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Why this presentation?

I: Flavour composition II: Flow

12 7 Long-Range Correlations in 7 TeV Data
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(N

offline
trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (N

offline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally
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for charged particles with 0.3 < pT < 3.0 GeV/c are shown in Fig. 9 (left), as a function of N
offline
trk

for pp collisions at
p

s = 5, 7, and 13 TeV. The pPb data atpsNN = 5 TeV [43] are also plotted for
comparison. The six-particle cumulant c2{6} values for pp collisions at

p
s = 13 TeV are shown

in Fig. 9 (right), compared with pPb data at psNN = 5 TeV [43]. Due to statistical limitations,
c2{6} values are only derived for high multiplicities (i.e., N

offline
trk ⇡ 100) for 13 TeV pp data.

The c2{4} values for pp data at all energies show a decreasing trend with increasing multi-
plicity, similar to that found for pPb collisions. An indication of energy dependence of c2{4}
values is seen in Fig. 9 (left), where c2{4} tends to be more positive for a given N

offline
trk range

at lower
p

s energies. As average pT values are slightly smaller at lower collision energies, the
observed energy dependence may be related to smaller negative contribution to c2{4} from
smaller pT-averaged v2{4} signals. In addition, when selecting from a fixed multiplicity range,
a larger positive contribution to c2{4} from larger jet-like correlations in the much rarer high-
multiplicity events in lower energy pp collisions can also result in an energy dependence. At
N

offline
trk ⇡ 60 for 13 TeV pp data, the c2{4} values become and remain negative as the multi-

plicity increases further. This behavior is similar to that observed for pPb data where the sign
change occurs at N

offline
trk ⇡ 40, indicating a collective v2{4} signal [59]. For pp data at

p
s = 5

and 7 TeV, no significant negative values of c2{4} are observed within statistical uncertainties.
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Figure 10: Left: The v
sub
2 , v2{4} and v2{6} values as a function of N

offline
trk for charged particles,

averaged over 0.3 < pT < 3.0 GeV/c and |h| < 2.4, in pp collisions at
p

s = 13 TeV. Middle: The
v

sub
2 , v2{4}, v2{6}, v2{8}, and v2{LYZ} values in pPb collisions at psNN = 5 TeV [40]. Right:

The v
sub
2 , v2{4}, v2{6}, v2{8}, and v2{LYZ} values in PbPb collisions at psNN = 2.76 TeV [40].

The error bars correspond to the statistical uncertainties, while the shaded areas denote the
systematic uncertainties.

To obtain v2{4} and v2{6} results using Eq. (10), the cumulants are required to be at least
two standard deviations away from their physics boundaries (i.e. c2{4}/sc2{4} < �2 and
c2{6}/sc2{6} > 2), so that the statistical uncertainties can be propagated as Gaussian fluctu-
ations [60]. The v2{4} and v2{6} results, averaged over 0.3 < pT < 3.0 GeV/c and |h| < 2.4,
for pp collisions at

p
s = 13 TeV are shown in the left panel of Fig. 10, as a function of event

multiplicity. The v2 data obtained from long-range two-particle correlations after correcting for
jet correlations (vsub

2 ) are also shown for comparison.

Within experimental uncertainties, the multi-particle cumulant v2{4} and v2{6} values in high-
multiplicity pp collisions are consistent with each other, similar to what was observed previ-
ously in pPb and PbPb collisions [40]. This provides strong evidence for the collective nature of
the long-range correlations observed in pp collisions. However, unlike for pPb and PbPb colli-
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A tale of two communities

pp paradigm: Jet Universality
• hadronization determined from e+e− data (LEP)
• hard processes and parton showers from perturbative QCD
• add multiparton interactions (MPI) for activity
• and colour reconnection (CR) for collectivity

AA paradigm: Quark-Gluon Plasma
• deconfinement, hydrodynamics, perfect liquid, flow, . . .
• pp (and pA): not enough time or volume for QGP

Time to rethink relationship:
• QGP formed in high-multiplicity pp?
• (some) signals for QGP red herring?
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The Core–Corona Solution

Currently most realistic “complete” approach

K. Werner, Lund 2017:

11th MCnet School July 2017 Lund # Klaus Werner # Subatech, Nantes186

Core-corona picture in EPOS

Gribov-Regge approach => (Many) kinky strings
=> core/corona separation (based on string segments)

central AA

peripheral AA
high mult pp low mult pp

core => hydro => statistical decay (µ = 0)
corona => string decay

allows smooth transition. Implemented in EPOS MC
(Werner, Guiot, Pierog, Karpenko, Nucl.Phys.A931 (2014) 83)

Can conventional pp MCs be adjusted to cope?
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The pp workhorses

PYTHIA originated in string hadronization studies.
Historically strong interest in soft physics: MPI, CR.
Several ongoing projects for high-multiplicity pp.
Angantyr model for pA and AA (cf. Fritiof).

Herwig originated with coherent showers.
MPI, CR and cluster hadronization added.
Some ongoing hadronization studies.

Sherpa originated with matrix elements/match/merge.
Soft physics, like MPI and CR, PYTHIA-inspired.
KMR model coming as alternative (Shrimps).
Either cluster or string hadronization.

