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Disclaimer

Task: “contribute a 45-minute rapporteur-style talk on
Hadron Spectroscopy”

In this conference 60 parallel talks + Talks on Hadron structures

= Thanks to everyone who has sent their slides

= Apology for omitting some of those due to time constraint

Hadron Spectroscopy
Lattice 2024, Liverpool



Number of parallel talks on Hadron Spectroscopy in the last 5 lattice conferences
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Mesons (quark-antiquark systems)
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Basket full of Mesons
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Baryons (Three quark systems
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Basket full of Baryons
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|
Newly Found Hadrons

'
)

Exciting
Discovery

,_THE XYZ AFFAIR _*

A FEW MORE NMUBLISHED STUDIES
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Lattice 2024, Liverpool




New Hadrons
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From: Patrick Koppenburg@NIKHEF
....And so at Belle, BES Ill, COMPASS, JLAB
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Exotic hadrons at LHC
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VOLUME 47, NUMBER 25 PHYSICAL REVIEW LETTERS 21 DecemBER 1981

Numerical Estimates of Hadronic Masses in a Pure SU(3) Gauge Theory

0.145 0.150 0.155

H. Hamber 0.140
Department of Physics, Brookhaven National Labovatovy, Upton, New Yok 11973 )
and
G. Parisi
Istituto Nazionale di Fisica Nucleave, Frascati, Italy, and Istituto di Fisica della Facolta di Ingegnevia,
Rome, Italy 30 -
(Received 2 October 1981) )
3 mz
6°> 10 M
1. 2.0 |-
a '=1120 MeV

m, =800+ 100, m,=950+ 100,
m s =1000+ 100, e ,=1300+ 100, 10 |~
mA:L:lZDGi 100, f,=95+10.

I o | | | 'J

me=(3.6+ 0.5Nk =1500+ 200 MeV

0.3

0.2 0.l 0.0

FIG. 2. Meson masses squared and baryon masses
as a function of % and the bare quark mass mg = (k,
— k)/2k, * obtained with use of the Wilson fermion action
r=1)atp=6. P, v, S, and A stand for pseudoscalar
@' =0"*), vector (1"7), scalar (0**), and axial vector
Hadron Spectroscopy (1*+) masses. N and A stand for nucleon (3*) and delta

Lattice 2024, Liverpool

(3+) magses.
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About a decade ago

. MILC (RMP 2010)
—— PAC-CS (PRD2019)
BMW (Science 2008)
QCDSF (PRD 2011)
ETM (PRD2014)
UKQCD (PRD2012)

2500 —

—
—

2000
—c B mesons offset by —4000 MeV

n,n': RBC & UKQCD (PRL 2010)
HADSPEC (PRD 2011)
Heavy-light:

FERMILAB-MILC (PRD 2011)
HPQCD (PRD 2011, 12)

Mohler et al (PRD 2011)
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A. Kronfeld: Ann.Rev.Nucl.Part.Sci. 62 (2012) 265-284

Hadron Spectroscopy also PDG
Lattice 2024, Liverpool



Some up-to-date results (incomplete list)
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Alexandrou et al: PRD 108, 094510 (2023) HAL QCD Collaboration: arXiv: 2406.16665

Hadron Spectroscopy
Lattice 2024, Liverpool
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Hadron Spectra: What can Lattice QCD do?

Relatively Easy Moderately difficult m

Threshold

i)

Stable under strong interactions,
Far away below threshold

w,K,D,p,n, A etc.

14
ground states



Hadron Spectra: What can Lattice QCD do?

Relatively Easy Moderately difficult m

Threshold /

) )
LY N @
/72 * Close to threshold loosely bound,
@  Elastic resonances with two-body
decays

p, A, D*, D;,, deuteron,
H-dibaryon, and other hadronic
resonances with only 2-body decays

m,K,D,p,n, A etc. Power law volume corrections 15
ground states Need rigorous finite volume amplitude analysis with a large basis of operators

Stable under strong interactions,
Far away below threshold



Hadron Spectra: What can Lattice QCD do?

Relatively Easy Moderately difficult m

i A
/2 —9
‘\, Z\’Z;J\

G—
Th FEShOld Ve /P S 55 Y E5oN
=9 —0—0
& 3
Vg * Close to threshold loosely bound, * Close to multiple thresholds, loosely bound
@  Elastic resonances with two-body « Inelastic resonances with multiple
decays two-body decays, three or more body

X,Y,Z, P. Pentaquarks, 1%, 0, glueballs,
p, A, D*, Dy, deuteron, higher nuclei
H-dibaryon, and other hadronic
resonances with only 2-body decays

m,K,D,p,n, A etc. Power law volume corrections 16
ground states Need rigorous finite volume amplitude analysis with a large basis of operators

Stable under strong interactions,
Far away below threshold



, N Scattering -- continuum
Pole Singularities

Existence of a composite particle with angular momentum | === Pole singularities in scattering amplitudes
o(E) o | M (E)|? M, =

eeeeeeee Fig ref.
. @). R. Peldez,
A. Rodas

Hadron Spectroscopy 17
Lattice 2024, Liverpool



, N Scattering -- continuum
Pole Singularities

Existence of a composite particle with angular momentum | === Pole singularities in scattering amplitudes
2

9
o(E) < |M(E 2 M, =
Allowed Poles: () oc | M) : Sop — 9O
1. Poles on the real axis below threshold on the physical sheet
These are bound state poles
1
M (E.,, =mg) > © .
Bound states — LI — (Eem = mp) - Figref.
cm B @J. R. Pelaez,
A. Rodas
A
Imp
my +m,
? Re E
m= Mmpg
Hadron Spectroscopy 18
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, N Scattering -- continuum
Pole Singularities

Existence of a composite particle with angular momentum | === Pole singularities in scattering amplitudes
2

