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More on direct C'P violation in b; dJ/vP decays
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Direct CP violation can occur in B-meson decays of the type b ~ dec, where the charm-anticharm
pair forms a J/Q. The CP asymmetry requires the contribution to the amplitude from decays into
other states, which rescatter into dJ/Q via final state interactions. In particular, states with the
same quark content as dJ/@ can contribute. A perturbative calculation, based on a quark level
description of the rescattering process, gives an asymmetry of about 1'Po, due to this effect. This
makes it the dominant contribution to the asymmetry, as suggested by an earlier estimate, based on
a hadronic picture.

PACS number(s): 13.25.Hw, 11.30.Er, 12.15.Ff

I. INTRODUCTION

Direct CP violation in B-meson decays may generate
an asymmetry

I'(B m f) —I'(B -+ f)
I'(B -+ f) + I'(B m f) '

between the rates for the CP-conjugated processes B +

f and B -+ f, even in the absence of B Bmixing-. In
the standard model, it is predicted that the most signif-
icant asyrnmetries of this type, which tend to be fairly
small [1—3], occur for Cabibbo suppressed decays. Hence,
a large number of B mesons are necessary, and the obser-
vation of the asymmetries in Eq. (1) may be best achieved
at hadronic accelerators. The decays b ~ qcc (q = s, d),
where the charm-anticharm pair forms a J/g, are par-
ticularly suitable for a hadronic machine, given the clean
signature from J/g ~ l+l . It was pointed out recently
by Dunietz [4], and later investigated in more detail in
Ref. [5], that a CP asymmetry of type 1 appears in these
decays. A rough estimate suggested that it could be of
order 1%, in decays of the type b ~ dJ/@, which is the
expected reach of an experiment with a sample of 10 B
mesons (the analogous asymmetry in b -+ sJ/i/i is sup-
pressed by a factor of sin 0~).

The CP asymmetry in b ~ dJ/i/i stems &om the inter-
ference between the dominant tree amplitude and a small
absorptive amplitude that contributes coherently. That
is due to the process b -+ i ~ dJ/g, where i denotes
on-mass-shell intermediate states with the quark content
duu or dec. For the former, the process is Okubo-Zweig-
Iizuka (OZI) suppressed, and the rescattering to d J/i/i
occurs at the order o., or via the electromagnetic inter-
action. It generates an asymmetry of the order of a few
x10 [5]. As for the intermediate states with the same
quark content dt"c as the final state, it was first pointed
out by Wolfenstein [6] that they can contribute to the
CPasymmetry in exclusive decays, or in semi-inclusive
decays such as b ~ dJ/g (although their contribution is
absent in the case of the inclusive decay [2]). In Ref. [5],
the nature of this eKect was discussed in terms of the
on-mass-shell hadronic states that form the intermedi-
ate state. This approach is reviewed in Sec. II; it only

allows for a rough estimate which suggests that a contri-
bution to the CP asymmetry of about 1% is possible. In
Sec. III, I look at this effect from a diferent perspective,
and try to obtain a better estimate of its contribution
to the asymmetry. In the spirit of quark-hadron duality,
the collection of hadronic intermediate states is replaced
by the corresponding dec quark configuration. The fi-

nal state scattering is then treated perturbatively in o., ;
the absorptive part of the amplitude and the ensuing CP
asymmetry are evaluated at the lowest order. The results
obtained are discussed in Sec. IV.

II. THE HADRONIC DESCB,IPTION

The e8'ect of the final state interactions in a given decay
amplitude A; = A(B —+ i) can be described by the S
matrix, S = 1 + iT for the scattering among diferent
final states. When the amplitudes in T can be treated
perturbatively [6, 7]:

(2)

where A are the weak decay amplitudes in the absence
of the final state interactions. It is the interference be-
tween the different terins on the right-hand side (RHS)
that generates the CP-violating quantity

Clearly, A,'= 0: the rescattering of the final state does
not contribute to the asymmetry, since it does not gener-
ate a term in Eq. (2) with a difFerent CP-odd phase than
that of A, . For the case of the inclusive decay 6 ~ dec,
this means that there is no contribution to the asymme-
try &om the intermediate state dec. However, the situa-
tion is diferent for the exclusive or semi-inclusive cases
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[6). In Ref. [5] the decay B ~ J/@)r was examined, as
an example. Including the absorptive part that is due to
the intermediate states X = DOD, D' Do, J/gp
that have the same quark content as the final state
J/vP)r, the decay amplitude is

A(B m J/@)r ) = V,gV,qTg +V—)sVdPg

+i )(—V~bV, &Tx + V)sV, d Px)
2

xA(X -+ J/vP)r ). (5)

