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The phenomenology of an additiorld{1) neutral gauge bosafy’ coupled to the third family of fermions
is discussed. One might expect such a particle to contribute to processes wheile &k, quarks are
produced. Precision data from CERN LEP1 put severe constraints on the mixing and heavy-boson mass. We
find that the effects of such a particle could not be observed at hadronic colliders, be it at the Fermilab Tevatron
or the CERN LHC, because of the QCD background. At LEP2 and fudlies linear colliders, one could
instead hope to observe such effects, in particularbTimfinal states[S0556-282(98)02217-9

PACS numbds): 12.60.Cn, 13.65:i, 14.70.Pw

[. INTRODUCTION a neutral gauge boson interacting differently with the heavi-
est fermions naturally leads to a realistic mass hierarchy and
We study phenomenological implications of the breakingkobayashi-Maskawa mixing matrix. The phenomenology of
of universality in weak interactions. Particular attention is@Z' interacting only with the quarks of the third family was

paid to the signatures of new heavy elementary vector paiconsidered recently by Holdofd0], by Frampton, Wise and

ticles (Z’ bosong, which can be detected at present or futureWright [11], by Malkawi, Tait and Yuan, and by Muller and

. z : Nandi[12].
high-energye*e™ and hadron colliders. As the quarks of the Irregpe]ctive of the scheme of tf&-boson embedding

third family (t andb) are significantly heavier than those of i, an extended electroweak theory one should know the
the other two families, one may speculate that such a bosoasibility of detecting such a particle at a particular accel-
may be involved in the formation of this difference, and erator. Various high-energy colliders have been examined for
thereby interact directly with theandb quarks(as well as  that purpose: hadronic collidef§ermilab Tevatron and the
the 7 and v,) and only much more weakly with the lighter CERN Large Hadron CollidefLHC)], CERNe*e™ collider,
quarks and leptons, solely due to radiatively created mixings.EP2 and future electron-positron collidefBlext Linear
Both the phenomenology &' -boson production and the- Collider (NLC)].
oretical models for its dynamics are considered. A theoretical Eqr pﬁandpp colliders the main production mechanisms
extension of the standard model adopting & new h&&vy e the followingbb-quark annihilation(from the small sea
boson may need to include more unknown heavy fermionggntripution in protons near thez’ peak, quark-antiquark
and scalar Higgs bosons. Otherwise the quantum anomaliggnihilation into aZ with conversion of theZ into aZ’ due
break unitarity and the mass pattern for heavy fermions wilkg the small mixing and also gluon-gluon fusion. THé
violate experimental bounds on deviations from the standargoson is assumed to be detected through an excesb of

model in the low energy data. T hadronic iets. Oth d by ki i
There can be a variety of possible models depending 0}1 adronic Jets. Er Processes are suppressed by Kinemat-
¢s and due to small coupling constants. Numerical estimates

the strength of the vector and axial-vector couplings of theipa e been made to determine whetherzhsianal can com
Z' to quarks and leptons. Additional bosons naturally appeal v Ine w '9 A

pete with the two-jet background originating from non-
model also contains at least o&é boson[3]. resonant processes. The conclusion is that the direct obser-

Usually theseZ’ bosons interact universally with the fer- vat|or? of a heavyZ' (heavier than-theZ) W't.h moderaﬁe
mions of all families; the phenomenology of such particlesCoUpling constants tb andt quarks is impossible at thep
was considered by several authgis2,4,5. There exists a Tevatron collider and unlikely even at the LHC.

scheme in which grand unification symmetry breaking leads The most interesting possibility is to investigate the fea-
to the formation of a so-called “leptophobic” and “hadro- Sibility of a Z" discovery at LEP213] and the next genera-

philic” Z’ boson, which interacts only with hadrons. The tion of e"e™ colliders whose design is now intensively dis-
phenomenology of such bosons was also considigg7]. cussed 14]. For these colliders the background©ofr~ and
A related idea has been advanced by Okun and collaboratorsyo (bb or tt) jets is significantly lower than for the previ-

in grand unification theoriefl,2]. The left—right-symmetric

who consider a “leptonic” photorn8]. ous types of colliders; therefore there is a possibility of hav-
A scheme with the breaking of universality in weak inter- ing kinematical windows for detecting &’ boson.
actions has been studied by Dyatl@® in connection with The paper is organized as follows: In Sec. Il we set up the

the problem of the fermion mass hierarchy. It was shown thahotation and discuss constraints on #iefrom electroweak
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precision data. In Sec. lll we consider production at hadronic _
colliders, and in Sec. IV we considef e colliders. Section ~Lop=07Z, > iy (vi—arys)
B . . . f=tbrv,

V contains a brief summary. In Appendix A we discuss the

constraints on théexpandeg scalar sector due to anomaly ) — .,

cancellations, and in Appendix B we give some formulas on +02Z), X dy*(vi—aiys) Y. (2.9
f=tb7rv

the QCD background. T

The parameters; anda; are defined in the SM as follows:
Il. MODEL PARAMETERS AND EXPERIMENTAL INPUT 2
1 H 1
vi=3 T —sifoyQ, a;=3Tg, 2.
We consider a model with an additional massive neutral e wQ e @9
U(1) gauge bosod'. The Lagrangian can be written in the \yhereT, andQ are the third component of weak isospin and
form of electric charge, respectivelyve suppress their flavor in-
diceg. The parameters; anda; represent the chiral prop-
L=Lsut Lz erties of theZ’ interactions with fermions and the relative
strengths of these interactions. One of all these parameters
whereLgy is the full Lagrangian of the standard mod8M)  for all fermions can be absorbed intg., and in order to

and L, is an additional term: avoid this we normalizeu;er a’f:%; this normalization
was used i 7] when obtaining Eq(2.2). However, in our
L7:=Lym~+ Liggst Lint - model the quantity {?+a;* may vary from fermion to fer-

mion. The cancellation of Adler-Bell-Jacki(ABJ) anoma-

HereLyy, is the usual free Yang-Mills Lagrangian for tgé  lies restricts the possible choice of anda; and will be
boson, L4445 the Lagrangian for scalar particles interacting discussed in Appendix A.

with the Z' (one may consider different choices for the The weak eigenstate, andZ; may be mixed so that the
Higgs sector—some possible Higgs structures are discusségiass eigenstates are

in Appendix A—see als$11,15)), and £;; specifies the in-
teractions of the additional neutral boson with fermions. Z,

Z, (2.6

_( cos¢  sin E)( z

| —sing cosg/\Z')

