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Invisible Z-boson decays ate¿eÀ colliders
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The measurement of the invisibleZ-boson decay width ate1e2 colliders can be done ‘‘indirectly,’’ by
subtracting theZ-boson visible partial widths from theZ-boson total width, or ‘‘directly,’’ from the process

e1e2→gnn̄. Both procedures are sensitive to different types of new physics and provide information about
the couplings of the neutrinos to theZ boson. At present, measurements at CERN LEP and CHARM II are

capable of constraining the left-handedZnn̄ coupling, 0.45&gL&0.5, while the right-handed one is only
mildly bounded,ugRu<0.2. We show that measurements at a futuree1e2 linear collider at different center-
of-mass energies,As5mZ andAs'170 GeV, would translate into a markedly more precise measurement of

the Znn̄ couplings. A statistically significant deviation from standard model predictions will point toward
different new physics mechanisms, depending on whether the discrepancy appears in the direct or the indirect
measurement of the invisibleZ width. We discuss some scenarios which illustrate the ability of different
invisible Z-boson decay measurements to constrain new physics beyond the standard model.

DOI: 10.1103/PhysRevD.68.113007 PACS number~s!: 13.38.Dg
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I. INTRODUCTION

The four CERNe1e2 collider LEP collider experiments
have performed several precise measurements of the pro
ties of theZ boson@1–4#, the heavy, neutral partner of theW
boson and the photon. These measurements are part o
evidence that the standard model~SM! of the electroweak
interactions works extremely well, up to energies of seve
hundred GeV. One of these measurements is associated
the ‘‘invisible Z-boson width’’~invisible Z width!. Assuming
that the SM is correct, this measurement can be transl
into a count of the number of neutrino species. The curr
value of the invisibleZ width agrees quite well with the SM
expectation that there are three very light (mn!1 GeV) neu-
trino species. This is often interpreted as evidence that
SM contains three and only three families of fermion
fields, meaning that there is no fourth sequential generat
It is remarkable that this result is in agreement with cosm
logical constraints on the number of relativistic spec
around the time of big bang nucleosynthesis, which seem
indicate the existence of three very light neutrino species@5#.

It is interesting to note that the LEP result is prec
enough to probe whether the ‘‘number of neutrinos’’Nn de-
viates slightly from three. Indeed, it is often quoted that
most precise LEP numbers can be translated intoNn

52.984160.0083@2#, about two sigma away from the SM
expectation,Nn53. While not statistically significant, this
result has invited theoretical speculations, some of wh
involve suppressing theZnn̄ couplings with respect to the
SM value.

More recently, the NuTeV Collaboration presented a m
surement of sin2uW obtained from neutrino-nucleon scatte
ing @6#. This result overshoots the SM prediction by abo
three sigma @sin2uW50.227760.0016 ~NuTeV! versus
sin2uW50.222760.0004~SM prediction!, see@6##. One pos-
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sible explanation of this ‘‘NuTeV anomaly’’ is that theZnn̄
couplings are suppressed~by a factorr050.994160.0021
@7#! with respect to their SM values@6–9#.

In light of these two either statistically weak~the invisible
Z width at LEP! or controversial~the NuTeV anomaly! dis-
crepancies, the particle physics community would pro
from other independent, precise measurements of theZnn̄
couplings. We argue that a linear collider experiment,
pable of taking data around and above theZ-boson mass, can
provide useful, precise, and, more importantly, ‘‘differen
measurements with invisibleZ-boson decays.

One reason for this is that the most precise LEP meas
ment of the invisibleZ width is indirect, in the sense that it is
determined by subtracting theZ-boson visible partial widths
from the Z-boson total width. We argue that at a~much!
higher statistics linear collider experiment a competitive,di-
rect measurement of the invisibleZ-boson width can be ob
tained from the processe1e2→gnn̄ by counting events
with a photon plus missing energy.

The indirect and direct measurements of the invisibleZ
width are sensitive to different types of physics beyond
SM in different ways. While in some scenarios~e.g. modified
Znn̄ couplings! the two results should be identical~and, per-
haps, different from SM expectations!, in other scenarios
~e.g. a nonzerognn̄ coupling! the two measurements of th
invisible Z-width may disagree.

Furthermore, the very precise LEP result, obtained
center-of-mass energies around theZ-boson mass, is, in prac
tice, only sensitive to a particular combination of theZnn̄
couplings:gL

21gR
2 , wheregL (gR) is the left-handed~right-

handed! Znn̄ coupling. In the SM, the neutrinos only coup
left-handedly to theZ and W bosons, but the ‘‘left-
handedness’’ of theZnn̄ couplings has not been experime
tally established with good precision. Some information
©2003 The American Physical Society07-1
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gL andgR can be obtained, under a specific set of assum
tions, by combining the LEP result with results fro
neutrino-electron scattering. Furthermore, by looking

e1e2→gnn̄ at center-of-mass energies above theZ-boson
mass, one is sensitive to both (gL

21gR
2) and gL separately,

thanks to the interference between thes-channelZ-boson ex-
change and thet-channelW-boson exchange. This mean
that by analyzing LEP data at center-of-mass energies ab
the Z-boson mass one can also learn about the individ
values ofgL andgR . A linear collider experiment taking dat
above theZ-boson mass~at, for example,As5170 GeV) can
perform a more precise~and less model dependent! measure-
ment ofgL andgR , as will be studied in detail.

This manuscript is organized as follows. In Sec. II, w
discuss in some detail the LEP measurements of the invis
Z width, emphasizing the assumptions that are made in o
to obtain the precise value ofNn quoted above. Having don
that, we discuss how precisely one should be able to dire
measure the invisibleZ width at a linear collider operating a
center-of-mass energies ‘‘around’’ theZ-boson mass. In Sec
III, we discuss how one should be able to measure the n
trino gL andgR couplings separately by takinge1e2 data at
center-of-mass energies higher than theZ-boson mass. We
look at current constraints that can be obtained from com
ing LEP data with data on neutrino-electron scattering, a
then examine the existing LEP data collected above
Z-boson mass~LEP II!. We proceed to discuss how well
similar procedure can be executed at a linear collider. In S
IV, we analyze new physics contributions that would lead
discrepancies between the SM and the ‘‘measureme
which are proposed above. A summary of the results
some parting thoughts are presented in Sec. V.

II. THE INVISIBLE Z-BOSON WIDTH
AROUND THE Z POLE

The SM predicts that around 20% of the time aZ boson

will decay into ann̄ pair. The neutrino pair cannot be ob
served directly in collider experiments, meaning thatZ
bosons decaying in this fashion are ‘‘invisible.’’

In electron-positron colliders there are two ways of est
lishing whether these invisibleZ boson decays are occurring
and to measure the invisibleZ width. One is to directly mea-
sure the totalZ width, G tot , by studying the line shape of th
Z boson~this is done by collidinge1e2 at center-of-mass
energies around theZ-boson mass!, and measuring its partia
decay widths in visible final states,Gvis , namely charged
leptons and hadrons. One can then compute the invisibZ
width, G inv : G inv5G tot2Gvis . This procedure is discussed
detail below, in Sec. II A. The other is to look for even
where an initial state lepton radiates off a hard photon be
annihilating into ans-channelZ boson. When that happens,
the Z boson decays invisibly, the experimentally observ
final state is a single photon plus a significant amount
‘‘missing energy’’ ~in summary,e1e2→gZ→gnn̄). This
procedure will be discussed in detail in Sec. II B.
11300
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A. On the LEP „indirect … measurement
of the invisible Z-boson width

At LEP, the invisibleZ width is indirectly extracted from
the following observables:

~i! G tot52.495260.0023 GeV, the total width of theZ
boson1 and mZ591.187660.0021 GeV, theZ-boson pole
mass.

~ii ! sh
0541.54160.037 nb, the hadronic pole cross se

tion, defined as

sh
0[

12p

mZ
2

GeeGhad

G tot
2

, ~2.1!

whereGee andGhad are the partialZ-boson decay widths into
an e1e2 pair and into hadrons respectively.

~iii ! R,520.80460.050, 20.78560.033, 20.76460.045
for ,5e,m,t, respectively, defined asGhad/G,, . If one as-
sumes universalZ-boson couplings to charged leptons,R,

520.76760.025.
Assuming lepton universality and taking into account t

fact that several of the measurements listed above
strongly correlated, one can easily compute the invisibleZ
width and obtain the LEP result, which is quoted by t
Particle Data Group~PDG! @2#,

G inv
LEP5499.061.5 MeV. ~2.2!

This result is to be compared to the SM prediction,

G inv
SM5501.360.6 MeV, ~2.3!

meaning thatDG inv[G inv
SM2G inv

LEP522.261.6 MeV, a 1.4s
effect. This result can also be expressed as an upper bo
on additional contributions to the invisibleZ width. Numeri-
cally, one obtainsG inv

new,2.0 MeV at the 95% confidence
level, assuming that the new physics contributions add in
herently with the neutrino pair production~i.e., G inv

new is
strictly positive!.

