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CERN LEP | and LEP Il data can be used to constrain technicolor models with light, neutral pseudo—
Nambu-Goldstone bosor?®. We use published limits on branching ratios and cross sections for final states
with photons, large missing energy, jet pairs,kIFpairs to constrain the anomalo®8z°z°, P2z°%y, and
P2yy couplings. From these results, we derive bounds on the size of the technicolor gauge group and the
number of technifermion doublets in models such as low-scale technicolor.
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I. INTRODUCTION anomaloug??Z%y andP3z°Z° couplings that can be derived
from published analyses of LEP | data. In Sec. IV we like-
Although the scale of electroweak symmetry breaking iswise derive bounds on the anomaloB8yy, P3zZ%y and

well established, the mechanism of that breaking is still un3z°z° couplings from published analyses of LEP Il data.

known. Data collected at the CERN e~ collider LEP over  Section V compiles the strongest results for each anomalous

the last twelve years, however, have provided many coneoupling andP? decay mode. In Sec. VI we determine what

straints on the properties of that mechanism. In this papethese results imply for various technicolor scenarios. We

we consider what the LEP data reveal about nonminimapresent our conclusions and thoughts about the future in Sec.

technicolor models. In particular, we explore how the limitsVII.

on rare processes constrain technicolor models with neutral

pseudo—Nambu-Goldstone bosoitBNGB9, P2, which Il. PRODUCTION AND DECAY OF P@
couple, through an anomaly, to the neutral electroweak ) o )
bosons. PNGBs lighter than t&#& can be produced at te® At LEP I, a light neutral PNGBP?, with Mpa<<M o is

pole through the decay&®— yP? or Z°—Z*P2, while primarily producec[l_—S] through an anomalous coupling to

heavier PNGBs can be produced through a number of prdhe Z° boson and either a photoZ{— yP?) or a second,

cesses at the higher energies found at LEP II. Depending off-shell Z° boson °—~Z*P?). At the higher center of

the details of the specific model, the final state followingMass energies of LEP Il, PNGBs over a wider range of

PNGB decay may include jets, photons, or missing energynasses can be produced througthannely*/Z* exchange

providing striking signatures. and through a 23 production mechanisi#,5]. For refer-
Our analysis is not the first to consider these processegnce, we provide Feynman diagrams in Figs. 1 and 2.

[1-5]. Since the work of Ref3], however, the LEP Collabo- ~ The anomalous coupling between the PNGB and the

rations have published new analyses using additional LEP gauge boson&; and G, is given, in a model with techni-

data[6-10], allowing stronger limits to be placed on the color group SUN+c), by an expression analogous to that for

P2z°%y couplings. Furthermore, improvements in the resoluthe QCD pion[17-19

tion of photon energy measurements allow the limits to be

extended to larger PNGB masses. The quality of the final Nreds o 91292 € kKN e 2.

LEP | data are such that, contrary to previous expectations, 12227 fpa #

bounds can even be placed on #&Z°Z° coupling. Finally, _ _ _

some of the data collected at LEP Il has been analjt@e¢  Where Nrc is the number of technicolorsdg g, is the

16] and provides a means both to search for heavier PNGBanomaly factor(discussed further belogw the g; are the

and to place bounds on & yy couplings for the first time. gauge couplings of the gauge bosons, andkthend ¢; are

The constraints on modern, nonminimal technicolor modelghe four-momenta and polarizations of the gauge bosons. The

derived from all of these coupling bounds are phenomenoP? decay constanf,sa, which corresponds to the QCD pion

logically interesting. decay constant,., is given by[2]

In the next section, we review the production and primary )
decay mechanisms for technicolor PNGBs at LEP through 2 v 2.2
the anomalies. In Sec. lll, we analyze the limits on the pa— 2T;[(TL_TR)2]' )

wherev =246 GeV is the weak scale, afig (Tg) is the
*Email address: krlynch@bu.edu charged weak generator associated with the left-handed
"Email address: simmons@bu.edu (right-handed technifermions that comprise the PNGB. In
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et Y where thel; are the number of such electroweak doublets in
et i the model. Equatiori2.2) is only valid in the limit of small
isospin breaking in the technifermion sector Sec. VI A we
consider the consequences of a particular case of large isos-
70 > pin breaking.
z The rate of PNGB production at th&” pole has previ-
ously been reported in the literature; the cross section for
e~ P* e p» production atys=M o is [20]
~ a +e= — P2Z*
@ erem =P ©) er = o(e* e -7 PaX) = g(ete —Z%)BR(Z0— PAX)
FIG. 1. Primary production mechanisms of PNGBs at LEP I. At
LEP I, processes with an intermedia_lte, on-stﬂ:ﬂldomi_nate t_he :12_277 BR(Z°—e*e”)BR(Z°— P3X).
cross section for any PNGB production processes. Diagearns
the relevant one for processes with monoenergetic, hard photons,
plus theP? decay products in the final state; these states give clean (2.9
access to th&®2Z°%y coupling. Diagram(b) is the relevant one for
processes with four particles in the final state, and will generall
give access to both the?z%y and P2°Z° couplings.

70

froduction in combination with a photda] has a width of

123 Ge\j 2

I'(2°—yP?)=2.3x10° Ge\{ 7
pa

the case of left-handed electroweak doublet techniqu&ks,
[which are SW3). triplets], and technileptond, [which are

3
SU(3)¢ singletd, the above expression reduces to

(N7cAz,)% (2.5

2
M2,
1_ M2

70

X

U
2.3
@3 Since the measured® width is I',0=2.490 GeV[20], we

o NG,
expect this branching ratio to be of order £0 The resulting
et v ooet YA final states contain a hard monoenergetic photon and the de-
cay products of thé®?. Production in combination with an
off-shell Z° will be harder to observe. An upper bound on the

decay width of the proces®’— z* P2— P2ff is given in[2]

,Y*/Z* ’7*/Z* byl
I'(2°— P3ff)
e P> - pa )
e a70 123 Ge
(a) ete™ — Pay (b) ete™ — P?Z <7.6X 10—7 Ge\/( : \)) Cf(gﬁ+gé)(NTCAZOZO)2
et 2 et et pa
2 2
MZo—Mia
. x| = || (Mzo—Mpa)?
Y /Z pa NIZ0
* Z*
v/ oz X (M2o— 6M,0M pa—5M2,)
- P* e e , , 2Mz0M pa— M2,
() ete™ — P2(y"/2%) (d) e*e™ — P2ete~ —2Mpa(6M30—Mza)log M—éo ;
FIG. 2. Primary production mechanisms of PNGBs at LEP II. (2.6)

The first type of process ischannel production via an intermedi-

ate, off-shell photon oZ°. Diagram (a) is the relevant one for whereC; is a color factor of 1 for leptons and 3 for quarks,
processes with a hard, monoenergetic photon plus the decay progindg, (gg) is the left-handedright-handed coupling of the
ucts of theP? in the final state, and gives access to bothRflgy  fermion f to the Z°. We expect branching ratios of order
andP2Z°%y couplings. Diagrantb) is the relevant one for processes 107 to 10", depending on the process of interest.

with a realZ° plus the decay products of tie? in the final state, The production cross section for a PNGB along with an
and gives access to both tR€Z°y and P*2°Z° couplings. Dia-  gjactroweak gauge bosof, at the higher center of mass

gram(c) is also, in prlnc!ple, of relgvance atLEP I, and would give energies of LEP Il can be calculated, and has also been re-
access to all of the various couplings of electroweak gauge bosons

to PNGBs; however, these processes are much more difficult to
analyze, and are not studied here. Finally, diagfdmnwould, in

principle, give access to all of the anomalous couplings ofRfie We have corrected here a slight error in the numerical coefficient
however, kinematics strongly favors the process with intermediatef the formula as it appears [2]. We have also included the color
photons, so that only the?yy coupling is accessible. factor, C;, which was omitted there.
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ported in the literatur§2]. If \'s—Mpa>Mg, it is possible
to produce a PNGB in association with either an on-shgI|
boson or a photon; the cross section well off #fepeak is
given by

3 N2
aemNTC

ete"—=PG)=
ol ) 6772fias

F(G)A(s,M3,M2,)3"?

