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Introduction

BREME (T HLIHTERZ) Chiral study of open charm meson resonances @ EBRYIE £FM, 10. 2018



First glance from PDG

CHARMED MESONS

(€ =+1) Y INSPIRE search
D'=¢cd DP=¢cu D =cu D =ecd similarly for D*'s

Dj;(2400)* I(JF)=1/2(0")

J F need confirmation.

D}(2400)" MASS 2351 + 7 MeV
D(2400)* WIDTH 230 + 17 MeV (S = 1.1)

CHARMED, STRANGE MESON 5

(C=8=+1) INSPIRE search
DY =es D =¢s similarly for I%'s

* - PY +

10(2317) I(J*) =0(0")

AUBERT 2006F and CHOI 2015A do not observe neutral and doubly charged partners of the D:.;.{Z?.l?}*_

¢, (2317)" MASS 2317.7+ 0.6 MeV (S=1.1)

mﬂﬂ{ggw]‘ — M, 34944+ 06 MeV (5=1.1)

D7%,(2317)" WIDTH < 3.8 MeV CL=950%
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(2317): ahotto

1. The BaBar detector
2143) BaBar Collaboration (Bernard Aubert (Annecy, LAPP) et al.). Apr 2001. 119 pp
Published in Nucl.Instrum.Meth. A479 (2002) 1-116
SLAC-PUB-8569, BABAR-PUB-01-08
DOI: 10.1016/S0168-9002(01)02012-5
e-Print: hep-ex/0105044 | PDF
References | BibTeX | LaTeX(US) | LaTeX(EV) | Harvmac | EndNote
ADS Abstract Service; BaBar Publications Database; BaBar Password Protected Publications Dat:
Detailed record - Cited by 2145 records

2 Observation of CP violation in the B” meson system
(%7) BaBar Collaboration (Bernard Aubert (Annecy, LAPTH) et al.). Jul 2001. 8 pp.

Published in Phys.Rev.Lett. 87 (2001) 091801

SLAC-PUB-8904, BABAR-PUB-01-18

DOI: 10.1103/PhysRevLett.87.091801

e-Print: hep-ex/0107013 | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndMote
ADS Abstract Service; OSTI.gov Server; BaBar Publications Database; BaBar Password Protecte
Document Server

Detailed record - Cited by 867 records

3"‘ Observation of a narrow meson decaying to D;—TFU at a mass of 2.32-GeV/c’
<! BaBar Collaboration (B. Aubert (Annecy, LAPP) et al). Apr 2003.
Published in Phys.Rev.Lett. 90 (2003) 242001
SLAC-PUB-8711, BABAR-PUB-03-011
DOI: 10.1103/PhysRevLett.90.242001
e-Print: hep-ex/0304021 | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac |
ADS Abstract Service; OSTIl.gov Server; BaBar Publicationsj
Document Server

Detailed record - Cited by 823 records

5. Measurements of the meson - photon transition form-factors of light pseudosca
610} CLEO Collaboration (J. Gronberg (UC, Santa Barbara) et al.). Jul 1997. 30 pp.

Published in Phys.Rev. D57 (1998) 33-54

SLAC-PUB-9838, CLNS-97-1477, CLEO-97-7

DOI: 10.1103/PhysRevD.57.33

e-Print: hep-ex/9707031 | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
KEK scanned document; ADS Abstract Service; Cornell U., LNS Server; SLAC Document Server; SLA
Data: INSPIRE | HepData

Detailed record - Cited by 610 records

6. Observation of a narrow resonance of mass 2.46-GeV/c**2 decaying to D*+(s) pil
573) CLEO Collaboration (D. Besson (Kansas U.) et al.). May 2003. 16 pp.
Published in Phys.Rev. D68 (2003) 032002, Erratum: Phys.Rev. D75 (2007) 119908
CLNS-03-1826, CLEO-03-09, CLNS03-1826
DOI: 10.1103/PhysRevD.68.032002, 10.1103/PhysRevD.75.119908
e-Print: hep-ex/0305100 | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
ADS Abstract Service
Detailed record - Cited by 575 records

7. Observation of B Meson Semileptonic Decays to Noncharmed Final States
419) CLEO Collaboration (R. Fulton et al.). Nov 1989. 14 pp.
Published in Phys.Rev.Lett. 64 (1990) 16-20
CLNS-89/951, CLEO-89-14
DOI: 10.1103/PhysRevi ett.64.16
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndMNote
OSTl.gov Server
Detailed record - Cited by 419 records

]

. Study of B- ---> D**0 pi- (D**0 ---> D(*)+ pi-) decays

17.
37) Belle Collaboration (P. Krokovny (Novosibirsk, IYF) et al.). Aug 2003. 6 pp.

