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Introduction: P ′5 anomaly

Update of the B0 → K ∗0µ+µ− angular analysis at LHCb[1]

• Tension is confirmed using data collected during Run I and 2016

[1]R. Aaij et al. [LHCb Collaboration],PRL125,011802(2020)
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Introduction: Why Bs → φ`+`− ?

Rare Decays of B mesons:b → s`+`−

1 Proceed via a flavour-changing neutral current(FCNC)

• Forbidden at tree level in the Standard Model(SM)

• Occur at loop level only via electroweak penguin and box

2 As suppressed in the SM more sensitive to New Physics(NP)

3 As NP particles appear virtually can probe heavier NP scales than

those accessible via direct searches
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Motivation (experiment)

• Pattern: Data consistently below SM predictions

• But sizeable hadronic theory uncertainies

• Tension at 1− 3σ level
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Motivation (experiment)
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Motivation (theory)

1 Calculation of Form Factor(FF):

• PQCD: H.N Li, C.D Lü, Z.J Xiao et al.

• PQCD+“Lattice”:Combined with lattice data[1]

2 Extraplation and Fit: Bourrely-Caprini-Lellouch(BCL) parametrization method[2]

3 Angular Analysis: J. Matias, W. Altmannshofer, B. Kindra et al.

[1]R. R. Horgan, Z. Liu and S. Meinel, Phys. Rev. D89,094501(2014)
[2]C. Bourrely, I. Caprini and L. Lellouch, Phys. Rev. D79,013008(2009)
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Theoretical Framework

b → s`+`− transitions in effective theory: Effective Hamiltonian[1]

• Write Hamiltonian as combination of these two:

1 Wilson coefficients,Ci ,[short distance]

2 Operators,Oi ,[long distance, low energy]⇒ Form Factor

Heff = −4GF√
2
VtbV

∗
ts(H

(t)
eff + λuH(u)

eff ) + h.c ., (1)

with the CKM ratio λu ≡ VubV
∗
us/(VtbV

∗
ts) and

H(t)
eff = C1Oc

1 + C2Oc
2 +

10∑
i=3

CiOi ,

H(u)
eff = C1 [Oc

1 −Ou
1 ] + C2 [Oc

2 −Ou
2 ] .

[1]W. Altmannshofer, P. Ball, A. Bharucha et al. ,JHEP 0901, 019 (2009)
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Theoretical Framework

A traditional basis of the operators {Oi}[1]:

• current-current operators Ou,c
1,2 :

Oc
1 = (s̄αγµPLcβ)(c̄βγµPLbα), Oc

2 = (s̄αγµPLcα)(c̄βγµPLbβ),

Ou
1 = (s̄αγµPLuβ)(ūβγµPLbα), Ou

2 = (s̄αγµPLuα)(ūβγµPLbβ),

• QCD penguin operators O3−6:

O3 = (s̄αγµPLbα)
∑

q(q̄βγµPLqβ), O4 = (s̄αγµPLbβ)
∑

q(q̄βγµPLqα),

O5 = (s̄αγµPLbα)
∑

q(q̄βγµPLqβ), O6 = (s̄αγµPLbβ)
∑

q(q̄βγµPLqα),

• electromagnetic and chromomagnetic penguin operators O7,8

O7 =
e

16π2
mb s̄ασ

µνPRbαFµν , O8 =
g

16π2
mb s̄ασ

µνT a
αβPRbβG

a
µν ,

• semileptonic operators O9,10

O9 =
αem

4π
(s̄αγµPLbα)

∑
`(

¯̀γµ`), O10 =
αem

4π
(s̄αγµPLbα)

∑
`(

¯̀γµγ5`),

[1]G. Buchalla, A. J. Buras and M. E. Lautenbacher, Rev.Mod.Phys.68,1125 (1996)
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Typical Feynman diagrams in PQCD

• Typical Feynman diagrams in PQCD for semileptonic decays

B̄0
s → φ(1020)`+`− with the flavor-changing neutral current

contributions due to the operators Oi denoted as black squares
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Typical Feynman loop diagrams:

γ-penguin(a) � O7, loops(c) � Ou,c
1,2 ,

Z/γ-penguin(a) & W -box(b) � O9,10.
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Theoretical Framework

SM Wilson coefficients in the NLL approximation.[1]

