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Precision W-boson and top-quark mass determinations at a muon collider
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Precise determinations of the masses ofdhboson and of the top quark could stringently test the radiative
structure of the standard mod@&M) or provide evidence for new physics. We analyze the excellent prospects
at a muon collider for measurinil,y and m; in the W"W~ andtt threshold regions. With an integrated
luminosity of 10(100 fb !, the W-boson mass could be measured to a precision of6MeV, and the
top-quark mass to a precision of 20D0) MeV, provided that theoretical and experimental systematics are
understood. A measurement &fm,=200 MeV for fixedM,, would constrain a 100 GeV SM Higgs boson
mass within aboutt2 GeV, while AM\y,=6 MeV for fixed m; would constrainm, to about+10 GeV.
[S0556-282197)02615-3

PACS numbdps): 14.70.Fm, 07.77.Ka, 14.65.Ha

I. INTRODUCTION (1). Figure 1 shows SM predictions &fl,, (on-shell mass
definition [8]) versusm, for m,=70, 100, and 1000 GeV.
Muon colliders offer a wide range of opportunities for With the presentM,, and m; measurement&he data point
exploring physics within and beyond the standard modeivith error bars in Fig. 1 it is not yet possible to make a
(SM) [1-5]. An important potential application of these ma- definitive distinction between the light Higgs boson
chines is the precision measurement of particle masse$m,~100 GeV} and heavy Higgs bosom{,~1 TeV) sce-
widths, and couplings. Because the muon mass is mucharios. As future precision measurements narrow the allowed
larger than the electron mass, initial state radiation fromHiggs boson mass range, the results can be confronted with
muons is substantially reduced compared to that from elecsearch limits or direct measurements of the Higgs boson
trons and higher precision is possible in measuring crosmass.
sections in threshold regions. In this paper, we estimate the The widths of the bands in Fig. 1 are due to the present
accuracy with which th&V andt masses can be determined uncertainties in the electromagnetic fine structure constant
from W*W™ andtt threshold measurements at a muon col-[9] and in the strong coupling constdri0]
lider. We find that a muon collider with high luminosity may _,
achieve greater accuracy fod,, and m, than that by any a (Mz)=128.990.06, as(Mz)=0.118+0.005.
other accelerator. (4)

The W andZ masses are related by the equation ) . .
y g These errors inv"}(M3) and inag(M;) translate into un-

12 certainties orly of order 20 MeV and 4 MeV, respectively.

My=Mg| 1— Za (1)  Thus, an improvement in the uncertainty in the fine structure
V2G ,MZ(1- o)
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the Higgs boson massm,). In the supersymmetric SMjr b
may in addition depend on the masses of light supersymmet-__ 805 ¢

F a”!(M;)=128.99
a,(Mz)=0.118+0.005
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ric particles, such as the chargino and top squark.\Wrend 8 s b 1

t mass errors should have a relative precision of = 804t 2T s
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in order that they lead to equivalent error in testing Eq. el T T 7 E

The present world averagé¢g] for the W-boson mass and IR AT TR TR TR 7<dt OV TV T TR
the top-quark mass are 160 170 180 190 160 170 180 190

m, (GeV)

Mw=280.356+0.125 GeV, m;=175+t6 GeV, (3)
FIG. 1. Correlation betweeM,, andm, in the SM with QCD
for which AMy,/Am~2x 102, and electroweak correction8] for m,=70, 300, and 1000 GeV.
With high precision measurements &, My, and  The data point and error bars are dk,=80.356+0.125 GeV and
my, the consistency of the SM loop corrections can be testeeh,=175+6 GeV. The widths of the bands indicate the uncertain-
and used to infer the Higgs boson mass throdghin Eq.  ties(a) in a(My) and(b) in agy(My).
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constant at th& mass scale will be needed to fully utilize a At a Next Lineare* e~ Collider (NLC), the anticipated pre-
very accurate determination d¥l,,. The uncertainty in cisions for My, measuremenfl6] with s=500 GeV and
a (M) is due to measurement errors in the cross sectiofor m, measuremeritL 7] at the threshold/s~2m, are

for e"e” —hadrons. The determination af (M) given

in Eq. (4) used the perturbative QCD cross section to fix the AM,,=20 MeV, Am,=0.2 GeV (50 fo~!, NLC),
overall renormalization at c.m. energies above 6.5 GeV and (10)
for the nonresonant contributions in the region 3-3.9 GeV.

