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Abstract

Tuning of Herwig++ 2.5.1 to MPI parameter was done to ATLAS and CMS un-
derlying event data, CMS charged hadron spectrum data, as well as to ATLAS jet
shapes and CMS event shapes data. It was done using the Professor toolkit. Five
Herwig++ parameters have been considered: p ,,,, colour reconnection proba-
bility (Preco), inverse hadron radius squared (u), probability of colour disruption
(Pdisrupt ), and Intrinsic p | Gaussian (IntPtGauss). The tuning was performed us-
ing default Herwig++’s PDFs set (MSTW LO**) and CTEQ61L. No sensitivity
was seen for probability of colour disruption, and Intrinsic p; Gaussian. Jet shapes
and event shapes data gave no constraint to investigated parameters. Tension be-
tween charged hadron spectrum and ATLAS UE data was discovered. Significant
improvement in describing data was achieved using CTEQG61L PDF's set.

DESY, Hamburg 2011
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1 Introduction

Natural consequence of physics approximation and phenomenological models in Monte Carlo
(MC) generators are several free parameters in the model which cannot be derived from
basic principles and must be determined from experimental data. Such parameters appear
in most of generators parts. MC generators must be tuned to measurements. Fortunately
most of parameters, like hadronization parameters, could be determined once and should
not depend on energy scale. These parameters could be obtained from very precise LEP or
BELLE colliders data. However there are also few parameters which should be obtained for
each colliding energy, mainly multi parton interaction (MPI) parameters in hadron-hadron

collisions.
@

Figure 1: Proton—proton collision in context of MPI only (without parton shower). The
coloured lines present hard collision, and the black ones multiple interactions (which could
be both hard and soft).
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Because of that the proton is a composite object, during collision of two protons more
than one pair of partons can interact. This is so called multiple partonic interaction. It can
be seen on figure 1. In p—p collision hard collision with high transverse momentum transfer
can take place. This is which are mostly interested in, because in such process new particles
could be produced. Accompanying activity is the so called underlying event (UE). Underlying
event can be hard or soft, and to perform precise measurements of Standard Model (SM) and
search for physics beyond SM in LHC we need to have a good understanding of what happens
between the interacting protons. Underlying event data are very sensitive to MPI parameters,
and can could be used to constrain the parameters.

When measuring UE properties we would like to avoid influence of hard primary scatters.
To deal with this the detector volume is usually divided into three regions: toward, away and
transverse with respect to leading (hard) track. Generally in toward region we expect activity
dominated by particles from hard primary scattering. On the other hand, from momentum
conservation, we expect some hard activity, which balance the leading track. Only in the
transverse region there should be more or less only the underlying event. So considering this
region gives us the best underlying event data.
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Figure 2: Transverse plane with respect to the beam line. Detector is divided according to
the leading track in event into toward, away and transverse region [1].

1.1 Herwig++

The MC generator which I tuned is Herwig++ [3]. It is general purpose MC generator for
the simulation for hard lepton—lepton, lepton—hadron, and hadron—hadron collisions. The
parton—shower approach is used to simulate initial- and final-state QCD radiation, includ-
ing colour coherence effects, with special emphasis on the correct description of radiation
from heavy particles. The underlying event is simulated using an eikonal multiple parton-
parton scattering model. The formation of hadrons from the quarks and gluons produced in
the parton shower is described using the cluster hadronization model. In the tuning I have
considered five parameters: three from the underlying event model — p i, inverse hadron
radius squared (), and probability of colour disruption (Pgisrupt), one from shower evolution,
one from shower and hadronization models, respectively — Intrinsic p; Gaussian, and colour
reconnection probability [4].

1.2 Professor

Professor is a tuning tool for Monte Carlo generators to experimental data. The main idea is
to parameterise the MC generator response to parameter variations, then numerically finding
parameters set, which corresponds to the best fit of the parameterised function to data. This
approach needs relatively small number of MC runs (compared to other tuning methods like
brute-force scanning parameters space), which demand a lot of CPU power. Furthermore
results are quite reliable, and could be tested by Professor-integrated tools. Below I will
discuss how I obtained and tested results using Professor tools. [5,7].

