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EPIC Working Party 1, May 1974

For the energy region under consideration, the electron—pésitfon
syétem can be used to study a wide rahge of fundamental physical
interactions. We cohsider them under a series of headings.

a) Hadron broduétion in electron-positron annihilatibn.

" This area/oflphenbmena is "terra incognita" at present. Its
eXplofationrwill have the gfeatest importance for our comprehensibn
of the deepest and moét fundamental hadronic interactions. ’

Because of the smallness of the electromagnetic coupling;
these interactions are dominated by the oné-photon annihilation
process depicted in Fig 1(a). Therefore, these processes pass
through an intermediate state limited to the spatial quantum ﬁumbers
(JPC) = (1--). Tne final states reached are very restricted relétive
to those reached in antiproton-proton annihilation, for example.
This restrictioﬁNWili lea?,to some simplicities in the phenémena;
Further, we believe that the electromagnetic (EM) 1nterac£ion has é
special simplicity, a belief which will be tested by parallel
experiments . ; - | ‘

The "orthoddk vieW“ up to ihe present has been that baséd dn
the parton model. This model has had great success in the interQ‘
pretation of electron-nucleon scattering and neutrino-nucleon
interactions in the deep-inelastic regime. as well as of proton
proton interactions "ét the highest é‘nergies- It is now in some
difficulty with the data from E = 1 GeV to E = 2.5 GeV from CEA
and SPEAR. This orthodox view leads to the expectatién that the

ratio

R((éﬁ)g) ={§'(e+e-jp-hadrons)/c'(e*e-»} u+u‘§—9-§(Q§) (1)
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approaches a constant in the limit of infinitely high E, where Qi

denotes the charge of the parton of type 1i. Thisgsum takes the

value 2/3 for the Gell-Mann-Zweig quark model, 2 for the three-colour-

triplets model (fractional charges), and 4 for the Hah—Nambu three-

triplet model (integral charged quarks). The energy-dependence

which has recently been established for R is shown on Fig. 2.

R rises essentiallyylinear in E2, from a value of 2 at E = 1 GeV

to the value 6 at E = 2.5 GeV, in contradiction tb these expectations,
At this point, it is convenient to recall that, on the basis

of quantum electfodynamics (QED),
o (e+e-;> ptu™) = EE; = glﬁz nb (}e\/"~'2 (2)
3E E

This expression has now been checked experimentally up to E =
2.5 GeV at SPEAR.

The energy dependence obser;ed for the total cross section
o (ete™-> hadrons) is shown on Fig. 3; it is compatible with a
constant value of about 22 nb. It 1s quite unclear how these data
will extrapolate to the EPIC energies. The only thing that is
clear is that this total cross section must stért to fall at some‘
high energva', The vacuum polarization'correctiens to the Phdton

propagator 1/q2, arising from this hadron prbduction, aré given by

the propagator form
oo}
2r (w2
1 1 2 do “R(c ©)
D(q) = “{1 -3 4 +} (3)
a® 5 s %(c?-q%) |
Lm<

If R(qz) continued to rise linear in qz, thevexpression within the
brackets of (3) would no longer be convergent, which would

represent a major upset for QED; at the very least, the renormalization
pfogram for QED would no longerAbe possible. Even if R(qz)

continued to increase linearly up to the EPIC energy E' = 14 GeV
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and then became constant, these corrections would give rise to guite
strong deviations from QED (amounting to g91036 in amplitude for
E = 9 GeV). Experiments with EPIC will therefore establish either
non—conétancy for o (ete™ —> hadrons) or substantial deviations from
QED.

From the arguments put forward by Drell and Chanowitz concerning
finite-size effects for partons, and their extensions by West to
include magnetic moment effects, it appears an interésting possibility
that these data may indicate that ete” experiments are beginning to
probe the structure of the partons. Further, this»may well be bound
up with the detailed properties of (véctor-meson) gluons, if such
exist, in which case the data in Fig. 2 may represent the beginning
of an approach to a resonance state at energy E* cocrresponding to
some gluon mass value M* = 2E*, Even if this resonance state éxists
only for some masé value far beyond the energy of EPIC, the study of
the behaviour of this cross section will clearly still be a vital
clue to these phenomena. The first purpose of the EPIC experiﬁental
programme, and the primary justification for the construction of
EPIC, is the exploration and analysis of precisely this unknown region
of phenomena. |

