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Strong decays of T at NLO in an effective field theory
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The T, exotic meson, discovered by the LHCb Collaboration in 2021, can be interpreted as a molecular

state of D™ and D™)* mesons. We compute next-to-leading-order (NLO) contributions to the strong
decay of T in an effective field theory for D mesons and pions, considering contributions from one-pion
exchange and final-state rescattering. Corrections to the total width, as well as the differential distribution in
the invariant mass of the final-state D-meson pair are computed. The results remain in good agreement with
LHCDb experimental results when the NLO contributions are added. The leading uncertainties in the
calculation come from terms which depend on the scattering length and effective range in D-meson

scattering.

DOI: 10.1103/PhysRevD.107.076001

I. INTRODUCTION

The LHCb Collaboration has observed a narrow reso-
nance, the exotic tetraquark 7., in the final state
D°DOz* [1-5]. The resonance is close to both the
D*D* and D**DO thresholds. When using a unitarized
Breit-Wigner profile appropriate for a coupled-channel
problem, LHCD finds the difference between the resonance
mass and the D** DO threshold, 5m, and the decay width, T,
to be [5]

dm = =360 £ 407] keV,
I'=484+2", keV. (1)

The D**D™ threshold is 1.7 MeV above the resonance. The
closeness of the resonance to the two thresholds suggests
the possibility that T}, has a molecular nature.

After the announcement of the discovery of 7., many
theory papers attempted to understand various aspects of the
exotic meson [6-26]. Several papers tried to predict its
decay width and differential decay width, with considerable
success [6,7,10,13,14,20,21]. In one of these papers [6], we
wrote down an effective field theory for T'/,, considering it a
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molecular state of two D mesons treated nonrelativistically,
and computed leading-order strong and electromagnetic
decays. Special attention was paid to the coupled-channel
nature of the problem. We found a decay width of 52 keV
when the tetraquark is in an isospin-0 state, using a value of
om = =273 keV, which arises from using a relativistic
P-wave two-body Breit-Wigner function with a Blatt-
Weisskopf form factor. This was in good agreement with
the LHCb experiment. The predicted differential spectra as a
function of the invariant mass of the final-state charm meson
pair were also in good agreement with the binned exper-
imental data. In this paper, we investigate how these
conclusions are affected by next-to-leading-order (NLO)
strong decays.

The effective theory we use is similar to the effec-
tive field theory for the y.(3872) (XEFT) [27-41].
References [27,42,43] have considered NLO XEFT dia-
grams for y.;(3872) decays. One-pion exchange was found
to have a negligible contribution to the decay width [27,43],
while final-state rescattering leads to uncertainty in the decay
rate of 730¢¢ when the binding energy of the y.,(3872) is
0.2 MeV [43]. The differential spectrum dl'[y.;(3872) —
D°D°7°|/dE, was found to have a curve whose peak
location and overall shape are insensitive to NLO correc-
tions; only the normalization is affected [43]. The sharply
peaked nature of the differential spectrum can inform about
the molecular nature of the y.; (3872): since it is a function of
the virtual D*0 propagator (p3 + y?)~!, where y is the
binding momentum, as the binding energy goes to zero,
the distribution becomes sharply peaked as pp — O.

By analogy with this earlier work on y.;(3872), in this
paper we compute NLO contributions to the decay of T to
find the uncertainties due to one-loop, one-pion exchange

Published by the American Physical Society
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and final-state rescattering diagrams. We calculate the
uncertainty in the decay width, as well as in the shape,
peak location, and normalization of differential spectra.
The calculation is complicated by the presence of a
coupled channel, which is not present for y.;(3872). We
find the decay width including NLO corrections to be
473;:770“ keV, which is consistent with XEFT [43]. We also
discuss the physical significance of several of the param-
eters in the effective theory, and their effect on the
decay width.

In Sec. II, we write down the effective Lagrangian to
NLO. The required Feynman diagrams and their ampli-
tudes, along with the explicit formulas for the partial widths
are shown in Sec. III. Plots of the differential distribution
are shown in Sec. 1V, followed by concluding remarks
in Sec. V.

II. EFFECTIVE LAGRANGIAN

The leading-order effective Lagrangian for strong decays
of T, is [6]

il o, VP il VP
Lio=H|id +3 -5 |H"+H za°+2——5 H

mH* mH
+fiHTaizzH*f +Hec.

—CY (H*Tt,H)t (H' 1, H)
—C\(H Ty, H) (H T 1y, H). (2)

Here, H and H* are isodoublets of the pseudoscalar and
vector charm meson fields, respectively, and 7 is the usual
matrix of pion fields. The diagonal matrices § and o
contain the residual masses, which are the difference
between the mass of the charm meson D(*)i, where
i =0,+, and that of the D°. The coupling g = 0.54 is
the heavy hadron chiral perturbation theory (HHyPT) axial
coupling [44-46], and f, = 130 MeV is the pion decay
constant. The terms on the last two lines are contact

interactions mediating D* D scattering, where Cg” mediates

S-wave scattering in the isospin-n channel, and 7,’s are
Pauli matrices acting in isospin space.

