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Outline 

LHC era: New golden years for spectroscopy. Concentrate on a selection
of recent results

• Beautiful Baryons

• Double Charm baryons

• Hidden Charm

This talk focused on conventional states. See also LHCb talks:

Michel de Cian Lifetime measurements (Thursday afternoon)
Liming Zhang Spectroscopy at LHCb: Exotic States (Tuesday afternoon)
Marcello Rotondo Heavy Flavour Production at LHCb (Tuesday afternoon)



]2 mass [MeV/c+p-K
1850 1900

2
C

an
di

da
te

s p
er

 1
9 

ke
V

/c

0
1
2
3
4
5
6
7
8

610´
LHCb Preliminary
Run1+2015+2016 data

+p- K® 0D
Signal: 789 million

3

Introduction

World largest heavy flavour dataset
(9 fb-1) collected during Run1+Run2

• Precision tracking
• Excellent PID using RICH
• Trigger for fully hadronic decays
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Beautiful Baryons
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Excited Λb states 
Large sample of Λb baryons collected by LHCb has provided rich starting 
point to explore b-baryon spectroscopy 

Observation of Λb(5912) and Λb(5920) via decays to Λb "+ "- final state 
(PRL 109 (2012) 172003) [1 fb-1]

Precise measurement of Σb
(*)± states seen by CDF and observation of a new 

state Σb(6097)± (PRL 122 (2019) 012001) [3 fb-1]
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Excited Λb states 

Full Run 1+2 dataset: 9 fb-1

Exploit large clean 
samples of Λb decays 
to the Λc" - and J/#pK-

final states

Decay mode N
⇥
103

⇤

⇤0
b! ⇤+

c ⇡
� 892.8± 1.2

⇤0
b! J/ pK� 217.5± 0.7

m(⇤0
b)[GeV]
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arXiv: 1907.13598
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Excited Λb states 

Add two prompt pions

Suppress combinatorial
background with BDT

Study Λb "+ "- mass spectrum

New structure seen 
around 6.15 GeV above 
Σb

(*)∓" ± threshold

arXiv: 1907.13598

m(⇤0
b⇡

+⇡�)[GeV]
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Excited Λb states 

the ⇤0
b! ⇤+

c ⇡
� and ⇤0

b! J/ pK� decay modes, respectively. The fitted parameters
exhibit very modest dependence on the choice of the orbital momentum for the relativistic
Breit�Wigner function and the Blatt�Weiskopf breakup momenta [38].

Since the mass of the new structure is above the ⌃(⇤)±
b ⇡⌥ kinematic thresholds,

the ⇤0
b⇡

+⇡� mass spectrum is investigated in ⇤0
b⇡

± mass regions populated by the ⌃(⇤)±
b res-

onances. The data are split into three nonoverlapping regions: candidates with a ⇤0
b⇡

±

mass within the natural width of the known ⌃±
b mass; candidates with a ⇤0

b⇡
± mass within

the natural width of the known ⌃⇤±
b mass; and the remaining nonresonant (NR) region.

The ⇤0
b⇡

+⇡� mass spectra in these three regions are shown in Fig. 2. Only the larger
sample of ⇤0

b candidates selected via the ⇤0
b! ⇤+

c ⇡
� decay mode is used here and in

the remainder of this Letter. The spectra in the ⌃b and ⌃⇤
b regions look di↵erent and

suggest the presence of two narrow peaks.
Doublets of orbitally excited states are predicted in the mass region near the observed

peaks [10–13]. The spins and parities of the states in the doublet determine the lowest

allowed orbital angular momentum in the two-body ⌃(⇤)±
b ⇡⌥ transition. The intensities

of the transitions can be enhanced or suppressed depending on the angular momentum
assignment. Heavy quark e↵ective theory (HQET) also predicts di↵erent decay rates of
the doublet members to the ⌃±

b ⇡
⌥ and ⌃⇤±

b ⇡
⌥ final states [40]. To probe the two-resonance

hypothesis, a simultaneous fit to the mass spectra in the three ⇤0
b⇡

± mass regions is
performed. For each region, the fit function consists of two signal components and
a background component described by a second-order polynomial function. The sig-
nal components are modelled by relativistic Breit�Wigner functions convolved with
the detector resolution. For the ⌃b region, the signal components describe two-body
intermediate states ⌃±

b ⇡
⌥ in P- and D-wave for the low-mass and high-mass states, re-

spectively. For the ⌃⇤
b region, S- and P-wave are chosen for decays of low- and high-mass

states, respectively. These choices are motivated by the possible interpretation of the new
states as a doublet of ⇤b(1D)0 states [10–13]. The masses and widths of the two states
are taken as common parameters for the three regions, while the other parameters, namely
the signal and background yields and background shape parameters, are allowed to vary
independently. The two signal components are added incoherently, assuming interference
e↵ects are negligible, since a coherent production of the states in the complex environment
of pp interactions is unlikely.

The results of the simultaneous extended unbinned maximum-likelihood fit to
the ⇤0

b⇡
+⇡� mass spectra in the three ⇤0

b⇡
± mass regions are shown in Fig. 2.

The two-signal hypothesis is favoured with respect to the single-signal hypothesis with
a statistical significance exceeding seven standard deviations. The masses, m, and the nat-
ural widths, �, of the two narrow states, referred to hereafter as ⇤b(6146)

0 and ⇤b(6152)
0,

are measured to be

m⇤b(6146)
0 = 6146.17± 0.33MeV ,

m⇤b(6152)
0 = 6152.51± 0.26MeV ,

�⇤b(6146)
0 = 2.9 ± 1.3 MeV ,

�⇤b(6152)
0 = 2.1 ± 0.8 MeV ,

with a mass splitting of �m = 6.34 ± 0.32MeV, where the uncertainties are statistical
only. While these new states are denoted as ⇤b, their interpretation as other excited
beauty baryons, such as neutral ⌃0

b states, cannot be excluded.

4
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m(⇤0
b⇡

+⇡�)[GeV]
<latexit sha1_base64="9UX7hghZsryJGHQauedDdoC3Qr8=">AAACEnicbVBNSwMxFMzWr1q/qh69BItQEcuuCHoUPejBQwVbC91tyaavNpjsLslbsSz9DV78K148KOLVkzf/jWntQasDCcPMPJI3YSKFQdf9dHJT0zOzc/n5wsLi0vJKcXWtbuJUc6jxWMa6ETIDUkRQQ4ESGokGpkIJV+HNydC/ugVtRBxdYj+BQLHrSHQFZ2ildnFblf1zG++wdthyqZ+I1s7o3t2mTR/hDrXKTqE+CNrFkltxR6B/iTcmJTJGtV388DsxTxVEyCUzpum5CQYZ0yi4hEHBTw0kjN+wa2haGjEFJshGKw3ollU6tBtreyKkI/XnRMaUMX0V2qRi2DOT3lD8z2um2D0MMhElKULEvx/qppJiTIf90I7QwFH2LWFcC/tXyntMM462xYItwZtc+S+p71U8t+Jd7JeOjsd15MkG2SRl4pEDckTOSJXUCCf35JE8kxfnwXlyXp2372jOGc+sk19w3r8AGVicfw==</latexit><latexit sha1_base64="9UX7hghZsryJGHQauedDdoC3Qr8=">AAACEnicbVBNSwMxFMzWr1q/qh69BItQEcuuCHoUPejBQwVbC91tyaavNpjsLslbsSz9DV78K148KOLVkzf/jWntQasDCcPMPJI3YSKFQdf9dHJT0zOzc/n5wsLi0vJKcXWtbuJUc6jxWMa6ETIDUkRQQ4ESGokGpkIJV+HNydC/ugVtRBxdYj+BQLHrSHQFZ2ildnFblf1zG++wdthyqZ+I1s7o3t2mTR/hDrXKTqE+CNrFkltxR6B/iTcmJTJGtV388DsxTxVEyCUzpum5CQYZ0yi4hEHBTw0kjN+wa2haGjEFJshGKw3ollU6tBtreyKkI/XnRMaUMX0V2qRi2DOT3lD8z2um2D0MMhElKULEvx/qppJiTIf90I7QwFH2LWFcC/tXyntMM462xYItwZtc+S+p71U8t+Jd7JeOjsd15MkG2SRl4pEDckTOSJXUCCf35JE8kxfnwXlyXp2372jOGc+sk19w3r8AGVicfw==</latexit><latexit sha1_base64="9UX7hghZsryJGHQauedDdoC3Qr8=">AAACEnicbVBNSwMxFMzWr1q/qh69BItQEcuuCHoUPejBQwVbC91tyaavNpjsLslbsSz9DV78K148KOLVkzf/jWntQasDCcPMPJI3YSKFQdf9dHJT0zOzc/n5wsLi0vJKcXWtbuJUc6jxWMa6ETIDUkRQQ4ESGokGpkIJV+HNydC/ugVtRBxdYj+BQLHrSHQFZ2ildnFblf1zG++wdthyqZ+I1s7o3t2mTR/hDrXKTqE+CNrFkltxR6B/iTcmJTJGtV388DsxTxVEyCUzpum5CQYZ0yi4hEHBTw0kjN+wa2haGjEFJshGKw3ollU6tBtreyKkI/XnRMaUMX0V2qRi2DOT3lD8z2um2D0MMhElKULEvx/qppJiTIf90I7QwFH2LWFcC/tXyntMM462xYItwZtc+S+p71U8t+Jd7JeOjsd15MkG2SRl4pEDckTOSJXUCCf35JE8kxfnwXlyXp2372jOGc+sk19w3r8AGVicfw==</latexit><latexit sha1_base64="9UX7hghZsryJGHQauedDdoC3Qr8=">AAACEnicbVBNSwMxFMzWr1q/qh69BItQEcuuCHoUPejBQwVbC91tyaavNpjsLslbsSz9DV78K148KOLVkzf/jWntQasDCcPMPJI3YSKFQdf9dHJT0zOzc/n5wsLi0vJKcXWtbuJUc6jxWMa6ETIDUkRQQ4ESGokGpkIJV+HNydC/ugVtRBxdYj+BQLHrSHQFZ2ildnFblf1zG++wdthyqZ+I1s7o3t2mTR/hDrXKTqE+CNrFkltxR6B/iTcmJTJGtV388DsxTxVEyCUzpum5CQYZ0yi4hEHBTw0kjN+wa2haGjEFJshGKw3ollU6tBtreyKkI/XnRMaUMX0V2qRi2DOT3lD8z2um2D0MMhElKULEvx/qppJiTIf90I7QwFH2LWFcC/tXyntMM462xYItwZtc+S+p71U8t+Jd7JeOjsd15MkG2SRl4pEDckTOSJXUCCf35JE8kxfnwXlyXp2372jOGc+sk19w3r8AGVicfw==</latexit>

