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Electroweak data and the Higgs boson mass: A case for new physics
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Because of two 38 anomalies, the standard mod&M) fit of the precision electroweak data has a poor
confidence level, C.l=0.010. Since both anomalies involve challenging systematic issues, it might appear that
the SM could still be valid if the anomalies resulted from underestimated systematic error. Indeed the C.L. of
the global fit could then increase to 0.65, but that fit predicts a small Higgs bosonmgasgi3 GeV, that is
only consistent at C.l=0.035 with the lower limitmy>114 GeV, established by direct searches. The data
then favor new physics whether the anomalous measurements are excluded from the fit or not, and the Higgs
boson mass cannot be predicted until the new physics is understood. Some measure of statistical fluctuation
would be needed to maintain the validity of the SM, which is unlikely by broad statistical measures. New
physics is favored, but the SM is not definitively excluded.
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I. INTRODUCTION from three leptonic measurements,[A ], and (2) the
NuTeV measurement of charged and neutral current
A decade of experiments at CERN, Fermilab, and SLAC(ant)neutrino-nucleon scattering], quoted as an effective
have provided increasingly precise tests of the standard : . L os (7))
model (SM) of elementary particle physics. The data are im-on'Sh(.':'II weak |nterapt|on mixing e'mg.IEWS[ v N]. .
portant for two reasons: they confirm the SM at the level of If either anomaly is genuine, it indicates new physics, the

virtual quantum effects and they probe the mass scale of tth fit is invalidated, and we cannot use the precision data to

Higgs boson needed to complete the model and provide th&onsttrag] tge Higgs bbost(r)]n mass lunt|l the new phys;cs_ IS uln-
mechanism of mass generation. In the usual interpretatio erstood. Fowever, both anomalous measurements invoive
subtle systematic issues, concerning experimental technique

the data are thought to constrain the Higgs boson nmagss, . -
most recently withm, <195 GeV [1] at confidence level and, especially, nontrivial QCD-based models. If the system-

C.L.=95%. At the same time direct searches for the Higgs"";IC Cur|1_cer;a|k?t|esl \t/)velr(fa_ muclr:j [arger than current hestlrrtl)aéess,
boson at the CERN*e™ collider LEP Il have established a the C.L. of the global fit could increase to as much as 0.65,

95% C.L. lower limit,m,>114 GeV[2].X as shown below. It is then possible to imagine that the SM
Recently the agreement of the precision data with the gnMnight still provide a valid description of the data and a useful

has moved from excellent to poor. For the global fits enuCONStraint on the Higgs boson mass.
We will see, however, that this possibility is unlikely be-

merated below, the confidence level has evolved from 0.45 in

the summer of 19984] to 0.04 in the spring of 200[5] and cause of a contradiction that emerges between the resulting
then to 0.010 in the current Spring 2002 dit&2 The cur- global fit and the 95% C.L. lower limithy>114 GeV. The
rent low C.L. is a consequence of twar3anomalies, to- central point is thathe anomalous measurements are the

gether with the evolution of th&/ boson mass measurement, ONlY Mu-sensitive observables that place the Higgs boson

as shown below. The @ anomalies aré¢l) the discrepancy mass in. .the region allowed _by the searchédl other
between the SM determination &f,= sir?6!,,, the effective ~ TH Sensitive observables predi, far below 114 GeV. We
leptonic weak interaction mixing angle from three hadronicflnd that if the anomalous measurements are excluded, the

asymmetry measurementé,[ A, ], versus its determination confidence level fomy>114 GeV from the global fit is be-
y y Hb tween 0.030 and 0.035, depending on the method of estima-
tion.
. . The hypothesis that the anomalies result from systematic
* .
Electronic address: chanowitz@Ibl.gov error then also favors new physics, in particular, new physics

N.B., the experimental 95% lower limit from the direct searches . - . . )
doesnotimply a 5% chance that the Higgs boson is lighter than 114that would raise the prediction fon, into the experimen

GeV; rather it means that if the mass were actually 114 GeV thertally allowed region. This Can.be accomplished, for example,
would be a 5% chance for it to have escaped detection. The likeli- y new physics whose dominant gffept on th? IO.W eTergy
hood formy<114 GeV from the direct searches is much smallerda'[a is on thev and,z,vacuum polarlzatlloné.e., oblique

than 5%. See for instance the discussion in Sec. \8bf [7]), as shown explicitly below. Essentially any valuenof

2C.L.=0.010 for spring 2002 is from a fit specified below that IS allowed in these fits. o

uses the same set of measurements as were included in the quoted!t Should be clear that our focus on the possibility of un--
1998 and 2001 fits. Refereng#] has a slightly different value for derestimated systematic error is not based on the belief that it
their all-data fit, C.L=0.017, because of two recently introduced IS the most likely explanation of the data. In fact, the situa-
measurements, which we do not include as discussed below. Fulion is truly puzzling, and there is no decisive reason to pre-
thermore, updating the all-data fit ff] we find, as discussed be- fer systematic error over new physics as the explanation of
low, that it would now yield C.L=0.0009. either anomaly. Rather we have considered the systematic
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error hypothesis in order to understand its implications, find- TABLE I. SM all-data fit (fit A). Experimental values for the

i i i ; ) )

ing that it also points to new physics. . model-independent parameteyd » N] and g3[ » N] are given
The SM is then disfavored whether the experimentakyr completeness but are not used in the SM fit.

anomalies are genuine or not. The viability of the SM fit and

the associated constraint @m, can only be maintained by Experiment SM fit Pull
invoking some measure of statistical fluctuation, perhaps in
combination with a measure of increased systematic uncefLr 0.1513(21) 0.1481 1.6
tainty. This isa priori unlikely by broad statistical measures Ars 0.0171(10 0.0165 0.7
discussed below, but it is not impossible. The conclusion i\, 0.1465(33) 0.1481 -05
that the SM is disfavored but not definitively excluded. AARg 0.0994(17) 0.1038 —26
major consequence is that it is important to search for théfg 0.0707(34) 0.0742 -1.0
Higgs sector over the full range allowed by unitarfig] as,  x\,[Qrs] 0.2324(12) 0.23139 0.8
fortunately, we will be able to do at the CERN Large Hadronm,, 80.451(33) 80.395 1.7
Collider (LHC) operating at its design luminosif®]. Iy, 2495.2(23) 2496.4 -0.5

This paper extends and updates a previously published, 20.767(25) 20.742 1.0
report[11] based on the spring 2001 data set, which focuseg,, 41.540(37) 41.479 1.6
exclusively on themy-sensitive observables. The presentg, 0.21646(65) 0.21575 11
analysis is based on the spring 2002 data, and considegs 0.1719(31) 0.1723 —01
my-sensitive observables as well as global fits ofafiole 5 0.922(20) 0.9347 —06
observables. The data have also changed in some resp_ec/&%: 0.670(26) 0.6683 0.1
the 30 NuTeV anomaly is a new developmgnt and the qls— 0s ) 0.2277(16) 0.2227 30
crepancy between the hadronic and leptonic determinationvl ¥ NI
of x| has diminished from 3.6 to 300 However, the other ™M 174.3(5.) 175.3 -0.2
my-sensitive observables are unchanged, and the presehis(m?) 0.02761(36) 0.02768 0.2
conclusions are consistent with the previous report. ag(my) 0.1186

Since in this work we also consider global fits, we canMy 94
summarize the conclusion quantitatively by introducing the
combined probability gf[(;)N] 0.3005(14)

