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Combining Real and Virtual Higgs Boson Mass Constraints
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Within the framework of the standard model we observe that there is a significant discrepancy
between the most precigeboson decay asymmetry measurement and the limit from direct searches for
Higgs boson production. Using methods inspired by the Particle Data Group we explore the possible
effect on fits of the Higgs boson mass. In each case the central value and the 95% confidence level
upper limit increase significantly relative to the conventional fit. The results suggest caution in drawing
conclusions about the Higgs boson mass from the existing data. [S0031-9007(98)05624-5]

PACS numbers: 14.80.Bn, 12.15.Hh, 13.38.Dg

Perhaps the most pressing issue in particle physics tdhat the fit have a good confidence level, ranging from
day is the mass scale of the quanta that break electrowe®2% for N = 2 to greater than 40% for larger values of
symmetry, giving mass to the particles in the theory,N. If the confidence level is already good, the scale
including the quark and lepton constituents of ordinaryfactor has little effect; it has a major effect only on
atomic matter. That scale determines whether the symmerery discrepant data. The PDG argues (see [6]) that low
try breaking force is weak or strong and it sets the energgonfidence level fits occur historically at a rate significantly
scale future accelerators will need for detailed studies ofjreater than expected by chance, that major discrepancies
the mass-generating mechanism. In general the issue care often, with time, found to result from underestimated
be resolved only by discovering the symmetry breakingsystematic effects, and that the scaled error provides a
gquanta at a high energy collider. However, in particularmore cautious interpretation of the data. A few authors
theoretical frameworks, such as, for instance, the standaf8,7,8] have appliedpps to the asymmetry measurements

model, radiative corrections to already measured quantpf sjr? gig’“’“, as | will also do here.

ties can be used to constrain the mass of the symmetry \ith the top quark mass fixed at the value determined

breaking sector. by CDF and DO Collaborations, the most sensitive probe

Interpreted in the standard model framework, beautifupz ;. is currently the effective leptonic weak interaction
data from LEP, SLAC, and Fermilab appear to favor a light

.. . lepton . .
; ] _mixing angle, SiRf. , measured in a variety ¢f bo-
nggs boson with mass of order 100 Ge\( [1]. The con son decay asymmetries. The extent to which the asymme-
clusion emerges from the effect wvirtual Higgs bosons,

. . : L tries currently dominate the estimatermaf; can be seen by
via radiative corrections, on precision measurements of the

Z andW bosons. In addition, the four LEP experimentscompalrlng the conventional fliglvenfﬁtow o the seven
have searched faeal Higgs bosons, with negative results asymmetry measurementsyy = 104 *5;° GeV, with
. . .~ the LEP electroweak working group [9] global fit to all
that when combined are expected to imply a lower limit - 116 Gay. B o th f
my = 77 GeV at 95% confidence level (C.L.) [2]. Taken data,my = 115 Le° GeV. Because it more than suf-
together the experiments suggest a window between 80 alglges for the purposes of this paper, the analysis that follows
a few hundred GeV. The purpose of this Letter is to sug-> 2ased on the asymmetry measurements alone. The PDG
. ) . 2 scale factor then increases the uncertainty but not the cen-
gest that the window may in fact be substantially larger, in : ) lepton
part because of well known inconsistencies within the prelral value of the Comb{gﬁg fit for sitber — andmy. (If
cision data, but more because of equally significant inconthe rescaled fit to sif;;  is included in a global fit as
sistencies between precision data and the direct searchis[3], the rescaling does affect the central value.)
whose magnitude has, with some noteworthy exceptions The focus of this paper is on the discrepancies between
[3,4], gone largely unnoticed and/or unremarked. precision measurements and the limit from the direct
The problem of how to combine inconsistent data hagearches, which will be addressed by a method analogous
led to the breakup of many beautiful friendships. Theto the PDG scale factor. Like the PDG prescription, the
mathematical theory of statistics provides no magic bulletédea is to scale the error so that the precision measurement
and ultimately the discrepancies can be resolved only bfias a significant probability to be consistent with the
future experiments. The Particle Data Group [5] (PDG)direct search limit. | consideP = 0.32, corresponding
has for many years scaled the uncertainty of discrepartb the PDG’s choice, as well as larger and smaller values.
results by a factor | will callSppg, defined bySppg = To account for uncertainty in the search limits, which may
Jx2/(N — 1), whereN is the number of data points being also be subject to unknown systematic errors, | consider
combined. They scale the uncertainty of the combinedh range of different lower limits omngy, from a very
fit by the factorSppg if and only if Sppg > 1. This is  conservative 50 GeV to a futuristic 90 GeV. In this
a conservative prescription, which amounts to requiringapproach both the central value and the uncertainty of the
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fit are affected. In addition | present fits using two othercombined fit has a good confidence level. The conven-
methods discussed by the PDG. tional maximum likelihood fit for the LEP measurements
By giving full weight to a measurement that is in seri- is shown in the first row of Table Il. The chi-squared per
ous conflict with the direct search lower limit, the conven-degree of freedomig>/N — 1 = 4.4/5 corresponding to
tional method risks underestimatimgy. The alternative a robust 0.5 confidence level. The central value:js =
methods considered here provide a more conservative €340 GeV and the 95% C.L. upper limitis 860 GeV. There
timate of the upper limit onny but risk skewing the fit is no entry for theSppg fit sinceSppg < 1.
to largemy. Taken together the results strongly suggest Combining all seven measurements (the conventional
caution in drawing conclusions from the precision dataLEP + SLC fit in Table Il) the central value decreases to
about the value of the Higgs boson mass. epton 100 GeV and the 95% C.L. upper limit falls to 310 GeV,

