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Abstract

We list all possible dimension-six CP-conserving SU_(3) x SU;(2) x Uy (1) in-
variant operators involving the third-family quarks which could be generated by
new physics at a higher scale. Expressions for these operators after electroweak
gauge symmetry breaking and the induced effective couplings Wtb, Xbb and
Xtt (where X = Z,v,g, H) are presented. Analytic expressions for the tree-
level contributions of all these operators to the observables R, and A} P at LEP
I, o(ete” — bb) and AF'B at LEP 11, o(pp — th + X) at the Tevatron upgrade,
as well as o(ete”™ — tt) and AFP at the NLC are provided. The effects of
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these operators on different electroweak observables are discussed and numeri-
cal examples presented. Numerical analyses show that in the coupling region
allowed by R, and AP at LEP I, some of the new physics operators can still
have significant contributions at LEP II, the Tevatron and the NLC.

1. Introduction

The Standard Model (SM) has been very successful phenomenologically [?]. The
discovery of the top quark [?] fulfilled the long-anticipated completion of the
fermion sector of the SM. Despite its success, the SM is still believed to be a
theory effective at the electroweak scale and that some new physics must exist
at higher energy regimes. The exceedingly large mass of the top quark further
strengthens this belief. Collider experiments have been used to search for the
new particles predicted by various new physics models, but no direct signal of
new particles has been observed.

So, if new physics indeed exists above the electroweak scale, it is very likely
that the only observable effects at energies not too far above the SM energy
scale could be in the form of new interactions affecting the couplings of the
third-family quarks, and the untested sectors of the Higgs and gauge bosons. In
this spirit, the new physics effects can be expressed as non-standard terms in
an effective Lagrangian describing the interactions among third-family quarks,
the Higgs and gauge bosons with a form like, before the electroweak symmetry
breaking,

C, 1
£65:£0+Zp0i+0<ﬁ>

where £ is the SM Lagrangian, A is the new physics scale, O, are dimension-
six operators which are SU,(3) x SU[(2) x Uy (1) invariant before the elec-
troweak symmetry break-down, and C; are constants which represent the cou-
pling strengths of O,. The expansion in Eq.(1) was first discussed in Ref. [?].

Further classification of the operators O, has been made more recently. The
CP-conserving operators involving only weak bosons were classified and phe-
nomenological implications discussed in Ref. [?]. The corresponding operators
involving the third-family quarks were enumerated in Ref. [?]. In these earlier
works [?, 7, 7] the field equations of all particles were used to reduce the num-
ber of operators in Eq.(1). The phenomenology of some of these CP-conserving
operators were discussed in Refs.[?]. More recently the operators were reconsid-
ered without using the field equations of the gauge bosons [?]. In this article,
we again focus on the set of operators involving the third-family quarks. We use
the most recent LEP I data involving the bb final state to constrain some of the
coeflicients C;, assuming the simple situation that cancellation among different
operators does not take place. We identify the operators which can potentially
have significant effects on the standard model predictions at higher energies in
LEP II, the NLC and the Tevatron.
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This paper is organized as follows. In Sec. 2 we again list all possible operators in
Eq.(1). The expressions for these operators after electroweak gauge symmetry
breaking and the induced effective couplings Wb, Xbb and Xtt (where X =
Z,7,9,H) are presented in Appendices A and B. In Sec. 3 we give analytic
expressions for the contributions of these operators to the observables R, and
AFB at LEP 1, o(efe™ — bb) and AF'P at LEP I, o(pp — tb + X) at the
Tevatron, as well as o(e*e™ — tt) and AF'P at the NLC. In Sec. 4 we determine
which collider observables are affected by each operator. In Sec. 5 we analyze the
operators which affect R, and AP at LEP I and determine how much they affect
future electroweak collider observables, subject to current constraints. Finally,
in Sec.6 we conclude with some discussion and a summary.

2. CP-conserving gauge invariant operators

We follow the conventional notation which is listed below. The left-handed
third family doublet is q;, = (¢, b;,), the right-handed top and bottom quarks
are tp, by, the Higgs boson doublet is ® = (¢7,¢°), and & = ig,®*. The gluon
fields are G;‘, the SU,, (2) gauge fields are Wlf, and the Uy (1) gauge field is B,,.
The field strength tensors are defined as G, = 0,G;' —9,G4 + g, f*P°GEGT,
W,{V = 8MWJ — Q,Wj + gQGUKWMJWVK, and B, =0,B, —0,B,.

