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Abstract

We present the latest developments of the ATLAS MC generator tuning project for
the Pythia family of event generators, including the C++ Pythia 8 code.

The PYTHIA 6 tunes presented here complete the previous tunes by addition of par-
ton shower and multi-parton interaction model tunings with three next-to-leading order
(NLO) parton distribution functions (PDF) in addition to the leading-order and Monte-
Carlo (MC) adapted PDFs previously presented. The Pythia 8 MPI tunes in this note have
been constructed for six different PDFs, making use of a new x-dependent hadronic mat-
ter distribution model. Multiple Parton Interaction (MPI) eigentunes are constructed for
the PDFs intended for use in ATLAS MC production.



1 Introduction

In previous notes [1,2]] we presented new tunes of the PYTHIA6 [3[] Pythia 8 [4] and HERWIG/JIMMY
[5,6] event generators using ATLAS analysis data from the 2010 data-taking period. These tunes
were named AMBT2B and AUET2B (for PYTHIA 6 and HERWIG/JIMMY), and AM1 and AU1 (for
Pythia 8) depending on whether minimum bias or underlying event data was used in the MPI stage of
the tuning.

PYTHIA 6 continues to be used as a major generator in ATLAS for the bulk production of simulation
samples, including in connection with the POWHEG [7-9] MadGraph [[10] and AlpGen [11] higher-
order matrix element generators. The AUET2B tunes provide optimised descriptions of hadronic jet
structure and multi-parton interaction (MPI) effects with PYTHIA 6, for use with a variety of PDFs to
allow flexibility in the matching of matrix elements to appropriate PDFs. This note completes the set
of PDFs covered by the AUET2B tune series by tuning to three NLO PDFs.

The Pythia 8 generator is the intended long-term replacement for PYTHIA 6, and the migration of
simulation samples to use the new C++ code in ATLAS is underway. Pythia8 is currently used in
ATLAS for the modelling of all simulated pile-up interactions, including much improved diffractive
simulation relative to PYTHIA 6, so there is great interest in obtaining the best possible description
of minimum bias interactions in addition to jet observables and the underlying event in hard-scale
“signal” simulation. In this note, Pythia 8 tunes have been performed using a newly introduced fea-
ture in version 8.153, where the width of the transverse matter distribution varies depending on the
momentum fraction of the interacting partons. As for PYTHIA 6, the Pythia 8 tunes in this note now
also include two NLO PDFs in addition to the leading order and MC-adapted PDFs [12-14] used in
reference [2].

As for the previous tunings, all tuning was performed using the Rivet [15] analysis toolkit and the
Professor [[16] MC tuning system, now updated to versions 1.6.0 and 1.3.1 respectively.

This note is organized as follows: PYTHIA 6 shower and MPI tunes are described in Section 2] In
Section |3} Pythia8 MPI tunes and the systematic variation eignentunes are discussed and finally a
short summary is presented in Section {4

2 PYTHIA 6

The AMBT2B and AUET2B tunes of PYTHIA 6 described in a previous note [2] were constructed
with equal fitting weights for several PDFs constructed using leading-order (LO) matrix elements and
the modified LO (mLO) approach (mLO PDFs employ a degree of sum-rule relaxation and changes
in the evolution of ¢ to in principle better match MC event generator usage).

The previous note did not include tunes with next-to-leading-order (NLO) PDFs, as it was found that
these led to sufficiently different results in MPI model tuning that the fit results were not reliable. In
this note we present PYTHIA 6 parton shower and MPI tunes constructed for three NLO PDFs — CT10,
CTEQ 6.6, and the NNPDF 2.1 NLO “central” set.

In all these tunes, the e™e™-tuned hadronisation and final state shower parameters from previous
AMBT?2B and AUET?2B tunes are used. The tuning is hence again split into two stages: a 3-parameter
shower tune and a 5-parameter MPI tune. For the details of each tuning step and the tuning method-
ology we refer the reader to reference [2].



