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ABSTRACT

This thesis 1s presented in two distinct parts.

In part one, the single lepton yield due to
internal conversion of soft virtual photons in high
energj proton-proton collisions is caléulated-using
soft photon techniques. Photons originating in
bremsstrahlung of charged hardons, directly produced
photons and interference effects are considered.

The result is compared with the expefimental e/m
ratio as a function of transverse momentum..

In part two, a Mueller-Regge model for the process
m + p~+p+ X 1is constructed and compared with newly
available inclusive cross section data. Cut
corrections are required for baryon exchange by the
Carlitz-Kislinger prescription for removing unobserved
~ parity partners and accordingly absorption effects
are calcﬁiated. The conventional As baryon trajectory

is found to be satisfactory, contrary to other reports.
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PART ONE

Calculation of single lepton yield at small
transverse momentum from soft virtual photons in

high energy proton-proton collisions.



" CHAPTER I

The experimental'search for leptons created in
collisions of strongly interacting particles was initially
(v 1964) motivated by the study of weak interactions.
Attempts were made to find the mediating particles of
weak interactions, the W vector meson, by its propoeed-
leptonic decay (W' + pu* +'vu‘etc.). An obvious difficulty
arose with the overwhelming backgroued from the decay of
pions (e.g. s ut o+ vu) and kaons. It was at this
stage that the advantages of looking for leptons with high
transverse»momentumeand large production anglee were
first utilised. 1In this situatioﬁ; the kinemetics no
longer favour the'production of light hadrons compared
with heavier partieles. Furthermore, the heavier particles
will decay promptly into leptons whereas the lighter

~hadrons, such as pions and‘kaons, decay more slowly at
high energies so that they can sometimes be detected-
before fhey decay. A useful additional property of large
P physics is the way in which the single lepton spectrum
reflects both the shape and the normalization of the parent
spectrum, (widely discussed as "parent-child kinematics",
we shall meet fhis result again in Chapter III).

The failure of the first searches to find the W, |
from the detection of single leptons, stimulated an
experiment to detect,lepton (muon) pairs - to look for

the W°

and for other interesting theoretical proposals
in the literature of the time (e.g. B° "heavy photon").
At the same time, deep inelastic scattering data prompted

consituent models of hadronic matter and the quark-parton



model was born (quarks had been previoﬁély proposed
theoretically). The now famous dimuon data (which gave
the firét hint of the /J) gave support for quark-
parton theories and particularly the Drell-Yan (scaling)-
mechanism, which was widely quoted. 1In this picture,

the emerging end of a virtual photon dissoOlves into a
lepton pair while the other end arises from quark-antiquark
annihilation (with one quark or antiquark comiﬁg from

each incident hadron). This process is related. [1]

to the proceéses involving the decay of vector mesons '

énd hence also related to the coupling of massive virtual

photons to multi-hadron:final states (see fig. i.l),

m -

' . . + - Ll
Figure'l.l Inter-relation between various e e production
o . processes. :



which has aroused much interestin the past. The inter—
relation between these processes has been, and remains,

a fascinating theoretical pioblem. The decays of vector
mesons into &Y 2~ pairs led to the spectacular vy
discovery and assoclated revelations of recent years,
including fhe latest the upsilon. The detection of

final stéte leptons in hadron-hardon collisions will most
probably remain one of the ways that quark degrees of

freedom are probed in the‘future.

The short introduction above provides a basis for
understanding the continued experimental»and theqretical
interest in lepton production with resbéét to transverse
momentum in high-energy hadron-hadron collisions. When
discussing transverse momentum, there is sometimes confusion
about the meaning of "large' - large production angle
in centre-of-mass or large |p;| (|pp| = modulus of
momentum perpendicular to beam direction) or both. We
shall try to emphasise which situation we are considering
'in each case. We shall be concerned predominantly with
a source of electrons at large production angles but
small IET', apd we next review the recent data which has
inétigated this work.

First measurements of the ratio gf the cToss sections
for electron and pion prbduction in hadron-hardon collisions
_showed an e/m ratio ﬁhich was 1 x lO"L+ and -roughly
constant with transversé momentum. (For a review of data
.~ up to 1976 see ref. [2]). Dividing the lepton yield
by the pion yield at the same transverse momentum gives

us an arbitrary way of comparing direct leptons with some

"standard" particle production. The ratio is also,
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importantly, much less dependent on absolute normalization,
geometric acceptances, etc. The level of 1 x 107t
for the e/n ratio is surprisingly large since,'as we

shall show later, a naive calculation based on the rho
meson as a source of electrons predicts a level < 1 x 10'5.
To understand the single electron yield more fully we

need additional information - whether the electrons are
associated with e'e” pairs and, if so, what mass region’
gives the ma jor contribution. The answers to such questions
are confused by the need to enforce experimental cuts to.
"remove the large background from w° Dalitz pairs

(no >y e+e-) andvfrom'electrons due -to external
conversions in the apparatus of real photons ching from

70 decays (%~ yy). ,

The CCRS (cérn-Columbia-Rockefeller-Sagiay) [3]
experiment observed electrons emerging at 90O from proton-
proton collisions at CERN ISR, over an-energy range
ys =23 tof62 GeV. The electrons were of course identified
by counters. Dalitz péirs and photbn conversions in the
vacuum chambef walls were rejectéd b&»the pulse height'
recorded in the hodoscope nearest to the beam pipe; this
cut effectively removed all low mass pairs. The results
of this experiment for s = 52.7 GeV are shown in the
compilation of data in fig. 1.2. Over a range of
0.6.Gev/c to }3.0 GeV/e in Prs the e/m ratio is

approximately constant ~'1 x lO_L+

but falling away as

pf + O.G_GeV/c; Over the available range in‘-/E of "

- this experiment, the e/n 'ratio shows a slow increase wilth
energy. (In ref. [2] the overall energy dependence of

lepton/pion ratios was shown to be rather confused).



The next experiment was again at CERN ISR, with a
production angle of 320 and /s = 52.7 GeV. Electrons
and positrons were detected for 0.2 GeV/c < Pp < 1.5 GeV/c
[4]. Background from photon conversions, Dalitz pairs
and Ke decays was calculated by Monte Carlo techniques
and subtracted. The experimental setup also effectively
enforces a 50 pair minimum bpening angle. This data
is also shown in fig. 1.2. (We can compare sets of
data with different production angles because hadron
production decbuples in pp and x (= Zp” /¥s) and we
are presenting ratios). The results from ref. [4],

CHORMN collaboration (Cern—Harvard-Orsay-BiVerside-Munich—
Northwestern!), show a remarkabie rise at low pT. up to

6 x 10—4. In view of the importance of the low pg
region, this collaboration performed a new experiment with
an improved detection system to verify their first
conclusions [5].  The detectors are again placed at 320,
Dalitz pairs etec. are suﬁtracted by the Monte Carlo
program and a dummy wall experiment is used to measure

the baékground due to electrons from ¥ interactions.
Again the small p, rise is seen (fig. 1.2, CHORMN 2).-

The discrepancy between CCRS and CHORMN‘:esults
below Pp = 1.0 GeV/e will, at least in.part, be due
to the different experimental cuts.

| There is support for the low pp rise in the e/7
- ratio from -the Pennsylvania-Stony Brook group [6]. This
exberiment‘has a proton beam incident on a liquid hydrogen
target at energies 10; 15 and 2% GeV/c. Electrons are
detected at a laboratory production angle elab = 16°
which corresponds to 90O in the centre-of-mass over a range

of 0.9 + 1.5 GeV/c 1in transverse momentum. Dalitz
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pairs and internal conversions are reje‘cted by ionization
and single track requirements in the spectrometer and

Ke decays are subtracted by a Monte Carlo calculation.
Again small opening angle ete” pairs are effectively
excluded (~ 7°). We show the 24 GeV/c data in fig. 1.2.
The increase at small Pp in CHORMN and Penn-S.B. results

has an approximate pT—l behaviour.

103 T
- O CCRS
' K [:J O CHORMN
c o ’} . % CHORMN 2
m . ;E:] - @ Penn-SB

| ‘Hw‘ﬂ - A
| e ++?§J¢\+M | 1
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Figure 1.2 Compilation of data for electron/pion ratio plotted

against transverse momentum.
[}

( > HMarkedly non-uniform acceptance)
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A suggestion that there is a large excess of ete
pairs over Dalitz pairs in the low mass region is found
in recent results from SLAC [7]. Here, pairs are detected
after the exposure of the one metre hydrogen bubble chamber
to 18 GeV/c pion beams. The limit on unpaired electrons
or positrons is at < 2.4 x 10-5, so this low energy
experiment provides some indication that the copious single
electron signal at low P will be associated with low
mass pairs, although more ihformation'about productibn
angles is needed.

The problems ofvvery small mass bgirs and 1° Dalitz
pairs are avdided by looking at prompt muons. (Muon
experiments Have other difficulties - usually concerned
with dumping the beam). Available muon data is in the
region 1.0 + 5.0 GeV/c 1in transverse momentum and is
consistent with electron data where there is overlap,

v 1lox 10_LF [1,2,8,9]. The observed single muon yield can
be accounted for by‘low mass .dimuons. Contributions

from vector ﬁesons'and a ldﬁAmass continuum are observed
experimentally [lO] and célculations based on these |
sources can account for the data [8]. We show some data
[9] and the calculated yields for 1 GeV/c < pp < 3 GeV/e
in fig. 1.3. |

Polarization has also been looked at in muon experiments.
If direct muons have an electronmagnetic origin, then one
wou}d expect Zero pbiariiation due to parity conservation.
But if direct muons are produced by the Vv - A weék decay
of a heavy particle, a non-zero 1ongitudinal polarization
would be expeéted. Ah'early.Serpukov experiment observing
muons at 90O found no evidence for longitudinal polarization

[11]. Recent results from a Yale-BNL-Fermilab collaboration
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are also consistent with an electromagnétic origin [12].

2.5 T T T

¢ Boymond et.al.
a Appel el.ol.
- Vector Mesons A Binfinger et.ol.
ol = Ab i.ol. —
20 Vector Mesons Abromov e :
+Low Mass Continuum
7 ’ . ' F
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»
R o]
S "
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Figure 1.3 Calculated w /7 ratio compared with data of
ref. 9 , ‘ :

The only available data for real photons is in the
high pg - region (3 » 4 GeV/c). Measurements of }(Y/no)
excess (i.e. with contributions from =° and 'n  removed)

give 15 - 20%.



13

We are primarily interested in the surprisingly high
yield of electrons below Py = 0.5 GgV/c and we next
discuss the possible sources of prompt electrons and
their failure to explain the observed yield. Thefalternative

sources can be divided into three main categories:

i) Weak decay of resonant hadronic states (m, K,
D, F, D cee)y
ii) Electromagnetic decay of resonant hadfonic states
A (% n3 Py ¥y V', --a),
iii) Prdduction of ‘virtual photon continuum by

, electrdnmagnetic processes. .

We must also bear in mind such possibilities as Wi, w°
and heavy leptons L* («%). We have already seen that
such well-established and copious sources as pions and
kaons are removed from the data so that only the direct
(and unknown) yield remains.

It is important to the calculations of e/r ratios
to pecall some ﬁell¥khown.and usgfui:kinematics. If directr
leptons.are produced by'twb-body decay of a parenﬁ
particle, then.the child (lepton) spectrum will fall away

for p. < M/2, where M is the parent mass, see fig. 1l.4(a).
T ’ ’

do . e
ddp f \ n —————
/ b 4
! ~ ’
~ ’
el /
1 i > ' 1
M2 Tk M/2 ks
(9) ' (b)

Figure 1.4 (a) Lepton spectrum from two-body decay of pion-like
parent. . '
(b) e/m ratio corresponding to production in (1).
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Correspondingly, if the parent has a pion-like production,

the e/m ratio will also fall below Pp = M/2 (fig. i.h(b)).

For three-body decay, one would expect a reduction since

the parent transverse momentum has to be shared among

three bodies. 1In fact there is strong kinematic suppression

bu the lepton spectrum can peak at Pp = 0 iﬁ'this case. |
Inifially, the prime suspects as sources of prompt

leptons were the vector mesons. These particles are

produced with hadronic cross sections and have lepfénic

branching ratios making them obvious candidates.

Conventional calculations of the yield from vector mesons

(p +ete”, warete”, ¢ +efe”, ¥ > ete”) ére'based

on a narrow width approximation [13]. For theilafger values

of P the narrow width e/m ratio has the following

simple form [14] \

e °v Byaetes '
v Y& T@D - o @D

- Here, the universality in pg; of Hadronic single particle
spectra has been assumed. The transverse momentum
-dependence is taken as a power lawv~(m pT-8) which chaﬁges
to an exponential (exp (-6 pT)) below Pp =1 GeV/c.

In equation (1.1), n 1is the effective power law parameter,
cv/c1T gives‘the ratio of vector mesoﬁ to pion production

and B - 1is the branching ratio for vector meson

v+e+e
decay into a lepton pair.‘ Typically, for the rho meson,’
"

Byete = 43 x 1077, c, = c, and n = 8. This gives
6

e/m = 6 x 10, at least a factor of 10 too low to
explain the level of the data. The total contribution

from all vector mesons cannot raise the level above
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5 x 1072 at pp = 1 GeV/c. The results of the narrow
width calculation of Bourquin and Gaillard [13] are
shown in fig. 1.5.

109 [
- 0 CCRS
I [:, ¢ O CHORMN
e | .l ’f | > CHORMN 2
m 1 ﬂ[:, | e Penn-SB

A Ty
,10"';‘ # ¢ ¢f,¢ :b ~~~~ .
! - -/——- -—-{—"'--/’a

= ,7 .
e 1
/
/
B /
. v ¢
1078 ——— ' ' -
" 1.0 2.0
P (Gev) |

Figure 1.5 - Data with conventional estimates of e/n ratio.
Curve a - narrow width vector meson calculation of
ref. 13 ..
Curve b - three-body decays (n,n',...) of ref. 14 .
Curves ¢ and d - charmed meson decay (ref. 17 )
D(1.8)+K*ev and D(1.8)>Keu repectively.
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We must also take into account 3-body decays:

w + 7w° e+e_, n' + (p,y) e+e—, n+yete” and ¢ +n e’e.
Calculations for these sources are'analogoué to Dalitz |
pairs [15]. The yield [14] from these additional Dalitz
pairs is also shown in fig. 1.5. Craigie and Schildknecht
[14] also point out that there is a contribution due to

a low mass photon continuum, this piece is most importént
since it rises sharply as Pp > 0O and we shall give the
details in Chapter III.

The above considerations exhaust category (ii) in our
list bf sources. From category (i) there remains the
currently interesting suggestionithat charmed mesons
may make a sighificant contribution [16, 17, 181.
Candidates are the now firmly established D mesons.

0

*
(D+’O pseuddscalar and D ML vector; masses —m _ =

o

D
1.863 GeV, m , = 1.868 GeV, m ,, = 2.006 GeV,
' D D ‘

m .4+ = 2.009 GeV; quark combinations —-M: = cd  and

' MC = cu) and the less well observed F and ,F* (es).

While there is still some uncertainty about the size of
charmed meson production cross sections and leptonic
branching ratibs, some estimates for lepton yields have

been made. Purely ieptonic decays DV +’2f + v are

L
suppreséed compared.to éémi-leptonic decays, with the

ratio (pure lépténic/semi-leptonic) ~ 1072 [19]. For
semi-leptonic decays the Mc Q'K.f L+ ) mode is
dominant. The semi-leptonic branching ratio is féirlé well
- fixed atim‘8%, but -the eétimated 10 yb production cross
‘section is more uncertain [20]. The theoregical‘input of
calculations can strbngly influence the result:

transverse momentum dependences and three body decay
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distributions. The mass of the recoil hédron also has a
noticeable effect on the e/m ratio. All calculations
afe agreed that the ratio will turn over in the bp Tange
400 +» 500 MeV/c, 1in contrast to the data which continues
to rise up to Pp = 200 MeV/c, and that.in general a
rather large inclusive cross section for charm production
is needed to reach the level of the data. Results of the
model of ref. [17] are shown in fig. 1.5. One paper [18]
claims that, within experimental uncertainties, charm

can account for the observed lepfon yield in the

0.5 + 1.0 GeV/c range in Do it is argued that
experimental data connecting singleféleétrons;with

ete™ pairs are not in conflict with this result -

charm originated leptons are limited to Feynman x n 0
whereas existing ﬁair data is for larger Xp- However, there
still remains the issue of the continuing low - P rise. |
In the central rapidity region, it is expected that DD
production will dominate giving equal lepton and antilepton
signals. - |

The "story so far" demands a further source of

eTe” pairs and the absence of any low ‘pT threshold in
the e/ ratio suggests an explanation in_tefms-of a
© -yirtual photbn-continuum. Bremsstrahlung was long ago.
gpropOSed as a possible mechanism for pair production in
hadronic interactions [21]. For large mass pairs dubious
'assumﬁtons'aboutﬁthe'détailed dynamics of photbn'production
are inevitable. The contribution from low mass, low

energy (=A"sdft") virtual photons was calculated by

R. Rickl, being eséentially‘model independent [22]. 1In

this work, the author improvéé on the method of Cahn for



real photons [23] and extends to pair production.
Unrealistic assumptions are made in ref. [22] when real
photons are replaced by virtual photons producing pairs.
The method involves the use of soft photon theorems. We
shall extend and revise this calculation in the following
chapters. We obtain a leading term (comparable to result
of Rﬂckl), a second order term and show how the wector
meson dominated low mass continuum fits'into the scheme
of the calculation. |

In Chapter II the soft photon theorem approach is
explained, together with the real photon application.
The extension to lepton pair production is made in
Chapter III. Details of some numerical work and the

evaluation of cocefficients are given in Chapter IV. The

results and their implications are discussed in Chapter V.