In order to justify the forms of operators that we will use, let us elaborate on the
origin of the new physics that has been touched upon in Ref.[?]. We assume that
the new physics in the quark sector resides in the third quark family. Before
the electroweak symmetry breaking all dimension-6 operators containing the
third family quarks are possible. Although new physics may also occur in the
gauge boson and Higgs sectors, or give rise to four-quark operators involving
the third family quarks, for the purpose of testing new physics in the immediate
and near future, such operators will be ignored. Therefore, the operators we are
interested in are those containing quarks and gauge and Higgs bosons.

To restrict ourselves to new physics of the lowest order, in both the standard
model coupling and the power of 1/A?, we consider only tree diagrams which
contain only one anomalous vertex in a given diagram. Under these assump-
tions, operators which can be related by the field equations of the fermions are
no longer independent and the fermion equations of motion can be used to re-
duce the number of independent operators, as was done in Ref.[?]. However,
we have to be careful in applying the field equations of the bosons. Under the
assumption of the new physics origin as given above, the equations of motion
of the gauge bosons cannot be used when first writing down the operators in
Eq.(1). This is because the field equations of the gauge bosons will lead to
four-fermion operators containing third family quarks and light fermions. Then
naively applying the criterion of ignoring all four-fermion operators, which are
observable in existing colliders such as et +e~ — b+ b, would discard these op-
erators which originate from new physics different from that of the four-fermion
operators discarded initially. However, the equation of motion of the Higgs field
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can be used since the light fermions resulting from the Higgs field equations are
proportional to m;/my,, where m,; is the mass of the light fermions concerned.

We should also remark that no field equation can be used in the case of loop
diagrams or when new physics couplings appear more than once in a tree dia-
gram. In the latter case, dimension-8 operators may also have to be included.
This means that extending the effective Lagrangian approach to dimension-8
operators will greatly increase the number of independent operators.

Now we list all possible dimension-six CP-conserving SU,(3) x SU[,(2)xUy-(1) in-
variant independent operators involving third-family quarks but no four-fermion
operators under the qualification described above.

(1) Class 1 (containing ¢)

Op = (1 —v*/2)(@,tp® + PTE5qy)
Oy = i(®'D,® — (D, ®)'®)(tp7"tp)
Oy =i(®'D,® — (D, ®)'®)(tg7"g)
Op, = (. D, tg) D'® + (DIL(I))T(ZRDNQL)
Owao = CI)T(ERUWTIQL)VV,{V
Opg = q)T(ERU/WQL)Bm/
Oigo = (PT(ERUMVTAqL)GﬁV
Oip = (tgy" D"ty + D"ty tR)B,,
O = (tgy"TAD"t g + DVt T4t R) G,
It is straightforward to show that the last two operators O, and O,p can be
recast into simple forms, e.g. O, = f’y”TAtD”Gﬁy, etc.

(2) Class 2 (not containing ¢p)
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Ouc = " TAD qr, + D"y T,
Ow = g D gy + DY gyt
Oy = 47" D"q, + D"qr7"qy,
Oy = bp " TAD by + DVbpy" T by,
ObB = BR'YNDVbR + DVBR’YMbR
Oy = i(91D,® — (D, ®)1)q,7"qy,
0% =i(®'7'D,® — (D,®) 7 ®)§,~ 74,
Ogp = i(®TD,® — (D, ®)1®)bpyby
Oy = (BT® —0?/2)(qLbr® + ®Tbpqy)

Opy = (41, D,,bp) D" ® + (D*®)1 (b D ,qy)
Opwa = (qro"m1bg)@W], + @ (bgot r!q, )W},
Oppe = (qr0""bg)®B,, + ‘I)T(BRUWQL)BW
Opgo = (4 ‘TWTAbR)CDGﬁV + CI)T@RUWTACIL)GZ?V

It is straightforward to show that the first five operators, O, O, OqB, Oy
and O, p, can be recast into simple forms, e.g. O ¢ = YT, D”GW7 tc.