Several new classes of terms appear at NLO in the
effective theory. There are new contact interactions involv-
ing two derivatives:

_o

<2
= (HTz,H)"(H*T7,V H)

Lec

v . 2
+ % (HT2,7,H)"(H*" 1,7,V H)

+ H.c. (3)

These interactions occur in XEFT and are proportional to
the effective range [27]. We can also write down Dz

interaction terms by constructing isospin invariants out of
the fields:

Le, = Y (zH)' (zH)

1 t 1
+ 8P <vaH - 3Ta7tH> (vaH - 3TaﬂH>. (4)

Here, v = (7' 72 72°)7/\/2 is a vector of pion fields, with
7t = (7' F in?)/V/2, such that v,7, = 7. C/? and C/?
mediate scattering in the isospin-1/2 and isospin-3/2
channels, respectively. The interactions which are relevant
to our calculation are

L — CUDY %Dt~ — DA% DOxt + Hec.
+ ng) DO 20T D00 4 ng) D+ 20t D+ 70
+ CY DY 2+ DOt (5)

where the couplings C 5,1), CE,Z), and c§3> are particular linear

combinations of CSJ/ 2 and Cf/ ?) as governed by Eq. (4).
These interactions can be matched onto the chiral
Lagrangian [47]. The values we use for these C,, couplings
are computed from lattice data; see Appendix C for details.

We can write down D*D — DD interactions by using
the same strategy of constructing isospin invariants out of
the fields. That would lead to

Ly, = B\ epy(HH,) (Hoyt; HV ;)
+ B(11=1> (H*TszH)T(SiijTzTiHvUj)

However, we need isospin-breaking terms in order to fully
renormalize the theory at NLO, so ultimately we have four
unique B; couplings, one for each possible channel.
Written in terms of the charm meson fields, the interactions
become

Ly, — B (D*D)(D* D'V
+ BP(DOD*+)t(D+ DOV )

3

2

¥
+ % (D*D*)(D°DOV ™)

+ (DOD*+)T(D0DOV7[+)

+ H.c. (7)
Relations between the Bi”’s implied by Eq. (6) are given
in Appendix C. We can construct DD contact terms out of
the isospin invariants. There are only interactions in the
isospin-1 channel,
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‘CCOD = C(()1D>(HTQTHH)T(HT2‘L'“H)
C(l)
N % (DODO)T(DODO)
+ Cip(D D) (D*D), (8)
where in the second line we have restricted our focus to

terms that are relevant to our calculation. The authors in

Ref. [43] chose to vary their C(()g coupling, which described
DD scattering as opposed to DD, over a range of
[—1,1] fm?. We test several different values for it within
that range. Lastly, we need a kinetic term for the pions; in
contrast to XEFT, we treat them relativistically:

L, =tw(dr'0,m —min'm). 9)

The full NLO Lagrangian is then Ly o = L¢, + Lc,+
Ly + Lc,, + L,

II1. FORMULAS FOR DECAY WIDTHS
Writing down the decay width for the TJ. at NLO
requires care due to the coupled-channel nature of the
problem. We define a two-point correlation function matrix
G as
G- / d*x e~ (0| T[X (x)X7(0][0)
=ix(1+C)™,

where the interpolating field is

—i%

L > -

DO D*Jr

- (7 o
The right-hand side of Eq. (10) arises from expressing Gto
all orders as an infinite sum of the Cy-irreducible two-point
function X, in a manner similar to that in Appendix A of
Ref. [48], but here Cy and X are matrices due to the
presence of a coupled channel. —iX is given by the sum of
D*D self-energy diagrams in Fig. 1. Its diagonal elements
correspond to those two-point diagrams which do not swap
channels, and the off-diagonal elements to those which do
swap channels. We can then project out the isospin-0 and
isospin-1 channels, and tune the parameters of the two-
point correlators so that there is a pole corresponding to the
location of the T, bound state. Near the vicinity of the
pole, the Green’s function can be written as

1 \T7, 1 1 iZo)
G()/] = < > G< ) ziiﬂ/] ,
+1 F1 E+E;+

2

(12)

where I7y/; is the decay width, and the residue Z,, is the
wave function renormalization. We find for the decay width
in the isospin-0 channel

ReZNO(-Ep)
Re trX™0(-E)

2ImEO(-E7)
Re trXO(-E)

FONLO ~ —FLO

, (13)

where X = X + Xy, — Xj, — 2 1S a particular combi-
nation of the elements of the X matrix appropriate for
isospin 0. The first term of Eq. (13) is a correction to the LO
decay width from NLO D*D self-energy corrections—i.e.,

T b
Cy

Cop
By
Cr

FIG. 1.