Half of the uncertainty icx=*(M) in Eq. (4) is then due to  where theM,y error is that for mass reconstruction in the
the 1-2.5 GeV region and the other half due to the 2.5—5]q_ decay mode. If the NLC energy is lowered to
GeV region. Calculations of (M) have been made by Js=161 GeV for aW*W~ threshold determination of

other authorg11] without the use of perturbative QCD pa- My, then scaling the statistical error of E() implies

rametrization where the data are ayailable. The cross sectio&M w~20 MeV (6 MeV) for an integrated luminosity of
in the 1-5 GeV energy range fef e”— hadrons, now mea-

sured to 10% accuracy, could possibly be improved to 1°/L=5 fo™* (50 fb"), where the former is a rough estimate
0 , . . _
accuracy at the Beijing, Frascati, or Novosibirsk machine%f the yearly luminosity that would result as=161 GeV

) . . , _ 1
[9]. Measurements at this level of precision would translatjor?n_mteracnon region designed fbr=50 o™ per year
into an overall error ox~*(M ) of order+0.03[12]. A 1% at ys=500 GeV. The actual NLC erors would be larger,
determination ofag(M,) from future high energy experi- however, since systematic uncertainty in the central beam

. . . - energy value as well as the beam energy spread would cause
ments and lattice calculations is also anticipdted). 9y gy sp

: . -~ significant deterioration; detailed estimates are not available.
Because of the importance of testing the radiative struc; <, . S
- . : . In this paper, we show that such problems are minimal at a
ture of the theory, it is appropriate to consider what improve- o -
: o uon collider: an accuracy favl,, near the statistical level

ments in precision measurements can be made at other cal-

liders[13]. The planned upgrades of the Fermilab Tevatron> possible and the accuracy oy would also be higher than

collider will lead to improvedM,, and m, determinations that at the NLC. For an integrated luminosity of 50" fowe

through measurements of tlee transverse mass and other 22%632; aﬁl\gwn;vu?)n'wci}l/i d::]drgvr%;jlgg xﬁleniglns t:em-
techniques. With the Main Inject@MI, operational in 1999 P P y

and possible TeV33 upgrade, the anticipated precisions al%tlc errors in cross sectlt_)n ratios relat_ed to detection e_ff|_C|en-
[13] cies and certain theoretical systematic errors are sufficiently

small.

The prospects for measuring tiiéboson mass at a muon
collider were examined previously by Daws¢h8], who
concentrated on the case where only 100 ptuminosity
1 was available for the measurement. In this paper, we assume
AMy=20 MeV, Am=2 GeV (10 fb™", TeVv33. that the muon collider ring is optimized for tiw threshold

©®) study and that up to 100 fo' is available! In this situation

. one must confront the systematic errors that may dominate
At the CERN Large Hadron CollidefLHC), the expected qyer the statistical ones. We find rough agreement with the

AMy=50+20 MeV, Am=4 GeV (2 fb~l, MI),
5

accuracy for low-luminosity running igl3,14 scaled statistical error in Rdf18]. We consider the system-
atic errors and how to minimize them in Sec. Il
AMy=15 MeV, Am=2 GeV (10 fo !, LHC). The outline of the remainder of the paper follows. In Sec.
(7) 11, we examine the accuracy with whidi,, can be deter-

_ _ o e mined using cross section measurementszat @~ collider
Running the LHC at a higher luminositi00 fo™"/yr) is  near thew*W~ threshold. Determiningm, via measure-
actually less effective for precision mass measurements dygents near thet threshold is discussed in Sec. Ill. In Sec.

to the large background problef4]. IV, we summarize our results and emphasize the constraints

Experiments are currently underway at the CEBRNe™ on the SM Higgs boson mass from the precisMr, and
collider LEP 2 that will determiné,, by two method$15]. m, measurements.