First step to get a tune is to generate MC runs which will be used as anchor points to get
the parametrisation. The minimal number of anchor points N,,;,, which we need, depends on
the number of parameters which we want to tune, and the type of parameterising function.



Professor provides polynomial of 2nd and 3rd order to parametrise the parameter space. In all
my tunes I used a cubic interpolation. Together with fact that I tuned 3,4 and 5 parameters
I needed at least 20, 35, 56 anchor points [7]. These numbers are minimal required number of
points to obtain interpolation functions parameters. This is described in detail in [5], because
of the complicated true MC response it is recommended to give more freedom to interpolation
function and use more anchor points. In my tunes I used at least 4-Nyy;, /3 points to interpolate
response functions.

Furthermore it is important to check if the interpolating function doesn’t strongly depend
on the choice of anchor points. To verify it different subsets of anchor points should be used
for interpolation and tuning. Then results should be compared. I usually used 100 different
subsets. Ideally they should be independent, but because of CPU limitation I usually generate
only 3-4 times more points than number of points used to interpolate MC response.

Concluding I generated ~ 300 MC response points distributed randomly in parameter
space. Then from these points I chose randomly 100 subsets, each with & 80 points. To each
subset I calculated parametrisation and tuning. Finally, using Professor tool I made scatter
figure which present how results from different subsets are scattered. Examples of that are
presented in figure 3. If everything is correct and parameter is sensitive (choice of anchor
points, parametrisation function is sufficient) the results should lie on a vertical straight line,
like in figure 4 a). In case that observables are not sensitive to parameter, results are scattered,
like in the figure 3 b).
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Figure 3: Example of scatter plots obtained from tuning. Observable on left figure is sensitive
to tuned data, but observables on right figure not.

2 Tuning

I have done several tunes to underlying event, jet and event shapes data. Each time I used
different set of observables to which I tuned, or different anchor points set (especially with
different parameters range). In next subsection I will discuss the data analyses that were used,
then I will shortly describe all performed tunes. At the end I discuss results and summarise.



2.1 Description of observables.

Because I wanted to tune multiple interaction parameters of Herwig++ the obvious choice
for observables was underlying event data from ATLAS and CMS collaborations:

e Track-based underlying event at 900 GeV and 7 TeV as measured by ATLAS (AT-
LAS_2010-S8894728). This analysis contains underlying event observables like distribu-
tion of number of charged particles (Nepg), charged particles p; sum (Xp, ) and their
averages with respect to the transverse momentum of the leading track (p (leading)).
There are separate distributions for toward, transverse and away region defined by the
leading track. Although the analysis contains data for /s = 900 GeV and 7 TeV I used
only that with higher energy.

e Charged particles transverse momentum and pseudo-rapidity spectra from proton-proton
collisions at 7000 GeV (CMS_2010_S8656010). This analysis contains distributions of
number of charged hadron N, with respect to their transverse momentum p, in dif-
ferent pseudo-rapidity regions |n|. Data contain only non-single-diffractive events.

e Track-based underlying event at 1/s=0.9 and 7 TeV from CMS: charged particles anal-
ysis transverse to the leading jets (CMS-QCD-10-010). It contains charged particles
distributions (Nen, D1 ch, Y, P1,ch) With respect to transverse momentum of the leading
track. This analysis requires non single diffractive events.

e Measurement of the non-single-diffractive (NSD) charged particles multiplicity at /s =
0.9, 2.36, and 7 TeV with the CMS detector. (CMS_2011_S8884919). Analysis contains
primary charged hadron multiplicity distributions for non-single-diffractive events in dif-
ferent pseudo-rapidity ranges. There are data from /s = 900 GeV, 2.36 GeV,and, 7TeV,
but I used only that for the highest energy.

