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Intriguing observations, e.g. X(3872), Y(4230), Z.*(4430), Z.*(3900),
X(6900), T_(3875), D.4(2317), T(2900), Z,*, light scalars,
7,(1600) [JP¢ =17"], P_, Roper, other baryon resonances
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Exotic quantum numbers are
particularly interesting, can’t be just ggq,

e.g. flavourorJP¢=0"",0"",1°F, 2"




Hadron spectroscopy

Intriguing observations, e.g. X(3872), Y(4230), Z.*(4430), Z.*(3900),
X(6900), T_(3875), D.4(2317), T(2900), Z,*, light scalars,
7,(1600) [JP¢ =17"], P_, Roper, other baryon resonances
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Hadron spectroscopy
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* Introduction

 Some examples of recent HadSpec work:
* T..and T, in coupled DD*, D*D" scattering
* Scalar and tensor charmonium resonances
 [DK/m scattering — dependence on m,]

* Summary



Lattice QCD spectroscopy
A

Finite-volume energy eigenstates from:

Ci;(t) = (0]0;(1)0l(0)| 0)

e—Ent :
= 55 (010:(0)m)(n[0}(0)0)

Lower-lying hadrons in each flavour sector are
well determined (including isospin breaking, QED).



Lattice QCD spectroscopy
A

Finite-volume energy eigenstates from:

Ci;(t) = (0]0;(1)0l(0)| 0) V

e—Ent :
= 55 (010:(0)m)(n[0}(0)0)

Excited states: in each symmetry channel compute matrix of
correlators for large bases of interpolating operators with
appropriate variety of structures.

Variational method (generalised eigenvalue problem) = {E }

Oz'j (t)’vj(n) = )\(n) (t)Cz'j (to)’vj(-n) )\(n) (t) ~ G_En(t_to)

ol 5 2 = (010;ln) Q™ ~ T ™o,



Scattering and resonances

Most hadrons are resonances and decay strongly to lighter hadrons
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Scattering and resonances

Most hadrons are resonances and decay strongly to lighter hadrons
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Scattering and resonances

Most hadrons are resonances and decay strongly to lighter hadrons

7

Singularity structure of scattering
matrix (poles = state content)

180°

im E Resonance poles on 0
o unphysical sheet

s Re Ecrn
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Scattering and resonances in lattice QCD

Can’t directly compute scattering amplitudes in lattice QCD

Liischer method [NP B354, 531 (1991)]

and extensions: relate discrete set of

finite-volume energy levels {E__} to
infinite-volume scattering t-matrix. p= f(nxa Ny, nz)
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finite-volume energy levels {E__} to o
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Scattering and resonances in lattice QCD

Can’t directly compute scattering amplitudes in lattice QCD

Liischer method [NP B354, 531 (1991)]

and extensions: relate discrete set of

finite-volume energy levels {E__} to o
infinite-volume scattering t-matrix. P=—(ne, ny, nz)

Infinite-volume Effect of finite volume
scattering t-matrix (including reduced sym.)




Scattering and resonances in lattice QCD

Can’t directly compute scattering amplitudes in lattice QCD

Liischer method [NP B354, 531 (1991)]

and extensions: relate discrete set of

finite-volume energy levels {E__} to o
infinite-volume scattering t-matrix. p= f(nxa Ny, nz)

det|1+ i p(Fem)[t(Fem) (1 + i (Fem, 1)) | = 0

Elastic scattering: one-to-one mapping E_, <> t(E

cm)

[Complication: reduced sym. of lattice vol. 2 mixing of partial waves]



Scattering and resonances in lattice QCD

Can’t directly compute scattering amplitudes in lattice QCD

Liischer method [NP B354, 531 (1991)]

and extensions: relate discrete set of

finite-volume energy levels {E__} to o
infinite-volume scattering t-matrix. p= T(nxa Ny, nz)

det|1+ i p(Fem)[t(Fem) (1 + i (Fem, 1)) | = 0

Elastic scattering: one-to-one mapping E_, <> t(E

cm)

Coupled channels: under-constrained problem
(each E_ constrains t-matrix at that E_)

Param. t(E_,) using various forms (K-matrix forms, ...)
[see e.g. review Bricefo, Dudek, Young, Rev. Mod. Phys. 90, 025001 (2018)]

