
HEAVY BARYONS AND
MULTIPLE-FLAVORED EXOTICS

AT LHCb

Marco Pappagallo
University of Edinburgh

Exotic Hadron and Flavor Physics
28 May-1 June 2018, Stony Brook, New York



2M. PappagalloExotics Hadrons and Flavor Physics

Ø Observation of 5 new narrow Ω0c states [PRL 118 (2017) 182001]

Ø Observation of doubly heavy baryon !cc++ [PRL 119 (2017) 112001]

Ø Measurement of !cc++ lifetime [LHCb-PAPER-2018-019]

Ø Observation of a new !b- resonance [arXiv:1805.09418]

Ø Search for tetraquarks in "(1S)#+#-[LHCb-PAPER-2018-027]

Ø Plans & Prospects
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Excited Ω0c States

Lattice QCD: 
[M. Padmanath et al. arXiv:1311.4806]

7 P-wave states5 P-wave states

Only the ground states Ω0c (JP=1/2+) and Ω*0
c(JP=3/2+) are known so far
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ORBITALLY EXCITED BARYONS

The ρ- and λ-mode excitations of the single-heavy baryon

[Phys.Rev. D92 (2015) 114029]

7 excited L = 1 Ωc 

2ρ-mode5λ-mode
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ORBITALLY EXCITED BARYONS

The ρ- and λ-mode excitations of the single-heavy baryon

[Phys.Rev. D92 (2015) 114029]

7 excited L = 1 Ωc 

2ρ-mode5λ-mode

Neglected in many models
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EXCITED Ω0C STATES DECAYING TO ΞC
+K-

Ø Reconstruction of Cabibbo suppressed Ξc
+ à pK-π+ decays

Ø Data sample: 1.0 fb-1 (7 TeV) + 2.0 fb-1 (8 TeV) + 0.3 fb-1 (13 TeV) = 3.3 fb-1

Ø A dedicated trigger (and the larger collision energy) boosted the number of the
reconstructed Ξc

+ in the 13 TeV sample (x 3)

106 Ξc
+

Signal 
Region

SidebandSideband
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[PRL 118 (2017) 182001]
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FIVE NEW EXCITED Ω0C STATES! 
[PRL 118 (2017) 182001]

Ø Observation of 5 new excited Ωc states! Two of them extremely narrow
Ø Many interpretations proposed (including pentaquarks)
Ø The broad state could be a superposition of several states
Ø Threshold enhancement consistent with being due to the partially reconstructed 

decay Ωc(3066)0àΞc’+K-

Resonance Mass (MeV) � (MeV)

⌦c(3000)0 3000.4± 0.2± 0.1+0.3
�0.5 4.5± 0.6± 0.3

⌦c(3050)0 3050.2± 0.1± 0.1+0.3
�0.5 0.8± 0.2± 0.1

< 1.2MeV, 95% CL

⌦c(3066)0 3065.6± 0.1± 0.3+0.3
�0.5 3.5± 0.4± 0.2

⌦c(3090)0 3090.2± 0.3± 0.5+0.3
�0.5 8.7± 1.0± 0.8

⌦c(3119)0 3119.1± 0.3± 0.9+0.3
�0.5 1.1± 0.8± 0.4

< 2.6MeV, 95% CL

⌦c(3188)0 3188± 5 ± 13 60± 15± 11
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WHAT ARE THEY? WHY ARE THEY SO
NARROW?
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Most of the authors identified these states as the orbitally or 
radially excitations of the Ω0c baryon
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[PRL 119 (2017) 042001]
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WHAT ARE THEY? WHY ARE THEY SO
NARROW?

[K.-L. Wang, L.-Y. Xiao, X.-H. Zhong, Q. Zhao, Phys. Rev. D95 (2017) 116010]

Are they orbitally excited (L=1) states? Or radiatally excitations? Or…

…or are they pentaquarks?
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Pentaquarks?
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CONFIRMATION OF EXCITED Ω0C
AT BELLE

Ø 4 out of 5 states confirmed
Ø The narrow state at high mass is missing (not in disagreement with 

the LHCb observation)
Ø If the 5th state is a pentaquark, suppression expected in the e+e-

production

[PRD 97 (2018) 051102 ]
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OBSERVATION OF THE DOUBLY
CHARMED BARYON Ξcc

