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Abstract: QCD predictions of the Z (Z— IT17) boson in association with jets (up to 2 jets) in proton—proton collisions
are presented in this study. The results are predicted at LO and NLO accuracy using two most recent parton distribution
functions, CT14 and MMHT2014. LO and NLO corrections are obtained with LO, NLO, and NNLO PDFs to find out
the best PDF, which provides well compatible predictions with the experimental measurements. QCD predictions are
performed at 13 and 14 TeV center-of-mass energies. To verify the obtained results, the predictions are compared with the
measured results by ATLAS collaboration. NLO QCD predictions obtained by using NLO and NNLO PDFs show good
agreement with the experimental data. The comparison of NLO predictions at 13 and 14 TeV center-of-mass energies
shows that the Large Hadron Collider will provide approximately 9% more yield at 14 TeV center-of-mass energy than

the yield at 13 TeV center-of-mass energy for the Z boson in association with 1 and 2 jets.
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1. Introduction
The Large Hadron Collider (LHC), the world’s most powerful particle accelerator, was initiated to find solutions
for particle physics questions and conduct research for physics beyond the standard model (BSM). Since the
first proton beam was fired in the LHC, the center-of-mass energy has been increasing gradually. The current
center-of-mass energy at the LHC is 13 TeV and it will reach its maximum collision energy of 14 TeV at the
upcoming LHC run. More energy at the LHC means that it can produce heavier particles and as a result of
this the chance of observing new particles increases. The higher energy at the LHC will provide more yields to
study backgrounds for many physics processes. More information about the LHC can be found in Ref. [1].
One of the most important aspects of the LHC is the study of the Higgs boson and BSM studies.
Understanding the nature of Z + jets events is very important in hadron colliders because they provide
background for the Higgs boson search and lead to new ideas for physics BSM. These events also provide
background for dark matter and SUSY particles in addition to resulting in extraction of gluon distribution
functions and jet energy scale calibration [2]. Previous experiments such as CDF [3] and DO [4] at Tevatron
measured Z + jets cross section at /s = 1.96 TeV and in current LHC experiments CMS [5] and ATLAS [6]
collaborations measured Z + jets cross section at /s =7 TeV [6,7], 8 TeV [8,9], and 13 TeV [10].

The main goal of this study was to investigate QCD predictions of the Z boson in association with jets
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at /s = 14 TeV for the upcoming LHC run. For the predictions, an MCFM MC generator [11] is used and
the results obtained are compared with available experimental results, 13 TeV results by ATLAS collaboration.
The predicted results are compared with the experimental outcomes to verify the code in MCFM. The results
are predicted at leading order (LO) and next-to-leading order (NLO) accuracy by using LO, NLO, and next-
to-next-to-leading order (NNLO) matrix elements of two most recent PDFs: CT14 and MMHT2014.

2. Cross section predictions of the Z boson in association with jets at LHC

The LHC is currently running at /s = 13 TeV and the collision energy will be increased to 14 TeV in the near
future. By considering this, we have generated Z events in association with 1 and 2 jets at /s = 13 and 14
TeV. Since QCD predictions of single Z boson with no-associated jets were presented in our previous study [12],
we will not go through Z boson QCD predictions with no-associated jets again. In this study, we begin with the
verification of cross section predictions of inclusive Z boson in association with jets at NLO. Then the obtained
results are compared with the published results by ATLAS collaboration at /s = 13 TeV. The same selection

criteria as shown in Table 1 are defined to be consistent with ATLAS results [10]. For this study, a factorization

(ur) and renormalization (ug) scale of \/m2 4+ Y pJ" is used. Here m is the invariant mass of the Z boson
and p%ft is the transverse momentum of the associated jet.