Some of the D*D self-energy diagrams contributing to —i%. Bold solid lines represent D* mesons, regular solid lines represent

D mesons, and dashed lines represent pions. The first row is LO, the second row is NLO, and the third and fourth rows are NNLO. There
are also other NNLO diagrams not shown which are Cy-reducible combinations of the NLO diagrams.
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diagrams on the second row of Fig. 1. The second term of
Eq. (13) consists of NLO decay diagrams, from various
cuts of diagrams on the third and fourth rows of Fig. 1. Note
that ImXN'© is from X diagrams of 1 higher order than in
ReXNO because the LO self-energy graph has no imagi-
nary part below threshold. The derivatives of X are with
respect to E and evaluated at £ = —FE7. For a more detailed
derivation of Eq. (13), refer to Appendix A.

Three diagrams in Fig. 1 contribute to ReX to NLO. They
are the LO self-energy diagram (—iX;), the one-pion
exchange diagram (—iX,), and the C, contact diagram
(—iX;). They are evaluated in the power divergence
subtraction (PDS) scheme [49]. This scheme corresponds

—iZ(m,m*) = _iutm,m’)
2
: . . 4igi9 . .
—iXy (my, my, my, my, my, gy, 95) = _leﬂ(mlvml)/"(mbmz){
mi—my)? —m2[1
+( 2 (8732 ”[E+2—410g

—i(ms —my)* + im%) -

_iz?ﬁ(ml!mjfst’ m;» C2) 4ﬂ2

X p(my, mz)[Ast —y(my, mT)} [Apps — y(m;, mé)]

To be consistent with the implementation of the PDS
scheme in the decay diagrams (see Appendix B), for the
double integral in X, we have used rotational symmetry to
replace the tensor structure in the numerator with /3 and
not 6 /(d — 1). This choice does not affect the derivative of
2,, as it only changes the constant terms which drop out
upon differentiation with respect to E.

The decay diagrams that contribute to 2ImENC(—E;)
are shown in Fig. 2. By the optical theorem, the square of
these diagrams is given by the sum over the cuts of the
NNLO diagrams in Fig. 1. If there is only one pion/charm
|

i-AZ(a) (pa m,m”, gﬂ) =

to using MS to handle logarithmic divergences as well as
subtracting poles in d = 3 to keep track of linear diver-
gences. A 1/¢ pole appears in X,, but the dependence on
the renormalization scale drops out when the derivative
with respect to E is taken. We neglect terms in the
propagators that go as p*/m? or (6m)p*/my, where 5m
is of the order of the pion mass, compared to p2. In £, and
%5, we use a Fourier transform to evaluate the integrals over
three-momentum, using a procedure outlined in Ref. [50].
We define a reduced mass u(m, my) = mym,/(m, + m,),
and the binding momenta are defined to be y*(m;, m,) =
2u(my, my)(my + my — my). The expressions for the self-
energy diagrams are

[Apps — 7 (m, m*)], (14)

1
1622 [Apps — y(m;, mT)HAPDs —y(my, m;)]

(7(’”1”"?) + y(my, m3)

410g,u]},

(15)

i
= —7C2[72(m17mf) + 72("12» m3)|u(my, my)

(16)

|
meson vertex in a diagram, its coupling is labeled g,. If
there is more than one such vertex, the couplings are
numbered g;. Depending on the type of pion and charm
meson, these couplings will be either g/ f, or +g/(V/2f,).
The expressions are written in terms of the basis integrals
given in Appendix B. These basis integrals depend on the
parameters b, c;, and c,; the definitions for ¢; and ¢, are
provided where appropriate, with b = 1 unless otherwise
specified; and the momentum arguments for the integrals
are p unless otherwise specified.

2igs€r - Popt(m, m*)

dip(m, my)pu(mey, m3)g1993

p’ + r*(m.m) )

(2)

iAZ(b) (p’ nm, Mexe, My, mTv m;’ g1, 92, 93) =

c = 72(m7mT)’

€y = p2 - (mT —m-= mext)2 + m;%

P’ + 7 (Mg m3)

2
ler - PPy - pUS =210 + 1) + 7 - pp21 ),

(18)

i-AZ(C)(m’ Mexis My, m*, Gz Cﬂ) = ZiM(m’ m*)g,,C,,eT ’ p[1(1> - I]’

c| = yz(m,m*),

€y = p2 - (mT —m-—= mext)2 + mzzr (19)

076001-4



STRONG DECAYS OF T|. AT NLO IN AN ... PHYS. REV. D 107, 076001 (2023)

(b)

(d)

FIG. 2. Feynman diagrams at LO and NLO contributing to the decay of T'f.. We label the vertices and lines whose naming might be
ambiguous. These diagrams arise from cuts of the diagrams on the third and fourth lines of Fig. 1.

