Yatikie )%

HEBEI NORMAL UNIVERSITY

#_Z
s Z N\
o, e
B >
- v @
# <
N3 o

D,,(2460) and other open-charm 1™ states in
relativistic chiral effective field theory

Ze-Rui Liang (24%)

Hebe1 Normal University

Based on ZRL, X.-Q. Xiao, Z.-H. Guo and D.-L. Yao*, arXiv: 2607.02452 [hep-ph]

FENhEBEFIEMEFEMNMTS
W YK, # 2, Aug. 17-21, 2020



Outline

e Introduction

e Chiral potentials and unitarization

e Scattering length and S-matrix parameters

e Poles and their trajectories

e Summary and outlook



Introduction




Puzzles of charmed mesons

e Spectrum of charm-(non)strange mesons
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= Puzzle 1: why are D;’B(23 17) and D,(2460) so light?
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Charm-nonstrange mesons

A way out of the puzzles lies
in the use of ChEFT!




Status of ChEFT study of charmed mesons

o P scatterings & 0" states: ¢ € {n, K, K, n}

= Up to NLO: [Kolomeitsev & Lutz, PLB 2004], [Guo, et al., PLB 2006, EPJA 2009], [Gamermann, et al., PRD 2007]

[Liu, et al. PRD 2012], [Altenbuchinger, et al. PRD 2014], [Guo, et al., PRD 2018], ....
= NNLO: [Liu, et al., PRD 2009], [Huang, et al., PRD 2022] (Heavy Baryon formalism)
[Geng, et al., PRD 2010], [Yao, et al., JHEP 2015], [Du, et al., EPJC 2017] (EOMS scheme)

o P*¢) scatterings & 17 states: via heavy quark spin symmetry (HQSS)
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P¢ scattering P*¢ scattering D +*((01 _))}
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HQSS (DE(O _)\

e Our work: [ZRL, X.-Q. Xiao, Z.-H. Guo and D.-L. Yao, arXiv: 2607.02452 [hep-phl] 25 (L))
* +

= Relativistic kinematics: keeping full form of polarization vectors (D i0(0+)\

= Both contact and meson-exchange contributions D5 (17))
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= U(3) framework: inclusion of 1’




Chiral potentials and unitarization




Chiral Effective Lagrangians

e The Lagrangians up to NLO

_ (1) (1) (1) (1) 2)
Ler=Lpiyt Loyt Loyt Lolpyt Lo,

» LO contact interactions

Y, = = DD L TP

(1 — T _M2ppt
A Py = D,PD*P" — M PP

v Charmed vector mesons v Pseudo-scalar Goldstone bosons

* * * 3 \

P¥ = (D, D™, DN = (cii, cd, c5)" (= LR nt Kt

V2 6
v Pseudo-scalar charmed mesons b= _ s g0
) . V2 e
_ + NN — (i AT T

P=(D",D",D;")" =(cii,cd,csS) o 20 K
\ Vo)



Chiral Effective Lagrangians

e The Lagrangians up to NLO

_ (1) (1) (1) (1) 2)
Ler=Lpiyt Loyt Loyt Lolpyt Lo,

» LO meson-exchange pieces

. * 1 81 * *
gl([’lﬂngb = 180 <P;kuﬂPT - PM”P”T> ’ gl(ﬂ’ﬂBP*ql) = 7 (Pg;u,uDl/PﬂT — DUP&kuﬂPﬂT> Gaﬂ'uy )

» NLO contact interactions
L= =P = ) = Wy )P — P (W) = u ) P
—D, P (h (uu’y = hi*{u,u*})D, P,

*k
\ h1,2,3,4,5

v Heavy quark spin symmetry is applied.

and g, , are LECs.



