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— Intro to hadronic molecules

e \Weinberg’s analysis and its generalisations

e |dentifying molecules in line shapes

— Theoretical approaches to hadronic molecules
e Low-energy chiral EFT

e Production mechanism and line shape analyses

— Tcec+ as a DD* molecule

e Analysis consistent with three-body unitarity

e Properties of Tcc+ and its spin partners



Evidence for Exotic States

® Heavy-light sector: D«(2317), Ds1(2460), X0/1(2900),...

® XYZ quarkonium-like states

CE-sector: X(3872), ...
Z(3900), Zo(4020), Zs(3982) ...

Y(4230), Y(4360), Y(4660), ...

D,D'/D'D

m|GeV]

Bottomonium sector:  Z,(10610), Zb(10650)

Fully charm tetraquark: X(6900) s 2:(15)

O—+ 0++ 2++ 1++ 17~ 1+— 1+

e Pentaquark states: P«(4312), Pc(4440), Pc(4457), Pes(4459)

S~V —
extended compact

® Tcc+
Conventional : Exotic
QD Qq q
qq.q. ' ‘. E ®E =
1 ; ga Q8
meson baryon molecule Itetraquark hadroquarkonium



Molecule:

Intro to hadronic molecules

for a review see Guo et al 2017

| reside very close to S-wave hadronic thresholds

weak binding suggests large spatial separation

1

i ize ~ | "1 fm
typical size T

! constituents must be narrow

| decay predominantly to nearby hadronic channel(s)

| binding by residual strong forces: =

! specific analytic properties: hadronic unitarity cut

large probabillity to find a state in a hadron-hadron channel

Can this be quantified?



Weinberg criterion: general ideaweinberg 1963-65 B et al 2004

e Assume there is a bound state. “ | — L1 o] — compact part
Its full wave function is C #(H) [hihy! b — continuum part
11 o] "|2 = "2 — probability to find a compact component
HpP"=1# X =11 1% — probability to find a molecular component
. 9. 9 3
e Interaction Hamiltonian: Q= ‘@C 40 Qp =g
hh
2
Then, continuum w.f. reads 1 (p)= " ()
E ! p2/ (2n)
. iy Lo h; .
with the transition vertex :.2< f (p2) = 1 o|‘9|h1h2"p
£(P%) ™ h,
Note: I'q,r?h Is a free Hamiltonian for details see Weinberg (1963), V.B. et al (2010)
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From probabillity to effective coupling

Normalization: =11 |

S SO A (-0
@) (Es + P2 (2W)?

Model-independent extraction @#? is possible only
In the weak binding limit for S-wave interaction

|
f(p*) ~gs 1+0O

;II?’p3 . 1‘2(2[3/2)2 = 42 2%8 14 O“ EY’ _fz(—! )= 6 —bare coupling
(2!)° (Es + p/ (21)) I = 2uEpg —binding momentum
1

| — range of forces
Relation between $2 and measurable coupling of a state with a hadronic channel:

21" 11 #° -
6 = = = 2
TR # gé—QS!Z—F(ll | 2)
Molecule: 121 0 " G | le_f
Compact state: 141 1 ™



One-channel scattering amplitude Weinberg 1963-65

Morgan 1992

g5
2 .
E + Eg + S (ik + 7)

e Scattering amplitude in terms of go: T(E) =

2! 1
u /a +(r/ 2)k2! ik

(a <0 — bound state or no states at all)

e ERE expansion: T(E) =

By matching the individual terms and using the relation between go? and $2 one finds

11 121 A1
a=! 2555+ O@/#) r = 1_A2;+0(1/5)
sc. length a eff. range I
Molecule: 141 Q0 # |large —>—% small ' 0 % lal ! |r|

usually positive Smorodinsky 1948

Compactstate: 121 1 # [smallt o = large and negative — oo @1 T




Extensions beyond bound states Matschek v8, Guo, Hanhart

- EPJA2021
Molecular b.s.: W/
Im(k) %
k large a Z

small and positive r /%
K bound state Wigner bound
REN
v

AT Compact b.s.:

[EsVIRlEeS X virtual state

h V4

Sma” a bound state

large and negative r

resonance




Extensions beyond bound states Matuschek v8, Guo, Hanhart

¢ EPJA 2021
'k large a

small and positive r y /

bound state Wigner bound
E Re(k) ok
= s - a

Compact b.s.:

Molecular b.s.:
Im(k)

resonances :
virtual state

small a bound state 05,&
large and negative r

resonance

w— > %

e Evolution of poles when some QCD parameter (e.g. quark masses) is varied " change in a

Molecular pole: ki =! 140 L If sc. length changes sign " virtual state
l a a
al ! |r]
Compact pole: k;,==+i =+ '+ o 2 if sc. length changes sign " turns to a resonance

ar r r
al !t r]

e Can be used to test nature of states on the lattice. Ex: Dso*(2317) vs kaon mass



Extensions beyond bound states Matschek v8, Guo, Hanhart

¢ EPJA 2021
'k large a

small and positive r y /

bound state Wigner bound
E Re(k) ok
= s - a

Compact b.s.:

Molecular b.s.:
Im(k)

resonances :
virtual state

small a bound state 05,&
large and negative r

resonance

* i K

e Evolution of poles is included if the original Weinberg compositeness Xw generalised as

| | 1
_ 2 _ 1 X =
Xw =110 T oA # 1+ |2r/a |

e Y0 allows one to test compositeness for bound/virtual states and resonances

review
e Other extensions mostly for resonances by Jido, Kamai, Nieves, Oller, Oset, Sekihara,... Kamai and Hyodo 2017

10/34



The archetypicaéxample: the deuteronvatuschek v8, Guo, Hanhar

EPJA 2021

e Bindingenergy:  Ep = mg! mp! mp =2.22 MeV

e a=1>5411m large a: lal! |r| "

# Clear molecule
r=+1 .75 fm small and positive r ~!O(1/M))

1
e But Xw =11 12= ived | - imati
W 1+ o1/a was derived in the zero-range approximation
and has a pole when r/a is negative
Xw ~1.7>>1 Not quite close to 1 for the deuteron

e Meanwhile, X = 0.8 ~ 1, as expected for a molecule

1 +|2r/a | up to the range corrections

11



Extension to a coupled-channel case/aushek v8. Guo, Hanhar

EPJA 2021

® Does large and negative effective range point to a compact state?  Not necessarily!
in contrast to Esposito et al. 2108.11413

e In a coupled-channels case the amplitude to be used in fits reads VB et al. 2004
o 1 0.9
fap(E) =1 - — — >
2E! By + 35 (97K + ke + ), T(E))
L << | . Y0 +

K2 Ee << 2 & i 12 k4

ko= 2up '2! 2 = 0 2uply! - ki+0 —
5 »- X Term from second channel
r=| +1r r=1 2 _F o ,
U102 g2 2u25, 2= M2 | Meprg
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Extension to a coupled-channel casevatschek v8, Guo, Hanhar

EPJA 2021

® Does large and negative effective range point to a compact state?  Not necessarily!
in contrast to Esposito et al. 2108.11413

e In a coupled-channels case the amplitude to be used in fits reads VB et al. 2004
1 Ja O
fab(E) =1 — I 5 a4 >
2E ! Ej+ 4 (0Pki +g3ks + X, Tu(E))
k2 T Eg<< I, $ | Y0 uz k4 H
Ko =1 2 1,1 L = | 2U-!-! — k? + O 1 |
2 H2 2 21 H2'2 5 ou2i, 212
2 A Term from second channel
r =1 +1 7 |r_,92 K2 o |
ng% g7 2u%H; 12 = Mthr2 © Mihra
e Examples:
— X(3872)as D'®'°/D * ¥ l, =8 MeV Ar ~ —1.6 fm
To. as D°D'*/D*D!'O ,=14Mev ! r!" 38fm

® This is a hadronic coupled-channel effect # subtract before using Weinberg criterion!

