(S P ) i

Seo SLou

DO-TH 93/23
MPI-Ph/93-72
October 1993

i

Description of Possible CP Effects in bby Events at LEP

K.J.Abraham
Institut fur Physik
Universitat Dortmund
D-44221 Dortmund

B.Lampe
Max-Planck Institut far Physik
Werner Heisenberg Institut
Fohringer Ring 6
D-80805 Miinchen

Abstract
In this letter we investigate the possibilities of using events at LEP
with bby in the final state to study CP Violation. We describe a very
convenient set of CP sensitive observables and show how they receive
contributions from the most general Zbby form factors.







In the last few years all four LEP experiments have extensively studied Z
decays into b pairs. The decay Z — bb not only provides a means for a high
precision measurement of sin® 4, but is also a useful source of information
on the fragmentation function of the b quark as well as B — B mixing, which
can be studied at LEP in a clean environment unlike at hadron colliders.
Furthermore, since the b quark is the heaviest quark discovered to date,
there are compelling reasons to believe that new physics beyond the standard
model might show up most clearly in b couplings. A particularly appealing
possibility is that of CP violating contributions to the Zbb vertex beyond
those arising from the CKM Matrix, which we will consider in detail.

In earlier work, [1],2],[3] CP sensitive observables have been discussed in
connection with the processes ete™ — 7t7— and ete™ — WHW~; exploiting
the fact that the spin of the final state particles can be experimentally deter-
mined. The b quark polarisation however, is in general washed out by frag-
mentation effects; so additional information is needed in order to construct
CP odd observables. (Polarizing the incoming beams will not serve our pui-
pose as this leads only to increased sensitivity to non-standard Zee couplings
[4]) This additional information is available for example when final state pho-
ton radiation either from the b or b is present; hence we suggest using the
process ete™ — Z — bby as a probe for CP Violation beyond the Standard
Model. As we will see in detail later, CP Violating form factors contribute
terms to the matrix element ~ e(ete™bb) = e,p,,p%(et)p’(e™)p*(b)p" (D)
which are strongly suppressed in the Standard Model, making this an ideal
channel to search for non standard effects. Furthermore, there is no prob-
lem with statistics, at the time of writing the OPAL collaboration alone has
observed O (10%) bby events [5] .At the end of LEPI all four experiments
together are expected to have collected O(10%)bby events.

The only real background to the CP studies we are interested in comes
from initial state radiation. However, the effects of initial state radiation
can easily be brought under control by suitable experimental cuts which
can be optimised by Monte Carlo studies. In order to avoid soft and mass
singularities we require in addition that the photons be isolated from the b
jets. More precisely, we fix a certain y.,; and demand that ¥, > y..:, where
Y,y are defined as follows,

y(g) = - 3 (1)



using b,b and p to denote the 4 momenta of the 4,6, and photon respectively,
and s = M2.

The most popular framework for describing the effects of physics beyond
the standard model at presently accessible energies is the effective Lagrangian
approach, where one typically begins with a Lagrangian of the form

1 1 1
L=LSM+XL5+X'2'L6+O(K§)+'“ (2)
All the effects of new physics characterised by the scale A are contained
in the non-renormalisable terms Ls, Lg etc. . This leads, in addition to

