
Exploring the extremes of the Underlying Event
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Strange things have been observed in 
high-multiplicity minimum-bias events 

Associated with small impact parameters 

Jet trigger → bias to small b (pedestal effect)                      
(→ <UE> is larger than <MB>) 

Complementary studies can be carried 
out in UE. Fluctuates from event to event. 
Studies as function of UE Nch (density)           
analogous to MB studies vs Nch (density)
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MIN-BIAS VS THE UNDERLYING EVENT

Peter  Skands 2Monash Univers i ty

๏Tautology: a jet trigger provides 
a bias(ed subsample of min-bias) 
๏Pedestal effect: 

•Events with a hard jet trigger are 
accompanied by a higher plateau 
of ambient activity (extending far 
from the jet cores) 
•MPI: interpreted as a biasing 
effect. Small impact parameters → 
larger matter overlaps → more 
MPI → higher chances for a hard 
one (and the trigger throws out 
any events that didn’t have at 
least one)

<MB> <UE>



DEFINING THE UNDERLYING EVENT
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๏Jet trigger (or other hard probe but want high statistics) 
•Consider event in transverse plane (x,y)

Towards

Away

Transverse

|Δφ|<60°

60°<|Δφ|<120°

|Δφ|>120°

+Δφ-Δφ

φ=0

Figure 1: Illustration of the towards, transverse and away regions of the azimuth with respect to
the leading track jet in the event.

3.2 Relative Transverse Activity Classifier, RT

Above a lower threshold corresponding to the onset of the UE plateau in the transverse region
(roughly, p?lead > 10 GeV), the mean values of UE quantities calculated over the full inclusive
set of particles have little dependence on the leading track-jet p?: the multiple soft scatters which
contribute the majority of the UE are largely independent of the leading jet. The slow rise of the
UE plateau in the transverse region is understood to be due to additional contributions from
wide-angle radiation associated with the hard scatter, but this effect becomes significant only for
jet p? > 50 GeV [23]. In this study, we focus on events just above the onset of the plateau, with
10 GeV < p?lead < 30 GeV.

The shape of the leading track-jet p? spectrum in the various MC generators considered is
shown in fig. 2a. Dashed vertical lines indicate the lead p? range used in this study. The DIPSY
tunes clearly exhibit a significantly harder jet p? spectrum than PYTHIA 8 or EPOS. However,
when we consider the average inclusive-particle yields in the transverse region, shown in fig. 2b,
we observe that the activity in the transverse region is roughly constant and quite comparable
between the models, independently of the jet p? spectrum. We therefore stress that any mis-
modelling in the absolute rate of jet events is expected to have little effect on the results in this
study due to the profiled mean normalisation. Note that the most extreme variant of DIPSY
NOSWING does exhibit a delayed onset of the hNInc.i plateau. In the context of an experimental
analysis, the robustness of the conclusions could be explicitly validated by comparing with one
or more higher jet p? windows, say 20-40 GeV and/or 30-50 GeV, statistics allowing.

Although average quantities like hNInc.i in fig. 2b do not vary considerably with p? over this
range of jet energies, the distributions underlying these mean values can be very broad. The full
probability distribution of NInc. is shown in fig. 3, integrated over all events with leading track-jet
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Look at 90 degrees to 

leading jet direction:

Operational 
definition of UE 

= “Transverse 
Region”

Jet

Recoiling Jet

Note: if your hard probe is a Z, you 
can also look in the “Towards” region 

(subtracting the decay leptons). 

UE in Drell-Yan studies by ATLAS and 
CMS Cacciari, Salam, Sapeta, “On the characterisation of the 

underlying event,” JHEP04(2010)065,arXiv:0912.4926 [hep-ph]. 

If your hard probe is a ttbar pair, can 
do “Swiss Cheese” or jet median 

approach (also generally applicable)



THE (AVERAGE) UE
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๏By now lots of 
measurements of the 
average properties of the 
underlying event, and of 
its (non)-evolution* with 
pTtrigger

*: radiation spillover into the UE does 
provide a (slow) evolution with pTtrigger

note: PHOJET does not 
describe the rise of the UE

NB: trigger can be:

Hardest track 

Hardest track-jet 

Hardest calo-jet 

… 

if you don’t have 
(good) calorimetry

more inclusive



FLUCTUATIONS OF THE UE
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๏ATLAS: UE fluctuates a lot 
from event to event 

•(similarly to the large width of 
the Nch distribution in min-bias)

mean level

Std Dev.

Implies that there are “quiet” events 
with NTRNS  <<  <N> 

Does the UE in those events look 
like min-bias? or LEP?

