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Event topologies

Expect and observe high multiplicities at the LHC.
What are production mechanisms behind this?
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Event-type properties

Roughly 60% of σtot ≈ 100 mb
consists of “ordinary” events,
“inelastic nondiffractive”,
where the full rapidity range is
populated by particle production.

The remaining events have
large or small rapidity gaps
with no production.

Many of the latter events
escape detection.

Minimum-bias events:
all events that can be
triggered/observed by a detector,
without any further selection.
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What is underlying event (UE)?

In an event containing a jet pair or another hard process, how
much further activity is there, that does not have its origin in the
hard process itself, but in other physics processes?

Pedestal effect: the UE contains more activity than a normal MB
event does (even discarding diffractive events).

Trigger bias: a jet ”trigger” criterion E⊥jet > E⊥min is more easily
fulfilled in events with upwards-fluctuating UE activity, since the
UE E⊥ in the jet cone counts towards the E⊥jet. Not enough!
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What is pileup?

⟨n⟩ = Lσ
where L is machine luminosity per bunch crossing, L ∼ n1n2/A
and σ ∼ σtot ≈ 100 mb.
Current LHC machine conditions ⇒ ⟨n⟩ ∼ 20 − 100.

Pileup introduces no new physics, and is thus not further
considered here, but can be a nuisance.
However, keep in mind concept of bunches of hadrons
leading to multiple collisions.
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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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What is multiple partonic interactions (MPI)?

Note that σint(p⊥min), the number of (2 → 2 QCD) interactions
above p⊥min, involves integral over PDFs,

σint(p⊥min) =

∫∫∫

p⊥min

dx1 dx2 dp
2
⊥ f1(x1, p

2
⊥) f2(x2, p

2
⊥)

dσ̂

dp2⊥
with

∫
dx f (x , p2⊥) = ∞, i.e. infinitely many partons.

So half a solution to σint(p⊥min) > σtot is

many interactions per event: MPI

σtot =
∞∑

n=0

σn

σint =
∞∑

n=0

n σn

σint > σtot ⇐⇒ ⟨n⟩ > 1
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Poissonian statistics

If interactions occur independently
then Poissonian statistics

Pn =
⟨n⟩n
n!

e−⟨n⟩

but n = 0 ⇒ no event (in many models)
and energy–momentum conservation
⇒ large n suppressed
so narrower than Poissonian

MPI is a logical consequence of the composite nature of protons,

nparton ∼∑q,q,g

∫
f (x) dx > 3, which allows σint(p⊥min) > σtot,

but what about the limit p⊥min → 0?
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Colour screening

Other half of solution is that perturbative QCD is not valid at
small p⊥ since q, g are not asymptotic states (confinement!).

Naively breakdown at

p⊥min ≃ ℏ
rp

≈ 0.2 GeV · fm
0.7 fm

≈ 0.3 GeV ≃ ΛQCD

. . . but better replace rp by (unknown) colour screening length d in
hadron:
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Regularization of low-p⊥ divergence

so need nonperturbative regularization for p⊥ → 0 , e.g.

dσ̂

dp2⊥
∝ α2

s (p2⊥)

p4⊥
→ α2

s (p2⊥)

p4⊥
θ (p⊥ − p⊥min) (simpler)

or → α2
s (p2⊥0 + p2⊥)

(p2⊥0 + p2⊥)2
(more physical)

where p⊥min or p⊥0 are free
parameters, empirically of order
2–3 GeV.

Typical number of interactions/event
is 3 at 2 TeV, 4 – 5 at 13 TeV,
but may be twice that in
“interesting” high-p⊥ ones.
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Energy dependence of p⊥min and p⊥0

Larger collision
energy
⇒ probe parton
(≈ gluon) density
at smaller x
⇒ smaller colour
screening length d
⇒ larger p⊥min

or p⊥0

⇒ dampened
multiplicity rise
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Impact parameter dependence

So far assumed that all collisions have equivalent initial conditions,
but 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 electromagnetic form factor.

Average activity at b proportional to O(b):
⋆ central collisions more active

⇒ Pn broader than Poissonian;
⋆ peripheral passages normally give

no collisions ⇒ finite σtot.
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Indirect evidence for multiparton interactions – 1

without MPI:
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Indirect evidence for multiparton interactions – 2

with MPI included:
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Double parton scattering

Double parton scattering (DPS): two hard processes in same event.

σDPS =

{ σAσB
σeff

for A ̸= B

σAσB
2σeff

for A = B

Poissonian statistics:

eA+B = 1 + A + B +
(A + B)2

2
+ · · ·

= 1 + A + B +
A2

2
+ AB +

B2

2
+ · · ·

Note inverse relationship on σeff .
Natural scale is σND ≈ 50 mb,
but “reduced” by b dependence.

Studied by

4 jets

γ+ 3 jets

W/Z + 2 jets

W−W−

4 jets, whereof two b- or c-tagged

J/ψ or Υ + 2 jets (including υcc)
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Double parton scattering backgrounds

Always non-DPS backgrounds, so kinematics cuts required.

Example: order 4 jets p⊥1 > p⊥2 > p⊥3 > p⊥4 and define φ
as angle between p⊥1 ∓ p⊥2 and p⊥3 ∓ p⊥4 for AFS/CDF
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Direct observation of double parton scattering

σAB =
σA σB
σeff

σAA =
σ2A

2σeff
.Summary
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ATLAS
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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 (
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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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Issues with DPS observations

Background modelling nontrivial,
especially when jets are involved.
Higher orders relevant for this.

32

3 + CP5→PW NLO 2
2 + CP5→PW NLO 2

2 + CP5→MG5 NLO 2
2,3,4 + CP5→MG5 LO 2

H7 + CH3
P8 + CP5

 4jets (13 TeV)CMS

 4jets (7 TeV)CMS
Eur.Phys.J.,C76(3):155,2016.

 4jets (7 TeV)ATLAS
JHEP,11:110,2016

 4jets (1.96 TeV)CDF
Phys.Rev.D,47:4857-4871,1993

 4jets (0.63 TeV)UA2
Phys.Lett.B,268(1):145-154,1991

 [mb]effσ
0 5 10 15 20 25 30

 measurementseffσ

Figure 15: Comparison of the values for seff extracted from data using different SPS models
where events that have generated one or more hard MPI partons with pparton

T � 20 GeV, have
been removed. The results from four-jet measurements performed at lower center-of-mass
energies [7, 21, 25, 51] are shown alongside the newly extracted values. The error bars in each
of the values of seff represent the total (statistical+systematic) uncertainties.

Models based on leading order (LO) 2 ! 2 matrix elements significantly overestimate the ab-
solute four-jet cross section in the phase space domains studied in this paper. This excess is
related to an abundance of low-pT and forward jets. The predictions of the absolute cross sec-
tion generally improve when next-to-leading order (NLO) and/or higher-multiplicity matrix
elements are used.

