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• The	
  LHCb experiment
• Results	
  of	
  𝑏-­‐baryon	
  decays	
  from	
  LHCb (selected)
• Discovery	
  of	
  pentaquarks in	
  Λ'( decays
• First	
  observation	
  of	
  Λ'( → 𝜒+{-,/}𝑝𝐾3 decays
• First	
  observation	
  of	
  Ξ'3 → 𝐽/𝜓Λ𝐾3 decays

• Summary
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• Spectroscopy	
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  Lucio	
  Anderlini)



The	
  LHCb experiment
• The	
  LHC	
  is	
  a	
  beauty	
  and	
  charm	
  factory
• In	
  LHCb acceptance,	
  𝜎''9~70 140 	
  µμb at	
   𝑠� = 7(13) TeV

• The	
  LHCb detector
• Single-­‐arm	
  forward	
  spectrometer,	
  2 < 𝜂 < 5
• Designed	
  for	
  the	
  study	
  of	
  heavy	
  flavor	
  physics
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High-­‐precision	
  vertexing and	
  tracking

Excellent	
  particle	
  identification

Versatile	
  trigger	
  system
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Resonance in Λ'( → 𝐽/𝜓𝑝𝐾3 decays
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Two	
  bands	
  in	
  the	
  
Dalitz plot,	
  caused	
  by	
  
shortlived resonances	
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  072001	
  (2015)



Λ'( → 𝐽/𝜓𝑝𝐾3 amplitude analysis
• 𝑃+J decay	
  chain:

• Λ'( → 𝑃+J(→ 𝐽/𝜓 → 𝜇J𝜇3 𝑝)𝐾

• 6	
  angles	
  and	
  1	
  mass
• 𝜃MNO

PQ , 𝜙PQ, 𝜙S
PQ, 𝜃PQ, 𝜙T

PQ, 𝜃S
PQ, 𝜙S,𝑚V/SW
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• Λ∗ decay	
  chain:
• Λ'( → 𝐽/𝜓 → 𝜇J𝜇3 Λ∗(→ 𝑝𝐾)

• 5	
  angles	
  and	
  1	
  mass
• 𝜃MNO , 𝜃Y, 𝜙Y, 𝜃S, 𝜙S,𝑚WY
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• Fit	
  the	
  angular	
  distributions.	
  Each	
  node	
  contributes	
  to	
  
a	
  helicity	
  coupling	
  and	
  angular	
  structures
• No	
  float	
  parameters	
  in	
  angular	
  structure
• Helicity	
  couplings	
  are	
  float	
  in	
  fit

Not	
  independent	
  to	
  variables	
  in	
  Λ∗
decay	
  chain



Λ'( → 𝐽/𝜓𝑝𝐾3 amplitude analysis
• Partial	
  wave	
  resonance	
  function

• The	
  fit	
  projection	
  including	
  only	
  Λ∗ states
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where the angles and helicity states carry the superscript or subscript P
c

to distinguish
them from those defined for the ⇤⇤ decay chain. The sum over j allows for the possibility
of contributions from more than one P

+
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Here p is the X = ⇤

⇤ or P+
c

momentum in the ⇤0
b

rest frame, and q is the momentum
of either decay product of X in the X rest frame. The symbols p0 and q0 denote values
of these quantities at the resonance peak (m = M0X). The orbital angular momentum
between the decay products of ⇤0

b

is denoted as LX

⇤

0
b
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is the orbital angular

momentum between the decay products of X. The orbital angular momentum barrier
factors, pL B0

L

(p, p0, d), involve the Blatt-Weisskopf functions [28], and account for the
di�culty in creating larger orbital angular momentum L, which depends on the momentum
of the decay products p and on the size of the decaying particle, given by the d constant.
We set d = 3.0 GeV�1 ⇠ 0.6 fm. The relativistic Breit-Wigner amplitude is given by
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is the mass dependent width of the resonance. For the ⇤(1405) resonance, which peaks
below the K

�
p threshold, we use a two-component Flatté-like parameterization [29] (see
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Blatt-­‐Weisskopf Relativistic	
  
Breit-­‐Wigner
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Λ'( → 𝐽/𝜓𝑝𝐾3 amplitude analysis
• Two	
  𝑃+J states	
  are	
  required	
  to	
  get	
  acceptable	
  fits
• 6D	
  amplitude	
  analysis	
  allows	
  to	
  measure	
  the	
  resonance	
  
parameters
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Table 1: Pentaquark parameters

State Mass(MeV/c2) Width(MeV/c2) JP

Pc(4380)+ 4380± 8± 29 205± 18± 86 3
2

�

Pc(4450)+ 4449.8± 1.7± 2.5 39± 5± 19 5
2

+

Table 2: Relative PID e�ciency with di↵erent solutions

PID ✏r (⇤0
bGlobalTIS) PID ✏r(⇤+

c HadronTOS & !⇤0
bGlobalTIS)

