Study of Ds(2317) in the quark model
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Motivation

Most of the XYZ from
B-factories

+ BES, CDF, DO, CLEO,CMS
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Motivation

1. Since 2003, a lot of new hadron states reported by
Belle, BARBAR, BESIII, DO, CDF, LHCb, ......

2. They are difficult to be accommodated by quark
models
“exotic states”
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S. L. Olsen, A new hadron spectroscopy, Front. Phys. 10 (2015) 101401
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FIG. 2: The D7 7° mass distribution for (a) the decay DT —
K*K~nt and (b) the decay DF —+ KT Kt 7n°%. The fits to
the mass distributions as described in the text are indicated
by the curves.

B.Aubert, Observation of a narrow meson decaying to Ds \pi at a mass of 2.32-GeV
-------- Phys.Rev.Lett. 90, 242001.
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D.Besson,Observation of a narrow resonance of mass 2.46 GeV decaying to D*+(s)
piO and confirmation of the D*(sJ)(2317) state, 7
------ Phys.Rev.D 68, 032002 (2003)
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P.Krokovny, Observation of the D(sJ)(2317) and D(sJ)(2457) in B decays,
------ Phys. Rev. Lett.91, 262002 (2003)
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Motivation

Ds(2317):Conventional cs state
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Dsj(2317) and Dsj(2463) my be cs DsO and Ds1 states by
radiative transitions.

B §+9) (1)
l / \ 2 < 0y ¢ 28 — 28+ \I12 o~
= (eq)” w3 (2J; + 1) £ +1.SJ/II‘|"' IPJ) © Sy

A

Ms€e — M€y

I‘I"(:(")’) - Me + My
Sif = 1 for the transitions between spin-triplet states

S.Godfrey, Testing the nature of the D(sJ)*(2317)+ and D(sJ)(2463)+ states using
radiative transitions, @ --—-—--- Phys.Lett.B 568, 254 (2003)
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Motivation

Ds(2317):Conventional cs state

Phys. Rev. D 68 (2003) 054024

Phys. Lett. B 570 (2003) 180
Phys. Rev. D 68 (2003) 114011
Phys. Rev. D 69 (2004) 114008
Phys. Rev. D 72 (2005) 074004
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Motivation

Ds(2317):Molecular DK state

By looking for the pole of scattering matrix on an appropriate
Riemann sheet,Ds(2317) and Bs can be a bound state at the same

time.
HEAVY CHIRAL UNITARY APPROACH
L e | . w
L= i (0" P[®,0,®]|P" — P[®,0,P]0" PT)
4y %7«‘0—1—%0 Y, - K+
octet Goldstone bosons b = T —%WO + ﬁn K°
ST K° —%77

F.K.Guo Dynamically generated O+ heavy mesons in a heavy chiral unitary approach,
------ Phys. Lett. B 641, 278 (2006) 12
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Motivation

Ds(2317):Molecular DK state

a conventional quark model cs assignment is implausible, and they
favor a I=0 csnn baryonium assignment and a DK meson molecule

assighment.

traditional quark model state appears implausible for two reasons:
1. the mass predicted by Godfrey and Isgur for this cs
state is 2.48 GeV, 160 MeV higher than the BaBar

state
2. as the scalar 3P0 cs belongs to the j = 1/2 heavy quark
symmetry doublet, both the 3P0 cs and its Dsl partner are
expected to be much broader than the states in the j = 3/2
doublet.

T.Barnes, Implications of a DK molecule at 2.32-GeV, Phys.Rev.D 68, 054006 (2003) 13
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Ds(2317):Molecular DK state

In lattice QCD, the scattering of light pseudoscalar mesons of f
charmed mesons favors that Ds(2317) may be a DK molecule.

~ 1 _L 2
pcoto(p) = ,,LS(C))») )

L.Liu, Interactions of charmed mesons with light pseudoscalar mesons from lattice QCD and
implications on the nature of the $D_{s0}"*(2317),----Phys.Rev.D87(2013),014508
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Ds(2317):Molecular DK state

The DK interaction is strong enough to form a bound state, the
Ds0(2317). In addition. both DDk and DDDk are bound states.

r/Rs)? —(r/R.)?

