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Abstract. The systematic uncertainty on the W mass and width measurement resulting from the imperfect
knowledge of electroweak radiative corrections is discussed. The intrinsic uncertainty in the 4-f generator
used by the DELPHI Collaboration is studied following the guidelines of the authors of YFSWW, on which
its radiative corrections part is based. The full DELPHI simulation, reconstruction and analysis chain is
used for the uncertainty assessment. A comparison with the other available 4-f calculation implementing
DPA O(a) corrections, RacoonWW, is also presented. The uncertainty on the W mass is found to be
below 10 MeV for all the WW decay channels used in the measurement.

1 Introduction

Precision tests of the standard model in the W sector have
been one of the main issues of the LEP2 physics program.
In this context the measurement of the W mass is one
of the most interesting tests. Due to the high precision
which is experimentally achievable, about 0.05% in the
LEP combination, it is important to have a robust esti-
mate of all the possible systematic uncertainties.

Electroweak radiative corrections on WW events,
which are used for the W mass and width measurements,
and more generally on 4- f events, have been an important
issue since LEP2 beginning. After the LEP2 Workshop of
1995 [1] it has been clear that the simple radiative correc-
tions approach based on the improved Born approxima-
tion (IBA) is not sufficient to obtain a theoretical precision
smaller than the experimental foreseen one in precise W
physics measurements.

At the 2000 LEP2 Monte Carlo workshop [2] calcula-
tions implementing full O(«a) electroweak radiative correc-
tions for 4- f events in the so called double pole approxima-
tion (DPA) [3-5], i.e. reliable around the double resonant
W pole, have been available as the result of an effort from
the theory community. There are two Monte Carlo gen-
erators implementing these calculations, YFSWW [6] and
RacoonWW [7].

Initially the studies on the theoretical precision of
these calculations have been devoted to the inclusive WW
cross section, showing a satisfactory 0.4% agreement be-
tween the two codes. Studies of differential distributions
at generator level have been shown by both theoretical
groups and by others (for instance [8]), but a full attempt
of assessing the theoretical precision on W related observ-
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ables has been presented only later for the W mass [9] and
for the TGC [10].

In the TGC related study the possible sources of un-
certainties in both generators are considered and the cal-
culations compared. Moreover a detector effect parame-
terization (based on the ALEPH simulation and analysis)
is used to mimic the dominant effects beyond the pure
electroweak generator.

The W mass study is a pure 4-f + v generator one
based on a pseudo-observable (the pr mass with some
photon recombination) not directly comparable with the
real observable measured by the experiments. It is based
on an internal precision study of YFSWW plus a compar-
ison with RacoonWW.

These studies provide a complete discussion of all the
basic ingredients of the systematic uncertainty related to
electroweak corrections, but the authors themselves rec-
ognize that for the W mass a study at full analysis level
is needed for a complete final determination to be used by
LEP experiments.

The purpose of the present work is to use the above
mentioned studies as a guideline to perform a complete
estimation of this systematic uncertainty for the W mass
analysis in the frame of the full DELPHI event and detec-
tor simulation, reconstruction and analysis chain.

In Sect. 2 the study of the intrinsic uncertainty of the
DELPHI 4-f generator [11], based on YESWW as far as
radiative corrections are concerned, is discussed. In Sect. 3
the comparison with RacoonWW is presented. Section 4
shows the global results and conclusions on the systematic
uncertainty on the W mass and width.

Although the target of the present study is the
assessment of the uncertainty on the W mass, the tech-
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niques and the Monte Carlo samples presented can be used
for similar studies on other observables, in particular the
TGC.

2 The uncertainty of the DELPHI 4-f
generator

2.1 Description of the setups and samples

The 4-f generator used for this study is the standard
DELPHI one, based on WPHACT [12] with the YFS-
exponentiated ISR from KoralW [13] and with additional
radiative corrections implemented for WW-like events
through YESWW, using a reweighting technique as in the
KandY “Monte Carlo tandem” [14]: IBA based events are
reweighted in order to reproduce with good approxima-
tion the result of the DPA calculation. For simplicity it
will be referred to as WandY. For single W events and
non-WW-like final states an IBA approach is adopted,
using the QEDPS parton shower generator [15] in order
to describe ISR, suitably adapted in the energy scale used
for the radiation.

The version used for this study, as well as for the fi-
nal DELPHI W mass analysis (internal DELPHI version
2.4) differs from [11] in the treatment of the final state
radiation (FSR) from leptons, which is implemented with
PHOTOS [16]: PHOTOS version 2.5 is used, implement-
ing non-leading logarithm (NLL) corrections which bring
it quite close to the full matrix element calculation [17].

The study has been performed at the center of mass
energy of /s = 188.6 GeV, corresponding to the 1998 data
sample. It has been chosen since it represents the highest
single-energy data statistics available.

The wide range of sources of systematic uncertainties
and possible studies discussed in [9] implies the need for
several distinct Monte Carlo samples. Several sources can
in fact be studied by simple event reweighting, applying
as event weight the ratio of the modified matrix element
squared and the standard one, where the modifications
are related to the uncertainty source to be studied. All the
possible weights have been implemented in the production
of the standard WW-like 4-f samples.