In order to obtain the well known 2s discrepant measure
ment of the number of neutrinos, one should consider
ratio of partial widths

G inv

G,,
[NnS Gnn

G,,
D

SM

. ~2.4!

Equation ~2.4! defines what is meant by the ‘‘number o
neutrinos.’’Nn only agrees with thede factonumber of neu-
trinos if both theZ,,̄ and theZnn̄ couplings have their SM
predicted values. The SM prediction for (Gnn /G,,)SM
51.991260.0012 is more precisely known than the ind
vidual partial widths, and when compared to the extrac
value ofG inv /G,,55.94260.016 yields

Nn
LEP52.984160.0083, ~2.5!

1These are the combined values obtained by the LEP Electrow
Working Group@3,4#.
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the result we alluded to in the Introduction.
The results Eq.~2.2! and Eq.~2.5! imply different conse-

quences for different SM extensions. For example, modi
Znn̄ couplings combined withidentically modified Z,1,2

couplings would ideally lead to a nonzeroDG inv but to a zero
Nn23. Furthermore, given the indirect way thatG inv is ex-
tracted, one should be careful when it comes to defining w
DG inv is really sensitive to. The observation of a discrep
G inv and/orNn , doesnot necessarily imply that there is ne
physics in the neutrino sector or even in the leptonic sec
For example, it is possible that other effects may modify
extracted value ofG tot , hence inducing a discrepancy b
tween the measured invisibleZ width and its SM prediction.
This will be further explored in Sec. IV.

We have also extracted the value of the invisibleZ width
without assuming lepton universality and, using the res
presented in@3,4#, obtained

G inv
LEP~nonuniversal!5497.462.5 MeV, ~2.6!

less precise than the result obtained assuming universalit
expected. In spite of that,DG inv~nonuniversal!523.9
62.6 MeV, still a 1.5s deviation, is as significant as th
effect obtained assuming universality. This result transla
into an upper bound onG inv

new,3.2 MeV at the 95% confi-
dence level, assuming that the new physics effect does
interfere with the neutrino-antineutrino final state.

An attempt to extract the number of neutrinos via E
~2.4! without charged-lepton universality would be rather p
culiar, since one needs to explicitly assume thatGnene

5Gnmnm
5Gntnt

in order to relateNn to a ‘‘neutrino number.’’

Nonetheless, one can easily extract the value ofG inv /Gee and
G inv /Gmm , and compute, respectively,Nn

ee and Nn
mm , these

being defined via Eq.~2.4! with G,, replaced, respectively
by Gee andGmm . We obtain

Nn
ee52.97860.012, ~2.7!

Nn
mm52.97360.019. ~2.8!

These are, respectively, 1.8s and 1.4s away from the SM
prediction ofNn53.

B. „Direct… measurement of the invisibleZ-boson width
at a linear collider

In the SM, for center-of-mass energies around
Z-boson mass, the dominant contribution toe1e2→g1
missing energy comes from an intermediateZg pair, fol-
lowed by Z→nn̄. Other contributions come fromt-channel
W-boson exchange, plus one photon vertex attached eith
the initial state electrons or to the intermediate state char
gauge boson. The leading order Feynman diagrams are
picted in Fig. 1.

The LEP collaborations have measured the cross sec
for the photon plus missing energy final state. The most p
cise result comes from the L3 experiment, after analyzing
100 pb21 of data: G inv5498612612 MeV @10# ~the first
error is due to statistics, while the second one to system
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ics!. Other LEP collaborations have older results@11–14#
~from smaller data samples! with errors, both statistical and
systematic, which are two to six times larger. The PDG
erage isG inv5503616 MeV @2#, dominated by the L3 resul
@10#. For later comparison, it proves useful to estimate
ultimate sensitivity for LEP~including all four experiments
analyzing all the data collected around theZ-boson mass!.
We do this by naively rescaling the L3 result from 100 pb21

to roughly 500 pb21. Assuming that both the statistical erro
and the systematic error will decrease by a factorA500/100,
we obtaindG inv56565 MeV.

The relatively large~compared to the indirect result! error
of the direct measurement ofG inv reflects the small statistica
sample ofe1e2→gnn̄ events available at LEP. Therefore,
significant improvement can be expected from a hig
luminosity linear collider running around theZ-boson mass.
At such a ‘‘Giga-Z’’ machine, it is envisaged that within 10
days of running, a sample of 109 Z-boson decays can b
collected@15#.

Assuming 50 fb21 of e1e2 data collected around th
Z-boson mass, we examine how this would improve the m
surement of the invisibleZ width. We are mostly interested
in the result that could be obtained by looking forg1 miss-
ing energy, but will first briefly present the improvement th
can be expected for determining the invisibleZ width indi-
rectly, as discussed in the previous subsection. We ass
@16,17# that the totalZ width can be measured a factor o
roughly two times more precisely,dG tot561 MeV, while
R, ~assuming universality! and sh

0 will be measured with
uncertaintiesd(R,)560.018 andd(sh

0)560.03 nb ~most
conservative scenario!, or d(R,)560.004 and d(sh

0)5
60.015 nb~most optimistic scenario!. We refer readers to
@16,17# for more details. Further assuming that the corre
tion matrix between the observables is identical to the o
obtained for the combined LEP results,2 we estimate that the
invisible Z width can be measured with an uncertain
d(G inv)561.1 MeV ~most conservative! or d(G inv)5
60.5 MeV ~most optimistic!. For the most optimistic case
the experimental error would be slightly better than the c
rent theoretical error for computing the invisibleZ width
within the SM, Eq.~2.3!. Compared with the current LEP
precision, Eq.~2.2!, we therefore expect between a factor 1

2It is likely that this correlation matrix will be different for the
Giga-Z data. As the correlations depend on the details of the an
ses, it is not possible for us to predict them at this time. Nonet
less, our estimates of the uncertainties which can be obtained
linear collider should be trustworthy.

FIG. 1. Leading order Feynman diagrams contributing

e1e2→gnn̄.
7-3
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and a factor 3 reduction of the error onG inv from the Giga-Z
experiment.

For illustrative purposes, if one assumes that the res
for G inv andG,, at the Giga-Z agree with the central valu
obtained at LEP, one would measure (G inv /G,,)Giga-Z

55.94260.012 ~most conservative! or (G inv /G,,)Giga-Z

55.94260.006 ~most optimistic!. Translating into a ‘‘num-
ber of neutrinos’’ we would have

Nn
Giga-Z52.98460.006 ~most conservative!, ~2.9!

Nn
Giga-Z52.98460.003 ~most optimistic!,

~2.10!

either 2.5s or 5s away from the SM prediction. In the mos
optimistic case, the experimental error would start to
proach the theoretical error which goes into computing
-

l-
e
ng
,

d,

ro

s-

11300
lts

-
e

neutrino to charged-lepton partial decay width ratio.3 There-
fore, given the assumptions outlined above, the weaks
effect observed at LEP could grow to something betwee
3s evidence and a 5s discovery that something is ‘‘wrong’
~assuming that this discrepancy is genuine and not jus
statistical fluctuation!.

A much more significant improvement can be anticipa
for the direct measurement of the invisibleZ width. In order
to compute the precision to which it can be directly me
sured at the Giga-Z experiment, we calculate the cross
tion for e1e2→g1 invisible for different center-of-mass en
ergies. We require the photon energy to be aboveEg

min

51 GeV, and that it is emitted at an angle with respect
the beam axis larger thanug

min520°. For any set of cuts on
the photon energy and emission angle, the SM cross sec
for nn̄g is given by@18#
snn̄g5E
xmin

1

dxE
2cosug

min

cosug
min

dy
aGF

2mW
4

48p2

sx~12x!

k1k2
@h1

2 F~h1!1h2
2 F~h2!#, ~2.11!

where

F~h!5

Nn~gv
21ga

2!13~gv1ga!S 12
s~12x!

mZ
2 D 1

h F31
2

h
22S 11

1

h D 2

log~11h!G
S 12

s~12x!

mZ
2 D 2

1
G tot

2

mZ
2

1
6

h F ~11h!S 12
2

h
log~11h! D11G ,

~2.12!

h65
s2k6

mW
2

, ~2.13!

k65
s

2
x~16y!. ~2.14!
the
m

d
sec-

r of
nal

ow
de-
r

the
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kes
As52Ebeam, Ebeam is the beam energy,x5Eg /Ebeam, xmin

5Eg
min/Ebeam, y5cosug is the angle of the photon with re

spect to the beam direction,gv521/212 sin2uW and ga5

21/2 are the SM vector and axial-vectorZeēcouplings. We

have assumed that the charged-currentWen̄ coupling and the

neutral currentZnn̄ couplings are all equal to their SM va
ues. We will revisit some of these hypotheses in the n
section. The following approximation is made when derivi
Eq. ~2.11!: the contribution from the third diagram in Fig. 1
suppressed by an extraW-boson propagator, is neglecte
along with the finite width of theW boson~a good approxi-
mation for ‘‘space-like’’W boson exchange!.