If we avoided using the field equations of the Higgs boson and the quarks, we
would get the following additional operators:

(3) Class 3
= (Dtqtg)D, o+ (D;L[}E)T({RDHC]L>
oy = (Dtqrbg)D,® + (D,uCI))T(BRDMQL>
Oip = Z( UWD/\tR)EW,\
OQG = Z( C’WTAD/\tR)équ
Opp = Z( UWDAbR) NW/\
1o =1i(b RJ“VTAD’\bR)GA
O;B =i(q UWD’\QL>EW,\
O;G =i(qp, “VTAD)\qL)GﬁDA
O;W i(q O‘MVTID)\QL)WJVA
where )N(W/\ = €2, X7 with X = G, B,W and ¢,,,, is the anti-symmetric

tensor. We can rewrite the above operators as follows, which will no longer be
independent when the field equations of Higgs boson and the quarks are used:
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Dt = stRDz(i) + (Dz‘i’)TERqL
Oy = GrbrD*® + (D*®)Tbpq;
O;B ES Z(ERUHVD)\I'R)B#UA (x = t, b)

O, = i(Zro" TAD z )G, (z=1t,0)

Oyx = i((jLUMVD)\QL)X;w)\ (X =B,G,W)

In the following analyses we will not consider the operators in Class 3 because
these operators are not independent. Since our analyses only involve on-shell
quarks, the equations of motion of the quarks can be applied. Because of the
reasons given earlier, the Higgs field equation can also be used. Then our Class
1 and Class 2 operators agree with those given in Ref.[?]. However, unlike [?],
in O,; and Oy, we subtract the vacuum expectation value, v?/2, from ®'®, in
order to avoid additional mass terms for top and bottom quarks after electroweak
symmetry breaking.

The expressions for the operators of Class 1 and Class 2 in the unitary gauge
after electroweak symmetry breaking are presented in Appendix A. From these
expressions, one can write out the effective Lagrangian for all vertices with two
third-family fermions and a boson, specifically, Wtb, Ztt, ~vtt, Htt, gtt, gbb,
Zbb, vbb and Hbb, whose effects are or could be reachable at LEP, the Tevatron
upgrade and the NLC. The explicit forms of these effective couplings are given
in Appendix B.

3. Contributions to some collider observables

We now consider the contribution of all operators listed in Sec. 2 to the observ-
ables R, and Al'P at LEP I to constrain the coefficients C;. Then we can make
predictions on their effects on o(e*e™ — bb) and AP at LEP I, o(pp — th+X)
at the Tevatron, o(efe” — tt) and AP at the NLC. In this paper we wish
to consider modifications to the electroweak sector only, and therefore ignore

measurements such as o(pp — tt) which are primarily affected by the strong
interaction.

Including both the SM couplings and new physics effects, we can write the Zqq
and vqq (where ¢ = t,b) vertices as

€97, [’y“V}W + Y 54% 4+ (g — pti)ﬂ‘g%,’v]

where g, = 1/(4sycyy) with sy, = sinfy, and ¢y, = cosfy,, g, = 1, and p,
and p; are the momenta of outgoing quark and anti-quark, respectively.

In the above vertices we neglect the scalar and pseudoscalar couplings, k* and
Kt~y with k = p, + pg, since in ete” collisions these terms give contributions
proportional to the electron mass. We note that some of these neglected terms
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are needed to maintain electromagnetic gauge invariance for the axial vector
couplings in Eq.(38). The vector and axial-vector couplings Vg,v and A%7
contain both the SM and new physics contributions, while A% and S%ﬁ contain
only new physics contributions. The SM can also contribute to A% and S%,»Y at

loop level, but these effects are very small and we neglect them in our calculation.

One can write the vector and axial-vector couplings as

Vgﬂ/ = (Vg,’}/)O + 5‘/5777 AqZ,fy = (AqZ(y)O 4 6AqZ7,Y

where (V7)o and (A% ), represent the SM couplings and 0V _, dA7 | the
anomalous new physics contributions. The SM couplings are given by

2[§L—4eqs%,v . 21,

7 dsyew

)

(V’$)0 = eq? (A’%)O = 07 Vg = 4SWCW

where e, is the electric charge of the quark in units of e and I, = 41/2 is the
weak isospin. The new physics contributions (SVgW and (SAqZ’7 (for ¢ =b,t) can
be determined from Appendix B; they are

2 2
Cowaoliv — 20, 5o Siy

(1) (3)
CIQ/V]‘/‘2 C<I>q+C<I>q + Cyp

SVE = |~ 5 5
A QSWCW 4SWCW A 2SWCW A
SAL — cyk? [Cyn + Cop | + vmy [ Cywecly — 2C,peSiy
z A2 | 2syew | A2 8syyCy
SVPh = C%/sz -CqB + CbB-
TN | 28y |
5Ab _ 612}[/]62 -CqB+CbB_
K A2 | 2syew

Similar expressions hold for the top quark couplings.

