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Outline 
The LHC is a heavy flavour factory that has led to a new Golden Age for 
Heavy Spectroscopy. A deluge of recent results. In this talk I focus on:

• Introduction
• Pentaquarks in 𝐵! → 𝐽/𝜓𝑝�̅�
• Amplitude analysis of 𝐵" → 𝐷"𝐷#𝐾#
• Doubly charmed tetraquark 𝑇$$"

For more results on
LHCb spectroscopy
see talk by M. Stahl
on Tuesday afternoon 
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Introduction
Studies of hadronic resonances tests predictions allow us to probe the 
quark model and QCD

• Map out conventional states with two or three quarks

• Look for exotic states with more than 3 quarks: tetraquarks, 
pentaquarks
• Study dynamics of exotic states : diquarks, molecules 
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Dataset

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

• Precision tracking
• Excellent PID using RICH
• Trigger for fully hadronic decays
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State of the Art
• Full amplitude analyses of complex and diverse decay chains, exploiting

the power of modern computing

• Coupled channel approach for states near threshold (moving beyond the 
simple Breit Wigner) and pole searches, e.g. for X(3872)
• e.g for X(3872) see PRD 102, 092005

• Report information about the production environment 
• e.g event multiplicity for X(3872), PRL. 126, 092001
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Pentaquarks in 𝐵! → 𝐽/𝜓𝑝�̅�



7

Recap: Pentaquarks 
in Λ! → 𝐽/𝜓𝑝𝐾"

PRL. 122 (2019) 222001

2019 study of Λ! → 𝐽/𝜓𝑝𝐾" mode
with the full LHCb dataset (9 fb-1) 
finds 3 narrow pentaquark candidates

Introduction

Jinlin Fu (UCAS)  EPS-HEP 2021 2

• Narrow widths need excellent 
mass resolution

9fb-1

• Observed pentaquark-like structures at LHCb in 2019 indicate 
interesting physics related to thresholds of charmed mesons and 
baryons

 decayΛ0
b → J/ψpK−

PRL 122 (2019) 222001
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The decays  𝐵#,% → 𝐽/𝜓𝑝�̅�

• The decay 𝐵# → 𝐽/𝜓𝑝�̅� is Cabbibo suppressed whilst 𝐵$ → 𝐽/𝜓𝑝�̅� is 
OZI suppressed

• Suggested as good channels to look for exotics (Pentaquarks, glueball, 
fJ(2300)) - see EJPC C75 (2015) 101

• Production of Pc(4312)+ kinematically allowed 

Observed by LHCb using data up to 2016, 5.3 fb-1 (PRL.122 (2019) 191804)
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The decays  𝐵#,% → 𝐽/𝜓𝑝�̅�

• New analysis using full Run 1+2  dataset 9 fb-1

• Gives a sample of  797 ± 31 𝐵! → 𝐽/𝜓𝑝�̅� decays

• First full amplitude analysis of 𝐵! → 𝐽/𝜓𝑝�̅�

arXiv: 2108.04720

B0
s

<latexit sha1_base64="tkWQBC/7nB2hctt4YhYIYJmApbc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN5KvXisYGqhjWWz3bRLN5uwOxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777RTW1jc2t4rbpZ3dvf2D8uFRyySZZtxniUx0O6SGS6G4jwIlb6ea0ziU/CEc3cz8hyeujUjUPY5THsR0oEQkGEUr+Y1Ht2d65Ypbdecgq8TLSQVyNHvlr24/YVnMFTJJjel4borBhGoUTPJpqZsZnlI2ogPesVTRmJtgMj92Ss6s0idRom0pJHP198SExsaM49B2xhSHZtmbif95nQyjq2AiVJohV2yxKMokwYTMPid9oTlDObaEMi3srYQNqaYMbT4lG4K3/PIqaV1UvVr1+q5WqTfyOIpwAqdwDh5cQh1uoQk+MBDwDK/w5ijnxXl3PhatBSefOYY/cD5/AERrjlo=</latexit>

𝐵! signal region
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𝐵# → 𝐽/𝜓𝑝�̅� amplitude analysis
• 4-D amplitude using helicity formalism, to untagged data assuming CP 

conservation 

• Phase space model does not describe data well
B0
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Figure 11: Definition of the B0
s ! J/ pp phase space variables.

