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Why Λb ➝ Λμμ
➡ Provides rich angular structure thanks to non-zero spin of initial state 
➡ Λ baryon is very long lived and can be easily treated as stable particle in 

calculations 
➡ Both experimentally and theoretically very clean from any interference and 

backgrounds 
➡ If produced polarised, it offers access to information not available with 

mesons 
➡ Con: Long Λ lifetime decreases detection efficiency, so statistics is usually 

smaller than similar meson decays 
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Differential branching fraction
➡ Measured at LHCb with Run 1 

data 
➡ Theory prediction is currently 

more precise than experiment 
➡ Experimentally measured relative 

to Λb ➝ J/ψΛ for which we do 
not have good BF 

➡ No significant signal below J/ψ 
yet
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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/ ⇤ [85]).

hdB/dq
2i hFLi hA`

FBi hA⇤
FBi hA`⇤

FBi hK̂2ssi hK̂2cci hK̂4si hK̂4sci
[0.1, 2] 0.25(23) 0.517(81) 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) 0.856(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) 0.813(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) 0.730(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) 0.820(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) 0.455(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) 0.418(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) 0.3714(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) 0.410(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 q2) 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 [98], and �0 = (11 Nc �

2 Nf )/3 = 23/3 is the leading-order QCD beta function [99] 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/q2 (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 q2. At low q2,
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Experimental normalisation
➡ Measurements for Λb ➝ J/ψΛ come from 

Tevatron which measured  

➡ Best number comes from D0 
➡ One needs also fragmentation fraction, in past 

one would average LEP and Tevatron 
➡ But there is pT dependence, which means that 

averaging LEP and Tevatron is not good 
➡ Needs measurement of both ingredients from 

same experiment ⇒ ongoing at LHCb

fΛ
fd

B(Λb → J/ψΛ)
B(B0 → J/ψKS)
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FIG. 1. Comparison of the predicted di↵erential branching
fraction for the ⇤b ! ⇤µ+µ� decay in the SM with the mea-
sured result by LHCb in the bin 15GeV2  q2  20GeV2,
alongside our reinterpreted result. The central curve and
band show the median and 68% probability envelope of the
prior predictions of the branching fraction. Note that while
the OPE prediction cannot reproduce the resonant structures
arising in the di↵erential distributions, it is expected to rea-
sonably describe the charm e↵ects in q2-integrated observ-
ables, up to small duality-violating e↵ects.

A`
FB was misattributed. In e↵ect LHCb had acci-

dentally reported the value of the CP -asymmetry
of this observable, rather than its CP -average.

3. The ATLAS, CMS, and LHCb collaborations have
each measured [24–26] the time-integrated branch-
ing ratio of the decay Bs ! µ+µ�, denoted here
as B(B̄s ! µ+µ�) [27]. Within our fit scenarios,
the combination |C10�C

10
0 | is constrained by these

measurements.

4. The LHCb measurement of the ⇤b ! ⇤µ+µ�

branching fraction is normalized to the ⇤b ! ⇤J/ 
fraction. In converting this relative ratio to an
absolute branching fraction, LHCb used the PDG
world average for the product [23]

f(b ! ⇤b)⇥ B(⇤b ! ⇤J/ ) ,

where f(b ! ⇤b) is the ⇤b fragmentation frac-
tion. The LHCb measurement used an old av-
erage of f(b ! ⇤b) that included measurements
from the LEP and TeVatron experiments. The
fragmentation fraction as a function of the b-quark
transverse momentum has since been measured by
the LHCb collaboration [28]. Given the strong
dependence on the b-quark production processes
and the b-quark transverse momentum, combin-
ing the LEP and TeVatron results appears unwise.
Hence, we remove the LEP results from the av-
erage, and calculate the branching fraction of the

⇤b ! ⇤µ+µ� decay anew, using only the average of
the TeVatron results. This calculation follows the
approach by the Heavy Flavour Averaging group
in Ref. [29]. The ⇤b production fraction is derived
from f(b ! baryon) = 0.218 ± 0.047, assuming
isospin symmetry in ⌅0

b and ⌅�
b production, i.e.

f(b ! baryon) =

f(b ! ⇤b) + 2f(b ! ⌅�
b ) + f(b ! ⌦�

b ) .
(4)

An updated value for f(b ! ⇤b) is determined
using the ratios f(b ! ⌅�

b )/f(b ! ⇤b) and
f(b ! ⌦�

b )/f(b ! ⇤b) from ref. [30], assum-
ing equal partial widths for the ⇤b ! J/ ⇤,
⌅�
b ! J/ ⌅� and ⌦�

b ! J/ ⌦� decays. The
updated value of f(b ! ⇤b) results in an up-
dated branching fraction for the ⇤b ! J/ ⇤
decay of B(⇤b ! J/ ⇤) = (3.7 ± 1.0) ⇥ 10�4.
Using this branching fraction value we ob-
tain, for the bin 15GeV2  q2  20GeV2,

B(⇤b !⇤µ+µ�)[15,20] =

(3.49± 0.26± 0.92)⇥ 10�7 .
(5)

This is significantly smaller than the branching
fraction reported by LHCb in ref. [23]. This re-
sult, alongside the original, unmodified, LHCb re-
sult for the branching ratio and the SM predictions
for the di↵erential branching ratio is juxtaposed in
figure 1.