µ\Ci (µ) C1 C2 C3(%) C4(%) C5(%) C6(%) C7 C8 C9 C10

mb/2 −0.276 1.131 2.005 −4.845 1.375 −5.841 −0.329 −0.165 4.450 −4.410

mb −0.175 1.076 1.258 −3.279 1.112 −3.634 −0.302 −0.148 4.232 −4.410

3mb/2 −0.129 1.053 0.966 −2.608 0.964 −2.786 −0.287 −0.139 4.029 −4.410

Decay Amplitude for b → sl+l− loop transition [2]

A(b → sl+l−) =
GF√

2

αem

π
VtbV

∗
ts×{

C eff
9 (q2)[s̄γµPLb][̄lγµl ] + C10[s̄γµPLb][̄lγµγ5l ]− 2mbC

eff
7

[
s̄ iσµν

qν

q2
PRb

]
[̄lγµl ]

}

[1]G. Buchalla, A. J. Buras and M. E. Lautenbacher, Rev.Mod.Phys.68,1125 (1996)
[2]B. Kindra and N. Mahajan, Phys. Rev. D 98, 094012 (2018)
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Theoretical Framework

The effective Wilson coefficient C eff
9

[1]

C eff
9 (q2) = C9(µ) + Ypert(ŝ) + Yres(q

2).

1 Ypert: short distance, pertubative

2 Yres: non-pertubative, resonances [Breit-Wigner form]

Ypert(ŝ) = 0.124ω(ŝ) + g(m̂c , ŝ)C0 + λu [g(m̂c , ŝ)− g(m̂u, ŝ)] (3C1 + C2)

−1

2
g(m̂d , ŝ)(C3 + 3C4)− 1

2
g(m̂b, ŝ)(4C3 + 4C4 + 3C5 + C6)

+
2

9
(3C3 + C4 + 3C5 + C6),

where,C0 = 3C1 + C2 + 3C3 + C4 + 3C5 + C6

Note: ω(ŝ)⇒ soft-gluon correction, g(m̂q, ŝ)⇒ loop coefficient function

[1]P. Nayek, P. Maji and S. Sahoo, Phys.Rev.D99,013005(2019)
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Theoretical Framework

The effective Wilson coefficient C eff
9

[1]

C eff
9 (q2) = C9(µ) + Ypert(ŝ) + Yres(q

2).

1 Ypert: short distance, pertubative

2 Yres: non-pertubative, resonances [Breit-Wigner form]

Yres(q2) = − 3π

α2
em

[
C0 ×

∑
V=J/Ψ,Ψ′...

mVB(V → l+l−)ΓV
tot

q2−m2
V +imV ΓV

tot

−λug(m̂u, ŝ)(3C1 +C2)×
∑

V=ρ,ω,φ

mVB(V → l+l−)ΓV
tot

q2−m2
V +imV ΓV

tot

]

[1]P. Nayek, P. Maji and S. Sahoo, Phys.Rev.D99,013005(2019)
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Theoretical Framework

Long-distance resonances contributions[1]

Bs → φV ∗ → φ(V ∗ → `+`−)

V Mass[GeV] ΓV
tot[MeV] BR(V → `+`−) with ` = e, µ

ρ(770) 0.775 149.1 4.63× 10−5

ω(782) 0.782 8.490 7.38× 10−5

φ(1020) 1.019 4.249 2.92× 10−4

J/ψ(1S) 3.096 0.093 5.96× 10−2

ψ(2S) 3.686 0.294 7.96× 10−3

ψ(3770) 3.773 27.2 9.60× 10−6

ψ(4040) 4.039 80 1.07× 10−5

ψ(4160) 4.191 70 6.90× 10−6

ψ(4415) 4.421 62 9.40× 10−6

[1]M. Tanabashi et al. [Particle Data Group], Phys.Rev.D 98, 030001 (2018)
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Bs → φ transition Form Factors

Form Factor Definition

• Bs → φ form factors read:[Tµ = d̄σµνb ,Tµ
5 = d̄σµνγ5b]

