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Abstract. It is common, in both theoretical and experimental studies, to separately discuss quark and gluon
jets. However, even at parton level, widely-used jet algorithms fail to provide an infrared-safe way of making
this distinction. We examine the origin of the problem and propose a solution in terms of a new “flavour-k”
algorithm. As well as being of conceptual interest this can be a powerful tool when combining fixed-order
calculations with multi-jet resummations and parton showers. It also has applications to studies of heavy-

quark jets.

1 Introduction

A search through the SPIRES database reveals over 350
articles whose titles contain the expressions “quark jet(s)”
or “gluon jet(s)”! The idea of quark and gluon jets ap-
pears so intuitive that it hardly seems necessary to examine
the question of what it means. Yet, when going beyond
leading-order perturbative QCD, the concept of quark and
gluon jets is only meaningful once a procedure has been de-
fined to classify an ensemble of partons into a set of jets,
each with a well-defined flavour — a flavour that is insen-
sitive to the addition of extra soft or collinear branchings.
To our knowledge the theoretical question of how to do this
has not been addressed in the literature.

In contrast there has been much experimental work
on the identification of jet flavour. Some studies attempt
to extract separate unbiased samples of quark and gluon-
induced jets so as to examine the differences between them.
For example in three-jet (qgg) events in eTe™, b-tagging
and knowledge of leading-order QCD kinematic distribu-
tions can be used to determine which is the gluon jet [1].
While successful, such a procedure applies only to eTe™ —
qqg events and cannot be readily generalised to more com-
plex events, e.g. in hadron—hadron collisions. Another kind
of study exploits known differences between typical quark
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1 It would be excessive to cite them all here. Instead the
reader may examine them by submitting the spires search
“FIND T jet# AND (T quark OR T gluon)” and then ex-
tracting from the results only those articles whose title contains
“quark jet(s)” or “gluon jet(s)”.

and gluon jets (notably their different distributions for
the jet profile and subjet multiplicity) in order to tag the
two kinds of jets [2]. This can be done in any process and
is quite promising as an operative discriminator in real
events, but does not provide an infrared-safe definition of
the flavour: it defines a quark jet as being one that is suf-
ficiently narrow and with a sufficiently small subjet multi-
plicity —so in the limit of there being only soft and collinear
radiation, a gluon jet will always be misclassified as a quark
jet. This means that the definition has no sense at fixed
perturbative order.

Other experimental studies are carried out in the con-
text of processes in which each jet originates from a quark
(e.g. in ete™ — ¢q) and try to identify the specific flavour
or charge of that quark, generally using the hardest hadron
in the jet (e.g. [3,4]), or a momentum-weighted sum of
charges (e.g. [5,6]). Such approaches are collinear unsafe
because the momentum of the leading quark can be sig-
nificantly modified by collinear splittings. In practice this,
together with hadronisation, means that the measured
flavour, or charge, has only a limited correlation with that
of the original quark. This correlation cannot be calculated
theoretically, though it can be modelled and /or measured,
as was done for the determinations of forward-backward
asymmetries [3, 5].

In this article we will restrict our attention to the most
basic theoretical question about jet flavour — that of how to
define it for partonic events. As well as being of intrinsic in-
terest, this is becoming of increasing practical importance
as the study of QCD is extended to multi-jet ensembles (by
jets we mean both incoming and outgoing ones): in stud-
ies of ete™ — jets one knows that the basic two-jet Born
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configuration consists of quark jets; but for jet production
at hadron colliders, the Born configuration involves two in-
coming and two outgoing jets and many flavour channels
are possible: q¢ — qq, 9@ — g9, 99 — gg, etc. The ability
to assign flavours to the jets is especially useful when com-
bining fixed-order predictions with all-order calculations
(be it for parton showers as in [7] or for analytical resum-
mations [8—10]). This is because all-order calculations are
carried out for a fixed Born configuration, with a single
flavour channel at a time, while fixed-order calculations im-
plicitly sum over all flavour channels and can at best be
split up a posteriori to match onto the individual flavour
channels of the all-order calculation.

As a concrete example, consider the calculation of
higher-order corrections to the process qg — qgq, Fig. la.
An all-order calculation treats the addition of any num-
ber of soft/collinear gluons and extra ¢g pairs implicitly,
leaving the underlying 2 — 2 flavours unchanged. When
trying to supplement this with results of a fixed-order
calculation one encounters the problem that higher-order
contributions cannot be uniquely assigned to any given
2 — 2 flavour channel — the O («as) corrections to gg — qg
include e.g. a ¢ — qG@ — qqg piece, but a fixed-order calcu-
lation gives only the squared sum of all ¢ — ¢qgg diagrams,
among them qq — q@ — qqg and qq@ — g9 — qqg, illustrated
in Fig. 1b and c respectively. There can exist no unambigu-
ous procedure for separating the qg — qgg contribution
into its different underlying channels, both because the dif-
ferent channels are not individually gauge invariant and
because they interfere when squaring the amplitude.

One therefore needs a prescription to assign qg — qgg
either to the g — qq or the q§ — gg underlying Born 2 — 2
process (or else to declare it irreducibly 2 — 3-like), it only
being in the qg — g case that one needs to put it together
with the qg — qq all-order calculation. This reclassification
of a 2 — 3 event as a 2 — 2 event is similar conceptually
to what is done in a normal jet algorithm, except that not
only should the momenta of the resulting 2 — 2 config-
uration be infrared and collinear safe, but so should the
flavours. Accordingly we call it a jet-flavour algorithm.

An obvious approach to defining jet flavours at the per-
turbative level would be to start with an existing jet algo-
rithm, such as the k¢-clustering [11-13] or cone [14] algo-
rithm, that defines jets such that each particle belongs to at
most one jet. One can then determine the net flavour con-
tent of each of the jets, as the total number of quarks minus
antiquarks for each quark flavour. Jets with no net flavour
are identified as gluon jets, those with (minus) one unit of
net flavour are (anti) quark jets, while those with more than
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Fig. 1. a Specific ¢ — ¢q flavour channel for a 2 — 2 parton
scattering process; b higher-order diagram that can be seen as
a correction to a; ¢ higher-order diagram that can be seen as
a correction to the process qqg — gg, but with the same final-
state partons as b
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one unit of flavour (or both a flavour and a different anti-
flavour) cannot be identified with a single QCD parton.

Applied to the k¢ or cone algorithms, this procedure
yields a jet flavour that is infrared (IR) safe at (rela-
tive) order ay discussed in our example above. However at
(relative) order a2 a large-angle soft gluon can split into
a widely separated soft gG pair and the ¢ and ¢ may end up
being clustered into different jets, “polluting” the flavour
of those jets; see Fig. 2. Because this happens for arbi-
trarily soft gluons branching to quarks, the resulting jet
flavours are infrared unsafe from order a2 onwards. We are
not aware of this problem having been discussed previously
in the literature, though there do exist statements that are
suggestive of IR safety issues when discussing flavour [15].

