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P. Skands

Min-Bias and UE
Minimum-Bias 

Study fragmentation:

Study hadron collisions:  

Underlying Event
Pedestal effect → larger than min-bias

Multiple parton interactions → multiple (mini)jets

Large fluctuations 

2

No hard scale → all observables depend significantly on IR physics 
10-20% precision is very good

High-Statistics reference laboratory

Hard scale present, but look at observables that donʼt (explicitly) involve it 
10-20% precision is very good
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Data 7 TeV
PYTHIA-6 D6T
PYTHIA-6 DW
PYTHIA-6 P0
PYTHIA-6 CW
PYTHIA-8

CMS preliminary

 > 10 GeV/c
T

leading track p
| < 2.0)# > 0.5 GeV/c, |

T
charged particles (p

Traditional approach (R. Field)
Leading Track or Leading 
Track-Jet define a direction 
in the phi plane
Track or Track-jet pT provide an 
energy scale

Observables are built from tracks:
d2Nch/dηdϕ - 
multiplicity density
d2ΣpT/dηdϕ - 
energy density

Transverse region is expected to be particularly sensitive to the UE 

} }
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The Pedestal Effect
and Multiple Parton-Parton Interactions
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The Pedestal Effect
and Multiple Parton-Parton Interactions
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σparton-parton 
> σhadron-hadron

Bahr, Butterworth, Seymour: arXiv:0806.2949 [hep-ph]  
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The Pedestal Effect
and Multiple Parton-Parton Interactions
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The Pedestal Effect
and Multiple Parton-Parton Interactions
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The Pedestal Effect
and Multiple Parton-Parton Interactions
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5

C ENTRA L
<MP I > 	   = 	   3+

J E T 	   > 	   5 	   G eV

2

1

P E R I PH E RA L
<MP I > 	   = 	   1

Can we tell the difference?

Statistically biases 
the selection towards 

more central events
with more MPI

The assumed shape of the 
proton affects the rise and 

<UE>/<MB>
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Dissecting the Pedestal
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Possible to do at Tevatron?
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Possible to do at Tevatron?
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Analyzing the Pedestal?

Initial rise & <UE>/<MB> → “average” proton shape 

Focus on specific x range (pick jet pT and y, for given collider energy)

Scan over transverse activity → b dependence for that x ?

And/or look for abundance of minijets in transverse region
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A New Look?
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Factorization Scale

A New Look?
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Matrix
Elements

Parton Showers
MPI

Remnants
Hadronization

Hard Jets Soft Jets, Jet Shapes, Sum(pT) Tracks

Q >> ΛQCD

& Q/Qhard ~ 1
Q >> ΛQCD

& Q/Qhard << 1 Q ~ ΛQCD
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Factorization Scale

A New Look?
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Factorization Scale

A New Look?
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Matrix
Elements

Parton 
Showers

MPI

Remnants
Hadroniza

tion

Hard Jets Soft Jets, Jet Shapes, Sum(pT) Tracks

Q ~ ΛQCD

MPI models rooted in pQCD
→ Suggest can still take AN ORGANIZED VIEW

Order observables according to IR sensitivity

MINIMUM BIAS
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1. Where is the energy going?
Sum(pT) densities, event shapes, mini-jet rates, energy 
flow correlations… ≈ sensitive to pQCD + pMPI

2. How many tracks is it divided onto?

Ntracks, dNtracks/dpT,
 Associated track densities, track 

correlations… ≈ sensitive to hadronization + soft MPI

3. What kind of tracks?

Strangeness per track, baryons per track, beam baryon 
asymmetry, … s-baryons per s, multi-s states, s-sbar 
correlations, …. ≈ sensitive to details of hadronization

An Organized View

11

IR Safe

IR Sensitive

More IR 
Sensitive
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Organized Tuning
Can we be more general than this-
tune-does-this, that-tune-does-that?

Yes 

The new automated tuning tools can be used to generate 
unbiased optimizations for different observable regions

Same parameters → consistent model (not just “best tune”)

Critical for this task (take home message):

Need “comparable” observable sets for each region

12(example on next pages used PYTHIA 6, but applies to any model)

Example: use different collider energies as our “regions” → test energy scaling
Other complementary data sets could be used to test other model aspects
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Energy Scaling

Used CDF, UA5, and ATLAS data

P(Nch), dNch/dpT, <pT>(Nch)
+ for ATLAS: can even focus on Nch≥6 separately! Possible to do at Tevatron too?

