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In a strongly interacting electroweak sector with an isosinglet vector state, such as the technisomega,
direct wtZ7y coupling implies that anwt can be produced b¥y fusion in ey collisions. This is a unique
feature for high energg*e™ or e e colliders operating in a®y mode. We consider the processesy
—e Zy ande” y—e W"W~Z, both of which proceed via an intermediate . We find that at a 1.5 TeV
e*e” linear collider operating in a®y mode with an integrated luminosity of 200 th an w; can be
discovered for a broad range of masses and wid®8556-282(199)03209-9

PACS numbses): 12.60—i, 12.60.Nz, 14.80-]j

I. INTRODUCTION charge assignment in the model. The signal dgrproduc-
tion was studied fopp collisions at 40 TeV and 17 TeV
The mechanism for electroweak symmetry breaking re{5,6]. It appears to be difficult to observe thg signal at the
mains the most prominent mystery in elementary particleCERN Large Hadron CollidefLHC), largely due to the SM
physics. In the standard mod@M), a neutral scalar funda- backgrounds. On the other hand, the diregZ, y coupling
mental Higgs boson is expected with a mass) less than  implies that anw, can be effectively produced k%, y fu-
about 800 GeV. In the weakly coupled supersymmetric exsion iney collisions. This is a unique feature for high energy
tension of the SM, the lightest Higgs boson is expected to be*e™ or e"e™ colliders operating in a®y mode. In this
lighter than about 140 GeV. Searching for the Higgs bosongaper we concentrate an; production atey linear collid-
is a primary goal of current and future collider experimentsers. We first describe a SEWS scenario in Sec. Il in terms of
[1]. However, if no light fundamental Higgs boson is found an effective Lagrangian involving interactions. We then
for my<<800 GeV, one would anticipate that the interac- present our results in Sec. Il for the production and decay of
tions among the longitudinal vector bosons become strongn wt in ey colliders. We show that a high energy linear
[2]. This is the case when strongly interacting dynamics iscollider will have great potential for the discovery of ar
responsible for electroweak symmetry breaking, such as iwith a mass of order 1 TeV. We conclude in Sec. IV.
technicolor model$3].
Without knowing the underlying dynamics of the strongly
interacting electroweak sectgBEWS, it is instructive to Il. wt INTERACTIONS
parametrize the physics with an effective theory for the pos-
sible low-lying resonant states. This typically includes an
isosinglet scalar mesofH) and an isotriplet vector meson
(p1) [4]. However, in many dynamical electroweak symme-
try breaking models there exist other resonant states such as
an ispsinglet vectordyr), and isotriplet vectord; ) [5_,6]. In ﬁstmmfg—wzS,LVpaw’TLﬂVWW"W_(?”L 1)
fact it has been argued that to preserve good high energy vA
behavior for strong scattering amplitudes in a SEWS, it is
necessary for all the above resonant states to cdéXidt is
therefore wise to keep an open mind and to consider othavherev =246 GeV is the scale of electroweak symmetry
characteristic resonant states when studying the physics ofteaking and\ is the new physics scale at which the strong
SEWS at high energy colliders. dynamics sets in. The effective coupligg is of strong cou-
Among those heavy resonant states, the isosinglet vect@fling strength, and is model-dependent. It governs the partial
statewr has rather unique features. Because of its isosingledecay widthl' (wr—w* W~ z)=T"\ywz. T0 study thew sig-
nature, it does not have strong coupling to two gauge bosonsal in a model-independent way, we will use this physical
It couples strongly to three longitudinal gauge bosonspartial width as the input parameter to extract the factor
W/ W[ Z, (or equivalently, electroweak Goldstone bosons(g,/vA?). With the interaction Eq(1), the spin-averaged
w*w~2z) and electroweakly t&y, ZZ, andW*W~. It may  amplitude squared for the decay—W"W~Z is calculated
mix with the U(1) gauge bosoiB, depending on its hyper- to be

For an isosinglet vector, a techniomega-like state the
leading strong interaction can be parametrized by
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FIG. 1. Effective interactions ofor with (a) w"w~z and (b)
two vector bosons.
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TABLE I. Feynman rules for the effective interactions of .