++

Ø All of the ground states with C=0 or C=1 have been observed
Ø Three weakly decaying C=2 states expected: Ξcc isodoublet and Ωcc

isosinglet
Ø SELEX reported signals of Ξcc

+ àΛc
+K- π+, pD+K- [PRL 89 (2002) 

112001, PLB 628 (2005) 18] 
Ø Not confirmed by BaBar [PRD 74 (2006) 011103], Belle [PRL 97 (2006) 162001]

nor LHCb [JHEP 12 (2013) 090]

Search for Ξcc
++ in the decay chain (2016 data): 

Highly significant signal observed (>12σ) 
consistent with a state decaying weakly

m(Ξcc
++) = 3621.40 � 0.72stat� 0.27syst� 0.14Λc+ MeV

Inconsistent with being isospin partner of the SELEX state: m(Ξcc
++)-m(Ξcc

+) = 103 � 2 MeV  

[PRL 119 (2017) 112001]

⌅++
cc ! ⇤+

c K
�⇡+⇡+, ⇤+

c ! pK�⇡+ Ξcc
++

313 � 33 
(L = 1.7 fb-1)
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FIRST MEASUREMENT OF
THE LIFETIME OF ΞCC

++
[LHCb-PAPER-2018-019]

Ø Dataset: 1.7 fb-1 (2016 @ 13 TeV)
Ø Lifetime measurement of !cc

++ à "+
c K- #+#+ relative to 

"0
b à "+

c #- #+#+ (similar topology)
Ø Similar selection as for the discovery paper

Ξcc
++ Λb0

N⌅++
cc

= 304± 35
<latexit sha1_base64="YU4VbOLwd083G4Ufttxi7IjJoCE=">AAACB3icdVDLSgMxFM34rPU16lKQYBGEQsnYat0IRTeupIJ9QGccMmnahmYeJBmhDLNz46+4caGIW3/BnX9j2o5QRQ9cOJxzL/fe40WcSYXQpzE3v7C4tJxbya+urW9smlvbTRnGgtAGCXko2h6WlLOANhRTnLYjQbHvcdryhhdjv3VHhWRhcKNGEXV83A9YjxGstOSae1duYreZmxCS3ibFYprCM1hGFWhHPiwfu2YBldAEcIaU0UkVVaGVKQWQoe6aH3Y3JLFPA0U4lrJjoUg5CRaKEU7TvB1LGmEyxH3a0TTAPpVOMvkjhQda6cJeKHQFCk7U2YkE+1KOfE93+lgN5G9vLP7ldWLVO3USFkSxogGZLurFHKoQjkOBXSYoUXykCSaC6VshGWCBidLR5XUI35/C/0nzqGShknVdKdTOszhyYBfsg0NggSqogUtQBw1AwD14BM/gxXgwnoxX423aOmdkMzvgB4z3L/vrl24=</latexit><latexit sha1_base64="YU4VbOLwd083G4Ufttxi7IjJoCE=">AAACB3icdVDLSgMxFM34rPU16lKQYBGEQsnYat0IRTeupIJ9QGccMmnahmYeJBmhDLNz46+4caGIW3/BnX9j2o5QRQ9cOJxzL/fe40WcSYXQpzE3v7C4tJxbya+urW9smlvbTRnGgtAGCXko2h6WlLOANhRTnLYjQbHvcdryhhdjv3VHhWRhcKNGEXV83A9YjxGstOSae1duYreZmxCS3ibFYprCM1hGFWhHPiwfu2YBldAEcIaU0UkVVaGVKQWQoe6aH3Y3JLFPA0U4lrJjoUg5CRaKEU7TvB1LGmEyxH3a0TTAPpVOMvkjhQda6cJeKHQFCk7U2YkE+1KOfE93+lgN5G9vLP7ldWLVO3USFkSxogGZLurFHKoQjkOBXSYoUXykCSaC6VshGWCBidLR5XUI35/C/0nzqGShknVdKdTOszhyYBfsg0NggSqogUtQBw1AwD14BM/gxXgwnoxX423aOmdkMzvgB4z3L/vrl24=</latexit><latexit sha1_base64="YU4VbOLwd083G4Ufttxi7IjJoCE=">AAACB3icdVDLSgMxFM34rPU16lKQYBGEQsnYat0IRTeupIJ9QGccMmnahmYeJBmhDLNz46+4caGIW3/BnX9j2o5QRQ9cOJxzL/fe40WcSYXQpzE3v7C4tJxbya+urW9smlvbTRnGgtAGCXko2h6WlLOANhRTnLYjQbHvcdryhhdjv3VHhWRhcKNGEXV83A9YjxGstOSae1duYreZmxCS3ibFYprCM1hGFWhHPiwfu2YBldAEcIaU0UkVVaGVKQWQoe6aH3Y3JLFPA0U4lrJjoUg5CRaKEU7TvB1LGmEyxH3a0TTAPpVOMvkjhQda6cJeKHQFCk7U2YkE+1KOfE93+lgN5G9vLP7ldWLVO3USFkSxogGZLurFHKoQjkOBXSYoUXykCSaC6VshGWCBidLR5XUI35/C/0nzqGShknVdKdTOszhyYBfsg0NggSqogUtQBw1AwD14BM/gxXgwnoxX423aOmdkMzvgB4z3L/vrl24=</latexit><latexit sha1_base64="YU4VbOLwd083G4Ufttxi7IjJoCE=">AAACB3icdVDLSgMxFM34rPU16lKQYBGEQsnYat0IRTeupIJ9QGccMmnahmYeJBmhDLNz46+4caGIW3/BnX9j2o5QRQ9cOJxzL/fe40WcSYXQpzE3v7C4tJxbya+urW9smlvbTRnGgtAGCXko2h6WlLOANhRTnLYjQbHvcdryhhdjv3VHhWRhcKNGEXV83A9YjxGstOSae1duYreZmxCS3ibFYprCM1hGFWhHPiwfu2YBldAEcIaU0UkVVaGVKQWQoe6aH3Y3JLFPA0U4lrJjoUg5CRaKEU7TvB1LGmEyxH3a0TTAPpVOMvkjhQda6cJeKHQFCk7U2YkE+1KOfE93+lgN5G9vLP7ldWLVO3USFkSxogGZLurFHKoQjkOBXSYoUXykCSaC6VshGWCBidLR5XUI35/C/0nzqGShknVdKdTOszhyYBfsg0NggSqogUtQBw1AwD14BM/gxXgwnoxX423aOmdkMzvgB4z3L/vrl24=</latexit>

