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Abstract

The ee~ — hadron cross section data from PEP, PETRA, TRISTAN, SLC and LEP, at centre-of-mass energies between 20
to 209 GeV, are analysed to search for the production of a pair of light sbottoms decaying hadronically via R-parity-violating
couplings. This analysis allows the 95% C.L. exclusion of such a particle if its mass is below 7/5?G§bre light sbottom

mass window is closed.
0 2004 Elsevier B.V. Open access under CCBY license.

1. Introduction

At the end of the last millenium, the Tevatron Col-
laborationg[1,2] came out with a bottom quark pro-
duction cross section ays = 1.8 TeV in excess of
the theoretical prediction by about a factor of two.
Refined parton density functions and other theoreti-
cal improvements, e.g., in the b-quark fragmentation
function, have recently been shown to account for the
difference in the data recorded.gk = 1.96 TeV|[3].

A more exotic model[4], in which a pair of
gluinos with mass 12 to 16 Ge\/? is produced in
pp collisions, with subsequent decays into a bottom
quark and a light sbottom, with mass below 6 Ge¥/
has been shown to also fit the excess well. In this
model, the sbottom must either be long-lived or
decay via R-parityviolating coupling to light quarks,
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e.g., b— U8, to comply with various experimental
constraints. Long-lived sbottoms have recently been
excluded up to masses of 92 G/_a:\? by ALEPH [5]
in direct searches fore~ — qqgg and € e~ — qd,
but R-parity-violating prapt hadronic decays have
not been addressed by the ALEPH analysis.

A light, hadronically eécaying sbottom would in-

crease the'ee~ — hadron cross section above thie
production threshold by up to a quarter of theese —

bb cross section, i.e., about 2% far from the Z peak and
5% at the Z peak. For thieason, the measurements
of the hadronic cross secticat centre-of-mass ener-
gies from 20 to 209 GeV (i.e., well above the known
bb resonances) from PEB,7], PETRA[8-13], TRIS-
TAN [14-20]and LEP and SLQ21], are reanalysed

in this Letter to search for a possible consistent excess.

This Letter is organized as follows. A compilation
of the data is presented in a synthetic manner in
Section 2to allow easy reinterpretation in the future.
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The global fit of the data is described 8ection 3 largest possible variation interval (e.g., between sev-
The results of the analysis are givenSection 4and eral sets of selection criteria, different ways of de-
the conclusions are listed Bection 5 termining the luminosity, or various quark fragmenta-

tion models) or half this interval. Here, the definition
was unified in such a way that the overall normaliza-

2. The hadronic cross section data tion can vary by— Anorm and—+ Anorm, With a uniform
probability over the whole interval. This overall nor-
2.1. The data from PEP, PETRA and TRISTAN malization error is 100% correlated between the dif-

ferent centre-of-mass energy points reported in each
Most of the data from PEP, PETRAN and TRIS- given publication.

TAN are published under the form of the ratio of Third, the published values afnorm often contain
the effective Born hadronic cross sectia,(ﬂad to the an estimate of the effect of missing higher-order QED
point-like ere™ — u ™ cross sectiongw corrections in the ISR unfolding procedure, at the level
of a couple of percent. Indeed, at the time of PEP,
0 adep(s)  86.85nb PETRA and TRISTAN, the Monte Carlo programs
Opn$) = aep(0) T @) used to simulate thete™ — qf and e~ — ete”

processes were limited t@(agep). The missing
wheres is the € e~ centre-of-mass energy squared orders have a potential effect on the measured value
and agep is the fine structure constant. The latest of Ur?ad via the prediction of both the hadronic cross
TOPAZ[16,17]and VENUSJ|20] publications report  section and the Bhabha scattering cross section: the
directly the value o2, instead. In both cases, the former is used to correct the measuregq for QED
latter includes a correction that unfolds the effects of effects, and the latter to determine the integrated
initial state radiation (ISR), while still reflecting the luminosity. Altogether, the published cross section
running of the fine structure constant with the centre- values would have to be corrected as follows,

of-mass energf22].

The R and ‘_Tr?ad data are listed irfable 1(PEP, 50 g0 o oéizj @
PETRA) and inTable 2 (TRISTAN), as obtained had had oD @b’
€e “had