2
Al
SZ

-AyG-AZOG(l_ 455\/)
2s2c2s(s—M50)

X

Alos(1— 482 +8st)

8sich(s—M20)?

: (2.7

whereG is either the on-shelZ® or y in the final states,y
=sinfy, cyw=coshy, \(a,b,c)=a’+b?+c?>—2ab—2ac
—2bc and

1, G=vy

F(G)=¢ 1 (2.9
>, G=2C
CW
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1
Az070= ETr[Ta((TgL— Qsir? 6,)2+ (Tar— Q sir? 6,,)2)].
(2.14

We will explicitly evaluate the anomaly factors for a variety
of models in Sec. VI.

Our analyses will consider all of the dominant decay
modes for the produced PNGBs. These fall into three classes:
(1) In models whereA,,#0, the PNGB may decay

through the anomaly to a pair of photons at a f&e

2 2
NTC-A'yy) ®em

a =
F(P _>77) fPa 87T3

3
M3 (2.15

Even for largeMpa, this decay width is very narrow; for
example, with Mpa=Mz0 and fpa=123GeV, we find
I'(P?— yy)~(NrcA,,)*x 10" tkeV.

(2) The PNGB may decay invisibly into neutrinos or other
long-lived neutral particles. Alternatively, the PNGB may be
long-lived and escape the detector. In either cd&ewill
manifest as missing energy.

(3) The PNGB may decay into hadrons. This may arise

through decays int@q pairs, with bb being of particular
interest in some models. Alternatively, PNGBs comprised of

In both cases, the first term in the square brackets of Eczolored technifermions may decay into gluon pairs. If no
(2.7) is the photon exchange contribution, the third term isflavor tagging is employed in the experimental analysis, lim-
the Z° exchange contribution, while the second term is theits on hadronic decays of the PNGB are assumed to apply
7%y interference ternisee Fig. 2 Sinces3~0.23, the in- equally well to quark and gluon decay modes.
terference contribution is generally negligible compared to Current experimental data provide bounds on all of these
the direct contributions. processes.

The model-dependent value of the anomaly factor for the
P2G;G, coupling which appears in those branching ratios is
given by[17-19

IIl. LIMITS FROM LEP |

In this section we explore the limits that can be obtained
on the anomaly factorsl,o, and.Az0z0 from published LEP
| data[6—10], collected at/s=M . We do so for a number
of possible decay modes of tHe?. The relevant Feynman

whereT? is the generator of the axial vector current associ—dlagrams are displayed in Fig. 1.

ated with P2, the T, are the generators associated with the

gauge bosoit;, and the subscriptis andR denote the left-

and right-handed technifermion components that comprise For aZ° produced at rest and undergoing the two-body

P?. The axial vector currents are defined as usual, decayz®— yP? [Fig. (@], energy-momentum conservation
fixes the photon energy to h2]

4A6,6,= THTHT 1 To+ ToTy) 1+ T THT o+ ToTy)rl,
2.9

A. L|m|tS on NTcAzo,y

JE3= gyt ys T2y (2.10

E _ Mz~ M 3.1)
and the generatofE? are normalized such that 7 2Mp '
1 This provides a striking set of signatures. We will now use
Tr(TaTP) = Eéab. (2.1)  LEP | data on final states that include at least one hard pho-

ton to derive limits orNtcAzo,, .

For the three cases with neutral electroweak gauge bosons,
the anomaly factors ard]

1. Limits from Z°— yP3— yyy

If the PNGB decays dominantly to photons, a final state
with three hard photons resulifig. 1(@ with P2— yy].

_ an?2
Ay =TT (212 The L3 Collaboration has published limits on the production
1 of a narrow resonance, decaying to photons, based on 65.8
, 1 8 pole[6]. They find
_ = a T . pb Qf data collected on and near tée pole[6]. y
Az0y= 5 TTH (T3 + Ter—2Q Sif? 6,) Q] (213 15 evidence for a new resonance, and place 95% C.L., upper
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NTC X Azo.), x (123G6V/fpa)
w
|
I

Nt % Azc7 X (123G6V/fpa)

0— T T T ]
0 20 40 60 80
Mpa(GeV)

Mpa(GeV)

FIG. 3. Upper limits at 95% C.L. oiNycAz0,(123 GeVipa) FIG. 4. Upper limits at 95% C.L. 0NycAz0,(123 GeVipe)
from the proces&®— yP2— yyy. Our results are derived from an from the procgss‘: — yP2— yE. The dashed line corresponds to
L3 analysis[6] assuming the PNGB has essentially zero width. the results derlyed from DELPHI dafd]. _The dotted curves show

the results derived from OPAL daf21] in Ref. [3]; OPAL per-

formed separate searches for scalars with masses below 80 and 60
GeV. The solid line shows limits extracted from L3 df22] in Ref.
limits on the branching ratio BRC— yX)BR(X—yy) asa [3].
function of My. For 3 Ge\KMy<89GeV, they find
BR(Z°— yX)BR(X— y7)<1.3x10"°, _ photons viaZ’— 5% — %% v, their results cannot be used

Using Eq.(2.5), we translate these data into upper bound§0 constrainNya Ao, .
on NicAz,. Assuming BRP?—yy)~1 and fpa v
=123 GeV, we findNtc.A0,<0.5—2 for PNGB masses be-
low 60 GeV. Above 60 GeV, the data become rapidly less
constraining(see Fig. 3 These limits are a factor of two
stronger than those in R€f3].

Fluctuations in the curves arise from fluctuations in the data.

3. Limits from Z°— yP2— y jet jet

If the dominant decay mode of the PNGB is hadronic, a
final state with one hard photon and a pair of jets is expected
[Fig. 1(a) with P®—jetjet]. Both the OPAL and L3 Collabo-

2. Limits from Z°— yP?— v rations have published limits on this process.

If the predominant decays of the PNGB are invisible, orif OPAL has searched for new, narrow particles decaying to
it escapes the detector before decaying, then we expectr@drons with an associated hard photon in 140*ptf Z°
final state with one hard photon and missing endigyg.  pole data[9]. They present two sets of relevant limits: a
1(a) with P2~ E]. The DELPHI Collaboration has searched search for a scalar resonan&, which decays hadronically,
for anomalous single photon events, in 67_.6bh)f data  gnd a search assuming % decays predominantly tob.
collected on and near the pole([7]. They derive 95% C.L. They find no evidence for production in either mode, and
upper limits on th_e_producu_on Cross sectlory(,_, ofanar_royv place 95% C.L. upper limits on the product of branching
(rx<2 GG\O invisible partlcle_X produced in association ratios, BRZ — yS%)BR(S°— qq) as a function oM . For
with a single hard phgton, with the photon in the angular20 GeV=M<80GeV, the limit always satisfies BR?
range| cosg|<0.7 relative to the beamline. Fdf x<M o, SO\ BR( <2%10°5. Using Eq.(2.5 trans-
DELPHI provides limits onoy as a function ofMy; the —7S) (. _—>Cl_a) - ©sIng £q.(2.9), We frans

late these limits into upper bounds dfyc.Azo,, assuming

upper limit never exceeds 0.1 pb. i ; oS
Since thez® decay is isotropic, we can scale our predic-that fpa=123GeV. Both sets of data provide limits