N⇤0
b
= 3397± 119

<latexit sha1_base64="4WHKuiERaMhe6X4ckABsn6TBAjo=">AAACB3icdVDLSgMxFM3UV62vUZeCBIvgqmSsWLsQim5ciFSwD+iMQyaTaUMzD5KMUIbu3Pgrblwo4tZfcOffmD6EKnogcDjnXG7u8RLOpELo08jNzS8sLuWXCyura+sb5uZWU8apILRBYh6Ltocl5SyiDcUUp+1EUBx6nLa8/vnIb91RIVkc3ahBQp0QdyMWMIKVllxz98rN7Eud97Hr3aIhPIXlcrUC7SSEllV1zSIqoTHgDCmj4wqqQGuqFMEUddf8sP2YpCGNFOFYyo6FEuVkWChGOB0W7FTSBJM+7tKOphEOqXSy8R1DuK8VHwax0C9ScKzOTmQ4lHIQejoZYtWTv72R+JfXSVVw4mQsSlJFIzJZFKQcqhiOSoE+E5QoPtAEE8H0XyHpYYGJ0tUVdAnfl8L/SfOwZKGSdX1UrJ1N68iDHbAHDoAFKqAGLkAdNAAB9+ARPIMX48F4Ml6Nt0k0Z0xntsEPGO9fJPyW5g==</latexit><latexit sha1_base64="4WHKuiERaMhe6X4ckABsn6TBAjo=">AAACB3icdVDLSgMxFM3UV62vUZeCBIvgqmSsWLsQim5ciFSwD+iMQyaTaUMzD5KMUIbu3Pgrblwo4tZfcOffmD6EKnogcDjnXG7u8RLOpELo08jNzS8sLuWXCyura+sb5uZWU8apILRBYh6Ltocl5SyiDcUUp+1EUBx6nLa8/vnIb91RIVkc3ahBQp0QdyMWMIKVllxz98rN7Eud97Hr3aIhPIXlcrUC7SSEllV1zSIqoTHgDCmj4wqqQGuqFMEUddf8sP2YpCGNFOFYyo6FEuVkWChGOB0W7FTSBJM+7tKOphEOqXSy8R1DuK8VHwax0C9ScKzOTmQ4lHIQejoZYtWTv72R+JfXSVVw4mQsSlJFIzJZFKQcqhiOSoE+E5QoPtAEE8H0XyHpYYGJ0tUVdAnfl8L/SfOwZKGSdX1UrJ1N68iDHbAHDoAFKqAGLkAdNAAB9+ARPIMX48F4Ml6Nt0k0Z0xntsEPGO9fJPyW5g==</latexit><latexit sha1_base64="4WHKuiERaMhe6X4ckABsn6TBAjo=">AAACB3icdVDLSgMxFM3UV62vUZeCBIvgqmSsWLsQim5ciFSwD+iMQyaTaUMzD5KMUIbu3Pgrblwo4tZfcOffmD6EKnogcDjnXG7u8RLOpELo08jNzS8sLuWXCyura+sb5uZWU8apILRBYh6Ltocl5SyiDcUUp+1EUBx6nLa8/vnIb91RIVkc3ahBQp0QdyMWMIKVllxz98rN7Eud97Hr3aIhPIXlcrUC7SSEllV1zSIqoTHgDCmj4wqqQGuqFMEUddf8sP2YpCGNFOFYyo6FEuVkWChGOB0W7FTSBJM+7tKOphEOqXSy8R1DuK8VHwax0C9ScKzOTmQ4lHIQejoZYtWTv72R+JfXSVVw4mQsSlJFIzJZFKQcqhiOSoE+E5QoPtAEE8H0XyHpYYGJ0tUVdAnfl8L/SfOwZKGSdX1UrJ1N68iDHbAHDoAFKqAGLkAdNAAB9+ARPIMX48F4Ml6Nt0k0Z0xntsEPGO9fJPyW5g==</latexit><latexit