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Character of Z-pole data constraints on standard model parameters
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Despite the impressive precision of tAepole measurements made at tiiee™ colliders at CERN(LEP)
and SLAC(SLC), the allowed region for the principal standard model parameters responsible for radiative
correctiond my, m;, and a(m%)] is still large enough to encompass significant nonlinearities. The nature of
the experimental constraints therefore depends in an interesting way on the “accidental” relationships among
the various measurements. In particular, the fact thaZtpele measurements favor valuesf excluded by
direct searches leads us to examine the effects of external Higgsstrahlung, a process ignored by the usual
precision electroweak calculations.
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[. INTRODUCTION Since the top quark has been observed directly, the agree-

ment between the directly measured mass and its indirect

The precise measurements df resonance properties measurement derived through the radiative corrections pro-
made by the four collaborations at the CERNe™ collider  vides compelling evidence that the theoretical and experi-
LEP and by the SLAC Large Detect¢SLD) at the SLC  mental understanding of ti#pole measurements rests upon

have confirmed all relevant predictions of the standard modefirm ground. The much smaller effects duerty, then pro-

and established a strong experimental basis for the mechgide essentially the only experimental knowledge we have
nism of symmetry breaking in the electroweak sector. Theconcerning this elusive particle, apart from the fact that it has

two fundamental equations of electroweak unification, so far escaped direct observation.
The broad range afny still consistent with the measure-
20— X ments provides sufficient room for nonlinear effects to be-
sinffy= ———, (1) . . " -
\/Em\z,\,GF come |mportan.t. Sugh n_on!lnea.rlltu.es mean that the Gaussian
error hypothesis, which is implicit in the? fits used to de-
m2 termine the error contours of the standard model parameters,
coS Oy = 2W , 2) approximates the true errors only imperfectly. The actual er-
mzpo rors and even the shape of the measurement constraints de-

_ ) pend significantly on the working point of the fit in the mul-
establish the relations between the strengths of the electrggimensional space describing the range accessible to the
magnetic and weak couplings, and the mass ratio of the_”elﬂ)'arameters. The character of timg,m,, separation therefore
tral and charged heavy vector bosons. H&geis the Fermi  gepends in an interesting manner on the “accidental” rela-
constant determined in muon decayis the electromagnetic tjons petween the various measurements. Variations on the
fine-structure constantn, andm; are theW andZ boson  scale of the expected measurement uncertainties can, in some
masses, and)y is the electroweak mixing angle. Th&  cases, lead to disproportionate shifts in the error contours. In
parameterf1] is determined by the Higgs structure of the other cases, the specific manner in which a measurement
theory; in the minimal standard model which we considerhappens to lie within its band of uncertainty results in unan-

here,p is unity. ) _ . o ticipated stability. Some understanding of these subtle effects
Gg, mz, anda(my) are _known with relat|ye. precisions  is necessary for a full appreciation of the measurements.
of (1, 2, and 40%x10°°. This allows the radiative correc-  Since we are interested in describing how our knowledge

tions to Egs.(1) and(2) to be investigated in considerable is augmented by each individual measurement as well as sets
detail. These radiative corrections depend principally on thef measurements in combination, we are led naturally to con-
masses of the top quarky;, and the Higgs bosom;. One  sider hypothetical situations that explicitly violate constraints
of the great strengths of th&-pole data is that the measure- lying beyond the set of measurements being considered at
ments of the partial widths and charge asymmetries allow theny particular moment. Chief among the constraints we often
effects of the Higgs boson and the top quark to be separatégnore is the experimental lower limit any provided by the
to a remarkable extent. The character of this separation is thgirect searche$2]. A related complication in the analysis
primary topic of this paper. arises from what may be a historical accident. Due to the
early and continued nonobservation of the Higgs boson at
LEP, the two most precise electroweak programAsiTER
*Electronic address: tatsuo.kawamoto@cern.ch [3—8] andTorPazo[9-12] do not include the effects of exter-
"Electronic address: richard.kellogg@cern.ch nal Higgs boson emission from th#& propagator. Since the
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Z-pole measurements in fact favor a low-mass Higgs bosom\ k¢, are universal corrections arising from the propagator
we are led to consider the effects of such Higgsstrahlung iself-energies, whileAp; and Ak; are flavor-specific vertex
order to provide a self-consistent picture of what these meacorrections. The effective couplings;; and g, are purely

