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ABSTRACT

We present an overview of the present status and prospectsfor
progressin el ectroweak measurements at future collider experi-
ments leading to precision tests of the Standard Model of Elec-
troweak Interactions. Special attention is paid to the measure-
ment of the W mass, the effective weak mixing angle, and the
determination of the top quark mass. Their constraints on the
Higgs boson mass are discussed.

. INTRODUCTION

The Standard Model (SM) of strong and electroweak interac-
tions, based onthegaugegroup SU (3) e x SU(2)r, xU(1)y, has
been extremely successful phenomenologically. It has provided
the theoretical framework for the description of avery rich phe-
nomenol ogy spanning awiderange of energies, fromtheatomic
scale up to the Z boson mass, M. Itisbeing tested at the level
of a few tenths of a percent, both at very low energies and at
highenergies[1], and has correctly predicted therangeof thetop
guark mass from loop corrections. However, the SM hasanum-
ber of shortcomings. In particular, it does not explain the origin
of mass, the observed hierarchical pattern of fermion masses,
and why there are three generations of quarks and leptons. It
iswidely believed that a high energies, or in very high preci-
sion measurements, deviationsfrom the SM will appear, signal -
ing the presence of new physics.

In this report we discuss the prospects for precision tests of
the Standard Modd at future collider experiments, focussing on
electroweak measurements. The goal of these measurementsis
to confront the SM predictions with experiment, and to derive
indirect information on the mass of the Higgs boson. The exis-
tenceof at |east oneHiggsboson isadirect consequence of spon-
taneous symmetry breaking, the mechanism which is responsi-
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blefor generating mass of the W and 7 bosons, and fermionsin
the SM. In Section || weidentify some of therel evant parameters
for precision el ectroweak measurements, and review the present
experimental situation. Expectationsfrom future collider exper-
imentsarediscussed in Section 111. We concludewith asummary
of our results.

1. CONSTRAINTS ON THE STANDARD
MODEL FROM PRESENT ELECTROWEAK
MEASUREMENTS

There are three fundamental parameters measured with high
precision which play an important role as input variables in
Electroweak Physics. The fine structure constant, «
1/137.0359895 isknown with a precision of A« = 0.045 ppm.
The muon decay constant, G, = 1.16639 x 1075 GeV~?% is
measured with AG,, = 17 ppm from muon decay [2]. Findly,
the Z boson mass, M, = 91.1863 GeV/c? [1] is measured with
AMy 22 ppm in experiments at LEP and SLC. Knowing
these three parameters, one can eva uate the 17 mass, My, and
the weak mixing angle, sin” 6y, at tree level. When loop cor-
rections are taken into account, My, and sin® Ay also depend
on thetop quark mass, M;, and the Higgsboson mass, Mg . The
two parameters depend quadratically on M, and logarithmically
onMyg.

If the W mass and the top quark mass are precisely measured,
information on the mass of the Higgs boson can be extracted.
Constraints on the Higgs boson mass can a so be obtained from
the effectiveweak mixing angleand A/;. Theultimatetest of the
SM may lie in the comparison of these indirect determinations
of My withitsdirect observation at future colliders.

The mass of thetop quark is presently determined by the CDF
and D@ collaborationsfrom ¢¢ production at the Tevatron in the
di-lepton, the lepton plusjets, and the all hadronic channels[3].
The combined va ue of thetop quark massfromthelepton + jets
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Figure 1: Comparison of the top quark and W boson masses
from current direct and indirect measurements with the SM pre-
diction.

channel, which yields the most precise result, is

M, = 175 £ 6 GeV/c”. (1)

The W boson mass has been measured precisely by UA2,
CDF, and D@. Currently, the most accurate determination of
Mw comes from the Tevatron CDF and D& Run laanalyses[4]
and apreliminary D@ measurement [5] based on data taken dur-
ing Run Ib. The current world average is[1]

2

Figure 1 compares the results of the current My and M, mea
surementsinthe (M, My ) planewiththosefromindirect mea-
surements at LEP and SLC [1], and the SM prediction for dif-
ferent Higgs boson masses. The cross hatched bands show the
SM predictionfor theindicated Higgs boson masses. The width
of the bands is due primarily to the uncertainty on the electro-
magnetic coupling constant at the 7 mass scale, a(M %), which
has been taken to be o= (M2) = 128.89 £ 0.10. Recent esti-
matesgive sa(M2) ~ 0.0004 — 0.0007 [6], which corresponds
toda=t(MZ) ~ 0.05 — 0.09.

The uncertainty on (M%) is dominated by the error on the
hadronic contribution to the QED vacuum polarization which
originates from the experimental error on the cross section for
ete™ — hadrons. Using dispersion relations[7], the hadronic
contributionto «( M%) can be related to the cross section of the
processete~ — hadrons via

My = 80.356 £ 0.125 GeV/c”.

oy _ aMj /°° Rhada(s)
AO‘had(]wZ) ~ 3r 4m2 5/(5/ _ M%) ds’ (3)
where P denotes the principal value of the integral, and
oc(ete™ — hadrons
Rua = 24 ) @)

olete™ —ptp=)

contributions at Mz
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Figure 2: Relative contributionsto Aayp,q(M2) in magnitude
and uncertainty.

The relative contributionsto Aay,4(M2) and the uncertainty
aredetailed in Fig. 2 [6]. About 60% of the uncertainty comes
from the energy region between 1.05 GeV and 5 GeV. Morepre-
cise measurements of the total hadronic cross section inthisen-
ergy region, for example at Novosibirsk, DAP®NE or BES may
reduce the uncertainty on «( M 2 ) by about afactor 2 in the near
future.

The 1/ mass can aso be determined indirectly from radia-
tive corrections to electroweak observables at LEP and SLD,
and from v V scattering experiments. The current indirect value
of My obtained from ete~ experiments, My, 80.337 +
0.0417551 Gev/c? [1], isin excellent agreement with the re-
sult obtained from direct measurements (see Fig. 1). The deter-
mination of My, from v N scattering will be discussed in Sec-
tionlll.C.