[Complication: reduced sym. of lattice vol. 2 mixing of partial waves]



Scattering and resonances in lattice QCD

Can’t directly compute scattering amplitudes in lattice QCD

Liischer method [NP B354, 531 (1991)]

and extensions: relate discrete set of

finite-volume energy levels {E__} to o
infinite-volume scattering t-matrix. p= T(nxa Ny, nz)

det|1+ i p(Fem)[t(Fem) (1 + i (Fem, 1)) | = 0

Elastic scattering: one-to-one mapping E_, <> t(E

cm)

Coupled channels: under-constrained problem
(each E_ constrains t-matrix at that E_)
Param. t(E_,) using various forms (K-matrix forms, ...)

Analytically continue t(E_,) in complex E_, plane, look for poles.

Demonstrated in calcs. of p, light scalars, b,, charm mesons, ...




The p resonance in twt scattering (=177, 1=1)

Experimentally
BR(p — nmw) ~ 100%



The p resonance in twt scattering (=177, 1=1)

Anisotropic lattices,
a/a,=3.5 a,%0.12 fm,
L=4fm(m_L= 4)

N;=2+1,
Wilson-clover fermions,
m_= 236 MeV

Used distillation to

compute correlation fns.

[PR D80 054506 (2009)]

Experimentally
BR(p — nmw) ~ 100%

r

L

Use many different operators

DD ...

SN© C(P,p1, p2)m(p1)m(52)
D1,D2

S C(P,p1, p2) K(51) K (7o)
P1,P2

built from optimised rt & K ops

~

v,

Wilson et al (HadSpec) [PR D92,
094502 (2015)] and Dudek, Edwards,
CT (HadSpec) [PR D87, 034505 (2013)]



The p resonance in twt scattering (=177, 1=1)

E../MeV
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P =10,0,0]
FP=1[€=1]

Reduced sym. =2
other partial waves
can mixin [T,7]

K K thresh.

m_ =236 MeV

Experimentally
BR(p — nmw) ~ 100%

p
Use many different operators

DD ...

SN© C(P,p1, p2)m(p1)m(52)
D1,D2

S C(P,p1, p2) K(51) K (7o)
P1,P2

built from optimised rt & K ops

L

~

v,

Wilson et al (HadSpec) [PR D92,
094502 (2015)] and Dudek, Edwards,
CT (HadSpec) [PR D87, 034505 (2013)]



The p resonance: elastic nwt scattering
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(HadSpec) [PR D87, 034505 (2013); PR D92, 094502 (2015)]
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The p resonance: elastic nwt scattering
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The p resonance: elastic nwt scattering

m_ [ MeV | 391 236 Experimental
Mg/MeV | 8541411 |790%2 775.49 +0.3 g, i = SO MeY
'/ MeV 11.9+0.6 87+%2 149.1 £ 0.8
My = 236 MeV
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+0.003 +0.03
1£LU
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~~ 90} parameterisation
™
bQ
2,3
9~ Pcm
60 + M(Ecm) =
( Cm) 61 Egm
30
0 I 1 - =" ] I ¥ ani ] 1
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(HadSpec) [PR D87, 034505 (2013); PR D92, 094502 (2015)]
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T¢e seenin D°D%m™ at LHCb [2109.01038, 2109.01056]
Close to DD* threshold, JP=1*, =0, exotic flavour (cciid)

70—

Yield /(500 keV/c?)
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| é
- 10F .
40 Y .
B <+ data | -
300 o g E
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T, T seenin D°D°m* at LHCb [2109.01038, 2109.01056]

Close to DD* threshold, JP=1*%,

1=0, exotic flavour (cctid)

N — T ———  Other lattice calcs:
%\ 60;_ LHCH 2“;’3 1 * Padmanath & Prelovsek
= O ol B + 14 [2202.10110, PRL];
3 oF Z + 13 < Chenetal
<= f | ~ 1 t | 19 [2206.06185, PLB];
£ 40f 1 .4 Tt 1 < Lyuetal (HALQCD)
- 4 data TSR w6 4 [2302.04505, PRL];
30F S e s ST Collins et al [2402.14715,
of bR ::;;s:;;ziz S
i + | + + J[ 1+ Meng et al [2411.06266];
10 —_ See also:
-, 4 ﬂrr %#HH f ﬂH H i * Du et al [2303.09441, PRL];
Op====m | | 4 * Mengetal
3.87 3.88 3.89 3.9 [2312.01930, PRD].