Also external add-ons like JEWEL (Zapp) for jet quenching,
or spin-offs like HIJING (Gyulassy, Wang) for heavy ions.
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Part I: Flavour composition
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Significant strangeness enhancement;
the more the merrier.

Minimal baryon enhancement.

Not described by the Lund string fragmentation model.
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The QCD string

QCD field lines compressed to
tubelike region ⇒ string.
Gives linear confinement
V (r) ≈ κr , κ ≈ 1 GeV/fm.
Confirmed e.g. on the lattice.

Nature of the string viewed in analogy with superconductors:
Analogy with superconductors

E

d

.....................................................................................................................................................................................................................................................................................................

Type I

bag

skin

E

d

.
..............
....
..............
...
..............
..
..............
.
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Type II

topological vortex line

penetration region

Details start to matter when many strings overlap (heavy ions, LHC):
bags lose separate identities more easily than vortex lines.
Little studied, evidence inconclusive: maybe in between?

Whichever choice, key assumption is uniformity :
1+1-dimensional string parametrizes center of
translation-independent transverse profile

but QCD could be intermediate, or different.
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The tunneling mechanism in string fragmentation

String breaking modelled by tunneling:

P ∝ exp

(
−

πm2
⊥q

κ

)
= exp

(
−

πp2
⊥q

κ

)
exp

(
−

πm2
q

κ

)

with string tension κ ≈ 1 GeV/fm ≈ 0.2 GeV2

common Gaussian p⊥ spectrum

suppression of heavy quarks
uu : dd : ss : cc ≈ 1 : 1 : 0.3 : 10−11

diquark ∼ antiquark ⇒ simple model for baryon production
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The popcorn model for baryon production

B M

B
M M B

B
M

- z

6

t

SU(6) (flavour×spin) Clebsch-Gordans needed.

Quadratic diquark mass dependence
⇒ strong suppression of multistrange and spin 3/2 baryons.
⇒ effective parameters with less strangeness suppression.
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Azimuthal pair correlations
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Figure 4: Comparison between simulations and experimental data of angular correlations for particle
pairs produced in pp collisions at

p
s = 7 TeV. Notice the di↵erent scales on the vertical

axes.
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7 TeV ALICE:
EPJ C77, 567

PYTHIA:
baryons
too strongly
correlated
in minijets!

J. Alnefjord
LU TP 17-13

(bachelor study)
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Rope hadronization (Dipsy/PYTHIA) (1)

Best current description offered by Dipsy rope hadronization.

Introduction
Rope fragmentation

Rope Shoving
ˇ

Overlapping strings

! How do we treat strings that overlap in space–time?

Ropes and Shoving 5 Leif Lönnblad Lund University

Dense environment ⇒ several intertwined strings ⇒ rope.

Bierlich, Gustafson, Lönnblad, Tarasov, JHEP 1503, 148;

from Biro, Nielsen, Knoll (1984), Bia las, Czyz (1985), . . .
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Rope hadronization (Dipsy/PYTHIA) (2)

Sextet example:

3⊗ 3 = 6⊕ 3

C
(6)
2 = 5

2C
(3)
2

q2

q4

q1

q3

space

time
quark
antiquark
pair creation

At first string break κeff ∝ C
(6)
2 − C

(3)
2 ⇒ κeff = 3

2κ.

At second string break κeff ∝ C
(3)
2 ⇒ κeff = κ.

Multiple ∼parallel strings ⇒ random walk in colour space.

Larger κeff ⇒ larger exp
(
−πm2

q

κeff

)
• more strangeness (ρ̃)
• more baryons (ξ̃)

• mainly agrees with ALICE
(p/π overestimated)
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ã

b̃

Figure 2: Effective parameters of the string model as a function of effective string tension. The
parameters ρ and ξ control the strangeness content and baryonic content respectively, a and b are
related to multiplicity. A modified string tension has a sizeable effect on ρ and ξ in particular. The
range of h shown is much larger than relevant for pp collisions, which typically have h < 1.5. Larger
values of h are, however, relevant for heavy ion collisions. The values of the parameters for h = 1
comes from a tune to LEP data.

diquarks, given by an increased exponential factor in eq. (2.1). This gives a shift

b !→ b̃ =
2 + ρ̃

2 + ρ
b. (2.10)

As the a-parameter is calculated from the normalization constraint for the splitting function

in eq. (2.5), it will get a correspondingly moderate modification. The effect on the param-

eters a and b is also shown in figure 2, and we see that these parameters are less affected by

an increased string tension than the parameters determining strangeness and baryon ratios.

As it will be discussed in section 5.2, a typical value for the string tension enhancement

factor h at LHC is around 1.2. Changes in a and b could therefore naively account for

∼ 5% decrease in multiplicity in pp, as particle density is approximately proportional to
√

(1 + a)/b (see eq. (2.7)). Since some parameters must be retuned after implementation

of the rope model, this effect will not appear in final state observables (note that the string

hadronization parameters are still tuned to LEP data, see appendix D for a detailed ac-

count of the tuning procedure.) The model should, however, not be further retuned when

it is applied to nucleus collisions at LHC energies. Here h is expected to be so large, that

a decrease of the order 15− 20% in multiplicity, due to changes in ã and b̃, is a prediction

of the model.

