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Abstract

A combined amplitude analysis is performed for the decays B® — D°D}r~ and
Bt — D™ Dfrt, which are related by isospin symmetry. The analysis is based on
data collected by the LHCDb detector in proton-proton collisions at center-of-mass
energies of 7, 8 and 13 TeV. The full data sample corresponds to an integrated
luminosity of 9fb~!. Two new resonant states with masses of 2.908 + 0.011 +
0.020 GeV and widths of 0.136 + 0.023 + 0.011 GeV are observed, which decay to
Dfrnt and D7~ respectively. The former state indicates the first observation of
a doubly charged open-charm tetraquark state with minimal quark content [c5ud],
and the latter state is a neutral tetraquark composed of [cSud]| quarks. Both states
are found to have spin-parity 0%, and their resonant parameters are consistent with
each other, which suggests that they belong to an isospin triplet.
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In the quark model, tetraquark hadrons are predicted in addition to the conventional
mesons and baryons [1]. States composed of four different quark types present unambigu-
ous evidence for tetraquarks |2] and have attracted great interest in studies of hadron
spectroscopy [3]. The discoveries of the DZ,(2317)" [4] and Dy (2460)" [5] states prompted
speculation that they may have a tetraquark component [6,/7], but no evidence for isospin
partners was found in explicit searches [8,9]. The DO collaboration claimed evidence
for an X (5568) state with quark configuration of [b5ud] in decays to B%x* [10,/11]. Its
existence, however, has not been confirmed by other experiments [12-15].

In the open charm sector, it is natural to search for D7 resonances, which would be
candidate tetraquark states with minimal quark content of [c5ud] and [c5ud] as predicted
in the diquark-antidiquark model [16,/17]. In particular, an attractive potential in the
Dfr* channel facilitates searches for an open-charm tetraquark state according to lattice
QCD calculation [18§].

In 2020, two new resonant structures, X(2900) and X;(2900), were observed by the
LHCD collaboration in the D~ K™ mass spectrum of the BT — Dt D~ K" decay [19,120],
motivating theoretical speculation as to their nature [3]. Predictions of a doubly charged

tetraquark [cSud] and its isospin partner [cSud] were made based on those observations [21-
26].

The decays B — D°Df 7~ and BT — D~ D}t are ideal channels in which to search
for possible exotic states decaying to D,m. The only resonances expected to contribute
to the two decays are excited D* resonances decaying to D°7~ and D~ 7t final states,
which have been extensively studied [6}7,[27H29]. Any resonant structure that cannot
be described by the known D* excited states (D7~ or D~xt) implies the existence of
potential exotic objects decaying into either Dym or DD, final states.

A combined amplitude analysis of the B® — D°D¥7r~ and B — D~ D}n+ decays
is performed, where the amplitudes in the two decay modes are related through isospin
symmetry. The analysis is based on proton-proton collision data collected with the LHCb
detector, corresponding to a total integrated luminosity of 9 fb~! at center-of-mass energies
7, 8 and 13 TeV.

The LHCD detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < 1 < 5, described in detail in Refs. [30,31]. It is designed specifically for the
study of particles containing b or ¢ quarks. Simulation is required to model the effects of
the detector acceptance and the imposed selection requirements. The simulated samples
are generated with PyTHIA [32], EVTGEN [33] and the GEANT4 toolkits [34] as described
in Ref. [35].

A brief summary of the selections is given here and further details can be found in
Ref. [36]. Charmed mesons are reconstructed using the D* — K*7~, D — K*n~n 7+,
D~ — K*r~7~ and D — K*K 7" decays. The invariant mass M of the D7~ pair is
required to be larger than 2050 MeV (natural units with i = ¢ = 1 are used throughout)
to veto the majority of the D*(2010)~ contribution from the B® — D*~ D} decay. A
multivariate classifier, based on a boosted decision tree (BDT) [37,,38] algorithm in the
TMVA toolkit [39], is employed to reduce combinatorial backgrounds. In addition, non-
double-charm backgrounds are reduced by requirements on the D meson mass and by
requiring a significant flight distance of the reconstructed D candidates from the B decay
vertex.

!Charge conjugation is implied throughout this Letter.
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Figure 1: Dalitz plots of (a) B — D°Df7n~ and (b) BT — D~ Dfnt decays after the full
selection is applied.

After the above selections, 4009 B® — D°Df7~ candidates and 3750 B* — D~ D} n+
candidates are retained. Extended maximum likelihood fits are performed to the D°Df 7~
and D™D} 7t invariant-mass distributions separately in order to extract signal yields, all
in the range [5230, 5630] MeV. The purities of the B* — D°Df 7~ and B* — D~ D}
samples are 90.7% and 95.2%, respectively. Dalitz plots for the two decays, shown in
Fig. |1, show similar features as a result of the isospin symmetry of the decays, indicating
the feasibility of a combined treatment. The vertical band at M?(Dr) =~ 6 GeV? corre-
sponds to the JP = 2% state D3(2460) (Dy*(2460) in B® — D°Din~ and D,(2460)° in
B* — D~ Df7" decays). Furthermore, a faint horizontal band at M?(Df7) ~ 8.5 GeV?
is visible in both plots.

