Charged particles produced in quark and gluon
jetsin proton-proton collisions
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Abstract. We investigate whether and how different fragmentatiompprties of quarks and gluons
affect identified particle spectra. We present a systensitidy of i, K and p production in
minimum bias (inelastic, non-diffractive), two- and thije¢ events at RHIC, Tevatron and LHC
energies. Through the study of two- and three-jet eventyvaridus jet-production channels we can
directly access the fragmentation properties of quark &nahgets. We present MC estimate for the
contribution of quark and gluon jets to individual partisigecies spectra, that can be compared to
experimental results and test our current knowledge of llysips behind particle production inside
jets.

Keywords: Quarks, gluons, jets, experimental study, fragmentagiartjcle spectra
PACS. 12.38.Qk

INTRODUCTION

Jets are produced in hard scatterings of partons of caljigerticles. Emerging from
the early stages of collisions they are ideal tools to studgl fstates, hadronisation
processes and hadron production. Such questions can lesaddthrough investigation
of fragmentation properties of quark and gluon jets in défe event shapes (2- or 3-
jet) and jet-production channels.

Quarks and gluons carry different color factors. Gluoniearcolour factor ¢ = 3
and quark carries colour factoEC=4/3.
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The colour factors are proportional to the probability thaparton radiates a soft
gluon. Colour factor of a gluon is more than two times larg@ntthe one of a quark in
asymptotic limit ofQ? — . This means, that gluons branch more easily and form higher
multiplicity jets. Thus, gluon jets are expected to be beyaalith softer fragmentation
function than quark jets [1], [2]. Apart from overall diflmmces, the individual partons
are expected to contribute differently to the yields of sfpebadrons. Namely, gluons
enhance baryons in an event, whereas quarks contributéytameson production [3].
In the following, we show how gluon contribution to hadroresfra changes with
collision energy, moreover, that this contribution is doamt for protons. In the case of
2- and 3-jet events, we show that additional hard gluon texhidnas an effect of 20%
- 40% to the relative proton production. The presented MQyarsis an extension of



multiple jet studies [4]-[8], with the perspective of imgdition in the future experiments
at LHC, which have good particle identification capabistig to high momenta.

The data were simulated using PYTHIA event generator [Ohilite settings of
Perugia-0 tune [10]. Three types of data-sets, were crdategach collision energy
- 200 GeV, 1800 GeV and 7 TeV including pure gluon (GG), purarguQQ) and
mixed (QG) jet event production. Every sample contains 300 évents. Separating
the production channels, we were able to see the partonefypet on single hadron
spectra. Additionally, as a reference, three respectivermum bias (MB) samples were
generated, each containing 1M events.

In order to study particle production in different eventpbs, we selected 2- and 3-
jet-like events based on the so called thrust variablg]. Events withT smaller than
0.9 were treated as 3-jet-like, events with higher valuesjas-Bke. This separation was
earlier proposed for multi-jet analysis at LEP [11]. Addrtally, we applied a jet finding
algorithm in order to see how are the particle spectra in 8-3ajet events affected by
an experimental jet definition. The effects of GG, QQ and Q&lpction channels were
studied viap+ p/K™ + K~ (p/K) andp+ p/mr" + i (p/m) ratios.

P/t AND P/K RATIOSIN SELECTED PRODUCTION CHANNELS
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FIGURE 1. p/m (left panels) and p/K (right panels) for various productadrannels; GG (blue trian-
gles), QG (magenta triangles), QQ (red triangles) comptredl production channels (black triangles)
and MB (green circles). A{/s= 200 GeV ratio is compared to STAR data [12]

At first we examined the separate contributions of indivigeiaproduction channels
to the whole spectra (see Table 1) and to thregid p/K ratios (Fig. 1).

In the case of jet sample generation, we have taken into atdbat the cross section
for jet production varies strongly with jet energy. For théason, the jet sample was



TABLE 1. Integrated fraction of jet events in MB production (sec-
ond column) and fraction of various production channeldaioed in
a jet production. In the last column; the fraction of 3- ovgePevents.

VS[TeV] Jet/MB  GG/Jet QQ/Jet QG/Jet  3-Jet/2-Jet

0.2 01% 17.7% 27.3% 55.0% 4.0%
1.2 342% 49.7% 76% 427% 11.0%
7.0 95.0% 60.0% 53% 34.7% 18.0%

generated in threph bins (P2 = {1550 GeV/c,50— 100 GeV/c, 100 GeV/c <
1), where p?ard is the transverse momentum of the partons in the rest frantbeof
interaction. After proper cross section scaling, the ahp‘]ﬂard samples where merged
into one.