– 10 –
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A QCD-based Colour Reconnection model

Model by Christiansen & Skands relies on two main principles
? SU(3) colour rules give allowed reconnections

Possible reconnections

Ordinary string reconnection

(qq: 1/9, gg: 1/8, model: 1/9)

Triple junction reconnection

(qq: 1/27, gg: 5/256, model: 2/81)

Double junction reconnection

(qq: 1/3, gg: 10/64, model: 2/9)

Zipping reconnection

(Depends on number of gluons)

Jesper Roy Christiansen (Lund) Non pertubative colours November 3, MPI@LHC 10 / 15

? minimal λ measure gives preferred reconnections

λ ≈
∑

dipoles ln(1 + m2
ij/m2

0) measure of string length, ∝ nhadronic

Christiansen, Skands, JHEP 1508, 003
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Results for QCD-based Colour Reconnection model

All (old CR model)

All (new CR model)

Junctions (new CR model)
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Figure 17: average baryon multiplicity as a function of hadron multiplicity (generator-level, including
all particles, hadronic decays switched off).

case the difference between the two models becomes so large it most likely would have been ruled
out by the experiments. However such an extreme case would also be eliminated by just considering
LHC measurements (e.g. hp?i vs nch).

3.4 Suggestions for New Observables

As discussed in section 3.2, the new CR model is able to reach agreement with some key observables
that have otherwise proved difficult for the string model (as implemented in PYTHIA) in the pp
environment. In particular, subleading dipole connections that minimise the string-length measure
can account for the rise in the hp?i (nch) distribution (a feature also present in earlier CR models
in PYTHIA, though without the connection with subleading colour), and subleading string-junction
connections can account for the observed increase in e.g. the ⇤/K ratio between ee and pp collisions.

The price is (a few) new free parameters governing the CR modelling, so the question naturally
arises to what extent this type of model can be distinguished clearly from other other phenomenolog-
ical modelling attempts to describe the same data. All models we are aware of that simultaneously
aim to describe both the LEP data and the LHC data (or ee and pp data more generally) rely on the
higher colour/energy densities present in pp collisions to provide the extra baryons. The multiplicity
scaling of the baryon production is therefore expected to be higher than the linear scaling of the di-
quark model. This is also what we observe, cf. fig. 17. For low multiplicity, both of the CR models
agree with each other, however the increase happens faster for the new model. This shape difference
in the scaling with particle multiplicity could provide an additional probe to test the new model.

One also notices that there is a significant difference between the baryon production of the old
model and baryon production from diquarks in the new model. This is somewhat surprising since the
hadronisation model is essentially left untouched. The explanation for this is two-fold: 1) the new CR
model produces a different mass spectrum of strings (with generally lower invariant masses), and 2)
low-mass strings and junction structures produce fewer additional diquarks.

The first point is illustrated in fig. 18a, which shows the invariant-mass distribution of strings in
the new and old model. In the old model, the distribution is essentially flat, and includes a signifi-
cant plateau towards very large invariant masses, whereas the distribution is strongly peaked at small
invariant masses in the new model. The differences arise both from the junction cleanup procedure

30

Many small strings ⇒ fewer regular baryons.

Junction baryons rise faster than multiplicity.

Net effect clear relative rise of baryon production.

Λ similar to p since mainly light diquarks (Λ ≈ ud0 + s).

Steeper multistrange baryon rise,
since no diquark m2 suppression for junction.
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Herwig cluster news

Stefan Gieseke, Patrick Kirchgaeßer, Simon Plätzer: Baryon production from cluster hadronization 3

referred to as a mesonic cluster

3⌦ 3̄ = 8� 1. (5)

In strict SU(3)C the probability of two quarks having
the correct colours to form a singlet would be 1/9. Next
we consider possible extensions to the colour reconnec-
tion that allows us to form clusters made out of 3 quarks.
A baryonic cluster consists of three quarks or three anti-
quarks where the possible representations are,

3⌦ 3⌦ 3 = 10� 8� 8� 1, (6)

3̄⌦ 3̄⌦ 3̄ = 10� 8� 8� 1. (7)

In full SU(3)C the probability to form a singlet made out
of three quarks would be 1/27. In the following we will
introduce the algorithm we used for the alternative colour
reconnection model. In order to extend the current colour
reconnection model, which only deals with mesonic clus-
ters, we allow the reconnection algorithm to find configu-
rations that would result in a baryonic cluster.

