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ABSTRACT

A sensitive test of the theory of quantum electrodynemics as
applied to muons is anaslyzed in this paper. The test consists of
photoproducing mu-pairs in hydrogen such that the negative muon is
produced at small angles with respect to the incident photon and
with nearly 8ll of the available energy. The positive muon and
the recoil proton are not detec?ed. The cross section is calculated
from the Bethe-Heitler amplitude treating proton recoil exactly. The
effect of proton structure is analyzed in terms of the two form factors
measured by elastic electron-proton scattering. These form factors
are approximated by & power series in the invariant four momentum q2
transferred to the nucleus.

Rediative corrections appropriate for the experimental resolution
are calculated and are shown to reduce the Bethe-Heitler créss section
by about five per cent. The cross section for muon pairs from the
decay.of known heavy vector resonances is found to be negligible.

The flux of negative muons from the decay of a photoproduced n is
calculated and is shown to be a limiting factor in choosing the

energy resolution of an experiment.



I. INTRODUCTION

In the past few years, the results of several experimenis have
_ cast doubt upon the validity of quantum electrodynamics at small
distances.lfe A new test of quantum electrodynamics as spplied to
muons has been proposed by Drell3 in which ﬁuon pairs are photo-
produced in an extremely asymmetric kinematic condition. In this
paper, a detailed analysis of this proposed experiment is made.

In the asymmetric kinematic configuration, the negative muon
is produced in hydrogen at small angles with respect to the incident
photon and with almost all of the available energy. The positive
muon and the recoil proton are not observed. This arrangement is
advantageous to electron linear accelerators since these machines
produce intense beams of electrons and photons concentrated in very
short pulses. This makes coincidence experiments much more aifficult
than single-particle counting experiments. We choose to detect the
negative muon since, in the absence of neutrons in the target, the

threshold for producing & high energy p by the reaction

y+p—>ﬂ-+n++p

woo+ ;p
is approximately 40 MeV below the threshold for the reaction
y + p—ou + u+ + p. Thus, if the energy resolution of the detection
apparatus is restricted to a 40 MeV region below the u - pair threshold,

any u detected is gueranteed to be one member of a pair. The



production of a single p~ or n  from hydrogen is excluded by charge
conservation. ‘If the energy resolution of the experiment is larger
than 40 MeV, a correction must.be made to the observed counting rate
. to allow for muons from pion decay.

The prediction of quantum electrodynamics for the muon pair
photoproduction cross section is celculated in the usual way from
the matrix elements corresponding to the fwo Feynman diagrams in
Fig. 1. This experiment probes quantum electrodynamics at small
distances since the virtual muon in Fig. 1(b) is forced to be far
off its mass shell. If the undetected u+ is non-relativistic,

1/2.

the mass of this virtual muon is = (2mk) The virtual muon in

Fig. 1(a) is much closer to the mass shell with

(k - p_)2 s -mt (14 e_eke/me) .

However, in transverse gauge in the laboratory, both diagrams are
found to give approximately equal contributions. Thus, if the muon
propagator differs from that predicted by the present theory of
guantum electrodynamics for(muons far off their mass shell, the
experimental cross section will be different from thevcross section
calculated in this paper.

The effect of proton structure in first Born approximation
can be completely and unambiguously accounted for in terms of the
two invariant form factors measured in elastic electron-proton

scattering, and GM’ which depend only on the invariant momentum

Cg
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transfer.qg. This is a consequence of the vector nature of the
exchanged virﬁual photon and of electromagnetic current conservation.
Besides approximating the form factors by a power series in q2, no
other approximations are made in calculeting the pair production
cross section to lowest order in @. The method of integration over
the unobserved muon and proton is such that the expansion of the
form factors can be made as accurate as desired by adding higher
powers of q2.

The expression for the pair production cross section in lowest
order in @ is derived in Section II. In Section III, radiative
corrections eppropriate for the proposed experimental situation
are calculated, keeping terms of order 4n (w /m) relstive to
unity. These corrections reduce the cross section by = 5 per cent
for photon energies of x~ 15 GeV and an evergy resolution oflz 200
MeV. In Section IV, an analysis is made of the contribution of
virtual Compton terms such as the photoproduction of vector resonances
with their subsequent decay into a muon pair. 1In Section V, we
estimate the flux of negative pions photoproduced in the target.
These particles can produce a spurious background of muons, and
their presence imposes an upper limit on the energy resolution of

an experiment.



