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Abstract: This study presents leading order (LO) and next-to-leading order (NLO) QCD cross
sections for inclusive Whb production channel at 14, 27 and 100 TeV center-of-mass energies for
the Large Hadron Collider (LHC) and Future Circular Collider (FCC). To obtain the numerical
results, five modern parton distribution functions (PDFs) were used and the PDF errors were
obtained by the MCFM Monte Carlo program. In addition, a scale uncertainty calculation was
performed for different values of renormalization and factorization scales. Contrary to the single W
channel scale uncertainty results, the scale uncertainties in NLO QCD were found to be higher than
the scale uncertainties in LO QCD for all energies considered in this calculation. To show the effect
of the increasing energy on the uncertainties, a comparison of the scale, PDF and ag uncertainties
with the increasing energy were performed. To confirm the consistency of the code used in the
current study, a comparison of the Monte Carlo results at v/s =7 TeV were performed with the
available CMS data at the same energy. Then, LO and NLO QCD cross sections of Whb production
channel at+/s =14, 27 and 100 TeV were calculated. Using these results, the required amount of
data that reach the same statistics with v/s =7 TeV energy were calculated for /s = 14, 27 and 100
TeV energies.

Proton Proton Carpismasi Sonucu Olusan Wbb Uretim Kanalimin LHC ve FCC i¢in

Kuantum Renk Dinamigi Tahminleri

Anahtar Oz: Bu calisma, Biiyiik Hadron Carpistiricis: (BHC) ve Gelecekteki Dairesel Carpistiric: (FCC) igin
Kelimeler 14, 27 ve 100 TeV kiitle merkez enerjilerinde Whb iiretim kanalmin leading order (LO) ve next-to-
QCD, leading order (NLO) kuantum renk dinamigi (KRD) tesir kesitlerini sunmaktadir. Sayisal sonuglari
LHC, elde etmek i¢in bes farkli parton dagilim fonksiyonu (PDF) kullanilmis ve PDF hatalar1t MCFM
FCC, Monte Carlo programui ile elde edilmistir. Ayrica renormalizasyon ve faktorizasyon dlgeklerinin
W Boson, farkli degerleri icin scale hata pay1 hesaplamasi yapilmistir. W iiretim kanalinda elde edilen scale
b quark. hata paylarinin aksine Wbb iiretim kanalinda NLO QCD'deki scale hata paylar1 LO QCD’deki scale
hata paylarindan daha yiiksek bulunmustur. Artan enerjinin hata paylar: {izerindeki etkisini test
etmek igin, artan enerji ile scale, PDF ve ag belirsizliklerinin karsilastirilmasi yapilmistir. Ayrica,
bu caligmada kullanilan simiilasyon kodunun dogrulugunu onaylamak igin /s =7 TeV enerji
degerinde elde edilen sonuglar ile ayni enerjideki CMS verileri karsilagtirilmistir. Yazilmig olan
kodlarin dogrulugunun onaylanmasindan sonra, Whb iiretim kanalinin v/s = 14, 27 ve 100 TeV'deki
LO ve NLO QCD tesir kesitleri hesaplanmistir. Daha sonra v/s = 7 TeV enerjisindeki veri ile ayn1
istatistige sahip verinin elde edilmesi i¢in v/s = 14, 27 ve 100 TeV enerjilerinde ihtiyag duyulan veri
miktar1 hesaplanmustir.
1. INTRODUCTION and beyond it has increased the necessity for particle
accelerators. The Large Hadron Collider (LHC) [1], the
Particle accelerators are huge colliders that play current largest accelerator in the world, focuses on new
significant roles in search of new particles in high energy discoveries and searches for new physics. The LHC was
and particle physics. Particularly, the necessity of testing initially operated at 7 TeV center-of-mass energy (v/s) in

various predicted theories in the Standard Model (SM)
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2009 and the energy was increased to 8 TeV in 2012. It is
currently operating at 13.8 TeV and the energy will reach
its desired collision energy of 14 TeV in the near future.
Luminosity, the number of collisions per centimeter
square per second, that occur in particle colliders, is an
important parameter that shows the accelerator’s
performance. Higher luminosity provides more data to
observe rare processes. To increase the performance of
the LHC with a luminosity increase, High-Luminosity
LHC (HL-LHC) has been planned to operate at 14 TeV
with 10 times higher luminosity than that of the current
run [2].

