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The structure of an event

An event consists of many different physics steps to be modelled:
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Beyond current standard pp paradigm

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
(Noffline

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

5.3 Multi-particle correlations and collectivity 17

for charged particles with 0.3 < pT < 3.0 GeV/c are shown in Fig. 9 (left), as a function of Noffline
trk

for pp collisions at
p

s = 5, 7, and 13 TeV. The pPb data at
psNN = 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., Noffline

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 Noffline

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
Noffline

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 Noffline

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 vsub
2 , v2{4} and v2{6} values as a function of Noffline

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

vsub
2 , v2{4}, v2{6}, v2{8}, and v2{LYZ} values in pPb collisions at

psNN = 5 TeV [40]. Right:
The vsub

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-

Signs of QGP-like collective behaviour in pp actively studied,
but beyond default behaviour of standard pp generators
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The pp workhorses

PYTHIA (successor to JETSET, begun in 1978)
originated in string hadronization studies.
Historically strong interest in soft physics: MPI, CR.
Angantyr model for pA/AA: Leif Lönnblad next.

Herwig (successor to EARWIG, begun in 1984)
originated with coherent showers (angular ordering).
MPI, CR and cluster hadronization added.
Only simple event stacking for pA/AA.

Sherpa (APACIC++/AMEGIC++, begun in 2000)
originated with matrix elements calculations.
Emphasis on (N)NLO match & merge, less on soft.
Heavy-ion effort under way (JEWEL, SHRiMPS, . . . ).
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PYTHIA core processes

Some (leading-order) processes hardcoded, almost freely mixable:

Soft QCD: elastic, single diffractive, double diffractive,
central diffractive, nondiffractive (including hard processes)

Hard QCD: 2→ 2 (e.g. qg→ qg), open heavy flavours,
charmonium, bottomonium, top, (2→ 3)

Electroweak: ff → γ∗/Z0, ff →W+W−, qg→ qγ, ff → γγ,
`q→ `q, qγ → qg, γγ → ff, . . .

Higgs in the SM and various extensions

BSM: SUSY, new gauge bosons, left–right symmetry,
leptoquarks, compositeness, hidden valleys, extra dimensions,
dark matter

Other processes: external input possible and common (LHA).

Higher orders: see presentation by Stefan Prestel;
parton showers offer important complement.

Sherpa and Herwig have tighter integration of NLO than PYTHIA.
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The Parton-Shower Approach

2→ n = (2→ 2) ⊕ ISR ⊕ FSR

ISR = Initial-State Radiation = spacelike showers
Q2

i ∼ −m2 > 0 increasing

FSR = Final-State Radiation = timelike shower
Q2

i ∼ m2 > 0 decreasing

Nowadays predominantly Q2 ≈ p2⊥ for both ISR and FSR.
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Doublecounting

Do not doublecount: 2→ 2 = most virtual = shortest distance
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The DGLAP equations

DGLAP (Dokshitzer–Gribov–Lipatov–Altarelli–Parisi)

dPa→bc =
αs

2π

dQ2

Q2
Pa→bc(z) dz

Pq→qg =
4

3

1 + z2

1− z

Pg→gg = 3
(1− z(1− z))2

z(1− z)

Pg→qq =
nf
2

(z2 + (1− z)2) (nf = no. of quark flavours)

Universality: any matrix element reduces to DGLAP in collinear limit.

e.g.
dσ(H0 → qqg)

dσ(H0 → qq)
=

dσ(Z0 → qqg)

dσ(Z0 → qq)
in collinear limit
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Radioactive decays and the Sudakov form factor

Naively P(t) = c =⇒ N(t) = 1− ct.
Wrong! Conservation of probability
driven by depletion:
a given nucleus can only decay once

Correctly
P(t) = cN(t) =⇒ N(t) = exp(−ct)
i.e. exponential dampening
P(t) = c exp(−ct)

Correspondingly, with Q ∼ 1/t (Heisenberg)

dPa→bc =
αs

2π

dQ2

Q2
Pa→bc(z) dz

× exp


−

∑

b′,c ′

∫ Q2
max

Q2

dQ ′2

Q ′2

∫
αs

2π
Pa→b′c ′(z

′) dz ′
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Dipole showers

If branching a→ bc, then a reinterpreted from on-shell to off-shell.
Not obvious how to conserve energy–momentum.

