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

Aaij et al [LHCb] Nature Physics (2022) see also Talks by Juan Nieves

B Nature Comm.(2022) and Gabriele Romolini

— first exotic doubly charm state: ccud D40 Do 1=0,JP = ]+
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e Plenty of theoretical studies; in particular, the Tcc width is addressed in
Meng et al (2021), Fleming et al (2021), Ling et al (2022), Feijoo et al. (2021), Yan et al. (2022), Albaladejo (2022), Dai et al. (2023),... 2



.. 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
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— 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



... 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:
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(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! s



Analytic structure of the DD* scattering amplitude

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

Real world: m; < mp+ —Mmp Lattice: my > mp+~ —mp
Im E AlmE
27 lhe bDm cut 2w lhe 17 lhef * DDr cut
s : e xee
Re E Re E
3-body DDz cut Left-hand cuts
— Prominent role for the Te. width => Constraints on the ERE applicability range

M. Du et al PRD 105,014024(2022) M.Duetal, PRL 131, 131903 (2023)

=> Invalidate Liischer’s QC at least below lhc
Raposo and Hansen (2023), L. Meng et al (2023), Green et al (2021), ...

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

= Theoretical framework has to include it!



YEFT approach at low energies Weinberg (1992

our works 2010-till now
see also AlFiky et al 2006

e DD* potential to a given order in y=Q/Ax Fleming et al 2007

Hierarchy of scales

1/& ,u\/m%(mp*mpﬂ Mp

XEFT ro—o ] o >

— Keep track of small scales ~ 7/a due to shallow states = resummation

— Range effects can also come from DOD’+ —D+D™ coupled channels

V = V3P + Viows + Voo + -+ = >< + T+ >< +...

Cc Long range: OPE 0(2)(292 +p?) + D(2)(€2 —1)
£=—1
— Incorporates the relevant cuts mb"

— Extention to incorporate DD*-D*D* coupled channels is straightforward

e Amplitudes are solutions of the integral equations

d>q —p Consistent with

L eff eff

TaB — Vaﬁ o Z/ (2ﬂ)3 Von/ GWTvﬁ Unitarity and analyticity
Y

G - Green functions 5/16




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 one-pion exchange (OPE) and self energies in the Green funct.

|
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 E : eff
Y 6/16



Left-hand cut

. . . k | k'
— Leading singularity is from the on shell one-pion exchange . N
. . —k =T 'y
PWD of the static potential: el
on sne 2 2
1 1 (k4 k)2 + p? 1 4p” + p
Vieo(k, K’ d = 1 > — log
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

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

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 =T 'y
PWD of the static potential: el
on sne 2 2
1 1 (k + k')? + p? 1 dp” + p
Vieo(k, k') o / dz - lo > —log
i=o(k, &) k-K2+u2 2kK Ch—KP2+u® o _p_, 2p? e
; For DD*
=> left-hand cut (lhc) branch point is at (ppr)? = — ,uz pt=mg — AM°
x// AM = mp= —1Mmp
5
z : z
4 ! — Re |
I E Im ]
~ 3 : ]
Sc. amplitude 1s complex for E below the lhc PR : |
=> Liischer’s method breaks down SO i \
Meng et al, PRD 109 (2024), Raposo and Hansen 2311.18793 (2023), Green et al, PRL 127 (2021) . ]
g e
-1.0 -0.5 0.0 0.5 1.0
At maijr = 280 MeV P2 Jm?
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

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

30t

N
)

Yield/(200 keV)

f—
-

: LHCb
® 7/-D°Dr7

------- Scheme I: )I{Q =0.79
—-- Scheme II: y2=0.74
I— Scheme III: )i<2 =0.71 I

——- D**D% DD+ thr

“
ol

Re part of the T¢c pole:

3.874
Mpopo,+ [GeV]

The pole

I11
full 3-body unitarity:

OPE 4+ dvnamical D* width
—356153 —i(28 £ 1)

0.71

— Coupled D’D** — DT D** scattering

—1 parameter + overal normalization

Inconclusive about the role of 3-body effects with current exp. precision

Can be reanalysed if more precise data emerge

Im part of the Tec pole: Controlled by 3-body effects

3—bod
7 77 =564 2keV
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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 (016



DD* Finite Volume Energy Levels at mz = 280 MeV

1.05
\ >S5y, %Dy, ... 3Py, ... 351, 3Py, 3Dy, 351, 3Py, ® Dy,
‘P, . 5Py,
1.04}
1.031
*Q 1
Q 1
% 102 ! L 280 MeV |
= i ; ::
41 |
. | bo |
1.00 =5 1
0 ® | | ¢
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

L[fm]

o Lattice

Padmanath and Prelovsek,
PRL 129, 032002 (2022)