The effective weak mixing angle, sin? 92”;, has been deter-
mined with high precision from measurements of the forward
backward asymmetries at LEP, and the | ft-right asymmetries at
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Figure3: Comparison of sin” 95”; and the W boson mass from
current direct and indirect measurements with the SM predic-
tion. Thetop quark and Higgsboson massesindicated inthefig-
ureareadl in GeV/c?.

the SLC [1]. Here, sin” 0,7 is defined by
1
s 2 plept gve
Sin géff —Z<1—gz) s (5)

where gy, and g 4, are the effective vector and axial vector cou-
pling constants of the leptons to the Z boson, and is related to
thewesk mixing anglein the MS scheme, sin” Oy (M), by [8]

sin® 0,7 ~ sin” O (M) + 0.00028. (6)

A fit to the combined LEP and SLD asymmetry datayields

sin? 0°F! = 0.23165 + 0.00024.

eff (7)

The experimental congtraintsin the (sin” 95”;, Mw ) plane are
compared withthe SM predictionsin Fig. 3. The measured value
of sin? 95”; agrees well with the SM expectation. The star in
thelower lefthand corner of Fig. 3 indicatesthe I/ mass and ef-
fective weak mixing angle predicted by taking the running of «
into account only. The arrow represents the current uncertainty
on My, and the effective weak mixing anglefrom Aayaa(M2):

s 2 plept
ssin” 0,77 |, = 0.00023, (8)
§Myy |ae = 12 MeV /c* 9)

The estimated theoretical error from higher ordersintroducesan
additional uncertainty of [9]

§sin” 0,77 |, = 0.00008, (10)
§Myy | = 9 MeV /™. (11)
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Figure4: The 68% confidencelevel contoursin M, and Mg for
the fits to LEP data only (dashed curve) and to all data (solid
curve).

While direct measurements of M; and My, presently do not
impose any constraints on the Higgs boson mass, indirect mea
surements from LEP and SLD seem to indicate a preference for
arelatively light Higgs boson. The 68% confidence level con-
toursin the M, and My planefor thefitsto LEP data only, and
todl datasets[1] (LEP, SLD, CDF and D), are showninFig. 4.
Taking the theoretical error due to missing higher order correc-
tionsinto account, one obtains

My = 1497188 Gev/c® (12)
or

Mpg < 550 GeV/c® at  95% CL. (13)

The results of such afit from current data, however, should be
interpreted with caution. Removing one or two quantitiesfrom
the fit can drastically change the predicted Higgs boson mass
range. Excluding from the fit the hadronic width of the Z bo-
son, which depends on «, resultsin [10]

My = (560 x 1.5%1) GeV/c”, (14)
Omittingin additionthe SLD dataon Ay g which yield a some-
what low value for the effective weak mixing angle, leads to
My = (820 x 1.7%1) GeV/c?.
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Inthefuture, only marginal improvementsof theindirect mea-
surements from LEP data are expected since LEP data taking
at the 7 peak has ceased. However, a significant reduction of
theerrorson M, and My, from direct experiments at LEP2, the
Tevatron (Run I, Run Il and TeV33), the LHC, and perhaps the
NLC and/or apt i~ collider isexpected, which should resultin
amore stable predictionfor M. Thiswill bediscussed inmore
detail in the next Section.
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Figure 5: Predictions for My, as a function of M, in the SM
(shaded bands) and in the MSSM (area between the dot-dashed
lines). Theresultsfrom direct CDF and D@ measurements, and
from indirect measurements at LEP and SLD are aso shown.

Precise measurements of My, and My, if inconsistent withthe
range alowed by the SM, could indicate the existence of new
phenomena at or above the electroweak scale, such as super-
symmetry. In the near future direct and indirect measurements
of the top quark and W boson mass are expected to begin to
yield useful constraints on the parameter space of the minimal
supersymmetric standard model (MSSM). Thisisillustrated in
Fig. 5, where the predictionsfor My, asafunction of M, inthe
SM (shaded bands) and in the MSSM (area between the dashed
lines) are shown, together with resultsfrom direct CDF and D@
measurements, and indirect measurements from LEP and SLD.
The MSSM band has been obtained by varying the model pa-
rameters so that they are consistent with current experimental
data. In addition, it was assumed that no supersymmetric par-
ticlesare found at LEP2 [11].

1. HIGH PRECISION ELECTROWEAK

PHYSICSAT FUTURE COLLIDERS

A. Measurement of the Top Quark Mass

The prospects of measuring the top quark mass in future col-
lider experiments are discussed in detail in Ref. [12]. We there-
fore only briefly summarize the results here.

For the Tevatron, the expected accuracy in M, for Run Il

(f£dt = 2fb~') and for TeV33 ([ Ldt = 10 — 30 fb~!) can
be extrapolated using current and anticipated CDF and D@ ac-
ceptances and efficiencies, together with theoretical predictions.
Using various different methods and techniques [13], one ex-
pectsthat M, can bedeterminedto < 4 GeV/c? (< 2 GeV/c?)in
Run 11 (TeV33). The uncertainty on the top quark mass will be
dominated by systematic errors. Soft and hard gluon radiation,
and the j et transverse energy scal e constitutethe most important
sources of systematic errorsin the top quark mass measurement
at hadron colliders. At the LHC, one al so expects a precision of
about 2 GeV/c? for M, [12].

At an eTe~ Linear Collider (NLC) or a uT p~ collider, the
top quark mass can be determined with very high precision
from athreshold scan. For an integrated luminosity of 10 fb~*
(50fb~1), the expected uncertainty on A, at theNLC is§M; ~
500 MeV/c? (200 MeV/c?) [14]. At a uTu~ collider, the re-
duced beamstrahlung and initid state radiation result in a better
beam energy resolution which should make it possible to mea
surethetop quark masswith asomewhat higher precisionthan at
theNLC, for equal integrated luminosities. Simul ations suggest
§ M, ~ 300 MeV/c? for 10 fb—! [15].

The precisionwhich can beachieved for A, at different collid-
ersissummarized in Tablel. In our subsequent calcul ations we

Table|: Expected top quark mass precision at future colliders.

