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‘Photoprodu:tién of p-pairs has been measured recentlyl with the aim of
further probing the theory of quantum electrodynamics as applied to muons. A
symmetric experimental arrangement as used in these measurements offers two
advantages:2

1)  In both Bethe-Heitler diagrams (la) and (1b) the virtual muon is equally
" removed from its mass shell by a space-like amount (k - pi)z - mua ~ -KESZ
corresponding to = - (450 Mev)2 for the extreme energies and angles of
the reéently reported observations. These diagrams can be computed
to order Ze3‘and expressed in terms of measurable structure factors for
scattering, elastic or total inelastic, from nucleons or nuclei.”
2) Interference of the Bethe-Heitler with the virtual Compton diagrams
(1c) venishes identically for the symmetric arrangement and the sguares
of the Compton amplifudes are estimated to be negligibly small for this
condition in which momentum transfer to the nucleus 1s very low.
In this_ietfer an extfemely assymmetric‘kinematic condition for photoproducing
p-pairs is discussea for probing electrodynamics, as well as, possibly for
studying the photoproduction of vector resonances. This arrangement 1s designed to
be of maximum edvantage to electron linacs which provide beams of electrons and
photons with véry high currents but in short pulses that hamper coincidence -
-relative to singles counting experiments.
We consider photoproduction of p-pairs with all of the energy concentrated
on one member of the pair which is detected'while the other one emerges almost at
rest -‘ife. with nonrelativistic energy. We have in mind specifically the
photoproduction from‘hydrogeﬁ, deteéting the p~ with an energy E_ within = 40 Mev

of the maximum possible energy. Since photoproduction of only a single n~ from



hydrogen is excluded by charge consérvation this region is not kinematically
available to aidecay " from a n~ which at lower energies swamﬁs the events
of interest.
In the limit of low momentum p, for the undetected put, —i.e., to leading
m

ordér in p+/mp ~+0 — and in the high energy approximation, 75 —+0, the Bethe-

Heitler formula beccmes

do @ p k 62 k2/mi

T = = 3
dE_d0. 2 m> [% + 3(62 k2/mi)]

This cross section is approximately equal to o = %(EEV) em?  for p 's emerging

with an energy O <k -m - E_ < 40 MeV into a solid angle of ~£§Z%§§7- millisterad
: e

about the peak angle of the angular distribution at 6. = .7 (m“/k) a iﬂ%gi; :
The corresponding counting rate presents a possible if difficult experimentefor
the Stanford»Lingcs at 1 BeV (Mark III) and at 10 BeV (s1AC).
We comment on several interesting features of (l) and corrections to it:
a) The two Bethe-Heitler diagrams (la) and (1b) must be added together to
give a gauge invariant amplitude and any statement about the amplitude
. cor}esponding to aﬁ individual graph depends on choice of the gauge.
However, it is useful in assessing the value of an experiment such as
proposed here to probe'eiectrodynamics to determine what momentum transfers;
or virtual muon propagator masses, are contributing. In the laboratory
system of reference and in transverse gauge for the incident photon
both diagrams contribute comparably. In (la) the intermediate p
propagator is removed‘from the mass shell by (k - p+)2 - mi = -2km

M
while in (lb) it is much closer to the mass shell with

‘ k2

kK - p.)2 -m®=-m®{1+6% —
( P ) mu TR - -
!
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Howevef the virtual Coulomb scattering from the proton in (la) occurs

et an energy of ~k whereas in (1b) it is at the reduced energy of

~ mu. Since the momentum transfer to the proton is the same in both
diagrams and, for a fixed momentum transfer, Coulomb scattering increases
as k, the two factors of k in the numerator and denominator compensate
each other leading thereby to comparable amplitudes.4 We conclude

from this that measurement of (1) is sensitive to possible electrodynamics
modifications for muons removed from the mass shell by ~ - 2km“. For

k = 1 Bev fhis corresponds té a mass of - (450 Mev)2 as achieved in
recent coincidence experimentsl at > Bev, and at k = 10 Bev, a probing
to masses of - 2km“ = - (1.4 Bev)® will be possible.®

