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Abstract In proton-proton (p+p) collisions at
√

S=200GeV , it is found that the previously observed universal

shape of transverse mass spectra of hadron production seems to break down into two species of baryons and

mesons at higher transverse mass region. In order to understand the underlying physics mechanism, a Monte

Carlo study is done using the PYTHIA event generator. The simulation results demonstrate that this difference

exists not only within string fragmentation scheme but also within independent fragmentation scheme, and

comes primarily from gluon jets within string fragmentation scheme at RHIC energy. The new introduced

physics mechanisms in PYTHIA version6.3 indicate that the complicated string junction may contribute to

this splitting effect between mesons and baryons.
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1 Introduction

The interaction processes in p+p collisions can be

roughly categorized into two dominating mechanisms,

soft and hard processes. The soft process populates

the low momentum region of the particle spectra (the

underlying event), while the high momentum region

is dominated by hard process described by fragmen-

tation as in the leading order models
[1]

. Interest-

ing enough in the transverse mass (mT) spectra, ob-

served in p+p collisions at both ISR energies (20 6
√

S 6 63GeV)
[2, 3]

and RHIC energy (
√

S=200GeV)

as shown in Fig. 1
[1]

, is that the change trend of

mesons is distinctly different from that of baryons in

the up mT region. It is clearly seen from Fig. 1(a)

that the mT spectra of identified particles have simi-

lar shapes, but their yields are quite different. How-

ever, a set of scaling factors (summarized in Table 1)

may be introduced to bring the spectra onto a single

curve in low mT region, (∼1GeV/c2) as in Fig. 1(b),

but there exists a clear splitting effect in the region

above mT ≈ 2GeV/c2. The meson spectra appear to

be higher than the baryon spectra with as much as

an order of magnitude difference around 4.5GeV in

mT
[1]

. In order to further understand the underlying

physics and hadron production mechanism in these

p+p collisions behind the scaling factors listed in Ta-

ble 1, simulation study is performed at
√

S=200GeV

using PYTHIA version6.3
[4]

and version6.2
[5]

respec-

tively.

Table 1. A summary of scaling factors applied

to the mT spectra in Fig. 1(b).

π k p Λ Φ

scaling factor 1.0 2.0 0.64 0.2 3.43

In section 2, mT spectral shapes and the yields of

identified hadron spectra from PYTHIA simulation

are studied and the effect of different fragmentation
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schemes in the high mT region is compared. In sec-

tion 3, different result from PYTHIA v6.2 and v6.3,

and the new physics mechanism indicated in v6.3 are

discussed. Conclusion will be given in section 4.

Fig. 1. Comparisons of (a) un-scaled and (b)

scaled mT spectra from p+p collisions in

STAR and PHENIX at
√

S=200GeV. π, K, p

spectra are from Ref. [6,7], while the PHENIX

π
0 spectrum is from Ref. [8]. In the right

plot, the superimposed dashed (real) line is

the π(p/p) spectrum scaled by 0.4 (0.5) from

simulation, which show the consistencies with

experimental shapes of meson and baryon

spectra respectively. (a) mT spectra in mid-

rapidity (|y| < 0.5) for π, K±, ρ, p(p), Λ, Ξ.

(b) mT spectra in mid-rapidity (|y| < 0.5)for

π, K±, ρ, p(p), Λ, Ξ after scaling.

2 Simulation with different fragmen-

tation scheme

The PYTHIA is commonly used for event gen-

eration in high-energy physics. It introduces sev-

eral fragmentation mechanisms to describe the out-

going quarks and gluons: string fragmentation (SF)

scheme, independent fragmentation (IF) scheme and

some other fragmentation mechanisms. Both SF and

IF mechanisms are used in this study. A compari-

son between simulation and experiment was made to

ensure validity of the simulation. The superimposed

dashed (solid) line in Fig. 1(b) are the scaled mT spec-

tra of pion (proton) from simulation of PYTHIA v6.3,

which are consistent with what obtained from exper-

iment, therefore the PYTHIA simulation is suitable

in this mT-spectra shape study.

2.1 String fragmentation (SF)

Figure 2 shows the results of PYTHIA simulation

within SF scheme according to the final state parton

content. As we know, there are six modes in the hard

process, which are (1) qiqj → qiqj, (2) qiqi → qkqk,

(3) qiqi → gg, (4) qig → qig, (5) gg → qkqk and

(6) gg→ gg. In Fig. 2(a) only the events from quark

jets in the final states are chosen by setting param-

eters MSEL=0, MSUB=11,12,53, MSTP (33)=1,

and PARP (31)=3 (namely K=3 instead of the de-

fault K=1.50 ), which is a common factor multiplying

the differential cross section for hard parton-parton

processes in the model and is expressed to the Next-

to-Leading Order in PYTHIA. In Fig. 2(b) only the

events from gluon jets in the final states are chosen by

setting parameters MSEL=0, MSUB=13,68, and

K=3. In Fig. 2(c) the events from both quarks and

gluons in the final states are chosen by setting param-

eters MSEL=0, MSUB=28, K=3, while in Fig. 2(d)

all the processes are contained by setting MSEL=1

(default). Particles selected in the simulation are π
±,

K±, p(p), Λ and Ξ−. All the particle yields are scaled

to the pion’s at the point of mT = 1.25GeV/c2 using

the same scaling method as in Ref. [1].

