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 Exceptionally charming tetraquark Tcc
+	



Outline	

•  Motivations & predictions for QQqq states	
•  Experimental observation of Tcc

+→D0D*+	
•  Studies of the Tcc

+ properties	
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Golden Age of spectroscopy: beginning	
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•  2003: Belle observes X(3872)→J/ψπ+π-                      Belle PRL91 262001 (2003)	

	

•  ΓBW(X) = 0.96 ± 0.19 ± 0.20 MeV                                   LHCb JHEP08 123 (2020)	

•  m(X) = 3871.59 ± 0.06 ± 0.03 ± 0.01 MeV ≅ mD0+mD*0   	

•  Below/above DD* threshold? bound/virtual state?	
•  10×larger BF of X(3872)→D0D*0                                                Belle PRD81 031103 (2010)	

•  Charmonium assignment: χc1(2P) [based on JPC=1++ and mass]	
•  Most likely a mixture of cc and DD* molecule	
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Figure 2: Distributions of the (left) J/ ⇡+⇡�K+ and (right) J/ ⇡+⇡� mass for selected
(top)B+!  (2S)K+, (middle) B+!  2(3823)K+ and (bottom)B+! �c1(3872)K+ candidates
shown as points with error bars. A fit, described in the text, is overlaid.

5 Ratios of branching fractions

Ratios of branching fractions, RX

Y
, are defined as

RX

Y
⌘

BB+!XK+ ⇥ BX!J/ ⇡+⇡�

BB+!YK+ ⇥ BY!J/ ⇡+⇡�
, (2)
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m(J/ψπ+π-)	
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Conventional and exotic particles	
•  Quark Model by Gell-Mann and Zweig (1964):	
     mesons and baryons = conventional states 	
     States more complex = exotics also predicted	
•  Molecule	
Meson-antimeson loosely bound by pion exchange 	
Mass ≈ sum of meson masses 	
Decay: dissociation into constituent particles	
•  Tetraquark, pentaquark 	
Quarks tightly bound by gluon exchange	
Decay: rearrange into mesons/baryons ð dissociation	
Can have non-zero charge [cucd] and/or strangeness [cucs] 	
•  Hybrid: QQ + constituent excited gluons	
Can have exotic JPC : 0+-, 1-+, 2+-… 	
Large widths for hadronic transitions (ψππ, ψω) 	
	
	

•  Trends in spectroscopy studies: 	
     more excited and more complex hadrons	
•  Tests of potential models, lattice QCD	
•  Can we correctly model hadron multiplets? 	
     masses, widths, transitions/decays	
•  Can we understand exotics? 	
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Golden Age of spectroscopy: exotics	
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•  About 30 candidates for exotics with heavy quark(s)	
•  Some of them manifestly exotic	
•  Charged charmonia: Zc(3900)+,  Zc(4430)+ → ψ(2S)π+              	
      Belle PRL100 142001 (2008), Belle PRD80 031104 (2009), LHCb PRL112 222002 (2014)	
         Belle PRL110 252002 (2013), BESIII PRL110 252001 (2013)	

•  Pentaquarks: Pc(4312)+, Pc(4440)+, Pc(4457)+ → J/ψp	
        LHCb PRL115 072001 (2015), LHCb PRL122 222001 (2019)	

positive parity rules out the possibility that the Zð4430Þ−
state is a D̄#ð2007ÞD1ð2420Þ threshold effect as proposed
in Refs. [4,14].
In the amplitude fit, the Z−

1 is represented by a Breit-
Wigner amplitude, where the magnitude and phase vary
with m2

ψ 0π− according to an approximately circular trajec-
tory in the (ReAZ−

, ImAZ−
) plane (Argand diagram [38]),

where AZ−
is the m2

ψ 0π− dependent part of the Z
−
1 amplitude.

We perform an additional fit to the data, in which we
represent the Z−

1 amplitude as the combination of inde-
pendent complex amplitudes at six equidistant points in the
m2

ψ 0π− range covering the Z−
1 peak, 18.0–21.5 GeV2. Thus,

the K# and the Z−
1 components are no longer influenced

in the fit by the assumption of a Breit-Wigner amplitude for
the Z−

1 . The resulting Argand diagram, shown in Fig. 3, is
consistent with a rapid change of the Z−

1 phase when its
magnitude reaches the maximum, a behavior characteristic
of a resonance.
If a second Z− resonance is allowed in the amplitude

with JP ¼ 0− (Z−
0 ) the pχ2 of the fit improves to 26%.

The Z−
0 significance from the Δð−2 lnLÞ is 6σ including

the systematic variations. It peaks at a lower mass
4239 % 18þ 45

−10 MeV, and has a larger width 220 %
47þ 108

−74 MeV , with a much smaller fraction, fZ−
0
¼ ð1.6 %

0.5þ 1.9
−0.4Þ% ðfIZ−

0
¼ ð2.4 % 1.1þ 1.7

−0.2Þ%Þ than the Z−
1 . With the

defaultK# model, 0− is preferred over 1−, 2−, and 2þ by 8σ.
The preference over 1þ is only 1σ. However, the width
in the 1þ fit becomes implausibly large, 660 % 150 MeV.
The Z−

0 has the same mass and width as one of the χc1π−

states reported previously [21], but a 0− state cannot decay
strongly to χc1π−. Figure 4 compares the m2

ψ 0π− projections

of the fits with both Z−
0 and Z−

1 , or the Z
−
1 component only.

The model-independent analysis has a large statistical
uncertainty in the Z−

0 region and shows no deviations of
the data from the reflections of the K# degrees of freedom
(Fig. 1). Argand diagram studies for the Z−

0 are incon-
clusive. Therefore, its characterization as a resonance will
need confirmation when larger samples become available.
In summary, an amplitude fit to a large sample of B0 →

ψ 0Kþ π− decays provides the first independent confirmation
of the existence of the Zð4430Þ− resonance and establishes
its spin parity to be 1þ , both with very high significance.
The positive parity rules out the interpretation in terms
of D̄#ð2007ÞD1ð2420Þ [4,14] or D̄#ð2007ÞD#

2ð2460Þ
threshold effects, leaving the four-quark bound state as
the only plausible explanation. The measured mass
4475 % 7þ 15

−25 MeV, width 172 % 13þ 37
−34 MeV, and ampli-

tude fraction ð5.9 % 0.9þ 1.5
−3.3Þ%, are consistent with, but

more precise than, the Belle results [28]. An analysis of the
data using the model-independent approach developed by
the BABAR collaboration [25] confirms the inconsistencies
in the Zð4430Þ− region between the data and Kþ π− states
with J ≤ 2. The D-wave contribution is found to be
insignificant in Zð4430Þ− decays, as expected for a true
state at such mass. The Argand diagram obtained for the
Zð4430Þ− amplitude is consistent with the resonant behav-
ior; among all observed candidates for charged four-quark
states, this is the first to have its resonant character confirmed
in this manner.

