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Outline  

  

•  Introduction 

•  Quarkonia production in b èΦΦX decays  

•  XYZ states: pentaquarks and tetraquarks 

•  Observation of excited Ωc baryons 

•  Summary and outlook   

Impossible to present everything  
in 25 minutes hence focus on more  
recent results + XYZ states 

New 
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Introduction  

•  World largest heavy flavour 
     dataset ! 3 fb-1 Run 1, 2 fb-1 Run2 

•  Precision tracking 

•  Excellent PID using RICH  

•  Trigger for fully hadronic decays  

LH
C

b-
C

O
N

F-
20

16
-0

05
 

D0 ! K�⇡+

630 million  
candidates ! 
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Charmonia production 
 in b èϕϕX decays   
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Quarkonia with b è ϕϕX decays 

New 

Studies of  inclusive quarkonia production in b-hadron decays allows  
to probe QCD production models and to make spectroscopic measurements 

Run 1 dataset 
 
Hadronic trigger 
to select displaced 
ϕϕ final state 
 
No evidence for 
X(3872), X(3915), 
 χc2(2P), limits set 

Many charmonia states decay to ϕϕ final state 
  

arXiv:1706.07013 
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Quarkonia with b è ϕϕX decays 

•  Measured charmonium masses in agreement with world averages 

•  Precision of ηc(1S) mass comparable to/in agreement with world average 

EPJC 75 (2015) 311 
Phys Lett B769 (2017) 305 

colour-octet or colour-singlet contributions. The observed relations between the �
c

437

branching fractions are not consistent with those predicted in Ref. [16]. The branching438

fraction B(b! �
c0X) is measured for the first time. The result for b-hadron decays into439

�
c1 is the most precise measurement for the admixture of B0, B+, B0

s

and b-baryons. The440

central value of the result for b-hadron decays into �
c1 is lower than the value measured441

by the DELPHI [7] and L3 [8] experiments at LEP, but consistent within uncertainties.442

The value obtained is consistent with the branching fraction of b-hadron decays into �
c1443

measured by CLEO [2], Belle [4] and BaBar [5] with the light mixture of B0 and B+.444

The branching fraction of b-hadron decays into �
c2 is measured for the first time with the445

B0, B+, B0
s

and b-baryons admixture. The result is consistent with the world average446

corresponding to the B0, B+ admixture [12] and with individual measurements from447

CLEO [3], Belle [4], and BaBar [5].448

Di↵erential charmonium production cross-sections as a function of pT are presented for449

the ⌘
c

(1S) and �
c

states in the LHCb acceptance and for pT > 4 GeV/c. NLO calculations450

of the pT dependence of the ⌘
c

and �
c

production rates in b-hadron decays will help to451

relate the results to conclusions on production mechanisms.452

The production rate of the ⌘
c

(2S) state in b-hadron decays is determined to be453

B(b! ⌘
c

(2S)X)⇥ B(⌘
c

(2S)! ��) = (6.34± 1.81± 0.57± 1.89B)⇥ 10�7.

This is the first evidence for ⌘
c

(2S) production in b-hadron decays and for the decay454

⌘
c

(2S)! ��. The production rate as a function of the assumed natural width is given.455

These are the first �
c

and ⌘
c

(2S) inclusive production measurements, using charmonium456

decays to a hadronic final state, in the high-multiplicity environment of a hadron machine.457

In addition, upper limits at 95% (90%) CL on the production rates of the X(3872),458

X(3915), and �
c2(2P ) states in b-hadron decays are obtained,459

RX(3872)
�c1

< 0.39 (0.34), RX(3915)
�c0

< 0.14 (0.12) and R�c2(2P )
�c2

< 0.20 (0.16),

or460

B(b! X(3872)X)⇥ B(X(3872)! ��) < 4.5(3.9)⇥ 10�7,

B(b! X(3915)X)⇥ B(X(3915)! ��) < 3.1(2.7)⇥ 10�7,

B(b! �
c2(2P )X)⇥ B(�

c2(2P )! ��) < 2.8(2.3)⇥ 10�7.

Masses and natural widths of the ⌘
c

and �
c

states are determined to be461

M
⌘c(1S) = 2982.81± 0.99± 0.45 MeV/c2,

M
�c0 = 3412.99± 1.91± 0.62 MeV/c2,

M
�c1 = 3508.38± 1.91± 0.66 MeV/c2,

M
�c2 = 3557.29± 1.71± 0.66 MeV/c2,

M
⌘c(2S) = 3636.35± 4.06± 0.69 MeV/c2,

�
⌘c(1S) = 31.35± 3.51± 2.01 MeV.

The measured charmonium masses agree with the world averages. The precision of the462

⌘
c

(1S) mass is comparable to the precision of the world average value. The measured463

⌘
c

(1S) mass is in agreement with the LHCb measurement using decays to the pp final464
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Quarkonia with b è ϕϕX decays 
Differential cross-section versus pt studied 
 
Various branching ratios quoted, LHCb 
measurement of b è ηcX inclusive BF in  
EPJC 75 (2015) 311 used for normalization 
 

7 Summary and discussion413

Charmonium production in b-hadron inclusive decays is studied in pp collisions collected at414 p
s = 7 and 8 TeV corresponding to an integrated luminosity of 3.0 fb�1, using charmonium415

decays to �-meson pairs. The masses and natural widths of the ⌘
c

and �
c

states are416

determined. In addition, the first evidence of B0
s

! ��� decay is obtained. These studies417

are performed on �� and ��� samples using 2D and 3D fit techniques.418

Ratios of charmonium C production rates relative to the ⌘
c

(1S) and within charmonium419

families,420

RC1
C2
⌘ B(b! C1 X)⇥ B(C1 ! ��)

B(b! C2 X)⇥ B(C2 ! ��)
,

are measured to be421

R�c0

⌘c(1S) = 0.147± 0.023± 0.011,

R�c1

⌘c(1S) = 0.073± 0.016± 0.006,

R�c2

⌘c(1S) = 0.081± 0.013± 0.005,

R�c1
�c0

= 0.50± 0.11± 0.01,

R�c2
�c0

= 0.56± 0.10± 0.01,

R⌘c(2S)
⌘c(1S) = 0.040± 0.011± 0.004,

where the first uncertainties are statistical and the second ones are systematic. Using the422

branching fractions of �
c

decays to �� from Ref. [12], relative branching fractions of b423

hadrons decaying inclusively to �
c

states are derived,424

B(b! �
c1X)

B(b! �
c0X)

