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LHCb Upgrades

• Focus on LHCb, but ATLAS and CMS can contribute to a number of the 
measurements mentioned in these slides (see talk by Greg).
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Expect a further factor of ~2 gain for 
channels with electrons/photons due 

to removal of the L0 hardware trigger. 
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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,

Detmold et al. arXiv:1602.01399 
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• Large number (34) of angular observables, 24 require Λb to be polarised at 
production and are consistent with zero in current dataset. 

• SM predictions use external   
on       and production 
polarisation (small at the LHC).  

• Branching fraction uncertainty 
currently dominated by 
knowledge of                        .  B(⇤b ! J/ ⇤)
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Λb ➞ Λ𝜇+𝜇-  branching fraction

• Existing branching fraction measurement uses CDF/D0 average of  
measurement 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>

) [GeV]bH(T
p

5 10 15 20 25

 F
ra

ct
io

ns
0 b

Λ
 a

nd
 

sB

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
LHCb

 = 13 TeVs

u
f + 

d
f

s
f

uf + 
d
f

bΛ
f

f⇤b
<latexit sha1_base64="OyBjGL9Xqib/dIOzrxkCOzPVVes=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoLgquHHhooJ9QDsMmUymDc0kY5IplKHf4caFIm79GHf+jWk7C209EDiccy735oQpZ9q47rdTWlvf2Nwqb1d2dvf2D6qHR20tM0Voi0guVTfEmnImaMsww2k3VRQnIaedcHQ78ztjqjST4tFMUuoneCBYzAg2VvLjIO/f23SEg3AaVGtu3Z0DrRKvIDUo0AyqX/1IkiyhwhCOte55bmr8HCvDCKfTSj/TNMVkhAe0Z6nACdV+Pj96is6sEqFYKvuEQXP190SOE60nSWiTCTZDvezNxP+8Xmbiaz9nIs0MFWSxKM44MhLNGkARU5QYPrEEE8XsrYgMscLE2J4qtgRv+curpH1R99y693BZa9wUdZThBE7hHDy4ggbcQRNaQOAJnuEV3pyx8+K8Ox+LaMkpZo7hD5zPH8TRkg8=</latexit><latexit sha1_base64="OyBjGL9Xqib/dIOzrxkCOzPVVes=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoLgquHHhooJ9QDsMmUymDc0kY5IplKHf4caFIm79GHf+jWk7C209EDiccy735oQpZ9q47rdTWlvf2Nwqb1d2dvf2D6qHR20tM0Voi0guVTfEmnImaMsww2k3VRQnIaedcHQ78ztjqjST4tFMUuoneCBYzAg2VvLjIO/f23SEg3AaVGtu3Z0DrRKvIDUo0AyqX/1IkiyhwhCOte55bmr8HCvDCKfTSj/TNMVkhAe0Z6nACdV+Pj96is6sEqFYKvuEQXP190SOE60nSWiTCTZDvezNxP+8Xmbiaz9nIs0MFWSxKM44MhLNGkARU5QYPrEEE8XsrYgMscLE2J4qtgRv+curpH1R99y693BZa9wUdZThBE7hHDy4ggbcQRNaQOAJnuEV3pyx8+K8Ox+LaMkpZo7hD5zPH8TRkg8=</latexit><latexit sha1_base64="OyBjGL9Xqib/dIOzrxkCOzPVVes=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoLgquHHhooJ9QDsMmUymDc0kY5IplKHf4caFIm79GHf+jWk7C209EDiccy735oQpZ9q47rdTWlvf2Nwqb1d2dvf2D6qHR20tM0Voi0guVTfEmnImaMsww2k3VRQnIaedcHQ78ztjqjST4tFMUuoneCBYzAg2VvLjIO/f23SEg3AaVGtu3Z0DrRKvIDUo0AyqX/1IkiyhwhCOte55bmr8HCvDCKfTSj/TNMVkhAe0Z6nACdV+Pj96is6sEqFYKvuEQXP190SOE60nSWiTCTZDvezNxP+8Xmbiaz9nIs0MFWSxKM44MhLNGkARU5QYPrEEE8XsrYgMscLE2J4qtgRv+curpH1R99y693BZa9wUdZThBE7hHDy4ggbcQRNaQOAJnuEV3pyx8+K8Ox+LaMkpZo7hD5zPH8TRkg8=</latexit><latexit sha1_base64="OyBjGL9Xqib/dIOzrxkCOzPVVes=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoLgquHHhooJ9QDsMmUymDc0kY5IplKHf4caFIm79GHf+jWk7C209EDiccy735oQpZ9q47rdTWlvf2Nwqb1d2dvf2D6qHR20tM0Voi0guVTfEmnImaMsww2k3VRQnIaedcHQ78ztjqjST4tFMUuoneCBYzAg2VvLjIO/f23SEg3AaVGtu3Z0DrRKvIDUo0AyqX/1IkiyhwhCOte55bmr8HCvDCKfTSj/TNMVkhAe0Z6nACdV+Pj96is6sEqFYKvuEQXP190SOE60nSWiTCTZDvezNxP+8Xmbiaz9nIs0MFWSxKM44MhLNGkARU5QYPrEEE8XsrYgMscLE2J4qtgRv+curpH1R99y693BZa9wUdZThBE7hHDy4ggbcQRNaQOAJnuEV3pyx8+K8Ox+LaMkpZo7hD5zPH8TRkg8=</latexit>

[LHCb, arXiv:1902.06794] • Now know that the 
baryon production 
fractions exhibit strong 
pT dependences in pp 
collisions. 

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

⇤b
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https://arxiv.org/abs/1902.06794


Λb ➞ Λ𝜇+𝜇-  branching fraction

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

• Data consistent with, but now 
below SM predictions. 

➡ Consistent with pattern 
seen in other branching 
fraction measurements.  
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Λb ➞ Λ𝜇+𝜇-  branching fraction

• Plan to measure                           at LHCb to improve the normalisation 
uncertainty.  

• Ultimate precision on branching fraction measurements is limited by 
knowledge of                         and            . 

➡ Bin-by-bin measurements will be systematically limited with an 8% 
(               ) systematic uncertainty. 
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B(B ! J/ K)
<latexit sha1_base64="8t05cKpHk6y7cDcNG3MlFd8jvVg=">AAACAnicbVC7SgNBFL0bXzG+Vq3EZjQIsYm7IihWITaiTQTzgOwSZiezyZDZBzOzQliCjb9iY6GIrV9h5984SbbQxAMDh3Pu5c45XsyZVJb1beQWFpeWV/KrhbX1jc0tc3unIaNEEFonEY9Ey8OSchbSumKK01YsKA48Tpve4GrsNx+okCwK79Uwpm6AeyHzGcFKSx1zL3UI5qg6KlUdFaGbE+fAiSVDt8cds2iVrQnQPLEzUoQMtY755XQjkgQ0VIRjKdu2FSs3xUIxwumo4CSSxpgMcI+2NQ1xQKWbTiKM0JFWusiPhH6hQhP190aKAymHgacnA6z6ctYbi/957UT5F27KwjhRNCTTQ37CkQ477gN1maBE8aEmmAim/4pIHwtMlG6toEuwZyPPk8Zp2bbK9t1ZsXKZ1ZGHfTiEEthwDhW4hhrUgcAjPMMrvBlPxovxbnxMR3NGtrMLf2B8/gB0dpV+</latexit><latexit sha1_base64="8t05cKpHk6y7cDcNG3MlFd8jvVg=">AAACAnicbVC7SgNBFL0bXzG+Vq3EZjQIsYm7IihWITaiTQTzgOwSZiezyZDZBzOzQliCjb9iY6GIrV9h5984SbbQxAMDh3Pu5c45XsyZVJb1beQWFpeWV/KrhbX1jc0tc3unIaNEEFonEY9Ey8OSchbSumKK01YsKA48Tpve4GrsNx+okCwK79Uwpm6AeyHzGcFKSx1zL3UI5qg6KlUdFaGbE+fAiSVDt8cds2iVrQnQPLEzUoQMtY755XQjkgQ0VIRjKdu2FSs3xUIxwumo4CSSxpgMcI+2NQ1xQKWbTiKM0JFWusiPhH6hQhP190aKAymHgacnA6z6ctYbi/957UT5F27KwjhRNCTTQ37CkQ477gN1maBE8aEmmAim/4pIHwtMlG6toEuwZyPPk8Zp2bbK9t1ZsXKZ1ZGHfTiEEthwDhW4hhrUgcAjPMMrvBlPxovxbnxMR3NGtrMLf2B8/gB0dpV+</latexit><latexit sha1_base64="8t05cKpHk6y7cDcNG3MlFd8jvVg=">AAACAnicbVC7SgNBFL0bXzG+Vq3EZjQIsYm7IihWITaiTQTzgOwSZiezyZDZBzOzQliCjb9iY6GIrV9h5984SbbQxAMDh3Pu5c45XsyZVJb1beQWFpeWV/KrhbX1jc0tc3unIaNEEFonEY9Ey8OSchbSumKK01YsKA48Tpve4GrsNx+okCwK79Uwpm6AeyHzGcFKSx1zL3UI5qg6KlUdFaGbE+fAiSVDt8cds2iVrQnQPLEzUoQMtY755XQjkgQ0VIRjKdu2FSs3xUIxwumo4CSSxpgMcI+2NQ1xQKWbTiKM0JFWusiPhH6hQhP190aKAymHgacnA6z6ctYbi/957UT5F27KwjhRNCTTQ37CkQ477gN1maBE8aEmmAim/4pIHwtMlG6toEuwZyPPk8Zp2bbK9t1ZsXKZ1ZGHfTiEEthwDhW4hhrUgcAjPMMrvBlPxovxbnxMR3NGtrMLf2B8/gB0dpV+</latexit><latexit sha1_base64="8t05cKpHk6y7cDcNG3MlFd8jvVg=">AAACAnicbVC7SgNBFL0bXzG+Vq3EZjQIsYm7IihWITaiTQTzgOwSZiezyZDZBzOzQliCjb9iY6GIrV9h5984SbbQxAMDh3Pu5c45XsyZVJb1beQWFpeWV/KrhbX1jc0tc3unIaNEEFonEY9Ey8OSchbSumKK01YsKA48Tpve4GrsNx+okCwK79Uwpm6AeyHzGcFKSx1zL3UI5qg6KlUdFaGbE+fAiSVDt8cds2iVrQnQPLEzUoQMtY755XQjkgQ0VIRjKdu2FSs3xUIxwumo4CSSxpgMcI+2NQ1xQKWbTiKM0JFWusiPhH6hQhP190aKAymHgacnA6z6ctYbi/957UT5F27KwjhRNCTTQ37CkQ477gN1maBE8aEmmAim/4pIHwtMlG6toEuwZyPPk8Zp2bbK9t1ZsXKZ1ZGHfTiEEthwDhW4hhrUgcAjPMMrvBlPxovxbnxMR3NGtrMLf2B8/gB0dpV+</latexit>