MO+ (GeV/c?] « Gil-Dominguez & Molina

What about higher energies
(coupled DD, D*D™*)?

[2409.15141].
e Dawid et al [2409.17059,
JHEP]. 12



Coupled DD*, D*D~ scattering

First lattice QCD calculation of
coupled DD*, D*D* scattering

m_= 391 MeV (D" is stable),
3 lattice volumes (L = 2 -3 fm)

Use many meson-meson-like
DD* and D*D™ ops (I = 0)
with optimised D, D* ops

[Whyte, Wilson, Thomas (HadSpec), 2405.15741]
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Coupled DD*, D*D~ scattering

atbcm

First lattice QCD calculation of
coupled DD*, D*D* scattering

m_= 391 MeV (D" is stable),
3 lattice volumes (L = 2 -3 fm)

Use many meson-meson-like
DD* and D*D™ ops (I = 0)
with optimised D, D* ops

[Whyte, Wilson, Thomas (HadSpec), 2405.15741]

0.74

0.73

0.72

0.71

0.7

0.69

0.68

P=[0,0,0] JF=11,...
(0007

RN

O\
N

:):

jmi {3}
i D*D*
5] ju] \2\
n - {2}
- jui = DD
| | | L
16 20 24 “

13



Coupled DD*, D*D~ scattering

i oo
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Coupled DD*, D*D~ scattering

Partial wave amplitudes for J¥ = 1%:
DD*1=0,2,§=1
D*D*1=0,2;S =1

and ‘background’ partial waves

[2405.15741]
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Coupled DD*, D*D" scattering 12405157411

Partial wave amplitudes for J¥ = 1%:
D*1=0,2;S=1
D*D*1=0,2;S =1
and ‘background’ partial waves

K-matrix param. — respects unitarity (conserve prob.) and flexible

1 1
;' (s) = WK?J‘] (s) (2k,)7 +1(s)  ImL(s)] = —dipi(s)

2k:
PE(Ecm) - m

In this work K(3)£8Ja,£’S’Jb Z fYﬁSJg, gfstbS :

15



[2405.15741]

Coupled DD*, D*D~ scattering
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T..and T, in coupled DD*, D*D* scattering

Papytizaissl?

L' bppsy s pprgs) JP=1t
D‘D"{Ssl}—)D"D*{SSl}
08 -
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06 L DPD3Di} > DD*{*Dy}
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04
0.2 |
2,
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[2405.15741]
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T.. and T, in coupled DD*, D*D* scattering sse

Papiltiaio]® 2 Imy/3 / MeV
tr DD} = DD*{*5)) —— JP=1* 50 -
D‘D*{:S1}—>D*D*{:S1} —
| DD{38,} - D*D35} —— ~
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243 ® 00 0 RO ENINING S SN CHE WIS ¢ o f .. . .. .. o ... .-...:......-“.::.. .- +42 —
T T T T T Fem (MceV) | : : : 1 B (MeV)
3900 3950 4000 4050 4100 3850 my 3050 4000 4050
Virtual bound state (T..) ;
cc Resonance (T,.) pole on (+, —)

below DD™ threshold sheet below D*D* threshold
Vs 7 3834(31) MeV (might be seen in DD, DD)
— prediction of new state
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T.. and T, in coupled DD*, D*D* scattering sse

Papytizaissl?

