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1. Introduction

Electroweak measurements at the LHC can be used to extfaonation on the strange and
charm content of the proton, particularly at higR scales. A first determination of the strange
quark distribution from LHC data has been performed by ATL#S1], where information is
extracted by studying the toté/=, Z cross sections. In addition to the to¥sll*, Z cross sections,
a more direct way of extracting information on the strangarfgulistribution is by studying the
associated production & bosons and charm quark jets [2]. Charm tagging in produation
electroweak gauge bosons at hadron colliders can provigeriant information on strange and
charm quark PDFs, complementary to that obtained by taggiragm quarks in the final state
in deep inelastic scattering experiments [3]. In particulDF and DO have measured the cross
section for charm quarks produced in association Wittbosons [4, 5, 6], with an accuracy of
~30%. The LHC can provide a more precise measurement, anddrttie CMS collaboration has
recently performed a similar study [7, 8], using long-life¢ tagging to identify the charm jets.
ATLAS has very recently released the first results for theesanocess in [9].

At leading order (LO), the—channel Feynman diagrams #éf -+ ¢ production are shown in
Fig. 1. The dominant contribution comes from strange quaglkuen scattering, as the correspond-
ing down-quark contribution is strongly Cabibbo supprésse

s,d W 5,d W+
——N/\V\ —\/\V'V
00000 —— 00000 —+—

Figure 1: Feynman diagrams fa¢* + c(C) production at LO.

Charm production in association withbosons can be used to extract information on the charm
guark PDF. For bothV + ¢ andZ + ¢ production at hadron colliders, the strange and charm quark
PDFs are probed at much higher factorisation so@feé- 10* GeV?) than in the traditional deter-
minations from DIS, i.evs— p~c¢(— pu™) andec — ec(— p™) where typicallyQ? ~ 10°-2 Ge\~.
Taken together, the measurements therefore also test D@k@élBtion for these quark flavours.

We studyW + c-jet production in the context of the CMS analysis [7], asalg the differ-
ent quark contributions and comparing the predictions oious widely-used PDF sets. We also
discussZ + c-jet production, which should be measurable at the LHC.

2. W+cattheLHC

In order to facilitate the comparison with the CMS analysis uge two cross-section ratios
introduced by CMS [7]:

(W™ +0)

Y o(W+c)
Re = o(W-+c)

andRc: m

(2.1)

The advantage of using ratios is that many of the theoretindl experimental uncertainties can-
cel. Note that the charm charge asymmetry r&jo= 1 at the Tevatron. We calculate the cross
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sections at NLO pQCD using MCFM [10], applying the CMS cufstprthe final-state:p’}at > 20
GeV, [niel| < 2.1, pi'" > 25 GeV,|n'ePton < 2.1, RIi = 0.5, R = 0.3, whereRli andR' are
respectively the jet-jet and lepton-jet minimum separafi@rameters. Five different NLO PDF
sets are used: CT10 [11], MSTW2008 [12], NNPDF2.1 [13], GJR@] and ABKMO09 [15], as
implemented in LHAPDF [16]. The renormalisation and faation scales are set tdy, i.e.
Ur = Ur = My, although the cross-section ratios are rather insendibiviis choice.

The results are summarised in Table 1 where we also include:

L O(WT +jet)

= 7 2.2
oW~ +jet) 22)
Ratio RE Re R*
CT10 09530007 | 0.124'G0%5 | 1.3970063

MSTW2008NLO| 0.92175322 | 0.1167950% | 1.34733
NNPDF2.1INLO | 0.944:0.008 | 0.104+0.005 | 1.39+0.02
GJRO8 0.933£0.003 | 0.099:0.002 | 1.37+0.02
ABKMO09 0.933£0.002 | 0.116+0.003 | 1.39+0.01

Table 1: Comparison of results at NLO using different PDFs setcluding 68%cl (asymmetric,
where available) PDF errors.