From 630 GeV to 7 TeV 
(Unfortunately, did not have a complete obs set from STAR at 200 GeV)

Reduce model to 3 main parameters:

1. Infrared Regularization Scale

2. Proton Transverse Mass Distributions

3. Strength of Color Reconnections

Use Professor to do independent optimizations 
at each energy

13

Starting point = Perugia 0

PARP(82)

PARP(83)

PARP(78)

pTmin

μ

CR

Not dN/d(eta) to avoid emphasis on low mult

“Energy Scaling of MB Tunes”, H. Schulz + PS, in preparation
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Figure 1: Evolution of parameters with energy. .
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Evolution of pT0 with Ecm

pT0
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Infrared Regularization Scale

14“Energy Scaling of MB Tunes”, H. Schulz + PS, in preparation

cf., also, e.g., CMS, 
studies by R. Field

Sjöstrand & van Zijl, PRD36(1987)2019

&

No large deviation from the assumed functional form      
(E.g., Tunes A, DW, Perugia-0 use Exp = PARP(90) = 0.25)

P90 = 0.25

Model :  

one unit in pseudorapidity as used in [94]). For our plots here, we used an intermediate-sized
binning of 0.5 units in pseudorapidity.

3.4 Energy Scaling (Table 4)

A final difference with respect to the older S0(A) family of tunes is that we here include data
from different colliders at different energies, in an attempt to fix the energy scaling better.

The energy scaling of min-bias and underlying-event phenomena, in both the old and new
Pythia models, is driven largely by a single parameter, the scaling power of the infrared regu-
larisation scale for the multiple parton interactions, p⊥0, see, e.g., [94, 13, 14]. This parameter
is assumed to scale with the collider CM energy squared, s, in the following way,

p2⊥0(s) = p2⊥0(sref)
(

s

sref

)P90

, (9)

where p2⊥0(sref) is the IR regularisation scale given at a specific reference s = sref , and P90 sets
the scaling away from s = sref . In the code, p2⊥0(sref) is represented by PARP(82),

√
sref by

PARP(89), and P90 by PARP(90). Note that large values of P90 produce a slower rate of increase
in the overall activity with collider energy than low values, since the generation of additional
parton-parton interactions in the underlying event is suppressed below p⊥0.

The default value for the scaling power in Pythia 6.2 was P90 = 0.16, motivated [94] by
relating it to the scaling of the total cross section, which grows like ∝ E0.16

cm . When comparing
to Tevatron data at 630 GeV, Rick Field found that this resulted in too little activity at that
energy, as illustrated in the top row of fig. 9, where tune DWT uses the old default scaling away
from the Tevatron and DW uses Rick Field’s value of P90 = 0.25. (The total cross section is
still obtained from a Donnachie-Landshoff fit [97] and is not affected by this change.) Note that
the lowest-multiplicity bins of the UA5 data in particular and the first bin of the CDF data
were ignored for our comparisons here, since these contain a large diffractive component, which
has not been simulated in the model comparisons.

For the Perugia tunes, the main variations of which are shown in the bottom row of fig. 9,
we find that a large range of values, between 0.22 and 0.32, can be accommodated without
ruining the agreement with the available data, with Perugia 0 using 0.26.

The energy scaling is therefore still a matter of large uncertainty, and the possibility of
getting good additional constraints from the early LHC data is encouraging. The message so
far appears to be contradictory, however, with early ATLAS results at 900 GeV [63] appearing
to confirm the tendency of the current tunes to undershoot the high-multiplicity tail at 900
GeV (see the right-hand column of fig. 9), which would indicate a slower scaling between 900
and 1800 GeV than what is generated by the models (since they all fit well at 1800 GeV) but
preliminary CMS results on the average multiplicity at 2360 GeV [62] indicate the opposite,
that the pace of evolution in the models is actually too slow. Furthermore, the CDF data at
630 GeV and the UA5 data at 200 GeV provide additional constraints at lower energies which
have made it difficult for us to increase the tail at 900 GeV without coming into conflict with
at least one of these other data sets. In view of these tensions, we strongly recommend future
studies to include comparisons at different energies.

22

(power law)
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Figure 1: Evolution of parameters with energy. .
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Perugia-0:
too lumpy
at high E?