B(⇤b ! J/ ⇤)
<latexit sha1_base64="3+UCFg8RxU8vXcV3k+cvxWatpIY=">AAACEHicbVC7SgNBFL0bXzG+Vi1tRoMYm7grgmIVtBGxiGAekF2W2dlJMmT2wcysEJZ8go2/YmOhiK2lnX/jJNlCowcGDufcw517/IQzqSzryyjMzS8sLhWXSyura+sb5uZWU8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8weXYb91TIVkc3alhQt0Q9yLWZQQrLXnmQeYQzNHFqOLc6FSAPd9RMbo+cnadRDKUq4eeWbaq1gToL7FzUoYcdc/8dIKYpCGNFOFYyo5tJcrNsFCMcDoqOamkCSYD3KMdTSMcUulmk4NGaF8rAerGQr9IoYn6M5HhUMph6OvJEKu+nPXG4n9eJ1XdMzdjUZIqGpHpom7KkT553A4KmKBE8aEmmAim/4pIHwtMlO6wpEuwZ0/+S5rHVduq2rcn5dp5XkcRdmAPKmDDKdTgCurQAAIP8AQv8Go8Gs/Gm/E+HS0YeWYbfsH4+AZWtpt4</latexit><latexit sha1_base64="3+UCFg8RxU8vXcV3k+cvxWatpIY=">AAACEHicbVC7SgNBFL0bXzG+Vi1tRoMYm7grgmIVtBGxiGAekF2W2dlJMmT2wcysEJZ8go2/YmOhiK2lnX/jJNlCowcGDufcw517/IQzqSzryyjMzS8sLhWXSyura+sb5uZWU8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8weXYb91TIVkc3alhQt0Q9yLWZQQrLXnmQeYQzNHFqOLc6FSAPd9RMbo+cnadRDKUq4eeWbaq1gToL7FzUoYcdc/8dIKYpCGNFOFYyo5tJcrNsFCMcDoqOamkCSYD3KMdTSMcUulmk4NGaF8rAerGQr9IoYn6M5HhUMph6OvJEKu+nPXG4n9eJ1XdMzdjUZIqGpHpom7KkT553A4KmKBE8aEmmAim/4pIHwtMlO6wpEuwZ0/+S5rHVduq2rcn5dp5XkcRdmAPKmDDKdTgCurQAAIP8AQv8Go8Gs/Gm/E+HS0YeWYbfsH4+AZWtpt4</latexit><latexit sha1_base64="3+UCFg8RxU8vXcV3k+cvxWatpIY=">AAACEHicbVC7SgNBFL0bXzG+Vi1tRoMYm7grgmIVtBGxiGAekF2W2dlJMmT2wcysEJZ8go2/YmOhiK2lnX/jJNlCowcGDufcw517/IQzqSzryyjMzS8sLhWXSyura+sb5uZWU8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8weXYb91TIVkc3alhQt0Q9yLWZQQrLXnmQeYQzNHFqOLc6FSAPd9RMbo+cnadRDKUq4eeWbaq1gToL7FzUoYcdc/8dIKYpCGNFOFYyo5tJcrNsFCMcDoqOamkCSYD3KMdTSMcUulmk4NGaF8rAerGQr9IoYn6M5HhUMph6OvJEKu+nPXG4n9eJ1XdMzdjUZIqGpHpom7KkT553A4KmKBE8aEmmAim/4pIHwtMlO6wpEuwZ0/+S5rHVduq2rcn5dp5XkcRdmAPKmDDKdTgCurQAAIP8AQv8Go8Gs/Gm/E+HS0YeWYbfsH4+AZWtpt4</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="LrSob1yccAGV83PbjdFSONYsRrk=">AAACBXicbVC7TsMwFL0pr1IKBFYWQ4UoS0lYYESwIMRQJPqQmihyHLe16jiR7SBVUT+BhV9hYQAhfoGNv8FtM0DhSFc6Oude2eeEKWdKO86XVVpaXlldK69XNqqbW9v2TrWtkkwS2iIJT2Q3xIpyJmhLM81pN5UUxyGnnXB0NfU7D1Qqloh7PU6pH+OBYH1GsDZSYB/lHsEcXU7q3q25inAQejpBNyfevpcqhgr1OLBrTsOZAf0lbkFqUKAZ2J9elJAspkITjpXquU6q/RxLzQink4qXKZpiMsID2jNU4JgqP58FmqBDo0Son0gzQqOZ+vMix7FS4zg0mzHWQ7XoTcX/vF6m++d+zkSaaSrI/KF+xpGJPG0HRUxSovnYEEwkM39FZIglJtp0WDEluIuR/5L2acN1Gu6dA2XYgwOogwtncAHX0IQWEHiEZ3iFN+vJerHe53WVrKK3XfgF6+Mbq+2aBQ==</latexit><latexit sha1_base64="LrSob1yccAGV83PbjdFSONYsRrk=">AAACBXicbVC7TsMwFL0pr1IKBFYWQ4UoS0lYYESwIMRQJPqQmihyHLe16jiR7SBVUT+BhV9hYQAhfoGNv8FtM0DhSFc6Oude2eeEKWdKO86XVVpaXlldK69XNqqbW9v2TrWtkkwS2iIJT2Q3xIpyJmhLM81pN5UUxyGnnXB0NfU7D1Qqloh7PU6pH+OBYH1GsDZSYB/lHsEcXU7q3q25inAQejpBNyfevpcqhgr1OLBrTsOZAf0lbkFqUKAZ2J9elJAspkITjpXquU6q/RxLzQink4qXKZpiMsID2jNU4JgqP58FmqBDo0Son0gzQqOZ+vMix7FS4zg0mzHWQ7XoTcX/vF6m++d+zkSaaSrI/KF+xpGJPG0HRUxSovnYEEwkM39FZIglJtp0WDEluIuR/5L2acN1Gu6dA2XYgwOogwtncAHX0IQWEHiEZ3iFN+vJerHe53WVrKK3XfgF6+Mbq+2aBQ==</latexit><latexit sha1_base64="cSJ4EB3ARezzdqFkpy/JGRAk76Q=">AAACEHicbVC7SgNBFL0bXzG+Vi1tRoMYm7hro1gFbUQsIpgHZJdldnaSDJl9MDMrhCWfYOOv2FgoYmtp5984SbbQxAMDh3Pu4c49fsKZVJb1bRQWFpeWV4qrpbX1jc0tc3unKeNUENogMY9F28eSchbRhmKK03YiKA59Tlv+4Grstx6okCyO7tUwoW6IexHrMoKVljzzKHMI5uhyVHFudSrAnu+oGN2cOPtOIhnK1WPPLFtVawI0T+yclCFH3TO/nCAmaUgjRTiWsmNbiXIzLBQjnI5KTippgskA92hH0wiHVLrZ5KAROtRKgLqx0C9SaKL+TmQ4lHIY+noyxKovZ72x+J/XSVX33M1YlKSKRmS6qJtypE8et4MCJihRfKgJJoLpvyLSxwITpTss6RLs2ZPnSfO0altV+84q1y7yOoqwBwdQARvOoAbXUIcGEHiEZ3iFN+PJeDHejY/paMHIM7vwB8bnD1V2m3Q=</latexit><latexit sha1_base64="3+UCFg8RxU8vXcV3k+cvxWatpIY=">AAACEHicbVC7SgNBFL0bXzG+Vi1tRoMYm7grgmIVtBGxiGAekF2W2dlJMmT2wcysEJZ8go2/YmOhiK2lnX/jJNlCowcGDufcw517/IQzqSzryyjMzS8sLhWXSyura+sb5uZWU8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8weXYb91TIVkc3alhQt0Q9yLWZQQrLXnmQeYQzNHFqOLc6FSAPd9RMbo+cnadRDKUq4eeWbaq1gToL7FzUoYcdc/8dIKYpCGNFOFYyo5tJcrNsFCMcDoqOamkCSYD3KMdTSMcUulmk4NGaF8rAerGQr9IoYn6M5HhUMph6OvJEKu+nPXG4n9eJ1XdMzdjUZIqGpHpom7KkT553A4KmKBE8aEmmAim/4pIHwtMlO6wpEuwZ0/+S5rHVduq2rcn5dp5XkcRdmAPKmDDKdTgCurQAAIP8AQv8Go8Gs/Gm/E+HS0YeWYbfsH4+AZWtpt4</latexit><latexit sha1_base64="3+UCFg8RxU8vXcV3k+cvxWatpIY=">AAACEHicbVC7SgNBFL0bXzG+Vi1tRoMYm7grgmIVtBGxiGAekF2W2dlJMmT2wcysEJZ8go2/YmOhiK2lnX/jJNlCowcGDufcw517/IQzqSzryyjMzS8sLhWXSyura+sb5uZWU8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8weXYb91TIVkc3alhQt0Q9yLWZQQrLXnmQeYQzNHFqOLc6FSAPd9RMbo+cnadRDKUq4eeWbaq1gToL7FzUoYcdc/8dIKYpCGNFOFYyo5tJcrNsFCMcDoqOamkCSYD3KMdTSMcUulmk4NGaF8rAerGQr9IoYn6M5HhUMph6OvJEKu+nPXG4n9eJ1XdMzdjUZIqGpHpom7KkT553A4KmKBE8aEmmAim/4pIHwtMlO6wpEuwZ0/+S5rHVduq2rcn5dp5XkcRdmAPKmDDKdTgCurQAAIP8AQv8Go8Gs/Gm/E+HS0YeWYbfsH4+AZWtpt4</latexit><latexit sha1_base64="3+UCFg8RxU8vXcV3k+cvxWatpIY=">AAACEHicbVC7SgNBFL0bXzG+Vi1tRoMYm7grgmIVtBGxiGAekF2W2dlJMmT2wcysEJZ8go2/YmOhiK2lnX/jJNlCowcGDufcw517/IQzqSzryyjMzS8sLhWXSyura+sb5uZWU8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8weXYb91TIVkc3alhQt0Q9yLWZQQrLXnmQeYQzNHFqOLc6FSAPd9RMbo+cnadRDKUq4eeWbaq1gToL7FzUoYcdc/8dIKYpCGNFOFYyo5tJcrNsFCMcDoqOamkCSYD3KMdTSMcUulmk4NGaF8rAerGQr9IoYn6M5HhUMph6OvJEKu+nPXG4n9eJ1XdMzdjUZIqGpHpom7KkT553A4KmKBE8aEmmAim/4pIHwtMlO6wpEuwZ0/+S5rHVduq2rcn5dp5XkcRdmAPKmDDKdTgCurQAAIP8AQv8Go8Gs/Gm/E+HS0YeWYbfsH4+AZWtpt4</latexit><latexit sha1_base64="3+UCFg8RxU8vXcV3k+cvxWatpIY=">AAACEHicbVC7SgNBFL0bXzG+Vi1tRoMYm7grgmIVtBGxiGAekF2W2dlJMmT2wcysEJZ8go2/YmOhiK2lnX/jJNlCowcGDufcw517/IQzqSzryyjMzS8sLhWXSyura+sb5uZWU8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8weXYb91TIVkc3alhQt0Q9yLWZQQrLXnmQeYQzNHFqOLc6FSAPd9RMbo+cnadRDKUq4eeWbaq1gToL7FzUoYcdc/8dIKYpCGNFOFYyo5tJcrNsFCMcDoqOamkCSYD3KMdTSMcUulmk4NGaF8rAerGQr9IoYn6M5HhUMph6OvJEKu+nPXG4n9eJ1XdMzdjUZIqGpHpom7KkT553A4KmKBE8aEmmAim/4pIHwtMlO6wpEuwZ0/+S5rHVduq2rcn5dp5XkcRdmAPKmDDKdTgCurQAAIP8AQv8Go8Gs/Gm/E+HS0YeWYbfsH4+AZWtpt4</latexit><latexit sha1_base64="3+UCFg8RxU8vXcV3k+cvxWatpIY=">AAACEHicbVC7SgNBFL0bXzG+Vi1tRoMYm7grgmIVtBGxiGAekF2W2dlJMmT2wcysEJZ8go2/YmOhiK2lnX/jJNlCowcGDufcw517/IQzqSzryyjMzS8sLhWXSyura+sb5uZWU8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8weXYb91TIVkc3alhQt0Q9yLWZQQrLXnmQeYQzNHFqOLc6FSAPd9RMbo+cnadRDKUq4eeWbaq1gToL7FzUoYcdc/8dIKYpCGNFOFYyo5tJcrNsFCMcDoqOamkCSYD3KMdTSMcUulmk4NGaF8rAerGQr9IoYn6M5HhUMph6OvJEKu+nPXG4n9eJ1XdMzdjUZIqGpHpom7KkT553A4KmKBE8aEmmAim/4pIHwtMlO6wpEuwZ0/+S5rHVduq2rcn5dp5XkcRdmAPKmDDKdTgCurQAAIP8AQv8Go8Gs/Gm/E+HS0YeWYbfsH4+AZWtpt4</latexit><latexit sha1_base64="3+UCFg8RxU8vXcV3k+cvxWatpIY=">AAACEHicbVC7SgNBFL0bXzG+Vi1tRoMYm7grgmIVtBGxiGAekF2W2dlJMmT2wcysEJZ8go2/YmOhiK2lnX/jJNlCowcGDufcw517/IQzqSzryyjMzS8sLhWXSyura+sb5uZWU8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8weXYb91TIVkc3alhQt0Q9yLWZQQrLXnmQeYQzNHFqOLc6FSAPd9RMbo+cnadRDKUq4eeWbaq1gToL7FzUoYcdc/8dIKYpCGNFOFYyo5tJcrNsFCMcDoqOamkCSYD3KMdTSMcUulmk4NGaF8rAerGQr9IoYn6M5HhUMph6OvJEKu+nPXG4n9eJ1XdMzdjUZIqGpHpom7KkT553A4KmKBE8aEmmAim/4pIHwtMlO6wpEuwZ0/+S5rHVduq2rcn5dp5XkcRdmAPKmDDKdTgCurQAAIP8AQv8Go8Gs/Gm/E+HS0YeWYbfsH4+AZWtpt4</latexit>

