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ABSTRACT

This thesis discusses various aspects of theoretical high-energy

physics. The first two sections describe methods for investigating

QCD effects in E+E_ annihilation to hadrons. The third section

presents some predictions for various features of QCD jets. The fourth
section shows that any fermions in the standard weak interaction model
must have masses.{ 100 GeV. In the fifth section, the abundances of any
new absolutely stable heavy particles which should have been produced

in the early universe are estimated, and found to be inconsistent with
observational limits. Finally, the sixth section describes the develop=-
ment of a baryon excess in the very early universe due to B, CP violating

interactions.
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PREFACE

This thesis consists of a selection of short papers which summarize
some of the research on theoretical high-energy physics that I have
carried out during the last year and a half (June 1978 - October 1979).
Many details have been omitted. In most cases, further details are
described in published or soon to be published papers. These papers alone
amount to some B00 typed pages, and their imclusion here would have
rendered this thesis a somewhat lengthy document. Appropriate references
necessary to locate them are given in the Introduction below. The chrono-
logical order in which the major parts of the works described in the papers
below were performed was: 5, 1, 4, 2, 3, 6. Topics investigated during
the last vear and a half which have been entirely omitted below include:

Non-logarithmic terms and effective coupling

Weak effects in Eﬂ decay

Some cosmological effects of the Higgs mechanism.



INTRODUCTION

The first three papers in this thesis concern the extraction of
measurable predictions from quantum chromodynamies (QCD). QCD is a
gauge field theory which purports to deseribe the (color) interactionms
of quarks and gluons (for reviews on various aspects of QCD, see ref. [1]).
At present, QCD is the only viable model for strong interactions. However,
few definite quantitative consequences of QCD have yet been deduced. The
main obstruction is that the fundamental quarks and gluons of QCD apparently
cannot be permanently isolated as free particles, but are always confined
within the observed hadrons by strong forces not amenable to treatment
by perturbative methods (which are the only proven approach to investigating
gquantized field theories). Nevertheless, at distances much smaller than
the inverse sizes of light hadrons (e.g. w), QCD interactions become suffic-
iently weak that precise calculations using perturbation theory and Feynman
diagrams are possible. The simplest process to analyse in (QCD is probably
high-energy e+ed annihilation into hadrons, since it involves no quarks or
gluons in the intial state. Measurable features of E+E_ annihilation which
are sensitive to the structure of events only at short distances (before
QCD interactions become strong and hadrons form) may be calculated from QCD
perturbation theory. The simplest observable is the total cross-section
for hadronic E+E_ annihilation. Since at accessible energies (distances)
the effective QCD coupling constant is typically not particularly small
(usz * 0.2), it is prudent (and in fact formally necessary in order to
uncover the scale of the characteristic logarithmic energy dependence
implied by QCD) to evaluate not only G[ﬂs} but also D(ai} terms in the
perturbation series for the total cross-section. The neccessary three=
loop calculations are extremely complicated, and require the use of
algebraic computer programs [2]; we have still not vet completed them [3].
In addition to the total cross-section, sufficiently coarse features of
the angular distributions of energy in the final states of e+é_ annihilation
events should alsc be insensitive to hadron formatiom at large distances
( . involving correspondingly small transverse momenta), and reliably

estimated by perturbation theory. Papers 1 and 2 below discuss sets of



observables which parametrize the energy distributions or 'shapes' of

é+e_ annihilation final states, and whose mean values (and higher moments)
are typically sensitive to the structure of events only at short distances.
At lowest order in QCD perturbation theory, e+e_ annihilation proceeds
through e+e_+T*+qﬁ; the final q,q 'frapment' into two jets of hadrons with
small transverse meminta+ At 0(&5}, one of the outgoing quarks may emit a
gluon (G) yielding 7y +qqG: if the gluon has sufficiently large transverse
momentum, then it will initiate a third jet of hadrons. The observables
deseribed in papers 1 and 2 allow direct quantitative tests of these QCD
predictions, at least at high enough e+&_ centre-of-mass energies (v¥s) that
the smearing associated with the formation of hadrons is not overwhelmingly
important, Simulations of the fragmentation of quarks and gluons into hadrons
using a phenomenological model in papers 1 and 2 indicate that (if all
particles in each event are measured) s >20, 30 GeV is required. In
addition to thecretical advantages, the observables described in papers

1l and 2 have the practical advantage over other proposed observables that
they require no minimization, and are thus less susceptible to biases. The
observables have found some use in the analysis of experimental data from
PETRA [4]. Beyond providing quantitative tests of QCD, the observables
may also be used in a more phenomenological manner: for example, to
identify the roughly spherical events expected from the production and
decay of heavy quarks (or leptons) near threshold from the usuzal two-jet
events. The observables are also useful in analysing processes other than
E+E_ annihilation: in ref. [5] they are applied to deep-inelastic lepton-
hadron scattering. Furhter details of the work summarized in papers 1 and
2 may be found in the lengthy papers of refs. [6], [7] and [8], where

other observables are also introduced.

At very short distances, the structure of E+e" annihilation events
involves the emission of small mumbers of gluons, typically with large
transverse momenta, and may be analysed by direct explicit perturbative
calculation. At very large distances, the quarks and gluons condense
into hadrons in a presently incalculabe but presumably universal manner.
Nevertheless, there is a large region between these two extremes in which

many gluong are emitted independently and with small transverse momenta.



The methods for analysing this region are similar to those used for the
analogous case of electromagnetic shower development in matter, and are
based on the leading logarithm approximation (in which only leading terms
in (roughly) the logarithm of the distance divided by a fixed scale are
retained). The third paper in this thesis makes several applications of the
leading logarithm approxiamtion te QCD jet development. Some details of
derivations and results are given in ref. [7]. The consequences of the
iterative picture for jet development described in paper 3 below are natur-
ally investigated by use of Monte Carlo methods. Ref. [9] describes

the construction and application of a Monte Carloc computer program which
simulates the production of quarks and gluons in QCD jets, and embodies all
presently known features of QCD final states. The final condensatiom of
quarks and gluons in a jet into hadrons (which is irrelevant for sufficiently
coarse measurements, such as those provided by the observables of papers 1
and 2) must be simulated by purely phenomenological means: ref. [10]
discusses several suitable models. These models provide complete predictions
for hadronic final states observed in E+E_ annihilation at all energies.

The fourth and fifth papers in this thesis are concerned with an entirely
different topie. They deseribe constraints on quarks and leptons more
massive than those yet observed. Paper & shows that in the standard Weinberg-
Salam EU(E]LKU[I} gauge mddel for weak interactions (reviewed in ref. [11]),
no quarks or leptons may accquire masses in excess of about 100 GeV by the
usual mechanism of spontaneous symmetry breakdown (with a single Higgs doublet).
The observation of more massive quarks or leptons (which should be possible
at the next generation of pp and Ep colliding beam facilities) would provide
the first definite evidence that the minimal EU(E}LKU[I) model for weak
interactions is inadequate. (Predictions for heavy quark and lepton production
cross-sections are given in ref. [12].) Paper 5 addresses the possibility
of absolutely stable charged or strongly-interacting particles more massive
than the proton. Such particles appear in several extensions of the minimal
weak interaction model. It is shown in paper 5 that according to the
standard hot big bang model for the early universe (reviewed in ref. [13]),

a rather large number of such particles should have been produced {corresp-

onding to present concentrations above about lﬂ_lﬂ!nucleon}. The failure



of terrestrial searches (sensitive to much smaller concentrations) to
detect these particles (with masses below about 300 GeV) then implies
either that they do not exist (thus placing severe constraints on weak
interaction models) or that the standard cosmoligcal model is grossly wrong.
Ref. [14] estimates the concentrations of any stable leptons or hadrons
which should be produced by interactions of high-energy cosmic rays with
the earth's atmosphere: experimental limits exclude stable heavy hadroms
(with masses below 100 GeV) produced even by this mechanism.

Very few of the comparatively small number of relevant observed large
scale features of the present universe are satisfactorily explained even
by the standard hot big bang model for the early ﬁniverse. One important
unexplained feature of the present universe is the local absence of large
amounts of antimatter. 1If this is a global phenomenon, then in the early
universe, an excess ﬁlﬂma of nucleons over antinucleons must have existed.
It is an old idea that in models where baryon number and time reversal invar-
iance are violated by interactions at very high energies (usually leading to
proton decay with a very long lifetime), the barvon excess in the early
universe should be calculabkle. Paper 6 deseribes the development of a
baryon asymmetry in such models: any initial baryon number is probably
destroyed at extremely high temperatures; a small excess is generated by
non-equilibrium processes at lower temperatures. The details of this
work are described in ref. [15]: several aspects of non-equilibrium
thermodynamic systems with time reversal wiolationg interactions discussed

there perhaps have wider application than cosmology.
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Observables for the Analysis of Event Shapes in e'e™ Annihilation and Other Processes

Geoffrey C. Fox and Stephen Walfram

California stitule of Technolegy, Fasadena, Califgrmia 1125
(Recelved 15 September 1978)

We presant & set of rotationally levarlant chaervables which charasterizos tha “shapas™
of eventa, and Is calculable fn quantum-chromadynamics perturbation theory for final
staies consisting of quarks and gluons (). We Include the effects of fragmentation to
hadrons in comparing the shapes of events from the processes e'e” — 47, €'¢”—qfG, and
€*¢” = heavy resonance-- GGG, and [rom heavy—quark and lepton production. We Indicats
how our analyals may be extended to deep-elaste lepton-hadron interactions and hadron-
badron eollirions lnvelving large transverae momenta,

Experiments! have shown that at high center- Instead, one may use ochservables which directly
of-mass energies (V&) the final states in &%e” eharacterize the “shape™ of each event. Since
= hadrons usually consist predominantly of two there is no natural axis defined in the final state
Jets of hadrons presumably resulting from the of e*e” annihilation, il is convenient to consider
process e’ —gf. Cuantum chromadynamics rodatlonally invariant ehservables. A sot of such
(QCD) explains this basic two=jet structure,? but observables is given by | ¥,7(1} are the usual
predicis that one of the cutgoing quarks should spherical harmonics and Py{eosy) the Legendre
sometimes emit a gluon {G), tending to lead to polynomials]
three=jot final states, PR 15 2

Previous attempts® to diseriminate between two- H,= (ﬁ r ]) H !E bl 1Y 1"'5'[
and three-jet events concentrated on finding a mesr e
ot mxis™ by minimization, and then measuring 1 1 -
the collimation of particles with respoct to it "E J'E'];LE']‘PJCDBWJ}- (1)

© 1978 The American Physical Society 1581
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where the indices § and § ren over the hadrons
which are produced in the event, and ¢, is the
angle between particles { and j. When the first
for the i, is used, one must choose a particular
set of axes to evaluate the angles (§;) of their
momenta, but the values of the £, deduced will
be independent of the ¢hoice. Energy-momentum
eonservation requires &, =0 and ,=1. In prin-
ciple, all the olther i, carry independent informa-
tion.Y In practice, however, one need only con-
gider the lower-order H,; in this paper we con-
centrate on i, and H ,.

The information contained in the X; may also
be expressed by the “autocorrelation function®

Fleosp)=2 [ p(fpidfila, g ) '
w¥ (204 1) P fecosf), (2)

where p{f}) Is 2 continuous distribution of momen-
tum and ﬁ, R are operators in the rotation group,
For particle events, we define the two-detector
energy correlation’

F:{"n“::"‘l::—r:;%- 3
where E, are energies incident on detectors covers-
ing the regions o, of total solid angle fo,|. We
form the rotationally invariant observable F, by
averaging f, aver ali possibie positions for the
detectors, while maintaining their relative orien-
tation. In e*e” annihilation events, this may be
achieved (apart from correlations with the beam
axis and polarization) by averaging over events,
In the lmit ||:r||r---1lr F, becomes a function solely
of the angle B botween the two point detectors,
and ig identical to Flcosd). F, may clearly be
generalized to a correlation between n detectors
(F,). However, unlike the case of the I, there
are infraved difficulties when the F, are ealenlat-
ed in QCD perturbation theory.*

The ability of the #, to distinguish between dif-
ferent processcs is illustrated in Fig, 1. Final
states of the process e "¢ =g§ have i, =1 for
even ! and H,=0for odd /. In contrast, the proc-
ess ¢'e” -gfG gives events with a wide distribu-
tion of i, values, eorresponding to a range of
shapes. For exumple, the dependence of H, on
the fractional energies & {=2E  /V5) of the final

quarks and gluons in this case is given by
Hy=1=6(1 =x, )1 =2, M| =x.)/x,x.x,, (4)

Each kinematic conliguration, labeled by the x|,
leads to an event of & different shape, and cach
iz characterized by 2 marticular value of 4,
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FIG. 1. The distcibutions in My and #, for the proc-
egges ete” —gf (dotted lines), ¢*e”— ¢7G (full lines),
ard e*e” — heavy resonance — GGG (dashed lines), The
process ¢*¢” +4¢4G alone yielda an infinite total eross
section, but when added to e*e™ —gF calculated through
0(g% the combination of proceases [denoted by #*e”
= g7 IG}] gives a finite cross section. We have taken
o, =0.25 for the e*e” = gdG distribution.

The H, do not diseriminate between final states
differing by the inclusion of a vary low-energy
particle or by the replacement of one particle by
two collinear particles with the same total mo-
mentum. It is believed that these properties are
sufficient to ensure that calculations involving the
Hy are infrared finite in QCD perturbaticn theo-
Ty

A convenient measure of the event shapes due
to different processes is provided by the mean
H,. For the sum of the process ¢*¢” =g G and
g% =gf caleulated to lowest arder in the QCD
coupling constant &, =g%'4w, we have

WH =14 (20, /30033 - 4r”) =1 = Lda,,

80 that a center-of-mass energy s = 40 GeV,
{ H,p =0.76.

