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ABSTRACT collider is limited to the center-of-mass energys for neu-

A TeV electron-positron collider is a useful device in thgal states and tq/s/2 for charged states, and this may be not

search for color singlet and octet pseudo-Nambu-Goldsta %adequate to explore the entire parameter space of physically
bosons (PNGBs). Charged PNGBs can be discovered if the)

ﬁeresting models.
masses are less than 0.45-/49 The discovery reach for The following two sections of this paper discuss the PNGB
neutral states depends upon the ratig./F;.. Three of the

search and discovery potential of a high enertjy~ collider.

four neutral states can be discovered if their masses are ﬂ;QS first section reviews the case for the charged states. The

than 350-524 GeV even for the conservative parameter cho?@@ond section discusses the case for the neutral states which,
Nyo/Fre = 3/123 GeV. until now, has not been studied.

The following sections assume that a 1 TeV collider can pro-
duce an integrated luminosity of 100fbin a year or two of
. INTRODUCTION operation. This corresponds to approximately 10,000 units of
All non-minimal models of strongly-coupled e|ectroweak_’1verse electromagne_tic point cross section (the point cross sec-
symmetry breaking include a spectrum of technipions. Sinéen oo = 4wa®(s)/3sis 103.5 fb at 1 TeV).
they are the pseudo-Nambu-Goldstone bosons (PNGBs) which

follow from the spontaneous breaking of a chiral gauge sym- || CHARGED PSEUDOGOLDSTONE
metry, the technipions are generally expected to be the lightest BOSONS

technihadrons contained in the theory. They would therefore be

the states that are most accessible to experimental observation. A. Production Rate

The PNGB spectra of the more realistic models include color
singlet, triplet, and octet states which are also singlets andhe charged stateB* and ;" have gauge couplings to the
triplets of the residualSU/(2),, symmetry. The color triplet photon andZ® [2]. If not suppressed kinematically, they are
states are leptoquarks and are covered by searches for ni@gluced copiously in electron-positron collisions. Assuming
generic leptoquarks. The color singlet and octet technipioﬂi@l form-factor effects are small near threshold, the production
have less unique decay signatures and are the subject of @@ss-section= for the charged states is given by the following
document. The standard notation for these states is define@*ression (which assumess> M%),
Table I.
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Table I: The quantum numbers of various PNGB states.
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8 PY P, PE where: the cross section is given in units of the point cross

sectionog, N, is the number of final state colors; =
/1 —4M3 /s is the velocity of the PNGBs (of masdp) in

The search for PNGBs at a high energy electron-positron cBle cm-frame¢, = 1 — 4sin” fyy is the Z° vector coupling to
lider has a number of advantages over one performed at a Hi electrong, = 1is the Z° axial-vector coupling to the elec-
energy hadron collider. The backgmds to the various techni-tron, P, is the longitudinal polarization of the electron beam in
pion signatures have electroweak cross sections and never ofi-left-handed basisX = 1 is a purely left-handed beam),
whelm the signal process. The b-quark tagging in the high éH1d4. is the left-rightZ° coupling asymmetry.
ergyete™ environment is quite efficient and pure [1] (efficien- Inserting appropriate numbers into equation 1, the cross sec-
cies of 60% per b-jet can be obtained with purities of 9594jons in point cross section units for the color singlet and octet
The large electron beam polarizatioB.(~ 0.8) improves the States are,
separation of the signal and noise and would, in the case of a + { 0.303% P* @)
discovery, help to determine the quantum numbers of the pro- T 2408 PF

duced state. Finally, the beam energy constraint improves g]ned the left-right asymmetry for charged PNGB production is

kinematical separation of the signal and background. All th 65. By comparison, the cross section and left-right production
being said, the technipion mass reach of a high enetfgy asymmetry for the dominant background, thdinal state, are