18.
7) Belle Collaboration (Kazuo Abe (KEK, Tsukuba) et al.). May 2002. 7 pp.

Ic at B-Factory

L e L e R R e

BELLE-PREPRINT-2006-11
DOI: 10.1103/PhysRevlLett.97.251802
e-Print: hep-ex/0604018 | PDF

References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
ADS Abstract Service

Detailed record - Cited by 347 records

Belle Collaboration (Kazuo Abe (KEK, Tsukuba) et al.). Jul 2003. 20 pp.
Published in Phys Rev. D69 (ZI}I]-H-) 112002
DOI: 10.11 00z
e-Print: heg—eﬂ0307021 | PDE PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNo
ADS Abstract Service
Detailed record - Cited by 338 records

Observation of the D(sJ)(2317) and D(sJ)(2457) in B decays

Published in Phys.Rev.Lett. 91 (2003) 262002
DOI: 10.1103/PhysRevl ett.91.262002
e-Print: hep-ex/0308019 | PDFE

References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
ADS Abstract Service

Detailed record - Cited by 337 records

Observation of double ¢ anti-c production in e+ e- annihilation at

Published in Phys.Rev.Lett. 89 (2002) 142001
BELLE-PREPRINT-2002-13, KEK-PREPRINT-2002-27
DOI: 10.1103/PhysRevLett.89.142001

e-Print: hep-ex/0205104 | PDF

Continuing efforts from
LHCDb, Belle-I1I,
PANDA,...

and also Lattice QCD
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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: VY.B.Dai etal.. PRD2003 : S.Narison, PLB2005:

E. van Beveren, et al., PRL 2003; Z.G.Wang, PRD2006 ......

*Hadronic 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. EPJC’18 ...

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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D*,(2400): two-pole structure ?

[Albaladejo,Fernandez-Soler,F.K.Guo,Nieves, PLB'17]

[ZHG, Meissner,Yao, PRD'15] U
5.0 - : ‘ -

4.0 -
3.0 F 1 :
2.0 F | -
1.0 - 5 | -
00 =——T T /T . RTIEL ll Whiade bl B Ty -

2000 2100 | 2200 2300 2400 2500 2600
E (MeV)

Absent in PDG!

(S,I) RS| /Fee [MeV]  |Residue|"/? [GeV]

0,4) 10 | 211473 —i111 73 0.66 013(Dm)

10-4| 77

1 | 2473135 — i 14073 5.367 040 (D7)

The above results are predicted from other channels with different
guantum numbers.

Direct Exp measurements, like phase shifts & inelasticities, are not
available at present!

Any concrete confirmation about the resonance structures in D-pi,
D-eta, Ds-Kbar coupled channel scattering?
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Yes, Lattice QCD can help !

[Moir, et al., JHEP'16]

Eigenenergies [000] A}
In finite box

[001] A, (011] A, [111)A,

048}
046— 042_ E-3 | = B < H
—
—_—
044 ¢ 040 """ """~ - —__I ________ S St o — Dlenr
038+
042} : =
036}
040 = Dnlthr == == - s Fo o=
5
034+ E‘é
Ljag
0.38 — ! L . s s . . .
16 20 24 20 24 20 24 20 24

Length of
finite box
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Luscher's Approach:

connect the discrete spectra in finite box to the scattering amplitudes
in the infinite volume [Luscher, NPB “91]

3/2
Elastic scattering case: tan ¢(gq) = — 1
' - )
/ Zoo(1;9°)
E... [000]
\ \
1o Phase shifts
1000 | { Luscher's Zeta function
N mi% ( function of L, parameter free)
I .,
S00 * For the elastic case, one has the one-to-one
700} . correspondance between the phase shifts and
fﬁ energy levels.
600 | )
T * The one-to-one correspondance will be lost

