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Data frompp collisions at the LHC, taken with minimum bias triggers, bparked a renewed
interest in hadronisation models and models of colour neection. Measurements froeng.CMS
[fl] showed early on, that neither ratios of hadrons withrejeaquark content to hadrons without
strange quark content, nor ratios of baryons to mesons, emrectly predicted by Monte Carlo
implementations of string hadronisatiof} [2]g. PyTHIA [B]. We will here focus on corrections
to the string hadroniztion model which introduces a depeoédan the space time distribution of
strings. The physical picture behind this is straightfaxvaf a pp collision consists of multiple
partonic interactions (MPIs), strings can overlap in tva@nse space. That the string hadronisation
model fails to predict flavour ratios correctly in dense emwiments, was noted in collisions with
various targets already at CERN-SPS by the NAB5 [4] groupeBan the idea that several strings
can form a multiplet, a so called “colour rop¢]' [5], with airsfr tension scaling as the secondary
Casimir operator of the multiplet, Sorgeal.introduced colour rope formation to RQM[ [6]. This
allowed for an overall better description of hadronic flavoontent.

The idea of rope formation and hadronisation was recenthptadl topp collisions [J]. After
briefly introducing the models, we will introduce a simplg tmodel for overlaps, before finally
presenting results for the full final state.

1. Stringsand ropes

The string model for hadronisation is a dynamical model fironisation, based on the pic-
ture of a linear color electric field stretched between twarls, as they move away from each
other, much like a classical spring or string. When it becomgergetically favorable for the string
to break into smaller strings, a ney pair breaks the string through tunnelling with the rate:

dP mm?
do. O Kexp<—T> , (1.2)

P

wherem, is the transverse mass of the quarks ani$ the longitudinal energy density of
the string, the so-called string tension, which from botpeziments and lattice calculations is
estimated to b& ~ 1 GeV/fm for aqq string in vacuum. Equatiof (].1) is used to estimate the
relative amount of string breaks where strange quarks aréuped, but since it is not possible
to precisely determine the ratio of quark masses theoligtithe ratioms/m, becomes a tunable
parametér. The exponential surpression also implies tbajuarks or heavier types cannot be
produced by hadronisation. Due to the non-Abelian natur®@D, there are several different
possibilities for the strings to interact. The probablity €ach type of interaction can be calculated
using group properties of SU(3), as indicated in figlyre 1.etere start with an ordinary triplet
(gq) string, and consider it's overlap with another string af game type, going left to right. We
have two distinct possibilities for the interaction. Eitivee end in a sextet configuration or an
anti-triplet one, corresponding to the well kno®m 3 = 6 3.

Adding another fundamental triplet to the multiplet, takssone more step towards the right
in figure[1. On the top, we have a decuplet and an octect, antheoidttom an octet and a
singlet. The two octet configuration corresponds to sceedajunction topologies, whereas the
singlet corresponds to destructive interference betwleetwo strings.

Tunes to LEP data placess/m, ~ 0.2, in accordance with expectation.
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Figure 1: Sketch of random walks igq triplets, going from left to right. Furthest to the right weesthe
highest multiplet on the top, two junction structures, andlfy a singlet.

2. Consequences of higher multiplets

There are several schemes for handling the different typéggber multiplets. The singlet
configurations are often handled by minimizing some appnaion of the string potential energy,
the so-calledh -measure. Such a minimization is a correction to the notugd®ative hadronisation
phase. In the Ariadnd][8] dipole parton shower, which is Usedinal state radiation imiPsy,
minimization of string length is handled as a correctiont#® shower evolutiori,e. on the pertur-
bative level. Instead of emitting a gluon, and thus splibitwo new dipoles, a dipol€l, 2) can
connect with another, colour compatible, dip¢84), in the so-called swing mechanism, with the
relative probability to reconnect:

dP _ (P1+ P2)*(P3+ Pa)? 2.1)
do  (Pi+Pa)?(Ps+ P2)? '

Both A-minimization and the swing mechanism are able to descipbé (Nch).

Junction topologies are notoriously difficult to handledamatically. A recent attempt was
implemented in PTHIA8 [g], in which larger junctions are broken down into smajlenctions,
which are easier to handle. Junctions are usually thougbay a natural baryon number, but
there are indications that this predicts too many baryonsoagpared to data. Higher multiplets
can conveniently be described by the secondary CasimiatgreC,) and the multiplicity of the
multiplet. The effective string tension of the multiplettieen given by% = %.

Since parameters for mass surpression in the string haditomn model are related by equation
(L), one can calculate how the parameters surpressiaggstrand baryon productitin When
string tension increases, one produces more strange gumasksng breakings, as well as more

diquarks, leading to baryons.

