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ABSTRACT 

Thirty-five ~irectly produced electron pairs have been observed by 

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

pairs have been ~ompared with the pairs produced by 200 CeV protons and 
, 

15.8 GeV/c muons in tetms of their (1) total energy distribution, (ii) the 

"'"P'"� fracticaal transfer of the primary energy to the pairs, (iii) the energy
'a:~ 
II(t partition between the t\110 members, (Lv) the angular divergence, (v) the 
ff" -� :.... ,;.:.,�

C j� imrariant mass of the electron pairs,' and (vi) the net transverse momentum 

d� distribution of each pair. Present theories disagree with the experimental 

results. 

In order to test the predictions of the theories based on quantum 

electrodynamics at small distances, recently '-TC reported the direct-electron-­

pair production from the Coulomb field of an emulsion nucleus by 200 GeV 
I ' , 

)� 

2 
protons from the Fermi Laboratory and 15.8 GeV[c: muons from the BNL. From 

most of the present theories;-6 the predictions for electron pair, production 

are quite similar. 
\ 

T~ey all conclude that the pair production cross section 

depends on 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 incoming 

. 1 f d h b 1 .' 1.,2 . h d' ffpart~c e, we per anne tea ave statec two expermlents W1t two 1" erent 

p r Lmary particles, ~.:ith their y f ac t or not too different from one another. In 

both cases we found that'the experimental results are no~ represented very weI] 

by any present theori.es. The total cross section for direct pair production 

by muons at 15.8 GeVIc (y:lSO) indicates a di screpancy of approximately. t\.1ice 
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Bhabha 's modifiedo c rosa section, ''lId-Ie. for 200 GeV protons (y:200)? the 

discrepancy \~as grea.ter than 5 times Bhabha's modified cross section: Thus, 

in t.hese bTO experiments the cross section values for small regions of Eo 

differ by a factor of at Lcas t tHO and one-half. lie may point out; that 

nuclear emulsion has a large detection efficiency for 10,\" energy particles 

and we have detected electrons vith kinetic energy -1 NeV. The. total cross 

4
,section given by Racah is in close agreement with the Bhabha's modified 

5
theory. But the theory of Murota et al. gives a slightly higher cross� 

6�
section than the modified Bhabha's theory for a given primary energy in the 

same region of transferred energy. All the above theories have been computed 

under Born approximation and have neglected the nuclear recoil and the extend-

shape and structure of the target particles which may be essential to include 

at such high energies to explain the results of our t\'lO p r ev.Lous experIments , 

In order to check the validity of the present theories for the direct ~ 

electron pair production'at still higher y values., we used muons at 150 GeV 

(y.:::1l.20), about ten times higher than our previous muon exper Iimcn t , from the 

Fermi Laboratory. This is the highest muon energy available from the present 

accelerators. \.fe may point out that in order to get the same value of y f ron 

a proton bC2!J1, He wou'Ld have to use E :1.5 TeV \V'h:tch is at' the present time OL 
p 

possible through colliding beam experiments. For direct electron production 

2' 
we have already stressed the uncertainty, the unreliability and the contra-

dieting results of the previously performed experiments with cosmic ray muons. 

We have also pointed out thq scarcity of such muon experiments from accelerato 

bea.ms at high energy. In the past there have been a number of experiments Hit 

6-12 1 be ..] ectron b cams at ow gnergies ut forrigh energy electrons one has to� 

correct for bremsstrahlung pairs, whi.ch is a very dominant process, and this� 
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increases \-lith the Lac i case of' the e Lectron energy. Direct electron pairs 

cannot easily be distil guished f rom the: bxeraas t.r ah.Lung pairs,hcncC' muon 

part.LcLcs at high en ~rr y wouLd be LdeaL for the pras en t; studies v1llieh lye 

shall describe as f911c (-1S. 

"Ie exposed a sm 111 stack. of 15. pel LLc.l es of G--5 emul.sLon of dlmensLons 

10en x 15cm x 600 um tc a monoenergetic beau of 150 CeV positive muons 

parallel to the emu.Luf.cn plane. The contamination of the pions in the muon 

beam ,,",as very smalL . At a distance of 0.5 -cm from the edge of the p.l.abe ,...e .. 

picked up a traek pa::allel to the primary beam at about halft.my up from the 

bot.toa of the pellic:.e and EoLf.owed it ,dth others along the x motion of a 

Koristka microscope s.ta ge . at 'an aV2rag~ speed of abol1tI5cm/h~..:For car-ef i 
. . . .� 

studies at such a hifh euargy , we kept our scanning spe.ed slow'. \~Thenever 

an interaction 't-laS 01 se :-ved, the parent track "(...as rechecked for its para'LLe 

