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1. Introduction

The Tevatron experiments CDF and DO have wide-ranging plysiogrammes, making pre-
cision measurements of the Standard Model and searchimg¥ophysics. From the point of view
of measuring the content of the proton, data from the Tewadid as an important pivot between
the relatively lowQ? probed at HERA, the source of most of the constraints on patemsities,
and the high scales that will be accessible at the LHC. Aftated introduction to the CDF and DO
experiments, this contribution discusses the quantifghBDF uncertainties, gives a brief insight
into some important measurements that find significant PRREnminties, and then reviews recent
results that have potential to act as further constraint8[dF fits.

2. The CDF and DO experiments

CDF and DO are general-purpose detectors, designed tetraygand accurately reconstruct
electrons, muons, charged tracks, jets, and the imbalanoeeasured energy that comes from
neutrinos. CDF has excellent tracking capabilities predlity a drift chamber covering| < 1,
and extended forward by silicon detectors. A muon systemiges coverage fofn| < 1.5, and
calorimetry extends ttn| < 3. DO has excellent muon coverage fgf < 2 and calorimetry for
In| < 4. The DO fibre tracker covers the regipn < 1.8.

3. PDF uncertainties

3.1 Quantifying PDF uncertainities

PDFs are parameterised fits to many sets of data collecteddyyidelastic scattering, fixed-
target and hadron collider experiments. Several groupsgiged®DF sets, and among the most
widely used are those from the CTEQ and MRST collaborati@n2]l As an example, the func-
tional form used by the CTEQ collaboration is:

xfa(x, Qo) = Agx™ - (1 —x) 2. &% (14 Agx)%s,

wherea are combinations of u-, d-, u- aaequarks and the gluon, arfgi(x, Q) is the probability
of finding partonj carrying a fractiorx of the proton’s momentum, when it is probed at sc@le
Of the resulting 30 parametef§, 10 are fixed. The remaining free parameters are determined
a low scaleQp = 1.3 GeV, and QCD evolution equations are used to extract vdtwehe parton
densities at the high values @F of interest at the Tevatron.

A relatively recent development is the provision of PDF ¢ersets that encode uncertainties
in and disagreements between the fitted data [3, 4]. Eigéongeare formed imA-space — 20
eigenvectors for CTEQ and 15 for MRST — and for each eigenvetito complete PDF sets are
provided corresponding to the changes in each directiohatfagigenvector that increase tpé of
the overall fit by a given amount from its minimum. The CTEQabration provides error PDF
sets at\x? = 100 from its best fit, and the MRST collaboration udgg = 50.

Using these error PDF sets in the same way as the best-fiesatgut to a cross-section cal-
culation or event generator and detector simulation, e@sadbbetermination of the PDF uncertainty
for a particular measurement.
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3.2 Current limitations arising from PDF uncertainties

W and Z cross-sections. Some of the earliest high-precision high-measurements to come
from CDF during Run 2 of the Tevatron were the W and Z crossicgeeneasurements [5]. The
uncertainties on these measurements are dominated by then@i®®sity uncertainty common to
all Tevatron cross-section measurements, but other treritth systematic uncertainties are very
well under control, to better than 2%. One of the largestrifmutions to the systematic uncertainty
is the PDF uncertainty, at 1%.

The ratio of W to Z cross-sections is of interest becauserakfendamental parameters of
the Standard Model can be extracted from it, and experirttgmteany of the uncertainties cancel
when taking the ratio, including the luminosity uncertgimthich cancels entirely. However in
the CDF measurement there remains a significant PDF unugrtaithe ratio and therefore in the
extracted value of the W boson widtfW) = 2092+ 42 MeV, with a 0.6% contribution to the total
uncertainty coming from PDFs.

In this situation, one approach is to design a measuremexifigally to minimise the PDF
uncertainties. It was realised that the non-cancellatioth®@ PDF uncertainty in the ratio mea-
surement is largely a result of the very different rapiditstidbutions of W and Z events accepted
in the analysis. In a new analysis that is ongoing, by makirgW and Z event selections iden-
tical (requiring only one lepton even for Z events) and dateing the ratio of cross-sections by
fitting observed kinematic distributions with a combinatiof W and Z simulated events, the PDF
uncertainty is expected to be reduced to 0.3%.

