Gluon vs. quark fragmentation — from LEP to FCC-ee
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Abstract: Experimental results on gluon and quark fragmentation obtained by the LEP ex-
periments are reviewed. The importance of colour coherence, transverse-momentum-scales and
hadronisation corrections for jet measurements is emphasized. Precision results on multiplicities of
three-jet events and the deduced multiplicity of a gluon-gluon colour neutral system are discussed.
Identified particle results and colour octet neutralisation are addressed. Prospects for corresponding
measurements at the FCC-ee are given.

Introduction

At the time of LEP several topics of strong interaction physics were still incompletely understood.
Many questions could be clarified in the very clean ete™ environment with unprecedented statistical
precision. Among those where basic predictions concerning the comparison of gluon and quark
fragmentation. Such a comparison is attractive as the different colour structure of gluons and
quarks should be immediately evident. In this talk I briefly review the basic experimental strategies.
Then results for gluon and quark jets and the limitations of such measurements are discussed before
coming to precision results on the multiplicity in three-jet events. Finally some results on identified
particles and open topics on octet neutralisation are discussed before giving the outlook to FCC-ee.

Basic Ideas and Experimental Strategy

In the hadronic final state of ete~annihilation, gluon and quark fragmentation can be compared
in events with three jets, two of which originate from the initially produced ¢g pair, the third from
a radiated hard gluon. The mutual assignment of partons to jets is done at tree-level, thereby
limiting the quantitative comparison of gluon and quark jet properties to leading order precision.
This basic limitation can only be overcome when studying more inclusive properties of three-jet
events, like the event multiplicity or overall particle spectra. Still even then the identification of
jets introduces some systematic dependence on the jet algorithm chosen. Moreover, the parton
properties underlying a three-jet event need to be determined from the observed jets. This implies
that hadronisation needs to be considered when determining the parton properties! This inevitably
introduces bias and smearing which may strongly influence e.g. observed fragmentation functions.

Experimentally gluon jets are enriched using energy ordering and anti-tagged by identifying heavy
hadron decays predominantly in b quark events. Gluon jets are then compared to a mixture of
light quark and gluon jets in, again, anti-tagged light quark events or to events where the gluon is
replaced by an isolated photon. The kinematics in these events is chosen similar to those containing
the tagged gluons. The respective purities of gluon and quark jets are taken from simulation, pure
gluon and quark distributions are inferred using matrix inversion.

Initially these techniques were applied to the so called Y-events [1,2,3,4], containing two jets with
similar energy (E < 25 GeV) and angle with respect to the event axis. Also fully symmetric
("Mercedes”-star) events [5,6] and events where a gluon jet recoils with respect to two quark jets
[7,8] were used, again comparing to properties of jets of similar energy. After recognising that
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Table 1: Selected data on the hadron multiplicity ratio in gluon to quark jets as a function of jet

energy.
Exp. Ejet/GeV | 1
Cleo [12] 3.5 1.04 £0.02 £ 0.05
HRS  [13] 0.7 1.20 + 0.2 £ 0.2
Aleph  [14] 24 1.249 £+ 0.084 + 0.022
Delphi  [5] 24 1.241 £0.015 £+ 0.025
Opal [7] 40 1.552 £0.041 £+ 0.061

the energy is an inappropriate scale, as it depends on the Lorentz-system [9], invariant transverse-
momentum-scales have been introduced. The above technique was then expanded to general three-
jet topologies. This allowed gluon to quark comparisons in a large kinematic range [10].

Initial Results on Jet Fragmentation

It is a basic QCD expectation that the hadron multiplicity is proportional to the colour charge
of the radiating parton [11], i.e. the multiplicity ratio in gluon to quark jets should be Cy/Cr =
9/4 = 2.25. The experimentally seen ratio is far smaller (see Table 1), however, indicates a clear
increase with energy [5].
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Figure 1: Rapidity-distribution for gluon & quark jets (left) and their ratio (right) [15].

The small multiplicity can be understood by inspecting the rapidity (or y) distribution of the
produced particles with respect to the event axis (see Figure 1). Here the gluon distribution is
taken from events where the gluon recoils with respect to two b-jets. The average gluon energy is
E, = 40GeV, the transverse momentum with respect to the quark-jets x, ~ 37GeV. The quark
distribution stems from light quark events with E, = k, = 45.6GeV [7].

