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Possible solution of the puzzle for the branching ratio and CP violation
in B — ziw decays with a modified perturbative QCD approach
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We study B — zz decay with a modified perturbative QCD approach. The branching ratios and CP
violation are calculated with the transverse momenta of partons considered. Sudakov factor associated with
each meson is included to suppress soft contribution in QCD. With the wave function of B meson obtained
in QCD-inspired relativistic potential model being used, the suppression of Sudakov factor to the soft
contribution is not effective enough. Soft scale cutoff and soft form factors of Bz transition and 7z
production have to be introduced. The main next-to-leading-order contributions of vertex correction, the
quark-loop, and magnetic penguin are included. To solve the long-standing puzzle in B — 7z decay, that is
the theoretical prediction of the branching ratio of B® — 7°7° being seriously smaller than experimental
data, color-octet matrix element which is of long-distance dynamics is introduced. With parameters taken
with reasonable values, all the branching ratios and CP violation are well consistent with experimental data.
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I. INTRODUCTION

High precision data collected by B factories reveal
serious discrepancies between experimental measurements
and theoretical predictions for branching ratios and CP
asymmetry in several B decay modes calculated with
perturbative QCD (PQCD) approach [1-3] and QCD
factorization (QCDF) approach [4-7]. For B — nx decay,
original prediction of the branching ratio of B — 7°z°
decay of PQCD is much smaller than experimental data.
The branching ratios and CP violation of B — zz decays

measured in experiment are [8]

B(BT — nt7%) = (5.5£0.4) x 1076,

B(B? —» ntn7) = (5.12 £ 0.19) x 1075,

B(B® - 7°2%) = (1.59 £ 0.26) x 1076, (1)

and

Acp(BY = 2% = 0.03 £0.04,
Acp(B® = ntn7) = 0.32 4+ 0.04,
Acp(B® = 7°2°) = 033 £ 0.22. )
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The leading-order prediction for B(B® — z°z°) in PQCD is
only at the order of ~10~7 [3,9], which is much smaller
than the observed branching ratio in experiment given in
Eq. (1), while the predictions for the branching ratios of the
other two decay modes are approximately the same order as
experimental data. The prediction of QCD factorization
approach for the branching ratios of B — zz gives similar
situation [4—7]. This is the so-called 7z puzzle in B decays.
The calculation including next-to-leading order contribu-
tion of QCD in PQCD still cannot solve 7z puzzle of B
decays satisfactorily [10-12].

To solve the puzzle, a soft factor associated with pion
as an additional nonperturbative input is introduced
by analyzing the soft divergence in kr factorization in
Refs. [13,14]. The agreement of the theoretical prediction
with experimental data is improved, but it is still not in an
enough of a satisfactory manner.

We reanalyzed the B — 7 transition form factor in the
framework of perturbative QCD approach in Ref. [15]
using the wave function of B meson obtained by solving
bound state equation in QCD inspired relativistic potential
model [16-20]. With the new B meson wave function
being used, we find that the suppression of Sudakov factor
to the soft contribution in QCD is no longer strongly
effective. The soft contribution can be as large as 40% in
the naive calculation. Then a soft momentum cutoff and a
soft form factor have to be introduced to make the
perturbative calculation reliable. That is the factorization
formula for the B — # transition form factor is changed.
The dynamics with momentum transfer larger than the
cutoff scale can be treated by perturbative calculation,
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while the contribution lower than the cutoff scale is
attributed to the soft form factor.

In this work we study B — zz decay in the modified
PQCD approach. The branching ratios and CP violation
parameters are calculated. For the momentum transfer
larger than the soft cutoff scale, the amplitudes are
calculated in perturbation theory, and for the interaction
lower than the soft cutoff scale, the soft B — x transition
and 7z production form factors are introduced, which are
treated as nonperturbative inputs. For the perturbative part,
the next-to-leading order contribution in QCD are included,
the main important contributions of which are from the
diagrams of vertex correction, quark-loop diagrams and
color magnetic penguin diagrams. By confronting the
theoretical results to experimental data, the nonzero color-
octet matrix element (zz|(g,7%¢,)(g;T°b)|B) is intro-
duced, which comes from the color decomposition of
the quark-antiquark current operators in the effective
Hamiltanion of B decays, and the quark-antiquark current
can be either V &= A or § & P currents. We find color-octet
matrix element is important to explain the experimental
data of B — zz decays. By taking reasonable values for the
input parameters, we obtain theoretical results for the
branching ratios and CP asymmetry parameters in perfect
agreement with the data.

The remaining parts of the paper are as follows. The
leading and next-to-leading order contributions to the
perturbative part of the B — zz decays are calculated in
Sec. II. The contributions of the soft form factors are
presented in Sec. III. The contributions of color-octet
matrix element are discussed in Sec. IV. The numerical
result and discussion are given in Sec. V. Finally, Sec. VI is
for a brief summary.

II. THE HARD DECAY AMPLITUDE IN
PERTURBATIVE QCD

A. The leading order contribution

The effective Hamiltonian for the charmless hadronic
B decays induced by b — d transition is [21]

Gr
V2

10
-VuViy <Z C,0; + C8g08g>:| . (3)

i=3

Hegr = { wVa(C1OY 4 C,0%)

where G = 1.16638 x 107> GeV 2, is the Fermi constant,
Ve and V., (g=u, c, t) the Cabibbo-Kobayashi-
Maskawa (CKM) matrix elements, C;’s the Wilson coef-
ficients. The operators in H.g are

o7 = c_iay”Luﬂ ~itgy,Lb,,
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085 8 mbd o RT(I[)’bﬁGﬂIJ? (4)
where a and f are the color indices; L = (1 —ys) and

R=(1+ys), are the left- and right-handed projection
operators. The sum over ¢’ includes all the quark flavors
that are active at 4 = O(m,,) scale, i.e., ¢’ € {u,d,s,c,b}.