The main SM physics backgrounds come from the p
cessese1e2→e1e2g(ng), e1e2→m1m2g(ng), e1e2

→t1t2g(ng), e1e2→ggg(ng) and e1e2→ l 1l 2nn̄g
~see, for example,@12#!. They are characterized by a tran
xt

-

verse tagging photon withEg.1 GeV and additional high-
energy charged particles and/or photons which are lost in
‘‘blind’’ regions of the detector located around the bea
pipe. The expected contributions from the processe1e2

→nn̄nn̄g(g) are negligible and will not be considere
henceforth. We have computed these background cross
tions using Monte Carlo integration methods. The numbe
background events can be reduced by vetoing on additio
energy deposits in the calorimeters, in particular at l
angles. As a concrete example, we consider the TESLA
tector concept@19#, which envisions a luminosity calorimete

3This theoretical error, however, is currently dominated by
uncertainty on the top-quark mass and the uncertainty on the H
boson mass. It is likely that by the time a Giga-Z experiment ta
data, these two quantities will be much better known.
7-4
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~LCAL ! at very small angles (4.6,u,27.5 mrad). Togethe
with the low-angle tagger~LAT ! at 27.5,u,83 mrad, the
LCAL provides an excellent angular coverage for the ba
ground veto. In fact, we estimate that the cross sections
all background sources mentioned above are reduced
negligible level of;0.1 fb.

A more detailed background analysis would require
inclusion of detector effects. For example, additional con
butions arise from the processese1e2→nn̄X and e1e2

→e1e2X with X5p0,h,h8,f2(1270) where the neutra
hadron is misidentified as a photon. However, while the c
tribution from thenn̄X cross section is expected to be ve
small because of phase-space constraints, the two-ph
production of resonances ine1e2→e1e2X can be reduced
to a negligible level using the low-angle veto as discus
above. Since the total background level is very small, ad
tional detector effects should therefore play a minor role.
Table I, we quote the results obtained for the signal cr
section, for different center-of-mass energies, includ
leading-log initial-state radiation and beamstrahlung us
the program CIRCE @20#. Also given are the expected numb
of events which are to be recorded after accumulat

TABLE I. Cross section fore1e2→nn̄g ~signal! at a linear
collider for three center-of-mass energies around theZ-boson mass.
Also tabulated is the expected number of signal events,S, assuming
that 50 fb21 of data are collected with an efficiency of 65%. S
text for details. Finally, in the last column we compute 1/AS, the
statistical error which one expects to obtain when extracting
signal.

As s(nn̄g) S(nn̄g) 1/AS

mZ591.1875 GeV 53.5 pb 1.743106 0.076%
mZ21 GeV 28.6 pb 0.933106 0.10%
mZ11 GeV 109 pb 3.53106 0.053%
11300
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50 fb21 of data in a Giga-Z experiment, assuming 65% s
lection efficiency4 in the given kinematic region. We als
compute the figure of merit 1/AS for the different center-of-
mass energies. Given that the background cross sectio
well below 1 pb, we expect the number of background eve
to be negligible. The figure of merit is the relative statistic
uncertainty for measuring the invisibleZ width. For a
50 fb21 Giga-Z experiment, one can expect statistical err
around the 0.1% level, about a factor 25 improvement o
the statistical error quoted by L3.

Systematic uncertainties may dominate the very small
tistical errors estimated above. In order to correctly estim
the systematic uncertainties, one should perform a comp
detector simulation, which is clearly beyond the intentions
this paper. Instead, we analyze the systematic errors
were computed by the LEP experiments for the same m
surement, and extrapolate them for a TESLA-like Giga
experiment. We concentrate mostly on the L3 1998 syste
atic error computations, obtained from the analysis
100 pb21 of data@10#. These are presented in Table II. F
illustrative purposes, we also quote the systematic er
computed in earlier analyses by ALEPH~which analyzed
19 pb21 of data@11#! and OPAL~based on 40.5 pb21 of data
@12#!. We make use of these results to verify that our e
mates are reasonable.

Most of the systematic uncertainties go down simply b
cause the number of events goes up. The same trend is
served when one compares the L3 result with the older
sults from the other LEP experiments. This can
appreciated, for example, by looking at columns 2 and 3
Table II.

4This is the selection efficiency obtained in the OPAL analy
@12#. It is slightly better than the one obtained by the L3 experim
@10#.

e

in

atic
TABLE II. Systematic uncertainties for measuring the invisibleZ width, in percent and~inside the square brackets! expressed asdG inv .
The source of the systematic uncertainty is listed in the first column~see text for details! while the second through fourth columns conta
the estimates obtained by ALEPH@11# in 1993 (19 pb21 of data!, OPAL @12# 1995 (40.5 pb21 of data! and L3@10# 1998 (100 pb21 of data!.
Our projection for TESLA running in the Giga-Z mode (50 fb21) is presented in the last column. N/C indicates that this source of system
error was not considered or not quoted in the specific published result.

Source of Systematic Error ALEPH 93 OPAL 95 L3 98 TESLA~estimate!

event generator fornn̄g 1% @5 MeV# 1.2% @6 MeV# 0.7% @3.5 MeV# 0.1% @0.5 MeV#

event generator fore1e2g 1% @5 MeV# in bkgd. subtr. 0.7%@3.5 MeV# 0.1% @0.5 MeV#

energy calibration 1.5%@7.5 MeV# 1.7% @9 MeV# 0.8% @4 MeV# 0.03%@0.15 MeV#

luminosity 0.6%@3 MeV# 0.6% @3 MeV# 0.37%@1.8 MeV# 0.06%@0.3 MeV#

fit procedure N/C 0.9%@5 MeV# 0.5% @2.5 MeV# 0.1% @0.5 MeV#

selection efficiency and 3.9%@18 MeV# 1.7% @9 MeV# 0.8% @4 MeV# ,0.08%@0.4 MeV#

veto efficiency 1.8%@9 MeV# 0.5% @2.5 MeV#

trigger efficiency 0.2%@1 MeV# 0.1% @0.5 MeV# 1% @4.8 MeV# 0.01% or 0.04%@~0.05 or 0.21! MeV#

background subtraction N/C 1.6%@8 MeV# 1.7% @8.4 MeV# negligible
cosmic ray background N/C in bkgd. subtr. 0.25%@1.7 MeV# negligible
random vetoing~occupancy! 0.5% @2.5 MeV# 0.5% @2.5 MeV# N/C negligible

total error~added in quadrature! 6.8% @34 MeV# 3.3% @17 MeV# 2.5% @12.3 MeV# 0.20%@1 MeV#
7-5
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~i! By ‘‘event generators’’ we refer to the numerical acc
racy of the computation of the signal and the backgrou
given a set of kinematical constraints. We expect that th
theoretical calculations will improve by a factor of rough
10 by the time a Giga-Z experiment is ready to take data

~ii ! The ‘‘energy calibration’’ of the experiment is crucia
for measuring the photon energy and hence the lower bo
Eg

min defined above. The improvement suggested in the ta
can be achieved by calibrating the photon energy via a c
parison of other processes that yield a photon, such
e1e2→,1,2g, e1e2→Xp0→Xgg, etc. The calibration
error will decrease with an increase in the statistical sam
~i.e., proportional to 1/AN). Since we expect 500 times mor
events at the Giga-Z experiment compared to LEP, the e
should improve by a factorA500.22.

~iii ! The luminosity is obtained through the measurem
of Bhabha scattering. Given that the cross section for Bha
scattering around theZ-boson mass issBhabha.50 nb, one
expects a tiny statistical error on the luminosity measurem
of d lum

stat.60.0025%. The systematic error constrained
luminosity monitoring has been studied for the TESLA pr
posal by @17#, and is given byd lum

syst560.03%60.05%,
where the first number is related to experimental system
effects, while the second one to theoretical effects, includ
beamstrahlung, etc. Combining the three errors in qua
ture, one obtainsd lum.60.06%.

~iv! By ‘‘fit procedure’’ we mean the error which come
from the uncertainties of other input physics paramet
needed in order to extract the invisibleZ width and estimate
the background level. These includemZ , G tot , andGee. Us-
ing the latest combined results from LEP, we expect a fac
of 5 improvement with respect to the L3 analysis, while t
Giga-Z data should provide an extra factor of 2 improvem
on Gee.

~v! The ‘‘selection and veto efficiencies’’ are estimated v
a comparison of data and Monte Carlo simulations. The
certainty is partially controlled by the size of the da
sample, so again we can expect a factorA500.22 improve-
ment of both of these systematic uncertainties. The o
contribution to the uncertainty comes from the quality of t
Monte Carlo simulations, which we assume will improve
roughly a factor of 10.

~vi! The ‘‘trigger efficiency’’ can be studied via contro
samples with independent triggers~e.g. hadronic events
,1,2g, etc.!, indicating that the systematic error is also r
lated to the overall data sample. We note that the L3 estim
presented in the fourth column of Table II is much larg
than the ALEPH or OPAL numbers presented in the sec
and third column. We therefore quote two estimates for
trigger efficiency, one based on the L3 estimate and one
the ALEPH estimate.