The azimuthal angle between the jets with the largest separation in h, fij, has a strong discrim-
inating power for different parton-shower approaches and the data favor the angular-ordered
and dipole-antenna parton-shower models over those with a pT-ordered parton shower. The
yield of jet pairs with large rapidity separation DY is, however, overestimated by all models,
although models based on NLO and/or higher-multiplicity matrix elements are closer to the
data.

The distribution of the minimal combined azimuthal angular range of three jets, Dfmin
3j , also ex-

hibits sensitivity to the parton-shower implementation, with data favoring pT-ordered parton
showers with the LO 2 ! 2 models for this observable. In the case of models based on NLO
and/or higher-multiplicity matrix elements the comparisons are less conclusive.

Other observables, such as the azimuthal angle between the two softest jets, DfSoft, and their
transverse momentum balance, DpT,Soft, indicate the need for a DPS contribution in the models
to various degrees, as confirmed by the extracted values of seff.

Full model range even larger spread!

For Gaussian matter
distribution expect

σeff ≈ 20 fm .

Lower σeff ⇒ “hot spots”?

Enhanced DPS rate
should dampen
at small p⊥ scales.
Not seen in 3 J/ψ.
Probe with cccc events?
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Colour (re)connections and ⟨p⊥⟩(nch)
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Colour Reconnection Revisited

Colour rearrangement well
established e.g. in B decay.

Introduction
(V.A. Khoze & TS, PRL72 (1994) 28, ZPC62 (1994) 281,
EPJC6 (1999) 271;
L. Lönnblad & TS, PLB351 (1995) 293, EPJC2 (1998) 165)

ΓW,ΓZ,Γt ≈ 2 GeV
Γh > 1.5 GeV for mh > 200 GeV
ΓSUSY ∼ GeV (often)

τ =
1

Γ
≈

0.2GeV fm

2GeV
= 0.1 fm # rhad ≈ 1 fm

⇒ hadronic decay systems overlap,
between pairs of resonances
⇒ cannot be considered separate systems!

Three main eras for interconnection:
1. Perturbative: suppressed for ω > Γ by propaga-

tors/timescales⇒ only soft gluons.
2. Nonperturbative, hadronization process:

colour rearrangement.

B0

d

b
c

W− c

s

!"

!"
B0

d

b

c

W−
c

s
g

!" K0
S

!"J/ψ

3. Nonperturbative, hadronic phase:
Bose–Einstein.

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 2.8σ.

Bose-Einstein ⟨δMW⟩ ≲ 100 MeV : full effect ruled out
(while models with ∼ 20 MeV barely acceptable).
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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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The Sudakov form factor applied to MPI

A Poissonian process is one where “events” (e.g. radioactive decays)

can occur uncorrelated in “time” t (or other ordering variable).
If the probability for an “event” to occur at “time” t is P(t)
then the probability for an i ’th event at ti is

P(ti ) = P(ti ) exp

(
−
∫ ti

ti−1

P(t) dt

)

Example: Sudakov form factor for parton showers,
where increasing t → decreasing evolution variable p⊥
and “event” → parton branchings.
Can also apply to ordered sequence of MPIs
at decreasing p⊥ values, starting from Ecm/2

P(p⊥ = p⊥i ) =
1

σnd

dσ

dp⊥
exp

[
−
∫ p⊥(i−1)

p⊥

1

σnd

dσ

dp′⊥
dp′⊥

]
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MPI in PYTHIA

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

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.

(Partons at small x more broadly spread than at large x .)

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

(Rescattering: one parton can scatter several times.)

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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Initiators and remnants

Need to assign:

correlated flavours

correlated xi = pzi/pztot

correlated primordial k⊥i

correlated colours

correlated showers

PDF after preceding MI/ISR activity:

1 Squeeze range 0 < x < 1 into 0 < x < 1 −∑ xi
(ISR: i ̸= icurrent)

2 Valence quarks: scale down by number already kicked out

3 Introduce companion quark q/q to each kicked-out sea quark
q/q, with x based on assumed g → qq splitting

4 Gluon and other sea: rescale for total momentum conservation
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MPI in Herwig

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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Hadronization

Hadronization/confinement is nonperturbative ⇒ only models.

Main contenders: string and cluster fragmentation.

Begin with e+e− → γ∗/Z0 → qq and e+e− → γ∗/Z0 → qqg:

Y

XZ

Y

XZ
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The QED potential

In QED, field lines go all the way to infinity

since photons cannot interact with each other.

Potential is simply additive:

V (x) ∝
∑

i

1

|x− xi |
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The QCD potential – 1

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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The QCD potential – 2

Linear confinement confirmed e.g. by lattice QCD calculation
of gluon field between a static colour and anticolour charge pair:

At short distances also Coulomb potential,
important for internal structure of hadrons,
but not for particle production (?).
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The QCD potential – 3

Full QCD = gluonic field between charges (“quenched QCD”)
plus virtual fluctuations g → qq (→ g)
=⇒ nonperturbative string breakings gg . . .→ qq
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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)

Torbjörn Sjöstrand Introduction to Event Generators 3 slide 34/65



The Artru-Mennessier Model

1974: the first (semi-)realistic hadronization model
Assume fragmentation local, and string homogeneous.
Thus constant probability per unit string area of breaking.
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The Artru-Mennessier Model

1974: the first (semi-)realistic hadronization model
Assume fragmentation local, and string homogeneous.
Thus constant probability per unit string area of breaking.

But a string cannot break
where it has already broken
⇒ remove vertices
in forward lightcone
of another
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The Artru-Mennessier Model

1974: the first (semi-)realistic hadronization model
Assume fragmentation local, and string homogeneous.
Thus constant probability per unit string area of breaking.

But a string cannot break
where it has already broken
⇒ remove vertices
in forward lightcone
of another

⇒ dampening factor
exp(−PÃ),
where Ã is string area
in the backwards lightcone

Drawback: continuous
hadron mass spectrum
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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? – 1

Fragmentation starts in the middle and spreads outwards:

Here m2
⊥ fixed from hadron and p⊥ selection (unlike AM).

Lorentz covariant inside–out cascade.

Breakup vertices causally disconnected
⇒ iteration from ends inwards allowed!

Torbjörn Sjöstrand Introduction to Event Generators 3 slide 37/65



Where does the string break? – 2

Breakup vertices causally
disconnected
⇒ can proceed in arbitrary order
⇒ left–right symmetry

P(1, 2) = P(1) × P(1 → 2)

= P(2) × P(2 → 1)

⇒ Lund symmetric
fragmentation function:

f (z) ∝ (1 − z)a exp(−bm2
⊥/z)/z

Lund–Bowler modified shape for heavy quarks:

f (x) ∝ 1

z1+bm2
q

exp

(
−bm2

⊥
z

)
.
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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.
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Flavour composition

Combination of q from one break and q (qq) gives meson (baryon).
Many uncertainties in selection of hadron species, e.g.:

Spin counting suggests vector:pseudoscalar = 3:1,
but mρ ≫ mπ, so empirically ∼1:1.