The decay amplitude of a two body decay A ! 12 can then be defined as:307

A
A!12
mA,�1,�2

(✓1,�1) = hp, ✓1,�1,�1,�2|T̂ |JA,�Ai =

= (�1)J2��2H�1,�2 ·D
⇤JA
�A,�1��2

· R(m2
12).

The three components in the amplitude are the following:308

• H�1,�2 : the helicity couplings, dependent on the kinematic of the decay, which309

are complex numbers to be determined from a fit to data. They are given in the310

particle-2 convention, and respect the customary relation with the LS couplings311

• (�1)J2��2 is the phase factor that restores the particle-1 convention312

• Wigner D-matrix, containing the angular dependence and correponding to the one313

in Eq. 8.314

• R(m2
12): the lineshape of the resonance dependent on the invariant mass squared.315

3.2 Phase space316

From the conservation of momenta and the energy-mass relation, one can extract the317

number of degrees of freedom of the decay under study. A four body decay is described by318

5 degrees, resulting from 16 4-momentum components constrained by 4 mass requirements,319

4 energy-momentum conservation relations and three Euler angles, that define the mother320

particle decay plane. The J/ mass constraint is then subtracted to them to end up321

with 4 dof. Indeed, this decay can be described by a 4-dimensional phase space, which322

is generated following the scheme in Fig. 11. The phase-space variables are chosen as:323

three angular variables {✓l, ✓v,�} for the decay B ! J/ (! µ+µ�)pp̄ and an invariant324

mass mpp. The dihadron and dilepton coordinate systems lie back-to-back with a common325

vertical ŷ axis. The positive ẑ is defined in the direction of the pp system. While the x̂326

axis is defined in the pp plane by the direction of the proton momentum. Hence, the B327

18
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𝐵# → 𝐽/𝜓𝑝�̅� amplitude analysis
• Add Pc

+ and Pc
- with same mass and width (floating)

• Improves mass and helicity distribution

Pc+(4312)
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𝐵# → 𝐽/𝜓𝑝�̅� amplitude analysis

• Evidence for new pentaquark state 

• Significance 3.7𝜎 (3.1 𝜎 ) for 𝐽% = ⁄& ' ( ⁄( ')

• Current dataset insufficient to determine 𝐽%

• Fit not improved adding contributions from either Pc(4312)+ or fJ(2300) 

• No enhancement at threshold (as seen in other baryonic decays) 

Evidence of a new structure

Jinlin Fu (UCAS)  EPS-HEP 2021 9

• New pentaquark-like state with significance 3.1~3.7! for JP( , )1/2± 3/2±

No confirmation of 2019 structures

• Tested other contributions:

exclude  and P+
c (4312) → J/ψp fJ(2220) → pp

can not distinguish JP due to limited sample size

LHCb-PAPER-2021-018 in preparation

arXiv: 2108.04720
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Amplitude analysis of 
𝐵" → 𝐷"𝐷#𝐾#
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Amplitude analysis of B+ → D+D-K+

Around 1300 candidates selected in
full Run 1+2 dataset

Full amplitude analysis performed

Significant enhancement seen in 
m(D-K+) around ~ 2900 MeV

 (3770)

<latexit sha1_base64="cPA5KzYmokoZ2Z6g9QqSzTFhZ3s=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqpexqoXorevFYwX7AdinZNNuGZpMlmRVK6c/w4kERr/4ab/4bs+0etPXBwOO9GWbmhYngBlz321lb39jc2i7sFHf39g8OS0fHbaNSTVmLKqF0NySGCS5ZCzgI1k00I3EoWCcc32V+54lpw5V8hEnCgpgMJY84JWAlv5cYXrmq192LYr9UdqvuHHiVeDkpoxzNfumrN1A0jZkEKogxvucmEEyJBk4FmxV7qWEJoWMyZL6lksTMBNP5yTN8bpUBjpS2JQHP1d8TUxIbM4lD2xkTGJllLxP/8/wUoutgymWSApN0sShKBQaFs//xgGtGQUwsIVRzeyumI6IJBZtSFoK3/PIqaV9WvVr15qFWbtzmcRTQKTpDFeShOmqge9RELUSRQs/oFb054Lw4787HonXNyWdO0B84nz8BHY/I</latexit>