surements alone tell us about the standard model. real, and describe that part of tEanteraction which can be
treated as a resonance in the improved Born approximation.
Il. RADIATIVE CORRECTIONS The remaining, complex parts, termed “remnants,” generate

o ) ] ) effects that are small compared to the experimental errors,
troweak relations presented in the previous section is due t9om the data(see, for example15]).
the running of the electromagnetic coupling constant in EQ.  The 7 partial width to each fermion specie;r, is pro-
(2). This running is due to the presence of fermion loops iNhortional top;, while sirfgeP

he ph . f , i » measured through the asym-
the photon propagator, and is usually parametrized as qyries, is proportional ta;. Calculations at one-loop order

(0) illustrate the essentiah, and my dependenciefl6|, which

a(s)= ——. (3  are quadratic inm, and logarithmic inmy. The dependence
1-Aa(s) of A kg remains the same over the entire rangenpf.
Near theZ pole, leptons, the top quark, and the five light
quarks contribute ta a(s): A 3Gemg, m? cofhy 10 Gemg, ] mi 5
Kse™ 2 M2 o 3 2\ 2 6
Aa(8)=Aag, ;(5)+Aa(s) +Aaf2)s). (4) 82 myy sin' by 827 | mi,
+oe (11

The Z-pole data themselves give no useful experimental con-
straints onA«(s). The first two terms of Eq(4) can be

precisely calculated, buta(2)(s) is best determined by ana- " 2Pse: the sign of the dependence onriy is negative

lyzing the measured rate @' e annihilation to hadrons for my>my,
using a dispersion relatiofil3], where low-energy data . ) 5
dominate the resulting uncertainty. At LEP and SLC ener- _3GFmW m;  3Gpmy, Sirf oy m; 5
gies,«a is increased from the Thompson limit of 1/137.036 to Apse= 822 m_\zN_ 8\2m2 coghy, Inﬁ_ 6l
1/128.945,  corresponding  to Aaf2)(m32)=0.02761 (12)
+0.00036[13].
rec(t.‘}grr]r;b;/ri]ggsEqs.(l) and (2) and including radiative cor- and positive fomy<my,
0 1 3Ggm3, m?  Ggm: m3  7Ggmym
COL buSiTP = L Aprw T BT T TOAMMM
V2m2Ge 1-(Aa+Ary) 8\V2m? m3, 427 m2  8\2w

(13

whereAr,, represents further weak corrections. Equatfon
directly links Aa andAr,, to the value offy, and hence to Equation(8) shows that sitgSF! receives radiative correc-
my via Eq. (2). _ _ tions both fromAr,,, through siRé,, and from A k. di-

Radiative corrections also affect the couplings of @ (actly, These corrections act along the same axis imthes
ferm|ons. The bulk of these correctlo[ib4] can be absorbed In(m,,) plane, but in opposite senses due to the near equality,
into an overall scale factor for the couplings, and a scale single-loop approximation:
factor «; for the electroweak mixing angle, resulting in the
“effective” quantities

Axge=—Ary+---. (14
pr=1+Apset Apy, (6)
In the m; vs In(my) plane lines of constank kg, and Ar,,
Kki= 1+ Akget Ak, (7 and henceny, and sir"rdgf?t, are therefore all approximately
parallel. When moving along such lines, then, changes in the
sin202ﬂ= KiSINP Oy , (8) radiative effects of the top quark and the Higgs boson are
seen to cancel. It is only through violations of this approxi-
Ovi= ps(TE—2Q;sir?6ly), (9  mation that measurements ofi, and sifdSP have any
power to separate the effects of andmy.
Oar= \/ETf_ (10 The fact thatAr,, and A k. Oppose each other in E(B)

reduces the sensitivity of SifS" to the corrections. The ef-
Here Tf3 is the third component of weak isospi@; is the  fect of Ar,, is larger, so that changes in %@P‘ are of the
charge, 6Ly is the effective electroweak mixing angle, and same sign as those in &#&,, but are a factor of
gy and g, are the effective vector and axial-vector cou- sirf4,/cosé, smaller in magnitudd17], which is about
plings for the fermion speciet The quantitiesAp,, and  0.3.
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Since sifé,, is present in the dominanty,, term of Eq.
(12), but absent in the corresponding terms of E4®) and
(13), the effects ofA a{2(m3) are felt iNA kg, but Apgeis
well isolated. The uncertainty it a{3(m32) therefore dilutes
the inherent precision of the SfP' measurements, but not
those of the partial widths.

