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P.  S k a n d s

Overview

‣Current tunes:  
~ describe average UE properties  
Reasonable agreement with LHC min-bias data on 
charged tracks in central region (except for tails) 

‣Discrepancies have been observed  
In particular in forward region and for identified 
particles (strange particles and baryons) 
‣  Collective phenomena? Flow? CR?  

‣Not much of this has yet been put in the 
context of the constraints from LEP 

E.g., how much room is there to adjust strangeness 
and baryon rates and spectra at LEP?

2



P.  S k a n d s

Definitions
Revised definition of chi2: 

We	  include	  a	  blanket	  5%	  “theory	  uncertainty”	  in	  the	  defini7on	  of	  the	  χ2	  value,	  
as	  a	  baseline	  sanity	  limit	  for	  the	  achievable	  accuracy	  of	  the	  modelling	  

	   	   Also	  gives	  a	  basic	  protec7on	  against	  overfiBng.	  	  

To	  avoid	  low	  sta7s7cs	  genera7ng	  ar7ficially	  low	  χ2	  values,	  we	  use	  the	  
generated	  MC	  sta7s7cs	  to	  compute	  a	  ±	  uncertainty	  on	  the	  calculated	  χ2	  value:	  
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This writeup is thus also intended to function as an aid to others wishing to explore the PYTHIA 8
parameter space.

We then consider the corresponding case for hadron colliders, and use the opportunity to try out
a new PDF set, an LO fit produced by the NNPDF collaboration [18–20] which has recently been
introduced in PYTHIA 8 (NLO and NNLO sets are also available, for people that want to check the
impact of using LO vs (N)NLO PDFs in hard-scattering events). In a spirit similar to that of the
so-called “Perugia tunes” of PYTHIA 6 [8, 21], we choose the same value of ↵

s

(M

Z

) = 0.1365

for both initial- and final-state radiation. (Though we do regard this choice as somewhat arbitrary,
it may facilitate matching applications [21].) Again, we adjust parameters manually and attempt to
give brief explanations for each modification. We also choose the ↵

s

(M

Z

) value for hard-scattering
matrix elements to be the same as that in the PDFs, here ↵

s

(M

Z

) = 0.13. (The difference between
the value used for radiation and that used for hard-scattering MEs may be interpreted as an artifact of
translations between the CMW and MS schemes, see section 3.3.)

Below, in Section 1.1, we begin by giving a brief general explanation of the plots and �

2 values that
are used throughout the paper. Next, in section 2, we describe the physics, parameters, and constraints
governing fragmentation in hadronic Z decays (final-state radiation and string fragmentation). We
turn to hadron colliders in section 3 (PDFs, initial-state radiation, and multi-parton interactions). We
then focus on the energy scaling between different ee and pp (pp̄) collider energies in section 4,
including in particular the recently published high-statistics data from the Tevatron energy scan from
300 to 1960 GeV [22, 23]. We round off with conclusions and a summary of recommendations for
future efforts in section 5.

A complete listing of the Monash 2013 tune parameters is given in appendix A. Appendix B
contains a few sets of additional plots, complementing those presented in the main body of the paper.

1.1 Plot Legends and �2 Values

In several places, we have chosen to use data sets / constraints that differ from the standard ones
available e.g. through RIVET (as documented below). Since our tuning setup is furthermore manual,
rather than automated, we have in fact not relied on RIVET in this work (though we have made
extensive use of HEPDATA [1]). Instead, we use the VINCIAROOT plotting tool [24], which we
have here upgraded to include a simple �

2 calculation, the result of which is shown on each plot.
Note that we include a blanket 5% “theory uncertainty” in the definition of the �

2 value, repre-
senting a baseline sanity limit for the achievable accuracy of the modeling2 that also gives a basic
protection against overfitting. Note also that, rather than letting the MC uncertainty enter in the defi-
nition of the �

2 value (and thereby risking that low statistics generate artificially low �

2 values), we
use the generated MC statistics to compute a ± uncertainty on the calculated �

2 value, which is also
shown on the plots. Our definition of �2 is thus:

⌦
�

2

5%

↵
=

1

N

bins

NbinsX

i=1

(MC

i

�Data

i

)

2

�

2

Data,i

+ (0.05MC

i

)

2

, (1)

with the corresponding MC uncertainty, �
MC,i

, used to compute the statistical uncertainty on the �

2

computation, as mentioned above. As is shown here, the normalization is always 1/N
bins

, regardless
of whether the distributions are normalized to a fixed number or not, and we do not attempt to take
into account correlations between the different observables. Since our tuning is not directly driven by

2We note that a similar convention is used on the MCPLOTS validation web site [25].
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Figure 1: Hadronic Z decays at
p
s = 91.2GeV. The Thrust distribution in light-flavour tagged

events, compared with L3 data [26].

a �2 minimization, we regard this as acceptable; the �2

5%

values are intended merely to give an overall
indication of the level of agreement or disagreement for each observable.

The resulting plots look as illustrated in fig. 1, with a main pane (top) showing the distribution
itself and a bottom pane showing ratios. In the top pane, experimental data is always shown with
filled black square symbols, with vertical black lines indicating the one-sigma uncertainties (with two
separate black crossbars if separate statistical and systematic uncertainties are given). Lighter (grey)
extensions of the vertical lines are used to indicate two-sigma uncertainties. In the ratio pane, the green
shaded region indicates the one-sigma uncertainty region, while yellow is used to denote the two-
sigma one. An internal lighter/darker shading variation in each band is used to denote the breakdown
into statistical-only (inner) and statistical+systematic uncertainties (outer), whenever separate values
for each of these are given. Finally, next to each MC legend the �

2

5%

value defined above is printed,
along with its MC uncertainty. A colour-coded box next to the �

2 value is shaded green (�2

< 1),
yellow (1 < �

2

< 4), orange (4 < �

2

< 9), or red (9 < �

2), depending on the level of agreement or
disagreement. This functionality will be included in a forthcoming update of the VINCIA plug-in to
PYTHIA 8.

