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Three-body cut: the physical world!
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Doubly charmed tetraquark T+
cc (ccūd̄)

Breit-Wigner fit
LHCb, Nature Phys. 18, (2022) 751
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Parameter Value

N 117± 16
δmBW −273± 61 keV
ΓBW 410± 165 keV

δm=m
T+
cc

-mD∗+ -mD0

• significance > 10σ

• δmBW < 0 (4.3σ)

+ R ∼ 400 keV.
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Doubly charmed tetraquark T+
cc

Unitarized and analytical model fit to the spectrum
LHCb, Nature Commun. 13 (2022), 3351

3.87 3.88 3.89 3.9

0

10

20

30

40

50

60

70

3.874 3.876
0

5

10

15

20

25

30

35

40

Y
ie
ld
/(
50
0
ke
V/
c2
)

LHCb

9 fb−1

+• data

T+
cc→ D0D0π+

background
total
D∗+D0 threshold
D∗0D+ threshold

mD0D0π+

[
GeV/c2

]

mD0D0π+

[
GeV/c2

]

Y
ie
ld
/(
20

0
ke
V
/c

2
)

0 2 4
0

0.2

0.4

0.6

0.8

1

1.2

500− 400− 300− 200−
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1− 0 1 2 3
4−10

3−10

2−10

1−10

1

10

F
U

F
U

F
U ∣∣∣∣

1

s− ŝ
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δmpole = −360± 40+4
−0 keV

Γpole = 48± 2+0
−14 keV

+ I = 0 : isoscalar

↪→ D+D0π+, D+D+ 7

+ Weinberg compositeness:

1− Z =

√
1

1 + 2|r/<a|

a =
[
− (7.16± 0.51) + i(1.85± 0.28)

]
fm,

−r < 11.9(16.9) fm at 90 (95)% CL,

Z < 0.52(0.58) at 90 (95)% CL.

Z = 0 : composite,

Z = 1 : elementary.

+ Consistent with molecule
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T+
cc as a hadronic molecule

!c

!ū

!c

!d̄

�π

+ T+
cc resides near D∗D thresholds LHCb, Nature Commun. 13 (2022)

↪→ approximate 90% of D0D0π+ events contain a D∗+.

+

+ D∗D isoscalar (I = 0) and isovector (I = 1)
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1
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Including three-body cuts
+ A coupled-channel analysis using an EFT approach

!D*+ D0 !D*0D+!D0D0π+ !D0D+ π0 !D+ D+ π−

0.3 1.7-5.4-5.6 4.1!T+
cc

+ Three-body cuts

+ LO Chiral Lagrangian (g determined from D∗ → Dπ)

L =
1

4
gTr

(
~σ · ~uabHbH

†
a

)
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D0D0π+ mass distribution

D⇤+
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+ Uα(M,p) = Pα −
∑

β

∫
d3~q

(2π)3
Vαβ(M,p, q)Gβ(M, q)Uβ(M, q)

↪→ Gα(M,p) =
1

m∗α +mα + p2

2µα
−M − i

2
Γα(M,p)

+ Fit Schemes:

I Scheme I (No 3-body cut):
↪→ no OPE, Γc(M, p) = 82.5 keV, Γ0(M, p) = 53.7 keV

I Scheme II (partial 3-body cut):
↪→ no OPE, dynamical widths of D∗ (self-energy)

I Scheme III (complete 3-body cut):
↪→ OPE + dynamical widths of D∗

+ Only two free parameters: N , v0

checked for Λ = [0.5− 1.2] GeV
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Fit to the D0D0π+ mass distribution Λ = 0.5 GeV
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8 / 17



Post-predictions for the D0D0 and D0D+ line shapes
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Left-hand cut: the Lattice world!
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Doubly Charm Tetraquark on the Lattice
Padmanath et al, PRL129,032002(2022)
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three-body cut vs. left-hand cut
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D⇤ <latexit sha1_base64="cBCoJfFKdSw5JKW7kKAxE6MFChQ=">AAACJHicbVDLTgJBEJzFF+IL9OhlIzExHggYohwRNfGIUcAEkMwODUyYndnM9BLJZj/Bq/6BX+PNePDitzg8DipW0kmlqjvdXV4guMF8/tNJLC2vrK4l11Mbm1vbO+nMbt2oUDOoMSWUvveoAcEl1JCjgPtAA/U9AQ1veDHxGyPQhit5h+MA2j7tS97jjKKVbi8fjjvpbD6Xn8JdJIU5yZI5qp2Ms9HqKhb6IJEJakyzFGA7oho5ExCnWqGBgLIh7UPTUkl9MO1oemrsHlql6/aUtiXRnao/JyLqGzP2PdvpUxyYv95E/M9rhtgrtSMugxBBstmiXihcVO7kb7fLNTAUY0so09ze6rIB1ZShTefXFkClhKce41SqdY4V6HN5JUdcKzn5OELqhYLqOGohl+PYxlf4G9YiqZ/kCqe54k0xW67Mg0ySfXJAjkiBnJEyuSZVUiOM9MkTeSYvzqvz5rw7H7PWhDOf2SO/4Hx9A8DopRQ=</latexit>