In terms of the vertices given in Eq.(38), the observables R, and Af'Z at LEP
I are given by, to order 1/A2,

% §AY
Ry = RSM |14 220202 0057
vy +aj

2
D% (0} + a2)S Al — 20,0,6VE]

AFB:ASM, FB+
o (v + ap)

where we have neglected the bottom quark mass.
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Also, in terms of the vertices of Eq.(38), the cross section and forward-backward
asymmetry for bottom pair production at LEP II and top pair production at
the NLC are given by

oy =30, [D,Weg + Dyy(vZ +a2)(v2 +a2) + QDZVGeUqu]

,2e,0V4 oVy

(%

q q

App = AYp+ AApp

where 3, = /1 — 4m(21 /s is the velocity of the final quarks and

1 1 s —m?

D, =~ Dy,= Dz, =
=g 77 (s —m2)2 + (s 5 /m )2’ Zy (s =m%)? + (s 5 /my)?

Including both the SM coupling and new physics contributions, the Wtb vertex
can be written as

g2

£WtB = \7§

[W“PL(l + k1) + V¥ Prtig + pi Ppkig + py Py + pi Preis + p) Prg

where Pp, p = (1F75)/2. The form factors from new physics can be determined
from Appendix B:

2
v

F1= 13 [CS/%/ + CtWtI;‘]
2

v
Ko = pcbw‘@
v [Cwe | Cpy
e |
v [Cywe | Cpy
e [ R
o — v Cwe
5 A2 \/5
K L%W@

:A2 \/5
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Neglecting the bottom quark mass, one gets the cross section for the subprocess

. gy (28 +mi)(5 —mi)®

07192782 (5—m3)?

4
~ g 1 R . . R
Ao = 192;§2 (§_ mIQ/V)Q [2<28 + mf)(s — m%)mtﬁl + (5 _ m%)ZS(KP’ _ Ii4>]

The total cross section of single top quark production via ¢;q; — th at the
Fermilab Tevatron is obtained by

dL;; . .
dr Uij(s

ST)

U(s)zlz/:dr

where 7, = (M, + M,)?/s, s is the square of center-of-mass energy, § = s is the
square of center-of-mass energy of the subprocess, and dL,;/dr is the parton
luminosity given by

dL;;

1
d—;jz/ d;ll [y, ) FP(r )y, 1) + [ (g, ) fE (T /2y, )]

where A and B denote the incident hadrons, i and j are the initial partons, and
2, and x4 their longitudinal momentum fractions. The functions fiA and ij are
the parton distribution functions.

4. Classifying physics effects

In this section, we classify the operators according to their contribution to the
three—pa_rticle_vertices which are testable at LEP I, 1, the NLC and the Tevatron,
i.e., Wtb, Xtt and Xbb (where X =~,Z, H,g).

From Appendix B we can see that most operators give contributions to more
than one of the three-particle vertices and therefore tests of these operators are
possible when their coupling strengths are constrained by one of the vertices.
In Table 1 we summarize the contributions of these operators to the couplings
which can be tested at present or future colliders. The contribution of an op-
erator to a particular vertex is denoted by a checkmark. Since the operators
contribute to different combinations of observables, we can reclassify them as:

Class A-1: Contributing to LEP I and LEP II observables, and o,; and A"
at the NLC and oy at the Tevatron. These are O,y and Ogg.
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Class A-2: Contributing to LEP I and LEP II observables, and o,; and A"
at the NLC, but not to o, at the Tevatron. These are O, 5 and Ogg.

Class A-3: Contributing to LEP I and LEP II observables, and o,; at the
Tevatron. These are Op,, and Oy -

Class A-4: Contributing to LEP I and LEP II observables only. These are
Ou, Ogp, and Oypg-

Class B-1: Contributing to o,; and AF'P at the NLC and o,; at the Tevatron.
These are O,y and Op,.

Class B-2: Contributing only to o,; and AF'Z at the NLC. These are O,5, O, 54
and O, p.

Class B-3: Contributing only to o,; at the Tevatron. This contains only O,s.

Class C-1: Contributing only to couplings Htt and Hbb, not to any other
vertices. These are O, and Oy,.

Class C-2: Contributing to the strong interaction sector. These are O,qq, Oias
O,6» Opgo and Oy. These operators only contribute to the strong interactions
of third-family quarks and do not contribute to the electroweak interaction at
the level of 1/A2.

In this new classification scheme, Class A operators include a Zbb or vbb interac-
tion and are currently constrained by R, and Af B at LEP I. Class B operators
are not constrained by LEP I (at least at tree level), but will affect the future
collider observables under consideration. Class C operators affect neither LEP 1
observables nor the future collider observables which arise from the electroweak
interactions at tree level.