Jet shapes and event shapes can in principle be influenced by the underlying event, so I
included in tuning also these measurements. I considered two sets of data:

e Event shapes (CMS_2011_S8957746). This analysis contains distributions of two event-
shapes variables — the central transverse thrust 7¢ and the central thrust minor 7, c.
The data are divided into three bins of the leading jet transverse momentum pjf i,

e Jet shapes at 7 TeV as measured by ATLAS (ATLAS _2011.58924791). It contains distri-
butions of differential and integrated jet shapes p(r) and ¥(r) respectively, in different
jet p1 and pseudo-rapidity value. p(r) is defined as a average fraction of the jet trans-
verse momentum that lies inside an annulus of inner radius r — Ar/2 and outer radius
r+ Ar/2 around the jet axis. W(r) is a average fraction of the jet transverse momentum
that lies inside a cone of radius 7.

2.2 Small dependence on probability for colour disruption

I scanned the parameter space to investigate which parameters have an influence on considered
observables. I varied one parameter at a time and looked at the spread of the predictions. From
these study I realized that changes in probability for colour disruption in range 0.2-0.4 have
no significant influence on the underlying event, jet and event shapes observables. In figure 4
examples of these variations are shown. Shown are MC runs with different Colour Disruption



Transverse Nepg density vs. pi‘kl, Vs =7TeV Charged hadron pr for || = 0.1 at /s = 7 TeV
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respect to leading track transverse momentum hadron in || < 0.1 region from CMS experiment.
p. (leading) in transverse region of detector(see fig-
ure 2) from ATLAS experiment.

Figure 4: MC predictions with different value of colour disruption probability. Difference
between the choices are compatible with statistic fluctuations.

probability and other parameters kept at default value. Besides this I made sensitivity plots
for underlying event observables. Sensitivity plots are based on MC runs with value of Pgisrupt
selected randomly from O to 1. In figure 5 can be seen that there is no significant influence of
Pgisrupt 0n observable. Because of that I decided to not include Pgisrypt in further tunes and
set it to the default Herwig++ value of Pgigrypt = 0.3493643.
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Figure 5: Examples of sensitivity observable on parameters values. The deviation from zero
is a measure of sensitivity, with zero indicating no sensitivity.

2.3 Different tuning

In this report I present results of the following tunes.

e “bth tune” family — based on anchor points set, in which I varied three MPI parameters:
inverse hadron radius squared (i), pi min, and colour reconnection probability (Preco)
in ranges shown in table 1. Only the underlying event observables have been considered.
In total I generated 292 MC points(each contains 500k events), from which I chose 100
subsets each with 61 points for interpolation. I performed three tunes with these sets.
First, including only ATLAS underlying events data (analysis ATLAS 2010_S8894728
[1]; Used observables are listed in appendix A.2). I will call that tune A_UE tune. Second,
using CMS charged hadron spectra (CHS) data (CMS_2010_S8656010 [8]; observables
are in appendix A.3). Note that Herwig++ has so far only been tuned to the ATLAS
underlying event data. I will call that tune CMS_CHS tune. At the end I did combined
tuning to ATLAS and CMS CHS data, using the same observables, with equal weights,
like in previous described tunings. I named it A_UE_CMS_CHS tune.

e the “5thCTEQG6L” family — same as in the 5th tune’s family except that I used CTEQ6L
PDF set instead of default Herwig+-+ one, MSTW LO**.