Some additional work is left to appendices. Thé emphasis

is always on the large angle production of electrons for
comparison with the data (the 32° data of the CHORMN
group may be considered "large" angle when compéred with
the angle of the forward hadronic cdne) but. we shall

also present the small angle case.

18
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CHAPTER TII

We investigate the bremsstrahlung production of
real photons in high-energy centre-of-mass proton-proton

collisions. The cross section for the production of

1l

real photons with energy 9, (= |a|) can be expanded

in increésing powers of q in the limit q, * o,

_ 2 2
= =+ 3 + cq +euq, + c5qo + e | (2.1)

The Low soft'photon'theorem [24] for spinless particles
(or for polsr%zed particles with spin) states thaf unique
‘values of cq - and c, can be obtained just from a
knowledge of non-radiative cross sections. This result
depends on the law of charge-current conservation or
equivalently gauge invariance. Strictly speaking, the
theorem holds only when the scattering amplitudes are
sufficiently smooth to allow complete expansions in
powers.of 4y Some problems may arise ifvthere are
rapid Vsriations in amplitudes, for exaﬁple when thsre
is a narrow resonance with width less than U Or,
tO'eipress this condition another way, we need (change

in amplitudQAfor leg going off-shell) << (size of
amplitude) [25]. (For this situation the theorem holds
to a good appfoximation, but in ref. [25] an error term
is discussed and the authors suggest that converséiy conditions
dould bé chosen to emphasise the error and obtain new
information about an interaction). 8o the result will

onl& be applicable when the effective expansion parameter

qo/<E>, where <E> 1s an average energy of the particles
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in the interaction, is small (<< 1). We can expect this-
limit to be valid for high-energy collisions with |

qdy 0. Low's theorem has certainly been applied with
some success in the past, see for example ref. [26].

The technique-of Low has been extended to include
cross sections with spin summations [27, 28] with similar
results. The first two terms of the expansion in photon
energy can be calculated from the non-radiative cross
section (summed and averaged ovér épins). We giVe a
derivaﬁion assuming spinless particles which demonstrates
the role of gauge invariance and reproduces the fésults
of ref. [27].

The radiative amplitude contains contributidhs both
from terms in which the photon is radiated from an
external line and from terms in which the photon 1is
radiated from an internal line. The most singular
(1/q§) term in'equation (2.1) is the result of external
radiation and arises from the off-mass-shell charged
hadron propagators in initial and final'statebbremsstrahlung.

The external bremsstrahlung amﬁlitude_(fig. 2.1(a))
for a protoheproton collision producing an arbitrary
n-particlg final state (a + b » n) is given below.

We note‘thaf the 6ff—mass—shell progagator |
((b + q)2 - m'?')'1 reduces to (2p.q)—1.

,Tg (bremsstrahlung)

n . (Zpi + q)uA v
(2p, - o)
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M
(2pb - q)
2pb'q

- Qp To(PysPp=a5Py - +5Py) (2.2)
th - '

where the 1 particle has charge Qi and four-

momen tum Py and‘ Tn(pa,pb;pl,...,pn) is the on-shell

amplitude for a + b + n particles. The Feynman

rules for scattering amplitudes are given in the Appendix.

,H;

Figure 2.1 (a) Initial and final state bremsstrahlung amplitudes.

Figure 2.1 (b) Direct photon and gauge-invariant‘amplitudes.

e

We note overall charge conservation means Qa + Qb =

Q L]
| | 151 1
,Pérforming simple Taylor expansions of the amplitudes Tn

about q, =0 jields, for examplé,
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Tn(pa,pb;pl,---,Pi+q,---pn)lqo + 0

, .
= T (pysPp3Pys---Py) + Q.Y T (p,sPp35Pqy---Pp) (2.3)

+ c..e

where V- is the four-dimensional gradient with respect

to the momentum of the ith.particle. We now divide the

full radiative amplitude into two parts, the contribution
from external bremsstrahlung and the contribﬁtion from
all other sources (TR“)(fig. 2.1(b)),
" Y | T
T,  (full) = T," (bremsstrahlung) + Tp".
We can apply gauge invariance to the full amplitude
and obtain

-q.Tp = + a.T (bremsstrahlung). (2.4)

Using charge conservation and equations (2.2) and (2.3),

equation (2.4) redﬁces to
n .
b
_“Q-TR = { _21 Qi Q.°Vl - Qa q'va = Qb q.Vv }
. i &

: X Tn(pa’pb;pl""pn)'

Thus we have obtained an expression for 'I‘nu (full)

which we can write in increasing powers of Qs =~ C
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n - (2p.+q)* . (2p,+q)* i .
T ¥ (full) ={ y [ - + = - q.v- -y
n i=1 +1 2p;-d P34
u u 1
4 r‘(2pa,q-q_,) . (2.pa,—q) L -y
al 2p,-q 2p, -4
- u _ M
. Q (2pb'q) + (2Pb Q) q Vb _ Vbuﬂ
bl 2p,-q 2pp-a )
x T (PysPpiPyse--Py)
+ (gauge invariant terms of o(qo)). (2.5)

The next-to-leading term in the cross section (~ 1/qo)
will be associated with interference terms in the squared
amplitude. We now introduce some notation for the sum

over initial and final states. We define

and whenever (2p:.L + q) oceurs in X; it is implicitly
" replaced in Xc by (2pc - q). Now the second order
terms are given by

 !, (2P1+Q)u |> (ZP--'*'Q)\) j jv ¢
(;_»Q,i —25;7;—) Tn[Z Qj('_g'f);T q.v% - ¥ )] Tn

(215 +Q)u i i 1 (2PJ-+Q)\) +
[} Qi 2p q v -V u)] Th (§ Qj 2pj.q.. ) T

and noting that this will be contracted with a symmetric

tensor, we can reduce to

: y :
Gor¥ \ [t o (221 I v 2
(i Qi 2pi q ) [ § QJ ( 2pj.q q.V . v ) lTn[
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NV
So, up to second order, the hadronic tensor, H , 1is
given by
' (2p,+q) ¥ ' (2p.+q)" (2p.+q)"Y .
i ='(§ Qi 2p%.q ) [ Z AQj ( 2p%.q + qu.q q‘vJ
1 1 J J J
- viY) ] T, 1° (2.6

We recall that fhis is the result exactly corresponding to
that of Burnett and Kroll[27] which included a summation
over particlegspips.‘ In ref. [27] y the authors point

out that the momenta and energy at which»,'I'n in

equation (2.6) is to be eyaluéted aré.not ﬁnambiguousiy
specified. We will evaluate T at'on;shell, non-radiative
values for the leading term. O0ff-shell effects for the -
second term are discussed later in this Chapter.

‘ We are»nbw able to calculate the'coefficients c1
and ¢, in équation (2.1). The constant (03) part of
equation (2.1) will have a cohtribution from the interference
between the leading bremsstrahlung aﬁplitude ahd the
.gauge invariant amplitude. Any calculation of this term
will require detailed dynamical assumptions, including
a knOWledgé of,phgse. A priori, we can say little about
thislterm but'wé shall consider some order of magnitude
‘arguments. in éxamining the remaining contributions to
c3 and highef or@er terms (e Cs cee)y We mu§p. )
include a consideration of the production of photons via
vector mesons [29]. | |

We now proceed to an evaluation of fhe leading

bremsstrahlung term (~ 1/qo2 in equation (2.1)). We

write the amplitude in a factorised form,
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. Tnu(pa’pb;pl""ph’q) = Jnu Tn(Pa,Pb;Pl.,---Pn) (2.7)
where "
M= 1 St
n i i 2pi.q.

and Tn is the physical production amplitude.  The
corresponding inclusive photon cross section is given by

(see Appendix)

n d4d°p. - .
1 [ ——) et
n=2 A=t i=1 2E; (27)

do _ 1
'2q0 d3q - 2 2s
)+ n . o 2 * 8 -
) (Pa+Pb - z Pi) |Tn(Paanquar-‘Pn)| Jn'elJn'EA (2.8)
: i B - ’ -

where ei (X = t) are the transverse polarization vectors

of the real photon and qu eAu = 0.

_ beam axis

Figure 2.2 Photon produced at 90° to beam direction.
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We choose initially to consider a photon produced

at 9OQ—to the beam direction (beam is along z-axis and photon
is taken for convenience along x-axis, see fig. (2.2)). -
In this configuration, the polarization vectors reduce to

e, = 1//2 (0, 0, i, + 1) and it is clear that to a

leading approximation

p;-d =% q.72 ’ | | (2.9)

th particle

where ji is the rapidity of the i

| By ¥ Py
‘Yi = % an (E;_:—Ez_))
) . 2=

and sign(y) - +1 for y >‘O;.- 1 for y:? 0. Ffom

equations (2.7), (2.8) and (2.9), it is now evident that

the leading bremsétrghlung term inbthe photon cross

section will be governed by the "charge fiuctuation"A

<A2Q> defined by

n ' - -
<A2Q> = <['21 Qisign(yi) - Qasign(ya) - Qbsign(yb% 25 (2.10)
i= . -

By making use of the charge sum rules [30], we can write

the "¢harge fluctuation" in the following form (Appendix 2.1)

<A°Q> = - 4 E g Q%93 f; dy, I_I dy4 Ccd(yc,yd) . (2.11)‘

\V]

where Y is the total available rapidity and C,y 1is the
" usual two-parficle correlation function, (¢ = inelastic

cross section), .
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1 _do _ L_
o] dycdyd 2 dyc dyd

foF

Q
lQ-

Q

Cog Fer¥g) = (2.12)
This result is related closely to the Zone Graph analysis

discussed by Baier in ref. [31].

From equations (2.8) and (2.10), we obtain

(% gg——)9oO _ _a_2_ (<A2Q> + CT) %— . (2.13)
d q Yar 4,

CT4 is é correction term which takes into account

the transverse momentum of the hadrons in the final

state which was neglected in the aﬁproximation of

equation (2.9).. 4

To estimate CT’ we use

(p; P; +Dp. p; )
1 vy Iy 7z Jg
y J EAJ.8A=—2(22Q.Q.~ L -
P Y JoF
a b i
-2(Q, 72+ 7D Y QG
a E b Eb -5 i E.l-pi
X
Pa pb i _ ) .
a .

Next, neglectingjthe masses of the beam particles
w.r.t.l /s aﬁd récélling that paz = - pbz for centre-
of-mass collisions, we can eliminate the last two terms
in equation (2.1k4). We proceed to expand the first

term in increasing powers of pX/E and py/E.
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* 1 P Pj
Y J .y, J e, = =5 Y Y Q.Q. (._JL —¥
. nTTA A q02 i 5 i%j E; Ej
my ° Py by ¢
. : T X X
+ sign(y;)sign(y ;) [ (I-—"5 + ) (L= + —5— + ..0)
2E, i E.
i i
mj 2 pj D 2
: T X Iy
X (1 - 2 + .o.)-(l + E_ + T + ...)] ) (2.15)
2E h| E. ‘
| . j .
2 _ 2 2 2 _ . 2 2 2 _ 2 2
where E~ = mn +p,y mp =m" +p "+ py = n” + pg

and M, is known as the transverse mass. Equation (2.15)
can be divided into two pieces, a term corresponding
“to the charge fluétuation (mﬂsign(yijsign(yj)) and
the correction term Cg.

To obtain an -expression for Cps  We assume the
pions are produced symmetrically'about the beam axis, so

that any terms which are odd in .pi or p; . will vanish

. ) X y
on integration. In similar spirit, we take
. A : p .
2 2 -2 c d
Py = Pp =P and p Py = I T . P. P
= Y . c 2
2 X X : Cy dy

(pc is the two-dimensional transverse momentum wvector).

E+p . E + 2 - mTZ)

2y : Z
e = gn (==/—=) = 2n (
E - b, E - /&2 - mT2

%) = B (¥ - 1)?

= @+ P E -y

-we have E = mpcoshy and also p, = mpsinhy.



29

. 2 2
p, -1 13
C.=1 3 .[ op 4o ( Sro ° ) "2,
T o c 33 2 w2 2E
. c d Peo m, ~cosh.y/ c
T ;
‘ 3 3
d”p, d’p
1 do c d
f 21T 00 | [ 58— em2m
o i c*d d3pcd3pd c™d 2Ec 2Ed
p, -P
X(;' ¢p “dp <
2 m decqshyccoshyd
2 2
+ sign(y,)sign(yy) [— e - 04 .
. 2 2
2mc cosh Ve Zmd cosh Y3
T T
Cp dp ' * .
* 2mC o3 coshyccoshyd ) - (2.16)

T T ,

The (l/qo) term in the bremsstrahluﬁg specfrum_
(equation (2.;)) has coefficient c,. We estimate this
contribution by looking at the”secohd order terms in
equation (2.6). The relevant expression, including

the photon polarization vectors, is

. : * B
n n i .. € o .
) TR T T TR e = s WS S P *]
A=+ \i=1 j=1 *t9J Pi-1 | Ps-d . \
ﬁ P,-€, [Dy.€ *
- 0 [ I g *]
2=§,b jzl 9 P,-d [pj.q q.V voey
i=1 k=a,b 1%k p;-q P \
' ‘ 'P e~' p Ve * _
' ! L Q0 [ qQ.V - V .e ])
t=a,b k=a,b k pg-d Py -d A

x |T,|° (2.17)
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(where T, = Tn(pa,pb;pl,...pn))

and again by the symmetry of the centre-of-mass proton-
proton collision, we can take the first term as dominant.
(The squared amplitude is taken as a constant with respect
to initial state momenta). Summing over the transverse
polarizations (e, = %5 (0,0,i, + 1) as before for

photon at 90°), equation (2.17) becomes ' '

. Y .
(p; P; + P, p; ) (v.9 - v )

DR Q-Q'( vy Iy tz Iy o - X
j N | (Ei—pi ) (Ej-p' )

X JX

7y(2;18)

We define DT to be the coefficient corresponding to

this second order term, then (dividing throughout by o)

d3p . (pc 2+pc 2) ) .
-1 C v Z ) 9
Dp =5 1 JZE ( >— G- T
g & _ .
c c (E,-P, ) c e
X
' 3 3
+
(pcy 9D, Pe_ 3Pc>) |
- v ) zZ . do oF
(E, - p 3 c
c Cyx d Pe
3 3.
A D AR 'I J ZEPC Zﬁpd
T ¢ d c d

(p, Py + p, Py)
. cy dy T, dz' ( 3 . 5 )
(Ec'pcx)(Ed'pdx) ! aEd ?pd

X
(p, 53— *+ 7P —) :
cy apd c, apdz p _
) =5 2B2Ey 33— (2-19)
c Cx . d pcd Py
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This term is now to be included in the expression for
the large angle real photon. woss section. Equation (2.13)

is modified and now becomes

o) 2

do 90  ag <ATQ> + CT . DT (2.208)

9% 73 -2 2 q. -=la
d-q L d, o)

It is appropriate to note here that this equation
is only valid for the q, > © limitkand that the last
term will be most sensitive to increases in the value of
qg The "soft" photon expansion we use is expected to
be valid for 29 B << m2 (where E -a&ad m are
respectively the energy and maeezof tne fediating hadron).
As dq is allowed to grow towards this limit, off—eheli
damping effects will become increasingly important. The
off-shell behaviour of hadronic production amplitudes~
is pertly determined'by natural damping of multi-Regge
amplitudes in the Toller variables [32]. (Fig 2.3 illustrates
the dependence of production,amnlitudes on the Toller
varianle n). This effect can be related through unitarity
and analyticity to the transverse mass dependence of

the single-particle-inclusive cross section.

In this case, the transverse mass is defined by w0
My = (p2 + pTZ)% where p2 is the virtual mass squared
and P is tne transverse momentum of the off-mass-shell
leg. Those higher order terms in the expansion ef the
photon cross section which are not strongly dominated
‘by'the.small dg 1limit will be affected by this off-
-éhell behavioui.' Bearing in‘mind the expected

F(mT) = exp (- ami) behaviour of inclusive cross sections,

we insert a simple exp(—aqo) factor to control this damping.
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'\p S1S0 2 2 2
. =n =P tpp

Figure 2 3 Dlagram illustrating the dependence of the off-shell
behaviour of production amplltudes on the Toller '

variable 7.

o 2 |
90 <A"Q> + C D -aq
(%o 9% ); = & = + L e ©°) (2.20p)
d B 5 9 4

We now consider photons;produced along the beam

direction (0 = O ). In this case, we shall see that
the'familiar‘problem of soft photon summation arises.
The transverse polarization vectors are now

=1//2 (0,1, *+ 1,0) and




) _
= -5 =2 (2.21)-

where ¢i is the hadronic azimuthal angle

(pi = (Ei’ piT cos &5, Ds

. sin ¢,, piz)).