The weak amplitudes include both tree and penguin con-
tributions, proportional to V bV d and Vqb V~d, respec-
tively. The penguin/tree ratios Py /T~ —and P—x/Tx
will in general be difFerent, and so the dispersive and ab-
sorptive parts of the amplitude in Eq. (5) will have differ-
ent CP-odd phases. Then, the states X will contribute
to the CP asymmetry with

.T~. Tx A(X m J/g~ )

xi(Px Pg
I,Tx T~. ) (6)

as an undetermined parameter. Contributions to the
asymmetry of about

There is no reliable way of calculating the scattering am-
plitudes A(X ~ J/@)r ) at the hadronic level (moreover,
a large number of hadronic states, including those with
larger multiplicity, should be included). In Ref. [5], the
asymmetry due to some of the intermediate states X was
estimated, leaving the ratio

T~ TxA(X m J/@)r )

The tree and penguin terms are calculated &om the ef-
fective Hamiltonian

V sV„*g(Ci Qi + C2Q2)
2

+V.,V.*(C Q;+ C, Q;)
6

+VigV, q ) Ck Qa + H.c. (10)

where

Q', = dp" (1 —ps)b l»(l —ps)l,
Q2 = lp" (1 —ps)b dp„(l —ps)l,
Qs —— ) dp"(1 —ps)b l»(1 —ps)l,

l=u, d, s,c,b

Q4 = ) lp" (1 —ps)b d»(1 —ps)l,
l=u)d)8)c)b

l=u, d, a, c,b

Qs ———2 ) l(1 —ps)b d(1+ ps)l.
1 =u) d) 8)c)b

of the gluon removes the kinematical constraint, and the
intermediate states where cc appears in a color octet (i.e. ,
states in the c —c continuum) will contribute. The inter-
mediate states with cc in a color singlet will be neglected:
they can only contribute at higher orders in o.„due to
the color selection rule, and the weak decay amplitude
into that configuration is color suppressed.

The amplitude for the decay b ~ dJ/@, in the absence
of final state scattering, is

&dg = VcbVcdrdy + VgbV, dPd
(0)

Gyp = (x x 1'Fo x 7l

0.4 (8)
In the leading-logarithm approximation, the Wilson co-
efficients at the scale mb (and for A as above) are [8]

were found [)7 = —Im((Vqs V~&)/(V, s V,&)j, in the
Wolfenstein parametrization of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix].

III. QUARK LEVEL DESCRIPTION

In view of the difIiculties of the approach outlined in
the previous section, an approximate prescription may
provide a more complete calculation of the absorptive
amplitude. It amounts to replacing the collection of the
hadronic intermediate states by the corresponding quark
configuration dcc (in the spirit of the quark-hadron du-
ality). Then, the scattering to dJ/g is treated pertur-
batively in the strong coupling constant, which is cho-
sen at the mb scale (for ms 5.0 GeV and A 200
MeV, where MS denotes the modified minimal subtrac-
tion scheme, n, (ms) 0.23). Notice that at zeroth order
in n„ there are no intermediate states (other than dJ/@)
that contribute to the absorptive amplitude, as the J/@
resonance is below the D-D threshold, and its overlap
with g' can be neglected. At the order n„ the presence

Cg ——0.25,
C2 ———1.11,
C3 ——0.011,
C4 ———0.026,
C5 ——0.008,
C6 ———0.032.

Then,

(12)

and

ap(
l
Ci+ C2

i pe ' ~v"(1 —vs) ~
)

(13)

Pdy = GF 1
Cs + Cs + (C4 + Cs)

2 C

x mg fg e'„nd p" (1 —ps )ug. (14)

The internal momentum of the cc pair that forms the
J/g is neglected, and the decay constant fy is defined
by
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(J/i/)))cp„c))0) = mg fge„*

The same Hamiltonian gives the amplitude for the de-
cay b ~ d(cc)8, where the charm-anticharm pair forms a
color octet:

As vcbvcd( 8 + 8 ) + &bvtd( 8 + 8 ) ( 6)

The superscripts V and A designate the terms that cor-
respond. to the cc pair in a vector and in an axial-vector
state, respectively. The latter are given by

FIC. 1. Diagrams that contribute to the scattering am-
plitude A(d(cc)8 -+ d J/i)'d), at the order dr, .

and

Ts = — Cg 2 ups" (1 —ps) A ubu, p„ps A v;
2

Ps = — (C4 —Cs) 2ugp" (1—ps)A ubu, p„pbA v;.
2

sign when the A8 amplitude produces cc as an axial
vector, whereas they have the opposite sign and cancel
each other when the cc octet forms a vector (this is noth-
ing else than a manifestation of Furry's theorem). The
amplitude for the decay b -+ dJ/Q, with the final state
scattering included to order Q.„is then

As for the former, it is shown below that they do not
contribute to the absorptive part of the b ~ dJ/g ampli-
tud. e, if the Anal state scattering is treated. at the order
Q8.

