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Abstract

The azimuthal correlation, A¢; 3, of high transverse momentum jets in pp - collisions
at /s = 13 TeV is studied by applying PB-TMD distributions to NLO calculations via
MCatNLO together with PB-TMD parton shower. A very good description of the cross
section as a function of A¢; o is observed. In the back-to-back region of A¢1 2 — ma
very good agreement is observed with PB-TMD Set 2 distributions while significant dif-
ferences are obtained with PB-TMD Set 1 distributions, which use the evolution scale
as argument in «, confirming the importance of angular ordering in the parton evolu-
tion. The uncertainties of the predictions are dominated by the scale uncertainties of
the matrix element, the uncertainties coming from the PB-TMDs and the corresponding
PB-TMD shower are very small.

1 Introduction

The description of the cross section of high pr jets in pp collisions is one of the most im-
portant tests of predictions in Quantum Chromo Dynamics (QCD), and much progress has
been achieved in the description of inclusive jets [1,1-8] [3,/6,8-12] by applying next-to-
leading [13+16] and next-to-next-to leading order calculations [17-20]. In multijet produc-
tion, the azimuthal angle A¢; » between the two highest pr-jets is an inclusive measurement
of additional jet radiation. Atlowest order (LO) in oy, where only two jets are produced, the
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jets are produced back-to-back, A¢;1 2 = 7, while a deviation from this back-to-back region
indicates the presence of additional jets, and only higher order calculations can describe the
observations. The azimuthal correlation between two jets has been measured in pp collisions
at a center-of-mass energy of /s = 1.96 TeV [21,22], in pp collisions by the ATLAS Collabo-
ration at /s = 7 TeV [23], and by the CMS Collaboration at /s = 7, 8, and 13 TeV [24-27].
Calculations at leading and next-to-leading-logarithm have been obtained in [28-30]. The az-
imuthal correlations of dijets were in general described by calculations at LO supplemented
by parton showers or applying higher order matrix element calculations together with par-
ton showers. However, deviations from the measurements of up to 50 % were observed in
the medium A¢ 5 region (see e.g. [25,26]), calling for a more detailed understanding. In
the region A¢, 2 — 7 deviations of up to 10 % are observed [27], significantly large than the
experimental uncertainties..

Since initial state parton radiation leads to deviations from the A¢; 2 = 7 region, it is
tempting to apply transverse momentum dependent parton distributions (TMD) to describe
the A¢; 2 measurements. Especially the region A¢; 2 — 7 is sensitive to multi-gluon emis-
sions and a resummation is needed. A calculation based on TMD distributions is found in
Ref. [29,30] and further investigated in [31,32]. However, in this region there are effects,
which lead to so-called factorization - breaking [33] and it is important to study the importance
of those effects by a comparison of calculations assuming factorization with high precision
measurements.

The Parton Branching (PB) - method [34]35] allows to determine transverse momentum
dependent (TMD) parton distributions. With these PB-TMD distributions a very good de-
scription of Drell-Yan production [36] at the LHC [37] as well as at lower energies [38] is
obtained. In Ref. [39] it is shown than Z + b production is also well described by this method.
TMD parton distributions have been used together with off-shell matrix elements at lowest
order in Refs. [40,/41] showing a reasonably good description of the measurements.

This article is the result of studies performed during the “virtual Monte Carlo school -
PB TMDs with CASCADE3” [42]] which was held from 8.-12. November 2021 at DESY, Ham-
burg, with more than 60 participants and more than 25 participants during the HandsOn
exercises. We investigate in detail high pr- dijet production applying the Parton Branching
formulation of TMD evolution together with NLO calculations of the hard scattering process
in the MADGRAPH5_AMC@NLO [43] framework. We first give a very brief recap of the
PB distributions as well as the TMD parton shower Monte Carlo generator CASCADE3 [44].
We then show predictions applying fixed-next-to-leading order calculations and discuss the
region where soft gluon resummation becomes important. We show predictions using PB -
TMDs together with TMD parton shower. We compare these predictions with one using the
PYTHIAS parton shower mechanism. We finally give conclusions (Sec. ).
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2 PB TMDs and PB method