sha1_base64="4WHKuiERaMhe6X4ckABsn6TBAjo=">AAACB3icdVDLSgMxFM3UV62vUZeCBIvgqmSsWLsQim5ciFSwD+iMQyaTaUMzD5KMUIbu3Pgrblwo4tZfcOffmD6EKnogcDjnXG7u8RLOpELo08jNzS8sLuWXCyura+sb5uZWU8apILRBYh6Ltocl5SyiDcUUp+1EUBx6nLa8/vnIb91RIVkc3ahBQp0QdyMWMIKVllxz98rN7Eud97Hr3aIhPIXlcrUC7SSEllV1zSIqoTHgDCmj4wqqQGuqFMEUddf8sP2YpCGNFOFYyo6FEuVkWChGOB0W7FTSBJM+7tKOphEOqXSy8R1DuK8VHwax0C9ScKzOTmQ4lHIQejoZYtWTv72R+JfXSVVw4mQsSlJFIzJZFKQcqhiOSoE+E5QoPtAEE8H0XyHpYYGJ0tUVdAnfl8L/SfOwZKGSdX1UrJ1N68iDHbAHDoAFKqAGLkAdNAAB9+ARPIMX48F4Ml6Nt0k0Z0xntsEPGO9fJPyW5g==</latexit>
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FIRST MEASUREMENT OF
THE LIFETIME OF ΞCC

++
[LHCb-PAPER-2018-019]

Ø Lifetime measurement of !cc
++ à "+

c K- #+#+ relative to "0
b à "+

c #- #+#+

Ø Many uncertainties cancel out in the ratio

R(t) =
f⌅++

cc

f⇤0
b

⇥
✏⇤0

b

✏⌅++
cc

= R(0)e
�
 

1
⌧
⌅++
cc

� 1
⌧
⇤0
b

!
t

where t 2 [0.1� 2.0]ps
<latexit sha1_base64="eVm5ZqfWmLFSpPpT9qpuNLsTb2o="></latexit><latexit sha1_base64="eVm5ZqfWmLFSpPpT9qpuNLsTb2o="></latexit><latexit sha1_base64="eVm5ZqfWmLFSpPpT9qpuNLsTb2o="></latexit><latexit sha1_base64="eVm5ZqfWmLFSpPpT9qpuNLsTb2o="></latexit>

S-weighted data 
to subtract 
background

✏(t) =
NRec(t)

NGen(t)
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Resolutions (~60 fs) negligible

Preliminary
Preliminary
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f⌅++
cc

= h⇤0
b
⇥

✏⌅++
cc

✏⇤0
b

⇥ e
�
 

1
⌧
⌅++
cc

� 1
⌧
⇤0
b

!
t

<latexit sha1_base64="BuOTPn2Sx88yRmd+4DDjOot2ZOI="></latexit><latexit sha1_base64="BuOTPn2Sx88yRmd+4DDjOot2ZOI="></latexit><latexit sha1_base64="BuOTPn2Sx88yRmd+4DDjOot2ZOI="></latexit><latexit sha1_base64="BuOTPn2Sx88yRmd+4DDjOot2ZOI="></latexit>

