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The structure of an event

An event consists of many different physics steps to be modelled:
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Colliding beams

e+e− (e.g. LEP)

pp&pp (e.g. LHC)

e±p (e.g. HERA), but either DIS or photoproduction

``& `` (` = e, µ, τ, ν)

hh& hh (h = p, n, π±,0, limited by PDFs)

`h, γh, γγ, where γ direct or resolved

pA,AA (Angantyr; recent)

Limitations:

Only one beam combination at a time.

Only one CM energy at a time (or small range).

Ecm > 10 GeV.

No air shower tracking.
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Core processes

Available hardcoded internally, 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

Beyond that: no internal ME generator, so then external input,
e.g. MadGraph5 aMC@NLO, PowHeg Box, AlpGen,
typically using Les Houches Event Files exchange standard.
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Parton Distribution Functions

Trend towards NLO/NNLO parametrizations: need not be positive
definite, notably small-x gluon at low Q2, which is nuisance.
Coming: NNPDF3.1sx+LHCb (N)NLO+NLLx QED.

Internal implementation of several PDFs

p: 21 sets, from legacy to new (2017), mainly LO

n: by isospin (watch out for QED)

nuclear modification factors (EPS09 LO/NLO, EPPS16 NLO)

π: GRV 92L (isospin for π+ → π0)

Pomeron (diffraction): 15 sets

γ: CJKL

`: QED (exponentiated)

Can also

link to whole LHAPDF library, or

read single .dat file of one PDF set/member.
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Parton showers – 1

2→ n = (2→ 2) ⊕ ISR ⊕ FSR

Dipole recoil (for FSR):

a

b

c

r

r′

pb + pc + p′r = pa + pr

Based on DGLAP evolution equations:

dPa→bc =
αs

2π

dQ2

Q2
Pa→bc(z) dz · (Sudakov)

with p⊥ ordering, Q2 = p2⊥evol ≈ p2⊥, and dipole recoils.

ISR by backwards evolution from the hard interaction.
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Parton showers – 2

Currently three (main) parton shower options;

Internal default SpaceShower + TimeShower;

Vincia antenna shower plugin;

Dire dipole shower plugin.

Same basic structure, e.g. MPI + ISR + FSR interleaved evolution:

dP
dp⊥

=

(
dPMPI

dp⊥
+
∑ dPISR

dp⊥
+
∑ dPFSR

dp⊥

)

× exp

(
−
∫ p⊥max

p⊥

(
dPMPI

dp′⊥
+
∑ dPISR

dp′⊥
+
∑ dPFSR

dp′⊥

)
dp′⊥

)

Support the same facilities, like

matching and merging with higher-order matrix elements,

automated uncertainty band from factorization and
renormalization scale choices, and finite splitting-kernel terms.
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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)
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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.

Preselected hard process ⇒ central ⇒ “pedestal effect”.
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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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The QCD potential

In QCD, for large charge separation, field lines are believed
to be compressed to tubelike region(s) ⇒ string(s)

Gives force/potential between a q and a q:

F (r) ≈ const = κ ⇐⇒ V (r) ≈ κr
κ ≈ 1 GeV/fm ≈ potential energy gain lifting a 16 ton truck.

Flux tube parametrized by center location as a function of time
⇒ simple description as a 1+1-dimensional object – a string .
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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 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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Colour Reconnection

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: 〈δmW〉 <∼5 MeV.
2. Colour rearrangement: many models, in general

〈δmW〉 <∼40 MeV.

e−

e+

W−

W+

q3

q4

q2

q1

!
"

!
"

π+

π+

#$BE

3. Bose-Einstein: symmetrization of unknown am-
plitude, wider spread 0–100 MeV among models,
but realistically 〈δmW〉 <∼40 MeV.

In sum: 〈δmW〉tot < mπ, 〈δmW〉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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Colour (re)connections and 〈p⊥〉(nch)
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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].
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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) σSD and σDD 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 σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
5) Framework needs testing and tuning, e.g. of σIPp.

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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γγ and γp physics

Dual nature of photon: direct (pointlike) and resolved (hadronlike).
DGLAP evolution has additional term from γ → qq:

df γi (x ,Q2)

d lnQ2
=
αem(Q2)

2π
e2i Pi/γ(x)+

αs(Q
2)

2π

∑

j

∫ 1

x

dz

z
fj

(x
z

)
Pi/j(z)

so backwards evolution
can find photon beam.