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 staff at
the LHCb institutes. We acknowledge support from CERN
and from the national agencies: CAPES, CNPq, FAPERJ,
and FINEP (Brazil); NSFC (China); CNRS/IN2P3 and
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FIG. 3 (color online). Fitted values of the Z−
1 amplitude in six

m2
ψ 0π− bins, shown in an Argand diagram (connected points with

the error bars, m2
ψ 0π− increases counterclockwise). The red curve

is the prediction from the Breit-Wigner formula with a resonance
mass (width) of 4475 (172) MeV and magnitude scaled to
intersect the bin with the largest magnitude centered at
ð4477 MeVÞ2. Units are arbitrary. The phase convention assumes
the helicity-zero K#ð892Þ amplitude to be real.
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Figure 6: Fit to the cos ✓Pc-weighted mJ/ p distribution with three BW amplitudes and a
sixth-order polynomial background. This fit is used to determine the central values of the masses
and widths of the P+

c states. The mass thresholds for the ⌃+
c D

0 and ⌃+
c D

⇤0 final states are
superimposed.

to form bound states [29–31]. The masses of the Pc(4312)+ and Pc(4457)+ states are
approximately 5MeV and 2MeV below the ⌃+

c D
0 and ⌃+

c D
⇤0 thresholds, respectively, as

illustrated in Fig. 6, making them excellent candidates for bound states of these systems.
The Pc(4440)+ could be the second ⌃cD⇤ state, with about 20MeV of binding energy, since
two states with JP = 1/2� and 3/2� are possible. In fact, several papers on hidden-charm
states created dynamically by charmed meson-baryon interactions [32–34] were published
well before the first observation of the P+

c structures [1] and some of these predictions
for ⌃+

c D
0 and ⌃+

c D
⇤0 states [29–31] are consistent with the observed narrow P+

c states.
Such an interpretation of the Pc(4312)+ state (implies JP = 1/2�) would point to the
importance of ⇢-meson exchange, since a pion cannot be exchanged in this system [10].
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•  Most of them contain QQ (cc or bb)	
•  Molecular or compact objects? Resonance nature?	
•  Close to mass thresholds of meson-meson or meson-baryon	
•  Large widths of O(10-100) MeV	
•  How about long-lived exotic states? 	
                                                             	
	
	
	
	
	
	
	
	
          	
       	

Introduction

Hadrons with quark content other than that seen in mesons (q1q̄2) and baryons (q1q2q3)
have been actively discussed since the birth of the quark model [1–5]. Since the discovery
of the �c(3872) state [6] many tetraquark and pentaquark candidates listed in Table 1 have
been observed. For all but the X0(2900) and X1(2900) states the minimal quark content
implies the presence of either a cc or bb quark-antiquark pair. The masses of many tetra-
and pentaquark states are close to mass thresholds, e.g. D(⇤)D(⇤) or B(⇤)B(⇤), where D(⇤)

or B(⇤) represents a hadron containing a charm or beauty quark, respectively. Therefore,
these states are likely to be hadronic molecules [7–10] where colour-singlet hadrons are
bound by residual nuclear forces, such as the exchange of a pion or ⇢ meson [11], similar to
electromagnetic van der Waals forces attracting electrically neutral atoms and molecules.
These states are expected to have a spatial extension significantly larger than a typical
compact hadron. Conversely, the only hadron currently observed that contains a pair of
cc quarks is the ⌅++

cc (ccu) baryon, a long-lived, weakly-decaying compact object [12, 13].
The recently observed X(6900) structure in the J/ J/ mass spectrum [14] belongs to both
categories simultaneously. Its proximity to the �c0�c1 threshold could indicate a molecular
structure [15, 16]. Alternatively, it could be a compact object, where all four quarks are
within one confinement volume and each quark interacts directly with the other three
quarks via the strong force [17–20].

The existence and properties of Q1Q2q̄1q̄2 states with two heavy quarks and two light
antiquarks have been widely discussed for a long time [45–50]. In the limit of large
masses of the heavy quarks the corresponding ground state should be deeply bound.
In this limit, the two heavy quarks Q1Q2 form a point-like color-antitriplet object,

Table 1: Tetra- and pentaquark candidates and their plausible valence quark content.

States
Quark
content

X0(2900), X1(2900) [21, 22] cdus

�c1(3872) [6] ccqq

Zc(3900) [23], Zc(4020) [24, 25], Zc(4050) [26], X(4100) [27],
Zc(4200) [28], Zc(4430) [29–32], Rc0(4240) [31]

ccud

Zcs(3985) [33], Zcs(4000), Zcs(4220) [34] ccus

�c1(4140) [35–38], �c1(4274), �c0(4500), �c0(4700) [38],
X(4630), X(4685) [34], X(4740) [39]

ccss

X(6900) [14] cccc

Zb(10610), Zb(10650) [40] bbud

Pc(4312) [41], Pc(4380) [42], Pc(4440), Pc(4457) [41],
Pc(4357) [43]

ccuud

Pcs(4459) [44] ccuds

1

Candidates for exotic particles	
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For references see	
arXiv:2109.01056	

_	_	_	



Any chance for long-lived exotic state?	
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•  QQqq states, at mQ→∞ limit, are prime candidates	
•  QQ forms a compact color anti-triplet object	
      ð QQqq similar to Λc or Λb antibaryon	
	
	

Predictions from various models & lattice QCD: 	
	

•  [bbud] state should be deeply bound, 	
      mass: ~200 MeV below BB* threshold	
•  Unclear about [bcud] and [ccud] 	
•  Tcc

+ ground state with [ccud]	
     JP=1+, I=0 	
     mass: -300 < δm < 300 MeV, where δm = m(Tcc

+) - [m(D0) + m(D*+)]	
•  No consensus if Tcc

+ exists and is narrow enough to be detected	

  Ivan Polyakov, Syracuse University 5

Predictions for ccud mass
 More recent calculations (including Lattice QCD) 

all agree that it should 

be true for [bb][ud] 

with QQ forming compact

color anti-triplet and 

resulting binding 

of ~150MeV

 However not clear for [bc][ud] and [cc][ud]

 Predictions for a ground ccud state 

(isoscalar with J
P
=1

+
)

vary within ±250MeV wrt to 

D
0
D*

+
 threshold

Q
Q

u

d

[see Refs. in paper]

_ _	

_ _	 _          _	

_ _	

_ _	 _ _	

_ _	



Learning from doubly-charmed baryon	
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•   Recently observed Ξcc
++ →ΛcK-π+π+                      LHCb PRL119 112001 (2017)	

      m(Ξcc
++) = 3621.55 ± 0.23 ± 0.30 MeV                     LHCb JHEP 02 049 (2020)	

	
•  Relationship between properties of Ξcc

++ [ccu] and Tcc
+ [ccud]	

      m(ccud) ≈ m(Ξcc
++) + [m(Λc) - m(D0)] + kinematic corrections (~few MeV)	

•  Predictions using Ξcc
++ mass 	

      ð δm < 100 MeV 	
      ð Tcc

+ close to D0D*+ threshold	
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Figure 3: Invariant mass distribution of ⇤+
c K

�⇡+⇡+ candidates with fit projections overlaid.

scale is calibrated with samples of J/ ! µ+µ� and B+ ! J/ K+ decays [70, 71]. After
calibration, an uncertainty of ±0.03% is assigned, which corresponds to a systematic
uncertainty of 0.22MeV/c2 on the reconstructed ⌅++

cc mass. The selection procedure is
more e�cient for vertices that are well separated from the PV, and therefore preferentially
retains longer-lived ⌅++

cc candidates. Because of a correlation between the reconstructed
decay time and the reconstructed mass, this induces a positive bias on the mass for both
⌅++

cc and ⇤+
c candidates. The e↵ect is studied with simulation and the bias on the ⌅++

cc

mass is determined to be +0.45± 0.14MeV/c2 (assuming a lifetime of 333 fs), where the
uncertainty is due to the limited size of the simulation sample. A corresponding correction
is applied to the fitted value in data. To validate this procedure, the ⇤+

c mass in an
inclusive sample is measured and corrected in the same way; after the correction, the ⇤+

c

mass is found to agree with the known value [5]. The bias on the ⌅++
cc mass depends on the

unknown ⌅++
cc lifetime, introducing a further source of uncertainty on the correction. This

is estimated by repeating the procedure for other ⌅++
cc lifetime hypotheses between 200

and 700 fs. The largest deviation in the correction, 0.06MeV/c2, is taken as an additional
systematic uncertainty. Final-state photon radiation also causes a bias in the measured
mass, which is determined to be �0.05MeV/c2 with simulation [60]. The uncertainty
on this correction is approximately 0.01MeV/c2 and is neglected. The dependence of
the measurement on the fit model is estimated by varying the shape parameters that
are fixed according to simulation, by using alternative signal and background models,
and by repeating the fits in di↵erent mass ranges. The largest deviation seen in the
mass, 0.07MeV/c2, is assigned as a systematic uncertainty. Finally, since the ⌅++

cc mass is
measured relative to the ⇤+

c mass, the uncertainty of 0.14MeV/c2 on the world-average
value of the latter is included. After taking these systematic e↵ects into account and
combining their uncertainties (except that on the ⇤+

c mass) in quadrature, the ⌅++
cc

mass is measured to be 3621.40± 0.72 (stat)± 0.27 (syst)± 0.14 (⇤+
c )MeV/c2. The mass