5. The fits of ref. [13] include data on the inclusive
B ! Xs`

+`� branching fraction. Given the im-
proved precision of the ⇤b ! ⇤µ+µ� results and
the B̄s ! µ+µ� branching fraction, this is no
longer necessary.

For the following fits we define three data sets entering
the likelihood:

data set 1: includes the three measurements of B(B̄s !
µ+µ�) and the LHCb measurement of the nine in-
dependent angular observables in the ⇤b ! ⇤(!
p⇡�)µ+µ� angular distribution for an unpolarized
⇤b baryon;

data set 2: includes the three measurements of B(B̄s !
µ+µ�) and the he LHCb measurement of the 33
independent angular observables in the ⇤b ! ⇤(!
p⇡�)µ+µ� angular distribution for a polarized ⇤b

baryon;

data set 3: contains data set 2, but also includes the
reinterpreted branching ratio of ⇤b ! ⇤µ+µ� de-
cays.

Our nominal data set, which we use for our main results
and conclusions, is data set 2.
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Angular distributions
➡ With polarised production, 

5 angles to describe 
kinematics 

➡ Without polarisation, one 
is sensitive only to φl+φb 

➡ Angle θ should 
correspond to production 
polarisation axis 

❖ Figure shows case for pp 
collisions with transverse 
polarisation 

5
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Figure 1: The ⇤b ! ⇤`
+
`
� decay is described by five angles: the angle, ✓, between

the direction of the ⇤ baryon and the normal vector n̂ in the ⇤b rest-frame; and two
sets of helicity angles, describing the decays of the ⇤ baryon (✓b, �b) and the dilepton
system (✓l, �l). For transverse production polarisation n̂ is chosen to be p̂⇤b ⇥ p̂beam.
The helicity angles are then defined with respect to this normal vector through the
coordinate systems (x̂⇤, ŷ⇤, ẑ⇤) and (x̂`¯̀, ŷ`¯̀, ẑ`¯̀). The ẑ axis points in the direction of
the ⇤/dilepton system in the ⇤b rest-frame. The angle between the two decay planes in
the ⇤b rest frame is � = �l + �b. The angles ✓l, ✓b and � are su�cient to parameterise
the angular distribution of the decay in the case of zero production polarisation

4



Angular distributions
➡ Up to some constants, angular distribution in unpolarised case is 

➡ Specific features : 
❖ We can still define fraction of longitudinally polarised dilepton system 
❖ There is non-zero hadron side forward-backward asymmetry thanks to weak decay 

of Λ with significant differences between two amplitudes αΛ=…  
❖ One can also construct combined forward-backward asymmetry

6

3.3 Angular Observables

The angular distribution for the 4-body decay can be written as a 4-fold di↵erential decay

width,

K(q2, cos ✓`, cos ✓⇤,�) ⌘
8⇡

3

d4�

dq2 d cos ✓` d cos ✓⇤ d�
, (3.27)

which can be decomposed in terms of a set of trigonometric functions,

K(q2, cos ✓`, cos ✓⇤,�) =
�
K1ss sin

2 ✓` + K1cc cos
2 ✓` +K1c cos ✓`

�

+
�
K2ss sin

2 ✓` + K2cc cos
2 ✓` +K2c cos ✓`

�
cos ✓⇤

+
�
K3sc sin ✓` cos ✓` +K3s sin ✓`

�
sin ✓⇤ sin�

+
�
K4sc sin ✓` cos ✓` +K4s sin ✓`

�
sin ✓⇤ cos� .

(3.28)

Here the first line corresponds to a relative angular momentum (L,M) between the N⇡

system and the dilepton system of (L,M) = (0, 0). The lines two to four correspond

to L = 1, with the third component M = 0 in the second line, and |M | = 1 in lines

three and four. This implies that each line of eq. (3.28) can be decomposed in terms

of associated Legendre polynomials P |M |
l

(cos ✓`), where 0  l  2 holds for the dilepton

angular momentum l on the basis of angular momentum conservation. This agrees exactly

with our results eq. (3.28). In particular,

(a) there are no terms / sin ✓`(cos ✓`) or / sin ✓`(cos ✓`) cos ✓⇤,

(b) there are no terms / sin2 ✓` sin ✓⇤, / cos ✓` sin ✓⇤ or / cos2 ✓` sin ✓⇤, and

(c) no further terms can arise from dimension-six operators which are absent in our

calculation; i.e., scalar and tensor operators.

