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We consider the W and Z/γ∗ bosons transverse-momentum (qT ) distribution at hadron collid-
ers. We include the leptonic decay of vector bosons with the corresponding spin correlations,
the finite width effects and the fully-differential dependence on leptonic variables. At small
values of qT , we resum to all-orders the logarithmically-enhanced perturbative QCD contribu-
tions up to next-to-next-to-leading logarithmic accuracy. Resummed results are consistently
combined with the next-to-leading fixed-order result at intermediate and large values of qT .
We present a preliminary comparison with some of the available LHC data.

1 Introduction

The Drell-Yan (DY) mechanism, i.e. the hadroproduction of vector bosons which decay in lepton
pairs, plays a crucial role in physics studies at hadron colliders. It is thus a major task to provide
accurate theoretical predictions to the DY cross section and the related kinematical distributions.
This requires, in particular, the computation of perturbative QCD corrections1,2,3,4.

A particularly relevant observable is the transverse-momentum (qT ) distribution of the vector
boson. In the large-qT region (qT ∼ mV ), where the transverse momentum is of the order
of the vector boson mass mV , QCD corrections are known up to the next-to-leading order
(NLO) 5,6. However the bulk of the vector boson events is produced in the small-qT region
(qT ≪ mV ), where the reliability of the fixed-order expansion is spoiled by the presence of
large logarithmic corrections of infrared and collinear origin of the form αn
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(with 1 ≤ m ≤ 2n − 1). In order to obtain reliable predictions, these logarithmically-enhanced
terms have to be systematically resummed to all orders in perturbation theory7. The resummed
and fixed-order approaches have to be be consistently matched at intermediate values of qT to
achieve a uniform theoretical accuracy for the entire range of transverse momenta. Experiments
can directly measure only the decay products of vector bosons, in finite kinematical regions, it
is thus important to include in the theoretical calculations the vector boson leptonic decay.

In this paper we show some preliminary results on DY qT resummation, based on Refs. 8,
taking into account the full dependence on the lepton decay variables with the corresponding
spin correlations. This allows us to include the typical kinematical cuts on the final state leptons
applied in the actual experimental analyses. We combine the most advanced perturbative infor-
mation that is available at present: next-to-next-to-leading logarithmic (NNLL) resummation
at small qT and the NLO calculation at large qT . Our results contain all the O(α2

S) corrections
in the entire qT range and implements a unitarity constraint that guarantees to reproduce the
exact value of the corresponding fixed order cross section after integration over the qT variable.
Other phenomenological studies of DY qT distribution can be found in Refs. 9.



2 Transverse-momentum resummation

We follow the transverse-momentum resummation formalism proposed and discussed in detail in
Refs.10. We consider the production of a vector boson V (V = W+,W−, Z/γ∗) that subsequently
decays in a lepton pair

h1(p1) + h2(p2) → V (qT,M, y) +X → l1l2(qT,M, y, θ, φ) +X, (1)

where h1 and h2 are the colliding hadrons (with momenta p1 and p2), V is the vector boson, l1l2
is the lepton pair and X is an arbitrary and undetected final state. The kinematical variables
we use to give a complete description of the leptons in the final state are the two-dimension
transverse-momentum vector qT, the invariant mass M and the rapidity y of the vector boson
(dilepton system) and the polar θ and azimuthal φ lepton angular variablesa.

According to the QCD factorization theorem the multi-differential cross section dσV can be
written as

dσV

d2qT dM2 dy d cos θ dφ
(qT,M, y, θ, φ, s) =

∑

a1,a2

∫ 1

0
dx1

∫ 1

0
dx2 fa1/h1

(x1, µ
2
F ) fa2/h2

(x2, µ
2
F ) (2)

×
dσ̂V

a1a2

d2qT dM2 dŷ d cos θ dφ
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where fa/h(x, µ
2
F ) are the parton densities of the colliding hadrons at the factorization scale µ2

F ,
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2
T are the perturbative QCD computable partonic cross sections, s (ŝ = x1x2s) is the

hadronic (partonic) centre-of-mass energy, ŷ = y− ln
√

x1/x2 is the partonic rapidity and µ2
R is

the renormalization scale.