~vii ! After applying selection and kinematic cuts, som
background contribution remains, and it needs to be s
tracted. The precise value of the remaining background
cially depends on the performance of the detector in rejec
charged particles at small angles. The understanding of
detector systematics in this region is afflicted with some s
tematic uncertainty. We conservatively attribute an error
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20% to the computation of the background contaminati
Note, however, that since background levels can be redu
to negligible levels in the presence of a luminosity calori
eter, the impact of this uncertainty is negligible.

~viii ! The much higher luminosity of a Giga-Z machin
should render cosmic rays irrelevant. The impact of detec
and beam-related noise can be estimated with special ‘‘z
bias’’ triggers, with negligible uncertainty.

In summary, we estimate the combined systematic erro
be around (dG inv)

sys.61 MeV. Due to the disparity among
different LEP measurements, we can, in principle, quot
‘‘best’’ and ‘‘worst’’ case scenario. In the best case, the tr
ger efficiency is60.01% uncertain, while in the worst cas
the trigger efficiency is measured with a60.05% error. In
practice, however, the ‘‘best’’ and ‘‘worst’’ cases yield th
same total systematic error. Note that all uncertainties h
been added in quadrature.

Our estimate of the total systematic error is already
factor of two larger than the statistical error estimated earl
(dG inv)

stat.60.5 MeV, so the question of whether the acc
mulation of many more events would lead to a significa
improvement of the measurement requires a more deta
analysis. The overall error,dG inv.61.3 MeV, is slightly
smaller than the one obtained at LEP via the indirect meth
Eq. ~2.2!, and is comparable to the estimated indirect res
that might be obtained by the Giga-Z experiment its
@d(G inv)56(0.5 to 1.1) MeV#. More importantly, the di-
rect measurement at the Giga-Z experiment is expected t
a factor 15 times more precise than the current direct m
surement obtained by the four LEP collaborations and a
tor of roughly 6 times more precise than the ultimate pre
sion that can be reached by analyzing the entire LEP data
Finally, a combined result~if one could be properly defined!
would have an error bar that is similar to the current theo
ical uncertainty in calculating the partial width forZ→nn̄ in
the SM.

III. Znn̄ COUPLINGS AWAY FROM THE Z POLE

At any center-of-mass energy, the differential cross s
tion for e1e2→gnn̄, in the SM, assuming genericZnn̄ cou-
plings and neglecting neutrino-mass effects is given by

dsgnn̄

dx
5S (

a5e,m,t
@~gL

na!21~gR
na!2#ZZ~s,x! D

1~gL
ne!WZ~s,x!1WW~s,x!. ~3.1!

The leading order Feynman diagrams are shown in Fig
Herex ands are defined as in Eq.~2.11!, while ZZ, WW, and
ZWare functions ofs,x ~plus several standard model param
eters, includingmZ

2 , G tot , and theZeē couplings!. The first
term corresponds to the square of thes-channelZ-boson ex-
change amplitude and the third term to the square of
t-channelW-boson exchange amplitude, while the seco
term arises from the interference between these two co
butions. We have made explicit the dependency on
Znan̄a left-handed and right-handed couplings (a
7-6
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INVISIBLE Z-BOSON DECAYS ATe1e2 COLLIDERS PHYSICAL REVIEW D68, 113007 ~2003!
5e,m,t). In the SM, gL
ne5gL

nm5gL
nt51/2, while gR

ne5gR
nm

5gR
nt50. We assume throughout that the charged-curr

Wen̄e coupling agrees with its SM prediction. Experime
tally, the charged-current neutrino-electron coupling is w
constrained to be purely left-handed~at the few percent
level!, and its value is accurately determined. Needless
say, theW, n̄ couplings are much better constrained~di-
rectly! than the Znn̄ couplings. The most stringent con
straints on the nature and value of theW, n̄ couplings are
provided by studying weak decays of neutrons, nuc
muons, and charged pions. We refer readers to, for exam
@2,21# for details. As pointed out before, the contribution
the third diagram in Fig. 1 is negligible within the SM, wit
an impact of less than 0.1% on the total cross section
energiesAs,200 GeV. This statement remains true ev
when considering possible anomalousgWWcouplings, since
their effect is constrained by LEP II data to be less th
about 15% of the SM contribution@4#.

At an e1e2 collider it is impossible to distinguishntn̄t

from nmn̄m final states, which allows one to rewrite the c
efficient of ZZ in Eq. ~3.1! as

(
a5e,m,t

@~gL
na!21~gR

na!2#[Nn@~gL
ne!21~gR

ne!2#, ~3.2!

whereNn is the effective neutrino number. This definition
Nn only agrees with the one in Eq.~2.4! if the charged-lepton
couplings to theZ boson are fixed to their SM values. As
matter of fact, the right-handedZnn̄ coupling gR can be
more generally interpreted as coupling of theZ boson to
other exotic, invisible final states. We will return to this poi
in Sec. IV.

In order to analyze the kinematics ofe1e2→gnn̄, it
proves useful to utilize the ‘‘missing mass,’’ defined to be t
mass of the system recoiling against the photon:M nn̄

[As(12x). If there are no additional photons, this coi
cides with thenn̄ invariant mass. For missing mass close
theZ-boson mass, the cross section fore1e2→gnn̄ is domi-
nated by theZZ term, and one can only, in practice, measu
Nn(gL

21gR
2).5 On the other hand, for a range of values of t

missing mass above theZ-boson mass~or the photon energy
Eg5xEbeam, below theZ-boson mass!, theZZ, WZandWW
contributions are comparable and one is, in principle, se
tive to both gL and Nn(gL

21gR
2). For very high values of

M nn̄ , however, theWW-term dominates, and one loses se
sitivity to both Nn(gL

21gR
2) and gL . Figure 2 depicts

dsgnn̄ /dM nn̄ as a function ofM nn̄ , for As5170 GeV, Nn

53 and the SM values for the neutral-current neutrino c
plings. Figure 2 also displays the different contributions
the differential cross section. As one can easily note, forM nn̄

around theZ-boson mass the differential cross section
completely dominated by theZZ term, while at the larges
values ofM nn̄ theWWpiece dominates. The interferenceWZ

5Henceforth, we replacegL,R
ne with gL,R .
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term, which changes sign at theZ-boson mass, become
comparable to the other two contributions atM nn̄

;100 GeV. For a fixed value ofNn , one can therefore mea
sure gL directly by measuring the cross section fore1e2

→gnn̄ aboveM nn̄;100 GeV. Before pursuing this furthe
however, we will first review what is currently known abo
the values ofgL andgR .

A. Current knowledge of the gL
n and gR

n couplings
to the Z boson

The currently most precise value ofNn(gL
21gR

2) can be
extracted from the indirect measurement of the invisibleZ
width, Eq.~2.2!. For Nn53, the region of thegL3gR plane
allowed by Eq.~2.2! is characterized by a ring. Figure 3~left!
shows the current LEP constraint at one and two sigma c
fidence levels~the two contours are indistinguishable in th
figure!.

More information is provided byn2e elastic scattering
experiments. The CHARM II experiment at CERN collect
a large sample ofnme→nme and n̄me→ n̄me events@22#. By
using information on theZeē vector and axial vector cou
plings @23# measured very accurately at LEP and SLC~see,
for example,@1,3,4# and references therein!, CHARM II is
capable of measuringugL

nmu rather well:

ugL
nmu50.50260.017 ~CHARM II !, ~3.3!

where we quote the updated number presented by the P
@2#. Furthermore, CHARM II can also measu
ugL

neu (CHARM II) 50.52860.085 via a small ‘‘contamina-

tion’’ of ne( n̄e)e→ n̄e( n̄e)e events which are present in it
data set. This result agrees with the one obtained in ane
2e elastic scattering experiment at the Los Alamos Mes
Physics Facility ~LAMPF!: ugL

neu(LAMPF)50.4660.14
@24#. In order to claim that these neutrino-electron scatter

FIG. 2. The differential cross section fore1e2→gnn̄ as a func-

tion of the invariant mass of thenn̄ system, M nn̄ , for As
5170 GeV, assuming SM values for the number of neutrino s
cies and the neutrino neutral-current couplings. We also show
different contributions to the differential cross section~ZZ, WZ, and
WW—see text for details!. The sharp increase of the differentia
cross section asM nn̄ approachesAs is due to an infrared singularity
at vanishing photon energy.
7-7
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FIG. 3. ~Left! Current constraint~one and two sigma confidence level contours! on gL andgR from the LEP~indirect! measurement of
the invisibleZ width and the CHARM II experiment, on thegL3gR plane. The SM expectation is indicated by a star. We have assu
Nn53 for the LEP result, andgL5gL

nm for the CHARM II result in order to have both experiments constrain the same physical param
We also include the current constraint ongL that can be obtained from published LEP II data, also at the one and two sigma confidence
See text for details.~Right! The one and two sigma allowed regions which are selected by combining the LEP and CHARM II result
individual LEP and CHARM II constraints~at one and two sigma confidence levels! are also depicted. Note that one is unable to distingu
gL.0 from gL,0.
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experiments are indeed sensitive only to the left-handedZnn̄
couplings, we are assuming that the charged-current inte
tions responsible for producing the neutrino beam are pu
left-handed and neutrino-mass effects can be neglected.
region of thegL3gR plane allowed by Eq.~3.3! is depicted
as vertical bars~at one and two sigma confidence level! in
Fig. 3 ~left!. The SM value for (gL ,gR)SM is represented by
a star.

