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charmonium resonances David Wilson 3
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resonances with charm quarks DavidWison 4
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charmonium resonances David Wilson

= X(3960){ > DsDs} e '

. = X(3930) { — DD} f Xc2(3930)§{ — DD,DD*}
o X(3915){ - yw) 3w
£x.0(3860)
e N s 5 S T e
F vy — DD §  xeo { Probably one
| { resonance
Xco 3 'L
J§
ot++ W2t t %

Level counting is completely unclear
e Near threshold behaviour?
e Multiple decoupled resonances?



Experimental results

David Wilson 6

vy — DD

T T T T T T T T T T T

| 1 S
25+ - >
Belle data E
20} arXivi1208.1134 i  ©
> [ i o
= | ] =
o 15F . c
1 ] =2
» L e ] (Y
| Y J | F
84 L N i
5k } J ]
0 . PR B ST A B .\.--'1"'.'-1~-.—--.--l--.-... - o
3.8 39 4.0 4.1 4.2
M(DD) [GeV]
+ + 1y ot arXiv:2210.15153
BT - DD, K i
§50 X 1 — T T L
o I LHCb <+ Data
= 40 F "l 9 fb-! — Total fit ]
Sl —— X(3960) :
N X0(4140) ]
=230 | —-—- 1) (4260) .
S ---= 1 (4660) ]
- ~------- Nonresonant D}D; 1
20 B
of |\ T i ! :
4.0 4.2 4.4 4.6 4.8

m(D}D; ) [GeV]
near-threshold state at 3956 MeV

J /1w

25— .
- BaBar arXiv:1207.2651
20—
15
10
5 +
0: .H.!—T'I./.UI= ;i‘rfn:l:#f

38 385 39 395 4 405 41 415 4.2
m(J/yo) (GeV/c?)

m = (3919.4 + 2.2 + 1.6) MeV
I'= (13464 3) MeV

JE =07

B+ —> D+ D K+ arXiv:2009.00026

LHCD -

e (3770) — D* D
rrrrr X ,(3930) — D* D
rrrrrrrr x_,(3930) - D* D

~

&Q B

Q L

>k

2 = =

o 100 — ———— y(4040) — D* D -]
B - y(4160) — D* D" i

: - y(4415) — D* D" -

~ 80 » X ,(2900) - D'K* ]

~ B X ,(2900) — D' K* |

175} - Nonresonant -

o 60 _

= o -

< - 2

S 40F —

"g N ]

8 20 -

0

TS
m(D™D™) [GeV/c?]

Just a few examples
Many many more
(References in the longer paper)

overlapping O++ and 2++
resonances around 3925 MeV

Near threshold enhancement at D, D,
threshold

no need for a low O++ resonance



open questions
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~

X(3960) { — DsDs}
== X(3930) { — DD}

T X(3915) { — ww}

£X0(3860)

are all of these bumps resonances?

how are these experimental enhancements
related to each other?

how many states are there in O++ and 2++7
can we understand how the quark-model-like

states and meson-meson like states contribute
to the observed features?

first principles calculations are needed to start
to understand this
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Previously:
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spectra from gqgbar operators only,
Liu et al JHEP 1207 (2012) 126

"HadSpec” lattices

anisotropic (3.5 finer spacing in time)
Wilson-Clover

L/a.=16, 20, 24
mnr = 391 MeV

rest and moving frames

Ns = 2+1 flavours
all light+strange annihilations included
no charm annihilation

using distillation (Peardon et al 2009)
many channels, many wick contractions

This study: Meson-meson + qgbar ops
Derivative ops - good overlap upto J=4

Variationally-optimised single meson ops



Well-established workflow David Wilson 9
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Review: Bricefio, Dudek, Young,
https://doi.org/10.1103/RevModPhys.20.025001
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S+D, zero total momentum
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Liuscher et al 18

