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Abstract

Within the Standard Model there exist certain relations between CP-violating rate differenBedeicays in theSU(3)
limit. We studySU(3) breaking corrections to these relations in the case of charmless, hadronic, twa loedyays using the
improved factorization model of [Nucl. Phys. B 606 (2001) 245]. We consider the &asesP P and B — PV for both B;
and B; mesons. We present an estimateAgip(z ~7 1) in terms ofAcp(K ~nT).

0 2003 Published by Elsevier Science B.V. Open access under CC BY license,

B decays are a subject of very active research at present since they provide useful information on the dynamics
of strong and electroweak interactions for testing the Standard Model (SM) and models beyond and are ideally
suited for a critical analysis of CP-violation. The mixing induced CP asymme®yin> ¥ K, versusB® — ¢ K
has already provided an accurate measurement ofssih,2]. This result is in excellent agreement with the SM.

Other mixing studies, such & — 7~ 7, are underway for determining sir2but require more data to reduce

the theoretical uncertainty associated with penguin contributions. Rate asymmetry measurements in the branching
ratios of B mesons into mesons involving light quarks are also underway. These shed light on direct CP-violation in
the amplitudes. Analyses of these decays to extract fundamental parameters of the SM are more difficult because of
theoretical uncertainty in the calculation of hadronic modes. In general, these asymmetries arise from interference
of a Cabbibo suppressed tree amplitude with a (possibly enhanced) penguin amplitude. As such, these asymmetries
are sensitive to contributions through loops, that could involve physics beyond the SM. Thus, the study of direct
CP-violation can be a powerful tool to probe for physics beyond the SM if the theoretical uncertainty can be
reduced.

The goal of this Letter is to study the direct CP-violation asymmetry in a class of processes where there has
been recent theoretical progress. These processes inBalleeays into two light pseudoscalafsP, or into a
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light pseudoscalar and a light vector meg®¥ . We identify relations between rate asymmetries which are valid
in the SU(3) limit in the Standard Model, and we compud (3) breaking corrections to them using the QCD
improved factorization model of Ref. [3]. We also discuss additional relations which are valid 8U{l3 limit
when annihilation contributions are neglected.

CP-violation in the SM arises solely from the phase in the 3 unitary CKM matrix, Vckm = (V;5), and
any CP-violating observable is proportional to(lvy V[’;Vk Vi), with i # k and j # 1. This simple property has
important implications, as, for example, it leads to relat|ons among CP-violating rate dlfferarﬁ:,es—, r'B—
PP)—T (B — PP),fordifferent decay modes. For instance, it has been shown thatSwitB) flavor symmetry,
when small annihilation contributions and phase space differences are neglected, naive factorization yields the
relation [4]

7?‘071‘*' ~ = f?‘t Aﬁo ot €Y
K

This can be used to test the SM CP-violation, or to predict one rate difference if the other one is known. The above
equation leads to a relation for the CP-violating rate asymmetry,

f_,,z Br(K =)

-+ ~ DIt )
Ace(r ) f2 Br(z—zt)

Acp(K "), (2)
where B(PP) are the CP averaged branching ratios(mBrz ) = (5.2 + 0.6) x 10°® and B(K =) =
(186 + 1.1) x 107 [1,2]. Eq. (2) implies the following relation between the corresponding CP asymmetries:
Acp(m~n )~ —2.4Acp(K 7).

Preliminary data on these asymmetries is just emerging, with BaBar repdigisigr —7 ) = —0.3040.25+
0.04, Acp(K ) = —0.102+ 0.050+ 0.016 [1] and Belle reporting.cp(z ~7*) = 0.947933 + 0.09 [2]. At the
moment the two experiments disagree on the valuégf(m ~7 ) but they still have very large errors.

The most important question for theory is to establish the precision of Egs. (1) and (2) within the Standard
Model, or equivalently to estimate the corrections they receive. One can easily identify two sources of corrections
for Egs. (1) and (2): annihilation contributions, aBd (3) breaking effects. Even though the relation Eq. (1)
already includes som@J (3) breaking effects in the factqfnz/ f,%, it is necessary to have better control over these
corrections in order to test the Standard Model.