INn the Inelastic case.
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[He,Feng,Liu,JHEP'O5] [Wilson,Briceno,Dudek,Edwards, Thomas, PRD ‘15]
[Lang,Leskovec,Mohler,Prelovsek, Woloshyn, PRD'14] [Fu,PRD'12]

[Gockeler,Horsley,Lage, Meissner,Rakow,Rusetksy, Schierholz,Zanotti,PRD'12] ......
A widely used approach in the inelastic scattering case:

Luscher function + K matrix

detll+ip-t-(14+iM)| =0

/

Kinematical || matrix:
factor polynomial + pole Luscher's finite-volume
terms functions (complex objects)

* Free parameters in K matrix are determined by the finite-volume
spectra. Then one can determine amplitudes in infinite volume.

« K matrix does not automatically respect the QCD symmetries,
such as the chiral symmetry. It could be problematic for chiral
extrapolation.
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Our approach:

Step 1: Put chiral perturbation theory (ChPT) In finite volume.

Step 2: The free parameters in ChPT, which are indepdent of
guark masses and volumes, are fitted to the finite-volume energy
levels obtained at (un)physical quark masses.

Step 3: Perform the chiral extrapolation and give the predictions

In infinite volume with physical quark masses, including phase
shifts, inelasticities, resonance poles, etc.

| will show some results for the D-pi, D-eta and Ds-Kbar scattering.
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Theoretical framework
LO ChPT with heavy-light mesons

cY) — D, DD* Dt — AT, DDY
NLO ChPT with heavy-light mesons
ES]) = D (—ho{x+) — hix+ + ha(uyut) — hau,u") Dt
+D,,D (hy{u,u”y — hs{u", u’}) D,DT |

3 LD o4
with Uy = 1 ('H.TQH'H. —Uu 1-:"-}“::‘) u = exp ( ) (£ =u'yu' Tuyu

V2EF)
(\/§ﬂ0+n8 7z,+ K+ \
J6
_ _\/éﬂo'l'ng 0
¢= w \/6 K
_ — —2n
K KO 8
\ \/6 /
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D(s) and

ight pseudoscalar meson scattering amplitudes

(S,71) Channels CLo Ch Y Cyoy Oy
(—1,0 DK — DK —1 m2. m2. 1 —1
K K
(-1,1) DK — DK 1 my. —m3. 1 1
(2, %) D.K — DK 1 mi —-rn.?{ 1 1
(0, 3’) D7 — D 1 m2 —m?2 1 1
(1,1) Dy — Dy 0 m2 0 1 0
DK — DK 0 mi 0 1 0
DK — Dgr 1 0 —(m3 +m2)/2 0 1
(1,0 DK — DK —2 m2. —2m2. 1 2
K K
2 P 2
- . T —omp+3my 1
DK — Dgn 3 2[] ] —f‘ﬁ’ 2 0 7
D.:;'TI - D.s-'f! 0 JIFLH:‘}‘—NL; '-l(:rnr;jzm}{] 1 %
(0, %) D7 — D —2 m2 —m?2 1 1
_ 41?:,2{—1;@ —m2 1
Dn — Dn 0 —E—" 3 1 3
D.K - DK -1 'm.'f{ —-m%{ 1 1
Dn — D 0 0 —m?2 0 1
— : —/6 2 L2 -
DK —Dr | -8 0 olmytma) g 8
—r . /6 e';.'rn"}{—:%m;?r -1

FEME (FTIEIHTE K5
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Unitarization: Algebraic approximation of N/D (a variant version
of K-ma’rr'ix) [Oller,Oset, PRD ‘99]

__ N(s)
L= 1 — N(s)G(s)

e The s-channel unitariy is exact. The crossed-channel dyanmics

IS Included In a perturbative manner.

« Unitarity condition: ImG(s) = —p(s)

o] 152 [ et

* N(s): given by the partial wave chiral amplitudes

(8.1 1 [+] . - .0
VJ-DI"!’[_’DZQ{'Z(S) - E -1 dLUbfjﬂpJ (LUE’ qj)v”l‘}bl_}ﬂzﬁbz (S, I(S, COS {:ﬂ})
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Finite-volume effects

Two types of finite volume dependence of scattering amplitudes:

* Exponentially suppressed type o< exp(-m,L) : s, t, u channels

e Power suppressed type o< 1/L3 : only s channel

We ignore the exponentially suppressed terms, indicating

that finite-volume effects only enter through s channel.

