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Evidence for Exotic States near thresholds

Heavy-light sector Ds«(2317), Dsi(2460), Xon(2900),... Christoph Hanhart's oy

Talk on Monday

XYZ X(3872), ... —
7:(3900), Zo(4020), Zcs(3982) ... ccqq
Y (4230), Y(4360), Y(4660), ...
Z5(10610), Z5(10650) bbqq
X(6900) CCCC
Pentaquarks Po(4312), Po(4440), Po(4457), Pes(4459) ccqqq
double c-quark  Tcc ccqq

Size:
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molecule Itetr'aquark hadroquarkonium
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~1/\/2uEp >> 1fm ~ 1/AQCD ~ 1fm



Weinberg compositeness Weinberg 1965-65

Physical coupling and ERE parameters via probability of a molecular component X

X 1 1-X1 o 2T
a=—-2——+4+0(1 r=——+0(1/8 g :—X+(9(1/6)
a <0 — bound state
VB et al. 2004
if la| > |r|, r~1/8 = X — 1 = Molecule
f la| < |r|, r <O = X — (0 = Compact state
® Insights on range effects Albaladejo, Nieves 2022, Li et al. 2022, Song et al 2022, Kinogawa, Hyodo 2022
e Extensions mostly for resonances by Jido, Kamai, Nieves, Oller, Oset, Sekihara, ... Kamai arrglvll—?%do 2017

Matuschek et al. EPJA 57 (2021)

e Recent generalisations to virtual states, coupled-channels, ... VB et al., PLB 833 (2022)



I Matuschek, VB, Guo, Hanhart
Extensions beyond bound states suschel, VB, Guo Hanhr
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e Evolution of poles and analyticity = Extensions beyond bound states
Molecular pole: & = L [1 +O (f)] if sc. length changes sign — virtual state
ja| > |r] ) ’

Compact pole: &, = iu/% +o+0 (\/:3) iIf sc. length changes sign — turns to a resonance
ja| < |r]



I Matuschek, VB, Guo, Hanhart
Extensions beyond bound states ausrCEgJA57 2u0, Hanter

Molecular bound st. 7//
Im(k) 7
kAl Irl, r~1/3 /
ound state " ngne
R;(N @ '
= - a
..... » X 4_) e R wrtual state
Compact bound st.
PeRllemEes irtual state P bound stat 4
und state
la| < |r| and r<0 B
0'6'
resonance .
k—1—>

e Evolution of poles and analyticity = Extensions beyond bound states

Molecular pole: & = [1 +O (2)] if sc. length changes sign_— virtual state

Compact pole: &, = :I:M/% +o+0 (\/:3) if sc. length changes sign — turns to a resonance
ja] < |r



Extensions beyond bound states Matuschek, VB, Guo, Hanhart

r EPJA 57 (2021)
Molecular bound st.
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Molecular pole: & = _2 [1 +O (2)] if sc. length changes sign — virtual state

Near thr. molecules
Compact pole: &, = ﬂ\/g+ —+0 (\/:3) If sc. length changes sign = turns t nanc
‘ Near thr. compact states

e Evolution of poles and analyticity = Extensions beyond bound states



Extensions beyond bound states Matuschek, VB, Guo, Hanhart
Molecular bound st.

- EPJA 57 (2021)
k la| > |r|, r~1/8

REN &)

VWgne

Im(k)

Compact bound st.
resonances irtual state

la] < |r| and r<0 C2NE T ""?’?%

ance .

Molecular pole: & = _2 [1 +O (2)] if sc. length changes sign — virtual state

Near thr. molecules
Compact pole: &, = ﬂ\/g+ —+0 (\/:3) If sc. length changes sign = turns t nanc
Near thr. compact states

o 1 _ T _ 1 “both cases”
YN 1+ 2r/a 1 4 |2r/a| | subsumed here

e Evolution of poles and analyticity = Extensions beyond bound states

e X allows one to test compositeness for bound/virtual states and resonances 4



|dentifying 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 I large g0 = molecule
2
E+Ep+ 2E(ik+7) +i2 —0

Aprod —
g0 =0 = (Breit-Wigner) compact state

Typical shape of the production rate in the inelastic channels: Molecule vs Compact

7\

bound state virtual state { '\ resonance

!

f’,
-

Molecular line shapes are strongly affected by threshold effects enhanced by nearby poles



Is a resonance always a peak?  Not necessarily!
two-body scattering:

1
Single channel 2 TH(F) = ——— T2 has a pole near thr2 if a22 is large
(a—22 — ik2)
(E) ‘ — —iky —> a zero near thr2
Two coupled channels 11 (a_il — k1 )(z7— — k)] ——  a pole near thr2

1and 2 E N /
: — Ti2(F) = -2

1 1 : _ _ RV
thr1 thr2 (a_n - kl* a2 cff ZkQ)‘ Ay oy = A3y — apz(ay) —iky)™!

Ex1: 77 amplitude has a dip near KK thanks to fo(980) «aminski et al. EPJ C4 (2002), VB et al. EPJ A23 (2005)
Ex2: 73X amplitude has a dip near KN thanks to A(1405) Bvlavaetal. PRL132 (2024)

Daniel Mohler Talk on Monday



two-body scattering:
Single channel 2 15 (E) —

Two coupled channels

Is a resonance always a peak?  Not necessarily!

