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Exotic resonances due to 1 exchange
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ABSTRACT

The meson X (3872) and several related states appear to be, at least in part,
hadronic molecules in which a heavy flavored meson (such as D°) is bound to
another heavy meson (such as D*?). Although not the only effect contributing
to the binding, pion exchange seems to play a crucial role in generating the
longest-range force between constituents. Mesons without v and d light quarks
(such as Dy) cannot exchange pions, but under suitable circumstances can bind
as a result of n exchange. Channels in which this mechanism is possible are
identified, and suggestions are made for searches for the corresponding molecular
states, including a manifestly exotic baryonic A.D; resonance decaying into

Jhp A
PACS codes: 12.39.Hg, 12.39.Jh, 14.20.Pt, 14.40.Rt

The discovery more than a dozen years ago of an extremely narrow resonance, X (3872)
[1], right at the DD* threshold, inaugurated a flurry of observations of charmonium-like
and bottomonium-like resonances similarly correlated with thresholds. A number of these
could be identified as possessing a significant “molecular” component, in which a heavy
charmed or bottom hadron was bound to an anticharmed or anti-bottom hadron [2}3].
When these hadrons possess light quarks, the longest-range force between them is single-
pion exchange, in analogy with the deuteron which binds via exchange of pions and other
light mesons [4-9]. The question then arises as to whether a related mechanism can play
a role in binding heavy hadrons which contain no u,d quarks. In this note we identify
potential channels in which n exchange is the longest-range force, and can thus form bound
states with quark content such as (¢5)(¢s). We predict masses based on the proximity to
thresholds of charmed-antistrange and anticharmed-strange pairs. Such a proximity is a
widespread feature of S-wave structures [10].
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Table 1: Possible S-wave resonances with two D, mesons below 5 GeV.

States (JT) M M — M(J/)) Binding  Allowed
(MeV) —M(¢) by n? JP
DF(07) D7 (07) 3936.6 ~179.8 No -
D0~ )D;‘ (17) 4080.4 -36.0 Yes 1+
D:H(17) D= (17) 4224.2 107.8 Yes 0,2t ¢
D (07) DIy (2317)(0+) 4286.0 169.6 Yes 0~
D} (07) D;(2460)(11) 4427.8 311.4 No® [1-]°
D;+(1 ) DX (2317)(0F) 4429 .8 313.4 No® [17]°
D (0~ )D51(2536)(1 ) 4503.4 387.0 No -
D} (07) Dy (2573)(21) 4540.2 423.8 Yes 2~
D (17) D31(2460)( +) 4571.6 455.2 Yes 07,17,2°
D (2317)(0%) DXy (2317)(0%)  4635.4 519.0 No -
Dt (1 )D81(2536)(1+) 4647.2 530.8 Yes  07,17,2°
D*+( ~) D (2573)(2%) 4684.0 567.6 Yes  17,27,3°
(2317)(0+) D81(2460)(1+) 4777.2 660.8 Yes 1+
D;‘0+(2317)(0+) D;(2536)(17) 4852.8¢ 736.4 Yes I
D (2317)(0%) DXy (2573)(2F)  4889.6¢ 773.2 No -
D} (2460)(17) D5 (2460)(17)  4919.0° 802.6 Yes 0F,2+a
D} (2460)(17)D5(2536)(1F)  4994.6° 878.2 Yes  0F,1%F 2+

@ JP = 1% forbidden by symmetry.
b Proximity of these two channels may lead to binding. See text.
¢ Cannot be produced in B — KX because of kinematic mass limit.

There have been observations [11-15] or failures to observe [16H18] a J/i) ¢ resonance
at 4140 MeV, which does not correspond to any known D** D*~ threshold. Both 1 and ¢
exchange were considered in a work identifying the 4140 MeV state as a D** D*~ molecule
[19], with predicted J = 07 and 2% masses highly dependent on an arbitrary cutoff
parameter. Such a molecule was also considered in Ref. [20], where the binding was due to
n, o, and ¢ exchange. The large binding energy in these two works is somewhat suspicious
in view of the short range of these potentials. A recent work explains the 4140 MeV state
as a mixture of 10% D**D*°, 10% D** D*~, and 80% D;* D:~ [21]. If the existence of the
J/ib ¢ resonance at 4140 MeV is confirmed, it is likely to be due to an additional mechanism,
beyond the n exchange discussed here.

The pseudoscalar n cannot couple to a pair of scalar or pseudoscalar mesons. Thus
some (c5)(¢s) channels will receive a contribution to their binding from 7 exchange, while
others will not. In Table[l|we summarize possible resonances involving two Dy mesons, with
special attention to those which can be produced in decays of the form B — KX, i.e., states
below about 4786 MeV. We take the masses M (Dy) = 1968.3 MeV, M(D?) = 2112.1 MeV,
M(D7%,(2317)) = 2317.7 MeV, M(D,;(2460)) = 2459.5 MeV, M (D, (2536)) = 2535.11
MeV, M(D%,(2573)) = 2571.9 MeV, M(J/i) = 3096.92 MeV, M(¢) = 1019.46 MeV, and
M (fo) =990 MeV from Ref. [22]. Thresholds involving two D, mesons are compared with
the J/ fo and J/ip ¢ thresholds in Fig. [1]



Thresholds involving two D, mesons
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Figure 1: Comparison of D)+ D)~ thresholds with those of J/i fo and J/i .

