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We derive the low-energv electroweak effective Lagrangian for the
case of additional heavy, unmixed. sequential fermions. Present LEP1
data still allow the presence of new fermionic doublets (quarks and/or
leptons), with masses greater than Mz /2, provided that these multiplets
are sufficiently degenerate. Deviations of the effective Lagrangian predic-
tions from full one-loop computation are sizeable only for fermion masses
close to the threshold Mz/2. We analyse the contribution of new heavy
sequential fermions to the ete™ — WTW™ cross—section at the ener-
gies of LEP2 and Next Linear Collider (NLC). The signals coming from
an additional doublet will be out of the LEP2 observability level. More
interesting is the case of NLC where the simultaneous presence of the
kinematic enhancement factor p?/m%, and of the unitarity delay effect
gives deviations from the Standard Model of the order of 10-50 per cent,
for a wide range of new fermion masses.

PACS numbers: 14.80.Dq, 14.50.J;.
1. Introduction
LEP1 precision data represent a step of paramount relevance in probing

extensions of the Standard Model (SM). Through their virtual effects, the
electroweak radiative corrections “feel” the presence of new particles running
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in the loops. The level of accuracy on the relevant observables is such that
this set of tests is complementary to the traditional probes on virtual effects
due to new physics (i.e., highly suppressed or forbidden flavour changing
neutral current phenomena) and in some cases represents the only indirect
way to search for these new particles.

In this paper we will discuss electroweak radiative effects from exten-
sions of the ordinary fermionic spectrum of the SM. The new fermions are
supposed to possess the same colour and electroweak quantum numbers as
the ordinary ones and to mix only slightly with the ordinary three gener-
ations. The most straightforward realization of such a fermionic extension
of the SM is the introduction of a fourth generation. This possibility has
been almost entirely jeopardized by the LEP1 bound on the numbers of
neutrinos species. Although there still exists the obvious way out of having
new fermion generations with heavy neutrinos, we think that these options
are too awkward and do not merit further studies. Instead, what we have in
mind in tackling this problem are general frames discussing new physics be-
yond the SM which leads to new quarks and/or leptons classified in the usual
chiral way with iso-doublets and iso—singlets for different chiralities. Situ-
ations of this kind may be encountered in grand unified schemes where the
ordinary fifteen Weyl spinors of each fermionic generation are only part of
larger representations or where new fermions (possibly also mirror fermions)
are requested by the group or manifold structure of the schemes. Chiral
fermions with heavy static masses may also provide a first approximation
of virtual effects in techicolor-like schemes when the dynamical behaviour
of technifermion self-energies are neglected.  Although such effects have
been extensively investigated in the literature [1}], our presentation focuses
mainly on two aspects, which have only been partially touched in the pre-
vious analyses: the use of effective Lagrangians for a model-independent
treatment of the problem and a discussion of the validity of this approach
in comparison with the computation in the full-fledged theory.

While separate tests can be set up for each different extension of the
SM, there may be some advantage in realizing this analysis in a model inde-
pendent framework. The natural theoretical tool of this approach is to use
an effective electroweak Lagrangian where, relaxing the renormalizability
requirement, all SU(2)r® U(1)y invariant operators up to a given dimen-
sion are present with unknown coefficients, which will eventually determined
from the experiments (Section 2). Each different model possesses a unique
set of coefficients and the effective Lagrangian thus becomes a useful way
to discuss and compare several SM extensions. The introduction of the well
known S, T and U [2] or ¢; [3] variables was much in the same spirit and the
use of an effective Lagrangian represents in a sense the natural extension of
these approaches.
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From the latest available ¢; values [4] we derive (Section 3) the actual
bounds on new chiral doublets, comparing the computations in the effective
Lagrangians approximation and in the full one-loop theory. We find sizeable
deviations only for fermion masses very close to the Mz /2 threshold.

These bounds also put severe constraints on the trilinear gauge cou-
plings sector, making non-trivial the question if some effects from this kind
of new physics can be seen at the next colliders (LEP2 and NLC). We cal-
culate, again in the effective and the full theory, the deviations from the SM
ete™ — WTW~ differential cross-section due to an extra chiral fermion
doublet (Section 4). We find that for a wide range of new fermion masses
sizeable deviations from SM predictions are expected.

2. Effective Lagrangian approach

The use of an effective Lagrangian for electroweak physics was originally
advocated for the study of the large Higgs mass limit in the SM [5-7].
Subsequent contributions from chiral SU(2)f, doublets have been considered
in the degenerate case [8, 9], for small splitting [10] and in the case of infinite
splitting [11, 12]. In the present note we will deal with the general case of
arbitrary splitting among the fermions in the doublet [13, 14].