Precision data—The relevant values of Sif. demonstrating the effect of the high precision and lower

lepton

and the quoted experimental uncertainties are shown isir’ 6.s  from A;z. The chi-squared per degree of
Table I, from the preliminary values presented at thefreedom now rises to 12/6, with a marginal confidence
1997 summer conferences [1,9]. For each value thgvel of 0.05. The PDG scale factor is theppg = 1.45.
table displays the corresponding value mf; and the  Using it, the combined uncertainty of the fit increases
95% C.L. upper #is) and lower u95) bounds (that is, from +0.00023 to +0.00033 and the 95% C.L. upper
the symmetric 90% confidence intervals). Also indicatedimit on 1, increases modestly to 420 GeV.

IS the probability formy to lie below 77 GeV. Gaussian  pirect search limits—In addition to discrepancies

distributions are assumed for $if;; and logmpy). among the measurements of 1?0“, which are
The values ofmy are from the state of the aWS  proplematic whether we assume the standard model
computation of Ref. [8]. To obtain the confidence inter-or not, Table | also reveals a second discrepancy that
vals and probabilities the parametric error is combinethceurs specifically within the standard model frame-
in quadrature with the experimental errors. The parawork. The most precise measuremenf, implies a
metric_error is equivalent tat0.00030 uncertainty in 959 C.L.upperlimit on my of 77 GeV, while the direct
sir? 957" _see [8]. It is dominated by roughly equal searches at LEP are expected to provide a combined
contributions from the uncertainties in the top quark mass95% lower limit also at 77 GeV [2]. (The individual
m, = 175 = 6 GeV, and the fine structure constant at the95% C.L. limits quoted by the four experiments range
Z massa (myz) = 128.896 *+ 0.090, in addition to other from 66 to 71 GeV [2].) The third most precise mea-
much smaller contributions, includingaqcp(mz) and surementAkp, also has significant weight (71%) below
uncomputed higher order corrections. (There are also neghe direct search limit. 4,z and Ak, are also the only
ligible extrapolation errors from Ref. [8], equivalent4o  measurements withigs below the TeV scale.)
0.00003 in sir? gé‘;l?m“ for 75 < my < 600 GeV. Even This raises a difficult question: Within the standard
outside this range they have no real effect on the ana|ymodel framework what role if any should the direct search
sis, since the confidence levels and scale factors depefifnits play in extracting the implications of the precision

only on the relationship between gwgfpton and my; for data? Ther'e is_ no single “righy” answer to the q_ugstion. A
limit limit maximum likelihood fit including both the precision data

myg = my . The worst case is themy = 50 GeV, X ; i
close enough for any additional error to be negligible. The2nd the direct search data would replicate the conventional

very large values ofigs in the tables could be affected but fit if the central value lies above the lower limiiyy ™,
they have no precise significance in any case.) from the direct searches. That is a defensible interpreta-