Also for same spin mη′ ≫ mη ≫ mπ0 gives mass suppression.
String model unpredictive in understanding of hadron mass
effects ⇒ many “materials constants”.

There is one V and one PS for each qq flavour set,
but baryons are more complicated, e.g. uuu ⇒ ∆++

whereas uds ⇒ Λ0, Σ0 or Σ∗0.
SU(6) (flavour×spin) Clebsch-Gordans needed;
affects surrounding flavours.

Simple diquark model too simpleminded; produces
baryon–antibaryon pairs nearby in momentum space.

Many parameters, 10–20 depending on how you count.
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The popcorn model for baryon production
The popcorn model for baryon production

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

Quadratic diquark mass dependence
) strong suppression of multistrange and spin 3/2 baryons.
) e↵ective parameters with less strangeness suppression.

Torbjörn Sjöstrand Introduction to Event Generators 3 slide 41/65

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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Heavy flavours: the dead cone

Consider eikonal expression for soft-gluon radiation

dσqqg
σqq

∝ (−1)

(
p1
p1p3

− p2
p2p3

)2 d3p3
E3

∝
(

2p1p2
(p1p3)(p2p3)

− m2
1

(p1p3)2
− m2

2

(p2p3)2

)
E3 dE3 d cos θ13

For θ13 small

dσqqg
σqq

∝ dω

ω

dθ213
θ213

(
θ213

θ213 + m2
1/E

2
1

)2

=
dω

ω

θ213 dθ
2
13

(θ213 + m2
1/E

2
1 )2

so “dead cone” for θ13 < m1/E1
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Heavy flavours: fragmentation data

But note that a heavy hadron decays to many secondaries,
filling up “dead cone” and
giving “normally-soft” light-hadron spectra.
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The Lund gluon picture – 1

A gluon carries one colour and one anticolour. Thus it can be
viewed as a kink on the string, carrying energy and momentum:

quark

antiquark

gluon

string motion in the event plane
(without breakups)

The most characteristic feature of the Lund model.
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The Lund gluon picture – 2

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!

so
• Few parameters to describe energy-momentum structure!
• Many parameters to describe flavour composition!

String piece ≈ dipole

One-to-one correspondence between how strings and how colour
dipoles are stretched between colour charges in NC → ∞ limit.
Dipole: emission in perturbative regime.
String: “emission” in nonperturbative regime.
String picture 5 years ahead. . .
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Gluon vs. quark jets

Energy sharing between
two strings makes hadrons
in gluon jets softer, more
and broader in angle:

Jetset 7.4
Herwig 5.8
Ariadne 4.06
Cojets 6.23

OPAL

(1
/N

ev
en

t )
 d

n ch
. /

dx
E

xE

uds jet
gluon jet

k⊥ definition:
ycut=0.02

0. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.
10

-3

10
-2

10
-1

1

10

10 2

0.5
1.

1.5

C
or

re
ct

io
n

fa
ct

or
s

0

0.05

0.1

0.15

0 5 10 15 20 25 30 35

gincl. jets
uds jets
Jetset 7.4
Herwig 5.9
Ariadne 4.08
AR-2
AR-3

nch.

P(
n ch

.)

(a) OPAL
 |y| ) 2

0

0.05

0.1

0.15

0.2

0 5 10 15 20

gincl. jets
uds jets
Jetset 7.4
Herwig 5.9
Ariadne 4.08
AR-2
AR-3

nch.
P(

n ch
.)

(b) OPAL
 |y| ) 1

Jetset 7.4
Herwig 5.8
Ariadne 4.06
Cojets 6.23

0. 10. 20. 30. 40. 50. 60.
0.

0.02

0.04

0.06

0.08

OPAL

(1
/E

je
t ) d

Eje
t /d
χ

χ (degrees)

uds jet
gluon jet

k⊥ definition:
ycut=0.02

0.5

1.

1.5

C
or

re
ct

io
n

fa
ct

or
s
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The string/JADE Effect (DESY 1980)

string fragmentation

q

q

g

θ

qg

qg

independent fragmentation

θ

q

q

g

3 jets energy-
ordered.
JADE (1980,
1983)
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Jets are crooked

(E ,p) not preserved when massless partons become massive jets!

In the string model the
reconstructed q and q jet axes
are shifted in the g direction:

q

q

g

jq

jq

jg

qg

qg

More two-jetlike events
compensated by higher αs in
string than in independent
fragmentation.
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Photon vs. Gluon Emission

qqg fragmentation

q

q

g

qg

qg

qqγ fragmentation

q

q

γ

qq

1 

-1 
10 

0 

1 

-1 
10 

• 
0 

q q r data 
Multihadrons 

• 0 
e • 

e • • e . • e v • 

Ycut = 0.007 

Particle flow in event plane 

OPAL (b) 
Ycut = 0.007 

* 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
X 

Particle Flow 

Figure 1: (a) Charged particle flow in the event plane for two-jet radiative events, and 
three-jet multihadronic events. Error bars for the qqg sample are smaller than the dots. 
(b) Charged particle flow with respect to the reduced angle X. 

19 

particle flow in
the event plane;
3-jet selection,
but third jet
location not fixed

OPAL (1995)
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Infrared and collinear safety of string fragmentation

Emission of a soft
or collinear gluon
only negligibly
perturbs string
motion/evolution.

Therefore string
fragmentation is
soft and collinear safe.

Technically, tracing the
string motion for many
nearby gluons can
become messy,
prompting
simplifications.
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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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Cluster Model issues

1 Tail to very large-mass clusters (e.g. if no emission in shower);
if large-mass cluster → 2 hadrons then incorrect hadron
momentum spectrum, crazy four-jet events
=⇒ split big cluster into 2 smaller along “string” direction;
daughter-mass spectrum ⇒ iterate if required;
∼ 15% of primary clusters are split,
but give ∼ 50% of final hadrons

2 Isotropic baryon decay inside cluster
=⇒ splittings g → qq + qq

3 Too soft charm/bottom spectra
=⇒ anisotropic leading-cluster decay

4 Charge correlations still problematic
=⇒ all clusters anisotropic (?)

5 Sensitivity to particle content
=⇒ only include complete multiplets
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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

“There ain’t no such thing as a parameter-free good description”
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Heavy Ion Collisions

Conventional wisdom:
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PPP 10 

initial state 

pre-equilibrium 

QGP and 
hydrodynamic expansion 

hadronization 

hadronic phase 
and freeze-out 

Heavy ion collisions 

• The only way we can create the QGP in the laboratory! 
• By colliding heavy ions it is possible to create a large (»1fm3) 

zone of hot and dense QCD matter 
• Goal is to create and study the properties of the Quark Gluon 

Plasma 
• Experimentally mainly the final state particles are observed, 

so the conclusions have to be inferred via models 

6 
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The three systems — understanding before 2012
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The three systems 
(understanding before 2012) 

Pb-Pb 

pp 

p-Pb 

Hot QCD matter: 
This is where we expect 
the QGP to be created 
in central collisions. 

