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Lessons

1 Pentaquark is a loaded word with a long history

2 Bumps can come and go (also at 750GeV/c2)

3 Pentaquarks have done so twice already

Patrick Koppenburg Pentaquarks at LHCb 28/06/2016 — Innsbruck Physik Kolloquium [44 / 65]
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[U. Uwer, Erice 2015]

https://cds.cern.ch/record/2061555?ln=en
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LHCb-Experiment
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Run 2011-2012:   3 fb-1 (LHCb)

200 kHz bb

4MHz cc  

→ 2.6 × 1011 bb

→ 5.9 × 1012 cc

20 m

×O(5000) rates of B-factories.
Smaller background.

[U. Uwer, Erice 2015]

https://cds.cern.ch/record/2061555?ln=en
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LHCb Detector

7

Muon Systemµ/h separation

Calorimeter
h/e/γ separationTracking: ∆p/p=0.4…0.8%, ∆m(ψ)~13 MeV 

Cherenkov Detectors
p/K/π separation

Vertex 
Detector

Dipole 
Magnet

2 m

σx~13µmσz~71µm
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"Standard" selection using decay chain fitting
[NIM A 552 566] and Multi-Variate-Analysis [arXiv:0703039]

http://dx.doi.org/10.1016/j.nima.2005.06.078
http://arxiv.org/abs/physics/0703039
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Initial goal: measurement of Λ0
b lifetime [PRL 111 102003]

B(Λ0
b → J/ψpK−) = (3.04+0.55

−0.43)× 10−4 [Chin. Phys. C40, 011001]

NΛ0
b
≈ 26000

σΛ0
b
≈ 7.5 MeV

flat sidebands
(no major reflections)

small background
in signal region

∫
L ≈ 3 fb−1

http://link.aps.org/doi/10.1103/PhysRevLett.111.102003
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⇒ N∗ excluded
(needs Vub · Vus and
cc from vaccuum)
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Smooth efficiency cannot
create a peak
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3 Smooth efficiency cannot
create a peak

Feed-down from higher
b-baryons ruled out
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3 Smooth efficiency cannot
create a peak

3 Feed-down from higher
b-baryons ruled out

Veto against B̄0
s → J/ψK−K +

and B̄0 → J/ψK−π+ from
p → K +/π+ misID
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3 Smooth efficiency cannot
create a peak

3 Feed-down from higher
b-baryons ruled out

3 Veto against B̄0
s → J/ψK−K +

and B̄0 → J/ψK−π+ from
p → K +/π+ misID

3 Cross-checked by different
analysis-teams

3 Tested against selection
artefacts

3 Checked against
clones/ghost-tracks
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Three-body decays and Dalitz-Plots

all particles spin 0:

X → ABC

Γ ∝ |M|2dm2
ABdm2

BC

Sebastian Neubert (Uni Heidelberg) Hadron Spectroscopy November 2016 4 / 15

M = const
phasespace

plots by Antimo Palano
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Three-body decays and Dalitz-Plots

all particles spin 0:

X → ABC

Γ ∝ |M|2dm2
ABdm2

BC

Sebastian Neubert (Uni Heidelberg) Hadron Spectroscopy November 2016 4 / 15

J = 0 resonance
in [AB]

J = 0 resonance
in [BC]

M = const
phasespace

plots by Antimo Palano
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Three-body decays and Dalitz-Plots

all particles spin 0:

X → ABC

Γ ∝ |M|2dm2
ABdm2

BC

Sebastian Neubert (Uni Heidelberg) Hadron Spectroscopy November 2016 4 / 15

J = 0 resonance
in [AB]

J = 0 resonance
in [BC]

J = 1 resonance
in [AB]

J = 2 resonance
in [AB]

”Reflection”
peak in [BC]

M = const
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plots by Antimo Palano
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Three-body decays and Dalitz-Plots

all particles spin 0:

X → ABC

Γ ∝ |M|2dm2
ABdm2

BC

Sebastian Neubert (Uni Heidelberg) Hadron Spectroscopy November 2016 4 / 15

J = 0 resonance
in [AB]