Solution 1 0.712± 0.005 0.739± 0.007
Solution 2 0.720± 0.005 0.737± 0.003

Table 3: Systematic uncertainties of relative branching fraction

source uncertainty of branching fraction
pT , y reweight 0.73%
TISTOS correction 0.11%
PID e�ciency 1.4%
MC stat. 1.52%

1

• The	
  best	
  solution	
  of	
  spin-­‐parity	
  is	
  
(Z
/

3
, [
/

J
),	
  while	
  (Z

/

J
, [
/

3
)	
  and	
  

([
/

3
, Z
/

J
)	
  are	
  not	
  excluded

• The	
  existence	
  of	
  these	
  two	
  
particles	
  is	
  confirmed	
  in	
  another	
  
model-­‐independent	
  analysis
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  115,	
  072001	
  (2015)
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  082002	
  (2016)
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Fraction	
  of	
  𝑃+J from	
  the	
  Λ'( → 𝐽/𝜓𝑝𝐾3 amplitude	
  analysis

𝑅MNO/]9O =
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From	
  data
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  LHCb results

Result	
  from	
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Λ'( → 𝐽/𝜓𝑝𝜋3 amplitude analysis
• One	
  way	
  to	
  examine	
  the	
  existence	
  of	
  𝑃+J resonance	
  
states:	
  search	
  them	
  in	
  other	
  decay	
  channels

• ](MN
O→V/SWab)

](MN
O→V/SWYb)

∼ 0.08 due	
  to	
  Cabibbo suppression	
  effect
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• Obtained	
  1885 ± 50 Λ'( → 𝐽/𝜓𝑝𝜋3
candidates	
  with	
  run-­‐I	
  data.	
  Use	
  them	
  
to	
  examine	
  the	
  exotic	
  hadron	
  
contribution	
  from	
  the	
  𝑃+J → 𝐽/𝜓𝑝
states.

• The	
  amplitude	
  model	
  includes	
  
several	
  𝑁∗ → 𝑝𝜋3 resonances.
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Λ'( → 𝐽/𝜓𝑝𝜋3 amplitude analysis
• If	
  𝑃+ 4380 J, 𝑃h 4450 J and	
  𝑍+ 4200 3 are	
  included	
  
in	
  fit	
  model,	
  the	
  total	
  significance	
  for	
  them	
  is	
  3.1𝜎
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• The	
  rate	
  is	
  consistent	
  with	
  
the	
  results	
  of	
  Λ'( → 𝐽/𝜓𝑝𝐾3
decays,	
  taking	
  into	
  account	
  
the	
  Cabibbo suppression.
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Λ'( → 𝐽/𝜓𝑝𝜋3 amplitude analysis
• If	
  assume	
  the	
  contribution	
  of	
  𝑍+ 4200 3 is	
  negligible,	
  
the	
  model	
  with	
  two	
  𝑃+J resonance	
  yields	
  a	
  significance	
  
of	
  3.3𝜎
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Observation	
  of	
  Λ'( → 𝜒+{-,/}𝑝𝐾3

• The	
  𝑃+ 4450 J mass	
  is	
  just	
  above	
  the	
  [𝜒+-𝑝] threshold.	
  
• 𝑚PQ ll[( m − 𝑚oQp − 𝑚W	
  ~	
  0.9MeV

• Real	
  resonance	
  or	
  kinematic	
  re-­‐scattering?

• Kinematic	
  re-­‐scattering	
  would	
  not	
  lead	
  to	
  𝑃+ 4450 J

peaking	
  in	
  [𝜒+-𝑝] invariant	
  mass
• The	
  initial	
  stage:	
  observe	
  these	
  decays	
  Λ'( → 𝜒+{-,/}𝑝𝐾3
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therein) and was recently used to explain some structures
including the ηð1405Þ, a1ð1420Þ and ϕð2170Þ [26–31]. In
fact, there were suggestions that some of the Zc and Zb
states were threshold effects [32–36] and the threshold
effects might be enhanced by triangle singularities [37]. For
a general discussion of S-wave threshold effects, see also
Ref. [38]. Therefore, in order to establish a structure as a
resonance, one has to discriminate it from such kinematical
effects. Indeed, this is possible. As discussed in Ref. [39], a
resonance can be distinguished from threshold kinematical
effects only in the elastic channel which is the channel with
that threshold. The purpose of this paper is to discuss the
possible kinematical effects for the narrower structure at
4.45 GeV in the LHCb observations and suggest measure-
ments to check whether it is a real exotic resonance or not.
We first notice that the Pcð4450Þ structure is exactly