5

Ξcc
++ baryon	

_ _	

_ _	



Search for Tcc
+	
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•  LHCb Run1+2 data, 9/fb, at √s=7,8,13 TeV	
•  Reconstructed D0D0π+ with D0→K-π+	

•  K/π:  pT>250 MeV, large IP relative to pp collision vertex	
•  D0: good vertex, pT>1GeV, small IP, flight distance >100µm	
•  non-D0 background subtracted	

•  one m(D0π+) with mass close to D*+ mass	
•  m(D0D0π+) calculated with D0 inv. mass constrained to D0 mass 	

LHCb arXiv:2109.01038	

  Ivan Polyakov, Syracuse University 15

Selection of D0D0π+

 Select prompt D0D0π+ candidates via D0→K-π+

 Require non-prompt K- & π+ with high p
T

 Require good quality of track, vertexes 
& particle identification

 Ensure no K/π candidates belong to 
one track (clones)
or duplicates or reflections via mis-ID 

K-

π+

π+

π+

K-

D0

D0

p

p

 Subtract fake-D background
using 2D fit to (m

Kπ
,m

Kπ
)
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Reconstructed m(D0D0π+)	
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Signal
 A narrow peak near DD* threshold is seen
 No peaking structures in sidebands or 

opposite-sign mode (can’t be explained by DCS decay D0→K+π-)
 The structure is present in all different data taking condition subsamples

!

opposite charge

scaled by x0.1

•  Narrow peak in m(D0D0π+) close to D0D*+ threshold 	
•  No such structure in m(D0D0π+)	

LHCb arXiv:2109.01038	

_ 	



Fit to m(D0D0π+)	
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•  Tcc
+ shape: P-wave relativistic Breit-Wigner 	

•  Convolved with exp. resolution: double-Gaussian 	
•  Simulation-based resolution ~400 keV	
   [×1.05 correction from control channels in data]	
•  Background: random combinations of true D*+ and D0 	
  ð two-body phase-space 	
	

•  Tcc
+ yield: 117 ± 16 (22σ)	

	

	
•  Mass below D0D*+ threshold! 	
•  Narrowest exotic state!	
•  Quark composition [ccud]	
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Figure 1: The D0D0⇡+ mass distribution. The D0D0⇡+ mass distribution where the contri-
bution of the non-D0 background has been statistically subtracted. The result of the fit described
in the text is overlaid.

Table 1: Signal yield, N , Breit–Wigner mass relative to D⇤+D0 mass threshold, �mBW, and width,
�BW, obtained from the fit to the D0D0⇡+ mass spectrum. The uncertainties are statistical only.

Parameter Value

N 117± 16
�mBW �273± 61 keV/c2

�BW 410± 165 keV

ity of the LHCb dipole magnet) and the charge of the T+
cc candidates. In addition, instead

of the statistical subtraction of non-D0 background, the mass of each D0! K�⇡+ candi-
date is required to be within a narrow region around the known mass of the D0 meson [35].
The results are found to be consistent among all samples and analysis techniques. Further-
more, dedicated studies are performed to ensure that the observed signal is not caused
by kaon or pion misidentification, doubly Cabibbo-suppressed D0! K+⇡� decays and
D0D0 oscillations, decays of charm hadrons originating from beauty hadrons, or artefacts

3

and the width, �BW, are determined to be

�mBW = �273± 61± 5 +11
� 14 keV/c

2 ,

�BW = 410± 165± 43 +18
� 38 keV ,

where the first uncertainty is statistical, the second systematic and the third is related to
the JP quantum numbers assignment. The measured �mBW value corresponds to a mass
of approximately 3875MeV. This is the narrowest exotic state observed to date [34,35].
The minimal quark content for this newly observed state is ccud. Two heavy quarks of
the same flavour make it manifestly exotic, i.e. beyond the conventional pattern of hadron
formation found in mesons and baryons. Moreover, a combination of the near-threshold
mass, narrow decay width and its appearance in prompt hadroproduction show its genuine
resonance nature. This is the first such exotic resonance ever observed. The measured
mass and width are consistent with the expected values for a T+

cc isoscalar tetraquark
ground state with quantum numbers JP = 1+. The precision of the mass measurement
with respect to the corresponding threshold is superior to those of all other exotic states,
which will give better understanding of the nature of exotic states. A dedicated study
of the reaction amplitudes for the T+

cc! D0D0⇡+ and T+
cc! D0D+⇡0(�) decays that uses

the isospin symmetry for the T+
cc! D⇤D transition [90] yields insights on the fundamental

resonance properties, like the pole position, the scattering length and the e↵ective range.
The observation of this ccud tetraquark candidate close to the D⇤+D0 threshold further
supports the existence of a bbud tetraquark that is stable with respect to the strong and
electromagnetic interactions.
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Study of the Tcc
+ properties	
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•  Is it isoscalar or isovector? Tcc
0 and Tcc

++ partners exist?	
•  Decay structure: Decay via D*+?	
•  Lineshape? Impact of nearby mass thresholds	
•  How its production in pp compares to other states?	
•  Quark structure: 	
     loosely-bound DD* molecule        or      compact 4-quark? 	



Unitarised Breit-Wigner descritpion	
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•   State with JP=1+, I=0 and strongly coupling to DD* is:	

•  Consider coupling g to both DD* and couplings to D*→Dπ/γ	
•  Decay amplitudes: Tcc

+→ D0D0π+, D0D+π0, D0D+γ 	
•  Breit-Wigner function for D* decay	

•  Unitarised Breit-Wigner function for given final state f	

•  Parameters	
-  peak location mU = mass value where Re(AU) vanishes 	
-  coupling g related to width	

The parameters ↵ and �1,2 are taken from simulation, and �1,2 are corrected with a factor
of 1.05 that accounts for a small di↵erence between simulation and data for the mass
resolution [39, 104, 105]. The root mean square of the resolution function is around
400 keV/c2.