1
(L — ’Lk‘g)

a2

T2 has a pole near thr2 if a22 is large

| = — ik —> azero near thr2

a2

T (F) = .
(a7 — *1)(a5; 5 —th2)] ——  apole near thr2

1 and 2 E L, /
| | ) TlQ(E) — ai9o

1 T : Y N
thr1 thr2 (a_n - kl*agz,eff B ZkQ)‘ Ay oy = A3y — ays (ay) —iky)™!

o(ete™ = J/yn*m~) (pb)

Production process:  Dong, Guo, Zou PRL 126 (2021)

BES Ill, PRD 107 (2023) ® hESIIda A1 (F) = Py +@T11 ’21
25 | [ Fit1l |

T2 Fit2
If Po < P; there will be a dip near thr 2
If P, < Ps there will be a peak near thr 2
1 =pJ / v 2=DD"
i X(8872) as a dip! (y oif = (—6.39 + i11.74) fm  from VB et al. PLB 833, 2022
— NN
VB, Guo, Hanhart, Nefediev, PRD 109, 2024 e VT D D & T/
1 1 1 1 \ 4 A\D*O Y
0 3820 3840 3860 3880 3900 | . 2 S 17 X .
VS (MeV) e AVAVAY NN



ch(3875)+ CC?_LCZ

— Tcc status: Experiment and Lattice

— Can we extract and understand Tcc properties from experiment and
lattice systematically?

— Applications of chiral EFT

e Analysis of exp.data including three-body unitarity
M. Du, VB, X.Dong, A.Filin, F.-K. Guo, C. Hanhart, A. Nefediev, J. Nieves and Q. Wang PRD 105, 014024(2022)

e Alternative to Luscher method: from Ery to infinite volume pcot(d) with left-hand cuts
L.Meng, VB, A.Filin, E. Epelbaum and A. Gasparyan PRD 109, L071506 (2024)

M. Du, A.Filin, VB, X.Dong, E. Epelbaum, F.-K. Guo, C. Hanhart, A. Nefediev, J. Nieves and Q. Wang PRL 131, 131903 (2023)

e Light-quark mass dependence of the T pole trajectory
M. Abolnikov, VB, E. Epelbaum, A. Filin, C. Hanhart and L. Meng 2407.04649

8/24



I'... :an ideal case for studying exotic properties

Aaij et al [LHCb] Nature Physics (2022)
Nature Comm.(2022)

— first exotic doubly charm state: ccud D0 0Pt 1=0,JP = ]+

< 70¢ | ' ]
R L3 ]
= - = 35t s
\/QlLLAM % 60— bl LHCb e | -
—Expansion in yEFT : X = <01 2 ¢ D9t Ea |
A LO __ P = 20: 1
X = S0F Sl ]
Apr = m(DTD*) — m(DD*T) = F 10 |
40 5 | 7
- b &] data 0 .
30 L Lo e E
— No admixture of inelastic channels - i -
20 . 5‘, ; D*TDO threshold I
- + : | ———- D*9D+ threshold + .
o I R E
. | : e M&ﬁ ﬁﬁmﬁ HHJ d JMH H H ﬁ&
— Width: almost entirely from the only strong decay  op-*# i .
L | | | | | | | | | —

3.87 3.88 3.89 3.9

Tt - D°D* — DD+ /DO D* 70 Mp0p0 [GeV/c?]

Smpw = —273 £61 5711 keV
5.9 5.6 0360 14 38 ExMev  [nw =4105165+ 43135 keV
| | 1 | | >
77+DOD0  70DOD+ Tcc+ DOD+ D+D™ -D+D+
* * S-wave
P =1+

— D spectra: ~ 90% of the DODOx+ events contain a genuine D*+ meson =
DD” framework is justified

9/24



.. on lattice
® HAL QCD Collaboration at mm = 146 MeV:  Lyuetal PAL131 161501 (2023)

— calculate the DD* scattering potential = phase shifts above the two-body threshold
+53 42
Ebole = —99 keV DD* virtual state

—99 —67

® |lscher method based analyses of FV energy levels

— DD* spectra at mgg = 280 MeV Padmanath and Prelovsek, PRL 129, 032002 (2022)
see also Collins et al PRD 109 (2024) 9, 094509

0.21 — DD* phase shifts parameterised using the ERE:
y 1 1
Q 2 4
Q coto = — + =r @,
= 014 p=p| p a+2p + O(p”)
: LK
S 0.0 P = _25
; > =282 Epole — _991_?2 MeV DD virtual state

_ —o— N; =24
o1 ip=—|p | . ,
~0.008 —0.004 0.000 0.004 0.008 0.012

(p/Epp*)?

— DD*-D*D* coupled channel parameterization at mg =391 MeV T Whyte, D. Wilson, and C. Thomas
2405.15741v1 (2024)

Epole = (—62 + 34) MeV DD" virtual state
Eoole = (—49£35+4(11 £ 13)/2) MeV D*D* resonance

10



... on lattice
® HAL QCD Collaboration at mm = 146 MeV:  Lyuetal PAL131 161501 (2023)

— calculate the DD* scattering potential = phase shifts above the two-body threshold
+53 42
Ebole = —99 keV DD* virtual state

—99 —67

® |LUscher method based analyses of FV energy levels

— DD* spectra at mgg = 280 MeV Padmanath and Prelovsek, PRL 129, 032002 (2022)
see also Collins et al PRD 109 (2024) 9, 094509

0.2- — DD* phase shifts parameterised using the ERE:

1 1
pcotd = — + 57“]02 + O(p*)
a

o
[

ip = |p|

2

= ' —— N =32 Eoole = —9.9i?7’32 MeV  DD* virtual state

S NL=24

O
o

p cot(6o)/Epp*

o1l ir=—p| | | |
—-0.008 —-0.004 0.000 0.004 0.008 0.012
(p/Epp*)?

