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Abstract

We present a study of the LHC sensitivity to té boson mass based on simulation
studies. We find that both experimental and phenomenological sourcasteimatic
uncertainties can be strongly constrained vdttmeasurements: the lineshapezddm,

is robustly predicted, and its analysis provides an accurate measurentieatdetector
resolution and absolute scale, while the differential cross-section #@afysz /dydpr,
absorbs the strong interaction uncertainties. A sensitdity, ~ 7 MeV for each decay
channel W — ev, W — uv), and for an integrated luminosity of 10fh appears as a
reasonable goal.



1 Introduction

The Standard Model (SM), now computed at two-loop precision [1, 2)vesry predictive framework.

Its most precisely measured paramet@#sp, Gy, andmz, provide constraints on th& boson and

top quark masses, which can be confronted with measurement. Injecting disenae value of the/
mass and the measurgdooson couplings, a definite prediction is given for the top quark mass [3].
This prediction, together with the discovery of the top quark at a compatible [dhass has been a
major achievement in high energy physics.

The measured values of thi¢ boson and top quark masses are now more precise than their quantum
predictions, and provide non-trivial constraints on the gauge symmeggking sector. In the SM,

this translates into limits on the Higgs boson mass [6]. Beyond the SM, constiaenggven on the
contributions of other heavy particles, like supersymmetric particles [7].

TheW mass has been measured at UA2 [8], LEP [6], and the Tevatron [9. r@dent measure-
ment by the CDF Collaboration givesy = 80.413+0.048 GeV, yielding a current world average of
my = 80.398+0.025 GeV [10]. In the SM, the resulting Higgs boson mass uncertainty is &064i.
Any further improvement in this measurement will translate into more precisesgigiredictions.

The present paper discusses the LHC prospects fovMheass measurement. The expect&d
cross-section at the LHC is about 20 nb [11]. In 10%lof data, a benchmark for one year of in-
tegrated luminosity during the first years of stable running, around@ W events will be selected

in each exploitable decay chann@l (- ev, uv), providing a combined statistical sensitivity of about

1 MeV. Previous estimates [12—-14] of the systematic uncertainties affectsmghdasurement how-
ever amount t@my ~ 20 MeV per experiment, and to a combined uncertaintgmofy, ~ 15 MeV.

The main sources are the imperfect determination of the experiments abswg scale, and the
uncertainties in thgV boson kinematical distributions (rapidity, transverse momentum), which in turn
stem from proton structure function uncertainties and higher orders €¥febxs.

The purpose of this paper is to re-investigate the possibilities to measuf¢ liess with the great-

est possible precision. As is known from the Tevatron, the uncertairgiebe significantly reduced
usingZ boson measurements; this approach will be employed here, with modificatidisprove-
ments suggested by the highstatistics expected. Although our discussion is general, most of our
arguments rely on the expected performance of the ATLAS experimeht [15

The paper is structured as follows. Section 2 summarize®tineass fitting procedure, lists the in-
gredients needed to describe Walistributions used in the fit, and gives a general description of how
these ingredients can be determined. The sources of uncertainty ardigbessed in turn, in Sec-
tion 3 (experimental uncertainties), Section 4 (theoretical uncertaintied$action 5 (backgrounds,
underlying event, and effects related to the machine operation). Corral&@ween these effects are
discussed in Section 6, and the results are given in Section 7. Sectiocl8desnthe paper.

2 General discussion

This section discusses our technical set-upWhandZ event selection, the mass fitting procedure,
and the problem of controlling all ingredients entering in the definition of thelfdtstributions.



2.1 W and Z production. Event generation and simulation

Throughout this papevy andZ boson samples, and their distributions and acceptances are computed
using thePYTHIA general purpose event generator [16]. On toPYWfHIA, the treatment of pho-

ton radiation inW andZ decays is done via an interfaceRB0T0S [17]. The size of the expected
samples are computed assuming the NMCand Z cross-sections, as obtained fr&kBSB0OS [18].

These choices are not unique, and the simulation of physics procésked &C, in particular non-
perturbative strong interaction parameters, will obviously need to betadjusing the forthcoming
data. In this analysis, the effects of the corresponding uncertaintiestnmeated either by changing
parameters in these programs, or by distorting the output distributionsdérng oo our assumptions.

When referring to “fast simulation”, we mean a simplified simulation of the ATLA&&dtor response
using scale factors and Gaussian resolution functions, applied to theag@rlevel information ob-
tained above [19]. When referring to “full simulation”, we mean the complatailation of the
ATLAS detector using:EANT4 [20]. In our discussions below, and in the absence of real physias da
we often treat our fully simulated event samples as data samples, and thierfalsition samples as
their Monte-Carlo simulation. The different detector response in fastfahdimulation allows to
emulate the realistic situation where the imperfect detector simulation is adjusted data taking.

2.2 Signal selection and fitting procedure

At hadron collidersW andZ events can be detected and reconstructed iretkeu vy, ee, anduu

final states. The hadronic modes suffer prohibitively large backgrénam jet productiony modes
can be detected but thelepton decay produces additional undetected particles in the final state, d
luting the information that can be extracted from these modedV kwvents, the observables most
sensitive tany are:

e The reconstructed lepton transverse momenlmﬁm,

e The reconstructed transverse masgy = \/Zpé pY(1—coq ¢’ — ¢v)).

The transverse momentum of the neutrip, is inferred from the transverse energy imbalance, cal-
culated from a summation of energy in all calorimeter cells. Electrons are m€assing the inner
detector (ID) and electromagnetic calorimeter (EMC). They are recatstrand identified with an
efficiency of about 65%, while rejecting background from jets up to areip 1®; in W decays, the
energy resolution is about 1.5%. For muons, the ID is used together with thie spectrometer; the
reconstruction efficiency is about 95% and the relative momentum resollimut 2% [21].

TheW signal is extracted by selecting events with one reconstructed isolatedphigpton (electron

or muon), large missing transverse energy (due to the undetected ngwriddow hadronic activity.

In the following, we requirep!} >20 GeV,|n,| < 2.5, E¥“$>20 GeV, and require the hadronic recoil
(defined as the vector sum of all calorimetric transverse energy oppoite reconstructed/ decay
products) to be smaller than 30 GeV. These selections have a total effi(iegger and selection) of
about 20%, providing a sample of abouk4.0’ events in each decay channel. The backgrounds are
at the percent level. Table 1 summarizes these numberspTaadmy’ distributions obtained with
fast simulation after the/ event selection are shown in Figure 1.

Based on these distributiorma,y can be extracted by comparing the data to a set of models (or template
distributions) obtained frorV event generation followed by a fast simulation of the decay particles.
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Channel W—=lv Z—=ll

Cross-section (pb) 19800 1870
Leptonn acceptance 0.63 0.51
Selection eff. ~0.2 ~0.2

(including acceptance)
Expected statistics (10f8) 4x 10" 35x 1P

Table 1: Cross-sectiom acceptance, total selection efficiency (averaged for electrons andsinuo
and expected sample size for 10 thin each decay channel.
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Figure 1: Distributions of the lepton transverse momentpn,and of thew transverse massY,
after typicalW event selections (cf. text). The Jacobian edges in these distributiondgsnsitivity
to theW mass.
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Figure 2: x2 value as function of the tested valuernf,. Each dot represents a comparison between
the data and the template distribution obtained for a gimgn The curve is the fitted parabola.

The different template distributions are obtained by varying the value &Wtbeson mass parameter
in the event generation. The statistical comparison of the data to the templates parformed in
various ways; throughout this study we will use a simple bingédest. Thex? quantifying the
compatibility of a given template distribution with the data is defined as follows:

Xzzz o2

(™= — )’

(1)

wherenie"p andniObs are the number of expected and observed events (in the template distrimdion a
in the data, respectively) in birof the pt- or m¥ spectrumg; is the expected resolution, and the sum
extends over all bins in the fitting window. The Gaussian approximation ussekas justified for
large statistics, which is the case we consider here.

After all x2 evaluations, a parabola is fitted through gfevalues as a function ofy. The procedure
is illustrated in Figure 2. With the statistics given in Table 1, each channeida®w statistical preci-
sion of about 2 MeV for data corresponding to an integrated luminosity @10

2.3 Required inputs

For the above procedure to work in practice, one must predightrendm?’ distributions as a func-
tion of theW mass. These distributions are however affected by many effects, whexh to be
included correctly in order to avoid biases in the mass fit. The needed impuistad below.

e Experimental inputs: the energy scale and resolution need to be known in order to describe the
Jacobian peak correctly (position and spread). Electron and muonsteaction efficiency effects
also distort the spectra, if this efficiencyps andn dependent.



e Theoretical inputs: theW rapidity distributiony", affects tha‘d’r" andp’} distributions. The trans-
verse momentum of the/, p¥, directly affects thep spectrum; its impact is weaker on tha?
spectrum. The™ and p¥ distributions depend on the proton structure functions and on higher-ord
QCD effects. The lepton angular distribution in ¥erest frame is of importance for boi and
m‘{" and changes with th& polarization [22]. Finally, QED effects (photon radiation in iedecay)
shifts the leptorpr downwards. Since the radiated photons are mostly collinear to the chaggay d
lepton, the impact on electrons and muons is different: the measured muon monentitely re-
flects the momentum loss by radiation, whereas the electron energy, nttasseatially in the EMC,
includes most of the radiated energy.

e Environmental inputs: these include, among others, backgrounds surviving\hselection, un-
derlying event and pile-up effects on reconstructed energies and nemamdom neutron hits in the
muon spectrometer (“cavern background”), and the impact of a nanbeam crossing angle. In all
cases, imperfect modelling of these inputs biases the event reconstyiesiding to distorteg and
m¥ distributions.