2.3 Algorithm

As explained before the colour reconnection algorithms in
Herwig are implemented in such a way that they lower
the sum of invariant cluster masses. For baryonic recon-
nection such a condition is no longer reasonable because of
the larger invariant cluster mass a baryonic cluster carries.
As an alternative we consider a simple geometric picture
of nearest neighbours were we try to find quarks that ap-
proximately populate the same phase space region based
on their rapidity y. The rapidity y is defined as

y =
1

2
ln

✓
E + pz

E � pz

◆
, (8)

and is usually calculated with respect to the z-axis. Here
we consider baryonic reconnection if the quarks and the
antiquarks are flying in the same direction. This reconnec-
tion forms two baryonic clusters out of three mesonic ones.
The starting point for the new rapidity based algorithm is
the predefined colour configuration that emerges once all
the perturbative evolution by the parton shower has fin-
ished and the remaining gluons are split non-perturbative-
ly into quark-antiquark pairs. Then a list of clusters is
created from all colour connected quarks and anti-quarks.
The final algorithm consists of the following steps:

1. Shu✏e the list of clusters in order to prevent the bias
that comes from the order in which we consider the
clusters for reconnection

2. Pick a cluster (A) from that list and boost into the
rest-frame of that cluster. The two constituents of the
cluster (qA, q̄A) are now flying back to back and we
define the direction of the antiquark as the positive
z-direction of the quark axis.

3. Perform a loop over all remaining clusters and cal-
culate the rapidity of the cluster constituents with re-
spect to the quark axis in the rest frame of the original
cluster for each other cluster in that list (B).

Fig. 2. Representation of rapidity based colour reconnection

where the quark axis of one cluster is defined as the z-axis

in respect to which the rapidities of the constituents from the

possible reconnection candidate are calculated. (A) and (B)

are the the original clusters. (C) and (D) would be the new

clusters after the reconnection.

Fig. 3. Configuration of clusters that might lead to baryonic

reconnection. The small black arrows indicate the direction of

the quarks. A reconnection is considered if all quarks move

in the same direction and all antiquarks move in the same

direction.

4. Depending on the rapidities the constituents of the
cluster (qB, q̄B) fall into one of three categories:

Mesonic: y(qB) > 0 > y(q̄B) .
Baryonic: y(q̄B) > 0 > y(qB) .
Neither.

If the cluster neither falls into the mesonic, nor in the
baryonic category listed above the cluster is not con-
sidered for reconnection.

5. The category and the absolute value |y(qB)| + |y(q̄B)|
for the clusters with the two largest sums is saved
(these are clusters B and C in the following).

6. Consider the clusters for reconnection depending on
their category. If the two clusters with the largest sum
(B and C) are in the category baryonic consider them
for baryonic reconnection (to cluster A) with probabil-
ity pB. If the category of the cluster with the largest
sum is mesonic then consider it for normal reconnec-
tion with probability pR. If a baryonic reconnection oc-
curs, remove these clusters (A, B, C) from the list and
do not consider them for further reconnection. A pic-
ture of the rapidity based reconnection for a mesonic
configuration is shown in Fig. 2 and a simplified sketch
for baryonic reconnection is shown in Fig. 3.

7. Repeat these steps with the next cluster in the list.

We note that with this description we potentially exclude
clusters from reconnection where both constituents have
a configuration like y(qB) > y(q̄B) > 0 w.r.t. the quark
axis but assume that these clusters already contain con-
stituents who are close in rapidity and fly in the same
direction. The exclusion of baryonically reconnected clus-
ters from further re-reconnection biases the algorithm to-
wards the creation of baryonic clusters whose constituents
are not the overall nearest neighbours in rapidity. The ex-
tension to the colour reconnection model gives Herwig an

1 Force g → qq branchings.

2 Form colour singlet clusters.

3 Decay high-mass clusters to
smaller clusters.

4 Decay clusters to 2 hadrons
according to phase space
times spin weight.

5 New: allow three aligned qq
clusters to reconnect to two
clusters q1q2q3 and q1q2q3.

6 New: allow nonperturbative
g → ss in addition to
g → uu and g → dd.
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Fig. 9. Transverse momentum spectra for the ratios p/⇡ and K/⇡ as measured by ALICE at
p

s = 7 TeV [25] in the very

central rapidity region |y| < 0.5.
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Fig. 10. The K
0
S rapidity and p? distribution as measured by CMS at

p
s = 7 TeV [29].

5 Conclusion and outlook

We have implemented a new model for colour reconnec-
tion which is entirely based on a geometrical picture in-
stead of an algorithm that tries to directly minimize the
invariant cluster mass. In addition we allow reconnections
between multiple mesonic clusters to form baryonic clus-
ters which was not possible in the old model. With this
mechanism we get an important lever on the baryon to
meson ratio which is a necessary starting point in order
to describe flavour observables. The amount of reconnec-
tion also depends on the multiplicity of the events which
can be seen by comparing the model to the charged parti-

cle multiplicities which get significantly better. In addition
we allow for non-perturbative gluon splitting into strange
quark-antiquark pairs. Only with this additional source
of strangeness it is possible to get a good description of
the p? spectra of the kaons. The description of the heavy
baryons ⇤ and ⌅� improves once we combine the new
model for colour reconnection and the additional source of
strangeness. The model was tuned to 7TeV MB data and
various hadron flavour observables. With the new model
the full range of MB data can be described with a similar
good quality as the old model and in addition we improve
the description of hadron flavour observables significantly.

Gieseke, Kirchgaeßer, Plätzer, EPJ C78 (2018) 99
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Fig. 13. The ⇤/K
0
S and the ⌅

�/⇤ p? distribution as measured by CMS at
p

s = 7 TeV [29].