7 - v ¥ € v _—(r/Rg)? v _—(r/R:)?
Vok (7 R.) = Cg RS + C(Rc¢) —Rm = GLp TR et er )
v D) - i’\
V(i A) = —g; ms We(myr, —)
My
5 - o 9 i A
Vop(r;A) =V, (r;A) + V(3 A) + V(3 A) Vp(r; A) = +71 - Ta g, mp We(myr, F) ;
P
Vy(r;A) = +g2 m, We(my,, —\) ;
s
e - g (A2 =1) e
We(z,A) = - -
c(@;A) Az At Az 2\ 4
T.W.Wu,DK,DDK,and DDDK molecules-understanding the nature of the Ds(2317),
------- Phys.Rev.D 100,034029 (2019)
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Motivation

Ds(2317): unquenched state

Ds0(2317)----- DK
Ds1(2460)----- D*K
X(3872)------- D*D

Mesons with masses below their lowest OZI-allowed strong decay
thresholds have very small widths

G.Rupp,Unquenching and unitarising mesons in quark models and on the lattice,
------- Acta Phys.Polon.Supp.10, 1061 (2017)
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Motivation

Our work

 Unify the description of ordinary and exotic hadrons
Unquenched quark model

| M >=C, |qq>+C, |qq9q9q >+C; | 999999 > +C, | qqg > +......
* Calculating method

Gaussion expansion method (GEM)
« Key problem

The transition operators: 3pperator

17
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Quark model e

> 1964, Gell-Mann / Zweig: quark model / Ace model

> 1964, discovery of ) (1961, predicted)

> So far, the most successful phenomenological method
describing the experimental data

> (2, predicted, then discovered d* (dibaryon)

18
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The chiral quark model (ChQM)

» The chiral quark model: The most used QM

describes properties of hadrons, hadron-hadron interactions well

> In ChQM:
Confinement: confining potential (phenomenology)

Asmptotic freedom: one-gluon-exchange

Chiral symmetry spontaneous breaking: Goldstone exchange

-
~

2 n
H=) (mi+ .]’ ) — T F YVCON 4 yOGE E VX
: 2m;’ 1 i ij
J

i=1 i=1<j x=m,K.n0o
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The chiral quark model (ChQM)
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Gaussian Expansion Method

Wiy = cﬂ(l)(l) (r1,R1) = <|> (7‘1;R1) + ¢(2)(7‘2»R2) + ¢(3)(7‘3»R3)

PRI = Y Cuim S Y R Yo (T2 © Vi (RD) Ijm

ni,NL T

Determined by diagonalizing H
21
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Gaussian Expansion Method
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Radial part Gaussian function:

Nmax 3 %
l =
(bnl (T') = Z C‘rl an T'l e—vnrz N 21+2(2Vn) +2
’ nl —
=1 VT 21+ DN

Infinitesimally-shifted Gaussian basis functions(ISG):

kmax
1 o 5
¢nlm(r) = nzT e VT’ Yim(@) = Ny él_r)l’(l)g z Cimk € Vi (r—€Dpp k)
k

E. HIYAMA, Progress in Particle and Nuclear Physics 51 (2003) 223 -307
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Wavefunction of meson mm
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E. Hiyama, Y. Kino and M. Kamimura, Progress in Particle and Nuclear
Physics 51 (2003) 223 -307.

3.0
25 -_ 1s SHO =0.27 GeV —— 1p SHO =0.23 GeV
CRE e IsGe | o8 =3y 1p GEM
2.0 k- ---- 28 SHO =0.20 GeV ----2pSHO =0.12 GeV
£ A 2s GEM g %°miyy e 2p GEM
g 15 % ----=-3s SHO =0.16 GeV g --—=3p SHO =0.06 GeV
I AN -wimene 33 GEM & ----- 3p GEM
E 05 "\ Tg - -~~~‘*~\‘
= B Ky i - o] T
& 00 e R e s g =
NI N _‘__,,'—"
B N, ..3'5_ ./"__.-;’f"
05 S y f2
qo b— v YR I I T T R R B
0 1 2 3 4 5 6 0 2 4 6 8 10 12 14
r (fim) r (fim)
The radial function of p The radial function of f,
meson(1S 25 3Sstate). meson(1/, 2P, 3 Pstate).
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QQM for meson:

Ds (2317) may be a traditional cs state?
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QOQM for meson:

H\I,J;\] 1 9y — E.]\I/J;\I 1.9).
(1,2) (1,2) 00

TIIM(1,2) = [hi(r)xs(1,2)]omw’(1,2)6(1,2),

X

Z (Hn]unu _E]\T:II(INQ)C”]Q :O'

nl . ext

H] ]\[|H}I)]U ' \] <(I)]\I

noa,n’ o’ Tx " «x ! noa,n’ o’ TCx

(I)]\I
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QOQM for meson:
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QQM 1953 2080 2433 2336
Exp 1968 2112 2460 2317

26



QQM for meson:

Ds (2317) may be a tetraquark state?

