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\ ABSTRACT
Thirty-five directly produced electron pairs have been observed by

following 150m of 150-GeV-muon track length in nuclear emulsion. These
T

- pairs have been compared with the pairs produced by 200 CeV protons‘and
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15.8 GeV/c muons in terms of their (i) total energy distribution, (ii) the
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fracticnal transfer of the primary energy to the pairs, (iii)'the energy

A

partition between the two members, (iv) the angular divergence, (v) the

invariant mass of the electron pairs, and (vi) the net transverse momentum
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distribution of each pair. Present theories disagree with the experimental

‘AN 2 31975

results.

In order to test the'pfedictions of the theories based on quantum

)

electrodynamics at small distances, recently we reported the direct-eleciron-

pair production from the Coulomd field of an emulsion nucleus by 200 GeV

>

protonsl from the Ferni. Laboratory and 15.8 GeV/c muonsz fromvthe.BNL.' Fron

3-6 , ' . ' .
the predictions for electron pair production

most of the present theories)

R . .
are quite similar. They all conclude that the pair production cross section
depends oa the ratio y(=E/m) and not on E and m separately or on the type of .
incoming particle. _In order to check the independence of the'type of inconming

1,2

particle, we performed the above stated two experiments with two different

primary particles, with their y factor not too different from one another. In
both cases we found that the experimental results are no’ represented very well
by any present theories. The total cross section for direct pair production

by muons at 15.8 GeV/c (yI150) indicates a discrepancy of approximately twice
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Bhabha's modified6 cross section, while for 200 GeV protons (XZZOO)? the
. | -
discrepancy was greater than 5 times Bhabha's modified cross section. Thus,
in these:two experiments'the Cross sectioﬁ values {for small regions of Eo
differ by a factor of at least two and one-half. We may poiunt out that
nuclear emulsion has a 1arge;detectibn efficiency for low energy particles
and we have detected électrons with kinetic energy "1 MeV. Ihe.total cross
.‘sectioﬁ given by RacahA is in close agreement with the Bhabha's modified
theory. : Bﬁt the theory of Murota et al.5 gives a slightly higher cross
section than the modified Ehabha'é theory6 for a given primary energy in the
sane region of transferred enérgy. All the abbveitheories have beeﬁ coinputed
undexr Bomm appro#iﬁatioﬁ and have neglectedvtha nqciéqr recoil and the_extendf
shaée ané structure of the target particies which maf be essential to include
at such high enefgies‘to explain tﬁe resulfs of our_tﬁo previous eﬁéeriments-
Iﬁ order to check thé v#lidity of the present_theories for the direct ~/
electron pair production at still higher Y'valués; we uéed'ﬁuons at.150 GeV
(y21420), about ten timés higher than.our'previous muon cxperiment, from the
Fermi Laboratory. This is the.highest muon energy available from the pre;ent
accelerators. wevmay point out that in order to get the same value of v from‘
' a‘proton beam, we would have to use Ep:l.S TeV which is at'the‘présent time o
poséible through colliding beam experiments. For direct eleétron’productiqn
we have already stressedzlthe Pncertainty, the unreliability and the contra-
dic;iﬁg results of the previousl? performed experiments'with cosmic ray muons.
We have also pointed out thg scarcity of such muon experiments from accelerato
beans at high energy. 1In tﬁe past there have been a number of expariments wit

12 . s
electron beams at low energies but forhigh energy electrons one has to

correct for bremsstrahlung pairs, which is a very dominant process, and this
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increases with the iacrease of the electron energy. Dirxect electron pairs

cannot césily be distitguished from the bremsstrahlung pairs, hence muon
particlcé at high en:rgy would be ideal for the present studics which we
shall describe as follcws.

We exposed a smill stack of 15.pellicles 6f,G«5 emuléionfof dimensions
10cm x 13cm x 600 ym tc a monoenergetic_be;m of }50 GCeV positiv; muons

parallel to the emulsica plane. The coatamination of the pions in the muon

. beam was very small. At a dista@ce‘of 0.5.cm from the edge of the plate we

picked up a track paiallel to the primary Beam.at about halfway up from the

bottox= of the pellicle and followed it with others along the x motion of a

Koristke microscope stage.at -an average speed of about .15 em/hr. For caref:

