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The Lund picture of strings and collective effects
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The Lund picture of strings and collective effects

The stringy picture of heavy ion collisionss

» The number of gluons in the colliding nuclei is huge.
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The Lund picture of strings and collective effects

The stringy picture of heavy ion collisionss

» The number of gluons in the colliding nuclei is huge.

» But they are virtual and if they are not put on shell they will not make into the
final state.

» Some (many) of them are put on shell by (semi-)hard scatterings, creating
(mainly) longitudinal colour-electric fields.

» There are also colour-magnetic fields, and they will turn into transverse
currents around the electric fields, eventually confining them into strings.

» These strings will eventually break and form hadrons.

Nature hates unconfined colour!
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The Lund picture of strings and collective effects

PbPb. f=0.1fm/c
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The Lund picture of strings and collective effects

PbPb. f=0.2 fm/c
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The Lund picture of strings and collective effects

PbPb. = 0.3 fm/c
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The Lund picture of strings and collective effects

PbPb. t = 0.4 fm/c
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The Lund picture of strings and collective effects

pp, t=0.5fm/c
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The Lund picture of strings and collective effects

Strings and collective effects
What happens when strings are close together and their fields overlap?
» Oppositely charged fields may attenuate each other.
» Overlapping strings will repel each other.
» Overlapping strings will increase the string tension.

» Produced Hadrons will collide with each other.
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Strings and collective effects
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Strings and collective effects

What happens when strings are close together and their fields overlap?

» Oppositely charged fields may attenuate each other.
= Colour reconnections = ? Jet modifications?

» Overlapping strings will repel each other.
= String Shoving = Flow
» Overlapping strings will increase the string tension.
= Rope hadronisation = Strangeness enhancement

» Produced Hadrons will collide with each other.
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Non-perturbative Colour Reconnections
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Colour Reconnections

Every MI will stretch out new colour-strings.

Do all of them stretch out strings all the way to the remnants?

To be able to describe observables such as (p, )(n.) we need (a lot of) colour
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Non-perturbative Colour Reconnections

Colour Reconnections

Every MI will stretch out new colour-strings.

Do all of them stretch out strings all the way to the remnants?

To be able to describe observables such as (p, )(n.) we need (a lot of) colour
(re-)connections.

First implemented in PYTHIA ~ 40 yeas ago.
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Non-perturbative Colour Reconnections

The QCD Dipole Based Reconnection Model

Most parton showers work in the Nz — oo limit.

In the case of N, = 3, for two random colour dipoles, there is one chance in nine
that the coloured parton in can form a colour singlet with the anti colour of the
other.

\O < C/Y

«° > S
The general idea is that nature prefers shorter strings
In the Lund model the string length is given by A oc 3, log (mﬁip/mg)

[arXiv:1505.01681]
Lund University
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Non-perturbative Colour Reconnections

The QCD Dipole Based Reconnection Model

Most parton showers work in the Nz — oo limit.

In the case of N, = 3, for two random colour dipoles, there is one chance in nine
that the coloured parton in can form a colour singlet with the anti colour of the
other. We can then equally well reconnect them

. < -7
- .
«° O~

The general idea is that nature prefers shorter strings
In the Lund model the string length is given by A oc 3, log (mﬁip/mg)

A

Y

[arXiv:1505.01681]
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Non-perturbative Colour Reconnections

Also dipoles where no singlets can be formed, can have alternative colour flows:

Y\= > O/Y

A/= > O\

We get junction structures carrying baryon number, potentially well separated in
rapidity.
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Non-perturbative Colour Reconnections

These junction reconnections increase baryon production in dense string systems.

AF/DP —0.96 < y < 0.04, pPb /5NN 5.02 TeV
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The perturbative Swing Model

The perturbative Swing Model

There is nothing preventing us from using colour reconnection in the perturbative
stage of the event generation.

Most modern parton showers use dipole based schemes to take into account
coherence effects between emissions from either end. Still using Ng — .