〈φ(p2)|V µ|B̄s(p1)〉=εµναβεν∗p1αp2β
2V (q2)

mBs +mφ
,

〈φ(p2)|Aµ|B̄s(p1)〉=2i
mφ(ε∗ ·q)

q2
qµA0(q2)+i

[
εµ∗− ε

∗ ·q
q2

qµ
]
·

(mBs +mφ)A1(q2)−i

[
(p1+p2)µ−

m2
Bs
−m2

φ

q2
qµ

]
(ε∗ ·q)A2(q2)

mBs +mφ
,

〈φ(p2)|Tµνqν |Bs(p1)〉=2iεµναβε∗νp1αp2βT1(q2),

〈φ(p2)|Tµν
5 qν |Bs(p1)〉=

[
ε∗µ(m2

Bs
−m2

φ)−(ε∗ ·q)(p1+p2)µ
]
T2(q2)

+(ε∗ · q)

[
qµ− q2

m2
Bs
−m2

φ

(p1+p2)µ

]
T3(q2).
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Bs → φ transition Form Factors

Form Factors Calculation Expressions in PQCD : V A0,1,2 T1,2,3

V (q2) = 8πm2
Bs

CF (1+r)

∫
dx1dx2

∫
b1db1b2db2φBs (x1)×

{[
−x2rφ

v
φ(x2)+φT

φ(x2)−
1+x2rη√
η2−1

φ
a
φ(x2)

]
·H1(t1)

+
[

(r+
x1

2
√
η2−1

)φv
φ(x2)+

x1 − 2rη

2
√
η2−1

φ
a
φ(x2)

]
·H2(t2)

}
,

A0(q2) = 8πm2
Bs

CF

∫
dx1dx2

∫
b1db1b2db2φBs (x1)×

{[
(1+x2r(2η−r))φφ(x2)+(1−2x2)rφt

φ(x2)−
(1−rη)− 2x2r(η−r)√

η2−1
φ
s
φ(x2)

]
·H1(t1)

+
[[ x1√

η2−1
(
η+r

2
−rη2)+(

x1

2
−x1rη+r2)

]
φφ(x2)+

[ x1(1−rη) + 2r(r−η)√
η2−1

−x1r
]
φ
s
φ(x2)

]
·H2(t2)

}
,

T1(q2) = 8πm2
Bs

CF

∫
dx1dx2

∫
b1db1b2db2φBs (x1)×

{[
(1−2x2)rφv

φ(x2)+(1+2x2rη−x2r
2)φT

φ(x2)−
1+2x2r

2−(1+2x2)rη√
η2−1

φ
a
φ(x2)

]
·H1(t1)

+
[
(1−

x1

2
)r −

x1(rη−1)

2
√
η2−1

]
φ
v
φ(x2)−

[ r(η−r)√
η2−1

+
x1

2

(
r +

rη−1√
η2−1

)]
φ
a
φ(x2)

]
·H2(t2)

}
,

...

Su-Ping Jin(7�²) (NNU) Study of semileptonic decayBs → φ`+`− 16 / 36



Angular analysis for Bs → φ`+`−

Why angular analysis?

1 Angular analysis: measure the rate of a decay process as a

function of the angles of the final decay products

2 Compared to measuring the decay rate(i.e. branching fractions)alone,

angular analysis can give access to a large ranges of observables with

reduced theory uncertainties
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Angular analysis for Bs → φ`+`−

B̄s → φ[→ K+K−]`+`− angular description[1]

d4Γ(B̄s → φ`+`−)

dq2 d~Ω
=

9

32π

∑
i

Ii fi (~Ω), d~Ω = d cos θK d cos θ` dΦ,

[1]W. Altmannshofer, P. Ball, A. Bharucha et al. ,JHEP 0901, 019 (2009)
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What are angular coefficients?

Angular coefficients Ii are combinations of different amplitudes A [1]:

i Ii fi

1s ( 3
4−m̂

2
` )
[
|AL
‖ |

2+|AL
⊥|2+|AR

‖ |
2+|AR

⊥|2
]

+4m̂2
`Re

[
AL
⊥AR∗
⊥ +AL

‖A
R∗
‖

]
sin2 θv

1c |AL
0 |2 + |AR

0 |2 + 4m̂2
`

[
|At |2 + 2Re[AL

0AR∗
0 ]
]

cos2 θv

2s 1
4β

2
`

[
|AL
‖ |

2 + |AL
⊥|2 + |AR

‖ |
2 + |AR

⊥|2
]

sin2 θv cos 2θ`

2c −β2
`

[
|AL

0 |2 + |AR
0 |2
]

cos2 θv cos 2θ`

3 1
2β

2
`

[
|AL
⊥|2 − |AL

‖ |
2 + |AR

⊥|2 − |AR
‖ |

2
]