2 Final-State Radiation and Hadronization

The main parameter governing final-state radiation is the effective value of the strong coupling, which
in PYTHIA 8 is specified by giving the value of ↵

s

(M

Z

). We follow the strategy of [24] and use a
set of light-flavour (udsc) tagged e

+

e

� event shapes provided by the L3 experiment [26] to extract
a best-fit value for ↵

s

(M

Z

). (This prevents B decays from contaminating this step of the analysis.
Heavy-quark fragmentation will be treated separately, below.) The renormalization scale for final-
state shower emissions in PYTHIA is fixed to be [27]:

FSR: µ

2

R

= p

2

?evol

= z(1� z)Q

2

, (2)

3

Example:
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LEP : Nch & xp
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Note: these fragmentation parameters go directly into the modelling of diffraction
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10% More Strangeness

Consistency: Rates of Ds and Bs also improve. Kaon fraction at LHC also improves

FSR Parameters Monash 13 (Default) Comment
TimeShower:alphaSvalue = 0.1365 = 0.1383 ! Effective alphaS(mZ) value
TimeShower:alphaSorder = 1 = 1 ! Running order
TimeShower:alphaSuseCMW = off = off ! Translation from MS to CMW
TimeShower:pTmin = 0.50 = 0.40 ! Cutoff for QCD radiation
TimeShower:pTminChgQ = 0.50 = 0.40 ! Cutoff for QED radiation
TimeShower:phiPolAsym = on = on ! Asymmetric azimuth distributions

Table 3: Final-state radiation (FSR) parameters.

HAD Parameters Monash 13 (Default) Comment
# String breaks: pT and z distributions
StringPT:sigma = 0.335 = 0.304 ! Soft pT in string breaks (in GeV)
StringPT:enhancedFraction = 0.01 = 0.01 ! Fraction of breakups with enhanced pT
StringPT:enhancedWidth = 2.0 = 2.0 ! Enhancement factor
StringZ:aLund = 0.68 = 0.3 ! Lund FF a (hard fragmentation supp)
StringZ:bLund = 0.98 = 0.8 ! Lund FF b (soft fragmentation supp)
StringZ:aExtraSquark = 0.0 = 0.0 ! Extra a when picking up an s quark
StringZ:aExtraDiquark = 0.97 = 0.50 ! Extra a when picking up a diquark
StringZ:rFactC = 1.32 = 1.00 ! Lund-Bowler c-quark parameter
StringZ:rFactB = 0.855 = 0.67 ! Lund-Bowler b-quark parameter
# Flavour composition: mesons
StringFlav:ProbStoUD = 0.217 = 0.19 ! Strangeness-to-UD ratio
StringFlav:mesonUDvector = 0.5 = 0.62 ! Light-flavour vector suppression
StringFlav:mesonSvector = 0.55 = 0.725 ! Strange vector suppression
StringFlav:mesonCvector = 0.88 = 1.06 ! Charm vector suppression
StringFlav:mesonBvector = 2.2 = 3.0 ! Bottom vector suppression
StringFlav:etaSup = 0.60 = 0.63 ! Suppression of eta mesons
StringFlav:etaPrimeSup = 0.12 = 0.12 ! Suppression of eta’ mesons
# Flavour composition: baryons
StringFlav:probQQtoQ = 0.081 = 0.09 ! Diquark rate (for baryon production)
StringFlav:probSQtoQQ = 0.915 = 1.000 ! Strange-diquark suppression
StringFlav:probQQ1toQQ0 = 0.0275 = 0.027 ! Vector diquark suppression
StringFlav:decupletSup = 1.0 = 1.0 ! Spin-3/2 baryon suppression
StringFlav:suppressLeadingB = off = off ! Optional leading-baryon suppression
StringFlav:popcornSpair = 0.9 = 0.5 !
StringFlav:popcornSmeson = 0.5 = 0.5 !

Table 4: String-breaking parameters.

PDF and ME Parameters Monash 13 (Default) Comment
PDF:pSet = 13 = 8 ! PDF set for the proton
SigmaProcess:alphaSvalue = 0.130 0.135 ! alphaS(MZ) for matrix elements
MultiPartonInteractions:alphaSvalue = 0.130 0.135 ! alphaS(MZ) for MPI

Table 5: Parton-distribution (PDF) and Matrix-Element (ME) parameters.
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Strangeness: scaling
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Charm
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Figure 7: Hadronic Z decays at
p
s = 91.2GeV. Rates and inclusive Z ! X branching fractions

(normalized to Z ! hadrons) of particles containing c and b quarks

splittings in the current version of PYTHIA. A more natural choice for g ! qq̄ could be µ

R

/ m

qq̄

,
as used e.g. in the VINCIA shower model [29].

We now turn to the dynamics of heavy-quark fragmentation, focusing mainly on the b quark.
For heavy quarks, the Lund fragmentation function is modified due to the (massive) endpoints not

moving along straight lightcones: as the string pulls on them, they slow down, resulting in the string
tracing out a smaller space-time area than it would for massless quarks. This modifies the implications
of the string area law, in a manner captured by the so-called Bowler modification of the fragmentation
function [62]

f

massive

(z,m

Q

) / f(z)

z

brQm

2
Q

, (6)

with m

Q

the heavy-quark mass, b the same universal parameter that appears in the massless fragmen-
tation function, eq. (3), and r

Q

a tuning parameter which is unity in the original derivation of Bowler
but can be assigned values different from unity to reduce (r

Q

! 0) or emphasize (r
Q

> 1) the effect.
Since r

Q

multiplies the heavy-quark mass (squared), it can also be viewed as an effective rescaling
of the mass value. The net result is a suppression of the region z ! 1, hence a relative softening of
the fragmentation spectrum for heavy flavours (relative since the presence of m2

? in the exponent of
eq. (3) still implies an overall harder fragmentation for higher hadron masses.)

We emphasize that this is the only fragmentation function that is self-consistent within the string-
fragmentation model [33, 62]. Although a few alternative forms of the fragmentation functions for
massive quarks are available in the code, we therefore here work only with the Bowler type. As for
the massless function, the proportionality sign in eq. (6) indicates that the function is normalized to
unity.