The resummation is performed at the level of the partonic cross section, which is decomposed
as

dσ̂V
a1a2 = dσ̂V (res.)

a1a2 + dσ̂V (fin.)
a1a2 . (3)

The first term on the right hand side, the resummed component, contains all the logarithmically
enhanced contributions (at small qT ) which have to be resummed to all orders in αS , while the
second term, the finite component, is free of such contributions and can thus be evaluated at
fixed order in perturbation theory.

Resummation holds in the impact parameter space (Fourier conjugated to qT), where the
resummed component can be expressed in an exponential form collecting the large logarithmic
contributions at leading (LL), next-to-leading (NLL), next-to-next-to-leading accuracy (NNLL)
and so forth 10.

We evaluated the finite component starting from the usual fixed order perturbative trunca-
tion of the partonic cross section and subtracting the expansion of the resummed part at the
same perturbative order:

[

dσ̂V (fin.)
a1a2

]

f.o.
=

[

dσ̂V
a1a2

]

f.o.
−

[

dσ̂V (res.)
a1a2

]

f.o.
. (4)

In the case of qq̄ initiated process, as the DY process, the resummed component depends on
qT ≡ |qT| and it does not contain any dependence on the azimuthal angle φqT . The azimuthal
correlations are contained in the standard fixed-order component (and thus also the finite com-
ponent).

aThe angles θ and φ are referred to the lepton l1, with respect to the direction of the hadron h1, in the rest of
frame of the dilepton system.



3 Numerical results

In this section we present selected numerical results for Z/γ∗ and W production at NNLL+NLO
accuracy and we compare them with some of the available LHC data. We compute the hadronic
cross sections using the NNLO MSTW2008 parton distributions11, with αS evaluated at 3-loop
order.

Our calculation implements the leptonic decays Z/γ∗ → l+l− and W → lνl with the cor-
responding spin correlations and the full dependence on the final state leptons variables. This
allows us take into account the typical kinematical cuts on final state leptons considered in the
experimental analyses. Moreover, we include the effects of the γ∗Z interference and of the W
and Z finite-width effects.

Figure 1: CMS data (left) and ATLAS data (right) for the Z/γ∗ qT spectrum compared with NNLL+NLO result.

Figure 2: ATLAS data for W qT spectrum compared with the NNLL+NLO result (left) and NNLL+NLO result
compared with the NNLO result for the lepton pT spectrum from W+ decay (right).

In Fig. 1 we show the NNLL+NLO qT spectrum for Z/γ∗ production at the LHC 12,13. The
kinematical cuts on the final state leptons are reported in the plots. In the left panel of Fig. 1
we also give an estimate of the perturbative uncertainty considering the independent variation
of the factorization, renormalization and resummation (Q) scale by a factor two around their



central values, µF = µR = 2Q = mZ , with the constraints 8: 1/2 ≤ {µF /µR, Q/µR} ≤ 2. The
perturbative uncertainty is roughly around ±5% for 5∼<qT ∼< 30GeV, while it reaches ±10% for
qT ∼< 5GeV and qT ∼> 30GeV.

In the left panel of Fig. 2 we show the NNLL+NLO qT spectrum for W production at the
LHC 14. The kinematical cuts on the final state leptons are reported in the plots.

In the case of the W production, because of the neutrino in the final state, the qT of the
vector boson can only be reconstructed through a measure of the hadronic recoil. In this case it
is thus specially relevant the transverse-momentum distribution of the final state charged lepton.
In the right panel of Fig. 2 we show the resummed and fixed-order predictions for the lepton
transverse-momentum distribution from W decay: the difference between the NNLL+NLO and
the next-to-next-to-leading order (NNLO) distribution can reach the 10% level.