The study of the decay of the hadronic matter generated by the
intermediate photon from the ete” annihilation will also be of the
greatest interest: |
| (1) A1l inclusive cross sections, i.e. the momentum spectra
for each kind of particle emitted, for w's, K's, protons and other
baryons, for G)-mesons, for A particles, and so on, must be studied
as function of production direction ©, as function of incident energy
E. Their relationship with those observed following p-p annihilation

Will be especially interesting. The preliminary indications at SPEAR

are that the pion spectra have little dependence on 6, being given by

the form
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E %%;' ~ exp(-6p), (L)

when p is measured in GeV/c. This momentum dependence happens to

fit well also the (pi)w distribution in pp collisions at the ISR

and the Py distribution in pp annihilation. It is contrary to

the "orthodox views" which suggest that the ete” anninilation process
should be dominated by the formation of two oppositely-directed
"jets" and which therefore require quite a different spectral form.
Much of this data will have a rather direct connection with the
structure functions¢fbf%deep-inelastic (e,e') reactions on p and w,
although in é different.domain for the physical variables.

(i1) At the other extremé"’i the structure of complete final
states will.also have the greatest interest, in view of this
parton-model expectation of a "two-jet" structure. Other strudtﬁres
are possible, for example a multiefireball or multi-jet structure,
or a diffuse (single fireball) structure; the SPEAR inclusive daté
already gives some indicatiéns for the latter possibility. More
generally, the study of correlations between pairs (and larger
groups) of outgoing particles will also give us important clues
concerning the nature of the state of hadronic matter formed.

It is worth emphasiZing here that the hadronic matter resulting
from ete” annihilation has definite guantum numbers, JPC = 1--.
This contrasts greatly with the hadronic matter formed through
other processes. pp annihilation from rest leads to states with
Jd =0 to 2, but with é definite energy. For Ep annihilatidn in
flight, the angular momentum produced can range from J = O to
J'aéSv«ﬁE£7§7 for 5‘with k@netic energy TL incident on targétvp; |
thus up to J~ 11 for p 6f momentum 10 GeV/c, for example. In pp

interactions, the angular momentum can run as high as J'ﬁﬁSJ@?Q;
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thus, up to J A2150 in ISR collisions. Clearly, e'e”
annihilation allows the exploration of the characteristics of
hadronic matter in a novel “(and hopefully simplér) situation,

The models we have for these phenomena give few quantitative
predictions, and these models are quite uncertain. FA knowledge of
thé actual phenomena is needed in order that we may deduce what are
in fact the major physical effects operating. The beam energy E =
1& Gev prbposed for EPIC will be high enough to lead to very
substantial progress on all these questions, Even if the total
hadronic cross sections are only comparable with (2), that for the
leptonic process e*e; -3 u+u—, the hadron event rate at the EPIC
energykwould be 10 events/hour at the design luminosity 6Z?=
1 2

L ¥ 1032 cm sec-1, which would still allow this experimental

programme to be Qarried out fully.

b)  Quantum Electrodynamics (QED)
. The validity of QED is of obvious importance in all experiment-
ation with EPIC, and this must necessarily be tested carefully.
-Deviations from QED will certainly be found, due to
(1) nhnadronic (vacuum) polarization effects. These are
largely calculable from (3) using the data on the
ratio (1) deduced in EPIC experiments,
(i1) weak interaction effects, to be discussed below,
The most detailed test of QED will be provided by the study of the
Bhabha scattering ete” ~9-e+e_, a process which is spacelike-~-
dominated, and which is consequently relatively insensitive to the
(calculable) hadronic effects and to the weak interactions. The
processes ete —s e*e "y and e*e yy will both merit detailed study,
also. The process ete "> u*g', being timelike—dominated, must

also be checked from this viewpoint, although far more sensitive
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to the two deviations just mentioned.

¢) Weak Interaction Effects.

It is now well-established that the weak interactions include
terms with neutral currents. It is generally believed that their
occurrence is bound up with the unification of weak (Wk) and electro-
dynamic (EM) interactions proposed in outline many years ago by
Salam-Ward and in full detail recently by Weinberg who made it part
of a finite gauge theory of these interactions.‘ In these theories,
the EM and Wk interactions have comparable strengths at sufficiently
high energies. The EPIC energy is well below these energies, but
sufficiently high that substantial effects are to be expected to
arise from interference between the effects of these two inferw
actions. However, the weak interactiohs include terms which violate
reflection (P) and charge-conjugation (c) invariance, and so
characteristie P- and C-violation effects are expected to occur,
arising from these interferences. At EPIC energies, the effects
anticipated will have asymmetry coefficients typically of order 1036.