M

1-dimensional QM, periodic BC, two interacting particles: V(x; —x5) # 0

ll)(O) :1|)(L), 6—x =0 — a—X L X
L
sin (P_ + 6(p)) —
2
2mn. 2
-2 _Z5
P=—"7T "7 (p)
73/2
Phase shifts via LUscher’'s method: tand; = 5
Zoo(1;¢q )
LUscher 1986, 1991
Zo0(1: %) Z ‘—*|2
nez3

generalisation to a 3-dimensional strongly-coupled QFT
- powerful non-trivial mapping from finite vol spectrum to infinite volume phase

See also Kim, Sachrajda, Sharpe: Nucl. Phys. B727 (2005) (arXiv:hep-lat/0507006)
Review by Briceno, Dudek, Young: Rev. Mod. Phys. 90, 025001 (arXiv:1706.06223)



rho resonance in elastic pi-pi scattering 19
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rho resonance in elastic pi-pi scattering 20
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CERN theory et al: rho and K* resonances with physical pion masses 21
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what’'s going on near DDbar threshold? David Wilson 22
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(smaller range)

what’'s going on a DDbar threshold?

David Wilson

23

pz'pj|tij|2

0.12

0.10

0.08

0.06

0.04

0.02 -

0.63

o @ OO

[¢]

0.64

[¢]

0.65

[ce}

0.66

[eesie)

0.68

0.66

0.64

0.62

0.60

O @O O 0O

O WO O

JPC — 0++
my = 391 MeV

Neh — DD

Nen — NeN

DD — DD
atEcm

using zero and non-zero total momentum

16

20

24

16

20

24



higher scalar amplitudes David Wilson 24
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higher scalar amplitudes David Wilson 25
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higher scalar amplitudes - from rest energies only
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higher tensor amplitudes David Wilson 2/
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higher tensor amplitudes David Wilson 2.8
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tensor amplitudes - from rest energies only
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Finite volume spectrum from Liischer Quantization Condition David Wilson 30
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For coupled-channels, many partial waves: Eigenvalue decomposition 31

det [D(Ecm)] =0
D(Ecm) =1+ Z‘p(Ecm) 't(Ecm) ) (1+iM(Ecma L))

Dy(Ewm) =14 S(Ecm) - V(Ecm, L)

det [Dy (E H A

Dy (Ecm) () (Eem) = )‘p(Ecm) v )(Ecm)

T N N T ST . N
r T 71T 7 1 1 1

5/°
20 ~
10 L 53, Py
s I
-18 I Vl I mg
1 D2 \-C< 0 T
-? C /< / \_/ 101 Y\/ \_/
1 5 1
0 0 D2
-1 L 2+
—~
E/O 5 1 1S : ' : X
Ly (°S2|"D2) S | | :
(1) 0= — : : :
-1 L ™M 0 U T ; T T
L (552‘5D2) ~< ~: h 101 102 103
0 o LB : : ;
-1 L | . Caf
L (\D2|°D5) - . . .
0 o — . : .
-1k £ : : :
o 1 - ' ' [
N 5 8 : : :
ol A D4 E i : /\A ' E
~ T R e — | T T T
Tk 1 101 102 I E—— = g 101 W 103 U
1Lk ! . \

Woss, DW, Dudek, arXiv:2001.08474, PRD 101, 114505 (2020)
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“background” waves - P=- 32
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(we also computed lattice irreps very little going on here
with non-zero total momentum)

, , an ne 2 state arises below DD*
P=- partial waves can then contribute



“background” waves - 3++
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amplitude variations - scalar
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Complex plane - scalar DavidWilson 35
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Complex plane - scalar 36
2
pi(5)p3(9)|ti5(5)
one resonance pole J / Yw — J / Pw
— many different amplitudes
DD — J/vyw
We don’t need different poles in B B
different coupled amplitudes D*D* — D*D*
A single resonance pole can be Dst N D*D*
responsible for many bumps
and features B B
DD — D*D*
DD — DD
DD — D.D,
Similar story for 2% DiDg — DDy




poles - scalar 37
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poles - scalar - parameterisation variation
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“mirror” poles 39

0.05 ‘/ 0.1J Re kD*D*

m = 0.74
.. m = 0.72

O L00sf
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mog— 358 —19ppPDD — Yp*p*PpD*D*