Some studies cannot be performed by event reweight-
ing and require dedicated samples. In the standard
WandY the leading pole approximation (LPA) expansion
around the double resonant pole is made using the ap-
proach that in YFSWW is called the LPA 4 scheme [18];
the other available approach, the so called LPA g scheme
[19], must be generated directly with YESWW. Another
case is the possible change of order in leptonic FSR: this
would require distinct samples with O(a) and O(a?) ma-
trix elements.

Furthermore the need to compare WandY to
RacoonWW, which has some remarkable differences with
respect to the normal DELPHI code, has suggested to pro-
duce a dedicated WandY sample suitably modified to be as
close as possible to RacoonWW itself. Since RacoonWW
cannot produce directly samples with several final states
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at the same time, and the statistical precision needed for a
meaningful comparison (Amy (Wandy — RacoonWW) ~
O(5MeV)) requires about 1 million events per channel to
be produced, two final states have been chosen as repre-
sentatives of the fully hadronic and semileptonic channels
for these special event samples.

In order to minimize as much as possible 4-f back-
ground contamination to CCO03 diagrams, CCI11 final
states have been selected; the 4- f background effect is bet-
ter studied in the standard WandY sample, with massive
kinematics and dedicated radiative corrections not present
in RacoonWW and where inter-channel migration effects,
in which the 4-f background can also play a role, can be
studied. For the fully hadronic channel the udsc final state
has been chosen, and for the semileptonic channel udpv
has been preferred due to the presumably higher sensitiv-
ity to FSR corrections: photons are likely to be seen, while
in final states with electrons most of them are merged in
the calorimetric shower of the electron itself, and in taus
they are generally merged in the jet of particles coming
from the decay, which play a dominant role making all the
studies more complex.

In order to be directly comparable with RacoonWW,
these dedicated samples have been produced with the fol-
lowing modifications (compared to the standard settings):
(1) diagonal CKM matrix;

(2) fixed W and Z widths;

(3) O(«) final state radiation from leptons with PHOTOS
version 2.5. It is closer to RacoonWW than the original
version in the lack of higher orders FSR;

(4) no Coulomb correction, Khoze-Chapovsky ansatz
Coulomb correction [20] implemented through reweight-
ing.

Since in the normal production the standard Coulomb
correction is already included, the reweighting would al-
low one to study only the difference between this one and
the approximated version of the full non-factorizable O(«)
correction, the so called Coulomb correction in the Khoze—
Chapovsky ansatz. In order to study the net O(«) correc-
tion effect with respect to the tree level (known to be
significantly smaller than the previously mentioned differ-
ence), no Coulomb correction is implemented in the spe-
cial samples generation.

The main concern of possible systematic differences in
the results from the dedicated samples and the standard
ones is linked to the propagators’ width treatment. A test
has been performed with a small (100k events) dedicated
udpr sample produced with the above modification but
the W and Z width, kept running. The W mass difference
with respect to the main uduv sample was

A(running I'y — fixed I'y) = —28 £ 16 MeV, (1)

well compatible with the known simple shift of —27 MeV of
the mass value when moving from the fixed to the running
width definition [1,21]. This known shift has been verified
at generator level with a precision of about 2 MeV.

The WandY code has been extensively compared to
YFSWW [11], and for CCO3 events it has been shown
to be equivalent to KandY. Anyway, as a further consis-
tency cross-check, in order to allow for the generalization
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of the results of this study, a dedicated YFSWW wudsc
sample using LPA 4 scheme has been produced at pure
“4-f +n 7 level (including FSR from quarks) to compare
with a similar WandY sample and with RacoonWW at a
corresponding level.

The detailed lists of the input parameters used both
for YFSWW, equivalent to what used in WandY, and for
RacoonWW (see Sect. 3), are available upon request.

In the cross-check only the CC03 part of WandY has
been used to be consistent with YESWW. The total cross
sections are found to be in agreement at the (0.03+0.06)%
level. In the event analysis photons forming an angle with
the beam axis smaller than 2 degrees are discarded, and
those with a bigger angle are recombined with the charged
fermion with which they form the smallest invariant mass
if their energy is below 300MeV or if this mass is be-
low 5 GeV. Several observables have been checked, among
which the most interesting ones for this study are invari-
ant mass distributions. They have been fitted using a fixed
width-like Breit—Wigner function:

P3S

BW (s) =
) = (B T80 + (P £ S042FE

(2)

where the parameters Py and P, are the (shifted) W mass
and width (P; actually represents the shift of the W mass
with respect to 80.4 GeV/c?). The absolute value obtained
in the fit depends on the fit function form and it is not
particularly relevant. What matters for this check is the
level of agreement between different codes when using the
same analysis and fit procedure.
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Fig. 1. Average of ud and sc invariant masses (after photons
cuts and recombination). The upper plot shows the result of
a Breit—Wigner fit (see (2)) to the WandY distribution, the
lower one refers to YFSWW
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udsc 4f + v, WandY (top) YFSWW LPA_a (bottom)
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Fig. 2. Average of the invariant masses obtained in the fermion
pairing with the smallest masses difference (after photons cuts
and recombination). The upper plot shows the result of a
Breit—-Wigner fit (see (2)) to the WandY distribution, the lower
one refers to YFSWW

