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In theories with the standard model gauge bosons propagating in'Tsive extra dimensions, their Kaluza-
Klein states interact with the rest of the SM particles confined to the 3-brane. We look for possible signals for
this interaction in the present high-energy collider data, and estimate the sensitivity offered by the next
generation of collider experiments. Based on the present data from the CERN LEP 2, Fermilab Tevatron, and
DESY HERA experiments, we set a lower limit on the extra dimension compactification &tgle
>6.8 TeV at the 95% confidence levglominated by the LEP 2 resultand quote expected sensitivities in
the Tevatron Run 2 and at the CERN LHC.
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[. INTRODUCTION which matter resides on@brane > 3), with chiral fermi-
ons confined to the ordinary three-dimensional world internal
A possibility that the universe has additional compactifiedto the p-brane and the SM gauge bosons also propagating in
spatial dimensions beyond the familiar four-dimensionalthe extras>0 dimensions internal to thp-brane.(Gravity
space-time has been long discusgEldAdvances in modern in the bulk is not of direct concern in this modelt was
string theory, along with the continuous attempts to solve theshown[10] that in this scenario it is possible to achieve the
hierarchy problem of the standard mod8M), have revived gauge coupling unification at a scale much lower than the
interest in this subject. Recently, it has been suggested thatual grand unified theol§fGUT) scale, due to a much faster
the Planck, string, and grand unification scales can all b@ower-law running of the couplings at the scales above the
significantly lower than was previously thought, perhaps agompactification scale of the extra dimensions. The SM
low as a few TeM2]. For example, in a viable model sug- gauge bosons that propagate in the extra dimensions com-
gested by Arkani-Hamed, Dimopoulos, and Dvggi, the  pactified onS!/Z,, in the four-dimensional point of view, are
matter is confined to a 3-brane while gravity propagates irequivalent to towers of Kaluza-KleifKK) states with
extra dimensions of a submillimeter size. In this model, themasseﬂ\/ln= ‘/|\/|02+ n?/R2 (n=1,2,...), whereR= M51 is
effective Planck scale is as low as a TeV, thus eliminating thghe size of the compact dimensiov, is the corresponding
hierarchy problem of the SM. This also yields rich phenom-compactification scale, anM, is the mass of the corre-
enology within the reach of future collider experiments, in-sponding SM gauge boson.
cluding production of monojettsee, e.g.[4-6]), modifica- There are two important consequences of the existence of
tion of the Drell-Yan spectrunisee, €.9.[4,6,7), and even  the KK states of the gauge bosons in collider phenomenol-
creation of mini black holes and string baBJ. (For a brief  ogy. (i) Since the entire tower of KK states have the same
summary of current experimental situation, see IReff) quantum numbers as their zeroth-state gauge boson, this
A more generic picture drawn in string theories is that thegives rise to mixings among the zerdfine SM gauge bo-
SM matter particles reside orpabrane o= 5+ 3; the space- son and thenth-modes (6=1,2,3...) of the W and Z
time dimension of the brane is thgmt+1) while gravity = bosons.(The zero mass of the photon is protected by the
propagates in the entire ten-dimensional bulk. The compaddJ(1)gy, symmetry of the SM.(ii) In addition to direct pro-
tification of the § dimensions occurinternally within the  duction and virtual exchanges of the zeroth-state gauge
brane, while the remaining (65) dimensions are compac- bosons, both direct production and virtual effects of the KK
tified transversdo the brane. Various phenomenology arises states of th&V, Z, v, andg bosons would become possible at
depending on the relative magnitude of the two compactifihigh energies.
cation scales, the string scale, and the Planck scale. The In this paper, we study the effects of virtual exchanges of
model of Arkani-Hamed, Dimopoulos, and DvdB] is a  the KK states of théV,Z,y, andg bosons in high energy
specific example with§=0. collider processes. While the effects on the low-energy pre-
Another interesting model was also propo$&6,11], in  cision measurements have been studied in detait 19 (we
shall briefly summarize their findings in a later secjigheir
high-energy counterparts have not been systematically stud-
*Email address: cheung@phys.cts.nthu.edu.tw ied yet. We attempt to bridge this gap by analyzing all the
"Email address: landsberg@hep.brown.edu available high-energy collider data including the dilepton,
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dijet, and top-pair production at the Fermilab Tevatron; neu- * 1 1/n?

tral and charged-current deep-inelastic scattering at the £,= >, [— ZFE{‘32+ Sl ' +2d? ¢>1|2)V§L”)V(”)“

DESY ep collider HERA; and the precision observables in n=0

leptonic and hadronic production at CERN e~ collider % 2

LEP 2. +g2|¢2|2 v 4 \/EE VW) _HZO-M J +igV(0)
We fit the observables in the above processes to the sum a n=1 “ . .

of the SM prediction and the contribution from the KK states o

of the SM gauge bosons. In all cases, the data do not require +ig 2> v [yt .. 1

the presence of the KK excitations, which is then translated g \/—nzl w | ' @

to the limits on the compactification scalé: . The fit to the

combined data set yields a 95% C.L. lower limit bty of ~ whereg=gs/\/#R is the 4D gauge coupling for the gauge
6.8 TeV, which is substantially higher than that obtained ushosonV.

ing only electroweak precision measurements. In addition, In the case of SU(2)xU(1)y symmetry, the charged-
we also estimate the expected reachhbg in Run 2 of the  current(CC) and neutral-currerlNC) interactions after com-
Fermilab Tevatron and at the CERN Large Hadron Colliderpactifying the fifth dimension are given §¢4]

(LHC), using dilepton production.

The organization of this paper is as follows. In the next g%v? *
section, we describe the Lagrangian for the mof], ECC=T W2+coB Y, (WM)?
which has one extra dimension. In Sec. Il we briefly sum- n=1
matrize the existing constraints from precision measurements. o0 o0 2
In Sec. IV, we briefly discuss the effects of the KK states of +22siRBW; D W(1“)+Zsir?,8( > W(ln)) }
the Z boson on the atomic parity violatiof\PV) measure- n=1 n=1
ments. In Sec. V we describe the high energy data sets that % o
we used in this analysis. In Sec. VI, we present our results on +} > n2ME(W)2—g| WE+ 2> Wg-n)li)‘]i;
the fits and limits. In Sec. VII, we estimate the sensitivity in 24771 n=1
Run 2 of the Tevatron and at the LHC. A collection of data
sets that we used in our analysis is placed in the Appendix. +(1-2), @
gv®

ENC:_

2 2 (n)y2 5 < 2‘ (n)
Il. INTERACTIONS OF THE KALUZA-KLEIN STATES 82 Z +C°52/3n:l (ZW)"+2 25'”2/32“:1 z
0

2

o

1
+5 2 nPME(ZM)?
n=1

In what follows, we use the formalism of R¢fl1], based
on an extension of the SM to five dimensions, with the fifth +2sirtB
dimension x®, compactified on the segmest/Z, (a circle
of radiusR with the identificationx®>— —x°). This segment

2 z(n)
n=1

has the length ofrfR. Two 3-branes reside at the fixed points 21 S | S (M| 1z
x®=0 andx®= 7R. The SM gauge boson fields propagate in AT S¢Cy zi \/Enzl z u
the 5D bulk, while the SM fermions are confined to the .
3-brane located at°>=0. The Higgs sector consists of two
_ (n) em
Higgs doubletsg; and ¢, (with the ratio of vacuum expec- e A%+ ﬁzl AR I 3

tation valuesv,/v,=tang), which live in the bulk and on

the SM brane, respectively. where the fermion currents are
The 5D Lagrangian is given by

— 71,2

1 J}L’2= WY 7) P,

£5:__F§AN+|DM¢1|2+(i¢UﬂDM¢+|DM¢2|2)5(X5)'
495 3= 0yu(9,= ¥0) ¥

w Tl D azrsm

WhereDM=6’M+IVM y M :(/L,S):(l, PP ,5), an(gS |S the Jem:J’Yﬂ,Q(ﬁlﬂ’
5D gauge coupling for the gauge boswn Compactifying .
the fifth dimension or8'/Z, with the expansion and(¢;)=vcosB(p,)=vsinB; gandg’ are the gauge cou-

plings of the SU(2) and U(1),, respectively;g,=Tz /2
—s?,Q and g,=T3, /2. Here, we used the following short-
hand notationss,=sin 6, andc,=cosé,, whereé,, is the
weak-mixing angle. The tree-levéhon-physical W and Z
masses ar®l,=gv/2 andM =M, /c,. Since the compac-
tification scaleM is expected to be in the TeV range, we
the 4D Lagrangian becomés1] therefore ignore in the above equations the mass of the

5

D(xH,x5) = 20 cos(n%)d)(”)(x“),

n=
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zeroth-state gauge boson in the expression for the mass oésses that we consider in this paper is well beld .

the n-th KK excitation: M,= \/M02+ nZMC2~nMC N Consequently, the running of gauge couplings is the same as

=12,... . the normal logarithmic running in the SMO0].2 Besides, we
Using the above Lagrangians we can describe the tw@re not concerned about the additional real scalars transform-

major effects of the KK states: mixing with the SM gauge ing in the adjoint of each gauge group that are required to

bosons and virtual exchanges in high-energy interactions. give masses to the gauge bos¢a6]. This is because the
scalars usually couple to light fermions via very small

Yukawa couplings.
A. Mixing with the SM gauge bosons We start with Drell-Yan production of a pair of leptons.