In Sect. 2 we shall discuss IR flavour unsafety with re-
spect to the k; (or “Durham”) algorithm in ete™ [11].
There we shall recall that the k; closeness measure is spe-
cifically related to the divergences of QCD matrix elements
when producing soft and collinear gluons. However there
are no divergences for the production of soft quarks and, as
we shall see, it is the use for quarks of a distance measure
designed for gluons that leads to the infrared unsafety of
jet flavour in the k¢ algorithm. By taking into account the
absence of a soft-quark divergence when designing the jet-
clustering distance measure, one can eliminate the infrared
divergence of the jet flavour.

The essence of the modification to the k; distance is
that instead of the min(E?, EJQ) factor that appears usu-
ally, one needs to use max(E?, Ejz) when the softer of 4, j
is a quark. In Sect. 3 we will examine how this can be
extended to processes with incoming hadrons. There the
added difficulty is the need for a particle-beam distance
measure. Traditionally this involves only one dimensionful
scale, related to the squared transverse momentum k2 of
the particle. There is a sense in which this can be under-
stood as min(kZ, kZ5), where kZ5 is some transverse scale
associated with the beam that is larger than all k2, and
so could up to now be ignored. In order to obtain a sensi-
ble jet-flavour algorithm we shall however need to consider
also max(kZ, k25) and therefore in Sect. 3 we shall investi-
gate how to construct sensible “beam scales”.

As well as explaining how to build jet algorithms that
provide an infrared-safe jet flavour, we shall also examine
how they fare in practice. In ete™ it will be possible to
carry out tests both with an NLO code (which explicitly
reveals the IR unsafety of flavour in traditional jet algo-

Fig. 2. A large-angle soft gluon splitting to a large-angle soft
qq pair (ks3, k4) with the ¢ and g then clustered into different
jets (k’l, kg)
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rithms) and with parton-shower Monte Carlo codes. For
hadron—hadron collisions only parton-shower Monte Carlo
tests will be possible because none of the currently avail-
able NLO codes provides access to the final-state parton
flavour information.

2 The k;-flavour algorithm for ete™

The aim of clustering algorithms is to recombine particles
into jets in a manner that approximates the inverse of
the nearly probabilistic picture of ordered QCD branching.
Since, however, the branching itself is a quantum mechani-
cal process, there is no unique way of inverting it for a given
final ensemble of particles. What can at most be done is
to design it to work correctly in limits in which the QCD
branching behaves classically, e.g. when a given particle is
emitted as if from a single identifiable parent. The design
of good jet algorithms is therefore more a craft than a de-
ductive science. Nevertheless certain general principles will
help us identify how to extend existing jet algorithms to
deal properly with flavour.

Let us start by considering the most widespread clus-
tering algorithm, the standard e™e™ Durham (or k) algo-
rithm [11].

1. Introduce a distance measure yz(;g
partons ¢, j:

(o) _ 2min(E7 B)
Yij = 02

) between every pair of

(1—cosb;j), (1)

where E; is the energy of particle ¢, 6;; is the angle
between particles ¢ and j and @ is the centre of mass
energy.

2. Find the specific 7 and j that correspond to the smallest
yg?) and recombine them according to some recombi-
nation scheme (we shall here use the E scheme, which
sums the four-momenta).

3. Repeat the procedure until all yg?) > Yeut (0T, alter-
natively, until one reaches a predetermined number of
jets).

The defining characteristic of such clustering algorithms is

the distance measure, because it determines the order in

which emissions are recombined.? It is closely related to the

divergences of the QCD matrix elements — for a gluon j

that is soft and collinear to a gluon ¢ the product of phase-

space and matrix element for a parent gluon to branch to 4

and j is

asCA E; dG'LQ
[dkj“MgZ—}gi_qj (kj)| = = Fjj 91‘2; )

(Ej < E;, 0; < 1). (2)

Thus with the distance measure (1), two particles are
deemed to be close when either of the parameters in which

2 There exist also jet algorithms in which the measure that
determines the order of recombination differs from that defin-
ing the stopping point for recombination, e.g. the Cambridge
and Aachen algorithms [16].
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the matrix element has a divergence, E; = min(FE;, E;) or
0;;, is small. This is a key characteristic of a good distance
measure because where there is a strong divergence there
will be many splittings that are independent of the “hard”
properties of the event — such splittings should be undone
(recombined) at the early stages of the clustering to leave
at the end only well-separated hard pseudo-jets.

A second key characteristic of a distance measure
can be understood by examining the Jade algorithm [17],
which is identical to (and predates) the ki algorithm, ex-
cept that its distance measure is

n  2EE;
ygj) = 7 L(1—cosb;;). (3)
Again, for E; < E;, 0;; < 1, the distance yQ

i J) becomes
smaller when either E; or 6;; is reduced, i.e. whenever
the matrix-element divergence is made stronger. However
it also becomes smaller when FE; is reduced, even though
a modification of F; has no effect on the divergence of the
matrix element in (2). The undesirable consequence of this
is that the Jade algorithm strongly “prefers” to recombine
pairs of soft particles at large relative angle, instead of com-
bining the individual soft particles with any collinear but
harder neighbours, and so “pulls” particles out of their nat-
ural jet.

From this brief discussion, one can see that the distance
measure should satisfy two main characteristics: (a) two
particles should be considered close when there is a cor-
responding divergence in their matrix elements,® and (b)
the measure should not inadvertently introduce “spurious”
extra closeness for a variation of the momenta that does
not lead to any extra divergence (see however discussion
below (6)).

For generic hadron-level jet studies the Durham meas-
ure (1) is a good choice because the majority of emissions
are gluons — the correct matrix element to consider in the
design of the measure is that for soft gluon emission (be
it from a quark or a gluon) and it always has both a soft
(energy) and collinear (angular) divergence. For flavour al-
gorithms one should remember that the matrix elements
for g — qq or ¢ — qg (with a soft quark) have no soft diver-
gence, but just the collinear divergence,

) asTr dE; d6%,
[dkj”Mg—mqj(kjﬂ = on E; 912; )

(.Ej < E;, Gij < l) (4)

(note the index 4 in the energy denominator), and analo-
gously for ¢ — g;¢;. With the yg?) measure, (1), a branch-
ing that produces a soft quark, F; < E;, has the same
closeness as in the case of the gluon — however this closeness
is now spurious because, in contrast to the gluon-emission
case, there is no divergence for E; — 0. The replacement of

3 This discussion is somewhat of an oversimplification — for
example the angular ordered Durham algorithm [16] retains
only the angular part of the closeness measure and nonetheless
behaves sensibly.
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the E; denominator in the gluon-emission case, (2), with
E; in the “soft-quark” emission case, (4), suggests that the
closeness measure for soft g — ¢g branching should become
2max(E}, E7)/Q*(1 —cosf;;). A similar argument holds
in the case of ¢ = g;q; with E; < E;. Thus we should use
a distance measure that depends on the flavours of the par-
ticles being considered:

(F) _2(1 —COSGij)

Yij = 02
{max(Eiz, EJZ) , softer of 4, 7 is flavoured ,

min(E}, E7), softer of 4, j is flavourless,

(5)

where the softer of 7,5 is the one with the smaller en-
ergy and where we use the terms flavoured and flavourless
rather than quark-like and gluon-like so as to allow also
for situations with diquarks or other multi-flavoured ob-
jects. With (5) soft-quark “emission” leads to no smaller
a distance measure than non-soft-quark emission, in accord
with the absence of a soft divergence for quark emission.
Furthermore if a quark is to recombine with a harder par-
ticle it will favour one that is not too hard, in accord with
the presence of max(E;, E;) in the denominator of (4),
which implies that the harder the parent, the less likely it
is that it will produce a quark of a given softness.

