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Resonant and nonresonant effects in photon-technipion production at lepton colliders
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Lepton collider experiments can search for light technipions in final states made striking by the presence of
an energetic photore*e”— yIl;. To date, searches have focused on either production through anomalous
coupling of the technipions to electroweak gauge bosons or on production through a technivector meson
(p7,w7) resonance. This paper creates a combined framework in which both contributions are included. This
will allow stronger and more accurate limits on technipion production to be set using existing data from CERN
LEP or future data from a higher-energy linear collider. We provide explicit formulas and sample calculations
(analytic andpyTHIA) in the framework of the technicolor straw man model, a model that includes light
technihadrons.
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I. INTRODUCTION We use the technicolor straw man modeCSM) [12,13
as a benchmark for assessing the experimental visibility of
Modern technicolof1] models require a walking gauge technipion production. The TCSM assumes that techni-

coupling[2,3] to avoid large flavor-changing neutral currents iSospin is a good symmetry, and that, in analogy with QCD,
and extra top quark dynamics such as top-color interaction§€ lightest technimesons are constructed solely from the
[4] to generate the large top quark mass. To incorporate thed@htest technifermion weak doubleT (;, Tp), which trans-
innovations, a large number of technifermion doubldts, ~ form as SU(3} singlets and SWrc) fundamentals. The
must typically be present in the model to perform such crumembers of the doublet are assigned electric cha@geand
cial tasks as flattening the beta function and breaking th&p. respectively. This flavor and gauge structure gives rise
top-color interactions to ordinary cold5—8]. This large to the same type of spectrum as two-flavor QCD: namely, an
number of doublets also suppresses the technihadron mai§#triplet and isosinglet of pseudoscalar, pseudo-Goldstone

scale, resulting in a small technipion decay constant modes, ther?™ and 74°, and an isotriplet and isosinglet of
vector modes, th@y™ and w% The electric charge assign-
246 GeV ments of the mesons require tH@y— Qp=1. Since we as-
7~ (1) sume'that techni-isospin symmetry is a gqod symmetry, the
VNp technipions should be nearly degenerate in mass, as should

the technivector modes. When both the and 71 are pos-
and very light technipion§5]. For example, ifNp=10, F+  sible final states for a given process, we will refer to both
~80 GeV. With such a low mass scale, the question of colcollectively by the notatiodl.
lider phenomenology becomes of immediate interest, since Calculation of matrix elements involving the technihadron
the lowest-lying technimeson states could be produced dibound states at energies below the technicolor sadafg, in
rectly at current or near future experimef@10]. the full non-Abelian technicolor model requires use of low

This study discusses the production of light technimesorenergy phenomenological models. In the recent past, two dif-

states at lepton colliders. We focus on providing a completéerent types of descriptions have been widely used for
phenomenological description of both resonant and nonfermion-antifermion annihilation to a technipion plus elec-
resonant technimeson production. The framework creategtoweak gauge boson. In these the initial-state fermions
here should enable the CER& e~ collider LEP experi- couple with standard weak couplings to the appropriate elec-
ments to obtain more comprehensive limits on light technitroweak gauge bosons in tsehannel. The descriptions dif-
hadrons from their final analyses than have been extractefdr in how they handle the weak gauge boson transition to
thus far with the more limited methods available previouslythe final state, and can be divided into the followild). the
[10,11]. We perform several sample calculations for collidersanomaly-mediated approach: the gauge boson couples to the
with /s of up to a few hundred GeV, consistent with our I1; in the final state through a technifermiony)ftriangle
interest in the LEP data. However, our methods are also a@gnomaly[14,15 [Fig. 1(a@)], and (2) the technivector Y1)
plicable to future linear colliderg21] at higher energies. dominated approach: the gauge boson undergoes a kinetic