In order to combine the LEP invisibleZ-width constraint
with the CHARM II bound, it is useful to display the resu
on the (gL

21gR
2)3gR /gL plane. In this case, the region d

picted in Fig. 3 ~right! is selected at one and two sigm
confidence level. Here, the region allowed by the invisi
Z-width measurement at LEP is characterized by vert
bars, while the CHARM II bound is characterized by
‘‘parabolic’’ region. It is important to emphasize that in ord
for this joint analysis to make sense, we are assuming

the Znn̄ couplings are universal~the same for all three neu
trino flavors!, that there are three neutrino species~coupling
to theZ boson!, and that there are no extra contributions
invisible Z-boson decays or electron-neutrino scattering. T
result obtained is rather good:ugLu has been measured wit
relatively good precision (0.45&ugLu&0.5). On the other
hand,ugRu is only mildly bounded from above (ugRu&0.2),
and we have no information concerning the sign ofgL .

The NuTeV experiment also provides a measuremen
the muon-neutrino coupling to theZ boson. Assuming the
value of sin2uW obtained at other experiments, SM values

theZqq̄ couplings, and fixing theWmn̄m coupling to its SM
value, one can interpret the NuTeV result as a measurem
of ugL

nmu. From @7#,
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ugL
nmu50.497160.0011 ~NuTeV!. ~3.4!

This result is 15 times more precise than the CHARM
result @Eq. ~3.3!#, and 1.4 times more precise than the LE
result @Eq. ~2.2!#. Furthermore, while its central value i
roughly 3s away from the SM prediction, Eq.~3.4! is per-
fectly ~within one sigma! consistent with Eq.~2.2!, which
also differs from the SM prediction by 1.5s, and Eq.~3.3!,
which is a lot less precise. Nonetheless, we choose no
include the NuTeV result in our studies, for a few reaso
Many assumptions have to be made before one can inte
the NuTeV result as a measurement of theZnn̄ coupling,
including the assumption that theZ-boson coupling to quarks
is as prescribed by the SM. In the case of the CHARM
result, in contrast, we only had to input the values ofgv and
ga which were directly measured at LEP. More important
there is a significant amount of discussion in the literat
concerning whether nuclear and/or hadronic effects mi
further modify the NuTeV result~see, for example,@9#! and
it is still premature to compare Eq.~3.4! with the other mea-
surements of theZnn̄ couplings discussed earlier.

We return now to Eq.~3.1! and investigate the impact o
the LEP II data. These were collected at different center-
mass energies above theZ-boson mass, but not all of them
have been used to measure the cross sections fore1e2

→gnn̄. A useful summary is given in Ref.@25#. In order to
extract gL , we compute the total cross section at eachAs
imposing the various fiducial and kinematic cuts of ea
measurement. The coefficient for theZZ term in Eq.~3.1! is
constrained to the value obtained fromG inv

LEP , Eq. ~2.2!. We
construct an overallx2 function, taking all systematic uncer
tainties to be wholly correlated. Since the measurement
7-8
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FIG. 4. ~Left! Projected constraint~one and two sigma confidence level contours! on gL andgR from e1e2→gnn̄ at a linear collider
assuming 50 fb21 of data are collected at theZ-boson mass@s(mZ)# and atAs5170 GeV@s(170 GeV)#, on thegL3gR plane. For the

result obtained atAs5170 GeV, we impose a constraint on the invariant mass of thenn̄ system (M nn̄.100 GeV) in order to remove the
radiative return to theZ-boson mass.~Right! The one and two sigma allowed regions which are selected by combining the results ob
at the two different center of mass energies in the (gR

21gL
2)3gR /gL plane. The individual constraints obtained at the two distinct cen

of-mass energies are also depicted. In both figures, the SM expectation is indicated by a star and we have assumedNn53.
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rors are dominated by the statistical uncertainties, the co
lations are not very important numerically. Minimization
x2 gives

gL50.1660.23 ~LEP II!, ~3.5!

andx259.6 for 23 degrees of freedom. The allowed range
gL is indicated in Fig. 3~left! at the one and two sigm
confidence levels.6 These data do eliminate the regiongL'
21

2, otherwise allowed by the CHARM II and LEP I data,
a little more than the two sigma confidence level.

The LEP II data could provide a much stronger constra
First of all, only ALEPH has published measurements fro
its entire data sample. If the other collaborations comple
the analysis of all data withAs.160 GeV using the fiducia
and kinematic cuts of the published measurements, we
mate that the one-parameter error ongL would decrease to
d(gL)50.15. More importantly, the published LEP II anal
ses are not optimized for measuringgL . As is apparent from
Fig. 2, events with a missing mass close to theZ-pole mass
will dominate the total cross section and dilute the impac
the interference term,WZ. We estimate that the imposition o
a lower limit on the missing mass should improve the sen
tivity to gL by about a factor of three. The optimal value f
this cut is around 95–100 GeV. If all LEP II data were an
lyzed with this cut imposed, the total error ongL should
decrease tod(gL)50.05—better than a factor four improve
ment. Of course, the central value in Eq.~3.5! is also likely

6In order to facilitate comparison with the other measureme
the error ongL has been rescaled to correspond to two free par
eters.
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to change. Only an analysis of the actual data taken by
LEP collaborations will reveal it.

B. Measuring gL
n and gR

n in a linear collider

We now discuss how a linear collider can improve on t
existing results discussed above. In order to do this we c
pute thee1e2→gnn̄ cross section at a linear collider a
As5mZ and As5170 GeV. The latter collider center-of
mass energy can also be used, for example, for preci
measuring theW-boson mass@26#.7 Assuming that the cen
tral value for G inv obtained at the Giga-Z machine agre
with the SM prediction, we can translate an expec
60.25% uncertainty, as estimated in Sec. II, into an allow
region of thegL3gR plane. This region is characterized by
ring approximately centered around the origin, and is
picted in Fig. 4~left!. The shape and width of the curve a
almost identical to the one depicted in Fig. 3~left! for the
LEP indirect measurement of the invisibleZ width. Upon
closer inspection, one should be able to see that the cent
the ring is slightly shifted to the right. This small effect
due to the nonzero contribution of theW-boson exchange
diagram. Furthermore, the precision obtained from the dir
measurement of the invisibleZ width at Giga-Z is only
slightly better than the current indirect LEP result, a
slightly worse than the future indirect result that might
obtained by Giga-Z~see Sec. II!. However, it is interesting to
discuss with what precision the neutrino neutral-current c
plings can be measured at a linear collider when one c

s,
-

7For our purposes, the choice of the ‘‘high’’ center-of-mass ene
is not crucial. Any value in the range@1502200# GeV will yield
similar results.
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TABLE III. Systematic uncertainties for measuring the cross section fore1e2→gnn̄ at center-of-mass
energies above;160 GeV, in percentage. The source of the systematic uncertainty is listed in the
column~see text for details! while the second and third columns contain the estimates obtained by OPAL@27#
(177 pb21 of data! and ALEPH @28# (628 pb21 of data!. Our projection for TESLA running atAs
5170 GeV~and collecting 50 fb21 of data! is presented in the last column. N/C indicates that this sourc
systematic error was not considered or not explicitly quoted.

Source of Systematic Error OPAL
(177 pb21)

ALEPH
(628 pb21)

TESLA @estimate#
(50 fb21)

event generator—theoretical 0.5% 1.5% 0.2%
event generator—statistical 0.2% 0.5% ,0.1%
energy calibration 0.4% N/C 0.025%
luminosity 0.2% 0.5% 0.06%
uncertainty fromW/Z-boson mass N/C N/C 0.25%
selection efficiency 1.5% 0.6% 0.07%
angular acceptance 0.2% N/C 0.01%
modeling earlyg conversion 0.7% 0.3% 0.2%
in material near beam-pipe
tracking 0.5% N/C 0.1%

total error~added in quadrature! 2.1% 1.8% 0.4%
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pares the same observable~namely, the cross section fo
e1e2→g1 invisible! measured at different center-of-ma
energies. By doing this, we reduce the number of assu
tions that go into extractinggL andgR , and potentially mini-
mize experimental ‘‘biases’’ that may affect different obse
ables in different ways.

We compute thee1e2→gnn̄ cross section using Eq
~2.11! @18#. As before, we requireEg.1 GeV, and ug
.20°. In order to enhance the sensitivity to theWZ interfer-
ence term@see Eq.~3.1!# we also requireM nn̄.100 GeV.
Assuming SM values for theZnn̄ couplings andNn53, we
obtain

sgnn̄~As5170 GeV,M nn̄.100 GeV!52.97 pb. ~3.6!

Assuming 50 fb21 of linear collider data and an efficiency o
80% @27,28#, we expect around 120 000e1e2→gnn̄ events
with M nn̄.100 GeV.