*Work supported by Department of Energy contract DE-AC03-76SF0051about 1.9 point cross section units and 0.34, respectively.
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B. Signatures and Backgrounds where: F}. is the analog pseudoscalar decay constant which is
. . typically 123 GeV (one half of the 246 GeV Higgs field VEV in
In general, the branching ratios of PNGBs are model- aﬂ\:&) Minimal Standard Model) in conservative models of strong

parameter-dependent. If kinematically allowed, the chargE&/SB N,, is the number of technicolors in the modi]. and

PNﬁGBs decay predomlnant!y to the heaviest fermion doutdlet,, are the 4-momenta of the vector bosdhgndVs, =(k1) and
or tb. The entire decay chain therefore produces four b-quarks . - .
£{k2) are the polarizations of the vector bosons &fd, v, is

and two on-shell¥’s in the final state, the ABJ anomaly factor [6, 7).

ete”™ = PTP™ = tbth — WTbbW ~bb 3)
A. Production Rates
The most copious Standard Model background toftie”
signal is the production oftg* where the off-shell gluomy*
materializes as a massi¥é pair. This cross section for this
process in the relevant kinematic region is less than a percen
the total¢ cross section.

The cross sections for the production of variaR$™ final
states follow from the coupling given in equation 4. Note that
rec%ent calculations of the cross sections [4, 8] correct an error
{o a factor of four) in those found in the classititdrature [7]
for the casé’, # V5. Since the coupling is quadratic in the mo-
) o menta of the gauge bosons, the cross sections are independent
C. Discovery Limits of s in the regions > M7 (ass increases well above PNGB

The large angular coverage of the calorimetry and trackiﬁ@esmld' form-factor suppression of the cross section would

system of a future ™ ¢~ detector will permit the measuremencrease linearly witts. Since the cross sections for background
of jets and leptons in the region of polar angites 4| < 0.95 y : 9

[3]. The efficiency for the detection of at least 3 tagged, hig{hrocesses decreasesas (constantin point cross section units),

energyb-ets and 3 additional jets or leptons can be reasone signal-to-noise ratio improves at higher energies. The cross

ably large (5-10%). It should therefore be possible to discovseectlons are not model-independent but depend upon the square

the color-singlet states with five-sigma significance if the pseglggﬁ);agf t;é‘fp/f fcbﬁf‘e?{g,ez‘n‘ggﬁ,s /S}(ierfz;llosn;tzrse leC_)rI‘];heaEerO-
doscalar mass is less than approximatehs./s and to dis- 89: £'8 9r 2T i ' y

cover the color-octet states if the mass is less thad,/s. summarized below (in point cross section units):

come significant). In units of point cross section, they in-

1. ete” = Plg:

. NEUTRAL PSEUDOGOLDSTONE
BOSONS _aNE s , [ cot? 26w
¢ == ch“d {1+2[ 5

] (co + Pecq)
Neutral PNGBs do not have gauge couplings to the photon ) 5

or Z°, but do couple to pairs of gauge bosons via ABJ-type + ["Ot 29%"] (C2 +)(1+P.A )} ©)
anomaly triangles. It is therefore possible to produce single 2 v o

neutral PNGBs in association with gauge bosons in electron-

positron collisions (see Fig. 1). The search for the procesg .~ — pYy:

ete™ — P"~ at LEP energies has been studied by several au-

thors [4, 5]. Ata hig_h energy™e~ collider, several other final o asNZ s, 1 P
states become feasible. ot B ToTae -
1 2
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Figure 1: Production of PNGB-gauge boson pairs incan—

collision. 4. cte - PV
The amplitude for the Vector-Vector-PNGB coupling is given > = aNj, s 31 _o (co+ Prca)
as follows, 21673 P2/ “ldcos2 Oy |V T
1 Lo,
Spv,v. VB 18 + [—] (ch+c2) (1+P.A )} (8)
Apv,v, = Y2 o™ (k)P (ko) KT KD, 4 N o : LA,
PV, 87r2'\/§Ftc pryoc” (k1)e” (k) ki Ky (4) 4 cos? By
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where3® = (1 — M%/s)? is the phase space factor for the
production of a heavy scalar and a massless vector.
The numerical values of the cross sections and left-right pro-

