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A study of resonant structures in BY — D**D~K" and B™ — D*” D" K™ decays is performed, using
proton-proton collision data at center-of-mass energies of /s = 7, 8, and 13 TeV recorded by the LHCb

experiment, corresponding to an integrated luminosity of 9 fb~!. A simultaneous amplitude fit is performed
to the two channels with contributions from resonances decaying to D*~D™" and D** D~ states linked by C
parity. This procedure allows the C parities of resonances in the D**D¥ mass spectra to be determined.
Four charmonium or charmoniumlike states are observed decaying into D**D¥: 5.(3945), h.(4000),
%¢1(4010), and h,(4300), with quantum numbers J7¢ equal to 0~F, 1=, 17+, and 17, respectively. At
least three of these states have not been observed previously. In addition, the existence of the T, (2870)°

and T%,(2900)° resonances in the D~ K* mass spectrum, already observed in the BY — D*D~K™ decay,

is confirmed in a different production channel.

DOI: 10.1103/PhysRevLett.133.131902

The observation of two open-charmed resonant struc-
tures 73:0(2870)°, and T3,(2900)° consistent with
tetraquark states with minimal quark content [¢ 5 ud],
was reported by the LHCb Collaboration in the
BT - DYD K" decay [1,2]. (The inclusion of charge
conjugate processes is implied throughout the Letter, unless
otherwise specified. The hadron naming scheme of Ref. [3]
is used.) Confirmation of these states in other processes is
critical to further establish their existence and improve
understanding of their nature. Later, a pair of open-charmed
exotic hadrons, one doubly charged and one neutral, was
observed decaying to Dfz* in the BY - DD} z* and
B® — DD}z processes, with quark contents [c5ud] and
[csad] [4,5], respectively. The BT — D**D~K" and
BT — D*"DtK™ decays are clean processes to search
for open-charmed exotic states, as conventional excited D
mesons can not be formed in them. In addition, these
decays are useful for investigation of charmonium or
charmoniumlike states decaying into D**DF. Among
the observed charmonium(like) states, more than a dozen
cannot be interpreted as ¢¢ charmonium states in the quark
model [6-8]. However, few measurements have been
made of charmonium(like) states decaying to D**DT.
In the studies that have been performed, the X(3940)
state was seen in ete” — J/wD**/* D%~ [9,10], and the
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T,:1(3900)° state was seen in ete™ — 72°D*%/* D%~ [11]
processes, both of which exploit e*e™ annihilations and
therefore cannot be used to explore the full possible range
of JP€ quantum numbers. Studies in B decays are of special
interest as the different production mechanism to that of
e"e™ collisions may affect the rates of charmonium(like)
states, providing opportunities to both understand the
nature of already observed states and to uncover new ones.

In this Letter, the results of a simultaneous analysis of the
B* — D**D K" and B* — D*"D*K™" decays are pre-
sented. The analysis is based on proton-proton (pp)
collision data collected by the LHCb experiment, corre-
sponding to an integrated luminosity of 9 fb~!. Because
of C-parity conservation in strong decays, any single
charmonium(like) resonance R must contribute equally
to the BT - R(D**D)K" and Bt - R(D*"D")K"
processes, but interference between resonances with
different C parity can result in differences between the
two final states. By linking the decay amplitudes for
BT - R(D**D7)K* and B* — R(D*"D*)K" by C par-
ity, one can determine the C parities of the resonances. This
method is implemented for the first time in the analysis
reported here.

The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < 57 < 5, described in
detail in Refs. [12,13]. 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. In the simulation, pp
collisions are generated using PYTHIA [14] with a specific
LHCb configuration [15]. Decays of unstable particles are
described by EwvtGen [16], in which final-state radiation
is generated using PHOTOS [17]. The interaction of the
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generated particles with the detector and its response are
implemented using the GEANT4 toolkit [18] as described
in Ref. [19].

