
contributions from the most general Zbb·y form factors. OCR Output

convenient set of CP sensitive observables and show how they receive
with bb·y in the final state to study CP Violation. We describe a very
In this letter we investigate the possibilities of using events at LEP
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y,gj are defined as follows,
jets. More precisely, we fix a certain ycut and demand that y,§> ywt, where
singularities we require in addition that the photons be isolated from the b
can be optimised by Mo11te Carlo studies. In order to avoid soft and mass
can easily be brought u11der CO1ll.1`0l by suitable experimental cuts which
from initial state radiation. However, the effects of initial state radiation

The only real background to the CP studies we are interested in comes
together are expected to have collected O(1()4)bb·y events.
observed O (103) bb·y events [5] .At the end of LEPI all four experiments
lem with statistics, at the time of writing the OPAL collaboration alone has
channel to search for non standard effects. Furthermore, there is no prob
which are strongly suppressed in the Standard Model, making this an ideal
terms to the matrix element ~ e(e+e'bb) = e,,p,,,,p“(e+)p’3(e`)p”(b)p"(b)
Model. As we will see in detail later, CP Violating form factors contribute
process e+e` —> Z —> bby as a probe for CP Violation beyond the Standard
ton radiation either from the b or b is present; hence we suggest using tl1e
[4]) This additional information is available for example whe11 final state pho
pose as this leads only to increased sensitivity to non—standard Zee couplings
CP odd observables. (Polarizing the incoming beams will not serve our pur
mentation effects; so additional information is needed in order to construct
mined. The b quark polarisation however, is in general washed out by frag
the fact that the spin of the final state particles can be experimentally deter
connection with tl1e processes e`*'e‘—» T+r—— and e+e‘—» W+W"; exploiting

In earlier work, [1],[2],[3] CP sensitive observables have been discussed in
those arising from the CKM Matrix, which we will consider in detail.
possibility is that of CP violating contributions to the Zbb vertex beyond
model might show up most clearly in b couplings. A particularly appealing
there are compelling reasons to believe that new physics beyond the standard
Furthermore, since the b quark is the heaviest quark discovered to date,
can be studied at LEP in a clean environment unlike at hadron colliders.
on the fragmentation function of the b quark as well as B — F mixing, which
precision measurement of sinz 0,,,, but is also a useful source of information
decays into b pairs. The decay Z —+ bb not only provides a means for a high

OCR OutputIn the last few years all four LEP experiments have extensively studied Z



fi + gyyg, . All form factors need not, and in practise will not, originate from OCR Output
where the (complex) form factors F§(y,§) may be decomposed into F} =

1flb¤(FvP» + Fsbu + Fsbu) + b¤(F1<>P» + Fnbp + Frzbplll (3]
Fuc Z if’m(F1b¤ + Fzba) + v¤(Fabi» + FM + Fam) + Fsgwlf +

to non-vanishing interference terms. This leads to the following expression
glance at Fig. 1, it is easy to see that only form factors with 7" or 7”75 lead
vanishing, even in the limit that the b quark mass vanishes. After a quick

the- new terms we introduce and the Standard Model contribution is non

the Dirac structure in such a way that the interference amplitude between
then questionable. The first step in the construction of I`,m is to choose
expansion in QZ which is the basis of the effective Lagrangian approach is
experiments may not be much larger than the Fermi scale; the validity of an
motivation is that the CP scale A which can realistically be probed by existing
by UF,,C,Z“A"v, where Fw is the new CP Violating bbZ7 vertex. Our main
in Fig.2 are compactified to Fig. 3, which may be schematically denoted
effects at the Z resonance. With this approach, all the various diagrams
the most general U(1) invariant form factors which can lead to observable
together. Instead we will parameterise all CP Violating effects by looking at
following we will give up the effective Lagrangian Fornralism approach all
in L6 and are further ml, supressed and therefore unobservably small. In the
SU(2)L ® U(1) invariance, the only permissible CP Violating terms arise first
was later objected to in [6], where the authors argued that after imposing
and not the full SU(2)L ® [/(1) invariance of the Standard Model. This
in Fig. 2. In [3], L5 and L6 were choosen just requiring U(1) invariance
the Standard Model contribution shown in Fig. 1, to the diagrams shown
in the non—renormalisa.ble terms L5,L6 etc. . This leads, in addition to
All the effects of new physics characterised by the scale A are contained