The conventional contributions anticipated in the two decays include tails from
the D*(2010)~ and D*(2007)° resonances in B* — D~ Df7* and B° — D°Dfr~ de-
cays, respectively, in addition to the higher excited D,*(2460), D;*(2600), D3*(2750),
D;*(2760) and D(3000) states @ In previous measurements, only the neutral
D7(2600)°, D;(2760)° and D(3000)° mesons were observed, while their charged part-
ners were not. For the Dm S-wave components, a quasi-model-independent (QMI)
method is applied where 11 spline points are chosen in the M (D7) spectrum, at
(1.9,2.0,2.1,2.2,2.3,2.4,2.5,2.6,2.7,2.9,3.4) GeV. As isospin symmetry is imposed, these
excited D" states are added in both channels before testing the exotic states decaying
either to the Df 7 or DD} final state.

The complex amplitude A;(x; ©;) for the decay through each intermediate state i is
constructed using the helicity formalism, where = denotes variables calculated from the
four-momenta of the final-state particles in each event, and © is a set of model parameters.
A relativistic Breit—Wigner function is used to describe the lineshape of the resonant states,
where the resonant parameters are fixed to their known values @ The total amplitude
A(z;©) is the sum of the complex amplitudes for each contribution. The spin-parity of
the D(3000)° state is currently unknown. The 4% spin-parity assignment is found to be
the most likely and is used in the default model here. In the QMI component, the
amplitudes of the first and last spline points are fixed to 0.

A negative-log-likelihood, — Zjv In P (z;;0), is minimized to determine the fit pa-
rameters, where N denotes the number of B meson candidates. The probability density
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Figure 2: Distributions of (a) M(D%x~); (b) M(DFn™); (c) M(D°D}) for the D components
of the B = D°Df 7~ candidates; and (d) M(D~7"); (e) M(D}="); (f) M(D~D}) of the
Bt — D™D} r" candidates. The data are overlaid with the results of the fits.

function, PDF, is defined as

P(2;0) = fug - Pig™ (:0) + forg - By (), (1)

sig

where the fractions are determined from the fit to the invariant mass distribution of B
candidates. The normalized PDF for the signal is expressed as

€(x)|A(z;:0)

B0 =" ey )

sig

The factor I, (©) is the signal PDF normalisation, obtained using a simulated sample
generated uniformly over the phase space. The efficiency map, €(x), is the signal efficiency
derived from the simulated samples after applying all the selection criteria, and smoothed
using a kernel density estimation method [40]. The background PDF is obtained from
the Dalitz plot distribution of data in the ranges [5400,5700] MeV for BT decays, and
[5500, 5700] MeV for B decays to avoid tails from B? — D°Df 7~ decays. The extrapola-
tion into the signal region of |M(B) —m(B)| < 20 MeV is based on a Gaussian process [41].
Here M(B) and m(B) are the candidate mass and known mass [6] of BY or B* mesons.
A simultaneous fit is performed to the two decay samples, where all parameters are
shared except the masses, widths and complex parameters of different excited D*(2007)°
and D*(2010)~ states. The projections of the fit results are shown in Fig. |2, only taking
Dr components into account. The models describe the data well in the different invariant
mass projections, except for the M (D} ) distributions, where peaking structures near
2.9GeV in the data cannot be attributed to any D7 component. Additional fits are
attempted where new D* states with different spin-parities are added, allowing their
masses and widths to vary freely, but no satisfactory description of this region is found.
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Figure 3: Distributions of (a) M(Df7n~) of B — DD}~ decays; and (b) M (DS =) for the
Bt — D™D} rt sample. The data are overlaid with the fit results with the inclusion of the new
0% D resonant states.

Two D}r states are introduced and, under isospin symmetry, they share the following
resonance parameters: the complex amplitude factor, the mass and the width of the states.
The M (D) distributions of the fit results are shown in Fig. , while the other projections
are shown in Fig. |[S1| of the Supplemental Material [42]. Figure [S2|of the Supplemental
Material [42] shows the fit projection onto M (D} 7) with and without the additional
D}r states in the region of M (D) > 2.7 GeV, where most of the D** contributions are
suppressed. The peaks in the M (D} ) distribution near 2.9 GeV, as well as the dip near
3.0 GeV, are better described.