Similarly, the weak effects ofr,, are felt undiluted in
myy, SO that the relative effect d « is much smaller there
than it is for sifdSP', where about 0.7 of the weak correc-
tions are canceled throughixe.

PHYSICAL REVIEW 39, 113008 (2004

model fits to these data, usingrITTER 6.36t0 predict the
observables as a function of the five free parameters
Aal®(m32), my, ag, m;, andmy,.

To illustrate the constraints imposed by these measure-
ments, it is useful to group them according to their functional
roles. Two quantitiesAa{%(m32) and m,, appear as both
input data and fit parameters. The electromagnetic coupling,
parametrized through {3)(m32), is determined externally
[13], and passes through tREepole fit as an inert ingredient.
Similarly, m, is determined with such precision that it is

The flavor dependence of the radiative corrections is VelYncapable of being pulled by its dynamic relation to other

small for all fermions, except for thie quark, where vertex

corrections are significant due to the large mass splitting bet'ernal constants

tween the bottom and top quarks8], resulting in

Gem?

App=— ——— 4. 15
Po 2\/5772 ( )

quantities. Both might just as well have been treated as ex-

like&5-. The b- and c-quark asymmetry

parametersd, and.A. are also inert in the fit, since they have

essentially no dependence on the standard model parameters.
The three measuremeris, o, andR? are equivalent

to the more meaningful but more correlated quantifies,

IMag @ndly, /T, . Of these, the last is insensitive to varia-

tions in the standard model parameters and serves to measure

Notice thatA p, has no Higgs boson dependence, making thdhe number of light neutrino generations. The strong cou-

guantity Rg=1“bg/1“had a straight-forward indicator ofm;,
since them,; dependencies entering throughp, cancel in
the numerator and denominator.

The partialZ decay widths contain final state radiative
corrections and add up straightforwardly to yield the total
width of theZ boson[19]:

3
Ti=N el

CG\/EW

(|Gat|?Ras+ |G| Rur) + Aewioco-  (16)

Here the complex effective couplings; andG, differ only
by small imaginary parts from the real effective couplings
defined in Eqs(9) and(10). The radiator factorRy; andR
take into account final state QED and QCZD] corrections
including pair productionA ¢, ocp accounts for small contri-
butions from nonfactorizable electroweak-QCD corrections.
Although the discussion of electroweak corrections pre
sented aboveEgs.(11)—(15)] is at the single-loop level, se-

pling constantxyg is determined by its effect on the hadronic
width I'y,.q, leavingI',, as the key quantity in constraining
Apge. The small size ofyy, compared tagy,, [see Eq.(9)]
makesl,, essentially independent of §ﬁff?t.

As already discussed in connection with Ed5), Rﬁ
serves as a direct indicator of;. The role ofR? is diffuse
and noncritical.

The six remaining measurementd’, A, (P,),
sifdP((Qrg)), A¢ (SLD), AP, and A% serve to deter-
mine the single quantity std<". Although there is a dis-
turbing lack of consistency between the values o?@ﬁ
derived from the two most precise measuremefitSSLD)
and AE'Bb, the discrepandy(~2.90) between them appears
to elude explanation. Within the standard model all six of
these measurements, and particularly the two most precise,
appear to be valid and well-defined measurements of
sirtdP".

Both measurements claim to be dominated by statistical
uncertainties. The measuremef2d] of AE’Bb are complex,

rious quantitative calculations implemented in programéwt the level of agreement between the independent analyses

such aszFITTER and TOPAZO include terms of higher order.