J = 0 resonance
in [BC]

J = 1 resonance
in [AB]

J = 2 resonance
in [AB]

”Reflection”
peak in [BC]

2 resonances
with ∆φ = 0

2 resonances
with ∆φ = π

M = const
phasespace

plots by Antimo Palano
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Fit efficiency ε corrected PDF P in 1+5 dimensions mKp,Ω

Psig(mKp,Ω|ω) = 1
I(ω) |M(mKp,Ω|ω)|2 Φ(mKp) ε(mKp,Ω)

Normalization integral

Matrix element for Λ0
b decay (on next slides) Phase space factor

Background handled by conventional sideband subtraction cFit
or signal unfolding using sPlot [NIM A 555, 356] sFit

P(mKp,i ,Ωi |ω) = (1− β)Psig(mKp,Ω|ω) + β Pbkg(mKp,Ω)

−2 lnL(ω) = −2
∑

i wi∑
i w2

i

∑
i wi lnP(mKp,i ,Ωi |ω) wi = 1

Fits coded independently for cross-check β = 5.4%

dx.doi.org/10.1016/j.nima.2005.08.106
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Fit observables: mKp,Ω = {θΛ0
b
, φK , φµ, θΛ∗ , θΨ}
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The matrix element of the Λ0
b → J/ψΛ∗ decay chain is given by:

MΛ∗
λ
Λ0b
,λp ,∆λµ=

∑
n

Rn(mKp) HΛ∗n→Kp
λp

∑
λψ

ei λψφµ d1
λψ ,∆λµ(θψ) ×

∑
λΛ∗n

HΛ
0
b→Λ∗nψ

λΛ∗ , λψ
ei λΛ∗φK d

1
2
λ
Λ0b
, λΛ∗n

−λψ(θΛ0
b
) d

JΛ∗n
λΛ∗ , λp

(θΛ∗n )

Λ∗ resonances (masses/widths) modelled by Breit-Wigner amplitudes

Helicity couplings for Λ∗ and Λb decays
(4-6 complex fit parameters per amplitude)

Angular structure of Λ0
b , J/ψ and Λ∗ decays (no free parameters)
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State JP PDG class Mass (MeV) Γ (MeV) # Reduced # Extended
Λ(1405) 1/2− **** 1405.1+1.3

−1.0 50.5±2.0 3 4
Λ(1520) 3/2− **** 1519.5±1.0 15.6±1.0 5 6
Λ(1600) 1/2+ *** 1600 150 3 4
Λ(1670) 1/2− **** 1670 35 3 4
Λ(1690) 3/2− **** 1690 60 5 6
Λ(1710) 1/2+ * 1713± 13 180± 40 0 0
Λ(1800) 1/2− *** 1800 300 4 4
Λ(1810) 1/2+ *** 1810 150 3 4
Λ(1820) 5/2+ **** 1820 80 1 6
Λ(1830) 5/2− **** 1830 95 1 6
Λ(1890) 3/2+ **** 1890 100 3 6
Λ(2000) ? * ≈2000 ? 0 0
Λ(2020) 7/2+ * ≈2020 ? 0 0
Λ(2050) 3/2− * 2056±22 493±60 0 0
Λ(2100) 7/2− **** 2100 200 1 6
Λ(2110) 5/2+ *** 2110 200 1 6
Λ(2325) 3/2− * ≈2325 ? 0 0
Λ(2350) 9/2+ *** 2350 150 0 6
Λ(2585) 5/2−? ** ≈2585 200 0 6

All established Λ∗ resonances included in fit
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State JP PDG class Mass (MeV) Γ (MeV) # Reduced # Extended
Λ(1405) 1/2− **** 1405.1+1.3