Implies that there are “extreme UE”  
events with NTRNS  >>  <N>  

Does the UE in those events exhibit 
same effects as high-Nch min-bias?



STRANGENESS IN THE UE
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๏CMS: average 
strangeness (K0) as a 
function of trigger jet pT 

•10% - 20% strangeness 
deficit also in UE 

๏ (Ideally, should show 
strangeness fraction to avoid 
concluding that e.g., the 
PHOJET result is just due to 
strangeness; recall PHOJET 
was low on total N as well) 

Do extreme events have even larger 
deficits? What about quiet ones? 

What about other PIDs?



FLIPPING THE AXES
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๏Instead of plotting UE plateau as function of trigger jet pT,  
•⇨ Plot salient quantities (e.g., strangeness) as function of event-by-
event UE level, for some window of trigger jet pT 
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Figure 2: Leading track-jet p? spectrum, normalised to unity (a) and hNInc.i in the transverse
region as a function of leading track-jet p?. Dashed vertical lines indicate the p? range used in
this paper.

p? values in the range 10 – 30 GeV. Such very broad distributions with tails much wider than
Gaussians (� �

p
hNInc.i) are typical in minimum-bias and underlying-event studies. They

imply that there is a very large dynamic range between transverse-region activities significantly
larger or smaller than the mean. Given that the approximately constant average UE level is by
now well established, we believe that these extremes, which are typically hidden in studies of
‘average’ UE properties, are the next natural focus of study.

In order to obtain an axis which allows for the investigation of the modelling of proton in-
teractions as a function of the event activity, we reclassify events with a leading track jet in the
range 10  p? < 30 GeV based on their per-event transverse activity with respect to the mean:

RT =

NInc.

hNInc.i
. (1)

We find this normalisation choice (which in minimum-bias contexts is referred to as the KNO
variable [78]) to be useful since RT = 1 then cleanly divides events with “higher-than-average”
UE from “lower-than-average” ones, irrespective of CM energy or applied cuts. We note however
that an absolute normalisation would be the preferred choice for determining, e.g., whether events
with a fixed number of particles behave the same at all CM energies.

For each MC model, the value of the denominator in eq. (1) corresponds to the mean values
of the distributions in fig. 3, which are tabulated in tab. 2. All models predict a mean transverse
multiplicity in the range 21–26 and a width of around 13 (where Poissonian fluctuations would
predict a much smaller width, ⇠

p
25 = 5).

Measuring UE quantities versus RT yields sensitivity to rare events with exceptionally large
or small transverse activity with respect to the average event. The lower requirement on the
leading track-jet p? acts to suppress soft-periphery and diffractive interactions by ensuring that
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Note: Ninc is ATLAS jargon for a particular 
combination of charged tracks and long-

lived strange hadrons that they can 
reconstruct well. Think of it as Nch.

Window

We propose a window just 
above the turn-on of the 

plateau; maximises rates and 
minimises contamination of 

the UE by radiation 
10 GeV < pTtrigger < 30 GeV
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WHAT MIGHT YOU SEE?
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๏Bear in mind: models only represent a subset of the 
possibilities in nature

0 10 20 30 40 50 60 70 80 90 100

Ev
1/

N

5−10

4−10

3−10

2−10

1−10

Pythia 8.210 Monash
Pythia 8.210 Monash + New CR
EPOS 1.3 LHC
DIPSY NoSwing
DIPSY Rope

 = 13 TeVs < 30 GeV, 
T

 Jet p≤10 

 [Trans.]Inc.N
0 10 20 30 40 50 60 70 80 90 100

M
on

as
h

M
C

1

10

Figure 3: The transverse NInc. distribution for events with leading track jet in the range
10  p? 30 < GeV, normalised to unity. Colour online.

a hard scatter was present while the upper requirement limits the contamination by wide-angle
radiation off the hard scatter which increases slowly with the p? of the leading jet [23].

In the context of MPI models, the case where only a small amount of energy is deposited in
the transverse region implies that only a small number of MPI occurred in that event. This there-
fore affords an opportunity to measure event properties in an ‘MPI-suppressed’ environment,
where fragmentation properties may be closer to those of e+e� collisions than the average pp jet
event.

In the other extreme where the activity in an event is many times larger than the mean, new
dynamic effects may become significant. Some different models which may give rise to modified
behaviour in dense pp interactions were discussed in sec. 2. Such modifications may be important
in describing effects already observed in data such as [56, 79] and [49], and it is important to
develop further probes that shed light on how these effects develop as we move from dilute to
dense environments.

