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Figure 1: Parton level processes of top production at LHC considerékis paper: a) dominatit produc-
tion in the gluon-gluon fusion; b) s-channel single top prctibn; ¢) t-channel single top production; d) twW
production.

1. Introduction

Top physics is one of the most popular topics now, since LHC can be gsadogp-factory.
The unique characteristics of the top quark like large mass, short life-timesaexclusive decay
to b and W, allow us to to use top events for direct verification of pQCD. &hes many tests of
QCD based on measurements of jets, high transverse momentum particleeanshapes. But,
usually in the final step we need some fragmentation model to simulate partorromgaansition.
It was shown in previous works [1]-[4], that measurements of avechgrged multiplicity in a jet
(especially jet produced in heavy quark decay) can serve as a@itesisof pQCDndependent
on a fragmentation modelAuthors considereé™ e~ annihilation with heavy quark production.
There are some useful properties of top production in the progess — tt. First of all, we
can assume independent fragmentation of final on-shell top quarks.isTanalogous toV W~
production, which was confirmed experimentally [5],[6]. In this ctisgystem is a color singlet.
And heaviness simplify much theoretical calculations. Using numbers of primaitiplicies,
phenomenological gluon multiplicity fixed by low energy data and pQCD calculsitibis possible
to estimate average charged multiplicity in top events.

2. Modd

The model used in this section is analogous to the one presented in [1].wderensider
processes of the typge+ p — tt 4+ X or p+ p — t + X (see Fig. 1). The basic formula for inclusive
production of the systerl in the collinear approximation looks as follows

d0pp-mx(9) _ dGij—m

dx dxpd Dy %fi(xl)f"(x” Ay

(X1X2s, {Pwm}), (2.1)

where fi(x) is the probability to find partom (quark, anti-quark or gluon) with the longitudinal
momentumx,/s/2 in a proton. Renormalization and factorization scales are hiddénaind &.
Here M is the system of different final states liketb, tg, tW, which corresponds to different



Hadron multiplicity induced by top quark decays at the LHC Roman Ryutin

mechanisms of the inclusive top production at the LBXOncludes beam remnant¥yean) and
also the secondary radiation induced by color interactions insideyy) plus possible interac-
tion between M and beam remnand§( pear), if M is not a color singlet. Variableg; » are
fixed in every separate event and can be calculated experimentallyllyuggasum in (2.1) can
be approximated by a single factorized term which includes parton distrilsutiartiplied by
the amplitude squared of parton-parton cross-sectignsg — tt + Xy (dominates at the LHC),
q+q — W* — tb+Xu, b+q— tq + Xu, b+g — tW + Xy, whereq, ¢ denotes corresponding
light quarks. For our purposes it is enough to consider initial parton amilésinstead of pp pro-
cess, since we have to calculate only the charged hadron multiplicity &f flasXy in a separate
event. Complications concerningeamandXy_peamare discussed beloviXy, comes from virtual
gluon radiation.

For the average multiplicity of hadrons M + Xy we have:

d*k
(2m)*

2
(@K ke k) L. 22)

Ni 4 x,, (Q%) = M+ Ny = Ny +/

Nin.gIA - .
M(Q?, K2, ke, kep) = (—g"") Gap [ rl d”“(qi,n)éabi] xMEEE (01,6, K),  (2.3)

KHTIED (c1, 0, k) = O (see [9]) (2.4)

dhy () =i dy' (k)/(K+i0) , (2.5)
Pi 10 0i o0 2

P9 (g n) = pogro _ e AT TTGT T g g

d?%(qi,n) )\221725(0;)\50);/\ g+ an qn2q' q - (2.6)

Herel‘lgz}};;ibv(ql,qz,k) can be calculated in the first order in the strong coupling constant as the
amplitude squared of the corresponding process With= g normalized to the total rate of the
process withouy, Ning. = 0,1,2 is the number of initial gluonsy; > are momenta of initial
partons,s(‘i));/\ Gip =0, o? = 0, nis an appropriate four-vector in the corresponding procéss)
and(&,b’) denote color indices, ar@ = /(01 + gz)? is the energy of colliding partons. Concrete
form of the functionl for different processes can be found in [10].