For completeness we consider here the standard list of SU(2);® U(1)y
CP conserving operators built out of the gauge vector bosons W, (i =

1,2,3), B, and the would be Goldstone bosons &' [6], and containing up to
four derivatives:

£0 = *Z{TI'(TV”)J
!
Ly =T By, TH(TWH)

1
Lo = i%BW Te(T[VH, VY))

L3 =g Tr(W,,[V* V")

Lg = [Tr(V“V,,)]z

Ls = [Te(V,VH)?

Le = Tr(V, V) Te(TVH#) Te(TVY)
L7 = Te(V,VH)[T(TV))?

g° ;
Lo = L(Te(TW,)?

Lo = & Te(TW,) THTIVH, V)
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L10 = [Tr(TV,) Te(TV,)]?
Ly1 = Tr((D,V#)?)
L1z = Tr(TD,D,V¥) Te(TVH)
1 i
L3 = E{Tr(va,,)}z
L14 =1 g e*P® To(W,,V,) Tr(TV,) . (1)

If we define the Goldstone boson contribution U = exp(i€ - #/v) (so that in
the unitary gauge U = 1), than:

T =Ur3Ut, V, = (D)UY, (2)
DU = 3,U ~ gW,U + ¢g'UB,, (3)

where Wm W,w and Bu, B,,,,, are respectively the matrices containing the
gauge fields and the corresponding field strengths defined by:

I 1 e — ¥ P 37 I 3 1
W, = 5 V-7, Way = 0, W, — 0, W, — g[W,,W,],
R 1 . . .
B, = 273”73, By, =0uBy, — 3,B, . (4)
Finally the covariant derivative acting on V), is given by:

DuVi = 0V, — gWu, V] (5)
The effective electroweak Lagrangian can be written as:

14
Logg=Lsm+ Y aili, (6)
=0
where Lgy is the “low—energy” SM Lagrangian, £; are the operators listed
in Eq. (1) and a; are the terms containing all the new physics contributions!.
These coefficients a; (¢ = 0,...,14) are determined by computing the
corresponding full one-loop contribution to a set of n—point gauge boson
functions (n = 2,3,4), in the limit of low external momenta, and by match-
ing the predictions of the full and effective theory. For example, the two-
point vector boson functions in the limit p? <« A%, (A generically represents
the mass of the new heavy particles running in the loop), can be expanded
around p? = 0:

Hf;-y (p) = g“"[]ij(pz) + (p#p¥ terms) (i, =0,1,2,3)
I35(p%) = Aij + PP Fii(0°) = Aij + P F35(0) + ... . (7)

! Here we do not need to include the Wess-Zumino term [11].
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The neglected terms are suppressed by increasing powers of p?/A?% and so
will do not appear in this effective Lagrangian approach. Denoting with M
and m the masses of the upper and lower weak isospin components, and with
r = m?/M? the square ratio, we obtain (in units of 1/1611?) the following
expressions:

g 3M? (1—r2+‘2rlogr)

% = 2 1—r

1
A = g P 15r% — %)+ 2(1~ 127 — 6r* = r%) logr] |

1 3 3
agzm[3(3—77‘+57‘2—7‘ ) +2(1=1%) logr]

1
& = gy B Tr=Tr %) 4 6r (1) logn)]

1 ‘

A= g B 0r+ 97T =50 43 (1407 logr]
= [-23 4 457 = 4517 + 239 — 12(1++°) logr] |
57 24(-1+41)3

1

¢ _ ___t 19 1r—817r2 42373

ad 24(—1—{-7')3[ 3+81r—81r°+237
_6(2—37-—3r2+2r3) logr],

a7 = —ag,

1 - 2 3
agzm[, —81r+81r2 —Tr¥46(1—67 —6r° +7°) logr]
af = —al.
ajp =0,

1
=3

1 2 3 .
= gy OO +67(1+7) logr]
a3 =20y,

q 3 [1 24 2rlog r] (8)

‘4T §(CT+ )2
for quarks, and:
al = %ag (i=0, 1=3,..14),
1

(l:ll :m[l—l5r+l5r2—rs—‘2(1+67‘2—7'3)10g7‘] y
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1
I _ 2 3 3
az—m[—l—3f‘+97’ - br ~2(l—r)logr] (9)

for leptons.

Indeed the use of an effective Lagrangian in precision tests has its own
limitations. One can ask how large M has to be in order to obtain a sensible
approximation from the truncation of the full one-loop result, and this we
shall consider in the next section.