In PYTHIA, separate r

Q

parameters are provided for c and b quarks. We consider the one for b
quarks first. Its default value is r

b

= 0.67, but this appears to give too hard b fragmentation spectra
when compared to LEP and SLD data, see below. For the Monash tune, we instead use
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Figure 11: The inclusive D

⇤ spectrum in hadronic Z decays [55]. Left: Monash 2013 tune com-
pared with default PYTHIA 8 and the Fischer tune. Right: comparison with HERWIG (dashed) and
SHERPA (dotted), from MCPLOTS [25]. Note that the plot in the left-hand pane is normalized to
unity, while the one in the right-hand pane is normalized to the number of hadronic Z decays.

Monash tune gives a significant improvement in the soft region of the jet-broadening parameters in
b-tagged events, while no significant changes are observed for the other event shapes. These small
improvements are presumably a direct consequence of the softening of the b fragmentation function;
it is now less likely to find an isolated ultra-hard B hadron.

We round off the discussion of heavy-quark fragmentation by noting that a similarly comprehen-
sive study of charm-quark fragmentation would be desirable. However, charm-quark tagged multi-
plicity and event-shape data is not available to our knowledge, and most of the D meson spectra on
HEPDATA concern only specific decay chains (hence depend on the decay modeling), and/or are lim-
ited to restricted fiducial regions (limiting their generality). Experimentally, the cleanest measurement
is obtained from D

⇤ decays, and an inclusive momentum spectrum for D⇤ mesons has been measured
by ALEPH [55]. From this distribution, shown in fig. 11, we determine a value for r

c

of:

StringZ:rFactC = 1.32

We note that the low-x part of the D

⇤ spectrum originates from g ! cc̄ shower splittings, while
the high-x tail represents prompt D⇤ production from leading charm in Z ! cc̄ (see [55] for a nice
figure illustrating this). The intermediate range contains a large component of feed-down from b ! c

decays, hence this distribution is also indirectly sensitive to the b-quark sector. The previous default
tune had a harder spectrum for both b- and c-fragmentation, leading to an overestimate of the high-x
part of the D

⇤ distribution. The undershooting at low x

D

⇤ values, which remains unchanged in the
Monash tune, most likely indicates an underproduction of g ! cc̄ branchings in the shower. We note
that such an underproduction may also be reflected in the LHC data on D

⇤ production, see e.g. [65].
We return to this issue in the discussion of identified particles at LHC, section 3.5.
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SHERPA (dotted), from MCPLOTS [25]. Note that the plot in the left-hand pane is normalized to
unity, while the one in the right-hand pane is normalized to the number of hadronic Z decays.

Monash tune gives a significant improvement in the soft region of the jet-broadening parameters in
b-tagged events, while no significant changes are observed for the other event shapes. These small
improvements are presumably a direct consequence of the softening of the b fragmentation function;
it is now less likely to find an isolated ultra-hard B hadron.

We round off the discussion of heavy-quark fragmentation by noting that a similarly comprehen-
sive study of charm-quark fragmentation would be desirable. However, charm-quark tagged multi-
plicity and event-shape data is not available to our knowledge, and most of the D meson spectra on
HEPDATA concern only specific decay chains (hence depend on the decay modeling), and/or are lim-
ited to restricted fiducial regions (limiting their generality). Experimentally, the cleanest measurement
is obtained from D

⇤ decays, and an inclusive momentum spectrum for D⇤ mesons has been measured
by ALEPH [55]. From this distribution, shown in fig. 11, we determine a value for r

c

of:

StringZ:rFactC = 1.32

We note that the low-x part of the D

⇤ spectrum originates from g ! cc̄ shower splittings, while
the high-x tail represents prompt D⇤ production from leading charm in Z ! cc̄ (see [55] for a nice
figure illustrating this). The intermediate range contains a large component of feed-down from b ! c

decays, hence this distribution is also indirectly sensitive to the b-quark sector. The previous default
tune had a harder spectrum for both b- and c-fragmentation, leading to an overestimate of the high-x
part of the D

⇤ distribution. The undershooting at low x

D

⇤ values, which remains unchanged in the
Monash tune, most likely indicates an underproduction of g ! cc̄ branchings in the shower. We note
that such an underproduction may also be reflected in the LHC data on D

⇤ production, see e.g. [65].
We return to this issue in the discussion of identified particles at LHC, section 3.5.
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Rates ~ unchanged

Softer spectra
Comparison to 

Herwig++ and Sherpa

Interesting to compare at LHC!!! 
(and at future FCC-ee)

Slightly less D* 
!

Slightly more Ds

FSR Parameters Monash 13 (Default) Comment
TimeShower:alphaSvalue = 0.1365 = 0.1383 ! Effective alphaS(mZ) value
TimeShower:alphaSorder = 1 = 1 ! Running order
TimeShower:alphaSuseCMW = off = off ! Translation from MS to CMW
TimeShower:pTmin = 0.50 = 0.40 ! Cutoff for QCD radiation
TimeShower:pTminChgQ = 0.50 = 0.40 ! Cutoff for QED radiation
TimeShower:phiPolAsym = on = on ! Asymmetric azimuth distributions

Table 3: Final-state radiation (FSR) parameters.

HAD Parameters Monash 13 (Default) Comment
# String breaks: pT and z distributions
StringPT:sigma = 0.335 = 0.304 ! Soft pT in string breaks (in GeV)
StringPT:enhancedFraction = 0.01 = 0.01 ! Fraction of breakups with enhanced pT
StringPT:enhancedWidth = 2.0 = 2.0 ! Enhancement factor
StringZ:aLund = 0.68 = 0.3 ! Lund FF a (hard fragmentation supp)
StringZ:bLund = 0.98 = 0.8 ! Lund FF b (soft fragmentation supp)
StringZ:aExtraSquark = 0.0 = 0.0 ! Extra a when picking up an s quark
StringZ:aExtraDiquark = 0.97 = 0.50 ! Extra a when picking up a diquark
StringZ:rFactC = 1.32 = 1.00 ! Lund-Bowler c-quark parameter
StringZ:rFactB = 0.855 = 0.67 ! Lund-Bowler b-quark parameter
# Flavour composition: mesons
StringFlav:ProbStoUD = 0.217 = 0.19 ! Strangeness-to-UD ratio
StringFlav:mesonUDvector = 0.5 = 0.62 ! Light-flavour vector suppression
StringFlav:mesonSvector = 0.55 = 0.725 ! Strange vector suppression
StringFlav:mesonCvector = 0.88 = 1.06 ! Charm vector suppression
StringFlav:mesonBvector = 2.2 = 3.0 ! Bottom vector suppression
StringFlav:etaSup = 0.60 = 0.63 ! Suppression of eta mesons
StringFlav:etaPrimeSup = 0.12 = 0.12 ! Suppression of eta’ mesons
# Flavour composition: baryons
StringFlav:probQQtoQ = 0.081 = 0.09 ! Diquark rate (for baryon production)
StringFlav:probSQtoQQ = 0.915 = 1.000 ! Strange-diquark suppression
StringFlav:probQQ1toQQ0 = 0.0275 = 0.027 ! Vector diquark suppression
StringFlav:decupletSup = 1.0 = 1.0 ! Spin-3/2 baryon suppression
StringFlav:suppressLeadingB = off = off ! Optional leading-baryon suppression
StringFlav:popcornSpair = 0.9 = 0.5 !
StringFlav:popcornSmeson = 0.5 = 0.5 !

