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Beavy Quark Jets
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This 1is based on the invited talk at the Workshop on the Production
of New Particles in Super High Energy Collisions at Uhiversity of
Wisconsin, Madison on October 22 - 24, 1Y79. It 1s to appear in its
Proceedings.
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Besides its theoretical interest, fragmentation of heavy quarks
is an important information needed to experimentalists. Fragmentation
functions appear everyvhere when one wants to estimate experimental
signatures of heavy quarks at high energies. The energy and angular
distributions of decay products of heavy quaiks are critically depend-
ent on how heavy flavored hadrons fragment from heavy quarks as well
as how heavy quarks are produced.

I will review our present understanding of heavy quark fragmenta-
tion and di on expected behaviors of heavy quark Jets.

1. Short-distance vs long-distance parts of fragmentation

Since the leading logarithm summation technique was established
in QCD,l it has been known that a fragmentation function invoives a
scale breakin~ dependent on Qe, the energy-momentum scale of productiom.
For the light quarks, the moments of fragmentation functions should
show the Q2 dependence as

I COR RN LT )

vhere 2z 1s the fraction of energy given to the observed hmadron,

L {n = 1,2+--+) are related to anamnlous dimensions of relevant operators
or probability functions of partomn emission.e The seme leading log
summation works for heavy hadrons 1if Q is much larger than the masses
of heavy quarks. Repeating the derivation leading to (1) above, we

find for the fragmentation of heavy quark of mass M

=Y.
j‘; 20" Fy(2,Q) a2 = ¢ (i‘: g) o @)

in the limit of log Q/log M —cowith log M/logA>> 1. Here A 1is
the scale of strong inmteractions, normally chosen to be 0.5~ 1 GeV.
The fractional powers '7n are identical to those in (1) and describe
the short distance dynamics of QCD, while its coefficient c, involves



all of the long-distance dynanics for vhich a perturbative celculation
fails and therefore we have no rigorous vay to calculate at present.
In the leading log ladder summtion using ta= axial gauge of QCD,

(10g Q/10g u)"’n results from the most singular terms in the region
where the transverse momenta of emitted partons extend from O(A) to
0(Q), vhile ¢ plcks up the contribution from the region of Xy no
larger than O(A).

Q

M increases
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The short-distance part (log Q/log M) 'd shovs an interesting behavior
as a function of M. Tt deforms the shape of FH(Z’Q) towards the region
of large values of z as M increases with Q fixed. However, test-
ing such an M dependence may not be more than of theoretical interest
unless we know the M dependence of t:n and even vhen cn is known,
w~ will not go to energies high enough to measure accurately the
short-distance effect in the next decede.

I will concentrate in the present talk on the long-distance part
of fragmentation dynamics, represented by c = in the formula (2) above.
Though the separation of the long-distance part from the short-distance
vart may lock rather thearetical, the larg-distance part of FM(Z,Q)
will be sufficient to carry out all practical calculations on the heavy
quark fragmentation accompanying no more than a few wide angle sub-jets
at energles of our interest. With such FM(z,Q) given, our prescription
is to draw first skelton jet diagrams by treating all sub-Jets of kT >
A as independent jets and then to apply FH(z,A) to the well-collimated
low k'I‘ Jets of heavy quarks.
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2, Fragmentation dypamics at long dist EII(Z’A)

We have no established prescription to calculate the long-distance
QCD at present. Naturally, we are to be guided by models based on
experimental observations relevant to such dynamics and/or theoretical
considerations drawn from general QCD framework. I will present here
three different models. All of them wnenimously lead to the fragmen-
tation function that pesks near z = ::.. O( Al
i

kT>A

Fz)
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This conlusion is almost kinematical. It is very difficult to get
anything different from the one drawn above for a heavy hadron of
pass M as long as Q/M 1is much larger than unity.

{2) Universal hadropization in rapidity plcrt'.5

We have lmown the low By physics in the light hadron production
in hadron-hadron collislons. The low By dynamics is best characterized
in th2 rapidity plot. Produced light hadrons f£111 in uniformly the
rapldity separation between two leading particles going back to back.
The way how produced hadrons populate in the rapidity gap does not
depend on what the leading particles are.



Let us apply this picture to the process vhere & fast heavy
querk is moving away with energy E from a light quark at rest.
To make the ergument more persussive and plausible,} go to the frame
where the heavy quark Q is at rest and the light quark q is
moving avay from Q.

*q Qo—————
(————.q Q.