VB, Dong, Du, Filin, Guo, Hanhart, Nefediev, Nieves, Wang e-Print: 2110.07484 12



ldentifying a molecule in observables

VB et al.(2004, 2005), Braaten et al.(2007), Hanhart et al.(2010), Oset et al.(2012), Oller et al.(2016), ...

|
const P large g0 # molecule

oM (; |
E+Eg+ Zr(k+1)+ 15 ™— 40=0 # (Breit-Wigner) compact state

Aprod -

Typical shape of the production rate: Molecule vs Compact

bound state virtual state { '\ resonance

blue — Breit-Wigner red — large molecular admixture

# Line shapes are strongly affected by the threshold cusp
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Identifying a molecule in observablesE a caveat

e For narrow states the energy resolution must be very good.

e Recent LHCDb study of X (3872)! J/! !l LHCb, PRD 102 092005 (2020)
T | T | T T 3
3
9 80007 N
---------- Breit—Wigner - F Incl. resolution and background 3 0.25F LN
400 T 3 7000F .. W = N
— Flatté 1 : Breit—Wigner LHCh : N
= 350 15 6000F — Flatté = 02} N
.ﬁ. 300 ] é) C 3 Ek
- 1 2 5000F E [ =
| 250 E 1000 1 “w015F RN
4]+ 200 1%k : : AN
5| 5 1 & 3000F 3 N
2| $150 1€ g ] 0.1
Z|§ 100 4 2 2000 3
50 4 1000F 3 0.05F
0 P B B v 0:. P S T S i
3.868 3.87 3.872 3.874 3.84 3.86 3.88 39 0,5 L .\.TSNN _1'0
mj/wﬂ—-ﬁ-ﬂ— [Ge\/] mJ/¢ T+T— [GGV] B ]-3f [MeV]

e The signal from the threshold is smeared by the energy resolution #  bad sensitivity to g2

e The variation of %.L by 1 corresponds to Ef from -2.5 to -270 MeV

® Nevertheless gf = 0.108% 0.00& was extracted # ShC;LrJ]ITlOsvee ’:rgs:tjen% as
lower bound 2 ] T
# r= ———— 2] =(—3.8-1.6) fm
I'J'lg]_ U1-2 H >@> 09

Ra=1279 fm VB, Dong, Du, Filin, Guo, Hanhart, Nefediev, Nieves, Wang e-Print: 2110.07484 14



Theoretical approaches to Hadronic Molecules

In Collaboration with

Meng-Lin Du, Xiang-Kun Dong, Evgeny Epelbaum, Arseniy Filin, Feng-Kun Guo, Christoph Hanhart,
U.-G MeiBBner, Alexey Nefediev, Juan Nieves, Jose Oller and Qian Wang

15/34



Roadmap for analysing near-threshold states

Voloshin, Okun (1976)

»
Tornqvist (1991)
Ericson, Karl (1993)

o Near-threshold states are amenable to model independent
treatment in non-relativistic EFT’s + constraints from HQSS

no pions

— Contact EFT  AlFiky (2006), Voloshin, Nieves, .. Very limited
no coupled channels applicability range
. . in energy
— X-EFT Fleming et al (2007), Mehen, Hammer... perturbative pions

no coupled channels

— &EFT I fully non-perturbative pions together with coupled-channels

ks (2010 till : . : : : .
ourworks (2010-tlInOW) ,  \1uch larger applicability range allows for direct fits to experimental line shapes

-140 -/ -0.6 O 2.5 3 140 MeV
X(3872) +——(F— ' —

| | | % | >

|
|
DD! 1 0DODP X DOpP* !#DOD* 19DD* D# D"t DD’

——m
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Chiral EFT approach at low energies weinberg (1992

our works 2010-till now

e Elastic coupled-channel hadronic potential to a given order in &=Q/" n

el _ 2
V™ = Vo +!'"Vvo +!“Vy2i0 t+ ...

! typical soft scale Q may be quite large because of coupled-channels
Q

1 1 1 . :’
O v Pyp = m! l'h ~1GeV
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Chiral EFT approach at low energies weinberg (1992

our works 2010-till now

e Elastic coupled-channel hadronic potential to a given order in &=Q/" n
V& = Vo +!Vao +!*Vyzio + ...

