HADRONIC MOLECULES IN THE SINGLE
AND DOUBLE CHARM SECTOR
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SETTING THE STAGE I: XYZ ET AL.
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Mass[GeV]

SETTING THE STAGE II: D-M

ESONS

Puzzles: Why are/is

$=0,1=1/2 $=1,1=0
271 - 27) - .
M(Ds1)&M(Dy,) so
- 2 - e light?
. A Diy(2573) g
25| I Y-| G 1 o
| A D;ijjftﬁ(%)‘ | D~|(24UU)DK M(DS1I)\;AD/I*(D;?\ZI s
23| 231 T ~ M(D*)-M(D)?
D;;(2300) |
pal memtmem T M(D5) = M(D3)?
o - D3 M(D1) ~ M(D51)7
D*(2007) *D—
191 - i = (3) 190 Why do we have
01017 “oto0 1 MDo)t<M(Do)>?

Quark Modell: M. Di Pierro and E. Eichten, PRD 64 (2001) 114004

All those puzzles disappear, if the states are hadronic molecules
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review article: Guo et al., Rev. Mod. Phys. 90(2018)015004

HADRONIC MOLECULES %

are few-hadron states, bound by the strong force

do exist: light nuclei. ‘
e.g. deuteron as pn & hypertriton as Ad bound state

are located typically close to relevant continuum threshold;

e.g., for Eg = my +my — M (v = \/2uEg; p = mymz/(my + my))

= Egetteron = 222 MeV (y = 40 MeV)
= EDvPErtiton _ (13 4 0.05) MeV (to Ad) (y = 26 MeV)

can be identified in observables (Weinberg compositeness):

Py AMPy o128 2 N
i M(1 )\)—>a_272_)\2 ol r= 1-x)5
(1 — \?)=probability for molecular component in wave function

COFI’eCtlonS al’e O(’YR) Range corrections: Song, Dai, Oset (2022); Li, Guo, Pang, Wu (2022); Kinugawa, Hyodo (2022)

] Are there mesonic molecules?
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DISCLAIMERS AND OUTLINE

The method presented is ‘diagnostic’ — especially,
= it does not allow for conclusions on the binding force;
= it allows one only to study individual states;

= quantitative interpretation gets lost when states get bound too deeply
('uncertainty’ ~ R~)

In the rest of the talk | will present
= observables that are NOT sensitive to the molecular component
= an exploratory study of the vector states around 4.3 GeV

= how unitarized chiral theory (UChPT) for GB-D-meson scattering
solves all the mentioned puzzles of the pos. parity open flavor states

e~ ﬁ , 9 JULICH
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ON HADRONIC WAVE FUNCTIONS

wf from contact interactions only: TeSt StUd}/' DeUterOﬂ Wave fUﬂCtIOﬂ
o A=’ ] Potential: V= ><
Eul — A2 | e T oA
"ol 1 Wave function from LS-equation:
" .y : _ N s
T=V+ | d°qVGT
wf including one-pion exchange:
l'u ' i regularised by cut-off A
Y 0.5\ For each A — adjust C(A) to get Ep
i
goo Result:
iy ] = wf below 0.8 fm not determined
- . = wf with OPE bounded at origin
ANogga, C.H. PLB634 (2006) 210 —> Saves power COUnting
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INSENSITIVE OBSERVABLES

— Observables sensitive to short-range part of wf
are not sensitive to molecular component — leading order counter term

Example: X(3872) — ~v(nS)

Example: X production in large pr reactions

’ both cannot measure the molecular component‘

But natural explanation for Y (4260) — 7Z;(3900) and

Wang, C..H., Zhao, PRL111 (2013) no.13, 132003

L~
D, o ., D, o
Y (4260) b ZG3%0) Y(#260) T X(872)
and prediction of Y(4260) — 7X(3872) Guo et al., PLB 725 (2013) 127-133

.... more examples below
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EXAMPLE 1: Y(4230) AS D; D MOLECULE
150_' I I ' I T I ' I ! I ' I '
Iv(mso)

only seeninJ/vymm
L | I | B
. * e+e'—>J/\|J1t01t0
® ' 5IWK'K
®cesiyn'T

A e Ty
501 <oy (1Po

Dlﬁ threshold Ve'e DD

L }% e'e -y, (3872)y
O 1 | 1 | 1 | 1 | 1 | |

4200 4220 4240 4260 4280 4300 Cce-vesmw
M, [MeV] Meleoup

@ combined fit (this work)