The six LEP measurements in Table | are each comfion, since if the true value ofy; were nearm;™" we

bined from the four LEP experiments, and in each case th&ould expect values ofi; obtained from measurements
. lepton . limit
of sirf @  to lie both above and below ;™. By un-

TABLE . Values for sifi 8 from asvmmetry measure derweighting downward fluctuations while leaving upward
ments [1] with 1o experimental errors. The corresponding quctuatlons_at their fu_II V\{elght,_we_rls_k Skewlng the fit
Higgs boson masses, the 95% C.L. upper and lower limitsupward. Mindful of this risk, it is still instructive to ex-
and the confidence level fon, < 77 GeV are given for each plore the sensitivity of the fit to the weight ascribed to mea-
measurement. surements that aiadividually in significant contradiction

- lepton Ge > < p (<77 Ge with the direct se_arch limit. .
sy~ (1o) mi (GOV) mos, mss P ( v Clearly the direct search results are not irrelevant.

lepton

AﬁR 8222 22 (jé) Ség 10%’ 820700 00'9053 If, for instance, the only information available were the
A,FB 0'231 02 ESG; 10 5 ’290 0 '71 direct search limits and th&; measurement, we would
i‘{B 0'232 28 (81) 440 30’ 6700 0' 14 conclude that the standard model is excluded at 90% C.L.
AT 0'23243 (93) 590 o8 ’13000 0'14 Theorists would have flooded the Los Alamos server
QI:B 0232 20 (100) 380 14’ 10000 021 with paperS on the death of the standard model and
Ay 0.23140 (111) 83 2’ 3000 0.49 the birth of new theories WK,Y,Z,.... In the actual

FB . y .

situation theA;r measurement causes the fit ig; to
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TABLE Il. Fits to the LEP and LEP+ SLC data as described in the text. The Bayesian and

limit

frequentist fits assumey’ = 77 GeV.
Data set Fit sin205P"" (10) my (GeV) mss, Mo
U Conventional 0.23196 (28) 240 67, 860
SppG
LEP Svr(0.32, 77 GeV) 0.23203 (29) 270 74, 1000
Bayes 0.23197 250 <880 (95%)
Frequentist (1) 0.23204 (28) 280 78, 1000
Frequentist (2) <0.233 04 (95%) 1900 (95%)
Conventional 0.23152 (23) 100 32, 340
SppG 0.23152 (33) 100 26, 420
LEP + SLC Svr(0.32, 77 GeV) 0.23198 (28) 250 69, 920
Bayes 0.23171 150 <500 (95%)
Frequentist (1) 0.23183 (23) 190 58, 610
Frequentist (2) <0.232 84 (95%) <1300 (95%)

shift by more than a factor of 2, from 240 to 100 GeV, The value ofPyy is of course arbitrary. One plausible
and the 95% upper limit to fall from the TeV scale to choice isPyr = 0.32, since that is the confidence level
=340 GeV. It is fully weighted in the conventional implicit in the PDG scale factor foN = 2. A plausible
standard model fit despite a significant contradiction withchoice for the lower limit onmy is mi™' = 77 GeV.
the standard model. The resulting fits are shown in Table Il. The fit to the
If the discrepancy were even greater—say, for instance,EP data is affected only modestly, with an increase
a precision measurement implyimg; = 10 MeV witha  of ~10% in my. For the LEP+ SLC fit, the central
99.99% C.L. upper limit at 77 GeV—the clear responseyalue of my and the 90% confidence interval increase
would be to omit that measurement from a standard mOinignificantIy, to the values of the LEP fit. The scale
fit, although it could still be considered in a broader frameactors areSyg (Akg) = 1.2 andSvr(A.z) = 4.1.
work encompassing the possibility of new physics. Onthe Taple 11l displays the results of varyingvg = 0.20,

other hand -, with 31% probability to be consistent with 0.32, and 0.40 and:\™ = 50, 60, 70, 80, and 90 GeV.