Evolution of pT0 with Ecm

Transverse Mass Distribution
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Infrared Regularization Scale: The fact that long-wavelength gluons only see a coherent sum of

the color charges in the hadronic substructure — color screening — is assumed to ultimately regulate

the remaining divergence, again similarly to how the non-perturbative cutoff in parton showers ulti-

mately regulates the number of parton shower emissions. In the model we consider here, a smooth

regulator is introduced by hand, by modyfing the divergent parts of the cross section (including the

strong coupling since we use the standard MC scale choice αs(p2
⊥)) as follows,

αs(p2
⊥)

dp2
⊥

p4
⊥

→ αs(p2
⊥0 + p2

⊥)
dp2
⊥

(p2
⊥0 + p2

⊥)2
, (1)

where p⊥0 physically expresses the scale at which the color screening effect is supposed to become

active. This parameter, which we call the infrared regularization scale, constitutes the main free

parameter for all models of this type, with low values yielding more soft MPI activity (in the limit that

it is taken to zero, the original unregulated behaviour would be reobtained). In the PYTHIA model, it

is assumed to have a power-law scaling with the CM energy,

p⊥0(
√

s) = PARP(82) ·
� √

s

PARP(89)

�PARP(90)

, (2)

where PARP(82), PARP(89), and PARP(90) are tunable parameters of the code. Roughly speaking,

PARP(82) gives the value of p⊥0 (in GeV) at a fixed reference CM energy, PARP(89) (also in GeV), and

PARP(90) determines the scaling behaviour of p⊥0 away from that energy. Below, instead of assuming

the form, eq. (2), we shall fit for p⊥0 independently at several different values of
√

s (technically, we

do this by fixing PARP(89) to the energy of the relevant collider and fitting for PARP(82)) and then

check whether the resulting points lie on a curve consistent with the functional form of eq. (2).

Transverse Mass Distribution: A further important aspect of the model is the density, or shape,

assumed for the proton matter distribution. In MPI models, the probability for additional parton-parton

interactions to occur in a given collision is proportional to the amount of matter overlap between the

colliding beam particles in that collision, which in turn depends on their impact parameter, b. If

the proton structure is very uniform (e.g., a featureless pion/gluon cloud), the differences between

peripheral and central collisions will be quite small, while a strongly peaked distribution (e.g., valence

lumps / hot spots) can make the activity in central collisions much higher than in peripheral ones.

Thus, while we may think of the infrared regularization scale above as determining the average number

of multiple parton interactions, the b profile affects how much this number can deviate from the mean

in peripheral vs. central events. In the overlap model used for the Perugia tunes, the overlap function

(the time-integrated convolution of two proton mass distributions, see [2, 8]) is cast as

O(b) ∝ exp
�
−bd

�
(3)

with the power d a free parameter whose range is normally taken to be from d = 1 (exponential,

representing a very peaked structure) to d = 2 (Gaussian, representing a smoother structure). Note

that the normalization of this distribution is fixed to unity. Note also that b is given in an arbitrary unit,

whose size in Fermi, for instance, does not need to be fixed; since the only dimensionful quantity is

the total cross section, which is fixed by a Donnachie-Landshoff formula [9], only the dimensionless

ratio b/ �b� appears in the actual model calculations.

The power, d, appears as the parameter PARP(83) in PYTHIA. It is not assumed to change with

energy, i.e.,

d(
√

s) = PARP(83) . (4)

3

Different energies probe different effective x 
ranges → different average b profile?

Hint of departure from Gaussian (d=2) at lower Ecm?     
Interesting to get more independent handles on b distribution

+ make more use of 200 and 630 GeV data ?

Model :  

Infrared Regularization Scale: The fact that long-wavelength gluons only see a coherent sum of

the color charges in the hadronic substructure — color screening — is assumed to ultimately regulate

the remaining divergence, again similarly to how the non-perturbative cutoff in parton showers ulti-

mately regulates the number of parton shower emissions. In the model we consider here, a smooth

regulator is introduced by hand, by modyfing the divergent parts of the cross section (including the

strong coupling since we use the standard MC scale choice αs(p2
⊥)) as follows,

αs(p2
⊥)

dp2
⊥

p4
⊥

→ αs(p2
⊥0 + p2

⊥)
dp2
⊥

(p2
⊥0 + p2

⊥)2
, (1)

where p⊥0 physically expresses the scale at which the color screening effect is supposed to become

active. This parameter, which we call the infrared regularization scale, constitutes the main free

parameter for all models of this type, with low values yielding more soft MPI activity (in the limit that

it is taken to zero, the original unregulated behaviour would be reobtained). In the PYTHIA model, it

is assumed to have a power-law scaling with the CM energy,

p⊥0(
√

s) = PARP(82) ·
� √

s

PARP(89)