−1.0 50.5±2.0 3 4
Λ(1520) 3/2− **** 1519.5±1.0 15.6±1.0 5 6
Λ(1600) 1/2+ *** 1600 150 3 4
Λ(1670) 1/2− **** 1670 35 3 4
Λ(1690) 3/2− **** 1690 60 5 6
Λ(1710) 1/2+ * 1713± 13 180± 40 0 0
Λ(1800) 1/2− *** 1800 300 4 4
Λ(1810) 1/2+ *** 1810 150 3 4
Λ(1820) 5/2+ **** 1820 80 1 6
Λ(1830) 5/2− **** 1830 95 1 6
Λ(1890) 3/2+ **** 1890 100 3 6
Λ(2000) ? * ≈2000 ? 0 0
Λ(2020) 7/2+ * ≈2020 ? 0 0
Λ(2050) 3/2− * 2056±22 493±60 0 0
Λ(2100) 7/2− **** 2100 200 1 6
Λ(2110) 5/2+ *** 2110 200 1 6
Λ(2325) 3/2− * ≈2325 ? 0 0
Λ(2350) 9/2+ *** 2350 150 0 6
Λ(2585) 5/2−? ** ≈2585 200 0 6

All established Λ∗ resonances included in fit
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Including non resonant components up to JP=3/2±, Σ∗’s and floating
masses and widths of Λ∗’s can also not describe mJ/ψp

Next: attempt to obtain better fit by including mJ/ψp resonances
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Pc of best fit has JP=5/2+ (tried up to JP=7/2±)

∆(2 lnL) = 14.72 when adding single Pc vs. Λ∗ only

Likelihood significantly improved, but still discrepancies in mJψp
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Adding 2nd Pc gives good description of data in all observables

∆(2 lnL) = 11.62 from adding 2nd Pc vs. only 1 Pc

Best fit has JP(Pc(4380),Pc(4450))=(3/2−,5/2+), also (3/2+,5/2−) and
(5/2+,3/2−) reasonable



Pr
ef
er
en
ce

of
O
pp

os
ite

Pa
rit
y

P c
St
at
es

14 / 21

E
ve

nt
s/

(2
0 

M
eV

)

0

200

400

(a) (b)

 [GeV]pψJ/m
4 4.5 5

E
ve

nt
s/

(2
0 

M
eV

)

0

200

400 
(c)

 [GeV]pψJ/m
4 4.5 5

(d)

LHCb

]2p) [GeVψ(J/2m
20 25

cPθ
co

s

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

)
cP

θcos(
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

C
o

rr
e

c
te

d
 e

v
e

n
ts

/(
0

.1
)

0

100

200

300

400

500

LHCb

cCombined P

(4450)cP

(4380)cP

Figure 12: Efficiency corrected and background subtracted fit projections of the decay angular
distributions for the two P+

c states and their sum. Values of cos θPc near −1 are correlated with
values of mKp near threshold, while those near +1 are correlated with higher values.

Systematic uncertainties are evaluated for the masses, widths and fit fractions of the
P+
c states, and for the fit fractions of the two lightest and most significant Λ∗ states.

Additional sources of modeling uncertainty that we have not considered may affect the
fit fractions of the heavier Λ∗ states. The sources of systematic uncertainties are listed
in Table 2. They include differences between the results of the extended versus reduced
model, varying the Λ∗ masses and widths, uncertainties in the identification requirements
for the proton, and restricting its momentum, inclusion of a nonresonant amplitude in
the fit, use of separate higher and lower Λ0

b mass sidebands, alternate JP fits, varying the
Blatt-Weisskopf barrier factor, d, between 1.5 and 4.5 GeV−1 in the Breit-Wigner mass
shape-function, changing the angular momentum L by one or two units, and accounting
for potential mis-modeling of the efficiencies. For the Λ(1405) fit fraction we also added
an uncertainty for the Flatté couplings, determined by both halving and doubling their
ratio, and taking the maximum deviation as the uncertainty.

The stability of the results is cross-checked by comparing the data recorded in 2011/2012,
with the LHCb dipole magnet polarity in up/down configurations, Λ0

b/Λ
0
b decays, and Λ0

b

produced with low/high values of pT. The fitters were tested on simulated pseudoexperi-
ments and no biases were found. In addition, selection requirements are varied, and the
vetoes of B0

s and B0 are removed and explicit models of those backgrounds added to the
fit; all give consistent results.