= 0.92± 0.20± 0.02± 0.14B,

B(b! �
c2X)

B(b! �
c0X)

= 0.38± 0.07± 0.01± 0.05B,

where the third uncertainty is due to the branching fractions B(�
c

! ��). The result425

for relative �
c1 and �

c2 production in b-hadron decays is consistent with the same ratio426

measured in B0 and B+ production [12].427

Inclusive production rates of the �
c

states in b-hadron decays are derived using428

branching fractions of the �
c

decays to �� from Ref. [12], an average of the results from429

Belle [44] and BaBar [45] B(⌘
c

(1S)! ��) = (3.21±0.72)⇥10�3, and the ⌘
c

(1S) inclusive430

production rate measured using decays to pp, B(b! ⌘
c

(1S)X) = (4.88± 0.97)⇥ 10�3 [13].431

They are432

B(b! �
c0X) = (3.02± 0.47± 0.23± 0.94B)⇥ 10�3,

B(b! �
c1X) = (2.76± 0.59± 0.23± 0.89B)⇥ 10�3,

B(b! �
c2X) = (1.15± 0.20± 0.07± 0.36B)⇥ 10�3,

where the third uncertainty is due to the uncertainties on the branching fraction of the433

b-hadron decays to the ⌘
c

(1S) meson, B(b! ⌘
c

(1S)X), and ⌘
c

(1S) and �
c

decays to ��.434

No indirect contribution to the production rate is subtracted. However, since contributions435

from  (2S) decays to the �
c

states are limited, the results disfavour dominance of either436

18

(Factorization: χc0 and χc2 suppressed. Spin  
counting χc0 suppressed to χc2 arxiv 9808360) 
   

8.2 Comparison between di↵erent results of b! �cX548

Figure 13 shows a summary of the branching fraction measurements for inclusive decays549

of light B-mesons, B(B ! �
c

X), and of mixtures of all b hadrons, B(b ! �
c

X). Also550

indicated are the PDG averages and averages including the results from this paper. The551

LHCb result for b-hadron decays to �
c0 is the only available result and is not shown in552

the figure.
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Figure 13: Summary of the branching fraction measurements for inclusive decays of light B
mesons, B(B ! �

c

X), and of all b hadrons, B(b! �
c

X), shown in each plot above and below
the dashed line, respectively. The branching fractions for the decays to �

c1 and �
c2 are shown

in the top and bottom plots, respectively. The world averages noted “PDG2016” do not include
the LHCb results.
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Exotic Spectroscopy  
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Exotic Spectroscopy 
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Motivation  Volume 8, number 3 P H Y S I C S  L E T T E R S  1 February  1964 

A S C H E M A T I C  M O D E L  O F  B A R Y O N S  A N D  M E S O N S  

M. G E L L -  MANN 
California Institute of Technology, Pasadena, California 

Received 4 January 1964 

If we a s s u m e  that  the s t r o n g  i n t e r a c t i o n s  of b a r y -  
ons  and m e s o n s  a r e  c o r r e c t l y  d e s c r i b e d  in t e r m s  of 
the  b r o k e n  "e igh t fo ld  way"  1 - 3 )  we a r e  t e m p t e d  to 
look fo r  s o m e  f u n d a m e n t a l  exp l ana t i on  of the s i t u a -  
t ion.  A h igh ly  p r o m i s e d  a p p r o a c h  i s  the  p u r e l y  dy-  
n a m i c a l  " b o o t s t r a p "  m o d e l  for  a l l  the s t r o n g l y  in-  
t e r a c t i n g  p a r t i c l e s  wi th in  which  one m a y  t r y  to de -  
r i v e  i so top i c  sp in  and s t r a n g e n e s s  c o n s e r v a t i o n  and 
b r o k e n  e igh t fo ld  s y m m e t r y  f r o m  s e l f - c o n s i s t e n c y  
a lone  4). Of c o u r s e ,  with only s t r o n g  i n t e r a c t i o n s ,  
the  o r i e n t a t i o n  of the a s y m m e t r y  in the u n i t a r y  
s p a c e  cannot  be s p e c i f i e d ;  one hopes  tha t  in s o m e  
way  the s e l e c t i o n  of s p e c i f i c  c o m p o n e n t s  of the  F -  
sp in  by  e l e c t r o m a g n e t i s m  and the weak  i n t e r a c t i o n s  
d e t e r m i n e s  the cho i ce  of i s o t o p i c  sp in  and h y p e r -  
c h a r g e  d i r e c t i o n s .  

Even  if  we c o n s i d e r  the  s c a t t e r i n g  a m p l i t u d e s  of 
s t r o n g l y  i n t e r a c t i n g  p a r t i c l e s  on the  m a s s  s h e l l  only  
and t r e a t  the  m a t r i x  e l e m e n t s  of the weak ,  e l e c t r o -  
m a g n e t i c ,  and g r a v i t a t i o n a l  i n t e r a c t i o n s  by m e a n s  
of d i s p e r s i o n  t h e o r y ,  t h e r e  a r e  s t i l l  mean ing fu l  and 
i m p o r t a n t  q u e s t i o n s  r e g a r d i n g  the a l g e b r a i c  p r o p e r -  
t i e s  of t h e s e  i n t e r a c t i o n s  tha t  have  so  fa r  been  d i s -  
c u s s e d  only  by  a b s t r a c t i n g  the  p r o p e r t i e s  f r o m  a 
f o r m a l  f i e ld  t h e o r y  m o d e l  b a s e d  on f u n d a m e n t a l  
e n t i t i e s  3) f r o m  which  the b a r y o n s  and m e s o n s  a r e  
bu i l t  up. 

If t h e s e  e n t i t i e s  w e r e  o c t e t s ,  we m i g h t  e x p e c t  the 
u n d e r l y i n g  s y m m e t r y  g r o u p  to be  SU(8) i n s t e a d  of 
SU(3); i t  i s  t h e r e f o r e  t e m p t i n g  to t r y  to u se  u n i t a r y  
t r i p l e t s  a s  f u n d a m e n t a l  o b j e c t s .  A u n i t a r y  t r i p l e t  t 
c o n s i s t s  of an i so top i c  s i n g l e t  s of e l e c t r i c  c h a r g e  z 
(in uni t s  of e) and an i so top i c  double t  (u, d) with 
c h a r g e s  z+l  and z r e s p e c t i v e l y .  The  a n t i - t r i p l e t  
has ,  of c o u r s e ,  the  o p p o s i t e  s i g n s  of the  c h a r g e s .  
C o m p l e t e  s y m m e t r y  among the m e m b e r s  of the  
t r i p l e t  g i v e s  the e x a c t  e igh t fo ld  way,  whi le  a m a s s  
d i f f e r e n c e ,  fo r  e x a m p l e ,  be tween  the i s o t o p i c  dou-  
b l e t  and  s i n g l e t  g i v e s  the  f i r s t - o r d e r  v io l a t i on .  