We proceed naively to calculate the l/qo2 term

to order o. The relevant contribution will be

(c.f. eqn. (2.14)) (note P, =Py = 0)
T T

id., R
1 P1,° ] Pig” J
Lol %0 o = =
1 9 m; e m. e 1j
T Jp
-i¢ -ig
pP: € p. €
i j
v — oy - =y )
]Ill e 1 m. € j
T Jop
D, .D. ‘
1n°%]
1 T dp
=1 1 %49 3 ( m—— ) (2.22)
1 3J q, m, m, e e 73
T dp

wheﬁ& ﬁi is the two dimensional vector,
7

: = (piT cos &, piT sin ®i). Then the real photon

cross section at 0° assumes the following form, when

By

we exhibit only the diagonal part of equation (2.22).

o A
(q do )O _ _«a 1 (Z I Po ':]23 e2yC2E do
o 43, wl 22 2E. ¢ 3

33
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We shall show below that this expressioh has a linear rise

in s and hence that the perturbation expansion in
a 1s in some sense spurious.
We assume a simple form for the inclusive cross-

section of the produced hadron 30

do do

E = = F(ch) g(y,) (2.24)

c 3 2
d Pe dycd ch

with the transverse momentum dependence normalized so

that F(p,. ) d2p =1, and as usual
¢ Cp ) _

Hadronic scaling (i.e. inclusive cross sections as
functions of Py and x = 2PZ//§ only) 1is largely
satisfied at higher S values and one consequence is
that do/dj = g(y) has a constant plateau over the
central region. This effect is shown in fig. 2.&.

. T T T T L

1500 Geve

40t

20¢

- 0 2
LONGITUDINAL CM.S. RAPIDITY

Figure 2.4 Showing the plateau in rapidity of inclusive cross
sections (p+p + m+X) at different energies.
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Thus we take g(y) = constant = g(0). The total awvailable
rapidity Y ~ gn (s/m2) and so

2
o p '
q dL)O = s _15 (Z( °r ) g,(0) S5 + ) (2.25)
° a3q br® q)® \e'mg 27 7 2m
_ T

This strpng peaking of real phofon emission parallel to
the beam direction has long been known to experimentalists.
It has also been seem in early work on radiative
corrections and cancellations of infrared diVergences [33].
When as/m2 vl1l, we should do a complete photon summation
(i.e. sum over number of photons emitted) pérticularly
in view of the_difficulfy'of isolating single photons
experimentally. '
Henceforward we shall concentrate on large angle
production which will be more relevant to our aim of
large Prp leptons. It 1s at least apparent that real
photons follow broadly the distribution of the hadronic
final state - what might be described as a halo effect.
The strong collimation of photons with the forward:_
hadronic jet can be demonstrated by examining the
angular distribution. To obtain a rough estimate, we _
.consider a photon at 0° together with the radiating

hadron at 60, ,thenﬂﬁf??

2

Ip.c,|? Ipl? sin®e |
: - . 2
(p.0)° (E - |p| cos )
- sinze
2m2

.(1 + S.— - cos 6)2



which suggests, ((1 - cos g8) = - 62/2), an angular
spread A 6 ~ 2m/v/S, which will be small.

36
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APPENDIX 2.1

We use the following fundamental formulae [30] :-

Phase space:

3
- n d4d-p., . Loy n
an_ = | (1 ———=) (2m) " § ' (p.+p.-Y p.) (1
o f i=1 2Ei(2ﬂ)3 - Fa™Pp g P :

Total cross section:

1
oror T 25 22 J iy Tp,p (2]

Inclusive cross section for particle type c:

do
c A3
d pc

E

ol

n§2 kEC J‘ dlty Ek63(Pk‘Pc) [ Toop | - (3)

Twice-inclusive cross section for particles ¢ and d:

do 1 e ' 3
ep -k § 1 1 [ an m e
cd d3pcd3pd 25 125 1he ehd ' n By 87(Pr P,
k#%
3 o 2 |
x E, 83 (p,-p) T, | )
‘Average multiplicities:
d3p .
do c v
E = <n.>o0 : (5)
I  }c d3pc E, : ¢’ ) g
f . 4o d3pc d3pd ' "S' 6)"
= <n n.-8§_ .n >0
c'd d3pcd3pd- E, Eg cd edec
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Charge Sum Rules:

(Q.+Q. )0 = f Po g 42 g (7)
a *b g Ec c d3pc c
3
d~p
(Q.+Q,-Q.) E. 99— = gE, 49 o —4 (8)
a b Ye c d3pc g f cd d3pcd3pd d Es

Derivation of charge fluctuation formula:

2 15 2
o0’ = 35 | j an_ |1, |

n. . - L
x (Z Q; sign(y;) - Q, sign(y,) - Q sign(yb))2 (9)

For centre-of-mass collisions of identical particles,

(Q, = Qp, sign(y,) = - sign(yy)),

o<A2Q> = y J dam, |T2+n|2
n=2

N
w0

X (§ § Qin sign(yi) sign(yj)>

+

: 4 .
) g Qg J J dy,dy4 a%;a;g 31gn(yc) sign(yd)

and using equations (7) and (8)



o<A2Q>

-2 Z

c

RS

<n>c + (Qa + Qb

by symmetry of collision.

So (e.f. [31]).

<A2Q>

AV LS

)20 - <n>o
Y Y
2 2 0
IO J * J J g; dy
'Y 0 0 Y cvd
2 2
Y Y
2 2 0
[« [ ]
0 0 -Y
2
Y
Q 2
- 0]

dycdyd

Ccd(yc’yd)dycdyd
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CHAPTER III

In this chépter‘bwe consider how the methods of
Chapter II can be extended to the case of low mass

ete pair production. The pair creation process

relevant to this discussion is shown in fig. 3.1

Y

Y

Figure 3.1 Amplitude for pair production via a virtual photon.

and involves the decay of a soft virtual photon
(q2 + 0, q, N 0). We use k ‘and k' for theTlepton
momenta (q =k + k').

To obtain an exﬁression for the e'e” pair °
prbduction,viavfhié soft virtual photon emission, we work B
wifh an analogy of equations (2.6) and (2.8). The
hadronic tensor H"Y (equation (2.6)) is continued to
small q2 # 0 and the denominators (off-shell hadronic
propagators) wili_now_become (2bi.q'+ q2). The suﬁ
ovér real photon polarization vectors which appearé in
equation (2.8) is replaced.for the virtual photon décay

A squared photon

process by a leptonic tensor Luv'

propagator_will also be required. Thus we have



" a3p,

L ® n p
bk k t 49 __e" 1 J ( T i )
o' Bkt em® 2 nb I\ 2E, (21)3

TN -1 H'VL Vv
x (2w) " & (pa+pb_— Z pi) -—1:]'1— (3.1)
1 aq

We use Feynman rules (see Appendix) to obtain Luv'

Setting the electron mass squéred equal to zero

(m,> = 0),

=
I
~1

- oy (3
w T (u A )(v oy u)

F Y, K' v, ¥

2

13

Since Huv is gauge invariant, we can rewrite
equation (3.1) in terms of an effective photon cross

section (2q5 do/d3q)eff. This effective cross section

is obtained by feplacing €+U in the real photon

cross section by e)\u (x = £,0) (i.e. q2 #.0) with the

. : : . ¥y :
properties q.€,y = o, -guv Eku €ﬁ| = 6AA' and
*y gugv _
§ Elu €y T _gUV + 5 - - (3.3)
q A

Now clearly we can write

v_ IMTAVLERY '
=1 g% gt L ,

SrHV ¢
CEY L

and, by‘making use of equation (3.3) and gauge invariance,

this becomes

_ ' : . ‘ .
297 g, * Wk' K o+ k) f (3.2)

41



uv _ uv! *V * u'
b 7 A:E,O Arz-,o o epvea sanfae By 300
and equation (3.1) can be written
bk k ! do _ _a_f dq2 6(q2-2k q) d3963(g-k-k')
o' Bradnr  onl ) a° ==
do : ‘
X (2(10 '(1—3—) Li- Tr (pW) (3.9)
1/ err
where we have introduced the density matrix
3
© n d-p.
) I ( II —%)HuvsvakT
=2 i=l 2E,(2m)7 H
Parr = . . . 3 -
p5 (5 R e el
A"S:,0 n=2 1=1  2E,(2n)3 Atut A
and the virtual photon decay distribution
e, He *V ad |
€>\| E}\ (‘2gu\) + q2 (k'uk\) + kuk'\))> . .
Wyt = " (3.7)

gt (2 + (ko o+ ko K')
g gul\)l > TRARYE u' vt/

0

For the case of a single electron (er positron)

42

- (3.6)

detected at a production angle of e° to the beam direction,

we define the x-axis perpendicular to the beaﬁ direction

in the plane containing the beam and the detected lepton.

The angle between the virtual photon and the lepton is

designated 6 and the azimuthal angle denoted by

This configuration is shown in fig. 3.2 for © = 90 .

Using the conservation of momentum delta function,

can integrate over the undetected lepton momentum.

6.

o

we
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Yy

Figure 3.2 Showing the orientation of the virtual photon with
respect to a lepton produced along the x-axis.

We note

dq® a3q 6(q® - 2k.q) 63(q -k - k') = dtq 67(q - k - k')

. 4¢° L '
la] da, 5- dcosé d¢ 6 '(q - k - k')

. .' - a3k :
and integrating over 5k T obtain

3t
aq® a%g §(a® - 2k.q) o3(g - k - k) gkkl

= |q| dq, Qg— ﬁl}:—ér dcos6d¢ G(qo -k, - ko')
S da® 4o
Wkl )
S 2k q - q° |
where - © cosf = oo e (3.8)
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Now we can express the single lepton inclusive cross
section in terms of an integral over the effective

photon cross section.
2 dq " -
do _ o dq 3°0 do
2ko 3= "> j 5 J ‘ I d¢ (2qO 3]
ok 2w q 4| k| > a%q) pp

x 4 Tr(pwW) (3.9)

We are interested in those contribuﬁions for which the
hadronic propagators stay near the mass shell and the
virtual photons remain soft. The integrals in equation
(3.9) are dominated by their lower limits - the region
where our approximatidns are valid. If we look at the
region where q2 << hkg, "the well known parent-child
kinematics lead to the Sternheimer formula [34%]. This
formula gives <cos6 = 1 and aQ, - kyy which means that
the produced lepton follows closely the direction of the
parent virtual photon and is created with energy N_qo;
Wé can derive this reéultbeasily from equation (3.8).
Using q2 = qo2 - |g|2, equation (3.8) will yield _

a quadratic equation in q, with solutions

2 nglzcosze)]%)

-2 F 272 :
(koq -+ |k|cos8[q“(q". - Wk,

q, = % " (3.10)
(0] (k02 _ |1£|2 COSze) .

The condition for real roots giveé

(a° - Hmez)

cos™ 6 > - 5
k|
2
= 1 - 9_2_ . (3011)

Lk



for me2 =0 and k = |k| = k. For the Sternheimer

limit, q2/4k> << 1, equation (3.11) implies cos28 = 1.
Evidently, cos6 # 1 since this would involve |
q2 > 2kq, => q’+/1+k2 > qo2 > q2 => q2 > 4k°. Hence

cos® = 1. The lower limit of the energy integration is
found from equation (3.10) by putting cose =1 /and
taking the minus sign. (The electron mass must be

retained during the intermediate stages of the

derivation).

2 2, 2 2
X IR RV
@ .~ 2

min 2me

2 4
k+ - with m° -+ 0 ©(3.12)

Thus q, v k and we have the Sternheimer result.

The single lepton cross section now appears as

k

» : ' 2 dq do
do  _ _a . d f 0 I do (2q =
o 4o - _a_ I dg”
2 hm 2 q2 q L

x4 Tr (pW) (3.13)

and we shall discﬁss'further the question of the range of

integrations in Chapter IV.

o} d3q
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)

eff

We concentrate on the production of leptons perpendicular

to the beam direction (© =-90°%). In the confiéufation
of fig. 3.2,
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k = (k,k,0,0)
a = (a,,]glcose,|g|sinbcosg, |a|sinesing)
€, = %5 (0,-sin6,cosbcos¢ + isin¢,cos6sing - icos¢)
ge_ = %5 (O,sine,- cos6cos¢ + ising, =~ cosbsing - icos¢)
€, = 1 (|g|,qocose,qosinecos¢,qosinesin¢).
;q

- The numerator of W,,, (equation (3.7)) can be mddified,

q

_ M *y 8
= Ey1€y (}2guv - q2 kuk€>

TR L '
ExtEa (lzguv 5 (k'ukv * kuk'vi>

by using the property q.e, = 0. Also,

k k. ' k s '
ku = a; q, * (0, - a; |a|cose + k, - a; |g|31necos¢,
k -
- — |a|sin6sing¢)
a4, .
2 ' sin’g
then put |g| = Qy - ga—, cos® = 1 - B and get-

(to order sinze)'

} o 2 .2
K = Ko q + (0, k( q 5 + sin e), - ksinfcos¢, - ksin6sing).
. 0 ’

vSo we have ku in terms of qu. and an expansion ub to
order q2. (We have ’sinze of order q2 from -
equation (3,11)). For the tensor kukv’ removing a,
and q terms, only ¥ and z components will be

0(q2), remaining terms are higher order. So, as a
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matrix, we can approximate to

k k ~ k2sin®e 0 o o 0
v
0 0 0 0
2 .
0 O cos™ ¢ cos¢sing
. . 2
0 O cos¢sing sin ¢

If we integrate the term proportional to kukv Huv,

~in Tr (pW), over the azimuthal angle, only the diagonal

terms will survive. This is a consequence of the

following integral results

2m 2T
J cos2¢ d¢ = wm = J sin2¢ dé
0 0

2m
! sin¢ cos¢ d¢ 0.
0 ,

So, removing - ¢ dependence, we can equivalently use

0 o -0
k°sin<e 0 0 0
k kv 2
H 0 0 1’
- 0 0 0
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| , ,
and note that kukv/qz = 0(1). In the low q

region, we expect that only the transverse polarizations
‘will survive, so we replace (2qO dc/d3(i)eff by the
real photon cross section and assume that the error-
involved in this substitution will be small. Wé see from.
‘equation (3.1%) and equation (2.1%) that the effect of
the leptonic tensor kukv will be proportional to a sﬁm

over real polarization vectors. Thus we replaée

2qo g%— : L Tr (oW)
d”q Jeff .
by IR
" do ok . 2
2qo -—3—- 2 [1 - =5 sin 6]
d-q q
and obtain
(o]
o 4o 20 = & I QQE I dqo [ dé
° a3k 2 Jum ® q®  Jq e
. min
' do ok2 >
x |20, 3 )2 [1-5- sin%e]
d-q q
5 5k 5 42 ' 9 ¢
2m Lm d % ‘
e min '
2 ' -ag,
2 <A7Q> + C Dne
2k 2
x [1 - =5— sin 6] 5 L Tq (3.15)
q v a, o

with
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We discuss the numerical integration of equation
(3.15) fully in Chapter IV, but an analytic approximation

can easily be found. Expanding sinze in poweré of
2 : S

q gives
sin% = QE 1 l—) + (3.16)
QB \k g, .
and ify for this estimate only, we let q, = k,
o min :
d, + o and q2max': 4k2, we can use equation (3.15)
max ' . ‘
in the form
2
, Lk S
o 99° L e oo (a4 " o P
2k 9¢- .- 2k |, 2. 2 a5 § d¢
. 0 d°k U o me q ' qO . 'O
. 2 . -ad,
(1.2 (L_1Y\] (L& 0% Dy
xi1l- q k " q 2 +
o o} - q 9
o
e . P
o mo k 2 2
= —= — &n|—%x = (<2 “Q> + C,)
o k (mQZ) 3k T
. 3 2 - _ak ' : ) .
+ DT[El(ak)(l + ak)“ - e (1 + ak)_] - (3.17)

where E; 1s the Exponential Integral. This result
is deriveq in the first appendii to this chapte?v(Abpendix
3.1) _ | 't R
Much ©f the yield will originate from pairs with small
opening angle- (y), so we must consider the influence of
experimental cuts when comparing with the data. A
diScussion of opening angles and»their kinematic relations
is given in the second appendix to this chapter.

(Appendix 3.2).



50

This estimate of the bremsstrahlung contribution to -
electron yield at low transverse momentum has a kT'2
rise (k = kT at 90°). The electron to pion ratio is
obviously found by dividing equation (3.17) by a
relevant parameterization of the large angle pion
production data.

Finélly, we point out that there is some uncettéinty

if one extrapolates to virtual photons away from 900.

Since, at 900, qz2 = 0 and qdz = q2 + qT2 whereas
for 0 < 900, qo2 - qz2 = q2 + qTZ. By looking at
-2 2 2

the propagators we can expect that q,” 24" + ap

would be the proper replacement.

At this point, we outline the ﬁethod for calculating
the production of'prompt electrons at low transverse
momentum via the vector meson dominated iow mass continuum. .
This contribution to the e/m ratio, as we discussed
in Chapter I, domiﬁates all other conventional sources

in the low k region.

T

Vector meson dominated low mass continuum.