mixing (that is, a term proportional tein the inverse propa-

gator matriy into a pt or oy, which then decays directly

*Electronic address: lane@bu.edu into the Il in the final state[6,12,13 [Fig. 1(b)]. Both
"Electronic address: krlynch@bu.edu schemes have direct analogues in standard model QCD cal-
*Electronic address: mrenna@fnal.gov culations. Our goal is to synthesize these approaches within
SElectronic address: simmons@bu.edu the TCSM to eliminate the shortcomings of each.
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fr /20 prjwr FIG. 1. (a) The anomaly-mediated production
A fr mechanism of avyll; final state. (b) The
/2 fr Vi-dominated production mechanism to lowest
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In Sec. Il we review the details of both the anomaly- AM(G;(q)— G,(p)II+(p,))
mediated and/;-dominated approaches to the TCSM and
indicate the limitations of their individual descriptions of — N-oV me (q)e* (py)
technimeson production at lepton colliders. Our calculations TeVe G llrgp2E &l D€ (PP,
focus on the process™e” — yll; because kinematic and @
phase space considerations should give it a larger cross sec-

tion than processes involving final-state weak bosons. In SegyhereN, is the number of technicolors, thg are the cou-
Il'C we discuss how to combine the strengths of both apyjings of the gauge groups, and p; are the momenta and
proaches within the TCSM framework. In Sec. Ill we com- e e the polarizations of the gauge bosdi22]. The tri-

pare analytic cross section predictions é6re ™ — yII in all angle anomaly factol/s. .11, is given by[2,16]
three approaches. In Sec. Il B we discuss the predictions for 1w

9102

the mass recoiling against the photon in the proesss-

— I+ within the combined framework as implemented in

PYTHIA.

Il. PHENOMENOLOGICAL APPROACHES

A. Anomaly mediation

Ve,6,1,= T T {T1, Toh +{T1. T2}R) 1. ()

HereT,; is the generator associated with the gauge b@gn

and T2 is the generator of the axial current associated with
the technipion

j43= Yyt ys T2y, (4

In the anomaly-mediated schemes, we assume that the

lowest-lying observable states, ther and 75, are pseudo
Nambu-Goldstone modes of the W) technicolor theory,
in direct analogy to the QCD pion. The coupling of thée
Goldstone modes to a paf,; andG,, of electroweak gauge
bosons is given by?2,16]

in this convention, the generators are normalized such that
Tr (T3TP) = 1/25%".

Using these expressions, we can calculate the cross sec-
tion for e"e” — yIl; in an anomaly-mediated framework,
obtaining[15]

3 N2 2
_ a n/NTC deLVyZOH
o(ete  —ylly)= 1S§T2F$ (s— MﬁT)glz[ ( Vo, (8) = WQWTAZOZO(S)
2{erVyz0m; 2
+ Vy)/HTA 77( S) - W AZOZO( S) s (5)

where A,.(s) "*=s, Az0z0(5) t=5—M5+iT,0M0, and
{e=T¢ +sir’ &y for chiralities\ =L,R. For the TCSM, the

anomaly factors involving ther; and =1 are given by
(11,12

Vy'yﬂ'-l—: Z(QU+ QD)CX ’

_ (QutQp)(1—4sir by)c, (6)
Vozom = sin 26y, ’
va}: Z(Ql2J+ QZD)CXr ;
(7)

(1—4sirf 6y(Q5+QB))c,/
sin 26,y '

VyZO 77_1_ =

A more detailed discussion of this and other processes in the
anomaly framework can be found ji1,15,17. Using this
framework, limits on various TC models have been extracted
from published LEP data on final states with photons, large
missing energy, jet pairs, drb pairs in[11]. Production of
technipions in the anomaly framework at futieée™ col-
liders has been discussed|it8].

The anomaly-mediated description has the dual strengths
of conceptual clarity and relative ease of calculation. It does,
however, have a flaw which would not be present in a com-
plete technicolor model and which prevents it from being an
appropriate description in all kinematic regimes. Since this
scheme does not take into account the heavier technimeson
bound states of the technifermiofthe states equivalent to
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the QCDp andw, among others it can only provide a valid where the first(second term is the vectofaxial) contribu-
description of technicolor physics in kinematic regions welltion, andM,, andM 4 are dynamical mass parameters of the
below the propagator poles of the lightest technivector mesame order that set the strengths of these téfonssimplic-

son[12]. ity we set them equal belowThe relevant axial couplings
(AVT)’HT) are zero; the relevant vectok/{,TyHT) couplings
B. Technivector meson dominance in the TCSM are[12]
To describe thg kinematic regimt_e near the tec'hnivector. Vo =2(Qu+ Qp)c,, VPTW’T: Cyrs (10)
poles, an alternative phenomenological approach is needed;
typically this takes the form of th&;-dominance scheme v —c v =2 i c 11
introduced above. For the TCSM, a framework has been de- oy Torymy (QutQo)C, - (D

veloped by Land12,13. Conceptually, the collider experi-
ments generate electroweak gauge bosons via the direct ¢
plings of standard model particles to the electroweak gaug
fields. The electroweak gauge bosons then convert into tech-
nivector mesons through mixing terms in the vector propa-
gator matrix(for illustration, we display the inverse of the