These programs can not only calculate the effective cou*

of the four LEP Collaborations is excellent. Common QCD
corrections play a role, but are believed to be well under-

plings as a function of the free standard model parameterSto0d- The SLD measuremefii2] of A, throughAg, the

but can also relate these couplings to observables such
cross sections and partial widths. The simple single-loop e

X_

gsymmetry between the interaction rate for right- and left-
handed electron beam polarizations, is both simple and el-

pressions are nevertheless useful in understanding the resuft@ant: The least implausible source of systematic error, in the
of the elaborate, very precise calculations used in derivingn€asurement of the beam polarization, is believed to be

our quantitative results.

lll. Z-POLE CONSTRAINTS ON m; AND my

small and well controlled.

Here we investigate the consequences of excluding either
A, (SLD) or A% from the fit, but we make no attempt to
choose between them. Either exclusion option restores ac-

As Z-pole input data we consider the set listed in Table

16.1 of Ref.[21], which consists of\a{2(m2), plus the 14
Z-pole measurementsny , F%, og, ROO,b AE'%e, A (P,
Sird5((Qre)), A, (SLD), R, RY, A%, AL, A4,, and

10ur results are equivalent to those describefii. The result-
ing numerical values for the standard model parameters can be
found in Table 16.2 of that reference.

Ag, including their error correlations. We perform standard 2The A% measurements are not yet final.
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s O [ sinfe and Infny) in the expression foA kge:>
q, RI eff
b 2 .
9:_200 (1) Z data - dmy _10 m3sir? Oy a
S (2) Z data except SLD A, dIn(my) 9 m,
(3) Z data except Ag’: Kse
The banana-shaped band in Fig. 1 shows tthesr con-
180 straint from thel’,, measurement. The slope of this band at
large logo(my/GeV) agrees reasonably with the linear rela-
tion expected from the ratio of coefficients in the lowest-
I order expression fol pg in this region:
160 .
I dm mz
————| =—=sirfhy. 18
_ dIn(my) b ™ w (18)
140 ] Also, at low logo(my/GeV) the slope, now negative, agrees
o o with the lowest-order expression given in Ed23):
2 3
10 10 10 dm, 2m2
m,,(GeV) din(my) | T 3m’ (19

FIG. 1. (Color m; andm,, constraints from th&-pole measure- 0. .
ments. Each band gives thelo constraint from the indicated Due to the fact thaRy, is controlled by vertex corrections

measurement. The arrow indicates the additional variation irfdetermined by thé-b mass splitting, its measurement pro-
sirfdSP due to a+ 1o uncertainty inAa{)(m2). The ellipses give vides a constraint onm, almost independent of
the 68% C.L. fit contours for the indicated data. log;o(my/GeV), as shown by the broad horizontal band in
Fig. 1 (also+10).

. i The central ellipse in Fig. 1 shows the 68% C.L. contour
ceptable consistency to the set of%sfff' measurements, but fo the standard model fit to all-pole measurements. The

obviously introduces a bias. dominant role played by st in determining the minor

The constraints om; andm,, imposed by the 1&-pole 55 s evident, and the turnover of tiig, banana provides
measurements can ther.e.fore be almost cgmpletely expressgfl ower bound of the major axis. Thég measurement
|r_1 teremts of three _quantmesfm . relate(g directly tOA_pse; provides the upper bound. If tHES constraint is removed,
sirPgs", related directly toAxse; and R, related directly  the fit in fact no longer yields a 68% C.L. upper limit fo,
to m,. or my.

The other two ellipses in Fig. 1 show similar fit contours
when either the\ r or the A%° measurements are excluded
from the fit. The noticeable shrinkage of the major axis in the
case when tha%.° measurement is dropped is due to the fact
that the siRgSP" constraint then begins to move around the

corner of thel',, banana. If the sftgP' measurement moved

A. Z-pole data constraints alone

How these components of thépole data constraim
and my can be clearly illustrated on a plot ah, vs
log,o(my/GeV), as shown in Fig. 1. Shown here are the . . .
usual 68% C.L. error contours, plotted by finding the curveSVen lower inmy, the S'ﬁdgf?t and r”. c_ons_tramts would
in the m, vs logo(myy/GeV) plane where tha? of the fit become almost perpendicular, eliminating the usual
¢ OV H my-log;o(my/GeV) error correlation.

