator. The γ-quanta lose a lot of energy during the Compton s
attering.After the Compton s
attering the γ-quanta with a starting energy of E=1MeV has:
E′ =

E

1 + E
E0

(1− cos θ)
=

2E0E

2E0 + E
≈ 505keV (24)for θ = 60◦.So we should 
alibrate our dis
riminator to only dete
t photons with an energy hight that505keV. It is appropriate to use 22Na. Sodium has its 
hara
teristi
 annihilation peak at 511keV.So we lay the sodium (22Na) near by our dete
tor. The photo multiplier was 
onne
ted tothe os
illos
ope. The intensity shows us something of the spe
trum of the sodium. Now we
alibrated our dis
riminator in su
h way, that it ignores all in
oming photons below an energyof the biggest peak in the spe
trum of sodium. This wasn't easy, so we had to guess a bit. Wetook our test series with a value of 1,67.5 Analysisto �nd out that the parity is violated, we have to measure N+ and N− to 
al
ulate E. With Ewe 
an 
al
ulate PC and then H. To measure N± we need the magneti
 �eld to align the spins.Whi
h polarity of the magneti
 �eld stands for N+ was 
hosen by us at random. We de�nedone polarity for N+ and after 
hanging the polarity we measure N−.Gruppe: 108 7



Parity Violation ProtokollMeasure Number of dete
tions1 3062 2543 2924 2865 301table 1: ba
kgroundFor Analysis at �rst we measure the ba
kground and then we measure with the sour
e. For thiswe take 30 
ouples of measurement (N+ and N−). It is to say that we 
hanged the polarityafter ea
h measurement to get these 
ouples. Why this is important will be explained a littlebit later.To 
al
ulate E we 
hoose two di�erent ways. The �rst way is to 
al
ulate E from ea
h 
ouplewith the statisti
 error and then 
al
ulate the mean (method 1). The se
ond way is to sum upall the values for N+ and N− and then 
al
ulate E (method 2).It is better to have two di�erent ways of analysis whi
h 
an be 
ompared.5.1 Ba
kground measurementAfter the 
alibration we started the measurement of the ba
kground (Nb). Therefore we 
ountthe number of dete
tions for 30 se
onds without any sour
e. For the ba
kground we get thefollowing men with a statisti
al error:
Nb = 287, 8 ± 17, 0 (25)The statisti
al error in this 
ase and in the following as well is given by

σ =
√
N (26)be
ause our values are following the Poisson distribution.A reason for the ba
kground is natural radioa
tivity or maybe 
osmi
 rays.In the following we assume the ba
kground as a systemati
al error whi
h is small and sonegligible in the 
al
ulation for the heli
ity.5.2 Measured dataBefore we analyse our data we want illustrate the measurements.The graphi
 shows our measurements. We 
an see a de
rease of N+ and N− during the measure.The de
rease of N± maybe 
an be explained with a heating of the magnet or a heating of thephotomultiplier.We 
an see that the de
rease for N+ and N− is almost the same, therefore this e�e
t does notin�uen
e the value of E so mu
h. But it is important to measure 
ouples of N+ and N− tomake sure that the in�uen
e of this systemati
 e�e
t is almost the same for N+ and N−. If wewould measure at �rst all values for N+ and then for N− we would get a big systemati
 error.Gruppe: 108 8
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Parity Violation Protokoll5.3 Propagation of un
ertainty - method 1Here we will 
al
ulate the asymmetry E of every pair of variables. For ea
h value of E we
ompute its statisti
al un
ertainty.So we start with the values of E for ea
h pair:
Ei =