The PB method as described in Refs. [34}35] provides a solution of evolution equations
for collinear and TMD parton distributions by applying the concept of resolvable and non-
resolvable branchings with Sudakov form factors providing the probability to evolve from

one scale to another without resolvable branching. The PB is described in more detail in
Refs. [35,45].
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Figure 1: Collinear parton distributions for up quarks (PB-NLO-2018-Set1, PB-NLO-2018-Set 2 and
HERAPDEF2.0) as a function of x at ¢ = 100 and 1000 GeV. In the lower panel the uncertainties are
shown.

For the numerical calculations we use the next-to-leading order sets, PB-NLO-2018-Set1
and PB-NLO-2018-Set 2, as obtained in Ref. [45] from a fit to inclusive-DIS precision mea-
surements from HERA [46]. Both the collinear and TMD distributions are available in
TMDLIB [47], including uncertainty sets. PB-NLO-2018-Set1 corresponds at collinear level
to HERAPDEF 2.0 NLO [46]], and PB-NLO-2018-Set 2 uses transverse momentum (instead of
the evolution scale in Setl) for the scale in the running coupling as, corresponding to the
angular-ordering approach.

In Fig.|1l|the Set 1 and Set 2 collinear densities are shown for up-quarks at evolution scales
of 1 = 100 and 1000 GeV, typical for mulitjet production described below. The collinear
densities are also available in a format compatible with LHAPDF [48]], and can be used in
calculations of physical processes at NLO. In Fig. |2l we show the TMD distributions for up-
quarks at z = 0.01 and ¢ = 10 and 100 GeV. The differences between Set 1 and Set 2 are
essentially visible in the small kt-region.

In general it is observed that the uncertainties coming from the TMDs are small, for kr >
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Figure 2: TMD parton distributions for up quarks (PB-NLO-2018-Set1 and PB-NLO-2018-Set 2) as a
function of kt at ¢ = 100 and 1000 GeV and = = 0.01. In the lower panels show the full uncertainty
of the TMDs, as obtained from the fits [45].

1 GeV they are of the order of 2-3 %.

3 Multijet production at NLO

Multijet production at NLO is performed using the MADGRAPH5_AMC@NLO [43]] frame-
work. We used MADGRAPH5_AMC@NLO in two different modes, one is the fixed NLO
mode, where only partonic events are produced, without parton shower and hadronization,
and the real MC@NLO mode, where subtraction terms are included, and the events need to
be supplemented with parton shower in order to provide a physical cross section.

Fixed NLO dijet production is calculated within MADGRAPH5_AMC@NLO framework.
Technically, in the fixed NLO mode MADGRAPH5_AMC@NLO produces event files with the
partonic configuration in LHE format which can be processed through CASCADE3 combin-
ing events and counter events (but without adding TMD or parton shower or hadronization)
such, that the they belong to the same event for a proper calculation of statistical uncertain-
ties. Processing through CASCADE3 has the big advantage, that a fixed NLO calculation can
be obtained making use of all the analyses coded in Rivet [49].

In the MC@NLO mode, subtraction terms are included which depend on the parton
shower used. For the PB-TMDs and the PB-TMD parton shower we use HERWIG6 [50,51]
subtraction terms, as already applied in Z and Drell-Yan analyses (see e.g. [37,38]), mo-
tivated by the angular ordering in the PB evolution. MADGRAPH5_AMC@NLO (version
2.6.4, hereafter labelled MCatNLO) [43] together with the NLO PB parton distributions with
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ag(Mz) = 0.118 is used for NLO calculation of dijet production. The matching scale
which limits the contribution from PB-TMDs, the analogue to that of parton showers, is set
to p;, = SCALUP (included in the LHE file). The factorization and renormalization scale in

MCatNLO is set to pup.r = 5 >, \/m? + p}; which is also used in the PB- TMD A(z, kr, 1).