9
o(E) < |M(E 2 M, =
Allowed Poles: () oc | M) : Sop — 9O
1. Poles on the real axis below threshold on the physical sheet
These are bound state poles
1
M (E.,, =mg) > © .
Bound states — LI — (Eem = mp) - Figref.
cm B @J. R. Pelaez,
A. Rodas
2. Poles off the real axis but on the unphysical sheet 4
They appear as complex conjugate pair. \/Sy = mp il Imp
Resonances=#» Proximity of unphysical sheet to the real energy axis mp — il
For not so big I'p, cross-section can have a bump at the energy around E,;;, = mgp . +m
These poles correspond to Resonances. 1 2 Re E

Hadron Spectroscopy 19
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, N Scattering -- continuum
Pole Singularities

Existence of a composite particle with angular momentum | === Pole singularities in scattering amplitudes
2

g
o(E) < |M(E 2 M, =
Allowed Poles: () oc | M) : Sop — 9O
1. Poles on the real axis below threshold on the physical sheet
These are bound state poles
M « ! M (Ecm = mp) > .
Bound states — L™ g2 2 -~ Figref.
cm B @J. R. Pelaez,
A. Rodas
2. Poles off the real axis but on the unphysical sheet 4
They appear as complex conjugate pair. /Sy = mp + ilR Imp
Resonances=#» Proximity of unphysical sheet to the real energy axis mp — il
For not so big I'p, cross-section can have a bump at the energy around E,;;, = mgp . +m
These poles correspond to Resonances. 1 2 Re E
Tr
3. Pole on the real energy axis below threshold but on the unphysical sheet m=mgp @ ?
Virtual For such pole p = —i|p| | |
=== SUch poles correspond to virtual bound states (no asymptotic state)
bound o
Attraction is too weak to form a bound state
states Ex: Spin-singlet dineutron in NN-scattering !- Matuscheketal, Eur. Phys. J. A 57, 101 (2021),
P. Reinert, Eur. Phys. J. A 54, 86 (2018)
Hadron Spectroscopy

) ) 20
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, N Scattering -- continuum
Pole Singularities

Existence of a composite particle with angular momentum | === Pole singularities in scattering amplitudes

2
g
E) o |M(E)|? —
Allowed Poles: o (E) e [M(E)] Mi=5"5

1. Poles on the real axis below threshold on the physical sheet
Bound states

2. Poles off the real axis but on the unphysical sheet Fig ref.

@J. R. Peldez,
Resonances A. Rodas
3. Pole on the real energv axis below threshold but on the unphysical sheet Im p
Virtual bound states
| mq + m,
|T1=0 |" Re E
KN—KN _R
m= mg 2
M. Mai: Eur.Phys.J.ST 230 (2021)
6, 1593-1607
Hadron Spectrosco
P Py 21
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Luscher’s Method

Obtain infinite volume scattering information from finite volume energy spectra

Luscher’s quantization condition for 2 = 2 scattering processes:

det|/M(E) + F"1(E,p;L)| =0

M. Luscher, Commun. Math. Phys. 104, 177 (1986),
Commun. Math. Phys. 105, 153 (1986),
Nucl. Phys. B 354, 531 (1991)

Rev.Mod.Phys. 90 (2018) 2, 025001
Brecino, Dudek, Young

(see other references related to
Luscher’s method in this reference)

Hadron Spectroscopy
Lattice 2024, Liverpool

Caveats:

= Assumes continuum energies and
ignore exponentially smaller
contributions

= Truncated at some max ¢

= Only valid above left-hand cut and
below 3 (or 4) particle threshold

Alternatives:

= HAL QCD potential method [S.
Aoki & T. Doi 2003.10730]

= Spectral functions from Euclidean
correlators

[J. Bulava & M. Hansen 1903.11735]

...Discussed Lat 2023 (Hanlon)

22



Today’s common practice

Distillation:
[Peardon etal.

Construct the correlator o o PRD 09]
matrix with your favorite T — . [Morningstar et al

interpolators PRD 11]
CODE: Chroma,

[github:paboyle
/grid]
[github:aportelli
/hadrons]

Hadron Spectroscopy 23
Lattice 2024, Liverpool



Construct the correlator
matrix with your favorite
interpolators

Fit the principal correlators and extract
the finite volume spectra

Hadron Spectroscopy
Lattice 2024, Liverpool

Today’s common practice

Aalt o) ~ ¢ el

Distillation:
[Peardon etal.
PRD 09]
[Morningstar et al
PRD 11]

CODE: Chroma,
[github:paboyle
/grid]
[github:aportelli
/hadrons]
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Today’s common practice

Distillation:
[Peardon etal.

Construct the correlator ' . PRD 09]

matrix with your favorite T — : . [Morningstar et al
PRD 11]

interpolators

CODE: Chroma,
[github:paboyle
/grid]
[github:aportelli
/hadrons]

Fit the principal correlators and extract
the finite volume spectra

Solve for the quantization condition,
Analytically continue the amplitudes, det [F—l 4 M] — () —
look for poles in the complex energy plane s

Phase sifts, pole positions

Hadron Spectroscopy

Lattice 2024, Liverpool Example of codes: Morningstar et al, " TwoHadronsInBox”, NPB924, 477 (2017); Chroma etc



Example of a state-of-the-art calculation

Hidden-charm scalar and tensor resonances:  JP¢: 0%+, 2%* (m,, = 391 MeV)

Jre Hadron-hadron channels below a,E., ~0.72
0" Nefos Xl 'So}s wa, DD*, D*D*{*Py}; y o {3Dy };
0% Nt DDy, DD weo, D*D* ywep ('S} yan{*Po sy, DDy {°Dy };
1= net 1 o, wd {'Pr sy, DD, D*D* wd PPy Yy, we (PP} xen{(3S1 b xen{PDiy xean{ D1 };
1+ yo, DD* {S, };ww,DD* {°Dy }ww, D*D* "D, }; yeons nefo {'Pr }sxen{Py sean{™Pr s
27t yw,DD*, DDty *Pa Yy ean{®Sa Vs xen D2} xean{PDa Yinefo {'Da}
2+ ww, DDy, DD} {°S, }inn, DD, ny' . DDy, wa, D* Dy {'D, }:

ww,DD*, DD, D*D*,wep *Ds}: xin{*Pa}i xean{*Pa};
37 yo, y *Ps}; xan{*Ds}sxeon{®Ds}inen o wo, yd {'Fs ysww, DD*,D* D,y {*F3 }ww, wd {F5 };
3t DD*,D,D;, yw,y¢ {°Ds}; D*D*, D; D, yw,ye {°Ds};

nefo {'F3}xan{CPPs it Fa b xanCFs b xean{°F s}
4-+ ww,DD*,D*D*, DD {’F,};
4t yo,D*D" e, D;D{°Dy )iy n{PFati xeon{’Ful