Collider S M,
Tevatron (2fb=1) 4 GeV/c?
Tev33 (10fb~1)  2Gev/c
LHC (10fb-1) 2 GeV/c?
NLC (10fb~!) 0.5 GeV/c?
ptpm (10fb-1) 0.3 Gevic

shall always assume that the top quark mass can be determined
with a precision of

§My =2 GeV /™. (15)

B. Measurement of sin® 0./

1. SD

Presently, the single most precise determination of the effec-
tiveweak mixing angle originates from the measurement of the
[eft-right asymmetry,

(16)
Otot
a SLD. Here, o (r) isthetota productioncross section for | eft-
handed (righthanded) electrons. In the SM, the left-right asym-
metry at the Z pole, ignoring photon exchange contributions, is
related to the effective weak mixing angle by
-2 plept
2 (1 —4sin Hefpf)
- . le :
14 (1 —4sin® Hefpft)z

If the planned luminosity upgrade[16] (“ SLC2000") can bereal -
ized, it will be possibleto collect 3 x 10° 7 decays over aperiod

(17)

ArLr
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of threetofour yearsat SLD. Thisshould resultin an uncertainty
of
§sin” 6,7} = 0.00012, (18)

which is approximately a factor 2 better than the current uncer-
tainty fromthefit to the combined LEP and SLD asymmetry data
(see Eq. (7)).

Further improvements could come from measurements of the
|eft-right forward-backward asymmetry inete~ — ff,

iy = B = ei(2] ~loh(e) — op(=2)]
[77.(2) + oL (=2)] + [oR(2) + oR(=)]
_ 2gvigap 22 (19)

gxz/f +g124f 1‘1‘22’

where z = cos @, and 6 isthe scattering angle. fifFB directly
measures the coupling of thefina state fermion f to the Z bo-
son from which it is straightforward to determine sin® 95”;. In
particular, with the self-calibrating jet-charge technique [17], a
precise measurement of the Zbb coupling should be possible.

2. Hadron Colliders

At hadron colliders, the forward backward asymmetry, Arg,
in di-lepton production, p(;_)) — X, (0 = e, p), makesit
possible to measure the effective weak mixing angle. Apg is
defined by

F-B
App = 20
FB F—|— B ) ( )
where

L de
F = d cos 0" 21
/0 deoso “ 0 @D

' do
B = dcos 0" 22
/_1 deosor "7 (22)

and cos #* is the angle between the lepton and the incoming
quark inthe ¢* ¢~ rest frame. In pp collisionsat Tevatron ener-
gies, theflight direction of theincoming quark to a good approx-
imation coincides with the proton beam direction. cos #* can
then be related to the components of the lepton and anti-lepton
four-momentavia[18]

pr (£ )p~ (¢F) —p~ (¢7)pt (L)

cosB* =9 m(£+£—)\/m2 T p% ) (23)
with )
+_ -
p —ﬁ(Eipz). (24)

Here, m(¢* (™) istheinvariant mass of the lepton pair, F isthe
energy, and p, isthelongitudina component of the momentum
vector. Inthisdefinition of cos 8%, thepolar axisis defined to be
the bisector of the proton beam momentum and the negative of
the anti-proton beam momentum when they are boosted into the
(+¢~ rest frame. Thefour-momenta of the quark and anti-quark
cannot be determined individually. The definition of cos 6* in
Eqg. (23) has the advantage of minimizing the effects of the mo-
mentum ambi guity induced by the parton transverse momentum.

First measurements of the effective weak mixing angle us-
ing the forward backward asymmetry at hadron colliders have
been performed by the UA1 and CDF collaborations [19, 20].
Figure 6a shows the variation of Apg with the ete~ invari-
ant mass in pp — ete” for /s 1.8 TeV, assuming
sin” 95”; = 0.232. The error bars indicate the statistical errors
for 100,000 events, corresponding to an integrated luminosity
of about 2 fb~!. The largest asymmetries occur at di-leptonin-
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Figure6: Theforward backward asymmetry, Ap g, asafunction
of theete™ invariant massin pp — ete~ events. (a) statistical
error for 100,000 events, corresponding to an integrated lumi-
nosity of 2 fb~! in anideal detector; (b) including the effects of
the D di-el ectron mass resol ution.

variant masses of around 70 GeV/c? and above 110 GeV/c?. A
preliminary study of the systematic errors, indicates that most
sources of error are small compared with the statistical error.
Themain contributiontothe systematic error originatesfromthe
uncertainty in the parton distribution functions. Since the vec-
tor and axia vector couplings of « and d quarksto the Z boson
are different, the measured asymmetry depends on theratio of u
to d quarksin the proton. Most of the systematic errors are ex-
pected to scale with 1/+/N, where N is the number of events.
Theeffect of the el ectromagnetic cal orimeter resolutionisrather
moderate, as shown in Fig. 6b. It isfound that most of the sen-
sitivity of this measurement to sin® 95”; isam(ete™) ~ My
due to the strong variation of App with sin” Hff’” and the high
gtatisticsinthisregion. Including QED radiative corrections, the
pp — eTe~ forward backward asymmetry in the Z boson res-
onance region (75 GeV/c” < m(ete™) < 105 GeV/c”) can
be parameterized in terms of the effective weak mixing angle
by [21]

Arp = 3.6(0.2464

-2 plept
—sin Heff).

The expected precision of sin? 95”; in the electron channel (per
experiment) versus the integrated luminosity at the Tevatron is
showninFig. 7, together with the combined current uncertainty
fromLEP and SLD experiments. A similar precisionisexpected
in the muon channel. Combining the results of the electron and
the muon channel, an overall uncertainty per experiment of

(25)

§sin” 0,°F) = 0.00013 (26)

is expected for an integrated luminosity of 30 fb~".
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At the LHC, the lowest order Z — (T/~ cross section is
approximately 1.6 nb for each lepton flavor. For the projected
yearly integrated luminosity of 100 fb~!, this resultsin a very
large number of Z — ¢+ ¢~ eventswhich, in principle, could be
utilized to measure the forward backward asymmetry and thus
sin? 95”; with extremely high precision [22]. Since the origi-
nal quark direction is unknown in pp collisions, one has to ex-
tract the angle between the lepton and the quark inthe ¢+ ¢~ rest
frame from the boost direction of the di-lepton system with re-
spect to the beam axis:

lp- (¢ e)| p*(€7)p” (1) — p~ (€7 )pt (£F)
P (CHL7) m(e+0=)/m2(CH0=) + p (=)
(27)

in order to arrive a a non-zero forward-backward asymmetry.

In contrast to Tevatron energies, sea quark effects dominate
at the LHC. As a result, the probability, f,, that the quark di-
rection and the boost direction of the di-lepton system coincide
issignificantly smaller than one. This considerably reduces the
forward backward asymmetry. Events with a large rapidity of
the di-lepton system, y(¢*¢~), originate from collisionswhere
at least one of the partons carries a large fraction « of the pro-
ton momentum. Since valence quarks dominate at high values
of z, acut on the di-lepton rapidity increases f,, and thus the
asymmetry [23] and the sensitivity to the effective weak mixing
angle.