To begin our analysis of th& — PP modes, we first note that there are several relations among the rate
differences in these decays that follow frd (3) flavor symmetry in the SM. There are also other relations
such as Eq. (1) which rely both d8J(3) symmetry and on the neglect of annihilation amplitudes. It is easy to
understand the origin of these relations. The decay amplitude fer P P can be parameterized as

A(B— PP) =V, Vi, TEp + Ver Vi Php. (3)
and can be decomposed irB(3) invariant amplitudes according to the representation of the effective Hamil-
tonian [4].SU(3) symmetry predicts that the amplitudes ®F — 7~ +, K7+ andB? — 7K+, K"K+ are
related and this can be proved by writing the decay amplitudes in terms 8gtt8 invariant amplitudes as

BO s T T T T
B —1F K+_2A +CF+cd + Al +3cl,

RO
TE | = Tﬂjm =C] +Cc{ —AL+3cL, @)
where A; indicate the annihilation contributions. Both model calculations [3], and fits to experimental data [5]

indicate that these annihilation amplitudes are small. The penguin ampliRﬁJ}es:an be parameterized in a
similar way.

We note that, even though(P)B_ = T(P)K x+ and T(P)B_ -+ =T(P) iK+ in the U(3) limit, there
are no simple relations between the branching ratios for these decays because the CKM factofs amdhe
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P amplitudes are different. However, becawsép ~ Im(T P*) Im(Vuqu*q Vi Veg) and 1MV, V¥ Vi Vea) =
—Im(Vyp Vi V3 Ves) from the unitarity of the CKM matrix, we have the following relations among the
CP-violating rate differences:

_aB B —AB®

An Tt = K-K+° K+t K—nmt: (5)

These relations can be obtained by interchanging d¢hand s quarks (U spin symmetry). If annihilation

contributions are neglected, all the ampl|tudé%n+, Tlfon+, T 50K+ andT,* ., are approximately equal and
one gets additional relations,
BTO
An T+t = AK'Y +—A AK ate (6)

Similar relations exist as well for decays with neutral mesons in the final state. These relations are more
complicated than those of Eq. (6) because there are mamed s quarks to interchange, and consequently it is
harder to study the effect @UJ(3) breaking in that case. For the remainder of this Letter we concentrate on the
relations in Egs. (5) and (6).

One must be careful, however, about the validity of these relations. In the @}éx limit, the Aff,P are also
exactly zero because the Standard Model conserves CP mhenm,. It is well known that in this case it is
possible to remove the phase in the CKM matrix with an appropriate rotation athands quarks. In order to
have a non—zermﬁp, one cannot have an exa8t (3) symmetry. In order to have CP-violation in the Standard
Model no two quarks with the same charge can have the same mass; as#tong as; there will be CP-violation
regardless of how small these masses are. The relations in Eq. (5) are thus valid and non-trivial in the limit where
(ms — mg) is much smaller than the QCD scale, but not zero.

WhenSU (3) breaking effects are included, the above mentioned relations will be modified and one needs a good
understanding of these effects before using the relations to test the Standard Model. Our limited understanding of
the strong interaction dynamics at low energies makes this task quite difficult. In what follows we illustrate the
U (3) breaking corrections that arise within the QCD improved factorization model of Ref. [3].

Within this approach, the relevant decay amplitudesier- P P are given by [3,6]

K+ =

A(EO — n_n+) = i—(m% - mz)Fc?_”T (m%)fn
[VubV a1(mm) + Vi I’fd(aff(nn) + afo(nn) + r;’ (aé’(nn) + aé’(nn)))]

l—fo |: Vur V. db1(7T7T)+( uqu*d-l-VCbVCZ)(b3(JTJT)+2b4(JTJT))

7

— %(bgw(m) — bfw(m))},
A(BO— K~) = i (0 =) F 7 () f
X [VupVisar(K ) + Vi Vs (ah (K) + afo(K) 4+ rX (af (K7) + af (K7)))]

1
+ iT’;fon fx [(vubvu*s + Voo VSZ)(MK 7) = 5bs " (K ﬂ>)} (7)

wherep is summed over andc, r; = 2m§/mb(mu +my), rf = Zmi/mb(m,, + my) and

c2 Crog 47'[2
M1M>) = — |14+ —V —H s
ai(Mi1M3) 61+NC|: + = ( My + N, MWz)}
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c3 Cra 42 Cra
al (MiM2) = ca+ V[H— S<VM1 N HMle)] ym NS Pzﬁl 2
C

CFOIS CFOlS PP
T 4N, 3

P 5
MiM>) = —
ag (M1M2) = ce + N, (

C
ag(M1M2)=cs+%(l—6 Fas)+ o pPEW

. 4 9 N, M3
CFO[ 4 2 o EW
d]l_)O(M]_MZ) =c10+ E[l-’- 47TS (VMl NC HMle)] o N P/ll/)[]_ 2 5 (8)