)
Po=C.L(global fiy xC.L(my>114. (1.1 G vN] 0.0310(1Y

The internal consistency of the global fit and its consistency

with the search limit are independent constraints, so the confits we use thec? distribution for the global fits and th& y?
bined likelihood to satisfy both is given . We find that  method to assess the consistency of the fits with the direct
Pc is roughly independent of whether the three hadronicsearch lower limit orm . In Sec. VI we use a “Bayesian”
front-back asymmetry measurements are included in the fifnaximum likelihood method instead afy? to estimate the
although the two factors on the right-hand side of Eql)  C L. for consistency with the direct searches. Section VIl
vary considerably in the two cases. For instance, for the gloystrates the possible effect of new physics in the oblique

bal fit to “all” data, we have C.L.(global fity=0.010 and 555 oximation. The results are discussed in Sec. VII.
C.L.(my>114)=0.30 so thatPc=0.010x 0.30=0.0030. If

the three hadronic asymmetry measurements are omitted we
have instead C.L.(globalfi§0.066, C.L.(ny>114)
=0.047, andP-=0.066x 0.047=0.0031. The extent of the
agreement in this example is accidental, but the point re- We consider 13Z-pole observables and in addition the
mains approximately valid: if the three hadronic asymmetrygirectly measured values aify,, the W boson massy,, the
measurements are omitted, the increase in the global fit CORpp quark massA as, the hadronic contribution to the renor-
fidence level is approximately compensated by a correspongiajization of the electromagnetic coupling at theole, and
ing decrease in the confidence level that the fit is consisten},o NuTeV result. As discussed in Sec. IV. we do not include
W'tlh thSe d'rﬁCt search I'm'tr'] d din the fi ith the W boson width or the cesium atomic parity violation
_In Sec. 1l we review the data used in the fits, wit 4 measurement, which is the principal reason for the small
d|spu55|on of hOW I ha; evolved during the past few YealYitrerences between the global fits presented here aftl]in
which emphasizes the importance of #émass measure- These measurements have only recently been added to the

ment. In Sec. Il we briefly discuss the three generic lobal fits; they were not included in the 1998 and 2001 fits

explanations—statistics, systematics, new physics—of th : . "
discrepancies in the global SM fit. In Sec. IV we review the 4,5] which we also consider below. Our all-data fit is tabu-

methodology of the SM fits and the choice of observables. Mated in Table I, With the current preliminary experi_men_tal
Sec. V we present fits of the data that exhibit the range,in values from[1]. Details of the fitting procedure are given in
preferred by themy-sensitive observables, as well as globalsec' V. ()

fits with and without the anomalous measurements. In these The central value fok(3;] » N] from the NuTeV experi-

Il. THE DATA

073002-2



ELECTROWEAK DATA AND THE HIGGS BOSON MASS. ..

ment is shown in Table I. In our SM fits we include the small

dependence of\‘,)\,s[(v)N] onm, andmy, given in[6]. Table |
also contains the model independent NuTeV redjltgiven
in terms of effectiveZqq couplings,g?=g?2, +g3, and g3
=g2gt+dir. They are not included in the SM fits but are

used instead of\‘,)\,s[(v)N] in the new physics fits of Sec. VII.

The confidence level of the SM fit in Table | is poor,
C.L.=0.010, withx?/N=27.7/13. The central value of the
Higgs boson mass sy =94 GeV. As shown in Sec. IV, our
results agree very well with those [df] when we fit the same
set of observables.

The global SM fit was excellent in 1998 and has now
become poot.Large discrepancies occur among the six SM
determinations of the effective leptonic weak interaction
mixing angle,x{N. The three leptonic measurements,g,
A'FB, and A, , are quite consistent with one another. They
combine withy?/N=1.6/2, C.L=0.45, to yield

X[ AL]1=0.2311321). (2.1

The three hadronic measurements are also mutually consi
tent and combine withy?/N=0.03/2 and C.l=0.985 to
yield

X[ Ay]=0.2322029). 2.2

But x},[A ] and x},[ A] differ by 2.99r corresponding to
C.L.=0.0028. Combining Eqg2.1) and(2.2), the result for
all six measurements ié,\,z 0.23149(17). The very smajf?

PHYSICAL REVIEW D 66, 073002 (2002

TABLE II. Evolution of the electroweak data. As noted in the
text, the same data are tracked for the three data sets though, fol-
lowing [1], it is grouped into fewer degrees of freedom in the spring
2002 data set.

Summer 1998 Spring 2001  Spring 2002

XWAL] 0.23128(22) 0.23114(20) 0.23113(21)
XL An] 0.23222(33) 0.23240(29) 0.23220(29)
CL(AL®AL) 0.02 0.0003 0.003
CL(xb) 0.25 0.02 0.06
My 80.410(90) 80.448(34) 80.451(393
-)
YN (0x83 »'NT) 13.8/14 24.6/14 18.4/12
CL[x?/N] 0.46 0.04 0.10
-)
03 WN] 0.2254(21)  0.2255(21) 0.2277(16)
-)

PUICY v N]) 11 12 3.0
X3IN 15/15 26/15 27.7/13
CL[x?/N] 0.45 0.04 0.01

S-
The determination okl, from the hadronic asymmetries

assumes that the hadrori[cqainteraction vertices are given
by the SM. For instance, to obtaiy, from

(2.3

associated with the three hadronic measurements is eithervwe assume thak,, is at its SM valueA,=A,[ SM]. A [ SM]
fluctuation or it suggests that the errors are overestimated, ihas very little sensitivity to the unknown value wf;, and

which case the discrepancy betwee[A ] and xy,[Ay]
would be even greater.

The discrepancy betweedN[A,_] and x'W[AH] is driven
by the difference of the two most precise measuremdyts,
and A2,
earliest days of LEP and SLC. At presexi, from A,  and
AL, are, respectively, 0.230685) and 0.2321681). They
differ by 2.9%, C.L.=0.0030, and combine to yielsl,
=0.23151(20).

Combining all six measurements directly we firxﬂ;,
=0.23149(17) as above, withy’/N=10.6/5 and C.L.
=0.06. Notice that the ratio of this confidence level to the
confidence level, C.l=0.003, forx,[A,] versusxi,[Ay],
0.06/0.003=20, is just the number of ways that two sets of

not much sensitivity to the other SM parameters eim{ﬁ,ris
then obtained fromA.= (g2, — 92p)/(92,+ 92R), USING e
=(—1/2)+x,, and geg=Xx}y. The only assumption in ob-
taining x,, from the leptonic asymmetries is lepton flavor

which has been a feature of the data since theuniversality.

The 3o discrepancy betweex{,\,[A,_] andx'W[AH] is sig-
nificant for three reasons. First, it is a failed test for the SM,
since it impliesAy#A,[SM]. For instanceA, extracted
from AEB (taking A, from the three leptonic asymmetry mea-
surements disagrees withA,[ SM] by 2.9, C.L.=0.004.
Second, together with the,, measurement, thE{N[AL] -
x{N[AH] discrepancy marginalizes the global SM fit, even
without the NuTeV result. Finally, in addition to the effect on
the global fit, it is problematic that the determination of the

three can be formed from a collection of six objects. If oneHiggs boson mass is dominated by the low probability com-
attaches am priori significance to the leptonic and hadronic bination ofx{,\,[AL] and x{,\,[AH], or by the low probablility
subsets, then the appropriate confidence level is 0.003, fro@ombination of the six asymmetry measurements. In judging
the combination oﬁ('W[AL] and x'W[AH]. If instead one re- the reliability of the prediction fomy we are concerned not
gards the grouping inta,[A ] andx,[A4] as one of 20 only with the quality of the global fit but also with the con-
random choices, then 0.06 is the appropriate characterizaticistency of the smaller set of measurements that dominate the

of the consistency of the datdn either case the consistency M prediction. o
is problematic. To understand the effect on the global fit it is useful to

consider the evolution of the data from 1998] to the
presenf 1], shown in Table IlI, together with the intervening

SHowever, theA, anomaly existed in 1998 and before—see for SPring 2001 data seft5] on which [11] was based. The

instancg/10], where the effect omy is also noted.
4l thank M. Grunewald for a discussion.

xwl AL 1-xW[Ay] discrepancy evolved from 24in 1998 to
3.60 in spring 2001 to 3.8 in spring 2002. Excluding
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TABLE IIl. “What if?”: role of myy in shaping t(he) global fit. Returning to Table II, we also see the effect on the global
The first column reflects actual current data wifffi » N] omit- fit of the new resullt from NuTeV. In the 1998 and 2001 data
ted. In the second and third columns, is assigned hypothetical Sets, NuTeV had little effect on the global C.L. In the current
values as described in the text, while other measurements are hefﬂiita set, because of its increased precision and Cent'ral value,
at their spring 2002 values. In each case the effect of omisihg it causes the C.L. to decrease from an already marginal 0.10

or A g is also shown. to a poor 0.010. The low confidence level of the global SM
fit is then due in roughly equal parts t&) the discrepancy

m,,(2002) m,(1998) Amy,(2002) between thex{,\,[AL]—mW alliance versusx{,v[AH], and (2)

My 80.451(33) 80.410(90) 80.370(33) the NuTeV result. We will refer ta,[ Ay ] andx\?vs[(v)N] as

x2112CcL 18.4, 0.10 15.2, 0.23 15.3, 0.23 “anomalous” simply as a shorthand indication of their de-