Craigie and Schildknecht [14] point out that the
low mass vector meson continuum (q2'<< m&z) strbngly
influences‘the'low transverse momentum lepton yield.
vTﬁis result is in contrast with previous estimates‘[l3]
based on the narrow width.approximation, which’féll .

off steeply for k,_ < m /2, . as we discussed in

T :
Chapter I. We shall briefly describe the method of
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ref. [14]. This contribution is related to the higher
6rder terms in the goft photoh expansion.
Traditionally, the‘single lepton spectrum resulting
from the production of a parent particle and its
subsequent decay is expressed in the fdlowing form

(narrow width)

3 dar
do _ I d ( do ) 1 e
ok 99 - 249 (2q. 99 ) = ok —=f . (3.18)
° g3k e ) 2q, °© 43¢/ Te 7O 43k |

The parent has momentum gq, Ty is the relevant partial
width and Be is the branching ratio for decays producing

the required lepton. This format'is generalized to é brbad
resonance or continuous mass source by inborporating a running

mass variable. (Production and decay mechanisms are

assuméd to be factorizable).

do 2 2 V 2 d3q0 ' dg
o il LSRNl el G d3q)
ar '
1 e
rg(a® ° ok

The branching ratio is given by

mv.

F o- —
v+e e 2

By (a®) = B
: q

and the two body decay probability per invariant

phase space element reduces to

dar > L, 2 S
ok 4. = 2 §(q° - 2q.k) .
o d3k T

e} [
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Changing the integration variable in equation (3.19)

to the non-observed lepton momentum yields (k' = q - k)
n 2
2k d%k = %B J da° 0(q°) —— f d3k: (2q do )
d q 2ko o) d3q
x 8((k + k')2 - q2)
-and performing the -|k'| integration (me2 = 0) gives
do  _ 2 J“ 2 2 2 do
2k —S—==B dq” m~ p(q )ﬂJ
° B Huz v 8k2(1 - cosxp)2
x (2q, d—g—*) ) (3.20)
d-q .

where ¢ 1s the lepton pair opening angle and §Q 1is
the solid angle. For the low mass continuum, the following

identifications are made

m T

2 do do vV
p(q7) 2q, =5— = 2q
o) d3q 0 d3q Tr(q2 __mv2)2
m T
N 2qo dg vyv ,
7 d7q T
B + - - .I1_V+—e.l-e—-
vre e I'v
oy ’<%w ) 1
- 12 2
Yy FV

. 2
where the vector meson-photon coupling U (E%—) = 2.k,



So equation (3.20) becomes

do_ _ 2 r 2 I 1 ( do
ok 28 - = dq dQ 2q 92
° ¢k T Huz 8k2(1—cos¢)2 ° 43

We can substitute the parent cross section

2q,, dc/d3q = cVF(qT)f(y). and neglect the rapidity
dependence f(y) = £(0). For a 90° trigger angle
(observed electron along x-axis), we can express the
undetected lepton momentum in terms of the pair opening
angle (y) and an azimuthal angle (é'). In the limit

m 2. 0,

k' = k'(1l, cosy, siny sin¢', siny cos¢').

The parent transverse momentum is known,

. A
qu =K%+ k 2(coszw‘+ sin2w sin2¢) + 2kk'cosy

‘LY, 2 2. .2 L2
- 12 . 9 (cosTYy + 5in“yY sin“¢Y) q_cosy
= k= + = t—s + -
B Mkz(l - cosw)2 (1-cosy

(by conservation .of ﬁomentum).

As *k +» 0, q 2 is approximated by the k> term and
) T

_ q2dq2 (coszw + sinzwsin2¢‘)

Qpdqn =
T 2 (1 - cosxp)2

ik

and
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do 2 a2 ®
2k —— = = —————— ¢_f(0) f da, F(a.)
o) d3k ™ 12Yv2k v o T T

1
(1-cosy) [l—sin2wcosz¢']% .

(
X J dQ

Then, assuming a similar form for the pion distribution,
the leading term of the electron to pion ratio is

1 a2 El

k (YV2/4g)24w2 Cr

J|o
t}

J.F ' S3.21)

with
F = f F(qT)qu

fo)
and

l-¢
_ dcos
J = f—l (1-cosy) 2 J

(¢ 1is connected with opening angle considerations in

the m° > 0 limit, see Appendix 3.2).

m de!

o} [1-sin2wcosz¢']%A

o4
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APPENDIX 3.1

For simplicity, since we see that the energy

integration in equation (3.17) is dominated by the lower

limit, q, =k, we let qj + o, Now, trivially,
min max
we have
| 2k . 2k° 2 ’
I ) l’q_-+'—2dqo‘ 3k ° (1)
k q, ° 4,

o -aq, 2
I e 1 - 2k, ZEZ dq
k %o 9 q °©
o
0 -t =) -t oo -t
= f & at - 2ak J €~ dat + 2a%%” I & at
ak ak ¢t ak t
_ 2. 2 ..
= I'(oyak) - 2akr(-1,ak) + 2a“k"Tr(-2,ak) (ii)

where T 1is the incomplete gamma function [35]

r(g,x) = f et ¢B-1 gt
X .

4

" which satisfies the functional relation

r(g+l ,x) = BI(B,x) + xPe™® (111)
énd in particular
- L,-1l.-x .
r(-1,x) = x ~e = - I'(o,x)



r(-2,x) = % (x"ze—X - I‘.(—l,x))

% (X‘Ze_x - x_le_x + I‘(O,x)) .

Then using (iii) and (iv) in (ii),

I

o o o ok . oK° >
dq 1 - T+ 5% |= I'(o,ak) (1+ak)
o 9o : % q
k . o
Now
o e..t
Ir(o,ak) = J < dt
ak
= El(ak).

Hence equation (3.17).
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(iv)

- e 2K (113%) . (v)
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APPENDIX 3.2

Discussion of opening angles:

We can obtain, from equation (3.10), the upper

limit of energy integration.

2 Ym 2 %
L[ko+|l-£| (1 - —=-)

q =
Omax 2m62 q2
a°k > |
o 2 as m~ +:0, ko= k| = k. (1)
e
Similarly for me2 = 0, with opening angle v,
2 _ '
qd = 2kk' (1 - cos V) -
and so
q2
d = k + 2k(1 - cos ¥) ° (11)

Then from (i) and (ii), we clearly have the restriction

2 : 2

q a’k
k + 2k(1 - cos y) 73
m
e
=>
" " q2me2
- cos >
o - 2k2(q2 - mez)
2
. Do
= == .

Hence, in taking a zero electron mass limit, we have

as a consequence to impose the condition (c.f. equation (3.22)).

me2
(1 - cos ¥) > e = —5
= "0 2k2
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When opening angle cuts are imposed exﬁerimentally,

Vo2 b, the effect is reproduced by modifying Q,
max

2

q, (cut) =k + d ~ .
O ax 2k(1 - cos wc)

Clearly for all cases of practical interest (1 - cos wé)>> €o°
The (considerable) effect of 50 and 10° cuts on the

leading term of our calculation are shown in the figure'

T lfllll

¥

(arbitrary units)

T lTllll

L )l A 'l A

01 02 03 04 05

kT GeV/c

Figure Showing the effect of openiﬁg angle cuts on single lepton
inclusive cross sections.
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CHAPTER IV

It is natural that any prqduction mechanism which
involves bremsstrahlung must in some sense be éontrolledﬂ
by the charge distribution in the final state. Indeed,
the coefficients <A2Q>,.CT and Dp which arise in our
expressions for real photon and lepton yields;are clearly
most sensitive to charge structure. Our "chargeA
fluctuation", <A2(>, defined in equation (2.10) is
related (equation (2.11)) to the charged particle rapidity
correlation functions. The correction term ~CT
(equation (2.16)) and the second order coefficient

D, (equation (2.19)) have similar, but more complicated,

T
expressions. To begin this chapter, we will discuss

the available experimental information and then use the
relevant data to estimate our coefficients.

The accumulated data on centre-of-mass charge fluctuation
in proton-proton collisions shows a slow rise with energy.
(Note that . <u®> = } <a%Q> 1is strictly defined as the

fluctuation and is measured experimentally). In fig. k4.1

(a2qy

10 50 100 . 500
| P (Gevlc)
lab

Figure 4.1 Compilation of data for 'charge fluctuation'.



we show a compilation of data for <A2Q> plotted
against py,,, (see for example ref.[36]). The

line is a (by hand) parameterization given in ref. [37],
<A2Q> = .568n(s) + .76. Detailed investigation of the
charge structure of many-particle events was originally
proposed to differentiate between theoretical models

for theAunderlying production process. For example,

the behaviour of <A2Q> has been examined to compare
fragmentation and multiperipheral cluster models. The
multiperipheral philosophy predicts [38] that the
chargé fluctuation will approach a constant at‘asymptotic
energies, but the fragmentation picture [39] results in
an increase proportional to s. |

The observed approximate &n(s) rise in the <A2Q> ;
data could be explained by a simple quark-parton model
[37]. TUnder the assumption that valence.quarks populate
predominantly the ends of the rapidity plot, the
fluétuation of quantum number in the central region
is taken to be the result of fluctuation in the quark
sea. Then, since recombination and resonance decay
can be considered short range effects and conséquently
energy . independent, the energy dependent part of
<A2Q> can be associated with fluctuations of quarks and
antiquarks from the sea. Quark-parton models with a
random distribution of charges of sea quarks can predict
a n(s) dependence for €A2Q> " (proportional to the
number of quarks and antiquarksvpresent).

The charge structure of multipérticle final states
has also been tested for evidence of "]Jocal compensation
of charge" [36]. A Zone graph analysis (see for example
ref. [31]) 1s often used, where - ?(y) is defined as

60
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the charge transfer across the rapidity value y and
Z(0) 1is the c.m. charge transfer. In ref. [36], the
authors compare the experimental results with a random
charge allocation model and conclude that in.the central
region charge is compensated over a mean length of .75
units of rapidity. The well known "leading particle
effect" is also observed.

A direct implication of local charge compensation
and the leading particle effect should be that the dominant
contributidn‘to the charge fluctuation must come from
the centre of the central region. |

Experimentally, charged particle distributions hawve
been studied in the 30" hydrogen bubble chambef at
Fermilab, which of course allows charge identification,
and at I.SR. Data from FNAL is available at Piap = 205 GeV/c
[40] and at py,, = 102, 400 GeV/c [41, 42, 43 ,44]. We
can use the results of the Rochester-Michigan collaboration
[¥1, 42, 43] to examine the consistency condition for
<A2Q> and the charged particle fapidity correlatioh |
functions Ccd(yCQYa), equatidn_(Z.ll); since the
++, -- and +- charge combinations are separated. The
quantity measured is not simply Ccd’ but the

"normalized correlation function"

C.3(¥as¥s)
_ d‘ec?’d

) dyc o dyd

(+.1)

(This form of. the correlation function is chosen by
Aexpérimentalists because of its insensitivity to

secondary interactions [45]). Clearly



Y3 Rcd(yc’yd)

We show, in fig. 4.2 a)b)ec) respectively,

I N S B R B
-3.00 -2.00 -1.00 0.00 1.00 2.00 3.00

Y+

Figure H 2 (a) Contour plot for correlatlon function R
Piap” 102 GeV/c against c.m. rapidity.

at
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Figure 4.2 (b) Contour plot for correlation function R__ at

Piap” 102 GeV/c against c.m. rapidity.
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y_+

Figure 4.2 (c) Contour plot for correlation function R+_ at

Piap” 102 GeV/c against c.m. rapidity.
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the contour plots of Rcd for ++, -- aﬁd +- charge
combinations of produced pions , for P1ap = 102 GeV/c,
plotted against centre-of-mass rapidity. Data taken

from these plots and integrated numerically over the
asymmetric region indicated by equation (2.11) (with

bin size 0.4), yields a value of 2.9 * .4 for the

charge fluctuation This is compared with the quoted

value of 3.60 + .16. 1In identifying particles for

these two-pion correlations, those partiéles which.

were identifiable as protons by track ionization were
removed and all particles with longitudinal momentum

> 4 GeV/c were also excluded (thué reﬁoving fast

forward protons). The symmetry of the pp incident
channel was used to reflect data about expected axes of
symmetry. Misidentification of partiCles (approximately
1% e, 7% K, 2% p; 1% ', 10% XK' and 13% p in central
region) and the removal of protons-as described above
mean that we cannot calculate the true charge fluctuation
from this data and thus partially explain the discrepancy
between given and calculated ﬁalues of <A2Q>. However,
we condgider that this dafa can be used to provide (at
qust) a good estimation of the size of our coefficients.v
-Beféfe‘going on to evaluate the coefficients Co and Dy
we make some observations on the overall.shape of the

C correlations.

cd . 4
The ehergy dependence of inéiusive pion correlations

is shown to be weak byvcompariSOn of resﬁits at

Pp,p = 102 GeV/c and at Pyap = 00 GeV/c (see fig.

4.3 [43] for a comparison of the two charged particle

correlations Rcc for these two energies). The most



Y e

Figure 4.3 Contour plots for Rcc for charged pions against c.m.
rapidity at (a) p;_, = 102 GeV/c, -
' (b) p,_, = 400 GeV/c.
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'striking feature in fig. 4.2 is the elongation of the
contours along values of constant Ay = lyc - &dl for '+->
and, to a lesser extent, for -- charge combinations.
This short range correlation appears translationally
invariant, at least in the central region. Thus we are.
seeing the evidence for local compensation of charge.
(Some evidence for simultaneous dissociation of brotons
and long-range diffractive correlations can also

be found [h2]). At this point, it is interesting to note’
that simple energy-momentum sum rules'cén produce positive
values of R 1in the central region of rapidities. If

we define

f2 = <ncnd -.chnc> - <nc><nd>,

the second Mueller correlation moment, then

, do _do _ ecd 2
and fgd cannot vanish by energy-momentum sum rules [30]

For azimuthal angle correlatlons (the angle between
the transverse momenta of the two produced-particles,
defined by cos¢ y = ﬁcT.pd /13, IIpd |), we show data
(fig. 4.4) again from the Rochester-Mlchigan collaboration
at pyyy, = 102 GeV/c [41].'v(ProtDns and events with
.less than six'charged parﬁicles have been removed).

"Here too, there'is more structure for pions with unlike

charges;
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Figure 4.4 Azimuthal angle dependence (normalised to 1).

Momentum conservation requires some anti-correlation;
the short range anti-correlation in ¢éd for +- |
may be associated with local transverse momentum
conservation for particles which are étrongly éorrélafed
in rapidity. The smaller anti-correlation for --

and ++ results from the corfesponding reduced rapidity
correlationf The azimuthél dependence for the charge
comﬁination +- can be approximated by a simple
function ~ (1 - Bcd cos ¢cd). The the "average valPe"

of cos ¢cd"

2m
<cos ¢cd> n JO d¢cd cos¢cd (l - Bcd cos ¢cd)
_ is‘given trivially by (--———

The short range behaviour in azimuthal rapidity

‘ correlations of like- charged particles, which is often
known as the Goldhaber effect, has been observed in

some experiments [46]. These correlations, which have
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a rise at Ay = 0, ¢cd = 0, can be explained in
multiperipheral or cluster models by the effect of Bose-
Einstein statistics [47, 48]. We do not take into
account this enhancement since the effect is very subtle
compared to overall structure. '

For transverse momentum correlations, no sysfematic
trends have been isolated [49].

With these patterns of behaviour iﬁ'mind,we éan

expect the two-particle correlation function to have

the following simple form

C.q (F.3D. 5¥43Pq )
cd c? cT d dT

= Cly e_a{yc—yle(ch)F(de) (l - B,4 cos ¢cd) (4.2).:
(For the azimuthal dependence, we let Bcd + 0 for
++ and -- charge combinations). The parameter o
is associated with the correlation length and |
o™t =2 5 1 [n0].

In equation (4%.2) we have assumed independént
transverse momentum distributions in analogy with the
single particle inclusive crossssection. (See equation -
(2.2%) and fig. 2.4). For inclusive charged pion\bfoduction,
the cross section is given in the form [49, 50]
Eé.—%g—' = A exp (-Bm, ). .(423)
d P. . : T

If we take average values:ovef chérges of the parémetefs,
then ét P1p = 102 GeV/e, A = 145 mb (GeV)-ZV and
B = 6.0 (GeV)~l. This corresponds to the central region.
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Rewriting equation (4.3) as

E, % = o, F(p_) (4.1

c 43

d Po T

2 _
where F(pT) a exp (- B mT) and f F(pT) d” pp = 1,
we have p = 19.5 mb (GeV)'Z. We can of course use
this expression to predict the "average values" of functions
. : _ 2

of pq, 1.e. <h(pT)> = f h(pT)F(pT)d pp. Some useful
values obtained in this way are given in Table 4.1. The

experimental value for <pp> is 3341 + ,005.