Cr
b1(M1M3) = N2 ClA (M1M>),

c

C . .
ba(M1Mp) = N—Z[csAa(Mle) + cs(AL(MLMp) + A (MiMp)) + Necg Al (MiMp)],

c

C . .
ba(M1Mz) = 5 [caAy (M1M2) + cgAL(M1 M) .

c

C .
bV (M1Mp) = V2 ~F [coAl(M1M2) + c7(AL(M1M2) + AL (M1M2)) + NcCeAS (M1M2)],

c

C : .
by" (M1M>) = N—Z [c104% (M1 M2) + cg AL(M1M>)], )

c

whereCr = (NC2 —1)/2N. and N, = 3 is the number of colors ang are the Wilson coefficients. The vertex, the
hard gluon exchange with the spectator, and the penguin contributions are:

4
GM(sp)] + 63|:8 In= 42 - Gu(0) — GM(1)1|

1
Vu = 12In——18+/d g(x)Dpy(x),
0
2
3 3 u 3

4  my
PAI/)[’2=61|:3|n— + =

1
d
+(C4+Ce)|: f|n7—(nf 2)Gm(0) — GM(SL)_GM(l)i| Sf;/ﬁ%(x),
0

1
2 dx

Ph5" =1+ N cz)[ In™ 4 3 GM<s,,)] ~$;ff T Pm).

0

4 mp 2 =~ 8 mp 4 o~
PAI,)[’3=6‘1|:§|n7 + 3 —GM(Sp)] +CB|:§|n7+§—GM(O)—GM(1)i|

4n ¢ —~ —~ ~
+(c4+ce)[%ln%—(nf—2)GM(0>—GM(sc)—GM(1)} 2c8!,

4 mp 2 ~
P/l[/)[”gw = (C]_ + NCC2)|:§ In 7 + é — GK(Sp)i| — 3C%f,f,
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1 1
fof / dx / dy
H = D —P
T g O | 1 ) [ 35 o)

Ay (Ms)r;[ (us) [ dx
+Tf ‘I’Mlmf —W”}

1
A;(MlMg)znas/dxdy F;(x,y) j:ﬁ,

0
1

AL (M1Mp) = ma f dxdy F{ (x,y), (10)
0
with
4 1 4 2
Fi(x,y)= ¢M1(X)¢M2(y)|:m ?i| %E}’
b
4 1 4 2
Fé(x,y): Q’Ml(x)@Mz(Y)[m T)E] %5},
b
i _ 21t M, 2y 2ILMl 2x
rie = (Tomr s - St om0 5
2 2(1 2 2(1
Fs’"<x,y>={ Dy, () Cro, + 50, () ( ”)}, (11)

wherex = 1—x, y = 1—y and the parameteniy, /m;, coincides withr, . The functiong (x), Gy (x) and(A;M(x)
are given by [3]

1- 21
g(x)=3< 1 2 Inx—in) + |:2Li2(x)—|n2x+—1 nx —@+2izm)nx —(x —> 1—x)i|,
—x

—x
1
G(s,x)= —4/du u(l— u)ln[s —u(l— u)x],

0
1
GM(s)zfdx G —ie,1—x)Py(x),
0
1
GM(s)=/de(s—ie,l—x)cb,,(x), (12)
0

wheres; = ml?/mﬁ are the mass ratios for the quarks involved in the penguin diagrams, #hile) and®,, (x)
are the distribution amplitudes of thid meson. The twist-3 distribution amplitud@,, (x), is equal to 1, to the
order considered in the calculation. The distribution amplit@dggx) has the following expansion in Gegenbauer
polynomials [3,7]

By (x) = 6x(L— 0)[1+a1CF?2x — 1) + 020y ?2x — 1) +--], (13)
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with Cf/z(u) =3u anng/z(u) = (3/2)(5u? — 1), and is different forr and K. Forx, the distribution inx must

be even because tleandd quarks have negligible masses and their distributions inside the pion are symmetric.
This dictatesx] = 0. The coefficient.] is estimated to be.@ + 0.3. For K, theu (or d) ands quarks inside the
kaon are different, leading to an asymmetry in thdistribution. So a non-zero value fmf is needed and it is
estimated to be .8+ 0.3, whileaX =0.1+0.3[3,7].