Qﬁ_list of analogous couplings for other gauge bosons nd
iy the TCSM is given if12].
The cross section fae"e™ — yll is given by[12]

2 \4
Wagm (S_MHT)

olete” —ylly)=

neutral propagator matrix here 108M{  s°
Vol VIl
S 0 waT Sfwa ><|:lgelz, T|2+|geg T|2
) 0 s-M% sfp,  sfp, +|Ga7M T2+ | A2, (12)
Ag(s)= 2 '
sty sfzo,  s=M, 0 The gﬁ[ I are given by
S fwa (S fz%T 0 S— MiT
® GIT= X Xy, Fal(s), (13)

Vr=p1.07

where the masses\y=M?Z—i/sI'y, includes-dependent \yhere thex
width effects. The mixing factors are,, =¢, f,,, =£(Qu

+Qp), fzo, =&cot28y, and fzo, =—£(Qu+Qp)tanby
where 2= aeml [12,13. These vector technimesons de-

cay into the lighter spinless technimesons, electroweak
bosons, and fermion-antifermion pairs. ) ) .
The TCSM was developed to describe technihadron pro|_ncludes the coupling of the initial state electron_s to the
duction at high-energy hadron colliders for which the convo-92uge bosons and the propagator elements that mix the vec-
luted parton distributions sweep over the/w; resonance tqr bosgns Wlth. the technivector mesons. A more detailed
poles. In its original form, it did not properly include contri- discussion of this and other processes in Whedominance
butions that are far below the polé&2]. However, at an @PProach tothe TCSM can be found k®,13. The DELPHI
e*e~ collider such as LERor a future linear collider the ~ @nd OPAL expegm_ents at LERL0] usedVr-dominance to
machine’s operating energys may be well away from the ©Ptain limits one“e”— pr, wr— yIly and related processes
resonance. For those cases, it is necessary to include offt the TCSM.
resonance contributions. At the very least, this may allow
more stringent limits on technihadron masses and couplings C. Combining both schemes

to be derived from searches @ie” colliders. The center of mass energies of LEP and proposed future
The coupling of the initial state electrons to the gaugejinear colliders are comparable to the expected masses of the

boson is unchanged from the standard model. The couplinggyntest technihadrons in low-scale technicolor: a few hun-

of the technivectorsyr andwr, to the final state technipion gred GeV. Hadron collider experiments are sensitive only to

Vol are the vector and axial couplings of the
vector technimesons to the technipion and photon, and

2§e>\

Vo _ _Toen
Fer(s) eAWT(s)+ Sin 26y,

Azoy (9) (14)

and photon are given by the TCSM matrix elemgift] resonant technivector contributions, and therefore need con-
sider only contributions from the poles. In contrast, lepton
MV(q)— y(p)II1(p,)) collider experiments have a broader sensitivity and may well

be operating off the poles—especially when their location is
Wy, urhp . unknown. For are™ e~ collider operating slightly below the
My ° €,(A) €, (P1)ANP, poles, it is especially important to understand how the reso-
nant and non-resonant contributions are combined.

. Schematically, we would like to define a matrix element
+ M—A(G(Q)'f*(pl)Q' P1 that interpolates between the anomaly-mediated matrix ele-
ment at thell; production threshold and thé;-dominated
—€(q)-p1€*(py)-Q), (9)  matrix element in the region of the technivector poles, that is
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FIG. 2. These plots displag” e — yII; cross sections for twar; masseg50 GeV on the left, and 110 GeV on the riglfor fixed pt
and w masse$200 GeV and 220 GeV, respectivilyas a function of the collider center of mass enekggy, Displayed are the total cross
sections for the anomaly schenthe dashed curvgsthe Vi-dominance schemgéhe dash-dotted curvgsand a scheme including both
contributions(the solid curvé In (a) we can see that the anomaly scheme provides the dominant contribution at energies well below the
resonances, while thé;’'s dominate in the region of the poles. The transition region is quite narro() line cross section probes only the
region near the resonances. For comparison purposes we also show the unitarity limits for a process with a vector intéopextibdy
curve and the tree-level standard modgle”—W*W™ cross sectioricentral solid curve

