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Hadron masses from lattice QCD
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(if) Emergence of mass and spin: The investigation of the emergence of mass and spin in all visible composite
matter is of utmost importance in our understanding of nature. Lattice QCD methods provide a unique tool to
study it from first principles with controlled systematics. Lattice QCD methods can already calculate the
nucleon mass with an accuracy at a percent level. However, it is still intriguing how the collective interactions

of tiny quarks and gluons emerge into a massive hadron. It is of fundamental interest to find how the mass of a
composite subatomic particle, through the dynamics of strong interactions
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Nucleons are not alone

There is a big family of partilces observed in nature, of which nucleon is just a member.
Baryons Mesons
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Summary tables taken from Particle Data Group website (2021): pdg.lbl.gov/

Understanding the spectrum at the core of understanding strong interactions.
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Charmonium

Mass [MeV]
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Rich energy spectrum. XYZ states.

¢c picture works well for states below open charm threshold.

No single description for states above the open charm threshold.

M. Padmanath

Olsen et al 1708.04012
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Experimental facts : X(3872)

3 b
€ first observed in Belle 2003 ;‘ )
(Belle PRL 2003) 83
£ Quantum numbers, J7¢ =1+ B2
(LHCb, 2013) 22
% Appears within 1 MeV below <
D°D*® threshold. 2, + %
€ Preferred strong decay modes g
J/ w and J/ p w3 i
3[?82 3.84 3.86 3.88 3.9 3.92

M(J/ vy ntt) (GeV)
$¢ The isospin still uncertain

* nearly equal branching fraction to J/¢ w and J/¢ p decays.
* No charge partner candidates observed.
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Beyond baryons and mesons in experiments
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See a recent talk by Liming Zhang here
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https://indico.pnp.ustc.edu.cn/event/91/contributions/6352/attachments/1853/3042/Liming-LHCb-2024.pdf

Summary of LHCb discoveries
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lattice QCD

Date of arXiv submission

https://www.nikhef.nl/~pkoppenb/particles.html
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See a recent talk by Liming Zhang here
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The question we are after

CERNCOURIER iz
high-energy physics

Physicsv | Technology~ | Community~ | Infocus | Magazine Jobs |in| ¥ | Q
f FLAVOUR PHYSICS | FEATURE
G Exotic hadrons bend the rules

10 March 2017 COUR[ER

Half a century after the quark model was devised, a number of hadrons appear
to challenge its axioms. But are they truly exotic?

New-issue alert: sign up> ©
today

Frank Close 2017, https://cerncourier.com/a/exotic-hadrons-bend-the-rules/

XYZ: exotic mesons, T: Tetraquarks, P: Pentaquarks
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Mass, nature and the structure of exotics

€ My talk only cover mass determinations and coupling to strong decays.
Assumes isospin symmetry throughout the talk, m, = mgq.

€ EIC detections, if made, could complement other experiments like
BESIII, Bellell, and LHCb.

¢ Different production mechanisms at EIC:
Exclusive photoproduction of charmonium-like states Albaladejo et. al. 2008.01001
Semilnclusive electroproduction of XYZs Shi et. al. 2208.02639

€ Heavy quarks hadrons as important probes of nuclear medium.
Flipping around the idea: Medium to probe the poorly understood hadrons.
A new way to reveal the nature and structure of exotics.
Zhang et. al. 2004.00024, Esposito et. al. 2006.15044

€ The nature of exotics from quark mass dependence.
Collins, Nefediev, MP, Prelovsek 2402.xxxxx
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QCD spectrum from Lattice QCD

€ Aim : to extract the physical states of QCD.

€ Euclidean two point current-current correlation functions

g
Cjilty —t:) = (0]0;(t5)Oi(t:)[0) = ZWJG nlts 1)

0.4

038

0.36

where O;(t¢) and O;(t;) are the
desired interpolating operators and
Zj* = (0|0j|n).