f⇤b/fd
<latexit sha1_base64="P4Bcaw9Wf10OM+9yzDjJpP3M65g=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVU1EUFwV3LhwUcE+oA1hMpm0QyeTMDNRSuynuHGhiFu/xJ1/47TNQlsPDBzOOZd75wQpZ0o7zrdVWlldW98ob1a2tnd29+zqflslmSS0RRKeyG6AFeVM0JZmmtNuKimOA047weh66nceqFQsEfd6nFIvxgPBIkawNpJvVyM/79+afIj9YHIa+aFv15y6MwNaJm5BalCg6dtf/TAhWUyFJhwr1XOdVHs5lpoRTieVfqZoiskID2jPUIFjqrx8dvoEHRslRFEizRMazdTfEzmOlRrHgUnGWA/VojcV//N6mY4uvZyJNNNUkPmiKONIJ2jaAwqZpETzsSGYSGZuRWSIJSbatFUxJbiLX14m7bO669Tdu/Na46qoowyHcAQn4MIFNOAGmtACAo/wDK/wZj1ZL9a79TGPlqxi5gD+wPr8AfBxk8A=</latexit><latexit sha1_base64="P4Bcaw9Wf10OM+9yzDjJpP3M65g=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVU1EUFwV3LhwUcE+oA1hMpm0QyeTMDNRSuynuHGhiFu/xJ1/47TNQlsPDBzOOZd75wQpZ0o7zrdVWlldW98ob1a2tnd29+zqflslmSS0RRKeyG6AFeVM0JZmmtNuKimOA047weh66nceqFQsEfd6nFIvxgPBIkawNpJvVyM/79+afIj9YHIa+aFv15y6MwNaJm5BalCg6dtf/TAhWUyFJhwr1XOdVHs5lpoRTieVfqZoiskID2jPUIFjqrx8dvoEHRslRFEizRMazdTfEzmOlRrHgUnGWA/VojcV//N6mY4uvZyJNNNUkPmiKONIJ2jaAwqZpETzsSGYSGZuRWSIJSbatFUxJbiLX14m7bO669Tdu/Na46qoowyHcAQn4MIFNOAGmtACAo/wDK/wZj1ZL9a79TGPlqxi5gD+wPr8AfBxk8A=</latexit><latexit sha1_base64="P4Bcaw9Wf10OM+9yzDjJpP3M65g=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVU1EUFwV3LhwUcE+oA1hMpm0QyeTMDNRSuynuHGhiFu/xJ1/47TNQlsPDBzOOZd75wQpZ0o7zrdVWlldW98ob1a2tnd29+zqflslmSS0RRKeyG6AFeVM0JZmmtNuKimOA047weh66nceqFQsEfd6nFIvxgPBIkawNpJvVyM/79+afIj9YHIa+aFv15y6MwNaJm5BalCg6dtf/TAhWUyFJhwr1XOdVHs5lpoRTieVfqZoiskID2jPUIFjqrx8dvoEHRslRFEizRMazdTfEzmOlRrHgUnGWA/VojcV//N6mY4uvZyJNNNUkPmiKONIJ2jaAwqZpETzsSGYSGZuRWSIJSbatFUxJbiLX14m7bO669Tdu/Na46qoowyHcAQn4MIFNOAGmtACAo/wDK/wZj1ZL9a79TGPlqxi5gD+wPr8AfBxk8A=</latexit><latexit sha1_base64="P4Bcaw9Wf10OM+9yzDjJpP3M65g=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVU1EUFwV3LhwUcE+oA1hMpm0QyeTMDNRSuynuHGhiFu/xJ1/47TNQlsPDBzOOZd75wQpZ0o7zrdVWlldW98ob1a2tnd29+zqflslmSS0RRKeyG6AFeVM0JZmmtNuKimOA047weh66nceqFQsEfd6nFIvxgPBIkawNpJvVyM/79+afIj9YHIa+aFv15y6MwNaJm5BalCg6dtf/TAhWUyFJhwr1XOdVHs5lpoRTieVfqZoiskID2jPUIFjqrx8dvoEHRslRFEizRMazdTfEzmOlRrHgUnGWA/VojcV//N6mY4uvZyJNNNUkPmiKONIJ2jaAwqZpETzsSGYSGZuRWSIJSbatFUxJbiLX14m7bO669Tdu/Na46qoowyHcAQn4MIFNOAGmtACAo/wDK/wZj1ZL9a79TGPlqxi5gD+wPr8AfBxk8A=</latexit>
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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,