—AZ, viation from the SM fit, with no judgment intended as to

Y¥11CL 10.2, 0.51 9.0, 0.62 9.8,055  theirbona fides

or

—ARr IIl. INTERPRETING THE DISCREPANCIES

xA11cL 15.7, 0.15 10.2, 0.51 10.0, 0.53

In this section we wish to set the context for the fits to
follow by briefly discussing the three generic explanations of
NuTeV, the C.L. of the set of measurements listed in Table the discrepancies in the SM fit reviewed in the preceding
evolved during that time from a robust 0.46 to 0.04 to §.10. section. They are statistical fluctuation, new physics, and un-

The decrease in the global C.L. is only partially due to thegerestimated systematic error. Combinations of the three ge-
changes in the asymmetry measurements. An equally impOferic options are also possible.

tant factor is the evolution oy, for which the precision
improved dramatically, by a factor of 3, while the central
value increased by o with respect to the 1998 measure-
ment. To understand the role afy,, Table Il shows fits One or both anomalies could be the result of statistical
based on the current data plus two hypothetical scenarios ifluctuations. However, if the data are to be consistent not
which all measurements are kept at their spring 2002 valuegnly with the global fit but also with the lower limit omy,
exceptmy. In the first of thesem,y is held at its 1998 from the Higgs boson searches as discussed in Secs. V and
central value and precision. In the second the current preciy; it is necessary that both anomalous and nonanomalous
sion is assumed but with a smaller central value, correspongyeasurements have fluctuated. If only the anomalous mea-
ing to a3 o downward fluctuation of the 1998 measurement.\;.ements were to have fluctuated, the global fit would im-
For both hypothetical data sets, the global C.L. is greater b¥)rove but the conflict with the lower limit om. would be
a factor two than the C.L. of the current data. exacerbated H

To understand hown,, correlates with the asymmetr : : : : :
measurements we aIS(\)N exhibit the correspond%ng fitsy in A high energy physics sage is reputed to have said, only

: . b partly in jest, that “The confidence level forg3is fifty-
which eitherAgg or A.g are excluded. In the current data, fifty.” The wisdom of the remark has its basis in two differ-
the C.L. increases appreciably, to 0.51,0«&B is excluded

i ) ' ent phenomena. First, at a rate above chance expectation,
but much less i  is excluded, reflecting the larger pull of 5y ynusual results are ultimately understood to result

Agg in the SM fit. In the two hypothetical scenarios the C.L. from systematic error—this possibility is discussed below
increases comparably wheth&rg or Ay is excluded. and its implications are explored in Secs. V and VI. Second,
There are two conclusions from this exercise. First, theestimates of statistical significance are sometimes not appro-
evolution of them,y measurement contributes as much to thepriately defined. For instance, when a 3glueball” signal
marginalization of the global fit as does the evolution of thejs discovered over an appreciable background in a mass his-
asymmetry measurements. Second, at its current value amglgram with 100 bins, the chance likelihood is not the nomi-
precisionmyy tilts the SM fit towardA,  andxy[A, ], while  nal 0.0027 associated with ar3fluctuation but rather the
tagging AEB and x{,\,[AH] as “anomalous.” The reason for complement of the probability that none of the 100 bins con-
this “alliance” of myy andxy,[ A, ] will become clear in Sec. tain such a signal, which is-10.9973%=0.24. The smaller
V, where we will see thain,, and x{,V[AL] favor very light  likelihood is relevant only if we have aa priori reason to
values of the Higgs boson mass, far below the 114 Ge\expect that the signal would appear in the very bin in which

lower limit, while x},[ A4] favors much heavier values, far it was discovered. o o _
above 114 GeV. In assessing the possibility of statistical fluctuations as the

explanation of the poor SM fit, it should be clear that the
global fit C.L.’s are appropriately defined, reflecting statisti-
5The degrees of freedom decrease from 14 to 12 because we fdf@l €nsembles that correspond to replaying the previous de-
low the recent practice of the EWWA] in consolidating the LEP ~ ¢ade of experiments many times over. In particular, e
Il and Fermilab measurements into a singg, measurement and C.L.’s of the global fits are like the glueball example with the
the two  polarization measurements into a single quantity that weSignificance normalized to the probability that the signal
denoteA, .. The same set of measurements is tracked for all threénight emerge in any of the 100 bins, as shown explicitly
years. below.

A. Statistical fluctuations
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TABLE IV. Results for global fits A—D and for the correspond-

(=)
o ; o TABLE V. SM fit D, to minimal data set, witkSJ » N] and
ing fits restricted tan-sensitive observables,’ AD’. WS[ v

three hadronic asymmetry measurements excluded.

All

os (7)) i :

—x371 v N] Experiment SM fit Pull

All A B AR 0.1513(21) 0.1509 0.2

X2/=27.7/13,C.L.= 0.010 18.4/12, 0.10 A'FB 0.0171(10 0.0171 0.0

—xXWlAn] C D Ao, 0.1465(33) 0.1509 -1.4

17.4/10, 0.066 6.8/9, 0.65 My 80.451(33) 80.429 0.7

my-sensitive only r, 2495.2(23) 2496.1 —-0.4

All A’ B’ R, 20.767(25) 20.737 1.2

24.3/8, 0.0020 15.2/7, 0.034 oy 41.540(37) 41.487 1.4

—xXW[An] c’ D’ Ry 0.21646(65) 0.21575 1.1

13.8/5, 0.017 3.45/4, 0.49 R 0.1719(31) 0.1722 -0.1

Ay 0.922(20) 0.9350 —-0.7

Ac 0.670(26) 0.670 0.0

Table IV summarizeg? fits of four different data sets, in M 174.3(5.1) 175.3 -0.2

which none, one, or both sets of anomalous measurementsrs(m3) 0.02761(36) 0.02761 0.0
are excluded. Consider, for instance, fit B in which only ag(m;y) 0.1168

my 43

x\c,’\,s[(v)N] is excluded, with C.L=0.10. In that fit, consist-
ing of 16 measurements, the only significantly anomalous
measurement A2, with a pull of 2.77, for which the . )
nominal C.L. is 0.0056. The likelihood that at least one of 16tion of my,. These are the six asymmetriesy,, I'z, R,

_0.994.46.= 0.09, which matches nicely with thez_ C.L.of  are omitted from these fits awe,, Ry, Ry, Ay, andA,.)
9.10. S|m|IarIy,_|n fit C which retains NuTeV while exclud—_ The results of the corresponding fits,-2D’, are tabulated at
ing the hadronic asymmetry measurements, the outstandinge pottom of Table IV. Except for the minimal data sets, D

anomaly iSX\C,)VS[(V)N] with a pull of 3.0, and the probability and D, in every other case the fit restrictedryg,-sensitive
for at least one such deviant is-1.99734=0.04, compared Mmeasurements has an appreciably smaller confidence level
to the y? C.L.=0.05. Finally, for the full data set, fit A, the than the corresponding global fit. In addition to the problems

. ) (=) ) of the global fits, the poorer consistency of this sector of
ogtsta_ndmg anomalies axg{ v N] with a pull of 3.0 and ~ measurements provides another cause for concern in assess-
Agg with a pull of 2.55. In that case we ask for the probabil-jng the reliability of the SM prediction o, .

ity of at least one measurement diverging .00 and a
second by=2.55, which is given by +0.9973’—17(1

—0.9973)(0.9892%=0.006, compared to thg? C.L. of _
0.010. Each anomaly could certainly be the result of new phys-

We see then that the? C.L.'s appropriately reflect “the ics. The NuTeV experiment opens a very different window
number of bins in the histogram,” and that the poor C.L.’s of ©N New physics than the study of on-shelboson decays at
these SM fits are well accounted for by the appropriately-EP I and SLAC Linear Collide(SLC) [12]. For example, a
defined probabilities that the outlying anomalous measureZ’ boson mixed very little or not at all with th& boson
ments could have occurred by chance. The nomjdaton- ~ could have little effect on on-shefldecay but a big effect on
fidence levels of the global fits are then reasonable estimatdge NuTeV measurement, which probes a spacelike region of
of the probability that statistical fluctuations can explain thefour-momenta centered arou@f=—20 Ge\?. The stron-
anomalies, which we may characterize as unlikely but nog®st bounds on this possibility would come from other off-
impossible. Only fit D, with both anomalies removed, has ashell probes, such as atomic parity violatiene ™~ annihila-
robust confidence level, C£.0.65. We refer to fit D as the tion above theZ pole, and high energpp collisions.