from a comparison of two recent compilatiof3,
24] and the original publication$6—20]. In these where the indices (1) and (all) refer to the cross section
tables, only the final—and most accurate—result for prediction up to the QED first order (used in the
each experiment and each centre-of-mass energy isoriginal publications) and ith all orders, respectively.
reported. (Superseded data are reported in both Refs.  With the programs that have been developed for
[23,24] but are not always clearly flagged as such LEP, itis now possible to evaluate this correction with
therein.) a better accuracy than that assumed twenty years ago.
Other refinements were considered in this Letter The e"e~ — qd and € e~ — ete~ cross sections
for a rigorous statistical treatment of the data, and are were determined here with and without QED higher
described in the following. First, in each experiment, orders byZFl TTER [25] with an emulation of the
the systematic uncertainty was divided into a point-to- kinematical cuts described in the original publications.
point contributionopep, and an overall normalization It was found that the corrections to Bhabha scattering
error, Anorm, @s is done in most of the original pub- and hadron production essentially cancel in the ratio
lications. The point-to-point systematic uncertainties of Eq. (2) The remaining contribution of QED higher
are uncorrelated (related to, e.g., the limited simulated orders s at the 0.1% level, almostindependently of the
statistics, or the statistical uncertainty on the measured event selection and the centre-of-mass energy.
luminosity), are assumed to have a Gaussian proba- The large uncertainties related to the missing QED
bility density function and are taken directly from the higher orders were therefore taken out from the orig-
original publications. inal values ofAnorm. While the aforementioned 0.1%
In contrast, the overall normalization error defin- contribution could be simply corrected for lfﬁad, a
ition varies among the puldiations, being either the  new normalization errongep = 0.1% was added in-
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Table 1

The ratioR and the effective Born hadronic cross sectknﬁad, from the PEP and PETRA experiments, with increasing centre-of-mass energy
(+/5). The expected statisticaddtar), point-to-point systematiaftp) and normalization systemati\form) uncertainties are also given (in %).
The latter is correlated between all energy points given publication. An adtional normalization errordgep = 0.1%, fully correlated
between all measurements, is to be added to account for missing @BEEr lorders. The last column points to the original publication

V5 (GeV) RatioR U}?ad (pb) ostat (%) optp (%) Anorm (%) Reference
21.990 3550 6970 24 30 16 MARK J [10]
22.000 3860 7572 30 21 17 CELLO[8]
21.990 3860 7579 23 0.0 35 TASSO[12]
22.000 4110 8062 31 0.0 24 JADE[9]
22.000 3470 6807 183 0.0 6.0 PLUTO[13]
25.000 3720 5667 104 0.0 35 TASSO[11]
25.000 4030 6139 51 30 16 MARK J[10]
25.010 4240 6454 6.5 0.0 24 JADE[9]
27.500 3910 4933 82 0.0 35 TASSO[11]
27.600 4070 5098 7.0 0.0 6.0 PLUTO[13]
27.660 3850 4802 125 0.0 24 JADE[9]
29.000 3920 4453 13 0.0 23 MARK 11 [6]
29.000 3960 4498 0.8 0.0 23 MAC [7]
29.930 3550 3788 118 0.0 24 JADE[9]
30.100 3940 4158 45 0.0 35 TASSO[11]
30.380 3850 3989 5.0 0.0 24 JADE[9]
30.610 4150 4236 35 30 16 MARK J[10]
30.800 4100 4134 31 0.0 6.0 PLUTO[13]
31.100 3660 3620 51 0.0 35 TASSO[11]
31.290 3830 3743 74 0.0 24 JADE[9]
33.200 4090 3555 45 0.0 35 TASSO[11]
33.790 3860 3241 18 30 16 MARK J[10]
33.800 3740 3138 27 19 17 CELLO[8]
33.890 4160 3472 23 0.0 24 JADE[9]
34.000 4120 3417 26 0.0 35 TASSO[11]
34.500 3930 3166 51 0.0 24 JADE[9]
34.610 3780 3026 0.8 30 16 MARK J [10]
34.700 4080 3250 22 0.0 35 TASSO[11]
35.000 4150 3250 0.5 0.0 35 TASSO[12]
35.010 3930 3076 25 0.0 24 JADE[9]
35.100 3940 3068 15 30 16 MARK J [10]
35.450 3930 3001 4.6 0.0 24 JADE[9]
36.100 3930 2895 4.8 0.0 35 TASSO[11]
36.310 3880 2825 4.2 30 16 MARK J [10]
36.380 3710 2691 5.8 0.0 24 JADE[9]
37.400 3590 2466 9.3 30 16 MARK J[10]
38.300 3890 2549 26 17 17 CELLO[8]
38.380 4030 2630 4.7 30 16 MARK J[10]
40.320 4050 2397 4.7 0.0 26 JADE[9]
40.340 3870 2289 4.2 30 16 MARK J[10]
41.180 4210 2390 51 0.0 26 JADE[9]
41500 4030 2253 4.2 18 17 CELLO[8]
41500 4440 2483 45 30 16 MARK J[10]
42.500 3890 2075 5.2 30 16 MARK J[10]
42.550 4200 2235 51 0.0 26 JADE[9]
43.460 3750 1914 4.7 3.0 16 MARK J[10]
43500 3970 2022 20 14 17 CELLO[8]
43530 4000 2035 5.0 0.0 26 JADE[9]
43700 4110 2075 12 0.0 35 TASSO[12]
44.200 4010 1979 25 12 17 CELLO[8]
44.230 4150 2046 19 30 16 MARK J[10]
44.410 3980 1946 51 0.0 26 JADE[9]
45.480 4170 1945 45 30 16 MARK J [10]
45590 4400 2043 4.8 0.0 26 JADE[9]
46.000 4090 1866 5.2 19 17 CELLO[8]
46.470 4420 1976 37 30 16 MARK J[10]
46.470 4040 1806 6.0 0.0 26 JADE[9]