Detmold et al. arXiv:1602.01399 

• We should observe significant signal 
at low q2 in the run 2 data set.
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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
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◆��
(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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value that can be chosen for K will depend on the avail-
able set of experimental measurements and theory inputs.

III. EXPERIMENTAL CONSTRAINTS

According to the LSZ reduction formula [24], the am-
plitudes for the decays B ! K⇤ n (with  1 = J/ and
 2 =  (2S)) are defined by the residues of the functions
H�(q2) on the  n poles:

H�(q
2 ! M2

 n
) ⇠

M nf⇤
 n

A n

�

M2
B(q2 � M2

 n
)

+ · · · , (8)

where the dots represent regular terms. Here
h0|jµem| n(q, ")i = M nf⇤

 n
"µ, and A n

� are the B !
K⇤ n transversity amplitudes. The most precise con-
straints on these amplitudes can be obtained from
Babar [25, 26], Belle [27–29] and LHCb [30].

We use the data to produce two sets of five pseudo-
observables (three magnitudes and two relative phases
on each resonance):

|r n

? |, |r n

k |, |r n
0 |, arg{r n

? r n⇤
0 }, arg{r n

k r n⇤
0 }, (9)

where

r n

� ⌘ Res
q2!M2

 n

H�(q2)

F�(q2)
⇠

M nf⇤
 n

A n

�

M2
B F�(M2

 n
)

. (10)

The numerical values for these pseudo-observables are
obtained from the posterior-predictive distributions of
a Bayesian fit. The inputs for this fit and the results
are provided for completeness in the appendix. These
pseudo-observables will act as constraints on the param-
eters of the correlators at z = 0.18 and z = �0.44.

IV. THEORY CONSTRAINTS

At q2 < 0 the functions H� can be calculated with
the current approaches for the large recoil region. We

k 0 1 2

Re[↵(?)
k ] �0.06 ± 0.21 �6.77 ± 0.27 18.96 ± 0.59

Re[↵(k)
k ] �0.35 ± 0.62 �3.13 ± 0.41 12.20 ± 1.34

Re[↵(0)
k ] 0.05 ± 1.52 17.26 ± 1.64 –

Im[↵(?)
k ] �0.21 ± 2.25 1.17 ± 3.58 �0.08 ± 2.24

Im[↵(k)
k ] �0.04 ± 3.67 �2.14 ± 2.46 6.03 ± 2.50

Im[↵(0)
k ] �0.05 ± 4.99 4.29 ± 3.14 –

TABLE I. Mean values and standard deviations (in units of

10�4) of the prior PDF for the parameters ↵(�)
k .
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FIG. 1. Results of the prior and posterior fits for the ratio
Re[Ĥ?(z)]/F?(z). See the text for details.

use QCD-factorization at next-to-leading order in ↵s, in-
cluding the form factor terms and hard-spectator con-
tributions [12, 31]. In addition, we include [32] the
soft-gluon correction calculated via a LCSR in Ref. [13].
For the form factors we use the results from the LCSR
with B-meson distribution amplitudes [2], in order to
have a mutually consistent description of form factors
and non-local contributions and benefit from theoret-
ical correlations among both. In this way we com-
pute the ratios H�(q2)/F�(q2) at the points q2 =
{�7, �5, �3, �1} GeV2. These ratios are used as pseudo-
observables to constrain the parameters in Eq. (6) at
z = {0.52, 0.50, 0.48, 0.46}. Further details and results
are presented for completeness in the appendix. We em-
phasize that no theory is used at q2 � 0 at all.

V. SM PREDICTIONS

We now perform a fit of Eq. (6) to the combined ex-
perimental and theoretical constraints described above in
Sections III and IV. We find that Eq. (6) with K = 2 pro-
vides an excellent fit to all inputs, with a p-value of 0.91.
All 1D-marginalised posteriors are reasonably symmet-
ric around their modes. The result of this fit is a set of
correlated values for the complex parameters ↵(�)

k , which
are summarized in Table I. These values lead to a de-
termination of the non-local correlator in Eq. (2) that is
consistent with the B ! K⇤ n measurements, the theory
calculations at negative q2, and it is independent of new
physics in semileptonic operators. Thus, unlike Ref. [33],
this is a genuine SM determination.

The gray band in Fig. 1 shows the result of this “prior”
fit for the case of the real part of H?(q2). Similar plots
for the other correlators are provided in the appendix for
completeness.

With these results at hand, we can compute SM pre-

• Could also apply techniques 
from [EPJC 78 (2018) 451] to low 
q2 region. 

• External input wanted on 
decay amplitudes for J/𝜓Λ 
and 𝜓(2S)Λ.

[Bobeth et al. EPJC 78 (2018) 451]

• We should observe significant signal 
at low q2 in the run 2 data set.



Λb ➞ J/𝜓Λ angular distribution

• Parameterised by five decay angles:  

➡ Polar and azimuthal helicity angles for the Λ 
and J/𝜓 system and 𝜃 defined by.   ,                   
where                            .  

• Described by 4 helicity amplitudes.            , the 
Λb production polarisation and the Λ asymmetry 
parameter 𝛼. 

