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Exotic hadrons
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“Baryons can now be constructed from quarks by using the
combinations (qqq), (qqqqq), etc., while mesons are made out

of (¢9), (qqqQq). etc.” -
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QQgq' extotics

> Intriguing aspects on QQgq’
® Open flavor, once observed its minimal quark content contains four quarks

® Likely to be bound in the limit of my — oo
A. Manohar and M. Wise, Nucl. Phys. B 339, 17 (1993)

bbgq' (V) ccqq’ (?) ssqq’ (x)

> A long history of theoretical prediction on ccud (IJ¥ = 01%)
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_ o _ H.-X. Chen et al., Rept. Prog. Phys. 86, 026201 (2023)
® Mass varies within +300 MeV with respect to mp+ + mp
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First doubly charmed tetraquark T2

> 2022, LHCb discovered T2 in the DYD%x™* spectrum
LHCb Coll., Nature Phys. 18, 751 (2022) Nature Comm. 13, 3351 (2022)

~]
o

~ F i o 40
= - i LHCbH “*:35;:
gmg i 9fh! = 4
:;E 50:— |
Z 40F |
~ N i Iil Dim . f 3.874 "3.-82"6 r- "]
30:_ i S éf:i’%lguilﬂ MpODot [Go\'/(*]_:
201 M I DD el + -
IR
OEHH ,H i Hﬁt #MM + ﬂw i f
L | . E
3.87 3.88 3.89 3.9
MpopOa+ [G(\ /(2
I(]P) 5mpole [hole Re(ay) Im(a,)

0(1%) -360+40 keV 48+2keV 7.16 + 0.51fm -1.85+ 0.28 fm

2023/11/8 Y. LYU Doubly charmed tetraquark Tcc from LQCD 5/20



T.% from first-principle lattice QCD

» Limited to heavy quark masses (m, = 280 MeV)

inverse scattering length

| lkeda et al.[HALQCD Coll.], PLB 729, 85 (2014)
Chenetal., PLB 833, 137391 (2022)
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» Purpose of this talk

1. present the latest lattice results with (nearly) physical quark masses

2. directly compare theoretical and experimental DDm mass spectrum
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HAL QCD method
» Nambu-Bethe-Salpeter (NBS) amplitude

[wk(r)eEt = (0\15*(?‘7t)ﬁ(Oat)\D*(k)D(—k);E)] '

Asymptotic region

sin(kr—lm/2+5(k))
kr

® Asymptotic region: Y*(r) = A
® [nteracting region: define potential

[ (V2 4 1)t () = 2 [ U0 o) ] :

> R correlator (superposition of NBS amplitudes) 2(r,t) = » _ ant(r)e” 25"

1 02 o0 V2 . , )
[(@@—aﬁ-ﬂ) R(’T’,t)—fd'f’ U(T,’I")R(T’,t)

® Derivative expansion: U(r,r") = Y V;(r) V'6(r — ")

[V(fr) = R(r,t)"! (%% — % + Z_M> R('r,t)J

N. Ishii, S. Aoki and T. Hatsuda, Phys. Rev. Lett. 99, 022001 (2007)
N. Ishii, et al. [HAL QCD Coll.], Phys. Lett. B 712, 437 (2012)
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Lattice setup

» (2+1)-flavor configuration

® |wasaki gauge action
® (O(a)-improved Wilson quark action for uds quark

® Relativistic heavy quark action for ¢ quark

K.-1. Ishikawa et al. [PACS Coll.], Proc. Sci., LATTICE2015 075 (2016)
Y. Namekawa et al. [PACS Coll.], Proc. Sci., LATTICE2016 125 (2017)

Fugaku supercomputer (440 PFlops)
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Energy levels
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® The lowest energy level of DDm (D*D™) is around 78 (140) MeV above on the lattice
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D*D Interaction

> D*D potential in the (I,JF) = (0,1%) channel

® Short range: antidiquark-diquark [@d] 1 jmoleC]z =1
ct—J—
R. Jaffe and F. Wilczek, Phys. Rev. Lett. 91 232003 (2003)
® Long range: attraction from pion-exchange interaction
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Long-range potential

. H S. Ohkoda et. al., Phys. Rev. D 86, 034019 (2012)
» One-pion exchange N. Li, et. al., Phys. Rev. D 88, 114008 (2013)

[V(’f‘) = - . p=mgor \/(mp- —mp)? - m%]

® Fail to describe long-range potential (why?)