5. Numerical examples and discussions

In this section we present numerical analyses for those operators which affect
R, and Af'P at LEP I and observables at future colliders. These are the Class A
operators defined in the preceding section. We use the analytic formulae given
in Sec. 3 and the most recent LEP I data on R, and AP to constrain the
coefficients of the individual operators in Classes A-1 through A-4, and then
evaluate their possible effects on the electroweak observables at LEP II, the
Tevatron upgrade and the NLC. Operators in Classes B and C are not presently
constrained, at least at tree level, or they involve the strong interaction sector,
and they will not be considered further here.

5.1 The effects of OE;”; and Oy

From the preceding section we found that the operators of Class A-1 will affect
the most observables. Note that in Ref. [?] the effects of O,y on R, and
o, at the Tevatron have been evaluated. The present analyses also include
this operator, but we will consider its effects in LEP II and the NLC as well.
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Presently, the experimental data of R, and A{:B are +1.80 and —1.80 away
from their SM values, respectively [?]. In the analyses below, we assume a
closer agreement with the SM, say both R, and AP are about 1o away from
the SM predictions, and examine the consequences.

We note that the new physics of Class A-1 yields 6V} = §A%, which we can
express in terms of R, or Af'B. From Eq.(57) we obtain

Rb — REM le) + az
QREM Uy + ay

§VE =
or from Eq.(58) we obtain

FB SM, FB 2 2\2
Ap” — Ay (vh + a3)

§Ab, =
z 2 vbab(vg - af)

where the experimental data and SM values [?] are

RPM =0.2158, R, =0.2178 4+ 0.0011

ASMEB — 01022, AP FB = 0.0979 + 0.0023

Since both v, and a; are negative, we find that Eq.(77) yields negative values
for 5VZZ’ while Eq.(78) yields positive values for 5VZb. This means that any kind
of new physics which yields V2 = §A4%, such as Ouw> Ogg, Og’; and O,p,
cannot fit both R, and AP within the 1o bounds of the experimental data at
the same time. If the deviations from the SM values as shown in Eq.(79) and

Eq.(80) persist, this class of operators will be ruled out.

Since the error size in Af'P is larger than that of R, we estimate the effect of
this class of operators by using only the 1o bound of R, to set constraints on
the new physics. We have from Eq.(77) and Eq.(79)

—0.0080 < §V2 < 0.0080

Using this bound and assuming the existence of only Og’g, we get the effects on
oy, and AFB at LEP 11 (/s = 200 GeV), o,; and AP at the NLC (y/s = 500
GeV, m, = 175 GeV), and the single top production rate at Tevatron (/s = 2
TeV, m, = 175 GeV) as
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LEP II (e*e™ — bb) : 0.4% < Ao/oy < 1.3%
NLC (efe™ — tt) : 0.1% < Ao /oy < 0.3%
Tevatron (pp — tb+ X): 0.5% < Ac/o, < 1.6%
LEP I Af'B 0.2% < 6App < 0.6%
NLC AFB 0.7% < §App < 2.6%

which are too small to be observable. Using the same bound in Eq.(81) and
assuming only the existence of Oy, we obtain

LEP II (efe™ — bb) : 2.4% < Ao/o, < 8.4%
NLC (ete™ — tt) : 8.6% < Ao /o, < 29.8%
Tevatron (pp — tb+ X) : 6.9% < Ac/o, < 24.0%
LEP IT AFE . 0.3% < 0App < 1.0%
NLC AFB 16.3% < 0App < 56.8%

where we have used the CTEQ3L parton distribution functions [?] with u = /3
for the calculation of the cross section at the Tevatron. Except for the AF'B at
LEP II, all the other contributions are sizable.

Let us consider the expected accuracy of the hadron cross section measurements.
At LEP II the cross section for e"e~ — hadrons can be measured with a high
accuracy of 0.7% [?]. Since R, = o(eTe™ — bb)/a(ete” — hadrons) = 0.16,
o(ete” — bb) can be measured with an accuracy of 4%, or better when b-tagging
is employed. At the NLC the top quark properties will be tested to high accuracy
and we expect that the top pair production rate there may be measurable with
an accuracy of a few percent. At the Tevatron a deviation larger than 16% from
the SM single top production rate is expected to be detectable at Run 3 [?].