Resolved photons

DGLAP equations for resolved photons
• Additional term due to γ → qq splittings

∂fγi (x,Q
2)

∂log(Q2)
=

αem
2π e2i Piγ(x) +

αs(Q2)

2π
∑

j

∫ 1

x

dz
z Pij(z) fj(x/z,Q2)

Additional term for ISR with photon beams

dPa←b =
dQ2

Q2
x′fγa(x′,Q2)

xfγb(x,Q2)

αs
2πPa→bc(z)dz +

dQ2

Q2
αem
2π

e2b Pγ→bc(x)
fγb(x,Q2)

• Corresponds to finding the beam photon during evolution

• No further ISR
• No MPIs below the scale
• No need for beam remnants

2
Have implemented combined direct + resolved for γp and γγ,
for hard and soft processes; elastic and diffractive to come.

Also ep and e+e− in quasi-real Equivalent Photon Approximation.

To come: Photon flux from hadrons (p and A), nuclear PDFs.
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Heavy-ion collisions – 1

Angantyr (from 19th century Norse-style poem, like Fritiof.)

(a) (b) (c)

Figure 2: Schematic pictures of multi-parton interactions in a pp collision. The y-axis should be

interpreted as rapidity. All initial- and final-state radiation has been removed to avoid cluttering.

Each gluon should be interpreted as having two colour lines associated with it, which in the subse-

quent string hadronisation will contribute to the soft multiplicity. In (a) the colour lines for both

sub scatterings stretches all the way out to the proton remnants, while in (b) and (c) the secondary

scattering is colour-connected to the primary one.

function using some assumption about the matter distribution in the colliding protons and

an assumed impact parameter.

In figure 2a there is an illustration of an event with two sub-scatterings (in red and

black) which we have assumed are both of the type gg → gg. Note that in the PYTHIA MPI

model all incoming and outgoing partons would be dressed up with initial- and final-state

radiation, but these have been left out of the figure to avoid cluttering. With completely

uncorrelated sub scattering, one would assume the colours of the incoming gluons would

also be uncorrelated, and since each gluon carries both colour and anti-colour one would

naively think that in the subsequent hadronisation phase, there would be four strings

stretched between the proton remnants and giving rise to particle production over the

whole available rapidity range. Again to avoid cluttering of the figures, we ask the reader

to simply imagine two colour lines (strings) stretched along each gluon and that the vertical

axis can be loosely interpreted as rapidity.

Already in the original paper [49] it was realised that it was basically impossible to

reproduce data if each sub-scattering was allowed to add particles in the whole available

rapidity range. Especially sensitive to this was the multiplicity dependence of the average

particle transverse momenta, and to rectify this the MPI model in PYTHIA was modified so

that additional sub-scatterings almost always was colour connected to outgoing partons in

previous sub-scatterings. This is illustrated in figure 2b and c, where the colour correlation

– 14 –

pp: MPIs naively attach
multiple colour chains to
remnants, but CR used/needed
to reduce activity at large |y |.

(a) (b)

Figure 3: A schematic picture (c.f. figure 2) of multiple scattering between one projectile and two

target nucleons (e.g. in a pd collisions). In (a) the second interaction is directly colour connected to

the first one, while in (b) the second nucleon is only diffractively excited by a Pomeron exchange.

Both cases give rise to final string configurations that will contribute in the same way to the final

state hadron distribution.

between the two sub-scatterings gives rise to a colour flow as if they were (perturbatively)

connected. In this way the multiple scatterings can give rise to increased average transverse

momentum from the partons coming from extra sub-scattering, without increasing the

multiplicity of soft particles due to the strings stretched all the way out to the proton

remnants.

3.2 Multi-parton interactions in a pA collision

We now turn to the case of a pA collisions and imagine the target proton interacting

absorptively with two nucleons in the nuclei. To be true to the PYTHIA MPI model we

should simply redefine the overlap function using the matter distribution of the two target

nucleons. In principle this can surely be done, however, technically we found it almost

forbiddingly difficult.

Instead we note that the handling of colour correlations in the pp model would typically

result in string topologies corresponding to the sketch in figure 3a. The primary scattering

looks like normal scattering between the projectile and one of the target nucleons, while the

secondary scattering is now between the projectile and the other target nucleon. Since both

target nucleons have been found to be absorptively wounded, the secondary scattering must

be colour connected to the second target nucleon, while in the direction of the projectile it

looks like a normal secondary scattering.