Mombined™ Manomalf f(8)]"+ My [1-f(s)]", Since the matrix element in Eq2) for the anomaly-
mediated coupling and the vectorial component in @ of
where the interpolating functiori(s) has the limitsf(s ~ the matrix element in thé/r-dominated scheme have the
—0)—1 andf(s—M,_, )—0. Numerically, we find that Same Lorentz structure, we add them. From the combined
TOT ’ !

either the anomaly-mediated or thg-mediated matrix ele- matrix_elements, we obtain the cross section &re
ment completely dominates the cross section, except in a
relatively narrow region approximately midway between Wagm

threshold and the first technivector pole, where they are of o(e'e”—Glly)= E)\(S.Mz ,M121T)3/2
approximately equal magnitudeee Fig. 2 Because of this

behavior, we gain little by implementing such a complicated

—GIl;, whereG is a photon or a transversely polarizatt

. . . . VGII VGII
scheme rather than simply taking-0 in the above interpo- X[|Ge ()P +]Gegr (92
lation, that is, simply adding the relevant matrix elements Gl
! N L : 2 AGII 2

everywhere. This gives us the correct limits, up to numeri- +1Ger ()P +1G0R T(9)1°]
cally irrelevant errors. 2 V12

Adding the matrix elements has several virtues: it repro- i TemV!G N(s,M2 M2 )12
duces the correct cross section both well below and in the 2 Tre Ty
region of the technivector meson resonances, and it is simple AGITy, (2, | HAGIIT, (2
to implement. In addition, as will be shown shortly, the com- XHQ (s)] +|g (s)]“]. (15

bined cross sections still respect unitarity bounds in the en-

ergy range of experimental interest. At much higher energies{ere \(a,b,c)=a?+b?+c?—2ab—2ac—2bc and Mg is

our description will break down because additional resothe mass of the final state gauge boson. The vectorial cou-
nances and continuum technifermion production will plings for a given fermion helicity, including bothV+ and

emerge, but that is not relevant to our purposes. anomaly terms, is given by
|
VGHT
9= VT:%va My (Qe T 20 AZOVT(S))
eNrc
+ ! ! + — ’
SWZFTG’—ZyZ Veren (Qe Ayci(S) sn20 ———Ayo/(8) |, (16)
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where in contrast to E(5), the anomaly contribution now Finally, we must ensure that the cross sections calculated
includes off-diagonal mixing terms in the propagator,above do not violate unitarity in any kinematic region of
Azo,(s) andA zo(s), that are induced by the presence of theinterest. For a vector-mediated interaction, bbth0 and|
pr and ot in the vector spectrum. The axial couplings are=1 partial waves contribute to the cross section, and the
given by upper bound on the cross section from partial wave unitarity
is given by o<64/s; this unitarity limit is also plotted in
Av,cri, Fig. 2. The total cross section is well within the unitarity
M—v limit in all currently accessible kinematic regions. Unitarity
will be lost at inaccessibly high energies, but well before that
206\ point the model becomes invalid since it does not include
x| QeA v (8)+ mAZOVT(S) - (A7 higher mass technihadrons or continuum technifermion pro-
duction.

NEOEEDY

Vr=p1, 01

Once again, th@%e" e coupling is{e\=TZ — Q,Sirt fy.
This method of combining the anomaly akg contribu-
tions applies more generally to fermion-antifermion annihi- We now discuss oupYTHIA studies of the process" e~
lation into the technipion plus th_e transverse weak gauge- yII; at the LEP collider. The kinematics of the process
boson at lepton and hadron colliders. The set of all suchiictate that the photon is hard and more central than would

differential cross sections, including anomaly a¥i¢lterms  pe expected in background processes. We define the signal to
and a tabulation of the various anomaly factors in the TCSMpe a significant peak in the “recoil mass” recoiling against
will appear in an updated version pf2].