sin2 θv sin2 θ` cos 2Φ

4
√

1
2β

2
`Re(AL

0AL∗
‖ +AR

0AR∗
‖ ) sin 2θv sin 2θ` cos Φ

5
√

2β`Re(AL
0AL∗
⊥ −AR

0AR∗
⊥ ) sin 2θv sin θ` cos Φ

6s 2β`Re(AL
‖A

L∗
⊥ −AR

‖A
R∗
⊥ ) sin2 θv cos θ`

7
√

2β`Im(AL
0AL∗
‖ −A

R
0AR∗
‖ ) sin 2θv sin θ` sin Φ

8
√

1
2β

2
` Im(AL

0AL∗
⊥ +AR

0AR∗
⊥ ) sin 2θv sin 2θ` sin Φ

9 β2
` Im(AL∗

‖ A
L
⊥ +AR∗

‖ A
R
⊥) sin2 θv sin2 θ` sin 2Φ

[1]R. Aaij et al. [LHCb Collaboration], JHEP 1602, 104(2016)
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How to describe amplitudes A?

AL/R
i

[1] depend on Wilson Coefficients and Form Factors

AL,R
⊥ =− N`

√
2Nφ
√
λ

[
(C eff

9 ∓ C10)
V (q2)

mBs +mφ
+ 2m̂bC

eff
7 T1(q

2)

]
AL,R
‖ =N`

√
2Nφ[(C

eff
9 ∓ C10)(mBs +mφ)A1(q

2) + 2m̂bC
eff
7 (m2

Bs
−m2

φ)T2(q
2)]

AL,R
0 =

N`
√

Nφ

2mφ

√
q2

{
(C eff

9 ∓C10)[(m
2
Bs
−m2

φ−q2)(mBs +mφ)A1(q
2)− λ

mBs +mφ
A2(q

2)]

+ 2mbC
eff
7 [(m2

Bs
+3m2

φ−q2)T2(q
2)− λ

m2
Bs
−m2

φ

T3(q
2)]
}

At = 2N`
√

Nφ

√
λ√
q2

C10A0(q
2)

where,N` =
iαemGF

4
√
2π

VtbV
∗
ts ,Nφ =

8β`
√
λq2

3× 256π3m3
Bs

B(φ→ K+K−),

λ ≡ (m2
Bs
−m2

φ−q2)2−4m2
φq

2, β` =
√

1−4m̂`, m̂` = m`/q
2, m̂b = mb/q

2.

Note :AL/R
i (i =‖,⊥)⇒ transverse, (i = 0)⇒ longitudinal , (i = t)⇒ timelike

Why? :B(φ→ K+K−) = 0.492,B(K∗ → Kπ) ≈ 1(omitted)[PDG2018],
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What about the CP-conjugated condition?

Bs → φ[→ K+K−]`+`− angular description[1]

d4Γ̄(Bs → φ`+`−)

dq2 d~Ω
=

9

32π

∑
i

Īi fi (~Ω), d~Ω = d cos θK d cos θ` dΦ,

1 CP transformation : `� ¯̀

2 Modification: θ` → θ` − π, Φ→ −Φ

3 Substitution: I1,2,3,4,7 → Ī1,2,3,4,7, I5,6,8,9 → −Ī5,6,8,9

4 Īi ≡ making the complex conjugation for all weak phases in Ii .

[1]W. Altmannshofer, P. Ball, A. Bharucha et al. ,JHEP 0901, 019 (2009)
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How to construct observables ?

The CP averaged(asymmetry) angular coefficients Si(Ai)
[1]

:

Si =
Ii + Īi

d(Γ + Γ̄)/dq2
, Ai =

Ii − Īi
d(Γ + Γ̄)/dq2

,

• the differential decay rate: dΓ/dq2 = 1
4 (3Ic1 + 6Is1 − Ic2 − 2Is2)

• the CP asymmetry : ACP = 1
4 (3Ac

1 + 6As
1 − Ac

2 − 2As
2)

• lepton forward-backward asymmetry: AFB = 3
4S

s
6 , ACP

FB = 3
4A

s
6

• φ polarization fractions(massless limit): FL = Sc
1 , FT = 4S s

2

[1]W. Altmannshofer, P. Ball, A. Bharucha et al. ,JHEP 0901, 019 (2009)
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Observables for Bs → φ[→ K+K−]`+`−