Top pair production. The current combined CDF t-quark cross-section measurgmsng
760 pbt of data, iso(pp— t_) = (7.3 £ 0.55tat% 0.65ys+ 0.4ym) pb [6]. However the best theo-
retical calculation gives (p p— tt) = 6.7J_r815 pb [7], which includes an uncertainty 6f10% from
PDFs. In this case, imperfect knowledge of the proton cdritehmiting our ability to test the
Standard Model.

W boson mass. The neutrino produced in the leptonic decay of a W boson esctye de-
tector, so the W boson mass is measured by fitting to temptditepton momentum transverse
to the beam direction, to the measured energy imbalanceeitrdinsverse plane or to a massg
constructed only from transverse quantities. The W massuanement is still being finalised but
CDF has evaluated the uncertainties for its 200'ptiataset. The total uncertainty is projected to
be 76 MeV, which is dominated by the lepton and recoil enemgles and resolution. However
these leading systematic uncertainties scale roughly lwithnosity and will be correspondingly
reduced in the next iteration of the analysis. In contrdst, dontribution to the uncertainty of
15 MeV from the PDFs will not reduce and will be a significantmgmnent of the total expected
uncertainty of 40 MeV for Run 2.

4. PDF-constraining measurements

Given these examples of current Tevatron measurementarthaensitive in different ways to
the description of the proton, conversely we would like tastouct precision measurements with
the aim of better constraining the PDF fits. The rest of thigtrgoution will discuss several such
measurements that are currently underway.
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4.1 Z rapidity

Z boson production is the simplest high-process at the Tevatron and has the advantage that
in the clean dielectron and dimuon decay channels, the Znsoare fully reconstructable. The
good lepton coverage of CDF and DO means that both experniave access to almost the full
kinematic range of Z production. The rapidigyof the Z is closely related to the fractioms»
of the (anti)proton momentum carried by the colliding pastoand at leading order the relation
X12 = %eiy holds exactly. A measurement of the Z rapidity is thereforiract probe of the
parton distributions.

DO has measured the Z rapidity distribution in the electdsannel using 337 pi? of data, as
shown in Fig. 1, and has observed good agreement with the NiNEGiction. There is potential
for constraining PDFs in the high rapidity region, corregfing to extreme values of where
the PDFs are less well known, with significantly increasedistics and correspondingly smaller
efficiency uncertainties.
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Figure 1: Left: Z rapidity measured by DO in the electron channel us383 pb!. Right: Fractional
uncertainties.

4.2 Forward W boson production

Since the neutrino produced in the leptonic decay of a W besmapes the detector, the
W boson rapidity cannot be directly reconstructed. Howeasen first differential measurement
of the W boson cross-section CDF has measured the crossrsémt events in which the elec-
tron is reconstructed in one of the forward calorimeter®, < |Nejectrol < 2.8 [8]. The mea-
surement uses 223 pb of data and relies on silicon-only tracking at high The acceptance
for the central |electrod < 1.1) and forward analyses is shown as a function of W rapidity in

Fig 2, and it can be seen that the analyses are complemeAfaryshown is the transverse mass
mr = \/2E$ EY(1—cos(@v)), which demonstrates that the data are very well describddrart
the backgrounds are small, even far forward in the detector.
From forward events, the total W boson cross-section is oredso bes(p p— W) - Br(W —
ev) = (2796+ 13, T2+ 162um) pb, which is in good agreement with the measurement from

—90 sys
central events [5] 0&(pp— W) -Br(W — ev) = (2771+ 14gtai+ 6255+ 166um) pb.
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Figure2: Left: W boson acceptance for central and forward measurtsnRight: Transverse masg for
forward W events.

The visible cross-sectioays is defined a®is = Oiotal - A WhereA is the detector acceptance;
then the ratio of the visible cross-sections in the centndl farward regions can be compared to
predictions using different PDF sets.

The analysis yields:
centraj forward

i (CDF) = 0.925+0.033
and the predictions are:

ceryfwd
is

(CTEQ61) = 0.924+0.037 , R®®"™I(MRSTO18 = 0.941+0.012

is
With more data, this measurement could be useful as an inRIDF fits.

4.3 W charge asymmetry

The rapidity is not the only handle available on W boson potida. Since on average a higher
fraction of the proton momentum is carried by u-quarks thaa4guarks, W tend to be boosted
in the proton (forward) direction and Win the antiproton direction, resulting in a non-zero W
charge asymmetry at a given rapidity. Experimentally theeotable asymmetry is that of the
decay leptons, which is diluted from the boson productigmamsetry by the preferential emission
of the charged lepton opposite to the boson direction in a Mtéraction.