Matrix elements for T
+
cc! DD⇡/� decays

Assuming isospin symmetry, the isoscalar vector state T+
cc that decays into the D⇤D final

state can be expressed as

��T+
cc

↵
=

1
p
2

���D⇤+D0
↵
�
��D⇤0D+

↵�
. (M1)

Therefore, the S-wave amplitudes3 for the T+
cc! D⇤+D0 and T+

cc! D⇤0D+ decays have
di↵erent signs

A
S�wave
T+

cc!D⇤+D0 = +
g
p
2
✏T+

ccµ
✏⇤µD⇤ , (M2a)

A
S�wave
T+

cc!D⇤0D+ = �
g
p
2
✏T+

ccµ
✏⇤µD⇤ , (M2b)

where g is a coupling constant, ✏T+
cc

is the polarisation vector of the T+
cc particle and

✏D⇤ is the polarisation vector of D⇤ meson, and the upper and lower Greek indices imply
the summation in the Einstein notation. The amplitudes for the D⇤

! D⇡ decays are
written as

AD⇤+!D0⇡+ = f✏↵D⇤pD↵ (M3a)

AD⇤+!D+⇡0 = �
f
p
2
✏↵D⇤pD↵ (M3b)

AD⇤0!D0⇡0 = +
f
p
2
✏↵D⇤pD↵ , (M3c)

where f denotes a coupling constant, and pD stands for the momentum of the D meson.
The amplitude for the D⇤

! D� decays is

AD⇤!�D = iµh✏↵�⌘⇠✏
↵
D⇤p

�
D⇤✏⇤⌘� p⇠� , (M3d)

where h denotes a coupling constant, µ stands for the magnetic moment for D⇤
! D� transi-

tions, pD⇤ and p� are the the D⇤-meson and photon momenta, respectively, and ✏� is the po-
larisation vector of the photon. The three amplitudes for T+

cc! ⇡DD and T+
cc! �DD de-

cays are

A⇡+D0D0 =
fg
p
2
✏T+

cc⌫


F+(s12)⇥

✓
�p⌫2 +

(p2p12)p⌫12
s12

◆
+ (p2 $ p3)

�
, (M4a)

A⇡0D+D0 = �
fg

2
✏T+

cc⌫


F+(s12)⇥

✓
�p⌫2 +

(p2p12)p⌫12
s12

◆
+

✓
p2 $ p3
F+ $ F0

◆�
, (M4b)

3The S-wave (corresponds to orbital angular momentum equal to zero) approximation is valid for a
near-threshold peak. For T+

cc masses significantly above the D⇤D threshold, higher-order waves also need
to be considered.
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Figure 1: Distribution of D0D0⇡+ mass. Distribution of D0D0⇡+ mass where the contribu-
tion of the non-D0 background has been statistically subtracted. The result of the fit described
in the text is overlaid.

The function is built under two assumptions. Firstly, that the newly observed state has
quantum numbers JP = 1+ and isospin I = 0 in accordance with the theoretical expecta-
tion for the T+

cc ground state. Secondly, that the T+
cc state is strongly coupled to the D⇤D

channel. The derivation of FU relies on the isospin symmetry for T+
cc! D⇤D decays

and explicitly accounts for the energy dependency of the T+
cc! D0D0⇡+, T+

cc! D0D+⇡0

and T+
cc! D0D+� decay widths as required by unitarity. Similarly to the FBW profile,

the FU function has two parameters: the peak locationmU, defined as the mass value where
the real part of the complex amplitude vanishes, and the absolute value of the coupling
constant g for the T+

cc! D⇤D decay.
The detector mass resolution, R, is modelled with the sum of two Gaussian functions

with a common mean, and parameters taken from simulation, see Methods. The widths
of the Gaussian functions are corrected by a factor of 1.05, that accounts for a small
residual di↵erence between simulation and data [39,104,105]. The root mean square of
the resolution function is around 400 keV/c2.

A study of the D0⇡+ mass distribution for selected D0D0⇡+ combinations in the region
above the D⇤0D+ mass threshold and below 3.9GeV/c2 shows that approximately 90% of all

3

Fit to m(D0D0π+) with unitarised BW 	
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•  Similar to BW around the peak; long tail above DD* thresholds	
•  For small coupling, Tcc

+ width determined by |g|	
•  With increasing g, the width asymptotically reaches D* width	

	
	
•  |g| fixed by D* width	
•  |g|> 7.7 (6.2) GeV @90 (95)% CL	
•  mU below D0D*+ threshold (9σ)	
•  mU systematics: +9

-6 keV	

Table 2: Signal yield, N , and the resonance mass parameter with respect to the D⇤+D0 mass
threshold, �mU, obtained from the fit with a model based on the FU signal profile. Uncertainties
are statistical only.

Parameter Value

N 186± 24
�mU �359± 40 keV/c2

|g| 3⇥ 104GeV (fixed)

D0D0⇡+ combinations contain a true D⇤+ meson. Therefore, the background component
is parameterised with a product of the two-body phase space function �D⇤+D0 [106] and
a positive polynomial function Pn, convolved with the detector resolution function R

Bn = (�D⇤+D0 ⇥ Pn) ⇤R , (2)

where n denotes the order of the polynomial function, n = 2 is used in the default fit.
The D0D0⇡+ mass spectrum with non-D0 background subtracted is shown in Fig. 1

with the result of the fit using a model based on the FU signal profile overlaid. The signal
yield, N , and mass parameter relative to the D⇤+D0 mass threshold, �mU, are listed
in Table 2. The statistical significances of the observed T+

cc! D0D0⇡+ signal and for
the �mU < 0 hypothesis are determined using Wilks’ theorem to be 22 and 9 standard
deviations, respectively.

The width of the resonance is determined by the coupling constant g for small values
of |g|. With increasing |g|, the width increases to an asymptotic value determined by
the width of the D⇤+ meson, see Methods and Extended Data Fig. 7. In this regime
of large |g|, the FU signal profile exhibits a scaling property similar to the Flatté func-
tion [104,107,108]. The parameter |g| e↵ectively decouples from the fit model, and
the model resembles the scattering-length approximation [94]. The likelihood profile
for the parameter |g| is shown in Fig. 2, where one can see a plateau at large values.
At small values of the |g| parameter, |g| < 1GeV, the likelihood function is independent
of |g| because the resonance is too narrow for the details of the FU signal profile to be
resolved by the detector. The lower limits on the |g| parameter of |g| > 7.7 (6.2)GeV
at 90 (95)% confidence level (CL) are obtained as the values where the di↵erence in
the negative log-likelihood �� logL is equal to 1.35 and 1.92, respectively. Smaller values
for |g| are further used for systematic uncertainty evaluation.

The modes relative to the D⇤+D0 mass threshold, �m, and the full widths at half
maximum (FWHM), w, for the FBW and FU signal profiles are compared in Table 3 and
appear to be rather di↵erent. To check the consistency of these seemingly contradictory
results, pseudoexperiments are generated with a model based on the FU signal profile
and analysed with a model based on the FBW signal profile. Each pseudoexperiment is
generated using the parameters obtained from the fit to data and accounting for detector
resolution and background. The obtained mean and root mean square (RMS) values for
the parameters �mBW and �BW are shown in Table 4. In a similar way, an ensemble of
pseudoexperiments generated with a model based on the FBW signal profile is analysed
with a model based on the FU signal profile and the obtained mean and RMS values for
the parameter �mU are reported in Table 4. The largest discrepancy between the values

4
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Tcc
+ lineshape comparison	
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•  Breit-Wigner shape                           Unitarised Breit-Wigner	

•  Compare visible peak parameters: 	
      mode and FWHM	
•  Parameters consistent 	
     (tested with pseudoexperiments) 	
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Figure 1: Distribution of D0D0⇡+ mass. Distribution of D0D0⇡+ mass where the contribu-
tion of the non-D0 background has been statistically subtracted. The result of the fit described
in the text is overlaid.