The first few terms in Eqg2) and(3) imply the existence ~ The amplitude squared fajg—1"1" or I'"1~—qq (without
of mixings among the SM bosaV) and its KK excitations ~averaging over the initial spins or colgris given by
(VD V@ ) whereV=W,Z. There is no mixing for the

A* fields because of the U(g), symmetry. These mixings > | M|2=4u(IMY3 ()] +|MK(9)|?)
modify the electroweak observablésimilar to the mixing
between theZ and Z'). The SM weak eigenstate of the +4t2(M%(s)]2+ M9 ()],

Z-boson, Z(®, mixes with its excited KK stategZ(™ (n
=1,2,...) via aseries of mixing angles, which depend on where
the masses oZ(™, n=0,1, ... and on thangleB. TheZ

boson studied at LEP 1 is then the lowest mass eigenstate QQ g g% 1

after mixing. The couplings of th&(® to fermions are also  MJy(s)=€? == 5

modified through the mixing angles. The observables at LEP S sirfgycos o, s—M7

1 can place strong constraints on the mixing, and thus on the . I

compactification scal® . Similarly, the properties of the +92 QiQq + 9,95 1 _
W boson are also modified. However, so far the mass and n=1|s— nzMé sinzawcoszﬁw S— nZMé

couplings of thewW are not measured as precisely as the
observables, so the constraints by coming from theW  Here s,t,u are the usual Mandelstam variableg,= Ts;

are weaker than those from tize — Qg¢sirfly, gk=—Q;sirfé,,, andQ; is the electric charge
The effects on electroweak precision measurements haws the fermionf in units of proton charge.
been previously studieﬁlZ—lﬂ; we will summarize their If the compactification scaleMc> /s, \[t],[u[, the
results in the next section. above can further be simplified to
B. Virtual exchanges gl 1
. L e M'9(s) =e? Q'Qq+ 9.9;
If the available energy is higher than the compactification ap S sirffycog by S—M3

scale the on-shell production of the Kaluza-Klein excitations

of the gauge bosons can be obser{/&d. However, for the I'qd w2

. . . . gagﬁ
present collider energies only indirect effects can be seen, as —| QQq+ 2 2 > (- (4)
the compactification scale is believed to be at least a few SIn” fwcos bhy/ SMc

TeV. These indirect effects are due to virtual exchange of the

KK states. . ) . -
N geep—lnelastlc scattering at HERA can be obtained by a

When considering these virtual exchanges, we ignore le interch f the Mandelst iables. In the lat
slight modification of the coupling constants to fermions dueS'Mpie Interchange of the iMandeistam variables. 'n the later

to the mixings among the KK states and so we use E2)s section, we will derive the expressions for specific observ-
and(3) without the mixings: This implies that any Feynman ables used in our analysis.

diagram which has an exchange oMgZ,v, or g will be

replicated for every corresponding KK state with the masses ll. REVIEW OF THE LOW-ENERGY CONSTRAINTS

NMc, wheren=1,2, .N(_)te that the coupling constant of - ¢ eftects of KK excitations in the low-energy limit can
the KK states to fermions is a factor qR larger than that e jnclyded by eliminating their fields using equations of
for the corresponding SM gauge boson, due to the normal-

ization of the KK excitations.

It has been shown in Re[f:!.O] that in the presence qf th.e 2As noted in Ref[20] the couplings of the higher KK states to the
KK states of gauge bosons in the bu_lk, the renormallzatlonSM fermions may be modified due to the power-law running if the
group evolut!on (_)f the gaUQE couplings chgnges from th("écale for each coupling is chosen at the mass of the corresponding
normal logarithmic running to a power running for energy ki state. As shown in Ref20], this effect modifies the sum over
scales aboveM . However, the energy scale of the pro- the kK states by~10%, which would translate into-a5% change

in sensitivity to the compactification scalé. . In what follows, we
ignore this small effect, but suggest that it may be taken into ac-
1SinceM>M, the mixings are very small. Furthermore, they count on the case-by-case basis in future experimental searches for
completely vanish foB=0. the TeV-scale extra dimensions.

Based on the above formula the amplitude squared for
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motion following from the Lagrangians given by Eq®) the ZZ M:>3.85 TeV. Strumia[15] obtained a limitM ¢
and (3) [14]: >3.4—-4.3 TeV from a set of electroweak precision observ-
ables. Casalbuoret al.[14] used the complete set of preci-

win =z M PMw S|n2,8MW 1M sion measurements, as well @ andR,’s from »-N scat-
12— M Wiy ot ( ) tering experiments, and obtained a limil>3.6 TeV.
Rizzo and Welld13] used the same set of data as the previ-
Si2AM2 o ous authors and obtained a linMit.>3.8 TeV. Cornett al.
zW=—2 z 4, [18] used the unitarity of the Cabibbo-Kobayashi-Maskawa
nzMé SeCo n“M g (CKM) matrix elements and were able to obtain a lidig

>3.3 TeV. Delgadcet al. [17] studied a scenario in which
quarks of different families are separated in the extra spatial
JeM+O(1MY). dimension and set the limM>5 TeV in this scenario.

e
AN =2
n’m?2

C

Substituting back into Eq$2) and(3) we obtain the physical IV. ATOMIC PARITY VIOLATION

W andZ masses and the interaction Lagrandial: The 1999 atomic parity violatiofAPV) measurement on
M2—M2 /(1 c2sintX) cesium[21] has drawn a great deal of attention because the
W W o= B data showed a 2d3deviation from the SM prediction. Sev-

eral explanations involving physics beyond the SM, such as

extra Z bosons[22] and leptoquark$23], have been sug-

gested. Later, however, the theoretical calculations used in
XJiJ1M+(1—>2), the analysis had been questioned and new cal_culations ap-

peared sinc¢24]. As a result, data now agree with the SM
(5) prediction[25]:

MZ=MZ(1-singX),

2
Lie=—gI W (1—sir? BciX) — _2i/| 5
pA

e o2 AQu=Qu(C9— QaM(C9=0.44+0.44.
Lif== oo T2 (L= SiPBX) = ——— o XTI o
" SeCo “ 2s%c2M3 - # The KK states of th& boson act similarly to a large number

of extraZ bosons with the same chiral couplings as the ZM
boson. These KK states result in a non-zAQ,y .

The change iQ,y due to the KK states of th& in terms
of chiral couplings is given by23]

2
—erTAn S
# 2M2

X Jemgen, (6)

772M§ —e2
Ve AQw=(—11.4 TeV)| ————
3M¢ Qu=l )<sin20Wco§0W>
The above low-energy Lagrangian already includes the X(—gt+g) (gl +aR)n
effects of gauge-boson mixings and of virtual exchange of
the KK states and thus can be used to calculate the precision —e
observables. We illustrate this with a few examples. Using +(—12.8 TeV) P
Eq. (5) we can calculaté&r in muon decay: w w
\/—g X(—gf+gR(g! TR 7
Ge= 2X) (1= 2sirBeoX). ~(—0.6 Te\A) 7, @)
W

where 7=m2/(3M2), g{ g=Ta;— QssirPly, and dy, is the
weak mixing angle. As seen from E), the KK states with
the same chiral couplings as the Sboson give negative

Analogously, the partial width of th& boson into a pair of
fermions can be calculated using E6):

2 contributions toQ,,'s, and therefore are disfavored by the
— NM; e , s dat
L(Z—ff)= 5 —2C2(1—25|nz,8X)(gU+ga), ata.

4

. V. HIGH ENERGY PROCESSES AND DATA SET
whereN.= 1 (3) for leptons(quarks. Other quantities can be G G OCESSES SETS

derived similarly. Before describing the data sets used in our analysis, let us
In the following, we summarize the results presented infirst specify certain important aspects of the analysis tech-
Refs.[12-18. Nath and YamagucHil2] used data o1, nique. Since the next-to-leading ord&1.0O) calculations do
My, andM; and set the lower limit oM-=1.6 TeV. Ca- not exist for the new interactions yet, we use leading order
rone[16] studied a number of precision observables, such ad_O) calculations for contributions both from the SM and
Gg,p,Qw, leptonic and hadronic widths of th#& The most  from new interactions, for consistency. However, in many
stringent constraint oM - comes from the hadronic width of cases, e.g. in the analysis of precision electroweak param-
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eters, it is important to use the best available calculations of
their SM values, as in many cases data is sensitive to the
next-to-leading and sometimes even to higher-order correc-
tions. Therefore, we normalize our leading order calculations
to either the best calculations available, or to the Q-
region of the data set, where the contribution from the KK
states is expected to be vanishing. This is equivalent to in-
troducing a Q2-dependentK-factor and using the same

PHYSICAL REVIEW D 65 076003

2
dxd@
g4 1 71_2 ’2

© 64m|_Q2-M2, 3M2|

(e"p—vX)

X[(1=y)?(d(x) +s(x))+u(x)+c(x)], (9)

K-factor for both the SM contribution and the effects of the - — o
whered(x),s(x),u(x),c(x) are the parton distribution func-

KK resonances, which is well justified by the similarity be- \ J X i >
)ns. The single differential cross sectiaw/dQ“ is ob-

tween these extra resonances and the corresponding grourﬂ?_ dqf the ab i by int . h
state gauge boson. The details of this procedure for each da@dne rom the above equations by Integraling ouet he
ross section in the™p collisions can be obtained by inter-

set are given in the corresponding section. Wherever parto : X .
distribution functions (PDFY are needed, we use the °'and'Ng (‘E—)LR’RR‘_’RL) in Eq. (8) and by interchang-
CTEQSL (leading order fit set[26]. The reason to use the N9 (A(X)<—d(x)) in Eq. (9). _

LO PDF set is that LO PDFs are extracted using LO cross We normalize the tree-level SM cross section to that mea-

H 2 2
section calculations, thus making them more consistent Wit@ured n the lowQ“(Q"=2000 (3.6\'2) data by a scale _factor
our approach. (C is very close to 1 numerically The cross sectiowr

used in the fitting procedure is given by

— C(osm+ Tinert+ T, 10
A. HERA neutral and charged current data 7=Closut Tiner Txx) (10

, whereaif iS the interference term between the SM and the

ZEUS [27] and H1[28] have published resuIFs on 'the KK states andoyi is the cross section due to the KK-state
neutral-currentNC) and charged-currei€C) deep-inelastic  jnteractions only. When normalizing to the low-energy data,
scattering(DIS) in e*p collisions at\s~300 GeV. The e neglect the possible contribution from the KK states, as it
data sets collected by H1 and ZEUS correspond to an intds much smaller than the experimental uncertainty on the
grated luminosities of 35.6 and 47.7 ph respectively. H1  data that we use.

[28] has also published NC and CC analysis for the most
recent data collected i@ p collisions atys~320 GeV with
an integrated luminosity of 16.4 pb.

We used single-differential cross sectiots/dQ? pre-
sented by ZEU$27] and double-differential cross sections
d?0/dxd@ published by H1[28]. The double-differential
cross section for NC DIS in the" p collisions, including the
effect of the KK states of ther andZ, is given by

B. Drell-Yan production at the Tevatron

Both the Collider Detector at FermilafCDF) [29] and
D@ [30] measured the differential cross sectihw/d M, for
Drell-Yan production, wherdl, is the invariant mass of the
lepton pair.(CDF analyzed data in both the electron and
muon channels; DCanalyzed only the electron channel.