! typical soft scale Q may be quite large because of coupled-channels

— —>
O v Pyp = m! l'h ~1GeV

H = h.(mP),y(nS), hy(mP), T(nS),...

5
[
‘.‘X
+
+
':" I

O(Q9) contact terms Long range: OPE Imaginary part
constrained by HQSS from inelastic channels
el SN SO
! VNLo = >$< + . Implementation Isin progresst

constrained by HQSS
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Chiral EFT approach at low energies weinberg (1992

our works 2010-till now

e Elastic coupled-channel hadronic potential to a given order in &=Q/" n
V& = Vo +!Vao +!*Vyzio + ...

! typical soft scale Q may be quite large because of coupled-channels

— —>
O v Pyp = m! l'h ~1GeV

H = h.(mP),y(nS), hy(mP), T(nS),...

5
[
‘X
+
+
':" I

O(Q9) contact terms Long range: OPE Imaginary part
constrained by HQSS from inelastic channels
el SN SO
! VNLo = >$< + . Implementation Isin progresst

constrained by HQSS

e Amplitudes are solutions of the coupled-channel (() ) integral equations

o, - &g
o= Ve
Tr =V, PE

— Consistent with

el
Vig Gy Ty Unitarity and analyticity

G - Green functions 17



Chiral EFT approach at low energies weinberg (1992

our works 2010-till now

e Elastic coupled-channel hadronic potential to a given order in &=Q/" n
V& = Vo +!Vao +!*Vyzio + ...
! typical soft scale Q may be quite large because of coupled-channels

Q

|| || | | . :’
0 [l Pyp = mM! I ~ 1GeV

H = hc(mi), Y(nS), hy(mP), T (nS),...

)

N\ 7

Hadronic molecules are dynamically generated poles of
the scattering amplitude, located close to threshold!

e Amplitudes e _.un$s of the coupled-channel (() ) integral equations
! = d3q — Consistent with
_ /€ |
T = V!'('e | (2! )3V!§ Gy Ty Unitarity and analyticity

G - Green functions

17



Additional remarks on production and F

® Pointlike production amplitudes Migdal-Watson theorem
— 7(K) _ 7(K)
~ .
«Q — elastic chan.
Tap~  TTeeel m(K)H — inelastic chan.
_ (K _ o n(K)
= m(K) = m(K) o -
Uinel = @ + Poles are sitting here
T H nyH R

~
~ L 4
_____

18



Additional remarks on production and F

® Pointlike production amplitudes Migdal-Watson theorem
— T(K) _ 7(K)
= « 3 — elastic chan
Tog~ " Tteal m(K)H — inelastic chan.
- ﬂ-(K) — = 7T(I() ~~~~
= 7(K) = m(K) T L
Uinel = @ + Poles are sitting here
T! i H T! Iv‘~H '¢'
| . B®_  Tmm ’
® [riangle diagrams
A (P) Guo et al. Prog.Part.Nucl.Ph¢820

Triangle singularity, if allowed kinematically, can strongly enhance the molecular mechanism

Recent application: e+e-" K Zes (3982)" K (DsD* + De'D) =02 1¥Ds2 1=Dsi
for other apps see review BES IIl 202 2=Ds 2=Ds 2=Ds

3=D 3=D* 3=D*
Yang, Cao, Guo, Nieves,Valderrama 2
VB, Epelbaum, Filin, Hanhart, Nefediev 2

<z Enhanced Z¢s production near threshold
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Additional remarks on production and F

® Pointlike production amplitudes Migdal-Watson theorem
— T(K) _ 7(K)
= « 3 — elastic chan
Tog~ " Tteal m(K)H — inelastic chan.
- ﬂ-(K) — = 7T(I() ~~~~
= 7(K) = m(K) T L
Uinel = @ + Poles are sitting here
T! i H T! Iv‘~H '¢'
| . B®_  Tmm ’
® [riangle diagrams
A (P) Guo et al. Prog.Part.Nucl.Ph¢820

Triangle singularity, if allowed kinematically, can strongly enhance the molecular mechanism

Recent application: e+e-" K Zes (3982)" K (DsD* + D&'D) 1 =2s2  1=Ds2 - 1=Der

for other apps see review BES IIl 202 2=Ds" 2=Ds" 2=Ds"
3=D 3=D* 3=D*

Yang, Cao, Guo, Nieves,Valderrama 2!

