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p-Meson Decay with Inner Bremsstrahlung
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The differential transition probability for the radiative decay of a polarized p, meson with the most general
choice of coupling constants, is calculated and integrated over electron energies. The extent to which this
process may be useful for determining the coupling constants is discussed.

'HE radiative p,-meson decay,

p~ e+v+v+y,

is mainly of interest as a correction to the nonradiative
decay. ' Actual observation of the photon has been
discussed theoretically, ' and it has been pointed out
that an experiment will be difficult as the probability
is only 10 4 relative to the nonradiative process, With
the high p-meson fluxes (10'/min) available from
modern accelerators, however, some experiments seem
to be feasible. It may be of interest, therefore, to know
the shape of the spectrum, as well as the various angular
correlations, in particular those involving the spin
direction of the p meson. One may also ask what state-
ments could be made about the dependence of these
quantities on the coupling constants of the decay
interaction. This question will be considered in some
detail in the following.

Pratt' has shown that from experiments on the
p-meson decay, with or without observation of a photon,
at most ten real combinations of the ten complex
coupling constants can be determined. If the decay
interaction Hamiltonian is written

a= Icsl + Ic.'I'+ Ic~l'+ Ic~'I,
b=

I
Cv I'+

I
Cv'I'+

I
C~ I'+

I
C~'I'

c= IC~I'+ ICr'I'
a'= 2 Re(cs*cs'+C~*C~'),
b'= 2 Re(cv*cv'+C~*cg'),
c'= 2 ReCp*Cp',

n= Icsl —Ice I Ic~l + IC 'I2,
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I
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n'= 2 Im(Cs*Cs' Cr*cr ')—,
P'= 2 Im (Cv*cv' —Cg*cg').

Of these, the last four occur in the formula for the
transition probability multiplied by m, /E, or by the
degree of transverse electron polarization, ' thus are
rather hard to measure. Restricting oneself therefore
to a measurement of the remaining six quantities a, b,
c, a', b', c' one has the following possibilities. The decay
probability of p+ is (neglecting the electron mass)'

dX=p'(3&&2"~') 'x'dxdO~{3(1 —x)
+2p(-', x—1)%Ps.gL1 —x+28(-', x—1)1} (2)

where g =E,/(E,),„=2E,/IJ, , s,= cos(s,p,), y, = elec-
tron momentum, s=muon spin direction, I'=degree
of muon polarization, and p=muon mass. This ex-
pression contains four parameters ~, p, $ and b. Simi-
larly, the decay probabilities dE+ with creation of
longitudinally polarized electrons (+ for right-handed,

for left-handed ones) contain the parameters &o~,

p+, 4., and 8~. These depend on the coupling constants
in the following way:

C~+C,'yg
e=ZI P,o, 4„)~l(f„o;t.),

v2

with Hermitian y matrices and

Os= 1, Ov ——p„, Or ——(1/2iv2) (pity„y„'rq), —

OA $+5+» O~ = 'Y5 =p 1'/2+3'74

the ten real observables are given by'
,'((op+(o )=a+-4b+6c,

pn =
2 (p+&u++ p co ) =3b+ 6c, —

$(v=2($+(o~+$ co ) = 3a'+4b'+14c', —
bg~= ', (bpg~cvp+-8 f ca )=3b'+6c'

*Present address: Carnegie Institute of Technology, Pitts-
burgh, Pennsylvania.' T. Kinoshita and A. Sirlin, Phys. Rev. 107, 593 (1957); 108,
844 (1957).' See N. Tzoar and A. Klein, Nuovo cimento 8, 482 (1958},
where references to earlier work are given.

'- R. H. Pratt, Phys. Rev. 111,649 {1958};see also B. Ferretti,
Nuovo cimento 6, 999 (1957); R. Gatto and G. Liiders, Nuovo
cimento 7, 806 (1958).

'If the expression C;+C yg were to occur in the neutrino
matrix element instead of in the charged-particle matrix element
in Eq. (1), the replacement C8, ~' ~ C~, g', Cp, A' ~ —CA, y'would
have to be made. The sign of our coupling constants C~, C~'
differs also from that of reference 1, owing to their different
definition of y~. If the time-reversal invariance holds, the te
coupling constants are real, but then n'=P'=0, so that only eigh
parameters can be measured.

(3a)

,'(n+ a& ) =a' 4b'—+6c'—, —

2 (&+~+ p & )= 3—b +—6c i
(3b)

—', ()~a&+—$ ~ ) = 3a 4b+14c-, —
g(b+$+n+ —b $ (u )= —3b+6c.

The four quantities (3a), which are not associated
with the electron polarization, have been measured with
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reasonable accuracy. '' Two more measurements in-
volving the longitudinal polarization of the electron
are necessary to complete the determination of the six
quantities a, b, c, a', b', c'. A qualitative determination
of -', (o)+—o) ) has been made' in order to establish the
sign of this quantity.