±�(⌃b)
<latexit sha1_base64="VAIYqfds1iQWifAw8BTZLS/dkw8=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxC3ZREBF0WXeiyon1AE8LNdNoOnUnCzESoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu994QJZ0o7zrdVWFpeWV0rrpc2Nre2d+zdvaaKU0log8Q8lu0QFOUsog3NNKftRFIQIaetcHg18VsPVCoWR/d6lFBfQD9iPUZAGymwD7xEYO8ahICKd8f6AoLwJLDLTtWZAi8SNydllKMe2F9eNyapoJEmHJTquE6i/QykZoTTcclLFU2ADKFPO4ZGIKjys+n1Y3xslC7uxdJUpPFU/T2RgVBqJELTKUAP1Lw3Ef/zOqnuXfgZi5JU04jMFvVSjnWMJ1HgLpOUaD4yBIhk5lZMBiCBaBNYyYTgzr+8SJqnVdepurdn5dplHkcRHaIjVEEuOkc1dIPqqIEIekTP6BW9WU/Wi/VufcxaC1Y+s4/+wPr8ATjPlGo=</latexit><latexit sha1_base64="VAIYqfds1iQWifAw8BTZLS/dkw8=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxC3ZREBF0WXeiyon1AE8LNdNoOnUnCzESoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu994QJZ0o7zrdVWFpeWV0rrpc2Nre2d+zdvaaKU0log8Q8lu0QFOUsog3NNKftRFIQIaetcHg18VsPVCoWR/d6lFBfQD9iPUZAGymwD7xEYO8ahICKd8f6AoLwJLDLTtWZAi8SNydllKMe2F9eNyapoJEmHJTquE6i/QykZoTTcclLFU2ADKFPO4ZGIKjys+n1Y3xslC7uxdJUpPFU/T2RgVBqJELTKUAP1Lw3Ef/zOqnuXfgZi5JU04jMFvVSjnWMJ1HgLpOUaD4yBIhk5lZMBiCBaBNYyYTgzr+8SJqnVdepurdn5dplHkcRHaIjVEEuOkc1dIPqqIEIekTP6BW9WU/Wi/VufcxaC1Y+s4/+wPr8ATjPlGo=</latexit><latexit sha1_base64="VAIYqfds1iQWifAw8BTZLS/dkw8=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxC3ZREBF0WXeiyon1AE8LNdNoOnUnCzESoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu994QJZ0o7zrdVWFpeWV0rrpc2Nre2d+zdvaaKU0log8Q8lu0QFOUsog3NNKftRFIQIaetcHg18VsPVCoWR/d6lFBfQD9iPUZAGymwD7xEYO8ahICKd8f6AoLwJLDLTtWZAi8SNydllKMe2F9eNyapoJEmHJTquE6i/QykZoTTcclLFU2ADKFPO4ZGIKjys+n1Y3xslC7uxdJUpPFU/T2RgVBqJELTKUAP1Lw3Ef/zOqnuXfgZi5JU04jMFvVSjnWMJ1HgLpOUaD4yBIhk5lZMBiCBaBNYyYTgzr+8SJqnVdepurdn5dplHkcRHaIjVEEuOkc1dIPqqIEIekTP6BW9WU/Wi/VufcxaC1Y+s4/+wPr8ATjPlGo=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="8mvw2rxWZc2LUe3R9pGy0iP2po0=">AAAB8nicbZBLSwMxFIXv1FetVau4cxMsQt2UGTe6FFzosqJ9QGcod9JMG5rMDElGqEPxr7hxoYg/xp3/xvSx0NYDgY9zEu7NCVPBtXHdb6ewtr6xuVXcLu2Ud/f2Kwfllk4yRVmTJiJRnRA1EzxmTcONYJ1UMZShYO1wdD3N249MaZ7ED2acskDiIOYRp2is1asc+akk/g1KiTX/ng8k9sKzXqXq1t2ZyCp4C6jCQo1e5cvvJzSTLDZUoNZdz01NkKMynAo2KfmZZinSEQ5Y12KMkukgn20/IafW6ZMoUfbEhszc3y9ylFqPZWhvSjRDvZxNzf+ybmaiyyDncZoZFtP5oCgTxCRkWgXpc8WoEWMLSBW3uxI6RIXU2MJKtgRv+cur0Dqve27du3OhCMdwAjXw4AKu4BYa0AQKT/ACb/DuPDuvzse8roKz6O0Q/sj5/AHWJpMC</latexit><latexit sha1_base64="8mvw2rxWZc2LUe3R9pGy0iP2po0=">AAAB8nicbZBLSwMxFIXv1FetVau4cxMsQt2UGTe6FFzosqJ9QGcod9JMG5rMDElGqEPxr7hxoYg/xp3/xvSx0NYDgY9zEu7NCVPBtXHdb6ewtr6xuVXcLu2Ud/f2Kwfllk4yRVmTJiJRnRA1EzxmTcONYJ1UMZShYO1wdD3N249MaZ7ED2acskDiIOYRp2is1asc+akk/g1KiTX/ng8k9sKzXqXq1t2ZyCp4C6jCQo1e5cvvJzSTLDZUoNZdz01NkKMynAo2KfmZZinSEQ5Y12KMkukgn20/IafW6ZMoUfbEhszc3y9ylFqPZWhvSjRDvZxNzf+ybmaiyyDncZoZFtP5oCgTxCRkWgXpc8WoEWMLSBW3uxI6RIXU2MJKtgRv+cur0Dqve27du3OhCMdwAjXw4AKu4BYa0AQKT/ACb/DuPDuvzse8roKz6O0Q/sj5/AHWJpMC</latexit><latexit sha1_base64="Xk08I1VYoGvkX1Da/o10cJkxCDM=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Wom5K40WXRhS4r2gc0IdxMJ+3QmSTMTIQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5hyprTjfFtLyyura+uljfLm1vbOrr2331JJJgltkoQnshOCopzFtKmZ5rSTSgoi5LQdDq8mfvuBSsWS+F6PUuoL6McsYgS0kQL70EsF9q5BCKh6d6wvIAhPA7vi1Jwp8CJxC1JBBRqB/eX1EpIJGmvCQamu66Taz0FqRjgdl71M0RTIEPq0a2gMgio/n14/xidG6eEokaZijafq74kchFIjEZpOAXqg5r2J+J/XzXR04ecsTjNNYzJbFGUc6wRPosA9JinRfGQIEMnMrZgMQALRJrCyCcGdf3mRtM5qrlNzb51K/bKIo4SO0DGqIhedozq6QQ3URAQ9omf0it6sJ+vFerc+Zq1LVjFzgP7A+vwBN4+UZg==</latexit><latexit sha1_base64="VAIYqfds1iQWifAw8BTZLS/dkw8=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxC3ZREBF0WXeiyon1AE8LNdNoOnUnCzESoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu994QJZ0o7zrdVWFpeWV0rrpc2Nre2d+zdvaaKU0log8Q8lu0QFOUsog3NNKftRFIQIaetcHg18VsPVCoWR/d6lFBfQD9iPUZAGymwD7xEYO8ahICKd8f6AoLwJLDLTtWZAi8SNydllKMe2F9eNyapoJEmHJTquE6i/QykZoTTcclLFU2ADKFPO4ZGIKjys+n1Y3xslC7uxdJUpPFU/T2RgVBqJELTKUAP1Lw3Ef/zOqnuXfgZi5JU04jMFvVSjnWMJ1HgLpOUaD4yBIhk5lZMBiCBaBNYyYTgzr+8SJqnVdepurdn5dplHkcRHaIjVEEuOkc1dIPqqIEIekTP6BW9WU/Wi/VufcxaC1Y+s4/+wPr8ATjPlGo=</latexit><latexit sha1_base64="VAIYqfds1iQWifAw8BTZLS/dkw8=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxC3ZREBF0WXeiyon1AE8LNdNoOnUnCzESoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu994QJZ0o7zrdVWFpeWV0rrpc2Nre2d+zdvaaKU0log8Q8lu0QFOUsog3NNKftRFIQIaetcHg18VsPVCoWR/d6lFBfQD9iPUZAGymwD7xEYO8ahICKd8f6AoLwJLDLTtWZAi8SNydllKMe2F9eNyapoJEmHJTquE6i/QykZoTTcclLFU2ADKFPO4ZGIKjys+n1Y3xslC7uxdJUpPFU/T2RgVBqJELTKUAP1Lw3Ef/zOqnuXfgZi5JU04jMFvVSjnWMJ1HgLpOUaD4yBIhk5lZMBiCBaBNYyYTgzr+8SJqnVdepurdn5dplHkcRHaIjVEEuOkc1dIPqqIEIekTP6BW9WU/Wi/VufcxaC1Y+s4/+wPr8ATjPlGo=</latexit><latexit sha1_base64="VAIYqfds1iQWifAw8BTZLS/dkw8=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxC3ZREBF0WXeiyon1AE8LNdNoOnUnCzESoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu994QJZ0o7zrdVWFpeWV0rrpc2Nre2d+zdvaaKU0log8Q8lu0QFOUsog3NNKftRFIQIaetcHg18VsPVCoWR/d6lFBfQD9iPUZAGymwD7xEYO8ahICKd8f6AoLwJLDLTtWZAi8SNydllKMe2F9eNyapoJEmHJTquE6i/QykZoTTcclLFU2ADKFPO4ZGIKjys+n1Y3xslC7uxdJUpPFU/T2RgVBqJELTKUAP1Lw3Ef/zOqnuXfgZi5JU04jMFvVSjnWMJ1HgLpOUaD4yBIhk5lZMBiCBaBNYyYTgzr+8SJqnVdepurdn5dplHkcRHaIjVEEuOkc1dIPqqIEIekTP6BW9WU/Wi/VufcxaC1Y+s4/+wPr8ATjPlGo=</latexit><latexit sha1_base64="VAIYqfds1iQWifAw8BTZLS/dkw8=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxC3ZREBF0WXeiyon1AE8LNdNoOnUnCzESoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu994QJZ0o7zrdVWFpeWV0rrpc2Nre2d+zdvaaKU0log8Q8lu0QFOUsog3NNKftRFIQIaetcHg18VsPVCoWR/d6lFBfQD9iPUZAGymwD7xEYO8ahICKd8f6AoLwJLDLTtWZAi8SNydllKMe2F9eNyapoJEmHJTquE6i/QykZoTTcclLFU2ADKFPO4ZGIKjys+n1Y3xslC7uxdJUpPFU/T2RgVBqJELTKUAP1Lw3Ef/zOqnuXfgZi5JU04jMFvVSjnWMJ1HgLpOUaD4yBIhk5lZMBiCBaBNYyYTgzr+8SJqnVdepurdn5dplHkcRHaIjVEEuOkc1dIPqqIEIekTP6BW9WU/Wi/VufcxaC1Y+s4/+wPr8ATjPlGo=</latexit><latexit sha1_base64="VAIYqfds1iQWifAw8BTZLS/dkw8=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxC3ZREBF0WXeiyon1AE8LNdNoOnUnCzESoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu994QJZ0o7zrdVWFpeWV0rrpc2Nre2d+zdvaaKU0log8Q8lu0QFOUsog3NNKftRFIQIaetcHg18VsPVCoWR/d6lFBfQD9iPUZAGymwD7xEYO8ahICKd8f6AoLwJLDLTtWZAi8SNydllKMe2F9eNyapoJEmHJTquE6i/QykZoTTcclLFU2ADKFPO4ZGIKjys+n1Y3xslC7uxdJUpPFU/T2RgVBqJELTKUAP1Lw3Ef/zOqnuXfgZi5JU04jMFvVSjnWMJ1HgLpOUaD4yBIhk5lZMBiCBaBNYyYTgzr+8SJqnVdepurdn5dplHkcRHaIjVEEuOkc1dIPqqIEIekTP6BW9WU/Wi/VufcxaC1Y+s4/+wPr8ATjPlGo=</latexit><latexit sha1_base64="VAIYqfds1iQWifAw8BTZLS/dkw8=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxC3ZREBF0WXeiyon1AE8LNdNoOnUnCzESoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu994QJZ0o7zrdVWFpeWV0rrpc2Nre2d+zdvaaKU0log8Q8lu0QFOUsog3NNKftRFIQIaetcHg18VsPVCoWR/d6lFBfQD9iPUZAGymwD7xEYO8ahICKd8f6AoLwJLDLTtWZAi8SNydllKMe2F9eNyapoJEmHJTquE6i/QykZoTTcclLFU2ADKFPO4ZGIKjys+n1Y3xslC7uxdJUpPFU/T2RgVBqJELTKUAP1Lw3Ef/zOqnuXfgZi5JU04jMFvVSjnWMJ1HgLpOUaD4yBIhk5lZMBiCBaBNYyYTgzr+8SJqnVdepurdn5dplHkcRHaIjVEEuOkc1dIPqqIEIekTP6BW9WU/Wi/VufcxaC1Y+s4/+wPr8ATjPlGo=</latexit>