With such a distance measure, for configurations as
in Fig.2 the soft ¢ and ¢ will have similar energies,
E3 ~ Ey < Q. Thus y13 ~ y14 ~ Y23 ~ Y24 ~ 1, whereas
y3s ~ E2/Q? < 1. So independently of the precise (large)
angles of the soft g pair, 3 and 4, it is that soft pair
that will recombine first to give a gluon-like pseudo-jet g.
This will have y14 ~ Y24 ~ E3/Q? and now the soft gluon
pseudo-jet will recombine with either 1 or 2 (which one
depends on the angles) and the net flavour of the hard
particles will remain unchanged. Therefore, at order o2,
our new measure correctly eliminates the soft flavour-
changing divergence that exists for the plain Durham
algorithm.

Sometimes in the above algorithm a quark can be re-
combined with another quark or with an antiquark of
a different flavour. This can happen for example if there are
two large-angle ¢q pairs. As long as the resulting “doubly-
flavoured” object is treated in the same way as a quark in
the definition of yEF), the algorithm will remain infrared
safe, because in tiqe subsequent clustering steps there
will be a strong preference for recombining the multiply-
flavoured object with other objects of similar softness, until
all soft large-angle multiply-flavoured objects combine be-
tween themselves to produce gluon-like objects (these then
recombine normally with the hard partons).

One may wish to avoid the appearance of multiply-
flavour pseudo-jets altogether, since they cannot be associ-
ated with QCD partons. This can be achieved by vetoing
any recombination that would lead to a multiply-flavoured
object, i.e. by replacing step 2 with

2. (bland) Find the specific ¢ and j that correspond to
(F)

the smallest y;; © among those combinations of
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i and j whose net flavour corresponds either to
an (anti)quark or a gluon, and recombine them.

We call this a “bland” variant of the jet-flavour algorithm,
since “excessively-flavoured” clusterings are forbidden. We
note that a blandness requirement on clusterings has been
discussed also in [7] (though a simple “bland” Durham al-
gorithm with the standard yiJD remains infrared unsafe).
An interesting question is that of how much freedom ex-
ists in the definition of the distance measure for a flavour
algorithm. Returning to the analysis of Fig.2 the main
requirement for infrared flavour safety is that the soft
fermions 3 and 4 should recombine between themselves be-
fore recombining with harder particles. This property is
maintained for the following class of distance measures:*

(F,c) 2(1—C089ij)
Yij :T
[min(E;, E;)]*~*[max(E;, E;)]*,
softer of 4, j is flavoured
min(E?, Ef) ,
softer of 4, j is flavourless,

(6)

where « is a continuous parameter in the range 0 < a <2
(so far we have implicitly discussed a =2). Above, we
stated the requirement that the distance measure should
not introduce “spurious” extra closeness for a variation of
the momenta that does not lead to any extra divergence.
Here though, for a < 2 such a spurious extra closeness is
present. Infrared flavour safety is nevertheless preserved,
because the extra closeness is weaker than that that arises
in the case of a divergence, i.e. for a soft gluon j, y;; van-
ishes as Ejz, whereas for a soft quark j it only vanishes as
EZ 2o,

! Naively it would seem that a =2 should give the
best identification of flavour. However there are situations
where a hard quark loses energy through multiple collinear
gluon emission and thus becomes a relatively soft quark.
In principle there are no large ratios between the quark
energy and the softest of the harder gluons it has emit-
ted. However if that gluon is a bit harder than the quark,
a value of a < 2 can make it easier for them to recombine.
Accordingly below we shall examine both a =1 and o = 2.

An order-by-order rigorous test of jet-flavour algo-
rithms can be obtained by numerically investigating the
infrared safety of the jet flavour in fixed-order calculations.
For example, one generates events ete” = qq together
with higher orders and clusters them to two jets. With
a jet algorithm that provides a good reconstruction of the
flavour, one expects that each of the two jets should have
net flavour corresponding to an (anti)quark. Sometimes
this does not happen — for example each of the two jets
may have no net flavour, i.e. be gluon-like. This is legiti-
mate in events in which there has been a hard branching
(there is not a unique clustering to two jets), but for an
infrared-safe flavour jet algorithm, the probability of this

4 We consider only those that reduce to the Durham algo-
rithm for purely gluonic ensembles of particles.
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Fig. 3. NLO differential cross section for eT™e™ — qg events
that after jet clustering have their flavour badly identified, i.e.
identified as consisting of two gluon jets (that is, each of zero
net flavour) or two jets each of net flavour larger than 1; the co-
efficient of (as/27)2, as generated with Event2 [18], is plotted
as a function of the Durham y3 three-jet resolution threshold;
results are shown for the Durham and flavour algorithms (for
two values of a)

happening should vanish in the limit in which there are
only soft and collinear emissions.

To measure the hardness of a given event we use y2,
the threshold value of the Durham jet-resolution below
which the event is clustered to three jets or more.® Figure 3
shows the differential cross section at next-to-leading order
(NLO, order a?2) for producing events in which the flavour
of the two jets is badly identified. It has been obtained with
Event?2 [18], to our knowledge the only NLO code that pro-
vides information on the flavour of the final-state partons.®
One sees that for the Durham algorithm the differential
cross section for events whose jet flavour does not corres-
ponds to ¢ goes to a constant as Iny2 goes to —oo. This
is the sign of the infrared unsafety of flavour identification
in the Durham jet algorithm. In contrast, in our flavour
algorithms (for both values of «) the corresponding cross
section vanishes for InyD — —oo. Detailed examination of
the events with badly identified flavour at small y2 re-
veals that one of the (anti)quarks has lost nearly all of its
energy to a hard splitting and goes into the same hemi-
sphere as the other quark, i.e. identification of the event
as consisting of two gluon jets is actually legitimate. Such
configurations appear at order as where their cross section

5 Any other global event-shape-like variable that measures
the departure from two jets could equally well have been used
— the only requirement is that for consistency in comparing
the flavour behaviour of different jet algorithms one always use
a common measure for determining the hardness of the event.