In principle, measurements of electron polarization
may be replaced by measurements of the radiative
decay. It turns out, however, that the main features of
this process depend sensitively only on the quantities
(3a). Only the photon angular distribution with respect
to the p-meson spin exhibits an appreciable dependence
on a parameter )( which is equivalent to —', (o)+—o) ).
The dependence on the parameters o), p, (, and 5 can
provide a con6rmation of the values of these quantities
obtained from the nonradiative decay. Alternatively,
one may say that the general theory, together with
experiments on the nonradiative mode, gives an almost
de6nite prediction for the radiative decay.

In the calculation, we neglect the electron mass. The
photon spectrum appears proportional to E~ 'dE~, and
thus has the shape of a bremsstrahlung spectrum with
an infrared divergence, which is removable by inclusion
of virtual photon corrections. The asymmetry consists of
terms proportional to s, =cos(s,p,) and to s~= cos(s,q),
where q =photon momentum. Angular correlations
between the electron and the photon contain certain
dominant terms proportional to (E,E~—y, q) ', in
which the electron mass cannot be neglected, and which
show a strong forward emission of the photons with
respect to the electrons. To avoid contamination by
real bremsstrahlung from the electron, photon energies
higher than the energy of the corresponding electron
should be selected in the experiment. The higher
spectral components of the photon, although of smaller
intensity, will exhibit a greater sensitivity to the
coupling constants, as observed by I.enard. s Intro-
ducing y=2E~/p, we obtain for the radiative decay
probability of p+ mesons (summed over the photon

polarization s):

6=1—cos(p„q), and the F are functions of x and y,
given in the appendix. We introduced two new pa-
rameters q and ~, which compare with the old parame-
ters o, 8 as follows:

(1——s'p)o) =u —2c,
(5 )

r)o) =8+2cl
—

s (1——s5) $o)=a' —2c',

«$o) = (),'+ 2c'. (Sb)

)lRo
10

p~0.75——g-0.68

OQ

10

10

5

The two-component neutrino theory gives the values
p=8= 4, and a universal V—3 interaction suggests in
addition

~ $~ =1. The present experimental values are
p=0.68&0.02,' 5=0.58&0.06,' and ~$~ =0.89&0.11.'
In this last reference, evidence is also given that positive
muons are produced with 100%%uo polarization in m decay,
and that they do not get depolarized when stopped in

graphite or in metals.

dX~=e'ys(3X2"ns) '(dxdy/y)dO, dQ~Z,

Z=~(«y(1 —») (2ns+« —nr)

+r)(2ns —2nv+nr) &Pg P s),$nv~
I(:=e,y

', (1 4s5—) (-2ns—'+5nv' nr')—

(4)
10-'-

where
+)((2ne" 2«'+nr —')5), (4a)

2

n, (k}—Lg+ (2/psg2)5 1P ((k)+P ((s)+gP i(k)

+5'Fs'(s) (i=5, U, T); (4b)

M. Weinrich, Nevis Cyclotron Laboratories, Columbia Uni-
versity, Report CU-151-58-0 R-110-Physics (unpublished).' L. Rosenson, Phys. Rev. I09, 958 t'1958).

'Culligan, Frank, Holt, Kluyver, and Massam, Nature 180,
'?51 (1957).' A. Lensrd, Phys. Rev. 90, 968 (1953).
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Fzc. 1. Angular correlations of electron and photon for un-
polarized p mesons. The scale is relative to the nonradiative
decay.

9 K. L. Crowe, Bull. Am. Phys. Soc. Ser. II, 2, 206 (1957).
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go backward with respect to the incoming muon. "For
this situation, the quantity R=—E., was plotted in Fig.
2 os 6 for y=0.7, g=O, and p=b=oo (again integrated
over dx), and for z=O (a'=0, two-component theory),
0.25 (a'=b') and 0.5 (a')&b') T.he curves differ by up
to 16% (around 6=1) between the extreme cases.

The diGerences may become accentuated if only the
highest energy electrons are selected, as suggested by
the larger asymmetry of the more energetic electrons in
nonradiative decay. But this would probably make the
experiment too difficult.
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Frc. 2. Angular distribution of photons for electrons observed
along the muon direction, and fully polarized positive muons.

ln Fig. I we plotted the quantity

dlV, q (dE
~l

&dydQ, ,dQ, ) EdQ, ~

where the integrations over the electron spectrum dx
were performed, for unpolarized muons (F=0, R=—Ro),
vs 6, for y= 0.5, 0.7 and 0.9, and p =0. Two values of p
were chosen, namely 0.75 and 0.68, for which the two
curves differ by up to 4% (around 6=0.5).

Experimental values 4 for p and 8 do not imply the
two-component theory, but only that a= 2c, a'= 2c', or

(a/b), (a'/b')

1+(a/b) 1+(a'/b')

Both parameters can then vary from zero (the value
for two-component theory) to —.', . Actually, Eo turns out
to be practically independent of p. This can be under-
stood, as in the factor of g, 2ee —2nv+er, the leading
terms F ~' cancel each other.