If the momentum transfer by gluon is larger than a
critical scale p., which separates the hard and soft
scales, then the decay process can be treated in perturbation
theory of QCD. In general, the value of the critical
separation scale is approximately . = 1.0 GeV. For the
hard dominant region, i.e., the scale of the gluon momen-
tum is greatly large than y,., the hadronic B decay amplitude
can be written in a factorized form, where soft interactions
associated with each meson can be absorbed into the meson
wave functions, and the hard contribution can be calculated
as a hard amplitude at quark level. Then the B decay
amplitude can be written as a convolution of hard part and
meson wave functions

M= /d3 /d3k1/d3k2d>3 (k. )

) x H(k, ky, ky, ) x @7 (ky, u) @k, p).  (5)

Here H stands for the hard part of decay amplitude, ®5-"
the meson wave functions, and C(p) the combination of the
Wilson coefficients in the decay.

The wave function of B meson can be defined through
the matrix element (0[g(z)4[z,0]b(0),|B) by
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(01(2),z. 01b(0),|B) = / PR, (e, (6)

where the right-hand side of the above equation is written in
the rest-frame of B meson, and [z,0] denotes the path-
ordered exponential [z,0] = Pexp[—ig,T“ [} daz'A%(az)].

If considering the decay in the rest-frame of B meson,
only the wave function in the rest-frame of B meson is
needed. In this work, we use the wave function of B meson
that was derived by solving the bound-state equation in the
QCD-inspired relativistic potential model in Refs. [16-18],
where the whole mass spectrum of bg system was calcu-
lated, and the results are in good agreement with exper-

imental data. The spinor wave function q>gﬂ(i£) has been
derived in Ref. [19], which is

@) ==L2"0 K (8) { (B +mo) 57 | (S5 5 s

VAR
+ (\%Jr%) fo— k’im] 7y

where E, and E, are the energies of the heavy and
light quarks respectively, v the four-speed of the B meson,
ie, ply=mpgv*, n'. are two light-like vectors with
n', = (1,0,0,F1), and

_E £

k* ,
V2

K= (0. 8%,0).  (8)

K(k) is a function proportional to the B-meson wave
function

> 2N ¥y (k)
KO = JEESE, + m By T mg)

©)

-

and W, (k) is the wave function of B meson in the rest-frame
lPO(I_é) = al eaZ‘E|2+u3|E‘+a4’

(10)

with the parameters a; (i = 1, ...,4) obtained as [19]

a, = 4.55703) GevV=3/2,

ay; = —1.554+0.20 GeV~!,

ay = —0.3975)5 GeV~2,

a; =—1.100009.  (11)

The momentum of pion is large in B decays, therefore
wave function can be defined in the light-cone coordinate,
as [22,23]

(7(p2)(y),4'(0)5|0) = / dxd’kg, e" Pk @

(12)

and the wave function CI)gp is

™
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FIG. 1. Diagrams contributing to the B — zz decays.
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. g k
(I)gp = I{Tﬂ {ﬂﬂy5¢7z(-x’ kql) — HzY5 <¢llg(xv kql) - G;u/plilfyy ¢(x6qL)) }5 ’ (13)
P

here f, is the decay constant of pion, 4, the chiral parameter, ¢, ¢7 and ¢7 are twist-2 and twist-3 distribution functions of
pion, respectively. @7 can be changed to momentum space [24,25]

r _a . Dby 956 kg1)
(I)ép = T {ﬂﬂy5¢ﬂ'(x7 qu_) HKz?s <¢ <x, qu_) Loy ) 6 0
. ¢g(‘x7 qu_) d ) }
+io,, ph——— ) (14)
: 6 oky1,) )5

where p, is a 4-momentum with its moving direction opposite to that of pion, and ¢';(x, k, ) = d¢Z(x, k,,)/ox.

The diagrams for the hard amplitude are shown in Fig. 1. Transverse momenta of quarks and gluons are kept in the
calculation of the hard amplitude. Double logarithms such as a,(u) In? k1/u in higher order radiative corrections in QCD are
resummed into the Sudakov factor [26,27], and the double logarithms as a,(u) In” x, here x is the momentum fraction of
partons in the longitudinal direction, can be resummed into the threshold factor [28]. It is convenient for the kp-resummation
to be performed in b-space, with b being the conjugate variable to k. Therefore, it is relevantly convenient for the
calculation of the hard amplitude to be also performed in the b-space.

The diagrams (a) and (b) in Fig. 1 are factorizable diagrams. The amplitude contributed by these two diagrams with the
insertion of operators of (V — A)(V — A) current is

2
Fo=—i A fosz/dklkl/ dx/ dxl/ bdbb,db, ( mp + 5 M )K(;:)(EQ+mQ)
X Jo(kLb){as(/té) <2mB[Eq(1 +x1) + (1= x))]n(x1,b1) + 2u, [E (1 = 2x,) — K¢ (x1. by)
* %ﬂﬂ[’fq“ —2n) - k31¢’$<xl,b1>)hé<x,xl,b, b1)S,(x1) exp[—Sp () — Sy, (ub)]

+ oy (1) [ (Ey = K) @5 (1. 01) 12 (x, x1, b, b1) S, (x) exp—=Sp(pz) — S, (/A?)]}- (15)