Tune type PDF PARP(62) PARP(64) PARP(72)

AxT2B CTEQ 6.6 0.948 1.032 0.398
CT10 0.312 0.939 0.537
NNPDF 2.1 NLO 1.246 0.771 0.418

Table 1: The optimised parameters of the PYTHIA6 A+xT2B shower tunes to NLO PDFs. The roles of
the PARP(n) parameters are as follows for the various n: 62 = ISR p, cut-off, 64 = ISR scale factor
on Og evaluation scale, 72 = Aqcp for FSR showering from ISR parton emissions.

2.1 Shower tunes

The observables and weights for shower tuning are the same as were used in [2], and again only
the p -ordered shower model is used. The resulting tune parameters are presented in Table [T} and
comparisons to ATLAS data are shown in Figure|l} A good agreement with the data is reached as for
the other PDFs.

In this tune set, PARP(62) is seen to be lower than for all the LO and mLO PDFs in reference [2],
except for NNPDF 2.1 NLO. The CT10 tune in particular has a very low value of 312 MeV, which
is comparable to the 5-flavour Agcp of 226 MeV for CT10: this leaves very little room between the
perturbative shower and non-perturbative hadronisation, which may be regarded either as a modelling
success or a problem. This hence results in three quite distinct groupings of ISR shower cut-off scale
for different PDF types, with NLO PDFs favouring the lowest values, LO PDFs next, and the highest
cut-offs being obtained for the mLO PDFs. Another notable trend is that PARP(64) is higher than
for all LO and mLO PDF tunes other than MSTW2008LO. The tuned values of PARP(72) are very
similar to those obtained for the LO and mL.O shower tunings.

2.2 MPI tunes

As in the case of the AUET2B tuning of MPI parameters for LO and mLO PDFs, we use a five-
parameter tuning space and numerically optimise the description of MPI-sensitive data from ATLAS
and CDF, with weighted emphasis on the ATLAS observables.

As there is neither theoretical nor practical motivation for use of NLO PDFs in description of mini-
mum bias observables, and mLO PDFs were observed in the previous tuning to introduce strong and
untuneable deviations from data in minimum bias, we only attempt to describe underlying event (UE)
observables here: in other words we extend the PDF coverage of the AUET2B tune series, but not the
AMBT?2B one.

The same observables and tuning weights were used as for the other AUET2B tunes, but the parameter
sampling ranges were extended, in particular to encompass lower values of the PARP(90) parameter
which governs the /s evolution of the MPI screening PARP(82) variable. The parameter sampling
ranges are tabulated in Table 2] and the final tune parameters are in Table 3]

The tuned parameter values are very similar to each other, with the exception of the weakly con-
strained PARP(77) “fast string” colour reconnection suppression variable. Significantly, the PARP(82)
and PARP(90) parameters which directly affect the MPI screening cutoff, PTMIN(,/s), are both sys-
tematically lower for all three NLO PDFs than for the LO and mLO PDFs in the AUET2B series:
PARP(82)y1 o ~ 1.9 GeV as compared to PARP(82); o0 ~ 2.3 GeV (with the exception of the
MSTW2008LO PDF which also favoured a low value), and PARP(90)y; o ~ 1.8 as compared to
PARP(90); o/mLo ~ 2.4 —2.7. It is these significant and consistent deviations from the “normal” pa-



Jet shape p for p | € 30-40GeV, y € 0.0-2.8 Jet shape p for p| € 310-400GeV, y € 0.0-2.8