3. Two point functions

For new chiral fermions which do not mix with the ordinary ones, all
the virtual effects measurable at LEP1 are described by operators bilinear
in the gauge vector bosons. We describe these effects in the effective (we
shall refer to this as the “static approximation”) as well in the full-fledged
theory.

3.1. Static approzimation

The coefficients a; of the effective Lagrangian Leg can be related to
measurable parameters. In particular, to make the connection with the full
set of LEP1 data, we can use the ¢; parameters defined by [3].

A recent analysis of the available data from LEP1, SLD, low—energy
neutrino scatterings and atomic parity violation experiments leads to the
following values [4]:

€1 =(3.6+1.5)-1072,
g2 = (=5.84+4.3)-1073,
€3 = (3.6+1.5)-1073. (10)

The theoretical expression of the £; can be written as sum of the SM
and new physics contributions:

gs =M 4 Agy. (11)

The &M were calculated by [3] as functions of the Higgs and top masses.
The new physics contributions Aeg; are model-dependent quantities, and
can be related to the effective parameters a; through the relations:

A£1 = 2&0 s
Aey = —g*(ag + a13)
Agg = —gz(al + [113) . (12)
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From Egs (8) and (9) one finds the following expressions:

3M?2 G [1—r242rlogr
Ag? = 3A¢el = — 13
51 81 8H2\/§ (1_7‘) } ) ( )
Gm?2
Acd =3Acl = — W
2 27 o2
y 5—27r+27r2—5r3+(3~—39r—9r2+37’3)10gr )
(1-r)
Gm?
Acl= —W 131 , 15
Gm?
Achk = — W (11 X 16

It is clear from Eqgs (12)-(16) that only Aej can have a contribution
proportional to M?2. However, as is well known, this term vanishes in the
limit of degenerate doublet (r — 1). Consequently the £1 analysis can
only put a limitation on the mass splitting between the two fermions in the
doublet, and do not give an “absolute” statement regarding the number
of possible extra doublets. In Fig. 1 we can see that for relatively light
masses (i.e., M = 200 GeV (dotted line)} a small splitting is still allowed
(0.5 < r < 1.5), while for heavier masses (i.e., M = 1000 GeV (full line)),
the doublet must be practically degenerate (0.91 < r < 1.08).

A M=200
S\ / 2¢

o
B
Z

i

8

L3 1S

10° g,
4

[ 5. M. (m= 175 GeV, my =100 GeV) |

0.5 1 2 25 3

1r=2111"€/!\"[2
Fig. 1. Predictions for ¢; from an additional heavy quark doublet for three different
masses (M = 200 GeV (dotted line), M = 500 GeV (dashed line) and M = 1000
GeV (full line). The 1o (dotted horizontal line) and 20 (full horizontal line) allowed
regions are also displayed. The value ¢;{r = 1) is the SM prediction for m; = 175
GeV and Mg = 100 GeV.
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The contributions from Aecy and Aez can have only r and log r depen-
dence. Also Aes vanishes for r = 1. Only Ass is non—zero in the r — 1
limit, and one finds:

Gm%,v
4112+/2

Thus, as can be noted from Fig. 2, even if we can not have stringent bounds

on the mass splitting from 3, we have however an “absolute” constraint

on the number of possible extra heavy fermions. We see that at least one
- quark doublet? (full line) is not completely ruled out.

Aed =3A¢l = ~1.3-1073. (17)

o my = 175 GeV, myg = 100 GeV

1 | 4
038315_ | /

20

] 1 2 3 4 5

Fig. 2. Comparison between the asymptotic (solid line) and full one-loop (with
mass M = 100 GeV (dashed lines) and M = 50 GeV (dotted lines)) computations
of e3 versus r = m?/M?, for an additional quark doublet. The SM contribution is
computed assuming m; = 175 GeV and myg = 100 GeV. The 20 allowed region is
also displayed (full horizontal lines).

