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PYTHIA

In Practice

VINCIA

…
“Virtual Colliders” 

= Simulation Codes

→ Simulated Particle Collisions

Real Universe
→ Experiments & Data

Particle Accelerators, Detectors, 
Statistical Analyses, Calibrations

→ Published Measurements
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Events Histograms

Particle Physics Models, 
Simplifications, Algorithms, … 
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Resources

Data Preservation: HEPDATA
Online database of experimental results
Please make sure published results make it there

Analysis Preservation: RIVET
Large library of encoded analyses + data comparisons
Main analysis & constraint package for event generators
All your analysis are belong to RIVET

Updated validation plots: MCPLOTS.CERN.CH
Online plots made from Rivet analyses
Want to help? Connect to Test4Theory (LHC@home 2.0)

Reproducible tuning: PROFESSOR
Automated tuning (& more)
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http://durpdg.dur.ac.uk/%E2%80%8E%0Arivet.hepforge.org/%E2%80%8E%0A
http://durpdg.dur.ac.uk/%E2%80%8E%0Arivet.hepforge.org/%E2%80%8E%0A
http://rivet.hepforge.org/%E2%80%8E%0Arivet.hepforge.org/%E2%80%8E%0A
http://rivet.hepforge.org/%E2%80%8E%0Arivet.hepforge.org/%E2%80%8E%0A
http://mcplots.cern.ch
http://mcplots.cern.ch
http://professor.hepforge.org/
http://professor.hepforge.org/
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(Test4Theory)
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New 
Users/
Day

May June July Aug Sep

July 4th 
2012

Monday Feb 18 2013 9:28 PM

The	
  LHC@home	
  2.0	
  project	
  Test4Theory	
  allows	
  users	
  to	
  par:cipate	
  in	
  running	
  
simula:ons	
  of	
  high-­‐energy	
  par:cle	
  physics	
  using	
  their	
  home	
  computers.

The	
  results	
  are	
  submiAed	
  to	
  a	
  database	
  which	
  is	
  used	
  as	
  a	
  common	
  resource	
  by	
  both	
  
experimental	
  and	
  theore:cal	
  scien:sts	
  working	
  on	
  the	
  Large	
  Hadron	
  Collider	
  at	
  CERN.

http://lhcathome2.cern.ch/test4theory
http://lhcathome2.cern.ch/test4theory
http://lhcathome2.cern.ch/high-energy-physics-simulations
http://lhcathome2.cern.ch/high-energy-physics-simulations
http://lhcathome2.cern.ch/high-energy-physics-simulations
http://lhcathome2.cern.ch/high-energy-physics-simulations
http://mcplots.cern.ch/
http://mcplots.cern.ch/
http://public.web.cern.ch/public/en/lhc/lhc-en.html
http://public.web.cern.ch/public/en/lhc/lhc-en.html
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•Explicit tables of data & MC points
•Run cards for each generator
•Link to experimental reference paper
•Steering file for plotting program
• (Will also add link to RIVET analysis)

http://mcplots.cern.ch
http://mcplots.cern.ch
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Current Methods

Manual Tunes
Tuning done by hand/eye (few parameters and observables at a time)

Common sense (and experience) → subjective judgement of 
importance of each observable, and tails vs averages
Theoretically motivated uncertainty variations can be included 
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P.  S k a n d s

Current Methods

Manual Tunes
Tuning done by hand/eye (few parameters and observables at a time)

Common sense (and experience) → subjective judgement of 
importance of each observable, and tails vs averages
Theoretically motivated uncertainty variations can be included 

Automated Tunes (Professor, Profit?)
Sense and experience encoded as elaborate sets of weights + 
“sensible” parameter ranges → faster & “easier” than manual 
Does not relieve you from critical judgement

Are/were ranges, weights, and observables included indeed “sensible”?
Are tuning interpolations looking stable and convergent?
Are there strong correlations / flat directions?
Do some parameters end up at the end of their physical ranges?

“Data-driven” uncertainty variations do not reflect intrinsic 
theory uncertainties (cf PDF “errors”!) → Systematic mis-tuning?

7
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*) This is intended as a cultural reference, 
not a religious one

Not only central tunes
Your experimental (and other user-end) colleagues are 
relying on you for serious uncertainty estimates
Modeling uncertainties are intrinsically non-universal. 
Including data uncertainties only → lower bound (cf PDFs)

A serious uncertainty estimate includes some modeling 
variation (irrespectively of, and in addition to, what data allows)
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Quo Vadis?
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*) This is intended as a cultural reference, 
not a religious one

Not only central tunes
Your experimental (and other user-end) colleagues are 
relying on you for serious uncertainty estimates
Modeling uncertainties are intrinsically non-universal. 
Including data uncertainties only → lower bound (cf PDFs)

A serious uncertainty estimate includes some modeling 
variation (irrespectively of, and in addition to, what data allows)