➡ Amplitudes are 
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ŷ��̄

�
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<latexit sha1_base64="9wndCP8EQofGeVgrB9+92UEWwI0=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0RFE8BLx4jmAckS5idzCZDZmeWmV4hLPkILx4U8er3ePNvnCR70MSChqKqm+6uKJXCou9/e2vrG5tb26Wd8u7e/sFh5ei4ZXVmGG8yLbXpRNRyKRRvokDJO6nhNIkkb0fju5nffuLGCq0ecZLyMKFDJWLBKDqp3RtRzNW0X6n6NX8OskqCglShQKNf+eoNNMsSrpBJam038FMMc2pQMMmn5V5meUrZmA5511FFE27DfH7ulJw7ZUBibVwpJHP190ROE2snSeQ6E4oju+zNxP+8bobxTZgLlWbIFVssijNJUJPZ72QgDGcoJ45QZoS7lbARNZShS6jsQgiWX14lrcta4NeCh6tq/baIowSncAYXEMA11OEeGtAEBmN4hld481LvxXv3Phata14xcwJ/4H3+AJ6ij7c=</latexit><latexit sha1_base64="9wndCP8EQofGeVgrB9+92UEWwI0=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0RFE8BLx4jmAckS5idzCZDZmeWmV4hLPkILx4U8er3ePNvnCR70MSChqKqm+6uKJXCou9/e2vrG5tb26Wd8u7e/sFh5ei4ZXVmGG8yLbXpRNRyKRRvokDJO6nhNIkkb0fju5nffuLGCq0ecZLyMKFDJWLBKDqp3RtRzNW0X6n6NX8OskqCglShQKNf+eoNNMsSrpBJam038FMMc2pQMMmn5V5meUrZmA5511FFE27DfH7ulJw7ZUBibVwpJHP190ROE2snSeQ6E4oju+zNxP+8bobxTZgLlWbIFVssijNJUJPZ72QgDGcoJ45QZoS7lbARNZShS6jsQgiWX14lrcta4NeCh6tq/baIowSncAYXEMA11OEeGtAEBmN4hld481LvxXv3Phata14xcwJ/4H3+AJ6ij7c=</latexit><latexit sha1_base64="9wndCP8EQofGeVgrB9+92UEWwI0=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0RFE8BLx4jmAckS5idzCZDZmeWmV4hLPkILx4U8er3ePNvnCR70MSChqKqm+6uKJXCou9/e2vrG5tb26Wd8u7e/sFh5ei4ZXVmGG8yLbXpRNRyKRRvokDJO6nhNIkkb0fju5nffuLGCq0ecZLyMKFDJWLBKDqp3RtRzNW0X6n6NX8OskqCglShQKNf+eoNNMsSrpBJam038FMMc2pQMMmn5V5meUrZmA5511FFE27DfH7ulJw7ZUBibVwpJHP190ROE2snSeQ6E4oju+zNxP+8bobxTZgLlWbIFVssijNJUJPZ72QgDGcoJ45QZoS7lbARNZShS6jsQgiWX14lrcta4NeCh6tq/baIowSncAYXEMA11OEeGtAEBmN4hld481LvxXv3Phata14xcwJ/4H3+AJ6ij7c=</latexit><latexit sha1_base64="9wndCP8EQofGeVgrB9+92UEWwI0=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0RFE8BLx4jmAckS5idzCZDZmeWmV4hLPkILx4U8er3ePNvnCR70MSChqKqm+6uKJXCou9/e2vrG5tb26Wd8u7e/sFh5ei4ZXVmGG8yLbXpRNRyKRRvokDJO6nhNIkkb0fju5nffuLGCq0ecZLyMKFDJWLBKDqp3RtRzNW0X6n6NX8OskqCglShQKNf+eoNNMsSrpBJam038FMMc2pQMMmn5V5meUrZmA5511FFE27DfH7ulJw7ZUBibVwpJHP190ROE2snSeQ6E4oju+zNxP+8bobxTZgLlWbIFVssijNJUJPZ72QgDGcoJ45QZoS7lbARNZShS6jsQgiWX14lrcta4NeCh6tq/baIowSncAYXEMA11OEeGtAEBmN4hld481LvxXv3Phata14xcwJ/4H3+AJ6ij7c=</latexit>

n̂ = p̂beam ⇥ p̂⇤b
<latexit sha1_base64="f5l2QXFlcKatsjKJvgUB+FkdIe4=">AAACIHicbVDLSsNAFJ34rPVVdelmsAiuSiJCRRAKbly4qGAf0IQwmUzboZNJmLkRSsinuPFX3LhQRHf6NU7TLmrrgYHDOfcx9wSJ4Bps+9taWV1b39gsbZW3d3b39isHh20dp4qyFo1FrLoB0UxwyVrAQbBuohiJAsE6wehm4ncemdI8lg8wTpgXkYHkfU4JGMmv1N0hgUzm+BoXLMn9zFURDsyMHLvAI6bnnDszOSR+kPuVql2zC+Bl4sxIFc3Q9CtfbhjTNGISqCBa9xw7AS8jCjgVLC+7qWYJoSMyYD1DJTGLvaw4MMenRglxP1bmScCFOt+RkUjrcRSYyojAUC96E/E/r5dC/9LLuExSYJJOF/VTgSHGk7RwyBWjIMaGEKq4+SumQ6IIBZNp2YTgLJ68TNrnNceuOfcX1cbVLI4SOkYn6Aw5qI4a6BY1UQtR9IRe0Bt6t56tV+vD+pyWrlizniP0B9bPL96JpAE=</latexit><latexit sha1_base64="f5l2QXFlcKatsjKJvgUB+FkdIe4=">AAACIHicbVDLSsNAFJ34rPVVdelmsAiuSiJCRRAKbly4qGAf0IQwmUzboZNJmLkRSsinuPFX3LhQRHf6NU7TLmrrgYHDOfcx9wSJ4Bps+9taWV1b39gsbZW3d3b39isHh20dp4qyFo1FrLoB0UxwyVrAQbBuohiJAsE6wehm4ncemdI8lg8wTpgXkYHkfU4JGMmv1N0hgUzm+BoXLMn9zFURDsyMHLvAI6bnnDszOSR+kPuVql2zC+Bl4sxIFc3Q9CtfbhjTNGISqCBa9xw7AS8jCjgVLC+7qWYJoSMyYD1DJTGLvaw4MMenRglxP1bmScCFOt+RkUjrcRSYyojAUC96E/E/r5dC/9LLuExSYJJOF/VTgSHGk7RwyBWjIMaGEKq4+SumQ6IIBZNp2YTgLJ68TNrnNceuOfcX1cbVLI4SOkYn6Aw5qI4a6BY1UQtR9IRe0Bt6t56tV+vD+pyWrlizniP0B9bPL96JpAE=</latexit><latexit sha1_base64="f5l2QXFlcKatsjKJvgUB+FkdIe4=">AAACIHicbVDLSsNAFJ34rPVVdelmsAiuSiJCRRAKbly4qGAf0IQwmUzboZNJmLkRSsinuPFX3LhQRHf6NU7TLmrrgYHDOfcx9wSJ4Bps+9taWV1b39gsbZW3d3b39isHh20dp4qyFo1FrLoB0UxwyVrAQbBuohiJAsE6wehm4ncemdI8lg8wTpgXkYHkfU4JGMmv1N0hgUzm+BoXLMn9zFURDsyMHLvAI6bnnDszOSR+kPuVql2zC+Bl4sxIFc3Q9CtfbhjTNGISqCBa9xw7AS8jCjgVLC+7qWYJoSMyYD1DJTGLvaw4MMenRglxP1bmScCFOt+RkUjrcRSYyojAUC96E/E/r5dC/9LLuExSYJJOF/VTgSHGk7RwyBWjIMaGEKq4+SumQ6IIBZNp2YTgLJ68TNrnNceuOfcX1cbVLI4SOkYn6Aw5qI4a6BY1UQtR9IRe0Bt6t56tV+vD+pyWrlizniP0B9bPL96JpAE=</latexit><latexit sha1_base64="f5l2QXFlcKatsjKJvgUB+FkdIe4=">AAACIHicbVDLSsNAFJ34rPVVdelmsAiuSiJCRRAKbly4qGAf0IQwmUzboZNJmLkRSsinuPFX3LhQRHf6NU7TLmrrgYHDOfcx9wSJ4Bps+9taWV1b39gsbZW3d3b39isHh20dp4qyFo1FrLoB0UxwyVrAQbBuohiJAsE6wehm4ncemdI8lg8wTpgXkYHkfU4JGMmv1N0hgUzm+BoXLMn9zFURDsyMHLvAI6bnnDszOSR+kPuVql2zC+Bl4sxIFc3Q9CtfbhjTNGISqCBa9xw7AS8jCjgVLC+7qWYJoSMyYD1DJTGLvaw4MMenRglxP1bmScCFOt+RkUjrcRSYyojAUC96E/E/r5dC/9LLuExSYJJOF/VTgSHGk7RwyBWjIMaGEKq4+SumQ6IIBZNp2YTgLJ68TNrnNceuOfcX1cbVLI4SOkYn6Aw5qI4a6BY1UQtR9IRe0Bt6t56tV+vD+pyWrlizniP0B9bPL96JpAE=</latexit>

