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FIG. 8. ⇤b ! ⇤ µ
+

µ
� di↵erential branching fraction calculated in the Standard Model, compared to experimental data from

LHCb [28] (black points; error bars are shown both including and excluding the uncertainty from the normalization mode
⇤b ! J/ ⇤ [84]).

hdB/dq
2i hFLi hA`

FBi hA⇤
FBi hA`⇤

FBi hK̂2ssi hK̂2cci hK̂4si hK̂4sci
[0.1, 2] 0.25(23) 0.465(84) 0.095(15) �0.310(18) �0.0302(51) �0.233(19) �0.154(26) �0.009(22) 0.022(22)

[2, 4] 0.18(12) 0.848(27) 0.057(31) �0.306(24) �0.0169(99) �0.284(23) �0.0444(87) 0.031(36) 0.013(31)

[4, 6] 0.23(11) 0.808(42) �0.062(39) �0.311(17) 0.021(13) �0.282(15) �0.059(13) 0.038(44) 0.001(31)

[6, 8] 0.307(94) 0.727(48) �0.163(40) �0.316(11) 0.053(13) �0.273(10) �0.086(15) 0.030(39) �0.007(27)

[1.1, 6] 0.20(12) 0.813(32) 0.012(31) �0.309(21) �0.0027(99) �0.280(20) �0.056(10) 0.030(35) 0.009(30)

[15, 16] 0.796(75) 0.454(20) �0.374(14) �0.3069(83) 0.1286(55) �0.2253(69) �0.1633(69) �0.060(13) �0.0211(80)

[16, 18] 0.827(76) 0.417(15) �0.372(13) �0.2891(90) 0.1377(46) �0.2080(69) �0.1621(66) �0.090(10) �0.0209(60)

[18, 20] 0.665(68) 0.3706(79) �0.309(15) �0.227(10) 0.1492(37) �0.1598(71) �0.1344(70) �0.1457(74) �0.0172(40)

[15, 20] 0.756(70) 0.409(13) �0.350(13) �0.2710(92) 0.1398(43) �0.1947(68) �0.1526(65) �0.1031(97) �0.0196(55)

TABLE VII. Standard-Model predictions for the binned ⇤b ! ⇤ µ
+

µ
� di↵erential branching fraction (in units of 10�7 GeV�2)

and for the binned ⇤b ! ⇤(! p
+
⇡
�)µ+

µ
� angular observables (with unpolarized ⇤b). The first column specifies the bin ranges

[q2min, q
2
max] in units of GeV2.

The uncertainties given for the Standard-Model predictions are the total uncertainties, which include the statistical
and systematic uncertainties from the form factors (propagated to the observables using the procedure explained in
Sec. IV), the perturbative uncertainties, an estimate of quark-hadron duality violations (discussed further below),
and the parametric uncertainties from Eqs. (64), (69), and (70). For all observables considered here (but not for K̂3s

and K̂3sc), the uncertainties associated with the subleading contributions from the OPE (at high q
2) are negligible

compared to the other uncertainties. The central values of the observables were computed at the renormalization
scale µ = 4.2 GeV; to estimate the perturbative uncertainties, we varied the renormalization scale from µ = 2.1 GeV
to µ = 8.4 GeV. When doing this scale variation, we also included the renormalization-group running of the tensor
form factors from the nominal scale µ0 = 4.2 GeV to the scale µ, by multiplying these form factors with

✓
↵s(µ)

↵s(µ0)

◆��
(0)
T /(2�0)

(72)

(as in Ref. [8]), where �
(0)
T

= 2 CF = 8/3 is the anomalous dimension of the tensor current [97], and �0 = (11 Nc �

2 Nf )/3 = 23/3 is the leading-order QCD beta function [98] for 5 active flavors. Even though we did not perform
a one-loop calculation of the residual lattice-to-continuum matching factors for the tensor currents, our estimates of
the renormalization uncertainties in the tensor form factors as discussed in Sec. IV are specific for µ = 4.2 GeV, and
doing the RG running avoids a double-counting of these uncertainties. Note that the contributions of the tensor form
factors to the observables are proportional to 1/q

2 (because of the photon propagator connecting O7 to the lepton
current), and are suppressed relative to those from the vector and axial vector form factors at high q

2. At low q
2,
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‣ Signal is predominantly 
seen at large q2.
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with the findings in the literature. The maximal distance
emerges for the most recent result of Ref. [13], and reads
�3.1� in terms of the standard deviation of our result.

In our opinion, the observed discrepancy can be caused
by two di↵erent mechanisms:

1. The discrepancy might arise from our incomplete
understanding of the hadronic matrix elements of
the two-point correlators of O1,...,6;8 with the quark
electromagnetic current, which e↵ectively shift the
Wilson coe�cients C7 and C9. The main di�culty
arises from the operators O1 and O2, whose contri-
butions are enhanced by charmonium resonances
(see e.g. Ref. [43], where these contributions are
discussed within a hadronic dispersion relation).
A drastically di↵erent shift to C9 in the baryonic
decay compared to the mesonic transitions, e.g.
through di↵erent phases, would yield the di↵erent
results that we currently face. This would consti-
tute a breakdown of the universal structure of the
transversity amplitudes at low recoil [19, 44] that
is predicted by the OPE. We explicitly show in ap-
pendix C that such e↵ects can only partially explain
the presently observed shift to C9.