Table 4: String-breaking parameters.

PDF and ME Parameters Monash 13 (Default) Comment
PDF:pSet = 13 = 8 ! PDF set for the proton
SigmaProcess:alphaSvalue = 0.130 0.135 ! alphaS(MZ) for matrix elements
MultiPartonInteractions:alphaSvalue = 0.130 0.135 ! alphaS(MZ) for MPI

Table 5: Parton-distribution (PDF) and Matrix-Element (ME) parameters.
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Figure 7: Hadronic Z decays at
p
s = 91.2GeV. Rates and inclusive Z ! X branching fractions

(normalized to Z ! hadrons) of particles containing c and b quarks

splittings in the current version of PYTHIA. A more natural choice for g ! qq̄ could be µ

R

/ m

qq̄

,
as used e.g. in the VINCIA shower model [29].

We now turn to the dynamics of heavy-quark fragmentation, focusing mainly on the b quark.
For heavy quarks, the Lund fragmentation function is modified due to the (massive) endpoints not

moving along straight lightcones: as the string pulls on them, they slow down, resulting in the string
tracing out a smaller space-time area than it would for massless quarks. This modifies the implications
of the string area law, in a manner captured by the so-called Bowler modification of the fragmentation
function [62]

f

massive

(z,m

Q

) / f(z)

z

brQm

2
Q

, (6)

with m

Q

the heavy-quark mass, b the same universal parameter that appears in the massless fragmen-
tation function, eq. (3), and r

Q

a tuning parameter which is unity in the original derivation of Bowler
but can be assigned values different from unity to reduce (r

Q

! 0) or emphasize (r
Q

> 1) the effect.
Since r

Q

multiplies the heavy-quark mass (squared), it can also be viewed as an effective rescaling
of the mass value. The net result is a suppression of the region z ! 1, hence a relative softening of
the fragmentation spectrum for heavy flavours (relative since the presence of m2

? in the exponent of
eq. (3) still implies an overall harder fragmentation for higher hadron masses.)

We emphasize that this is the only fragmentation function that is self-consistent within the string-
fragmentation model [33, 62]. Although a few alternative forms of the fragmentation functions for
massive quarks are available in the code, we therefore here work only with the Bowler type. As for
the massless function, the proportionality sign in eq. (6) indicates that the function is normalized to
unity.

In PYTHIA, separate r

Q

parameters are provided for c and b quarks. We consider the one for b
quarks first. Its default value is r

b

= 0.67, but this appears to give too hard b fragmentation spectra
when compared to LEP and SLD data, see below. For the Monash tune, we instead use
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Figure 8: Hadronic Z decays at
p
s = 91.2GeV. Momentum (x

B

) spectra of weakly decaying B

hadrons, compared to data from DELPHI [63] (left) and SLD [64] (right)

StringZ:rFactB = 0.855

which produces softer B spectra and simultaneously agrees better with the theoretically preferred
value (r

b

= 1).
A comparison to the scaled-momentum spectra (x

B

= 2|p
B

|/E
cm

) of weakly decaying B hadrons
from both DELPHI [63] and SLD [64] is given in fig. 8 (due to small differences between the two
measured results, we choose to show both). The dampening of the hardest part of the spectrum caused
by the increase in the r

b

parameter is visible in the right-most two bins of the distributions and in the
smaller �2

5%

values for the Monash tune. The effects of the modification can be further emphasized
by an analysis of the moments of the distribution, in which the higher moments are increasingly
dominated by the region x

B

! 1. A comparison to a combined LEP analysis of the moments of the
x

B

distribution [63] is given in fig. 9, further emphasizing that the high-x
B

part of the distribution is
now under better control.

The reason we have not increased the r

b

parameter further is that it comes at a price. If the
B hadrons are taking less energy, then there is more energy left over to produce other particles,
and the generated multiplicity distribution in b events already exhibits a slightly high tail towards
large multiplicities. Nonetheless, since the revised light-flavour fragmentation parameters produce an
overall narrower fragmentation function, the end result is still a slight improvement in the multiplicity
distribution also for b events. This is illustrated, together with the inclusive momentum distribution
for b-tagged events, in fig. 10, compared to measurements by L3 [26]. Interestingly, the multiplicity
distribution still appears to be too wide, but within the constraints of the present study, we were unable
to obtain further improvements. As a point of speculation, we note that the distribution of the number
of partons before hadronization is also quite wide in PYTHIA, and this may be playing a role in
effectively setting a lower limit on the width that can be achieved for the hadron-level distribution.

Comparisons to L3 event shapes in b-tagged events are collected in appendix B.1 (the left column
of plots contains light-flavour tagged event shapes, the right column b-tagged ones). In particular, the
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Figure 9: Hadronic Z decays at
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pared to a combined analysis of LEP+SLD data by DELPHI [63]
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Figure 10: Hadronic Z decays at
p
s = 91.2GeV. Charged-hadron multiplicity (left) and momentum-

fraction (right) spectra in b-tagged events.
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Nch in b events

High-multiplicity tail 
still problematic ?