The likelihood high energy colliders that are planned to
build in the future will contribute to search new physics.
Comparing to the current colliders, they will provide the
opportunity of testing theoretical predictions that cannot
be estimated at low energies because of their high
energies. The Future Circular Collider (FCC), which is
planned to be built at CERN with a maximum 100 TeV
collision energy, is projected to have three accelerators
according to its conceptual design report. These are FCC-
ee (electron-positron), High-Energy LHC (HE-LHC) and
FCC-hh collider (proton-proton, ion-ion) [3]. The beams
of electron and positron at several center-of-mass energies
will be collided at FCC-ee [4]. After HL-LHC has
successfully finished its operation, the beams of protons
at +/s= 27 TeV will be collided at HE-LHC [5] which will
be located in the same tunnel with the LHC. The proton
beams at +/s= 100 TeV will be collided at FCC-hh collider
[6] and this energy will be the maximum planned energy
of the collider.

Understanding of the detectors and their response to the
particles produced is required for the measurement of the
proposed signals of the processes that provide access to
new physics. A precise software calibration depends on
accurate calculation of the cross-section processes of
particles whose properties are well known. QCD
predictions, that are very important in determining the
cross section of a particle, is calculated by the monte carlo
production tools. MCFM [7] monte carlo program is one
of these tools and it produces the QCD results of many
physics processes. In this context, we have calculated LO
and NLO QCD cross sections of Wbb production channel
using MCFM program. Parton distribution functions
(PDFs), which give the probability to find partons in a
hadron, are important parameters to calculate the cross
sections of the physics processes produced by the hadron
colliders. Therefore, we used LHAPDF6 [8] library to
select different PDFs for calculation.

The total and differential cross sections of Whb at 10 TeV
and 14 TeV center-of-mass energies were previously
calculated [9]. However, our purpose in this study is not
to follow the same steps that were provided in Ref [9]. In
current study, Whb LO and NLO QCD predictions were
obtained at v/s =27 TeV and 100 TeV in addition to /s =
14 TeV. Additionally; scale, PDF and ag uncertainties
were calculated and the effect of increasing energy on the
uncertainties were provided. Particularly, using two
different methods in the selection of renormalization (ug)
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and factorization (uy) scales, the scale uncertainties were
calculated (section 3.1). All results were produced by the
MCFM monte carlo program [7] and five modern PDFs
were used to confirm the selection of the reference PDF
(NNPDF3.1). In the last step, the necessary amount of
data at v/s = 14, 27 and 100 TeV energies were calculated
to show the amount of data to reach the same statistic with
the data at v/s = 7 TeV (section 3.2).

2. GENERAL SETUP

In this study, the results of Wbb production channel were
obtained both for the next LHC run and FCC pp collider
runs. The production energies have been set to 14 TeV
and 27 TeV (100 TeV) center-of-mass energy for the LHC
and the HE-LHC (FCC-hh), respectively. The focus of the
study was the leptonic decay of the W boson. The mass of
the b quark was taken as m;,, = 4.62 GeV. Because of the
geometry in the detectors of the LHC (CMS and ATLAS),
the selection criteria were set on the lepton transverse
momentum (p}) and lepton pseudorapidity (n)). For this
channel, a pk greater than 25 GeV was preferred and 1
value of leptons and b jets smaller than 2.5 were selected.
Having the pseudocone size (R) equal to 0.7, the
kralgorithm [10, 11] was implemented for the b jets. g
and uy scales were selected as uz= up=My, + 2M, where
My, and M, are the masses of the W and b quarks,
respectively . The scale uncertainty was calculated taking
the differences between the cross section values of twice
and half of the default ugz and pg. More details about the
calculation of the scale uncertainty implemented in this
study is given in our previous study [12]. Following the
confirmation of the NNPDF3.1 PDF through the
comparison of five different PDF sets, both the LO and
NLO predictions were obtained with the NNPDF3.1 PDF
set [13]. The strong coupling factor, ag (M), was set to
0.118 both for LO and NLO QCD corrections.

3. RESULTS AND DISCUSSIONS
3.1. Uncertainties

The uncertainties calculated in this study were obtained
based on the chosen reference PDF, NNPDF3.1.To search
the effect of increasing collision energy on the rank of the
uncertainties; PDF, scale and ag uncertainties were
computed at +/s = 14, 27 and 100 TeV energies
respectively by taking the LO and NLO accuracies of the
cross sections into account. PDF uncertainties were
calculated following the steps defined at ref. [20]. Varying
the values of ug and ug, two different scale uncertainties
were calculated. Initially, the masses of the W boson and
b quarks were taken into account and the uy and pp were