2. Given the large experimental uncertainties for the
⇤b ! ⇤(! p⇡

�)µ+
µ
� observables, statistical fluc-

tuations could conspire to mimic a large positive
shift to C9. The best candidate for such an influ-
ence in the fit is the measurement of the branching
ratio hBi15,20. We note that the experimental un-
certainty of hBi15,20 [15] is currently dominated by
the uncertainty of the branching ratio of the nor-
malization mode ⇤b ! J/ ⇤ [35].

One must also consider that the results of Ref. [13] are
driven, amongst other e↵ects, by the low value of RK [21],
which cannot be explained by hadronic e↵ects, and the
consistent picture of the mesonic decays B̄ ! K̄

(⇤)
µ
+
µ
�

both below and above the narrow charmonium reso-
nances.
Ultimately, to settle the questions regarding C9, we

need both a reduction in the experimental uncertainties
for ⇤b ! ⇤(! p⇡

�)µ+
µ
� (and an analysis of the full

angular distribution, e.g. using a principal moment anal-
ysis as proposed in [45]) and breakthroughs in our un-
derstanding of the nonlocal hadronic matrix elements of
the operators O1,...,6;8.
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Appendix A: Parametrization of subleading terms in

the low recoil OPE

The decay ⇤b ! ⇤`+`� can be described through eight
transversity amplitudes: A

L
?0

, AL
k0
, AL

?1
, AL

k1
, and their

counterparts with L $ R. At low recoil, the OPE pre-
dicts a universal structure, see [19]. Following Ref. [18],
this structure is broken only by hadronic matrix ele-
ments ri (where i 2 {?0, k0,?1, k1}) at the level of
dimension-five operators in the OPE. We therefore write
the transversity amplitudes as

A
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where the kinematics quantities s±, the e↵ective Wilson coe�cients CL(R)
9,10,±, the normalization N , and the form factors

f
J
� are defined as in Ref. [19].

In general, the matrix elements ri are complex-valued,
q
2-dependent functions. These matrix elements arise

only with a suppression of order ⇤2
had/Q

2, where Q
2 ⇠

{m2
b , q

2}. (We note that a similar parametrization is

Left-/right-handed chirality  
of dilepton system

Spin of dilepton system
Transversity basis (  corresponds to  and  to )∥ ⟨Λ | s̄γμb |Λb⟩ ⊥ ⟨Λ | s̄γμγ5b |Λb⟩

see e.g. Böer et al. [JHEP 01 (2015) 155]
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with the findings in the literature. The maximal distance
emerges for the most recent result of Ref. [13], and reads
�3.1� in terms of the standard deviation of our result.

In our opinion, the observed discrepancy can be caused
by two di↵erent mechanisms:

1. The discrepancy might arise from our incomplete
understanding of the hadronic matrix elements of
the two-point correlators of O1,...,6;8 with the quark
electromagnetic current, which e↵ectively shift the
Wilson coe�cients C7 and C9. The main di�culty
arises from the operators O1 and O2, whose contri-
butions are enhanced by charmonium resonances
(see e.g. Ref. [43], where these contributions are
discussed within a hadronic dispersion relation).
A drastically di↵erent shift to C9 in the baryonic
decay compared to the mesonic transitions, e.g.
through di↵erent phases, would yield the di↵erent
results that we currently face. This would consti-
tute a breakdown of the universal structure of the
transversity amplitudes at low recoil [19, 44] that
is predicted by the OPE. We explicitly show in ap-
pendix C that such e↵ects can only partially explain
the presently observed shift to C9.

2. Given the large experimental uncertainties for the
⇤b ! ⇤(! p⇡

�)µ+
µ
� observables, statistical fluc-

tuations could conspire to mimic a large positive
shift to C9. The best candidate for such an influ-
ence in the fit is the measurement of the branching
ratio hBi15,20. We note that the experimental un-
certainty of hBi15,20 [15] is currently dominated by
the uncertainty of the branching ratio of the nor-
malization mode ⇤b ! J/ ⇤ [35].

One must also consider that the results of Ref. [13] are
driven, amongst other e↵ects, by the low value of RK [21],
which cannot be explained by hadronic e↵ects, and the
consistent picture of the mesonic decays B̄ ! K̄

(⇤)
µ
+
µ
�

both below and above the narrow charmonium reso-
nances.
Ultimately, to settle the questions regarding C9, we

need both a reduction in the experimental uncertainties
for ⇤b ! ⇤(! p⇡

�)µ+
µ
� (and an analysis of the full

angular distribution, e.g. using a principal moment anal-
ysis as proposed in [45]) and breakthroughs in our un-
derstanding of the nonlocal hadronic matrix elements of
the operators O1,...,6;8.
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Appendix A: Parametrization of subleading terms in

the low recoil OPE

The decay ⇤b ! ⇤`+`� can be described through eight
transversity amplitudes: A

L
?0

, AL
k0
, AL

?1
, AL

k1
, and their

counterparts with L $ R. At low recoil, the OPE pre-
dicts a universal structure, see [19]. Following Ref. [18],
this structure is broken only by hadronic matrix ele-
ments ri (where i 2 {?0, k0,?1, k1}) at the level of
dimension-five operators in the OPE. We therefore write
the transversity amplitudes as
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= +
p
2N

p
s�

m⇤b +m⇤p
q2


C

L(R)
9,10,+ f

V
0 +

2mb(C7 + C70)