The coe�cients in the decomposition eq. (3.28) are refered to as angular observables and

depend on the dilepton invariant mass. In our notation, they are denoted as Kn� ⌘
Kn�(q2), with n = 1, . . . , 4, and � = s, c, ss, cc, sc. In terms of the transversity amplitudes

for ⇤b ! ⇤ transitions and the decay parameter ↵ in ⇤ ! N⇡ defined above, we find

K1ss(q
2) =

1

4

h
|AR

?1
|2 + |AR

k1 |
2 + 2|AR

?0
|2 + 2|AR

k0 |
2 + (R $ L)

i
,

K1cc(q
2) =

1

2

h
|AR

?1
|2 + |AR

k1 |
2 + (R $ L)

i
,

K1c(q
2) = �Re

n
AR

?1
A⇤R

k1 � (R $ L)
o

(3.29)

and

K2ss(q
2) = +

↵

2
Re

n
AR

?1
A⇤R

k1 + 2AR

?0
A⇤R

k0 + (R $ L)
o
,

K2cc(q
2) = +↵Re

n
AR

?1
A⇤R

k1 + (R $ L)
o
,

K2c(q
2) = �↵

2

h
|AR

?1
|2 + |AR

k1 |
2 � (R $ L)

i
, (3.30)
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Angular distributions
➡ One can take ratios of observables to construct quantities which in first 

order are sensitive only to: 
❖ Form factors 

❖ Short-scale physics

7

For the simple observables introduced in the previous subsection we then obtain

d�

dq2
= 4 |N |2

⇢
⇢+
1
s�


2 |fV

? |2 + (m⇤b +m⇤)2

q2
|fV

0 |2
�
+

⇢�
1
s+


2 |fA

? |2 + (m⇤b �m⇤)2

q2
|fA

0 |2
��

, (4.17)

and

F0 = 4 |N |2
⇢
⇢+
1
s�

(m⇤b +m⇤)2

q2
|fV

0 |2

+⇢�
1
s+

(m⇤b �m⇤)2

q2
|fA

0 |2
�✓

d�

dq2

◆�1

, (4.18)

and

d�

dq2
A`

FB = 24 |N |2Re {⇢2}
p
s+s� fV

? fA

? ,

d�

dq2
A⇤

FB = �8 |N |2 ↵Re {⇢4}
p
s+s�

(
2 fV

? fA

? +
m2

⇤b
�m2

⇤

q2
fV

0 fA

0

)
,

d�

dq2
A`⇤

FB = �3 |N |2 ↵
�
⇢+
3
s� |fV

? |2 + ⇢�
3
s+ |fA

? |2
 
. (4.19)

We will present numerical estimates for these observables in the SM (integrated over q2 in

the low-recoil region) in section 4.4.

Future experimental data will also allow to simultaneously test the short-distance structure

of the SM against NP, and to extract information on form-factor ratios. In the presence

of both SM-like and chirality-flipped operators, we find one ratio of angular observables

where the form factors cancel in the given approximation,

X1 ⌘
K1c

K2cc

= � Re {⇢2}
↵Re {⇢4}

, (4.20)

and two ratios of angular observables which only depend on form factors,

2K2ss

K2cc

= 1 +
m2

⇤b
�m2

⇤

q2
fV

0
fA

0

fV

? fA

?
,

2K4sc

K2cc

=
m⇤b +m⇤p

q2
fV

0

fV

?
� m⇤b �m⇤p

q2
fA

0

fA

?
. (4.21)

We also find ratios that are only functions of the Wilson coe�cients and a single ratio of

form factors, fV

? /fA

? ,

4K1cc

K1c

=

r
s�
s+

⇢+
1

Re {⇢2}
fV

?
fA

?
+

r
s+
s�

⇢�
1

Re {⇢2}
fA

?
fV

?
,

4K2c

K2cc

=

r
s�
s+

⇢+
3

Re {⇢4}
fV

?
fA

?
+

r
s+
s�

⇢�
3

Re {⇢4}
fA

?
fV

?
. (4.22)
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d�

dq2
= 4 |N |2

⇢
⇢+
1
s�
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, (4.17)

and
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We will present numerical estimates for these observables in the SM (integrated over q2 in

the low-recoil region) in section 4.4.