2 Imy/s / MeV

Lr DD*{*S1} -+ DD*{*81} —— _]P=1+ 50
D*D*{:S1}—>D*D*{:S1} —
| DD*{38,} » D*D*{38,} —— ~
08 DD*{35%,}—>DU*{3D,} m. =391 MeV 40 \/g ~ 3971 (35) MeV
D*D*{SS1}—>D*D*{HD1} I T
06 L DPD{*Di} > DD{*D} " I'~ 11(13) MeV

D*D*{3D,} — D*D*{3D,}

04

20 -
0.2 | 10 — &
< *\&‘ﬁ:{ *\“
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0 T T | B (MeV) 0 o—— O , —O | Rey/s / MeV
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3900 3950 4000 4050 4100 2850 le 23050 1000 wso
Virtual bound state (T..) ; |
cc Resonance (T,.) pole on (+, —)

below DD™ threshold sheet below D*D* threshold
V/'s /= 3834(31) MeV (might be seen in DD, DD)

Dependence on m,? — prediction of new state
T

Effect of left hand cut from rt exchange (=18 MeV below DD” thresh)?
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Charmonium scalar (0**) and tensor (2**) resonances

Experimental situation:

 Ground state y.o(1P) (0**)and y.,(1P) (2**) below DD
threshold. Above that it is less clear...
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Charmonium scalar (0**) and tensor (2**) resonances

Experimental situation:

 Ground state y.o(1P) (0**)and y.,(1P) (2**) below DD
threshold. Above that it is less clear...

* x:0(3860) - DD (Belle). Not seenin Bt - D*D™K™ (LHCb).
Theoretical reanalyses: may be from pole below DD thresh.

* ¥.0(3930) = DD (LHCb)

* ¥:0(3960) = D.D, (LHCb)

* X(3915) - J/Yw (Belle)

* x:2(3930) - DD (Belle, BABAR, LHCb)

19



Charmonium 0O+t

and 2** resonances

m_= 391 MeV,
3 lattice volumes (L = 2 —3 fm)
No ¢ - ¢ annihilation.

Use many

fermion-bilinear (cI' D ... ¢)
and meson-meson-like ops

(nen, DD, nen', DsDg, DD,
DsDs,yw, D*D*, Yo, n.o,
Xc0,20, ..)

First ‘complete’ lattice study
of this energy region.

[Wilson, Thomas, Dudek, Edwards (HadSpec),
2309.14070 (PRL), 2309.14071 (PRD)]
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Charmonium 0O+t

and 2** resonances

m_= 391 MeV,
3 lattice volumes (L = 2 —3 fm)
No ¢ - ¢ annihilation.

Use many

fermion-bilinear (cI' D ... ¢)
and meson-meson-like ops

(nen, DD, nen', DsDg, DD,
DsDs,yw, D*D*, Yo, n.o,
XQXLZOU-u)

First ‘complete’ lattice study
of this energy region.

[Wilson, Thomas, Dudek, Edwards (HadSpec),
2309.14070 (PRL), 2309.14071 (PRD)]

P=[0,0,0] JF=0% (4%, ...)

Ecm/

MeV|

4000

3900

3800

3700

3600

3500

16
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[000)- E*t [oou]{i& [uuo_]A;
Charmonium
0**and 2**

resonances

Use more than
200 energy levels

[2309.14070, 2309.14071] L e e a B e i Ll
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Scattering amplitudes

ot n.n, DD, o', DDy, wew, D*D*, wd{'Sy}

2+ nen, DD, [n.n'],.D;D{'D,}; DD*, [D;D}|{°D,}
ww’ D*D*’ w¢{5S2}

3T DD*,yw, DD}, w¢{°Ds}; [n.0{'F3}1

ww, D*D*, [y, D;D;|{°Ds}

and ‘background’ 1-*, 2%, 3-* amplitudes

[2309.14070, 2309.14071]
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a;m = (0.7025 £ 0.0012 £ 0.0007)

Ipp*(Pp,y = (—3T9£5.0£394) a
In. b, (ipy,y = (F33£43+25) q,
Ip*pqis,y = (1.58£0.15£0.22) - q,

Von(Ds}smon('pyy = (16:3£23.1£7.5) -
Vobiiny)sp, b, pyy = (—81 £ 120+ 100) - a;

= (0.55+£0.72 £ 0.81)
= (2.19 £ 0.77 £0.11)
= 10- a, (fixed)

2
X /Ndof = % = ].].4,

Vg {®sy}>vwl®Sy) =
Vb (°Sa} a1 S}

9pD{'Dy}

a;m = (0.7065 + 0.0015 + 0.0004)
= (0.1174 4 0.0226 = 0.0039)