e “8th tune” family. In this case I varied four parameters — i, p | min, and Preco and in ad-
dition the width of the Gaussian of the intrinsic p; (IntPtGauss). Production ranges are
shown in table 1. Moreover I used underlying event, and also jet shapes(ATLAS 201158924791
[2]) and event shapes analyses (CMS_2011_S8957746 [9]). In case of jet and event shapes
analyses I used QCD 2 — 2 matrix elements instead of the minimum bias matrix el-
ement recommended for underlying event simulation. Furthermore I applied generator
cut on the jet p; in order to get sufficient number of events in p, range studied in these
analyses. In appendix A.l is describe exactly what cuts I have been using for which



observables. In total I generated 197 MC points(each contains 400k events), from which
I chose 100 subsets each with 60 points for the interpolation. I performed six tunes with
these sets. The first three were tunes to underlying event and charged hadron spectra
(CHS) like in 5th tune’s family (“ATLAS UE” , “CMS CHS (2010)”, and combined
“ATLAS, CMS CHS” tune ). Additionally I performed tunes to CMS event shapes data
(I will call it “CMS EShapes”), combined CMS event shapes and ATLAS Jet shapes
data (called JetEventS), combined ATLAS UE, Jet and Event shapes data (called AT-
LAS UE & JetEventS), and combined ATLAS, CMS 2010 UE, Jet and Event shapes
data (called ATLAS CMS UE & JetEventSS). Observables used for the tuning are listed
in tables 4, 5, 6, and 7 the appendix.

“8thCTEQG6L1” family. The only difference between these and “8th tune” family are
using CTQ6L PDF set instead of default one. Also chose different anchor points, and
unfortunately because of model constraints on the parameters, I got only 57 anchor
points at the end for that family. Therefore results for this family may need more
statistics. However the same tunings as in “8th tune” family were done.

“10th tune” family. These tunes (together with 10thCTEQG6L1) are last tunes. Param-
eters ranges were chosen according to previous experience. Therefore I varied three pa-
rameters — p, ptMin, and Pyeco, in ranges shown in table 1. I performed only underlying
event analyses. In total I generated 149 MC points, from which I chose 100 subsets each
with 60 points for interpolation. For each parameters set I computed 1.5 millions events
I performed six tunes with these sets. I used more events in each points than in previous
tunes to have enough statistic for CMS UE (CMS_QCD_10-010 [6]) data. Therefore I was
able to perform tunes to CMS UE data. In general in “10th tune” family I performed
six different tunes: to ATLAS underlying event data (A_UE); CMS underlying event
data (CMS_UE_all); selected CMS underlying event data (CMS_UEsel); CMS charged
hadron spectra data (CMS_CHS); combined CMS and ATLAS underlying event data
(A_UE_.CMS_UEsel); combined CMS underlying event and charged hadron spectrum
data (CMS_UEsel CHS)

“10thCTEQG6L1” family. The only difference between these and “10th tune” family are
using CTQ6L1 PDF set instead of default one. In fact I also chose different anchor
points. I got 171 anchor points at the end for that family. Each point has 1.5 millions
events, and the same tunings as in “10th tune” family were done.

Parameters range
DL u? Preco IntPtGauss | PDF set | MC points
hth 3.0_50] | 0620 | [05-08 | fixed22 | default 202
ShCTEQGLL | [3.0 —5.0] | [0.6 —2.0] | [0.5-0.8 | fxed 2.2 | CTEQ6L 202
Sth 3.0 5.0 | 0620 | [03-09] | [15_55 | default 197
SthCTEQGLL | 3.0 —5.0] | [0.6 —2.0] | [0.3-09] | [1.5—55] | CTEQ6L 57
10th 28— 4.2] | [05_1.5] | 045075 | fixed 2.2 | default 149
10thCTEQS6L1 [2.8 — 4.2] [0.5 - 1.5] [0.45 - 0.75] fixed 2.2 CTEQG6L 171

Table 1: Settings used in different tunes.
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Figure 6: Predictions from tunes compared to ATLAS UE and CMS CHS data. Generally all
MC describe ATLAS UE data very well, but that with CTEQ61L PDFs set describe CMS
CHS data much better than other. MC prediction based on MSTW LO** PDFs set (default
PDFs set) are worst than default Herwig++ parameters set. It means that there is a tension
between ATLAS UE and CMS CHS data (ATLAS and CMS data prefer different parameter
values). This tension is smaller using CTEQ6L1 PDFs set, and predictions are better than
default Herwig—++.
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2.4 Discussion of results