Table 1. Selection criteria on leptons and jets. Selections are defined same as ATLAS selection criteria for Z boson in
association with jets.

pr > 25GeV
Leptons | |n| < 2.5

7 + jets 71 < my <111 GeV R(l _]) > 0.4
pr > 30GeV
Jets [ ol < 25
anti-k7 R = 0.4

A comparison of the predicted results with ATLAS measurements is shown in the Figure. The green lines
show experimental results, the blue dashed lines show the systematical uncertainty of experimental measure-
ments, the red dotted lines show quadratic sum of the systematical and luminosity uncertainties of experimen-
tal data, and the black dots show the predicted results. In addition, CT14.LL, CT14.NL, and CT14.NN
are respectively LO, NLO, and NNLO matrix elements of CT14 PDF. Similarly, MMHT _lo, MMHT _nl,
and MMHT _nn are respectively LO, NLO, and NNLO matrix elements of MMHT2014 PDF. The process

O.Fid
pp—Z+1(2)jet (s

yBR(Z — It17) on the y-axis of this figure shows the fiducial cross section times branching
ratio of the predicted and experimental results. In the figure, only NLO QCD predictions that are obtained
using LO, NLO, and NNLO PDFs of CT14 and MMHT2014 are compared with experimental outcomes. As can
be seen, NLO QCD predictions obtained with LO PDFs are not consistent with experimental results. However,
NLO QCD predictions that are obtained using NLO and NNLO PDFs are closely consistent with experimental
measurements. LO correction, the lowest order for a process to occur, uses tree level matrix element and it
has low precision. However, the NLO correction uses one loop matrix element, has higher precision, and it
reduces the scale uncertainty by lowering the dependency on the renormalization and factorization scales. In

this regard, NLO QCD predictions provide more accurate calculations and they are in better agreement with
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experimental results. In this study, we choose Z + jets events only by applying tight cuts on pr of leptons
(>25 GeV), pr of jets (>30 GeV), and R between leptons and associated jets (>0.4). By doing so, all the

soft particles are filtered out.
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Figure. A comparison of the NLO QCD predictions that are obtained using LO, NLO, NNLO CT14, and MMHT2014
PDFs at 13 TeV center-of-mass energy with measured ATLAS results at the corresponding energy; Z + 1 jet events
(top) and Z + 2 jets events (bottom).

The comparison of NLO predicted results with the experimental outcomes helps us to understand the
order of correction with which PDF order will give more precise results at /s = 14 TeV. Since NLO QCD

predictions with NLO and NNLO PDFs give more consistent results with experimental outcomes at /s = 13
TeV, we will only focus on NLO QCD predictions that are obtained with NLO and NNLO PDFs at /s = 14
TeV. Thus, we can predict the expected yield increase for the next LHC run by comparing 13 and 14 TeV NLO
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QCD predictions.

3. Results and discussion

QCD predictions of particle cross sections at hadron colliders are crucial to estimate the experimental measure-
ments since these predictions are used to ensure the accuracy of the empirical analysis based on the experimental
data. In this study, the two most recent PDF models (CT14 and MMHT2014) are used to obtain LO and NLO

Table 2. Z + jets QCD predictions at /s = 13 TeV and experimental results at the corresponding center-of-mass energy.
The uncertainties for the predicted results are PDF and scale, respectively. For experimental results, the uncertainties

are respectively statistical, systematical, and luminosity errors.

PDFs Predicted results (pb) Experimental results (pb)
LO NLO
CTI4NN | 85147535755 | 1168575357570
CT14.NL | 84.147338 %250 | 115.9873 594550
7 + 1 jet | CT14.LL 85,1617 127852 7190 71 T1252 1700 116 £ 0.3 4+ 9.7 £ 2.5
MMHT nn | 85.717089 7200 | 117.97+ 957531
MMHTnl | 86.627535755) | 119.9775:83 7502
MMHT lo | 89.8775:7; 397 | 120.38 5 60
CTI4.NN | 25.2670:57 1185 | 28.6070 23708,
CTI4NL | 24.9975:00 %535 | 28.7000 3 031
7 +2 jets | CTI4.LL | 27.19%5:6075-00 | 30.8075:56 515 | 27 4+ 0.1 + 2.8 + 0.6
MMHT nn | 25.317932 7532 | 28.9670:36 7101
MMHT nl | 25.997319 5380 | 29.1870 15725
MMHT lo | 29.6873 351588 | 34.49F147+1-22