. . M
simultaneously varied as WT“” < ug < 2Myy,,p and

y .
=<y < 2My ) (scale 1), where My, ), is the sum

of W boson and b quarks masses. Then, the mass of W
boson was taken into account and the up and up

simultaneously varied as MTws,uR <2 My, and MTws,uF
<2M,, (scale 2), where M, is the mass of W boson.
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The default values of uy and uy were set to My, ., and
My, for scale 1 and scale 2, respectively. Then, the
variations were assigned as up and down errors. In order
to calculate ag error, ag was varied by 0.002 and the
difference with the default value was taken as ag error.
The numerical results of the calculated LO (NLO)
uncertainties are given in Table 1 (Table 2). A comparison
of the scale 1, scale 2, PDF and ag errors are shown in
Figure 1. NLO QCD suffers from scale uncertainty even
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though the scale uncertainty shows low systematic error
at LO QCD. In addition, all uncertainties increase with the
increasing energy at LO and NLO QCD except of the
scale uncertainty at v/s = 100 TeV at LO QCD. These
results show that the scale uncertainty at next runs (14, 27
and 100 TeV) will suffer with high systematic errors. In
order to reduce the uncertainty, higher order calculations
would be necessary.

Wbb NNPDF3.1
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Figure 1. Scale, PDF and ag uncertainties at LO and NLO QCD for W *bb (left) and W ~bb (right) production channel.

Table 1. The numerical results of the uncertainties calculated at LO QCD for different energies. All results are in the units of pb.

Production Channel Uncertainty 14 Tev 27 TeV 100 TeV
Scale 1 +0.079 —0.053 +0.078 —0.067 +0.033 —0.048
W*bb Scale 2 +0.068 —0.056 +0.081 —0.070 +0.037 —0.047
PDF +0.015 -0.015 +0.022 —0.022 +0.046 —0.046
as +0.086 —0.086 +0.154 —0.154 +0.497 -0.497
Scale 1 +0.046 —0.037 +0.060 —0.053 +0.024 —0.042
- Scale 2 +0.048 —0.038 +0.061 —0.054 +0.025 —-0.039
W=bb PDF +0.012 -0.012 +0.018 —0.018 +0.044 —0.044
ag +0.059 —0.059 +0.123 -0.123 +0.476 —0.476
Table 2. The numerical results of the uncertainties calculated at NLO QCD for different energies. All results are in the units of pb.
Production Channel Uncertainty 14 Tev 27 TeV 100 TeV
Scale 1 +0.226 —0.163 +0.441 —0.321 +1.162 —0.950
W*bh Scale 2 +0.234 —0.170 +0.463 —0.335 +1.238 —0.953
PDF +0.008 —0.008 +0.011 —0.011 +0.053 —0.053
as +0.046 —0.047 +0.102 -0.094 +0.404 —-0.367
Scale 1 +0.144 —0.105 +0.318 —0.235 +1.006 —0.837
Wb Scale 2 +0.155 -0.112 +0.347 —0.240 +1.073 —0.850
PDF +0.005 —0.005 +0.008 —0.008 +0.045 —0.045
g +0.032 —0.031 +0.075 -0.073 +0.351 —0.345
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3.2. QCD Predictions at /s = 14, 27 and 100 TeV

CMS collaboration previously measured inclusive
Whb fiducial cross section with the data taken by the
CMS detector at 7 TeV center-of-mass energy [14]. Since
we make the predictions for the future experiments and
have no available experimental data at v/s = 14, 27 and
100 TeV, the confirmation of the codes used in the MCFM
program are crucial in terms of obtaining the accurate
results for the future experiments. These were verified
through comparison of the fiducial QCD predictions of
Wbb at +/s= 7 TeV with the results obtained by the CMS
collaboration at the same energy. Using the selection
criteria explained in section 2, LO and NLO QCD
predictions were obtained by the MCFM and the predicted
results are given in Table 3. The comparison of the LO
and NLO QCD predictions with the experimental CMS
results are illustrated in Figure 2. NLO prediction is
consistent with the data while the LO prediction does not
agree with the experimental results. Since the NLO
accuracy has one loop matrix element, it provides more
accurate calculations in comparison to the LO correction.
Due to this, NLO QCD results show a better agreement
with the experimental data. This confirmation shows the
validation of the codes in the MCFM for the next runs at
higher energies (v/s = 14, 27 and 100 TeV). However,
selection of an appropriate PDF among the most modern
ones are needed as there are differences among the PDF
groups. This study has compared the NLO QCD
predictions obtained by NNPDF3.1 with the NLO
corrections obtained by CT14 [15], MSTW2008 [16, 17],
MMHT2014 [18] and HERA [19] PDFs (Fig. 3). This
comparison shows that the results obtained by NNPDF3.1
are consistent with the outcomes of the other PDFs. This
confirmed the reliability of NNPDF3.1 comparing its
results with the results obtained by the other PDFs (Fig.
3). The numerical results of NLO QCD predictions
obtained with different PDFs for W*bb and W~bb
production channels at v/s = 14, 27 and 100 TeV are given
in Table 4. According to the results given in table 4,
NNPDF3.1 results at v/s =14 TeV in W*bb (W~bb)
channel are respectively 1.61% (0.75%), 2.45% (4.42%),

