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Toni Mäkelä1 and Katerina Lipka1,2

1Deutsches Elektronen Synchrotron (DESY), Notkestrasse 85, 22607 Hamburg
2University of Wuppertal

Presented at DIS2022: XXIX International Workshop on Deep-Inelastic Scattering and
Related Subjects, Santiago de Compostela, Spain, May 2-6 2022

Abstract

Measurements of the double-differential inclusive jet cross sections and triple-differential
top quark-antiquark pair production cross sections have been performed at the center of mass
energy of 13 TeV by the CMS Collaboration. The results of these measurements are used
together with the data of inclusive deep inelastic scattering to extract the proton parton dis-
tribution functions, the top quark mass and the strong coupling constant. Using standard
model predictions, the analysis results in the most precise determination of the strong coupling
constant using LHC jet data. In an alternative analysis, the standard model is extended with
effective couplings for 4-quark contact interactions, leading to a first-ever simultaneous extrac-
tion of the standard model parameters and the contact interactions’ Wilson coefficients using
LHC data.

1 Introduction

The standard model (SM) of particle physics describes the elementary building blocks of matter,
fermions - quarks and leptons, and the fundamental interactions, mediated by bosons. The masses
of the elementary particles and the coupling strengths of the interactions are parameters of the SM,
however their values have to be extracted experimentally. In spite of the great success of the SM to
describe the observed phenomena, its structure hints to necessity for extensions, introducing new
physics (NP) - new massive particles or new interactions. For example, the SM operates with 3
fermion families. However, stable matter is made only of fermions from the first family. This fact
has no SM explanation. One hypothesis is that fermions are made of more fundamental objects,
subject to a new interaction at a scale much larger than their mass. Often, NP is modelled using
effective field theory (EFT) to describe fermion contact interactions (CI). In the recent work [1]
by the CMS Collaboration [2] at the CERN LHC, production of jets and top quark-antiquark
pairs in proton-proton collisions is used in a SM analysis improved for EFT (SMEFT), in which
the parameters of quantum chromodynamics (QCD) of SM are extracted simultaneously with the
constraints on CI.
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2 SM and SMEFT interpretation of CMS measurements

The LHC proton-proton collision data at 13 TeV are used by the CMS Experiment to measure the
cross section of inclusive jet production as a function of individual jet transverse momentum pT
and rapidity |y|. The details of the measurement, theoretical predictions and the interpretation are
given in Ref. [1] and the references therein.

The present results involve jets reconstructed using the anti-kT algorithm [3] with the distance pa-
rameter R=0.7, for which the data correspond to an integrated luminosity of 33.5 fb−1. The data
are compared with fixed-order QCD predictions available at NLO and NNLO, obtained by using
the NLOJet++ [4, 5] and NNLOJET [6, 7, 8] programs. The NLO calculations are implemented
in FastNLO [9]. The NLO cross-section is improved by next-to-leading logarithmic (NLL) correc-
tions [10]. The theoretical predictions are corrected for electroweak and nonperturbative effects.
The comparison of data with the theoretical predictions at NLO+NLL is shown in Fig. 1.
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Figure 1: CMS measurements compared with the QCD prediction at NLO+NLL using different
PDFs. The distributions are divided by the prediction obtained using the CT14 PDF [1].

The sensitivity of the present measurement to the proton PDFs and αS(mZ) is investigated in a
comprehensive QCD analysis, where the inclusive jet production cross sections are used together
with the charged and neutral current deep inelastic scattering (DIS) cross sections measured at
HERA [11]. In addition, the normalised triple-differential tt̄ cross section measurement [12] is
used. The QCD analysis [1] is performed at NLO and NNLO by using the xFitter QCD analysis
framework version 2.2.1 [13, 14, 15]. In the QCD analysis, the NNLO calculation is approximated
by k-factors, obtained as a ratio of the NNLO to NLO calculations using CT14nnlo PDF [16] in each
bin in pT and |y|. These are applied to the NLOJet++ prediction interfaced to xFitter using
fast-grid techniques of fastNLO. In a similar way, the NLO prediction is improved to NLO+NLL.
The QCD prediction for the normalised triple-differential cross section of the tt̄ production is
available only at NLO. To account for possible CI contributions, the SM Lagrangian is extended
as LSMEFT = LSM + 4π

2Λ2

∑
n cnOn, where Λ is the scale of new physics, cn are Wilson coefficients

and On are dimension-6 operators for 4-quark CI corresponding to purely left-handed, vector-like
or axial vector-like colour singlet exchanges. For the purpose of the SMEFT analysis, xFitter is
interfaced to the CIJET [17, 18] code, providing CI contributions to SM jet production at NLO. In
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the scope of the SMEFT analysis, the PDFs, αS(mZ), mt and the Wilson coefficient c1 of 4-quark
contact interactions can be extracted simultaneously, for the first time.

