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In this contribution we study heavy meson-antimeson maéscfrom the effective field theory
perspective. In particular, we are concerned with the rblgh@ one pion exchange interaction
and heavy quark spin symmetry in the description of moleathtes. As we will show, one pion
exchange is in general a perturbative effect. This meanstHawest order we can describe the
molecular states in terms of contact interactions onlynearkable simplification. The application
of heavy quark spin symmetry will be very interesting, as wilve able to predict new heavy
meson-antimeson bound states from known ones. For instdree assume that thi (3872

is in fact aJP¢ = 17+ DD*/D*D molecule, we can predict the existence af& = 2+ D*D*
molecular partner with a mass of 4012 MeV. Futher heavy gapik symmetry partners, up to
six, can be derived from the additional assumption thadtt8915) is also a DD* bound state.
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1. Introduction

Hadronic molecules — bound states between two hadrons — are a nauiraebigrounded
theoretical expectation of hadronic physics. The original argumentayidoloshin and Okun [1]
states that, in analogy with the traditional meson exchange picture of nuoteasf two heavy
hadrons can also exchange light mesons (provided they contain a light)guThe resulting
hadronic force may eventually be strong enough as to bind the two hadgeteer. Of course, the
exact location of these states is difficult to pre@igtriori: we do not know which are the couplings
of the exchanged mesons with the heavy hadrons, not to mention the probteenform factors
in the meson-hadron vertices. However there are regularities and vedveays rely on guesswork
to determine the approximate location of heavy hadron bound states. Asdhbyidericson and
Karl [2], hadronic molecules will be more bound (i.e. more probable) tlawibethe hadrons. In a
different but converging line, Térngvist [3] studied the possibility ofibd states of pseudoscalar
and vector heavy mesons in a simple potential model consisting of the onexgioainge (OPE)
potential regularized with a monopolar form factor. The conclusion in basglegis that the lightest
system to be bound is the charmed meson-antimeson one. With hindsight testhe results
from these early speculations pointed in the right direction.

The discovery of th&X (3872 resonance [4] might prove to be the first example of a molecular
state. With a mass of 388+ 0.17 MeV, this state lies extremely close to th@md* threshold
(387179+0.21MeV) [5]. The molecular interpretation is thus very appealing. Howeaof
yet there is at most circumstantial evidence on the molecular nature of(8872, and other
possibilities (tetraquarlce, hadrocharmonium) are not excluded. In fact, we do not even know fo
sure theJP° quantum numbers of th¢(3872). They are either 1" or 2= [6], of which only 1+
is compatible with a meson-antimeson bound state. Probably, the strongdst hiiret molecular
nature of theX(3872) is the isospin violating branching ratio [7]

M(X(3872 — J/Wmrtm n°)
M(X(3872 - J/Wmtm)
which is easily explained in the molecular picture, as shown by the first time bye@aann
et al. [8, 9], but apparently incompatible with competing explanations (see e.g. tiesting
analysis of Ref. [10]).

In this contribution, we will explore the role of heavy quark spin symmetry $3Qin heavy
meson-antimeson bound states within the effective field theory (EFT) frarkes we will see,
HQSS constrains the interactions of heavy mesons in a very specific Wayedlicts the existence
of HQSS partners of th& (3872 (if it turns out to be molecular). We will also find that pion
exchanges play a relatively minor role in the low energy description oKtB8872 or the recently
discoveredZ,(10610 andZ,(10650 [11]. This is very interesting in the sense that it expands the
range of applicability of the simplest EFT descriptions (i.e. purely contaotigns) from just a few
MeV around the open charm (bottom) thresholds up to several tens of MeV

=0.8+0.3, (1.1)

2. The Effective Field Theory Description of Hadronic Molecules

Effective field theories are generic and systematic frameworks for theriggon of low en-
ergy processes. They are the most adequate theoretical tool forgledlinsystems for which a
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higher energy description is impractical. Building EFTs is straightforward:fivst identify the
fields and symmetries that are relevant at low energies and then coratnhet interactions that
involve the previous fields and are consistent with the previous symmetrfesou@se, this idea

is only useful provided there is a separation of scales between the logyapieysics we are in-
terested in (the scal®) and the high energy physics we do not know how to cope with (the scale
No). This condition is very important: if there is no scale separation, we enditlpaw infinite
number of interactions depending on an infinite number of coupling constadtthe EFT has no
predictive power whatsoever. However/\j > Q we can order the effective interactions according
to their relative importance at low energies. The principle by which this orglés done is called
power counting. If we are interested in the arbitrary quamitwe expand it as