QCD suggests that heavy Q§ veclor mesons
(such ag ¢, T) should decay to three gluons. Fig-
ure 1 shows that the i, and H, distributions due
to this process are very different from those for
e%e” =gfG. The flatter H, distribution for the
GGG decay is reflected in 2 lower (H,):

1035* — 1008
)~ = 9)

()

(0,62, (8)
Our results above were obtained by making the
Idealization that final states consist ol {ree quarks

and gluong, In-reality, one must consider the
“fragmentation” of these quarks and gluons into
hadrons, although at sufficiently high energy the
values of the H, should be the same whether they
are caleulated from Eq. (1) using the momenta of
the acteal hadrons in each event, or of their par-
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ent quarks and gluons, In order to estimate the
ghapes of realistic events at finite energy, one
must go beyond the realms of present QCD theo-
ry and adopt an essentially phenomenological mod-
el for the peneralion of complete hadronie final
states by the fragmentation of guarks and gluons,
We use the model developed by Field and Feyn-
man,” which agrees with available data.®

QCD predicts that, away from resonances, e'e~
annihilation should be dominated by the process-
es e -ggamd ¢'e” =gqG. The processes ¢'e”
—-ggG can give rise to linal states containing eith-
er two or three jets of hadrons, Two-jet events
pccur when some of the quarks and gluons have
low energy or are nearly collinear® and they can-
not be distinguished from e e~ = gg events by
measurements on the hadron final state, Only
when €"e” ~gqG and ¢ "¢ =gqg [calculated through
Of #% ] are added is the jet-production cross sec-
tion infrared finite. 'We denote this, combination
of proeesses by @ e =gal Ol

In Fig. 2, we present the i, distributions for
realistic hadronic events resulting from e '™ —gq,
e'e” ~gglC), and e'e” =t~ GGG (£ is & heavy QF
resonznce). The modifications to the results in
Fig, 1 due to the fragmentation of the quarks and

o

3 2

FIC. 2. The H; distributions predicted for hadronte
events resulting from the processes ¢'¢” —~ g7 (dolted
lines), £'c” —=g7 (G} {ull lines), and ¢'e” = hoavy roso-
panee— GGG (dashed lines), at various center=-of-mass
energles Vs,

gluons into hadrons are striking, (They also oc-
car for the higher if ; and for other cbservables
designed to identify three-jet events.”) Never-
theless, above V5= 10 GeV, the #, distributions
for the different types of events are clearly dis-
tinguished, By & =40 GeV, the predictions are
similar to those oblained in the idealization of
free quarks and gluons (Fig. 1). H,and i, dis-
tributions are particularly effective at distinguish-
ing ¢'e” =gg(G) and %™ = § = GGG events, while
H, distributions are very sensitive to the pres-
ence of any pure € "¢~ —gg component, The H, dis-
tributions {or realistic events may be madea more
similar to the idealized ones of Fig. 1 by using
only the higher-momentum hadrons in each event
for the computation of the #.™ Even the cut |p,]
=05 GeV is sufficient to effect & great improve-
ment. The #, distributions'® are little affected if
only the charged partlcles in each eveni are de-
tected. Our predictionz are not particularly sen-
sitive to the parameters of the jet development
model (which may presumably in any case be
determined {rom single-hadron momentum dis-
tributions), but it is still difficult to estimate the
uncertainties in cur results at energies where
the fragmentation of the gquarks and glucns has an
important effect, Refinement of the jet model as
further experimental data become available
should allow more accurate predictions to be
made,

The H, are not specialized to the investigation
of two- and three-jet events, They may also be
used to identify events of other types, The pair
production and weak decay of heavy mesons (eon-
taining a heavy quark @ and a light antiquark g}
and heavy leptons (L) should give events contain-
ing many hadron jets, For heavy leplons we as-
sume the decay scheme L - p ud, while for heavy
quarks (mesons) we consider the three possibili-
ties @—-q'ud, Q-4'C, and Qq,,.—q'g". Figure
3 ghows our predictions for the §, distributions
of heavy-guark and lepton production events. We
take no account of hadron production by heavy
quarks prior to thelr weak decays, so that our re-
gults for heavy-quark pair production should be
valid only near threshold,

In addition to the 4, one may consider the
multipole moments®

Haff;“ﬁ.lfr&]h{cnﬂa,i, (1

where o, are the angles made by the particles in
the event with the beam axis. A g7 [inal state
with angular distribution I+xcos®a, (the paive
parton model predicts A=1) gives a broad dis-

1583



Voruwme 41, Numpen 23

PHYSICAL REVIEW LETTERS

10

4 Decesmper 1978

tribution in B, with mean 2a/5{x +3), while the
process ¢ 'e” - ggl G} gives (8} =1,/10 - 3o, /107,
corresponding to y = 1=4a, /v, ande®e " =L
~- GGG gives (B = (12 = Tf)/80(z* = 9) or & = (72
= Te?)/ (135" - 120) = 0,35, The H,, being rotation-
gl invariants, are of eourse insensitive to corre-
lations with the beam direction. They are, how-
ever, lar superior in identifying the shape of
events and distinguishing competing processes.

The H, may 2lso be used to analyze three-jet
effects in deep-inelastic lepton-nucleon scatter-
ing, Making the idealization of {ree final quarks
and gluons, and treating the nucleon fragments
a5 & single particle, we find that in the “virtual
photen- {or W-) nucleon rest frame, two-jet
events arising from y*q = ¢ give &, =1 for even {
and =0 for odd /, just as in ¢ ¢~ annihilation,
The three processes' y*g—g, v*¢-gG, and ¥*G
- g7 typically give a {f,) which varies smoothly
from 1-0.5a,at Bjorken zaround 0.1 to 1-0.8a,
at x=0.8. The distributions in the H#, are similar
to those in e'e” annihilation, The effects of frag-
mentation to hadrons are governed by s 4.y
=1/ =1

For processes in which a natural plane (1) is
defined it is convenient to use the two-dimension-
al analogs of the M ;:

% Bl it | o

where g, are the angles of the p}l‘tiiﬂ&ﬂ relative
to an arbitrary axis in 11, and |p,| e are the

C,=

SR

o
{EP-G 0z 04 Of ﬂﬂ- oD oz 0'4 0!- I:ll! 2]

o Mo

FIG. 3. The M, distributions prodieted for hadronie
events resuliing from the production and weak decay of
heavy-quark §3) and -lepton (L) palra (dotted lnes) at
Ve =20 GeV, and in the freo-quark and gluon approxima=
tlon (s —=), Three mechanlams for heavy-quark da-
cay are coanldered: Q- g ud (full lines, @Q—¢ @
{dashed Hnes), nod §F,p.¢p — ¢ §° (dot—dashed lines),

In the free-quark and gruuu approximatlen the latter
two processes glve the same iy distributions,
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magnitudes of their momenta projected onto 1,
In deep-inelastic scattering, it is best to tike
the plane I1 to be orthogonal to the »* (or W*)
direction, Then two-jet events give ¢, =0, while
three-jet ones can give nonzero values of C,,.%
Typically, in the free-quark approximation, (C,,)
is independent of I, and typically (C,,) =0.06a,
at x=0.1, rising to 0,16, at x =0,8. In hadron-
hadron eollisions involving high transverse mo-
menta, I should be chosen as the plane perpen-
dicular to the incoming hadrons. Once again, the
distributions in C,/C, distinguish two- and three-
jet events, The obvicus two-dimensional analog
of F, [as defined in Eq. (2)] will also be useful.

A detailed discussion of the work summarized
here is given in Ref. 6.

This work was supported in part by the U, 8,
Department of Energy under Contract Neo. EY T6-
C-03-0058, Wa are grateful to R. D, Ficld and
R. P. Feynamn for the use of their jet.develop-
ment computer program, and to the MATHLAB
group of the Massachusetts Institute of Technol-
opy Labhoratory for Computer Science for the use

of MACEYMA.
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The model was adjusted eo as to agree with chserved
glngle-hadron momentum distributions, Limited exper-
{mental tests of lis predictions for the detalled struc-
ture of jets IW. G, Scott, In" Neutrinoa=—78." adited by
Earle ¢, Fowler (Ferdue Univ. Fress, to be published)]
bave proved successful, '

iThe division between configurations of quarks and
gluems which give two- and three-jet eventa is deter-
mingd by the detalla of thelr fragmentation to hadrons.
At present the division must be made almost arbitrari-
Iy, but our results are not gensitive to the choloe (see
Rel. ),

iyt incomplete final states are considered then only a

fraction of the true energy of the event will be meas-
ured, so that it is convenlent to nse the effective H,/
Hy rather than 5y for this case,

UAll processes of 00g7), Ineluding those invelving ex-
tra Inftial-state particles (eg., v*Gs— q), must ba
added In order to obtaln an frared-fnfte result. To
0(g%, bowever, ooly the three-Jet parts of Y9 — g6
and y*G=q7 conteltute to (Hy b and (Hyd=1. %0
— g7 gives an insignificant contribution,

“Ona may alao define two-dimensional analogs of the
By. These provide an improved formulation of the
tests of QCD proposed by H. Georgl and H. D. Politzer,
Fhys, Rev. Lett, 40, 3 (1978},
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We present o new lass of observables which datineuish events eontaining two of three hadqon jets fronm those contain:
img a farger nuember, 1 hese observables, which essentially incastre the coplaniry of events, are caloulable in OCD perturba:
tion thoory, Thein wse showld allew ihe mechanism of T devay to be deternzined,

According to QUD, ¢*e annihilation into hadrons
at high center of mass encrgies (+/5 ) proceeds domi-
nantly through the process ete = gq, with soine con-
tribution fiom higher-order mechanisims sech as e¥e”
= gL, Chi vecion meson resenances com posed of
heavy quark paits (such as @ and T, denoted generi-
cally €)% QUL sugpeests that hadions should be pro-
duced pritnarily through ¢ e~ = § —~ GGG, and should
therefore form three jets. In this paper, we discuss
tests for this mechanism, wihich distingwish i, or ex.
ample, from those in which the hadrons are distributed
isotropically rather than forming jets. Ina previous
paper [1], we comsidered the clss of observables de-
fined by (the £ are the Legendre polynomials)

Ity
= 2= Fe ). (1

where the sums run over all particles inoan event, and
the p; are unit vectors along the moments pj. These
observables provide a measure of the “shapes™ of
evenis ine*e ~ annililation and sllow some discrimi-
nation between Bsotropic and threesjet hadron produoe.
tion on resonanee. For idealized two-jet events, # 4,
=tand M,y =0, while tor isotropic evems M, = 0
for £+ 0. Threejot events lead 1o intermediate values
of the M, To make this more quantitanive and mcdnde
the elfects ol the fragmentation of quarks aod gluons

* Work supparted in part by the U8 Department of | neigy
under Coptract Ko, 1Y 76 C-053-0i065,
! Supported by a Fevaman fellowship
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to hadrons, one must periorm a detailed theoretical
calculation [1]. Perhaps the most distinctive Feature
ol three-jet events is the approsimate coplanarity of
the final state particles, Unflonunarely, this property
hias nu sinrple consequences for the Iy However, if
imstead one considers observables of the fuum

TR
Mg =20 - 0 T 5K g B S(Pyey)
ink o (y5)3
I e |
W, = O R 0y X by B Ay L (2)

ik s

where the functions § and A are espectively symime-
tric and antisymmetsic polvaomials in the scalar pros
ducts of the unit veetars, then for coplanar events, the
I and ¥ vanish. These obsxrvables, therefoce, provide
a definitive test for coplanarity and hence should
allow clean discrimination of vwo- and, pacticolady,
three-jet final states from maore complicated structures,
The simplest example of 1the 1 elass of observablos has
& =1 and will he denoied 1, while the simplest non-
trivial member of the W class (denoted by ) las
= R L . . S T
A= [y o P2 i)+ By 5 g = e
a e s s - WY 5
g By ) P Y Py i)
RS T s e 1 ¥ie L s
R L RN B SRS R TR N B
Mote that while v Woare scalars, the ¥ are pseudosca-
lais, sen tlat whew averaged over evends, o7 = 00 O
course, {9, for examiple, need not vanish
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In [1] we argued that the moments of the /),
should be infrared stable when computed in QUD per-
turbation theory. This result should also hold for the
I and Y. In general, divergences in the mean values of
observables are canceled if the observables take on the
same value Tor all physically indistinguishable proces.
ses. One requiremient is, therefore, that the addition
of very soft particles should not affect the value of
the ohservable. This is guaranteed for the 1T and W by
the presence of a term proportional to the total mo-
menta of the particles. The other condition For infra-
red stability is that the observables should be linear in

the momenta of collinear particles. This is clearly satis-

fied by the 1T and ¥,

We showed in [1] that the #; correspond te mo-
ments of two-detector energy correlation functions
which are formed from the product of the energies in-
cident on cach of two detectors [2]. The 11 and ¥
may be related 1o momenta of the analogous three-
detector encrgy correlations ''. We sketch this rela-
tion below.,

Let us dcﬁne the multipole moments of an event
by (the Y™ are the usval spherical harmonics)

AP = E}}—p—‘—:-f, (52, )

where the angles £2; are measured with respect to a set
of axes chosen in the event. The /) defined in eq. (1)

may then be written as
+]

4
H =(2.|""-;T) m&;M:ﬁiz’ “)
which is clearly a rotational invariant and hence inde.
pendent of the choice of axes used to measure the
angles £1;. The three-detector energy correlation fune-
tion may be decomposed in terms of natural generali-
zations of the i, given by

Ty, =@nY? 2 ["1 Iy I
LA P EY -||,"”l my My

(5)

LWLV

1 Observables involving products of four or more moementa
atiting from energy correlations beiween four or more de-
tectors do not appear to have any immediate application
[5].
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where the 3 symbol serves to combing the three
spherical tensors into a rotational invariant 2. The H,
represent a special case of these observables:

Tiyip0 = (1) V2 ¥ T 0y Hy, - (6)

For planar events, the three-detector energy corre-
lation Menction elearly vanishes unless the three detec-
tors lie in a plane. As we describe in detail elsewhere
[2], this property of the three-detector energy correla-
tion may be translated into the vanishing of certain
linear i:muhi.nnilr.ms of the Ty, 7, for planar events.
These combinations fall into two classes corresponding
to the Il and ¥ observables. Those involving only
Tiyiaty with 1y +15 + 1 even correspond to the [T and,
for example

-2
My=35 (VI Top + 35 Ty~ 5Tgge}l . ()

Ifdy 41y +13 is even, then Ty, g, is real, but if it is
odd, then the T}, 1, are purely imaginary. However,
for planar events, all the 77 1.;, must be real ** 50 that
gl Ty, 4,0, with odd !y +15 + /4 must vanish in that
case, The ¥ may be written in terms of these Ti 41y
and, for example,

Wy =5 Im[Tha) . (8)

The formulae for the simpler I1 and ¥ are given in
table 1. Noie that momenium conservation implies
that T g, 1, vanishes if any of its indices I; = 1. We
have nevertheless refained such Th 1415 in table 1 50
that our resulis may be applied to incomplete final
stageswhere momentum is not conserved ameng the
particles used to caleulate the 11 and ¥,

In the approximation of free {inal quarks and gluons,
events of the types e*e™ = qq{G) and ete~ =+ { = GGG
will give zero for all the I and . For an exacily iso-
tropic event, however, all the Ty, . ¢, x':mish except for
Typo = 1. In this case, therefore, Il1 = ;, I, =0,1,

=0,1, = 1e and all ¥ =0,

In order to simulate real hadronic events, we use
the phenomenological model for quark and gluon frag-

£2 Note that the Ti, 15ty vanish for [y outside the range
My — I 1o 18y 413 [ (triangle inequality) or iF the sum 1)
* 13 + I3 5 odd and two of the I are equal (symmetry prop-
erty of the 3/ symbaols).