The above results then show that the operator Og’g constrained by R, has neg-

ligibly small effects on bb production at LEP II, tf production at the NLC and
single top production at the Tevatron. On the contrary, the operator O,y
constrained by R, can cause observable effects at LEP II, the NLC and the
Tevatron. In other words, if their effects are not observed at future colliders,

O,w is severely constrained, but Og’ ; is not. We note that the main reason that
O,w has large effects at future colliders is that it is momentum dependent, and
therefore becomes enhanced at higher energies.

5.2 The effects of O 5 and 051,13

The operators in Class A-2 (O, 5 and Og;) affect LEP I and LEP II observables
and o,; and AP at the NLC, but not single top production at hadron colliders.
Note that O,p is momentum dependent and Ogg is momentum independent.

Like the operators in Class A-1 analyzed above, they yield V2 = §AY%. Using
the bound given in Eq.(81), we obtain the contribution of O, to oy and AEFB
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at LEP II (/s = 200 GeV), o,; and AF'P at NLC (/s = 500 GeV, m, = 175
GeV) as

LEP II (ete™ — bb) : 0.6% < Ao/oy < 2.9%

NLC (efe™ — tt) : 16.5% < Ao /oy < 57.4%
LEP 11 AF'B . 2.5% < §App < 10.0%
NLC AFE 41.4% < §App < 144.0%

and, in the same way, we obtain the contribution of Og ; as

LEP II (e*e™ — bb) : 0.4% < Ao /oy < 1.3%

NLC (ete™ — ti) : 0.3% < Ao /oy < 0.7%
LEP II AFB : 0.2% < 6Apg < 0.6%
NLC AFB . 2.5% < 6 App < 7.0%

Here we see that the effects of Ogé are negligibly small, but the effects of O p
on o,; and A'B at the NLC can be quite large. As was the case with O, in
the preceding section, these large effects are primarily due to the momentum
dependence of O,p. So the NLC will be a good place to look for the new
physics operator O,p. We should again comment that if the values given in
Eq.(79) and Eq.(80) persist, this class of operators and the Class A-1 operators
in the preceding subsection will be ruled out.

5.3 The effects of Oy, Og;, and O, 4

The operators in Class A-4 (O, Og;, and O, pg) affect R, and Af'P at LEP 1
and o,; and Af B at LEP II, but not top pair production at the NLC or single
top production at the Tevatron upgrade. Since Oy g4 only appears in S% and Sf;,
its contributions to these observables are proportional to m,;, which to a good
approximation can be set to zero in the calculations for bb production at LEP T
and LEP II. Thus the contributions of O, 54 are negligible and we only need to
consider Oyp and Og,. We note that O,z is momentum dependent while Og,

is momentum independent.

Unlike the case discussed in subsections 5.1 and 5.2, the operators in this class
yield 8V # 6 A%. From Eq.(57) one gets

SM .2 2
Rbin Ub +ab

SVh =
z 2R§M Uy

and from Eq.(58) one gets

FB SM, FB 2 2\2
47— A (vy +ai)

2 vy (vy, + ay)

SAY, =
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Using the values in Eqgs.(79) and (80) we see that both Eqs.(82) and (83) yield
positive values for §V2. The bound from Eq.(82), again assuming 1o deviation,
is found to be

0.013 < §VE < 0.044

and the bound from Eq.(83) is

0.023 < 6V < 0.075

We take the overlap of the two:

0.023 < 6V < 0.044

which is required to have the theoretical values of both R, and A}'P lie within
1o of the experimental data.

Considering O, 5, one gets its contribution to o,; and Af'Z at LEP II (/s = 200
GeV) to be

23.3% < Ac/oy(ete” — bb) < 44.5%

—53.9% < §Apg(ete — bb) < —28.2%

For Og;, the contributions to o,; and Af' P at LEP II (/s = 200 GeV) are

0.7% < Ac/oy(ete” — bb) < 1.3%

—1.7% < 6 Applete” — bb) < —3.3%

So if only O, 5 exists, its effects are likely observable at LEP II even if both R,
and AP lie within the 1o bounds of the present data. As with the operators
O,w and O, this is primarily due to the momentum dependence of Opp. On
the contrary, if only Og, exists, there will be no observable effects at LEP II.
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5.4 The effects of O,,5 and Op,

The operators Oy and Op, in Class A-3 affect LEP I and LEP II as well
as single top quark production at the Tevatron, o(pp — tb + X). Since both
of them only appear in S% and S,by, their contributions to R, and Af B at LEP
I and o,; and AFB at LEP II are proportional to m, and hence are negligi-
ble. Further, as Eq.(73) shows, their contributions to o(pp — tb + X) vanish
in the approximation of neglecting m;. So they are not constrained by these
observables at LEP I, LEP II and the Tevatron.