exceeds its minimum by 2.28. For projections in a single The agreement of the indirect measurementrpfirom

parameter, 68% C.L. gorresponds t(.) h5Riso plotied ar the Z-pole measurements alone with the direct measurement
measurement constraint bands, which show the contributiop, - 4o inpp collisions[23] (m,= 174.3-5.1 GeV) is an im-

,Of each measurement. These are plotted by fmdmg the Curv%%rtant experimental confirmation of the validity of elec-
in them, vs log,o(m;,/GeV) plane where the predicted value o\eak corrections. The remarkable stability of the indirect
of the measured quantity equals the central value of the megreasurement’s central value under shifts ir?égf#t can be
surement*1o. Note that, since each of these bands indi-geen to result from a complex interplay between the rela-
cates the constraint imposed by a fixed measurement, it SX%vely weak constraint frorng, which happens to lie low,

hibits exactly the inverse parameter dependence compared 10,4 the exact relation between the zgﬁat measurement
the standard model prediction for the measured quantity. pand and the position of thé,, corner.

The diagonal band in Fig. 1 indicates thel o constraint
from the sif6P" measurements. Higher-order electroweak
corrections do not significantly affect the linear relationship 3Note that the success of this approximation reliedog remain-
expected from the lowest-order terms, and the slope of thisg constant along lines of constant %", as mentioned in the
band is approximated by the ratio of the coefficientstgf  text discussing Eq(14).
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The arrow in Fig. 1 shows how the $#£P' measurement s
band would shift under a- 1o change in theA a{)(m2) [J)
determination. Only the stdsP measurement is significantly <200 |-
sensitive toA«{>)(m32) on the scale of the current errors, &
making the effective width of the SIS measurement band

in them, vs my, plane about 50% wider than the band shown,

which corresponds td «{3)(m32) fixed at its central value. 180

The effect of applying the constraint of the diregtmea-
suremen{23] can easily be visualized by imagining a hori-
zontal band aim;=174.3-5.1 GeV. Notice that at the oper-
ating point of thezZ-pole fit, the directm, measurement 160
essentially surplants not onlﬁtg, but also the constraints I
provided byl",, .

It is perhaps interesting to remark on the fact that all
measurements are compatible with the brbagd extremum 0
in log,o(my/GeV). Only the failure to find direct production I
of the Higgs boson at LEP Il indicates nature’s choice to lie - 2

3
on thel',, upper branch. 10 10 10
! m,(GeV)

¥ ¥ 4 L |
[ 1, [ sin®
R, [ my
(1) Z data
(2) Z data + m,, %

G

B. Additional constraints from myy FIG. 2. (Color) m; and my constraints fromZ-pole measure-

Direct measurements @, also provide important con- ments andm,,. Each band gives the-1o constraint from the
straints on the standard model parameters through the eleindicated measurement. The signs on each band show the sense
troweak correctionar,,. The high precision of then, mea-  of variation in the measurement. The arrow indicates the additional
surement means that the constraint imposed oR@gin variation in sifds" due to a+ 1o uncertainty inAafoym3). The
through Eq.(2) is effectively limited only by the measure- €rror contours are shown at 68% C.L. for fits to both Eweole
ment uncertainty inmy, . Although further precision omyy results alone(solid) and the Z-pole results combined witim,y
from both LEP 11[21] and the Tevatrofi24] can be expected, (dashed
the available combined resurtty,=80.426+ 0.034 GeV[21]
is already sufficient to provide constraints mpandm,, that ~ more tightly, but the second, perpendicular displacement of
are comparable in precision to those derived fromZipole ~ the error ellipse then dominates, and the additionngyj
alone. The approximate equivalende,~— Ak Of Eq. shifts the favored range fan, downward, rather than up-
(14) becomes less exact toward small valuesnpf, so that ward.
the directm,, measurements allow some separation of Higgs
boson and top quark effects when combined withZhgole IV. HIGGSSTRAHLUNG

ept
measurement of S?'deff : Since direct searches for the Higgs boson have demon-