Hadspec: WilSOh, Thomas, DUdEk, and Edwards PRL 132, 241901 (2024)
Hadron Spectroscopy PRD 109, 114503 (2024)

Lattice 2024, Liverpool 26



Hadron Spectroscopy

Lattice 2024,

.ﬂiﬂjltijlz JPG —Qtt
0-5_ =rlo = leo
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0.4 p* 5 {15y} — D*D*{'8,}
0.3¢
0.2}
0.1f
o — O O
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0.1F /L—
o OO===Omd Lo
t')Lu{ 1.5'0} — ‘L'Ln..{ 1.5'(;}
017 nen{’So} — nen{ 'So}
wd{ Sa} — wd{ S} 1
O L L Ot __c,_.—m
DD D.D, Y D=n* theh
=4 o o0 mJ;MeV
G 1 1 CO c 1 1 1 0
3800 3850 3900 3950 4000 4050
m = Rey/sg = 3995(14) MeV
20F (14) e/ MeV
' = —2Im,/sy = 67(38) MeV =
40+ o E
EF &
60 - 2 =
Tpp ~ 23(13) MeV e g
80-T'p, 5, = 28(26) MeV =
Ty ~ 9(T28) MeV NGEES
I'/MeV =] )

pip;lti;|* JFPC = ot+

0.5F DD{'D;} — DD{'D4}

DD {*D;} — DD*{*Dy}
0.4k DsDs{'Da} = D, Dy{ D2}
D* D" {58} — D™D {53}

0.3r

0.2r

0.1r

My == 391 MeV

O

0.2k DD{'D;} - DD"{*Dy}
DD{'Dy} — D*D*{3S,}

o— ' o
nen{ D2} — nen{ "Dz}

&

0.1 u}w{:".ﬁ;z} — {_532}
wo{°Sa} = vo(°Sa} v L
L 1 e ':J.

DD DD*D.D, Y D*D*  E.m/Me
O | | CC X Io | ﬂ (,I{”d"lrlrt""I‘d:e
3800 3850 ﬁt‘l—c 3950 4000 4050
g0l ™ = Rey/sg =~ 3961(15) MeV
I' = —2Im,/50 ~ 65(15) MeV ¢i/MeV
40

GO ‘
80 T'ppe =~ 22(13) MeV

3
Tp.p, ~ 2(73)MeV
I'/MeV

pO[B- 580(140)

Do

B 700(220)

D.D,

180(180)

I3y 1900(560)

Liverpool

Hadspec: Wilson, Thomas, Dudek, and Edwards

a;' = 5667 MeV
E=ay/a, =3.5.

= Above the ground state

Xco, NO other scalar
bound states or near-DD
threshold resonances are
found

NoO y.o State between
3700 and 3860 MeV

The single 2** resonance
found in this calculation
decaysto DD and DD*,
but has at most weak
coupling to DD, and
closed-charm final states

Need to repeat this
calculation at the
physical pion mass

PRL 132, 241901 (2024)

PRD 109, 114503 (2024)
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150}

135}

90

.-15 I

61/°

Example of a state-of-the-art calculation

p(770)and K*(892) resonance parameters

mE Kr (I =1/2)

OF .

am (I = 1)
e aFem
. . Ll.l.i -‘I‘-I i , 1[1' : ..... X
0.20 0.31 0.41 .52
arXiv:2406.191933 MeV] | PDG [ MeV]
Mice | 893(2)etar (54)eye 890(14)
Crex/2 26( 1 )erar (6)sys 26(6)
M, 796(5)stae (50)ays | 761 — 765
Co/2 | 96(5)mwac(15)sye 71— 74

Hadron Spectroscopy
Lattice 2024, Liverpool

775 825 875 M /MeV
OF T I !

— 50+ =t
—100¢
_150F = 3] K*(this work)

p (this work)
200+ £ K*(PDG)
“# p (PDG)
—T'/MeV

2 + 1 flavor RBC/UKQCD Mobius domain-wall
a~1=1.7295(38) GeV, V= 483 x 96
Physical pion mass

Boyle et al, arXiv: 2406.19193v1
Plenary talk (Tuesday): Felix Erben
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Example of a state-of-the-art calculation

The w-meson

0.0 P t 0.00 = e w
M, = 305McV \%, { I
M, = 305McV )
M, = 208MeV
-0.24 \)\ 0.014 ‘\
E e
\ & _
- ] = N
] s \
B A i E
= EFT2 My = 208MeV 0.021 T2 |II
o4 % EFT4 \ EFT4 \
CEN % CEN |
—_ l)DC ﬁd:hys. —— IJD(_': ',."l I
L .i' I“"\ |||
-0.03 1 Mrbvs. 5
$
0.6 1
3 1 6 3 4 5 6
Re h‘gﬂvfﬂ R.e.'tg,"Mﬂ

a = 0.07746(18) fmn

Hadron Spectroscopy
Lattice 2024, Liverpool

V3 = (748.9(10.0) — i63.5(1.8)) MeV
Ve = (778.0(11.2) — i3.0(5)) MeV
my, — m, = 29(15) MeV

H. Yan et al. Monday [arXiv:2407.16659v1]
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HAL OCD Method

NBS wave func. Lattice Hadron Force

D 1.2 F 600 ¢ 100 S, _e_
U SIS 500 f 8y
O S o8| F =400 | 4, > %

£ i = 300 f 4 % JPRPRPORPRR £
.-I: g 0.2 i 100 A% P00 05 10 15 20
E 0.0 . ) . . 0 %Dﬁnlees?eelea