For reference, we note the valuesRif andR. measured by CMS [7]:

RE = 0.92+ 0.19(stat) 4 0.04(syst) (2.3)
R; = 0.143+ 0.015(stat) 4- 0.024(syst) (2.4)

CMS has updated th& + c analysis with the 2011 data set in [8]. The analysis involvdgferent
set of selection cuts. The result they obtainedRis= 0.954+ 0.025(stat,) + 0.001(syst) for
plePlo" >, 25 GeV. Both systematic and statistical errors have sigifiy decreased.
If only the strange quark contributed W + c production, then any deviation & from
1 would imply an asymmetry betweenands. However even ifs = s, the fact thatd < d will
automatically giveR: < 1 through the Cabibbo suppressgdquark contribution. Schematically,
at LO we expect _
RE ~ S+ [Vgc|?d
S+ [Vae|2d”
with Vyc=0.225. This leads to a suppression by a factor of 20 ofithquark contribution to the
Cross section.
The relative contributions of initial-stateandd quarks toR: andR; are illustrated in Figs. 2
and 3. Note that these results are obtained using LO expresfir the subprocesses, but with NLO
PDFs. The additional NLO subprocesses, i.e. involvingedéiiit combinations of initial partons

(2.5)
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(e.g. qq,09) compared to those in Fig. 1, are of course included in theNuD calculation, but
beyond LO there is no unambiguous separation of the croseidnto s— or d—quark flavour
contributions because of gluon splittings. These resuétsheerefore to be used only as a schematic
guide in determining the relative importancessf andd—quarks inW + ¢ production.

R:t

MSTWOSNLO CT10 NNPDF2.INLO ’ MSTWOSNLO CT10 NNPDF2.INLO

Figure 2: Effect of initial-states andd quarks on  Figure 3: Effect ofs andd quarks onR; using
R* using NLO PDFs (LO processes). NLO PDFs (LO processes).

For CT10s = Sand therefore the fact th& < 1 is due entirely to the difference between
andd. NNPDF2.1 does have an asymmetric strangesea# 0, but the asymmetry is very small
in the x,Q? region of interest for this process and theref@ # 1 is again determined mainly
by thed, d asymmetry. Finally, for MSTW2008 the strange asymmetryaigér contributing
significantly toRZ.

The strange asymmetsy- sfor Q = My, the relevant scale for this process, is shown in Fig. 4,
including the 68%cl uncertainty band in the case of MSTW2008 and NNPDF2.1. The strange
asymmetry in both of these sets is constrained by the CCFRNaiéV dimuonvN andvN DIS
data [17] in the global fit. These data slightly prefer an as\gtric strange sea in therange
0.03— 0.3, although the CT10 symmetric choice ©f sis also consistent with the data within
errors. In the MSTW2008NLO fit, the choice of parametrigatilvives the relatively large positive
asymmetry in the range ~ 0.01— 0.1. There is no such strong parameterisation dependence in
the NNPDF2.1 fit. A precise measurement of the r&ig combined with an improved knowledge
of thed,d_difference, could therefore provide important new infotima ons, at smallx.
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Figure 4: Strange valence distribution for NLO Figure 5: NLO PDF ratio o6+ sto Z(q+ q) at
PDFs alQ = My. Q= Mw.
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The ratioR; can be used as a measure oftibtal strangeness of the proton, and to the extent
that thes&V+-jet cross sections are dominateddgyscattering we can expeBt ~ z(f‘;;%. For our
three sets of NLO PDFs this ratio at sc@le= Myy is shown in Fig. 5. The ordering of th& values
and the relative size of the PDF uncertainties for the difieiPDF sets agrees qualitatively with
the corresponding values of the quark ratixat 0.06, the average value of the incoming quark
for this collider energy and choice of cuts. The MSTW2008Ndtange-quark error band is much
narrower than that of the other sets because of the impBsitimption in the MSTW global fit that
all sea quarks have the same univecpéf, Qg) ~ x2 behaviour ax — 0, with 6 determined quite
precisely by the fit to the HERA smatistructure function data.