Future experimental data will also allow to simultaneously test the short-distance structure

of the SM against NP, and to extract information on form-factor ratios. In the presence

of both SM-like and chirality-flipped operators, we find one ratio of angular observables

where the form factors cancel in the given approximation,
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, (4.20)

and two ratios of angular observables which only depend on form factors,
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We also find ratios that are only functions of the Wilson coe�cients and a single ratio of

form factors, fV

? /fA
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Predictions
➡ Predictions are generally reasonably precise 
➡ Measurements on these plots come from very 

early analysis when we were figuring out what 
we should be actually doing 

➡ With Tom Blake we extended work to polarised 
case, which adds another 24 observables 

❖ 10 have same structure as unpolarised case, just 
being multiplied by production polarisation 

❖ 14 are proportional to production polarisation and 
give access to more information
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Prediction for polarised case
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Table 2: Predictions from EOS for the angular observables of the ⇤b ! ⇤µ
+
µ
� decay

with P⇤b = 1 in the range 1 < q
2

< 6 GeV2
/c

4. The SM calculation is described
in the text. The observables M31 and M34 vanish due to the small size of the muon
mass. Observables that depend on the imaginary part of the product of two transversity
amplitudes also tend to be vanishingly small, due to the small strong phase di↵erence
between pairs of amplitudes in the SM.

Obs. Value 68% interval Obs. Value 68% interval
M1 0.459 [0.453, 0.465] M6 0.000 [�0.005, 0.006]
M2 0.081 [0.071, 0.094] M7 �0.025 [�0.034, �0.014]
M3 �0.005 [�0.014, �0.001] M8 �0.003 [�0.016, 0.012]
M4 �0.280 [�0.290, �0.262] M9 0.002 [0.001, 0.002]
M5 �0.045 [�0.053, �0.037] M10 0.002 [0.001, 0.002]
M11 �0.366 [�0.383, �0.338] M23 �0.147 [�0.162, �0.133]
M12 0.071 [0.058, 0.081] M24 0.132 [0.120, 0.150]
M13 0.001 [�0.010, 0.007] M25 �0.001 [�0.001, �0.000]
M14 0.243 [0.230, 0.254] M26 0.004 [0.003, 0.005]
M15 �0.052 [�0.060, �0.045] M27 0.089 [0.081, 0.099]
M16 0.003 [0.001, 0.009] M28 �0.089 [�0.100, �0.080]
M17 0.004 [�0.012, 0.018] M29 0.000 [0.000, 0.000]
M18 0.029 [0.018, 0.037] M30 0.000 [0.000, 0.000]
M19 �0.001 [�0.002, �0.001] M31 0.000 [0.000, 0.000]
M20 �0.003 [�0.003, 0.002] M32 0.075 [0.035, 0.118]
M21 0.002 [0.001, 0.003] M33 0.007 [0.001, 0.012]
M22 �0.005 [�0.006, �0.003] M34 0.000 [�0.000, 0.000]
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Table 3: Predictions from EOS for the angular observables of the ⇤b ! ⇤µ
+
µ
� decay

with P⇤b = 1 in the range 15 < q
2

< 20 GeV2
/c

4. The SM calculation is described
in the text. The observables M31 and M34 vanish due to the small size of the muon
mass. Observables that depend on the imaginary part of the product of two transversity
amplitudes also tend to be vanishingly small, due to the small strong phase di↵erence
between pairs of amplitudes in the SM.

Obs. Value 68% interval Obs. Value 68% interval
M1 0.351 [0.349, 0.353] M6 0.187 [0.183, 0.192]
M2 0.298 [0.294, 0.301] M7 �0.022 [�0.025, �0.019]
M3 �0.236 [�0.240, �0.230] M8 �0.100 [�0.105, �0.095]
M4 �0.195 [�0.200, �0.190] M9 0.000 [0.000, 0.001]
M5 �0.154 [�0.159, �0.149] M10 �0.001 [�0.001, �0.000]
M11 �0.064 [�0.069, �0.058] M23 �0.299 [�0.303, �0.295]
M12 0.240 [0.235, 0.245] M24 0.337 [0.335, 0.338]
M13 �0.292 [�0.295, �0.288] M25 �0.001 [�0.001, �0.000]
M14 0.034 [0.031, 0.038] M26 0.001 [0.000, 0.001]
M15 �0.191 [�0.196, �0.186] M27 0.221 [0.216, 0.226]
M16 0.151 [0.146, 0.156] M28 �0.187 [�0.191, �0.183]
M17 0.102 [0.096, 0.107] M29 0.000 [0.000, 0.000]
M18 0.021 [0.018, 0.024] M30 �0.001 [�0.001, �0.000]
M19 0.000 [0.000, 0.000] M31 0.000 [0.000, 0.000]
M20 �0.001 [�0.001, �0.001] M32 �0.046 [�0.050, �0.043]
M21 0.000 [0.000, 0.001] M33 �0.053 [�0.056, �0.050]
M22 �0.002 [�0.002, �0.001] M34 0.000 [0.000, 0.000]