2.4 Propagation of systematic uncertainties

The impact of underlying physics mechanisms affectinglhenass determination is estimated by
producing template distributions g andm¥ unaware of the effect under consideration, and fitting
them to pseudo-data including this effect. The resulting bias (i.e. the differdeetween the injected
and fitted values ofny) gives the corresponding systematic uncertainty.

In the simplest case, a physics effect affecting the distributions (foremgialue of th&V mass) can
be summarized by a single parameter. In this case, the induced systematiaintces simply given

by:
dmN

omy = - () (2)
wherea is the parameter controlling the parasmc physics effégto its relative uncertainty, and
omy the induced systematic uncertainty on iWemass. When applicable, we will quote the un-
certainty &g 0, the derivativedmy /d.qa and the estimatedmy. As a convention, we normalize
omy /0rga in MeV/%.

Sometimes, however, a single parameter is not sufficient. The uncerdaimjyis then the result of
all parameter uncertainties and their correlations:

Z AL (Srel 0i) (Ores ;) i - 3)

Orel Qi Oret O]

This happens when the systematic is parametrized by a (sometimes empiricadrfutrcthis case,

we choose to quantify the impact by Monte-Carlo propagation: we genaradem configurations of
theaj, within their uncertainties, and preserving their correlations; for easfigioration, we produce
the corresponding pseudo-data, and fit them to the unaffected temflagespread of the distribution
of the fittedmyy values gives the contribution tmy.



2.5 The impact ofZ boson measurements

The LHC will produce a large number @ events. Their selection is rather straightforward, requir-
ing two reconstructed isolated, high-leptons p}>20 GeV,|n,| < 2.5), and low hadronic activity
(hadronic recoil smaller than 30 GeV).

For each useful decay mod@ { ee, u) and for~ 10 fb~1, around 35 x 10° events should survive
selections. This represents a factor 10 less than the expétwdtistics, but the fact tha events
are fully reconstructed largely compensates this deficit. Cross-sectidrsatistics are summarized
in Table 1.

The precise knowledge of themass and width will allow to determine the lepton energy scale and
resolution precisely. Exploiting the energy distribution from the decay |spiot also allow to de-
termine the scale’s energy dependence (i.e, the linearity of the detegbonse3, and the energy
dependent resolution function. Once this is achievedZttransverse momentum will also serve to
scale the measured hadronic recoil toZhéogether with the measured lepton transverse momentum,
this defines the missing transverse energy. Finally, “tag and probe” me@@jdsill allow to deter-
mine the lepton reconstruction efficiency.

Although most of the QCD mechanisms affectiWgdistributions carry significant uncertainty [24],
they affectW andZ events in a similar way. This is the case for non-perturbative contributions to
theW transverse momentum distributions, but also for parton density (PDFE}sffat the LHC, the

W and theZ are essentially sensitive to higb? sea partons, and a variation of these parameters will
affect thew andZz distributions (in particulay”, y%) in a correlated way. Hence, the measurement of
the Z distributions will help to control thgV ones.

The simulation of QED radiation iV andZ decays was much improved recently [17, 25]. Siill,
the measurement of this process (through 2.g: ¢¢y) will allow to confirm the predictions. Other
sources of uncertainty (e.g. backgrounds and underlying event)ladglllee controlled by auxiliary
measurements at the LHC.

The following sections attempt to quantify the above arguments.

3 Experimental uncertainties

This section assesses the effect of efficiency and resolution in thestegction of leptons and missing
transverse energy.

3.1 Lepton scale and resolution

The Z boson resonance has been measured very precisely at the leptorrgallidag the 90’s [3].
The Z boson mass and width can be exploited as an absolute reference to det@smieeisely as
possible the detector energy scale, its linearity and resolution.

The basic method is rather simple, and consists in comparing the position ancovidéhobserved
mass peak in reconstructed dilepton events withZl@son parameters. A shift of the observed po-
sition of the mass peak, with respect to the nomihi@eak position, is corrected for by scaling the
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detector response, hence determining the detector absolute scale; ittenablspread of the mass
distribution, as compared to the natuZaboson width, is used to estimate the resolution.

The high statistics expected at the LHC, however, imposes a number amefims. First, the scale
obtained as above is averaged over the lepton kinematical spectrum awlarenergy-dependent
scale is needed for a correct description of the Jacobian distributiofsevents. Secondly, lepton
energy resolution effects induce a small but non-negligible shift in thepddteinvariant mass distri-
bution. This shift needs to be subtracted before converting the scaleireddsom theZ invariant
mass distribution into the scale used to describe the Jacobian distributdheviants. The resulting
method has been described in detail in Ref. [26], and is summarized below.

3.1.1 Average detector scale

We first illustrate the energy-independent method, providing an avetetgetor scale. Using the
PYTHIA event generator [16], we produce a set of template histograms congisg to generator-
level Z lineshapes. The decay leptons are smeared and decalibrated withndiéieeegy scale factors

o and resolution functiong. For definiteness, we consider calorimeter-like resolution functions
parametrized as (E) = a x vE. At this stagea is independent of the lepton energy. These tem-
plates are to be compared to the data; for our tests, we use an indepersitenthted sample as
pseudo-data.

A x?2 test is then performed between the pseudo-data and each of the templagmhistas in Sec-
tion 2.2. This results in a two-dimensioret grid as a function of the smearing parameters. At the
vicinity of the minimum, a paraboloid can be fitted through the points, and the ptrerad this
paraboloid give the estimates of the true valuea a@inda.

The method is tested on a fully simulat@d— ee sample, corresponding to 30700 events with
85 < mee < 97 GeV; the mass resolution can be treated as Gaussian over this rangiénd\Vde
average resolution parametze= 0.142+ 0.003, and an average mass scale- 1.0038+ 0.0002.
Figure 3 illustrates the result, where the fully simulaZed- ee lineshape is compared to an example
template histogram assumimg= 1 anda = 0.12, and to the best fit result. Very good agreement is
obtained; moreover, the “measured” scale and resolution parametecgeoivith the values found
when comparing the reconstructed electron energies to their generatavdtues; the electron cal-
ibration in the fully simulated sample underestimates the true energy by 0.4%.

Assuming an inclusivé production cross-section of 2 nb per leptonic decay channel and gndted
luminosity of 10 fo'!, the average scale and resolution parameters can be controlled with aerelati
precision ofd.g a = 2 x 107° anddga = 2 x 1074, Note that these values are not far from the actual
uncertainty of theZ boson parameters. As far as the absolute scale is concerned, a cortetaveen

the inducedV-mass systematic uncertainty and fhboson mass uncertainty might finally appear.

As discussed in the introduction to this section, the method illustrated here mag@iant shortcom-
ing: it only provides a scale averaged over fedistribution expected i events, which differs from
that expected iW events. The averaged scale is applicablé/tevents only in the absence of any
non-linearity in the detector response. In order to correctly propagaté ¢alibration measurement
to theW sample, the scale thus needs to be measured as a function of energy.di$isssed next.
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Figure 3: Comparison of a fully simulatedl — ee sample (dots) to an initial template example,
produced witha = 1 anda = 0.12, and to the best fit result.

3.1.2 Linearity: energy dependent scale and resolution

The above method can be extended as follows. The data and the templaflessifeed as a function
of the lepton energies. This leads to templates and pseudo-data l&b¢ledorresponding to the
event categories where one lepton falls in hiand the other in birj. The scale facton;j and the
resolution parametes; are then fitted in every bin.

In case of small non-linearities of the calorimetry response (1¢.ai, aj very close to 1), we can
then derive thex; from theaj;, writing in first order approximation that the mass peak decalibration
results from the decay lepton decalibrations:

ajjmy = \/ZaiElang(l—coseLz), or 4)
aij ~ (ai+aj)/2 (5)

Writing this for every(i, j) gives a linear system which can be solved using least squares.