D⇤

<latexit sha1_base64="cBCoJfFKdSw5JKW7kKAxE6MFChQ=">AAACJHicbVDLTgJBEJzFF+IL9OhlIzExHggYohwRNfGIUcAEkMwODUyYndnM9BLJZj/Bq/6BX+PNePDitzg8DipW0kmlqjvdXV4guMF8/tNJLC2vrK4l11Mbm1vbO+nMbt2oUDOoMSWUvveoAcEl1JCjgPtAA/U9AQ1veDHxGyPQhit5h+MA2j7tS97jjKKVbi8fjjvpbD6Xn8JdJIU5yZI5qp2Ms9HqKhb6IJEJakyzFGA7oho5ExCnWqGBgLIh7UPTUkl9MO1oemrsHlql6/aUtiXRnao/JyLqGzP2PdvpUxyYv95E/M9rhtgrtSMugxBBstmiXihcVO7kb7fLNTAUY0so09ze6rIB1ZShTefXFkClhKce41SqdY4V6HN5JUdcKzn5OELqhYLqOGohl+PYxlf4G9YiqZ/kCqe54k0xW67Mg0ySfXJAjkiBnJEyuSZVUiOM9MkTeSYvzqvz5rw7H7PWhDOf2SO/4Hx9A8DopRQ=</latexit>

D⇤<latexit sha1_base64="pyUQsElZYXUmbRTRWTEjr5SLxr0=">AAACInicbVDLSgNBEJzxGddXokcvi0HwFDYimmOMCh4TMCokQWYnvXFwdmaZ6Q2GZb/Aq/6BX+NNPAl+jJPHwVdBQ1HVTXdXmEhhMQg+6Nz8wuLScmHFW11b39gslraurE4NhzbXUpubkFmQQkEbBUq4SQywOJRwHd6fjv3rIRgrtLrEUQK9mA2UiARn6KTW2W2xHFSCCfy/pDojZTJD87ZEV7t9zdMYFHLJrO3UEuxlzKDgEnKvm1pIGL9nA+g4qlgMtpdNDs39Paf0/UgbVwr9ifp9ImOxtaM4dJ0xwzv72xuL/3mdFKNaLxMqSREUny6KUumj9sdf+31hgKMcOcK4Ee5Wn98xwzi6bH5sAdRahvoh97zuCTZgINS5Ggqj1fjjDFmYSmbyrItCjXIXX/V3WH/J1UGlelQ5bB2W641ZkAWyQ3bJPqmSY1InF6RJ2oQTII/kiTzTF/pK3+j7tHWOzma2yQ/Qzy+IxaR4</latexit>

D
<latexit sha1_base64="pyUQsElZYXUmbRTRWTEjr5SLxr0=">AAACInicbVDLSgNBEJzxGddXokcvi0HwFDYimmOMCh4TMCokQWYnvXFwdmaZ6Q2GZb/Aq/6BX+NNPAl+jJPHwVdBQ1HVTXdXmEhhMQg+6Nz8wuLScmHFW11b39gslraurE4NhzbXUpubkFmQQkEbBUq4SQywOJRwHd6fjv3rIRgrtLrEUQK9mA2UiARn6KTW2W2xHFSCCfy/pDojZTJD87ZEV7t9zdMYFHLJrO3UEuxlzKDgEnKvm1pIGL9nA+g4qlgMtpdNDs39Paf0/UgbVwr9ifp9ImOxtaM4dJ0xwzv72xuL/3mdFKNaLxMqSREUny6KUumj9sdf+31hgKMcOcK4Ee5Wn98xwzi6bH5sAdRahvoh97zuCTZgINS5Ggqj1fjjDFmYSmbyrItCjXIXX/V3WH/J1UGlelQ5bB2W641ZkAWyQ3bJPqmSY1InF6RJ2oQTII/kiTzTF/pK3+j7tHWOzma2yQ/Qzy+IxaR4</latexit>

D
<latexit sha1_base64="pyUQsElZYXUmbRTRWTEjr5SLxr0=">AAACInicbVDLSgNBEJzxGddXokcvi0HwFDYimmOMCh4TMCokQWYnvXFwdmaZ6Q2GZb/Aq/6BX+NNPAl+jJPHwVdBQ1HVTXdXmEhhMQg+6Nz8wuLScmHFW11b39gslraurE4NhzbXUpubkFmQQkEbBUq4SQywOJRwHd6fjv3rIRgrtLrEUQK9mA2UiARn6KTW2W2xHFSCCfy/pDojZTJD87ZEV7t9zdMYFHLJrO3UEuxlzKDgEnKvm1pIGL9nA+g4qlgMtpdNDs39Paf0/UgbVwr9ifp9ImOxtaM4dJ0xwzv72xuL/3mdFKNaLxMqSREUny6KUumj9sdf+31hgKMcOcK4Ee5Wn98xwzi6bH5sAdRahvoh97zuCTZgINS5Ggqj1fjjDFmYSmbyrItCjXIXX/V3WH/J1UGlelQ5bB2W641ZkAWyQ3bJPqmSY1InF6RJ2oQTII/kiTzTF/pK3+j7tHWOzma2yQ/Qzy+IxaR4</latexit>