tions to reflect the DELPHI angular coverage. If we assuméitcAzo,<1-3 for PNGB masses below 60 GeV, and
thatP? is always invisible andpa= 123 GeV, then using Eq. NT1cAz0,<10-15 for PNGB masses below 80 GeV.
(2.5, we can derive limits on BRI®— yP?), and, hence, The L3 Collaboration has also searched for new, narrow
NrcAzo, . We findNrcAzo,<0.5-1.2 for P2 masses below scalar particlesH®, decaying to hadrons with an associated
60 GeV: the limits weaken at higher masses. The limits wehard photon in 96.8 pb' of data collected at th&® pole[8].
obtain here are stronger than those based on the QPAL  They find no evidence for a new particle, and place 95%
data in Ref.[3] and cover a larger mass range than thoseC.L. upper limits on the the cross section for the process
based on the L322] data in Ref.[3]. In the mass range Z°— yH’—yqq. For 20 Ge\KM,0<80GeV, they find
40 GeV< M pa<75GeV where data from all three experi- o(e"e” —H%y)BR(H’—qg)<1 pb. Using Eq.(2.5 we
ments exist, the data from L3 give the strongest bounds. W&anslate their fullMo-dependent limits into upper bounds
plot our results in Fig. 4, along with those of RES]. on NrcAz,. Assuming BRP*—qg)~1 and fpa
OPAL has also published more recent results g~ =123GeV, we find limits NycAz,<1-3 for PNGB
events, based on 160 pbof data collected near th&° pole  masses below 60 GeV, amdkc.Az0, <15 for PNGB masses
[10]. However, since they present this data as limits on théoelow 80 GeV.
branching ratios of heavy neutralinos to light neutralinos and As Fig. 5 illustrates, the several limits dwc.Azo, for
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l or with the off-shellz® decaying invisibly(to neutrino pairs
and the PNGB decaying hadronicallyig. 1(b)]. The OPAL
Collaboration has searched for production of a scalar par-
ticle, S°, in both modes, based on 160 ptof data collected

L near thez® pole[10]. They find no evidence for either mode,
and place 95% C.L. upper limits on the production cross
section forqqE through the intermediate statg* S°, nor-

— malized to the production cross section for the standard
model (SM) Higgs Z*H° intermediate staté, o(e"e”
—HZ,,Z*). We call their ratio of cross sectior® For the

20 10 60 %0 visible decay of the scalar, the numeratorPis o(e*e”
Mpa(GeV) —38%Z*)BR(S’—qq), and we label the rati®R,gpe. FOr
Mg=5 GeV, the upper limit orR g, is 10~ 3; this weak-
FIG. 5. Upper limits at 95% C.L. oMNtcAz0,(123 GeVfpa) ens toRsipe=1 asMq increases to 65 GeV. For the invis-
from Z°— yP?— yqq. The dotted(dashedi curve is derived from ible decay of the scalar, the numeratorRfis taken to be
an OPAL[9] bound that assumes the new scalar decaysjtdb). o(ete”—S%Z*), and we label the ratiB,isie. The upper

The solid curve comes from L{B] limits for scalar decays to had- limit on Rjisibie IS 104 at M <=0 GeV; this weakens to

rons. Fluctuations in the curves arise from fluctuations in the dataR ., .<1 asM g rises towardM yo.

Using Eq.(2.6), we derive upper bounds dNtc.Az050.
hadronically-decaying PNGB are similar. They improve onFor a PNGB that(nearly always decays tajq with fpa
the bounds in Ref.3] by a factor of two to three. =123GeV, we findNtcAz0,0<20-50 for PNGB masses
below 30 GeV. For an invisibly decaying PNGB, we find
NtcAz070<5-13 for PNGB masses below 30 GeV. In both

o cases, above 30 GeV, the data become rapidly less constrain-
We next obtain limits oiNtcAzoz0 from the LEP | data.  jhg. Our results appear in Fig. 6.

The relevant decay paths we examine inclutfe—z* P2
— Eqq (where theP? can decay either hadronically or invis-
ibly) and Z°—Z* P2— yyqq, so that final states with two
jets will dominate[Fig. 1(b)]. If the PNGB decays predominantly to photons, a final
In principle, we must also consider the contribution of anstate with two hard photons and two jets resiifgy. 1(b)
off-shell photon to theyq production processdsig. 1(b)],  with P?—yy andZ* —qq]. Both the L3 and OPAL Col-
which would give a limit on4zo,,; however, these results are laborations have studied this final state.
numerically much weaker than the equivalent limits we ob- L3 has published limits on the production of a scalar par-
tained in Sec. Il A. Therefore, we shall apply these limits onticle, H®, decaying to two photons and accompanied by had-
NrcAzozo only to models wheredzo,<.Az0z0, such as the rons, based on 96.8 pb of data collected near th&° pole
Appelquist-Terning one-family mod¢R3] discussed in Sec. [8]. They find no evidence for this mode, and place 95% C.L.
VIA. upper limits on the production cross section as a function of
Myo. For 20 Ge\KM0<70 GeV, the collaboration finds
1. Limits from Z°—Z* P*—jetjet E o(ete”—H%+ hadron$BR(H%— yy) <10 pb.
This final state can arise in two ways: with the off-shell "€ OPAL Collaboration has also published limits on the
Z° decaying hadronically and the PNGB decaying invisibly, Production of a photonically decaying scal@?, in this
mode, based on 140 pbof data collected on and near the
| | | | Z° pole[9]. They find no evidence for this mode. For particle

._\
33
]

o
|

Nrc % AZ°7 x (123 GeV/ fp=)
=
|

S

B. LImItS on NTCAZOZO

2. Limits from Z2°—Z* P2—jetjetyy

— 100 . — masses in the range 40 GeW <80 GeV, OPAL finds a
& y 95% C.L. limit on the product of branching ratios, BF(
= 80 —
3
& 60 =
v 2The SM Higgs branching ratio can be found in the literature
R 40 = [24,25
% 20 - BRZ°—HT) ¢ 3y<y“—8y2+20>nosl(y(s—y2>)
28 0 | | | BR(Z°—ff) 1927 cos 6y Ja—y? 2
0 20 40 60 1
Mps(GeV) —3(y* =By +4)iny— 5 (1-y*)(2y'~13y*+47)|,

FIG. 6. Upper limits at 95% C.L. 0MN7cAz070(123 GeVfpa) wherey=Mo/Mz0>T",0/Mzo. This approximation neglects the
from 2°—Z* P2 qq¥, based on OPAL datfl10]. The dotted masses of the fermiorisand thez® width, I' 0, which is acceptable
curve denotes the limits on a hadronically decayi®fy while the  for y>T',0/Myo. Using this branching ratio, we can derive the
solid curve holds for an invisibly decayirfe?. necessary cross section.
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= o aly(1-4s)+8s)) (s~ M2o)°

g0
2 48wt sh chs(s— M2o)?

1cAz0,)%,
4.2

for Z°-dominated intermediate states. We similarly define the
cross sections for processes with a final sZitéoy

g (5, M50, M70) ¥

672f 2.55,C5S°

— ZO
(T =
z0 y

(NrcAz,)?, (4.3

Nre x AZoZo X (123 GeV/fpa)

l
20 30 40 50 60

Mpe(GeV) for photon-dominated intermediate states, and
. 3 2 212 132
FIG. 7. Upper limits at 95% C.L. oiNycAz070(123 GeVfpa) 50 e\ (S,MZ0,Ma) (Neadsor)? (4.4
0 - H o = 070 .
from the procesg’—Z* P2—(qqyy. The solid curve comes from 7070 48772f|2:a33\108v5(3_ Mgo)z TCAZPZ

L3 data[8], while the dashed curve comes from the OPAL dé&fa

Fluctuations in the curves arise from fluctuations in the data. for Z°-dominated intermediate states. The functida, b, c)

is given in Sec. Il.

