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Introduction
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Thriving studies on the EXOTIC hadrons with heavy flavors

 Hidden heavy flavor mesons: Zc¢(3900), Zb(10610)/Zb(10650) ..

 Open heavy flavor mesons: D”(2317), D,(2460) ...

[ Hidden heavy flavor baryons: Pc(4450), Pc(4380) ...
d Singly heavy flavor baryons: Ac(2940) , Xc(2800) ...

1 Doubly heavy flavor baryons: ? ??

d Triply heavy flavor baryons: ? ? ?
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Status of ground-state doubly heavy flavored baryons
Only doubly charmed baryons are observed now.

Long standing experimental puzzle:

» SELEX: E..f - A K a*,pD*K-
[SELEX Coll., PRL'02, PLB'05]
mass 3519 =+ 2 MeV

» However the results are NOT confirmed by FOCUS, Belle,
BaBar !

[Ratti, NPPS'0O3, BaBar Coll., PRD'06, Belle Coll. ,PRL'06]
> New measurements from LHCDb:

oF o ASK trt, mass 3621.40 = 0.78 MeV

[LHCb Coll., PRL'17]
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Our exploratory work aims at pushing forward the study
of the EXCITED doubly charmed baryons.

» Methodology: Scattering of ground-state doubly charmed
baryons (.., E..", Q. ") and light pseudoscalar mesons (7, K,

n)
» Theoretical framework:

E..T=ccu, E f=ccd, Q. " =ccs): charm quarks behave like static

color source. The dynamics is governed by the light flavors.

Then chiral EFT is a perfect tool to study such processes.
» Benefits: Our results could provide useful guides for future

experimental measurements and lattice QCD simulations !
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Theoretical interpretations

recent reviews: H.X.Chen, et al., Rept.Prog.Phys.2017; F.K.Guo, et al., Rev.Mod.Phys.2018

o CS state: Y.B.Dai etal.. PRD2003 : S.Narison, PLB2005:
E. van Beveren, et al., PRL 2003; ......

eHadronic molecular state: T.Barnes, et al., PRD’03:

F.K.Guo, et al., PLB’06; Altenbuchinger, et al., PRD’14; Du, et al.,

1712.07957; Albaladejo, et al. 1805.07104 ... See also F.K.Guo's
talk

eFour-quark state: H.Y.Cheng, et al., PRD 2003; K. Terasaki,

PRD2003: L.Maiani et.al., PRD2005; M.Bracco, et al.,
PLB2005:......

*Mixing of molecular and four-quark states:
T. Browder, et al., PLB2004;
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Our focus:

Scalar Charmed states from Dy + n(K,n,n’)
scattering

& their Nc and m_ dependences
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Scalar charmed meson resonances:
Ds*0(2317) and D*0(2400)
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Theoretical framework
LO ChPT with heavy-light mesons
c), =D,pD*Dt — A}, DD?
NLO ChPT with heavy-light mesons

ﬁng; = D (—ho(x+) — hix+ + ha(u,ut') — hyuyu') DY
+D,,D (hy{u,u’y — hs{u, u’}) D, DT .

with u, =i ('H.TQH'H. — U 1-:"-}“::%) u = exp ( ) X+ = HT\HT T U\

e

)
v 2Fy
It is essential to generalize to U(3) case to study the Nc behaviors:

0
(\/gﬂ-o +1, - K ) \/571' /P +\/§770 zt K+
N3 V6
_B3r+7, . 37+, +~/21, 0
e L2k L 7 K
K- KO _2778 K— KO _2778 +\/§770
k Ve V6

Possible new operators with singlet n, can appear, but they are
much less relevant in the present analysis.
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Chiral Lagrangian for pseudo-Goldstone with U,(1) anomaly
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D and light pseudoscalar meson scattering amplitudes

1 [C
yiD (s.t,u) =—5 | —=2 (s —u) —4Cohg +2C hy —2C24Ho4(s,1,u) +2C3sHss(s,1,u)

Dy =Dy, FZ 4
(S, 1) Channels Cio Cy C, Coy Css
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( X K
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Partial wave projection

: ] [+1
S S,
Vu{"-ﬂl}fﬁl—*ﬂzfﬁ’z (T) - E /_1 dcos gP; (CUS f?)) Vf{;rlzb}l =Dy, (S* I(S* cO5 fﬂ))

SR 1 f
Unitarization 7'(s) = = -V{E‘S‘I ),
1 — VE{ ). g(s)

g(s) = diag{g(s)i=p,s, } Im g(s) = —p(s)