"o ) ) i ] 0.0 0.5 1.0 1.5 2.0
_I 0.0 0.5 1roﬁm] 15 2.0 o
Unps(7) = (O|Hy(7)Ha(0)|Hy (k) Ho(—k),in)  (K*/mn — Hy) ¥nps(F) = / di' U (7,7 )ongs (7)

~  Apsin(kr —In/2+ 6,(k))/(kr)

« Interacting kernel (“potential”) from spatial & temporal correlation
— Potential 2 Phase Shifts Aoki-Hatsuda-1shii PTP123(2010)89

- Energy-independent potential N.Ishii et al. (HAL Coll.) PLB712(2012)437
— “Signal” from (elastic) excited states - Ground state saturation NOT required

’ Coupled Channel formalism S. Aoki et al. (HAL Coll.) Proc.Jpn.Acad.B87(2011)509
— Physics above inelastic threshold - Essential for Hyperon-forces, Exotics

Hadron SpectroscoRy

Lattice 2024, Liverpool Extension to N-body systems (N>=3) S. Aoki et al. (HAL Coll.) PRD88(2013)014036

(non-rela approx.)
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Sample of channels studied by various lattice groups (an incomplete list ...apology)

ntrt(1,2) many many groups
nrrr (0,1,2), KK (0,1), K (1/2, 3/2),Kn(1/2),n(1), ', nm(0), (1), pm(1), mrrm(3)

Dm(1/2,3/2),Dn(1/2),DsK(1/2), DK(0), DK(0,1), D*1(1/2),1n(0),nn'(0), Hadspec
DD(0), DsDs(0),]/$pw(0), DD*(0), D*D*(0), J/$p¢(0), D*D(0), D*D* (0)

KN, BB, NN, NNN, 1, DD*s, Q Q , mJ/y, n.p, DD*, ==,=%,=A,
=2, QeecQeces N]/l/); NA:, N Q, AANZ,ZX, AA HALQCD

NN, NNN, 44  ..NPLQCD

DD*,D,D;,DD,D;D,,D*D, Prelovsek, Padmanath, Christian, Mohler, Colins, Stefano, Morningstar,
D*D*,J /¥, ] /Yp,] /P, ., n.p, BD,B*D  Green, Mathur and others
NT[, NO', AA, NE, ZZ, 'Q'bbbﬂbbb

T, KT, D11, DK, D*K, 1P, TTW, BsTr, J/wTtr, w2S1T, 1D1T,

L _ : Prelovsek, Lang, Daniel, Luka, Woloshyn
DD * D*D *, ncp, BK, B*K, Nnc, N-Jpsi

X, KN, K, K, KKTr, D11, N1, 1171, NN, AA, NE _
XY 1T, KKK Morningstar, Bulava

Hadron Spectros: 11T, I, KN, ... Maxim/Michael
Lattice 2024, Live BB*, BBs*, B*D, BD, mrm, K, N1T,  Marc/Stefan



+
Roper Resonance [N(1440) J*: % ]

0 The Roper is the lightest excitation of the proton

o Discovery in 1963 (Adelman, 1964; Auvil

et al., 1964; Bareyre et al., 1964; Roper, 1964; Roper,

Wright, and Feld, 1965)

Motivation:

= Understanding the first excited state of proton

= Assessing the excited state contamination to
control the systematic errors of the nucleon
matrix elements and the N contribution in

calculations such as neutrino-nucleon scattering.

Hadron Spectroscopy
Lattice 2024, Liverpool

Citation: S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024)

Older and obsolete values are listed and referenced in the 2014 edi-
tion, Chinese Physics C38 070001 (2014).

1(JP) = 1(3F) Status: sk kkx

N(1440) POLE POSITION

REAL PART

VALUE (MeV) DOCUMENT 1D TECN COMMENT
1360 to 1380 (= 1370) OUR ESTIMATE

N(1440) BREIT-WIGNER MASS

VALUE (MeV) DOCUMENT ID TECN  COMMENT

1410 to 1470 (= 1440) OUR ESTIMATE

N(1440) BREIT-WIGNER WIDTH

VALUE (MeV) DOCUMENT ID TECN  COMMENT

250 to 450 (= 350) OUR ESTIMATE

Recent review: Burkert and Roberts: RMP, Volume 91 (2019)
32



Roper: an enigma?

2;5 l. T [ T T 'I T T T I T T T T 1 T T T r T T '| T T ] o
' . 2.4 1 0 @
1 . 9 m
2.0 L t B 3 E‘ . 2.2 1 : 19 0 0 $
T : 204 I * Experiment
r : . l H F’ | yQCD (nucleon)
150 . ] 5 1 ¢ i % ¥QCD (Roper)
% T e . 8 1.8 |F i l I ¢ xQCD (overlap + SEB)
=) . . - ] Z 1.6 - | | ¢ xQCD (clover + SEB)
& - - T - - 2 § xQCD (clover + variation large)
Ea S )| - 12 — l . 4 5 4 1QCD (clover + variation small)
[ ] 141 — § ¥QCD (overlap + variation)
! A e fa, ] Q o BGR
. X - C55M |1 1.2 1 ot ! 'g. & Cyprus (twisted mass)
0.5 I " JLab B €, ¢ Cyprus (clover)
: ] 1.04 bo ; CSSM
| *  Cyprus % JLab
I RO T U EP O s oo e ' ' ' ' ' ' ' '
o0 005 000 005 020 025 080 035 0.40 0.05 010 0.15 020 0.25 030 0.35 0.40
m2 (GeV?) m? (GeV?)
D. Leinweber, NSTAR 2024 Importance of Chiral fermions:

Hadron Spectroscopy
Lattice 2024, Liverpool 33



Evidence of the Roper state? xQCD Collaboration

Barkus-Gilbert (BG),
Maximum Entropy,
Bayesian Reconstruction (BR)
-9 _
10 ] BG good for broad
distributions
3 B t,, =3 BR good for discrete states
E N thin =4 .
10-10 -5 BR -- Y. Burnier and A. Rothkopf,
: B thin =6 PRL 111, 182003 (2013)
= It\l”:;3=8)7 = Prior for asymptotic
o N(1440) distribution
10711 - — = N(1710) = No priors fqr the excited
] | | | | | . . states positions and
1.00 1.25 1.50 1.75 2.00 2.25 2.50 spectral weight

w/GeV

K.-F. Liu: INT Workshop, July 2024

Hadron Spectroscopy
Lattice 2024, Liverpool 34



RalIGreiFSPECHaINVEIgntS

—— smeared ' —— Smeared

O. Bar — 1503.03649

Whenm_=139 MeV,L=55fm(m_L~4), R =1.6% ]
i (my L ~4) ° K.-F. Liu: INT Workshop, July 2024