—Sqq)BR(S'— yy)<2x 10 °. For smaller masse$/l In this approximation, the limits set aA., and.4z0,, by
<40 GeV, OPAL states that the limits are weaker, but doeprocesses with a final-state photon are related, because the
not provide numerical values. same data is being used to separately constneﬁp and

Using Eq.(2.6), we infer upper bounds oNrcAzoz0 in - ¢, . The limits that processes with a final-stat® set on
models with PNGB decays dominated by two photon state§4Zoy and Ayo,0 are, likewise, related. By comparing the
and fpa=123 GeV. For PNGB masses below 30 GeV, wesjzes of the factors precedingl{CAelgz)z in Egs.(4.1) and

find limits NtcAz0,0<10—12 from the L3 results. In the (4.2) [(4.3) and (4.4)], one ma P
. . . 4], y see that a LEP II limit on
higher mass range vv.here.the L3 and. O.PAL data OverlaH\ITcAzoy(NTcAzozo) is always stronger than the related
the_y provide nearly |de_nt|(_:al upper limits oNTcAzozo_ limit on NreA,, (NeAz0,), for any PNGB mass. In any
\I/:v_h|cg become weaker with increasifij mass, as shown in specific model where the values of the anomaly factors are
9. /. known, we can recombiriehe pair of implied limits orN+¢

0 0
from ¢ and o, (or from o5 , and 05050) to obtain a
IV. LIMITS FROM LEP II single limit on Ny-. We will not need to do this in the

) ) o ~ models discussed in Sec. VI, as one of the paired anomaly
In this section we explore the limits that can be obtainedactors always dominates.

on the anomaly factorst,,, Azo,, and Azoz0 from pub-
lished LEP Il data collected at energies well above e
pole [11-16. We do so for a number of possible decay
modes of theP?; the P2 decay products will be accompanied 1. Limits from ete™— yP2— yyy
either by a hard photon, the decay products of an on-shell
Z% or ane*e” pair. In all of the cases that we analyze
below, the final state can arise through eithersashannel
virtual photon orZ°, or a 2—3 body process. The Feynman
diagrams for these processes are displayed in Fig. 2. Fro
Eq. (2.7), we see that all final states will thus provide a
simultaneous limit, either om0, and.A,,, (for a final state
photorn), or on.Azoz0 and.Azo,, (for a final state, on-shel®).

In all cases, in order to separate these effects, we first no
that the interference term in ER.7) is negligible. In addi-
tion, we assume that one or the other of the direct terms____

dominates; this assumption is valid in all of the explicit mod-

els we examine in Sec. VI. From E@®.7), we define the SFor example, take a process with a final-state photon and write
cross sections for processes with a final state photon by the theoretical cross section as

U:‘F;Y(NTCAYV)2+ f;OY(NTCAZOy)Z'
Then, if the experimental limitr<o 4y, iS taken to imply that

(NcA )2, (4.2) N7= \/adma/]-‘;yflzW when photon-exchange dominates, a little
vy manipulation shows that the more general limit is

1+ ( —Azoy) 2 P\ 1
A F '

YY

A. Processes constraining bottN¢A,, and NtcAzo,

If the PNGB decays predominantly to photons, the final

state can contain three hard photdi&g. 2(@) with P2

—vv]. The DELPHI, L3, and OPAL Collaborations have all
ublished limits on this final state from their LEP Il data
mples.

The DELPHI Collaboration has published limits on the
production of a scalar resonandd, decaying to photons.
They have performed three analyses, based on 9.7 pb
@ata collected at/s=161 GeV, 10.1 pb* of data collected

2
, ad(s—Mpga)®

Oyy=™ " & 2¢2 3
YY 6772fpasg

Y
Nrc=N1c

for photon-dominated intermediate states, and vy
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fluctuations in the data.

at \s=172GeV, and 47.7 pb of data collected at/s

an order of magnitude stronger than either the L3 or

=183 GeV[12]. They find no evidence for a new resonance,DELPHI limits on the same process.
and place 95% C.L. upper limits on the cross section

o(ete"—=Hy)BR(H— vyy), as a function ofM,. From
at \s=183GeV,
—Hy)BR(H— yv)<0.20pb  within
60 Ge\KM <184 GeV, almost independent &, . The
data taken at lower energies is less constraiigeg Fig. 8
The L3 Collaboration has published limits on the produc-
tion of a scalar resonancé{, decaying to photons. They
have performed an analysis based on 176'ptf data col-
lected atys= 189 GeV[13]. They find no evidence for a new

data taken

they find o(efe”
the mass range

resonance, and place 95% C.L. upper limits on the cross
sectionog(e*e”—Hvy)BR(H— vv), as a function oM.

For

70Ge\ KMy <170 GeV,
—Hvy)BR(H— yv)<0.30 pb, almost independent bf, .

The OPAL Collaboration has also published limits on the
production of a resonances, decaying to photons. They
have performed an analysis based on 178'pif data col-

they find o(e*e”

lected at,/s= 189 GeV[11]. They find no evidence for a new _ _ — "
resonance, and place 95% C.L. upper limits on the crosBroduction of a scalar resonande, decaying tobb pairs.

sectiono(ete” —Xy)BR(X—yy), as a function oM.
50 Ge\K M <150 GeV,
—X7y)BR(X— v7y)<0.03 pb, roughly independent &y ;

For

they find o(e‘e”

to

The most stringent limits come from the OPAL data. Us-

ing Egs.(4.1) and (4.2), we translate these data into upper
bounds omMNtcA,, andNtcAzo, . Assuming that? decay
photons
=123 GeV, we findNtcA,,<15 for Mpa<Mzo; for Mpa
<140GeV, we find thatN;cA,,<40. We find NrcAzo,

<9 for Mpa<Mgzo; for Mpa<140GeV, we find that
NrcAz0,<17. For larger masses, both limits become rapidly
less constraining. We plot our results based on the data from
all three collaborations in Fig. 8.

dominates, BRf—yy)=~1 and fpa

2. Limits from ete”— yP2— ybb

If the PNGB decays predominantly tnfpairs, the final

state can contain a hard photon, and twets[Fig. 2(a) with

P2 bb]. The DELPHI and L3 Collaborations have both
published limits from their LEP Il data samples.

The DELPHI Collaboration has published limits on the

They have performed this analysis at each of three center of
mass energies, based on 9.7 plf data collected at/s
=161GeV, 10.1 pb' of data collected at/s=172GeV,

for masses on either end of this range, their cross sectioand 47.7 pb* of data collected at/s=183 GeV[12]. They
limit becomes rapidly less constraining. This limit is almostfind no evidence for a new resonance, and place 95% C.L.

100 —

80 —

60 —

40—

20—

N X Agy X (123GeV/ fpa)

N /‘\ [— ——
o 11
X &
Ny =
I’ %
N2 ]
\/ o~y
N ~ o
o X
A -//’ — g
’ <
f— X
j=]
E
>
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<
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FIG. 9. Upper limits at 95% C.L. oNtcA,,(123 GeVfpa) (at left) and Nyc.Az0,(123 GeVipa) (at right from e*e™ — yP2— ybb.
The dashed line is derived from L3 ddtE3]; the three dotted lines are derived from DELPHI ddtd] at various center of mass energies
(from top to bottom, 161 GeV, 172 GeV, and 183 GeWluctuations in the curves arise from fluctuations in the data.
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The results are derived from DELPHI ddtk4]; the solid lines come from the stronger limit derived by DELPHI, while the dashed lines
correspond to the weaker limit. Fluctuations in the curves arise from fluctuations in the data.

upper limits on the cross section(e*e”—Hy)BR(H 3. Limits from e*e™— yP*— yE

—bb), as a function oM, . Their highest-energy data is the  If the predominant decays of the PNGB are invisible, we
most constraining; for 60 Ge¥M ;<184 GeV, they find can find at LEP Il a final state with a single hard photon and
o(e"e”—Hy)BR(H—bb)<0.50 pb, almost independent Missing energyFig. 2@ with P*—E]. The DELPHI Col-

of My, laboration has searched for anomalous single photon events

The L3 Collaboration has published limits on the produc-Produced by a new scalar particl¥, in 51 pb ™ of data
tion of a scalar resonancei, decaying tobb pairs. They collected at 183 GeV and in 158 pbcollected at 189 GeV

have performed this analysis on 176 plof data collected at [14(1)]' They find no gvidence for a New resonance, gnd place
J5=189 GeV[13]. They find no evidence for a new reso- 95% C.L. upper limits on the production cross sectignas