3.2, Full ealculation

We are thus lead to consider the possibility of relatively light (but
obviously under production threshold) chiral fermions, both to check the
agreement with the present data, and to test the reliability of our effective
Lagrangian approach. If the additional fermions are not sufficiently heavy,
we do not expect that their one—loop effects are accurately reproduced by
the coefficients a; in Eqs (8) and (9). In this case we have to consider the

2 Also one complete extra generation or four extra lepton doublets are still
allowed. In fact the leptonic contribution in the » = 1 limit is just 1/3 of the
hadronic contribution.
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full dependence of the Green functions from the external momenta and not
just the first two terms of the p? expansion given in Eq. (7). We recall that
in this case the parameters ¢; are given by [15]:

x’.\&‘] = €1 — 65(mzz) s

Age = €9 — 52 €4 — &2 e5(m22) ,

Agg = 63(77222) + & €4 — c? 65(77122) , {18)
where we have kept in account the fact that in our case there are no ver-
tex or box corrections to four-fermion processes. The e; parameters® in
Eq. (18) expressed in terms of the unrenormalized vector—bosons vacuum
polarizations read as:

_ lzz(0) _ HOww/(0)

y _yz(m%)
e2 = My (0) — & [l 5(0) — 25¢ —*—nzz—"”— ~ 8 I, (m7)
cf__ o 2 Iz (p?
e3(p?) = 3 {SC (11}, (m%) - I 7(0)] + (&* - 5%) Lpz—l} .
ea = I (0) = I (m%) ,
es(p?) = My z(p*) - H5z(0), (19)
where
L yv (0?) = Hyy(mdyy) . : v
H{/V'(pz) = 2 P V. 3 V= (Alv Za W) (20)
(P? — myy)
with mww = mw. mzz = mz. Mz, = Ny, = 0 and the effective sine
_2:1_ [1 Hasm(p ) (21)
i 2 V4 \/_GFmZ

We introduce also (for later use) the quantities eg, Aa(p?), Ak(p?), Ap(p?)
and Arw:
e6 = Myw (miy) — Hww (0) .
Aa(p?) = I, (0) — 1Ty (5P).
Ak(p?) = —Téz—_—z’ (ex —eq) + 7}—,2‘ e3(p)
2 -5 %~ 3

Ap(p?) = e1 — es(p?),
é2 2 - 32
Arw=-Z ea+
<

o

€3 + 2 63(77122) + e4. (22)

3 The expressions for the quantities e;, in the case of an ordinary quark or lepton
doublet can be easily derived from the literature [16].



1636 S. RIGOLIN

If p = m% then Aa(p?), Ak(p?), Ap(p?) coincide with the corrections
Aa, Ak and Ap which characterize the electroweak observables at the Z
resonance?,

m =175 GeV, my =100 GeV

2 4 103 e 6 8 10

Fig. 3. Predictions for €1, €3 from an additional quark doublet. The lower (upper)
dashed line represents the case m (M) = 200 GeV, M (m) varying between 200
and 300 GeV, evaluated with L.;;. The lower (upper) full line corresponds to
m (M) = 50 GeV, M (m) varying between 50 and 170 GeV, evaluated with a
complete one-loop computation. The SM point corresponds to my; = 175 GeV and
my = 100 GeV. The upper (lower) ellipses is the 1o allowed region, obtained by a
fit of the high energy data which excludes (includes) the SLD measurement.

In Fig. 3 we illustrate our full one-loop result in the plane £; — ¢3.
The upper (lower) ellipse represents the 1o experimentally allowed region
obtained by combining all LEP1 (LEP14+SLD) data [4]. The full line plot
is obtained when one of the two masses in the doublet is fixed at 50 GeV,
and the other runs from 50 to 170 GeV. In this case we have two branches,
according to which mass (m or M) has been fixed. If at least one of the two
masses is small, this causes a substantial deviation from the asymptotic,
effective Lagrangian prediction. In particular, as was observed in [15], a
large negative contribution to both £; and e3 is now possible, due to a
formal divergence of IT,,(m%) — II}, ;(0) at the threshold which produces
a large and positive e5. Clearly, this behaviour can not be reproduced by
Lo, which, at the fourth order in derivatives, automatically sets e5 = 0.
The dashed lines show the predictions when both the masses are “heavy”.
Here we fix one of the two to 200 GeV and let the other vary from 200 to 300

4 The new parameter eg is added to the five defined in {15] by taking in account
the presence of the one-loop correction of the W’s external line in the ete™ —
W+ W~ process.
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GeV. As expected, it appears that only a small amount of splitting among
the doublet components is allowed. For the chosen value of my = 175 GeV
and mpyg = 100 GeV the SM prediction already lies outside the 1o allowed
region and additional positive contributions to £ tend to be disfavoured.
On the contrary, the positive contribution to £3, almost constant in the
chosen range of masses, is still tolerated.

A relevant question is then to ask when the asymptotic regime starts,
t.€., how close to Mz should the masses of the new quarks or leptons be
for observing deviations between the full and the effective expressions. A
detailed analysis shows that already for new fermion masses above 70 — 80
GeV the difference between the values of the £; obtained with the trun-
cated and full expression of II;;(p?) are as small as 1074, i.e., below the
present experimental level of accuracy. This is illustrated in Fig. 2 where the
asymptotic contribution of €3 (full line) and the full one-loop one (dashed
and dotted) are compared as a function of r.