⌧⇤0
b
= 1.470± 0.010 ps (PDG)

<latexit sha1_base64="46Lx2ydCnL+4oiNDn92kHPCm9gQ="></latexit><latexit sha1_base64="46Lx2ydCnL+4oiNDn92kHPCm9gQ="></latexit><latexit sha1_base64="46Lx2ydCnL+4oiNDn92kHPCm9gQ="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="lKX2xvUh7gQJ/E0Uu+armV/5x4g=">AAACGXicbZDLSgMxFIbP1FutVatbN8EiVJCSEaGCCIKCLlxUsBfo1CGTpm1oMjMkGaEMfRg3voobF15w4duYXhbaeiDh4/9zODl/EAuuDcbfTmZpeWV1Lbue28hvbm0XdvJ1HSWKshqNRKSaAdFM8JDVDDeCNWPFiAwEawSDy7HfeGRK8yi8N8OYtSXphbzLKTFW8gtnniGJn3q3tqVD/OABj9A5cssnFYy8WCJcxq4lJVPvCMUa2btUvbo+HKFczi8UrT0ptAjuDIowq6pf+PA6EU0kCw0VROuWi2PTTokynAo2ynmJZjGhA9JjLYshkUy308mSI3RglQ7qRsqe0KCJ+rsjJVLroQzsS0lMX897Y/E/r5WY7mk75WGcGBbS6aBuIpCJ0Dgx1OGKUSOGFghV3P4V0T5RhBqb6zgEd37lRagfl11cdu8wZGEP9qEELlTgAm6gCjWg8AQv8AbvzrPz6nxO48o4s9x24U85Xz/TlJ44</latexit><latexit sha1_base64="DumDcHLnsMzsd7DE2Ta9QWB1Pv4="></latexit><latexit sha1_base64="RDTXMkTt0Vc+MeIA6h7P2M9cYQc="></latexit><latexit sha1_base64="46Lx2ydCnL+4oiNDn92kHPCm9gQ="></latexit><latexit sha1_base64="46Lx2ydCnL+4oiNDn92kHPCm9gQ="></latexit><latexit sha1_base64="46Lx2ydCnL+4oiNDn92kHPCm9gQ="></latexit><latexit sha1_base64="46Lx2ydCnL+4oiNDn92kHPCm9gQ="></latexit><latexit sha1_base64="46Lx2ydCnL+4oiNDn92kHPCm9gQ="></latexit><latexit sha1_base64="46Lx2ydCnL+4oiNDn92kHPCm9gQ="></latexit>

Free parameter

⌧⌅++
cc

= 0.256±0.024
0.022 ±0.014 ps

<latexit sha1_base64="GUeHCXsQSWEIkopYS8Vs0/E0Mp4="></latexit><latexit sha1_base64="GUeHCXsQSWEIkopYS8Vs0/E0Mp4="></latexit><latexit sha1_base64="GUeHCXsQSWEIkopYS8Vs0/E0Mp4="></latexit><latexit sha1_base64="GUeHCXsQSWEIkopYS8Vs0/E0Mp4="></latexit>

Data
MC

Preliminary
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⌧⌅++
cc

= 0.256±0.024
0.022 ±0.014 ps

<latexit sha1_base64="GUeHCXsQSWEIkopYS8Vs0/E0Mp4="></latexit><latexit sha1_base64="GUeHCXsQSWEIkopYS8Vs0/E0Mp4="></latexit><latexit sha1_base64="GUeHCXsQSWEIkopYS8Vs0/E0Mp4="></latexit><latexit sha1_base64="GUeHCXsQSWEIkopYS8Vs0/E0Mp4="></latexit>
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THE bqq (q=u,d,s) BARYONS (B=1, C=0)

Missing states before 
LHC era

“Spin excited states”
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THE bqq (q=u,d,s) BARYONS (B=1, C=0)

Still missing states 
because soft gamma/pi0 
involving in the decays 

“Spin excited states”
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BEAUTY BARYON SPECTROSCOPY

ü Filling the gaps of the missing ground states 
ü First observation of excited beauty baryons

Two new peaks are interpreted as the 
orbitally L=1 excited Λ0

b states

[PRL 109 (2012) 172003]
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** à Ξbπ, where ΞbàΞcπ