L ._a function ofMy. They provide two limits, based on their
0, m X
nanie,_and place 95% C.L. upper I |ts_on the cross SeCtlolnclusion of data from different calorimeters: for 40 GeV
o(e"e"—Hy)BR(H—Dbb), as a function ofMy. For

, M <Mx<160 GeV, the strongefweakej limit is 0x<0.2pb
70 Ge\<M <170 GeV, they findo(e"e”—Hy)BR(H (0.3 pb.
—bb)<0.30 pb. Using Egs.(4.1) and (4.2), we translate these data into
Using Eqgs.(4.1) and(4.2), we can translate this data into upper bounds oMNrcA,, and NrcAzo, . Assuming that in-
upper bounds on botNcA,, andNycAzo, . Assuming the  visible decays of theP® dominate, BRP?*—E)~1, and
P# decays predominantly tbb jets, BRP?—bb)~1 and fpa=123GeV, we findN;cA,,<40 for Mpa<Myo; for
fpa=123 GeV, we find thatcA,,<62 forMpa<Mzo; for ~ Mpa<<140GeV, we findNycA,,<60. We find NrcAzo,
Mpa<<140GeV, we find thatNtcA,,<140. We find <23 for Mpa<<Mzo; for Mpa<<140GeV, we findNycAzo,
NtcAz0,<30 for Mpa<<Mgzo; for Mpa<<140GeV, we find <33. We plot our results in Fig. 10.
that NtcAz0,<60. For larger masses, both limits become
rapidly less constraining. We plot our results based on the g processes constraining botNc. Ao, and Nre.Azoz0
data from both collaborations in Fig. 9. o ’
In order to place limits ondzoz0 from LEP Il data, we
need to find states which include both intermediate and final
Z° bosons coupled to tHe?. Unfortunately, the most general
processes that include these states also include three other
- diagrams, which receive contributions not only frofgozo,
but also fromA,,, and Azo,, [Fig. 2c)].*
~ In this section, we explore a restricted set of processes,
those which include a re@® in the final statdFig. 2(b)]. In
the context of experiments, this involves requiring that the
final state visible energy which is assumed not to come from
the P2 satisfies an invariant mass constraivt,ig, e~ M »o.
While this simplifies the analysis significantly, it reduces
70 75 80 85 90 95 both the number of available published analyses, and the
Mp=(GeV) range of PNGB masses that are accessible, suchMhat
FIG. 11. Upper limits at 95% C.L. oAz, (123 GeVhps) VS~ Mzo. The LEP Il data collected afs=189 GeV for
(solid line) and NtcAz0,0(123 GeVipa) (dashed ling from ete”
—Z%P2 ffE, where the PNGB decays invisibly. The results are
derived from ALEPH datd15]. Fluctuations in the curves arise  “This is not an issue for SM Higgs boson searches, since there are
from fluctuations in the data. no tree level couplings of the Higgs bosons to photons.
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FIG. 12. Upper limits at 95% C.L. oNcAz0,(123 GeV{pa_) FIG. 13. Upper limits at 95% C.L. ohlrcA,,(123 GeVApa)
(solid line) and NycAz0z0(123 GeVFfpa) (dashed lingfrom e”e frome*e”—P2*e, derived from L3 data. The solid curve holds
—>Z_°Pa—_>ffw- The results are derived from L3 d4s6]. Fluc-  jf BR(P2—bb)~1, while the dashed curve holds if BR{— yy)
tuations in the curves arise from fluctuations in the data. ~1. Fluctuations in the curves arise from fluctuations in the data.

example, can only probe PNGB masses lighter than about 960ollaboration has searched in this mode for the production of
GeV. a scalar bosorh, in 176 pb* of data collected at 189 GeV
[16]. The collaboration requires that the fermions come from
1. Limits from e*e™—P(y*/Z*) > E a realZ° by applying an invariant mass cut. They find no

If the PNGB is produced in association with a r&d] the evidence for a new resonance, and place 95% C.L. upper

- - . O B
final state can contain missing energy from the PNGB deca)}'m'ts on the cross S.eCt'on farZ prodychon, sc'aled.to the
and two fermions from th&° decay[Fig. 2(b)]. The ALEPH ?l\éRcrhoss sectloi(gl\/enhlzrg ;[he Ereylour]szosectla)n VIaFR
Collaboration has searched in this mode for the production o <(85_)G7’7\)/U§E e~ i ).t‘f.(e € )tSM.<0 1. for
a scalar bosort, in 172 pb? of data collected at 189 GeV ' P? eV, the upper limit is approximateR<0.1; for

[15]. To insure that the visible energy comes frord% the Iilré;SeE;g/asses, the limit rises rapidly ®<1 at Mpa
collaboration requires that the invariant mass of the visible™ =% 2= " .
9 Using Egs.(4.3) and (4.4), we translate these data into

decay products approximately equal the invariant mass of the i
Z% M{~M 0. They find no evidence for a new resonance,YPP€" bounds oflrcAzo, andNrcAzozo. Assuming theP?

and place 95% C.L. upper limits on the cross sectiorhidt pred.ominantly decays into photon pairs ahd_= 123 G?V.’
production, scaled to the SM cross secfiomia BR(h W€ _flnd thatNTc_Azoy<15 for M pa<<85 GeV, with the limit
—E)o(e*e"—hz%/a(e"e”—hz%q,, which we labeR rapidly weakening for larger masses. Fdpa<85 GeV, we

For Mpa<85GeV, the upper limit is approximateljR find thatNtc.A470,0<25. We plot our results in Fig. 12.
<0.1; for largerP® masses, the limit rises rapidly B<1 at
M pa=95 GeV. C. Processe*e™—P?*e™ constraining Nc A,

Using Egs.(4.3) and (4.4), we translate these data into  sjnce theP? couples to the electroweak gauge bosons, it
upper bounds oMrcAzo, andNrcAzozo. Assuming theP® s possible to producd? in the 23 interaction,e*e”
predominantly decays into invisible states and tfiagk  _ paete~ [Fig. 2(d)]. The L3 Collaboration has performed
=123GeV, we find thaNrcAz0,<20 for Mpa<<85GeV, 3 search for anomalous couplings of a SM Higgs bostn,
with the limit rapidly weakening for larger masses. Fortg electroweak gauge bosons in 176 pbf data collected at
Mpa<<85GeV, we find thalNrcAz070<30. We plot our re- 189 GeV[13]. They find no evidence for such anomalous

sults in Fig. 11. couplings, and place 95% C.L. upper limits on the decay
B widths T'pp=0(H—yy)BR(H—bb) and TI,,=T(H
2. Limits from e*e”—P3(y*/Z*)—ff yy —7yy)BR(H—1vy), as a function ofM. They findI'",,

If the PNGB is produced in association with a r&d) the ~ <0.1 MeV for My<70GeV, rising tol,, <100 GeV at
final state can contain two photons from the PNGB decayMn<170GeV, the limits o’ are approximately an order

and two fermions from th&® decay[Fig. 2b)]. The L3  Of magnitude larger at aMy . ,
Using Eq. (2.195, we translate these data into upper

bounds of NrcA,,. Assuming the photon decay mode of

, , . the P? dominates and pa=123 GeV, we findNtcA,,<5
5The SMe*e™—HZO cross section can be found in the literature