The first is the measurement of the cross section at 161 GeV,
just above the Ry threshold, to determine the mass via the

.. . .. +,, - + -
SM prediction for the cross section. A precision of Il. My MEASUREMENT AT THE p™p™—W™W

THRESHOLD

AMy=144 MeV (100 pbl, LEP 2 (8) In lepton collider measurements ®, through recon-

_ o _ _ ~ struction of W—qq decays, the hadronic calorimeter reso-
is anticipated. This number assumes an integrated luminosifyition ~ determines the achievable precision. The

of 25 pb™! in each of the four experiments. The secondwwﬂqq—/y final state is preferable ttWW-—4 jets to
method is the reconstruction of th# mass inW—jj decay

modes fromW* W~ —qqqq and W"W~—qq/ v final
states atys= 175 GeV where the cross section is much Isince the storage rings would comprise a modest fraction of the
larger. The achievable precision in this case is overall collider costd19], it should be possible to have separate

rings optimized for the threshold energies and then high luminosi-
AMy=34 MeV (2 fb™!, LEP 2. (9) ties can be realized.
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20 T - , , . where the threshold cross section is sharply rising.

For a LEP 2 measurement with 100 pbof integrated
luminosity the background and systematic uncertainties are,
in fact, sufficiently small that the error favl,, will be lim-
ited by the statistical uncertainty of the measurement at
Js=161 GeV. But, at a muon collider or electron collider at
high luminosity, systematic errors arising from uncertainties
in the background level and the detection or triggering effi-
ciencies will be dominant unless some of the luminosity is
devoted to measuring the level of the backgroundich
automatically includes somewhat similar efficiengias an
energy below th&v* W~ threshold. Then, assuming that ef-
ficiencies for the background an&/*W~ signal are suffi-
ciently well understood that systematic uncertainties effec-
tively cancel in the ratio of the above-threshold to the below-

150 160 170 180 190 200 threshold rates, a very accuraib, determination becomes
Vs [GeV] possible.
The dominant background derives from"e™ —(Z/

FIG. 2. The cross section far* u~—W?*W™ in the threshold  v)(Z/7y) which is essentially energy independ&hb] below
region for My=80.3 GeV (solid and My,=80.1, 80.5 GeV 180 GeV. For our present analysis we model the background
(dashegl The inlaid graph shows the region of the threshold curvegg energy independent, and accordingly assume that one
where the statistical sensitivity tM,, is maximized. Effects of measurement at an energy in the range 140 to 150 GeV suf-
initial state radiatior(ISR) have been included. fices to determine the background.

. ) o . Thus, we analyze our ability to determine th¢ mass
avoid potential uncertainties from the rescattering of quarkg,iq just two measurements: one at center-of-mass energy

originating from differentW bosons. Js=161 GeV, just above threshold, and one at

The alternative method oy determination based on .}@= 150 GeV. The signal is not entirely negligible at the
accurate cross section measurement near the threshold is \oWer energy(especially in theqq_/v and /v/» modes

sensitive to the final stat®l,, reconstruction. A muon col- S
r/fue to off-shellW-decay contributions, but a two-parameter

15 -

c [pb]
S

lider is particularly well suited to the threshold measurement;
because the energy of the beam has a very narrow spre g'for My and the(constant background can be made. The

Thus, it is this approach that we concentrate on here. optimal My, measurement is obtained by expending about
The off-shellW™ W~ cross section that comprises the sig- WO-thirds of the luminosity at/s= 161 GeV and one-third
nal is at s=150 GeV. We assume the signal detection efficien-

cies (not including branching fractionsof 55%, 47%, and
s (Vs— 512 60% for the decay moded/W—qqqq,qq/ v,/ v/ v, re-
U(S)Zfodslfo ds;0(81)p(S2) 00(S,81,S7) spectively, along with the background cross-section with
cuts from Ref[15].
X[ 1+ 6c(s,51,52) ], (11 Our joint determination of the signé&nd hence the mea-
surement oM,,) and background levels is shown in Fig. 3
whereay is the Born cross section given in R¢20] and for the modeWW—qqqq. These results, for an integrated

