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Introduction

• The quark-level substructure of scalar mesons is still not well understood.

• The structure of the slight scalar mesons, such as f0(500), f0(980),K∗
0 (800),and

a0(980), is still uncertainty (two-quark states or tetrquark states).

• If one considers these light scalar mesons as qq̄ states, many experiments
support that

|f0(980)〉 = |ss̄〉 cos θ + |nn̄〉 sin θ, (1)

|f0(500)〉 = −|ss̄〉 sin θ + |nn̄〉 cos θ. (2)
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Introduction

• There are several different values for the mixing angle.

Experimental implications for the mixing angle:

J/Ψ → f0φ, f0ω ⇒ θ = (34± 6)◦orθ = (146± 6)◦, (3)

R = 4.03± 0.14 ⇒ θ = (25.1± 0.5)◦orθ = (164± 0.2)◦, (4)

R = 1.63± 0.46 ⇒ θ = (42.3+8.3
−5.5)

◦orθ = (158± 2)◦, (5)

φ → f0γ, f0 → γγ ⇒ θ = (5± 5)◦orθ = (138± 6)◦, (6)

QCD sum rules andf0data ⇒ θ = (27± 13)◦orθ = (153± 13)◦, (7)

QCD sum rules anda0data ⇒ θ = (41± 11)◦orθ = (139± 11)◦, (8)

where R = g2
f0K+K−/g2

f0π+π− is the ratio of the f0(980) coupling to K+K− and
π+π−. In short, θ lies in the ranges of 25◦ < θ < 40◦ and 140◦ < θ < 165◦.
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Introduction

There are several different values for the mixing angle.

• By using PQCD and QCDF approaches, Li, Du, and Lu analysised the decays

Bs → J/Ψf0(980), J/Ψσ ⇒ θ ∼ 34◦orθ ∼ 146◦.(2012) (9)

• Through determining the ratio of form factors in the decay B0
s → J/Ψf0(980)

with respect to B0 → J/Ψf0(500) ⇒ S.Stone, L.Zhang obtained the mixing
angle θ < 29◦ at 90% confidence level.(2013)

• By averaging over several decay processes⇒ Ochs considered that θ = 30◦±
3◦.(2013)
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Introduction

Recently, the decays were measured by the LHCb Collaboration(2015).

B(B0 → D̄0f0(500)) = (11.2± 0.8± 0.5± 2.1± 0.5)× 10−5, (10)

B(B0 → D̄0f0(980)) = (1.34± 0.25± 0.10± 0.46± 0.06)× 10−5, (11)

B(B0
s → D̄0f0(980)) = (1.7± 1.0± 0.5± 0.1)× 10−6. (12)
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Decay constants and distribution amplitudes

• For the wave functions of the B(s) meson,

ΦB(s)
(x, b) =

1√
2Nc

(P/B(s)
+ mB(s)

)γ5φB(s)
(x, b). (13)

Here only the contribution of the Lorentz structure φB(s)
(x, b) is taken into

account.

•

φB(s)
(x, b) = NB(s)

x2(1− x)2 exp

[
−

M2
B(s)

x2

2ω2
b

− 1
2
(ωbb)2

]
, (14)

where ωb is a free parameter and taken to be ωb = 0.4±0.04(0.5±0.05) GeV
for B(Bs) in numerical calculations, and NB = 101.445 (NBs = 63.671) is
the normalization factor for ωb = 0.4 (0.5).
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Decay constants and distribution amplitudes

For the wave functions of the D meson,∫
d4ω

(2π)4
eik·ω〈0|c̄β(0)uγ(ω)|D̄0〉 = − i√

2Nc
[(P/D + mD)γ5]γβφD(x, b), (15)∫

d4ω

(2π)4
eik·ω〈0|c̄β(0)uγ(ω)|D̄∗0〉 = − i√

2Nc
[(P/D∗ + mD∗)ε/L]γβφL

D∗(x, b), (16)

where ε/L is the longitudinal polarization vector.