m⇤b +m⇤
f
T
0 +

✓
4

3
C1 + C2

◆
r?0

�
,

A
L(R)
k0

= �
p
2N

p
s+

m⇤b � m⇤p
q2


C

L(R)
9,10,� f

A
0 +

2mb(C7 � C70)

m⇤b � m⇤
f
T5
0 +

✓
4

3
C1 + C2

◆
rk0

�
,

A
L(R)
?1

= �2N
p
s�


C

L(R)
9,10,+ f

V
? +

2mb(m⇤b +m⇤)(C7 + C70)

q2
f
T
? +

✓
4

3
C1 + C2

◆
r?1

�
,

A
L(R)
k1

= +2N
p
s+


C

L(R)
9,10,+ f

A
? +

2mb(m⇤b � m⇤)(C7 � C70)

q2
f
T5
? +

✓
4

3
C1 + C2

◆
rk1

�
,

(A1)

where the kinematics quantities s±, the e↵ective Wilson coe�cients CL(R)
9,10,±, the normalization N , and the form factors

f
J
� are defined as in Ref. [19].

In general, the matrix elements ri are complex-valued,
q
2-dependent functions. These matrix elements arise

only with a suppression of order ⇤2
had/Q

2, where Q
2 ⇠

{m2
b , q

2}. (We note that a similar parametrization is

see e.g. Böer et al. [JHEP 01 (2015) 155]

Short distance contributions

CL,R
9,10,± = (C9 ∓ C10) ± (C′ 9 ∓ C′ 10)
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with the findings in the literature. The maximal distance
emerges for the most recent result of Ref. [13], and reads
�3.1� in terms of the standard deviation of our result.

In our opinion, the observed discrepancy can be caused
by two di↵erent mechanisms:

1. The discrepancy might arise from our incomplete
understanding of the hadronic matrix elements of
the two-point correlators of O1,...,6;8 with the quark
electromagnetic current, which e↵ectively shift the
Wilson coe�cients C7 and C9. The main di�culty
arises from the operators O1 and O2, whose contri-
butions are enhanced by charmonium resonances
(see e.g. Ref. [43], where these contributions are
discussed within a hadronic dispersion relation).
A drastically di↵erent shift to C9 in the baryonic
decay compared to the mesonic transitions, e.g.
through di↵erent phases, would yield the di↵erent
results that we currently face. This would consti-
tute a breakdown of the universal structure of the
transversity amplitudes at low recoil [19, 44] that
is predicted by the OPE. We explicitly show in ap-
pendix C that such e↵ects can only partially explain
the presently observed shift to C9.

2. Given the large experimental uncertainties for the
⇤b ! ⇤(! p⇡

�)µ+
µ
� observables, statistical fluc-

tuations could conspire to mimic a large positive
shift to C9. The best candidate for such an influ-
ence in the fit is the measurement of the branching
ratio hBi15,20. We note that the experimental un-
certainty of hBi15,20 [15] is currently dominated by
the uncertainty of the branching ratio of the nor-
malization mode ⇤b ! J/ ⇤ [35].

One must also consider that the results of Ref. [13] are
driven, amongst other e↵ects, by the low value of RK [21],
which cannot be explained by hadronic e↵ects, and the
consistent picture of the mesonic decays B̄ ! K̄

(⇤)
µ
+
µ
�

both below and above the narrow charmonium reso-
nances.
Ultimately, to settle the questions regarding C9, we

need both a reduction in the experimental uncertainties
for ⇤b ! ⇤(! p⇡

�)µ+
µ
� (and an analysis of the full

angular distribution, e.g. using a principal moment anal-
ysis as proposed in [45]) and breakthroughs in our un-
derstanding of the nonlocal hadronic matrix elements of
the operators O1,...,6;8.
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the low recoil OPE

The decay ⇤b ! ⇤`+`� can be described through eight
transversity amplitudes: A
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ments ri (where i 2 {?0, k0,?1, k1}) at the level of
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the transversity amplitudes as

A
L(R)
?0

= +
p
2N

p
s�

m⇤b +m⇤p
q2


C

L(R)
9,10,+ f

V
0 +

2mb(C7 + C70)

m⇤b +m⇤
f
T
0 +

✓
4

3
C1 + C2

◆
r?0

�
,

A
L(R)
k0

= �
p
2N

p
s+

m⇤b � m⇤p
q2


C

L(R)
9,10,� f

A
0 +

2mb(C7 � C70)

m⇤b � m⇤
f
T5
0 +

✓
4

3
C1 + C2

◆
rk0

�
,

A
L(R)
?1

= �2N
p
s�


C

L(R)
9,10,+ f

V
? +

2mb(m⇤b +m⇤)(C7 + C70)

q2
f
T
? +

✓
4

3
C1 + C2

◆
r?1

�
,

A
L(R)
k1

= +2N
p
s+


C

L(R)
9,10,+ f

A
? +

2mb(m⇤b � m⇤)(C7 � C70)

q2
f
T5
? +

✓
4

3
C1 + C2

◆
rk1

�
,

(A1)

where the kinematics quantities s±, the e↵ective Wilson coe�cients CL(R)
9,10,±, the normalization N , and the form factors

f
J
� are defined as in Ref. [19].

