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Abstract

A description of Standard Model background Monte Carlo samples produced for
studies related to future hadron colliders.

1 Introduction

The final missing piece of the Standard Model (SM), the Higgs boson, was discovered in 2012
by the ATLAS and CMS experiments at the Large Hadron Collider (LHC) [1, 2]. However,
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the SM leaves several important questions unanswered, whose explanation requires Beyond
the SM (BSM) physics. Despite the remarkable success of the LHC physics program, no
statistically significant evidence for BSM physics has been observed.

The discovery of BSM physics may be just around the corner at the LHC. Alternatively,
the mass scale of BSM physics may be outside the reach of the LHC, requiring a future
high-energy collider to uncover. A

√
s = 100 TeV pp collider has therefore been proposed

to eventually supplant the LHC [3].

The cross sections for SM background processes such as V (W±/Z)+jets and tt are
very large at

√
s = 100 TeV. Accurately modeling the tails of kinematic distributions for

these processes requires production of sophisticated Monte Carlo (MC) samples with large
statistics. The production of such samples, following an approach similar to that adopted
for Snowmass 2013 [4, 5, 6], is described here.

2 Monte Carlo Simulation

High-statistic V + jets and tt background Monte Carlo samples were produced for
√
s = 13

and 100 TeV pp colliders, using MadGraph5 aMC@NLO v3.3.1 [7], Pythia8 v8.306 [8],
and Delphes v3.5.0 [9], with computing resources provided by the Open Science Grid [10].
MadGraph5 aMC@NLO was used to simulate pp hard scatter matrix elements. Parton
shower and hadronization were performed with Pythia8. Delphes parameterized detector
simulation was used to account for the detector response.

2.1 Hard Scatter

Hard scatter matrix elements were computed in the four-flavor scheme at leading-order
(LO) accuracy in the strong coupling constant with MadGraph5 aMC@NLO. On-shell
heavy resonances (V, t,H) were treated as stable particles. Radiated partons are allowed
(with transverse momentum pT ≥ 20 GeV and pseudorapidity |η| < 5), up to a total of four
final state particles. The NNPDF31 nnlo as 0118 parton distribution function was used [11].

So-called “gridpacks” were produced for streamlined operation on the OSG computing
grid using the makeGridpacks.sh script, contained within the MCProd package (git tag:
v1.2nobias).∗ Configuration cards can be found in the Cards directory.

2.2 Parton Shower

On-shell heavy resonances were decayed using Pythia8, neglecting spin correlation effects.
Parton shower and hadronization were also simulated with Pythia8, using the CMS CP5

tune [12]. kT-MLM matching and merging of radiation from the matrix-element and parton
shower was performed using the MG5aMC PY8 interface [13]. For the V + jets (tt)

∗https://github.com/Snowmass21-software/MCProd/releases/tag/v1.2nobias
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samples, a matching scale XQCUT = 40 (80) GeV was used. In both cases, QCUT is taken to
be 1.5× XQCUT.

2.3 Detector Response

The detector response was simulated using Delphes. The parameterized detector perfor-
mance is based on test beam data and full-simulation of a future FCC-hh detector [14]. The
effect of pileup interactions is not simulated explicitly; instead, the parameterized efficiency
and resolution for various physics objects include the expected degradation due to pileup
interactions.

2.4 Workflow

A summary of the production workflow is shown in Fig. 1. The MadGraph5 aMC@NLO
output (a standard LHE file [15]) serves as input to Pythia8. The Pythia8 output (in HepMC

format [16]) serves as input to both Rivet and Delphes. Delphes produces a standard
ROOT output [17], while Rivet produces output in the YODA format [18]. In addition to
storing the final outputs from this workflow, intermediate outputs are retained as well.

Figure 1: A summary of the production workflow.
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3 Validation

Validation of the matching/merging of phase space for parton emission covered by the matrix
element and parton shower is performed by studying differential jet rates. Comparison of
the
√
s = 13 TeV samples to unfolded LHC data was performed using Rivet [18].

3.1 Matching/Merging

Suitability of the matching/merging settings is confirmed based on the differential jet rates,
shown for

√
s = 100 TeV W + jets events in Figure 2. Similar plots for Z + jets and tt

samples are shown in the appendix. These observables represent the scale at which an N -jet
event transitions to an N + 1-jet event, and exhibit a smooth transition.

3.2 Comparison to Data

The Rivet toolkit provides a convenient mechanism to compare simulated MC to unfolded
collider data, using a variety of predefined analysis routines.

The W +jets sample was validated using the CMS 2017 I1610623 routine, which targets
W (→ µν)+jets production. This routine selects events with a muon and transverse mass
mT ≥ 50 GeV. Muons are required to have pT ≥ 25 GeV and |η| < 2.4.

The Z + jets sample was validated using the CMS 2019 I1753680 routine, which targets
Z(→ ``)+jets production, where ` = e/µ. This routine selects events with a pair of opposite-
sign electrons or muons. In both cases, electrons and muons are required to have pT ≥
25 GeV and |η| < 2.4.