0.34
032 | 1
03

log[C(t)/C(t+1)]

028 [T B T

% Effective mass defined as log[5 ol Jr1>] ozl

€ The ground state : from the exponential fall off at large times.
Non-linear fitting techniques.
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The first doubly charm baryon : Z..
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Ecc isospin splitting (LQCD), 2.16(11)(17) MeV : BMW Science347 1452 '15
SELEX measurement (3519 MeV)

. Mattson et al. PRL89 112001 ’02

All lattice calculations disfavors SELEX peak to be a doubly charm baryon.

XYZTP using lattice QCD

M. Padmanath

More on heavy baryon interactions in this link.
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https://indico.ph.tum.de/event/7286/contributions/7388/attachments/5159/6667/Padmanath_MIAPbP_2023.pdf

Excited hadron spectrum

€ Most hadrons labelled exotic: close to strong decay thresholds.

¢ Challenges include extracting densly populated spectra.

Extracting densly populated states

Extracting radial and orbital excitations

Extracting excitations with spin > 3/2

Systematic spin identification

Multiple scattering channels affecting the single hadron spectra

$¢ Scattering parameters from finite volume energy shifts.
Liischer’s formalism and its generalizations.

Liischer 1991, Bricenio 2014 and references and references therein

€ Encouraging achievements in the light and heavy hadron spectra.

c.f. yearly Lattice conference proceedings
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Excited state information in C(t)

Remember the correlation function

n* n

_ zZn* 2z _
Ciilty — 1) = (005 (t)Di(t)]0) = S LT emmn ey =)

2mn

€ The operator can in principle couple with all the states that have its q. #s.

€ The strength of coupling Z,, determines the
quality of signal.

€ The excited state information in early time
slices.

log[Ct/C(t+1)]

¢ Limited # time slices to extract excited state
energies from multi-exponential fits.

0.26

¢ Extraction of energy degenerate states is impossible this way.
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Excited state information in Cj;(t)

€ Instead let us build a matrix of correlatiion functions:
= zirzi
Cji(t) = (012;(1)®i(0)|0) = 3, 5, e~ ™
where ®;(t) and ®;(0) are the desired interpolating operators.
Z7 = (0[®;|n) are the operator-state overlaps.

¢ Operators can have any structure that obey the desired quantum no.s.
Ask me if you are interested in the details of operators ®;(t).

€ Cj;(t) is Hermitian by construction.
The eigensystem is automatically orthogonal.

¢ Diagonalization of a Hermitian matrix = Unitary transformation.
The physical states represented by the eigensystem are linear combination of elements in the
correlation matrix.
Michael 1985, Cohen-Tanoudji-Diu-Laloé QM textbook

XYZTP using lattice QCD M. Padmanath The Institute of Mathematical Sciences Chennai (14 of 43)



Qece spectrum
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MP et al (HSC) 2013

Consistent with SU(3)r ® SU(2)s ® O(3) expectations
Equivalent calculations of light baryons, Singly charm baryons, doubly charm baryons and
tripy bottom baryons. See this link.
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Excited state studies achievements and caveats

Systematic extraction of various radial and orbital excitations.
Systematic methodology for spin identification.

Broadly consistent with nonrelativistic quark model.

No “freezing degrees of freedom”; no parity doubling.

Main caveat: excited energy states open to strong decay thresholds.

® & O B & B

Next crucial step : Study the effects of two-hadron interpolators.
Rest of my talk.

€ More experimental results can motivate lattice practitioners to take up these challenges.
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Doubly heavy tetraquarks: T

o 70p T |
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¢ The doubly charmed tetraquark T, I =0 and favours JE = 17. Nature Phys., Nature Comm. 2022
Striking similarities with the longest known heavy exotic, X(3872).

€ No features observed in DD+ 7F: possibly not I = 1.