D
<latexit sha1_base64="pyUQsElZYXUmbRTRWTEjr5SLxr0=">AAACInicbVDLSgNBEJzxGddXokcvi0HwFDYimmOMCh4TMCokQWYnvXFwdmaZ6Q2GZb/Aq/6BX+NNPAl+jJPHwVdBQ1HVTXdXmEhhMQg+6Nz8wuLScmHFW11b39gslraurE4NhzbXUpubkFmQQkEbBUq4SQywOJRwHd6fjv3rIRgrtLrEUQK9mA2UiARn6KTW2W2xHFSCCfy/pDojZTJD87ZEV7t9zdMYFHLJrO3UEuxlzKDgEnKvm1pIGL9nA+g4qlgMtpdNDs39Paf0/UgbVwr9ifp9ImOxtaM4dJ0xwzv72xuL/3mdFKNaLxMqSREUny6KUumj9sdf+31hgKMcOcK4Ee5Wn98xwzi6bH5sAdRahvoh97zuCTZgINS5Ggqj1fjjDFmYSmbyrItCjXIXX/V3WH/J1UGlelQ5bB2W641ZkAWyQ3bJPqmSY1InF6RJ2oQTII/kiTzTF/pK3+j7tHWOzma2yQ/Qzy+IxaR4</latexit>

D
<latexit sha1_base64="pyUQsElZYXUmbRTRWTEjr5SLxr0=">AAACInicbVDLSgNBEJzxGddXokcvi0HwFDYimmOMCh4TMCokQWYnvXFwdmaZ6Q2GZb/Aq/6BX+NNPAl+jJPHwVdBQ1HVTXdXmEhhMQg+6Nz8wuLScmHFW11b39gslraurE4NhzbXUpubkFmQQkEbBUq4SQywOJRwHd6fjv3rIRgrtLrEUQK9mA2UiARn6KTW2W2xHFSCCfy/pDojZTJD87ZEV7t9zdMYFHLJrO3UEuxlzKDgEnKvm1pIGL9nA+g4qlgMtpdNDs39Paf0/UgbVwr9ifp9ImOxtaM4dJ0xwzv72xuL/3mdFKNaLxMqSREUny6KUumj9sdf+31hgKMcOcK4Ee5Wn98xwzi6bH5sAdRahvoh97zuCTZgINS5Ggqj1fjjDFmYSmbyrItCjXIXX/V3WH/J1UGlelQ5bB2W641ZkAWyQ3bJPqmSY1InF6RJ2oQTII/kiTzTF/pK3+j7tHWOzma2yQ/Qzy+IxaR4</latexit>

D

<latexit sha1_base64="pyUQsElZYXUmbRTRWTEjr5SLxr0=">AAACInicbVDLSgNBEJzxGddXokcvi0HwFDYimmOMCh4TMCokQWYnvXFwdmaZ6Q2GZb/Aq/6BX+NNPAl+jJPHwVdBQ1HVTXdXmEhhMQg+6Nz8wuLScmHFW11b39gslraurE4NhzbXUpubkFmQQkEbBUq4SQywOJRwHd6fjv3rIRgrtLrEUQK9mA2UiARn6KTW2W2xHFSCCfy/pDojZTJD87ZEV7t9zdMYFHLJrO3UEuxlzKDgEnKvm1pIGL9nA+g4qlgMtpdNDs39Paf0/UgbVwr9ifp9ImOxtaM4dJ0xwzv72xuL/3mdFKNaLxMqSREUny6KUumj9sdf+31hgKMcOcK4Ee5Wn98xwzi6bH5sAdRahvoh97zuCTZgINS5Ggqj1fjjDFmYSmbyrItCjXIXX/V3WH/J1UGlelQ5bB2W641ZkAWyQ3bJPqmSY1InF6RJ2oQTII/kiTzTF/pK3+j7tHWOzma2yQ/Qzy+IxaR4</latexit>

D
<latexit sha1_base64="pyUQsElZYXUmbRTRWTEjr5SLxr0=">AAACInicbVDLSgNBEJzxGddXokcvi0HwFDYimmOMCh4TMCokQWYnvXFwdmaZ6Q2GZb/Aq/6BX+NNPAl+jJPHwVdBQ1HVTXdXmEhhMQg+6Nz8wuLScmHFW11b39gslraurE4NhzbXUpubkFmQQkEbBUq4SQywOJRwHd6fjv3rIRgrtLrEUQK9mA2UiARn6KTW2W2xHFSCCfy/pDojZTJD87ZEV7t9zdMYFHLJrO3UEuxlzKDgEnKvm1pIGL9nA+g4qlgMtpdNDs39Paf0/UgbVwr9ifp9ImOxtaM4dJ0xwzv72xuL/3mdFKNaLxMqSREUny6KUumj9sdf+31hgKMcOcK4Ee5Wn98xwzi6bH5sAdRahvoh97zuCTZgINS5Ggqj1fjjDFmYSmbyrItCjXIXX/V3WH/J1UGlelQ5bB2W641ZkAWyQ3bJPqmSY1InF6RJ2oQTII/kiTzTF/pK3+j7tHWOzma2yQ/Qzy+IxaR4</latexit>

