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Phenemenology of weak |IA (charged current)

All particles (except photons and gluons) take part in weak IA.

Massive exchange bosons: W* (m=80 GeV), Z° (m=91 GeV) polarization

Propagator term for massive spin=1 particle: - s _zq_fn _— i
w

For g < my,/m, weak IA is negligible small compared to QED/QCD
(for large q, weak IA comparable to electromagnetic IA)

‘ Observation of weak IA mainly in decays which are forbidden in strong/elm IA
Due to conservation and/or which involve neutrinos
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dominant decay mode at quark level
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Weak IA does not conserve isospin,

strangeness or any other quark
flavour number.

Lepton numbers is however conserved



particle solution W.=u(Ep) pl(PX —Et)
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Spin % particles AT REST have intrinsic partiy P = +1

Spin % particles AT REST have intrinsic parity P=-1
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Reminder of Parity

PW(X,t)=W(=X%,t) P2W(x,t)=W(x,t)

Parity is conserved in strong and electromagnetic IA (to be shown next slide)

-~ —~

Parity and momentum operator do not commute! P;ﬁ = —pP : ,,Operator”
Therefor intrinsic partity is (strictly speaken) defined only for particles AT REST.

If a system of two particles has a relative antular momentum L, total parity is given by:

Parity of W, Z, photon, gluons: P=-1 (result of gauge theory)
[parity of photon and gluons are not well defined, use definition of fields ]

For all other composed and excitd particles (e.g. kaon, proton, ion) use rule (*) and parity
conserving IA to determine intrinsic parity.
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Historical 6/t
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In 1956, parity conservation as well as T and C symmetry was a “dogma’

— very little experimental tests done

P(q) =1; P(q) = -1;

0/T puzzle:
B B RN
g —s oty 0 Pt %) = 41 P(meson) = PyPg(-1)~;
lowest energy, S = 0
T atatrT; PrtwaTtaT)=-1

P=-1

6, T have same mass, same lifetime, however different parity ...

Yang, Lee:
—f0=7=KT

weak interaction violates parity

proposed a set of measurements which

test parity




1956: Lee and Yang:

No evidence for parity conservation
in weak IA, thus proposed set of measurements
on of them was the Wu-Experiment

Wu-Experiment:

(performed by M™® Wu and collaborators)
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Partiy conservation: physics stays invariant under parity conservation

Idea: Check that number of electrons emitted in direction of spin (f) of
®0Co and in opposite direction (-]) are the same.

-

PJ=PFxp)=(Hxp=—J

000 =% Ni* + e~ + 7,

A A
® ® T T
J=5 J=4

Experiment: Invert polarization of ®°Co and compare electron rate in same angle ©

photons are preferentially emitted in direction of spin. Use
photon distribution to test polarization of °Co. (elm IA conserves pa{ilty)

Ni* — Ni+ v



MAIN CHALLENGE: Polarization of ¢°CO

M=5 _
Spin of ©°Co: J=5 &> M=-5,4,...,4,5 } AE =g B

W~ 5.05x10%7 J/T
Population of energy levels follows

Boltzmann distribution:
E
e kgT

M=-5

for AE >> k;T only lowest energy level is populated, however for given
B field in experiment (2.3 T) very low temperatures needed

g factor depends on gitter structure
Example: g=7.5(%9Co), B=2.3T, T=0.003 K

AE
P(m=—4) _ —ﬁ _ ) 60
P(m=—5) e BT = 0.074 — 92% polarized °°Co

Solution Part-I: embedding ®°C0 in a paramagnetic material (B ~ . ; p, ~ 3-4)

still temepratures of T=0.01K needed 5




Adiabatic Colling

1926 von Debye proposed method to create low temperature

Fundamental relation of thermodynamics: | dU=TdS—p dV

1. Step: isotherm magnetisation
- paramagnetic material in helium gas is put into magnetic field
- energy levels are split up, only lower once are populated
- entropy gets smaller: dS <0 - dU <0, helium gas absorbes heat

2. Step: helium gas removed - thermal isolation of nitrit

3. Step: adiabatic cooling
- magnetic field is slowly switched off <
- split off of energy levels get smaller
- system likes to polpulate higher states,
however dU = const due to isolation
- dS gets larger thus T gets smaller

—

Caveat: need magnetic field to
get polarized ®°Co
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How to combine Cooling and Polarization?

Two competing effects needed in the nitrit-crystal to get high degree of ploarization

1) Need high B field and low temperature to get polarization

2) Switch off B field to lower temperature via adiabatical cooling
B field on - warm up, B field off - cool down

How does this work?