We also note that we would get the same colour topology, and hence the same distribu-

tion of particles, if the second sub-scattering was a separate single (high-mass) diffractive

– 15 –

pd: similarly CR will reduce
activity in p hemisphere;
≈ as one normal and
one diffractive scattering.
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Heavy-ion collisions – 2

ATLAS
Pythia8/Angantyr (generated centrality)
Pythia8/Angantyr (∑ EPb

⊥ bins from data)
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(a) Centrality-dependent η distribution, pPb,
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Figure 12: Comparison between the average charged multiplicity as a function of pseudo rapidity

in percentile bins of centrality for pPb collisions at
√

sNN = 5 TeV. In (a) data from ATLAS [31] is

compared to results from Angantyr. The lines correspond to the percentile bins in figure 11 (from

top to bottom: 0–1%, 1–5%, . . . , 60–90%). The red line is binned using percentiles of the generated∑
EPb

⊥ , and the blue line according to the experimental distribution (c.f. the table in figure 11).

In (b) the red line is the same as in (a), but here the blue line uses percentile bins based on the

generated impact parameter in Angantyr.

distribution, what is in fact measured is the correlation between the transverse energy flow

in the direction of the nuclei and the central multiplicity. In the figure we therfore show two

sets of lines generated with Angantyr with the two different binnings presented in figure 11.

Clearly the difference is here not significant, which is an indication that Angantyr fairly

well reproduces the centrality measure. And the fact that neither curve is far from the

experimental data12 gives a strong indication that the Angantyr is a reasonable way of

extrapolating pp final states to pA.

Comparing to the results we presented in [16], the description of data has been much

improved. The main reason for this is the more careful treatment of secondary absorptive

sub-events, but the new handling of the impact-parameter dependence in the primary

absorptive events has also somewhat improved the description of data.

Within our model it is possible to look at the actual centrality of an event in terms of

the generated impact parameter, and in figure 12(b) we show a comparison between the

pseudo-rapidity distribution when binned in percentiles of the generated impact parameter

and when binned in the generated
∑

EPb
⊥ distribution. Clearly, in the Angantyr model,

the binning in
∑

EPb
⊥ is not very strongly correlated with the actual centrality in impact

parameter. This is especially the case for the most central collisions. The reason for this

is the fluctuations modelled in Angantyr, both in the number of wounded nucleons and in

the correlation between the number of wounded nucleons and the activity in the direction

12The η-distributions in figure 12(a) has been corrected for detector effects.
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Pythia8/Angantyr
ALICE PbPb
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(a) Centrality dependent η distribution PbPb,
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Pythia8/Angantyr
ALICE PbPb
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SNN = 2.76 TeV
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(b) Centrality dependent η distribution PbPb,

√
SNN = 2.76 TeV
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Figure 17: The centrality dependence charged multiplicity over a wide η range in PbPb collisions

at
√

sNN = 5.02 TeV (a) and
√

sNN = 2.76 TeV (b). Both for centralities 0-5%, 5-10%, 10-20%,

20-30%...80-90%. Data from ALICE [62–64].

In order to finish the discussion on the centrality measure, we show in figure 16(a)

the ALICE results on the centrality dependence of the average charged multiplicity in the

central pseudo-rapidity bin for PbPb collisions at
√

sNN = 2.76 TeV [59] using the measured

centrality, and in figure 16(b) with impact parameter bins. The agreement between these

two results are clearly much better in PbPb than for pPb, confirming the initial statement

in this section.

In figure 16(a) we also show our predictions14 for Xenon–Xenon collisions at
√

sNN =

5.44 TeV compared to the ALICE data that were published in [61].

In figure 17 we show the charged multiplicity compared to ALICE data [62–64] over

a much wider η range, for both
√

sNN = 2.76 TeV and
√

sNN = 5.02 TeV. The trend,

also visible in figure 16, is that Angantyr produces somewhat too few particles at central

η; systematically the multiplicity is 5-10% too low. We regard this as surprisingly good,

considered that no tuning of any kind to AA data has been done.

We now turn to transverse momentum spectra in AA collisions. In figure 18 we show

results from ATLAS [65] compared to our model. The published p⊥ spectra was scaled with

the average number of wounded nucleons, calculated using a black disk Glauber model. We

have not used the number of wounded nucleons as input to Angantyr, just scaled our result

with the same number (as published in the article) to obtain comparable spectra. Hence,

the results are not scaled to match, as both are simply scaled with the same number.

Finally we want to add a comment about the low multiplicity in the central region,

shown in figs. 16(a) and 17. One of the main features of Angantyr is that tuning of MPI

model, shower and hadronisation should only be carried out using e+e−, ep and pp data.

14Although we present this after the data was published we still consider it a prediction, as the program

was released before the data was analysed.
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Glauber formalism for geometry and number of NN collisions.

Good–Walker formalism for diffractive cross sections.

Full MPI machinery for NN collisions, also diffractive.

dxPom/xPom spectrum for energy taken from beam remnant.