(2)L=LqM+L.+—L6+o(#>+~ ~ A A2 A3
$}

approach, where one typically begins with a Lagrangian of the form
the standard model at presently accessible energies is the effective Lagrangian

The most popular framework for describing the effects of physics beyond

and s : M

using b,b and p to denote the 4 momenta of the b,b, and photon respectively,
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_ (Bp + lxb)2

..+2¢i2((b-P)(·l + ?‘) + b·l’(1 + T;)
bb - bb OCR Output

+atv.ae{2¤ii(b-1) — b-P)

+v6( M + bm )/ }
—b.(e+ — e") b.(e+ — e`)

_ + _ _ - + _ +(v.,b.(e — e )+ v5b.(e — c )(1+
b.b

. (v2b.(e+ — e`) + 1}3b.(e+ — e`))(1+ $——)
b.b

{ab(ag + vg){v1(b.(e+ — e`)+l1.(e+ — e"))
e(e+, e`, b, Z;)

M |?—¤»=

in the following form
and the new form factors we have introduced. The result may be presented

One can calculate the interference between the Standard Model amplitude
Once again, all the form factors vi a11d a, are complex functions of y and §.

(U6 "l' a6'Y5)('Y¤(bu 'l` bu) 'l' Ijgcull (5)

((v4 + ¤w¤)b» + (vs + <»¤v5)bt)(v¤2(>-P - 2(mf) +

((v¤ + ¢m)bt + (vg + ¤w5)b,r)(v¤2(»-1) — 2(mi) +

PW : i{(v] + a1·y5)·y,,(2b.,b.p — 2bC,b.p)+

combinations of form factors appear. This leads to the following result
It is convenient to rewrite the expression for Tm, so only gauge invariant

where ab and vb are the vector and axial couplings of the b quark to the Z.

Fi? = —i62Qb{v¤%g(vb + ¤w5)mi — (vb + ¤¤m»)m%v¤} (4)

For the sake of reference, the standard model vertex is given by
experiment.

operators of a fixed dimension and must in principle be determined from



CP Violation. To see the physical significance of the angle ¢ recall that the OCR Output
experimental evidence of a sin cb dependence of the cross—section is a signal of
tensor which in turn arises only as a result of CP Violation. Hence, any
independent of sin d>. sin¢ appears in the matrix element only via the e
Observe that all scalar products constructed with the above momenta. are

sc x

cos B = 2;-;5 — 1
1 — 1 — _ :

where cos H is given by

. . . 6(e+, e`, b, b) = Tx? sm 0 sin ,8 sin ¢>.
— S2

VVith this choice of momenta we have

'i(1, sin q5sinB, sin Bcos ¢>,cos B)

(1,0, —sin0, — cos0)

(1,0,sin 0,cos0)

;n(1,0,0, 1)

terise the momenta a.s follows
In order to cast this result in a more usable form it is useful to parame

sensitive asymmetries which we will later define.
and other overall constants as they will divide out in the definition of the CP
have been deliberately somewhat cavalier with colour factors, quark charges
where ~ denotes the imaginary part 0f the corresponding form factor. We

p ·p (5 _§)+§éL +” 2+-+r + ,} Q ——————————— 6 ¤6( hb)} (ab <~· vb G ·-> v)}M2MF( )
b.b b.b

+2d5<<b.p><—1 + Q + 6-$(1+ $5

2d4
b. . 2 ( p + b b)



energy distribution of b and b require absorbtive parts and are furthermore OCR Output
be observed in the process e+e` —-> bbq. (CP Violating asymmetries i11 the
and JE consitute the complete set CP of sensitive observables which can
asymmetries due to the azimuthal angle dependence. Note that A , AFB
which differ in definition from the better known b quark forward—backward

Umml
AFB =

cb < rr cb < rr gb > rr <b > rr {cos§>0 }_Ul cosd<0 } —U{ cos5>0 jfigl cosd<U} ‘“‘“`j“"""';
and