The termny in Eq. (2.2) is the multiplicity from the fragmentation of leading particles in the
final state. For example, in the process g — tt + Xy (see Fig. 1ajy = ng = 2n,, wheren
was calculated in [2]. In other processggis appropriate combination of multiplicities which are
taken from the analysis of data and pQCD calculations:

n! = ny(t — hadron$ = 41.03+0.54, n- = ny(t — vy + hadrong = 21.9+0.53[2], (2.7)
nw(W — hadrong = 19.34+0.10[2], nc = 2.6, np = 5.5[7], nq = 1.2[8]. (2.8)

The dimensionless quantity(k?) describes the average multiplicity of hadrons in the gluon
jet with the virtualityk?. It is gauge invariant and depends only on the virtuadfty This quantity
cannot be calculated perturbatively. It is usually assumed that thegavlealron multiplicity is
proportional tong(kz,Q%), i.e. the average multiplicity of (off-shell) partons with the “ma&¥
(the so-called local parton-hadron duality):

ng(kK?) = ng(K?, Q3 K(Qf) , (2.9)
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whereK(Qg) is a phenomenological energy-independent factor. The QCD evolujioatien for
ng(k?,Q3) is derived in [1]. We use the “conventional standard” vag= 1 GeV for further
numerical calculations.

In this paper we will use two phenomenological expressions (to estimatetioaduncertain-
ties) forng which can be found in [1]:

k2
(0.93GeV)2’

K2

1.63, /I
Ny (k%) = 3.89+0.01e “(<°-87Gewz), NG (k%) = 4.21+0.012Ir? (2.11)

whereNj(k?, Q3) is the average multiplicity from the gluon jet whosietuality p? varies up to k.
Very oftenNg(k?) is erroneously called the average multiplicity of the gluon jet iited virtuality
k2. This meaning should be addresseagtk?) only.

3. Numerical results

In this section we consider numerical results for average charged multiplisitiéferent
processes of top production at the LHC. Below we consider the phase sghen final jets have
low transverse momentum cu®s and the final gluon jet can not be experimentally separated from
one of final quark jets (i.e. gluon jet lies within the cone gs> R= 0.9, wherethetgq < 0.45
is the angle between the gluon and quark jets).

Let us begin with the inclusivet production (Fig. 1a). The total cross-section of the inclusive
procespp — tt + X is about 833 pb at 14 TeV. In this article we consider only the gluon-gluen f
sion mechanism of this process since at LHC it is dominant. Numerical valubi§-ire shown on
the Fig. 2. Here and below theoretical errors are estimated by the use dfffarent parametriza-
tions (2.11) for the hadronic multiplicity in a gluon jet. The average charged niaityan different
decay modes (hadronic, semileptonic and leptonic) can be calculated agsfollo

NtrtLﬂhadrons(Q) = 2ntH + N[%(Q)v I\ltrtlﬂl\ﬁ+hadrons(Q) = ntH + ntL + N%(Q),
I\ltrt]_—)l+|*v|\7|+hadrons(Q) = 2ntL + Nt%—(Q) (3-1)
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Figure 2: tt_produption. Multiplicity.Ng—versusQ for different cuts of jet transverse momenta. Top-down:
R > 10GeV — R® > 30GeV — B/® > 50GeV.
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As you see on the Fig. 2, the energy dependendsfaik visible. In this work we assume that
color reconnection aft and beam remnants is small due to the strong suppression of this processes
with high transverse momentum transfer (typical jet transverse momentua et LHC is about
20-40 GeV). Alsa andt fragment independently after the interaction insidettrsystem. It looks
similar to the process aV*W~ fragmentation irete~ annihilation. The effect of possible color
reconnection was investigated by comparing hadronic multiplicities@r — W W~ — qq qq
andete- — WHtW~ — qqlv;. No evidence for final state interactions was found by measuring
the difference< nﬂq >-2< ngqlg > [5],[6]- The values for average charged multiplicities can be
compared with the present LHC data on the inclusiyeroduction.
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Figure 3: S-channel single top production. Multiplicit;l;%(Q) versusQ for different cuts of jet transverse
momenta. Top-dowrB'®' > 10GeV — B > 30GeV — B/® > 50GeV.