duction asymmetries are listed in Table Il fofs = 1 TeV, sooo0 L gn;ﬂr;es s;jfg
F,. = 123 GeV, andN,. = 3. The cross sections for the col- F RUS 97.80
ored states benefit from the large sizexgfand the large color I
factor for gluon final states. Note that the cross sectioPfoy 0000 -

is suppressed at the® but becomes relatively large at higher
energies where photon exchange becomes significant (which is I
reflected in the small size of the left-right asymmetry). 30000 |-

Table II: The cross section (in point cross section units) and left- | 20000 *
right production asymmetry for several PNGB-gauge-boson fi-
nal states a{/s = 1 TeV, F;. = 123 GeV, andV,,. = 3.

10000 —

Final State o Arr
Plg 0.3-5°  40.65 e
Pglg 0.025 - 33 —0.60 Oioc " is0 200 250 300 350 400 450 500
PO%  0.006- 3 +0.05 Foen (02

PYy  0.0008- 3 —0.60

Figure 2: The measured gluon energy distribution in the process
ete™ — ttg. The solid histogram shows the total distribution

. expected for a 500 Ge¥? and the dashed histogram shows the
B. Signatures and Backgrounds MSpM background. * g

As in the case of the charged states, the branching ratios
of the neutral PNGBs are, in general, model- and parameter-

dependent. Nevertheless, in most models, heavy PNGBS deggytia|ly from the PNGB decay products whereas gluons pro-
into the heaviest fermions that are kinematically allowed. Thgiced in Standard Mod€)() production are radiated from in-
signatures for the single production of neutral PNGBs are theggral and external quark lines and are spatially correlated with
fore final state hadrons. The left-right asymmetry for the signal pro-
cesses differs from the asymmetries associated with the back-

o 0 . VIV M y 1
erem o Iyg =ity = TRy Mp > 2m ground processes (0.34 fer production and 0.62 fobb pro-

— bl_)g Mp < 2my . . ! . -
ete = POy o tiy — BBW Wy Mp > 2m; (9) duction). And finally, the spin cor[elatlons of thedaughters
) ’ 7 b ’ of a PNGB differ from those of & pair produced by MSM
— bby Mp < 2my

processes and lead to small differences in the resutingint

where the gluons and photons am@nochromatic The domi- E€Nergy distributions.

nant backgrounds to these signals, the Standard Model produc-
tion of QQg andQQ~ (Q = t,b), produce gluons and photons
which havel/k spectra. This difference is illustrated in Fig-
ure 2 which shows the measured gluon energy distribution thafn order to assess the discovery potential of a TeV electron-
would be associated with the production of a 500 G& The positron collider for neutral PNGBs, a Monte Carlo simulation
sum of the signal and background distributions is shown as ibfethe processes listed in equation 9 was performed. The simu-
solid histogram and the background distribution is shown as tlagion, which includes spin correlations in thiedecay chains,
dashed histogram. produces 4-vectors for final-state quarks, gluons, and leptons.
The relatively high efficiency of-tagging in the="e™ envi- The energies of these final state particles are smeared accord-
ronment allows for a clean separation of the gluons frombtheing to Gaussian resolution functions. Studies of the jet en-
jets in thePy (andP}") decays. To avoid confusion of the gluorergy resolution of an NLC detector using a sophisticated re-
with hadronic jets from th&” decays, only leptonit}” decays construction algorithm [3] indicate that it may be possible to
are considered in this study. The photons produced in assoeiehieve a resolution given by the following parameterization,
tion in color neutral PNGBs are distinguishable from all PNGBg, , /E;., ~ 0.34/,/Ej.;. Since this is substantially better
decay products and it is not necessary to empitagging or to than any experiment has yet achieved, the simulated resolution

