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Observation of an exotic narrow doubly charmed

tetraquark
LHCb Collaboration*

Conventional, hadronic matter consists of baryons and
mesons made of three quarks and a quark-antiquark pair,
respectively?. Here, we report the observation of a hadronic
state containing four quarks in the Large Hadron Collider
beauty experiment. This so-called tetraquark contains two
charm quarks, a i and a d quark. This exotic state has a mass
of approximately 3,875 MeV and manifests as a narrow peak
in the mass spectrum of D°D°z* mesons just below the D*+D°
mass threshold. The near-threshold mass together with the
narrow width reveals the resonance nature of the state.

Quantum chromodynamics, the theory of the strong force,
describes the interactions of coloured quarks and gluons and the
formation of hadronic matter, that is, mesons and baryons. While
quantum chromodynamics makes precise predictions at high ener-
gies, the theory has difficulties describing the interactions of quarks
in hadrons from first principles due to the highly nonperturba-
tive regime at the corresponding energy scale. Hence, the field of
hadron spectroscopy is driven by experimental discoveries that are
sometimes unexpected, which could lead to changes in the research
landscape. Along with conventional mesons and baryons, made of a
quark-antiquark pair (q14g,) and three quarks (q,4,4,), respectively,
particles with an alternative quark content, known as exotic states,
have been actively discussed since the birth of the constituent quark
model'-®. This discussion has been revived by recent observations
of numerous tetraquark q1424,4, and pentaquark g1 4243944, candi-
dates’ . Due to the closeness of their masses to known particle-pair
thresholds***, many of these states are likely to be hadronic mol-
ecules”* where colour-singlet hadrons are bound by residual
nuclear forces similar to the electromagnetic van der Waals forces
attracting electrically neutral atoms and molecules. An ordinary
example of a hadronic molecule is the deuteron formed by a proton
and a neutron. On the other hand, an interpretation of exotic states
as compact multiquark structures is also possible®.

All exotic hadrons observed so far predominantly decay via
the strong interaction, and their decay widths vary from a few to
a few hundred MeV. A discovery of a long-lived exotic state, sta-
ble with respect to the strong interaction, would be intriguing.
A hadron with two heavy quarks Q and two light antiquarks g, that
is, Q1Q24,4,, is a prime candidate to form such a state’~. In the
limit of a large heavy-quark mass, the two heavy quarks Q,Q, form
a point-like, heavy, colour-antitriplet object that behaves similarly
to an antiquark, and the corresponding state should be bound. It is
expected that the b quark is heavy enough to sustain the existence
of a stable bbud state with a binding energy of about 200 MeV with
respect to the sum of the masses of the pseudoscalar, B~ or B, and

* =*0 . ; ..
vector, B~ or B, beauty mesons, which defines the minimal mass
for the strong decay to be allowed. In the case of the bcud and ccud
systems, there is currently no consensus regarding whether such
states exist and are narrow enough to be detected experimentally.

The similarity of the cciid tetraquark state and the 2T baryon con-

taining two ¢ quarks and a u quark leads to a relationship between
the properties of the two states. In particular, the measured mass of
the 2™ baryon with quark content ccu**-* implies that the mass
of the ccuid tetraquark is close to the sum of the masses of the D°
and D+ mesons with quark content of ¢ and cd, respectively, as
suggested in ref. . Theoretical predictions for the mass of the ccud
ground state with spin-parity quantum numbers J*=1* and isospin
I=0, denoted hereafter as T, relative to the D**D° mass threshold

om = myy — (mp«+ + mp) (1)

lie in the range of —300<dm <300MeV (refs. ****), where mp.+
and mpo denote the known masses of the D** and D° mesons™.
Lattice quantum chromodynamics calculations also do not provide
a definite conclusion on the existence of the T state or its binding
energy’>* . The observation of the =" baryon®*' and of a new
exotic resonance decaying to a pair of J/yy mesons® by the LHCb
experiment motivates the search for the T state.

In this Letter, the observation of a narrow state in the D°D°z*
mass spectrum near the D*D° mass threshold compatible with
being a T tetraquark state is reported. Throughout this Letter,
charge conjugate decays are implied. The study is based on proton-
proton (pp) collision data collected by the LHCb detector at the
Large Hadron Collider at the European Organization for Nuclear
Research at centre-of-mass energies of 7, 8 and 13 TeV, correspond-
ing to integrated luminosity of 9fb~'. The LHCb detector®® is a
single-arm forward spectrometer covering the pseudorapidity range
of 2 <n <5, designed to study particles containing b or ¢ quarks and
is further described in Methods. The pseudorapidity 7 is defined
as —log (tan g), where 0 is a polar angle of the track relative to the
proton beam line.