The virtual Cohpton terms interfere with the Bethe-Heitler amplitude

but are estimated to be negligibly small for the above conditions.
Firstly ohly the real part of the Compton terms are in phase with and
will interfgre with the Bethe-Heitler ones. For Compton scattering of
real photons the forward amplitude, as is relevant here, is given by

the Thomson limit at threshold plus a dispersion integral over the

photon absorption cross section

V4 /7

> 2 ag ((.D ) dw

Re £ (0,0 = - S+ £ p = (2)
¢ on® o’? - w®

The principal value integral contributes only as a result of the energy
variation of Uabs(w/) from an observed high energy approximately constant
value of 350 pb. Inserting its threshold variation and observed resonances

we estimate it to add to the Thomson amplitude an increment of less than 30%.



Using then simply the Thomson limit, -ez/M, we .compute the inter-

ference terms and obtain a correction factor to (l) of

m2

1 - -+ [1 + k2 ef/mzj (3).
KM S
thch comes to 1;5% at 1 BeV and 0.15% at 10 BeV for 6_ ~ .7 mp/k ‘as
considered above. ‘

Whereas it is important for (3) to be a small éorrection factor to (1)
in testing quantum electrodynamics, virtual Compton scattering and photoproduction
of vector "heavy photon" resénances is in its own right a topic of great interest
and importance. Proposals for -directly measuring this amplitude as well as
experimentally limiting its correction to (1) are discussed in the following.
In concluding this discussion we note that thfee additional corrections to (i)
must be included before applying it as a quantitative formula. Thése are the
kinematic corrections due to proton recoil and due to finite velocity of the
slow p+, Coulomb distortion of the final slow ut  wave function,. and especially
the radiative correction appropriate for the experimental resolutions.

Turning next to the virtual Compton terms we note from (1) andb(B) that
the Bethe-Heitler amplitude vanishes at 6_ ='O since there is no transverse
current in the I —0 limiﬁ. The cross section to produce the high energy
uw oas 6_—0 (< m“/k) will come fram the virﬁual Compton process as well as from
corrections to (1) due to finite momentum of the slow u*. These latter can be
computed directly from the Bethe-Heitler formulé and to leading order in p,

correct (1) by the factor

'r 1 1 pi/mi -pf/mi

1 --p%n® -~ . = - ; s +
Ve 2 3 [% +2 k% 6%/n2 | [% +3 K® ef‘/mﬂ

(%)



Contributions from the virtual Compton terms (lc) can be estimated from the
recent theoretical discussions® and measuren;ents.7 Although reliable quantitative
predic?ions are not possible it is sﬁggested that at incident photon energies
appropriate to vector resonance photoproduction these contributiqné will be
enhanced and observable. The kinematics for such events are as follows: We
detect a u at @ - 0° with essentially all of the incident bhoton energy - i.e.
k - E_ < “n} Tﬁis means that the virtual intermediate photon of energy = k
has "mass" = VEEEZ’ which is to equal that of a vector resonance, m_, such as
po,-w, or ¢ for example; i.e. mvg = 2kmu. A@ this energy the resonance, moving
in the forward direcﬁion, decays to a p; which is at rest if emitted in the
backward direction, and all the energy appeafs on the pu_ as detected.