Tr. J. Nature Sci. Volume 11, Issue 4, Page 104-110, 2022

2.83% (3.32%) and 1.00% (1.47%) different than CT14,
MSTW2008, MMHT2014 and HERA PDF results. In
addition, NNPDF3.1 results at v/s =27 TeV in W*bb
(W~bb) channel are respectively 1.65% (1.64%), 2.19%
(4.30%), 2.83% (3.60%) and 1.77% (3.00%) different
than CT14, MSTW2008, MMHT2014 and HERA PDF
results. Moreover, NNPDF3.1 results at vs =100 TeV in
W*bb (W~bb) channel are respectively 1.82% (1.91%),
2.49% (3.38%), 2.92% (3.03%) and 4.72% (4.74%)
different than CT14, MSTW2008, MMHT2014 and
HERA PDF results.

{s =7 TeV NNPDF3.1

L Experimental data
1.2 - Systematic uncertainty (Experimental)
Fl ------- Total uncertainty (Experimental)
| NI Scale uncertainty (Predicted)
1; I 2. uncertainty (Predicted)
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SN |
n 0.6—
- ]
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- ]
I ]
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LO NLO

Figure 2. A comparison of LO and NLO QCD results obtained by
NNPDF3.1 PDF with the data taken by the CMS detector at /s =7 TeV.

Table 3. LO and NLO QCD predictions for Whb production channel at
/s =7 TeV. The uncertainties are respectively scale, ag, and PDF errors.
All results are in the units of pb.

Production

Channel LO NLO

wbh | 0213 TR RRERRT | 0410500 RORIERORS

W-bb 0.12630058 0054 5008 | 0.23940035+001970.003
Total Whh 0.247+0:055+0.050+0.010 | 0.48213492+0.021+0.006

Table 4. NLO QCD predictions that are obtained with different PDFs for W*bb and W ~bb production channels at v/s = 14, 27 and 100 TeV. All
results are in the units of pb.

Production

Channel Energy (TeV) NNPDF3.1PDF CT14 PDF MSTW2008 PDF MMHT2014 PDF HERA PDF
14 0.996 0.980 1.021 1.025 0.986

W*bb 27 2.059 2.025 2.105 2.119 2.096
100 7.676 7.536 7.872 7.907 8.056
14 0.670 0.655 0.701 0.693 0.680

W~bb 27 1.582 1.556 1.653 1.641 1.631
100 6.972 6.839 7.216 7.190 7.319

Table 5. LO and NLO QCD predictions at v/s = 14, 27 and 100 TeV for W*bb and W ~bb production channels. The uncertainties are respectively
scale, ag, and PDF errors. All results are in the units of pb.

Production Channel Energy (TeV) LO NLO
14 0.392+0079+0086+0.015 0.996% 02280 04ct 0 0n
27 0.650+0.078+0154+0.022 2.059% 0331 00040011
100 L7137085R0 13w 08¢ 76763130005
14 0.276+0046+0.059+0.012 0.67010 144+ 0 03170002
27 0.520+0060+0.123+0.018 158210 3380073 0008
100 1.58918 033204760044 6.9724 005 0328 0048
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Vs = 14 TeV, W bb NLO QCD
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Figure 3. A comparison of NLO QCD results obtained by NNPDF3.1 with the NLO QCD results obtained by CT14, MSTW2008, MMHT2014 and

HERA PDFs.