Three narrow peaks interpreted as Ξb’- (JP =1/2+), 
Ξb*- (JP =3/2+) , Ξb*0 (JP =3/2+) 

[PRL 114 (2015) 062004, JHEP 05 (2016) 161]
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OBSERVATION OF A NEW ΞB
-

RESONANCE [arXiv:1805.09418]

Ø Dataset: 1.0 fb-1 (7 TeV) + 2.0 fb-1 (8 TeV) 1.5 fb-1 (13 TeV)
Ø Mass Spectra:

ü !b
0 K-, where !b

0à!c
+ "- (Fully reconstructed)

ü !b
0 K-, where !b

0à!c
+#-$ (Semileptonic)

ü %b
0 "-, where %b

0à%c
+ #-$ (Semileptonic)

ü Semileptonic decays featured by BR’s 10-20 times larger

p$ estimated by assuming it is carried by a zero-mass
particle that balances the momentum transverse to the
direction of !b

0/%b
0 state and constraining the invariant

mass of the system to the nominal !b
0/%b

0 mass

NEW
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OBSERVATION OF A NEW ΞB
-

RESONANCE [arXiv:1805.09418]

Production rates of two decays modes relative to !b
0/"b

0

Ø Branching ratio ~ 1 assuming f"b0 ~ 0.1 f!b0
Ø New state could be "b(1P)- or "b(2S)-
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SEARCH FOR Xbbbb [LHCb-PAPER-2018-027]

Ø Recently several predictions for an exotic state with quark composition 
bbbb with a mass below, the 2*m(!b) threshold, which implies that it can 
decay to "(1S)#+#-

Ø Rumours about the observation of a peak at ~ 18 GeV at ATLAS/CMS
Ø However lattice QCD calculations do not find evidence for such a state in 

the hadron spectrum [PRD 97 (2018) 054505]
Ø Given the presence of four muons in the final state, LHCb has a large 

sensitivity into observing the first exotic state composed of more than two 
heavy quarks

Not
 A

ppro
ve

d

Not
 A

ppro
ve

d
https://absuploads.aps.org/presentation/upload/APR18/U09/APR18-2018-001130/presentation14072_oenhvnehnzhz.pdf

https://mmm.cern.ch/owa/redir.aspx?C=2J1iZNRYb_Akc-FXKaInI_njNxX1hJtnTwOufu_PkcFuM_iJasXVCA..&URL=https%3a%2f%2fabsuploads.aps.org%2fpresentation%2fupload%2fAPR18%2fU09%2fAPR18-2018-001130%2fpresentation14072_oenhvnehnzhz.pdf
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SEARCH FOR Xbbbb [LHCb-PAPER-2018-027]

Ø Dataset: 6.0 fb-1 (2011à 2017!)
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NEW

Combined to two muons 
with opposite charges
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SEARCH FOR Xbbbb [LHCb-PAPER-2018-027]
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PLANS & PROSPECTS
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LHCb GOING TO UPGRADE

Ø Main limitation that prevents exploiting higher luminosity with the present detector 
is the Level-0 (hardware) trigger
ü – Level-0 output rate < 1 MHz (readout rate) requires raising thresholds

Ø This is particularly problematic for hadronic final states
Ø Running at 2x1033 cm-2 s-1 with full software trigger, running at 40 MHz

Upgrade I

To be installed in Long Shutdown 4 of the LHC:
Ø Subsystems redesigned to operate at a luminosity of 1-2 x 1034 cm-2 s-1

Ø Integrated luminosity of > 300 fb -1

Ø Extension of the experiment’s capabilities into selecting π0, η and low-momentum
tracks

Upgrade II

Upgrade I Upgrade II
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EXCITED Ωc
0: 

DETERMINATION OF SPIN J

Helicity angle θK distributions may be used to 
distinguish between spin hypotheses for resonances.