" TABLE k4.1
h(pT) <h(pT)>
P ' .36
pT/mT2 ' : 2.4
pTZ/mT2 -73
l/mT 3.2
l/mT2 | 12.1
ng | 536,

~While we have continuously used a "central fegion"
approximation (both in eQuaﬁion (4.25 and equation (4+.4)),
we must notiée that the rapidity plateau is not fully
developed at Piap = 102 GeV/c (fig. 4.5).
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Figure 4.5 Single pion inclusive cross section plotted against
c.m., rapidity. :

Since we know that at asymptotiq éhergy;fhe cenfral 1
region will dominate‘the'rapidity spaéé;fﬁe conéidef we
are justified in ﬁsing this approximation to estimate the
yields. |

We have now reviewed all”the information'we shall

need to calculate CT“ and DT;
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Coefficient CT

From equation (2.16),

d3p P, 2 _ m 2
T o c
c ch cosh Ve d P,
S3p, adp
1 c d do
+—EIQQ” 2E 2F
o q ‘e d ZEC 2Ed c 7 d d3p d3p
c d
P, -D
X<% CE di1
m_m, coshy coshy
Cop dT c d
. -
o

+ sign(y. )sign(ys) | -
¢ d 2mc 2cosh2yc
T

2 P .D
B} "4 N Cp dy
om Zcosh2y 2mc my coshycco§hyd
dT d T T

By the symmetry of the single-particle-inclusive cross
sections, we can replace the double-inclusive cross
section by the correlation function. (The integrals
over single-inclusive cross sections are odd in
integration variables and vanish by symmetry). Then
we easily get ' ' : "1;'
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2

P
]
_ 1 T 2 1 \ 2
CT T o 2 < 2> - mc' < 2> po J dycseCh yc
C mC ch
T

=

+ g g Q.9 I J 4y, dyq Coq(¥gr7g)

1 ch pdT
X §<mc ) <md ><COS¢cd> sechy, sechy,
T T
x [1 - sign(yc)sign(yd)]
m 2.
+ sign(yc)sign(yd)[ - g ( l;2> sech2yc
. m _
_ -
md2 1 2 '
- 5= (=5 )sech” yg | | .5
de

and the value obtained using this equation and results

given above (nﬁmerical integration over rapidities) is 1.189.

Coefficient DT

From equation (2.19),

2 2
- L 3 (Pc +Pc) ’
wb [ (i b )
= = . +
o : _ 2 - oF op
c (Ec ch) . c Cx
] P
Y P
( cy apc %z apcz ) oR do
(EC‘PC) d3p
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3 3 "(p, P; *+ D, Dsy)
+ 277 .0 f I TP, I7Pg °vdy x4,
o ¢ 4 ¢4 2B, 2By (Ec-pc )(Ed_de)

X

d )
p o TP
(Cy dey c, apdz>

oE _2F
(E, - p, ) D
X (]

C

and we shall use the same approach as for coefficient

C to estimate this term.

T
We take the approximations given by equation (4.4)

for the single-particle inclusive cross section and

by equation (4.2) for the two-partiéle correlation

function and use these to estimate the derivatives.

For this we will need to use

) _ 1 3

S

QE ‘mT31nhy y
3 - - - : - - -
T exp( alyc ydl) =~ q 51gn(yc yd) exp( alycrydl)

Y
X -
- B < exp( BmT)..

3
— exp(-Bm,y,)
T T

apx
Again we shall make use of symmetry by setting odd
integrands equal to zero. In this we find that, aé
before, double-inclusive cross sections can be

replaced by th-particle correlation functions. We

do the usual expansions in powers of T and i3

and keep only the leading terms. Then we have

S '
5 <m 5> P, sechycdyc
) cT

a|w
3

DT=
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+ 1T 98 [ | avqavy

B _Cqp iy
5 <> <g><cos¢ 4> [1 - sign(yc)sign(xd)]
c d
T T
2
-3 _dg
-5 <;——§> sechydsign(yc)sign(yd)
de
2
sign(yc-yd) ch pdT
+ a sinh 78 <mc - 2> sechycsechyd<cos¢cd>
A dm
T
+ sign(y )sign(yy) (1 - mc2§4l—§><ml > sechzyc
: m d
Crp T
- md2< L, sech2yd + < T>< L, sechy sechy., <cos¢ >)]
m 3 c 3 c d cd
dT T T
. 1 2 1 2
- a 31gn(yc—yd)31gn(yc)sechyd [<md > - my <m 3>sech yd]
T dT

X Ccd(yc’yd)'

Now we revert to numerical integration over'¢orfelations
using the data from the contour plots to find DT‘ For
this coefficient we get DT n 20. In view of_the'
sﬁccesSive-approximations that have been made (some
accuracy is inevitab1y~lostsby the averaging methods)
this value can only behfegarded as an order of magnitude
result. Without using explicit models for the production

amplitudes, we cannot obtain an exact value.
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The values obtained above for <A2Q>, Cp and
DT are inserted in equation (3.15) and then the
integrations over virtual photon energy (qo) and
mass squared (q2) were performed numerically for a
range .05 » .40 GeV/c in Kp. A Romberg type integration
package was used [ 51]. An upper limit of +S/2 was
enforéed on photon energy when the maximum kinematically

allowed (qO ) was in excess. The upper limit of
max .

- energy integration was taken as hxk2v with 2 =»O.l.
The lepton spectra depend only logarithmicélly on this
upper limit and consequently are relatively_insensitive
to variations:in. A. To illustraté this, the effect of
changing from X = 0.1 to a k-independent upper limit.
of 1 GeV (two very extreme situations) result in a
factor of 0.8 increase at k = .1. We also céiculate
the muon production yield although the large muon mass
brings the whole "soft" photon approach into quésfion
and we feel that the résults should only be trusted'
qualitatively. | '

The lepton/pion ratios are calculated at
Ys = 52.7 GeV for comparison with CHORMN data (althoﬁgh
we work at 90°, we have already seen in Chapter I that. -
we expect "large angle" results to apply at 320).
The fit of ref. [52] for 90° pions is used and o is

taken from ref. [53], we take = = 3(n” + 1)
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CHAPTER V

The lepton/pion ratios resulting from the two
bremsstrahlung terms we have calculated and from the
low mass continuum are shown (separately) in fig. 5.1
together with the maximum total effect. The e/7

ratio shows a steep rise for small k but the u/w

T’
ratio (fig. 5.2) is flatﬁer. These estimates do not
include the contribution from interference between the
gauge invariant part of the direct photon piece and the
leading bremsstrahlung term (see Chapter II). If this
is maximally constructive, it could give rise to a
20-30% increase in these results (from considering the
magnitudes of the respective diagonal terms). We also:
show (fig. 5.3) the same electron expressions but
with a 5° opening angle cut and the low kT data.

Although the combined effect does not completely
reproduce the data, we can nevertheless see thaﬁ these
QED effects give a substantial contribution to a
rising signal at low kT. (This work has been reported
in ref. [54]). |

The prolifgration of models for single 1epton and
pair production in hadronic collisions,-covering the
whole range Qf q2 and transverse momentum, testifies
to the great interest in this field. Of the equiﬁalent
languages used for discussing electromagnetic processes,
it seems that quark-parton (especially DPrell-Yan) ideas
work well for large‘massés but. lose their clarity for

lower mass regions where vector meson dominance takes over.
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Figure 5.1 Contributions to e/n ratio. Curves shown are
----- leading order calculation,
— — next-to-leading, .
calculation of low mass conitnuum,
maximum total effect.
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Figure 5.2 Leading order p/m calculation.
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Figure 5.3 e/m ratio with 5° opening angle cut enforced and

low k., data. Curves as in figure 5.1.

T

Modifications of these basic processes abound: Drell-Yan
models with quarks coming not from incident hadrons rss1,
constituent interchange models where quarké and mesons
interact [96], massive virtual photon decay [ 57] - to
list only a few of the more well-known suggestions. The
inter-relation between the two fundamental methods is
still not clear and calculations such as the present one,
| which have some suécess in explaining the data, point the
way to further modifications - the obvious oﬁe is quark

bremsstrahlung.
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Further experimental measurements at still lower kT
and low mass pair data will provide a clear test of this
calculation. (A brief analysis of the mass spectrum
of this calculation is given in Appendix 5.1). 1If,
when the levels of charm lepton production have been
clarified (possibly by looking at correlations [58]
or neutrino measurements to study charm cross sections),
- the known sources stiil cannot explain the data, there
always remains the suggestion [59] that an unobserved light
mass particle is responsible. But the chances of such
a particle having avoided detection seem prohibitively
low. |

The search for the W many years ago led fo the
startling advances in theoretical understanding during
the last decade. 'Now unified theories of weak and
electronmagnetic interactions suggest [60] that the W
has a mass ~ 100 GeV and we must speculate what

superaccelerators will reveal.



APPENDIX 5.1

The mass spectrum of the pairs produced via

bremsstrahlung is given by

- dq -aq
de_ o, L J lal —2 e ° (1)
a® o /P 1o

where the upper 1limit is controlled by the exponential
‘d.amping (see Chapter II). If we put 2Z = qo//ég,
we can rewyrite equation (i) as

© L2 S - o f2 '
it J 2l gz e—aZ/q_ ) (i1)
1 A -

do_
27
dq q
The parameter a comes from the transverse momentuﬁ‘
dependence of single-particle-inclusive cross sections
and is often approximated by a = 2/<pT>. This leads
us to expect, from equation (ii), that the ~1/q2

- behaviour of the mass spectrum will persist up to

/gz Vv <Pp>-
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PART TWO

An absorbed Mueller-Regge model for the

process m + p + p + X.
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- CHAPTER I

Regge theory, since its introduction into particle
physies (v 1960), has been applied to strong interaction
processes with considerable success [l, 2, 31. The
theory is based on the generalization of angular
momeﬁtum (2) from a discrete to a complex variable.
Regge showed that, for a wide class of potentials, the
only singularities arising in the S-matrix were simple
poles which move with energy, 2 = a(s) where a(s)
is called a Regge trajectory. Trajectories passing
close to integral or half-integral values of o - |
describe strong interaction resonances or bound states.
High-énergy, two-body reactions are dominated by
Regge poles in the crossed channel. When trajectories
are displayed on a Chew-Frautschi plot (s vs. Re(a)),
they become straight lines connecting hadron familiés
with the samerisospin, baryon number and strangeness
(see e.g. [4]). Hence we have a corfelation between
Regge poles and the observed speétrum of hadronic
bound states and resonances. Another important
aspect of the theory is the connection with the quantum_
exchange ideavwhich has been so successful in the”field |
théoretié;deséription of electromagnetic interactions.
Constraints . on the theory are imposed by such
considéfatinns as dﬁality and consequently the

predictiVe powér'is,increased.
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The successes of Regge theory in coherently
explaining a wide range of two-body scattering data
have caused the underlying ideas to become an
accepted basis for strong interaction theories and
models [5). While the quark model studies the problem
in a completely different way, it is no coincidence that
it can explain the linear trajectory at low energy.

A simple pole model can always be used to estimaté
results in two body scattering; it is the only model
which is broadly predictive with an acceptable accuracy.’
Characteristically Regge poles can successfully

predict for 2-body exchange processes: the magniﬁude

of differential cross sections up to'a factor of 2;

the helicity structure; the energy dependence over

a range 4 » 400 GeV/c and the approximate behaviour "
with respect to momentum'transfer.

There is strong theoretical and experimental
evidence to support the inclusion of Regge cuts as
correctioné to the simple poles. To cite a popular
example, pole-only models predict zero polarization
for m + p > 0 + n whereas experiments give a
non-zero result [5]. Régge cuts (corresponding to
cuts in the complex angular momeh_tum plane) are ‘required
" theoretically by unitarity arguments [1]. |

Pion-nucleon backward scattering, (when the
direction of motion of the nucleon is reversed after
a centre-of-mass coliision), provides an opportunity
to investigate'the exchange of baryén Regge trajectories.
Theré are some special peculiarities of baryon exchange

processes [3, 5, 6, 7]. Consideration of kinematic
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singularities for Baryon exchange of given signature
requires that there must be two trajectories of opposite
parity (hence opposite naturality = signature x parity,
n = tP). The two trajectories are known as parity
doublets and the result is known as MacDowell symmetry [8].
If we take u as the squared momentum transfer between
the ihcoming meson (pion) and the outgoing baryon
(nucleon), then both the trajectories (a) and the

Regge residues (residue of amplitude at pole, B) are

analytic functions of vu and obey

o (A = a”(-va), 8T (vi) = B (-v).

For linear trajectories, parity partner statee'are
degenerate in mass. This mechanism (a consequence of
the analyticity assumptions) is an example of
"conspiracy". Expefimentally the parity doublets afe
not well observed. A dynamical solution to the problem
was suggested by Carlitz and Kislinger[9]; they proposed
that a fixed angular momentum plane cut should be
introduced. A branch point is 1nserted at o, (where
a(va) = a, + a (/ﬁ) ) and the unwanted parity partner
listates are placed on the unphysical side of the cut for
u> O. Thus we see that for baryon exchange it is
particularly important to introduce Regge cuts.
Absorption corrections are commonly assumed to

include the effect of Regge_cutS'whichecorreSpond to
iteration of. Pomeron (Regge trajecfory with zero

quantum numbers) exchange.
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Two-body. pion-nucleon backward scattering has been
studied extensively with different Regge cut models
[10, 11]. Good agreement with the available
differential cross section data can be obtained, and
broadly speaking the cuts reduce the overall
normalization but do not greatly alter the shape.
Polarization data is not so well explained and the.

predictions of different models vary appreciably.

We now turn to a field which has aroused much -
interest during the past few years - production processes.
From an experimental étandpoint this is an important .
subject since production accounts for ~ 80% of the
total cross sections at presently available energies.

The adoption of the inclusive approach is particularly -
useful in the investigation of production processes. |
We shall concentrate on the single-particle inclusive
case a + b+ c + X, where one particular type of
particle (c) alone is selected in the final state.

This prdcedure allows the theoretician to extract
information from an otherwise unmanageably complicated
system. Similarly, inclusive experiments are
comparatively simple when contrasted with'éxclﬁsive
many-body experiments which present various difficulties,
particularly with neutral particles.

The introduction'of Mueller's Generalised Optical
theorem [12] hés’made inclusive reactions accessible
to Regge ‘analysis andAReggé phénomenology has developed
4 rapidly. Single particle inclusive reactioné have been

widely studieg using both pole-only and pole + cut



models. Again there are both theoretical [13] and
phenomenological [14] arguments for the inclusion of
cuts. An impressive array of cut-corrected models

for basic reactions with meson pole exchange testifies
to the wide interest in this field (see for example
refs. [15, 16, 17, 18]). We shall be interested in the
backward inclusive reaction w~ + p>p+ X and we
shall develop an absorbed Mueller-Regge model for this
process. In the first place we look at the general

framework of inclusive reactions.

The single particle inclusive  eross section
corresponding to the reaction a + b +c¢c + X is given
by 19, 20]

33

(2m)3 2 E, —%9— = %
a P, n

lle~1 8

n D
(I —lT) f (n ————gl—
i=1" (2m)°2E;
n
x (2n)”64(pa+pb-pc- _Zl p; )
. i=

\

. - . - 2 ’
X |<pgyPys---PplAlp P> 1T (1.1) .

where 1/nt! is the statistical factor and F .is
the flux, which is given by

2 2
y My )

F=2 at (s, m,
~and A is the Kibble function,

A(x,y,2) = x° +,y2 + 22 - 2xy - 2yz - 2xz.
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The single particle inclusive process is a function

of three independent invariants. We follow the backward

scattering convention and define (see fig. 1.1)

s —>
bdz

Figure 1.1 Single particle inclusive process a + b+c + X
with invariants s, u and M".

42}
|
~ .
W)
[
+
kel
o
-~
N

and'

-
M = (p, + Py - Pg)%s

(M = mass of missing state X). Then if we put

t = (py, —'pc)2 we have
s+t+u=m 2 + 2 2 2,

+ + M
a mb mc

The limits of the physical region are given by f21]



(s+m °-M°)2 )
Iumin| B hs - e
ma x
! 2
i (s+m 2_mb2)2 ,
+ -m
bs a
2
M2+ma2—mb —mc2
- . (1.2)
2vs '
In terms of invariants,
(2m)3 28, < = 16+° 2% (s,m 2 ,m %) 42 (1.3)
d pc_ - - dudM

f(ab ; c).

il

The Mueller Generalized Optical theorem [12]
relates the inclusive cross section to the forward

~discontinuity in M2 of the 3 » 3 amplitude 1i.e.
f(ab » c) ~ disc , <a'b'c'|A]abe> » (1.4)
M , )

with Py, = Pgvs Pp = Pprsy Pg = Pgie ihe required
six-particle amplitude is not the physical 3 + 3
amplitude, but one that has been analytically '

c0ntinued_so that the\aubenergies Sab and Sytpt

93

are above and below their respective cuts (sab = s + 1ie,

Satp' ©

s - ie) [22]. This is illustrated in fig. 1.2.
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' C —e— ey
b X . |

disc oY

hdz

Figure 1.2 Diagramatic representation of Mueller's

Generalized Optical theorem.

If we write the physical 3 + 3 amplitude as
A(s + ie, M2, s + ie) then equivalently equation (1.4)
becomes

f(ab + ¢) ~ disc 2'A(s-ie, M2, s+ie). (1.5)

The spin effects in inclusive processes can be
studied by incorporatihg helicity dependence into
the Génerali;ed Optical theorem. To this énd we use
six particleys-channel helicity amplitudes with the
freedom of having different final and initial helicities

[23]. The Mueller theorem now takes the form
5Aaa1Abr|Af|Xct1K><AC’K|A|A3’Ab>

v diSC 2 <Xa1’kb',>\a| IAI)\a,Ab’A6> (1-6)
M .



where A's are helicitiesof particles and «k denotes
summation of the helicities of the missing mass X.