Imposing a |y(u* )] > 1 cut and including QED correc-
tions, theforward backward asymmetry at theLHC inthe u ™y~

cosf* =2

channel in the Z peak region (75 GeV/c* < m(ptp~) <
105 GeV /c”) can be parameterized by
App = 2.10(0.2466 — sin” 0,7} ) (28)
for an ideal detector. For an integrated luminosity of 100 fb—!,
thisthen leads to an expected error of
§sin 0F) = 4.5 x 107°, (29)
A similar precision should be achievablein the e ectron channel.
However, electrons and muons can only be detected for pseu-
dorapidities|n(¢)| < 2.4 — 3.0 inthe currently planned config-
urations of the ATLAS [24] and CMS [25] experiments at the
LHC. The finite pseudorapidity range available dramatically re-
ducestheasymmetry. Intheregionaroundthe 7 pole, theasym-
metry is again approximately alinear function of sin” 95”; with
(for ut p~ find states)

App = 0.65(0.2488 — sin? §'7!) for |n(u)| < 2.4.

eff (30)

Thefiniterapidity coverage a so resultsin areduction of the to-
tal Z boson cross section by roughly afactor 5. Asaresult, the
uncertainty expected for sin” 95”; increases by almost afactor 7
to
-2 plept —4
6 sin Heff =3.0x 10

for In(p)| < 2.4.

In order to improvethe precision beyond that expected from fu-
tureSLC and Tevatron experiments, it will be necessary to detect
electrons and muons in the very forward pseudorapidity range,
|n| = 3.0 —5.0, atheLHC.

(31)

3. NLCand utp~ Collider

The effective weak mixing angle can also be measured at the
NLC in fixed target Mgller and Bhabha scattering. In fixed
target Mgller scattering one hopes to achieve a precision of
§sin® 0,7} = 6 x 10~5 [26]. In Bhabha scattering, it should be
possibleto measure the effective weak mixing anglewith apre-
cisonof afew x10~* [27], depending on the energy and polar-
ization available. Possibilitiesto determine the effective weak
mixing angle at a T .~ collider have not been investigated so
far.

4. Constraintson Mg fromsin? 95”; and M,

The potentia of extracting useful information on the Higgs
boson mass from afit to the SM radiative correctionsand apre-
cise measurement of sin? 95”; and M, isillustrated in Fig. 8.

Here we have assumed M, = 176 + 2 GeV/c?, sin” 95”; =
0.23143 4 0.00015, and a~'(M2) = 128.89 & 0.05. From
such a measurement, one would find My = 4157132 Gev/c?.
The corresponding log-likelihood function is shown in Fig. 9.
From Fig. 8 it is obvious that the extracted Higgs boson mass
depends very sensitively on the central value of the effective
weak mixing angle. Therelative error on the Higgs boson mass,
SMy /Mg = 30%, however, depends only on the uncertainty

of higher order corrections, sin” 95”;, M, and o(M3%). For the
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off Versus the Higgs boson mass.

precision of sin” 95”; and M, assumed here, the theoretical er-

ror from higher orders, and the uncertainty in «(M2) begin to
limit the accuracy which can be achieved for the Higgs boson
mass.

C. Precision Measurement of My at Future
Experiments

1. Deep Indlagtic Scattering and HERA

Future experiments providea variety of opportunitiesto mea
surethemass of the 11" bosonwith high precision. Inv NV scatter-
ing, My can be determined indirectly through a measurement
of the neutral to charged current cross section ratio

o(vN —vX)

Ry=—— .
o(vN — pu=X)

(32)

IntheSM, R, can be used to directly determine theweak mixing
angleviathe lowest order expression

1
Ry: §_Sin2 9W+g(1+r)S1n49W+CV’ (33)
where n
v N X
_ oo =" X) (34)
o(vN — pu=X)

and C, is a correction factor which incorporates, among oth-
ers, effects due to charm production and longitudinal structure
functions. Electroweak radiative corrections modify the lead-
ing order prediction. In the on-shell scheme, wheresin® 6y =
1 — MZ /MZ todl ordersin perturbation theory, the (leading)

-Log(L) vs. M
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Figure 9: The negative log-likelihood function assuming
sin” 0,7/ = 0.23143 + 0.00015 and M, = 176 + 2 GeV/c?.

radiative corrections to sin® fy and R, almost perfectly can-
cel [28]. Thisimpliesthat, in the SM, vV scattering directly
mesasures the W mass, given the very precisaly determined 2
boson mass. A new CCFR measurement [29] gives My
80.46 + 0.25 GeV/c?. With the data which one hopes to col-
lect inthe NuTeV experiment during the current Fermilab fixed
target run, one expects [29]

§ My = 100 MeV /c*. (35)

Figure 10 comparesthe current resultsfor My, fromdirect mea
surements at CDF, D@ and LEP2 (see below) with indirect de-
terminations from LEP and SLD viaelectroweak radiative cor-
rections, and the W mass obtained from CCFR, other v N exper-
iments [30], and the expectation for NuTeV.

The W mass can also be determined from measurements of
the charged and neutral current cross sections at HERA. Mov-
ing the low 5 quadrupoles closer to the interaction region, one
hopesto achieveintegrated luminositiesof theorder of 150pb~!
per year with a70% longitudinally pol arized el ectron beam. The
expected constraintson My and M, together with the SM pre-
dictionsfor My = 100 GeV/c? and My = 800 GeV/c? are
shown in Fig. 11 [31]. When combined with a measurement of
the top quark mass with a precision of §M; = 5 GeV/c?, the

projected HERA resultsyield a precision of
§ My = 60 MeV /c”. (36)

Taking 6 M, = 2 GeV/c? instead only marginaly improves
the accuracy on the W mass. In deriving the result shown in
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Figure10: A comparison of direct and indirect measurements of
the I/ boson mass.

Eq. (36), al%relative systematic uncertainty of the charged and
neutral current cross sections at HERA was assumed. For asys
tematic error of 2%, onefinds 6 My ~ 80 MeV/cz.