�c2(3930)

<latexit sha1_base64="XVwpirz+W5FKrfVY62GO7yNesbQ=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkrSFrS3ohePFewHtCFstpt26WYTdjeFEvpPvHhQxKv/xJv/xqTNQVsfDDzem2FmnhdxprRlfRuFre2d3b3ifung8Oj4xDw966owloR2SMhD2fewopwJ2tFMc9qPJMWBx2nPm95nfm9GpWKheNLziDoBHgvmM4J1KrmmOSQT5iaktqjUm3XruuSaZatqLYE2iZ2TMuRou+bXcBSSOKBCE46VGthWpJ0ES80Ip4vSMFY0wmSKx3SQUoEDqpxkefkCXaXKCPmhTEtotFR/TyQ4UGoeeGlngPVErXuZ+J83iLV/6yRMRLGmgqwW+TFHOkRZDGjEJCWaz1OCiWTprYhMsMREp2FlIdjrL2+Sbq1qN6rNx0a5dZfHUYQLuIQK2HADLXiANnSAwAye4RXejMR4Md6Nj1VrwchnzuEPjM8fDLmR/Q==</latexit>
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Amplitude analysis of B+ → D+D-K+

Table 5: Lineshape parameters for the �c0,2(3930) and X0,1(2900) resonances determined from
the fit. The first uncertainty is statistical and the second is the sum in quadrature of all
systematic uncertainties.

Resonance Mass (GeV/c2) Width (MeV)

�c0(3930) 3.9238 ± 0.0015 ± 0.0004 17.4 ± 5.1 ± 0.8

�c2(3930) 3.9268 ± 0.0024 ± 0.0008 34.2 ± 6.6 ± 1.1

X0(2900) 2.866 ± 0.007 ± 0.002 57 ± 12 ± 4

X1(2900) 2.904 ± 0.005 ± 0.001 110 ± 11 ± 4
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Figure 11: Comparison of the data and fit projection in the �cJ(3930) region, shown for the
(a) D+

D
� invariant-mass squared and (b) helicity angle. The di↵erent components are shown

as indicated in the legend of Fig. 10.

the �cJ(3930) region, however it has usually been assumed to arise from the �c2(3930)
resonance. The mass and helicity-angle distributions of candidates in this region, shown
in Fig. 11, clearly demonstrate that both spin-0 and spin-2 contributions are necessary.
The masses and widths of these two components are completely free to vary in the fit;
they are found to have consistent masses while the fit prefers a narrower width for the
spin-0 state. If both spin-0 and spin-2 states are present at the same mass, one would
generically expect the spin-0 state to be broader since its decay to a D

+
D

� pair is in
S wave, as compared to D wave for the spin-2 state, and therefore is not suppressed by any
angular momentum barrier. This expected pattern is seen in some explicit calculations of
the properties of the �cJ(2P ) states [11], however the observed pattern is consistent with
other theoretical predictions [13]. Moreover, the fitted �c0(3930) parameters are consistent
with those of the X(3915) state.

The �c0(3930) state is the only component in the D+
D

� S wave in the baseline model.
The broad �c0(3860) state, reported by the Belle collaboration [53], has been included
in alternative fit models but is disfavoured. Fits in which additional S-wave structure
is introduced e.g. through a nonresonant component, have been attempted but tend
to destabilise the fit, which is understood as a consequence of there being too much
freedom in the S wave. In fact the nonresonant component in the D�

K
+ projection covers

most of the m(D+
D

�) range, as can be seen in Fig. 10 top row, but only allows a small
contribution at low m(D+

D
�) values.
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Data well described by two 
states X0(2900) and X1(2900) 
with high significance

Conclusion supported by model 
independent analysis
PRL 125 (2020) 242001)

Amplitudes analysis also requires
both a spin 0 and spin 2 state decaying
to D+D- in the mass region around 
3930MeV

Deepens puzzle of what states are 
present in this region

Observation of !"#$ states
n Amplitude analysis of %$ → '$'"($ decays

q ~1300 signals with purity 99.5% 
n Enhancement is seen in )* '"($ ~8.5GeV"*
n Described by 23(2900) and 29(2900)
n Combined significance of two are overwhelming

q Improve 2 ln ℒ by >300 units
q Supported by model-independent investigation

n A new charmonium =>9(3930) is needed 

9

=>*(3930)
@(3770)

A new resonance?