Beyond the indirect precision tests, the possibility of having new
fermions carrying the usual SU(3)gx SU(2)rx U(l)y quantum numbers
can also be clearly bounded by the direct searches. Concerning the present
searches, from LEP1 we have the lower bound of Mz/2 ® which exists in-
dependently from any assumption on the decay modes of the new fermions
which couple to the Z boson. Much stronger limits on the new quark masses
can be inferred from the Tevatron results. However, as we know from the
search for the top quark, these latter bounds rely on assumptions concern-
ing the decay modes of the heavy quark. For instance, in the case of the top
search it was stressed that if a new decay channel to a b quark and a charged
Higgs boson were available, then one could not use the CDF bounds on my
[17] which were quoted in the years leading up to the actual discovery of
the top quark.

Now, it may be conceivable that the new physics related to the presence
of extra—fermions can also affect their possible decay channels making the
lightest of the new fermions unstable. Indeed, we stated in our assumption
that the new fermions do not essentially mix with the ordinary ones; hence
one has to invoke new physics if one wants to avoid the formation of stable
heavy mesons made out of the lightest stable new fermion and the ordinary
fermions of the SM. If the new fermions can decay within the detector, then
the bounds on their masses, coming from Tevatron data, must be discussed
in a model-dependent way and even the case of new quarks with masses
lighter than ms are not fully ruled out. If on the contrary the lightest
new quark is stable, then searches for exotic heavy mesons at CDF have
already ruled out the possibility of them being near the threshold AMz/2.

® Recent analysis [18] of data taken during the upgrade from LEP1 to LEP2
increase the lower bound for fermion masses from Mz /2 to ~ 60 GeV.
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The existence of a coloured particle with charge £1 is strictly constrained
to be heavier than 130 GeV from CDF searches [19]. Finally note that for
charged leptons the bounds coming from CDF are much less stringent and
a new stable charged lepton of mass of 60 — 70 GeV can not be ruled out.

4. Three point functions

If new physics beyond the SM were modeled by additional heavy chiral
fermions of the kind we have considered, then we could draw information on
the searches at future colliders of anomalous trilinear gauge boson couplings.

We define the kinematics of the WWV vertex (V stands for neutral
vector boson) as

V(Pa Ul) - W (Q5 U2) + VV+ (67 U3) ) (23)

where p, ¢, § are respectively the momenta of V, W—, W, and vy, va, v3 are
their polarization vectors. For simplicity we can demand that the produced
W’s are on—shell, so:

= =my, qu=§uvs=0. (24)

Using the definitions of [23], the general CP—conserving coupling of two on-
shell charged vector bosons with a neutral vector boson can be derived from
the following effective Lagrangian:

Lwwy _ v (WELWHEVY — WIVIW,,) + iny WY Ve
gwwv
/\V

+isE W] WEVYA 4 g¥erree (W 0, W) Vs (25)

Here V, stands for either the photon (V = #) or the Z field (V = Z),
W, is the field associated with the W=, W, = 3, W, — 0, W, V,, =
0,Vy — 0,V, and A is a mass scale parameter opportunely chosen. By
convention gww. = —e and gwwz = —e c/s.

In the momentum space the corresponding WWV vertex can be de-
composed as:

Vv
e = £ (0~ 0#0% — T ta - DM P + 1 %0 - P9

+ifd e*Pr (g — §)o . (26)
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All the form factors fiV are dimensionless functions of p%. From Eqs (25)
and (26) it is easy to recover the relations:

v v Pz

=5 +W/\V’

2=y,

13 =97 +Kv +Av,

/=95 (27)

Obviously we can add to the effective Lagrangian Lwwy higher dimen-
sion operators, replacing V), by BZ"VP (with n arbitrary integers), that will
contribute through p®™ terms to the right side of Eq. (27). So in general
we need only the four form factors of Eq. (26) to parametrize all the new
physics (CP-conserving) effects in the trilinear gauge vertex.

This description univocally defines the tree-level trilinear couplings.
At higher order one has to then declare exactly which contributions wants
to be include in the “form factors” definition. For example let K be a
renormalization dependent quantity. We can redefine the forms factors

FE= M aafy with AFY =M +6f) (1=1,2,3,5). (28)

Here ffM are the SM form factors and & fiV are the 1PI one-loop trilinear
contributions due to new physics virtual effects. The term K FSM depends
on the choice of the overall normalization of the trilinear vertex WWV,
usually denoted by gwwv. and on the renormalization scheme adopted.
Consequently the parameters AfiV include both two and three—point one—
loop contributions.