At small y, that is for particles produced first in time [17], the production rate is a factor < 2
higher for gluons compared to quarks. For y 2 2 the ratio falls off strongly and for y > 3 more
particles are produced in quark compared to gluon jets. The latter to a large part is a consequence
of energy conservation; there is not enough energy left in gluon jets to produce additional particles.
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Moreover, particle production in quark jets may be eased as quarks are valence particles of hadrons.
Overall this extra production diminishes the total multiplicity ratio. Still, even at small rapidity the
expectation 2.25 is not met. This partly is due the difference in the relevant scales (Eq, kg, ~20%)
of the underlying partons, but also affected by coherent emission from the underlying ¢gg-ensemble
and the expected destructive interference (the so-called string effect, see next section).

In order to illustrate the evolution of the parton multiplicity the so-called subjet-rates R; and their

derivatives have been compared for gluon and quark jets [16]. R; is the experimental equivalent to
the Sudakov form factor A(y) (see e.g. [18]):

Y ! N-
Alylyo) = exp {_/ Lpsprpr (y’)dy’} =Ri(y) = ]1v(y)
Yo 0
~ 1 ANi(y)
W) =D10) = 3 Ay M
Cr as y 3 C4 o y 11
T = ——"(InZ —— r =275 (nL - =
a(y,90) = 5 " (nyo 2) gy 90) = 5 " <n G )

Ri(y) is the 1-jet rate, which is the probability, that at a given resolution, y, no splitting has
happened in a jet, i.e. there is still only 1 ”parton” present. I',(y) is the probability density
for a parton p = (q,g) to split at a given v, Dy is the corresponding experimental observable.
Di(y) = Ri(y) - D1(y) is the rate of parton splitting. This concept has been generalised for higher
rank (2 — 3,3 — 4 ...) splittings [16,19].

A measurement of the splitting kernels (multiplied by y) is shown in Figure 2. The splitting
probability (Dl) is markedly bigger for gluon compared to quark jets at high y. Deviations from
the NLLA expectations I', (see Equation 1) due to hadronisation set in at higher y for gluons
compared to quarks. The ratio r; = ﬁf / [7(11 for large y is initially close to Cy/Cp, but showing a
hump-structure which is described by fragmentation models (see Figure 2). Most likely the hump
is a consequence of hadronisation smearing. Such a structure would be expected, as the splitting
kernels are strongly varying functions of y below a maximal value of yo ~ 1/3.

Figure 3 shows the related jet and splitting rates and splitting probabilities for the first four
splittings. The rates R; show a well known pattern from multi jet rates in eTe™(in this case one
usually starts from the initial 2 jets). The splitting rates D; are far higher at higher y for gluons, but
for each rank this initial lead is compensated at smaller y in quark jets. The splitting probability
D;, which for the first rank i = 1 splitting is about two times higher for gluons, converges to similar
values for the gluon and quark cases at higher rank splittings. This general pattern easily explains
the observed small gluon to quark hadron multiplicity ratio.

Especially the gluon fragmentation function(s) Dg(z) to a hadron h is a quantity which was in-
tensively studied at LEP in eTe™ three-jet events. Initial measurements were done for Y- and
Mercedes-events [3,4,16] and later extended to more general topologies [10,20,21]. Also boosting
to symmetric topologies was used in order to ease the assignment of hadrons to partons [22]. In
view of the studies of the scale dependence of the gluon and quark fragmentation functions, the
introduction of transverse-momentum-like scales was an important step [10,19,23]. Relevant scales
are:

Oqg L /84954 ‘ (2)

uark: k = E,sin —= luon: = Z
q q 9 g DL 2\ ot

Here, ©44 is the angle between the gluon and the closest quark jet and s is the Mandelstam variable.
Essentially p, is the harmonic mean of the transverse momenta of the gluon with respect to quark
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Figure 2: gluon & quark splitting ker- 1
210 Yi

nels compared to the NLLA expecta-

tion (up) and their ratio compared to  Figure 3: Gluon and quark subjet-rates (R;), splitting-
MC models (down) [16]. NLLA pre- rates (D;) and splitting probabilities/kernels D; compared
dicts ry = 2.25 (ny = 3). to MC models [16].

or anti-quark, respectively. These scales, as well as the parton energy £, used in the denominator
of the scaling variable xp ~ 2z = Epqq/Ep need to be determined from the jet properties, therefore,
they acquire experimental as well as hadronisation uncertainties.

The measured fragmentation function for quarks agrees well with the corresponding results from
ete™ at lower energies (see Figure 4 [21]) as well as with DGLAP fits. The corresponding gluon
result is shown in Figure 5 and shows the expected stronger fall-off with z ~ g as well as with
the scale (p;) compared to quarks. The ratio of the logarithmic slopes of the gluon and quark-
fragmentation functions was the first measurement which quantitatively verified the colour factor
ratio from a gluon measurement [10]: C4/Cr = 2.26 + 0.09 £ 0.14.