VB, Epelbaum, Filin, Hanhart, Nefediev 2

<z Enhanced Z¢s production near threshold

e Dispersion methods for ! /KK FSI (Omnes problem) <z Access to data with !! H final state
Chen et al. (2016, 2017$(3S,4S% (19! VB etal. (2021)$(5S)$ (nS)! + Danilkin, Chen, Guo,E in c-seclo



Schematic picture
LHCb Pentaquarks

"""""""""""""""

I"#$%$ &&

'()*+ MKgp>,-. /$0

300f Coupled-Channel 3 unitary
. analytc
chiral EFT-based approach Systgmatica”y

/ \ improvable

250}

200}

Weighted candidates/(2 MeV)

B . il ]
1soff T4t fil | i :
| | Its to experimental . .
| | . b Fits to lattice data
100F  __ goiont or 057 My line shapes
505-
4250 4300 4350 4400 4450 4500
mj; p MeV"
Resonance parameters: Predictions for HQ : :
poles and residues spin partners Chiral Extrapolations

¥

Nature of states

Our recent applications:

Analyses of the line shapes reveal the following states are consistent with hadronic molecules:

LHCb Pentaquarks  Du et al. PRI2020), JHEP (2021) X(3872) VBetal. PRD (2010), (2015), P(#13), (201¢

D tal. PR2020), Sci.Bull. (2021
Zb(10610)/Zp(10650) VB etal. PRD (2017), (2019), (2021 X(6900) oee (2020), Sel.Bull. (2021)
Wang et al PRD (2018) Z:s(3982) VBetal. 2110.00398 [hep-p{g021)
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Properties of Tcc+ In a hadronic molecular picture.

In Collaboration with

Meng-Lin Du, Xiang-Kun Dong, Arseniy Filin, Feng-Kun Guo, Christoph Hanhart, Alexey Nefediev,
Juan Nieves and Qian Wang

e-Print: 2110.13765 [hep-ph]
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Theoretical status before the discovery

%Tcct was predicted long ago befats discovery

quark models: Janc & Rosing2004), Carames et al (2011)

hadronic models: Yanget al (2009), Ohkoda et al (2012), Li et al (2013), Liu et al (2019), E
other predictions: Aderet al (1982), Carlson (1988), Karliner & Rosner(2017), Braaten (2021), Faustov (2021), |

for details see review Dong et al (2021)

%The mass range from -300 E 200 MeV

21



The known facts about TccHoad

LHCD: arXiv: 2109.01038 [hep-eX]
. .+ O :<]‘\ 70_ | | |: | | | |A4(') ' ' ' ' ' ' ]
%Peak righbelow the D*" D* threshold = L | S A
= 6oL - LHCb %2 =
4 - I 11 = 30F 17
AT I~ O
%Breit-Wigner Pt arxiv: 2109.01038 [hep-ex] % 50;— f?(s) + + g
T .o i ; i ++ z
p 40 i 5++ + ]
: ¥ dem - +O 3874 a 3876 c2 .
ImBW =1 273+ 61+ 5:'1114 keV 30:_ i E E;Zkgrljuiﬂ Mpopo; + GeV/ _:
L | total _
+ I~ | 0 resno 1
| ow =410+ 165+ 4318 keV 20/ ﬁ o o 3;1,%30}3 | + -
N Signibcance 10 10[— w + Jl JMH( —:
N bound state 4.3 NPT #ﬂfi +¥++H#ﬂl i M( HJ( f
3.87 3.88 3.89 ! 39
_ . MpopO+ Ge\//c
e D! spectra: ~ 90% of the DODO9! + events contain a genuine D*+ meson
S-wave
TV DDt 1 DDt/ pPpt© <z =1
l b1+ =83.4 keV <z l'gw ! I'pi+ Expected tdoe the opposite!