However, as Eq.(67) shows, Oy, contributes to the right-handed weak charged
current, and thus it will be strictly constrained by the CLEO measurement of
b — sv [?]. The latest limit is [?]

Cowav _ o9
V2A2

Using this bound and keeping the bottom quark mass, we can evaluate its con-
tributions to the observables under consideration. Of course, its contributions
must be very small since they are not only proportional to m, but also sup-
pressed by the above bound. For example, with m; = 5 GeV its contribution to
oy, and AFB at LEP 11 (y/s = 200 GeV) are found to be

—0.03 < Ky =

—0.2% < Ao /og(ete” — bb) < 0.0%

—0.2% < §App(ete” — bb) < 0.0%

which, as expected, are negligibly small.

So the operator Oy 4, which contributes to the right-handed weak charged cur-
rent of third-family quarks, can be further constrained, although the coefficient
Cywao Will not be constrained greatly unless a process can be found in which
its contribution is not proportional to m;,. The operator Op, will also survive
since no observables are sensitive to it.

6. Discussions and summary

From the expressions of 6V} and §AY, the operators affecting R, and Af B at
LEP I can be divided into two types: those yielding §V; = §A% and those
yielding V5 # 0A%. As the above numerical calculations show, operators of
the first type, including Oy, Ogg, Ogg and O in Classes A-1 and A-2, cannot
make the theoretical values of both R, and Af'B lie within the 1o bounds of
the experimental data at the same time. If one uses the 1o bound of R, to
set constraints on this type of new physics, the strict bounds of Eq.(81) are
obtained. The two operators O,y and O, p can give rise to visible effects at
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LEP II, the NLC and/or the upgraded Tevatron. On the contrary, operators of
the second type, including O,z and Og,; in Class A-4, can make the theoretical
values of both R, and AP within the 1o bounds of the experimental data
simultaneously, but the bounds in Eq.(86) are not as strict as the bounds on
the operators of the first type. O, in the second type of new physics can cause
larger effects on observables at LEP II, the Tevatron and the NLC.

A common feature of operators with significant effects on LEP II, etc., is that
they are momentum dependent, as can be seen from Eq.(45) and Eq.(46). How-
ever, the suppression of the effect of an operator is more complicated. Take
the operator Og, as an example. Since it is momentum independent, it does
not have the enhanced effect going from LEP I to LEP II. Another reason for
its small effects is that Og, only contributes to the vertex Zbb but not to the
vertex vbb, and, as is well-known, the photon exchange channel is dominant in
bb production at LEP II.

From the above analyses we can say that if the experimental data of R, and A} P,
which are now deviating from their SM values by 1.80 and —1.8¢ respectively,
are both upheld and the deviations are due to the new physics considered here,
then the new physics cannot be the first type, Oy, Ogg, Ogg or O, alone; the
second type, Oy or Og,;, must exist. In such a situation, the existence of Oyp
will certainly give rise to observable effects at LEP II while effects of the operator
Og;, will be unobservable. Thus, if no new physics effects are observed at LEP
II, Oy will be ruled out but Og; will not be. Note that in all the numerical
examples presented in this paper, we did not consider the co-existence of more
than two operators at one time. The detailed analyses of their effects at LEP
IT in multi-parameter space is under consideration [?].

In summary, we have analyzed the effects of the dimension-six CP-conserving
operators on the observables R, and AP at LEP I, o(efe™ — bb) and AFB at
LEP II, o(ete” — tt) and AP at the NLC as well as o(pp — tb + X) at the
Tevatron. We found that in the region allowed by R, and AP at LEP 1, some
operators can still have significant contribution to observables at LEP II, the
Tevatron and the NLC, while some other operators have negligibly small effects
and thus can be safely ignored.
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Appendix A: CP-conserving operators after symmetry
breaking

In order to shorten some of the expressions we will use the following notations:

W2 =Z,cosby + A, sinby, B,=—Z,sinby + A, costy,
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Wi’l, =2Z,,cos O + A;w sin Oy, B, =-2, sin 6y + A;w cos Oy
we = WaF Wi e g s g w4 (W3WE — W3WZ)
nw o \/E ) pr — Yty T YV + 19, pVy T VYV

The CP-conserving operators after electroweak symmetry breaking are given as:

(1) Class 1

H(H + 2v) -
O, = %(tt)
Ot2 = gz(H + ’U)zzﬂ(fRfyMtR)
2 2
g5(H +wv < (i
O3 = M [W+H<tR’beR) +W “(bR'VutR)]
4
1 - - ig 7 (9
Ovn = 75 Budutn-+ O,bwbe] O°H + 5 H +0) V345,09, = W (0,000
HﬂBH(Z 0 by — (0,bp)t )+M(H+U) [WHHB, tpby — W B, bt ]
/2 RrRYLOR wOR)IR V2 n*R°R HIRTR

pv

g o o _ o -
Owe = %(HJF ) (W, (Egatby) + W, (bro" tg)| +igy(WiW, — W, W) (tgro" i)

Opg = %(H +0)B,,, (tgo" by + broty)
Oigo = %(H +0)Giat, (tro" TAbg + bpo Tt )

Oip = (tpy"0"ty + 0"ty tR)B,,
O = (ERWMTAath + ayERV“TAtR)GﬁV + igsERV“[GW G, ltg

(2) Class 2
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O, = G'TA0%q + 0" " T,

Ogw = "m0y + 847"’ qp + igye’ K qpyr! g Wi WK
Oy = q"0%qr, + 0”4 7" qyr,

Oy = by TA0%bg + 0V by " T4bpy,

Oyp = BR'y"é)”bR + a”BRfy”bR

O£I>1> = Z'QZ(H + U)QZ“(ELW’,JL + BL’V;Lbl)

O = <H +0)2 [WH(Ey,bn) + W (bpy,ty)]
Ogp, = ZQZ(H +0) Z“BR’YMbR

H(H + 2v)-
Oy = ( ;_ V) bb
1 - 1g - _ -
Opy = 7 [t,0,bg + (0,bg)ty] O"H + \/%(H ) [WHE,0,bp — W H(0,bp)t, ]
g - < 919 7 e
+ 7%3“(513%% — (Outr)bR) + %(H +v) [WHB,bgt, — W B, t bg]

9 n v — (h v
Oywe = 725(1.{ +0) (Wi, (10" bg) + W, (bt )]

Ovpe = %(H + ,U)BMIJ(BRO-MDtL +t,0"bg)
Ovge = %(H +0)G i, (bro™ T4t + 10" T4by)

Appendix B: Effective Lagrangian for some couplings

The effective Lagrangian for the couplings Wtb, Xbb and Xtt (where X =
Z,v,9,H) are given by (the SM Lagrangians are not included here):

gV - _
Lwip = \[QAQ [CQ%W:(W“PLI’) + CbW<1>WI(t’Y”PRb>]
fA? [Cpe(i,t)PLb + Cpyit Prd,b] W
fAQ [Cowe Wi (t0" PLb) + Cyy e Wi, (to” Ppb)|
gzvm : - gzom -
Lom="157 [Co) +C9) Z,(by" Ppb) + 2 52 O 2, (b Pyb)
1’6 Z i [Cop(bp"0"bp + 8V 7"by) + Cyp(bpy"8¥ b + 8 bpy"by)]
+ 222, [Cowabro?t) + Cypa (b by)]
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e
A2

e —
+ EAWCIJB@ (bro""bR)

Loy = 54w [CqB(BL’YuaybL + 8"by"br) + Cyp(bpy" 0¥ by + 0Vbry'by)]

gzvmy 1 3) < gzuomy
L= 57 [Cog + Cay] Z, (0" Prt) + %5

) n v vy n v vy
+ A*ZQZW [Cp(ty" 0ty + 0"ty ty) + Cop(tpy 0ty + 8Vt gy tg)]

Cyo Zﬂ (E’Y” Pgt)

g I v n v
+ rizuu [Cowa (tat) + Cypg (tro" 1 g)]

e _ _ _ _
Nt = PA“” [Cop(tpyh 0"ty + 0"t ¥t ) 4+ Cop(tpy 0¥ty + 0Vt py"tg))

e —
+ EAWCthtRUWtR)

£

v — — — m. —
L = F%H [Cpi (M1t + tys 01t — (0"t)y5t)] + T;H(tt) [Ci1 + Cio]

gS n v vy n v vy
Lo = pGﬁu [Coa(tpy 07t + 0"t ty) + Coq(tpy" 0¥t + 0"t gy tg)]

+ 285G, Crgalto TAY)
Loy = ~20, H [Cpy(9#5b + bys01b — (01b)y5b)] + <2 H (bb)C,

Hbb = 72 % Db Vs Vs A2 b1

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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