[25-27
2 _ 22
o6t e —HZ%)= ”“erilj(zl 4SW2) ]2A1/2(A+ 125M2,), ®The upper bound is only o, rather than some combination
192sy,cyS°(s—M3) of A,,, Az, , and.Azoz0 because kinematic factors ensure that the
(4.5 gauge bosons internal to the-23 process are predominantly pho-
whereA=)\(s,M§o,Mﬁ), as defined in Sec. Il. tons[4,13].
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FIG. 14. Combined LEP | and LEP Il upper limits at 95% C.L.M¢:Az0,(123 GeVh pa) from yyy (a), ybE(b), andyE (c) final states,
for Mpa within a 30 GeV window aroundil,o. In each case, the solid line indicates the combined limit, the dotted line indicates the LEP
| limit, and the dashed line indicates the LEP Il limit.

for Mpa<<Mo; for Mpa<<140 GeV, we findNtcA,,<10.If  related to the corresponding limits ofyo,, as discussed in

instead the P2 decays predominantly tdb, we find Sec. IV. In particular, it is permissible to apply these limits

NreA,,<12 for Mpa<Myo, and NqcA,,<20 for Mpa directly only if the appropriate anomaly factor dominates the
<140GeV. We plot our results in Fig. 13 P2 production(as in the models we examine in Sec)VI

V. SUMMARIZING THE LEP | AND LEP Il LIMITS
VI. IMPLICATIONS FOR TECHNICOLOR MODELS

In this section, we summarize and compare the limits de- ] . } o .
rived from the LEP | and LEP Il data sets. First, we graphi- I this section, we discuss how our limits &1 couplings
cally examine the region of overlap between the LEP | andtonstrain several classes of technicolor models. We begin

LEP Il data sets. Then, we tabulate our derived limits on theVith @ quick look at the familiar one-family technicolor mod-
various anomaly factors. els to assess what properties a model must have in order that

Both LEP | and LEP Il provide access iy, andAzoz.  OUr limits constrain the masses of the PNGBs in that model.
In Fig. 14, we display the region of overlap between theWe then examine three other scenarios: near-critical ex-
Agzo,, results from LEP | and thel,o,-dominated limits from tended technicolor models, models with weak isotriplet tech-
LEP II. We find that for all decay mode@xceptP?—jj, n!ffarm|ons, and. low-scale models. Because the data are sen-
which is not probed at LEP ) the LEP | data provide a Sitive to the ratioNtcAg,c,/fpa [Per Es.(2.5 and (2.6)],
much stronger limit than the LEP Il data foMpa  models with smaller technipion decay constants or larger
>80 GeV, while forMpa<<80 GeV, the LEP Il data take anomaly factors will be more tightly constrained.
over. Figure 15 similarly displays the limited region of over-
lap between thed;o0,0 dominated results from LEP | and the
Azoz0 dominated limits from LEP II. Here, the LEP | data A. One-family technicolor models
exist only up toMpa~60 GeV and the LEP Il data are stron-  The minimal one-family technicolor model of Farhi and
ger than LEP | data where they exist. o Susskind[28] is a classic example of a technicolor model
Tables | and Il gather the best limits on wjth PNGBs. The model contains one color singlet techni-
NrcAg,6,(123 GeVipa) from the experiments discussed in |epton doublet), and one color triplet techniquark doublet,
Secs. lll and IV. In Table I, we gather all limits that can be Q, while the right-handed technifermions are all electroweak
independently applied to TC models; that is, these limits arasinglets. From Eq(2.3) we find fpa=0v/2=123GeV. The
not directly linked with any other anomaly factor limits. In neutral PNGBs described in terms of their technifermion
Table I, we gather all limits that can not be independentlyquantum numbers and normalized as in Ejll) are given
applied; that is, the limits om,,,, and.Azozo in this table are by

100 ' - FIG. 15. Combined LEP | and LEP Il upper
80— :. |ImItS at 95% CL OnNTc.Azon(lz?) Gevﬁpa)
! from P2— yy (@ and P2—E (b). In each case,
the solid limit indicates the combined limit and
i i the dotted line indicates the LEP | limits. The

- dotted-dashed line in the right-hand plot is only
y T T T to guide the eye since the data sets sensitive to
T e " low-mass(LEP 1) and high-mas€&LEP Il) PNGBs
do not overlap.
(b) P> — F P

-
S
|

T T

Nrc x Agoze % (123GeV/f)
0
(=1
i

Nrg x Agoge x (123GeV/f)
8
1

o
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TABLE |. Upper limits on NTcAelez(123 GeVfpa) from the 1 1
LEP | and LEP Il data samples. The limits in this table are inde- A$y=—~0.192, A;oyz —S\ZN~0.O44,
pendent of each other, and can be applied directly to any model. V3 3v3
PNGB produced via produced via produced via 1 1 .

A, Az, Azoz0 Azozo: ﬁS\NWO.Olo, (6.2

mass decay mode decay mode decay mode
Mpa< E yy bb il E vy bb ii B vy bb i A3 :i%0_577' Ao = i(1_43\2/v)”0-0121
30 GeV 0.63 075 1.1 1.3 13 12 50 73 7 43
60 GeV 12 18 32 31
80 GeV 5 12 78 10 14 13 3 1 2 2
100 GeV 6 19 AZOZOZ ﬁsw(l_ ZSW)%0036,
120 GeV 7 20
140 Gev. 13 23 one obtains only weak limits on the size of the technicolor
160 GeV 19 32 group; e.g., forMp1<30 GeV, one hadN;-<30. The con-

straints derived from4zo,0 are even weaker. The results for

the light PNGBP°= (3E ysE — D ysD)/+/24 in the model of
1 o Casalbuonkt al.[5] are very similar, since the anomaly fac-
P'=—(3LysL—Q¥sQ), tors are equally small anfba=123 GeV.
4v3 The one-family technicolor model of Applequist and
Terning[23] includes PNGBs witH pa<<v/2. This model was
designed as an example of a realistic technicolor scenario
1 — that reduced the estimated technicolor contributions tdSthe
P¥=—(3Lys7L—Q¥57°Q). (6.)  and T parameters. QCD interactions and near-critical ex-
2v3 tended technicolor interactions combine to violate isospin
symmetry strongly and enhance quark and techniquark
) ) ] _ masses relative to lepton and technilepton masses. In the
These PNGBs decay dominantly in the two jets mode, eithefiyt of extreme isospin breaking, the techniquarks dominate
to qq via extended technicolor gauge bosons or QCD gluonsthe Goldstone bosons eaten by the electroweak gauge
or in the case of the®', by direct decays to gluon pairs hosons, leaving two light, nondegenerate neutral PNGBs
[3,28]. Therefore, the limits oiNtcAz0, andNyc.Azozo from composed mostly of technileptons,
hadronic scalar decayghe jj modes from Table)l apply.
Because the anomaly factors for these PNGBsm Eq.

1_ 1_
Pv=-—NysN, Pg=—EysE, (6.3
(2.13 and(2.14)] are rather small, NT s Vs E= 5 Vs

TABLE II. Upper limits on NTCAGlGZ(123 GeVfpa) from the LEP | and LEP Il data samples. The limits
in this table are not independent: a given final state simultaneously provides two limits: for.4ithend
Agzo,, or for Ao, and.Azoz0. For a given mass aré® decay mode, the related limits of,,, and.4z0, [Azo,
and.A,0,0] are surrounded by parenthegbmckets; e.g., for an 80 GeV PNGB decaying to two photons, the
limits (14) and(8) are related, as are the limit&5] and[14]. Each limit in this table is derived under the
assumption that its production procgssmomaly factor dominates, as discussed in Sec. IV. For models in
which the various anomaly factors are of quite different si@sin all models studied in Sec. VlIthe
strongest limit from the table applies directly. For a model in which the two related production modes are
comparable, the limits can be combined as discussed in Sec. IV to obtain a stronger bdupd on

PNGB produced viad,,, produced viaAzo, produced viaA;ozo
mass decay mode decay mode decay mode

Mpa< E vy bb E Yy bb 2 124 bb

30 GeV (13 (8)

60 GeV (30) (12 (16) (7)[14] (8]

80 GeV (39 (14 (30) (21/130] (8)/[25] 17 [16] [14]

100 GeV (42 (19 (58 (23 (10 (32

120 GeV (49 (22 (66) (23 (12 (36)

140 GeV (60 (36) (98 (33 (20 (53

160 GeV (165 (82 72 (86) (45) (100
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TABLE Ill. Upper limits on the number of technicolors;¢, as
a function ofP? decay constant and PNGB mass in the Applequist-
Terning one-family technicolor modg23] of Sec. VI A. The super-
scripted labels indicate the data used to calculate the lifaits4,,,
from Table 1,(b) Azoz0 from Table 1,(c) A, from Table II.