Clean(no S-wave pollution)observables P1,2,3 and P ′4,5,6
[1]

• Corresponding Relationship:

S3,6,9

FT
→ P1,2,3 ,

S4,5,6,7√
FL(1− FL)

→ P ′4,5,6,8

• Comparison with the LHCb definition[2]:

P1 =
2S3

FT
= A

(2)
T = P1

LHCb, P2 =
Ss

6

2FT
=

1

2
A

(re)
T = P2

LHCb,

P3 =
−S9

FT
= −

1

2
A

(im)
T = P3

LHCb , P′4 =
2S4√

FL(1− FL)
= 2P′4

LHCb
,

P′5 =
S5√

FL(1− FL)
= P′5

LHCb
, P′6 = −

S7√
FL(1− FL)

= −P′6
LHCb

,

P′8 = −
2S8√

FL(1− FL)
= −2P′8

LHCb
.

[1]J. Matias, F. Mescia, M. Ramon and J. Virto,JHEP1204, 104 (2012)
[2]R. Aaij et al. [LHCb Collaboration],JHEP 1602, 104 (2016)
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Numerical Results

Form Factors Extrapolation and Fit

1 The z-series expansion based on the BCL[1] parametrization

method:|z(q2)| ≤ 1

z(q2) =

√
t+ − q2 −

√
t+ − t0√

t+ − q2 +
√
t+ − t0

,

where,t± ≡ (mB ±mφ)2 and t0 ≡ t+(1−
√

1− t−/t+).

2 Form Factors are parameterized as a series expansion(SE)[2],

Fi (q
2) =

Fi (0)

1− q2/m2
i ,pole

{
1 +

N∑
k=1

bik

[
z(q2, t0)k − z(0, t0)k

]}
.

Note: SE can be truncated after the first two terms, i.e.N = 1.

[1]C. Bourrely, I. Caprini and L. Lellouch, Phys. Rev. D79,013008(2009)
[2]A. Bharucha, T. Feldmann and M. Wick, JHEP 1009 (2010)090
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Numerical Results
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Numerical Results

Figure: 1
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Numerical Results

Theoretical predictions for the Form Factors at q2 = 0

Su-Ping Jin(7�²) (NNU) Study of semileptonic decayBs → φ`+`− 27 / 36



Numerical Results

• ωBs = 0.50± 0.05,fφ = 0.231± 0.04,f Tφ = 0.20± 0.01,(GeV)

a
||
2φ = 0.18± 0.08,a⊥2φ = 0.14± 0.07

Su-Ping Jin(7�²) (NNU) Study of semileptonic decayBs → φ`+`− 28 / 36



Numerical Results

FBs→φ
i (q2) B(JP) mb→s

i ,pole/GeV

A0(q2) 0− 5.366

V (q2), T1(q2) 1− 5.415

A1,2(q2), T2,3(q2) 1+ 5.829
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Numerical Results

Figure: The theoretical prediction for the differential q2

distributions of the semileptonic Bs → φµ+µ− decays

compared with the LHCb data[1]

• B(Bs → φµ+µ−)

(in unit of 10−7)

1 PQCD:

B = 8.41+2.00
−2.66

2 PQCD+Lattice:

B = 7.44+1.65
−1.28

3 LHCb:

B = 7.97+0.82
−0.80

[1]R. Aaij et al. [LHCb Collaboration], JHEP 1509, 179 (2015)
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Why fveto?

Su-Ping Jin(7�²) (NNU) Study of semileptonic decayBs → φ`+`− 31 / 36



Numerical Results
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Numerical Results

Figure: 1
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Numerical Results

Figure: 1
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Summary

Semileptonic decays Bs → φ`+`−

• A previous result of branching ratio B(B0
s → φµ+µ−) from LHCb is

consistent with our prediction both PQCD and /PQCD+Lattice0

approaches within the errors.

• A decrease by about (10− 30)% will be produced when the lattice

QCD input for the form factors are taken into account in the

extrapolation of the relevant form factors to higher q2 region.

• The value of physical observables calculated in this work have no

obvious deviations with other theories in SM frame.

• We are looking forward to improved measurements of various physical

observables which will be useful to understand the pattern of

deviations.

Su-Ping Jin(7�²) (NNU) Study of semileptonic decayBs → φ`+`− 35 / 36



Thank You!
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