¢ Many more exotic tetraquark candidates discovered recently, Tes, Tes, X (6900).
Prospects also for Ty, in the near future. See talk by Ivan Polyakov at Hadron 2023

¢ Doubly heavy tetraquarks: theory proposals date back to 1980s.
c.f. Ader&Richard PRD25(1982)2370
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Motivation from lattice, Ty, and T,.

Brown and Orginos (2012) _— ]
0(1") udbb
Bicudo & Wagner (2013) —— o l 0(1%) udce
20 e R
Francis etal. (2017)4  +&H o
‘rancis et al T /“'\- .
Bicudo et al. (2017) —a— g *#—W o
Junnarkar et al. (2019) 4 G 1502 i
3
Leskovec et al. (2019) S ] Lol 4
Mohanta & Basak (2020)4  +—&— 0 [riice*
my =146 MeV my =348 MeV m, =411 MeV
Hudspith & Mohler (2023) o [=81fm [=24fm [=29fm
<225 -200 -175 -150 71‘25 rl‘(l() 77I5 VSVO 71‘5 0 0.00 0.06 2 0212 0.18
A [MeV] my [GeV?]
% Tsoscalar axialvector channel I(J¥) = 0(17).
% Deeper binding in doubly bottom tetraquarks O(100MeV). Fig: Hudspith&Mohler 2023

Red box: Our (ILGTI) work on QQ tetraquarks: Junnarkar, Mathur, MP PRD 2019

$¢ Shallow bound state in doubly charm tetraquarks O(100keV'). Fig: HALQCD 2023
Red box: T.. (RQCD) and its quark mass dependence, an upcoming work: stay tuned.

¢ No conclusive results in the bottom-charm tetraquark sector.
A summary of different lattice investigations — see review by Pedro Bicudo, 2212.07793
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The challenge on lattice: Resonances in the infinite volume continuum

Scattering cross sections, phase shifts, branch cuts, Riemann sheets.

J g
A
3n/4 6
/2 A
/4 +
0 T T T T T T T ]

2m E&t

Schematic picture for illustration. Should not be taken quantitatively.
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Resonances on the lattice (elastic) : 77

Discrete spectrum: No branch cuts, no Riemann sheets, no resonances!
J o

o
3n/4 6
/2
/4

(=}
L
e
o
o
®
®

2m EZ)

Maiani-Testa no-go theorem [1990]
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Resonances on the lattice (elastic) : Liischer (1991)

Infinite volume scattering amplitudes < Finite volume spectrum

3n/4 4 6
/2
/4

. —
2m Ecw

Liischer [1991]
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Resonances on the lattice (elastic) : Liischer (1991)

Infinite volume scattering amplitudes < Finite volume spectrum
_ g

3n/4 6
/2

/4 A

01 [ ) ([ ] ([ ] [ ]

—
2m ESY

Different inertial frames can be utilized to extract more information
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Resonances on the lattice (elastic) : Liischer (1991)

Infinite volume scattering amplitudes < Finite volume spectrum

_ o

A
3n/4 6
/2 A

/4 A

L3 A * L 2 *
Ly aNs * * * * * *

Ly * * * * * *
°
:

Lo 4 ° ° °

Py— . . . g
Multiple physical volumes can also be utilized to extract more information.

For generalizations of Liischer framework, c.f. Bricefio, Hansen 2014-15
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Finite volume spectrum and infinite volume physics

€ On a finite volume Euclidean lattice : Discrete energy spectrum
Cannot constrain infinite volume scattering amplitude away from threshold.
Maiani-Testa 1990

€ Non-interacting two-hadron levels are given by
E(L) = \/mf + k2 + \/mg + k2 where k1 = 2% (ng, ny, n2).

¢ Switching on the interaction: ki o # 2% (ng,ny,nz). e.g. in 1D k1o = 2T+ 26(k).

€¢ Liischer’s formalsim: finite volume level shifts < infinite volume phase shifts.