To avoid this kind of indetermination we prefer to define the trilin-
ear gauge couplings in the physical process of W pair production in ete”
annihilation,

e (ko) + et (k.d) - W (g, )+ WT(g, ). (29)
Following [23], the helicity amplitude for this process is:
M=V2 e M(O) & dFf, A(6), (30)

where ¢ = (=1)*Ac is a sign factor, Ac = 0 — 7, AN = A — X Jo =
max(|Ac],|A}]), © is the scattering angle of W™ with respect to ¢~ in
the ete™ c.m. frame and dfa,A/\ are angular functions depending on the
helicity of the initial and final states.
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After the inclusion of the one-loop corrections and the appropriate
counterterms, the reduced amplitude for the process at hand reads:

AN =H2
- \/§ 5Acr —1 52
= - : - o 1
M ] +"62 = QﬂCOS@ l:l 2 _ 2 Arw — eg (3 )
o|AN <1
MY = —B8ja001 [1 + Aa(p?)] [Ai%f + AA};]

~ Ao —
MZZﬂ Aco,—1 ]

2

p
i e o Sy
=2

2
x [1+Ap(p2)+c s

2 SM zZ
- Ak(p )] [4SY + aaZ]

v _ 80,1 52 SM 1 SM

v o__ ’ _ " _ M _ =

M= 252 3 [1 e — 32 Arw 66] [B’\A 1+ 5% -24 cos@CA’\
(32)

with 8 = (1 - élm%,v/pz)l/2 and Ap, Arw, Ak, Aa and eg defined in

Eq. (22). A%\’I, Bil{l and Cili\\/[ are the tree-level SM coefficients listed in
Table I, whereas AA;’- and AAZ. are the new fermion contributions ex-

pressed in terms of the 6P~inva,riant form factors according to the relations:
AAY L =AAY_=AfY,
AAYy = AA]_ = y(AF +BAS),
AAYy = AATL = (A - BASY),
Aa¥y = [+ BN v Ay +2aff ] (39)

TABLE 1

Standard Model coefficients expressed in terms of ¥2 = p?/4mi, .

AA AN BY X
o, —— 1 1 1/+°
+0, 0— 2y 2 200+ 3 /v
0+, =0 2y 2~ 201 = 8)/v

00 2v%+1 272 2/+*
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Our definition of the one-loop form factors consists in taking KX =
—ITyw (m¥,) in Eq. (28), and consequentially AfY =6fY — Iy (mdy)
XfiSM. Therefore AfiV includes both the three—points one—loop corrections
to the vertex WWV and the wave—function renormalization of the external
W legs, taken on the mass—shell. This makes the terms Afz-V finite®.

Finally, it’s worth making some comments about the unitarity con-
straints. In the high energy limit, the individual SM amplitudes from pho-
ton, Z and v exchange are proportional to v2 when both the W’s are longi-
tudinally polarized (LL), and proportional to v when one W is longitudinal
and the other is transverse (TL). The cancellation of the 4% and 7 terms in
the overall amplitude is guaranteed by the tree—level, asymptotic relation
4%‘4 = Bf\%‘d When one-loop contributions are included, one has new

terms proportional to v% and ¥ (see AAZ;\ and AAf; in Eq. (33)) and the
cancellation of those terms in the high energy limit entails relations among
oblique and vertex corrections. For instance, if one omits the gauge boson
self-energies such a cancellation does not occur any longer and the resulting
amplitudes violate the requirement of perturbative unitarity. These prop-
erties show us the relevance of considering both the bilinear and trilinear
contributions in the results of Eq. {32).

On the other hand, one of the possibilities to have appreciable deviations
in the cross—section is to delay the behaviour required by unitarity. This
may happen if in the energy window mwy < \/]_97 < 2M (M denotes the
mass of the new particles) the above cancellation is less efficient and terms
proportional to positive powers of -y survive in the total amplitude [24]. If v
is sufficiently large then a sizeable deviation from the SM prediction is not
unconceivable. It is useful to introduce the quantity

( do ~( do )SM

dcos@ ] 4p dcosO ) 4p
do SM
((ZCOSQ)AB

|M|? (34)

ARyB =

with
do 3
dcos© ~ 32 1T p?

representing the relative deviation from SM due to new physics effects in
the different helicity channels AB = LL, TL, TT, tot.