. % % 1 . % * p2_72(m’m>f) *
lAZ(d) (mv Mexe, My, My, Grs CZ) = 71_ ZCZgﬂeT : pmu(m’ ml)/’l(mextv m2) p2 ¥ yz(m m;) [y(m, ml) - APDS]‘ (20)
exts
iApe)(m.m*, By) = _2_7;€T’pmu(mvm )y (m.m*) = Apps]. (21)

iAy gy (my, ma, m*, p2, gz, Cop) = 4ip(my, my)u(my, m*)gCop€r - Pl (Py),
1= yz(mz,m*),

2
Pz

Cr = —2,u(m],m2)<m7—m| —mz—Pg—z )
ny

b :W. (22)

Following Eq. (13) and using the amplitudes defined above, the decay widths for the two strong decays of T, are

diyXO(Tj. - D*D2") 2
dpidp* "~ Retrx™©

X (AZ(b) (pO’ my., mg, myo, m(*)’ mi, _g/\/ifm g/\/ifm g/\/ifﬂ)

(_ET) Re |:-A2(a) (p+’ my, ms’ _g/\/ifzr)

+ Aoy (Py oy e m m, ) s 9/ e =9/ V2f 2)

- Az(b)(va mo»mo»mn*vmi’mi»g/fmg/fmg/\/ifn)
- AZ(b)(er’ my, M., myo, mi, msv g/\/ifiﬂ _g/\/ifﬂ’ _g/\/ifn)
+ Ase) (Po. My, Mg, M, my, —g/N2f . Cﬁf))

* 1 * 1
Po, Mg, Mo, Mg+, M-, g/fm CSF )) + AZ(f)(mO? m.y,my, _g/\/ifm CE)D>)

m o, g/V2 5, Ci))) (D0 < DY xt e 1)

= Ay

(
— Ay (
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1
 Retr2O(—E;)

(18103 +72) + Bl (g (B 1y =/ V2 )P
- Az(' (Po> mg, my., g/\/_fn)

(p+,m+,m0, 9/\/_f;z))

+ [B3(p§ +75) + Bal (| A (Pmmo’mivg/\/ifn”

- Az( (p+, m., mO’ g/\/_fﬂ)
dl—%O(Tj'C — D+D07ZO) R626NLO

(0 (Po- 0. 9/ V2 )|

dapj dp+

dryLO(T4, — DD I
a’pldp2

Re tr2/™0(—

Re trx10

, (23)
C,—0,E=—E

= Re |:A2(a)(p2a m()amjd g/fﬂ)
Er)

(AZ (p17m07m07 ﬂ*vmiﬂmivg/fﬂ7g/fn’g/fﬂ)

+ Ay

b)(p2’ My, Mg, Mg+, mj-’ I’I’lj_, g/fm g/fm g/fn)

— Asoy(Pr. ey g g, m, M =g/ 2f 1. G/ 2f 2. 9/ fr)
— Aoy (Pas 4 gm0, m, m, —g/\@fﬂ,g/\/ifmg/fn)

+A2(c)(pl’m0’m07 zto m+’g/fﬂ’ ) A2 (pl7m+’m0’m7zo7m87_g/\/ifmCSF]))
* 2gH0\ 2 Px 1 1
+ Ay (mg, mg, m., ,,,C(I)Z) +(p; < _< > Pz n
2(f)( 05 10, My g/f OD/ ) (pl Pz) f;; 3 ﬁS p%—%—y% p%%—)/%
dTEO(T+ — DODOx+) Rex/NLO o)
dpidp} * " Retrz™© Cy—0,E=—E; .

In the previous formulas, we have used subscripts on u and y to indicate which charm meson is a pseudoscalar in that

particular channel—e.g., y

= u(mgy, m".). The combinations of self-energy diagrams that we need are Re tr=*(—E;) and

ReZMNO(=Er, C; — 0). In terms of the functions defined above, these are given by

Re tr2™0 = ReX| (mg, m* ) + ReZ| (m,, mf),

RCZ/NLO‘C -0 — = Re |:Z (m+9m05 m+vm()v 7Z+’g/fﬂ’ g/f/z) + Z/Z(mo’mi’mo’mi’m”+’g/f”’g/f”)

/
+ X5 (my, mg, mg, m?,,

The expressions for f; are given in Appendix C. The
terms dependent on A(,;,) and ReX) have linear divergences
that must cancel against each other. They cancel exactly in
the limit yy = u,. We make that approximation in those
terms only to ensure the cancellation; it is a reasonable
approximation as po/p, ~0.99948. See Appendix B for
more discussion of these linear divergences.