19

1 < q2 < 6 GeV2 
PΛ = 1

15 < q2 < 20 GeV2 
PΛ = 1



Latest measurement
➡ Uses Run 1 and part of 

Run 2 data from LHCb 
➡ Measured only 15 < q2 < 20 

GeV2 bin as this is the only 
one having significant yield 

➡ About 610 signal decays 
➡ Used method of moments 
❖ Luckily, otherwise would run 

to troubles with value of αΛ
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Figure 1: Distribution of p⇡�µ+µ� invariant mass for (left) long- and (right) downstream-track
p⇡� categories in the (top) Run 1 data and (bottom) Run 2 data. The result of the fit to each
sample of data is indicated by the solid blue line. The signal and background components are
illustrated by the dotted green and dashed red lines, respectively.

are determined from fits to ⇤0
b ! J/ ⇤ candidates in the data. A small correction is

applied to the width parameter to account for a q2 dependence of the resolution seen in
the simulation. Combinatorial background is described by an exponential function, with
a slope parameter that is determined from data. The parameters describing the signal
and the background are determined separately for each data-taking period and for the
long- and the downstream-track p⇡� categories.

The fits result in yields of 120 ± 13 (175 ± 15) and 126 ± 13 (189 ± 16 ) decays in
the long (downstream) p⇡� category of the Run 1 and Run 2 data, respectively. These
fits are used to the determine the weights needed to subtract the background in the
moment analysis. The yields are consistent with those expected based on the estimated
signal e�ciency, the recorded integrated luminosity and the scaling of the ⇤0

b production
cross-section with centre-of-mass energy.

6 Angular e�ciency

The trigger, reconstruction and the selection process distort the measured angular distri-
bution of the ⇤0

b! ⇤µ+µ� decays. The largest distortions are found to be the result of
kinematic requirements in the reconstruction, most notably due to an implicit momentum
threshold applied by requiring that the muons traverse the detector and reach the muon
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Figure 2: One-dimensional projections of the angular distributions of the candidates (black
points), combining Run 1 and Run 2 data, as well as candidates reconstructed in the long- and
downstream-track p⇡� categories. The background is subtracted from the data but no e�ciency
correction is applied. The projection of each angular distribution obtained from the moment
analysis multiplied by the e�ciency distribution is superimposed. The large variation in �` is
primarily due to the angular acceptance.

9 Summary

An analysis of the angular distribution of the decay ⇤0
b! ⇤µ+µ� in the dimuon invariant

mass squared range 15 < q2 < 20GeV2/c4 is reported. Using data collected with the
LHCb detector between 2011 and 2016, the full basis of angular observables is measured for
the first time. From the measured observables, the lepton-side, hadron-side and combined
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analysis multiplied by the e�ciency distribution is superimposed. The large variation in �` is
primarily due to the angular acceptance.
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Figure 3: Angular observables combining the results for the moments obtained from Run 1
and Run 2 data, as well as candidates reconstructed in the long- and downstream-track p⇡�

categories. The blue line represents the SM predictions obtained using the EOS software. The
thickness of the light-blue band represents the uncertainty on the SM predictions.

Table 2: Sources of systematic uncertainty on the Ki angular observables, together with the
mean and the range of uncertainty values assigned to the 34 Ki parameters in each case. The
variation of each source of systematic uncertainty between the di↵erent observables depends on
the structure of the weighting functions used to extract the observable and its correlation with
the angular e�ciency.

Source Uncertainty [10�3]
Range among Ki Mean

Simulated sample size 3–22 9
E�ciency parameterisation 1–13 4
Data-simulation di↵erences 2–16 6
Angular resolution 1–11 4
Beam crossing angle 1–8 4
Signal mass model 1–4 2

forward-backward asymmetries of the decay are determined to be

A`
FB = �0.39± 0.04 (stat) ± 0.01 (syst) ,

Ah
FB = �0.30± 0.05 (stat) ± 0.02 (syst) ,

A`h
FB = +0.25± 0.04 (stat) ± 0.01 (syst) .