A. Additional NC interactions

Then the well-known value of the Si-boson mass corre-
sponds in this model to th&;, mass M), while the mass of

the Z, boson M) is, of course, unknown. It is possible to
rewrite Eq.(2.4) in terms of the mass eigenstates:

We assume that th#’ interacts only with fermions of the
third family. Then the neutral-curreiNC) Lagrangian is of
the form[2]

_ENC:ngnAM‘*‘ 9z3#Z,+ ngJ"“Zl’L, (2.2
_ _ ~L72,=92Z1, 2 ¥ (vii—anys) i
where the first two terms are just those of the SM amd f=tbrv,
involves only the third-family fermiong, b, 7 andv .. This o
form of Lyc corresponds to the case where the ndd) +2Z,, > Yy (via—anys) |, (2.7)
neutral gauge particle is not mixed with the phofas]. f=tbrv,

In the usual notation of the SM one hgs=g/cosé,,,
while g5/ is a phenomenologically free parameter. However,
in more complete theories involving’ [i.e., grand unified
theories(GUT) or left-right (LR) modeld, the value ofy;: is
tightly connected ta; [2,7]:

where

9z . 9z .
vii=cos v+ g—sm fvi, ap=coséas+ g—sm éag,
z z

5 9z ;o gz .
0z = \[gsin OwNDz, (2.2 Vi2= Ecosﬁ)f —sin vy, af2=Ecos§af —sin as .
(2.8

where is usually in the range 2/3—[2]. This means that

. : The introduction of mixing between tt#andZ’ changes
the maximum value is

the couplings of the SM, which are extracted from the con-
ventional experimental input. In fact, in the SM one has the
0z//9z~0.62. (2.3 standard electroweak inp{it6] of a(0), Gg [17] together
with M>=(91.1863:0.002) GeV[18]. This input contains
We shall use this constraint in most of the numerical workenough parameters for the determination of the SM elec-

that is presented. troweak coupling constangsandg’ of SU(2), andU(1)y,
Let us write down the Lagrangian for interactions of the respectively, and the Higgs vacuum expectation valuén
andZ’ with the fermions of the third family: order to do this let us introduce the following quantities:
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2= 0 _ 27580 Gey? 2.9
m \/EGF . .
and[19,20
GN©

whereG}° is the four-fermion NC Fermi coupling constant

in the limit of zero momentum transfer. At the tree level the

p parameter can be defined ag=M3/(M2cog4,) and in

the SMpy=1 due to the doublet Higgs structure, while at

the one-loop level it acquires radiative correctibf9]

1

= 3Ge_ 2_0.01
P=1 A m;~0.01.

- 8772\/5 ‘

Then it is possible to express the couplings of &) in
terms of the above-mentioned ingui5]:

9z=(42GeM3p)*2, (2.12
. 1 1w a(Myp)
SII’TZQW:E— Z_p_l\/li a(O)' (2.13)

PHYSICAL REVIEW D 58 075001

_1+(M§/M§)tarﬁg_
 1+tarfé

MZ
pM=l+Sin2§(M—§—
(2.1

from the additional Higgs sector—related to the pattern of
symmetry breaking £ psg) (the scalar sector of this theory
necessarily contains additional Higgs fields

so that

1
P—PSB'PM'PT—E,

(2.17

where pgg and py contain tree-level corrections due to the
extension of the model, whereas contains the SM radia-
tive correctiongdominated by the top quarkOf course, in
the extended’ model there exist additional radiative cor-
rections to thep parameter, which can even be rather large
since there is no decoupling of the heavy particles for these
corrections, but we restrict ourselves by considering only the
tree-level effects of the non-standard particles.

If the scalar sector of the theory contains only doublets
and singlets of th&U(2), group, one had pgg=0. In fur-
ther considerations we shall use this assumption by default.

Ap=ApsgtApy+tApr,

B. Existing bounds on theZ’ mass

It should be stressed that the angle introduced above differs

from the conventionally defined Weinberg angle:

,U«Z a(Mz)

SII’]ZHOCOSZGO:M—% W .

(2.19

A Z' would contribute with full strength to the decay of
Y states tor” 7, suppressed only by th& propagator. The
moderate agreement of the branching rafia@]

F(Y(1S)—7"77)

B (D= Txas=an

=0.0297+0.0035, (2.18

The one-loop expression for this difference can be found in

[21].

with

In the extended model the mass of the weak eigenstate

M (i.e. the matrix element of the mass operatm un-
known: it is related to the mass valubk, and M, and to
the mixing &, as

M2—M
tarfé= Mﬁ— (2.15

_ N2
1
5"
Z_MZ

As a resultfor non-zero mixing angles there are correc-

B (e)=0.0252:0.0017, B(u)=0.0248t0.0007,

(2.19

implies that theZ’ mass cannot be too low.

Let us estimate this lower bound. Since fH¢1S) is a
natural-parity state, only the vector part of the hadronic cur-
rent contributes to its decay. Hence, no restriction can be

obtained for the pure axia’bb vertex withoutZZ' mixing
[such mixing effects are small, and will be omitted from the

tions to the Weinberg anglé, and gauge couplings g and discussion ofY(1S) decay. For couplings involving the

g’. They acquire dependence, now not only from the stan

dard electroweak input, bdtom the parameters of the ex-
tended mode(é, M,) as well This means that the results of

a measurement of other electroweak quantities may be us

to restrict these parameters.

Following [15] one finds that in the extended model Eq.

(2.13 should be modified by ,— M, while thep param-
eter acquires additional contributions at the tree level:
from theZZ' mixing (Appn),

For bb final states there are extra vertex correctiphfs).

vector current, one may obtain a lower bound on Hle
mass: M, >50 GeV for vector-vector chiralitiegin the

'bb andZ’ 7" 7~ vertices, M, >22 GeV for the vector—
axial-vector case, anidl;,>35 GeV for the LL, RR, LR and
RL cases.

Another kind of restriction can be obtained from the
parameter, as discussed above. If one combines the LEP re-
sults with theMy,/M; value, it is possible to conclude that
[22]

2X10 3<Ap<8x10 3 for 150 GeV <m,<200 GeV
(2.20
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and 70 Ge\_KmH<1OOO GeV. Under the assumption that Xo=%(vt’,2+a’§)(vaz+aé2)(f2+GZ)
Apgp=0, this leads to

! !’ ! !