27



meson-meson system: —

IiJ - _ : < 101171 1 (19\:LL 1¢
wavefunctions for T‘I”g,fm] (12) = [, (r12)Xs: (12)]g,, @ (12) 01, (12),

1)]7 € y
sub-clusters: U2y, (34) = [,

The total function o W47 ,, = A [T (1,2) 87272 (3, 4)ebp (7 1934)]
four-quark:

2 j\[,. . i)(l—PU—Pu—f—Plgpu).
e N
g =< l]JM M]| NJMIM]
< >~
q =< LIJMIM]HN"MIM]
- J
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orbit

Q(r) = ch¢(7"12)¢(’”34)¢(’”12,34)

spin

1

5l
Do

X1 =aa, Xijo= 72(01’ + Ba), x7_1= BB, Xo0 = —=(aB — Ba),

- 0x0
_ I1x1

Y — Sl SHra T
‘Sl> = Xo — X00Xo00:

. 1
Y o2 o .0 O .0 o o
S2) = X0~ = \@(\11)(1_1 = XioX10 T N1 =i%771)
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flavor
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= Zs(Frir +7rgg + Trbb + ggrr + gggg
+ggbb + bbirr + bbgg + bbbb),
(3b11b%—3q11q4—3bqu%—3qbbq4—310qr
+ 37bbr + 2Frir + 2Gggg + 2bbbb — Frgg

r»lS

— ggrr — bbgg — bbrr — ggbb — Frbb).

= \/—(U’J"QJ' + grgr — grirg + rorb

—rbbr + brbr — brrb + gbgb — gbbg
+bgbg — bggb).

&y

= —2(21 rit + 299qg + 2bbbb + rgirg + rggi
+ grgr + grirg + rbrb + rbbir + brbi
+ brrb + gbgb + gbbg + bgbg + bggb).

31
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D*K*

diquark-antidiquark

Threshold

0X01X1
0X08X8
1X11X1
1X18X8
0X03X%X3
0X06X6
1X13X3
1X16X6

couple channel

2359.0221
3155.2939
2896.4998
3078.9527
3003.4892
3163.2813
3181.0801
3060.6638
2358.9008
2356.7786
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diquark-antidiquark

Threshold

0X01X1
0X08X8
1X11X1
1X18X8
0X03X%X3
0X06X6
1X13X3
1X16X6

couple channel

2357.9321
3117.9508
2896.1181
2871.5064
2660.2882

2983.3319
2342.0181
2356.7786

-
z: E g TH -

2359.0221
3155.2939
2896.4998
3078.9527
3003.4892
3163.2813
3181.0801
3060.6638
2358.9008

NNU g

S
NorRmAL UM

Y.Tan, J.Ping,Systematics of QQqq in a chiral constituent quark model
Eur.Phys.J.Plus 135,716 (2020)
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UQM for meson:

Ds (2317) may be an unquenched state?

34



The Unquenched quark model (UQM)

In the conventional quenched quark model:

Bayron Meson
| |
O © OO0
O

In the unquenched quark model:

A _

------ 35



Unquenched quark model

B [n unquenched quark model,
Hy = Ey Oa ) Cp
Y = c1aq + CoYaq ;)
H=Hyg+Hyqg+To0 e

B The matrix elements of Hamiltonian:

<Y[H[Y > =< cWYyq + cW4q | Hyg tHyg +To4 | C1Pog + CoW4e>
2<L|Jz | Hpyg [Wpg >+ r'ﬂ2<1|1 g-H g | Wag>

@4qlT24|¢2q > ¢y < Yyl T24D

36




3P0 Operator >

Hyy =< YuglToalPq >

momentum space:

T24

P3 — P4\ _ s
= -3y ) <1m—1m|00> f dp3dps 8% 3+ Pa)yim (Zg ) /7 25 b3 withE (p3)di (Pa
m

coordinate space:

1
iy = —3yz < 1m1-m|00 > j drzdry <%>
m

N|W

5 _rr
ir272f Y (0, e G 03 wathT (r3)d] (1ry)

37



Unquenched quark model

y =6.95f >0

TABLE II. Mass shifts computed for non-strange mesons with
quantum numbers I.J7 (I = 0,1:.J = 0, 1) using the transition

Larger mass shifts are obtained

matrix constructed from 750 in Eq. (28). (7 is an isospin 0 with hghtef quafks-
partner to the pion: and all dimensioned quantities are listed -
in MeV.) ® For bb system, ~100MeV;
— , ' __ m For cc system, ~800MeV;
states(I.J%) m(107)  p(117)  w(017) 7(007) B
bare mass (Theo.)  139.0 T72.7 701.9 669.5 ® For ss system,~1500MeV;
e - ~130.1 - - m For uii/dd
TP —847.9 - 596.4 - system ~2500MeV.
Tw ; ~182.5 : : ’
np - -159.3 - -
pp - -561.7 - ~834.4 . .
5 _804.4 . . . The negative mass shifts are
nw : : 175.1 - alarmingly large when
i ; » . -271.1  considering the hadron-loop
KK - 65.0 ~T70.7 - effec'rs
KK*(KK") ~-340.2 —122.4 125.3  —214.0 )
e —0680.0 —429.2 481.7 -421.8

Total mass shift -2672.5 —=1650.2 -1449.2 1741.3

38



Unquenched quark model

Improvement one

39



3P0 Operator

A Sk |
NNU

Hyy =< WyqlT24lW24 >

momentum space:
T24

P3 ; p4) o —F 2P

= —3yz < 1m—1m|00 > fdpgdp453(193 +P4)}’1m(
m

coordinate space:

|w

y = 6.95,f 0

Xt mdstwytbs (p3)ds (P4

1 \2 5 _i
T3y = =3y ). < Im1-mi00 > | drsdm(%) 1r2] ?f'SYm(er,@{e T O3 03 Hb (ra)df (ra)
m

X.Chen Light-meson masses in an unquenched quark model,
------ Phys.Rev.D 97,094016 (2018) 40
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Unquenched quark model

3
2 r?

1\2 s _ 7
Toe = =3y ) <1m—1m|00 > j drsdry <ﬁ) i1 272f Yy (0, dr)e XT3t w3bd (ra)d] (rg)
m

TABLE III: mp contribution to = with the modified transition
operator Eq. (28). (unit: MeV)

F (fm) 0.001 0.01 0.1 |03 05 07 [09 1.0
Eo (MeV) —700 —687 —189 [100 133 138 [139 139
AM (MeV) —848 —826 —328|-39 -6 —-1]|0 o

X.Chen Light-meson masses in an unquenched quark model,
------ Phys.Rev.D 97,094016 (2018) 41
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Unquenched quark model

Improvement Two

42
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Unquenched quark model

elto, little V
don’t be far
away from

el @B
A N
o :“eoi
7] i@ V
7
C

N|W

2
r2 _ Ryy

1 5 _re ~av
T = =3y ). <1m—1ml00 > [ drsdr, <ﬁ> 23 (0 b e P & R g3t a3t bt (ra)dd ()
m

X.Chen Light-meson masses in an unquenched quark model,
------ Phys.Rev.D 97,094016 (2018) 43
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Unquenched quark model

Improvement Three:Combined Effect

44
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Unquenched quark model

| ' 1 \z 5
T, = —3yz<lml(—m)]()()> / drsydr, (ﬁ) ir2 2=

m i

R-
AV

\ 5 § 2 1 3 3 + S, .
X Yi,(F)e v¢ “oy i,,’(/)()4(1)()4l)3(r3)(/4(1‘4)

Yy = 6.95
f=0
RQ:1fm

X.Chen Light-meson masses in an unquenched quark model,
------ Phys.Rev.D 97,094016 (2018) 45
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> T = 4 -
z Bl T S
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Unquenched quark model

N|W

1 5
T4 = —3yz < 1m—1m|00 > j drzdry (ﬁ) ir272f°Y;,,(0,, ¢,
m

r Rav
a2, f2 34 434,341+ +
e % e Jo il b5 w5 b3 (r3)dy (14)