_ 5 (Q) Aw
@) =3 (R ) AYQ. @)
where each new term in the expansion is suppressed by an add@ohgfactor. The EFT is now

manageable: we consider only the finite number of contributions withvihax, and the results
will be accurate up to a relative uncertainty(@F//\o)"ma+1,

In the case of heavy meson-antimeson molecules the low energy fields aPeathe P*)
pseudoscalar and vector heavy mesons (plus the respective antirfiektsyand the pions that
these mesons can exchange. The relevant symmetries are heavymuagasmetry (HQSS) [12,
13] for the heavy mesons and broken chiral symmetry for the pions aidiriteractions. The
identification of the lowest order diagrams is not unique and depends oprdiperties of the
system we want to descride We choose here the EFT expansion that is generated if there are
low lying meson-antimeson bound states such as<{8872), for which the leading order (LO)
interaction only contain two independent contact range interactions (iu. nfieson vertices).
The power counting assignment for these two verticas4s—1 (or Q~1) and all other diagrams
are subleading. The one pion exchange (OPE) potential, for exampées en ordeiQ®, while
particle coupled channel effects of the typﬁ% P*P* enter at ordeQ!. The resulting EFT is
the heavy meson counterpart of the Kaplan, Savage and Wise powaingptor two nucleon
systems [15, 16] (it can also be considered an upgrade of X-EFTt¢l&/]arger energy window).
For a more detailed account of the previous ideas we refer the readef. fd &.

Even though in the previous paragraph we have commented it very casballyubleading
(i.e. perturbative) character of the OPE potential in heavy meson mold@s@aewn-trivial and in-
teresting result. According to naive expectations, OPE is expected taleewan-perturbative at a
binding energy of the order of2./Mp, about 10MeV (4 MeV) in the charm (bottom) sector. How-
ever, by adapting a series of techniques of nuclear EFT [19] to heasgnyentimeson molecules
we find that the conclusion that OPE is perturbative is valid for a rangéndfrig energies much
larger than expected, up to 100MeV in the isoscalar charm sector, avid\bn the isovector
bottom sector [18]. This entails a remarkable simplifications of the EFT calcutatio LO, for
which a purely contact theory can be used up to relatively large bindiegies.

1A more formal account involves the analysis of the renormalizationmesolution of the EFT operators and states
that there are different EFT expansions corresponding to diffésestt points of the renormalization group [14].
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3. TheHQSS Partnersof the X (3872

The final form of the LO Q1) effective potential in momentum space reads

VY (@.0) = Coa, (3.1)
Véél/)pa(d, 1"7) = Coa—Con, (3.2)
V;«%]))pﬁ'«(qa 1"*) = Coa+Con, (3.3)

V2@, 07") = Coa— 2Cop, (3.4)

V{2 (8.177) = Coa—Cop. (3.5)

V2@ 2"") = Coa+Cop, (3.6)

where the subscripts indicate the particle channB|, (#%*/P*P, PP"). The EFT potential must
be regulated with an arbitrary regulator function, which we choose to laeissan regulator. For
the cut-off we use the valugs= 500/1000 MeV, which are of the order of the natural high energy
scale for hadronic molecules. Owing to the renormalization group invaroperties of the EFT
formulation, we expect the cut-off uncertainty to be a higher order effex at leasQ®). The
regularized potential is then iterated in the Lippmann-Schwinger equatieV +V Gy T, where
we will search for poles of the T-matrix as they correspond to bound gggeRefs. [20, 21] for
details).