The D°D°z* final state is reconstructed by selecting events with
two D° mesons and a positively charged pion, all produced at the
same pp interaction point. Both D° mesons are reconstructed in the
D'—K-z* decay channel. The selection criteria are similar to those
used in ref. *°. To subtract the background not originating from two
D’ candidates, an extended, unbinned maximum-likelihood fit to
the two-dimensional distribution of the masses of the two D° can-
didates is performed. The corresponding procedure, together with
the selection criteria, is described in detail in Methods. To improve
the 8 mass resolution and to make the determination insensitive
to the precision of the D° meson mass, the mass of the D°D°z* com-
binations is calculated with the mass of each D’ meson constrained
to the known value®. The resulting D°D°z* mass distribution for
selected D°D°z* combinations is shown in Fig. 1. A narrow peak
near the D'*D° mass threshold is clearly visible.

An extended, unbinned, maximum-likelihood fit to the D°D°z*
mass distribution is performed using a model consisting of the signal
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Fig. 1| The distribution of the D°D°z* mass. The distribution of the
D°DOz* mass after statistical subtraction of the contribution of the non-D°
background, with the result of the fit with the two-component function
described in the text. The horizontal bin width is indicated on the vertical
axis legend. The inset shows a zoomed signal region with a fine binning
scheme. Uncertainties on the data points are statistical only and represent
one standard deviation, calculated as a sum in quadrature of the assigned
weights from the background subtraction procedure.

and background components. The signal component is described
by the convolution of the detector resolution with a resonant shape,
which is modelled by a relativistic P-wave two-body Breit-Wigner
(BW) function modified by a Blatt—-Weisskopf form factor with a
meson radius parameter of 3.5GeV~". The use of a P-wave reso-
nance is motivated by the expected J*=1" quantum numbers for
the T} state. A two-body decay structure T, — AB is assumed with
ma = 2mpo and mp = m_+, where m_+ stands for the known mass
of the z* meson. Several alternative prescriptions are used for the
evaluation of the systematic uncertainties. Despite its simplicity, the
model serves well to quantify the existence of the T} state and to
measure its properties, such as the position and the width of the
resonance. A follow-up study’ investigates the underlying nature
of the T state, expanding on the modelling of the signal shape and
the determination of its physical properties. The detector resolution
is modelled by the sum of two Gaussian functions with a common
mean, where the additional parameters are taken from simulation
(Methods) with corrections applied™*>*. The root mean square of
the resolution function is around 400 keV ¢™2. A study of the D°z*
mass distribution for D°D°z* combinations in the region above the
DD* mass threshold but below 3.9GeV ¢? shows that approxi-
mately 90% of all random D°D°z* combinations contain a genuine
D™ meson. On the basis of this observation, the background com-
ponent is parameterized by the product of a two-body phase space
function and a positive second-order polynomial. The resulting
function is convolved with the detector resolution.

The fit results are shown in Fig. 1, and the parameters of interest,
namelythe signalyield, N, the mass parameter of the BW function rel-
ative to the D'*D° mass threshold, Smpw = mpw — (mp«+ + mp),
and the width parameter, Iy, are listed in Table 1. The statistical
significance of the observed T;zD°D°z™ signal is estimated using
Wilks’ theorem to be 22 s.d. The fit suggests that the mass param-
eter of the BW shape is slightly below the D**D° mass threshold.
The statistical significance of the hypothesis 6y, <0 is estimated
tobe 4.3 s.d.
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Table 1| Parameters obtained from the fit to the D°D°z* mass
spectrum: signal yield, N, BW mass relative to the D"+D°
mass threshold, dmy,,, and width, I';,. The uncertainties are
statistical only

Parameter Value

N 17 +16

dMgy —273 +61keV c?
iy 410 +165 keV

Table 2 | Systematic uncertainties for the dmy,, and I,
parameters. The total uncertainty is calculated as the sum
in quadrature of all components except for those related to
the assignment of J® quantum numbers, which are handled
separately

Source Compy (keV c™2) oy (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'+ — D° mass difference 2 =
Total 5 43
J? quantum numbers =) w3

To validate the presence of the signal component, several addi-
tional cross-checks are performed. The data are categorized accord-
ing to data-taking periods, including the polarity of the LHCb
dipole magnet and the charge of the T candidates. Instead of
statistically subtracting the non-D° background, the mass of each
D — K z* candidate is required to be within a narrow region around
the known mass of the D° meson*. The results are found to be con-
sistent among all samples and analysis techniques. Furthermore,
dedicated studies are performed to ensure that the observed
signal is not caused by kaon or pion misidentification, doubly
Cabibbo-suppressed D° — K*z~ decays or DD’ oscillations, decays
of charm hadrons originating from beauty hadrons or artefacts due
to the track reconstruction creating duplicate tracks.

