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We calculate, using a Z-peak subtracted representation of four-fermion processes previously
illustrated for the case of electron-positron annihilation into charged lepton-antilepton pairs, the
corresponding expressions of the new physics contributions for the case of final quark-antiquark
states, allowing the possibility of both universal and nonuniversal effects. We show that, in each
case, the main result obtained for the final lepton channel can be generalized, so that every exper-
imentally measurable quantity can be expressed in terms of input parameters measured on the Z
resonance, of a(0) and of a small number of subtracted one loop expressions. Some examples of
models are considered for several c.m. energy values, showing that remarkable simplifications are
often introduced by our approach. In particular, for the case of a dimension-six Lagrangian with
anomalous gauge couplings, the same reduced number of parameters that would affect the observ-
ables of final leptonic states are essentially retained when one moves to final hadronic states. This
leads to great simplifications in the elaboration of constraints and, as a gratifying by-product, to
the possibility of making the signal from these models clearly distinguishable from those from other
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(both universal and nonuniversal) competitors,

PACS number(s): 14.70.Hp, 12.15.Lk, 12.60.—i

I. INTRODUCTION

At the end of this year, the CERN ete™ collider LEP
1 will have made its last run. Although the SLAC Linear
Collider (SLC) will keep performing for a few more years,
with some (potentially, extremely interesting) longitudi-
nal polarization asymmetries [1] still to be investigated,
one can conclude that the high precision standard model
{SM) test program, based on measurements of electron-
positron annihilation into fermions on top of the Z res-
onance, has essentially been concluded. No deviations
from the SM prediction were found (with the only pos-
sible remarkable exception of the partial Z decay width
into bb) [2-4] at the achieved precision level of few per
mill, and for a large set of experimental variables (par-
tial and total Z widths and asymmetries) that have been
extremely carefully analyzed in these years. Stated oth-
erwise, and keeping in mind the previous remark, no vir-
tual effects of new physics have become evident from the
several measurements at the few per mill level performed
in the considered four-fermion process at -‘/_ Mg
[¢® = (P.+ P.)?]. Thus the only information achieved on
several candidate models comes from a number of bounds
that can be, depending on the case, drastic {e.g., for most
common technicolor models [5]) or extremely mild (e.g.,
for the simplest supersymmetric extension [minimal su-
persymmetric SM (MSSM} [6]] of the SM).

Technicolor and supersymmetry are not the only alter-
natives to the SM whose virtual effects have been tested
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by LEP 1 and SLC. In particular, signals of models with
ancmalous gauge couplings [7] have been also searched for
and the negative results have led to some corresponding
bounds. But in this case the obtained results are some-
how less clean [8}. Leaving aside a number of technical
points, one difficulty for these models is also related to
the number of involved parameters, essentially too large,
even in the presence of the considerable number of LEP
1, SLC high precision measurements.

In a near future, electron-positron annihilation at
V4% ~ 2My (LEP 2) and (perhaps in the “not too near”
future) at 4/¢% = 500 GeV [Next Linear Collider (NLC)]
will be measured. For obvious reasons, the relative ac-
curacy of the various measurements will be worse than
at LEP 1, SLC, moving from the few per mill to the few
percent level. For final fermion-antifermion state it is
also likely that the number of measurable experimental
variables will decrease. This might lead to the conclusion
that the search of virtual effects of new physics in these
future processes will be, least to say, tough for a number
of potentially interesting models, in particular for those
whose effect on top of Z resonance are described by a
large number of parameters.

In a previous paper [9], we have tried to propose a solu-
tion to this problem for the case of final (charged) lepton-
antilepton states. Our starting point was the (known)
fact that a theoretical analysis of virtual one loop ef-
fects can be eased by a proper choice of the “input” pa-
rameters. For instance, for the description of physics of
electron-positron en Z resonance, the introduction of the
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Fermi constant G, to replace My is quite useful. But
for a theoretical descnptlon of electron-positron annihila-
tion at higher energies, we showed in [9] that G, does not

seem to be the best choice if an investigation of models of

new physics is the theoretical goal. In particular, a self-
contained representation of final lepton-antilepton states
can be given where G, is “traded” and the new input pa-
rameters are the Z leptonic width I'; and the “effective”
§2¢(M2) measured by LEP 1 and SL.C. Once these quan-
tities [together with the physical electric charge aqep(0)]
are introduced, the rest of the representation only con-
tains three subtracted quantities {called Aq, R, and V
in Ref. [9]) whose theoretical properties for what con-
cerns the effects of a number of models of new physics
appear undeniably, least to say, interesting, in the sense
that their actual calculation furns out to be generally
much easier [this is stmply due to the fact that a number
of model’s parameters, whose theoretical features might
be less pleasant, are often “reabsorbed” in the new Z-
peak inputs I't and sZ;(M3)]. We also showed in Ref. [9]
that, at the realistic expected experimental conditions of
future et e~ colliders, the loss of theoretical accuracy in-
troduced by this “G,, trading” does not produce any ob-
servable effect. We concluded that the proposed “Z-peak
subtracted” representation was a good approach to inves-
tigate new-physics effects in the final lepton-antilepton
channel.