,-lith the other b eam.vt ra ~ks fo.l.Lowed' in the same field of v;teH. lole fo.LLowed 

a total of 150m of tl acl; length. All t he apparent; knock-on electrons whfch 

. 
not sntisfy the enerEy-ang1e relationship for a t~o-body process were exarnlI 

very carefully for a s euond Low energy t r'ack for a possible electron trident 

Th{~ stringent c r LterI a .ior eliminating spurious events and for accept Ing eVE:. 
1 . • f 11 d d· d I . 1, 2f or ef.ec t ron-posf.tron p.n.rs ..,ere '0 owe as a.scusae ear aer • Thus, af 

careful separation of e..ec t ron pairs fro:n t.he other thr~e-prol1ged events (i. 

inelastic and bremmsstr.hlung events, e~c.), we found 35 direct electron-

positron pairs. The scrrmtl.ng efficiency was 98%. Thus, the mean free path 

for. electron pair pxo Iuc ti.on in nuc.lcar emulsion for 150 GeV muons was). . 
p aa,r 

4.26 + 0.7 meters ldt'l. c : . :::: (29.8 +4.8)mb. ~.:' F.or 200 GeV protons 
pa~r 

(y:200»). . = 17.8 ·f· L9m and o . :::: (7~1 + 1.1) mb, uhile for 15.8 GeV/1
paJ.r paJ.r 

(y: 149) muons), . :::: )1r , 0 + 3.1 m and (J • :::: (9.0 + 1.9)mb.· The ene r'gy
pai.r paar 

2
of the electron track .\,as measured by multiple coulomb scattering'. ~\.'he 
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reliability of -the method vas checked by measuring the known momenta from an 

k 13 h . . . angle of emission of knoc'-on e,1ectrons, aV1ng a spectr~~ of momenta 

representative of those measured for pairs. Because of unsuitable physical 

conditions of the emulsi.on in tho:. vicinity of the electron pairs, the energy 

determination of either, one or both of the tracks from three of the electron 
. J.l , 

pairs Has not dependable and hence these events are excluded from our discuss 
;, : .'. . 

throughout this paper. In Fig.. 1 (a) is shown the experimental his togram of 

the, total energy transferred ~o the electron pairs ,.,ith scattering taeasuremen 

errors ~12%. The energy values were corrected for all other observed exper­

1mental errors. In the energy'distribution of the electron pairs about 75% 0, 

the events are produced with E where Eo = E + E2 is the total energ;o<725MeV t 1 
2

of tlle electron pair (E <mc Y: 725MCV. In Fig. l(b) the histogram sho\1<E2): E
o 

the electron-pair energy up to 800 MeV with <E > = 217 MeV, and this is cQmpa~
T

with the theoretical histogram given by the modified Bhabha's theory6 for 

2 2 . , . 2 
2mc <E <y1!'.C , where y:1420 for our experimental and me is the rest mass of a o 

electro~. All the theoretical curves here are ,normalized to our experimental 

data .and the theory does not fit w'ell ' ....ith thed)bserved'data, eapecLal.Ly for 

the Low energy values. ~he total cross section cal.cu.Lated by this theory for 

the range E <725 HeV is ~94uib which' is about l~ t.iIr.es larger than the exper'Lmer
0­

value observed for the same range of E. In order to facilitate further . 0 

comparison t..rith the theory, we plot in Fig ~ I (c) the fractional transfer of 

primary energy to the electroa pair, i~e., R = E IE where E = 150 GeV. We 
o p p 

n o t Lce that: th~ da t a do not agrci"'! H:t1:h the theory, ,,,hilc t.he expcr Imen t a'L 

observation of R at 150 GeV muon in :[<,ig. (c) does agree ,.,ithin the at.at.Ls t.Lca 

errors \·lith our experimental data observed at 200 ~eV proton and 15.8 C,~eV mllO"J 

shown in Fig. lCd). In Fig. lee) and 1(0 arc s hocm the experiment.al hf.stog r. 

of the imbalance ratio R= EI/Eo for Eo~25NeV and Eo>725HeV, respectively. 



• 
"� "fhe tl~coretical curves Here calculated from Eq . OJ.) of Bet.he and lleitler

14 

for <E > :.= 2D and, 1105 ,t·;eV •. :respectively. In F'ig. leg) we evaluated the 
o' 

angular divergen<;e w of the electron pair in terms of Borscllino's 

l S 2 13
characteristic angle w = Eo 11lC /E , the calculated error .Ln the space"

o lE2" 

angle is less than 5%. The thcor~tical 'curve is calculated from Eq. (14) of 

Ref. 15 in which we used from our experiments the overall averag~ value <E > o 

411 HeV and the imbalance ratio R :.= 0.33. The theoretical curve gives 

approximately the shape of the experimental data. Similarly. in Fig. l(h) if 

sho,~ u/w for the experimental data of 200 GeV proton and 15.8 GeV/c muon 
o 

which� also agrees with the data of the 150 GeV muon. The average <w/w > are ,� 0 