II. DETAILS OF THE PAIR PRODUCTION CALCULATION

The general formula for muon pair production in the first Born

approximation has been derived by Drell and Walecka.h Their formula
includes all nuclear effecte. The set of six invariants which were
choseﬁ for that paper were not éonvenient for the asymmetric kinematic
configuration and a new set shown below was chosen for this paper.
If hydrogen is used as the nuclear target, there are only five inde-
pendent invariants since the invariant mass of the final nuclear
state is the same as that of the initial nuclear state.

Table I defines all symbols used in this paper. We chose the

five independent scalars to be

yl = 2k.p_ )
Yo = 2k-q ,
y3 = 2k*'P ) (l)
yh = 2P‘Z »
2
y5 q ’

where z = p - k. In addition we define Xg = ¥p - ¥ = 2k'p+.
The prediction of quantum electrodynamics for the cross section
for muon pair production can be evaluated by standard techniques

using the two Feynman diagrams of Fig. 1. One finds

3 3 35:

o = o3 d’p_d’p, d°P 1

5% . E T kP
7 - + aq

ﬁh(k+P-P'-p+-p_) va Vi , (2)

~h4a



where

Ky Yy
+ [. 2y 2 + 1 + f‘]
5 5 Ti3¥s T
RO PO |
2% 6i
2
(3)
+ — W (y.) R y +f]
Yy 25 2 "2 795 8
1 2
+ =— [T f
x2[9y5 10 V5 ]
+ L f + f
2 |12 s 3 ’
*2
and where
2
2y _q 2, 2
2 2
2 M 2, 2
Wo(a%) = o (a%) - L5 65 . )
1- /e hME
GE and GM are the usual electric and magnetic form factors for
the préton. In order to do the final phase space integrals for the
positive muon and the recoil proton in closed form, we approximate
wl and W2 as follows :
2 b :
(q)wq(gu +B qa +C q’) (6)
2 2 A -
Wo(a) M (L + By o© + Cpa) . (1)
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The constants fl"~13 are functions of the fixed kinematic

variables and are listed below in units of the muon mass (m = 1).

‘ 1
g, mofi - )
1 (yl

f2 = Mfl + 4

£y = -2y

f, =8 ( - ; ¥y - % y12>
£, = -1,
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. The positive muon &nd the recoil proton are not observed so the
phase épace integrels for P, and P' must be carried out. Since the
proton form factors are functions only of qe; it is advantageous to
change integration variables so that the invariant q2 becomes one of
the new integration veriables. In this way the double differential
cross section dec/dﬂ_ dw can be written as an indefinite integral
in q2. The value of the cross section is then obtained by evaluating
the indefinite integral at the kinematical maximum and minimum of q2
as determined from ko, w , and 6_. Approximating the "form factors"
by & power series in q2 permits one to do the integrals in closed
form.

In terms of the new integration variables, the phase space

intoegrals may be written as

/6313 3 a |
+ a"p' b . _ 2 1
2(D+ —E'_ o) (k+P-P —P+‘P_) - /dq /0' dcpq Wm ) (9)

where @q is the azimuthal angle of q with respect to z = p - K.

~-

The invariant Xy = y2 - yl is the only invariant which depends on
wq and is of the form Xy = d - e cos @q where d and e are functions

2
of q .

Finslly we may write (for the laboratory system)

% o Bl
d ag _ (01 l l . 2 2
ah do_ 2k M Mg 2 2n [z<q_max) - z(qmin)] , (10)
where o
ae 1
£(q°) = /dq2 5= T (ww M“V> )
o q



2

B - - -

A (£, - &) x+ (£, n) €n x 21, + £31, + £,
+ 2T+ f6J_l]

LB [ 2

2l - @) B4 (£, -h) x -2, + £.1 +£,1 +

1‘1 & 7 2 2" 31 T futo

+ f5Jl + f6JO}

Lk 3 2

y—l- (fl'g)'3—+(f2'h)—2"‘213+f312+th1+
+ f5J2 + f6Jl} (11)

e 1 1.0 1

-y.l— [(f,7 -3 g) In x - (f8 -5 h) <+ fgIO Tyt f,10%
* Ty g, 2}

uM2B2 (F -2 g) x4+ (fy -2n)dnx+ £1 +f I +f£ 1. +

¥, 728 8~ 2 971 © *10%0 T f117-1
+f J +f13Jl}

hM2C2 R L

Y (f7-§g)§—+(f8-§h)x+f912ffloxl+fn:co+

LR R ST S 7200 Y - s - - - s =
The indefinite integral Z(x) has been evaluated and is shown below.