The dominant sources of SM physics background h
been listed in Sec. II B~see also@27#! and can be dramati
cally reduced by vetoing on additional high-energy particl
as discussed earlier. Including the LCAL of the TESLA d
tector design@19# which helps veto hard particles at very lo
angles, the total cross section for these backgrounds ca
reduced to less than 1 fb.

Other important background sources can arise fr
detector-related effects. As discussed in@27#, the dominant
background contributions are related to the processese1e2

→nn̄,1,2 and e1e2→e1e2,1,2, which can mimic
events where a photon converts into a lepton pair in
material of the detector. We adopt the values quoted in@27#
of (0.01060.001) pb and (0.00760.002) pb, respectively
for the cross sections for the above background processe
order to accommodate any changes in detector design c
11300
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pared to the OPAL detector@27#, we conservatively allow a
factor of two uncertainty on these cross sections, resultin
a total background cross section of about 0.03 pb.

Assuming an integrated luminosity of 50 fb21, the esti-
mated number of background events isNbkg51500. Note
that this number, which is very conservative, also includ
events with M nn̄,100 GeV, which have been remove
when we estimate the number of signal events. Given
values for the cross sections computed above, we estim
~conservatively! that the statistical uncertainty which can b
achieved after accumulating 50 fb21 of e1e2→g1 invis-
ible at As5170 GeV isAS1B/S50.3%.

Given the very small statistical errors estimated above,
must try to evaluate the size of possible systematic uncert
ties. Following the strategy outlined in Sec. II B, we analy
the systematic errors that were computed by the differ
LEP collaborations for the same observable, and extrapo
them for a TESLA-like linear collider. This time, we conce
trate on the analyses of 177 pb21 of data collected by OPAL
@27# and 628 pb21 of data collected by ALEPH@28#. Their
estimates for different systematic uncertainties are prese
in Table III, together with our extrapolation for a linear co
lider experiment accumulating 50 fb21 of data. There are
similar analyses by L3@29# and DELPHI@30#, but their dis-
cussions of the systematic errors are not as detailed as
previous two.

We now briefly discuss the origin of the different system
atic uncertainties, and how our estimates were obtain
Some of the systematic errors are related to the size of
data sample. Whenever this is the case, we expect a fa
A50000/177.17(A50000/628.9) improvement with re-
spect to the OPAL~ALEPH! estimate.

~i! As before, we expect the theoretical uncertain
~‘‘event generator–theoretical’’! to improve by a factor of
10. The statistical errors associated with these computat
7-10
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are only limited by the computer power which is available
perform such numerical calculations, and we expect them
be negligible by the time this experiment takes data.

~ii ! As estimated before, the uncertainty related to ene
calibration should be controlled by statistics. The same
plies for the selection efficiency and the angular accepta

~iii ! We assume the luminosity uncertainty to be the sa
as the one estimated in Sec. II B~see @17#!. It should be
emphasized, however, that the studies performed in@17# con-
centrated on center-of-mass energies around theZ-boson
mass. We are assuming that similar numbers will apply
higher center-of-mass energies.

~iv! There are intrinsic uncertainties in computing the s
nal and background from the finite accuracy of the inp
electroweak parameters~of special importance are the value
of the W- and Z-boson masses!. We assumed(mZ)5
62 MeV ~from LEP! andd(mW)5615 MeV ~from the lin-
ear collider itself and the LHC@31#!.8 This source of system
atic uncertainty was not considered in the LEP analyses@27–
30#. By taking the combined LEP result for theW-boson
massat the time of the analysis@d(mW)560.056 GeV@32#
andd(mW)560.042 GeV@4## we obtain a systematic erro
of 0.9% for the OPAL analysis and 0.7% for the ALEP
analysis, respectively.

~v! Photons can convert to charged particles in the m
rial which surrounds the beam-pipe. This conversion rat
estimated by modeling the material close to the beam-p
and depends on the details of the detector layout. A subs
tial reduction of this error was obtained between the OP

8Some studies suggest thatd(mW)566 MeV could be obtained
by scanning around theW1W2-production threshold region@26#.

FIG. 5. Comparison of the shape of the missing mass distr
tion to that expected in the SM. The points with error bars indic
measurement errors forAs5170 GeV and 50 fb21. The solid curve
shows the expected deviation whengR /gL51/3 and gR

21gL
2

50.25, while the dashed line showsgR50 andgR
21gL

250.246.~In
the SM,gR50 andgL

251/4.! The dotted line shows the contribu
tion from a single species of sneutrinos, withM ñ560 GeV and no
contribution fromt-channel chargino exchange.
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@27# and ALEPH@28# analyses, and we assume that at le
an extra 50% improvement can be obtained.

~vi! Uncertainties from ‘‘tracking’’ come from knowledge
of the performance of the tracking devices near the edge
the fiducial regions. This performance will depend largely
the tracking design and the collider environment near
beam. There will be abundant sources of tagged tracks w
which to study tracking, and to define a ‘‘good’’ fiducia
region. We assume a factor five improvement over the OP
uncertainty.

Combining the statistical and systematic errors in quad
ture, the total error for the measurement of thee1e2

→gnn̄ cross section atAs5170 GeV is approximately
0.5%. The corresponding allowed region is shown in Fig
~left! in thegL3gR plane, assumingNn53 and that the mea
sured central value coincides with the SM prediction
(gL ,gR), indicated by a star. As expected, the region is ch
acterized by a ring in thegL3gR plane. However, since we
have removed the kinematical region dominated by the
diative return to theZ-boson mass, the center of the ring
significantly displaced~to the left! from the origin, while the
radius of the ring is significantly larger than the one cor
sponding to the result obtained around theZ-boson mass
~ring centered roughly around the origin!. In the case of the
SM, the two rings touch at a single point.

The combination of the results obtained atAs5mZ and
As5170 GeV is shown in the (gL

21gR
2)3gR /gL plane in

Fig. 4 ~right!. This result is markedly more precise than t
LEP1CHARM II result obtained earlier~Fig. 3!. We would
like to stress that the result depicted in Fig. 3 isqualitatively
different from the one depicted in Fig. 4. In the former, w
are combining very different data~obtained, for example, a
very different center-of-mass energies!, collected at com-
pletely different experiments. Consequently, assumptions
required in order to state that the measurements are sens
to the same physical parameters. In the latter, we are c
paring the same physical observable measured with the s
detector, differing only by the center-of-mass energy.

Thus far we have considered only the integrated cr
section measured with a few kinematic cuts. The relat
contributions to dsgnn̄ /dM nn̄ depicted in Fig. 2 depend on
both gL andgR . TheZZ term will change if eithergL or gR
varies, while the interference term,WZ, varies only withgL .
The WW term is independent of bothgL and gR under the
assumption that the charged weak interactions are the s
as in the SM. Consequently, the shape of the missing m
distribution varies in a nontrivial way asgL and/orgR devi-
ate from their SM values. We have estimated the statist
errors for 10 GeV bins in the missing mass, and present
result relative to the SM expectation in Fig. 5. As illustratio
we show the expected deviations for two sets of non-S
values for theZnn̄ couplings, both of which are allowed b
current data. In the first case, we take the SM value forGnn̄

but allowgR to be one third ofgL . The solid line shows the
result: no deviation at theZ-boson pole and a more or les
constant reduction in the cross section forM nn̄.105 GeV.
In the second case, we retaingR50 as in the SM, but reduce
Gnn̄ by less than 2%. As indicated by the dashed line, a la

-
e

7-11



-

a-

he

-
a-
.

r

ri
ar
e
ro

e

gl

ul

le
a

ld

m
ct
cu

tly

i
-

-
.

e

re-
y

l
le
in

the

the
nt
-

a

of
e
g:

h a
the
n
ents

,

f
ters
e

‘‘on
e
-
e

not
he
-
e

e

an
-
n

he

ng

CARENA et al. PHYSICAL REVIEW D 68, 113007 ~2003!
deviation is observed at theZ-boson mass, but it nearly dis
appears for high missing mass, where theWW term domi-
nates. In this sense, a comparison of the binM nn̄;90 GeV
to the binM nn̄;165 GeV is tantamount to the NuTeV me
surement of theZnn̄-coupling suppression factorr0. Experi-
mentally this comparison would be exceptionally clean.

We conclude by commenting on the effect of relaxing t
assumption thatNn53. If one considersNn to be a free
parameter during the ‘‘data’’ analysis, no constraint ongR

2 ,
as defined in Eq.~3.2!, can be obtained, while a ‘‘measure
ment’’ of gL , to be performed in a way similar to our me
surement ofgL from the LEP II data, can still be performed
This is easy to understand. Because there is noW-boson
exchange diagram for thenm,tn̄m,t final states, one could
have redefined

Nn@~gL
ne!21~gR

ne!2#[~gL
ne!21~gothers!

2, ~3.7!

where gothers[(Nn21)(gL
ne)21Nn(gR

ne)2. It is easy to see

that, via e1e2→g1 invisible one is only sensitive togL
ne

and (gothers)
2, independent of whethergothers is the Z-boson

coupling to the SMnm,t , right-handed neutrinos, or othe
exotic invisible final states.