luminosity of 100 fb !, indicate that a determination of
(12) M to a precision of 9 MeV is possible in this final state,
with the underlying background measured to 1% accuracy.
Note that this 1% characterizes the level at which the sys-
The form for the Coulomb correctiod: can be found in tematic efficiency uncertainties must be under control in the
Ref.[21]. Initial state radiatior(ISR) must also be included ratio of the 161 and 150 GeV cross section measurements.
in the cross section calculation. Since the radiative effects aréhe =9 MeV uncertainty forMy is equivalent to about a
smaller for muons than for electrons, the signal cross sectiofl.5% measurement of the signal cross section as apparent in
is slightly higher at au* &~ collider. The predicted signal at Fig. 2, where the inset shows that a 200 MeV shiftMry
a muon collider is plotted in Fig. 2 for several values of results in about a 10% shift in the cross section.
My - Table | lists the achievabl#,, precision in the various
The threshold cross section is most sensitivévttg just ~ W-decay modes for 100 i of integrated luminosity. Com-
above\s=2M,,, but a tradeoff exists between maximizing bining the three modes, an overall precision of
the signal rate and the sensitivity of the cross section to
Myy. Detailed analysig15] shows that if the background AMy=6 MeV (13
level is small and systematic uncertainties in efficiencies are
not important, then the optimal measurementVyf, is ob-  should be achievable. The above analysis assumes the pre-
tained by collecting data at a single energy dicted SM widthT'\y. An uncertainty inI", may translate
into an uncertainty inM,, sinceI'\, can affect the cross
Js~2My+0.5 GeV-161 GeV, section at the threshold. Quantitatively, the relation at

1Ty S
T My (s—M§)2+sTa/MG,’

p(s)=
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0.396 . \ . T T TABLE 1. Signal and background cross sections for
utu”—=W**W~ and the achievable precision i, with 100
0394 - | fb~! luminosity. A central mass valudl,,=80.356 GeV is as-
sumed.
_ 0392 ¢ - qqqq qq/v vlv
£
g 030 | | Signal[pb] at \s=161 GeV 0.97 0.77 0.25
g Signal[pb] at \/s= 150 GeV 0.11 0.086 0.028
Fl Background pb] 0.39 0.03 0.01
M 038 1 AM,, [MeV] 9 8 14
0.386 .
level. Alternatively, the technique of determining,, by
0384 . s . . s measuring the W"W~ signal well above threshold,
15 -10 5 0 5 10 15 Js=200 GeV, and taking the ratio to thgs=161 GeV
AM,, [MeV]

measurement could also be considered, since the final states

FIG. 3. A sampleA x>=1.0 contour for the background and
signal measurement in th&/* W~ threshold region for the final
stateqqgq with an integrated luminosity of 100 fb'. Effects of
ISR have been included. A central mass vallig=80.356 GeV is
assumed.

Js=161 GeV i€ AM,,=0.17AT',y. The current experimen-
tal error AT'\y=60 MeV [22] thus translates into an uncer-
tainty of AM,y~10 MeV. With a 10 fo ! integrated lumi-
nosity at the Tevatron upgradé\I'y,=20 MeV can be

involved are the same, and efficiencies for detection or trig-
gering may cancel to the needed degree of accuracy.
Uncertainty inM,y due to uncertainty in the beam energy
is roughly given byAM=AE..m[15]. At a muon collider
AEpean<10 °Epean IS achievable [19],  implying
AMy=<0.8 MeV. Beam energy smearing will also have
negligible impact onM,y so long as the Gaussian width is
known and is much less thdn,,. Finally, the relative lumi-
nosity ats=150 GeV and 161 GeV must be known to
better than 0.5% for the systematic error from this source to

achieved [23], which translates into an uncertainty yield AM,,<6 MeV.
AMy~3 MeV. It is interesting to note that there is essen-
tially no dependence of the cross section by, near
Js=162 GeV, so that the uncertainty due Ad’, can be
minimized by performing the measurements at this energy
without degrading théM,,, determination. L
Let us return to the issue of theoretical and experimental There is very rich physics associated with thethresh-
systematic uncertainties. On the theoretical side, there amd, including the determination ofi., T'; (|Vp|), @5, and
uncertainties inMy, from mass definition schemes and the possiblymy, [24]. A precise value of the top-quark masg
renormalization scale which may be on the order of a fewcould prove to be very valuable in theoretical studies. For
MeV [8]. Therefore, careful theoretical consideration is re-example, if a particle desert exists up to the grand unified
quired to extract the precige.g., modified minimal subtrac- theory scale, we will want to extrapolate from low energy to