[arXiv:2009.00025]

[arXiv:2009.00026]

(9fb-1)

BC(DEFF)

BF(DEFF)new

new
new

d
c
_

u
s
_

 (3770)
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Observation of a doubly charmed 
tetraquark, 𝑇$$"
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Doubly charmed tetraquark 
LHCb has seen 

• Doubly charmed baryon, Ξ$$"" (ccu) PRL 119 (2017) 112001

• ud ̅𝑐�̅� tetraquark candidates, X0,1(2900) (Science Bullitin 65 (2020) 1983)

• cc ̅𝑐 ̅𝑐 tetraquark candidate, X(6900)  (PRD 102 (2020) 242001)

What about tetraquark with double charm content ? cc4𝑢�̅�

For a system 𝑄𝑄4𝑢�̅�, in limit 𝑚) →∞ system should give a bound and 
stable state

Likely to be true for bb4𝑢�̅�, not clear for cc4𝑢�̅�

Predictions for mass of cc4𝑢�̅� ground state (isoscalar with 𝐽% = 1") vary
within ±250 MeV compared to 𝐷𝐷∗" threshold 
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Selection of 𝐷%𝐷%𝜋"

arXiv: 2109.01038
arXiv: 2109.01056

Use full Run 1+ Run 2 dataset

Select well identified 𝐾/𝜋
candidates displaced with 
high transverse momentum

Combine to make 𝐷+ → 𝐾#𝜋"
candidates

Make 𝐷+𝐷+𝜋" candidates

Ensure no candidates are 
duplicates or clones

Fake D background subtracted
using 2D fit to (𝑚,-, 𝑚,-)

Significant narrow peak just below DD* threshold
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Mass fit for 𝐷%𝐷%𝜋"
Fits made with relativistic P-wave Breit Wigner and a unitarized 
Breit-Wigner form that is more appropriate for a state close to threshold

Mode and FWHM

Narrow peak below 
𝐷∗"𝐷+, threshold: 𝑇$$"

Unitarized BW

Fixed by D0* width
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𝐷%𝐷%𝜋" pole search

Pole on second  Riemann 
sheet
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Figure 9: Mass distributions for D0D0 and D0D0 candidates. Background-subtracted
D0D0 and D0D0 mass distributions. The near-threshold enhancement in the D0D0 channel corre-
sponds to partially reconstructed T+

cc ! D0D0⇡+ decays, while in the D0D0 channel the threshold
enhancement corresponds to partially reconstructed �c1(3872) ! D0D0⇡0 decays.

From the low-energy limit of the amplitude, the estimates for the scattering length a,
e↵ective range r, and the compositness, Z, are obtained

a =
h
� (7.16± 0.51) + i (1.85± 0.28)

i
fm ,

�r < 11.9 (16.9) fm at 90 (95)%CL ,

Z < 0.52 (0.58) at 90 (95)%CL .

The characteristic size calculated from the binding energy is R�E = 7.49 ± 0.42 fm.
This value is consistent with the estimation from the scattering length, Ra = 7.16±0.51 fm.
Both R�E and Ra correspond to a spatial extension significantly exceeding the typical
scale for heavy-flavour hadrons.