In general, the matrix elements ri are complex-valued,
q
2-dependent functions. These matrix elements arise

only with a suppression of order ⇤2
had/Q

2, where Q
2 ⇠

{m2
b , q

2}. (We note that a similar parametrization is

Form-factors from lattice  
Detmold et al. [PRD 93 (2016) 074501]
 

see e.g. Böer et al. [JHEP 01 (2015) 155]
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Λb ➞ Λ form factors
• Form-factors are 

determined with 
impressive precision 
from the lattice. 
Detmold et al. 
[PRD 93 (2016) 074501]

• Extrapolated to full q2 
range using a z-
expansion. 

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

f+(§b ! §)

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

f?(§b ! §)

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

f0(§b ! §)

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

g+(§b ! §)

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

g?(§b ! §)

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

g0(§b ! §)

q2 [GeV2 /c4]

6

https://arxiv.org/abs/1602.01399


Λb ➞ Λ𝜇+𝜇− amplitudes
• In the massless limit, the decay is described by 8 complex amplitudes: 

7

with the findings in the literature. The maximal distance
emerges for the most recent result of Ref. [13], and reads
�3.1� in terms of the standard deviation of our result.

In our opinion, the observed discrepancy can be caused
by two di↵erent mechanisms:

1. The discrepancy might arise from our incomplete
understanding of the hadronic matrix elements of
the two-point correlators of O1,...,6;8 with the quark
electromagnetic current, which e↵ectively shift the
Wilson coe�cients C7 and C9. The main di�culty
arises from the operators O1 and O2, whose contri-
butions are enhanced by charmonium resonances
(see e.g. Ref. [43], where these contributions are
discussed within a hadronic dispersion relation).
A drastically di↵erent shift to C9 in the baryonic
decay compared to the mesonic transitions, e.g.
through di↵erent phases, would yield the di↵erent
results that we currently face. This would consti-
tute a breakdown of the universal structure of the
transversity amplitudes at low recoil [19, 44] that
is predicted by the OPE. We explicitly show in ap-
pendix C that such e↵ects can only partially explain
the presently observed shift to C9.

2. Given the large experimental uncertainties for the
⇤b ! ⇤(! p⇡

�)µ+
µ
� observables, statistical fluc-

tuations could conspire to mimic a large positive
shift to C9. The best candidate for such an influ-
ence in the fit is the measurement of the branching
ratio hBi15,20. We note that the experimental un-
certainty of hBi15,20 [15] is currently dominated by
the uncertainty of the branching ratio of the nor-
malization mode ⇤b ! J/ ⇤ [35].

One must also consider that the results of Ref. [13] are
driven, amongst other e↵ects, by the low value of RK [21],
which cannot be explained by hadronic e↵ects, and the
consistent picture of the mesonic decays B̄ ! K̄

(⇤)
µ
+
µ
�

both below and above the narrow charmonium reso-
nances.
Ultimately, to settle the questions regarding C9, we

need both a reduction in the experimental uncertainties
for ⇤b ! ⇤(! p⇡

�)µ+
µ
� (and an analysis of the full

angular distribution, e.g. using a principal moment anal-
ysis as proposed in [45]) and breakthroughs in our un-
derstanding of the nonlocal hadronic matrix elements of
the operators O1,...,6;8.
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Appendix A: Parametrization of subleading terms in

the low recoil OPE

The decay ⇤b ! ⇤`+`� can be described through eight
transversity amplitudes: A

L
?0

, AL
k0
, AL

?1
, AL

k1
, and their

counterparts with L $ R. At low recoil, the OPE pre-
dicts a universal structure, see [19]. Following Ref. [18],
this structure is broken only by hadronic matrix ele-
ments ri (where i 2 {?0, k0,?1, k1}) at the level of
dimension-five operators in the OPE. We therefore write
the transversity amplitudes as

A
L(R)
?0

= +
p
2N

p
s�

m⇤b +m⇤p
q2


C

L(R)
9,10,+ f

V
0 +

2mb(C7 + C70)

m⇤b +m⇤
f
T
0 +

✓
4

3
C1 + C2

◆
r?0

�
,

A
L(R)
k0

= �
p
2N

p
s+

m⇤b � m⇤p
q2


C

L(R)
9,10,� f

A
0 +

2mb(C7 � C70)

m⇤b � m⇤
f
T5
0 +

✓
4

3
C1 + C2

◆
rk0

�
,

A
L(R)
?1

= �2N
p
s�


C

L(R)
9,10,+ f

V
? +

2mb(m⇤b +m⇤)(C7 + C70)

q2
f
T
? +

✓
4

3
C1 + C2

◆
r?1

�
,

A
L(R)
k1

= +2N
p
s+


C

L(R)
9,10,+ f

A
? +

2mb(m⇤b � m⇤)(C7 � C70)

q2
f
T5
? +

✓
4

3
C1 + C2

◆
rk1

�
,

(A1)

where the kinematics quantities s±, the e↵ective Wilson coe�cients CL(R)
9,10,±, the normalization N , and the form factors

f
J
� are defined as in Ref. [19].

In general, the matrix elements ri are complex-valued,
q
2-dependent functions. These matrix elements arise

only with a suppression of order ⇤2
had/Q

2, where Q
2 ⇠

{m2
b , q

2}. (We note that a similar parametrization is

Power corrections

Assume prior of 0.00 ± 0.03

see e.g. Böer et al. [JHEP 01 (2015) 155]
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Λb ➞ Λ𝜇+𝜇− angular distribution 

• In general can be 
parameterised by 5 angles:

Λ rest frame

Λb rest frame

J/ψ rest frame

centre-of-mass frame

π−

μ−

μ+
ϕl

θl

θ
̂n

x
z

y

pp

⃗p Λb

ϕb

θb

x y

ẑn

⃗p beam

J/ψ

p

Λ

μ+μ−

μ+μ−

8



Λb ➞ Λ𝜇+𝜇− angular distribution 

• Unpolarised case:  
 
 
 
 

‣ Depends on 3 decay angles ( ). 