The differential cross section, including the contributions
from the KK states of the photon ard] is given by

d?c
dxd@

3
(e+pﬁe+x) d’o _ My eq/a)|2 eq |2
dMlldy_K727TS % fq(Xl)fqixz)dMLL(S)' +[MER(s)|

1 - -
= To| 2 fILA=Y2(ME D2+ MEHOP) FIMRLS)*HIMEKS)[),
whereM$% is given by Eq.(4), s=M{, \s is the center-of-
mass energy in thpp collisions,M, andy are the invariant
mass and the rapidity of the lepton pair, respectively, and
X12=(My, /\/s)e™Y. The variabley is integrated numerically
to obtain the invariant mass spectrum. The QKfactor is
given by K=1+[ay(s)/2m]4(1+47%3). We scale this
tree-level SM cross section by normalizing it to tAepeak
cross section measured with the data. The cross section used
in the fitting procedure is then obtained similarly to that in

+IME() |2+ ME(1)]2]
+ 2 faO[MEN(D]2+ | MEK(D)]2
q

+(L=Y)A(MERDI2+MRIDD] 8

whereQ?=sxy is the square of the momentum transfer andEd: (10).
fq/q(X) are parton distribution functions. The reduced ampli-
tudesM i‘}; are given by Eq(4). The double differential cross
section for CC DIS, including the effect of KK states \0f
can be written as

C. LEP 2 data

We analyze LEP 2 observables sensitive to the effects of
the KK states of the photon ang including hadronic and
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leptonic cross sections and forward-backward asymmetries. The formulas for dijet production, including the contribu-

The LEP Electroweak Working Group combined the,  tions from KK states of the gluotsummed over the final-
wtu, and 77 data from all four LEP Collaborations state and averaged over the initial-state helicities and gglors
[31] for the machine energies between 130 and 202 GeV. W&'®

use the following quantities in our analysig). total hadronic o 4 1 2
cross sections(ii) total u*u~, 777" cross sections(iii) > |M(qq’—>qq’)|2=—g4(§2+ﬁ2)<r— ™
forward-backward asymmetries in tlieand  channels; and 9%s 3Mé
(iv) ratio of b-quark andc-quark production to the total had-

2

ronic cross sectionR, and R.. We take into account the 3 s al? o~ Al w2 \?
correlations of the data points in each data set as given by > | M(ag—qq)?=g? g(s7+u) ?_M
[31].

For other channels we use various data sets from indi- 4 2
vidual experiments. They af@2—39: (i) Bhabha scattering + §(sz+t2) T
cross sectionr(e*e”—e"e™); (ii) angular distribution or 3M¢
forward-backward asymmetry in hadroproductiae” 8 (1 a2
—qq; (iii) angular distribution or forward-backward asym- — —7§2 —— 5
metry in thee*e™, u*u~, and7" 7~ production. 2 t 3mg

The angular distribution foe"e” —ff (f=q,e,u,7) is 1 2
given by x(r 1

do N:s "oSMe

deog ~ 136 (1 +C0sOX(MEL(S) |+ MRS 4 2
2 IM(ag—a'a) =g gd({®+0)| = — |
+(1-cos)2(M{R(s) |2+ |MEL(s)?) s 3Mc
2/ pef ef 2 — . 4 . . 1 7 2
+ 5efl (1+cos0)2(MEL(5)+ MEL (1) > |M(qqﬂqq)|2:gg{§(t2+u2) .
+IMER(S) + MR D2 [MEL(S)2~ IMRR(S)|D) s SMc
2
+4(MERD2H IMELD D]}, +i(gz+az)(1_ s
9 t 3M2
whereN;=1 (3) for | (g), andMZ; is given by Eq.(4). The 8 1 9
additional terms forf=e arise from thet,u-channel ex- __02(__ 7
change diagrams. 27\t 3Mm2

To minimize the uncertainties from higher-order correc-

tions, we normalize the tree-level SM calculations to the 1 a?

NLO cross section, quoted in the corresponding experimen- X §_3M2 '

tal papers. We then scale our tree-level results, including ¢

contributions from the KK states of the and y, with this — o 3202412 8 02+12
normalization factor, similar to Eq10). When fitting angu- > |M(qq—>gg)|2=g;‘|— 2 ]
lar distribution, we fit to the shape only, and treat the nor- 27 ut 3 s

malization as a free parameter of the fit.

10%+12 3 0%+12
= |

> IM(gg—>qq)I2=9;‘[g S
D. Kaluza-Klein states of the gluon in the dijet production ut
at the Tevatron {

t2 9 s

Since the gauge bosons propagate in extra dimensions, the > |M(qg—qg)|?=g2

S+02 4 §2+02}
Kaluza-Klein momentum conservation applies at their self-

coupling vertices. Because of this conservation, the triple L ay mp  mpan
interaction vertex with two gluons on the SM 3-brane and 2 |M(ggﬂgg)|2:gg4|s +uc s°+t
one KK state of the gluon in the bulk vanishéslowever, 478 §2 u2
the quartic vertex with two gluons on the SM 3-brane and o

two gluon KK states in the bulk does exjsthat is why the t2+u?

Lagrangian in Eq(1) only has the interactions of KK states + 32 T30

of the gluon with fermions, but not with gluong-urther-
more, if we treated the trilinear interaction between the gluin the above, if the final state particles are different, the
ons and the KK states of the gluon the same as the SMorresponding equations need to be symmetrizeduvist
triple-gluon interaction, the gauge invariance would be vio-substitution. The parton-level differential cross section is
lated at the order of (M2).] given by
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do 1< ., where 8= /1—4m?/s ands,t,u are Mandelstam variables.
" —AE | M(%, The above cross section is reduced to the SM top quark pair
dcos#* 32ms . o _
production cross section in théd — o limit.
where the range of cas* is from 0 to 1. This parton-level The latest theoretical calculations of thiecross section,

cross section is then convoluted with the parton distributionncluding higher-order contributions, as=1.8 TeV corre-

functions to give the total cross section. The above equation _ e
are reduced to the SM cross sections in khg—o limit. éggt?gn;oa‘:gm?s PBA0]. The present data on tfté cross

The last four equations are the same as the SM cross sets
tions, because of the vanishing trilinear gluon vertex involv-

ing two ground-state gluons. o7(CDF)=6.5'17 pb,
Both CDF[36] and D@[37] published data on dijet pro-
duction, including invariant massl;; and angular distribu- o{(DD)=5.9+1.7 pb,

tions. In the fit, we take into account the full correlation of
data points in the data sets, as given by each experiment. We
normalize the tree-level SM dijet cross section to the lowand the top-quark mass measurements are
dijet invariant mass datd;; <400 GeV.
Collider implications of the KK states of the gluon have m,(CDF)=176.1+6.6 GeV,
also been considered recently in Re8].
E. Kaluza-Klein states of the gluon in thett_production m(D0)=172.1-7.1 GeV.
at the Tevatron
In our analysis, we normalize the tree-level SM cross section

¢ l?} Ref. [39], it was ts;hown (’;hat thetbproﬁuction in rqp 2 to the mean of the latest theoretical predicti¢Bs. pb, and
of the Tevatron can be used to probe the compactificatiofqe this normalization coefficient to predict the cross section
scales up to~3 TeV. In this paper, we consider the sensitiv-

_ o ) 2" in presence of the KK states of the glufsimilar to Eq.
ity from the existing run 1 data by using the tree-level 10)].

production cross section, including the contribution of the  The effects of KK states of th&/ boson on single top
KK states of the gluon in theig—tt channel.(The gg  quark production were recently considered in Rég].

—tt channel does not have the triple vertex interaction with

two gluons from the SM 3-brane and one KK state of the
gluon in the bulk, as explained in the previous subsection. VI. CONSTRAINTS FROM HIGH ENERGY EXPERIMENTS

The subprocess cross sections are given by In the previous section, we have described the data sets
. . , 2 from various high energy experiments used in our analysis.

do  — = 98 (1 = Based on the above individual and combined data sets, we
dcose* (99— )_7277§ s 3Mé perform a fit to the sum of the SM prediction and the con-

tribution of the KK states of gauge bosons, normalizing our
X [(th_f)2+ (th_ u)2+ zgmf], tree-[evel cross segtion to the best available higher-order cal-
culations, as explained above. As seen from @g. the ef-

do _ gl R fects of the KK states always enter the equations in the form
Gcose” (9g—tt)= = 5 (—mi—3mt m2/(3MZ). Therefore, we parametrize these effects with a
cosd 768ms | (t—mp) single fit parametem:
on an 4
—mputut) + ———— w2
3M¢g

X (—mg—3mZu—mzt+ ut)

2 In most cases, the differential cross sections in presence of
+ %(th@rfﬂ]) the KK states of gauge bosons are bilinearin

(u—mg)(t—my) The best-fit values ofy for each individual data set and

their combinations are shown in Table I. In all cases, the
preferred values from the fit are consistent with zero, and
therefore we proceed with setting limits an The one-sided
95% C.L. upper limit onz is defined as

1 4 _on A e
+18A—2(mt me(t+u)+tu)
s

9 1, -
+—— =(m{—=2mgt+ut) o5
t-m $ | i
0
. 9 1( iy 2A+Af) 0.95=————, (12
~ 5 ~(Mm —Zmyu+u ,
-m2s t foan(n)
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TABLE |. Best-fit values ofy=m?/(3M2) and the 95% C.L. upper limits on for individual data set
and combinations. Corresponding 95% C.L. lower limitsg are also shown.

7 (Tev™?) 795 (TeV™?) MZ (TeV)

LEP 2:

hadronic cross section, ang. dig®, -0.33°013 0.12 5.3

w,7 cross section and ang. dist. 0.09' 313 0.42 2.8

ee cross section and ang. dist. -0.62°0% 0.16 45

LEP combined —-0.28 5595 0.076 6.6
HERA:

NC —2.74° 18 1.59 1.4

cC —-0.057' 1% 245 1.2

HERA combined —-1.23°3%%8 1.25 1.6
Tevatron:

Drell-yan -0.87° 133 1.96 1.3

Tevatron dijet 0.46°33] 1.0 1.8

Tevatron top quark production —-0.53'3% 9.2 0.60

Tevatron combined -0.38"333 0.65 2.3
All combined —-0.29" 5599 0.071 6.8

where P(7) is the fit likelihood function given byP(7%)
=exp(—(x*(7) — xZi)/2). The corresponding upper 95%
C.L. limits on » and lower 95% C.L. limits oM ¢ are also
shown in Table I.

VII. SENSITIVITY IN RUN 2 OF THE TEVATRON
AND AT THE LHC

At the Tevatron, the best channel to probe the KK state
of photon orZ boson is Drell-Yan production. Since the typi-
cal \/g in Run 2 is well below the limit obtained in the
previous section, the approximatidiss,|t|,|u| is still

whereM;1's are given by Eq(4), 6* is the scattering angle
in the rest frame of the initial partoné=Mﬁ, dx;dx,
= (2M|| /S)dM”dy, andX]_’z: M||ety/\/§.

We follow the prescription of Ref43] and use the Baye-
sian approach, which correctly takes into account both the
statistical and systematic uncertainties, in the estimation of
the sensitivity ton= 772/(3Mé).3 Because of the high statis-
tics in Run 2 and patrticularly at the LHC, the overall sys-

Yematics becomes dominated by the systematics on the

s-dependence of th&-factor from the NLO corrections.
(Systematic uncertainties on the integrated luminosity and
efficiencies are not as important as before, because they get

valid. Therefore, we can use the reduced amplitudes of Eqanceled out when normalizing the tree level SM cross sec-

(4). This approximation also holds well for the LHC, which

tion to theZ-peak region in the dataThe uncertainty on the

was tested by a direct comparison of the approximate crosg_tactor from the NLO calculations for Drell-Yan production

section given by Eq(4) and exact sum over the KK reso-
nances, for values dfic ~10 TeV.

