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Figure 14. Ratio of strange-to-down sea-quark distributions rs = 0.5(s+s)/d as a function of x as
assumed in HERAPDF1.5 PDF compared to the ratio obtained from the fit including the ATLAS
Wc-jet/WD

(⇤) data and the ratio obtained from ATLAS-epWZ12. The error band on the ATLAS
Wc-jet/WD

(⇤) measurements represents the total uncertainty. The ratio rs is shown at Q2
= m

2
W .

sea. Figure 14 also shows that the x-dependence of r
s

obtained from the ATLAS-epWZ12
PDF is in good agreement with this study.

10 Additional results

10.1 Cross-section ratio �OS�SS
fid (WD(⇤))/�fid(W ) differential in pD(⇤)

T

In this section, the measurements of the cross-section ratio �

OS�SS
fid (WD

(⇤)
)/�fid(W ) differ-

ential in p

D

(⇤)
T are presented. The measurements are compared in figure 15 to theoretical

predictions obtained from aMC@NLO using the CT10 NLO PDF. The ratio is on average
8% higher in data than in simulation. The shape of the p

D

(⇤)
T spectrum is reasonably well

described by the MC simulation, although a slight excess in data compared to MC simula-
tion is observed in the highest p

D

(⇤)
T bin, suggesting that the p

D

(⇤)
T spectrum in data might

be slightly harder than the aMC@NLO prediction. The measured integrated cross-section
ratios in the fiducial region are shown in table 10.

�

OS�SS
fid (WD

(⇤)
)/�fid(W ) [%]

W

+
D

�
0.55± 0.06 (stat)± 0.02 (syst)

W

+
D

⇤�
0.66± 0.03 (stat)± 0.03 (syst)

W

�
D

+
1.06± 0.08 (stat)± 0.04 (syst)

W

�
D

⇤+
1.05± 0.04 (stat)± 0.05 (syst)

Table 10. Measured fiducial cross-section ratios �

OS�SS
fid (WD

(⇤)
)/�fid(W ) together with the sta-

tistical and systematic uncertainty.
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The production of charm quark jets in association with electroweak gauge bosons at the LHC
can be used as a tool to constrain quark parton distribution functions (PDFs). Motivated by recent
measurements at the Tevatron and LHC, we calculate cross sections for W/Z + c, comparing these
to W/Z + jet, for various PDF sets. The cross-section differences can be understood in terms of
the different underlying PDFs, with the strange quark distribution being particularly important
for W + c production. We suggest measurements of appropriately defined ratios and comment on
how these measurements at the LHC can be used to extract information on the strange and charm
content of the proton at high Q2 scales.

I. INTRODUCTION

The production of charm quarks in association with
electroweak gauge bosons at hadron colliders can pro-
vide important information on strange and charm quark
PDFs, complementary to that obtained by tagging charm
quarks in the final state in deep inelastic scattering ex-
periments [1]. In particular, the Tevatron CDF and D0
experiments [2, 3] have measured the cross section for
charm quarks produced in association with W bosons,
using muon tagging of the charm-quark jet. However the
accuracy of these measurements is limited to ∼30% by
low statistics. The LHC is expected to provide a more
precise measurement, and indeed the CMS collaboration
has recently performed a similar study [4] of W± + c(c̄)
production, again using muons to tag the charm quark
jet in the final state.
At leading order (LO), the Feynman diagrams for

charm production in association with a W boson are
shown in Fig. 1. The dominant contribution comes from
strange quark – gluon scattering, as the corresponding
down-quark contribution is strongly Cabibbo suppressed.
The cross section for W+c production (where ‘c’ denotes

s, d

c

W− W+s̄, d̄

c̄

FIG. 1: Feynman diagrams for W±+ c(c̄) production at lead-
ing order.

a tagged charm-quark jet) is measured in Ref. [2] (CDF),
while Ref. [3] (D0) introduces the ratio of charm jets to
all jets, which is expected to suffer less from both ex-
perimental and theoretical uncertainties. CMS has per-
formed a similar analysis [4] using the 2010 LHC data
set.
Also of interest is charm production in association with

Z bosons. The leading-order process is simply cg → Zc,
and so this process can be used to extract informa-
tion on the charm quark PDF. It is important to note
that for both W + c and Z + c production at hadron

colliders, the strange and charm quarks are probed at
much higher Q2 (∼ 104 GeV2) values than in the tra-
ditional determinations from deep inelastic scattering,
i.e. νs → µ−c(→ µ+) and ec → ec(→ µ+) where typ-
ically Q2 ∼ 100−2 GeV2). Taken together, the mea-
surements therefore also test DGLAP evolution for these
quark flavours.
In this letter we study W +c-jet production in the con-

text of the CMS analysis [4], analysing the different quark
contributions and comparing the predictions of various
widely-used PDF sets. We also study the corresponding
cross-section ratio for Z+ c-jet production, which should
be measurable with the 2011 LHC data set.

II. CMS MEASUREMENT OF σ(W+ c)

The two relevant cross-section ratios introduced by
CMS [4] are:

R±
c =

σ(W+ + c̄)

σ(W− + c)
and Rc =

σ(W + c)

σ(W + jet)
. (1)

The advantage of using ratios is that many of the the-
oretical and experimental uncertainties cancel. In par-
ticular, the ratios are fairly insensitive to higher-order
perturbative QCD corrections. Note that R±

c ≡ 1 at
the Tevatron. We calculate the cross sections at NLO
pQCD using MCFM [5], applying the CMS cuts [4] to
the final-state: pjT > 20 GeV, |ηj | < 2.1, plT > 25 GeV,
|ηl| < 2.1, R = 0.5, Rlj = 0.3. Five different NLO
PDF sets are used: CT10 [6], MSTW2008 [7], NNPDF2.1
[8], GJR08 [9] and ABKM09 [10], as implemented in
LHAPDF [11]. The renormalisation and factorisation
scales are set to MW , although the cross-section ratios
are rather insensitive to this choice. (We have also con-
sidered dynamical scales of the form Q2 = M2

W + p2TW ,
but the differences for the cross-section ratios are similar
in magnitude to the PDF uncertainties.)
The results are summarised in Table I where we also

include the ratio:

R± =
σ(W+ + jet)

σ(W− + jet)
. (2)
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perimental and theoretical uncertainties. CMS has per-
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and so this process can be used to extract informa-
tion on the charm quark PDF. It is important to note
that for both W + c and Z + c production at hadron

colliders, the strange and charm quarks are probed at
much higher Q2 (∼ 104 GeV2) values than in the tra-
ditional determinations from deep inelastic scattering,
i.e. νs → µ−c(→ µ+) and ec → ec(→ µ+) where typ-
ically Q2 ∼ 100−2 GeV2). Taken together, the mea-
surements therefore also test DGLAP evolution for these
quark flavours.
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