φD(x, b) =
fD

2
√

2Nc
6x(1− x)[1 + CD(1− 2x)] exp[

−ω2b2

2
]. (17)

fD = 204.6 MeV, fDs = 257.5 MeV, and CD(s)
= 0.5 (0.4), ωD(s)

= 0.1 (0.2),
fD∗ = 270 MeV and fD∗

s
= 310 MeV.
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Decay constants and distribution amplitudes

For the neutral scalar meson f0(980),vector current

〈f0(p)|q̄2γµq1|0〉 = 0, (18)

Scalar current

〈f0(p)|q̄2q1|0〉 = mS f̄S . (19)

Taking the f0(980)− σ mixing into account,

〈fn
0 |dd̄|0〉 = 〈fn

0 |uū|0〉 =
1√
2
mf0 f̃

n
f0

, 〈fs
0 |ss̄|0〉 = mf0 f̃

s
f0

, (20)

where f̃n
f0

= f̃s
f0

= f̄f0 .
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Decay constants and distribution amplitudes

The twist-2 and twist-3 LCDAs for the different components of f0(980) are de-
fined by:

〈f0(p)|q̄(z)lq(0)j |0〉 = 1√
2Nc

∫ 1
0 dxeixp·z{p/Φf0(x) + mf0Φ

S
f0

(x)

(21)

+mf0(n/+n/− − 1)ΦT
f0

(x)}jl, (22)

where we assume fn
0 (p) and fs

0 (p) are the same and denote them as f0(p), n+

and n− are light-like vectors: n+ = (1, 0, 0T ), n− = (0, 1, 0T ). And∫ 1

0
dxΦf0(x) =

∫ 1

0
dxΦT

f0
(x) = 0,

∫ 1

0
dxΦS

f0
(x) =

f̄f0

2
√

2Nc
. (23)
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Decay constants and distribution amplitudes

• The twist-2 LCDA Φf0(x):

Φf0(x) =
1

2
√

2Nc
f̄f06x(1− x)

[
B0 +

∑
m=1

BmC3/2
n (2x− 1)

]
, (24)

where f̄f0 = 0.18± 0.015 GeV, B1 = −0.78± 0.08.

• For the twist-3 LCDA, ΦS
f0

(x) and ΦT
f0

(x),

ΦS
f0

(x) =
1

2
√

2Nc
f̄f0 , ΦT

f0
(x) =

1
2
√

2Nc
f̄f0(1− 2x). (25)

index.html


11/28

P �

i ?

�

	

�

≫

≪

>

<

The perturbative QCD calculation

u

b̄ d̄

f0

D̄0

B0

c̄

dd
(a)

u

b̄ d̄

c̄

dd
(b)

u

b̄ d̄

c̄

dd
(c)

u

b̄ d̄

c̄

dd
(d)

B0

b̄ c̄

u
D̄0

f0

ū
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Figure 1: Diagrams contributing to the B0 → D̄0f0(980) decay.
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The perturbative QCD calculation

• The weak effective Hamiltonian Heff for the charmed B(s) decays B(s) →
D̄f0(980), B(s) → D̄∗f0(980), is composed only by the tree operators and
given by:

Heff =
GF√

2
V ∗

cbVuq[C1(µ)O1(µ) + C2(µ)O2(µ)], (26)

• the tree operators are writen as:

O1 = (c̄αbβ)V−A(d̄βuα)V−A, O2 = (c̄αbα)V−A(d̄βuα)V−A, (27)

where with d represents d(s).
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The perturbative QCD calculation

F D̄
B→f0

= 8πCF M4
BfD

∫ 1

0
dx1dx2

∫ ∞

0
b1db1b2db2 φB(x1, b1)[(1 + x2)φf0(x2)

+rf0(1− 2x2)(φs
f0

(x2) + φt
f0

(x2))]Ee(ta)he(x1, x2(1− r2
D), b1, b2)

×St(x2) + 2rf0φfs(x2)Ee(tb) he(x2, x1(1− r2
D), b2, b1)St(x1)], (28)

