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T} decays: Differential spectra and two-body final states

Sean Fleming*
Department of Physics and Astronomy, University of Arizona, Tucson, Arizona 85721, USA

Reed Hodges®' and Thomas Mehen®”
Department of Physics, Duke University, Durham, North Carolina 27708, USA

® (Received 14 September 2021; accepted 2 November 2021; published 16 December 2021)

The recently discovered tetraquark, T, has quark content ccii d and a mass that lies just below open
charm thresholds. Hence it is reasonable to expect the state to have a significant molecular component.
We calculate the decay of the T, in a molecular interpretation using effective field theory. In addition we
calculate differential spectra as a function of the invariant mass of the final state charm meson pair. These
are in good agreement with spectra measured by LHCb. We also point out that if shallow bound states of
two pseudoscalar charm mesons exist, then two-body decays to those bound states and a single pion or
photon can significantly enhance the width of the T..
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The LHCb experiment has recently observed a narrow
resonance, T, in the final state D°D%z" [1,2] (previously
announced in Refs. [3-5]). They use two different Breit-
Wigner line shapes to fit the data. Using a relativistic
P-wave two-body Breit-Wigner function with a Blatt-
Weisskopf form factor, they find the difference of the
resonance mass and the D°D** threshold, 6mpyy, and the
decay width, I'gy, to be [1,2]:

Smpy = —273 £ 61 £ 57} keV,
Ty = 410 £ 165 £ 43138 keV. (1)

When using a unitarized Breit-Wigner profile, LHCb
obtains a much smaller width [2]:

SMpge = =360 + 4015 keV,
Fpole = 48 £ 270, keV. (2)

The T, is 1.7 MeV below the D* D*° threshold. LHCb also
finds evidence for similar enhancements near the D°D° and
DD+ thresholds [3-5]. The T, clearly has the exotic
quantum numbers of a tetraquark. The closeness to the
D°D** and DT D*? thresholds suggests that the T, could
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also be molecular in character. In this paper we use effective
field theory (EFT) to calculate the decays T, — D°DOz+,
D*D%2° and D* D in the molecular scenario. We also
consider the possibility of shallow bound states of D°D°
and DD that we will refer to as 7%, and T, respectively.
If these states exist with binding energies of a few MeV
then two-body decays T, — 7°%.z" and T}, — T}.2° can
significantly enhance the width of the T}.. For early work
on doubly heavy tetraquarks, see Refs. [6—15], and for
more recent theoretical work on the T}, see Refs. [16-28].

References [16,19,22,23] have calculated partial decay
widths of T'f.. We will compare their results to ours in more
detail below. All calculations of the widths are small
compared to the central value of the width quoted in
Eq. (1); however, they are consistent with the width quoted
in Eq. (2). Clearly the extracted width is quite sensitive to
how one chooses to fit the data. It is well known that in the
presence of multiple scattering channels more complex line
shapes are required to fit the data [29] and the choice of line
shape can have a significant impact on the extracted width.
For example, the LHCb experiment measured the line
shape of the y.(3872) in Ref. [30]. When fitting the data
with a Breit-Wigner, they find a width whose central
value is 1.39 MeV. This greatly exceeds a bound of
[x.1(3872)] < 131 keV derived in Ref. [31]. This bound
was obtained by extracting I'[D*® — D°2°] from the
observed width I'[D*'] using isopsin invariance and
assuming ['[y.;(3872) = D°D°z°] ~ T'[D*° — D°2°], which
is expected on general grounds for a shallow molecular
bound state [32,33]. With this theoretical estimate of
[[y.1(3872) — D°D°2°) one can use the branching frac-
tion quoted in the Particle Data Group [34] to obtain a
bound on T'[y.(3872)]. Reference [30] also fits the line
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shape of the y.;(3872) with the Flatté line shape which
properly accounts for two channels (in this case D°D*? and
D*D*7). In this case, they find a much narrower line shape
with  FWHM (full width half maximum) equal to
0.22f8.'8gf8'1131 MeV. Note that the DTD*~ threshold is
8.2 MeV above the mass of D’D*°. The two thresholds
in the case of T/, are only 1.4 MeV apart so coupled
channel effects clearly need to be accounted for.

