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QCD jets and find that the average multiplicity of heavy-duiaitiated jets decreases significantly
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techniques at hadron colliders like the Tevatron and the LHC
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1. Introduction

High-p; jets can be initiated either in a short-distance interacimong partons in high en-
ergy collisions such app, pp, in the DISe*p, the ete~ annihilation and via electroweak (or
new physics) processes. One well-known example is givernéydecay chain of the top quark
t — HT b, where theb quark should start a jet. Thus the ability to identify jetsnfr the frag-
mentation and hadronization bfquarks becomes very important for such Higgs boson searches
Needless to say, the relevancebetagging extends over many other channels in the quest for ne
physics at hadron colliders. The experimental identifozaitf b-jets relies upon several of their
properties in order to reject background, e.g. jets imtidby lighter quarks or gluons. First, the
fragmentation is hard and the leadibdnadron retains a large part of the origifieduark momen-
tum. In addition, the weak decay products may have a largestexse momentum with respect
to the jet axis therefore allowing separation from the réshe cascade particles. Lastly, the rel-
atively long lifetime ofb-hadrons leading to displaced vertices which can be idedtifiy using
well-known impact parameter techniques [1]. Still, a fiaetof light jets could be mis-identified
asb-jets, especially at large transverse momentum of the jedv, et us point out that an essential
difference between heavy and light quark jets results frorarkatics constraints: the gluon radia-
tion off a quark of masmand energyE > mis suppressed inside a forward cone with an opening
angle®,, = m/E, the so-calledlead congophenomenon [2, 3].

In this work, we compute the average (charged) multipligfya jet initiated by a heavy
quark. For this purpose, we extend the modified leading Ithgaic approximation (MLLA)
evolution equations [4] to the case where the jet is initidtg a heavy (charm, bottom) quark.
The average multiplicity of light quarks jets produced ighhienergy collisions can be written
asN(Y) O exp{fY y(y)dy} (Y andy are defined in section 2), wheye~ y + Ay is the anoma-
lous dimension that accounts for soft and collinear gluarteé double logarithmic approximation
(DLA) yo ~ /05, in addition to hard collinear gluonSy ~ as or single logarithms (SLs), which
better account for energy conservation and the runningeo€tlupling constant [4].

In the present work we evaluate the mean multiplicity as atfon of the mass of the heavy
quark. Actually, the mass depends on the s€lef the hard process in which the heavy quark
participates. In théMS renormalization scheme, for example, the running massrbesa func-
tion of the strong coupling constant(Q), and the pole mass defined through the renormalized
heavy quark propagator (for a review see [5] and referermein). In order to assess the scheme-
dependence of our calculations beyond leading-order we t@ansidered a broad range of possible
values for the charm and bottom masses:=1— 1.5 GeV andm, = 3— 5 GeV, respectively [5].
Lastly, we will see that under the assumption of local paltadron duality (LPHD) as hadroniza-
tion model [6,7], light- and heavy-quark initiated jets shgignificant differences regarding particle
multiplicities as a consequence of soft gluon suppressisitlé¢ the dead cone. Such differences
could be exploited by using auxiliary criteria complemegtb-tagging procedures to be applied to
jets with very large transverse momentum, as advocatedsirstindy.
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2. Kinematics and variables

As known from jet calculus for light quarks, the evolutiomé& parameter determining the
structure of the parton branching of the primary gluon isgiby (for a review see [4] and refer-
ences therein)

y=In (%) K —20>Qs Q=EO> Qo 2.1)

wherek is the transverse momentum of the gluon emitted off the liglerk, Q is the virtuality
of the jet (or jet hardnessk the energy of the leading parto@p/E < © < Qg is the emission
angle of the gluon® « 1), ©g the total half opening angle of the jet being fixed by experitak
requirements, an@y is the collinear cut-off parameter. Let us define in this emnhthe variable
Yasy=Y+Inz Y =In <%) The appearance of this scale is a consequence of anguéimyd
(AO) of successive parton branchings in QCD cascades [4Ar.important difference in the
structure of light { = q=u,d, s) versus heavy quarlh(= Q = c,b) jets stems from the dynamical
restriction on the phase space of primary gluon radiatidhérheavy quark case, where the gluon
radiation off an energetic quafwith massmand energye > mis suppressed inside the forward
cone with an opening ang®, = m/E, the above-mentioned dead cone phenomenon [3].