located at the threshold of a χc1 and proton pair,
ð4448.93# 0.07Þ MeV, and

MPcð4050Þ −Mχc1 −Mp ¼ ð0.9# 3.1Þ MeV: ð1Þ

If the angular momentum between the χc1 and the proton
is a P wave, then the two-body system can have quantum
numbers JP ¼ ð1=2; 3=2; 5=2Þ−, compatible with the
favored possibilities 5=2þ, 5=2− and 3=2− [10]. The χc1p
can rescatter into the observed J=ψp by exchanging soft
gluons. Two possible diagrams for such a mechanism are
shown in Fig. 1, where (a) is a two-point loop with a prompt
three-body production Λ0

b → K−χc1p followed by the
rescattering process χc1p → J=ψp, and in (b) the K−p pair
is produced from an intermediate Λ& state and the proton
rescatters with the χc1 into the J=ψp. We discuss these two
diagrams subsequently.
It is worthwhile to notice that the χc1 can be produced in

the weak decays of the Λb with a similar magnitude as that
for the J=ψ . In the bottom quark decays, the charm quark is
produced via the mediation of the W boson. After integrat-
ing out the off-shell mediators, one arrives at two effective
operators for the b → cc̄s transition:

O1 ¼ ½c̄αγμð1 − γ5Þcα(½s̄βγμð1 − γ5Þbβ(;
O2 ¼ ½c̄αγμð1 − γ5Þcβ(½s̄βγμð1 − γ5Þbα(; ð2Þ

where one-loop QCD corrections have been taken into
account to form O1. Here, α, β are color indices, and they

should be set to be the same in O2 in order to form a color-
singlet charmonium state. The quark fields, ½c̄γμð1 − γ5Þc(,
will directly generate the charmonium state. A charmonium
with JPC ¼ 1−− like the J=ψ is produced by the vector
current, while the axial-vector current tends to produce the
χc1 with JPC ¼ 1þþ and the ηc state with JPC ¼ 0þ−. Since
the vector and axial-vector currents have the same strength in
the weak operators, one would expect that the production
rates for the J=ψ and χc1 are of the same order in b quark
decays. Corrections to this expectation come from higher-
orderQCDcontributionsbut are subleading [40]. In fact, such
an expectation is supported by the B-meson decay data [2]:

BðBþ → J=ψKþÞ ¼ ð10.27# 0.31Þ × 10−4;

BðBþ → χc1KþÞ ¼ ð4.79# 0.23Þ × 10−4: ð3Þ

Having made these general observations, we return to the
discussion of the Λ0

b decays measured by LHCb. We first
focus on the two-point loop diagram whose singularity is a
branch point at the χc1p threshold on the real axis of the
complex s plane, where in the following

ffiffiffi
s

p
denotes the

invariant mass of the J=ψp or χc1p system. It manifests
itself as a cusp at the threshold if the χc1p is in an S wave.
For higher partial waves, the threshold behavior of the
amplitude is more smooth and a cusp becomes evident in
derivatives of the amplitude with respect to s. Since we are
only interested in the near-threshold region, both the χc1
and the proton are nonrelativistic. Thus, the amplitude for
Fig. 1(a) is proportional to the nonrelativistic two-point
loop integral

GΛðEÞ ¼
Z

d3q
ð2πÞ3

~q2fΛð~q2Þ
E −m1 −m2 − ~q2=ð2μÞ

; ð4Þ

where m1;2 denote the masses of the intermediate states in
the loop, μ is the reduced mass and E is the total energy.
Here, we consider the case for the P wave χc1p which has
quantum numbers compatible with the possibilities of the
Pcð4450Þ reported by the LHCb Collaboration, though one
should be conservative in taking these determinations for
granted as none of the singularities discussed here was
taken into account in the LHCb amplitude analysis. If we
take a Gaussian form factor, fΛð~q2Þ ¼ exp ð−2~q2=Λ2Þ, to
regularize the loop integral, the analytic expression for the
loop integral is then given by

GΛðEÞ ¼ −
μΛ

ð2πÞ3=2

"
k2 þ Λ2

4

#

þ μk3

2π
e−2k

2=Λ2

$
erfi

" ffiffiffi
2

p
k

Λ

#
− i

%
; ð5Þ

with k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2μðE −m1 −m2 þ iϵÞ

p
, and the imaginary

error function erfiðzÞ ¼ ð2=
ffiffiffi
π

p
Þ
R z
0 e

t2dt. A better regulari-
zation method should be applied in the future, but for our
present study such an approach is fine.