QCD baseline: 
This is the baseline for 
“standard” QCD 
phenomena. 

Cold QCD matter: 
This is to isolate nuclear 
effects, e.g. nuclear 
pdfs.  
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Strangeness enhancement

Signs of QGP in high-multiplicity
pp collisions? If not, what else?
A whole new game!
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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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Ropes (in Dipsy model)

Dense environment ⇒ several intertwined strings ⇒ rope.

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 (but p/π overestimated)

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

from Biro, Nielsen, Knoll (1984), Bia las, Czyz (1985), . . .
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The Ridge Effect (2010)
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Elliptic flow (v2)

X

Z

Y

Px

Py Pz

Initial
spatial

anisotropy

Strong
pressure
gradients

v2
Azimuthal
anisotropy

Sensitivity to
early expansion

Fourier decomposition:
dN/dΔφ = 1 + 2 v2cos(2 Δφ)

64

Elliptic flow in AA predicted
from geometry + pressure.

Not so for pp, and yet ridge is
observed at high multiplicities:

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
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Ridge in jets? (2023)

dynamics of parton showering inside a jet is theoretically
well described by perturbative QCD calculations [43,44], a
possible buildup of collective correlations within the parton
constituents of a jet had not been considered. In Ref. [45], it
is postulated that collective effects can emerge from an
initial system as small as an energetic parton that fragments
and hadronizes in the vacuum, as illustrated in Fig. 1.
Motivated by that idea, this Letter presents a search for such
collective effects inside individual jets (as opposed to full
events) produced in pp collisions at a center-of-mass
energy of

ffiffiffi
s

p
! 13 TeV using the CMS detector at the

LHC. Using a coordinate system defined with respect to the
jet axis—a proxy for the direction of the parton initiating
the jet—the two-particle correlation of charged particles of
a jet is measured as a function of the in-jet charged particle
multiplicity, Nj

ch. Tabulated results are provided in the
HEPData record for this analysis [46].
The CMS apparatus [47] is a multipurpose, nearly

hermetic detector designed to trigger on [48,49] and
identify electrons, muons, photons, and hadrons [50–52].
The initial triggering is done with the level-1 system, which
uses customized hardware to make the rapid online
decision whether or not to accept an event and deliver it
to the second system, the high level trigger. This trigger
uses a large CPU farm to perform optimized online event
reconstruction and characterize an event. A global “par-
ticle-flow” algorithm [53] reconstructs all individual par-
ticles in an event, combining information provided by the
all-silicon inner tracker and by the crystal electromagnetic
and brass-scintillator hadron calorimeters, operating inside
a 3.8 T superconducting solenoid, with data from the gas-
ionization muon detectors embedded in the flux-return
yoke outside the solenoid. The reconstructed particles are
used to build more complex objects such as jets [54–57].

The
ffiffiffi
s

p
! 13 TeV pp collisions used in this analysis

were delivered from 2016–2018 and correspond to an
integrated luminosity of 138 fb−1. The data were collected
using an online trigger searching for events containing anti-
kT jets [58,59] with distance parameter R ! 0.8 having a
transverse momentum (pjet

T ) above 500 GeV. In the offline
analysis, jets were required to have pjet

T > 550 GeV and
pseudorapidity jηjetj < 1.6 in the laboratory reference
frame.
The generator-level events from two Monte Carlo (MC)

models, PYTHIA8.306 [60] with the CP5 tune [61] and
SHERPA2.2 [62], are compared with the data. The leading
order PYTHIA8 uses the Lund string fragmentation model
[63], while the SHERPA generator uses a cluster fragmenta-
tion model [64]. Additionally, the PYTHIA8 events are input
into GEANT4 [65] to emulate the CMS detector response for
calculating correction factors for the tracking efficiency and
jet energy scale. The effects of secondary pp interactions
within the same or nearby bunch crossings (“pileup”) are
incorporated in the simulation.
This analysis is particularly interested in the charged

particles of jets. These charged particles are required to
have jηj < 2.4 and pT > 0.3 GeV in the laboratory refer-
ence frame. Additional, they must have a pT uncertainty of
< 10%, and a distance of closest approach significance
with respect to the primary vertex of at most 3 standard
deviations (σ) [52]. The PUPPI algorithm [66,67] is used to
mitigate the effect of pileup at the reconstructed particle
level, using local shape information, event pileup proper-
ties, and tracking information. Jets are classified into
different classes based on the number of charged particles
of the jet passing these selections and PUPPI subtraction
before correcting for detector effects.
Jet energy corrections are derived from MC simulation

studies so that the average measured energy of jets equals
that of generator-level jets. Additional selection criteria are
applied to each jet to remove jets potentially dominated
by instrumental effects or reconstruction failures. The jet
energy resolution is typically 10% at 100 GeV, and 5% at
1 TeV [55].
The two-particle correlation analysis is similar to that

employed in Ref. [22], except that the momentum vectors
of all charged particles of a jet are defined in the “jet basis,”
as illustrated in Fig. 1. A unique jet reference coordinate
basis is defined for every jet such that the z axis is aligned
with the direction of the jet momentum [45]. Momentum
vectors of charged particles are redefined in this new basis,
p""! ! ðjT; η";ϕ"Þ. Here, jT is the particle pT with respect
to the jet axis. The symbols η" and ϕ" are the pseudor-
apidity and azimuthal angle coordinates with respect to the
jet axis. Therefore, η" ! 0 and∞ correspond to vectors that
are perpendicular and parallel to the jet axis, as illustrated in
Fig. 1. In this system, η" ! 0.86 is the approximate
boundary of the anti-kT jet. The origin of the ϕ" coordinate

FIG. 1. An illustration showing the idea of an initially scattered
parton evolving to a shower that eventually exhibits collective
expansion transverse to the jet axis (represented by red arrow
boxes). A jet cone (not to scale) and emerging final state particles
are drawn in a coordinate system, denoted as the “jet basis,”
where the z axis coincides with the jet direction. The redefined
pseudorapidity η" is shown with key values in dotted blue lines,
and the azimuthal angle ϕ" is shown with key values in solid red.

PHYSICAL REVIEW LETTERS 133, 142301 (2024)

142301-2

lab frame v2 signal, and is found to have no impact on the
jet frame v!2. The systematic uncertainty resulting from the
tracking efficiency correction is evaluated by applying
tighter and looser restrictions on the relative pT uncertainty
and track vertex association criteria, repeating the analysis
procedure, and calculating the root mean square of the
deviations of these variations from the nominal case. The
uncertainty in V!