Interesting to compare at LHC!!! 
(and at future FCC-ee)

Slightly less B* 
!
Slightly more Bs 

Still too many g→bb

FSR Parameters Monash 13 (Default) Comment
TimeShower:alphaSvalue = 0.1365 = 0.1383 ! Effective alphaS(mZ) value
TimeShower:alphaSorder = 1 = 1 ! Running order
TimeShower:alphaSuseCMW = off = off ! Translation from MS to CMW
TimeShower:pTmin = 0.50 = 0.40 ! Cutoff for QCD radiation
TimeShower:pTminChgQ = 0.50 = 0.40 ! Cutoff for QED radiation
TimeShower:phiPolAsym = on = on ! Asymmetric azimuth distributions

Table 3: Final-state radiation (FSR) parameters.

HAD Parameters Monash 13 (Default) Comment
# String breaks: pT and z distributions
StringPT:sigma = 0.335 = 0.304 ! Soft pT in string breaks (in GeV)
StringPT:enhancedFraction = 0.01 = 0.01 ! Fraction of breakups with enhanced pT
StringPT:enhancedWidth = 2.0 = 2.0 ! Enhancement factor
StringZ:aLund = 0.68 = 0.3 ! Lund FF a (hard fragmentation supp)
StringZ:bLund = 0.98 = 0.8 ! Lund FF b (soft fragmentation supp)
StringZ:aExtraSquark = 0.0 = 0.0 ! Extra a when picking up an s quark
StringZ:aExtraDiquark = 0.97 = 0.50 ! Extra a when picking up a diquark
StringZ:rFactC = 1.32 = 1.00 ! Lund-Bowler c-quark parameter
StringZ:rFactB = 0.855 = 0.67 ! Lund-Bowler b-quark parameter
# Flavour composition: mesons
StringFlav:ProbStoUD = 0.217 = 0.19 ! Strangeness-to-UD ratio
StringFlav:mesonUDvector = 0.5 = 0.62 ! Light-flavour vector suppression
StringFlav:mesonSvector = 0.55 = 0.725 ! Strange vector suppression
StringFlav:mesonCvector = 0.88 = 1.06 ! Charm vector suppression
StringFlav:mesonBvector = 2.2 = 3.0 ! Bottom vector suppression
StringFlav:etaSup = 0.60 = 0.63 ! Suppression of eta mesons
StringFlav:etaPrimeSup = 0.12 = 0.12 ! Suppression of eta’ mesons
# Flavour composition: baryons
StringFlav:probQQtoQ = 0.081 = 0.09 ! Diquark rate (for baryon production)
StringFlav:probSQtoQQ = 0.915 = 1.000 ! Strange-diquark suppression
StringFlav:probQQ1toQQ0 = 0.0275 = 0.027 ! Vector diquark suppression
StringFlav:decupletSup = 1.0 = 1.0 ! Spin-3/2 baryon suppression
StringFlav:suppressLeadingB = off = off ! Optional leading-baryon suppression
StringFlav:popcornSpair = 0.9 = 0.5 !
StringFlav:popcornSmeson = 0.5 = 0.5 !

Table 4: String-breaking parameters.

PDF and ME Parameters Monash 13 (Default) Comment
PDF:pSet = 13 = 8 ! PDF set for the proton
SigmaProcess:alphaSvalue = 0.130 0.135 ! alphaS(MZ) for matrix elements
MultiPartonInteractions:alphaSvalue = 0.130 0.135 ! alphaS(MZ) for MPI

Table 5: Parton-distribution (PDF) and Matrix-Element (ME) parameters.
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extracted and applied as a function of the T2 track multi-
plicity and affects only the 1h category. The systematic
uncertainty is estimated to be 0.45% which corresponds
to the maximal variation of the background that gives a
compatible fraction of 1h events (trigger and pileup cor-
rected) in the two samples.

Trigger efficiency: This correction is estimated from the
zero-bias triggered events. It is extracted and applied as a
function of the T2 track multiplicity, being significant
for events with only one track and rapidly decreasing to
zero for five or more tracks. The systematic uncertainty is
evaluated comparing the trigger performances with and
without the requirement of having a track pointing to the
vertex and comparing the overall rate correction in the two
samples.

Pileup: This correction factor is determined from the
zero-bias triggered events: the probability to have a bunch
crossing with tracks in T2 is 0.05–0.06 from which the
probability of having n ! 2 inelastic collisions with tracks
in T2 in the same bunch crossing is derived. The systematic
uncertainty is assessed from the variation, within the same
data set, of the probability to have a bunch crossing with
tracks in T2 and from the uncertainty due to the T2 event
reconstruction efficiency.

Reconstruction efficiency: This correction is estimated
using Monte Carlo generators (PYTHIA8 [13], QGSJET-
II-03 [14]) tuned with data to reproduce the measured
fraction of 1h events which is equal to 0:216" 0:007.
The systematic uncertainty is assumed to be half of the
correction: as it mainly depends on the fraction of events
with only neutral particles in T2, it accounts for variations
between the different Monte Carlo generators.

T1 only: This correction takes into account the amount
of events with no final state particles in T2 but one or
more tracks in T1. The uncertainty is the precision with
which this correction can be calculated from the zero-bias
sample plus the uncertainty of the T1 reconstruction
efficiency.

Internal gap covering T2: This correction takes into
account the events which could have a rapidity gap fully
covering the T2 ! range and no tracks in T1. It is estimated
from data, measuring the probability of having a gap in T1

and transferring it to the T2 region. The uncertainty takes
into account the different conditions (average charged
multiplicity, pT threshold, gap size, and surrounding
material) between the two detectors.
Central diffraction: This correction takes into account

events with all final state particles outside the T1 and T2
pseudorapidity acceptance and it is determined from simu-
lations based on the PHOJET and MBR event generators
[15,16]. Since the cross section is unknown and the uncer-
tainties are large, no correction is applied to the inelastic
rate but an upper limit of 0.25 mb is taken as an additional
source of systematic uncertainty.
Low mass diffraction: The T2 acceptance edge at j!j ¼

6:5 corresponds approximately to diffractive masses of
3.6 GeV (at 50% efficiency). The contribution of events
with all final state particles at j!j> 6:5 is estimated with
QGSJET-II-03 after tuning the Monte Carlo prediction with

TABLE IV. Summary of the measured cross sections with detailed uncertainty composition.
The " uncertainty follows from the COMPETE preferred-model " extrapolation error of
"0:007. The right-most column gives the full systematic uncertainty, combined in quadrature
and considering the correlations between the contributions.