The impact of the new CMS jet measurement on PDFs and αS(mZ) is investigated at NNLO,
assuming only SM. The precision of the resulting PDFs is significantly improved, as shown in
Fig. 2. Simultaneously, the value of αS(mZ) = 0.1170 ± 0.0019 is obtained, which is the most
precise measurement at a hadron collider, to date.
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Figure 2: The u-valence (left) and gluon (right) distributions, shown as a function of x at the scale
of the top quark mass. The filled (hatched) band represents the results of the NNLO fit using
HERA DIS and the CMS inclusive jet cross section at

√
s = 13 TeV (using the HERA DIS data

only). The PDFs are shown with their total uncertainty. In the lower panels, the comparison of
the relative PDF uncertainties and the PDF ratios of the two fits are shown [1].

The SM fit at NLO includes the tt̄ measurements, so that simultaneous extraction of PDFs, αS(mZ)
and the top quark pole mass mt is possible. The obtained value is mt = 170.4 ± 0.7 GeV, which
agrees with the previous CMS result [12] and improves its precision.

In the alternative SMEFT analysis, the PDFs, αS(mZ), and mt are extracted simultaneously with
the Wilson coefficient c1 of CI models with purely left-handed, vector-like or axial vector-like colour
singlet exchange. Simultaneous extraction of SM and EFT parameters assures that no NP effect is
absorbed in the SM prediction and is the novelty and the advantage of the SMEFT analysis. The
PDFs and QCD parameters resulting from the SMEFT fit agree with those obtained in the SM
variant of the fit, as detailed in Ref. [1]. The ratio of the fitted c1 to Λ2 for different CI models is
presented in Fig. 3. The result of negative c1 implies constructive interference with the SM gluon
exchange, but is statistically compatible with zero.
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Figure 3: The Wilson coefficients c1 obtained in the SMEFT analysis at NLO, divided by Λ2, for
Λ=50 TeV. The solid (dashed) lines represent the total uncertainty at 68 (95)% confidence level
(CL). The inner (outer) error bars show the fit (total) uncertainty at 68% CL [1].

Conventional searches for CI are performed by scanning for Λ with c1 fixed to +1 for destructive
or −1 for constructive interference with the SM gluon exchange. The results of the present fit
are translated into non-biased 95% CL exclusion limits on Λ with c1 = −1. These are 24 TeV
for left-handed, 32 TeV for vector-like, and 31 TeV for axial-vector-like CI. The most stringent
comparable result is 22 TeV for left-handed CI with constructive interference, obtained by the
ATLAS Collaboration using 13 TeV dijet cross sections data [19].

References

[1] Armen Tumasyan et al. “Measurement and QCD analysis of double-differential inclusive jet
cross sections in pp collisions at

√
s = 13 TeV”. In: JHEP 02 (2022), p. 142. doi: 10.1007/

JHEP02(2022)142. arXiv: 2111.10431 [hep-ex].
[2] CMS Collaboration. “The CMS experiment at the CERN LHC”. In: JINST 3 (2008), S08004.

doi: 10.1088/1748-0221/3/08/S08004.
[3] Matteo Cacciari, Gavin P. Salam, and Gregory Soyez. “The anti-kT jet clustering algorithm”.

In: JHEP 04 (2008), p. 063. doi: 10.1088/1126-6708/2008/04/063. arXiv: 0802.1189
[hep-ph].

[4] Zoltan Nagy. “Three jet cross-sections in hadron-hadron collisions at next-to-leading order”.
In: Phys. Rev. Lett. 88 (2002), p. 122003. doi: 10.1103/PhysRevLett.88.122003. arXiv:
hep-ph/0110315 [hep-ph].

[5] Zoltan Nagy. “Next-to-leading order calculation of three jet observables in hadron-hadron
collision”. In: Phys. Rev. D 68 (2003), p. 094002. doi: 10.1103/PhysRevD.68.094002. arXiv:
hep-ph/0307268.

[6] J Currie, E. W. N. Glover, and J Pires. “Next-to-Next-to Leading Order QCD Predictions
for Single Jet Inclusive Production at the LHC”. In: Phys. Rev. Lett. 118 (2017), p. 072002.
doi: 10.1103/PhysRevLett.118.072002. arXiv: 1611.01460 [hep-ph].

[7] James Currie et al. “Infrared sensitivity of single jet inclusive production at hadron colliders”.
In: JHEP 10 (2018), p. 155. doi: 10.1007/JHEP10(2018)155. arXiv: 1807.03692 [hep-ph].

4

https://doi.org/10.1007/JHEP02(2022)142
https://doi.org/10.1007/JHEP02(2022)142
http://arxiv.org/abs/2111.10431
https://doi.org/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
http://arxiv.org/abs/0802.1189
https://doi.org/10.1103/PhysRevLett.88.122003
http://arxiv.org/abs/hep-ph/0110315
https://doi.org/10.1103/PhysRevD.68.094002
http://arxiv.org/abs/hep-ph/0307268
https://doi.org/10.1103/PhysRevLett.118.072002
http://arxiv.org/abs/1611.01460
https://doi.org/10.1007/JHEP10(2018)155
http://arxiv.org/abs/1807.03692


[8] T. Gehrmann et al. “Jet cross sections and transverse momentum distributions with NNLO-
JET”. In: PoS RADCOR2017 (2018). Ed. by Andre Hoang and Carsten Schneider, p. 074.
doi: 10.22323/1.290.0074. arXiv: 1801.06415 [hep-ph].