A detail calculation on Roper needs:

nN,oN, A channels

= ogN,mA:resonant contribution from the three body =N channel

Reasonably large volume > 5 fm

» Proper amplitude analysis

Such calculations can be performed in the next 5 years

Hadron Spectroscopy
Lattice 2024, Liverpool



N1t (S-wave)

N¢ = 2 + 1 dynamical quark flavors and m; = 200 MeV, single ensemble

i --------------- Nwm
= 31
6.5 . 33
3 L T 21

E“ 6.0 . 3 %

““g - ¥ L S ——— N o

M55

I =1/2
5.0 N
3 ) 3 3
Gl0) &) G2) G3) ) — S ——
0.0 05 1.0 15 20 25
§ Physical point )}‘ ;
15 : I=3/2 e
3 3 135071 & his work ®e 1
- £ c g §} : c g
0 = .
. . R L # 7 S SR SRS & 1300 0
= | I - - “i 3 “‘I- B - N E 1
m 6.5 i Ii I
-
[} [] 1 L [} _+_ f ¥ i 1250 Physical poiot
I U l") HH This wr.xrk
6.0 H Pukugita et al. 1995
3 F 3 () »“65:' A4 Lang and Verdue 2012
T - Nx L 40 El: 0.0 _ A Silvi et al 2021
Gig(0) Gu(0) H(0) H.0) Gi(l) Gu(l) G(2) FR(3) 3 GE) Gi1) Gi4) 5 .
= - 7 —0.5 i I
20559 206 %55 280 130 206255 560 730
my (MeV) m; (MeV)

Hadron Spectroscopy
Lattice 2024, Liverpool Bulava et al, NPB 987 (2023) 116105



Hadron Spectroscopy
Lattice 2024, Liverpool

Citation: S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024)

/\(1405) 1/2_ I(JP) = 0(%_) Status: >k >k >k Xk

A(1405) MASS
PRODUCTION EXPERIMENTS

VALUE (MeV) EVTS DOCUMENT ID TECN  COMMENT

1405.1F 1-3 OUR AVERAGE

A(1405) WIDTH
PRODUCTION EXPERIMENTS
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

50.5+ 2.0 OUR AVERAGE

A(1405) DECAY MODES

Mode Fraction (FI-/F)
M 27 100 %
|_2 A’}’ . .
r X% Review: M. Mai: Eur.Phys.J.ST 230
fa NK (2021) 6, 1593-1607
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On the two-pole nature of the A(1405) from 7% — KN scattering

Bulava, Cid-Mora, Hanlon, Horz, Mohler, Morningstar, Moscoso, Nicholson, Romero-Lopez, Skinner, Walker-Loud
PRL 132 (2024) [2307.10413] & PRD 109 (2024) [2307.13471], Editor’s Suggestion

— 878 KN—= KN - a8 = KN

7.8 ¢ input data A(1380)
6 I { ¥ amplitude fit N 05 A(1405)
N i = trssns
74 % E } { (& L0
e ,
g it t . _
\é‘ A A T S T e KN V=
L_ﬂ I { } f } { I I 88 ............................
70 [ﬂg_gi el
_________________________________ . E 00 4
6.8 13 t 3 Py y “%e,
I E —0.1 . %,
— e //2)2
G0 Gm 6 6@ e A ReBem/ M

Re (Eey — mg — miz) fmg
o D200 CLS ensemble; m,; = 200 MeV, mg = 487 MeV, a = 0.064 fm, L/a = 64
o stochastic LapH method [1104.3870] used to construct basis of operators, which are rotated with GEVP
o M,B & MB spectrum analyzed (LEFT) and LQC used to determine coupled channel scattering amphtudes (MIDDILE)

o  Several parameterizations of the amplitude were studied (MIDDLE: 2nd pannel), all of which identified two poles

o A complex pole below the KN thrshold

o A virtual bound state (real valued pole) below the mZ threshold

A h
o  Calculations at mP™* underway
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Hadron Spectroscopy
Lattice 2024, Liverpool

| T [ O
_— | - cH
= = == e R
1a 'ﬂ : g F f 146 : EI D %% élfl =
:D = . =
Light quarks — SU(3) ;-fu;j ] E‘E’E/::]
flavor broken R |
) A 301 _ Z-30
e | I:. 2.0 I=:
18 IEI:I = == . 1.8 E-l:|=; =
.. D% o Ij F‘% = | -, = . = .;'F%.':'.z. s
Full non-relativistic =< ~ | . ?Ej% e =
= = —r e = =
quark model counting = | =
— |
20 - 2.4 d—l lﬂ.m l:l:l o
148 : = ldlj B = |
s - e 0
148 ﬁ‘l:ll:. = 145 5 —
=Rl : F1a = = =
Some mixing of SU(3) _ = I
flavor irreps - I —
} - HSC Phys Rev D‘87 (2013) 054506
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Light and strange baryons: Excited states

= For baryons, current distillation procedures are computationally quite expensive

Hadron Spectroscopy
Lattice 2024, Liverpool



0.35

S ¥ standard distillation N, = 100
¥  standard distillation N, = 60
0.34<,_ x ¥ standard distillation N, = 30
« . ¥  standard distillation N, = 10
> { improved distillation N, = 100
0.337 «
tiCI:J x X X
T
0.321 « ~ X
X X X
* X
. * x X . X - '
X
0.31 R S R L T
Fatggr
0'304 8 12 16 0) 24 28 32

Talk by Laura Struckmeier on Tuesday, 11:35 in session

U~ N

“Hadronic and nuclear spectrum and interactions”.