After the confirmation of the codes and the PDF set, LO
and NLO QCD corrections at v/s = 14, 27 and 100 TeV
have been calculated. During the calculation, LO
corrections have been calculated with the LO PDF and
NLO corrections have been calculated with NLO PDF.
Table 5 shows the numerical results of these corrections.
NLO QCD has more yield than the LO QCD for all

selected energies shown in the table. For /s = 14, 27 and
100 TeV energies of W*bb (W~bb) channel, NLO
results are respectively 2.541, 3.168 and 4.481 (2.428,
3.042 and 4.388) times higher than the LO results. Figure
4 shows this difference between LO and NLO corrections.
The difference between LO and NLO QCD results
increases while the energy increases. However, this
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increase is not identical for both channels (W*bb and
W~bb). When the energy ranges from 14 TeV to 100
TeV, the gap between LO and NLO corrections in W*bb
channel becomes larger than the gap between LO and
NLO corrections in W~bb channel. Due to the
proportionality of the cross-section and the number of
events, the results in the table also show that there will be
more W*bb events than W~bb events in the future
experiments. However, the number of W ~hbb events will
be close to W*hbb events while the energy is increased.
This is because the asymmetry between W* and W~
events decreases with the increasing energy.

In a collision, the number of events is proportional to the
cross section and the relationship between them is given
with the following equation:

N=cx L (1)

where N is the number of events, o is the cross section and
L is the luminosity. This equation shows that equal
amount of data at different energies provides more signal
events at the highest energy. If the same number of events
are taken at different energies, the highest energy will
provide less amount of data to reach the same statistic
with the lower energies. Based on this consideration, the
following equation can be written:

01l = 0L, = Ly = aah (2
02
Using this equation, the following statistics are calculated
at+/s = 14, 27 and 100 TeV for the required data to reach
the same statistics at /s = 7 TeV. The recorded CMS data
at+/s =7 TeVis equal to 5.55 fb~1.

o7TevLTev — 0.482x5.55

= = -1
Lisrey = 221 =0 = 2.230 fb 3)
_ O7TevlyTev _ 0482x5.55 1
Lyprey = “L00el = 22020 = 1.030 fb (4)
Ligorer = O7TevLlyTev _ 0.482x5.55 — 0.260 fb_l (5)

G100TeV 10.370

The results in equations 3, 4 and 5 show that the required
data at v/s = 14, 27 and 100 TeV are 60%, 81% and 95%
less than the data at /s = 7 TeV. Figure 5 shows the
amount of data taken at different energies to reach the
same statistic with the lowest energy of the LHC (7 TeV).
For the future pp collision runs, the collisions at v/s = 14,
27 and 100 TeV will need less data to reach the same
statistic with v/s = 7 TeV pp collision energy.
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Figure 4._ LO and NLO Q_CD predictions at /s = 14, 27 and 100 TeV
for W*bb (top) and W ~bb (bottom).

67 555
£ 4
=
=~
o
G
S 2.23
(=]
z 24
g 1.03

0.26
0_
7 TeV 14 TeV 27TeV 100 TeV

Center of mass energy

Figure 5. The required data at /s = 14, 27 and 100 TeV to reach the
same statistics with v/s = 7 TeV energy.

4. CONCLUSION

LO and NLO QCD cross sections of W*hb and
W~bb channels at +/s = 14, 27 and 100 TeV were
presented in this study. Both LO and NLO predictions
were obtained by the most modern PDF, NNPDF3.1.
During the calculation, the consistency of the results was
confirmed by the comparison of the results with the
available CMS results and the consistency of the
NNPDF3.1 was confirmed via comparing with the results
obtained by other PDFs. The scale uncertainties were
calculated by two different methods in which different pp
and ur values were specified. On the first method (scale
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1), the default values of u, and u were taken as sum of
W and b quarks masses and the u, and uy values were
changed as half and twice of this default value. On the
second method (scale 2), the default values of u, and
Up Were set to W boson mass; then, the u, and upvalues
were changed as half and twice of this default value.
Following that, the scale uncertainties for both methods
were calculated taking the difference between the default
and changed values. The results of scale 1 were partially
found to be lower than that of the scale 2. Therefore, scale
1 results were taken into account at the uncertainty results
of the final LO and NLO QCD results at /s = 14, 27 and
100 TeV. In addition to the scale uncertainty, the effect of
the increasing energy on the uncertainties was analyzed
by comparing energy with the scale, PDF and ag
uncertainties. Finally, using NNPDF3.1 as a reference
PDF model, LO and NLO QCD predictions were obtained
for the next run of the LHC (14 TeV), HE-LHC (27 TeV)
and FCC-hh (100 TeV). According to the obtained results,
LO and NLO QCD predictions increase as the collision
energy increases. This showed that there would be more
amount of data at the next LHC run and FCC runs and the
necessary amount of data to reach same statistics with the
data at+/s = 7 TeV would respectively reduce while the
collision energy was increased to v/s = 14, 27 and 100
TeV.
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