N A
e ~

¢ Generalizations of Liischer’s formalism: c.f. Bricefio 2014
Quite complex problem: inelastic resonances (R — H1Ha, H3Hy)
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Scattering amplitude parametrization

$¢ Scattering amplitude: S=1+ iE‘l—fCt

¢ For an elastic scattering, and assuming only S-wave,

. 2K~Y 2k
t = —1

ECm ECm ’
(virtual/bound) state constraint below threshold: k.cotd(k) = (+/—)v/—k?

with K" = k.cotd(k)

¢ Liischer’s prescription: k.cotd(k) = F(k), where F(k?) is a known mathematical function.
k? is determined from each extracted finite volume energy splittings.

¢ Parametrize k.cotd(k) as different functions of k.
Effective Range Expansion (ERE): k.cotd(k) = aj ' + 0.5r0k? + ;6%
The best fits and fit estimates determined to represent the energy dependence of the
amplitude.
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Virtual/bound states

ImE
E plane

Sheet I
Sheet IT

Resonance

pole @D

© T o« (pcotdp —ip)~". Bound state is a pole in T with p = 4|p|.
Virtual bound state is a pole in T" with p = —i|p|.

¢ An example for virtual bound state: spin-singlet dineutron.
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DD* scattering in | = 0,1 @ m" with an ERE

1.05 4 0.2
]
W o1
1.04 4 S
" g =F
g 0.0 7 N =32 ]
1.03 4p" —=— N =24
2 ~%5.008 —0.004 0.000 0.004 0.008 0.012
g 1021 ! (p/Eop*)?
~ MP, Prelovsek PRL 2022
g 10,11
G
y 1014 € Fit quality: mx ~ 280 MeV
x?/d.o.f. = 3.7/5.
1.00 - DD’ ¢ Fit parameters:
o ° al = 1.04(0.29) fm & r{" = 0.96(*%18) fm
0) _ +0.008 3 0) _ -1
¢ Binding energy:

T T T T T T il 136
? 1 2 3 2 3 smr,, = —9.9(73:5) MeV.
L[fm € First evaluation of the DD* amplitude in T, channel.

+/g refers to positive parity, -/u refers to negative parity.
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Our observations and inferences with ERE approach

€ A shallow virtual bound state pole in s-wave related to Te..

mp [MeV]|dmr,, [MeV] Ts
lat. (mn=~280 MeV, mﬁh)) 1927(1) —9.973¢  |virtual bound st.
lat. (m~2280 MeV, mf.l)) 1762(1) | —15.0(*5%) |virtual bound st.
exp. 1864.85(5) | —0.36(4) bound st.

€ For m. > mE"s T.. is expected to become a virtual bound state.
At m, ~ 280 MeV, we indeed find a shallow virtual bound state.

¢ Observations in line with the expected behaviour of a near-threshold molecular bound
state pole in simple Quantum Mechanical potentials.

Sm=€’ _E,,

| Mo Mo
th. =

MP, Prelovsek PRL 2022. See a video demonstration at the end.
€ M,eq(ox mc) is the reduced mass of the DD* system.

$¢ The mass of the particle exchanged during the interaction Me, (o< My /q)-
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Tye (I)J¥ = (0)1" bound state

0.04 H
< 0024
= 0004
Q
)
? —0.021
—0.04 15 f: [y*ldof~4.1/6]
_0.064l —— fy [Pldof ~2.4/4]
L fi Pdof~2.3/6] M2JER .
—0.08 1 . . . S
0.00 0.04 0.08 0.12 0.16 0.20

MP et al 2307.14128, Archana Radhakrishnan’s talk on Friday.

€ Light quark mass (m,/q or Mps) dependence
indicates a real bound state at physical pion mass.