& & 10t 5
< L —e— ATLAS data ] < E —e— ATLAS data E
mﬁ%‘_‘_ ——— AUET2B (CTEQ6.6) C ———- AUET2B (CTEQ 6.6) 1
[ | ----- AUET2B (NNPDF 2.1) | L —— AUET2B (CT10) 4
L — AUET2B(CT10) i L -.-.- AUET2B (NNPDF 2.1)
11— ]
1 — =
L 107" |-
i
14 1.4
s 12 g 12
< E ] E
TR Y -
) E 9 E B
S o8| = = o8| —
0.6 — 0.6 — —
I I I | I -} ‘ I ‘ I ‘ I I | I I | I -} I ‘ I ‘ I I | ‘ I -}
o 0.1 0.2 0.3 0.4 0.5 0.6 o 0.1 0.2 0.3 0.4 0.5 0.6
r r
Track jet fragmentation, z for pid 4-6GeV, R = 0.4 Dijet azimuthal decorrelations for 400 < p7*/GeV < 500
—_ 1 = —
—‘;f T ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ TTT ,_g 10 ; T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T 3
o0t g —— ATLASdata - < F —— ATLASdata ]
g 2 —— AUET2B (CT1o0) ] & [ ——— AUET2B (CTEQ6.6) 1
K [ —— - AUET2B (CTEQ6.6) ] S L —— AUET2B(CT10) _|
Z r - -~ AUET2B (NNPDF 2.1) N E  -.--- AUET2B (NNPDF 2.1) E
e I B 5 C ]
3 bl F 4
z N C ]
~ ~
- 10t -
1 r b
C 102 = -3
L E 4 3
L ] t E
e e e e e e e P e el e AT AT AN RO
i L ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ L : E T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T B
1.4 F = E 3
5 12 = g 5E E
N E - — e T
g B g g ok f
= 08— — = 0.5 Fum e e =
OA6 : L1 ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1 ? 0 E Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il 3
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.5 0.6 0.7 0.8 0.9 1.0
Ztrack Ag [rad/ 7]

Figure 1: Comparison plots of the new AUET2B PYTHIAG tunes to ATLAS jet data at 7 TeV [[17H19],
for NLO PDFs. The yellow shaded areas represent data uncertainty.



Param. name Function Sampling range

PARP(77) High-p | suppression of colour reconnection 0.0-1.0
PARP(78) Strength of colour reconnection 0.0-1.0
PARP(82) MPI p cutoff at /s = 1800 GeV 1.5-25
PARP(84) Rel. radius of core proton matter distribution 0.0-1.0
PARP(90) MPI cutoff energy evolution exponent 0.15-0.25

Table 2: PYTHIA 6 MPI parameters varied in this tuning, with descriptions and extended sampling
ranges suitable for NLO PDFs. The fraction of the proton matter distribution contained in the core
Gaussian is given by PARP(83) and was, as for the other AUET2B tunes, fixed to the AMBT1/AUET2
value of 0.356.

PDF PARP(77) PARP(78) PARP(82) PARP(84) PARP(90)
CTEQ 6.6 0.505 0.385 1.87 0.561 0.189
CT10 0.125 0.309 1.89 0.415 0.182
NNPDF 2.1 NLO 0.498 0.354 1.86 0.588 0.177

Table 3: Tuned MPI parameters for the AUET2B PYTHIA 6 tunings to NLO PDFs.

rameter ranges which led to MPI tuning difficulties and was addressed by the increased parameter
sampling ranges in Table 2]

The behaviour of the resulting tunes in ATLAS UE observables at 7 TeV [20,21] is shown in Figure 2]
The description of UE data with these NLO PDF tunes is generally very good, although slightly less
so than for the best of the previously constructed tunes to LO PDFs.