The results presented here supersede the results for angular observables in Ref. [10] (see
discussion in Sec. 7). The measured angular observables are compatible with the SM
predictions obtained using the EOS software [37], where the ⇤0

b production polarisation is
set to the value obtained by the LHCb collaboration in pp collisions at a centre-of-mass
energy of 7TeV [33].
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Latest measurement

➡ Well compatible with the SM 
➡ Remaining observables compatible with zero
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A`h
FB = +0.25± 0.04 (stat) ± 0.01 (syst) .

The results presented here supersede the results for angular observables in Ref. [10] (see
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predictions obtained using the EOS software [37], where the ⇤0
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Global fit
➡ Uses just Λb ➝ Λμμ observables and Bs ➝ μμ branching fraction 
➡ Interestingly it constrains production polarisation and Λ decay asymmetry 

as well as dedicated measurement with Λb ➝ J/ψΛ

14
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IV. RESULTS

We use EOS [31] to carry out 12 fits for the three data
sets and four fit scenarios. Summaries of the goodness
of fit in their respective best-fit points are collected in
table II. Our findings are summarized as follows:

1. The ⇤b ! ⇤(! p⇡�)µ+µ� angular distribution
is compatible with the SM prediction, with accept-
able p values larger than 11% for all three data sets.

2. The ⇤b polarization is compatible with zero in all
four fit scenarios. We find P⇤b

= (0 ± 5)% at 68%
probability, and an upper limit for the magnitude of
the polarization of |P⇤b

|  11% at 95% probability
(see fig. 2); these results are independent of the
choice of fit scenario. We show the two-dimensional
marginalized posterior for the polarization and the
decay parameter ↵ in figure 3.

3. In the (9) scenario, the p values decrease slightly for
all three data sets, with the minimal value of 10%
still acceptable. The best-fit point in our nominal
fit using data set 2 is:

C9 = 4.8± 0.8 . (6)

4. In the (9, 10) scenario, the p values of all three data
sets are slightly higher than in the SM. The best-fit
point in our nominal fit using data set 2 is:

C9 = +4.4± 0.8 , C10 = �3.8± 0.3 .

We find compatibility with the best-fit point ob-
tained in rare semileptonic B meson decays [32] at
' 1.2�, and compatibility with the SM point at
' 1�. We show the two-dimensional marginalized
posterior in figure 3.
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2 and 3, and the 95% contour for data set 2.
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FIG. 3. Contours of the joint 2D posterior for the parameters
C9 and C10 in scenario (9, 10). All three data sets are used for
both plots. We show 68% probability contours for all data
sets, and in addition 95% and 99% contours for our nominal
data set 2.

5. In the (9, 10, 90, 100) scenario, the p values of all
three data sets are lower than in the SM, with a
minimal value of 8%. The best-fit point in our nom-
inal fit using data set 2 is:

C9 = +4.3± 0.9 , C10 = �3.3± 0.7 ,

C
9
0 = +0.8± 0.8 , C

10
0 = +0.5± 0.7 .

We find compatibility with the best-fit point ob-
tained in rare semileptonic B meson decays at
' 1.5�, and compatibility with the SM point at less
than 1�. We show the two-dimensional marginal-
ized posteriors in figure 4.

6. We compute the model evidence for all combina-
tions of data sets and fit scenarios. Our results are
listed in table II. From these results we compute
the Bayes factors:

log
10

P (data set 2 | (9))
P (data set 2 | SM(⌫-only))

= �0.48 ,

log
10

P (data set 2 | (9, 10))
P (data set 2 | SM(⌫-only))

= �1.15 ,

log
10

P (data set 2 | (9, 10, 90, 100))
P (data set 2 | SM(⌫-only))

= �2.97 .

According to Je↵rey’s interpretation of the Bayes
factor [33], we find the degree to which the scenario
SM(⌫-only) is favoured over scenarios (9), (9, 10),
and (9, 10, 90, 100) to be barely worth mentioning,
strong, and decisive, respectively.
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Followingupdatedandextendedmeasurementsofthefullangulardistributionofthedecay⇤b!
⇤(!p⇡

�
)µ

+
µ
�

bytheLHCbcollaborations,aswellasanewmeasurementofthe⇤!p⇡
�

decay
asymmetryparameterbytheBESIIIcollaboration,westudytheimpactoftheseresultsonsearches
fornon-standarde↵ectsinexclusiveb!sµ

+
µ
�

decays.Tothisend,weconstraintheWilson
coe�cientsC9andC10ofthenumericallyleadingdimension-sixoperatorsintheweake↵ective
Hamiltonian,inadditiontotherelevantnuisanceparameters.Instarkcontrasttopreviousanalyses
ofthisdecaymode,thechangesintheupdatedexperimentalresultsleadustofindverygood
compatibilitywithboththeStandardModelandwiththeb!sµ

+
µ
�

anomaliesobservedinrare
B-mesondecays.Weprovideadetailedanalysisoftheimpactofthepartialangulardistribution,
thefullangulardistribution,andthe⇤b!⇤µ

+
µ
�
branchingfractionontheWilsoncoe�cients.In

thisprocess,wearealsoabletoconstrainthesizeoftheproductionpolarizationofthe⇤bbaryon
atLHCb.