“minimal data set.” The results and pulls for this fit are =~ New physics could also affect the hadronic asymmetry
shown in Table V. measurements. Here we can imagine two scenarios, depend-

This discussion does not reflect the fact that the anomaing on how seriously we take the clustering of the three
lous measurements are all within the subset of measuremerhadronic asymmetry measurements. Taking it seriously, we
that dominate the determination of, . In that smaller sub- would be led to consider leptophobi€’ models[13], as
set of measurements, the significance of the anomalies is natere invoked to explain th&, anomaly, which was subse-
fully reflected by the global C.L.’s. As concerns the reliabil- quently found to have a systematic, experimental explana-
ity of the fits of my, there is a cleaa priori reason to focus tion.
on the my-sensitive measurements. We therefore also con- Or we might regard the clustering of the three hadronic
sider fits in which the observablg3; in Eq. (4.1) are re- measurements as accidental. Then we would be led to focus
stricted to the measurements which dominate the determinan AEB, by far the most precise of the three hadronic asym-

B. New physics
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metry measurements, and we could arrive at acceptable glorents and the interpretation of the results. With respect to
bal fits by assuming new physics coupled predominantly tanterpretation, both use nonperturbative QCD models with
the third generation quarks. New physics would then accouniincertainties that are difficult to quantify. In both cases the
for the AZg anomaly, with an additional effect on the less experimental groups have put great effort into understanding
precisely measured jet charge asymme@yg. The third and estimating the systematic uncertainties. Here we only
generation is a plausible venue for new physics, since theummarize the main points.

large top quark mass suggests a special connection of the The central value for the NuTeV SM resultxg,s((y)N)

third generation to new physics associated with the symme- - k
try breaking sector. =0.2277-0.0013(statisticaty 0.0009(systematic). The es-

Since Ry g?, +g2g while Agxg2, — g2, and because timated systematic error consists in equal parts of an experi-
R,, which is more precisely measured thAfl,, is only ~ mental componentt0.00063, and a modelling component,
~ 10 from its SM value, some tuning of the shiffg,, and  *=0.00064. Uncertainty from the, and v, fluxes makes the
89yr is required to fit both measurements. The right-handedargest single contribution to the experimental component,
coupling must shift by a very large amount, wibg,r +0.00039, with the remainder comprised of various
> 09, and 6g9pr=0.1gy,r. An effect of this size suggests detector-related uncertainties. The modelling uncertainty is
new tree-level physics or radiative corrections involving adominated by nonperturbative nucleon structure, with the

strong interaction. biggest component:0.00047, due to the charm production
Examples of tree-level physics areZ’ mixing or b-Q cross section.
mixing. A recent proposal to explain th&g anomaly em- Two possible nonperturbative effects have been consid-

beds aZ’ boson in a right-handeB8U(2)g extension of the  ered(see[18,12,19 and references thergirOne is an asym-

SM gauge group in which the third generation fermions carry, ; )T
different SU(2)r charges than the first and second genera-mGtry |n. the r]ucleon strange quark séa[s(@ s(x)]:dx
tions[14]. Z' bosons coupled preferentially to the third gen- 7 0 Using dimuons from the separateand v beams, the

eration are generic in the context of top color modais]. ~ NuTeV collaboration finds evidence for-al0% asymmetry
An explanation byb-Q mixing requiresQ to be a charge  Within the NuTeV cross section model. If truly present, it
—1/3 quark with non-SM weak quantum numbers; this posWwould increase the discrepancy from 3.0 to[A8]. For
sibility has been explored in the context of the latest data irfonsistency with the SM, an asymmetry f+30% would
Ref.[16] and previously if17]. be needed.

If new physics explains th@\EB anomaly, it must also A second possible nonperturbative effect is isospin sym-
affect A,. If we use Eq. (2.3 with the factor A, ~ metry breaking in the nucleon wave functiom(x)
=0.1501(17) taken from the three leptonic asymmetry mea# u"(x). Studies are needed to determine if structure func-
surementsassuming lepton universalitywe find that the tions can be constructed that explain the NuTeV anomaly in
experimental value A2;=0.0994(17) implies A,[A2g]  this way while maintaining consistency with all other con-
=0.883(18), which is 2.89 from A,[SM]=0.935, C.L. straints. A negative result could rule out this explanation,
=0.004. HoweverA,, is measured more directly at SLC by while a positive result would admit it as a possibility. Con-
means ofA2;, 5, the front-back left-right asymmetry. In the firmation would then require additional evidence.
summer of 1998 that measurement yieldé@[AEBLR] The 3o discrepancy between{A,[AL] and x{N[AH] also
=0.867(35), lower by 1.8 thanA,[ SM], lending support raises the possibility of subtle systematic uncertainties. The
to the new physics hypothesis. But the current measuremerdetermination ofx{,\,[AL] from the three leptonic measure-
Ap[ AlgLr]=0.922(20), is only 0.6 below A,[SM]. It no  ments,A g, Alg, andA, ,, involve three quite different
longer bolsters the new physics hypothesis but it is also naiechniques so that large, common systematic errors are very
grossly inconsistent with\b[AEB], from which it differs by  unlikely. The focus instead is on the hadronic measurements,
144, C.L.=0.15. CombiningAp[ARg] andAp[Ag el We  AR.| AS. andQrg. In these measuremertindc quarks
find Ay[ARg g®Alg r]=0.900(13), which differs from the are mutual backgrounds for one another. The signs of both
SM by 2.69r, C.L.=0.007. Thus while thé\2;, , measure- the AR, andA¢, anomalies are consistent with misidentify-
ment no Ionge_r'supports the new physics hypothesis, it als;p]g bec, although the estimated magnituf20] of the ef-
does not definitively exclude it. _ _ fect is far smaller than what is needed. QCD models of

If either anomaly is the result of new physics, the SMfails ;harge flow and gluon radiation are a potential source of

and we cannot predict the Higgs boson mass until the naturgsmmon systematic uncertainty for all three measurements.
of the new physics is understood. New physics affecting ther, c

, e two heavy flavor asymmetries2; and A, have the
NuTeV measurement and/or the hadronic asymmetry megg gaqt error correlation of the heavy fladipole measure-
surements will certainly change the relationship between, s quoted as 16% in the most recent anafysis
those observables and the value mf;, and could affect ’

. : 1eCL  Since xl,[Ay] is dominated byx|,[A2;], the greatest
other observables in ways that change their relationships 'W[h Hl . Y .W[. Fel hg
with m,, Boncern is the systematic uncertaintiesA®;. The com-

bined result of the four LEP experiments A& g=0.0994
C. Systematic uncertainties
The two 3r anomalies each involve subtle systematic is- ®See also théNote added after publicationf [12], in hep-ph/
sues, having to do both with performance of the measured112302v4.
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+0.00157(statistics} 0.00071(systematic). The systematic varied and constrained. Since it has little effect, we choose
component arises from an “interna(éxperimentalcompo-  not to scan orm; in order to facilitate the numerical calcu-
nent of £0.00060 and a “common” component of |ations.

+0.00039, where the latter is dominated by th®.00030 For Aag(m,) we use the determination ¢22], which

uncertainty ascribed to QCD correctiof0]. incorporates the most receat e~ annihilation data and is
also the default choice dfL]. In [11] we also presented re-
D. Summary sults for four other determinations dfas(my).

