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T.. from LHCb experiment  p* — Dn Mo ~ 135 MeV

Mmp~+—Mp+ = 140 MeV

ccdu 1=0, JP=1* (most likely)

The longest lived exotic hadron ever discovered
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all analyzed in 2402.14715, PRD

TCC fro m Iattlce Collins, Nefediev, Padmanath , SP

all simulations :

My =My > mﬁhd Ma >Mp+—1pD single lattice spacing
Y
"< (J. Green et al are exploring
D 7L) Dﬂ- several lattice spacings, lat 2023, unpublished)
R mpi L [ensmbles jref
five values 280 MeV ~2.1,2.8 fm CLS Nf=2+1 our, 2402.14715, PRD

eigenenergies

mp=1.7-2.4 GeV

mc_ mpi L lemsembleslref

m
u/d ~ physical 146 MeV ~8fm Nf=2+1 HALQCD, 2302.04505, PRL
HALQCD potentials

~ physical 280 MeV ~2.1,2.8 fm Nf=2+1,CLS  our, 2402.14715, PRD

eigenenergies

~ physical 348 MeV ~2.4fm Nf=2 CLQCD, 2206.06186, PLB
eigenenergies



|nterp0|at0r5 and En [our simulation, CLQCD]
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[cc][ud] interloators not employed

[their effect discussed in the next talk by lvan Vujmilovic]
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lines all levels below threshold are omitted from the scattering analysis (throught this talk)
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pcot(do)/ By

T_.: scattering amplitude

all levels below threshold are omitted from the scattering analysis
result on s-wave are consistent if p-wave included in analysis of A,(P=1) or not

p-wave constrained also from A;” (P=0) which is not shown
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Doubly heavy tetraquarks from lattice



Plan: intepolating/extrapolating energy dependence of DD* scattering amplitude

i o
zZZ vy
(main result) D=cu>cc_<mcu (briefly)
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D* D

m(q)

D D*

Analysis of T lattice results based on Effective Field Theory

taking into account effect from left-hand cut
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Pion exchange, left-hand cut etc

Heavy meson ChPT
ge(mz), fr(maz)
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T.. analysis based on EFT

Cy,, fitted from lat. data

significant short-distance attraction -
dc q
Vor = 2¢o + 2¢2(p*+p”) 2fn
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Lipmann-Schwinger eq.

inspired by

Du, Hanhart, Guo, Nefediev, Filin, et al, PRL 2023, 2303.09441
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T..: pole trajectory >__<;/ |
ccud /
D*=cd - m, =280 MeV

‘ﬁLé; = (mpi+ 3mp-)/4

mp ~1.864GeV |

o1 bk ] - . inp ~2.484GeV |
—0.002 0.000 0.002 0.004 0.006 0.008 0.010 0.012 v
(p/Ew)’

levels below |hc omitted from the fit

it is reassuring that consistent results are obtained via plane-wave method,
which can incorporate also levels on Ihc, Meng, Baru, Epelbaum et al.,
2312.01930, PRD; Vujmilovic (next talk)



T..: pole trajectory

s ~Z o
D=cu _a //, gy
D*=cd cd

mp = (mpi+ 3mp-)/4

i ~1.864GeV |

—0.14

mp ~2.484GeV |

(»/ Eth)2

levels below Ihc omitted from the fit

it is reassuring that consistent results are obtained via plane-wave method,
which can incorporate also levels on Ihc, Meng, Baru, Epelbaum et al.,

2312.01930, PRD; Vujmilovic (next talk)
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I.. :interpretation
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T.c analysis based on EFT

m, ~348 MeV (¢, ¢z)

pseudo-data (*)
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errors on m,,4 dependence not reliably determined
(see disclaimers in our paper)

see also: 2407.04649,

Abolnikov, Baru, Epelbaum, Filin, Hanhart, Meng
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resonance pole
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virtual state pole
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with decreasing mq
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Signature of one-pion exchange in HALQCD potential ? my ~ 146 MeV
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Analysis of T_. lattice results assuming effective range expansion

omitting effects from left-hand cut

pcotdg = a_10+% ro p° ..
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ch assuming eff. range expansion pcot dg = % e % o p2
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ch assuming eff. range expansion pcot dg = % e % o p2
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ch assuming eff.
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Scattering on the lattice and the left-hand cut En ¢ T(En)

4 Im(E)
branch
. point
* two-body formalism o lth |
. . Re(E)
- EFT approach here inspired by: Du, Hanhart, Guo, Nefediev, Filin, et al, PRL 2023, 2303.09441 '(ﬁftc)h""d cut

- plane-wave approach : Meng, Epelbaum, 2108.02709; Meng, Baru, Epelbaum et al., 2312.01930, PRD

Vujmilovic: next talk

- generalization of Luscher’s equation on left-hand cut [Raposo, Hansen, 2311.18793]

