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Possible oblique effects from vector particles that are strongly coupled to the known gauge bosons are
calculated for the case of final hadronic states produced at future e+e colliders, using a formalism that
was recently proposed and that exploits the information and the constraints provided by CERN LEP 1

results. Combining the hadronic channels with the previously analyzed leptonic ones we derive im-

proved limits for the masses of the resonances that, in technicolorlike cases, would range from one to
two TeV for a 500 GeV linear collider, depending on the assumed theoretical constraints.

PACS number(s): 12.60.Cn, 12.15.Ji, 13.10.+q

The possibility of using high precision data from the
CERN e+e collider LEP 1 to derive information or to
set stringent bounds on technicolor models, has been
thoroughly investigated in recent times, following the
original proposal of Peskin and Takeuchi [1]. As is
known, the relevant effect is a virtual one-loop contribu-
tion of the so-called [2] oblique type to the quantity
defined as S in Ref. [1].

Technically speaking, the calculation of S is made
easier by the fact that the combination of spectral func-
tions involved has a rather exceptional asymptotic con-
vergence, being the difference of a vector and an axial
vector term, and this allows the use of simple dispersion
relations, i.e., without unknown extra subtraction con-
stants. This nice feature would not be present in general
in different kinematical configurations, e.g., away from
the Z resonance, for other oblique corrections of similar
type, and an analogous calculation of technicolorlike
effects would require some extra ingredient or ad hoc as-

sumptions that might bias the theoretical outcome.
In a recent publication [3] we actually proposed a gen-

eral formalism to calculate the relevant ob1ique contribu-
tions to a number of processes in future higher energies
e+e experiments. The main idea was that of expressing
the various effects in the form of a once-subtracted
dispersion integral, and of fixing the necessary subtrac-
tion constants by suitable model-independent LEP 1 re-
sults. In this way, we were led to a compact "representa-
tion" of several observables. In particular, we concen-
trated our preliminary analysis on the case of final lepton-
ic states and more precisely on the three quantities: (a)
the cross section for muon production at c.m. energy
+q, o„(q ); (b) the related forward-backward asym-
metry A„B„(q); (c) the (conventionally defined) final 7

polarization asymmetry A, (q ) or, equivalently, the lon-
gitudinal polarization asymmetry for final lepton produc-
tion ALn I(q ) whose theoretical expressions coincide in
our scheme.
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Starting from the tree-level expressions of (a), (b), (c)
and making use of the by now conventional formalism
based on the introduction of the two parameters e& 3 that
allow us to interpret LEP 1 leptonic data in a model-

independent way [4], we were able to write for the ob-
lique (SE=self-energy) corrections the following approxi-
mate formulas, valid at the one loop level:

SE( 2) 4m

3

a(Mz) 1 3I I 16s)v)
[1+2D&(q )]+, 1 2Dz(q ) D
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3q o„(q )
A sE (q2)—

I I q (q Mz)
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with s,)r(Mz ) measured by the various asymmetries at LEP 1 and the SLAC Linear Collider (SLC), and
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Here I
&

is the leptonic Z width, a(Mz2 ) = [1+0.001]/128.87 [5], A (Mz ) is defined as

2[1—4s,r(Mz )]
A {Mz)=

1+[1—4s (M )]

(3)

(4)

(5)

(6)

{7)

(F„'=c,Is,Fzr, s,c, =nal~2G„Mz, s, =1—c, =0.217, v, =1—4s2) ) .

A,,(q2)—:A,,(0)+q F;,(q ), f,j=y, Z . (8)

Starting from Eqs. (1)-(3) and (5)—(7) we calculated in
Ref. [3] the possible effects of a couple of vector ( V) and
axial vector ( A ) resonances with masses larger than +q,
strongly coupled to the photon and to the Z. We as-
sumed a "technicolorlike" framework but only exploited
the validity of the second Weinberg sum rule [7]. We did
not use the model-dependent information provided by the
first Weinberg sum rule. However, we retained one very
general consequence of it, i.e., the positivity of S, which

Equations (1)-(3)provide a representation of the leptonic
observables of e+e annihilation where the full efFect of
the oblique corrections is made explicit in the form of a
subtracted dispersion relation, thus calculable for models
of both perturbative and of nonperturbative type, with
the subtraction constants provided by model-independent
LEP 1 data. Note that, to obtain properly gauge-
invariant expressions, one still needs to add the correct
amount of extra vertices and boxes [6], as discussed in
Ref. [3), to compensate for the intrinsically not gauge-
invariant nature of the transverse self-energies, defined
following the convention

I

was ensured by the choice Mz &M&. Taking into ac-
count the LEP 1 constraint [8] on the S parameter, we
derived observability limits for Mz

„

in the TeV range
for a realistic e e linear collider of 500 GeV c.m. ener-
gy [9]. This was an encouraging preliminary result, par-
ticularly since only the final leptonic channels were fully
exploited.