‣ Ten observables. 

‣ Observables also depend on the  asymmetry parameter .

ϕ = ϕl + ϕb

Λ Λ

d4

dq2d ⃗Ω
=

3
8π ∑

i

Ki fi(cos θb, cos θl, ϕ)

Böer et al. [JHEP 01 (2015) 155]

Depend on products of transversely amplitudes 

9

https://arxiv.org/abs/1410.2115


Λb ➞ Λ𝜇+𝜇− angular distribution 

• Generalisation to the polarised case: 
 
 
 
 

• Depends on 5 decay angles. 

• 34 observables  
(the 24 new observables are  
proportional to the polarisation).

d6

dq2d ⃗Ω
=

3
32π2 ∑

i

Ki fi(cos θb, ϕb, cos θl, ϕl, cos θ)

Blake et al. [JHEP 11 (2017) 138]

Depend on products of transversely amplitudes 

10
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Angular distribution

• Get large forward-backward asymmetries in  and in  (due to  
the weak decay of the  baryon):

cos θl cos θb
Λ

lθcos 
1− 0.5− 0 0.5 1

En
tri

es
 / 

(0
.2

5)

0

50

100

150
LHCb

bθcos 
1− 0.5− 0 0.5 1

En
tri

es
 / 

(0
.2

5)

0

50

100

150
LHCb

LHCb [JHEP 09 (2018) 146]

Al
FB = − 0.39 ± 0.04 ± 0.01

Ab
FB = − 0.30 ± 0.05 ± 0.02

15 < q2 < 20 15 < q2 < 20

11
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Angular observables
• Determine observables 

using a moment analysis in 
  

• Data are consistent with 
SM predictions and 
consistent with zero 
production polarisation. 

15 < q2 < 20 GeV2/c4

iK
0 5 10

V
al

ue

0.4−

0.2−

0

0.2

0.4
LHCb

SM prediction

LHCb [JHEP 09 (2018) 146]
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iK
0 5 10

V
al

ue

0.4−

0.2−

0

0.2

0.4
LHCb

SM prediction

Angular observables
• Determine observables 

using a moment analysis in 
  

• Data are consistent with 
SM predictions and 
consistent with zero 
production polarisation. 

15 < q2 < 20 GeV2/c4

LHCb [JHEP 09 (2018) 146]

Note, SM predictions need to be 
updated to account for a change 
in the  asymmetry parameter  
from   
to 

Λ
αΛ = 0.642 ± 0.013

αΛ = 0.750 ± 0.010

c.f. BES III [Nature Phys. 15 (2019) 631–634]
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Λb ➞ Λ𝜇+𝜇−  branching fraction

• Existing branching fraction measurement uses CDF/D0 average of                                                                 
                                                                      with        taken as a 
LEP + TeVatron average.         
f⇤b ⇥ B(⇤b ! J/ ⇤) = (5.8± 0.8)⇥ 10�5 ,

<latexit sha1_base64="bV1KZA7HPMRQrqu5CBOUmt1Is9Y="></latexit><latexit sha1_base64="bV1KZA7HPMRQrqu5CBOUmt1Is9Y="></latexit><latexit sha1_base64="bV1KZA7HPMRQrqu5CBOUmt1Is9Y="></latexit><latexit sha1_base64="bV1KZA7HPMRQrqu5CBOUmt1Is9Y="></latexit>
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LHCb [PRD 100 (2019) 031102] • Now know that the 
baryon production 
fractions exhibit a 
strong pT dependences 
in pp collisions. 

•  baryons are 
produced with lower 
average  at the 
TeVatron than LEP. 

Λb

pT
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Λb ➞ Λ𝜇+𝜇−  branching fraction

• Re-evaluating the branching 
fraction using only TeVatron 
inputs on  
significantly changes the 
picture. 

• Ultimately want to re-measure 
the branching fraction using 
   and the  
production fraction at the LHC 
(this is ongoing). 

f(b → baryon)

(B0 → J/ψKS) fΛb
/fd

15

0 5 10 15 20
]4c/2 [GeV2q

0.5

1

1.5

]4 c2−
 [G

eV
〉2 q

/dBd〈

LEP + TeVatron average
TeVatron

Data LHCb [JHEP 06 (2015) 115]
SM Detmold et al. [PRD 93 (2016) 074501] 

B
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Bayesian analysis of Λb ➞ Λ𝜇+𝜇−   

• Determine the Wilson coefficients using a Bayesian analysis.  

• Try three scenarios: 

ATLAS, CMS & LHCb                          +  
unpolarised Λ𝜇+𝜇- angular  
observables.    

+ Polarised angular observables. 

+ Updated branching fraction.  

• SM point has good p-value.  

• Data are consistent with both the  
best-fit point and the point favoured 
by B meson decays. 

B(Bs ! µ+µ�)
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TB, SM and DvD [PRD 101 (2020) 035023]
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Bayesian analysis of Λb ➞ Λ𝜇+𝜇−   

• Can also determine 
polarisation from the 
moments assuming no 

 dependence.  