6 In the default version of Event2 there were subtraction
terms that had contributions from final states with different
flavours — for our studies here we split those subtraction terms
so that each one corresponded to a unique set of final-state
flavours.
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is do?®d /dInys ~ as\/yP. At NLO, Sudakov suppression
of an extra soft gluon leads to a contribution

bad bad
Aokt ow (Ca Cr)yaop do}
dInys 2\ 2 4 dInys

~aZ\[yP Iy, (7)
which is found to be consistent with the observed numeri-
cal results, thus confirming the interpretation given above
for the origin of the small fraction of gg-like events at
small yP.

Given that one of the possible applications of jet-flavour
algorithms is in the merging of matrix-element and parton-
shower calculations, we also wish to examine how flavour
algorithms behave for Monte Carlo generated parton-level
ensembles of quarks and gluons. This is interesting for var-
ious other reasons too: Monte Carlo generators produce
multiple soft and collinear gluon emissions and g — q¢
splittings, so they are more likely to “stress-test” a jet-
flavour algorithm; also we can study a much wider var-
iety of processes with them — for example one can simu-
late a fake eTe™ — gg to examine jet-flavour algorithms
in a simple gluonic context; one can also easily use them
for studies of hadron—hadron events (next section) where
currently none of the NLO programs gives direct access to
information on the flavour of the outgoing partons.

While Monte Carlo event generators provide consider-
able flexibility, it can be difficult to interpret their results.
For example infrared unsafety of the flavour in fixed-order
programs manifests itself as a non-vanishing probability of
misidentification of the flavour as yD — 0. With an event
generator one is instead likely to see this probability van-
ishing with an anomalous dimension, e.g. (y)°*s where c
is some coefficient (assuming, for the purpose of the discus-
sion, fixed coupling).

For an infrared-safe jet flavour one expects that for the
clustered jets to have a different flavour from the Born
channel there should have been a hard branching, as in the
discussion above for the NLO ete™ calculation. This would
lead to flavour misidentification vanishing as (y3)? where d
is some pure number (above, d = 1/2). This too may how-
ever be modified by an anomalous dimension, becoming for
example (y? )@+ees where e is some further pure number.”

In the presence of anomalous dimensions it is difficult
to establish from Monte Carlo events exactly which func-
tional form one is seeing. Yet another complication is that
Monte Carlo event generators often do not contain the full
structure of soft large-angle divergences, so that in any case
the anomalous dimensions observed may not correspond to
the true ones.

" One kind of diagram that leads to flavour misidentification
is that in which a hard quark loses most of its momentum by
repeated gluon emission, and ends up in the opposite jet. This
is similar to non-singlet small-z quark production in parton
distribution functions, known to be enhanced by an all-order
double logarithmic series [19]. Such a series might also appear
in the jet-flavour case, leading to a more complex modification
of the naive (y2)? behaviour than stated in the main text.
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Fig. 4. Fraction of events (generated by Herwig [20] at parton level) whose flavour is badly identified by various jet algorithms,
shown as a function of the Durham ygl? jet resolution threshold; a large value of () has been chosen for illustrational purposes, so
as to provide a correspondingly large range in y:)]? : the left-hand plot shows results for ete™ — qg, while the right-hand plot shows

a fake “eTe™ — gg” process as generated by Herwig (code = 107)

Despite these complications, for an infrared-safe jet-
flavour algorithm one expects flavour misidentification to

vanish visibly faster as y} — 0 than for the infrared unsafe
case. This signal can be made clearer by going to large @ so

as to have access to a large range in 3 (note though that
a large value of @) also “stresses” the jet-flavour algorithm,
since it increases the phase space for extra soft ¢g produc-
tion). Fig. 4 (left) shows the fraction of events, for each
yP value, where the flavour has been misidentified in vari-
ous jet algorithms. It has been generated for Q = 10* GeV,
using Herwig [20] (chosen because it provides default ac-
cess also to a fake ete™ — gg reaction, code 107).

One sees clearly different yD dependences for the
Durham versus the flavour jet algorithms, with the flavour
jet algorithm misidentification vanishing considerably

more rapidly (actually as \/yD). Here all the flavour

algorithms behave similarly. Note also that the bland
Durham algorithm works considerably better than the
plain Durham algorithm and only at very small y2 values
does one see it doing worse than the flavour algorithms:
for the bland algorithm to generate a wrong-flavour event
there must be a soft g pair of the same flavour as the hard
qq, and additionally the directions of the soft gg must be
such as to lead to jets with net gluon flavour rather than
diquark flavour.

This situation changes in the right-hand plot of Fig. 4,
where we consider fake eTe™ — gg events. Here the bland
Durham algorithm behaves almost identically to the nor-
mal Durham algorithm. This is expected, since a soft qq
pair encounters no blandness problems when contaminat-
ing the flavour of gluon jets. The flavour algorithms all
work systematically better than the Durham-based algo-
rithms, clearly vanishing faster with y2. One sees differ-
ences in normalisation between the different flavour al-
gorithms and the blandness requirement provides a non-

negligible advantage, especially for « = 2. This implies
that the flavour misidentification involves more than one
qq pair. Nevertheless, the algorithm remains infrared safe
even for multiple soft or collinear ¢¢ pairs, as discussed
above® (see also the appendix for a more general outline of
the discussion of IR safety).

3 Jet-flavour algorithms
for hadron—hadron collisions

For hadron-hadron collisions (and DIS) the k; jet algo-
rithm is similar to that described in Sect. 2, with a few
modifications in the definition of the distances [12,13].
Given that there is no unique hard scale (), instead of ex-
amining dimensionless y;;’s one looks at dimensionful d;;’s.
These need to be invariant under longitudinal boosts and
the most widespread convention is to take

d;; = min(k;, k?j)(AU?j + A¢12j) ) (8)

where An;; =n; —nj, A¢ij = ¢; — ¢; and ki, 1; and ¢; are
respectively the transverse momentum, rapidity and az-
imuth of particle 4, with respect to the beam. A particle 4
can also recombine with the beam and here too one needs
a distance measure, usually taken to be

dip =k; . 9)

It is the smallest of the d;p and the d;; that determines
which recombination takes place. If it is d; g that is small-
est at a given step, then i recombines with the beam (or

8 Note though that for a fixed degree of softness, the presence
of multiple ¢g pairs, spread densely in rapidity from large-
angles all the way to the hard-fragmentation region can lead to
a systematic worsening of the flavour identification.
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else gets called a jet, in the “inclusive” version of the algo-
rithm).

The modification of the d;; needed to obtain a flavour-
safe jet algorithm is directly analogous to that used for the
eTe™ algorithm:

dif) =(an} + Ag%)
max(kZ, kfj) , softer of 4, j is flavoured,
min(k7;, kZ;),  softer of 4, j is flavourless,
(10)

where by “softer” we now mean that having lower k; and
where temporarily, for simplicity, we consider only the case
a=2.

It is less obvious how to modify the beam distance. The
problem is that d;5 involves just a single scale, k2, and so
there is no “minimum” that one can replace with a “max-
imum”. However one could imagine that d;p is actually the
minimum of k2 and some transverse scale associated with
the beam, k25, which has never been explicitly needed so
far because it was always larger than any of the k%. The
analogue of (10) would then be to take

(F) _ {max(kfi, kZg), iisflavoured, (11)
‘B \min(kZ, k25), iis flavourless.
The question that remains is how to define k5.