Further evidence for the resonant character of the higher mass, narrower, P+
c state is

obtained by viewing the evolution of the complex amplitude in the Argand diagram [15].
In the amplitude fits discussed above, the Pc(4450)+ is represented by a Breit-Wigner
amplitude, where the magnitude and phase vary with mJ/ψp according to an approximately
circular trajectory in the (Re APc , Im APc) plane, where APc is the mJ/ψp dependent

11

mKp< 1.55 GeV 1.55< mKp <1.7 GeV

1.7< mKp< 2 GeV 2< mKp GeV
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State Mass (MeV) Width (MeV) Fit fraction (%) Significance
Pc(4380)+ 4380 ± 8 ± 29 205 ± 18 ± 86 8.4 ± 0.7 ± 4.2 9σ
Pc(4450)+ 4449.8 ± 1.7 ± 2.5 39 ± 5 ± 19 4.1 ± 0.5 ± 1.1 12σ

Significances calculated by fitting test-statistic ∆(−2 lnL) of toyMC experiments
in the extended model (the reduced model yielded higher significances)

Null → Alternative Hypothesis ∆(2 lnL) Significance
0 Pc → 1 Pc 14.72 12σ
1 Pc → 2 Pc ’s 11.62 9σ
0 Pc → 2 Pc ’s 18.72 15σ

In a separate paper, LHCb measured [Chin. Phys. C40, 011001]

B(Λ0
b → P+

c K−)B(P+
c → J/ψp) =

{
(2.56± 0.22± 1.28+0.46

−0.36)× 10−5 for Pc(4380)+

(1.25± 0.15± 0.33+0.22
−0.18)× 10−5 for Pc(4450)+
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Pc states parametrized by a relativistic Breit-Wigner amplitude.

BW (m|m0Γ0) = 1
m2

0 −m2 − im0Γ(m)
and Γ(m) = Γ0

( q
q0

)2LΛ∗+1 m0
m B′LΛ∗n

(q, q0, d)2
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Test resonant character by plotting Argand diagram of interpolated amplitude
Scan mJ/ψp in 6 bins around m0 ± Γ0 of Pc ’s
Fit data with full model but replace Breit-Wigner parametrization of Pc
with cubic spline interpolating from 4 closest neighbouring points
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List from November 15, now at 285 citations

Molecular models:
Pc (4450) as Σc D̄∗ molecule PRL 115 122001
Pc (4380) as Σc D̄∗ and Pc (4450) as Σ∗

c D̄∗ PRL 115 132002
Pc (4380) as Σc D̄∗ and Pc (4450) as Σ∗

c D̄ PRL 115 172001
Pc (4450) as Σc D̄∗ and Σ∗

c D̄∗ molecule arXiv:1507.04249
Pc ’s not (colored) molecules arXiv:1507.04694
Pc (4380) as Σ∗

c D̄ and Pc (4450) as Σc D̄∗ arXiv:1507.05200
Pc (4450) as χc1p molecule (compositeness) arXiv:1511.00870

Rescattering effects:
χc1p rescattering, Λ(1890)χc1p triangle singularity PRD 92 071502(R),PLB 751 59
ATS, cusp effect arXiv:1507.05359
D∗D∗

s Σc triangle singularity arXiv:1507.06552
Pc (4380) rescattering, Pc (4450) diquark model arXiv:1507.07652

Diquarks/Triquarks:
Diquark-Diquark-Antiquark ([qq][qq]q̄) PLB 749 289
Dynamical Diquark-Triquark PLB 749 454
Diquark-Diquark-Antiquark multiplets arXiv:1507.08252
Quasi particle diquarks arXiv:1508.00356
[qq][qq]q̄ with QCD sum rules arXiv:1508.01468
Pc (4380) as J/ψK reflection, Pc (4450) as [qq][qq]q̄ arXiv:1509.04898
Dynamical Diquark-Triquark multiplets arXiv:1510.08693