In Ref.[43], we showed that using the double differential
distributiond?o/M dcosé can increase the sensitivity to the

[44] is currently known to a 3% level, so we use this as the
correlated systematics in our calculations M. . For the

LHC we quote the limits for the same nominal 3% uncer-
tainty and also show how the sensitivity improves if the un-

KK states of the graviton compared to the use of singleertainty on thek-factor shape is reduced to a 1% level. It

differential distributions. Similarly, we expect this to be the
case for the KK states of the photon and th&oson. The
double differential cross section for Drell-Yan production,
including the interactions of the KK states of threandz, is
given by

d3o

dM, dydcos#*

=K, i

q

19275 a0 Tq0x2)
X[(1+cost* )2(M ()2 + IMEK(S)?)

+(1—cost*)2(IMEY(s) |2+ |MEY(s)|D)],

shows the importance of higher-order calculations of the
Drell-Yan cross section, which we hope will become avail-
able by the time the LHC turns dh.

In the simulation, we use a dilepton efficiency of 90%, a
rapidity coverage ofn|<2.0, and typical energy resolutions
of the Tevatron or LHC experiments. The simulation is done
for a single collider experiment in the combination of the
dielectron and dimuon channels.

3Note that the maximum likelihood method, as given by €d),
artificially yields 10% higher sensitivity t™M ¢, as it does not prop-
erly treat the cases when the likelihood maximum is found in the
unphysical regiony<0.

“The electroweak radiative corrections have recently been com-
puted in Ref[45].
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TABLE II. Sensitivity to the parameten= 772/3M(2: in Run 1, TABLE IIl. ZEUS: differential cross sectiomla/dQ? of the
Run 2 of the Tevatron and at the LHC, using the dilepton channele® p—e™ X production. The following quantities are given for each
The corresponding 95% C.L. lower limits ¢ are also shown.  bin: the Q? range, the measured Born-level cross section, and the

SM prediction for the Born-level cross section.

95% C.L.
N5 lower limit on Q? range do/dQ? (pb/GeV?)

(TeV™?) Mc (TeV) (GeV?) Measured SM

Run 1 (120pb?) 400.0-475.7 2.753+0.035 9% 2.673

Dilepton 1.62 1.4 475.7-565.7 1.753+0.024"3%¢ 1.775

Run 2a (2 o) 565.7-672.7 1.187+0.018 392 1.149
Dilepton 0.40 2.9 672.7-800.0 (7.71+0.13° 33 x10°*  7.65<10°*
Run 2b (15 fb'?) 800.0-951.4 (4.79£0.09° 339 %1071 4.93x10°!
Dilepton 0.19 4.2 951.4-1131.4 (3.21+0.07° 399 x 10"t 3.13x10°*
LHC (14 TeV,100 1131.4-1345.4 (2.0120.059% %101 2.04x10°*

fb™*, 3% systematigs 5 _

: i 1345.4-1600.0 (1.27+0.03° 3P x10t  1.28<10°!
Dilepton 1.81X10 13.5 o1 L, _2

LHC (14 TeV,100 1600.0-1902.7 (8.49+0.26"33)x 10 8.26x 10
fo~1, 1% systematios 1902.7-2262.8 (4.97+0.18"31)x102  5.01x10?
Dilepton 1.3 102 15.5 2262.8-2690.9 (3.05+0.13°3% %1072  3.13x10°2
2690.9-3200.0 (1.99+0.10°33) %1072  2.09x10°2
3200.0-4525.5 (9.00+0.39°329x10°%  9.77x10°°
4525.5-6400.0 (3.30+0.19°31hx10°%  3.49x10°°
As expected, the fit to double-differential cross section36400'0_9050'0 (13250100559 x10°%  1.20<10°°
yields a~10% better sensitivity & than just using one- 9050-0-12800.0 (3.69°077619 <107 3.64x10°
dimensional differential cross sections. We illustrate this by12800.0-18102.0 (895569 x10°° 10.0x10°°
calculating the sensitivity td ¢ in Run 1, which is slightly  18102.0-25600.0 (2.4"132404 %1075 2.2x107°
higher than the result obtained from the fit to the invariantys5q0 0_36203.0 <6.0x10°° 3.7%10°°
mass spectrum from CDF and/DO 36203.0-51200.0 (263573 x10°° 0.4x10°°

The sensitivity, at the 95% C.L., tM in Run 1(120

pb~1), Run 2a(2 fb~ %), Run 2b(15 fb™ 1), and at the LHC
(100 fb~1) is given in Table Il. While the Run 2 sensitivity is
somewhat inferior to the current indirect limits from preci-
sion electroweak data, LHC would offer a significantly
higher sensitivity toM -, well above 10 TeV.

When this work is completed, we learned of a preliminary
study on a similar topic for the LHE46], which yielded a
somewhat lower sensitivity. Very recently, a complementary

TABLE V. ZEUS: differential cross sectiomlo/dQ? of the

e" p— veX production. The following quantities are given for each
bin: the Q? range; the measured Born-level cross sectiotid Q?,

paper[47] on the effects of KK excitations of gauge bosons
at high-energye*e™ colliders has appeared in LANL ar-
chives.

+

and the SM prediction for the Born-level cross section.
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Tables II-XXII are the data sets that we used in our  55494_60000

da/dQ%(pb/GeV?)
Measured SM

(2.94+0.28"'33)x10°2  2.80x102
(1.82:0.14+0.08)x 1072  1.87x10 2
(1.220.08:0.03)x10°2  1.15x10°?
(5.620.40+0.08)x10 %  6.07x10° 3
(2.62-0.20° 339 x10°%  2.61x10°°
(7.9 0337938 x10°* 8.29x10°4
(2.00°335+0.17)x107*  1.65<10°*
(261735339 %x10°° 1.71x10°°

(5.9 3% tHx1077 6.24x 1077

analysis.
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TABLE V. H1: reduced NC cross sectianyc(x,Q?) in thee'p
collisions obtained by dividingl?oyc/dxd@ by the kinematic
factorxQ*/ (Y, 2mwa?), with its statistical §,), Systematic b9

and combined ;) uncertainties. The additional normalization un- (Ge\?)

certainty, not included in the systematic error, is 1.5%.

Q? X y E'NC Ostat Osys ot
(GeV?) (%) (%) (%)

150 0.003 0.518 1.240 1.8 5.2 55
150 0.005 0.331 1.100 1.8 3.3 3.8
150 0.008 0.207 0.920 29 8.9 9.3
200 0.005 0.442 1.102 1.8 5.0 5.3
200 0.008 0.276 0.915 1.9 3.5 4.0
200 0.013 0.170 0.765 2.2 3.7 4.3
200 0.020 0.110 0.696 2.6 4.9 5.5
200 0.032 0.069 0.601 3.2 7.5 8.1
200 0.050 0.044 0.516 3.7 8.2 9.0
200 0.080 0.028 0.439 4.2 9.0 9.9
250 0.005 0.552 1.113 2.3 5.1 5.6
250 0.008 0.345 1.018 2.0 3.7 4.2
250 0.013 0.212 0.807 2.1 3.9 4.4
250 0.020 0.138 0.721 2.1 3.6 4.1
250 0.032 0.086 0.606 2.2 3.6 4.3
250 0.050 0.055 0.529 2.4 3.4 4.2
250 0.080 0.035 0.430 2.7 3.6 4.5
250 0.130 0.021 0.334 3.4 4.3 5.5
250 0.250 0.011 0.240 3.3 7.4 8.1
250 0.400 0.007 0.122 5.9 12.1 13.4
300 0.005 0.663 1.139 3.4 5.6 6.5
300 0.008 0.414 0.989 2.4 5.1 5.7
300 0.013 0.255 0.846 2.4 3.8 45
300 0.020 0.166 0.740 2.4 3.9 4.6
300 0.032 0.104 0.629 2.4 3.7 4.4
300 0.050 0.066 0.499 2.6 3.6 4.5
300 0.080 0.041 0.456 2.7 3.9 4.8
300 0.130 0.025 0.346 3.4 5.8 6.8
300 0.250 0.013 0.250 3.1 8.1 8.7
300 0.400 0.008 0.140 5.7 14.5 15.6
400 0.008 0.552 0.976 3.1 5.1 6.0
400 0.013 0.340 0.841 2.8 3.9 4.8
400 0.020 0.221 0.739 2.8 3.7 4.7
400 0.032 0.138 0.619 2.8 3.6 4.6
400 0.050 0.088 0.513 3.0 3.8 4.8
400 0.080 0.055 0.455 3.1 4.0 5.1
400 0.130 0.034 0.373 3.8 4.5 5.9
400 0.250 0.018 0.241 35 6.5 7.4
400 0.400 0.011 0.155 6.2 11.6 13.2
500 0.008 0.690 1.026 4.2 5.1 6.6
500 0.013 0.425 0.906 3.3 5.2 6.2
500 0.020 0.276 0.792 3.3 3.9 5.2
500 0.032 0.173 0.654 3.3 4.0 5.2
500 0.050 0.110 0.508 35 4.1 5.4
500 0.080 0.069 0.445 3.6 3.7 5.2
500 0.130 0.042 0.368 4.3 4.3 6.1
500 0.180 0.031 0.287 4.9 5.4 7.3
500 0.250 0.022 0.220 5.9 8.5 10.4
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TABLE V. (Continued.