The tt sample was validated using the CMS 2018 I1663958 routine, which targets events
with semi-leptonic decay of top pairs. This routine selects events with an electron or muon
(with pT ≥ 30 GeV and |η| < 2.4). W and t candidates are formed from the lepton, jets
and missing transverse energy 6ET , by minimizing the difference between the true mass and
the reconstructed mass for these candidates.

4 Results

Cross sections for
√
s = 13 and 100 TeV background processes are given in Table 1.

W + jets Z + jets tt

σ13 TeV [nb] 184.7 56.05 0.6137
σ100 TeV [nb] 1,428 471.1 36.47

Table 1: Calculated cross sections for SM background processes at
√
s = 13 and 100 TeV.

A comparison of the
√
s = 13 TeV simulation and data is shown in Figures 3, 4, and

4



10-5

10-4

10-3

10-2

10-1

σ
 p

er
 b

in
 [p

b]

log10d01 []

#1, jet sample 3
#1, jet sample 2
#1, jet sample 1
#1, jet sample 0

#1, all jet samples

M
a

d
G

r
a

p
h

5
_

a
M

C
@

N
L

O

-0.1

-0.05

 0

 0.05

 0.1

 0  0.5  1  1.5  2  2.5  3

#1
 r

el
.u

nc
.

Relative uncertainties w.r.t. central values

10-5

10-4

10-3

10-2

10-1

σ
 p

er
 b

in
 [p

b]

log10d12 []

#1, jet sample 3
#1, jet sample 2
#1, jet sample 1
#1, jet sample 0

#1, all jet samples

M
a

d
G

r
a

p
h

5
_

a
M

C
@

N
L

O

-0.2

-0.1

 0

 0.1

 0.2

 0  0.5  1  1.5  2  2.5  3

#1
 r

el
.u

nc
.

Relative uncertainties w.r.t. central values

10-5

10-4

10-3

10-2

10-1

σ
 p

er
 b

in
 [p

b]

log10d23 []

#1, jet sample 3
#1, jet sample 2
#1, jet sample 1
#1, jet sample 0

#1, all jet samples

M
a

d
G

r
a

p
h

5
_

a
M

C
@

N
L

O

-1

-0.5

 0

 0.5

 1

 0  0.5  1  1.5  2  2.5

#1
 r

el
.u

nc
.

Relative uncertainties w.r.t. central values

10-5

10-4

10-3

10-2

10-1

σ
 p

er
 b

in
 [p

b]

log10d34 []

#1, jet sample 3
#1, jet sample 2
#1, jet sample 1
#1, jet sample 0

#1, all jet samples

M
a

d
G

r
a

p
h

5
_

a
M

C
@

N
L

O
-0.2

-0.1

 0

 0.1

 0.2

 0  0.5  1  1.5  2  2.5

#1
 r

el
.u

nc
.

Relative uncertainties w.r.t. central values

Figure 2: Differential jet rate distributions for
√
s = 100 TeV W +jets events, showing log10

of the merging scale. The upper left (right) plot represents a transition from a 0-jet event
to a 1-jet (1-jet event to a 2-jet) event. The lower left (right) plot represents a transition
from a 2-jet event to a 3-jet (3-jet event to a 4-jet) event.
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5, for W + jets, Z + jets, and tt samples, respectively. Additional comparison plots are
available on the web.† The agreement between simulated Z + jets and tt samples and
data is reasonable; while the overall discrepancy is approximately 10%, the shapes are not
generally well reproduced in the simulation, leading to bin-by-bin discrepancies of up to 50%
or more in certain regions of phase space. The agreement between the simulated W + jets
and data is worse, at the 50%-level overall. There is a general overproduction of jets,
particularly at high pT . The source of this discrepancy is under investigation. However,
some event shapes are well described by the simulation.

5 Conclusion

The production of SM background MC samples for
√
s = 13 and 100 TeV pp colliders has

been described. A comparison of the
√
s = 13 TeV simulation to data from the LHC was

performed. While the agreement between simulated Z + jets and tt events and collision
data is reasonable, the modeling of W + jets events is not acceptable. The source of this
mismodeling is under investigation. Due to the similarities in production between the
W + jets and Z + jets/tt samples, we do not advise using any of these samples for physics
studies, until the discrepancy is understood.
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Figure 3: A comparison of
√
s = 13 TeV W +jets data and simulation, as well as results for√

s = 100 TeV simulation. The upper left (right) plot shows the exclusive jet multiplicity
(leading jet pT ). The lower left (right) plot shows the leading jet rapidity y (difference in
azimuthal angle between the selected muon and leading jet).
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Figure 6: Differential jet rate distributions for
√
s = 100 TeV Z+ jets events, showing log10

of the merging scale. The upper left (right) plot represents a transition from a 0-jet event
to a 1-jet (1-jet event to a 2-jet) event. The lower left (right) plot represents a transition
from a 2-jet event to a 3-jet (3-jet event to a 4-jet) event.
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Figure 7: Differential jet rate distributions for
√
s = 100 TeV tt events, showing log10 of

the merging scale. The upper left (right) plot represents a transition from a 0-jet event to
a 1-jet (1-jet event to a 2-jet) event. The lower left (right) plot represents a transition from
a 2-jet event to a 3-jet (3-jet event to a 4-jet) event.
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