2Δ from this source is less than 0.003.
Figure 2 shows an example of 2D two-particle

angular correlation functions in the jet basis for inclusive
and high-Nj

ch jets for charged particles in the range
0.3 < jT < 3.0 GeV. The average Nj

ch value for the two
classes of jets shown, hNj

chi, is 26 and 101. The high-Nj
ch

jet class corresponds to a fraction of only 2 × 10−5 of
all jets with pjet

T > 550 GeV. The central peak at
ðΔη!;Δϕ!Þ ¼ ð0; 0Þ, truncated for better visualization, is
the result of short-range correlations from the parton
shower and hadronization. The far-side ridge at Δϕ! ≈ π
is mostly related to back-to-back particle production and
conservation of momentum. These prominent features have
also been found in laboratory-frame analyses of pp
collisions [17], where they can also be reproduced using
MC simulations for both low- and high-Nj

ch jets. This
indicates that the dynamics of bulk hadron production in
the jet fragmentation process may share similarities to those
of a hadron-hadron collision process. Moreover, a feature
commonly observed in AA collisions is the near-side
enhancement at Δϕ! ≈ 0 over a long range in Δη!,
commonly known as the near-side “ridge.” TheNj

ch reached
in the single jet system of this work is comparable to the
event multiplicity of pp collisions where a near-side ridge
was first observed using a laboratory-frame analysis [17].
There appears to be some indication of a near-side ridge in
the high-Nj

ch plot in Fig. 2, however, this feature is less
prominent than the ridges observed in pp and pA colli-
sions. There is no corresponding near-side enhancement
visible in the high-Nj

ch 2D distributions from either PYTHIA8
or SHERPA.

The 1DΔϕ! correlation functions extracted using Eq. (4)
and averaged over jΔη!j > 2 are shown for data and
MC in Figs. 3(a) and 3(b), respectively, for particles with
0.3 < jT < 3.0 GeV from jets in two Nj

ch classes. For high-
and inclusive Nj

ch classes in data, PYTHIA8 and SHERPA,
strong away-side correlations observed are consistent with
dominant contributions of back-to-back momentum con-
servation effects. For inclusive Nj

ch jets, the near-side at
Δϕ! ≈ 0 clearly shows a minimum. However, for the class
of highest-Nj

ch jets studied in data, with hNj
chi ≈ 100,FIG. 2. Results for 2D two-particle angular correlation func-

tions for particle 0.3 < jT < 3.0 GeV from inclusive (left) and
the highest (right) Nj

ch jets, for anti-kT R ¼ 0.8 algorithm with
pjet
T > 550 GeV and jηjetj < 1.6.

(a) (b)

(c)

FIG. 3. Examples of two-particle angular correlations projected
onto 1D Δϕ! for jΔη!j > 2. The panels show (a) data and
(b) PYTHIA8 and SHERPA for inclusive Nj

ch (upper) and high-Nj
ch

(lower) jet selections. Data and both MC models are compared in
(c) with a continuous evolution of extracted two-particle Fourier
coefficients V!

nΔ as a function of Nj
ch. Vertical bars on data points

indicate statistical uncertainty while shaded boxes represent
systematic uncertainties. Projections are symmetrized about
Δϕ! ¼ 0 and π.
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[Fig. 3(a) lower] an indication of a near-side enhancement
is seen, which is less obvious or possibly absent
from PYTHIA8 or SHERPA events having comparable Nj

ch
[Fig. 3(b) lower]. The Fourier fits used to extract V!

nΔ are
also shown and are dominated by a negative V!

1Δ compo-
nent. The addition of more Fourier terms has little impact
on the first three Fourier coefficients. The significant
deviation from the fit at Δϕ! ≈ 0 in Fig. 3(a) lower is
attributed to a local statistical fluctuation, as similar
deviations are not observed in any other Nj

ch class.
The extracted two-particle Fourier coefficients for the

first three harmonics V!
nΔ, as a function ofN

j
ch, are shown in

Fig. 3(c). Data points are placed at the average Nj
ch value of

each jet class for the horizontal axis. Over the full Nj
ch

range, the odd-order harmonics, V!
1Δ and V!

3Δ, are negative,
while V!

2Δ is positive. The magnitudes of all harmonics tend
to decrease as Nj

ch increases. The contribution of few-body
correlations to the two-particle Fourier coefficient is

expected to diminish as Nj
ch increases [68]. These features

are consistent with back-to-back correlations, as observed
in laboratory-frame analyses, that are not related to col-
lective effects. Both MC generators are generally successful
in describing the experimental data for all three Fourier
harmonics over a wide Nj

ch range. There appears to be a
slight deviation in V!

2Δ between data and simulation.
Figure 4 shows the elliptic anisotropies v!2 ¼

ffiffiffiffiffiffiffiffi
V!
2Δ

p
, in

the jet basis, as a function of Nj
ch inside the jet. To

investigate possible jT dependence of observed signals,
particles from 0.3–3.0 GeV (Fig. 4 upper) as well as 0.5–
3.0 GeV (Fig. 4 lower) are examined. Again, the MC
simulation is generally successful at describing the data
over a wide Nj

ch range in both jT ranges. For jets at
Nj

ch > 80, however, the value v!2 no longer diminishes
monotonically with increasingNj

ch. Instead, the data start to
show a steady increase with Nj

ch. The nonmonotonic
dependence of v!2 versus Nj

ch is not expected if few-body
processes are the dominant sources of the observed
correlations, as in either PYTHIA8 or SHERPA, and may
indicate an onset of novel QCD phenomena related to
nonperturbative dynamics of a parton fragmenting in the
vacuum. These phenomena could include the emergence of
collective effects possibly driven by final-state rescatter-
ings, as suggested in Ref. [45]. Further experimental and
theoretical inputs, including more jT-differential studies
with larger data samples, are needed to investigate the
physical origin of the observed enhancement.
In summary, the first search for long-range near-side

correlations and quantum chromodynamics (QCD) collec-
tive effects in jets produced in

ffiffiffi
s

p
¼ 13 TeV proton-proton

collisions is presented. The measurement is performed
using charged particles from individual jets, after their
kinematic variables have been calculated in a coordinate
basis having the z axis coinciding with the jet direction.
Two-particle correlations are studied as a function of the
number of charged particles in the jet, Nj

ch. The first three
Fourier harmonics of long-range azimuthal correlations are
extracted and compared with those calculated using the
PYTHIA8 and SHERPA Monte Carlo (MC) event generators
that model the jet fragmentation process. While the data
and MC predictions are in good agreement for particle
correlations inside jets with Nj

ch < 80, the extracted long-
range elliptic azimuthal anisotropy v!2 shows a distinct
increase in data for Nj

ch ≳ 80, hinting at a possible onset of
collective behavior, which is not reproduced by the MC
simulations.
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FIG. 4. The elliptic anisotropies v!2, obtained from two-particle
correlations as a function of Nj

ch, for anti-kT R ¼ 0.8 jets with
pjet
T > 550 GeV and jηjetj < 1.6 in pp collisions at 13 TeV from

data, PYTHIA8, and SHERPA. Vertical bars on data points indicate
statistical uncertainty, while shaded boxes represent systematic
uncertainties. The shaded envelope around the MC curves shows
statistical uncertainty.
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The charm baryon enhancement

In 2017/21 ALICE found/confirmed strong enhancement of charm
baryon production, relative to LEP, HERA and default Pythia.