Dipole picture: a colour-connected
parton r takes the recoil,
pb + pc + p′r = pa + pr .
Used iteratively. Lorentz invariant.

a

b

c

r

r′

Not only a trick, but a + r together define dipole/antenna
with combined radiation pattern, well-defined in NC →∞ limit.

Dipole showers available in all generators.

For PYTHIA 3 options: default, and VINCIA and DIRE plugins.
These differ by handling of ME corrections, Q2 scales, etc.
VINCIA and DIRE also include NLO branching kernels.

Herwig by default has an angular-ordered shower,
with a post-facto rescaling of kinematics.
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Matrix elements vs. parton showers

ME : Matrix Elements
+ systematic expansion in αs (‘exact’)
+ powerful for multiparton Born level
+ flexible phase space cuts
− loop calculations very tough
− negative cross section in collinear regions
⇒ unpredictive jet/event structure

− no easy match to hadronization

PS : Parton Showers
− approximate, to LL (or NLL)
− main topology not predetermined
+ process-generic ⇒ simple multiparton
+ Sudakov form factors/resummation
⇒ sensible jet/event structure

+ easy to match to hadronization

Match & Merge: consistently combine ME with PS.
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The divergence of the QCD cross section

Cross section for 2→ 2 interactions is dominated by t-channel

gluon exchange, so diverges like dσ̂/dp2⊥ ≈ 1/p4⊥ for p⊥ → 0.

Integrate QCD 2→ 2
qq′ → qq′

qq→ q′q′

qq→ gg
qg→ qg
gg→ gg
gg→ qq
(with CTEQ 5L PDF’s)
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MultiParton Interactions – 1

Hadrons are composite ⇒ many partons can interact:

Divergence for p⊥ → 0 in perturbative 2→ 2 scatterings;
tamed by unknown colour screening length d in hadron

dσ̂

dp2⊥
∝ α2

s (p2⊥)

p4⊥
→ α2

s (p2⊥0 + p2⊥)

(p2⊥0 + p2⊥)2

with p⊥0 ≈ 2–3 GeV ' 1/d .

Semiperturbative 2→ 2 generates whole nondiffractive σ!?
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MultiParton Interactions – 2

Hadrons are extended, so dependence on impact parameter b.
Impact parameter dependence – 2

• Events are distributed in impact parameter b
• Average activity at b proportional to O(b)

? central collisions more active ) Pn broader than Poissonian
? peripheral passages normally give no collisions ) finite �tot

• Also crucial for pedestal e↵ect (more later)

Torbjörn Sjöstrand PPP 6: Multiparton interactions and MB/UE slide 24/56

Overlap of protons during encounter is

O(b) =

∫
d3x dt ρ1(x, t) ρ2(x, t)

where ρ is (boosted) matter distribution in p,
e.g. Gaussian or more narrow peak.

Average activity at b proportional to O(b):
? central collisions more active
⇒ Pn broader than Poissonian;

? peripheral passages normally give
no collisions ⇒ finite σtot.

At LHC 〈nMPI〉 ≈ 3 for all events, but & 10 for central collisions.
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Jet pedestal effect – 1

Events with hard scale (jet, W/Z) have more underlying activity!
Events with n interactions have n chances that one of them is hard,
so “trigger bias”: hard scale ⇒ central collision
⇒ more interactions ⇒ larger underlying activity.