The corresponding evolution time parameter for a jet itatdlaby a heavy quark with energy
E and massn appears in a natural way and reads: Tn (%) , K2 = K2 + Z2m? [3], which for
collinear emission® < 1 can also be rewritten in the form

1
2

kL =2Q, Q=E(0*+067)?, (2.2)

with © > O, (see Fig. 1). An additional comment is in order concernirggA for gluons emitted
off the heavy quark. In (2.2)@ is the emission angle of the primary glugrbeing emitted off
the heavy quark. Now le®’ be the emission angle of a second glignelative to the primary
gluon with energyw’ < w and®” the emission angle relative to the heavy quark; in this dase t
incoherencecondition@? < (©2 4- @2)) together with®” > Oy, (the emission angle of the second
gluon should still be larger than the dead cone) naturadlgdg2.2) to become the proper evolution
parameter for the gluon subjet (for more details see [3]j.@p= 0, the standard AOF < ©) is
recovered. Therefore, for a massless quark, the virtuafithe jet simply reduces tQ = E@ as
given above. The same quantky determines the scale of the running coupliongin the gluon
emission off the heavy quark. It can be related to the anamsadlimension of the process by

o Oslky) 1 I Y O i Qo
Vo (K.) = 2N T RS A) Bo(nf)_4Nc<3Nc 3nf>, )\_InAQCD, (2.3)

wheren; is the number of active flavours amdl the number of colours. The variation of the
effective couplingas asns — ns + 1 over the heavy quarks threshold has been suggested by next-
to-leading (NLO) calculations in th#1S scheme [6] and is sub-leading in this frame. In this
contextfo(ns) will be evaluated at the total number of quarks we consideumnapplication. The

four scales of the process are related as follows,

Q>m>Q~ Aqcps
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whereQg ~ Agcp corresponds to the limiting spectrum approximation [4h&fly, the dead cone
phenomenon imposes the following bounds of integratiomégperturbative regime

R<z< 1—%’, n? < & < E2(@3+©3), (2.4)

which now account for the phase-space of the heavy quark jet.last inequality states that the
minimal transverse momentum of the {@t= EQ,, = mis given by the mass of the heavy quark,
which enters the game as the natural cut-off parameter qieherbative approach.

3. Definitions and notation

The multiplicity distribution is defined by the formula

On
Zn 0 Gn O-lnel n—

whereag, denotes the cross section of aparticle yield processging is the inelastic cross-section,
and the sum runs over all possible values.of

It is often more convenient to represent multiplicity distitions by their moments. All such
sets can be obtained from the generating functi@tslu) [4] defined by

00

Z(y,u) = ZoPn(y) (14+uw)"

at the energy scalg For fixedy, we can drop this variable from tlezimuthallyaveraged generat-
ing functionalZ(u). The average multiplicity is defined by the formula,

Ll ~1dZ(u)
:N_n;Pnn, Po= g | (3.2)

We will compute the average multiplicity (3.2) of partongets to be denoted hereafterids with
A= Q,q,q, corresponding to a heavy, light quark or gluon initiatedgspectively.

Once arrived at his point, let us make an important distimcbietween two different particle
sources populating heavy-quark initiated jets. On the amelhparton cascade from gluon emission
yields the QCD component of the total jet multiplicity (theaim object of our present study),
excluding weak decay products of the leading primary quarthe final stage of hadronization.
On the other hand, the latter products coming from the lepflavoured hadron should be taken
into account in the measured multiplicities of jets. We kHahote the average charged hadron
multiplicity from the latter source aBldC. Hence the total charged average multlpllci’t\y"ta‘,
reads

Ph= Pn = (3.1)

Ntotal NCh—|— NdC © A= a, Q (33)

As a consequence of the LPHRS = 7" x N, [6, 7], where the free parametef °" normalizes
the average multiplicity of partons to the average multipli of charged hadrons. For charm and
bottom quarks, we will respectively set the valié§ = 2.60+ 0.15 andNZ¢ = 5.55+ 0.09 [3, ],
while in light quark jets one expecht{]1 1.24+0.1[9]. In this work, we advocate the use of such
a difference between average jet multiplicities as a sigeab distinguista posterioriheavy from
light quark jets, particularly irb-tagging techniques applied to the analysis of many intieges
decay channels.
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4. QCD evolution equations

The splitting functions
P(z as) = asPO (2) + a2PY(z) + ... (4.1)

whereP(©)(z) andP)(2) are respectively the LO and NLO splitting functions, can bgoaiated
to each vertex of the process in the partonic shoRéz, as) determines the decay probability of a
parent parton (quark, anti-quark, gluon) into two offsgrfpartons of energy fractiorsand 1— z

In this work, we are rather concerned with calculations Wiinly involve the LOP(9)(2) splitting
functions in the evolution equations [4].

rfzé,h

Figure 1: Parton splitting in the proces3 — Qg: a dead conewith opening angle®y, is schematically
shown.