 Other choice, for making the form factors finite, is the one used by [24] where
AfY =5fY — in W 2 (Mm% ) fSM. Evidently this choice is not consistent with
our Eqgs (31)-(32) because of the different convention for K.
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4.1. Static approzimation

In the limit m%v & p? € M? we can chose A2 = M? and neglect
the term Ay /A2 in Eq. (25). From the effective Lagrangian of Eqs (6)—(9)
the anomalous trilinear couplings can be expressed as combinations of the
coefficients a; and the renormalization dependent quantity KV:

Aff =Aff =K7,

Af37=—92(01 —az+az —ag+ag) +2K7,
A£Z _ 92 ~Z
Afl ___2a3+k‘ ’

¢

52
Aff =g [C_z(al + @13 — az2) — a3 +ag —ag + alS] +2K7,
z_49°
In the static approximation KV = —H’(m%v) = 0, and so Afiv = (SfiV.

Obviously other conventions, which give different expressions for the form
factors, are possible. For example putting

2

1
KZ = 2z | + i—z(tll + (113)] and K7=0 (36)

we obtain the relations found by [10].

These formulae can readily be evaluated by substituting in Eq. (35) the
explicit expressions of the coefficients «; given in Eqs (8)—(9). If we restrict
our analysis in particular to the case of a degenerate quark doublet” we find
very small values for the form factors:

Afy =6 =0,

Afd = _461;1??/‘15 ~ 131073,

Aflz:—% ;15“’—1-7'10"3’

AFE = —'57";3"5 lfciz‘—z ~=3.1-107%,

Aff=0. (37)

7 Remember that for a leptonic doublet the contributions in the r = 1 limit are
exactly 1/3 of the hadronic ones.
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The analytical expression for ARy, for cos© not closed to 1, reads®:

2 U
[ 2 4 26 2
ARpL = —— 4% = 22" p (38)
LL = 16117 16112
LL ; '
0.0s - V8= 200Gev &/ U e =300 Gt
o8 =800 Ge |
. . Vs =500 Gev o e w1000 Ge¥
002 - -
06 -
[ 0.4
. 02 |
BY, 7 JE—
m=600 Cov
. o - H
~0.04 1000 Gev 4
-0.2
EE O P e B S U IO GUP I
-1 -0.75 ~0.5 -0.25 © 025 05 075 1 -1 -075 -05 -025 © 025 05 075 1
cos? cosd
) }: 1
s CLL L ve=2000ev |
/i
/ .
o S on - i = 300 Gev
e i T ! © m, = 1000 GeV e 8 = 1000 GeV
06 - 06 - .
AR . i AR : —
0.4 04 -
0.2 0.2
. w's = 1000 Gev — e AW EO0 CaY e e e et s
g - L o 1000 Cev o L — T T T T N
-02 - -0.2
P SO N U O PSP ST
-1 ~0.75 =05 -025 O 025 05 075 1 -1 -0.7% -05 -025 0 025 05 075 1
cos ¥

cos ¢
Fig. 4. Relative deviations in the differential cross section due to heavy fermion
contributions (LL channel) for different c.m. energies and different masses.

Hence the deviation from the SM grows as p?, but this does not disagree
with the unitarity requirement because we are in the static region. Even if
this is an oversimplified formula we still obtain a realistic indication of the

dimension of the effects which we are considering. Putting 1/p? = 500 GeV

& Only in this region can we safely neglect the contributions from the Cf’%’l terms,

which Table I shows are of the order 1/v or 1/42.

12 — Acta Physica...
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in Eq. (38) one finds ARy, ~ 0.10, which is very close to the exact value of
Fig. 4, the latter being calculated at the same energy with M = 1000 GeV
in the region cos® < 1. A similar 4% dependence can also be derived for
ARy, while the deviations from the SM values for ARpt are of the order
v, because neither the SM nor new physics contributions have dependence
on positive powers of v (see Table I and Eq. (33)).

4.2. Full calculation

The results obtained in the previous sub—section, whenever sugges-
tive, are not completely satisfactory for essentially two reasons. Firstly,
we learned that in some regions of the phase space (i.e., near the produc-
tion threshold) the effective Lagrangian becomes unreliable and effects of
the order of p?/M? can not be neglected. Secondly, the approximations
behind the derivation of Eq. (38) are not applicable in two very important
regions:

o for 1/p? = 1000 GeV (NLC) where the mass of the extra virtual fermion
and the energy of the collider can be of the same order?,

o for \/p? = 200 GeV (LEP2) where mp is no longer negligible with
respect to the c.m. energy.