The function is built under two assumptions. Firstly, that the newly observed state has
quantum numbers JP = 1+ and isospin I = 0 in accordance with the theoretical expecta-
tion for the T+

cc ground state. Secondly, that the T+
cc state is strongly coupled to the D⇤D

channel. The derivation of FU relies on the isospin symmetry for T+
cc! D⇤D decays

and explicitly accounts for the energy dependency of the T+
cc! D0D0⇡+, T+

cc! D0D+⇡0

and T+
cc! D0D+� decay widths as required by unitarity. Similarly to the FBW profile,

the FU function has two parameters: the peak locationmU, defined as the mass value where
the real part of the complex amplitude vanishes, and the absolute value of the coupling
constant g for the T+

cc! D⇤D decay.
The detector mass resolution, R, is modelled with the sum of two Gaussian functions

with a common mean, and parameters taken from simulation, see Methods. The widths
of the Gaussian functions are corrected by a factor of 1.05, that accounts for a small
residual di↵erence between simulation and data [39,104,105]. The root mean square of
the resolution function is around 400 keV/c2.

A study of the D0⇡+ mass distribution for selected D0D0⇡+ combinations in the region
above the D⇤0D+ mass threshold and below 3.9GeV/c2 shows that approximately 90% of all
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Figure 1: The D0D0⇡+ mass distribution. The D0D0⇡+ mass distribution where the contri-
bution of the non-D0 background has been statistically subtracted. The result of the fit described
in the text is overlaid.

Table 1: Signal yield, N , Breit–Wigner mass relative to D⇤+D0 mass threshold, �mBW, and width,
�BW, obtained from the fit to the D0D0⇡+ mass spectrum. The uncertainties are statistical only.

Parameter Value

N 117± 16
�mBW �273± 61 keV/c2

�BW 410± 165 keV

ity of the LHCb dipole magnet) and the charge of the T+
cc candidates. In addition, instead

of the statistical subtraction of non-D0 background, the mass of each D0! K�⇡+ candi-
date is required to be within a narrow region around the known mass of the D0 meson [35].
The results are found to be consistent among all samples and analysis techniques. Further-
more, dedicated studies are performed to ensure that the observed signal is not caused
by kaon or pion misidentification, doubly Cabibbo-suppressed D0! K+⇡� decays and
D0D0 oscillations, decays of charm hadrons originating from beauty hadrons, or artefacts
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Figure 2: Likelihood profile for the |g| parameter. Likelihood profile for the absolute
value of the coupling constant g from the fit to the background-subtracted D0D0⇡+ mass
spectrum with a model based on the FU signal profile.

Table 3: Mode relative to the D⇤+D0 mass threshold, �m, and FWHM, w, for the FU and FBW

signal profiles. Uncertainties are statistical only.

�m [keV/c2] w [keV/c2]

FBW
�279± 59 409± 163

FU
�361± 40 47.8± 1.9

in Table 4 and those from Table 2 and Ref. [84] is less than one standard deviation
for the parameter �BW. This demonstrates that the results obtained with the FBW

and FU signal profiles are consistent, taking into account the detector resolution and
background.
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Tcc
+→D0D0π+ proceeds via D*+?	
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•  At least one m(D0π+) required to have mass close to D*+ mass	
•  What is decay structure for m(D0D0π+) below D0D*+ threshold?	

•  Signal shape from unitarised BW model, convolved with resolution	
•  Decay proceeds via off-shell D*+ intermediate state	
•  Supports JP=1+ assignment	
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Figure 3: Mass distribution for D0⇡+ pairs. Mass distribution for D0⇡+ pairs from se-
lected D0D0⇡+ candidates with a mass below the D⇤+D0 mass threshold with non-D0 background
subtracted. The overlaid fit result is described in the text.

elements for the T+
cc! DD⇡/� decays with the FU profile, and a background component,

parameterised as a product of the two-body phase space function �DD and a positive
linear function P1. The fit results are overlaid in Fig. 4 and summarised in Table 6.
The statistical significance of the observed T+

cc! D0D0X and T+
cc! D+D0X signals, where

X stands for non-reconstructed pions or photons, is estimated using Wilks’ theorem [131]
and is found to be in excess of 20 and 10 standard deviations, respectively. The relative
yields for the signals observed in the D0D0⇡+, D0D0 and D0D+ mass spectra agree with
the expectations of the model described in Methods where the decay of an isoscalar
T+

cc state via the D⇤D channel with an intermediate o↵-shell D⇤ meson is assumed.
The observation of the near-threshold signals in the D0D0 and D+D0 mass spectra,

along with the signal shapes and yields, all agree with the isoscalar T+
cc hypothesis for

the narrow signal observed in the D0D0⇡+ mass spectrum. However, an alternative
interpretation could be that this state is the I3 = 0 component of a T̂cc isotriplet (T̂0

cc, T̂
+
cc,

T̂++
cc ) with ccuu, ccud and ccdd quark content, respectively. Assuming that the observed

peak corresponds to the T̂+
cc component and using the estimates for the T̂cc mass splitting

from Methods Eq. (M30), the masses of the T̂0
cc and T̂++

cc states are estimated to be
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Is the Tcc
+ an isosinglet state?	
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•   For isovector expected triplet: Tcc
0 [ccuu]  Tcc

+ [ccud]  Tcc
++ [ccdd]	

•  Mass splitting relative to Tcc
+ of ±3 MeV 	

•  Requires studying all DDπ/γ combinations:	
     m(D0D0π0/γ), m(D0D+π0/γ), m(D0D+π+), m(D+D+π0/γ) 	
•  Look for Tcc reconstructed with missing π/γ	

	
•  Peaks consistent with partially reconstructed Tcc

+→D0D0π+, D+D0π0/γ	
•  No evidence for Tcc

0  or Tcc
++ 	

	

Figure 4: Mass distributions for selected D0D0 and D+D0 combinations. DD mass
distributions for selected (left) D0D0 and (right) D+D0 candidates with the non-D background
subtracted. The overlaid fit results are described in the text. For visibility the T+

cc! D+D0⇡0 is
stacked on top of the T+

cc! D+D0� component.

Table 6: Signal and background yields, NS and NB, from the fits to DD mass spectra. The un-
certainties are statistical only.

NS NB

D0D0 263± 23 962± 45
D+D0 171± 26 763± 47

slightly below the D0D⇤0 and slightly above the D+D⇤+ mass thresholds, respectively:

mT̂0
cc
� (mD0 +mD⇤0) = �2.8± 1.5MeV/c2 , (4a)

mT̂++
cc

� (mD+ +mD⇤+) = 2.7± 1.3MeV/c2 . (4b)

With these mass assignments, assuming equal production of all three T̂cc components,
the T̂0

cc state would be an extra narrow state that decays into the D0D0⇡0 and D0D0� fi-
nal states via an o↵-shell D⇤0 meson. These decays would contribute to the nar-
row near-threshold enhancement in the D0D0 spectrum, and increase the signal in
the D0D0 mass spectrum by almost a factor of three. The T̂++

cc state would decay
via an on-shell D⇤+ meson T̂++

cc ! D+D⇤+, therefore it could be a relatively wide state,
with width up to a few MeV [132]. Therefore, it would manifest itself as a peak with
a moderate width in the D+D0⇡+ mass spectrum with a yield comparable to that of
the T̂+

cc! D0D0⇡+ decays. In addition, it would contribute to the D+D0 mass spec-
trum, tripling the contribution from the T̂+

cc decays. However, due to the larger mass
of the T̂++

cc state and its larger width, this contribution should be wider, making it
more di�cult to disentangle from the background. Finally, the T̂++

cc state would make
a contribution to the D+D+ spectrum with a yield similar to the contribution from
T̂+

cc! D0D+⇡0/� decays to the D0D+ spectrum, but wider. The mass spectra for D+D+

and D+D0⇡+ combinations are shown in Fig. 5. Neither distribution exhibits any
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Figure 5: Mass distributions for selected D+D+ and D+D0⇡+ candidates. Mass
distributions for selected (left) D+D+ and (right) D+D0⇡+ candidates with the non-D background
subtracted. The vertical coloured band indicates the expected mass for the hypothetical
T̂++
cc state. The overlaid fit results with background-only functions are described in the text.

narrow signal-like structure. Fits to these spectra are performed using the following
background-only functions:

BD+D+ = �D+D+ ⇥ P1 , (5a)

BD+D0⇡+ = (�D+D⇤+ ⇥ P1) ⇤R+ �D+D0⇡+ ⇥ P0 . (5b)

The results of these fits are overlaid in Fig. 5. The absence of any signals in the D+D+

and D+D0⇡+ mass spectra is therefore a strong argument in favour of the isoscalar nature
of the observed peak in the D0D0⇡+ mass spectrum.