+ f 2J + leJol
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where

o 2 Yy | I 5 1/2
d = gq + h'= 2k 9'_.. - —— q - q cos Gk cos8 Qq 3

e
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1/2 1/2
(a " +ba®+c)

n
“/P x dx
s
n (a x2 + b x + 0)1/2
_/ (gx+h)xndx
n (a x2 + b x+ c)3/2

The values of qiax and qiin are respectively the two roots of

it

H
i

oy
It

the following quadratic equation in q2:

2 2z z
L z 0 2 o 2 2 2 2
aQ -1+ =)+ gl |2 (l - M—) (m™ - z7) + 4 (% -z )

B

C @ P20

If necessary, one may easily extend the definition of Z(x) to
include higher terms in the expansion of Wl and We. This expansion
. . -
is the only approximation made in calculating d c/dQ_ dw_ to the

lowest order in (.

(12)



A computer program has been written in SUBALGOL for the Stanford
IBM 7090 to tabulate dec/dﬂ_ do_ for arbitrary values of k_, @_,

and 0 .
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III. RADIATIVE CORRECTIONS

In this section, we calculate the radiative corrections to OB-H
due to both real and virtual photons. These corrections fall into
two categories: and infrared term containing a resolution logarithm
{n(wL/AE) and a remainder term not depending on the resolution loga-
rithm. The infrared term consists of a factor multiplying the Bethe-
Heitler matrix element. 1In this term, proton recoil and proton
structure corrections are retained. The remainder terms are small

(of the order of one per cent) and we have neglected proton structure
and proton recoil in these terms.

The calculation was divided into three parts. In (A), following
‘Yennie, Frautschi, and Suura,f3 we isolate that part of both the real
and virtual radiative corrections which contains an infrared diver-
gence. The sum of these two parts is independent of the "photon mass"
and is of order & {n(w_/m){n(w_/AE)cB_H- In (B) the remainder of the
virtual photon terms are calculated, and in (C) the remainder of the

real photon terms are calculated.

A. Infrared Terms
Of the fourteen virtual photon diagrams in Fig. 2, only diagramsi
t

5v, 6V, TV, 8V, 11V, and 12V contain infrared divergehces. The matrix

elements corresponding to diagrams 11V and 12V may be written as

M, .., + = (M, +M + (M .+ M |
v ¥ Yoy <11v 12V>IR (nv 12V>I‘em’
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where

- Y L
_ie 1 d-%
(Muv * M12V)IR " )t &2 / X

(2r) - k + ie

X

(2p_-4)- (-2p,-1) >
a'y (13)

(4%-2p_+2)(2P42p, - L)

1
Py tkey -m

+ a'y €y v(p+) .
The remainder term (Mllv + M12v>r i, is not infrared divergent.

If we now examine the expression

2
(20 -0),  (20,0),

= 1(;/2 5 2 * ‘ (14)
8x 27 - A+ ie \(£%-2p_-4) & +2p, -1)

we see that one can write

1
+ + + = ’
5 <M5V Moy * Yoy M8v)+ (Mllv * M12V>IR By
where MB-H is the matrix element for the two Bethe-Heitler diagrams

in Fig. 1.

-hna - 1
MB-H q (p ) [ p_ Yy ~ Ky -m &'y

(15)

1
Ty D7 * Ky - m 6'7} v(p,)

The integral OB is not ultraviolet divergent. Since (M5V + M6V

+ . . . . .
My M8V) is ultraviolet divergent and (M + MlEV) is not ultra

11iv
violet divergent, the term (MllV + Mlev)rem must now contain the
ultravioclet divergence necessary to cancel the divergence from dia-

grams 1V, 2v, 3V, LV, 9V, and 10V. We shall later see explicitly

-le-



that this is true.