¥31If the plane formed by the x and = axes is chosen to be in
the plane of the event, then from (33 all the .-!f" aré réal so
that the T{IJ':]': deduced from (5) will also be real.
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Table 1
E samples of wlsery; 11_1!{;;. w hu.h. vanish for c-'.1l|'-1 LA EVETNLS,
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. i . | . .
(i % e Pr)? = - 35 W13 Taas + 35 Taso - 5Too0]

Ipil 1oy g Lo
= E e i Xy PRy PP B Py - )

Wk G5y
"5%5[131.“'1_' Tasz + 1547 Tazg + 42 Ty - We Ty — 3503 740
it e 1o s
My= &sd———— % By P ) [P = PG~ Pr) + By = PP~ B+ (P Pp) Py - B
ik W5 TR i k [ i Ff I LA ]

Tepl Vgl | g
PR Mt e (X By B LB BT 0y P+ B )7

Lik /5

361:

Tﬂu\'ﬁ_rﬁl + 140 Tagg + 12470 Tagz + 25314 Taga + 633/F Fazp — 245 Togol

et el iy
#;E‘E—Ij—-(ﬂ 'Kﬂr upllpg*m,r T .ﬂ,}+lp; pf[p, )+ Gy - ; * lp; £y

ik 0

= —i;P. P;}‘{P,*ml—im B’ wrr,

mentation into hadrons developed by Field and Feyn.
man |3]. To investigate the discrimination between
planar and non-planar events provided by our observ-
ables, we shall compare events due toete ™ = § = GGG
with ones which give the same single hadron momen-
tum (z = 2| pl /%) distribution but which arise from
non-coplanar configurations of quarks and gluons. We
chose two models for non-coplanar events. In the first
(referred wo as ‘G-je’), we consider the production and
decay of a pair of heavy quarks into three particles,
This model was introduced in [1], Although it gives
rise 1o events which are non-planar and contain six
hadron jets, it happens that with our quark and gluon
fragmentation functions, they have roughly the same
z distributions ps e*e = { = GGG events. For our
second nmaodel (relerred (o as “lsoiropic’), we generated
ete— = = GGG events and then rotated the momen.
tum of each of the purticles randomly. This procadure
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gives roughly isotropic events but at the cost of some
violation of momentum conservation.

In fig. 1, we show the distributions of simulated
hadronic events in 11, at three center of mass energies
while fig. 2 gives their distributions in /75 **. In both
cases, the free quark and gluon predictions are consid-
erably modified by fragimemation 1o hadrons. This
effect is particularly nuuha:d for the [Ty distributions.
Nevertheless, even at /s = 10 GeV ( corresponding to
the T region), the distributions allow clear discrimina-
tion between different mechanisms. OF course, at
higher +/s, the effects of fragmentation hecome less
important, and the various processes are yvet more

#4 gt = gqi(G) denotes the sum of the processes e¥e™ - qqc
-tI'IIJ ¢*e” = gif, ealeulated through Oie?). According 1o
QCD, e*e” = gqiGh sheuld be the dominant process awey
from resonances. Details are given in | 1.
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Fig. 1. The distributions /e de/11) of simulated hadronic
events in the coplanarity parameter 11 for various center of
mass energies (5 ) ¢'e” = £ GGG, “isoiropic™ and “6-er”
are three illustrative mechanisms for heavy resonance (§) de-
cay. According to QCD, et = QQuGy shauld be the domi-
nant process of resonance [ 1], In the free quark and gluon
approsimation, the processes ¢ 6 = ¢ — GGG, ¢ e — qq and
ele i shonld lead to 11y = 0. In the same approxinas
tion, the “Gejei’ provess lewds to a roughly Dat distribution i
1y over its Kinematically allowed range (00 < 1Ty < 2/9) Come-
pletely isatropic events have iy = 29 Note that in this and
fig. X, all curves are caleulated by considering oaly hadrons
with snaoimenta above (5 eV,
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Fig. 2. The distributions 1 /o dafdffs of simulated hadronic
events in the shape parameter My, for the various venter of
mass energies (2. The corresponding distributions in the
free quark and gluon approximation are also piven.
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clearly separated. Note that the distributions in 11
are particularly suitable for distinguishing planar from
non-planar processes and, for example, allow separa-
tion of e*e = & = GGG events from isotropic or 6-jet
ones. At+/5 = 10 GeV, isotropic and G-jet events give
indistinguishable 1T, and #4 distributions, but at
higher /5 they differ. Figs. 1 and 2 show that it should
be possible to determineg whether T decay proceeds
dominantly through T - GGG by measuring the 114
and ff; distributions of T production events. It should
be pointed out, however, that if the decays are found
to be more isotropic than would be expected for T

= GGG, this does not represent a contradiction with
present QCD theory since there is thus far no over-
whelming evidence that low-order processes should
dominate in T decay. Note that the results shown in
figs. 1 and 2 depend on the quark and gluon fragmen-
tation functions assumed, Our choices for these may
be tested by measuring single hadron momentium dis-
tributions and if a significant difference were found,
the calenlations of the shape parameter distributions
should be revised. In our discussion of § decays, we
have always considered models which give the same z
distributions. Thus the discrimination between ditfer-
ent mechanisms illustrated in figs. | and 2 should not
be affected by changes in the z distributions.

We find that the distribution of realistic hadronic
events in the observables Wy, I1; and 115 defined in
table 1 does not differ significantly between the pro-
cesses we consider, The distributions in [|4 are quali- .
tatively similar to those in I} but distinguish slightly
less between the various processes, and so we [ind that
it is sulficient to measure [1} to test the coplanarity
of events.
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Our observables can also be vsed 1o analyse final
states in which not all the particles are detected. For
example, ai \.f‘? = 10 GeV, the difference in 1o
dofdily between e*e~ —+{ — GGG and isotropic
events at 11} =0 changes from the factor of about 3
shown in {ig. 1 when all particles are measured to a
factor of about 2 when only charged particles are de-
tected.

Our previous work [1] showed that the H, (and, in
parlickllur,rffg and H3} provide clear measures of the
shapes of events. They are especially suited to discri-
minating two-jel events from events containing larger
numbers of jets. Here we have introduced the observ.
able I1y which tests for planar events and is, therefore,
particularly suited to distinguishing two- or three-jet
events from events with a more complicated structure.

We are grateful to R.D. Field and R.P. Feynman
for the use of their jet development computer program
and to the MATHLAB group of the MIT Laboratory
for Computer Science For the use of MACSYMA.
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ABSTRACT

A simple pilcture of jet development in QCD is described., Varlous appli-
cations are treated, including transverse spreading of jets, hadroproduced
¥k P distributions, lepton energy spectra from heavy quark decays, soft

parton multiplicities and hadron cluster formation.
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According to QCD, high-energy E+E* annlhilation into hadrons 1is initiated
' by the production from the decaying virtual photon of a quark and an antiquark,
each with invarianc masses up to the c.m. energy v in the origlnal e'e”
collision. The q and q them travel outwards radiating gluons which serve to
gpread thelr energy and coler inte a jet of finite angle, After a time 2 lff's_,
tha rate of gluon emisslons presumably decreases roughly inversely with time,
except for the legarithmic 1:151& assoclated with the effective coupling con-
stant, (aa(t] —~ 1."'1¢g{tmz}* vhere /t is the invariant mass of the radiating
quark). Finall:;r. when em:issinns have degraded the energles of the partons
produced until their invariant masses fall below some eritical &: (probably
a few times A}, the system of quarks and gluons begins to condense inte the
cheerved hadrons.

The probability for a gluonm to be emitted zt times of DE;%ﬂ is small
and may be estimated from the leading terms of a perturbation :eries in ns{s}.
Any glucn prﬁduced at thess early times will typlcally be at a large angle
to the q, q directions (so that the jet it initiates is resolved) and will
have an energy ~ vs: thus cthe wavelength of a gluon 'emltted from q' encom—
passes q, so that interferences between the various amplitudes for glucm
eniselons are important. At times =B 11'1";. the average total number of emic-
ted gluons grows rapidly (see eq. 9) with time, and one must sum the effects
of many gluons radiated at progressively smaller angles, but with energies
~ V5. Usually the wavelength of one radiated gluon does mot reach the point
at which the last was emitted, and hence at these times the sequence of gluon
emlesions in a jet may be treated independently from each other and from those
in other jets. Below I shall mostly discuss the development of jets in this
semlclassical reglme, where the leading log approximation (LLA} may be used:

gome details of the resulrs are contained in Refs, [1] and [2]. The ultimate
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transformation of the quarks and gluons in each jet into hadrons (which un=-
doubtedly involves consideration of amplitudes, rather than probabilities)

is quite beyond any perturbative methods, but, at least locally, depends only
on the energy and quantum numbers of a jet, and not on the details of the
process by which the jet was produced (except perhaps because of low-energy
remnants from initial hadrons or nucleil). (The formation of a jet from an
off-shell quark in many respects parallels the devélagmeat of an electromag-
netie shower from a high-energy electron in matter, for which the probabll-
istic LLA is accurate above a fixed critical energy below which lonization
losses dominate.)

The times and distances quoted here are inm the rest frame of the radiating
quark. In the c.m. frame, they are dilated by v = E.n"El,I ~ /sjt. A parton
off=shell an amount ¥t should typlically survive a time 1 ~ /vt (this i3 clear
on dimensicnal grounds or from the energy denominaters AE ~ 1/t ~ E - {Fr ic
non=covariant perturbation theory). A system of partons apparently forms
hadrons when the parton invariant masses t ~ JE:;u A, corresponding to a
distancoe =~ #;?hz in the E,m.s. (at this distance a string with x ~ Az atretched
between the q, E would have dissipated theilr original kinetiec energy). Note
that 1if cnnfinement_actzd at a fixed time ~ 1/A in the c.m.s., then tc ~ nf?.
and no scaling viclations should eceur in fragmentation functions (since
Ing(sfﬂz}flug(tcfnzl is independent of 5). (Such a mass would result from
rescattering of a parton with E ~ /s from a cloud of low energy partons with
momenta ~ A: in e+&‘ annihilation, such a eloud forms only at 1:ms ] Ji?nz,
but in hu&;cn reactions such spectators may serlously affect the structure
of the final state.) The time of hadron furmatiuq may be investigated directly
in collisicns with nuclei: 4f tc ~ hz then partons produced within a nucleus
should form hadrens only far outside it, inm ; manrer uninfluenced by {ts pre=-

eace [F.1].
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One approach in studying QCD jet development 1s to consider quantities
which are insensitive te all but the short time region described by low-order
perturbation theory. The simplest such observable is the total cross=-section
for =+=- annihilation to hadrons. QCD corrections modify the wavefunctions
for the q, q even at the moment of production, and thereby correct the Born
term. Attractive one-gluon exchange at short distances enhances the cross-
gection by a factor L + n#{s}fw [F.2], while the effects of the eventual
cenfinement of the quarks (at short distances similar to the acquisition of
an effective mass) are suppressed by an energy dencminater to ba D{ﬁlfs}.
(Close to heavy QQ produétion thresholds, the Q,Q have long wavelengths (~ 1/
{uqv)]. and their wavaefunctions are therefore sensitive to interactions at
large times: such threshold regions must simply be smeared over.) In processes
invelving initial hadrens (e.g., y*W -+ X), only scatterings which deflect
initial partons outside the cylinders (of fixed transverse dimension 1;353.*
1/A) formed by the inceming hadrons contribute to cbservable cross-sectioms.
Just before a scattering involving momentum transfer Q, gluons will typically
be emltted with differential eross=-gzection n-dkaﬁT up to kT == (). The prob-
abllity for gluom emission (which affects the cross-section by 'spreading'
the fnitial parten) outeida tha initial eylinder ~ lngfqzjtz]; hecause the
size 1!-43 of the initial hadron is fixed with Qz. such terms give rise to
'gealing violations' which cause the cross=-section to depend on szt:. Far
& glven initial hadron, the terms divergent as its size is taken to infinity
are known to be universal and independent of the detalls of the parteon scat-
tering [4]; they are determined by processes which act at large times before
the interaction.