Figure 1 shows the result of the fits on the average of
the ud and sc invariant masses. The agreement both in the
mass and in the width is satisfactory. An approach closer
to the real analysis is to look at the average of the masses
from the pairing in which the difference of the di-fermion
masses is smallest (a criterion inspired by the equal masses
constraint used in constrained fits); the result is shown in
Fig. 2, and also here the agreement is good. An observ-
able that is very interesting, as will be seen in the com-
parison with RacoonWW, is the invariant mass rescaled
by the ratio of the beam energy and di-fermion energy: it
is the simplest way to mimic at pure generator level the
energy-momentum conservation which is usually imposed
in constrained fits and which is responsible for the sensi-
tivity of the results to photon radiation, ISR in particular.
Differences in the radiation structure are likely to cause
visible effects in this kind of mass distributions, even if the
previous ones are in good agreement. In Fig. 3 the average
of the invariant masses computed as in Fig. 2 but rescaled
by the ratio Epeam/ Eff is shown: also in this case, despite
the sizeable effect of the rescaling on the fitted parame-
ters compared to the previous fits, the agreement is very
satisfactory.

This check proves that the results based on WandY can
be considered valid for a similar analysis using YFSWW
(possibly except for specific non-CC03 diagrams related
features).
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Fig. 3. Average of the invariant masses obtained in the
fermion pairing with the smallest masses difference after rescal-
ing masses for the energies ratio Fpeam /Ef 7 (after photons
cuts and recombination). The upper plot shows the result of
a Breit-Wigner fit (see (2)) to the WandY distribution, the
lower one refers to YFSWW

2.2 Technique of the uncertainty study

The systematic uncertainty on the W mass and width
measurement due to the electroweak radiative corrections
is the effect of the approximations and of the missing terms
in the theoretical calculation used for the analysis. Its ex-
act knowledge would imply the full computation of the
missing corrections. The evaluation of the systematic un-
certainty means estimating the order of magnitude of the
effect of these not yet computed terms on the analysis.

This goal is practically achieved by splitting the calcu-
lations in different parts (ISR, FSR, etc.), whose limited
knowledge introduces a source of uncertainty in the elec-
troweak radiative corrections as implemented in WandY.
The size of the uncertainty from each of these sources can
be estimated by repeating the full W mass (and width)
analysis with changes in the part of the radiative correc-
tions related to this source, whose effect should reasonably
be of the same order of magnitude (or bigger) than the
missing terms, and comparing with the standard calcula-
tion. This study can be performed on both the dedicated
high statistics samples and on the standard ones.

The purely numerical precision from the fit algorithm
is 0.1 MeV for the mass value and 0.3 MeV for the mass
error. On the width, due to the very slow variation of
the likelihood curve around the minimum, the numerical
accuracy on the fit result is about 1 MeV.

As already mentioned in the previous section, for sev-
eral sources of uncertainty it is possible to use a reweight-
ing technique, which allows one to reuse the same event
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sample for several studies, minimizing the simulation
needed. When using the reweighting technique, the sta-
tistical error on the difference between the results of the
fits on the standard and the modified sample has to take
into account the correlation existing between the samples:
the same events are used, simply with a different weight in
the fit. This correlation allows one to strongly reduce the
error on the difference itself, with respect to comparisons
of statistically uncorrelated samples.

In order to take into account the correlation the total
sample for one channel has been divided into several sub-
samples, and the difference has been computed for each
subsample. The RMS of the subsamples differences dis-
tribution, divided by the square root of the number of
subsamples, is an estimate of the uncertainty which nat-
urally includes the correlation between the original and
reweighted samples. This way of computing the errors has
been cross-checked for the mass (where numerical fluctu-
ations are generally negligible compared to the statistical
ones) with the “Jackknife” [22] one, subtracting each time
one subsample, and a very good agreement in the error es-
timate has been found.

The study has been performed only on 4-f WW-like
events, omitting all the remaining background processes.
The rate and nature of the total selected events which
are discarded in this way strongly depends on the chan-
nel [23]: qq’ev: ~ 5%:; qq¢'pv: < 1%; qq'Tv: ~ 9%; qq’' QQ':
~ 24%. For semileptonic events they are both gq’ll and
qq7, the relative rate depending on the channel, while for
fully hadronic events practically only the latter class of
events weighs and is not considered. Other processes give
anyway a negligible contribution. The uncertainty from
the radiative corrections on these events is taken into ac-
count in the uncertainty on the background.

2.3 Analysis of the sources of systematic uncertainties

Following the approach of [9], several distinct categories
of uncertainty sources common to all WW channels can
be identified, corresponding to different parts of the elec-
troweak corrections:

(1) WW production: initial state radiation (ISR);

(2) W decay: final state radiation (FSR);

(3) non-factorizable QED interference (NF) O(«) correc-
tions;

(4) ambiguities in LPA definition: non-leading factorizable
(NL) O(«) corrections.

Moreover, due to the importance of the single W dia-
grams in the semileptonic electron channel and the rela-
tively sizeable uncertainty on the radiative corrections on
them, a dedicated study has been performed for semilep-
tonic channels.