- Luscher eq. with long-range forces [Bubna, Hammer, Muller, Pand, Rusetsky, Wu, 2402.12985], comparison with existing approaches

* three-body formalism

- T.. channel, D* as Dt bound state, Romero-Lopez, Sharpe, Hansen, Draper [2401.06609

- Islam, Dawid, Briceno, Lattice 2023, 2303.04394 (signal for break-down of two-body Luscher’s equation)
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Conclusions

TCC /// *"_ N
u
T.. is the longest-lived exotic hadron discovered in experiment \ c - )
i . . cd
lies near threshold -> has to be extracted from DD* scattering amplitude
lattice studies find attraction
quark mass dependence of T.. for stable D*, mg;>mp+—mp
B
without one-pion ex. with one-pion ex. (@)
S
C’E D V(r) consistent with
. g r e ——— (does not unigely imply)
: V more attractive with decreasing mq ‘ , o
- V almost independent on m,
cd D*
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T .. assuming eff. range expansion

1

T ———r
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D=cu cu

>°£d<

D*=cd cd

0.2fF1 - . —
I
0.1f | M ]
= mp=(mp+ 3mp* Y4
0.0
. 1
10,1 Jrieeg . iip ~1.864 GeV.
0.2 - : L 1 T T T T .
l i
R e ¢
-l -
0.0 F
oy
0.1 assssiy : iip ~2.019 GeV
0.2 : : 1 ] T T T
I et
< 2l
>5 0.0 F—=
Q v .
N=E0.1 Feee oy - : : . p~2.148 GeV
Q - A . T T T T
S 0.2 ;
S : L
0.1 , ‘
—— 1 | :
0.0 ===
i
0.1} eeeg : : ; . 1ipr2.269 GeV.
0.2 - I L : T T T T ]
: —e— N,=32 |
0.1 |

:

0.0

/—o— N =24 -

\

-0.1t; 1

mp ~2.484 GeV

—0.002 0.000 0.002 0.004 0.006 0.008 0.010 0.012

(p/En)*

pole

16

rOEth/2
o N

[ ]

1.8

mp [GeV]

2.0 2.2 2.4 2.6 2.8 —(

(a)

my =280 MeV

0.10

0.08
0.06
60.04
=
S 0.02
N’
0.00

w7t

(b)

mp = (mp+3mp*)/4

b

—0.02

EP — E¢, [MeV]

1.8

2.0 2.2 2.

a
mp [GeV]

2.6 2.8

virtual state bound state

|
o po eT
v v lhc”

1.8

20 22 24 26 28
mp [GeV] mBT = 2.71(3%) GeV,
m&t = 1.35(*17) GeV.

Tpe: mp(B*D) =138 GeV 22



T .. assuming effective range expansion:

4t plot from HALQCD, 2302.04505, PRL
o =
D=cu
E ccud
o2 ¢
Q - D*=cd
— A
O [riess
my,; =146 MeV my, =280 MeV = 348 MeV
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-20f
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effective

range ~100

expansion

VGWKF FEFNW H

Re(pP) [MeV]

EFT

-150

Sasa Prelovsek
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E(m/E[)“ D

peot(dy)/Epp-

T..: plane wave approach

Meng, Baru, Epelbaum et al., 2312.01930,

orange: reconstructed levels, blue, green: lattice levels
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mpi~280 MeV, mPh

talk by Ivan Vujmilovic @ lat24

y2/dof = 2.40

T
1=0,.2,.. I=1,. §  lattice: DD*
DDx | EFT
k 1=0,1,..
D*D*
5 IL
\
I; 1
DD* -
Kx LS
T’ A7 Ay (1)
207 2.6 2.07 2.6 2.07 2.76
L[fm]
without [cc] [ﬁd]lzo
0.20
0.15
0.10
p cot(5y)
E, 005 *
0.00
,’/ —— EFT and plane waves, real part
o N T~ s

—0.002 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

(P/ Eth)




(Ep) [MeV]

Im

talk by Ivan Vujmilovic @ lat24
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T..: plane wave approach

Meng, Baru, Epelbaum et al., 2312.01930, PRD
formalism: Meng, Epelbaum, 2108.02709;
lattice data: Padmanath, SP. 2202.10110, PRL

H

2
P+ V. +Veor

2m .,

Hv = Fv
HF?) — EF?}
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2
T..: dependence on m 4 pcotdy = o=+ 5 7o p = -
=cu cu (p)
ccud
D*=cd cd (-p)
mukd

Padmanath, SP: 2202.10110, PRL, m, = 280 MeV

LHCb HALQCD method, 2302.04505, m; ~146 MeV
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CLQCD 2206.06185, PLB, m; =~ 348 MeV
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AE [MeV] (m,phv)

Doubly bottom tetraquarks

bound states
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