T, [MeV]

@c'eoh(IPn'T

= Inclusion of Dy D intermediate states (9vp, p large for molecule)
= Inclusion of charmonium v(4160) (M, 4160) = 4191 MeV)

L. von Detten, V. Baru. CH Q. Wang, D. Winney, Q. Zhao; PRD109(2024)116002

JULICH
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IMPACT OF ¢(4160)

00 ¥(4160) Dib oo'n|  \Well established cc state
200 Parameters from RPP2023:

2023 update of R. L. Workman et al. [PDG], PTEP2022 (2022)083C01

100 //f,,,/ = Iﬁ:ggzﬁ-wmm m\U(4160) = (41 91 i5) MeV

w0 | Twateo) = (70£10) MeV

Experimental extractions:
D°D*~7+: Ty=(77+6.3+6.8) MeV

BESIII, PRL130(2023) 121901

JjpmtrT: Ty=(41.842.942.7) MeV

BESIII, PRD106(2022)072001

in both cases (4160) omitted

ptuT Ty=(47.2422.8+10.5) MeV

- BESIII, PRD102(2020)112009
4175 4.200 4.225 4.250 4275 4300 4325 4350  \With ql)(41 60) included

Vs [GeV]
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ROLE OF D;D CUT

400 DD n EDID T JJ —--- Y(4230) CT Y(4230)  z7 (3900)
H —— Tree-level Do
300 - — Triangle Tree- S--- ot
5 | il e W(4160) CT level )
E‘ 200 Total = Y (4230) D
T R-scan data
XYZ dat: o°
1001 AN 1 data .\ o
Bt P
410 4.15 420 425 430 435 4.40 445 450 Y (4230) DO(D7)  Z;(3900)
V5 [GeV] Triangle
JVnn iDip ---- Box
80 : - Triangle
—— Jlyn CT I
5 60 nn/KK CT
S —— Total .
°© 40 T data BES Il

4.15 4.20 4.25 4.30
Vs [GeV]

4.35

Dy

D

4.40 4.45 .
Tri

Slide 9118
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angle

D

Z.(3900)

/.

Jle

Significance of D; D cut linked to molecular component!
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EXAMPLE II: POS. PARITY D MESONS

Starting point: chiral perturbation theory to NLO for GB-D-meson scattering

However, only perturbatively consistent with unitarity = Unitarisation

Truong, Dorado, Pelacz, Kaiser, Weise, Oller, Oset, Lutz, Kolomeitsev, Guo, MeiBner, CH, .
Observe Im(t(s)) = o(s) |t(s)|* implies Im(t(s)~") = —a(s)

= write subtracted dispersion integral for #(s)~"

— fix Re(t(s)~") by matching to ChPT

Effectively this gives
- \1/ + W + 6 ¥ 6 Xro o+
VRN N AN N / N AN
4 N s N s - N / - -~ N
7 N 7/ N 7/ N 7/ N

with ChPT expression for V ... and additional parameter a(x) (from the loop)

Dependence on unitarization method needs to be clarified!

SE- ) @) JULICH
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FIT TO LATTICE DATA

. . N .
fit 4+1 para. to lattice data for a(Df’(b) in selected channels e pros7or3014508
0.00 . 12 000
-0.05| 10 -0.05
E -010 © E o8 } E -010
5, 015 { :os_ 08 s, -015
P 70.20‘}—4{ TP 04 ag -o.zo\i_f“Lr
-025 ¢ 02 -0.25
-0.30 : 00 -0.30
0 100 200 300 400 500 600 0100 200 300 400 500 600 0100 200 300 400 500 600
M, [Mev] M, [MeV] M, [MeV]
0.00 00t ;
0.5
E om0 | 1 E °‘°2\/u/ﬁ\ controlled quark
s -015 . 000
25 om0 oo mass dependence
025 004 Fit range up to
0905106 200 300 400 500 600 0100 200 300 400 500 600 M. = 500 MeV

M, [MeV] M [MeV]

s /K /n—D®) D\ scattering fixed (chiral sym: 7D int. weaker than KD)

= D;,(2317) emerges as a pole with Mp. = 2315712 MeV (E, = 477%3);
since Ep(Dso) = Ep(D%;) + O(1/Mp) = puzzel 2 solved

=K @) JiLicH
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INTERPRETATION A LA WEINBERG

D5(2317): a= W+O( /8) = — (A=)