NLO potential

e Feynman diagrams
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e Chiral potentials: V(s,t) = V_(s,1) + V (s, 1)

s — 1
0 0

€ €
exchange (a+b+d+e): V. (s,0) = 3—F52 (82 (s, 1) — g2 pul(s, )] + 3—FU2 |83% p(u, 1) — 2% pe(u, 1)]
0 0



NLO potential

a a

o The coefficients' (S, 1) C_hannels ] Cro Cg Cy Co Cy Cos  Css
- (-1,0) D*K — D*K| -1 0 —6 M} M} 1 -1
(-1,1) DK - D*K| 1 0 6 Mz —Mz 1 1
» Classified by strangeness and (2, ? DK - DiK| 1 0 6 M?; —M?; 11
isospin (S,1): 7 channels in total 2(1) j; g: - g: (1] 8 g ﬁz 34 1 (1)
D*K — D*K| 0 0 0 M} 0 1 0
> 17 — i’ mixing: D'K — Dir| 1 0 6 0 Mty 0 1
(1,0) |D*K — D*K| —2 12 0 M2 —2M2 1 2
D*K — Din|—/3cy 2v6(v/2co + 55) —2v/3(co —V/2s9) 0 c{t0) Kn 0 %
M\ _ (cos@ —sin@)\ (s Din—Dmn| 0  22+s))?  2(/2c+sp)? CHOm cOm o 2 2akw)
n')  \sin@ cos@) \"o D*K — Djif|—v/3sg —2v/6(co — V2s0) —=2V/3(V2cs +50) 0 o e ¢
Din— D7 | 0 Cgl,O) m' 0511,0) m' C(gl,O) m' Cil,O) m' 0 Cééﬂ) m'
D' —Din'| 0 2(co — /255)? 2(co — /255)? C(()l’o) Al C}l’o) i 1 C?(,é’o) k4
» LO masses and mixing angle: (0,}) | Dm—Dr| —2 9 3 M2 M2 11
D'n—D*np| 0 (co — V/25p)* (co — V/259)* C(()O’%) nn Cio’%) " 1 C?Eg’%) "
M? =2Bm , Mz = B(h+m,) D:K - D:K| —1 6 0 M2 M2 11
D*n — D*rn 0 3(co — \/539) 3(cy — \/539) 0 Mﬁ(ﬂsa —cp) 0 cp—2s9
n'in K 2 2 D:K — D*n —3§09 V6(cy — V2s9) —2v3(2cs+s5) O C§O’2) Ko 0 Cég’z) K
Dy = D*n| 0 3(v2cy + s9) 3(v2¢cq + sg) 0  —M2(V2ch+s9) 0 sp++v/2c
. £\ RCCICTNE:  R LA  CA:
sin¢) = — < I+ 3D A4 > D:K — D*n/ —@Sy V6(v2co +59)  2v/3(co — v/25p) 0 Cio’%) Kol 0 Cé‘;’%) Ko
D'y = D*n'| 0 (V2¢s + s9)? (V2¢s + s9)? Céo’%) nlnl Cio’%) n’n’ 1 Cég’%) nlnl




Partial-wave decomposition

o Helicity amplitude V, ; < Covariant amplitude V.(s, f)
V(P2 P4 2) = €1 (p3) V,u (P2 P4 D) € (P1)
VI = V) (gH — ZHEY) + V, SHEY + Vy SHpl + V, ph 8% + Vs ph ph.

e P and T transformation: 5 out of 9 are independent:

1
V—H— =V__= _§ [(ZS + 1)Vl +pcmﬁcm(1 o ZE)V’)] ’ Zs — COS@
1
V+_ = V_+ = 5 [(Zs - ]-)Vl +pcmpcm(]- - Z?)V:r,] )
P: V., ="V, 1 — 22)2
34 3 V+0 =—V_ = —! [lel — psz4 — zswlpcmpcm%] )
T: V,, =(Ds4y vam,
Ik hiks - 22)!
Ve :_V_:—swV—_2V—st cm_cmV )
0+ 0 Voms [31 Pem V3 3PcmP 5]
1
VE)O — [Zspzmwii'»‘/él + RZsW1 (Png?, - w3Vv1) +pcmpcm(‘/2 + Z§W1W3V5)] 3

mims



Partial-wave decomposition

e Partial-wave amplitudes:

o0

1 1
Viaso= Y  (@/+1 Wi, (9)dy, (z) Vi) = 5[ dz,V,., (s, 1(s,2)) dy , (z,)
J=max{|45|,|4,]} -1

e Helicity basis to JLS basis (for definite parity)