I.INTRODUCTION

Thepersistentanomaliesintherareflavor-changing
decaysofBmesons,whichariseinanalysesofbranch-
ingfractions,angulardistributionsandleptonflavour
universalitytests,havesparkedconsiderableinterestin
constructingcandidatetheoriestoreplacetheStandard
Model(SM)ofparticlephysics;seeforexampleref.[1]
foracomprehensiveguide.Iftheseanomaliesarein-
deedahintofphysicsBeyondtheSM(BSM),then
weshouldseesignsofsimilardeviationsinthebary-
onicpartnersoftheserareBmesondecays,e.g.in
⇤b!⇤(!p⇡�)µ+

µ�.
Thedecaymode⇤b!⇤(!p⇡�)µ+

µ�isquiteap-
pealingfromatheoreticalpointofview.LiketheB!
K⇤(!K⇡)µ

+
µ�decay,itprovidesalargenumberofan-

gularobservablesandissensitivetoallDiracstructures
inthee↵ectiveweakHamiltonian[2–5].Atthesame
time,becausethe⇤baryonisstableunderthestrongin-
teractions,latticeQCDcalculationsofthe⇤b!⇤form
factors[6]donotrequireacomplicatedfinite-volume
treatmentofmulti-hadronstates,aswouldbenecessary
forarigorouscalculationofB!K⇤(!K⇡)formfac-
tors[7]
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1
ThelatticedeterminationoftheB!K

⇤
formfactorsinref.[8]

andLight-ConeSumRule(LCSR)estimatesinrefs.[9–11]treat

p⇡�)µ+
µ�ontheb!sµ

+
µ�Wilsoncoe�cients[13]

using—bynow—outdatedexperimentalinputsfound
acentralvalueofC9shiftedintheoppositedirectionfrom
theSMpointcomparedtotheB-mesonfindings.Inthis
paperweconfrontthispreviousanalysiswithnew,up-
dated,andreinterpretedexperimentalresults,andcon-
strainBSMe↵ectsinb!sµ

+
µ�operators.

II.FRAMEWORK

Weusethestandardweake↵ectivefieldtheorythat
describesflavour-changingneutralb!s{µ

+
µ�,�,qq̄}

transitionsuptomass-dimensionsix[14].Followingthe
conventionsinref.[15],thee↵ectiveHamiltoniancanbe
expressedas

He↵=�
4GF
p
2

VtbV⇤
ts

↵e

4⇡

X

i

Ci(µ)Oi

+O
�
VubV⇤

us

�
+h.c.,

(1)

whereGFdenotestheFermiconstantasextractedfrom
muondecays,VijareCKMmatrixelements,and↵eisthe
electromagneticcouplingatthescaleoftheb-quarkmass,
mb.Wewritetheshort-distance(Wilson)coe�cientsas
Ci(µ),takenatarenormalizationscaleµ'mb,andlong-
distancephysicsisexpressedthroughmatrixelementsof

theK
⇤
asifitisstable,leadingtosystematicuncertaintiesthat

aredi�culttoquantify;seeref.[12]forafirststudyofthefinite
widthe↵ectsinLCSRs.
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Production polarisation
➡ Measure angular moments 

in Λb ➝ J/ψΛ and then 
perform Bayesian analysis 

➡ Uses same dataset as rare 
decays 

➡ Polarisation consistent 
with zero without visible 
energy dependence
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Figure 4: Posterior probability distributions of |a±|, arg(a±), |b�|, arg(b�) and the transverse
production polarisation of the ⇤0

b baryons, Pb, at centre-of-mass energies of 7, 8 and 13TeV
assuming uniform priors. The shaded regions indicate the 68% and 95% credibility intervals.
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Figure 5: Measured transverse production polarisation of the ⇤0
b baryons, Pb, as a function of

the centre-of-mass energy,
p
s, of the data set. The points indicate the most probable value and

the shaded regions the 68% and 95% credibility level intervals.