One also has to consider divergences contained in the hard scattering and annihilation contributions. The
divergent part in the hard scattering comes frigg = fol D,(x)dy/(L—y) = fol dy/(1—y), while the divergent
part in the annihilation is of the same form at leading order. These divergences are logarithmic and, in principle,
would be absent in a full theory. Here, we follow Ref. [3] to introduce an infrared cut-off,at 0.5 GeV and use

mp
Xy =In-r. (14)

The final results are insensitive to the precise value of the cut-off. As for the numerical inputs, we will use the
values of the Wilson coefficients at=my, [3], un = /A, Ap =0.5 GeV,1p = 0.350 GeV.

The decay amplitudes foB? — 7~ K+ and B — K~ KT can be obtained from Eq. (7), by using the
appropriate transition form factafy* ~* and by changing im3 1 to 1/m% Ap, in Hy,.

Putting everything together, we are now able to estimate the size of different contributions and, as expected, we
find that the annihilation contributions are small.

Eqg. (1) incorporateSU (3) breaking effects only through the difference in the decay consignend fx as
they appear in naive factorization. To improve on this approximation we need to consider other so&e€3) of
breaking. For example, there a8 (3) breaking mass differences in both the initalmesons and in the final

state mesons. These mass differences induce corrections that are proporb’mi)aht@ and are therefore small.

The decay amplitudes are proportional to the decay congjandf M1 and to the transition form factdff”Mz,

depending on whictB is decaying into which final state. These form factors can also intro8uU¢8) breaking
effects. ForB® — n =7+ andB® — K ~x*, all the corrections mentioned above account for the fagfgif2 in

Eq. (1). AdditionalSU (3) breaking effects can arise from the distribution amplitddg(x), which is different for

thed ands quarks. The important effect arises from the twist two distribution amplitudes. In our calculation we
have used a constadt, = 1 for the twist-3 distribution amplitude so we have neglec®ed3) breaking in this
term. HoweversU (3) breaking effects in this term should also be taken into consideration at higher order.

To summarize, th&UJ(3) breaking effects that we do include are the difference in the decay constants and form
factors; and the difference in the andap terms that appear in the twist-2 distribution amplitude. With these
effects taken into account, and using= s; = s; = 0 ands. = (1.3/4.2)2 in Eq. (10), the relation in Eq. (1) turns
into

(15)

AB g2 [ 1—0.7487 — 0.10% — 0.017H,, — 0.00457 }
AB° f2[1-0.748f — 0.10%X — 0.017Hk, + 0.0004% |’

K—n+t
wheres”T =1 —1.34X% — 0.36(X7)2 andsX = 0.1 - 0.8xX + 1.4(x%)2 indicate the annihilation contributions.
The numerical coefficients are obtained for the input parameters discussed befofewithreal, and using
XHa) = In(mp/A). With these input parameterf;, and Hg, are in the range between 0.8 to 1. This leads
to very small annihilation and hard scattering contributions as can be seen from Eq. (15). If one allows complex
values forX g4, then the corrections can be larger [3], but we do not have a good estimate for these parameters.
The most importan8U(3) breaking effect that we have identified (in addition to the difference in decay
constants) arises from twist-2 distribution amplitudes. Using the central vajues0, o = 0.1 andaX = 0.3,
aX =0.1, the size ofAJf_on+/A§(iﬂ+ increases by a factor of 1.3, and is approximate®87. By taking into

account the full range of values for theparameters, the maximum and minimum numerical values of the above
ratios are, respectively-1.4 and —0.6. This can be used to test the Standard Model and the QCD improved
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factorization. In particular, the sign of the rate difference is not changed b$Uli®@ breaking effects we have
considered.
Similar calculations can be carried out By — P P decays. We find that the ratio of differences

70 B?
ABZ Al

T ~ a7~ K

i S (16)
AB ABS

K-—nt K-K+

is independent of the twist-2 distribution amplitudes or meson decay constants. This relation is particularly
interesting because it can be used to test the SM with less uncertainties. The related CP asymmetries will be
expressed in terms of the corresponding branching ratios which are scaled by transition form factors as

. B—m \ 2 . Pl’lB
Br(BO—>7r_n+)=C( %K) BI’(BSO—>7T_K+)%,
Fy* Ph_
_ B—m \ 2 _ Pth
Br(B°—» K nt) = C( = _>1<) Br(B) » K~ K*)—3&, 17)
Fo* Phy'y

whereC = (m%rgs/mgs tp) andPh} ,, =[(1—(mp, +mp,)?/m3)(1— (mp, —mp,)%/m%1Y2/2mp is the phase
space factor. In order to test the SM, one needs to know the form factors, these can be obtained from other processe:
or from theoretical calculations. Alternatively, one can use these relations to obtain the ratio of the form factors
using experimental data.