Studied in particular by Rick Field, with CDF/CMS data:
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Jet pedestal effect – 2
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Double Parton Scattering

σAB =
σA σB
σeff

σAA =
σ2A

2σeff
.Summary
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ATLAS
AFS (

p
s = 63 GeV, 4 jets, 1986)

UA2 (
p

s = 630 GeV, 4 jets, 1991)
CDF (

p
s = 1.8 TeV, 4 jets, 1993)

CDF (
p

s = 1.8 TeV, �+ 3 jets, 1997)
DØ (

p
s = 1.96 TeV, �+ 3 jets, 2010)

LHCb (
p

s = 7 TeV, J/ ⇤+
c , 2012)

LHCb (
p

s = 7 TeV, J/ D+
s , 2012)

LHCb (
p

s = 7 TeV, J/ D+, 2012)

LHCb (
p

s = 7 TeV, J/ D0, 2012)
ATLAS (

p
s = 7 TeV, W+ 2 jets, 2013)

CMS (
p

s = 7 TeV, W+ 2 jets, 2014)
DØ (

p
s = 1.96 TeV, �+ b/c + 2 jets, 2014)

DØ (
p

s = 1.96 TeV, �+ 3 jets, 2014)
DØ (

p
s = 1.96 TeV, J/ + J/ , 2014)

ATLAS (
p

s = 8 TeV, Z + J/ , 2015)

LHCb (
p

s = 7&8 TeV, ⌥(1S)D0,+, 2015)
DØ (

p
s = 1.96 TeV, J/ + ⌥, 2016)

DØ (
p

s = 1.96 TeV, 2�+ 2 jets, 2016)
ATLAS (

p
s = 7 TeV, 4 jets, 2016)

ATLAS (
p

s = 8 TeV, J/ + J/ , 2017)
CMS (

p
s = 8 TeV, ⌥ + ⌥, 2017)

LHCb (
p

s = 13 TeV, J/ + J/ , 2017)

CMS (
p

s = 8 TeV, W ±W ±, 2018)
ATLAS (

p
s = 8 TeV, 4 leptons, 2018)

State-of-the-art  
measurements

Dependance on  
c.m energy

JHEP 11 (2016) 110

arXiv:1811.11094

(D. Kar, MPI@LHC 2018)
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Colour (re)connections and 〈p⊥〉(nch)
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Colour Reconnection in e+e− annihilation

Above topics among unsolved problems of strong in-
teractions: confinement dynamics, 1/N2

C effects, QM
interferences, . . . :

• opportunity to study dynamics of unstable parti-
cles,

• opportunity to study QCD in new ways, but
• risk to limit/spoil precision mass measurements.

So far mainly studied for mW at LEP2:

1. Perturbative: !!mW" <#5 MeV.
2. Colour rearrangement: many models, in general

!!mW" <#40 MeV.

e!

e+

W!

W+

q3

q4

q2

q1

!
"

!
"

!+

!+

#$BE

3. Bose-Einstein: symmetrization of unknown am-
plitude, wider spread 0–100 MeV among models,
but realistically !!mW" <#40 MeV.

In sum: !!mW"tot < m!, !!mW"tot/mW
<#0.1%; a

small number that becomes of interest only because
we aim for high accuracy.

At LEP 2 search for effects in e+e− →W+W− → q1q2 q3q4:

perturbative 〈δMW〉 . 5 MeV : negligible!

nonperturbative 〈δMW〉 ∼ 40 MeV :

favoured; no-effect option ruled out at 99.5% CL.

Best description for reconnection in ≈ 50% of the events.

Bose-Einstein 〈δMW〉 . 100 MeV : full effect ruled out
(while models with ∼ 20 MeV barely acceptable).
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MPIs in PYTHIA

MPIs are gererated in a falling sequence of p⊥ values;
recall Sudakov factor approach to parton showers.

Core process QCD 2→ 2, but also onia, γ’s, Z0,W±.

