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1. Introduction

This conference proceeding is based on work carried out by the author in collaboration with
Peter Skands [1], Torbjorn Sjostrand [2] and Christian Bierlich [3], respectively. The respective
publications contain more information on each individual topic, and this is mainly intended as a
short summary.

The start of the LHC sparked a renewed interest in Colour Reconnection (CR). This is mainly
due to two observations: firstly, the A production rate is observed to be significantly above the
expected one [4, 5]. Secondly, flow-like effects are observed not only in heavy ion collisions
but also in pp collisions [6]. Several new models have then been developed [1, 7, 8]; all capable of
describing the A production. This paper will predominantly focus on a new CR model implemented
in PYTHIA 8 [9]. The main extension in the new model is the inclusion of junction structures, which
naturally leads to a baryon enhancement, which can explain the A enhancement.

Another important point is not only to suggest new models, but also to consider good observ-
ables to test these models. Due to the postulated jet universality between e*e™ and pp colliders,
the A enhancement should be due to physics at pp colliders which can be neglected at e e~ collid-
ers. The key observation that most models rely on is the increased final state activity present at pp
colliders, which then alters the hadronization (either through CR or by directly changing hadroniza-
tion probabilities). An obvious observable is therefore to consider identified hadron production as
a function of the final state activity, which can be related to the charged multiplicity. Exactly this
will be presented for several models in section 3.

The major interest has lately been on pp colliders for natural reasons, but CR also affects e e~
colliders. Even though the effects are much smaller, the cleaner environment may allow potential
large constraints on new CR models. It will at least provide another handle to probe CR effects.
CR was already studied at LEP, but no final conclusions could be drawn due to limited statistics.
With a new e*e™ collider in the future, it will be possible to get significantly more statistics and
thereby also a much better handle on CR. It also opens up for observables not considered at LEP,
for instance the mass measurement of the W boson in the fully hadronic channel can then be used
a measurement of CR. The uncertainty from CR should also be included as soon as the final state
contains hadrons, especially given the high expected precision.

The paper is structured as follows: in section 2 a short overview of the CR model is presented.
This is followed by first results at pp colliders (section 3) and then eTe™ colliders (section 4).
Finally, a summary and outlook is presented in section 5.

2. The new CR model

The new CR model in PYTHIA is applied just prior to the hadronization. It takes the leading-
colour (N, — o) strings and transform them to a different colour configuration based on three
principles: firstly the SU(3) colour rules from QCD determine if two strings are colour compatible
(e.g. there is only a 1/9 probability that the top configuration of fig. 1 can transform to the left
configuration purely from colour considerations). Secondly a simplistic space-time picture to check
causal contact between the strings. Finally the A measure (which is a string-length measure) to
decide whether a possible reconnection is actually favoured. Since the model relies purely on
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Figure 1: Sketch of how two gg dipoles (top) can be reconnected to different colour topologies
(left and right). The right connection gives rise to a double junction, which in turn will produce
baryons. Notice that the placement of the pairs differs in the junction figure.

the outgoing partons, it is applicable to any type of collision. The main extension compared to
the other CR models in PYTHIA is the introduction of reconnections that form junction structures
(fig. 1). From a pure colour consideration the probability to form a junction topology is three times
larger than an ordinary reconnection. The junction will introduce additional strings, however, and
it is therefore often disfavoured due to a larger A measure. Given the close connection between
junctions and baryons, the new model predicts a baryon enhancement. It was shown to be able to
simultaneously describe the A production for both LEP and LHC experiments, which neither of the
earlier PYTHIA tunes have been able to do.

3. Comparison to pp data

The natural first observable to consider is A/K? production (fig. 2). The new model does a
significantly better job at describing this observable, especially in the mid-p, region between ~ 1 —
3 GeV. It should be recalled that the new model is tuned to get the overall amount of A particles
correct. The high-p, tail is still not well described and is an area which would be interesting to
study in more detail. However, the majority of all the A particles are produced well below this
region.