The aim of this paper is that of showing that the same
method, with identical conclusions, can be generalized to
the case of final quark-antiquark states. The new input
parameters will be now those hadronic quantities that are
measured on Z resorance [hadronic widths and asymme-
tries, plus the strong coupling a,(Mz)]. Again, the use
of these inputs will allow us to express the remaining one
loop theoretical expression in terms of subtracted quan-
tities, that will be the three wniversal corrections Aa,
R, and V already met for the leptonic case and new,
nonuniversal terms whose theoretical expression will be
given for a number of potentially interesting experimen-
tal quantities. This will be done in full detail in Sec. II. In
the following sections, we shall try to show that the same
remarkable features exhibited by our representation for
final leptonic states survive when one moves to hadronic
states, With this aim, we shall consider in Sec. III an
example of “universal” effects of a model with anoma-
lous gauge couplings, showing that our method would
help to solve the problem of “parameters excess” for this
case. We shall also illustrate how the possible experi-
mental visible signatures of this model would differ from
those of another universal model of technicolor type. In
Sec. IV, we shall consider the example of “nonuniversal”
effects of a2 model with one extra Z of the most general
nature, and show that it can be formally treated as a spe-
cial case of our approach. We shall compare the effects
of these models on a number of observables and show
that it is possible to select a special set of three mea-
surements that, in case a certain “signal” were observed,
would be able to indicate to which of the models it did
belong, In Sec. V a final discussion will show that for
all the new input parameters, the already available LEP
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1, SLC accuracy is sufficient to avoid the generation of
sensible uncertainties in the theoretical predictions at the
expected future experimental conditions. This will then
conclude our work.

I1. DERIVATION OF THE THEORETICAL
EXPRESSIONS

A. General case

The relevant quantity in our description will he
the scattering amplitude for the four-fermion process

ete™ — ff at variable c.m. energy \/(? A very conve-
nient way of writing it at the considered one loop level
has been shown in Ref. [9] for the simplified case f = I,
In this more general paper we shall begin therefore by
rewriting the needed expression, that reads

‘AE;) (q2’ 9) = A'[T’f(l)(qz, 9) + A!Zf(l) (q2, 0) + “QED“
+4QCD” (1)

with the photon exchange term

AN (,0 = 40,0 - FN 0], ()

tegth
iQ Q‘fvry wt i eyiug
(3)
(Qu.5 being the fermion charges in units of |e|) and the
Z exchange term

' i
A?f(o) (¢,0) = EE”S)”MM

. @£
Z(1), 2 i 9\ |;_ Az (¢°,0)
A (q )6) M (460) l: q _M2 Iry
X(gw ~ VgDt (gl) — 195y
(4)
where
a7 =9 - ZSICIQlﬁég)(qzas) 5 (5)
gt = a¥) — 201010, FFD (%, 0) ®)

with s2 = 1 — ¢ and s?c? = TR

Note that in the above equa.t‘zons bare couplings go =
eo/ s0; gm §= = 1% s gg?f = Pk ¥ —2Qy, 5% and the bare Z
mass Mz, are still confained.

The definition of the “generalized” one loop correc-
tions, that are gauge-invariant combinations of self-
energies, vertices, and boxes belonging to the indepen-
dent Lorventz structures of the process (for a full and
rigorous discussion about the choice of gauge-invariant
combinations, we defer to previous papers by Degrassi
and Sirlin [10], to whose conclusions and notations we
shall try to stick as much as possible here) is

(T (‘Y)) (1-\(“:') ('7})

= F..,(qz) .ul’vm PN
+45(4%,0) (7)

ﬁ":'f (qz’ 0)
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A4 (g%,0) =

: 4,7 (2,0)
EL0) =2

q2
Az(d®) & —Mz
- qu q2 (P.u.f’
(1)
B (¢,0) = ——q(f i
_ Avz(@®) _ f— M (r7), (@)
q2 q2 fren yl

Here F.,, Az, A,z are the conventional self-energies, for
which we shall follow the usual definition:

Ai(d) = 4:(0) + £ Fi(g?) (11)

[note that the physical Z mass Mz now appears in

Eqgs. (7)—(10)]. The quantities denoted as (I‘ﬂ ?), vf:z"fz))

are the “components” of the generalized [ {or f) vertex
along the photon, or Z, Lorentz structure. For instance,
we would write for the overall photon vertex correction
to a fermion f:

Fme = (I\('v) (’r)),u

z
Vs + (I\S})’ ( ))”nf ’ (12)

where

(}) = el fUsYuvys (13)

242 =

7 0 _ 5,00
Vuf = gogsq M0V =V Gas)vs (14)

In our approach we shall need, rather than the pre-
viously defined “generalized” corrections, the four “sub-
tracted” quantities defined as

ANa(g?,0) = FIN(0,0) - F{N(2,0),  (15)

RUN(g2, 0) = I8 (2,60) — I8P (M3, 0) (16)

vi(?0) = FiP20 - P wg,e),  an)

VED (g2, 0) = FED(¢,0) - BSD(ME,0),  (18)

where the “auxiliary” quantity Iz is defined as
(1 ! = (1
0, 0) = —‘W[ FED(a?,0) ~ F§D (M3,6)] .
(19)

In Eq. (1) the “pure QED” and the “pure QCD” com-
ponents can be tested separately and will not affect our

Az(®) — (¢* — MB(TD,o1%) + (T2,

2))
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oD + 57 (2,6)] 8)

(r uz»'”,ua) ( MZ)ATZIJ‘ ? 16) (9
— (2,0 {) - (¢ - MBAD) 5(4,0) (10)

research, which is only devoted to the investigation on
new electroweak physics effects to the one-loop perturba-
tive order.

After these (we hope not too long) introductory def-
initions, that we have given to make this paper as self-
contained as possible, we are now in a position to derive
our general expressions.

The simplest way to illustrate the philosophy of our
procedure is that of showing the standard final form of
the pure photonic contribution to the scattering ampli-
tude. Using the conventional definition of the physical
electric charge o = a({]) one immedia.tely realizes that

2
1= FD(G,0) = 51+ ADa(g, 6] (20)
showing the known fact tha.t the replacement of the bare
charge by the physical charge, measured et ¢ = 0, is
accompanied by the replacement of the “generalized”
correction F$)(¢?) with the “photon-peak” subtracted
quantity F3(g?) - Ei (o).