The most straightforward observations will be those indicative
of C-violation, for example as a backward-forﬁard asymmetry in the

*e"—> p*u”. Such an asymmetry can arise from the C-

reaction e
invariant EM interactions alone, in consequence of interference
between one-photon and two~-photon lnteractions, and of the
bremsstrahlung processes, but these EM effects are completely cal-
culable and can be allowed for. P-violation effects would be quite
unmistakable in their character, and can arise in no other way, but
the most accessible effects require the use of e’ and e~ beams with
polarization, the most convenient situation being that in which one

incident beam has longitudinal polarization, the other beam being

either unpolarized or polarized parallel to the first beam. Even
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those effects which do not involve P- or C-violation are identifiabls,
through their characteristic energy dependence - roughly speaking,
the EM amplitude has energy-dependence 1/E29 whereas the Wk ampli-
tude is essentially E~independent, in the EPIC energy range, so that
the Wk effects will appear as a growing deviation from QED, with a
characteristic E-dependence. The aim of these studies .is to de&ucé
detailed properties of the neutral current interactions, which it may
prove difficult to deduce from the less complete studies to be made
with high-energy neutrino beams interacting with proton, neutron and

electron targetéa

o+

The process of primary interest for these studies is e'e = u'u™.

Here ﬁhe effects of interesti are relatively strong because the EM
progcess occurs only‘through\the one-photon annihilation graph of

Fig. L4(a). These effects are aiso of interest in the stronger process
ete -2 e*e”, which is mediated by both graphs (a) and (b) of Fig. L,
although the asymmetry coefficients are then at the 196 level, at EPIC
energies. These phenomena will also be of much interest for other in-
clusive processes, such as e'e -» pp (and especiallykﬁA and $ts%), if
their cross sections turn ocut to be large enough, or fér the inclusivs
processes of the type e*e”na»nx, pX', AX", etc., which can certainly
be studied. ‘All of these studies would benefit encrmously from a
longitudinal pélarization‘ capability for thé electrons and positf@nao
Antiparaliel trénsverse polarizations are produced automatically‘for
the electron and positron beams, by the éffect of synchrotron

radiaticn, under suitable circumstances. The most convenient devices

which can be designed tc rotate these polarizations from iransverse .c

to longitudinal configurations lead most naturally to antiparallel
longitudinal polarizations for the colliding electron and positron beams.
It is desirable to be able further to transform these to give parallel

longitudinal polarizations, or to destroy the polarization of one
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beam before collision, in order to introduce  a spin asymmetry into
the e+e- colliding system.

A search for heavy leptons up to mass 14 GeV at least will also
be possible, Unified gauge theories allow the‘possibility of heavy
fundamental leptons within this mass range, but they do not require
them at present. Their production would be most direct through the
pair product{on processv

ete™—> L*L7, (5)
followed by the decay processes Li—> ut +* VH + Vi Their mass value
would be determined from observation of muon production rates as a
function of beam energy E, being indicated by a rapid rise in rate
as the energy E rises through the threshold for the process (5).
Any evidence found for such heavy leptons would represent a real

breakthrough in our knowledge of leptons-
a) - Non-annihilation production processes

These processes are characterized by the graph Fig. 1(b). The
amplitude for the process |
etre ™= etreT+X S (6)
factorizes“into two elements, The first is electrodynamic, the
relation of the virtual photons with the electron and positron,

which is entirely QED, and the second is hadronic, associated with

the cross section for the "two-photon process™

n,{n + "'Y'" - X, (7)

the final states X being limited to those with charge-conjugation
parity C = %+1. This cross section, averaged over all photon

. 2 ,2 2 2
polarizations, may be written O}Yx(k1,k2,s), where ki and k, denote
the effective masses for the virtual photons and s denotes

(energy)2 for the hadron system X, specified in its rest frame.