3 Pythia 8

3.1 MPI tunes

For Pythia 8, so far in ATLAS, tune 4C [22] with the leading order CTEQ6L1 PDF has been used.
Subsequently tune 4Cx [23]], based on tune 4C, but using the x-dependent matter profile was performed
by the authors using this particular new feature. The tunes described in this note have been performed
using this new feature (MultipleInteractions:bProfile = 4). The parameters tuned are MultipleInterac-
tions:ecmPow (subsequently referred to as ecmPow), MultipleInteractions:pTORef (subsequently ref-
ereed to as pTORef), BeamRemnants:reconnectRange (subsequently referred to as reconnectRange)
and MultipleInteractions:al (subsequently referred to as al). The description of the first three pa-
rameters can be found in the previous note [2]. The MultipleInteractions:al parameter represents the
constant in the Gaussian matter distribution width. The other parameters are same from tune 4C, ex-
cept, SpaceShower:rapidityOrder is turned off, as there are some indications from multi-jet matching
results that the shower gets closer to the matrix-element results when it is switched off. The tuning
strategy employed was to tune only to published ATLAS /s = 7 TeV minimum bias (MB) [24] and
leading track and cluster underlying event (UE) [20,21]] data, since it has already been seen that tun-
ing to LHC and Tevatron data with three different centre-of-mass energies is very challenging. The
observables tuned to, with the corresponding tune weights can be found in [2]. More weight was put
on 7 TeV distributions, and on distributions with p | > 0.5 GeV, as before.

The tuning was done separately for six different PDFs, CTEQ6L1 and MSTW2008lo (LO), CT10 and
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Figure 2: Comparison plots of the new AUET2B PYTHIA 6 tunes to ATLAS data at 7 TeV for NLO
PDFs. All plots are compared to charged particle data from the ATLAS leading-track UE analy-
sis [21]], except that in the bottom right which is compared to data from the ATLAS leading-cluster
UE analysis citeAad:2011qge which includes the charge-neutral component of the UE. The yellow
shaded areas represent data uncertainty.



PDF pTORef ecomPow al reconnectRange

CTEQ 6L1 2.18 0.22 0.06 1.55
MSTW2008 LO 1.90 0.30 0.03 2.28
CTEQ 6.6 1.73 0.16 0.03 5.12
CT10 1.70 0.16 0.10 4.67
MRST2007 LO* 2.39 024 0.01 1.76
MRST2007 LO** 2.57 0.23 0.01 1.47

Table 4: Tuned MPI parameters for the A2/AU2 Pythia 8 tunings.

CTEQ66 (NLO) and MRST2007 LO* and MRST LO** (mLO). It was found that with the LO PDFs,
a common tune (named A2) for minimum bias and underlying event could be obtained, however, for
higher order PDFs, this was not the case, and underlying event (AU2) tunes were performed. Table 4]
shows the tune parameters for all the tunes corresponding to different PDFs.

Technical notes: The Pythia8 version used was 8.153, with the PDFs taken from LHAPDF ver-
sion 5.8.5 [25]]. For LO, no difference was observed with using the PYTHIA-provided internal PDF
set. Soft-QCD events were generated with single and double diffraction turned on, with particles
having ¢7 > 10 mm kept stable.

Table |4 clearly shows that the different PDFs prefer particular values of the tuning parameters. The
tunes corresponding to two LO PDFs need very different set of tune values, although they behave very
similarly in MB and UE plots. The behaviour of tunes corresponding to mLO PDFs (LO* and LO**)
are very similar, however they almost reduce back to the single Gaussian matter distribution. This is
in fact a common feature for all the tunes, with very low al values. However this is very different
from tune 4Cx, which has a much higher value (0.15) of this al parameter. This perhaps necessitates
tuning with single Gaussian matter distribution.

Figure (3| shows the new LO MB tunes (and tune 4C and 4Cx), compared with ATLAS minimum
bias data at /s = 7 TeV. Figure @ and Figure |5 show the tunes for all PDFs compared with ATLAS
underlying event data at /s = 7 TeV. The NLO and the mLO tunes do a good job for UE distributions,
however they completely fail to describe MB data, therefore making any common UE and MB tune
impossible.