±�(⌃⇤
b)

<latexit sha1_base64="HRH34QQyTuia6RJNJxaLpAZM1B8=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NBiB7Crgh6DHrQY0TzgGwMvZNJMmRmdpmZFcKag7/ixYMiXv0Nb/6Nk8dBEwsaiqpuurvCmDNtPO/bySwsLi2vZFdza+sbm1vu9k5VR4kitEIiHql6CJpyJmnFMMNpPVYURMhpLexfjvzaA1WaRfLODGLaFNCVrMMIGCu13L0gFji4AiGgENyyroBWeH981HLzXtEbA88Tf0ryaIpyy/0K2hFJBJWGcNC64XuxaaagDCOcDnNBomkMpA9d2rBUgqC6mY7vH+JDq7RxJ1K2pMFj9fdECkLrgQhtpwDT07PeSPzPaySmc95MmYwTQyWZLOokHJsIj8LAbaYoMXxgCRDF7K2Y9EABMTaynA3Bn315nlRPir5X9G9O86WLaRxZtI8OUAH56AyV0DUqowoi6BE9o1f05jw5L8678zFpzTjTmV30B87nD1/UlQY=</latexit><latexit sha1_base64="HRH34QQyTuia6RJNJxaLpAZM1B8=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NBiB7Crgh6DHrQY0TzgGwMvZNJMmRmdpmZFcKag7/ixYMiXv0Nb/6Nk8dBEwsaiqpuurvCmDNtPO/bySwsLi2vZFdza+sbm1vu9k5VR4kitEIiHql6CJpyJmnFMMNpPVYURMhpLexfjvzaA1WaRfLODGLaFNCVrMMIGCu13L0gFji4AiGgENyyroBWeH981HLzXtEbA88Tf0ryaIpyy/0K2hFJBJWGcNC64XuxaaagDCOcDnNBomkMpA9d2rBUgqC6mY7vH+JDq7RxJ1K2pMFj9fdECkLrgQhtpwDT07PeSPzPaySmc95MmYwTQyWZLOokHJsIj8LAbaYoMXxgCRDF7K2Y9EABMTaynA3Bn315nlRPir5X9G9O86WLaRxZtI8OUAH56AyV0DUqowoi6BE9o1f05jw5L8678zFpzTjTmV30B87nD1/UlQY=</latexit><latexit sha1_base64="HRH34QQyTuia6RJNJxaLpAZM1B8=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NBiB7Crgh6DHrQY0TzgGwMvZNJMmRmdpmZFcKag7/ixYMiXv0Nb/6Nk8dBEwsaiqpuurvCmDNtPO/bySwsLi2vZFdza+sbm1vu9k5VR4kitEIiHql6CJpyJmnFMMNpPVYURMhpLexfjvzaA1WaRfLODGLaFNCVrMMIGCu13L0gFji4AiGgENyyroBWeH981HLzXtEbA88Tf0ryaIpyy/0K2hFJBJWGcNC64XuxaaagDCOcDnNBomkMpA9d2rBUgqC6mY7vH+JDq7RxJ1K2pMFj9fdECkLrgQhtpwDT07PeSPzPaySmc95MmYwTQyWZLOokHJsIj8LAbaYoMXxgCRDF7K2Y9EABMTaynA3Bn315nlRPir5X9G9O86WLaRxZtI8OUAH56AyV0DUqowoi6BE9o1f05jw5L8678zFpzTjTmV30B87nD1/UlQY=</latexit><latexit sha1_base64="HRH34QQyTuia6RJNJxaLpAZM1B8=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NBiB7Crgh6DHrQY0TzgGwMvZNJMmRmdpmZFcKag7/ixYMiXv0Nb/6Nk8dBEwsaiqpuurvCmDNtPO/bySwsLi2vZFdza+sbm1vu9k5VR4kitEIiHql6CJpyJmnFMMNpPVYURMhpLexfjvzaA1WaRfLODGLaFNCVrMMIGCu13L0gFji4AiGgENyyroBWeH981HLzXtEbA88Tf0ryaIpyy/0K2hFJBJWGcNC64XuxaaagDCOcDnNBomkMpA9d2rBUgqC6mY7vH+JDq7RxJ1K2pMFj9fdECkLrgQhtpwDT07PeSPzPaySmc95MmYwTQyWZLOokHJsIj8LAbaYoMXxgCRDF7K2Y9EABMTaynA3Bn315nlRPir5X9G9O86WLaRxZtI8OUAH56AyV0DUqowoi6BE9o1f05jw5L8678zFpzTjTmV30B87nD1/UlQY=</latexit>

arXiv: 1907.13598
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⇤b(6146)
0

<latexit sha1_base64="qL4YCTRg7+iC5CrGkEa7Qfz2lMg=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUmkVJdFNy5cVLAPaGOYTCbt0MmDmYlSYj/FjQtF3Pol7vwbp20W2npg4HDOudw7x0s4k8qyvo2V1bX1jc3CVnF7Z3dv3ywdtGWcCkJbJOax6HpYUs4i2lJMcdpNBMWhx2nHG11N/c4DFZLF0Z0aJ9QJ8SBiASNYack1S/0bHfax61Xqdq1+em+5ZtmqWjOgZWLnpAw5mq751fdjkoY0UoRjKXu2lSgnw0Ixwumk2E8lTTAZ4QHtaRrhkEonm50+QSda8VEQC/0ihWbq74kMh1KOQ08nQ6yGctGbiv95vVQFF07GoiRVNCLzRUHKkYrRtAfkM0GJ4mNNMBFM34rIEAtMlG6rqEuwF7+8TNpnVduq2re1cuMyr6MAR3AMFbDhHBpwDU1oAYFHeIZXeDOejBfj3fiYR1eMfOYQ/sD4/AHO3ZJj</latexit><latexit sha1_base64="qL4YCTRg7+iC5CrGkEa7Qfz2lMg=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUmkVJdFNy5cVLAPaGOYTCbt0MmDmYlSYj/FjQtF3Pol7vwbp20W2npg4HDOudw7x0s4k8qyvo2V1bX1jc3CVnF7Z3dv3ywdtGWcCkJbJOax6HpYUs4i2lJMcdpNBMWhx2nHG11N/c4DFZLF0Z0aJ9QJ8SBiASNYack1S/0bHfax61Xqdq1+em+5ZtmqWjOgZWLnpAw5mq751fdjkoY0UoRjKXu2lSgnw0Ixwumk2E8lTTAZ4QHtaRrhkEonm50+QSda8VEQC/0ihWbq74kMh1KOQ08nQ6yGctGbiv95vVQFF07GoiRVNCLzRUHKkYrRtAfkM0GJ4mNNMBFM34rIEAtMlG6rqEuwF7+8TNpnVduq2re1cuMyr6MAR3AMFbDhHBpwDU1oAYFHeIZXeDOejBfj3fiYR1eMfOYQ/sD4/AHO3ZJj</latexit><latexit sha1_base64="qL4YCTRg7+iC5CrGkEa7Qfz2lMg=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUmkVJdFNy5cVLAPaGOYTCbt0MmDmYlSYj/FjQtF3Pol7vwbp20W2npg4HDOudw7x0s4k8qyvo2V1bX1jc3CVnF7Z3dv3ywdtGWcCkJbJOax6HpYUs4i2lJMcdpNBMWhx2nHG11N/c4DFZLF0Z0aJ9QJ8SBiASNYack1S/0bHfax61Xqdq1+em+5ZtmqWjOgZWLnpAw5mq751fdjkoY0UoRjKXu2lSgnw0Ixwumk2E8lTTAZ4QHtaRrhkEonm50+QSda8VEQC/0ihWbq74kMh1KOQ08nQ6yGctGbiv95vVQFF07GoiRVNCLzRUHKkYrRtAfkM0GJ4mNNMBFM34rIEAtMlG6rqEuwF7+8TNpnVduq2re1cuMyr6MAR3AMFbDhHBpwDU1oAYFHeIZXeDOejBfj3fiYR1eMfOYQ/sD4/AHO3ZJj</latexit><latexit sha1_base64="qL4YCTRg7+iC5CrGkEa7Qfz2lMg=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUmkVJdFNy5cVLAPaGOYTCbt0MmDmYlSYj/FjQtF3Pol7vwbp20W2npg4HDOudw7x0s4k8qyvo2V1bX1jc3CVnF7Z3dv3ywdtGWcCkJbJOax6HpYUs4i2lJMcdpNBMWhx2nHG11N/c4DFZLF0Z0aJ9QJ8SBiASNYack1S/0bHfax61Xqdq1+em+5ZtmqWjOgZWLnpAw5mq751fdjkoY0UoRjKXu2lSgnw0Ixwumk2E8lTTAZ4QHtaRrhkEonm50+QSda8VEQC/0ihWbq74kMh1KOQ08nQ6yGctGbiv95vVQFF07GoiRVNCLzRUHKkYrRtAfkM0GJ4mNNMBFM34rIEAtMlG6rqEuwF7+8TNpnVduq2re1cuMyr6MAR3AMFbDhHBpwDU1oAYFHeIZXeDOejBfj3fiYR1eMfOYQ/sD4/AHO3ZJj</latexit>