& give an idea of the magnitudes

Two particular mechanisms as computed earlier
anticipated for the virtual Compton terms to produce u pairs via vector resonance
crannels. The one pion exchange production of an w-meson which decays subsequently

to a u pair as in Fig. 2a with the i~ emerging in the forward direction and the

A+
4 emerging with non relativistic energies P, < m“ is

2 2 27 2\3
( do ) 3 Ihyeny | o T (1 Mo /mm )
dE df ~ Lk T bx 2 2 .2 2/ 2y2
==l 8 -0 Cw 7 m M (1 + M /mm ) )
p—k
' (3)
p+/m“—90

2 2
. Lk \/EK—E_) —m, /T m
2y 2 2 2
1+ [(&npk-mw)/l"wmw]

where mp, B T and M are the p, n, w, and nucleon masses respectively,

giN/hn = 14 is the m-nucleon coupling constant, O = 1/137, 7& charactericzes the



rec1procal strength of the electromagnetic interaction of & neutral meson as

introduced by Gell-Mann, Sharp, and Wagner and used in Ref. 6 F '~lO Mev is the

e

total decay width of the w meson and qw _,ﬂ7'~1 Mev is its approxlmate radiative

decay partial width.® At the resonance condition for the w-meson on its mass

shell k = mmz/Emu and (5) reduces to

. ‘ - -
do ' ~ 2% Uy Y | {gnN a2 1 1 . . (6)
aE dQ r b 2 .2 2/ 232 ’
.l 8=-0 W \ Y m, M= (1 + . /mm )
Resonance

To determine under what coriditions it may be possible to detect this process -
Qe compare the cross section (6) integrated over an energy interval m < E -k < mp(l+€)
about the resonance, and over & solid angle d2_ = hx6514/muf>f about the forward
direction, where €, f <1, with the corresponding result from (l) for the Bethe-

Heitler process. Their ratio is given by

. r 5 - 2
g - Resonance _ [eny| 0.4 (L+6)° [ o 7
~ Bethe-Heitler =~ | T = > . >
A S 7w, f jfe M

Whether or not R can be actually detected depends on precisely how far one can

push the limits of energy and angular resolution in present spectrometer designs

for SLAC and on the actual machine intensities that are achieied, The situation

for the w, with me/rwv~ 0.1, and 7w’~1 - 2, is at best difficult. The same is
true if the w is replaced by a po. Recent CEA measurements of the po photoproduction
cross‘eection7 at §2 - 3 Bev show a predominance of lowfmomentum transfer events

and‘a cross section dy—?p ~lQ pwb. If interpreted in terms of a one pion exchange

, 1 ‘
amplitude, this is consistent with I Xy ~ 5 - 1Mev- r qy However,

~ . ~ ’
,Ib_)ﬂn 100 Mev and the smalxer ratio Pp—)ny/r o 1% decreases the ratio’(7)

»

for comparable 7ui~7
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There are, in addition to one pion exchange, the diffraction production
.méchanism (Fig. 2b) as well as pion exchange with production of nucleon isobars;'
- These may be expected® to play an importént role in the 10 BeV energy region and
above. Beyon@ the w photoproduqtion, photoprodpction of additional (new)
vector mesoné-of narrow decay widths will céntribute and may be studied by
running ihrough a range of photon energies k and detecting n~ mesons withA
energy E; >k - m, - 4O MeV in the forward direction. The angular interval
must be res£ricted'to e_ <-mp/k in order to avqid comparabie or larger Bethe-
Heitler contributions although the angular dependence of the virtual Compton
| process is flat throughout the forward cone of half width 9, ~ m“/k. Under
these.kipematic conditions the "large" value of the muon rest mass keeps:the
"intermediate photon" rémoved from the‘mass shell by ~2km which corresponds
to known vector resconances for k ~'3 BeV. What other resonénces as well as
radiative decay widths it may be possible to probe in this way will be
intergsting fo learn. | |

It is a pleasure to thank Professor Sam Berman for valuable‘discussions.
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L. In the transverse gauge the virtual Coulomb scsttering by the muon behaves
here in a very similar way to real Coulomb scattering and these results
obtain.

5. For comparison with the most accurate g-2 measurements of the muon, we-

comment that one can regulate the muon propagator according to

N R A% T
e e =S R

Ward's identity is then preserved by a minimal vertex replacement

\

A
W) A% - (p® - m®)

lﬁ(p) 7, —>ﬁ(p') e
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