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Introduction

A poster child in hadron physics: X(3872) [PRL 91, 262001].
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Many exotic states were observed after the X(3872). This table is from [Phys. Rep.

639, 1]



Introduction

In 2017, the LHCb Collaboration reported the observation of doubly charmed baryon =1+

[PRL 119, 112001], which triggered many discussions on whether the stable QQgg tetraquark
states can exist in nature [PRL 119, 202001, PRL 119, 202002].
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Lattice QCD and quark model all support 0(17) states [IUMPE 17, 1157], then how about the
molecular-like states in B*)B(*) systems?



Introduction

P.(4312), P.(4440) and P.(4457) were reported by LHCb in the April of last year
[PRL 122, 222001].
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Molecular explanations were proposed by many theoretical works, such as Refs.
[PRD 100, 014031; PRL 122, 242001; PRD 100, 011502; PRD 100, 014021; EPJC 79, 393].



Introduction

What is the nature of A.(2940) [PRL 98, 012001, PRL 98, 262001, JHEP05(2017)030] ?
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D*N molecule or the conventional excited baryons?



Introduction

1. The interactions between heavy hadrons are essential to map out the mass
spectra of the corresponding molecules.

2. Various methods can be applied to study the heavy hadron interactions.



Introduction

at the quark level
(OBE) model at the hadron level
by solving nonperturbative equations
Effective field theory based on symmetries, pionless or pionful

Methods =

Pionful: Pion is explicitly treated as the light degree of freedom (dof) in the
Lagrangians. p and other high states as the heavy dof are integrated out due to

the large scale separations.
Merits: Consistent power counting, the error is estimable and controllable at the

order we are working on. Extensively exploited to study the N-N systems with

great success [IJMP E4, 193; RMP 81, 1773; PR 503, 1].



Introduction

We systematically study the heavy hadron interactions with chiral effective field
theory up to the one-loop level.

Troubles: Pinch singularity in the loops needs to be carefully tackled.

Surprises: (1)New spin-spin interaction term (S; - S,)? emerges from the loop
diagrams for the B*B* and ¥*D* system. (2) Heavy quark symmetry is not always
good for the charm sectors.

Expectation: Chirally motivated effective field theory can give a good description
for the P. and A(2940) states.



Lagrangians and diagrams

Lagrangians for B*)B(*) systems
Pion interaction:

£, = (o M) H) + (Ho-TH) + g (HsH) — SA (Ho"Hoy) ,(3.1)
Contact interaction:
L) = DaTr [y H] Tr [Hy"H] + DyTr [HryunsH] Tr [HAysH]
+E,Tr [H’yMT”’}-_[] Tr [H’y“ﬂﬂﬂ + E,Tr [’H"}/M’}ST”?'_[] Tr [H’y“’ym’ﬂ-_[] (3.2)
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Lagrangians for D) systems
Pion interaction:

_ _ 00 -
Lpy = —Tr (w”iv ) Dwu) + 1906 p0 T (Wuﬂv”w“) + iETr (WLUWW’)
1 _ _
+§Tr [Bi(iv- D)By] + g Tr (Y*u, By + Hee.) (3.3)
= ~ 1 = ~ = ~
Lyy = —i(Hv-DH) — §5b<HUWHUW> + §(HilysH), (3.4)

Contact interaction:

[,HB = Da<7':[7:[>Tr(1ZJ“¢M) + iDbeaquUU <7_:17p757:[>Tr (&Nd]l’)
+Eo(Hr H) Te (07710,) + iEpeopupt” (HA 57 H) Te (9 70”), (3.5)
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Lagrangians and diagrams

where 1) and H are the super-fields for the charmed baryons and mesons,
respectively [NPB 396, 183; PRD 45, 2188R]. g, and g, can be determined with the partial
decay widths of 3, — A.m and £} — A.m, respectively. g is extracted from the
partial decay width of D** — D% . D,, D,, E, and E, are four independent
low-energy-constants (LECs).