The case of s-channel single top production (Fig. 1b) is close te'tee one, since the final
state is aresult &V decay, i.e. color singlet. That is why we have no color reconnection wimbe
remnants. However, the cross-section of this process is rather smatlit(ab pb at 14 TeV), and
the experimental task on the extraction of the multiplicity looks more difficult thanetample,
in t-channel single top ait production. Numerical values f(thB are shown on the Fig. 3. The
average charged multiplicity in different decay modes can be calculatedl@asd

Nthbfﬂhad rons,(Q> = ntH + Mo+ Nt%(Q)’ NthEHI \7|+hadrons(Q) = ntL +Np+ Nt%(Q> (3'2)

The energy dependence is not so strong as in the previous caseqsee F

The process of t-channel single top productipm— t 4+ X has higher rate (about 245 pb at
14 TeV) than the previous one, but we have to make the same assumpticasniog fragmenta-
tion and color reconnection processes ait production. Here results for the parton level process
(Fig. 1c) are presented. Numerical valueslﬂ%r/ are shown on the Fig. 4. The average charged
multiplicity in different decay modes looks as follows

Ntr(]q’ﬂhadron4Q) = ntH + nq + N%'(Q)v Ntrgq’ﬂl\ﬁ+hadron5§Q) = ntL + nq + Nt%/(Q) (3-3)

As you can see on the Fig. 4, the valud\lgj/ is rather small in the wide kinematical region, and
energy dependence is not strond.is important for the estimation of the multiplicity from
beam remnants plus color reconnection effects, since valuesy', n-, nq are fixed by previous
measurements armg,(Q) < ny. From this point of view the t-channel single top production looks
the most interesting process for the multiplicity measurements.
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Figure4: T-channel single top production. Multiplicii)ltg,(Q) versusQ for different cuts of jet transverse
momenta. Top-dowr®'® > 10GeV — P'® > 30GeV — P® > 50GeV.
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Figure 5. tW production. Multiplicity l\lt?,\,(Q_) versusQ for different cuts of jet transverse momenta.
Top-down:R® > 10GeV — B'®' > 30GeV — B/® > 50GeV.

tW production has intermediate cross-section of the order 62 pb at 14 Ta ids between
s- and t-channel single top production rates. Probably, specific signaftthis process would help
in the measurements proposed in this work. Numerical valueslﬁ/prare shown on the Fig. 5.
The process ofW production (Fig. 1d) has 3 decay modes. The corresponding avenagged
multiplicities are

I\lttclVHhadrons(Q) = ntH +w + th\JN(Q)y I\I'RNH(W)I\Z+hadron4Q) = ntH + th\]N(Q)a
Ntr\]/V—>I+I*v|\7|-»-hadrons(Q) = ntL + th\JN(Q) (3-4)

The energy dependence is also visible and can be used to test QCD taathsula

4. Discussions and conclusions

It is proposed to extract average charged multiplicity of hadrons in "tdadtjets" in single-
top and top anti-top events. At LHC the experimental situation is more difficuit tha"e~
annihilation, since jet partons can interact with beam remnants, but: a)harsiel single top the
situation is similar tee™e~ (W* is a color singlet); b) in other processes we can take jets with high
transverse momenta, and such interaction will be suppressed; c) multipligtieg, n, nq are
fixed from previous calculations and data fitting at low energiesl,\l,@;l)are calculated in QCD,
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whereN, are independent on a fragmentation model and fixed by data fitting at logiesé_ocal
Parton-Hadron Duality).

There are important tasks that could be solved by multiplicity measurements:t {Q @&
calculationsindependently on fragmentation models, to check independent fragmentation of
heavy quarks, to check parton-parton C.M. energy dependeneaadmmultiplicities, to estimate
multiplicity from beam remnants plus from color reconnection effects in t-ohhsingle top for
further use in other processes. We can calculate also the diffefidgg= No — Nq to cancel
effects of color reconnection and beam remnants.

The final experimental task is to extract number of tracks in jets which a@uped in top
guark decays. To estimate experimental efficiencies and dependeadeagmentation model we
can use any MC generator for top production. At the same time with the topfeamsstruction
procedure (in hadronic mode) we could extract number of tracks whighhaluded into hadronic
cluster from single top or top anti-top decays. At the moment we have a dwotte to make the
new independent test of QCD by the use of recent LHC data at 7 Te®r ©xperimental aspects
of such measurements will be discussed in futher works.
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