— a= —(1.05+0.36) fm for molecule (\=0); smaller otherwise

P f 3 1| Various lattice studies show
osf ¢ + under binding
ol study a~ (removes E dep.)
v All analyses consistent with
0.4
== e el purely molecular D},(2317)
® Li RD 87 (2013) 014508
02F g rres et al., JHEP 05 (2015) 153; data: Lang et al., PRD 90 (2014) 034510 (analOgOUS for D51 (2460))
4 RQCD, 96 (2017) 074501
A HadSpee, JHEP 02 (2021) 100
00755 200 250 300 350 400 = puzzel 1 solved

M, [MeV] .
JULICH
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THE S = 0 SECTOR

Keeping parameters fixed one gets:
Effree Efee o ER% - LQCD

2800 |
2700 |
£ 2600 i
= 2500 |
= 2400 f
2300 |
2200 |

16 18 20 22 24
L/as

Albaladejo et al., PLB767(2017)465; Lattice: Moir et al. [Had.Spec.Coll.] JHEP10(2016)011
Poles for Fits directly to these data: Z. H. Guo et al., EPJC 79(2019)13; M. F. M. Lutz et al., PRD106(2022)114038

= M,~391 MeV: (2264, 0) MeV [000] & (2468, 113) MeV [110]
= M,=139 MeV: (2105, 102) MeV [100] & (2451, 134) MeV [110]

Questions cg nature of lowest lying 0" D state, D}(2300)

= L @) JULICH
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SU(3) STRUCTURE FROM UCHPT
m(x) = M 4 x(m — mP) Albaladejo et al., PLB767(2017)465
Mg = 0.49 GeV; Mp = 1.95 GeV Multiplets: [§]®[8]:[ﬁ]@[6]@[§]

2500 T T T T T T
=0 [phys] S= 2
z=1[SUB) N [
S S 1 S=1
S=-1
ole

with [15] repulsive,
[6] attractive,
[3] most attractive

2400

« e o

= 2300

V

(Me

5 2200 |

2100

2000 =+ . . . . . +
0 50 100 150 0 0.25 0.5 0.75 1
T'/2 (MeV) r

= 3 poles give observable effect with SU(3)-breaking on
= At SU(3) symmetric point m, ~ 490 MeV: 3 bound and 6 virtual states
= The light Dr state is the multiplet member of D,(2317)

— MD;0(2317) — MD5(21OO) =217 MeV puzzle 3 solved

—~ - @) JiLicH
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SU(3) STRUCTURE |
= Lattice shows repulsion in [15] S= 0 W A
as predicted in UChPT §=-1

Albaladejo et al., PLB767(2017)465

= States in [6] found in UChPT and lattice:

Hofmann and Lutz, NPA733(2004)142

2450
n S=—1 TP -]
2400F e
2350
Z !
2 100
£ 2250
S 2200
£
5
12 2150
] 2100F ==~ DK threshold
@  Albaladejo et al., PLB 767 (2017) 465
2050F &  UCHPT postdiction
#  HadSpec, JHEP 02 (2021) 100
2000

AI,:ISSMCV‘ M =239 MeV M =391 MeV/
= S = 0: Lattice finds virtual pole in [6] @M. ~ 600 MeV
in |ine Wlth UCh PT prediction Gregory et al., [arXiv:2106.15391 [hep-ph]]+Lischer analysis.

Confirmed by J.D.E. Yeo, C.E. Thomas and D.J. Wilson, [arXiv:2403.10498 [hep-lat]].

= Quark Model: [3] ® [1] = [3] — the [6] is absent

B
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Dm S-WAVE FROM B~

(Py) /(20 MeV)

8o [Degree]

— D

%10 e pn DE
i 08 : :
05 ¢
IR = X _
gt z
$ £
03 § BW with D§ (2300) >
3
204
02 =
ot £
is Z
0.1 ]
i EYS
2100 2200 2300 2400 3 Vs
Mp: - [MeV] @

-
2 2.1

=)

2.4 2.5 2.6

22 23
My, [GeV]
o L 1

Near threshold data (and lattice) need
pole near /5, ~ (2105 — i102) MeV

Effect of DsK thresholds enhanced, by
pole near /5, ~ (2451 — i134) MeV

— two-pole structure solves puzzle 4

9 JULICH
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CHARMED STATES

Puzzles solved:

S$=0, I=1/2 S=1,1=0
27 .. 2.7 -~
- ﬁi = Do) ;E D,(2573)
251 D3(2460) 25 — OK
| EZH Dy (2420) B D,.(jﬁo)
Tigne = (2)7 23 DK
2.3 3L —
D2y (2317)
S D (2300) |
8 Jlight = (%)+D1 (2430)
‘g’ 2.1 211 .
S I DE)W) D B D_
19| () 191
D
L - - L - - P
01017 01012 3

Quark Modell: M. Di Pierro and E. Eichten, PRD 64 (2001) 114004

... role of left-hand cuts needs to be clarified

B M(Ds1)&M(D},) are
DK and D*K bound
states

M(Ds1)—M(Dg,)
~ M(D*)—M(D),
since spin symmetry
gives equal binding

States with s-quark
heavier, e.g.
M(D§) = 2100 MeV
M(D},) = 2317 MeV

Two pole structure,
not Dy(2300)

Lutz et al., PRD106(2022)114038; Korpa et al., PRD107(2023)L031505

Slide 17118
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SUMMARY AND CONCLUSION

= For near threshold states Weinberg criterion provides proper diagnostics

= View extended by studying the SU(3); multiplet structure
= what kinds of multiplets are there?
= pattern of spin and flavor symmetry breaking important

= Interplay of different poles leads to

= non-trivial line shapes
= non-trivial phase motions

We are on a good path to identify the hadronic molecules in the spectrum

... and to exploit their imprint on various observables

Thanks a lot for your attention

—~ - @) JiLicH
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BACK-UP SLIDES
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COMPACT TETRAQUARKS

The heavy-light diquarks, cq of spin 0 and spin 1, in the flavor [3]
line up with diquarks of light anti-quarks gg: [3]®[3]= [3] @ [6]
-~ =~

Imposing Fermi symmetry: anti-sym. in color —> anti—sym. . Sym.

= spin 0 (anti-sym.) — flavor anti-sym. — flavor [3]
Combining with the cq diquark: [3] @ [3] = [3] @ [6]

L. Maiani, A. D. Polosa and V. Riquer, [arXiv:2405.08545 [hep-ph]] and talk by L. Maiani

But there should also be B
= spin 1 (sym.) — flavor sym. — flavor [6]
Combining with the cq diquark: [3] @ [6] = [3] & [15]
Mass estimates:
Mcg[S = 1] — Mcg[S = 0] = Mp- (2460) — Mpy(2317) = 140 MeV
Mgq[S = 1] — Mgg[S = 0] = M5, — M, ~ 170 MeV
~ 300 MeV
There should be a [15]-state about 300 MeV above 2.1 GeV
Why was it not seen on the lattice?

o ) Slide 20118 'J ro.slc‘r'.uln-gslzgﬂ
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CHIRAL LAGRANGIAN (1)

= The leading order Lagrangian (no free parameters)
£\ = D,PD*P' — m?PP!
with P = (D° D+, D) for the D mesons, and the covariant derivative

D.,P = 9,P+ Pr}

7

D,P" = (0, +T,)P,
1
=3 (u'o,u+ uo,ut),
where u, = i [uT(0,, — ir,)u+ u(d, —il,)u'], u= ePa®a/(2F0)

Burdman, Donoghue (1992); Wise (1992); Yan et al. (1992)

= this gives the Weinberg—Tomozawa term for P¢ scattering:
x E,+O(1/Mp) (S —wave)
Interaction of kaons significantly stronger than that of pions

= @) JiLICH
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CHIRAL LAGRANGIAN (2)

= At the next-to-leading order p? (6 free parameters)

F-K Guo, CH, S. Krewald, U.-G. MeiBner, PLB666(2008)251
£2 = Pl=ho(xs) — hixs + he(u,u) — hau,u] PP
+ D,P[hsy(u,u”) — hs{u",u"}] D, PT,
x+ = utxut £ uxtu, x = 2By diag(my, my, ms)
= Low-energy constants:

hy = 0.42: from MDs —Mp
Same effective operator leads to strong isospin violation
Mp+ — Mpo = AmPEt™one + Ame™ = ((2.5+0.2) + (2.3 £ 0.6)) MeV

ho: from quark mass dependence of charmed meson masses (lattice)

hz 3,45 fixed from lattice results on scattering lengths
calls for unitarisation = UChPT

E ) Wﬁmn Slide 22118 'J :!yslc‘n!uln-gslzgﬂ



UNITARISATION

Truong, Dorado, Pelaez, Kaiser, Weise, Olfer, Gset, Lutz, Kolomeitsev, Guo, Meitiner, G.H.,
ChPT is only perturbatively consistent with unitarity.
Observe Im(t(s)) = o(s) |t(s)|* implies Im(t(s)~") = —a(s)

— write subtracted dispersion integral for #(s)~"

= fix Re(t(s)~") by matching to ChPT

Effectively this gives
- \/ + W + e ¥ 6 Xr o+
2R N AN N UN AR
s N e N s -7 N s/ - -~ N
7 N 7/ N e N Vd N

with ChPT expression for V ... and additional parameter a(y) (from the loop)

Dependence on unitarization method needs to be clarified!