The uncertainty for each of the categories is studied by
testing the effect of activating/deactivating or modifying
the relative corrections, in order to have an estimate of the
potential effect of used approximations and non-calculated
missing terms.
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Table 1. Summary of the studies on the uncertainties on
mw performed on the dedicated udur and udsc samples. The
quoted errors are statistical, and rounded to 0.1 MeV
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Table 2. Summary of the studies on the uncertainties on
I'wy performed on the dedicated uduv and udsc samples. The
quoted errors are statistical, and rounded to 0.1 MeV

Amw (MeV) AT'w (MeV)
Numerical test udpy udsc Numerical test udpuv udsc
Full DPA effect Full DPA effect
Best-IBA -10.6 £0.7 —-10.1£+1.0 Best-IBA —94+14 —17.0+ 1.0
WW production (ISR) WW production (ISR)
Best-O(a?) < —0.1 < —0.1 Best-O(a?) < —0.1 < —0.1
Best-O(a) —-0.7+£0.1 —-0.3+£0.1 Best-O(a) —-1.0£0.1 —0.7£0.1
W decay (FSR) W decay (FSR)
Best-LL FSR < —-0.1 - Best-LL FSR —-05+01 -

Non-factorizable QED interference (NF O(«))
Best-no KC Coulomb —-0.7£0.1 -19+£1.0

Non-factorizable QED interference (NF O(a))
Best-no KC Coulomb 1.6 £0.1 —04+£0.1

Ambiguities in LPA definition (NL O(«))

Best—EW scheme B 0.1£0.1 < 0.1
Best-no NL (LPA4) -99+07 82410
NL A(no LPA4 —no LPAg) 0.0+1.1 1.3£1.0

Ambiguities in LPA definition (NL O(«))

Best—EW scheme B —0.1+0.1 0.1£0.1
Best—no NL (LPA4) —11.14+14 —-16.6x1.0
NL A(no LPA4 —no LPAg) 3.9+28 —1.6+4.0

Tables 1 and 2 show the results of the studies for my,
and Iy respectively on the dedicated samples, while Ta-
bles 3 and 4 show the results on the standard samples.

2.3.1 WW production: initial state radiation

ISR is playing a key role in the W mass analysis since
it is one of the main sources of the bias on the fit re-
sult with respect to the true value, due to the energy-
momentum conservation constraint used in the kinemat-
ical constrained fits. The ISR is computed in the YFS
exponentiation approach, using a leading logarithm (LL)
O(a?) matrix element.

The difference between the best result, implementing
the O(a?) ISR matrix element and the O(a?) one gives an
order of magnitude of the effect of the missing higher or-
ders in the matrix element, i.e. to use a wrong description
of events with more than three hard photons or more than
one photon with high pr. As can be seen from the tables,
this effect is below the fit sensitivity for all the channels.

The difference between the best result and the O(«)
includes the previous study, and can be used for estimating
an upper limit of the effect of the missing non-leading
logarithm (NLL) terms at O(a?), which should be smaller
than the LL component removed. From the tables it is seen
that the effect is below 1 MeV both for the mass and the
width in all the channels.

Taking into account also the study performed in [9],
the ISR related uncertainty can be conservatively esti-
mated at 1 MeV for the mass and 2 MeV on the width.

2.3.2 W decay: final state radiation

The FSR description and uncertainty is tightly linked to
the final state considered. QED FSR from quarks is em-
bedded in the parton shower describing the first phase of
the hadronization process. It is therefore essentially im-
possible to separate it from the rest of the hadronization
process, and the relative uncertainty is considered as in-
cluded in the jet and fragmentation related ones.

FSR from leptons is described by PHOTOS. The dif-
ference between the best result, based on the new NLL
treatment, and the previous LL one can give an estimate
of the effect of the missing part of the O(a) FSR cor-
rection. It depends on the semileptonic channel, but it is
always within 1 MeV.

In [9] the effect of the missing higher orders beyond
O(a?) has been found to be negligible at generator level.
Since a full study of this uncertainty would require a high
statistics dedicated simulation, and simple perturbative
QED considerations suggest that the size of the effect
should not exceed the size of the previous one, conser-
vatively the previous error can be doubled to take into
account also this component of the uncertainty.

2.3.3 Non-factorizable QED interference:
NF O(«) corrections

Non factorizable O(«) corrections have to be treated with
care. It is known (see for instance [8,9,20]) that the net
effect of the O(a) QED interference between Ws on the
W mass is small if compared with Born level, and the
apparent sizeable effect seen when comparing new DPA
calculations with the old IBA ones is an artifact due to
the use of the standard Coulomb correction.
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Table 3. Summary of the studies on the uncertainties on mw performed on the standard
(all WW-like final states) sample. The quoted errors are statistical, and rounded to 0.1 MeV

Amw (MeV)
Numerical test qq'ev qq’ puv qq'Tv qq'lv 9 QQ’
Full DPA effect
Best-IBA 21429 6.3+2.0 1.6+3.4 4.0£1.6 5.6 £1.0
WW production (ISR)

Best-0O(a?) < —0.1 < —0.1 < —0.1 < -0.1 < —0.1
Best—-O(«) —0.8£0.1 —-06£01 —-09=£0.1 —-0.8£0.1 —0.3£0.1
W decay (FSR)

Best-LL FSR < —-0.1 < —=0.1 —-0.6£0.1 —-0.2+0.1 -
Non-factorizable QED interference (NF O(a))
Best—no KC Coulomb  16.5+0.2 15.6 £0.1 17.6 £0.2 16.3£0.1 13.3+£0.1
Ambiguities in LPA definition (NL O(«))
Best-EW scheme B 0.2£0.1 0.1£0.1 0.1£0.1 0.1£0.1 0.1+0.1
Best—no NL (LPA4) -1444+29 -96+20 -1614+34 -—-123+16 —-77X+1.0

This can be seen by comparing the results in Tables 1
and 2, where the effective implementation of DPA NF
corrections through the Khoze-Chapovsky (KC) ansatz
is compared to the Born level (i.e. no correction at all),
and the results in Tables3 and 4. Here the comparison is
done with the standard Coulomb correction, part of the
traditional IBA setup used before DPA.