Solution: Some paramagnetic material have large anisotropic distribution of g-factors
(artefact of crystal structure, different binding mechanisms)

B field for adiabatic cooling in direction with high g-factor
Thus large split up of energy levels, thus large cooling effect

B field for polarization in direction of low g-factor, thus only little warm up




Requirements:
- 2 B fields in orthogonal directions

- detection of emitted electron
(cover a small opening angle ©)

- detection of emitted gamma
(to test polarization of °Co)

- crystal needs to be located
in helium bath first than in vacuum

Photomultliplier
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. C.S. Wu et al., Phys. Rev. 105, 1413 (1957)
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measure photon
- anisotropy, to determine
degree of polarization

L_ electron rates are different
depending on the polarization!

mmmm) parity violatio

warm up with time

TIME IN MINUTES

>
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J=5

Consequence of existence of
only left-handed (LH) neutrinos
(RH anti-neutrinos)

Wu experiment established CP violation!

It was however not precise enough to measure helicity of neutrino
H ~ 0.7 £ large uncertainties

‘ Goldhaber experiment 17



Goldhaber Experiment

12Eu + e- > 152Sm* + v, 182, I =0
|_> 15 l K capture

Sm + Y 152Sm. +35 Jp 9

5 v (960keV)
ISZSm Jp = O-

Light blue and green arrows indicate possible spin configurations
12Ey J=0: + e 152Sm*, J=1 + Ve
—_—
>

o — )

center of mass system

spin of neutrino is in opposite direction than the one of 1°2Sm¥*,
momentum of is in opposite direction than the one of 1°?2Sm*




Goldhaber Experiment

1528Sm*, J =1
D2Eu + e- 5|12 Sm* + v, <€ ‘
:>
_|->152 Sm +y 152Sm get's small recoil

from photon!

1528 m, J 0
<€
Y

<€ >
2 or _

direction of spin of photon is opposite of neutrino

emitted in direction of Sm* emitted in opposite direction of Sm*

h(y) = h(ve) h(v) = —h(ve)

Two open question: 1) What is the direction of emission of the photon?

2) What is the polarization of the photon?
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To compensate the nuclear recoil, the

photon energy must be slightly larger than 7

960 keV.

This is the case for photons which have

been emitted in the direction of the
Eu—Sm recoil (Doppler-effect).

!

Resonant scattering only possible for

“forward” emitted photons, which carry the

polarization of the Sm” and thus the
polarization of the neutrinos.

. soatteer

foto of exeperiment

/
Ral counted
Fhotomaltipher

Fig 7.8. Schematic diagram of the apparates used by Galdhaber er @l in which y-rays
from the decay of '*°Sm*, produced following K-capture in *“Eu, undergo resonsnce
scatiering i Smz0; and are recorded by a sadium (odide seintillstor and photomultiplier.
The wransmission of photons through the on sumoundisg the source depends on their
belicity and the direction of the magnetic field B.
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Exploit that the transmission index through magnetized iron is
polarization dependent: Compton scattering in magnetized iror

iron in B field

\ i '“Sm —)'”Sm+r }/
I H =

;h E

yv*HQSm_’lSsz.

g ( —>"8m+

Polarization of

¢
b {
M B /» electrons in iron
A s i S
! Photersultigher
il .-- Minimize pot. energy)

!

LH photons cannot be absorbed:

Good transmission

Polarization of
electrons in iron

e —

Absorption leads to spin flip

!

RH photons undergo Compton

scattering: Bad transmission

Photons w/ polarization anti-parallel to magnetization undergo less absorption
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» Due to geometry of experiment, only
resonant scattered photons are detected
Helicity of detected photons identical to
helicity of neutrino.

B field points in flight direction of photons
—> measure fraction of (mainly) LH photons

B field points in opposit direction

— measure fraction of (mainly) RH photons

N_—-N,

6= 0.5(N_+Ny)

= 0.017 £ 0.003

N_ : counting rate with magentic field down
N,: counting rate with magnetic field up

103

» Detect photons which pass trough magnetized iron.
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Goldhaber-Experiment: Result

Result: 6 =+0.017 + 0.003

Theoretical expectation (for 100% polarized photons)

- forh>0

_ —
6 == 0025 ”_I_u for h < O

“—

Only 5-8% of electrons in iron are polarized, thus asymmetry of scattering for LH and
RH photons is very small, thus heavily wash out the asymmetry.