The same selection criteria as in a previous measurement
of the branching fractions of BT — D**D~K* and
BT — D*”DTK™ decays [20] are used. Charmed mesons
are reconstructed using the D*~ — D%z, D - K*z~,
D’ - Kt~z 7", and D~ — KTz~ zn~ decays. Pre-
selections are applied to identify well-reconstructed tracks
displaced from primary vertices of pp collisions and with
large transverse momenta. Charmed meson candidates are
required to have reconstructed masses consistent with the
known values [6] and to have high-quality reconstructed
vertices. Requirements are also applied on the quality of
the B-candidate decay vertex and its displacement from
any primary vertex. A multivariate classifier, based on
a boosted decision tree [21,22] algorithm in the TMVA
toolkit [23], is employed to further reduce combinatorial
backgrounds using topological and particle identifica-
tion information. In addition, backgrounds with one or
zero charmed mesons in the final states are reduced by
requiring the reconstructed D%+ candidates to have a
significant flight distance from the B* decay vertex. The
selected sample is divided into subsamples corresponding
to two LHC run periods and different D° and B* decay
modes. For each subsample, a fit is performed to
the M(D**DTK™") distribution in the mass range
[5210,5390] MeV to estimate the background fraction,
fre» in the signal region defined as M(D**D¥K")e
[5260, 5300] MeV, as done in the previous branching
fraction measurement [20]. (Natural units with 2z =c =1
|

A =TT A+

jER(D*:D¥)

1-d
RS

jE€R(D*=D7)

where d = +1 for BT — D*"DTK™ decays and d = —1
for Bt — D**D~K™" decays. The C parity of the resonance
R is denoted as C;. The branching fractions of B* — RK™
decays followed by R — D**D~ and R — D*~ D™ states
are equal, guaranteed by C-parity conservation in strong
decays of the resonance R. No such constraints are applied
on the amplitudes for resonances decaying into D*TK™* or
D*K™* states. The complex coefficients ik are deter-
mined from the fit to data, with one of them fixed to unity as
a reference. The amplitude of each resonance, A;/;/;(x), is
constructed using the helicity formalism.

are used throughout the Letter.) In total, 1636 £43
and 1772 =+ 44 signal decays are found in the signal region
for the B™ - D**D"K* and B"™ — D*"DTK"' decay
modes, respectively, both with a background fraction of
around 5%.

A subsequent amplitude fit, using an unbinned maxi-
mum-likelihood method, is performed simultaneously on
the four subsamples. The log-likelihood (LL) for each
subsample is defined as

T AP B(x)
k=31 a Jod) TG Pex)ade) * e e |
1)

where x; is a point in the phase space (®) for candidate i
of the considered decay. The normalization factors are
calculated using simulated samples [24], from which the
efficiency e(x) is obtained by applying the same criteria as
used for data, and correcting for data-simulation differences
in the particle identification [25], tracking [26], and trigger
response [27]. The background fraction fy, is fixed to the
value from the preceding mass fit. The function B(x) is the
background probability density function. The background
probability density function is modeled using candidates in
the B-candidate mass sideband regions, M(D**D¥K") €
[5220, 5240] or [5320, 5340] MeV.

The amplitude A(x) is the coherent sum of all resonant
and nonresonant (NR) contributions, denoted with sub-
scripts j, k, [ for resonances decaying into different final
states,

> crAx(x)
keR(DK*.D*K")

cA(x) o, (2)
leR(D*K* D K*)

Both S-wave and D-wave amplitudes contribute signifi-
cantly to the decays R — D**D¥ when R has spin parity
JP =1%. The line shapes for these partial waves are
described by

B Ys/D
frs/p(m) = m} — m* — img[yils(m) + ypTp(m)]’ e

where yg and yp denote S- and D-wave coupling
constants determined from the fit, with normalization
condition 7% +y7 = 1. The mass-dependent width is
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Distributions of two-body invariant masses. (a) M(D*~D™"), (c) M(D*K"), and () M(D*"K*) in the Bt - D*"DTK™"

sample; (b) M(D"D™), (d) M(D~K*), and (e) M(D**K") in the B" — D*"D~ K" sample. The fit results (red solid lines) are overlaid
on the data distributions. Contributions from different components are also shown in different line styles as indicated in the legend. The
result of fitting the data using a model without the /.(4000), y.;(4010), and /.(4300) components (reference fit) is shown with green

dotted lines for comparison.

[(m) = To(mo/m)(q/0)* ' BA(q. go. d). where I corre-
sponds to the angular momentum between the two decay
products of the resonance R, Bj(q.qq.d) is the Blatt-
Weisskopf barrier factor [28] with d = 3.0 GeV~!, ¢ (o)
denotes the momentum of the decay products in the rest
frame of the resonance at the reconstructed mass m
(pole mass my), and T’y is the width of the resonance.
For all other resonances, the Breit-Wigner function
fr(m) =1/[m} —m? —imeI'(m)] is used. An ad hoc
formula [29] is used to calculate g if m is smaller than
the M(D**D¥) threshold.