(2.45 + 0.36), (2.30 or 0.54) a~d (2.39 + 0.41) for 150 GeV muon, 15.8 GeV/c 

muons and for 200GeV protons, respectively. In Fig. 1 (i') is s hown the 

experimental data for the invariant mass Q = (E 2-p2)1/2 d"1str1Lbut10n" 'f or 
o . , 

2
electron pairs in unitsof 2mc in the center of mass system of the electron 

positron. where p is the total momentum of the pair, <Q> = (3.22 + 0.54) MeV 

for the present experirnant and for 15.8 GeV muon and 200 GeV proton. <Q> ~ 

(4.3 +� 1.0) MeV and (4.8 ~ 0.8) MeV, respectively. For events \o7ith E <725 
0­

HeV. the values of Q are plotted in Fig. 1(j). For t.heae events. the averagr 

value of the energy observed for the electron pairs is.<E > == 217 NeV. The 
o 

theoretical curve was fitted to this distribution for this average value of 

Ue see that the theoretical value is much larger as cocrpared to the observed 

data for small Q values. In Fig. l(h) is shoHn the observed Q values for th 

200 GeV protons and the 15.8 GeVmuons for the entire range of their observe 

energies. The distributions in Fie. lei) and lek) are approximately identic 

within their statistical errors. In Fig. l(~) is shm~ the P distribution
t 

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

'these� three distributions are identical vithin their statistical errors. T! 
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value for <p > • :c.: (l•. 05 + 0.6) HeV/e, (4.9 + 0.8) HeV/c and (3.6 + 0.8) ...,/
t palr 

NeV/c for 150 GeV, 200 GeV and 15.8 Ci2V/c beams, respectively. Hore than 

50% of the events fall in the region of p' <l.HeV/ c , 'iii th an upper limit 
. t 

P ~25NeV/c. In order to'see if the mass of the i.ncoming particle has any
t 

indirect effect in the production c.ross section of electron pairs in the 

same target, He plotted in Fig. 2 the mean free path A(cm) against y(==E/m) 

~ . 6-12for our data along with the data of other lnvestlgators using nuclear 

eoulsio~s. Ue find that all electron data ~an be represented by the re1atio 

). == aCE/m) b == a(y) b . where a == (12.22 ± 2 .24)~' ~db = - (0. 329 + 0.021). Da 

points for muons are at higher values of A and they have practically the Saill( 

slope as the electron data. The proton data point is at a higher value than 

for both electrons and muons. 

In conclusions, we can say that our results from three e~~eriments with 
~ 

different energies and different primary particles have repeatedly indicated 

that the theory is in serious trouble and should be looked into very careful.' 

AtSltch high energies perhaps one needs to use in the theories the nuclear 
2 .' 

form factor F(q N) corrections. 

l"eare very grateful to the Chicago-Harvard and Cornell-:~H.chigan State 

groups for the use of the muon beams and 'to Dr. L. Voyvodic,Dr. J. R. Sanfor 

and the Operational staff of the Fermi Laboratory for the valuable help in 

the emulsion exposure •. 

! ' 
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\ FIGURE CA?TIONS 

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

·of the electron pairs "lith E <725HeV) and the theoretical curve gLvc 
o· 

by Ref. 6. All the rheoret.Lca'l curves are normalized to the experi­

mental clata in these figures; (c) Fractional transfer of primary 

energy to the pairs; (d) Experimental normalized data for 200 GeV pre 

and .15.8 GeV/c muon; (e) and (f) Experimental and theoreticaldistri 

butions for R =oEI/E for E HeV and >725 HeV, respectively, Hhe o o<725 

E (g) Angular divergence w for electron pairs in terms of
1<E2; 

Borsellino's angle w. The theoretical curve is given by Ref. 15 (h: 
. 0 ' 

wlCIJ for the normalized 200 GeV proton and 15.8 GeV/c muon beams; (i,
o 

2•Invariant mass (Q) distribution for all events in units of 2mc (j) 
~ 

Experimental and theoretical invariant-mass (Q) distributi~n for 

2;pairs with E <725MeV) in units of 2mc (k) Experimental normalized 
'0­

distribution for 200 GeV protons and 15.8 GeV/c muons; (1) Net p 
. t 

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

and 150 GeV muon. 

rig. 2 Electro~ pair mean free paths in nuclear emulsions as a function of 

'6-12 1 2
y(:B/M)! for electrons ) protons and muons. Electrons are 

! b 
represen.ted by a linear relat~on. A =0 a(y) "'here b = - 0.329 + 0.02 

! 

a = 12.22 + 2.24. 
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