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A measurement of the dijet production cross section is reported based on an integrated luminosity of 36.3 fb−1

of proton–proton collision data collected in 2016 at 
√
𝑠= 13 TeV by the CMS detector [2] at the CERN LHC. Jets 

are reconstructed with the anti-kT algorithm for distance parameters of 𝑅 = 0.4 and 𝑅 = 0.8 and differential cross 
sections are measured as a function of the kinematic properties of the two jets with largest transverse momenta 
𝑝𝑇 . Double-differential (2D) measurements are presented as a function of the largest absolute rapidity |𝑦|𝑚𝑎𝑥 of the 
two jets and the dijet invariant mass 𝑚1,2. Triple-differential (3D) measurements are presented as a function of the 
dijet rapidity separation 𝑦 ∗, the total boost 𝑦𝑏 of the dijet system, and either 𝑚1,2 or the average dijet transverse 
momentum ⟨𝑝𝑇 ⟩1,2 as the third variable. The measured cross sections are unfolded to correct for detector effects 
and are compared with fixed-order calculations derived at next-to-next-to-leading order in perturbative quantum 
chromodynamics. The impact of the 2D and 3D measurements is investigated on the determination of the parton 
distribution functions (PDFs) and the strong coupling constant (𝛼𝑆 ), with the inclusion of the 3D cross sections 
yielding the more precise value of 𝛼𝑆 (𝑚𝑍 ) = 0.1201 ± 0.0020.
1. Dijet measurements

Jets belong among the most frequent objects encountered in high 
energy proton-proton (pp) collisions. They provide a great window on 
the underlying physics between the elementary particles that comprise 
them and their interactions. Precise dijet measurements are exploited 
to further constrain existing PDFs and study the 𝛼𝑆 .

The double-differential (2D) measurement is performed as a func-

tion of the largest absolute rapidity |𝑦|𝑚𝑎𝑥 of the two jets with the largest 
𝑝𝑇 in the event and their invariant mass 𝑚1,2. The triple-differential 
(3D) measurement is then taken as a function of the rapidity separa-

tion 𝑦∗ = |𝑦1 − 𝑦2|∕2, the total boost of the dijet system 𝑦𝑏 = |𝑦1 + 𝑦2|∕2
and either the invariant mass 𝑚1,2 or the average transverse momentum 
⟨𝑝𝑇 ⟩1,2 of the two jets.

The anti-kT clustering algorithm [1] is used for the jet reconstruction 
for two different values of the jet distance parameter 𝑅, a smaller one 
of 0.4 and a larger one of 0.8, amounting to six dijet measurements in 
total.

* Corresponding author.

1.1. Phase space

The data were recorded at 2016 by the CMS detector [2] at the CERN 
LHC, at pp collisions at 

√
𝑠 = 13 TeV and correspond to an integrated 

luminosity of 𝑖𝑛𝑡 = 36.3 fb−1. Simulated samples are generated with the 
Pythia8 [3] Monte Carlo (MC) event generator at LO in perturbative 
quantum chromodynamics (pQCD), the CUETP8M1 [4] tune is used to 
emulate the hadronization and the multi parton interactions, while to 
study the impact of the detector response the samples are processed 
through the GEANT4 package [5].

During the offline analysis the phase space is further restricted 
so that the two leading jets, respectively, in each event have 𝑝𝑇 ,1 ≥
100 GeV, 𝑝𝑇 ,2 ≥ 50 GeV and |𝑦1| < 2.5 (3.0), |𝑦2| < 2.5 (3.0) for the 2D (for 
the 3D) measurement.

1.2. Particle level distributions

Selection criteria are applied to the samples, jet transverse momen-

tum and energy are calibrated and known detector effects that caused 
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Fig. 1. Fixed order predictions at NNLO for the 2D cross section as a function 
of 𝑚1,2 [10].

inefficiencies in certain phase space regions are taken into account. Ad-

ditionally, simulated samples are reweighted to properly describe the 
pileup profile observed in data, smeared due to the finite detector reso-

lution and cleaned from unphysical overweighted events, artifacts from 
the sample generation stage.

Multi-differential unfolding is performed to obtain the particle level 
cross sections, a procedure aimed to reverse event migrations caused by 
the finite detector resolution during the online data collection. Event 
migrations are treated among all observable bins. The TUnfold [6] pack-

age is used following a least square minimization within the pseudo-

matrix inversion approach. The input probability matrix required for 
unfolding is constructed from the simulated samples by calculating 𝑚1,2
two times, once at generator level and once at reconstructed level, a ma-

trix that depicts the probability of an event to migrate from one level to 
the other.

1.3. Experimental uncertainties

Statistical uncertainties are propagated through the unfolding proce-

dure resulting in non-negligible correlations in the final cross sections. 
Systematic effects are estimated similarly for both the data and the sim-

ulated samples. In the case of data, experimental parameters are varied 
within 𝑎 ± 1𝜎 around the nominal value. Resulted distributions are un-

folded by the default probability matrix where the difference between 
the output distributions to the nominal one is taken as an asymmet-

ric uncertainty in the output cross sections. In the case of MC, again, 
experimental parameters are varied, this time, resulting in different 
probability matrices. The nominal data cross sections are then unfolded 
by each one of the produced matrices, once again, taking their respec-

tive differences as the final asymmetric uncertainty.