Comparing the tune A1 (CTEQ 6L1) against 4Cx, while the former gives a slightly better description
of MB data at /s = 7 TeV, the trend is opposite for the UE distributions. In fact, putting more
weight on UE distributions results in the tune preferring much stronger colour reconnection, which
is not consistent at all with the MB and UE mean pr against multiplicity distributions. However, it
1s clear that tune 4Cx is overall a better tune for these data than the current default tune in ATLAS,
4C. However, the agreement of the tunes with UE data increases as we move to NLO and modified
LO PDFs, leading to as good, or better description than 4Cx. The tunes corresponding to NLO PDFs
seem to demand a stronger colour reconnection strength than the others, but somewhat lower MPI
pr cutoff and energy exponent.

3.2 MPI eigentunes

The Professor MC tuning system provides several mechanisms for estimating systematic errors in MC
tunes, the most convenient of which is the “eigentunes” approach, described in details in [2]]. We use
the eigentune mechanism to construct variation tunes for the MPI tuning stage, around the Al tune
only. The reason for this restriction is that this is the main production Pythia 8 tune in ATLAS and
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Figure 3: Comparison plots of the new Pythia8 tunes to ATLAS minimum-bias event data [24] at
7 TeV. The yellow shaded areas represent data uncertainty.
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Figure 4: Comparison plots of the new Pythia 8 tunes to ATLAS underlying event data at 7 TeV [20,
21]]. The tunes corresponding to LO, NLO and mLO PDFs are shown respectively in the left, centre
and right columns. The yellow shaded areas represent data uncertainty.
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Tune Variation pTORef ecomPow al reconnectRange

Al CTEQ6LI1 2.182 0.217 0.060 1.547
A1 CTEQ6L1 MPI1- 2.184 0.213  0.067 1.148
MPI 1+ 2.180 0.222  0.052 2.052
MPI 2- 2.177 0.240 0.133 1.549
MPI 2+ 2.187 0.196 0.000 1.547
MPI 3- 2.221 0.226  0.060 1.548
MPI 3+ 2.143 0.209 0.061 1.548
MPI 4- 2.187 0.200 0.067 1.548
MPI 4+ 2.178 0.236 0.054 1.547

Table 5: 4-parameter MPI eigentune variations on the A1 CTEQ6L1 Pythia 8 tune.

hence its MPI variations provide systematic variations in the underlying event simulation for many
signal processes. There are 8 eigentunes, as we simultaneously tuned 4 parameters in the Pythia § MPI
model. Indeed, we provide 8 such variations, listed in Table [5] The behaviours of the 4-parameter
eigentunes on ATLAS UE and MB observables are shown in Fig. [6]

Comparison plots of the PYTHIA 6 AUET2B MPI eigentunes to ATLAS underlying event data at
7 TeV. Left column: 5-parameter eigentunes. Right column: 3-parameter eigentunes without colour-
reconnection variations. The “— direction” variations are shown as solid lines, and their “+ direction”
partners as dashed lines of the same colour. The MC curves shown in these plots are parameterisations
built by the Professor tool.

4 Summary

In this note we have presented new tunes of the PYTHIA 6 and Pythia8 event generators, which
extend the PDF coverage of the PYTHIA 6 AUET2B tune series to include NLO PDFs, provide the
first ATLAS tunes of Pythia 8 to make use of the new x-dependent proton matter distribution feature
(again including NLO PDFs).

The PYTHIA 6 MPI tuning has produced a set of very consistent optimal parameters for the CT10,
CTEQ 6.6, and NNPDF 2.1 NLO PDFs, which confirm previous informal observations that NLO
PDFs prefer lower values of the PARP(82) and PARP(90) MPI parameters than are typically favoured
by LO and mLO PDFs, and the same feature is seen for Pythia 8. Respectively these parameter shifts
mean that NLO PDF tunes have less MPI cross-section screening (i.e. more activity) at Tevatron
energies than LO/mLO equivalents, and the increase in screening scale with centre-of-mass energy is
slower than for LO/mLO PDF tunes. The Pythia 8 MPI tunes used the new matter distribution feature,
but it is interesting to observe that it almost reduces to a single Gaussian matter distribution. This
however leads to better description of UE data for NLO and modified LO PDFs.
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