From a comparison of the data at high x and the DGLAP fits it is obvious that the slope of the
data exceeds that of the fits. This is a consequence of the irreducible smearing due to hadronisation
and the corresponding uncertainty of the measured properties (momentum or energy E,) of the
partons in the event [24]. This uncertainty can be analytically estimated using the longitudinal
phase space or tube model (see e.g. [18]) to be of the order 0.5GeV/E. Applying this smearing to
an analytic approximation of the data (taken from [10]) explains the observed deviation between
the DGLAP fits (lower curves in Figure 6) and the data (represented by the upper curves). Due to
the stronger fall-off of the fragmentation function with z or x for gluons the effect is here far more
pronounced as for quarks. This basic problem inevitably appears whenever parton properties are
measured from data. It is particularly big at small jet energy and for rapidly varying distributions
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Figure 6: Effect of the hadronisation smearing of the parton properties on the fragmentation
functions measured in three-jet events. The lower curves represent the true distributions, the

upper curves the measured distributions.

*|
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Multiplicity in Three-Jet Events

Coherent emission of hadrons from a ggg-ensemble can be best observed using soft, low resolution,
large wavelength hadrons emitted at large angles with respect to the underlying partonic system. A
parameter free prediction for the ratio of particle rates produced perpendicular to the event plane
of a three-jet event and the event axis in a gg-event reads [25]:

N9 o C 1 — 1 ~
1 A A —~ = =
— = —— Ty = —_ =1qg+qg —x2 449 ) (3)
N jl_q Crp \Cf.« 4 N &
colour factor destructive interf.

with the number of colours No = 3 and (note the correspondence to Equation 2):

. O..
ij:251n2#

The destructive interference term represents the so called ”string effect” [17] for this special kine-
matic situation. Note, that expression 3 is linear in the colour factor ratio and in the topological
term ry. For r4 ~ 1 the gluon and a quark jet are close by, the relevant colour charge is that of the
initial quark. For large r, — 2 the gluon recoils with respect to the qq pair. The radiating colour
charge then corresponds to two quark charges.

Experimentally expression 3 is studied [26,27] using two- and three-jet events selected using ki-type
jet algorithms with fixed y¢u¢. Events with more than three jets were discarded. Particle rates are
measured in cones of ~ 30° opening angle. The resulting ratio (see Figure 7) is insensitive with
respect to variations of y.,+ and cone opening-angle.

The theoretical prediction given by Equation 3, including the destructive interference term, agrees
well with the data for a large range of arbitrary and symmetric three-jet topologies. Exploiting
the strictly linear r4-dependence, the colour factor ratio can be extracted fitting the middle term
of Equation 3 to the data (see Figure 8):

Ca/Cp = 2.211 = 0.014 g0 ) % 0.045 4y )

The systematic uncertainty enfolds a variation of the cone angle between 20° and 40° and a variation
of Yyt by a factor 2.

When measuring multiplicity the assignment of particles to jets imposes an obvious difficulty.
Therefore, precision measurements rely on the overall multiplicity of three-jet events. A prediction
for this multiplicity reads [17,28,29]:

1
Nogg(Lggs KLus KLe) = Nog(Lqg, kLu) + §Ngg(”Le) (4)
Sod SuaSa SgaSa
Lo () mmn (), w-n(2)

This prediction takes coherence effects as well as the reduction of phase-space for gluon emissions
from the quarks due to the emission of the leading gluon into account by the choice of scales. The
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3, for the dashed line destructive interference is omitted. line a fit to the data.

sub-division of the multiplicity in a quark- (Nyg) and a gluon part (Ng,) is motivated by the case
when a photon replaces the gluon. An alternative choice assigning less multiplicity to the gluon is
possible [28].

It has been observed experimentally [30] that the small gluon to quark multiplicity ratio is largely
due to a non-perturbative offset (clearly evident from the almost equal gluon and quark multiplicity
at small energy, see Table 1) and that it is more efficient to determine the colour factor ratio from
the ratio of the energy slopes of the multiplicities. Asymptotically this ratio is identical to the
multiplicity ratio because of de ’'Hopital’s rule. In the dipole model the energy slope of the gluon
and quark multiplicity is connected by the differential equation [28]:

dNgq(L') Ca oo\ d
AL | pipiey—e, CF< L )dL (L) (5)

apc, are known constants. Nyg(E) is known from ete~experiments. The solution of Equation 5
leaves a constant of integration free, which allows to accommodate non-perturbative differences
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gluon pair [12] deduced from three-jet multiplicity measurements [6,7,22,31].

between the gluon and the quark multiplicity.