Of the six real photon diagrams in Fig. 3, only diagrams 1R, 3R,
4R, and 6R contain infrared divergences. As in the virtual photon
case, we may write

(Myp o+ Map + Myp + Mgp) = (MlR *Mgp + Myp * MSR>IR

+ (MlR * Map * Myp * MSR) )
rem
where

M_ +M_ +M_+M =
( 1R 3R 4R 6R)IR

_ e (P'.n _ED T(p ) le 1 .
T\ T )t T ey wy e Y

1
-p,'7 + k7 -m

+ any ey tvip,) (16)

(p_-n P

T ) e

This term is gauge.invariant in both photons and n is tﬁe polari-
zation four vector of the soft photon in the final state.

The contribution of the real photon infrared terms to the cross
section is found by squaring the matrix element and integréting over
the appropriate final phase space. If we cut off the phase space inte-
gral for 4 at {hax = AE and sum over the polarizatiohs of the final

state photon using 2: n.mg = -g, 6 », we get
pol Ve Ve

(MlR ¥ MBR Mt M6R)IR © = aO‘E|MB-H|2 ’ (a7

-13-



where

2
' " m
~ -1 aL r. P,

B = - -
8x°. <£2 . xé)% Pt Pt

(18)

The contribution of the virtual photon infrared term to the cross
. 2 . . .
section is given by EaB‘MB_HI .+ Adding the contribution from both the

real and virtual infrared terms, we get a correction of

o(infrared) = aa(g + Re B)o

B-H

This quantity is independent of the photon mass A and is given by5

2p,'p. 2 2p, *P.
o(infrared) k% <&n< +2 )- l&m(wAi >+-é:-{n<—-%—-> ony - (19)

m + - m

This formula contains only the leading logarithmic terms under the

s 2
condition 2p+'p_ >m .

B. Virtual Photon Terms
The remaining virtual photon matrix elements were evaluated,
keeping only those terms which contributed to order & {n(w_/m)UB_H.
The matrix elements M9V’ MlOV’ MlBV’ and Mlhv were calculated sepa-

rem

rately; MlV’ M3V’ and (M11V> were calculated together over a common
denominator as were MEV’ MMV’ and (&lev)rem. Diagrams 5V, 6V, 7V, and 8V

were considered in part A of this section. The matrix elements

listed below were evaluated assuming

2 2
2k-p+ = 2p+-p_ > -q >> 2kep_=m .

“1h-



The divergent integrals were evaluated using a large cutoff mass A

on the photon propagator. .

rem
2 2
o A - 1
= = -C?-*fn ;Eu(p_) [3’7 "P_'_")' + Ky - m € 7]V(p+)
2 ~ 3(ep,rp-) 2 2p,-p.
Q- - ary key € + 1 - +
") {%ek—ﬂl TR (’ie‘) “(",;é‘)
2k'p 2 2p,'p
ary p-vy €7 {1 ty . L - nalal
s o (5 -2 (e () e (Z)] o0
M., + M., + =
ov T My M12V>rem
) 2
= - 9%-{n 55 u(p_) {6-7 Ty _:1.7 — 277 lV(P+) (20)
q m -
2 2
Moy = = 4a éﬁ u(p-) ‘a'7 P, +lk'7 —m ¢ ]v(p+)
q m
2 2k*p
Q +\~ 1
- :l-é-/&n ( " )u(p_) {a ¥ R IEL eo7]V(P+)
& £a éi T(p ) le- 1 —a (p.)
Mov = ;5 n’ ulp) ey g TRy o m 2T VP
Mgy = ©
My = ©
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The terms

u(p.) 5%%5%&%:%*1 v(p,)

and

u(p.) ak{g§?515€'7 v(p,)

may be replaced by

u(p ) {a-r L €'y + ey L a.-y tvip,) >
- -p,y +ky -m p_ey - k7 -m +

introducing errors of order m/k. We may thus write the non-infrared

virtual photon radiative correction matrix element as

MV = -:gOt u p_) ‘a"y D7 +lk-7 T <7 toey Py - iL('7 -m a.')']V(p+) %
(21)
3(2p ‘P_) 2p “p_ 2k‘p
o + 1 + 1 *
% (HF){ [ (Bk'p,) E] to ( me ) et ( n’ )}