Energy, momentum and flavour conserved step by step:
subtracted from proton by all “previous” collisions.

Protons modelled as extended objects, allowing both central
and peripheral collisions, with more or less activity.

Colour screening increases with energy, i.e. p⊥0 = p⊥0(Ecm),
as more and more partons can interact.

Colour connections: each interaction hooks up with colours
from beam remnants, but also correlations inside remnants.

Colour reconnections: many interaction “on top of” each
other ⇒ tightly packed partons ⇒ colour memory loss?
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Interleaved evolution in PYTHIA

• Transverse-momentum-ordered parton showers for ISR and FSR
• MPI also ordered in p⊥
⇒ Allows interleaved evolution for ISR, FSR and MPI:

dP
dp⊥

=

(
dPMPI

dp⊥
+
∑ dPISR

dp⊥
+
∑ dPFSR

dp⊥

)

× exp

(
−
∫ p⊥max

p⊥

(
dPMPI

dp′⊥
+
∑ dPISR

dp′⊥
+
∑ dPFSR

dp′⊥

)
dp′⊥

)

Ordered in decreasing p⊥ using “Sudakov” trick.
Corresponds to increasing “resolution”:
smaller p⊥ fill in details of basic picture set at larger p⊥.

Start from fixed hard interaction ⇒ underlying event

No separate hard interaction ⇒ minbias events

Possible to choose two hard interactions, e.g. W−W−
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MPI in Herwig – 1

Key point: two-component model

p⊥ > p⊥min: pure perturbation theory (no modification)
p⊥ < p⊥min: pure nonperturbative ansatz
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MPI in Herwig – 2

Number of MPIs first picked; then generated unordered in p⊥.
Interactions uncorrelated, up until energy used up.
Force ISR to reconstruct back to gluon after first interaction.
Impact parameter by em form factor shape, but tunable width.
p⊥min scale
to be tuned
energy-by-energy.
Colour reconnection
essential to get
dn/dη correct.
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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

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

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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String motion

The Lund Model: starting point

Use only linear potential V (r) ≈ κr
to trace string motion, and let string
fragment by repeated qq breaks.

Assume negligibly small quark masses.
Then linearity between space–time and
energy–momentum gives

∣∣∣∣
dE

dz

∣∣∣∣ =

∣∣∣∣
dpz
dz

∣∣∣∣ =

∣∣∣∣
dE

dt

∣∣∣∣ =

∣∣∣∣
dpz
dt

∣∣∣∣ = κ

(c = 1) for a qq pair flying apart
along the ±z axis.
But signs relevant: the q moving in
the +z direction has dz/dt = +1
but dpz/dt = −κ.

B. Andersson et a!., Patton fragmentation and string dynamics 41

____ ____ <V
-L/2 L12 X -p p~

Fig. 2.1. The motion of q and ~ in the CM frame. The hatched areas Fig. 2.2. The motion of q and ~ in a Lorentz frame boosted relative to
show where the field is nonvanishing. the CM frame.

M2. In fig. 2.2 the same motion is shown after a Lorentz boost /3. The maximum relative distance has
been contracted to L’ = Ly(1 — /3) L e~and the time period dilated to T’ = TI’y = T cosh(y) where y
is the rapidity difference between the two frames.
In this model the “field” corresponding to the potential energy carries no momentum, which is a

consequence of the fact that in 1 + 1 dimensions there is no Poynting vector. Thus all the momentum is
carried by the endpoint quarks. This is possible since the turning points, where q and 4 have zero
momentum, are simultaneous only in the CM frame. In fact, for a fast-moving q4 system the q4-pair
will most of the time move forward with a small, constant relative distance (see fig. 2.2).
In the following we will use this kind of yo-yo modes as representations both of our original q4 jet

system and of the final state hadrons formed when the system breaks up. It is for the subsequent work
necessary to know the level spectrum of the yo-yo modes. A precise calculation would need a
knowledge of the quantization of the massless relativistic string but for our purposes it is sufficient to
use semi-classical considerations well-known from the investigations of Schrodinger operator spectra.
We consider the Hamiltonian of eq. (2.14) in the CM frame with q = x