The contribution by the operators of (S + P)(S — P) current which comes from the Fierz transformation of operators of
(V—A)(V+A) current is

k> -
Fe =1 szBfmun/ko_kJ_/ dX/ dxl/ bdbb db < mB_~_2| 2J—| ) (k)(EQ+mQ)
X fo<kib>{as<ﬂl> (4mB<Eq + k) a (1. b1) + 4t [Ey (31 +2) = Ky ] (x1. by)
2
+ 3 Hall (01 = 2) = B @5 (31, b1)> hi(x.x1,b,51)S,(x1) exp[=Sg(pe) = Sy, (u2)]

3

+ o (12) [Bur(Ey = k)7 (x1. b1) e (x,x1, b, by) S, (x) exp[=Sp(uz) = Sy, (M%)]}- (16)
The contributions of diagrams of Figs. 1(c) and 1(d) are
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472 X 1 w 1 PN\ -
1\7;2 fo,zsz/ko_kJ_ /,1 dxA dxldX2A bdbbzdb2<5m3+ | J_l )K(k)(EQ—l-mQ)

M, =—i
¢ 2x%mp

x Jo(k D)y (xs, bz){as(,u},)(—ZmB(xz — 1)(E; + &) pa(x1.b) = 2u,x,(E, — k) h(x1. b)

1
+ g/’tnxl (Eq - k3)¢'§(xl , b))h[',(x,xl . X2, b, bZ)St(xl)eXp[_SB(/”cli) - Snl (ﬂ;z) - Sn2 (/4(]1)]

+ a,(u3) (_2mB[Eq(xl +x2) + K2 (X0 = x1)|p (%1, b) + 2u,x1 (E, + &) pF(x1, b)

1
+ gﬂnxl(Eq + )5 (x1, b))hﬁ(x, X1, X2, b, by)S,(x1) exp[=Sg(u7) = Sr, (43) = S, (.“?1)]} (17)
for the operators of (V — A)(V — A) current, and

4n2 " ! % 1 K2\ -
1\7’7:2 fo%mB / dklkl / dX/ dxldX2 / bdbbzdbz (E mB + | L| )K(k) (EQ + mQ)
c x4 0 0

P _ .
Me =i 2x%m
B

< Jo(kb) bl bz){as(#é) (—sz<Eq<x1 ot 1) =R 6 — D)y (1. b)
+ 2u,x, (Eg + B ) (x1,b) + %ﬂnxl (Eq +K)¢'5(x1, b))@z(%xhxz’ b, b,)

< 8,(x1) expl=Sa (1) — S (41) — o, (4] + 1, (42) (2m3xz<Eq )y (1. b)
2 (Ey = M0, 5) + e (B, = 001, ) x5, Do)

. S,(x1) expl=S503) = S, (43) — 5o, (yzn} (8)

for the insertion of Fierz transformed operators of (S + P)(S — P) current. The contribution of operators of (V — A)
(V 4+ A) current always vanishes.
The contributions of Figs. 1(e) and 1(f) are

472 ¥ 1 % 1 kPN -
M, =—i— 2 | dk k d dx,d bdbb,db, | = K(k)(E
a lN%fon/ LL[d XA X Xz/o | '<2m3+2x2m3 (k)(Eg +myg)

X JO(kLb){a\(ﬂjl‘) |:_2m%('x2 - 1)(Eq + k3)¢ﬂ('xlv b1)¢ﬂ(X2, bl) + %M%qﬁg('xl’ bl)
([Eg(x1 + 20 = 1) = I (x) = x2 + 1)]¢'5 (52, by) 4+ 6[E, (x) — x2 + 1) — K (x; + x5 = 1)] @ (x2. by))

+ %u,z,(ﬁ’g(x, b)) (—E (x) = x4+ 1) = I (x) 4+ x2 — 1)]@/%(x2, by) 4+ 6[E, (x1 +x, — 1) + & (—x;

= D0 b0)) B 01)S, 305, 0) expl=Sal) = S 1)) = 5o )

) |2 (B, = a1, ) 1) = 300 o 1) By 22 = 1)

b+ 302 b0) 61 (31 =+ 3) = Ry 50 = DI, b1) = g2, b)

([E (x) = x3 = 1) = K (xy 4 xp = 1)]@/%(x2, by) 4+ 6[E, (x1 4+ x2 = 1) + k3 (—x1 + x5 — 3)]@F(x2, by))
B30 b1) expl=Sali) = 5o () = 52 )] (19)

for (V —A)(V — A) current, and
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ME =

—ljgfsf%/dhkl /d dxlldxldleoo bdbb,db, Gm3+2|fjn|;>1<(1€)(EQ+mQ)

x Jo(kLb){as(ﬂ}) [2m§x1 (Ey = )a(x1.b1) 2. b1) 31205 (. ) (- (31 +x2 = 1)

+ B (=xy 40y = D@5 (x2.b1) +6[E (x1 = x5 + 1) = & (1 +x, = D] (x2.b1)) + ﬂﬂgyﬂ(xl,b )

(=B (e =2+ 1) = K3y + x5 = D@5 (2. by) + 6By () + x5 = 1)+ K3 (= + x5 = D] (2. b))

X R (6,64, b by ) S, (1), (%) expl=Sip (1) = S, (1) = S ()] + @, (42) | ~203 (1)

(B4 Ry (x1. b, bn) + 52000 b0 (L1 +3 = 1) + R+ 3= 35 e )

= 6[E,(x; —x2 +3) = K (x + x2 = )]} (x2. 1)) +%ui¢’z(x1,bl)<[lf,,<xl — 3= 1) = K, + 2, = 1)]@'2(x2. by)