Illustrated in fig. 4 are the average number of parton-parton interactions (MPI) and the av-
erage transverse proton-proton impact parameter hbMPIi, with the latter normalised such that
1 corresponds to the impact parameter of an average minimum-bias event. Both are plotted
as a function of log10(RT) for four different tunes of PYTHIA 8. For the most active events
(log10(RT) = 0.5 corresponding to RT =

p
10 ⇠ 3.2 times higher-than-average UE activity) the

average number of MPI increases by roughly a factor 2 relative to the mean (at log10(RT) = 0),
and the events are roughly twice as central as the average in this jet p? window (which in turn
are twice as central as the average minimum-bias event). For low-activity events, with less than
a tenth of the average UE activity, log10(RT) < �1, an average of less than 2 MPI per event are

10

Here is basically an 

Nch spectrum 

(but for the UE)

Use average to define 

AVERAGE UE LEVEL 

and RT = N / <N>

(analogous to the 
KNO z variable)

Table 2: The average fiducial hNInc.i, the denominator of RT, for the MC models considered
along with the width of the distributions.

Generator Tune hNInc.i �

PYTHIA 8 Monash 24.7 12.5
PYTHIA 8 Monash + New CR 25.5 12.6
EPOS LHC 24.2 14.6
DIPSY NoSwing 21.3 12.2
DIPSY Rope 25.1 12.0

predicted by these models, with an average impact parameter even larger than for minimum-bias
events, hbMPIi > 1 for log10(RT) < �0.5. According to these models, our axis thus allows us
to scan over almost an order of magnitude in both the average number of MPI and the average
impact parameter, for fixed jet p?.

For completeness, we note that relative UE activity could also have been classified using
summed transverse-region p? or by using the jet median/area techniques referred to in the intro-
duction. Our choice of NInc. was based on two factors: firstly, we have a very direct relation with
charged-particle multiplicity based minimum-bias studies of similar quantities, and secondly the
fact that heavier hadrons exhibit harder p? spectra can lead to undesirable biases in a classifier
based on

P
p?. For example a low

P
p? UE would be biased to be made up entirely of pions

since these have the softest spectra. Such biases would complicate the interpretation of effects
we wish to study such as any evolution in total strangeness and baryon fractions.

4 Inclusive Particle Set Results

As a precursor to the main study of identified-particle ratios, we first consider the evolution of
the inclusive particle spectra with RT. In fig. 5, MC predictions for the average NInc. and

P
p?

of the inclusive set of particles are plotted as a function of RT. The averages and widths of the
inclusive p? spectra are investigated in fig. 6. The DIPSY ROPE tune generates events with the
highest overall average energy density followed by EPOS and PYTHIA 8. For DIPSY ROPE this
is observed to be due to a similar average particle multiplicity as for PYTHIA 8 combined with
a 20% harder mean p? distribution and a similarly larger RMS. The DIPSY NOSWING tune has
both the lowest average multiplicity spectra and energy density of the models, its mean p? is
similar to that of PYTHIA 8.

Only minor differences are observed for PYTHIA 8 with the new colour-reconnection model
with respect to the standard Monash tune in these distributions.
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THEORY: UNDER THE HOOD
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Figure 4: The dependence of (a) the average number of parton-parton interactions (including
the hardest interaction, hence hnMPIi � 1) and (b) the average hadron-hadron impact parameter
versus the transverse activity fraction, RT, defined in the text, for a representative set of PYTHIA
8 tunes, for pp collisions at 13 TeV with at least one track jet (defined in text). Colour online.

5 Identified Particle Results
The production of identified particles is useful to investigate the evolution of the underlying event
as a function of transverse activity levels in the event. The strange and baryon contents of the
final state arising from non-perturbative effects are expected to be particularly sensitive to the
modeling described in section 2.

We normalise distributions to factor out any contribution from differences in the overall mul-
tiplicity spectra of the generators and focus on ratios of particle yields, with the total yield of
inclusive particles discussed in the previous section. Crucially, this also highlights any changes
in the relative suppression of identified particles, with respect to the inclusive sum. The meson
fractions are plotted in fig. 7. The ratio of charged pions to inclusive particles is given first as
the latter is used subsequently for normalisation as it is experimentally easier to access. The
⇡

± fraction is observed to fall from 76–79% at low RT to 72–77% at high RT, with the lowest
fractions in EPOS and DIPSY ROPE at high RT as expected due to increased strange and baryon
production in these models as a function of RT. PYTHIA 8 Monash + New CR, which does
not incorporate strangeness enhancement but does allow for baryon enhancement, also exhibits
a statistically significant drop.