Not only global tunes
Your theoretical (MC author) colleagues are relying on you 
for stringent tests of the underlying physics models, not 
just ‘best fits’ (which may obscure “tensions”)

Tuning can be done to several complementary data sets. 
All give same parameters → universality ok → model ok
Some give different parameters → universality is breaking down → can 
point to where → feedback to authors → improved models
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Example: αs

Theory: default is factor 2 µR variation 
→ lots/less of FSR! Use this to define a theory uncertainty 
associated with αs (e.g., done in Perugia tunes)

Data-driven (expect smaller?): define variations by ~ 2-
sigma consistent with 3-jet observables

Use as cross check on theory uncertainty. How much variation 
does data actually allow (for the included observables)? 
Decide (if you dare) to reduce nominal factor 2, keeping in 
mind that a larger theory uncertainty is still needed to evaluate 
uncertainty on extrapolating to other observables/processes.

Bonus! Can re-use the data-driven ones …
Retune string parameters, using the data-driven large/small αs

→ hadronization variations for use with central αs

→ can add more systematic “mistunings” to explore uncertainty envelope better

9
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Global Tunes vs Model Tests

Do independent tunes for several 
complementary “windows” on same physics

Similar observables at different CM energies
Similar observables, ee vs pp
Same collider, different observable ranges

E.g., for different pTjet, different Q2, different cuts, …

10

Schulz, Skands, 
arXiv:1103.3649
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Figure 3: Energy dependence of the the three tune parameters, from top to bottom: PARP(82),
PARP(83), and PARP(78). Independent optimizations (blue/shaded lines) compared to global fit curve
(red solid curves). Left: Nch � 1 sample. Right: Nch � 6 sample.
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pT0 for MPI Impact-parameter profile CR Strength

Example: 3-parameter tuning at 630, 900, 1800, and 7000 GeV

http://arxiv.org/abs/arXiv:1103.3649
http://arxiv.org/abs/arXiv:1103.3649
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What is Tuning?

The value of the strong coupling at the Z pole 
Governs overall amount of radiation

Renormalization Scheme and Scale for αs 
1- vs 2-loop running, MSbar / CMW scheme, µR ~ pT2

11

FSR pQCD Parameters
αs(mZ)

αs Running

Matching

Subleading Logs



P.  S k a n d s

What is Tuning?

The value of the strong coupling at the Z pole 
Governs overall amount of radiation

Renormalization Scheme and Scale for αs 
1- vs 2-loop running, MSbar / CMW scheme, µR ~ pT2

Additional Matrix Elements included?
At tree level / one-loop level?  Using what matching scheme? 
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P.  S k a n d s

What is Tuning?

The value of the strong coupling at the Z pole 
Governs overall amount of radiation

Renormalization Scheme and Scale for αs 
1- vs 2-loop running, MSbar / CMW scheme, µR ~ pT2

Additional Matrix Elements included?
At tree level / one-loop level?  Using what matching scheme? 

Ordering variable, coherence treatment, effective 
1→3 (or 2→4), recoil strategy, …

Branching Kinematics (z definitions, local vs global momentum 
conservation), hard parton starting scales / phase-space cutoffs, 
masses, non-singular terms, …

11

FSR pQCD Parameters
αs(mZ)

αs Running

Matching

Subleading Logs
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Value of Strong Coupling

12

Note:  Value of Strong coupling is
αs(MZ) = 0.12
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These variables can be categorised into two classes, according to the minimal number of

final-state particles required for them to be non-vanishing: the most common variables

require three particles (and are thus closely related to three-jet final states), while several

other variables were constructed such that they require at least four particles (related to

four-jet final states).

Among the event shapes requiring three-particle final states, six variables were studied

in great detail: the thrust T [19], the normalised heavy jet mass M2
H/s [20], the wide

and total jet broadenings BW and BT [21], the C-parameter [22] and the transition from

three-jet to two-jet final states in the Durham jet algorithm Y3 [23].

(a) Thrust, T [19]

The thrust variable for a hadronic final state in e+e− annihilation is defined as [19]

T = max
!n

(∑

i |!pi · !n|
∑

i |!pi|

)

, (2.1)

where !pi denotes the three-momentum of particle i, with the sum running over all

particles. The unit vector !n is varied to find the thrust direction !nT which maximises

the expression in parentheses.

The maximum value of thrust, T → 1, is obtained in the limit where there are only

two particles in the event. For a three-particle event the minimum value of thrust is

T = 2/3.

(b) Heavy hemisphere mass, M2
H/s [20]

In the original definition [20] one divides the event into two hemispheres. In each

hemisphere, Hi, one also computes the hemisphere invariant mass as:

M2
i /s =

1

E2
vis





∑

k∈Hi

pk





2

, (2.2)

where Evis is the total energy visible in the event. In the original definition, the

hemisphere is chosen such that M2
1 +M2

2 is minimised. We follow the more customary

definition whereby the hemispheres are separated by the plane orthogonal to the

thrust axis.