Table 3. LO and NLO QCD predictions obtained using CT14 and MMHT2014 PDFs at /s = 14 TeV. Both PDFs are
used with their LO (CT14.LL, MMHT _lo), NLO (CT14.NL, MMHT _nl), and NNLO (CT14.NN, MMHT _nn) matrix
elements. The uncertainties for the predicted results are PDF and scale, respectively.

PDFs Predicted results (pb)
LO NLO
CTI.NN | 92.95%055 150, | 127742665 158
CT14.NL | 922172377222 | 126.93+38) #3711
Z+1jet | CTI4LL | 93287738 587 | 132.337 5403 1731
MMHT nn | 93.571080 7227 | 128.811 7230
MMHT nl | 94.607232 7232 | 130.557545 F5-00
MMHT lo | 98.537273735% | 140.8972: 5650
CT14.NN | 2818023 +5-07 | 30.6270 37 1953
CT14.NL | 27.7201 904578 | 31.397 2. F1 5%
7 + 2 jets | CTI4LL | 20.92%5:5 057 | 341973571080
MMHT nn | 28.2170 291538 | 31.4475:55 7002
MMHT nl | 29.32+0-90 212 | 32.3470-26+1-5
MMHT lo | 32.877552 7155 | 38367, 93102
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QCD predictions of Z + 1 and 2 jets at /s = 13 and 14 TeV. Numerical values of LO and NLO QCD predic-
tions and ATLAS measurements are given in Table 2. We find that NLO QCD predictions that are obtained
using LO, NLO, and NNLO CT14 PDFs respectively give 4%, 0.02%, and 0.75% discrepancy with the data for
Z + 1 jet events and 14%, 6.3%, and 6% discrepancy with the data for Z + 2 jets events. Moreover, NLO
QCD predictions that are obtained using LO, NLO, and NNLO MMHT2014 PDFs give 12%, 3.4%, and 1.7%
discrepancy with the data for Z + 1 jet and 28%, 8%, and 7% discrepancy with the data for Z + 2 jets events.
This shows that the results are acceptable and they are in agreement with the experimental data. However,
NLO QCD predictions give better agreement with the experimental data for Z + 1 jet events compared to Z
+ 2 jets events. The MCFM-8.0 program has NLO accuracy for Z+ < 2 jets and so we have only studied up
to Z+2 jets. Previously, CDF collaboration compared 9.64 fb~' collected data with NLO QCD calculations
for Z4+ > 1 jets by using BLACKHAT +SHERPA and they found more discrepancy between predicted and
experimental results for Z+4 > 3 jets [13]. However, Z + jets measurements with the ATLAS detector using
the anti-kr algorithm do not show any discrepancy at high jet multiplicities [6]. The reason for this was that
the anti-kp algorithm has different angular reach and approach to the additional radiation between two hard
particles [14]. Our results show that NLO predictions that are obtained using NLO and NNLO PDFs are almost

the same as experimental measurements and the results are acceptable when the uncertainties are taken into
account.

LO and NLO QCD predictions that are obtained using LO, NLO, and NNLO CT14 and MMHT2014
PDFs at /s = 14 TeV are given in Table 3. As expected, the results show that the probability of finding Z
+ jets events decreases when the number of jets is increasing. However, the probability of observing Z + jets
events increases as the center-of-mass energy increases. The comparison of NLO QCD predictions in Tables 2
and 3 obtained using NLO and NNLO PDFs shows an increase in the signal yield (~9%) for Z + 1(2) jet(s)
events from /s = 13 and 14 TeV. As the center-of-mass energy increases multiple interactions can take place
and particles are more likely to be involved in hard scattering [15]. This could be an explanation for the higher

total cross sections of Z + jets events at /s =14 TeV.