22



Advanced LHCb an aIyS IS arxiv:2109.01056 [hep-ex]

%unitarized Breit-Wigner bt More details in MishaOs talk

IMpoe = ! 360+ 40 keV
= 48 + 2,°, keV

! pole

I‘pole <LIpr+

1 161 ]
. . . .8 I LHCb ]
%for large ¢ | the system is close to theitary limit = 14 of T
- 12: : : _:
<z Y x~1/a—ik+ O(k? 10 -
<Z sensitive ta but not tor 8 E
6 -
a = | (7.16+ 0.51)+ i(1.85+ 0.28) fm af -
i 1 95% CL
R N e
0 —r <119 (16‘9) fm at 90 (95)% CL .-.d:. ..... T | ......... T T S oYo /M @1
101 1 . 10 10°

| 107
<Z Lower limit on compositeness:

X > (0.48)[0.42] at (90)[95]% CL

consistent with a molecule s



Tcc+ IS an 1soscalar  LHcbaxiv:2109.01086 hep-exi

C

M0 IPRRE tHCb E C\TQ\IOOé .......... LHCb Q=1,+ 5 C=2
z:lzo— Q=+1 ofh- - z: Zgé o o -1 :
g | Emnhome 137 oo 3120 <Z 120, Q=+l
5 80 - background . 5 23; b ronnd Y : =1 <7 Iz:-l,O,l,Q:+O,1,2
;:J ok total : ;_% o e + _
400 + _ 302: + Jf -
o ++ﬁﬂ+ﬁ++++Hﬁﬂmﬁwﬁﬁw Wﬁ{ 20 // Hﬁﬁ wﬁﬁﬂ%ﬂﬂ% Clearly seen in ED°and DDO
73 374 375 A 7 T
Mpop (GeV/c? Mp+D (GeV/c?
40— — 01— 1
%122: * E',";“a Q=+ ;I;Ib(l:?: % 80- -¥ gfit%?__l_z ;';'b!c?—: Tcc+ as ccuu
< 805— ﬂ H ﬂ +H + + e 60 E)t?i | + + T;; : |
g 60;_ + + + + + E a0 H + + ﬂw Not seen in BD* and D'DO! +
% Vil ]
0 e ot <7 1=0
3.75 3.8 3.85 3.9 3.95 4
Mp+ p+ [GeV 2] Mp+ por [GeVI 2]
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Goals of our study

Du, VB, Dong, Filin, Guo, Hanhart, Nefediev, Nieves, Wang e-Print: 2110.13765

-5.9 -56 -0.36 0O 1.4 3.8 MeV
Tec+ — ] | >
| +DOPDO 1 0DOD+ Tcct DOD™+ DD | -D+D+

% 3-body cuts open ~ 6 MeV below the DOD™* threshold

<Z Study the properties of Tcc* with full two- and three body unitarity

<Z 3-body cut stems from one-pion exchange (OPE) and self energies in the Green funct.

N :\/—>=
M on shell <z 3-body T
\\
a - g \ /
T = V!.‘?! I o q3 Vﬁl Gy Tyn Faddeev-type 3-body Egs.
# ( ' ) VB et al. PRD84 2011

% Predict HQSS partners of Tcc
25/34



Some detalls on the OPE

[ ] P|On|C Lagrang|an L: ng_CD' él !auaD+ D na! !aéD! + |[DI n Dl]él !a..a
I

with ge=0.57 from D* ! D! width

e Exemplary potential:

2
" gC , , nH o, 1 1
Vot oo (0.0) x 25 (e ) (6 @) -+ )
| (47 fr ) Dpp=(P;P)  Dp-p+x(P,;P)
! TOPT propagators with NR heavy mesons and relativistic pions
2 12
Dppi (p.p’) = 2E (q) (m + m + gm + gm + E (q) — \/§> <Z goes on shell!
2 12
Do -0 +x(p,P') = 2Ex(a) { m. +m. + 2]; i ﬁzn + Er(q) — \/§> Ei(@)= g2+ m?