The interference between two virtual channels for the T+
cc! D0D0⇡+ decay, corre-

sponding to two amplitude terms, see Methods Eq. (M4a), is studied by setting the term
proportional to C in Methods Eq. (M6a) to be equal to zero. This causes a 43% reduc-
tion in the decay rate, pointing to a large interference. The same procedure applied
to the T+

cc! D+D0⇡0 decays gives the contribution of 45% for the interference between
the (D⇤+

! D+⇡0)D0 and (D⇤0
! D0⇡0)D+ channels. For T+

cc! D+D0� decays the role of
the interference between the (D⇤+

! D+�)D0 and (D⇤0
! D0�)D+ channels is estimated

by equating to zero the F+F⇤
0 and F⇤

+F0 terms in Methods Eq. (M8). The interference
contribution is found to be 33%.

A model-independent characteristic of the state is the position of the amplitude
pole ŝ in the complex plane, responsible for the appearance of the narrow structure in
the D0D0⇡+ mass spectrum. The pole parameters, mass mpole and width �pole, are defined
through the pole location ŝ as

p

ŝ ⌘ mpole �
i

2
�pole . (6)

The pole location ŝ is a solution of the equation

1

AII
U(ŝ)

= 0 , (7)
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  •  Properties of Tcc
+ similar to that of X(3872)	

•  How about Tcc
+ hadroproduction from pp?	

•  Suppression of X(3872) relative to ψ(2S) at large track multiplicity                	
                                                                                         LHCb PRL126 092001 (2021)	
	

	
	
	

	
	
	
	
	

	
	

•  Explained by Comover Interaction Model:	
     nearby pions/gluons cause X(3872) breakup	
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Figure 4: The ratio of the �c1(3872) and  (2S) cross-sections measured in the J/ ⇡+⇡� channel
as a function of the number of tracks reconstructed in the VELO. The point-to-point uncorrelated
(correlated) uncertainties are shown as vertical error bars (boxes) and the bin widths are shown
as horizontal error bars. See text for details on calculations from Ref. [43]

this ratio is set only by the branching fractions of b decays to �c1(3872) and  (2S)
hadrons. The multiplicity dependence of b hadron production has not been studied in
detail and modification of the b hadron admixture could a↵ect �c1(3872) production, as
di↵erent b hadron species may have di↵erent decay probabilities to �c1(3872) states [61,62].
However, the uncertainties preclude drawing any firm conclusions on multiplicity-dependent
modifications of b hadronization from this data.

In conclusion, the prompt �c1(3872) and prompt  (2S) production cross-sections
decrease relative to their production via b decays as the charged particle multiplicity
increases in pp collisions at 8TeV. A comparison between the �c1(3872) and  (2S)
states shows that, in contrast to production from b-decays, which display no significant
dependence on multiplicity, prompt production of �c1(3872) is suppressed relative to
prompt  (2S) production as multiplicity increases. This observation is an important
ingredient to obtain a full understanding of the nature of the �c1(3872) state.
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Production of Tcc
+ similar to X(3872)?	
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  •  Comparison of Tcc
+ yield with low-mass D0D0 and D0D0 pairs	

	
	
•  Similar behaviour for Tcc

+ and D0D0. Unexpected	
•  No Tcc

+ suppression with large number of tracks. Unlike X(3872)	

Production of Tcc
+	
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Figure 7: Track multiplicity distributions. Background-subtracted distributions for
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cc! D0D0⇡+ sig-
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scheme is chosen to have an approximately uniform distribution for D0D0 pairs. The distributions
for the D0D0 and D0D0 pairs are normalised to the same yields as the T+

cc! D0D0⇡+ signal.
For better visualisation, the points are slightly displaced from the bin centres.

Summary

The exotic narrow tetraquark state T+
cc observed in Ref. [84] is studied using a dataset

corresponding to an integrated luminosity of 9 fb�1, collected by the LHCb experiment
in pp collisions at centre-of-mass energies of 7, 8 and 13TeV. The observed D0⇡+ mass
distribution indicates that the T+

cc! D0D0⇡+ decay proceeds via an intermediate o↵-shell
D⇤+ meson. Together with the proximity of the state to the D⇤D0 mass threshold this
favours the spin-parity quantum numbers JP to be 1+. Narrow near-threshold structures
are observed in the D0D0 and D0D+ mass spectra with high significance. They are
found to be consistent with originating from o↵-shell T+

cc! D⇤D decays followed by
the D⇤

! D⇡ and D⇤
! D� decays. No signal is observed in the D+D0⇡+ mass spectrum,

and no structure is observed in the D+D+ mass spectrum. These non-observations provide

however, this contribution is small, see Fig. 9.

15

Dominant production mechanisms: 	
•  Tcc

+ from single parton scattering	
•  D0D0 from double parton scattering	
•  D0D0 from pp→ccX	
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Summary and outlook	

•  Tcc
+ opens new class of exotic hadrons: [QQqq]	

•  Manifestly exotic with [ccud]	
•  Below D0D*+ threshold and long-lived	

•  Consistent with predicted Tcc
+ having JP=1+ and I=0 	

•  Future studies to test the Tcc
+ nature	

    - Production measurements in pp [with X(3872) as a reference]	
    - Production in e+e-?	
    - Dalitz analysis of Tcc

+→DDπ/γ to confirm JP	

    - Search for Tbc
 and Tbb	
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_ _	

and the width, �BW, are determined to be

�mBW = �273± 61± 5 +11
� 14 keV/c

2 ,

�BW = 410± 165± 43 +18
� 38 keV ,

where the first uncertainty is statistical, the second systematic and the third is related to
the JP quantum numbers assignment. The measured �mBW value corresponds to a mass
of approximately 3875MeV. This is the narrowest exotic state observed to date [34,35].
The minimal quark content for this newly observed state is ccud. Two heavy quarks of
the same flavour make it manifestly exotic, i.e. beyond the conventional pattern of hadron
formation found in mesons and baryons. Moreover, a combination of the near-threshold
mass, narrow decay width and its appearance in prompt hadroproduction show its genuine
resonance nature. This is the first such exotic resonance ever observed. The measured
mass and width are consistent with the expected values for a T+

cc isoscalar tetraquark
ground state with quantum numbers JP = 1+. The precision of the mass measurement
with respect to the corresponding threshold is superior to those of all other exotic states,
which will give better understanding of the nature of exotic states. A dedicated study
of the reaction amplitudes for the T+

cc! D0D0⇡+ and T+
cc! D0D+⇡0(�) decays that uses

the isospin symmetry for the T+
cc! D⇤D transition [90] yields insights on the fundamental

resonance properties, like the pole position, the scattering length and the e↵ective range.
The observation of this ccud tetraquark candidate close to the D⇤+D0 threshold further
supports the existence of a bbud tetraquark that is stable with respect to the strong and
electromagnetic interactions.
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Backups	
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Tcc
+ lineshape	
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•  Fitted shape w/o resolution	
•  Likelihood scan of coupling	

	
•  For small g resonance too narrow for resolution. For increasing g 

Tcc
+ width determined by D* width, then g decouples from the 

resonance shape	

  Ivan Polyakov, Syracuse University 22
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Figure 2: Likelihood profile for the |g| parameter. Likelihood profile for the absolute
value of the coupling constant g from the fit to the background-subtracted D0D0⇡+ mass
spectrum with a model based on the FU signal profile.