From Tab 1 we see, that the fraction of jet events contrilgutinthe MB spectra rises
with energy, furthermore, jet sample becomes gluon dorathat

For both pft and p/K, in the 2- 6 GeV/c region, the ratio is the highest for GG
events. Specifically, pr ratio reaches values between0.25— 0.3 and p/K ratio rises
up to~ 1. The combined ratio for all channels and the GG ratio geseslavith collision
energy (Fig. 1), demonstrating the gluon dominance in thepéa This behaviour
can be connected to how protons are formed within the poptagmentation model
in PYTHIA [9], [13]. Observing the ratios experimentally rcaontribute to further
understanding of particle production mechanisms.

The MB points seem to prefer the region between QG and QQ vasspecially in
the region above 3 Gel¢, where hard scattering becomes important. The MB ratésris
with collision energy towards QG value.

There is another point to Fig. 1 that is important to menti@ning from 200GeV
to 7 TeV we are leaving the quark dominated region and entering anglieminated
one (see Tab. 1). Thus, one would expect the ratio to riseasiftson energy, however,
this is not the case. Instead, the combimat ratio stays rather same, whereas the GG
value decreases. Such a behaviour may be the result of thehCthat is based on past
experimental tests, in which the quark and gluon produatitamnels were not treated
separately. This point stressses the importance of stgdyiark and gluon jets for MC
tuning purposes.

In Fig. 2 we see the GG channel contribution to the jet spdotrandividual hadrons
as it changes with hadron momentum and collision energy.cbméribution weakens
with momentum and rises with collision energy (also seedabl The highest contri-
bution from the GG channel belongs to protons, which complasFig. 1.

PARTICLE RATIOSIN 2- AND 3-JET LIKE EVENTS

In the second part of our investigation, we focused on howrdti@s change in the
presence of additional hard gluon radiation, i.e. in 3-jgrgs. This was done in two
ways. First we distinguished between different event slhigpeg the thrust variable and
then we applied jet-finding algorithm.
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FIGURE 2. GG production channel contribution to all production chelsrfor individual particle
spectra.

Thrust variable application. In Fig. 3 we plot the p/K and pr ratios for 2- and 3-
jet like events. The hard gluon radiation, present in 3ijat Events, causes an excess
in proton spectrum w.r.t pion or kaon. The effect being sgerfor pf. This is true for
regions below 6 GeYt, where increase is up t840% for pfrand up tox 20% for p/K.
The enhancement, caused by hard gluon radiation, in theidhil spectra originates,
as mentioned in section , in the fragmentation model useuimiRY THIA.

Hard gluons causing the effect observed in Fig. 3, carry thallest momentum in
the jet-system. Thus, they contribute to particle specti@weer pr. This can explain the
vanishing of differences between 2- and 3-jet-like evehts/a 6 GeVc.

Jet-finding algorithm application. In order to see the effect of jet-finding algorithm
we ran so called anti-kT algorithm on the events. Detailsualtioe algorithm and the
problematic of experimental jet-finding can be found in [&4Y references therein. The
jet size inn — ¢ space was set to.9 and only jets iNn| < 0.5, with at least three
charged particles were accepted.

Figure 4 shows/mand p/K ratios for two- and three-jet events at 1800 GeV and 7
TeV. We see that after jet reconstruction, the ratio valw&isen compared to Fig. 3.
However, the differences between two- and three-jet exaetaot as pronounced.

A jet is defined by the parameters that make up the input of-An@ing algorithm.
This procedure thus creates merely an approximation oftieget. True jet may extend
beyond our experimental jet definition through interactioth the underlying event. A
fact that must not be omitted when studying the particle spegside jets.

DISCUSSION

We presented a MC study of hadrons produced in hard scajsenmproton-proton
collisions. Through the investigation of p/K andmpratios in different jet-production
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FIGURE 3. Top panels: pit (blue) and p/K (red) ratios for all production channels $peun. Bottom
panels: (3-jet ratio)/(2-jet ratio).

channels we were able to see if and how the differences inatie values reflect the
different fragmentation properties of quarks and gluonsn&sally, we observed that
gluon contribution to jet spectra rises with energy (seeeldh, and it is highest for
protons (Fig. 1, Fig. 2).

When comparing 2- and 3-jet like events, we saw that additibard gluon radiation,
which is present in the 3-jet case, causes an enhancementanspectrum w.r.t pion
(up tox 40%) as well as kaon (up te 20%) (Fig. 3). However, the differences are not
as pronounced after jet-algorithm application.

To conclude, the differences in particle production in tidividual production chan-
nels (GG, QG and QQ) as well as 2- and 3-jet events are praséme midpr region
(2—6 GeV/c) and are directly connected to the fragmentation model ursBYTHIA.

In this sense, the presented study suggests methods tdigatedragmentation in an
experimentally interesting momentum region for this kiiduoalysis.
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FIGURE 4. Top panels: pit (blue) and p/K (red) ratios for jets reconstructed using-kntet-finding
algorithm. Bottom panels: (3-jet ratio)/(2-jet ratio).
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