F o r  any va lue  of z and of t r i p l e t  sp in ,  we can  
c o n s t r u c t  b a r y o n  o c t e t s  f r o m  a b a s i c  n e u t r a l  b a r y o n  
s i n g l e t  b by  tak ing  c o m b i n a t i o n s  ( b t t ) ,  C o t t t t ) ,  
e tc .  **. F r o m  ( b t t ) ,  we ge t  the  r e p r e s e n t a t i o n s  1 
and 8, whi le  f r o m  ( b t t t t )  we ge t  1, 8 ,  10, 10, and 
27. In a s i m i l a r  way,  m e s o n  s i n g l e t s  and o c t e t s  can  
be  m a d e  out of ( t t ) ,  ( t t t t ) ,  e tc .  The  quan tum n u m -  

214 

b e r n  t - n~ would be  z e r o  f o r  a l l  known b a r y o n s  and  
m e s o n s .  The  m o s t  i n t e r e s t i n g  e x a m p l e  of such  a 

1 m o d e l  i s  one in which  the t r i p l e t  has  sp in  ~ and 
z = -1 ,  so  tha t  the  four  p a r t i c l e s  d - ,  s - ,  u ° and b ° 
exh ib i t  a p a r a l l e l  wi th  the  l ep tons .  

A s i m p l e r  and m o r e  e l e g a n t  s c h e m e  can  be  
c o n s t r u c t e d  if we a l low n o n - i n t e g r a l  v a l u e s  for  the 
c h a r g e s .  We can  d i s p e n s e  e n t i r e l y  wi th  the  b a s i c  
b a r y o n  b if  we a s s i g n  to the  t r i p l e t  t the  fo l lowing  
p r o p e r t i e s :  sp in  !, z = -~ ,  and  b a r y o n  n u m b e r  -~. 

2 t 1 
We then r e f e r  to the  m e m b e r s  u3, d -~ ,  and s-3- of 
the  t r i p l e t  a s  " q u a r k s "  6) q and the m e m b e r s  of the 
a n t i - t r i p l e t  a s  a n t i - q u a r k s  ~1. B a r y o n s  can  now be  
c o n s t r u c t e d  f r o m  q u a r k s  by us ing  the c o m b i n a t i o n s  
(qqq ) ,  ( q q q q q ) ,  e t c . ,  whi le  m e s o n s  a r e  m a d e  out  
of (qcl), (qq~tcl), e tc .  I t  i s  a s s u m i n g  tha t  the  l o w e s t  
b a r y o n  c on f igu ra t i on  (qqq)  g i v e s  j u s t  the r e p r e s e n -  
t a t i o n s  1, 8, and 18 that  have  been  o b s e r v e d ,  whi le  
the l o w e s t  m e s o n  c on f igu ra t i on  (q q) s i m i l a r l y  g i v e s  
j u s t  1 and 8. 

A f o r m a l  m a t h e m a t i c a l  m o d e l  b a s e d  on f i e ld  
t h e o r y  can  be bu i l t  up fo r  the  q u a r k s  e x a c t l y  a s  for  
p, n, A in the  o ld  S a k a t a  m o d e l ,  fo r  e x a m p l e  3) 
wi th  a l l  s t r o n g  i n t e r a c t i o n s  a s c r i b e d  to a n e u t r a l  
v e c t o r  m e s o n  f i e ld  i n t e r a c t i n g  s y m m e t r i c a l l y  wi th  
the t h r e e  p a r t i c l e s .  With in  such  a f r a m e w o r k ,  the 
e l e c t r o m a g n e t i c  c u r r e n t  (in un i t s  of e) i s  j u s t  

u - d - s} 

o r  ~-3~ + ~8~/J3  in the  no t a t i on  of r e f .  3). F o r  the  
weak  c u r r e n t ,  we can  t ake  o v e r  f r o m  the Saka t a  
m o d e l  the  f o r m  s u g g e s t e d  by G e l l - M a n n  and L4vyT) ,  
n a m e l y  i p 7 ~ ( l + Y 5 ) ( n  cos  0 + h s in  8), which  g i v e s  
in the  q u a r k  s c h e m e  the e x p r e s s i o n  *** 

i u ya (1  + y5)(d cos  0 + s s in  0) 

* Work supported in par t  by the U. S. Atomic Energy 
Commission. 

** This is s imi la r  to the t reatment  in ref. 1). See also 
ref.  5). 

*** The para l le l  with i ~e Ya( 1 + ¥5) e and i ~ ¥~(1 + ¥5)~ 
is obvious. Likewise, in the model with d- ,  s - ,  u °, 
and b ° discussed above, we would take the weak cu r -  
rent to be i(b ° cos e + ~o sin e) ¥~(1 + ¥5) s -  
+ i(u ° cos e - ~o sin e) ya(1 + ¥5) d- .  The par t  with 
n(nt-n~) = 0 is just i T o ¥c~(1 + 75)(d- cos e + s -  sin O). 
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If we a s s u m e  that  the s t r o n g  i n t e r a c t i o n s  of b a r y -  
ons  and m e s o n s  a r e  c o r r e c t l y  d e s c r i b e d  in t e r m s  of 
the  b r o k e n  "e igh t fo ld  way"  1 - 3 )  we a r e  t e m p t e d  to 
look fo r  s o m e  f u n d a m e n t a l  exp l ana t i on  of the s i t u a -  
t ion.  A h igh ly  p r o m i s e d  a p p r o a c h  i s  the  p u r e l y  dy-  
n a m i c a l  " b o o t s t r a p "  m o d e l  for  a l l  the s t r o n g l y  in-  
t e r a c t i n g  p a r t i c l e s  wi th in  which  one m a y  t r y  to de -  
r i v e  i so top i c  sp in  and s t r a n g e n e s s  c o n s e r v a t i o n  and 
b r o k e n  e igh t fo ld  s y m m e t r y  f r o m  s e l f - c o n s i s t e n c y  
a lone  4). Of c o u r s e ,  with only s t r o n g  i n t e r a c t i o n s ,  
the  o r i e n t a t i o n  of the a s y m m e t r y  in the u n i t a r y  
s p a c e  cannot  be s p e c i f i e d ;  one hopes  tha t  in s o m e  
way  the s e l e c t i o n  of s p e c i f i c  c o m p o n e n t s  of the  F -  
sp in  by  e l e c t r o m a g n e t i s m  and the weak  i n t e r a c t i o n s  
d e t e r m i n e s  the cho i ce  of i s o t o p i c  sp in  and h y p e r -  
c h a r g e  d i r e c t i o n s .  