The larger of the two hemisphere invariant masses yields the heavy jet mass:

ρ ≡ M2
H/s = max(M2

1 /s,M2
2 /s) . (2.3)

In the two-particle limit ρ → 0, while for a three-particle event ρ ≤ 1/3.

The associated light hemisphere mass,

M2
L/s = min(M2

1 /s,M2
2 /s) (2.4)

is an example of a four-jet observable and vanishes in the three-particle limit.

At lowest order, the heavy jet mass and the (1 − T ) distribution are identical. How-

ever, this degeneracy is lifted at next-to-leading order.

– 3 –

1� T ! 1

2
1� T ! 0

Major

Minor

PYTHIA 8 (hadronization on) vs LEP: Thrust

Oblateness
= Major - MinorMinorMajor1-T
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Note:  Value of Strong coupling is
αs(MZ) = 0.14
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These variables can be categorised into two classes, according to the minimal number of

final-state particles required for them to be non-vanishing: the most common variables

require three particles (and are thus closely related to three-jet final states), while several

other variables were constructed such that they require at least four particles (related to

four-jet final states).

Among the event shapes requiring three-particle final states, six variables were studied

in great detail: the thrust T [19], the normalised heavy jet mass M2
H/s [20], the wide

and total jet broadenings BW and BT [21], the C-parameter [22] and the transition from

three-jet to two-jet final states in the Durham jet algorithm Y3 [23].

(a) Thrust, T [19]

The thrust variable for a hadronic final state in e+e− annihilation is defined as [19]

T = max
!n

(∑

i |!pi · !n|
∑

i |!pi|

)

, (2.1)

where !pi denotes the three-momentum of particle i, with the sum running over all

particles. The unit vector !n is varied to find the thrust direction !nT which maximises

the expression in parentheses.

The maximum value of thrust, T → 1, is obtained in the limit where there are only

two particles in the event. For a three-particle event the minimum value of thrust is

T = 2/3.

(b) Heavy hemisphere mass, M2
H/s [20]

In the original definition [20] one divides the event into two hemispheres. In each

hemisphere, Hi, one also computes the hemisphere invariant mass as:

M2
i /s =

1

E2
vis





∑

k∈Hi

pk





2

, (2.2)

where Evis is the total energy visible in the event. In the original definition, the

hemisphere is chosen such that M2
1 +M2

2 is minimised. We follow the more customary

definition whereby the hemispheres are separated by the plane orthogonal to the

thrust axis.

The larger of the two hemisphere invariant masses yields the heavy jet mass:

ρ ≡ M2
H/s = max(M2

1 /s,M2
2 /s) . (2.3)

In the two-particle limit ρ → 0, while for a three-particle event ρ ≤ 1/3.

The associated light hemisphere mass,

M2
L/s = min(M2

1 /s,M2
2 /s) (2.4)

is an example of a four-jet observable and vanishes in the three-particle limit.

At lowest order, the heavy jet mass and the (1 − T ) distribution are identical. How-

ever, this degeneracy is lifted at next-to-leading order.

– 3 –

1� T ! 1

2
1� T ! 0

Major

Minor

PYTHIA 8 (hadronization on) vs LEP: Thrust

Oblateness
= Major - MinorMinorMajor1-T



P.  S k a n d s

Wait … is this Crazy?
Best tuning result (and default in PYTHIA)

Obtained with αs(MZ) ≈ 0.14 
                              ≠ World Average = 0.1176 ± 0.0020
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P.  S k a n d s

Wait … is this Crazy?
Best tuning result (and default in PYTHIA)

Obtained with αs(MZ) ≈ 0.14 
                              ≠ World Average = 0.1176 ± 0.0020

Value of αs depends on the order and scheme
MC ≈ Leading Order + LL resummation
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Figure 15. L3 light-flavour event shapes: Thrust, C, and D.

The three main event-shape variables that were used to determine the value of ↵
s

(M
Z

)

are shown in figure 15, with upper panes showing the distributions themselves (data and MC)

and lower panes showing the ratios of MC/data, with one- and two-sigma uncertainties on

the data shown by darker (green) and lighter (yellow) shaded bands, respectively. The Thrust

(left) and C-parameter (middle) distributions both have perturbative expansions that start

at O(↵
s

) and hence they are both explicitly sensitive to the corrections considered in this

paper. The expansion of the D parameter (right) begins at O(↵2
s

). It is sensitive to the NLO

3-jet corrections mainly via unitarity, since all 4-jet events begin their lives as 3-jet events in

our framework. It also represents an important cross-check on the value extracted from the

other two variables.