One may obtain further information on the shprt distance structure of

QCD processes from the angular distributions of hadronie energy in their final
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states., (A convenient set of shape parameters for this purpose is the Ht =

. it Etﬁjfs P;[EGB¢1j} [5].) If in studying final states, hadrons with low
e;irgies are ignored and sets of hadrons separated by angles less than, say
'@, are lumped together into *jets', then the lumped energy distributions are
typically sensitive to the structure of events only at times £ 1!(3#:3, since
particles radiaved later will usually not be 'resnlyed'. {In the <HL?, tha
behavior of thg Legendre polynomials implies 8 ~ 1/L.) MNevertheless, it turns
out that the residual effects of confinement at large distances are more
important for shapa paramaters than for total eross-sections: they suffer
O(A/VS) rather than D{nzfu} corrections [F.3]. As 8 1s decreased, measures
of final state energy discributions become progressively mere sensitive to
nearly collinear emissions occurring with high probabilicy, typically ar times
~ 1/ (875).

In dlagrammatic calculations, the approximate independence of small
transverse pomentum gluon emissions from the q and E producad in e+e- annihi-
lation (or the incoming and outgoing q in y*q -+ X, etc.) 13 best revealed
by using axial gauges n.A = 0 for the gluon preopagator. In these gauges,
interference terms are suppressed, and a probabiliscic interpretation of
single (ladder) diagrams is possible. The cholee of n detarmines what fraction
of the radiation appears to come from each of the quarks: 41if n is chosen
symnetrically with respect to their momenta then they appear to radiate equally;
if n is along one quark direction, then the gluons appear to come from the
other quark, although some travel backwards with respect to its momentum.

In|a suitabia gauge, the differential croas-section for emissiomns of k low

transverse momentum gluons frem an incoming or outgoing quark may be written

in the simple product form [6,7]
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do ' _ [?qqizli uuttlj -
dzl...d:k dtl...dtk n El
_"[qu{zh} ag (&) ‘
27 -
(1)
4 14zt

Pa® "5 G,

1 1 :
[ @), f(2)dz = [ h(z)(£(2)-£(1))dz,
Q Q

where zi is the relative longitudinal Sudakov variable (roughly energy frac=-

th th - a0 3
tion) of the (i+1) " quark with respect te the i quark {zi {P1+1+?1+1};

th

{p:ﬁ:i}: 3 along 'ﬁi} and t, is the invariant mass of the 1 quark link (Ei =

1
tifs}. The terws dropped from the leading log approximation (1) contain extra

Ei factors; these may only be neglected if Ei << 1 (although l:I > ﬂz for

confinement effects te be ignored). Kinematies require that By Sty 4 0 =

:1 = 1. Many consequences of (1) follow simply from integrating over more

restricted phase space vulymes so as to aeleué only jets obeying various
criteria. In addition te radiationm of real gluons, (1) includes virtual gluon
corréctions to quark lines or to vertices which contribute leading log terms
at the points z

=1,t If the external kinematic constraints imposed

1 g ™ g

allow such diagrams to contribute {so that z, integrals run right up to 1),

i
then the f dz/(l=z) [F.4] divergences from the soft gluon emissions are can=-
celed by the virtual diagrams. (The remaining infrared divergences, apparent
at small t; arise from emission of hard gluons collinear to a massless quark
and are cut off by the finite propagation time of the quark, implemented in

perturbation theory by exchanges with other jets or by the effects of the

cylinders of initial partons representing ha&runa.] The contribution .of a
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virtual correction to a quark lick of mass ' may be written (by introducing

1
Sudakov wvariables into the internal loop integration) roughly aa &(1-z) f
t o

{1+z'2]f{l-z']dz' f de'f/t', where the internal t' integration is cut off

£
min
by the same large distance effects as are the extermal t integrations, so that

tliﬂ b-tc; For most applications, the virtual diagrams may then be included
ag in (1} simply by adding a divergent -4é(l-z) term te ?qq{z} (hence the +);
then the lagitftc} from internal loop integration will be reproduced by in=-
tegraticon over the external t. This procedure will be sufficient so long

as t, is allowed to run up to ¢, , whenever z, runs up to 1 (so that wvirtual

i
diagrama contribute). (This will certainly be the case if the ET, but not
angles of emitted gluons are considered.)

The formula (1) accounts only for gluon emlssieons from the origimal quark:
to describe radiation from the gluons produced, one must append similar prod-
uct forms, with appropriate qu replaced by PEG' ch or ch [F.5] according
to the type of emission. In many calculations, one is concerned with the
behavior of only one or two partons, and in this case, one need essentially
consider only the possible 'backbones' of the jet, which connect the initial
parton to the partons consldered (provide thelr structural support in the
tree); further emissions from partons not in the baukhuhe may be disregarded,
since integrating their contributions te the cross-section over available phase
gpace simply gives a factor one. To describe the production of the partomns
considered, one must sum owver all posasible backbones and integrate over the
ordered ty of the partons along them. The differential cross-section fer a
given hackﬁane consisting of k partons i1 12, Lgeens invelves the product
F1112[21)P1213(22].... . When the required integrﬁls of this are summed over

k, they often form an exponential serles, in which the exponent contains a

matrix of (the 2" moments of) the PiJ(Z}: ordered expansion of the matrix
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exponential aceounts for all possible backbones with the correct combinato:
welghts.

As a first application of eq. (1), I estimate the mean product of ener-
gles incident on two back-to-back detectors of angular size & around an E+E'
event. For the lowest-order process, e+e- - qE, the energy cerrelation EB(E} =
z<3131,>f5 {Ei is the energy incident per unic area on detector L; 1" is
antipodal to 1) 1a 1 (for & # 0): if q enters un; datector, E mist be incident
on the other. (For large &, {HL, = [ﬂEi?+{-1]£<Eiﬁi.?lf{2$], where 8 = 1/4;
in dominantly two-jet pFncEssen <E§h <L <E1E1.i.) SB[E} deviatas from ona
when gluon emissions deflect energy outside angle = & cones around the gq,q
directions. To LLA, the energles of radiared gluons are negligible; their
only effect 18 to deflect the original q,E: EB(ﬁ} thus becomes simply the
total prebability thac the final q,E should have transverse momenta kT < 8/s.

h

The 1°

gluon emission imparts a {k%}i = (1-zi}(=iti_ti+1} == (1~:1}t to the

i
quark. 53(3} 1z the integral of the differential cross-section (1) (summed

over all possible pnumbers of emlssions) subject te the constrainc E(ki)i o Bza;
2ll radiated gluons mu;tftherefcra ba both soft ({1—:1} small) and nearly
collinear to the quarks (ti small). The necessary integrals are most conve-
niently c¢aleulated by subtracting from cne those obtained by integrating
outaside the constraintcs tl-zijti 5 Ezs. {In this way, one need only consider
real emissions and is not concerned with delicate cancellatiens from wirtual
processes.) Consider first the emission of ome gluon. To satisfy kT < ﬁ#;}
2 must be integrated from = 0 only up to ~ 1 = ﬂzsftl, rather than 1. Tha
1!(1—:1] foft divergence in qu(zl] thus contributes a term ~ 1gg(t1fqzﬁj
[F.6]). IntEE:atiug over t, from ~ st to = s glves the final ﬂ{ms} result

g

- 2 . ' - 2
$p(8) =1 37 log"8. Wotice that the variation of us[tl lflngttlfh )

over the range of the t) integration must be ignored teo leading log acecuracy

IR —

P ————————
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compared to the logftl} resulc from the z, integral: its effects are formally
of the same order as other subleading log corrections, which change the scale
of the 8 in the final result [F.7]. While the leading log terms are indepen-
dent of the process by which the q,E were produced, the subleading logs are
not undversal. In the leading log approximation, the gluon emissions are all
independent, except for the phase space restrictiom ti = ti—l' Hence the
contribution toe SB{E} from k gluon emission =~{-Eua£3n}klu52kfﬂz}3k!: the
crucial 1/k! arises from the nesting of the ti integrations. Summing over

k then gives [F.8]
. aus 2
ﬂBl:'E} = exp[- T log™g]. ' (2)

In contrast to the ﬂiu‘} result, this form vanishes as & + 0, reflecting the
fact that the q,i will always be at least slightly deflected by radiation.
However, at the small 6 (g exp{-lfu‘}} where the leading log eq. (2) is damped,
thus far wncaleculated subleading log effects will probably dominate: when

al

4 ﬂzfs (L.e., L > /s/\ for <H,>), (2) musc fail? since then the emissions
no longer occur before hadronization. (Phenomenological simulations of hadreom
formation suggest that, in practice, perturbative results become lnaccurate
at much larger angles.) Note that if the wariation of us{t} had been retained
in the ty integrals, (2) would become (un(t} - Eaflcg{tfhzjj

45
£,00) ~ expl- 22 (loga + 198O) 5,0 0% %) - Log(s*))]

log(e/A?)
3)

Bu i
~ expl- 5> 10g%6(L - —2 L)
lug(s!h )

the change cannot comsistently be kept in the LLA, -



26

Equation (2) gives approximately the probability that a produced or struck
quark emits no gluons with fntal kT ) H#g'aud, therefora, typically propagates
without radiation for a time 2 1/8/3. It is thus similar to the quark (Sudakov)
fﬁrm factor, which giwves roughly the probability that mo gluons are emitted
before a time n-lfpt, where J;E is a (regularizing) invariant mass assigned
to final quarks and/or gluons. (In the Sudakov form factor, Ez 13 roughly
replaced by [pzfs}l; where 1 depends on the precisé method of regularization
used [F.9].)

The results obtailmed abowe may be applied directly to estimate the trans-
VErse momentum [ij gpectrum of virtual photoms (y*) produced in hadron col=-
lisions. The leading log terms come from the process in which a q and a §
from the inirial hadrons suffer transverse deflections by the emission of
gluons (but retain roughly thelr original energy} before annihilacing to the

¥%*, Then the spectrum 13 obtained from the (derivative of the) defiection

Pr
probability (2) as [9]

2 2
b F 2a P
1 do s | —8 102 (-1
o= A 5 qu{a } exp[- In log {B 3] (4)

o de 'prT

where a, is the cross-section without gluon emissions, and /s 1s roughly the
invariant mass {A;% of the y* (which 1s formally indistinguishable from the
incoming qq c.m. energy vs in the LLA). However, as with eq. (2), this result
s rarely adequate. At large pg (~ vs), the exact U{BE) Py spectrum (includ=-
ing subleading log terms not accounted for im (4)) should be sufficient; at
small pT ﬁighﬂr-nrder terms could potentially be significant, but the leading
logs of (4) are damped at small p, and so may be overwhelmed by subleading
log corrections (feor p% € JQIEE. (Subleading lagsrfram hard, but collinear

{small t), emissions may be accounted for bj1keep1ng the full P{z) in-the
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derivation of (4), rather Fhan approximating qu{z} ~ lng{l-zmax}ﬁil-z}; this
yields a more complicated foram in the exponent of (4), which 1s a convelution
sanpling szs <1, and thus not simply a multiplicative correction to uo.
Subleading logs from soft (but oon-collinear) emissions plausibly exponentiate
as in massive QED.) In practice, pp must be measured with respect to the
incoming hadrons rather than the q.E. introducing a further spread in p: of
order t: -n2.

A significant fraction of hadroproduced 331 Qﬁ states (e.g., T; denoted
here generically by £) probably arises from decays x + Ly of even-spim x
produced by GG "annihilation'. The resulting ¢ Pp Spectrunm is given in LLIA
by replacing 4/3(= CFJ in eq. {4) with 3(= CA: and is, cherefore, broader
than for y*, at least for ﬁz << p% << g, mg.

For deep~inelastic scattering, similar analysis shows that in the LLA,
the distribution of final transverse momenta with respect to the y* direction
{iL.e., E1p$] - Cn} should follow roughly the form (4) (in this approximation,
only thz g energy is significant). 1t is interesting to speculate on the
differences between the-pT spectra in deep-inelastic scattering and the Drell-
Yan process. While p% > 0 always, 8 » 0 for Drell-Yan but 8 < 0 for deep-
inelastic scattering. Thus one might expect a subleading log difference
between the integrated spectra by a large factor, perhaps ~ exp{inuEIBJ.

In muen decay, the outgodng electron spectrum close to the endpoint x =
EEeImu ] - U(mi!mi] is softened by emission of many low kT photons. In the
LLA, and taking w, = 0, the methods used to derdve (2) give the approximate

a

formula

dar

ar ._o -2 j0l01-
T exp( o log™ (1-x))}, (5)
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which is independent of the detalls of the decay; for p decay, drofdx =
2:2{3-213. {If L ¥ 0, then divergences from photons emitted nearly collinear
to the e are regulated, leaving only those from soft photons and replacing
lugzil-x] by 2 lng{ﬂifmijlug(l-x}= in this case, all subleading log{l-x) terms
are known also to exponentiate.) Different dI' /dx cannot be distingulshed

fn the LLA. With dr_fdx = 2x°(3-2%) (u + eX (or b + X) spectrum), the 0(a)
term in the expansion of (5) implies a correction to the total decay rate of
{1-265/144 afn) = (1-1.84 ofw); with dTuId: = 12:2{1~x] (u -+ UHK {or C + LX)
spectrum) Ffro e (1-0.8 afn) and for dr_/dx = 1, Ifra = {l-a/m); the exact
result for V-A p decay 1s [10] (1-(n2-251£}uf(2w}1 = (1-1.81 af7). One pay
guess the correction to I summed to all orders in o by integrating just the

LLA (5), which ylelds (taking dfafdx = 1}

‘P ap X "2 X
r FG = e erfef zu}‘

(6)

2. _-x
erfel(z) = —j' e  dx.
V=

For aft = 0.1, this gives 0.87 Pu compared to the O0(a) result 0.8 Tu. while
for aft = 0.4, it gives 0.79 I‘n compared to 0.6 ro. These results for p decay
may also be applied to the lepton energy spectra end rates for semlleptonic
decays Q + q"Lv of heavy quarks [11], after the substitution a = ﬁaafﬁ. In
charm decays, U{mafmc} and U{hfmd} effects still domlnate over U{ui) ones,

but for b decays QCD corrections should be relevant. Here (5) gives QCD cor=-
rections to the lepton spectrum from the weak decay of an on-shell massive

quark. If, as in ¢+e- annihilation, the initial Q 1s produced off its mass

shell, gluon emissions degrade its energy by a factor nv[us{s}fms{mé}]ﬂ'& long

before the weak decay occcurs (mq acts as a cutoff for collinear hard gluon

emlsasions).
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A gimilar analysis gilves the modificatlon of the y energy spectrum from
L+ yGG..,. due to radiation from the cutgoing glucns as ﬁﬂexp{-Susf(Eﬁ} x
1a32{1-xj}. Integrating this over x (with dFufdx} sugpasts the rash puess

a
I~ (1-4.5 9T _.