The cc color octet can scatter to the J/Q by exchang-
ing a gluon with the d quark (see Fig. 1). As pointed out
earlier, this gluon exchange is required. not only by the
color constraint, but also for kinematical reasons, since
the J/i)'d is below the cc continuuin (a similar effect was
discussed in Ref. [3] in relation to the CP asymmetry in
the radiative b decays). The convolution of the scattering
amplitude A(d(cc)8 ~ d J/i/)) with As( l gives the contri-
bution to the absorptive part of the b ~ dJ/Q amplitude:

Ad,g
——VesVed, Tgg + VggV, d,P

+i )jd@A(d(fi)8—-+ dd/@)

x(vcbvc~T8 + VgbvtqP8 ), (20)

21 m( V, bv,*„v,*bvgt) ) d@A(d(cc)8 m d J/g)

x(Ps Tgy Ts Pay)
A

where the dispersive terms are given in Eqs. (13) and
(14), and the absorptive part is given in the Appendix.
The interference between the terms with relative CP-odd
and CP-even phases in the RHS gives

A ~' ' " ' ——i —) d4A(d(cc) m dJ/i/d)A (19)
where the summation includes the spin and color of the
b and d quarks, and the J/@ polarization. It follows that

The summation is over the spin and. color, and the in-
tegral is over the phase space of the intermediate state
quarks. The integration was done analytically, and the
rather cumbersome result is given in the Appendix.

The scattering amplitude A(d(cc)8 -+ dJ/g) is the
sum of two terms that correspond to the diagrams in
Fig. 1, with a gluon exchanged between the d quark and
either the c or the c quarks. As long as the internal mo-
mentum of the J/i)'d is neglected, the corresponding terms
in the expression for A&+'

' ' ' are related by charge con-
jugation, and they are equal in magnitude. Because J/g
is a vector state (C = —1), the two terms have the same

b, = Im(v, bv;~V—bvde) (C4 —Cs)(Ci + ~ C2)
e

1—C2
i
Cs+Cs+ (C4+Cs)

~

e

8 232 (1 z) (z 3)x Gza mbmy f~ (22)

with z = (m@/mb)2 This give. s the CP asymmetry, in
the semi-inclusive decay b + dJ/g:

V„V,; (C4 —Cs)(C1+ )v C2) C2[C3+ C5+ ~ (C4+ Cs)] S (1 —z)(z —3)
(Ci+ ~.C2)' '9 (1+2z)(2 —z)2 (23)
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Following the usual prescription of setting %, = oo [so
that the strength of the color suppression in I'(b -+ dJ/g)
is in good agreement with what is measured in the anal-
ogous decays of the type b ~ sJ/g) [9],

ing an arbitrary cutoff [12]. It is unclear whether this
would yield a more reliable estimate.
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IV. CONCLUSION

The value of the CP asyznmetry in Eq. (24) confirms
the earlier suspicion [5] that the contribution from the
dec intermediate states may be important. Indeed, if the
assumptions on which this calculation is based are cor-
rect (namely, the use of a quark configuration for the
intermediate state, and an expansion in o., for the final
state scattering), the absorptive part of the b -+ dJ/g
amplitude is dominated by the rescattering &om states
that contain a cc pair in a color octet, i.e., states in the
continuum above the D —D threshold. Their contri-
bution to the CP asymmetry is somewhat lowered by
the fact that it must be proportional to a ratio of pen-
guin to tree amplitudes (both are necessary in order to
generate a relative CP odd phase). -Still, it dominates
over the contribution from the OZI suppressed process
b -+ duu m dJ/g [5, 10].

An important source of uncertainty is the very both-
ersome fact that, at present, the strength of the color
suppression in decays such as b ~ q J/g (q = s or d)
is not well understood. The prescription of dropping all
nonleading terms in I/JV„ that I adopted in here, al-
lows us to reproduce the branching ratios that have been
measured, but it is neither well founded theoretically,
nor confirmed by data from other types of B decays [9].
For the moment, it provides a systematic framework to
derive quantitative predictions. However, it is quite pos-
sible that some new mechanism is at work that would
dominate the decay rate, and most likely affect the value
of the CP asymmetry, hence, the interest in pursuing an
experimental search, given the potential of present and
future facilities for probing the asymmetry close to the
level predicted in here.