46.600 4200 1867 85 17 17 CELLO([8]
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Table 2

The ratio R and the effective Born hadronic cross sectiaﬁad, from the TRISTAN experiments, with increasing centre-of-mass energy
(+/5). The expected statisticabdiag), point-to-point systematicoptp) and normalization systematiciform) relative uncertainties are also
given (in %). The latter is correlated between all energysoin a given publication. Andalitional normalization errolggp = 0.1%, fully
correlated between all measurements, is to be added to account for n@&dingigher orders. The last column points to the original publication

Vs (GeV) RatioR ”r?ad (pb) ostat (%) optp (%) Anorm (%) Reference

50.000 4530 1752 127 23 27 TOPAZ[15]
50.000 4400 1702 112 4.0 0.7 VENUS[18]
50.000 4500 1741 105 2.8 16 AMY [14]

52.000 4530 1621 4.6 11 27 TOPAZ[15]
52.000 4700 1682 6.2 4.0 07 VENUS[18]
52.000 4289 1535 47 22 16 AMY [14]

54.000 4979 1654 109 34 2.7 TOPAZ[15]
54.000 4688 1557 9.2 18 16 VENUS[19]
54.000 4725 1569 128 34 16 AMY [14]

55.000 4639 1486 54 14 27 TOPAZ[15]
55.000 4317 1383 7.2 18 16 VENUS[19]
55.000 4632 1484 52 14 16 AMY [14]

56.000 5068 1567 42 0.8 27 TOPAZ[15]
56.000 4655 1439 39 18 16 VENUS[19]
56.000 5207 1610 35 11 16 AMY [14]

56.500 5108 1552 91 21 2.7 TOPAZ[15]
56.500 3935 1195 115 18 16 VENUS[19]
56.500 5324 1617 87 25 16 AMY [14]

57.000 5147 1537 4.7 11 27 TOPAZ[15]
57.000 4983 1487 4.3 18 16 VENUS[19]
57.000 4903 1464 45 13 16 AMY [14]

57.370 4432 1306 104 0.0 22 TOPAZ[16]
57.770 4878 1418 09 09 0.0 VENUS[20]
57.770 4940 1436 10 0.0 22 TOPAZ[17]
57.970 4832 1395 94 0.0 22 TOPAZ[16]
58.220 4727 1353 91 0.0 22 TOPAZ[16]
58.290 5336 1524 80 17 27 TOPAZ[15]
58470 4291 1218 107 0.0 22 TOPAZ[16]
58.500 4909 1392 89 18 16 VENUS[19]
58.500 5303 1504 104 20 16 AMY [14]

58.720 4811 1354 83 0.0 22 TOPAZ[16]
58970 5582 1558 80 0.0 22 TOPAZ[16]
59.000 4848 1352 97 18 16 VENUS[19]
59.000 5409 1508 109 28 16 AMY [14]

59.050 6055 1685 9.8 18 16 VENUS[19]
59.050 6582 1832 108 2.6 16 AMY [14]

59.060 5735 1596 71 21 27 TOPAZ[15]
59.220 5084 1407 9.3 0.0 22 TOPAZ[16]
59.470 5447 1495 9.8 0.0 22 TOPAZ[16]
59.840 4717 1279 81 0.0 22 TOPAZ[16]
60.000 5305 1431 54 13 27 TOPAZ[15]
60.000 5274 1422 47 18 16 VENUS[19]
60.000 5809 1567 47 13 16 AMY [14]

60.800 5653 1485 438 11 27 TOPAZ[15]
60.800 5680 1492 41 18 16 VENUS[19]
60.800 5544 1457 52 19 16 AMY [14]

61.400 5852 1508 51 14 27 TOPAZ[15]
61.400 4990 1286 4.4 18 16 VENUS[19]
61.400 5410 1394 50 14 16 AMY [14]

63.600 6126 1472 107 18 16 VENUS[19]
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stead (assumed to be 100% correlated between all PEPyable 3

PETRA and TRISTAN measurements) to conserva- The ratio R and the effective Born hadronic cross sectiaﬁad,

tively account for the yet missing ordersZil TTER. from PEP, PETRA, TRISTAN, as a function of the centre-of-mass
FinaIIy earIy TRISTAN dat¢14 15.18 19}”6 also energy (/s), averaged in~ 2 GeV-wide centre-of-mass-energy