Vertex Feynman rule

(‘)TWJFW7Z ing/(UAZ) E,uvpo'eﬂ(w)qzngg
wtly i4e?y/(sin 6, cosé,, o€ ()€ (D)Phe ()
wtZZ i4e?y(cot g,—tart 6,,) €uvpo€ () €1pses
o WHrW~ i2e2y/sir? On€pmpoe (W) eZ(Ph —p2)ey

interactions of thew, represented in Fig. 1, are given in
Table I. We take the partial width of the into these two
body states,

I'2poay=T (07—=Z7)+ T (01— W'W )+ T'(01—22)

as input to determine this coupling The two body partial
widths are

The four-momenta in this expression correspond to the label-

ing of Fig. 1(@). As the full expression fol \z is rather

complicated, we evaluated the phase space integral numeri-

cally to relate ¢,,/vA?) to I'ywz.

The effective Lagrangian describing the electroweak in-

teractions of thawt with the electroweak gauge bosons can
be written a{5]

-

g -
‘Ce.w.: X€ uvpo| — g Tr( E : WPO'{EDVET,&)ITL})
0_3
+q’ Tr(7BP"{2TDVE,w’T‘}) , 2
where the covariant derivative is defined by
Lo o . g3
DH3 = g#3 —igWH- §E+Ig’EB“—, 3

g andg’ are theSU(2), andU(1)y coupling constants, is

the non-linearly realized representation of the Goldstone bo-

son fields and transforms lik& —L3R'. In the unitary
gaugeX—1. With these substitutions, ,, leads to

Low™ ZiGZXSM,Mw‘T‘[ (OPWTOW ™7+ gPW— W)

sir? 6,
cog f, sirfé
+( —~ 2| grzoz"
sirf 6, cosg 6,
e 9PIZV| ...
siné,, cos&wa v’z @

where 6,, is the electroweak mixing angle. The last term
gives thewyZy vertex, of importance for production of the
wt in ey colliders. It involves the unknown coupling param-
etery, whereey/? |

I( 74 8mwa’y? MiT M% 3
wT— =
ey 3co€ 6, sir? 6,, M3 Mm%
M2
x| 1+ ==, (5)
o1
47Ta2)(2 MiT M\ZN
For—=W'W)=—""—— —4—
3sirf 6, Mg M3,
2
M\ZN)
x| 1-4—~| | (6)
2
( M“’T
8ma’y?
M(0r—22)=— X (cot 6, tar? 6,)?
M3 M2
X—\[1-4—
M
Z (a3
MZ 1 M2 M2
X|6——+ = 1+ — —4—
6M4 5|1 e 1 4|v|2
ot 38 ot
7

IIl. CALCULATION AND RESULTS

We consider the two signal processes which proceed via

an intermediatevy :

®

e y—e wr—e Zy,

e y—e wr—e WW Z,

(€)

is expected to be of electroweak strength. Depending upon the1Zy coupling, the signal cross section

Similarly, the wo;W*"W~ and w1ZZ vertices, corresponding can be fairly large. The cross section expressions are lengthy

to the first and second terms, respectively, of &j.above,

and we do not present them here. We choose to look at these

are proportional toy. The Feynman rules for the effective Zy andWWZfinal states based on the distinctive signature
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FIG. 2. Cross sections versus teée~ c.m. energy for the
signale” y—e~ wr with o1—W*W~Z andZy and the SM back-
grounds. The solid lines are favl 0 =0.8 TeV and the long-
dashed lines foM,, =1.0 TeV. In each case the curve with the
larger cross section is for th&* W~ Z final state and the lower for
the Zy final state. The dash-dot line is for te W"W~Z SM
background and the dotted line is for tteZy SM background. In
(@), Fwwz=41"2.50ay and in(0), I'ywz=2I 5504y The chosen val-

ues of the partial widths are given in the text.
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FIG. 3. Cross sections versus tH\éwT for the signale™y
—e wr for Vsg+e-=1.5 TeV with or—W*W~Z (dashed ling
andZy (solid line).

between the outgoing™ and y. Only the cut oné, is rel-
evant to thee"W"W~Z process. The cuts on photons also
regularize the infrared and collinear divergences in the tree-
level background calculations.