So we are lead to analyse the full one—loop calculation.

The general expressions for the form factors and for AR are rather
complicate. It is possible to derive simpler expressions only in the limit
m%v & M? | p? where, for example, the quantity ARpy, evaluated at
cos@ < 1, reads

2a7 2 2
g“Nc 4M 2 4M
ARy, = 16012 32 4v* . F e (39)

with the function F(z) given by:

F(z)=|1-+va -1 arctan

\/;TJ . (40)

For p? > M?, F grows only logarithmically and unitarity is respected.
When M?2 > p%, F ~ p%/12M? and we obtain again the result of Eq. (38).
In the range of energies my < \/17 < 2M ARy, is of order GpM?2.

The complete results are plotted in Fig. 4 for the case of a heavy degen-
erate quark doublet. We show the relative deviation ARy, as a function of

® The stability of the Higgs potential puts an upper bound on the chiral fermion
mass (M < 1.3 TeV, see, for example, [11]).
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cos©@ at \/1—77 = 200, 500, 1000 GeV for several values of fermion masses.
At LEP2 energies (top-left graphic) the deviations in the LL channel are of
the order of 1 per cent for both relatively light and heavy fermions. Only
when one considers particles very close to the production threshold, can
deviations of some per cent be achieved. In any case this is well below the
LEP2 observability level, because the number of events in the LL (or even
the TL ) channel will be very small at the foreseen luminosity. On the other
hand in the TT channel, where the number of events will be “adequate”, the
deviations expected are not enhanced by the v factor and stay at the order
of 0.1 per cent. More interesting is the situation at the higher energies of
NLC (top-right and bottom—left graphics). Unitarity delay in the LL (LT)
channels, due to the v enhancement factor, gives deviations from the SM of
the order 10-50 per cent for a wide range of new particle masses [24]. The
effects at \/17_2 = 1000 GeV soon become very large, and reach the limit of
the validity of the perturbation expansion. A similar behaviour is also ex-
hibited in the TL channel. In the TT and tot channels this effect essentially
disappears for cos @ ~ 1, where bigger is the number of expected events.
This makes it clear that for the observation of the effect under discussion
good identification of the W polarization is essential. In the bottom-right
graphic of Fig. 4 we display the energy dependence of the effect for a fixed
mass M = 1000 GeV. Also if the differential cross section in the LL chan-
nel is two orders below the TT one, with the energies and the luminosity
promised by NLC these effects will be easily seen, as it is showed in Fig. 5.

Here we plot the number of events per bin at \/p—2 = 1000 GeV for
channel LL, taking M = 600 GeV and assuming a luminosity of 100 fb=1.
The error bars refer to the statistical error, the full line denote the SM
expectations and the dotted line is the prediction for one extra heavy chiral
fermion doublet. We notice a clear signal, fully consistent with present
experimental bounds.

Finally we would like to mention that this behaviour is typical only for
heavy chiral fermions. We checked explicitly that, in the case of vector-like
fermions (i.e., like those found in the MSSM), no unitarity delay takes place
at high energies ( \/p? = 500 GeV or greater). The deviations AR remain
under the per cent level, making questionable the possibility of observing
such effects in the next generation ete™ colliders [27].
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Fig. 5. Number of events predicted from the SM (full line) at energy /p? = 1000
GeV and luminosity L = 100 fb~! for one extra doublet of a heavy chiral fermion
(dotted line) of mass M = 600 GeV. The expected statistical errors are also shown.

5. Conclusion

To conclude, we discussed the impact of the presence of new sequential
fermions. We showed that the present data still allow the presence of new
quark and/or lepton doublets with masses greater than Mz/2 if they are
nearly degenerate. The description obtained from the effective Lagrangian
of Eq. (6) is rather satisfactory. Only for new fermions with masses very
close to the threshold Mz/2 one finds drastic departures of the effective
Lagrangian result from the full one-loop radiative corrections obtained in
the SM. However, the presence of new fermions carrying the usual SU(3)¢ %
SU(2)px U{l)y quantum numbers with masses as low as 60 — 80 GeV is
severely limited both by accelerator results and cosmological constraints.
The presence of heavier chiral fermions (M > 200 GeV), still allowed if
degenerate, can produce a huge effect at the energies provided by NLC. The
reason rely in a sort of fine tuning between the unitarity delay (p? < 4M?)
and the kinematic enhancement felt in the LL and LT channels. Deviations
from the SM are of the order of 10-50 per cent for a wide range of new
particles masses. These effects would seem to be easily measured at the
NLC luminosity.
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