the Standard Model contribution shown in Fig. 1, to the diagrams shown
in Fig. 2. In (3], Ls and Lg were choosen just requiring U(1) invariance
and not the full SU(2); ® U(1) invariance of the Standard Model. This
was later objected to in [6], where the authors argued that after imposing
SU(2)L®U(1) invariance, the only permissible CP Violating terms arise first
in Lg and are further m; supressed and therefore unobservably small. In the
following we will give up the effective Lagrangian Formalism approach all
together. Instead we will parameterise all CP Violating effects by looking at
the most general U(1) invariant form factors which can lead to observable
effects at the Z resonance. With this approach, all the various diagrams
in Fig.2 are compactified to Fig. 3, which may be schematically denoted
by @l o Z* A%y, where T, is the new CP Violating bbZ~y vertex. Our main
motivation is that the CP scale A which can realistically be probed by existing
experiments may not be much larger than the Fermi scale; the validity of an
expansion in ZZ which is the basis of the effective Lagrangian approach is
then questionable. The first step in the construction of I',, is to choose
the Dirac structure in such a way that the interference amplitude between
the new terms we introduce and the Standard Model contribution is non
vanishing, even in the limit that the b quark mass vanishes. After a quick
glance at Fig. 1, it is easy to see that only form factors with v or v*v° lead
to non-vanishing interference terms. This leads to the following expression

Lo = t{7u(Fiba + Fzza) + Yol F3b, + FJ)# + Fsp,) + Fegoulf +
#[ba(Fﬂ]u + Fsbu + F9bu) + ba(Fl()pu + Fllbu + F12bu)l} (3)

where the (complex) form factors Fi(y,y) may be decomposed into F; =
fi + givs . All form factors need not, and in practise will not, originate from
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operators of a fixed dimension and must in principle be determined from
experiment.

For the sake of reference, the standard model vertex is given by
¥+ V+y

ol = e’ Qi {7a zb:(”" + a@p¥s) 7 — (06 + @Y5) 7 VZZP Y%} (4)

where a; and v, are the vector and axial couplings of the b quark to the Z.
It is convenient to rewrite the expression for I',, so only gauge invariant
combinations of form factors appear. This leads to the following result

Touo = t{(v1 + a195)7,(2050.p — 2b,b.p)+

((vz + a275)by + (vs + az75)b,)(1a20.p — 20ay) +

((va + @47s)by + (vs + a575)b,) (Ya2b-p — 2baff) +
(ve + a67s)(7Va(bu + Eu) + ¥ 9au)} (5)

Once again, all the form factors v; and a; are complex functions of y and 7.

One can calculate the interference between the Standard Model amplitude
and the new form factors we have introduced. The result may be presented
in the following form

| M |&p=
e(et, e, b,b)
{as(a® + v*){v1(b(eT — e ) + b.(et — e"_))
—(Gab.(et —e7) + vsb.(et — €7))(1 + %—g)
+(Ugb (et —e7) + Usb.(eT —eT)(1 + g—Z)
. —b(et —e7) blet—e)
+apvea.{2d;(b.p — b.p)
bb, - bb

+2d((b.p)(—1 + j;) +b.b(1 + gjz;)

. (b.p+b.b)?
— 9t

b.p



7 52
_264(b.p + b.b)

b.p
- b.b - b.
b.p b.p
bb bb 1
(94 20 00 . .
+a6( + bp + bp)} + (ab — 'Ub,a, = vl)}(s _ M%)2 + M%I\ZZ (6)

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

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

b = éa:(l,o,o,l)
- Vs

e~ = ——2—(1,0,sin 8, cos 8)
et = \/TE(I,O,—sinG,—cosﬂ)
b = é'ﬂ?(l,sin ¢ sin 3, sin 8 cos ¢, cos 3)

With this choice of momenta we have

2
e(et,e™,b,b) = %xfsinﬂsinﬁsin @.

where cos 3 is given by

l-z1-7
T T

cos =2 —

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



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

as
/_lldcosﬂ /027rd¢

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

Azo(¢<1r)—o(¢>7r)