— DD*-D*D* coupled channel parameterization at mg =391 MeV T Whyte, D. Wilson, and C. Thomas
2405.15741v1 (2024)

Epole = (—62 + 34) MeV DD" virtual state
Eoole = (—49£35+4(11 £ 13)/2) MeV D*D* resonance

Main assumption for Luscher method: no nearby left-hand cuts! 1



Analytic structure of the DD* scattering amplitude

— Cut structure depends on the (light-quark or) pion mass

Real world: my; < mp+ —mp Lattice: my; > mp+ — mp
Im E A Im E
27 lhe DD cut 27w lhe 17 lhef * DDm cut
_— I HHHH —
:Re E Re E
3-body DDz cut [ eft-hand cuts
D! 7DD is on shell I Iu DDz
1 ! . —_— N
R ~4E ---za=---- 17 lhe
! \:_ 1 ; \‘_
D| 1 D !
— Prominent role for the T.. width => Constraints on the ERE applicability range
M. Du, VB, etal PRD 105,014024(2022) M. Du, VB etal, PRL 131, 131903 (2023)

=> Invalidate Liischer’s QC at least below lhc

Green et al (2021), Raposo and Hansen (2023),
Dawid et al. (2023), L. Meng, VB et al (2023), ...

— The leading nearby cut is always associated with the one-pion exchange (OPE)

=> Theoretical framework has to include it! 11/24



Modified effective range expansion (MERE)

v.Haeringen and Kok PRA 26 (1982), Cohen and Hansen PRC 59 (1999), Steele and Furnstahl NPA645 (1999), ...
Low-energy theorems for NN scattering: VB, Epelbaum, Filin and Gegelia PRC 92 (2015), PRC94 (2016)

V =V, + Vs rp ~ M} rs ~ Mg My < Ms
k2l+1
FM(K*) = Rf (k) + ——— cot[6;(k) — & (k)]
fi ()
e All long-range quantities —  f;(k), Rf*(k), 5 (k) — are known from the solution of
the Schrodinger Eq. for V.
1 1
e MERE expansion: F}" (k*) = — 5+ §7~Mk2 + 0kt ok RS 4
PR - ERE MERE
l( ) FlM(E), Im E §
N FM(k®) is meromorphic
e wE = == = for Ikl< Mg/2
dm  am  ~=f- 4m d

e systematically parameterizes short-range physics: 1/Ms expansion
12/24



Example of MERE: Coulomb + strong interaction

@7
V — VC _I_ VS VC — — v.Haeringen and Kok PRA 26 (1982)

r

— repulsive Coulomb potential, e.g. proton-proton scattering

— left hand cut starts from threshold = zero range of convergence for ERE
Fy' (k%) = 2kn h(n) + C5(n) k cot[d(k) — 6 (k)]

Coulomb phase

21 m

Co(n) = g h(n) =Re|¥(in)| ~In(n), n=gra, ¥(z)=T"()/T(z

= relation between the Coulomb removed scattering length ay and the full one Qcs

1 1 2 y - Euler constant

= logluag| — 7y |
an acs ap [’u ] (s - Bohr radius

U - mass scale
Example: for proton-proton scattering dcs=-7.82fm = aAum=-19 fm



MERE explicit vs implicit

e OPE is singular at small r and requires regularization and renormalization = QFT

e Implicit implementation : MERE = Chiral EFT for the given pion mass
— see also explicit realization of the MERE in the finite volume: Bubna et al. JHEP 05 (2024)

Hierarchy of scales
— Systematic expansion with an error estimate l/a [ \/m% — (mp- — mDﬂ M,

— Keep track of relevant scales yEFT -0——@ J O >

— Incorporate the relevant cuts: 3-body cuts, left-hand cuts

— Applicable both in the infinite and finite volumes

V = Vil + Viok + Vi + - = >'< + T+ >< +...

' Long range: OPE 0(2)(]92 +p?) + D(Z)(f2 —1)
f=—1
e Amplitudes are solutions of the integral equations my"
d’q —» Consistent with
_ yseft eff
Tap="Vap — Z/ (27)3 Vo Gy Typ Unitarity, analyticity
K G - Green functions and renormalizability

— Regularize Vore and make sure that amplitudes are cutoff independent



Applications



App I: LO yEFT analysis of DODO97* data by LHCDb

M. Du, VB, X.Dong, A.Filin, F.-K. Guo, C. Hanhart, A. Nefediev, J. Nieves and Q. Wang PRD 105, 014024(2022)
with resolution

: : The pole
_ ' @ TroD'Dr* LHCDb
30} E ------ Scheme I: )I{2:0.79
: : i -~~~ _Scheme II: %2:0.74 | IT1
< - ! E I —— Scheme III: x* =0.71 ] full 3-body unitarity:
S _ | === D™ D% DU thr OPE 4 dvnamical D* width
20 R R T+BW mass!
= : co DY T, 356739 (28 £ 1)
) T BERELEL Background e —
N | . 0.71
= | i
i | “\
Q N
L "] — Coupled D°D*t — DT D* scattering
0 ....................................... Sereared E I | | | _1 parameter + Overal normallzatlon

3.873 3874 3875 __ 3.876 3.877
Mpopo.+ [GeV]

Re part of the T pole: Inconclusive about the role of 3-body effects with current exp. precision

3—bod
Im part of the T pole: Controlled by 3-body effects [ 777 =56 + 2keV

ag [fm] ro [fm] X4 ,
(7 < laol )
—6.7270:38\  (0.1019:93 1.384+0.01 || 0.84 +0.01
. _’L . " u n
+0.27 +0.03 + 0.85 + 0.06 Tcc IS consistent with an
i |
_ | ) Isoscalar molecule! ooa




Parameter-free predictions

lple, o)+ : :
D9D9 and DD+ spectra with resolution
! ® LHCD 80: ® 1HCb
125 ¢ !
L e Scheme I [ - N AN [ Scheme I
i Scheme II L Scheme II
100} —— Scheme III 60 —— Scheme III
> i --- background > i --- background
ﬁ ,i‘.) L DD *tthr
§ 75 ¢ 8 .0 [
2 Z 40| T+ D+ DI
= - 3 |
> : . i
: 200 sl e | | L L oe ]
251 Sy e T {
ol ' o
3.728 3.730 3.732 3.734 3.736 3.734 3.736 3.738 3.740 3.742
Mpopo [GeV] Mpop+ [GeV]
Heavy quark spin partners see also Albaladejo PLB 829 (2022) in contact EFT