2L+ 1\,
Vis= D, U5V, [UST ULS = ( >7(LOS/I|J/1)(S,-/IZ-OO 152)
™ , 25 + 1
1
> S wave: Vi1 1=0(s) = 3 2V (5) + 2V o(s) + 2V _(5) + 2V, (5) + V()]
» P wave: Vior=1(8) = Viy(s) ,

Vs 121(8) = Vi () = Vi_(s) ,

1
Vs 121(8) = 5 [2V2,(5) + 3(V2,(5) + V2_(5)) + 2¢/3(V2,(5) + V2(5))]



The on-shell unitarization approach

» Bethe-Salpeter equation (BSE) with on-shell approximation
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» Two-point loop functions: G = {---, g(s), -}, 6.(s) = A%, M,%,*,Mq%,)

M]%* § MI%Z* t M¢25i M2' + Gi(s) [

a(u)+In — + In —
{ ) p? 2s M3, 2s

g{s) = In(s — My + Mz + 0(5))

1672

—In(—s + Mi — MI%i* + o,(s)) + In(s + Mq%i — M]%l_* + 0/(s)) — In(—s — Mc/%,- + M}Z)i* + al-(s))] }



Scattering length and S-matrix parameters



Parameter setup

. . _ _ ; _ #
e Values of LECs in contact term: &1 Guo, UIFG. Meissner and D--L. Yao, PRD 2015]

. ] 0,05 —_ (|S= ll, I=l|) | | | __ 1—_ I(S=-|1, I=i)) | | | __ _ oosk (S—2 I—l/2) | | __
» by mass difference: gL 1 E,,l 1E L ]
M2>x< _ MZ* %T\ 0151 } a ISfﬁT\o.s_— a ; 015k P .
h* — DS D — O 47 [E 02 j«i’— |§0.4_— . Sf 021 o= ® -
1 4_(]‘4[2< —M 2) ' T oask L 1 T2l 8 oos .
p I ] [ ] I ]
0 lOl.ll0{211\;)1.3[;;){4{;]0|.5I0{610.7 00 101.110{2;\2{3[;;){4]0'.5]0!6]0.7 0 lOl.ll0{2I0{310{410|.5]0{6]0.7

) eV M, [GeV]

> n 4 Y3
VIaHQSS O Trrr 11 I L L B N B B W L L L L B N B

r (S—O 1—3/2) 1 0.04— (S=1,1I=1) ; - F (S=1,1=0) B
- - - {1 _ 04 .
i | — g £ ol 1 & | |
hl — hl‘ ° l _— 0,2,3,4,5 $_ $ . __ §-0'8j =} __
§ S,‘ 0.02 - - 342? ]
* * * * * * 025 ] - i 176 N
LECs h h h h h h _0_30_‘0|110|2.0|3.0|4.0|5.0|6.(;7 -0.040_‘OllI0|2I0|3I0|4|0|5|0|6|;7 '2_'0| 02030 'olslolsl_
.............. 0 01 02 03 04 0. .6 0.7

Value |0.033 0.47 0. 08+g 21 3. 79+8 i —0. 06+8 0 —0. 48+8 02 M, 1620 M, 162V M 1660