a 95% Iower I_imit at 77 GeV, Would_ surely b_e retained._Though not reported by the experimental groups, the con-
The question is how to resolve the intermediate cases ifjgence levels at 50 and 60 GeV are probably much tighter
which the discrepancy is significant but not so significanihan 9796, both because the LEP Il cross sections increase
that the_data should (_:Ie_arly be excluded. for smallermy and because the LEP | data contribute to
Consider a prescription, analogous to the PDG scalg,e confidence level at those masses—the 95% C.L. lower
factor, that interpolates smoothly between the extremes$yound from LEP | alone isn, > 66 GeV. The value
Imagine a measurementwith experimental errob; and  gg Gey s close to the presently projected 95% combined
a quantityy thatis related ta with an uncertainty = 8 |imjt of the four LEP experiments, while 90 GeV is the
(the Earametnc error). Suppose the_-re_ ISa Iower+I|m|jvon anticipated limit if no discovery emerges from currently
aty = yo that translates to a lower limit anatxo = 8, planned LEP Il running. Vacant entries in Table 11l in-
such that the measurementalls below the implied limit, -5t that the fits are unmodifieflyy = 1, and that the
x < xo. The discrepancy between the measurement angdynyentional fit, line 1 of Table II, applies. For the LEP

the limit is then characterized by a Gaussian distributiorbata the Higgs mass scale varies by no more than a factor

centered atr with standard deviationr = 4/ 5F + 51%, of 1.5 from the conventional fit over the entire range of Ta-
with a computable probability> for x > xo. If P is  ble Ill. Forthe LEP+ SLC data, the difference is a factor

less than a chosen minimal confidence leRek (VR for  of 1.5 for (Pyg, mi™') = (0.20,50 GeV) and becomes as
‘virtual-real”), then ér is scaled by a factoSvg chosen |arge as a factor of 4.

so that the Gaussian centeredcavith standard deviation Other methods—In this section | will bneﬂy present

o' = +/(SyrSr)> + 83 has probabilityPyg for x > x,.  results using methods discussed by the PDG [10] for
If xo — x is small enough, the scale factor has little or nocombining measurements that conflict with a limit. They
effect. If x is manyo below xy, Syg Will be large and are no less arbitrary than thgyg scale factor method
the data pointc will have reduced weight in a combined discussed above.

fit with other data. Intermediate cases will interpolate Consider a collection of measurementst 6g;, i =
smoothly between the two extremes, depending on thé,..., N, some of which are nominally inconsistent with
values ofx — xg, o, andPyR. a lower limit at xop. The “Bayesian” method is to
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TABLE Ill. Fits to LEP and LEP+ SLC data using theSyr scale factor with various
values of Pvg and mi™t.  Each entry displays the central value mf;, and mgs, mos, the
95% C.L. lower and upper limits, in GeV. Empty entries indicate that no measurement is far

enough below threshold to be modified by the scale factor and that the conventional fit of

Table Il applies.
- LEP LEP+ SLC
mpmit Py =0.20 0.32 0.40 0.20 0.32 0.40
50 160 210 230
41, 590 59, 740 65, 830
60 310 170 220 300
82, 1100 47, 650 61, 770 80, 1100
70 360 190 220 350
94, 1400 51, 680 62, 790 91, 1300
80 290 380 190 260 370
77,1100 100, 1500 54, 700 72, 970 96, 1400
90 320 390 200 300 380

85, 1200 100, 1500 56, 710 79, 1100 100, 1500

combine all data points in the conventional way and tathe central value ofny increases by factors from 1.5 to
multiply the combined Gaussian distribution by a step~4 while the 95% C.L. upper limit increases toward the
function CO(x — xp), so that the distribution vanishes TeV scale. Only future experimental results can resolve
below xy. C is a normalization factor to guarantee total the discrepancies in the present experimental situation.
unit probability. | have modified the usual Bayesian | thank Michael Barnett, Robert Cahn, Donald Groom,
method to account for the fact that the lower limit is notLawrence Hall, and Gerry Lynch for useful discussions.
absolute but has 95% confidence, by choogintp give  This work was supported by the Director, Office of
the distribution probability 0.95 for > x,. The 50% Energy Research, Office of High Energy and Nuclear
and 95% tiles of the resulting distributions are shown inPhysics, Division of High Energy Physics of the U.S.
Table Il for mp™* = 77 GeV. Department of Energy under Contract No. DE-AC03-
Three “frequentist” prescriptions are also discussed6SF00098.
by the PDG, of which two are considered here. For
x; < xp one prescription assigng * 6g; — xo * O
when the limit xo is known exactly. Including the

parametric uncertainty, | modify this ta; * 6p; — *Electronic address: chanowitz@Ibl.gov
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