Our approach is based on a quite similar attitude for
what concerns the “pure 2" and the “Z — interference”
contributions. A typical quantity to be considered corre-
sponds, e.g., in our conventions to the term

igO 1 1— A(Z”) (q‘z’g) (21)
4c5 \ ¢* — M3, ¢ - Mz, |

Using the tree level identity

4c0 ‘/_G.u,oMz 0 (22)

one immediately realizes that the term Eq. (21) becomes
exactly

13
9 1 1 A (2,0
ﬁlc2 g — M%O ¢ — MZ,

V3G, M2 -
- M% +iMzT'z

(1)
3G | poAz (3,9)
G, M

~IgP (qz,e)} O (23)



33 UNIVERSAL AND NONUNIVERSAL NEW PHYSICS EFFECTS . .. 1293

{with the conventional definition of T'z}.

In Eq. (23) the physical input is represented by Mz
and G, with a certain “generalized” correction. Our
approach consists, essentially, in rewriting this term
(and other, similar, ones) by adding and subtracting
I(M 2,6). In the specific case of Eq. (23), this generates
the quantity
8G, . AY(0,6)

M2

“4Re - 7 (Mz,0) - 152, 0)

G
w1+

+I$0 (M3, 6)

= G+ ][ - RO G2, 0)) (24)

where R (g2, 6) is the “Z-peak” subtracted correction
defined by Eq. (16) and

egf)r-fl-i-[(r(z) (Z)) (F(Z) (Z))] (25)

F‘f’v#: #l v Ml

Here €, is the Altarelli-Barbieri parameter [11), directly
related to the partial Z width into leptons

I = (‘/_GWM ){1+e1]{1+ 2(M3), (26)

where
B =1 - 48 (M2) (27)

and s%(MZ) is the quantity measured at LEP 1 and
SLC. Although a few more steps are still required, one
can already understand the final goal of our approach,
i.e., that of “trading” G, for some physical Z partial
width, measured at Z peak. At the same time, this pro-
cedure will replace the “gencralized” corrections I gf )(q?)
[and, also, F‘ig (g%, 0)] with the “Z-peak subtracted”
quantities RUF(¢2,8), Vi (¢%,0), VD) (4%, 8) defined by
Egs. (16)-(18).

To fully understand the “replacement” mechanism, we
shall now write the complete one-loop expression of a
representative observable, chosen to be oi(g?), the cross
section for production of a final ff state. This can be
done rather easily if one writes the tree-level expression
of this quantity, that reads

fo)(q )=N ( 3 pe

4ar

(q —Mz)

0
xQiQy | V26 M3, .‘Jvz 9%/,)*
+2 ! (28)
g® dr - M3,

(N7 = 3 for quarks).

The corresponding expression at one loop is written immediately if one uses our starting Eq. (1) and makes the

simple and obvious replacements. One then easily derives

‘71(})(‘1 )__ 0'(7)(q )+O'(Z)( 2) +0_I(}YZ)(q2) + “QED” +

and finds, for the “pure” Z exchange term,

“QCD” (29)

2
2 2
(2) 2 4rg\ | V26, MG 1 @)
=(1 I v Q if
x [1 200 (g,0) — Bo1cy {1 v + 5] ,j'vz‘, (G )} , (30)
where vy, vy are defined as sHME) =si+ slclﬁ'gi)(Mﬁ) . (33)

vi,s =1—4|Qusls] (31)

and sj = 0.212 is defined after Eqs. (2) and (3).
We also define the quantity (not to be confused with
the one above) .

By =1 - 4Qy|sHM3) (32)

with

r 12
" the quantity [E‘z_]

From Eq. (30) one recovers the result of Ref. [9] when
f =1 Inthat case, vy = vy, €115 = €, Fyz = Fz, and in
the “leading” terms (G,)* has been exactly replaced by

(multiplied by a ¢ ﬂumber), while

in the correction the “Z-peak subtracted” quantities
R=R"and V=V, = Vf appear.
When | # f, a very 31m11ar situation can be repro-

duced. One only has to introduce the quantity
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ef? = e +2[(07), 02 -

This is evactly related to the partial width of Z into
ff by the expression [12]

Rl IR 7Y

Iy=N7 (%ﬂ—‘é) [+ i+ o3 ME)],  (39)

where

Mz

[a_rL
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a,,(M%) .

cD
NP 14 ~ (36)
The final observation is now the exact equality
2 = ¢y 4 I (37)

From this equality and from the previous formulas one
is then finally led to the relevant expression

3Ty
NyMz

z amg? 1) (o2
(f!(f)( %) =Nf( 3 ) (qz—M§)2+M§I‘ZZ [1 — 2R( f)(q )

_88161 { 1 :J_lv
1

Equation (38) is one of the main results of this paper.
It shows that the replacement of G, and the correspond-
ing introduction of “Z-peak subftracted” corrections, can
be continued to final hadronic states by introduction of
quantities that correspond to those encountered in the
leptonic case. Typically, 15 will contain I'; and I'y, as
one would have naively expected, and the strong cou-
pling as(M2) generated by Eq. (35), that only affects
the expression if [ # f and should not be considered as a
“QCD” correction in the notation of Eq. (1). Note that
only quantities that can be exactly defined and {in prin-
ciple) measured on Z resonance have been used to build
our “Z-peak modified Born approximation.”

- MZ

VP + Ve )H .