“mirror” poles 40

o1 005 ‘/ 0!1! Re kD*D*
| m = 0.74
.. m = 0.72
Q)’& -0.05
0.7-d
9.9,
tl] — 7

2 ) )
mog— 358 —19ppPDD — Yp*p*PpD*D*
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m = 0.70 /
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Y m = 0.74
.. m = 0.72
O o0sF
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1] 2 -2 ) -2 )
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m = 0.70
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aflmkp p_ 2a,Im+/s¢
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the green/red cluster of poles are just mirror poles
- amplitude is dominated by a single resonance pole in this energy region
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JPC — ot+ a;m = a;Re\/Sg

D" D" | 03 04
O—! ' 00-L—0 ! a o ' '
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0.004
E 0.008F
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additional poles were found
- don't appear to be important

“coupling-ratio” phenomena seen in K-matrix pole parameters
- possible to rescale K-matrix gj factors and obtain similar amplitudes
- t-matrix couplings are found to be well-determined
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JP¢ — g++ a;m = a;Rev/sg
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poles - tensor - more going on here, but mostly not physics 46
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poles - tensor - more going on here, but mostly not physics 47

2a,Im+/s¢
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mirror pole - similar to a Flatté



poles - tensor - more going on here, but mostly not physics 48

almkp- p- 2a:Im./50
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“green” pole is a mirror of the physical sheet pole

physical sheet pole arises because of the large gpp+



2++ poles

49
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using a modified DDbar* threshold factor 50

2
pipjti]
— - A% 15 NI
05 DD{'Dy} — DD{'Dy} o5} D*D*{°Sy} — D*D*{°S,}
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0.1+ oL rmmmmemeeee rest energies only
rest+flight energies
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- different physical sheet pole
- no obvious nearby (+,+,+,-) sheet pole (there are some with a; E >0.74)



DDbar threshold - other lattice QCD studies

Results from Prelovsek, Padmanath

et al, suggest effects at DDbar and
DsDsbar thresholds

- pion mass ~ 280 MeV

- light quark heavier than physical,
strange quark lighter than
physical

hard to justify such a large change
due to the light quark mass (no
one-pion-exchange term)

51
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experimental results - 3700 to 3860 MeV David Wilson 52

 BaBar, Belle - resonance around 3860 MeV ~~y — DD

35_ """""""""""""" [~~~ - - e
i ] 25+
30f BaBar data ] : Belle data ]
: 20 arXiv:1208.1134
> 25¢ > ' ]
Q L Q |
= =
= 20t = 15_‘ ‘
£ 15t g |
—— = ok = ] G
& 5t il / =
; ; 2-|— } ~F—eh
X(3960){ — DsDs} [, ol vt e 2 I
X(3930) { — DD} 3.8 39 4.0 4.1 42
__________ X(3915) { — pw} M(DD -
3 (DD) [GeV] M(DD) [GeV]
Xco(3860) &

Lor g e Guo & Meissner (2012)
| I m = 3840 MeV, [ = 220 MeV

 Wang et al (2021), Daneika et al (2022):

Complications from Born exchanges lead to a
lower state around 3700 MeV

D-‘r

(a)

arXiv:2010.15431

no state around 3840-3860 MeV (?)



Born term structure foryyton =

53
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e OldK decay data
o NAA48/2 preliminary data
v Kaminski et al.
< Grayer et al. Sol.B (Hyams et al)
o Grayeretal. Sol. C
=  Hyamsetal. (---)

J. Pelaez, arXiv:1510.00653
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extra structure at threshold,
not linked to a resonance
or bound state
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e BaBar, Belle - resonance around 3915 MeV in J/ww

< 251 .
S “F BaBar arXiv:1207.2651
& T
= 20
S
o L
= 150
< N
® [
g 10:_
X(3960) { — DsDs} 51
= X(3930) { — DD} -
__________ X(3915) { — yw} Ok : . Ve
§Xc0(3860) ¢ 38 3. 9 3. 405 4. :
- S @ m(J/po) (GeV/ic)

m = (3919.4 & 2.2 + 1.6) MeV
I'= (13464 3) MeV

JEP =07

(several other studies of this)
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DDbar at LHCb
hadronic production process
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Peak at DDbar threshold attributed to
“feed-down” from X(3872) decays
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Same study from LHCDb,
higher energies
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not obviously inconsistent with
earlier Belle & BaBar results
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David Wilson 5 7
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overlapping 0++ and 2++
resonances around 3925
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45
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no need for a low 0++ resonance



experimental results - 3900 to 4000 MeV David Wilson 58

B‘I' — D;" Ds— K‘|‘ arXiv:2210.15153
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David Wilson

