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Complex final states with high particle multiplicity in hadronic collisions are central to many
aspects of high energy physics. Baseline predictions for these processes depend on parton shower
event generators, combined with perturbative hard-scattering matrix elements. These are either
multi-leg tree-level matrix elements, or next-to-leading-order matrix elements including virtual
emission processes, or, possibly, a combination of both (see e.g. [1, 2] for recent reviews and
references). In this picture the parton showers are based on collinear evolution of jets developing
from the hard event, while the matrix elements take into account hard large-angle radiation.
When this picture is pushed to higher and higher energies, however, new effects arise in the
multiplicity distributions and the structure of angular correlations, due to soft but finite-angle multigluon emission (see e.g. [3]). Examples of such correlations in multi-jet deep inelastic scattering
final states are studied in [4]. As was noted already in [5], these effects can be taken into account by
using transverse-momentum dependent showering algorithms coupled [6] to hard matrix elements
at fixed transverse momentum. This allows one to include soft gluon coherence [7] not only for
√
collinear-ordered emissions but also in the non-ordered region that opens up at high s/p⊥ and
large p⊥ .
Besides these dynamical effects, it has recently been pointed out [8] that taking into account
the correct transverse momentum kinematics in branching algorithms gives rise to non-negligible
kinematic shifts compared with collinear approximations, and in fact contributes a large fraction of
parton showering corrections relevant both for jets [9] and for massive final states at the LHC.
Motivated by both these dynamical and kinematical considerations, in [10] we investigate
the application of the transverse-momentum dependent showering approach to final states at the
LHC containing vector bosons and multiple jets. To this end, we use high-energy matrix elements [11, 12] with off-shell partons [13, 14] for weak boson production, and unintegrated parton
distributions [15] determined from high-precision DIS data [16] (including pdfs uncertainties),
implemented in the CCFM shower Monte Carlo [17]. We focus on W + n jets. This process is
important both for standard model physics and for new physics searches. In particular it is relevant
to studies of parton distribution functions and of Monte Carlo event generators, including signals
of multi-parton interactions, for which W + 2 jets is a classic channel [18, 19].
Fig. 1 shows results for the jet multiplicity distribution. The solid red curve and dashed
blue curve are the results from the k⊥ -shower calculation implemented in the C ASCADE Monte
Carlo [17], corresponding to the uncertainty on the unintegrated pdfs (JH1+ and JH1-) [15]. The
dot-dashed black curve is the leading-order parton shower result obtained from the pt -ordered
P YTHIA 8 [20] shower. The dots are the ATLAS measurements [21]. The k⊥ -shower calculation
produces jets both from matrix element and from showering and can describe the jet multiplicity
distribution, while the pt -ordered P YTHIA shower cannot predict higher jet multiplicities.
In Fig. 2 we concentrate on W + 2 jets and compute the transverse momentum spectrum of the
first jet. The color coding is as in Fig. 1. The p⊥ distribution is reasonably well described. We see
that the leading order P YTHIA result starts to deviate from measurements at high p⊥ . In this framework the description of the high p⊥ is to be improved by supplementing the parton shower with
next-to-leading-order corrections to the matrix element, via matched NLO-shower calculations [22]
such as P OWHEG. C ASCADE, on the other hand, contains large-angle, finite-k⊥ emissions, and can
describe the shape of the spectrum also at large transverse momentum.
In Fig. 3 we go to higher jet multiplicities and investigate the spectrum of the first jet and of
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Figure 1: Jet multiplicity distribution associated with W boson production.

the nonleading jets. We shows results for W + 4 jets. On the left is the p⊥ spectrum of the first jet;
on the right is the p⊥ spectrum of the third jet. As expected from Figs. 1 and 2, the collinear pt ordered P YTHIA shower cannot describe the multi-jet case. The k⊥ -shower calculation is capable
of describing the shape of the spectrum for the first jet and also for the nonleading jets. This is
a meaningful test of the physical picture underlying the calculation. The third jet comes from
k⊥ -dependent parton branching.
We may look into the detailed structure of the final state by computing angular correlations.
Fig. 4 reports results for the cross section versus the azimuthal distance between the leading jets.
In the collinear picture the first and second jets are decorrelated at leading order. Correspondingly,
the pt -ordered P YTHIA shower cannot predict the shape of the angular distribution. In contrast,
C ASCADE contains correlations between the first and second jets, and describes well both the back
to back region and the decorrelation region.
Acknowledgments. Many thanks to the workshop organizers for the opportunity to present this
work and for putting up a very interesting conference.
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Figure 2: W + 2 jets production: the p⊥ spectrum of the first jet.
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Figure 3: W + 4 jets production: (left) p⊥ spectrum of the first jet; (right) p⊥ spectrum of the third jet.
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Figure 4: Azimuthal correlation of the first and second jet.
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