The ratiosR: andR. can also be considered as distributions of kinematic obbtes, e.g.
theW transverse momentum as shown at LO (using NLO PDFs) in Figr &f. In contrast to
R*, which is related to the/d ratio at highx and thereforéncreases with p¥, RE is adecreasing
function of p% driven by the dominance of the valende-quark at highx over the other parton
distributions involved, see Eq. (2.5). The rapid drop for RDF is a result of botlni_/d at largex
and also the increasing value ®f at largex as shown in Fig. 4. The large differences between the
predictions of the various PDF sets in the region of hdﬁhclearly illustrate the potential of using
RS as a PDF discriminator. Similar conclusions can be drawndmsicleringRE as a function of
theW rapidity as shown in Fig. 7. The differential distributiofhtbe lepton rapidity is measured
by CMS in [8].
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Figure 6: Dependence & on p¥ using NLO  Figure 7: Dependence & onyV using NLO
PDFs. PDFs.

3. Predictionsfor o(Z +c)

Even though the corresponding cross sections withtheoson replaced by Z boson are
significantly smaller, especially when account is takerhef difference in the leptonic branching
ratios, with a sufficiently large data sample a similar asiglgan be performed.

We first consider the ratio .
o c
RZ = (7""_)7 (3.1)
o(Z+jet)
where thec in the numerator here refers to either ar acjet. Defining a similar set of experimental

cuts: P > 20 GeV,|ni®t| < 2.1, pEP" > 25 GeV,|n'ePton < 2.1, Ril = 0.5, Ri = 0.3 and 60<
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PDF Set R% o : ' MNS,\"I’F\{VDZFOZO%:“TE% E |
CT10 0.0619 59035 ox|
0.0014 °’1
MSTW2008NLO| 0.0640°3901¢ ol

c+C
Z(g+q)

NNPDF2.1NLO | 0.066Gt0.0013
GJR08 0.0611£0.0011 ooz -
ABKMO09 0.0605£0.0019

-0.0:

2
0.01

Table 2: Comparison di? NLO predictions for Figure 8: Charm quark fractiofc+¢)/2(q+q)

the different PDF sets, with 68%cl PDF uncer- atQ= Mz for NLO PDFs.
tainties.

m; < 120 GeV (to suppress the photon contribution), gives the Nai® predictions shown in
Table 2, now with the QCD scales sethb.

In principle RZ provides direct information on the charm content of the @mptcomplemen-
tary to that obtained from DIS experiments W [12]. We note that the differences between the
predictions of different PDF sets are much smaller than tiergtrange quark distributions, pre-
sumably because in all these global fits the charm distobstiarise perturbatively frog — cc
splitting, with the smallx gluon well determined from the HERA structure function dathis can
be seen in Fig. 8, which compares the ratio of charm quarkd tuarks for the three PDF sets.
By analogy withR., we expecRé ~ z&* f® With PDF errors taken into account, the usdgfas
a PDF discriminator will require a very precise measurement

We can also consider the (charm) charge asymmetry ratio:

_ 0(Z+¢)
R (2) = a(Z+0) (3.2)

RE(Z) is automatically equal to 1 i€ = C'in the initial state, which is the case for all the PDF
sets considered here. However this symmetry does not radgsmld if we allow for anintrinsic
charm component [18]. PDF studies incorporating intrircdiarm, see for example [19, 12], sug-
gest that it is probably a small effect compared to pertivbit generated charm, particularly at
the smallx values relevant to the LHC. Recently the prospects of seagdbr intrinsic charm at
the LHC using the prompt photon plus charm cross section bage presented in [20].

We can also study the ratios:

RVZ _ o(Z+c) and RVZ o(Z+jet)

o(W+c) o(W +jet)’

with RY? measured by ATLAS in [21]. The NLO predictions for MSTW2008® are 0.045 and
0.082 respectively, for the selection cuts described ablmw/ andZ including leptonic decays.

(3.3)

4. Conclusions

We have investigated charm production in association WitandZ bosons at the LHC. and
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showed predictions relevant to the recent CMS analysisMdyosons. Precise measurements of
the ratiosR. andR: can provide useful information on the strange content ofpttiéon, and in
particular the asymmetry betwesrands at smallx and highQ?. We have also shown results for
differential distributions that provide additional infoation on thex dependence of the strange and
anti-strange quark distributions. We also propose a measemt of the corresponding ratio for Z
bosonsRE, which can be used as a measure of the charm content of thenprot
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