MD̄
B→f0

= 32πCfm4
B/

√
2NC

∫ 1

0
dxi=1,2,3

∫ ∞

0
bi=1,2,3 φB(x1, b1)φD(x3, b3)

×
{[

(x3 − 1)φf0(x2) + rf0x2(φs
f0

(x2)− φt
f0

(x2))− 4rf0rcrDφs
f0

(x2)
]

×Een(tc)hc
en(x1, x2(1− r2

D), x3, b1, b3)

+Een(td)hd
en(x1, x2(1− r2

D), x3, b1, b3)

×
[
(x2 + x3)φf0(x2)− rf0x2(φs

f0
(x2) + φt

f0
(x2))

]}
, (29)

with the mass ratios rf0 = mf0/MB, rD = mD/MB, and rc = mc/MB.
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The perturbative QCD calculation

• The evolution factors evolving the scale t:

Ee(t) = αs(t) exp[−SB(t)− Sf0(t)], (30)

Een(t) = αs(t) exp[−SB(t)− Sf0(t)− SD(t)|b1=b2 ] (31)

• Hard scales:

ta = max(
√

x2(1− r2
D)mB, 1/b1, 1/b2), (32)

tb = max(
√

x1(1− r2
D)mB, 1/b1, 1/b2), (33)

tc,d = max(
√

x1x2(1− r2
D)mB,

√
|A2

c,d|mB, 1/b1, 1/b3). (34)
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The perturbative QCD calculation

• The hard functions:

he = K0(
√

x1x2mBb1) [θ(b1 − b2)K0(
√

x2mBb1)

×I0(
√

x2mBb2) + θ(b2 − b1)K0(
√

x2mBb2)I0(
√

x2mBb1)
]
,(35)

hj
en =

[
θ(b1 − b3)K0(

√
x1x2(1− r2

D)mBb1)I0(
√

x1x2(1− r2
D)mBb3)

+(b1 ↔ b3)]

 K0(AjmBb3) forA2
j ≥ 0

iπ
2 H

(1)
0 (

√
|A2

j |mBb3) forA2
j ≤ 0

 , (36)

with the variables A2
j (j = c, d) listed as:

A2
c = r2

c − (1− x1 − x3)(x2(1− r2
D) + r2

D), (37)

A2
d = (x1 − x3)x2(1− r2

D). (38)

• Threshold resummation leads to the quark jet function:

St(x) =
21+2cΓ(3/2 + c)√

πΓ(1 + c)
[x(1− x)]c, (39)

with c = 0.32.
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The perturbative QCD calculation

A(B0 → D̄0f0) =
GF√

2
V ∗

cbVud(FD̄
B→f0

a2 + MD̄
B→f0

C2 + M D̄
annC2 + FD̄

anna2),

A(B0 → D0f0) =
GF√

2
V ∗

ubVcd(FD
B→f0

a2 + MD
B→f0

C2 + Mf0
annC2 + Ff0

anna2),

A(B0
s → D̄0f0) =

GF√
2
V ∗

cbVus(FD̄
B→f0

a2 + MD̄
B→f0

C2 + MD̄
annC2 + FD̄

anna2),

A(B0
s → D0f0) =

GF√
2
V ∗

ubVcs(FD
B→f0

a2 + MD
B→f0

C2 + Mf0
annC2 + Ff0

anna2),

A(B+ → D+f0) =
GF√

2
V ∗

ubVcd(FD
B→f0

a1 + MD
B→f0

C2/3 + Mf0
annC2/3 + Ff0

anna1),

A(B+ → D+
s f0) =

GF√
2
V ∗

ubVcs(FD
B→f0

a1 + MD
B→f0

C2/3 + Mf0
annC2/3 + Ff0

anna1).
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Numerical results and discussions

• Input parameters

fB = 190MeV, fBs = 230MeV,MB = 5.28GeV,MBs = 5.37GeV,

τ±B = 1.638× 10−12s, τB0 = 1.519× 10−12s, τBs = 1.512× 10−12s,

MD0 = 1.869GeV,MD+
s

= 1.968GeV,MD∗0 = 2.007GeV,MD∗+
s

= 2.112GeV.