As described in detail in Ref. [44] the transverse momentum of the initial state partons is
calculated according to the distribution of k1 provided by the PB-TMD A(x, k1, 1) at given
x and scale ;. This transverse momentum is used for the initial state partons provided by
MCatNLO and their longitudinal momentum is adjusted such that the mass and the rapidity
of the dijet-system is conserved, similar to what has been done in the DY case [38]. The
initial state TMD parton shower is included in a backward evolution scheme, respecting all
parameters and constraints from the PB-TMD. The kinematics of the hard process are not
changed by the shower, after the kt from the TMD is included. The final state parton shower
is obtained with the corresponding method implemented in PYTHIAG6 [52], using the angular
ordering condition.
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Figure 3: Transverse momentum spectrum of the dijets system (left) and A¢, o distribution
(right). Shown are predictions form fixed NLO (MCatNLO(fNLO), the (unphysical) LHE level
(MCatNLO(LHE)) and after inclusion of PB-TMDs (MCatNLO+CAS3).

In Fig. 3| we show results for the transverse momentum distribution of the dijet sys-
tem and the azimuthal correlation A¢; 2 between the two leading jets as obtained from the
MCatNLO calculation at fixed NLO (blue curve), at the level including subtraction terms
(LHE level, green curve) and after inclusion of PB-TMDs (red curve). One can clearly ob-
serve the rising cross section of the fixed NLO calculation towards small pr ;; (or at large
Ag1 2), the region in pr j; and A¢y owhere the subtraction terms are relevant and the smooth
prediciton obtained when PB-TMDs and parton showers are included. The jets are defined
with the anti-kr jet-algorithm [53]], as implemented in the FASTJET package [54], with a dis-
tance parameter of R=0.4 and a transverse momentum py > 200 GeV. The usage of jets
(instead of partons) is the reason for the tail towards small A¢; » in the MCatNLO(LHE) and
MCatNLO(fNLO) calculation.
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4 Azimuthal correlations in multijet production

We next apply the framework described in the previous section, based on the matching of
PB-TMDs with NLO, to the measurement of azimuthal correlations A¢; » obtained by CMS
at /s = 13 TeV [26] and in the back-to-back region (A¢;2 — ) [27]. Only leading jets
with a transverse momentum of p7®™ > 200 GeV are considered. We show distributions
of A¢y2 for p7* > 200 GeVas well as for the very high pr region of p7® > 1000 GeV,
where the jets appear very collimated. We apply the collinear and TMD set PB-NLO-2018-
Set 2, unless explicitly specified, with running coupling as(myz) = 0.118. In the calculations,
the uncertainty coming from the scale choice is estimated by a variation of the factorization
and renormalization scales by a factor of 2 up and down in the 7-point scheme (avoiding
the extreme cases of variation). In Fig. l] we show a comparison of the measurement by

CMS, 13 TeV, pp — two jets, 200 < p®i"8 < 300 GeV CMS, 13 TeV, pp — two jets, 1000 < p2"8 < 1200 Gev
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Figure 4: Azimuthal correlation A¢ » for p®* > 200 GeV (left) and pT™* > 1000 GeV (right) as mea-
sured by CMS [26] compared with predictions from MCatNLO+CAS3. Shown are the uncertainties
coming from the scale variation (as described in the text) as well as the uncertainties coming from the
TMD.

CMS [26] for different values of pp® with the calculation MCatNLO+CAS3 including PB-
TMDs, parton shower and hadronization. The uncertainties from scale variation and TMD
determination are shown separately. In Fig. |5/ the measured A¢; 2 distribution [27] in the
back-to-back region is compared with the prediction MCatNLO+CAS3.