Energy–momentum–flavour conservation.
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Heavy-ion collisions – 3
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Figure 14: The transverse momentum distribution of charged particles in the central pseudo-

rapidity region in inclusive pPb events.

that most fluctuations will average out. It is therefore reasonable to assume that basically

any centrality observable based on multiplicity or energy flow in the nuclei directions will

be well correlated with the number of wounded nucleons and the actual impact parameter.

Since we will now compare simulation to results from the ALICE experiment, we have

in principle to use the ALICE experimental definition of centrality, rather than the one

from ATLAS used in the previous chapter. In ALICE centrality is defined as percentiles

of the amplitude distribution obtained in the two V0 detectors, placed at −3.7 < η < −1.7

and 2.8 < η < 5.1. Since this amplitude is not unfolded to particle level, and cannot

be reproduced by Angantyr without realistic detector simulation, we instead construct a

reasonable particle level substitute for this measure. We assume that the V0 amplitude is

proportional to the total
∑

E⊥ from charged particles with p⊥ > 100 MeV in that region.

In figure 15 we compare the measured

V0 amplitude [59] with the substitute observable, scaled to match the bin just before

the distribution drops sharply at high amplitudes. The shape of the distribution is de-

scribed quite well, while the normalisation is a bit off. This is likely due to difficulties

extracting the data for very low amplitudes. We will throughout this section use this as a

centrality observable, combined with the trigger setup described in ref. [59]. Furthermore,

all experiments have some definition of what a primary particle is. In figure 12 we used

the ATLAS definition where all particles with cτ > 10 mm are considered as primary13.

The ALICE definition is at its heart very similar, but has been described in more detail in

13This means e.g., that a pair of π+π− which comes from the decay of a K0
S, will not be included in the

charged multiplicity
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Figure 18: Transverse momentum distributions of charged particles in PbPb collisions at
√

sNN =

2.76 TeV in four centrality bins, compared to Angantyr. Data from ATLAS [65].

However, looking at the comparison to pp in figure 10, we see that even the pp model

undershoots the multiplicity at very low p⊥ (below 500 MeV). Since ALICE measures

charged particle multiplicity all the way down to zero transverse momentum15, it is not

clear if the default PYTHIA8 behaviour should even be applicable here. The transverse

momentum of such low-p⊥ particles does not origin in the (perturbative) parton shower,

but rather in the dynamics of string breakings. As seen from the comparison to pp this

is not yet fully understood. The validity of this point is underlined by comparing to the

ATLAS data shown in figure 18, where multiplicity is measured with low-p⊥ cut–off of

500 MeV. In figure 19 we show the multiplicity distribution obtained by integrating the

distributions measured by ATLAS, and see that the description improves.

15The multiplicity below 50 MeV is extrapolated, but this does not contribute to the total multiplicity

by more than a few percent.
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Possibility to preselect one “trigger” event, e.g. Z0 production.

No quark-gluon plasma, for better or worse:
which data can be explained without QGP?

No explicit collective effects, for now.

Under active evolution to improve agreement with data.
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The ALICE revelation: goodbye jet universality!

Several unexpected collective effects at LHC pp, like ridge, and

Signs of QGP in high-multiplicity
pp collisions? If not, what else?
A whole new game!
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Ropes and shove

DIPSY: initial-state
dipole evolution in
transverse coordinates
and longitudinal
momenta.
Strong string overlap!

Ropes: combination of several overlapping strings into higher
colour multiplets ⇒ higher string tension favour strangeness,
notably multistrange baryons.

Shove: overlap pushes strings apart ⇒ ridge effects etc.

Currently not in Pythia, but ropes and shove will come.
Also other collective-event alternatives available or coming.

Torbjörn Sjöstrand The Pythia 8 Event Generator slide 27/29



The Pythia collaboration

Current members: Christian Bierlich, Nishita Desai, Ilkka Helenius,
Philip Ilten, Leif Lönnblad, Stephen Mrenna, Stefan Prestel,
Christine Rasmussen, Torbjörn Sjöstrand, Peter Skands
. . . but many have other projects as their main research interest.

Significant code pieces contributed by ∼ 30 more persons.

Comments and bug reports from > 100 persons.
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Summary and outlook

Core Pythia program is small and self-contained:
∼ 160k lines code, ∼ 20 MB gzipped tarball.
Quick & easy to install, well documented and many examples,
download from http://home.thep.lu.se/Pythia/

Feasible to do simple standalone analyses, e.g. with jet finders.
Possible to link to various external libraries.
Used by many other programs, notably string fragmentation.
Steady progress, e.g. heavy ions, γ beams, NLL showers.
Not well structured for complete cosmic ray shower.
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