3. Modelsfor string overlap

To estimate the overlap region of strings, one needs a modé¢hé transverse structure of
the proton. Going slightly beyondl-measures, we introduce here a toy model approach, which
can be superimposed @ng.a PrTHIA8 event, where strings are placed randomly in impact pa-
rameter space of the two protons. When a string breaks, litdsked if there are any other strings

2In ref. ] we consider also spin suppresion, which is cedithere for brevity.
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Enhancement of hadronic flavor ratios
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Figure 2: (Left) The event shape observabigl$" recorded by DELPHI, compared tnpsy/Ariadne with
and without swing. A slight improvement is seen with swirgight) Integrated yield ratios for strange and
multi-strange hadrons to pions. The dash-dotted limersy, the solid line the toy model, and the dotted is
normal string hadronisation as a baseline.

overlapping the breaking point in rapidity. If so, the twdrss are decided to overlap if:

402 > (\/F1C0SB; — /T2C08602)% + (1/F1SiNBy — /T25IN6,)?, (3.1)

wherea is a parameter giving the ratio of string to proton transyeeglius, and;, 6 are random
points on the unit circle. This approach gives qualitajiwehat is expected — strings will overlap
more in dense environments — but the modelling of the praotomsverse structure is cleadg hoc

A more precise picture is given by tmersy model[11]. Here Fock states of the protons are
built up from an evolution in impact parameter space andligpigiving a dynamic picture of the
proton transverse structure.

In both the toy model and the futhiPsy model, overlap of strings has to be mapped to a
multiplet structure as shown in figuf 1. In the folPsy model, this is done by perfoming a
random walk, with all states weighted with the multiplicidty the multiplet. In the toy model an
average is used.

4. Final states

Even the simplest models of color reconnection should haweeseffects irete™. In figure
B, we show the event shape observabﬁ*é, as recorded by DELPH[L2]. The swing requires two
additional emissions beyond the initiédl— gq splitting. Sincep, o, also requires two emissions,
a small effect is thus expected and observed. We see thaiptestis slightly improved by the
swing, and more importantly, the difference already at ldnel, allows for validation using LEP
data.

Since rope and color reconnection effects will rise withré@asing event activity ipp, it is
desirable to use a discriminator for event activity which bath be measured in experiments and
be sensibly reproduced theoretically. Here we use the nuoflEharged particles in the forward
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Figure 3: (Left) Ratio of A to K as function ofp, , in bins of event multiplicity, calculated withy®HIA,
using the new junction implementation. Implementationspes which includes only simple or no junction
handling are not shown. (Right) The, ) (Ngn) for identified particles, as calculated with the toy model.

(2 < |n| < 5) direction. Measurements have been made of several of titeservables already,
and in [1B] comparison to full DIPSY was shown, giving goodesgnent with all hadron species

containing strange quarks

In figure[2 we see a prediction for thg /1, A/ 11, ¢/ mand=/mratios as a function of forward
multiplicity, calculated with the toy model and fudipsy for comparison. We see that both models
show an increase of all species as a function of multiplisitgh the toy model having a slightly
stronger rise. The/rr-ratio has not yet been measured, but all others were shoaontpare well
to data in ref. [IB]. It is, however, paticularly interesfito measure the. In models based on
string hadronisation, the production gfhadrons will be doubly enhanced compareceig. K,
while in models based on mass difference of hadrons, it will Mhe increase of the double ratio

@/K2, is thus a strong prediction of the model.

It was shown by Ortizt al. [[L4] that even simple color reconnection can produce fldw-li
patterns in baryon/meson ratios as functionpef as measured is.g.ref. [15]. In figure[B we
show how the junction mechanism implemented WTHA produces the same characteristic rise
of the ratio with increasing event multiplicity as seen irtaddbut much stronger than for colour

reconnection.

This is currently not reproduced by models suclbasy, which has only a very simplistic
junction handling, or the toy model, which does not evenudel junctions. Other observables
sensitive to collective effects, and suitable fgyexists. In ref. [I6] it was suggested that, ) for
identified particles should be sensitive. New measurendanis at ALICE [1]7] show a mass split-
ting of this observable, especially when is shown as funaticevent activity. As shown in figulg 3
this behavoir is reproduced qualitatively by ordinary emlceconnection, and enhanced by the toy
model introduced here. For falsification of models of cdligty, including color reconnection and
rope hadronisation, it is neccesary to allow for quantiaiomparison of several models to data.

3Since the measurements are not yet published in a form wiret domparison can be made, we only carry out

a qualitative comparison.
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