+20babvqaq§(f—l]),
1<py=1.005. (2.2)
_ 12 12 12 12\ (& " 125
The lower bound omp,, implies thatM ,>M. Xo=(vg"+ag )l 3(vp™+ap") (s+21)+2v,7s]
However, one should keep in mind that these constraints +12v{)at’,véa(’4§,
are valid only under the assumption thatz=1, which re-
guires a certain simple structure of the Higgs sector. For a

_ 12 ’2 12 12\ (™ 3 127,
more general scalar sector one 1ia3] Xq=(0p"+2,7)[3(vg" +ag") (s+21) +2v,"s]

ey oo +12vjalvags,
EaII H<H0|(T _3T3)|H0>vac
psg=1+ T2 : (2.22 _ 12,924 12412 2 a2
22:all H<HO|T3|HO>vac qu_4{vb v q+ab aq [3_2(S/Mzr)
- 2

For Higgs fields with isospin higher than 1/2¢gz may be +(sIM3)?1},
less than unity and the above-mentioned constraints are re- ) ) ) )
moved. Xpp=Xqq=2(vp "+ ap)(vg +agd), (3.3

IIl. HADRONIC PRODUCTION with s=k?, t=(p;—q)?, andu=(p,—q)%

For the decay of the’ (of massM;/) to a fermion-
The hypotheticalZ’ boson could be produced in proton- antifermion pair(of massm;), we find the partial decay
proton (antiproton collisions through direct Drell-Yan-like idth at the tree level:
coupling ofb andb sea quarks, through gluon-gluon fusion,
with the gluons coupled td or t quark loops, as well as gi,MZ,
throughZ Z fusion andWW fusion. We shall consider these Ii=—7 V1-(2m¢/Mz)*

mechanisms in turn in the following, focusing first on the
prospects for producing such vector bosons at the Fermilab 2m? 4m?
vi?l 1+ —|+a/}1-—||, (39
M7, M3,

Tevatron, and then turn to the LHC in Sec. Il D. In this X
section we consider the limit of ndZ’ mixing, which im-
pliesMz,=M,. Also, we shall here disregard the constraint

(2.3, letting Z’ couplings be ofO(1). wherev{ anda; denote the vector and axial couplings, re-
spectively. Thus, the total fermionic width would be given
_ b
A. Direct production by bb annihilation y

The vector bosoZ’ may be produced by the direct Drell- Fz/=Fb+Ft+F7+FV7. (3.5
Yan mechanism, i.e. annihilation oftaquark from one pro-
ton (or antiproton and ab from the other. The matrix ele- The inclusive cross section may be expressed in terms of
ment is proportional to a convolution integral ovebb-quark distribution functions:

—g,,+kk, /M3, 25

5 — o , . do d°c b b,
M =gz [v(p2) v (vy—apys)u(p1)] E dx, dxszl(xl)fz(xz), (3.6

k2—M2,+iM 2 Tz,
X[U(q)y”(v(QI—a(;y5)v(a)], (3.1)  with E, the transverse energy of the jets, aff{x) the

b- (E—) quark distribution functions. The elementary cross
where p; and p, are the relevant parton momenta of the section is given by

incident proton and antiproton, witte p; + p,, andq anda

the final-state quark and antiguark momenta. The corre- do 454 — 1
sponding polarization-averaged square becomes dx dx, =(2m) (pl+p2_q_q)4E1E2vre|
3 cpm
_ 493, —  dq d°q
M|2= Xo+ M2X,, + m2X XM 3 T 3.7
M| (kz—Mé,)2+(MZ,I‘Z,)2{ 07 e T e (2m)%2E4 (27)°2E;
+MEMEXp g+ MpXpp+ MaXqq), (3.2  with |[M|? the square of the matrix element in E@®.2),

properly averaged and summed over polarizations, and

wherem, (=m, or m;) denotes the mass of the final-state 4E,Ev o= 2(p; + pz)zzzé. Straightforward kinematical
quarks and considerations lead to
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1o’2§ ~a B) and data(summed over all flavoy§26]. The directbb
; production through &' is seen to be below the QCD rate by
3-4 orders of magnitude, even for a “lighz’.

B. Gluon fusion

do/dE,,, [nb/GeV]
L

In the collisions of protons and antiprotons at Fermilab
(or protons at LHQ, gluon fusion may, via a suitable quark
triangle diagram, lead to the production of su¢hbosons.
The inclusive cross section may be expressed in terms of a
convolution integral over gluon distribution functions, simi-
lar to EQ.(3.6):

~12f I I | I dor 3(}
"9 0750 700 150 200 250 300 350 400 dEL:J’ XmJ dXZdEde_ldxzfg(xl)fg(xz) (3.11
Eperp [GeV]

perp

FIG. 1. Cross sections for inclusive jet production at the Teva-
tron, pp collisions atE;,=1.8 TeV. The solid curves represent
Drell-Yan-type production o', from b andb (sea quarks in the
initial state. Three masses are consideidd,; =100, 200 and 400
GeV. The couplings argzv,=gz:a,=1. Also the contributions
from the dominant QCD mechanisms are shown, as well as data

with f9(x) gluon distribution functions. The elementary
cross section is given by an expression similar to (dy7),
where the amplitude for the production qfj (bb or tt)
final states may be expressed as

(summed over all flavoyd26]. — gt kﬂkV/M;
. M=V aﬁea(l)GB(Z)gz ,
d30_ 1 1 |M|2 EJ_ k _MZ/+IMZ/FZV
= 5 = | . ) — _
dE, dx;dx, 27 gg3?2 \/Eg—Efcoshy—Eqsmh(yS 9 X[u(@) v (vg—agys)v(Q)]. (3.12
wherey is the rapidity and The factorviiﬁ describes thez’gg vertex (@ and b are

color indices, which we take from the corresponding expres-
= . = ion for theZgg vertex, given by Kniehl and kan [27].
=1s[coshy*sinhy\1—4E?/s]. 39 O = =
2 \/—[ y y Lfs] 39 By current conservationk’[u(q)y,v(q)]=0. Further-
more, for on-shell gluons, the vertex function simplifies con-
It is convenient to replace the integration ovgrandx,  siderably. Averaging over gluon polarizations, and summing
by one over rapidity and, the invariant mass squared of the overq andq polarizations, we obtain
Z'. With 7=s/s, wheres is the squared c.m. energy of the
proton-antiproton system, we have;=+7¢’ and x, A\ 2
— -y f —_— , Qg S , ~
Jre™Y, and obtain IM[2=4 angi,( ) 5ab|BQ|2( - ) 2, 2mZs.
Z/

do 1 1 f 4 2f . 3.13
M (x X
dEL 2 8s S\/— y[M| 1) 2( 2)
Here,a’Q describes the axial coupling &@f to the quark field
E, of the triangle diagram, normalized as in Sec[lfiwe were
X —, (3.10  to replace thez’ by the ordinaryZ, we would geta,gy:
VE2—E2coshy— Esinh ! Q
q L y y —eT5/(2 sinfy cosby), with T3= =3 the quark isospin.