D

<latexit sha1_base64="pyUQsElZYXUmbRTRWTEjr5SLxr0=">AAACInicbVDLSgNBEJzxGddXokcvi0HwFDYimmOMCh4TMCokQWYnvXFwdmaZ6Q2GZb/Aq/6BX+NNPAl+jJPHwVdBQ1HVTXdXmEhhMQg+6Nz8wuLScmHFW11b39gslraurE4NhzbXUpubkFmQQkEbBUq4SQywOJRwHd6fjv3rIRgrtLrEUQK9mA2UiARn6KTW2W2xHFSCCfy/pDojZTJD87ZEV7t9zdMYFHLJrO3UEuxlzKDgEnKvm1pIGL9nA+g4qlgMtpdNDs39Paf0/UgbVwr9ifp9ImOxtaM4dJ0xwzv72xuL/3mdFKNaLxMqSREUny6KUumj9sdf+31hgKMcOcK4Ee5Wn98xwzi6bH5sAdRahvoh97zuCTZgINS5Ggqj1fjjDFmYSmbyrItCjXIXX/V3WH/J1UGlelQ5bB2W641ZkAWyQ3bJPqmSY1InF6RJ2oQTII/kiTzTF/pK3+j7tHWOzma2yQ/Qzy+IxaR4</latexit>

D

<latexit sha1_base64="pyUQsElZYXUmbRTRWTEjr5SLxr0=">AAACInicbVDLSgNBEJzxGddXokcvi0HwFDYimmOMCh4TMCokQWYnvXFwdmaZ6Q2GZb/Aq/6BX+NNPAl+jJPHwVdBQ1HVTXdXmEhhMQg+6Nz8wuLScmHFW11b39gslraurE4NhzbXUpubkFmQQkEbBUq4SQywOJRwHd6fjv3rIRgrtLrEUQK9mA2UiARn6KTW2W2xHFSCCfy/pDojZTJD87ZEV7t9zdMYFHLJrO3UEuxlzKDgEnKvm1pIGL9nA+g4qlgMtpdNDs39Paf0/UgbVwr9ifp9ImOxtaM4dJ0xwzv72xuL/3mdFKNaLxMqSREUny6KUumj9sdf+31hgKMcOcK4Ee5Wn98xwzi6bH5sAdRahvoh97zuCTZgINS5Ggqj1fjjDFmYSmbyrItCjXIXX/V3WH/J1UGlelQ5bB2W641ZkAWyQ3bJPqmSY1InF6RJ2oQTII/kiTzTF/pK3+j7tHWOzma2yQ/Qzy+IxaR4</latexit>

D

<latexit sha1_base64="pyUQsElZYXUmbRTRWTEjr5SLxr0=">AAACInicbVDLSgNBEJzxGddXokcvi0HwFDYimmOMCh4TMCokQWYnvXFwdmaZ6Q2GZb/Aq/6BX+NNPAl+jJPHwVdBQ1HVTXdXmEhhMQg+6Nz8wuLScmHFW11b39gslraurE4NhzbXUpubkFmQQkEbBUq4SQywOJRwHd6fjv3rIRgrtLrEUQK9mA2UiARn6KTW2W2xHFSCCfy/pDojZTJD87ZEV7t9zdMYFHLJrO3UEuxlzKDgEnKvm1pIGL9nA+g4qlgMtpdNDs39Paf0/UgbVwr9ifp9ImOxtaM4dJ0xwzv72xuL/3mdFKNaLxMqSREUny6KUumj9sdf+31hgKMcOcK4Ee5Wn98xwzi6bH5sAdRahvoh97zuCTZgINS5Ggqj1fjjDFmYSmbyrItCjXIXX/V3WH/J1UGlelQ5bB2W641ZkAWyQ3bJPqmSY1InF6RJ2oQTII/kiTzTF/pK3+j7tHWOzma2yQ/Qzy+IxaR4</latexit>

D

<latexit sha1_base64="+WYBA/W7XJVStx+ftjNAkzuyEJw=">AAACJHicbVBNS8NAEN34bepHq0cvwSJ4Kq2I9lgrgkdFW4UmlM122i5udsPupFhCfoJX/Qf+Gm/iwYu/xU3bg1YfDDzem2FmXhgLbrBa/XQWFpeWV1bX1t3CxubWdrG00zYq0QxaTAml70NqQHAJLeQo4D7WQKNQwF34cJ77dyPQhit5i+MYgogOJO9zRtFKN37Mu8VytVKdwPtLajNSJjNcdUtOwe8plkQgkQlqTKceY5BSjZwJyFw/MRBT9kAH0LFU0ghMkE5OzbwDq/S8vtK2JHoT9edESiNjxlFoOyOKQzPv5eJ/XifBfj1IuYwTBMmmi/qJ8FB5+d9ej2tgKMaWUKa5vdVjQ6opQ5vOry2ASolQPWau659hEwZcXsgR10rmH6dIw0RQnaU+cjnObHy1+bD+kvZRpXZSOb4+LjeasyDXyB7ZJ4ekRk5Jg1ySK9IijAzIE3kmL86r8+a8Ox/T1gVnNrNLfsH5+gZ4J6V9</latexit>⇡