As for the resolution, the following linear system holds, neglecting the smattibation from the
angular terms in the expression of the invariant mass resolution:

ot o o
= mte
uy B F

which can again be solved using least squares, yieldingithé/e thus obtain the energy-dependent
resolution function, independently of the form used to produce the templates

(6)
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Figure 4. Left: reconstructed absolute energy scale, as a functiameod\e (points with error bars).
The full line gives the injected function, representing the effect of riolated passive material in
front of the calorimeter. The dashed line is an empirical function fitted thralkig points; the dot-
dashed line shows the result of an energy-independent analysis, griissimon-linearities. Right:
reconstructed energy resolution (points with error bars). The full linkeegrue resolution function,

of the forma (E) /E = a//E + b; the dashed line is the reconstructed function. The dot-dashed line,
assuming no constant teria £ 0), is strongly excluded.

Examples of results that can be achieved are shown on Figure 4. Witfydrias defined as intervals

of 5 GeV, and a integrated luminosity of 10fh the scale parameters are reconstructed with a preci-
sion of 2x 104, as estimated from the RMS of tleresiduals with respect to the injected function.
Similarly, the resolution parameters are reconstructed with a precision @23

3.1.3 Propagation tomy: dmy(ay), dmw(0oy)

Assuming that bin-to-bin variations of the scale do occur with a spreackdf®“, we can compute
the impact of such variations on the measurememnf

As described in Section 2, we perform a set of toy measurements, usietettieon transverse mo-
mentum as observable, templates with varyimgvalues but with a perfectly linear scale, and pseudo-
data with fixedmy, but containing non-linearities.

First of all, we can study theny bias as a function of the error on the average absolute scale. Not
surprisingly, we find a strong dependence:

omy
0re| ay

~ 800 MeV/%,

as illustrated in Figure 5.

In the case of an energy-dependent scale, the uncertaintyyois obtained by injecting random,
energy-dependent decalibrations in the pseudo-data, with a spreadpanding to the result of the
analysis of Section 3.1.2. With 480 independent exercises of this typehtaim @ distribution oi‘r\j\',t

as shown on Figure 6. The scale-indut®dnass uncertainty is given by the spread of this distribu-
tion, and isdmy(a;) = 4 MeV.
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linear dependence is observed in each case, @itly /0, 0y = 800 MeV/% anddmy /0 0 =
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Figure 6: Distribution ofmj\i,t, for 480 exercises with energy-dependent scale parameters randomly
drawn within their uncertainties. The true massrig = 80.33 GeV; the systematic uncertainty is
~ 4 MeV.
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The effect of the resolution is studied by varying the resolution parametbheipseudo-data, fitting
to templates with fixed resolution, and collecting the corresponding value&',toﬂ'his provides the
relation between the resolution bias and the resulting biasgn

omy
Orel Oy

= 0.8 MeV/%

as illustrated in Figure 5. Injecting the expected precision on the resolutimg, e same method
as above, yielddmy(oy) ~ 1 MeV.

The analysis presented here was originally done in ternis (o&ther than transverse energ,) to
ease comparison with the scale and linearity measurements performed orsA&siheam data [27].
In the context of collision data, the analysis can instead be performed in térEs the energy-
dependent scale is reconstructed with the same precision as above,andlee20< Er < 70 GeV.
The propagation tdmy (a,) anddmy(oy) is unchanged.

In addition to the transverse energy dependence, the detector respamgeneral also a function of
the lepton pseudorapidity;, azimuthgy, and time. The physical distributions are however uniform
in general, and certainly fa/ andZ events. Hence it is safe to average ogerany azimuthal depen-
dence of the detector scale or resolution then acts as a contribution to thgexveetector resolution.
Any possible time dependence of the energy response can be treatedsamntbavay, provided the
analysedV andZ event samples are taken from identical data taking periods (“runs§.hkawever
beneficial to limit the impact of this time dependence on the detector resolutioebiggly monitor-
ing its response as a function of time.

Although not strictly identical, the), distributions inW andZ events are also expected to be very
similar within the detector acceptance (the difference is below 5% wiithin< 2.5, cf. Figure 7). As

a first approximation, the same procedure can be applied; the averaging then assumes that lep-
tons fromW andZ are reconstructed with similar performance, with the same averaging caiatnibu
to the global detector resolution. The averaging can be improved by fetivejghen, distribution
observed irZ events, where the scale is measured, to reproduce the distributionexdhs@fv events
where the scale applied. The detector response to leptons of givevairsmsnomentum is then iden-
tical by construction ilW andZ decays, up to the statistical precision of the reweighting. As will
be seen in Section 6, the absolute scale determination is very stable agdatsing of the under-
lying physics hypotheses. In particular, it is negligibly affected by PD&etmainties, which are the
main factor determining the physical rapidity distribution of thboson and its decay products. The
reweighting does thus not introduce hidden physics uncertainties, asdndt affect the discussion
of other systematic uncertainties.

The above analysis is performed on the example of the electron chansalscAissed in Section 2.2,
the muon channels provide similar statistics, and are reconstructed with sirsdartien. The present
results thus equally hold in the electron and muon channels.

We end this section by noting that other well-known physics probes of tdetscale exist, such

as the low-mass vector resonandg¢¥ andY. An over-constrained scale measurement can also be
performed by first measuring the 1D scale, exploiting muon final statesoating the ID scale to the
EMC, using theE /p distribution with isolated electrons; and finally verifying that this indirect EMC
scale allows to reconstruct unbiased mass peaks for the known ressnarelectron final states.
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Figure 7: Electron (left) and muon (right) distributions at reconstruction level, fé¢ andZ events.

This confrontation of measurements is expected to allow to understand tiee siflany observed
non-linearities in terms of magnetic field effects, imperfect alignement, exdgsassive material

in the detector, etc. It will thus be possible to confront several indeprgnaobes of the detector
scale; compatibility between these measurements then validates its use for thieemeas ofmy .
This discussion is familiar from the Tevatromy measurements [9, 10]. The present analysis, using
Z events only, quantifies the precision achievable at the LHC provided aiureraents of the scale
agree.

3.2 Lepton reconstruction efficiency

The observed Jacobian distributiondfihevents also reflect anyr dependence of the lepton recon-
struction efficiency. Any difference between the simulation used to peothectemplates and the data
will induce a distortion of the spectrum and cause a bias in the mass fit.

We again take the electron channel as our main example. The ATLAS eledémtification largely
exploits the shapes of their calorimetric showers [15], which have signifigaergy dependence.
Hence, any selection based on these will haye alependent efficiency which has to be appropri-
ately simulated in the templates. Unlike the electrons, no stmandependence affects the muon
reconstruction efficiency.

3.2.1 Electron efficiency measurements

Electron reconstruction efficiency can be determined from the dataZnetlents, using e.g. the so-
called “tag and probe” method [23], which we briefly summarize here.

Events are selected with one well-identified electron, and an additionalgiigisolated track. The
invariant mass of these two objects is required to be within 10 GeV from the abfmimoson mass.
Assuming that this selec events with enough purity, the identification efficiency is then obtained
by computing the fraction of events where the second object is indeed iddragian electron. The
efficiency of the isolation criterion is obtained in a similar way. Simulation studie® shat the im-
pact of backgrounds on the estimation of the efficiency is small comparee stettistical uncertainty.
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Figure 8: Electron reconstruction efficiency, as determined from fully lsitadZ — ee events.

For the present study we use about 200000 fully simulZted ee events, from which the efficiency
is evaluated. The result is shown in Figure 8, together with an empiricatifendescribing main
features of the§ dependence. The following form:

£(pr) = & —aexp(—bx pr) @)

correctly describes the efficiency in tp& range relevant for the analysis.

3.2.2 Propagation tomy: dmy(€)

The effect of the efficiency uncertainty is estimated as in the previous se@&mplate distributions
are produced at generator level, with varying values\gf and applying an efficiency factor accord-
ing to the best fit efficiency function obtained above.

One hundred independent pseudo-data samples are generate@dtradssryy = 80.33 MeV). Ef-
ficiency functions are applied with parameters drawn randomly within thegrteiaties, as obtained
in the previous section.

For each sample of pseudo-data, a fit is performed toMhmass. The fitted mass values are his-
togrammed, and the spread of the histogram gives the correspondiegiayis uncertainty. With
the efficiency determined using>210° Z boson decays, the efficiency-induced systematimass
uncertainty is found to bémy = 33 MeV. Other functional forms than Eq. 7 yield the same result.
The most sensitive parameter in Equation B,ishe slope in the exponential. It is determined to be
b =0.068+0.006, corresponding to a precision of 9%; in other woisy /J;g b ~ 4 MeV/%.