— . The coefficientBg is given in Ref.[27] For a triangle dia-

Resulting cross sections are glven in Fig. 1 for the Fermi-
lab energy,\s=1.8 TeV, for three values of the mass,
Mz,=100, 200 and 400 GeV. We here disregard the con- s )
straint (2.3), taking the more “unbiased” view thag, a’ Bo=5y (172mgCo), (3.149
and gzv' are of O(1). [If we adopt Eq.(2.3), the cross
section would drop by about two orders of magnitddeor
the distribution ofo (b) quarks in the incident protons and with A=X\(s;,s,,5)=s? the Kdlen function (for on-shell
antiprotons, we use standard val{i24,25. For comparison, gluons,s;=s,=0), mg the mass of the loop quark, ai}
we also show the dominant QCD contributides Appendix  given as
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1 ] — R =10 ¢
Co=—(2¢—m)?, sing=\amd/s—1, s<4md, §1o‘3f_ i e o,
2s o o Wy Y,
£ _af AN ] I/OUr
210 F Ocp ™ g '
g E N7 |
“ 500k oo
1 1+a  \? SO Qo
—B6F
C0= - 2_5 |OQE—I7T , (3.15) ©10 3 M=200 GeV g
10_:— X
_8f A
10 F M=400 GeV
a=V1-4mj/s<1, 4md<s, 10°F
—10F
10 F
depending on whethes is below or above the threshold 16" :
associated with the loop quark. We consider the contribu- 10 2 b L

FEFENIE VA
0 50 100 150 200 250 300 350 400

tions from bothb andt quarks to this loop: £ ooV

FIG. 2. Cross sections for inclusive jet production at the Teva-
tron, pp collisions atE.,,=1.8 TeV. The solid curves represent
production ofZ’, from gluon fusion. Three masses are considered,

The result(3.13 is proportional toa’z 2 . According to Mz,=100, 200 and 400 GeV. Bothhandt quarks contribute to the
triangle diagram, with equal couplinggz.a{ =gz:a,=1. Also the

Furry’s theorem, the vector part of the trlangle diagram cang contributions from the dominant QCD mechanisms are shown, as
cels, and the remaining axial anomaly is proportional to thg, o as datasummed over all flavoyg26]

final-state quark mass, here denoted rby. At moderate
energies, the relevant final states atg and thusmg=m;. D. Production at the LHC
If the energy is high enough, there is a similar contribution T
9y g 9 At the LHC the sea-quark and gluon distributions are

for tt final states. _ _ _ much less suppressed than at the “lower” energy of the
Replacing the integrations ovef andx, by integrations ey atron, and so it is of considerable interest to see izthe

over rapidity ands, the invariant mass squared of I one  production can compete with the QCD background. We

obtains an expression similar to .10, where theb and g,y in Figs. 4 and 5 the cross sections tidr Drell-Yan-

b distribution functions should be replaced by gluon distri-type production and gluon fusion, respectively. As at lower

bution functions, and whergm|? also should contain a fac- energies, it is the Drell-Yan-type production that dominates

tor of 1/8 from color matching of the two gluons. the gluon-fusion mechanism and, relative to the QCD rate,
Numerical values are obtained for these cross sectionshe Z’ production is now “only” suppressed by about two

using standard gluon distribution functiof®4,25. The re-  orders of magnitude. One must conclude that it would be

sulting cross sections are for the Tevatron energy shown iextremely hard to discover such vector bosons in hadronic

Fig. 2. We have arbitrarily taken the axial coupling$tand  collisions.

t quarks to be the same. The cross section is remarkably

small, even for moderately low massé4; =O(M;). The -2

a5 |Bol?—|a;By+aBy|% (3.16

axial couplings being the samgsolid line), (2) opposite
(dashed ling and(3) thettZ’ axial coupling being zero. It
appears that no variation of the chirality of these couplings 10 'L
can make the cross section comparable with the QCD back- —gf
ground.

resonant structure is due to interference between the contri- § _5F h ey %oz,
butions ofb- andt-quark triangle diagrams; cf. E43.16). %10 3 ‘\\ Sy sy,
This interference is illustrated in Fig. 3, where f&,, =100 “‘3‘\\005 . s
=200 GeV we compare three casé€b. thebbZ' andttz’ %310— \?‘{éo

~ S

[

©

©,

C. Fusion of ZZ or WW bosons 10

The fusion of two weak gauge bosons, like that of two
gluons, ca_n_also Iea_d ta’ _productlon. This could proceed 10 7 S oo el i b
through mixing, or via a triangle loop. A crude estimate for Ee [GEV]
the magnitude of this rate may be obtained in the
Weizsaker-Williams approximation. The resulting cross  FIG. 3. Similar to Fig. 2, but foM,, =200 GeV only. Three
section is found to be several orders of magnitude below theases ofqgz’ couplings are consideredgs a; ,g,-a})=(1,1)
Drell-Yan rate. (solid line), (0,1) (dotted ling, and (1;-1) (dashed ling
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= 100 e = 10—
o E oA M=100 GeV o E A
2 ) S 2 \ .
R e s S
Hg 0 L Hg 0 [ .
W F N M= ‘\‘\. Ll F ‘\“\
3 200 gg,,--QCD 99 D1k Q€D gg
[} -1E "-~.__\ o5 1 F \\\ e
310 ERT M/=1OO GeV™
_ X:--...QCD qqb _oF T QCD qgb
. \ 4CD ggbar 1020 M=200 GeV A<D aq o

_3F _3f
10 ¢ M=400 GeV 10 ¢

-4 -4
10 F 10 ¥
_ _5F
10 F 10 ¥
_6F , _ _6F
10 ¢ pp>Z-bb 10 M=400 GeV
-7t 7t I I I I | 4 I
10 10 0 50 100 150 200 250 300 350 400