Systematic uncertainties for the dmy, and Iy, parameters are
summarized in Table 2 and described below. The largest systematic
uncertainty is related to the fit model and is studied using pseudo-
experiments with alternative parameterizations of the D°D°z* 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, parameterization of the background
component and the additional model parameters of the BW func-
tion. The model uncertainty related to the assumption of *=1*
quantum numbers of the state is estimated and listed separately.
The results are affected by the overall detector momentum scale,
which is known to a relative precision of da=3Xx10~* (ref. °*). The
corresponding uncertainty is estimated using simulated samples
where the momentum scale is modified by factors of (1 & da). 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%. The resulting uncertainty
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is assessed by varying the energy loss correction by +10%. As the
mass of the D°D°z* combinations is calculated with the mass of each
D’ meson constrained to the known value of the D° mass, the 8my,,
parameter is insensitive to the precision of the D° mass. However,
the small uncertainty of 2keV ¢ for the D'+ — D° mass difference*
directly affects the &my,, value. The corresponding systematic
uncertainty is added.

In summary, using the full dataset corresponding to an inte-
grated luminosity of 9fb™ 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 D°D°z* candidates produced
promptly in pp collisions. The statistical significance of the peak is
overwhelming. Using the BW parameterization, the location of the
peak relative to the D**D° mass threshold, 8m1y,, and the width, Iy,
are determined to be

dmpw = —273 £ 61 51 1 keV 2,
Tgw = 410 £ 165 + 43 T keV,

where the first uncertainty is statistical, the second is systematic and
the third is related to the assignment of the J* quantum numbers.
The measured dmy,, value corresponds to a mass of approximately
3,875MeV. This is the narrowest exotic state observed to date™*.
The minimal quark content for this state is ccuid. Two heavy quarks
of the same flavour make it manifestly exotic, that is, beyond the
conventional pattern of hadron formation found in mesons and
baryons. Moreover, the combination of the near-threshold mass,
narrow decay width and its appearance in prompt hadroproduction
demonstrates its genuine resonance nature. The measured mass
and width are consistent with the expected values for a T} isoscalar
tetraquark ground state with quantum numbers J°=1*. The preci-
sion 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 dedi-
cated study of the reaction amplitudes for the T — D°D°z* and
T4 — D°D" 2%(y) decays that uses the isospin symmetry for the
T& — D*D transition’ yields insights into the fundamental reso-
nance properties, such as the pole position, the scattering length
and the effective range. The observation of this cciid tetraquark
candidate close to the D**D° threshold provides strong support for
the theoretical approaches and models that predict the existence of
a bbud tetraquark that is stable with respect to the strong and elec-
tromagnetic interactions.

Online content

Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/
$41567-022-01614-y.

Received: 7 September 2021; Accepted: 13 April 2022;
Published online: 16 June 2022

References

1. Gell-Mann, M. A schematic model of baryons and mesons. Phys. Lett. 8,
214-215 (1964).

2. Zweig, G. An SU,Model for Strong Interaction Symmetry and Its Breaking,
Version 1. Tech. Rep. CERN-TH-401 (CERN, 1964).

3. Zweig, G. An SU; Model for Strong Interaction Symmetry and Its Breaking,
Version 2. Tech. Rep. CERN-TH-412 (CERN, 1964).

4. Jaffe, R. L. Multiquark hadrons. I. Phenomenology of Q*Q® mesons. Phys.
Rev. D15, 267-280 (1977).

5. Jaffe, R. L. Multi-quark hadrons. 2. Methods. Phys. Rev. D15, 281-289 (1977).

6.  Rossi, G. C. & Veneziano, G. A possible description of baryon dynamics in
dual and gauge theories. Nucl. Phys. B123, 507-545 (1977).

NATURE PHYSICS | VOL 18 | JULY 2022 | 751-754 | www.nature.com/naturephysics

11.

14.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Jaffe, R. L. Q*Q” resonances in the baryon-antibaryon system. Phys. Rev.
D17, 1444-1458 (1978).

Lipkin, H. J. New possibilities for exotic hadrons - anticharmed strange
baryons. Phys. Lett. B195, 484-488 (1987).

Belle Collaboration, Choi, S. K., et al. Observation of a narrow
charmoniumlike state in exclusive B*—K*z*n~J/y decays. Phys. Rev. Lett.
91, 262001 (2003).

Belle Collaboration, Choi, S. K., et al. Observation of a resonancelike
structure in the 7%y’ mass distribution in exclusive B—Kn*y' decays.
Phys. Rev. Lett. 100, 142001 (2008).

Belle Collaboration, Mizuk, R., et al. Observation of two resonance-like
structures in the 7%y, mass distribution in exclusive B > Kzt Xa
decays, Phys. Rev. D78, 072004 (2008).

CDF Collaboration, Aaltonen, T., et al. Evidence for a narrow
near-threshold structure in the J/y¢) mass spectrum in B*—J/y@K* decays.
Phys. Rev. Lett. 102, 242002 (2009).

Belle Collaboration, Bondar, A., et al. Observation of two charged
bottomonium-like resonances in Y(5S) decays. Phys. Rev. Lett. 108,

122001 (2012).

BESIII Collaboration, Ablikim, M. et al. Observation of a charged
charmoniumlike structure in e*e~—z*7J/y at \/s = 4.26 GeV. Phys. Rev.
Lett. 110, 252001 (2013).