Table 2 shows results of different tunes. The following conclusions can be drawn:

e Using the CTEQ6L PDF set instead of default gives generally lower y? value. The better
agreement with data can be seen in figure 6. Some examples of underlying events data
from ATLAS and CMS are shown. All tunes shown in figure 6 were done only to ATLAS
UE, and they describe slightly better ATLAS UE data than default Herwig++ tune.
Significant improvement has been observed in describing CMS UE data by using the
CTEQG6L PDF set. Figures 6 ¢) and d) show examples of this. One can see that tension
I between ATLAS_2010_S8894728 and CMS_2010_-S8656010 data are smaller .

'ATLAS and CMS data prefer different parameters values.
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UE and CMS CHS tune. Results are very scattered, what means that intrinsic p; Gaussian
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e Jet and event shape data have small impact on tuning results. This is shown in figure
7. It shows scatter plots obtained from tune from jet shapes and event shapes data (to
“8th family” ).

e According to table 2, tunes performed with the CTEQG6L PDF set prefer smaller value
of p . It means that for CTEQG6L perturbative QCD is valid to smaller energy scale. It
is also visible that generally results of p, after tuning are in boundary of chosen range
([3 — 5]). In future tunes range of p, should be smaller (without jet and event shapes
data it should be something like [2.7 — 4.0]).

e Tuning only to CMS UE data (CMS_2010_S8656010) gave unphysical results. It is proba-
bly caused by the method of reducing diffractive collisions in CMS data: single-diffractive
dissociation events were distinguished from non-single-diffractive events based on sim-
ulation in PYTHIA MC generator.

e It looks like intrinsic p; Gaussian has very small (if any) influence on underlying event
data. There is almost no difference in y? between tunings with fixed (5thTune and
5thCTEQ6LTune) and varied IntPtGauss (8thTune and CTEQ6LBoth). At the same
time, errors on IntPtGauss are very large. The insensitivity can also be seen from the
scatter plots in figure 8. In future tuning IntPtGauss could be omitted from the tuning,
unless a more constraining observable like the Drell-Yan p, spectrum is included as
well.

e From table 2 it is seen that there is almost no tension between ATLAS and CMS
(selected?) underlying event data (taking into account errors of predicted parameter).
Even errors on obtained parameters are on the same level for both cases. However is
worth to mention that tune from CMS selected UE data describe better CMS CHS
data, ATLAS UE data worse, than default, or my tune from ATLAS UE data. Figure 9
shows this behaviour. It presents comparison of ATLAS UE, CMS UE and CMS CHS

20Only observable listed in table 9 were used.
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data to MC tunes. Generally CMS UE data are not very well predicted by MCs. It can
be seen from high x? value (table 2), as well as from comparison to data in figure 9.
Problem is probably the same as in tune from CMS CHS data, the method of reducing
diffractive collisions in CMS data.
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Figure 9: Some example of CMS UE, ATLAS UE and CMS CHS data with MC prediction
(different tunes — tune from ATLAS UE data (using CTEQ6L1 PDFs set — T10thCTEQ-A_T
on legends), CMS selected UE data (using CTEQ6L1 PDFs set — T10thCTEQ_CMS_UEsel),
or default one — DefaultHerwig). Generally tune from CMS UE data predict only CMS CHS
data better than other tunes.
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2.5 Conclusions and Outlook

Main outcome of my work is that the CTEQ6L1 PDF's set gives better results than default
MSTW LO**. The similar observation was report also in case of PYTHIA MC generator.
Maybe the CTEQG6L1 PDFs set should be default PDF's set.

During my work general problem with describing CMS data was discovered (without
problem with ATLAS data). It is probably caused by method of reducing diffractive collisions
in CMS data. It appeared that data with operational definition of diffraction reduction, like
N, > 6, p) (leadingtrack) > 500MeV are preferred.