0750 100 150 200 250 300 350 400
E,up [GeVI E,up [GeVI
FIG. 4. Cross sections for inclusive jet production at the LHC, FIG. 5. Cross sections for inclusive jet production at the LHC,
pp collisions atE; ,=14 TeV. The solid curves represent Drell- pp collisions atE; ,=14 TeV. The solid curves represent produc-
Yan-type production oZ’, from b andb (sea quarks in the initial ~ tion of Z’, from gluon fusion. Three masses are considehég;
state. Three masses are consideid, =100, 200 and 400 GeV. =100, 200 and 400 GeV. Both andt quarks contribute to the
Also the contributions from the dominant QCD mechanisms areriangle diagram, with equal couplings; a; =gz-a,=1. Also the

shown, using standard distribution functidiz=]. contributions from the dominant QCD mechanisms are shown.
IV. ELECTRON —POSITRON ANNIHILATION Ama’
o= 3s Fq, 4.2

In e"e” collisions theZ’ boson could be produced di-
rectly via mixing with theZ boson; the following channels
with two-particle final states are sensitive to this mixing: ~ Where

— — — —N12A2 - _
ete”—bb, ete —tt, eTe —r7r1. (4.7 F1=QeQf +2Qeve1Qsv11REX:

T2 T2\ 2 2 2
The first of these was discussed[ifi11]. In the following Flatag) i tan)|xl
subsection we are going to discuss all these processes and +ZQeU_eZQfU_fZReX2+(;52+5§2)(;?2+5f22)|)(2|2
calculate the relative deviation of the cross sections from
their values in the SM for different values of the mixing +2(Ve1V e+ Ae18e0) (V110 12+ Ar1812) REX 1 X2*
angle¢ and theZ, massM,.

For the processes with more than two particles in the final (4.3
state we will consider the proceese™ —bbvv, as one of with
the most important for LEP2 and future colliders.

S

A. Two-fermion final states Xi=——
S— Mi +iM iFi

4.9

We first consider the processe$e™ —bb, tt, 777 as
the simplest processes at electron-positron colliders involvy
ing fermions of the third family, where the effect &f ex- andlcf. Eq. (2.8
change could be observable. Three Feynman diagrams de-
scribe this process, with the exchange of phot@rsandZ,. v_i:%vi , gi:%ai ) (4.5)
Deviations from the SM will occur only in the case where € €
the mixing angle is non-zergWithout tree-level mixing, it
will arise only through loop effectsThe effect ofZZ’ mix-  The ratiogz/e should be extracted from the standard elec-
ing changes the couplings of t@eboson and gives rise @,  troweak input discussed in Sec. Il, and include the “run-
exchange. The coupling between the electron andZthes  ning” dependence from the*e™ energyy/s.
proportional to sirg, which by assumption is small. On the  For \/s= M, one can use the followinfL5,16]:
other hand, this mechanism has the advantage that there is no

suppression by th&' propagator and the effect might thus 95 pra(O) 12
be observable. (M= ————— =5
The cross section is given by the expressiéor my e SIN OwCoS b | 5_ pua(My)
<s) (4.6
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For \s>M; we will start with Eq.(4.6) and then use the due to the following. At LEPXon resonancethere are three
solutions of the one-loop massless renormalization-grougffects: modification of the couplings due to mixing, modi-
equations for th&U(2) andU(1) running couplingsg and fication of sirfé,,, and a shift ofp from the SM value. The
9" corresponding bounds are smooth curves. At higher energies
(LEP2 and NLQ there is an additional contribution mediated
-1 by Z, exchange. At relatively lowM, values, the
Z,-exchange contribution dominates the deviation from the
SM, whereas at higheM, this contribution becomes less
important. The complicated shape of the contours is due to
1 interference between direcZ§ exchangg and indirect ef-
fects. These effects interfere constructively at some values of
sin ¢, and destructively at others.
4.7) In our input scheme, for a fixed non-zero valueéotthe
gauge couplingyy increases withM,. This is due to the
increase ofp),, and hence op [cf. Egs.(2.12), (2.16 and
(2.17] with M,. This leads to a deviation of the cross sec-
tion away from the SM value. Thus, at large values\bf,
the e"e” —ff cross section is seen to impose strong con-
straints on the allowed mixing angle; there is a narrowing, at
large M., of the allowed region in sig. (If we had frozernp

andg; in our calculations, then the different points in these

It should be emphasized that all the above-mentioned COYjqyres would correspond to different choices of the Higgs
plings depend, for the model under consideration, on th&g tor—which would be rather unnatuyal.

mixing angle¢ and the masM, through thep parameter; cf.
Eqgs.(4.6) and(4.7).
No deviation from the SM has been observed at LEP. On

may thus obtain bounds on the model paramefeaad M, . .
taking into account available data on tA2 peak. For LEP2 ¢ andM, depequ on the chiral property of tfe cc_)uphng.
For vector-, axial vector- and left-handed couplings, LEP2

and the NLC we take a rather conservatively anticipated pre- : .
cision. The sensitivity of observables, e.g. of the total Crosé.and the NLG will have more sensitivity than LEP1 at nega-

: _ ; .- tive values ofé. For right-handed couplings, the situation is
?j:;ci);: gs g?lf)vt\)/g? n assessed numerically by defining a reversed. Thus, LEP2 and the NLC have the potential to

observe effects of suchZ’' in this channel with masses up
) to the order of 1 TeV. Concerning' =~ final states, it ap-
Aot pears that studies at higher energies cannot improve on the
) ' (4.9 results obtained at LEP1; see Fig. 8.

In Fig. 9 we considett final states at/s=500 GeV. As

compared withbb final states, the sensitivity is lower. How-
ever, the interference effects are different, and it is therefore

complementary to theb channel.
Comparing the contour levels for the different final states,
e can see that the tightest restrictions are obtained from the

bb final state, while ther* 7~ case is the least restrictive.
This difference can be understood from an analysis of the
backward asymmetry. The resulting allowed boundséon expr_ession(4.3).. In comparing with the_SM Cross sec_tion,.
. — . the important difference between the final-state fermions is
and My, at the 95% C.L,, are given fdsb and 7”7~ pro- ¢ glectric charge, which dominates the main SM contribu-
ductlo_n in Figs. 6,—8, for dn‘ferfent assumed chiralities _of thegion. Thus, for a given value of{M,) away from the reso-
coupling to thez' (vector, axial, left, right The relative . n00 s\, the relative deviation from the SM will be

gauge coupling is chosen according[#&3 asg,/ /g;=0.62. lar ;

. gest forb quarks(because of the small electric charge
These bounds were obtained frof" the data reportd@sh and smallest forr leptons (because of the large electric
by means of the prograzeriT, which has to be used along charge

with zZFITTER [29].
In these same figures, we also present bounds correspond-
ing to conservatively assumed cross-section precisions of 5%
and 10% at LEP2 and a linear collider operating at 500 GeV )
(labelled NLQ. These cross sections were calculated by We now turn our attention to the process’e”
means of thecomPHEP[30] program. The qualitative differ- —bbv.v., which is sensitive to the three-boson couplings.
ence between the LEP1 and the LE@2 NLC) contours is In the SM, there are in the unitary gauge 23 Feynman dia-

g’ (M} 10

S
1+ 0g—
1672 3 ~M?