Since the rapidity is given by
¥y =% log S 2X & 105(8M) ,
2 E - Py

the distance of the rapidity gap between q and Q 1s log(BM), -
which is shorter by 105(H/qr) than the gap betwveen two light gquarks
of laboratory energy E. Here m 1s the light quark mass and uy =
\/m2+1;§ . When Q is struck by g, a bunch of 1light hadroms are
emitted in the direction of q rather than in “he direction opposite
to the incident q . These emitted badrons £111 in the rapidity gap
wifornly and wniversally (independent of flavors of g and Q).

q y
N Q
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Tt is shown above how the leading particles and badronized light
particles are located in the rapidity plot. ILet us replot this
rapidity distribution into the energy distribution, or more precisely,
the z-distribution. Note that hadrons Iilling in the gap are light
particle of PT'S 1 GeV . Even when the leading hadron of heavy fiavor
and a light hedron are found at the extreme left end of the rapidity




plot, the heavy hadron remains near z = 1 and the light badron is
transformed down to the neighborhood of z = 0, at z = 0(-1./1(). The
entire spectrum of light hadrons are thrown into the ssall neighbor-

hood of z g my/M .
(b) A heavy guark as a sizzling fire 'ba:l.]."L

¥hen 2 heavy quark is produced iu & deep inelastic process, it
is 1in an excited state with a clowd of light badrons around it. It
keeps fragmenting the light hadrons as it moves away fast. The parton
model (restricted to low Pp according to our opening remark in the
mreceding section) implies that the excited heavy quark state is not
so far off the mass shell. Then ask what the izvariant mass of the
excited heavy quark state 41s at the time of production.

The invariant mass of such a state, which is the sum of the heavy
quark mass and the invariant mass of the light hadron cloud, is
expected o be larger than the heavy quark mass by only a small finite
amount independent of the heavy quark mass,

Metre bary = M #%qm G)

n independent of M and M. )

cloud
Recall that we are interested in FM(z,Q,) vhen emitted transverse
momentua of light hadrons are restricted to be kT< 0(A). The invari-
ant mass of the clowd By o 1s indeed of the order of A under
this restriction. The assumption that mc:l oud is independent of M

is consistent with the current picture of strong interaction, QCD.

The strong interaction coupiing is the universal gauge coupling
independent of flavors. Whether a quark is heavy or light is determined
not by self-energy due to strong interactioms, but by its coupling to



Higga particles that is a weak coupling having nothing to do witk
strong interactions. There is a swall (logaritimic) asymptotic
freedom effect dependent on M when krbeemes larger than A .

This tends to weaken the strength of the heavy quark coupling for

a given wlue of kl" This mild M dependence is precisely the log M
effect at short distances as is seen in Eqmation (2). Afier we
separate the short-distance rart, the M independence of the cloud mass
is fully consistent with QCD, if not proven by it.

Once we are given this picture, it is a matter of Lorentz trans-
formation to obtain the z-distribution of heavy flavored hadron and
light badrans. The heavy flavored hedron carries z = My/(M +m, ),
whare Mp { = M) 15 the mass of the physical ndrom with heavy flaver.
A1l the light hadrons can carry only as much as z<'1'/("+'dond)’
even if they are moving as fasi as the heavy hadrom.

light hadrons Q

F, 2

o Z 1

(c) QCD ladder summation in the region of k <A .

The ladder summation in the axial gauge can be justified only in
the leading log Q aprroximation to FH(z,Q). The origin of povers of
log Q is in the k; integrals extending up to 0{Q). We adopt this
calculation in the region of kT<A without jJustification. It is
a bremsstrahlung model of gluons and light quarks with lgI,< A from
a heavy guark. When kT is restricted to be £ 1 GeV, vwe can ignore
heavy quark pair production in the midile of ladder and comsider only
gluon emission from a heavy quark.



Itisthmeasytoobsmethtifuglnmofk,hdtted,
the heavy quark mropagator by one vertex tefore acquires a large
damping effect

1 o 1
@ +u oo - (1;’)’?"1::';

as compared with the case of a light quark propagator. Such a daep-
ing is ineffective if an emitted gluom carries away only a small
fraction of energy Z; =1 - z wO0(k;/M) from the heavy quark. HNamely,
the emitted gluons, vhich eventually hadronize into light badrons, are
confined in the smmll region of zsﬁﬁl.

By replacing the kernel

;2 B az 1-0132
k"‘;l%k;]z T:—i):,_ z
min
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in the nonsinglet channel calculation of e+e'-- 1ight hedron +
, we obtain for the moments of FH(Z)

1
fo zann(z)dzat.fl-o(lHA)]f(A) for n &k MA , (5)
where f£(A) is a function of A . This leads to Fu(z) that peaks at

z =1 - O(A/M) 1ike a 3-function.