For two equally coloured (N¢c = 3) dipoles, we could try to consider a
quadrupole-based scheme, or approximate it by randomly choosing between the
two different dipole-pair configurations.
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The perturbative Swing Model

From multi-gluon amplitudes in colour-trace basis we have

o)
g1 M12Me3Mag - ... - Mpg

A
m
permii:nj

We note that swinging dipoles 12 and 34, with a relative probability
me,ms,

> 2
my,Mms,

Psw = )\sw

will shuffle the colour state between allowed colour configurations approximately in
proportion to their squared amplitudes and introduce effects beyond the
N — oo limit.
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The perturbative Swing Model

Implementation of the perturbative swing

Inside a the generation of a parton shower we order the emissions according to
the scale (typically ~ p,) of the partonic splitting. The probability to the first
emission in a dipole:

2 d >
dp piaz = s (pJ_) Pa—>bC(Z)S piapiprev dz%a
27'(' pL

Where S(pﬁ, piprev) is a no-emission probability.

Lund University
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The perturbative Swing Model

The veto algorithm

1. Collect all dipoles in an event

2. For each dipole generate the scale at which the next emission will occur.

3. Pick the highest scale (exit if below some cutoff)
4. Perform the emission and loop back to 2.

[CERN-TH-95-218]
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The perturbative Swing Model

The veto algorithm

1. Collect all dipoles in an event
» and assign each a colour index [0: 8]
2. For each dipole generate the scale at which the next emission will occur.

» and for each dipole pair with identical indices, calculate the scale at
which the next swing will occur.

3. Pick the highest scale (exit if below some cutoff)
4. Perform the emission and loop back to 2.

[CERN-TH-95-218]
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The perturbative Swing Model

The veto algorithm

1. Collect all dipoles in an event
» and assign each a colour index [0: 8]
2. For each dipole generate the scale at which the next emission will occur.

» and for each dipole pair with identical indices, calculate the scale at
which the next swing will occur.

3. Pick the highest scale (exit if below some cutoff)
4. Perform the emission or swing and loop back to 2.

[CERN-TH-95-218]
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The perturbative Swing Model

Out-of-plane p | in GeV w.r.t. thrust axes
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The perturbative swing in Hadronic collisions.

The perturbative swing in Hadronic collisions.

In eTe™ all partons originates from the same point. Can we use perturbative swing
in hadronic collisions, especially in Heavy lon Collisions?

[Torbjérn Lundberg, Leif Lénnblad, arXiv:2503.15413]
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The perturbative swing in Hadronic collisions.

The parallel string frame ...

N

...is a very democratic frame where all pairs of dipoles
are treated equal. i\ 62| 0/2
Assuming the position of a parton in this frame is given by \;
pi(t)y =v;+ (t — v;t)%:j, then the distance between any two .
is or2(t) = — (pi(t) — pi(1))? i N
For the limit where all partons originate from the same R, / P
point it is easy to show, that our probability of swinging : :
then becomes .

5 o 5 /2 ’;/2 5

m2,mi,  (1—v3)"  6r3(t)erz,(1)

mé M3, (1 —Vf/)z IRIAGIEAG)
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...is a very democratic frame where all pairs of dipoles
are treated equal.

Assuming the position of a parton in this frame is given by
pi(t)y =v;+ (t — v;t)%:j, then the distance between any two

. 2
is or(t) = —(pi(t) — py(1))
For the limit where all partons originate from the same

point it is easy to show, that our probability of swinging
then becomes

2
miyme, _ (1—v3)" _ 0r5p(1)0rgy(1)
mé M3, (1 —Vf/)z 0rgy(1)orgy(1)

Colour Reconnections 17 Leif Lénnblad Lund University



The perturbative swing in Hadronic collisions.

The parallel string frame ...

...is a very democratic frame where all pairs of dipoles
are treated equal.