€ DB* scattering length' and binding energy (w.r.t. Epp+) in the continuum limit
a?"* = 0.57(F3)(17) fm  and  dmg,, = —43(F$)(Fh1) MeV

¢ A more recent lattice investigation also suggesting attractive interactions.
Alexandrou et al 2312.02925

!'Note the sign convention used: [kcotdg ~ —1/ag]
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Pion exchange cuts/left-hand cuts and shortcomings with an ERE and QC

€ A two fold problem: (Unphysical pion masses used in lattice)
ERE convergences fails at the left-hand cut.
2 — 2 Generalized LQC does not incorporate such lhc effects.

Figul‘e taken fl‘OII] aIXlV240106609
£ Un hysical ion masses (m, > AM = Mp+ — Mp, stable D* meson):
p p 7

(a) my > AM

Sa =
St~ (2Mp + m,)? = ! //Z//’

‘ « (Mp 1 Mp-)? Re s

0610

Figure taken from Meng-Lin Du et al arXiv:2303.09441[PRL]
Fits with a potential that incorporates the one pion exchange:
Virtual bound states = Virtual resonances
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Alternatively: HALQCD approach @ near physical m

€ DD s-wave scattering amplitudes from the lattice extracted D D™ potential.

1200 I 0.4
2my
§ i t/a=21
¢ ta=22
< 800 i i va=23 0.2
[3} e
3 y g
S p § 00
5 % _— ]
w400 T : H il =
R 'ri?f% 1] -0z | - ta=21
| ; — tla=22
o | —— tla=23
0.0 0.5 1.0 1.5 20 —p4 . . . .
r[fm] -=0.05 0.00 0.05 0.10 0.15 0.20
(kfmg)?
In V(J')'T'Z/(jt;s Vi (rimy) = a; et/
Eenr(r) = -Q " :Z

T n
+ ag (l—rﬂ’("ﬂ’ﬁ)z) VIr)

Lyu et al arXiv:2302.04505

Long distance potential dominated by two pion exchange, not OPE.
Phase shifts extracted from long distance behaviour.
Shallow virtual bound state turning to a real bound state at physical m,
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Solutions: A plane-wave approach and modified LQC

€ An effective field theory incorporating OPE with a plane wave basis expansion.

© LQCs Fit 2-Re

—0.05.

A7) A1)

LQCs + ERE —— Fit 2-Tm

@
010725005 " 0.000 0.005

0.010

0.015

276 207
L]

®/Epp)?

Lu Meng et al arXiv:2312.01930

Virtual bound states = Virtual resonances [m, ~280 MeV]

€ Modified 3-particle (Liischer) Quantization Condition:
Hansen, Romero-Lopez, Sharpe, 2401.06609, Raposo, Hansen, 2311.18793

See a recent talk by Romero-Lopez here

A rigorous procedure, but demands multiple lattice inputs.
- D finite volume spectrum up to the D77 threshold.
- Isovector DD finite volume spectrum up to the DDm threshold.
- Isoscalar DD finite volume spectrum up to the DDnw threshold.

XYZTP using lattice QCD
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https://indico.gsi.de/event/18061/contributions/76273/attachments/46095/65613/Tcc.pdf

Excited charmed-light and charmed-strange mesons

¢¢ Scalar Dg a broad feature in the D7 amplitudes,
whereas a narrow D}, below the DK threshold.

% Recent [LHCD] discoveries of T, [X1(2900), X0(2900)], Trs0(2900)%/+.

LHCb
(b)

2
e,
=

X1(2900)
0

Candidates / (17.3 MeV/c?)
Candidates/0.014 (GeV)

l‘l 3§ 34
+) (GeV)
See a recent talk by Liming Zhang here

€ A new framework of four quark systems with a charm quark and
remaining light /strange quarks [csud, cusd, cdsa). LHCD discoveries

€ A handful of lattice calculations (not explicitly exotic channels):
Mohler et al 1308.3175 (PRL), Lang et al 1403.8103, Bali et al 1706.01247, Gayer ct al 2102.04973,
Mohler et al 1208.4059, Moir et al 1607.07093, Gregory et al 2106.15391, Yan et al 2312.01078
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https://indico.pnp.ustc.edu.cn/event/91/contributions/6352/attachments/1853/3042/Liming-LHCb-2024.pdf

Recent lattice investigations

¢ Scalar charmed mesons and the D7 amplitudes,

ke cot g /GeV
10

&Ssr

Gayer et al 2102.04973
Dg pole real part consistently below that for D, for either m..

