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Possible signal of an exotic I = 1, J = 2 state in the B→ D∗−D+K+ reaction

Wen-Tao Lyu,1, 2, 3 Man-Yu Duan,4, 3, 5, ∗ Chu-Wen Xiao,1, 2, 6, † En Wang,3, 2, ‡ and Eulogio Oset1, 5, 3, §

1Department of Physics, Guangxi Normal University, Guilin 541004, China
2Guangxi Key Laboratory of Nuclear Physics and Technology, Guangxi Normal University, Guilin 541004, China

3School of Physics, Zhengzhou University, Zhengzhou 450001, China
4School of Physics, Southeast University, Nanjing 210094, China
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We study the B+ → D∗−D+K+ reaction, showing that a peak in the D+K+ mass distribution around 2834 MeV

reported by LHCb could be associated with a theoretical exotic state with that mass, a width of 19 MeV and

JP = 2+, stemming from the interaction of the D∗+K∗+ and D∗+s ρ
+ channels, which is a partner of the 0+

Tcs̄(2900). We show that the data is compatible with this assumption, but also see that the mass distribution

itself cannot discriminate between the spins J = 0, 1, 2 of the state. Then we evaluate the momenta of the

angular mass distribution and show that they are very different for each of the spin assumptions, and that the

momenta coming from interference terms have larger strength at the resonant energy than the peaks seen in the

angular integrated mass distribution. We make a call for the experimental determination of these magnitudes,

which has already been used by the LHCb in related decay reactions.

I. INTRODUCTION

The study of the vector vector interaction has attracted

much attention after the pioneering works of Refs. [1, 2] in the

light quark sector [3–17]. In the light quark sector the vector-

vector interaction gives rise to resonances as the f2(1270),

f0(1370), f ′
2
(1525), f0(1710), a0(1710), K∗

2
(1430). A recent

review of applications of these results to different reaction can

be found in Ref. [17]. The a0(1710) was a prediction of the

work of Ref. [2], which was found recently in Refs. [18, 19]

(see related works in Refs. [20–34]). In Ref. [3], the for-

malism of the interaction based upon the local hidden gauge

[35–39] with unitary in coupled channels, was extended to the

charm sector and several states were also generated as molec-

ular states of D∗D̄∗ or D∗sD̄∗s with different isospin and spin

J = 0, 1, 2 [40–46].

One of the interesting works, for its posterior repercus-

sion, was the one of Ref. [4]. Indeed, in this work among

other states, it was found that D∗K̄∗ in isospin I = 0 should

lead to a bound state in spin parity JP = 0+, 1+, 2+. The

J = 0+ state was little bound and the 1+, 2+, particularly the

2+ state, more bound, all of them with small width of the or-

der 20 − 50 MeV. The state with these characteristics with

0+ was found by the LHCb collaboration [47, 48], by looking

at the D−K+ invariant mass distribution, and named X0(2900)

(now called Tc̄s̄0(2870)). The state with D−K+ is clearly ex-

otic since it corresponds to a c̄s̄du quark configuration which

cannot be accommodated by a standard qq̄ state. A follow up

of this finding, refining the input of Ref. [4] to the light of

the experimental data, was done in Ref. [13], where more pre-
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cise predictions for mass and width of the unobserved 1+, 2+

states were done, suggesting the reactions where they could

be found. This issue has also had a warm reception in the re-

cent literature and work along these lines can be seen in the

references of Ref. [49].

Another prediction of an exotic state made in Ref. [4] was

a state generated by the interaction of the D∗K∗ and D∗sρ cou-

pled channels, with I = 1, which in quark language would

correspond to cs̄ud̄, once again an exotic state. The state was

obtained as a cusp between the D∗sρ and D∗K∗ thresholds. A

state of these characteristics was observed by the LHCb col-

laboration in Ref. [50] in the D+s π
−, D+s π

+ mass distributions

of the B0 → D̄0D+s π
− and B+ → D−D+s π

+ reactions. The state

is now called Tcs̄(2900) with I = 1 and JP = 0+. An up-

date of Ref. [4] of this state to the light of the LHCb data is

done in Ref. [51], where once again the Tcs̄(2900) appears as

a threshold effect of the D∗sρ channel. A follow up of works on

the issue can be seen in Refs. [52–55]. Yet, the striking thing

from the results of Ref. [51] was that the state with 1+ was

also found as a cusp, but the state with 2+ was found bound

by about 86 MeV. The stronger weight of the interaction in

the 2+ channel of the vector vector interaction is a constant

in the different problems studied, starting from the f2(1270)

generated in the ρρ interaction, which is more bound than the

f0(1370) [1].