For a pedagogical description of the variables, see [63]. Pencil-like 2-jet configurations are

to the left (near zero) for all three observables. This region is particularly sensitive to non-

perturbative hadronization corrections. More spherical events, with several hard perturbative

emissions, are towards the right (near 0.5 for Thrust and 1.0 for C and D). The maximal ⌧ =

1�T for a 3-particle configuration is ⌧ = 1/3 (corresponding to the Mercedes configuration),

beyond which only 4-particle (and higher) states can contribute. This causes a noticeable

change in slope in the distribution at that point, see the left pane of figure 15. The same thing

happens for the C parameter at C = 3/4, in the middle pane of figure 15. The D parameter

is sensitive to the smallest of the eigenvalues of the sphericity tensor, and is therefore zero for

any purely planar event, causing it to be sensitive only to 4- and higher-particle configurations

over its entire range.

Both the new NLO tune (solid blue line with filled-dot symbols) and the old LO one

(dashed magenta line with open-triangle symbols) reproduce all three event shapes very well.

With the NLO corrections switched o↵ (solid red line with open-circle symbols), the new tune

produces a somewhat too soft spectrum, consistent with its low value of ↵
s

(M
Z

) not being

– 59 –

First LEP tune with NLO 3-jet corrections
LO tune: αs(MZ) = 0.139 (1-loop running, MSbar)

NLO tune: αs(MZ) = 0.122 (2-loop running, CMW)

      Hartgring, Laenen, Skands, arXiv:1303.4974

http://arxiv.org/abs/arXiv:1303.4974
http://arxiv.org/abs/arXiv:1303.4974
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The three main event-shape variables that were used to determine the value of ↵
s

(M
Z

)

are shown in figure 15, with upper panes showing the distributions themselves (data and MC)

and lower panes showing the ratios of MC/data, with one- and two-sigma uncertainties on

the data shown by darker (green) and lighter (yellow) shaded bands, respectively. The Thrust

(left) and C-parameter (middle) distributions both have perturbative expansions that start

at O(↵
s

) and hence they are both explicitly sensitive to the corrections considered in this

paper. The expansion of the D parameter (right) begins at O(↵2
s

). It is sensitive to the NLO

3-jet corrections mainly via unitarity, since all 4-jet events begin their lives as 3-jet events in

our framework. It also represents an important cross-check on the value extracted from the

other two variables.

For a pedagogical description of the variables, see [63]. Pencil-like 2-jet configurations are

to the left (near zero) for all three observables. This region is particularly sensitive to non-

perturbative hadronization corrections. More spherical events, with several hard perturbative

emissions, are towards the right (near 0.5 for Thrust and 1.0 for C and D). The maximal ⌧ =

1�T for a 3-particle configuration is ⌧ = 1/3 (corresponding to the Mercedes configuration),

beyond which only 4-particle (and higher) states can contribute. This causes a noticeable

change in slope in the distribution at that point, see the left pane of figure 15. The same thing

happens for the C parameter at C = 3/4, in the middle pane of figure 15. The D parameter

is sensitive to the smallest of the eigenvalues of the sphericity tensor, and is therefore zero for

any purely planar event, causing it to be sensitive only to 4- and higher-particle configurations

over its entire range.

Both the new NLO tune (solid blue line with filled-dot symbols) and the old LO one

(dashed magenta line with open-triangle symbols) reproduce all three event shapes very well.

With the NLO corrections switched o↵ (solid red line with open-circle symbols), the new tune

produces a somewhat too soft spectrum, consistent with its low value of ↵
s

(M
Z

) not being
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First LEP tune with NLO 3-jet corrections
LO tune: αs(MZ) = 0.139 (1-loop running, MSbar)

NLO tune: αs(MZ) = 0.122 (2-loop running, CMW)

      Hartgring, Laenen, Skands, arXiv:1303.4974
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Classic example:
Thrust distribution at LEP

Herwig++ (unmatched) 
generates too many hard 
4-jet events

Can attempt to tune away (if 
possible)

Do not sacrifice agreement in 
logarithmic region for arm-twisting 
tuning in hard region

Or choose to not use 
problematic region for 
Herwig++

Problematic for universal approach 
to tuning?

In any case, must be aware, 
and must make and report a 
decision
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a=0.1

b=0.5 b=2

b=1, mT=1 a=0.5, mT=1

Small a 
→ “high-z tail”

Small b 
→ “low-z enhancement”

cuto↵ Q
had

, may be larger than the purely non-perturbative /⇡ above, to account for e↵ects
of additional unresolved soft-gluon radiation below Q

had

. In principle, the magnitude of this
additional component should scale with the cuto↵, but in practice it is up to the user to
enforce this by retuning the relevant parameter when changing the hadronization scale.

Since quark masses are di�cult to define for light quarks, the value of the strangeness
suppression is determined from experimental observables, such as the K/⇡ and K⇤/⇢ ratios.
The parton-shower evolution generates a small amount of strangeness as well, through per-
turbative g ! ss̄ splittings. The optimal value for the non-perturbative 2s/(u + d) ratio
should therefore exhibit a mild anticorrelation with the amount of quarks produced in the
perturbative stage.