The point of this paper is to calculate the strong and
electromagnetic decays of T, using an effective theory
which treats the constituents of the T, as nonrelativistic
particles. We find that our leading order (LO) rates for
Tt — D°D°z*, D*D2°, and D* D% are comparable to
other recent analyses [16,19,22,23]. We also calculate
differential distributions in the invariant mass, mpp, of
the charm mesons in the final state. As argued in Ref. [35]
for y.1(3872), these distributions are strongly peaked near
maximal energy of the pion/photon and are sensitive to the
molecular character of T,. If T, is a shallow molecule of
D°D*+/D*D*, it is conceivable that shallow bound states
of D’D* and D°DP could also exist, opening up another
decay channel for T.. We calculate these decay rates,
which proceed through triangle diagrams in the EFT, under
the assumption that the binding energies are between 0 and
5 MeV. If these channels exist they could increase the width
of T{. by as much as 150 keV.

The effective field theory we will develop is essentially
XEFT, first developed in Ref. [33] and further applied in
Refs. [31,36-48]; for other EFT analyses of the y,.;(3872)
see Refs. [49-62]. The main difference here is that there are
two nearly degenerate channels so we will have to solve the
coupled channel problem for D°D** and D*D*°. Note in
this paper we will only be working at LO, and in this
approximation, the predictions can be obtained from
effective range theory, as first done for the y.;(3872) by
Voloshin in Ref. [32]. EFT can be used to compute the
effect of loops with pions, range corrections, and rescatter-
ing effects which are not included in our calculations.
Previous experience using XEFT [35] will inform our
discussion of the uncertainties in the LO calculation of
this paper.

The Lagrangian for an effective theory for T, is

2 2
ﬁ:H*”(iao—i— v —5*>H*i+HT<i80+—2v —5)H

My mpyg

g . . 1 " =i .
+f—HTal7zH*l +He.+ 3 Hiup B H' + Hee.

—Co(HT2,H)" (H* "1, H)
- CI(H*TTZTuH)T(H*TTZTaH)' (3)

Here H and H*' are isodoublets of the pseudoscalar and
vector fields,

o (5) ()

The first line of Eq. (3) contains kinetic terms for charm
mesons; 6 and 6" are the diagonal matrices of residual

masses, whose entries are defined by 55? = M i — Mpo,
i = 0, 4. The second line contains the coupling of charm
mesons to pions and photons. The pion field is the matrix

g (ﬂo,i—ﬁ —7;;\/5)

g=0.54 is the axial coupling of heavy hadron chiral
perturbation theory (HHyPT) [63-65], f, = 130 MeV is
the pion decay constant, and the coupling is appropriate for
a relativistically normalized pion field. The kinetic terms
for pions are not shown since they will not be needed. In the

(5)

coupling to the magnetic field, E, up 1s the matrix of
transition magnetic moments, up = diag(upo, pp+). This
interaction can be derived from HHyPT [66,67]. We will fix
the numerical values of pp+ and ppo to give the partial
widths T[D*" - D*y] = 1.33 keV and ['[D** —» D%] =
19.9 keV at tree-level. The first partial width is the central
value that can be obtained from the particle data group
(PDG) [34]. The second partial width is obtained by using
isospin symmetry to relate I'[D** — D%2% to ['[D*t —
D*z°] which can be extracted from the PDG. Then the
branching ratios for Br[D*® — D%] and Br[D*® — D7)
in the PDG can be used to determine I'[D** — D%] [68].
Note that in HHyPT at tree-level

2e 2e e 2e
MDO—?ﬂ‘FW MD+——§ﬁ+3m . (6)

c c

where the parameter f is defined in Refs. [66,67]. In the
heavy quark limit pp0 > 0 and pp+ < 0; our values for
these parameters are consistent with this.

The terms in the last line of Eq. (3) are contact
interactions that mediate DD* scattering. The term with
Cy mediates scattering in the /=0 channel,
D°D*t — DTD*0, the term with C; mediates scattering
in the I = 1 channel, D°D** + D*D*0. The 7, are Pauli
matrices acting in isospin space. In terms of the charm
meson fields, the relevant interactions can be written as

DO D*t
x <D+ D*O) (7)
A similar coupled channel problem appears in, for

example, Ref. [69]; solving it yields a T-matrix of the
form of Egs. (15)-(17) of that paper. Parameters of that
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T-matrix must be tuned so that there is a pole in the
T-matrix corresponding to the T'}.. In the vicinity of the
pole the T-matrix can be parametrized as

1 2
T ( % g"fl) (8)
+Er \gg 97

Here E; is the binding energy of the T}, and g, and g, give
the coupling to each of the channels. The subscript O(-+)
refers to the charge of the pseudoscalar meson in that
channel. These couplings obey the relation