A first issue is that we will want to identify the flavour
of each of the incoming beams. So whereas for the normal
k¢ algorithm one recombines particles with “the beams”,
here we will need to specify which of the two beams a par-
ticle recombines with. Therefore we will need to define kg
for the beam moving towards positive rapidities (right) and
k.5 for the other beam.

In line with the DGLAP idea [21] of logarithmic order-
ing, such that harder emissions are at successively larger
angles with respect to the beam that produced them, it
makes sense for the beam hardness to be a function of ra-
pidity, k¢ 5 (n). In the definition of d; 5, (11), one would then
use k¢ (n;). For the right-moving (positive rapidity) beam,
one scale that appears naturally is (with ©(0) =1/2),

Pt,right (77) = Z km@(ﬂi - 77) 9 (12)

i.e. the beam scale should be at least as hard as all emis-
sions that have already occurred from that beam (i.e. all
emissions that are at larger rapidity). Another scale that
arises is

Py et (n) = Z ke O(n —n;) . (13)

When one performs a Sudakov decomposition of all mo-
menta k; = a;P+B;P+ky (P=(1,0,0,1) and P =
(1,0,0,—1)), in the massless approximation, this scale is
just the sum of the a; = kt;e™ components of all particles
that are still to be emitted by this beam (i.e. are at smaller
rapidity). It is equivalent to the light-cone momentum still
left in the beam. This scale depends on the reference frame,
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but can be transformed into a boost invariant, local “trans-
verse” hardness by multiplying it by e~7, giving®

Pig 16t (n) = Z ki€ 1O (n —n;) . (14)

By adding the two measures, P ight(n) and Pia tes(7)
for the beam scale, one obtains an overall beam hardness
measure,

kcB(n)=Zku (O(ni —n)+O(n—mn;)e™ ™), (15)

that takes into account both emissions that have already
occurred at a certain rapidity (in the picture of ordering of
emissions) and those that will occur further on. Similarly
one defines a scale for the other beam

ks (1) szm (@ —m)+O(n—n)e" ") . (16)

In the same way that one updates the d;; and d; g after each
clustering, one should update also the kg and &, 5.

To illustrate the properties of ky g and k; 5, Fig. 5 shows
these two quantities for a typical multi-jet LHC event (rep-
resented as a histogram of total transverse momentum per
bin of rapidity). Towards positive rapidities, ki (n) de-
creases as e~ "7, while k, 5(n) approaches a constant, so that
as is natural, positive-rapidity particles combine with B,
while negative-rapidity particles combine with B. At the
point where kip and kg cross, they are of the same order

1200 : T :' : :
1000
800
600

400

Tranverse scales [GeV]

200

Fig. 5. Plot of kg and k5 for a multi-jet parton-level LHC
event, generated by Herwig; also shown is the histogram of the
rapidity distribution of transverse momenta

9 Another way of seeing how this scale arises naturally is to
recall that in the non-longitudinally invariant version of the ki
algorithm for DIS and hadron-hadron collisions [22], the beam
distance is d;g = 2E1-2(1 —cos ;). Replacing E; with the ef-
fective beam energy %Pa’left (i-e. taking the larger of F; and the
effective beam energy) and taking the small-angle limit gives

precisely Pﬁx’left.
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of magnitude as the total transverse momentum in the
event, i.e. its overall hardness. Note also that kyp(n) and
k.j5(n) are always at least as hard as the hardest emission
at rapidity 7.

Let us now summarise the jet-flavour algorithm for
hadron-hadron collisions.

1. Introduce a distance measure dz(-f) between every pair of
partons ¢, j:

dif ) =(an?, + A¢%)
max(kti, k‘tj)a min(kti, k‘tj)zfa ,
softer of 4, j is flavoured,
min(kfi, k?;) )
softer of 4, j is flavourless,

(17)
as well as distances to the two beams,
max(ke;, ks (n:))® min(ke, kes (1:))°7%
d( Fa) 1 is flavoured,
B ) min(kg, kg (m)
1 is flavourless,
(18)

and an analogous definition of dgg,a) involving k.5 (n;)
instead of k5 (n;) (both defined as in (15) and (16)).°
As in Sect. 2 we have introduced a class of measures,
parametrised by 0 < a < 2.

2. Identify the smallest of the distance measures. If it is
a dgf’a , recombine 7 and j; if it is a dg’a) (dg’a)) de-
clare i to be part of beam B (B) and eliminate 7; in the
case where the dgg’a) and d'5% are equal (which will
occur if ¢ is a gluon), recombine with the beam that has
the smaller kyp(n;), ke 5 (1:)-

3. Repeat the procedure until all the distances are larger
than some d.., or, alternatively, until one reaches
a predetermined number of jets.!1>12

10" The beam distances in (15) and (16) have been constructed
by considering situations with just massless partons. However,
their definition can be extended to cases with massive par-

ticles in the final state by replacing k¢; with , /k?i + m?. Notice
that any heavy non-QCD particles should also be included in
the sums (15) and (16), even if they do not enter the clus-
tering. In DIS, in the Breit frame, kyg(n) should include an
additional contribution related to the virtual photon, given
by Q(O(n)e” "+ 6 (—n)), while k,5(n) should have an addi-
tional contribution Q(O(n) + ©(—n)e"), where Q is the photon
virtuality.

1 Yet another possibility is to introduce separate measures
for the ordering of recombinations and for the point where re-
combination comes to a stop, as in the Cambridge and Aachen
algorithms [16].

12 1p light of recent work that relates the k¢ algorithm to a ge-
ometrical nearest neighbour problem [23] to reduce its compu-
tational complexity to N In IV, it is worth commenting that the
simultaneous use here of both min(kZ;, kgj) and max(kZ;, kgj)
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In the “bland” variant of the algorithm one considers
only those d;; for which the product of the recombination
would have at most one flavour. Similarly one considers
only a subset of the d;g — in this case the blandness re-
quirement is imposed on the flavour of the parton entering
the hard interaction, or equivalently on the difference be-
tween the flavour of the incoming hadron and the flavour
contained in the outgoing beam jet.

The infrared safety of this algorithm follows from the
same arguments that were used in the eTe™ context. The
beam scales simply ensure that g pairs that are soft but
separated by An?+ A¢? > 1 recombine with each other
before recombining with the beam. This eliminates the po-
tentially dangerous situation that would otherwise occur,
in which first the ¢ recombines with one beam and then
the § recombines with the other beam. Therefore it is not
just the flavours of the outgoing jets that are infrared and
collinear safe, but also those of the incoming beam jets (the
determination the beam-jet flavours of course also requires
knowledge of the incoming parton flavours).