• Result is compatible 
with zero production 
polarisation. 
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TB, SM and DvD [PRD 101 (2020) 035023]
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Λb ➞ J/𝜓Λ angular distribution

• Described by four helicity 
amplitudes,             , the  

production polarisation, ,  
and the  asymmetry 
parameter, . 

• Use the convention:

Λb
Pb

Λ
αΛ

18

MomentsObservable Physics parameters Numerical value
M1

1

4
(2|a+|2 + 2|a≠|2 + |b+|2 + |b≠|2) +0.395 ± 0.005

M2
1

2
(|b+|2 + |b≠|2) +0.210 ± 0.010

M4
–
4
(|b≠|2 ≠ |b+|2 + 2|a+|2 ≠ 2|a≠|2) ≠0.278 ± 0.024

M5
–
2
(|b≠|2 ≠ |b+|2) ≠0.196 ± 0.026

M7
–Ô
2
Re(≠bú

+
a+ + b≠aú

≠) n/a
M9

–Ô
2
Im(bú

+
a+ ≠ b≠aú

≠) n/a
M11 Pb

1

4
(|b+|2 ≠ |b≠|2 + 2|a+|2 ≠ 2|a≠|2) ≠0.008 ± 0.009

M12 Pb
1

2
(|b+|2 ≠ |b≠|2) +0.018 ± 0.022

M14 Pb
–
4
(≠|b≠|2 ≠ |b+|2 + 2|a+|2 + 2|a≠|2) +0.009 ± 0.011

M15 ≠Pb
–
2
(|b+|2 + |b≠|2) ≠0.008 ± 0.001

M17 ≠Pb
–Ô
2
Re(bú

+
a+ + b≠aú

≠) n/a
M19 Pb

–Ô
2
Im(bú

+
a+ + b≠aú

≠) n/a
M21 ≠Pb

1Ô
2
Im(bú

+
a≠ ≠ b≠aú

+
) n/a

M23 Pb
1Ô
2
Re(bú

+
a≠ ≠ b≠aú

+
) n/a

M25 Pb
–Ô
2
Im(bú

+
a≠ + b≠aú

+
) n/a

M27 ≠Pb
–Ô
2
Re(bú

+
a≠ + b≠aú

+
) n/a

M30 Pb–Im(a+aú
≠) n/a

M32 ≠Pb–Re(a+aú
≠) n/a

M33 ≠Pb
–
2
Re(bú

+
b≠) n/a

M34 Pb
–
2
Im(bú

+
b≠) n/a

Table 4: Definition of angular observables in »0

b æ J/Â » decays in terms of physics parameters.
The numerical values are evaluated with amplitudes and polarisation from previous »0

b æ J/Â »
measurement [4]. The phases are not yet measured and the observables sensitive to the phases of
the amplitudes are listed as “n/a”. Uncertainties are statistical only.

and dimuon system with75

a≠ = T≠1/2,0 ,

a+ = T+1/2,0 ,

b≠ = T+1/2,+1 ,

b+ = T≠1/2,≠1 ,

(6)

where the first label is the helicity of the » (≠1/2, +1/2) and the second is the helicity of the76

J/Â (≠1, 0, +1). The parameter –� for the » decay is given in the PDG as 0.642±0.013 [8].77

The equivalent parameter for the » decay is measured to be –
�̄

= ≠0.71 ± 0.08. The most78

precise measurements of –� in the PDG average rely on the scattering of the polarised79

protons from the » decays from Carbon targets, using old compilations of proton scattering80

data. A new measurement of –� has recently been reported by the BESIII experiment81

using J/Â æ »» decays in Ref. [9], where the » and »0

b are quantum correlated. The82

BESIII measurement of 0.750 ± 0.009 ± 0.004 is is inconsistent with the PDG average at83

7

Amplitude dependence

H�⇤,� 
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see e.g.: Hrivnac et al.  
[J.Phys. G21 (1995) 629-638]

a� = H�1/2, 0

a+ = H+1/2, 0

b� = H+1/2,+1

b+ = H�1/2,�1
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Λb ➞ J/𝜓Λ angular distribution

• Large number of observables 
vanish if the  is unpolarised: 

x No longer have enough 
constraints to determine 
phases of the amplitudes.  

• Even if the polarisation is large 
expect two amplitudes to be 
small:                     .

Λb
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MomentsObservable Physics parameters Numerical value
M1