Even  if  we c o n s i d e r  the  s c a t t e r i n g  a m p l i t u d e s  of 
s t r o n g l y  i n t e r a c t i n g  p a r t i c l e s  on the  m a s s  s h e l l  only  
and t r e a t  the  m a t r i x  e l e m e n t s  of the weak ,  e l e c t r o -  
m a g n e t i c ,  and g r a v i t a t i o n a l  i n t e r a c t i o n s  by m e a n s  
of d i s p e r s i o n  t h e o r y ,  t h e r e  a r e  s t i l l  mean ing fu l  and 
i m p o r t a n t  q u e s t i o n s  r e g a r d i n g  the a l g e b r a i c  p r o p e r -  
t i e s  of t h e s e  i n t e r a c t i o n s  tha t  have  so  fa r  been  d i s -  
c u s s e d  only  by  a b s t r a c t i n g  the  p r o p e r t i e s  f r o m  a 
f o r m a l  f i e ld  t h e o r y  m o d e l  b a s e d  on f u n d a m e n t a l  
e n t i t i e s  3) f r o m  which  the b a r y o n s  and m e s o n s  a r e  
bu i l t  up. 

If t h e s e  e n t i t i e s  w e r e  o c t e t s ,  we m i g h t  e x p e c t  the 
u n d e r l y i n g  s y m m e t r y  g r o u p  to be  SU(8) i n s t e a d  of 
SU(3); i t  i s  t h e r e f o r e  t e m p t i n g  to t r y  to u se  u n i t a r y  
t r i p l e t s  a s  f u n d a m e n t a l  o b j e c t s .  A u n i t a r y  t r i p l e t  t 
c o n s i s t s  of an i so top i c  s i n g l e t  s of e l e c t r i c  c h a r g e  z 
(in uni t s  of e) and an i so top i c  double t  (u, d) with 
c h a r g e s  z+l  and z r e s p e c t i v e l y .  The  a n t i - t r i p l e t  
has ,  of c o u r s e ,  the  o p p o s i t e  s i g n s  of the  c h a r g e s .  
C o m p l e t e  s y m m e t r y  among the m e m b e r s  of the  
t r i p l e t  g i v e s  the e x a c t  e igh t fo ld  way,  whi le  a m a s s  
d i f f e r e n c e ,  fo r  e x a m p l e ,  be tween  the i s o t o p i c  dou-  
b l e t  and  s i n g l e t  g i v e s  the  f i r s t - o r d e r  v io l a t i on .  

F o r  any va lue  of z and of t r i p l e t  sp in ,  we can  
c o n s t r u c t  b a r y o n  o c t e t s  f r o m  a b a s i c  n e u t r a l  b a r y o n  
s i n g l e t  b by  tak ing  c o m b i n a t i o n s  ( b t t ) ,  C o t t t t ) ,  
e tc .  **. F r o m  ( b t t ) ,  we ge t  the  r e p r e s e n t a t i o n s  1 
and 8, whi le  f r o m  ( b t t t t )  we ge t  1, 8 ,  10, 10, and 
27. In a s i m i l a r  way,  m e s o n  s i n g l e t s  and o c t e t s  can  
be  m a d e  out of ( t t ) ,  ( t t t t ) ,  e tc .  The  quan tum n u m -  
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b e r n  t - n~ would be  z e r o  f o r  a l l  known b a r y o n s  and  
m e s o n s .  The  m o s t  i n t e r e s t i n g  e x a m p l e  of such  a 

1 m o d e l  i s  one in which  the t r i p l e t  has  sp in  ~ and 
z = -1 ,  so  tha t  the  four  p a r t i c l e s  d - ,  s - ,  u ° and b ° 
exh ib i t  a p a r a l l e l  wi th  the  l ep tons .  

A s i m p l e r  and m o r e  e l e g a n t  s c h e m e  can  be  
c o n s t r u c t e d  if we a l low n o n - i n t e g r a l  v a l u e s  for  the 
c h a r g e s .  We can  d i s p e n s e  e n t i r e l y  wi th  the  b a s i c  
b a r y o n  b if  we a s s i g n  to the  t r i p l e t  t the  fo l lowing  
p r o p e r t i e s :  sp in  !, z = -~ ,  and  b a r y o n  n u m b e r  -~. 

2 t 1 
We then r e f e r  to the  m e m b e r s  u3, d -~ ,  and s-3- of 
the  t r i p l e t  a s  " q u a r k s "  6) q and the m e m b e r s  of the 
a n t i - t r i p l e t  a s  a n t i - q u a r k s  ~1. B a r y o n s  can  now be  
c o n s t r u c t e d  f r o m  q u a r k s  by us ing  the c o m b i n a t i o n s  
(qqq ) ,  ( q q q q q ) ,  e t c . ,  whi le  m e s o n s  a r e  m a d e  out  
of (qcl), (qq~tcl), e tc .  I t  i s  a s s u m i n g  tha t  the  l o w e s t  
b a r y o n  con f igu ra t i on  (qqq)  g i v e s  j u s t  the r e p r e s e n -  
t a t i o n s  1, 8, and 18 that  have  been  o b s e r v e d ,  whi le  
the l o w e s t  m e s o n  con f igu ra t i on  (q q) s i m i l a r l y  g i v e s  
j u s t  1 and 8. 