<latexit sha1_base64="bwsLLDp/HLS1eOiw82eBxXwS0Es="></latexit>c3
<latexit sha1_base64="8Ur06waWIoKIHihU3pfoFUVYhWY="></latexit>c2

+
<latexit sha1_base64="cBCoJfFKdSw5JKW7kKAxE6MFChQ=">AAACJHicbVDLTgJBEJzFF+IL9OhlIzExHggYohwRNfGIUcAEkMwODUyYndnM9BLJZj/Bq/6BX+PNePDitzg8DipW0kmlqjvdXV4guMF8/tNJLC2vrK4l11Mbm1vbO+nMbt2oUDOoMSWUvveoAcEl1JCjgPtAA/U9AQ1veDHxGyPQhit5h+MA2j7tS97jjKKVbi8fjjvpbD6Xn8JdJIU5yZI5qp2Ms9HqKhb6IJEJakyzFGA7oho5ExCnWqGBgLIh7UPTUkl9MO1oemrsHlql6/aUtiXRnao/JyLqGzP2PdvpUxyYv95E/M9rhtgrtSMugxBBstmiXihcVO7kb7fLNTAUY0so09ze6rIB1ZShTefXFkClhKce41SqdY4V6HN5JUdcKzn5OELqhYLqOGohl+PYxlf4G9YiqZ/kCqe54k0xW67Mg0ySfXJAjkiBnJEyuSZVUiOM9MkTeSYvzqvz5rw7H7PWhDOf2SO/4Hx9A8DopRQ=</latexit>

D⇤

<latexit sha1_base64="cBCoJfFKdSw5JKW7kKAxE6MFChQ=">AAACJHicbVDLTgJBEJzFF+IL9OhlIzExHggYohwRNfGIUcAEkMwODUyYndnM9BLJZj/Bq/6BX+PNePDitzg8DipW0kmlqjvdXV4guMF8/tNJLC2vrK4l11Mbm1vbO+nMbt2oUDOoMSWUvveoAcEl1JCjgPtAA/U9AQ1veDHxGyPQhit5h+MA2j7tS97jjKKVbi8fjjvpbD6Xn8JdJIU5yZI5qp2Ms9HqKhb6IJEJakyzFGA7oho5ExCnWqGBgLIh7UPTUkl9MO1oemrsHlql6/aUtiXRnao/JyLqGzP2PdvpUxyYv95E/M9rhtgrtSMugxBBstmiXihcVO7kb7fLNTAUY0so09ze6rIB1ZShTefXFkClhKce41SqdY4V6HN5JUdcKzn5OELqhYLqOGohl+PYxlf4G9YiqZ/kCqe54k0xW67Mg0ySfXJAjkiBnJEyuSZVUiOM9MkTeSYvzqvz5rw7H7PWhDOf2SO/4Hx9A8DopRQ=</latexit>

D⇤ <latexit sha1_base64="pyUQsElZYXUmbRTRWTEjr5SLxr0=">AAACInicbVDLSgNBEJzxGddXokcvi0HwFDYimmOMCh4TMCokQWYnvXFwdmaZ6Q2GZb/Aq/6BX+NNPAl+jJPHwVdBQ1HVTXdXmEhhMQg+6Nz8wuLScmHFW11b39gslraurE4NhzbXUpubkFmQQkEbBUq4SQywOJRwHd6fjv3rIRgrtLrEUQK9mA2UiARn6KTW2W2xHFSCCfy/pDojZTJD87ZEV7t9zdMYFHLJrO3UEuxlzKDgEnKvm1pIGL9nA+g4qlgMtpdNDs39Paf0/UgbVwr9ifp9ImOxtaM4dJ0xwzv72xuL/3mdFKNaLxMqSREUny6KUumj9sdf+31hgKMcOcK4Ee5Wn98xwzi6bH5sAdRahvoh97zuCTZgINS5Ggqj1fjjDFmYSmbyrItCjXIXX/V3WH/J1UGlelQ5bB2W641ZkAWyQ3bJPqmSY1InF6RJ2oQTII/kiTzTF/pK3+j7tHWOzma2yQ/Qzy+IxaR4</latexit>

D

<latexit sha1_base64="pyUQsElZYXUmbRTRWTEjr5SLxr0=">AAACInicbVDLSgNBEJzxGddXokcvi0HwFDYimmOMCh4TMCokQWYnvXFwdmaZ6Q2GZb/Aq/6BX+NNPAl+jJPHwVdBQ1HVTXdXmEhhMQg+6Nz8wuLScmHFW11b39gslraurE4NhzbXUpubkFmQQkEbBUq4SQywOJRwHd6fjv3rIRgrtLrEUQK9mA2UiARn6KTW2W2xHFSCCfy/pDojZTJD87ZEV7t9zdMYFHLJrO3UEuxlzKDgEnKvm1pIGL9nA+g4qlgMtpdNDs39Paf0/UgbVwr9ifp9ImOxtaM4dJ0xwzv72xuL/3mdFKNaLxMqSREUny6KUumj9sdf+31hgKMcOcK4Ee5Wn98xwzi6bH5sAdRahvoh97zuCTZgINS5Ggqj1fjjDFmYSmbyrItCjXIXX/V3WH/J1UGlelQ5bB2W641ZkAWyQ3bJPqmSY1InF6RJ2oQTII/kiTzTF/pK3+j7tHWOzma2yQ/Qzy+IxaR4</latexit>