We can now consider the constraints imposed on the
Mueller amplitudes by parity and time reversal
invariance [2%, 25]. To obtain the parity relation,

we first consider the pseudo-two-body amplitude,.

<—>\C"‘KIA(—¢1) |-)\a,-)\b>

) NNy (_1)scfsx-sa-sb+(K—AC)-(Aa—Ab)
nanb

xi<Ac,K|A(¢i)|la,xb>

where 85 denotes the spin of a particle or
conglomerate, ny = intrinsic parity and ¢i are
angles of the particles internal to the composite
state X. Integrating over these ahgles we obtain
the final result;

dise 5 DgrdpaAglAIA shpishg, >

=‘(-l)(ka-la')+(xb'kb')+(AE_AE')

x disc , <-Aa,-k

y b,-xE|A|-xa,,-xb,,-A5.>. (1.7)

If we now consider time reversal, we immediately see
that the time reversed Mueller amplitude is not a
Mueller amplitude (because of'the_special.continuations

'in subenergy variables, see fig. 1.3).

95
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Figure 1.3 Time reversed Mueller amplitude.

Consequently time reversal can give'no additional
relationships between Mueller helicity amplitudes.

The Mueller amplitudes satisfy the hermiticit&
condftion [24]

<Aa|!xbl’lallA|Aa’xb?A6>
— v - -A * -
= <1aaxb’A5|A Ixal9xbl,xél> o

This relation is illustrated in fig. 1.4,
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disc

542

Figure 1.4 Representing hermificity condition for Mueller
amplitudes. ’

The total number of Mueller helicity amplitudes

is given by Na2 X Nb2 X Nc2 where Ni = 2si + 1
are the number of helicity states of the particle.
Parity invariance feduces the number of independent‘
amplitudes by a factor af two and so does hermificity

Hence the number of independent amplitudes is’
12 xn2 xw >

The quantities available to be measured
experimentélly are t@e inclusive cross section,_thé
‘polarization of:the,produced particle and the target
asymmetry. We have-(see Appendix 1.1)

S do = _ 1 »
T udM® ,6hn2k2NaNb

_ : :AaAbAC
x )) H (1.8)
Agrdrprde AApAe

where k is the initial state c.m. three-momentum and



Agrdpidgr
HA o = disc 2 <Aa,,xb.,xc.|A|Aa,Ab,lc> (1.9)
a"b’c

The polarization of a produced spin 3% particle is

given by [16, 25, 26]

z H}‘akb"' _ H)‘a)‘b-
A_A A AL- A_At '
PC = - i a’b a b}\ — a'b (1_10)
: Z H a"bc
Aaxbkc >‘a)‘b)‘c

and similarly, for target particle with spin %, the

target asymmetry is given by

) Hka+lc _ Hka'xc
Aale Aa~Ae AatAe
7. =1 X xX (1.11)
b 2 g 2 b%e
Xakblc Xalbkc

With the results of the Mueller Generaiized
Optical theorem, we'are able to apply Regge thedry to
an inclusive reaction. The genera1 ru1e for invoking
Regge behaviour is that if any energy variable is
large, then in the channel crossed to that variable
" there is a leadiﬁg Regge pole. ' |

‘For the purposes of -Regge analysis, we find it
convenient to divide phase space into three regions:
the beam (pa) fragmentationiregion, the central

region and the target“(pb) fragmentation region.
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In the beam fragmentation region, the square of

the four-momentum transfer between the beam particle
(pa) and the producéd particle (pc), u, 1is fixed
and finite. The beam fragmentation region is further

subdivided into the following three Regge limits [19].

a) The fixed - M2 limit where wu and M2 are
fixed and small and §2 + o, The Regge behaviour
. M '
is given by
- a; (u)+a.(u) - cv s '
£(ab+c) ~ % ) B?C(u) g 1 J B?c(u) f1b+3b(M2,u)
i,] : :

(1.12)

where Bi is the Reggeon-particle coupling, o
ib+jb

i

is the pole trajectory and f is the

forward Reggeon-particle scattering discontinuity.

b) The triple-Regge limit where wu is fixed and

small and §§ > ® and M° » ». In this limit,

M
the inclusive cross section retains the form of
equation (1.12), but the forward Reggedn-pérticle
seattering discontinuity becomes

o (0)-a, (W) -a,(w)
208w v aPcoy?y LT

X gijk(u’ u, 0) | (1.13)

c). The single-Regge - 1limit where u . and §§ are
. ' . M A
fixed and finite. (Note that sometimes in th

literature the fragmentation region refers
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specifically to the single-Regge limit). 1In this

case, the ac channel can no longer Reggeize and

we have

é)ak(o) c M2

FRe, w) C(1.14)

f(ab+c) ~ % % ﬁﬁﬁ(o)(M

where Fﬁc(%—, u) takes into account the five-point

function.

The Mueller-Regge diagrams corresponding to the.
above limits are shown in figs. 1.5(a), (b), (c)

respectively. The wavy lines indicate exchanged Reggeons.

Figure 1.5 Mueller-Regge diagrams for the beam fragmentation
‘ region in (a) fixed—M2, (b) triple-Regge and
(c) single-Regge limits. ‘
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The situation for the target fragmentation region

is essentially the same as above, but with the square
of the four-momentum transfer between target particle
(pb) and producedvparticle (pc), t, remaining

fixed and finite 1i.e.  the "other end" of phase space.

The central region (or double-Regge limit) is in

the centre of phase space. Both t and u are large-

with 23» fixed and finite, we have tu = ﬁ%s where

My, is the transverse mass. The corresponding

Mueller-Regge diagram is given in fig. 1.6.

a a
l

c c
k

b . b

Figure 1.6 Mueller-Regge diagram for the Central region.

The inclusive cross section ié given by

5 (0) : (0)
tavee) v 13 B5R0 wt o, W gBco)
. ’ .

. _ , .(1.15)
where ‘Gﬁz(gl) is the coupling of the Reggeons k, %

to cec.

In terms of the familiaf rapidity variable,
E+p" )
y = 4 &n (E—:—EI)Q the phase space regions for
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a¥b~+c+ X with relevant Regge limits are shown

in fig. 1.7.
o S g v
() o o by
S % O
T o~ + E’ ~ '8
% Q 5 [)] Q X
£ R B o 4
ot w + g‘f .Ecv
RS & é.n A = =
CENTRAL
I ) . l
Ymin . Yax

Figure 1.7 Rapidity space divided into Regge limits.

The leading asymptotic behaviour of the inclusive
cross sections is provided by Pomeron exchange. The
Pomeron trajectory has intercept one, a(0) = 1.
Hence, in the single- and triple-Reggé regions we have
(s » =) . :

12
f(ab + ¢) ~ g(g—, u)

i.e. "scaling". 1In the central region

£(ab + ¢) ~ h(Zt) = h(mT?). -
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These results had been previously predicted; AFS

scaling [27] and Feynman scaling [28]. The contribution
from the exchange of meson trajectories; with

a(0) ~ 0.5, provide the scale breaking terms and

control the approach to scaling.

in Chapter II we shall develop an absorbed
Mueller-Regge model for the reaction =~ + p->p +X
and we compare our results with the available data in

Chapter III.
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APPENDIX 1.1

We look at the normalization of the single particle
inclusive cross section. The total cross section for
a+b-+>c + X can be written

d3pc d3PX

(2m)32E (21)32E

<n> GTOT(abac) = % f dM2 J
X

4 N | 2 .
x (2m)"6 " (p,+D,-Dy-Py) ; |<c,X|A]a,b>| (1)
where i denotes summation over particles in the
missing mass, integration over three-momenta of those
particles and an averaging over initial helicity states.
<n> 1is the average multiplicity of c¢. The differential

quantity is obtained from (i) .by the insertion of

appropriate delta functions.

%

<n> =
auBM2

==

3 3
f e [ d7p, d"Py
(2m) 2Ec K2n) X
x (28t (p,+py-Py-Py) 8(u - (p,-py)?)

x §(M° -’(pa+pb-pc)2)il<c,XIA|a,b>|2. (i1)
Evaluating this expression in the c.m. frame, and

putting F = L4ky/s where k 1is initial state c.m.

_ three-momentum, we get {using Mueller's theorem)
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A

AL A
o0 1 1 a“"bc ..
<n> = H . (iii)
—— > ¥ )
ouoM 6Ursk” “a b Xasrpsd, AgAphs

Since we work in the normal Regge limit (fixed MZ),
we are effectively in that subregion of phase space
where the produced particle c¢ 1is at large rapidity
gap from the rest of the produced particles (M2 -
clusfér). So we expect that <n> ~ 1 since we ére
unlikely to encounter another particle in the rapidity
neighbourhood of c¢. So we write (iii) in the more
conventional form
do_ 1 1 ;o ga’ble

2,2 NN AAA

dudM®  6ur’kS Nally A A pre a'bc

= |w
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Wé'develop a Mueller-Regge model for the study of

a single particle inclusive process in the normal Regge

region. We look at backward # + p +p + X
(a+ b+ c + X) scattering where u is small and
M® 15 fixed.

The single particle inclusive cross section is
~related by the Mueller Generalized Optical thedrem
[12] to six-point Mueller-Regge amplitudes. This

relationship is shown in Fig. 2.1.

_dEcNF

" Figure 2.1 Generalized

Ve

Here'andkthroughout, particle a represents the
uiﬁcomiﬁg negative pion, particle b represents the
targét prbton and parficie_ ¢ -is the produced '
proton. The Muelier-Regge helicitf ahplitudes

. corresponding to fig. 2.l.are given by

Optical theorem in normal Regge limit.
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AP A ALK A Akt
a b c _ c’a Suv b ca Ju'v' Db

H =Yy J vt r (J v r ., ) (2.1)
Aaxblc . u V M v!

where v*Y is the Reggeized propagator, Ju is the

(on-shell) current at the particle-particle-Reggeon
vertex and T 1s the structure function at the
inclusive vertex.

In general we have the following relationship
(see equation (1.8))
Hkakbxc

do _ 1 1 2
Aardpidg Aghph

2
m

dudM®  gunlke  (255,+1)(2s

+1)
b a’be

where S, and s, are the spins of the initial
state particles and k 1is the centre-of-mass three-
momentum (k = |k|). For w + p > p + X, particle.

a 1is clearly spinless, so we can simplify to

s do _ _ 1 1 : bexc
dudM? 64l (2sb+1) A

(2.2)
b'AC’ Ablc

and using the expression for the helicity amplitude

given in equation (2.1),

d _ 1 1

dudM®  6unoke  (2spl)

A

A
| Y .
x 3 N UAshS WSS P J (2.3)

.Ab'xc: K
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With the Mueller-Regge amplitude given by fig. 2.2,
PosA

] )
pc’xc ‘ .
Fa2'e S Pahs
X,K
!
Photp ] LAy
dlscMQ

Figure 2.2 Helicity amplitude in normal Regge limit.’

the only Regge trajectory which will contribute
is the I=32, Y=+1, P+ , 1=-1 baryom
trajectofy (As).. This trajectory is taken as the

conventional linear trajectory o(u) = o, + a'u -

o
where as usual «_ and o' will be the intercept

and slope on the Chew-Frautschi plot [ﬁ, 5, 6] .
Initially, we take the trajectory as a straight line
through the 4,(1236, 3) and the A, (2420, 31) which
gives us the values aj = 0.05 and o' = 0.9. This
trajectory is shown in fig. 2.3, plotted with its
parity partnér (ﬁacDoweli'Symmetry) whichqexhibits the

absent state.

I J° 2400
Iz 1946
? 12 ,
| | i 723
A= 20 1T dmes

Figure 2.3 A6 trajectory and parity partner showing extinguished
state.
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The current at the particle-particle-Reggeon

vertex for this exchange is

A } |
I, = ulp,, 2,)Q" g

where the particles are on-shell and Q 1is the
difference of the incoming and outgoing baryon momenta.
The coupling constant g has been related to the
A(1236) width via partial wave expansions [30]

and the value obtained is g2/4n = 15,

The spin % propagator voois given by
(see Appendix)
1 2 1
= — + - 4+ — + =
vuv (u—m2 (}F m).[ guv 3m2 Pqu 3 Yqu

l .
* 33 (P - Pqu)]

2 (p2 _ 2
g (P - m%) [YUPV - Pyt (P+m)Yqu] )

_ 2,-1 |
- (u - m ) Duv . . (2'l+)

where P = P, - Pg and m = mass of délta. So

we have

A AL A
u c _ 2 H b e
.Ac Ay ApAg
2 -, p"Y
= g~ u(p,y2,)p [————J
c’’c au (u-m2)

:

™

1 : >.2‘ rAbK P*Klbr

i23b+15 ) v!

Ab,K
D\,lul * o )

X | =—=—1| p u(p,yA.) (2.9)
[(u_mZ)] au| c?’c
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Now we can write 31

(s 1) ) Fy' Ty ° = In (W) (2.6)

where we have summed over the helicities Ab and «
and averaged for particle b. . Contracting this tensor
with &' wave functions (see Appendix) and summing-
and averaging over delta helicites will allow us to

apply the Optical Theorem for two-body scattering
2

M is the relevant energy variable),

Im I 7 vy ! 2 KD 2
—_—— v.(Pyr) W v, ,(Pyr) = M0 (M=) - (2.7)
(2s'+1) r v ’, viee? TOT

where s' 1s the spin of the delta.

We can pick out a dominant contribution to
Im WOV by lopoking at the forward Ap » Ap scattering
amplitude and again using the Optical theorem. We

make the following identification,

- ' ’
r§§$:I7 Y Vv(P,r) woV Vv,(P,r)
r

_ w2 _Ap 2
=¥ opgp (M)
1 ' Im Vv -
* @5, (2s'+1) I 2k pp TP

r,xb

' ﬁb Vvq'(P,r)pbv' .' (2.8)
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where A belongs to the set of 2 x 5 form factors
which describe elastic Ap scattering. A'complete
discussion of this formalism is given in Appendix 2.1.
For large M2 we could expect the Ap total cross
section to become independent of M2, so that we can
estimate the M2—dependence and magnitude of Im Aq
by taking OéBT (M2) " conétant = o(Ap) and using
equation (2.8). Hence (Appendix 2.1) we havé'

3 ,
Im &y = i%_ s (Ep) ' . (2.9)

In obtaining this result ﬁe have assumed that the term
involving the form factor A4 gives the dominant -
contribution to the Ap total cross section. This
assumption will almost certainly over-estimate the
size of Al+ and we can expect that o(Ap) will

not correspond to the full (asjmptotic) Ap total
cross section. |

Now by comparison we have

5 .
1 -
Im W\)v = éI]jIll_"‘ U(AP)va F‘bpbv,

L‘ éﬂd,équation (2.5) becomes

pHVY ]
.(u_mz)

2 ' "v}u"' *
- , D
,x(éﬂl_— o (Ap) vaﬁbpbv' ) [m]

Y : '
c 2 =
" = g° u(p.yA.)p [
As StettetTay

A,) -
* Py, u(p,she)
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The Reggeization of this amplitude is carried

out by making the standard substitution [32]

s a(u)-J
Lo o & rte) [1+ ar oTimeW ] (&
u-m M
where 1t = signature of delta trajectory (= - 1),

Jd = spin %, I' is the Euler gamma function and
f(u) = % - a(u). This procedure employs the
Gell-Man (or nonsense) ghost killing mechanism.

Equation (2.2) has now became

_S_ do - 1 E H C‘ .
T oqudM®  e4roke X A
~ ‘ c “c
g? 6m2 ( ] 4 Hv
= o (Ap) u(p 42.) p. D
6urlke M X ¢’e’ Ta,
vip!
X p,. PBn. D D p u(p_41.)
bv b bv' au, c?’c

' ' (w)-3
X (%_ P(% - a(w) [1 - 1e-imeluw) (i§)a u. 2))

1 : s * ( )‘3'
x (g— I - a(w) (1 - ie7ime(w (:47)(1 R 2)
(2.10})

We see that this pole-only Reggeized amplitude will
give us the expected s-dependence; the contraction of
the structure function with DMV and vertex currénﬁs
gives an 53 factor, we haver s~1 from the density
of states'faétorﬁand the Regéeized propagators will
g2a(u)-3 'SZa(u)41

‘give Hence we have a total

dependence as expected.
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The full expression for equation (2.10) is given
in Appendix 2.2, where it can be seen that (as
expected) the guv. terms in the propagators give

the dominant contribution.

In accordance with the Carlitz-Kislinger prescription
for rémoving unobserved parity partners, cuts in the
complex angular momentum plane are incorporated into
the Mueller-Regge model by means of the Gottfried-
Jackson-Sopkovich absorption formalism [33]. In this
method, the impact parameter amplitudés are modified
to take into account ébsdrptive (unnitarity) effects
due to initial and final state rescatterings. We
shall give a brief description of the derivation of
this absorption model.