A large range of possible models are fitted to data, with
the LL value used as the primary measure of relative
goodness of fit, assisted by binned y? tests. The final
baseline model includes only components that are found
to have significances above S5c. The significance is
determined either based on LL difference between fits
including or not the component if the added resonance

was not observed before, or using ensembles of pseudo-
experiments to take into account “look-elsewhere effects”
if not [30,31].

The outcome of the fit with the baseline model is
compared to data in Fig. 1, where clear differences are
seen in the M(D**D~) and M(D*"D™) spectra around
4.0 GeV due to different interference behaviors. Numerical
results and a list of the resonances included in the model are
given in Table I. The parameters of the y.,(3930), y(4040),
T%.,(2870)°, and T% -, (2900)° resonances are fixed to their
known values [6], while those of other states are allowed to
vary freely in the fit.

At the D**D7 threshold, a 11 contribution is needed to
describe the spectrum. Different effective models (EFF;++)
are tried including exponential NR line shapes and tails of a
%c1(3872) component modeled by Eq. (3) with mass and
width parameters fixed to the known values [6]. These two
line shapes give similar fit qualities. A model-independent
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TABLE 1.

Resonant and nonresonant components included in the baseline fit and their spin parities, fit fractions,

and product branching fractions [B(Bt — RC) x B(R — AB)], where A, B, C are the three final-state particles. To
obtain the branching fractions, including both R — D*TD~ and R — D*~ D™, the values in the table should be
multiplied by a factor of 2. The first uncertainties are statistical, estimated with a bootstrap method [32], the second
are systematic, and the third are from the uncertainty of the B* — D** D~ K™ branching fraction. The masses and
widths of the resonances marked with the T symbol are fixed to their known values [6].

Fit fraction [%]

Fit fraction [%]

Component JP©) BT —» D**D KT BT —» D*"DYK™ Branching fraction [1074]
EFF, ++ I+ 109733 57 9.9%0 11 0.74%508 Toria & 0.07
1c(3943) 0~ 34795 %07 3.1205 a4 0.23%)57 T3 & 0.02
2:2(3930)° 2+ 18703709 17703109 0121083 08¢ + 0,01
h(4000) I 5.1%8 “o3 4.6%57 507 0.35%505 o5 + 0.03
£:1(4010) I 101538247 0,173 12 069233 *417 +0.06
(40401 1= 28703 %03 26793 704 0.19:08% 100% & 0.02
h.(4300) " 12503 103 L1553 503 0.08%555 oot + 0.01
T:.,(2870)0,F 0" 6.51)5 112 0.457500 040 +£0.04
T%5,(2900)" 1- 555516 0.382007 4019 £ 0.03
NR—(D"FD%) = 204558434 18,5505 553 1397048 T17 £ 0.12
NR,-(D7DF) 0 1229258 LI 23S 0082885 2352 + 001
NR;++ (D*TD¥) 1 17.8519 53¢ 16.17]7 53 1215013 502 £ 0.11
NRy-+ (D**D*) o 15.953 133 1455750 1097955 1933 + 0.09

partial wave approach is also attempted, which results in a
similar line shape but with large uncertainties due to the
increased number of parameters. The shape based on
the x.1(3872) tail is used in the baseline model. It
should be stressed that this is considered as an effective
model, rather than a description of genuine off-shell
2c1(3872) —» D**DT decays. A fit in which the mass
and width parameters in Eq. (3) are free to vary fails
due to very large interference with other 1+ states. More-
over, the measured B* — EFF,.+ K+, EFF++ — D**D¥
branching fraction is determined to be (1.48f8_‘§‘51) x 1074,
where all uncertainties are summed in quadrature. This
value is larger than the measured branching fraction of
BT = y.(3872)K", x.1(3872) — D*°D° D*°D® [33],
(0.80 +0.23) x 10~*. Considering the smaller phase space
available for y.,(3872) — D**DT decays, this indicates
the contribution has a more complicated nature.