Utotal

cosH>O cos0<0 cos0>() cos(}<0

d><w ¢»>w<b<1r _U¢>¤ +OU{ AFB Z _‘ }_U{ }{ }{
asymmetries,

the b quark and the beam axis. These give rise to the following additional
to 6(e+,e",b,b)cos9 and e(e+,e',b, b) cosbl where 9 is the angle between
tional to e;(e+, e`, b, b) already mentioned there are also terms proportional
as azimuthal asymmetries. More precisely, in addition to the terms propor—

A closer look at [ M |?;’, reveals that there are forward backward as well
which can be corrected for.

complications due to B — B mixing, but this is a well understood effect
identifying the charge of the muon from semi—leptonic decays. There are
to distinguish between b and b jets. In practice this can be achieved by
outgoing b jet. We have tacitly assumed that it is experimentally possible
observed on different sides of a plane defined by the beam axis and the
A non—vanishing value of A means a difference in the number of photons

Umm}

¤(¢< rr) —¤(¢> rr)

non—vanishing azimuthal asymmetry defined by
It is then clear that if there is indeed a sin gb dependence then there exists a

d cos 0 deb1 / / -1 0
2vr

as

angular part of the massless three body phase space integral may be written



where sc = 1 — y¤_~`E:1" yi ab I zsméwcosvw OCR OutputL-? CEC.

(13)

8Qbc“’(v€ + GZ) Em, dy fjcj dy }—— -(z E2) 2
AFB

8Qb€2('*’1? + af) Ecu, dy EW? dyg—— 1: E2 lig
AFB

40bc2<~2 + ¢»2><·»z + an 1;.,, dy 153
(10)

Uavdeeb EW, y dg{’3m;\/1 — TH?

asymmetries as functions of the photon isolation yen, as follows;
the case where all form factors vanish except 63. We can then express the

As a practical application and as a pedagogical exercise let us consider
are essentially the same as the CP sensitive variables bg, c4, and c5 of
sensitive variables e(e+, e", b, b), e(e+, e", b, b) cos 9, and e(e+, e" , b, b) cos 0
element can easily be highlighted. It is interesting to note that our CP
that angular asymmetries generated by CP Violating terms in the matrix

What we have done i11 effect is to define the phase space in such a way
and cos B : r.

cos0 = sin0sin6cos¢+cos0cosB

where we have used

dcos0dq5 c.os0sin9sinBsin¢ : rJ0 (9)1 vr f j -1 0
37r

(8)dcos0d¢cos9sinOsinBsin¢ : —LJO1 1r ji ! 0 0

(7)cos0d¢sin0sinBsin¢:}\/1-r2/1d/”0 0

be expressed through three universal integrals, JO, J and J. These are given
of form factors. In any case, the angular dependence of the asymmetries may
grated over energies to give information about different linear combinations
can be studied either at fixed values of (anti)quark energies (x and E) or inte
difficult to measure Each of the three asymmetries we have discussed
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of CP violation in the electro-weak sector to show up more strongly.
restrict our attention to bby final states where we anyway expect any signals
Final state photon is replaced by a gluon. However, we have choosen to
which we have developed may be carried over to describe events where the
facilitates detection of the asymmetries we have defined. All of the forrnalism
we have introduced a parameterisation of moinenta in the lab frame which
various asymmetries whose physical significance is transparent. In particular,
form factors. Non-vanishing values of these form factors are shown to lead to
Violating Z bb·y vertex and parameterised it in terms of twelve independent

To conclude, we have constructed the most general U (1) invariant CP

arise.

For suitable values of ycut asymmetries of the order one to ten per cent

0.1170.3 I 0.030 I-0.016

0.1010.2 I 0.027 I—0.076

0.0670.1 I 0.017 I-0.088

0.0430.0sI 0.011 I-0.008

0.0190.01 I 0.0040 I -0.033
AFByea: l A l AFB

one obtains the following values for the asymmetries (as function of ym)
dim 63 = -4.For definiteness we have chosen 63111} = c0nst.(y,`§) == 1. Then
6). A is always ~ JU. The factor nz} in the above equations arises because
while AFB ~ J. This is because the contribution ~ a;,173 is ~ cos6 (c.f. eq.
asymmetries are sensitive to terms proportional to ab63. Note that AFB ~ J,
We see that A is sensitive only to the combination ~ vbw}3 whereas the other

The denominator of A is essentially the standamd model cross-section.
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