The momenta of partons produced in E+E- annihilacion should lie roughly
in a plane; deviatlons from coplanarity may be measured by Hl ] . % kfgix;j-aﬁ}f
(JE}giﬁixﬁj-ﬁt} [5] (1, = O for coplanar events and M, = 2/9 for isétrupic
final states). The lowest-order contribution to <Hl? in e+é- annihilacion
is from ele” + qqGG (for éhi:h Hi ~ (1-11](1-22}{t1t2f32]2}, and in the LLA
this gives 1/o du!dnl - ﬂfﬂ(usfﬂ]2|lﬂgzﬂl[fn1 at small 9] {e+e_ + qgq'q" gives
only an ﬂ{lugﬂlfnl} term). In [ decays, tﬂlb is larger; [ + GGGG (whieh is
allowed, unlike the analogous positronium decay, as a direct consequence of
the non-Abelian nature of tha G couplings) gives 1/o dqfdﬂl h-3[usfﬂ}
|lognl|fnl (c -+ GGqE contribuces ﬂ{lfﬂl}}. In both cases, the integrated
Hl distributione exponentiate when summed to all orders in a,-

NWow consider the energy correlatlon SF(B] = EtEirfs which gives the mean
equare energy in a jet concentrated within a cone of angle 8. Whereas EE{GJ
contalned [uslugzﬂlk terms, only Iu’lngﬂ]k appears in ﬁrfﬂ. (For large %,
<Hy> = [Bp(1/e) + {-1}’13{1!1}]!2; only for deminantly two-jet processes (e.g.,
e'e” + q3...) is 3, significant: when the lowest order imvelves > 2 final
partons (as in [ + GGG), !F determines ‘HL}]' The deviatioms of !F(E) from
one are dominated by radiatlons in which the emitted and recoiling parton make
an angle > 8. Te LLA, this angle is simply tifs, wvhera f;;'is the dinvariant
mass of the radiating parton. Here the crucilal difference between EF and SE
becomes apparent: a glven emission will not affect !F(B} so long as its

products are collinear te within an angle = 83 however, in SBQE} they must

rather have a relative transverse momentum € 83 and thus be not only almost
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collinear (small t), but the radlated parton must also be soft (small 1-z).
The greater restriction of phase space in the latter case forbids complete
cencellation of soft gluon emission divergences and leads to double rather
than single log terms. WNote that because of the ordering of the £ (ti >
the dominant centributions to SF{G} come from the first few emissions; sub-

i+1)‘

sequent radiations must have much smaller angles and therefore will mot spread

jets sufficiencly to affect EF(E}. On the other hand, ki n-(l-zljt relevant

i
for EB{$] are not ordered, and, in fact, !B(B} is typlecally dominated by a

sequence of emissions imparting roughly equal kT and.in therefore considerably
more influenced by inecaleulable large distance effects than 2 (E}.

To 0(a)), efe” + 946 spreads the q, q jets and modifies the O(a ] result
dt “s{ ) 2o
-Ig t  Im £ ={1—2}Fq,;(=}dz =1 + -;- logh in the

LLA [F.10]. (For a tua-glunnﬂjet final stace, this becomes 5F(ﬂ} -1+ {ﬂ%ﬁfﬁ

a

;E logh.) In higher orders, F(E} may be computed as the mean product of the
i=1

gbsolute fractional energles (cz:hgz:Es? = < ] zztl-z ¥>) summed over all pairs

3
i=1
of emitted partons with t 2 Bza. In ealeularing the contribution of the 1:h

EF{E] = 1 to SFEEj ] =

emission, the z, for § < 1 obey 0 =2z, =1, and the virtual diagrams at z, = 1

J i 3

entirely cancel the soft divergences. (This 4s in contrast to the case of

SB(E}, where (1-z,) < Ezsftj, thus leaving uncanceled a log(t fﬂzs} term from

] 3

the soft emission reglon.) The tj integrals are, however, restricted according

to r.j b= tj+l e

retain the wvariation of ng{t

o ti ?-st. In performing the tj integrations, one must
R lflngftjfﬂzl, leading to [log(log(62s/Aa%)/
1ng(sfn21J}ksz terms at each order. Then, summing over all possible ject

backbones and numbers of emissions, one obtains the exponentiated form
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1 1
ﬁF[B} n-Iéil-[I P{z)z(l-z}dz]-exp[-f P(:]zzdz
o a

log(T(8))(6/(33-2F))]-I, n

T(8) = Gst’} ‘zlogfsﬂzfnzl
e (sB )} 1ng(sfn2]

where F is the matrix of kernels Plj' and I i{s a vector in (q,C) space repre-

senting the initfal partord. Hence, for quark and gluon jets [12,1]

(#:(8)) = L.2(r@1%® - o.2rr(e) 1t

(8)
(2,8)); ~ 0.407¢8)1°°% + 0.6[T(8) 114,

Without knowledge of subleading log terms, one cannot determine the optimal
argument of L {or T) to be used in applicactions af these formulae to jet=§
produced in specific processes; plausible choices give rather different pha-
nomenologlcal estimates for spreading of jets. (From eq. (B), one may esti-
mate {Hl} for £ + GGG.., at larpge L. The lowest-order process has a differ-
ential cross-section barely distinguishable from three-body phase space and
gives fﬁii == 3/8; higher order processes serve simply to multiply this by
“'(Erflft]}g. Mote that at high &, the <H1> for this 3-jet process ~ logh,
whereas fu; twvo jet proceases such as E+eh - qﬁ...., ﬂHlb o~ 19321.}

Most of the radiation in a jet consists of soft partons. One may esti-
mate the multipliecity of partons with absolute fracrional energies E//5s above
some small cutoff X in :{lintegrﬂ:ing the differﬂntial cross=section (1) with
the restrictions xmin.l"[ n zj‘.i sz, = 1 and summing over all possible j;t

J=1
backbones. Consider first the emission of gluons in a gluon jet, so that the
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z, integrands are roughly cﬁfﬂ 1!:1 (the multiplicicty is dominated by soft
:gluuns emitting soft gluons). The nested lower limits on the 2y integrals
result in a triangular integration region (analogous to that for the ti}' and
for k gluon emlssion gives I{cﬁfw}lugxmin]kfk!; the corresponding t integrals
give a factor [1uglugfsfh2)]kfkl. The terms from k gluon emissicn therefore
n-ka(k!}z. The sum over k may be performed by recalling the expansion of
irregular Bessel functions: IE(IFI = ki;y2k+“f(kl{k+n)!}; their asymptotic
expansion is In{y} -¢FIJEF;: To obtain a complete result, one must include
the 0{1) as well as 0{l/z) parts of P(z): such terms.giue no log(z) eontri-
butions and exponentiate te a power of a_ [F.11]. Summing over all possible
emiseions, one estimates that the number of gluons with fractional energies

e Foin in a gluon jet is (takdag F = 3 and L= ﬂ2]

e = 1,2/ e ()]
9

Ca
A “';*'lnsf?.{ﬂjﬁlogfxnin]-

In a quark jet, the probability for the first gluon emission is reduced by
a factor EF}EA = 4/%, but the subsequent development remains the same, so that
the number of gluons in (9) is just reduced by 9/4. Soft quarks emitted from
gluone follow a dz rather than dz/z spectrum; most light quarks at small =
thus arise from a series of gluon emissions followed by a single materializa-
tion G + qq, =0 that the last Zﬂﬁlogfz} for gluon emissions is replaced by
just Ff2. Then the multiplicity of quarks with energles » X i in & gluon

Jet becomes

<n >

o ™ 57 loa(/a ()1 (/D) /Vlag(s) 1125 (10)
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The x distribucions of soft partons in a jet may be found by differentiating
(9) and (10) or directly by not integrating over the last emission in the

construction of the series (or, alternatively, by inverting the behavior of

:“-1 moments due to E(E%ii and 0(1) terms in the anemalous dimensiens [7,12]).

Perturbacion theory presumably ceases to be operative when the invariant
masses of partons iam a jetr fall below ~ JE:} but snme.prape:tins aof the parton
gystem prepared may be relevant for subsequent condensation into hadrons.

One of these features 1s the Iinvariant mass distribution for palrs of final
partons (each with ¢ & tu] in the jet [13]. Such partons may be taken as

emitted from the backbone of the jet, which consists of a sequence of radiat-

h

ing partons with large t. The invariant mass of the kt and {k+l}th real

partons emitted is Hz e {1+zk+1}tk. In computing the mean number of such

pairs with ue P!HE L Az, the corresponding limits on the z, are 0= 2y = 1

2 2
(1 =k), 0 g . S 1l - Hafti, while the £y satisfy Hu sty < £ (1 = k),

Z
B, Sy &G Performing the 2 integral introduces a crucilal 1ngftk!ﬂﬂ).

k+l
In all t, integrals, the variation of this term overwhelms the running of

i
uitt] in the LLA and prevents the appearance of log log(t) term. Instead,
the final result ~ lugk{sfﬁi}fk[. Summing this over the position of the pair
and dividing by the total number of pairs (i.e., Hi = t), one obtains for
the prnbabilitx that a given pair has M > HE the power-law damped form
m.(Hzftc}#uﬂT, where y depends on the types of partons in the pair and jet.
(Hote that in an asymptotically-free theory such as ¢g with no seft divergences,

the lug(tka:} from the z integral is ahsent, and the spectrum ~ [lng[H;f

k¥l
tc}]*P. Also note that the damped spectrum is independent of the color of

the palr; for a-sequence of n produced partons Hz m (l=z iaswl

TOLLERL e L
If instead of considering a pair of "final' partons each with t £ t:, one
allows one partomn in the pair to have arbiltrary mass, then the pair mass

spectrum is just Sn{Hzfsj and is only leogarithmically damped.



34

External forces acting on a sufficiently small color singlet system of
partens should cancel coherently, so that its later evolution is independent
of the rest of the final state. The argument of the previous paragraph sug-
gests that at a time n-lf#E:; the invariant mass of a nearby pair of partons
is peaked around H@;'ﬂ 1 GeV., It is therefore plausible that when such pairs
constitute color singlet systems, they should condenge directly into clusters
of hadrons, probably isotropically in their rest frames. The relevant pair=-
ings are perhaps chosen according to the spatial separation of the fimal par-
tons: A convenlent and largely equivalent pilcture is that every partom trails
a 'string' representing each spinor color index (hence two strings per gluon},
and that it is the strings which eventually form hadrons. This pilcture im=-
plies that the ultimate fragmentacion of gluen jets should be like pairs of
quark jets and requires no further parameters. (Equations (9) and (10) suppeort
this when N_ + = so that cAfCF + 2.) An alternative method would be to ignore
the colors of partons and fragment each separately to hadrons when its ¢
reaches tn »e hz, using a phenomenological model fit at = =t ; predicrions
should be independent of tn; The latter method is commonly applied te deduce
the dependence of single hadron momentum spectra om s. For complete fimal
states it is more difficulc to implement: A Monte Carlo model based on the
former method will be described in [14].

I am grateful to R. P. Feynman, R. D, Field, H. D. Politzer and especially

G. C. Fox for discussions.
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Footnotes

[F.1]

[F.2]

[F.3]

(F.4]

[F.5)

In the deep inelastic scattering cross-section (o), non-kinemacical
D[hzsz} effects presumably arise from rescattering of the struck quark
at large times.. In a heavy nucleus, the effect of this rescattering

~ A3, Thus, 0(A%/q?) terms in o should behave ~ A%/3

y while scaling
{up to short-distance QCD corrections) terms should ~ Al. This fact
may allow extrapolations to obtain better estimates of the latter at

small Qz.

The rale;nn: scale for the variation of a' iz determined by the ﬂ{qi}
result {3] 1 + u‘{s}fu + (2.0-0.1 F]{usfnjz. where ag (er A) is defined
to be extracted from measurements on another process using theoretical
predictions calculated in the truncated minimal subtraction renormal-

ization acheme, with Tr[1l] = 4.

This behavior (essentially kinematic ia origin) is manifest when mass
corrections are computed. For example, {Hl’ or <thrust> typically
contain O( mzfa]‘:urrectluus, which are forbidden for ¢ by power=-

counting theorems for the corresponding Feynman diagrams.

The appearance of these sofc divergences 1s specific to vector field

theories; they do not oceur with scalar gluons.