The effect of using the KC ansatz with respect to Born
can be considered as an upper limit of the missing part of
the full O(a) calculation and of the higher order terms.
Since the effect on the W mass and width in compar-
ing with the standard Coulomb correction on all the final
states is approximately the same for all the channels, the

values found on the special samples are used for all the
final states without further studies.

2.3.4 Ambiguities in LPA definition: NL O(«) corrections

The effect of the NL factorizable O(«) corrections in LPA
is shown in all the tables. As it is seen, its almost complete
compensation with the change from standard Coulomb to
KC Coulomb correction is the reason for the small net
effect of the full DPA correction on the W mass in com-
parison to the IBA. For the W width on the contrary the
effects are in the same sense and add up.

Table 4. Summary of the studies on the uncertainties on 'y performed on the standard (all
WW-like final states) sample. The quoted errors are statistical, and rounded to 0.1 MeV

Ay (MeV)
Numerical test qq’ev qq’ pv qq'Tv qq'lv 97 QQ’
Full DPA effect
Best-IBA -163+£77 —-177+£53 -23.0£75 —-188+£3.7 —-43+1.0
WW production (ISR)

Best-0(a?) < —=0.1 < -0.1 < -0.1 < -0.1 < -0.1
Best-O(a) —-1.0+0.1 —-1.0+0.1 —-1.4+0.1 —-1.1+0.1 —-0.8£0.1
W decay (FSR)

Best—LL FSR —0.3£0.1 —0.4£0.1 —-0.9£0.2 —0.4£0.1
Non-factorizable QED interference (NF O(«))
Best-no KC Coulomb —9.8+0.3 -10.3+03 -1024+04 —-9.74+0.2 29+£0.2
Ambiguities in LPA definition (NL O(«))
Best-EW scheme B —0.1£0.1 —0.1£0.1 0.0£0.1 —-0.1£1.1 0.1£0.1
Best—no NL (LPA4) —-6.8+77 —-79+53 —-14.0+75 —-86+37 —-72£1.0
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Two sources of uncertainties are considered, following
the study in [9]. Missing higher orders effect can be, at
least partly, evaluated by changing the electroweak scheme
used in the O(«a) calculation. The standard one in YF-
SWW and WandY, conventionally called A, corresponds
to the G, scheme, the other available one is called B, and it
corresponds to the choice of RacoonWW. This essentially
means changing the definition of the QED fine structure
constant used in the O(«) matrix element (see for instance
the explanation in [6]). The effect is very small, at the limit
of the fit sensitivity, both for the mass and the width.

It is worthwhile to notice here that in YFSWW and
WandY the O(a) implementation beyond the standard
IBA can be technically splitted in two stages, the first one
involving the introduction of the WSR, (IW-state radiation,
i.e. photon radiation from W) and ISR-WSR interference
in the YFS form factor and infrared S factors, and the
second one where the electroweak virtual and soft O(«)
corrections and the hard O(«) matrix element are used to
replace the pure QED LL calculation. In this context it is
interesting to notice that the effect on the W mass of the
second phase is quite small when compared to the total
effect of the LPA correction, at most O(5-10%) of it. This
allows one to conclude that the introduction of the ISR-
WSR interference in the YFS form factor and infrared S
factors plays a key role. For the W width on the contrary
the effect of the second part is found to be much more
important.

The second, more relevant, source of uncertainty con-
nected to the LPA is its possible definition, i.e. the am-
biguity present in the way of expanding the amplitude
around the double resonant W pole. The standard YF-
SWW and WandY use the so called LPA 4 definition; a
comparison with the LPAp one can give an estimate of
the effect from the intrinsic ambiguity in the LPA defini-
tion. Unfortunately LPA 5 cannot be reproduced through
reweighting, and it gives sizeable changes in comparison
to LPA 4 already at Born (or IBA) level. Therefore in or-
der to evaluate only the effect on the O(«) correction a
separate LPA g sample has been generated with YESWW,
and the effect has been estimated as the double difference

AO(OA)(LPAA — LPAB)
= A(Best LPA4 — no NL LPA 4)
—A(Best LPAp — no NL LPAp) (3)

on the special samples. The size of the effect is within
1MeV for the mass, within 4 MeV for the width, domi-
nated by the statistical uncertainty (statistically indepen-
dent samples are used). This result will be used for all
the final states and channels, since LPA is applied on the
CCO03 part of the matrix element and therefore the esti-
mate obtained here should be approximately valid for all
the final states.