» Two-pion exchange
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® Long range potential (1 < r < 2 fm) is consistent with two-pion exchange
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Fit

> Fit A: purely phenomenological fit (y%/d.o.f.=1.01)
[ Var(r) = Z a;e”(T/bi) ]

> Fit B: TPE-motivated fit (y?/d. 0.f.= 0.96)
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Scattering properties

0.4
» Scattering phase shift
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» Scattering parameters and pole singularities
m, (MeV) 146.4
1/ay fm™) 0.05(5)@%) k plane
et (fm) 1.12(3)('3)
k = iKpote Kpole (MeV) _8(8)3@;)2 e +
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® T/ appears as a virtual state at m, = 146.4 MeV
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Comparison
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Ikeda et al.[HALQCD Coll.], Phys. Lett. B 729, 85 (2014)
Chen et al., Phys. Lett. B 833, 137391 (2022)

® Asm, decreases, LQCD results approach to the experimental data

2023/11/8 Y. LYU Doubly charmed tetraquark Tcc from LQCD 14 /20



Extrapolate to physical point based on TPE

» Extrapolation

® Extrapolate TPE interaction to physical point

[ Vi (r; my = 146 — 135 MeV) ]

® Adopt physical values for mp«+ and mpo

® Do NOT consider isospin breaking nor opening of DDm channel

» Scattering parameters and pole singularities

m, (MeV) 146.4 135.0
k plane
l/Cl() (fm_l) 0. 05( )( ) —0.03 (4) bound $k\
rog (fm) 1.12(3)(1) 1.12(3) ;
k = ikpote Kpole (MeV) —8(8)(*3) +5(8) i +
Epolc (keV) =59 (fgg ) (_ ) —45 (f’j}é )

® m, =146 — 135 MeV, T evolves from a virtual state into

a bound state
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Extrapolation to physical point based on a,

» Extrapolation

® Alinear fit to four 1/a,s from different m;

[ 1/ao(my) = ¢ + dm? ]

® [our data from different calculations and posses different systematics
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® 1/a, from two extrapolations are consistent with each other

2023/11/8 Y. LYU Doubly charmed tetraquark Tcc from LQCD 16/20



Construction of DYD%xt spetrum

> Production amplitude of D**D° from a

PHYSICAL REVIEW D 105, 014024 (2022)

source function P

Coupled-channel approach to 7% including three-body effects

d3q
[ U(M7 p) - P + f _ST(M? p? Q)G(M7 Q)P Meng-Lin Du 1 Vadim Baru 234 Xiun;.'»l\'un7 Qt\llg 42 4—\1\cniz\‘ Filin®? l-'cng-Km}) |((;;}|1‘,,: 458

(271') Christoph Hanhart®.*" Alexev Nefediev 3% Juan Nieves®."™" and Oian Wane@” '

® For simplicity, consider a pointlike source (constant in p-space, P = )
® Only S-wave production at low energies

® Adopt experimental values for mp-+ o .+ and I'p«+in the kinematics to keep the same
phase space with the experiment

> Three-body mass spectrum for D°DOrt
M(U — D°D°n*) = U(M,p)G (M, p)ar + U(M,p)G(M. p)x

dBr 2 ke P 070, _+1(2
— =N pdp pdp|M(U — DD n™)|
0 P

dM

min

® A known energy resolution function needs to considered for comparison w/ exp. data
LHCb Coll., Nature Comm. 13, 3351 (2022)
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D°DOxt spetrum

» Results at different m,;

70 —
DTTDYthri DD thr 777 My =146.4 MeV
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® Apeakaround D**D? threshold
® m, =146 MeV — 135 MeV, peak position shifts to the left, better
description to LHCDb data
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Summary & Outlook

» Summary: present the scattering properties of D*D system from LQCD
with nearly physical m,=146 MeV

® Attractive potential with two-pion exchange interaction at long distances
® The potential leads to a near-threshold virtual state

e~
1
]

® Extrapolate the potential to physical point (m,, =146—135 MeV) $ k plane
v" virtual state—bound state pound

v' better description to the DD spectrum of LHCb experiment Virml+/

» Outlook
® Physical-point simulation
v opening of three-body channel
v"isospin breaking effect (i.e., coupled channel calculation)

® Study one-pion exchange interaction and associated left-hand-cut from LQCD
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Fig. courtesy of K. Murano
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