1+v (38)

4mg
o) = vy (F =) 2200 = e wasr

'v;'vf
SCERHRLCERE

Note that, besides I'; and I'y, this expression contains
the two parameters s7(M3) and s%(M3) (or 4 and y)
defined in Egs. (27), (32), (33), that are now not re-
absorbed into I';,I'y as in the previous pure Z” term.
This does not represent a problem since s7(MZ) is the
quantity measured at LEP 1, SLC. The remaining pa-
rameter s%(M3) is also related to measured {or measur-
able) quantities at Z peak, more precisely to forward-
backward unpolarized asymmetries for b and ¢ {already
given by LEP 1} and also, more directly, to the polarized
forward-backward asymmetries for b and c, called A, in
the original proposal [1], to be measured at SLC in the
near future [13]. In particular, in terms of A . we would
have

The procedure that we have illustrated can now be
repeated for the remaining components of o715 (as well as
for the other observables). In fact, there is no need of any

trick for the “pure 4" component, that remains given by
the expression

oD (¢ = Ny ("“‘”q ) Q22240 (") 1+ 28 a(g?)]

(39)

The “y — Z” interference can be treated in a straight-
forward way. To avoid writing too many formulas, we
only give here the relevant final expression, that can be
easily derived using the previously illustrated procedure:

0,2 [ s, 1
Mz NiMz

[1 +AMa(g%) - R4 (%) - 45101 {;}Vifé"(f) + ey ’(qz)}] . (40)
1 f
1
20,0
App = =00
b, 1 +U§,c (41)

[the unpolarized asymmetries are essentially given by
the product of Eq. (41) with the corresponding leptonic
quantity that contains s? (MZ)]. In conclusion, also in the
case of o7%, the new complete “Born™ expression can be
given in terms of quantities measured on Z resonance.
As we shall show in the final discussion, this will never
introduce a relevant “input” uncertainty in the obtained
predictions.

To conclude this general part of Sec. II, we still need
the derivation of the quantity that appears in the numer-
ator of an unpolarized forward-backward asymmetry. We
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shall write this observable in the following way:
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level it is immediate to derive, without introducing any
other prescription or definition, the final relevant expres-

30 2 .
s, sle") = 25t (L) () clom
z z
| ornif(¢%) = ohais(6) Y ofis(®) ,  (43)
where ¢;5 has been previously defined. From the expres-
sion (that we do not write explicitly) of oppy at tree  where
1
ar 30y
O'(Z) (qz) - N 411'q2 [H;] [Nsz]
FB,1f F\73 (g2 — M3)? + M3TS
455 . 1oan 2y, 1@l un, 2
— T |11 -2RU (g%~ 4 —V —V, 44
X (1“%_5!2)(1 ‘["6?‘) [ (q ) Sj_c]_ {'U]_ .'TZ (q )+ 'Uf Z'y (q ) ( )
and
(+2) drg? 9 - M2
oS0 =y () 2200 e S apr
3T, 12 3r; 1/2 1
it i A(lf} 2y If . 45
* [Mz] NeMg| (14 93)V2(1 + 53 1/2[ + a4 el(g) (@) (45)

Eqnations (44) and (45} conclude our general technical
introduction. We shall now consider in the next subsec-
tion IIB the explicit cases of experimental observables
that will, or should, be measured in the very near future
at LEP 2 and, possibly, in a not too near future at NLC.

B. Application to specific observables

To begin our analysis, we consider the simplest case
that might realistically occur, i.e., that of the measure-
ment of the cross section for bb production, oy. Actually,
we should rather consider the (experimentally more accu-
rate) ratio Ry = on/op. Since the theoretical expression
of oy has been already given in Ref. [9], we shall limit
ourselves to deriving and discussing in detail the full ex-
pression of the numerator. Then in Secs. III and VI we
shall rather use the ratio, whose expression can be easily
derived.

When writing the full expression of oy, as well as that
of the next considered observables, it will be very useful
to separate the “universal” contributions of new physics
from the “nonuniversal” ones, that depend on properties
of the final state that are different from the correspond-
ing ones for leptons {e.g., specific non-SM couplings, or
masses). Clearly, the full set of self-energies contribu-
tions will belong to the first universal class, while boxes

will generally produce nonuniversal effects. For vertices, -

one can have both cases, as we shall show in the next
sections.
After these premises, we can now write the complete
expression
Z zZ
=G'(;Y)(q )+al )(q2)+0.(7 )( )’

0'",(92) (46)

where the three components are given by Eqgs. (39), (44),
(45) and, following our previous discussion, we shall ex-
press the subtracted corrections in the form

AP G(¢?) = Aa(g?) + AP a(g?) (47)
RN (g?) = R(¢*) + SR (¢?) , (48)
ViP(eY) = V(e®) + 6V () (49)
Vé‘j&f) = V(g®) +6ViD(¢Y) (50)

* where the quantities without indices are the universal

ones that would appear in the case of final leptonic states
treated in [9] and

SA®a(g?) = (T(0),95)) - T30, 257)

—[(@)ME), ) - @ (3), 00

+A8) (%, 60) — 450 (@, 9)

il

(51)

BRI (%) = Re{ (T (¢, () = (T2, 07)
Z
—[(r;i‘tM.%) o7 — (2 (ME), 05N
+ATHE 0 ~ AT (2. 0) (52)



1296 F. M. RENARD AND C. VERZEGNASSI 53

zRe[(I‘("')(qz) (Z))
(F"”(qz) o)
+(q —Mz)Re[Ang)u(q »9)
-4 w0 (53)

5V, (¢°) =

sV (@) = Re{ (P (%), v]) — @2 (g®),v{))
—[(r(z’(M ), ‘”’)- (@2 (M3), 9]

+(a® — MZ)AS) (a5, 0) — AS) (a2, 00} -
(54)

Note that by definition 415}(0,6) and
tically vanish.