To emphasize the importance of this effect, the same pseudo-data samglesipeged to templates
assuming ngor-dependence in the lepton reconstruction efficiency (f.@r) = constant). While
the same spread is observed, l:h'b@t distribution indicates an average bias of about 450 MeV. This
bias vanishes, to first order, when using gredependent efficiency in the templates.
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pr cut <my > <omy > <my > < dmy >
(sref = 1) (sref = 1) (gref = f(pT)) (gref = f(pT))

pr > 20 GeV 80.78 0.033 80.34 0.033
pr > 34 GeV 80.51 0.019 80.34 0.018
pr > 37 GeV 80.44 0.013 80.33 0.012

Table 2: Average value arf\j\i,t and its spreadm';\i,t, for several lower cuts on ther range used in the
mass fit. Numbers are given as obtained from templates assuming a flaheffitecond and third

column), and using the efficiency measured ievents (fourth and fifth columnjr{j*® = 80.33 GeV.

Extrapolating to 10 fb!, i.e. assuming % 10° measuredZ boson decays, an improvement of a
factor~ 4 is expected in the efficiency determination. Correspondingly, we obtaj &) ~ 8 MeV.

3.2.3 Discussion and improvements

As can be seenin Figure 8, the electron efficiency varies most rapidly pthe 20 GeV, and is much
flatter around the Jacobian edge. Until now, the f§lispectrum, selected as described in Section 2,
has been used in the mass fits.

The effect of restricting the leptop§ range used in the fit to higher values is displayed in Table 2.
Considering the part of the spectrum verifyip§ > 34 GeV, for example, reducedmy from 33
MeV to 18 MeV. While avoiding the region with stronggst-dependence of the efficiency, the Jaco-
bian edge is still fully exploited, and the statistical sensitivity is almost unaffedEstrapolating to

10 fb~1, we obtain a remaining uncertainty dfy () ~ 4.5 MeV.

Note that the results presented here reflect the state of the ATLAS taadiitn software at the time
of writing this paper. Significantly improved algorithms are described in R4, [notably resulting
in a smallerpr-dependence of the electron reconstruction efficiency. The relastdnsgtic uncer-
tainty onmy should decrease accordingly. The numbers presented here may tbhosdidered as
conservative.

For muons with sufficient momentum to cross the whole detegor 6 GeV), no source of ineffi-
ciency has a strongr dependence. Hence, the corresponding induced uncertaimiy,as smaller.
The above estimate is thus conservative when applied to the muon channel.

3.3 Recoil scale and resolution

When using themy¥ distribution in the mass fitp enters the definition of the observable. This
quantity, measured experimentally as the vector sum of the transversg efeall reconstructed
detector signals (higlpr leptons and lowpt hadronic activity), needs to be precisely described by
the simulation for the same reasons as above.

3.3.1 Sensitivity to the recoil scale witlZ events

TheW andZ bosons are produced through very similar partonic processes, andribiexpects the
spectator part of the event (the underlying event) to behave similarly, theetsmall phase space
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Figure 9: Left: statistical sensitivity t0gmis, as a function of the accumulatedstatistics. Right:
statistical sensitivity t@gms.

difference (ny # ny).

Assuming that the absolute lepton scale and resolution have been meastoezhénd (cf. Sec-
tion 3.1), one can measure the recoil scaled) and resolutiondyec) in fully reconstructe events,
where no significanE{niSS is expected, by comparing the measured hadronic ergggyrecoiling
against theZ boson, to the reconstructed di-lepton four-momentpﬁﬁ, Specifically, orec and Orec
are extracted from the peak position and spread of the distributi@wgfp}’. The results can then
be used to correct the observed recoil, and h&@&, in W events.

Figure 9 shows the expected sensitivityoig: andgyec. With 10 fb~1, these parameters can be deter-
mined with a statistical precision &ft,ec = 5 x 107> andd oy = 6 x 1074,

3.3.2 Propagation tomy: oMy (agpmis), SMy(Ogris)

The effect onmy is evaluated by systematically varying the recoil scale, producing camegm
pseudo-data samples as in the previous sections, and fitting each sampfedtypealibrated tem-
plates. We obtain the relation between thg bias and the recoil scale and resolution in the form of

a derivative:

_ _200Mev/% O™ _ o5 mev/%

0re| O-E_ll‘_nis

Jdmy
arel aE_r|pi$

as illustrated in Figure 10. Injectindagms = 5 x 107>, we obtain a systematic uncertainty of
dmy (agms) =1 MeV. Similarly, we find the contribution from the resolution to & (Tgpis) =
1.5 MeV. These numbers assume that #ibased calibration can be transported to \ttiesample
without additional uncertainty; this is discussed further below.

3.3.3 Further discussion

TheEMS calibration can be studied in more detail, using Z&abents where one reconstructed lepton
is artificially removed. In the case of electrons, the removed calorimetriggis@iould be properly
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Figure 11: Left: electron cluster in 4 — ee event. Right: the same calorimeter region, after the
cluster has been removed. The energy in each cell belonging to the Blektster is replaced by a
number drawn from a Gaussian with mean and RMS corresponding to deteige.

replaced by the expected noise. For muons, also, the minimume-ionizing edepggitions in the
calorimeters need to be removed and replaced by the expected noisevas abe resulting events
mimic W events and have a precisely known missing energy, corresponding ¢éoe¢ngy of the re-
moved lepton, which can be compared to the result oEH& reconstruction algorithm.

The lepton removal requires that one can identify and remove the eledtpoal from the struck
calorimeter cells, while leaving a realistic contribution from noise and hadbatkground (see Fig-
ure 11). Several approaches can be tried, such as replacing teatsoof the electron cluster cells by
energy measured away of any high-object in the event (e.g. at 9t azimuth), or by the average
expected electronic and hadronic noise.

To determine th(E{“iSS resolution and possibly correct for biases in its measurement, we cotisider
reconstructedE"> of Z — ¢¢ events before and after the removal of one lepton, and compare the
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a)

Figure 12: Transverse view of &) — ¢v and b)Z — ¢/ events. The combined transverse momentum
of the recoilu, which should match that of the boson, is used to estimate the momentum of the
undetected neutrino in thly — /v decay. The&Z boson line of flight is represented, which defines the
(Il, L) coordinate system. The size of the dotted ellipses represent the resolutioe reconstructed
objects.

difference to the transverse momentum of the removed lepton. A non-zerage value of this dif-
ference points to a bias in titg"* reconstruction.

Rather than projecting this difference on conventional X and Y axes indhewerse plane, it is best
to consider the natural frame of the event, with axes paral)edutd perpendicularL() to theZ bo-
son transverse momentum. Imperfect calibration ofERES reconstruction will show up as biases
in these distributions, which can then subsequently be corrected for witltistiss. The axes are
illustrated in Figure 12.

This method is tried on a fully simulated samplesdf- ee events, with results illustrated in Fig-
ure 13. As can be seen in this example, a bias is observed iBMfereconstruction along th
line of flight. No bias is observed along the other axes. In this example, liveatn is thus cor-
rect on average, but tHE"S reconstruction does not respond perfectly to the event-by-everibtppo

As this discussion illustrateE"s reconstruction is a very difficult experimental algorithm to control,
especially to the level of precision desired here. Therefore, we talaiim at present that the sensitiv-
ity quoted in the previous section will indeed be reached. Instead, laclengrtiof that the statistical
enhancement can be fully exploited, we assume an overall uncertaiﬁtwp(fE{”iS;) =5 MeV. This
number is a factor 3 higher than the purely statistical sensitivity, and a thcea smaller than the sys-
tematic uncertainty obtained in the recent CDF measurement [10] basedimegnated luminosity
of 200 pb ! and about 800@ events for calibration of the hadronic recoil.
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Figure 13: Top: resolution OE{?“’E, projected onto the (X,Y) coordinate system, for unmodified, fully
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19



4 Theoretical uncertainties

We discuss below the uncertainties related to imperfect physics modeliiy mfoduction. The
correlation of the mass measurement with\fievidth, the impact of final state radiation, and biases
in the p§ andmY distributions induced by andy" distortions are discussed in turn.

4.1 W boson width: dmy (I'w)

A change in th&V width 'y affects the Jacobian peak, and can cause a bias W tilmass measure-
ment. To assert the size of this effect, samples with the $&hmeass butV widths varying in the
range 17 — 2.5 GeVwere produced and subsequently fitted. The relation betiygemdmy in the
fitis linear, with a slope depending on the distribution used in the mass fit. Wth@nsverse mass
is used, we find:

Jdmy
=3.2MeV/%
OraTw /
If the lepton transverse momentum is used, we find:
I _ 1 5 Mev/%
drel Mw

The intrinsic width of theN resonancé has been measured to b 21+ 0.041 GeV, while the
SM prediction is 20910+ 0.0015 GeV [28]. It should be taken into account that the LHC data can
be expected to improve the precision on Wewidth as well as ormy. Earlier measurements of
Mw [29, 30] are affected by the same systematic uncertainties as those disoutiss paper. Hence,
anticipating on our results, we assume that an improvement by a factor Guédsbe achievable,
respectively leavingmy (M'w) =1.3 and 0.5 MeV for then and p{ fits.