Vi=H(D*D* — D*D*,17) = VI=)(D"D — D*D,1%)

Ope = Myt — My —mg = —503(40) keV

= (quasi)bound D*D* state ~0.5 MeV below the threshold

M. Du, VB, X.Dong, A. Filin, F.-K. Guo, C. Hanhart, A. Nefediev, J. Nieves and Q. Wang PRD 105, 014024(2022)
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App Il: YEFT as an alternative to Luscher

Meng, VB, Filin, Epelbaum and Gasparyan PRD letter 109, 1L.071506 (2024)

Chiral EFT Infinite volume
D D DD R D — Phase shifts
Vv = s X o — ERE parameters
— — Pole positions

D D* D D D D*
— Construct regularized effective potential truncated to a given order

P = (€9, + 0%+ ) 12

cont

V=Vl + VO + v+

cont con

V2 BR] =% (7 &™) (- @)

— Calculate F F'V ineach irrep as a solution of the eigenvalue problem

1 o . On'n 1 1
det [G (E) N V(E)] - O Gn,n’ =J L3 4ED(ﬁn)ED* (ﬁn) E — ED(ﬁn) — ED* (ﬁn)

— Adjust LEC’s C’s from best fits to Ery: C’s are independent of the volume size L

— Employ the EFT potential to calculate infinite volume amplitudes using LSE 18/24



DD* Finite Volume Energy Levels at mz = 280 MeV

1.05

393Dy, \  *Rn.. | 38.,°R, %Dy, | %S.,°R, %D, | o Lattice
1 3 P2 1 3 P2 | Padmanath and Prelovsek,
, ’ ’ PRL 129, 032002 (2022)
1.04 ¢
1.03!
A | | | 3 Param’s:
Q | { f .
N 102 o | 1 I I 2in39;
5 j | mg = 280 MeV | j g
~ ﬁ | I I 7 1in° P,
101l I > I ;
: | 4' | | —All PW’s in OPE
: | | Po | | are included
1.00 LL {
o 0o | ! t s
. ! n | _ | 1 | —mg dependence of
Lattice i Tl (O) 1 Al (O) Ag(l) AQ (4) | g0"Dx, M) and £,
0.99 J J J J J J J .
2.07 2.76 2.07 2.76 2.07 2.76 2.07 2.76 18 included

L[fm]

Meng, VB, Filin, Epelbaum and Gasparyan PRD letter 109, 1L.071506 (2024) 19/24



Predict infinite volume phase shifts and Tcc pole

_ 0.006 —
0.20" . 0005: :
No OPE | L il
' 0.004 B
3 [ ; co*Q : E \\c s
5] 0'10;1,~~~ hei 5 0.003] :
S 0.05" S < :
Y I v { T [ 0ot ' ]
0.00 = ; ] 0.001%° : ]
/ N © LQCs ——Fit 1-Re| | ; ! } :
-0.05- | OGS ERE —— Fit 1o 0.000¢ ; ’
& : e ) G, ,
0100 L —0.001 0 b L
~0.005  0.000 0.005 0.010 0.015 ~0.005 0.000 0005 0010 0015  0.020
(p/Epp+)? (»/Epp+)°
: 0.008 [T Y g
0.20/ : : 3P ]
| : 0.005 5 l Ol e 3P0 shape
With OPE 0.15/ i : ]
R . OO0 ; | controlled by OPE
S B 0003 he: | ]
= 0.05. | % 0.002 “\e\e‘e’i ; L 351 near Ihc
~ 0.0} | ™ 00015?'08\(a : @0 ]
.00F | . C : o\ ]
; S —mand : : /,L \° - controlled by OPE
—005 - ] Aa/ i
I —— LQCs+ERE —— Fit 2-Im]| | 0'000?_/ : ]
10 ] - (d) ' ]
010 0001 L L
~0.005  0.000 0.005 0.010 0.015 ~0.005 0.000 0005 0010 0015  0.020
(p/Epp-)? (p/Epp-)?
asg, |fm] rsg, [fm] omr. . [MeV] asp, [fm?] rap, [fm™1]  x?/dof # of param’s
LQCs+ERE fit [23] 1.04+0.29  0.9670:18 —9.9735 0.07610 008 6.9+21  3.7/5 4
Fit 1: cont. 1.09+0.35 0.75+0.14 —10.6 +4.4 0.028 +£0.004 —4.3+0.05 5.52/6 3
Fit 2: cont.+OPE 1.46 = 0.57 0.096 +0.53 \—6.6(%1.5) —¢4.0(£3.7) J 0.497 £0.007 5.63+£0.19 2.95/6 3
[23] Padmanath and Prelovsek, PRL 129, 032002 (2022) Meng, VB, Filin, Epelbaum and Gasparyan PRD letter 109, 1071506 (2024)

[ch at myr =280 MeV is a resonance state with 85% probabilit@ o0/




Re(Epole) [MeV]

App lll: Pion-mass dependence of the Tcc pole

M. Abolnikov, VB, E.Epelbaum, A. Filin, C. Hanhart and L. Meng 2407.04649 [hep-ph]

e Employ knowledge of the NLO potential at m, = mph and m, = 280 MeV

|
V = V5pp + Veont + Veont VO OPs] = 00 4 ¢ (7 + ) + DO (€~ 1
m
. . ¢ = M
e Calculate scattering amplitude for any 1 mb"

ph
md
Of '