Q? X y E'NC Ostat Osys ot
(%) (%) (%)
500 0.400 0.014 0.143 8.6 15.3 175
650 0.013 0.552 0.903 4.0 4.3 5.9
650 0.020 0.359 0.718 4.1 3.9 5.7
650 0.032 0.224 0.633 4.0 4.0 5.7
650 0.050 0.144 0.521 4.1 3.9 5.7
650 0.080 0.090 0.436 4.0 4.0 5.7
650 0.130 0.055 0.413 4.6 4.7 6.6
650 0.180 0.040 0.309 5.3 5.8 7.9
650 0.250 0.029 0.246 6.2 8.7 10.6
650 0.400 0.018 0.125 9.9 115 15.2
650 0.650 0.011 0.021 14.3 15.7 21.3
800 0.013 0.680 1.000 5.0 4.7 6.8
800 0.020 0.442 0.796 4.6 4.3 6.3
800 0.032 0.276 0.709 4.5 4.0 6.0
800 0.050 0.177 0.540 4.6 3.9 6.0
800 0.080 0.110 0.474 4.6 4.2 6.2
800 0.130 0.068 0.370 5.4 4.8 7.2
800 0.180 0.049 0.333 6.0 4.9 7.8
800 0.250 0.035 0.208 7.5 5.8 9.4
800 0.400 0.022 0.150 9.6 105 14.2
800 0.650 0.014 0.018 19.6 18.4 26.9
1000 0.020 0.552 0.754 5.4 3.8 6.6
1000 0.032 0.345 0.639 5.6 4.1 6.9
1000 0.050 0.221 0.566 5.1 3.8 6.4
1000 0.080 0.138 0.431 5.3 3.7 6.5
1000 0.130 0.085 0.385 6.1 4.8 7.7
1000 0.180 0.061 0.341 6.7 4.3 7.9
1000 0.250 0.044 0.244 7.8 5.4 9.5
1000 0.400 0.028 0.111 12.1 13.4 18.1
1000 0.650 0.017 0.013 25.0 15.1 29.2
1200 0.020 0.663 0.737 7.2 3.7 8.1
1200 0.032 0.414 0.645 6.4 3.8 7.4
1200 0.050 0.265 0.531 6.0 3.5 6.9
1200 0.080 0.166 0.448 5.9 3.6 6.9
1200 0.130 0.102 0.391 6.8 3.7 7.8
1200 0.180 0.074 0.338 7.5 4.7 8.9
1200 0.250 0.053 0.250 8.7 6.7 10.9
1200 0.400 0.033 0.129 12.1 8.5 14.8
1200 0.650 0.020 0.017 24.2 175 29.9
1500 0.020 0.828 0.789 9.2 5.0 10.5
1500 0.032 0.518 0.581 8.1 4.3 9.2
1500 0.050 0.331 0.486 7.2 3.8 8.1
1500 0.080 0.207 0.457 6.8 3.7 7.8
1500 0.130 0.127 0.376 8.0 3.9 8.9
1500 0.180 0.092 0.345 8.6 4.2 9.6
1500 0.250 0.066 0.268 9.4 5.8 11.0
1500 0.400 0.041 0.110 14.6 7.8 16.6
1500 0.650 0.025 0.009 37.8 19.6 42.6
2000 0.032 0.690 0.614 9.0 4.1 9.9
2000 0.050 0.442 0.541 8.7 4.3 9.7
2000 0.080 0.276 0.428 8.3 3.9 9.1
2000 0.130 0.170 0.340 9.6 4.3 10.6
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TABLE V. (Continued. TABLE VI. (Continued.
Q2 X y }NC Ostat 5sys Srot QZ X y o occ/dxd Q2 Ostat 5sys Siot
(Ge\?) (%) (%) (%) (GeV) (pb/GeV?) (%) (%) (%)

2000 0.180 0.123 0.331 101 48 111 2000 0032 0.690 0.7»610°' 157 8.8 181
2000 0.250 0.088 0.249 10.7 59 1222 2000 0.080 0276 026410 ' 135 58 148
2000 0.400 0.055 0.114 15.1 8.2 17.2 2000 0.130 0.170 0.94010°> 206 57 21.4
2000 0.650 0.034 0011 378 187 422 2000 0.250 0.088 0.56610 > 230 7.3 24.6
3000 0.050 0.663 0.513 7.3 4.1 8.4 3000 0.080 0.414 0.15610* 152 6.7 16.8
3000 0.080 0.414 0.458 7.7 4.2 8.7 3000 0.130 0.255 0.872210°2 170 59 181
3000 0.130 0.255 0.347 9.1 4.8 10.2 3000 0.250 0.133 0.28810 2 236 82 251
3000 0.180 0.184 0.324 9.2 4.1 10.0 5000 0.130 0.425 0.40210°2 210 74 223
3000 0.250 0.133 0.242 9.9 4.9 11.1 5000 0.250 0.221 0.1K10°2 26.8 6.5 27.6
3000 0400 0083 0127 125 90 154 8000 0130 0.680 0125102 357 143 385
3000 0650 0051 0012 301 149 33.6 8000 0250 0.354 0.53010°° 335 112 354
5000 0.080 0.690 0.353 10.4 4.7 11.4 8000 0400 0.221 0.23510°° 500 156 524
5000 0.130 0.425 0.392 10.4 5.0 11.6 15000 0.250 0.663 0.7%410 4 71.2 18.1 735
5000 0.180 0.307 0.223 13.4 4.5 14.1 15000 0.400 0.414 0.12410° 3 40.9 174 445
5000 0.250 0.221 0.217 13.9 6.6 15.4
5000 0.400 0.138 0.127 17.1 8.8 19.3
5000 0.650 0.085 0.012 37.8 14.9 40.6
8000 0.130 0.680 0.283 16.5 4.9 17.2
8000 0.180 0.491 0.284 15.5 6.4 16.7
8000 0.250 0.353 0.273 15.1 7.0 16.6
8000 0.400 0.221 0.093 24.2 9.9 26.2

8000 0.650 0.136 0.013 44.7 19.8 48.9 . N
12000 0.180 0.736 0.153 34.4 43 346  TABLE VII. H1: reduced NC cross sectiomyc(x,Q%) with its

4. ) o . :
12000 0.250 0.530 0.127 321 6.2 327 combined @y, statistical @), and systematicds,9 uncertain-

" ties in thee™ p collisions. The additional normalization uncertainty
12000 0.400 0.331 0.085 33.3 114 35.2 of 1.8% is not included in the errors.

12000 0.650 0.204 0.015 57.7 24.2 62.6

20000 0.250 0.884 0.090 61.9 5.5 62.2 Q? X . Py S S
NC ot stat sys
20000 0.400 0.552 0.142 35.7 9.9 37.0 (Ge\?) (%) (%) (%)
20000 0.650 0.340 0.021 70.7 41.6 82.0
30000 0.400 0.828 0.182 719 9.6 72.6 150 0.0032 1.218 4.7 2.7 3.8
150 0.0050 1.154 4.4 2.8 3.4
150 0.0080 0.968 9.1 4.1 8.2
200 0.0032 1.271 6.1 4.1 45
TABLE VI. H1: double differential CC cross section 200 0.0050 1.107 4.6 2.8 3.6
d?occ/dxd@ with its statistical @), Systematic §s,9, and 200 0.0080 0.915 45 3.0 3.3
combined @) uncertainties in the*p collisions. The additional 200 0.0130 0.860 4.7 3.2 3.5
normalization uncertainty, not included in the systematic error, is 200 0.0200 0.677 6.5 38 53
1.5%. 200 00320  0.558 8.6 45 7.4
T N A
(GeV?) (pb/GeV?) (%) (%) (%) ’ ' ) ' )
250 0.0050 1.123 5.3 3.5 4.0
300 0.013 0.255 0.63710° 274 16.0 318 250 0.0080 1.021 5.3 3.2 4.2
300 0.032 0.104 0.1241C° 28.1 10.3 30.0 250 0.0130 0.825 5.7 3.4 4.5
300 0.080 0.041 0.53210! 238 75 255 250 0.0200 0.691 5.4 3.5 4.0
500 0.013 0.425 0.4681C° 251 15.7 29.7 250 0.0320 0.569 6.1 3.8 4.7
500 0.032 0.173 0.1w1° 170 87 19.2 250 0.0500 0.493 5.7 4.3 3.7
500 0.080 0.069 0.54610°* 17.0 6.5 189 250 0.0800 0.407 6.1 4.7 3.9
500 0.130 0.043 0.28910°* 27.8 8.0 294 250 0.1300 0.311 7.8 5.3 5.8
1000 0.032 0.345 0.12410° 15.0 8.0 17.1 250 0.2500 0.225 12.1 7.5 9.5
1000 0.080 0.138 0.48710°1 13.3 6.1 14.8 250 0.4000 0.138 11.8 9.3 7.2
1000 0.130 0.085 0.19910°! 209 65 225 300 0.0050 1.152 7.2 5.6 4.6
1000 0.250 0.044 0.10510°' 317 11.7 34.1 300 0.0080 1.026 5.1 3.6 3.6
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TABLE VII. (Continued.
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Q? X E'NC ot Ostat Osys Q? X One Stot Sstat Osys
(GeV?) (%) (%) (%) (GeVW) (%) (%) (%)
300 0.0130 0.878 5.3 3.8 3.7 1000 0.1300 0.491 11.6 10.3 5.3
300 0.0200 0.735 5.9 4.0 43 1000 0.1800 0.249 14.6 135 5.7
300 0.0320 0.605 5.8 4.2 41 1000 0.2500 0.311 15.9 13.0 9.2
300 0.0500 0.509 6.8 45 51 1000 0.4000 0.122 26.9 22.9 14.0
300 0.0800 0.390 6.9 5.2 46 1200 0.0200 0.839 10.0 9.1 4.0
300 0.1300 0.332 8.8 5.4 7.0 1200 0.0320 0.719 9.9 9.2 3.7
300 0.2500 0.277 12.8 6.9 10.8 1200 0.0500 0.645 9.9 9.3 3.6
300 0.4000 0.143 14.2 10.3 9.8 1200 0.0800 0.415 11.2 10.7 3.4
400 0.0080 1.088 6.1 4.5 41 1200 0.1300 0.384 13.4 12.6 45
400 0.0130 0.897 5.6 4.3 36 1200 0.1800 0.341 14.6 13.6 5.3
400 0.0200 0.732 5.8 4.5 3.6 1200 0.2500 0.251 17.3 15.8 7.0
400 0.0320 0.560 6.1 4.8 3.8 1200 0.4000 0.110 27.7 25.0 12.0
400 0.0500 0.514 6.3 5.0 3.7 1500 0.0200 0.860 13.5 12.4 5.5
400 0.0800 0.429 7.0 5.5 43 1500 0.0320 0.704 11.4 10.4 4.7
400 0.1300 0.352 7.5 5.6 50 1500 0.0500 0.515 12.2 11.7 3.6
400 0.2500 0.240 10.6 7.6 7.4 1500 0.0800 0.512 11.7 11.0 4.0
400 0.4000 0.143 13.7 10.8 8.4 1500 0.1300 0.390 14.8 13.9 5.0
500 0.0080 1.044 9.3 7.8 5.1 1500 0.1800 0.260 19.1 18.6 4.3
500 0.0130 1.003 6.8 5.1 45 1500 0.2500 0.197 21.1 19.6 7.7
500 0.0200 0.765 7.0 5.1 48 1500 0.4000 0.145 27.4 24.3 12.8
500 0.0320 0.604 7.0 5.3 45 1500 0.6500 0.014 38.9 35.4 16.1
500 0.0500 0.517 6.9 5.6 4.0 2000 0.0320 0.796 11.9 11.1 4.4
500 0.0800 0.392 9.2 6.4 6.5 2000 0.0500 0.599 13.9 13.0 5.0
500 0.1300 0.363 8.7 7.2 4.9 2000 0.0800 0.582 13.0 12.3 4.3
500 0.1800 0.283 11.5 8.2 8.1 2000 0.1300 0.224 20.6 20.0 4.6
500 0.2500 0.254 14.2 10.5 9.5 2000 0.1800 0.249 22.7 21.9 6.3
500 0.4000 0.139 21.6 15.4 151 2000 0.2500 0.197 23.4 22.4 6.8
500 0.6500 0.026 22.4 19.6 109 2000 0.4000 0.108 29.5 27.7 10.1
650 0.0130 0.988 7.3 6.0 4.1 3000 0.0500 0.606 12.4 10.6 6.4
650 0.0200 0.791 7 6.3 44 3000 0.0800 0.556 11.8 10.9 45
650 0.0320 0.684 7.4 6.1 4.3 3000 0.1300 0.464 13.0 12.4 4.0
650 0.0500 0.538 8.3 6.5 52 3000 0.1800 0.347 16.1 15.3 5.1
650 0.0800 0.436 9.2 7.1 5.8 3000 0.2500 0.255 19.1 17.8 7.0
650 0.1300 0.343 10.5 8.8 5.8 3000 0.4000 0.128 255 23.0 10.9
650 0.1800 0.330 118 9.1 7.5 5000 0.0800 0.707 11.7 10.6 4.8
650 0.2500 0.251 15.9 11.9 10.6 5000 0.1300 0.536 14.2 13.1 5.3
650 0.4000 0.090 24.9 22.9 9.6 5000 0.1800 0.442 14.9 14.0 5.2
800 0.0130 0.842 117 10.2 5000 0.2500 0.361 20.3 17.4 105
800 0.0200 0.806 8.8 7.2 5000 0.4000 0.091 335 31.6 11.1
800 0.0320 0.721 8.7 71 50 5000 0.6500 0.010 45.1 41.0 18.8
800 0.0500 0.587 8.6 74 8000 0.1300 0.722 17.2 16.0 6.5
800 0.0800 0.518 9.4 7.8 8000 0.1800 0.386 21.2 20.4 5.8
800 0.1300 0411 118 10.0 6.2 gooo 0.2500 0.295 23.3 21.8 8.2
800 0.1800 0.302 134 11.6 6.7 8000 0.4000 0.197 32.4 277 16.8
800 0.2500 0.212 164 14.1 12000 0.1800 0.471 28.8 278 76
800 0.4000 0.117 24.4 20.9 129 15000 0.2500 0.298 302 28.9 8.6
800 0.6500 0.015 26.5 21.8 149 15000 04000  0.083 53.7 50.0 19.6
1000 0.0130 0.773 13.5 11.5 20000 0.2500 0.349 52.2 51.1 10.8
1000 0.0200 0.787 . 79 20000 0.4000 0.182 46.7 44.7 133
1000 00320 0572 100 9.0 44 50000 06500 0014 798 707 369
1000 00500  0.577 95 8.4 30000 04000 0268 729 707 175
1000 0.0800 0.450 10.8 9.3 5.6
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TABLE VIII. H1: double differential CC cross section
d?occ/dxd@ with its overall (5, statistical @), and system-
atic uncertainties §,9 in the e”p collisions. The additional nor-