2.3.5 Radiative corrections on 4-f background diagrams:
single W

At Born level the full 4-f diagrams set for WW-like final
states is computed with a very high precision, at least for
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LEP2 energies and in the phase space regions relevant for
the W mass and width measurements. This was shown
already by the studies in [1]. Therefore the systematic un-
certainties associated to it are linked essentially to the
electroweak corrections.

The DPA is known to be valid in a few Iy interval
around the double resonant pole. The study of the previ-
ous section takes into account the ambiguity in its defi-
nition and the effects caused by this ambiguity far from
the pole. Since the so called “additive approach” is used
in WandY for the DPA implementation through reweight-
ing, e.g. the DPA correction is applied only to the CC03
part of the matrix element (and partly to the interfer-
ence, see [11]), non-CCO03 diagrams contributions are not
directly affected by the DPA uncertainty (except for pos-
sible effects in the interference term which is relevant for
the electron channel).

It is clear that this still leaves the problem of the ap-
proximated radiative corrections treatment for the non-
CCO03 part of the matrix element (and the interference).

The ISR studies previously discussed can reasonably
cover the most relevant part of the electroweak radiative
corrections uncertainties present also for the WW-like 4-
f background diagrams, e.g. the non-CCO03 part. There is
a noticeable exception represented by the so called single
W diagrams for the qq’ev final state (see [1,2] for their
definition and a basic discussion of the problem).

The bulk of single W events is rejected in the W mass
and width analysis, since the electron in these events is lost
in the beam pipe. But the CC03-single W interference is
sizeable, and it has a strong impact on the W mass result
in the electron channel. This can be easily seen from the
variation of the W mass result for the electron channel
when only the CCO03 part of the matrix element is used in
the simulation (inter-final state cross-talk is included),

Amyy (electron) Best — CC03 only = 106.6 £ 1.9 MeV,

and comparing with the wvariation when only the
CC03/non-CCO3 interference is excluded from the sim-
ulation:

Amyy (electron) Best — no interference
=106.3 £ 2.2MeV.

It can be noticed that the big effect of moving from a
full 4- f calculation to the CCO03 only is almost entirely due
to the interference between the CC03 and the non-CCO03
part.

The situation is different in the W width analysis,
where in ggev events reconstructed as electrons the effects
of non-CC03 diagrams and the CC03-non-CCO03 interfer-
ence are opposite in sign and almost completely canceling.

The situation is made even more complex by the cross-
talk between channel, e.g. events belonging in reality to
one channel but reconstructed as belonging to another
one. This cross-talk is particularly relevant between elec-
trons and taus, and this explains why also the 7 channel
is sensitive to this uncertainty source.

The effect is particularly relevant for the width, where
variations of the non-CCO03 parts of the gger matrix el-
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ement give different results with respect to the electron
channel: the pure non-CC03 diagrams give again an effect
opposite in sign to the interference, but much bigger, so
in the width analysis the tau channel is more sensitive to
this systematic effect than the electron one:

ATy (tau) Best — CC03 only = 190.7 £+ 12.3 MeV,
ATy (tau) Best — no interference = —9.8 £ 10.7 MeV.

Studying separately real gqrv events from the ggev
ones reconstructed as taus clearly shows that this be-
haviour is due to the cross-talk.

Theoretical studies [2] show that the standard IBA
calculations suffer from several problems for the single W
process, ranging from gauge invariance issues to the scale
to be used for the ISR (the t-channel scale should be pre-
ferred to the s-channel one), problems which can globally
lead to a O(4%) uncertainty on the cross section.

It should be noticed that WandY implements several
improvements in this sector with respect to fixed width
based IBA calculations [11,12]. Nevertheless, in order to
give an estimate of the uncertainty related to the radiative
corrections for the single W part, the non-CCO03 part of
the matrix element, assumed dominated by the single W
contribution, has been scaled by a factor 1.04 for gq’ev
final states.

The effect on the mass and width measurement is
shown in Table 5.

Another possible source of uncertainty related to 4-f
background is represented by partly applying the DPA
correction to the interference term (see the discussion in
[11]). The effect of this way of computing the corrections
is shown in Table 5, and can be considered as another es-
timate of the uncertainty related to the 4-f background
presence.

3 The DELPHI 4- f generator—RacoonWW
comparison

The generator chosen by the LEP collaborations for im-
plementing electroweak radiative corrections in WW-like
events is YESWW, used together with another full 4-f
generator (either KoralW or WPHACT). RacoonWW is
the other, completely independent Monte Carlo generator
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which implements radiative corrections in DPA on top of
a (massless) 4-f generator.

Its use has been fundamental in assessing the DPA
precision on the WW cross section, by comparing it with
YESWW. It looks therefore interesting to try to use it also
for a completely independent cross-check of the YEFSWW
based results on the W mass and width (and possibly
on other W related measurements). This check has been
already done in [9], finding a good agreement between the
two codes, but as previously explained on an observable
which is not directly linked to the real analysis.

For this study the phase space slicing approach has
been adopted for the implementation of the radiative
corrections in RacoonWW, in the version suggested for
unweighted events production. The DELPHI version of
PYTHIA has been used for the quark hadronization.