IV. DIFFERENTIAL DECAY DISTRIBUTIONS
AND PARTIAL WIDTHS

Once we have formulas for the T, — DDx partial
widths, we can numerically integrate over part of the

M. =9/ V2 229/ V2 5) + Zhlmo, 0’ i, g/ V2f =g/ V2f )] (25)

|
three-body phase space in Mathematica and plot the
differential distribution dI"/dmpp. It is insightful to com-
pare our predicted curves to the LHCb experimental data
for the total yield. This will inform us about the effect and
importance of the different interactions in the effective
theory. We normalize our distributions by performing a
least-squares fit of the LO distribution to the data, and using
the same normalization factor for the NLO distributions.
The C, decay diagrams, individually and as a whole,
contribute negligibly to the distributions. The parameters
1, B3, and B5 also have a small impact on the distributions
over the range in which we vary them. We therefore do not
show plots varying these parameters individually.
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The contributions from the non-C,-dependent NLO self-
energy corrections (i.e., the first diagram on the second line
of Fig. 1), as well as the contributions from Fig. 2(b), serve
to increase the partial widths by a small but noticeable

will investigate their impact by setting all other contribu-
tions to dI'nio/dmpp to zero and varying them
individually.

The Cyp interaction has a sizeable contribution to the

partial widths, as evidenced in Fig. 4, where we plot the

amount (Fig. 3). The effect of the Cyp, f,, and f, terms on
differential distributions and vary this coupling in two

the distributions can be significant. In the following, we

Non — analytic and NLO self — energy contributions
T T T T T T T T T T T T

— T — DY D'x°

100F o
i — T} — DD+

80; o DD final state data |
| « D*D final state data |

20F

3734
mpp [MeV]

1
3730

FIG. 3. A plot of the differential decay width as a function of the invariant mass of the final-state D-meson pair. Solid lines represent
the LO calculation; the dashed lines represent the addition of nonanalytic and NLO self-energy corrections. Overlaid are the binned
experimental data from LHCb, with the background subtracted.

Contributions from Cyp interactions
— —

—— T} - DD

100+ ,."
R |Cop| = 0.25 fm?
ECR L |Cop| =1 fmn?
80 |
I —— T} - D°D'n"
I R U |Cop| = 0.25 fm?
S 60F ]
s Y |Cop| =1 fm®
5 | ,
ol o DD’ final state data |

o DTD" final state data |

3734
WlD[)[hde\q

I
3730 3732

FIG. 4. A plot of the differential decay width as a function of the invariant mass of the final-state D-meson pair. Solid lines represent
the LO calculation; the dashed and dotted lines represent two different ranges for C,p. Overlaid are the binned experimental data from

LHCDb, with the background subtracted.
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150+

100F 15"

dF/deD

50

Contributions from f; and /4
e T,

----- Baja = —0.59

—— T} - D°D'xt

o D'DC final state data |

« DT DO final state data |

mpp [N[(}V]

FIG. 5.

A plot of the differential decay width as a function of the invariant mass of the final-state D-meson pair. Solid lines represent

the LO calculation. The dashed and dotted lines represent two different values of 3, and f4. Overlaid are the binned experimental data

from LHCb, with the background subtracted.

possible ranges: Cop € [—1,1]fm? and €[—0.25,0.25] fm?.
Its effect on the neutral pion decay is twice as large as on the
charged pion decay, because the coupling of charged pions to
D mesons is bigger by a factor of /2. Clearly, the differential
distributions are sensitive to the coupling’s magnitude. If Cyp,
is +1 fm?, the peak of the D™D mass distribution is too
high, and if it is —1 fm?, then three higher data points are

underpredicted. It would be interesting to perform a more
careful analysis of the constraints these data put on Cp,, but
that is beyond the scope of this paper. Cyp is directly
proportional to the / =1 D-meson scattering length, so
more precise knowledge of Cyp from lattice simulations or

experiments would allow us to sharpen our predictions
for T1.

All NLO contributions

140

T

120

T

100

T

dF/deD

60t
40t

201

— T+ DD
— T; — D'DOrt
o DDV final state data ]

« D™D final state data 7

------

1 " " " -
3730 3732 3734

mpp [MeV]

FIG. 6. A plot of the differential decay width as a function of the invariant mass of the final-state D-meson pair. Solid lines represent
LO calculation; the dashed lines represent the lower and upper bounds of the NLO corrections. Here, we vary —1 fm? < Cyp <
0.25 fm? and —0.26 < j3, /4 < 0. Overlaid are the binned experimental data from LHCb, with the background subtracted.
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TABLE 1. Partial and total widths in units of keV at LO
and NLO.

LO NLO lower  NLO upper

result bound bound

rr{. -» D0D0n+] 28 21 44
I[T{. - D*D°x°) 13 7.8 21
Cstrong [T] 41 29 66
Fstrong[Tz—c] + FIEI(\)/I[TZ] 47 35 72

We can glean the significance of 5, and f, by taking the
isospin limit my = m_. In Appendix C, we see that in this
limit,

P2 = Pa = —yro, (26)

where y is the binding momentum and r, is the effective
range in the / = 0 channel. The effective range is positive,
and we expect yry < 1. In Fig. 5, we plot the distribution
with all other NLO interactions turned off, and for two
values of 5, = 4, = : —0.1 and —0.59, along with the LO
curve (f =0). We get yro = 0.59 if we use the largest
binding momentum (y,) and ry = 1/(100 MeV). For
nucleons, ry~1/(100 MeV); since charm mesons are
considerably more compact objects, one might expect
the effective range for charm mesons to be smaller. We
can see that the distribution is highly sensitive to the choice
of . A p of —0.59 greatly increases the differential
distribution and is in much poorer agreement with the
experimental data. This suggests that the effective range for
T7. is smaller than for nucleons.