Figure: The possible Feynman diagrams that account for the short-, long- and intermediate-
range interactions of the £\ D* systems.
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Lagrangians and diagrams

Lagrangians for D*)N systems
Pion interaction:

ENqS :N(iU-D+2gAS-u)N, (3.6)

Lang = 285(T!'guawf N + Nwga, TH), (3.7)
Contact interaction:
L0, = D,NNTr [HA*H] + DyN7y,sNTr [Hr 7]
+E.NTNTr [Hy* 1, H] + EpNvu57aNTe [HA 51 H] (3.8)

++ _ LAO . ++ L LAO +
T}:—l <A1 \/§A )lel <A1 Jr\/5A ) T/3\/§<A > (3.9)
L 1 +7 . ) 4 1 + _ 7 L 0 * *
V2 \ ZAT-A V2 ZAT+A 3\ A
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Lagrangians and diagrams

Weinberg’s formalism:
We need the effective potential!

(E,.P) (E,-F)
(@

[ dPe 1
1/ (2m)P (—bg + ie) (by + ie) (02 — m2 + ig) (3.10)

The integration over ¢ is ill-defined because it has poles above and below the real axis at ¢y = +ie

(which is always called as pinch singularity).
Zozi<8—é2/2MN> +ie, (3.11)

where £ = ﬁZ/ZMN, and My is the mass of the nucleon. I



Lagrangians and diagrams

Effective potential in momentum space:

_ M(q)
V) = = oL, (3.12)
In coordinate space:
d° -
V(r) = / (2733 e "1"V(q)F(q), (3.13)

where the Gauss regulator F(g) = exp(—g*"/A*") [PRC 53, 2086; NPA 671, 295]. As in
the N-N systems, we set n =2 and A = 0.5 GeV to give predictions [PR 503, 1; EPJA

51, 53; PRC 68, 041001].
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Numerical results of the B(*) B(*) systems
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Figure: The potentials of 0(1") BB* (left panel) and B*B* (right panel) systems in coordinate space.

The potentials of other channels are all repulsive.

By solving the Schrédinger equation, we get
—12.6757 MeV, AEp.p. ~ —23.871%3 MeV.

~10625.57303 MeV.

AEgg =~

myge ~ 10591.4177 MeV,

Mg« px (4.1)
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The three P.s without and with the A,

The four LECs in eq. (3.5) are still unknown. But we do not have to determine
each of them since the forms of the O(<°) contact potentials are homogeneous for
definite isospin states.

D =D, + ZEQ(Il . Iz), D, =Dy + ZEb(Il . 12). (42)

Therefore, the leading order potential

2
via = -y, v = - []D)1 + D2l T)],
VoL = Dby, Vit = =[P+ Da(os - T)). (4.3)

In the scenario Il of our previous work [PRD 100, 014031], the LECs are determined by
fitting the data of the three P.s, yet the result is unsatisfactory.
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The three P.s without and with the A,

Table: The experimental and theoretical information of the P.(4312), P.(4440), P.(4457),
and P.(4380). The I(J") quantum numbers are the theoretically favored ones, not the
experimental measurements (in units of MeV).

States Mass Width Threshold Binding energy  I(J7)
P.(4312) |4311.9 07768 98+2757  xiDY 58340778 1(17)
P.(4440) | 4440.3 13741 206 £2775 ¥D0 194541374 1(17)
P.(4457) |4457.3 06711 64+20%7  ¥D0 245406711 3(37)
P.(4380) | 438048429 205418485 ¥tD0 23348429 }(}7)
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The three P.s witl
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Role of the A,

Table: The binding energies AE for the I = 1 hidden-charm D™, systems in both
cases with and without the A., as well as the case with 7° = 1° for P.(4457) and 3 for
P.(4440). “x” means no binding solution (in units of MeV).

AE | [SD) [y (D7 [9:Dly (DY, [S:DY; [S:DY]

[NT[eH)

NI=
Nl

1 1
2 2

Without A, | —29.05 —6.84 —298 3430 -0.16 X X

With A, —4.60 —2248 319 3451 -1434 -3.40 —0.30

I.S. —-724 147 1744 —40.88 X -024 -11.20
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Role of the A,
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Figure: The variations of the two-pion-exchange potentials for the ©.D(*) systems in the
cases of without and with the A.. The dependence on the mass splitting ¢, is also illustrated.
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Role of the A,

Take the two-pion-exchange potential of the [¥.D]: system as an example.