IV. NEW PHYSICS CONTRIBUTIONS
TO THE INVISIBLE Z WIDTH

In the previous two sections, we have discussed a se
of distinct experimentally measurable quantities which
all closely related toZnn̄ couplings and the number of activ
SM neutrinos. In particular, if the SM describes all the p
cesses discussed here, the direct and indirect measurem
of the invisibleZ width should yield the same result~which
may be translated intoNn53), while measurements ofgL

2

1gR
2 andgL discussed in Sec. III should intersect at a sin

point: gL511/2, gR50. A statistically significant deviation
of any of these measurements from SM predictions wo
signal that the SM is incomplete, and that new physics
required in order to explain the values of these observab
In particular, it is possible that the direct and indirect me
surements of the invisibleZ width yield differing results,
with the result that the two curves depicted in Fig. 4 wou
intersect in either two or zero points.

Here, we will briefly discuss new physics mechanis
and/or models that will lead to physically observable effe
in the measurements we discussed above. We first dis
several mechanisms for modifying the invisibleZ width,
concentrating on new physics that would modify the direc
and indirectly measured invisibleZ width in distinct ways.
Then, we argue whether one can construct a model w
right-handed neutrino–Z-boson couplings, and further dis
cuss other ‘‘applications’’ of thegL3gR measurement dis
cussed in Sec. III for constraining physics beyond the SM

A. Direct Ã indirect

Several extensions of the SM will lead to an enhancem
or suppression of the invisibleZ-boson width with respect to
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SM expectations. Some of them modify theZ-boson decays
in such a way that both the indirect and the direct measu
ment of the invisibleZ width are modified in the same wa
@i.e., G inv(direct)5G inv(indirect)ÞG inv

SM]. For example, new
decay modes of theZ boson into invisible final states wil
enhanceG inv with respect to the SM prediction. One examp
is the Z-boson decay into a pair of lightest neutralinos

R-parity conserving supersymmetry scenarios,Z→x̃1
0x̃1

0,
when the neutralinos are predominantlyB-ino-like.9 While
such contributions generically enhance the invisibleZ width,
different new physics effects may lead to a reduction of

magnitude of theZnn̄ couplings and hence suppressG inv .
This can be accomplished by assuming, for example, that
SM neutrinos mix slightly with sterile states. With the adve
of the NuTeV anomaly@6#, which can be explained by re

ducing theZnn̄ couplings, this option has recently received
significant amount of attention~see, for example,@8,9#!.

Other effects can modify the indirectly measured value
the invisibleZ width but not the one obtained directly. On
mechanism that will lead to such an effect is the followin
assume that there is an exotic decay of theZ boson into final
states with some charged and/or neutral particles. Suc
decay will not contribute to the direct measurement of
invisible Z width, as events with detector activity other tha
a single photon are vetoed. On the other hand, if these ev
fail the selection criteria for leptonic or hadronicZ-boson
decays, they will not contribute toGvis . Since this new decay
mode will increaseG tot with respect to the SM prediction
G inv(indirect)5G tot

SM1G tot
new2Gvis

SM.G inv(direct). This might
be the case, for example, if theZ boson decays to a pair o
neutral particles which themselves decay some centime
from the interaction point. Another possibility is to introduc
an effect that leads toG tot

measuredÞG tot5Gvis1G inv . This will
happen, for example, if another resonance is present
top’’ of the Z pole @33,34#. Such a resonance will modify th
line shape ofe1e2→ f f̄ ~which would no longer be a Breit
Wigner function! and lead to the extraction of an effectiv
total Z-boson width that differs from the ‘‘real’’ totalZ-boson
width. On the other hand, if this new resonance does
decay into invisible final states, no new contributions to t
directly measured value ofG inv will be present. One possi
bility of physics hidden by theZ-boson resonance is th
s-channel exchange of sneutrinosñ in R-parity violating su-
persymmetry @35#. A sneutrino with mass close to th
Z-boson mass,mñ'mZ , that primarily decays intobb̄ pairs,
is not excluded by existing data from LEP and SLD and c
lead to deviations in the hadronicZ-boson line-shape param
eters compared to the standardZ line-shape parametrizatio
@34#.

Finally, some new physics contributions can affect t
directly measured value of the invisibleZ width but not the
one obtained indirectly. The simplest way of accomplishi
this is to include new contributions toe1e2→ invisible that

9Z-boson decays into neutralinos with a dominantW-ino or
higgsino component are already ruled out by present data.
7-12
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INVISIBLE Z-BOSON DECAYS ATe1e2 COLLIDERS PHYSICAL REVIEW D68, 113007 ~2003!
are not related to theZ boson. For example, any effectiv
four-fermion interaction similar toēgmen̄gmn contributes to
e1e2→gnn̄ but does not contribute toG tot extracted by the
line shape of the Z-boson resonance and hence
G inv(indirect). In fact, the most stringent constraints on so
of these operators come frome1e2→g1 invisible @36#.
Such a four-fermion operator can be mediated, for exam
by the exchange of extra neutral gauge bosons, dubbeZ8
bosons. When theZ8 boson is relatively light, but weakly
coupled so that it forms a narrow resonance, the stron
experimental bounds arise from the radiative return to theZ8
pole @37#. It is, therefore, possible that effects of aZ8 boson
are first discovered in the channelgnn̄. Note that, due to
possible interference effects between theZ-boson exchange
and the new effective interaction, the directly measu
value ofG inv may be suppressed or enhanced with respec
the SM prediction. Another option is to consider the ex
tence of anomalousgnn̄ couplings, which contribute to the
electric and magnetic dipole moments and the charge rad
the neutrinos@25,38,39#. Within the SM, effectivegnn̄ inter-
actions are generated at the one-loop level, but have
small values@39,40#. However, loop effects from new phys
ics can induce sizablegnn̄ production rates@25,41#. Such
couplings contribute toe1e2→gnn̄, but do not modify
measurements extracted from theZ-boson resonance. Fu
thermore, other extensions to the SM introduce new invis
particles,Y, that can be produced ine1e2→YYg. These
include the Kaluza-Klein gravitons of models with large e
tra dimensions@42# and super-light gravitinos in supersym
metry scenarios with gauge mediated supersymmetry br
ing @43#.

Note that in order to enhance the experimental sensiti
to most of the mechanisms outlined in the previous pa
graph, one would profit from running at center-of-mass

FIG. 6. Projected sensitivity of a linear collider to a nonze

right-handedZnn̄ coupling gR5gL/3. As before, the analysis i
based on hypothetical measurements of the cross sectione1e2

→gnn̄ at the Z-boson mass@s(mZ)# and at As5170 GeV
@s(170 GeV)#. The parameters of the underlying scenario are
dicated by the star.
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ergies above theZ-boson mass, in order to avoid the ‘‘ove
whelming presence’’ of the Z-boson resonance~see
discussion in Sec. III!. On the other hand, some new physi
effects lead to rare single-photon decays of theZ boson, such
asZ→gnn @44#. In this case, the measurement of the cro
section fore1e2→gnn̄ at theZ pole yields valuable infor-
mation.

Finally, we emphasize that more information can be o
tained by analyzing the missing mass distributi
dsgnn̄ /dM nn̄ , as described in Sec. III B, and it may be po
sible to differentiate classes of new physics contributions.
illustrated in Fig. 5, excursions of (gL ,gR) from the SM
values would show up as distinguishable changes in
shapeof the missing mass distribution. Another possibility
the existence of a new physics channel, for example,
production of sneutrino pairs (e1e2→ ñ ñ* g), as illustrated
in Fig. 5, for the caseM ñ560 GeV. For this example, it is
assumed that the sneutrinos are of the second or third
eration, so that there is no contribution fromt-channel
chargino exchange, and that the sneutrinos are stable o
cay invisibly. Clearly, the shape of the missing mass dis
bution allows the distinction of this contribution from an
new physics effects that modify the properties of theZ bo-
son. In a similar way, the contribution of an extraZ8 boson
could be identified by a resonance in the missing mass
tribution, while the emission of Kaluza-Klein gravitons i
large extra dimensions would yield a continuous backgrou
without threshold effects.

B. Right-handed neutrino–Z-boson couplings?

In the SM, neutrinos couple only left-handedly to theW
and Z bosons. This fact is a direct consequence of
SU(2)L3U(1)Y-gauge symmetry structure of the SM
which fits almost all experimental data beautifully. On t
other hand, we should not downplay the importance of
rectly verifying, experimentally, whether neutrino neutr
currents are purely left-handed. Current data allow a rig
handedZnn̄ coupling which is around 40% as large as t
left-handed one, while the LC measurement we prop
could tighten the bound to about 30%. This should be c
trasted with, say, our understanding ofZ,,̄ couplings and
W, n̄ couplings, which are known~in the worst case! at the
few percent level. In Fig. 6 we show an example to illustra
the sensitivity of a linear collider to a nonzero right-hand
Znn̄ coupling.~The same example is also depicted in Fig.!
Here, the right-handed coupling is chosen to be one third
the left-handed coupling, which is allowed by current da
while the value for theZ width agrees with the SM predic
tion. In the setup discussed in Sec. III B, it is possible
discriminate this scenario from the SM at more than the t
sigma confidence level. There remains, however, a twof
ambiguity, which is related to the fact that while the sign
gL can be measured, the sign ofgR remains undetermined.