Different spin-parity scenarios are tested. The result with J© = 0T Dfr states
produces the best likelihood, and is taken as the default fit result. The mass and width
are determined to be 2.909 4+ 0.010 GeV and 0.134 + 0.019 GeV, respectively. The other
parameters of the result are given in Table [S1|of the Supplemental Material [42]. Following
the convention in Ref. [43], the new states are named T\%,(2900)° and T\%,(2900)"*. The
M (Dgm) mass resolution is estimated to be approximately 4 MeV near the 7'%,(2900)
measured mass, which is much smaller than the width of the 7%,(2900) state, and
is therefore neglected. When using separate parameters for the 7%,(2900)° state in
B® — D°D}n~ decays and the T%,(2900)* state in B* — D~D#r*t decays, without
changing the treatment of the other states, the masses and widths are found to be
2.894 4+ 0.011 GeV and 0.121 + 0.020 GeV for the T%,(2900)° state, and 2.922 4+ 0.012 GeV
and 0.138 +0.029 GeV for the T%,(2900)"* state. The fit parameters are consistent with
the earlier result, as expected given the isospin symmetry of the decays.

To estimate the significance of the new 7/%,(2900) state, pseudoexperiments are
generated without the state, and fitted both with and without the T7/%,(2900) state. The
sample size of each pseudoexperiment is Poisson-fluctuated around the number of the
observed candidates. Events are generated in the six channels separately, modeled by their
individual background and efficiency maps. The doubled difference of the log-likelihood
2ALL of the two fit results should follow a x? distribution, where the number of degrees
of freedom Ny is a fit parameter. Using 500 pseudoexperiments, Ny¢ is determined to
be 6.99 4= 0.17. In the obtained y? distribution, the value of 2ALL from collision data
corresponds to a significance greater than 9 standard deviations (o).

Among other tested J¥ hypotheses beyond the default 07, only the 1= D7 state
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Figure 4: Spin analysis for the J” = 07 hypothesis over J” = 1~. The solid blue and black
dashed histograms are the distributions of the 2ALL of the pseudoexperiments based on the fit
results with the 07 and 1 hypotheses, respectively. The purple vertical line shows the 2ALL of
the data fitted with the new D} 7 exotic state under the J* = 0% and J¥ = 1~ hypotheses. The
red curve shows the result of a fit with the Gaussian function to the black dashed histogram.

leads to a large significance of 6.3 0 (Ngr = 6.99), while the other cases are not significant.
A test of the hypothesis with the simultaneous presence of a 07 T%,(2900) state and a
17 D state yields a significance of 1.3 (Ng = 6.99), suggesting there is no need in
this analysis to include it. Additional D7, D7 and DD resonances with spin-parity
hypotheses up to 41 are tested with and without the 7%,(2900) exotic states, and all are
disfavored.

Pseudoexperiments are performed to confirm the spin-parity of the 7%,(2900) state.
A set of 500 pseudoexperiments is generated from the default fit results, another 500
pseudoexperiments are generated from the fit results with a 1= D7 exotic state included.
Each pseudoexperiment distribution is fitted both under the J¥ = 0% hypothesis and
JP =1~ hypothesis, and the 2ALL are evaluated, shown in Fig. . The 2ALL value in
data corresponds to a significance of about 7.5¢. This demonstrates that the JZ = 0F
hypothesis for the T%,(2900) state is favored with a high significance.

The Argand diagram [6] of the 7/%,(2900) state, which is expected to have a circular
form, is shown in Fig. [5l An additional fit, in which the Breit—Wigner lineshape of the
T%,(2900) state is replaced by seven spline points on M (D), is performed. The complex
factor associated to each point is free to vary. The lineshape of the D7 spline model,
also shown in Fig. ], is consistent with the Breit—-Wigner lineshape, and further supports
the resonant character of the T%,(2900) state.

The sources of systematic uncertainty in the amplitude analysis fall into four categories:
the B meson signal yields, the background model, the efficiency map, and the fixed
parameters in the fit. The dominant systematic uncertainties arise from the fixed Blatt-
Weisskopf radius and D* resonant parameters. Systematic uncertainties due to the Blatt-
Weisskopf radius are estimated by varying the parameter from 3.0 GeV ™! to 1.5 GeV ™! and
4.5GeV ™!, Systematic uncertainties associated with the fixed D* parameters include those
related to the masses and widths of the D* resonances, which are allowed to vary but are

constrained to their measured values according to their uncertainties. The spline points
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are shifted by £10MeV, and the number of spline points is varied by 41 to explore their
impact. The J¥ hypothesis of the D(3000) state is changed to 2%, the next most probable
JP hypothesis, in the systematic uncertainty study. The total systematic uncertainty is
determined by combining all contributions in quadrature. The minimal significance during
the variation of the sources of systematic uncertainties is taken as the final significance of
the resonance. Possible biases of fit parameters are studied with pseudoexperiments. A set
of 500 pseudoexperiments is generated with the default fit results, and fitted with the same
model. The distribution of each fit parameter is fitted with a Gaussian function. Both the
residual (fpseudo — Hdefaurt) and pull distributions (Upsendo — fdefault)/Tpseudo are obtained
from the pseudoexperiments, and used to correct the mean values and uncertainties of
the fit results.