N

- attractive  without A,
VZCD = . .
repulsive  with A,

Why A, is so important?

1. Strong coupling: The threshold of A lies below the EE*), the coupling is very
strong.

2. Accidental degeneration: The mass difference between ¥.D and A.D* systems
is only about 28 MeV, which is a tiny value compared with the pion mass. Thus
the loop diagram that account for the coupled channel effect is largely enhanced.

If only A.? Negative!
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Interchanging the spins of P.(4440) and P.(4457)

. The J" quantum numbers of the P,(4312), P.(4440) and P.(4457) are not deter-
mined yet [PRL 122, 222001].

. The theoretically favored 7" for P.(4440) and P.(4457) in our paper and some
previous works are 3 and 3, respectively.

. In some recent works [arXiv:1907.04684; 1907.05294; 1907.06093], & new conjecture, that
the 77 = 3 for P.(4440) and ] for P.(4457), is proposed.

. We investigate the possibility of this spin assignment.
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Interchanging the spins of P.(4440) and P.(4457)
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Figure: The dependence of the binding energies of the three P, states on the redefined LECs ID; and D, in different cases. Figure (a) gives the

result that only considering the contributions of A, in the two-pion-exchange diagrams. Figure (b) shows the result when interchanging the spins of

P(4440) and P.(4457). The notations are the same as those in figure 3.
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Interchanging the spins of P.(4440) and P.(4457)

1. The resultis comparable with the one in figure 3(b), i.e., it seems this assignment
can well describe the experimental data, likewise.

2. But something becomes abnormal. No interchanging: (D1, ;) = (52, —4) GeV~2;
interchanging: (D1, ;) = (58, —31) GeV 2.

3. One has to largely enhance the contribution of the O(£%) spin-spin interaction to
reverse the canonical order of the spins of P.(4440) and P.(4457).

4. Why abnormal? Some hints from the N-N scattering data:

L0 — —%CS (NN)(NN) — %CT(NUN) . (NoN). (4.4)
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Interchanging the spins of P.(4440) and P.(4457)

The next-to-next-to-next-to-leading order fitting gives [PRC 68, 041001]
Cs = —100.28 GeV 2, Cr = 5.61 GeV~2, (4.5)

i.e., the spin-spin interaction only serves as the perturbation.
Other hints from the OBE model:

1. p and w contribute the g>-dependent spin-spin interaction.

2. The momentum-independent contributions can only come from the axial-vector
mesons, such as (hi,f1) and (by,a7).
3. The masses of these states reside around 1.2 GeV, which are much heavier than

those of w and p, and suppress the value of I,.

Looking forward to the last adjudication from the experimental measurements!
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Hidden-bottom ones

1. The above study for the hidden-charm pentaquarks can be extended to the
hidden-bottom case.

2. Just the coupling constants and mass splittings are replaced by the bottomed
ones.

3. The axial coupling g of the B mesons cannot be directly derived from the exper-
iments due to absence of phase space for B* — Bw, so we adopt the average
value from the lattice calculations [PRD 77, 094509; PRD 85, 114508].

4. The coupling constants for the bottom baryons can be determined by

2
m
D(Sy — Apr) = 4;‘;2{2 Ab| P, TS Aym) = 12g4j’2

mAb

“lg.l°. (5.1)
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Figure: The mass spectra of the hidden-charm (a) and hidden-bottom (b) molecular pentaquarks. The red and yellow regions in figures (a) and

(b) denote the mass ranges obtained from the experimental measurements and theoretical estimations, respectively. The blue solid lines represent the
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1. We set the (52, —4) GeV~2 as the limits of (D;, D) for the bottom case, which
deviate 17% from the central value. Approximately, we have

D; = 4349 GeV 2, Dy = —33F0.7GeV 2. (5.2)

2. The hidden-bottom ones are the tightly bound molecules due to the large masses
of their components. There is plenty of room at the ‘bottom’.

Table: The binding energies AE for the I = 1 hidden-bottom [S{*/B(*)]; systems with the
contribution of the A, (in units of MeV).