Clearly, the partial widths and their differential distribu-
tions can vary substantially depending on the choice of

parameters in the effective field theory. However, the avail-
ability of experimental data for the decays presents the
possibility of performing fits of the distributions to the data to
obtain estimates for these parameters. This could improve the
predictive power of the effective theory. We save such a
careful statistical analysis for a future publication.

We can use these plots that show the effect of a subset
of the NLO contributions to inform which ranges for the
parameters to use when estimating the total NLO contri-
bution to the differential distribution (Fig. 6). The upper
and lower bounds in the figure reflect varying Cyp from
—1 fm? to 0.25 fm?. The parameters f3;, 3, and s are
varied from —1/(100 MeV)? to +1/(100 MeV)2. The
parameters f, and f,, which reduce to —yr in the isospin
limit, are varied between O and —0.26. The latter value
corresponds to a binding momentum for the D**D°
channel, y, and r, = 1/(100 MeV). While the uncertainty
in the total width of the T, can be significant depending on
the values of the NLO couplings, the qualitative aspects of
the plots of the differential decay widths in Fig. 6 are
consistent between LO and NLO. The overall shape and
location of the peaks are unchanged by pion exchange and
final-state rescattering.

When integrating over the full phase space to get the
partial widths, we use the same ranges for the parameters as
in Fig. 6. The partial widths are given in Table I. Note that
the LO numbers differ from those in our original paper [6]
because here we use the binding energy from the unitarized
Breit-Wigner fit, whereas in Ref. [6] we used the value
from the P-wave two-body Breit-Wigner fit with a Blatt-
Weisskopf form factor. This has the effect of slightly
increasing the prediction for the width compared to the
initial paper, bringing it closer to the experimental value.
When adding the LO electromagnetic decay width of

T T T T T

1.4x107°
1.2x107°F
1.x10°¢

8.x1077

6.x1077

dFLo/dWIDD

4.x1077

2.x1077

+ + 70,0 7
— T} — DD ]

— T = D'DOrt ]

0 L 1 1 1 1 1
3730 3732

3734

. I .
3736

mpp [MeV]

FIG. 7.

Comparing our LO differential decay width to one where the D* propagators are taken to be constant. The curves are fixed to

have the same normalization. Note the lack of a sharp peak in the constant propagator curves.
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6.1 keV (which is only slightly affected by the different
binding energy), the total LO width predicted by our
effective theory is 47 keV, which is already in excellent
agreement with the LHCb experimental value of 48 keV.
Adding in the NLO contribution to the strong decay widths,
the total width of the T, can range from 35 keV to 72 keV.
Therefore, we can establish an uncertainty in the width due
to NLO strong decays of T'([T¢.] = 477537 keV. This is
comparable to the uncertainty from similar operators
contributing to the decay of y.;(3872) in XEFT [43].

We did not consider NLO corrections to the electromag-
netic decay, because the LO electromagnetic decay was
already a small contribution to the total width. In particular,
the differential distribution for the electromagnetic decay
was negligible compared to the strong decays’ distributions.

To illustrate why these differential decay width plots are
good tests of the molecular nature of the T, in Fig. 7 we
can compare the LO differential curves to those which
would arise if we replaced the virtual D* propagators with a
constant. The latter do not have sharp peaks and thus would
be in poor agreement with the experimental data.

V. CONCLUSIONS

In this paper, we have determined the effects of NLO
strong decays on the total width and differential decay
width of the exotic meson T.. We considered pion
exchange and final-state rescattering diagrams from similar
operators to those in XEFT for the y.(3872) [43]. We
arrived at similar conclusions to Ref. [43]. The differential
decay width plots have shapes and peaks that are relatively
unchanged by the NLO effects, but the total width has
significant uncertainty: I'[T{,] = 47733 keV. The central
value (the LO result) is in good agreement with data.