There is anyway a number of challenges in this test to
be taken into account. Real photon emission is handled
in a completely different way with respect to YESWW.
In particular real emission in the detector acceptance (i.e.
with finite pr) is computed only at O(«), although with
a full 4- f 4+~ matrix element. Higher order ISR is present
only through collinear structure functions on events where
there is no hard O(«a) emission, a very different situation
compared to the YFS exponentiation for ISR and WSR
and the O(a?®) LL ISR matrix element. No FSR beyond
the one already included in the O(«) is present, while in
YFSWW the FSR is independent from the remaining part
of the O(a) calculation and introduced at O(a?) for lep-
tons through PHOTOS and, merged with gluon emission,
in the parton shower for quarks. These differences have
been investigated in the literature (see for instance [2,7,
8]) and are known to give sizeable discrepancies in the
photon related observables.

Therefore it is difficult to disentangle differences aris-
ing from a different way of computing the same corrections
from those due to the use of different sets of corrections.

Since it is known that RacoonWW in its DPA mode
does not compare well with YESWW on photonic spec-
tra, the RacoonWW authors have developed a 4-f + ~
IBA mode which combines the O(a) matrix element and
collinear structure functions. The photonic energy and an-
gular spectra produced in this mode are in much better
agreement with the YEFSWW ones at LEP2 energies, but
it is not possible at present to combine it with the DPA

Table 5. Summary of the studies related to the uncertainties on mw and I'iy due to 4-f
background radiative corrections performed on the standard (all WWW-like final states)
sample. The quoted errors are statistical, and rounded to 0.1 MeV

Numerical test qq’ev qq’ uv qq'Tv qq'lv 97 QQ’
Amw (MeV)

Best-non-CC03 x 1.04 —-424+01 < -0.1 0.6 £0.1 -124+01 -

Best—no DPA in int. —-1.34+02 02+£0.1 0.1+£0.3 -03+£01 <0.1
Ay (MeV)

Best-non-CC03 x 1.04 0.2+0.2 < —0.1 —-64+04 -12+01 -

Best—no DPA in int. 1.8£0.5 —04+01 05+0.7 0.5+0.2 <0.1
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corrections for the virtual and soft emission part in a con-
sistent way.

Moreover the energy and angle cutoffs for the soft /hard
photon emission separation in RacoonWW are in prac-
tice quite higher than the YESWW ones, due to the quite
different techniques adopted in the two calculations. The
phase space slicing approach for matching virtual, soft and
hard corrections has been used for this test, and these
cutoffs are an integral part of the approach itself. The
values used correspond roughly to a minimum real pho-
ton energy of about 95 MeV and a minimum real photon—
fermion angle of about 1.8 degrees, and are a compromise
between the reliability of the calculation and the attempt
to avoid merging with fermions photons which could be
detected separately by the detector. Moreover, in contrast
to what has been suggested by the authors, to avoid re-
sults which are dependent on the specific cutoff chosen,
no further photon recombination is applied in the sample
production. This choice is motivated by the fact that in
a realistic simulation of a detector any recombination has
to be determined by the detector granularity and analysis
procedure itself, and due to the already big values of the
cutoffs adopted, any further recombination would risk to
suppress photons that would be detectable.

For final states with quarks, where the hadronization
phase has to be described beyond the electroweak radia-
tive corrections, the use of a full 4-f 4+ v matrix element,
in principle more correct than a parton shower, creates
in practice a problem: photons are systematically emitted
before gluons, which is unphysical and most probably in-
compatible with the hadronization packages tunings used
(PYTHIA [24] is the standard choice for the analysis and
this study).

The suggestion of the authors of RacoonWW to switch
off the photon radiation in the parton shower to compen-
sate for the photon emission in the matrix element has
been adopted in this study, but it does not seem to be a
real solution to the problem, and of course it can poten-
tially spoil the validity of the hadronization tuning used.
In case of need this problem might be studied with the
WandY setup, trying to emulate the RacoonWW situa-
tion, i.e. calling PHOTOS also for quark pairs before the
call to PYTHIA, and switching off photon emission inside
PYTHIA itself. This presumably would overestimate the
effect of FSR, since the photon emission would be per-
formed independently from the two fermion pairs.

A third potential problem in the comparison is repre-
sented by RacoonWW generating massless fermions in the
final state. Fermion masses are added a posteriori using
the routine provided by the authors, which conserves ob-
viously the total 4-momentum and the di-fermion masses.
It is clear that when a sizeable mass, compared to the
fermion energy, is added, as in the case of the cs quark
pair, this could lead to distortions in the final state distri-
butions.

All these features suggest that the comparison results
must be considered with care, if serious discrepancies are
found (as it is the case). On the other hand no special tun-
ing has been prepared for the hadronization package, in
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Table 6. Summary of the WandY-RacoonWW comparison on
the uncertainties for my and I'w for the dedicated udur and
udsc final states. The quoted errors are statistical, and rounded
to 1 MeV

Numerical test udpv udsc
Amwy (MeV)
WandY-RacoonWW 1.3 —-38+5 —4+5
AFW (MGV)
WandY-RacoonWW 1.3 4410 27+ 10

order to avoid mixing problems concerning different sec-
tors of the event description.

Table6 shows the result of the comparison between
WandY and RacoonWW 1.3. A sizeable discrepancy can
be seen for the mass in the udur channel, and, to a minor
extent, for the width in the udsc channel.

Extensive studies have been performed in order to in-
vestigate the discrepancies, in particular the one on the
W mass.