A— 0f ——————F— == rdn"
_5; _5} """"""
L _10;
-10- > I
+ ()]
=,
[ = -15
~15+ : 8 )
» best fit NLO = I ocooooc best fit LO
_— _20k
_20/ 10 error band ' best fit NLO
I -25}
_25; I
I ] -30} ]
1.0 15 2.0 25 3.0 1.0 15 2.0 2.5 3.0
£ = my/mPf &= my/mP"

e [cc pole transitions: quasi-bound — bound — virtual = resonance

21/24


https://arxiv.org/abs/2407.04649

Re(Epole) [MeV]

App lll: Pion-mass dependence of the Tcc pole

M. Abolnikov, VB, E.Epelbaum, A. Filin, C. Hanhart and L. Meng 2407.04649 [hep-ph]

e Employ knowledge of the NLO potential at m, = mph and m, = 280 MeV

|
V = V5pp + Veont + Veont VO OPs] = 00 4 ¢ (7 + ) + DO (€~ 1
m
. . ¢ = M
e Calculate scattering amplitude for any 1 mb"

ph
md
Of '

A— of == der iy
sl -5
L _10;
~10} < '
L ()
= :
, < 190
~15+ : 8 :
» best fit NLO = I ocooooc best fit LO
_— _20k
_20" 1o error band best fit NLO
I -25}
_25 :
, ] -30f ]
10 15 20 25 30 1.0 15 2.0 25 3.0
& = My m? €= Myl mP"

e [cc pole transitions: quasi-bound — bound — virtual = resonance

e NLO is qualitatively consistent to LO; resonance is formed at smaller 1M

= Trajectory consistent with hadronic molecule  Matuschek, VB, Guo, Hanhart, EPJA 57, 101 (2021) o124


https://arxiv.org/abs/2407.04649

Re(EpoIe) [MeV]

Truncation uncertainty of chiral expansion

Add higher-order interactions + naturalness

V=V + VO + v v

con con cont

cont

VOrEPRs) =l + ) (0 + p?) + DS (€2 — 1)

~

VS = Dy(2 = 1)(p* +p'%) + Da(e* = 1)

= Comparable with statistical uncertainty

Fits
Cy = %Aii; oo = 0.2
~ 2
oo () 1 oo
Naturalness
() et

OF T T — " w'. T T T T T T T T T T T T T T ] O, T
-5} ] !
10" 1 719
()
=,
-15+ ] ‘%; -15+
W
£
~20" ] ~20"
_o5l 4 -25¢
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 _30» 1 1
1.0 15 2.0 25 3.0 1.0

h
§=mylmb

1.5 20 2.5 3.0

h
&= mylmb




Re(Epole) [MeV]

1 <. pole vs m,: Contact vs Pionful

M. Abolnikov, VB, E.Epelbaum, A. Filin, C. Hanhart and L. Meng 2407.04649 [hep-ph]
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Our pionless trajectory is consistent with new lattice data at m, = 391 MeV

— Virtual state extracted using Luscher + amplitude parameterization without pions

T. Whyte, D. Wilson, and C. Thomas arXiv:2405.15741v1

e But due to repulsion from the OPE, NLO yEFT vyields a resonance for m, > 230 MeV

= Long-range physics significantly changes the pole trajectory
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https://arxiv.org/abs/2407.04649

Summary and Conclusions

e Properties of exotic state: Line-shape analyses preserving unitarity

e YEFT Is well suited for analysing data in the infinite and finite volume:

—Incorporates long range dynamics with relevant cuts

—Control of systematics: truncation of the chiral EFT

—Plain wave basis in the finite volume: partial wave mixing Meng, Epelbaum JHEP 10 (2021)

— Statistical errors using bootstrap

e All Tcc properties: ERE parameters, Compositeness, and the pole trajectory

quasi-bound — bound — virtual = resonance  consistent with a molecule

e 17 exchange: Important role in low-energy DD* scattering

e Other finite-volume methods developed Fernando Romero-Lopez talk on Wednesday
Dawid, Romero-Lopez, Sharpe 2409.17059; Raposo, Hansen JHEP 08 (2024); Bubna et al. JHEP 05 (2024); Hansen et al. JHEP 06 (2024)

—All based on MERE: explicit long-range + low-energy parameterization of short range effects



Summary and Conclusions

e Properties of exotic state: Line-shape analyses preserving unitarity

e YEFT Is well suited for analysing data in the infinite and finite volume:
—Incorporates long range dynamics with relevant cuts
—Control of systematics: truncation of the chiral EFT

—Plain wave basis in the finite volume: partial wave mixing Meng, Epelbaum JHEP 10 (2021)

— Statistical errors using bootstrap

e All Tcc properties: ERE parameters, Compositeness, and the pole trajectory

quasi-bound — bound — virtual = resonance  consistent with a molecule

e 17 exchange: Important role in low-energy DD* scattering

e Other finite-volume methods developed Fernando Romero-Lopez talk on Wednesday
Dawid, Romero-Lopez, Sharpe 2409.17059; Raposo, Hansen JHEP 08 (2024); Bubna et al. JHEP 05 (2024); Hansen et al. JHEP 06 (2024)

—All based on MERE: explicit long-range + low-energy parameterization of short range effects

Many applications and interesting physics still to come... Thank you!
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YEFT for Tcc

® | O effective Lag consistent with chiral and heavy-quark spin symmetries (HQSS)
Mehen and Powell, PRD 84,114013(2011)
AlFiky et al., PLB640,238(2006)

L10=— %Tr (TéllHl,Hng%,Hg,Ha) — %Tr <T£L/0'ZH2J,H[,T£/O'ZH;,H@)
Doo Frr gt Doy iprt oy iy 1 }
- 2O (HaHbeHa> - T (o' H Hyo  HUH, ) + 9 Tr (o - wa Hy H]
. 0 +
Ha:Pa_I_‘/a'o-, Pa:<£j> 3 ‘/a:<£*_(|)_> ’U/:—vq)/fﬂ' @:(\/g \/§7TO>
. " 7T —70

— HQSS and isospin constrain the # of param’s to just one:  vo = —2(Do1 — 3D11)