e Central part: S-wave to S-wave transitions
17 : {DD*(*S;),DD*(°D;)}
@ Tensor part: S-wave to D-wave transitions

® Because of the cut, OPE can be repulsive and attractive depending on the momenta

® At short distances OPE is not well defined w/o contact terms VB et al. PRD91 (2015)
26



Calculation scheme

® L O potential:

3§ T % 3§ \/
Vio = 3p, , Dy T BSL><381 " T

OPE

Co

— a typical soft scale in the problem  vmA ~ 45 MeV <« A € [300,1200] MeV

— The leading cutoff dependence can be fully absorbed into Co(' )

® Production amplitude:

D, p(p)

D, p(p)

® Only two parameters to be fitted to the DODO! + spectrum:

Co and overall Norm ~ Pf

27



Fit to the D’D® * mass spectrum

x2=0.79

- w/0 resolution with resolution
: :2: i ------ Scheme I: XQ.:0.79 s : i ® 7 -D°Drt
[ .H i -~~~ Scheme II: x3=0.74 30 T i ------- Scheme I:
200 [ Ii | —— Scheme III: x*=0.71 i ~-- Scheme IT: x%=0.74
[ Ei i -== D**D° D*Dthr —~ | Pir —— Scheme III: x* =0.71
I 1 i : % s : ~—— D**D® DD thr
E 150 : 'i i i 'g 20 j i ...... Tchr BW mass
,;:,3 : :i i i g \ i ------ Background
100} I : 3 BV
' : : ©
| 3 | >
— 3874  387/5 3876 3877 3.873 3874 3875 3876
Mpopo.+ [GeV] Mpopo+ [GeV]
Scheme I 1 1
Description 2-body unitarity: Incomplete 3-body unitarity: full 3-body unitarity:
No OPE, static D* width No OPE, dynamical D* width | OPE + dynamical D* width
Pole [keV] | 3687431 i(37+0) | 333311 (18 £ 1) | 3567391 (28 + 1)
% 0.79 0.74 0.71
_ remove remove
The width of Tcct: 56 keV » 36 keV —» 74 keV
OPE dynam.width
— +0
Neglecting 3-body unitarity: static OPE + constant width yields 140 keV —too bad



Yield/(500 keV)

Predictions for DD® and D’'D* spectra

with resolution

50 |

25}

. -
-/’

o —————
o ———
-
-
-
L L L

® LHCb 80+
------ Scheme I I
Scheme II
—— Scheme III
-—-= background 60

...... DYDOhr

T, —=D°Dx+

Yield/(500 keV)
N
o

(N}
o

1

3730

® LHCD
------ Scheme I
Scheme II
—— Scheme III
-==background
...... DOD + thr

3732 3.734  3.736

3736 3.738  3.740

"3.728
Mpopo [GeV] Mpop+ [GeV]
Scheme I 1 1
Description 2-body unitarity: Incomplete 3-body unitarity: full 3-body unitarity:
No OPE, static D* width No OPE, dynamical D* width OPE + dynamical D* width
Pole [keV] | 3687431 i(37+0) | 333311 (18 £ 1) | 3567391 (28 + 1)
X2 0.79 0.74 0.71
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Low-energy parameters and Compositeness

Scattering amplitude _ ., 2m 11 2, . 4
in the 1st channel: Tp++por pe+po(k) = [leo Qo TpToRT ik O(%")