Fragmentation fractions and charm production cross section ALICE Collaboration
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Figure 2: Left: Charm-quark fragmentation fractions into charm hadrons measured in pp collisions at
p

s =

5.02 TeV in comparison with experimental measurements performed in e+e� collisions at LEP and at B factories,
and in ep collisions at HERA [63]. The D⇤+ meson is depicted separately since its contribution is also included
in the ground-state charm mesons. Right: Charm production cross section at midrapidity per unit of rapidity as a
function of the collision energy. STAR [11] and PHENIX [66] results, slightly displaced in the horizontal direction
for better visibility, are reported. Comparisons with FONLL [13–15] (red band) and NNLO [67–69] (violet band)
pQCD calculations are also shown.

An increase of about a factor 3.3 for the fragmentation fractions for the L+
c baryons with respect to

e+e� and ep collisions, and a concomitant decrease of about a factor 1.4–1.2 for the D mesons, are
observed. The significance of the difference considering the uncertainties of both measurements, is
about 5s for L+

c baryons. This in turn decreases the fragmentation into D0 mesons at midrapidity by
6s with respect to the measurements in e+e� and ep collisions. In previous measurements in e+e� and
ep collisions no value for the X0

c was obtained and the yield was estimated according to the assumption
f (c!X+

c )/ f (c!L+
c ) = f (s!X�)/ f (s!L0)⇠ 0.004 [63]. The fraction f (c!X0

c) was measured for
the first time and f (c ! X0

c)/ f (c ! L+
c ) = 0.39 ± 0.07(stat)+0.08

�0.07(syst) was found [28]. A first attempt
to compute the fragmentation fractions in pp collisions at the LHC was performed in [63] assuming
universal fragmentation, since at that time the measurements of charm baryons at midrapidity were not
yet available. The measurements reported here challenge that assumption.

The updated fragmentation fractions obtained for the first time taking into account the measurements of
D0, D+, D+

s , L+
c , and X0

c at midrapidity in pp collisions at
p

s = 5.02 TeV, allowed the recomputation of
the charm production cross sections per unit of rapidity at midrapidity in pp collisions at

p
s = 2.76 and

7 TeV. The L+
c /D0 ratios measured in pp at different collision energies, as well as the X0

c/D0 ratio, are
compatible [25, 28, 56]. The charm cross sections were obtained by scaling the pT-integrated D0-meson
cross section [1, 3] for the relative fragmentation fraction of a charm quark into a D0 meson measured
in pp collisions at

p
s = 5.02 TeV and applying the two correction factors for the different shapes of the

rapidity distributions of charm hadrons and cc̄ pairs. The pT-integrated D0-meson cross section was used
because at the other energies not all charm hadrons were measured and the D0 measurements are the
most precise. The uncertainties of the fragmentation fraction (FF) were taken into account in calculating
the cc production cross section as was the uncertainty introduced by the rapidity correction factors. The
BR of the D0 ! K�p+ decay channel was also updated, considering the latest value reported in the
PDG [47].
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Figure 1: Transverse-momentum integrated production cross sections of the various charm meson [4, 5, 48] and
baryon [24, 25, 28] species per unit of rapidity at midrapidity normalised to that of the D0 meson measured in pp
collisions at

p
s = 5.02 TeV. The measurements are compared with PYTHIA 8 calculations [36, 49] (left panel)

and with results from a SHM [35] (right panel) (see text for details). For J/y the inclusive cross section was used.
The J/y/D0 ratio, as well as the model calculations for the W0

c/D0 ratio, are multiplied by a factor 30 for visibility.

gates are measured as well and the results are averaged. The cross sections of D0 and D+ mesons were
measured down to pT = 0 [5]. The cross sections for D⇤+ and D+

s mesons were measured down to pT = 1
GeV/c, corresponding to about 80% of the integrated cross section [4]. The L+

c baryon cross section was
measured down to pT = 1 GeV/c, corresponding to about 70% of the integrated cross sections [24, 25].
The X0

c baryon was measured down to pT = 2 GeV/c, corresponding to about 40% of the integrated cross
section [28]. The systematic uncertainties of the meson and baryon measurements include the follow-
ing sources: (i) extraction of the raw yield; (ii) prompt fraction estimation; (iii) tracking and selection
efficiency; (iv) particle identification efficiency; (v) sensitivity of the efficiencies to the hadron pT shape
generated in the simulation; (vi) pT-extrapolation for the hadrons not measured down to pT = 0. In
addition, an overall normalisation systematic uncertainty induced by the branching ratios (BR) [47] and
the integrated luminosity [46] were considered.

Figure 1 shows the pT-integrated production cross sections per unit of rapidity of the various open- and
hidden-charm meson (D+, D+

s , D⇤+, and J/y) [4, 5, 48] and baryon (L+
c and X0

c) [24, 25, 28] species,
obtained in pp collisions at

p
s = 5.02 TeV, as the average of particle and antiparticle, and normalised to

the one of the D0 meson. When computing the ratios between the different hadron species, systematic
uncertainties due to tracking, the feed-down from beauty-hadron decays, the pT-extrapolation, and the
luminosity were propagated as correlated. For the X0

c baryons, the additional contribution to the beauty
feed-down systematic uncertainty due to the assumed X0,�

b -baryon production relative to that of L+
b

baryons [28, 29] was considered as uncorrelated with the uncertainties related to the beauty feed-down
subtraction for the other charm hadron species. In the J/y/D0 ratio all the systematic uncertainties
were propagated as uncorrelated, with the exception of the luminosity uncertainty. The treatment of the
systematic uncertainties is also the same for the computation of the other quantities reported here.