92(s)=g3(M?)

9'3(M?) 20

S
1-— g_
1672 3 M7

g'%(s)=g'*(M})

which are related t@ and sing,, as

12

— 4.9

. g
SII”IZHWZ—.
g2_’_912

For the case obb final states, we consider two different
genter-of-mass energiegs=190 and 500 GeV, in Figs. 6
and 7, respectively. The sensitivity of LEP2 and the NLC to

2:

X

50’f?

whereAo= o~ afsf—M and the uncertaintyoy; is a statis-
tical one. As a criterion to derive allowed regions for the
coupling constants if no deviations from the SM were ob-
served, and in this way to assess the sensitivity to the params,
eters¢ and M,, we impose thal®>< xZ;, where x2; is a
number that specifies the desired level of significance.

At the Z° peak, the most sensitive quantity is the forward-

B. Four-fermion final states
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e'e”> bb e*e™ > bb
1000 ; 1000 ¢ -
- vector LEP2 1 a LEP2 1
900 - 900 - 3
= 800 E S800F 10%3
O /10%: ) o / ]
700 : S700F E
N ] N N ]
= 600 E =600 | E
S00 ¢ LEPT 3 500 £ LEPT :
r ALLOWED ] C ALLOWED ]
400 = 400 [ &
300 3 300 F 3
200 ] 200 b a2
100 | E 100 F E
ob—1 v v o 0 R R R T I B
—0.04 —-0.02 0 002 0.4 —0.04 —0.02 0 002 004
siné siné
e*e™ > bb e*e™ > bb
1000 ¢ . 1000 ¢ -
a LEP2 1 a LEP2 1
900 - 900 3
<800 F 10% <800 F 3
8 o / ] 8 o ]
S 700 3 S 700 10 3
=600 F - =600 F .
500 F LEP1 E 500 - e LEPI E
C ALLOWED ] C ALLOWED ]
400 - = 400 - -
300 F & 300 E d
200 ;__"::________;___ :::: = - i —--:./__—_T_ ______ __f 200 - — -_f
100 F E 100 F 3
0 R R R T I B 0 R R R T I B
—0.04 —0.02 0 002 004 —0.04 —0.02 0 002 004
siné siné

FIG. 6. Allowed regions of sig and M, obtained from LEP1 daté95% C.L) for the proces®*e™—bb. Also shown are bounds
anticipated from LEP2 at levels of assumed precision as indicated by the labels. Four different chiralities are considered.

grams that contribute to this process. In the extended model, Experimentally this process can be investigated by the
the number of diagrams is 4 the unitary gauge even if  detection of théob pair with missing energy. In this case one
all the scalars are excluded. However, deviations from theneasures the cross section of the processée”
standard model occur only for the case of a non-Z280 . pby,v;, integrated over a suitable kinematical region
mixing.? As a result of this mixing there appear three-boson(with the neutrinos of all three families in the final state
couplings involving theZ,. However, following the work of Ref[31], we believe that
the main contribution comes from the process with the,
pair in the final state.
The process has been studied usiagnPHER which gen-
There is no tree-leve/WZ coupling since we assume tBé is  erates the Feynman diagrarse omit virtual Higgs par-
anSU(2) singlet. One should keep in mind that the one-loop Feyn-icles) and evaluates the cross section. This has been inte-
man diagrams give rise to\WWZ vertex even if at the tree level grated over phase space according to the cuts of [B&f.
the mixing angle vanishes. For theb jets to be detectable, we require them to have
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e'e”> bb e*e™> bb
2000 [ . 2000 [ .
[ vector E=500 CeV1 r E=500 CeV]
1800 ] 1800 | ]
< 1600 3 S 1600 f 3
(] ] () [ ]
S 1400 3 Q 1400 F ]
o~ 4 o~ L 4
= 1200 ] = 00k ]
] : 5% ]
1000 . 1000 [ 10% 3
800 ] 80O [ ]
600 600 F

400 400 7 TN
200 [ 5 200 | 3
C : 1 . ] . ] . 1 . 1 1

0 004 0.0z o0 0.02 . 0.04

sin§é
e'e™> bb

2000 [ 2000 [ .
C - Right E=500 GeV1
1800 |- 1800 [- ]
S 1600 F = 1600 F 3
() L () L ]
© 1400 F Q1400 F =
o~ L o L 4
= 1200F = 1200 F 3
1000 | 1000 10% 3
800 | 800 [ -
L [ LEP1 ]
600 F 600 | /ALLOWED N
400 400F. "2 N\ -
200 200 F 3
O | L | N | N | N | O E 1 L 1 L 1 L | L 1 ]

-0.04 -002 0 0.02 = 0.04 -0.04 -0.02 0 0.02 _ 0.04

sin§é siné

FIG. 7. Allowed regions of sig and M, obtained from LEP1 daté95% C.L) for the procese*e”—bb. Also shown are bounds
anticipated from 500 GeV at levels of assumed precision as indicated by the labels.

sufficient energy, to be away from the beam pipe, not toayith increasing values oM,, and also with|sing, as is
close to each other, and to not have an invariant mass closgown in Fig. 10. The increase in the cross section seen at
to theZ,. Furthermore, the missing momentum should havgncreasing values ofl, is basically due to the fact that the
a large transverse component and a low rapidity, and thgoyplingg, increases through the increase of g param-
undetected neutrinos should not originate frord;a eter, as was discussed in Sec. IV A.