This short paper has two purposes. The first one is
that of enlarging the previous study by including the po-
tentially copious information provided by the analysis of
final hadronic states. The second one is that of emphasiz-
ing the relevance of some specia1 theoretical assumptions
to fix the derived mass limits, in particular, of investigat-
ing the consequences of relaxing completely the two
Weinberg sum rules, while still retaining the experimental
constraint provided by the LEP 1 limits on the S parame-
ter.

The investigation of the hadronic channels can be easi-
ly performed following the prescriptions of Ref [3]. We.
shall brieSy sketch here the derivation of the relevant for-
mulas for the "basic" cases of the two cross sections for
production of u-type and d-type quarks, cr„e(q ). With
this purpose, we start from the expressions of these quan-
tities at the tree level:
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where N„d is the color factor, gp g f are conventionally
defined, i.e., g„f=T3L f and gi,p f T3I f 2Qfsp 6 p

2

is the (bare) Fermi muon decay coupling and
Dpz

=q M pz [the tree level equality ap/s pc p

=(~2/n )G„pMpz has been used].
When moving to one loop, one has to redefine the Fer-

mi coupling, the QED coupling, the bare mass Mz, the
photon and Z propagators and the various fermion cou-
plings g f/ g f Then, vertex corrections and boxes should
be correctly included. For the specific purposes of this
paper, that is, only dealing with oblique corrections,
these terms will not be explicitly calculated. Thus, in the
redefinition of the Fermi coupling, only the oblique con-
tent A ww(0)/Mw will be retained. Analogously, for the
vector couplings we shall stick to the notation of a previ-
ous paper [10] and write, following essentially the Ken-
nedy and Lynn approach, [11]

=1 4lgfl sf(—q ) with sf(q )=s([1+6(cf(q )] .

(10)

The quantity )5)cf(q ) can be decomposed into a universal
self-energy component hie and a (light) fermion-
dependent vertex correction, i.e. (omitting boxes),

h)cf(q ) E=)c (q )+fif

with fif (to be from now on neglected} defined in Ref. [10]
and b,)c (q ) fixed by the convention

SEFF (Mz }=s ( [ I ~ ~H ™z}+8 ] (12)

The procedure for deriving compact expressions for the
various self-energy contributions at one loop now follows
essentially the same lines as in the case of Ref [3]. In
fact, the pure photon contribution will generate the usual
term =D (q2). From the Z contribution, using the
definition [4]

6 M
I 1

— [1+e, ][1+[ 1 —4s E„„(Mz) ] ]
24m 2

with

A ww(0} Azz(0}+ +vertices
Mz2

(13)

(14}

as exPression containing I'1, Dz(q ), Drz(q ), and
sEF„(Mz)will be originated. Finally, from the y —Z in-
terference, a combination of the previous pure photon
and pure Z case parameters will appear. In practice, the
main difference between the self-energy content of o „d
and that of 0.„willcome from the relative weights of the
various Dy, Dz, Dyz contributions due to the various
electric charges Qf that enter both as coefficients of a
and as coefficients of gi /g„ in Eq. (9).

With these premises, it becomes relatively simple to
derive the explicit expressions of the desired one-loop
contributions to o „d.Neglecting systematically numeri-
cally irrelevant contributions, one obtains the following
simple formulas (crf ) denotes the quantity at one loop):

~(1) —N(1) ~ 2 . g24
CT„d „7Tq a(Mz )

2 [1+2D&(q )]
q

4s)2 S)2
+4lgu dl Drz(q )

v) "u,dr

1

(
2 M2 )2+M21 2 u~d, i 1v v 1—

z z z

1 3I r

2 2 [1+v„d,][1 2Dz(q )] —
2Qu dec(Mz—)

(q —Mz) +M I'z Mz

3I-r e' —Mz
M (15)

where Nf ' is the color QCD corrected factor and we
used the generalized notation

Vfi 1 4lgf ls, ' f =u, d

(and v» —=v, ). Starting from the "basic" quantities, Eqs.
(1) and (15), it is now straightforward to derive the corre-
sponding expressions of a certain number of hadronic ob-
servables. We have considered here the theoretical ex-
pressions of the following "candidates" to reveal poten-
tial self-energy effects. (I) R ' '(q ), the ratio