⇤b(6152)
0

<latexit sha1_base64="6ZnSoqLS4l+1pkIi+AEV6PGhhko=">AAAB+nicbVC7TsMwFL3hWcorhZHFokIqS5VUvMYKFgaGItGH1IbIcZzWqvOQ7YCq0E9hYQAhVr6Ejb/BbTNAy5EsHZ1zru718RLOpLKsb2NpeWV1bb2wUdzc2t7ZNUt7LRmngtAmiXksOh6WlLOINhVTnHYSQXHocdr2hlcTv/1AhWRxdKdGCXVC3I9YwAhWWnLNUu9Gh33sepUz+7R2fG+5ZtmqWlOgRWLnpAw5Gq751fNjkoY0UoRjKbu2lSgnw0Ixwum42EslTTAZ4j7tahrhkEonm54+Rkda8VEQC/0ihabq74kMh1KOQk8nQ6wGct6biP953VQFF07GoiRVNCKzRUHKkYrRpAfkM0GJ4iNNMBFM34rIAAtMlG6rqEuw57+8SFq1qm1V7duTcv0yr6MAB3AIFbDhHOpwDQ1oAoFHeIZXeDOejBfj3fiYRZeMfGYf/sD4/AHKSZJg</latexit><latexit sha1_base64="6ZnSoqLS4l+1pkIi+AEV6PGhhko=">AAAB+nicbVC7TsMwFL3hWcorhZHFokIqS5VUvMYKFgaGItGH1IbIcZzWqvOQ7YCq0E9hYQAhVr6Ejb/BbTNAy5EsHZ1zru718RLOpLKsb2NpeWV1bb2wUdzc2t7ZNUt7LRmngtAmiXksOh6WlLOINhVTnHYSQXHocdr2hlcTv/1AhWRxdKdGCXVC3I9YwAhWWnLNUu9Gh33sepUz+7R2fG+5ZtmqWlOgRWLnpAw5Gq751fNjkoY0UoRjKbu2lSgnw0Ixwum42EslTTAZ4j7tahrhkEonm54+Rkda8VEQC/0ihabq74kMh1KOQk8nQ6wGct6biP953VQFF07GoiRVNCKzRUHKkYrRpAfkM0GJ4iNNMBFM34rIAAtMlG6rqEuw57+8SFq1qm1V7duTcv0yr6MAB3AIFbDhHOpwDQ1oAoFHeIZXeDOejBfj3fiYRZeMfGYf/sD4/AHKSZJg</latexit><latexit sha1_base64="6ZnSoqLS4l+1pkIi+AEV6PGhhko=">AAAB+nicbVC7TsMwFL3hWcorhZHFokIqS5VUvMYKFgaGItGH1IbIcZzWqvOQ7YCq0E9hYQAhVr6Ejb/BbTNAy5EsHZ1zru718RLOpLKsb2NpeWV1bb2wUdzc2t7ZNUt7LRmngtAmiXksOh6WlLOINhVTnHYSQXHocdr2hlcTv/1AhWRxdKdGCXVC3I9YwAhWWnLNUu9Gh33sepUz+7R2fG+5ZtmqWlOgRWLnpAw5Gq751fNjkoY0UoRjKbu2lSgnw0Ixwum42EslTTAZ4j7tahrhkEonm54+Rkda8VEQC/0ihabq74kMh1KOQk8nQ6wGct6biP953VQFF07GoiRVNCKzRUHKkYrRpAfkM0GJ4iNNMBFM34rIAAtMlG6rqEuw57+8SFq1qm1V7duTcv0yr6MAB3AIFbDhHOpwDQ1oAoFHeIZXeDOejBfj3fiYRZeMfGYf/sD4/AHKSZJg</latexit><latexit sha1_base64="6ZnSoqLS4l+1pkIi+AEV6PGhhko=">AAAB+nicbVC7TsMwFL3hWcorhZHFokIqS5VUvMYKFgaGItGH1IbIcZzWqvOQ7YCq0E9hYQAhVr6Ejb/BbTNAy5EsHZ1zru718RLOpLKsb2NpeWV1bb2wUdzc2t7ZNUt7LRmngtAmiXksOh6WlLOINhVTnHYSQXHocdr2hlcTv/1AhWRxdKdGCXVC3I9YwAhWWnLNUu9Gh33sepUz+7R2fG+5ZtmqWlOgRWLnpAw5Gq751fNjkoY0UoRjKbu2lSgnw0Ixwum42EslTTAZ4j7tahrhkEonm54+Rkda8VEQC/0ihabq74kMh1KOQk8nQ6wGct6biP953VQFF07GoiRVNCKzRUHKkYrRpAfkM0GJ4iNNMBFM34rIAAtMlG6rqEuw57+8SFq1qm1V7duTcv0yr6MAB3AIFbDhHOpwDQ1oAoFHeIZXeDOejBfj3fiYRZeMfGYf/sD4/AHKSZJg</latexit>⌃+
b

<latexit sha1_base64="yZeibTk6Dl5JyVQWa5JA4J0YxEw=">AAACBHicbVDLSsNAFJ3UV62vqstugkUQhJKIoMuiG5cV7QPaGCaTm3bo5MHMjVhCF278FTcuFHHrR7jzb5ymXWjrgQuHc+6dO/d4ieAKLevbKCwtr6yuFddLG5tb2zvl3b2WilPJoMliEcuORxUIHkETOQroJBJo6Aloe8PLid++B6l4HN3iKAEnpP2IB5xR1JJbrvQQHjB/J5Pgj7PeDe+H1PXujsduuWrVrBzmIrFnpEpmaLjlr54fszSECJmgSnVtK0EnoxI5EzAu9VIFCWVD2oeuphENQTlZvnxsHmrFN4NY6orQzNXfExkNlRqFnu4MKQ7UvDcR//O6KQbnTsajJEWI2HRRkAoTY3OSiOlzCQzFSBPKJNd/NdmASspQ51bSIdjzJy+S1knNtmr29Wm1fjGLo0gq5IAcEZuckTq5Ig3SJIw8kmfySt6MJ+PFeDc+pq0FYzazT/7A+PwBrz+Yuw==</latexit><latexit sha1_base64="yZeibTk6Dl5JyVQWa5JA4J0YxEw=">AAACBHicbVDLSsNAFJ3UV62vqstugkUQhJKIoMuiG5cV7QPaGCaTm3bo5MHMjVhCF278FTcuFHHrR7jzb5ymXWjrgQuHc+6dO/d4ieAKLevbKCwtr6yuFddLG5tb2zvl3b2WilPJoMliEcuORxUIHkETOQroJBJo6Aloe8PLid++B6l4HN3iKAEnpP2IB5xR1JJbrvQQHjB/J5Pgj7PeDe+H1PXujsduuWrVrBzmIrFnpEpmaLjlr54fszSECJmgSnVtK0EnoxI5EzAu9VIFCWVD2oeuphENQTlZvnxsHmrFN4NY6orQzNXfExkNlRqFnu4MKQ7UvDcR//O6KQbnTsajJEWI2HRRkAoTY3OSiOlzCQzFSBPKJNd/NdmASspQ51bSIdjzJy+S1knNtmr29Wm1fjGLo0gq5IAcEZuckTq5Ig3SJIw8kmfySt6MJ+PFeDc+pq0FYzazT/7A+PwBrz+Yuw==</latexit><latexit sha1_base64="yZeibTk6Dl5JyVQWa5JA4J0YxEw=">AAACBHicbVDLSsNAFJ3UV62vqstugkUQhJKIoMuiG5cV7QPaGCaTm3bo5MHMjVhCF278FTcuFHHrR7jzb5ymXWjrgQuHc+6dO/d4ieAKLevbKCwtr6yuFddLG5tb2zvl3b2WilPJoMliEcuORxUIHkETOQroJBJo6Aloe8PLid++B6l4HN3iKAEnpP2IB5xR1JJbrvQQHjB/J5Pgj7PeDe+H1PXujsduuWrVrBzmIrFnpEpmaLjlr54fszSECJmgSnVtK0EnoxI5EzAu9VIFCWVD2oeuphENQTlZvnxsHmrFN4NY6orQzNXfExkNlRqFnu4MKQ7UvDcR//O6KQbnTsajJEWI2HRRkAoTY3OSiOlzCQzFSBPKJNd/NdmASspQ51bSIdjzJy+S1knNtmr29Wm1fjGLo0gq5IAcEZuckTq5Ig3SJIw8kmfySt6MJ+PFeDc+pq0FYzazT/7A+PwBrz+Yuw==</latexit><latexit sha1_base64="yZeibTk6Dl5JyVQWa5JA4J0YxEw=">AAACBHicbVDLSsNAFJ3UV62vqstugkUQhJKIoMuiG5cV7QPaGCaTm3bo5MHMjVhCF278FTcuFHHrR7jzb5ymXWjrgQuHc+6dO/d4ieAKLevbKCwtr6yuFddLG5tb2zvl3b2WilPJoMliEcuORxUIHkETOQroJBJo6Aloe8PLid++B6l4HN3iKAEnpP2IB5xR1JJbrvQQHjB/J5Pgj7PeDe+H1PXujsduuWrVrBzmIrFnpEpmaLjlr54fszSECJmgSnVtK0EnoxI5EzAu9VIFCWVD2oeuphENQTlZvnxsHmrFN4NY6orQzNXfExkNlRqFnu4MKQ7UvDcR//O6KQbnTsajJEWI2HRRkAoTY3OSiOlzCQzFSBPKJNd/NdmASspQ51bSIdjzJy+S1knNtmr29Wm1fjGLo0gq5IAcEZuckTq5Ig3SJIw8kmfySt6MJ+PFeDc+pq0FYzazT/7A+PwBrz+Yuw==</latexit>

⌃�
b

<latexit sha1_base64="+rzLgilEGGATBLSmgq4ujtHRcSA=">AAACBHicbVC7TsNAEDyHVwivAGUaiwiJhshGSFBG0FAGQR5SYqzzeZ2ccn7obo2IrBQ0/AoNBQjR8hF0/A0XJwUkjLTSaGb39na8RHCFlvVtFJaWV1bXiuuljc2t7Z3y7l5Lxalk0GSxiGXHowoEj6CJHAV0Egk09AS0veHlxG/fg1Q8jm5xlIAT0n7EA84oasktV3oID5i/k0nwx1nvhvdD6np3x2O3XLVqVg5zkdgzUiUzNNzyV8+PWRpChExQpbq2laCTUYmcCRiXeqmChLIh7UNX04iGoJwsXz42D7Xim0EsdUVo5urviYyGSo1CT3eGFAdq3puI/3ndFINzJ+NRkiJEbLooSIWJsTlJxPS5BIZipAllkuu/mmxAJWWocyvpEOz5kxdJ66RmWzX7+rRav5jFUSQVckCOiE3OSJ1ckQZpEkYeyTN5JW/Gk/FivBsf09aCMZvZJ39gfP4AskmYvQ==</latexit><latexit sha1_base64="+rzLgilEGGATBLSmgq4ujtHRcSA=">AAACBHicbVC7TsNAEDyHVwivAGUaiwiJhshGSFBG0FAGQR5SYqzzeZ2ccn7obo2IrBQ0/AoNBQjR8hF0/A0XJwUkjLTSaGb39na8RHCFlvVtFJaWV1bXiuuljc2t7Z3y7l5Lxalk0GSxiGXHowoEj6CJHAV0Egk09AS0veHlxG/fg1Q8jm5xlIAT0n7EA84oasktV3oID5i/k0nwx1nvhvdD6np3x2O3XLVqVg5zkdgzUiUzNNzyV8+PWRpChExQpbq2laCTUYmcCRiXeqmChLIh7UNX04iGoJwsXz42D7Xim0EsdUVo5urviYyGSo1CT3eGFAdq3puI/3ndFINzJ+NRkiJEbLooSIWJsTlJxPS5BIZipAllkuu/mmxAJWWocyvpEOz5kxdJ66RmWzX7+rRav5jFUSQVckCOiE3OSJ1ckQZpEkYeyTN5JW/Gk/FivBsf09aCMZvZJ39gfP4AskmYvQ==</latexit><latexit sha1_base64="+rzLgilEGGATBLSmgq4ujtHRcSA=">AAACBHicbVC7TsNAEDyHVwivAGUaiwiJhshGSFBG0FAGQR5SYqzzeZ2ccn7obo2IrBQ0/AoNBQjR8hF0/A0XJwUkjLTSaGb39na8RHCFlvVtFJaWV1bXiuuljc2t7Z3y7l5Lxalk0GSxiGXHowoEj6CJHAV0Egk09AS0veHlxG/fg1Q8jm5xlIAT0n7EA84oasktV3oID5i/k0nwx1nvhvdD6np3x2O3XLVqVg5zkdgzUiUzNNzyV8+PWRpChExQpbq2laCTUYmcCRiXeqmChLIh7UNX04iGoJwsXz42D7Xim0EsdUVo5urviYyGSo1CT3eGFAdq3puI/3ndFINzJ+NRkiJEbLooSIWJsTlJxPS5BIZipAllkuu/mmxAJWWocyvpEOz5kxdJ66RmWzX7+rRav5jFUSQVckCOiE3OSJ1ckQZpEkYeyTN5JW/Gk/FivBsf09aCMZvZJ39gfP4AskmYvQ==</latexit><latexit sha1_base64="+rzLgilEGGATBLSmgq4ujtHRcSA=">AAACBHicbVC7TsNAEDyHVwivAGUaiwiJhshGSFBG0FAGQR5SYqzzeZ2ccn7obo2IrBQ0/AoNBQjR8hF0/A0XJwUkjLTSaGb39na8RHCFlvVtFJaWV1bXiuuljc2t7Z3y7l5Lxalk0GSxiGXHowoEj6CJHAV0Egk09AS0veHlxG/fg1Q8jm5xlIAT0n7EA84oasktV3oID5i/k0nwx1nvhvdD6np3x2O3XLVqVg5zkdgzUiUzNNzyV8+PWRpChExQpbq2laCTUYmcCRiXeqmChLIh7UNX04iGoJwsXz42D7Xim0EsdUVo5urviYyGSo1CT3eGFAdq3puI/3ndFINzJ+NRkiJEbLooSIWJsTlJxPS5BIZipAllkuu/mmxAJWWocyvpEOz5kxdJ66RmWzX7+rRav5jFUSQVckCOiE3OSJ1ckQZpEkYeyTN5JW/Gk/FivBsf09aCMZvZJ39gfP4AskmYvQ==</latexit>