Fig. 14. Integrated (multi)-strange particle yield ratios to ⇡+
+⇡� as a function of hdNch/d⌘i for |⌘| < 0.5. The values from the

ALICE analysis [6] are compared to calculations from Herwig 7.1 with the old model and the new model for colour reconnection.

space but a small overlap between the clusters will still
be present. Due to the sheer amount of possibilities on
how to assign baryonic clusters we are forced to introduce
some sort of arbitrariness when it comes to the cluster as-
signment. When comparing the new model with the old
model, we see that the new colour reconnection model
does not have the same e↵ect on the invariant mass dis-
tribution in terms of reduction of cluster masses but fuses
mesonic clusters together in order to form baryonic clus-
ters and therefore adds an additional possibility to pro-
duce heavy baryons. According to the data a significant
reduction in cluster mass is not favoured. The data prefers
more fluctuations in cluster size and explicitly welcomes
the possibility to produce baryonic clusters. Otherwise the
production of heavy strange baryons is not possible and
highly suppressed.

Understanding soft physics remains di�cult but new
approaches and models are necessary in order to improve
the quality of Monte-Carlo event generators. Overall, we
have shown that small changes in the model for colour
reconnection and gluon-splitting mechanism can have sig-
nificant e↵ects on some observables.

Acknowledgments

We are grateful to the other members of the Herwig collab-
oration for critical discussions and support. We would also
like to thank Christian Bierlich and Christian Holm Chris-
tensen for providing us with the ALICE data and the anal-
ysis. This work has received funding from the European
Union’s Horizon 2020 research and innovation programme

Stefan Gieseke, Patrick Kirchgaeßer, Simon Plätzer: Baryon production from cluster hadronization 11

Fig. 15. Integrated particle yield ratio of ⇤ + ⇤̄/2K
0
s and p + p̄/⇡+

+ ⇡� as a function of hdNch/d⌘i for |⌘| < 0.5. The values

from the ALICE analysis [6] are compared to calculations from Herwig 7.1 with the old model and the new model for colour

reconnection.

Fig. 16. Comparison between the distributions of invariant
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9. N. Fischer and T. Sjöstrand, Thermodynamical String
Fragmentation, JHEP 01 (2017) 140, [1610.09818].

10. J. R. Christiansen and P. Z. Skands, String Formation
Beyond Leading Colour, JHEP 08 (2015) 003,

[1505.01681].

Significantly enhanced strangeness production,
especially multistrange baryons.

Some rise of (multi)strange baryon production
with increasing event multiplicity . . .

. . . but comes from increased baryon production in general.

High multiplicity ⇒ more reconnection possibilities to baryons.
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Thermodynamical string model

Old lesson from fixed target and ISR (pp at
√

s = 62 GeV):

dσ

d2p⊥
= N exp

(
−m⊥had

T

)
, m⊥had =

√
m2

had + p2
⊥

provides reasonable description, for p⊥ not too large,
with ∼ same N and T for all hadron species.
But inclusive description: no flavour, p or E conservation!

Now: combine with basic string framework for local flavour
and p⊥ compensation. (With some approximations.)

Exponential gives overall decent rates compared with LEP,
but with too many multistrange baryons, opposite to tunneling.

Significant reduction from ∼ 20 parameters to 3:
T ≈ 0.20 GeV, s/u ≈ 0.5, qq/q ≈ 0.5.

Fischer, TS, JHEP 1701, 140
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Quantized or continuous rescaling?

V = E 2A + B ′A =

(
Φ

A

)2

A + B ′A =
Φ2

A
+ B ′A

Vopt = 2Φ
√

B ′ for Aopt = Φ/
√

B ′

A = kAopt ⇒ V =
1 + k2

2k
Vopt ⇒ T =

1 + k2

2k
Topt

T →
(
neff
string

)r
T

neff
string = 1 +

nstring − 1

1 + p2
⊥had/p2

⊥0

with tuned r ≈ 0.13;
similar to rope,
but continuous effect.
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Part II: Collectivity and flow

If MultiParton Interactions (MPIs) occur independently
then many MPIs is more of the same.

Colour Reconnections (CR) introduce some kind of collectivity.
Important in all pp generators.

Typically: reduce total string length,
λ ≈

∑
dipoles ln(1 + m2

ij/m2
0) ∝ nch
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The rise of transverse momentum

〈p⊥〉(nch) increasing from ISR energies upwards.
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〈p⊥〉(nch) is sensitive to colour flow:

long strings to remnants ⇒ much nch/MPI ⇒ 〈p⊥〉(nch) ∼ flat

short strings (more central) ⇒ less nch/MPI ⇒ 〈p⊥〉(nch) ∼ rising
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Figure 7: Ratios of particle yields in the range |y| < 1 as a function of the corrected track
multiplicity for |h| < 2.4. The K/p and p/p values are shown in the left panel, and opposite-
charge ratios are plotted in the right panel. Error bars indicate the uncorrelated combined
uncertainties, while boxes show the uncorrelated systematic uncertainties. In the left panel,
curves indicate predictions from PYTHIA8, EPOS, and PYTHIA6.
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Table 3: Relationship between the number of reconstructed tracks (Nrec) and the average num-
ber of corrected tracks (hNtracksi) in the region |h| < 2.4 in the 18 multiplicity classes considered.
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hNtracksi 7 16 28 40 51 63 74 85 97 108 119 130 141 151 162 172 183 187

production (hpTi, ratios of yields) are strongly correlated with the particle multiplicity in the
event, which is in itself closely related to the number of underlying parton-parton interactions,
independently of the concrete center-of-mass energy of the pp collision.