N (s)

L =T e ae

|.e. We only consider the finite-volume corrections for G(S).
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4
G(S)—’i/(dq , ! — s = P?

21m)% (g2 — m3 +i€)[(P — q)%2 — m3 + i€

Sharp momentum cutoff to regularize G(s)

w1 + w9

|ﬂ<qmax 13 (ltﬂ) - 2?1)1'(1)2 E2 — (w1 () 21”7
st — | a), Tt
( ) v; = \/|g7|2—l—m?: s = F?
G(s) in a finite box of length L with periodic boundary condition
|71 <gmax
-1 Lo
G=— >, Iy, 7 = 7 nel
il

Finite-volume correction AG [Doring, Meissner, Oset, Rusetsky, EPJA11]

AG = é o chtoff

STt rlal<amas d3 1 wi(q) +w2(q)
{L3 Z / }2w1(q)w2(q) E? — (w1(q) +w2(q))?
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Finite-volume effects in the moving frames
Lorentz invariance is lost in finite box. One needs to work out the
explicit form of the loops when boosting from one frame to another.

R LR — —%k "
transforming qi=1,2 tO qi—1.9 — | CM quantities

PO g-P q° =
=g+ ||——-1)|—=——1|P
i =i+ |(F-1) - %

—

moving frame with total four-momentum P* = (P°, P) s = E? = (P%)? — |P|?

Impose on-shell condition gV = \/Iri;-’*‘l2 +m?
{-] —
gV E + P 0 - 2
q[) _ 1‘1 q’t —p qz p— ‘(}1‘2 —I— ﬂ’l,i
T P{]
G function in the moving frame
2m .
‘ql| <{max d3 _’* E | ‘<Q'max 7 = fﬁ’ ic ZJ:
~MV __ —% [ —
/ ol TTl) = O = 5o Y TG sty g

g1

Finite-volume correction AGMY: | AGMV — MV _ qeutoff

[Doring, Meissner, Oset, Rusetsky, EPJA12]
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Mixing of different partial waves in finite volume

.. . i 2T ™
The mixing is absent in - X
.i"lr b Q.i{?Ym 93 'Ill Yf ! 93 'Ill — 5 !(Smm-r
the infinite volume: / {Q_/G S 0dfYem (0, 9)Y i (0, 9) e

The mixing appears in finite-volume case, due to the absence of the
general orthogonal conditions.

Finite-volume correction to G function: AGYY = GV _ Geuteft
|§*|{Qmax I
ir 1 E I
~MV N
G =\ 1P 2 (|r§bﬂ*| Yem@) LT
Final expression for the G function: | G,,,, = Gfinitevolume | A GMV

To determine the energy levels in different frames with only S and P waves:
A1+ (0,0,0) . d&t[I + N(}(S) . é{]g] =0
T, (000):  det[] + Ny(s) - (Ggy + 2Gog)] =0

A,(0,0,1): det[I + No, M‘nqll] =0, Nos No 0 Mii—( éoom Ni\/gélf )
’ 0 N J —iv3G1o  Goo + 2Gao

------ [ZHG,Liu,Meissner,Oller,Rusetsky, to appear]
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Reprduction of the lattice energy levels
[Moir,Peardon,Ryan, Thomas, Wilson, JHEP'16]

(5, I)=(0,1/2), 000RA (s, I)=(0,1/2), 001n
2800 — T r — . . , . . .
= M 5 . ~ 2400 o _ i
= o 8 < 2300 }
o 2600 | S, I
— o & — a ] 5] -] -] -]
® 500 ke o % @ g & 8 g o g £ 2200 |
v & b6 & 4 8 & & @& U o
A =
2400 & B B ® i
> N >, 2100 |
o 2300 | | F
@ -] a Q@
g ® @ @& 8 @ A4 | & £ & @ B e |
5 2200 8 “ o £ 2000 | | | | | .
1.9 2 212223242526 272829 2.4 2.5 2.6 2.7 2.8 2.9
L(fm) L{fm)
(5, I)=(0,1/2), 011A (5, I)=(0,1/2), 111a
~ 2400 | & i ' ~ 2400 | g ' '
= L ] o - N & = & ™ a a - .
= <
< 2300 | < 2300 |
a & | s & a & @ @ m & ® = &
o O
= 2200 = 2200
Lil] Q
+ ]
= 2100 } = 2100 |
o o
H i
2 o000 = @ 8 a e — 2 o000 ® - ™ a p -
[] . . . . . . [=] . . . . . .
2.4 2.5 2.6 2.7 2.8 2.9 2.4 2.5 2.6 2.7 2.8 2.9
L{(fm) L{fm)