tion (MS)] My, value and test loop effects. Higher order the grand unified scale to probe in a detailed way the physics
corrections to the signal cross section remain to be evaluatedt the unification scale. The top-quark méasd its Yukawa
but such calculations are not a serious obstacle. coupling are crucially important since they determine to a
The largest systematic effects, however, may be those alarge extent the evolution of all the other Yukawa couplings,
sociated with the background treatment and systematic erropgcluding flavor mixings. If the top-quark Yukawa coupling
in the detection or triggering efficiencies. First, a more re-is determined by an infrared quasifixed pdib], very small
fined treatment of the energy dependence of the backgrourfdianges inm; translate into very large changes in the renor-
may prove to be necessary. Theoretical calculations can b®alized values of many other parameters in the theory.
used to input the energy dependence and be checked via Fadin and Khoze first demonstrated that the top-quark
measurements made at more than one subthreshold enerdfyfeshold cross section is calculable since the large top-quark
Excellent accuracy on the energy dependence should be po¥ass puts one in the perturbative regime of QCD, and the
sible. The biggest uncertainty is likely to arise from lack of large top-quark width effectively screens nonperturbative ef-
knowledge of the efficiencies. In particular, the backgroundects in the final stat¢26]. Such studies have since been
and the signal are somewhat different in that the backgroungerformed by several groupa7—34. There are two equiva-
has different leptonic modes and different percentages of jefent ways to obtain the total cross section near threshold by
jet final states relative to leptonic final states. It will be cru-solving for a three-point Green's function in either coordi-
cial that the efficiency for background final states relative tohate[29] or momentum spacg30]. Here we solve Schtb
that for signal final states be understood to better than the 199ger’s equation in coordinate space

Ill. TOP-QUARK MASS MEASUREMENT
AT THE p*p~—tt THRESHOLD

2This is similar to the case at LEP[25], even though the cross
section dependence dvy, andI'\, at a muon collider is stronger.

G(XE)=38%x), (14

A .F@)
—E—FV(r)— E+I7
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m, =175 GeV
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335 345 355 7335 345 355
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FIG. 4. The cross section fart production at a lepton collider FIG. 5. The cross section fqa*,u’att_production in the

in the threshold region, fom;=175 GeV andag(M;)=0.12. The  inreshold region, fom,=175 GeV andag(M)=0.12 (solid) and

results foruu andee colliders include the effects of ISRut no 115 0.125dashes Effects of ISR and beam smearing are in-
beam smearing and the top curve does not. cluded.

where TI'g is the (running toponium width, and whereR is the rms deviation of the Gaussian beam profile.
E=\s—2m,. The potentialV(r) is given for smallr by  With R<0.1% the resolutiorr is of the same order as the
two-loop perturbative QCD and for largeby a fit to quarko- ~ measurement one hopes to make in the top-quark mass. For
nia spectra. In our analysis we make use of the Wisconsint studies the exact shape of the beam is not important if
potential[35] that interpolates these regimes. However, theR<0.1%. We takeR=0.1% here; the results are not im-
short range part of the potential alone determines the physigsroved significantly with better resolution.

at the top-quark threshold. The cross section is proportional Changing the value of the strong coupling constant

to ImG(x=0;E) with [29,34 as(M) influences the threshold region. Large values lead to
5 tighter binding and the peak shifts to lower values&f
o= 967"« [1_ 160 [(QeQi+vevix)? Weaker coupling also smooths out the threshold peak. These
"¢ |7 37 et et effects are illustrated in Fig. 5.