1

4
(2|a+|2 + 2|a≠|2 + |b+|2 + |b≠|2) +0.395 ± 0.005

M2
1

2
(|b+|2 + |b≠|2) +0.210 ± 0.010

M4
–
4
(|b≠|2 ≠ |b+|2 + 2|a+|2 ≠ 2|a≠|2) ≠0.278 ± 0.024

M5
–
2
(|b≠|2 ≠ |b+|2) ≠0.196 ± 0.026

M7
–Ô
2
Re(≠bú

+
a+ + b≠aú

≠) n/a
M9

–Ô
2
Im(bú

+
a+ ≠ b≠aú

≠) n/a
M11 Pb

1

4
(|b+|2 ≠ |b≠|2 + 2|a+|2 ≠ 2|a≠|2) ≠0.008 ± 0.009

M12 Pb
1

2
(|b+|2 ≠ |b≠|2) +0.018 ± 0.022

M14 Pb
–
4
(≠|b≠|2 ≠ |b+|2 + 2|a+|2 + 2|a≠|2) +0.009 ± 0.011

M15 ≠Pb
–
2
(|b+|2 + |b≠|2) ≠0.008 ± 0.001

M17 ≠Pb
–Ô
2
Re(bú

+
a+ + b≠aú

≠) n/a
M19 Pb

–Ô
2
Im(bú

+
a+ + b≠aú

≠) n/a
M21 ≠Pb

1Ô
2
Im(bú

+
a≠ ≠ b≠aú

+
) n/a

M23 Pb
1Ô
2
Re(bú

+
a≠ ≠ b≠aú

+
) n/a

M25 Pb
–Ô
2
Im(bú

+
a≠ + b≠aú

+
) n/a

M27 ≠Pb
–Ô
2
Re(bú

+
a≠ + b≠aú

+
) n/a

M30 Pb–Im(a+aú
≠) n/a

M32 ≠Pb–Re(a+aú
≠) n/a

M33 ≠Pb
–
2
Re(bú

+
b≠) n/a

M34 Pb
–
2
Im(bú

+
b≠) n/a

Table 4: Definition of angular observables in »0

b æ J/Â » decays in terms of physics parameters.
The numerical values are evaluated with amplitudes and polarisation from previous »0

b æ J/Â »
measurement [4]. The phases are not yet measured and the observables sensitive to the phases of
the amplitudes are listed as “n/a”. Uncertainties are statistical only.

and dimuon system with75

a≠ = T≠1/2,0 ,

a+ = T+1/2,0 ,

b≠ = T+1/2,+1 ,

b+ = T≠1/2,≠1 ,

(6)

where the first label is the helicity of the » (≠1/2, +1/2) and the second is the helicity of the76

J/Â (≠1, 0, +1). The parameter –� for the » decay is given in the PDG as 0.642±0.013 [8].77

The equivalent parameter for the » decay is measured to be –
�̄

= ≠0.71 ± 0.08. The most78

precise measurements of –� in the PDG average rely on the scattering of the polarised79

protons from the » decays from Carbon targets, using old compilations of proton scattering80

data. A new measurement of –� has recently been reported by the BESIII experiment81

using J/Â æ »» decays in Ref. [9], where the » and »0

b are quantum correlated. The82

BESIII measurement of 0.750 ± 0.009 ± 0.004 is is inconsistent with the PDG average at83

7

Amplitude dependence

a+ ⇡ b� ⇡ 0
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Λb ➞ J/𝜓Λ amplitudes
• Determine  using a moment analysis.  

• Determine amplitudes and polarisation using Bayesian inference 
from . 

• Fix the magnitude and phase such that:  

‣  and  

• Posterior distributions with uniform priors:

M1 − M34

M1 − M34

Re(b+) = 1 Im(b+) = 0
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LHCb [JHEP 06 (2020) 110] 

https://doi.org/10.1007/JHEP06(2020)110


Λb production polarisation
• Data are consistent with 

zero production 
polarisation in pp 
collisions. 
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LHCb [JHEP 06 (2020) 110] 
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P LHCb

68% credibility
90% credibility

https://doi.org/10.1007/JHEP06(2020)110


Summary
• The branching fraction and angular distribution of  

decays are consistent with SM expectations. 

• The results of a Bayesian analysis of observables in  
decays are consistent with both the SM and with the point favoured by 
the analysis of B meson decays.  

• A Bayesian model comparison favours the SM (nuisance only) and 
modified  scenarios over scenarios with  varied. 

• The production polarisation of  baryons is consistent with zero in pp 
collisions at the LHC (which is unfortunate!) 

Λb → Λμ+μ−

Λb → Λμ+μ−

C9 (C9, C10)

Λb

22



Summary

23

Branching fraction  
measurement

Angular  
analysis

• Expect more to 
come with the full 
Run 2 dataset: 





Using Λb ➞ Λ𝜇+𝜇− data within a Bayesian 
analysis of |ΔB|=|ΔS|=1 decays

• A previous Bayesian analysis 
favoured a shift in  with an 
opposite sign to the B  meson data.  

• There are several changes between 
the two analyses:  

‣ Updated value of  from BESIII. 

‣ Updated  branching 
fraction measurements from 
ATLAS, CMS and LHCb.  

‣ Inclusion of the complete set of 
angular observables from LHCb. 

‣ LHCb erratum affecting .

C9

αΛ

B0
s → μ+μ−

Al
FB

°8 °6 °4 °2 0 2 4 6 8
C9

°8

°6

°4

°2

0

2

4

6

8

C 1
0

SM

Meinel et al. [PRD 94 (2016) 013007]

Has the largest impact  
on the best-fit point
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https://doi.org/10.1103/PhysRevD.94.013007


Bayesian posteriors in the 
(9,10,9’,10’) scenario

• Including primed Wilson coefficients:
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µ 10

X
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X
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X
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Blake et al. [PRD 101 (2020) 035023]
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https://arxiv.org/abs/1912.05811


Λ asymmetry parameter
• Recent measurement by BESIII [Nature Phys. 15 (2019) 631–634] is 17% 

larger than the old world average value from secondary scattering.  