The diagonaim,y, band in Fig. 2 shows the constraint from strated thamn,;> 114 GeV at 95% C.L[2], Figs. 1 and 2 and
thg preliminary direct measurementsrajy. The f_Iattening Eqg. (13) follow the precision calculatic;ns afFITTER and
of its slope at low values afy, and the fact that it happens 145574 in neglecting the Higgsstrahlung process shown in
to lie relatively higher inm, than the sifgP' band, leads to a Fig. 3. However, the decrease A at low my, predicted
clear divergence of the two measurement bands atiipw  py Eq.(13) is due to the effect of virtual Higgs boson loops.
Compared to the solid error contour of thepole fit with-  These should properly be compensated by external Higgs
out my, which is shown again in Fig. 2, the dashed errorposon corrections, which will enter with opposite sign. When
contour which includes then,, measurements is displaced choosing to ignore the direct Higgs boson search results to
along the convergingn,, and sifd" measurement bands
like the slider of a zipper toward larger valuesmafandm,,.
This demonstrates that thm, measurement provides a .
stronger lower bound along this axis than dbgsg. 7+
The contour includingnyy, is also displaced perpendicu-
larly and is therefore more compatible with the lower value

f

of sird" derived fromA g than the higher value favored z f
by A% (see Fig. 1L i H
Without constrainingn, it is the first displacement, paral- €
lel to the sifd< band, which dominates, and the addition of f
myy shifts the favored range fon, upward, as already men- FIG. 3. Higgsstrahlung at thé-pole. The narrow width of the
tioned, with respect to th&-pole-only fit. Higgs boson implies that its decay products have an invariant mass

When the direct measurement wf{=174.3+5.1 GeV is  nearm,, while the Z* is sufficiently off shell to ensure energy
imposed at the outset, however, not onlymg constrained conservation.
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=I'(Z—Hff), summed over all fermion species, is calcu-
lated according to Eq20). Sincel'; is the resonance width
of the Z, determined by the decay lifetime and the uncer-
tainty principle, its measurement is entirely independent of
any details of the experimental event selection and analysis.
The manner in which the measurement of the partial
— ﬁ.ﬁﬁﬂ;ﬂﬁ;’ﬂ;" widths will t_)e affected is less obvious. Although experimen-
tal details differ among the four LEP Collaborations, we take
285 107 10° OPAL as a representative experim¢hb,25 and study how
my(GeV) Higgsstrahlung would have affected the measurements. Al-
though it would be better to pursue these studies using de-
tailed simulations of all four experiments, the precision that
is necessary is sharply reduced by a very simple consider-

ation: any Higgsstrahlung events classed as hadrdrde-
explore what th&-pole measurements alone tell us about the y 1199 9

L . . X : X cays will simply increase the apparent valueagf and will
standard model, it is logically inconsistent to consider V'rtualotherwise not affect the analysis. This is the case since, while

Higgs boson corrections while neglecting the concomitan -
external corrections that the standard model predicts for Iovghad andFM share the same propagalor corrections _thrqugh
Pse, final-state QCD radiation increases the hadronic width

values ofmy.
. lone by the factoR :
We have therefore undertaken calculations that accourit y QCD

for the effects of the expected Higgsstrahlung at lowy.
The fractional rate of such Higgsstrahlung is giver] 16]:

2490 -

FIG. 4.T 7 vs log,(my/GeV), including and excluding external
Higgsstrahlung.

B Roco= 1+ 4. (25)
['(Z—Hff) o m
['(Z—ff) 47 coSOySirt oy
fl+r2(1+2r2/3_X+X2/12)\/W ) ﬁ}ngssglt;\r;;giﬁpaii/,rée ratio is therefore interpreted by the
2r [T 2/mA2+ (x—r?)?] ' All four LEP experiments followed the natural strategy of
essentially, if not formally, accepting all decays as had-
(20 : . .
ronic unless they passed the stringent requirements to be
where identified as one of the three species of leptons. To an excel-
lent approximation all Higgsstrahlung events in which the
x=2E,/my, (21) Z* decays hadronically will remain classed as hadronic
events. Since the dominant branching fraction of the Higgs
r=my/my, (220 boson in the relevant mass range is b, many other
Higgsstrahlung events, except for very low valuesngf,
ma+ mﬁ—mfzf— will also appear to be hadronic decays.
Ey=——5—7—, (23 To clarify the experimental classification of the