BESIII Collaboration, Ablikim, M., et al. Observation of a charged
charmoniumlike structure Z(4020) and search for the Z(3900) in
ete"—>ntnh. Phys. Rev. Lett. 111, 242001 (2013).

BESIII Collaboration, Ablikim, M., et al. Observation of a charged
charmoniumlike structure in ete™ — (D*E*)iﬂ:‘: at \/s = 4.26 GeV.
Phys. Rev. Lett. 112, 132001 (2014).

DO Collaboration, Abazov, V. M., et al. Search for the X(4140) state in
B*—J/wpK* decays with the DO detector. Phys. Rev. D89, 012004 (2014).
CMS Collaboration, Chatrchyan, S. et al. Observation of a peaking
structure in the J/y¢ mass spectrum from B*—J/yw@K* decays. Phys. Lett.
B734, 261-281 (2014).

Belle Collaboration, Chilikin, K., et al. Experimental constraints on the spin
and parity of the Z(4430)*. Phys. Rev. D88, 074026 (2013).

Belle Collaboration, Liu, Z. Q,, et al. Study of e*e"—z*zJ/y and
observation of a charged charmoniumlike state at Belle. Phys. Rev. Lett. 110,
252002 (2013). Erratum, ibid. 111, 019901 (2013).

Belle Collaboration, Chilikin, K., et al. Observation of a new charged
charmoniumlike state in B® — J/yK ™ ™" decays. Phys. Rev. D90, 112009
(2014).

LHCb Collaboration, Aaij, R., et al. Observation of the resonant character
of the Z(4430)~ state. Phys. Rev. Lett. 112, 222002 (2014).

LHCDb Collaboration, Aaij, R., et al. Observation of J/yp resonances
consistent with pentaquark states in A — J/wpK~ decays. Phys. Rev. Lett.
115, 072001 (2015).

LHCDb Collaboration, Aaij, R., et al. Model-independent confirmation of the
Z(4430)" state. Phys. Rev. D92, 112009 (2015).

LHCDb Collaboration, Aaij, R., et al. Observation of exotic J/y¢ structures
from amplitude analysis of B*—J/y@¢K* decays. Phys. Rev. Lett. 118,
022003 (2017).

LHCb Collaboration, Aaij, R., et al. Amplitude analysis of B*— J/y¢pK*
decays. Phys. Rev. D95, 012002 (2017).

LHCb Collaboration, Aaij, R., et al. Evidence for a 7,(1S)z~ resonance in
B'—n(1S)K*z~ decays. Eur. Phys. J. C78, 1019 (2018).

LHCb Collaboration, Aaij, R., et al. Observation of a narrow pentaquark
state, P.(4312)*, and of two-peak structure of the P.(4450)*. Phys. Rev. Lett.
122, 222001 (2019).

LHCb Collaboration, Aaij, R., et al. Observation of structure in the J/y-pair
mass spectrum. Sci. Bull. 65, 1983-1993 (2020).

LHCDb Collaboration, Aaij, R., et al. Model-independent study of structure
in B*—D*D-K*decays. Phys. Rev. Lett. 125, 242001 (2020).

LHCb Collaboration, Aaij, R., et al. Amplitude analysis of the B*—D*D-K*
decay. Phys. Rev. D102, 112003 (2020).

LHCb Collaboration, Aaij, R., et al. Study of B? — J/wz Tz~ KTK~ decays.
J. High Energy Phys. 02, 024 (2021).

LHCb Collaboration, Aaij, R., et al. Evidence of a J/wA structure and
observation of excited =~ states in the =, , — JWwAK™ decay. Sci. Bull. 66,
1278-1287 (2021).

LHCb Collaboration, Aaij, R., et al. Observation of new resonances
decaying into J/wK* and J/y¢. Phys. Rev. Lett. 127, 082001 (2021).

BESIII Collaboration, Ablikim, M., et al. Observation of a near-threshold
structure in the K* recoil-mass spectra in

ete” — KT (D] D* 4 D}~ D°). Phys. Rev. Lett. 126, 102001 (2021).
LHCDb Collaboration, Aaij, R., et al. Evidence for a new structure in the
Jiwp and BY — J/wpp systems in BJ/wpp decays. Phys. Rev. Lett. 128,
062001 (2022).

Brambilla, N, et al. The XYZ states: experimental and theoretical status and
perspectives. Phys. Rept. 873, 1—154 (2020).

753


https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41567-022-01614-y
http://www.nature.com/naturephysics

LETTERS

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

754

Particle Data Group, Zyla, P. A., et al. Review of particle physics. Prog.
Theor. Exp. Phys. 2020, 083C01 (2020). Update: http://pdglive.lbl.gov/
(2021)

Oset, E. et al. Tetra and pentaquarks from the molecular perspective. EPJ
Web Conf. 199, 01003 (2019).

Richard, J.-M. Exotic hadrons: review and perspectives. Few Body Syst. 57,
1185-1212 (2016).