H�⇤,� 
<latexit sha1_base64="indWBDgWVqUnDABfJUaOfcBlHxU=">AAACDXicbZDLSsNAFIZP6q3WW9Slm2AVXEhJRFBcFdx04aKCvUAbwmQybYdOJmFmIpSQF3Djq7hxoYhb9+58G6dpQG39YeDjP+dw5vx+zKhUtv1llJaWV1bXyuuVjc2t7R1zd68to0Rg0sIRi0TXR5IwyklLUcVINxYEhT4jHX98Pa137omQNOJ3ahITN0RDTgcUI6UtzzxqeGmf6f4AabjJITv9cWJJs8wzq3bNzmUtglNAFQo1PfOzH0Q4CQlXmCEpe44dKzdFQlHMSFbpJ5LECI/RkPQ0chQS6ab5NZl1rJ3AGkRCP66s3P09kaJQykno684QqZGcr03N/2q9RA0u3ZTyOFGE49miQcIsFVnTaKyACoIVm2hAWFD9VwuPkEBY6QArOgRn/uRFaJ/VHLvm3J5X61dFHGU4gEM4AQcuoA4NaEILMDzAE7zAq/FoPBtvxvustWQUM/vwR8bHNzlGnEM=</latexit><latexit sha1_base64="indWBDgWVqUnDABfJUaOfcBlHxU=">AAACDXicbZDLSsNAFIZP6q3WW9Slm2AVXEhJRFBcFdx04aKCvUAbwmQybYdOJmFmIpSQF3Djq7hxoYhb9+58G6dpQG39YeDjP+dw5vx+zKhUtv1llJaWV1bXyuuVjc2t7R1zd68to0Rg0sIRi0TXR5IwyklLUcVINxYEhT4jHX98Pa137omQNOJ3ahITN0RDTgcUI6UtzzxqeGmf6f4AabjJITv9cWJJs8wzq3bNzmUtglNAFQo1PfOzH0Q4CQlXmCEpe44dKzdFQlHMSFbpJ5LECI/RkPQ0chQS6ab5NZl1rJ3AGkRCP66s3P09kaJQykno684QqZGcr03N/2q9RA0u3ZTyOFGE49miQcIsFVnTaKyACoIVm2hAWFD9VwuPkEBY6QArOgRn/uRFaJ/VHLvm3J5X61dFHGU4gEM4AQcuoA4NaEILMDzAE7zAq/FoPBtvxvustWQUM/vwR8bHNzlGnEM=</latexit><latexit sha1_base64="indWBDgWVqUnDABfJUaOfcBlHxU=">AAACDXicbZDLSsNAFIZP6q3WW9Slm2AVXEhJRFBcFdx04aKCvUAbwmQybYdOJmFmIpSQF3Djq7hxoYhb9+58G6dpQG39YeDjP+dw5vx+zKhUtv1llJaWV1bXyuuVjc2t7R1zd68to0Rg0sIRi0TXR5IwyklLUcVINxYEhT4jHX98Pa137omQNOJ3ahITN0RDTgcUI6UtzzxqeGmf6f4AabjJITv9cWJJs8wzq3bNzmUtglNAFQo1PfOzH0Q4CQlXmCEpe44dKzdFQlHMSFbpJ5LECI/RkPQ0chQS6ab5NZl1rJ3AGkRCP66s3P09kaJQykno684QqZGcr03N/2q9RA0u3ZTyOFGE49miQcIsFVnTaKyACoIVm2hAWFD9VwuPkEBY6QArOgRn/uRFaJ/VHLvm3J5X61dFHGU4gEM4AQcuoA4NaEILMDzAE7zAq/FoPBtvxvustWQUM/vwR8bHNzlGnEM=</latexit><latexit sha1_base64="indWBDgWVqUnDABfJUaOfcBlHxU=">AAACDXicbZDLSsNAFIZP6q3WW9Slm2AVXEhJRFBcFdx04aKCvUAbwmQybYdOJmFmIpSQF3Djq7hxoYhb9+58G6dpQG39YeDjP+dw5vx+zKhUtv1llJaWV1bXyuuVjc2t7R1zd68to0Rg0sIRi0TXR5IwyklLUcVINxYEhT4jHX98Pa137omQNOJ3ahITN0RDTgcUI6UtzzxqeGmf6f4AabjJITv9cWJJs8wzq3bNzmUtglNAFQo1PfOzH0Q4CQlXmCEpe44dKzdFQlHMSFbpJ5LECI/RkPQ0chQS6ab5NZl1rJ3AGkRCP66s3P09kaJQykno684QqZGcr03N/2q9RA0u3ZTyOFGE49miQcIsFVnTaKyACoIVm2hAWFD9VwuPkEBY6QArOgRn/uRFaJ/VHLvm3J5X61dFHGU4gEM4AQcuoA4NaEILMDzAE7zAq/FoPBtvxvustWQUM/vwR8bHNzlGnEM=</latexit>

a� = H�1/2, 0

a+ = H+1/2, 0

b� = H+1/2,+1

b+ = H�1/2,�1
<latexit sha1_base64="ee0N6G4KvVwv9d6qh6PydqPoWZw="></latexit><latexit sha1_base64="ee0N6G4KvVwv9d6qh6PydqPoWZw="></latexit><latexit sha1_base64="ee0N6G4KvVwv9d6qh6PydqPoWZw="></latexit><latexit sha1_base64="ee0N6G4KvVwv9d6qh6PydqPoWZw="></latexit>

See, e.g. 
T. Blake & M. Kreps arXiv:1710.00746,
J. Hrivnac et al. arXiv:hep-ph/9405231



Observables
• Large number of observables 

vanish if the Λb 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:                     .
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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
<latexit sha1_base64="pqg1yRRvZrEEpkjpHn2VxLM5Bdo=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWQRDLjAiKq4IblxXsBdphyKSZNjSThCQjlqG48VXcuFDErU/hzrcxbQfR1h8CH/85h5PzR5JRbTzvyyksLC4trxRXS2vrG5tb7vZOQ4tUYVLHggnVipAmjHJSN9Qw0pKKoCRipBkNrsb15h1Rmgp+a4aSBAnqcRpTjIy1QncPhcewg6RU4h5G4ckPe6Fb9ireRHAe/BzKIFctdD87XYHThHCDGdK67XvSBBlShmJGRqVOqolEeIB6pG2Ro4ToIJucMIKH1unCWCj7uIET9/dEhhKth0lkOxNk+nq2Njb/q7VTE18EGeUyNYTj6aI4ZdAIOM4Ddqki2LChBYQVtX+FuI8UwsamVrIh+LMnz0PjtOJ7Ff/mrFy9zOMogn1wAI6AD85BFVyDGqgDDB7AE3gBr86j8+y8Oe/T1oKTz+yCP3I+vgFWOZYS</latexit><latexit sha1_base64="pqg1yRRvZrEEpkjpHn2VxLM5Bdo=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWQRDLjAiKq4IblxXsBdphyKSZNjSThCQjlqG48VXcuFDErU/hzrcxbQfR1h8CH/85h5PzR5JRbTzvyyksLC4trxRXS2vrG5tb7vZOQ4tUYVLHggnVipAmjHJSN9Qw0pKKoCRipBkNrsb15h1Rmgp+a4aSBAnqcRpTjIy1QncPhcewg6RU4h5G4ckPe6Fb9ireRHAe/BzKIFctdD87XYHThHCDGdK67XvSBBlShmJGRqVOqolEeIB6pG2Ro4ToIJucMIKH1unCWCj7uIET9/dEhhKth0lkOxNk+nq2Njb/q7VTE18EGeUyNYTj6aI4ZdAIOM4Ddqki2LChBYQVtX+FuI8UwsamVrIh+LMnz0PjtOJ7Ff/mrFy9zOMogn1wAI6AD85BFVyDGqgDDB7AE3gBr86j8+y8Oe/T1oKTz+yCP3I+vgFWOZYS</latexit><latexit sha1_base64="pqg1yRRvZrEEpkjpHn2VxLM5Bdo=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWQRDLjAiKq4IblxXsBdphyKSZNjSThCQjlqG48VXcuFDErU/hzrcxbQfR1h8CH/85h5PzR5JRbTzvyyksLC4trxRXS2vrG5tb7vZOQ4tUYVLHggnVipAmjHJSN9Qw0pKKoCRipBkNrsb15h1Rmgp+a4aSBAnqcRpTjIy1QncPhcewg6RU4h5G4ckPe6Fb9ireRHAe/BzKIFctdD87XYHThHCDGdK67XvSBBlShmJGRqVOqolEeIB6pG2Ro4ToIJucMIKH1unCWCj7uIET9/dEhhKth0lkOxNk+nq2Njb/q7VTE18EGeUyNYTj6aI4ZdAIOM4Ddqki2LChBYQVtX+FuI8UwsamVrIh+LMnz0PjtOJ7Ff/mrFy9zOMogn1wAI6AD85BFVyDGqgDDB7AE3gBr86j8+y8Oe/T1oKTz+yCP3I+vgFWOZYS</latexit><latexit sha1_base64="pqg1yRRvZrEEpkjpHn2VxLM5Bdo=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWQRDLjAiKq4IblxXsBdphyKSZNjSThCQjlqG48VXcuFDErU/hzrcxbQfR1h8CH/85h5PzR5JRbTzvyyksLC4trxRXS2vrG5tb7vZOQ4tUYVLHggnVipAmjHJSN9Qw0pKKoCRipBkNrsb15h1Rmgp+a4aSBAnqcRpTjIy1QncPhcewg6RU4h5G4ckPe6Fb9ireRHAe/BzKIFctdD87XYHThHCDGdK67XvSBBlShmJGRqVOqolEeIB6pG2Ro4ToIJucMIKH1unCWCj7uIET9/dEhhKth0lkOxNk+nq2Njb/q7VTE18EGeUyNYTj6aI4ZdAIOM4Ddqki2LChBYQVtX+FuI8UwsamVrIh+LMnz0PjtOJ7Ff/mrFy9zOMogn1wAI6AD85BFVyDGqgDDB7AE3gBr86j8+y8Oe/T1oKTz+yCP3I+vgFWOZYS</latexit>



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

larger than current world average value:  

• The larger BESIII value likely solves the problems with the existing 
LHCb, 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]. 

• Old measurements of 𝛼 had to determine the proton polarisation from 
secondary scattering.  