D

+ …
<latexit sha1_base64="cBCoJfFKdSw5JKW7kKAxE6MFChQ=">AAACJHicbVDLTgJBEJzFF+IL9OhlIzExHggYohwRNfGIUcAEkMwODUyYndnM9BLJZj/Bq/6BX+PNePDitzg8DipW0kmlqjvdXV4guMF8/tNJLC2vrK4l11Mbm1vbO+nMbt2oUDOoMSWUvveoAcEl1JCjgPtAA/U9AQ1veDHxGyPQhit5h+MA2j7tS97jjKKVbi8fjjvpbD6Xn8JdJIU5yZI5qp2Ms9HqKhb6IJEJakyzFGA7oho5ExCnWqGBgLIh7UPTUkl9MO1oemrsHlql6/aUtiXRnao/JyLqGzP2PdvpUxyYv95E/M9rhtgrtSMugxBBstmiXihcVO7kb7fLNTAUY0so09ze6rIB1ZShTefXFkClhKce41SqdY4V6HN5JUdcKzn5OELqhYLqOGohl+PYxlf4G9YiqZ/kCqe54k0xW67Mg0ySfXJAjkiBnJEyuSZVUiOM9MkTeSYvzqvz5rw7H7PWhDOf2SO/4Hx9A8DopRQ=</latexit>

D⇤

<latexit sha1_base64="cBCoJfFKdSw5JKW7kKAxE6MFChQ=">AAACJHicbVDLTgJBEJzFF+IL9OhlIzExHggYohwRNfGIUcAEkMwODUyYndnM9BLJZj/Bq/6BX+PNePDitzg8DipW0kmlqjvdXV4guMF8/tNJLC2vrK4l11Mbm1vbO+nMbt2oUDOoMSWUvveoAcEl1JCjgPtAA/U9AQ1veDHxGyPQhit5h+MA2j7tS97jjKKVbi8fjjvpbD6Xn8JdJIU5yZI5qp2Ms9HqKhb6IJEJakyzFGA7oho5ExCnWqGBgLIh7UPTUkl9MO1oemrsHlql6/aUtiXRnao/JyLqGzP2PdvpUxyYv95E/M9rhtgrtSMugxBBstmiXihcVO7kb7fLNTAUY0so09ze6rIB1ZShTefXFkClhKce41SqdY4V6HN5JUdcKzn5OELqhYLqOGohl+PYxlf4G9YiqZ/kCqe54k0xW67Mg0ySfXJAjkiBnJEyuSZVUiOM9MkTeSYvzqvz5rw7H7PWhDOf2SO/4Hx9A8DopRQ=</latexit>
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+ three-body cut

E > MD +MD +Mπ

+ left-hand cut∫ 1

−1
d cos θGπ(E, p, p)

G
−1
π (E, k, k

′
)

cos θ=±1−−−−−−−−−−−−−→
on shell: k=k′=p

ED∗(p
2
)− ED(p

2
)− ωπ(4p

2
/0) = 0
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three-body cut vs. left-hand cut

mπ = 280 MeV

+ two-body branch point:

E = MD +MD∗

=⇒ p2
rhc2

= 0

+ three-body branch point:

E = MD +MD +mπ

=⇒
(
prhc3
EDD∗

)2
= +0.019

+ left-hand cut branch point:

=⇒
(

p1π
lhc

EDD∗

)2

= −0.001

=⇒ x

(
p̃1π
lhc

EDD∗

)2

= −0.190

mπ = 280 MeV

mπ −→ ∆M = MD∗ −MD

p2
rhc2

−→ p2
rhc3

(p1π
lhc)2 −→ (p̃1π

lhc)2
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Phase shift with the left-hand cut v0 = 2c+ 2c2(k2 + k′2)

MD = 1927 MeV, MD∗ = 2049 MeV, mπ = 280 MeV

3.960 3.965 3.970 3.975-1.0

-0.5

0.0

0.5

1.0
D on RS-I
D on RS-I
D on RS-II
D on RS-II

3.960 3.965 3.970 3.975-1

0

1

2
D on RS-I
D on RS-I
D on RS-II
D on RS-II
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Pole trajectory (v0 = 2c)

MD = 1927 MeV, MD∗ = 2049 MeV, mπ = 280 MeV

3.966 3.968 3.970 3.972 3.974 3.976 3.978-0.50

-0.25

0.00

0.25

0.50

c= − 9.5

D on RS-I
D on RS-I
D on RS-II
D on RS-II

3.966 3.968 3.970 3.972 3.974 3.976 3.978-0.50

-0.25

0.00

0.25

0.50

c= − 6.5

D on RS-I
D on RS-I
D on RS-II
D on RS-II

3.966 3.968 3.970 3.972 3.974 3.976 3.978-0.5

0.0

0.5

1.0

c= − 4.5

D on RS-I
D on RS-I
D on RS-II
D on RS-II

blank bound state −→ virtual state −→ resonances below threshold
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!c