The event track multiplicity, Nrec, is defined as the number of tracks with |h| < 2.4 recon-
structed using the same algorithm as for the identified charged hadrons [21]. The event multi-
plicity is divided into 18 classes as defined in Table 3. To facilitate comparisons with models,
the event charged-particle multiplicity over |h| < 2.4 (Ntracks) is determined for each multiplic-
ity class by correcting Nrec for the track reconstruction efficiency, which is estimated with the
PYTHIA8 simulation in (h, pT) bins. The corrected yields are then integrated over pT, down to
zero yield at pT = 0 (with a linear extrapolation below pT = 0.1 GeV/c). Finally, the integrals
for each h slice are summed up. The average corrected charged-particle multiplicity hNtracksi is
shown in Table 3 for each event multiplicity class. The value of hNtracksi is used to identify the
multiplicity class in Figs. 6–9.

Transverse-momentum distributions of pions, kaons, and protons, measured over |y| < 1 and
normalized such that the fit integral is unity, are shown in Fig. 6 for various multiplicity classes.
The distributions of negatively and positively charged particles are summed. The Tsallis-Pareto
parametrization is fitted to the distributions with c2/ndf values in the range 0.3–2.3 for pions,
0.2–2.6 for kaons, and 0.1–0.8 for protons. It is observed that for kaons and protons, the pa-
rameter T increases with multiplicity, while for pions T slightly increases and the exponent n

All hadron kinds participate in rise.

Heavy particles have significant depletion at low p⊥.
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Hadron transverse momentum spectra (2)

Color Reconnection and Flowlike Patterns in pp Collisions
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Increasingly, with the data collected at the LHC we are confronted with the possible existence of flow in

pp collisions. In this work, we show that PYTHIA 8 produces flowlike effects in events with multiple hard

subcollisions due to color string formations between final partons from independent hard scatterings, the

so-called color reconnection. We present studies of different identified hadron observables in pp
collisions at 7 TeV. Studies have been done both for minimum bias and multiplicity intervals in events

with and without color reconnection to isolate the flowlike effect.

DOI: 10.1103/PhysRevLett.111.042001 PACS numbers: 13.85.Ni, 13.85.Hd

For many years, the existence of something that is
generically called flow has been taken as a proof of col-
lective behavior of partons and hadrons. According to this
interpretation, in central heavy ion collisions the transverse
pressure gradient causes a transverse hydrodynamic expan-
sion [1]. On the basis of hydrodynamic calculations the
effect is transmitted to hadrons via a boost by the local
velocity field u! [2]. The transverse flow shifts the emitted
particles to higher momenta, and this effect increases for
heavier particles, because they gain more momentum from
the flow velocity. It is important to stress that particles are
not used for calculations, and a local thermal equilibrium is
assumed as the starting point of the hydrodynamic evolu-
tion of the system. Therefore, hydrodynamics does not
tell us what is flowing and how these underlying degrees
of freedom hadronize. Among the problems of the
hydrodynamical models are the initial temperature, ther-
malization, and the size of the system. Extending the
hydrodynamical picture to pp and p-Pb [3– 5] brings us
in contradiction with the basic tenet of hydrodynamics, i.e.,
the mean free path of partons must be smaller than the size
of the system.

In heavy nuclei collisions the proton-to-pion ratio exhib-
its an enhancement for transverse momentum (pT) below
8 GeV=c and the position of the peak is pushed to higher
momenta when one goes from peripheral to central Pb-Pb
collisions [6]. Surprisingly, Fig. 1 (see Ref. [7]) shows that
in pp collisions at

ffiffiffi
s

p ¼ 7 TeV we also observe a small
enhancement around 3 GeV=c [8] which is qualitatively
well reproduced by PYTHIA version 8.17 [9] tuned to early
LHC data, tune 4C [10]. For higher pTð>8 GeV=cÞthe
description is poor, but for us this is not a major worry
since we just use PYTHIA as a framework and we do not
intend to tune it. In this Letter, our aim is to show that in
PYTHIA the enhancement is attributed to color reconnection
(CR). We argue that CR is another mechanism of flow

where the boost is introduced at the partonic state just
before hadronization in events with several multipartonic
interactions (MPI). The CR mechanism, which was origi-
nally introduced in PYTHIA [11], is microscopic and does
not require a medium to be formed. This flow mechanism
is very important because it could provide an explanation
of the observed flowlike patterns in pp collisions [12] and
the collective phenomena seen in p-Pbcollisions [13].
Note that here we shall only show evidence for radial