T 6E, (61 4 x = 1)+ (= 1+ D (1 m))} (132 b. by ) expl =S (12) — Sy, (42) — s@(u%)]} (20)

for (S + P)(S — P) current,

BN -
Mff:— N2 fo,,mB,u,,/dkLkL/ dx/ dxldxz/o bdbb,db, ( m3+2| 2L|B>K(k)(EQ+mQ)
s u(k8) ) (=5 (By 4 R0t b1 = 30050 b0) + 600 = 1)
1
“p(x2,by) = 2x2(Eq - k3)¢n(x2» by)¢p(x1,by) — gxz(Eq - k3)(/)n(xz’ b1)¢/§(x1,b1))

X hi(x, x1, %3, b, b1)S,(x1)S(x2) exp[=Sp(p}) — Sz, (1)) = Sg, (uf)] + e (u7) G ((Eg(xy =2) = Kx)¢/5(x2. by)
— 6(E,(x; =2) = kx))¢p(x2,b1) ) (x1. by) = 2(Eg(x2 + 1) + &2 (x2 = 1)) (%0, by )P (x1. by)

- % (Eg(xa +1)+ I (x3 = 1)) pa (%2, b1)¢/§(x1’b1)) h}(x,xlvxzv b, bl)eXP[—SB(ﬂ%) - S (lvljzr) - Snz(ﬂjzf)}} (21)

for (V —A)(V +A) current.

For the diagrams (g) and (h) in Fig. 1, the contributions of operators of (V — A)(V — A) are always cancel each other.
Only the current of (S + P)(S — P) from the Fierz transformation of operator of (V — A)(V + A) current contributes. The
result is

Fl = —ii—’;ng%,uﬂ [ anax, [ bldblbzdbz{w;) (—4¢$(x1, b)) (2. )
- % [(1 = x2)@'5(x2, by) — 6(x5 — 1) 5 (x2, b)) - ba(xy, bl))’lé(xl,xz, by, by)S,(x,) exp[—S,, (1)
—Snz(ﬂ;)] + a(u )< dp(x1,b1) 5 (x2, by) + |:__xl¢ (x1.b )+2x1¢’;’,(x1,b1)} ¢7r(x2’b2))

X h?z(xlvx% by, by)S(xy) exp[—S,,l (ﬂg) = Sa, (ﬂ%)]} (22)

where
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(1 k. |? .
25 = famy / dk / " (E my + 2|x;rll3> K(R(E, +my) (g + mg) + (B2 — n2)]. (23)

In the above equations, i.e., Egs. (15)—(22), the exponentials exp[—Sg(u)], exp[—S,, (#)] and exp[—S,, (u)] are the Sudakov
factors which are associated with each meson at the relevant energy scale, which are given in the Appendix. ¢,(x,b),
@5 (x,b), and ¢Z(x, b) are the wave functions of pion in b-space, which can be found in Appendix B of Ref. [15]. The
functions h;’s are Fourior transformations of the hard amplitudes, which are

he(x,x1,b,by) = Ko(y/xx;mph)[0(b = by)Io(\/Ximghy)Ko(y/x1mpb) + 0(by = b)Io(\/ximpb)Ko(\/ximpby)],  (24)
hi(x,x1.b,by) = Ko(\/xx;mpb)[0(b — by )Io(v/xmpby)Ko(v/xmpb) + 0(by — b)lo(v/xmpb)Ko(v/xmghy)],  (25)
hb(x,xl,xz, b,b,) = Ko(~i i/ X (1- xz)mez)[‘g(bz - b)lo(\/ﬁTme)Ko(\/mmez) +0(b - bz)lo(\/ﬁ‘lmsbz)

x Ko(y/xx;mpb)], (26)
htzz(xvxhxz» b, by) = Ko(=iv/x1x,mpby)[0(by — b)1(\/xx1mpb)Ko(\/xxmpby) + 0(b — by)I(\/xx mpb,)
X Ko(y/xximpb)]. (27)

hi(xy,x2,b,by) = Ko( iv/x1(1 = x2)mpb)[0(b — by )o(—in/x) (1 = x2)mpby)Ko(—iv/xi (1 — xp)mpb)
1 = b)o(=i/x1(1 = xy)mpb)Ko(—ir/x; (1 — xy)mpby)], (28)

h%(xl’xb b,by) = Ko(v/1 = x3 + x1x0mpb)[0(b — by ) Io(—in/x1 (1 = xa)mpby ) Ko(—i~/x1 (1 — x2)mpb)

+0(by = b)Iy(=in/x,(1 = x2)mpb)Ko(=ir/x, (1 = x5)mpby)], (29)

ha(x1, %2, b1, by) = Ko(=in/x, (1 = x3)mgh, ) [0(by — by) o(=in/1 = xymph, ) Ko(=i\/1 = xompb,)
+ 9 bl b2 I() \/ 1 —szBbz)Ko i\/ 1 —szBbl R (30)

h3(x1, %2, by, by) = Ko(—in/x1 (1 = x2)b1)[0(by — by)Io(—iy/X{mpby)Ko(—iy/Ximpby) + 6(by — by)
0(—1\/x_1m3b2)K0(—1\/x_1me1)]. (31)

In general the higher order radiative correction emerges as a,(u) In(m/u), where m denotes some mass scales in the
physical process. Here the scale may be mp, the longitudinal and transverse momenta of the intermediate quark and gluons
in the decay process, etc. Therefore, it is beneficial to select u as the largest mass scale appearing in the hard amplitude H, so
that the largest logarithm in the higher order correction can be removed, i.e.