The previous expressions and definitions can be eas-
ily generalized to the case of the full final hadronic cross
section, whose experimental measurement will be statis-

AL (M2, 8) iden-

05(%) = omaal(e?) = 0$(¢?) + o (@) + 0P (¢

(55)

(4?2) (11:;}0)) [1+5§v)‘], (56)

Sgy) — 2A(ll)a(q2) + gﬁ(’“)a(qz) + f_lﬁ(td)a(qz)

where

oig*) = N

9 .
+17AMa(d?) (57)

where following the attitude explained at the beginning

of Sec. ITA, we set N = 3. For the next term aéz) we
find, after a number of elementary steps

(22 = N 47“1 [%] [Nil;‘h] 1 5(2]
o5 (%) = (q? —Mz)z-i-Mze[ +

tically favored. After some additions and recombinations (58)
we are led to a first general expression that would read where I's = I'paq and
]
5_,(,2) = —2R(¢%) - 431c1p5V(q2)
21" 8s1c1v 163 cLv
(lu) 161V1 (lu); 2 1€1Uy (Iu)
ZFd 83101'01 id 83101%1 Id
25R(Id) 2 51;/( ) 2 5 ( )
T 8s1c1v 8s101v
25 RUPY (42 # bl 2 _11_'5__ (1b)
Ps[ @)+ Sy ) SV (59)
with
- v 41-'1,, Un Zl_‘d Vd Pb Vb
p5_1+vf+31“5 (1+u3)+31“5 (1+v§;)+3r5(1+v§) ’ (60)

From a glance at Eq. (59), one might have the impression that both in the “universal” and in the “nonuniversal”
component of the corrections a number of unwanted (i.e., not directly measured on Z resonance) ratios I';/T's appear.
But this is not a problem at the considered one-loop level since these terms are already multiplied by order ().
Therefore, they must be consistently replaced by expressions that only involve the quantity s? entering Eq. (33) (note

that eJ7 can be neglected for the same reasons). As a consequence we can write, in Eq. (59),
| [PV _ 1+v2 (61)
Ts  2(1+v2)+3(1+0%)°
Taep 1+ ’03 (62)

Ty 2(1+v2)+3(1+03)

The same considerations and simplifications strictly valid at one loop can be repeated for the interference cormponent.
After some straightforward rearrangements, this leads to the expression

1/2 p
12y 2y _ [ LN 2 - M 30 . z)
AN =N (% )50 e Lo i) e emmt e, (%)
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592 = Aa(g®) — R — 4s1c,pLV

4 3Nu1"u 1/2 UV A (w) 2 ()2 431(:1 (lu}, 2 85161 (lu), 2
— — §RUM) (g?) - %5y - sy,
o5 (M) g et - s - @)= 50, Ve (@)
2 [3NJLANYE g Alid) o2 45101 oo (1) 4511 o (ld)
= A — §RUd g2y _ Z21% 5y 2y _ 251C 5yr 2
+25 ( Mz ) (1+v3)1/2 ’ Aq) =9 @) vy 2 @) 3vg  ZY (@)
1 (SND\? AUB) ¢ 2 by 2y _ 81C1 by 9y 48181 (o o(8), o
L ~ - By - 35y : 64
v (55) s [Aa) - sr @) - By Sy o] ey
with
5 g (3D 6, 4 o ((3Nala @z g, L (30D 5 (65)
T\ My (1+32)172 Mz (1+33)172 "\ Mz dA+o)z’
1, 8 3N,T, 1/2+ 2 [3Niy 1/2+ 1 3T\ V2 (66)
B = o Tl r 2 E, \ My 31+ vD) /sy \ Mz 3(1+ v7) /25 \ Mg :
and N, g5 = 3.

Similarly to the case of Eqgs. (61), (62), the quantities 1‘}/ 2 /Zs can be safely evaluated in terms of s2 only. The
quantity X5 Eq. (65) requires a separate discussion, that will be given in the concluding remarks, to show that it can

be safely neglected (or approximated).

To conclude our review, we still have to consider the separation of the quantities Eqgs. (44), (45) that give the

numerator of the forward-backward asymmetry for bb production. This can be done in the way that we have illustrated

and leads to the expressions

2
ointe®) = N (55) 200104l

?

q* — M}

= M3+ MT)

y [31‘,]1/2[ 3T,

] "’ ((1 m 63)1/21(1 T 65)1/2)

Mz NyMz
x[1+ Aa(g®) — R(g?) +6AMa(g?) — R ()] , (67)
(3] [t

) e 471.9,2 46!5{;
oraw(e) =N ( 3 ) [(¢% — M2)% + M2T%) ((1 + 9F)(1 + "75))

X [1 —2R(¢%) — 48101 [vi + @] V(qz)

Vb

~25RO?) — dsvey { -8V ) + 1 Llov i) (qZ)}J . (68)
M Up .

Equations (67), (68) conclude this long section. We are
now in a position to calculate, using the leptonic formu-
las or Ref. [9], the contributions of new physics of both
universal and nonuniversal type to the full set on experi-
mental quantities that will be measured at LEP 2 and
NLC (without the extra facility of longitudinal initial
electron polarization in the latter case). In particular,
we shall consider on top of the leptonic observables pre-
viously considered in Ref. [9], i.e., o, App , and A, (the
final 7 polarization), the ratios

R5 = 'oi ) (69)

Tu

o
= — 70
Ry o, (70)
and Appp. The relevant expressions can be derived from
Sec. II and from Ref. {9]. We shall give them explicitly in
Secs. III and IV for two orthogonal situations of models
with universal and nonuniversal type of effects.