In the left panel of Fig. 1 the experimental data are compared with results from the PYTHIA 8 genera-
tor, using the Monash 2013 tune [49], and tunes that implement colour reconnections (CR) beyond the
leading-colour approximation [36]. In the Monash 2013 tune, the parameters governing the heavy-quark
fragmentation are tuned to measurements in e+e� collisions. The CR tunes introduce new colour re-
connection topologies, including junctions, that enhance the baryon production and, to a lesser extent,

3

The QCDCR model does much better, with junctions ⇒ baryons.
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Colour reconnection models

“Recent” Pythia option: QCD-inspired CR (QCDCR):

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

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

Triple-junction also in
Herwig cluster model.
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Charm baryon differential distributions
Measurement of prompt D0, L+

c , and S0,++
c production in pp collisions at

p
s = 13 TeV ALICE Collaboration
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Figure 2: Prompt-charm-hadron cross-section ratios: L+
c /D0 (left), S0,+,++

c /D0 (middle), and
L+

c  S0,+,++
c /L+

c (right), in pp collisions at
p

s = 13 TeV, compared with model expectations [25–
27, 29] and (left) with data from pp collisions at

p
s = 5.02 TeV [3]. The horizontal lines reflect the

width of the pT intervals. The PYTHIA Monash 2013 curve is scaled by a factor of 10 in the middle
panel.

verse of the quadratic sum of the relative statistical and uncorrelated systematic uncertainties as weights.
The total systematic uncertainty of the averaged Sc cross section varies from 20% at low pT to 13% at
high pT. The cross-section ratios L+

c /D0 and S0,+,++
c /D0 are compared with model expectations in Fig. 2

(left and middle panels). In the ratios, the systematic uncertainties of the track-reconstruction efficiency
and luminosity, considered as fully correlated, cancel partly and completely, respectively. The feed-down
uncertainty is propagated as partially correlated, while all other uncertainties are treated as uncorrelated.
The L+

c /D0 ratio decreases with increasing pT and is significantly larger than the⇡0.12 values observed
in e+e� and ep collisions at several collision energies [12–15, 45–47]. The values measured in pp colli-
sions at

p
s = 13 TeV are compatible, within uncertainties, with those measured at

p
s = 5.02 TeV [3, 4].

As shown in Fig. 2 (middle), the S0,+,++
c /D0 ratio is close to 0.2 for 2 < pT < 6 GeV/c, and decreases

with pT down to about 0.1 for 8 < pT < 12 GeV/c, though the uncertainties do not allow firm conclusions
about the pT dependence to be made. From Belle measurements (Table IV in Ref. [24]), the S0,+,++

c /L+
c

ratio in e+e� collisions at
p

s = 10.52 GeV can be evaluated to be around 0.17 and, thus, the S0,+,++
c /D0

ratio can be estimated to be around 0.02. Therefore, a remarkable difference is present between the
pp and e+e� collision systems. Although rather approximate, such comparison is corroborated by the
fact that a simulation performed with the default version of PYTHIA 6.2 reasonably reproduces Belle
data [24], while the default version of PYTHIA 8.243 (Monash 2013 tune) severely underpredicts ALICE
data, despite the very similar modelling of charm fragmentation in the two simulations. Figure 2 (right)
shows the ratio L+

c  S0,+,++
c /L+

c as a function of pT, which quantifies the fraction of L+
c feed-down

from S0,+,++
c . In order to better exploit the cancellation of correlated uncertainties, this is calculated as

the weighted average of the ratios measured separately in the L+
c ! pK�p+ and L+

c ! pK0
S decay chan-

nels. The pT-integrated value in the measured pT > 2 GeV/c interval is 0.38 ± 0.06(stat)± 0.06(syst),
significantly larger than the ratio S0,+,++

c /L+
c ⇠ 0.17 from Belle data and the ⇠0.13 expectation from

PYTHIA 8 (Monash 2013) simulations. This indicates a larger increase for S0,+,++
c /D0 than for the

direct-L+
c /D0 ratio from e+e� to pp collisions. The larger feed-down from S0,+,++

c partially explains the
difference between the L+

c /D0 ratios in pp and e+e� collisions.

As shown in Figure 2, the CR-BLC (for which the three variations defined in Ref. [25] are considered),
SHM+RQM, and Catania models describe, within uncertainties, both the L+

c /D0 and S0,+,++
c /D0 ratios.

The QCM model uses the L+
c /D0 data in pp collisions at

p
s = 7 TeV to set the total charm baryon-

6

X0
c production in pp collisions at

p
s = 5.02 TeV ALICE Collaboration

PYTHIA 8 event generator previously described. All PYTHIA 8 tunes underestimate the measured
pT-differential X0

c/D0 ratio. The Monash tune significantly underestimates the data by a factor of about
21–24 in the low pT region and by a factor of about 7 in the highest pT interval, as also observed for the
L+

c /D0 ratio [17]. All three CR modes yield a similar magnitude and shape of the X0
c/D0 ratio, and de-

spite predicting a larger baryon-to-meson ratio with respect to the Monash tune, they still underestimate
the measured X0

c/D0 ratio by a factor of about 4–5 at low pT. The models with CR tunes describe better
the L+

c /D0 and the S0,+,++
c /D0 ratios than the X0

c/D0 one [9, 17, 19, 26], which involves a charm-strange
baryon.

The measured X0
c/D0 ratio is also compared with a SHM calculation [32] in which additional excited

charm-baryon states not yet observed are included. The additional states are added based on the rela-
tivistic quark model (RQM) [34] and lattice QCD calculations [35]. Charm- and strange-quark fugacity
factors are used in the model to account for the suppression of quarks heavier than u and d in elementary
collisions. The uncertainty band in the model is obtained by varying the assumption of the branching
ratios of excited charm-baryon states decaying to the ground state X0,+

c , where an exact isospin symme-
try between X+

c and X0
c is assumed. This model, which was observed to describe the L+

c /D0 ratio [17],
underestimates the measured X0

c/D0 ratio by the same amount as PYTHIA 8 with CR tunes.

The QCM model [36] underpredicts the X0
c/D0 ratio by the same amount as it does for the X0

c-baryon
production cross section. The Catania model [37, 46] implements charm-quark hadronisation via both
coalescence and fragmentation. In the model a blast wave parametrisation [71] for light quarks at the
hadronisation time with the inclusion of a contribution from mini-jets is considered, while for charm
quarks the spectra from FONLL calculations are used. The coalescence process of heavy quarks with
light quarks, which is modelled using the Wigner function formalism, is tuned to have all charm quarks
hadronising via coalescence at pT ' 0. At finite pT, charm quarks not undergoing coalescence are
hadronised via an independent fragmentation. The Catania model describes the X0

c/D0 ratio in the full
pT interval of the measurement.