We varied the parameters in the NLO calculation to get a
sense of the uncertainty in the predictions and determine
which parameters in the NLO calculation give the biggest
corrections. Nonanalytic corrections for pion loops are not
important. The parameter C,p,, which is proportional to the
I = 1 D-meson scattering length, and $, and f,, which in
the isospin limit are equal and proportional to the 7 =0
D-meson effective ranges, significantly affect the decay
width and normalization of the differential distribution. It
would be interesting to fit the NLO differential curves to the
experimental data and obtain bounds on the undetermined
couplings, thereby learning more about these physical
quantities. Alternatively, one might hope to get information
about these parameters from lattice simulations or other
experiments. Any improvement in our understanding of
these parameters in D-meson scattering would increase the
predictive power of the effective field theory.
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APPENDIX A: COUPLED-CHANNEL
DECAY WIDTH

The full expression for the
correlator is

isospin-0 two-point

~13,-2cl" dets

—iGO — )
14 V% + Vg +4ccl) dets

(A1)

where 20/1 = 211 + 222 F 212 F 221 are the iSOSpin—O and
isopsin-1 combinations of the elements of X. Since we

expect T, to be an isospin-0 state, we treat C(()l) perturba-
tively and expand to NLO in Cé”:

1
1z — 22

_lGO ~ = + =
21405 2 (14052

(A2)

We see that the real numerator of the C(()l)

of a double pole at 1 + C(()O)ZO = 0. That can be interpreted
physically as a small shift in the location of the bound state,
which can be seen from expanding the right-hand side of
Eq. (12) about EY'0 = E — EXO. But since we are already
tuning E to be the location of the T'f, bound state, we can set

term is the residue

C(()U to zero to remove the double pole from the amplitude:

—iGy — %% (A3)
14+ Cy %

At this stage, the problem is identical to the single-channel

problem in XEFT [27], with the single-channel two-point

function replaced by our isospin-0 combination of coupled-

channel two-point functions. The wave function renormal-

ization and decay width are therefore

1
(CY)Rex(-E)

. 2Im20 (_ET)
Rez)(—E;)

T, (A4)

%y has LO contributions from the diagonal elements, and
NLO contributions from all elements. After expanding in the
NLO terms, we find our corrections to the LO decay width:

2ImENO(~Ey)
RetrZMO(-E;)

(A5)

[y~ 0 (1 - Rez()NL()(_ET))

RetrZ™O(-E;)
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APPENDIX B: BASIS INTEGRALS
AND THE PDS SCHEME

The most basic integral that arises when evaluating the
one-loop diagrams in the PDS scheme is

() v

2 20) 7 Pt c—ie 4rn

(B1)

This result is obtained by subtracting the pole in d = 3
with a counterterm, then evaluating the result in d = 4,
yielding a linear divergence in Appg.

The scalar integral /(p) is finite in d = 3 and d = 4, so
no PDS counterterm is needed:

I(p):/(d_l 1 1

2m)4 P+ ¢p —iel? =2bl-p + ¢, — ic

1 1 _ Cyr — Cq
=——— |tan! | ——
8 /b2p2 2 b2p261
+ tan™! 207 +¢1 — o
2./brn2 — b2p? ’
p*(c2 p’)

(B2)

The linear tensor integral [ m(p) can be solved using
algebraic manipulation of the numerator, which yields two
integrals of the form of Eq. (B1) that have opposite signs
for the divergence, and so I(!)(p) is UV-finite:

: a-n .1 1
ir(1) :/ I’ ,
P (P) (27) 41" P4 —iel? =2bl-p+c, —ie

171
27(1) = |—
PP =5, 14,

c,—b*p* —ie

-uq—qﬂ@ﬂ. (B3)

The quadratic tensor integrals /) require care when
implementing the PDS scheme. The linear divergences
which arise in the decay width can only cancel if the
subtraction scheme is implemented correctly. After using
Feynman parameters to combine the propagators and
obtain an integrand like I'lVf(1?), the correct procedure
is to replace I'V — §7//3 immediately, and not with
6/(d —1). The latter would cancel the factor of d — 1
that arises when evaluating the loop momentum integral,
and this results in the incorrect coefficient for the PDS
subtraction scale Appg. Additionally, algebraic manipula-
tion of the numerator of I® to reduce it to integrals of the
form of I(V) and I leads to yet another incorrect coefficient.
This is the method used to obtain the expressions in the
Appendix of Ref. [43]; as such, the formulas for the decay
width in that paper are only correct if Appg = 0 and d = 4.

Using the correct procedure for the basis integrals gives
the following results:

p'p/ 1y (p) + 87p*17 (p)

_/ a1 . 1 1
) Qo) P4y —ielP=2bl-p+c, —ie’

2 1 2
(2) b X
I =— [ 4a ,
Do) =g, [ s

- legz)(P) = L EAPDS - Al dxM],

o (B4)

for A(x) = —b?p?x* + (¢, — ¢;)x + ¢; — ie. One can be
reassured that this implementation of the PDS scheme is
correct because the same relative weight of the Appg and
Jo dxy/A(x) terms is obtained when using a hard cutoff.
That does not occur when using 1'V — 6Y/(d—1) or
algebraic manipulation of the numerator. Furthermore,

unless the relative weight of the cutoff-dependent terms
in/ 52) and ReY), is 2/3, the linear divergences that appear in
'YX as A(y,) and ReX) do not cancel in the isospin limit,
as they do in XEFT. For the T{,, they cancel when po =y,
an approximation we make in the cutoff-dependent terms to
ensure cancellation.