2. Fixed order theory predictions

Fixed order (FO) predictions are obtained with the NNLOJET pro-

gram [7] (revision 5918) as FASTNLO [8,9] (version 2.3) interpolation 
grids within the APPLFAST interface [10] (version 0.046). The calcu-

lation is performed at next-to-next-to-leading order (NNLO) accuracy 
in pQCD where the renormalization and factorization scales have been 
2

chosen to be equal to 𝜇𝑅 = 𝜇𝐹 =𝑚1,2 (Fig. 1).
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Fig. 2. Ratio of data over theory for the 3D cross section as a function of 
𝑚1,2 [20].

The matrix element is combined with the CT18 (at NNLO) PDF 
set [11], while the resulted cross sections are additionally corrected 
to account for nonperturbative (NP) effects (hadronization and multi 
parton interactions) and extra electroweak (EW) radiation (virtual ex-

change of soft or collinear 𝑊 ± or 𝑍 bosons) [12]. It is noted that the 
current predictions are based in the leading-color (𝑁𝐶 ) and leading-

flavor-number (𝑁𝐹 ) approximations [13,14]. Subleading-color contri-

butions have not yet been tried for this set of observables so their impact 
still remains unknown, thus these measurements provide ideal testing 
grounds to hold such studies.

Theory uncertainties are decomposed into three different sources, 
namely the scale, PDF and NP, where the total one is calculated as 
the quadrature of the aforementioned ones. A scale uncertainty is intro-

duced to account for the missing higher orders in pQCD and is estimated 
from a six scale variation of 𝜇𝑅, 𝜇𝐹 around their nominal values as 
(1∕2, 1∕2), (1∕2, 1), (1, 1∕2), (2, 1), (1, 2), and (2, 2). The PDF uncer-

tainty is taken as 68% confidence intervals following the prescriptions 
as given in the respective reference. Lastly, the NP uncertainty is cal-

culated by taking the envelope of the nonperturbative contribution as 
estimated by different MC event generators.

2.1. Data to theory comparison

The experimental data are compared to the NNLO predictions, 
where the agreement is found to be good, remaining below 10% in most 
phase space regions within respective uncertainties, for all six measure-

ment configurations. Best agreement is generally displayed by the larger 
jet cone size (𝑅 = 0.8). Fixed order predictions are additionally com-

bined with other PDF sets, namely ABMP16 [15], MSHT20 [16] and 
NNPDF3.1 [17], and compared to the CT18 baseline. The better agree-

ment to the CT18 PDF set is found by the MSHT20 (Fig. 2).

3. QCD analysis

Quantum chromodynamics analysis is performed once with the in-

clusion of the double-differential cross section and once with the in-

clusion of the triple-differential one. The chosen measurements are the 
ones given as a function of 𝑚1,2 to reach the higher end of the phase 
space while using the larger jet cone size (𝑅 = 0.8) to profit from the 
increased agreement displayed by the NNLO pQCD predictions. The 
strategy followed is the same as in past HERAPDF analysis [18] where 
HERA deep inelastic scattering (DIS) data are used and are comple-
mented with the CMS dijet cross sections.
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Table 1

PDF parametrization obtained after the 𝑥2 minimization scan for the fits of 
HERA DIS data together with the CMS 2D or 3D dijet cross sections [20].

PDF Fitted data sets

HERA DIS + CMS dijets (2D) HERA DIS + CMS dijets (3D)

𝑥𝑔(𝑥, 𝜇2
𝐹 ,0) 𝐴𝑔𝑥

𝐵𝑔 (1 − 𝑥)𝐶𝑔 𝐴𝑔𝑥
𝐵𝑔 (1 − 𝑥)𝐶𝑔

𝑥𝑢𝑣(𝑥, 𝜇2
𝐹 ,0) 𝐴𝑢𝑣

𝑥𝐵𝑢𝑣 (1 − 𝑥)𝐶𝑢𝑣 (1 +𝐷𝑢𝑣
𝑥+𝐸𝑢𝑣

𝑥2) 𝐴𝑢𝑣
𝑥𝐵𝑢𝑣 (1 − 𝑥)𝐶𝑢𝑣 (1 +𝐷𝑢𝑣

𝑥)
𝑥𝑑𝑣(𝑥, 𝜇2

𝐹 ,0) 𝐴𝑑𝑣
𝑥𝐵𝑑𝑣 (1 − 𝑥)𝐶𝑑𝑣 𝐴𝑑𝑣

𝑥𝐵𝑑𝑣 (1 − 𝑥)𝐶𝑑𝑣

𝑥𝑈 (𝑥, 𝜇2
𝐹 ,0) 𝐴

𝑈
𝑥𝐵𝑈 (1 − 𝑥)𝐶𝑈 (1 +𝐷

𝑈
𝑥) 𝐴

𝑈
𝑥𝐵𝑈 (1 − 𝑥)𝐶𝑈 (1 +𝐷

𝑈
𝑥)