A concrete demonstration of the infrared safety of the
hadron—hadron algorithms, analogous to Fig. 3 for eTe™,
is not possible with currently available tools, because none
of the higher-order NLO jet codes [24,25] provide dir-
ect access to information about final-state flavour. Even if
they did, there would be an additional complication com-
pared to eTe™. In ete™ at Born level, there is only one
flavour channel, i.e. ete™ — ¢g. Therefore one could iden-
tify flavour infrared unsafety by examining, for example,
the three-jet NLO cross section for jets classified as gg. In
hadron—hadron collisions all flavour channels are present at
Born order, therefore to verify the infrared safety of, say,
the gg — gg channel one must supplement the NLO 2+
3 jet calculation with the gg — gg Born contribution and
its two loop corrections, i.e. one must carry out a NNLO
2+ 2 jet calculation, which is beyond today’s technology.
Fortunately an alternative method exists for verifying the
IR safety of flavour identification using just a NLO 243
jet calculation, namely by examining the cross section for
doubly-flavoured jets, since these do not appear at Born
level but are infrared unsafe in the plain k; algorithm. We
hope that flavour information will soon become available in
2+ 3 jet NLO codes, making it possible to demonstrate this
explicitly.

In the absence of any way of obtaining a fixed-order il-
lustration of the infrared safety of the flavour algorithms,
we resort to investigations of reconstruction of the flavour
in parton-level Monte Carlo events. This is achieved by
comparing, event-by-event, the flavours in the hard 2 — 2
partonic scattering with those of the beam and outgoing
jets after clustering of the event to 2 + 2 jets.

Since the normal k¢ algorithm does not usually distin-
guish between the two beams, we extend it (both normal

invalidates the Lemma of [23] that was central in making the
connection with a nearest neighbour problem. It is therefore
not clear whether it would be possible to write the flavour
algorithm such that its complexity goes as N In N. The imple-
mgntation that we use has a complexity that scales roughly as
N*~.
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and bland variants) such that a particle destined to recom-
bine with “the beams” is assigned to that with the smaller
of kep(n;) and kg (n;)-

The proportion of events where the original and recon-
structed 2 — 2 flavours do not match is shown in Fig. 6, as
a function of y5* = d§' /(Ey1 + Ey2)?. Here df' is the thresh-
old value of d..; below which the event is clustered to three
or more jets in the standard exclusive longitudinally in-
variant k¢ algorithm [12]; Ey; and Fiy are the transverse
energies of the two last jets to be recombined with the
beam if there is no deyy [27] (equivalently the two hard-
est jets when running the inclusive k; algorithm [13]). We
consider simulated LHC events and require the hardest jet
to have a transverse energy larger than 1 TeV and the two
hardest jets to have || < 1.

Three representative channels, gg — gq (including ¢g —
qq), 9@ — gg and qg — qg are shown in Fig. 6, as ob-
tained with Herwig [20]. The standard parton shower-
ing in Pythia [28] gives similar results (with a slightly
higher normalisation). We also illustrate the gg — gg chan-
nel using the recently developed transverse-momentum
ordered shower in Pythia [26]. In all cases one sees that
the rate of flavour misidentification falls significantly more
rapidly towards small y’:,ft for the flavour algorithms than
for the normal k; algorithm or its bland variant.'® This
is similar to what was observed for e*e™ in Sect. 2 and is
a sign of the infrared safety of the flavour algorithms.

One notes that for all algorithms the fall-off is less rapid
in the hadron-hadron case than in ete~. This is natural
given the increased number of jets and therefore of sources
of radiation which can lead to extra flavour in the final
state. Another difference compared to eTe™ is that now the
a =1 flavour algorithms sometimes fare better than the
«a = 2 case. This is not systematic and also depends on the
Monte Carlo program used to generate events (compare
Figs. 6¢c and d). The overall normalisation of the curves also
depends on the Monte Carlo program used and one sees
that Pythia with transverse-momentum ordered showers
produces parton-level final states in which it is systemati-
cally harder to cluster back to the original flavour.

4 Qutlook

We have shown in this article that it is possible to de-
fine parton-level jets in a manner that ensures that their
flavour is infrared safe. The key ingredient in doing this

13 1t is interesting to note that the bland k¢ algorithm some-
times behaves worse than the normal ki algorithm (e.g. for
qq — gg). To see why this happens, consider a beam corres-
ponding to incoming u flavour, together with a soft collinear
u@ pair. In the normal k¢ algorithm, the v and @ can recom-
bine with the beam in any order. In the bland variant the @
is prevented from recombining first (because the parton enter-
ing the reaction would then implicitly have uu flavour) and if it
has the lower k% it will instead try to recombine with the other
(wrong) beam. Therefore the bland algorithm actually has an
extra source of infrared—collinear flavour unsafety relative to
the plain kt, algorithm.
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was a modification of the k; distance measure, inspired by
the different structures of divergences that appear in quark
production and gluon production. In the case of hadron—
hadron collisions it was also necessary to introduce the con-
cept of a hardness associated with the beam at any given
point in rapidity. Where possible, explicit NLO verifica-
tions confirm the infrared safety of the new “flavour” jet
algorithms. Parton-level Monte Carlo studies also indicate
a significant improvement in the identification of flavour
relative to the ky algorithm.

To make use of our new algorithms to accurately study
jet flavour, it is necessary to have access to informa-
tion about the flavour of final-state partons in NLO jet
codes. Currently however, most NLO jet codes have been
designed assuming that the user has no need for infor-
mation about final-state parton flavour (an exception is
Event2 [18]). In light of the developments presented here,
we look forward to flavour information being made avail-
able in the future (e.g. [29]).

Our original motivation for studying the problem of
jet flavour was the need to accurately combine resummed
predictions for hadron-collider dijet event shapes [10,27]
with corresponding fixed-order predictions [24,25]. An-
other simple flavour-related study would be the investiga-
tion of how the relative fractions of quark and gluon jets
at hadron colliders are modified by NLO corrections and
how they vary with jet transverse momentum. Apart from
its intrinsic interest, such information could be of relevance
also to the tuning of Monte Carlo event generators and
studies of hadron multiplicities in jets, both of which are
sensitive to the proportions of quark and gluon jets.