B. PYTHIA simulations

the photonM = Vs—2VsE, for E,>10 GeV and| cosé,)
. <0.7. To reduce backgrounds, the photon must pass an iso-
. e"e”—ylly lation requirement: there must be no more than 5 GeV of

As an example of our results, we study in this section theXCEsS energy within an qp_ening angle of 30° centered on the
processe’ e — 117, both analytically and by means of photon. que the technipion is exp_ec.ted to decay visibly,
PYTHIA simulations. We remind the reader tHat refers to and predominantly b quarks, we will impose #-tag to

both thew; and 7. They cannot be distinguished experi- e“ml@t(\alvghc%n?r%fr?ttﬂgr ?ggﬁov\??gkgggggisz efrtoheis Search
mentally unless ther; and 71 have significantly different }\;\I/}evsimulated the signal at the partgzle level UsingHIA
masses and/or decay modes. Note, however, that interfereng

b duction of- and " d ; h final ©02 [20], with updates to the technicolor simulation as
etween production oy and 7y decaying to the same final o0 vifieq in this paper. The proposed signature is a peak ex-

state will not generally be significant because Ihestates  .oqs in the recoil mass distribution and a lobgag in the
are extremely narrow[12,13. Only for [M; =Mz et of the event. We are not sure how stringebttag needs
SFWT,FW; would this be a concern. To represent the generato be imposed and have not included any efficiency factors
expectations in the TCSM, we taMWT:MW; throughout for the signal or fake rates from other quarks. We do not

thi tion and irPYTHIA. but do not include interferen impose any kinematic cuts or a jet-reconstruction algorithm
S section a » but do notinclude Interterence e particles recoiling from the photon, but require only a
between thdl.

displaced vertex.

_ The only background included is froei" e — 'ybE To
A. Analytical results account for the final-state radiation of photons off the

As noted before, in the region of the technivector polespP-partons, the full 2-to-3 parton-level process is calculated at
the V; mesons dominate other contributions, while well be-the matrix element level. The parton level calculation is then
low the poles, the anomaly dominates. In between, there is @terfaced toPYTHIA, producing particle-level results that in-
transition region where the contributions should be of theclude the effects of parton showering and hadronization. Af-
same order, and neither can be considered in isolation. Béer the isolation cut on the photon, the results are in good
cause(for our choice of technihadron massehis is the agreement with the standamvTHIA simulation ofe"e”
region in which LEP experiments were done, the combined— ¥+ y*/Z*. The implied suppression of radiation off the
amplitudes may result in better limits on low-scale techni-b-quark arises from several effectd) the small charge of
color. In Fig. 2, we plot the cross sections for the proces$he b, (2) the largeb quark mass, which regulates collinear
e"e —ylII; for two 1 masseg50 GeV in Fig. 2a) and  €mission, and3) the kinematichnstraints favoring a small
110 GeV in Fig. 2b)], with a pr mass of 200 GeV and@; invariant mass of thel(y) or (by) systems, which is re-
mass[23] of 220 GeV. From these plots, the low energy moved by the isolation cut. Finally, we require that at least
anomaly dominance and pole regign dominance are clear. one of theb-partons(after parton showeringhas apy of at
The wt resonance is stronger than the because thet is  least 5 GeV. Assuming that displaced vertices are detected
narrower. We also see that the transition region is relativelyvith unit probability, this eliminates backgrounds from light
narrow. For comparison with typical weak scale processegjuarks.
we also plot the tree level standard model prediction for The results are shown in Fig(a, assuming a collider
efe  —W'W [19] energy of 200 GeV and 450 pbof integrated luminosity. To
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FIG. 3. The recoil mass spectruméfie”— yII; at \/s=200 GeV as simulated at the particle level in the TCSM using modifications to
PYTHIA v6.202 as described in Sec. Il B. (a) we display the background process, along with five different TCSM parametelbetise
baseline set wittMy=M,=200 GeV, Qy+Qp=5/3, My =110 GeV, andM, =210 GeV; (2) where My=M,=300 GeV; (3) where
Qu+Qp=0; (4 WhereMpT=250 GeV andM n,= 130 GeV; and(5) whereMHT= 100 GeV. (b) differs from (a) in the exclusion of the
anomaly coupling from the calculations. The legends display the signal to background significance ratios for each parameter set.