Hadron Spectroscopy
Lattice 2024, Liverpool

Improved distillation:
F. Knechtli et al.
Phys. Rev. D 106, 034501 (2022)

Comparison of static-light ground
state S-wave effective mass using
improved distillation



Light and strange baryons: Excited states

= For baryons, current distillation procedures are computationally quite expensive

Need dedicated efforts

Strange baryon excited states are not known that much - lattice can provide input

Problem of missing resonances, parity doublets

Hadron Spectroscopy
Lattice 2024, Liverpool



Some of the Results from HAL QCD

N= interactions predicted by HAL

< confirmed by LHC ALICE Nature of T., revealed by HAL
—T — 70 ————————— . , —
35[0 | AE Coll., Nature 585 (2020) 232 l: TOETER Qe Lyu+, PRL131(2023)161901
- - 60 - -
- e : . HAL QCD (m_=146MeV)
3 o o i 1 n
: ‘{" HAL QCD +QED | oot ./ HALQCD (m,=135MeVy)
_25F QED only 1 24  § / LHCb E-s AR
L f ] o | ) @CERN LA
S 2| b ALICE 1 = i -
- @CERN 1 w©20F oy ' ==
F . o L] * + +
: ] 10 5 HITT IEIEE: H .
1 = & 4 *IHT | +ll a 1 }+
- ] 1 " I: . . .¢ o R ] ; ; ; ; |Y ; ! : ; i
0 100 200 300 3.87 3.88 3.89 3.90
K* (MeV/c) Mpopor+ [GeV]
Various Exotic hadrons / nuclei predicted "
7 ©
- Dibaryons: NQ, QQ, Q_..Q... e
- = hyper-nuclei: (=NNN), (=Naa)

HAL QCD (2018-)

- N¢ state € combined analysis of HAL & LHC ALICE ,':E’,%E?;(AZ&Z;(;)M_)

Hadron Spectroscopy

Lattice 2024, LiverpodHAL @ mn=146MeV (+ small extrapolation) so far > HAL @ mn=137MeV on-going!
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LQCD for heavy quark physics

Requirement: lattice quark mass ma << 1  discretization error

1

T K My KMy K~

AR

4
L>—~6fm
mTl’

1

a
Ayy

m,.a(0.3)~ 0.045 fm

mpa(0.5)~ 0.0235 fm

Effective Action Relativistic Action

NRQCD, FermiLab, HQET, RHQ

HISQ, Clover, TM, DWF

tune m, — my"”, but could be difficult ~ Charm physics can be done. |
to estimate systematic for precise results ~ Bottom: Currently unavailable, expensive

Hadron Spectroscopy
Lattice 2024, Liverpool

but should be the way forward in the
exascale era
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Charmed Baryons

5500 - Qi )
— Experiment ¥ chbQ"H’
3200 1 —— E}[pt .fl 7 + ’ HSC f15 # Lattice QCD (Brown et al., 2014) s =
{ :ILGTI'13-'18 4 :Brownet.al '14 5000 |
3000 f :TWQCD17 ¢ PACS-CS '13 -
} :ETMC17 t :Bricenoet.al. '12 ool o = |
S‘ } :RQCD15 : Durr et al. 12 R .
2800 ~ % 7 *
fi.) iﬂ r.,'; 4000 - 3 3 T s 3 * |
2 A 4“ . s z,=,E, % %%
== 2600 1 || 1 Z 5 5o
0 4 " “f“ 3500 |- :,I g, Qe i
E = Zee
ﬂ “ﬁ oo
2400 A 4 nm BT 3
3000 |- B i
IS
Ap _I_ —E
2200 - 9500 | 'E'_I__}_ —E—_EI;_ o, " Brown et al, 1
AC E 2 E |:| l:lf 'ﬁl * Q Q* - 3 = -
C c =C =g = C C = Phys. Rev. D90 (2014) no.9, 09450
2000 2000 A

Padmanath NM, Lat’17, Charm 21

Hadron Spectroscopy
Lattice 2024, Liverpool




.n 3/2°
1/27
0.5 = ' K(S)
5/2°
— 2. K 3/2
W 1/27
SR | ~ —_— 12
+ EEK
2
LT] 0.2
=
0.1}F
- 32" .
oF—-———--- — - 12 - - - - — -
Expt. Lattice

Hadron Spectroscopy
Lattice 2024, Liverpool

Energy Experiment Lattice
Splittings (AE) || AE JF AE JF
(MeV)  (PDG) | (MeV)
o — 1E, | 1203(2) 1/2F | 12007) 1/2°
&Eﬂg{gugm 30‘5(1) ? 304(1?) 1/2_
&EQE{EIHUJ 355(1) ? 341(18) 1/2_
&Eﬂg{gugm 395(1) ? 409(19) 3/2_
AEqaey | 422(1) 7 | 464(20) 5/2-

Here AE" = E" — EO.

The new states correspond to the excited p-wave states.

Padmanath and NM: Phys. Rev. Lett. 119 (2017) no.4, 042001
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1]

=cc

+
+

~
)
2
<

—/

- A S — 1 -
SO LHCb 13 TeV E
160 - —

RS - <+ Data 3

= 140F =

5 - — Total 3

‘,E., 120 E e Signal + =

% 100 ;— - -+ Background M

S g0 + Sl .[.

o - P !

= = L 75 T 3

2 60 | t m ']"]' t E

(=1 =

O 40 + + —
20 =

D L | 1 1 | 1 -'l ----- n 1 | 1 3
3500 60 3700

3621.40 & 0.72(stat.) 4-0.27(syst.) £ 0.14(A}) MeV/c?

Hadron Spectroscopy
Lattice 2024, Liverpool

m_, (=) (MeV/c?)