pe = max(y/xymg, \/Xxymg, 1/b,1/by),

pe = max(yv/xmpg, Vxximg, 1/b,1/by),

py = max(y/xxmpg, \/mm& 1/by1,1/by),
pg = max(y/xxmp, \/X1X3mp, 1/by,1/b,),

ﬂ}- = max(v/x (1 = xy)mp, 1/by,1/by),

pp = max(y/x; (1 = x3)mp, \/1 = x5 + X1 xomp),
piy = max(\/1 = xamp, \/x (1 = x3)mp, 1/by,1/by),
pa = max(y/xymp, \/x (1 = x3),1/by, 1/by). (32)

In terms of the matrix elements calculated according to the diagrams given in Fig. 1, i.e., Egs. (15)-(22), the decay
amplitudes of B — 7z process are
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M(B® > ntn) =

1
+M§ |:_£t <§

1 1
{@( C1+C2> fz< C3+C4+3C9+C10>} prz[ Cs+Co+3 C7+C8:|

+M, [fu (§C1> _§t<%c3 +%C9>} +
Cs-56) | +mr| -5

3

1 1
Ma|:‘§u( ) 5:( C3+3C4 6C9+6C10>}

1 1 1
C6+6C8>] o [—§,<§C5+C6—6C7—§C8)], (33)

2 3

- 1 3 5
\/§M<BO—>”O”O>:Fe[—§L¢<C1+§C2) f:( CG+C+5C+5 Cs——C9—C10>} Ff:{ Cs + Cg

1 1 1 1 1
_6C7 _§C8:| +M, [‘@(‘Cz) —fz(gcs _6C9_§C10)] + M |:_§t<_zc8>:|

1
Ma|:§u<_ ) §t< C3+3C4

1 1
—C9+€C10)]+MR[ 5:( 5— 6C7>]

+MP[§<(%+ CQ}+FP[§((%+C6 Hz--g)} (34)

6

and

6 2

\/EM(B_ g 71'_7'[0) = |:§u< C1 +4C2> —5,(2C9 —§C7 —%Cg + 2C10>1|

3

-Fsfyesa) emfa(30450) e (3o so0) | s mel-a(3a)] 69

where &, =V, V:,, & =V,V;. The decay width is
expressed as

Gimyy
1287

I(B—f)= M(B = f)I>. (36)
Sudakov factor can suppress the long-distance contribu-
tion in the decay amplitude [26,27]. We reanalyzed B — #
transition form factor in Ref. [15] with the wave function
of B meson derived from the QCD-inspired relativistic
potential model [16-20], where the whole mass spectrum
of b-flavored mesons is consistent with experimental data,
and the transverse-momentum dependence in the B wave
function is automatically included. We find that the
suppression effect to the soft dynamics of the Sudakov
factor is dependent on the endpoint behavior of B wave
function, and in the case of the new wave function we use,
large part of soft contribution still left. To make pertur-
bative calculation reliable, a soft momentum cutoff and
soft form factors have to be introduced. In this work the
cutoff scale is chosen as 1 GeV, which is in accord with
the strong coupling constant in the range a,/z < 0.165.
The introduction of the soft form factor may change the
factorization formula for B decays, which will be dis-
cussed in Sec. IIL.

|
B. Next-to-leading-order corrections

In this section, we calculate several most important
next-to-leading-order (NLO) contributions to the B — zx
decays that includes three parts: the vertex corrections, the
quark loops, and the magnetic penguins, as what have
been done in Ref. [10]. The NLO corrections contribute to
decay amplitudes by modifying the combinations of
Wilson coefficients listed below

) =€) +
ax) =€) + 21
alw) = 0+ 2 o510 @)

where the upper (lower) sign applies when i is odd (even).

1. Vertex correction

The contributions of vertex corrections to the Wilson
coefficients are [4-6,10]
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) ~ an ) + 252

ar(p) = ax(u) + a‘;(f)

Ci(p)

+=22 ¢

W e Co(p)

V7
N, !

V7
N,

ai(u) = a;(u) + =

Ay (M) Cr Citi (M) v

NC i l = 3 - 10, (38)

The vertex function V; in the naive dimensional regularization (NDR) scheme are given by [4-0]

121n%0 — 18 + [§ dx¢,(x)g(x),
—12In7: + 6 = [§ dx,(x)g(1 = x), fori=5.7, (39)
6+ fi dxgp(x)g1 —x).

fori=1-4,9,10,

fori =6,8

where ¢, (x) and @7 (x) are the twist-2 and -3 wave functions of the meson emitted from the weak vertex, respectively. The

hard kernels are

1-2 21
g(x) = 3(1 xlnx—in) + {ZLiz(x) —lnzx—1 or_ 3+ 2izr)Inx— (x <> 1 —x)|, (40)
—x —X
|
! 2 _x(1=x)2—i
h(x) = 2Liy(x) — I x — (1 + 2iz) Inx — (x & 1 —x). G (u, ) :—4/ dxx(1 - x)In"Me = zx) “
0 H

(41)

It has been shown that the inclusion of the vertex
corrections can moderate the dependence of most of the
Wilson coefficients on the renormalization scale p [4,10].

2. Contribution of quark loops

For the b — d transition, the effective Hamiltonian
contributed by the virtual quark loops can be given by [10]

GF * A (M)
Heff = - Z Z 7§ ququ o C(q) (ﬂ? 12)
g=uct ¢

< (dr,(1 = y5)Tb) (@' T*q). (42)

where the functions C(9)(u, I?) can be written as

CoP) = 60 -3 |Cat) @)

for ¢ = u, ¢, and

CO . P) = [G@ (. 12) - ﬂ Cs()

+ Y GO P)[Calp) — Co(u)].  (44)

"=ud,s,c

The function G in Egs. (43) and (44) is

(45)

where m,, is the mass of quark ¢ (¢ = u, d, s, ¢). Forq = u
and d, the quark mass can be taken to be m, = 0.