It is interesting to probe whether there are new phys
models that lead to right-handedZnn̄ couplings. One ex-
ample is to consider the existence of a heavyZ8 boson that
mixes slightly with the SMZ boson. In general,Z-Z8 mixing

-
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will lead to a shift in the SMZ-boson mass and the SM
Z-boson couplings to fermions. It is possible to choo
Z8-boson couplings to fermions such that~i! the left-handed

Znn̄ coupling gL is slightly reduced with respect to its SM

valuegL
SM , and~ii ! a nonzero right-handedZnn̄ couplinggR

is introduced. If this is done in such a way thatgL
21gR

2

.(gL
SM)2, all current experimental constraints can be saf

evaded~see Sec. III A!.
We have constructed an explicit example, adding to

SM a U(1)Z8 gauge symmetry under which leptons a
right-handed neutrinos transform. In order to satisfy curr
experimental constraints and successfully introduce a ri

handedZnn̄ coupling we introduce two extra Higgs boson
One, transforming nontrivially only underU(1)Z8 , is re-
sponsible for giving theZ8 boson a mass. The other, whic
transforms under bothSU(2)L and U(1)Z8 , is responsible
for inducing mixing between the SMZ boson and theZ8
boson.

In the following, Z and Z8 denote the mass eigenstate
where the former corresponds to the physicalZ boson that
has been observed at LEP and other colliders, while
eigenstates of the electroweak gauge group and the e
gauge group are given byZ1 andZ2, respectively. Using this
language, we can say that the interference betweenZ1 andZ2

can lead to a reduction of theZnLn̄L coupling, while a
ZnRn̄R coupling is introduced by theZ2 admixture in theZ
boson. Several constraints have to be taken into acco
however. First of all, because theZ8 couples to charged lep
tons, it is currently constrained to be very heavy,mZ8
*900 GeV@2#. Second, in order to induce a relatively larg
right-handedZnn̄ coupling, we are required to have eith
sizableZ-Z8 mixing and/or a very largeU(1)Z8 coupling.
Large Z-Z8 mixing will imply a significant shift of the
Z-boson mass from SM expectations, especially because
Z8 is constrained to be very heavy. Third, one should kee
mind that not only are theZnn̄ couplings modified, but also
the Z,,̄ couplings. Taking all of these constraints into a
count, we are able to find an ‘‘existence-proof’’ example. W
choose aU(1)Z8 couplingg853.5, and set the charges of th
left-handed leptons and the right-handed charged lepton
11/2. We also set the charges of the right-handed neutr
to 15.10 We further setmZ851 TeV and theZ-Z8 mixing
angle to sin2uZZ851.631025. Under these conditions, th
ZnLn̄L couplinggL is reduced by 3.7%, while a right-hande
coupling is generated:ugR /gLu50.19. We further verified
that the above mentioned shifts to theZ,,̄ couplings and the
Z-boson mass are allowed by the data, and find a fit toG tot ,
sin2u

W,eff
,, sin2uW,eff

had , R, , and sh
0 that is as satisfactory a

the SM fit.
We stress that this model is not intended to provide

realistic description of nature, but only to prove the possib

10Here we did not consider anomaly cancellation. We assume
this can be accomplished for example by adding heavy fermion
the theory.
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ity of ‘‘large’’ right-handed Znn̄ couplings that are not ex
cluded by existing data. While the specific value,ugR /gLu
50.19, we obtained above would still not be detectable a
linear collider, we emphasize that there are other, more c
plicated,Z8 models that induce largerZnRn̄R couplings. For
example, theZnLn̄L coupling could be further reduce
through the addition of higher dimensional operators to
model, thus allowing an increase of the value of theZnRn̄R
coupling to ugR /gLu.0.3, which can be distinguished from
gR50 at more than the two sigma confidence level a
linear collider, as depicted in Fig. 6.

More generally, as briefly alluded to in Sec. III, th
gR need not be a right-handed coupling of the neutrino
the Z boson, but can be interpreted as any coupling of
Z boson to exotic invisible final states. Within the SM
the magnitude of these couplings is best constrained by m
suring the invisibleZ width at the Z-boson mass, as dis
cussed above. However, by performing the analyses
cussed in Sec. III, one is capable of separating theZ-boson
coupling to active neutrinos (gL) from the Z coupling to
exotic invisible matter. These analyses allow one to iden
models where thegL coupling is smaller than usual, but i
somehow ‘‘compensated’’ by the exotic contribution. If th
is the case, the invisibleZ-width measurements at th
Z-boson mass do not register a discrepancy with respec
the SM, while the measured value of (gL ,gR) deviates from
(1/2,0) @this is exactly what happens in theU(1)Z8 model
spelled out above#.

V. SUMMARY AND CONCLUSIONS

We have discussed how measurements ate1e2 colliders
provide information onZnn̄ couplings in distinct ways, al-
lowing the exploration of new physics contributions to t
left-handed and right-handed neutrino couplings to theZ bo-
son. Theindirect measurement ofG inv is obtained by sub-
tracting the visible partial width from the total width of th
Z-boson resonance. It provides a tight constraint ongL

2

1gR
2 . The direct measurement ofG inv comes from measur

ing the cross section fore1e2→gnn̄. When this is done at
center-of-mass energies around theZ-boson pole mass, it is
again possible to constrain the combinationgL

21gR
2 . At

higher center-of-mass energies, however, good sensitivit
gL is obtained from the interference of theZ-boson and
W-boson exchange amplitudes.

We examined published data from LEP in order to co
straingL andgR . The strongest constraint by far comes fro
the indirect value ofG inv . We have also analyzed data take
at energies above theZ pole ~LEP II! in order to extractgL .
Although the result obtained is not particularly precise,
part because only a fraction of the collected data have b
analyzed by the LEP collaborations, it establishes the sig
gL ~positive! at the 2s confidence level. If all existing LEP
data were analyzed with the requirement that the miss
mass be greater than 100 GeV, we estimate that this ana
would establishgL with an uncertaintyd(gL)50.05.

Important constraints onugLu also come from measure

at
to
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ments of elastic neutrino-electron scattering by CHARM
and LAMPF. Their results agree well with the ones provid
by LEP, and with SM predictions. Combining LEP an
CHARM II data, the value of the left-handedZnn̄ coupling
is constrained to be 0.45&gL&0.5, while the right-handed
neutrino couplings to theZ boson are mildly bounded to b
ugRu&0.2 at the 2s level. The NuTeV data can also be us
to determineZnn̄ couplings, in which case a very tight con
straint onugLu would be obtained. This interpretation, how
ever, rests on several assumptions which are not univers
accepted. In our opinion, the elastic neutrino–electron s
tering results are cleaner, and we speculate that a new ex
ment using existing or future neutrino beams should impr
substantially the precision with whichugLu is measured.

A future e1e2 linear collider could run at center-of-mas
energies near theZ-boson pole mass in the so-called ‘‘Gig
Z’’ option. The integrated luminosities are expected to
much larger than those recorded at LEP, on the orde
50 fb21. We have estimated how new data taken around
Z-boson pole mass and atAs5170 GeV would improve the
constraints already obtained from LEP data. We find that
quality of the indirect measurement ofG inv would be only
modestly improved, while the direct measurement would
performed with greatly improved precision. We estimate t
at a linear collider the precision with which theZ-boson
width could be directly measured would be comparable
the precision of the indirect measurement. Since both m
surements are potentially sensitive to different new phys
a high precision in both is very desirable.

In particular, measurements ofe1e2→g1 invisible at
As5mZ andAs5170 GeV would be sensitive to values
gR on the order ofgL/3. The data samples should be lar
enough to warrant a measurement of the cross section
function of missing mass. Deviations of this differenti
cross section from the SM prediction would indicate whet
gL , gR , or both differ from the SM value. The fact that on
experiment running at different energies can simultaneou
E

or

, D
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constrain bothgL and gR makes the Giga-Z option particu
larly attractive in this context. The comparison of these t
energy regions will provide information analogous to t
NuTeV determination of theZnn̄ couplings.

Finally, we have sketched a variety of new physics s
narios that will impact the measurements of the indirect a
direct invisibleZ width differently, many of which have bee
already considered in the literature in various contexts.
summary, by performing both the direct and indirect me
surements of the invisibleZ width with similar precision, one
should be able to distinguish between several different n
physics mechanisms, depending on whether the meas
ments agree or disagree with SM predictions, or whether
two distinct measurements of the invisibleZ width agree or
disagree with each other. We have also discussed the im
tance of measuring ‘‘gR’’ as far as constraining new physics
The main reason for this is the fact that while we genera
referred to right-handedZnn̄ couplings, other couplings o
the Z boson to exotic, invisible final states are probed
exactly the same way.

We conclude by restating the interesting fact that the c
rent data, in particular the NuTeV anomaly and the LEP m
surement ofG inv , hint at a nonstandardZnn̄ couplings. Only
future experiments can elucidate this issue.
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