4.2 QED final state radiation: dmy (QED)

Final state radiation causes significant distortions of the naive, lowdst pf spectrum of théV
decay leptons. We estimate the stability of the theoretical calculation below, th&Rg§0T0S pro-
gram [17] as a benchmark.

The numerical importance of final state radiation is illustrated in Figure 14,hadigplays the dis-
tribution of the measured lepton energy fraction (relative to their energyeialtsence of FSR). For
electrons, measureda calorimetric energy clusters, most of the (collinearly radiated) photorggner
is collected in the cluster. The momentum of muons tracks, on the contrary, siradandepen-
dently of any photon radiation. The average values of the distributionsdiecait 99% of the original
value, meaning that ignoring the effect entirely would cause a bias o timass of about 800 MeV.
The theoretical stability of the calculation is thus of critical importance.

In recent versions dfHOTQS, it is possible to switch between several theoretical assumptions. In par-
ticular, W andZ boson decays can be simulated with photon emission upd9,@(a?), O(a*), or

with photon emission exponentiation [31]. To study the model differencedave generated about
10° events for each setting, and for each production and decay chivireldy, Z — ¢/, for £ = e, 11).

The average values of the energy fractions discussed above ava sh&igure 15, for successive
theoretical refinements. The different average values for electmhsnaions reflect the different
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Figure 14: Distribution of the measured lepton energy fraction (i.e. relatitleeir energy in absence
of FSR).PHOTOS is run in exponentiated mode. The energy of electrons is measured direitise
all photon energy radiated within a cone of radius 0.1, corresponding teizb of reconstructed EM
clusters. Muon momentum is measured bare, after FSR.

ways their energy or momentum is measured. The calculation appears stabteitd-2<10~4, the
residual differences being compatible with coming from the finite sample statistigs|t is unfor-
tunately not practical to further increase the samples sizes and quanthabikty to better precision.

To improve on the above argument, considerzhmson mass measurement at LEP1 [3]. Similarly to
our case, QED corrections, in the form of initial state radiation off the eladieams, have a large im-
pact on theZ lineshape, inducing a decrease of the cross-section of about 3@%,sdnift of the peak
position of about 100 MeV. Nevertheless, the theoretical uncertaintyese thffects are estimated to
0.3 MeV, compared to a total measurement uncertainty of 2.1 MeV. The tbéQiD radiation thus
carries negligible uncertainty.

For the QED inducedny uncertainty to be as small, the event generators used to produce our tem-
plates thus need to have similar theoretical accuracy, with the additional catigaiithat the present
analysis requires an exclusive description of the final state (i.e, a congglsteiption of the photon
distributions), whereas thelineshape analysis only relies on the effective energy of the beams after
radiation. In Ref. [32], the accuracy of tl&0T0S algorithm is upgraded to NLO accuracy. Simi-
larly, the HORACE event generator [25] contains QED and weak corrections to NLO acguBoth
programs implement photon emission exponentiation.

We thus assume that ultimatelyn, (QED) < 1 MeV can be reached. This assumption is conditioned
by the availability of the necessary tools in time for the measurement.
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Figure 15: Averages of the distributions of Figure 14, for variPHGT0S settings (see text).

Let us finally note thatV andZ events behave differently under QED radiation. The average energy
fraction inZ events is 5-% 102 smaller than ilW events, depending on the final state. The energy
scale measurement (cf. Section 3.1) andwhenass measurement should properly account for the
difference in the respective QED radiation patterns. We will come back tpdis in Section 6.

4.3 W distributions

TheW rapidity and transverse momentum distributions result from the interplay gfrtiten struc-
ture functions, and strong interaction effects at\eroduction vertex. To simplify the discussion,
we will consider the longitudinal and transverse distributions independestisespective results of
parton distributions and QCD higher orders.

4.3.1 Rapidity distribution: dmy (yV)

TheW rapidity distribution is essentially driven by the proton parton density funst{®DFs). Our
study is based on the CTEQ6.1 structure functions sets [33], which grdvi@ddition to the global
best fit, PDFs corresponding to the variation of each diagonal parafetethe linear combina-
tion of input parameters that diagonalize the covariance matrix) within its estimatedtainty. The
PDF-induced uncertainty for an observable is obtained by computing its waétl all sets, taking the
central value as given by the best fit, and quadratically summing the biasdghe best fit value)
obtained from the uncertainty sets.

As illustrated in Figure 16 (see also Ref. [14]), the current PDF urioéiga induce an uncertainty

in theW rapidity distributions which, through acceptance effects, propagatesensatic uncertainty
on theW mass determination 0£25 MeV. We present below an attempt to estimate how this will
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Figure 16: Bias omyy obtained when varying the proton PDFs within their uncertainties. Each point
on the abscissa correponds to a given PDF set: set 0 is the best fityas@ dpias up to the statistical
uncertainty of the fit; sets 1-40 are the uncertainty sets, each inducingralgas ommy. The total
uncertainty ormy is given by the quadratic sum of the biases, givdmy ~ 25 MeV.

improve with the LHC data.

At the LHC,W andZ patrticles are essentially produced through sea quark interactions; tenice!
of valence quarks is small. Low-high-Q? sea quarks mainly evolve from higherlower Q? glu-
ons, and a consequence from perturbative QCD flavour symmetry isiphiat initial asymmetries
and heavy-quark mass effects, the different quark flavours shheulepresented democratically. This
then implies that the impact of sea quark PDF uncertaintied/andZ production should be very
similar. In other words, when varying PDFs within their uncertainties, ope@&s a strong correlation
between the induced variations of ¥AeandZ distributions.

This is confirmed by Figure 1%. On the left, the correlation between the widths of Weand Z
boson rapidity distributions is displayed. We choose to use the distributions Benféted‘;" and
ry, to quantify their width. The current CTEQ6.1 predictiof,= 2.1640.03, will be refined to a
precision of6r§ = 0.001. Exploiting Figure 17 (right), which quantifies the correlation betvxré\én
andr%, this can be translated into a prediction of Weboson rapidity distributionq‘ir‘)ﬁv =0.0013, to
be compared to the current predicti[v’\ =2.244+0.03.

One thus expects an improvement onZtrapidity distribution by a factox-30. This is also illustrated
in Figure 18, where two extreme predictions (with current knowledge) ek thapidity distribution
are compared with an example distribution representing the same measureriventth@ residual
decorrelation between thg andZ distributions, this translates into an improvement orMthepidity
distribution by a factor- 23.

Starting withdmy (yw) ~25 MeV, putting in a precise measurement of thepidity distribution at

DThis plot is reminiscent of Figure 2 in [34], displaying similar correlationshia production rates. Note that for our
purpose, normalizations are irrelevant and we are interested only itsthidutions.
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Figure 19: Upper plot: the outer histogram represents the complete rapstiipution forW produc-
tion at the LHC; the inner histogram represents the range selected byriié@o|n,| < 2.5. Lower
plot: the outer histogram represents the complete rapidity distributiod farents. The innermost
histogram is obtained requiring two decay leptons within < 2.5; the intermediate histogram is ob-
tained when allowing one electron withjin,| < 4.9. The two symmetric histograms at high rapidity
correspond to the LHCb muon acceptance.

the LHC, and exploiting the strong correlation betweenthandZ production mechanisms, we thus
anticipate a final uncertainty from the description ofWeapidity distribution ofdmy (yw) ~1 MeV.

In practice, the analysis will of course procegd a formal QCD analysis to the LHC data: the mea-
suredZ differential cross-sectional/dy, together with other measurements (see below), will be fed to
parton distribution fits, and the systemadiayy (yV) from the improved PDF sets will be evaluated as
above. The present discussion however allows to estimate the expectesemprd while avoiding
these complications.

Let us also note that rapidity distribution can be analyzed over a domain that fully includes theerang
relevant folW production. In ATLAS (as in CMS), the usuZlacceptance, given byj,| < 2.5 for
both decay leptons, can be extended in the electron channel by alloweraf thre electrons to be de-
tected within|ne| <~ 4.9. In addition, high-rapidity events will be produced and detected at LHCb
(for example, the geometric acceptance of the muon detector is approximétety|g,| < 4.8).
Accounting for this, and as illustrated in Figure 19, Weapidity range selected for tmy measure-
ment is entirely included in th# one. This remains true in terms of the parton momentum fractions.

We conclude this section with some caveats. The above results partly anseqoence of the as-
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sumed flavour and charge symmetry in the boproton; notably, the parton parametrisations used in
the fits used above assume thgx) = d(x) = u(x) = u(x) at lowx, ands= sat allx. This implies
the strong correlation discussed above, sinceZtipeoduction rate is proportional tau+dd +.. .,

and theW rate is proportional tod +du+... .. It is thus important to quantify the dependence of our
result on these hypotheses.