€ Isoscalar DK scattering in s-wave (explicitly flavor exotic channel “csgig2”):

e = 230 MeV ackcot 5158 e = 391 MeV

0006 0004 0002 [ o002 oo00a 00 g 0002 0002 0003 0006

Cheung et al 2008.06432

Weak attraction indicating presence of a virtual state.
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Pentaquarks, P. in J/vp final states

€ Narrow pentaquark structures P.(4312)", P.(4440)", and P.(4457)% in J/vp final states.
Features close below the ¥.D and X.D*

LHCb 1904.03947 (PRL)
04
f LHCb o1 + 03 +
o +

of Ly i . _
- *

020 > i s.D* |

+ s + L8

o005 000 oio ols ~0.05 0.00 010 015

g
?

— data
—totalfit
[~ — background

g

&

Weighted candidates/(2 MeV)

peotbo(GeV)
5

peotbo(GeV)
-

g

005 005

AN " - 005 . 2(Gev?

0 4250 4300 4350 4400 4450 4500 4550 46 pA(Gev) priGevh
m,, MeV]

¢ Indications for shallow bound states in ¥.D and X.D* from lattice.
Coupling to J/ip omitted in the analysis. m~ ~ 294 MeV.
Xing et al 2210.08555
€ Evidence for P.s(4459)° (Gcsud).
No lattice investigation yet.

LHCDb Science Bulletin 2021
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Charmonium

¢c picture works well for states below open charm threshold.

Mass [MeV]
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— X(41607 11
w(3s

—_— Y (4660) 7 X@700

| ¢ 3
‘JESY)'(AH()O)/_ Z’(*H': )‘ X(4500) — P (4150)
=TE3R Y P P{(4380)
v X (4274) — 77 (4250)

= 77(4050) Y[y

r rY ot 1+ 2+ 27 &other
Rich energy spectrum. XYZ states.

Olsen et al 1708.04012

No single description for states above the open charm threshold.

XYZ
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Focus: Scalar charmonium-like states

- B oaz1
=(meeor. Botic 1

1
I I

A'Qr,z(zxflbf} > ((—;:\fl
% Several likely related features, X (3915), X (3930), X (3960).
Proximity to the DsDs threshold: Possible hidden strange content [csc8]
= narrow width from DD

€ Several phenomenological studies supporting this:
Lebed Polosa 1602.08421, Chen et al 1706.09731, Bayar et al 2207.08490

$¢ Another feature named as X(3860) observed by Belle. No evidence from LHCDb.

% Yet unknown DD bound state, predicted by models.
Gamermann et al 0612179, Hidalgo-Duque et al 1305.4487, Baru et al 1605.09649

€ Such a DD bound state is supported by re-analysis of the exp. data.
Danilkin et al 2111.15033, Ji et al 2212.00631.
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Charmonium-like resonances and bound states on the lattice

Latim-£" + £, Exp

oy ®
p ; : i N_VQS T2 2 Lot s ,,,-azrfln,,\mm
- 4 | A0k ]

‘S E * 220 —agh + % Solsg
‘ H; 3 ‘315 E # L8 4 2wy
K ! mw » ;37- . ° Js7

é 2 2 10= 36k R L6

1 _g 5; 35k > 35
0 || S N L gl b ™ ° 34
386 388 390 3% 3% 390 395 400 405 440 396398 400 402 404 406 4.08 410 I I
Enl6e¥] _Eun [GeV] Em(GeN