A f o r m a l  m a t h e m a t i c a l  m o d e l  b a s e d  on f i e ld  
t h e o r y  can  be bu i l t  up fo r  the  q u a r k s  e x a c t l y  a s  for  
p, n, A in the  o ld  S a k a t a  m o d e l ,  fo r  e x a m p l e  3) 
wi th  a l l  s t r o n g  i n t e r a c t i o n s  a s c r i b e d  to a n e u t r a l  
v e c t o r  m e s o n  f i e ld  i n t e r a c t i n g  s y m m e t r i c a l l y  wi th  
the t h r e e  p a r t i c l e s .  With in  such  a f r a m e w o r k ,  the 
e l e c t r o m a g n e t i c  c u r r e n t  (in un i t s  of e) i s  j u s t  

u - d - s} 

o r  ~-3~ + ~8~/J3  in the  no t a t i on  of r e f .  3). F o r  the  
weak  c u r r e n t ,  we can  t ake  o v e r  f r o m  the Saka t a  
m o d e l  the  f o r m  s u g g e s t e d  by G e l l - M a n n  and L4vyT) ,  
n a m e l y  i p 7 ~ ( l + Y 5 ) ( n  cos  0 + h s in  8), which  g i v e s  
in the  q u a r k  s c h e m e  the e x p r e s s i o n  *** 

i u ya (1  + y5)(d cos  0 + s s in  0) 

* Work supported in par t  by the U. S. Atomic Energy 
Commission. 

** This is s imi la r  to the t reatment  in ref. 1). See also 
ref.  5). 

*** The para l le l  with i ~e Ya( 1 + ¥5) e and i ~ ¥~(1 + ¥5)~ 
is obvious. Likewise, in the model with d- ,  s - ,  u °, 
and b ° discussed above, we would take the weak cu r -  
rent to be i(b ° cos e + ~o sin e) ¥~(1 + ¥5) s -  
+ i(u ° cos e - ~o sin e) ya(1 + ¥5) d- .  The par t  with 
n(nt-n~) = 0 is just i T o ¥c~(1 + 75)(d- cos e + s -  sin O). 

Four, five quark combinations possible, but not experimentally clearly seen 
 
Nature of the a0(980) and f0(980) and possibility these are tetraquark or  
molecular states long discussed 
 
In addition, if we search for the exoitc we shine a light on the non-exotic, 
and discover the unsatisfactory features of predicted and known qq and qqq 
combinations  
    

Why do quarks seem to come in twos or threes ? 

Hot topic in recent years. Many candidates claimed 

A puzzle since earliest days of the quark model 

Baryon                Meson            Tetraquark             Pentaquark        
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Pentaquarks 
Summer 2015 LHCb observed two pentaquark candidates in Λb è J/ψpK 
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 Contributions from  both Λ*   

And pentaquark states possible 
 
Disentangle with angular analysis 
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Pentaquarks 

Important to confirm these observations in other channels + search for other pentaquarks 
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Width 200 MeV, spin 3/2 ? Width 40 MeV, spin 5/2 ? 

Pc(4380) Pc(4450)

Confirmed with model independent approach PRL 117, 082003 (2016) 
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Study of ΛbèJ/ψpπ 

mp⇡ > 1.8GeV

PRL 117 082003 

Cabibbo suppressed mode (less statistics) 
 
Can be exotic Z contributions in J/ψ p  
 
Fit with 2 pentaquarks + Zc(4200) favoured 
by 3σ compared to no exotic contributions  

N* 
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Observation of Ξb
- èJ/ψΛK- 

Suggested in arxiv: 1604.03769 to look for udscc pentaquark in this mode  - 

Λ decays 
in vertex 
detector 

Λ decays 
after vertex 
detector ar

xi
v:

17
01

.0
52

74
  

Mode observed for first time  
with Run 1 data  
 
Around 300 Ξb

- candidates seen.  
BF fraction and Ξb

- mass measured 
 
 
 
In agreement with previous LHCb  
Measurements [Slight tension with 
CDF] 
 
Including Run 2 data full amplitude 
analysis can be performed  
 
 

m(⌅�
b )�m(⇤b) = 177.08± 0.47 ± 0.16MeV/c2
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Observation of Λb èχc1,2pK 
Pc(4450)+ very close to χc1p threshold: Triangle singularity ? (PRD92 071502 (2015)).   
Motivates studies in this mode  

ar
xi

v:
 1

70
4.

07
90

0 

Study with radiative χcJ decays 
 
Mass constraint on χc1 mass to 
improve resolution 
 
Forces χc2 signal to lower mass 

B(⇤0

b

! �
c1

pK�)

B(⇤0

b

! J/ pK�)
= 0.242± 0.014± 0.013± 0.009

B(⇤0

b

! �
c2

pK�)

B(⇤0

b

! J/ pK�)
= 0.248± 0.020± 0.014± 0.009

B(⇤0

b

! �
c2

pK�)

B(⇤0

b

! �
c1

pK�)
= 1.02 ± 0.10 ± 0.02 ± 0.05 ,

First study observation of this mode 
Measure BF, Λb mass 
 
Next step angular analysis adding  
Run 2 data 

equal production of B+B� and B0B0 pairs at the ⌥ (4S) resonance, a correction is
applied using the current world average value of B(⌥ (4S) ! B+B�)/B(⌥ (4S) !
B0B0) = 1.058 ± 0.024 [32], yielding B (B0 ! J/ K⇤(892)0) = (1.22 ± 0.08) ⇥ 10�3

and B (⇤0

b

! J/ pK�) = (3.01± 0.22 +0.43

�0.27

)⇥ 10�4, where the second uncertainty is due
to the ratio of fragmentation fractions, f

⇤

0
b
/f

d

[46, 47], and the first incorporates all other
sources. This gives

B
�
⇤0

b

! �
c1

pK�� = (7.4± 0.4± 0.4± 0.6 +1.0

�0.7

)⇥ 10�5 ,

B
�
⇤0

b

! �
c2

pK�� = (7.5± 0.6± 0.4± 0.6 +1.1

�0.7

)⇥ 10�5 ,

where the third uncertainty is due to uncertainties on the �
cJ

! J/ �, ⇤0

b

! J/ pK�

and B0 ! J/ K⇤(892)0 branching fractions and the fourth is due to f
⇤

0
b
/f

d

[46, 47].
These results show no suppression of the �

c2

mode relative to the �
c1

mode in ⇤0

b

baryon
decays, which is di↵erent to what is observed in B ! �

cJ

K decays [17–19]. These decays
will be useful for future investigations into the nature of the two pentaquark candidates
observed by the LHCb collaboration and provide further information on the applicability
of the factorisation approach in describing b-hadron decays to final states containing
charmonium.

The ⇤0

b

mass has also been measured and is found to be 5619.44± 0.28± 0.26MeV/c2,
where the first uncertainty is statistical and the second systematic. This result is combined
with previous LHCb measurements from ⇤0

b

! [cc]X decays [43, 48, 49] assuming that
systematic uncertainties on the momentum scale and energy loss are fully correlated
between the measurements while other sources of systematic uncertainties are uncorrelated.
This yields a new average value of 5619.62±0.16±0.13MeV/c2, which supersedes previous
combinations of these results.