¥~ Term from 2nd channel

| .
ran=ro! !r I r=1 H2 vy 38 _
0 ' Coo2usl, T 2= M2 ! M
Eff. range in the ’ noopl w2
. " 0 n
1st channel Compositeness: X = 1+2u "
Re ag
ag [fm] ro [fm] ro [fm] p N
| +0 36# | +0 01#
| | 6.31 525 4 0.05 40 1 278+ 0.01 1.00+ 0.01 | 0.87+ 0.01
+£0.27 +£0.00 + 0.66 + 0.66 + 0.07
| +0 36# | +0 01#
| | 6.64 50 | i 0-107(02 1 2.80+ 0.01 0.98+ 0.01 | 0.88+ 0.01
+0.27 +0.01 + 0.59 + 0.59 + 0.06
! +0 36#L ! +0 03#
" | 6.72)y'28 | i 010703 | 240+ 0.01 1.38+ 0.01 | 0.84% 0.01
+0.27 +0.03 + 0.85 + 0.85 + 0.06

Tcc+ Is consistent with a pure molecule!
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Heavy quark spin partners

Consequence of HQSS:  V'=(D'D'! D'D',1")=V'®(D'D! D'D,1")

Bose statistics:  V1° DOD® 1 pOpM:or = v (D!'D'1 D'D';2%)=0

<Z No spin partners with J=0 and 2

<Z D*D”* spin partner with J=1 can be predicted parameter free

— Caveat: DD*-D*D* coupled-channel effects may be important

— Different contact term — not enough data to fix it

. ‘ Albaladejo (2021
Neglecting DD*-D*D* coupled-channels: 5‘\6\90‘\‘\‘\\“ aladejo (2021)
o
Scheme I: .Y =1 1444(61) keV  (No OPE, static D* width)
O = mper —mE —mg Scheme 1l: .Y =1 1138(50) keV,  (No OPE, dynamic D* width
Scheme IlI: 1.5 =1 503(40) keV (full dynamics)
<Z bound D*D* state ~ -0.5 MeV below the threshold

Flavour partners Tbb- bl
Teb® chad

Karliner and Rosner (2017), ...
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SU(3) partners
The Tcct lives in the 3 irrep of SU(3) with JP=1+
SU(3) symmetry:
V'=(D'D! D'D,1')= V((D'Ds)a! (D'D)a,1)= V((D'Da! (D'DL)a,1")

D' Da=(D'D,! D'D)/ 2
Antisymmetric combinations

D'D.]a=(D'D.! DD')/ 2

<Z There should be SU(3) partners states of the Tcc+* near D*Ds and D*Ds* thresholds

see also Dai et al. (2021)
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Summary on Tct

® First doubly charmed meson

® | eading order chiral EFT based analysis of Tcct Du et al.e-Print; 2110.13765 [hep-ph]
-5.9 -5.6 -0.36 0 1.4 3.8 MeV
| | l | | | >
I I | | 1 |

| +DOPO | 0DOD+ Tcc+ DOD™+ D+D™ | -D+D+

— including three-body cuts from OPE and self energies

® Three-body unitarity: strong impact on the width of Tcc+ same as for the X(3872)!
VB, Filin, Hanhart, Kalashnikova,
Kudryavtsev, Nefediev PRD84 (2011)

® TJcctas DOD™+ is completely consistent with a hadronic molecule

e Consequences of HQSS and SU(3)

— Spin partner state near D*D* threshold
— SU(B) partners near D*Ds and D*Ds* thresholds
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Summary

Hadronic Molecules — specific subclass of exotic states:

—generated dynamically
—located near hadronic thresholds

—do exist in nuclear and hadron physics

Coupled-channel chiral EFT approach: right tool for a systematic analysis

Weinberg analysis & extensions: right tool for testing nature

Crucial test: Experimental Information on (iso)spin partners
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Summary

Hadronic Molecules — specific subclass of exotic states:

—generated dynamically
—located near hadronic thresholds

—do exist in nuclear and hadron physics

Coupled-channel chiral EFT approach: right tool for a systematic analysis

Weinberg analysis & extensions: right tool for testing nature

Crucial test: Experimental Information on (iso)spin partners

Thank You and Merry Christmas!
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Summary

Hadronic Molecules — specific subclass of exotic states:

—generated dynamically
—located near hadronic thresholds

—do exist in nuclear and hadron physics

Coupled-channel chiral EFT approach: right tool for a systematic analysis

J‘

Weinberg analysis & extensions: right tool for testing nature
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