TABLE IX. (Continued.

Electron channel

malization uncertainty of 1.8% is not included in the errors. Mass bin M meaf GeV) do/dM(pb/GeV)
2 " Porldxd s s s 40-50 445 (2.3080.448+0.126)x 10°
(G(gvz) (p‘E)C,Ge\;)QZ %) (%) (o) 5060 54.6 (8.0380.978-0.478)< 10"
60-70 63.8 (6.005 0.547+0.293)x 10
300 0.013  0.45810° 576 554 157  70-78 74.7 (5.8290.439+0.148)x 10" 1
300 0.032  0.39810° 273 245 120 78-86 82.9 (1.6380.061+0.011)x 10°
300 0.080 0.698 1071 423  40.7 116  86-88 87.1 (5.8950.222+0.027)x 10°
500  0.013  0.43310° 39.9 376 133  88-90 89.2 (1.8280.051=0.009)x 10"
500 0.032  0.28510° 210 196 7.8  90-92 90.6 (5.485 0.135+ 0.033)x 10"
500 0.080 0.79810 1 224 218 51  92-94 92.8 (2.27%50.065+ 0.015)x 10*
500 0130  055%10! 299 290 7.0  94-100 96.2 (3.7960.117+0.019)x 10°
1000  0.032  0.18610° 182 175 49  100-105 102.2 (9.1260.733+0.126)x 10"
1000  0.080  055610°' 184 179 43  105-120 111.2 (2.6310.237£0.044)x 10~
1000 0.130 0.31810°* 245  24.0 46  120-140 128.8 (6.5541.017+0.191)x 10 ?
1000  0.250  0.13810°' 391 376 10.6  140-200 164.2 (2.0880.320+0.051)x 102
2000  0.032  0.13210° 162 155 49  200-300 240.6 (2.5990.847+0.039)x 103
2000 0.080  057%10' 136 130 3.9  300-400 3422 (8.0804.677+0.127)x 104
2000 0130  0.19%¥10! 217 212 45  400-600 478.8 (1.4381.433£0.037)x 10 *
2000 0250 0.858102 264 256 65  >600 725.6 (0.008 0.964+ 0.000)x 104
3000 0.080  0.32410! 148 140 4.8
—1
2888 8;28 8;513 18_2 ;gi igg gé TABLE X. DQ: Drell-Yan data in the electron channel.
3000 0.400  0.25%102 403 352 196 - hannel
5000 0.080  021810°! 192 179 67 ectron channe
5000 0130 010810 ! 182 168 7.0 My range(GeV) o (pb)
5000 0.250 0558102 169 163 4.4 120-160 1.93 7042
5000  0.400  0.128102 356 331 131 160—200 0.49 016
2 . -0.18
8000  0.130  0.72210 211 189 93 200240 0.08 ~009
8000 0250  0.342102 174 163 6.2 T
8000 0400  0.94810° 304 286 103 240-290 0.066" 0055
15000  0.250  0.13910°2  27.3 221  16.0 290-340 0.033"g030
15000 0400  0.41810° 295 275 107 340-400 0.057"5,047
400-500 <0.063(0.039)
500—600 <0.060(0.037)
600—1000 <0.058(0.035)

TABLE IX. CDF: Drell-Yan data in the muon and electron

channels. TABLE XI. Preliminary combined LEP results on the e*
—ff production atys=130-202 GeV. The standard model pre-
Muon channel dictions are fromzrITTER [48] v6.10.

Mass bin d?c/dMdyly <1 (pb/GeV)
20-50 0.362 0.057 Vs (GeV) Quantity Value SM
50-60 0.129-0.030 130 a(qq) [pb] 81.938+2.220 82.803
60-70 0.10%0.019 o(ut ™) [pb] 8.592+0.682 8.439
70-78 0.124:0.019 a(7"77) [ph] 9.082£0.931 8.435
78-86 0.366:0.037 App(ptu”) 0.692+0.060 0.705
86-90 2.36:0.21 App(r777) 0.663+0.076 0.704
90-94 12.381.08 136 a(qq) [pb] 66.570+ 1.967 66.596
94-102 0.556:0.052 o u™) [pb] 8.231+0.678 7.281
102-110 0.161£0.025 a(7"77) [pb] 7.123+0.821 7.279
110-120 0.0620.016 A7) 0.704+0.060 0.684
120-150 0.024 0.005 App(r777) 0.752+0.088 0.683
150-200 0.00470.0016 161 a(qa) [pb] 36.909-1.071 35.247
200-250 0.00210.0011 ol u™) [pb] 4.586+0.364 4.613
250-300 0.0010F 0.00076 a(7"77) [pb] 5.692+0.545 4.613
300-400 0.00024 0.00024 A7) 0.535+0.067 0.609
400-500 0.6:0.00019 App(r777) 0.646+0.077 0.609
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TABLE XIl. (Continued.

Vs (GeV) Quantity Value SM s (GeV) Ry R.
172 U(qa) [pb] 29.172+0.987 28.738 200 0.16210.0111 —
o(ut ™) [pb] 3.556+0.317 3.952 (0.1642 _
o(r"77) [pb] 4.026+0.450 3.951 202 0.18730.0177 -
A1) 0.672+0.077 0.591 (0.1639 _
Nl
A7) 0.342+0.094 0.591 206 0.1696-0.0182 -
183 o(q0) [pb] 24.567+0.421 24.200 0.1633 -
o(ut ™) [pb] 3.484+0.147 3.446
o(r77) [pb] 3.398+0.174 3.446
A ) 0.558+0.035 0.576
Ap(rhr) 0.608+0.045 0.576 TABLE XIIl. The LEP 2 e*e”—e*e™ production cross
189 a(qq) [pb] 22.420+-0.248 22.156  sections.
o(ut ™) [pb] 3.109+0.077 3.207 —
o(r" ) [pbl 3.140+0.100 3.207 Vs (GeV) Tee (PD) oee (pb)
A1) 0.565+0.021 0.569 ALEPH
Nl
A7 7) 0.584+0.028 0.569 130 191.36.2+35 186.7
192 o(qa) [pb] 22.292:0.514  21.237 136 162.2:5.6+3.5 167.3
a(p”p) [ph] 2.941+0.175 3.097 161 119.23.7+2.3 119.0
o(7"77) [pb] 2.863£0.216 3.097 172 107.83.5+2.1 102.5
Arp(pn"p7) 0.540+0.052 0.566 183 90.9-1.4+1.7 90.9
Am(r"77) 0.610£0.071 0.566 189 84+0.72+0.71 87.25
196 a(qa) [pb] 20.730+0.330 20.127 192 80.00- 1.90+0.87 81.9
o(unw”) [pb] 2.965+0.106 2.962 196 78.74-1.10-0.76 79.2
o(r77) [pb] 3.015+0.139 2.962 200 73.95-1.02+0.70 76.3
At ) 0.579+0.031 0.562 202 75.42- 1.50+0.80 74.6
Ap(7"77) 0.489+0.045 0.562 204.9 75.331.20£0.90 74.36
200 a(qq) [phl 19.376+0.306 19.085 206.7 73.46-0.91+0.70 74.50
o(un*u”) [pbl 3.038+0.104 2.834 SELPHI
o(7"77) [pb] 2.995+0.135 2.833 1302 42 04,04 0.80 187
A1) 0.518+0.031 0.558 : DD '
Rl 136.2 47.1-4.2+0.71 44.6
An(7h77) 0.546+0.043 0.558 "
02 T 16,991 0,475 16,672 161.3 27.11.8+0.41 31.9
(qa) [pb] ' ' : 172.1 30.2:1.9+0.36 28.0
JIF 6-0. .
Ar(p 1) 0.543%0.048 0.556 192 24.03-1.03 22.29
200 20.56:0.51 20.52
202 21.380.75 20.08
L3
TABLE XII. Combined LEP 2 data on th&, andR. along with 130.1 45.0:2.7£0.2 49.7
the standard model predictions. 136.1 43.6:2.8+0.2 45.4
161.3 31.1-1.8+0.9 32.4
Js (GeV) Ry Re 172.3 26.71.8£0.8 28.3
182.7 25.6-0.7+0.1 25.0
133 0.180% 0.0133 - 188.7 23.5:0.4+0.1 23.4
(0.1853 -
OPAL
167 0'1407?7%0127 B 130.25 61516+8 645
(0.1709 - 136.22 58015+ 8 592
183 0.1616-0.0101 0.276:0.043 161.34 434745 495
(0.1672 (0.250 172.12 36565 375
189 0.1559-0.0066 0.2410.024 183 333+3+4 333
(0.1660 (0.252 189 304.6:1.3+ 1.4 311.6
192 0.1688:0.0187 - 192 301.4:3.3x15 299.4
(0.1655 - 196 285.8£2.0£1.5 287.7
196 0.15770.0109 _ 200 273.:01.9x1.4 276.3
(0.1648 B 202 272.02.8+1.4 270.6
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TABLE XIV. The ete” —e"e™ differential cross sectiods/dcosg* measured by ALEPH.