9%Z0(—Er) + 3 Z, (—E7) = 1, )

where the derivatives of the self-energies are given by

SRR S S R S ST
o\ =81 =5 ) =5

Here the reduced masses are py = (1/mpo + 1/mp)7",
ur = (1/mp+ + 1/mpo)~!, and the binding momenta for
each channel are given by:

v = 2po(mp, + mp+ —my)

v% = 2uo(mp, + mpo —my). (11)
The mass of the of T/, my, is taken to be the central value
of the Breit-Wigner distribution in Eq. (1). To satisfy
Eq. (9) we define
sin’0
T\ (-Er)’

cos20

2 = -
Zo(=E7)

% g = (12)

and in what follows we will abbreviate sinf = s, and
cos @ = cy. If the T, is a pure I = 0 state g, = —g,, which
is obtained if § = —32.4°. This is the most likely isospin
assignment for the T,. In the tetraquark picture of the T,
the light i d are in an I = 0 diquark configuration and the
I = 1 diquark is expected to be heavier by ~ 205 MeV (this
is the £ — A mass difference in the light quark as well as
bottom and charm quark sectors).

With all relevant terms in the Lagrangian described,
obtaining the decay rates is straightforward. The tree-level
diagrams for the decays involve the T, coupling to one of
the two channels followed by a D* decay to a D and a pion
or a photon (see Fig. 1). For the strong and electromagnetic
decay rates we find:

dr|Tt. — DDz ]
dp?,dp?
pD(l) pD(z)

7 2yop; 1 1?2

+
(4”fn)2 3 p%)? + 7’% p%g + 7%

=c} . (13a)

T+

cc

TC C

FIG. 1. The tree-level and one-loop diagrams for the decay of
the T/.. The thick lines represent T, and 7', tetraquarks, the
single thin lines represent D mesons, the double lines represent
D* mesons, and the dashed lines represent pions or photons.

dr[Tt. — D* D%z
dp20+ dp%)o

__ g 2p { Voo 155 ]2 (13b)
@rf)? 3 Lph +13 pPh+12]
dr[T{, — D*D%]
dp%ﬁdl’%)o
_ E_% [\/}’_009,“00 3 \/HSWWT (13¢)
or” [ phe +75 ppotril

In Egs. (13a) and (13b), if we take ¢y = —sp = 1/V2
and yy =y, = y we recover the expression for the differ-
ential rate for y.(3872) — D°D°z° found in Ref. [33].
Integrating these expressions over three-body phase space
yields the results shown in Table I. The results are given for
0=-324°(1=0),0=+324°( =1),and 0 = —8.34°,
which turns out to maximize the total width of the three-
body decays. We find the total strong decay widths are
47 keV, 36 keV, and 57 keV, respectively, and the
electromagnetic decay widths are 6.1 keV, 2.8 keV, and
1.9 keV. For the I = 0 case, the total decay width for all
three tree-level decays is about 52 keV, which is close to the
width in the LHCb unitarized Breit-Wigner fit in Eq. (2).
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TABLE 1. Partial and total widths in units of keV for three
choices of 0. The angle for I',,,,, is chosen to maximize the total
decay width for these channels.

1=0 I=1 T
0 —32.4° 32.4° —8.34°
IT{. - D°D°z*) 32 32 44
[T — D*DOx] 15 3.8 13
[T, — D*D%] 6.1 2.8 1.9
[T 52 38 58

Next we compare our results to previous theoretical
calculations. Of the four papers previously cited for
calculations of the decay [16,19,22,23], Ref. [16] uses
methods that are most similar to ours. They solve a
nonrelativistic coupled channel problem to infer the cou-
pling of the T, to the DD* states and evaluate diagrams
that are identical to ours, albeit with relativistically invari-
ant interactions. Since the charm mesons in the final state
are highly nonrelativistic, this should not be an important
difference. They calculate the strong and radiative decay
widths for all values of € and their results are consistent
with ours. Reference [19] convolves the same Feynman
diagrams with a bound state wave function for the T.
They also fix the coupling of the T, using the compos-
iteness condition. Their predictions for the strong decay
width and electromagnetic widths are very close to ours for
the 7 = 0 case. Reference [22] solves the Bethe-Salpeter
equation for a potential between D*D mesons obtained
from vector meson exchange and short distance inter-
actions. These are tuned to produce a pole in the T-matrix
at the mass of the T/.. Feynman diagrams identical to ours
with a relativistic Breit-Wigner for each D*-meson propa-
gator are evaluated and a strong decay width of 80 KeV,
slightly larger than ours, is extracted from the line shape.
Reference [23] convolves the D*Dz amplitude with an
effective range theory wave function to calculate a strong
decay width of about 50 keV at LO, which increases to
57 keV when next-to-leading-order (NLO) diagrams
involving two-body operators are included. They also
argue final state D°D° interactions can further increase
the width.