Four NR contributions are included to describe the
M(D**+D7) spectrum. The NR line shapes are fz(m) = 1
except for NRy-+, which is described by fr(m)=
el@tP(m*=mg) with my = 4.35 GeV. The parameters a
and f are determined from the fit to data to be 0.11 +
0.03 GeV~2 and —0.34 + 0.05 GeV~2, respectively, where
the uncertainty is statistical only. For the NR++ contribu-
tion, only the S-wave component is considered. The NR
contributions amount to about 50% of the total fit fraction.
Alternative models with fewer NR contributions, or NR
amplitudes in the one or more of the D¥*K* systems,

are attempted but none provide agreement with the data
comparable or better than that of the baseline model.
The two resonant contributions, 77.,(2870)° and

T:.,(2900)°, found in B* — DTD~K*' decays, are
included in the Bt — D*"D~K* model to describe the
enhancement seen in Fig. 1(e). The statistical significances
of the T%.,(2870)°, and T%,(2900)° states are found to
be 1lc and 9.20, respectively, thus confirming their
existence in a new decay channel. If their parameters are
left free in the fit, their values show some tension with
the previous measurements, at the level of about 2o
when accounting for correlations, as seen in Table II. In
addition, the ratio of the T3;,(2870)°% and T3 ,(2900)°
branching fractions in this analysis is considerably larger
than in the previous work. These tensions in the 732,
properties between B* — T:0 D" and B* — T3 D**
decays may give further hints on the T;%O.l production
mechanism.

The decay T73.,(2870)°, - D*“K* is forbidden by
spin-parity conservation, while no clear contribution from
T%.,(2900)° is seen in Fig. 1(c). An upper limit on the fit
fraction of BY — T3;,(2900)°D ™", T3 .,(2900)° - D*~K*
of 1.5% 1is set at 95% confidence level with statistical
uncertainty only. This corresponds to an upper limit on
B[T%,(2900)° — D*~K*]/B|[T;:,(2900)° - D-K*] of
0.21 at 95% confidence level, using known values of the
BT - DTD™K' and BT — D*”DTK™ branching frac-
tions [6,20]. Similarly, an upper limit on the fit fraction
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TABLE II.

Comparison of the Tz_g 0.1 properties obtained in this work to those found previously in BT - D"D™ K" decays [2]. In the

branching fractions determined in this work, the Tg%m masses and widths are fixed to the previously measured values [2]. The

branching fractions include the contributions of the 7% 0.1 decays.

Property This work Previous work
T:.,(2870)°, mass [MeV] 2914+ 11 £ 15 2866 + 7
T:.,(2870)°, width [MeV] 128 £22 £ 23 57+ 13
T%:,(2900)° mass [MeV] 2887 £8+£6 2904 +5
T%,(2900)° width [MeV] 92+ 16 £ 16 110+ 12

B[B* — T:,(2870)°,D)+]
B[B* — T%.,(2900)°D™)]
{B[B* = T%,,(2870)°, D¥*]/B[BT — T%,(2900)°D™)+]}

(4.5108 190 £ 0.4) x 107
(3.8107 16+ 0.3) x 107
1.17+£0.31 +0.48

(124£0.5) x 1073
(6.7+£23)x 1073
0.18 £0.05

of BT — T7,,(2900)""D*", T:,,(2900)** - DTK* of
3.3% is set at 95% confidence level.

In addition to the contributions discussed above, four
extra charmonium(like) resonances are needed to describe
the spectrum: 7,.(3945), h.(4000), x.(4010), and
h.(4300), with statistical significances found to be 100,
9.16, 160, and 6.40, respectively. When considering
systematic uncertainties, the significance for the least
significant, %.(4300), is 6.16. Their quantum numbers
JPC are determined to be 0~F, 17—, 1+, and 17,
respectively, with alternative JPC values rejected with
statistical significances of more than 5.7¢, while other
measured properties are summarized in Table III. The
assigned symbols are those for I = 0 states [3], as expected
for charmonium resonances produced in BY — D**DTK*
decays, but the isospin quantum number is not measured
and exotic contributions are possible [35,36]. The mass and
width of the 7. (3945) resonance agree reasonably well with
those of the previously reported X(3940) state [9,10].
Given the measured quantum numbers, the state could
be the 7.(3S) state predicted in Ref. [34].