Table 3: Mode relative to the D⇤+D0 mass threshold, �m, and FWHM, w, for the FU and FBW

signal profiles. Uncertainties are statistical only.

�m [keV/c2] w [keV/c2]

FBW
�279± 59 409± 163

FU
�361± 40 47.8± 1.9

in Table 4 and those from Table 2 and Ref. [84] is less than one standard deviation
for the parameter �BW. This demonstrates that the results obtained with the FBW

and FU signal profiles are consistent, taking into account the detector resolution and
background.

5



Systematics on BW parameters	
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Table 2: Systematic uncertainties for the �mBW and �BW parameters. The total uncertainty is
calculated as the sum in quadrature of all components except for those related to JP quantum
numbers assignment, which are handled separately.

Source ��mBW [keV/c2] ��BW [keV]

Fit model
Resolution model 2 7
Resolution correction factor 1 30
Background model 3 30
Model parameters < 1 < 1

Momentum scale 3 —
Energy loss corrections 1 —
D⇤+ �D0 mass di↵erence 2 —

Total 5 43

JP quantum numbers +11
�14

+18
�38

due to the track reconstruction creating duplicate tracks.
Systematic uncertainties for the �mBW and �BW parameters are summarised in Table 2

and described below. The largest systematic uncertainty is related to the fit model and is
studied using pseudoexperiments with alternative parametrisations of the D0D0⇡+ mass
shape. Several variations in the fit model are considered: changes in the signal model due
to the imperfect knowledge of the detector resolution, an uncertainty in the correction
factor for the resolution taken from control channels, parametrisation of the background
component and the additional model parameters of the Breit–Wigner function. The model
uncertainty related to the assumption of JP = 1+ quantum numbers of the state is estimated
and listed separately. The results are a↵ected by the overall detector momentum scale,
which is known to a relative precision of �↵ = 3⇥10�4 [95]. The corresponding uncertainty
is estimated using simulated samples where the momentum-scale is modified by factors of
(1± �↵). In the reconstruction, the momenta of charged tracks are corrected for energy
loss in the detector material, the amount of which is known with a relative uncertainty
of 10% [96]. The resulting uncertainty is assessed by varying the energy loss correction
by ±10%. As the mass of the D0D0⇡+ combinations is calculated with the mass of
each D0 meson constrained to the known value of the D0 mass, the �mBW parameter is
insensitive to the precision of the D0 mass. However, the small uncertainty of 2 keV/c2 for
the D⇤+�D0 mass di↵erence [35,97,98] directly a↵ects the �mBW value. The corresponding
systematic uncertainty is added.

In summary, using the full dataset corresponding to an integrated luminosity of 9 fb�1,
collected by the LHCb experiment at centre-of-mass energies of 7, 8 and 13TeV, a narrow
peak is observed in the mass spectrum of D0D0⇡+ candidates produced promptly in pp col-
lisions. The statistical significance of the peak is overwhelming. Using the Breit–Wigner
parametrisation, the location of the peak relative to the D⇤+D0 mass threshold, �mBW,

4
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Systematics on mU	
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LHCb arXiv:2109.01056	

Table 5: Systematic uncertainties for the �mU parameter. The total uncertainty is calculated as
the sum in quadrature of all components.

Source ��mU [keV/c2]

Fit model
Resolution model 2
Resolution correction factor 2
Background model 2
Coupling constants 1
Unknown value of |g| +7

�0

Momentum scaling 3
Energy loss 1
D⇤+

�D0 mass di↵erence 2

Total +9
�6

where �D0D0⇡+ denotes the three-body phase-space function [120–122]. The func-
tions B0, B1, B3 and B0

nm with n  2,m  1 are used as alternative models for
the estimation of the systematic uncertainty.

• Values of the coupling constants for the D⇤
! D⇡ and D⇤

! D� decays a↵ecting
the shape of the FU signal profile. These coupling constants are calculated from
the known branching fractions of the D⇤

! D⇡ and D⇤
! D� decays [83], the mea-

sured natural width of the D⇤+ meson [83,123] and the derived value for the natural
width of the D⇤0 meson [78,94,124]. To assess the associated systematic uncertainty,
a set of alternative models built around the FU profiles obtained with coupling
constants varying within their calculated uncertainties is studied.

• Unknown value of the |g| parameter. In the baseline fit the value of the |g| pa-
rameter is fixed to a large value. To assess the e↵ect of this constraint the fit is
repeated using the value of |g| = 8.08GeV, that corresponds to �2� logL = 1 for
the most conservative likelihood profile for |g| that accounts for the systematic un-
certainty. The change of 7 keV/c2 of the �mU parameter is assigned as the systematic
uncertainty.

The calibration of the momentum scale of the tracking system is based upon large
samples of B+

! J/ K+ and J/ ! µ+µ� decays [125]. The accuracy of the procedure
has been checked using fully reconstructed B decays together with two-body ⌥(nS) and
K0

S decays and the largest deviation of the bias in the momentum scale of �↵ = 3⇥ 10�4 is
taken as the uncertainty [126]. This uncertainty is propagated to uncertainties for
the parameters of interest using simulated samples, with momentum scale corrections of
(1± �↵) applied. Half of the di↵erence between the obtained peak locations is taken as
an estimate of the systematic uncertainty.

In the reconstruction step, the momenta of the charged tracks are corrected for energy
loss in the detector material using the Bethe–Bloch formula [127, 128]. The amount of
the material traversed in the tracking system by a charged particle is known to 10%

7



Pentaquarks: at first sight	

•  Λb→J/ψpK; 6-dim amplitude analysis	
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PRL 115, 072001 (2015)	

In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c , irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�p invariant mass mKp as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P+

c state, and when that was not su�cient we included a second state. The
two P+

c states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity JP values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both mKp and the peaking structure in mJ/ p are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) mKp and (b) mJ/ p for the reduced ⇤⇤ model with two P+
c states

(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.

2

]2 [GeVKp
2m

2 3 4 5 6

]2
 [G

eV
p

ψ
J/2

m

16

18

20

22

24

26 LHCb

Figure 5: Invariant mass squared of K�p versus J/ p for candidates within ±15 MeV of the ⇤0
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describing the decay dynamics. Here ✓A and �B are the polar and azimuthal angles of B
in the rest frame of A (✓A is known as the “helicity angle” of A). The three arguments of
Wigner’s D-matrix are Euler angles describing the rotation of the initial coordinate system
with the z-axis along the helicity axis of A to the coordinate system with the z-axis along
the helicity axis of B [12]. We choose the convention in which the third Euler angle is
zero. In Eq. (1), dJA�A,�B��C (✓A) is the Wigner small-d matrix. If A has a non-negligible
natural width, the invariant mass distribution of the B and C daughters is described by
the complex function RA(mBC) discussed below, otherwise RA(mBC) = 1.

Using Clebsch-Gordan coe�cients, we express the helicity couplings in terms of LS
couplings (BL,S), where L is the orbital angular momentum in the decay, and S is the
total spin of A plus B:

H
A!BC
�B ,�C

=
X

L

X

S

q
2L+1
2JA+1BL,S

✓
JB JC S
�B ��C �B � �C

◆
⇥

✓
L S JA
0 �B � �C �B � �C

◆
,

(2)
where the expressions in parentheses are the standard Wigner 3j-symbols. For strong decays,
possible L values are constrained by the conservation of parity (P ): PA = PB PC (�1)L.