ITI. A MODEL WITH ANOMALOUS GAUGE
COUPLINGS

As a first example of application of our approach, we
shall consider the case of a model of new physics in which
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anomalous gauge couplings (AGC’s) [7] are generated by
an effective Lagrangian. Although the discussion could
be much more general, we shall first stick to the dimen-
sion six, C'P-conserving Lagrangian proposed by Hagi-
wara, Ishihara, Szalapski, and Zeppenfeld [8]. This con-
tains, in principle, eleven parameters of which nine would
affect the WWYV couplings. In particular, the most gen-
eral four fermion process at the one loop level would be
affected by four “renormalized” parameters denoted in
Ref. (8] as fpw, fppr Fau» and fpy for f # b If final
bb production is considered, one should, in principle, in-
clude the order (m?) contributions generated by fw, fz
that have been recently shown to appear in the partial
width of Z into bb [4].

The calculation of this type of effects has been already
performed for the purely leptonic case in Ref. {9]. The
main feature that appears is that only two independent
parameters, .., fhw, fpg survive in the full set of lep-
tonic observables. This is due to the fact that in the
contribution of the model to the subtracted corrections
Aa, R, and V the terms proportional to fg:, few, that
carry no sufficient powers of g2, are fully reabsorbed into

the subtraction constant, i.e., into the trading of G, by
Ty and s?(M2). This leads to

~ 2e? .
ARCOq(g?) = —¢* (F) (fow + fom) » (71)
RIAGCY (42 — (g2 — M2 292_ r 4 r 4
(¢°) = (g z) S22 A2 (fpwei + fpssi)
51

(72)

05 Ubwel + foash)
(73)

‘We now perform the same calculation for Ry, Ry, and
Argp. In principle, we might expect the appearance of
the extra parameters fw, fz in the expression of the fi-
nal b contribution. In fact, the rigorous expression for
Rg would read (neglecting numerically irrelevant contri-
butions)

SR{ASO)
Ry

2 2
Voo ) = - 13) (3

~ Ca(q2)A(AGC)Ot(q2)

+CR(q2)R(AGC) (q2) +Cv (qZ)V(AGC) (q2)
+C5(¢*)8Rg () (74)

and C,,Cg,Cy(g?)} are certain kinematical functions
whose numerical value at the “reference” points ¢ =

4M?2 (LEP 2) and ¢% = (500 GeV)? are
Co(4M32) = —0.77, C,4[(500 GeV)?] = —0.67, (75)
Cr(4M2) = —0.77, Cg[(500 GeV)®] = —0.67, (76)

Cy (4M3) = —0.81, Cy[(500 GeV)?} = —0.75. (77)
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The last term in Eq. (77) contains a kinematical coef-
ficient C} such that
Co(aM2) = —0.25, Cp[(500 GeV)?] =—-0.20 (78)
and a “nonuniversal’; contribution, typical of the final
Zbb couplings. In terms of parameters of the model,

one gets after a straightforward calculation whose main
points have been illustrated in a previous reference [4}:

2 2 2 2
(age) _ o (9° — Mz amy 81
snipe =2 (S5%) () (- 10%)

A2
x In (M__%-) .

In fact, in Ref. [4] a bound for a different combina-
tion of fw, fz was calculated, assuming that the still
conceivable small discrepancy between the experimental
values of I'y; at resonance and the SM prediction was
originated by this type of new physics. Irom that cal-
culation one sees however that, even pushing the bound
to the extreme value, we would not affect the relative Ry
shift by more than a fraction of a percent, hardly visi-
ble at realistic experimental conditions. For this reason,
and keeping in mind that the complete correction to Rj
contains in principle such nonuniversal terms, we have in
fact neglected them in the coming considerations. This
has the welcome consequence that another experimental
variable can be added to the previous leptonic set with-
out increasing the overall number of parameters to be
fitted, or bounded. More precisely, we would have now,
at LEP 2 energy

(79)

(SR(AGC) M2 . M2 .
;—5 = 1.87 (—ﬁ—) fow + 0.68 (T\?Z') fhe - (80)

The previous considerations can be exactly repeated
for Ry. Leaving aside a more general discussion, we would
find in this case in the configuration g% = 4M3:

s RgAGC)

——= —~1.13[A(AGO) o (¢?) + RIASO) (g?)]
b

~0.94V 8GO (¢2) _ 1 535 RV (¢?) . (81)

Again, the conceivable contribution from the nonuni-
versal term would be, at most, of a few (two-three)
relative percent, that should be realistically below the
observability limits. Neglecting again this contribution
would lead us to the approximate expression

AGC
L __s14( M2 fow —1.26 Mz for
Rb . A2 Dw b AZ DB

(82)

To conclude this illustration, we have calculated the
contribution to the forward-backward b asymmetry. This
quantity, unlike the two previous cases, does not receive
in practice appreciable contributions from the nonuni-
versal part, which is essentially of left-handed type. The
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rigorous expression at LEP 2 energies wounld therefore
read y

§ARCO) -
AFB,b = 0.40[A(AGC)Q(QZ} + R(AGC)(qZ)I
FB,b

—0.42VAGC) (g2 (83)

In conclusion, we have now at our disposal six experi-
mental variables (¢, Arp 4, Ar, Rs, Ry, and App ;) that
only depend on two parameters (and that, at most, would
contain one extra third combination of fu- and fg). This
represents, in our opinion, an interesting alternative to
the conventional analyses [8], where the full set of six
parameters should enter in the previous observables. In
fact a rigorous calculation, that fully takes into account
the effects of QED radiation, is at the moment being
performed and will be shown in a separate dedicated pa-
per. Here we can give a qualitative hint locking, e.g.,
at the particular effect on Ry, Eq. (64). In correspon-
dence to a typical couple of values that would still be
allowed [14] by the available low-energy constraints, i.e.,
fow = —1,fpp = 4, we would find a relative positive
shift of approximately six percent in Rs, that would lead
to a spectacular visible signal.