For the cases of/s=190 and 500 GeV, and for vector
couplings, the modifications of the cross sections, with re-
spect to the standard model, are given in Figs. 11 and 12,

Ep>20 GeV, 20%6,<160°,

Opb> 20", Mg m21|<3rz 4.10 respectively. The gross features of these figures are rather
' similar to those for théob final states, and the sensitivity is

pr>40 GeV, n(p)<1, quite comparable.

|th—my |>5T. V. CONCLUDING REMARKS

We have shown that @' boson coupled only to third-
At a given energy, the cross section increases significantlfamily fermions is rather difficult to discover, even at high-
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+ - + - + - + -
ete s T ete s T
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F LRP2 1 F
900 F 3 900 F
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(] F (]
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500 | 500 |

o
Vi T T R AT T

400 f 400 f

300f 300

200 fm 200 B

100 100 E

1 | C ! | | | |
T 0.04 —0.04 —0.02 0
siné
ete" s 777
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i LEP2 1 F R P2 1
500 ] s00 £ Rigft (P2
0% : 3
— o ] — 0% 10% 1
= 800 = = 800 F 3
] ] O] F ]
S 700 = QO 700k 3
N ] N E ]
= 600 5% =600 /% 57\ 2
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200 Eo e T PTRI 200 i—-_-_-;_-_-_-_—_—.- _f
100 E 3 100 3
0 o R S B B B 0 R R R T I B
—0.04 -0.02 0© 0.02 _ 0.04 —0.04 -0.02 O 0.02  0.04
sin§é sin§é

FIG. 8. Allowed regions of sii andM, obtained from LEP1 daté85% C.L) for the procese” e — r* 7~. Also shown are bounds
anticipated from LEP2 at levels of assumed precision as indicated by the labels. Four different chiralities are considered.

energy colliders, thus confirming the more exploratorygependence from theb (tt, r7) invariant mass. We hope

analysis of Ref[11]. to return to this question in future work.
For hadronic colliders, such as the Tevatron or the LHC,

thisZ' is invisible because of the QCD background, which is
many orders of magnitude greater than the cross sections
involving theZ’. The data available from LEP1 already ex-
clude significant regions of the parameter spaéeM,). It is a pleasure to thank Alexander Pukhov for instruct-
LEP2 and futuree*e™ linear colliders can improve on these ing us on how to usecompHEP and Wolfgang Hollik for
bgunds, in particular from studies of final states involvingvaluable discussions. This research has been supported by
bb. the Research Council of Norway and by the Nordic project

It seems that some additional progress may be achieved iNORDITA) “Fundamental constituents of matter.” Also,
the study of processes with four fermions in the final state, ifA.A. and N.R. are partially supported by grant RFFI 98-02-
one investigates not only the full cross sections, but also theit8137.
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ete™ > tt ete” > tt
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FIG. 9. Allowed regions of si and M, anticipated for the process e —tt at the NLC at levels of assumed precision as indicated
by the labels. Four different chiralities are considered.

APPENDIX A: HIGGS SECTOR AND ANOMALIES The kinetic term for this field contributes to the mass

. ) . terms of thew* andZ bosons:
Since we consider our model as an extension of the stan-

dard model, it should contain the standard Higgs doublet 02 02
2 ’ 2 AYYas -
e ID,H| :g(gVVfL—Q B+ = gW, W

H:E(U—Fho) (A1) w2 g2 02
- 2\ s
_§CO§0WZMZM+ -9 W, W= (A3)

wherev is the vacuum expectation value. This field realizes

the representatior{1/2,1,0 of the gauge groupSU(2).  This field does not supply the additional gauge bo&sn
XU(1)yxU(1)y and hence has the following covariant de- with a mass. It is impossible to assign to the fielda non-
rvative: zero Y’ hypercharge: in this case the mass terms for the
fermions of the first two families will lose the (1)y: invari-
ance. Thereforé’;;=0 and in our model the fielth could
give rise to the masses of the third-family fermions only in

!

3, +igTaWe +i g—B#>H. (A2)

D,H= 5

M
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e*e™> bby 7w,

1000 ¢
900 b
S 800k
04 E
Q700
=Y E

600 F
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5%

e LEP
aLowes L

400F

300 F

200F

100 F
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FIG. 10. Cross section fdrbwv, production atys=190 GeV, siné

subject to cuts given by E@4.10.

FIG. 12. Bounds anticipated fromys=500 GeV fore*e”
the case whelY{, =Y (not necessarily zejoln the general —bbv,r, at levels of assumed precision as indicated by the labels.
case, wher/ #Y/g, the ordinary Higgs fieldH does not Also shown is the allowed region of siand M, obtained from

contribute to the masses of the third-family fermions. LEP1 data(95% C.L) for the procese’ e —bb.
The simplest way to obtain Z2' mass is to introduce a o .
scalar singlet¢, which transforms as (0,05 and has a By means of this field$, an arbitrary mass can be pro-
covariant derivative: duced for theZ’ boson, but it is not possible to g&tz’
mixing at the tree level. In the case where Hieboson is not
Y. a pure vector.parti.cIéY,l,_#Yf’R], it is also impossible to
D,¢= aM+|gz/7z;) ¢. (A4)  obtain gauge-invariant mass terms for the fermions of the

third family (see above

In order to solve these two problems, let us introduce an
With a_non-vanishing vacuum expectation valugt)ac  additional Higgs doublet ;, which interacts with th&’ and
=vs/V/2, it produces the following mass term for t#  hence has a non-zel hypercharge. This field transforms

boson: as (3,1,Y7) and has a covariant derivative:
9 9’ g
Z' ’ _ : : S92y
|D,L¢|2=>?Yszv§2,tz- (A5) D, Hi={d,+igTeWi+i 5 BuTI=5-Y1Z, [ Hy.
(A6)
1000 (The value ofY] is not arbitrary when the fielti, gives rise
900 to fermion masses; this will be discussed at the end of this
_ appendix. With (H)y,c=v1//2, it produces the following
<800 contribution to the mass term of the neutral gauge bosons:
S 700 2
o 2
= 9° v1 9z .
600 2 2 12512
D, H4|*>= —| 22+ —=sirfoyY1°Z
500 DA cogo, 8\ gz VL TH
400 £
: 9z ' 1
300 F - 2—,sm OwY1Z,Z2"*|. (A7)
200 2. : J
100 | E So in this case when all three Higgs fields are present, one
E obtains a mass matrix for the neutral gauge bosons in the
9 004 —00z 0 0.02  0.04 general form
sin§
| J—— M2 M3,\[z
FIG. 11. Bounds anticipated from LEP2 fei e”—bbv,v, at (2,2") 5 ) ’ (A8)
levels of assumed precision as indicated by the labels. Also shown M7, M3, z'