The lowest order radiative correction resulting from the non-
infrared virtual photons is given by the interference ofMV with MB-H'

One obtains

6(2p 'p_) 2p ‘P 2k-p
o(virtual) = %; l[—z§z?5:%— - %}%n (—-iﬁ-:)-w{n <——§¥£>} g (22)

m m
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C. Real Photon Terms
The remaining real photon matrix elements were calculated by
combining the non-infrared parts of diagrams 1R, 3R, 4R, and 6R
with diagrams 2R and 5R into two matrix elements,each of which was
gauge invariant in both photons. The non-infrared real photon

radiative corrections were found to be

L 2w
o(real) = )“"2 £n ( m') kzrlr}* % (k-cn_--m)3 + m(k-w_ ) (k-w_-m) (23)

n

after integrating over the appropriate final phase space for both
the unobserved positive muon and the soft photon.

In addition to the terms mentioned above, several terms of
order O {ne(m_/m)oB_H appeared in both virtual and real radiative
cross sections but cancelled out of the total radiative correction.
The total radiative correction is the sum of Egs. (19), (22), and

(23).

-17-



IV. COMPTON CORRECTIONS

Besideé the Bethe-Heitler process for producing muon pairs,
it is possible that the incidentvphoton can be scattered.by a virtual
Compton process with the resulting time-like photon decaying into
a u+ -n pair. If the inveriant mass of the final muon pair is
close to that of a heavy photon resonance (e.g. p? or w), we expect
an enhancement of the cross section for muon pair production at
that energy. If the p~ is detected at small angles (6_ < m/k)
and with essentially all of the incident photon energy, the invariant
mass of the final muon pair is = (2km)l/2. Therefore, we expect
this process to be most significant for k = mv2/2m.

In the following sections we calculate the production of
musny pairs via vector resonance channels. In (A) the vector
resonance is produced by a one-pion-exchange (OPE) model and in

(B) a diffraction model is used.

A. One-Pion-Exchange
Let us assume the incident photon is coupled to the vector
resonance and the nucleon as shown in Fig. h.'z The 7nvl vertex

has a unique (up to a form factor) gauge invariant form of

(2k)

With this vertex, the coupling constant is normalized to the partial

-18-



width of the process v, —7y + =n.
fsnv m3 m e
1 1 1l b1
Pv -y = S\ /5 140 - (25)
1 m m
n Vl

- We also assume that the vector resonance couples to photons with

the coupling

.

2
(r) = e(v)) . (26)
27vl mvl E\Y S Vl

The inverse coupling constant 1/2 7v is related to the leptonic
1
decay width of the vector resonance by

m

o2 vy mh
r 4 .73 5 |1+ o . (27)
v (0 /hn) m, .

1 1

Near resonance (k = mv2/2m) and for 6 =0, and ®w —k, the
1 - -
cross section as calculated with the OPE model is

r

2 L ~ 5 2 v. »ptu”
a0 _9f 1 TN (B 1 THHE ) 2 1 (28)
aq_dw_ In P"l Ix mVl i mMz (1 + mﬂz /me)e

vhere giN/hn = 14 is the nucleon coupling constant.

B. Diffraction
The present deta on the photoproduction of vector resonances

such as the po seems to be inconsistent with the OPE model while a

-19-



diffraction model seems much more consistent.8 In order to estimate
the cross section for muon pairs in a diffraction model, we use the
Amati, Fubini, Stanghellin19 model of diffraction scattering to
relate the vector resonance photoproduction to observed n-N
diffraction measurements. Usihg this model, we replace-the top
rung of a ladder graph for n-N diffraction with a y-v rung as in
Fig. 5.