Oiotal

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

A closer look at | M |&p reveals that there are forward backward as well
as azimuthal asymmetries. More precisely, in addition to the terms propor-
tional to (e, e, b,b) already mentioned there are also terms proportional
to e(e*,e™,b,b)cosd and e(et,e”,b,b)cosf where @ is the angle between
the b quark and the beam axis. These give rise to the following additional
asymmetries,

p<m B o< 3 o> N o>
a cosf@ >0 a cosf <0 a cosf >0 7Y cost <0

Arp =
Total
and
p<m _ o< _ o> ta p>m
9 cos@ >0 g cosf <0 g cosf >0 cost <0
Arp =
Ototal

which differ in definition from the better known b quark forward-backward
asymmetries due to the azimuthal angle dependence. Note that A , App
and App consitute the complete set CP of sensitive observables which can
be observed in the process ete~ — bby. (CP Violating asymmetries in the
energy distribution of b and b require absorbtive parts and are furthermore
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difficult to measure [3].) Each of the three asymmetries we have discussed
can be studied either at fixed values of (anti)quark energies (z and ) or inte-
grated over energies to give information about different linear combinations
of form factors. In any case, the angular dependence of the asymmetries may

be expressed through three universal integrals, Jo, J and J. These are given
by

Jo = /dcosa/ d¢ sin @sin Bsin ¢ = \/l—r2 (7)
. . ) 4
J = ‘/Odcos@'/0 d¢cos@sm951n,@sm¢—37r(]0 (8)
- 1 " -
7 = / dcoso[ d¢ cos G sin fsin Bsin ¢ = rJo (9)
-1 0
where we have used

cos 6 = sin @ sin 8 cos ¢ + cos @ cos §

and cosf =r.

What we have done in effect is to define the phase space in such a way
that angular asymmetries generated by CP Violating terms in the matrix
element can easily be highlighted It is interesting to note that our CP
sensitive variables e(et,e™,b,b), e(et,e™,b,b)cosd, and e(et,e™,b,b)cosd
are essentially the same as the CP sensitive variables b3, ¢4, and cs of [3].

As a practical application and as a pedagogical exercise let us consider
the case where all form factors vanish except 63. We can then express the
asymmetries as functions of the photon isolation y,,, as follows;

Ve f; L 4y fy Y dyvsmyV1 — r”z
A = 5 2 (1:2-!-.1‘2) (10)
4ch (v + a )(vb + ab) fycut dy fycnt v

vy
A veue B Jor? Aoy VT — 122 (11)
FB =
sczbe (v} +ap) JL,, dy oY dy2eE)

T @b '.‘/lcut dy f!}cuty d—iv‘?mz i 1 - 1‘21—;‘- (12)
FB = z247T
8QscH(vf + o) Jy,, dy fu 7 a7

Yeut

(13)

=1

wherex:l—ﬁ,f:l—y,abzm

etc.
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The denominator of A is essentially the standard model cross-section.
We see that A is sensitive only to the combination ~ v,v3 whereas the other
asymmetries are sensitive to terms proportional to ayvs. Note that Apg ~ J,
while App ~ J. This is because the contribution ~ av3 is ~ cos 6 (c.f. eq.
6). Ais always ~ Jy. The factor m% in the above equations arises because
dim v3 = —4.For definiteness we have chosen vam¥% = const.(y,7) = 1. Then
one obtains the following values for the asymmetries (as function of y.u;)

Yeut A Arg | Ars
0.01 | 0.0049 | -0.033 { 0.019
0.05 | 0.011 | -0.068 | 0.043
0.1 0.017 | -0.088 | 0.067
0.2 | 0.027 |-0.076 | 0.101
03 | 0.030 |-0.016 | 0.117

For suitable values of y.,; asymmetries of the order one to ten per cent
arise.

To conclude, we have constructed the most general U(1) invariant CP
Violating Zbby vertex and parameterised it in terms of twelve independent
form factors. Non-vanishing values of these form factors are shown to lead to
various asymmetries whose physical significance is transparent. In particular,
we have introduced a parameterisation of momenta in the lab {frame which
facilitates detection of the asymmetries we have defined. All of the formalism
which we have developed may be carried over to describe events where the
final state photon is replaced by a gluon. However, we have choosen to
restrict our attention to bby final states where we anyway expect any signals
of CP violation in the electro-weak sector to show up more strongly.
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