Moreover it turns out that jet and event shapes data are not sensitive to p, , u, and Preco,
intrinsic p | Gaussian parameters. These parameters are weakly constrained by jet and event
shapes data.

Furthermore parameter intrinsic p; Gaussian has no influence on underlying event data,
as well as on charged hadron spectrum data.

General conclusion is that more tunes, especially with CMS UE data should be performed.
Number of events in this case must be higher, or different methods must be applied to minimise
statistic fluctuation (like in figure 9 (b) ).
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A Observables used in tunings

A.1 Used jet p, cuts

In case of jet shapes and event shapes data I used several jet transverse momentum p
cuts. In table 3 cuts and corresponding observables are listed for ATLAS jet event shapes
(ATLAS_2011.S8924791) and CMS event shapes data (CMS_2011_S8957746).

cut | observable from ATLAS
jet shapes data

observable from CMS
event shapes data

20
d01-x0%-y01
d01-x0*-y02
d02-x0*-y01
d02-x0*-y02 —
d03-x0*-y01
d03-x0*-y02
d04-x0*-y01
d04-x0*-y02

80

d05-x0*-y01
d05-x0*-y02
d06-x0%-y01
d06-x0*-y02

d01-x01-y01
d01-x01-y02
d01-x02-y01
d01-x02-y02

190

d07-x0*-y01
d07-x0*-y02
d08-x0*-y01
d08-x0*-y02
d09-x0*-y01
d09-x0*-y02

d01-x03-y01
d02-x03-y01

380

d10-x0*-y01
d10-x0*-y02
d11-x06-y01
d11-x06-y02

Table 3: Cuts and corresponding observables from ATLAS jet shapes and CMS event shapes

data.

A.2 ATLAS UE Tunes

Tunes based on “Track-based underlying event at 900 GeV and 7 TeV in ATLAS (AT-
LAS_2010-S8894728)” analysis with /s = 7 TeV. Used observables are listed on table 4
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Observable

Weight

Transverse Nepg density vs. prL, /s =7 TeV
Toward Nepng density vs. ptrkl, Vs =T TeV
Away Nepe density vs. ptrkl, Vs =T7TeV
Transverse Y p, density vs. pi!, /s =7 TeV
Toward Y p, density vs. ptrkl, Vs =TTeV
Away > p, density vs. ptrkl, Vs =T TeV
Std. dev. Transverse Ny, density vs. ptrkl, Vs =TTeV
Std. dev. Transverse > p, density vs. ptrkl, Vs =T7TeV
Transverse (p ) vs. pi¥, /s =7 TeV
Toward (p,) vs. ptkl, /s =7 TeV
Away (py) vs. pikl (/s =7 TeV
Transverse (pi) vs. Nehg, /s =7 TeV
Toward (py) vs. Nehg, v/s =7 TeV
Away (p1) vs. Neng, /s =7 TeV
Nepg density vs. Ag, pit > 1.0 GeV, /s =7 TeV
Nchg density vs. A¢, ptrk1 > 2.0 GeV, /s =7 TeV
Chg density vs. Ag, ptrkl > 3.0 GeV, /s =7 TeV
Nehg density vs. Ag, ptrk1 > 5.0 GeV, /s =7 TeV
p1 density vs. Ag, ptrk1 > 1.0 GeV, /s =T TeV
p1 density vs. Ag, ptrk1 > 2.0 GeV, /s =T TeV
p1 density vs. Ag, ptrkl > 3.0 GeV, /5 =7 TeV
p1 density vs. Ag, p““kl > 5.0 GeV, /s =T TeV
Transverse Nepg density vs. pikl, /s =7 TeV, p; > 100 MeV
Toward Nepng density vs. ptrkl, Vs =T7TeV, p; > 100 MeV
Away Ngpe density vs. ptrkl, Vs =T7TeV, p; >100 MeV
Transverse Y p, density vs. pf!, /s =7 TeV, p; > 100 MeV
Toward Y p, density vs. ptrkl, Vs =T7TeV, p, >100 MeV
Away > p, density vs. ptrkl, Vs=T7TeV, p, >100 MeV
Transverse Nepg density vs. Int™kY, /s =7 TeV, p; > 100 MeV
Transverse > p, density vs. [, /s = 7 TeV, p, > 100 MeV