cos¢* range 130 GeV 136 GeV 161 GeV
o (pb) osm (P o (pb) osw (pb) o (pb) osw (pb)
-0.9—0.7 0.19-0.34 0.37 0.730.20 0.22 0.46:0.21 0.37
—-0.7—0.5 1.41%0.35 0.55 1.160.36 0.62 0.880.21 0.44
-0.5—0.3 1.36+-0.45 1.09 0.540.35 0.49 0.5%0.28 0.79
-0.3—0.1 1.23+0.48 1.19 0.520.41 0.89 0.320.26 0.62
-0.1-0.1 2.66:0.69 2.45 1.46:0.62 2.09 1.240.40 1.43
0.1-0.3 3.7&0.83 3.82 2.090.74 2.96 2.370.47 2.07
0.3-0.5 8.881.18 7.36 6.681.08 6.13 5.350.73 4.95
0.5-0.7 21.632.12 22.20 16.581.97 20.50 14.381.27 14.10
0.7-0.9 149.616.22 148.0 132.555.85 133.0 93.763.76 94.20
172 GeV 183 GeV
-09—0.7 0.32£0.19 0.28 0.240.07 0.21
—-0.7—0.5 0.88-0.19 0.34 0.290.07 0.25
—-0.5—0.3 0.66-0.24 0.58 0.460.10 0.51
-0.3—0.1 0.61+0.23 0.44 0.7%£0.12 0.64
—-0.1-0.1 0.95:0.36 1.23 0.830.14 0.90
0.1-0.3 1.80-0.47 1.93 1.42:0.20 1.83
0.3-0.5 4.920.71 4.24 3.96:0.29 3.66
0.5-0.7 13.01.20 12.40 12.470.56 11.10
0.7-0.9 84.6%3.51 81.10 71.961.86 71.80

TABLE XV. The e"e” —u*u~ ande*e”— 77 differential cross sectiondo/dcosé* measured by ALEPH.

cosé* range do/dcosé* (pb)
189 GeV 192 GeV 196 GeV 200 GeV 202 GeV 204.9 GeV 206.7 GeV
AT
—0.95—0.8 0.6%£0.17 0.23:0.25 0.610.24 0.64:0.23 0.83:0.38 0.42:0.20 0.510.18
—-0.8—0.6 0.310.10 0.170.18 0.56-0.20 0.58-0.19 0.16:0.13 0.29-0.15 0.43:0.14
-0.6—04 0.38:0.11 1.07:0.45 0.510.19 0.90:0.24 0.86£0.33 0.1740.13 0.25-0.11
—-0.4—0.2 0.75-0.16 0.72£0.37 0.58-0.20 1.02:0.26 0.48-0.26 0.56£0.31 1.06:0.21
—0.2-0.0 1.1%*0.19 0.89£0.42 0.88£0.25 1.20:0.28 0.73:0.32 0.94-0.25 0.60:0.16
0.0-0.2 1.020.19 1.8G:0.59 1.09:0.28 1.59-0.32 1.22:0.41 1.06:0.27 1.06:0.21
0.2-0.4 2.090.26 0.88:-0.42 1.89-0.37 1.970.36 1.7G:0.48 1.170.29 1.610.26
0.4-0.6 1.930.25 2.28-0.66 2.38£0.40 1.78-0.34 2.42-0.56 1.64-0.34 1.94-0.28
0.6-0.8 3.240.32 3.96:0.85 2.84-0.44 3.03:0.43 2.22:0.54 1.65-0.35 2.84:0.35
0.8-0.95 3.86:0.40 3.83:0.99 3.12:0.54 3.35:0.54 3.810.82 2.33:0.48 2.95:-0.42
Tt
—-0.95—0.8 0.43:0.33 —0.35+-0.42 0.80:0.49 0.76£0.47 0.94-0.77 0.65-0.46 0.35£0.27
—-0.8—0.6 0.49-0.18 0.36:0.47 1.02:0.39 0.93:0.35 0.09£0.28 0.506:0.28 0.38:0.21
—-0.6—04 0.170.13 0.18:0.33 —0.03+0.17 0.7G:0.32 0.36:0.34 0.39£0.27 0.38:0.21
-0.4—0.2 0.99£0.24 1.64-0.75 0.58-0.29 0.68-0.31 0.43-0.44 0.21-0.23 0.60-0.25
—-0.2-0.0 0.820.24 0.76-0.58 0.82:0.36 1.270.42 0.45-0.42 0.26:0.25 0.370.20
0.0-0.2 0.76:0.24 1.98-0.83 0.72:0.34 1.44-0.43 1.20-0.59 1.14-0.41 1.37-0.34
0.2-0.4 1.980.34 1.96:-0.85 2.50:0.58 1.71-0.48 2.010.72 1.73-0.50 1.27-0.34
0.4-0.6 2.160.37 2.65-0.98 1.68-0.48 1.84£0.49 0.94-0.58 1.43:0.48 1.35:0.35
0.6-0.8 2.46:0.39 2.55-0.99 2.65-0.65 2.86-0.63 471+ 1.13 1.60:-0.52 1.85-0.41
0.8-0.95 7.091.22 3.7451.89 6.24t1.24 2.65-1.36 3.33:2.09 3.09:1.08 2.670.72
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TABLE XVI. Differential cross sectiordo/dcos¢* for theete™—e*e™,u*u ™, 7" 7, qq production measured by OPAL.

cosé* range do/dcos#* (pb)
130.12 GeV  136.08 GeV ~ 182.69 GeV 189 GeV 192 GeV 196 GeV 200 GeV 202 GeV
ete”
-0.9—0.7 43 53 1.2°93 1.4+0.2 1.751 1.4+0.3 1.6:0.3 2.3'54
-0.7—0.5 4*3 43 2.1+0.4 2.0:0.2 1.9°9%8 1.6£0.3 1.9-0.3 1.6"52
-0.5—0.3 6°3 8" 2.3+0.5 2.4:0.3 1.9°58 2.6+0.4 2.3:04 3.2£0.7
-0.3—0.1 673 9% 4.8+0.7 3.0:0.3 15797 2.7+0.4 2.4-0.4 2,504
-0.1-0.1 135 8" 6.1+0.7 4.3:0.3 5.4:1.0 3.7:0.5 5.2:0.6 4.4:0.8
0.1-0.3 235 18+ 4 9.5-0.9 8.3-0.5 9.6-1.3 8.3-0.7 7.4-0.7 8.5-1.1
0.3-0.5 457 35+ 6 21.1+1.4 19.3-0.7  19.3-1.8 17.0:1.1  17.0:1.1 145-14
0.5-0.7 11311 122+10 62+2 61.4-14  59.0-3.2 56,720 556-2.0 54.6-2.8
0.7-0.9 83230 725+ 27 4588 415+5 396+ 9 388+6 369+6 361+8
wpT
-1.0—0.8 (O -1*3 0.4"33 0.67°922 1.2+58 019322 05233 1.1°92
-0.8—0.6 373 23 0.7°33 0.36" 311 0.7°3% 0.355%  0.205% 0. 2+04
-0.6—0.4 0*2 0% o.5t8;‘2‘ 0.50' 515 0.3'53 0.84'53F  0.49°9% 0. 2t°4
-0.4—0.2 63 573 0.9°54 0.66+0.14 0. 8*04 0.60703%8  0.56'938 0. 3*04
-0.2-0.0 33 172 1. 2t° 5 1.33+0.20  2.0°9% 055592  0.8393 1. ztgi
0.0-0.2 2°3 33 1.8+0.4 1.20-0.19 o*04 1.5+0.3 1.2°9% 1.0°5%
0.2-0.4 673 63 2.4+05 1.85-0.24 21798 1.6+0.3 2.0:0.4 1.0°5%
0.4-0.6 543 103 1.9+05 2.04-0.27 1.5i8;§ 2.0:0.4 1.4-0.3 1. 206
0.6-0.8 5% 9+ 2.5+0.5 2.64-0.30 2539 3.0+0.5 2.8-0.5 2553
0.8-1.0 9r3 181 4.7+0.9 3.96-0.43 1.9°53 3.9+0.6 3.7:0.6 2.8'5%
Tt
-1.0—0.8 —17° -1*3 0.7°92 0.99'343 o.9tg;; 1.2+58 0.6°0% 2.4tﬂ
~0.8—0.6 0} 0} 0.093 0.39"012 0.1+98 1. 3+04 0.2'93 0.4708
—-0.6—0.4 -1%2 23 0.0°33 0.75+0.18 0. 7*04 0.6°33 0.5°93 0. 7*04
-0.4—0.2 273 0’3 0.7:93 0.76-0.18  0.3'3% 7+04 1.0°9% 0. 9+04
-0.2-0.0 33 13 1592 0.84+0.19 o.4i8;§ 0. 8*04 1.0°93 0.5°9%
0.0-0.2 2*4 43 1.6"98 168:027  2.0°L0 1. 1t°4 1.4794 0. 9+04
0.2-0.4 173 4+ 1.5'52 2.00+0.30 2,059 1.3'33 2.0+0.5 1.5'3%
0.4-0.6 73 73 2.5-0.6 2.52-0.33 1.9°39 2.2+05 2.4-0.5 375
0.6-0.8 773 8'3 4.3x0.8 3.29-040 39713 2.4+05 3.7:0.6 3.4°%%
0.8-1.0 143 7P 3.9°1% 5.1+0.8 6.372% 48+1.1 5.5-1.2 3.2'13
qq
0.0-0.1 70+12 48+ 9 17.0-1.8 17.5-1.0
0.1-0.2 52+9 64+10 17.6-1.8 17.71.1
0.2-0.3 70+11 56+ 10 17.7:1.9 16.8-1.0
0.3-0.4 70+11 63+ 10 19.9-2.0 18.2:1.1
0.4-0.5 64+10 44+ 9 23.1+2.1 18.8-1.1
0.5-0.6 7912 39+8 24.6-2.2 21.6-1.2
0.6-0.7 81+12 78+ 11 27.2+2.3 24.2+1.2y
0.7-0.8 94+13 81+11 26.1+2.2 26.0-1.3
0.8-0.9 85+12 82+ 11 31.2:2.4 27.7-1.3
0.9-1.0 160+23 123+19 32.0:3.2 31.4-1.7
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TABLE XVII. Differential cross sectiorda/dcos¢* for theete™—u*u™, 7" 7~ production measured by DELPHI. Fgs=183