We have thus skhosvm that the three models, all consistent with
experimental and theoretical observations at hand, lead to the frag-
mentation function peaking near z = 1 .lke a §-function. What would
we have to assva if we would like to obtain fragmentation functions
in which a heavy hadron does not appear at the high z end ?



In the universa)l hadronization model (a), 1t wust bappen thet vhen

& heavy hadron is struck by & ligh* guark, the heavy quark starts
noving fast in tae direction of the light incident, emitting t:mergetic
light particles into the btackwmri cone or else leaving dehind an encrmous
nusber of soft light badrons. Then the heavy hadron would be buried
in the middle of the rapidity piot. In tne fire bdall model (b), the
invariant mass of the light hadron cloud sust increrse proportiomally
as the heavy quack mass incremses. As it war resarked, this !s highly
implausible in the light of the QCD dymamics. In the ladder summatioa,
it looks impossible 10 draw diagrams which allov a heavy quark to lose
its significant fraction of energy vithout causing the momgator
damping of o(:,r/u).

3. Relevance or irrelevance to super high energy experiment

There is a gubtle difference betveen Model (a) and Model (b) in
the treatment of light badrons produced in Jjets. In Model (a) all the
light badrons are considered including wvees and therefcre the zulti-
plicit- of light hadroms is lincarly related to the length of the
hadronization plateeu in the rapidity plot, while in Model (b) coly
the light hadrons of z £ O are considered as the light hedron clowd.
Separation of vees from nomvees is not mambiguous in real experiment.
We include here in a jet only those lsdrons for which p,/n.r is no
smaller than of the order of the Lorentz factor 7’Q= PQ/H of the heavy
quark. (It can not be larger than that.) In other wvords, a jet is
defined to consist of yarticles within & cone of half-angle © = o(1/1q).
To do such an analysis, wve bave to knos event by event whether or not
& heavy quark is produced and what the heavy quark energy is. The former
is probably possible by geometrical cbservations such as sherpness of
jet cones, multiplicity of all ®ina) hadrons (mentioned later), and
so forth. The iatter is bard for the essociated production in hadron-
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hadron collizions, but trivisl for the production in'e‘e- amnihilation.
With the definition of Jjets as giver above, our theoretical zodels
predict that the invariant masces of heevy quarks are very close %o

the _heavy gquark masses themselves. This would not be true if a heavy
hedrca is produced in the middle of the z distributicn. With light
hadrons only within a cone of half-angle @ =o(1/:a), the ipwariant
mags of & heavy quark Jet is g.ven by

M= M+ ?4:&41‘; s (6)

where the sumation over 1 1s for the light hadrons and it accounts
for the hadron cloud around the heavy quark in Model (b), namely, nonvee
hedrons. Th® nmber of light hadrons that are grouped together in a

Jet according to our definition of Jet is presurmably a swall finit-
number. It should certainly be much smaller than the total multiplicity
of light hadrons in the hadronlzation plateau of the rapidity plot.

To be most generouns, however, ve will use the multiplicity in the hadro-
nizetion plateau in our estimate of invariant mass belov. The inforea-
tions from the low By physies to be used are as follows:

The multiplicity in the hedronization plateaw;
{n)=2y .

The average transverse momentum of light badrons;

<'}m2 +n§> =~ 0.8 Gev .

The fluctuvation in multiplicity;

‘/<n2) /<n>2 -1 =o0.6.

We set the light hadron contribution in (6) equml to (n)( ’ = 5 ni}
It pushes up slightly the jet mass from the heavy gquark mass, typically
no more than & few GeV. Since the multiplicity and the transverse



mozenta have d¢ tributions, the jet sasses are not sharp, but hawe
wvidths. With the standard deviation ip n as given above and the
exponential falloff in n‘;, the widths of these two origins

M (ay) = Wy, - WD,

AHJ“(n) =‘/2n2) /<n>2 -2 (uJet - M)
can be estimmted easily. The results are tabulated below.

v (=EM) My M Anm(n!) AHJet(n)
5 2.6 GeV 1.5 Gev 1.5 GeV
10 3.7 GeV 1.7 GsVv 2.2 GeV
20 4.8 Gev 2.0 GeY 2.5 GeV

The charmed particles produced at the highest energics of PETHA and

PEP have ¥ = 12 for wnich AHJ“ is arowd 2.5 GeV and therefore the
M,‘jet distribution of the charmed quark will overlap with those of the
light guark Jets. For the bottom flavored marticles (M = 5 GeV) produced
at /s = 36 GeV, we find that M, = 7.0 Ge¥ and oM = 1.5 GeV.
These jets will be clearly separated $i the HJ ot distributions fIom
the u, d, 8, and ¢ jets. A top flavored hadron of mass 30 GeV produced
with ¥ = 3.3 at the highest LEP energy will stand out fram the rost

even more cleerly.