I'(p » ) = 150 MeV y = 32.17
m— £ = 0.5 fm
Mass shifts should neither be too Ry =1fm

large nor too small

X.Chen Light-meson masses in an unquenched quark model,
------ Phys.Rev.D 97,094016 (2018) 46
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UQM for Ds mass spectrum

check the validity of vaccumulating approach
understand Ds(2317) in ugm ---our goal
investigate four Ds states, Ds,Ds*,Ds(2317),Ds(2460)

47
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UQM for Ds mass spectrum

(Hyg) (Hau)y  (Hu)s (H2), (Nag) 0 0 0
<H47>] <H4(/>ll <H4t/>l° <H4(/>ln 0 <N4(/>ll (N4q>] (N4q>ln
(H) — <H4 ) (H4(/> 1 <H4q> <H4(/> n (N) = 0 <N~1q> 1 (N4(/) <N4(/> n
L <H42>n <H4q>nl <H4q>n?_ <H4z/>nn_ ¥ 0 (N4(/>nl (N4(/>n?_ <N4(/>nn_
Y.Tan and J.Ping,X(3872) in an unquenched quark model, 48

------ Phys.Rev.D 100,034022 (2019)



UQM for Ds mass spectrum i
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Ne Xc1(2P)
bare mass 2086.28 3889.62
meson-meson  Am (MeV) FP;  Am (MeV) P;
DD*(S) —189.75  4.02% - -
D:D.(S) —76.50 1.75% - -
Total —266.35 5.77% - -
DD*+D;Ds (S) —266.7T1 5.20% - -
DD*(S) —189.75 4.02% —73.65 43.09%
D*D(S) —189.75 4.02% —73.65 43.09%
Total —379.50 8.04% —147.30 86.18%

DD*+D*D (S) —=369.43 6.4% —117.11 33.38%

Y.Tan and J.Ping,X(3872) in an unquenched quark model, 49
—————— Phys.Rev.D 100,034022 (2019)



UQM for Ds mass spectrum

N1
Ptota.lzl—Z[ leEQq ZP
N1
AEtota.l — Z[AEZ',EZ;:EQ(]] I Z AEZ
=1 1=N1
Y.Tan and J.Ping,X(3872) in an unquenched quark model, 50

------ Phys.Rev.D 100,034022 (2019)



UQM for Ds mass spectrum e

\
¥ormaL UM

B D D«0(2317)  D.1(2460)
bare mass 2009.3 2131.7 2397.9 2494.7
A M Per A M Per A M Per A M Per
DK*(P)+ D*K(P) + D*K*(P) -234 1.7% -65 0.7% : - 2 -
D.¢(P) + D*n(P) + D:¢(P) -10.1 0.7% -2.6 0.2% - - - -

DK(P)+ D*K*(P) - - 42 0.6% - - - -
Dsn(P) + D;¢(P) - - -14 0.1% - - - -
D*K*(P) : - -15.7 0.5% - - - -

D:¢(P) - - 71 0.6% - - - -

DK(S) + D*K*(S) - . - - -375 535% - -
D.n(S) + D;¢(S) - - - - 34 0.7% - -
D*K*(D) - - - - 243 24% -04 01%

D;¢(D) - - - - -84 07% -01 0.1%

DK*(S)+ D*K(S) + D*K*(S) - - - - - -29.7 53.2%
Dso(S) + Din(S) + D;o(S) - - - - - 9.5 1.1%
DK*(D) + D*K(D) + D*K*(D) - - . - - -22.6 8.4%
Ds¢(D) + Din(D) + Di¢(D) - - - - 24 04%

Total 33524% M -76.3 573% -63-264.1%

Unquenching (975.7 97.6%) €094.1 97.3% @324.2 42.7%(2429.8 35.9%
~N— T S S S 7
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UQM for Ds mass spectrum

AM = M(D4(2317)) —%(M(DS) + 3M(Dy))

bare mass 287 309 274

unquenched mass 258 249 254 241

Re[1]:Phys. Rev. D 94, no. 7, 074037 (2016)
Re[2]:PoS Hadron 2017, 024 (2018)
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1.

traditional 3PO operator needs to be reasonably modified.
2. Ds(2317) may be a mixture state with 43% cs meson and 577% molecule
states.

3. channel coupling plays an ignore effect on ugm.
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Thanks for attention
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