) . . . bins. The hadronic crossection predictionat?], is also shown. The
corrected in the origingbublications for other elec-  |ast column displays the number of measurements used for each

troweak effects, dominated by the top quark contri- entry
bution (with a(mtop/z_nz)2 dependence at first order). /5 (GeV)  RatioR o0 (Pb) o0 (pb)  Npts
These small corrections (petweem).l% and+0.7% 21995 284320067 75414131 7631 5
at /s = 60 GeV, depending on the top quark mass 5003 40470167 61644254 5922 3
chosen to determine the correction) were unfolded 28932 3945+ 0.045 4503+5.2 4444 5
here (i) to have a consistent data set to work with; and 30.570 3929+0.086  4022+88 3991 6
(ii) for a sound comparison with theFl TTER pre- ggggg :ggi’i 8233 g;ggi?é g;zg 12
diction, wh|ch_ mc_ludes first- and higher-order elec- 38937 289440105 2559469 2602 3
troweak contributions as well. The latest TRISTAN 4309 4083+ 0.081 2303446 2057 7
data[16,17,20]were, more adequately, corrected for 43825 4027+0.051 2022+ 2.6 2037 7
QED effects only. The electroweak effect correction 46.038 4234+0.098 1929+45 1876 6
needs therefore not be unfolded in that case. 53097 4527£0097  1558+33 1536 12
For practical reasons, the measurememl'sable_s 1 g?gg? jgggi 8:8% ii;i ig ijgj 12
and 2were clustered in few centre-of-mass bins as gy 64 5456+ 0.107 1458+ 2.9 1422 9
indicated by the horizontal separation lines in these 61521 5378+0.156 1380+4.0 1428 4

two tables. The ratiRk values were averaged in each
bin according to the totalincertainties, i.e., with a
weight proportional to the inverse afZ, = R? x

Computer-readable files for these data will be transmitted to
the Review of Particle Physics and are availablehtp:/janot.
web.cern.ch/janot/HadronicData/

(0&art 0fp+ Aform/3+ Adep/3). The corresponding
averaged Born effective cross sectiong),() and
centre-of-mass energy values are display€ethiole 3
The R values found for PEP/PETRA were found to
agree with those of an earlier combinatif8j. The
effective Born hadronic cross sectiom[?p predicted
by ZFI TTER[25] is also shown iTable 3

The ratio and the difference of these measured
cross sections and those predictedsyl TTER are
displayed inFig. 1as a function of the centre-of-mass _
energy. When no systematic uncertainties are assigneds
to the theoretical prediction, the average ratio appearsEé
to exceed the prediction b§0.79 & 0.52)%, i.e., by &
1.5 standard deviations. This excess is, however, about
2.4 standard deviations below the prediction of an
additional light sbottom pair production (here with a
mass of 6 GeYc?), which would amount to about 2%
of the total cross section.

The experimental correlations between the differ-
ent bins, essential for a rigourous statistical treatment Fig. 1. Ratio (a) and difference (b) of the effective Born hadronic
of the data, were determined foIIowing the lines of C¢ross section measurements andZkré TTER prediction as a func-

Ref.[8]. In practice. a Monte Carlo techniaue relvin tion of the centre-of-mass energy, for PEP, PETRA and TRISTAN
[ ] p ice, Iqu ying data, rebinned as explained in ttext. The dash-dotted line indi-

on the generatipn of many ge(_j?mken e_xperime.nts WaSates the Standard Model predistj and the dashed curve the addi-
used to determine the probability density functions of tional contribution of sbottom pair production wity, = 6 GeV/c?

the measure® ratio values listed infables 1 and 2 and with a vanishing coupling to the Z.

1.12

Average ratio t 1.0079:+/- 0.0052

1.08 +

Data/SM

1.04 +

0.96

092 i T i T T i f

T
60

(=]
=1
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T
60 65
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Table 4

The correlations between the ten PEP and PETRA centre-of-mass energy/biinsGeV)

Js 21.994 25.003 28.932 30.572 34.409 36.027 38.231 41.325 43.824 46.042
21.994 1000 Q034 Q003 Q043 Q237 Q060 Q028 Q084 Q227 Q066
25.003 Q034 1000 Q004 Q053 Q096 Q055 Q012 Q053 Q029 Q041
28.932 Q003 Q004 1000 Q032 Q017 Q009 Q000 Q003 Q001 Q002
30.572 Q043 Q053 0032 1000 Q198 Q105 Q009 Q057 Q030 Q043
34.409 Q237 Q096 Q017 Q198 1000 Q185 Q032 Q148 Q258 Q113
36.027 Q060 Q055 Q009 Q105 Q185 1000 Q010 Q096 Q048 Q071
38.231 Q028 Q012 Q000 Q009 Q032 Q010 1000 Q030 Q054 Q030
41.325 Q084 Q053 Q003 Q057 Q148 Q096 Q030 1000 Q078 Q098
43.824 Q227 Q029 Q001 Q030 Q258 Qo048 Q054 Q078 1000 Q066
46.042 Q066 Q041 Q002 Q043 Q113 Q071 Q030 Q098 Q066 1000