Guo, E-K. et al. Hadronic molecules. Rev. Mod. Phys. 90, 015004 (2018).
Martinez Torres, A., Khemchandani, K. P, Roca, L. & Oset, E. Few-body
systems consisting of mesons. Few Body Syst. 61, 35 (2020).

Ali, A., Maiani, L. and Polosa, A. D. Multiquark Hadrons (Cambridge Univ.
Press, 2019).

Ader, J. P, Richard, J.-M. & Taxil, P. Do narrow heavy multiquark states
exist? Phys. Rev. D25, 2370-2382 (1982).

1. Ballot, J. & Richard, J. M. Four quark states in additive potentials. Phys.
Lett. B123, 449-451 (1983).

Zouzou, S., Silvestre-Brac, B., Gignoux, C. & Richard, J. M. Four quark
bound states. Z. Phys. C30, 457-468 (1986).

Lipkin, H. J. A model-independent approach to multiquark bound states.
Phys. Lett. B172, 242-247 (1986).

Heller, L. & Tjon, J. A. On the existence of stable dimesons. Phys. Rev. D35,
969-974 (1987).

Manohar, A. V. & Wise, M. B. Exotic QQgg states in QCD. Nucl. Phys.
B399, 17-33 (1993).

LHCb Collaboration, Aaij, R, et al. Observation of the doubly charmed
baryon =+, Phys. Rev. Lett. 119, 112001 (2017).

LHCb Collaboration, Aaij, R., et al. First observation of the doubly charmed
baryon decay =7 — EzT. Phys. Rev. Lett. 121, 162002 (2018).

LHCb Collaboration, Aaij, R., et al. Precision measurement of the = **
mass. J. High Energy Phys. 02, 049 (2020).

Karliner, M. & Rosner, J. L. Discovery of doubly-charmed =, baryon
implies a stable bbuid tetraquark. Phys. Rev. Lett. 119, 202001 (2017).
Carlson, J., Heller, L. & Tjon, J. A. Stability of dimesons. Phys. Rev. D37,
744-753 (1988).

Silvestre-Brac, B. & Semay, C. Systematics of L= 0 ¢*g" systems. Z. Phys.
C57, 273-282 (1993).

Semay, C. & Silvestre-Brac, B. Diquonia and potential models. Z. Phys. C61,
271-275 (1994).

Moinester, M. A. How to search for doubly charmed baryons and
tetraquarks. Z. Phys. A355, 349-362 (1996).

Pepin, S., Stancu, E, Genovese, M. & Richard, J.-M. Tetraquarks with color
blind forces in chiral quark models. Phys. Lett. B393, 119-123 (1997).
Gelman, B. A. & Nussinov, S. Does a narrow tetraquark ccud state exist?
Phys. Lett. B551, 296-304 (2003).

Vijande, J., Fernandez, E, Valcarce, A. & Silvestre-Brac, B. Tetraquarks in a
chiral constituent quark model. Eur. Phys. ]. A19, 383-389 (2004).

Janc, D. & Rosina, M. The T,.=DD’" molecular state. Few Body Syst. 35,
175-196 (2004). B
Navarra, F S., Nielsen, M. & Lee, S. H. QCD sum rules study of QQ — ud
mesons. Phys. Lett. B649, 166-172 (2007).

Vijande, J., Weissman, E., Valcarce, A. & Barnea, N. Are there compact
heavy four-quark bound states? Phys. Rev. D76, 094027 (2007).

Ebert, D., Faustov, R. N., Galkin, V. O. & Lucha, W. Masses of tetraquarks
with two heavy quarks in the relativistic quark model. Phys. Rev. D76,
114015 (2007).

Lee, S. H. & Yasui, S. Stable multiquark states with heavy quarks in a
diquark model. Eur. Phys. ]. C64, 283-295 (2009).

Yang, Y., Deng, C,, Ping, J. & Goldman, T. S-wave QQgq state in the
constituent quark model. Phys. Rev. D80, 114023 (2009).

Li, N, Sun, Z.-F, Liu, X., Zhu, S.-L., Liu, X. & Zhu, S.-L. Coupled-channel
analysis of the possible D(*)D(*), B(*)B(*) and D(*)B(*) molecular states.
Phys. Rev. D. 88, 11408 (2013). B

Feng, G.-Q., Guo, X.-H., and Zou B.-S. QQ'ud bound state in the
Bethe-Salpeter equation approach. (2013), Preprint at http://arxiv.org/
abs/1309.7813

Luo, S.-Q. et al. Exotic tetraquark states with the ggQQ configuration. Eur.
Phys. J. C77, 709 (2017).

Eichten, E. J. & Quigg, C. Heavy-quark symmetry implies stable heavy
tetraquark mesons Q;Q;q,q;. Phys. Rev. Lett. 119, 202002 (2017).

Wang, Z.-G. Analysis of the axialvector doubly heavy tetraquark states with
QCD sum rules. Acta Phys. Polon. B49, 1781-1800 (2018).