= (0.189 = 0.046 = 0.026)
— (—0.127 4 0.069 + 0.230)
= (0.330 £ 0.095 + 0.023)
= (0.144 + 0.097 + 0.038)
= (—0.974 £ 0.301 % 0.027)
= (2.55+ 1.03 4+ 0.73)
= (1.36 4 0.90 + 0.26)
= (1624254 +43) - a}

@9ppyils,y —

4Ip_ b, { sy}
WUy sy ~
ath*D*{ls }

’Yncn{ Sot—=n.n{ Sn}
Tpb{'5} DD, { S0} —
Tnen' (M9} =nen’ {150}
Vo Sgrswa{'sy} —
T (°Dy} s D4}
X /Naot = soaigs = 142,

(Constrain 3**,1°*, 27+, 37
[2309.14070, 2309.14071]

[1.00 —0.04 —0.00 —0.23 —0.14

1.00 -0.08 —-0.28 0.13
1.00 0.00 —0.02

1.00 —0.02

1.00

[1.00 -0.05 -0.17 0.02 -0.33 -0.26

1.00 0.52 -0.44 0.64
1.00 -0.55 0.69

1.00 -0.54

1.00

0.08
0.05
0.05
0.09
1.00

—0.03
0.10
—0.51
—0.15
0.03
1.00

0.23
-0.07
-0.23

0.33
-0.24
-0.07

1.00

—0.02
—0.07
0.25
—0.03
0.06
—0.23
1.00

-0.06
0.04
-0.03
0.02
0.02
0.22
0.05
1.00

-0.03
-0.04
0.00
-0.03
-0.08
0.01
-0.03
-0.00
1.00

—0.03
—0.12
0.08
—0.06
0.02
—0.01
0.27
1.00,

-0.23
0.01
0.02
0.05
0.03
0.08

-0.04
0.03

-0.01

1.00]

separately and use as inputs here)
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agm = (0.7025 £ 0.0012 &+ 0.0007)

9pp* {°pyy
Ip,D,{'Dy}
9Ip*p*(1s,}

Tnon{ Dy} —non{ Dy}
TpD{'Dy) D, D, {'Da}

Tpuwi®s,1 > vwi sy}

= (—37.9+5.0+3.94) - a,
= (—3.3+4.3+25)q,

= (1.58 £0.15+0.22) - a; "
= (16.3+23.1+7.5) - a}

= (—81+ 1294+ 100) - a;

= (0.55 £ 0.72 + 0.81)

g, 9 a) a
szzz 2 — + 'Yi(j)s
5 My — 8 "

1.00 —0.04 —0.00 —0.23 —0.14 —0.03 —0.02 —0.03)

1.00 —0.08 —0.28 0.13 0.10 —0.07 —0.12

1.00 0.00 —0.02 —0.51 025 0.08

1.00 —0.02 —0.15 —0.03 —0.06

1.00  0.03 0.06 0.02

1.00 —0.23 —0.01

1.00  0.27

I 1.00]

0.66

16 20 24

\,

24 16 20 24

(corstant o, L, &,

[2309.14070, 2309.14071]
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0** and 2** scattering amplitudes

2 2 ~
pip;lti;l JPC =t pip;ltij| JPC = ot ma & 391 MeV
0.5F 5l — 0.5F DD{'Dy} — DD{'D

DD{'Sy} = DD{'5y} an{_ié_})} R mi‘{ifé.a}
1 D.D.{So} = DsDs{ 'S0} Ak D DD 5 DD Dy}
M DD is0} - DD {50} . D*D*{38,} — D" D*{35,}
0.3¢ 0.3F
0.2+ 0.2+
0.1F 0.1F
C 'l C Il 1
DD{'Sy} = D,D.{'Sy} . o
024 nn{ IS|]} D D"‘Il I.bu“} 0.2+ _U_U{ If_)-_;} — DD {i:}_i}’
DD{'Dy} — D*D*{°S,}
0.1F 0.1k PP Dat = D'D™{"83}
o—! ' . —o— 4 o o—! ' =0
i 1 ] . 1 ’
sl 5o} = wio{ o} o ek
O1F nen{"So} — nen{ "So} ey Soy i 55
Vel If"n} » ] 15, e’ v Sy} — P { 7S, } .
< L . oo w— m e " .