The quark-loop contribution can be absorbed into the
Wilson coefficients ay, ag because the topological structure
of its contribution to the effective Hamiltonian is the same
as the contribution of penguin diagram, then

a, (1) VapVga
9 th V?d

q=u,c,t

aze(p) = aze(p) + Cl9 (u, (1)), (46)

where (I?) is the mean distribution of the momentum
squared of the gluon that attached to the virtual quark loop
and the final generated quark pair. One can take (%) =
m? /4 in the numerical analysis as a reasonable value in B
decays.

3. Magnetic penguins

The effective Hamiltonian of magnetic penguin contains
the weak b — dg transition

G
Her = =75 ViV iuCoy Oty (47)
where the magnetic-penguin operator is given by
9 7 a apv
089 = @mbd,ﬂ”y(l + ys)leG H bj (48)
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This Hamiltonian can contribute to the hadronic B decay by
the fission of the virtual gluon into a new quark-antiquark
pair, which can be absorbed into the relevant Wilson
coefficients [10]

wli) 2’?;; G (49)

ase(p) = ase(pn) —
where the effective coefficient Cgfgf = Cg, + Cs [21].

III. THE CONTRIBUTION OF THE SOFT
FORM FACTORS OF Bz TRANSITION
AND znz PRODUCTION

We find that soft contributions in Egs. (15), (16),
and (22) which are relevant to the diagrams (a), (b), (g),
and (h) in Fig. 1 are still large in the case of the wave
function of B meson in Eq. (7) being used in this work,
more than 40% of the contribution is in the range of
a,/7m > 0.2, while the contributions of the diagrams (c)
and (d) in Fig. 1 are dominated by perturbative contribu-
tion, more than 93% of the contribution is in the range
a,/r < 0.2. For the diagrams (e) and (f) in Fig. 1, the
contributions are only at the level of a few percent, which
can be neglected. Therefore, to keep the perturbative
calculation reliable, we introduce a momentum cutoff,
i.e., taking a stringent perturbative requirement with the
hard scale u;, > 1.0 GeV, which is relevant to a,/7 <
0.165. The contributions lower than the hard scale with
u < 1.0 GeV are replaced by two kinds of soft form
factors, the soft Bz transition form factor and zz produc-
tion form factor. Then the total Bz transition form factor is
separated into two parts

FBr = hf7 4 &b, (50)

where 8" is the Br transition form factor that is domi-
nated by the hard contribution, and £27 the soft transition
form factor. The hard form factor can be calculated in the
perturbation QCD approach which is relevant to the
diagrams of Figs. 1(a) and 1(b), while the soft contribution
of these two diagrams can be written in terms of the soft
form factor 2. Including the contribution of the soft form
factor, the amplitude is changed as

M = M =2if ,C(uy)Vexm - €7
- 4iﬂ—” nCl(ﬂh)VCKM : 53”, (51)
mp

where C(u;,) and C'(u;) are the corresponding Wilson
coefficients of the operators of (V—A)(V—A) and
(S+P)(S—P) at u, = 1.0 GeV, respectively, where
the scale is taken as the critical scale that separates the
hard and soft contribution.

There are also soft contributions from the factorizable
diagrams (g) and (h) in Fig. 1, which can be absorbed
into the soft production form factor of zz. The soft zz
production form factor can be defined from the scalar
current

(a$10) = ~3 F* (¢ (52)

where u, = m2/(m, + my,) for the charged pion, which
can be treated as a phenomenological parameter and taken
as p, = 1.75 GeV. The form factor F" can be separated
into two parts, the hard and soft parts

F/j_ﬂ — hmz + é}m’ (53)

here A" is the hard part of the zz production form factor,
which can be calculated in the perturbative QCD approach,
and &£ being the soft part of the production form factor.
Then the soft form factor contributes to the amplitude as

2,
M- M+ % (O[S = P|B)C(pn)Vexrmé™,  (54)

B

where (0[S — P|B) = —iyp, and yp can be found in
Eq. (23).

IV. COLOR-OCTET MATRIX ELEMENT

In this section, to explain the experimental data on the
branching ratios and CP violation we consider the possible
contribution of the matrix element of operators composed
of color-octet current. Consider a four-quark operator
(91:92j)(g3j44i), where i, j are the color indices, and the
current can be with any Dirac spinor structure. Due to the
relation for the generators of the color SU(3) group

1 1
—ﬁ5ik5ﬂ +56ub ik, (55)

T sz = )

the four-quark operator can be transferred to color singlet
and octet operators

_ _ 1 _ _
(6111'612]')(6131'6141') = N (411'6121')((13/'44;)
+2(q1792)(33T°q4).  (56)
As for the decay of B — 7z, we can take the contribution
of the operators (V—A)(V—A) and (S+ P)(S—-P) to
B® - 77~ decay as an example. We define

T8, = (zx"|(dTu)y_,(aT*b),_4|B°), (57)

TSP = <7[_7T+|(aTau)S+P(uTab>S—P|BO>’ (58)
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where a convention is indicated that the quarks in the first
current flow into the first meson in the final state, and the
quarks in the second current involve the initial and second
meson of the final state. Such kinds of color-octet matrix
elements have all been dropped previously because mesons
in both the initial and final states should be in color-singlet.
In this work we assume that such color-octet current can
give nonzero contribution. The quark pair in color-octet can
transfer into singlet state by exchanging soft gluons with
other quark system at distance of hadronic scale. Certainly
such color-octet matrix element should be smaller com-
pared with color-singlet contribution. One can assume that
the momentum and spin structure of the quark system will
not change much when exchanging soft gluons.