Table 5 Most of these Z observables would be modified in case

The correlations between the five TRISTAN centre-of-mass energy of an additional new physics contribution to hadronic
bins (/5 in GeV) Z decays. Let be the ratio of this new partial width

NG 53.141  56.436  57.863  60.253 61519 [jptothe total decay width of the Z without this new
53141 1000 Q101 0014 Q077 Q057 contribution. As was shown in Ref27], the Z total
56436 0101 1000 Qo17 Q093 Qo073 width I'z, the ratioR, of the hadronic to the leptonic

57.863 0014 Q017 1000 @022 Q010 branching fractions, and the peak cross sectiflp,
60253 Q077 Q093 Q022 1000 Q058

61519 Q057 Q073 Q010 Q058 1000 are modified as follows,

Iy — Iz(1+1.00ef%),  [I2 + I'el, (3)
In each gedanken experiment, 1R&alues were gen- ha
erated around the measured central value, smeared by fe— Rz(l +143p), [(Fhad+ FNP)/FZ]’ ()
(i) a Gaussian distribution with a width equal to the o1 — oq(1 — 0.57s]

quadratic sum ofstat andoptp; (i) a uniform distrib- 127 Tl Thad+ Tip)

ution in the[—Anorm, +Anorml interval, identical for [—2 —2] (5)

all energy points of a given publication; and (iii) a mz Iz +Ip)

uniform distribution in th¢—Aqep. +Aqep] interval, In Ref. [27], the new hadronic decay channel
identical for all 108 measurements. considered was flavour-democratic. The individual

As above, an average valug was determined in  pranching fractions into the different quark flavours
each centre-of-mass-energy birfor each gedanken  \yere therefore not modified by this new contribu-
experiment. This allowed thg; values ofTable 3and  tjon. In the case of a sbottom pair production with
their uncertainties to be Confirmed, when aVeraging hadronic R_parity_violatig decays into ||ght quarks
over a large number of gedanken experiments. Simi- exclusively, the ratio of thebbranching ratio to the

larly, the uncertainties of the cross-produgtsx R; hadronic branching raticky, is also modified accord-
led to the correlation matrices shownTiables 4 and 5 ing to

for PEP and PETRA on the one hand, and for TRIS-

TAN on the other. The crqss—correlations between g, — Rb(1—1.435ﬂaF, , [FbB/(Fhad+ FNP)], (6)
PEP, PETRA and TRISTAN (induced solely Byep) ) ]

were found to be smaller than&L0~4 and were there- ~ While (gv/ga) remains untouched.

fore neglected in the following. These observables would also be modified by
the virtual corrections arising from the new physics
2.2. TheLEP 1 and SLC data responsible for the add@nal hadronic contribution.

As in Ref. [27], the value ofe{& was fitted to the
The precise measurements of LEP and SLC and measurement of the five observables together with the
their correlations[21] are summarized inmable 6 generic contribution of these virtual effects. The result
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Table 6

Precise LEP and SLC measurements of the Z lineshape paramétem®,( onag), of gv /g4 and of Ry, together with their correlation matrix.
The last two measurements have been taken here as uncorrelated with the fif@6hrEee Standard Model prediction formula are given in
Ref.[27]

Observable Measurement Correlation matrix

Iz 24952 + 2.3 MeV 1000

Ry 20.767+ 0.025 +0.004 1000

Ohad 41541+ 0.037 nb —0.297 +0.183 1000

gv/ga 0.07408+ 0.00068 0000 Q000 Q000 1000

Rp 0.21638+ 0.00066 0000 Q000 Q000 Q000 1000
is

eh39= (—0.56+ 0.80) x 1073, 7)

which corresponds to an aitidnal hadronic contribu-
tion of

Resonant cross section (pb)

opa(mz) = —24+ 36 ph (8)

It allows a 95% C.L. upper limit of 56 pb to
be set on the cross section, at the Z peak, of any
additional hadronic contoution to the Z decays into
light quarks only. The resonant contribution of the ;
shottom pair production cross sectif@8] with my = 08O,

6 ,G_eV/CZ is shown inFig. 2 as a function of the Fig. 2. The resonant contribution of the sbottom pair production
mixing angle cosmix between the two shottom states  cross section withn: = 6 GeV/c?, at /5 = mz, as a function of
by andbg, superpartners of the left-handed and right- cosix (full curve). The dash-dotted line indicates the 95% C.L.
handed bottom quarks, respectively. For @gs ~ upper limit on this cross section when the sbottom decays into light
0.39, the coupling between the Z and the lighter 9uarks exclusively.
sbottom vanishes.

