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Multiple Interactions (MI)
Introduction

I Hadrons are composite
objects

I Possibility of several parton
pairs interacting

I Can lead to non-trivial
changes to colour topology in
events, even if interactions
are soft

I Essential for understanding
minimum-bias physics and
the underlying event

Figure 1: Schematic illustration of an event with two 2 → 2 perturbative interactions.

1 Introduction

The physics of high-energy hadron–hadron interactions has become a topic of increasing
interest in recent years. With the Tevatron Run II well under way and with the startup of
the LHC drawing closer, huge data samples are becoming available that will challenge our
current understanding of this physics. From the point of view of QCD, many interesting
questions remain to be answered, and we shall take up some of these in detail below.
Moreover, for new physics searches and precision measurements, it is important that these
questions can be given meaningful and trustworthy answers, since ever-present yet poorly-
understood aspects of QCD can have a significant impact.

Much of the complexity involved in describing these phenomena — specifically the
underlying event and minimum-bias collisions — derives from the composite nature of
hadrons; we are dealing with objects which possess a rich internal structure that is not
calculable from perturbation theory. This, however, does not imply that the physics of the
underlying event as such has to be an inherently non-perturbative quagmire.

Viewing hadrons as ‘bunches’ of incoming partons, it is apparent that when two hadrons
collide it is possible that several distinct pairs of partons collide with each other, as depicted
in Fig. 1. Thus multiple interactions (also known as multiple scatterings) in hadronic col-
lisions is a phenomenon which is a direct consequence of the composite nature of hadrons
and which must exist, at some level. In fact, by extending simple perturbation theory
to rather low p⊥ values, though still some distance above ΛQCD, most inelastic events in
high-energy hadronic collisions are guaranteed to contain several perturbatively calculable
interactions [1]. Furthermore, such interactions — even when soft — can be highly impor-
tant, causing non-trivial changes to the colour topology of the colliding system as a whole,
with potentially drastic consequences for the particle multiplicity in the final state.

Nevertheless, traditionally the exploration of multiple interactions has not attracted
much interest. For studies concentrating on high-p⊥ jets, perturbative QCD emission is
a more important source of multijets than separate multiple interactions. The underlying
event, on the other hand, has in this context often been viewed as a mess of soft QCD in-
teractions, that cannot be described from first principles but is better simply parametrized.

However, such parametrizations, even while reasonably successful in describing the av-
erage underlying activity, are not sophisticated enough to adequately describe correlations
and fluctuations. This relates for instance to jet profiles and jet pedestals, and to systematic
as well as random shifts in jet energies. The lack of sophistication implies that, even when
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Multiple Interactions and the Structure of Beam Remnants, T.
Sjöstrand, P. Skands, JHEP 0403 (2004) 053
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Multiple Interactions (MI)
Some experimental evidence

I UA5 charged multiplicity data not explained by simple LEP based
hadronisation models

I Greatly improved agreement when MI is introduced
I Direct observation from 3-jet +

prompt photon production at CDF

I Underlying event studies by R.
Field

VOLUME 79, NUMBER 4 P H Y S I C A L R E V I E W L E T T E R S 28 JULY 1997

partons in thep and p. Studies of the DP candidate
sample indicate that a typical single collision underlying
event is present in these events, whereas for DI events with
two pp collisions approximately twice that level is seen.
This difference has an impact primarily on the acceptance
ratio in Eq. (2). We note that, by construction, the DP
model assumes independent scatterings.

Six variables were identified which exploit the indepen-
dence and pairwise momentum balance of the two scatter-
ings in DP events. In this Letter we concentrate on the
most sensitive variable,DS [5,8], which is the azimuthal
angle between the transverse momentumspT d vectors of
the two best-balancing pairs (the event is divided into
photon1 1 jet and dijet systems). In SP events, momen-
tum conservation biasesDS towards 180±, while in DP
events theDS distribution is flatter. TheDS distribution
for 1VTX data is shown in Fig. 1.

In previous analyses, DP was identified by fitting
distributions of kinematic variables (likeDS) to admix-
tures of DP and SP Monte Carlo models. In this analy-
sis, dependence on theoretical Monte Carlo calculations
is avoided through the use of the data-driven MIXDP
model for DP, and a background subtraction technique
[8] that does not invoke any prediction or model for
the SP component of the data. SP background was sta-
tistically removed from the 1VTX data using a second
photon1 3 jets data set, selected to be poor in DP by
requiring higherET jets (7 # ET # 9 GeV for the two
lowest ET jets). We find that the fraction of DP events
in 1VTX data, fDP , is 52.6% 6 2.5% (statistical uncer-

FIG. 1. DS distribution for 1VTX data (points). The DP
component to the data, determined by the background subtrac-
tion method to be 52.6% of the sample, is shown as the shaded
region (the shape is taken from MIXDP). Also shown is the ad-
mixture 52.6% MIXDP 1 47.4% PYTHIA, normalized to the
data (line).

tainty). The robustness of the background subtraction
method was tested by applying it to mock data con-
structed from MIXDP events and SP background events
from the PYTHIA shower Monte Carlo (with multiple in-
teractions within thepp collision disabled) [14]. The re-
sulting measured MIXDP fractions agreed well with the
input fractions. Assigning a systematic uncertainty based
on this test, we obtainfDP  52.6% 6 2.5% 6 0.9%.
As a check of this large DP fraction, Fig. 1 compares
DS distributions for the 1VTX data and the admixture
52.6% MIXDP 1 47.4% PYTHIA. The data are well de-
scribed by this admixture [16], as are the distributions
for the other five variables examined. Taking together
the number of 1VTX events,fDP , and a,15% correc-
tion for higher order multiple parton scatterings [8], we
obtainNDP  7360 6 3601720