One drawback of the algorithms presented here is that,
when considering light flavours, they can only be applied to
partonic and not hadronic events. This is because at each
recombination they require knowledge of which objects are
flavoured (quark-like) rather than flavourless (gluon-like)
and that information is not present in hadronic final states.
It would be interesting to find a jet algorithm based purely
on particle momenta, that nevertheless provides a good
infrared-safe determination of the flavour at parton level. It
is not clear to what extent this is possible.1*

There is nevertheless one hadron-level context in which
this article’s flavour algorithms could be used directly, that
is for heavy-quark jets [30]. Currently a heavy-quark jet
is defined as a jet containing one or more heavy quarks
(or heavy-quark hadrons). The fraction of jets of trans-
verse momentum p; containing a heavy quark of mass
mq is enhanced by terms ol In*" "' p, /mq for p; > mg,
due to the large multiplicity ~ o In®" p;/mg of gluons
above scale mg, combined with the possibility that they
split collinearly g — QQ), responsible for a further factor

14 A candidate for a jet-avour algorithm that does not use
flavour information during the recombination sequence might
be the JADE algorithm [17]. The flavour of its jets can be
shown to be infrared safe in eTe™ at O (o@). However it has
numerous other drawbacks, which we suspect are part of the
reason why in Monte Carlo studies we find that its flavour iden-
tification properties are only a little better than those of the
(favour) infrared unsafe Durham algorithm.
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Fig. 6. The proportion of Monte Carlo events in which the flavour of one or more incoming or outgoing reconstructed parton-level

jets differs from the flavour in the corresponding parton in the original hard event; shown as a function of In yg,ft for three channels

(in the case of qg — qg for both Herwig [20] and a recently developed parton shower algorithm in Pythia [26]); LHC kinematics

are used and the events selected are those where the hardest ki-algorithm jet has a transverse momentum greater than 1 TeV
. ke . .

and where the two hardest jets have |n| < 1. The range of most common values of y5* depends on the subprocess but is typically

roughly —8 <1In y:],ft <-3

as Inpy/mg [31-33]. Therefore, at high p, the majority of
so-called heavy-quark jets are not jets induced by a heavy
quark, but rather jets in which a heavy quark has appeared
from the internal branching in the jet. This implies that the
current definition of heavy-quark jet will lead to large QCD
backgrounds in searches for new particles which aim to tag
an “intrinsic” heavy-quark jet among the decay products of
the new particle.

An alternative approach to the study of heavy-quark
jets would be to consider the net heavy flavour of jets,'®
i.e. the number of heavy-quark hadrons minus heavy an-

15 A study that goes partially in this direction is the recent
investigation of angular correlations between bb pairs [34].

tiquark hadrons in a given jet.!S With the cone or k;
algorithms such a definition would eliminate nearly all
the final-state logarithmically enhanced terms, leaving
just o In""! p;/mg contributions (involving a final-state
BFKL-type resummation [35, 36]). These remaining terms
come from the same diagrams that led to the infrared
unsafety of light flavour of a jet. They can therefore be
eliminated altogether by applying our flavour jet algo-
rithm with the minor modification that every occurrence
of “flavour” is to be replaced with “heavy flavour”. In this
way it becomes possible to give meaning to a concept of

16 In an event with just two heavy hadrons one need not know
which one is quark-like and which antiquark-like — it suffices to
know that if combined they give zero net heavy flavour.
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intrinsic heavy flavour, i.e. heavy flavour that originates
exclusively from the heavy-flavour component of parton
distribution functions, from hard QCD flavour “creation”
(e.g. gg — QQ) and from the decay of other heavier par-
ticles. We look forward to future phenomenological inves-
tigation of this concept.
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Appendix

The arguments for the infrared safety of our jet-flavour al-
gorithms, as discussed in Sect. 2, applied only to the case
of one or two extra soft g pairs. Here we give an outline
of a general all-order discussion of infrared and collinear
safety of the flavour. It will be framed in the context of
ete™ collisions, and then in closing we will briefly mention
hadronic collisions.

For a general discussion of the infrared and collinear
safety of flavour one needs to examine all divergent cases
in which flavour is either produced or moved from one
part of the event to another. Production of flavour arises
from gluon splitting. This has just a collinear divergence;
additionally the gluon itself has soft and collinear diver-
gences with respect to other quarks and gluons. Flavour
can “move” during the branching process when a quark
recoils due to emission of a gluon of similar hardness
to the quark. This has no divergences, but there may
be divergences associated with the original production of
the quark itself. Flavour can also move during the jet-
clustering procedure whenever a quark recombines with
a parton that is not collinear to it and whose momentum
is of the same order of magnitude as (or larger than) the
quark.

Let us first consider flavour production by collinear
splitting of a gluon. The Durham algorithm always recom-
bines collinear particles into the same jet. Since in g — q@
splitting there is no soft divergence, the ¢ and g have com-
mensurate hardnesses. Therefore the “flavour” distance
measure (5) is of the same order of magnitude as the
Durham distance measure and so the g from a collinear
splitting of a gluon will end up in the same jet also in the
flavour algorithm, leaving the jet flavour unchanged as is
required for IRC safety of the flavour.

Next we consider non-collinear splitting of a gluon
into ¢gq. This has divergences when the original gluon is
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collinear to some other parton and/or soft. If the gluon
itself is collinear to some other parton a, angle 0,4 < 1,
then the gluon splitting to qq is strongly suppressed unless
04q ~ Oag, i.e. non-collinear splitting is not possible from
a gluon that is collinear to some other parton. This is the
basis of the widely-used angular ordering approximation.
Therefore a ¢ produced from a collinear (and optionally
soft) gluon will always recombine, in the flavour algorithm
as in the Durham algorithm, ensuring the safety of the
flavour of any resulting jet.

This leaves the case discussed already in the main text,
in which a large-angle ¢g pair is produced from a large-
angle soft gluon. We have already presented the arguments
that explain the IR unsafety of the Durham algorithm in
this case and the IR safety of the flavour algorithms.

In generalising the analysis to higher orders one needs
also to examine potential “motion” of the soft large-angle
q and q. It will be useful to introduce the compact notation
Y1{2...n} for the set of distance measures y12,y13, - - - , Y1n-

Firstly the quark (or anti-quark) can itself emit a large-
angle gluon of similar softness (ks), Fig. 7 (left). This will
change the direction of the quark (k4). In the Durham al-
gorithm, each of the y(12)(345) is of the order of the soft
gluon k2 /Q?, and the recombination sequence depends sig-
nificantly on the angles. In particular the emission of ks
from the quark may have moved it further away from the
antiquark making it more likely that the soft ¢g end up in
different jets. In contrast, in the flavour algorithm y 12134}
are of order 1, whereas Y123415 and ys4 are of order of the
soft gluon k? /Q?. Therefore 3, 4 and 5 will all recombine to-
gether first, or 5 will recombine with the hard jets and then
3 and 4 will recombine together. In both cases the flavour
of the soft quarks is netralised.

The analysis of the right-hand diagram of Fig. 7 is
largely similar as long as ks is at large angles and of the
same hardness as k3 and k4. The additional issue is that
now ks has a collinear divergence with respect to k3. One
might generally worry that semi-hard radiation collinear to
ko might pull k3 far away from its original direction. This
could happen if k5 is collinear to ko and if k3 and k5 recom-
bine, with E5 > F3 such that the recombination product
ends up collinear to k. However if E5 > E3 then ys5 > ys34
and the k3—k4 will recombine first, neutralising the flavour.
Note that if F5 ~ E3 and k5 is collinear to ko then the ko —
ks recombination will occur first, leaving the usual (safe)
configuration consisting of a soft ¢g pair.