AE | (Bl (Bl (DB [5Bly By (BT (3B

Nio

1 3
2 2

With Ap|—14.0417 35 —22.725%% —9.12+8%¢ 14741752 2575538 _17.7617 01 —7.81133%
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HQS breaking

1. QCD Lagrangian has heavy quark symmetry (HQS) when mg — oc.

2. But, the physical masses of the heavy quarks are finite, such as m, ~ 1.5 GeV, m;, ~ 5
GeV.

3. The breaking effect is explicit, gg«pr ~ 17%gp*Dx, Mp~ — mp ~ 142 MeV, mp. — mp ~ 45
MeV.

4. The S-wave effective potentials between EE*) and D™ at the quark level
Quark level : VHSS — V. 4 VI, - I,. (6.1)

Vop=WV1 Vsp=V2+W85-5

Hadron level :
VE;*D =1)s VEL,*D* =W+WVS-S

2 1
Vl = Vz = V3 = V4 = Vc; VZ/ = gvs, Vi = EVS. (63)
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Figure: The heavy quark symmetry breaking phenomena in the two-pion-exchange diagrams. The solid lines denote the ZE(*)I_D(*) systems with

vanishing mass splittings and physical mass splittings. The dashed lines represent the same cases but for the Eé*)B(*) systems.
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Strange hidden-charm ones

Based on above work, we further study the effective potentials of six systems,
i.e., =D, =/ D) and Z:D). They all contain one strange quark.

Table: The predicted binding energies AE and masses M for the [Z.D™)] 7, [E:D™]; and

[=.D™)] s systems in [ = 0 channel, where the subscript “J” denotes the total spin of the
system.

System | [E/D]q [E!D*]; [E!D*]3 [EXD]3 [EXD*]; [EXD*]s [Ej‘D*]"5 [2cD] 1 [EcD*]1  [ED*]3
2 2 2 2 2 2 3 2 2 2
+6.4 —+6.4 +1.8 +4.2 +6.7 +4.5 +0.7 +2.8 +3. +2.8

AE | —1857¢p ¢ —15.6705 —2.07; 3  —7.57:% 17.077°% 8.075 7% 0.7757% 13375, —17.8735 —11.875
+6.4 +6.4 +1.8 +4.2 +6.7 +4.5 +0.7 +2.8 +3.2 +2.8

M | 44237700 4568.7707 4582.37 50 45029757 4635.4707 46444707 4651.77)70 | 4319.4750 44569755 4463.075

The predicted states can be reconstructed from the |/ A final states in the decay
modes A, (Z;) — J/wAK(n) [PRD 93, 094009; PRC 93, 065203].
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D*N

Preliminary results
D*N potential: short-, intermediate- and long-range interactions are simultaneously considered

(A(1232) is included in the loops).
With the quark model: NN interaction as the input to determine the LECs.

(2 )9 e

— O(e") Contact

N o) 17
O() 2.7

— Total

0 5 10 15 20
GV

Only the 0 <§_> channel has binding solution, AE ~ —5.7 MeV, i.e., mp+n ~ 2939.4, which is in good
agreement with the Babar, Belle and LHCb data of A.(2940). For another possible explanation, see

recent work: arXiv:1910.14545.
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» We predicted two 0(17) bound states in the BB* and B*B* systems.
e LHCb reported three pentaquark states P.(4312), P.(4440) and P.(4457).

« We systematically investigate the ¥\ and D) interactions in chiral effective
field theory without and with considering the A, contribution in the loop dia-
grams.

o Our calculation supports the P.(4312), P.(4440) and P.(4457) to be the S-wave
hidden-charm [ZCD]?iﬁZ, [&D*]{;ﬁz and [ECD*]I;iéjz hadronic molecules.

« Our calculation disfavors the spin assignment J° = 1™ for P.(4457) and J* =
3" for P.(4440).

e We also study the hidden-bottom Eé*)B(*) systems, and predict seven bound
molecular states.
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¢ HQS breaking effect is nonnegligible in predicting the effective potentials be-
tween the charmed hadrons.

e Strange hidden-charm molecular pentaquarks are predicted.

e We find a isoscalar [D*N|z/, bound state, which might correspond to the ob-
served A (2940).

Thank you and happy new year!
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