[9] Daniel Britzger et al. “New features in version 2 of the fastNLO project”. In: 20th International
Workshop on Deep-Inelastic Scattering and Related Subjects. 2012, p. 217. doi: 10.3204/
DESY-PROC-2012-02/165. arXiv: 1208.3641 [hep-ph].

[10] Xiaohui Liu, Sven-Olaf Moch, and Felix Ringer. “Phenomenology of single-inclusive jet pro-
duction with jet radius and threshold resummation”. In: Phys. Rev. D 97 (2018), p. 056026.
doi: 10.1103/PhysRevD.97.056026. arXiv: 1801.07284 [hep-ph].

[11] H1 and ZEUS Collaborations. “Combination of measurements of inclusive deep inelastic e±p
scattering cross sections and QCD analysis of HERA data”. In: Eur. Phys. J. C 75 (2015),
p. 580. doi: 10.1140/epjc/s10052-015-3710-4. arXiv: 1506.06042 [hep-ex].

[12] Albert M Sirunyan et al. “Measurement of tt̄ normalised multi-differential cross sections in pp
collisions at

√
s = 13 TeV, and simultaneous determination of the strong coupling strength,

top quark pole mass, and parton distribution functions”. In: Eur. Phys. J. C 80 (2020), p. 658.
doi: 10.1140/epjc/s10052-020-7917-7. arXiv: 1904.05237 [hep-ex].

[13] S. Alekhin et al. “HERAFitter, open source QCD fit project”. In: Eur. Phys. J. C 75 (2015),
p. 304. doi: 10.1140/epjc/s10052-015-3480-z. arXiv: 1410.4412 [hep-ph].

[14] V. Bertone, M. Botje, D. Britzger, et al. “xFitter 2.0.0: An Open Source QCD Fit Framework”.
In: PoS DIS2017 (2018), p. 203. doi: 10.22323/1.297.0203. arXiv: 1709.01151 [hep-ph].

[15] xFitter Developers’ Team. url: https://www.xfitter.org/xFitter/.
[16] Sayipjamal Dulat et al. “New parton distribution functions from a global analysis of quantum

chromodynamics”. In: Phys. Rev. D 93 (2016), p. 033006. doi: 10.1103/PhysRevD.93.

033006. arXiv: 1506.07443 [hep-ph].
[17] Jun Gao. “CIJET: A program for computation of jet cross sections induced by quark contact

interactions at hadron colliders”. In: Comput. Phys. Commun. 184 (2013), p. 2362. doi:
10.1016/j.cpc.2013.05.019. arXiv: 1301.7263 [hep-ph].

[18] Jun Gao, Chong Sheng Li, and C. P. Yuan. “NLO QCD Corrections to dijet Production via
Quark Contact Interactions”. In: JHEP 07 (2012), p. 037. doi: 10.1007/JHEP07(2012)037.
arXiv: 1204.4773 [hep-ph].

[19] Morad Aaboud et al. “Search for new phenomena in dijet events using 37 fb−1 of pp collision
data collected at

√
s = 13 TeV with the ATLAS detector”. In: Phys. Rev. D 96 (2017),

p. 052004. doi: 10.1103/PhysRevD.96.052004. arXiv: 1703.09127 [hep-ex].

5

https://doi.org/10.22323/1.290.0074
http://arxiv.org/abs/1801.06415
https://doi.org/10.3204/DESY-PROC-2012-02/165
https://doi.org/10.3204/DESY-PROC-2012-02/165
http://arxiv.org/abs/1208.3641
https://doi.org/10.1103/PhysRevD.97.056026
http://arxiv.org/abs/1801.07284
https://doi.org/10.1140/epjc/s10052-015-3710-4
http://arxiv.org/abs/1506.06042
https://doi.org/10.1140/epjc/s10052-020-7917-7
http://arxiv.org/abs/1904.05237
https://doi.org/10.1140/epjc/s10052-015-3480-z
http://arxiv.org/abs/1410.4412
https://doi.org/10.22323/1.297.0203
http://arxiv.org/abs/1709.01151
https://www.xfitter.org/xFitter/
https://doi.org/10.1103/PhysRevD.93.033006
https://doi.org/10.1103/PhysRevD.93.033006
http://arxiv.org/abs/1506.07443
https://doi.org/10.1016/j.cpc.2013.05.019
http://arxiv.org/abs/1301.7263
https://doi.org/10.1007/JHEP07(2012)037
http://arxiv.org/abs/1204.4773
https://doi.org/10.1103/PhysRevD.96.052004
http://arxiv.org/abs/1703.09127

	Introduction
	SM and SMEFT interpretation of CMS measurements