The results of Ref. [51] concerning this 2+ state are more

reassuring when one compares them with similar, indepen-

dent studies in Ref. [16]. There a mass for this state run-

ning from 2780 − 2866 MeV, corresponding to a binding of

114−140 MeV was found. The width for this state was found

of 19 MeV in Ref. [51], while it was not evaluated in Ref. [16].

Since the results of Ref. [51] were constrained by data from

Refs. [47, 48, 50], we can consider them as a more precise

determination, and together with the width of 19 MeV, a gen-

uine prediction of a state to be observed. The success of the

observation of previous predicted states, as described above

gives us confidence about finding this state in the future.
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With this conviction we want to call the attention here

to some experimental information that provides hints of this

state. The information comes from the LHCb experiment

[56], where the authors studied the B+ → D∗−D+K+ reac-

tion among others. In Fig. 1(c) of Ref. [56] there is a promi-

nent peak in the D+K+ mass distribution, relatively narrow,

around 2835 MeV. While the errors are relatively large and

one strong fluctuation could not be excluded, the structure is

clearly visible and the coincidence of this energy with the pre-

diction of Ref. [51] makes it more intriguing. If one adds to

that a peak (with poor statistics) also visible in the D+K+ in-

variant mass distribution of the B+ → D+D−K+ reaction of

Ref. [48] in Figs. 5(d) and 6(d), the case gets further support

and we take the information of Ref. [56] to test the theoretical

predictions. We see that the predictions of the mass and width

fit well with the data, but we also see that the data does not dis-

criminate between a J = 0, 1, 2 state. In view of this, we pro-

pose to go one step forward in the experiment and construct

the moments
dΓl

dMinv
=

∫

dΩ dΓ
dMinvdΩ

Yl0, which have occasion-

ally been evaluated in experimental analyses. Indeed, in the

LHCb experiment of Ref. [48] on the B+ → D+D−K+ reac-

tion, the moments of different values of l for the different pairs

are evaluated. While the errors are big and there are obvious

fluctuations, the different moments have some clear structure.

Actually, in Ref. [24] the B+ → D+D−K+ reaction was sug-

gested to observe the JP = 2+ partner of the X0(2900) by look-

ing at the moments of the D+K+ mass distribution. In this case

there was interference of the X1(2900) with the JP = 2+ state

and a particular pattern was obtained for dΓl

dMinv
of l = 3, which

agreed remarkably well with the experimental analysis. Yet,

the case was not strong enough to make a claim, given the fact

that the LHCb analysis without the JP = 2+ state also gave a

good reproduction of the momenta [57]. In Ref. [58], the idea

was also used when studying the D+s → K+K−π+ reaction.

In the present case we have a state with 2+, far away from

the other 0+, 1+ states, and we expect only interference with a

tree level contribution. We make calculations of different mo-

ments for D+K+ up to l = 4 and see that in that case one could

discriminate between J = 0, 1, 2. The fact that we have now

B+ → D∗−D+K+ instead of B+ → D+D−K+ as in Ref. [48]

the pattern of resonance of D∗−D+ or D∗−K+ resonance, and

their possible replicas in the D+K+ mass distribution are very

different to those of D−D+, D−K+, hence, the information is

complementary, and given the bigger masses of D∗−D+ and

D∗−K+ possible resonance states compared to those of D−D+,

D−K+, the pattern of D+K+ momenta in the B+ → D∗−D+K+

reaction could be simpler than that in B+ → D+D−K+. Given

the compelling theoretical support for the 2+ state, the work

done here should be an incentive for this experimental analy-

sis to be performed.

II. FORMALISM

The process of B+ → D∗−D+K+ decay can proceed via in-

ternal emission [59] as shown in Fig. 1, for the charge con-

jugate channel. As we can see, it is possible to produce

D∗+D−K− at the tree level. Recall that originally we have

B− K−

ū

b s

c d̄ d c̄

D∗+ D−

FIG. 1: Internal emission mechanism for B− → D∗+D−K−.

B+ → D∗−D∗+K∗+ production. Since angular momentum is

conserved in the weak decay, and we have D∗+ with JP = 1−,
B− with 0−, and D∗−K∗− in S -wave, respectively, where we

need a P-wave mechanism to govern the reaction, contracting

ǫµ(D∗+) with a vector.

Coming back to B+ → D∗−D+K+ , since we want D+K+

coming from D∗+K∗+ in S -wave, producing the 2+ resonance,

which later decays in D-wave in D+K+ , then the ǫµ polariza-

tion of the D∗− has to be contracted with P
µ
B
.