The fit results without the %.(4000), y.(4010), and
h.(4300) components are shown in Fig. 1 as green dashed

TABLE III.

lines. The %.(4000) and y.;(4010) states are required to
describe the discrepancy in M (D*D) around 4.0 GeV while
the £,.(4300) component is needed for the discrepancy
around 4.3 GeV. The h.(4000) state has C = —1, which
generates a distinctive interference pattern with the 17+
contributions, while the y.;(4010) component is required
to describe the remaining discrepancy in this region (see
Supplemental Material [39] for further details). The
h.(4000) and h.(4300) resonances are potential candidates
for the h.(2P) and h.(3P) states, respectively, and are the
first reported candidates for these two charmonium states.
The h,(4000) width is much larger than that of the charged
T.:(4020)° state found by the BESIII Collaboration [37].
The y.(4274) state reported in Ref. [38], has mass and
width close to those of the /,.(4300) resonance but with
different C parity. These are therefore likely to correspond
to different charmonium states.

The y.,(4010) resonance has the expected J*¢ quantum
numbers of a y.; state. Its mass is, however, larger than
those of the y.(3872) and y.,(3930) states, and smaller
than those of the y.(4140) and y.,(4274) states. This
may indicate that the y.(4010) structure has exotic
contributions [40-42].

Comparison of the charmonium(like) states found in this analysis with previously known states and the expected c¢

charmonium states with relevant J°¢ quantum numbers as predicted in Ref. [34]. Units of MeV for masses and widths are implied.

This work Known states [6] cc prediction [34]
nc(3945) JPC =0+ X(3940) [9,10] JPC — 9 1.(3S) JPC — o+
my = 3945138 37 Ty = 130732 19 my=3942+9 T, =372 mg = 4064 Iy =80
h(4000) JPC =1+ T.:(4020)° [37] JPC = - h.(2P) JPC — 1+
my = 4000117 2 [y = 184771 477 my=4025520431 T, =230+£60+£1.0  my=23956 Ty =287
Xc1(4010) JPC =1+t 2e1(2P) JPC = 1+
my =40125535 31 1y =62.71]0 184 mo = 3953 [y = 165
h.(4300) JPC = 1+= h.(3P) JPC — 1+
my = 43073784 133 [y =>5878+8 my = 4318 =75

2.(4274) [38] JPC = 1++ 201 (3P) JPC = 1++
my = 4294 4 479 [h=53+5+5 my = 4317 Iy =39

131902-5
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The agreement between the data and the baseline model
is not perfect, with disagreements in two regions notable
in Fig. 1. Firstly, an additional structure is seen around
4.4 GeV in the M(D*~ D) spectrum in Fig. 1(a), but not in
the M(D**D™) distribution in Fig. 1(d). A new state is
added to the model to test the significance of this structure.
The best fit is obtained with mass 4462 4+ 13 MeV, width
67 £ 18 MeV and JP¢ = 1**, where uncertainties are
statistical only. The significance of this contribution is
3.70, and thus it is not included in the baseline model.
The mass and width of this contribution are close to those
of the Tz, (4430)° state; however, the charge and C parity
are different. If the properties (except charge, C parity, and
isospin) are fixed to those of the T.:;(4430)° state, the
statistical significance of the component is 3.9, a higher
significance compared to when those parameters are free in
the fit since the look-elsewhere effect is not considered in
this case.

Secondly, the baseline model exceeds the M(D*~K™)
data points in a broad range around 2.7 GeV in Fig. 1(c). If
an additional D*~K™* resonance is added to the model to
address this, the fit is unstable with the width taking very
large values due to interference with the NR(-+ (D*T D)
component. In a fit with the mass and width fixed to
2750 MeV and 100 MeV, respectively, the largest LL value
improvement is around 30 units when the quantum num-
bers are J¥ = 1. This indicates a deficiency with the
baseline model, which is treated as a source of systematic
uncertainty since it is not possible to establish whether it is
due to an additional resonance or a mismodeling of one or
more of the NR components.

Other previously observed states [43], including the
w(4160), y.1(4274), w(4415), and w(4660) resonances
are also tested in the fit, but only improve the fit quality
marginally and are therefore not included in the baseline fit
model. Other possible contributions with free mass and
width under different J¥C assumptions are also tested, and
none of them improve the fit quality significantly.

The overall goodness of fit is quantified using binned >
tests and the unbinned nearest neighbor method of
Refs. [44,45]. These confirm the imperfect agreement
between the data and the baseline model, with some
metrics falling outside the 95% confidence level for the
Bt - D*"D*tK" mode. Acceptable goodness of fit, by
these metrics, is obtained when the extra components
mentioned above are included in the model. Since these
potential extra components are treated as a source of
systematic uncertainty, the quantitative impact of the
discrepancies between data and the baseline fit model is
considered to be accounted for in the results.