stddies*at such a high =nergy, we kept our 5canding sbeed slow. Whenevér
an. intéraction was otée:ved, the parent track was rechecked for its ﬁaralle‘
with the otherx begmutra:ks'foilowed'iﬁ'tﬁe‘same field of view. We followed
a total of 150m 6f tiack'iength. A1l the apparent knéck—on'eleptrons wvhich
not satiéfy the gnerg§~unglé relationship for a two-body process were examir
very carefully for a second low energy track for a possible electron trident
The stringent criteria igr eliminating spurious e#ents and for acéepting eve
for electronfpositfon pairs vere folloéad as diécussed earlierl’z. Thus,}éf
careful separation of electron pairs f;oi thé other three-pronged événts (i.
inelastic and bremmsstrahlung events, etc.), we found 35 direct‘electton~
positron pairs. The scinning efficiency was 98%. Thus, the mean free path

for electron pair proluction in nuclear emulsion for 150 GeV muons was A

; pair
4.26 + 0.7 meters wita céair = (29.8 + 4.8 )mb. ~+.* For 200 GeV protoas
(vz200) A . =17.8+F 2.9mand o _, = (7.1 + 1.1) mb, while for 15.8 GeV/«
pair - pair - .
i X o = A - N = ’ o . The o) ~
(yZ149) muons lpair = 14.0 + 3.1 m agd Opair - (9.0 + 1.9)uwb.. The encrgy

. '.. 2
of the electron track; vas measurad by nultiple coulomb scattering . The
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feliability of -the method was checked by meésuring the knownxmomenta from an
angle of.emission ofbknockmon electron513 having a spectrum of momenta
representative of those measured for pairs: Because of‘unsuitable physical
conditiéns of the emulsion in th2 vicinity of the electron pairs, the energy
determination qugitheq one o:nboth‘of the tracks from three of the electron
pairs was not dgpendablq and bence‘these events are excluded from our discuss
thrgughout this paper. In Fig. 1(a) is shown the exéerimental histogram of
the total energy transferred to the electron pairs with scattering measuremen:
errors ~“124. The energy values were corrected for all other observed exper—
mental errorsl. In the energQ'distribution of thé:electron pairs about 752 o
thg events are produced with EO§]25MeV, wheré E0 = El + Ez.is the total energ;
of fhe electron pair (E1<E2): Eé<mczyf725MéV. Iﬁ Fig. 1(b) the histqgram sho

the electron—pair energy up to 800 MeV with <E > = 217 MeV, and this is compar”

T
with the thedreticai histogram given by the modified Bhabha's thedry6 for
2mc2<Eo<ymc2, whétc.f21420 for 6ur experimentalréna mc2 is the fest ﬁass of &
electron. All the theoretical curvgs.herelare,normalized to our expgrimental
data and the theory does'nop fit well with thegbbserved'data,vespe;ially for
the low energy values. ?hé total cross section calculated by this theory for
the range E <725 MeV is ;94ﬁb which is abéut 4 éimgs larger than the experime:
va;ue observed for the sama fénge of Eo. In order to facilitate further
comparison with the theory, we plot ia Fig. 1(c) the fractional transfér of
primary enexgy to thg elecgﬁon pair, ile., R = EO/EP wvhere Ep = 150 GeV. Ve
notice that the data do not agres with the theory, while tha expevimental
observation of R aé 150 Ge& muon in Fig. (c) does agree within the statistica’
errers with our exéérimental data‘observed at 200 QeV proton andv15.8 GeV mdo‘_’
shown in Fig. 1(d). In Fig. 1(e) and 1(f) are shown the experimental histogr:

- of the imbalance ratio R = E1/E§ for Eo§725MéV and E°>725MeV, respactiQely.
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The theoretical curves were calculated from Eq.(31) of Bethe and leitler

for < > = 217 and 1105 MeV, respectively. In Fig. 1{g) we evaluated the
- o g

angular divergence w of the electron pair in terms of Borsellino's

15

characteristic angle™ w, = E me /1 - The  calculated errorlB.in the space

12"
angle is less than 5%. The theoraticalfcurve is calculated from Eq. (14) of
" Ref. 15 in which we used from our LYOLII@DHLS the overall average value <Eo>
411 HeV and the imbalance ratio R = 0,33. The theoretical curve gives
approximately the shape of the experimental data. Similarly, in Fig. 1(h) i
shown w/wo for the experimental data of 200 GeV proton and 15.8 GeV/c muon
which also»agree; with the data of the 150 GeV muon. The average <m/wo> are
(2.45 + 0.36), (2.30 + 0.54) and (2.39 + 0.41) for 150 GeV muon, 15.8 GeV/c
muons and for 200 GeV protons,_respectively. In Fig. 1(i) is shown the

