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ABSTRACT
We discuss present day uncertainties for the vaine of tlie CP violating phase  in the CKM
matrix and point out how a knowledge of i, and/or », could substantially reduce this
uncertainty. A model independent measurement of & is, in prineiple, possible by study-
ing certain CP violating asymuetries involving B? wmesons decaying into CP conjugate
hadronic final states, There exist three different classes of these asymmetries and we give
estimates for their values, based on our present knowledge of the CKM matrix. Some
commments on the experimental requirements for detecting these asynunetries are also pre-

sented.
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1. Introduction

In the standard electroweak model, with three generations of quarks and leptons,
CP violating phenomena arise simply from the presence of a nontrivial phase § in the
Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix V;;. Although the standard model
cannet explain the deeper origin for this phase, it is obviously very important to know
whether or not the observed CP violation in the kaon system arises from the phase 3.
All the evidence we have at present, inciuding the recent positive signal of a nonvanishing
value for ¢' /e [1], is consistent with this hypothesis, However, the evidence for CP violation

being due only to the CKM phase § is weak and this phase itself is badly determined.

In the coming years this situation is likely to be improved by new experimental obser-
vations. Of particular importance would be a determination of the top quark mass and of
the value of the inixing parameter z, in the B,-B, systemn. It may well be that with these
measurements in hand one will find an inconsistency with the simaple CKM mixing scheme.
However, even if this turns out not to be the case, there is likely to remain considerable
uncertainty attached to the value of §. This is because we are still unable to calculate the
hadronic matrix elements of weak operators reliably and this, obviously, directly affects §.
The purpose of 1his note is to discuss critically what future experimental information is
wost likely to provide clear tests of the CKM scheme and, in particular, allow for a reliable

determination of the CP violating phase é.

The plan of this paper is as follows., We shall begin by briefly reviewing the present
uncertainties in deternuning the CP violating phase in the CKM matrix, which stems both
from our ignorance of a precise value for m, and of the value of the ratio |V,,/11, as well
#s frow the uureliability of hadronic matrix element calculations. We shall show next that
these latter uncertainties, however, can be largely obviated by studying certain classes of
CP violating asymmetries in B decays, involving decays of neutral B’s into CP conjugate
hadrouic final states. The non-negligible asymmetries of this type, either time integrated
or time dependent, measure one of three possible combinations of phases of the matrix
elements Vi; (in a conveui(‘ﬁt parametrization), each of them, of course, being a function
of &. Using the best information available at present on the CKM matrix, we then present
ranges of predictions {or these important CP viclating asymnnetries in the B system and

draw sowme conclusions on their likely observability.
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2. The Mixing Matrix
For our purposes, it is convenient to parametrize the CKM matrix in the form sug-
gested by Maiani |2},

c)C3 5503 sze'®

Vo= | —s302 — c;s;s;c""’ Crep — 81828368 5363 N {1)
id 13

182 — €1C283€° -8y — 81028367 203

where 5, = sinf, ¢; = cos8;, etc. Sinee the angles §; are known to have a hierarchical

pattern, it is useful to write, following Wolfenstein [3],
33 = A Sz = sz 83 = Ap)\s , (2)

with M corresponding essentially to the Cabibbo angle, A =~ 0.22. Then, to OfAat), but

keeping for the moment the phase information for each of the elements of the CKM miatrix,

one has
152 A Apieit
V= A+ 48X ) 1 32% - A%pA%e AN . {3)
AN — pe~i®) —AM(1 + Ape*?) 1

One sees immediately that, with this parametrization, ouly two elements of IV can have a
significant imaginary part: V,p and Via. It is these phases which will play a crucial role in
the B-decay CP asymmetries and which should give rise to rather substantial experimental
signals. In evaluating the CP violating ¢ and ¢ parameters in the R sector, however, one
needs also to keep track of the “small” phase in V4. Of course, all CP violating phenomena
disappear if the CKM phase é =0, 7.