LHCb: PRL 119, 112001 (2017)

[1]

3621.55+0.231+0.30 MeV

—t

Uu e - U
c > > c Aj
<
d }71__|_
<_ .
U
C > - S }K
u
M (T
g
Lattice results
4300
+ : Expt [1]
4200 ° : This work
] : Padmanath et.al [20]
4100} © : Mathur et.al [21, 22]
A : Alexandrou et.al [12]
4000} <> : Brown et.al [13]
S\ e : Perez-Rubio et.al [14]
A 3900} ? : Briceno et.al [1 1]
= = : Namekawa et. al [15]
S 3800}
—
3700} x+° :
i
3600} qtgayu -
3500}
—_
co ﬁ(‘(-
3400

These lattice results were prediction! -
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. E E § g g Z_Eo % g % g % Q.. Lattice prediction (MeV)
= 1/2* 3712(11)(12)
5 100 - 32 3788(13)(12)
e T %+ - . i1 t 1/2 4071(25)(18)
50 3/2" 4112(26)(20)
o : ILGTI A : Lewis et al [3] -
Is it the next doubly charmed baryon 4400 @ : Briceno et al [6] ¥ : PACS-CS [9] -
. ¢ :Brown etal[10] » : Liu et al [5]
to be discovered? ® :HSCI[12] & :ETMC[14) -
4200l ¥ :RQCD [11] ¢ : TWQCD [13] ]
@ :Mathuretal[4] ¥ :QM[17] r
— o oo
Decay to: Z0K*rtrt 2 4000 ! |
w
and Q.7
3800 | ’+ 20,
¢
NM and Padmanath: 3600 | 1/2+ 3/2+ 1/2- 3/2- 5/2— 5/2+7/2H

PHYSICAL REVIEW D 99, 031501(R) (2019)

Hadron Spectroscopy
Lattice 2024, Liverpool

0..(ccs)
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4600 4700 4800 4900

@
(0, o’
CcCC ———i
..
A new window for understanding %
the structure of baryons 3
®
o
...Bjorken (FERMILAB-CONF- o 2
85/69) | —ara
— .
e
i Z
o
®
®
160 ° :
150 1 o1 L
% 140 - I—'.-I—I
= o
2 130 iy b
= 1201 e
< o
107 \ ot
=_=
100 o

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

‘ 4600 4700 4800 4900
o? (fm?)

Mass (MeV)

Hadron Spectroscopy Radhakrishnan, Chakraborty, Dhindsa, Padmanath and NM
Lattice 2024, Liverpool
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Charmed-bottom hadrons

Baryons ((¢19,45](/"))
Mesons (§;4») JP=1/2% 1/2* 3/2*
B.(bc)(07) Ecplcbu] Eeplcbu] Elplcbu]
B:(bc)(17) Qp|cbs] Q. [cbs] Q7 [cbs]
B.(bc)(0") Qecp[cch] Q' [cch)
BC(BC)( 1) Q.pp|bbc] Q. [bbc]
Hadrons Lattice Experiment
B.(07) 6276(3)(6) 6274.9(8)
B:(17) 6331(4)(6) ?
B.(0%) 6712(18)(7) ?
B.(1%) 6736(17)(7) ?
2, (cbu)(1/2+) 6945(22)(14) 9
2!, (cbu)(1/2") 6966(23)(14) ?
=2, (cbu)(3/2") 6989(24)(14) ?
Q. (cbs)(1/2") 6994(15)(13) ?
@, (cbs)(1/2") 7045(16)(13) ?
Q7 (cbs)(3/2+) 7056(17)(13) ?
ot ,(3/2") 8026(7)(11) ?
Q. (1/2%) 11194(5)(12) ?
o, (3/21) 11211(6)(12) ?

Hadron Spectroscopy
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NM, Padmanath, Mandal:

Physical Review Letters 121, 202002 (2018)

. Postdiction

| ™= Prediction : Mesons

s Prediction : Baryons

Qe
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Exotic Hadrons

» Hadrons whose quantum numbers require a
valence quark content beyond qqq or qq
are called as “exotics”, e.q. ccud, glueball
(glueball will be discussed by Morningstar)

» Hadrons whose spin, parity and charge
conjugation are forbidden in the non-relativistic
quark model are also often termed "exotics” (spin exotics)

» Cryptoexotics :
¢ mass/width does not fit with meson or baryon spectra
e overpopulation of the spectra
e production or decay properties incompatible with standard mesons/baryons
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Exotic hadrons at LHC

11 5 f 1 1 1 1 1 1 1 1 1 1 1 1
11.0 - 24 new exotic hadrons at the LHC Loy g e W
- ® ccqq ® <cqqq
10.5 4.
-
P. Koppenburg
7.5
10 .TWIEQOO)
" @ (6600)
6.0 -
r:‘."_{ 5.5
2 5.0 -
g X(4700) X(4685)
=45 Pli(4450)* X{4500) Pﬁ(445?)* @ xi4630) Pi.(4338)°
< PH(4440)* n h-(4300
] X(4140)  pwi4350)* P Ipﬁ=4312;+ olpiszzor W o
@ o w v T (4000)* Tjs2(4000)°
S 4.0 °.9 Sou
Tec(3875)7 X(3960)
3.5+
20 Tes0(2900)° T,,(2900)**
@71(2900)° .ng:{ZQOO}"
2.5 1
2.0

2012 2013 2014 2015 2016 2017 2018 2019 2020

patrick.koppenburg@cern.ch 2024-06-06 Date of arXiv submission

2021 2022

2023 2024

@LHCb

....And so at Belle, BES Ill, COMPASS, CMS, ALICE, ATLAS, JLAB
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A constituent picture of Hadrons

= QCD : Fundamental degrees of freedoms are quarks (6 flavours) and gluons (8 degrees of freedom)

= Confinement conjecture: quarks and gluons must be combined into colour-neutral combinations of hadrons

Constituents Combinations Naming convention
(quark model)

3®3 198 Meson
333 1848310 Baryon
8 8 168P8PH10PH 10 P 27 Glueball
38®3 18HL8P8P10PD 10 P 27 Hybrid
33RXR3X3 191P8P8P8P8P10P 10D 27 Tetraquark/molecule
33®3RX3R3 1P1P1HP8P8DP8P8P8P8DS8 Pentaquark

10D 10D 27 P 35 + -
?