Denoting J/ as  , the matrix element for the ⇤0
b ! J/ ⇤⇤ decay sequence is

M
⇤⇤

�⇤0
b
,�p,��µ ⌘

X

n

X

�⇤⇤

X

� 

H
⇤0
b!⇤⇤

n 
�⇤⇤ ,� 

D
1
2
�⇤0

b
,�⇤⇤�� (0, ✓⇤0

b
, 0)⇤

H
⇤⇤
n!Kp
�p, 0

D
J⇤⇤

n
�⇤⇤ ,�p

(�K , ✓⇤⇤ , 0)⇤R⇤⇤
n
(mKp)D 1

� ,��µ
(�µ, ✓ , 0)⇤, (3)

where the x-axis, in the coordinates describing the ⇤0
b decay, is chosen to fix �⇤⇤ = 0. The
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for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both mKp and the peaking structure in mJ/ p are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.

 [GeV]pKm
1.4 1.6 1.8 2 2.2 2.4 2.6

Ev
en

ts
/(1

5 
M

eV
)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

LHCb(a)

data
total fit
background

(4450)cP
(4380)cP
(1405)Λ
(1520)Λ
(1600)Λ
(1670)Λ
(1690)Λ
(1800)Λ
(1810)Λ
(1820)Λ
(1830)Λ
(1890)Λ
(2100)Λ
(2110)Λ

 [GeV]pψ/Jm
4 4.2 4.4 4.6 4.8 5

Ev
en

ts
/(1

5 
M

eV
)

0

100

200

300

400

500

600

700

800

LHCb(b)

Figure 3: Fit projections for (a) mKp and (b) mJ/ p for the reduced ⇤⇤ model with two P+
c states

(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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•  Pc(4380) Pc(4550): 	
 J=3/2, 5/2; opposite P-parities	
	

•  Min. quark content [ccuud]	
•  Tightly bound or baryon+meson molecule?	

Pc(4380)	
Pc(4450)	

m(J/ψp)	

m(pK)	

Λ*→pK 	

Pc
+→J/ψp	
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Figure 9: Fitted values of the real and imaginary parts of the amplitudes for the baseline (3/2�,
5/2+) fit for a) the Pc(4450)+ state and b) the Pc(4380)+ state, each divided into six mJ/ p bins
of equal width between ��0 and +�0 shown in the Argand diagrams as connected points with
error bars (mJ/ p increases counterclockwise). The solid (red) curves are the predictions from
the Breit-Wigner formula for the same mass ranges with M0 (�0) of 4450 (39) MeV and 4380
(205) MeV, respectively, with the phases and magnitudes at the resonance masses set to the
average values between the two points around M0. The phase convention sets B0, 12

= (1, 0) for

⇤(1520). Systematic uncertainties are not included.

These structures cannot be accounted for by reflections from J/ ⇤⇤ resonances or other
known sources. Interpreted as resonant states they must have minimal quark content of
ccuud, and would therefore be called charmonium-pentaquark states. The lighter state
Pc(4380)+ has a mass of 4380± 8± 29 MeV and a width of 205± 18± 86 MeV, while the
heavier state Pc(4450)+ has a mass of 4449.8± 1.7± 2.5 MeV and a width of 39± 5± 19
MeV. A model-independent representation of the Pc(4450)+ contribution in the fit shows
a phase change in amplitude consistent with that of a resonance. The parities of the two
states are opposite with the preferred spins being 3/2 for one state and 5/2 for the other.
The higher mass state has a fit fraction of (4.1± 0.5± 1.1)%, and the lower mass state of
(8.4± 0.7± 4.2)%, of the total ⇤0

b ! J/ K�p sample.
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X→J/ψϕ Family	

•  Bs→J/ψϕK, 6-dim amplitude analysis	
•  K*→ϕK only: don’t describe data	
	
	

	
	
•  Four X→J/ψϕ needed; broader than seen by CDF/CMS	

	
•  No single model can acommodate them all	

PRL 118, 022003 (2017) 	
PRD 95, 012002 (2017)	

26 JolantaBrodzicka@Białasówka 

element sums coherently over all possible K
⇤ resonances: |M|2 =

P
��µ=±1

���
P

j M
K⇤ j
��µ

���
2

.

Detailed definitions of R(m�K |M0
j
,�0

j) and of H��µ(⌦|{Aj}) are given in Ref. [30]. The
free parameters are determined from the data by minimizing the unbinned six-dimensional
(6D) negative log-likelihood (�lnL), where the probability density function (PDF) is
proportional to (1��) |M|2, multiplied by the detection e�ciency, plus a background term.
The signal PDF is normalized by summing over B+ ! J/ �K

+ events generated [35, 36]
uniformly in decay phase space, followed by detector simulation [37] and data selection.
This procedure accounts for the 6D e�ciency in the reconstruction of the signal decays [30].
We use B

+ mass sidebands to obtain a 6D parameterization of the background PDF [30].
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Figure 1: Distribution of mJ/ � for the data and the fit results with a model containing only
K⇤+ ! �K+ contributions.

Past experiments on K
⇤ states decaying to �K [38–40] had limited precision, gave

somewhat inconsistent results, and provided evidence for only a few of the states expected
from the quark model in the 1513–2182MeV range probed in our data. We have used
the predictions of the relativistic potential model by Godfrey–Isgur [41] (horizontal black
lines in Fig. 2) as a guide to the quantum numbers of the K

⇤+ states to be included
in the amplitude model. The masses and widths of all states are left free; thus our fits
do not depend on details of the predictions, nor on previous measurements. We also
include a constant nonresonant amplitude with J

P = 1+, since such �K+ contributions
can be produced, and can decay, in S-wave. Allowing the magnitude of the nonresonant
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Figure 3: Distributions of (top left) �K+, (top right) J/ K+ and (bottom) J/ � invariant
masses for the B+ ! J/ �K+ candidates (black data points) compared with the results of the
default amplitude fit containing eight K⇤+ ! �K+ and five X ! J/ � contributions. The total
fit is given by the red points with error bars. Individual fit components are also shown.
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Figure 3: Distributions of (top left) �K+, (top right) J/ K+ and (bottom) J/ � invariant
masses for the B+ ! J/ �K+ candidates (black data points) compared with the results of the
default amplitude fit containing eight K⇤+ ! �K+ and five X ! J/ � contributions. The total
fit is given by the red points with error bars. Individual fit components are also shown.
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Table 1:
State Signif J

PC M [MeV] � [MeV]
X(4140) 8.4� 1++ 4160 ± 4+5

�3 83 ± 21+21
�14

X(4274) 5.8� 1++ 4273 ± 8+17
�4 56 ± 11+8

�11

X(4500) 6.1� 0++ 4506 ± 11+12
�15 92 ± 21+21

�20

X(4700) 5.6� 0++ 4704 ± 10+14
�24 120 ± 31+42

�33

M = 4380 ± 8 ± 29 MeV (1)

� = 205 ± 18 ± 86 MeV (2)

M = 4450 ± 2 ± 2 MeV (3)

� = 39 ± 5 ± 19 MeV (4)

AP (Hb) =
�(Hb)� �(Hb)

�(Hb) + �(Hb)
(5)

AP (B+) = (�0.7 ± 0.1 ± 0.3)% (6)

AP (B0) = (�1.4 ± 0.5 ± 0.1)% (7)
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s ) = (�2.0 ± 1.9 ± 0.6)% (8)
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b) = (+3.4 ± 1.6 ± 0.8)% (9)
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1

•  All won’t fit cc spectrum	
•  Ds*Ds* molecules	
      or tetraquarks?	

m(J/ψϕ)	 m(J/ψϕ)	