As can be seen, the degree of symmetry of the effective potential is ralerkn particular,
we stress that

pvp/pp*(q 1+ ) = P*p* (q 1+ ) (37)
Vipe (6 177) = Vi@ 27). (3.8)

The firstline in the equation above explains why Zge10610 andZ,(10650 resonances show the
same energy shift with respect to th&Band B'B* thresholds (in this respect, see the discussions
of Refs. [22, 23]). However, if we are considering the charm seatermay be more interested in
the second line, which states that the EFT potential for the B*P/PP* and 2+ P*P* channels

is identical. From this we can derive the following consequence: @872 is a DD*/D*D
bound state with quantum numbers'] then we should expect &2 D*D* molecule with a mass

of 4012 MeV. We call this state th¢(4012).

The prediction of theX(4012) is model independent and relies only on HQSS and the as-
sumption that theX (3872 is indeed molecular. However, there are subleading order correc-
tions that can spoil this prediction, namely (i) the effect of the OPE potemil(i®) HQSS vi-
olations. The energy shift induced by the OPE potential is small, moving ‘thel?D* state
up to 4014- 4015MeV. The larger effect corresponds to HQSS violations, whichuainio a
+(Agcp/me) relative correction to the potential in the 2 channel with respect to its HQSS ex-
pectation. This implies that the mass of the state can change from 4003 to 4016 M

Apart from theX (3872 and X(4012, HQSS is compatible with the existence of up to six
charmed meson-antimeson bound states. Predicting them requires the dstiermon the two
LO countertermsCp, andCqp, Which in turn requires the identification of a molecular state with



Heavy Meson-Antimeson Molecules M. Pavon Valderrama

J°| HH |E(A=05GeV)| E (A=1GeV)| Exp (PDG [5])
0t | DD 3706+ 10 3712'1 —

1+ | D*D Input Input 3872

1~ | D'D 3814+17 381937 —~

0** | D*D* Input Input 3917

1+~ | D*D* 3953+ 17 395653 3942

2+ | D*D* 4012+3 40123 -

Table 1: The HQSS molecular partners of t¢3872 andX(3915. The bound states are computed from
the LO effective potential of Egs. (3.1 - 3.6), where the deuerms are fixed by reproducing the location
of the X(3872 andX(3915 resonances. The calculations are performed for two valtigeecut-off, and
the error in the masses of the states are computed by assamigtgh/me relative violation of HQSS in the
countertems. Further details can be consulted in Ref. [21].

quantum numbers other than™ or 27*. There are two promising candidates, 8915 [24]
and X(3940 [25], from which the first has been already theorized to be moleculdr [B6w-
ever, we momentarily discard th&(3940: the production mechanism for this stateeise™ —
J/WX (3940, suggesting a positive C-parity state (assuming one intermediate virtuahphéto
the same time this resonance decays mostly[ﬁj,m/hich is only compatible with a'T" bound
state, thus contradicting the previous C-parity assignment. Therefortheagze theX (3915 to
be a 0+ D*D* molecule, a choice that leads to the prediction of a total of six HQSS molecular
partners that we list in Table 1. We have checked the results againsalseneertainty sources,
in particular (i) OPE, (ii) HQSS violations and (iii) particle coupled channfda$. Contrary to
common wisdom, but as expected from the analysis of Ref. [18], OPEteff&e unimportant,
changing the position of the states by a few MeV only. This is true even foX {B815), which
has a binding energy of 100MeV. The effect of HQSS violations aredjrencluded in Table 1.
Finally, the explicit inclusion of particle coupled channels changes the posifithe 0" (17 )
states by around 40 MeV (30 MeV), but does not alter substantially thepafttese states, which
seems to be quite robust. It is also interesting to mention that most of the statasleflThave
also been predicted in other unrelated theoretical frameworks [279280P

To summarize, we have analyzed the role of the OPE potential and HQSSviy ieaon-
antimeson molecules from the EFT perspective. Surprisingly, the effebedOPE potential is
far weaker than expected, even for tightly bound states. That is, thetl@nder EFT description
of molecular states consists solely of contact interactions, with pions entasimgsubleading
perturbation [18]. The consequences of HQSS are very interestingddbis symmetry predicts
the existence of a new, so far undiscovered partner of theX(3872), which we call theX(4012).

If we also assume th&(3915) to be a 0" molecule, then we end up predicting three additional
states at 3710, 3820 and 3950 MeV respectively [21].
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