To assess the precision of parameter determinations from
cross section measurements, we generate hypothetical
sample data, shown in Fig. 6, assuming that 10tinte-

— _ M2 ;
where y=s/(s MZ?' The cross section depepds on thegrated luminosity is used to measure the cross section at each
strong gauge couplings(Mz) through the potentia¥(r). energy in 1 GeV intervals. Since the top-quark threshold

Figure 4 shows the calculated threshold curve for, .« depends on other quantities suchrgdv,), one must

pu'u” oree —tt including the effects of ISR for a top- do a full scan to determine the shape of the curve and its
quark mass of 175 GeV. The initial state radiation causes gyerall normalization. To generate the ten data points in Fig.
reduction of the cross section as well as a smearing of thg we use nominal values ofm=175 GeV and
small resonance peak. The effect is less severe for a muap (M,)=0.12. Following Ref[34], we assume a 29% de-

collider (long dashepthan that for are™e™ collider (short tection efficiency foNV—>quncluding the decay branching

dashegl due to the heavier muon mass. . fraction. The data points can then be fit to theoretical predic-
The beam energy spread is the major experimental protaﬂ

+(aguix*) IMG(x=0;E=s-2m,), (15

, . jons for different values ofn, andas(Mz); the likelihood fit
lem in precision measurements of the top-quark threshol

; . at is obtained is shown as they? contour plot in Fig. 7.
region at are*e~ collider. Referenc¢31] demonstrated the T e P 9

. _ ) he inner and outer curves are the®>=1.0 (68.3%9 and
effects of beam smearing for some proposée machine 4.0 (95.4% confidence levels, respectively, for the full 100

designs, and argued that a narrow beam was essential f%fl integrated luminosity. Projecting they?=1.0 ellipse

studying thett—ihf?ShOkfi region. A high resolution determi- on the m, axis, the top-quark mass can be determined to

nation of thee™e™ collider energy prof|le_ is desirable in ithin Am,~70 MeV, provided systematics are under con-

order to be able to deconvolute the smearing of the thresholgg). (Systematic error issues will be discussed latartop-

curve. ) _.quark mass of 175 GeV can be measured to about 200 MeV
For a muon collider a measurement of the beam profile it 909, confidence level with 10 luminosity. This is

unnecessary, since a very narrow beam is a natural charagnout a factor of 1.7 better inm;, than the same measure-

teristic. The rms deviationr in s is given by[36,37 ment at ane”e~ machine when realistic beam effects are

included[34].

o=(250 MeV) R ) / S (16) Since the exchange of a light Higgs boson can affect the
0.1% 360 GeV'’ threshold shape, a scan of the threshold cross section can in
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0.8 T 0.8 T

m, = 174.6 - 175.4 GeV

0.6

= o
& S04
o o
0.2
0.0 L 0.0 !
335 345 355 335 345 355
Vs [GeV] Vs [GeV]

FIG. 6. Sample data for* u~—tt obtained assuming a scan FIG. 8. The dependence of the threshold region on the Higgs
over the threshold region devoting 10 thluminosity to each data boson mass, fom,=50, 100, 150 GeV. Effects of ISR and beam
point. A detection efficiency of 29% has been assurfigd] in smearing have been included, and we have assumed 75 GeV
obtaining the error bars. The threshold curves correspond to shifi@nd ag(Mz) =0.12.
in m; of 200 MeV increments. Effects of ISR and beam smearing
have been included, and the strong couplingM) is taken to be ~ section by a small energy-independent correction fattor.
0.12. However, it may be difficult to disentangle such a Higgs

effect from two-loop QCD effects, which are not yet fully

principle yield some information about the Higgs bosonc@lculated40]. _ _ _
mass and its Yukawa coupling to the top quark. Figure 8 In aqqmon to the ngg_s Yukawa potenyal gffect, there is
shows the dependence of the threshold curve on the Hig%n add|t|onals-§:hannel Higgs bospn contr|but|c[66,3ﬂ to
boson massn, . The effect of the Higgs boson vertex cor- € Cross section at a muon collider since the muon has a

rection can be obtaindd8] by including a Yukawa interac- larger Yukawa 9oupllng than does the electron; however, the
o . s-channel contribution is much smaller than the usual photon
tion in the QCD potential,

andZ exchanges considered here.
Changing the top-quark width from its value in the stan-
dard model also affects the threshold shape. The width can
Vi (r)=— 1 /&mz —mpr 17) be parametrized in terms of the CKM elemdit,,|, for
4ar 1 ’ which one expect$V,,|~1 in the standard model. A value
|Vip|>1 would indicate new physics contribution to the top-
quark decay, such as-bH™. The dependence div,,|? is
which effectively results in multiplying the resulting cross shown in Fig. 9. A narrower top quartkmaller|V,,|) results
in a more prominent & peak in the cross section.
It should be possible to experimentally distinguish the