2. LEP2andNLC

Preci se measurements of the I/ mass at LEP2 [32] can be ob-
tained using the enhanced statistical power of the rapidly vary-
ing total W+ W~ cross section at threshold [33], and the sharp
(Breit-Wigner) peaking behaviour of the invariant mass distri-
bution of the W decay products. During the recent LEP2 run at
/s = 161 GeV, thefour LEP experiments have each accumu-
lated approximately 10 pb~! of data. The total 1+ W~ cross
section asafunction of the W massisshowninFig. 12, together
with the preliminary experimenta result [34]. Combining the
results obtained from the W+W~- — jjjj, the WTW—- —
(Frjjandthe W W— — ¢tul—v (¢ = e, p, 7) channel, the
W pair production cross section at /s = 161 GeV is measured
tobes (W) = 3.57 £ 0.46 pb. Thistrandatesinto a W mass
of [34]

My =80.4+0.240.1GeV/c”. (37)

A much more accurate measurement of My will be possible
in the future through direct reconstruction methods when LEP2
will be running at energies well above the I pair threshold.
Here, the Breit-Wigner resonance shapeisdirectly reconstructed
fromthe 17+ final states using kinematicfitting techniques. The
potentially most important limitation in using this method orig-
inates from color reconnection [35] and Bose-Einstein corre-
lations [36] inthe WtW~ — jjjj channe. Taking com-
mon errorsinto account, the expected overall precisionfromthis
method at LEP2 for atotal i ntegrated |uminosity of 500 pb~! per
experiment is anticipated to be [32]

§Myw = 35— 45 MeV /c”. (38)

The same method can in principle also be used at the NLC.
However, thebeam energy spread limitsthe precision which one
can hope to achieve at an et e~ Linear Collider. Preliminary
studies indicate that one can hope for a precision of & Myy
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Figure11: 1¢ confidence contoursinthe ( My, M;) planefrom
polarized el ectron scattering at HERA (P = —0.7), utilizing
charged current scattering alone for [£dt = 250 pb~! (outer
dlipse), and neutral and charged current scattering for 1 fo=*
(shaded ellipse). Shown isalsothecombinationof the1fb~' re-
sult with adirect top mass measurement with 6 M; = 5 GeV/c?
(full elipse). The SM predictionsare a so shown for two values
of Mg (from Ref. [31]).

20 MeV/c? at best. No studies for a utu~ collider have been
performed so far.

3. Tevatron

In 1/ events produced in ahadron collider in essence only two
guantities are measured: the lepton momentum and the trans-
verse momentum of therecoil system. The latter consists of the
“hard” 1}/ -recoil and the underlying event contribution. For 11/-
events these two are inseparable. The transverse momentum of
the neutrino is then inferred from these two observables. Since
the longitudinal momentum of the neutrino cannot be deter-
mined unambiguously, the 11/-boson mass is usualy extracted
from the distributionin transverse:

Mr = V2@ pr () (1 —cosg?),  (39)

where ¢°¥ isthe angle between the electron and neutrino in the
transverse plane. The My distribution sharply peaks at My
My .

Both the transverse mass and lepton transverse momentum
are, by definition, invariant under longitudinal Lorentz boosts.

o~
~
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Figure 12: Thetota W™ W~ cross section as a function of the
W boson mass. The shaded band represents the cross section
mesasured at LEP2.

Indeterminingthe 11/ mass, thetransversemassispreferred over
the lepton transverse momentum spectra because it isto first or-
der independent of the transverse momentum of the . Under
transverse Lorentz boosts along a direction ¢*, M and pr(e)
transform as

o~

2 2
M3 = M} — 3% cos®¢* My~

* 1 *
pr(e) + §PT(W) cos ¢*,

with M7 My sing*, M} My cos8* and 3
pr(W)/Mw . The asterisk indicates quantities in the W rest
frame. The disadvantage of using the transverse mass is that it
usesthe neutrinotransverse momentumwhichisaderived quan-
tity. The neutrino transverse momentum is identified with the
missing transverse energy in the event, which is given by

B = => pr, = —pr(e) — ppe — ir(L),

pr(e)

where p1-°¢ isthe transverse momentum of the W -recoil system
and 7 (L) the transverse energy flow of the underlying event,
which depends on the luminosity. It then follows that the mag-
nitudeof themissing £'r vector and thetrueneutrino momentum
arerelated as

2
1 up

4 pr(v)
Thisrelation can be interpreted as the definition of the neutrino
momentum scale. Note that the underlying event gives rise to

Iy = pr(v) + : (40)
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Figure 13: The effect of multipleinteractions on the IV trans-
verse mass distribution at the Tevatron. Standard kinematic cuts
of pr(e) > 25 GeV/c, [n(e)] < 1.2, Br > 25 GeV and
pr(W) < 30 GeV/c areimposed. The effect of multipleinter-
actionsis simulated by adding additiona minimum bias events
to the event containing the 13 boson.

abiasin the measured neutrino momentum with respect to the
true neutrino momentum. In case thereare moreinteractionsper
crossing, |iy| behaves as a two-dimensiona random walk and
is proportional to /I, where I~ isthe average number of in-
teractions per crossing. The shift in measured neutrino momen-
tum is thus directly proportiona to the number of interactions
per crossing. The resolutionincreases as/I-.

Theaboveequation for the missing transverse energy deserves
some more attention. Thetwo componentsdirectly related tothe
W decay, pr(e) and p7.e¢, areonly indirectly affected by multi-
pleinteractionsthrough the underlying event. It isthe measure-
ment of «@r (L) which governs the luminosity dependence. Be-
cause of multipleinteractions, @7 (L) will show a dependence
on luminosity following Poisson statistics, with the two effects
indicated above: ¢) adegradation of the # resolution and i7) a
shift in the measured neutrino momentum. Thisisdemonstrated
in Fig. 13 where we show the My distributionfor various val-
uesof /- a theTevatron. For Run Il oneexpects I = 3, and at
TeV33, I =~ 6 — 9 [37]. Both effects, of course, propagate into
the measurement of the transverse mass and the uncertainty on
My will notfollowthesimple1/+/N ruleanymore[38]. In ad-
dition, however, thedetector responseto highluminositiesneeds
to befolded in. In the above discussion it was assumed that the
detector responseislinear to the number of multipleinteractions
which in general is not the case. The effects of pile-up in the
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Figure14: Comparison of the CDF W asymmetry measurement
with recent NLO parton distribution function predictions.

calorimeter and occupancy in the tracking detectors produce a
~ 7% shiftin py for an eectron with transverse momentum of
40GeVica £ = 1033 em=2 s~1, which will further affect the
uncertainty on the 14/ mass adversdly [39].

