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Parton branching TMD method and multi-jet production
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Transverse momentum dependent (TMD) parton distributions obtained from the Parton Branching
(PB) method are combined with next-to-leading-order (NLO) calculations of jet production to
obtain predictions for LHC jet final states. In addition, a new initial state Parton Shower, which
is based on the TMD distributions, and final state Parton Showers are included together with
hadronization. We compare our predictions with jet and Z+jet measurements performed at the
LHC, finding good agreement. We present results indicating the need for multi-jet merging with
PB-TMDs.
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1. Introduction

While advanced formalisms have been developed which treat the effects of transverse momen-
tum dependent (TMD) parton distributions in inclusive and semi-inclusive observables [1], TMD
effects on exclusive final states with high jet multiplicity remain largely unexplored.

In this report we obtain results which point to the need for incorporating simultaneously the
contribution of different jet multiplicities in the final state and the contribution of initial-state
TMD evolution. For these studies we make use of the parton branching (PB) formulation of TMD
evolution set out in [2].

2. PB approach to TMD evolution

The PB method [2] uses the unitarity picture of parton evolution [3, 4], commonly used in
showering algorithms, for both collinear andTMDparton distributions. In this approach, the concept
of resolvable and non-resolvable branchings is applied by using Sudakov form factors. A soft-gluon
resolution scale zM [5] is introduced to separate resolvable and non-resolvable branchings. The
Sudakov form factors, which describe the evolution without resolvable branching from one scale µ0

to another scale µ, are given in terms of the resolvable splitting probabilities P(R)
ba
(αs, z) as follows,

∆a(µ
2, µ2

0) = exp

[
−

∑
b

∫ µ2

µ2
0

dµ′2

µ′2

∫ zM

0
dz z P(R)

ba
(z, αs)

]
, (1)

where a, b are flavor indices, αs is the strong coupling, z is the longitudinal momentum splitting
variable, and zM < 1 is the soft-gluon resolution parameter.

The TMD distributions Aa(x, k2
T, µ

2) fulfill PB evolution equations [2] in terms of evolution
kernels Kba, computable in terms of Sudakov form factors, resolvable splitting probabilities and
appropriate phase-space constraints. If these constraints are taken of the form prescribed by
angular ordering [3, 6, 7], it is shown in [8] that the PB evolution equation returns, once it is
integrated over transverse momenta, the coherent-branching equation of [7]. The PB equations can
be implemented in a Monte Carlo generator as described in [9]. Using non-perturbative starting
distributions A0,b(x ′, k2

T,0, µ
2
0) convoluted with perturbative evolution kernels Kba, we have
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. (2)

In the calculations of [9] we use, for simplicity, a factorized form for the starting distribution
A0 (in general, the kT,0 distribution can be also flavor and x-dependent),

A0,b(x, k2
T,0, µ

2
0) = f0,b(x, µ2

0) exp
(
−|k2

T,0 |/2σ
2
)
/(2πσ2) , (3)

with σ2 = q2
s/2 independent of the parton flavor and x, with a constant value qs = 0.5 GeV.

Also, the evolution kernels Kba in Eq. (2) are taken to include no non-perturbative component. In
principle, non-perturbative contributions to Sudakov form factors could be introduced in the Kba
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kernels of the PB method, and parameterized in terms of non-perturbative functions to be fitted
to experimental data (similarly to what is done in other approaches, e.g. [10–13]). For simplicity,
however, at present we take the kernels Kba to be purely perturbative.

Numerical solutions to Eq. (2) at NLO have been used, along with NLO calculations of
Drell-Yan (DY) production in the MadGraph5_aMC@NLO [14] framework, to compute vector-
boson transverse momentum spectra at LHC energies [15] and fixed-target energies [16], and
to extract TMD densities from fits [9] to precision deep inelastic scattering (DIS) HERA data.
Once the evolution scale is specified in terms of kinematic variables, the PB method allows the
explicit calculation of the kinematics at every branching vertex. In this approach, once the TMD
distribution Ãa

(
x, k, µ2) evaluated at the scale µ2 is known, the corresponding TMD parton shower

can be generated by backward evolution.