— g is known from D* = Dx

® LO coupled-channel isoscalar potential in the particle basis {D** D', D*'D*}

S T, 3G, 7

Vio = 3p, . D, + 3S) 3S)
OPE
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D10 Dl 1 . . AlFiky et al., PLB640,238(2006)
L10=— TT]f (TélHl,Hng%,Hg,Ha) — ?Tr <T£/UZH;[J,H[,T£/UZHJ,H@)
D D . . 1
_ %Tr (H;Hng Ha> _ %Tr (JZH;HbaZHg Ha) + 59T (a . uabeH;[)
B DY D*0 0 \/§7TJr
Ha_Pa—I—‘/;L'O-’ Pa:<D+>a7 ‘/GJ:<D*—|—>G u:_v¢/f77 ¢:<\/§ﬂ_ 7TO>

— HQSS and isospin constrain the # of param’s to just one:  vo = —2(Do1 — 3D11)

— g is known from D* = Dx

® LO coupled-channel isoscalar potential in the particle basis {D** D', D*'D*}

35 . 35| v
Vio = 3p, %\ D, + 3S|><3S|

OPE

1 _
Ver(D*D — D*D; 1) = 5 ( ”2 U?’)
— U0

20
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YEFT for Tcc

® | O effective Lag consistent with chiral and heavy-quark spin symmetries (HQSS)

Mehen and Powell, PRD 84,114013(2011)

D10 Dl 1 . . AlFiky et al., PLB640,238(2006)
L10=— ?Tr (Tai/H;/Hngngg/Ha) — ?Tr <T£L,02Hl,HbT£/ang,Ha)
D D . . 1
_ %Tr (H;Hng Ha> _ %Tr (a@H;Hba@Hg Ha) + 59T (a . uabeH;)
B DY D*0 0 \/§7TJr
Ha—Pa_I_‘/;],.O-, Pa:<D+>a7 ‘/61:<D*—|—>a u:_v¢/f77 ®:<\/§ﬂ_ 7TO>

— HQSS and isospin constrain the # of param’s to just one:  vo = —2(Do1 — 3D11)

— g is known from D* = Dx

® LO coupled-channel isoscalar potential in the particle basis {D** D', D*'D*}

nonperturbative

3§ . 3§ v
VLO — 3DI “ 3DI + 3SI><3S| — QB

OPE

d°q

__ yreft eft

Tap =Vap — 2 :/ (Qw)gvory Gy Typ
¥
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Pointlike production source

® | O isoscalar potential:

OPE Vo

® Production amplitude:

D°, 5(p) D°, 5(p) D D°, p(p) D* D°, p(p)
D*t D*t D*t D*t
. ! — Pl 171 . T .
D%, p(p) D° p(p) DO D° p(p) D+ D°, p(p)
_P

® Only two parameters to be fitted to the D°DOx+ spectrum: V(g and overall Norm ~

Py

27



3-body DD cut

e OPE potential:

2 , A 1 1
V . . k k/ E gC . (61 q) (62 q)
pp*—DD* (K, k', E) o (in )2 T1 - Ty 2E.k-K) \Dppo(kK.E) + Dy ook K. I)
3-body cut
goes on shelll’ k=—— K’
DDDW(kaklvE) :ED(k)—I_ED(k/)—'—EW(k_k/) - b = IR
—k— K

Dppr(k, k', E) — ird(Ep(k) + Ep(K') + Ex(k — k') — E) — Im part
3-body cut condition

¥ Foreach E > Ey, = 2m + mg, there are real values of k and k' such that D p . (K, K E)=0
3-body branch point is (k=k'=0): E = 2m + My
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3-body DD cut

e OPE potential:

2 , A 1 1
V . . k k/ E gC . (61 q) (62 q)
pp*—DD* (K, k', E) o (in )2 T1 - Ty 2E.k-K) \Dppo(kK.E) + Dy ook K. I)
3-body cut
goes on shelll k=——— K
DDDW(kaklvE) :ED(k)—I_ED(k,)—'—EW(k_k/) - b = IR
—k— K

Dppr(k,k',E) — ind(Ep(k) + Ep(k’) + Ex(k — k') — E) — Im part

3-body cut condition

¥ Foreach E > Ey, = 2m + mg, there are real values of k and k' such that D p . (K, K E)=0
3-body branch point is (k=k'=0): E = 2m + My

e 3-body cut stems from OPE potential and self energies in the Green function

|
k —— D, k' :/rk—
< ' — Bose statistics for DD requires

both cont’s to appear together

D Full analogy to the X(3872)
VB et al. PRD84 (2011)

d>q
_ yseff eff

Y 28/16



Left-hand cut

k , K’
— Leading singularity is from the on shell one-pion exchange . N
. . —k =K
PWD of the static potential: el
Vieo(k, K d ! R 0 I il
_ = > ~N o
i—o(k, )O‘/ kK2R 2K SR _p 2p? p?
; For DD*
=> left-hand cut (Ihc) branch point is at | (ppr)? = — ,uz e =my — AM*
\//// - AM = mp+ —mp
5
4 r — Re
Im
3

Sc. amplitude 1s complex for £ below the lhc
=> Liischer’s method breaks down

Raposo and Hansen 2311.18793 (2023), Green et al, PRL 127 (2021) , Meng et al, PRD 109 (2024)

Vi=o(Pons Pon)
- N
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https://arxiv.org/abs/2311.18793

