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Parity Violation

Prediction & Observation

PHYSICAL REVIEW VOLUME 104, NUMBER 1 OCTOBER 1, 1956

Question of Parity Conservation in Weak Interactions*
T. D. LEE, Columbia University, New York, New York
AND
C. N. Yaxe,} Brookhaven National Laboratory, Upton, New York
(Received June 22, 1956)
The question of parity conservation in 8 decays and in hyperon and meson decays is examined. Possible
experiments are suggested which might test parity conservation in these interactions.

Experimental Test of Parity Conservation
in Beta Decay*

C. S. Wu, Columbia University, New York, New York
AND

E. AMBLER, R. W. Haywarp, D. D. HorpEs, anp R. P. Hupson,
National Bureau of Standards, Washington, D. C.

(Received January 15, 1957)

LETTERS TO

4 Their arguments are as follows: From the He® recoil experi-
ment and from Eq. (A-4) of reference 1 one concludes that
(|CAIP+]CA'[H/(|Cr!*+Cr' 1) S 1. Hence, by comparing Eq.
(16) of reference 3 (see also Eq. (A-6) of reference 1], one con-
cludes that the present large asymmetry is possible only if hoth
conservation of parity and invariance under charge conjugation
are violated.

Observations of the Failure of Conservation
of Parity and Charge Conjugation in
Meson Decays : the Magnetic
Moment of the Free Muon*

Ricuarp L. Garwin,t LEoN M. LEDERMAN,
AND MARCEL WEINRICH

Physics Department, Nevis Cyclotron Laboratories,
Columbia University, Irvington-on-Hudson,
New Vork, New York
(Received January 15, 1957)

L and Yang'® have proposed that the long held
space-time principles of invariance under charge
conjugation, time reversal, and space reflection (parity)
are violated by the “weak” interactions responsible for
decay of nuclei, mesons, and strange particles. Their
hypothesis, born out of the 7—# puzzle, was accom-
panied by the suggestion that confirmation should be
sought (among other places) in the study of the succes-
sive reactions

ot (1)

ut—et+2p. (2)

They have pointed out that parity nonconservation
implies a polarization of the spin of the muon emitted
from stopped pions in (1) along the direction of motion
and that furthermore, the angular distribution of
electrons in (2) should serve as an analyzer for the muon
polarization. They also point out that the longitudinal
polarization of the muons offers a natural way of
determining the magnetic moment.® Confirmation of
this proposal in the form of preliminary results on
B decay of oriented nuclei by Wu el al. reached us
before this experiment was begun.®

By stopping, in carbon, the u* beam formed by for-
ward decay in flight of #* mesons inside the cyclotron,
we have performed the meson experiment, which
establishes the following facts:

I. A large asymmetry is found for the electrons in
(2), establishing that our g* beam is strongly polarized.

II. The angular distribution of the electrons is given
by 1+4-a cosf, where 6 is measured from the velocity
vector of the incident w’s. We find a= —1} with an esti-
mated error of 1097.

II1. In reactions (1) and (2), parity is not conserved.

IV. By a theorem of Lee, Oehne, and Yang? the
observed asymmetry proves that invariance under
charge conjugation is violated.

V. The g value (ratio of magnetic moment to spin}
for the (free) u* particle is found to be +2.00=0.10,
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VI. The measured g value and the angular distribu-
tion in (2) lead to the very strong probability that the
spin of the u* is 3.7

VII. The encrgy dependence of the observed asym-
metry is not strong.

VIIL. Negative muons stopped in carbon show an
asymmetry (also leaked backwards) of a~—1/20, i.e.,
about 159, of that for ut.

IX. The magnetic moment of the g, bound in
carbon, is found to be negative and agrees within
limited accuracy with that of the p*.%

X. Large asymmetries are found for the e¢* from
polarized u* beams stopped in polyethylene and
calcium. Nuclear emulsion (as a target in Fig. 1) yields
an asymmetry of about half that observed in carbon.
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Fi1c. 1. Experimental arrangement. The magnetizing coil was
close wound directly on the carbon to provide a uniform vertical
field of 79 gauss per ampere.

The experimental arrangement is shown in Fig. 1.
The meson beam is extracted from the Nevis cyclotron
in the conventional manner, undergoing about 120° of
magnetic deflection in the cyclotron fringing field and
about —30° of deflection and mild focusing upon
emerging from the 8-ft shielding wall. The positive
beam contains about 109, of muons which originate
principally in the vicinity of the cyclotron target by
pion decay-in-flight. Eight inches of carbon are used
in the entrance telescope to separate the muons, the
mean range of the “85-"Mev pions being ~3 in. of
carbon. This arrangement brings a maximum number
of muons to rest in the carbon target. The stopping of
a muon is signalled by a fast 1-2 coincidence count.
‘The subsequent beta decay of the muon is detected by
the electron telescope 3-4 which normally requires a
particle of range >8 g/em*(~25-Mev electrons) 1o
register. This arrangement has been used to measure
the lifetimes of ut and g~ mesons in a vast number of
elements.” Counting rates are normally ~20 electrons/



Richard Garwin
1928-2025

« Student of Fermi (1949).
* First muon spin rotation experiment (1957).

* Designer of first hydrogen bomb.

« National Medal of Science
* National Academy of Sciences, Medicine, Engineering.
* Presidential Medal of Freedom.

« AAAS Award for Scientific Freedom and Responsibility.
* U.S. President’s Science Advisory Committee, JASON.

* “The most influential scientist you never heard of.”



Pion Production

- Bombard nucleons with other nucleons of
sufficient K.E. to give C of M energy greater than
140MeV/c2.

- Typically, lab frame single pion production
threshold roughly 280 MeV.

 Pion production cross-section rises roughly
linearly with energy to roughly 1000 MeV.