The anti-quark flavour asymmetuy- d was measured to be non-0 in the regiodl® < x < 0.35, and

Q? ~ 50 GeV* [35, 36], in contradiction with the flavour symmetry assumption. The relatyena
metry, (u—d)/((U+d), is however of the order 102, decreasing towards high@?. Starting from
u=d and full correlation betweeW andZ production (i.eW andZ distributions have the same
rate of change under PDF variations)# d induces a decorrelation of ordar—d)/(u+d) x (u—
d)/(u+d), where both factors are of order )see for example Figure 1 in [33]). Hence, even in the
presence of non-vanishing- d, the freedom of th&V distributions is very limited oncg ones have
been precisely measured. We thus assume that our estimates remain cefrexdheless, measure-
ments of theV charge asymmetry, sensitivede- d, will allow to verify this hypothesis. Additional
information will be provided by measuring,y in W andW ™ events separately.

The proton strangeness asymme#si() — S(x), is constrained by neutrino scattering data [37—-39].
The relative asymmetry is rather small, even at [Q% (s—8§)/(s+5) ~ 102 atQ? = 10 Ge\~. It

will only become smaller a@? ~ mg,, where most of the strange sea is generated radiatively. We
consider, as above, that the contribution of the asymmetry is small in terms of/é¢nall W pro-
duction and its uncertainty. However, the impact onriyg measurement would need to be studied
specifically. At the LHC, the analysis W —/+ 4 ¢/C production should provide additional insight.

Finally, one may argue that the influence of heavy quark PD¥¥ andZ production is different, thus
a source of decorrelation between the two processes. The charknagurribution toW production
is significant ¢ (VesCS+ Veged + c.c.)), but smaller forZ production ¢ cc). On the other hand, the
b-quark content contributes #production ¢ bb), but negligibly tow production ¢& (Vgcb+c.c.)),
due to the smallness of the off-diagonal third generation CKM matrix elemehéseldifferences are
however accounted for by the present analysis, since the heawR®D&s are included the CTEQ6.1
PDF sets; heavy flavours are actually understood to cause in part tHelepmarelation between the
W andZ boson distributions. Our conclusions thus remain unchanged.

The present study has been repeated using the MRST2001 PDF det30same correlation is
observed betweer)/"’ and r§, and the same result is obtained. Non-global parton density fits, such
as those performed by the H1 and Zeus experiments, are based on sirpitdindses and claim
slightly smaller uncertainties [41], again preserving our result. Finallynduhe course of this work,
CTEQ6.5 PDF sets became available [42], which improves on the treatmeaawf quark masses

in the QCD evolution. The flavour symmetry assumptions are however ugetiaso that the present
discussion is not affected.

4.3.2 Transverse momentum distribution:dmy (pY)

The prediction of vector bosopr distributions at hadron colliders has long been an active sub-
ject [24, 43, 44]. It is also a crucial input for th& mass analysis, especially when using fie
observable. We discuss below the impactp¥f uncertainties on thev mass determination in this
hypothesis.
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The measurabl@y and p# distributions are the result of several effects, most notably the repeated
partly non-perturbative parton radiation occurring in the transition framaw-Q? proton towards the
hard process (commonly referred to as parton showers, or soft gfsammation). Another source is
the transverse momentum intrinsic to the partons in the proton. We choosedisituss these effects
separately. Rather, reckoning that althoMglandZ production differ in several respects (the coupling
to initial partons is different in both phase space and flavour), the edHpative mechanisms are
universal, we evaluate how precisely their combined effect can be meebisuneutral current events,
and how this improves the/ predictions. Notice that heavy flavour PDF have caused only a small
decorrelation betweeWw andZ events in the previous section; this is assumed to remain true in this
discussion.

First, the relation between the bias in the modelinqp‘-ﬁfand the measurement aiy is investigated

by applying scaling factors to thg) distributions in our pseudo-data, deducing the corresponding
pt- distributions, and fittingny against un-distorted templates. The biasnn appears to be a lin-
ear function of thep‘{" mis-modelling, with a slope of order 0.3, meaning a 3 MeV biaq;ﬁf?frresults

in a 1 MeV bias onmy, when exploiting thep; distribution. Wherm? is used, the effect is negligible.

Neutral current dilepton events allow to measure phedistribution, as a function of mass, over
a large mass range. Assuming usual selections, this distribution will be redagtecisely for
30 < My <~ 200 GeV. This large lever arm, in addition to the very precise determinationeof th
pt distribution on thez peak, provides a precise controlad /dpf’ whenMy, ~ my. This is illus-
trated in Figure 20, which displays the dilepton mass dependence of itgatsasverse momentum,
< pY¥ >, as predicted bpYTHIA.

On theZ peak,p4 will be known to about 7 MeV with an integrated luminosity of 10 b Thanks
to the Drell-Yan continuum, the accuracy in the regiomyf is still ~8 MeV. This precision can be
used to constrain the non-perturbative parameters governing the phdaer or resummation com-
putations, and to predict tl‘p#’ distribution with similar accuracy. This leads to an uncertaintymn
of about 3 MeV.

Arguably, thep? distribution cannot be summarized by its mean value. However, in thepfbw
region (selected by the recaoil cut, cf. Section 2), it can be empiricallyrdestby a two-parameter
function. As an exercise, the mass-dependence of the parametersietersmined on Drell-Yan
events, their values and uncertainties intiygregion were used to produgé pseudo-data as above,
and corresponding fits tmy were performed. The spreadrmy resulting from the uncertainty in the
empirical parameters was found compatible with the above estimate.

5 Environmental uncertainties

5.1 Backgrounds

The leptonicW final states benefit from low backgrounds, mostly coming from vector rbose
cays; notablyv — t(— ¢vv)v (irreducible),Z — ¢¢ (where one lepton is not reconstructed), and
Z — 1(— ¢vv)T. QCD dijet events will, despite their large cross section, not be dominant. The
backgrounds fronit andW W~ events are negligible. The systematic erromaq arises from un-
certainties on the background shape and normalization in the fitting range ttndm‘{" spectra.
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Figure 20: Top : Dilepton invariant mass spectrum, from inclusive neatmaknt eventsy andZ
exchange are included). Bottom : dilepton averaggeas a function of the dilepton invariant mass.
The W-mass region is strongly constrained by the lever arm provided by theak and the Drell-
Yan rise at low mass (note the improved precision in these regions). Thes pairrespond to a

measurement with 10 3.
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Figure 21: Signal and backgrounds in tpée distributions, folW — ev (left) andW — pv (right).
The histograms correspond, from bottom to topte> 17, Z — £/, W — TV andW — {v.

Uncertainties on th&/ andZ background size, relative to the signal size, depend on cross-section
branching fractions and acceptances. These are obtained from @§&8Pand take into account the
studies described in Section 3.2 and 4.3. Note that in contrast to the stugsesi@d until now, the
background uncertainty does not scale with statistics.

The background shapes are determined from simulation. They areaiabgemaffected by variations

in the production, decay, and resolution model, and play only a minor role iovitrall systematic
errors. For QCD background, as a separate study, both normalizatishape will have to be mea-
sured directly from the data. Thg distributions, including signal and backgrounds, are illustrated
in Figure 21.

W — tv events: The largest background is froli — v events, where the decays into a lepton.
This background is irreducible, as the final state is identical to the signaEves, itsp”T andm‘#’ are

on average lower, leaving a tail into the fitting range. Though being the makgt@und, its uncer-
tainty is small, as only decay parameters and the acceptance enter, with respective uncertzintie
1% and 2.5%.

Z — (¢ events: The second largest background is fr@dm— £¢ events, where one lepton is either
undetected or not identified. This background can be reduced uging# rejecting events, where
the lepton and a second isolated object (track and/or cluster) form act @bfa an invariant mass
between 80 and 100 GeV (see Figure 22). Due to the high mass @flibeon, thep} distribution
extends well into the fitting range. Tma! distribution is again at low values, due to the smallness
of missing momentum. The size of this background has uncertainties from ket tb Z cross
section raticRyz, and from the acceptance/veto efficiency. It is expected to be largenfons than
for electrons, as the former cannot be vetoed fgr> 2.7.
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Figure 22: Distribution of invariant mass between lepton and a second salbject (track and/or
cluster) inZ — ¢¢ events where only one lepton is identified. Events in the range 80-100 f&eV a
rejected.

Z — 11 events: A small background originates from tiZe— 11 process, where ornedecays lep-
tonically, while the other is not identified. While the cross section for suchoaess is small, it
contains significanE™.

Jet production: The QCD background cannot be obtained reliably from simulation. It wils thu
have to be measured directly from data. For the Rhrhass measurement at CDF, this background
could be estimated to a precision ©60% [45], limited by lepton identification performances and
statistics. At ATLAS, a precision o£10% is assumed in the electron channel, where this background
is expected to be significant. The assumed improvement is justified by thecsug@nularity and
resolution of the EM calorimeter [15]. The muon final state is less contaminatged &yents, muons
being measured behind all calorimetry. A specific background is hoveevestituted by muons from
hadron decays in flight. As we have no measure of the uncertainty on ttkgroand, our results
implicitly assume it is small. We stress that these estimates are essentially qualititatigalistic
estimate of their impact on the measurement will only be possible with data.