The average K0
s and K

± multiplicities with respect to the inclusive multiplicity are shown in
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have hard jets



THE UE ANALOGUE OF <PT>(NCH)
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๏Rising trend in minimum-bias taken as indicative of 
collectivity; how about in UE?
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Figure 5: Average multiplicity (a) of the set of inclusive particles and sum p? (b) as a function
of the per-event activity classifier RT. All ratios are relative to PYTHIA 8.210 Monash. Colour
online.
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Figure 6: Average mean (a) and RMS (b) of the p? distribution of the set of inclusive particles.
All ratios are relative to PYTHIA 8.210 Monash. Colour online.
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STRANGENESS !
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๏Significant power to separate different physics mechanisms
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Figure 7: Normalised average identified-meson yields in the transverse region as a function of
RT for ⇡+

⇡

�
/NInc. (a), K0

s /NInc. (b), K+
K

�
/NInc. (c) and �/K

0
s (d). Shown for different MC

models and tunes. All ratios are relative to PYTHIA 8.210 Monash. Colour online.
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Figure 7: Normalised average identified-meson yields in the transverse region as a function of
RT for ⇡+

⇡

�
/NInc. (a), K0

s /NInc. (b), K+
K

�
/NInc. (c) and �/K

0
s (d). Shown for different MC

models and tunes. All ratios are relative to PYTHIA 8.210 Monash. Colour online.
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IT’S EVEN MORE FUN WITH BARYONS
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Figure 8: Normalised average identified-baryon yields in the transverse region as a function of
RT for pp̄/NInc. (a), pp̄/K+
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16



SUMMARY / OUTLOOK
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๏The UE provides a complementary phase-space region to min-bias 
which could well exhibit similar phenomena as high-mult min-bias 

•Hard trigger biases selection to small impact parameters 
๏ But can find “ultra-quiet” UE levels with even less activity / higher b, than MB (LEP-like?) 
๏ Can explore events with “extreme” UE levels →  collectivity? 

•Models based on different principles predict qualitatively different trends 
for the various particle ratios, as functions of the UE level 

๏ NB: so far, we only studied particle multiplicities (ratios) and spectra; particle 
correlations would provide additional information 

๏Work is ongoing in ATLAS; but limited by PID capabilities  
•CMS similar? (but not aware of any measurement underway?) 

๏ALICE and LHCb have the PID to do it  
•What is the status of UE studies?  

๏ Jet or hard-track triggers? Other hard trigger probes?
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FIDUCIAL CUTS (FOR OUR EXAMPLES)

Peter  Skands 15Monash Univers i ty

the particle multiplicity. The total momentum is then rescaled after the radial boost to preserve
energy conservation.

3 Observables
Fiducial cuts are applied to the MC generator output to approximate experimental sensitivity and
this results in an inclusive set of particles formed of two components. The ‘prompt charged’
component of the inclusive set consists of charged particles with p? > 200 MeV, |⌘| < 2.5,
lifetime ⌧ > 300 ps and which are not created from the decay of a state with 30 < ⌧ < 300

ps. This set is dominantly ⇡

±, K±, p and p̄. The definition is based around the ATLAS fiducial
selection in ref. [76]. The second component consists of ‘identifiable prompt strange hadrons’;
here both charged and neutral strange hadrons are included if they typically undergo weak decay
to one or more charged particles. These states are also required to satisfy p? > 200 MeV,
|⌘| < 2.5 and for themselves to not be created from the decay of other states with 30 < ⌧ < 300

ps4. This set is comprised of K0
s , ⇤, ¯⇤, ⌅±, ⌃±, ¯⌃± and ⌦

±.
Track jets are clustered from prompt charged and prompt identifiable strange hadrons. They

are reconstructed with the anti-kt algorithm [77] using radius parameter R = 0.4, the leading jet
is required to be within |⌘| < 2.3.

3.1 Underlying Event Observables
Standard Underlying Event nomenclature is used with respect to the leading track jet in the event
as illustrated in fig. 1. In this note we will consider quantities constructed from particles only in
the transverse region as this region is least affected by contributions from the leading 2 ! 2 hard
scatter.

The following variables are considered within the transverse region, these are common vari-
ables used to parametrise the underlying event as they probe the activity level and both the size
and shape of the particle p? distribution. The hi notation implies an average over all events:

• hNInc.i: The event-averaged multiplicity of the inclusive set of particles (prompt charged
plus prompt identifiable strange hadrons).

• hN(X)i: The event-averaged multiplicity of identified particle(s), X .

• h
P

p?i: The event-averaged scalar sum of the transverse momentum of the inclusive set
of particles.

• hmean p?i: The event-averaged mean p? of the inclusive set of particles.

• hRMSi: The event-averaged root mean square p? of the inclusive set of particles, defined
here for a given multiplicity, NInc., as hRMSi =

p
h
P

p

2
?i /NInc..

4So for example ⇤ originating from ⌅� decay are excluded.
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