Nic=<
M pa= Po— vy Py—E
30 GeV 37p_Iv° 295fp /v°
60 GeV 345 _Iv° -
80 GeV 14p_Iv? 364fp, /0"
100 GeV 17p_Iv? —
120 GeV 20p_/v? -
140 GeV 315, /0® -
160 GeV 54p_/v® -

with separate decay constantg<fg. The anomaly factors
for these PNGBs are not large:

1
N N
Azl)’: 'AZO'y: 0, -AZOZo: %'\’0088,

AE =L 0707, AG = (1-4s2)~0.014
w7 TOT0T A= o (17 4si) =0.014,

E 1 4 2.2
Asoz0= —— (4sy+(1—2sy)°)~0.044. (6.4

8v2

In the most optimistic cases whelRg— vy andPy—E are
the dominant decay modes, the limits from Tables | and |
yield the results onN;c shown in Table Ill. Since the
anomaly factor foilPy is so small, the limits o?, would be
phenomenologically relevant only ffp, <v/25. The limits

PHYSICAL REVIEW D 64 035008

Pi= 1 (3LysrL—Qysr®
2‘/§( ¥s7L=Qy57°Q),

(6.5

p> izf 8L —Qyer®
- 2‘/3( YsT Qvys7°Q),

1 — _
P2 =5 (LysmL+Qys7Q),
where °=1 diag(1,0--1) and 7= (1/\J12)diag(1-2,1).
The corresponding anomaly factors are

AL =6v2y?~8.485% Az =6v2y’sy~1.9482
Aloj0=6V2y?si~0.449/,
3 _ ~
A3 =4v3y~6.928),

Ao, =V3(1-4s})y=~0.13Y,
, (6.6
AZoz0=2V3s5/(1—255,)y~0.430y,

5—__ 45— _ 45— _
A‘Y‘Y_AZO'y_AZOZO_O’

2 1
A3 5~ L1155, ASo, ‘73(1—25@)~0.312,

1
V3

5+

Aoy 0= —(1—2s5,+2sy,)~0.373.

LEP provides no information oR® , since this PNGB has no

Icoupling to theZ®, v, or ff pairs/ For the other scalars,
combining Eq(6.6) and the results in Tables | and II, we find
upper bounds on the size of the technicolor group as a func-
tion of Mpa andy. These limits are given in Table IV.

on Pg are much stronger and, consequently, more interesting. As an example of what these results reveal about particu-

For example, lighPg with Mp_<60 GeV would be allowed
only in models whereN;c<12, provided thatpr<v/3.

HeavierPg,
GeV, would be excluded fofp_=<

only in models withNtc=10 even iffp_ were as large as
v/2.

One way to obtain PNGBs with larger anomaly factors isthe P3 mass is below 160 GeV, 3

to include technifermions in larger representations o
SU(2).. Manohar and Randall creatdd] a one-family
model with a weak isotriplet of left-handed techniquai®s,
of hyperchargeY=y and a weak isotriplet of left-handed
technileptonsl., of hypercharger = —3y; the right-handed

lar models, suppose we are interested in a theory With
=4 and techniquark hypercharge-1. No matter how the

with masses in the range from 60 GeV to 120 P! state decays, the LEP data imply that its mass must be
/6 and would be allowed 9reater than 120 GeV. The lower bound on the mass of the

P23 state depends sensitively on its dominant decay mode:
invisible decays would have been seenPit had a mass
below 120 GeV, diphoton decays would have been seen if
/ decaying tobb is
excuded unless its mass lies in the range 30G&\s
<60 GeV. Finally, if theP> leads to two-photon final states,
its mass must be greater than about 125 GeV; if it decays to
E states, its mass must be greater than about 70 GeV. The

technifermions are weak singlets. In the absence of isospin_______

breaking, the technipion decay constant fga=uv/4

=61.5GeV. There are four neutral PNGBs, with generators "The P° does not couple to a pair of neutral electroweak bosons

1 _ _
(3LysL—QysQ),

pl=—0
6v2

since the anomaly factors vanish. BecauseRfieand PS5 are isos-

pin two resonances, they do not couplef fo The P® is not stable,
however, since it can decay via QCD gluons, technigluons or ex-
tended technicolor gauge bosons.
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TABLE IV. Upper limits on the number of technicolofSiyc, @ characteristic technicolor scalé,rc, while remaining as-

the Manohar-Randall one-family weak-isotriplet TC mol&] of function:
Sec. VI A. Limits are shown for the cases where the dominant de-
cays are invisible, two-photon, drb. The superscripted labels in- gﬁq’.c 11 4
dicate the data used to calculate the limg3:A.,, from Table I,(b) Brc=— 16,2 (3 Nrc— 3 Np|+---. 6.7
Agzo, from Table I,(c) A,, from Table I.
PNGB Ny In the models of R(_afs[.35—3ﬂ, for example Np~10. Like-
wise, topcolor assisted technicolor models appear to need
Mpa= Pe—E Pa—yy P2—-Dbb many doublets of technifermions to accommodate the masses

of the light fermions, the mixing between light and heavy
fermions, and the dynamical breaking of topcdl2®,35. As
mentioned in Sec. Il, a large number of doublets implies a
small technipion decay constanfga=uv//Np.

As an example of a low-scale technicolor theory, we ana-
lyze Lane’s technicolor straw man moddCSM) [29,30.
We assume that the lightest technifermion doublet, composed
of technileptonsT, and T with electric charge€Q, and

30 GeV 0.16y2° 0.1942° 0.28422
60 GeV 0.31y2P 0.4442° 0.8242°
80 GeV 2.00y%" 0.29422 0.71422
p? 100 GeV 2.4%2¢ 0.35422 1.12432
120 GeV 2.5942¢ 0.4142%2 1.18422
140 GeV 3.5442¢ 0.774%2 1.36422
160 GeV 9.72y%¢ 1.124°22 1.89422

30 GeV 2.28)P 0.944 3.964° Qp ., respectively, can be considered in isolation. Following
60 GeV 2.17%° 0.874° 11.54° Lane, we takeQ,=4/3 andQp=1/3, and we assume that
80 GeV 281y ° 0.36 2 0.872 thﬁre are two, nearly d_egent()arate neutral mass eigenstates,
120 GeV 3.18/°¢ 0.5142 1.444 2 1
140 GeV 4.33/°¢ 0.944 @ 1.664 2 P o= —(TiveTi— ToveT
160 GeV 11.5/¢ 1.3742 2.31f2 =2 (TursTu=TorsTo),
30 GeV 1.0? 1.20° - 1
b _ _
c0Cev 1oz 272 - Poo'=5 (TuysTu+ To7sTo)- 6.9
80 GeV 12.% 2.16% - T
PS 100 GeV 18.2 2.60% -
120 GeV 19.6 3.032 — We can then calculate the relevant anomaly factors
140 GeV 26.0 5.632 -
160 GeV 71.4 8.232 -

o b5
7T = — = ’7T-|— e —
Aw— 6 0.833, A (1 4sW) ~0.017,

bounds on the mass Gfs are insensitive to the value of 5

hypercharge assumed; those for the other PNGB loosen as Azozo 125\/\/(1 25%,)~0.225,

the hypercharge value decreases. The bounds become stricter 6.9
if a larger technicolor group is chosen.