Acknowledgements

We express our gratitude to our colleagues in the CERN accelerator departments for the
excellent performance of the LHC. We thank the technical and administrative sta↵ at the
LHCb institutes. We acknowledge support from CERN and from the national agencies:
CAPES, CNPq, FAPERJ and FINEP (Brazil); MOST and NSFC (China); CNRS/IN2P3
(France); BMBF, DFG and MPG (Germany); INFN (Italy); NWO (The Netherlands);
MNiSW and NCN (Poland); MEN/IFA (Romania); MinES and FASO (Russia); MinECo
(Spain); SNSF and SER (Switzerland); NASU (Ukraine); STFC (United Kingdom); NSF
(USA). We acknowledge the computing resources that are provided by CERN, IN2P3
(France), KIT and DESY (Germany), INFN (Italy), SURF (The Netherlands), PIC (Spain),
GridPP (United Kingdom), RRCKI and Yandex LLC (Russia), CSCS (Switzerland), IFIN-
HH (Romania), CBPF (Brazil), PL-GRID (Poland) and OSC (USA). We are indebted to
the communities behind the multiple open source software packages on which we depend.
Individual groups or members have received support from AvH Foundation (Germany),
EPLANET, Marie Sk lodowska-Curie Actions and ERC (European Union), Conseil Général
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The puzzle of the X(4140) 
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FIG. 7: Distribution of −2ln(L0/Lmax) for 84 million simulation trials. The p-value obtained from integrating the tail of the
distribution is 1.8 × 10−7.
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FIG. 8: The mass difference, ∆M , between µ+µ−K+K− and µ+µ−, in the B+ mass window. The dotted curve is the
background contribution, the dash-dotted curve is the Bs contamination, and the red solid curve is the total unbinned fit
assuming two structures. The shaded histogram is the events from B sideband.

are measured to be 4143.4+2.9
−3.0(stat) ± 0.6(syst) MeV/c2 and 15.3+10.4

−6.1 (stat) ± 2.5(syst) MeV/c2, respectively. The
relative branching fraction between B+ → Y (4140)K+, Y (4140) → J/ψφ and B+ → J/ψφK+ including systemat-
ics, BFrel, is 0.149 ± 0.039(stat) ± 0.024(syst). We also find a hint of a possible second structure with a mass of
4274.4+8.4

−6.7(stat) MeV/c2, a width of 32.3+21.9
−15.3(stat) MeV/c2 and a yield of 22 ± 8. The significance of the second

possible structure is estimated to be approximately 3.1σ.
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•  CDF observed a narrow structure at threshold in B+ è (J/ψϕ) K+ 

•  CMS also saw this and confirmed hint of structure at X(4300) 
•  CMS and CDF parameters not in best of agreement 

•  Early LHCb analysis: no narrow structure (PRD 85 091103(R) 2012) 

Exotic quarkonia candidates: Tetraquarks ? molecules ? cusps ? 

Phys. Lett B 734 261-281 
CDF/DOC/BOTTOM/PUBLIC/10244 

X(4140) 

X(4300) 
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The puzzle of the X(4140) 
First full amplitude analysis using  
LHCb Run 1 dataset B+ è (J/ψϕ) K+ 
 

Complication: have to deal with  
decays of excited K*  to ϕK+ 
 

4289 ± 151 
candidates 
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Model with excited K*  alone  
cannot describe the data 
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The puzzle of the X(4140) 
Data well described by inclusion of four broad exotic resonances found 

X(4140) 
JPC = 1++ 

X(4274) 
JPC = 1++ X(4500) 

JPC = 0++ 

X(4700) 
JPC = 0++ 

Phys. Rev. D95 (2017) 012002 
Phys Rev. Lett 118 (2017) 022003 

Reflections from K* states 
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The puzzle of the X(4140) 
Cusps (rescattering)?

[LHCb, Phys. Rev. Lett. 118 (2016) 022003, arXiv:1606.07895] [LHCb, Phys. Rev. D95 (2016) 012002, arXiv:1606.07898]
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Compare data with Swanson’s cusp
model [Int. J. Mod. Phys. E, 25, 1642010 (2016)]

X(4140) is consistent with a
D+

s D≠ú
s cusp with JP = 1+

X(4274) has the mass of a D+
s D≠ú

s
cusp with but has JP = 1+

X(4500) and X(4700) have
JP = 0+ and do not match
anything

Patrick Koppenburg Exotic Spectroscopy 03/05/2017 — SM at LHC, Amsterdam [26 / 45]

WARWICK

Exotic Hadrons at LHCb - Michal Kreps

X(4140)→J/ψφ state
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Table 3: Results for significances, masses, widths and fit fractions of the components included in
the default amplitude model. The first (second) errors are statistical (systematic). Errors on f

L

and f? are statistical only. Possible interpretations in terms of kaon excitation levels are given,
with notation n
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, together with the masses predicted in the Godfrey-Isgur model [53].
Comparisons with the previously experimentally observed kaon excitations [37] and X ! J/ �

structures are also given.
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Need 4 exotic contributions to 
describe data 
X(4140) possibly DsDs* cusp 
Some disagreement in parameters 
compared to previous experiments 

Possibly due to missing interference 
effects in 1D fits

Measured width  
of X(4140) bigger than 
previous experiments 
 
Analysis also provides 
precise information on 
excited K* states 

What are the observed states ? Molecules, cusps, tetraquarks ? 

Resonance Cusp 

X(4140) fits DsDs* cusp predicted by Swanson  
(Int. J Mod Phys E25 1652010 16) 
 
X(4274) quantum numbers rules out 
cusp +  molecule assignments 
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Charm baryons   
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Excited Ωc states 

5 new narrow Ωc states clearly observed 

⌅+
c sample

Add K- to reconstructed Ξc
+ candidates 

Very spectacular spectrum and  
demonstration of power of LHC ! 

K�
K�

p

⇡+⌅+
c

P 
R

 L
 1

18
, 1

82
00

1 
(2

01
7)

 

3.3 fb-1  



21 

Excited Ωc states 

5 narrow states evidence  
for sixth broader state at  
high mass 

More measurements needed to 
match observed states to theory 
predictions 
 
One puzzle is narrowness of states 
 
Paper has 23 citations so far  

Table 1: Results of the fit to m(⌅+
c

K�) for the mass, width, yield and significance for each
resonance. The subscript “fd” indicates the feed-down contributions described in the text.
For each fitted parameter, the first uncertainty is statistical and the second systematic. The
asymmetric uncertainty on the ⌦

c

(X)0 arising from the ⌅+
c

mass is given separately. Upper
limits are also given for the resonances ⌦

c

(3050)0 and ⌦
c

(3119)0 for which the width is not
significant.