S~ So p(s’)
(s) = g(s0) — J
s s T Sth (5‘ - T)(? — ‘i‘o)
2 xy — 1 -
167°g(s) =|asr(p)|+ loﬂmb Xy lt:':;,-’\}&+ — X l()u'l_ :
e A+ R O

Free parameters
hy, hy, Ny, Oy, hy, Nt chiral LECs, enter in all channels

ag ;- subtraction constant, exclusively affects a specific channel
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D (—ho{x+) — hix+ ) DT hg h; determined by masses
of D and Ds

Six-channel fit (6¢c): 4 LECs and 1 common a,
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Radical Assmuption

All the channels, regardless of the quantum numbers and the
dynamical states, share a common subtraction constant in the
unitarized amplitudes |

Prediciton of scattering lengths for (S,I)=(0,1/2) channel

T | T | T T I T | T | T T | T | T | T | T | T | T
L6/~ 5-Channel Fi i L6~ 6-Channel Fi ]
- —_— - danne 1t = - —_— - anne 1t
| o =0 1=12) o N=2 LQCD-Data |_ | ol G=01=12) o N=2 LQCD-Data| |
- m N}=3 Estimate . - m Nf:.? Estimate
E 0.8 — E 0.8 —
= 04 4 = 04 .
S - i B -
70 17 )
R a4l 1 & o4l
_;a -04_ 1 % -0.4_
= 0.8 4 T 0.8
121 - -1.2F
-1.61- | | | ! | | ] -1.6- | | | | | | |
0 01 02 03 04 05 06 0.7 0 01 02 03 04 05 06 0.7
M;T [GeV] Mﬂ [GeV]

It clearly indicates that “exotics” things happen around m_=0.3~0.4GeV
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Pole trajectories with varying m_
[ ZHG,Meissner, Yao, PRD'15 ]
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(5,I)=(0,1/2) channel Hanhart, et al., PLB14
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(S,1) RS| /o MeV]  [Residue|'* [GeV] Ratios

I1 233370 7451338 (DK) May explain the enhancement of
the D° K* channel: 1506.00600

(0,3) 1 [ 2033%3-i25173  6.647005(Dm)

(L1) I ([o466%32 - i2n1t) 69570 (Dir) zg (DK/D.r)
[]
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Pole positions and their residues with physical masses
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Nc trajectories for D" ((2317) [ ZHG,Meissner, Yao, PRD'15 ]
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Nc trajectories for D, pole in (S,I)=(0,1/2) channel
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To further constrain the scattering amplitudes using the recent
lattice simulation data of the finite-volume energy levels

[Moir,Peardon,Ryan, Thomas, Wilson, JHEP'16]
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[ZHG, et al., in preparation]
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[Moir,Peardon,Ryan, Thomas, Wilson, JHEP'16]
[Lang,Leskovec,Mohler,Prelovsek,Woloshyn,PRD"14]
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Reproduction of scattering lengths

[L.Liu,Orginos,F.K.Guo,Meissner, PRD'13]
[Lang,Leskovec,Mohler,Prelovsek,Woloshyn,PRD"14]
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[ZHG, et al., in preparation]
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Exploratory study of

exotic doubly charmed baryons
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Construction of the leading order chiral Lagrangian

» Ground-state doubly charmed baryons form a chiral triplet

(=)

rQf)cr:: — =1

\

»  Light pseudoscalar mesons identified as pseudo Nambu-Goldstone bosons

U=u? = ¢V2/F

( %Wovtﬁn mt K+ )
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» The leading order Lagrangian

1
D, =0, + 3 [’U,Tc‘?“u + u@MuT] , Uy = iu“'DuUu"'

— . A
L = chc (ZZD — 1o + %7“75“#) wcc

Ai—Bj _ mAi—Bj Ai— By Ai—Bj
T =T + T + T ,

wi
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Ai—+Bj _ mpAi1—Bj Ai—Bj Ai—Bj
T =T + T + T ,