In summary we observe an overall good agreement of the NNLL+NLO results with the
LHC data for the W/Z qT distribution without the inclusion of any model for non-perturbative
effects and we find a moderate effect of the qT -resummation on the lepton pT distribution from
W decay.

References

1. R. Hamberg, W. L. van Neerven and T. Matsuura, Nucl. Phys. B 359 (1991) 343 [Erratum-
ibid. B 644 (2002) 403]; R. V. Harlander and W. B. Kilgore, Phys. Rev. Lett. 88 (2002)
201801.

2. C. Anastasiou, L. J. Dixon, K. Melnikov and F. Petriello, Phys. Rev. D 69 (2004) 094008.
3. K. Melnikov and F. Petriello, Phys. Rev. Lett. 96 (2006) 231803, Phys. Rev. D 74 (2006)

114017.
4. S. Catani, L. Cieri, G. Ferrera, D. de Florian and M. Grazzini, Phys. Rev. Lett. 103 (2009)

082001; S. Catani, G. Ferrera and M. Grazzini, JHEP 1005 (2010) 006.
5. R. K. Ellis, G. Martinelli and R. Petronzio, Nucl. Phys. B 211 (1983) 106; P. B. Arnold

and M. H. Reno, Nucl. Phys. B 319 (1989) 37 [Erratum-ibid. B 330 (1990) 284]; R. J. Gon-
salves, J. Pawlowski and C. F. Wai, Phys. Rev. D 40 (1989) 2245.

6. E. Mirkes, Nucl. Phys. B 387 (1992) 3; E. Mirkes and J. Ohnemus, Phys. Rev. D 51, 4891
(1995).

7. Y. L. Dokshitzer, D. Diakonov and S. I. Troian, Phys. Lett. B 79 (1978) 269, Phys. Rep.
58 (1980) 269; G. Parisi and R. Petronzio, Nucl. Phys. B 154 (1979) 427; G. Altarelli,
R. K. Ellis, M. Greco and G. Martinelli, Nucl. Phys. B 246 (1984) 12; J. C. Collins,
D. E. Soper and G. Sterman, Nucl. Phys. B 250 (1985) 199; J. Kodaira and L. Trentadue,
Phys. Lett. B 112 (1982) 66, report SLAC-PUB-2934 (1982); S. Catani, D. de Florian and
M. Grazzini, Nucl. Phys. B 596 (2001) 299; S. Catani and M. Grazzini, Nucl. Phys. B 845

(2011) 297.
8. G. Bozzi, S. Catani, G. Ferrera, D. de Florian and M. Grazzini, Nucl. Phys. B 815 (2009)

174; Phys. Lett. B 696 (2011) 207.
9. P. B. Arnold and R. P. Kauffman, Nucl. Phys. B 349 (1991) 381; C. Balazs, J. w. Qiu

and C. P. Yuan, Phys. Lett. B 355 (1995) 548; C. Balazs and C. P. Yuan, Phys. Rev.
D 56 (1997) 5558; R. K. Ellis, D. A. Ross and S. Veseli, Nucl. Phys. B 503 (1997) 309;
F. Landry, R. Brock, P. M. Nadolsky and C. P. Yuan, Phys. Rev. D 67 (2003) 073016.

10. G. Bozzi, S. Catani, D. de Florian and M. Grazzini, Nucl. Phys. B 737 (2006) 73; Nucl.
Phys. B 791 (2008) 1; Phys. Lett. B 564 (2003) 65.

11. A. D. Martin, W. J. Stirling, R. S. Thorne and G. Watt, Eur. Phys. J. C 63 (2009) 189.
12. S. Chatrchyan et al. [CMS Collaboration], Phys. Rev. D 85 (2012) 032002.
13. G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 705 (2011) 415.
14. G. Aad et al. [ATLAS Collaboration], Phys. Rev. D 85 (2012) 012005.