We have also implemented the back-scattered laser spec-
trum for the photon bearf®]. For simplicity, we have ig-
nored the possible polarization for the electron and photon
beams, although an appropriate choice of photon beam po-
larization may enhance the signal and suppress the back-
grounds.

We present the total cross section for the signal and back-
ground versus the™ e~ c.m. energyysq+e- in Fig. 2 with
various choices ofw; mass and partial widths. We have
taken representative values Mra,T of 0.8(1.0) TeV. In Fig.

2(a), we use partial widthsI',04,=5 (20) GeV and
FWWZZZO (80) GeV, SettinngWZZ4F2_body. In F|g
2(b), we take I';p0q,=15 (400 GeV and I'yw;
=30 (80) GeV, such thatl'ywwz=2I";504y- As noted
above, the values for the couplingsand g, are obtained

of the first process and the potential enhancement of the seusing these partial widths as input. In Figbp, the 2-body

ond arising from its dependence on the strong couplipg
The SM background to the processy—eZy is the

decay modes represent a larger fraction of the total width
and, hence, the cross sections for the signal processes, which

bremsstrahlung of photons als from the electron. The go viaZy fusion, are enhanced due to the larger valug of
background process to tiee W W~ Z final state has a com- We see that, for the parameters considered, the signal cross

plicated structure, with 90 diagrams. The main contributionsections for thee " W*TW~Z channel are about 10—100 fb
comes from the subprocessese” —W*W~,yy—W W~

with a radiatedZ. We use theMADGRAPH package[8] to

once above theot mass threshold and overtake the back-
ground rates by as much as an order of magnitude. Such high

evaluate the full SM amplitudes for the background pro-proquction rates imply that the linear collider would have

cesses.

In calculating the total cross sections for tbgy signal
and the backgrounds, we impose the following “basic cuts”

to roughly simulate the detector coverage:

170°>6,>10°, 165>6,>1

0.,>30°, E,>50 GeV,

where 6, is the polar angle with respect to tlee beam
direction in the lab ¢ e~ c.m.) frame and,, is the angle

5°,

(10

great potential to discover and study the. The cross sec-
tions for theZvy final state are lower, as expected, and lie
below the background when only the cuts of Ef0) are
imposed.

The reason that the cross section M[LT: 1.0 TeV be-

comes larger than that for 0.8 TeV in FigaRis because we
have chosen relatively larger couplings for the 1.0 Tey,
based on the larger input partial widths.

In Fig. 3, we show the total signal cross sections versus
M, for Jse+e-=1.5 TeV. The couplings are the values
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FIG. 4. Cross sections versus the partial wiit}y,q, for the
signale” y—e~ wr for JSe+e-=1.5 TeV andM, =1 TeV with
wr— W W~ Z (dashed lingandZy (solid line).

FIG. 6. Contours representingr3and 5o -+ discovery limits
in the parameter space fdou o and Lo, With \Sg+e-=1.5 TeV
and an integrated luminosity of 200 fh. Two choices of the ratio
obtained by takind ;. 5oay=1%M,,_ and'wwz=4T"2.pody- Of Fwwz 0 I'2.pogy are shown.
As expected, below the mass threshqll, <M., , the sig-  gecay of a very massive particle, they are generally very
nal cross section drops sharply. However, depending on thenergetic and fairly central. We thus impose further cuts to
broadness of the resonance, there is still non-zero signaéduce the backgrounds at little cost to the signal:
cross section.