The parsneters A and p are, in principle, obtainable from B decay. The ratio i4]

_Thow) Waal® L, 2
R= TG o) 2—”_,[":52 = 2{Ap) {4)

measures p, while the B lifetime fixes A, A recent analysis by Altarelli and Franzini {5},

gives
, (2.9 f 0.8) x 1072
Vieldm pAR = 20 5
Ve {10 *¥sec) (8}
Using 7g = {1.11 £ 0.16) x 10~ "*sec 6], the above implies
A=1.051017, (G)

In the analysis which follows, we shall take 4 equal to its central value. The ratio R is
subject to nore theoretical uncertainty. From a study of B semileptonic decays |7], one
infers the rather couservative upper bound R - 0.08, which implies p = 0.9%. On the other
hand, the recent observation of charmless B decays by the ARGUS collaboration [9] shows
that V,y # 0 and so provides a lower hound for p. Another very. conservative analysis 9]

gives p - 0.3, so that p lies in the range
03 p= 09, (7}

The phase & is directly, but far from uniquely, determined by the CP violating param-
eter ¢ in the K systenn. A further constraint on & is also provided by the recent observation
of By By uscillations. The mixing paramctcl" r4 is proportional 16 H'}d\z and hence 1t 1»
seusitive to the comsbination {1 + p® - 2pcosd). Iu principle, the new data on ;¢ 11
provide a further constraint on 8. However, the theoretical uncertainties are such that this
neasurement does not restrict & beyond the range allowed by € and x4 {10}, Since m is not
known, and p is only fixed to be in the interval of Eq (7), we will display below the allowed
values of & as & function of these two parameters, indicating furthermore the effects of the
uncertainties induced by the hadronic watrix elements. Shmilar analyses Lave been carried
out by a mumber of ditferent groups recently i11-14j.

The standard analysis of Buras et al [15] gives for |¢j the formula

 GRAEANMG

i€l = By (A%pA° siné) (ye {us folye, 9e) — i}

6y 2m AM (&)
. 1
e Ly ) ATXHT - prosd)) ¢ :/-,‘f .

Hete y, = md /M- and fy and f5 are weakly dependent functions of the top and charm

masses:
3ped1 4 ) 2
falged =1 - - (1+ oy ) ($u)
e 41—y 1-yf !
it 3yt Ye
eyl == — — {1 =1 : 9%)
falyerp) =t g 1y ( 1— . yl) (

* Thearetical analysis (for a discussion, see |3}, along with the CLEO result |8}, indicate
that p © 0.6, We will nevertheless use the conservative upper hound p < 0.9. Since we

will plot the allowed region in p-é space, the CLEO bound is easily seen.
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The 3 are QCD correction factors (5 = 0.7, 3, =~ 0.6, 553 =~ 0.4 {16]), while By encap-
sulates our present ignorance of the matrix element of (dy#(1 — v, }5}2 between K° and
Ku, with By = 1 corresponding to the vacuumm insertion approximation. Finally, £ is the
phase parameter of the (I = 0) K — 2r weak anplitudes (£ = Imdy/Red;). In the quark
phase convention which we are using, its presence guarantees that |} is actually convention
independent. { is directly related to |¢'| {15] and one has

1 ReA;

'—_.
|6|_ \/QREAU

€] ~ 0.035¢] , (10)

where the numerical value above uses experimental inforination for the kaon amplitudes.
The recent determination of |¢'/e} (1] implies that [£| 2 0.1|¢|. In view of this, and of the
other uncertainties in Eq (8), we shall neglect ¢ altogether in our analysis.
3. By-By Mixing

The observation of By-By mixing by the ARGUS collaboration [17] has provided
an independent constraint on the parameters of the Cabibbo-Kobayashi-Maskawa matrix.
Since for the By system one expects [15] AT <2 AM and the maguitude of the AB = 2

CP violation to be small (|:ﬁf| o 1), the measured ratio
DBy~ 1" X)

"= By — 7 X)

= 0.21 + 0.08 (1)

directly fixes the mixing parameter zq4 = AM/I'. Using the expression

5 (12)
d

and the ARGUS measurement [17] yields g = 0.73 & 0.18. In our analysis, following Ali
111], we shall use for x4 the 90% confidence limit provided jointly by this measurement

and the upper bound of the CLEO collaboration: 18]
078 > zq > 0.44 . (13)

Theoretically, x4 receives its dominant contribution by the presence of top quarks in

the box diagram and one finds [15,19}

G2 ’
g = TB#AL}M&; (ffgngd)nBytfz(y,} {ARN (1 4+ 0% - 2pcosé)} . (14)

5

Here the hadronic uncertainty is hidden in the factor ffjd Bg,, whose meaning is analogous
to that of the corresponding quantities in the kaon systern, except that here also fp is not
weansured. The parameter ng is a QCD correction factor, which in Refs [15,19] has been
estimated to be np = 0.85. A recent calculation {20}, however, including certain higher
order QCD effects obtains a lower value, ng ~ 0.63. We shall adopt this value here, but
we note that since ffad Bp, is quite uncertain, one cannot reaily tel] the difference between
these two assumptions. Being rather conservative, we shall allow for (f, By, ) ? the range
100-200 MeV, which is slightly larger than that used in Ref |5].