flow, but the discussion will mention how higher order
flow, e.g. elliptic flow, could be produced by the same
mechanism.
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FIG. 1 (color online). Proton to pion ratio from pp collisions
at

ffiffiffi
s

p ¼ 7 TeV. ALICE data are compared to results from
PYTHIA 8 tune 4C, as well as next-to-leading order (NLO)
QCD calculation [7].
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CR can give flowlike effects!
Ortiz Velasquez et al.,
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track multiplicity [28]. They found that hpTi for protons
increases from ! 0:6 to ! 1:4 GeV=c from their lowest
multiplicity class to the highest one. The upper panel of
Fig. 4 shows that this can only be accommodated by
PYTHIA simulations when color reconnection is included.
In the plot we observe an increase of hpTi with multiplicity
when the color reconnection is turned on, while it looks
flatter when color reconnection is turned off. This is the
expected behavior that is used in PYTHIA to tune the
amount of CR. However, our work offers an interpretation
from a different point of view; with CR the hpTi of protons
increases faster than the pion one, i.e., the effect increases
with the hadron mass. This observation is consistent with
the idea of the flowlike effect of string boosts.

We also made a combined fit of the pion, kaon, and
proton pT spectra with a blast-wave function [29]. From
this fit one usually extracts the freeze-out temperature Tkin

and the average transverse velocity h!Ti. We found in
CMS and PYTHIA data a Tkin-h!Ti behavior as a function
of multiplicity very similar to the one observed in heavy
ion collisions [6].
The bottom panel of Fig. 4 shows that the pT-integrated

ðpþ !pÞ=ð"þ þ "%Þratio decreases with the event multi-
plicity. It is interesting that Pb-Pb data at the LHC exhibits
a similar behavior; a model assuming a baryon-antibaryon
annihilation does the qualitatively best description of the
trend [6]. In PYTHIA 8, this effect is caused by a change of
the particle distribution in the phase space. Actually with-
out any cut on y the !p=" ratio stays constant as a function
of multiplicity with or without CR.
Finally, we want to say that the study was only focused

on radial flow. However, we stress that the quantity used to

minimize the string length l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"#2 þ "$2

p
has a depen-

dence on the azimuthal opening angle"$ between the two
partons. For radial flow we can understand that the partons
from two independent interactions select a preferred rapid-
ity (minimizing "#) and therefore boosts in that direction.
In a similar way one could imagine that they could select a
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FIG. 3 (color online). Top panel: ðpþ !pÞ=ð"þ þ "%Þas a
function of pT in pp collisions simulated with PYTHIA 8 (solid
circles), the ratio for events with low (solid triangles) and high
(empty triangles) numbers of multiparton interactions are over-
laid. Results without color reconnection (RR ¼ 0:0) are also
shown (empty circles). Bottom panel: double particle ratios as a
function of pT for different hadron species.
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Charged multiplicity dependence on CR

CR ⇒ fewer hadrons, fewer more per extra MPI.
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Transverse momentum dependence on CR

CR ⇒ fewer particles at low p⊥, more for p⊥ > 1 GeV.

Anti-k⊥ jets with p⊥jet > 20 GeV and R = 0.6, no UE subtraction:
rate comparable for fixed nMPI, in spite of lower multiplicity.
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Merging of two nearby colour-connected partons

q2

q4

q1

q3

θ

Collinear safety of string fragmentation!
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Fragmenting system size dependence on CR
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rm = median radius (fm)

density = nhadrons

πr2
m ∆yτ

yτ = 1
2 ln

(
t+z
t−z

)
no CR:
rm rather flat,
steep increase of density.

with CR:
rm increases with nhadrons,
density reasonably flat
but still large.

Ferreres-Solé, TS, in prep.
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Hadron mean transverse momenta
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Qualitatively OK,
quantitatively not:
resonance decays.

Will need hadronic
rescattering, also
after ρ decays (?).
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String shoving (1)

Rope fragmentationˆ

Rope Shoving

DIPSY vs. PYTHIA8
ˇ

Will overlapping strings in high multiplets generate a transverse
pressure?

[Abramovsky, Gedalin, Gurvich, Kancheli (1988)]

Ropes and Shoving 11 Leif Lönnblad Lund University

t1

t2

t3

x

z (a) (b)

FIG. 2. (a) The forcefield between a quark and an antiquark separating from a common origin

expands both longitudinally and transversely, until the transverse extension saturates. (b) The

expansion is boost invariant. Therefore, in any frame two parallel flux tubes begin to overlap and

interact in the centre in the specific frame chosen.

coordinate) in the specific frame used in the analysis, as this is where the flux tube expands

most rapidly. As seen in fig. 1 this is also the region where those particles are produced,

which are slow in this particular frame.

The repulsion gives the flux tubes a transverse velocity, a process which we will refer

to as shoving. In a pp collision the density of strings is not too high, and the time until

breakup (τ ∼ 2 fm) is large compared to both the width of the flux tubes and the radius

of the proton (both < 1 fm). We therefore expect that the force field has (almost) reached

its equilibrium transverse width, before it breaks up into hadrons. These equilibrium flux

tubes may be a single triplet string, or a rope stretched between higher colour multiplets,

as discussed in ref. [28].