⌃⇤�
b

<latexit sha1_base64="c1hcIHfetG3K448lPbIofI6sZMw=">AAACCHicbVDLSsNAFJ3UV62vqksXBosggiURQZdFNy4r2gc0MUymt+3QyYOZG7GELN34K25cKOLWT3Dn3zitWWjrgQuHc+6duff4seAKLevLKMzNLywuFZdLK6tr6xvlza2mihLJoMEiEcm2TxUIHkIDOQpoxxJo4Ato+cOLsd+6A6l4FN7gKAY3oP2Q9zijqCWvvOsg3OPkndQXCWSpc837AfX82/TwKMu8csWqWhOYs8TOSYXkqHvlT6cbsSSAEJmgSnVsK0Y3pRI5E5CVnERBTNmQ9qGjaUgDUG46WSAz97XSNXuR1BWiOVF/T6Q0UGoU+LozoDhQ095Y/M/rJNg7c1MexglCyH4+6iXCxMgcp2J2uQSGYqQJZZLrXU02oJIy1NmVdAj29MmzpHlcta2qfXVSqZ3ncRTJDtkjB8Qmp6RGLkmdNAgjD+SJvJBX49F4Nt6M95/WgpHPbJM/MD6+AdLxmnQ=</latexit><latexit sha1_base64="c1hcIHfetG3K448lPbIofI6sZMw=">AAACCHicbVDLSsNAFJ3UV62vqksXBosggiURQZdFNy4r2gc0MUymt+3QyYOZG7GELN34K25cKOLWT3Dn3zitWWjrgQuHc+6duff4seAKLevLKMzNLywuFZdLK6tr6xvlza2mihLJoMEiEcm2TxUIHkIDOQpoxxJo4Ato+cOLsd+6A6l4FN7gKAY3oP2Q9zijqCWvvOsg3OPkndQXCWSpc837AfX82/TwKMu8csWqWhOYs8TOSYXkqHvlT6cbsSSAEJmgSnVsK0Y3pRI5E5CVnERBTNmQ9qGjaUgDUG46WSAz97XSNXuR1BWiOVF/T6Q0UGoU+LozoDhQ095Y/M/rJNg7c1MexglCyH4+6iXCxMgcp2J2uQSGYqQJZZLrXU02oJIy1NmVdAj29MmzpHlcta2qfXVSqZ3ncRTJDtkjB8Qmp6RGLkmdNAgjD+SJvJBX49F4Nt6M95/WgpHPbJM/MD6+AdLxmnQ=</latexit><latexit sha1_base64="c1hcIHfetG3K448lPbIofI6sZMw=">AAACCHicbVDLSsNAFJ3UV62vqksXBosggiURQZdFNy4r2gc0MUymt+3QyYOZG7GELN34K25cKOLWT3Dn3zitWWjrgQuHc+6duff4seAKLevLKMzNLywuFZdLK6tr6xvlza2mihLJoMEiEcm2TxUIHkIDOQpoxxJo4Ato+cOLsd+6A6l4FN7gKAY3oP2Q9zijqCWvvOsg3OPkndQXCWSpc837AfX82/TwKMu8csWqWhOYs8TOSYXkqHvlT6cbsSSAEJmgSnVsK0Y3pRI5E5CVnERBTNmQ9qGjaUgDUG46WSAz97XSNXuR1BWiOVF/T6Q0UGoU+LozoDhQ095Y/M/rJNg7c1MexglCyH4+6iXCxMgcp2J2uQSGYqQJZZLrXU02oJIy1NmVdAj29MmzpHlcta2qfXVSqZ3ncRTJDtkjB8Qmp6RGLkmdNAgjD+SJvJBX49F4Nt6M95/WgpHPbJM/MD6+AdLxmnQ=</latexit><latexit sha1_base64="c1hcIHfetG3K448lPbIofI6sZMw=">AAACCHicbVDLSsNAFJ3UV62vqksXBosggiURQZdFNy4r2gc0MUymt+3QyYOZG7GELN34K25cKOLWT3Dn3zitWWjrgQuHc+6duff4seAKLevLKMzNLywuFZdLK6tr6xvlza2mihLJoMEiEcm2TxUIHkIDOQpoxxJo4Ato+cOLsd+6A6l4FN7gKAY3oP2Q9zijqCWvvOsg3OPkndQXCWSpc837AfX82/TwKMu8csWqWhOYs8TOSYXkqHvlT6cbsSSAEJmgSnVsK0Y3pRI5E5CVnERBTNmQ9qGjaUgDUG46WSAz97XSNXuR1BWiOVF/T6Q0UGoU+LozoDhQ095Y/M/rJNg7c1MexglCyH4+6iXCxMgcp2J2uQSGYqQJZZLrXU02oJIy1NmVdAj29MmzpHlcta2qfXVSqZ3ncRTJDtkjB8Qmp6RGLkmdNAgjD+SJvJBX49F4Nt6M95/WgpHPbJM/MD6+AdLxmnQ=</latexit>

⌃⇤+
b

<latexit sha1_base64="A2FL8QugT8eFABrFjEmxsvJpeGU=">AAACCHicbVDLSsNAFJ3UV62vqksXBosgCiURQZdFNy4r2gc0MUymt+3QyYOZG7GELN34K25cKOLWT3Dn3zitWWjrgQuHc+6duff4seAKLevLKMzNLywuFZdLK6tr6xvlza2mihLJoMEiEcm2TxUIHkIDOQpoxxJo4Ato+cOLsd+6A6l4FN7gKAY3oP2Q9zijqCWvvOsg3OPkndQXCWSpc837AfX82/TwKMu8csWqWhOYs8TOSYXkqHvlT6cbsSSAEJmgSnVsK0Y3pRI5E5CVnERBTNmQ9qGjaUgDUG46WSAz97XSNXuR1BWiOVF/T6Q0UGoU+LozoDhQ095Y/M/rJNg7c1MexglCyH4+6iXCxMgcp2J2uQSGYqQJZZLrXU02oJIy1NmVdAj29MmzpHlcta2qfXVSqZ3ncRTJDtkjB8Qmp6RGLkmdNAgjD+SJvJBX49F4Nt6M95/WgpHPbJM/MD6+Ac/lmnI=</latexit><latexit sha1_base64="A2FL8QugT8eFABrFjEmxsvJpeGU=">AAACCHicbVDLSsNAFJ3UV62vqksXBosgCiURQZdFNy4r2gc0MUymt+3QyYOZG7GELN34K25cKOLWT3Dn3zitWWjrgQuHc+6duff4seAKLevLKMzNLywuFZdLK6tr6xvlza2mihLJoMEiEcm2TxUIHkIDOQpoxxJo4Ato+cOLsd+6A6l4FN7gKAY3oP2Q9zijqCWvvOsg3OPkndQXCWSpc837AfX82/TwKMu8csWqWhOYs8TOSYXkqHvlT6cbsSSAEJmgSnVsK0Y3pRI5E5CVnERBTNmQ9qGjaUgDUG46WSAz97XSNXuR1BWiOVF/T6Q0UGoU+LozoDhQ095Y/M/rJNg7c1MexglCyH4+6iXCxMgcp2J2uQSGYqQJZZLrXU02oJIy1NmVdAj29MmzpHlcta2qfXVSqZ3ncRTJDtkjB8Qmp6RGLkmdNAgjD+SJvJBX49F4Nt6M95/WgpHPbJM/MD6+Ac/lmnI=</latexit><latexit sha1_base64="A2FL8QugT8eFABrFjEmxsvJpeGU=">AAACCHicbVDLSsNAFJ3UV62vqksXBosgCiURQZdFNy4r2gc0MUymt+3QyYOZG7GELN34K25cKOLWT3Dn3zitWWjrgQuHc+6duff4seAKLevLKMzNLywuFZdLK6tr6xvlza2mihLJoMEiEcm2TxUIHkIDOQpoxxJo4Ato+cOLsd+6A6l4FN7gKAY3oP2Q9zijqCWvvOsg3OPkndQXCWSpc837AfX82/TwKMu8csWqWhOYs8TOSYXkqHvlT6cbsSSAEJmgSnVsK0Y3pRI5E5CVnERBTNmQ9qGjaUgDUG46WSAz97XSNXuR1BWiOVF/T6Q0UGoU+LozoDhQ095Y/M/rJNg7c1MexglCyH4+6iXCxMgcp2J2uQSGYqQJZZLrXU02oJIy1NmVdAj29MmzpHlcta2qfXVSqZ3ncRTJDtkjB8Qmp6RGLkmdNAgjD+SJvJBX49F4Nt6M95/WgpHPbJM/MD6+Ac/lmnI=</latexit><latexit sha1_base64="A2FL8QugT8eFABrFjEmxsvJpeGU=">AAACCHicbVDLSsNAFJ3UV62vqksXBosgCiURQZdFNy4r2gc0MUymt+3QyYOZG7GELN34K25cKOLWT3Dn3zitWWjrgQuHc+6duff4seAKLevLKMzNLywuFZdLK6tr6xvlza2mihLJoMEiEcm2TxUIHkIDOQpoxxJo4Ato+cOLsd+6A6l4FN7gKAY3oP2Q9zijqCWvvOsg3OPkndQXCWSpc837AfX82/TwKMu8csWqWhOYs8TOSYXkqHvlT6cbsSSAEJmgSnVsK0Y3pRI5E5CVnERBTNmQ9qGjaUgDUG46WSAz97XSNXuR1BWiOVF/T6Q0UGoU+LozoDhQ095Y/M/rJNg7c1MexglCyH4+6iXCxMgcp2J2uQSGYqQJZZLrXU02oJIy1NmVdAj29MmzpHlcta2qfXVSqZ3ncRTJDtkjB8Qmp6RGLkmdNAgjD+SJvJBX49F4Nt6M95/WgpHPbJM/MD6+Ac/lmnI=</latexit>