We now turn to a brief discussion of uncertainties which
will be qualitative. Reference [35] studied the decay
[[y.1(3872) - D°D°2°] including NLO corrections.
There are several effects that appear in the NLO calcu-
lation: loops with pions, range corrections, and final state
2°D% 7°D°, and D°D° rescattering. Pion loops have a
negligible effect on the width [33]. Information on zD
scattering lengths from the lattice [70,71] is used to
constrain 7°D° and z°D° rescattering. D°D° rescattering
is unconstrained by experimental data or lattice simula-
tions. The coefficient of a contact interaction mediating
D°DP scattering is arbitrarily varied between +1 fm? and
this turns out to dominate the uncertainty. The total

uncertainty in the decay rate is '3); when the binding

energy of the y.(3872) is 0.2 MeV. We expect similar
uncertainties in the prediction for the width of T, as D°D°
scattering is also not constrained. Also it is not clear that the
range over which the contact interaction in Ref. [35] is
varied is sufficiently large. The quoted range assumes the
DPDO scattering length is not larger than 1 fm, and hadron
scattering lengths have been observed to be larger than that
in many cases. Finally, extrapolating from the calculations
in Ref. [35] is not totally straightforward because there is
no coupled channel problem in that case. It would be
interesting to perform a study similar to Ref. [35] for T},
and also obtain constraints on charm meson scattering
lengths from the lattice.

Reference [35] argues that while the partial width suffers
from considerable uncertainty, the prediction of the energy
spectrum of the pion in the final state is robust, up to
normalization. The spectrum is highly peaked near maxi-
mal energy and the location of the peak and shape of the
distribution are not affected by NLO effects. They also
observed that the location of the peak in the distribution is
sensitive to the binding of the y.; (3872), which provides an
alternative way of extracting this quantity from data. In this
paper, for the case I = 0, we plot the differential decay rates
for the three decays as a function of the invariant mass of
the DD pair, mpp, in Fig. 2. Note that maximal pion or
photon energy corresponds to minimal mpp. By analogy
with similar conclusions about the y.;(3872) in XEFT [35],
the sharpness of the peaks is due to the molecular nature of
the T.. The decay is via an intermediate state with a virtual
D* and the pole in the propagator is responsible for the
sharpness of those peaks in the strong decays. The peak is
not so pronounced in the electromagnetic decay.

In Fig. 3 we compare our results to data on the invariant
mass spectra from Fig. 4 of Ref. [2]. We have taken the
experimental data and subtracted the background extracted
from that figure and superimposed our mpopo and mp+po
distributions. For the m o distribution we combine the
contributions from T, —» D™Dz and T/, - D*D%.
The curves are each scaled by a factor of 4.2 so that the
peak of our m o distribution is approximately the same
height as the peak of the mpopo distribution extracted by
LHCb [2]. We see that the shapes and relative normaliza-
tion are in very good agreement with the mass distributions
observed by LHCb, especially for D°DP.

Finally we consider the possibility that in addition to T/,
there are also shallow bound states of D°D*(T.) and
DPDO(TY,). As stated earlier, the total decay rate in the
I = 0 channel for the three three-body processes is 52 keV,
which agrees well with the LHCb width in Eq. (2), but is
considerably lower than the width in Eq. (1). The large
discrepancy between the two fits to the experimental data
makes it worthwhile to consider other possible decay
channels which could increase the predicted decay width
of the T,.. So we will consider two-body decays involving
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FIG. 2. Differential decay rates for T, three-body decays.
120 [ T T T T T T T T T T T
r e DD final state data
100 7]
F D+ D° final state data
> 80F ]
Z f
L 42 x T[T = DT D7) |
o 60F — © .
= i +4.2 x T'[Tf — DTD%]
<_ 40r ]
. r —  42xI'[TF — D°D°x] ]
) ]
= 200 7]
= . + |
o RTINS SUPEAYLE
E $1 TR I
—polb—— N S S S R R L I TR
3730 3735 3740 3745 3750 3755
Mmpp [MGV]

FIG. 3.

the 7, bound states. Reviewing the theory predictions
collected in Ref. [1] most / =1 J” =0T doubly charm
tetraquarks are predicted to be a few hundred MeV above
the DD threshold, though Refs. [72,73] have predictions
for an I = 1 J¥ = 0" tetraquark less than 1.5 MeV above
threshold. Given theoretical uncertainties it seems at least

|

The differential curves for T, decays predicted by EFT superimposed on the binned experimental data from LHCb.