We have not included in our analysis the MARK 1T [21] or UA1 {22] results on B-B
oscillations, since these expertments eannot distinguish B,-B, from BB, oscillations. As
Al [11] has pointed out, these resnlts can powerfully constrain the CKM matrix, given a
knowledge of the relative amount of By and B, produced. However, these constraints are
very dependent on the Bg/B, production ratio. The experiments measure the quantity y,
which is

y = Pu it + P, :
21+ad) "2l 422y

where Py {F,} is the probability that a By (B,) is produced. The MARK II experiment

(13)

gives a 90% confidence level upper limit on y:
x <012, (16)

Thus, for a given Pa, P, and z,, this gives an upper limit on 24 In Table 1, we have
shown this upper limit, for £, = 7 (a typical value), as a function of Py and P,. As is
evident from the table and Eq {13), depending on the values of Py and P, taken, this
data can either rule out the standard model {e.g. Py = 0.4, P, = 0.2) or give no bounds
whatsoever (e.g. Py = 0.375, P, = 0.1}. Given the uncertainty in the information which
these experiments provide, we have preferred to he conservative and ignore this information
altogether.

Assuming sowne (1ypical} vaues for By and fl?i{ Bg,, Eqs (8} and {14) determine é as
a function of m; aud p*. For example, taking By = 1 and fl?s., Bg, = (150 MeV)2 and
letting m, vary from 40 to 180 GeV [23] gives the “moon-shaped” allowed region in the p-4

plane of Fig 1 (a similar analysis has been carried out in Ref [13]}, Low values of m, require

* The weasurement of ¢ and the allowed range for p constrain sind to be positive.
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that the pliase & be near m [11-14], so as to enhance the (14 p? — 2pcos &) factor in Eq {14).
A substantial portion of the allowed & values is climinated when one imposes the lower
bound of p > 0.3. For this choice of theoretical parameters, the observation of charmless B
decays [9! cuts the moon in half, eliminating all é-values below § < 2.7! This effect is still
present, although less sharply so, when one allows variations in the theoretically uncertain
parameters over sensible ranges: 1/3 < By < 1; (100 MeV)2 < f}’ad By, < (200 MeV)z*
This is denonstrated in Fig 2. We see that for By = 1, but ranging over f3, Bg,, the
moon shaped region of Fig 1 expands. This expansion grows further as By is lowered to
2/3 and a considerable portion of the p-§ plane is filled if By = 1/3. In the analysis of
CP violating phenomena in the B system, we shall take for definitiveness By = 2/3, but
shall contiuué to allow ny and ffh By, to vary over the ranges indicated above.

A direct weasurement of m, and/or of B,-B, oscillations would do much to clarnfy
the above situation, even if p cannot be restricted better than Eq (7). This is illustrated in
Fig 3a, where we show the allowed p-é ranges for four values of m,; [m, = 60,90,120, 180
GeVY), for the full uncertain theoretical ranges. This uncertainty comes mainly from our
lack of knowledge of By, as is demonstrated in Fig 3b. There we plot the allowed areas
corresponding to fixed values of By = 1/3,1/2, 2/3 and 1, for my = 150 GeV. The ratio
zafz, is free of major theoretical uncertainties since one expects 1311&13‘1;3‘)“;‘85‘ ~

T, My, np, fh, Bp, aud is given by

E:;\g(l-fp?—'lpcosd) . (17)

Ts

In Fig 4, we plot the constraints on the allowed p-é range, for three values of z, (x, =
3,7,15}, using the range of Eq (13) for z4. Because fixing z, gives correlated ranges
for fi B, aud my, the interval {13) for z4 is not always fully allowed. This has been
taken into account in Fig 4. Thus a meéasurement of x, is particularly coustraining for
the Cabibbo- Kobayashi-Maskawa model and we very much hope it will be attempted at

Cornell (or DESY?).

* These ranges are extensive enough that they compensate any reasonable variation in

A

-1

4. CP-violating Asymmetries

Because B mwesons pussess many more decay chanuels than A mesons, there exist a
considerable variety of CP violating phenociena that one can search for experimentally.
This subject naturally has generated intense theoretical interest and has, in some sense,
been fully explored [24-27]. However, most of the investigations to date have been “broad
baud”, concentrating on the totality of the phenoticna, without looking at any one decay,
or class of decays, in detail. Futthermore, in many instances, predictions are givea ouly
for what the mazimuam signal of CP violation could be. Thus many optimistic dynamical
assumptions are made and the Cabibbo-Kobayashi-Maskawa parameters are stretched to
their limits |26,28]. Here we would like to take a rather more “narrow band” approach,
by conceutrating on CP asyunuetries which are essentially independent of theoretical as-
sumptions. Furthermore we want to predict what are reasonable expectations for these
asynunetries, based on the constraints we know today already exist for the CKM matrix
elements.