Left-hand cut

k | K
— Leading singularity is from the on shell one-pion exchange . N
. . —k — K
PWD of the static potential:
1 1 (k+ k)2 4+p2 >hel 1 Ap? 4 p?
Vi—o(k, k' d = 1 > — log
ok k) x [ e = e B (e 1 ek —p W
; For DD*
=> left-hand cut (lhc) branch point is at (ph)? = — B 2 =m2—ane
x/z‘l/ AM = mp+~ —mp
T A |
4 — Re
: Im
~ 3 : ]
Sc. amplitude 1s complex for E below the lhc PR g |
=> Liischer’s method breaks down SO i \
Raposo and Hansen 2311.18793 (2023), Green et al, PRL 127 (2021) , Meng et al, PRD 109 (2024) . :
g e
At mo = 280 MGV -1.0 -0.5 sz}(T)n2 0.5 1.0
1m\2 B
@1& = ;ilzcg* = —8MeV = [Ei" sets the range of convergence of the ERE: F < ]Ellhﬂ
-10 -8 0 160
B } 8 —> = ERE is not applicable
EiT Tce+ By, DD DDx M. Du et al, PRL 131, 131903 (2023)
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https://arxiv.org/abs/2311.18793

App l: Fits to the DOD97* mass spectrum

250 w/o resolution with resolution
! :a: i ------ Scheme I: x%2=0.79 : i ® 7.,-D'°D'rt
[ ; | ~—- Scheme II: y3=0.74 30} R Scheme I: y2=0.79
200¢ :E | —— Scheme III: *=0.71 : i ——— Scheme II: x2=0.74
[ Ei | -== D**D° D*D#thr —~ | ?i7 —— Scheme III: x* =0.71
i 1 i : % s AN ~—- D**D%, DD thr
E 150 : Ii i i 'g 20 j i ...... TC‘C"BW mass
é : :i i i 8 i i ------ Background
100 | i i =
| (. i = 101
50 | i R T T R R N N N
| /1'/:," k_i ittt e s ET i 0 K2 Jr v g S ........ i ......................................
3.874 3.875 3.876 3.877 3.873 3.874 3875  3.876  3.877
Mpopo-+ [GeV] Mpopo.+ [GeV]
Scheme I I1 I11
Description 2-body unitarity: Incomplete 3-body unitarity: full 3-body unitarity:
No OPE, static D* width  No OPE, dynamical D* width | OPE 4+ dynamical D* width
Pole [keV] —368743 — (37 +0) 333735 — (18 +1) 356739 —i(28 + 1)
2 0.79 0.74 0.71
Real part of the pole: all Fits are consistent within 1o —more precise data are needed

Width of Tcc+ :

Accuracy requires 3-body effects

3—body
FTCC

remove remove

=56 £ 2keV

OPE > 36keV dynam.withm 74 keV
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Low-energy parameters
Du et al. PRD 105, 014024 (2022)

~1
Scattering amplitude inthe 1st 7., o, .t o (k) = — 27 ( 1 N %T0k2 ik (’)(k4)>

(close to the pole) channel : Heo \ GO
-0.36 0 1.4
/ A | pe2 — | >
rea = Tro — Ar _ ~ _ *
0 0) Ar = 2#%52 ~ —3.8 fm Tcc+ DOD™+ D+D*0
Eff. range in the Negative “correction” from 2nd D*’ DT 02 = Mghr2 — Mthrl
, _ _ VB et al., PLB 833 (2022)
1st channel channel caused by isospin breaking 0
ag [fm] ) ro [fm] - ry [fm] ) Xa
/
<—6.72i8;§1§>_i (0.10t8;8§> —2.40+0.01 | 1.38+0.01 || 0.84+0.01 Go < Jao )
+0.27 40.03 + 0.85 + 0.85 + 0.06
= = .

— 7“6 positive and is of natural size
— Contrib. to 7“6 from OPE is ~ 0.4 fm

[ Tec IS consistent with a pure isoscalar molecule! j
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Extraction of the effective range

Scattering amplitude 2T 1 1 —1
J P TD*"‘DO—)D*"‘DO (k’) = — ( —+ 57“0]62 — 1k + O(k4)>

in the 1st channel: Heo \ Q0

0.050

o0 =ved + a0, gon = [ SPeany )

(27T)3 0.048
. =
no width: >
(M R 0.047
ro o< —Re dg\J ) | [
M=Min 407 0.046 |
.. . . 0.045 ; 3874.75 3875. 00. 3875.25 3875.50 3875.75
finite width: ERE has a small radius of convergence Moo [M
D*+ DO eV]
k< vVpeol petr =9 MeV
Approximate Solution: expand around the pole of the Green function Braten and Stapleton (2010)
2
M:mz —’iFC/Q—I—mo—I—
2:“00
Tp- Du et al. 2110.13765

Corrections scale as — tiny for the problem at hand

1
2 Minro — Mines Hanhart et al (2010)



pcot(dy)/Epp-

App ll: Residual cutoff dependence

Meng, VB, Filin, Epelbaum and Gasparyan PRD letter 109, L071506 (2024)

e (Cutoff variation from 0.7 to 1.2 GeV

0.20 -
0.15-

0.10

0.05

-0.05" l

351 |

— Fit 2-Re

Fit 2-Im| -

~0.10— |
~0.005  0.000

= very small

0.005
(p/Epp+)?

0.010

0.015

P> cot(dl)/E%D*

0.006

0.005

0.004

0.003

0.002

0.001

0.000

-0.001"

Ihc:

o) 3R,

-0.005  0.000 0.005 0.010 0.015

(p/Epp+)?