The contribution of the color-octet matrix element to the
amplitude M(B° - z¥77) is

2

M?z*ir’ =7

mi
2| (e +3a0)

The above color-octet contribution should be added to the
former amplitude M as

|: ubV (2C1 74 + qubqu

q=u,c
e +—3euch)7§§8]].

(59)

M= M+ M. . (60)

Similarly the color-octet contribution to the decays of

B~ - 7 7° and BY —» 7920 are

2
VaME == |:VubV:d(2(C] + G)T Z VbV
B q=u,c
3 8
5 (€4 —ey)[2(=Cg + Co + Cy) T3, — 4C;
Eealt (61)

and

2
ﬁMio,,ozm—B[ VipVigRCTS) = > Vi Vi [2

q=u.c

3 3
: [—C3 +§(eu —e4)(=Cs+Cyp) —Eed@] T
+2(2C5+ 3edc7)T§,’;8]] . (62)

In the above two equations, the following relations have
been used

1
ST (63)

(BB w)y 4 (@T By B) 5

and

- - _ 1
(n07°|(dT?d)y ,4(dTD)y_4|B°) ~ — 3 Th  (64)

The color-octet contribution Mi_”o and /\/lioﬂo should also
be added to the former amplitudes M for each relevant
decay mode.

To show the relative magnitude of the color-octet to
singlet hadronic matrix element, we can define two
parameters Jg and 857 Since the color-singlet hadronic

matrix elements are approximately in accord with the
follow result

(m " |(du)y_s(wb)y_s|B°) ~
(zx"|(du)g, p(iab)s_p|B°)

under the naive factorization approximation. So one can
define &g and 557 as

_lfﬂmBFBﬂ(O)’
—if oHmpF§7(0),  (65)

Q

T78m = _ifﬂm%}Fgﬂ(O)SS’
Tor® = —if eptampF " (0)55". (66)

The smaller the parameters 83 and 537, the smaller the
color-octet matrix element relative to color-singlet one.

V. NUMERICAL ANALYSIS AND DISCUSSION

The input parameters in the numerical calculation are the
soft Br transition form factor €87, the soft zz production
form factor £, and the color-octet matrix element param-
eter dg and 5§P except for the parameters in B and pion
wave functions.

The hard part of B transition form factor h5” is relevant
to the diagrams (a) and (b) of Fig. 1 except the decay
constant of the emitted pion. The hard form factor can be
calculated in perturbation method with the hard scale
up > 1 GeV, which corresponds to a,/7 < 0.165. The
result is

hg” =0.23 £0.01, (67)
while the total Bx transition form factor is
Fg”(O) = Fﬁ”(O) =0.27 +£0.02, (68)

which is consistent with the measured differential branching
ratio of B® — 7z #v in the ¢*> ~ 0 region in experiment [29].
Then according to Eq. (50), the soft part of Bz transition
form factor is

£57 = 0.04 +0.01. (69)

For the color-octet parameters dg and 5SP

they are at the same order, and simply take

, We assume
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0 = 5§P (70)

to decrease the number of free inputs. Then the remaining
free input parameters are only " and dg, which can be
obtained by fitting the experimental data of the branching
ratios and CP violation for the three B — zz decay modes.
™ and &g can be set in the following form

= d1€i¢],
& = dyeit, (71)

where ¢, and ¢, are the strong phases of the color-octet
matrix element and the soft zz production form factor,
respectively. Since zz production form factor is timelike, it
may have nonzero phase. The parameters d,, ¢, d,, and ¢,
are fitted to the experimental data. The values that can
reproduce all the branching ratios and CP violation con-
sistent with experimental data are found to be

d, = 0250 £0.015, ¢,
dy=0.174£0.02, ¢, =

= (=0.440 £ 0.016)x,
(—0.76 & 0.03)x, (72)

where the uncertainties mainly come from the constraint of
the experimental data. The value of d; shows that the
magnitude of the color-octet matrix element is only about
1/4 of the color-singlet contribution.

The branching ratios and CP violation obtained in this
work are

B(B® - ntn
B(B® - n°7°
B(B* = nta°

7)) =514 £0.617030107) x 1075,

)

)
Acp(B’ - m'n7)

)

)=

5.
1.50 0241004018 5 1076,
5.72 £ 04410101922 x 107°,
0.33 4 0.0470015004.
— 0.23 £ 0.07+090-007,

0.0054 + 0.0004F9:0000+00001 = (73)

Acp(B® = n°7°

Acp(BT =z’

TABLE L

where the uncertainties come from the variation of the
theoretical input parameters. The first one is caused by the
uncertainty of the soft parameters constrained by experi-
ments, the second and last are caused by the variation of the
parameters in B meson and pion wave functions, respec-
tively. For the decay mode B* — 772, the uncertainty of
the CP violation caused by the variation of the parameters
in B and pion wave functions are very small, which can be
neglected.

The contributions of each theoretical component and the
comparison of the total results with experimental data are
presented in Table 1.

It is shown in Table I that the soft transition form factor
EB7 can increase the amplitudes of B — ztz~, BT —
at7° and B — 7°2° by 23%, 16% and 4%, respectlvely
The influence of €27 on CP violation is tiny. The influence
of €7 on branching ratios is generally smaller than £27, but
it can increase the branching ratio of B® — 7°2°, which is
the correct tendency to explain the large branching ratio of
this decay mode measured in experiment. The contributions
of the color-octet matrix element Ty in B — 777z~ and
Bt - ztz% are similar to &%, but it can increase the
branching ratio of B® — 792° more greatly, which is the
key point to solve the zz puzzle in our method. The final
results for the branching ratios and CP violations are given in
the sixth column of Table I. The experimental data are also
presented in the last column for comparison. It can be seen
that all the branching ratios and CP violation for B — zx
decays are in good agreement with experimental data.