C. Discovery Limits

restrict the search to leptonic final states of kiés. was degraded by adding a 7% constant term in quadrature,
Several other features help to distinguish PNGB production

from the Standard Model backgrounds. Gluons (and photons) Ok _0.34 007 (10)

produced in association with neutral PNGBs are well-separated Ejet \/m Coy
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which is still twice the 14% energy resolution achieved by the signal fraction, the likelihood ratio coitidn can be

the UA2 Collaboration with an uncompensated calorimeter and expressed as follows,

without a magnetic spectrometer [9]. The results of this section

are insensitive to this choice (the constant term can be varied II T(#) exp {Nb / 2 B(7)n [T({)] }

substantially with essentially no change in results). B(%)
The backgrounds to the production of the color octet states are

simulated using the ragTops (order) tf generator of Schmidt

[10] and a simple, home-brewed e~ — bbg generator. The The solution of equation 11 yields a 95% confidence region

backgrounds affecting the color singlet search were simulated in Mp-NN;. space.

with a simpleete~ — QQ~ generator.

= 0.05. (11)

2. Assuming that the PNGB is present, the valudgfis de-
termined such that ratio ¢f; [as determined from a likeli-

1. lor ) . . I X
Color Octet States hood fit to theT'(Z)] to its uncertainty 4 is five. In detail,

The events produced by thé e~ — FPlg, P{"g and back- it is necessary to solve the following equation,
ground simulations were selected according to the following se- )
lection criteria: ) - ar\ 2172
I _ [N; fs / dNe —— <—> =5 (12
1. Three hadronic jets must be observed in the region of polar af . T(F) \dfs

anglef cos §] < 0.95. to determine the expected 5-sigma discovery region in

2. (a) To search the regiodfp > 2m,, two charged lep- Mp-Ni. space.

tons must be observed in the regiams 6| < 0.95. The 95%-confidence regions W p-N;, space forP! and
(b) To search the regiodd, < 2m,, the total energies Px' are shown as solid and dashed curves, respectively, in

of the observed jets must be larger tha6,/s and Figure 3. The 5-sigma discovery regions are shown as solid
the net transverse momentum of the three-jet systéid dashed curves in Figure 4. Note that limits are discon-

must be less thai1,/5. tinuous across the poidt/p = 2m; (shown as vertical dot-
ted lines) where the analysis technique changes. The value
3. The space angle between any two jgtsmust satisfy the N,. = 3 is shown as horizontal dotted lines. Limits for val-
following isolation criterion |cosf;;| < 0.90. ues of ;. other than 123 GeV can be determined by appropri-

o . ately scalingVy. (the limits for F/, and N}, are given by the
4. Two of the hadronic jets were required to pass the R’/c = N/,(123 GeV/F..) line in Figs. 3 and 4).

tagging criteria.

In both search regions, the gluon was identified as the

hadronic jet that did not satisfy tHetagging criteria. In the [ 100 fb7', By = 1 TeV I
region Mp > 2my, five quantities were determined feach 12‘5:7 Fio = 123 GeV I
selected event candidate: the gluon energy, the beam helicity [ Iy
(left-handed or right-handed), the space angle formed between 10.0; Excluded, 95% CL // /
the gluon and nearestjet, and thé-jet energies in the center- [ |
of-mass frame of the system recoiling against thegl For the St PB/ , |Pe
regionMp < 2my, only the first three of these quantities were Z ?‘5; bbg Region - ttg Region
used. i

The PNGB simulation was used to generate the normalized 5‘0;7
distribution functionS (&) of the five or three variables (labeled i
as¥) and the number of accepted signal eveNisfor several 2‘5;7
PNGB masses. Note thaf; an implicit function of N;./ Fy., [
N, = N°(Ny./F;.)2(123/3)?, whereN" is the number of ac- -0, 200 400 600 800 1000
cepted events at the nominal valuestof (123 GeV) andV,, My (GeV)

(3). The background simulations were used to generate the nor-

malized distribution functioB(#) and the number of accepted

background eventd,. The distributions and event totals Wer?:igure 3: The 95% exclusion region ihp-N;. space for
used to estimate the sensitivity of the PNGB search at each Vazt%ﬁ(solid curve), P (dashed curve), an#® (dashed-dotted

of Mp. The sensitivity was characterized in two ways: curve).