To vbserve CP violating effects in B decays requires that there should be interference
between two amplitudes with different pliuses. Because the B and the B states mix, if one
louks at decays of B mesons into a final state f which can be reached by both BY and
B decays, then tie required interference exists. The interesting asymmetry 1o consider
is the difference between the decay probability of a state which at f = 0 started as B° -
denoted here by BY(¢) - into f, compared to the decay probability of Fo{f) into f (for a

recent discussion, see |25,261). One finds the time integrated asymmetry

PR LA U et PR R B, VA 18)
T{BYt) - f)+ D(B (1) = f) 2+t taiipgl
Here .« is the mixing parameter of the B meson, while
oy
ps = j—ﬁg f-}r: (19)
and
Aj = }::gm‘ {20)

where eg is> the analogue of € for the B systems. This asymunetry becomes independent of

strong interaction effects if f 1s a CP eigensiate {(f = ) and the weak decay process is

8§



dominated by just one amplitude® {27}, In this case |pf| = 1 and Eq (18) reduces to

x

Ag = . LAy . {21)

T2
Various comments are in order:

i) The asymmetry Ay vanishes either in the case of no mixing (z — 0) or full mixing
{(z = o). For By, Eq (13) puts one almost in an ideal situation sinee z4/{1 + z2) = 0.5.
For B,, on the other hand, the situation is less favourable. Using Eq (17), our analysis
suggests x, extends over the range: 3 < z, < 20, so that 0.3 > z,/(1 + :cf} = 0.05.

ii) The magnitude of the factor (1 — eg)/(1 + ep) in Eq (20) is very nearly unity j1s].
However one musi be careful about its phase, since only by including this phase information
will ImAy be independent of the phase convention adopted. In the quark phase convention

we are using, since the top quark graph totally dominates, one finds simply:

Vb Vie - Vg = .23
1—¢5 _ VR = g = e (Ba) 2
Ltew | pe =1 (B.)

where the second line follows from the form of our CKM matrix, Eq (3), in which only twe
elements have non-negligible phases, V., and V.

iii) Since |py} = 1, py itself is also a pure phase. In fact, since only one weak decay
amplitude enters by assumption, py is a ratio of two Cabibbo-Kobayashi-Maskawa matnix
elements. The ratio of CKM matrix elements in p; containing only light quarks (v, d,s,c),
with the convention of Eq (3), is essentially real and unity. Thus it can be ignored in the

following. Since V,p is real, only for Cabibbo suppressed decays will py involve & phase.

214

i

€ (Cabibbo suppressed)

Yo
pry v . {23)
¥ =1 (Cabibho allowed)

The above simple considerations tell us that in B decays, there are three classes of
model independent asymmetries which can be sizeable. Bach of these classes measures

# different combination of phases of the CKM matrix elements - all, of course, related

* This will happen in general if the quark subprocesses in the decay do not contain both
a v and a ¢ quark. Decays where the quark subprocess involves, for instance, b — uud or

b — cés {e.g. Ba — pp, Ba — Y Hs) are examples where one expects jog| = 1.

9

ultimately to &
1) Cabibbo allowed By decays (e.g. By — ¥ Kg |29])

Vi 1 - §
Iinh; =~ Im——‘—f = sin2¢ = Zpsindll - peos )

- 1+ 5% 3peond (24)
2) Cabibbo suppressed By decays (e.g. Ba — pp [30])
Imh; >~ Im“i:; Z:_: =sin2(¢+4) = ——————-—f in;(ioz:i c:):é) (25)
3} Cabibbo suppressed B, decays (e.g. B, — p" K [14])
ImAg >~ Im% =s5in2§ = 2sindcosé (26}
ubd

It is obviously very interesting to know what ranges of Im( ;) are allowed by present data.
The relevant plots are presented in Fig 5, where Im(};) (i = 1,2,3) is plotted against p, in
the range 0.3 < p < 0.9. In these graphs we have let m, range from 40 to 180 GeV, have
fixed By = 2/3 and let 100 MeV < (f3, Ei',p;d}”'2 < 200 MeV. Fig 6 presents the same
quantities but now for specific 1y values (m, = 60, 90, 120,156, 180 GeV).