There are similar relations fa8 — PV decays [8]. By replacing one of the final octet pseudoscalar mesons
with a corresponding octet vector meson in the previously discussed cases, one obtains

B® _ B ~ ABs  _ BO
Ap—n+ =—Ag g ¥ Ap_K+ = —Agegts
BO B ~ B BO
Aﬂ—p-%- = _AK:_K*"' ~ AT[:_K*"' = _AK—/)+7 (18)

where the approximate sign indicates relations that hold true only when annihilation contributions are neglected.
These relations, Eq. (18), are again expected to re&I¥8) breaking corrections. To estimate t8d(3) breaking
effects we use the QCD improved factorization model once again.

When M, (the meson which picks up the spectator) is a vector meson, as, for exam@é, - 7~ p™,
BY - K~K*t and B® — K~ p*, B? — 7~ K**, the corresponding decay amplitudes can be obtained by
replacing the form factor?~* with A5~" andr, with —r, in Eqg. (7), and by using the same expressions for
Eq. (9), except folH , i, Which has no twist-3 terms. By neglecting the annihilation contributions, the analogue
of Eq. (15) is

RO
AT mp f,,z( AP )2 1+ 110¢] + 15503 (19)

AB? mp, f2 1+110f + 15505

B,>K*
KK+t Ao

— _
and the same fonfS_KH/Ag(ier. We observe the large coefficient®f in both the numerator and denominator

of Eq. (19). Sincex] =0 andaf = 0.3+ 0.3, the denominator has a vary large uncertainty, making a prediction
for this asymmetry impossible within this framework. On the other hand, this provides an opportunity to constrain
(orevento determineif when the ratio in Eq. (19) is measured.
When M; is the vector meson, as iB® — p~ 7, B? - K* K+ andB? — p~ K+, B — K* 7™, the
1
decay amplitudes can be obtained by replacing-théactor in Eq. (7) withrg = 2”’;—5“% ~ 0.3 (and similarly
for r,), and by removing the penguin terrﬂgéEW in the expressions fatg andag in Eq. (9), because the vector



M.A. Dariescu et al. / Physics Letters B 557 (2003) 60-68 67

meson is described only by a twist-2 distribution amplitude. With all this we obtain:

Af ot omp fP (Ffﬂ )2 1-1.250¢ —0.1825 20)

2 Bs—K K* K**
A[(j*fKJr mp; fK* F 1— 125)[1 — 01&){2

Using the central values of the rangeb=0, a5 = 0.16£0.09,af” = 0.18+0.05,aX” = 0.05+ 0.05 [9] and
taking f, ~ 0.96x+2 we find:

RO

BO B
A§*n+ FB%r[ 2 AP-Y K+ FB;—)K 2
—2 T ~-115( L — ), L - 115 — . (21)
B B;—K B B—m
AKS*,KJr F]_ AK*— + F

Our calculations show that importa8t (3) breaking effects arise from the light-cone distributions of mesons in
addition to those already present in the decay constants. These effects can only be estimated with large uncertainty
because the paramett.azrﬁ2 are not well determined at present. Using the currently allowed ranges we find,

Acp(n’fn’Jr) (3 1+19)ACP(K T ) (22)

which can also be used to test the Standard Model and the improved factorization model to some extent.

We have also shown that in the caseBof> PV, when the pseudoscalar meson is factored8ui3) breaking
is large and estimates have very large uncertainty at present. In the case when the vector meson is factored out, a
in Eq. (20), the corrections are smaller.

It is important to emphasize, however, that there are relations which are mdependﬁlrg phrameters
and decay constants. Examples include Eq. (16), a corresponding relation for the ratio of branching ratios
(Br(B® —» 7~ nt)/Br(B® - K~nt)~Br(B; — 7~ K*)/Br(B; - K~ K1)), and their analogues iR — PV
decays. These relations are more reliable than Eq. (1) in the sense that they do not receive $uk 3naireaking
corrections that we have investigated. Although this observation relies on the QCD improved factorization model,
it may be more robust than model predictions for absolute values of rates because it only involves ratios.

A systematic framework to stud§(3) breaking inB decays is, of course, needed before the relations we have
presented can be used in precision tests of the Standard Model. With the estimates we have presented here, thi
relations are still useful. Large experimental violations of them would hint at possible new physics; at the very
least they would provide information on the limitations of the QCD improved factorization model. To test some of
the relations that we have discussed, charmless hadronic twomadigcays must also be measured. This cannot
be done by the B-factories at present, but in the near future Budecays will be studied at the Tevatron Il and at
LHCb.
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