Systematic uncertainty

Quantity Value el. t-dep el. norm inel " ) full

#tot (mb) 101.7 "1:8 "1:4 "1:9 "0:2 ) "2:9
#inel (mb) 74.7 "1:2 "0:6 "0:9 "0:1 ) "1:7
#el (mb) 27.1 "0:5 "0:7 "1:0 "0:1 ) "1:4
#el=#inel (%) 36.2 "0:2 "0:7 "0:9 ) "1:1
#el=#tot (%) 26.6 "0:1 "0:4 "0:5 ) "0:6

FIG. 1 (color). Compilation [8,20–24] of the total (#tot), in-
elastic (#inel) and elastic (#el) cross-section measurements: the
TOTEM measurements described in this Letter are highlighted.
The continuous black lines (lower for pp, upper for !pp) repre-
sent the best fits of the total cross-section data by the COMPETE
collaboration [19]. The dashed line results from a fit of the
elastic scattering data. The dash-dotted lines refer to the inelastic
cross section and are obtained as the difference between the
continuous and dashed fits.
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Figure 16: pp collisions at 7 TeV. Number of MPI in inelastic events.

For the Monash tune, we have chosen a slightly more peaked transverse matter profile [27],
thus generating a relatively larger UE for the same average MB quantities. We note, however, that
there are still several indications that the dynamics are not well understood, in particular when it
comes to very low multiplicities (overlapping with diffraction), very high multiplicities (e.g., the so-
called CMS “ridge” effect [88]), and to identified-particle spectra (e.g., possible modifications by
re-scattering [89], string boosts from colour reconnections [90], or other collective effects).

For the 7-TeV reference energy we focus on here (energy scaling will be studied in the following
subsection), the relevant parameters in the code are:

# Hadron transverse mass overlap density profile
MultipartonInteractions:bProfile = 3
MultipartonInteractions:expPow = 1.85

# IR regularization scale for MPI and energy scaling
MultipartonInteractions:pT0Ref = 2.28
MultipartonInteractions:ecmRef = 7000.
MultipartonInteractions:ecmPow = 0.215

The slightly more peaked matter distribution, combined with a relatively low p?0

value, produces
an intrinsically broader distribution in the number of parton-parton interactions (MPI), illustrated by
the theory-level plot in fig. 16.

The sampling of the PDFs by MPI initiators (including also the hardest scattering in our definition
of “MPI”), as a function of parton x values, is illustrated in fig. 17, for the three tunes considered in this
paper. The top left-hand pane shows the most inclusive quantity, simply the probability distribution of
the x value of all MPI initiators (again, we emphasize that we include the hardest-interaction initiators
in our definition of “MPI” here), on a logarithmic x axis. Here we see that the NNPDF tune has
a harder distribution both at large and small x as compared to the CTEQ6L1 tunes. The effect is
particularly marked at small x. Since MPI is dominated by the low-Q gluon PDF, cf. fig. 12, this
is precisely what we expect; the shape of the distribution of sampled x values follows that of the
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Figure 17: PDF sampling by MPIs in inelastic non-diffractive pp collisions at 7 TeV. Top Left: the
x distribution of all MPI initiators (including the hardest scattering). Top Right: the fraction of MPI
initiators which are gluons, as a function of x. Bottom Left: the ū/u ratio. Bottom Right: the
distribution of the amount of x left in the beam remnant, after MPI (note: linear scale in x).

26

-8 -6 -4 -2 0

(x
)

10
1/

n 
dn

/d
Lo

g

-510

-410

-310

-210

-110

1

10
(x) : including MPI

10
Log

Pythia 8.185

PY8 (Monash 13)
PY8 (4C)
PY8 (2C)

V 
I N

 C
 I 

A 
R 

O
 O

 T

pp 7000 GeV

(x)
10

Log
-8 -6 -4 -2 0

Ra
tio

0.6
0.8

1
1.2
1.4

-8 -6 -4 -2 0

Ra
tio

0

0.5

1

1.5
Gluon Fraction : including MPI

Pythia 8.185

PY8 (Monash 13)
PY8 (4C)
PY8 (2C)

V 
I N

 C
 I 

A 
R 

O
 O

 T

pp 7000 GeV

(x)
10

Log
-8 -6 -4 -2 0

Ra
tio

0.6
0.8

1
1.2
1.4

-8 -6 -4 -2 0

Ra
tio

-310

-210

-110

1

10

210
/u : including MPIu

Pythia 8.185

PY8 (Monash 13)
PY8 (4C)
PY8 (2C)

V 
I N

 C
 I 

A 
R 

O
 O

 T

pp 7000 GeV

(x)
10

Log
-8 -6 -4 -2 0

Ra
tio

0.6
0.8

1
1.2
1.4

0 0.2 0.4 0.6 0.8 1

1/
n 

dn
/d

X

-510

-410

-310

-210

-110

1

10

210
MPIxΣBeam Remnant X = 1 - 

Pythia 8.185

PY8 (Monash 13)
PY8 (4C)
PY8 (2C)

V 
I N

 C
 I 

A 
R 

O
 O

 T

pp 7000 GeV

RemnantX
0 0.2 0.4 0.6 0.8 1

Ra
tio

0.6
0.8

1
1.2
1.4

Figure 17: PDF sampling by MPIs in inelastic non-diffractive pp collisions at 7 TeV. Top Left: the
x distribution of all MPI initiators (including the hardest scattering). Top Right: the fraction of MPI
initiators which are gluons, as a function of x. Bottom Left: the ū/u ratio. Bottom Right: the
distribution of the amount of x left in the beam remnant, after MPI (note: linear scale in x).
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# of MPI Which x values? How much x in Remnant?