(a) (b)

FIG. 1. Two-point and three-point loops for the mechanism of
the χc1p → J=ψp rescattering in the decay Λ0

b → K−J=ψp.
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Observation	
  of	
  Λ'( → 𝜒+{-,/}𝑝𝐾3

• First	
  observation	
  with	
  LHCb Run-­‐I	
  data. Λ'( → 𝐽/𝜓𝑝𝐾3
as	
  control	
  mode	
  to	
  measure	
  the	
  branching	
  fractions
• Reconstruct	
  𝜒+{-,/} with	
  𝐽/𝜓𝛾,	
  	
  𝐽/𝜓 with	
  𝜇J𝜇3

• Gradient-­‐boosted	
  Decision	
  Tree	
  to	
  subtract	
  background
• Λ'( mass	
  fit	
  with	
  𝐽/𝜓 and	
  𝜒+- mass	
  constrained:

• Mass	
  peak	
  of	
  𝜒+/𝑝𝐾3 is	
  shifted	
  (wrong	
  mass	
  hypothesis).
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Observation	
  of	
  Λ'( → 𝜒+{-,/}𝑝𝐾3

• Measure	
  the	
  branching	
  fraction:
• ](MN

O→oQpWYb)
](MN

O→V/SWYb)
= 0.242 ± 0.021, ](MN

O→oQsWYb)
](MN

O→V/SWYb)
= 0.248 ± 0.026	
  

• Some	
  unexpected	
  difference	
  with	
  𝐵( decays:
• ](MN

O→oQsWYb)
](MN

O→oQpWYb)
= 1.02 ± 0.11, ](]

O→oQsY∗)
](]O→oQpY∗)

= 0.17 ± 0.05

• Obtain	
  453 ± 25 𝜒+- candidates.	
  Need	
  more	
  data	
  for	
  
the	
  m(𝜒+-𝑝)	
  investigation
• Number	
  of	
  𝜒+- candidates	
  with	
  Run-­‐I	
  and	
  Run-­‐II	
  data	
  is	
  
expected	
  to	
  be	
  4	
  times	
  compared	
  to	
  the	
  Run-­‐I	
  data
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Observation	
  of	
  Ξ'3 → 𝐽/𝜓Λ𝐾3

• Open	
  strangeness	
  pentaquark 𝑃+u predicted	
  in	
  the	
  𝐽/𝜓Λ
structure	
  (m~4650	
  MeV,	
  𝛤~10	
  MeV)[PhysRevC.93.065203]

• Should	
  be	
  seen	
  in	
  Ξ'3 → 𝐽/𝜓Λ𝐾3:	
  similar	
  topology	
  as	
  
Λ'( → 𝐽/𝜓𝑝𝐾,	
  with	
  a	
  u-­‐quark	
  replaced	
  by	
  an	
  s-­‐quark

• First	
  observation	
  of	
  this	
  decay	
  with	
  entire	
  Run-­‐I	
  data
15
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Observation	
  of	
  Ξ'3 → 𝐽/𝜓Λ𝐾3

• Use	
  Λ'( → 𝐽/𝜓Λ as	
  control	
  channel.
• Reconstruct	
  𝐽/𝜓 with	
  𝜇J𝜇3,	
  reconstruct	
  Λ with	
  𝑝𝜋3

16
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• Separate	
  analyses	
  for	
  Λ that	
  decays	
  inside	
  (LL)	
  or	
  
outside	
  (DD)	
  the	
  Vertex	
  Detector

• Gradient-­‐boosted	
  Decision	
  Tree	
  for	
  event	
  
selection

•
wxN
wyN

O

](zN
b→V/SMYb)

](MN
O→V/SM)

= 0.0419 ± 0.0029 ± 0.0014

• 𝑓{zN,MNO} are	
  the	
  𝑏 → {Ξ', Λ'( } fragmentation	
  functions.

• An	
  amplitude	
  analysis	
  is	
  expected	
  with	
  Run-­‐I	
  and	
  
Run-­‐II	
  data
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Summary	
  
• LHCb	
  is	
  a	
  huge	
  factory	
  of	
  heavy	
  quark	
  baryons
• Discovery	
  of	
  two	
  pentaquark states	
  in	
  Λ'( → 𝐽/𝜓𝑝𝐾3
decays
• Search	
  for	
  𝑃+J resonances	
  in	
  other	
  decay	
  channels
• Analysis	
  in	
  Λ'( → 𝐽/𝜓𝑝𝜋3 decays	
  shows	
  consistent	
  results	
  
• First	
  observation	
  of	
  Λ'( → 𝜒+{-,/}𝑝𝐾3 decays

• Amplitude	
  analysis	
  is	
  under	
  way	
  for	
  possible	
  𝜒+-𝑝 structure

• Search	
  for	
  new	
  kind	
  of	
  pentaquarks
• First	
  observation	
  of Ξ'3 → 𝐽/𝜓Λ𝐾3 decays

• Search	
  for	
  open	
  strangeness	
  pentaquark 𝑃+u expected
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Thank	
  you	
  for	
  your	
  attention!