Resonance Mass (MeV) � (MeV) Yield N
�

⌦
c

(3000)0 3000.4± 0.2± 0.1+0.3
�0.5 4.5± 0.6± 0.3 1300± 100± 80 20.4

⌦
c

(3050)0 3050.2± 0.1± 0.1+0.3
�0.5 0.8± 0.2± 0.1 970± 60± 20 20.4

< 1.2MeV, 95% CL

⌦
c

(3066)0 3065.6± 0.1± 0.3+0.3
�0.5 3.5± 0.4± 0.2 1740± 100± 50 23.9

⌦
c

(3090)0 3090.2± 0.3± 0.5+0.3
�0.5 8.7± 1.0± 0.8 2000± 140± 130 21.1

⌦
c

(3119)0 3119.1± 0.3± 0.9+0.3
�0.5 1.1± 0.8± 0.4 480± 70± 30 10.4

< 2.6MeV, 95% CL

⌦
c

(3188)0 3188± 5 ± 13 60± 15± 11 1670± 450± 360

⌦
c

(3066)0fd 700± 40± 140

⌦
c

(3090)0fd 220± 60± 90

⌦
c

(3119)0fd 190± 70± 20

resonances, along with the yields for the feed-down contributions indicated with the
subscript “fd”. The statistical significance of each resonance is computed as N

�

=
p

��2,
where ��2 is the increase in �2 when the resonance is excluded in the fit. Very high
significances are obtained for all the narrow resonances observed in the mass spectrum.
The threshold enhancement below 2970MeV is fully explained by feed-down from the
⌦

c

(3066)0 resonance.
Several additional checks are performed to verify the presence of the signals and the

stability of the fitted parameters. The likelihood ratio requirements are varied, testing
both looser and tighter selections. As another test, the data are divided into subsamples
according to the data-taking conditions, and each subsample is analyzed and fitted
separately. The charge combinations ⌅�

c

K+ and ⌅+
c

K� are also studied separately. In
all cases the fitted resonance parameters are consistent among the subsamples and with
the results from the reference fit.

Systematic uncertainties on the ⌦0
c

resonance parameters are evaluated as follows. The
fit bias is evaluated by generating and fitting an ensemble of 500 random mass spectra
that are generated according to the reference fit. For each parameter, the absolute value
of the di↵erence between the input value and the mean fitted value of the ensemble is
taken as the systematic uncertainty.

The background model uncertainty is estimated by exchanging it for the alternative
function B0(m) = (m�mth)↵e�+�m+�m

2
, where mth is the threshold mass and ↵, �, � and

� are free parameters. The uncertainty associated with the choice of the Breit–Wigner
model is estimated by fitting the data with relativistic L = 1, 2 Breit–Wigner functions
with varying Blatt–Weisskopf factors [31], and is found to be negligible.

Resonances can interfere if they are close in mass and have the same spin-parity.
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 Summary + Outlook 
LHCb has made many important contributions to hadronic spectroscopy 

•  Studies of quarkonia production and properties 

•  Observation of Pentaquark/tetraquark candidates 

•  Observation of new charm baryons 

•  A lot more to come exploiting large Run 2 dataset !  
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Backup 



The LHCb  Detector 

pp collision Point 

Vertex Locator 
      VELO 

Tracking System 

Muon System RICH Detectors 

Calorimeters 

~ 1 cm 

B 
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Quarkonia with b è ϕϕX decays 

colour-octet or colour-singlet contributions. The observed relations between the �
c

437

branching fractions are not consistent with those predicted in Ref. [16]. The branching438

fraction B(b! �
c0X) is measured for the first time. The result for b-hadron decays into439

�
c1 is the most precise measurement for the admixture of B0, B+, B0

s

and b-baryons. The440

central value of the result for b-hadron decays into �
c1 is lower than the value measured441

by the DELPHI [7] and L3 [8] experiments at LEP, but consistent within uncertainties.442

The value obtained is consistent with the branching fraction of b-hadron decays into �
c1443

measured by CLEO [2], Belle [4] and BaBar [5] with the light mixture of B0 and B+.444

The branching fraction of b-hadron decays into �
c2 is measured for the first time with the445

B0, B+, B0
s

and b-baryons admixture. The result is consistent with the world average446

corresponding to the B0, B+ admixture [12] and with individual measurements from447

CLEO [3], Belle [4], and BaBar [5].448

Di↵erential charmonium production cross-sections as a function of pT are presented for449

the ⌘
c

(1S) and �
c

states in the LHCb acceptance and for pT > 4 GeV/c. NLO calculations450

of the pT dependence of the ⌘
c

and �
c

production rates in b-hadron decays will help to451

relate the results to conclusions on production mechanisms.452

The production rate of the ⌘
c

(2S) state in b-hadron decays is determined to be453

B(b! ⌘
c

(2S)X)⇥ B(⌘
c

(2S)! ��) = (6.34± 1.81± 0.57± 1.89B)⇥ 10�7.

This is the first evidence for ⌘
c

(2S) production in b-hadron decays and for the decay454

⌘
c

(2S)! ��. The production rate as a function of the assumed natural width is given.455

These are the first �
c

and ⌘
c

(2S) inclusive production measurements, using charmonium456

decays to a hadronic final state, in the high-multiplicity environment of a hadron machine.457

In addition, upper limits at 95% (90%) CL on the production rates of the X(3872),458

X(3915), and �
c2(2P ) states in b-hadron decays are obtained,459

RX(3872)
�c1

< 0.39 (0.34), RX(3915)
�c0

< 0.14 (0.12) and R�c2(2P )
�c2

< 0.20 (0.16),

or460

B(b! X(3872)X)⇥ B(X(3872)! ��) < 4.5(3.9)⇥ 10�7,

B(b! X(3915)X)⇥ B(X(3915)! ��) < 3.1(2.7)⇥ 10�7,

B(b! �
c2(2P )X)⇥ B(�

c2(2P )! ��) < 2.8(2.3)⇥ 10�7.