• The larger BESIII value likely solves the problems with the older LHCb, 
the ATLAS and CMS analyses of Λb ➞ J/𝜓Λ, which favour an unphysical 
solution [LHCb, PLB 724 (2013) 27][ATLAS, PRD 89 (2014) 092009]  
[CMS, PRD 97 (2018) 072010].
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↵⇤ = 0.642± 0.013
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↵⇤ = 0.750± 0.010
<latexit sha1_base64="XFHufVujATR5kqRPin+cmp38zDw=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqsyIUhGEghsXLirYB3SG4U4m04ZmHiQZoQzdu/FX3LhQxK0/4M6/MW1noa0HQg7n3ENyj59yJpVlfRulldW19Y3yZmVre2d3z9w/6MgkE4S2ScIT0fNBUs5i2lZMcdpLBYXI57Trj66nfveBCsmS+F6NU+pGMIhZyAgoLXlm1QGeDsHLnVsdCmCCr7BVb5xb2EkjzSzb8syavmfAy8QuSA0VaHnmlxMkJItorAgHKfu2lSo3B6EY4XRScTJJUyAjGNC+pjFEVLr5bJcJPtZKgMNE6BMrPFN/J3KIpBxHvp6MQA3lojcV//P6mQov3JzFaaZoTOYPhRnHKsHTYnDABCWKjzUBIpj+KyZDEECUrq+iS7AXV14mndO6bdXtu7Na87Koo4yOUBWdIBs1UBPdoBZqI4Ie0TN6RW/Gk/FivBsf89GSUWQO0R8Ynz+nv5gs</latexit><latexit sha1_base64="XFHufVujATR5kqRPin+cmp38zDw=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqsyIUhGEghsXLirYB3SG4U4m04ZmHiQZoQzdu/FX3LhQxK0/4M6/MW1noa0HQg7n3ENyj59yJpVlfRulldW19Y3yZmVre2d3z9w/6MgkE4S2ScIT0fNBUs5i2lZMcdpLBYXI57Trj66nfveBCsmS+F6NU+pGMIhZyAgoLXlm1QGeDsHLnVsdCmCCr7BVb5xb2EkjzSzb8syavmfAy8QuSA0VaHnmlxMkJItorAgHKfu2lSo3B6EY4XRScTJJUyAjGNC+pjFEVLr5bJcJPtZKgMNE6BMrPFN/J3KIpBxHvp6MQA3lojcV//P6mQov3JzFaaZoTOYPhRnHKsHTYnDABCWKjzUBIpj+KyZDEECUrq+iS7AXV14mndO6bdXtu7Na87Koo4yOUBWdIBs1UBPdoBZqI4Ie0TN6RW/Gk/FivBsf89GSUWQO0R8Ynz+nv5gs</latexit><latexit sha1_base64="XFHufVujATR5kqRPin+cmp38zDw=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqsyIUhGEghsXLirYB3SG4U4m04ZmHiQZoQzdu/FX3LhQxK0/4M6/MW1noa0HQg7n3ENyj59yJpVlfRulldW19Y3yZmVre2d3z9w/6MgkE4S2ScIT0fNBUs5i2lZMcdpLBYXI57Trj66nfveBCsmS+F6NU+pGMIhZyAgoLXlm1QGeDsHLnVsdCmCCr7BVb5xb2EkjzSzb8syavmfAy8QuSA0VaHnmlxMkJItorAgHKfu2lSo3B6EY4XRScTJJUyAjGNC+pjFEVLr5bJcJPtZKgMNE6BMrPFN/J3KIpBxHvp6MQA3lojcV//P6mQov3JzFaaZoTOYPhRnHKsHTYnDABCWKjzUBIpj+KyZDEECUrq+iS7AXV14mndO6bdXtu7Na87Koo4yOUBWdIBs1UBPdoBZqI4Ie0TN6RW/Gk/FivBsf89GSUWQO0R8Ynz+nv5gs</latexit><latexit sha1_base64="XFHufVujATR5kqRPin+cmp38zDw=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqsyIUhGEghsXLirYB3SG4U4m04ZmHiQZoQzdu/FX3LhQxK0/4M6/MW1noa0HQg7n3ENyj59yJpVlfRulldW19Y3yZmVre2d3z9w/6MgkE4S2ScIT0fNBUs5i2lZMcdpLBYXI57Trj66nfveBCsmS+F6NU+pGMIhZyAgoLXlm1QGeDsHLnVsdCmCCr7BVb5xb2EkjzSzb8syavmfAy8QuSA0VaHnmlxMkJItorAgHKfu2lSo3B6EY4XRScTJJUyAjGNC+pjFEVLr5bJcJPtZKgMNE6BMrPFN/J3KIpBxHvp6MQA3lojcV//P6mQov3JzFaaZoTOYPhRnHKsHTYnDABCWKjzUBIpj+KyZDEECUrq+iS7AXV14mndO6bdXtu7Na87Koo4yOUBWdIBs1UBPdoBZqI4Ie0TN6RW/Gk/FivBsf89GSUWQO0R8Ynz+nv5gs</latexit>

PDG

BESIII



Λb ➞ Λ𝜇+𝜇− angular distribution 

• Can expand the angular distribution in terms of helicity states: 
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Λb ➞ Λ𝜇+𝜇− angular distribution 

• Unpolarised case:  
 
 
 
 

Böer et al. [JHEP 01 (2015) 155]

d4

dq2d ⃗Ω
=

3
8π ((K1ss sin2 θl + K1cc cos2 θl + K1c cos θl)+

(K2ss sin2 θl + K2cc cos2 θl + K2c cos θl)cos θb+

(K3sc sin θl cos θl + K3s sin θl)sin θb sin ϕ

(K4sc sin θl cos θl + K4s sin θl)sin θb cos ϕ)
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