Overall impact: We now estimate the overall impact of the backgrounds. The backgriapeds

can be empirically described by an exponential function in the fitting rarsgéystrated in Figure 23

on the example of th&/ — tv background. The systematic uncertaintyrof is then derived by

varying the function parameters within their uncertainties as estimated abowesy$tematics uncer-
tainty induced by the background shapes amounts to 20% of that indudkd bgrmalizations.

The overall effect is obtained by repeating this procedure for all gprackds. Table 3 summarizes
background uncertainty and its impact on YNenass determination.
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Figure 23:W — 1v background shape in the fitting range (indicated by dashed lines)*oftop)
andp (bottom).

Background Variable Error Derivative Impact (MeV)

W — 1v m¥  25% -0.5MeV/% 1.5
pf  25% -0.7MeV/% 2.0
Z—((0) my  2.8% 0.08MeV/% 0.22
pt 2.8% 0.09 MeV/% 0.26
Z—11 mY  45% 0.02 MeV/% 0.09
pf  45% 0.03MeV/% 0.14
QCDevents my 10% 0.04 MeV/% 0.40
pt 10 % 0.05 MeV/% 0.50
Total mv 1.6
pt 2.1

Table 3: Table of backgrounds along with its uncertainty, derivative,impact onmy. The overall
systematic uncertainty from backgrounds is about 2 MeV.
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Combining the systematic errors from the backgrounds yields a total of d.8.arMeV for themy
andpf distributions, respectively.

5.2 Pileup and underlying event

The soft hadronic activity accompanying the hard process (undergxiagt), and the overlap with
soft events produced in the same bunch crossing (pile-up) geneditieaal particles that contribute
to the detector occupancy. In particular, the additional calorimetric ergyaps with the electron
signal and distorts the electron scale measurement.

Typically, a soft event produces about 10 particles per unit rapiditgdnated overp), with average
transverse momentupy ~ 500 MeV [46,47]. An electron cluster of typical sidg x ¢~ 0.1x 0.1
is expected to contain about 40 MeV of hadronic background, to bessiiéxtt from the electron signal.

In particular, the hadronic background may have a non-negligldependence, generating a non-
universality betweellV andZ events. These effects are small but need to be properly accounted for
when aiming at a precision on the absolute electron scad@g@tr ~ 2 x 107°,

This aspect was not studied here, but we follow the argument of [l bim&asuring the energy flow
away from any highprobjects, as a function af, independently i andZ events, a 2% precision
on the hadronic energy flow looks achievable. Such a result would Hong the size of the effect
from 40 MeV to about 1 MeV.

We thus conclude that although soft hadronic interactions generateislilissenergy measurements
that are large compared to the statistical sensitivitynig these shifts can be measured in the data
with sufficient accuracy. The final contribution dany is small.

This source of uncertainty affects the electron scale; the muon scaledfewied. The impact on the
recoil measurement is not discussed here; this section is thus relew@éttiased measurements.

5.3 Beam crossing angle

At the LHC, the proton beams are brought to collision at a crossing angké2ofurad [48]. In terms
of momentum, this translates into a 7000 Ge¥425x 10 6~ 1 GeV boost in the horizontal plane
(x-direction), per beam proton. However, in the simulation protons collidd-beagiving rise to a
systematic shift imy of all particles produced.

Figure 24 shows the difference in the transvéisenomentum before and after taking this effect into
account,AplY = pl¥ — pboost which is expected to be up pY = my - 1425 x 1076 ~ 11 MeV.
However, since th&/ boson line of flight has azimuthal symmetry, the impact onvih&ansverse
momentum distribution is smaller, as most of the effect is averaged out byt#imnal symmetry.

The size of the effect is estimated as usual, by includingofR® in the pseudo-data and letting the
templates unchanged. We find that the effect is smaller than 0.1 MeV.
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Figure 24: Distribution of difference in the transveWemomentum resulting from the boodtp! =
W boost
Px — Px .

6 Correlations

So far, all main sources of systematic uncertainties have been investigaépe:nuently. Before we
move to the combination of our results, we need to address the question mingbloetant correla-
tions are to be expected between the sources. It is, however, beyosddbe of this work to discuss
this issue extensively, and we limit this section to the most important examples.

The uncertainty related to the absolute scale has the strongest lever dneaatermination ofny
(dmy/da = 1). Therefore, we investigate below whether uncertainties which atfiedtv mass
measurement can also bias the absolute scale.

6.1 Absolute scale vs. lepton reconstruction efficiency

We repeat the procedure described in Section 3.1. As befdpeson invariant mass templates are
produced for different scale and resolution hypotheses, and psiaid with scale parameters to be
determined. The impact of g.-dependent lepton reconstruction efficiency is assessed by assuming
perfect efficiency in the templates & 1), and injecting the efficiency function discussed in Sec-
tion 3.2 in the pseudo-data.

The result is displayed in Figure 25. It appears that the injected ineffieiemerely induce a re-
duction of statistics, and hence some loss of precision in the scale determiatioro appreciable
bias: in spite of the reduction in statistics, the reference invariant mass diigtribs not signifi-
cantly distorted. Note that, since the efficiency is assumed perfect in the temy@ad realistic in
the pseudo-data, any observed bias would have been a large ovetiestioh#éhe effect, representing
100% uncertainty on the effect.

6.2 Absolute scale vs. PDFs

Similarly as above, and also as in Section 4.3.1, we compéason mass templates produced with
the CTEQG6.1 central set to pseudo-data produced with the 40 uncerteiisity s
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Figure 25: Scale determination usidgmass templates assuming perfect identification efficiency.

Inner parabola: perfect efficiency is also assumed in the pseudpediéta parabola: the pseudo-data
incorporate gr-dependent efficiency.

The results of the 40 fits are displayed in Figure 26, in the form of biases@sfect to position of
the mass peak obtained in the templates. The CTEQ6.1 uncertainty sets induakhigsies of-0.5
MeVwith respect to the central value. Summing over all uncertainty sets giteal scale uncertainty
of about 2.5 MeV. This translates infany ~ 2.2 MeV.

In other words, with current knowledge, the PDF uncertainties indudeatdystematic uncertainty
of about 25 MeVWia distortions of thé/V distributions (cf. Section 4.3.1), and an indirect uncertainty
of 2.2 MeWia distortions of theZ lineshape, propagating to the absolute scale determination.

Hence, the conclusions of Section 4.3.1 are essentially unchanged. rtdsasurements of th2
boson distributions, the PDF induced systematic uncertainty should droptit hiMeV.

6.3 Absolute scale vs. QED corrections

QED corrections affect the determination of the absolute scale in two wags, & was mentioned
in Section 4.2, the observéll andZ decay lepton spectra are strongly affected by photon emission.
This effect needs to be taken into account properly when producing thass templates.

In muon final states, the theoretical distributions are based on the finalsmafier simulation of
the QED photon emissions. Final state electrons cannot be separatedexpally from the mostly
collinear photons. Hence, the simulation needs to reproduce this recombipegicisely. This de-
mands precise theoretical control of the photon distributions, an aspéxt seems under sufficient
control (cf. Section 4.2). Likewise, a precise description of the detg&ometry and EMC shower
development in the simulation are needed to properly simulate the fraction wipéoergy recom-
bined in a given electron cluster.

Secondly, as a consequence of the above, the absolute scale extratt@devents actually corre-
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Figure 26: Bias omy obtained when varying the proton PDFs within their uncertainties. Each point
on the abscissa correponds to a given PDF set: set 0 is the best fityaa@ dpias by definition; sets
1-40 are the uncertainty sets, each inducing a given bias;0T he total uncertainty is given by the
guadratic sum of the biases, gividgy, ~ 2.5 MeV.

sponds to a mixture of photons and electrons. In ATLAS, the EMC regpornsectrons and photons
is different by about 1%, an effect coming from calorimeter geometrggibge their showers develop
differently, electrons and photons of a given energy do not “feel’sédume sampling fraction) and
from the passive material in front of the EMC, which causes early stsoareconversions, with dif-
ferent probabilities for both particle types [49]. It is thus important to kmdvetheW andZ behave
similarly in this respect, and if any difference is well understood theoretically

As is shown in Figure 27, the electron energy fraction in EM clusters difigrabout 0.6% between
W andZ events, meaning that the energy scale measurgcekirents needs to be corrected by a factor
1% x 0.6% = 6x10°. Failing to take this factor into account would induce a bias & MeVon the
my fit. However, Figure 27 also shows a good stability of the theoretical giedidHence, although
this correction is not negligible, it does not carry a significant uncertainty

7 Impact on the W mass measurement

We summarize below our main results. Table 4 recalls the main systematic contistlatithe p4 -
andm¥y-basedmy measurement, with 10 f§ of data. In both tables, numbers are given for the elec-
tron and muon channels separately when applicable.