3 Param’s:
21n 3S1

1in3 P,
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0.006 =

Predict IFV phase shifts and Tcc pole

0.20 -
T o.oo5y\
No OPE 015 T
' 0004 \\\
S 010 28 0.003§ he: | 9
%: 0.05, 7 ‘:é’ 0.002"
Q, L * ] Sy E
0.00= T , 0.001} , -
/ ,1'" © LQCs ——Fit 1-Re| | i ' } :
~0.05- O BRE —— Pt 11| 0.000¢ ; ’
e : Qe+ ) 0 ]
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+)°
S R : 0.006 ————————1 T2
0.20" 35, : i ' Py : 3
| » 0.005 | ® “Fy shape
With OPE 0.15} f ‘
* : R controlled by OPE
2 010 28 : Ihc! ¢
Q M 0.003F ;
7 "% | 5 0002 : | @ 357 nearlhc
= 0,00 I O E :
: o LQCs  ——Fit 2-Re| : | /,L controlled by OPE
-0.05 - ] —
i —— LQCs+ERE —— Fit 2-Im| - O'OOOI—/ '
-7 T1o) | @ ' ’
—0.10 0001 b L
~0.005  0.000 0.005 0.010 0.015 ~0.005 0.000 0.005 0010 0015  0.020
(»/Epp-)” (»/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 myt =280 MeV is a resonance state with 85% probabilit@ 16




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 =
_5i _5} """"""
L _10;
~10- = '
r (]
= :
, 3 ~157
~15+ : 8 :
» best fit NLO T | e best fit LO
—_ _20k
20} 1o error band best fit NLO
' -25/
_o5| I
, ] -30¢ A
10 15 20 25 30 1.0 15 2.0 2.5 3.0
€ = Myl my €= my/mPh

e [cc pole transitions: quasi-bound — bound — virtual = resonance
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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 —==rder iy
sl -5
L _10;
~10} < '
L ()
= :
, < 190
~15+ : 8 .
» best fit NLO T | e best fit LO
_— _20k
_20" 1o error band best fit NLO
I -25/
_25 :
, ] 30" ]
10 15 20 25 30 1.0 15 2.0 25 3.0
& = M/ mo €= 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) e


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]

(0) (0) (2) (0)+(2) 3 (0) (2) p'? (2) (¢2
V = VOPE + ‘/;Zon Vont ‘/;ont [ S ] C C ( ) T D351 (f o 1)
T NLO yEFT withOPE|  Of T NLO yEFT with OPE |
_20; T Vel TR —5} my > 230 MeV
_40.- O ; S -10¢
N e~ 1 ()
; = :
A N 3 —155
-60 | .t g »
, 1 No OPE . E 20 best fit
-80| ° M > 230 MeV . '
el virtual — resonance ™. _osl 10 error band
~100f [
I ‘1 3‘ - ‘14‘ - ‘1 5‘ - ‘1 6‘ - ‘1.7‘ - ‘1 8‘ - ‘1 9‘ - ‘20 ] _30;
10 15 | 20 25 30 V 10 15 20 25 | 3id
£=my/mP" £ = my/ mPh

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

15/16


https://arxiv.org/abs/2407.04649

Summary
e Systematic analysis of experimental and lattice data in YEFT

Mo < Mp= — 1D M. > M p+ — 1Mp

2m The 1z lhef *

e YEFT as an alternative to LUscher in the presence of left-hand cuts

— DD* Ery mn=280 MeV: Luscher QC fails around Ihc, ok above DD* thr, uncertainty unclear

— plenty of possible applications

— for other methods see Raposo, Hansen, arXiv:2311.18793; Bubna et al. JHEP 05 (2024) 168; Hansen et al. JHEP 06 (2024) 051

e Tcc properties and pole transitions: consistent with a molecule
guasi-bound — bound — virtual = resonance

Great progress in experiment and lattice together with YEFT = Precision physics
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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

18



App |: Various predictions

DODO and DD+ spectra with resolution
125 ® LHCb 80T ® LHCDH
L = e Scheme I [ T R Scheme I
[ ; Scheme II s Scheme II
100 [ —— Scheme III 60 —— Scheme III
% : --- background S | --= background
-M : g -2 A S DOD+thr
S 751 S |
e [ i
= | 0 407 T —D* D/
o : ol I
g 50} 3 |
— - oI
: 20t ]
2571 SRS S S e sy i SR O {
o]! of

3.728 3.730 3.732 3.734 3.736
Mpopo [GeV]

Heavy quark spin partners

T 3.734  3.736 _ 3.738
Mpop+ [GeV]

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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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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pcot(dy)/Epp-

App ll: Residual cutoff dependence

Meng, VB, Filin, Epelbaum and Gasparyan PRD letter 109, L0O71506 (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 —————=£]
: - 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.
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e The smaller the coupling the closer the fit 1s to the ERE
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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
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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)
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