2380.
The second measurement needed for the determination

of seff, NDI, was obtained by identifying 2VTX events
which have jets originating from bothpp collisions. CTC
tracks were used to specify jet origins. The 2VTX data
are best described with a16.8% 6 1.9% 6 1.8% DI com-
ponent. This result is verified in Fig. 2, which com-
paresDS distributions for events found with common and
separated jet origins. The flatter shape seen in separate
origin events is indicative of DI. The shaded histograms
are predictions from 16.8% MIXDI1 83.2% multiple col-
lision background (photon1 3 jets from onepp collision
accompanied by a second soft collision; modeled by event
mixing). Good agreement is observed. Based on the DI
percentage and the number of 2VTX events, and after a 5%

FIG. 2. DS distributions for two vertex events. Shown
separately are events with jets originating from a common
origin along the beam line (circles), and events with jets from
separated origins (triangles). The shaded plots are predictions
from the admixture16.8% MIXDI 1 83.2% multiple collision
background.
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Rick Field     December 1, 2004 
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MI in PYTHIA

I Original model, T. Sjöstrand and M. van Zijl, 1987
I Peturbative QCD and p⊥ordering
I 2→ 2 cross section divergent, but colour screening effects

dp2
⊥

p4
⊥
→ dp2

⊥
(p⊥2

0+p2
⊥)2

I Variable impact parameter with a double gaussian matter distribution
I Simple PDF rescaling to conserve energy/momentum
I Colour reconnection

I No parton showers for subsequent interactions

I Next generation model, T. Sjöstrand and P. Skands, 2004
I Improved PDF rescaling (flavour modification)
I Common interleaved p⊥scale for ISR, FSR and MI
I Radiation from all interactions
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Rescattering
Concept

I Interaction cross-section
dσint

dp2
⊥

=
∑∫

dx1

∫
dx2

∫
f1(x1,Q2) f2(x2,Q2)

dσ̂
dp2
⊥

I Consider a 4→ 4 and a 3→ 3 process

(4) Evolution interleaved with ISR (2004)
• Transverse-momentum-ordered showers

dP
dp⊥

=

(
dPMI

dp⊥
+
∑ dPISR

dp⊥

)
exp

(
−
∫ p⊥i−1

p⊥

(
dPMI

dp′⊥
+
∑ dPISR

dp′⊥

)
dp′⊥

)
with ISR sum over all previous MI

interaction
number

p⊥
p⊥max

p⊥min

hard int.

1

p⊥1

mult. int.

2

mult. int.

3

p⊥2

p⊥3

ISR

ISR

ISR

p′⊥1

(5) Rescattering (in progress)

is 3 → 3 instead of 4 → 4:

(4) Evolution interleaved with ISR (2004)
• Transverse-momentum-ordered showers

dP
dp⊥

=

(
dPMI

dp⊥
+
∑ dPISR

dp⊥

)
exp

(
−
∫ p⊥i−1

p⊥

(
dPMI

dp′⊥
+
∑ dPISR

dp′⊥

)
dp′⊥

)
with ISR sum over all previous MI

interaction
number

p⊥
p⊥max

p⊥min

hard int.

1

p⊥1

mult. int.

2

mult. int.

3

p⊥2

p⊥3

ISR

ISR

ISR

p′⊥1

(5) Rescattering (in progress)

is 3 → 3 instead of 4 → 4:I Roughly speaking
dσint

dp2
⊥
∼ N1N2 σ̂

σ4→4 ∼ (N1N2 σ̂)(N
′

1N
′

2 σ̂) σ3→3 ∼ (N1N2 σ̂)(N
′

1 σ̂)

σ3→3

σ4→4
∼ 1

N ′
2
→ small
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Rescattering
Concept

I Typical case of small angle scatterings between partons from 2 incoming
hadrons, such that they are still associated with their original hadrons

f (x ,Q2) dx → f (x ,Q2)rescaled dx +
∑

n

δ(x − xn) = fu(x ,Q2) + fδ(x ,Q2)

where the subscript u/δ is the unscattered/scattered component∫ 1

0
x frescaled (x ,Q2)dx +

∑
n

xn = 1

I In general it is not possible to uniquely identify a scattered parton with
one hadron. Use approximate prescription, e.g. rapidity based

I Possibility of u-δ, δ-u and δ-δ interactions in addition to original u-u.
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Rescattering
Why? Some examples

I Multijet topologies - introduces a
new source of 3-jet production

I Large primordial k⊥values needed
to match data - currently no
satisfactory explanation

I Data suggests a rise in mean
p⊥with number of charged final
state particles - large amount of
colour reconnection needed to
match this

I Rescattering may improve the
situation slightly - more
p⊥generated in perturbative region

multiplicity  
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Rescattering
Status

I Non-trivial kinematics when combining ISR, FSR and primordial k⊥
I Temporary solution of deferring FSR until after primordial k⊥is added
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Rescattering
Results
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Conclusions

I Framework in place to handle rescattering with ISR, primordial k⊥, colour
reconnection and hadronisation

I Fully interleaved FSR still to come
I Small increase in mean p⊥vs multiplicty

I Can reduce colour reconnection by a small amount
I Other observables still to study e.g. 3-jet production rate
I Work in progress
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