Baryon production can also be incorporated, by allowing string breaks to produce pairs
of diquarks, loosely bound states of two quarks in an overall 3̄ representation. Again, since
diquark masses are di�cult to define, the relative rate of diquark to quark production is
extracted, e.g. from the p/⇡ ratio, and since the perturbative shower splittings do not produce
diquarks, the e↵ective value for this parameter is mildly correlated with the amount of g ! qq̄
splittings occurring on the shower side. More advanced scenarios for baryon production have
also been proposed, see [48]. Within the PYTHIA framework, a fragmentation model including
baryon string junctions [49] is also available.

The next step of the algorithm is the assignment of the produced quarks within hadron
multiplets. Using a nonrelativistic classification of spin states, the fragmenting q may com-
bine with the q̄0 from a newly created breakup to produce a meson — or baryon, if diquarks
are involved — of a given valence quark spin S and angular momentum L. The lowest-lying
pseudoscalar and vector meson multiplets, and spin-1/2 and -3/2 baryons, are assumed to
dominate in a string framework1, but individual rates are not predicted by the model. This
is therefore the sector that contains the largest amount of free parameters.

From spin counting, the ratio V/P of vectors to pseudoscalars is expected to be 3, but in
practice this is only approximately true for B mesons. For lighter flavors, the di↵erence in
phase space caused by the V –P mass splittings implies a suppression of vector production.
When extracting the corresponding parameters from data, it is advisable to begin with
the heaviest states, since so-called feed-down from the decays of higher-lying hadron states
complicates the extraction for lighter particles, see section 1.2.3. For diquarks, separate
parameters control the relative rates of spin-1 diquarks vs. spin-0 ones and, likewise, have
to be extracted from data.

With p2

? and m2 now fixed, the final step is to select the fraction, z, of the fragmenting
endpoint quark’s longitudinal momentum that is carried by the created hadron, an aspect
for which the string model is highly predictive. The requirement that the fragmentation be
independent of the sequence in which breakups are considered (causality) imposes a “left-
right symmetry” on the possible form of the fragmentation function, f(z), with the solution

f(z) / 1

z
(1� z)a exp

✓
�b (m2

h

+ p2

?h

)

z

◆
, (1.11)

1
The PYTHIA implementation includes the lightest pseudoscalar and vector mesons, with the four L = 1

multiplets (scalar, tensor, and 2 pseudovectors) available but disabled by default, largely because several

states are poorly known and thus may result in a worse overall description when included. For baryons, the

lightest spin-1/2 and -3/2 multiplets are included.

13

String Break

q

z

Note: In principle, a can be flavour-dependent. In practice, we only distinguish between baryons and mesons
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Multiplicity Distribution
of Charged Particles (tracks)

at LEP (Z→hadrons)

Momentum Distribution
of Charged Particles (tracks)

at LEP (Z→hadrons)

<Nch(MZ)> ~ 21 ξp = Ln(xp) = Ln( 2|p|/ECM )

Note: use infrared-unsafe observables - sensitive to hadronization (example)
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These variables can be categorised into two classes, according to the minimal number of

final-state particles required for them to be non-vanishing: the most common variables

require three particles (and are thus closely related to three-jet final states), while several

other variables were constructed such that they require at least four particles (related to

four-jet final states).

Among the event shapes requiring three-particle final states, six variables were studied

in great detail: the thrust T [19], the normalised heavy jet mass M2
H/s [20], the wide

and total jet broadenings BW and BT [21], the C-parameter [22] and the transition from

three-jet to two-jet final states in the Durham jet algorithm Y3 [23].

(a) Thrust, T [19]

The thrust variable for a hadronic final state in e+e− annihilation is defined as [19]

T = max
!n

(∑

i |!pi · !n|
∑

i |!pi|

)

, (2.1)

where !pi denotes the three-momentum of particle i, with the sum running over all

particles. The unit vector !n is varied to find the thrust direction !nT which maximises

the expression in parentheses.

The maximum value of thrust, T → 1, is obtained in the limit where there are only

two particles in the event. For a three-particle event the minimum value of thrust is

T = 2/3.

(b) Heavy hemisphere mass, M2
H/s [20]

In the original definition [20] one divides the event into two hemispheres. In each

hemisphere, Hi, one also computes the hemisphere invariant mass as:

M2
i /s =

1

E2
vis





∑

k∈Hi

pk





2

, (2.2)

where Evis is the total energy visible in the event. In the original definition, the

hemisphere is chosen such that M2
1 +M2

2 is minimised. We follow the more customary

definition whereby the hemispheres are separated by the plane orthogonal to the

thrust axis.

The larger of the two hemisphere invariant masses yields the heavy jet mass:

ρ ≡ M2
H/s = max(M2

1 /s,M2
2 /s) . (2.3)

In the two-particle limit ρ → 0, while for a three-particle event ρ ≤ 1/3.