First we write out a general expression for_the

helicity amplitude (see fig. 2.2)

A-ABXC
N (pz» Pgr Pgs Pysr Ppy P3)
a'b'c
=:n (§ o) <pzX3, Pg ABITlpcAC,nX(l’sx)>
X+ X

<p5A6,nX(A,sX)IT[paAa,pbxb> . (2.11)

where nX(A,sx) denotes an intermediate state with
spin sy and helicity A Next, to perform an |
independeﬁt partial wave expansion,«wé choose the:ffame
with ihtefmediate st;te aibng z-axis and.only.enforce

the relaxed condition
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Py * Pp =~ P5 = P3 + Pp = Po-

The resulting analysis [ 3, 34] gives

A—l— - R
Ble _ 5 -16'(i'-u") -14(i-w)
HA X Ae ) e e
a"b"c A
A 2741 27141 I
x ] D ,(e)d—(e)
& & ¥ L u
J-JO J'—JO'
2
x h(J, J'; A, M7)
where
1
n(F, J'; 1, M2) = ) <Aa,AB|TJ (M2)|Ac,nX(A,sX)>
nX()\,sX ‘
x <A=,n_(A,s )ITJ(M2)|X Ay > (2 12)
g xS a1tp”s | '

d's are the usual rotation functions and q :'l'AE’

T N I R A N T Ayy Ty = max{|ul,|ul}
JL = max{|u'|,|n'[}. For physical situations when

h(J, J'; A, MZ) does not vary rapidly with j and

J'y we can replace the sums over angular momentum ih '
equation (2.12)_by intégrals. Also, fér high energy |
scattering with small values bf ~ A, we can adopt

the usual approximation

al () = (-1FM g [2(3+})sind]

|u-u|

where J [2] is a Bessel function of the first kind. So-
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HA B _ oy 1o G -ut) -16Gi-w)

Aarprs X
x 25 [ awep &zt (I + 1)
Yn J J
o o!

1

x I, [2(5 + 1) sind] 7, [ 207" + 3) sind-]

1 2 ) .
x h(J, J'; A, M7) (2.13)
where v = |u - u| and v' = |u'- u'|.

The impact parameters (b, b') are defined by

(T + %)

kb
and

kb!

(7' + 3).

We also introduce the variables T and +t' with

T = 2k sin 3,

' = 2k sin -

' 2

and correspondingly
- 2 g-
u = Upip T T k0
2 g
1 = 1 -
: u Unin - T &

where w j.» uiin are kinematic limits and q 1is
the final state c¢.m. three momentum. The variable

T corresponds to the transverse»momentum.
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Again in the limit of small A amd large s, we

can set b (= % (Jo + %)) and by,' to zero and ge?

Hlélixc _

Aarprs A

omiot (' - wh) -ieln - w)

x L5 Jo db b I (br) f

" db' b jv,(b'T')
i |

0

x h(b, b'; A, M2). | | (2.14)

Integrating over ¢ and ¢' simplifies equation (2.14%) to

)\‘AB)& o ‘ .
a“b’ec . 0 0

x h(b, b'; A, M°).

We have already seen that the appfoximations
made so far require that A be small and, since we
expect helicity flip into the missing mass state will
.be negligible in the forward reaction (1 = '), we
make the additional simplifying assumption that the
sum over A collapées to Ab a A'= Ag. It has been.
arguéd [17] that this will be the dominant configuration'
from consideration of angular momentum and there is |
an absence of phenomenological evidence to the conﬁrary.
Finally, we can use the orthogonality'properties

" 'of Bessel functions (see Appendix 2.35, to obtain
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h(b, b'; M2) = j tdt J,,(b1) J t'dt! J ,(b't')
0 v

0
X H:::ziz (t, ', M%) (2:15)
where
VU=t -t = Ay - Al = Al
and
vo=u- ] o= ay =gl o= gl

and we are now in a position to introduce ebsofption
in the impact parameter amplitude.

The absorption corrections we consider take into
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account elastic rescatterings in the external channsls.

Elastic scattering matrices S(b) are introduced and

h, (b b'H°) = s¥(b")*n(b, b ;12) s (b).  (2.16)

We take the usual Gaussian form for the elastic
scattering matrices,
5

S(b) =1 -¢c &P

where C is the opacity and A = R™° (R = radius of

interaction). Both these parameters can be obtained

from elastic scattering data.

N}
_ 97T
C====

4R
and R 1is related to the slope ‘of the elastic
diffraction peak s

doy
(at N S A

do
(58 lt=0



Clearly, it is expected that rescatterings in both
ab (a b)- and ¢ b (¢ b) channels will contribute

(figs. 2.4(a) and (b)).

Y

NS

- gued Jope|

dBcNF
(b)

Flg}ge 2.4 Rescattem.ngs in (a) ab and a'b' channels,
' (b) cb and b'c channels.

However, we make the simplifying assumption that
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| S . + 8- ‘
ib % - __-——ab2 cb _ g | (2.17)

and we fix the parameters of S from the ab channel.

Uhitarity requires‘that C<1l and for = p
scattering at p1 ab = 12 GeV/c we have C ~ 0.7
and A~ 0.068. Now, returning to equation (2. 15)

we have
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AzApA
abs b%e (ty, ', M2)

H

= I db b J (bt) I db' b' J_,(b't ")
0 - v 0 Y

S(b) S(b") fO dTO S Jv(bTo) IO dt} To' lv,(b'Té)

A-ABA
H N & PR S
Aakblc o] o]

M2) (2.18)

and performing the integrals over b and b' (see

Appendix 2.3),

(1, ', ¥)

o oo A== A
b e : 2
= dt_ T I ar ' t.' H,? (t., 1.y M)
JO O 0o 0 o) o] Aaxbxa o) o)

1 c ' T2+T02 .TTO
x|\ o8 - ) - gy exels ) I, G

l\)lO

(tl ' 2+r 12 T'TO'
x\z=r o(1' - ') - 5% exp(- ———;—-—) I,v (37
- | (2.19)
where Iv is the Bessel function of imaginary argunent.
Inserting the absorbed Mueller-Regge helicity
amplitude of equation (2.19) into equation (2.2), we
can obtain the single particlelinclusive cross section
4for’this absorption model.
In practice we encounter ‘some dlfficulties
in evaluating the absorbed amplitude. The gamma
function which results from the ghost eliminating scheme
of Reggeization, - P(l - a(u)), 'is only valid at

small u. But the presence of this gamma function in
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the integral of equation (2.19) will prevent that

integral from converging. So, we make the apprcximation

I - o(w) = & exp(Bju) + A, exp(B,u) (2:20)
with '

I
|

51 4798, A, = 440391

B

; = -813327, B, = -.825487

whére the parameter &alues‘are obtained from a l€ast
squares fit to the delta trajectory over the range
0 < Ju|] <1 (GeV)? [35]- v

A more serious problem is associated with extenﬁiﬁg
the helicity amplitude away from the forward'direction.A
There is no difficulty with the L and TO' |
dependence of the Regge exéhanges (see fig. 2.5),_7

. c 'C"
T § - T'
’—"——.- S~y
e T - Té ~‘~. a'
a\ // ’ I,()' . ~y ~ >
S !
. 1 .
> T\ | ST - — v
b \s - . b B
- o -
t
[0}

Figure 2.5 Rescattering in ab channels showing the momentum

‘transfer variables.



but for T 7 T,' We can have non-zero t_ and we
would expect some to dependence to be introduced.
However, since we know that the elastic scattering
effects we have introduced will be peaked about

t =1 and T ' =T1', we assume that this t

o 0o o

dependence can be neglected.
A full expression for the absorbed amplitude is

given in Appendix 2.3.

121



122

APPENDIX 2.1

‘We consider the forward,'elastic, no spin-flip

Ap scattering amplitude (see figure).

A _ A
D P

Figure Amplitude for Zp elastic scattering.

The energy variable for this amplitude is

M° = (P + pb)z, P=p, - p,- We can write [36]

T(Ap) =

>
~~
=
| o
Q
Q
(2}
+
o
N
Q
Q
3

r,
ao ' ao! aa' o .
+ Dy A + Dy, v + Dg Pyot) (1)
' v G S
where D%““ = A;p,°P,* - By g?“ . Since we can.
make use of the following properties of Rarita-Schwinger
wave functions (see Appendix),
p® v (P,r) =0 and y® v (P,r) = 0,

we know that equation (1) will be the most general

ansatz, with
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= \-ra(P,I') Va.(P,I') ﬁ(pb’)‘b) u(pb’)\b)’

Saa' -

-1 = N _pS -
Toaq' = 3 Va(l?,r)op va,(P,r) u(pb,xb)opa u(pb,xb),
Ayt = GG(P,r)iYSvaa,(P,r) ﬁ(pb’xb)iYSYpu(pﬁ’Ab)’
Vg :“Ga(P,r)Yp va,(P,r) ﬁ(pb,lb)yp u(pb,lb)
and
Pogt = ‘}G(P,I‘)Yg vy (P,r) ﬁ(pb,kb)Yp_~_ ulpy,Ay) -

Using the properties of the spin-half wave functions,

(see Appendix), only vector (Vaa,) ‘and scalar (Saa,)

contributions will remain in the forward direction

- Ty ! ! - -
T(Ap) = § <%1pgpg‘-Blga“ ) Vo (Pyr)v  (Pyr)U(pyy A ulpy s )y)

+ (%up%p%lBhgaa}) Ga(P,r)ypva.(P,r)ﬁ(pb,lb)ypu(pb,}b) (ii)

Now we note the following results, for spin %:

|
N
B

U(pyoAp) wlpy,hy ) = 2my 8, ' o (411)

ﬁ(pb,xb)yllu(pb,xb

St
1
N
a
o

Hos 1 (iv)
" for spin #:

(v)

GG(P,r) v, (P,T') = 2m$

- _ u
va(P,r)Yu v (P,r') = -2P76 | (vi)

rl



(where m = mass of delta).
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Also, for 2P.pb >> mb2, m2, we can make the approximation

; A 2
7 (Pyr) " vB(P,r')pbB e (py-P)< PYs .,

(vii)

(we give a proof of the above result at the end of

this appendix). Using equations (iii) to (vi) in

equation (ii), we obtain

T(Ap) Y (: hmbm By + hpb.P B),
'r,Ab

o= o
+2m Ay Dy va(P,r) va,(P,r)pb ~

+

28, pbaﬁa(P,r) ﬁb va.(P,r)pbu‘)

Now this scattering process has subenergy M2 and by

the Optical theorem we may write

Ap
IroT

o2y = L 1 1 )

M2 (2sy+1) . (2s'+1) oy

1 1

=

r,Ab

- : ’ 1
+ hpb.P B, + 2my A, pbava(P,r)va.(P,r)pbq

- . ‘ ' .

+ 2A4 pbava(P’r) ﬁb va,(p,r) pba >‘
Now, we can expect that oggT’(Mg) will become
independent of M2 for 1arge M2. We can aléo

from equation (2.4) that in the inclusive cross

the term with form factor 4, will behave like ‘

|Abar>

se

sectibn

S

Im €Ab,r|A(M2, t

-2 (2sy*+1) (2s'+1) I Im (}Hmbm B

e

3

0)
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whereas the remaining terms are suppressed by at least

a factor of s. With this in mind, we take

Ap

2 1 1 1
opor (M) V5 mE oIy ey b, 2 Im ()
M b THAy
o - a' ’ e s
X Py va(P,r)pb va,(P,r)pb (viii)
. - . 2 2
and using equation (vii) for the limit 2P.pb >> myy Moy
- (p .P)3"
Ap 2 1 8 b
o} M) v =5 5 ———=— Im (4,)
TOT . M? 3 m2 4
" : , .
1 M ' R
= = =5 Im (4,) : (ix}
3 m2 4 .
and thus
m°> 2
Im (&) ~ ir OTST (M7). (x)

While we realise that equation (viii) is not the full
expression for the Ap total cross section, we expect
that equation (x) will, at worst, give us an order of
magnitude estimate for Im (Ah) and a reasonable

M2 - dependence.

' Proof of equation (vii)[36 ]

o= ' _ 4 >
P, T (Pyr) v (Pyr)p, P = =5 (py P2 PYe

3m
qu let

: bo_ 4 ' 2 “u
A —'5;2 (pb.P) P_crr

and

(P-m) TaB =y Ga(P,r) VB(P,T),
r
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then equation (vii) implies the following result,

B

P, (P-m) T v" (P-m) Tgep® = aAM(F-m) T

p

=>

B = AM(P-m) T

(F-m)y* (P-m)p,°T, Tysbp 5

=>

2P! (Pom)py T Toepy® = AM(Pm) T

Now inserting the expression for the projection operator

(see Appendix),

2 _u PPs [, > > 2
-3 P <-3pbapb5 - —;E—' [H(P.pb) - mb m»]

+

2 227 Ya¥s PPy [
[(P'Pb) "M ] 7 3 )Py Vs T Py

3 2P.pb .
+ m [(#b f m )Pbspa - ﬁbpbapa ]
+ i§ [mb‘em2 + 2(P.pb)2 + 3P.pbmzfb ]dePG - 76Pa{>

W, 2 1
A (‘gaa + 3m2 P Ps + I

1 | .
a¥s™ 3m (YaPG f YGPa))

and comparing terms for the limit 2P.pb >> m2mb2, we

- get

A¥ = ;&— (P!p.)z.PP-
m S
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APPENDIX 2.2

We examine the Behaviour of the helicity amplitude

including the full propagator.

Consider
PP
H=17J u(p.,2) p, "|[(P+m) (-g +2 H2
X c’’c a . uv 3m2
c
1 1 )
*3 Yyt g (YUP\) ’YVPM)>
2 .o 2
- Bw? (P -m ) TPy - Pqu + (?ﬂr})YuY\,)j’
' PP,
p\'élsbpbv l:(p"'m) ("gvrul + 2%
3m
1
+ %— Y\)lYul + 3_111' (Y\)‘PU‘ - P\)‘YU'))
2 .
- 5% (P° - n°) (Yv:Pu..' Pv,Yur+(P‘+m)Y\,.Yu.)]
m ‘ .
u!
Py u(pc’kc)

Then using trace theorems and putting
C=-p Py + 2_ P .P:fb.P
a 3m® @

" we have
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H = AC? + BC + D

2 2 2 L 2 2.2
- =5 (P - n")E + — (P® - n")" F.
3m2 9m

Expressions for the coefficients are given below.
We see easily that the leading contribution (in ACZ)
comes'from the guv terms in the propagators.
A = 4(m-m )2 .p. + 8(m-m_)m p_-p
¢’ PpPe c’7cva b

2 .
+ ['ma Pp-Pe * 2pa'pbpa'pc1

W

Y 2, 2 2 0
B == ((m-mc) [mb PyP, - My~ = a.P]

2.2 : 2 ’
* 2ma my mc(m—mc) o (m—mc)pb.P Py-Pp Py-Pe
o 2 > 2 |
- S my (m-mc) pa'P P, P, +m, "m"p,-p,

2 2% 2 2
e pafP * m Ma T pb'P PaPyp

2 2 ‘
*mpm [my"me + (memy) py-P]

2
w,~ p,-P [p,-p, + (m-mc)mc]

+

) _
- pb’P ['ma Pp-Pe * 2pa’pb pa'pc]

2 Py-P Py-Py mc(m-mc)

2_ 2 2
+ [pa.pc + (m-mc)mc] (ma my~ - me p,-P
* 4py Py PP+ my m a’P - 2q pa'pb_pb'P)'a
§ - R
+[m%mg + (mem)) ] (-mPmg, - 2 p.P)
Loy mcg m-m,) Py-Pg b e m Pa-*/

m 2

2 _ ' c
- 2m," PP PPy * 2 T PyePy PyeP (m-mc))
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% m(m-mc) DO + % (m—mc) D1
4 Lm
g D * g Dy

2 2 p)
“my My Pyp-P *2myT P, -Py PyPe
2 2
b ma 2
.2 m2 pa'P pb'P Pg-Pe * m2 (pb'P) Pp-Pe

2 2 2
m2 Py+Pp Py P (pb'P) - o Pple pa'Pb P,-P

2
m

b 2
2~ (g P)" pyePe
m

) 2 S

= WMy My"m, PPy - 2My M, PPy PyeDg

2 m °m °m P -2 Thi P

o, oy, M, Pp-& - m  Pa*Pp Pa-Pe Py

o 2

2 2 2 a 2 2
o oy my P, - P, pb.P - 2 - mb m, pb.P

mb2 ma2 v -'2
H m~ PaPe PyP Py-P - 2 m (pb'P) Pp-P,

2

4 2 ) 2 T
m (pb’P) PyPp PyPe - 2 m2 My My Py-P Py-P
2 2 . oy
S5 my” Py-Pg PP Pp-Pm, + —5—my pp,-P (py.P)
m m , :

e 2 . mb2 2 p
2 ;5 (pb‘P) Py-Pp Pa-Pp ¥+ 2 |~ My~ Dy-Pp Py P

2 : :

My 2 mb2 2
2 o (pg«P)” py-p, + 2 ;§— mc(pa'P) Py Py

5 ,

m .
7D 2
e = (pa'P). Py-Pg
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L 2 , 2 2 2
m, My~ PpP, - Zma oy M, P,y-Py
2.2 2.2
2ma my pa.P Py Po + 2ma oy, pb.P P,-P,
> Eﬂi m, 2 Pm_ + 2 ?ii 2 p
m b Pa'Pp Pa-f W m b Ze Pp-
2 2
m . m
a 2 a 2
2 ——mm, py.P pa'pc -4 —~ Oy W, P -P pb.P
4 2 2 2 :
m m Py-Pp (P P) m2 m, My, Py-P Py.P Pa'pc
maLP 2 ma2 2 SR
—5— (py-P)” py.p, - 2 5 m.” p,.py (py-P)
m m
m 2 m 2
b a 2 2
2 —Ef-mc P, -Py, pa.pc P,-P - ;g— m, " (pa.P} pb.pc
m 2 m 2
b ' 2 a 2 2
2 - (pa.P) pa.pb pa'pc + 2 —5— mym, pa.P pb.P
m m
m2
2 2 a 2
2 m, M, o, pa.pb + 2 o mb pa'P Pb’pc
m2 ) m2
2 2 mm, Py P Py - P -2 = m (pb.P) D, Py I
m2
b

2 m_ Pa*Pp Pa-Pe pa‘?