Another uncertainty that will not, and has not in the past,
scaled with luminosity is the theoretical uncertainty coming
fromthe p7(17) model and the uncertainty on the proton struc-
ture. Parton distributionsand the spectrum in pr (W) are corre-
lated. The DG experiment has addressed this correlation in the
determination of itsuncertainty on the I mass [4, 5]. The par-
ton distribution functions are constrained by varying the CDF
measured W charge asymmetry within the measurement errors,
while a the same time utilizing al the available data. New
parametrizations of the CTEQ 3M parton distribution function
were obtained that included in the fit the CDF I/ asymmetry
data from Run la [40], where all data points had been moved
coherently up or down by one standard deviation. In addition
one of the parameters, which describes the ?-dependence of
the parameterization of the non-perturbative functions describ-
ing the pr (V) spectrum [41], was varied. The constraint on
this parameter was provided by the measurement of the pr(7)
spectrum. The uncertainty due to parton distribution functions
and the pr (W) input spectrum was then assessed by varying si-
multaneoudly the parton distributionfunction, as determined by
varying the measured W charge asymmetry, and the parameter
describing the non-perturbative part of the pr (W) spectrum.

The CDF experiment uses their measurement of the I charge
asymmetry as the sole constraint on the uncertainty due to the
parton distribution functions. Figure 14 compares the prelimi-
nary CDF W charge asymmetry measurement [42] with severa
recent fitsto parton distribution functions. Figure 15 showsthe
correlation between the uncertainty on the 177 mass, A My, and

(Appr(n)) — (Adata(n))

Ac(A(n)) = 6 Adata(n) ’

(41)
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Figure 15: The correlation between the uncertainty in the I/
mass and the deviation between the average measured asymme-
try for Run laand Ib CDF datafor severa recent parton distri-
bution functions.

the deviation between the average measured asymmetry for
Run laand Ib data and various recent NLO parton distribution
functionfits[42]. Thefitted W massisseen to bestrongly corre-
lated with the W charge asymmetry. The 4/ charge asymmetry,
however, is mainly sensitiveto the s ope of theratio of the« and
d quark parton distribution functions

d(zs) [ u(zs) — d(21) [ u(a1)
d(z2) [ u(z2) + d(21) [ u(z1)

and doesnot probethefull parameter range describing the parton
distributionfunctions.

Future measurements of the pr(7) distributionwill providea
constraint onthe pr distributionof the 137 boson. Moreover, the
measurements of the W charge asymmetry, together with mea-
surements from deep inelastic scattering experiments, will pro-
videfurther constraintson the parton distribution functions. An
effort needs to be made, though, to providetheexperimentswith
parton distributionswith associated uncertainties.

At high luminosities alternate methods to determine the V-
mass may be advantageous. Because of the similarity of 14" and
Z production, methods based on ratios of relevant quantities,
such as the charged lepton transverse momenta are particularly
interesting [43, 44]. The ratio of the lepton pp distributionsis
thought to be very promising for fitting the 117 mass in the high

Alyw)

(42)
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luminosity regime since the procedure is independent of many
resol ution effects. However, the shapes of the lepton transverse
momentum distributions are sensitive to the differences in the
W and Z production mechanisms, which need to be better un-
derstood.

Here we concentrate on a similar method which utilizes the
transverse mass ratio of W and 7 bosons [44]. Preliminary re-
sultsfrom an analysis of the transverse mass ratio have recently
been presented by the D& Collaboration [45]. Only the electron
channel will be discussed in the foll owing, although the method
is expected to work for muon final states as well.

The transverse mass ratio method treats the 7 — ete~ sam-
plesimilar to the I — er sample, thus cancelling many of the
common systematic uncertainties. A transverse mass for the 7
boson is constructed with one of the decay e ectrons, while the
I isderived by adding thetransverse energy of the other elec-
tronto theresidual #r intheevent. Hence, two such combina-
tions can be formed for each 7 event.

The Z transverse mass distribution is scaled down in finite
steps and compared with the A distribution of the W bo-
son. The W mass is then determined from the scale factor
(Mw /Mz) which gives the best agreement between the My
distributionsusing a Kolmogorov test. Since differencesin the
production mechanism, acceptances and resolution effects be-
tween the W and the 7 sample lead to differencesin the shapes
of the transverse mass distributions, one hasto correct for these
effects.

The dominant systematic uncertainty arises from the uncer-
tainty on the underlying event. Electromagnetic and hadronic
resolution effects mostly cancel in the transverse mass ratio, as
expected. The systematic uncertainty due to the parton distribu-
tion functions and the transverse momentum of the I boson is
reduced by more than afactor 3 compared with that found using
the conventional W transverse mass method [4]. The total sys-
tematic error from the D@ Run la data sampleis estimated to be
75MeV/c2. For comparison, thetotal systematic error obtai ned
using thetransverse mass distributionof the 1/ using D Run la
datais 165 MeV/c? [4].

In the analysis of the Run la data sample, electrons from IV
and 7 decay are identified asin the conventional 1/ mass anal-
ysis. W candidates are selected by requiringpr(e) > 30 GeV/c
and pr(v) > 30 GeV/c, whileelectrons from Z decays are re-
quired to have pr(e) > 34 GeVlc, since they are eventually
scaled down. Electronsfrom 14/ decay and at least one electron
from Z decay arerequired to bein thecentra pseudorapidity re-
gion, |n(e)| < 1.1. Z eventsare used twiceif both el ectronsfall
in the central region. The shape comparison is performed in the
fitting window 65 GeV/c® < My < 100 GeV/c*. The se-
lected 7 sampleisscaled down infinitestepsand, at every step,
theshape of the 7 and W M distributioniscompared using the
Kolmogorov test. Figure 16 showsthe My (7)) distribution su-
perimposed on the M7 (W) distributionfor one of thefits. The

preliminary result for My from Run ladatais
Myw = 80.160 £ 0.360(stat) & 0.075(syst) GeV/c*. (43)

Thelimitation of the method described here comes entirely from
the limited 7 datistics, which is expected to scale exactly as
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Figure 16: The Run la D@ M (1) distribution (histogram)
with the scaled M (.7) distribution (points) superimposed.