The major difficulty is, as expected, the determination of the absolute enemtgy & the final state
leptons and the hadronic recoil. The analysis ofZhgeak however allows to strongly constrain the
lepton scale uncertainty. The analysis is non trivial, because in addition @ th&ss parameters,
many other effects enter the theoretical description of the lineshape; wiadtlyy QED radiation.
Although the effect is large, the theoretical understanding is adequiee & EP1Z mass measure-
ment indicates. Th& mass measurement relies on an analytical formulation of the inclusive radiation
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Figure 27: For electron final states\ii andZ events, the energy fractidR. deposited by electrons
in reconstructed electromagnetic clusterdR{lis photon energy), for variouBHOTOS settings (see
Section 4.2).

spectrum; th&/ mass measurement at the LHC however requires a complete Monte-Carlo impleme
tation, providing an exclusive description of the final state at the samedépeécision. Such tools
are critically needed in the context of this measurement.

The analysis of the transverse mass requires in addition a precise catibwhtiee hadronic recoll
usingZ events, and an unbiased transport of the calibratioW tevents. Such an algorithm is not
discussed here; the corresponding systematic uncertainty assumésideoenpromise between the
high statistical sensitivity of the in situ calibration in ATLAS, and the actualltesgently obtained
at the Tevatron [10].

The electron channel appears somewhat more difficult than the muonethaihe first reason is the
pr-dependent electron identification efficiency, which distorts the Jacaolg&ibutions; this effect is

essentially absent in the muon channel. The second reason is againt@l@ted radiation: since the
muons do not recombine with the emitted photons, the description of the effaataly theoretical.

In the case of electrons, a large fraction of the radiated energy is irtclndiee electron cluster. De-
termining this fraction requires a precise description of the detector geoaretrseliable simulation
of EM showers.

We estimate that uncertainties related to the description of'thend p¥ distributions will be small
once theZ differential cross-section will have been measured. As discussediioSe4.3.1 and 4.3.2,
this result relies on two assumptions. The first assumption concerns thguigitht flavour and charge
symmetry in the lowx, high-Q? proton. We estimated that relaxing these hypotheses within bounds
allowed by the existing data is unlikely to invalidate our result. Another assumigtitwat the non-
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perturbative mechanisms controling th# andp# distributions remain essentially universal, although
heavy flavour contributions t&/ andZ production are different. The effect of heavy flavours on the
p¥ distribution has been studied [50], but a study comparing these effettsamdZ production is
currently lacking. The largest remaining systematic comes from the modelip¥g, o the p}-based
measurement, contributing a 3 MeV uncertainty. ﬁﬁ{ébased measurement is more stable in this
respect, but suffers additional experimental complications related to gegimental control of the
EIM'SS reconstruction.

Backgrounds contribute an uncertairdyny ~ 2 MeV. Of all components, the background from jet
production is the least well known, but its contribution is expected to be smallitVhot investigate
the possible impact of cosmic rays and hadron decays in flight, which octhe muon channels, but
Tevatron experience indicates the impact is small.

All in all, a total uncertainty of about 7 MeV can be achieved, in each oblanising either thepfr

or them? method, with the equivalent of 10 b of data. Most sources of systematic uncertainty
seem to scale with the accumulatédtatistics; notable exceptions are backgrounds, QED radiative
corrections and the underlying event. Their contributioangy is however subdominant. Combining
channels, and allowing for more data, we can therefore expect funipeovement.

Let us briefly compare our results with the recent prospects presented BMS Collaboration [14].
We base our comparison on tpé-based"rw measurement and 10fh of data. CMS claims 2 MeV
from the absolute scale, agreeing with our average scale result ofis8ctid. A simplified treatment
of non-linearities leaves a systematic uncertainty of 10 MeV, and the as#heelative knowledge
on the resolution contributes 5 MeV; these numbers can be compared to tle¥ 4véiobtain in
Section 3.1.2. We include a discussion of the reconstruction efficien@rtantty, which is omitted
in [14]. On the theoretical side, the present note and Reference idé @n the initial uncertainties
related to PDFs and the description of Wdransverse momentum distribution. Our improvements in
this respect rely on an analysis of the constraints provided by the anafytbisZ boson differential
cross-section at the LHC. Finally, we claim a statistical sensitivity of aboMie?, compared to
15 MeV in [14]. This is explained by CMS choosing to base\éemplates on measurgdevents
(via the scaled observable method, or scaling the kinematics event by evestpahimg for the
smallerZ boson production rate. Such a procedure is in principle justified by thectied of other
systematic uncertainties, but as we saw throughout this paper this deesenoto be a worthy trade.

8 Conclusions and perspectives

We investigated the most important systematic uncertainties affectingy/ theass determination at
the LHC, and found that the analysisdproduction constrains the systematic uncertainties to a total
of about 7 MeV per channel, exploiting 10fhof data. Combining independent measurements may
bring further improvement.

Among all investigated sources of systematic uncertainty, two items in partielyas assumptions.
The first one concerns the treatment of QED radiation. We argued thiitgbey is under very good
control, having notably allowed a very precidenass measurement at LEP1, where QED effects are
large, but the uncertainties finally have an almost negligible contribution.rdgepve this situation
atthe LHC, theny measurement requires QED simulation tools providing the same level of agcura
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Source Effect omy/daga (MeVI%) &ga (%)  dmy (MeV)
Prod. Model W width 1.2 0.4 0.5

yWV distribution — — 1

p% distribution - - 3

QED radiation — — <1(®
Lepton measurement Scale & lin. 800 0.005 4

Resolution 1 1.0 1

Efficiency — — 4.5 (e) ;<1 (k)
Recoil measurement  Scale — - —

Resolution — — —
Backgrounds W — v 0.15 2.5 2.0

Z— (L) 0.08 2.8 0.3

Z—1T1 0.03 4.5 0.1

Jet events 0.05 10 0.5
Pile-up and U.E <1 (e);~0(u)
Beam crossing angle <0.1
Total (pf) ~7 (€); 6 )
Source Effect omy /g (MeV/%) &ga (%)  dmy (MeV)
Prod. Model W width 3.2 0.4 1.3

yW distribution — — 1

p¥ distribution - - 1

QED radiation — — <1(*
Lepton measurement Scale & lin. 800 0.005 4

Resolution 1 1.0 1

Efficiency — — 4.5 (e) ;<1 (u)
Recoil measurement  Scale -200 — —

Resolution -25 — —

Combined — — 5 (*%)
Backgrounds W — tv 0.11 2.5 15

Z— (L) -0.01 2.8 0.2

Z—1T 0.01 4.5 0.1

Jet events 0.04 10 04
Pile-up and U.E <1 (e);~0(u)
Beam crossing angle <0.1
Total (M) ~8 (e); 7()

Table 4: Breakdown of systematic uncertainties affectingmizemeasurement, when using tipé
distribution (top) and then? distribution (bottom). The projected values &f o are given for a
single channel and assume an integrated luminosity of 18 fbhe QED induced uncertainty (*) is
realistic given the precision claimed for tAdboson mass measurement at LEP1, but assumes that the
needed theoretical tools will be implemented in time for the measurement. Themeaslrement
uncertainty (**) has not explicitly been quantified here, but is congiels extrapolated from recent
Tevatron experience. See text for discussion.
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The second assumption concerns the effect of the light and heavuifiavothe proton. Releasing
the light flavour symmetry assumption in use in the current global QCD fits wilea decorrelation
betweerW andZ production at the LHC. This decorrelation can be expected to be small;jlbbhawve

to be measured at the LHC, notably using the rapidity-depenlastiarge asymmetry and the study
of associatedV/Z + charm production. Similarly, heavy flavour PDFs generate some ddaton.
This decorrelation was verified to be small in §féandy? distributions, and the same was assumed
true for thep¥ andp# distributions. To verify this assumption requires a theoretical study congparin
the heavy flavours influence on soft gluon resummatid¥ iandZ events.

A number of sources have not been studied explicitly, notably the recodunement, affecting the
Wd. - . . . - - -

my distribution; the underlying event, affecting the electron energy scaté\apolarization effects,

affecting the leptonic angular distributions. Other sources, like backgsofiom jets, cosmic muons,

or induced by the machine can only be studied reliably using real data. Nedotihese mechanisms

can be brought under sufficient control, on the time scale of the LHC nmezasnt ofm,y.

The results presented here have only explotdzbson measurements. Many other calibration pro-
cesses exist, that give additional constraints on the detector perfagraadmn the physics mecha-
nisms influencingVV production. While first providing a way to verify the robustness ofZHeased
calibrations, these processes can help to reduce the uncertainties farthe case of consistent
results. We reserve these refinements to the analysis of the forthcominglatdC
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