Testing chiral truncation uncertainty at mz = 280 MeV

Meng, VB, Filin, Epelbaum and Gasparyan PRD letter 109, 1071506 (2024)

e Additional contact terms

VVVV 0.006 ‘
0.20 A =0.9 GeV, x*/dof = 1.71/5 / K a = 0.496 & 0.006 fm®
U @ = 1.626 &£ 1.010 fm, r = 0.201 = 0.295 fm 0.005" r=5.653 +0.170 fm
§m = —6.3(£0.5) — i3.1(4+2.7) MeV g
0.15 i
0.004
(2) 3 3D (2) 2 010 : 28 : L9
. m r |hC.
chont [ S ] C i i = 0.003¢ :
o . S L
T 005 = 0.002" .
) L 3 O L '
S i 1 : -
0.00¢ y 0.001 " :
© LQCs —Fit 2-Re]| | r :
-0.05f ; 0.000 ————=K]
: - LQCs+ERE —— Fit 2-Im| ——(b)/ sp f
L L ' 0 ]
0100+ b L e ~0.001 e L
-0.005 0.000 0.005 0.010 0.015 -0.005 0.000 0.005 0.010  0.015  0.020
(p/Epp-)? (p/Epp-)?
—mm———— ' 0.006 ‘
0.20! A =09 GeV, x?/dof = 2.81/5 ] i a = 0.497 £ 0.006 fm®
U @ = 1.442 + 0.469 fm, r = 0.083 + 0.571 fm 0.005" r=5.625+0.174 fm™"
1 om = —6.7(£0.4) — i4.1(£3.8) MeV :
0.15 i
V(Z) 3P = 0(2) * : . . 0004
Cont[ 2] - 3P 2 0.10f 8 : Ihe! ¢
2 g = 0.003} C,
= g < : '
¥ 005 1 E 0.002) .
] L ] () L ]
S * 1 T : -
0.00+ , 0.001" :
k © LQCs —— Fit 2"-Re|- r :
~0.05F - 0.000 ————=
: - LQCs+ERE —— Fit 2"-Im|- ——@)/ ' sp
[ ] i ' 0 ]
010t A L ~0.001 e LT
~0.005 0.000 0.005 0.010 0.015 -0.005 0.000 0.005 0.010 0.015  0.020
(p/Epp-)? (p/Epp+)*

= Some effect of the S-D term on phase shifts at larger momenta

= The 1mpact near the threshold and on the pole 1s minor
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The pion coupling from fits to data

Meng, VB, Filin, Epelbaum and Gasparyan PRD letter 109, 1071506 (2024)

e Linear extrapolation:

g(a’a mﬂ') — 90(1 + Oém72r + 50’2) ’

_ _ _ o ChPT-I:
Two parameter fits to lattice + physical value:

2 2
g(a’amﬂ') — 90 (1 _ (47Tgf(z)>2m3r 1nm72'r +am3r +5a2>
o ChPT-II:
14295 2 2 2
gla,mz) = go (1 — m2 Ilnmz + ami + Ba
(47 fo)? )
N o R S
L —98—85—67

| |—54—0--86.36

Lattice data: Becirevic and Sanfilippo
Phys. Lett. B 721,94 (2013)

0.5% ] i
r Linear ! ChPT-I ! ChPT-II
04 (a) x?/dof = 8.0/11 (b) x?/dof = 8.4/11 x?/dof = 16.0/11
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
m2 [GeV?] m? [GeV?] m2 [GeV?]

90 a[GeV™?]  Blm™* ( g ) g=g(0.08636,0.280)
Linear  0.561(9) 0.53(13) —16.1(44) | 0.517(15) )
ChPT-I  0.547(8) 0.24(14) —19.1(45) | 0.517(15)
ChPT-II 0.511(8) —0.59(15) —27.6(48) [ 0.519(15) |




p COt(é)/EDD*

Dependence on the pion coupling

M. Du, A.Filin, VB, X. Dong, E. Epelbaum, F.-K. Guo, C. Hanhart, A. Nefediev, J. Nieves and Q. Wang PRL 131, 131903 (2023)

e Importance of lhc 1s controlled by its position and strength (residue)

(m, = 280MeV)

p Cot(6)/Epp.

1 OPE
|
0.20} |
|
|
0.15} |
|
0.10} |
|
0.05}
0.00} >
I
-0.05} !

e The smaller the coupling, the closer the fit 1s to the ERE

(p/Epp.)?

L } L L L L L
-0.002 0.000 0.002 0.004 0.006 0.008 0.010 0.012

PE

V]:?D*—)DD* (mﬂ- — QSOMGV)

0.20}
0.15}

0.10f

0.00}

-0.05}F

0.05f

~0005

(P/Epp, )

p Cot(d)/Epp.

10 V[?[E)*E—)DD* (mﬂ- = 280M€V)

0.20f :

|
0.15} !

|

|
0.10f |

|
0.05} / :
0.00} /,

|

-0.05-/'1'\

Z0.002 0.000 0.002 0.004 0006 0.008 0010 0.01:

(p/Epp. )
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App lll: Pion-mass dependence of the Tcc pole at LO

LO results

M. Abolnikov, VB, E.Epelbaum, A. Filin, C. Hanhart and L. Meng 2407.04649 [hep-ph]

h
Fixed from the Tcc pole at physical mﬁ

...........................

-150

Tcc pole transitions:

1.030 |m(k)

1.025

1.020

1.015 . N . N
1.010 ‘

1.005

20

— bound — virtual = resonance

Consistent with hadronic molecule 1. Matuschek, VB, F.-K. Guo, and C. Hanhart, Eur. Phys. J. A 57, 101 (2021)


https://arxiv.org/abs/2407.04649




Ex: proton-neutron bound and virtual

Deuteron

e a= —H.41 tm
—
r = -4+1.75 fm

large a: l|a| > ||
r ~O(1/M, )

=  (Clear molecule

1
e But X = ~ 1.7>1
14+ 2r/a

— X was derived in the zero-range approximation

and has a pole when r/a is negative

_ 1

eanwnile 1 _I_ ‘zr/a‘

States Matuschek, VB, Guo, Hanhart

EPJA 2021

1S0 pn virtual state

o a=23.74 fm
—

r=42.75 fm
Dumbrajs et al 1983

=  (Clear molecule

large a: |a| > |r|
r ~O(1/M, )

— both a and r changed the sign = no pole

X ~ 1, as expected for a molecule up to the range corrections!
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