In Fig. 2(a), only a weak mass splitting in the high

mT region is observed, while in (b—d) more obvious

splitting meson and baryon bands are seen, and the

band of mesons is above that of baryons. This phe-

nomenon could reflect the fact that the fragmentation

process could endow more momentum to a produced

meson than baryon as meson and baryon have dif-

ferent quark contents. The formation of a baryon

requires the creation of a di-quark pair, which is sup-

pressed by 10 comparing with that of a quark pair.

The weaker splitting effect of (a) comparing with (c—

d) demonstrates that the splitting effect is mainly at-

tributed to gluon jets.

2.2 Independent fragmentation (IF)

Figure 3 shows the results of PYTHIA within IF

scheme based on final state parton content. The same

scaling method as above is used. Some parameters

are changed as following: MSTJ(1)=2 (choice of IF

scheme), MSTJ(2)=3 (a gluon is assumed to frag-

ment like a pair of u, d or s quark and its anti-quark),

MSTJ(3)=5 (only flavor is explicitly conserved).

The splitting also exists in the IF scheme, but a

bit different from that in the SF scheme. The splitting
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Fig. 2. mT spectra from PYTHIA v6.3 with SF scheme & K=3 scaled at 1.25GeV/c2 for the final states of

different parton.

Fig. 3. mT-scaling results are from PYTHIA v6.3 with independent fragmentation and K=3, and each spec-

trum is scaled at 1.25GeV/c2 . The final state parton contents on each plot are the same as those in Fig. 2.
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between mesons and baryons is significantly larger

than that in SF, and clearly appears in the processes

of both quark and gluon final states.

Within the IF scheme, there is no unique recipe

for how gluon jet fragmentation should be handled.

A gluon jet is assumed to fragment like a pair of u, d

or s quark and its anti-quark, sharing the gluon en-

ergy according to the Altarelli-Parisi splitting func-

tion, i.e. f(z)∝ z2+(1−z)2. Therefore, all processes

contribute to the final states equally. Besides, as di-

quarks excited from single quark are less than those

from quark string, the splitting phenomena are more

distinct than those in SF scheme.

3 The new physics introduced in

PYTHIA v6.3 comparing with v6.2

In order to further understand the new physics of

above splitting phenomenon, different PYTHIA ver-

sions are compared within SF scheme. Since the non-

trivial interplay between multiple parton-parton in-

teractions and initial-state parton showers are con-

sidered in the new version v6.3, an extended model

for multiple interactions (for underlying events and

mini-bias)
[9]

and a newly developed model, i.e. inter-

leaved model
[10]

(for pT-ordered initial- and final-state

parton showers) are introduced. To find out the in-

fluence and contribution from these new models, the

processes of p+p collisions at 200GeV are simulated

again using PYTHIA v6.2. Shown in Fig. 4 are the

mT spectra which demonstrate a negligible splitting

effect in v6.2.

From Fig. 4§it can be seen that within the same

SF scheme the results from different version (v6.2

and v6.3) are quite different. The new model intro-

duced in v6.3 to improve the underlying event (in-

cluding multiple interaction and beam remnants) al-

lows more than one valence quark to be kicked out,

and also takes into account the fact that sea quarks

come in pairs. Therefore the beam remnant structure

and color flow topologies can become quite compli-

cated, and the so-called string junctions, e.g. junc-

tion fragmentation, are handled in the v6.3. For in-

stance, if two valence quarks have been knocked out of

the same baryon in different directions, there will be

three quarks being knocked out from the same baryon

in different directions, which are widely separated in

momentum space, two of them may not naturally be

collapsed to form a di-quark system, so the number

of di-quark is decreased. But in the old model imple-

mented in the v6.2, technical limitations in the way

the fragmentation was handled made it impossible to

address such remnant systems. Consequently, it is

impossible to associate beam remnant with the split-

ting effect between mesons and baryons in PYTHIA

v6.2.

Fig. 4. mT-scaling results from PYTHIA v6.2 with K=3 (other parameters are default). These events with

the final states of gluon-gluons or all processes are simulated. No clear splitting phenomena are seen as

comparing with that from PYTHIA v6.3.
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4 Conclusion

We have presented a simulation study of the

mT spectra for
√

S=200GeV p+p collisions using

PYTHIA. In order to understand the splitting effect

between meson and baryon observed in RHIC data,

different fragmentation models (SF and IF scheme)

are tested in the simulation study. Both fragmenta-

tion schemes demonstrate similar splitting effects be-

tween mesons and baryons at high mT region. The SF

passes an information that the contribution to mT-

spectra from p+p collisions at RHIC energies may

come primarily from gluon jets, but IF does not as

in it the gluon fragments into a pair of quarks. Due

to the different fragmentation mechanism, the pro-

duction of di-quarks from IF should be less than that

from SF, thus the mT-spectra within IF show more

clearly splitting effect than that within SF.

However, within the same SF scheme different

versions (v6.2 and v6.3) of PYTHIA give different

results. The splitting effect between mesons and

baryons clearly seen in the new version v6.3 disap-

pears in the v6.2. The reasonable explanation might

be that a new and sophisticated model considering

the multiple parton interactions is introduced in v6.3

and junction fragmentation is handled, which make

more valence quarks kicked out at the same time,

and reduce the production of di-quark. Therefore,

the splitting effect is aroused in the v6.3.
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