In summary, a combined amplitude analysis of the B® — D°Df 7~ and B* — D~ D} =+
decays is performed, under the assumption of isospin symmetry, to determine the con-
tributions of intermediate states in the decays. Considering only resonant contributions
of D* mesons, the M (D) distributions in the two B decay channels are well modelled,
but in the M (D7) projection of each channel, peaking structures near 2.9 GeV are not
well described. T'wo new Dym exotic resonances are included in the fit model. Assuming
the neutral D} 7~ resonance and the doubly charged D} 7" resonance belong to the same
isospin triplet, the common mass and width are determined to be

M = 2.908 £ 0.011 + 0.020 GeV,
['=0.136 + 0.023 £ 0.013 GeV,

where the first and second uncertainties are statistical and systematic, respectively. The
spin-parity is determined to be 0% with a significance of about 7.5 ¢ with respect to the
1~ hypothesis. After considering the systematic uncertainties, the significance of the



T2,(2900) state is estimated to be greater than 9o, taking into account the look-elsewhere

effect. Meanwhile, amplitude fits with separate T%,(2900)% and T'%,(2900) ™ resonance

c50 c50
parameters are also performed. The masses and widths of the two resonances are

a
Tc§0

(2900)° : M = 2.892 4 0.014 + 0.015 GeV,

['=0.119 £ 0.026 4- 0.013 GeV,
(2900)" : M = 2.921 4 0.017 % 0.020 GeV,
[ = 0.137 4 0.032 £ 0.017 GeV,

T(l

cs0

which are in good agreement. The significance of the two resonances is found to be
8.00 (Ngt = 7.29) for the T%(2900)° state and 6.5¢ (Ng; = 8.53) for the T%,(2900)*"
state, including systematic effects. The additional details are described in Ref. [36]. This
is the first observation of a doubly charged tetraquark candidate, T%,(2900)** ([c5ud)),
and of its neutral isospin partner, T%,(2900)°([csud]). They belong to a new type of
open-charm tetraquark states with ¢ and § quarks. The obtained mass of the 7)%,(2900)
state is consistent with that of another 0% open-charm tetraquark, the X,(2900)°([estid))
state discovered in the DT K~ final state [19,20], but their widths and flavor contents
are different. The observation of the T'%,(2900) states is a significant step in the study of

c50
exotic hadron spectroscopy.



1 Supplemental Material

Table [51] summarizes the fit parameters and fit fractions of the resonances in the simulta-
neous fit. Figure |S1|shows the M (Dn) and M (DD/) distributions, and the results of the
default fit are overlaid.

Table S1: Amplitude, phase and fit fraction of each component in the result of the simultaneous
fit. The values are corrected for systematic biases as described in the text. The first and second
uncertainties are statistical and systematic, respectively.

Particle Amplitude Phase BY Fraction (%) BT Fraction (%)
Tg§0(2900) 0.149£0.031 +0.031 —1.26+0.22+0.35 2.454+0.65+0.84 2.554+0.64 +0.83
D*(?OO'?)O 2.584+0.11+1.07 —3.01+£0.064+0.31 - 14.0+1.1+2.7
D*(2010)~ 3.05£0.11+0.48 —2.91+£0.06£0.28 17.0+£1.0+£2.4 -
D3(2460) 1 0 22.35+0.76+£0.74 22.53+£0.744+0.54
Di(2600) 0.218 £0.030 +0.051 0.134+0.16 £0.22 1.28 +0.39 £ 0.60 1.32+0.384+0.59
D§(2750) 0.153 +0.032 +0.040 —2.80+£0.19+£0.60 0.32+0.15+0.21 0.33+£0.144+0.20
D5 (2760) 0.11940.044 +0.153 —0.18+£0.34+1.01 0.26+0.27+£1.37 0.284+0.26 +1.35
Dj(?)OOO) 1.444+0.23+1.15 1.40+£0.23+1.33 0.454+0.16£0.34 0.46+0.15+0.33
D7m S-wave 1.142+£0.0454+0.083 —0.972+0.04540.084 44.94+1.9+3.6 48.3+1.8£3.5
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results.
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PRL Justification

The discoveries of a doubly charged tetraquark candidate with four different quark flavors,
T%,(2900)" ", and its neutral isospin partner, T%,(2900)°, are reported in this Letter.
The parameters of the isospin triplet of exotic mesons are determined by performing a
combined amplitude analysis of the B® — D°DF7~ and B¥ — D~ Df7n" decays. It is the
first observation of a doubly charged exotic meson, which can lead to better understanding
of the structure of exotic states.
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