The associated light hemisphere mass,

M2
L/s = min(M2

1 /s,M2
2 /s) (2.4)

is an example of a four-jet observable and vanishes in the three-particle limit.

At lowest order, the heavy jet mass and the (1 − T ) distribution are identical. How-

ever, this degeneracy is lifted at next-to-leading order.

– 3 –

1� T ! 1

2
1� T ! 0

Major

Minor

Oblateness
= Major - MinorMinorMajor1-T
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These variables can be categorised into two classes, according to the minimal number of

final-state particles required for them to be non-vanishing: the most common variables

require three particles (and are thus closely related to three-jet final states), while several

other variables were constructed such that they require at least four particles (related to

four-jet final states).

Among the event shapes requiring three-particle final states, six variables were studied

in great detail: the thrust T [19], the normalised heavy jet mass M2
H/s [20], the wide

and total jet broadenings BW and BT [21], the C-parameter [22] and the transition from

three-jet to two-jet final states in the Durham jet algorithm Y3 [23].

(a) Thrust, T [19]

The thrust variable for a hadronic final state in e+e− annihilation is defined as [19]

T = max
!n

(∑

i |!pi · !n|
∑

i |!pi|

)

, (2.1)

where !pi denotes the three-momentum of particle i, with the sum running over all

particles. The unit vector !n is varied to find the thrust direction !nT which maximises

the expression in parentheses.

The maximum value of thrust, T → 1, is obtained in the limit where there are only

two particles in the event. For a three-particle event the minimum value of thrust is

T = 2/3.

(b) Heavy hemisphere mass, M2
H/s [20]

In the original definition [20] one divides the event into two hemispheres. In each

hemisphere, Hi, one also computes the hemisphere invariant mass as:

M2
i /s =

1

E2
vis





∑

k∈Hi

pk





2

, (2.2)

where Evis is the total energy visible in the event. In the original definition, the

hemisphere is chosen such that M2
1 +M2

2 is minimised. We follow the more customary

definition whereby the hemispheres are separated by the plane orthogonal to the

thrust axis.

The larger of the two hemisphere invariant masses yields the heavy jet mass:

ρ ≡ M2
H/s = max(M2

1 /s,M2
2 /s) . (2.3)

In the two-particle limit ρ → 0, while for a three-particle event ρ ≤ 1/3.

The associated light hemisphere mass,

M2
L/s = min(M2

1 /s,M2
2 /s) (2.4)

is an example of a four-jet observable and vanishes in the three-particle limit.

At lowest order, the heavy jet mass and the (1 − T ) distribution are identical. How-

ever, this degeneracy is lifted at next-to-leading order.

– 3 –

1� T ! 1

2
1� T ! 0

Major

Minor

Oblateness
= Major - MinorMinorMajor1-T

+ cross checks: different eCM energies (HAD and FSR scale differently)
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Identified Particles
S1/S0, B/M, B3/2/B1/2, strange/unstrange, Heavy

21

p Λ /pΛ /KΛ ±Σ 0Σ Δ *Σ ±Ξ *0Ξ Ω

>
ch

<n<n
>

-410

-310

-210

-110

1
Baryon Fractions

Pythia 8.181
Data from LEP/PDG/HEPDATA

LEP
Pythia (ee:4)
Pythia def
Pythia (ee:2)
Pythia (ee:1)

V 
I N

 C
 I 

A 
R 

O
 O

 T

p Λ /pΛ /KΛ ±Σ 0Σ Δ *
Σ ±Ξ *0Ξ Ω

Th
eo

ry
/D

at
a

0.6
0.8

1
1.2
1.4

±π 0π ±K η 'η ±ρ 0ρ ±*K ω φ

>
ch

<n<n
>

-310

-210

-110

1

10
Meson Fractions

Pythia 8.181
Data from LEP/PDG/HEPDATA

LEP
Pythia (ee:4)
Pythia def
Pythia (ee:2)
Pythia (ee:1)

V 
I N

 C
 I 

A 
R 

O
 O

 T

±π 0π ±K η 'η ±ρ 0ρ ±*K ω φ

Th
eo

ry
/D

at
a

0.6
0.8

1
1.2
1.4

±D 0D ±*D ±
sD ±B 0±B uds

*B 0
sB ψJ/ c1

χ
3685
ψ Υ

<n
>

-410

-310

-210

-110

1

10 Heavy Meson Rates

Pythia 8.181
Data from PDG/HEPDATA

LEP
Pythia (ee:4)
Pythia def
Pythia (ee:2)
Pythia (ee:1)

V 
I N

 C
 I 

A 
R 

O
 O

 T

±D 0D ±*D ±
s

D ±B 0±B uds
*B 0

sB ψJ/ c1
χ

3685
ψ Υ

Th
eo

ry
/D

at
a

0.6
0.8

1
1.2
1.4

Compare with what you see at LHC
Correlate with what you see at LHC

Can variations within uncertainties explain differences? Or not?