We have chosen partial decay widthswf as input pa- 15°< 0, , w<165°, E,,w>150 GeV. (11
rameters to characterize its coupling strength. It is informa- »e »e
t'Ye to ex.plore how the cross SeCt.IOH changes with the The most distinctive feature for the signal is the resonance
widths. Figure 4 demonstrates this point, fafSere- i the invariant mass spectrum fov*W~Z and Zy final
=15 TeV andM,, =1 TeV. We varyl'z5oqy and take  giates we demonstrate this in Fig. 5 for both Wew~Z
Fwwz=41"2h0dy- Measurement of the signal cross sectionand Zy modes. Results foM or of 0.8 TeV (dotted lineg
rates and relative branching fractions for the two channel : e
would reveal important information on the underlying SEWS%‘nd 1.0 TeV (dashed lines are shown for Seve-
dynamics =15 TeV. We take_FWWZ= 2I'5 hody- The cuts in both

) gs.(10) and(11) are imposed. We see that a resonant struc-

Although the SM backgrounds seem to be larger or, a ure atM,_is evident and the SM backgrountmlid lines

o1

best comparable, to the signal rate for #he channel, the _ o )
final state kinematics is very different between them. Be-8fter cuts(1l) are essentially negligible for the particular

cause the final state vector bosons in the signal are from tHe10ic€ Of parameters shown. _
To further assess the discovery potential, we explore the

10° . . 10- . — parameter space favl ot and FwT at a 1.5 TeV linear col-

T o —Zy lider. The signal for theVWZ mode consists of bothV's

3 decaying hadronically and th2 decaying hadronically or
into electrons or muons. The sardedecay modes provide
the signal for thezy channel, along with the detected pho-
ton. We assume an 80% detection efficiency for each of the
W, Z, and y and an integrated luminosity of 200 Th. In
Fig. 6, we give contours representing &nd 5o discovery
limits for the two cases oF 7= 215504y (SOlid lines and
I'wwz=41"2504y (dashed lines For these results, both cuts
L . 100 R . W (10) and (11) are imposed. In addition, a cut about the in-
500 1000 1500 500 1000 1500 variant masseMywz, Mz,*T', is made for the signals

Myz (GeV) My (GeV) and backgrounds. The two channels are combined by convo-
lution of the product of their respective Gaussian probability
functions. We present the results for the techniomega mass
and width range at the limit of its resonance production at a
1.5 TeV collider. As an example, from Fig. 6, we see that for
Lo of 100 GeV, anw can be detected at ther3evel up to

<
—

do/dM (fb/GeV)

—_
=)
[

FIG. 5. Differential cross sections fofsg,+.-=1.5 TeV as a
function of the invariant mass of the; decay productdq (WW2)
and M(Zvy) for the signale” y—e~ w1 with o;—W*"W~Z and
Zy. The dotted lines are forM 0 =08 TeV (merz-body
+Iwwz=15+30 GeV) and the dashed lines foM,,
=1.0 TeV (,,=40+80 GeV). The SM background relevant to M, of about 1340 GeV fof'\ywz= 4T,y and up to 1355

each case is given by the solid lines. GeV for I'ywz=21"2.50dy-
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I[V. CONCLUSIONS =1.5 TeV, one may discover an for a broad range of

A high energyey collider is unique in producing an iso- masses and widths, as indicated in Fig. 6.
singlet vector state such as;. We calculated the signal
cross sections for process& and (9) in an effective La- . ) )
grangian framework. We found that signal rates can be fairly 1hiS research was supported in part by the Natural Sci-
large once above the! o threshold, although the determin- ences and Engineering Research Council of Canada, and in

, i X : part by the U.S. Department of Energy under Grant No. DE-
ing factor is the effectlv_e electroweak_cqupllng of thbe_: FG02-95ER40896. Further support for T.H. was provided by
parametrized by. The signal characteristics are very differ- the University of Wisconsin Research Committee, with

ent from the SM backgrounds, making the discovery andunds granted by the Wisconsin Alumni Research Founda-
further study ofwr physics very promising at the linear col- tion. P.K. thanks Dean Karlen and Bob Carnegie for useful
lider. With an integrated luminosity of 200 T8 at \'sg+e- discussions.
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