The method is not sensitive to the parity 
(neither to the spin if the resonances are produced unpolarized)

(E.g.) Decay chain Ωc** àΞc (à Δ++ K- or pK*) K 
qK

Ωc**
K-

Δ++

Ξc+

Λc(2880)+ àΣc(2455) (àΛcπ) π
[Belle:Phys. Rev. Lett. 98 (2007) 262001]

J = 5/2

Ξb
*-àΞb

0 (àΞc
+π-) π-

[LHCb:Phys. Rev. Lett. 114 (2015) 062004]

J = 3/2
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EXCITED Ωc0:  
DETERMINATION OF SPIN-(PARITY?) JP

The decays Ωb-àΩc0 (àpKKπ) π- already observed. 
Same number and type of tracks in the final state

Study of Ωc** in fully reconstructed decays: (e.g.) Ωb-àΞc+ K- π-

b

s

s

c

s

s

u

d

Ωb
- Ωc

(**)0

π-

[Phys. Rev. D 93 (2016) 092007]

63 � 9
(3 fb-1)

ü Angular distributions might slightly affected by Ξc**0à Ξc+ π-

ü No resonances expected in the K- π- system
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EXCITED Ωc0:  
PROBING THEIR NATURE

ü Ωc0π+π- and Ωc0 γ
Cabibbo suppressed decays Ωc0àpKKπ are suitable to these 
searches. Low efficiency due to the large number of tracks or 
presence of a photon
ü Search for isospin-partner pentaquarks

Ø Search for exotic Ωc**-à Ξc
0 K- by Ξc

0 àpKKπ
Ø Similar selection to Ωc**0à Ξc

+ K-
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The nature of Ωc**0 states can be probed 
by looking for new decay modes which can 
constrain the quantum numbers as well
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DOUBLY HEAVY BARYONS

Ø Observations of two missing weakly decaying Ξcc
+ and Ωcc expected with 

RUN II data or during the upcoming Upgrade I
Ø The Phase II upgrade will be useful into studying their differential 

production and excited spectra: Ξ**cc and Ω**cc

LHCb Upgrade II 
(300 fb-1)

Belle II 
(50 ab-1)

!cc
++ à"c

+ K- #+ #+ 90k < 6k
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WHAT ABOUT Ξbc?

(e.g.)N(⌅0
bc ! J/ ⇤+

c K
�; Run1) =N(B+

c ! J/ D(⇤)+
s ; Run1)

⇥ �(pp ! ⌅bcX)

�(pp ! B+
c X)

⇥ f⌅bc!⌅0
bc

⇥ Br(⌅0
bc ! J/ ⇤+

c K
�)

Br(B+
c ! J/ D(⇤)+

s )

⇥ ✏K�

' 3 candidates

Ø The Bc meson was discovered almost two decades ago 
In LHCb, ~5000 Bc àJ/ψπ in Run I

So, why have we not yet seen bcq baryons (Xbc)?
Lower production rates, guess σ(Xbc) ~ (0.1 -0.5) � σ(Bc

+)
In J/ψ modes, (usually) get a charm baryon: yield reduced by BF(Xc) � εsel(Xc) 
Shorter lifetime (~0.15 – 0.4 ps range, compared to ~0.5 ps for Bc)

N(⌅0
bc ! J/ ⇤+

c K
�; Run 5) ' 6⇥ 102
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DOUBLY CHARMED TETRAQUARK: ccqq

Ø Observation of several hadronic resonances with hidden charm or beauty
(so called X, Y, Z states) in the last decade at LHC and B-factories

Ø They barely fit into the standard quarkonium scenarios and “exotic”
interpretations have been proposed

Ø Observation of doubly charged states would be even more important to
understand their nature: indeed in a loosely bound molecule, Coulomb
repulsion would induce a fall-apart decay on very short time scales

Ø Doubly charmed particles are a straightforward consequence
Ø If discovered, they would be almost full-proof states made of 4 quarks

Tetraquark Loosely bound 
molecules

[A. Esposito et al.: PRD 88 (2013) 054029]
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DOUBLY CHARMED TETRAQUARK: ccqq

Ø If the masses of such states are below the DD thresholds à strong decays
are forbidden and weak decay pattern would be complicated

Ø If the masses are above the DD thresholds, pure tetraquark models
predict (narrow) states with quantum numbers JP = 0+, 1+ and 2+

Ø 0+ and 1+ states expected to be the lighter and more likely to be formed
(and observed)

JP = 1+ JP = 0+

Natural widths as predicted by a pure tetraquark model

[A. Esposito et al.: PRD 88 (2013) 054029]

m(D*Ds) m(D*D*s) m(DDs) m(D*D*s)
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DOUBLY CHARMED TETRAQUARK IN
PROMPT PRODUCTION

Narrow states could be easily spotted in the prompt production

1.82 1.84 1.86 1.88 1.9

1.82
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1.86
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1.9
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20