We now discuss the sign of the forces due to 1 exchange in some of the lowest-mass
channels in which binding is possible.

(i) Df D:~: This channel is analogous to D° D* if one replaces a u or @ quark
with an s or § quark. Hence the binding due to 1 exchange for the C' = 4+ combination
(Df D*~ + D* D;)/v/2 should be of the same sign as it is for the X(3872), which
is generally acknowledged as having a significant component of the C' = + combination
(D° D** + D*0 D°)/y/2. The range, of course, will be smaller by a factor of m,/m,, than
it is for pion exchange. As the DJ D*~ threshold is 36 MeV below M (J/i)) + M(¢), and
just below M (J/ip) + M (fo), the most one can expect is an enhancement in the M Tbe and

M B/ spectra near threshold.

(ii) Dzt Dz~: The related channel D* D* was analyzed in Ref. [9], where it was concluded
that the most attractive channel was the one with I = J = 0. This was a consequence of
the expectation values

(I - L) = [12[I(I + 1) — L,(I} + 1) — L(I, + 1)] = (=3/4,+1/4) for I = (0,1) , (1)

<J1 . J2> == [1/2][<](J+ 1) — Jl(Jl + 1) — JQ(JQ + 1)] == (—2, —1, —f-l) for J = (0, 1, 2) s (2)

where the most attractive channel for a ¢g interaction is the one with the largest value
of (I - Iy Jy - J2) |4]. In the present case, in which the isospin factor is absent, the most
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attractive channel will be that with J = 2. Thus, n exchange between D** and D~ should
give rise to a JI = 2T resonance near 4224 MeV decaying to J/i) ¢.

(i) DI D%y (2317): The forces due to n exchange will be equal and opposite for eigen-
states of the matrix

0 -1
v~ [ o ] 3)
in the channels [D D¥; (2317), D(2317) D] (cf. the discussion of DD* in Ref. [9]). The
eigenstates have positive and negative C, and thus J©¢ = 0~*. The attractive channel,
with C' = +, can decay to J/i) ¢. One would then see a resonance near 4286 MeV with
JFPC = 0~ decaying to J/i) ¢. Indeed, the CDF Collaboration has 3.1¢ evidence for a state

at 4274.47%2 4+ 1.9 MeV decaying to J/ip ¢ [12], identified as a D} DZ;(2317) molecule in
Refs. [23] and [24].

(iv) DF Dg(2460) and D** D7, (2317): The proximity of these two channels means
that mixing between them due to n exchange may be possible, with an interaction of the
form . One should then expect a J¥ = 1~ resonance near 4429 MeV decaying to J/i) ¢.
The mixing will produce two eigenstates of opposite C, with V attractive in the C' = +
channel.

(v) We have included DZ,(2573) in the discussion even though it is not as narrow as the
other states, having a width of 17 &4 MeV. Any resonance involving it will be at least as
broad, such as the predicted state around 4540 MeV with J¥ = 27. The potential is again
of the form , with the lower-lying eigenstate having C' = +.

(vi) Arguments similar to those in (iii) may be applied to states near 4572, 4647, 4684,
and 4777 MeV. In each case n exchange gives an attractive force in one or more channels
with C' = +, giving resonances which can decay to J/i ¢.

If it turns out that n exchange can indeed lead to D D? resonances, then analogous
meson-baryon resonances should also exist, by the same reasoning as in [9]. A prerequisite
is that both the meson and the baryon must be heavy, and at least one of them should

not couple to pions. The simplest example is a A.D? resonance, with quark content césud.
The relevant threshold is at 4398.6 MeV.

If such a A.D? resonance does exist, its best chance of being formed is in A, decay. The
decay Ay, — A.D? is Cabibbo favored. The mass of A is 5619.5 MeV, so approximately
1221 MeV needs to be carried off, e.g., by an extra 7+ 7~ pair or, as recently suggested [25],
by an 1. The A.D? resonance can decay through quark rearrangement to J/ A, with
Q-value of approximately 186 MeV. The most promising discovery channel is then

Ay — J A (rF 7~ or ) (4)
where one looks for a J/i) A resonance around 4400 MeV.

When u, d quarks are absent, 1 exchange indeed seems to be the longest-range single-
particle-exchange force available to form hadronic molecules of two systems containing
heavy quarks. It will be interesting to see if the dynamics of this formation is sufficiently
sensitive to 77 exchange that the predicted states are observed.

We thank Tomasz Skwarnicki for many helpful comments on the manuscript. The work
of J.LL.R. was supported in part by the U.S. Department of Energy, Division of High Energy
Physics, Grant No. DE-FG02-13ER41958.