1/+/N in future experiments.

The power of the My ratio method becomes apparent when
one compares the uncertainty on My, expected for 1 fb~! and
10 fb=! with that expected from the traditional W transverse
mass analysis [38]. The results for both methods are listed in
Table Il. To calculate the projected statistical (systematic) er-
rorsin the transverse mass ratio method, we have taken the er-
rors of Eq. (43) and scaled themwith 1/v/N (\/Ic /N), assum-
ingIc = 3 (Ic = 9)for1fb~! (10 fb~!). Both, electron and
muon channels are combined in Table 11, assuming that the two
channels yield the same precisionin My .

Table Il: Projected statistical and systematic errors (per experi-
ment) on the 11 mass at the Tevatron, combining the I/ — ev
and W — pv channdl.

traditiona My analysis

[Ldt =111 [Ldt=10fb""
§ My Ie=3 Ic=9
statistical 29 MeV /¢ 17 MeV /¢’
systematic 42 MeV /¢ 23 MeV /¢
total 51 MeV /¢’ 29 MeV /¢

W/ Z transverse mass ratio

[Ldt =1f~" [Ldt=10fb""
§ My Ie=3 Ic=9
tatistical 29 MeV /¢’ 9 MeV/c”
systematic 10 MeV /¢ 6 MeV /c”
total 31 MeV/c” 11 MeV /¢

The W mass can aso be determined from the transverse en-
ergy (momentum) distribution of the electron (muon) in IV —
ev. (W — pv,) events, which peaks at My /2. The prospects
of a precise measurement of My, from the Er(e) distribution
inRun Il and at TeV 33 have been investigated in Ref. [39]. The
measurement of the lepton four-momentum vector is indepen-
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dent of the #r resolution, and the electron Er resolution is
dominated by theintrinsiccal orimeter resolution. Hencethesta-
tistical uncertainty of the 17 mass measurement fromthe Er(¢)
distributionis expected to scale approximately as 1/v/N. Simu-
lationshave shown that a sample of 30,000 events (similar tothe
D@ Run |b data sample) gives a statistical error on the 13 mass
of 100 MeV/c? from the E'r(e) fit. Thisisin agreement with
the result of the preliminary D@ Run 1b 117 mass analysis [46].
The systematic error from this method is expected to be about
170 MeV/c? for the same number of events. Scaling the total
uncertainty as1/+/N , theprojected uncertainty of My, fromthe
electron Er fitis:

§Myw =55 MeV/c® for 1fb~1

§My = 18 MeV/c® for 10fb~L. (44)

In estimating the uncertainties given in Eq. (44) and Table 1,
we have assumed that the current uncertainty from parton distri-
butionfunctionsand thetheoretical uncertainty originatingfrom
higher order electroweak corrections can be drastically reduced
in the future. In order to measure My, with high precision, it
is crucia to fully control higher order electroweak (EW) cor-
rections. So far, only thefinal state O(«) photonic corrections
have been calculated [47], using an approximation which indi-
rectly estimates the soft + virtual part from theinclusive O(«?)
W — {v(y) width and the hard photon bremsstrahlung contri-
bution. Using this approximation, el ectroweak correctionswere
found to shift the 1¥ mass by about —65 MeV/c? inthe el ectron,
and —170 MeV/c? in the muon channel [4, 5].

Currently, a more complete calculation of the O(«) EW cor-
rections, which takes into account initial and final state correc-
tions, is being carried out [48]. The calculation is performed
using standard Monte Carlo phase space dlicing techniques for
NLO calculations. In caculating the initial state radiative cor-
rections, mass (collinear) singularities are absorbed into the
parton distribution functions through factorization, in complete
analogy to the QCD case. QED corrections to the evolution of
the parton distribution function are not taken into account. A
study of the effect of QED on the evolution indicates that the
changeinthe scal e dependence of thePDF issmall [49]. To treat
the QED radiativecorrectionsinacons stent way, they should be
incorporated in the globa fitting of the PDF. The relative size
and the characteristics of the various contributions to the EW
correctionsto ¥ productionisshownin Fig. 17.

Initia state (photon and wesk) radiative correctionsare found
to be uniform and, therefore, are expected to have little effect
on the 11/ boson mass extracted. Whileinitia state photon ra-
diation increases the cross section by 0.9%, weak one-loop cor-
rectionsamost completely cancel theinitial state photonic cor-
rections. The complete O(«) initia state EW correctionsreduce
the leading order (LO) cross section by about 0.1%. Initia and
final state photonradiationinterfere very little. Theinterference
effectsare uniform and have essentially no effect onthe My dis-
tribution. Final state photon radiation changes the shape of the
transverse mass distributionand reduces the L O cross section by
up to 1.4% in the W resonance region. Weak corrections again
have no influence on the lineshape, but reduce the cross section
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Figure 17: The ratio of the NLO to LO Mp(ev,) distribution
for various individua contributions: the QED-like initia or fi-
nal state contributions (solid), the complete O(«) initia and fi-
nal state contributions (short dashed) and the initial—final state
interference contribution (long dashed).

by about 1%. The W mass obtained from the M distribution
includingthefull EW one-loop correctionsisexpected to be sev-
eral MeV/c? smaller than that extracted employing the approxi-
mate calculation of Ref. [47].

Sincefina state photon radiation introduces a significant shift
inthe 11’ mass, onea so hasto worry about multiplephoton radi-
ation. A calculation of pp — puvy~ [50] which includesal ini-
tial and final state radiation and finite muon mass effects shows
that approximately 0.8% of all W — ur events contain two
photonswith Er () > 0.1 GeV (the approximate tower thresh-
old of the electromagnetic calorimeters of CDF and DY) and
AR(y,v) > 0.14. Thissuggeststhat theadditional shiftin My
from multiplephotonradiation may not be negligibleif oneaims
at ameasurement with a precision of @(10 MeV /).