9 JULICH
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EXP. TEST: HADRONIC WIDTH

prediction from UChPT without lattice data 1 H H H .
= prediction from UChPT using lattice data - Genu'[‘_/e ContrIbUtlon'
l
’ o
— — - ]
® D D;
D/D;
i t 1 Specific for molecules:
B0 e e ettt | K* K° .
PANDA sensitivity limit LT Tn JEERRNE L0
50 7 Dy D} D5 D
] g D+
predictions from various non-molecular approaches }

F.K. Guo et al., PLB666(2008)251; L. Liu et al. PRD87(2013)014508; X.Y. Guo et al., PRD98(2018)014510
and, e.g., P. Colangelo and F. De Fazio, PLB570(2003)180

Experiment needs very high resolution — PANDA
Predict MB;O = 5722 + 14 MeV and various decays Fu et al., EPJA58(2022)70

Most recent lattice result: MB;O = 5699 + 14 MeV Hudspith & Mohler, [arXiv:2303.17295 [hep-lat]].

’ Next: Study multiplet structure from GB-D-meson scattering ‘

—~ - @) JULICH
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OBSERVABLE: B~ — D'n n~

With ¢ D amplitude fixed we can calculate production reactions:

Du et al., PRD98(2018)094018; for more results see Du et al., PRD99(2019)114002

e T
7’ 7’
v . pt
b=~ ot 5 — for the S-wave (two free para.);
A,B) D.Ds . .
U + \__i other partial waves from BW-fit
\\ - 4 \\ -
\TT 7,1, K \TT
x10° x10° x109
1.5 % 0.15] 0.6
= § 0.10 s 09
§ 1.0 = § 0.4
S g 005 . S 03
;Aioﬁ % 0.005—4% é 8'?
£ -O-OSW 0.0F%esm
S0 T 2z 23 21 23 20 21 22 23 24 25 Vo2 22 23 24 25

Mp+ e [GeV] Mp+ e [GeV] Mp+ - [GeV]

LHCb, PRD94(2016)072001

(Po) o | Ao+ | As[P+[ A2, (Po) oc A1 [2+3] Az P+ 2| Ao | Az cos(d2—6o)
(P13) = (Py) — 5(Ps) o %IAOHA | cos(61 — do)

- @) JULICH
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8o [Degree]

(Po) /(20 MeV)
b

X100

05

=

§
[
ast

o

i
¥t
8

¢
ioabat

& BWwith D§ (2300)

¢

2100

2200
Mp: - [MeV]

2300

2400

2100

2200
Mp: 7~ [MeV]

2300

2400

Mass of lightest charmed J” = 0* state:

= BW with m = 2300 MeV incompatible
with data

= UChPT with
(2105 +£ 8 — (102 + 11)) MeV
is compatible Du et al., PRL126(2021)192001

= Low mass confirmed by Lattice QCD
(2196 £ 64 — (210 +£ 110)) MeV
at /M7T = 239 MeV HadSpec, JHEP07(2021)123

Analogous picture for JP = 1+

9 JULICH
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Im(pole) [MeV]

POLE STRUCTURE FROM LATTICE STUDY

Lattice StUdy reported Only bound state pole Moir et al. [Had.Spec.Coll.] JHEP10(2016)011
Second pole was present, but location depends on amplitude model
Pole Locations on RS221 10 Im(s)
.5

-0
800
200
FOH i
KA

2500 2750 3000 3250 3500 3750

B (o))
o =3
o o

Re(pole) [MeV] Re(s)
= Poles located on hidden on sheet A Asokan et al,, EPJC83(2023)850
= Pole locations correlated; in line with pole from UChPT
m Distance to threshold balanced by size of residue V. Baru et al.,EPJA23(2005)523

‘ Explains correlation between Re(pole) and Im(pole) ‘

9 JULICH
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