References

[1] S. K. Choi et al. (Belle Collaboration), Phys. Rev. Lett. 91, 262001 (2003) [hep-
ex/0309032]; D. Acosta et al. (CDF Collaboration]), Phys. Rev. Lett. 93, 072001
(2004) [hep-ex/0312021]; B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 71,
071103 (2005) [hep-ex/0406022; V. M. Abazov et al. (DO Collaboration), Phys. Rev.
Lett. 93, 162002 (2004) [hep-ex/0405004].

[2] M. B. Voloshin and L. B. Okun, JETP Lett. 23, 333 (1976) [Pisma Zh. Eksp. Teor.
Fiz. 23, 369 (1976)].

[3] A. De Rijula, H. Georgi, and S. L. Glashow, Phys. Rev. Lett. 38, 317 (1977).

[4] N. A. Tornqvist, Phys. Rev. Lett. 67, 556 (1991); N. A. Térnqvist, Z. Phys. C 61,
525 (1994) [hep-ph/9310247].

[5] N. A. Térnqvist, Phys. Lett. B 590, 209 (2004) [hep-ph/0402237].

[6] C. E. Thomas and F. E. Close, Phys. Rev. D 78, 034007 (2008) [arXiv:0805.3653
[hep-ph]].

[7] M. Suzuki, Phys. Rev. D 72, 114013 (2005) [hep-ph/0508258].

[8] S. Fleming, M. Kusunoki, T. Mehen and U. van Kolck, Phys. Rev. D 76, 034006 (2007)
[hep-ph/0703168].

[9] M. Karliner and J. L. Rosner, Phys. Rev. Lett. 115, 122001 (2015) [arXiv:1506.06386
[hep-ph]].

[10] J. L. Rosner, Phys. Rev. D 74, 076006 (2006) [hep-ph/0608102].

[11] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett. 102, 242002 (2009)
larXiv:0903.2229 [hep-ex]].

[12] T. Aaltonen et al. (CDF Collaboration), arXiv:1101.6058 [hep-ex| (unpublished).

[13] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B 734, 261 (2014)
larXiv:1309.6920] [hep-ex]].

[14] V. M. Abazov et al. (DO Collaboration), Phys. Rev. D 89, 012004 (2014)
[arXiv:1309.6580 [hep-ex]].

[15] V. M. Abazov et al. (DO Collaboration), Phys. Rev. Lett. 115, 232001 (2015)
larXiv:1508.07846 [hep-ex]].

[16] C. P. Shen et al. (Belle Collaboration), Phys. Rev. Lett. 104, 112004 (2010)
larXiv:0912.2383 [hep-ex]].

[17] R. Aaij et al. (LHCD Collaboration), Phys. Rev. D 85, 091103 (2012) |arXiv:1202.5087
[hep-ex]].

[18] J. P. Lees et al. (BaBar Collaboration), Phys. Rev. D 91, 012003 (2015)
larXiv:1407.7244 [hep-ex]].


http://arxiv.org/abs/hep-ex/0309032
http://arxiv.org/abs/hep-ex/0309032
http://arxiv.org/abs/hep-ex/0312021
http://arxiv.org/abs/hep-ex/0406022
http://arxiv.org/abs/hep-ex/0405004
http://arxiv.org/abs/hep-ph/9310247
http://arxiv.org/abs/hep-ph/0402237
http://arxiv.org/abs/0805.3653
http://arxiv.org/abs/hep-ph/0508258
http://arxiv.org/abs/hep-ph/0703168
http://arxiv.org/abs/1506.06386
http://arxiv.org/abs/hep-ph/0608102
http://arxiv.org/abs/0903.2229
http://arxiv.org/abs/1101.6058
http://arxiv.org/abs/1309.6920
http://arxiv.org/abs/1309.6580
http://arxiv.org/abs/1508.07846
http://arxiv.org/abs/0912.2383
http://arxiv.org/abs/1202.5087
http://arxiv.org/abs/1407.7244

[19] X. Liu and S. L. Zhu, Phys. Rev. D 80, 017502 (2009); ibid. 85, 019902(E) (2012)
larXiv:0903.2529 [hep-ph]].

[20] G. J. Ding, Eur. Phys. J. C 64, 297 (2009) [arXiv:0904.1782 [hep-ph]].
[21] X. Chen, X. Lii, R. Shi and X. Guo, arXiv:1512.06483 [hep-ph].

[22] K. A. Olive et al. (Particle Data Group), Chin. Phys. C 38, 090001 (2014), and 2015
update.

(23] J. He and X. Liu, Eur. Phys. J. C 72, 1986 (2012) [arXiv:1102.1127 [hep-ph]].

[24] S. I. Finazzo, M. Nielsen and X. Liu, Phys. Lett. B 701, 101 (2011) [arXiv:1102.2347
[hep-ph]].

[25] A. Feijoo, V. K. Magas, A. Ramos and E. Oset, arXiv:1512.08152 [hep-ph].


http://arxiv.org/abs/0903.2529
http://arxiv.org/abs/0904.1782
http://arxiv.org/abs/1512.06483
http://arxiv.org/abs/1102.1127
http://arxiv.org/abs/1102.2347
http://arxiv.org/abs/1512.08152