4. LHC

At the LHC, thecross section for 14/ productionisabout afac-
tor 4 larger than at the Tevatron. During the first year of oper-
ation, it is likely that the LHC will run at a reduced luminos-
ity of approximately £ = 1033 cm~2s~!, resulting in roughly
0.9 x 10" W — ev events with a central electron (|n(e)| <
1.2) and atransverse mass in the range 65 GeV/c2 < Mr <
100 GeV/cZ. A similar number of W — uv eventsisexpected.
Both LHC detectors, ATLAS [24] and CMS[25], will beableto
trigger on electrons and muons with a transverse momentum of
pr(€) > 15 GeV/c (¢ = e, u), and should be fully efficient for
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pr(£) > 20 GeV/c. They arewell-optimized for electron, muon
and I detection.

At £ = 1033 em~2s71, the average number of interactions
per crossing at the LHC isapproximately I~ = 2, whichissig-
nificantly smaller than what one expects at the Tevatron for the
same luminosity. A precision measurement of the I/ mass at
the LHC running at a reduced luminosity, using the traditiona
transverse mass anaysis, thus seems feasible [51].

QCD caorrections to the transverse mass distribution at the
LHC enhance the cross section by 10 — 20% in the My range
which isnormally used to determine My . Thisisillustratedin
Fig. 18, where the LO and NLO QCD transverse mass distribu-
tion is shown, together with the NLO to LO differential cross
section ratio. Here, apr(¢) > 20 GeV/cand agy > 20 GeV/c
cut have been imposed, and the pseudorapidity of the lepton is
requiredtobe|n(¢)| < 1.2. Thedight changeintheshape of the
My digtributioninduced by the NLO QCD correctionsis dueto
the cutsimposed.

Sofar, no detailed study of the precisionwhich one might hope
toachievefor My a the LHC has been performed. For a crude
order of magnitude estimate, one can use the statistical and sys-
tematic errors of the current CDF and DG analyses [4, 5], and
scaethemby /I /N. For anintegrated luminosity of 10fb—!,
one obtains[51]:

My <15 MeV /c?, (45)

In order to see whether LHC experiments can perform a mea-
surement of My, which issignificantly more precise than what
one expects from TeV33 or the NLC, a more detailed study
which also considersother quantitiessuch asthetransverse mass
ratio of W and Z bosons [43, 44] hasto be carried out.

5. Congtraintson Mg from My, and M,

The potentia of extracting useful information on the Higgs
boson mass from afit to the SM radiative correctionsand apre-
cise measurement of My, and M, isillustratedin Fig. 19. Here
we have assumed M; = 176 + 2 GeV/c?, My = 80.330 £
0.010 GeV/c?, and o= (MZ) = 128.89 + 0.05. Such a mea-
surement would constrain the Higgs boson mass to Mg
285755 GeV/c?. The corresponding log-likelihood function is
shown in Fig. 20. A measurement of the I/ mass with a preci-
sionof § My, = 10 MeV/c? and of thetop masswith an accuracy
of 2 GeV/c? thustrand atesinto an indirect determination of the
Higgs boson mass with arelative error of about

(46)

From a global analysis of al electroweak precision data one
might then expect § My /My < 15%.

For the precisionof M, and My, assumed here, thetheoretical
error from higher orders and the uncertainty in the electromag-
netic coupling constant o( M 2 ) become limiting factors for the
accuracy which can be achieved for M. Effortsto calculate
higher order corrections and to significantly improve the error
on «(M2) beyond what one can expect from measurements at
Novosibirsk, DAP®NE, or BES, need increased emphasisfrom
both experimentalistsand theoristsin order to be ableto achieve
an ultimate relative precision on My better than about 15%.
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Figure18: The LO and NLO QCD W transverse mass distribu-
tionat the LHC. Also shownistheNLO to LO differential cross
section ratio as afunction of M.

V. SUMMARY AND CONCLUSIONS

Inthisreport, we have highlighted some current high precision
electroweak measurements, and explored prospects for further
improvements over the next decade. The aim of precision elec-
troweak measurements is to test the SM at the quantum level,
and to extract indirect information on the mass of the Higgs bo-
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Figure 19: Predicted W versus Higgs boson mass for M; =
176 & 2 GeV/c?. Thetheoretical predictionsincorporate the ef-
fects of higher order electroweak and QCD corrections.

son. The confrontation of theseindirect predictionsof A/ with
theresultsof direct searches for the Higgs boson will be perhaps
the most exciting devel opment of the next decade in thefield of
particle physics.

Although a globa fit to al available precision e ectroweak
datayields Mg = 149753° GeV/c?, the Higgs boson mass ex-
tracted strongly depends on the input quantities used in the fit.
Excluding a particular observable which displays a statistically
significant deviation from the SM prediction, e.g. the SLD left-
right asymmetry, may easily increase the central value of Mg
by a factor 4. One therefore has to conclude that present data
are not quite sufficient to obtain a stable estimate of the Higgs
boson mass.

Results of future collider experiments are expected to drasti-
cally change this situation. In these experiments one hopes to
precisely determinethree observableswhich are key ingredients
in obtaining reliable indirect information on the Higgs boson
mass.

¢ Theuncertainty on thetop quark massisexpected to bere-
duced by at least a factor 3 in Tevatron and LHC experi-
ments. AttheNLC or apt 1~ collider, aprecision of afew
hundred MeV/c? may be possible.

o It should be possibleto reduce the error on sin” 95”; by at
least a factor two through measurements of the left-right
asymmetry at aluminosity upgraded SLC, and the forward
backward asymmetry in the /7 peak region at the Tevatron
and LHC.

-Log(L) vs. M
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=
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M, (GeVié)
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Figure 20: The negative log-likelihood function assuming
Myw = 80.330+0.010 GeV/c? and M, = 176 + 2 GeV/c2.

e The most profound improvement is likely to occur for the
W mass, where a gain of a factor 5 seems to be within
reach. New strategies developed for extracting My, at
hadron colliders[43, 44] will make it possibleto fully ex-
ploit the expected increase in integrated luminosity at the
Tevatron.

From a measurement of M; with a precision of 2 GeV/c?, and
My with an uncertainty of 10 MeV/c? aoneit should be possi-
bleto constrain M g within 20%.

Asthe e ectroweak measurementsimprove, thetheoretical er-
ror from higher orders and the uncertainty in «(M2) will grad-
ually become more and more important limitations in the pre-
cision which can be achieved. The determination of «(M?2) is
limited by the knowledge of the photon hadron coupling at small
momentum transfer. An increased experimental and theoretical
effort isneeded to overcome the present limitationsin determin-
inga( M%), and to cal cul ate higher order correctionsto theelec-
troweak observables.
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