demonstrate the variation with TCSM parameters, we haveantly decreases thpr— yIl; branching ratio, a strong
chosen five parameter sets starting with the basdline signal of w— yII7 still occurs because decays to two or
My=M,=200 GeV, Qy+Qp=5/3, M;; =110 GeV, and  three I, remain suppressed or forbidden. Once again, the
M, =210 GeV. Ther and mr and, separately, ther and  dominant role of thevt in the signal is confirmed.
wr are assumed to be degenerate in mass. The other param-Figure 3b) shows what the signals would look like if the
eter sets are variations on this baseline, with all paramete@nomaly couplings’,,;_ andV,zo_ were eliminated. The
as in (1), except for(2) My=M,=300 GeV; for (3) Qu  peak heights and significances are clearly reduced in all
+Qp=0; for (4) M, =250 GeV andM =130 GeV; and  cases. For the parameter sets with the strongest signals
for (5) My =100 GeV. The general TCSM conditio@y, (1,2,5, a comparison with Fig. @) confirms that thewt
—Qp=1 holds for all parameter sets. Figur@Bshows also resonance is largely responsible for making the produc-
the significance defined & /S+B for each of the param- tion visible. This is what we would expect from the results
eter sets. we presented in Fig. 2, because the mass of the resonance is
The baseline curvél) includes a strong signal from the just slightly higher than the/s of the collider. Nonetheless,
V1 poles just above the collider energy. Comparison with sethe anomaly couplings make a contribution that can be large
(2) shows that the peak height scaleshag 2 as we would enough to impact the limits extracted from the data.
expect from Eq(12). Comparison with set4) confirms the Several further comments are in order. First, the signature
expected reduction of signal when tie andIl; masses are discussed here is strongly dependent on d¢heproperties,
scaled up to put the collider energy well below the poles. Seespecially the coupling— w— yIl; which is proportional
(3) allows us to infer that, as in Fig. 2, most of thlg signal 10 Qu+ Qp. In this respect, it is complementary to tpe
comes specifically from thevr. Taking Q,+Qp=0 de- —W~II; signatureg8]. On the other hand, the TCSM may
couples thewt from the gauge bosons and eliminates thebe naive in its assumption of certain mass degeneracies, and
V11, coupling. The branching fraction fer— yrry is also the w7 may be significantly lighter than they, yielding the
small for these TCSM parameters, even though gheis first signature of technicolor. Second, the proposed signature
kinematically forbidden to decay to a pair Hf;; the domi- IS not inclusive, but assumes tlk;—bb branching ratio is
nant decay is to \MI;. Then the small signal in s&B) large (the observation of some visible energy is necessary to
reflects the size of contributions from thgzo;; anomaly — remove they+E backgroundl This is reasonable, but the
and thepr— ymr channel. The only possible source of the solution to the flavor problem may bring surprises in the
much larger peak in sél) is the restored contribution of the d€CaY rates. There may also be a substantial ratemfor
wr. Finally, in set(5), we deliberately open thedominant ~ — 99 (this rate is already 30% far; with the default TCSM
when presentdecay channepr—II;Il;; this would nor- choices as encoded #¥THIA), and there even may be ap-
mally be closed because of large extended technicolor correciable 73 mixing. Therefore, while the first search
tributions to thell; massed12,13. Although this signifi- should be tuned for thesbb mode, we advocate a decay-
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independent search without thl-tag. The background technipions is necessary to ensure a visible signature at LEP
should be 4-5 times bigger, reduci8gB (which is a few- Il energies for typical TCSM parameters, but that including
to-one for theybb signaturg. It will not reduce the signifi- the nonresonant production will be important for setting ac-
cance very much; we have defined it to include a Systematigurate limits. Fina”y, we note that meaSUring the recoil mass
error on the background. For example, naively scaling thé&pectrum fore”e” — yIly production(which we found to
background estimate by 5 would redu8e/S+ B to 6.6, 3.7, proceed mainly through thev;) provides a technicolor
0.4, 0.5, and 6.2 for parameter sés—(5), respectively. This Search strategy that is complementary to phe-W=Il;
does not include the small increase in the signal rate from afhannel.
decays of the technipions.
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