conceivable that shallow bound states of pseudoscalar
charm mesons could exist. The triangle diagram mediating
the decays T/, — T ..z, T..y is shown in Fig. 1. Using the
same coupled-channel analysis used for the three-body
decays, the rates for two-body strong and electromagnetic
decays are

_ 3 2
[T/, - T/ 2" = %}ZT (ﬁ) |coF (mpo, mpy-—+, mp+,mz) — soF (mp+, mpwo, mpo, my)|?, (14a)
V1
_ B} 2
rirs = T2 = B () g mir g (140)
V3
+ -+ o |py|mT . N \|2
F[TCC - ch)’] = W |/4D+c9F(mDo, Mmps«+, Mp+, mT) +ﬂDOS9F(mD+, mD*o, mDo, mT)| . (14C)
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Here mj is the mass of the 7', in the decay and the function F(m,, m,, ms, mz) comes from evaluating the triangle
diagram. The function F(m;,m,, m3, ms) and its various parameters are given by

F(ml,m2,m3,m7) =

7127;13 {tan‘1 (*Q — ) + tan
b 2/ c,b%p;

—1 ( 2172[),2, + €1 —C >:|
2/b?p2(c; - b7p2)/ |

Y12 = \/_2ﬂ12(mr —my = mz)

-1 _ -1 -1
My =m; +m;

We plot the decay rate for these processes as a function
of the binding energy of the ch/ % In the I = 0 channel,
shown in Fig. 4, the decay rate strictly increases with the
binding energy in the domain [0,5] MeV. The [ =1
channel is shown in Fig. 5; we see that the neutral pion
decay is greatly suppressed and has a local maximum at
very small binding energy. This is presumably because of
an accidental cancellation between the two amplitudes for
this process at this particular angle. If we choose
6 = —8.34°, shown in Fig. 6, the plots of the width as a
function of binding energy are very similar to Fig. 4. In the
I =0 channel the decay width of the T, could be

_ .2
1 ="

713 = \/—2H13<ET —my = m3>

H13
C="—pr+7r}
ms

(15)

b = p3/mjs.

|
enhanced by as much as 150 keV if the binding energy
of T9, and T, are as large as 5 MeV. This would bring the
EFT prediction for the width much closer to the exper-
imental result in Eq. (1), including the uncertainty, albeit far
above the unitarized Breit-Wigner result in Eq. (2). If the
binding energy of these states is the same as T/, the width
will be increased by about 80 keV. Note the effect of two-
body decays to bound states on the total decay rate is much
larger than the error estimate of DD rescattering effects in
Ref. [35]. The range of values for the contact interaction
mediating D°DP scattering in Ref. [35] does not include

= =
=) =
= I
& K
4 T
+3 8
= S
~ ~

/] [keV]

+ A
ce !

s
CCHT,

T

I

0 1 2 3 4 5 0 1
T+ binding energy [MeV]

T° binding energy [MeV]

3 4 5 0 1 2 3 4 5
T+ binding energy [MeV]

FIG. 4. Decay rates for the T%. to T,. and a pion/photon as a function of the 7. binding energy for 8 = —32.4°.
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FIG. 5.

T° binding energy [MeV]
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Decay rates for the T/, to 7. and a pion/photon as a function of the 7. binding energy for = +32.4°,
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FIG. 6. Decay rates for the 7%, to T, and a pion/photon as a function of the 7. binding energy for 8 = —8.34°.

scattering lengths that are sufficiently large to accommo-
date shallow bound states.

To summarize, we have developed an EFT for the
T, which is applicable if it is primarily a molecular state
coupled to the D°D** and D*D*° channels. This theory is
used to calculate the partial widths for the decays T, —
DDz, DTD°z° and D*DP. The calculated total width
from these three decays is close to the value of the width
extracted from fitting experimental data with a unitarized
Breit-Wigner line shape [2]. Furthermore, our calculations
are consistent with other theoretical calculations assuming a
molecularinterpretation of 7/, [16,19,22,23]. We emphasize
that the uncertainties on the total width due to final
state rescattering effects are potentially quite large by
considering a NLO calculation for a similar y.; (3872) decay
in Ref. [35]. Our EFT predictions for the differential spectra
as a function of the invariant mass of the DD pair show good
agreement with the LHCb mass distributions [2]. Finally,
we entertained the possibility of shallow bound states of

pseudoscalar charm mesons. If such states exist, the two-
body decay of T/. to these bound states would greatly
enhance its width. If the width of T, is confirmed to be
~ 50 keV, our calculation provides strong evidence that
these states do not exist.
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