As a final byproduct of our approach, in which the
number of parameters for this specific model is drastically
reduced and in practice only two independent quantities
remain, we shall obtain the (pleasant) result that, for any
chosen triplet of observables, there will be a linear rela-
tionship between the separate effects that will correspond
to a plane in the three-dimensional space of the observ-

ables. Drawing these planes for various choices of vari-
ables is rather easy. Here we want to show two particu-
lar examples related to the choices of (¢, Arp ,, A-) and
(04, AFB,u, Rs) as “coordinate axes.” The corresponding
regions are shown in Figs. 1 and 2 in the simple approx-
imation that corresponds to ocur approximate equations
(2 more rigorous derivation, with a full QED convolu-
tion of effects, will be given, as we preannounced, in a
forthcoming paper). To make a meaningful statement,
we have shown in these figures the “dead” region where
a signal would not be distingunishable, corresponding to a
relative experimental error of 1.5 percent for the various
cross sections and forward-backward asymmetry and 15
percent for the 7 polarization (these values assume an
integrated luminosity of 500 pb~! at 1/¢% = 2My, and
correspond to a muon cross section of 4.4 pb). There-
fore, if a signal of new physics were seen in some of the
aforementioned observables, one would be able to decide
whether the signal belongs to the considered model, or
not. In fact, one might even hope to find a sort of one-
to-one correspondence between models and regions of a
certain three-dimensional space of observables.
Although we cannot prove this statement in general,
we have found an encouraging manifestation of this pos-
sibility considering the case of a technicolor-type model
with a couple of strong vector resonances. The full de-
tails of this model have been already discussed in two
previous references [15,9], and we shall not repeat them
here. The only thing that we will show are the character-
istic regions of the model, that is essentially describable
by two parameters. As one can see in Figs. 1 and 2 the

FIG. 1. Trajectories im the three-
dimensional space of relative departures from
8M for leptonic observables oy, Arg,., Ar at
a LEP 2 energy of 175 GeV for AGC models
and technicolor (T'C) models. The box rep-
resents the unobservable domain correspond-
ing to a relative accuracy of 1.5 percent for
&u, Arn,; and 15 percent for A..
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visible regions {where the size of the effect is larger than
that of the realistic experimental error [2]) of the AGC
and of the TC models are indeed well separated, and no
confusion between these two models would possibly arise.

Having illustrated, we hope in a clear way, the main
features of our approach for a specific type of (almost)
universal new physics effects, we shall devote the next
and last section to the discussion of a “typically” nonuni-
versal kind of effects, generated by the presence of one
extra (and of the most general type) Z.

1V. A MODEL WITH ONE GENERAL EXTRA Z

As a possibly rewarding unconventional application of
our method, we illustrate the treatment of a model where
one extra Z (generically denoted Z’), with the most gen-
eral type of vector and axial couplings to leptons and
quarks, is supposed to exist. All the popular “canoni-
cal” models (Eg, LR symmetry, composite models, ...)
will be then recovered by adjusting the couplings to the
corresponding values. '

RUNEZ) (%) =

F. M. RENARD AND C. VERZEGNASSI

0.0%

-4 0.025

FIG. 2. Trajectories in the three-
dimensional space of relative departures from
SM for leptonic and hadronic observables
Oy AFB .y, s at a LEP 2 energy of 175 GeV
for AGC models and TC models. The box
represents the unobservable domain corre-
sponding to a relative accuracy of 1.5 percent

{-0.025 ,
for all three observables.

The effect of a heavy Z', of a mass not smaller than
~ 400-500 GeV, as suggested form the available Collider
Detector at Fermilab (CDF) limits [16], is usually treated
at “Z'-tree level,” i.e., only adding to the full amplitude
the graph with the Z’ exchange, where both its couplings
to fermions and its mass are identified with the physical
ones. This leads to a modification of the Born amplitude
of the form

v,2,5' i (2", (Z")

Z
i =T E TR, e Yef (84)
with the general Z'f f couplings
) _ € - L5 l85
it (20131) UYulgv s = ¥ Yas)vs - (85)

From a formal point of view, that will be particularly
suited for our approach, it is possible to rewrite the Z’
effect as a modification of our “generalized” subtracted
corrections. This effect, that would correspond exactly
to a “box-type” modification of completely nonuniversal
type, can be described as

g i
q® — M3, \4sic?

RUA(E) (g2 = ( :
q

q2

P vt - mlevs = ar), (36)
A2
A Mg, ) Earlas (87)
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. 2 2
upEzy, o _ - ¢ — Mz
Viz @) == (g2-Mg,) (

19)(2' 9¢ — M%
VD@ g2y < (qz—-Mg) (

where we have used the definitions

9'{/1.,
Evig = L, (90)
aviLf
Eary = 218, ) {91)
gaLf
gas =17, - (92)
gvis = I —2Qu 57 . (93)

One sees from Egs. (90}—-(92) that the most general
Z' effect at ete™ colliders is parametrizable via siz inde-

pendent effective couplings, that could be chosen as, e.g.,

&y, A’iﬁ% ¢ = l,u,d). Therefore, with one experi-

ment at fixed g2 it would never be possible to disentangle
£v,4 from Mz, so that the normal attitude would be to
derive (in case of negative searches) bound for Mz for
given &y, 4. In fact, this will be done in another spe-
cific dedicated paper in preparation. Here we want to

gvi

23101@) Lag(€vi—&ar) (88)
gvs

23161Qf) Eatlbvy—E€ay) s (89)

f

show that, in full analogy with the final example of the
previous section, it would be possible to draw a region
in a three-dimensional space of observables that would
be typical of the most general Z'. To achieve this goal,
one must necessarily choose three purely leptonic observ-
ables.