¢ First extraction of coupled DD-DgsD; scattering amplitude.
[E€c, €cqq; q — u,d,s, and I =0].
¢ Lattice QCD ensembles : CLS Consortium
mq ~ 280 MeV, mg ~ 467 MeV, mp ~ 1927 MeV, a ~ 0.086 fm
¢ In addition to conventional charmonium states, we observe candidates for
three excited scalar charmonium states
= a yet unobserved shallow DD bound state.
= a DD resonance possibly related to X(3860). B
= a narrow resonance just below and with large coupling to DsD; threshold.
possibly related to X(3960) / X(3930) / X(3915).
%2 Our (RQCD) recent publications on charmonium:
Collins, Mohler, MP, Piemonte, Prelovsek 2111.02934, 2011.02541, 1905.03506.
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Recent lattice investigation by HSC

syl JPE = 0 m/MeV
0.5 B . o I- b O—0C P . . I—<>_
3800 3850 3900 3950 4000 4050
sl ™ =Rey/so = 3995(14) MeV s/ MeV
I' = —2Imy/sp = 67(38) MeV =
10+
IS e 60 - i
J\_ I'pp =~ 23(13) MeV
Lo ‘ A et 80F Tp p, ~ 28(26) MeV -
s mns e =~ 9(53%) MeV B
ba Bieapin P T T'/MeV

HSC 2309.14070, 2309.14071.

€ Two-hadron channels considered: 1.1, nen’, DD, DsDs, 1w, ¢, D*D*, xc17.

¢ Anisotropic lattice QCD ensembles : Hadron Spectrum Collaboration
mgx ~ 391 MeV, mg ~ 540 MeV, mp ~ 1852 MeV, as ~ 0.12 fm

¢t In addition to conventional charmonium states, only a single scalar resonance below 4 GeV
= with large coupling to all open charm channels.
relation to X(3960) / X(3930) / X(3915) / xc0(3860) features ?

¢ Results in conflict with several other theoretical and experimental studies.
Resolution: quark mass dependence 7

XYZTP using lattice QCD M. Padmanath The Institute of Mathematical Sciences Chennai (39 of 43)



Charged charmonium-like states from lattice [Z,(3900)"]

IM[f(W¢ 1, )] (fm)
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¢ Lattice calculations from two different fronts:
Calculations based on Liischer’s formalism and using HALQCD approach

€ HALQCD work: Coupled J/m-pne-DD* scattering.

my ~ 400-700 MeV, a ~ 0.09 fm

Strong coupling between DD* and other two channels.
Z(3900) not a usual resonance, but a threshold cusp

(b) pole of S-matrix

Z=1000 QO

xﬁ“\A

HALQCD 1602.03465 (PRL).

$¢ Liischer’s formalism: no robust supporting/exluding remarks for such a near threshold state.

XYZTP using lattice QCD
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Prelovsek et al 1405.7623, Chen et al 1403.1318, 1503.02371, CLQCD 1907.03371
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Summary

€ Reported on lattice spectroscopic calculations 2 9
of various XYZTP. — l 2
mg H H
¢ Elastic resonances and near-threshold states =l -
Several matured lattice determinations. ~ [ ®
New challenges related left hand cuts. 111
Re(Ecm)

€ Inelastic resonances, exotic hadrons, etc.

. . . Meson-Meson,
Multiple channels: Still a complex Totraquarks. .
problem. .
Baryon-Meson,
¢ Not covered: Baryon-baryon (heavy) Pentaquarks,
scattering Mesogis
c.f. Junnarkar, Mathur PRL 2019, PRD 2022 P baen.

Mathur, MP, Chakraborty PRL 2023
Lyu et. al. PRL 2021
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Baryons Hadron-hadron interactions.



Thank you
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Quark mass dependence: a QuanMech understanding

R Myeq x 1/Mey
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