1σ 2σ 1σ 2σ 1σ 2σ



P.  S k a n d s

Initial-State Radiaton

Value and running of the strong coupling 
Governs overall amount of radiation (cf FSR)

Starting scale & Initial-Final interference 
Relation between QPS and QF (vetoed showers? cf matching)

I-F colour-flow interference effects (cf ttbar asym) & interleaving

22

αs

Size of Phase Space

Matching

“Primordial kT”

Main ISR Parameters



P.  S k a n d s

Initial-State Radiaton

Value and running of the strong coupling 
Governs overall amount of radiation (cf FSR)

Starting scale & Initial-Final interference 
Relation between QPS and QF (vetoed showers? cf matching)

I-F colour-flow interference effects (cf ttbar asym) & interleaving

Additional Matrix Elements included?
At tree level / one-loop level?  What matching scheme? 

22

αs

Size of Phase Space

Matching

“Primordial kT”

Main ISR Parameters



P.  S k a n d s

Initial-State Radiaton

Value and running of the strong coupling 
Governs overall amount of radiation (cf FSR)

Starting scale & Initial-Final interference 
Relation between QPS and QF (vetoed showers? cf matching)

I-F colour-flow interference effects (cf ttbar asym) & interleaving

Additional Matrix Elements included?
At tree level / one-loop level?  What matching scheme? 

A small additional amount of “unresolved” kT
Fermi motion + unresolved ISR emissions + low-x effects?
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Min-Bias & Underlying Event

Infrared Regularization scale for the QCD 2→2 
(Rutherford) scattering used for multiple parton 
interactions (often called pT0) → overall amount of energy in UE

Proton transverse mass distribution → difference 
betwen central (active) vs peripheral (less active) 
collisions. Affects fluctuations & UE/MB ratios.

Color correlations between multiple-parton-interaction 
systems → shorter or longer strings → less or more hadrons 
per interaction → can allow more or less MPI 

Beam remnant parameters → forward fragmentation, 
remnant blowup, baryon transport
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36 A MULTIPLE-INTERACTION MODEL FOR THE EVENT. . . 2031

diffractive system. Each system is represented by a string
stretched between a diquark in the forward end and a
quark in the other one. Except for some tries with a dou-
ble string stretched from a diquark and a quark in the for-
ward direction to a central gluon, which gave only modest
changes in the results, no attempts have been made with
more detailed models for diHractive states.

V. MULTIPLICITY DISTRIBUTIONS

The charged-multiplicity distribution is interesting,
despite its deceptive simplicity, since most physical
mechanisms (of those playing a role in minimum bias
events) contribute to the multiplicity buildup. This was
illustrated in Sec. III. From now on we will use the
complete model, i.e., including multiple interactions and
varying impact parameters, to look more closely at the
data. Single- and double-difFractive events are now also
included; with the UA5 triggering conditions roughly —,

of the generated double-diffractive events are retained,
while the contribution from single diffraction is negligi-
ble.

A. Total multiplicities

A final comparison with the UA5 data at 540 GeV is
presented in Fig. 12, for the double Gaussian matter dis-
tribution. The agreement is now generally good, although
the value at the peak is still a bit high. In this distribu-
tion, the varying impact parameters do not play a major
role; for comparison, Fig. 12 also includes the other ex-

treme of a ftx overlap Oo(b) (with the use of the formal-
ism in Sec. IV, i.e., requiring at least one semihard in-
teraction per event, so as to minimize other differences).
The three other matter distributions, solid sphere, Gauss-
ian and exponential, are in between, and are all compati-
ble with the data.
Within the model, the total multiplicity distribution

can be separated into the contribution from (double-)
diffractive events, events with one interaction, events
with two interactions, and so on, Fig. 13. While 45% of
all events contain one interaction, the low-multiplicity
tail is dominated by double-diffractive events and the
high-multiplicity one by events with several interactions.
The average charged multiplicity increases with the
number of interactions, Fig. 14, but not proportionally:
each additional interaction gives a smaller contribution
than the preceding one. This is partly because of
energy-momentum-conservation effects, and partly be-
cause the additional messing up" when new string
pieces are added has less effect when many strings al-
ready are present. The same phenomenon is displayed in
Fig. 15, here as a function of the "enhancement factor"f (b), i.e., for increasingly central collisions.
The multiplicity distributions for the 200- and 900-GeV

UA5 data have not been published, but the moments
have, ' and a comparison with these is presented in Table
I. The (n, t, ) value was brought in reasonable agreement
with the data, at each energy separately, by a variation of
the pro scale. The moments thus obtained are in reason-
able agreement with the data.