It is not now possible to choose among the three generic For the global fitsxs(m;) is left unconstrained, as is also
explanations of the anomalies, except to say that statisticglone in[1], because th&-pole SM fit is itself the most
fluctuations are unlikely per the nominal C.L. of the global precise determination afg(m;). For the fits which consider
fit. Bigger systematic errors could rescue the SM fit butmore limited sets of observables, we use the following rule:
would have to benuchbigger than current estimates. Ratherif at least two of the three observables which dominate the
than further refinement of existing error budgets, this probthe determination oftrg(m;,) (these ard’,, R,, andoy,) are
ably means discovering new, previously unconsideredncluded in the fit,ag is unconstrained as in the global fits.
sources of error. In this paper we focus on the systematiOtherwise we constrain it to 0.1(®. In any case, because
error hypothesisnot because we think it the most likely the m,-sensitive observables are predominantlyinsensi-
explanation—we do not—but, assuming it to be true, to segjye, the results we obtain fan,, depend very little on the

if it can really reconcile the SM with the data. details of howas is specified.
The fits also include the important correlations from the
IV. METHODS error matrices presented in Tables 2.3 and 5.319f We

In this section we describe the methodology of the g\retain the correlations that are0.05 in the 6<6 heavy fla-
fits. We also discuss the choice of observables, which differyor error matrix forA2g, Agg, Ay, Ac, Ry, andR.. Simi-
slightly from the choice made ift]. larly we retain correlations=0.05 in the 4<4 correlation

We usezFITTER v6.30 [21] to compute the SM elec- matrixforl'y, o, R, andA'FB. These correlations shift the
troweak radiative corrections, with results that agree prevalue of y? by as much as 2 units.
cisely (to 2 parts in 10 or bettey with those obtained ifil]. Our global fits differ slightly from the all-data fit dfL],

The input parameters are;, m, the hadronic contribution principally because we use the set of measurements the
to the renormalization ot at the Z pole, Aas(mz), the  EWWG used through spring 2001 but not two measurements
strong coupling constant at the pole, ag(mz), and the  that were subsequently added by the EWWG. From summer
Higgs boson massmy. For any point in this five- 2001 the EWWG all-data fit included the cesium atomic par-
dimensional spaceFITTER provides.the c_orresponding SM ity violation (APV) measurement, and in spring 2002, iNe
values of the other cz)bs_erv_ablt_ﬁi,, listed in Table I. boson widthT", was included.

To generate the” distributions we scan over the four  peferencd1] uses a 2001 determination of the cesium
parametersn;, Aas(mg), as(mz), andm, . For a specified  Apy measurement that has recently been superseded by
collection of observable®;, we then have newer results from the same auth¢28]. With the average

value from the more recent stud@,,= —72.18(46) (with

M= mEPT\ 2 [ A ge— A gEXPT| 2 experimental and theoretical errors combined in quadrgture
XZZ( tot > 5 ) and the SM value fronpl], the pull is 1.6 rather than 0.6 as
AmEXPT A(AaE*PT quoted in[1]. The effect on the all-data global fit [1] is to
O OPeT| 2 change x?/N=28.8/15, C.L=0.017 to x*/N=30.8/15,
I I

C.L.=0.009, decreasing the confidence level by a factor two.

Rather than use the updated value, we choose not to include

the Cs APV measurement since the theoretical systematic

uncertainties are still in flux.

The experimental values are given in Table I. We choose not to includ€\, because it has not yet at-
We do not scan ovem, but simply fix it at its central tained a level of precision precision approaching that of the

experimental value. Becausa, is so much more precise other measurements in the fit. For instanEe,is 30 times

than the other observables, it would contribute negligibly tomore precise thaftyy, so thatl'yy has 1/900th the weight of

X2 if we did scan on it. We have verified this directly by I'; in the global fits. At the current precision it has no sen-

performing fits in which it was varied, with only negligible sitivity to new physics signals of the order of magnitude

differences from the fits in which it is fixed at the central probed by the other observables in the fit. Its effect on the fits

value. This can also be seen in the global fits reported by thef my, which is the principal concern of this work, is com-

Electroweak Working GrougEWWG), in which the pull  pletely negligible.

from m; is invariably much less than 1. In this case, inclu- In any case, the decision not to include fhg and APV

sion ofm; has no effect on the C.L. of the fit, becaégthe = measurements does not have a major effect on our results. In

contribution toy? is negligible and2) the scan omm, has no  particular, the effect on the Higgs boson mass predictions is

effect on the number of degrees of freedom since it is botmegligible. Furthermore, our all-data fit, with Cs0.010,

+2

4.9

AQEXPT
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FIG. 1. 2 distributions as a function ahy from the leptonic FIG. 2. x2 distributions from the hadronic asymmetry measure-

asymmetry measurements. The dashed, dot-dashed, and dotted limaents. The dashed, dot-dashed, and dotted lines are obtained from
are obtained fromf g, A'FB, andA. ,, respectively. The solid line AEB, Afg, andQgg, respectively. The solid line is the combined
is the combined fit to the three asymmetries. fit to the three asymmetries.

has a very similar confidence level to that of the all-data fitgne-half of the confidence level corresponding te?adistri-

of [1], C.L.=0.009, if the APV determination is updated to pytion for one degree of freedom, with the value of jfe

reflect[23]. distribution given byA x?= x2(m,) — x*(myn). We con-
We closely reproduce the results [dff when we use the  sjder both global fits and fits restricted to they-sensitive

same set of observables. For instance, addifig and  gpservables.

Qw(Cs) as specified ifil] to the observables in our global | addition tom, andA a5, which are input parameters to

fit, Table |, we obtainy?’/N=28.7/15, C.L=0.018, com-  the zeTTER calculations, the observables with the greatest

pared tox?/N=28.8/15, C.L=0.017 from the correspond- sensitivity tom,, are x,,, from the six asymmetry measure-
ing (all-data fit of [1]. os.(7) ) )
ments,my,, I';, Ry, andeS[ v NJ. Itis useful to consider

the domains irmy favored by these observables, in order to

V. THE x* FITS understand the “alliances(see Sec. )ithat shape the global
In this section we present several SM fits of the datafit, and to understand the consistency of the fits with the LEP
using x2 to estimate global C.L.’s and 2 to obtain the Il lower limit on my . In fits restricted tony-sensitive oberv-

constraints on the Higgs boson mass. The? method, used ables,y? is given by Eq.(4.1), where theO; are restricted to
also in[1], is defined as follows. Letn,y be the value of the my-sensitive observables under consideration. In addi-
my at thex? minimum, and lem, be an arbitrary mass such tion, for _ fits containing fewer than two of the three
thatm, >my, . Then the confidence level C.lf,>m,) is ag-sensitive observablesl~, R, and o,—we constrain
ag(my) by including it with theO; in Eg. (4.1) as discussed
TABLE VI. Predictions formy from various restricted sets of in Sec. V. . .
m,,-sensitive observables. The valueraf, at the y2 minimum is The experimental quantity that currently has the greatest

shown along with the symmetric 90% confidence interval and theS€NSItivity tomy, 1S Xw determlned from th? Six a§ymmetry
likelihood for my,;>114 GeV. Values indicated as 40or 3000+ ~ Mmeasurements. Figure 1 displays the distributions of the
fall below or above the interval ¥0m,,<3000 GeV within which  three individual leptonic measurements and the combined

the fits are performed. result from all threex,,[ A, ]; it shows that the upper limit is
dominated byA r. The central valuem,=55 GeV, sym-
My C.L. metric 90% confidence interval, and likelihood Cmy(
(GeV) 90% C.L. (my>114)  >114) are given in Table VI. Note that the 95% upper limit
KULAL] 55 16<my, <143 0.10 Is m, <143 GeV. o , ,
Xl Al 410 145 m,, <1230 0.98 Figure 2 shoyvs that thg< distribution fromeb[AH] is
My 23 10- <my<121 0.059 completely domlnated by thie quark asymmetryAgg . .Tr_\e_
my@ T, R 13 10- <my<73 0.021 central va_lue ism, =410 GeV and thg 95% lower limit is
N 30001 660<m,<3000-  0.996 145 GeV, just above the 95% upper limit frady[A,]. The
xwl v N] 95% upper limit extends above 1 TeV. Figure 3 showsxthe
| distributions of bothxy,[ A, ] andx},[ A1, with the respec-
xwlAldemyelzeR, 37 11<m, <106 0.038 tive symmetric 90% confidence intervals indicated by the
XI\N[AH]@X\?VS[(;)N] 600  226<m,<1690 0.995 dot-dashed horizontal lines.