Ni,+ −Ni,−

Ni,+ +Ni,−

(27)For the statisti
al un
ertainty we took the Gaussian error formula:
σEi

=

√

(

∂Ei

∂Ni,+
σNi,+

)2

+

(

∂Ei

∂Ni,−

σNi,−

)2

= 2

√

Ni,− ·Ni,+

(Ni,+ +Ni,−)3
(28)with the error on the 
ounting rates: σN±

=
√
N±

N+ N− E σE N+ N− E σE12465 11509 0,0399 0,0065 11239 10626 0,0280 0,006812402 11664 0,0307 0,0064 11203 10338 0,0402 0,006812240 11494 0,0314 0,0065 11042 10474 0,0264 0,006812224 11296 0,0395 0,0065 10989 10345 0,0302 0,006811890 11279 0,0264 0,0066 10968 10450 0,0242 0,006811655 11195 0,0201 0,0066 10900 10189 0,0337 0,006911888 11219 0,0290 0,0066 10643 10272 0,0177 0,006911522 11102 0,0186 0,0066 11036 10331 0,0330 0,006811613 10785 0,0370 0,0067 10810 9913 0,0433 0,006911441 10887 0,0248 0,0067 10886 10064 0,0392 0,006911628 10716 0,0408 0,0067 10557 10239 0,0153 0,006911486 10722 0,0344 0,0067 10574 10048 0,0255 0,007011410 10818 0,0266 0,0067 10648 9949 0,0339 0,007011562 10736 0,0370 0,0067 10586 9890 0,0340 0,007011353 10758 0,0269 0,0067 10452 9994 0,0224 0,0070table 2: Measured dataWe 
olle
ted n=30 data pairs. The mean of the asymmetry Ē is:
Ē = n

1

n

n
∑

i=1

Ei =
1

30
· 0, 9101 = 0, 03034 (29)For the 
al
ulation of the error σĒ of Ē we need the standard deviation of the mean:

σĒ =

√

√

√

√

1

n(n− 1)

n
∑

i=1

(Ei − Ē)2 = 0, 00137 (30)
Gruppe: 108 10



Parity Violation ProtokollAlso we get an systemati
 error on the 
ounting rates ∆N± := ∆N = 100. This is be
ause, weare not sure, if the 
ounter works right.
∆Ei =

√

2(1 + E2
i )

Ni+ +Ni−

·∆N

∆Ē ≈
√

2(1 + Ē2)

2 · N̄±

·∆N = 0, 00707

(31)So we get with method 1:
Ē = 0, 03034 ± 0, 00137 ± 0, 00707 (32)5.4 Method 2In method 2 we build the sum N

(s)
± of all N± before we 
al
ulate the asymmetry E.Out of our measured data we 
an 
al
ulate N (s)

±
:

N
(s)
+ = 339312

N
(s)
− = 319302

(33)The statisti
al error for N (s)
±

is σ
N

(s)
±

=

√

N
(s)
±

.Now we 
an 
al
ulate the asymmetry E(s) (the �s� be
ause in method 2 we built the sum at�rst):
E(s) =

N
(s)
+ −N

(s)
−

N
(s)
+ +N

(s)
−

= 0, 03038 (34)and the statisti
al error:
σE(s) = 2

√

√

√

√

N
(s)
− ·N (s)

+

(N
(s)
− +N

(s)
+ )3

= 0, 00126 (35)And the systemati
al error with: ∆N s
± := 15 ·∆N = 1500 is:

∆Ē =

√

2(1 + Es2)

N
(s)
+ +N

(s)
−

·∆N = 0, 00322 (36)With method 2 we get the following value for E:
E(s) = 0, 03038 ± 0, 00126 ± 0, 00322 (37)
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Parity Violation Protokoll6 Determination of polarization an heli
ityThe polarization is:
Pc =

E

f · Φ−
c

Φ0

=
E

2
26 · 0, 52 = 25 · E (38)The fa
tor Φ−

c

Φ0
has a systemati
 error of ∆Φ−

c

Φ0
= 0, 05. So now we need both errors. The statisti
error is:

σPc
=

σE

f · Φ−
c

Φ0

(39)The systemati
 error is:
∆Pc =

√

√

√

√

√

(

∆E

E

)2

+





(

∆Φ−
c

Φ0

)

Φ−
c

Φ0





2 (40)So we get the following values for the polarization:method 1: Pc = 0, 7585 ± 0, 0343 ± 0, 252method 2: Pc = 0, 7595 ± 0, 0315 ± 0, 138
(41)�nally we 
an 
al
ulate the heli
ity H:

H =
Pc

L
(42)Where L = 0,8 ± 0,15 is the heli
ity transfer whi
h 
an be determined from �gure 2.To 
al
ulate the statisti
al and systemati
al errors, we have to say, that only Pc has a statisti
alerror.

σH =
σPc

L

∆H =

√

(

H
∆Pc

Pc

)2

+

(

H
∆L

L

)2

= H

√

(

∆Pc

Pc

)2

+

(

∆L

L

)2

(43)
So we get the following values for the heli
ity:method 1: H = 0, 94813 ± 0, 0429 ± 0, 3814method 2: H = 0, 94938 ± 0, 0415 ± 0, 2611

(44)If we 
ompare method 1 and method 2 we see, that both methods bring almost the same value.We 
al
ulated the heli
ity on two di�erent ways and got a value unequal zero. This means thatthe parity in the beta de
ay is violated.
Gruppe: 108 12