[ZHG,Liu,Meissner,Oller,Rusetsky, to appear]
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Reprduction of the lattice energy levels

2016 - . . - - 2019 - - - - 2012 - . . -
(5, I)=({0,1/2), 000T (5, Iy={0,1/2}, O0C01E fI)={0,1/2)y, 011B1
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2010 F ., . . ol & &8 8 o
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2012 - . T - - 2012 - - - - 2400 T
(S,I)=(0,1/2), 011B2 (8, I)=1{0,1/2), 111E (S,I)=1{1,0}, 000A
2010 | . . 2010 | o 2300 1 %{J
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2100 | EF
2006 ' ' 1 L ' ' 2006 L ' ' . ' L 2000 L
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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

(-1,1)

ApK[ (5,1)

2om[ (S, I)=(0,3/2) ]

FEME (FTIEIHTE K5
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[L.Liu,Orginos,F.K.Guo,Meissner, PRD'13]

[Lang,Leskovec,Mohler,Prelovsek,Woloshyn,PRD"14]
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Prediction of the physical phase shifts and inelasticities

300
1 e e e e e+ 1 8
250
~ 200 ¢t 0.8 r
o
E 150 ¢ o 0.6 F
o
L 100 r 0.4 | DT (Fit-2B) =—
~ : DN (Fit-2B) ======
“© 50 ¢ DK (Fit-2B) ====++'"
02 L Dm (Fit-1A)
0 DR (Fit-1B)
DR (Fit-2A) =r='==
~50 : : : : - 0 - - ' - :
2000 2100 2200 2300 2400 2500 2600 2000 2100 2200 2300 2400 2500 2600
E(MeV) E(MeV)

[ZHG,Liu,Meissner,Oller,Rusetsky, to appear]

BREME (T HLIHTERZ) Chiral study of open charm meson resonances @ EBRYIE £FM, 10. 2018



Prediction

E(MeV)

Fit-1A
40 .
DI DT —
D —Dn
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o 20
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. . ——
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5
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40
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g lezzzee . )
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of the physical scattering amplitudes

DR —DT (Fit-2B)
D) —0n (Fit-2E8)
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[ZHG,Liu,Meissner,Oller,Rusetsky, to appear]
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Summary

« The chiral approach illustrated in this talk provides an
efficient way to study the finite-volume energy levels.

* It can build a bridge to connect the lattice eigenenergies in
finite box obtained at unphysical masses with the physical
observables, such as phase shifts, inelasticities, at physical meson
masses.

* \We have successfully applied this approach to the pi-eta, K-
Kbar and pi-eta' coupled-channel scattering.

« Similar study in the D-pi, D-eta and Ds-Kbar is in progress.

Lilip el
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Chiral Lagrangian for pseudo-Goldstone with U,(1) anomaly

F- F* F* ~.|Leadstoa
L = —(u, ut)+ — +|— MZIn” detu .
X4 () 4 X+ 30 massive 1,
M: —1/Nc, mZ,m; — Const.
1000 — L L L p— -10 T | | |
L 15 % ! ]
O ] ’

800  foy, T o 7 20k ¢ _
= i "0800000000000nonong]| © 7 R _
L v

| ] v
> 600 K S0 o _
= HDAAAAAAAAAAAAANAAAANANAAAAAANANN é} - o -
7400 1 _ = bk %, ~
> - - > L %0, , i
200 T - S0l 000000000001

i C}OODDDOOOOOOODOOOOOOOOODDOO_
0— L _l ' .l T — 60 _ I IIRN N N R N _
06 12 BB 24 30 0 6 12 18 24 30
N, N

2

NC—oo: m, »m, mn.—>\/2m§—m”, .0 — Arcsin

£
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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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Nc trajectories for D™ o(2317) [ ZHG,Meissner,Yao, PRD'15 ]
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