The different hadronization due to the treatment of
FSR from quarks in RacoonWW has of course an influ-
ence on the jet characteristics, and can affect the results,
in particular the ones for the width. Optimizing the inter-
face of the hadronization with the electroweak full matrix
element to circumvent possible problems arising from the
simple minded approach followed goes beyond the scope
of this study.

A generator level analysis analogous to the one whose
results are shown in Figs. 1, 2 and 3, has been used for a
4-f + 7 level comparison of WandY with RacoonWW 1.3
for the uduv channel (all the 4-f diagrams are included
here, not only the CC03 part). This study has been used to
investigate the discrepancy on the W mass trying to dis-
entangle the genuine electroweak part from possible prob-
lems connected to the implementation of the hadroniza-
tion phase.

This study has clearly shown the crucial role played by
the photon clustering, in particular around the muon. The
different treatment of the soft, but mainly of the collinear
photons in the two codes implies a strong difference in
the radiation around the fermions. In RacoonWW no vis-
ible photon is generated in a cone of 1.8 degrees around a
fermion, no matter which energy it has, and the radiation
is reassociated to the lepton. This is not true in WandY,
where the energy and angle cutoffs (for FSR from leptons
the PHOTOS ones) are quite smaller, closer to a real sit-
uation.

For quarks this is not a big problem since experimen-
tally FSR photons cannot be disentangled from jets, and
they are naturally clustered to the jets themselves. But the
treatment of photons around leptons is a different prob-
lem. While in the reconstruction of high energy electrons
a clustering of photons is done in order to take into ac-
count the bremsstrahlung due to the interaction with the
detector, muons can be quite cleanly separated from pho-
tons, unless they are strictly collinear. In the latter case
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the photon energy is anyway lost, since the muon momen-
tum is used, not the energy deposited in the calorimeters
possibly associated to it. uduv is therefore a good final
state to study in detail differences in the visible photon
radiation, mainly FSR.

In the real analysis visible photons, which have passed
the quality selection criteria, are clustered to the muon if
in a cone of 3 degrees around it, otherwise are associated
to the jets. This procedure can partly reabsorb the differ-
ence in the collinear radiation mentioned above, even if
not completely, because of limited photon reconstruction
efficiency, resolution, selection cutoffs, etc. The effect of
this photon clustering is an improvement of the agreement
between the two calculations on the fitted mass; without
it the difference in Table 6 would be about —50 MeV.

The W mass difference obtained on the beam energy
rescaled average mass (like in Fig. 3) is —6 MeV if photons
are clustered to the charged fermion with which they have
the smallest pr. If on the contrary the clustering to the
muon is done only for photons in a 3 degrees cone around
it, associating all the others to the quarks, the difference
becomes —23 MeV.

Increasing the opening angle of the cone for the clus-
tering improves the agreement, but of course in the real
analysis such a procedure would rapidly cluster photons
coming from the hadronization of the quarks (mainly 7°
decay products). Although the opening angle might be
tuned to minimize the rate of photons from jets clustered
and optimize the WandY-RacoonWW agreement, such a
procedure would introduce further systematic uncertain-
ties due to the imperfect knowledge of the photon distri-
butions in jets.

The residual discrepancy is presumably linked to the
known differences between the two calculations in the de-
scription of the radiation beyond the treatment of the
strictly collinear region in this study. The good agreement
for the mass found in the hadronic channel seems to be
due to the smaller sensitivity of the analysis to the de-
tailed description of the photonic radiation, since the pho-
ton clustering is implicit in the analysis procedure itself.
This looks anyway an encouraging result for the general
confidence in the study.

In this situation using the difference between the pre-
diction of the two calculations to estimate the systematic
uncertainty on the W mass and width does not seem ap-
propriate.

4 Results and conclusions

The results of all the studies presented have to be com-
bined in a single uncertainty for each channel. Tables7
and 8 present an estimate of the different sources of un-
certainties as it can be deduced from the studies presented
in Sect. 2.1. Where the numerical or statistical uncertainty
on the estimate is comparable with the estimate itself,
they are added linearly to take them conservatively into
account.

The total uncertainty per channel is computed sum-
ming linearly the values of the contributions. This choice
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Table 7. Summary of the systematic uncertainties on the W
width. The total is computed adding linearly the values of all
the contributions

AmW (MGV)
Uncertainty source qq'ev  q¢'uv  q¢'tv  q¢'QQ’
ISR 1 1 1 1
FSR 0.5 0.5 1
NF O(«) 1 1 1
NL O(«) 1 1 1 1
4-f background 5.5 0.5 1 0.5
Total 9 4 5 4.5

Table 8. Summary of the systematic uncertainties on the W
mass. The total is computed adding linearly the values of all
the contributions

Ay (MeV)
Uncertainty source qq'ev  q¢'uv  q¢'tv  q¢'QQ’
ISR 2 2 2 2
FSR 1 1 2 -
NF O(«) 2 2 2 2
NL O(«) 4 4 4 4
4-f background 2 1 6 1
Total 11 10 16 9

is conservatively motivated by the fact that several con-
tributions are more maximal upper limits than statistical
errors. All the numbers have been rounded to 0.5 MeV.

As can be seen, the uncertainty on the W mass is
within the 10 MeV level.
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