The vty vertex has a unique gauge invariant form of
ea(vl) kb(vl) (v

d
m_ €abed 2) k (Vg) . (29)

In Ref. 7T, the top rung of Fig. 5(b) was approximated by

fynw fpnw 1k
me e (c(o) - ¢() [gm'] (30)
m
T
with vy =W, vy = p, and mvl = mV2 = mp . Under similar conditions

but with arbitrary vector mesons (note that the G parity of vy and

Vo must be different), this rung can be approximated by

f f
yrvy vy, _ 12 2 . 4 4
A () ) [l o ey em | OY

n i V2 1 Y
7

The top rung of Fig. 5(a) can be approximated in the forward

direction by
2 2 2,2 ‘
gVB” mV3 [1 + O(mﬂ /mVB)] (32)

-20-



where.

2 »)3/2
1 (gv3nn> hmﬂ .
—ar 12 \7% L - m2 n : (33)

Using Eqs. (31) and (32), we may relate muon pair production
through a diffraction process to the totsl m-nucleon diffraction

scattering cross section by

2
2 r\v -y Vs —+u wo
d g - 9 1 3 %
an dw h(uﬂ)z Pv
- - o V3
mk2 OTE(R) f2 m 2 + m - mu
y N vl:rv2 vl v2 vl A (3&)
m, o Ly ( 2 m2 mh :
1 2 ' b1 Vl v3)

At present, the most likely candidates for the vector resonances
are vy, = p, Vy = W, and v3 = p. 8ince mp'z m s 780 MeV, the resonance

photon energy is approximately 2.9 GeV. At this energy, using

-k

. ~ 2
Dogy ® 0-15 MeV, T o R0, e Jhns 0k, and o 27 mb,

o —py N
the contribution of the diffraction channel is about one percent of

the Bethe-Heitler cross section.
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V. PION BACKGROUND

Another pdssible source of high energy muons is through the

reactions

7 + p—n + (enything)

There are several possible processes by which it is possible to
photoproduce & high energy 1 . The two most likely candidates are
peripheral one-pion-exchange as in Fig. 6(a) and diffraction pro-
duction of a.po with its subsequent decay into a.n+ 7 pair as in
Fig. 6(b).

The cross section for producing negative pions at energy

w > m and angle 6 < mn/w via a peripheral one-pion-exchange

mechanism was shown by Drelllo to be
2 sin2 ] w(k - ©)
dg gw - ae — 3 GT+ (k - ) . (35)
- - 81 (L-PB_ cos ) k T p

+
This formula assumes k - & >> m SO that the velocity of the =
+ +
in the scattering . + p —*n + p is near unity. To correct for

this, we multiply GT+

TP

R O N R(CET R

by

-22-



4

Thus, near threshold, the cross section is

1/2
$2 sin® 6 w [(k-m )2 -m 2] /
o a - - - T
2 2 3 g + (k—(D_). (36)
C-T- 8 (L -B_cos 6) k T p

This formula reduces to Drell's original formula for k - w >> m .
Muons from the decay of these photoproduced pions could entér
the detection apparatus of an experiment and would be indistinguishable
from muons from the Bethe-Heitler process. The difference in the
threshold energy for muons and for pions is approximately 40 MeV.
If the energy resolution of the detectlon apparatus is restricted
to this 40 MeV region, muons from pion decay are kinematically for-
bidden. As one goes below the threshold for pions, the cross section
in Eq. (36) quickly becomes larger than the Bethe-Heitler cross
section. The pion cross section is especially large in thg region
of the 3,3 resonance for the n+p system. If the energy resolution
of the detection apparatus is too large, the number of spurious
muons will be an appreciable fraction qf the number of Bethe-Heitler
muons. Thus, the presence of muons from pion decay puts an upper
limit on the energy resolution of an experiment. |
The pion flux from po decay can be calculated as follows. The
present experimental data on po photoproduction indicates that

there is a sharp diffraction pesk in the forward direction. In
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fact, the cross section can be written as

dc> (do ( o) Bt
—= = [=—= (07) e

Q 0 ’
<d 7P d 70

where t is the invariant momentum transfer t = (k - pp)2

and

B=x9.5 (BeV/c)-z. If this p° then decays into a pion pair with
the negative pion produced at small angles and with all except a

few hundred MeV of the available energy, t will be near its minimum
value t . % - (mpe/Ek)e. We may then approximate the p° production
cross section by its value at 0°. The error is this approximation
is in overestimating the pion flux. We then let the po propagate

to the pnrt vertex with a propagator

2 2 -1
Ep# + p_) - m + impPé] .