It is also interesting to isolate the effect of thié boson
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FIG. 3. y? distributions from the leptoni¢left) and hadronic FIG. 5. x? distribution fromI", with expanded scale.
(right) asymmetry measurements. The dot-dashed lines indicate the

; easy : _ .
respective symmetric 90% C.L. intervals. 10 GeV. I'; is often represented as favoringny

=(0(100) GeV, but we see in Fig. 4 and with the expanded
mass measurement, because it is the second most importajtfale in Fig. 5, that it actually has two nearly degenerate
quantity for fixingmy,, and because it is a dramatically dif- minima, at about 16 and 130 GéVn Table VI we see that
ferent measurement with a completely different set of systhe combined distribution of the three non-asymmetry mea-
tematic uncertainties. Figure 4 shows tyé distribution  surements has a central value at 13 GeV and a 95% upper
from my,. The central value isny=23 GeV and the 95% |imit at 73 GeV with C.L.fny)>114)=0.021.
upper limit is 121 GeV. Bottm,, and x[A,] then favor Figure 6 shows thg? distribution from the NuTeV mea-

H F H “ H ” (—)
\tlmigvggrr:('vﬁlb\ue]zsa?]fcrin%. Tzlééistzgdbsqsgef tITechIt“a:Zﬁes surementxa] » N]. The minimum lies above 3 TeV and
WL wo T P the 95% lower limit is at=660 GeV. The SM fits the

AR to outlyer status ar_ld contributes to the marginal Conﬁ'NuTeV anomaly by drivingm,, to very large values, but the

dence level of the SM fit. . " new physics that actually explains the effect, if it is genuine,
The two otherZTpoIe obs_ervables_ with sensitivity mH would not be so simply tied to the symmetry breaking sector

arel'; andR,, which also involve different systematic un- y, might, for instance, reflect an extension of the gauge

certalqtleszthgn the asymmetry measurements. The COMgg 4oy “\ith implications for the symmetry breaking sector
spondingy” distributions are also plotted in Fig. 4, together w4 cannot be foretold. In any case, as discussed in Sec. VI,
with the combined .d|st.r|but2|on.fqmw, 'z, andR,. R also \a1e5 ofmy, above~1 TeV cannot be interpreted literally.
favors smallmy, with its y= minimum off the chart below It is striking that the measurements favoring, in the
region allowed by the direct searches are precisely the ones
responsible for the largg? of the global fit. They favor
values far above 100—200 GeV while the measurements con-
sistent with the fit favor values far below, as shown in the
bottom two lines of Table VI. The fit based OK{N[A,_]
emydl';®R, (fit D’ in Table IV) hasmy<106 GeV at

95% C.L., while the fit based on'W[AH]@xsf[(v)N] has
my>220 GeV at 95% C.L. The corresponding distribu-
tions are shown in Fig. 7.

Next we consider the global fits that were discussed in

mw, Fz, Rl
R A Y I R

[}

6
I

X
=
N N I

/ S

Sec. lll A. The principal results are summarized in Table VII.

! e, The “all-data” fit, fit A (shown in detail in Table)| closely
o el L L] resembles the all-data fit §1], up to small differences aris-
10 20 50 100 200 500 1000 2000 ing from the slightly different choice of observables dis-

my(GeV)

cussed in Sec. IV. As summarized in Table VII, tpgmini-

FIG. 4. 2 distributions from nonasymmetry measurements. The

dashed, dot-dashed, and dotted lines are obtained fngm ",

"I wish to thank D. Bardin and G. Passarino, who kindly verified

andR,, respectively. The solid line is the combined fit to the threethis surprising feature, using, respectively, recent versiorgiof
measurementss. The dot-dashed lines mark the 95% C.L. upper limer [21] andTorAzo[24]. It was also noted ifi25] and in the initial
its for the combined distribution and for the distribution obtained versions of[11] (hep-ph/0104024 v ...) but not in thefinal

from my, alone.

posted or published version due to space limitations.

073002-9



MICHAEL S. CHANOWITZ

NuTeV

: | T T | TTTT | | T T | LILELIL | | :
10.0— —
s —:
N o .
~< C ]
5.0— -]
2.6 =

o.o C | 1 1 | L1 | | 1 1 | L1l |
10 20 50 100 200 500 1000 2000

my(GeV)

(=)
FIG. 6. x? distribution fromx3{ v N].

mum is atm,=94 GeV, with C.L.,?)=0.010. The 95%
upper limit is my<<193 GeV and the consistency with the
search limit is C.L.tny>114 GeV)=0.30. They? distribu-

PHYSICAL REVIEW D 66, 073002 (2002

TABLE VII. Confidence levels and Higgs boson mass predic-
tions for global fits A—D. Each entry shows the valuenaf at the
X2 minimum, the symmetric 90% confidence interval, f{fecon-
fidence level, the confidence level for consistency with the search
limit, and the combined likelihoo®. from Eg.(1.1).

Al ST
All A B
my =94 my=281
37<my<193 36<my<190
C.L.(x»=0.010 C.L.4?)=0.10
C.L.(my>114)=0.30  C.L.(ny>114)=0.26
Pc=0.0030 P-=0.026
— Xl Au] c D
my=45 my=43
14<my<113 1< m,<105
C.L.(x»)=0.066 C.L.4?)=0.65
C.L.(my>114)=0.047 C.L.(ny>114)=0.035
Pc=0.0031 Pc=0.023

tion is shown in Fig. 8, where the vertical dashed line de-

notes the direct search limit and the horizontal dot-dashed . " ) .
line indicates the symmetric 90% C.L. interval. The com-restricted tom-sensitive observables, defined in Sec. Il A.

bined likelihood for internal consistency of the fit and con-
sistency between fit and search limit, defined in &ql), is
P-=0.0030.

The “minimal data set,” fit D, with x\c,’vs[(v)N] and
x{,V[AH] omitted, is shown in detail in Table V, and thé
distribution is shown in Fig. 8. The minimum is any
=43 GeV, with a robust confidence level C.,4%) =0.65.
But the 95% upper limit isny<105 GeV and the consis-
tency with the search limit is a poor C.Io,>114 GeV)
=0.035. (The latter is nearly identical to the value 0.038
shown in Table VI for fit D, which is the corresponding fit

my—Sensitive Observables
10
| | |

| II|IIII| | II|IIII| |
20 50 100 200 500 1000 2000

my(GeV)

FIG. 7. x? distributions from themy-sensitive observables. The
distribution on the left is a fit to the Ddata set, i.e., restricted to the
my-sensitive observables, g, A',:B, Ae ., my, I'z, andR,. The
distribution on the right is a fit to the remainingy-sensitive ob-

(=)
servablesAly, Ay, Qrg, andxSy v N]. The dot-dashed lines
indicate the respective symmetric 90% C.L. intervals.

The combined likelihood for fit D i$2-=0.023.

In fit C with x},[A,] omitted thex? minimum is atmy
=45 GeV with C.L.(x?)=0.066. The confidence level for
consistency with the search limit is C.m(;>114 GeV)
=0.047. The combined likelihood B-=0.0031.

Finally we consider fit B, withx{,\,[AH] retained and

xa,s[(v)N] omitted. Now them,, prediction is raised appre-
ciably, with they? minimum atmy,=81 GeV, but the qual-
ity of the fit is marginal, with C.L.§¢?)=0.10. The confi-
dence level for consistency with the search limit is more
robust, C.L.(ny>114 GeV)=0.26, and the combined like-
lihood is Pc=0.026.

The effect of the hadronic asymmetries and the NuTeV
measurement is apparent from Table VII. The NuTeV mea-

All
)

—Data (A) & Minimal Set (D)

sz

0
10

20

30 50 70

my(GeV)

100 200

FIG. 8. A x? for two SM global fits. The minimal data set, fit D,
is on the left and the all-data set, fit A, is on the right. The 90%
symmetric confidence intervals are indicated by the horizontal dot-
dashed line. The vertical dashed line denotes the 95% C.L. lower
limit on m, from the direct searches.
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surement diminishes C.Lx€) by a factor 10, seen by com- All Data (A) & Minimal Set (D)
paring fit A with fit B and fit C with fit D, while its effect on Lor T T, 3
C.L.(my>114) is modest. Consequently the NuTeV mea- . ! 3
surement also diminishes the combined likelihdg by an 08— ' -]
order of magnitude. Comparing fit A with fit C or fit B with 3 : B ]
fit D, we see that the hadronic asymmetries also diminish ~ @ 08f~ ' -
C.L.(x?), by a factor~7, but that they increase C.lng, = - ¢ 3
>114) by a nearly identical factor, so that they have little _94’ 04— - ]
effect onPc. s - N ]
0.2 __ |‘.. —_
VI. “BAYESIAN” MAXIMUM LIKELIHOOD FITS 0.0E otoy Satalubiviby Iirii ENa ]