2my Higgsstrahlung events in which th& decays leptonically

we studied samples of fully simulated Higgstrahlung events
in the OPAL detector. These samples were generated using

cay, which s not included iFiTTER. Figure 4 shows the - {0° PROOTSTHEnol 1GL Bl Bec 8 oosodbe (0e Ao
total width of the Z with and without this external y 9 ’

Higgsstrahlung. At values o, below ~50 GeV, which are  Z* ﬂegay channels™e™, u"u”, andvv. SinceZ* decays
still consistent with theZ-pole measurements, the standard!© 7" 7 Were notavailable, we treated these as an average of
model Higgsstrahlung would have been appreciable, repré® € andu” u. .
senting on the order of 1 MeV in the decay width. For eachZ* decay channel, as a function afy,, we

In order to incorporate the effects of such Higgsstrahlungt@lculated the probability that the Higgstrahlung events
into the Z-pole analysis, we reinterpret the experimentalWOUld be c_IaSS|f|ed_as hadronfcdecays. If an event failed _
measurements, which we consider to include Higgsstahlung%be hadronic selection, we assumed that it would be classi-
in terms of the theoretical quantities as calculatedzby-

andmgis the invariant mass of the* decay products. The
Higgsstrahlung of Eq(20) represents extra width faf de-

ied correctly according to the actuZl decay. Since the
TER, without Higgsstrahlung. In the case of the total width Standard model assumes lepton universality, any crossover

this is particularly straightforward: between charged lepton channels would in any case be irrel-
evant.
rireas r§f+ FQS, (24) We then calculated, as a function wf,, two fractions:

the fraction of Higgsstrahlung eveﬁad€€(mH) in which
where the superscripts have the obvious meanings: zheZ* in fact decayed to charged leptons, but the event was
=ZFITTER, meas= measured, hsHiggsstrahlung. Her@gS identified as an hadroniZ decay; and the fraction of
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1 T T T 1 <) T T T T T
> OO r, [ sin’l
08| osf 8 L R,
o8l 08} \..’..200 B (1) Z data 7
E I (2) Z data except SLD A,

e
=
e
Y

0b
(3) Z data except Ay

Z*— vv

AR

e
»
e
»

fraction identified as Z — hadrons
fraction identified as Z — hadrons

a
a

20 0 0 20 I 80
M,, (GeV) M, (GeV}
FIG. 5. As a function ofmy, the fractions of Higgsstrahlung

events where th&* in fact decayed, respectively, to charged lep- 160 A .
tons or neutrinos, but the event was identified as a hadidecay. L Aqy -

Higgsstrahlung events]2{m,;) in which theZ* in fact de- i

cayed to neutrinos, but the event was identified as a hadroni 140

Z decay. E
Figure 5 displays these fractions along with a smooth A

function fitted to represent the Monte Carlo data. 10 102 103
We then calculate the measured partial widths, including m,,(GeV)

the effects of Higgsstrahlung, using the smoGI’,"[,‘fd func- H

tions: FIG. 6. (Colo) m, and my, constraints fromZ-pole measure-

ments with Higgsstrahlung taken into account. Each band gives the
+1¢ constraint from the indicated measurement. The arrow indi-
meag_ ozt cates the additional variation in $#£}" due to a+ 1o uncertainty
L=, +[1-Fpdmy) T, 27 in Aa{®(m3). The ellipses give the 68% C.L. fit contours for the
indicated data.

rpeas=zl LR m)rS+FIRAmy)res, (26

Fm\?as_rlzriv—k[l Flnvd(mH)]Fmv (28)

We take the effect of Higgsstrahlung on the measuremenrtemterpnﬁeegsed foEFITTER, is reduced from the fixed measured

of sirfd%P' to be negligible. Clearly there is no effect on the valuel'raq by the Higgsstrahlung contribution, the hadronic
. . .. final-state correction appears smaller, and the fit value-of
SLD measurement o4 g, since it concerns only the initial

state. Similarly, there can be no effect on the average- is reduced asny becomes small.

larization. The asymmetry measurements have a relative pre- The R, measurement band remains unchanged in Fig. 6,
cision of at best a few percent, and any possible dilution o ince we have assumed that the Higgstrahlung events identi-

the asymmetry due to kinematic distortions in the few 10 led as hadrons do not disturb the quark flavor balance. Ac-

fraction of Higgstrahlung events will not be significant.