Following Ref. [24] in the study of the analogous B+ →
D−D+K+ reaction, we write the amplitude for the transition

B+ → D∗−D+K+ ,

t = ǫµ(D
∗−)P

µ
B
(aY00 + bY20 + cY10), (1)

assuming that we have first produced D∗−D∗+K∗+ and then

D∗+K∗+ → D+K+ in S -wave (a term in Eq. (1)), D-wave (b

term in Eq. (1)) and P-wave (c term in Eq. (1))

The mass and angular distribution is given by

dΓ

dMinv(D+K+)dΩ̃
=

1

(2π)4

1

8M2
B

pD∗− k̃
∑

|t|2, (2)

where Ω̃ is the solid angle of D+K+ in their rest frame, and

pD∗− =
λ1/2

(

M2
B
,m2

D∗− ,M
2
inv

(D+K+)
)

2MB

,

k̃ =
λ1/2

(

M2
inv

(D+K+),m2
D
,m2

K

)

2Minv(D+K+)
, (3)

We easily find for the sum over the D∗− polarization in |t|2,

∑

|t|2 =
(

MB+

MD∗−

)2

~p2
D∗−

(

|a|2Y2
00 + |b|

2Y2
20 + |c|

2Y2
10

+ 2Re(ab∗)Y00Y20 + 2Re(ac∗)Y00Y10

+ 2Re(bc∗)Y20Y10

)

, (4)

We then define the moments ,

dΓl

dMinv

=

∫

dΩ̃
dΓ

dMinvdΩ̃
Yl0, (5)

from Eq. (2) it is easy to find the relations,
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d Γ0

dMinv

= FAC
[

|a|2 + |b|2 + |c|2
]

,

d Γ1

dMinv

= FAC

[

2 Re(ac∗) +
2
√

5
2 Re(bc∗)

]

,

d Γ2

dMinv

= FAC

[

2

7

√
5 |b|2 + 2

5

√
5 |c|2 + 2 Re(ab∗)

]

,

d Γ3

dMinv

= FAC

√

15

7

3

5
2 Re(bc∗),

d Γ4

dMinv

= FAC
6

7
|b|2, (6)

where

FAC =
1
√

4π

1

(2π)4

1

8M2
B+

~p2
D∗− pD∗− k̃

(

MB+

MD∗−

)2

. (7)

Hence,

d Γ

dMinv

=
√

4π
d Γ0

dMinv

. (8)

Equation (6) agree with Refs. [24, 60].

III. RESULTS AND DISCUSSIONS

We show the results in three different scenarios: (I), assum-

ing that we have an S -wave resonance, a , 0, b = c = 0;

(II), assuming that we have a P-wave resonance, a , 0, b = 0,

c , 0 (Note that we always keep a tree level S -wave amplitude

with a , 0); (III), assuming that we have a D-wave resonance

(our preferred choice from present theoretical calculations),

a , 0, b , 0, c = 0.

• Case I: We have now from Eq. (1)

aY00 =













a0 + a′0
M2

B

M2
inv

(D+K+) − M2
R
+ iMRΓR













Y00, (9)

where a0 stands for the tree level contribution and the

term a′
0

gives the weight of the resonance. The factor

M2
B

in Eq. (9) is put to have a0 and a′
0

with the same

dimensions. We assume in all cases that the resonance

has the mass and width found in Ref. [51] and hinted by

the experiment [56], MR = 2834 MeV, ΓR = 19 MeV.

We fit then a0 and a′
0

to the experiment.

• Case II: From Eq. (1) we have now

aY00 + cY10

= a1Y00 + c′
MBk̃

M2
inv

(D+K+) − M2
R
+ iMRΓR

Y10, (10)

where we have put the factor k̃ suited to a P-wave am-

plitude. We fit again a1 and c′ to the data on dΓ/dMinv

and then calculate the different moments.

• Case III: From Eq. (1) we have now

aY00 + bY20

= a2Y00 + b′
k̃2

M2
inv

(D+K+) − M2
R
+ iMRΓR

Y20, (11)

where, again, we implement explicitly the factor k̃2

suited to the D-wave resonance. We fit a2 and b′ to

experiment and then calculate the momenta.

Since in cases II and III, the S -wave from the background

tree level does not interfere with the P or D-wave in the angle

integrated mass distribution, then a1 and a2 are the same. In

the case I, the a0 and a′
0

terms will interfere. In the case II,

we expect to here an interference term from Re(ac∗) in d Γ1

dMinv

and d Γ3

dMinv
=

d Γ4

dMinv
= 0. In the case III, we expect d Γ1

dMinv
= 0,

and d Γ3

dMinv
= 0, while here should be an interference term from

2Re(ab∗) in d Γ2

dMinv
.
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FIG. 2: Fit to
d Γ

dMinv

(D+K+) in case I: b = c = 0.