DD DD, tw DDt W DD DD* DD Yw DD Een/MeV
o a0 o0 a oo o o oo o oo Q L =] o o L= -] oD =T T =] oo aom oo oD o o o
: a o o o o o ago -)EDD o oo a o a o - ooo L -3 90 o o (=] : ﬂuo ﬁo ﬂoou =D - o feee] mmbt =]
. . o o ™ /MeV . . . NS [ /MeV
? 3800 3850 3900 34950 4000 4050 3800 3350 3880 3950 4000 4050

[2309.14070, 2309.14071] 24



0** scattering amplitudes

pipiltii|? My 2 391 MeV

0l DD{'Sy} — DD{'Sa}
0.3F

02F

0.1

&> f

05 D.D{'Sp} = D.D.{'Sy}
04F
03r
0.2F

0.1

0 1 1
0.4F D*D'{l»_q:]} 4 D*D.{lagu}

03F
02+
0.1F

o—t - SO0 : o—L
0.1 vw{'Sa} = Y 'Sy}

e 1 1

[2309.14070, 2309.14071]

0.1F nen{'So} — non{'So}

=) R — 0 .
0.1F vo{'Se} — vo{'Se}

-0 1 OO——0 L Ot é
03F DD{'Sy} = D.D.{'Sy}
02+
0.1F

_c 1 1
0.1F DD{'Sy} = D*D*{'s;}

1 | Y
0.1F D_—.I_}N{I‘E”‘[J} Z*D*j':,‘r*{lj,‘(l} E
> ! L oO0-1—0 ! O S

0.1F DD{'So} — vw{'So}
-0 1 1 1 Ol
021 p. D, {150} — vw{ S0}
0.1
- 1 1 1 Ol
0.1F D*D*{'Sy} — yw{'Sy}
e
© 1 1 o010 1 O O
0.67 0.68 0.69 0.70 0.71 0.72
¢ Fem
3800 3840 3880 3920 3960 4000 4040 4080
Eem/MeV
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2** scattering amplitudes

pipslti;]? my = 391 MeV

03+ DD{'D;} — DD{'Dy}

0.2

0.1F

[=]
N
T

DD*{*Dy} — DD*{®Dy}

0.4

03F

D,D.{'Dy} = DD {'Ds}
0.1f
I L 00-—0 ! a'é

02F D*D"{°8,} — D*D*{°S,}

) 1 1 o010 1

_(‘
0.1F nend{'Da} — nen{'D2}

T

[2309.14070, 2309.14071]

02F hw{®8} — w59}
0.1+
0 1 1 :D_A_ok
021 po{°Sa} = v¢{°S2}
0.1+
0— L 0010 ' o
ool DD{'D;} = DD {*Dy}
0.1
0.1} DD{'Dy} = DD Dy}
O . OO-'—O—‘%
0.1F DD{'Dy} — D*D*{°S,}
o0—! ! o010 ' é
0.1F .. 'D DD*{*D5)
o— L QO-—Q ) O
02k DD [ (5551
0.1+
-o0— . 0010 ! o o—!
o1l D D {'Ds} — D*D* {55}
N 1 1 o010 1
0.67 0.68 0.69 0.70 0.71 0.72
1 1 1 1 1 1 1 1
3800 3840 3880 3920 3960 4000 4040 4080
Een/MeV
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Charmonium 0** and 2** resonances

20

40 -

60

80

1 &Y

. _m/MeV

' ' 00—0
3800 3850 3900 3950
m = Rey/sg = 3995(14) MeV
I = —21Im/5y ~ 67(38) MeV

I'pp ~ 23(13) MeV
28(26) MeV

Tyw ~ 9(5%) MeV o+t

—~

&

mtjll
X

\ 9
4000

-
1

o[- 530(160)

4050~

<
=
)
<

BB ou) ¢

S 730(320) d

D.D

[2309.14070, 2309.14071]
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Charmonium 0** and 2** resonances