We note that the experimental data on CP violation for
BT — 7t72° and B° — 7°2° are still not so good in
precision at present. More precise data on Acp(Bt —
77°) and Acp(B° - 7°2%) in experiment are welcome,
which may put more stringent constraint on our theoretical
predictions.

A small comment would like to be given at the end of
this section. The branching ratio of B® — 7°p" predicted in
PQCD [9,30] is also awfully smaller than experimental data
given in PDG [8]. We believe that this problem could also

Branching ratios and direct CP violation (83 = 837, I =

4 s

m. = 1.3 GeV), where NLO is the hard contribution up to

next-to-leading order in QCD, “+&g,” contribution of NLO + the conmbutlon of the soft transition form factor &5, “+7T¢” contribution

of NLO + color-octet matrix element,

“+&,.” contribution of NLO + contribution of soft production form factor of zz,

“+&p, + T + &, total contribution of NLO + &g, + Tg + &,,, for which the first uncertainty comes from the constraint of
experimental data, the second is the quadratic combination of uncertainties from the variation of input parameters in B and pion wave

functions. The last column is the experimental data from PDG [8].

Mode NLO +ba TCrn +Tg +C8r + Ern + T Data [8]

B(B’ —» nta™) x 1076 4.95 7.48 3.32 4.37 5.14 £0.61103; 5.12+0.19
B(Bt — nta") x 107° 3.27 4.40 3.27 4.23 572+ 0441503 55+04

B(B° - 2%z ) x 1076 0.13 0.14 0.22 0.67 1.50 +0.24701§ 1.59 +0.26
Acp(B° ) 0.17 0.11 0.44 0.22 0.33 £ 0.0410% 0.32 4 0.04
ACP(B+ - 71'+ °) —0.0007 -0.0007 -0.0007 0.0053 0.0054 £ 0.0004. 30001 0.03 £ 0.04
Acp(B® — 7°7°) 0.27 0.48 —0.16 0.53 0.23 £ 0.0750%7 0.33+£0.22
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be solved by the method suggested in this work. The
nonzero color-octet hadronic matrix element relevant to
B — pr decay can enhance the small branching ratio of
B — 7%0° without affecting the theoretical predictions for
the other decay modes much as what happened in B — zx
decays in this work. Such a research will be initiated soon
in the near future.

VI. SUMMARY

We study B — zz decays in a modified perturbative
QCD approach in this work. By using the wave function of
B meson obtained by solving the bound-state equation in
relativistic potential model, the soft contribution to the
decay processes cannot be suppressed effectively by
Sudakov factor. A soft momentum cutoff has to be
introduced, and soft contributions are replaced by soft
form factors. The nonzero color-octet hadronic matrix
element is also introduced, which can enhance the usual
color-suppressed contributions to the branching ratio of
B — 792° decay without affecting the branching ratio of
the other two decay modes of B — z*z~ and B — zt7°
too much. By selecting the appropriate parameter space, all
the branching ratios and CP violations can be obtained in a
good agreement with experimental data.
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APPENDIX: SUDAKOV FACTOR AND SINGLE
ULTRAVIOLET LOGARITHMS IN QCD

The exponentials exp[—Sgz(u)], exp[—S, (#)] and
exp[—S,,(u)] are the combination of the Sudakov factor
and the single ultraviolet logarithms associated with B
meson and pions. The exponents are defined as

B 1 1n<ﬂ/AQCD)
Sp(u) = s(x.b,mp) —Elnm (A1)
Sz (1) = s(xy, by, mg) +s(1 = x1,by, mp)
_i ln(ﬂ/AQCD)
b nln(l/(blAQCD)) (A2)
Sz, (1) = s(x2, by, mp) + s(1 = xp, by, mp)

_E nln(l/(bzAQCD))

The exponent S(x, b, Q) up to next-leading order in QCD

is [31]
|
A g A . A@ rg A A e2re—1 g
s(x,b,Q)==—gIn(+ ) == (§-b)+=-5(>-1) = |=—5—-"In In( =
w0 =5 am(f) 55 =D T (1) Lﬂ% w(5)n()
ADB, [In(2§) +1 In(2b) +17 AWM .
| PR R AR e 2g) - w2
4ﬁ1 q b 8ﬂ1
+A(1>ﬂ21 <e2m—1> [In(ZQ)—l—l ln(ZIA))—i-l} AQp, {21n(251)+3 21n(2A)+3}
n — = _— ~ - ~
8/} 2 q b 164} q b
APy g b - APBZG - b ; -
- ——[2In(2b) + 1 21— [9In?(2b) + 61n(2b) + 2
65 21n(26) + ]+432ﬂ? 5 [9In*(2b) + 61n(2b) + 2]
APB T18In2(23) 4 301In(2g) + 19 18In2(2b) + 301n(2b) + 19 (Ad)
172845 g b*
where § and b are defined by
g=1n(xQ/(V2Aqcn)). b=1n(1/bAgcp) (AS)
The coefficients #; and A) are
33-2n 153 — 19n 4
S f 1
- ) - ) A<):_7
P 12 & 24 3
67 x> 10 8 ere
AP = — —pyIn( — A
o "3 3"tk “(2) (46)

and yg is the Euler constant.
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