With the relations of Eqs(24) and (26)—(28), we then 5"’ I o T
remade the plot of Fig. 1, usingrITTER to calculate the
measurement error bands and 68% C.L. contours for the re
interpreted measurements. The result is shown in Fig. 6. No
tice that the only visible change is the expected decrease i 0.12
the slope of thd",, measurement band at lomy, due to
failure of some leptonic Higgsstrahlung events to be identi-
fied as hadrons. The lower extremity of the 68% C.L. con-
tour for the fit which drops the\%; ® measurement extends
very slightly, reflecting the local shift in thE,, constraint.

The lower 1o error onm, is only 2.4% larger than it was
when Higgsstrahlung was ignored. As a test of our proce- F
dures, we also carried out the same calculations assumin 0.11 .~ .

that all Higgsstrahlung was accepted as hadr@rdecay. As /' —— Excluding Higgsstrahlung
expected, the resulting plot was indistinguishable from Fig. [ I, includes all Higgsstrahlung
1. I
In order to quantify the effect omg of Higgsstrahlung ] ]
being identified as hadroni¢ decay, we performed a series 10 10 10
of four-parameter fits, witlag, a(m%), m,, andm; free, for m (GeV)
a series of fixedny values. We plot the & error bands otrg H
as a function of logy(my/GeV) in Fig. 7, showing hows FIG. 7. (Color) The = 1o error bands forg found in the four-

shifts to compensate for the H|ggsstrahlung which is identiparameter fits as a function of Iggm,,/GeV), with and without
fied as hadroni@ decay. Sincd 'z, the hadronic width as Higgsstrahlung.
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s . IF. = Islil;zle:;?t the Z-pole fit in which theAZ.” measurement is dropped, but
8 I R, only modestly. The lower & error onm; for this fit is 11%
=200 (1) Z data y smaller than it was when Higgsstrahlung was ignored. The
&g I (2) Z data except SLD A, 7 corresponding shift in the lowerdl error onm, for the base

(3) Z data except Azg fit including all Z-pole measurements is only 1.7%. Other

aspects of the error contours remain numerically unaffected.

V. CONCLUSIONS

Our study of the manner in which th&-pole measure-

----- ! ments constrain the standard model parametgrand my

through their effect on radiative corrections shows that the

measured leptonic width,, plays an important and nonlin-

ear role. This nonlinearity at low values wf; contributes to

a surprising stability in the agreement between the direct and

— i indirect measurements af, under variations in s

10 10 103 This singular demonstration of the consistency of our experi-
mH(GeV) mental and theoretical understanding of electroweak radia-

tive corrections therefore remains undisturbed by the appar-

FIG. 8. (Colon m, and m,, constraints fromZ-pole measure- €Nt discrepancy between the values ofdffi' derived from
ments with Higgsstrahlung taken into account. Here the assumptiothe measurements @(,’Q’Bb andA .
is made that all Higgstrahlung identified as hadrons contributes to The neglect of external HiggstrahlungrITTER andTO-
I'yp. Each band gives the& 1o constraint from the indicated mea- PAzo in the analysis of th&-pole measurements is found to
surement. The arrow indicates the additional variation iﬁé@ﬁﬁ have negligible impact on the central values of all the ex-
due to a*+ 1o uncertainty inAafy(m3). The ellipses give the 68% tracted standard model parameters, with the exceptiarof
C.L. fit contours for the indicated data. Within a C.L. of 68% the error contours of these parameters

also remain essentially unaffected.

160

140

tually, since the Higgs boson decays predominantligho it

is likely that Higgsstrahlung will increadé,, proportionally
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