m(⇤0
b⇡

+)[GeV]
<latexit sha1_base64="Ljkxi5urEBim4/dQWMW4XZ4PE9Q=">AAACDHicbVC7SgNBFJ31GeMramkzGISIEHZF0DJooYVFBPOA7BpmJzdxcGZ3mbkrhiUfYOOv2FgoYusH2Pk3Th6FGg8MHM45lzv3hIkUBl33y5mZnZtfWMwt5ZdXVtfWCxubdROnmkONxzLWzZAZkCKCGgqU0Ew0MBVKaIS3p0O/cQfaiDi6wn4CgWK9SHQFZ2ildqGoSv6FjXdYO7x2qZ+I6/092vIR7lGr7Azqg8Cm3LI7Ap0m3oQUyQTVduHT78Q8VRAhl8yYlucmGGRMo+ASBnk/NZAwfst60LI0YgpMkI2OGdBdq3RoN9b2RUhH6s+JjClj+iq0ScXwxvz1huJ/XivF7nGQiShJESI+XtRNJcWYDpuhHaGBo+xbwrgW9q+U3zDNONr+8rYE7+/J06R+UPbcsnd5WKycTOrIkW2yQ0rEI0ekQs5JldQIJw/kibyQV+fReXbenPdxdMaZzGyRX3A+vgEZCppj</latexit><latexit sha1_base64="Ljkxi5urEBim4/dQWMW4XZ4PE9Q=">AAACDHicbVC7SgNBFJ31GeMramkzGISIEHZF0DJooYVFBPOA7BpmJzdxcGZ3mbkrhiUfYOOv2FgoYusH2Pk3Th6FGg8MHM45lzv3hIkUBl33y5mZnZtfWMwt5ZdXVtfWCxubdROnmkONxzLWzZAZkCKCGgqU0Ew0MBVKaIS3p0O/cQfaiDi6wn4CgWK9SHQFZ2ildqGoSv6FjXdYO7x2qZ+I6/092vIR7lGr7Azqg8Cm3LI7Ap0m3oQUyQTVduHT78Q8VRAhl8yYlucmGGRMo+ASBnk/NZAwfst60LI0YgpMkI2OGdBdq3RoN9b2RUhH6s+JjClj+iq0ScXwxvz1huJ/XivF7nGQiShJESI+XtRNJcWYDpuhHaGBo+xbwrgW9q+U3zDNONr+8rYE7+/J06R+UPbcsnd5WKycTOrIkW2yQ0rEI0ekQs5JldQIJw/kibyQV+fReXbenPdxdMaZzGyRX3A+vgEZCppj</latexit><latexit sha1_base64="Ljkxi5urEBim4/dQWMW4XZ4PE9Q=">AAACDHicbVC7SgNBFJ31GeMramkzGISIEHZF0DJooYVFBPOA7BpmJzdxcGZ3mbkrhiUfYOOv2FgoYusH2Pk3Th6FGg8MHM45lzv3hIkUBl33y5mZnZtfWMwt5ZdXVtfWCxubdROnmkONxzLWzZAZkCKCGgqU0Ew0MBVKaIS3p0O/cQfaiDi6wn4CgWK9SHQFZ2ildqGoSv6FjXdYO7x2qZ+I6/092vIR7lGr7Azqg8Cm3LI7Ap0m3oQUyQTVduHT78Q8VRAhl8yYlucmGGRMo+ASBnk/NZAwfst60LI0YgpMkI2OGdBdq3RoN9b2RUhH6s+JjClj+iq0ScXwxvz1huJ/XivF7nGQiShJESI+XtRNJcWYDpuhHaGBo+xbwrgW9q+U3zDNONr+8rYE7+/J06R+UPbcsnd5WKycTOrIkW2yQ0rEI0ekQs5JldQIJw/kibyQV+fReXbenPdxdMaZzGyRX3A+vgEZCppj</latexit><latexit sha1_base64="Ljkxi5urEBim4/dQWMW4XZ4PE9Q=">AAACDHicbVC7SgNBFJ31GeMramkzGISIEHZF0DJooYVFBPOA7BpmJzdxcGZ3mbkrhiUfYOOv2FgoYusH2Pk3Th6FGg8MHM45lzv3hIkUBl33y5mZnZtfWMwt5ZdXVtfWCxubdROnmkONxzLWzZAZkCKCGgqU0Ew0MBVKaIS3p0O/cQfaiDi6wn4CgWK9SHQFZ2ildqGoSv6FjXdYO7x2qZ+I6/092vIR7lGr7Azqg8Cm3LI7Ap0m3oQUyQTVduHT78Q8VRAhl8yYlucmGGRMo+ASBnk/NZAwfst60LI0YgpMkI2OGdBdq3RoN9b2RUhH6s+JjClj+iq0ScXwxvz1huJ/XivF7nGQiShJESI+XtRNJcWYDpuhHaGBo+xbwrgW9q+U3zDNONr+8rYE7+/J06R+UPbcsnd5WKycTOrIkW2yQ0rEI0ekQs5JldQIJw/kibyQV+fReXbenPdxdMaZzGyRX3A+vgEZCppj</latexit>

m(⇤0
b⇡

�)[GeV]
<latexit sha1_base64="+E0G6uyaVtUYFdkJ05tkWHROeuQ=">AAACDHicbVC7SgNBFJ31GeMramkzGIRYGHZF0DJooYVFBPOA7BpmJzdxcGZ3mbkrhiUfYOOv2FgoYusH2Pk3Th6FGg8MHM45lzv3hIkUBl33y5mZnZtfWMwt5ZdXVtfWCxubdROnmkONxzLWzZAZkCKCGgqU0Ew0MBVKaIS3p0O/cQfaiDi6wn4CgWK9SHQFZ2ildqGoSv6FjXdYO7x2qZ+I6/092vIR7lGr7Azqg8Cm3LI7Ap0m3oQUyQTVduHT78Q8VRAhl8yYlucmGGRMo+ASBnk/NZAwfst60LI0YgpMkI2OGdBdq3RoN9b2RUhH6s+JjClj+iq0ScXwxvz1huJ/XivF7nGQiShJESI+XtRNJcWYDpuhHaGBo+xbwrgW9q+U3zDNONr+8rYE7+/J06R+UPbcsnd5WKycTOrIkW2yQ0rEI0ekQs5JldQIJw/kibyQV+fReXbenPdxdMaZzGyRX3A+vgEcMppl</latexit><latexit sha1_base64="+E0G6uyaVtUYFdkJ05tkWHROeuQ=">AAACDHicbVC7SgNBFJ31GeMramkzGIRYGHZF0DJooYVFBPOA7BpmJzdxcGZ3mbkrhiUfYOOv2FgoYusH2Pk3Th6FGg8MHM45lzv3hIkUBl33y5mZnZtfWMwt5ZdXVtfWCxubdROnmkONxzLWzZAZkCKCGgqU0Ew0MBVKaIS3p0O/cQfaiDi6wn4CgWK9SHQFZ2ildqGoSv6FjXdYO7x2qZ+I6/092vIR7lGr7Azqg8Cm3LI7Ap0m3oQUyQTVduHT78Q8VRAhl8yYlucmGGRMo+ASBnk/NZAwfst60LI0YgpMkI2OGdBdq3RoN9b2RUhH6s+JjClj+iq0ScXwxvz1huJ/XivF7nGQiShJESI+XtRNJcWYDpuhHaGBo+xbwrgW9q+U3zDNONr+8rYE7+/J06R+UPbcsnd5WKycTOrIkW2yQ0rEI0ekQs5JldQIJw/kibyQV+fReXbenPdxdMaZzGyRX3A+vgEcMppl</latexit><latexit sha1_base64="+E0G6uyaVtUYFdkJ05tkWHROeuQ=">AAACDHicbVC7SgNBFJ31GeMramkzGIRYGHZF0DJooYVFBPOA7BpmJzdxcGZ3mbkrhiUfYOOv2FgoYusH2Pk3Th6FGg8MHM45lzv3hIkUBl33y5mZnZtfWMwt5ZdXVtfWCxubdROnmkONxzLWzZAZkCKCGgqU0Ew0MBVKaIS3p0O/cQfaiDi6wn4CgWK9SHQFZ2ildqGoSv6FjXdYO7x2qZ+I6/092vIR7lGr7Azqg8Cm3LI7Ap0m3oQUyQTVduHT78Q8VRAhl8yYlucmGGRMo+ASBnk/NZAwfst60LI0YgpMkI2OGdBdq3RoN9b2RUhH6s+JjClj+iq0ScXwxvz1huJ/XivF7nGQiShJESI+XtRNJcWYDpuhHaGBo+xbwrgW9q+U3zDNONr+8rYE7+/J06R+UPbcsnd5WKycTOrIkW2yQ0rEI0ekQs5JldQIJw/kibyQV+fReXbenPdxdMaZzGyRX3A+vgEcMppl</latexit><latexit sha1_base64="+E0G6uyaVtUYFdkJ05tkWHROeuQ=">AAACDHicbVC7SgNBFJ31GeMramkzGIRYGHZF0DJooYVFBPOA7BpmJzdxcGZ3mbkrhiUfYOOv2FgoYusH2Pk3Th6FGg8MHM45lzv3hIkUBl33y5mZnZtfWMwt5ZdXVtfWCxubdROnmkONxzLWzZAZkCKCGgqU0Ew0MBVKaIS3p0O/cQfaiDi6wn4CgWK9SHQFZ2ildqGoSv6FjXdYO7x2qZ+I6/092vIR7lGr7Azqg8Cm3LI7Ap0m3oQUyQTVduHT78Q8VRAhl8yYlucmGGRMo+ASBnk/NZAwfst60LI0YgpMkI2OGdBdq3RoN9b2RUhH6s+JjClj+iq0ScXwxvz1huJ/XivF7nGQiShJESI+XtRNJcWYDpuhHaGBo+xbwrgW9q+U3zDNONr+8rYE7+/J06R+UPbcsnd5WKycTOrIkW2yQ0rEI0ekQs5JldQIJw/kibyQV+fReXbenPdxdMaZzGyRX3A+vgEcMppl</latexit>

41Corfu Summer Institute                     3 September 2019                            N. Harnew

Observation of two new Lb excitations

� Very rich spectroscopy in 
the Lb  & Sb

(*) systems !

arXiv:1907.13598

arXiv: 1907.13598
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Doubly Charmed Baryons 



11

Doubly Charmed Baryons 

Ao Xu (Tsinghua)

The doubly charmed baryons

§ Two SU(4) 20-plets containing SU(3) triplets
• %&&' = YYf, %&&'' = YYe, h&&' = YYg

§ %&&'' was observed in the $&',-)')' final state in 2017
• Üáòò}} = 3621.40 ± 0.72 ± 0.27 ± 0.14 MeV                PRL 119 (2017) 112001

• ôáòò}} = 0.256-d.d\\'d.d\ö ± 0.014 ps PRL 121 (2018) 052002

Hadron 2019 15

õú = �
Ç
'

õú = ù
Ç
'