~9-

The ‘total cross sections calculated for these processes are-
large and increase with energy, as shown on Fig. 5 The major
contributions to the cross sections arise from "almost real" photons
‘and these are weighted strongly in favour of low s-values. Thus, a
large part of the total cross section can be understood in terms of

the "effective photon spectrum" F(w)dw, given by
Plo) = 28 f(1- 800 £y (BB ) 0 g2y e
| = T E', 52 me 1-w/2E’/* 2 % -0-8), (8

the leading term being given by the coefficient of %(E/me). ‘The
yy->X process is then due to the interaction of photons of energies
w, and w, moving along the beam directions; the value of s being
given by s = L;.w1w2a The total cross section is then approximated
by

For'orientation, consider the case O}Yx = constant; the‘integra1'$
over w, and w5 gives .
fdw1 deF(w1)F(w2) = 0.064 (10)

at the EPIC energy E = 14 GeV., Next, approximate F(w) by the
leading term (2a/ﬂw)<e%(E/me) in (8). Then the integral caii be

carried out for fixed s, to give

< - EhLEn? dn(s®/e) o x (o). (11)

This weighting of the cross section towards low s is well
illustrated by an exact calculation for e'e” —> (e*e +hadrons),
whose s distribution is shown on Fig. 6, This dominance of low s

. + - - -
is extreme for the case e e —>» e e e+

e , but the created electrons
have dominantly such low s values that they are too slow to cause
background trouble or else are swept out along the beam directions.

Although low s is dominant for p pair production and for hadron
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’production, the produced particles are not dominantly swept out along
the beam directions, but they do have rather low energies in the
ete” laboratory frame. For the muons from the process e+e'a>e+e'u+u';
treated in the "effective photon approximation", the shape of the p
distribution is depicted on Fig. 7, for various Drp values; the spread
in Py, is at most comparable with Pp s being muchyless than this for
high Prp e The P distribution, integrated ovér all P is shown on
Fig. 8; this peaks for a rather low value, pT'Q9O.07;GeV/c. Since
we see a clear physical origin for these conclusions, we can accept
them as typical also for pions and can conclude that these "two-
photon" processes (6) will give rise to little confusion with the
"one-photon" processes (1).

These "two-photon" processes (6) allow access to interesting
physics information difficult to achieve in other ways, concerning
the electromagnetic interactions of low-mass C = +1 resonances., A

few specific processes of interest may be listed as follows,

Ml g M w° (or n, ormn'), (12a)
— € (or f) = 7w, (121p)
—> A2 — om, ' © (12e)
- S* -» KK, - (124a)

Clearly, for broad meson resonances M, the coupling M ~» vy is
difficult to measure by other means.

Because of the dominance of low s events, a large part of the
physical information contained in the processes (6) at EPIC
energies will already have been explored in data at lower electron
enefgies (at Frascati and at SPEAR). The new information at EPIC
will be concerned with | ‘

i) O}YX(S) for large s, above the narrow resonance region,
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or both). This includes the interesting regime of deep~

R ) 2 .2
ii) °}xx(k1’3225) for,low s but for large values of kf(op k

kinelastic scattering Qf an electron off a virtual phcton.
To obtain theylatter information, it will be necessary to t;é either
or both the scattered electron and positron., Two difficulties are
conceivable abqut tagging here: |
(g) the high cross sections for purély electrodynamic
processes,vwhicy‘give.rise to copious elecﬁféns and
.positrons at small angles (typically of order me/Ee) to
the beam direction,
.(b) the smallldutyAcycle for interaction between the beams.
The gollision time between an electron bunch and a‘

9

positron bunch is of order 10 sec., which makes it

impossible to separate unrelated events occurring within

the sameé burst, by use of’ltiminga There are about 3 x 106
bursts per secohd,'so that different bursts are well
separated in time. B

It would be difficﬁlt to tag all events, because of aqcidental_

coincidences due to the first difficulty (a)., However, it should

. be pogsipleAto,tag eventsvin_which the electron (and/or positroﬁ)

o

angles exceed = about Qoyz 0.015 radians, which corresponds to k°
” , . 5 _ ,
)

values exceeding about QaQub(GeV/c . Such tagging has been used

succqssfullywat SLAC, where the effective luminosity is much greater
(x 102) than that for EPIC. We may note here also that double
&agging of_f$Y" events’has been achieved with small angle tagging
and with energy measurgment Qf the electron and positron energieé
at Frascati (E, = 1.5 GeV), at a luminosity of 102%m"%sec™" .

The second difficulty (b) is not serious for EPIC. To give
gsome feel for the situation, it will be useful to give some event
02

1 2 A
rates, appropriate to the EPIC energy and iuminosity &sz by x 1 Cm se :
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i) Bhabha scatterings through angles © 2 0, occur at a rate
about 107 >/burst.
11) e*e” bremsstrahlung with emission of a pﬁcton exceeding
1 GeV and of an electron or positron with angle © = 90
has a rate about 10~h/burst.
ii1i) the "y process "eTe —» e'e” hadrons" occurs with a total
rate about 2 x 10”6/burst. If one electron or pbsitron is
tagged with © » O_, this rate falls to 6 x 10™//burst;
when both electron and positron are tagged, the rate is
about L4 x 10—8/burst. |
iv) the annihilation process "e'e —» hadrons" would have a
rate of 2 x 10—6/burst if the total cross section
o (e*e”—» hadrons) were to remain at 20 nb. If this
cross section were equal to o{ete = p*p7), the annihilation
process would occur at rate 9 x 10"?/burét.