wt
. . 1
Tiﬁz—:rBj _ _fwtﬁ B (g + QF)U-A ,
Ai—Bj 9 1
1 = sz uBd s 5 —mo dvsua
TPl = - w2 UBgYs d vs5uA
F pc — mgc
(S5,1) Processes Fut Fs (C) Fu (C) (S, 1) Processes Fwt Fs (C) Fu (C)
(-2,3) QoK = QK 7 0 5 (Ece) (1,0) EecK -+ ZccK -7 0 -2 (Qee)
(0,3) EceT — BeeT 3 0 2 (Bee) (1,1) EK — ZE.K 3 0 = (D)
(—1,1) Qeem = Qe 0 0 0 (0,3) EceT — Ecem -% 2 (Bee) -1 (Bee)
ZeeK 52K 0 0 0 Eeel) = Zeel) 0 &z (Bee) 15 (Eee)
Qeem = Ecc K 0 5 (Bee) Qe K = Qe K -7 5 (Bce) 0
(-1,0) ZeeK 5 E.K -3 1(Qc) 0 EeeT = Beel) 0 7 (Bee) 7 (Bee)
Qeenn = Qe 0 1 () 1 (Qe) Deem = Qee K -5 25 (Ee) 0
BeeK = Qeen B -T2 (Qe) 3o (Bee) Bee) = Qe -2 =L (Bee) - (Qee)

[ ZHG, PRD2017 ]
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Partial-wave projection and the unitarization

» S-wave partial-wave projection formula for baryon-meson scattering

T(W) = Z/dQTV[/QJJ)

cr—l ,2

» Unitarization: to take into account the possible strong interactions of the
two-body scattering

ImT = —p(S) p(s), = q(s)./8xy/s ( q(s): CM three-momentum )

| T(s) = [1 = T(s)- G(s)] " T(s)

v' G(s) takes care of the right-hand/unitarity cuts

Gt =1 [ 4 1
’ (2m)% (g2 — m3 +ie)[(P — q)%2 — m3 + i€

[q1<A 435 .

q wi + wy | re—

Gil""" . — r - s - — z ) ‘-g
(é) / [:2?1_)‘; 21[,’1“_}2 [S — (?_Lrl + wg)z] ( Wi |'§] + ﬁ’Ll )

v T(s) contains the remaining contributions except the right-hand cuts
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Inputs

Mett = Mot = 3621.4 MeV [LHCb, PRL'17 & Isospin symmetry ]

—CcC —CcC

mq+ = 3700 MeV [Chen, et al.,PRD'17]
F =TI, =921 MeV [PDG, CPC'16]

lgal = 0.2, ga=0 [Sun, Vicente Vacas, PRD'16]

( The final results are barely affected by the g, term.)

> The most sensitive parameter: cutoff scale A

Our conservative estimation: A =1.0 =+ 0.2 GeV
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Scattering lengths

S B 1 ST (Sen)
Y —) o , WYeed—>Y 2thr
cc® ce® SW(TH*T,DCC + rr1¢) ree peed
\ rocesses cattering lengths (im
S, 1 P S ing 1 hs (£
(1,0)  EuK — E.K —1.4, —3.6, 5.2
(1,1)  EeK = EeK ~0.19%555
(U, sz) SeeT —F EeeT _0095igggz
(—]., ].) Qeem = Qeem Uﬂgtggi
Ee K+ E.. K —0.22014 440451099
(-1,0) EoK = EoK —0.4970:19
Qeen — Qeen —ﬂ.?ﬁtg:gg +t Uﬂztggf
(U, 1f2) SeeT —F EeeT DS‘Stgig
Eeel) = Beenn —0.724921 1 0.30% 118
QoK — Qe K —0.5510-11 440.1310-19
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Resonance poles in the complex energy plane
[ ZHG, PRD'17 ]

(S,I) RS Mass Width /2 IResidue| 11> |Residue|>4> |Residue|54>
(MeV) (MeV) (GeV) (GeV) (GeV)
(1,0) EccKK 3
I | (——, 4112, 4096) 0 (——, 10.0, 14.9)
(4114, 4115, 4113) (6.5, 3.9, 4.1)
(-1,1) Qeem e K
I1 | (4191, 4134, 4090) (89, 83, 74) (15.7, 14.5, 13.2) (21.0, 18.3, 16.4) )
(—1,0) ECC}_{ 2een
I | (4018, 3957, 3907) 0 (22.4,21.7,19.8) (134, 12,5, 11.1) Resembles A(1405)
I1 | (4105, 4095, 4083) 0 (5.7, 6.6, 7.4) (3.0,3.2,3.3) & D'(2317)
0,3) EeeT Ecel] Qe K
IT | (3830, 3816, 3800) (76, 50, 33) (15.7,14.6,13.4) (1.0, 1.2, 1.2) (8.3, 7.6, 6.9)

II | (4170, 4146, 4116) (8, 18,22)  (4.4,5.7,6.4)  (9.9,12.1,13.2) (12.0, 13.6, 14.1)