The pion decay vertex is given by (p_ - p+)u.

+
After integration over the phase space available to the =

gpnn

consistent with the po propagetor, we find

dzo . §£<00> §_ p_ sin e_ «
dfl aw =~ \ 4 - 2n 2

mp k
(37)
2 2 2 2
bow - m_ + 2nm m - 20w (1-B,) - 2m
X |tan™t _F - P " + tan Lt P r - : I
m T m [
PP P p

for 6 Sm /kand k - @ =1 - bm.
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For k » 15 GeV, 6 < mﬁ/k, and k - < hmﬂ, this cross section
is smaller than that of the peripheral model discussed above by at
least an order of megnitude. At energies and angles larger than
these, the po decay process is even more negligible.

As an example of how the pion background limits the energy
resolution of an experiment, let us consider an experiment at k = 15 GeV
and 6 = 0.2°. The cross sections for n_ photoproduction [Eq. (36)]
and for p~ photoproduction [Eq. (10)] are plotted in Fig. 7.

At 15 GeV, a n will travel apﬁroximately 800 meters before
it decays into a p  (assuming a lifetime of 2.5 x 10-8 sec.). Since
the detection apparatus is unlikely to be more than ten per cent
of this decay distance from the target, only a few per cent of the
photoproduced pions will decay in time for the decay muon to enter
the detector. It is relatively easy to discriminate between pions
and muons at the detector.

As one can see from Fig. 7, the pion cross section is an order
of magnitude larger than the muon cross section for w = 14.66 GeV.
Thus, if the energy resolution of the detector extends from threshold
(w_ ~ 14.88 GeV) to the region of the peék in the n~ cross section,
at least several per cent of the muons which are detected will come
from 5~ decay. If the energy resolution is restricted to approximately
100 MeV below threshold, only about one per cent of the muons will be
from n  decay.

Thus, in order to do an accurate experiment, the energy resolution

must be large enough to obtain a resonable counting rate and small

enough to 1limit the number of muons from pion decay.

-25-



VI. CONCLUSION

In this paper we have analyzed s proposal for a new experimental
test of muon quantum electrodynamics. Such an experiment is now

being conducted at the Stanford HEPL electron linac at 800 MeVll

and another experiment is being planned for SLAC at 15-20 GeV.12

An expression for the pair-production cross section has been
derived and the radlative corrections estimated. The effect of
virtual Compton processes has been shown to be negligible at the
energies of interest to the two experiments ebove. The spurious
background of muons from the decay of pions has been shown to limit
the energy resclution of an experimental test of the theory.

The 800 MeV experiment will test the validity of the quantum
electrodynamic description of the muon propagator at virtual muon
masses of & 400 MeV while the 20 GeV experiment will test the
propagator at = 2 GeV.

It may also be possible to probe for new vector resonances with

mass o (2km)l/2 by varying the photon energy and detecting the muon

decay mode of these resonances.
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Table I. Glossary of Symbols

L.moméntum of incident y-ray = (ko, k)

L-momentum of outgoing negative muon = (w , p )
4_momentum of outgoing positive muon = (w+, E+)

4-momentum of initial proton = (M, 0)
4_momentum of recoil proton = (E', E')

P-P =p +p -k

p_ - k

polarization 4-vector of incident y-ray
proton matrix element = - ie u(P') 7 u(P)
mass of muon

mass of proton

angle between D_ and k in laboratory

large regulator mass in radiastive corrections
photon mass (for handling infrared divergences)
ee/hn ~ 1/137

proton magnetic moment (2.79 nuclear magnetons)
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FIGURE CAPTIONS

"Bethe-Heitler" diagrams for pair production.

Feynman diagrams for virtual photon radiative corrections.

Feyrnman diagrams for reél photon radiative corrections.

One-pion-exchange production of muon pairs.

Rung diagrams for diffraction scattering:

(a) Pion-nucleon

(b) Photoproduction of vector resonances.

Pion background diagrems:

(a) Onc-pion-exchange contribution to s production

(b) Diffraction production of a p° with its subsequent decay
into a pion pair.

Muon and pion photoproduction cross sections at k = 15 GeV

and & = 0.2°.
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