! 14 0 M: t
q’s ta tq e
It might lock that a whole new field of "jet spectroscopy of

heavy quarks" will be coming up on the horizen. But the mature 1s
probably not as generous as it might look at the first sight. First,



the background. When light quark Jets are produced, it is also
pocsible to produce double jets that consist of a light quark Jet and
& gluon Jjet emitted fram the light quark with a finite or wide angle.
As energies go up, ‘riple jets and s0 on will becore noanegligible.
Let us c2ll thse jets as G Jet, qGG Jet ol so on. Since the
invariant masses of these Jets are continuous and extend over to lerge
values, they act as backgrounds for the jet cpectroscopy of heavy
quark jJets. Likevise, QG jets, QGG Jets ete will act as backgrounds
for the Jet spectroscopy of an even heavie_ quark. If the production
rate of the Q quark is suppressed by orders of ragnitude as compared
with that of the light quark q, as is anticiputed in the assoclated
productionin hadron-hadron collision, the rate of wide-rngle oG jets
w1l overwhelm Q jets completely. It muy be possible to semrate wide-
angle oG Jets by an acoplanarity cut, but even wvide-angle qGG jets may
well compete. In this respect, the electron-positron annihilation
provides an ideal setup since the productiom rates are determined by
electric charge squares. The ¢G beckgroun will be easily semrated from
the genulne Q Jets in the ete” emihilation if everything else gres
right. It should be commented tpat though the sitiation may not be * s
promising 8s in the e'e” annihilation, there may be some chance in
neutrino reactions.

The next cbstacle may be serious. When heavy flavored hadrons
decay weakly, can We possibly recognize heavy quark jets as such 7
This pessimism has its origin in that heavy quarks presumably decay
throvgh weak interactions Zoliowing a certain pattern, If we believe
the present theary of week interactions, a neavy quark first decays
to the next heavy quark plus a (ud) peir, a {cs) poir, or & lepton mair
through the charged current interactions. I the next heavy quark 1s
much lighter than the initizl quark (which is probebly the case witi.
the present lower limit on the t-quark mass), the deczy will result in
three jets associated with three quarks (or else one quark jJet, ome
charged lepton and a large missing mczlmantum).3 Unless an initial heavy
quark 1is moving very fast, it 1s difficult to discntangle the three
daughter jets from jet products coming from the other peir-produced
heavy quark. Some specu ation has been macde thut some kind of statistical
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way work for fipal lhadrons of weak nonleptonic decays of & very
heavy quark. If it should be true, heavy quark Jets would still look
1ike well-collimated jets in spite of weak cascale decays. To my
best understanding of strong interaction physics at our band, however,
statistical models are wrong for weak nonlegtonic decays of heavy quarks
of mass 2 15 GeV. See Reference 3 on this subject.

When weak decay mroduces three jets of hadrons, the multiplicity
of final hadrons is much higher than in events involving no heavy
badron.” When a heavy quark of mass M is produced with energy E and 1%
decays through three jets, the expected multiplicity is given by

<nog ={o 10(eM) + v} Z {o 20805m,) < 0} (D)
i =1,2,3
vhere a and b are the constants that characterize the density of
hedronized light particle population in the rapidity plot ({n)=ay + b).
The first term is due to the initial heavy quark and the remainder comes
from the daughter jets. If t:= decay proceeds by cascade, the multi-
plicity lncreases even more sinc=

{a lcg(mu/)mr) +b }

is to be added to {(n) u for each Jet in subsequent cascade decays.
This should be compared with the multiplicity of a light quark Jet

of the same energy E, {1} = a log(E/lql,) +b . Por example, with
M = 30 GeV and E = 100 GeV , the cascade decay

t— b+ {(d)
T e+ (W) s + (ud)

leads us wit: a =2 and =0 tc

{n>y =18
vhile (n)L = 9. Muliiplicity measurement will certainly help to
separate heavy quark production events fram the rest as well as
geometrical observation on the sharpmess of jets will. For the decay
lepton signature, I suggest that one should refer to the talk by D. M.
Scott of this Werkshop and the paper by Pakvasa, Dechantsreiter, Halzen,
and Scott.
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To conclude this talk, I must admit experimental obstacles for us
to do the spectroscopy of heavy querk jets in super high energy
experiment. I hope, however, thet you will fecl far more comfortable
from nov on in using the § (1-z) fregmentation functiocn for very heavy
quarks.

This research was supported by the US Depnrtwent of Energy
under Contract Number W-7Ld5-BNG-48.
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