To plot an angular correlation involving the spin of
the muon, we chose a coincidence experiment where

p, lip„, and the angular distribution of the photon is
observed with respect to the incoming muon. Re-
stricting ourselves to positive muons, we can set
IF(l =1,' and also

pi,/P. , —

APPENDIX. THE FUNCTIONS E

-',F P=8[y'(1 —y)+xy(2 —3y)
+2x'(1 —2y) —2x'j,

—2o Foa =4[—xy (2—3y') —2x'(1—
y —3y')

+2x'(1+2y) j,
—;FP= 2[x'y (2—3y —3y') —x'y (4+3y) J,

-'Foe ——x'y'(2+y).

(Se): -', F P'=8[xy(1 —y)+x'(2 —3y) —2x'),
Foes 4[ xo(2 y

—2y')+x'(2+3y) j,
o2FP'= —2x'y(2+y),
gP Se 0

(S'7): —;FP~=8[yo(1 —y)+*y(1—2yl —xoy),

-,'Foe& =4[—xy'(2 —3y) —x'y (1—4y)+x'y j,
—;Fg &= 2[x'y'(1 —3y) —2x'y'$
&P Sy —

gas

F gv ——8[y'(3—2y)+6xy(1 —y)
+2x'(3 —4y) —4x'],

Fov= 8[—xy(3 —y—y') —x'(3—y —4y')

+2x'(1+2y) ],
Fy =2[x'y(6 —5y —2y )—2x y(4+3y) j,
F,v 2x'yo(2+y)

(Ve): F P'= 8[xy(1—2y)+2x'(1 —3y) —4x'j,
Fo '= 4[—x'(2 —3y—4y')+2x'(2+3y) $,

Fgv'= —4x'y(2+y),
p Ve 0

"Garwin, Lederrnan, and heinrich, Phys. Rev. 105, 1415
which follows from the fact that the electrons in p, decay (1957).
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(Vy): F tv&=8Ly'(1 —2y)+xy(1 —4y) —2x'yj,
Fo &=4[2xys(1+y) —x'y(1 —4y)+2xsy7,
Ftv& =2Lx'y'(1 —2y) —4x'ys$,

Fsv&= 2x'y'.

(2'): F-r'=8I y'(3 —y)+3xy(2 —y)
+2x'(3 —2y) —2x'],

Fo)'=4l —xy(6+y') —2x'(3+y —3y')

+2x'(1+2y) j,
Ft =2Lx'y(6 —Sy+y') —x'y(4+3y) j,
Fs'= +y'(2+y).

(Te): F P'= —8f xy(1+3y)+x (2+3y)/2xsj,

Fo '=4l x'(2+3y+4y )+x'(2+3y)),
FP'= —2x'y (2+y),

P Te—0

(T~): F-r"=—8l y'(1+y)+xy+x'8,

Fo 7=4Lxy'(2 y)+ x—y(1+2y)+ xy$,

FP&= —2Lx y'(1 —y)+2x'y j,
FP'r =x'y'.
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The ionization loss by cosmic-ray p mesons in helium gas has been measured as a function of momentum.
The ionization loss was determined with proportional counters and the momenta were measured by a mag-
netic spectrometer which resolved particles in the momentum region from 3.3 Bev/c to 140 Bev/c. It was
found that helium gas at 2.7-atmospheres pressure exhibits a density-eRect saturation of the most probable
ionization loss and that this saturation is complete at a p/1Mc value of about 200. Under the conditions of
normalization used in this experiment, the value of the ionization loss at which the Fermi plateau occurs is
1.28&0.04 times the value at the minimum. This is in agreement with calculations based on the Sternheimer
theory for the particular counter filling used in this experiment.

I. INTRODUCTION

HEN a fast charged particle traverses matter it
loses energy by its interactions with the atoms

of the material. Two of the ways this loss is observed
are by the ionization and, in some cases, the Cerenkov
radiation. Attempts have been made to calculate the
dependence of these energy losses as a function of
momentum. ' " The principal results of these calcula-
tions are in good agreement with experimental observa-

t' Work supported in part by the U. S. Atomic Energy
Commission.

* Submitted (by REL) in partial fu1611ment of requirements
for Ph.D. degree from Yale University.

f Now at University of California Radiation Laboratory,
Berkeley, California.
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tion. " '4 However, in the region of high momenta it is
uncertain how much of this total energy loss manifests
itself as ionization and how much as Cerenkov radia-
tion. Sternheimer, ' in his treatment of the density-effect
corrections to the Bethe-Bloch calculation, has sug-
gested a method to compute this division of energy
loss. In order to make an experimental comparison an
experiment has been performed using high-momentum
p mesons of the cosmic radiation, measuring their most
probable ionization loss as they traverse a quantity of
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