The kernels Pij{z] which represent the probability {in units of usflwt}
that parteon i will emit parton j carrying a fraction of 1ts energy

(strictly, longltudinal Sudakov variable) are given by [6,7]

'1 "
142
Paq(®) = Cp5 s

2
1+{1-z
Pg®) = CpCHIEL) -k (1-2)

&


http://re.norm.al

b

ch{z} = ;—{zz+(1-z]2) (summing over F flavors of light quarks)

2.2
Pool2) = 20 {5;Efi§31—a+ - % §(1-2)

= - -2— &=
where the color factors CA HC 3, CF {Ec IJFKZNC} 4/3,

[F.6] The details of this derivation depend on the gauge used. ?qq(z} ~
1/(1-z) when n is.approximately along the q (gq) directiocn, so that
only radiation from the E (q) gives leading logs; otherwlse qu ~
1/(1-z+t/s) (~ l/x.) but beth q and q radiate. The former approach

g dt 2

is used here; in the latter, the t, integral becomes I E—L log(8 af:1+

1o dy ! 8%s 1
tlfs} 3 IE g log(s s!tlj, thus compensating for the different
number of contrihuting diagrams, (z is defined as the relative Sudakov
variable; other choices differ by 0{t/s), bur give different phase

space boundaries.)

[F.7] Defining the differential enerey correlation Fb (x) = [ 28,E, /s
ﬁ{c95¢1j -y) {so that Hy = I FP:(x}P (x}/2 dx), the 1nE:;;:?E{which
coineides with the previous definitiun of SE{-nus {n}] te leading
log order)

B

1 2a
[ PP Godx ~1 - 52 [1og” A3 + 310sH + 47 + L.
n

[F.8] Again, details of derivation depend on gauge. The exponential form
has been verified explicitly to ﬂ(ﬁi] in [8] (the mere complicated
terms found in [9] using the second gauge in [F.6] appear to be absent).
For a final state of two gluon jets (e.g., from a ISD, EPG nrrng qﬁ

state), the exponent here i1s multiplied by C HEF = 9/4,



[F.9]

[EF.l0]

[F.11]
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In analogy with [F.8], off shell quarks give qu(z} ~ 1!{1-r+pzfs}.
but off shell gluons leave qu{:} ~ 1/(1-2). The coefficient of
Iangpzfs} in the Sudakov form factor for off-shell q is thus 1/2 that

for off-shell G.

1
In this case, the quantity defined 4in [F.5] becomes I th{x]dl .
a n

1+ == [log(1-n) = 0.40 + ...].

To see this, first sum over the number of 0(1/z) kernels with a fixed
set of 0(l) kernels. Note that the effects of the 0(l) kernels are
of the same order as those of subleading log terms in the cross-section

and therefore can only be considered indicative of such corrections,
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BOUNDS ON PARTICLE MASSES IN THE WEINBERG—-SALAM MODEL ™
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Vurious conditions neeessary for the self-consistency of the Weinberg - Salam madel are vsed to place constrainis on
fermion and Migps Boson masses. We find that sfontaneous symmetry bregkdown cannot generate fermion masses in eacess

of about 00 GeY.

In the Weinberg —Saiam SU(2); X U(1) madel for
weak interactions, the masses of all the gouge bosons,
quarks ond leptons are taken to arise rom the Higgs
mechanism. At the tree 2pproximation, the couplings
of the Higes sealar field = 1o itself determine the eifec.
tive potential Fia) which in turn determines the sym.
metey of the “vacuwm ™, In this approximation F{d)is
independent of the couplings (which determine the
masses atlained after spontaneons symmetry break-
down) of Termions and sauge bosons to é. I, however,
one-loop corrections 1o (¢} are included, then the
gauge bosens and fermicons will inflluence Pig), The
requirginent that this influence should not serve 1o

prevent the possibility of spontaneous svmmetry break-

down places several constraints on the couplings in the
theory, 2nd hence on the ratios of masses of various

particles. Linde and Weinberg [1] have derived a lower
bound on the mass of the Higes particle H by demand.

ing that the energy densisy of the “vacuum™ after spon-

taneous symmetry breakdown should not exceed is

value when ¢ = 0. In this note, we apply the more com-

plete requirement that the conventional “vacoum®™ in
which (g} % 0 conresponds to the absolute, rather tlan
only a local, minimuwm of Fiad, at feast in the domain
where () may be abtzined reliably from periurba-
tion theory. IF all fermion and gauge boson niasses are
generated from the vacwam expectation value of 2
single o field, then this constramt allows one to place
* Wark supported in part by the ULS. Pepartment of Fneroy
under Contract ho, EY 7600340068,
Allred P. Sloan Foundetieon Fellow,
i Fevnman Fellnw.
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an upper bound on the fermion masses. The exact
form of the bound involves ny . pry and other pa-
rameters, but typically the iass i of the heaviest
fermion must satisfy mr; < 300 GeV. Winle this range
is nut immediately accessible to expenimental mvesti
gation, the very existence of such a bound, comine
solely from considerations of e2lf-consistency, plaves
constraints on models for weak interactions. Qur
bound is equivalent 1o an upper limit on the dimen-
sionless fermion—1liggs Yukawa coupling, f7 and it
ensures that fis perturbatively small; my < 300 GeV
corresponds 1o f2/47 < 0.1,

In a theory with muoee than one coupling constant,
one-loop graphs can dominate over tree zraphs, while
perturbation theory remaing reliable because all cou-
plings are small. For example, with a gauge coupling
gand ¢! self-coupling X (both smail), but such that A
is of ordergd,a pauge boson loop can compele with
O0x) tree graphs, while yvet higher-«order corrections re.
main unimportant. However, even il the couplmgs acz
small, the periurbation expansion breaks down when
logarithms of field strengths become large ¥1 Inahe
following discussion, we shall simply require that the
theory be consistent over the range of ¢ that can be
explored perturbatively.

The complete formula for F{g) in the onedeop ap-
proximation is |2]

Vig)= - but et + Iagt + a6t log (8P MY, ()

1 penormatizatior eroup improvement would be helplul enly
if the theory were ssy mptotically free.
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where

A =----]—[ by

024 .-r2 pauge bosons

3t - b); Jr;‘], (1h)

fermeons

and the g; (f;) are the couplings of the gauge bosons
(fermions) to the Higes particles, Note that, because
of Fermi statistics, the fermion contribution to A is
negative. The parameter M in eq. (1a) is a renonmaliza-
tion mass. In the Weinberg -Salam 5U(2) X U(1)
maodel, A is given by

| '
A= st e @ 5771 B
LT
mj' .
— “fc“nim“(ﬁ&)] ye=gsinlly, =g cos EW

In our numerical estimates, we use sin:ﬂw =0.23, 50
that mry, = 77 GeV. We have dropped the O(A*) con-
tributions of Hizgs scalar loops to F(@), since, as dis-
cussed below, these must be negligible if pertwibation
theory is to be valid *2.

For spontancous symmetiry breakdown to occur il
is necessary that ¥(¢) should have a non-trivial local
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minimum at ¢ = dy, such that

o #0, BV[B§lgeg, =0,

82V186% gm0, = My =0 (3)

To investizate the consistency of a theory based on the
“vacuum" @ =gy, we shall assume such a theory and
then find under what circumstances inconsistencies ap-
pear. In that case, the parameters pl and Mz appear-
ing in the elTective potential () may be eliminated
in favor of ¢g and ayy. It is convenient 10 introduce

S=¢/dy ., E=aA¢i/mi (43)
in terms of which

V) =gmidg T (9)= §mids®

X [2E82log(S?) — 3282+ 42+ 52 2], (4b)

The requirement [1] F(gy) < V(0) necessary to al-
low spontancous symmetry breakdown becomes

L ) quark loope, higher-order QCD} corrections are goveri-
ed by an effective coupling evaluated on the scale of ¢y
(see eq. (3)), and may therefore safely be ignored.

i

05 [T+

7
| |

Fig. 1. The reduced offective patential Vig) = 1H,Fmﬁ{~.n7: Fig)as g function of &fdg Tor various choices of the combination of cou-
plings = detincd in eq. (4) For usual spontineous symmetry breakdown Lo ooour, ¢ = g must correspand o an absolute minimum
of Vig), at least within the range of g accessible wo perturbation theory,
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Vi) = gy 6 (= - D <0, (s)

so thit <1,

I Tig. 1 we plot i\’.{:,‘:} a5 a Tunction of &gy, for
various values of Z. As the Yukawa couplings /; in-
crease, E decreases, as does Vg, ). For negative =, a
new phenomenon oceurs: F{g) eventually turns over
and poes to —== as ¢ -+ ==, However, since our expres-
sion lor (¢} is obtained Trom perturbation theory, we
have no estimate of it Tor values of ¢ so large thai
A Iug{ﬁxzfl'ejr%} = 1, We therefore do not consider its be-
havior as ¢ = ==, but rather, require that Vig) = Vigy)
for all values of ¢ # ¢ within the range over which
V(o) is reliably calculated. If this is not satisfied, then
the theory is inevitably inconsistent. Fig., 2 shows the
values ¢ of ¢ for which 17(¢ ) becomes less than
¥{¢y), as a function of Z. (We also show the values of
@ corresponding to the second local maximum of
F(9).) For large values of log(gy (e}, one finds
=% —[4log(6;/69)] 7" . G
I the theory is to allow a stable “vacuum™ in pertur-
bation theory then ¢, must lie outside the range of va-
lidity of periurhative approximations. In practice, our

=0

Fig. 2. The values of ¢at which ¥(g) drops below Figg) and at
which the second local maximum of Fid) occurs, as a [une-
tion of =. These values of ¢ must be so larpe that our perturba-
tive methods fail if the “vacuum™ ¢ = ¢y is 10 be stable.
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final results are rather insensitive to the precise value of
= which is decined unaceeptable. Combining the Linde
Weinberg condition |1] with our requirements on

Fg) one oblains

1 >E25 |2 .|, (7)

where |2, | is presumably much less than 1 and per-
haps as small as 0,005,

For any particular set of ficlds and couplings, one
can translate phese bounds on = into bounds on ratios
of particle masses. Consider first the case of the
Weinberg Salam SUQ2) X U1y model with its one
complex SU(2), doublet of Higgs fields and with 2
single heavy fermion. In this case (g and g’ are defined

ineq. (2))
= (J'ri%,-,n’ﬁf%nszigl] (302 + (22 +£))

—(gmyl my . (8)
The first inequality in eq. (7) then becomes

my 2 (r1y, (8rg) {3 [25:4 + [32 4 KQJEI
—ygm/ mw)‘]l‘;z

={24[1.8-0.6 {mf,’mw]q]]”z GeV | (9)

which reduces to the Linde—Weinberg bound [1] my
2 6 GeV when Mg =+ 0, Note that this bound places no
constraint on iy when myp 2 13 iy = 100 GeV. A
constraint is, however, provided by the second inequal-
ity in eq. (7)), which yields

m S (m, frg) 312 +(g? +£7)°)
— {Eﬂgmufmw}z zn:ln]l /4

= 8¢ {1.8 - 250 =, mﬁ;’m%ﬁr}”‘ . (10}

The regions in my and my, allowed by the bounds (9)
and (10) are illustrated in fig. 3 Tor various choices of
Enin- If there are many {ermions, then the my in eqs.
(9) and (10) is obviously replaced by (X; m}l.}]""af'. [or
quarks each color is counted separately,

Cur bound on iy does not come from the require-
ment that the Yukawa couplings of the Higgs bosons
to the fermions should not be large; in fact, so loag as
(nrn."m{‘b” % is not enormaous it is much more stringent.
However, for 3 perturbative investigation of the theory
to be at all meaninglul, it is necessary that higher and
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300 -
i
(GeV) 2001~
im i e e ——
iliwnd regicn Nl
i | ; i
= > ' ?5'| 100
My (GeV) .

Fig. 3. The domains in the mass of the Higgs particle and of the heaviest fermion for which the Weinberg—Salam medel is con-
sistent. The value of Zypjp depends on the region of validity of periurbation theory; 2y is probably very small. The forbidden
region in the lower left-hand corner represents the Linde - Weinberg bound.

higher orders in the perturbation series should give sys-

tematically smaller contributions. Experiments have
shown that g and g’ satisfy this condition, and our
bounds on sy ensure that it will hold for the jj. The
quartic sell-couplings & of the Higgs bosons must also
obey the condition, so that ¥?

wart =g?ml 1+ ¥ =+ 0= 1602 md <1,
or

my <€ 4mmy fp = 1000 GeV . (11)

All predictions of the theory are obtained by perturba-
tive methods, and, if the bound (11) were not satisfiad
then no predictions could be made ¥,

We have given bourtds on the Higgs particle mass
(eqs.(9), (10) and (11)} which result from demanding
consistency of the theory, However, by making the
specific assumption that the term p292 in V{g)

2 For the purposes of computing higher-order corrections to
the effective &, we have defined 3 = 1:_.5"' et By

¥4 Similar conclusions have been reached by demanding that
the high-cnergy interictions of Higes particles in the Born
approximation should not violate uniarnity [3].

vanishes * ¥, one may obtain a definite prediction for
my 2]+

By = {.u:wfdﬁn][”:g»t + (&'2 *3'2}2]

25 (gmgf my )12 (12)

i the fermion term can be ignored, then this gives
My =9 GeV — close to the range of present experi-
ments.

In this paper, we have concentrated on the simplest
workable model for weak interactions, since there is so
far no compelling experimental evidence for a more
complicated structure. In more complicated models our

#r dimensicnal regularization is used, then the 62 counter-
terms generated at cach order in the perturbation series
must be proportional ta the bare g2, since the rencrmali-
zation mass (which allows the coupling constant o attain
dimensions sway from & = 4) can enter only in logarithms.
Henee the vanishing of the renarmalized g2 in V() which
wis suggested inoref, [2] muay be preserved naturally to ali
orders, despite the fuct that no symmetry reguires iv. It
would naively be puarintecd by seale invariance, but this
is violuted by renormalization, Nevertheless, the violations
in perturbation theory are logarithmic and do not provide
a scabe for the mass.