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

NATURE PHYSICS

Park, W, Noh, S. & Lee, S. H. Masses of the doubly heavy

tetraquarks in a constituent quark model. Acta Phys. Polon. B50,
1151-1157 (2019).

Junnarkar, P, Mathur, N. & Padmanath, M. Study of doubly heavy
tetraquarks in lattice QCD. Phys. Rev. D99, 034507 (2019).

Deng, C., Chen, H. & Ping, J. Systematical investigation on the stability of
doubly heavy tetraquark states. Eur. Phys. J. A56, 9 (2020).

Liu, M.-Z. et al. Heavy-quark spin and flavor symmetry partners of the
X(3872) revisited: what can we learn from the one boson exchange model?
Phys. Rev. D99, 094018 (2019).

Maiani, L., Polosa, A. D. & Riquer, V. Hydrogen bond of QCD in doubly
heavy baryons and tetraquarks. Phys. Rev. D100, 074002 (2019).

Yang, G., Ping, J. & Segovia, J. Doubly-heavy tetraquarks. Phys. Rev. D101,
014001 (2020).

Tan, Y., Lu, W. & Ping, J. QQqq in a chiral constituent quark model. Eur.
Phys. J. Plus 135, 716 (2020).

Li, Q.-F, Chen, D.-Y. & Dong, Y.-B. Masses of doubly heavy tetraquarks
Tqq in a relativized quark model. Phys. Rev. D102, 034012 (2020).
Braaten, E., He, L.-P. & Mohapatra, A. Masses of doubly heavy tetraquarks
with error bars. Phys. Rev. D103, 016001 (2021).

Gao, D,, et al. Masses of doubly heavy tetraquark states with isospin = 1
and 1 and spin-parity 1**. (2020). Preprint at http://arxiv.org/
abs/2007.15213

Cheng, J.-B. et al. Double-heavy tetraquark states with heavy diquark-
antiquark symmetry. Chin. Phys. C 45, 043102 (2021).

Noh, S., Park, W. & Lee, S. H. Doubly heavy tetraquarks, gq'QQ’, in a
nonrelativistic quark model with a complete set of harmonic oscillator
bases. Phys. Rev. D103, 114009 (2021).

Faustov, R. N., Galkin, V. O. & Savchenko, E. M. Heavy tetraquarks in the
relativistic quark model. Universe 7, 94 (2021).

Ikeda, Y. et al. Charmed tetraquarks T,. and T, from dynamical lattice
QCD simulations. Phys. Lett. B729, 85-90 (2014).

Hadron Spectrum Collaboration, Cheung, G. K. C,, et al. Tetraquark
operators in lattice QCD and exotic flavour states in the charm sector. J.
High Energy Phys. 11, 033 (2017).

Francis, A., Hudspith, R. J., Lewis, R. & Maltman, K. Evidence for
charm-bottom tetraquarks and the mass dependence of heavy-light
tetraquark states from lattice QCD. Phys. Rev. D99, 054505 (2019).

LHCb Collaboration, Alves A. A., Jr., et al. The LHCb detector at the LHC.
J. Instrum. 3 S08005 (2008).

LHCb Collaboration, Aaij, R., et al. LHCb detector performance. Int. J.
Mod. Phys. A30, 1530022 (2015).

LHCb Collaboration, Aaij, R., et al. Observation of double charm
production involving open charm in pp collisions at /s =7TeV. J. High
Energy Phys. 06, 141 (2012). Addendum ibid. 03, 108 (2014).

LHCDb Collaboration, Aaij, R., et al. Study of a doubly charmed

tetraquark state. Nat. Commun. https://doi.org/10.1038/s41567-022-01614-y
(2022).

LHCb Collaboration, Aaij, R., et al. Study of the line shape of the y.,(3872)
state. Phys. Rev. D102, 092005 (2020).

LHCb Collaboration, Aaij, R., et al. Study of the y,(3823) and y,,(3872)
states in BY — (J/wat ™) KT decays. J. High Energy Phys. 08,

123 (2020).

LHCDb Collaboration, Aaij, R., et al. Precision measurement of D meson
mass differences. J. High Energy Phys. 06, 065 (2013).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long

as you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The images or other
third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons license and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

NATURE PHYSICS | VOL 18 | JULY 2022 | 751-754 | www.nature.com/naturephysics


http://pdglive.lbl.gov/
http://arxiv.org/abs/1309.7813
http://arxiv.org/abs/1309.7813
http://arxiv.org/abs/2007.15213
http://arxiv.org/abs/2007.15213
https://doi.org/10.1038/s41567-022-01614-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturephysics

NATURE PHYSICS

LETTERS

Methods

Experimental setup. The LHCb detector**™ is a single-arm forward spectrometer
covering the pseudorapidity range of 2 <7 <5, designed to study particles
containing b or ¢ quarks. The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the pp interaction region,
a large-area silicon-strip detector located upstream of a dipole magnet with a
bending power of about 4 T m and three stations of silicon-strip detectors and
straw drift tubes placed downstream of the magnet. The tracking system provides a
measurement of the momentum, p, of charged particles with a relative uncertainty
that varies from 0.5% at low momentum to 1.0% at 200 GeV ¢™'. The minimum
distance of a track to a primary pp collision vertex, the impact parameter, is
measured with a resolution of (15 +29/p;) pm, where p; is the component of

the momentum transverse to the beam, in GeV ¢™'. Different types of charged
hadrons are distinguished using information from two ring-imaging Cherenkov
detectors™. Photons, electrons and hadrons are identified by a calorimeter system
consisting of scintillating-pad and preshower detectors and an electromagnetic and
a hadronic calorimeter. Muons are identified by a system composed of alternating
layers of iron and multiwire proportional chambers. The online event selection

is performed by a trigger consisting of a hardware stage, based on information
from the calorimeter and muon systems, followed by a software stage, which
applies full event reconstruction. The trigger selection algorithms are primarily
based on identifying key characteristics of beauty and charm hadrons and their
decay products, such as high-p; final state particles, and a decay vertex that is
significantly displaced from any of the pp interaction vertices in the event.

Simulated samples. Simulation is required to model the effects of the detector
acceptance and resolution and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA with a specific LHCb
configuration®. Decays of unstable particles are described by EVTGEN"". The
interaction of the generated particles with the detector, and its response, are
implemented using the GEANT4 toolkit as described in ref. *.

Selection. The selection of D— K z* candidates and D°D°z* combinations

is similar to those used in ref. *°. Kaon and pion candidates are selected from
well-reconstructed tracks within the acceptance of the spectrometer. Particle
identification is provided using information from the ring-imaging Cherenkov
detectors. Kaons and pions that have transverse momenta larger than 250 MeV ¢!
and are inconsistent with being produced in a pp interaction vertex are combined
together to form D° candidates. The resulting D° candidates are required to have
good vertex quality, mass within +65MeV of the known D° mass* (the mass
resolution for the D — K~z signal being 7 MeV), transverse momentum larger
than 1GeV ¢!, decay time longer than 100 pm ¢! and a momentum direction that
is consistent with the vector from the primary to the secondary vertex. Selected
pairs of D° candidates consistent with originating from a common primary

vertex are then combined with pion candidates of the same charge as the pions
from the D — K-z* decay candidates to form D°D°z* candidates. At least one of
the two D°z* combinations is required to have good vertex quality and mass not
exceeding the known D mass by more than 155 MeV. For each D°Dz* candidate,
a kinematic fit” is performed. This fit requires both D° candidates and a pion to
originate from the same primary vertex. A requirement on the quality of this fit is
applied to further suppress combinatorial background and reduce the background
from D° candidates produced in two independent pp interactions or in decays of
beauty hadrons®. To suppress the background from kaon and pion candidates
reconstructed from one common track, all track pairs of the same charge are
required to have an opening angle inconsistent with being zero and the mass of the
combination inconsistent with the sum of the masses of the two constituents.

Non-D° background subtraction. The two-dimensional distribution of the mass

of one D° candidate versus the mass of the other D° candidate from selected

D°D°z* combinations is used to subtract the background due to fake D° candidates.
The procedure employs the sPlot technique'”, where an extended, unbinned,
maximum-likelihood fit to the two-dimensional distribution is performed. The
signal is described using a modified Novosibirsk function, and the background

is modelled by a product of an exponential function and a positive polynomial
function®. Each candidate is assigned a positive weight for being signal-like or a
negative weight for being background-like, with the masses of the two D° candidates
as the discriminating variables. All candidates are then retained, and the weights are
used in the further analysis for the statistical subtraction of the non-D° background.

Contributions from the D°D’ oscillations. A hypothetical, narrow,
charmonium-like state decaying into the D’D" z ™ final state, followed by the

D’ — D’ transition or doubly Cabibbo-suppressed decay D° — K~z ™, would
produce a narrow signal in the reconstructed D°D°z* mass spectrum. If the
observed, narrow, near-threshold peak in the reconstructed D°D°z* system is
caused by the DD oscillations or doubly Cabibbo—suﬂgressed decays, a much
larger signal should be visible in the reconstructed D°D" 7z mass spectrum at the
same mass. No such structure is observed (see fig. 9 in ref. *').