1 — x2

H=IpI+KIql (2.18)

and we note that our problem is to find the dependence on n of the nth energy level E~. If the
spatial size of the state is given by 5~then the momentum size of such a state with n — 1 nodes is

IpI=nI& (2.19)

and the energy eigenvalue E~corresponds according to variational principles to a minimum of

H(6~)= n/&, + Kô~ (2.20)

i.e.

2Vttn. (2.21)
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The Lund Model

Combine yo-yo-style string motion with string breakings!

Motion of quarks and antiquarks with intermediate string pieces:

space

time
quark
antiquark
pair creation

A q from one string break combines with a q from an adjacent one.

Gives simple but powerful picture of hadron production.
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Where does the string break?

Fragmentation starts in the middle and spreads outwards:

Corresponds to roughly same invariant time of all breaks,
τ2 = t2 − z2 ∼ constant,
with breaks separated by hadronic area m2

⊥ = m2 + p2⊥.

Hadrons at outskirts are more boosted.

Approximately flat rapidity distribution, dn/dy ≈ constant

⇒ total hadron multiplicity in a jet grows like lnEjet.
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How does the string break?

String breaking modelled by tunneling:

P ∝ exp

(
−
πm2
⊥q

κ

)
= exp

(
−
πp2⊥q

κ

)
exp

(
−
πm2

q

κ

)

• Common Gaussian p⊥ spectrum, 〈p⊥〉 ≈ 0.4 GeV.

• Suppression of heavy quarks,

uu : dd : ss : cc ≈ 1 : 1 : 0.3 : 10−11.

• Diquark ∼ antiquark ⇒ simple model for baryon production.

String model unpredictive in understanding of hadron mass effects
⇒ many parameters, 10–20 depending on how you count.
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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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The Lund gluon picture

The most characteristic feature
of the Lund model:

quark

antiquark

gluon

string motion in the event plane
(without breakups)

Gluon = kink on string

Force ratio gluon/ quark = 2,
cf. QCD NC/CF = 9/4, → 2 for NC →∞
No new parameters introduced for gluon jets!
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Colour flow in hard processes

One Feynman graph can correspond to several possible colour
flows, e.g. for qg→ qg:

while other qg→ qg graphs only admit one colour flow:

Interference terms with indeterminate colour flow ∝ 1/N2
C .
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The Herwig cluster model

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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Herwig cluster model improvement
8 Stefan Gieseke, Patrick Kirchgaeßer, Simon Plätzer: Baryon production from cluster hadronization
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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 K0
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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String vs. Cluster

program PYTHIA Herwig
model string cluster

energy–momentum picture powerful simple
predictive unpredictive

parameters few many

flavour composition messy simple
unpredictive in-between

parameters many few
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Total cross section

13. Discussion

The result for the total hadronic cross section presented here, σtot = 95.35 ± 1.36 mb, can be com-
pared to the value measured by TOTEM in the same LHC fill using a luminosity-dependent analysis,
σtot = 98.6 ± 2.2 mb [11]. Assuming the uncertainties are uncorrelated, the difference between the AT-
LAS and TOTEM values corresponds to 1.3σ. The uncertainty on the TOTEM result is dominated by
the luminosity uncertainty of ±4%, while the measurement reported here profits from a smaller luminosity
uncertainty of only ±2.3%. In subsequent publications [16, 54] TOTEM has used the same data to perform
a luminosity-independent measurement of the total cross section using a simultaneous determination of elas-
tic and inelastic event yields. In addition, TOTEM made a ρ-independent measurement without using the
optical theorem by summing directly the elastic and inelastic cross sections [16]. The three TOTEM results
are consistent with one another.