245
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bounds may be strengthened, weakened or may even
disappear entirely. For example, if one introduces an
extra Hipgs Meld which couples only to certuin fermions,
then our bounds (7) cannot be used, because they in-
volve the vacuum expectation value of the new Higes
tield, which would only be determined direetly from
the mass of a guuge boson coupled Lo it,

To conclude, we have investigated the Weinberg—
Salam SU(2), ¥ U(1) model for weak interactions,
and find that unless ratios of particle masses obey cer-
tain bounds, no meaningful predictions based on the
model may be obtained by perturbative methods,

N!‘.‘t} nﬂh{ .
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The standard model of the early universe is used o estimate the present abundances of possibie absolutely-stable hadrons
or charged leptons mare massive than the proton. It is found that caperimental limits on their present abundances indicate
that mo such particles exist with masses below about 16 GeV/e?. Fortheoming experimenis could increase this limit to masses

up te around 300 GeV/el.

The standard model of the early universe has re-
cently been used 1o place eonstraints on the masses
and lifetimes of possible nearlv-stable heavy neutring.
like particles predicted by various gauge models of
weak interactions 1], Several models of this Kind
imply the existence of absolutely-stable charged and/
or strongly-interacting particles more massive than the
proton (¢.g. [2] ) In this note, 1 show that rather large
numbers of such particles would have been produced
in the early universe, so that experimental limits on
their terrestrial abundances may place stringent bounds
on their masses.

Any new stable charged particles with masses below
about 4GeV/e? should already have been seen in ete”
interactions. The next generation of ¢¥¢™ accelerators
(PETRA, PEP) could extend this limit to muasses up to
20 GeV/c2, Attempts to produce pairs of new stable
hadrons in 400 GeV proton interactions have probed
up to nsses = 10 GeV/e? [2.3]. but the production
cross-sections for heavy hadrons near thresheld are not
known with sufficient accurzey for definite conclusions
1o be durwn 4],

The number density (1) of any species of stable
paiticles spread uniformly throughout a homoseneous
universe should obey the rite equation [1,5]

—3{dR!
$= 3 ld;%_“_.‘..],. ~ (oger(n? - "Efl]' : W

" Work supporied in part by the U8, Department of Enerpy
under Conttact No, EY 76-CL03006%.

where R s the expansion seale factor Tor the universe
and {ofed is the product of the low-energy annihilation
cross-section and relative velogity for the particles,
averaged over their energy distribution ol lime £oag 05
their numiber density in thermal equilibrivum. The lirst
term in eq. (1} accounts for the dilution in # due w the
expansion of the universe, while the second term arises
frem the annihilation and produgtion of particles in
interactions. Let

" kT
f5s—, x=—(,

T3 me?-
=”uq_(2.v+1‘](k)3 u du
w3 o7 e o ——-

1 2n expy/(nd+ x7=) 21
where T is the equilibrium temperature, and in fo, the
upper (lower) sign is for formions (bosons), Then,
icnoring the curvature of 1he universe, which has no
effect at the times we consider, eq. (1) becomes®!

e 21200 - 12,0001, )

1/2
0z ()" OB ey
iG] N (T
g (aM [GeV-2]m[GeV/e? |
VNl 1)
Hlglem? | = 4 % 1078 o [GeV .

=4 %1012 GeVimd,
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Fig. 1. Solutions to the differential eq. (3) for various valucs
of the parameter & (in units of m® K The curves give the
number densities {divided by T9) of particle species with a
variety of low-encrzy annihibition cross=sections as a functicn
of the average temperature of the universe (x = &7 mc? ). The
equilibrium number density, g ™ f'm]"'l, is also given.

If the temperature of the universe was arbitiarily high
at carly times *? (and the cross-sections for particle
interactions do not decrease too rapidly at very high
encrgies), then all particle species should then have
been in thermal u{;t:jlihriiuu so that the boundary
condition in eq. (1) was #i{
The solutions of eq. (3) Iur various values of Z subject
to this bounduary condition are shown in fig. 1. As the
universe cooled, the equilibrium number density of
particle species fell dramatically around x = 0.1, The
more strongly-interacting (higher Z) the particles were,
the longer they will have remained in thermal equili-
brivwm, and thus the lower their final number density
will have been,

The parameter ¥, (T) appearing in eq. (3) is the
effective numbcer of particle species in thermal equili-
brivm ai temperature 7.1t determines the energy den-
sity and hence the expansion rate of the universe,
Ultrarclativistic fermion (boson) spin states contribute
TI6 (1 2) 1o ,"r’l_.rl-. (The observed spectrum of particles
suggests that for k7S 0.1 GeV, Ngpp=4.5:for 0.1 <

¥2 podels predicling a maximum temperature for hadronic
miatter are disiavored by recent experimental resulis indi-
cating the presence of pointlike weakly-interacting con-
stitucnts within hadrons at shori distances,
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KT 205 GeV N p = 6:Tor 05 <ET < 2GeV,
Negr = 35 (aceording Lo QUD quarks and gluons should
contribute 1o N o as il they were [ree for k77205
GeV)and for 2<ET <5 GeV N p = 42)
© The present munber density ul‘.j\}p.jrlicl': species is

given approximately by n %I{D]T where T, is the
temperature which the m|..n:|w;|v., I:m..,l..f_rnund mdj..
tion would now have il it had frozen out of thermal
equilibrivm at the same time and temperature ﬂ“l- =
mexpfk = me? [k log (1017 (m (o) [GeV-1/c2])])
as the pasticle species under consideration. The differ
ence between T and the present temperature of the
actual microwave background radiation arises from
the heating of the universe by the annihifation of other
spcmcs Specilic entropy conservation gives T,=

T lNerd T3

Eq (3) may be solved approximately by assuming

[=feq Tor T > Ty, and neglecting feq compared to f

for T < 7. This gives

Bx10-8
ﬂ.{f,-]mr}lt.w i]mlcfvczi

[ -]

P

m=3, ()

which is the correct solution 1o eq. [(3) within about a
factor of 20 for the cases considered below,

To obtain cstimates of n_ for panicular types of
particles, one must estimate (gff). Charged stable heavy
leprons (L* ) with m, = my = myo should annihilate
primarily into two photons, and through a virtual pho-
ton 1o hadrons and lighter leptons, giving

I1n‘1]{u|ﬂji_ L-
(*mz el Olete ) (5=4m]) i
my f”i ofete” > ptu”)(s = -4mLJ )

This cross-section, together with the form for N
discussed above, may now be used to solve eq. (3) and
to obtain an estimate for the present abunduances of
any charged stable heavy leptons. (The exact results are
wellapproximated by eq. {4).) One finds that for 4 <
my <10 GeV/e?, nr,[l,:} ~10=Im—3, corresponding
to an abundance of about one new stable charzed heavy
lepton in 10° nucleons. For my = 10GeV/el, the ssti-
mated present L' number density rises roughly linearly
with nrp , except for slight decreases due to increases in
the L*L™ annihilation cross-section associated with the
epening of new channels. The abundances of any L*
produced in the early universe should therefore be rather
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large, and hence casily amenable to experimental in-
vestigation.

To estimate the present abundances of any stable
heavy hadrons (1) (containing heavy quarks Q), one
must assume a form for the low-energy Hilannihilation
cross-section, An upper bound on {o 3k is probably
provided by the low-energy limit of of for protons [6]
= 300 GeV-2. I gy = 3GeV/ed, then the universe at
the freezing temperature for the H should have con-
sisted of alimost free quarks and gluons, so that a better
estimate of HH annililation may be given by the rate
for electromagnetic annihilation (5) and for QQ - GG
{obtained lrom the first tenm of eq. (5) by replacing
a by a,). The first estimate for (o leads to n, (1)
= ll::I"11 =3 for my; = 5 GeV/el, decreasing (roughly
as 1imy) 1o~ 1012 =3 for firg = 100 GeV/e2, The
second estimate Tor {ofly g s.ugg,rstsupili]- ~10-8
m—3 for My =5 GeVfe2, increasing roughly as nayy,
and perhaps reaching ~10~4 m=3 for myy = 100 GeV/e?,
Since it seems most uniikely that the U aonihilation
cross-section iz smaller than jts value according to the
first estimate, any stable heavy hadrons (with masses
below about 100 GeV/e? ) should exist in concentrations
above one in about 10'2 nucleons.

These estimates for heavy hodron abundances may
be applied to protons. They give a result = 1017 oo
smaall. The discrepancy is due to the assumption of
homogeneity made in eq.(1):in fact. there must either
be a net excess of baryons over antibarvons i the unsi-
verse, or protons and antiprotons nust have become
spatially separated (presumably at AT 2 50 M2 V)
thereby preventing their annihilation [7]. Similar phe-
nomena may have occurred for other stable particles.
{An indication that they were not important comes
from the result that the present chemical potential (p)
for all species of neutrinos is below 5 X 10-4 eV # 2
while for Fg, p = 5 X 108 eV [8].) Inlomogeneity can
serve only to increase n,, so that our estimates should
be considered in fact as lower bounds on "p.

The observed average mass density in the present
universe is around 2 ¥ 10720 kg m=3, The require-
ment that vet unobserved new stable particles produced
in the early universe should not contribute a larger mass
density than is observed yields (from eq. (4)) \,ﬂ"-_'(._n:-f‘;,i}

¥ This result comes from the requirement that the neutrinos
should not so siter the expansion rate of the exrly universe
as to affect the anount of e produced [8].
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Z7x 10-2 GE‘U_E, which is irrelevant for all species
of particles except thoze underguing only weak inter.
actions [1].

Alter their production in the early universe, stable
heavy particles will presumably have followed the gra-
vitational clumping of ordinary matter. Their number
densities should not, however, usually have become
sufficiently high for much annihilation to oceur. Any
L™ produced should have been combined into tightly-
bound pL™ systems, while LY should oceur in pLY or,
in the absence of many p, L*e™ composites. The fact
that the lightest strange and charmed baryons do not
undergo strong decay indicates that the lightest barvon
carrying a new absolutely-conserved quantum numiber
should not be able to decay into a meson carrying the
same quaniwim number and should therefore be stable,
These new stable baryons and mesons should be bound
into ordinary nuelei. Any L* and H produced in the
early universe should therefore oceur in terrestrial ma-
terial,

Anoilier source of heavy stable particles is pair pro-
duction by the interaction of cosmic ray particles with
the earth’s atmosphere, Assuiming that all LY will even-
tually get inio water, this gives [4] up{L*] = 1022
[y (GeVie2))3 fnucleon * . The cosmic-ray-induced
heavy hadron abundance shouid be about 2 X 10-18
1m" [GeV/e?] ]~ nucleon. These abundances are in-
significant compared to those expected [rom heavy
particle production in the early universe,

There have been a number of searches for heavy inte-
ger-charged stable particles, mostly in sea water, The
best published experiment [9] found no such particles
in 3 X 1018 nucleons, for almost all masses between 6
and 16 Gc"'-".l'cz. When combined with the abundances
expected form the early universe, this result suggests
that no stable integer-charged particles exist with 1 <
m < 16 GeV/e2. The most sensitive scarch yet made is
presently being performed [10] using a mass spectro-
meter 1o scan the equivalent of 10¥ kg of sea water.
This experiment should detect concentrations down to
one new particle in ~ 1020 nucleons, for 3 < m < 300
GeV/e2. Modern nuclear plysics accelerator technicques,
il applied to the same sample, should allow the seasi-
tivity of 10-29 new particles per nucleon to be reached

4 1If, howe ver, stable LY can come from the weak decays of
hadrons, then their abund anees should be comparable to those
of their parent hadrons had those had rons been stable.
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Yolume 2B, number 1

[11]. Even if no heavy stable particles were produced
in the early universe, a null resuli in this experiment
would show that their abundance was i many cases
below that expected just Trom their production in
cosmic ray interactions. The conclusions thiat no such
partictes cxist (with masses less than several hundred
Gﬂ‘h'r}'r.'j] would then surely be inescapable, placing an
important constraint on present and future models in
particle physics.

1 am grateful to M. Ispur and H.J. Rose for discussions.
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ABSTRACT

The development of an excess of baryons over antibaryons due
to CP and baryon number violating reactions during the very early
stages of the big bang is calculated in simple models using the

Boltezmann equation,
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There are cbservatienal and theoretiecal indications that the local pre-—
ponderance of baryons over antibaryons extends throughout the universe (at

jeast since the time when the temperature T - 100 MeV) with an average ratio
of baryon to photon densities [17] nB;nv =Yy ="'II:!'-"ZI. If baryon number (B} were
absolutely conserved in all processes, this small baryon excess must have been
present since the begloning of the universe. However, many grand unified

gauge models [2] require superheavy particles (typically with masses my Lo

1@15 GeV = 1 MeV) which mediate baryon— and lepton—number (L} violating
interactions. Any diréht evidence for these must presumably come from an
cbservation of proton decay. In the standard hot big bang model [1], the
temperature T (of light particle species) in the early universe fell with

time t according to (taking units such that i = c =k = 1) Tn ﬂE;?EE-uhere

- 19,y &
my = (45/6)M2 w_fVEED = 5 x 10%/VE bev, and mp = ¢7H/* = 2076eV is the

Planck mass, while E gives the effective number of particle species in equilibrium

(E = % E%} for each ultrarelativistic boson (nondegenerate fermion) spin
state). At temperatures T > mx, B-vielating interactions should have been
important, and they should probably have destroyed or at least much dininiéped
any initial baryon excess. (This occurs even yhen, for eiample, B=L is ‘
absolutely conserved, since then an initial baryon excess would presumably be
accompanied by a lepton exXcess, so0 as to maintain the accurate charge neutral-
ity of the universe.) It is interesting (and in some models necessary) to
postulate that B-violating interactions in the very early universe could give
rise to a calculsble baryon exeess even from an initially symmetrical state.
For this to be possible, the rates for reactions producing baryons and anti-
baryons wmust differ, and hence the interactions responsible must vielate CP
invariance, We describe here a simple but peneral method for caleulating B

generation in any specific model. We clarify and extend previous estimates [3].