See also a pioneer study of the bound state pole in the = Kbar scattering
by F.K.Guo & UIf.-G.Meissner, PRD'11; and a following detailed study by
M.J .Yuan, et al., 1805.10972 and J.M.Dias et al., 1805.03286
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Phase shifts, inelasticities, line shapes

Zee K — Zc K scattering with (5, 1) = (1,0)

(S,I) RS Mass(MeV) Width/2(MeV)  |Residue|},?(GeV)
(1,0) I | (——, 4112, 4096) 0 (——, 10.0, 14.9)
11 | (4114, 4115, 4113) 0 (6.5, 3.9, 4.1)

100 I | | I | I | I |
0.8 =eveurns |
1.0 ———
1.2 —mmm -
w
@ _
o o
7 = ]
0 _
=
5| T —— .
-100 1 ] ] 1 ] 0 ] 1 ] 1 ]
4150 4200 4250 4300 4350 4400 4150 4200 4250 4300 4350 4400
E(MeV) E(MeV)
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Qe — Qeem and Qe — ZEqK scattering with (S,1) = (—1,1)

(S,I) RS Mass(MeV) Width/2(MeV)  |Residue|i/*(GeV) |Residue|s2*(GeV)
(—1,1) II | (4191, 4134, 4090) (89, 83, 74) (15.7, 14.5, 13.2)  (21.0, 18.3, 16.4)

35

30 |

25 |+
20

2

I T41l
2

T4l

15 -
10

x 0
3900 4000 4100 4200 4300 4400 3900 4000 4100 4200 4300 4400
E(MeV) E(MeV)
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S K — B K and E.,.K — Q..n scattering with (S,I) = (—1,0)

(S,I) RS Mass(MeV) Width/2(MeV)  |Residue|i/*(GeV) |Residue|s2*(GeV)
(=1,0) I | (4018, 3957, 3907) 0 (22.4, 21.7, 19.8)  (13.4, 12.5, 11.1)
I1 | (4105, 4095, 4083) 0 (5.7, 6.6, 7.4) (3.0, 3.2, 3.3)

&4¢(Degrees)

2
[T44]

4150 4200 4250 4300 4350 4400
E(MeV)
T | I
I 0.8 )
) 1.0 ——
- 1.2 —=mm .

4150

4200

4250
E(MeV)

4300

4350

4400

£44

2
[Tzl

1.05

0.95
0.9
0.85

0.8

14

4150

4200 4250 4300 4350 4400
E(MeV)

L= T 1 T - N = T«

12 |

10F

4150

4200

4250
E(MeV)

4300 4350 4400
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ZeeT, Zeen and Q.. K coupled-channel scattering with (S, 1) = (0,1/2)

(S,I) RS Mass(MeV) Width/2(MeV)  |Residue|},*(GeV) |Residue|;,*(GeV)  |Residue3.*(GeV)
(0,3) 10 | (3830, 3816, 3800) (76, 50, 33) (15.7, 14.6, 13.4) (1.0, 1.2, 1.2) (8.3, 7.6, 6.9)
II | (4170, 4146, 4116) (8, 18, 22) (4.4, 5.7, 6.4) (9.9, 12.1, 13.2)  (12.0, 13.6, 14.1)
250 : 100
O . 8 ........
1.0 —
200 | 1.2 === ] 80 |
150 | 2 ' 60 |
| Tqq |

100 ||

50 fi/

el
e
-

P I

3800 3900 4000 4100

120 ¢

80 |

4200 4300 4400

a0t [ >

40 |

20
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Summary

* Chiral EFT provides a useful tool to study the
charmed hadron spectra.

* Pole trajectories with varying m_ for the
(5,I)=(0,1/2) channel are found to be quite similar as
those from f0(500).

* Pole trajectories with varying Nc for D*,(2317)
and the (S,I)=(0,1/2) channel are given.

« To further constrain the scatteing amplitudes
using lattice finite-volume energy levels and
scattering lengths is in preparation !
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» Two clearly exotic doubly charmed baryons are predicted, due
to their exotic quantum numbers of (S,1)=(1,0) and (-1,1).

> Two resonance poles in the Z_n,Z_1n, QK coupled-channel
scattering with (S,1)=(0,1/2) are predicted.

> Similar to the A(1405) in KN and D",(2317) in DK scattering,
one bound/virtual state pole is found below the E_K threshold
with (S,1)=(-1,0).

» These findings can provide useful guides for future experimental
and lattice studies.

Thank you!
LR OA
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