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Abstract

We review the current status of collinear and Transverse Momentum Dependent densities
based on the Parton Branching method. We investigate the performance of the PB-TMD
evolution as well as PB-TMD parton shower with different configurations of the hard
process in the four- and five-flavour schemes.
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1 Introduction

Perturbative Quantum Chromodynamics (QCD) Calculations have been performed at leading-
order (LO), next-to-LO (NLO), and next-to-NLO (NNLO) accuracy in the strong coupling, and
even to one order higher in some specific cases. Since the work involved in these calculations
increases sizably with the order, many more higher orders are not planned for near future. An
approximate solution is the parton shower in QCD Monte Carlo (MC) event generators using
the soft and collinear approximation of partonic emissions. These algorithms are based on the
law of large numbers and the central limit theorem and make use of random numbers. In this
approximation, enhanced terms in the perturbative expansion can be taken into account at all
orders, the so called resummation of soft-collinear emissions. Depending on which logarithms
are resummed, we have leading log (LL), next-to-leading log (NLL), etc. approximation. This
plays an important role e.g. for the Z boson transverse momentum spectrum in Drell-Yan
production: the prediction from fixed-order perturbation theory diverges at low transverse
momenta (where soft gluons contribute significantly) and only with resummation it becomes
finite.

The collinear factorization theorem is the basis for the MC event generators in particle
physics. So the perturbative treatment of partonic dynamics at short distances can be combined
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with non-pertubative modes of the hadronization process at large distance. One of the most
developed method in this field is the Parton Branching (PB) method [1,2].

The PB formalism is based on the unitarity picture, in terms of resolvable and non-resolvable
branchings, and takes into account the role of the soft-gluon radiation and transverse momen-
tum recoils in the evolution equations. This method was successfully applied to describe the
data from deep inelastic scattering at HERA [3] and DY transverse momentum spectra at LHC
energies [4] and fixed-target energies [5]. TMD parton densities can be extracted from fits to
any data sets applying the PB method for the parton evolution. In Refs. [3, 6], the initial par-
ton distributions were determined from a fit to HERA I+II neutral current and charged current
inclusive DIS cross-section measurements at 5FIVN and 4FLVN schemes.

2 PB-TMD parton densities

Parton distributions are fundamental tools to interpret experimental data for different hard-
scattering processes considering underlying theory. Such processes are measured with the
greatest precision by different experiments around the world. In many experiments, the pre-
cision of the measurement is higher than of the theory. A careful determination of PDFs and
their uncertainties is mandatory to increase the precision of predictions. One of the limitations
of the mainstream approach is the neglect of transverse degrees of freedom in a proton.

2.1 PB-TMD parton densities in SFLVN scheme

Collinear and transverse momentum dependent (TMD) parton densities have been determined
in the 5FLVN-scheme applying the PB method at exclusive level. As described in [3], the initial
parton distributions determined from a fit to inclusive deep inelastic scattering (DIS) cross
section measurements at NLO with m,=4.5 GeV and as(m(znf :5)) =0.118.

The TMD parton densities are related to the collinear densities by

Fop (e, K g, 18) = fo,5 0, 1) - exp(—Ik3 o /20%) D

where the intrinsic k7 , distribution is given by a Gauss distribution with o = q2/2 at fixed
g, = 0.5 GeV. Sensitivity to intrinsic, non-perturbative transverse momentum contributions
were also checked with the fixed target DY data [5]. The best width of the intrinsic k| gaussian
is close to 0.5 GeV, the value initially chosen in [3].

2.2 PB-TMD parton densities in 4FLVN scheme

The bottom quark does not appear as an active flavor in the 4FIVN scheme. We set as(m(znf :4))
= 0.1128 in the evolution. The functional forms of the initial distribution are the same as what
are used in the 5FLVN scheme, while the parameters of the PDFs are fitted to the same data
set as used for 5FIVN scheme.

Comparing the 4FLVN and 5FLVN collinear PDFs, as shown in Fig. 2 and Fig. 3 of Ref. [6],
we observe 5FIVN PDFs are slightly smaller due to presence of more active flavors in the hard
process. The same behaviour is reflected in TMD PDFs at small transverse momenta. At large
k|, the 4FIVN and 5FLVN TMD PDFs are identical.
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3 Showering in different schemes

The outstanding benefit of the TMD PB method is that the evolution that it provides for TMD
PDFs is performed explicitly. This feature is crucial for the consistent calculation of fully ex-
clusive processes as it lets to construct parton showers which exactly follow the parton density
evolution. So when the TMD distributions evaluated at the evolution scale is determined, the
corresponding TMD parton shower can be precisely generated by backward evolution.