1. Assuming that the PNGB is not present, the value of
N,. is determined such that the likelihood ratio of the Itis clear thatPy and Py’ can be excluded or discovered for
PNGB-present-hypothesis to the PNGB-absent-hypotheaigy realistic values aoiV,. in the regionMp < 2m;. In the re-
was 0.05. Defining the total distribution functi@i{#) = gion Mp > 2my, it is not possible to discovefy’ with an anal-
fs9(Z) + (1 — f)B(Z) wheref, = N,/(N, + N;) is ysis that uses only leptonid” decays unlesd;.. is larger than
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|cosb;| < 0.90.
20
100 b7, Eep = 1 TeV / | For each accepted event, three dites are determined: the
F,. = 123 GeV / | photon energy, the beam helicity, the space angle formed be-

| tween the photon and nearest jet or lepton. Thesetdigsrare

used to generate signal and background distribution functions
which are used to calculate 95% confidence and 5-sigma discov-
eryregions in\{ p-N;. space as was done in sectitirC.1. The
regions are shown in Figures 3 and 4 as dashed-dotted curves.
At N,. = 3, the P" can be excluded at 95% confidence in the
regionMp < 646 GeV and can be discovered at 5-sigma sig-
nificance in the regiodp < 452 GeV.

15 - 50 Discovery /

te

= 10

V. CONCLUSIONS

A high energy electron-positron collider is a useful device in
the search for color singlet and octet pseudo-Nambu-Goldstone
bosons. The search potential is summarized in Table IIl.
Charged PNGBs can be discovered if their masses are less than
0.45-0.49/s. The discovery reach for neutral states depends
upon the ratiaV;./Fy.. Three of the four neutral states can be
discovered if their masses are less than 350-524 GeV even for
the conservative parameter choi¥e./ F;. = 3/123 GeV.

0 200 400 600 800 1000
Mp (GeV)

Figure 4: The 5-sigma discovery region idp-N,. space for
P? (solid curve),PY’ (dashed curve), an#® (dashed-dotted
curve).

7. Making the conservative assumptidh. = 3, the PY’ can

be excluded at 95% confidence in the regidip < 404 GeV, Table lll: The 95%-exclusion and five-sigma discovery limits

At N,. = 3, the P can be excluded at 95% confidence in th@n the PNGB mas3/p are listed for a 1 Te\e*e™ collider

regionMp < 761 GeV and can be discovered at 5-sigma sigxperiment with a 100 fb' integrated luminosity. The limits

nificance in the regiod/,» < 524 GeV. on the charge-neutral states are model-dependent and assume
thatF;. = 123 GeV, andV;. = 3.

2. Color Singlet States

PNGB Mp Limit (95% CL) M Limit (5-0)

The color singlet stateB° and P" are produced much less pgi ~500 GeV 490 GeV
copiously than are the color octet states. However, they are as- pt ~500 GeV 450 GeV
sociated with a fairly spectacular signature: an isolated, central, P 761 GeV 524 GeV
high energy (250-500 GeV), monochromatic photon ileap Py 404 GeV 350 GeV
against a hadronic or mixed hadronic-lepton system. Since the P 646 GeV 452 GeV

photon does not become confused with final state jets or leptons, pY — —

it is not necessary to empldytagging or to require leptonid”

decays. This helps to compensate for the small production rates

and permits a useful search 8. Unfortunately, the produc-

tion rate forP? is too small to be useful. V. REFERENCES
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