One sees from Figs 5b,c that Tm(A;) and Im(As), for 0.3 < p < 0.9, can take ou
rather large values. For Im(A), on the other hand, values greater than ~ 0.4 appear to be
excluded. The actual measured asymmetries are, however, reduced by the mixing factor
z/(1 + z%). This is at least a factor of 2 for By and could be near a factor of 10 for B,.
From this viewpoint, therefore, the most promising processes appear to involve Im(Aiy}.
However, since these asymumetries concern Cabibbo suppressed By decays, this overall rate
is going to be considerably smaller. For instance, the branching ratio By — pp is probably
of O{107%), whilé we know that B(By — ¥Kg) is of O(10™*). If it is possible to follow
the time development of the B decays [24,27], then one gets rid of the reduction factor
/{1 + %), since the probability of ubtaining a state f at time f, for a beam which at t = 0

was pure B%, is simply
Np(t) = Ny(0de ™ [t — Imlysin Ami] . (27)

If one has a large nsixing parameter, r == Am/q, as is likely to be the case for B,, then
the non-exponential behaviour of Eq (27) should be visible, provided of course that oune

cun track the decay at all.

10
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It is difficult to estimate the number of B* decays needed to perform the CP violation
tests we-have-discusseds First- ofzall, these asyminetries 4 s require that.one know if the
decaying B was originally a- B%-or & jﬁu:- To-deternine- this; -perhaps the best method.is
to try to establish the charge of the associated B7{27|. This requires looking for another
secondary vertex, bCSldEb th&t of the ongmal decaymg B. Even being optmustic tins
should cost at iea:.t a factor of 10 Couslder, for the sake of argumeu(. the decay By — pp
and hmagine Im(A;) =~ —0.5, so that A,z =~ +0.26. Est&bi)slung this asynumetry at the
3o level requires approxunateiy 150 tagged Bd( ) — pp events, which, with B(B; —
PP} = 10~% and a tagging cfficiéney of 10% calls for 10% :Brdeeays. This number is quite
typical and appears discouraging®: “As a consolation; perhaps we should point out that the
situation-would be much worse if the predicted asyinmetries were below 10%. Fortunately,
as Fig 5 shows, ln{ A} in the stanidatd model seems to be well away from this unfortunate
region. Obviously, as Fig 6 shows, a knowledge of m would allow a much more restricted

prediction for these CP violating asymmetries in B decays.
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_fd_ _____ _L_I_)_'_ ‘ { Ld )mux
0.4 0.2 | 035

, 0.15 | 0.55

. 0.1 0.74

| 0375 | 02 | 037

! 0.16 | 0.57

! 6.1 0.78

Table 1: The upper bound on r4 from the MARK II data {21], assuming a value of r, = 7,

1s shown here as a function of the production probabilities Py and P,.
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Fig 3: As in Fig I, but now m, is kept fixed while By and (5, Bs,

Figure Cﬁ'ptions
Fig 1: The domain in p-§ space (# in radians), within which the standard model is com-
patible with the measurements of € and z4 (90% cl.). We vary m between 40 GeV and
180 GeV and use (ff;ngd)]n = 150 MeV and Bx = 1. The dashed line represents the
lower bound p > 0.3 inferred from the observation of charmless B-decays by ARGUS [9].

Fig 2: Asia Fig 1, but now in addition (f3, Ba, )1"2 is varied between 100 MeV and 200
MeV:a) By =1

b} By = 2/3

c) By = 1/3.

)]’q are allowed to

vary within the ranges 1/3 < By < I and 100 MeV < (f5, Bg,)'"* < 200 MeV.
a)} The areas 1, 2, 3, 4 correspond to fixed values m, = 66, 90, 120, 180 GeV, respectively.

b) Taking me = 150 GeV, the strips 1, 2, 3, 4 correspond to By = 1/3, 1/2, 2/3, 1,

_respectively.

Pig 4: As-in Fig 1, but now ell three parameters my, (fE‘BB‘)Nz and By are varied:

40:GeV. < my < 180.GeV, 100.MeV < (f3,Bp,)'"> < 200 MeV and 1/3 < By < 1. In

addition, the further restrictions by fixed =, = 3, 7, 15 are shown.

Fig 5: Varying (f3, Ba,)'’* and my, 100 MeV < (3 Bg,)''" < 200 MeV and 40 GeV

Sl my < 180 GeV, and fixiug By = 2/3, the areas within which the standard model is

couipatible with thie ineasurements of ¢ and zq (90% c.l.) are shown for the following
parameter spacés:

a) (sin 2¢, p}

b) (sin 246 + 6), )

¢) {sin 24, p)

15

Fig 6: As in Figs 5 a,bc, but now thestrips 1, 2,3, 4, 5 correspond to fixed values of my:

60, 90, 120, 150, 180 GeV, respectively.
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