Assuming the position of a parton in this frame is given by
pi(t)y =v;+ (t — v;t)%:j, then the distance between any two

. 2
is or(t) = —(pi(t) — py(1))
For the limit where all partons originate from the same

point it is easy to show, that our probability of swinging
then becomes

2
miyme, _ (1—v3)" _ 0r5p(1)0rgy(1)
mé M3, (1 —Vf/)z 0rgy(1)orgy(1)

Colour Reconnections 17 Leif Lénnblad Lund University



The perturbative swing in Hadronic collisions.

The parallel string frame ...

...is a very democratic frame where all pairs of dipoles
are treated equal.

Assuming the position of a parton in this frame is given by
pi(t)y =v;+ (t — v;t)%:j, then the distance between any two

. 2
is or(t) = —(pi(t) — py(1))
For the limit where all partons originate from the same

point it is easy to show, that our probability of swinging
then becomes

2
miyme, _ (1—v3)" _ 0r5p(1)0rgy(1)
mé M3, (1 —Vf/)z 0rgy(1)orgy(1)

Colour Reconnections 17 Leif Lénnblad Lund University



The perturbative swing in Hadronic collisions.

The actual distance in the parallel frame is also proportional to the maximum
proper time along what will become a piece of a string.

This can be compared to the proper time at which the string starts to break, so it
gives us an natural upper bound on when it make sense to swing the dipole.

It also gives us a proper time that can be compared to the (inverse of) the p, of an
emission of from that dipole, and can be used in the shower to determine what
happens first.

In this way the we end up in the same general philosophy of the original
perturbative swing, except that the swing probabilities now evolves over time.

(I'm skipping a lot of details here that | can tell you about if you ask me after the talk, but probably better over (many) beers this evening if you are
interested. This involves stuff like when and where can a dipole be said to actually form, and is that necessarily as condition for being able to swing?
Also the maximum proper time is not the same for the two dipoles considers and is also different from the two dipoles after the swing. After all, we deal
with special relativity here, and who can say what happens before something else? So yes, a number of approximations had to be made and’'some
corners had to be cut. The process of disentangling all this took years, and although we have put it all in a paper in excruciating details, I'm’pretty sure
that no one will ever read it in full. Well, maybe the poor referee will feel obliged to do it, but | hope, for his sake , and ours that he just thinks, well this
seems well thought through, and accepts it. The paper also includes an overly detailed description how all of this is implemented in the code; so that
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The perturbative swing in Hadronic collisions.
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The perturbative swing in Hadronic collisions.

The bigger picture
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Some results: pp

Charged particle 7 at 7 TeV, track p; > 500 MeV, for Ny, > 6

The perturbative swing in Hadronic collisions.

Charged multiplicity > 1 at 7TeV, track p, > 500 MeV.

Charged (p.) vs. Ney at 7TeV, track p; > 500 MeV, for Ney > 1
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The perturbative swing in Hadronic collisions.

Some more results: pPb and PbPb

Mean charged multiplicity Ngp, vs. centrality, Pb-Pb /5N = 2.76 TeV
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The perturbative swing in Hadronic collisions.

But what about the jet modifications you promised?
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The perturbative swing in Hadronic collisions.

But what about the jet modifications you promised?

Well, if you give me a Rivet routine, I'll show you.
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» Colour reconnections are necessary in the string picture.
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v

Colour reconnections are necessary in the string picture.
» The perturbative swing model seems to be a viable way to introduce them.

It models the same physics as conventional jets-in-a-medium models,
but using a microscopic picture of the medium.

The inclusion of junctions swings is on its way.

v
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It needs to be combined with the other three models of string collectivity.
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Conclusions/Outlook

v

v

Colour reconnections are necessary in the string picture.
The perturbative swing model seems to be a viable way to introduce them.

It models the same physics as conventional jets-in-a-medium models,
but using a microscopic picture of the medium.

The inclusion of junctions swings is on its way.
It needs to be combined with the other three models of string collectivity.
Experimental analyses implemented in Rivet are desperately needed.
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Thank you for listening

Leif Lénnblad
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