• CKM matrix elements

A = 0.814, λ = 0.22537, ρ̄ = 0.117± 0.021, η̄ = 0.353± 0.013.
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Numerical results and discussions
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Figure 2: Dependencies of the branching ratios BR(B0 → D̄0f0(980))(left) and
BR(Bs → D̄0f0(980)) (right) on the mixing angle θ. The experi-
mental data BR(B0 → D̄0f0(980)) = (1.34 ± 0.54) × 10−5,BR(Bs →
D̄0f0(980)) = (1.7± 1.1)× 10−6.
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Numerical results and discussions

• 135◦ < θ < 158◦ in the large angle region.(θ ∼ 146◦)

• To explain the data of the decay Bs → D̄0f0(980), which is about (1.7 ±
1.1)× 10−6, the small mixing angle is needed.

• BR(Bs → D̄0f0(980)) = 1.56×10−6 corresponds to the mixing angle θ = 19◦.

• But too small mixing angle will make the branching ratio of the decay B0 →
D̄0f0(980) undershoot the shaded band from the experiment.

• Too large mixing angle, say larger than 70◦, both the decays Bs → D̄0f0(980)
and B0 → D̄0f0(980) will deviate from the data even with the large errors
taken into account.
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Numerical results and discussions
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Figure 3: Dependencies of the ratio between BR(B0 → D̄0f0(980)) and
BR(Bs → D̄0f0(980)) on the mixing angle θ at different regions.
The shaded band shows the allowed region and the horizontal bisector
the central value of BR(B0 → D̄0f0(980))/BR(Bs → D̄0f0(980)) =
7.88± 5.60 for the data.
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Numerical results and discussions

• There are some advantages in considering the ratio, because one can elimi-
nate the systematic errors on the experimental side.

• one can avoid the hadronic uncertainties, such as the decay constants and
the Gegenbauer moments of the final states on the theoretical side.

• BR(B0 → D̄0f0(980))/BR(Bs → D̄0f0(980)) = 7.88±5.60. The uncertainty
is mainly from the statistical error in the decay Bs → D̄0f0(980).

• If combining these four panels, one will get two further shrunken mixing
angle ranges 22◦ < θ < 58◦ and 141◦ < θ < 158◦.

index.html


22/28

P �

i ?

�

	

�

≫

≪

>

<

Numerical results and discussions
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Figure 4: Dependence of the branching ratio BR(B0 → D̄0f0(500)) on the mixing
angle θ. The solid (blue) curve represents the central value of the
theoretical prediction, and the two dashed (red) curves correspond to
the upper and lower limits. The shaded band shows the allowed region
and the horizontal bisector the central value of BR(B0 → D̄0f0(500)) =
(11.2± 2.4)× 10−5 for data.
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Numerical results and discussions

• there also exist two allowed mixing angle regions 28◦ ∼ 64◦ and 116◦ ∼ 152◦,
where the former region can overlap (mostly) with the allowed region 22◦ ∼
58◦ and 141◦ < θ < 158◦obtained from the analysis of B0 → D̄0f0(980) and
Bs → D̄0f0(980) decays.

• In order to predict other B(s) charmed decays, the mixing angle is taken as
two values 34◦ and 38◦ (certainly, one can get similar branching ratios by
taking θ = 142◦ and 154◦, if they can not be excluded by the future data).
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Numerical results and discussions

Table 1: The CP-averaged branching ratios (×10−6) of B → Df0(980) obtained
by taking the mixing angle θ = 34◦ and 38◦, respectively. The uncer-
tainties come from ωb = 0.4 ± 0.1(0.5 ± 0.1),f̄f0 = 0.18 ± 0.015 GeV
,B1 = −0.78± 0.08,CD(s)

= 0.5(0.4)± 0.1 respectively.