Ratios between different identified particles yields as a function of charged multiplicity are
shown in fig. 3. As was already hinted in the introduction, these are a great observables to test the
new CR models. In addition to the model described, this figure also contains the DIPSY model.
The rope extension to the DIPSY model both contains a baryon and a strangeness enhancement.
Both the A/K and p/m ratios show a clear increase with multiplicity for the new models. This is
exactly what was expected, due to the baryon enhancement. One thing to note is that the baseline
is extremely flat, thereby providing an excellent probe for new models. The new CR model in
PYTHIA does not contain any strangeness enhancement, which can be seen for the other distribu-
tions where no real enhancements are seen. The only exception is the Q production. This is due to
a very strong suppression in the ordinary production channel, which is not present for production
through junctions. The DIPSY rope model shows an enhancement for all observables, due to the
strangeness enhancement. The different predictions for strangeness can used to tell which model
best describe the data. It should be noted that these observables are not only good to distinguish
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Figure 2: The A/K? p -distribution as measured by the CMS experiment [5]. All PYTHIA simu-
lations were NSD with a lifetime cut-off (Tyax = 10 mm/c) and a rapidity cut on 2 (|y| < 2). The
yellow error band represents the experimental 16 deviation.

between exactly these two models, but can provide clear information about both strangeness and
baryon enhancement regardless of the model.

One of the classic observables for radial flow used in heavy ion collisions is to study the p |
spectrum of A/K for different centralities. For smaller centralities, larger multiplicities, the flow
effects are larger, thereby pushing the “peak” to larger p, values. A similar measurement can be
done in pp, but using multiplicity as the centrality measure (fig. 3). The new CR model in PYTHIA
shows exactly the same qualitative behaviour. Again this highlight the connection between flow
and CR, which is an area, where more studies would be of great interest.

4. Comparison to e" e~ data

It has already been well established that CR shifts the mass measurement of the W boson in
the fully hadronic channel. This gave a large systematic uncertainty at LEP. This study turns the
tables around and use the shift as a probe of CR. The expected statistical precision for the W mass
measurement is below 1 MeV, clearly enough to distinguish between the different CR scenarios
(tab. 1). Another intriguing observation is the large center-of-mass dependency of the shifts. Two
competing effects are at play here: larger energies means lower probability for a CR to occur, but a
single reconnection has a larger effect. The effects are seen to be largest at intermediate energies.

As is clear from the W mass study above, CR will affect observables at e*e™ colliders. It
therefore has to be included as an uncertainty for other observables. One example is the Higgs
parity measurement in a fully hadronic decay (i.e. H® =W™W~ — qgqq). This measurement
relies heavily on the angles between the observed jets, which are known to be sensitive to CR.
To study the size of the effects a simple > comparison was carried out. Different mixtures of a
CP-even and CP-odd Higgs were considered together with different CR models for the fully CP-
even Higgs (fig. 5). The effects of CR are seen to be of the order of a few percent, and thus if
higher precision is statistically possible, CR needs to be included as an uncertainty. This should
not necessarily be seen as a lower limit on the obtainable precision, but rather as the point when
CR needs to be considered.
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Figure 3: Ratios of identified hadrons as functions of NthWd at /s = 13 TeV. The top row shows
meson ratios with the numerator having one more strange quark than the denominator. The middle
row shows baryon to meson ratios, with same amount of strange quarks. The bottom row shows
baryon ratios with the numerator having one more strange quark than the denominator. Note that
the vertical axis differs between the figures and that zero is suppressed.
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Figure 4: Ratio of A/K as a function of p in three bins of thWd. In the right column the new
colour reconnection models are shown, and in the left column the old ones.
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Model (6mw) (MeV)
170 GeV | 240 GeV | 350 GeV
SK-I +18 +95 +72
SK-II -14 +29 +18
SK-ITI’ -6 +25 +16
GM-I -41 -74 -50
GM-II +49 +400 +369
GM-III +2 +104 +60
CS +7 +9 +4

Table 1: Systematic W mass shifts at three dif-
ferent center-of-mass energies. The SK and
GM models are different CR models, and CS
is the new CR model presented in this study.
The shifts shown are between no CR and the
CR model stated.
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Figure 5: Deviations between a CP-even Higgs
without CR and models with either increased
CP-oddness or a CR model. The deviation is
quantified as the y*/NDF deviation for the an-
gle between the W, containing the leading jet,
and its decay product (6).

5. Summary and outlook

The implementation of a new CR model in PYTHIA is described and its effects at both pp and
ete™ colliders are considered. The new model correctly describe the A production at pp colliders,
due to the baryon enhancement from the junction production mechanism.

It is important to note that this should not be seen as the final step in our understanding of CR,
but merely as a step along the way. The new model still has problems describing observables (e.g.
(p.) vs. mass), and there is thus room for improvement in the model building. Also the experi-
mental data used to constrain these models can be enhanced by including additional observables,
for instance some of the observables suggested in this paper. Similarly for e*e™ colliders, the story
is not finished and additional more detailed studies, both experimental and phenomenological, will
be needed.
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