The main contributions in the M(D**D7) distribution
are states with J¥ = 17, which include one near-threshold
contribution, three resonances, and one NR component in
the baseline model. Constructive and destructive inter-
ference effects due to the different C parities of these

’ Fit results === Ap=0,7
< F — 4
4L LHCbOM™ s
_ $ =
I .+§ ____________ S
S —
< S
2+ = .
= 5
NPT T X S = A N
N T %
S .
State”

FIG. 2. Results of the C-parity determination, where C; = +1
is replaced by exp(iA¢;). Uncertainties are statistical only.

contributions cause very different structures in Figs. 1(a)
and 1(d). To validate the C-parity relationship, a further test
is performed, which replaces the value of C parity in Eq. (2)
with exp(iA¢), where A¢ is a free parameter for each
resonance. In this test, the EFF,++ contribution is used as a
reference to set the phase convention. Based on Eq. (2), the
phase ¢ should be either A¢p = 0 for C = + or A¢p = x for
C = —. The results are shown in Fig. 2. Clear separation
between C = + and C = — states is found, with the fit
results agreeing with the C parities assigned to the resonant
contributions. The largest tension occurs for the y(4040)
state, which has phase 2.7¢ away from the expected value
of 7 when considering statistical uncertainty only. These
results are robust against systematic variations, including
the modeling of the EFF;++ line shape.

An alternative approach to describe the threshold
enhancement is to replace the EFF;++ component with a
JPE€ = 1%~ contribution, modeled by the tail of Tz, (3900)°
state. The two states lead to the same angular distributions,
but their C parities are different. The C parities of other
contributions, except y.,(3930) and w(4040), are also
changed. The alternative fit has an LL value that is worse
than the baseline by 50 units, due to the unchanged C
parities of the well-determined y.,(3930) and y(4040)
resonances [6]. It also results in very large NR contributions
with exotic quantum numbers, which is considered un-
natural. Thus, this hypothesis is rejected. Nonetheless, it is
interesting to note that in this fit the new %.(4300) state
from the baseline solution now has J°€ = 1+, so that its
parameters agree with those of the well-established
Xc1(4274) state. Additionally, the y.(4010) properties
become close to those of the previously observed
T.:(4020)° state [37], with some tension on the width,
while the 7,.(3945) state takes exotic quantum num-
bers JP€ =07,

Systematic uncertainties due to limited precision on the
background fraction, background modeling, efficiency map
(including simulation sample size and uncertainties due
to data-simulation corrections), and fixed parameters
(i.e., resonance masses and widths) are estimated by
generating pseudovalues (or distributions) according to
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their uncertainties. The root mean squares of the fit results
obtained with the newly generated settings are assigned as
the related systematic uncertainties. Systematic uncertain-
ties due to amplitude modeling are estimated by adding
other known resonances and by adding an extra resonance
with freely varying mass and width under different J”¢
assumptions. The largest differences in fit results between
all considered scenarios are assigned as the corresponding
systematic uncertainties. The dominant systematic uncer-
tainties on all measured quantities are those due to
amplitude modeling.

In summary, a simultaneous amplitude analysis of
B* — D**DTK" decays is performed for the first time.
The analysis is based on a pp collision data sample
collected by the LHCb experiment, corresponding to an
integrated luminosity of 9 fb~!, and exploits C-parity
relations between contributions from charmonium(like)
resonances in the two final states. The results provide
new insights into charmonium(like) spectroscopy. Four
charmonium(like) ~ resonances, 7.(3945), h.(4000),
2¢1(4010), and h.(4300), decaying into D**DT, are
observed, with J”C values determined to be 0~F, 17,
17+, and 1%~, respectively. The #.(3945) resonance is
found to be consistent with the previously observed
X(3940) state, while the other three are observed for the
first time. In addition, the results confirm the existence of
the T7,(2870)°, and T, (2900)° tetraquark states in new

c
production channels, B* — D**T:%, .. The ratio of

branching fractions between B* — D**T%_,(2870)°, and
Bt — D*"T%.,(2900)° decays is larger than the corre-
sponding value in B* — D+T§20,1 decays, which may be
of interest for understanding the nature of the 7% | states.

Studies of additional B — D®*)D®K processes and new
theoretical investigations will be important to provide
further insight into the structures observed in this analysis.
This includes understanding the impacts of threshold
effects and rescattering as well as determining the isospin
of the different contributions [46].
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