GeV the co#* range foru™* ™ channel is from

—0.94 to 0.94.
cos¢* range do/dcos#* (pb)
183 GeV 189 GeV 192 GeV 196 GeV 200 GeV 202 GeV
A
-0.97—0.8 .000+.178+.013 .495-.143+.008 .000-.331+.005 .716-.253+.018 .560-.211+.016 1.077.407+.029
—-0.8—0.6 514+ .230+.013 A78.128+.008 .202t.202+.005 .520£.196+.013 .266£.133+.007 .585¢-.292+.017
-0.6—0.4 .989+.313+.024 448 .120+.007 .814.407+.020 .614-.205+.015 .885-.236+.023 .25%-.183+.007
—04—0.2 .972+.307+£.023 .39 .113+.006 .385:.272+.009 .208t.120+.005 .699r.211+.018 249 176+ .007
—0.2-0.0 1.298& .360+.032 1.287 .212+.021 1.06& .477+.027 .875-.253+.022 1.05% .263+.029 .392¢.226+ .011
0.0-0.2 1.59% .398+.039 1.12%.197+.018 .619-.357+.016 1.45% .318+.035 1.30%.291+.035 .515-.257+.014
0.2-0.4 1.60%.401*+.039 1.908.248+.029 2.595.720=.063 1.27% .301+.031 1.694 .326+.044 2.385.562+.065
0.4-0.6 3.37%.579+.081 2.445-.290+.039 1.85% .620+.046 2.171 .396+.054 2.95%.436+.079 1.325-.419+.036
0.6-0.8 2.466 .503+.061 2.927 .325+.048 2.592- 748+ .067 3.337%.503+.085 2.877.439+.079 2.051.530+.057
0.8-0.97 4978 .841+.119 3.986:-.413+.065 3.191.885+.080 2.791 .493+.070 3.656-.533+.099 3.125-.717+.088
e
—0.96—0.8 —0.13+0.24+0.04 0.58-0.34+0.05 0.70-0.77+0.06 0.70:0.44+0.06 0.16:0.42+0.06 —0.15+0.60+0.06
-0.8—0.6 0.48:0.31+0.04 0.12£0.13+0.03 0.310.48+0.05 0.18-0.27+0.05 1.0%0.26=0.05 0.89-0.38+0.05
—0.6—04 0.52£0.28+0.04 0.48-0.16£0.04 0.49-0.43+0.06 0.970.25+0.06 0.53:0.24+0.06 0.45:-0.34+£0.06
—04—0.2 0.56£0.30+0.04 0.672-0.19+0.05 0.53:0.50+0.07 0.6%:0.29+0.07 0.53:0.27£0.07 0.45-0.39+0.07
—0.2-0.0 1.620.54+0.12 0.75-0.22+0.06 0.94-0.60+=0.09 1.28-0.34+0.09 1.06:0.33+0.09 1.4G:0.48+0.09
0.0-0.2 1.56:0.51+0.12 1.57-0.31+0.13 1.22-0.68+0.12 0.98-0.39+0.12 1.26-0.38+0.12 0.89-0.54+0.12
0.2-0.4 1.6%0.51+0.12 2.05-0.32+0.16 1.60-0.73+0.16 1.58-0.42+0.16 1.98-0.40+0.16 2.55-0.58+0.17
0.4-0.6 2.490.61+0.19 2.96-0.39+0.23 1.510.84+0.21 2.19-0.48+0.21 1.81-0.46+0.21 2.10:0.67+0.22
0.6-0.8 3.9%1.00+0.29 3.26:0.51+0.26 3.45-1.17+0.28 3.28:0.67+0.28 2.05-0.65+0.28 1.38:0.93+0.29
0.8-0.96 6.771.80+0.50 2.870.71+0.24 —0.23+:1.63+0.31 3.3450.94+0.31 3.76:0.90+0.31 2.63:1.29+0.31
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TABLE XVIII. Differential cross sectiondo/dcosg* for the
e"e —e'e ,utu", 7 production measured by L3.

TABLE XIX. (Continued.

Vs (GeV) Arg
cos¢* range do/dcos#* (pb) ete” CIE
182.7 GeV 188.7 GeV
196 0.8180.015 -
e'e” 200 0.789-0.016 -
—-0.719—0.575 0.404 0.157 0.1670.075 202 0.829-0.020 _
—0.575—0.432 0.306:0.115-0.013  0.30@-0.065 L3
—0.432—0.288 0.532-0.127 0.526:0.070 130 0.806-0.043+0.006 _
—0.288—0.144 0.539%-0.122 0.524-0.067 136.1 0.879 0.039+ 0.006 _
—0.144-0.0 0.93%0.153 0.7080.075 1613 0.818 0.046+ 0.012 _
0.0-0.144 0.9380.153 0.9730.087 1721 0.795-0.056+-0.012 _
0.144-0.288 1.6380.199 1.405%0.103 182 7 0.778 0.021=0.004 _
0.288-0.432 2.7790.259 2.5610.139 188.7 0.816-0.012+0.003 _
0.432-0.575 5.0250.347 5.0540.194 OPAL
0.575-0.719 ;3.55;)0.54 11.23-0.29 189 _ 0.43+0.15-0.08 (ob)
~0.9—0.7 0.115:0.101 0.0080.037 0.57£0.1820.09 (cc)
-0.7—0.5 0.057-0.044 0.166-0.036
-05—0.3 0.139-0.066 0.138:0.034
-0.3—0.1 0.080+ 0.049 0.11%#0.032
-0.1-0.1 0.396:0.127 0.1930.050
0.1-0.3 0.196:0.078 0.3930.056
0.3-0.5 0.7030.139 0.3830.056
0.5-0.7 0.42%0.111 0.5210.066
0.7-0.9 0.4150.164 0.569-0.079
e
-0.9—0.7 0.103-0.098 0.12%#0.055
-0.7—0.5 0.092-0.065 0.1610.043
-05—0.3 0.209-0.087 0.17%0.045
-0.3—0.1 0.328-0.108 0.14%0.042
-0.1-0.1 0.2720.101 0.228 0.055
0.1-03 0.25%0.099 0.328:0.061 TABLE XX. Dijet differential cross sectiomo/dM measured
0.3-0.5 0.37%0.119 0.382-0.067 by CDF.
0.5-0.7 0.5220.143 0.466-0.075
0.7-0.9 1.0790.299 0.45&-0.113 Bin edge AverageVi do/dM Statistical ~ Systematic
(GeV) (GeV) (pb/GeV)  uncertainty uncertainty
TABLE XIX. The e*e™ and hadronic forward-backward asym- 180 188 6.0K10° 3.:2% ;EZZA)
metry, as measured at LEP 2. 198 207 3.4x10° 4.1% 1
217 228 1.8K 107 1.0% 1%
241 252 9.8k 10" 1.4% 1%
Vs (Gev) . Aeo 0 265 277 49%10°  1.8% L)
292 305 2.7& 10" 1.1% “1%%
ALEPH 321 335 1.4% 10" 1.4% 2%
183 - 0.33+0.19(bb) 353 368 7.4%10° 1.9% " 2%
0.95+0.27" 3 co) 388 405 3.8%10° 0.9% zzg%
189 _ 0.34+ 019+ 0.02(0b) 427 446 1.8% 1q° 1.2% )
DELPHI 470 491 9.0%x 10 i 1.7% gg%
1302 0.81:0.06+0.015 - 517 °39  45%10 o 2.3% .
136.2  0.8%0.04+0.013 - 568 592 1.9610 3.3% e
1613  0.82:0.04+0.012 - 625 652 74107 5.1% 5%
1721 0.810.04-0.01 - 688 716 209X10°  7.7% 5%
183 0.814-0.017 _ 756 784 1.1& 102 11% 3%
189 0.810-0.010 _ 832 865 3.5%10°° 20% 3%
192 0.8310.024 _ 915 968 9.0%104  33% AT
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TABLE XXI. Dijet invariant mass distribution measured by TABLE XXII. Dijet angular distribution in various dijet invari-

DO for | 7jed <1. ant mass bins measured kg) DO and (b) CDF. DO definesR,
=N(x<4)IN(4<x<xma) While CDF defines R,=N(x
Mj; mass bin(GeV) d%/d Mj;d7,d 7, (nb/GeV) <2.5)/N(2.5< x<5). The covariance matrix is given by/;
syst. syst. = o-iz(stat)+ a'iZ(SySt) andV;; = ai(systlo;(syst).
+ stat. error low (%) high (%)
(a) DO
200-220 (3.780.12)x10° 2  -114 +11.8 M;; range(GeV) R, Stat. error Syst. error
220-240 (2.180.09x10°2 —-11.3  +11.6
240-270 (1.160.06)x10° 2 —115 +11.7 260-425 0.191 0.0077 0.015
270-300 (6.180.11)x10°% —115  +12.0 425-475 0.202 0.0136 0.010
300-320 (3.5%0.11)x10°% —115 +12.1 475-635 0.342 0.0085 0.018
320-350 (2.120.07)x10°%  —-119 +12.3 >635 0.506 0.0324 0.028
350-390 (1.180.01)x107%  —111  +11.6
390-430 (5.840.09x10°4 -115 +12.2 (b) CDF
430-470 (2.820.06)x10° 4 —11.9 +129 241-300 0.678 0.012 0.018
470-510 (1.640.05)x10° 4 —124  +135 300-400 0.695 0.010 0.025
510-550 (8.740.34)x10°° —-12.8 +14.3 400-517 0.703 0.009 0.033
550—600 (4.490.17)x10°° —135 +15.3 517-625 0.738 0.023 0.054
600-700 (1.730.07)x10°° —149  +17.2 >625 0.732 0.046 0.103
700-800 (4580.38)x10°¢ —176  +20.8
800-1400 (2.320.35)x1077 —23.2  +28.9
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