For mp = 6 GeV/c?, the Z data allow all val-  Taple7
ues of co®mix below 0.22 and above 0.52 to be ex- The hadronic cross sectionp,q, measured at the twelve LEP 2
cluded at the 95% confidence level. These data are centre-of-mass energies, and firedictions in the Standard Model,
therefore incompatible with a light sbottom pair pro- “th- These data are still preliminary

duction, unless the coupling to the Z is negligibly /s (GeV) ohad (Pb) oth (pb)
small. 130 821422 828
136 667+ 2.0 66.6
161 370+1.1 352
2.3. The LEP 2 data 172 2923+ 0.99 2874
o _ ) 183 2459+ 0.42 2420
The preliminary LEP 2 hadronic cross section 1gg 2247+ 0.24 2216
data were taken from Ref21]. The measured cross 192 2205+ 0.53 2124
sectionsonag and the Standard Model predictiong 196 2053+0.34 2013
are summarized ifable 7 These data are displayed 2% 19254032 1909
in Fig. 3and the correlation matrix is given fable 8 202 19072044 1857
In F1g. _ TX1S g \ 205 18174031 1781
When no systematic uncertainties are assigned to og7 17494+ 0.26 1742

the theoretical prediction, the average ratio appears
to exceed the prediction byl.5 + 0.9)%, i.e., by

1.7 standard deviations. This excess, although not larger than an additional light sbottom pair production
significant, is compatible with, and actually slightly —with cos9mix = 0.39. The latter would amountto about
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Table 8
The correlations between the twelve LEP 2 centre-of-mass energy.Jfins GeV)
NG 130 136 161 172 183 189 192 196 200 202 205 207
130 1000 Q071 Q080 Q072 Q114 Q146 Q077 Q105 Q120 Q086 Q117 0138
136 Q071 1000 Q075 Q067 Q106 Q135 Q071 Q097 Q110 Q079 Q109 0128
161 Q080 Q075 1000 Q077 Q120 0153 Q080 Q110 Q125 Q090 Q124 Q145
172 Q072 Q067 Q077 1000 Q108 0137 Q072 Q099 Q112 Q081 0111 Q130
183 Q114 0106 Q120 0108 1000 0223 Q117 0158 0182 Q129 Q176 0208
189 0146 Q135 Q153 Q137 0223 1000 0151 0206 Q235 Q168 0226 0268
192 Q077 Q071 Q080 Q072 Q117 0151 1000 0109 0126 Q090 0118 0138
196 Q105 Q097 Q110 Q099 Q158 0206 0109 1000 Q169 Q122 0162 Q190
200 Q120 Q110 Q125 Q112 Q182 0235 0126 0169 1000 Q140 Q184 Q215
202 Q086 Q079 Q090 Q081 Q129 0168 Q090 Q122 Q140 1000 0132 0153
205 Q117 Q109 Q124 Q111 Q176 0226 Q118 Q162 Q184 Q132 1000 0213
207 0138 0128 Q145 Q130 Q208 0268 0138 Q190 0215 0153 0213 1000
7 L Tememeos s ] asfollows,
QLIS o fooee] ] A LA
R N 8 N T A =" ‘ } L(costmix. @) =5 D AiS;tA; with
B o e "“_':;;:,;1;:;1 =
098 J------ ’ ._.l..;............,......I._..E,...........i ........... Ai =0hadi - [Gth,i +aUNP,i(m67 COSGmIX)]v (9)
0.96 i w . w where S is the covariance matrix of th&/ (= 28)
120 140 160 180 200 220
Vs (Gev) measurements of PEP, PETRA, TRISTAN, LEP 1,
g 2 : ; = SLC and LEP 2 as compiled iBection 2 6mix IS
% P R e P e the mixing angle in the sbottom sector amdis an
g ; ; | arbitrary normalization constant of the sbottom pair
[=] i ki Bt i . . . . .
N N L 44‘1 l“ production cross sectionyp; . The likelihood is then
U e Ik SR S S minimized with respect to c@ix and to« to find
BT - : : the best fit to the data. A fitted value @fcompatible
5 with unity and incompatible with 0 would be the sign
120 140 160 180 200 910 of new physics, while a value compatible with 0, but
s (GeV)

Fig. 3. Ratio (a) and difference (b) of the hadronic cross section

incompatible with 1, would allow this new physics
to be excluded with a certain level of confidence.

measurements and the Standard Model prediction as a function of (This same technique can be applied for any kind of

the centre-of-mass energy, for the LEP 2 data. The dash-dotted
line indicates the Standard Mdderediction, and the dashed
curve the additional contribution of shottom pair production with
mp, =6 GeV/c? and co$mix = 0.39.

1% of the total cross section in this centre-of-mass
energy range.

3. Global fit

new physics leading to hadronic final states iree
collisions.)

Fora =1 andmy =6 GeV/c?, the negative log-
likelihood is displayed inFig. 4(a) as a function
of cosHmix. Not surprisingly, the Z peak dat&éc-
tion 2.2 constrain the coupling of the sbottom to the
Z to be vanishingly small, c@,ix = 0.394 0.07.