Let us start by considering the the splitting procé3s,> Qg, Q being a heavy quark argithe
emitted gluon which is displayed in Fig.1; the correspogdi® splitting function reads [10, 11]

Ge[L,z g-anf] oo
TN |z 2 K+z2m]’ R

PP (2)

Qg (2) =Py (1-2) (4.2)

wherek, ~ min(zEO, (1 - 2z)EO) is the transverse momentum of the soft gluon being emitted
off the heavy quark. The previous formula (4.2) has the Vathg physical interpretation, for
k. < Z2m?, the corresponding limit readyq(z) — 2C_NFCZ and that is why, at leading logarithmic
approximation, the forward emission of soft and collinehrogs off the heavy quark becomes
suppressed ond® < O, while the emission of hard and collinear gluons dominaidhis region.

For the massless process—+ gg, we adopt the standard three gluon vertex kernel [4, 13]

P (@) =2~ (1-22-21-2) @3)

and finally forg — QQ, we take [10, 11]

22(1—z)n?
k2 +m? |’

which needs to be resummed together with the three gluoaxeadntribution. However, as a first

approach to this problem, we neglect the production of hegark pairs inside gluon and quark
jets, making use of [4, 13]

PO =L 11 212+

= 4.4
9Q AN, (4.4)

Py (2) = P\ (2)lmo = 4—;(: [1-22(1-2)]. (4.5)
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Including mass effects in the evolution equations also irequthe replacement of the massless
quark propagator /&2 by the massive quark propagatof(k? +z2m?) [11], such that the phase
space for soft and collinear gluon emissions off the heawarlquan be written in the form [11]

4200y ~ yg —dz R (2 (4.6)
wherePé )( z) is given by (4.2). Working out the structure of (4.2) andisgtk, ~ zE© one has

e 2 o2
~F { z m 4.7)

"N |z02re2 T 2terrez

The system of QCD evolution equations for the heavy quatlabeid jet is found to read [12]

NC dl\b_ ~, " "~
= el /Y AN SIN(9) — £2(%, L B (INg(¥), (4.8)
ng ?ev 5 . N - o -
). BEENgH) =AY Lm)5 (VNg(¥), (4.9)
where
. B ne (0 G\ v, L ng Cr )| g-2¥+2Lm
A(Y,Lm) = a(ny) [2+2Nc (1 ZNCH e +5 140 Nc 1-23- , (4.10)
with 1 11 2 C
~ m
and i 3 3 )
gV, Ly =1—e2*2n &Y Ly = y ze—Y+Lm g 2/+2m, (4.12)

There are the following kinds of power suppressed corrastto the heavy quark multiplicity: the
leading integral term of (4.8) |§’(”‘2) suppressed, while subleading MLLA corrections appear in
the standard forn@'(,/as) like in the massless case, flnab@(a\/a_s) ando/( 65\/@), which are
new in this context. Massless results can be recovered s#téngm/Q — Qp/Q in (4.10) and
(4.12). For massive patrticles however, these terms arevgbatdéarger and can not be neglected in
our approach unless they are evaluated for much higheriesdtan at present colliders. On top
of that, the corresponding massless equations in the higiggtimit are obtained from (4.8) and
(4.9) simply by setting = y,Y =Y, Yey— Y, Ym— 0, & — 1,

3 3 - C
&= 8=, 5€ Y+o(e®), A-A=alng)— [2+m<1 2NF>} Y+o(e ™),
C C

and are written in the standard form [13]

. d Y 5 d Y ~
S = [ avengm - Eadne). T = [ N - AgNy). @a3)

with the initial conditionNgq(Y = 0) = 1 at threshold. Notice that (4.8) and (4.9) are valid only
for m > Qq and thereforan — 0 does not reproduce the correct limit, which has to be smasth
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given by the massless equations (4.13). Since heavy querkess sensitive to recoil effects, the
subtraction term&l e Y*tm and 0 e 2'+2m in £,(Y, L) diminish the role of energy conservation
as compared to massless quark initiated jets. As a consjstémeck, upon integration ov& of
the DLA term in Eq.(4.8), the phase space structure of thiated quanta reads
~ Cr (% @2de? [1-mQdz <
No(In :u1+—/ 7/ — V6 Ng| (IN2Q). 4.14
Q( Q) N Jo (@2+@%‘)2 m/Q 7 [Vg g] ( ZQ) ( )

Notice that the lower bound ové? in (4.14) {f in (4.8)) can be taken down to “0%g = L in
(4.8)) because the heavy quark mass plays the role of catlima-off parameter.