3. Jet final states

As an example of the successful matching of the MC@NLO calculations with the PB evolution
of the TMD, in Figs. 1 we compute the azimuthal separation ∆φ12 of the dijet system containing
b-hadrons (b-jets), for dijet mass mj j > 110GeV. The result is compared with the experimental mea-
surement by ATLAS [17] at

√
s = 7 TeV. In the calculation we use MadGraph5_aMC@NLO [14]

to generate 2→ 2 QCD events at NLO in pp collisions at a center-of-mass energy
√

s = 7 TeV. The
PB evolution is applied using the generator Cascade [18]. We use this to generate the PB shower,
and for all calculations we apply the PB parton distributions obtained from DIS fits in [9] with
αs(MZ ) = 0.118. The PB-MC@NLO prediction provides a very good description of the whole
∆φ12 spectrum.

Figure 1: Azimuthal separation ∆φ12 of the dijet system containing b-jets. Experimental measurement by
ATLAS [17] at

√
s = 7 TeV is compared with results from the PB-MC@NLO calculation.

There are however other jet observables for which the NLO correction is not sufficient for a
good description of the data. In Fig. 2 we consider the jet multiplicity associated with DY events.
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The calculation corresponds to Z+1 jet at NLO using PB+MC@NLO. The results are compared
with ATLAS measurements [19].

Figure 2: Exclusive jet multiplicity in the production of a Z-boson in association with jets. Experimental
measurement by ATLAS [19] at

√
s = 13 TeV is compared with results from the PB+MC@NLO calculation.

Only the 1-jet multiplicity, for which the calculation is NLO accurate, is well described in
Fig. 2. The LO accurate 2-jet multiplicity is not well described and the difference between the data
and the prediction worsens as we go further in multiplicity. This behaviour indicates that in order
to have a good description of multiple hard, well separated jets while preserving the very good
description of observables sensitive to resummation effects we need a suitable merging procedure.
This merging algorithm needs to be compatible with the use of TMD and corresponding TMD
evolution.

In addition, in Fig. 3 we calculate the transverse momentum spectrum of DY lepton pairs from
Z-boson decay at 8 TeV. The event selection follows the analysis performed by ATLAS [20]. The
analysis is performed using Rivet [21]. The predictions are computed using Z+0 as well as Z+1
matrix elements at LO. In Fig. 3 (right) the Z+0 calculation is done off-shell using the KATIE
generator [22] based on high-energy factorization [23, 24].

We observe in Fig. 3 that the off-shellness of the ME only plays a role at high pT of the lepton
pair. Additionally Fig. 3 shows that the Z+1 jet contribution has a large effect at high pT of the
lepton pair while the Z+0 jet calculation is significant at small pT . The transition region where
the two calculations overlap lies around 20 GeV. A suitable merging algorithm should be able to
achieve a smooth transition between the Z+0 and Z+1 jet contributions by enforcing the Z+0 jet
contribution to be exclusive, suppressing doubly counted events in the overlapping region.

4. Conclusion

While the PB+MC@NLO calculations have been successful in describing several observables
in high-energy hadronic collisions we have shown that some observables point to the necessity of
higher order corrections to describe multi-jet dynamics in PB calculations. We have indicated that
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Figure 3: Transverse momentum pT spectrum of Z-bosons DY lepton pairs from Z-boson decays at 8 TeV.
The event selection follows the analysis performed by ATLAS [20]. The Z+0 and Z+1 jet calculations are
shown, where the Z+0 is computed on-shell (left) as well as off-shell (right).

a new merging algorithm is needed that incorporates the physics of initial-state TMD evolution in
multi-jet computations. This new merging algorithm should also allow to include off-shell matrix
element in combination with the TMD.
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