59

BT - D**DTKT™

—

NVi..D7°1N 1C10609D

LHCb arXiv:2406.03156

4+ Data ——  7:2(3930) n:(3945)  —— 1(4040) T5,(2870)° —== TE,(2900)°
— Total fit - EFF;+~ N 7/2.(4000) T ye1(4010) o2 he(4300) 0 e NR++
- Background ........... NRl-— ........... NR()-+ ........... NRO__ Reference flt

~ T T T T T T T T T R | — T " T T T T
0 B LHCb 9 fb~! 3 B LHCb 9 fb~!

S 100 i " @) S 100 i (b)

© 12t

= : -' . 1< :

§ 50 ) | — § 50 —
:-g : ',..“,; TIPS _ "C‘E :

g : 4 \\\ | ...=._=-.-.==-.:::::::::‘.!'-'-'-‘-_'-_‘-_'-_'-_'-_'._:t'-_'._'._'.'.'.-_'-'.-.-..:-3-_-*-_-_--_--;-;?._'.:._-, _______________ + : FC%S : |

U O | o T S PRty el M C e | U O | LN T N : | |

4.0 4.2 +.4 4.6 4.8 4.0 4.2 4.4 4.6 4.8

M(D*~D*) [GeV] M(D**D") [GeV]

Very complicated
Many amplitudes contribute with similar strength
New resonances proposed around 4000 MeV
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Summary & outlook DavidWison &1

Scalar and tensor charmonium

- atmz=391 MeV, one scalar and one tensor pole is found.

- The level counting is not obviously different from the quark model

- large coupled-channel effects in OZI connected D-meson channels
- OZl disconnected channels look small everywhere

- we have extracted a complete unitary S-matrix and this naturally connects features
seen in different channels and simplifies the overall picture

- some amplitudes are very different to the simple Breit-Wigners often used in
experimental analyses

- aclear, as yet unobserved, 3++ resonance is present in DDbar* & a bound state in 2-+
- we do not find a near-threshold DDbar state (between 3700 and 3860 MeV)

- these methods can also be applied to the X(3872) 1++ channel

Full details and references:
arXiv: 2309.14070 (7 pages)
arXiv: 2309.14071 (55 pages)



https://arxiv.org/abs/2309.14070
https://arxiv.org/abs/2309.14071
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papsltisan |’ my ~ 391 MeV
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T~11(13) MeV T DD*-D*D* coupled channel

20 - Whyte, Wilson, Thomas

. arXiv:2405.15741

o , 4 , - S and D-wave in J'=1"

- virtual bound state below DD* and
> QM‘" 3 s resonance below D*D*
0 =\/§%38i4(31|) VeV o | | R Rey/s | MV - (neglecting left cuts)
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http://arxiv.org/abs/2405.15741

Heavy-light mesons David Wilson 64

L. Gayer, N. Lang et al (HadSpec), arXiv:2102.04973

p°[t]
—— Breit-Wigner m, = 239 MeV
—— DBreit-Wigner m, = 391 MeV
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what is the mass ordering?

2

ny are the masses so close?

why are the widths so different?



Heavy-light mesons
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—— Effective range (b)
—— K—matrix (d)

—— Other reasonable fits
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Dn/DK scattering with SU(3) flavour symmetry

Yeo, Thomas, Wilson
arXiv:2403.10498

- S-wave interactions in flavour SU(3)
3bar, 6, 15bar

- Virtual bound state sextet pole

- Also deeply bound 3bar state, similar to
Ds0(2317), much greater binding

SU(3) flavour:
D-meson and light meson

38 >3 P6 ¢ 15
31 —3


http://arxiv.org/abs/2403.10498