Two SU(4) 20-plets containing SU(3) triplets 

⌅+
cc = ccd, ⌅++

cc = ccu, ⌦+
cc = ccs

<latexit sha1_base64="s4NQMg3ncVJ1dBAboRl6WhZV+fo=">AAACL3icbVDLSgMxFM34rPU16tJNsAhCpcyIoBuhKIg7K9gHtHXI3Mm0oZkHSUYoQ//Ijb/SjYgibv0L03aU2npI4HDOPST3uDFnUlnWq7GwuLS8sppby69vbG5tmzu7NRklAmgVIh6Jhksk5SykVcUUp41YUBK4nNbd3tXIrz9SIVkU3qt+TNsB6YTMZ0CUlhzzutVgTgoweCjiCwzgHePW5PzoabE4GFvJr3Ub0A6ZTknHLFglaww8T+yMFFCGimMOW14ESUBDBZxI2bStWLVTIhQDTgf5ViJpTKBHOrSpaUgCKtvpeN8BPtSKh/1I6BsqPFanEykJpOwHrp4MiOrKWW8k/uc1E+Wft1MWxomiIUwe8hOOVYRH5WGPCQqK9zUhIJj+K4YuEQSUrjivS7BnV54ntZOSbZXsu9NC+TKrI4f20QE6QjY6Q2V0gyqoigA9oSF6Q+/Gs/FifBifk9EFI8vsoT8wvr4B0eulSA==</latexit><latexit sha1_base64="s4NQMg3ncVJ1dBAboRl6WhZV+fo=">AAACL3icbVDLSgMxFM34rPU16tJNsAhCpcyIoBuhKIg7K9gHtHXI3Mm0oZkHSUYoQ//Ijb/SjYgibv0L03aU2npI4HDOPST3uDFnUlnWq7GwuLS8sppby69vbG5tmzu7NRklAmgVIh6Jhksk5SykVcUUp41YUBK4nNbd3tXIrz9SIVkU3qt+TNsB6YTMZ0CUlhzzutVgTgoweCjiCwzgHePW5PzoabE4GFvJr3Ub0A6ZTknHLFglaww8T+yMFFCGimMOW14ESUBDBZxI2bStWLVTIhQDTgf5ViJpTKBHOrSpaUgCKtvpeN8BPtSKh/1I6BsqPFanEykJpOwHrp4MiOrKWW8k/uc1E+Wft1MWxomiIUwe8hOOVYRH5WGPCQqK9zUhIJj+K4YuEQSUrjivS7BnV54ntZOSbZXsu9NC+TKrI4f20QE6QjY6Q2V0gyqoigA9oSF6Q+/Gs/FifBifk9EFI8vsoT8wvr4B0eulSA==</latexit><latexit sha1_base64="s4NQMg3ncVJ1dBAboRl6WhZV+fo=">AAACL3icbVDLSgMxFM34rPU16tJNsAhCpcyIoBuhKIg7K9gHtHXI3Mm0oZkHSUYoQ//Ijb/SjYgibv0L03aU2npI4HDOPST3uDFnUlnWq7GwuLS8sppby69vbG5tmzu7NRklAmgVIh6Jhksk5SykVcUUp41YUBK4nNbd3tXIrz9SIVkU3qt+TNsB6YTMZ0CUlhzzutVgTgoweCjiCwzgHePW5PzoabE4GFvJr3Ub0A6ZTknHLFglaww8T+yMFFCGimMOW14ESUBDBZxI2bStWLVTIhQDTgf5ViJpTKBHOrSpaUgCKtvpeN8BPtSKh/1I6BsqPFanEykJpOwHrp4MiOrKWW8k/uc1E+Wft1MWxomiIUwe8hOOVYRH5WGPCQqK9zUhIJj+K4YuEQSUrjivS7BnV54ntZOSbZXsu9NC+TKrI4f20QE6QjY6Q2V0gyqoigA9oSF6Q+/Gs/FifBifk9EFI8vsoT8wvr4B0eulSA==</latexit><latexit sha1_base64="s4NQMg3ncVJ1dBAboRl6WhZV+fo=">AAACL3icbVDLSgMxFM34rPU16tJNsAhCpcyIoBuhKIg7K9gHtHXI3Mm0oZkHSUYoQ//Ijb/SjYgibv0L03aU2npI4HDOPST3uDFnUlnWq7GwuLS8sppby69vbG5tmzu7NRklAmgVIh6Jhksk5SykVcUUp41YUBK4nNbd3tXIrz9SIVkU3qt+TNsB6YTMZ0CUlhzzutVgTgoweCjiCwzgHePW5PzoabE4GFvJr3Ub0A6ZTknHLFglaww8T+yMFFCGimMOW14ESUBDBZxI2bStWLVTIhQDTgf5ViJpTKBHOrSpaUgCKtvpeN8BPtSKh/1I6BsqPFanEykJpOwHrp4MiOrKWW8k/uc1E+Wft1MWxomiIUwe8hOOVYRH5WGPCQqK9zUhIJj+K4YuEQSUrjivS7BnV54ntZOSbZXsu9NC+TKrI4f20QE6QjY6Q2V0gyqoigA9oSF6Q+/Gs/FifBifk9EFI8vsoT8wvr4B0eulSA==</latexit>

m(⌅++
cc ) = (3621.40± 0.72± 0.27± 0.14)MeV/c2

<latexit sha1_base64="KWKHYnvz0EwsjJSIHsIWPj+nQW8="></latexit><latexit sha1_base64="KWKHYnvz0EwsjJSIHsIWPj+nQW8="></latexit><latexit sha1_base64="KWKHYnvz0EwsjJSIHsIWPj+nQW8="></latexit><latexit sha1_base64="KWKHYnvz0EwsjJSIHsIWPj+nQW8="></latexit>

⌧(⌅++
cc ) = (0.256+0.024

�0.022 ± 0.014) ps
<latexit sha1_base64="EZ3rAOCq76//3hlNcsHttuV0Rr4="></latexit><latexit sha1_base64="EZ3rAOCq76//3hlNcsHttuV0Rr4="></latexit><latexit sha1_base64="EZ3rAOCq76//3hlNcsHttuV0Rr4="></latexit><latexit sha1_base64="EZ3rAOCq76//3hlNcsHttuV0Rr4="></latexit>

Ξcc
++ first observed decaying to Λc

+K-# + # + by LHCb in 2017

PRL 119 (2017) 112001 

PRL 121 (2018) 052002 See talk of Michel de Cian
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Observation of Ξcc
++ → Ξc

+ #+

PRL 121 (2018) 162002 

1.7 fb�1
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State confirmed in Ξc
+ #+ mode 
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§ Study %&'(→ +,-)'))' spectrum
§ Significance of 5.9.

§ Weighted average
• Üáòò

}} = 3621.24 ± 0.65 ± 0.31 MeV

§ ℛ ≡
ℬ(áòò}}→áò}ü};áò}→I°~ü})

ℬ(áòò}}→¢ò}°~ü}ü};¢ò}→I°~ü})

• ℛ = 3.5 ± 0.9 ± 0.3 ×10-\

• ℬ %&' → +,-)' = (0.45 ± 0.21 ± 0.07)%
[Belle, Phys.Rev. D100 031101]

• ℬ(áòò}}→áò}ü})
ℬ(áòò}}→¢ò}°~ü}ü})

≈ 0.5
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Using recent Belle measurement:
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Phys.Rev. D100 031101 

m(⌅++
cc ) = 3621.24± 0.65± 0.31MeV/c2
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Combining both modes

gives
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Search for Ξcc
++ →D+pK-#+

Ao Xu (Tsinghua)

A search for %&&'' → *'+,-)'

§ Helpful to further understand the dynamics of %&&''
§ Efficient *' trigger at LHCb
§ Low branching fraction due to small phase space

Hadron 2019 17

arXiv:1905.02421
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1 To further understand the dynamics of weak decays Ξcc
++ need to 

explore other modes

Good trigger efficiency for D+ → K+K- #+   J

Lower phase space L
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Search for Ξcc
++ →D+pK-#+

arXiv:1905.02421 

Study the D+pK-#+ spectrum with 
1.7 fb-1 of data collected in 2016

No significant signal seen

Limit set on:

Ao Xu (Tsinghua)

A search for %&&'' → *'+,-)'

§ Study the *'+,-)' spectrum with 2016 data of 1.7 fb-[
§ With *' → ,-)')'
§ No significant signal is observed

§ Upper limit on ℛ ≡ ℬ áòò}}→ß}I°~ü}
ℬ áòò}}→¢ò}°~ü}ü}

• ℛ < 2.1×10-\ at 95% CL

Hadron 2019 18
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Ao Xu (Tsinghua)

A search for %&&'' → *'+,-)'

§ Study the *'+,-)' spectrum with 2016 data of 1.7 fb-[
§ With *' → ,-)')'
§ No significant signal is observed

§ Upper limit on ℛ ≡ ℬ áòò}}→ß}I°~ü}
ℬ áòò}}→¢ò}°~ü}ü}

• ℛ < 2.1×10-\ at 95% CL
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Search for Ξcc
+

Longstanding unconfirmed observation by the SELEX experiment

PRL. 89 (2002) 112001, arXiv:hep-ex/0208014]

11th	September	2019	 139th	LHCC	Meeting	-	OPEN	Session	 29	

LHCb-PAPER-2019-029	(LHCb	preliminary)	

§  Search for Ξcc
+ à Λc

+K-π+ decay (Λc
+ à pK-π+). 

–  Predicted	mass	similar	to	Ξcc
++	but	with	shorter	lifetime.	

–  Branching	ratio	~	10%.	
– Observed	by	SELEX	collaboration.	[PRL.	89	(2002)	112001,	arXiv:hep-ex/0208014]	

§  Based on LHCb Run 1 & 2 data. 

LHCb	preliminary	

Run	1&2,	9	fb-1	

What about other doubly 
charmed baryons ? e.g Ξcc

+

Predicted to have similar 
mass to Ξcc

++ but shorter 
lifetime

arXiv:1909.12273
New

tracks are assigned the kaon mass and positive tracks the
pion mass. As a background check we also kept wrong-
sign combinations in which the mass assignments are re-
versed. A candidate event from the Λ+

c K
−π+ sample is

shown in Fig. 1. Further details of the Λ+
c reanalysis may

be found in Ref. [6].
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FIG. 2. (a) The Λ+
c
K−π+ mass distribution in 5 MeV/c2

bins. The shaded region 3.400-3.640 GeV/c2 contains the
signal peak and is shown in more detail in (c). (b) The
wrong-sign combination Λ+

c
K+π− mass distribution in 5

MeV/c2 bins. (c) The signal (shaded) region (22 events) and
sideband mass regions with 162 total events in 2.5 MeV/c2

bins. The fit is a Gaussian plus linear background.

In Fig. 2(a) we plot the invariant mass of the Λ+
c K

−π+

system, fixing the Λ+
c mass at 2284.9 MeV/c2 [1]. The

data, plotted in 5 MeV/c2 bins, show a large, narrow
excess at 3520 MeV/c2. This excess is stable for different
bin widths and bin centers. Fig. 2(b) shows the wrong-
sign invariant mass distribution of the Λ+

c K
+π− system

with the same binning as in (a). There is no significant
excess.
In Fig. 2(c) the shaded region from (a) is re-plotted

in 2.5 MeV/c2 bins and fit with a maximum likelihood

technique to a Gaussian plus linear background. The
fit has χ2/dof = 0.45, indicating that the background is
linear in this region.
To determine the combinatoric background under the

signal peak we exploit the linearity of the background jus-
tified by the fit. We define symmetric regions of the mass
plot in Fig. 2(c): (i) the signal region (3520± 5MeV/c2)
with 22 events; and (ii) 115 MeV/c2 sideband regions
above and below the signal region, containing 162−22 =
140 events. We estimate the number of expected back-
ground events in the signal region from the sidebands as
140 ∗ 5/(115) = 6.1± 0.5 events. This determination has
a (Gaussian) statistical uncertainty, solely from counting
statistics. The single-bin significance of this signal is the
excess in the signal region divided by the total uncer-
tainty in the background estimate: 15.9/

√
(6.1+ 0.52) =

6.3σ [7]. The Poisson probability of observing at least
this excess, including the Gaussian uncertainty in the
background, is 1.0× 10−6.
Our reconstruction mass window is 3.2-4.3 GeV/c2

with 110 bins of width 10 MeV/c2 in this interval. The
overall probability of observing an excess at least as large
as the one we see anywhere in the search interval is
1.1× 10−4.
This state has a fit mass of 3519 ± 1 MeV/c2. Our

expected mass resolution, from a simulation of the decay
Ξ+
cc → Λ+

c K
−π+ is ∼ 5 MeV/c2. We observe a Gaus-

sian width of 3± 1 MeV/c2, consistent with our simula-
tion. The confidence level for a fit with a Gaussian width
fixed at our expected resolution is 20%. The width we
observe is consistent with statistical fluctuations in this
small sample.
The wrong-sign mass combination is plotted in

Fig. 2(b). Those events show comparable fluctuations
to the sidebands of the signal channel and give no evi-
dence for a significant narrow structure. We have inves-
tigated all possible permutations of mass assignments for
the non-Λ+

c tracks. The peak at 3520 MeV/c2 disappears
for any other mass choice, and no other significant struc-
tures are observed. Reconstructions with events from the
Λ+
c mass sidebands produce relatively few entries and no

significant structures in the doubly charmed baryon re-
gion.
The dependence of the signal significance, as defined

above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K−π+ ver-
tex separation. The dependence is driven by a large in-
crease in background at small separations and the ab-
sence of both signal and background events at large sep-
arations. The dependence on the width of the signal
region is stable, only decreasing when made wider than
the mass resolution. All other cuts have been checked;
no significant dependence on any cut has been seen.
A weakly-decaying Ξ+

cc state has two c quark decay
amplitudes plus a W-exchange amplitude for c + d →
s+ u. This suggests that its lifetime will be of the order

3

LHCb search using Λc
+ #+ K- mode

and full Run 1+2 dataset

SELEX
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Search for Ξcc
+

LHCb ⌅
++
cc
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Largest local significance 3.1" (statistical) around 3620 MeV/c2

Global significance 1.7" no evidence, limits set New
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§  Set upper limits on R as a function of mass for 
different lifetime hypotheses. 
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Set upper limits on R as a function of mass for different lifetime hypotheses 

Table 5: Summary of the systematic uncertainties of the production ratio measurement.