In Fig. 2 we show the results for the fit in case I. In all cases

we have found that a good background tree level is obtained

with an empirical amplitude changing

ai → ãi

k̃

MB

, (12)

with this change we see the results in Fig. 2. We see that a fair

reproduction of the data is found with the parameters,

ã0 = 13.83 MeV−1 ,

a′0 = 5.48 × 10−4 MeV−1 . (13)

In this case all the moments d Γl

dMinv
for l , 0 are zero. One could

not rule out such a state based on d Γ
dMinv

, but the moments d Γl

dMinv

would be discriminating.

In Fig. 3 we show the results for case II, where we assume

that the state could correspond to J = 1, with the resonance
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FIG. 3: Fit to
d Γ

dMinv

(D+K+) for case II: b = 0, c , 0.

decaying in L = 1 to D+K+ . The results of the fit to d Γ
dMinv

are

also acceptable with the fit parameters,

ã1 = 13.49 MeV−1 ,

c′ = 1.75 × 10−2 MeV−1 . (14)

Now we see that the moments play a role. d Γ1

dMinv
now has an

interference pattern, going from positive to negative, and d Γ2

dMinv

always positive. Interestingly, since the interference term in
d Γ1

dMinv
is linear in c′, while d Γ2

dMinv
is quadratic in c′, the strength

of d Γ1

dMinv
is bigger than that of d Γ2

dMinv
, or d Γ

dMinv
(dividing by

√
4π).

In other words, the use of the momentum magnitude d Γ1

dMinv
has

stressed the signal of the resonance versus the one obtained

from d Γ
dMinv

.
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FIG. 4: Fit to
d Γ

dMinv

(D+K+) for case III: c = 0, b , 0.

In Fig. 4 we show the results for case III with the resonance

2+ decaying to D+K+ in D-wave. The results are similar, we

can get a good fit to d Γ
dMinv

with the parameters,

ã2 = 13.48 MeV−1 ,

b′ = 1.38 × 10−1 MeV−1 . (15)

But now it is d Γ2

dMinv
the magnitude, linear in b′, that shows

the interference and d Γ4

dMinv
is quadratic in b′. Once again the

interference magnitude has a bigger strength than
d Γ4

dMinv
, or

d Γ
dMinv

1√
4π

. We should note that we have taken ã1, ã2, c′, b′

of the same sign. Should we reverse the relative sign of c′, b′

versus ã1, ã2 the pattern of the interference magnitude is the

same except that the sign changes.

We can see that the pattern of the interference moments
d Γl

dMinv
changes from assuming a J = 1 or a J = 2 state, and

for J = 0 there are no moments except
d Γ0

dMinv
. In other words, a

careful study of the different moments associated to the angu-

lar dependent mass distribution should determine the spin of

the resonance. We think that the results found here should be

a sufficient motivation to carry on the determination of these

magnitudes, as it was done for the B+ → D−D+K+ reaction in

Ref. [48].

IV. SUMMARY

We have studied the B+ → D∗−D+K+ reaction, looking for

the contribution of a particular channel, B+ → D∗−D∗+K∗+,

with decay of D∗+K∗+ to D+K+ . The idea of the reaction

comes from the fact that in the study of the D∗+K∗+ interac-

tion with its coupled channel D∗sρ, apart from the signal for

the JP = 0+ Tcs̄(2900) state, appearing as a threshold effect

in the D∗+K∗+ and D∗sρ channels, a clear bound state is ob-

tained in the 2+ sector at 2834 MeV, bound by about 80 MeV.

This state is clearly exotic and decays to D+K+ , where it

should be observed. We call the attention to the fact that in

the LHCb experimental data for the B+ → D∗−D+K+ reac-

tion, some signal is seen precisely in the D+K+ invariant mass

distributions at that energy, and hints are also observed at the

same energy in the B+ → D−D+K+ reaction also measured

by the LHCb collaboration. We carry out fits to the data on

the D+K+ mass distribution assuming a mass of 2834 MeV

and width of 19 MeV for the resonance, as obtained by the

theory, and we find a good agreement with the data. Yet, we

also show that the invariant mass distribution by itself cannot

discriminate between having spin 0,1,2 for the resonance, and

then we propose to use the momenta associated to the angular

dependent mass distribution. These magnitudes have been de-

termined experimentally for the B+ → D−D+K+ reaction, but

not for the B+ → D∗−D+K+ one. We then calculate the dif-

ferent momenta up to l = 4 and show that they are drastically

different for each of the spin assumptions. We also show that

the momenta that involve interference of amplitudes, which is

linear with the coefficient carried by the resonance term in the

transition amplitude, have a strength bigger than the signal in

the angular integrated mass distribution, where this coefficient

appears quadratic.



5

In summary we show how the determination of the mo-

ments of the D+K+ mass distribution, can lead to learn

whether there is indeed a resonance associated with the peak

observed in the experiment, and which is the spin of the exotic

resonance.
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