is the allowed region of sig and M, obtained from LEP1 data
(95% C.L) for the procese*e” —bb. where
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92 g; Here,£ and Q denote the third-family lepton and quark dou-
§=—(vz+vi). M;:T(vgYéqL vin), blets. The last two equations are not independent. \&ith
4 coS by (A9) =Y//Y}, , the system has the following solution:
M2, =— g’ U—Z%sin O Y (A10) Xa=1 Xol=73. XR=27XiR,
22 cogey 4 g Wi
After diagonalization of this matrix, the mass eigenstates e E—x N f+x (AL3)
M,, M, and the mixing angl€ can be expressed through bR™ 3 "Ry RT3 TR

vacuum expectation valu¢¥EVs) of the introduced scalars.
The fieldH, also gives masses to the third-family fermions. , : .
: where Y (or x,g) remains undetermined. For the case
However, it should be stressed that the values of\the X =0 oVne etsY=Y' (the case of the SM whereask
hypercharge are not arbitrary: restrictions come from the tri-"*R g VR

angle anomalies. The well-known condition of ABJ anoma-:1 corresponds to a purely vectar bo_son_; the general
lies readq32,33 case can be treated as a linear combination of these two

cases.
TrT{T, T =Tr(T{T, L Tibr (A11) These valu/es of fermlo_nlc .hypercharggsdetgrmlne the
hyperchargey; of theH, field: the gauge invariance of the

whereT are the matrices of the fermion representations, andermionic mass term necessarily leadsvip=Y;, — Y q.
i, j, k may refer to different subgroups of the full gauge A vector-like Z'-fermion coupling is achieved with a uni-
group. versal choicex,g=1. However, as follows from Eq$A13),

In the standard model with the groU(3).xSU(2),  the assignment for th&’-fermion vertex to be axial, left- or
X U(1)y, these conditions unambiguously fix ratios of thefight-handed cannot be done universally. For instance, the
electric chargesor hyperchargesof fermions: four indepen-  coupling may be purely axial either fdr quarks, or forr
dent conditions of diagrams with I, YYY, ccY andggY  leptons, or fort quarks, but not simultaneously.
external fields[here L denotes the&sU(2), field, Y the Let us now comment on the chirality choices considered
U(1)y field, c the SU(3) field, andg the gravitor for four  in Figs. 6—9. For theZ’bb coupling (Figs. 6 and Y to be
ratios of Y;_, Yer, Yqu, Yur: Yar have a single solution. vector, axial, left- or right-handed, one must chozgg=1,
For the extended model, there are additional conditionsi/3, 2/3, or—o, respectively. For th&’ 7" 7~ coupling(Fig.
LLY, YYY,YY'Y', Y'Y'Y', ccY andggY’, which nec- 8) to be vector, axial, left- or right-handed, one must choose
essarily lead toy’=Y. All other Y’ assignments need an x =1, 3, 2, or —«, respectively. For the&'tt coupling
extension qf the fermionic sector. In_ order not to i_ntroduce(pig_ 9 to be vector, axial, left- or right-handed, one must
exotic fgrm|ons let us consider thg S|mpl_est extension of th%hoosexvf 1, 5/3, 4/3, oro, respectively.
fermionic sector, namely the addition of right-handed neutri- |t may be useful to notice that the cancellation of anoma-
nos. In this case the anomaly cancellation conditions, involvties is necessary only if the additior@l boson is treated as
ing theZ" boson, read a fundamental particle. For a composité, arbitrary values

of fermionic hypercharge are allowed.
LLY": Y +3Yg =0,
APPENDIX B: QCD BACKGROUND
We shall assume that light-flavor quark jets can be re-
jected and do not constitute a background. Thus, the back-

9gY': 2Yh — Y/ r—Y at+3(2Y} — Yir—Y/2) =0, , , - .
£ TR TR oL TR TBR ground of interest is the one due I (and, at sufficiently

Y'Y'Y': 2Y£L3_Y;R3_Y;R3+ 3(2Y,QL3_Y{R3_Y{)R3) hlgh energiestt) jetS.

=0, 1. Quark—antiquark annihilation

With p;+p,=b+b, s=(p,+p,)% the matrix element

2 16 :
YYY: 2Yp ~4Yia+3 5 Yo~ 5 Yir §Y;)R) =0,  Can be written as

- _gl-“’_ —

M=uv(pz)y*gTau(py) u(b) y"gTpv(b) dap,
(B1)

2 4
§YQL2_ 3 ViR’

YY'Y': —2Y,2+2Y%+3 3

with g the QCD coupling. Properly averaged over spin and

2
Zyr2|=
T3 YbR ) 0. (A12) color, the squared matrix element takes the form

3
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8g* . . whereX is due toM; andM,, Y is due to their interference
[M|2= 5 {2(t=mf=mf)2+2(Uu—mf—mj)? with M3, andZ representsvl; squared. Furthermore,
s
+(m?+m?)s B2 -
(ml mb)s}7 ( ) X= (f—mﬁ)ZXtt+ (f—mﬁ)(ﬂ—mﬁ) Xtu+ (a_mg)zxuu,
wheret=(p;—b)?, U=(p;—b)?, andp?=p2=m?. (B5)
2. Gluon fusion
Gluon fusion will also lead tdb (or tt) jets. There are 8 L L, pn o
three diagrams contributing, including the one due to the Xu= [ (t+mp)(u—mp)+2mp(s+2mp)],
three-gluon vertexf; +p,=p=b+Db):
2 .
M:M1+M2+M3, Xtu:_§m§(5_4mg)i
g BTm) 8 . o .
M;=u(b)ig 1Tam|g 2Tpv (b)), Xuu= 3 [(t=mg)(u-+mp) + 2mg(s+2mp) ].
b
(B6)
— .. i(b—po+my) — _
M2=u(b)|gé2Tbﬁ|gélTav(b), Similarly,
(b—pz)"—mj
, Y=Y+Y,, (B7)
— . —g"’'—£&p~p’lp
Ms=u(b)igy,Tev(b)—F—
pct+ie
X (=ig)f**7gup(P1— P2+ 9pu(P2t Pa - . .
ST Yim 5 [(-md)?+3mE),
~0ua(P+P1)glefes. (B3) S(t—my)
Since the final-state quark and antiquark are taken to be on- Y =Y (te0) (B8)
shell, the gauge-dependent part\bf vanishes. Properly av- us ot
eraged over spin and color, the squared matrix element takeg, finally
the form
— g 12 . 5 - 2y ara 2
IM[P= S [X+Y+Z], (B4) Z=é—z[(t—mb)(u—mb)—S(S+2mb)]- (B9)
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