1.82 1.84 1.86 1.88 1.9

1.9

1.95

2
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5

10

Associated production of D+D+ and D+Ds
+ (0.3 fb-1)

[LHCb: JHEP 06 (2012) 141]

N(D+D+; Run5) ' 750k candidates
N(D+D+

s ; Run5) ' 150k candidates

m(Kππ) [GeV] m(Kππ) [GeV]
m(Kππ) [GeV]

m(KKπ) [GeV]

Ds
+D+

D+ D+
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DOUBLY CHARMED TETRAQUARK
IN Bc DECAYS

Ø If the states are broad-ish à Search for them in Bc decays where the 
quantum numbers can be also measured

Ø The Bc meson is the lightest state in the standard model that can decay to 
two same-flavour charmed hadrons. 

Ø Search for tetraquark:  

N = 28.9 � 5.6 (3 fb-1)
N(B+

c ! D0D̄0D+
s ; Run5) ' 102 candidates

Clear signature. Expected to be background free.
Three pseudoscalars in the final state

T +
s (ccūs̄) ! D0D+

s

[LHCb: PRD 87 ( 2013) 112012]
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SEARCH A STABLE 1++ bbud TETRAQUARK

Xbbud
D+

B-u

b
d

b

c
d

b
u

d
u

! -

Ø Inclusive reconstructive efficiencies for B mesons are low at LHCb due to 
low branching fractions into low multiplicity final states

Ø Not promising even for Upgrade II!



36M. PappagalloExotics Hadrons and Flavor Physics

SUMMARY
Ø Excited Ωc**0: Opportunity of studying the fine and hyperfine structure of the heavy baryons
Ø Observation of the first doubly heavy baryon Ξcc++ !
Ø The large data set collected, together with an upgraded detector, will boost

sensitivity in searches for heavy states with small production cross sections and/or
small decay rates

1010 B

1010 Λb

1010 Bs

1010 Bc 1010 Ξbc
108 X(3872)àJ/ψππ

(Prompt)

106 Pc
+ àJ/ψp

(Λbdecays)

Ξcc
++

 [GeV]py/Jm
4 4.2 4.4 4.6 4.8 5

Ev
en

ts
/(1

5 
M

eV
)

0

100

200

300

400

500

600

700

800

LHCb(b)

Pc
+

X(3872)

���to be continued

109 Ωccc

) [MeV]-K+cX(m
3000 3100 3200 3300

C
an

di
da

te
s /

 (1
 M

eV
)

0

100

200

300

400 LHCb
-K+cX

Full fit
Background
Feed-downs

 sidebands+
cX

Ωc**



37M. PappagalloExotics Hadrons and Flavor Physics

BACK UP
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THE LHCb DETECTOR
38

JINST 3 (2008) S08005

Interaction
Point

Vertex Locator (VELO)
Primary and secondary
Vertex reconstruction

Tracking system
TT, IT/OT

RICH detector
PID K, π

Calorimeters
e, γ, π0, n

Muon system
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DATASETS

LHCb has just doubled the RUN I (2010-2012) dataset. 
So far 1 fb-1 at 7 TeV + 2 fb-1 at 8 TeV + 3.7 fb-1 at 13 TeV
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THE bqq (q=u,d,s) BARYONS (B=1, C=0)
40

Missing states

The system of baryons containing a b
quark remains largely unexplored, 
despite recent progress made at the 

experiments at the Tevatron

“Spin excited states”
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41

SEARCH FOR

m(⌃0
b) ⇠ 5813MeV

m(⌃⇤0
b ) ⇠ 5833MeV

⌃(⇤)0
b ! ⇤0

b⇡
0

Ø Large Λb sample available
Ø Suppression of background is 

challenging, even more than Σ(*)�
b

[PRD85 (2012) 092011]
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42
⌦⇤

b⌅
0

bSEARCH FOR AND

⌅0
b � ⌅b ⇠ 120MeV

+
B(⌅0

b ! ⌅b�) ⇠ 100%

⌦⇤
b � ⌦b ⇠ 20MeV

+
B(⌦⇤

b ! ⌦b�) ⇠ 100%

Ø Soft photon àLow efficiency
Ø Small Ωb sample
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LIGHT BARYON SPECTROSCOPY

Ø The poor knowledge of the light sector (Λ*, N*, etc…) has had a large 
impact on the amplitude analyses aiming to the search for the 
pentaquarks

Ø LHCb can contribute to study the spectroscopy of the light sector as well 