' | | l various effects on thét threshold shape. In Fig. 10 we
0.122 ¢ T show the dependence of four quantities
(8) [o(peak—a(340)]/0(340),
0.120 | _
421 (b) [0(350 —0(340)]/0(340),
= o8 b 1 (18)
(¢) [o(peak —o(350)]/0(350),
0.116 .
(d) \/gpeaky
0.114 : : : :
1747 1748 1749 175.0 175.1 1752 3 _ _ _ _
m, [GeV] Equation(17) assumes the SM Higgs bosontto coupling. In

the case of the minimal supersymmetric model, the couplings of the
FIG. 7. TheAx?=1.0 andA y?=4.0 confidence limits for the lightest Higgs bosorh become very similar to those of the SM
sample data shown in Fig. 6. Thet” marks the input values from  Higgs boson in the largem, limit (whereA is the CP-odd neutral
which the data were generated. Higgs bosoin [39].
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T
(Or)o/iore}o-(05£)0]

[o(peak)-0(340))/6(340)
12 013 1sp 1754

g L R R
%) 5 i
S5 015 o + - 3485
I #
% o0 R T g 348.0§
g .
Zoos| T + 3475
£ -
o =
0.00 S 347.0
335 345 155 FIG. 10. The dependence of various measurable ratios,gn
Vs [GeV] as, My, and|Vy,|2. The Higgs Yukawa potential of E¢L7) is only

included in them;, curves.
FIG. 9. The dependence of the threshold region for
utu”—tt production on thgV,,|?=0.8,1.0,1.2. Effects of ISR

and beam smearing have been included, and we have assumAﬂ?CD’ l.e., a few hundred MeY41]. In the MSscheme of
m=175 GeV anda,(M,)=0.12. 8 ark mass definition, the theoretical uncertainty is better

controlled.
Systematic errors in experimental efficiencies are not a

significant problem for the t threshold determination of

350 GeV are energies above and below this peak. These fogﬁt‘ Th|§ can be seen from Fig. 6, which shgws t_ha'g a 200
guantities show different dependencies on the four param- ev Sh'ﬁ.m M corresponds.tc.) nearly a 10% shift in the
eters; consequently, detailed fits to threshold data should d&ross segtlon on the steeply rising part ,Of the threshold scan,
termine the parameters. In Fig. 10, the central values of/Nereas itresuits in aimost no changasince s is above
m,=175 GeV, a,=0.12, and|V,,|2=1.0 were chosen and the peak by a few GeV. Not only will eff|C|enc_|es be kno_wr_w
then one parameter was varied to make the correspondirtg, much better thgn 10%, but also systematic uncertainties
curve. Them,, curves show the effect of including a Higgs ill cancell to a high level of accuracy in the ratio of the
Yukawa contribution to the potential. cross section measured above the peak to measurements on

Additional information can be obtained by measuring thethe steeply rising part of the threshold curve.

top-quark momentum from a reconstruction of the decay S Fig- 8 shows, it will be important to know the Higgs
[34], providing further constraints o and |V,,| (the de- boson mass and thet t coupling strength in order to elimi-

on the parametens, ag, My, and|Vp|. Here\/gpeakis the
c.m. energy of the peak in the cross section @ser 340 and

pendence om, is smal). nate this source of systematic uncertainty when extracting
We now consider a variety of systematic uncertaintiesother quantities. o _
and/or issues. The measurements described in this section can be per-

QCD measurements at future colliders and lattice calcuformed at either ae™e™ orau™u~ collider. The errors for
lations will presumably determiney(M;) to 1% accuracy M that we have found for the muon collider are smaller than
(e.g., +0.001) [10] by the time muon colliders are con- those previously obtained in studies at the NLC electron col-
structed so the uncertainty i will likely be similar to the  lider primarily because the smearing of the threshold region
precision obtainable at a*x~ and/ore*e~ collider with DY the energy spread of the beam is much less, and second-
100 fb~! integrated luminosity. If the luminosity available arlly dye to the fact that the re;:iuced amount of initial state
for the threshold measurement is significantly less than 1062diation makes the cross section somewhat larger.
fbo 1, one can regard the value ef((M;) coming from
other sources as an input, and thereby improve the top-quark
mass determination.