Our conclusion is that double tagging does appear feasible at EPIC,

in principle, at‘L@a&tmﬂ%ﬂ%@&@é@ﬁ&ﬁé&éﬁ”@5?@%?5ag@&@%ﬁaﬁifiﬁbwever,
experience with SPEAR suggests that the backgrounds dangerous to
tagging.may come from beam-gas and beam-wall colliéions, Which we
cannot anticipate at present for EPIC. With double tagging, it will
,be possible to measure the three variables k?,kg énd s for each
eveht. Since the plane of the eléctron (pOSitron) scattering
defines the polarization of each virtual photcn, aouble tagging

will also allow the separation of the cross sections c#ﬂx and o;sx.

The use of polarized electron and positron beams will allow still

further detail of the processes (6) to be probed.
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The members of EPIC Working‘Pérty'1 were as follows:

D, Bailin? - E. Gabathuler -
R. Budny | D Lyth
G. Conforto A. MCDonald
N. Cottingham D. Morgan
R. H. Dalitz (Chairman) A. Segar
N:'Dombey W. Toner
Figure Captions
1. The Feynman graphs (a) and (b) depict the processes of (a)

particle production in ete” one-photon annihilation, and

(b) particle production ih ete”™ inelastic scatteringppbssible
with two-photon exchange. |

2. The data available for the ratio R(uE2) = 0‘(e+e - hadrons)/
0'(e e -7u L~ ) are plotted as function of the beam energy E.
It is a long and uncertain extrapolatlon from the hlghest
energy p01nt here to the EPIC energy E = 1L GeV. o

3. The total cross sectlons c‘(e e «)-hadrons) measured to date
are plotted as functlon of the beam energy E. It is a 1ong
and uncertain extrapolation from these data to:thé EPIC energy

= 14 GeV. | o } | N ;

L. The Feynman graph (a) depicts the one- photon annihllatlon graph
appropriate for Bhabha scatterlng‘(e e elastlc scatterlng) and
for the reaction prqcéss e+e"~:?u+g"i In this graph the photon

is time-like The Feynman graph (b) depicts the process of
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photon exchange which contributes to the Bhabha scattering
amplitude, but which has no - counterpart for the process
ete —» p*tu”. Here the photon transferred is space-like,

The total cross sections for various two-photon processes are
plotted as function of the electron beam energy E, together
with the cross séction for the one-photon annihilation process
ete” —9-u+u*. The dashed curve represents an exact calculation
(i.e, not limited to the "effective photon approximation", but
taking into account fully the correct kinematics, both for the
matrix-element and for phase space) for the final state ete .
This curve is to be compared with the solid curve shown for the
same final state, which was calculated in the effective photon
approximation{ The cross section for hadronic states with mass
2z 1 GeV was calculated assuming that the total cross section

o (yy —> hadrons) has the constant value 0.25 pb obtained by
appeai to Regge factorizability and the empirical values for

the total cross sections o (yp—> hadrons) and ¢ (pp) in the

high energy region-

The distribution of s for the final hadrons (s = (invariant mass)®
for all the hadrons) is plotted‘for two classes of final state,
as calculated in the effective photon approximation, for the
case of beam energy E = 10 GeV. The cross secﬁion including all
hadronic states with mass /5 2> 1 GeV was calculated assuming
that the total cross section o (yy—> hadrons) had the constépt
value 0.25 pub obtained by appeal to Regge factorizabilitj and
the empirical pp and yp total cross sections.

For the process é+e-~%>e+e'u+u-, the form of the 1ongitudinai
momentum (pL) distribuﬁion (normalized to unity for pL=O) for

an outgoing muon is shown as function of the transverse

momentum Pp carried by this muon, as calculated in the effective
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photon approximation for beam energy E = 1L GeV.

For the process.e+e“ - e+e-u+u', the distribution of the

transverse momentum Pp for an outgoing muon (integrated over
the p; distribution for this muon) is shown, as calculated
in the effective photon approximation, for beam energy E =

14 GeV.
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