8 (Fl(pa-pc + (m-mc)mc)

5 ,
My Pp-Pe +2 Py Pp pa'pc)

E3(ma2mc + (m-mc)pa-Pc) + Eh)

2 o 2 2 2 2
fAC'mb Py-P + Cm,my” + 3 m, My~ PP
22 :
o, Op o 2

3m My Pp-P - 3 Op PP PyePp



131
= C pb.P + % (m-mc)mgbm - % mb2mc(m-mc)

b2m p .P

+

(m-m )(pb.P) —- 3m

_ 2 2 2 2
= Cmmb Cmb m, 3m m, pa.P pb.P

1 22
3m m, oy, pb.P

_2 2 2 1 4 2
=3 m “m "m,m p_.py + 3 m, m pb.pc
2
_2 m m 2m 2 ' + (m-m_) Eh—’( P)2 .
3 7ap ¢ Py Py ¢’ 3m Py- Pp-Pe
2 2
o, My

+ 3z mc.pa.P PP, + (m-mc) Cm, Py-P p, Py

2
2m 2(m-mc) 5 o

—a_ 2 el
+ 3m (pb'P) PgyrPp M * 3m - Ty Mo pa'P PyePp

2 ) 2 2 2 :
+ 33 T T (pa.P) Pa-Pp = 5 Wy Iy P,+P Dy-P,
2 2 2
- 3m pa.P m,mym, pa.pb

<[- m,” Pp-Pe + 2 P Py P P, ] ((pb-P) 52m2>?

2.2 2_ 2 2
+ 2 m, my, m,m pb.P -2 m, oy m, pb.P

p) p) | 2 |
oy, (pa’pc). Pb'pc -2 my m.m Pg:Pp Py-Pg

| 2 > 2 2 '
+ 2 my (pa'pc) P, Py + 2 m,“m,"m.m pp.P,

2 2 2
My Tp T pb'pc)
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APPENDIX 2.3

1. Kinematics

For the evaluation of Mueller amplitudes we
-work in the centre-of-mass frame. The beam direction
is taken along the z-axis and the reaction plane is

the x-z plane. The situation 1s shown in the figure.

We have
p, = (Ea’ 0, 0, k)
Py = (E,, 0, 0, -k)

p, = (E,, gsinb, 0, qcos6)

where k and gq are the initial and final state

3-momenta.

Figure Kinematics for a + b » ¢ + X in centre-of-mass

frame.
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2. Wave functions

For produced proton,

-1 ]
u(p ., + %) = —— (E +m_) cos =
c @Z:E: c ¢ 2
. 0
(Ec+mc)'51n >
q cos %
i B
q sin 3
R _ S : ]
= —— (Ec+mc) sin 3

u(pc’ - %) /ﬂ—'
¢ mC

N

(Ec+mc) cos

.. B
q sin 3

rojo

-q cos

3. Pole-only amplitude (c.f. eqn; (2.10))
Define
Al ' % x .
Hy ¢ (ty1') =N (?' F(r) £ (x') + 89 (x)9 (T'))
c : .

with
2,2 -
N =g" 55— (E,E, + k)" o(dp),
M .

¢t = 2(BE, - k1) [(m-m)? - m 2]

+ H(EéEb+k2)(EaEc + kq) + u(m-mc)mc(EaEbﬂcz)

and
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§ = 2(E,E,+ka) [(@-n)® - n °]

+ 4(E,E, +k°) (E_E_-kq) + 4(m-m)m,(E_E +k°).

We also make the following definitions, where Aj
and Bj are associated with the exponential approximation

to the gamma function (see equation (2.20)),

o' s oLO"LO"umin_l's
MO_Z—(F)_ : ’
= .4 S_
ﬁj " (Bj + oa'fn (Mz)) ,

Ey = - i exp(—inao - iwa'umin),
= 4 q
Bo i ma! K 2
aj = A exp(Bj umin)
and
= 4. + .
¥5 = 85+ B,

Then we have

. . . 2
2 24 : -
P =, T e (exp(;zfjr )+ sgempley) A - T

and

g(t) =M, } a (%xp(éjtz) + goexp(wjrzi) = -
J , e
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L. Absorbed amplitude (c.f. egn. (2.19))

A )

c
7 absx (r,7")

c

= N (c'(f(r) S e (O (F) =F L (o))

ORI ONCED TR

where
. : ,
f abs(T) = %T exp(-A&x) M % ay (F(ﬁj,r) + EOF(wj,r))
and
: C T2 : ’ |
9 4ps(T) = 5y exp(- ) MJ %‘ 2 (G(:éj,r) + EOG(wj_,r)>. _

The functions F(aj,r) and G(aj,T) represent the

following integrals:

2 2

I 'l 2 0 I
F(aj,T) = Jo dry 1,v1 - ;;5 eXp(ajTl - ) I%(gx—)
2 ‘ 2

L | 2 T T
G(aj,r) = JO Aty 35— exp(ajtl - ET—) 15(57_)

| Using the integrals and other mathematical relations

given in the following section, we obtain

b é 5)

x [ Bm) () e, 3 25

where
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B(n) = (1) (a1 + Q-2 + B)...(d), Blo) = 1,
and

Similarly,

% .
_ 1 rcl. 1.
G(aj’T) - 8k (';T) T 1.5) (—E,]) 75 @(%, %; z) .

® 1in the above equations is the degenerate

hypergeometric function (see below).

5. The Degenerate Hypergeometric function &(a,y;z)

is given by the following series:

3

IN
+
=R

T
<le
+|+
el [
I\JIN
-l N

+
<R
~~

a+l)'(a+2;

. = .Q-'-
2(ayy5z) = 1+ y 1! y+1) (y+2

and obeys the functional relations,

z
(a,y;2) = e o(y-o, v; - 2)

and

ad(atl, v; z) = (z + 20 - Y)o(a, v; 2) + (y - «)o(a - 1, v; 2)

6. Bessel functions

Jv is a Bessel function of the first kind.

Fourier-Bessel transform:- (v > - 1)

F(b) = [w 7 (bt)Qt)t dt
. g
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with inverse transform

00

Q(t) = f J,(bt) F(b) bdb.
(o]

Orthogonality conditions:-

” _ 1
.f Jv(bt) Jv(b't) tdt = = §(b'-b)
(@]

and

oo ) _ J; i
Jo Jv(bt) Jv(bt')bdb =% s(t'-t) .
Useful integrals:-

[ db b J ( br)J (bt!) exp(-kb?)
] v v
0

lb—'

( T2+T‘2) I (TT'
X CEPL IR Sy o

N

where Iv is the Bessel function of imaginary argument

which is related to Jv through

I(2) = o~ 1ETY 7 (12)

for - m < arg z <

VB

o 2 :
e e a0
o

Y rdy oyl 2
= vty . -
- 2V+la%(U+v+l)r(v+l)¢(~ 2 , v+l, E%_)

for .Re a > O"and"Re(u+v) > - 1.
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7. Gamma functions

I is the Euler gamma function and obeys the

relation

r(l1 + x) = xr(x).

8. Binomial coefficient

() = 2eplpfpsl )

1l
o+
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CHAPTER III

The data with which we compare our model for the
process Tm- + p »p + X comes from experiments in
the Omega spectrometer at CEﬁN. A fast forﬁard
proton is detected in the laboratory with a negative
pion beam at 12 GeV/c incident on a target proton.

A total of 300,000 eVents were regorded_over a range
of 0.8 Gev® < M2 < 8.0 GeV? and - u < 1.8 GevZ.
The first reports [37] concluded that a triple-Regge
model did not account for the experimental distributions.
Tﬁe simple triple-Regge model used (fig. 3.1).is
given by [38] '

Figure 3.1 ;Triple;ReggeAmodel with Pomeron or meson exchange at

lower vertex.
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f(absc) = £(M°,u,s)

2 aE(O)fZaeff(u) aE(O)—l
= G(u) (g—) s (3.1)

where Op is intfoduced as a simplification to
account for the sum over Pomeron and meson "third
leg" exchanges and Uorp is the effective baryon.
trajectory. The main conclusion reached was that
the slope of the baryon AG trajectory obtained'
(v 0.5) was too low compared with the spectroscopic
value (~ 0.9), but the M2-dependenée was alsé found
to be stronger than that predicted by the model.
The experimental group have communicated théir

numerical results to us [39]; the bin sizes are
0.05 GeV2 in u and 0.2 GeV2 in M2. The érrors'qn
the data are surprisingly smallj; we shall‘show statistical
errors on our plots and there is an additional 9%
systematic error. The normalization ié obtained from
the calculated luminosity and we understand that’fhere
may be some uncertainty [39]. It is aiso important
' to note that there is some evidence [38] that the
déta is contaminated by NN pairs and N*A iresonahces'
produced with the forward proton. .

~ Since our model is valid in the region of small
u 'and'fiﬁite-_M2, we consider that a reduced set

of data should be used fpr,comparison. We make the

2 2

additional restrictions 0.0 GeV
2

< -u < 1.025 GeV
and ‘MZ > 4.2 GeV". The previous attempts to comparé

the data with triple-Regge models (see equation (3.1))



141

allowed the full range in M2 and u and this may
account for the difficulties encountered. The

assumption in the triple-Regge.limit is M2 > o

2 2

and this cannot be presumed to refer to M~ ~ 0.8 GeV-.
There is some ambiguity concerning the normalization
of our model. The = - p - A coupling constant which
appeérs at the particle-particle-Reggeon vertex has
traditionally been a problem. A parameter-free
‘model for do/du in w + p » p + 7w [11] extrapolates
to too low a value for the A width. But this has
been mitigated, it has been shown that the extrapolation
of an ésymptotic'cross sectioﬁ canﬁot uniquely
determine the coupling constant [%0]. Also, as we
described in Chapter II, we cannot'expect o(Ap), which
arises in equation (2.9) and is taken as a constant, |
to correspond to the full asymptotic Ap total cross
section. We can to some extent Jjustify taking this
parameter as a constant since, although we might have
expected resonance effects in this M2 range, the
data is overall fairly smooth. With these points in
mind, we introduce a normalization constant N and
absorb o(Ap) into the overall normalization
N' = No(Ap).
The aiffefential cross sectlons are célculated
by incorporating new subroutines into an existing
computer program [Hl]'designed to facilitate the
viéual,display of fesults and accordingly the graphs
"areléompﬁter plotted [4J. A minimization is carried
out ovér 277 data points for the chisquare function

of the absorbed prediction [43]. The free parameters

are the overall normalization N' and the trajectory
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parameters a, and a'. All other parameters are

fixed. The minimum occurs with N' = 0.46, a, = 0.0085
and a' = 0.97. The solid lines in fig. 3.1 and

fig. 3.2 show the absorbed calculation for these

minimized parameters for fixed u and fixed M2/s
respectively. The dashed lines correspond to a pole--
only‘model which is calculated with the same normalization
but with conventional trajectory parameters

(ao = 0.05, a' =0.9).

Both predictions show qualitatively good fits to
the data, although the absorbed model shoﬁs more
structure and seems to indicate that more M2-depenéence
is needed in that model. The value obtained for the
overall normalization is reasonable, although lower
than naive estimates would predict. If we take a
reduction ~ 0.25 for the coupling constant (in analogy
with two-body results, although essentially this is
unknown as we have discussed) and G(Ep) n 20 mb -
from the typical values obtained by R. Tegen when [36]
considering the process Yy FP>pF X, then we expect
N' ~ 5, a factor of 10 larger than the resultvobtained.
Undoubtédly, we could have increased the value of N'
by allowing the‘absorption parameters C and A Vto
vary. The ftrajectory parameter values obtéined after
chisquare minimization correspond very closely to the
values expected from hadron spectroscopy. A |

" We are satisfied that the nature of this fit
- allows us to conclude that the model with . As exchange

is acceptable, contrary to the previous results.
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There is no data for the other observables,
the polarization of the produced proton and the target
asymmetry. Traditionally, of course, polarization |
measurements provide stringent tests of cut models
[44]. For our model for this process, which has t_ =0
and is factorizable and has essentially only one flip

amplitude (see fig. 2.5), identically zero polarization

is predicted.
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‘APPENDIX

Notations and Conventions [Al]

Metriec:

EiviBoo - 811 T "8pp T "B33 T 1,

0 otherwise.

oQ
"

uv
Four-vector:
p, = (E, p) with scalar product pupu = E2
Pauli matrices:
o1 © (g é)’ 9 = (2 -3)’ 93 = (é -g)

Dirac matrices:

Yu = (YO, :Y_)

satisfying anticommutation relations
uov V U _ uv
Y'Yt Yy =287

in the familiar representation

_ {1 0 __ (o
YO (0 _1)1 Y - (‘2

[«

).

) | .
1y0y1y2y3, oMV = 5 IyM,yY].

(@)

s

The inner product Yua“ =4 .
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Wave Functions

The helicity basis is adopted for the wave

functions.
i) Spinor wave functions:
u(p, Mulp, A') = 2m §,,,
where A and A' are helicity labels and 1 = u+yo .

v(p,\)v(p,At) = -2m6 5

Equations of motion,

|
o

{l
o

(p-m)u(p,r) = (g+m)v(p, )

1l
o

u(pyA) (-m) = 0 v(pyA) (B+m)

Projection operators,

I u(p,\)ulp,A) = (g+m)

>

§ v(p,A\)v(p,A) = (F-m)

It follows that

ﬁ(p,)\) Yuu(pa)\) = 2pu. 6)\A'

7(pyA) YHvip,y2) = 2_pu 83yt
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ii) Spin 3/2 wave functions: [A2, A3, A4, A5, A6]

1l

ﬁa(p,k)ua(p,l') -2m 8,4,

Il

Ga(P,A)Va(p,A') 2m 6AAI

Rarita-Schwinger equations of motion, for all a

(F-mu (p,) = 0 (F+m)v_(p,A) = O

M uu(p,k) =0 a vu(p,k) =0 .
Divergenceless subsidiary'conditioﬁs follow,
p" uu(p,x) = p p* vu(p,k) =0 .

Projection operators,

; u (p,M)u (p,2) = (F+m) <:guv

1 p) 1
T, t 5;5 PPyt 33 (Yupv - puvv;)
§ v, (p, Vv, (p,2) = (F-m) (— 81y
1 2 _L
MR A 3m2 PyPy T 3nm (Yup\) - Pqu)>'

It follows that

- y Ny y A
uv(p,l)Y uv(p,k) 2p GAAI

- ' _ H '
Vv(Psx)Yuvv(p,k') = -2p 61}'
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Trace Theorems [Al, Ak4]

i) Tr (1) = 4

"

ii) Tr (#ldz...ﬁn) 0 for n odd.

I

iii) Tr (dl¢2...¢n) aj.a, Tr (d3...dn)

- a;.a, Tr(¢2ﬁ4-..dn)+...+al.an Tr (#2...dn_1).

Feynman Rules [Al]

Differential cross section: (a + b » n particles)

: — 7z 7|
L"[(Pa'pb) ~m, Iy ] 2E

do

o e
X (2“) S (pa+pb -zl Pi) S’
. 1=

where
- a and b are initial state particles,
- T 1is the invariant amplitude,

- S =1 le is the statistical factor if there
i i*

are- nj identical particles of type i in the

final state.

Polarizations are summed over final and averaged over
initial states.

Rﬁles for.invariant amplitudes:

1. For each external fermion line entering wu(p,A)
or v(p,A).. | |
For each external fermion line leaving u(p, 1)

or v(p,A).
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2. For each external photon line a factor o

3. Spin zero meson propagator

(B + m)
2 2

6. Spin 3/2 propagator [A3, AW, A5, A6]

(p°-n°) 7t ((ﬁ+m) [—guv + §i§ PP, * % Y, Y

1 2 2 2

+ 337 ey - pqu)}g— 5 (p”-m )[Yupv
- by, + (Fm) Yqu])

7. Polarization sums for photons [Al, A7]

A§¥ ey(a,M)e (q,1)

i

2
q.,49 (q..n. +n q“) a°n..n
\)2 5 + (Q-n) Y E_ Y 5 YU

..g -
}(q-n)z - q (q-n)2-q2

i

(gq.n)"-q

with . n = (1, 0, 0, 0).
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