Table 4: Observables used in ATLAS tunes.
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A.3 CMS CHS tunes

Tunes based on “Charged particles transverse momentum and pseudo-rapidity spectra from
proton-proton collisions at 7000 GeV (CMS_2010-S8656010)” analysis. Used observables are
listed on table 5

Observable Weight
Charged hadron pr for |n| = 0.1 at /s = 7 TeV 1.0
Charged hadron pr for || = 0.3 at /s = 7 TeV 1.0
Charged hadron pr for [n| = 0.5 at /s = 7 TeV 1.0
Charged hadron pr for [n| = 0.7 at /s = 7 TeV 1.0
Charged hadron pr for |n| = 0.9 at /s = 7 TeV 1.0
Charged hadron pr for |n| = 1.1 at /s = 7 TeV 1.0
Charged hadron pr for | = 1.3 at /s = 7 TeV 1.0
Charged hadron pr for [n| = 1.5 at /s = 7 TeV 1.0
Charged hadron pr for [n| = 1.7 at /s = 7 TeV 1.0
Charged hadron pr for |n| = 1.9 at /s = 7 TeV 1.0
Charged hadron pr for |n| = 2.1 at /s = 7 TeV 1.0
Charged hadron pr for |n| = 2.3 at /s = 7 TeV 1.0
Charged hadron pr for |n| < 2.4 at /s = 7 TeV 1.0
Charged hadron 7 integrated over pr at /s = 7 TeV 1.0

Table 5: Observables used in CMS_CHS tunes.

A.4 Jet shapes observables

Observables from “Jet shapes at 7 TeV in ATLAS (ATLAS_2011.S8924791)” analysis used in
“JetEventS”, “ATLAS UE & JetEventS”, and “ATLAS, CMS UE & JetEventS” tunes (table
6).
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Observable

Weight

Jet shape ¥ for p; € 30-40GeV, y € 0.0-0.3

Jet shape p for p; € 30-40 GeV,40-60 GeV, 60-80 GeV,80-110 GeV,
110-160 GeV, 160-210 GeV, 210260 GeV,
260-310 GeV, 310-400 GeV, 400-500 GeV,
500-600 GeV, y € 0.3-0.8

Jet shape U for p, € 30-40 GeV, 40-60 GeV, 60-80 GeV,80-110 GeV,
110-160 GeV, 160-210 GeV, 210-260 GeV,
260-310 GeV, 310-400 GeV, 400-500 GeV,
500-600 GeV, y € 0.3-0.8

Jet shape p for p, € 30-40 GeV, 40-60 GeV, 60-80 GeV, 80-110 GeV,
110-160 GeV, 160-210 GeV, 210-260 GeV,
260-310 GeV, 310-400 GeV, 400-500 GeV,
500-600 GeV, y € 0.8-1.2

Jet shape U for p, € 30-40 GeV, 40-60 GeV, 60-80 GeV, 80-110 GeV,
110-160 GeV, 160-210 GeV, 210-260 GeV,
260-310 GeV, 310-400 GeV, 400-500 GeV,
500-600 GeV, y € 0.8-1.2

Jet shape p for pi € 30-40 GeV, 40-60 GeV, 60-80 GeV, 80-110 GeV,
110-160 GeV, 160-210 GeV, 210-260 GeV,
260-310 GeV, 310-400 GeV, 400-500 GeV,
500-600 GeV, y € 1.2-2.1

Jet shape U for p, € 30-40 GeV, 40-60 GeV, 60-80 GeV, 80-110 GeV,
110-160 GeV, 160-210 GeV, 210-260 GeV,
260-310 GeV, 310-400 GeV, 400-500 GeV,
500-600 GeV, y € 1.2-2.1