The value of the mixing angle was therefore fixed to
coS9mix = 0.39. The combined negative log-likelihood
and those for PEP/PETRA, TRISTAN and LEP 2 data
are shown irFig. 4(b)as a function otx. (For LEP 1

When no systematic uncertainties are assigned to and SLC, the likelihood does not dependxgiecause

the Standard Model prediction, the data can be com-
bined in a global negative log-likelihoa® coSOmix, )

of the vanishing sbottom cross section for égs =
0.39.) The values o for which the different negative
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@o=1,my,

-Log-likelihood
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o

Fig. 4. The negative log-likelihood withi; = 6 GeV/c? (a) as a
function of co¥mix for « = 1; and (b) as a function of with
€c0SOmix = 0.39 for the combined data (full curve), PEP/PETRA
(dashed curve), TRISTAN (dotted curve) and LEP 2 (dash-dotted
curve).

Table 9

The valuesyyin for which the negative log-likelihood is minimized

in PEP/PETRA, TRISTAN and LEP 2 data, and in the combination,
together with the 68% confidence intervals and the 95% C.L. upper
limits, ags, for cosfmiy = 0.39 andmy, = 6 GeV/c?

Data Omin g5
PEP/PETRA 5+ 0.30 094
TRISTAN 021+ 0.39 085
LEP 2 132+ 0.74 252
All 0.45+0.23 082

log-likelihood functions are minimized are indicated
in Table 9 together with the corresponding 68% con-
fidence intervals and the 95% C.L. upper limitsen
(This one-sided upper limit is the value for which
the negative log-likelihood increases by4?/2 with
respect to the minimum.)

As was already alluded to iBection 2.1the lower
energy data do not favour the sbottom hypothesis (
1). They are, instead, compatible with the Standard
Model (@ = 0) within one standard deviation or
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95% C.L., when no systematic uncertainty is assigned
to the Standard Model prediction.

The main sources of unceiidy for the theoretical
prediction of the &ée~ — g cross section are (i) the
knowledge and the running of the strong coupling con-
stantag; (ii) the running of the electromagnetic cou-
pling constantigep; and (iii) the theoretical accuracy
of the prediction from th&FI TTER program. As in
Ref.[27], the values and the uncertainties of the strong
and electromagnetic coupling constants were taken to
be

as(mz) = 0.1183+ 0.0020[29] and

a(mz)~t=12895+ 0.05[21], (10)

leading to uncertainties in the hadronic cross section
prediction of 0.15 and 0.08%, respectively. The miss-
ing higher orders irzFlI TTER are estimated to con-
tribute another 0.1%. These numbers add quadrati-
cally to a total systematic uncertaingy, of the order

of 0.2%, in agreement with the estimate of Rgfl]

(nth = 0.26%) for LEP 2 data.

If this common systematic uncertainty is assumed
to have a Gaussian probability density function, the
negative log-likelihood can be modified as follows, to
account for the full correlation between all centre-of-
mass energies:

2
Pth
277t2h

N
1 ro—1 47 ;
£=§ E A;85;7A+ with
ij=1

A} =0ohadi — [(1+ pth)othi + conp,i]. (11)

wherepy, is the actual theoretical bias of the Standard
Model prediction, to be fitted from the data.

It is reasonable, however, to take into account
the non-Gaussian nature of uncertainties of theoreti-
cal origin. For example, the missing higher orders in
ZFI TTER may turn into a bias of-0.1, 0 or Q1%
with an equal probability. (In fact, the least likely value
is certainly 0%, as missing orders are expected to con-
tribute a finite amount to the cross section.) Simi-
larly, the uncertainty on the absolute valuesgf(mz)
is dominated by theory, and cannot be considered as

thereabout. A slight excess in the LEP 2 data, at the Gaussian. It is therefore probably more adequate to

1.70 level (Section 2.3, translates as such to the
combined result. The latter, however, excludes the
shottom hypothesis with; = 6 GeV/c2 at more than

assume a probability density function as displayed in
Fig. 5, i.e., flat between-nn and +nwm, and with a
Gaussian shape outside this interval.
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Table 10

The valuesayn for which the combined negative log-likelihood is minimizéat Gaussian and non-Gaussiancertainties, together with
the 68% confidence intervals and the 95% C.L. upper linigs, for cosfmix = 0.39 ande =6 GeV/cZ. The fit results for PEP/PETRA,
TRISTAN and LEP 2 ¢peTrA @TRISTAN @nde| gp 2) are also given

Uncertainties min 95 OPETRA OTRISTAN OLEP 2

Gaussian @15+ 0.24 085 0454+0.35 016+0.47 168+1.02
: +0.42 +0.31 0.69

Non-Gaussian 84342 0.92 059931 0.06*35 1874102

> 25 o 16

E Ny = 0-2% E

- 3

z =

3 . S R ! SUEERERR IR I —— i [

£

05 1 L — - R A
' : é'“th =6 GeVic®
i = 236025 d.0.f My =0.2%
o = ‘ B 11 T T T
-1 -0.5 0 0.5 1 -0.5 0 0.5 1 1.5
Relative bias (%) *

Fig. 5. Probability density function for the conventional (Gaussian) F9- 6. The combined negative log-likelihood curves with theo-
systematic uncertainty treatment (dashed curve) and suggested herd®tical systematic uncertainties included, assumed to be Gaussian
instead (full curve) to account for the non-Gaussian nature of theory (dashed curve) or non—Gau55|an2(fuII curve), as a functiosm fofr
uncertainties, withy = 0.2%. COSImix = 0.39 andmy =6 GeV/c”.