B. Energy dependence

10
I I I I I I I i.

UA5 1982 DATA

UA5 1981 DATA

Extrapolating to higher energies, the evolution of aver-
age charged multiplicity with energy is shown in Fig. 16.
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FIG. 12. Charged-multiplicity distribution at 540 GeV, UA5
results (Ref. 32) vs multiple-interaction model with variable im-
pact parameter: solid line, double-Gaussian matter distribution;
dashed line, with fix impact parameter [i.e., 00(b)]

FIG. 13. Separation of multiplicity distribution at 540 GeV
by number of interactions in event for double-Gaussian matter
distribution. Long dashes, double diffractive; dashed-dotted
one interaction; thick solid line, two interactions; dashed line,
three interactions; dotted line, four or more interactions; thin
solid line, sum of everything.

Why dN/dη is useless (by itself)

without multiple interactions

Sjöstrand & v. Zijl, 
Phys.Rev.D36(1987)2019

Number of 
Charged Tracks

Number of 
Charged Tracks
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Can get <N> right with completely wrong models. Need RMS at least.
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Color Connections
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Color Reconnections?
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Rapidity

Do the systems really form
and hadronize independently?

Multiplicity ∝ NMPI
<
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Generalized Area Law (Rathsman: Phys. Lett. B452 (1999) 364)
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Rapidity

Do the systems really form
and hadronize independently?

Multiplicity ∝ NMPI
<

E.g.,
Generalized Area Law (Rathsman: Phys. Lett. B452 (1999) 364)
Color Annealing (P.S., Wicke: Eur. Phys. J. C52 (2007) 133)
… 

Better theory models needed

Hydro?Coherence

Coherence
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Notes on Diffraction
1. Fragmentation in diffraction

Low mass diffr modeled as fragmenting string (parameters from LEP)
But LEP starts with FSR → Qhad → string-frag = f(z,Qhad)

In diffraction, no equivalent definition of Qhad

Do LEP tunes work for diffraction? At all masses? Depends on Qhad? Make direct (in situ) checks!

Observables: 
Nch and x spectra, event shapes (e.g., transverse Thrust), ID-paricle ratios (Baryons, s, c, b) 

How high masses can be reached with decent rates? (100k events, 10k, 1k?) 
(and what kind of luminosity conditions are required / prohibitive?)

Outcome: more reliable fragmentation models, tunes for diffraction

2. MPI in diffraction. 
Expected to increase multiplicity in diffractive (jet) events

Pythia 8 incorporates a model, so far largely unconstrained. Main parameter = σPp

UE style analyses in diffractive jets (measuring transverse PTsum and Nch, 
average and rms, wrt diffractive jet pt, etc). 

3. Colour reconnections. 
How to separate "genuine" diffraction from accidental gaps created by CR?

28
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On Physical Observables

N. Bohr: 
Only physical observables are quantum mechanically meaningful (it 
does not make sense to ask which slit the photon went through)
QFT generalization: it does not make sense to ask which quantum 
path led to the given event

Tevatron example:
Measurement of the pT of the “Z boson” (classified according to 
“truth” in an MC model.) 
Really, observed dimuon system (including some collinear photons)

CMS example: 
Measurement of Non-Single Diffractive (NSD) events (in oldest 
measurements, classified according to MC “truth”)
Really, events with large rapidity gap and one surviving proton

Note: please tell us which of the existing min-bias / NSD CMS analyses in Rivet use the 
old (unphysical) definition (to be compared with MC with SD switched off) and which use 
the new observable definition (to be compared to all-inelastic MC, since they include an 
explicit trigger/cut to single out NSD) - currently we don’t know, so don’t dare use. 

29

and MC “truth”
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Summary

30

*) This is intended as a cultural reference, 
not a religious one

Not only central tunes
Your experimental (and other user-end) colleagues are 
relying on you for serious uncertainty estimates
Must includes some modeling variation

Not only global tunes
Your theoretical (MC author) colleagues are relying on you 
for stringent tests of the underlying physics models, 
not just ‘best fits’ (which may obscure “tensions”)

Tuning & Matching → Matching & Tuning
Step 1 (now): tune first, match later. Study change in χ2 
on tuning distributions after matching. Bad? Or not bad?
Step 2: match first, tune later. (Requires tuning a 
matched generator, so need fast matching strategies.)
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MCnet Studentships
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MCnet

MCnet projects:
• PYTHIA (+ VINCIA)

• HERWIG

• SHERPA

• MadGraph

• Ariadne (+ DIPSY)

• Cedar (Rivet/Professor)

Activities include
• summer schools

(2014: Manchester?)

• short-term studentships

• graduate students

• postdocs

• meetings (open/closed)

training studentships

3-6 month fully funded studentships for current PhD 
students at one of the MCnet nodes. An excellent opportunity 
to really understand and improve the Monte Carlos you use!  

www.montecarlonet.org
for details go to:

Monte Carlo

Londo
n

CERN
Karlsru

he

LundDurha
m

Application rounds every 3 months. 
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