In 4FIVN scheme, bottom quark mass effects are retained in the computation of the hard
cross section while associated PDFs do not contain any bottom distributions thus forbidding
bottom-quark initiated contributions. The 5FIVN scheme instead neglects bottom-quark mass
effects in the hard cross section but allows the bottom PDFs to be radiatively produced by
evolution. As a consequence, this scheme does include bottom-quark initiated contributions.

The process under consideration, Z +bb jets in proton-proton collisions, is simulated using
MADGRAPH5 AMC@NLO [7] interfaced to HERWIG6 in the 4- and 5-FLVN schemes using
sets of (TMD) PDFs obtained through the PB approach in the respective two schemes. Having
determined the collinear and TMD PDFs via xFitter [8], we studied the contribution from
the TMD evolution to Z + bb jet production using the backward formulation of the PB TMD
evolution equation implemented in the CASCADE event generator [9].

The observables considered are the azimuthal angular separation between the two b-
tagged jets in Z + bb events in Fig. 1 and the transverse momentum of Z-boson in Fig. 2 as
measured by CMS [10] at /s = 8 TeV. In yellow, the matrix element calculation is shown
and in green the same calculation includes the TMD contribution. In addition, the blue curve
includes initial-state radiation, while in red the final result including final-state radiation as
provided by the PYTHIA6 generator [11]. Gluon fusion to Z + bb is considered in final-state
radiation in both schemes. The contribution from initial-state radiation provided by the TMD
evolution results is crucial for the description of transverse momentum of Z-boson and b-
quark in 5FIVN scheme, while 4FIVN calculation only weakly depends on PB-TMD and parton
shower. Since both b partons are already produced with NLO accuracy at the matrix element
level.

The TMD approach, as opposed to the purely collinear one, is more accurate in specific
regions of the phase space, typically when hard radiation is inhibited. In both schemes in
Fig. 1 and Fig. 2, final results can well-describe the measurements at large A¢(bf)) and small
p:(Z) regions.

4 Conclusion

We studied Z + bb tagged jets production using TMD densities and TMD showers produced
in two different schemes of 4FLVN and 5FLNS with the parton branching approach. Both
predictions are in very good agreement with measurements obtained by CMS at /s = 8 TeV.

Acknowledgements
We thank A. Bermudez Martinez, L.I. Estevez Banos, FE Hautmann, M. M. Morentin, A. Lelek,

Q. Wang, H. Yang for collaboration and discussion. STM thanks the Humboldt Foundation for
the Georg Forster research fellowship.

008.3


https://scipost.org
https://scipost.org/SciPostPhysProc.10.008

Scil SciPost Phys. Proc. 10, 008 (2022)

CMS, 8 TeV, DeltaPhi bb, at least two b jets CMS, 8 TeV, DeltaPhi bb, at least two b jets

A figuciar/ AB¢py (pb/rad

3

L
T %\ a

%
|
I
A0 figucial/ dDpp (pb/rad

.
—+— Data
L —+— Z+bb (NLO) TMD+ISR+FSR (scale) | w02 —+— Z+b (NLO) TMD+ISR+FSR (scale) —|
—+— Z+bb (NLO) TMD+ISR (scale) E [ —+— Z+b (NLO) TMD+ISR (scale) B
r —+— Z+bb (NLO) TMD (scale) 1 F —+— Z+b (NLO) TMD (scale) q
Z+bl (NLO) Ll‘-iE (scale L Z+b FNLO) LH}E (scale ]
| ‘ - ‘ L \ \ \ \ \ | ‘ | ‘ - ‘ L | ‘
IR LU t } \\\\‘\\\\‘\ L } 4
e E 3 E E
]y ] T
Q 1.: — 1 | E Q l'i - | | | .
g 09 E- 1 | E g 09E- E
¢ Bl ==aai=cynn: IR 1< O I O A O N N R ¢
O'Z | e E o'g — _
iy = S v (N PN IV B I i) i I LN AR PPN B o
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Agyp (rad) Agyp (rad)
(a) 4FLVN (b) 5FLVN

Figure 1: Differential cross section for Z -+ bb tagged jets as a function of azimuthal
angular separation as measured by CMS [10] at 4/s = 8 TeV. The 4FLVN-prediction
is shown in (a), the 5FIVN-prediction in (b). The LHE files (parton level), after

inclusion of PB-TMDs, initial state parton shower and final state parton shower are
illustrated separately.
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Figure 2: Differential cross section for Z+bb tagged jets as a function of the transverse
momentum of the Z-boson as measured by CMS [10] at 4/s = 8 TeV. The 4FLVN-
prediction is shown in (a), the 5FLVN-prediction in (b). The LHE files (parton level),
after inclusion of PB-TMDs, initial state parton shower and final state parton shower
are illustrated separately.
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