Due to background effects (thermal movements inside the source, polarisation can depend
on angle, ...) expect for pure LH neutrios 75% polarized photons

Measured photo polarisation: 66 £ 15%, consistent with 75%

‘ Neutrino are left handed particles
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Structure of Current of Weak IA

Vertex current of QCD/QED: j=¥Py*¥Y == M~ jij, conserves parity!

How do potential vertex currents can look like?

In order to have a Lorentz invariant represenation of the matrix element, vertex currents

are restricted to be of the form:

P (4 x4) W, where the 4x4 matrix is a product of y matrices

nb of components ,Boson Spin“
scalar Py 1 0
vector NRVERNY 4 1
tensor P o Y Ax4 2
axial vector VAVEVERNY 4 1
pseudoscalar PySW¥ 1 0

ot = i/2(yHyY-y'yH)

SjueLIBAOD Jeaul|Iq

sJeaul|iq JUelIeAUl ZJUJOT
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Test parity of M ™~ jain jAt=uyryt u

P
W=uyytu = ayy0yyou = - ay%yytytu = —ay%ytu = -j,°

=mykySu == uyhyRyyou = uyyOytytu = uyfytu =

M*™ja1inz= jA,10jA,20 _jA,lij,Zk — ('jA,lo) (‘jA,zo) _jA,lij,2k= inlaz
=) parity conservation!
Axial vector currents conserve as well parity
== \Weak IA must be linear combination of axial and vector coupling
Ji = U (8y YW + 8aVMY?) U = 8yiy 1 + Bala J2 = 8ulv2 * Balan
C M~ jus = 8% ivaiv * 8a% iata2 + 8u8aliviiaz +ia1iv2)

8> Jyidya * g2 Jadaz - 88Baliviiaz +ia1lyy) #M === parity violation

relative strength of parity violation: —gz'ﬁ% maximal violation for V-A, V+A coupling

v Tda



V-A Coupling of Weak IA

The coefficients g,, g, must be determined from data. For the Charge current interation
(W exchange) the parity violation is maximal:

weak current: J = -‘I—;—’LIJ‘V“ (1-y )'UJ

coupling  V-A structure

[V+A coupling would result in only right handed neutrinos exist/take part in IA,
in contradiction to Goldhaber experiment]

Projection operator on right and left handed cirality states:

P = 72(1+4y°) P =%(1-y?)
W=W. +W = %(1+y)W + %(1-y°)¥

Remember: QED/QCD vertex: Pyte = (P, + ‘PL)y (op+ @)
= Weyter + Pprlo, + Y yfop + Povhe,
= Pyl -y = P yhe,

Only left handed chirality particles and right handed chirality anti-particles take part
in charged current |A
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*In 1934, before the discovery of parity violation, Fermi proposed, in analogy
with QED, that the invariant matrix element for B-decay was of the form:

My = Grguv [V v vy v
where Gg = 1.166 X 107> GeV 2

*Note the absence of a propagator : i.e. this represents an interaction at a point

* After the discovery of parity violation in 1957 this was modified to
OF _
My = 5 gu [P (1 - P)VIEr (1-7)y]

(the factor of V2 was included so the numerical value of GF did not need to be changed)

* Compare to the prediction for W-boson exchange

My = BT (1 - P B Mgy )y

- 2 2 W
which for ¢ <<mW becomes:

2
My = 8 s, W e [T (1= ][y (1= 7))y

GF gW Stlll usually use GF to express strength
= . of weak interaction as the is the quanti

5 f k interacti the is th tity

V2 Sy 5_..‘.'.‘.?.‘..‘.?.P..T.‘?.‘ii.ﬁf’:.')!.f!.‘?.‘.‘.’..'.."l?.'.‘.‘i‘i.‘."...TT?.‘.’.?."...‘.E'.‘?.‘E‘?‘.YE
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* Strength of weak interaction most precisely measured in muon decay

Vi * Here ¢* < my (0.106GeV)

B 5 V * To a very good apprO)fimation the W-boson
u q € propagator can be written
) —i [guv —quqv/miy] _ iguy
¢ ¢-my  my
* In muon decay measure glz;y/m‘z;v Gr g%,
* Muondecay =+  Gp =1.16639(1) x 1075 GeV 2 V2 8m3,

* To obtain the intrinsic strength of weak interaction need to know mass of

W-boson: my = 80.403 +0.029GeV

3 2
gw  SmyyGg 1
a T s cmmm— T —— T e—
= YT 4T aar 30

The intrinsic strength of the weak interaction is similar to, but greater than,
* the EM interaction! Iti |s the masswe W-boson in the propagator which makes
it appear weak. For q > mW weak interactions are more likely than EM.
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