experimental data for the invariant mass Q = (E ~p )1/2

distribution for th:
electfon pairs inaunitsof 2mc2 in the center of mass system of the electron
'positron, wvhere p is the tot%l.momentum of the pair, <Q>,= (3.22 + 0.54) MeV
for the present experiment and for 15.8 GeV nuon and 200 GeV proton, <Q> =
(4.3 + 1.0) MeV and (478 iTO.S) MeV, respectively. For events‘with EOE725
MeV, the values of Q are plotted in Fig. 1(j). For these events, the averag:
ivalue of the eneréy obse;vad for the electron pairs is <E > = 217 MeV. The
theoretlcal curve was fitted to this dLstrlbutlon for thls average value of °
We see that the theoretical value is much larger as compared to the obsexrved
~data for small Q values. In Fig. 1(h) isvshown the observed Q values for th
200 GeV protons and the 15.8 GeV muons for the entire range of their observe
energies. The distributions in Fig. 1{i) andll(k) are approximately didentic
within their statistical errors. Iﬁ Fig. 1(2) is shown the p, distribution

each electron pair for 150 GeV and 15.8 GeV/c muons and 200 GeV protons. A’

"these three distributions are ideatical within their statistical errors. Ti
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value for <pt>pqir = (4.05 + 0.6) MeV/c, (4.9 + 0.8) MeV/c and (3.6 + 0.8)

MeV/c for 150 GeV, 200 GeV and 15.8 GeV/c beams, respectively. More than
50% of'the events fall in the region gf p£<4MéV/c, with an upper limit
pt‘25MeV/c. In order to see if”thé'mass of‘the incoming particle has any
indirect effect in the production cross section of electron pairs in the
same target, we plotted in Fig. 2 the mean free path A(cm) against y(=E/m)
fof our data élong with the data of other investigators % using nuclear
enulsions, We find that all electron data can Be represented by the relatio

P = a(y)b. vhere a = (12.22 + 2.24), énq b = -(0.329 + 0.021). Da:

A= al{Z/m
ﬁoints ior muons'afe’at higher‘values of A and they have practicaliy the sam
slope as the electron.data. The proton dété point iskaf'a higher value tﬂan
for both electronéﬁénd muons.

 In coﬁclusions, we can say that our results from three'experimenis with‘~/
different energiesvand differept primary particles have repeaﬁedly indicgted
that the tﬁeOIy is in serious trouble and should se looked into very careful!
At such high energies perhaps one needs to use in'the iﬁeoriesvthe nuciear'
form factor F(q?N) corrections.

We are very grateful to the Chicago~Harvard and Cornell-Michigan State

groupé for the use of'tﬁe muon beans éndAto Dr. L. Voyvodic, Dr. J;-R. Sanfor
and tha Operational staff 6f_the Fermi ﬁabofatory for the valuéble help in

the emulsion exposure.
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FIGURE CAPTIONS

&ig. 1 (a) Energy distribution of the electron pairs; (b) Energy distributi

 0£ the electron pairs with EonZSMeV, and the theoretical curve give
by Ref. 6. All the theoretical curves are norﬁalized to the experi;
nental data in these figurés; (c) Fractional transfer of primary
energy to the pairs;{(d) Experimental normalized data for 200 GeV pre
and‘lS.S GeV/c muon; (e) and (f) Experimental andvtheoretical-distri
butiqns for R :,El/Eo for E0§]25 MaV and >725 MeV, respectively, whe
E1<E2; (g) Anguiar divergence » for electron pairs in terms of
Borsellino's apgle U The theoretical cufve-is given by Ref. 15 (h
w/wo for.tﬁe normalized ZOO GeV proton and 15.8 GevV/c huon beams; (i
Invariant mass (Q) distribution for all events in units of,2mc?, (i)
Experiméntal and'theofetical invariant~mass‘(Q) distxibution for ~

~pairs with E0§725Mév, in wnits of 2mcz; (k) Experiwmental normalized
distribution for 200 GeV protons and 1528 GeV/e muéns;-(l) Net P,

distribution of electron pairs from 200 GeV proton, 15.8 GeV/c muon

and 150 GeV muon.

Fig. 2 - Electroh pair mean free paths in nuclear emulsions as a function of
——— e 6-12 1 2 _

y(~E/m)4for electrons » protons  and muons’ . Electrons are

: !
represented by a linear relatﬂon. A= a(y)b where b = - 0.329 + 0.02"

a=12.22 + 2.24. ‘
%
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