I

(5)( )(T(3"'1 )/a„(q2) between the cross sections for production
of the five lighter (u, d, s,c,b) quarks and for muon pro-
duction; (II) Azz (q ), the longitudinal polarization asym-
metry for final hadronic states of the previous type; (III)

(q2), the ratio (Tb(q2}/cr„(q ) between b quark and
muon production; (IV) AF)3 b(q }, the forward-backward
asymmetry for b-quark production. In addition to the
previous "old-fashioned" quantities, we have also calcu-
lated, assuming a (copious) top production at +q =500
GeV, the theoretical expression of a number of related
observables. In particular, we have considered here (V)
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R' '(q ), AL'a'(q ), and R, „(q), defined in analogy with

(I), (II), and (III}, and (VI) Rb," '(q ) [the ratios

rr&, (q )/o' " '(q )] and Ava, (q ).
For all the previous observables from (I) to (VI), it is

not dificult to write the expressions at one loop that gen-
eralize those of Ref. [3]. But, in the actual process of do-
ing that, one easily realizes that a priori not all cases seem
equally promising. In particular, assuming "realistic" ex-
perimental accuracies (i.e., of the kind discussed in previ-
ous analyses [9]}for the various cross sections and their
ratios, it turns out that the weights of the various
D,Dz, Dy z contributions (that are rather difFerent in
the various observables) are systematically "small" in the
cases (IV)—(VI), leading to practically unobserv able

I

R~5I~ I(q )=ao[1+ayDy+azDz+ yzDyz]

R$ (q )= bo[1 +b D +bzDz+b zD z]

ALa' '(q )=co[1+c D +czDz+cyzDyz]

(17)

(18)

(19)

where the analytic expressions of the various coeScients
can be derived in a straightforward way and their numer-
ical values for 1/q =500(190}GeV are given as

effects. For this reason, we concentrated our attention on
the quantities (I}—(Ill} only. Ignoring as usual several ir-
relevant terms, we were led in conclusion to the following
set of expressions that include the full effect of the ob-
lique corrections at one loop:

ao =5.59(6.84), ay =—0.61(—0.76), az = —0.84( —l. 12}, ayz = —0.26( —0.32),

bo 0 88(1 16) by 1 10( 1 17) bz 1 21( 1 41) byz 0 80( 0 78)

cp=0.61 c = O. 42 cz = 0.27 c z = 1.78

(we only considered the cases for AL'sa"sa'(q ) at a 500
GeV linear collider).

Starting from the previous expressions, Eqs. (17}-(19),
it is now straightforward to calculate various kinds of
contributions of self-energy type, in particular that com-
ing from a model that implies the existence of a couple of
strongly coupled vector (V) and axial vector (A) reso-
nances. For the latter ones we shall follow the same no-
tation as in Ref. [3], adopting the simplest treatment
based on a 5-function approximation (but keeping in
mind the discussion given there on the possibility of using
a more realistic description without changing the essen-
tial results, i.e., the mass limits; illustrations in Figs. 1-3
are actually made with this description). We shall not
abandon at this stage the customary assumption of iso-
spin and parity conservation. Thus, the imaginary parts
of the various spectral functions will simply be expressed
in terms of the two quantities R zz, R zz with

clusions may be derived: (a) the only hadronic observable
which contributes appreciably the bound is Al"z, which
allows improving the pure leptonic result by approxi-
mately 150 GeV; (b) the resulting bounds on Mv, M„are
located in the TeV range and are rather strongly correlat-

y q~ = 500 Gev

MA (G~V)

2000
I

I

I

1800

I
~ ~

I

1600 ~

1400

R vv, a a = 12' ~v, a@5' M v, a ) . (20)

Our investigation now proceeds in two steps. First, we
assume as we did in Ref. [3] the validity of the two Wein-
berg sum rules (but we only fully exploited the conse-
quences of the second one} and we made use of the exper-
imental constraint on the parameter S, which can be writ-
ten to quite a reasonable approximation as

1200 ~

1000 ~

800

r
rr

r'
r ~

—1.5&S&0.5 (21)
800 1000 1200 1400 1600

only considering the positive upper bound. Then we com-
bined the previous ansatze with the request that the ex-
perimental accuj.'acies on R' ', AL&, and Rb„are of a
relative 1%, 1%, and 2% respectively [9] and imposed
the consequent "observability" limits.

Figure 1 shows the results of our analysis for the case
1/q =500 GeV. The difFerent curves correspond to the
various observables, and the shaded area corresponds to
the combined overall mass bound.