’

AT 17 0.944, A”T—17 ! 0.092,
v 18" 8w g~

B. Low-scale technicolor models

Many modern technicolor models feature a “walking” W?l _l 1

17,
technicolor coupling to eliminate large flavor-changing neu- 2020 45""Jr 8SW~0'117'
tral currents [19,31] and separate topcolor interactions
[32,33 to provide the large top quark mass. Both innova-We further assumg0] that these PNGBs decay to jets, with
tions tend to require the presence of a large nunierof 79—bb and Wg’ﬁgg bb dominating.
weak doublefs of technifermions. For a given technicolor ~ From the limits onNycAz0,0 obtained in Sec. 111B 1 for
gauge group SWrc), the number of doublets required to Z°—>Z* P2 with P2 jj andZ* — v7, we can use the value

make the gauge couplingyc run slowly at scales above the
¢ o above, to findNc<225//N;, for ngsso GeV.

of A il
Unfortunately, this does not provide interesting limits even

yAYA
8While estimates of th&and T parameters in technicolor theories for this smallM 773'
assumed to have QCD-like dynamics seem to suggest that the num- More useful is the bound that can be obtained by combin-
ber of technifermion doublets must be small, such estimates cease $ g
to apply if the technicolor coupling remains strong out to the ex-Ng the value OfA 20, @nd AT ,, above with the limits on

tended technicolor scale as in walking mod&4]. NtcAzo, and NtcA,, obtained for hadronid? decays in
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TABLE V. Limits on the number of technicolord\;;, and TABLE VI. Limits on the number of technicolorblc in the
weak doublets of technifermion®yy, for hadronically decaying walking technicolor model of Lane and Ramd#da40| as a function
PNGBs in TCSM[29,30 models as a function of the upper bound of the upper bound on th@ mass, from Sec. VIB. Note that
on the PNGB mass, from Sec. VI B. The superscripted labels indif p3=41 GeV. The superscripted labels indicate the data used to

. L
cate the data used to calculate the limi®:A,, from Table I,(b)  calculate the limits(a) .4, from Table 1,(b) Ao, from Table I,(c)

Agzo, from Table I. A, from Table II.
NTC\/N_Dg Ntcs
Matr= 99 ¥ —bb Mp3= Pi—yy P3—bb
L
30 GeV 28 24 30 GeV 3.5 14.7
60 GeV 67 70 60 GeV 3.3 42.8
80 GeV 283 25% 80 GeV 1.4 3.3
100 GeV - 48 100 GeV 1.8 5.12
120 GeV - 42 120 GeV 1.9 5.4
140 GeV - 49 140 GeV 3.8 6.2
160 GeV - 68 160 GeV 5.1 8.7

PNGBs in this model, the one whose relatively large
anomaly factors and small decay constant makes it easiest to
produce is

Tables | and Il. For the decay mode@’—>gg or bb we find
upper bounds oiN+c\Np as a function oM 0, @S summa-

rized in Table V.
To clarify the meaning of these bounds, we now consider

the case wher#/l wgsBO GeV and ther?’ decays primarily

to b quarks; in this case the limN-\Np=<24 applies. As a L .
result, for Nye=(4,6,8,10,12) théclaréjest number of elec- where the subscript implies a sum over |l technilepton

troweak doublets of technifermions allowed by the LEP dats!0UPIets. This PNGB has a decay constant=41 GeV and
is, respectively,N,=(36,16,9,5,4). The results are very anomaly factorgin our normalization,
similar if the two-gluon decays of the PNGB dominate in-
stead. AP VNLNl 225 A% — INL
How do these results accord with the requirements of yy 2 et iz g
walking technicolor? Based on the one-loop technicolor beta
function, B¢ [Eg. (6.7)], a slowly runningg+c requires the p3 IN ) )
presence of about Nir/4 weak doublets of technifermions.  Ag,0= 2 Swll—2sy)~0.076, (6.12
Then according to the LEP data, walking technicolor and a
very light 72 (M7$'<30 GeV) can coexist only in models where the numerical factors are fol, =6. This PNGB is
with Ntc=4 or 6. A similar analysis of cases with heavier expectgd to ha\rqe a rlnaSSfmhthe rgnge 1:)0—3[’)50 (zav A
o' : : ; - epending on the value of the ETC coupling between the
71 shows that the size of the technicolor group is restricte . . .
to Nc<6 if M _0'=80 GeV, loosening ttN;c<12 for a 160 N_GB and fermlons_, the dominant decay of this PNGB may
o T o ) be into a photon pair dob. In Table VI, we show the upper
GeV mrr . The results are similar if the 2-logBrc function  bound on the size of the technicolor group as a function of
|s2 used’ even for a moderately strong technicolor coupling PNGB mass implied by the results in Tables | and II. Appar-
g7c/4m~1. ently, if the two-photon decays dominate, the PNGB must
As a second example, we mention what our results implyyaye a mass in excess of 160 GeV:; if the decay is pre-

for the walking technicolor model of Lane and Ramg#@]  ferred, the mass range 80 GeWl pa<120 GeV is excluded.
whose LEP Il and Next Linear CollidéNLC) phenomenol-

ogy was studied by Lubicz and SantoréHi. To make con-
tact with their analysis, we follow them in taking,=9:
one color-triplet of techniquarksNG=1) and six color- Using published analyses of data from LEP | and LEP I
singlets of technileptonsN; =6). Of the several neutral we have derived improved limits on the anomalous PNGB
couplings t0Z%y and the first limits on couplings t@°Z°
andyy. For models in which the PNGBs decay to photons or
®The two loop correction tg31¢ includes the additional term hadrons, the bOL_mdS OrcAz0, are a factor of 2-3 gtronger
(38,39 than those previously reportd8]; for PNGBs manifesting
5 as missing energy, the bounds are of similar strength but
__ G (34 26 o No (610  ©xtend over a larger mass range. As a result, it is possible to
(167921 3 T¢ 3 TTCP TN ) ' set useful constraints on the existence of light PNGBs in

1 — —
PE=>5 (N ysNi—E; ysEy), (6.1

(1—4s3,)~0.024,

VII. CONCLUSIONS
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nonminimal technicolor models that have large anomalous The search for heavieP? can be extended in several
couplings of the PNGBs t&@%y, 7°Z° and yy and small  ways. In the short term, analysis of the complete LEP Il data
technipion decay constants. For example, the data are sensample should increase the reach of each experiment. Com-
tive to light Wg/ in models of low-scale technicolor which bRining _the results fro_m different experiments could also giye
typically include of order 10 weak doublets of technifermi- SOMe improvement in the bounds. In the long term, a high
ons or in models with weak isotriplet technifermions. energy, high I.um|r105|tye*e* collider will be able to search
Substantial further improvements of the limits for light ~ for PNGBs with higher masses, larger decay constants, and
with M pa<<M 5o will require further data collection at the’ ~ Smaller couplings4].
pole. Operation on th&° resonance in the GigaZ mode of
DESY TESLA[41], for example, should produce more than
10° Z° events per year of operation. This would generate one
thousand times more data per year of running than was col- The authors thank R. S. Chivukula for comments on the
lected by any one of the LEP experiments. Assuming that thenanuscript. E.H.S. acknowledges the support of the NSF
limits derived by the LEP Collaborations are constrained byProfessional Opportunities for Women in Research and Edu-
statistics, this quantity of data should allow improvements incation (POWRB program. This work was supported in part
the cross section limits by a factor of 30, which would leadby the National Science Foundation under grant PHY-
to an improvement of at least a factor of five in most of our0074274, and by the Department of Energy under grant DE-
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