• Impacts interpretation of the Λb ➞ Λ𝜇+𝜇− angular observables.
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↵⇤ = 0.642± 0.013
<latexit sha1_base64="wxiqk/hU++YU/9lvCHomkUYWUwg=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqszUoiIIBTcuXFSwD+gMw50004ZmHiQZoQzdu/FX3LhQxK0/4M6/MW1noa0HQg7n3ENyj59wJpVlfRuFldW19Y3iZmlre2d3z9w/aMs4FYS2SMxj0fVBUs4i2lJMcdpNBIXQ57Tjj66nfueBCsni6F6NE+qGMIhYwAgoLXlm2QGeDMHLnFsd6sMEX2GrelavYScJNbPsU8+s6HsGvEzsnFRQjqZnfjn9mKQhjRThIGXPthLlZiAUI5xOSk4qaQJkBAPa0zSCkEo3m+0ywcda6eMgFvpECs/U34kMQinHoa8nQ1BDuehNxf+8XqqCCzdjUZIqGpH5Q0HKsYrxtBjcZ4ISxceaABFM/xWTIQggStdX0iXYiysvk3ataltV+65eaVzmdRTRESqjE2Sjc9RAN6iJWoigR/SMXtGb8WS8GO/Gx3y0YOSZQ/QHxucPrEiYLw==</latexit><latexit sha1_base64="wxiqk/hU++YU/9lvCHomkUYWUwg=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqszUoiIIBTcuXFSwD+gMw50004ZmHiQZoQzdu/FX3LhQxK0/4M6/MW1noa0HQg7n3ENyj59wJpVlfRuFldW19Y3iZmlre2d3z9w/aMs4FYS2SMxj0fVBUs4i2lJMcdpNBIXQ57Tjj66nfueBCsni6F6NE+qGMIhYwAgoLXlm2QGeDMHLnFsd6sMEX2GrelavYScJNbPsU8+s6HsGvEzsnFRQjqZnfjn9mKQhjRThIGXPthLlZiAUI5xOSk4qaQJkBAPa0zSCkEo3m+0ywcda6eMgFvpECs/U34kMQinHoa8nQ1BDuehNxf+8XqqCCzdjUZIqGpH5Q0HKsYrxtBjcZ4ISxceaABFM/xWTIQggStdX0iXYiysvk3ataltV+65eaVzmdRTRESqjE2Sjc9RAN6iJWoigR/SMXtGb8WS8GO/Gx3y0YOSZQ/QHxucPrEiYLw==</latexit><latexit sha1_base64="wxiqk/hU++YU/9lvCHomkUYWUwg=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqszUoiIIBTcuXFSwD+gMw50004ZmHiQZoQzdu/FX3LhQxK0/4M6/MW1noa0HQg7n3ENyj59wJpVlfRuFldW19Y3iZmlre2d3z9w/aMs4FYS2SMxj0fVBUs4i2lJMcdpNBIXQ57Tjj66nfueBCsni6F6NE+qGMIhYwAgoLXlm2QGeDMHLnFsd6sMEX2GrelavYScJNbPsU8+s6HsGvEzsnFRQjqZnfjn9mKQhjRThIGXPthLlZiAUI5xOSk4qaQJkBAPa0zSCkEo3m+0ywcda6eMgFvpECs/U34kMQinHoa8nQ1BDuehNxf+8XqqCCzdjUZIqGpH5Q0HKsYrxtBjcZ4ISxceaABFM/xWTIQggStdX0iXYiysvk3ataltV+65eaVzmdRTRESqjE2Sjc9RAN6iJWoigR/SMXtGb8WS8GO/Gx3y0YOSZQ/QHxucPrEiYLw==</latexit><latexit sha1_base64="wxiqk/hU++YU/9lvCHomkUYWUwg=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqszUoiIIBTcuXFSwD+gMw50004ZmHiQZoQzdu/FX3LhQxK0/4M6/MW1noa0HQg7n3ENyj59wJpVlfRuFldW19Y3iZmlre2d3z9w/aMs4FYS2SMxj0fVBUs4i2lJMcdpNBIXQ57Tjj66nfueBCsni6F6NE+qGMIhYwAgoLXlm2QGeDMHLnFsd6sMEX2GrelavYScJNbPsU8+s6HsGvEzsnFRQjqZnfjn9mKQhjRThIGXPthLlZiAUI5xOSk4qaQJkBAPa0zSCkEo3m+0ywcda6eMgFvpECs/U34kMQinHoa8nQ1BDuehNxf+8XqqCCzdjUZIqGpH5Q0HKsYrxtBjcZ4ISxceaABFM/xWTIQggStdX0iXYiysvk3ataltV+65eaVzmdRTRESqjE2Sjc9RAN6iJWoigR/SMXtGb8WS8GO/Gx3y0YOSZQ/QHxucPrEiYLw==</latexit>
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PDG

BESIII



Updated global fit
• 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 the  
anomalies (best-fit point is close  
to the one obtained using meson  
data).
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[DvD, SM & TB, preliminary]

B(Bs ! µ+µ�)
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Polarised Λb baryons?
• Large number of new observables would be available if the Λb baryons 

were produced polarised, see [T. Blake & M. Kreps JHEP 11 (2017) 138].  

• Polarisation is small at LHC, but is large in Z0 decays  
[ALEPH,  PLB 365 (1996) 437-447], [OPAL,  PLB 444 (1998) 539-554], 
[DELPHI, PLB 474 (2000) 205-222]  

• Long-term, could perform these measurements at a future e+e− collider,  
e.g. expect 5 x 1012 Z0’s at FCC-ee  [A. Abada et al, EPJC 79 (2019) 474]. 

➡ O(1000) reconstructible Λb ➞ Λ𝜇+𝜇- decays at low-recoil.  

• Could we also exploit the large     cross-section at ATLAS and CMS as 
a source of polarised b-baryons? 
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Λb ➞pK𝜇+𝜇−

• First observed in the 
LHCb Run 1 data set.  

• Measured CP and triple 
product asymmetries 
(null result).  

• Branching fraction 
measurement and 
angular analysis 
complicated by the 
presence of a large 
number of overlapping 
Λ* resonances with 
different JPC.
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https://doi.org/10.1007/JHEP06(2017)108


Λb ➞ J/𝜓pK
• An amplitude analysis of  

J/𝜓pK was carried out as 
part of the original 
pentaquark observation 
paper.  
[PRL 115 (2015) 072001] 

• Data dominated by Λ(1520) 
(with JPC = 3/2−) at low pK 
mass. However, there are still 
large contributions from other 
resonances that are difficult 
to disentangle.
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Λb ➞pK𝜇+𝜇−
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[LHCb, PRL 117 (2016) 082002]

• Large number of 
overlapping Λ* resonances 
with different JPC. 

• Can separate using an 
amplitude analysis of the 
pK𝜇+𝜇− system.  

• Simple first step, perform a 
moment analysis in bins on 
pK mass (and q2).
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c.f. Λb ➞ J/𝜓pK model 
independent analysis in 

[LHCb, PRL 117 (2016) 082002]



Λb ➞pK𝜇+𝜇−

• Even if we cannot separate the different Λ* resonances, can still 
perform clean tests of the SM through LFU ratios.  

✓ Decay has different sources of experimental background to 
B ➞K*0𝜇+𝜇−.
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Other b-baryon decays
• What other b➞s𝜇+𝜇− baryonic decays could we look for in the 

Run II/upgrade data sets?  

➡  Ξb−→Ξ−𝜇+𝜇− (with Ξ− →Λ𝝅−) 

➡ 𝛺b−→𝛺−𝜇+𝜇− (with 𝛺− →ΛK−) 

• From TeVatron: 
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Decay chains involve 
two long-lived particles 
⇒ low efficiency

f⌅�
b

f⇤b

= 0.167± 0.037± 0.012 ,

f⌦�
b

f⇤b

= 0.045± 0.017± 0.004 ,
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[CDF , PRD 80 (2009) 072003]
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Other b-baryon decays
• What other b➞s𝜇+𝜇− baryonic decays could we look for in the 

Run II/upgrade data sets?  

➡  Ξb−→Ξ−𝜇+𝜇− (with Ξ− →Λ𝝅−) 

➡ 𝛺b→𝛺−𝜇+𝜇− (with 𝛺− →ΛK−) 

• Based on LHCb measurements of Ξb−→Ξ−J/𝜓 and 𝛺b→𝛺−J/𝜓  
[PLB 736 (2014) 154] expect: 
➡ O(10) Ξb−→Ξ−𝜇+𝜇−  
➡ O(2)   𝛺b→𝛺−J/𝜓 

decays to be reconstructible in the Run 2 data set. 
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Decay chains involve 
two long-lived particles 
⇒ low efficiency



Other b-baryon decays
• What other b➞s𝜇+𝜇− baryonic decays could we look for in the 

Run II/upgrade data sets?  

➡  Ξb−→Ξ−𝜇+𝜇− (with Ξ− →Λ𝝅−) 

➡ 𝛺b→𝛺−𝜇+𝜇− (with 𝛺− →ΛK−) 

• Should be theoretically clean due to weak decays of Ξ and 𝛺.  