�PARP(90)

, (2)

where PARP(82), PARP(89), and PARP(90) are tunable parameters of the code. Roughly speaking,

PARP(82) gives the value of p⊥0 (in GeV) at a fixed reference CM energy, PARP(89) (also in GeV), and

PARP(90) determines the scaling behaviour of p⊥0 away from that energy. Below, instead of assuming

the form, eq. (2), we shall fit for p⊥0 independently at several different values of
√

s (technically, we

do this by fixing PARP(89) to the energy of the relevant collider and fitting for PARP(82)) and then

check whether the resulting points lie on a curve consistent with the functional form of eq. (2).

Transverse Mass Distribution: A further important aspect of the model is the density, or shape,

assumed for the proton matter distribution. In MPI models, the probability for additional parton-parton

interactions to occur in a given collision is proportional to the amount of matter overlap between the

colliding beam particles in that collision, which in turn depends on their impact parameter, b. If

the proton structure is very uniform (e.g., a featureless pion/gluon cloud), the differences between

peripheral and central collisions will be quite small, while a strongly peaked distribution (e.g., valence

lumps / hot spots) can make the activity in central collisions much higher than in peripheral ones.

Thus, while we may think of the infrared regularization scale above as determining the average number

of multiple parton interactions, the b profile affects how much this number can deviate from the mean

in peripheral vs. central events. In the overlap model used for the Perugia tunes, the overlap function

(the time-integrated convolution of two proton mass distributions, see [2, 8]) is cast as

O(b) ∝ exp
�
−bd

�
(3)

with the power d a free parameter whose range is normally taken to be from d = 1 (exponential,

representing a very peaked structure) to d = 2 (Gaussian, representing a smoother structure). Note

that the normalization of this distribution is fixed to unity. Note also that b is given in an arbitrary unit,

whose size in Fermi, for instance, does not need to be fixed; since the only dimensionful quantity is

the total cross section, which is fixed by a Donnachie-Landshoff formula [9], only the dimensionless

ratio b/ �b� appears in the actual model calculations.

The power, d, appears as the parameter PARP(83) in PYTHIA. It is not assumed to change with

energy, i.e.,

d(
√

s) = PARP(83) . (4)

3

(independent of energy)

Perugia-0: PARP(83) = 1.7
Too lumpy at high energies?

d=2 (Gaussian)

d=1 (exponential)

Intermediate
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Figure 1: Evolution of parameters with energy. .
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7 TeV
Perugia-0:

too much CR 
at high E?

Evolution of pT0 with Ecm

Color Reconnection Strength

16“Energy Scaling of MB Tunes”, H. Schulz + PS, in preparation

Model :  (energy dependence implicit through <nint>)

for a string piece to survive the annealing and preserve its original colour connections is

MSTP(95) = 6, 7 : Pkeep = (1− ζP78)
nint , (5)

where P78 corresponds to the parameter PARP(78) in the code and sets the overall colour-
reconnection strength and nint is the number of parton-parton interactions in the current event,
giving a rough first estimate of the number of strings spanned between the remnants. (It is
thus more likely for a string piece to suffer “colour amnesia” in a busy event, than in a quiet
one.) ζ was introduced together with the Perugia tunes and gives a possibility to suppress
reconnections among high-p⊥ string pieces,

ζ =
1

1 + P 2
77 〈p⊥〉

2 , (6)

with P77 corresponding to PARP(77) in the code and 〈p⊥〉 being a measure of the average
transverse momentum per pion that the string piece would produce, nπ ∝ ln(s/m2

π), with a
normalisation factor absorbed into P77.

Starting from Pythia 6.4.23, a slightly more sophisticated version of colour annealing was
introduced, via MSTP(95)=8 (and =9 to apply it also in lepton collisions), as follows. Instead
of using the number of multiple parton-parton interactions to give an average idea of the total
number of strings between the remnants, the algorithm instead starts by finding a thrust axis
for the event (which normally will coincide with the z axis for hadron-hadron collisions). It then
computes the density of string pieces along that axis, rapidity-interval by rapidity-interval, with
a relatively fine binning in rapidity. Finally, it calculates the reconnection probability for each
individual string piece by using the average string density in the region spanned by that string
piece, instead of the number of multiple interactions, in the exponent in the above equation:

MSTP(95) = 8, 9 : P = (1− ζP78)
〈ns〉(y1,y2) , (7)

where 〈ns〉 (y1, y2) is the average number of other string pieces, not counting the piece under
consideration, in the rapidity range spanned by the two endpoints of the piece, y1 and y2.
Obviously, the resulting model is still relatively crude — it still has no explicit space-time picture
and hence will not generate more subtle effects such as (elliptical) flow, no detailed dynamics
model, and no suppression mechanism for reconnections involving long-lived resonances — but
at least the reconnection probability has been made a more local function of the actual string
environment, which also provides a qualitative variation on the previous models that can be
used to explore uncertainties. In the code, the “S0” type is also referred to as the “Seattle”
model, since it was written while on a visit there. The newer one is referred to as the “Paquis”
type, for similar reasons.

Underlying Event In fig. 6, we show the 〈Nch〉 density4 (top row) and the 〈p⊥Sum〉 density5
(bottom row) in each of the TOWARDS, TRANSVERSE, and AWAY regions, for Drell-Yan
production at the Tevatron, compared to CDF data [73, 72]. The invariant mass window for

4The 〈Nch〉 density is defined as the average number of tracks per unit ∆η∆φ in the relevant region.
5The 〈p⊥Sum〉 density is defined as the average scalar sum of track p⊥ per unit ∆η∆φ.
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Assumption of constant strength not supported by data!
Underscores the need for better physical understanding

4

Fig. 2: Type I colour annealing in a schematic scattering. Black dots: beam remnants. Smaller dots:
gluons emitted in the perturbative cascade. All objects here are colour octets, hence each dot must be connected to
two string pieces. Upper: the first connection made. Lower: the final string topology.

where runs over the number of colour-anticolour pairs (dipoles) in the event, , is the
invariant mass of the ’th dipole, and is a constant normalisation factor of order the hadro-
nisation scale. The average multiplicity produced by string fragmentation is proportional to the
logarithm of . Technically, the model implementation starts by erasing the colour connections
of all final state coloured partons, including ones from decays etc. It then begins an iterative
procedure (which unfortunately can be quite time-consuming):
1. Loop over all final state coloured partons.
2. For each such parton with a still unconnected colour or anticolour charge,

(a) Compute the measure for each possible string connection from that parton to other
final state partons which have a compatible free colour charge.

(b) Store the connection with the smallest measure for later comparison.
3. Compare all the possible ‘minimal string pieces’ found, one for each parton. Select the
largest of these to be carried out physically. That parton is in some sense the one that is
currently furthest away from all other partons.

4. If any ‘dangling colour charges’ are left, repeat from 1.
5. At the end of the iteration, if the last parton is a gluon, and if all other partons already
form a complete colour singlet system, the remaining gluon is simply attached between
the two partons where its presence will increase the total measure the least.

This procedure will find a local minimum of the measure. More aggressive models could still
be constructed, most noticeably by refining the algorithm to avoid being trapped in shallow local
minima. As a side remark, we note that the above procedure, which we shall refer to as Type II
below, as it stands would tend to result in a number of small closed gluon loops. Hence, we also
consider a variant (Type I) where closed gluon loops are suppressed, if other possibilities exist,
see illustration in Fig. 2. Both variants of the annealing algorithm are implemented in PYTHIA
6.326, and are carried over to PYTHIA 6.4, where they can be accessed using the MSTP(95)
switch, see also the update notes [30] and the PYTHIA 6.4 manual [31].

4. Results
As a first application of the new models, we consider their effects on semileptonic events at
the Tevatron. Specifically, whether an effect could be observable in the light-quark jet system
from the hadronic decay. This is closely related to the work presented in [32].

For any fragmentation model, the first step is to make a (re)tune of the minimum-bias and
underlying-event (UE) parameters. Ideally, the whole range of model parameters should come

High CR
→ Short/Few Strings

Low CR
→ Long/Many Strings
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Summary
The pedestal effect 

Gives relation MB → UE, driven by proton shape

Tevatron tunes generally low at 7 TeV
But 20% not spectacular; can probably do better, but 

Advocate more systematic approach to tuning & testing:

Factorize: Order observables from IR safe to IR sensitive

Global View: test models on many obs, not just one (duh!)

Tuning Tools: can be used for more than tuning
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PS: Perugia 7-TeV prediction still untested: <N>pT>0.5,|η|<2.5,N≥4 =14.45 ± 1.26