» Values of LO coupling in meson-exchange contributions
» by decay width:

g 14,

127F2 M3.,

(D**(2010) » D'z) = > g = 1095.0 + 15.8 MeV



Scattering length

Th ()
. : (S D¢ D W 1 . JL,Pi =P
> Prediction of S-wave scattering lengths (P¥¢; = Pr) = ————= lim >
871- /Sl S_>Sth pi,cm
(S, 1) Process CT CT + Ex HMChPT [75]
(-1,0)|D*K — D*K 0.41(2) 0.41(2) 0.29+i5.2x 1076
(-1,1)|D*K — D*K —0.18(1) —0.18(1) —0.19—-41.7x 1076
(2,3) |D:K — DK —0.17(1) —0.17(1) —0.14
(0,3) | D*r — D*n —0.10(1) —0.10(1) —0.13—-i3.6 x 1074
(1,1) | Dim — D!« —0.001(1) —0.004(1) —0.039
D*K — D*K| 0.01(1) +40.07(1) 0.01(1) 4+ 70.05(1) —0.022 +70.10
(1,0) |D*K — D*K —0.8610-9% —0.8570:9% 0.76 — 5.2 x 106
D*n — Din | —0.22(1) +i0.04(1) —0.22(1) +30.04(1) 0.18 +40.19
D*n' — DIy’ | —0.24(2) +i0.03(1) —0.26(2) 4+ 30.04(1) -
0,1) | D*r — D*n 0.35(1) 0.3610:05 0.27 —33.6 x 1074
D*n — D*n | —0.03(2) +i0.04(1) —0.05(2) +30.04(1) 0.051 + 70.094
* T/ * T +0.04 +0.03 +0.04 .
DK — DK |—0.12(3) +140.187055 —0.1415:03 +40.16 7053 0.35 +140.27
D*n — D*n/ | —0.16(2) +30.01(1)  —0.16(2) +40.01(1) -

The meson-exchange diagrams contribute negligibly in all channels!



Scattering length

> Prediction of P-wave scattering length

(S,I) Process 0" PR 1 [~ 2 [P

CT CT + Ex CT CT+Ex CT CT+Ex
(-=1,0) D*K — D*K 49711 —4.711 —4.6714 —4.4711 —4.6714 ~5.8715
(-1,1) D*K — D*K 44108 4.210% 4.1(7) 3.9(7) 4.1(7) 5.3(7)
(2,1/2)D*K — D*K 4.2(7) 4.0(7) 3.9(7) 3.6(7) 3.9(7) 6.1(7)
(0,3/2)D*n — D*x 4.210% ~101.819% 4.0(7) 106.1(7) 4.0(7) —93.0(7)
(1,1) D*m — Din —0.4708 —0.5(7) —0.4108 —32.9709 —0.4108 —6.4107

D*K — D*K| 0.6(7)+i1.0(2)  0.5(7) +40.9(2) | 0.5(7) +40.9(2) 0.4(7)+i0.7(2) | 0.5(7)+i0.9(2) 14707 +i2.0(3)

(1,00 D*K — D*K|  13.3(1.6) 54713 14.11}8 10.7(1.9) 13.911¢ 13.2(1.4)

Din— Din | 353700 +40.2(1) 2.6707+i0.04(0) | 3.470%+:0.4(1) 2.8%07 +40.02(0) | 3.4107 +40.4(1) 4.37)i+i0.2(1)
Dy — Dy |-5.5T11 +47.9%21-2.9120 +§12.6735 4.7 17 +i5371 14871 T +47.1753-4.97 18 +i52718 —6.4720 +i6.6773
(0,1/2)D*m — D*x 7.9(1.0) 57.971¢ 8.4*11 ~16.1+43 8.2(1.0) 55.4709
D*n— D*p | 0.6798 4382717 3.4%01 450717 |—0.2499 47,5718 24402 4 i59FLT | 0.4709 +i7.6718-0.6112 +i10.8(1.9)
DK — D:K| 1.5(7) +i5.1750  3.1(3) +i3.0115 | 0.9702 +i5.1(9) 2.470% +i4.1(1.0)| 0.8102 +45.1(9)  1.3(8) +i5.4(9)

D*n — D*n/ |-4.2F13 + 2,670 —4.611 3 +i3.8703 |-3.5117 +i2.0103-3.9715 +i2.5700-3.671 % +i1.970F —4.5%]7 +i2.37)¢

The discrepancies between “CT” and “CT+EX” results (the first five channels) are mainly attributable to the u-channel exchanges.