• Described by a 5 or 7 (when considering the subsequent Λ 
decay) dimensional angular distribution:  

➡ Do we get additional NP sensitivity by probing the Λ helicity? 
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Decay chains involve 
two long-lived particles 
⇒ low efficiency
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Λb ➞p𝜋𝜇+𝜇−

• Mediated by a b➝d𝜇+𝜇− FCNC.  

• First observation with 5.5𝜎 
significance (22±6 decays) in the 
LHCb Run 1 dataset.  

• Same conceptual issue as pK𝜇+𝜇− 

when comparing to theory 
predictions:  

➡ Large number of overlapping N* 
resonances with different JPC.
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Λb ➞ J/𝜓p𝜋
• An amplitude analysis of 
Λb ➞ J/𝜓p𝜋  has been 
carried out to search for 
exotic states in  
[LHCb, PRL 117 (2016) 082003].  

• To describe the data 
need to consider a 
number of overlapping 
N* resonances along 
with a broad non-
resonant contribution.
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Other b-baryon decays
• What about b➞d𝜇+𝜇− decays to ground-state baryons?  

➡ Λb➞n𝜇+𝜇−  

➡ Ξb➞Λ𝜇+𝜇−  

➡ …

 23

𝙭 neutron in final-state

Decays are isospin 
violating, expect 
negligible rate.



Radiative Λb decays
• Photon polarisation can be determined from the angular distribution of 

baryonic decays, 

• Λb ➞ Λ𝛾 

• Λb ➞ Λ*𝛾 

• Only have sensitivity from     in Λb ➞ Λ𝛾 given due to small size of Pb.
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Radiative Λb decays
• Using Λb ➞ Λ𝛾 expect sensitivity to 𝛼𝛾 of:  

➡ 25% with Run 2 dataset 

➡ 15% with 23fb-1 

➡ 4%   with 300fb-1 

• We will also measure the CP asymmetry of Λb ➞pK𝛾  and Λb ➞p𝜋𝛾. 
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[LHCb, Upgrade II physics case, arXiv:1808.08865].
Note, this uses the old PDG value of 𝛼Λ. 
Expect a 17% improvement with the 
larger BESIII value.    



Other radiative decays
• Could also look at Ξb−→Ξ−𝛾 (with Ξ− →Λ𝝅−): 

➡ Involves two weak decays and will be challenging to reconstruct 
experimentally. 

➡ Expect O(10) candidates in the LHCb Run 2 data set. 

• More complex angular distribution given by: 

• Expect sensitivity of 40% (10%) on 𝛼𝛾 with 23fb-1 (300fb-1)  
[LHCb, Upgrade II physics case, arXiv:1808.08865]. 
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Summary
• Large number of different processes could be studied with the data 

collected during Runs 2+ of the LHC.  

• Often have a trade-off between ease of the experimental measurement 
and theoretical complexity,  

e.g. in dealing with overlapping states in ph−𝜇+𝜇−. 
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Λb ➞ Λ𝜇+𝜇-  branching fraction

• New numbers use:  

with 

assuming 

where
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f⇤b ⇥ B(⇤b ! J/ ⇤) = (5.8± 0.8)⇥ 10�5 ,
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[PDG 2018]

fbaryon = 0.218± 0.047
<latexit sha1_base64="vkzpHpuKrw2y7Vpc7zyAgCIxlVs=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPI12DDYEYeDF4wT3AmspaZZuYUlaklQoZVcvfhUvHhTx6jfw5rcx23rQzQdCfvz/z0Py/MOEUaUd59sqbWxube+Udyt7+weHR/bxSU/FqcSki2MWy0GIFGFUkK6mmpFBIgniISP9cHoz9/sPRCoai3udJcTnaCxoRDHSRgpsGAW5JzkMkcxiMYPX0KnV3Rb0Em7IaTQDu2ruRcF1cAuogqI6gf3ljWKcciI0Zkipoesk2s+R1BQzMqt4qSIJwlM0JkODAnGi/HyxyQxeGGUEo1iaIzRcqL8ncsSVynhoOjnSE7XqzcX/vGGqo5afU5Gkmgi8fChKGdQxnMcCR1QSrFlmAGFJzV8hniCJsDbhVUwI7urK69Cr11yn5t41qu2rIo4yOAPn4BK4oAna4BZ0QBdg8AiewSt4s56sF+vd+li2lqxi5hT8KevzB0NDl24=</latexit><latexit sha1_base64="vkzpHpuKrw2y7Vpc7zyAgCIxlVs=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPI12DDYEYeDF4wT3AmspaZZuYUlaklQoZVcvfhUvHhTx6jfw5rcx23rQzQdCfvz/z0Py/MOEUaUd59sqbWxube+Udyt7+weHR/bxSU/FqcSki2MWy0GIFGFUkK6mmpFBIgniISP9cHoz9/sPRCoai3udJcTnaCxoRDHSRgpsGAW5JzkMkcxiMYPX0KnV3Rb0Em7IaTQDu2ruRcF1cAuogqI6gf3ljWKcciI0Zkipoesk2s+R1BQzMqt4qSIJwlM0JkODAnGi/HyxyQxeGGUEo1iaIzRcqL8ncsSVynhoOjnSE7XqzcX/vGGqo5afU5Gkmgi8fChKGdQxnMcCR1QSrFlmAGFJzV8hniCJsDbhVUwI7urK69Cr11yn5t41qu2rIo4yOAPn4BK4oAna4BZ0QBdg8AiewSt4s56sF+vd+li2lqxi5hT8KevzB0NDl24=</latexit><latexit sha1_base64="vkzpHpuKrw2y7Vpc7zyAgCIxlVs=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPI12DDYEYeDF4wT3AmspaZZuYUlaklQoZVcvfhUvHhTx6jfw5rcx23rQzQdCfvz/z0Py/MOEUaUd59sqbWxube+Udyt7+weHR/bxSU/FqcSki2MWy0GIFGFUkK6mmpFBIgniISP9cHoz9/sPRCoai3udJcTnaCxoRDHSRgpsGAW5JzkMkcxiMYPX0KnV3Rb0Em7IaTQDu2ruRcF1cAuogqI6gf3ljWKcciI0Zkipoesk2s+R1BQzMqt4qSIJwlM0JkODAnGi/HyxyQxeGGUEo1iaIzRcqL8ncsSVynhoOjnSE7XqzcX/vGGqo5afU5Gkmgi8fChKGdQxnMcCR1QSrFlmAGFJzV8hniCJsDbhVUwI7urK69Cr11yn5t41qu2rIo4yOAPn4BK4oAna4BZ0QBdg8AiewSt4s56sF+vd+li2lqxi5hT8KevzB0NDl24=</latexit><latexit sha1_base64="vkzpHpuKrw2y7Vpc7zyAgCIxlVs=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPI12DDYEYeDF4wT3AmspaZZuYUlaklQoZVcvfhUvHhTx6jfw5rcx23rQzQdCfvz/z0Py/MOEUaUd59sqbWxube+Udyt7+weHR/bxSU/FqcSki2MWy0GIFGFUkK6mmpFBIgniISP9cHoz9/sPRCoai3udJcTnaCxoRDHSRgpsGAW5JzkMkcxiMYPX0KnV3Rb0Em7IaTQDu2ruRcF1cAuogqI6gf3ljWKcciI0Zkipoesk2s+R1BQzMqt4qSIJwlM0JkODAnGi/HyxyQxeGGUEo1iaIzRcqL8ncsSVynhoOjnSE7XqzcX/vGGqo5afU5Gkmgi8fChKGdQxnMcCR1QSrFlmAGFJzV8hniCJsDbhVUwI7urK69Cr11yn5t41qu2rIo4yOAPn4BK4oAna4BZ0QBdg8AiewSt4s56sF+vd+li2lqxi5hT8KevzB0NDl24=</latexit>

[HFLAV 2017]
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= 0.167± 0.037± 0.012 ,

f⌦�
b

f⇤b

= 0.045± 0.017± 0.004 ,
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[PDG 2018]



Λb ➞ Λc+l−ν
• Only existing measurement 

is of Λb ➞ Λc+l−ν form-
factors. 

• Reconstruct neutrino 
momentum up-to two-fold 
ambiguity by exploiting 
large Λb flight distance. 

• Unfold q2 and Isgur-Wise 
parameters. 

• Good agreement between 
data/HQET/lattice. 
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Lattice predictions from 



Λb ➞ Λc(*)l−ν
• Background studies show large 

number of different Λc* states in 
the data.  

• Next steps are to: 
➡ perform an angular analysis 

of Λb ➞ Λc(*)l−ν.  
➡ measure R(Λc).
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Λb ➞ Λ𝜇+𝜇-
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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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• Large number (34) of angular observables, 24 require Λb to be polarised at 
production and are consistent with zero in current dataset. 

• SM predictions use external   
on       and production 
polarisation (small at the LHC).  

• Branching fraction uncertainty 
currently dominated by 
knowledge of                        .  B(⇤b ! J/ ⇤)
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•                    can provide useful input 
on long-distance contributions.
⇤b ! DD̄⇤
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