The amplitude pole is found to be located on the second Riemann sheet with respect
to the D0D0⇡+ threshold, at ŝ = mpole �

i
2�pole, where

�mpole = �360± 40+4
� 0 keV/c2 ,

�pole = 48± 2+0
� 14 keV ,

17

3.72 3.73 3.74 3.75 3.76 3.77 3.78 3.79
0

50

100

150

200
3.72 3.73 3.74 3.75 3.76 3.77 3.78 3.79

1000

1200

1400

1600

LHCb

9 fb
�1

Y
ie
ld
/(
1
M
eV
/c

2
)

u D0D0

⇤ D0D0

D0D0 threshold

mD0D0

⇥
GeV/c2

⇤

Figure 9: Mass distributions for D0D0 and D0D0 candidates. Background-subtracted
D0D0 and D0D0 mass distributions. The near-threshold enhancement in the D0D0 channel corre-
sponds to partially reconstructed T+

cc ! D0D0⇡+ decays, while in the D0D0 channel the threshold
enhancement corresponds to partially reconstructed �c1(3872) ! D0D0⇡0 decays.

From the low-energy limit of the amplitude, the estimates for the scattering length a,
e↵ective range r, and the compositness, Z, are obtained

a =
h
� (7.16± 0.51) + i (1.85± 0.28)

i
fm ,

�r < 11.9 (16.9) fm at 90 (95)%CL ,

Z < 0.52 (0.58) at 90 (95)%CL .

The characteristic size calculated from the binding energy is R�E = 7.49 ± 0.42 fm.
This value is consistent with the estimation from the scattering length, Ra = 7.16±0.51 fm.
Both R�E and Ra correspond to a spatial extension significantly exceeding the typical
scale for heavy-flavour hadrons.

The amplitude pole is found to be located on the second Riemann sheet with respect
to the D0D0⇡+ threshold, at ŝ = mpole �
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Extract the scattering length

Effective range

Weinberg compositness condition
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cc ! D0D0⇡+ decays, while in the D0D0 channel the threshold
enhancement corresponds to partially reconstructed �c1(3872) ! D0D0⇡0 decays.

From the low-energy limit of the amplitude, the estimates for the scattering length a,
e↵ective range r, and the compositness, Z, are obtained

a =
h
� (7.16± 0.51) + i (1.85± 0.28)

i
fm ,

�r < 11.9 (16.9) fm at 90 (95)%CL ,

Z < 0.52 (0.58) at 90 (95)%CL .

The characteristic size calculated from the binding energy is R�E = 7.49 ± 0.42 fm.
This value is consistent with the estimation from the scattering length, Ra = 7.16±0.51 fm.
Both R�E and Ra correspond to a spatial extension significantly exceeding the typical
scale for heavy-flavour hadrons.

The amplitude pole is found to be located on the second Riemann sheet with respect
to the D0D0⇡+ threshold, at ŝ = mpole �

i
2�pole, where

�mpole = �360± 40+4
� 0 keV/c2 ,

�pole = 48± 2+0
� 14 keV ,
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Is the 𝑇$$" an isosinglet ?
Study also mass 𝐷+𝐷+ and 𝐷+𝐷" mass distributions

Observed shape is consistent with expectations for partially reconstructed 𝑇$$"

No evidence for further narrow peaks: supports hypothesis that the the 𝑇$$"
is an isoscalar state rather than member of isotriplet
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Multiplicity dependence
As recently done for 
X(3872) production
bin in track multiplicity
(cf PRL. 126, 092001)

• Contrary to X(3872) no suppression at high multiplicity
• Dependence is surprising close to 𝐷+𝐷+(which is dominated by Double 

Parton Scattering)
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Summary 

• Many important LHCb results in spectroscopy over the last months
• New pentaquark candidates in 𝐵! → 𝐽/𝜓𝑝�̅� mode
• Candidate tetraquarks with quark content ̅𝑐�̅�𝑢𝑑 in 𝐵" → 𝐷"𝐷#𝐾#
• Prompt production of a doubly charmed tetraquark (Tcc

+)

• Still more to come from Run 1+2 dataset over the next couple of years

• From 2022 LHCb upgrade will increase dataset by factor 5-10 depending 
on mode
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Backup 
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The LHCb Detector

pp collision Point

Vertex Locator
VELO

Tracking System

Muon System RICH Detectors

Calorimeters

~ 1 cm

B
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Tcc+ g-coupling
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Partially reconstructed
X(4872)

Partially 
reconstructed Tcc

+