Other:
Bound D̄-soliton PRD 92 051501(R)
Intrinsic charm in Λ0

b decays arXiv:1508.03910
Baryocharmonium PRD 92 031502(R)
Phenomenology review arXiv:1509.02460
J/ψK reflection arXiv:1509.03028
Z2,3 geometrical symmetries arXiv:1509.06013

(List may be incomplete, not listing implications)

Λ0
b Λ0

b

χc1

K−
p p

J/ψ

p
p

χc1 J/ψ

K−
Λ∗

(a) (b)

Figure 1: Two-point and three-point loops for the mechanism of the χc1 p → J/ψ p rescattering
in the decay Λ0

b → K−J/ψ p .

via the mediation of the W -boson. After integrating out the off-shell mediators, one arrives at
two effective operators for the b→ cc̄s transition:

O1 = [c̄αγµ(1− γ5)c
α][s̄βγµ(1− γ5)b

β ], O2 = [c̄αγµ(1− γ5)c
β ][s̄βγµ(1− γ5)b

α] , (2)

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, [c̄γµ(1−γ5)c], will directly generate the charmonium state. A charmonium
with JPC = 1−− like the J/ψ is produced by the vector current, while the axial-vector current
tends to produce the χc1 with JPC = 1++ and the ηc state with JPC = 0+−. Since the vector
and axial-vector currents have the same strength in the weak operators, one would expect 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-order QCD contributions but are sub-leading [39]. In fact, such an
expectation is supported by the B meson decay data [2]:

B(B+ → J/ψK+) = (10.27± 0.31)× 10−4, B(B+ → χc1K
+) = (4.79± 0.23)× 10−4. (3)

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

by LHCb. We will first focus on the two-point loop diagram whose singularity is a branch point at
the χc1 p threshold on the real axis of the complex s plane, where and in the following

√
s denotes

the invariant mass of the J/ψ p or χc1 p system. It manifests itself as a cusp at the threshold if the
χc1 p 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 of the χc1 and the proton are nonrelativistic.
Thus, the amplitude for Fig. 1 (a) is proportional to the nonrelativistic two-point loop integral

GΛ(E) =

∫
d3q

(2π)3
~q 2 fΛ(~q

2)

E −m1 −m2 − ~q 2/(2µ)
, (4)

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 χc1 p which has quantum numbers
compatible with the possibilities of the Pc(4450) reported by the LHCb Collaboration, though
one should be conservative to take 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, fΛ(~q

2) = exp
(
−2~q 2/Λ2

)
, to regularize the loop integral, the analytic expression for

the loop integral is then given by

GΛ(E) = − µΛ

(2π)3/2

(
k2 +

Λ2

4

)
+
µk3

2π
e−2k2/Λ2

[
erfi

(√
2k

Λ

)
− i

]
, (5)

with k =
√

2µ(E −m1 −m2 + iǫ), and the imaginary error function erfi(z) = (2/
√
π)
∫ z

0
et

2

dt. A
better regularization method should be applied in the future, but for our present study such an
approach is fine.

3

http://dx.doi.org/10.1103/PhysRevLett.115.122001
http://dx.doi.org/10.1103/PhysRevLett.115.132002
http://dx.doi.org/10.1103/PhysRevLett.115.172001
http://arxiv.org/abs/1507.04249
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Concerning Pc(4380) and Pc(4450)
Most important: confirmation by other experiments needed!

In particular from different production mechanisms like photoproduction or pp
Observe Pc → J/ψp as subsystems in different final states, e.g.:

Υ→ J/ψpp check for peaks at χc0,1,2p thresholds [PRD 92 071502(R)]

Observe new decay modes of Pc ’s, e.g. in:
Λ0

b → χc1pK− decay of Pc (4450) in this channel rules out χc1p rescattering [PRD 92 071502(R)]

Λ0
b → Λ+

c D0K− topic next time

Incorporate coupled channel effects in amplitude analyses

Search for other types of pentaquarks
Hidden charm partners
Open charm pentaquarks
Triply charged baryons
Bottom pentaquarks
Hidden strangeness pentaquarks

At distant horizons
Dibaryons?
Hexaquarks?
...