Masses and natural widths of the ⌘
c

and �
c

states are determined to be461

M
⌘c(1S) = 2982.81± 0.99± 0.45 MeV/c2,

M
�c0 = 3412.99± 1.91± 0.62 MeV/c2,

M
�c1 = 3508.38± 1.91± 0.66 MeV/c2,

M
�c2 = 3557.29± 1.71± 0.66 MeV/c2,

M
⌘c(2S) = 3636.35± 4.06± 0.69 MeV/c2,

�
⌘c(1S) = 31.35± 3.51± 2.01 MeV.

The measured charmonium masses agree with the world averages. The precision of the462

⌘
c

(1S) mass is comparable to the precision of the world average value. The measured463

⌘
c

(1S) mass is in agreement with the LHCb measurement using decays to the pp final464
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The puzzle of the X(4140) 
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Mass measurements + Pentaquarks 

Observation of »0
b æ ‰c(1,2)pK ≠

[LHCb, submitted to Phys. Rev. Lett, arXiv:1704.07900]

]2c [MeV/0
bΛ

m
5618 5619 5620

, 2010ΛψJ/→0
bΛ

, 2011ΛψJ/→0
bΛ

s
− Dc

+Λ→0
bΛ

−pKψJ/→0
bΛ

−µ+µ→(2S)ψ, −(2S)pKψ→0
bΛ

−π+πψ J/→(2S)ψ
,−(2S)pKψ→0

bΛ

(2S)-vetoedψ
pK,−π+πψJ/→0

bΛ

−pK
c1(2)
χ→0

bΛ

0.21±5619.62
)s
− Dc

+Λ→0
bΛLHCb average (excl. 

LHCbtotal uncertainty
statistical uncertainty

B(»0
b æ ‰c1pK≠) = (7.4 ± 0.4 ± 0.4 ± 0.6 + 1.0

≠ 0.7) ◊ 10≠5

B(»0
b æ ‰c2pK≠) = (7.4 ± 0.6 ± 0.4 ± 0.6 + 1.1

≠ 0.7) ◊ 10≠5

where uncertainties are stat, syst, BF and
hadonisation fractions [Chin. Phys. C 40 (2016)

011001].

We also determine the »0
b mass as

mthis
»0

b
= 5619.44 ± 0.28 ± 0.26 MeV/c2

mLHCb
»0

b
= 5619.62 ± 0.16 ± 0.13 MeV/c2

Amplitude analysis needed to search for
P+

c states.

NEW

Patrick Koppenburg Exotic Spectroscopy 03/05/2017 — SM at LHC, Amsterdam [20 / 45]

4

SUf (3) multiplet C2(SU(3))

[3]10 6

[21]8 3

TABLE VI: The possible charmonium pentaquark multiplets
(eq. 6), with their corresponding eigenvalues of the Casimir
operator C2(SU(3)), is reported.

From Tab. VI, we can see that the lowest mass charmo-
nium pentaquark state is the [21]8 SU

fl

(3) octet. There-
fore, in this octet, we expect to find the charmonium
pentaquark state JP = 3

2

�
reported by the LHC

b

col-
laboration. In the following, we focus on the octet char-
monium pentaquark states, and we apply the GR mass
formula 7, with the values of the parameters reported in
Tab. III, to each state of the octet, in order to predict the
corresponding mass. As regards the notation, we indicate
a charmonium pentaquark state (qqqcc̄, with q = u, d, s)
by P ij(M), where i = 0, 1, 2 is the number of strange
quarks of a given pentaquark state, j = �, 0,+ is the
pentaquark’s electric charge, and M the predicted mass.
The state identified with the one reported by the LHC

b

collaboration (P 0+(4404)), and the other predicted char-
monium pentaquark states of the octet, are reported in
Fig. 3 . We observe that the charge state P 0+(4404) has
just the same quantum numbers as the lightest resonance
(charge, spin, parity) reported by the LHC

b

collabora-
tion.

s

s s

s

ss

s s

P 00(4404)

uddcc̄

P 0+(4404)

uudcc̄

P 1+(4609)

uuscc̄

P 10(4609)

P 100(4545)udscc̄

P 1�(4609)
ddscc̄

P 20(4719)

usscc̄

P 2�(4719)

dsscc̄

I3

Y

FIG. 3: octet of the charmonium pentaquark states: each
state is labelled with P ij(M), where i = 0, 1, 2 is the number
of strange quarks of a given pentaquark state, j = �, 0,+ is
the pentaquark’s electric charge, and M the predicted mass.

Its theoretical mass, predicted by means of our GR for-
mula extension, is M = 4404 MeV .
Despite the simplicity of the approach that we used, this
result is in agreement with the mass reported by the
LHC

b

collaboration: M = 4380± 8± 29 MeV .

Our compact pentaquark approach predicts that it is a
member of an isospin doublet, with hypercharge Y = 1.
If the compact pentaquark description is correct, also the
other octet states should be found by the LHC

b

collab-
oration. On the contrary, if the LHC

b

pentaquark is
mainly a molecular state, it is not necessary that all the
states of that multiplet exist.

V. DECAY CHANNELS

We will now explore the possible decay channels in
which the other predicted states of the octet can be ob-
served. These channels will be described in detail. The
state P 0+(4404) is a part of an isospin doublet. In or-
der to observe its isospin partner (P 00(4404)), a possible
decay channel could be:

⇤0
b

�! P 00 + K̄00, P 00 �! J/ + n . (8)

The corresponding Feynman diagram is reported in Fig.
V .

FIG. 4: ⇤b baryon decay in P 00(4404) and K̄00, where
P 00(4404) is the neutral pentaquark state, a member of the
isospin doublet with Y = 1.

With respect to the other charmonium pentaquark
states of the octet, with strangeness, we have to focus
on the decays of bottom baryons with strange quarks.
Let us consider the following ⌅�

b

decay:

⌅�
b

�! J/ + ⌅� . (9)

This decay is present in nature and was discovered by the
D0 collaboration ([19]). In analogy with the exotic ⇤0

b

decay of Fig. 2 , we can expect that also in the case of ⌅�
b

baryon there is another possible exotic decay channel:

⌅�
b

�! P 10/P 100+K�, P 10/P 100 �! J/ +⌃/⇤ , (10)

where P 10(4609) and P 100(4535) have the same quark
content (usdcc̄), and belong to the isospin triplet, and
to the isosinglet, respectively (see Fig. 3). Since they
have the same quark content and both are neutral, they
can both come from the ⌅�

b

decay. The charmonium pen-
taquark state P 1�(4609) can be observed in the following
decay process:

⌅�
b

�! P 1� + K̄0, P 1� �! J/ + ⌃� . (11)
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