References

[1] Apollinari, G.; Alonso, I.; Biirining, O.; Lamont, M.; Rossi, L. High Luminosity Large Hadron Collider (HL-LHC).
Preliminary Design Report. CERN Yellow Reports: Monographs. CERN, Geneva, Switzerland, 2015.

[2] Boughezal, R.; Liu, X.; Petriello, F. Phys. Rev D. 2016, 94, 074015-9.

[3] Aaltonen, T.; Amerio, S.; Amidei, D.; Anastassov, A.; Annovi, A.; Antos, J.; Apollinari, G.; Appel, J. A.; Arisawa,
T.; Artikov, A.; et al. Phys. Rev D. 2015, 91, 012002-24.

[4] Abazov, V. M.; Abbott, B.; Abolins, M.; Acharya, B. S.; Adams, M.; Adams, T.; Aguilo, E.; Ahsan, M.; Alexeev,
G. D.; Alkhazov, G.; et al. Phys. Lett. B. 2010, 682, 370-380.

[6] Chatrchyan, S.; Hmayakyan, G.; Khachatryan, V.; Sirunyan, A. M.; Adam, W.; Bauer, T.; Bergauer, T.; Bergauer,
H.; Dragicevic, M.; Ero, J.; et al. J. Instrum. 2008, 3, S08004-334.

[6] Aad, G.; Abajyan, T.; Abbott, B.; Abdallah, J.; Khalek, S. A.; Abdelalim, A. A.; Abdinov, O.; Aben, R.; Abi, B;
Abolins, M.; et al. J. High Energy Phys. 2013, 07, 1-50.

[7] Khachatryan, V.; Sirunyan, A. M.; Tumasyan, A.; Adam, W.; Bergauer, T.; Dragicevic, M.; Erd, J.; Fabjan, C.;
Friedl, M.; Frithwirth, R.; et al. Phys. Rev. D 2015, 91, 052008-26.

[8] Khachatryan, V.; Sirunyan, A.M.; Tumasyan, A.; Adam, W.; Asilar, E.; Bergauer, T.; Brandstetter, J.; Brondolin,
E.; Dragicevic, M.; Er6, J. et al. J. High Energy Phys. 2016, 10, 1-45.

499



500

DILSIZ and TIRAS/Turk J Phys

Khachatryan, V.; Sirunyan, A.M.; Tumasyan, A.; Adam, W.; Asilar, E.; Bergauer, T.; Brandstetter, J.; Brondolin,
E.; Dragicevic, M.; Er6, J.; et al. J. High Energy Phys. 2017, 04, 1-69.

Aaboud, M.; Aad, G.; Abbott, B.; Abdallah, J.; Abdinov, O.; Abeloos, B.; Aben, R.; AbouZeid, O. S.; Abraham,
N. L.; Abramowicz, H.; et al. Fur. Phys. J. C 2017, 77, 1-31.

Campbell, J. M.; Ellis, R. K. In Nuclear Physics B Conference Proceedings: FERMILAB-CONF-10-244-T, Batavia,
IL, USA, July 2010. pp. 10-15.

Ogul, H.; Dilsiz, K. Adv. High Energy Phys. 2017, 2017, 8262018-8.

Aaltonen, T.; Amerio, S; Amidei, D. E; Anastassov, A. I; Annovi, A; Antos, J.; Apollinari, G.; Appel, J. A
Arisawa, T.; Artikov, A.; et al. Phys. Rev. D 2015, 91, 012002-27.

Salam, G. P. Eur. Phys. J. C 2010, 67, 637-686.
Pancheri, G.; Srivasta, Y.N. Fur. Phys . J C. 2017, 77,150-178.



	Introduction
	Cross section predictions of the Z boson in association with jets at LHC
	Results and discussion