- At higher energies, pion produced in pairs
(>1GeV).

p+p

p+p
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Accelerators
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Pion Decay

Parity violation r

._Q:;>

7 has 1=0

« Conservation of momentum, v and u
travel 180° to each other.

« only left-handed neutrinos.
* muon spin antiparallel to momentum.

* In 7 rest frame, mono-energetic muon
4.1 MeV, p=29.7877 MeV/c.
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» Surface beam mono-energetic (4.1
MeV).

« small beam spot (high luminosity).
e Only positive surface muons.

« Higher energy muons from pions that
decay in flight

P Experiment

 Negative muons <—>

“Backward muons”
* high pressure experiments
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Low Energy Muons
/ The PSI Apparatus for Low Energy SR \

 Conventional
surface muons
have stopping
range of 140 mg/
cm?2

* Thin film samples/
surfaces require
reduced depth
penetration.

Conical




Muon Moderation

' Cold Finger of Cryostat
U=0kV, T~ 4K

Micro Balance
Thickness Detection of frozen
van der Waals Gas Layer

Radiation Shield

Primary u Beam
Ex4 MeV

Muon Trajectories

red: slow , E~ 15 keV
blue: fast, unmoderated 1 |~

Moderator Frame (U ~ 15kV)
Moderator: 370 um Si

Guard Ring (U~ 12kV) |

[ 1st electrostatic Grid (U » 10kV) ]

| 2nd electrostatic Grid (U = 0kV) |




Low Energy Transport
([ Beciosstc rarapor syt of s P owanery 7 ppors I8

MCP Detector

| Electrostatic Mirror]

|Tngger Detector |

ﬁ 'splitted conical lens |

accelerator/deccelerator
and sample position




Muon Trigger

[ electrostatic Mirror (frontside)]

[electrostatlc Mirror (backside) ]

1st zero Potential Grid

2nd zero Potential Grid

“Carbon foil ,
d ~ 3ug/cm

slow muon trajectories
E~ 15 keV

MCA
(Multichannelplate)
for electron - detection




Low Energy uSR- PSI




Initial Muon Spin Polarization

Surface vs. Decay muons

I - |
A A A A A

| +

Wien filter, acts as BN
spin rotator. Typically PN ASAuEie™ ¢
+400 kV for 90 ek

degree rotation.

=

Off-axis tuning of decay beam can

deliver transverse field polarization.
TRIUMF M9H



Muon Decay

Weak interaction: parity violation

v, p
Wt et e+, —<=©: O~ 5
B —e +Ue+v, Ve (2:2u5)

Max Eec= 52.83 MeV.

£=10

<a>=1/3




MSR Technique
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Experimental Geometry

TF-uSR : ZF/LF-uSR




ZF-uSR

B ‘Q
. :

" 1 =sin(0)[o,| .

0z=C0s20 + sin208cos(y,|H|t)
cos20: average time-independent polarization along z
sin20: precessing signal

frequency: yy|H| indep. of 6.

Gy(t)= [ P(H)ozdH



-For isotropic polycrystal/powder/ceramic with well-defined local field:
Gz(t) = 1/3 +2/3cos(y, [H|t)

-Measuring w, = y,|H| vs. T gives order parameter
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ZF/LF-uSR

Absence of magnetism QSL candidates
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Beare et al., PRB 108, 174411 (2023).

Polarization

Polarization
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ZF/LF-uSR .
Field Distributions
Kubo Toyabe Theory for random moments.

Polorizaticn

Approximate field distribution for dense moment
as Gaussian 2

2172
N — L
P(H;) = 27rAe o) SN2 i =xz,Y,2
AQ
— = (H7) = (Hg) = (H?)
Tia
H?  (HZ4H?
G:(t) = / / / H—Z-F( c 7 Y| cos (y,Ht) | P(Hy)P(Hy)P(H,)dH dHydH,

i



STRONG - COLLISION MODEL

Dynamics

Strong collision model

-If fields not constant in time: Strong Collision

Model
*Model fluctuations by assuming local field jumps
instantaneously at timet.  exp(-vt) is probability

of no jump. |
J p ~ kOA VA =Q.] ‘
SLOwW MODULATION

-Field after collision chosen randomly from static o -
distribution, otherwise uncorrelated with original. " as-

Gz(t)*'-&-exp(—%-vt)

t
Got,v) = eg.(t) +v /0 g:(t1)ga(t — t1)dty

t rt
+ 12 /0 /O  0o(t1)ga(to — t1)ga(t — to)dtydtp + . ]



Asymmetry

Asymmetry

WTF- Wipeout
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Aczel et al., Phys. Rev. B 78, 214503 (2008)

Goko et al., PRB 80, 024508 (2009).
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TF-uSR

Type Il Superconductivity
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Vortex Lattice Field Distribution

e—iG-I‘F (G)
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Yaouanc et al., Phys. Rev. B 55, 11107 (1997).

B(r)=Bo(1-b% )"
G

F(G) =uK(u),u*> =2&>G*(1+b4H[1 —2b(1 — b)?]

H =30 kOe H =50 kOe

VsSi
)
€
404 406 408 MO\ g 412 676 678 680 682
Frequency (MHz) 5 Frequency (MHz)



Superfluid density & Vortex Core Size

® (um?)

1/a

T (K)

Normalized Core Size

« Curve is ZF p-wave result.
(Hardy et al.)

* Linear T-dependence due to d-
wave pairing (gap nodes)

- High field flattening due to g.p.’s
at gap nodes.

2.0
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2 376.60

4 NbSe,

Sonier et al.

1 1 1 1
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T/T,

« Weak dependence of £on T

indicates absence of bound
states in vortex cores.



Transverse Field #SR
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MUON SCIENCE
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