In general the measurements are very well described, especially in the back-to-back re-
gion. The scale uncertainty is significantly larger than the TMD uncertainty, especially in the
low p7®* region. A difference between the measurement and the prediction is observed for
smaller A¢ o which is due to missing higher order corrections in the matrix element calcu-
lation. Even at high p7®* > 1000 GeV the predcition is in agreement with the measurements

(within uncertainties), only in the highest A¢ 2 bin (A¢ 2 > 179°) a deviation of about 10%
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Figure 5: Azimuthal correlation A¢; » in the back-to-back region for p** > 200 GeV (left) and
PP > 1000 GeV (right) as measured by CMS compared with predictions from MCatNLO+CAS3.
Shown are the uncertainties coming from the scale variation (as described in the text) as well as the
uncertainties coming from the TMD.

151 is observed.
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Figure 6: Azimuthal correlation A¢; o for pT* > 200 GeV (left) and p7** > 1000 GeV (right) as mea-
sured by CMS compared with predictions from MCatNLO+CAS3. Shown are the uncertainties
coming from the scale variation (as described in the text) as well as the uncertainties coming from the
TMD.

152 In Fig. [ and [/] the predictions using PB-NLO-2018-Set 1 are compared with those from
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Figure 7: Azimuthal correlation A¢; 2 in the back-to-back region for p** > 200 GeV (left) and
PR > 1000 GeV (right) as measured by CMS [27] compared with predictions from MCatNLO+CAS3.
Shown are the uncertainties coming from the scale variation (as described in the text) as well as the
uncertainties coming from the TMD.

PB-NLO-2018-Set 2 and the measurements. The difference between Set 1 and Set 2 becomes
significant in the back-to-back region, which is sensitive to the low kr-region of the TMD.
As already observed in the case of Z-boson production in Ref. [37] Set 2 with the transverse
momentum as scale for o5, which is required from angular ordering conditions, allows a
much better description of the measurement.

In Fig. predictions obtained with MCatNLO+PYTHIA8 are compared with
MCatNLO+CAS3. In the calculation MCatNLO+PYTHIAS, the PYTHIAS8 subtraction terms
are used and the NNPDEF3.0 [55] parton density and tune CUETP8MI [56] are applied.
Shown in Fig.|8)is also the contribution from multiparton intereactions, which is very small
for jets with p7®™ > 200 GeV. The prediction obtained with MCatNLO+PYTHIAS is in all
Ag1 2 regions different from the measurement and from MCatNLO+CASS3, illustrating the
role of the treatment of parton showers.

In conclusion, the predictions of MCatNLO+CAS3 are in reasonable agreement with the
measurements in the larger A¢; 2 regions, where the contribution from higher order matrix
elements is small. Especially in the back-to-back region (A¢; 2 — 7) the predictions obtained
with PB-TMDs and parton shower are in good agreement with the measurement. The un-
certainties of the predictions are dominated by the scale uncertainties of the matrix element
calculations, while the PB-TMD and TMD shower uncertainties are very small, as they are
directly coming from the uncertainties of the PB-TMDs. No uncertainties, in addition to
those from the PB-TMD, come from the PB-TMD parton shower.
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Figure 8: Azimuthal correlation A¢; » over a wide range and (left) in the back-to-back region (right)
for p7™ > 200 GeV compared with predictions from MCatNLO+PYTHIA8 and MCatNLO+CAS3.

5 Conclusion

We have investigated the azimuthal correlation of high transverse momentum jets in pp
- collisions at /s = 13 TeV by applying PB-TMD distributions to NLO calculations via
MCatNLO. We use the same PB-TMDs and MCatNLO calculations as we have used for
Z-production at LHC energies in Ref. [37]. A very good description of the cross section
as a function of A¢; o is observed. In the back-to-back region of A¢; o — 7 a very good
agreement is observed with PB-TMD Set 2 distributions [45] while significant differences are
obtained with PB-TMD Set 1 distributions, which use the evolution scale as argument in a.
This observation confirms the importance of angular ordering in the parton evolution.

The uncertainties of the predictions are dominated by the scale uncertainties of the matrix
element, uncertainties coming from the PB-TMDs and the corresponding PB-TMD shower
are very small. No other uncertainties, in addition to those of the PB-TMD, come from the
PB-TMD shower, since it is directly correlated with the PB-TMD density.
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