At LEP 2, this might be obtained by combining the
measurements of o, and App, with that of the final 7
polarization. At NLC, the role of the final T polarization
would be played by the (theoreticaily equivalent} longi-
tudinal polarization asymmetry for leptons. The general
Z' contribution to these quantities will actually take the
form of Eqgs. (71)~(73) with A(AGC)q(g?), RIAGC)(g2),
V{ACC) (42, respectively, replaced by AlZ), R(Z')}¢?),
and V(%) (¢?) given in Egs. (93)-(95) for f = I.

Eliminating the two effective leptonic parameters gives
then rise to a relationship between the shifts of o, Apg, .,
and A, that would lead, at LEP 2 energies, to a certain
three-dimensional region characteristic of this model and
represemnted in Fig. 3 (we assumed the same experimental
errors as in the previous figures). Note that, with this
procedures, all residual “intrinsic” Z' ambiguities, e.g.,
in the normalization of gi,, ¢4 disappear.

FIG. 3. ‘Trajectories in the three-
dimensional space of relative departures from
SM for leptonic observables o, ArB,u, Ar at
a LEP 2 energy of 175 GeV for general Z'
models. The box has the same meaning as in
Fig. 1.
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A warning is necessary at this point since this figure,
as well as the previous ones, have been drawn in “first
approximation,” i.e., without calculating the fully QED
convoluted effects (this is, in fact, in preparation at the
moment). We can, though, claim that, as a general fea-
ture of such more realistic calculations, the “first approxi-
mation” results are quite reasonably reproduced provided
that a suitable cut is enforced on the hard photon spec-
trum. In this spirit, we believe that it makes sense to
compare Fig. 3 for the Z' model with the correspond-
ing Fig. 1 for the AGC and TC models and conclude
that, at least in this orientative picture, the three re-
gions corresponding to these theoretically “orthogonal”
models are completely (i.e., in the physically reasonable
region where a statistical meaning can be attributed to
the signal) separated.

V. CONCLUDING REMARKS

We have shown in this paper that the calculation of
new physics effects in a general four-fermion process is
facilitated if the procedure of “trading” G, by quantities
measured on Z peak is generalized from the case of final
leptonic states to that of final hadronic states. The new
relevant quantities that enter the modified Born approx-
imation are the Z hadronic widths I's and Ty and, to
a much staller extent the charm width [', and the two
forward-backward asymmetries Appc, AFpp on Z reso-
nance, if we only consider the measurements of og, o,
and Appp at variable ¢°. We want to conclude this pa-
per by making this statement more quantitative.

Consider o5 first. Here the leading terms at Born level
are the pure photon and the pure Z contributions. In our
modified expression, the only Born term that changes
is that corresponding to Z exchange, whose numerical
weight is roughly of the same size as that of the pho-
ton. The net effect of the change is that of replacing
here G2 by the product of I; and I's. The corresponding
rela.tlve experimental error thus introduced is a fraction
of a percent 2], much below the experimental reach at
any future ete™ collider. The same conclusion applies to

the term Ny =3 (1 + %ﬁl) that divides I's and that

generates an error of a few per mill at most. Note that
the same relative error will affect the contribution that
we called “QCD,” since «,{q®) should be known with
the same accuracy as o, (MZ). The remaining new input
quantities that enter o5 are I'c and sbc(M %) defined by
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Eq. (33). But even without discussing this point in full
detail, as one could easily do, one sees immediately that
these new parameters only contribution to the interfer-
ence v — Z. The latter is, already at the starting Born
level, completely negligible with respect to the dominant
pure photon and Z ones. Therefore, a discussion on the
effect of “small” changes in this term is, indeed, com-
pletely academic and we shall not give it here.

Tn the case of o3, the same situation is almost iden-
tically reproduced, with the only replacement of I's by
T, in the Z Born expression. The error on @'y is in fact
slightly larger, of a relative one percent [2], but also the
experimental accuracy for o, will be certainly larger than
one percent, and the same conclusions as in the case of
oy still apply.

The last case to be discussed is that of App ;. Here the
situation is quite different since the v — Z term is now
largely dominating. This term contains I';,T's that will
introduce errors of negligible size (i.e., at the relatlve level
of less than one percent) and a term containing s2(M%)
as one sees from Eg. (67). In fact, the relevant quantity
to be considered is

1
(1+9§)Y/2 54
that is directly related to the forward-backward asymme-
try on Z resonance App b(Mz) [2]. From the 4 percent
uncertainty on this quantity given in Ref. [2] one can de-
rive the relative error on the term in Eq, (94) that gener-
ates a 3 percent uncertainty on the prediction for Apg 5.
This is also weaker than the experimental uncertainty
expected at LEP 2.

In conclusion, all the replacements in the Born approx-
imation are completely harmless for the considered pro-
cess. Therefore, the gain that we obtained in the corre-
sponding simplifications of the “subtracted” corrections
seems to us rather remarkable. We would say that the
full and rigorous exploitation of the high precision mea-
surements of electroweak physics at g2 = M2 allows us
to perform calculations of virtual new physics effects at
LEP 2 (and, possibly, at NLC) in a way that seems to us
simpler and cleaner than the conventional one where G,
the high precision electroweak measurement at g =0,is
used. We are now in the process of applying the method
to other possibly interesting models of new physics for
which calculations of virtual effects might be relevant at
future ete™ colliders.
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