!ū

!c

!d̄

�π

Summary

• T+
cc is the first doubly charmed (heavy quark) meson (ccūd̄)

• mT+
cc
> mDDπ → three-body cuts

↪→ one-pion exchange + self-energy of D∗

• The width of T+
cc is sensitive to the details

56 keV
remove−−−−−→
OPE

36 keV
remove−−−−−−−−−→

M-dep. of Γ∗
74 keV

F Unphysical pion mass on the Lattice
MD = 1927 MeV, MD∗ = 2049 MeV, mπ = 280 MeV

↪→ the three-body cut above the two-body cut

↪→ the left-hand cut:
√
slhc = 3968 MeV

F ERE valid only in a very limited range

↪→ An accurate extraction of the pole requires the OPE implemented

F The similar lhc appear: BB∗, BB̄∗, DD̄∗, etc.

F A direct comparison of the energy levels predicted in a
finite volume with the lattice results.
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Thank you very much for your attention!
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The impact of the OPE: Modified coupling g
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Low energy expansion of the scattering amplitude

TD∗+D0→D∗+D0 (k) = − 2π

µc0

(
1

a0
+

1

2
r0k

2 − ik +O(k4)

)−1

+ A single-channel with a constant potential:

T
−1

(M) = V
−1
CT + J(M), J(M) =

∫
d3~p

(2π)3
G(M, p)

+ r0 ∝ −<
dJ(M)

dM

∣∣∣∣
M=Mthr+0+

∝ 1√
ΓD∗

3874.75 3875.00 3875.25 3875.50 3875.75
MD ∗+D 0  [MeV]

0.045

0.046

0.047

0.048

0.049

0.050

R
e 
J
(M

)

+ M = m∗c − iΓc/2 +m0 + k2

2µc0
�ℜM

�ℑM
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Isospin violation: infinite narrow D∗ limit
+ Only contact potential (Scheme I):

T−1
D∗+D0→D∗+D0 (M) =

2

v0
+
(
J1(M) + J2(M)

)

+ r0 = −2π

µ2

d
(
J1(M)+J2(M)

)
dM

∣∣∣∣
M=Mthr,1+0+

E = M −Mthr,1

J1(E) =
Λµ

π2
−

2µ2E

π2Λ
+ i

√
2µEµ

2π
+O(E

2
),

J2(E) =
Λµ

π2
−

2µ2E

π2Λ
+

2∆µ2

π2Λ
−
µ
√

2µ∆

2π
+
µE
√

2µ∆

4π∆
+O(E

2
)

+ r0 = 8
πΛ
− 1√

2µ∆

1− Z > 0.48 LHCb: 2109.01056

↓
1− Z & 0.6 Baru et al: 2110.13765

3.874 3.875 3.876 3.877 3.878
MD 0D 0π +  [GeV]

-0.1

0.0

0.1

0.2

0.3

0.4
R

e 
2π µ
c0

1
/
T
D
∗+
D

0
→
D
∗+
D

0
 [f

m
−

1
]

Isospin breaking
Isospin limit
D ∗+D 0, D ∗0D + thr
Pole position
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Composite or Compact? (∆rIV = −
√

1
2µ∆

= −3.78 fm)

+ Compositeness X̄A = 1− Z

X̄A =

(
1 + 2

∣∣∣ r
′
0

<a0

∣∣∣
)−1/2

, r′0 = r0 −∆rIV

+ Note here Tthr 6= − 2π
µ
a0

a0 [fm] r0 [fm] X̄A X1 X2

I

(
−6.31

+0.36
−0.45

±0.27

)
+i

(
0.05

+0.01
−0.01

±0.00

)
−2.78± 0.01

± 0.66
0.87± 0.01

± 0.07
0.71± 0.01

± 0.02
0.29± 0.01

± 0.02

II

(
−6.64

+0.36
−0.50

±0.27

)
−i
(

0.10
+0.01
−0.02

±0.01

)
−2.80± 0.01

± 0.59
0.88± 0.01

± 0.06
0.71± 0.01

± 0.02
0.29± 0.01

± 0.02

III

(
−6.72

+0.36
−0.45

±0.27

)
−i
(

0.10
+0.03
−0.03

±0.03

)
−2.40± 0.01

± 0.85
0.84± 0.01

± 0.06
0.73± 0.01

± 0.11
0.27± 0.01

± 0.02

+ compositeness to each coupled-channel Hyodo et al, PRC85(2012)015201

Aceti et al, PRD86(2012)014012

Xi = gi
dGi(Mpole)

dM2
pole
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Prediction: HQSS partner

+ In the heavy quark limit

V I=0(D∗D∗ → D∗D∗, JP = 1+) = V I=0(D∗D → D∗D, JP = 1+)