The W charge asymmetry is sensitive to the ratio of d- to udguavhich is otherwise not
well-constrained, particularly at higk and the first measurement from CDF, published in 1998
[9], changed the best-fit d-quark density by around 30% at20 GeV.

DO has recently made its first measurement of the W chargerasiny using 230 pb* of data
in the muon channel [10]. The analysis requires an isolatedk twith hits in both the fibre tracker
and the silicon system; and the principal systematic uait#yt is associated with the hadronic
energy scale, used in the computation of the missing trasswnergy associated with the neutrino.
The result is given in Fig. 3 and since the experimental uag#res are already smaller than the
shaded band showing the PDF uncertainties, it should pemddhe constraining power.
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CDF has an earlier measurement using 170'pbf electron data, in which the events are
separated into two bins of transverse energy:<2bt < 35GeV and 35 Er < 45 GeV [11].
Since the effect of the unknown longitudinal component @& treutrino momentum is smaller
for higher Et electrons, more of the production asymmetry is preservatiarnigherEy range.
Furthermore, for a giveneectron the twoEr ranges probe different W boson rapidities and hence
differentx. The result for the highdgr range is shown in Fig. 3.
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Figure 3: Left: DO W charge asymmetry measurement in the muon chansielg 230 pb?. Right: CDF
W charge asymmetry measurement in the electron channgj Lighpb L, for the highET range.

CDF is currently finalising a new measurement that aims toalisef the event kinematics
to unfold directly back to the W boson asymmetry, which wilbyide even further constraining
power.

4.4 Inclusivejet cross-section

The least-constrained PDF is the gluon at higiith for example the CTEQ 6.1M uncertainty
reaching 100% at= 0.6 for Q =500 GeV. The inclusive jet cross-section probes the gluositde
directly. During Run 1 of the Tevatron CDF observed a sigaiftoexcess of jets at high transverse
energy,Er > 300 GeV, which prompted speculation about new physics. Mewehen proper
account was taken of the uncertainty in the PDF sets usedt&nopredictions, the data were
found to be consistent with the Standard Model. Having lagiitéd the importance of correctly
assessing PDF uncertainties, this measurement can ndwmaite statistics, be used to constrain
the PDF fits.

The increase of the Tevatron’s centre-of-mass energy fr@&ielV to 1.96 TeV between Run
1 and Run 2 has extended the reach of the inclusive jet cexd®s by around 150 GeV iy, and
increased the cross-section by a factor of around threg at 500 GeV.

Events are collected using single-jet triggers and the gmynmteraction is required to have
taken place close to the centre of the detector, less tham5@@) or 60cm (CDF) from the
nominal interaction point. The energy in the calorimetsersummed and missing transverse energy
is required to be small to remove cosmic ray and beam backdsou

Jets are clustered by one of two clustering methods cuyrantise at the Tevatron: the mid-
point andkr algorithms. The midpoint algorithm is based on a con@inp)-space. Cones of fixed
radiusR are drawn around seed towers in the calorimeter, and themfooved infra-red safety
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an extra seed is placed at the midpoint(in ¢) of pairs of proto-jets that are separated by less
than R. Then overlapping proto-jets must be merged or split, wisatetermined by the energy
fraction that falls in the overlap region: DO merges-i50% of the energy overlaps, and CDF if
> 75% of the energy overlaps. Tke algorithm combines proto-jets according to their sepanati
in transverse momentuky, starting with the smallestr.

The midpoint algorithm is not collinear-safe and there imesubjectivity in the merging and
splitting of the proto-jets, whereas tlkg algorithm is theoretically motivated for infra-red and
collinear safety and thus for comparison with QCD predidioHowever the systematic uncertain-
ties associated with the two approaches are different aisdvidluable compare the results from
each.

Once jet clustering is complete, the effects of multipletpneantiproton interactions must
be removed. On average there are 1.5 inelastic p—p int&emgier bunch-crossing, but at the
highest instantaneous luminosities achieved so far, tiugeases to 6 interactions per crossing.
DO estimates the effect of multiple interactions by suliinac'offset energies’ measured in events
requiring only crossing protons and antiprotons; and COdtragts energies based on the number
of vertices reconstructed in an event.