The three-jet multiplicity has been measured by several experiments [15,20,22,30,31] including
related pp-results [32]. Fitting the dipole prediction to symmetric and arbitrary three-jet topologies
while leaving the offset floating, leads to a precise result for the colour factor ratio,

C
C—A = 2.261 = 0.014g¢a. & 0.0360xp. & 0.052¢ne0. £ 0.041 e, (6)
F

from the multiplicity slopes [31]. From a comparison of symmetric and arbitrary topologies it
turned out that the alternative choice of scales (see [28] used in [15]) is unable to describe the full
dataset.

Equation 4 can be solved for Ny4, the hadron multiplicity of a colour neutral gluon pair, shown
in Figure 9. Note that the results obtained from three-jet events are well consistent with the only
available direct Ngq result so far from yj,-decays [12]. The gluon to quark colour factor ratio is
immediately evident from the different energy slopes in this figure.

Essential outcome of the studies discussed so far is:

i) It is important to use the correct transverse-momentum-like scales which reflect the colour struc-
ture of the events. When inferring parton properties from jets, hadronisation effects should be
considered.

ii) The influence of non-perturbative and finite-energy effects on gluon jets is stronger than for
quark jets.

iii) Basic QCD properties can be more easily observed from dynamical variations of gluon and
quark observables with the relevant scales.
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Identified Particles and Colour Octet Neutralisation
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Measurements of identified particle production have been performed at LEP in order to reveal
possible differences in gluon and quark fragmentation. Hadronisation happens via an intermediate
parton shower, which is by far dominated by gluons due to the structure of the splitting kernels.
Differences are mainly expected for leading particles. For gluons there should be extra production
of leading isoscalar particles [33,34,35,36] due to octet colour neutralisation (see Figure 11). Exper-
imentally, no extra production of such states (®,7,7') could be observed so far at LEP [19,37,38,39].
There is however increased baryon production in gluon jets [38,40,41,42] as well as in T-decays via
gluons [43]. At LEP the extra production is focussed at small {, = —Inx, thus large z, see Figure
10. Here the double ratio of proton to hadron production is shown for gluon and quark jets in
order to eliminate the general difference due to the colour factors. The excess at §, ~ 0.8 can be
understood in the string model [44]. Here an additional possibility for a splitting into a diquark
anti-diquark pair exists (see Figure 10 case a), which via the Golden Rule leads to extra baryon
production. This possibility is not present in cluster fragmentation.

In order to more generally search for isoscalar states, which are presumed to be heavy and for
kinematic reasons must show a correspondingly hard fragmentation, it has been suggested to look
for neutral leading systems with a rapidity gap [36]. The measurements [8,46,47] indeed indicate a
small excess ~ 2% of leading neutral systems in gluon jets (see Figure 11). It has, however, so far
not been possible to clarify this excess in detail. From the mass spectra there is an indication for
an excess at masses < 2GeV.

In [48] deviations of the overall momentum spectra for gluons have been reported, while the quark
spectra are perfectly described by the tuned MC models. The deviation starts in the model to
data ratio at x ~ 0.2 and increases to about —30% at very high z. As the comparison has been
done with fully simulated events, no hadronisation smearing enters. Overall the size of the effect
amounts to about the same size as that observed for leading neutral systems.
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Outlook to FCC-ee

FCC-ee will provide an enormous number of events exceeding the total statistics at LEP between
40GeV (accessible by radiative events) and 240GeV, even at 350GeV almost the LEP statistics is
reached. About 10'° tagged three-jet events shall be provided at the Z. For gluon to quark compar-
isons this should allow to study ”any” dynamical dependence (fragmentation functions, splitting
kernels ...) with a negligible statistical uncertainty. Systematics can be largely mitigated by un-
folding and controlled using the energy dependence. The topology dependence can be explicitly
compared to the energy dependence.

Deep understanding of gluon and quark jets (like for the differing width) will influence many
other important measurements, e.g. h — gg, which itself is a testing bed for gg colour singlet
fragmentation.

The high statistic will allow for studies of rare or difficult to measure processes. Leading particles in
gluon and quark jets can be compared in order to search for octet fragmentation in jets, isoscalars
and glueballs. Detailed studies and comparisons of mass plots will become possible and allow to
search for meson as well as baryon resonances (A, A(1520),...). Additional questions will, in the
meanwhile, be raised by low energy and lattice results.

For an FCC-ee experiment a high resolution electromagnetic calorimetry as well as very good
particle identification and tracking are desirable. These should allow optimal determination of the
jets as well as measurements of identified (neutral) particles and resonances.
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