+ ? V I=0(D∗D → D∗D∗, JP = 1+)
+ renormalization of OPE

↪→ regulator dependent ↔ higher order counter terms

Baru et al, PRD99(2019)074023; Du et al,JHEP08(2021)157

+ Four-body cuts

+ Neglecting D∗D-D∗D∗ and widths of D∗ (Λ = 0.5 GeV)

Scheme I: δ
∗+
cc = −1444(61) keV,

Scheme II: δ
∗+
cc = −1138(50) keV,

Scheme III: δ
∗+
cc = −503(40) keV.

two-body approx., two Λ’s, M. Albaladejo, 2110.02944
width & strangeness Dai, 2110.15270
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Left-hand cuts from one-pion exchange

Propagator in TOPT,

D
π

(q) =
1

qµqµ −m2
π

=
1

q20 − ω2
π(q2)

=
1

2ωπ(q2)

(
1

q0 − ωπ(q2)
−

1

q0 + ωπ(q2)

)

=
1

2ωπ(q2)

[
1

E − ED(k2)− ED(k′2)− ωπ(q2)
+

1

E − ED∗ (k2)− ED∗ (k′2)− ωπ(q2)

]
.

Partial wave decomposition in the Feynman propagator,

1

2

∫ +1

−1
d cos θ

1

u−m2
π

=
s√

λ(s,m2
1,m

2
2)
√
λ(s,m2

3,m
2
4)

log

(
z − 1

z + 1

)
,

z =
2s(m2

1 +m2
3 −m

2
π)− (s +m2

1 −m
2
2)(s +m2

3 −m
2
4)

λ1/2(s,m2
1,m

2
2)λ1/2(s,m2

3,m
2
4)

. (1)

z = ± gives the branch points of the left-hand cut,

s
(±)

=
1

2m2
π

[
(m

2
3 −m

2
1)(m

2
2 −m

2
4)−m4

π +m
2
π(m

2
1 +m

2
2 +m

2
3 +m

2
4)

±λ1/2
(m

2
π,m

2
3,m

2
1)λ

1/2
(m

2
π,m

2
2,m

2
4)
]
. (2)
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T -matrix
Potential

V I=0
C (k, k′) = c0 + c2(k2 + k′2),

V I=0
OPE(E, k, k′) =

g2

8f2
π

∫ 1

−1
dzDπ(E, k, k′, z)(k2 + k′2 − 2kk′z), (3)

The Lippmann-Schwinger equation

T (E, k, k′) = V (E, k, k′)−
∫

d3q

(2π)3
V (E, k, q)G(E, q)T (E, q, k′),

The DD∗ propagator is expressed as

G(E, q) =

[
MD∗ +MD +

q2

2µ
− E − i

2
Γ(E, q)

]−1

, (4)

Γ(E, q) =
g2MD

8πf2
πMD∗

[
Σ(s)− Σ0(s)θ(MD +mπ −MD∗ )

]
,

with s = [E −MD − q2/(2µ)]2,

Σ(s) =




√
λ(s,M2

D,m
2
π)

2
√
s




3

, (5)

and Σ0(s) = Σ(M2
D∗ ) + 2MD∗ (E −MD∗ −MD − q2

2µ
)Σ′(M2

D∗ ).

17 / 17



Chiral extrapolation of fπ and g

Upto the one-loop chiral perturbation theory,

fπ(ξ) = fph
π

[
1 +

(
1− f0

fph
π

)
(ξ2 − 1)− (mph

π )2

8π2f2
0

ξ2 log ξ

]
,

where ξ = mπ/m
ph
π , f0 ≡ fπ(mπ = 0) = 85 MeV and fph

π = 92.1 MeV.

g(ξ) = gph
[
1 + C1(ξ2 − 1) + C2ξ

2 log ξ
]
, gph = 0.57. (6)

C1 = 1−
[

1− 1 + 2g2
0

8π2f2
0

(mph
π )2 log

mph
π

µlat
+ αlat(m

ph
π )2

]−1

,

C2 = −1 + 2g2
0

8π2f2
0

(mph
π )2(1− C1),

where g0 = 0.46, αlat = −0.16 GeV−2, µlat = 1 GeV.

Specifically, for mπ = 280 MeV this gives g(mπ = 280 MeV) = 0.65.

17 / 17



LHCb model
Lippmann-Schwinger equation: T = V + V GT, V = V0 + VOPE.

T = TOPE + (1 + TOPEG)T̂ (1 +GTOPE),

where
TOPE = VOPE + VOPEGTOPE, T̂ = V0 +G3T̂ ,

with G3 = G+GTOPEG.

2i=G3 = (1 +G†T †OPE)
[
G−G† +G†

(
VOPE − V †OPE

)
G
]
(1 +GTOPE).

G
(LHCb)
3 =

1

2πi

∫ ∞

th
ds′

G−G† +G†(VOPE − V †OPE)G

s′ − s− iε ,

Then
T̂ (LHCb) = V0 + V0G

(LHCb)
3 T̂ (LHCb),

with V0,ij = gigj/(m
2 − s) and g1 = −g2 = g. The solution is

T̂ (LHCb) =
1

m2 − s− g2Σ
(m2 − s)V0, Σ = (1 − 1)G

(LHCb)
3

(
1
−1

)
.
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