See talk by J. Rojo

More events with “catastrophic energy loss” 
(< 10% remaining in remnant) 

Possible to observe “total inelastic scattering”? 
(<10% in BOTH remnants; 10 - 1000 pb?)
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Figure 20: Average-p? vs. charged-multiplicity distributions in min-bias pp collisions at 7 TeV, with
standard (left) and soft (right) fiducial cuts, compared to ATLAS data [91].

multiplicity by itself is a very difficult quantity to extract reliable conclusions from. Note also that the
CMS measurement [92] shown in the top pane of fig. 19 was corrected to an unphysical “non-single
diffractive” event definition which essentially amounts to switching off single-diffractive contributions
in the MC generator. (We note that later CMS measurements instead use a physical observable related
to the diffractive mass to define NSD.) For the comparisons to CMS NSD data shown here, the single-
diffractive contributions were switched off in the generator. With these caveats in mind, we note that
both the 4C and Monash 2013 tunes are in good agreement with the CMS measurement, with the
Monash one giving a slightly lower central charged-track density (by about 5%). This is closer to the
values observed in data, though as already noted in section 1.1 we do not regard differences at the 5%
level as significant.

In the bottom two panes of fig. 19, we focus on the forward region (with physical event selections).
In particular, we see that the NNPDF set [20] generates a broader rapidity spectrum, so that while the
activity in the central region (top pane) is reduced slightly, the activity in the very forward region
actually increases, and comes into agreement with the TOTEM measurement [94], covering the range
5.3 < |⌘| < 6.4. The bottom right-hand pane shows the forward energy flow measured by CMS [93],
in the intermediate region 3.23 < |⌘| < 4.65. The dependence on ⌘ is a bit steeper in the Monash
tune than in the previous one, and more similar to that seen in the data.

A complementary observable, which is highly sensitive to interconnection effects between the
MPI (and hence, e.g., to the effects of “colour reconnections” [95]), is the average charged-particle
p? as a function of the number of charged particles. In a strict leading-colour picture, each MPI
would cause one or two new strings to be stretched between the remnants, but each such string would
be independent (modulo endpoint effects); therefore (modulo jets) the p? spectrum of the hadrons
produced by each of these strings would be independent of the number of strings. The result would be
a flat hp?i (nCh

) spectrum. Jets and colour reconnections both produce a rising spectrum. The spectra
observed by ATLAS [91] are compared to the Monash, 2C, and 4C tunes in fig. 20, for standard
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Figure 23: pp collisions at 7 TeV. K0

S

rapidity and p? spectrum, compared with CMS data [99].
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Figure 24: pp collisions at 7 TeV. ⇤0 rapidity and p? spectrum, compared with CMS data [99].

not result in an equivalent improvement of the ⇤

0 rate in pp collisions, shown in fig. 24. The Monash
2013 tune still produces only about 2/3 of the observed ⇤

0 rate (and just over half of the observed
⌅

� rate, cf. appendix B.2). We therefore believe it to be likely that an additional source of net baryon
production is needed (at least within the limited context of the current PYTHIA modelling), in order
to describe the LHC data. The momentum spectrum is likewise quite discrepant, exhibiting an excess
at very low momenta (stronger than that for kaons), a dip between 1–4 GeV, and then an excess of very
hard ⇤

0 production. The latter hard tail is somewhat milder in the Monash 2013 tune than previously,
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10% more kaons (as expected) 
Now agrees with CMS

But shape of pT distribution 
still not understood 
Collective effects? 
New CR model?

Still not enough baryons 
and shape of pT distributions 

not understood 
New CR model?

Note: EPOS has striking 
success describing these 
spectra, but uses hydro! 

How to discriminate?
Correlations?
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Increased <Nch> in TOTEM acceptance. Slightly steeper CMS FWD E flow.
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Slight increase in UE with respect to 4C
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Figure 22: pp collisions at 7 TeV. UE (“Transverse region”) transverse-momentum sum density (left)
and charged-track density (right), compared with ATLAS data [98].

|⌘| < 2.5 [98]. As is now well known the Tevatron extrapolations (represented here by Tune 2C)
predicted a UE level which was 10% – 20% below the LHC data. Both the current default tune 4C
(which included LHC data) and the Monash 2013 tune exhibit significantly better agreement with the
LHC measurements, with the Monash one giving a slight additional improvement in the �

2

5%

values.
We conclude that the Monash 2013 tune parameters are appropriate for both min-bias and UE studies.

3.5 Identified Particles at LHC

While the description of inclusive charged particles, discussed in the previous section, is acceptable,
larger discrepancies emerge when we consider the spectra of identified particles. We here focus on
strange particles, in particular K

0

S

mesons and ⇤

0 hyperons in figs. 23 and 24, respectively. The
experimental measurements come from CMS [99]. Additional comparisons to strange-particle spectra
(K⇤, �, and ⌅) are collected in appendix B.2.

In the K

0

S

rapidity distribution, shown in the left-hand pane of fig. 23, we observe that tune 4C
exhibits a mild underproduction, of about 10%. Though it might be tempting to speculate whether this
could indicate some small reduction of strangeness suppression in pp collisions, however, we already
noted in section 2.1 that the strangeness production in ee collisions also needed to be increased by
about 10%. After this adjustment, we see that the overall K0

S

yield in the Monash 2013 tune is fully
consistent with the CMS measurement. Nonetheless, we note that the momentum distribution is still
not satisfactorily described, as shown in the right-hand pane of fig. 23. Our current best guess is
therefore that the overall rate of strange quarks is consistent, at least in the average min-bias collision
(dedicated comparisons in high-multiplicity samples would still be interesting), but that the phase-
space distribution of strange hadrons needs more work. Similarly to the case in ee collisions, cf. fig. 6,
the model predicts too many very soft kaons, though we do not currently know whether there is a
dynamic link between the ee and pp observations.