The different time scales imply that the process has three separate phases: i) An initial

phase where the individual flux tubes expand but still do not interact. ii) A second phase

where the flux tubes interact, repel each other, and reach equilibrium triplet strings or ropes

specified by definite SU(3) multiplets. iii) A final phase in which the flux tubes break into

hadrons. Naturally the boundaries between the phases are not sharp, but we will in this

paper assume that they can be treated separately.

Flux tube repulsion — Colour flux tubes are similar to vortex lines in a superconductor. In

a type I superconductor there is a homogenous field within the tube (similar to the confined

field in the bag model), while in a type II superconductor the field falls off exponentially

5

Shoving begins in the middle of local longitudinal rest frame.

Strings sliced in rapidity and time.

Pairwise transverse kicks with p⊥ conservation.

Represented by adding a gluon.

Bierlich, Gustafson, Lönnblad, PLB779 (2018) 58,

from Abramovsky, Gedalin, Gurvich, Kancheli, JETP Lett 47 (1988) 337
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String shoving (2)

9

exactly m times those for the corresponding v2{m} harmonics, where m = 4 or 6.

5 Results
5.1 Two-particle correlation functions
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Figure 1: The 2D two-particle correlation functions for inclusive charged particles (top), K0
S par-

ticles (middle), and L/L particles (bottom), with 1 < p
trig
T < 3 GeV/c and associated charged

particles with 1 < p
assoc
T < 3 GeV/c, in low-multiplicity (10  N

offline
trk < 20, left) and high-

multiplicity (105  N
offline
trk < 150, right) pp collisions at

p
s = 13 TeV.

Figure 1 shows the 2D Dh–Df correlation functions, for pairs of a charged (top), a K0
S (mid-

dle), or a L/L (bottom) trigger particle with a charged associated particle, in low-multiplicity
(10  N

offline
trk < 20, left) and high-multiplicity (105  N

offline
trk < 150, right) pp collisions atp

s = 13 TeV. Both trigger and associated particles are selected from the pT range of 1–3 GeV/c.
For all three types of particles at high multiplicity, in addition to the correlation peak near

FIG. 4. Di-hadron correlation functions for pp collisions at 7 TeV, in four centrality intervals, for

two values of the shoving parameter g, compared to default PYTHIA8. For g = 4, adding shoving

produces a ridge similar to the data from CMS [32].

system is not deconfined nor thermalised, the transverse expansion has important similarities

with the expansion of a boost-invariant perfect (non-viscous) liquid.

In a coming publication we want to improve the approximations in the implementation

of the ”shoving model” presented here, and combine it with the rope hadronisation model in

ref. [28]. Our plan is then to include these effects in our model for collisions with nuclei [40],

to see if they can adequately describe data showing collective effects in these larger systems.

Would such a comparison turn out successful, this would challenge the current paradigm in

heavy ion physics. It would then be necessary to find observables sensitive to dynamical

differences between the traditional approach assuming a thermalised plasma, and the non-

thermalised dynamics described here.

∗ This work was funded in part by the Swedish Research Council, contracts number 2016-

03291, 2016-05996 and 2017-0034, in part by the European Research Council (ERC) under

the European Union’s Horizon 2020 research and innovation programme, grant agreement No

668679, and in part by the MCnetITN3 H2020 Marie Curie Initial Training Network, contract

722104.

[1] B. Andersson, G. Gustafson, G. Ingelman, and T. Sjöstrand, Phys. Rept. 97, 31 (1983).
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Future:

Continuous hadron-centered effect rather than slices.

Go beyond long, soft strings.

Combine with rope.

Flow v2 coefficients etc?
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Flow coefficients

(preliminary)

Approximate ALICE
high-forward-energy
trigger.

With or without CR.

“sub” = central
η = 1.4 gap.

More details on ropes, shove, flow, etc. in Dipsy/PYTHIA context:
C. Bierlich, in Small Systems session, tomorrow Tuesday 16.00
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What next?

Further studies needed for high-multiplicity events:

Jet quenching.

Υ (1s,2s,3s) phenomenology.

Prompt photons.

Other supposed QGP signals.

Flavour composition in jets vs. in UE
(less overlap in jets, so expect less effect).

Flavour correlations, e.g. baryon-antibaryon.

Is new data already explained by core-corona models?
Can conventional pp models explain observations?

Angantyr: modern-day version of the Fritiof model
for pp, pA and AA, with shoving and ropes,
being developed by Bierlich, Gustafson and Lönnblad.
H. Shah: poster.
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Summary and outlook

Conventional pp generators successful,
with MPI + CR generating some collectivity,
but now cracks.

Need new framework for baryon production.

String close-packing likely to influence hadronization,
before (shoving), during (ropes) and after (rescattering).

Currently no known unique solution, so free to explore.

Several recent & ongoing studies look promising,
but much work and few active with pp generator outlook.

Further experimental input crucial!

Whole new field of study opening up!
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Torbjörn Sjöstrand Collective Effects: the viewpoint of HEP MC codes slide 33/33