There is some theoretical ambiguity in the mass definition A muon collider offers an unparalleled opportunity for
of the top quark. The theoretical uncertainty on the quarkprecisionW- and top-quark mass measurements in the re-
pole mass due to QCD confinement effects is of ordespective threshold regions. Table Il compares the precision

IV. CONCLUSION

TABLE Il. Comparison for the achievable precision M, and m; measurement at different future

colliders.

LEP 2 Tevatron LHC NLC 't
L (fb 71) 0.1 2 2 10 10 50 10 100
AMy, (MeV) 144 34 35 20 15 20 20 6

Am; (GeV) - — 4 2 2 0.2 0.2 0.07
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achievable foiMy, andm; at present and future colliders. 806 T T T [T
We summarize our main res_ults as foIIows._ o~ (My)=128.99+0.03
At the W threshold, the optimum strategy is to expend 80.5 a,(Mz)=0.118

about 2/3 of the luminosity at/s=161 GeV, just above

2M,y, and about 1/3 at/s=150 GeV to measure the back-
ground and normalize efficiencies. With 1000 fb ! of
integrated luminosity at a muon collidevl,, could be mea-
sured to a precision of 206) MeV, provided that the theo- L >

retical cross sections for th&" W~ signal are evaluated to o = 1000

the =<0O(1%) level and that no irreducible systematio 80.2 =

particular, experimental errors for cross section raties C

mains at this level. go.1 L=l |
With an integrated luminosity of 10L00) fb %, the top- 150 160 170 180 190 =00

guark mass can be measured to Z00) MeV, using a ten- m, (GeV)

point scan over the threshold region, in 1 GeV intervals, to

measure the shape predicted by the QCD potential. In the FIG. 11. Correlation betweel,, andm, in the SM with QCD

tt threshold study, differences of cross sections at energied'd €lectroweak corrections far, =100, 300, and 1000 GeV. The
below, at, and above the resonance peak, along with the | Jata point and error bars illustrate the possible accuracy for the

. h . ndirect m,, determination assuminiyl,=80.356+ 0.006 GeV and
f[?etlopna?;r:?eeté?;onagcer?]eaké:c?r\? cherﬁgtS?]%%?gd;%ilves Jr)nr:=175i 0.2 GeV. The widths of the bands indicate the uncer-
Ity S h» th

. S n . . tainty in a(My).
their determination. To utilize the highest precision measure- yina(Mz)

ments achievable at the statistical level, theoretical uncerfhe low luminosity needed afs~2m, could probably be
tainties and other systematics need to be under control. Waccumulated without difficulty using a ring optimized for
are confident that uncertainty s will not be a factor and  \/s~2M,.
we have noted that ratios of above-peak measurements to An accuracy oAM,,~6 MeV achievable at a muon col-
measurements on the steeply rising part of the thresholtider would approach the precision level of the curréhg
cross section will eliminate many experimental systematicsneasurements. It will test the consistency of the standard
related to uncertainties in efficiencies. model at the multiloop level, whatever the Higgs boson mass
The combination of the measurements of the massegdlue is, or probe physics beyond the SM. A low energy
Mz, My, andm; to such high precision has dramatic im- muon collider program that explor&¥* W~ andtt thresh-
plications for the indirect prediction of the mass of the Higgsold prodcution, s-channel Higgs productioi36,37, and
boson and for other sources of physics beyond the standaih threshold productioh42], could have enormous impact
model. This is illustrated in Fig. 11. Assuming the currenton SM physics and beyond.
central values oMy, m;, a(M7), and ag(M7), and that
L=10 fo ! (100 fb 1) is devoted to the measurement of
m; (M), the mass of the SM Higgs boson would be deter- ACKNOWLEDGMENTS
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