Pion-mass dependence of S-wave scattering lengths

» The four single channels: solid blue (P*¢) vs dashed green (P¢)
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Pion-mass dependence of S-wave scattering lengths

» The three coupled channels: solid blue (P*¢) vs dashed green (P¢)

0.04

Goodness of HQSS: The most recent P¢h and P*¢ data in (0,1/2) channel are well described!
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S-matrix: phase shifts and inelasticity

e Single channels:

(S,[)Z(—l,O) (Sv[):(_lal) (5’1)2(27%) (‘97]):(07%)
\“\i“\w,2.5\7ww‘\i“‘\“‘\www12.5\ ; T \ ; 17““‘“‘“““‘

! —15F !
L1 | | A I N Y I Y N N SN N M | | [ | | | | AN T S IR TN AN T N Y IR N NN N
2.4 2.5 2.6 2.45 2.5 2.55 2.6 2.65 2.55 2.6 2.65 2.7 205 21 215 22 225 2.3

V5 [GeV] V5 [GeV] V5 [GeV] V5 [GeV]

0 | | | | | : 7_15

The cusp structure at the D*K (I = 0) threshold suggests the presence of a possible
subthreshold resonance.



S-matrix: phase shifts and inelasticity

e The coupled channel with (S,7) = (1,1):
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S-matrix: phase shifts and inelasticity

e The coupled channel with (S, 7) = (1,0):

20 \ o ‘ T T T T
: T ]1: D*K
= ! ! ! IS
= 100 | | =
5 | ﬁ j 0.5
0 ¢ ; ; !
50 | i i g
o) : . 1 /1
a ! | | [ . -
S ! ! ! q L .
—50 —: : : H I 2 s
I : : L3 7
0 \ 1 \ \ I ] L. | \ i \ \ A a
2.6 2.8 3 3.2 2.6 2.8 3 3.2
Vs [GeV] Vs [GeV]

Signal of a subthreshold pole — the D ,(2460) bound state



S-matrix: phase shifts and inelasticity

e The coupled channel with (S,7) = (0,1/2):

d; [Degree]

The broad bump of T, between the D*z and D*n thresholds, together with the sharp rise of the phase

20
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shift 5, past 90 degrees, provide a strong indication of a near-threshold resonance.
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Poles and their trajectories




Dynamically generated poles

e Analyticity continuity:

giH = g(s) —2{Img(s) , & € {0,1}

e Notation of Riemann sheets:

N
[51a 52, 53, ] et n=1+ 2 gizi—l
=1
1 |Residues| (GeV)
(S,I) RS poles (M —i 5)

|91 |92 93] |94]

(—1,0) II 2362.17135 —4111.0127 11.2778(D*K) - - _
(1,1) II 2576.7750> —4323.713%0 6.370¢ (Din) 11.8793 (D*K) _ _

IIT 2347.17713% —3227.47133 71+°3(D ) 5.6+02 *K) - -
(1,0) I 2455.215-2 10.6703(D*K) 70i33 D: 0.6708(Dxn') -
(0,1) I 2255.675% —i112.5755 10.3f0.1(D*)

s
IIT 2558. 1+§§2—2207 2118 5.870¢ (D*m)
IV 2307.11157 —i186. 4+§2§ 7.4703(D*n) 50+

D*n) 12.2102 (D:K) 2.3703 (D*n)

(D

(D3n)

03(D*n)  5.2701 (D:K) 4.473¢ (D*')
03(D*n)

o(D*n)  5.010(DiK) 4.7733(D*n)