Jet shape p for p; € 30-40 GeV, 40-60 GeV, 60-80 GeV, 80-110 GeV,
110-160 GeV, 160210 GeV, 210-260 GeV,
260-310 GeV, 310400 GeV, 400-500 GeV,
500-600 GeV, y € 2.1-2.8

Jet shape ¥ for p; € 30-40 GeV, 40-60 GeV, 60-80 GeV,80-110 GeV,
110-160 GeV, 160-210 GeV, 210-260 GeV,
260-310 GeV, 310400 GeV, 400-500 GeV,
500-600 GeV, y € 2.1-2.8

Jet shape p for p; € 30-40 GeV, 40-60 GeV, 60-80 GeV, 80-110 GeV,
110-160 GeV, 160210 GeV, 210-260 GeV,
260-310 GeV, 310400 GeV, 400-500 GeV,
500-600 GeV, y € 0.0-2.8

Jet shape p for p; € 30-600GeV, y € 0.0-0.3

Table 6: Used observables from ATLAS Jet shapes analysis.
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A.5 Event shapes observables

Tunes based on “Event shapes (CMS_2011_S8957746)” analysis. Used observables are listed
on table 7

Observable Weight
Central Transv. Thrust, 90 GeV < pjft T <125 GeV, /s = T7TeV 1.0
Central Transv. Minor, 125 GeV < p/* ' < 200 GeV, /5 = 7TeV 1.0
Central Transv. Minor, ft 1'>200GeV, /5 = 7TeV 1.0
Jet shape p for p; € 30-40GeV, y € 0.0-0.3 1.0
Jet shape ¥ for p; € 30-40GeV, y € 0.0-0.3 1.0
Jet shape p for p; € 30-40GeV, y € 0.3-0.8 1.0
Jet shape ¥ for p; € 30-40GeV, y € 0.3-0.8 1.0

Table 7: Used observables from ATLAS Jet shapes analysis.

A.6 CMS underlying event observables

Tunes based on “Underlying event data (CMS_QCD_10_010)” analysis. Used observables are
listed on table 8

Observable Weight
ProfileN pat/s=7TeV,60 < |A¢| < 120,|n| < 2 1.0
ProfileXpraty/s=7TeV,60 < |A¢| < 120,|n| < 2 1.0
DistributionNgpat /s=7 TeV,maxpr >20 GeV /c, same phase space 1.0
DistributionXprat +/s=7 TeV,maxpr >20 GeV/c, same phase space 1.0
Distributionprat /s=7 TeV,maxpt >20 GeV/c, same phase space 1.0
DistributionNgnat 1/s=7 TeV,maxpt >3 GeV/c, same phase space 1.0
DistributionXprat +/s=7 TeV,maxpr >3 GeV/c, same phase space 1.0
Distributionprat /s=7 TeV,maxpr >3 GeV/c, same phase space 1.0

Table 8: Used observables from CMS underlying event data in “CMS underlying event” tunes.

A.7 CMS selected underlying event observables

Tunes based on “Underlying event data (CMS_QCD_10-010)” analysis, but observables were
chosen according to these with relatively small statistic errors. Used observables are listed on
table 9. These observables were used in “CMS_UEsel”, “CMS_UEsel CHS”, and seven times
bigger in “A_UE_CMS_UEsel” tunes.

Observable ‘ Weight
DistributionNgpat 1/s=7 TeV,maxp >20 GeV /c, same phase space 7.0
DistributionXprat /s=7 TeV,maxpr >20 GeV/c, same phase space 7.0
Distributionprat /s=7 TeV,;maxpt >20 GeV /c, same phase space 7.0
DistributionN,at 4/s=7 TeV,maxpt >3 GeV/c, same phase space 7.0

Table 9: Used observables from CMS underlying event data in “CMS selected underlying
event 7 and combined “CMS selected UE and charged hadron spectrum” tunes.
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