) o ) 10 20 50 100 200
The A y= method for obtaining the confidence levels for mH(GeV)

different regions ofmy is poweful and convenient but, at

least to this author, not completely transparent. We have FIG. 9. Differential and integrated likelihood distributions for
therefore also approached these estimates by constructimige minimal data sefset D, solid linesand the all-data sdset A,
likelihood distributions as a function ahy, varying the dotted line$ The vertical dashed line denotes the 95% C.L. lower
parameters to find the point of maximum likelihood for eachlimit on my from the direct searches, and the horizontal dot-dashed
value of my, . Assuming Gaussian statistics, the logarithmicline indicates the 5% likelihood level.

likelihood is
VII. NEW PHYSICS IN THE OBLIQUE APPROXIMATION

—log[ £(my)]=Cx2(my), (6.1) If we assume 'th minime_ll dgta set, the_ c_ontradiction_ with
the LEP Il lower limit onmy is either a statistical fluctuation
o o ] ) or a signal of new physics. Two recent papers provide ex-
so that the maximization of the likelihood is equivalent to theamples of new physics that could do the job. Work by Al-
minimization of x?. The proportionality constar€ is deter-  tarelj et al. [26] in the framework of the MSSM finds that

mined by the normalization condition faf. _ the prediction formy can be raised into the region allowed
The method is “Bayesian”in the sense that the domain ofpy the Higgs boson searches if there are light sneutrinos,

normalization and the measure are specified abyriori ~55-80 GeV, light sleptons=100 GeV, and moderately
chqiceg that are.guid.ed by 'ghe physics. The likelihood distri1arge tan3=10. This places the sleptons just beyond the
bution is normalized in the interval 10 GeMmy<3 TeV,  present experimental lower limit, where they could be dis-
covered in run Il at the TeVatron. A second proposal, by

my=3 TeV Novikov et al. [27] finds that a fourth generation of quarks
f e Vd log(my)L£(my) = 1. (6.2  and leptons might also do the job, provided the neutrino has

my = e

a mass just aboven,/2. An illustrative set of parameters is
my=50 GeV, mg=100 GeV, my+mp=500 GeV, |my
The choice of measure is motivated by the fact thatrig( —Mp|=75 GeV, andm,=300 GeV.
is approximately linearly proportional to the experimental In this section we do not focus on any specific model of
parameters, which are assumed to be Gaussian distribute@gW physics but consider the class of models that can be
such asm,, Aas and the variousD,—see for instance the represented in the oblique approximati@8], parametrized
interpolating formulas i25]. The choice of interval is con- by the quantitiess, T,U [7]. The essential assumption is that
servative in the sense that enlarging the domain above artheé dominant effect of the new physics on the electroweak
below causes C.Lnf,>114 GeV) to be even smaller than observables can be parametrized as effective contributions to
the results given below. the W andZ boson self-energies. These contributions are not
The normalized likelihood distributions for fits A and D, limited to loop corrections, since the oblique parameters can
the all-data and minimal data sets, are shown in Fig. 9, wheralso represent tree level phenomena suclZas mixing
we display both the differential and integrated distributions[29]. We will restrict ourselves to th& and T parameters,
The confidence level C.Lnf,>114) is the area under the since they suffice to make the point that oblique new physics
differential distribution above 114 GeV. For the minimal datacan remove the contradiction between the minimal data set
set the result is C.Lr,>114 GeV)=0.030, in good agree- and the search limit, leavingy; as an essentially free pa-
ment with the result 0.035 obtained frafry? in Sec. V. For  rameter. We also show th&T corrections do not improve
the all-data set it is C.Lro,>114 GeV)=0.25, compared the confidence levels of the global fits that include the
with 0.30 fromA y2. anomalous measurements.
It is clear from Fig. 9 that the likelihood distribution from  For the observable®; the oblique corrections are given
the minimal data set is vanishingly small at 3 TeV but hasby
some support at 10 GeV. If we were to enlarge the domain in
my both abovg a.nd below, the effect would be to further inZE (AS+B;T) (7.2
decrease the likelihood fan,>114 GeV. i
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TABLE VIIl. Coefficients for the oblique corrections as defined mum is 0.51, which is comparable to the confidence level,

in Eq. (7.2). C.L.=0.65, of fit D, the corresponding SM fit.

It is well known that arbitrarily large values ofi, can be
Qi A Bi accomodated ir8, T fits of the electroweak dati80]. This
ALr —0.0284 0.0202 can _be undgrstood as a consequence 0|f the fact the SM fit of
AL, —0.00639 0.00454 my is dominated by two observableg,, and m,,. Let
A, 00284 0.0202 my[MINT], xi, [MINT and my[MIN] be the values ofn,,,
X[ Qrg] 0.00361 0.00256 Xy andmyy at they? minimum of the SM fit. The shiftsx,
A ~0.0156 0.0111 andém,y induced in the SM fit by choosing a different value
AR, ~0.0202 0.0143 of my# mH[MIN.] can then be compensateql for bly choosing
In(r',) —0.00379 0.0105 SandT to pro_wde equal and_ opposite shifts,dx,, and
In(R) —0.00299 0.00213 —myy . Inygrtm_g the expressions from E@.13 of [_7] we
(o) 0.000254 —0.000182 hlave explicitly, in the approximation that we consider only
My ~0.00361 0.00555 Xw andmy,
In(RyY) —0.00127 0.000906
In(Ry) 0.000659 —0.000468 S=— f( X+ 2%y 5&’) (7.2
A. —0.0125 0.00886 o My
Ay —0.00229 0.00163
g2 ~0.00268 0.00654 and

2
9r 0.000926 0.000198 . 5 / | 5mw) s
T a(1-xy)\ wt My 7.3

with Q; defined byQ;=0; or Q;=In(0;,) as indicated in

Table VIII whereA; andB; are tabulated. Since these are notFor instance, fomy,=1 TeV theS, T fit to the minimal data
set(set D shown in Fig. 10 yields,T= —0.22+0.34 com-

upared withS,T=-0.1540.22 from Eqgs.(7.2 and (7.3.
The approximation correctly captures the trend though it dif-
fers by 30% from the results of the complete fit. The discrep-
ancy reflects the importance of variations among parameters
other thanx'W and my, that are neglected in deriving Egs.
(7.2) and(7.3).

Values ofmy above 1 TeV cannot be interpreted literally

as applying to a simple Higgs scalar. Fop;>1 TeV sym-

. _ metry breaking is dynamical, occurring by new strong inter-

The fits are acceptable all the way g, =3 TeV, and the actions that cannot be analyzed perturbativigdy. If the

variation across the entire region is boundedMy’<1.2. X oo

- : o e Higgs mechanism is correct, there are new quanta that form
Because the minimum is so shallow, it is not significant thatS mmetrv breaking vacuum condensates. Valuesmof
it occurs atmy =17 GeV. The confidence level at the mini- Y y g j e

above 1 TeV should be regarded only as a rough guide to the
order of magnitude of the masses of the condensate-forming
quanta.

It is sometimes said that a SM Higgs scalar above
=600 GeV is excluded by the triviality bound, which is of
order 1 TeV in leading, one loop ordéBl1], refined to
=600 GeV in lattice simulation§32]. The bound is based
on requiring that the Landau singularity in the Higgs boson
self-coupling \, occur at a scald | 4,45 that is at least twice
the Higgs boson mas4, znga=2My , in order for the SM to
have some minimal “head room” as an effective low energy
theory. However, the conventional analysis does not include
the effect on the running aof from the new physics which
mustexist at the Landau singularity. Although the new phys-
ics corrections are power suppressed, in the strong coupling
regime(which is the relevant one for the upper limit am,)
they can change the predicted upper limit appreciably, pos-
sibly by factors of order on€33]. To take literally the 600
GeV upper bound from lattice simulations we in effect as-
sume that the new physics is a space-time lattice. The bound
cannot be known precisely without knowing something

SM fits, instead ok\(,)\,s[(v)N] the NuTeV experiment is rep-
resented by the model independent fit to the effective co
plings g2=g?, + 93, and g3=g’s+93g. for which the ex-
perimental values from6] are given in Table I.

Figure 10 shows th&,T fit to the minimal data set along
with the SM fit with S=T=0. The striking feature of the
S, T fit is that 2 is nearly flat as a function afy,. There is
therefore no problem reconciling the fit with the lower limit
onmy, and there is also no preference for any valuengf.