With algebraic manipulation of the integrand in /, 82) and
integration by parts in / (12), we can rewrite these expressions

in terms of 7 and IV):

p21§)2):—1é—ﬂ ¢y — b? 2—i€+%l(p)
+302;q’“)(p),

p2](12):/;1;1;5_% cy — b?p? —ie
S0 =5 ) (B5)

APPENDIX C: C, COUPLINGS
AND g; EXPRESSIONS

In the isospin |7, m;) basis, we use the phase convention
|7t) = —[1.1), |7°) = |1,0).
11 11

D*) =|=,= D% =|=,—=).

D7) ‘2’2>’ ID°) ‘2’ 2>

Then, the Clebsch-Gordan decomposition of the Dz pairs is
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o= a2 fs-D)
o e

e =35 -5k ©
From this, we can deduce
0 = a0 = Sai7 + 50l
apog+ = %ai)/ﬂz + %a,lj/ﬂz. (C3)

These scattering lengths are calculated on the lattice in

0.002) fm. The matching from tree-level scattering tells us

that, for the diagonal couplings CS,Z) and CS), we can use

C,=4n(1+m,/mp)ap,, with the appropriate masses
and scattering lengths for each process. We can then use

those two values to solve for CS,I/ 2) and CSE/ 2) and obtain
C,(,l). We get

V) = -3.01032 fm,

C? = —0.76014 fm,

c?) =2.9%03 fm. (C4)

The expressions for the f3;’s are given below. The subscripts
on the y and u variables indicate the pseudoscalar charm
meson is in that channel—e.g., y, = y(m,,mj) is the

Ref. [51] to be ay); = 0.379% fm and a}’ = —(0.1004+  binding momentum in the channel with the D™ meson.
|
Sz (1) 1 (+) 1 (=) Apps —70)
= (Apps — By’ +-C --C —, C5
Pr = (Apps }’+)(\/§ﬂg 1 p2 BT %2 #OAPDS_7+ (Cs)
|
pr= { 2 )/4+( 2r2) (Apps —7+) —;Cg )Ho(—Y(Z)_Vi)(APDs =70)
/1 1 1
+27 (J’o y+> { ;Cgﬂﬂi(ﬁr_APDS)(zer_APDS)_;Cgﬂ/"g(yo_APDS)(zyO_APDS)
+
(=) (2 4.2 (=)
Cy (ri+rp)uiko (K H Cy 'pypo(py +p
- +2 ko i(APDs—J’o)+*O(APDs—7+) +2 =5 0<2 L) (Apps —7+)(Apps—70)| |.  (C6)
r 70 14 b3
r p@ LA 1 () Apps— 7+>
= (Apps — - B +-C -—C Cc7
B3 = (Apps 70)( 279 1 72 Ho 72 Hy Apps — 70 (C7)
| R
Pa= { 2 )ﬂo( 27/(2))(APDS_}/O)_;C§ )ﬂ+(_}/0_73—)(APDS_y+)
oo (L L 598 (7, = Aeps) (27 — A L 093 (v = Anps) (270 — A
+ }’o+}’+ 2% 3 (74— Apps) (274 — PDS)_P > Ho(yo—Apps)(2vo — Apps)
()2 1.2 (=)
Cy (ry+vo)uito (1 H Cy pypo(py +p
It (s ) 50 (g ) )+ I ) s |. (8)
r Yo I z
3) )
1 1 - fa B\ fx H
Ps = pu C£+)ﬂ0(APDS —70) — ;Cg )ﬂ+(APDs -7+ éll—ﬂg (vo — Apps) — éllﬂg (v+ — Apps) ”—:; (C9)
|
It is instructive to take the isospin limit of these p  Then, taking p, = py =p, y. =yo =y, we find
expressions and compare to XEFT. Referring to Eq. (6), we
can write down the B; couplings in this limit:
(1=0)
1 2 1=0 1 B
By = =B = -2, b= = by =—<y—Ast>( ! f”—zcé(’)u),
_ _ T g
BY =2(B{=" + B{"™"), 4,
_ _ 2
B\ =2(B\=Y — plI=9), (C10) Po=hi=-—" (¥ = Apps)*. (C11)
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The isospin-1 couplings drop out, which is to be expected,
given that we have projected out the isospin-0 state and are
here dropping isospin-breaking interactions. These expres-
sions also match the dependence of the decay rate on C, and
By in XEFT [27]. Using Eq. (24) of Ref. [27] (and adjusting
for a factor of 4 in the definition of C, in that paper), we see

that , = f, = —yrg in the isospin limit. It is an important
check on our calculation that in the isospin limit, the theory
can be properly renormalized with isospin-respecting coun-
terterms. When isospin breaking in the masses and binding
momentum is included, isospin breaking in the B operators
needs to be included, as we have done in this paper.
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