Both experiments use bin-by-bin energy unfolding deteedifrom detector simulations to
reconstruct hadron-level energy distributions from theasueed calorimeter-level distributions,
and for its final result DO unfolds using a parameterised tianal form.

In the Monte Carlo simulation used to compare with the dagatupbative QCD partons are
reconstructed into jets, and non-perturbative contritmgiare added from the underlying event and
from fragmentation.

Both DO and CDF have made the inclusive jet cross-sectiorsanement in several bins of
jet rapidity: DO in two bins up tdy| < 0.8 and CDF in five bins up tdy| < 2.1. New physics
is not expected to appear in the high rapidity bins so thesebeaused to constrain PDFs while
maintaining sensitivity to new physics in the low rapiditypy& However the principal systematic
uncertainty, the jet energy scale, is larger in the forwatbctors. At CDF, a-2—-3% jet energy
scale uncertainty translates tat®% cross-section uncertainty at low gt and tgg‘;;g at high jet
Er, and the DO uncertainties are similar.

The results are shown in Figs. 4-6. D0O’s measurement (Figsd$ the midpoint algorithm
[12]. The data have been scaled to theorfzat= 100 GeV for|y| < 0.4 to remove luminosity un-
certainties. The shapes show excellent agreement oveprdees of magnitude of cross-section.
The right-hand plot shows the experimental uncertaintydi{ahaded) compared to the PDF uncer-
tainty envelope (short dash), for the higher rapidity bin.

CDF’s results (Fig 5) use both the and midpoint algorithms and 118 of data [13], and
show excellent agreement with predictions. The fractiamalertainties are shown for the highest
rapidity bin of each analysis in Fig 6, and since the expemialeuncertainties are smaller than the
band allowed by the current PDF fits, these measurementswtiove PDF constraints, particu-
larly on the highx gluon.

45 Z+b

Production of Z bosons in association with b-quark jets ivesecontributions both from
radiative b-quark generation and from the intrinsic b-§uaontent of the proton, the densities
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Figure4: Left: DO inclusive jet cross-section measurement usingnifdpoint clustering algorithm. Right:
The ratio of measured cross-section to prediction, shofrenxgional uncertainties, for the higher rapidity
bin.
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Figure5: CDF inclusive jet cross-section measurements using (et clustering algorithm and (right)
the midpoint clustering algorithm.

of which have only recently been measured for the first timéOFQ@neasures the total cross-
sectiong(Z/y*+b)-Br(Z/y* — eeorupu) to be (0.93+ 0.29%a+ 0.215ys) pb. To remove lu-
minosity uncertainties, both CDF and DO measure of the R&o%. The b-quark jets
are identified by their displaced vertices relative to améseprimary vertex. CDF extracts the
b-quark fraction from the reconstructed mass of all patiabriginating from the displaced ver-
tex, while DO assumes a charm content from the theoreti@igtion N. = 1.69N,. The mea-
sured values ar&(CDF,335pb ) = 0.024 4 0.007s¢at = 0.005s [14] and R(DO,180pbt) =

0.021+ 0.004at 0,005 5,5 [15], to be compared to the NLO prediction0@8+ 0.004. Although
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Figure 6: CDF inclusive jet cross-section fractional uncertaintiethe highest jet rapidity bin,.6 < |y| <
2.1, shown for (left) theékr clustering algorithm and (right) the midpoint algorithm.

the DO measurement uses a smaller dataset, it quotes asatatistical uncertainty owing to its
assumption of the charm fraction.

Further investigation of this process should lead to irtsighto the b-quark content of the
proton, which is particularly important for searches farghe-top and Higgs boson production at
the Tevatron, and for many processes at the LHC.

5. Outlook

As the Tevatron datasets increase, PDF uncertainties leesigmificant, entering through ac-
ceptance calculations, total theoretical cross-sectiedigtions, template shapes and background
estimates.

Both CDF and DO have recent results for measurements that ¢i@ed PDF-constraining
power and are unique to the Tevatron: the W charge asymmehigh gives access to the d-
quark/u-quark ratio; and the inclusive jet cross-sectiwhich is sensitive to the higk-gluon.
Furthermore, several other measurements are promisiggdeiding PDF constraints with larger
datasets, such as the Z boson rapidity, W bosons producéz ifotward region, and Z bosons
produced in association with b-quarks.
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