It can be seen that the upper limit erdepends very
little on the way the common systematic uncertainties
are dealt with. The most conservative approach is

The likelihood was therefore further modified by
changing thepz /2,3, term to

(pth + nm)z/znfh if ot < —nih, (12) chosen here to derive the final results.
0 if —nth < pth < Mth, (13)
(pth — 1mth)>/ 20, if pin > 11th. (14) 4. Results
This negative log-likelihood was then minimized The same procedure was repeated by varying the

with respect to the theoretical biag, for each value shottom mass from 0 to 12 G¢¥2. For each mass,

of «, with Gaussian and non-Gaussian uncertainties. the 95% C.L. upper limit orw was determined as
The result is displayed ifrig. 6 in the two config- explained above. A sbottom with a given mass is
urations as a function aof, for cos9mix = 0.39 and excluded if this upper limit is smaller than unity.
mp =6 GeV/c?. The values ofr for which the nega-  Fig. 7 shows the 95% C.L. upper limit on for

tive log-likelihood is minimized are indicated ifa- CoS9mix = 0.39 as a function of the sbottom mass,
ble 1Q together with the corresponding 68% confi- with Gaussian and non-Gaussian uncertainties. (In the
dence intervals and the 95% C.L. upper limitscan latter configuration, the non-Gaussian nature of the



P. Janot / Physics Letters B 594 (2004) 23-34

= Non Gaussian UI](.Cl'ld.lI'lllc\

Gah:':mn unul.‘lmnms'

95%C.L. upper limit on o

93%C.L. Excluded

0.8

: : : 1 ocos® =039

0.6 Tt |~ ¢t [ v T [ v T [ T T

0 2 4 6 8 10
Shottom mass (GcV.”c:)

12

Fig. 7. The 95% C.L. upper limit oa as a function of the sbottom
mass, with non-Gaussian (full cejand Gaussian (dashed curve)
common systematic uncertainties. Also shown are the predictions of
the model of Ref[4], now excluded by this analysis.

likelihood was taken into account in the determination
of the limit.) Sbottom masses below 7.5 Gg¥ are
excluded at the 95% confidence level.

Because co&yix is very much constrained by the
Z peak data, the upper limit om is expected to be
smaller than that shown iRig. 7 for any other value
of the mixing angle. As a check, the procedure was
repeated again by varying o@six from 0 to 1, with
non-Gaussian uncertainsie The resulting sbottom
mass lower limit is shown irFig. 8 as a function
of cosdmix, and is indeed at least 7.5 G&# over
the whole range. (The region excluded by LEP 2
data at large values of cégix is probably over-
optimistic, as four-jet events—expected from such
heavy shottom pair as well as W pair production—are
rejected from the g event samples selected above the
WW threshold.)

It is worth mentioning that the presence of a
light sbottom would slow down the running ofs
with the centre-of-mass energy. (It would be even
more so with an additional light gluino.) Starting
from the value accurately measuredrirdecayq30]
(the only measurement not affected by a shottom
heavier than 2 GeX2 and lighter than 5.5 GeX2,
and corresponding tag(Z) = 0.121+ 0.003 in the

93%C.L. lower limit on my,,, (GeV/e?)
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Fig. 8. Absolute 95% C.L. lower limit om as a function of
C0SOmix, for hadronically decaying sbottoms. The hatched area is
excluded at 95% C.L. The dashed line shows the exclusion achieved
with the sole Z peak data.

Standard Model), this slower running would lead to
values ofag larger than assumed in this Letter, at
all centre-of-mass energies. The total new physics
contribution (from the direct shottom production and
the increase ofig) would further increase the effect
on the total hadronic cross section expected at PEP,
PETRA, TRISTAN, SLC and LEP. The 7.5 G¢¥?
lower limit on the sbottom mass is therefore probably
very conservative.

5. Conclusion

The e"e~ — hadron cross section data collected
well above the b resonances have been compiled
and analysed to search for an anomalous production
of hadronic events. Altogether, the PEP, PETRA,
TRISTAN, LEP 1, SLC and LEP 2 data allow a
light shottom decaying hadronically to be excluded
at 95% C.L. for any mixing angle, if its mass is
below 7.5 GeVc2. When combined with the result
of Ref. [5] in which a stable sbottom with mass
below 92 GeV¢? is excluded, this analysis definitely
invalidates the model of Rel4] with a 12—16 GeYc?
gluino and a 2-5.5 Gext2 sbottom.
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