One can straightforwardly extend this analysis to mul-
tiple gq pairs and multiple gluons. The originally soft large-
angle quark can be dragged further and further towards

k
5 Ky Ks )
k 5
ky 3
K, K, K, ks

Fig. 7. Configurations in which flavour “moves” during branch-
ing and clustering, discussed in the text with regards to infrared
and collinear safety




124

the hard jet in ensembles with multiple gluons of similar
ki’s but successively larger (but not strongly ordered) en-
ergies. However, given any fixed number of recombinations,
in the soft limit the resulting quark-like object always has
energy < @ and will recombine with the soft antiquark
rather than with the hard particles.

A final comment concerns hadron—hadron collisions.
There, the beam jets have a hardness kyp(n), which is of
the same order of magnitude as any hard final-state jets
that might have been emitted at the rapidity n. Therefore
there is no difference from the point of view of IRC safety
between recombination into final-state jets and into beam
jets and all the arguments given here apply equally well in
the hadron-hadron context.

References

1. DELPHI Collaboration, P. Abreu et al., Z. Phys. C 70, 179
(1996); ALEPH Collaboration, D. Buskulic et al., Phys.
Lett. B 384, 353 (1996); OPAL Collaboration, G. Abbiendi
et al., Phys. Rev. D 69, 032002 (2004) [hep-ex/0310048]
and references therein

2. ZEUS Collaboration, S. Chekanov et al., Nucl. Phys. B
700, 3 (2004) [hep-ex/0405065]

3. OPAL Collaboration, K. Ackerstaff et al., Z. Phys. C 76,
387 (1997) [hep-ex/9707019]

4. ZEUS Collaboration, S. Chekanov et al., Phys. Lett. B
553, 141 (2003) [hep-ex,/0211025]

5. OPAL Collaboration, K. Ackerstaff et al., Z. Phys. C 75,
385 (1997); ALEPH Collaboration, R. Barate et al., Phys.
Lett. B 426, 217 (1998); L3 Collaboration, M. Acciarri et
al., Phys. Lett. B 439, 225 (1998); DELPHI Collaboration,
P. Abreu et al., Eur. Phys. J. C 9, 367 (1999)

6. CDF Collaboration, F. Abe et al., Phys. Rev. D 60 (1999)
072003 [hep-ex,/9903011]

7. S. Catani, F. Krauss, R. Kuhn, B.R. Webber, JHEP 0111,
063 (2001) [hep-ph/0109231]

8. N. Kidonakis, G. Oderda, G. Sterman, Nucl. Phys. B 531,
365 (1998) [hep-ph/9803241]

9. R. Bonciani, S. Catani, M.L. Mangano, P. Nason, Phys.
Lett. B 575, 268 (2003) [hep-ph/0307035]

10. A. Banfi, G.P.Salam, G. Zanderighi, JHEP 0503, 073
(2005) [hep-ph/0407286]

11. S. Catani, Y.L. Dokshitzer, M. Olsson,
B.R. Webber, Phys. Lett. B 269, 432 (1991)

12. S. Catani, Y.L. Dokshitzer, M.H. Seymour, B.R. Webber,
Nucl. Phys. B 406, 187 (1993)

13. S.D. Ellis, D.E. Soper, Phys. Rev. D 48, 3160 (1993) [hep-
ph/9305266)

14. See e.g. CDF Collaboration, F. Abe et al., Phys. Rev. D 45,
1448 (1992); G.C. Blazey et al., hep-ex/0005012

G. Turnock,

A. Banfi et al.: Infrared-safe definition of jet flavour

15. Z. Nagy, D.E. Soper, JHEP 0510, 024 (2005) [hep-ph/
0503053]

16. Y.L. Dokshitzer, G.D. Leder, S. Moretti, B.R. Webber,
JHEP 9708, 001 (1997) [hep-ph/9707323]; M. Wobisch,
Ph.D. thesis, RWTH Aachen, 1999, DESY-THESIS-2000-
049

17. JADE Collaboration, W. Bartel et al., Z. Phys. C 33, 23
(1986); JADE Collaboration, S. Bethke et al., Phys. Lett.
B 213, 235 (1988)

18. S. Catani, M.H. Seymour, Nucl. Phys. B 485, 291 (1997)
[Erratum-ibid. B 510, 503 (1997)] [hep-ph/9605323]; Phys.
Lett. B 378, 287 (1996) [hep-ph/9602277]

19. J. Bartels, B.I. Ermolaev, M.G. Ryskin, Z. Phys. C 70, 273
(1996) [hep-ph/9507271], and references therein

20. G. Marchesini, B.R. Webber, G. Abbiendi, I.G. Knowles,
M.H. Seymour, L. Stanco, Comput. Phys. Commun. 67,
465 (1992); G. Corcella et al., JHEP 0101, 010 (2001) [hep-
ph/0011363]

21. V.N. Gribov, L.N. Lipatov, Sov. J. Nucl. Phys. 15, 438
(1972); G. Altarelli, G. Parisi, Nucl. Phys. B 126, 298
(1977); Y.L. Dokshitzer, Sov. Phys. JETP 46, 641
(1977)

22. S. Catani, Y.L. Dokshitzer, B.R. Webber, Phys. Lett. B
285, 291 (1992)

23. M. Cacciari, G.P. Salam, hep-ph/0512210

24. W.B. Kilgore, W.T. Giele, Phys. Rev. D 55, 7183 (1997)
[hep-ph/9610433]

25. Z. Nagy, Phys. Rev. Lett. 88, 122003 (2002) [hep-ph/
0110315]; Phys. Rev. D 68, 094002 (2003) [hep-ph/
0307268]

26. T. Sjostrand, P.Z. Skands, Eur. Phys. J. C 39, 129 (2005)
[hep-ph/0408302]

27. A. Banfi, G.P.Salam, G. Zanderighi, JHEP 0408, 062
(2004) [hep-ph/0407287]

28. T. Sjostrand, P. Eden, C. Friberg, L. Lonnblad, G. Miu,
S. Mrenna, E. Norrbin, Comput. Phys. Commun. 135, 238
(2001) [hep-ph/0010017]

29. Z. Nagy, private communication

30. G. Grunberg, Y.J. Ng, S.H.H. Tye, Phys. Rev. D 21, 62
(1980); for recent work see S. Frixione, M.L. Mangano,
Nucl. Phys. B 483, 321 (1997) [hep-ph/9605270]; DO Col-
laboration, B. Abbott et al., Phys. Rev. Lett. 85, 5068
(2000) [hep-ex/0008021]

31. A H. Mueller, P. Nason, Nucl. Phys. B 266, 265 (1986)

32. M.L. Mangano, P.Nason, Phys. Lett. B 285,
(1992)

33. M.H. Seymour, Z. Phys. C 63, 99 (1994)

34. CDF Collaboration, D. Acosta et al., Phys. Rev. D 71,
092001 (2005) [hep-ex/0412006]

35. G. Marchesini, A.H. Mueller, Phys. Lett. B 575, 37 (2003)
[hep-ph/0308284]

36. G. Marchesini, E. Onofri, JHEP 0407, 031 (2004) [hep-
ph,/0404242]

160




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