The results presented here are compared in Fig. 19 to the result of TOTEM and are also compared with
results of experiments at lower energy [29] and with cosmic ray experiments [55–58]. The measured total
cross section is furthermore compared to the best fit to the energy evolution of the total cross section from
the COMPETE Collaboration [26] assuming an energy dependence of ln2 s. The elastic measurement is
in turn compared to a second order polynomial fit in ln s of the elastic cross sections. The value of σtot

reported here is two standard deviations below the COMPETE parameterization. Some other models prefer
a somewhat slower increase of the total cross section with energy, predicting values below 95 mb, and thus
agree slightly better with the result reported here [59–61].

 [GeV]s
10 210 310 410

 [m
b]

σ

0

20

40

60

80

100

120

140

totσ

elσ

ATLAS
TOTEM

ppLower energy 
ppLower energy and cosmic ray 

Cosmic rays
COMPETE RRpl2u

)s(2) + 1.42lns13.1 - 1.88ln(

Figure 19: Comparison of total and elastic cross-section measurements presented here with other published measurements [11,
29, 55–58] and model predictions as function of the centre-of-mass energy.

33

Several options for total and partial pp & pp cross sections:
DL/SaS, MBR, ABMST, RPP2016.
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Diffraction

Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) × (IPp collision)

Diffraction
Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) ! (IPp collision)

p
p

IP

p

Used e.g. in
POMPYT
POMWIG
PHOJET

1) !SD and !DD taken from existing parametrization or set by user.
2) Shape of Pomeron distribution inside a proton, fIP/p(xIP, t)
gives diffractive mass spectrum and scattering p" of proton.
3) At low masses retain old framework, with longitudinal string(s).
Above 10 GeV begin smooth transition to IPp handled with full pp
machinery: multiple interactions, parton showers, beam remnants, . . . .
4) Choice between 5 Pomeron PDFs.
Free parameter !IPp needed to fix #ninteractions$ = !jet/!IPp.
5) Framework needs testing and tuning, e.g. of !IPp.

1) σSD, σDD and σCD set by Reggeon theory.

2) fIP/p(xIP, t)⇒ diffractive mass spectrum, p⊥ of proton out.

3) Smooth transition from simple model at low masses to IPp with
full pp machinery: multiparton interactions, parton showers, etc.

4) Choice between different Pomeron PDFs.

5) Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
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Multiplicity in diffractive events
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PYTHIA 6 lacks MPI, ISR, FSR in diffraction, so undershoots.
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Spacetime evolution

PYTHIA can calculate production vertex of each particle,
e.g. number of hadrons as a function of time for pp at 13 TeV:

time(fm/c)
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Total number of final hadrons

 

Hadronization process extends up to scales ECM/2κ ≈ 6000 fm.
Particle decays starts rapidly and then continues.
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MCnet

Herwig
PYTHIA
Sherpa
MadGraph

Plugin:
Ariadne
DIPSY
HEJ

CEDAR:
Rivet
Professor
HepForge
LHAPDF
HepMC

EU-funded 2007–10,
2013–16, 2017–21

Generator development

Services to community

PhD student training

Common activities

Summer schools
2019: near London
2020: near Karlsruhe

Short-term studentships
(3 - 6 months).
Formulate your project!
Experimentalists welcome!

Nodes:
Manchester
Durham
Glasgow
Göttingen
Karlsruhe
UC London
Louvain
Lund

CERN
Heidelberg
Monash (Au)
Vienna

https://www.montecarlonet.org/
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Summary and outlook

Three main workhorses — PYTHIA, Herwig and Sherpa —
allow for complementary model approaches and cross-checks.
Publicly available and well supported,
e.g. http://home.thep.lu.se/Pythia/

(N)NLO calculations with match&merge to improved showers
main development of latest 20 years.
Multiparton interactions, colour reconnection and
hadronization as important, but little to no deep theory,
so often swept under the carpet.
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