This new X0
c measurement therefore provides important constraints to models of charm quark hadronisa-

tion in pp collisions, being in particular sensitive to the description of charm-strange baryon production
in the colour reconnection approach, and to the possible contribution of coalescence to charm quark
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Figure 6: Left panel: pT-differential production cross section of prompt X0
c baryons in pp collisions atp

s = 5.02 TeV compared with model calculations [28, 31, 36]. Right panel: X0
c/D0 ratio as a function of pT

measured in pp collisions at
p

s = 5.02 TeV compared with model calculations [28, 31, 32, 36, 37] (see text for
details).
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Charm-hadron yield ratios versus multiplicity in pp at
√

s = 13 TeV ALICE Collaboration
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Figure 5: Ratios of pT-integrated yields of Λ+
c and D0 hadrons as a function of 〈dNch/dη〉 in pp collisions at√

s = 13 TeV. Measurements performed in pp and p–Pb collisions at
√

sNN = 5.02 TeV from Ref. [13] are also
shown. Statistical and systematic uncertainties are shown by error bars and empty boxes, respectively. Shaded
boxes represent the extrapolation uncertainties. The corresponding PYTHIA predictions [20, 22] are also shown.

lation factor. The fraction of extrapolated yield from the lowest to the highest multiplicity interval is
about 39% (31%), 28% (22%), 20% (16%), and 15% (13%) for Λ+

c (D0). The procedure was repeated
considering also the CR-BLC Mode 0 and Mode 3 as well as two different functions fitted to the spec-
tra (a Tsallis-Lévy [60] and a power-law function). The fits were performed considering the statistical
and pT-uncorrelated sources of systematic uncertainties, and also shifting up and down the data by one
sigma of the pT-correlated systematic uncertainties. The envelope of the extrapolation factors obtained
with all the trials was assigned as the extrapolation uncertainty on Λ+

c and D0, and it was propagated
to the Λ+

c /D0 ratio, resulting in a value that ranges from 2% to 21% depending on multiplicity. The
same procedure was used to estimate the pT-integrated D+

s yields and D+
s /D0 yield ratios in the different

multiplicity intervals, reported in Ref. [50]. The Λ+
c and D0 pT-integrated yields are also reported in

Ref. [50], together with the pT-integrated Λ+
c /D0 yield ratios in the visible pT range, and the tables with

the numerical values of the pT-integrated ratios. The pT-integrated Λ+
c /D0 yield ratio as a function of

〈dNch/dη〉 is shown in Fig. 5, where the systematic uncertainties from the extrapolation (shaded boxes,
assumed to be uncorrelated among multiplicity intervals) are drawn separately from the other sources of
systematic uncertainties (empty boxes). The sources related to the raw-yield extraction, the multiplicity-
interval limits, the high-multiplicity triggers, the multiplicity-independent prompt fraction assumption,
and the statistical uncertainties on the efficiencies are also considered uncorrelated with multiplicity. The
other systematic uncertainties are assumed to be correlated. The measurements performed in pp and p–
Pb collisions at

√
s = 5.02 TeV [13] are also shown. The result does not favour an increase of the yield

ratios with multiplicity, as also observed for the Λ/K0
S ratio in Ref. [39], and the trend is compatible

with a constant function. This suggests that the increasing trend observed for the 1 < pT < 24 GeV/c
range comes from a re-distribution of pT that acts differently for baryons and mesons, while this is not
observed in the meson-to-meson ratios, as shown in Fig. 3 for D+

s /D0 and in Ref. [54] for K/π . The
results are compared to the pT-integrated PYTHIA predictions. The measurements exclude the Monash
prediction in the whole multiplicity range, and tend to be significantly below the CR-BLC Mode 2 for
the three highest multiplicity intervals.
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QCDCR does well
for some distributions,
less so for others.
Improvements needed,
but good starting point.

Torbjörn Sjöstrand Introduction to Event Generators 3 slide 63/65



Beam drag effects

Colour flow connects hard scattering to
beam remnants. Can have consequences,
e.g. in π−p:

A(xF) =
σ(D−) − σ(D+)

σ(D−) + σ(D+)

0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8
xF
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A
(x

F
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Asymmetry A(xF ) =(D− −D+ )/(D− +D+ )

qq→cc @ 500 GeV

gg→cc @ 500 GeV

combined

WA82 @ 340 GeV

E769 @ 250 GeV

E791 @ 500 GeV

Beam drag e↵ects (E. Norrbin & TS, 2000)
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If low-mass string e.g.:
cd : D−,D∗−

cud : Λ+
c ,Σ

+
c ,Σ

∗+
c

⇒ flavour asymmetries

Beam drag e↵ects (E. Norrbin & TS, 2000)
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Can give D “drag” to
larger xF than c quark.
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Bottom asymmetries

uncertainties on the Pythia models shown here are only due to the limited sample size
of about 12.5 million events. The results of the Pythia hadronisation model describing
the data best, along with the predictions of the heavy-quark recombination model are
presented in Fig. 11. The uncertainties on the heavy-quark recombination model are the
systematic uncertainties given in Ref. [5]. Overall, the predictions from the heavy-quark
recombination model are consistently higher than the 8TeV measurements, but remain
within uncertainties. For Pythia, only the model CR1 shows a good agreement with
the

p
s = 7 TeV measurements but it is also consistently higher at 8TeV. The two other

tested settings predict asymmetries that are too large, exhibiting the strongest deviation
at low transverse momentum.
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Figure 10: Comparison of the ⇤0
b production asymmetry predicted by the various Pythia

models, where CR1 refers to the QCD-inspired model and CR2 refers to the gluon-move model,
and the measured production asymmetries. Results versus ⇤0

b (left) rapidity y and (right) pT are
shown for centre-of-mass energies of (top)

p
s = 7 TeV and (bottom)

p
s = 8 TeV. Uncertainties

on the predictions are due to limited simulation sample sizes.

9 Conclusions

The most precise measurements of the ⇤0
b production asymmetry in

p
s = 7 TeV and 8 TeV

proton-proton collisions have been presented. A new method to estimate asymmetries in
the interaction of protons and antiprotons with the detector material has been developed.

21

A(y),A(p⊥) =
σ(Λ0

b) − σ(Λ
0
b)

σ(Λ0
b) + σ(Λ

0
b)

CR1 = QCDCR, with no enhancement at low p⊥.
Enhanced Λb production at low p⊥, like for Λc, dilutes asymmetry?
Asymmetries observed also for other charm and bottom hadrons.

Warning: fragmentation function formalisms unreliable at low p⊥.
May lead to incorrect conclusions about intrinsic charm.
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Decays

Unspectacular/ungrateful but necessary:
this is where most of the final-state particles are produced!
Involves hundreds of particle kinds and thousands of decay modes.

• B∗0 → B0γ: electromagnetic decay

• B0 → B
0

mixing (weak)

• B
0 → D∗+νee−: weak decay, displaced vertex,

|M|2 ∝ (pBpν)(pepD∗)

• D∗+ → D0π+: strong decay

• D0 → ρ+K−: weak decay, displaced vertex, ρ mass smeared

• ρ+ → π+π0: ρ polarized, |M|2 ∝ cos2 θ in ρ rest frame

• π0 → e+e−γ: Dalitz decay, m(e+e−) peaked
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Summary

Perturbative jet cross section is divergent in p⊥ → 0 limit
⇒ colour screening invoked.

MPI absolutely crucial to get right multiplicities,
rapidity and p⊥ spectra, and various correlations.

String model most common approach to hadronization,
with strong support in data and lattice QCD.

String space–time picture well confirmed, e.g. in 3-jet,
but flavour composition less well so.

Cluster model valid alternative for most properties.

LHC data has revolutionized the picture of soft physics:

Goodbye jet universality!

This has led to a renewed phenomenology interest:

Welcome new mechanisms!
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