http://dx.doi.org/10.1103/PhysRevD.92.071502
http://dx.doi.org/10.1103/PhysRevD.92.071502
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Dynamical terms Rn(mpK ) parametrized by:

Relativistic single-channel Breit-Wigner amplitudes

(dressed) Blatt-Weisskopf barrier factors [PRD 5 624]

Rn(mKp) = B̃Λ0
b

LψΛ∗
× BW (mKp|mΛ∗n

0 , ΓΛ∗n
0 ) × B̃Λ∗

LpK

with BW (m|m0Γ0) = 1
m2

0 −m2 − im0Γ(m)

and Γ(m) = Γ0
( q

q0

)2LΛ∗+1 m0
m B′LΛ∗n

(q, q0, d)2

where p(q) are momenta of daughters in CM frame of mother

and subscript-0 denotes evaluation at nominal resonance parameters (PDG)

Exception: sub-threshold Λ(1405) described by Flatté-like parametrization [PLB 63 224]

http://dx.doi.org/10.1103/PhysRevD.5.624
http://dx.doi.org/10.1016/0370-2693(76)90654-7
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K

μ

Λ

−

Λ
Λψ *
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θΛ
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ψ p
pψ
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φ −π
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b rest frame
ψ rest frame

Pc rest frame
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ψ
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μ
μ

+μ

μ
+

θψ
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µ
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Λ

Λ*K

Λ
−

*

zz 00
{p} {p} PΛ c∗

p

rest frame
Pc

ψ p
p

b rest frame

ψ
P  rest framec

ψ K

K K
pp

rest framep

θ

− −

align Λ∗ and Pc chain µ and p helicity frames to write full matrix element as

|M|2 =
∑
λ
Λ0b

∑
λp

∑
∆λµ

∣∣∣∣∣∣∣∣∣∣∣∣
MΛ∗

λ
Λ0b
, λp ,∆λµ + ei ∆λµαµ

∑
λPc

p

d
1
2
λPc

p , λp
(θp)

︸ ︷︷ ︸
Λ∗ and Pc decay chain alignment

MPc
λ
Λ0b
, λPc

p ,∆λµ

∣∣∣∣∣∣∣∣∣∣∣∣

2



Sy
st
em

at
ic

Un
ce
rta

in
tie

s

26 / 21

Source m0 (MeV) Γ0 (MeV) Fit fractions (%)
low high low high low high Λ(1405) Λ(1520)

Extended vs. reduced 21 0.2 54 10 3.14 0.32 1.37 0.15
Λ∗ masses & widths 7 0.7 20 4 0.58 0.37 2.49 2.45
Proton ID 2 0.3 1 2 0.27 0.14 0.20 0.05
10< pp <100 GeV 0 1.2 1 1 0.09 0.03 0.31 0.01
Nonresonant 3 0.3 34 2 2.35 0.13 3.28 0.39
Separate sidebands 0 0 5 0 0.24 0.14 0.02 0.03
JP (3/2+, 5/2−) or (5/2+, 3/2−) 10 1.2 34 10 0.76 0.44
d = 1.5−4.5 GeV−1 9 0.6 19 3 0.29 0.42 0.36 1.91
LPc
Λ0

b
Λ0

b → P+
c (low/high)K− 6 0.7 4 8 0.37 0.16

LPc P+
c (low/high)→ J/ψp 4 0.4 31 7 0.63 0.37

LΛ∗n
Λ0

b
Λ0

b → J/ψΛ∗ 11 0.3 20 2 0.81 0.53 3.34 2.31
Efficiencies 1 0.4 4 0 0.13 0.02 0.26 0.23
Change Λ(1405) coupling 0 0 0 0 0 0 1.90 0
Overall 29 2.5 86 19 4.21 1.05 5.82 3.89
sFit/cFit cross check 5 1.0 11 3 0.46 0.01 0.45 0.13

Uncertainties in Λ∗ model dominate
Sizeable uncertainties from JP assignment and resonance parametrization
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[PRD 93 052018]

D0 → K 0
S K−π+ D0 → K 0

S K +π−

https://doi.org/10.1103/PhysRevD.93.052018