5. Phenomenological consequences

Working out the structure of (4.8) and (4.9), we obtain thegtodifference between the light
and heavy quark jet multiplicities, which yields,

Ng—No ~ [1_ exp<—2\/%>] Ny, NgO epo\/g. (5.1)

It can be seen that (5.1) is exponentially increasing bexdus dominated by the leading DLA
energy dependence bf,. According to (5.1), the gap arising from the dead cone efhaould be
bigger for theb than for thec quark at the primary state bremsstrahlung radiation offhibavy
quark jet. The approximated solution of the evolution eiguast leads to the rough behaviour of
Ng — Ng in (5.1), which is not exact in its present form. In Fig.2 {Jefve display the numerical
solution of the evolution equations (4.13) fdg and (4.8) foNg corresponding to the heavy quark
mass intervalsn, = 1— 1.5 GeV,m, = 3—5 GeV. Let us remark that the gap arising between
the light quark jet multiplicity and the heavy quark jet niplicity follows the trends given by
(5.1) asymptotically wittE — . Finally, as expected for massless qudrks= 0, the difference
Ny — No vanishes. In this study we advocate the role of mean muliigls of jets as a potentially

L L L L
120 140 160 180 200

L L L L L L L L
120 140 160 180 200 0 20 40 60 80

L L L L
0 20 40 60 80 100 100
Q(Gev) Q(Gev)

Figure 2: Massless and massive quark jet average multiplNgyfor the primary state radiation (left) and
Ng’ta' including heavy quark flavour decays (right) as a functiothef jet hardnes®. Bands indicaten.
andm, in the[1,1.5] and[3,5] GeV intervals respectively.
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useful signature fop-tagging and new associated physics [14] when combinedotlithr selection
criteria. In Fig. 2 (right), we plot as function of the jet daesQ?, the total average jet multiplicity
(3.3), which accounts for the primary state radiation off Heavy quark together with the decay
products from the final-state flavoured hadrons, which wet@duced in section 3. For these
predictions, we set? " = 0.6 in (3.3), andQg ~ Nocp = 230 MeV [4]. Moreover, the flavour
decays constant§g¢ = 2.60+ 0.15 anngC = 5.554+0.09 are independent of the hard process
inside the cascade, such mgc can be added in the whole energy range. For instance, such
values were obtained by the OPAL collaboration atZAepeak of theete~ annihilation. In this
experiment,D* mesons were properly reconstructed in order to provide Emgd events with
varying ¢ and b purity, such that it became possible to measure light angyhgaark charged
hadron multiplicities separately [8]. As compared to therage multiplicities of the primary state
radiation displayed in Fig. 2 (left), after accounting kbﬁc, the b quark jet multiplicity becomes
slightly higher than the quark jet multiplicity, although both remain suppressedduse of the
dead cone effect.

6. Conclusions

Thus, our present work focusing on the differences of theageecharged hadron multiplicity
between jets initiated by gluons, light or heavy quarks dantleed represent a helpful auxiliary
criterion to tag such heavy flavours from background for ggdhes<Q = 40 GeV. Notice that we
are suggesting as a potential signatureahmosterioricomparison between average jet multiplic-
ities corresponding to different samples of events wheheratriteria to discriminate heavy from
light quark initiated jets were first applied. Fig.2 (rigifpinly demonstrate that the separation
between light quark jets and heavy quark jets is allowed alzofew tens of GeV with the fore-
seen errors of the experimentally measured average nicitigd of jets. The difference between
light quark jet multiplicities and heavy quark jet multigiies Ny — Ng in one jet is exponentially
increasing because of suppression of forward gluons inrigalar region around the heavy quark
direction. This result is not drastically affected aftec@anting for heavy flavour decays multi-
plicities, such that it can still be used as an important atigre forb-tagging and the search of
new physics in a jet together with other selection critefidntice that the measurement of such
observables require the previous reconstruction of jetadton colliders [15].
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