[2309.14070, 2309.14071]

c\ 1 1 1 1 'Y 1 ﬂm/MeV 1 1 m_e 1 1 1 f\m/MeV
[ 3800 3850 3900 3950 4000 40500 [ 3800 3850 3900 3950 4000 4050
sl M= Re/s0 ~ 3995(14) MeV 1MoV ool ™= Rey/sp = 3961(15) MeV
c¢;/Me
['= —2Im/sp ~ 67(38) MeV - s = I'= —21Im,/sp = 65(15) MeV ci/MeV
10+ _ &85 a0t -~ ]
225 =2
60 - 2 6ol 2T 2 =
i . - ~ S
80r T'p_ p. ~ 28(26) MeV - 80r Tpp- = 22(13) MeV . ﬁ
Ty ~ 9(F18) MeV O+ NGERS Up.p, = 2(135) MeV P+t 28 RQ
I'/MeV i & o  I'/MeV SRS
CiCj
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Charmonium 0** and 2** resonances [2309.14070, 2309.14071]

m/MeV m/MeV
O 1 1 O O 1 1 {r 1 G ) | I m_c 1 1 1 o
3800 3850 3900 3950 4000 4050 3300 3850 3900 3950 4000 4050
ool M =Reyso~ 3995(14) MeV MV ool ™ = Rey/so = 3961(15) MeV
[s e
I' = —2Imy/50 ~ 67(38) MeV I' = —2Im/s0 =~ 65(15) MeV ci/MeV

40

60
Cpp =~ 26(11) MeV ' } '
80r I'pp- = 22(13) MeV

40 -

60

—— T30(320)

wiff— 470170 Z

B 5s0(140)
po* [JB— 700(220)

Tpp ~ 23(13) MeV —r— ;‘%’
80 Tp p. ~ 28(26) MeV 1 [ g
Lyw ~ 9(H5%) MeV NN Tp.p. ~ 2(F5) MeV QA Qi
I'/MeV ] o** ST ey ’ 2™ S32%
( R
 Onlyone 0t and one 2** resonance up to = 4100 MeV.

* No large scattering amps in channels with cc + light meson (OZI)

* Above ground state y.o no other 0** bound states or
near-DD / D.D, threshold resonances.
c.f. claims for an additional y.¢(3860) by Belle [1704.01872],
lattice calculation by Prelovsek et al [2011.02542], some models
and some reanalysis of experimental data.

 (Also bound state in 2-* and narrow resonance in 3**.)
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Charm (D) and charm-strange (D) mesons

2600} D (Cl_) ] -D*K DS (CS)
2000 DG(2300) . [ | DK i
= —]
o *
= 2200} 11 (2317)
e D*n 50
71010
Dt E—
[Exp. data from PDG]

g0l O 1- 0* 1* 2* 0 1- 0* 1* 2*




Charm (D) and charm-strange (D) mesons

2600} D (Cl ) DHK Ds (C S )
2000 DG(2300) == | | DK
(= =
% *
2 el D*5(2317)
E D™ ’
(
O 450 — BABAR 1 a)
"0 400 E + [hep-ex/0304021]
S350 £ D,,(2317)
— A > KK
o 1” 0* 1* 10 250 3 ++++++
\ 0200 £ + ++++++
S 150 £y t +
o100 £ 1 Fah ittt
50 E
D : P | | | | | | | | | | | | | | | | | | |
L 2.1 2.2 2.3 2.4 2.5
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Charm (D) and charm-strange (D) mesons

2600} T D<(cs
S —
D (cl) e (c5)
2000 DG(2300) == | DK
(= =
=
- ~ %k
ﬂ.f;\ 500 [T T T T [T T T T[T T T T [T T T T[T T T T TITT] DSO(2317)
S F BABAR [0901.1291] .
S 400 B-=>Dtm —
w 4 ABAR a)
Q_ - 1 [p-ex/0304021]
< S00F . D,,(2317)
2 [ . > KK 1t
= - ]
2 2001~ - |++++++ +
“ Ok 1| P
[ — +
100 4 ] ¥ +++H++++++++
0 8 9 10 | | | | | | | | | | | | | | | | |
k miin(Dn) (GeVz/c4) 2.2 2.3 2.4 2.@29



Charm (D) and charm-strange (D) mesons

2600} D (Cl_) DHK Ds (C §)
2000 DG(2300) == DK
> (= —
%; Ol D*r *0(2317)
L | LHCb observation of
Dm 7 L
X (2900) (csdu) |pal
g0l 0 1 0* 1* 2 [PRL 125, 242001 (2020);