From inspection of Fig 1, the following main con-

Mv (GeV)

FIG. 1. Limits on Mz at variable Mv obtained at V q~=500
GeV from cr„(dotted), AI& q (dot-dashed) and A (dashed), us-

ing the Weinberg sum rules and the experimental information
on S. The lighter shaded domain represents the result of com-
bining quadratically the two leptonic limits. The darker one
corresponds to the domain allowed by the leptonic and the ha-
dronic limits. The two full lines correspond to M& =1.6M& and
to M& =1.1M&.
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F2 F2

M~ M~
(22)

with no special indications for its sign. Thus, the experi-
mental constraint for S, Eq. (21), will now allow both end
points of the allowed interval to be saturated.

In performing our numerical analysis, we had to solve
the problem of the presence of one additional degree of

+q~ = 500 GeV

M~ (GeV)

ed. For the QCD-like choice Mz/Mv=1. 6, values of
Mz up to 1 TeV would be seen.

In the previous analysis, several theoretical assump-
tions (or prejudices?) were enforced, on which the ob-
tained bounds certainly depend. To try to make the in-
terconnection between the numerical output and the
theoretical input more quantitatively defined might be an
interesting goal. With this aim, we considered the conse-
quences of abandoning some of the starting ingredients of
our approach. Since we would personally feel uneasy in
giving up the familiar isospin and parity conservation
philosophy, we began by eliminating the assumptions of
validity of both Weinberg sum rules and only retained a
"minimal" convergence assumption [Fvv(q ) F„„(q—)]
-0, q ~ 00, to ensure the unsubtracted form of S. This
choice has two main consequences, that of introducing
another degree of freedom in the analysis and that of alas

lowing the Peskin-Takeuchi parameter S to become nega-
tive, since one has now

freedom. We decided to proceed by retaining a "prejuas
dice relic" in which the value of the ratio Fv/Mv was
bounded by the limit

Fv fp
Mv m V'2~ (23)

i.e., twice the QCD value. Higher values of the ratio
would obviously increase the mass bounds accordingly,
as from Eq. (22). Then, for every choice of
Fv/Mv, F„/M„wasallowed to saturate both limits of
Eqs. (21). The final results were then plotted as in the
case of Fig. 1 in the (Mz, Mz ) plane. In Fig. 2 we give
the results of the procedure that correspond to the choice
Fv/Mv=l/2m, showing that the situation has now
definitely changed with respect to Fig. 1. In particular,
one sees now that the effect of releasing the validity of the
Weinberg sum rules is roughly that of increasing the
bounds on (MvM„)from the 1 TeV region to the 2 TeV
region for a reasonable limitation on Fz/Mz. The efFect
of the hadronic observables is still to increase the mass
bounds by about 150 GeV.

To complete our analysis, we examined the similar sit-
uation that would occur at +q =190 GeV, i.e., the near
future LEP 2 energy. We proceeded as before with the
experimental conditions expected by previous analyses
[12]. The results that we obtained are shown in Fig. 3.
As one sees LEP 2 under realistic experimental condi-
tions would be able to reveal signals of strong resonances
whose masses range up to 300—350 GeV (assuming the
Weinberg sum rules) or to 400—450 GeV (releasing them).
These values appear relatively low in classical TC pic-
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assn 58 u
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IaasIa" " 'slalom" s~

III%I &@ I a BRI IRS a nI aa I

il::= =:ssI s, isI
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masIgg pssseallgl SIIess
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'ii sss nss sas I

500

450 ~

1000 400
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500 1000 1500 2000 2500

Mv (GeV)

350
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FIG. 2. Limits when releasing the Weinberg sum rules but
imposing the limitation on FI./M~, from cr„(vertical, dotted),
A (vertical, dashed), A«z (dot-dashed), Rb „(short dashed),
R'" (dotted), AF~„(long dashed). The shaded domains have
the same meaning as in Fig. 1. The two full lines now corre-
spond to M& = 1.6M& and to M& =M&.

250

250 300
s

350
s

400
s

450 500 550 600

M, (GeV)

FIG. 3. Resulting domains obtained at +q = 190 GeV (same
meaning as in Fig. 2) with accuracies expected at LEP 2.
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tures [13],but would certainly be much more interesting
in non orthodox TC versions more recently suggested
[14] implying the existence of light strongly resonant
states.

In conclusion, and although our investigation was rela-
tively qualitative, we feel that its indications should be
considered as an example of the potential interest of such
measurements at future e+e colliders.
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