the posterior distribution of Pb determined at
p
s of 13TeV, leading to an asymmetric

distribution. Due to the small size of polarisation, there is little sensitivity to the phases
of the amplitudes. The magnitudes of the amplitudes a+ and b� are consistent with zero
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How to get polarised sample
➡ If there is enough interest in observables accessible only with polarisation, 

we can try to play some tricks 
❖ We measured polarisation only integrated over large η-pT region, but it does not 

have to be constant 
❖ One can look for Λb coming from decays which itself could introduce polarisation 
✦ Obvious choice for LHCb would be Σb* but my intuition is that it will not help 
✦ Top quark decays might be interesting, W in such case is polarised and so would be b-quark, 

this would be more suitable for ATLAS and CMS 
➡ Each idea would need dedicated study whether it would work 
➡ Each idea would mean lower statistics, on the other hand, one does not 

need to do all observables
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What to expect
➡ LHCb is working on update of Λb ➝ Λμμ branching fraction with Run 1+2 

data 
➡ Good chance to see signal in more q2 bins, 

we have about 4 times more data in Run 2 
➡ Not yet clear what we can do with angular 

observables below J/ψ 
➡ Want to look back to polarisation  

measurement to see whether there is at  
least some indication of non-zero  
polarisation somewhere
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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/ ⇤ [85]).

hdB/dq
2i hFLi hA`

FBi hA⇤
FBi hA`⇤

FBi hK̂2ssi hK̂2cci hK̂4si hK̂4sci
[0.1, 2] 0.25(23) 0.517(81) 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) 0.856(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) 0.813(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) 0.730(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) 0.820(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) 0.455(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) 0.418(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) 0.3714(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) 0.410(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 q2) 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 [98], and �0 = (11 Nc �

2 Nf )/3 = 23/3 is the leading-order QCD beta function [99] 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/q2 (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 q2. At low q2,
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8 Expected experimental precision

Table 1 indicates the typical precision on the angular moments that could be achieved
at the LHCb experiment. The experimental precision has been estimated using pseudo-
experiments corresponding approximately to the expected signal yield in the current and
in a future LHCb dataset. Experimental backgrounds and non-uniform angular accep-
tance have been neglected in this estimate. However, these are expected to have only a
small impact on the experiments sensitivity. The sensitivity that can be achieved with
the large datasets that will be available at an upgraded LHCb experiment is interesting
event for modest values of P⇤b .

Table 1: Expected experimental precision on the angular moments of the ⇤b! ⇤µ
+
µ
�

decay at the LHCb experiment. The four columns correspond to: the observed yield of
300 ⇤b! ⇤µ

+
µ
� candidates with 15 < q

2
< 20 GeV2

/c
4 in the LHC run 1 dataset [23];

an expected yield of ⇠1000 candidates at the end of run 2 of the LHC; an expected
yield of ⇠8 000 candidates in 50 fb�1 of integrated luminosity with an upgraded LHCb
experiment; and an expected yield of ⇠50 000 candidates in 300 fb�1 with the proposed
LHCb phase II upgrade.
Obs. Run 1 Run 2 Upgrade Phase II Obs. Run 1 Run 2 Upgrade Phase II
M1 0.021 0.011 0.004 0.002 M18 0.071 0.038 0.014 0.006
M2 0.042 0.023 0.008 0.003 M19 0.156 0.084 0.030 0.012
M3 0.030 0.016 0.006 0.002 M20 0.071 0.038 0.014 0.006
M4 0.050 0.026 0.010 0.004 M21 0.090 0.048 0.017 0.007
M5 0.078 0.042 0.015 0.006 M22 0.041 0.022 0.008 0.003
M6 0.055 0.030 0.011 0.004 M23 0.089 0.047 0.017 0.007
M7 0.090 0.048 0.017 0.007 M24 0.036 0.019 0.007 0.003
M8 0.041 0.022 0.008 0.003 M25 0.156 0.083 0.030 0.012
M9 0.090 0.048 0.017 0.007 M26 0.071 0.038 0.014 0.006
M10 0.041 0.022 0.008 0.003 M27 0.156 0.083 0.030 0.012
M11 0.051 0.027 0.010 0.004 M28 0.071 0.038 0.014 0.005
M12 0.078 0.041 0.015 0.006 M29 0.097 0.052 0.019 0.008
M13 0.054 0.029 0.010 0.004 M30 0.062 0.033 0.012 0.005
M14 0.088 0.047 0.017 0.007 M31 0.097 0.052 0.019 0.008
M15 0.136 0.073 0.026 0.011 M32 0.062 0.033 0.012 0.005
M16 0.097 0.052 0.019 0.008 M33 0.061 0.033 0.012 0.005
M17 0.156 0.084 0.030 0.012 M34 0.061 0.033 0.012 0.005

9 Conclusion

In this paper we have derived an expression for the angular distribution of the ⇤b !

⇤µ
+
µ
� in the case of non-zero production polarisation. This extends the number of

observables in the decay from 10 to 34. These observables can be determined from
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