34◦ 38◦

BR(B → D0f0)[×10−9] 4.45+2.25+0.96+0.71+0.35
−1.42−0.85−0.63−0.33 5.39+2.72+1.16+0.86+0.43

−1.71−1.04−0.77−0.41

BR(Bs → D0f0)[×10−7] 1.32+1.02+0.30+0.21+0.19
−0.60−0.27−0.20−0.17 1.29+0.99+0.29+0.21+0.18

−0.55−0.27−0.19−0.16

BR(B+ → D+f0)[×10−7] 1.00+0.37+0.16+0.06+0.01
−0.26−0.15−0.06−0.01 1.22+0.45+0.19+0.08+0.01

−0.32−0.18−0.08−0.01

BR(B+ → D+
s f0)[×10−6] 2.30+0.96+0.32+0.11+0.07

−0.67−0.30−0.11−0.06 2.97+1.20+0.43+0.16+0.07
−0.83−0.40−0.15−0.07
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Numerical results and discussions

Table 2: The CP-averaged branching ratios (×10−6) of B → Df0(980) obtained
by taking the mixing angle θ = 34◦ and 38◦, respectively. The uncer-
tainties come from ωb = 0.4 ± 0.1(0.5 ± 0.1),f̄f0 = 0.18 ± 0.015 GeV
,B1 = −0.78± 0.08,CD(s)

= 0.5(0.4)± 0.1 respectively.

34◦ 38◦

BR(B → D̄∗0f0)[×10−6] 7.40+2.33+1.32+2.32+0.75
−1.84−1.26−1.78−0.73 8.97+2.83+1.60+2.82+0.91

−2.23−1.52−2.16−0.89

BR(Bs → D̄∗0f0)[×10−6] 1.63+0.72+0.31+0.48+0.20
−0.50−0.29−0.38−0.17 1.43+0.62+0.27+0.42+0.17

−0.44−0.25−0.33−0.15

BR(B → D∗0f0)[×10−9] 6.48+3.57+1.37+0.64+0.33
−2.24−1.23−0.56−0.31 7.86+4.33+1.66+0.78+0.40

−2.72−1.49−0.68−0.37

BR(Bs → D∗0f0)[×10−7] 2.06+1.79+0.46+0.20+0.20
−0.98−0.41−0.18−0.17 1.94+1.63+0.44+0.19+0.19

−0.90−0.39−0.17−0.16

BR(B+ → D∗+f0)[×10−7] 2.07+0.69+0.38+0.16+0.02
−0.49−0.34−0.15−0.02 2.51+0.84+0.46+0.19+0.02

−0.60−0.42−0.19−0.03

BR(B+ → D∗+
s f0)[×10−6] 5.00+1.68+0.94+0.37+0.07

−1.21−0.88−0.39−0.06 6.10+2.04+1.14+0.45+0.08
−1.47−1.06−0.47−0.10
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Numerical results and discussions

• From our calculations, we find that the branching ratios of the Bs decays
are not very sensitive to the mixing angle θ, especially for BR(Bs → D0f0),
its value changes in the range of (1.2 ∼ 1.8) × 10−7 when the mixing angle
varies from 0◦ to 180◦.

• By contrast, the branching ratios of the B decays are more sensitive to the
mixing angle θ.

• The branching ratios of all the B decay modes are dependent on the mix-
ing angle via sin θ with a initial phase, while those of Bs decay modes are
dependent on the mixing angle via cos θ with a initial phase

index.html


27/28

P �

i ?

�

	

�

≫

≪

>

<

Summary

• We analyze the decays B → D̄0f0(980) and Bs → D̄0f0(980) carefully in the
PQCD factorization approach and find two possible regions for the mixing
angle θ, one is centered at 34◦ ∼ 38◦ and the other is near 142◦ ∼ 154◦.

• Our analyses support that the two quark component in f0(980) is dominant
in B decay dynamic mechanism, and the ss̄ component is more important
than the qq̄ component.

• The four-quark structure is dominant in explaining the mass degeneracy of
f0(980) and a0(980), and the narrower decay width of f0(980) than that of
f0(500).

• Other components, such as gluon, and KK̄ threshold effect may also give
some more or less influences.
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Thank you for your attention!
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