SU(3) analysis

e Weight diagrams of flavor SU(3) symmetry: 3® 8 =159 6 ® 3

15 6
S =2
0 + + +
S =1 TCSl T(lsl T(,:Sl
S=0
S— 1
I, I,
! 0 1 —1 0 1

e Physical world vs SU(3) symmetry limit:

My =M™ + x(M, - MghY) , pe{nKKn},

¢

Mp: = MPY + x(Mp: — MBY) ,  P* € {D*,D¥}

ol

D, (2460)

S

AN

lower D,

I3

—1/2 0 1/2



SU(3) analysis

e The SU(3) triplet:

@ Resonance @ Bound state O Virtual state (O Virtual state ¢ D;1(2460)

26 T T 1 T 1 |‘ T |‘ | L I T T I T T I T T I T T I T T
: .457—fx20 . . ,_,_._._:
95 L ; DR T L D, (2460)
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O N
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0
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()
-
21 P xl‘ — 1 1 1 1 1 | 1 1 | 1 1 | 1 1 | 1 1
0

1 | 1 | 1 | 1 |
0.05 0.1 0.15 0 0.2 0.4 0.6 0.8 1
['/2 [GeV] L



SU(3) analysis

e The SU(3) sextet:
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M _trajectory

e The bound-state pole: (1,0)
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> Remains as a bound state as M_ increase
> In consistent with lattice QCD results

« Pion mass dependence
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M _trajectory
e The two poles in (0,1/2)
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> Lower pole (left): a pair of resonances — two virtual states — a bound state + a virtual state

> Higher pole (right): always a pair of resonances



N trajectory

e The bound-state pole in (1,0)

- N dependence
0.3F @ RS-IBound state p ¢ P
[ = %S—H Kirtual state ] o
N - esonance ]
; 0.2 - [ RS-II Virtual state ] MTC’ MK’ MP* ~ @(1)
O i ]
o Ol '5 Fy ~ 0(/N¢)
< 00 > - E 2
—0.1F | .
[ ! ] * ~
= ~0.2 ; hiss~ 0() hyys~ OUINe)
—03F . a(u) ~ O(1)
2.4 2.5 2.6 2.7 2.8
Re /5,01 |GeV]

> Evolution of the pole: bound state — virtual state — resonance, to complex infinity as N~ — oo

> D 1(2460) is of non-gq nature



N trajectory
e The two poles in (0,1/2)
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> Both the two poles of D;(2430) flow to complex infinity as N~ — oo;
» Scaleas N with 1/2 < a < 1;
> D(2430) is of non-gq nature



Summary and outlook




Summary and outlook

o Chiral potentials of P*¢ interaction up to NLO

» Relativistic kinematics: polarization vectors
» U(3) framework: the contribution of 7, singlet

» Both contact and meson-exchange (EX) contributions: the S-wave EX is negligible

o Systematical Generation of axial-vector charmed mesons

» D ,(2460): bound-state pole, member of SU(3) triplet
» D,(2430): two resonance poles, lower/higher pole belonging to SU(3) triplet/sextet

» Inner structure: both of them are of non-gg nature

e Outlook

» Correlation functions for femtoscopy studies in experiments
» Off-shell treatment of the BSE, free of unphysical cuts of on-shell artifact

Thanke!
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L eft-hand cut

e The left-hand cut induced by u-channel meson exchange
» s-channel cuts: s; = (M — M,)*, sp = (M¥ + M)’
» Segment cut (green) from u-channel D* exchange: ;= (Mp. — M)*IMp. . ug = 2M; + My, .

» Segment cut (red) from u-channel D exchange: Uy = (M3 — MA?IM3 ugy = 2M?* + 2M3, — M} .

Uro Ur1 UR1 UR2




NLO potential

o Explicit expressions of the potential functions:
» NLO Contact

H 4(8,1) =207 py - py+ W (D) - PaP3 - Da+ D1 - PaDy " P3)
H 35(s,1) = hf py - py+ hE(py - Pap3 - Pa+ Py - PaD2 " P3) -

» LO meson exchange
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