PR D102, 112003 (2020)] |——
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DK /m — dependence on m,;

[HadSpec, 1607.07093, 2008.06432,
2102.04974, 2403.10498]

2800
— Dsng
2600 -
> . < E§
2 2400
~—
3
2200 -
2000 1
2800
D3ng
2600 - %
2400 -
2200 A
2000 JPC =ott

140

239

391

m,/MeV

700

30



[HadSpec, 1607.07093, 2008.06432,
DK/T[ - dependence on mT[ 2102.04974, 2403.10498]

2800
2600 - (S,)=(1,0) 3615 — Dang
o 92400 EXP ) - DK . §
E O‘Dsﬂ
&3 o Dm
2200 1 } D
2000{ —— (S1)=(0,%) 3@ 6B 15
2800
2600 Dsng
| I e
DK
2400 - EXP T 1
2200 - % (S,1) = (-1, 0)
2000 1 ]pc — ot
140 239 301 00

m,/MeV



[HadSpec, 1607.07093, 2008.06432,
DK/TL- - dependence on mT[ 2102.04974, 2403.10498]

2800
26001 (S1)=(1,0) 3615 — Pl
T 24001 P PR - 3
= > Dy ”
ES o Dm
2200 - }D; Two-pole structure of Dj?
_ | (contrib. from 3 and 6)
2000 - — (S,)=(0,%) 3666 15
2800
2600 Do
DK % 6
2400 S
2200 } % (S,1)=(-1, 0)
2000 - JPC =0ttt
140 239 391 700

m,/MeV
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[HadSpec, 1607.07093, 2008.06432,
DK/T[ - dependence on mT[ 2102.04974, 2403.10498]

2800
2600 (S,)=(1,0) 3@ 15 — Dsns
o 92400 EXP ) - DK . §
E O:D: < Dsﬂ
&3 o Dm
2200 - } D
20001 —— (S1)=(0,%) 3B 6H15
2800
2600 D3ng
_ tog
DK
2400 - EXP % .
2200 A % (S,1) = (-1, 0)
2000 1 ]pc — ot
140 239 391 700

m,/MeV



DK /m — dependence on m,;

2800

2600 -

E/MeV

2200 1

2000 1

2800

2600 -

2400 1

2200 A

2000 1

[HadSpec, 1607.07093, 2008.06432,

2102.04974, 2403.10498]

2400 1

(S;I) = (1, O) 3 &b 1_5 — Dsng
EXP my/MeV 239 - 3
= * Dy mp/MeV | 1880

I g mpw/MeV | 2380(36)
1 gBW 5.39(56)
— =0 &5 3
Re,/so/MeV | 2189(72)
-2Tm,/50/MeV | 510(97) N
c|/MeV | 2391(411) ; 31l
EXP _ DK 6
} ! ()= (-1, 0)
]PC — 0++

140

239

391
m,/MeV

700
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[HadSpec, 1607.07093, 2008.06432,
DK/n - dependence on mT[ 2102.04974, 2403.10498]

2800

2600- (S1)=(1,00 315 — s
2 9400 - EXP mq./MeV 239 o §
= = D mp/MeV 1880
: 2200 - { D mpew/MeV | 2380(36)
1 gBW 5.39(56)
2000{ —— (S,1)=(0, = L6
2800 Re,/so/MeV | 2189(72)
-2Im,/50/MeV | 510(97) .
2600 - lc|/MeV | 2391(411) I 31l
DI 6
D, pole position may be lower than
experimental mass reported by PDG /) =(-1,0)
k [See also Du et al 2012.04599 (PRL) ] J g
|
140 239 391 700

m,/MeV
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* A few examples of recent lattice QCD calculations of
charm/charmonium(-like) mesons.

e T..and T;. in coupled DD*, D*D* scattering.

e Scalar (0**) and tensor (2*7*) charmonium resonances
(only one of each in energy region investigated).

* [DK/m at SU(3); sym. point and dependence on m]

Many other calcs, e.g. m; (exotic J¥¢ = 1~%), light scalars.

Study evolution as vary light-quark masses.
Effect of left hand cut?
Three (or more!?) hadron scattering.

—

Probe structure, e.g. transitions and form factors.

www.hadspec.org

=t DIRAC had/spec
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