Source
p
s = 8TeV

p
s = 13TeV

R(⇤+
c ) R(⌅++

cc ) R(⇤+
c ) R(⌅++

cc )

Trigger e�ciency 11.7% 17.7% 4.9% 11.2%
Yield measurement 5.8% 8.9% 0.6% 0.4%
PID e�ciency 2.5% 4.6% 0.9% 0.8%
Tracking 4.3% 2.6% 4.4% 3.1%

Total 14.0% 20.5% 6.7% 11.7%
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Figure 5: Upper limits on (left) R(⇤+
c ) and (right) R(⌅++

cc ) at 95% credibility level as a function
of m(⇤+

c K
�⇡+) at

p
s = 8TeV for four ⌅+

cc lifetime hypotheses.

7 Upper limits

Upper limits at 95% credibility level are set on the production ratio R(⇤+
c ) and R(⌅++

cc )
at centre-of-mass energies

p
s = 8TeV and

p
s = 13TeV, in the fiducial region of rapidity

2.0 < y < 4.5 and transverse momentum 4 < pT < 15GeV/c. Upper limits are calculated
in 2.5MeV/c2 intervals over the m(⇤+

c K
�⇡+) mass range of 3400 to 3800MeV/c2 for the

four di↵erent lifetime hypotheses. For each fixed value of the ⌅+
cc mass and lifetime, the

likelihood profile L(R) is determined as a function of R. The likelihood profile for the
data recorded at

p
s = 13TeV is obtained with a simultaneous fit to the m(⇤+

c K
�⇡+)

distributions using the same fit model as described in Sec. 4. Then the likelihood profile
L(R) is convolved with a Gaussian distribution whose width is equal to the square root of
the quadratic combination of the statistical and systematic uncertainty on the single-event
sensitivity. The upper limit at 95% credibility level is defined as the value of R at which
the integral starting from zero equals 95% of the total area under the curve. Figures 5
and 6 show the 95% credibility level upper limits at centre-of-mass energies of

p
s = 8TeV

and
p
s = 13TeV, respectively.

8 Conclusion

A search for the doubly charmed baryon ⌅+
cc is performed through its decay to ⇤+

c K
�⇡+,

with the pp collision data collected by the LHCb experiment at centre-of-mass energies of 7,

10

Table 5: Summary of the systematic uncertainties of the production ratio measurement.
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s = 13TeV
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c ) R(⌅++

cc ) R(⇤+
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cc )

Trigger e�ciency 11.7% 17.7% 4.9% 11.2%
Yield measurement 5.8% 8.9% 0.6% 0.4%
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Tracking 4.3% 2.6% 4.4% 3.1%

Total 14.0% 20.5% 6.7% 11.7%

]2c) [MeV/+π−K+cΛ(m
3400 3500 3600 3700 3800

]
-3

10
× [)+ c

Λ
R(

95
%

 u
pp

er
 li

m
it 

on
 

0

2

4

6

8

10
 = 40 fsτ  = 80 fsτ  = 120 fsτ  = 160 fsτ

LHCb
 = 8 TeVs

]2c) [MeV/+π−K+cΛ(m
3400 3500 3600 3700 3800

)
+
+

cc
Ξ

R(
95

%
 u

pp
er

 li
m

it 
on

 

0

5

10

 = 40 fsτ  = 80 fsτ  = 120 fsτ  = 160 fsτ

LHCb
 = 8 TeVs

Figure 5: Upper limits on (left) R(⇤+
c ) and (right) R(⌅++
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cc lifetime hypotheses.

7 Upper limits

Upper limits at 95% credibility level are set on the production ratio R(⇤+
c ) and R(⌅++

cc )
at centre-of-mass energies

p
s = 8TeV and

p
s = 13TeV, in the fiducial region of rapidity

2.0 < y < 4.5 and transverse momentum 4 < pT < 15GeV/c. Upper limits are calculated
in 2.5MeV/c2 intervals over the m(⇤+

c K
�⇡+) mass range of 3400 to 3800MeV/c2 for the

four di↵erent lifetime hypotheses. For each fixed value of the ⌅+
cc mass and lifetime, the

likelihood profile L(R) is determined as a function of R. The likelihood profile for the
data recorded at

p
s = 13TeV is obtained with a simultaneous fit to the m(⇤+

c K
�⇡+)

distributions using the same fit model as described in Sec. 4. Then the likelihood profile
L(R) is convolved with a Gaussian distribution whose width is equal to the square root of
the quadratic combination of the statistical and systematic uncertainty on the single-event
sensitivity. The upper limit at 95% credibility level is defined as the value of R at which
the integral starting from zero equals 95% of the total area under the curve. Figures 5
and 6 show the 95% credibility level upper limits at centre-of-mass energies of

p
s = 8TeV

and
p
s = 13TeV, respectively.

8 Conclusion

A search for the doubly charmed baryon ⌅+
cc is performed through its decay to ⇤+

c K
�⇡+,

with the pp collision data collected by the LHCb experiment at centre-of-mass energies of 7,

10

• Improve LHCb limits by order of magnitude compared to Run 1 analysis, 
• Limits significantly below expectations from SELEX (caveat different environment)
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Charmonium System 
6

menting corrections to the static potential approach was
later developed in form of NRQCD(37; 38).
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FIG. 4 The current status of the charmonium spectrum. The
dashed (red) lines indicate the expected states and their masses
based on recent calculations (39) based on the Godfrey-Isgur rel-
ativized potential model (40). The solid (black) lines indicates
the experimentally established charmonium states, with masses
and spin-parity (JPC) quantum number assignments taken from
ref. (9), and labeled by their spectroscopic designations. The open-
flavor threshold is also indicated (blue line).

1. The b quark and the spectrum of bottomonium mesons

Three years later, in 1977, a similar family of narrow
meson resonances (the ⌥, ⌥0 & ⌥00) was discovered in the
9.4 to 10.4 GeV mass region (42; 43; 44). These states
were identified as bb̄ bound states, where b designates
the charge = �1/3 “bottom,” or “beauty” quark with
beauty quantum number B = �1, and are now called
the bottomonium mesons. It was found that the ap-
plication the same potential that was used for charmo-
nium, with a b quark mass of mb ' 4.2 GeV, could pro-
duce a reasonable description of the bottomonium sys-
tem (see Fig. 5). In this case there are more states be-
low the M = 2mB (= 10.56 GeV) open-bottom thresh-
old,8 and most of these have been identified and found to
have masses and other properties that are in good agree-
ment with potential model expectations. The c and b

8 To conform to the nomenclature of charge = �1/3 s quark
system, B mesons contain a b̄ quark and have “beauty flavor”
B = +1 while B̄ mesons contain a b quark and have B = �1; i.e.
B = b̄q and B̄ = bq̄, where q = u or d
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FIG. 5 The current status of the bottomonium spectrum. The
dashed lines indicate the expected states and their masses based on
recent calculations (41) based on the Godfrey-Isgur relativized po-
tential model (40). The solid lines indicates the experimentally es-
tablished bottomonium states, with masses and spin-parity (JPC)
quantum number assignments taken from ref. (9), and labeled by
their spectroscopic designations. The open-flavor threshold is also
indicated (blue line).

quark are known as “heavy quarks” and often denoted
as Q (Q = c or b); likewise charmonium and bottomo-
nium mesons are collectively referred to as “quarkonium”
mesons and denoted as QQ̄.

2. Non-standard quarkonium-like mesons and quarkonium
pentaquarks

The large heavy-quark masses strongly suppress the
production of QQ̄ pairs from the vacuum during the
quark-to-hadron fragmentation process. Thus, if a Q and
a Q̄ quark are found among the decay products of a pre-
viously unseen meson resonance, they must have been
present as constituents of the meson itself. If the Q and
Q̄ quarks are the parent meson’s only constituents, it
must be a QQ̄ quarkonium state and, thus, have prop-
erties that match those of one of the as yet unassigned
allowed quarkonium levels. If it does not fit into one
of the available levels, it must have a substructure that
is more complex than just QQ̄ and, thus, qualify as
a non-standard hadron. The limited number of unas-
signed charmonium states with masses below 4.5 GeV
and the theoretical expectation that most of the unas-
signed charmonium states will have relatively low and
non-overlapping widths, make the identification of non-
standard charmonium-like mesons less ambiguous than is
the case for light-quark hadrons. For similar reasons, a
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Exploit large samples of open charm collected in full Run 1+2 datasets
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Abstract

Using proton-proton collision data, corresponding to an integrated luminosity of
9 fb�1, collected with the LHCb detector between 2011 and 2018, a new nar-
row charmonium state, the X(3842) resonance, is observed in the decay modes
X(3842)! D0D0 and X(3842)! D+D�. The mass and the natural width of this
state are measured to be

mX(3842) = 3842.71± 0.16± 0.12MeV/c2 ,

�X(3842) = 2.79± 0.51± 0.35MeV ,

where the first uncertainty is statistical and the second is systematic. The observed
mass and narrow natural width suggest the interpretation of the new state as
the unobserved spin-3  3

�
13D3

�
charmonium state.

In addition, prompt hadroproduction of the  (3770) and �c2(3930) states is
observed for the first time, and the parameters of these states are measured to be

m (3770) = 3778.1± 0.7± 0.6MeV/c2 ,

m�c2(3930) = 3921.9± 0.6± 0.2MeV/c2 ,

��c2(3930) = 36.6± 1.9± 0.9MeV ,

where the first uncertainty is statistical and the second is systematic.
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Summary 

• Golden Era for spectroscopy

• Many results have already come out of LHCb

• Today focused on recent results on  b-baryons, doubly charmed baryons 
and hidden charm

• Several analyses already exploit fully Run 1+2 dataset

• A lot more to come in next years 

• Future: LHCb upgrade will increase dataset by factor 5-10 depending on 
mode
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Backup 
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Near Threshold Charm Spectroscopy 
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The LHCb Detector

pp collision Point

Vertex Locator
VELO
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Calorimeters
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