𝑥𝐷(𝑥, 𝜇2
𝐹 ,0) 𝐴

𝐷
𝑥𝐵𝐷 (1 − 𝑥)𝐶𝐷 𝐴

𝐷
𝑥𝐵𝐷 (1 − 𝑥)𝐶𝐷 (1 +𝐷

𝐷
𝑥)

Both PDF-only (with 𝛼𝑆 (𝑚𝑍 ) = 0.118 fixed) and PDF+𝛼𝑆 fits are per-

formed with the XFITTER program (version 2.0.1) [19] interfaced to
FASTNLO. The PDFs are parametrized to the proton momentum frac-

tion 𝑥 as:

𝑥𝑓 (𝑥,𝜇2
𝐹 ,0) =𝐴𝑓𝑥

𝐵𝑓 (1 − 𝑥)𝐶𝑓 (1 +𝐷𝑓𝑥+𝐸𝑓𝑥
2) (1)

where 𝑓 corresponds to the individual distributions that express the 
proton structure, namely the gluon distribution 𝑔(𝑥), the up and down 
valence quark distributions 𝑢𝑣(𝑥), 𝑑𝑣(𝑥) and the up- and down-type sea 
antiquark distributions 𝑈 (𝑥), 𝐷(𝑥). Parton distribution functions are de-

termined at a starting scale of 𝜇𝐹 ,0 = 1.9 GeV2 and are then evolved at 
the scale of the top quark mass 𝑚𝑡.

The fit procedure starts with 10 parameters and additional ones are 
added based on a 𝑥2 minimization scan. The final parametrization is 
shown in Table 1. Fig. 3 shows the resulted gluon PDF for the 2D mea-

surement (top) and for the 3D measurement (bottom).

Four sources of systematic uncertainties are taken into account for 
the total PDF uncertainty. The fit uncertainty as estimated by the hes-

sian method, the scale uncertainty by taking a six point variation enve-

lope around the nominal value of 𝜇𝑅, 𝜇𝐹 , the model uncertainty taken 
as the sum in quadrature of non-PDF parameter variations (e.g., 𝜇𝐹 ,0, 
the strangeness fraction 𝑓𝑠, the charm and bottom quark masses 𝑚𝑐 and 
𝑚𝑏) and the parametrization uncertainty, again, taking an envelope of 
all fits performed with one additional 𝐸 or 𝐷 parameter than the fi-

nal parametrization. All sources are added in quadrature to the total 
PDF uncertainty with the exception of the parametrization one which is 
added linearly. Fig. 4 shows the individual uncertainty contributions to 
the gluon PDF for the 2D measurement (top) and for the 3D measure-

ment (bottom).

For the determination of 𝛼𝑆 , PDF-only fits are performed using the 
exact same parametrization as in the PDF+𝛼𝑆 fits. The process is re-

peated two times, once with the inclusion of the 2D cross sections and 
once with the 3D cross sections. The resulted values for 𝛼𝑆 at the scale 
of the 𝑍 boson mass 𝑚𝑍 are given below:

𝛼𝑆 (𝑚𝑍 ) =0.1201 (12)𝑓𝑖𝑡 (8)𝑠𝑐𝑎𝑙𝑒 (8)𝑚𝑜𝑑𝑒𝑙 (5)𝑝𝑎𝑟𝑎𝑚.

(21)𝑡𝑜𝑡𝑎𝑙

𝛼𝑆 (𝑚𝑍 ) =0.1201 (10)𝑓𝑖𝑡 (5)𝑠𝑐𝑎𝑙𝑒 (8)𝑚𝑜𝑑𝑒𝑙 (6)𝑝𝑎𝑟𝑎𝑚.

(20)𝑡𝑜𝑡𝑎𝑙

The same central value is returned for both cases with the more precise 
result given by the inclusion of the 3D cross sections. Comparing the 
values obtained with the inclusion of the dijet cross sections to the cur-

rent 𝛼𝑆 world average (𝛼𝑆 (𝑚𝑍 ) = 0.1179 ± 0.0009) are found to be about 
one standard deviation away from it.

4. Discussion

The inclusion of CMS dijet cross sections to the HERA DIS data re-

sult in further constrained PDF sets. Particularly for the gluon PDF the 
3

inclusion of 2D or 3D cross sections leads to a constrained central value 
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Fig. 3. The gluon PDF with the inclusion of 2D cross sections [20] (top) and 
with the inclusion of 3D cross sections [20] (bottom).

in the high-𝑥 region (𝑥 > 10−1). Results are compatible within their re-

spective uncertainties when comparing the fits obtained between the 
2D and 3D measurements. Further details can be found in the publicly 
available Physics Analysis Summary [20].

Further studies are underway for a finer treatment of the QCD anal-

ysis. Some examples are further decorrelation of uncertainties for the 
input tables of the fits, different strategy to estimate the PDF fit uncer-

tainty, ideas of releasing 𝛼𝑆 from the start of the overall fit procedure 
considering it as an additional parameter.
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Fig. 4. Individual uncertainty sources on the gluon PDF for the 2D measurement 
(top) and for the 3D measurement (bottom).
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