It should be pointed out, however, that the comparison
of the theoretical predictions with experimental results
is not trivial. The CP asymmetry in the inclusive decay
B -+ J/vPXg that was calculated in here would be diK-
cult to measure, as it is necessary to exclude from Xg the
strange hadrons. Moreover, there would be contributions
from the decay B -+ @'+X~ -+ J/g+ Xq, that were not
considered. Most likely, the experimental data will corre-
spond to exclusive decays, such as B ~ J/@vr. Although
unusually strong enhancements or cancellations in some
channels cannot be excluded, it is likely that the result in
Eq. (24) provides an order of magnitude estimate for the
CP asymmetry in the exclusive channels. A more thor-
ough calculation could be attempted; it would require a
specific model for the mesons, and ambiguities regarding
IR divergences and mass singularities would arise requir-

APPENDIX

The scattering amplitude A(d(cc)s -+ dJ/@) is the
sum of a term

1t = O.'s7rugg A uSVep A Vo
pd, pd

(A1)

(the quantities u&, 8,'-, pd, and later p',—, correspond to
the intermediate state quarks) that corresponds to the
gluon exchange between the d and the c quarks, and an
analogous term t due to the gluon exchange between the
d and the c quarks. In the expression for the absorptive
amplitude in Eq. (19), the contributions from t and t are
related by charge conjugation, and it follows that

AabsorPtive ~ ) ~
dCt(V Vs T& + V Vs P&)

The tree and penguin terms Ts and Ps are given in
Eqs. (17) and (18), and

d3 I

d@ = (2vr) 8 (p;+ pg —p', —p'„) 2' 32p'- 2m 32p„'0

(A3)

The hadronization of the cc pair, which forms the J/@
in the final state, is described by a single parameter: the
magnitude of the J/@ wave function at the origin or,
equivalently, the decay constant defined in Eq. (15). The
relations

(J/glcrr„cl0) = t fy(py„e„' —py ~„*),
1-

(J/glc~~-»cl0) = te~-n(J/@le~ ~-c]0)P (A4)

Aq@'
' " ' —— i a, fy[V,bV,~C2—

2 2
8

+VtbVt~(C4 —Cs)] —n, (A5)

where

are also useful. Summing over the spin and color of
the intermediate state quarks, and integrating over their
phase space, I obtain the result
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O=m+E Gdp 1 —+5 Qb C3 +Cg 2 +X +3
mQ

—ud{1+ ps)ub(Cq + C2) 2
—udp~p~p„(1 —ps)ub(Cq —Cz)te " "mbPb~ exp,pv pbcxpdp

+ (pye pye ) ud yo(I '+ 'y5)ub g [(Cl + C2)pd8 + 2T p/8]
4 mQ

—ud(1 —ps)ub2(Cy + C2 —2D) 2 + udge~(1 —ps)ub [(8 —+)pds + +pbs]
PbbPdcr

mQ mQ

—.~.~.(I —~.) ~ (C. + C.) . + —2&+ 4g + .~-~-~.~.(1 —~.) .(C. —C.)- "'Pb Pd ~@pePbnPdP

+ && p+A& udyo (1 + ys)ub 2 [(Cl + C2)pdb + 2T pub]4 p c7

m@

+ud(1 —ps)ub2(Cg + Cz —217) + udge~(1 —ps)ub [(8 —A)pdb —Apbb]
PbhPdcr

mQ mQ

3Pb ' Pd 3—
udge pb(l —ps)ub (Cg + C2) 2 + 'D+ 4g-

2mg 2

+ud ycr'yb(1 + r5)ub+ ud yv ylT 9 yak(1 y5)ub(C1 C2)t~
mb ~ nppv Pb~PdP

mQ 4m~2
(A6)

The quantities A, 8, Cq, C2, 17, X, and g, are defined by

1
4~m~ dC, Pd —— Pg + BPd

Pd Pd

1
87rm~ dC, 2pd p-p ——Copy pdp + C2pypp

Pd Pd

++PQ~P+P + +Pd~PdP

+gm~g p. (A7)

Performing the integrations, it fo1lows that

)
2 —z

2z
C2 ——I +

1 —z

'v=—
(2 —z)
1 Kl —z)
2 (2 —z)

l2 —zj

z 1
dx

1 z g 1 x

[z = (my/mb) ]. The divergent integral

(A8)

(A9)

8=I+ 2Z

(1 — )(2 —.)
'

(2 —z)

corresponds to a mass singularity (due to taking m, = 0
or m, = m@/2). However, the dependence on I cancels
in the expression for 4, and so the CP asymmetry is &ee
of mass singularities (and of IR divergences [11]).
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