Systematic uncertainties. Several sources of systematic uncertainty on the mass
8y, and width Iy, of the T state have been evaluated. The largest systematic
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uncertainty is related to the fit model and is studied using a set of alternative
parameterizations and pseudoexperiments. For each alternative model, an
ensemble of pseudoexperiments is produced. Each is generated using the model
under consideration with parameters obtained from a fit to the data. A subsequent
fit with the default model to each pseudoexperiment is performed and the mean
values of the parameters of interest over the ensemble are evaluated. The absolute
value of the difference between the ensemble mean and the value of the parameter
obtained from the fit to the data sample is used to characterize the difference
between the alternative model and the default model. The maximal value of

such a difference over the considered set of alternative models is taken as the
corresponding systematic uncertainty for the mass 8my,, and width I'y of the T
state. The following sources of systematic uncertainties related to the fit model

are considered:

o The imperfect knowledge of the detector resolution model: To estimate the
associated systematic uncertainty, alternative resolution functions are studied,
namely a symmetric variant of an Apollonios function, a modified Gaussian
function with symmetric power-law tails on both sides of the distribution,

a generalized symmetric Student’s ¢-distribution, a symmetric Johnson’s Sy
distribution and a modified Novosibirsk function.

o The difference in the detector resolution due to imperfect modelling:

A correction factor of 1.05 for the resolution is applied for the default fit to
account for such a difference. This factor was studied for several other
decays measured with the LHCb detector and found to lie between 1.0 and
1.1 (refs. ). For decays with relatively low-momentum tracks, this

factor is close to 1.05. The factor is also cross-checked using large samples of
D'+ — D°z* decays, where a value of 1.06 is obtained. To assess the systematic
uncertainty related to this factor, detector resolution models with correction
factors of 1.0 and 1.1 are studied as alternative models.

o The parameterization of the background component: To assess the
associated systematic uncertainty, the order of the positive polynomial
function used for the baseline fit is varied. In addition, to estimate the
possible effect of a small contribution from D°D°z* combinations without
an intermediate D" meson, a three-body background component is added
to the fit. This component is described by a product of the three-body
phase-space function and a positive linear or second-order polynomial
function. The contribution from the non-resonant D°D°z* background is
negligible in the low-mass region due to the O(Q?) scaling of the three-body
phase-space factor near threshold.

o The model parameters of the BW function: Alternative parameteriza-
tions include different choices for the decay structure, ms = mp and
mp = mpo + m_4; the meson radius, 1.5GeV~" and 5GeV~', and the orbital
angular momentum between A and B particles, corresponding to S- and
D-waves. The effect of the different decay structure and the choice of the
meson radius is smaller than 1keV ¢ and 1keV for the dmyy and Iy,
parameters, respectively. The parameters of interest are more sensitive to the
choice of orbital angular momentum, in which the S-wave function gives
larger 8my,, and smaller Iy, whereas the D-wave function corresponds to
smaller 8, and larger I'yy. As the S-wave and D-wave imply that the
quantum numbers of the T state differ from J*=1*, the corresponding
systematic uncertainty is considered separately and is not included it in the
total systematic uncertainty.

The calibration of the momentum scale of the tracking system is based
upon large calibration samples of B*—J/wK* and J/w—u*u~ decays. The accuracy
of this procedure has been checked using other fully reconstructed B decays
together with two-body Y(nS) and K} decays, and the largest deviation of the
bias in the momentum scale of da=3 x 10~* is taken as the uncertainty®.

This is then propagated to uncertainties for the parameters of interest using
simulated samples, where momentum scale corrections of (1 & 8a) are applied.
Half of the difference between the peak locations obtained with the 1+ 8a

and 1 —8a corrections applied to the same simulated sample is taken as an
estimate of the systematic uncertainty due to the momentum scale. The main
contribution to this uncertainty is due to the bachelor pion track, since the

D’ mass constraint reduces the contributions from the kaon and pion tracks
originating from D’ meson decays.

In the reconstruction, the momenta of the charged tracks are corrected
for the energy loss in the detector material. The energy loss corrections are
calculated using the Bethe-Bloch formula. The amount of material traversed
in the tracking system by a charged particle is known to 10% accuracy.

To assess the corresponding uncertainty, the magnitude of the calculated
corrections is varied by +10%. Half of the difference between the peak locations
obtained with the +10% and —10% corrections applied to the same simulated
sample is taken as an estimate of the systematic uncertainty due to the energy
loss corrections.

The mass of the D°D°z* combinations is calculated with both D° candidate
masses constrained to the known D’ meson mass*. This procedure removes
the uncertainty on the 8, parameter related to imprecise knowledge of the
D’ mass. In contrast, the small uncertainty of 2keV ¢** for the known D+ —D°
mass difference® directly affects the 8my,, value and is therefore assigned as the
corresponding systematic uncertainty.
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Data availability
LHCb data used in this analysis will be released according to the LHCb external
data access policy, that can be downloaded from http://opendata.cern.ch/
record/410/files/LHCb-Data-Policy.pdf.

The raw data shown in all of the figures of this manuscript can be downloaded
from https://cds.cern.ch/record/2780001, where no access codes are required.
In addition, the unbinned background-subtracted data, shown in Fig. 1 have been
added to the HEPDATA record at https://www.hepdata.net/record/ins1915457.

Code availability

LHCD software used to process the data analysed in this manuscript is available at
GrTLAB repository https://gitlab.cern.ch/lhcb. The specific software used in data
analysis is available at ZENODO repository https://doi.org/10.5281/zenodo.5595937.
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