FOEET

Lo

e
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Let M(1+3j) be the amplitude for transitions from the state i to j,
and let i be the CP conjugate of i (particles -+ antipartiecles and spins
reversed). Then CPT invariance demands M{i+j) = H[j._"'.i_} , while CP in-
variance would require M(i +j) = M(i+j) = M(j+1). Unitaricy [4]
(transitions to and from 1 must occur with tutai probability 1) demands

) |.'-I{i+j}|z =F |H{j+i}f2; combining this with the comstraint of CPT
i b

invariance yilelds ( the sum over j includes all states and thelir antistates)
) Iucs»3)]% = ) @I = ] MG-DI% = § a0l . @
3 i

In thermal equilibrium (and in the absence of chemlcal potentials repressnt-
ing nonzers conserved quantum numbers) all states j of a system with a

given encrgy are equally populated. Then the last equality in (1} shows
that transitions from these states (interactions) must produce i and 1 in
equal numbers; thus no exeess of particles over antipartieles may develop

in a system in thermal equilibrium, even if CP is violated. In addition,
the first equality in (1) shows that the total cross-sections for destroying
particles and antiparticles must be egual. Since in thermal equilibrivm no
excess of 1 over E'may develop, this implies.that any inltial excess must

be destroyed.

The phase space distribution fifp] (number per unit cell JS; dgx [51)
for a species 1 develops with time (on average) according Lo a Foltzmann
transporlk equation. A closed system with no external influences cheys
Boltzmann's H theorem {which holds regardless of T (i.e., CP) invariance

[6]),80 that from any initial state the fi(p} evolve (on average) to thelr

equilibrium forms for which fIfP} B fi[p]. and no baryon excess may survive.
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However, in an expanding universe, extra terms must be added to the Boltzmapn
equations, and if some participating particles are massive [7], a baryon ex=
cess may be penerated; the relaxation time necessary to destroy the excess
often increases faster than the age of the universe [B].

Equation (1) reguires that the total rates for processes with particle
and antiparticle initial states be equal. CP vielation allows the rates for
gpecific eonjugate reactions to differ; unitarity nevertheless requires

T T

(T = 1(1-8), 55" = 8’5 = 1) [9]:

Mes+9|? - ME-DI? = 7417 - Jry )2
= P | * o _ ¥ z
2 Tal@} 11, 73, IEE )| €]

Hence the fractional difference between conjugate rates must be at least
0{a) where o is some coupling censtant [10]. Moreover, the loop diagrams
giving CP wiolation must allow physical intermediate states m. (These loop
eorrections must usua%ly alao be BE=violating to give a difference in rates

when summed over all final states jJI with a given (-)B [11].)

Let <E} be an "(anti)baryon" with B =ff) %1 For simplicity ve assume

here that all particles (including photons) obey Maxwell-Boltemann statistics

and have only one spln state. In our first (very simple) model, we consider
(=) I

CP, B violating 2++2 reactions invelving b" and a heavy neutral partiecle ¢; -f

we take their rates to be (this parametrization ensures unitarity ang

CPT invariance)

] 2
[M(bb +bb) |7 = (1+g) M |7/2
[Hevb 8y | % = MCpp>b) % = @1~ ) I’flc,lza’2

= 2 = 2
[M(bb +bb) |© = (1+7) [M_|"/2
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|MEE 403 |7 = [H@-b0)|? = QD) o[22 - 3)
where {-{ = O(a) measures the magnitude of CP violation. The number of
a species 1 per unit volume n, = I darTI(?_Tr}a £,(p) decreases with time even
without collisiens in an expanding universe according to (R is the Hobertson-
Walker scale factor; dots denote time derivatives)

dn . . . B
dy _oaarvy 3k _3t ol
at "Ny Tar . T B Moo My )

The n, are also changed by collisions; the (average) time development of the

¢ and baryon number fﬂn: = hhunﬁ} densities is given by the Boltzmann equa-—

tions (¥, = l'.I.ijrl'IY where ¥ is a massless particle; I”alz - Q(ﬂz”

. . 3R 1% . 2
ﬂTYlll = ny L 3 ng = IJ‘LH [fh(pl) fhflﬂz}lmhb"'dl'ﬂl

. T 2 2
+£(0y) fF(Pz)]H[bb'*Q‘J‘fJJi = £,(p,) £,(p,) (Mo Db)]

9

+ | MCop> D) | 1}] _ (52)

A A% [—f.p(,;l} £, (p,) (2|M(bb> 5B | + [Mbb+ 403 ] %)
bb -+ 2 bl -+ 2
+ £(py) £0p,) (2] MEEE > 1) |4 [MEE> 40|

+ 1,(p,) f¢rpz>:rf-r<¢>¢->bbiiz = IM{¢¢+EE}|2:] . (5b)

wvhere the operator A represerts sultable integration over initial and final
(-] '
state momenta, We assume that the b underge baryon-conserving collisions

with a fregquency much higher than the ﬂ(aj} rate on which iy changes (as is

presumably the ecase in realistic models). They dre therefore always in kinetic
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equilibrium with the rest of the universe, and hence Maxwell-Boltzmann dis-

tributed in phase space:

it

f (E;(D} exp[~(E 50 /T]

Yy

(nb-nE]fn.f = 2 sinh(ufT) . (6)

pis a baryon number chemical potential, which is changed only by B-violat-
ing processes, and Huul:d vanish if chemical equilibrium prevailed. Assuming
YB << 1, one may use momentum conservation in (5) to write f(E} fpl} f{Ej [—-pz} =
exp[-(E4+E, ) /TI (1 HY,) = fz‘lcpj}f;"-(ph}(g]wﬂ}, where f‘;"c'p:. = exp(-E/T) is
the equilibriun distribution of ¢ at temperature T: The eguilibrium ¢ number
denzity n;q w TEI(E'ITE} l[m¢f'I}z Kz{m¢.|"“1‘), where KZ iz a modified Ressel func—
tion [12] (as my o, ngq +T'B;"'sz; as T+0, n$q+{m¢Tf21T}3fz exp{*—m#’f}}.

Then substituting the parametrization (3) and performing phase space integra-
tions, (5) becomes | -

- . & 2 _y2
¥, = ado,vd {201 - EEH® - Yy

- G-DEgh? v} (72)
¥, = n o v {EGD vy - gH%) - 13+ E5D105H? v}, )

vhere (o nu} is the ecross-section eorresponding to |.l.{':"F2 averaped over a flux of

incoming particles in equilibrium energy distributions. Equatien (7b) Exhib'.l.t.s
the necessity of deviation from equilibrium for B generatfon, and the destruc-

tion of Yp in equilibriunm.

We now turn te a slightly more realistic but more complicated model in

—— e e
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(= - _ .
vhich massive particles X decay to {'b.} with rates ['Tx = 0(a))

[ |
|

[Hex + by [% = | M@ +%) 2= +ndvys2
i .

M > 58)[% = [Hwd + 5| = (1-n)vy/2

| WX - l:.l:.}[2 = | M(bb + :u[2 = (lf'ﬁawxf:
|
| i(i* 5|2 = [ M(sb 0|2 = {1+’r?)~rxf2 . (8)

Hote that if(]-{) decays preferentially produce b, then CPT invariance
implies that b are preferentially destroyed in inverse processes; thus {E}
decays and inverse decays (DID) alone would generata a net B even if all
particles were in themmal equilibrium, in contravention of the theorem (1)
[13]). However, the CP violatien parameter (1'1-1'.';} is 0(2), and hence changes
in n from DID are of the same ovrder as 2=+ 2 scatterlng processes, such as
bb+bb. It will turn out that s-channel exchange of nearly on-shell i in
; ;-H bb. cancels the DID contribution to ‘i’n s0 as to recover 'i"ﬂ =0 in
thermal equilibrium. In direct analogy with egs. (5) and (7), and using the

assumption (6), the equation for the evolution of the X number demnsity

n{i} = Y{E)IJT becomes

T o= =ty - D -ny v (9)

the corresponding equation for ‘i’i is cobtained by charge conjugation

{Yx -'-—*HY-JE, T+ =Ty N n). The (I'x:’ in (9) 45 the total X decay width

multiplied by the time dilation factor mxr"Ex and averaged over the equilib-

rivm X energy distribution [14]. The baryon concentration evolves according

to
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- T -7y yed o eq
Yy = (F{n ¥y -0 Yo+ (n-n) 7 - on Y }

-2 M {E“{pﬁ py) (! (bb + 55 | 2

l'lY

= |M @5 +bb) | %}
- 20,75 {£5%p,+ ) (M b+ BE) | 24 [Mr (BB »bb) [ F)} (10

where the first term is from DID (and does not separately vanish when
T{_,} n quj, vhile the second two terms arise from 2-+2 scatter:‘.ngs. The
ﬂin term aceounts for sequential inverse decay and decay processes invelving
(-)
real X : these are therefore subtracted from the true 2 +2 scattering terms
. 2 2 2
by writing |[M'(i+3)| = M@ +|° - fa_;uxua-j)] » where Mo, (£+]) is the
anplitude for 1 -*) due to on-shell s channel X exchonge. In the narrow X
. 2 ) o5 A=) g

width approximation, |Mp (i =+3)]" % UG+ X)]7 IHCX=3)|"/Ty; the pres-
ence of the PI denominator renders it O{z}. Accordipng te the theorem (1),
the CP violating difference of total rates !H(hh'*iﬂ]li = [H{EE'*bh}Iz = G{HEJ.

=12 g 2 = 2 = 2 3
Hence |N'(@b+88)|" ~ [H'GB>b0) [ = [Mpp (BB +b0)[% — [Upqy b+ EB)[ + 0
= u{uzj , &nd the second term in eq, (10) becomes -Z{Fx}(n-n ¥t q, thereby
elegantly cancelling the first term in thermal equilibrium. Finally, there-

fore,
By = <P {OFmICy + ¥ /2 - Y
+ () (g =10 /2)
= ZYB{(I‘ED';;“- + n.r(w‘ (bb+bB) +vo ' (BE+bbID} . (11)

The differential equations (10) and (11) must now be solved with

the initial condition YE(t=0} = Y;q(GJ, and possibly an initial baryon density
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‘L'n. Figure 1 shows the. selutions with ﬂueéses for ﬁarmerem based on
the SU{5) model [2] {mx = 1{}15 Ge¥ and 1{!1& CeV; a = 1/40 (vector decays),
or 1072 (scalar decays)). If all X' initially in thermal equilibriua de-
cayed with no baek reactions, the Yy generated would be simply n-n. For
small & or large my/m, this upper limit is approached. (At small x = m,/T,
series solution of equations (10} and (11} gives (TK + ‘.Ei}fz 3 a-_\.-_-"‘p‘zﬂ;
{tx-‘ﬂx}fz = (n-q aixsflﬁﬂi I = [ngﬁ}axSIZO, wvhere a = mrrxfmi.} For

T << my, baryon number {s destroyed by 2+2 reactions with ¢ " uszfm;
roughly like ‘IB{T} ”v'exp[ﬂszTzJ"m;] [15], so that ‘!'B + constant as T + 0,
but 1if m iz gmall, the final YB is much diminished from fts value at hipgher

T, The Y  generated is always roughly linearly proportienal te n-ﬁ,

B
but iz a sensitive functiom of 111:“:.|"mP and a3 for realistic velues of these
paramcters, a numerical solution is probably essential.

According to equation (11}, any baryon excess existing at the Planck

time t_ = lfmp should be diminished by inverse decays at T »>> m, 89 that

P
IB[t};’YB(tP} W exp[—clmx%j’Tzl; any initial YB should be reduced by a factor
uoexp[- m.P.I’rux] befere CP wviolating processes ean generate YE at T < My
B-viglating 2 +2 scatterings at temperatures iy >T> m, should reduce an
initial Y, by a factor "hexp[-ml, rx {vo>» dT]. One might expect that

x. 2 i
Cva 'y o f:mj{ at high energles due to t-chamnnel wvector X exchange; however,
the effective { vo > presumably relevant for the Boltzmann equation is rather
<w.|«_-ff>“u ﬂzflﬁ where the Debye seresning length J'LD N [V320 T]“l. In this
approgimation 2 +2 and higher multiplicity collisions are probably no more
effective at destroying an initial YB than are inverse decays.
We conelude therefore that E-vielating reactions dn the very early

universe might well destroy any initial baryon number existing around

the Flanck time {1.|l'mP},, requiring subsequent B and CP-violating interactions
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to generate the Dbﬁer}fed baryon asymmetry. ' The methods described here [16]
allow a calculation of the resulting baryon excess in any specific model;
the simple examples considered suggest that the observed YE should place

strinpeat eonstraints on parameters of the model.

We are grateful te many people for discussions, including A. D. Dolgov,
8. Frautschi, William A. Fowler, G. C. Fox, T. J. Goldman, 5. E. Keonin,
and D. L. Tubbs. The work of E.W.K. was supported in part by the National
Science Foundation [PHY76-83685), and of 5.W. by the Department of Energy

[EY76-C-03-0068] and a Feynman fellowship,
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"

17. Results depend only on My through the dimensionless combination mxme;

‘here we take £ = 100 in the definition of Ty Hote that inhomogeneities
in the early universe may be manifest in different expansien rates and
hence different effective £ for different regions. The fipal ¥y pro-

duced could vary considerably between the regions.
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Figure Cap tion

The development of baryon nuwber density {solid curves) as a functien

of inverse temperature in the model of eq. (11) for wvarious choices of
parameters {unless otherwise indicated, @ = 1/40 and Ty = 1 MeV = 1015 GeV
[17]). The dashed and dotted curves give (¥, + ¥ )/2 and

(¥, - YR)J"E, respectively., In all cases we have taken the CP viola-
6

tion parameter n -'f]" = 10

13
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