Minimal Data Set
T
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FIG. 10. x? distributions(solid lineg for the SM andS, T fits to
the minimal data setdata set . The corresponding values &
(dashed lingand T (dot-dashed lineare read to the scale on the
right axis.
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FIG. 12. ¥? distributions(solid lineg for the SM andS, T fits to
data set B, i.e., including the hadronic asymmetry measurements

(=)
but notx3] v N]. S(dashed linpandT (dot-dashed lingare read
to the scale on the right axis.

FIG. 11. x? distributions(solid lines for the SM andT-only fits
to the minimal data sefdata set . T (dot-dashed lingis read to
the scale on the right axis.

about the actual physics that replaces the singularity. The
analysis in[33] is performed in the symmetric vacuum and VIll. DISCUSSION
should be reconsidered for the spontaneously broken case, Taken together the precision electroweak data and the di-
but the conclusion is likely to be unchanged since it followsyect searches for the Higgs boson create a complex puzzle
chiefly from the ultraviolet behavior of the effective theory \;iin many possible outcomes. An overview is given in the
which is insensitive to the phase of the vacuum. A SM scalakg|actroweak schematic diagram,” Fig. 14. The diagram il-
between 600 GeV and 1 TeV therefore remains a possibilitymstrates how various hypothese’s about the twoaBoma-
Figure 10 also displays the values®and T correspond- lies lead to new physics or to the conventional SM fit. The

ing to the x> minimum at each value ofny. For my N ; , : .
>114 GeV the minima fall at moderately positive and principal (_:onclusmn of.th|s pap?r |s"reflected in the faﬁzt that
the only lines leading into the “SM” box are labeled “sta-

moderately negativ8. PositiveT occurs naturally in models tistical fluctuation.” That i ; i | i
that break custodigbU(2), for instance with nondegenerate IStical Tluctuation. at 1, systematic error aione canno
save the SM fit, since it implies the conflict with the search

quark or lepton isospin doublets. Negati8es less readily "~ "™~ _

obtained but there is not a no-go theorem, and models of ne\Wn!t’ |nd|cated t_)y thg box labeled C.hr_(,4>114)—0.035,

physics withS<0 have been exhibitefB4] which in turn either implies new physics or itself reflects
We also consider a fit to the minimal. data set in WhiChstatistical fluctuation. This is a consequence of the fact that

only T is varied withS held atS=0. The result is shown in the combined probabiliPc defined in Eq.(_l.l) IS poor .

Fig. 11. The minimum falls atm,=55 GeV with C.L whether the anomalous measurements are included in the fit

- P : . ornot, as summarized in Table VII.

=0.56. The distribution at largeny is flat, though not as The “New Physics” box in Fig. 14 is reached if either3

flat as theS, T fit. Moderately large, postiva is again pre- Vi . . if neither i . q
ferred. FromA y? we find that the confidence level fon, anomaly IS genuine or, conversely, It neither 1s genuine an

above the LEP Il lower limit is sizable, C.ln{y
>114 GeV)=0.21, and that the 95% upper limit i 50
<460 GeV.

All—data
II|IIII| I II|IIII| | 1.0

Next we consider th&,T fit with the hadronic asymmetry 45
measurements included, corresponding to SM fit B above.
Shown in Fig. 12, it is not improved relative to the SM fit. -
The x? minimum is atmy=15 GeV with y2/N=15/10 im- PN a5
plying C.L.=0.12. FromA x? the probability form,, in the F
allowed region is a marginal C.In{y>114 GeV)=0.08, 30
and the combined probability from E¢L.1) is P.=0.01. K

The all-dataS, T fit, including both the hadronic asymme- E
try and NuTeV measurements, is shown in Fig. 13. In this E

20 |

{||||||\'|||||

case thés=T=0 fit is not identical to the SM fit A, since the 10 20
NuTeV result is parametrized by, and gg rather than

(=)
X1 v N] as in the SM fit. The minimum of th8=T=0 fit
occurs atmy=94 GeV, with y*/N=26/14 implying C.L.

50 100 200

my(GeV)

500 1000 2000

0.5

0.0

-1.0

L %S

FIG. 13. y? distributions(solid lineg for S,T fits to the all-data
set, data set A. The distribution f&=T=0 is not equivalent to the

=0.026. TheS,T fit is actually of poorer quality: the shallow SM fit since it uses the model-independent NuTeV fitgior as

minimum is atmy =29 GeV with y?/N=25.7/12 implying
C.L.=0.012.

read to the scale on the right axis.
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xl Ay ] were equal to the present valuexqff A, 1.
Since there are still some ongoing analyses of the had-
ronic asymmetry data, there may yet be changes in the final

Ay Anomal VN Systamatic error results, but unless major new systematic effects are uncov-
Genuine - ered the changes are not likely to be large. More precise
CLFitB)=0.10  |sucsical
Unknown Finctaation |

Either s
Anomal Two 36 Anomalies | seistical

Genuine CL(Fit A)=0.01 Fluctuation

CL(Fit B = 0034 [hamiss measurements might be made eventuall_y ata sec_ond genera-
New f— | CL(A, ©Ay)=0.003 tion Z factory, such as the proposed Giga-Z project. How-
Physics - ever, to fully exploit the potential of such a facility it will be
Ay Systematic error . . .
New Physics necessary to improve the present precisiot af(m;) by a
to Ingrease myy factor of ~5 or better, requiring a dedicated program to im-
P
CL(my, > 114) = 0,035 |-Statistica prove our knowledge of o(e"e” —Hadrons) below
N _{ ? Fluctuation ~5 GeV [36]. The W boson and top quark mass measure-
o my SM . .
Prediction my < 193 95% ments will be improved at run Il of the TeVatron, at the LHC,
and eventually at a lineag*e™ collider. For instance, an
FIG. 14. Electroweak schematic diagram. upward shift of the top quark mag37] or a downward shift

of the W boson mass could diminish the inconsistency be-

the resulting 96.5% C.L. conflict with the search limit is tween the minimal data set and the search limit, while shifts
genuine. It is also possible to invoke statistical fluctuation asn the opposite directions would increase the conflict.
the exit line from any of the three central boxes. However, The issues raised by the current data set heighten the ex-
we have argued that the global confidence levels indicateditement of this moment in high energy physics. The end of
for fits A and B are fair reflections of the probability that the decade of precision electroweak measurements leaves us
those fits are fluctuations from the standard model. As suchvith a great puzzle, which puts into question the mass scale
they do not favor the SM while they also do not exclude itat which the physics of electroweak symmetry breaking will
definitively: “It is a part of probability that many improbable be found. The solution of the puzzle could emerge in run |l at
things will happen”[35]. the TeVatron. If it is not found there it is very likely to

The smoothest path to the SM might be the one whictemerge at the LHC, which at its design luminosity will be
traverses the central box, fit B, and then exits via “Statisticalable to search for the new quanta of the symmetry breaking
Fluctuation” to the SM. In this scenario nucleon structuresector over the full range allowed by unitarity.
effects might explain the NuTeV anomaly and the 10% con-
fidence level of fit B could be a fluctuation. This is a valid
possibility, but two other problems indicated in the central
box should also be considered in evaluating this scenario. | am grateful to Martin Grunewald for his kind and
First, the consistency of thm,-sensitive measurements is prompt responses to my questions about the EWWG SM fits.
even more marginal, indicated by the 3.4% confidence level also thank Kevin McFarland and Geralyn Zeller for useful
of fit B’. Second, the troubling @ conflict (C.L=0.003) correspondence and comments. | thank Dimitri Bardin and
between the leptonic and hadronic asymmetry measuremen@&ampiero Passarino for kindly verifying the peculiar depen-
is at the heart of the determination wf; . Thus even if we dence ofmy on I'z, Robert Cahn for classical references,
assume that the marginal C.L. of the global fit is due toand Max Chanowitz for preparing Fig. 14. This work is sup-
statistical fluctuation, the reliability of the prediction oty ported in part by the Director, Office of Science, Office of
hangs on even less probable fluctuations. As noted above, tdigh Energy and Nuclear Physics, Division of High Energy
be consistent with the search limit statistical fluctuationsPhysics, of the U.S. Department of Energy under Contract
must involve both the “anomalous” hadronic asymmetry DE-AC03-76SF00098.
measurementndthe measurements that conform to the SM
fit, especially the leptonic asymmetry measurements and the
W boson mass measurement. The conflict with the search®The probability of such shifts is of course encoded in the fits by
limit would be greatly exacerbated if the true value of the contributions ofn,, andm, to x2.
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