For strange baryons, we note that the increase in the ⇤

0 fraction in ee collisions (cf. fig. 5) does
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Figure 15: The peak (left) and tail (right) of the Z p? distribution, as measured at 7 TeV (using “bare”
muon pairs) [81] and 1.8 TeV (corrected to unphysical generator-level, see [82]) [83].
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ISR Parameters Monash 13 (Default) Comment
SpaceShower:alphaSvalue = 0.1365 = 0.137 ! Effective alphaS(mZ) value
SpaceShower:alphaSorder = 1 = 1 ! Running order
SpaceShower:alphaSuseCMW = off = off ! Translation from MS to CMW
SpaceShower:samePTasMPI = off = off ! ISR cutoff type
SpaceShower:pT0Ref = 2.0 = 2.0 ! ISR pT0 cutoff
SpaceShower:ecmRef = 7000.0 = 1800.0 ! ISR pT0 reference ECM scale
SpaceShower:ecmPow = 0.0 = 0.0 ! ISR pT0 scaling power
SpaceShower:rapidityOrder = on = on ! Approx coherence via y-ordering
SpaceShower:phiPolAsym = on = on ! Azimuth asymmetries from gluon pol
SpaceShower:phiIntAsym = on = on ! Azimuth asymmetries from interference
TimeShower:dampenBeamRecoil = on = on ! Recoil dampening in final-initial dipoles
BeamRemnants:primordialKTsoft = 0.9 = 0.5 ! Primordial kT for soft procs
BeamRemnants:primordialKThard = 1.8 = 2.0 ! Primordial kT for hard procs
BeamRemnants:halfScaleForKT = 1.5 = 1.0 ! Primordial kT soft/hard boundary
BeamRemnants:halfMassForKT = 1.0 = 1.0 ! Primordial kT soft/hard mass boundary

Table 6: Initial-state radiation (ISR) and primordial-k
T

parameters.

MPI Parameters Monash 13 (Default) Comment
MultipartonInteractions:pT0Ref = 2.28 = 2.085 ! MPI pT0 IR regularization scale
MultipartonInteractions:ecmRef = 7000.0 = 1800.0 ! MPI pT0 reference ECM scale
MultipartonInteractions:ecmPow = 0.215 = 0.19 ! MPI pT0 scaling power
MultipartonInteractions:bProfile = 3 = 3 ! Transverse matter overlap profile
MultipartonInteractions:expPow = 1.85 = 2.0 ! Shape parameter
BeamRemnants:reconnectRange = 1.8 = 1.5 ! Colour Reconnections
SigmaTotal:zeroAXB = on = on ! Carried over from 4C
SigmaDiffractive:dampen = on = on ! Carried over from 4C
SigmaDiffractive:maxXB = 65.0 = 65.0 ! Carried over from 4C
SigmaDiffractive:maxAX = 65.0 = 65.0 ! Carried over from 4C
SigmaDiffractive:maxXX = 65.0 = 65.0 ! Carried over from 4C
Diffraction:largeMassSuppress = 4.0 = 2.0 ! High-mass diffraction suppression power

Table 7: Multi-Parton-Interaction (MPI), Colour-Reconnection (CR), and Diffractive parameters.
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ISR Parameters Monash 13 (Default) Comment
SpaceShower:alphaSvalue = 0.1365 = 0.137 ! Effective alphaS(mZ) value
SpaceShower:alphaSorder = 1 = 1 ! Running order
SpaceShower:alphaSuseCMW = off = off ! Translation from MS to CMW
SpaceShower:samePTasMPI = off = off ! ISR cutoff type
SpaceShower:pT0Ref = 2.0 = 2.0 ! ISR pT0 cutoff
SpaceShower:ecmRef = 7000.0 = 1800.0 ! ISR pT0 reference ECM scale
SpaceShower:ecmPow = 0.0 = 0.0 ! ISR pT0 scaling power
SpaceShower:rapidityOrder = on = on ! Approx coherence via y-ordering
SpaceShower:phiPolAsym = on = on ! Azimuth asymmetries from gluon pol
SpaceShower:phiIntAsym = on = on ! Azimuth asymmetries from interference
TimeShower:dampenBeamRecoil = on = on ! Recoil dampening in final-initial dipoles
BeamRemnants:primordialKTsoft = 0.9 = 0.5 ! Primordial kT for soft procs
BeamRemnants:primordialKThard = 1.8 = 2.0 ! Primordial kT for hard procs
BeamRemnants:halfScaleForKT = 1.5 = 1.0 ! Primordial kT soft/hard boundary
BeamRemnants:halfMassForKT = 1.0 = 1.0 ! Primordial kT soft/hard mass boundary

Table 6: Initial-state radiation (ISR) and primordial-k
T

parameters.

MPI Parameters Monash 13 (Default) Comment
MultipartonInteractions:pT0Ref = 2.28 = 2.085 ! MPI pT0 IR regularization scale
MultipartonInteractions:ecmRef = 7000.0 = 1800.0 ! MPI pT0 reference ECM scale
MultipartonInteractions:ecmPow = 0.215 = 0.19 ! MPI pT0 scaling power
MultipartonInteractions:bProfile = 3 = 3 ! Transverse matter overlap profile
MultipartonInteractions:expPow = 1.85 = 2.0 ! Shape parameter
BeamRemnants:reconnectRange = 1.8 = 1.5 ! Colour Reconnections
SigmaTotal:zeroAXB = on = on ! Carried over from 4C
SigmaDiffractive:dampen = on = on ! Carried over from 4C
SigmaDiffractive:maxXB = 65.0 = 65.0 ! Carried over from 4C
SigmaDiffractive:maxAX = 65.0 = 65.0 ! Carried over from 4C
SigmaDiffractive:maxXX = 65.0 = 65.0 ! Carried over from 4C
Diffraction:largeMassSuppress = 4.0 = 2.0 ! High-mass diffraction suppression power

Table 7: Multi-Parton-Interaction (MPI), Colour-Reconnection (CR), and Diffractive parameters.

42

M13 4C

Note: peak very 
sensitive to soft effects, 
IR regularization, etc.

Lesson: do not assume this 
stays exactly the same when 

doing matching



P.  S k a n d s

Summary

Apologies: did not do dedicated study of 
diffraction  
 E.g., gap-size distributions not included, though interesting 

Revised ee fragmentation parameters and pp 
tune using new NNPDF2.3 LO PDF set  

Increased strangeness and more forward activity 

Low-multiplicity region and strangeness spectra still 
challenging 

!

Work underway: 
 Improved colour-reconnection model (PS + J.R. Christiansen) 

 Inclusion of diffractive Z (T. Sjostrand + C. Rasmussen) 

 Improved model for g→QQ (T. Sjostrand + student)

17

Tune:ee=7;  Tune:pp  =  14;
Py th ia  8 .185  Monash  2013

Complete writeup : 
arXiv:1404.5630

http://arxiv.org/abs/arXiv:1404.5630