A constituent model of hadrons

= However, there can be strong mixings between different hadrons with the same quantum numbers

Hadron Spectroscopy
Lattice 2024, Liverpool >4



Exotic hadrons and lattice QCD

* Tetraquark and pentaguark hadrons have been observed experimentally with heavy quark
contents. ....LHC, Belle, BES

* Are their possibilities to discover more of those? And other multiquark states?
* What are the structures and properties of these exotic hadrons?

* What can lattice studies do?
= Can predict more exotic states with their possible energy ranges and possible valence structures

= Can decipher structures and properties of exotic hadrons

Hadron Spectroscopy
Lattice 2024, Liverpool 55
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Heavy four-quark states

A possible structure:

(qCysq)(QCy;Q")
How about ? 1 _1_
{qq'}y  {QQ"}

Possible states? : BEud,_BEu S, EEuc, EEsc,
bcud, bcus etc.

_ ~ N J o ¢
{30] — O, FA} {30] — 1;F5} {60] = OIFA}

{gcr.’ — Or FS}
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LQCD: bound states of
Tbb (bbﬁc_l), TbbS (bbﬁg) , Tbc(bCl_lC_l) , TCC(CCTlC_l)

Expt: ch(ccﬁa)
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Tpp(bbud)

binding energy AEy [MeV]

Lattice QCD Static potentials Other approaches

x ¢ i >
; . -
~100r8 5 | | o
§ } } ol a o o
*
: : * o
900} $ () . ¥ =
_ 300} | i +
300 : ‘o <
| i ©
~a00} | | ¢
M This work @ Liuet al (2023) # Tan et al. (2020) @ Zhang et al. (2007)
@ [udspith and Mohler (2023) W Songet al. (2023) @ DBraaten et al. (2020) ¥ Ebert et al. (2007)
® Aoki and Aoki (2022) A Maiani et al. (2022) % Liu et al. (2019) % Navarra et al. (2007)
% Mohanta and Basak (2020) % Wu et al. (2022) ¥ Wang et al. (2018) $  Vijande et al. (2006)
€ Leskovec et al. (2019) € Richard et al. (2022) O Park et al. (2018) 4 Janc and Rosina (2004)
A Junnarkar ct al. (2018) ® Praszalowicz (2022) [ Wang (2017) @ Vijande et al. (2003)
¢ Francis et al. (2016) Y Kim et al. (2022) A Eichten and Quigg (2017) [ Brink and Stancu (1998)
Y Bicudo et al. (2016) #+ Dai ct al. (2022) @ Karliner and Rosner (2017) %  Silvestre-Brac and Semay (1993)
A Brown and Orginos (2012) ¢ Guo et al. (2021) ¢ Lee and Yasui (2009) @ Carlsen et al. (1988)
¢

Bicudo and Wagner (2012)

Summary by Alexandrou et al: arXiv:2404.03588
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T\, (bbUS

binding energy AFEy [MeV]

—100F

—150F

—200p

Lattice QCD Other approaches
+
| @ ¥
i x
! .. - ;
i } 8 A
| »
| .
B This work A Chenetal (2022) ¥ Deng et al. (2018)
® Hudspith and Mohler (2023) # Kim et al. (2022) & Parket al. (2018)
€ Meinel et al. (2022) @ Daiet al. (2022) % Wang (2017)
A Junnarkar et al. (2018) ® Guoet al. (2021) ¥ Eichten and Quigg (2017)
¢ Francis et al. (2016) Y Faustovetal (2021) O Lee and Yasui (2009)
® Song et al. (2023) %+ DBraaten ct al. (2020) [ Ebert et al. (2007)
B Praszalowicz (2022) ¢ Liict al. (2020) A Silvestre-Brac and Semay (1993)

Summary by Alexandrou et al: arXiv:2404.03588
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D*(cd)D°(cu) T_Z;rc (ccud)

70

Nature Physics,18, 751(2022) @ LHCb

Parameter

40 Value
; o' Tl N N7+16
: : E
60 [ § 25
e g 20F dMyw —273+61keVc?
, g
50 [- 3 0l Iy 410+165keV
C > 5
sl 0

‘f-\
(&
?g - dm = mop+ — (Mp+=+ —+ 1mMpo)
— (e
8 " ' J. Carlson et al. 1987
w = i -Brac and O, Semay 19093
g = L 1l B, Silvestre-DBrac 1994
B o oinestoer 19595
— - > 5. Pepin et al 1906
2 E - B. A Gelman and 5. Mussinow 20063
> o b= P E— J. Vijande et al. 20013
20 I . Janc amnd ki, Tosina 2004
5 F. Navarra ef ol 2007
w J. Wijande et ol 2007
= 0. Ebert et al. 2007
= S. H. Lee and 5. Yasui 2004
— Y. YWang i ol 2009
™ — M. Li et al. 2012
I G.-C. Feng et al 2013
- S, Luo et al. 2017
58 - M. Karliner and J. Rosner 2017
E. J. Eichten and O, Quigs 2017
—_—— Z.G. Wang 2017
— W. Park et al 2018
- . Junnarkar ef al. 2018
C. Deng et al. 2018
Le M.-Z. Lin ef al. 2019
Lol L. Maiani =# al 2019
G Yang ef al. 2019
Y. Tan et al 2020
Q.-F. Lii et al. 2020
- E. Braaten et al. 2020
| | . Gao et al 2020
J.-B. Cheng of al. 2020
5. Nah et ad. 2021
Hadron Spectroscopy e N st et et ot
p py —300 —200 —100 0 0
Lattice 2024, Liverpool
]

100 200 300
St [Mev /2]
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Tbb' ch and Tbc

= Quark mass dependence of doubly heavy tetraquark binding: William Parrott (Monday)

= Strong decay of double charm tetraquark T..: Subhasish Basak (Monday)

= Towards quark mass dependence of T,. : Sasa Prelovsek (Monday)

= T..via plane wave approach and including diquark-antidiquark operators: Ivan Vjmilovic (Monday)

= Three body analysis of the tetraquark T, : Sebatian Dawid (Monday)

= Beautiful exotics in a non-perturbatively tuned Lattice NRQCD setup: Daniel Mohler (Tuesday)

= Antistatic-antistatic-light-light tetraquark potentials with u, d and s quarks from lattice QCD: Pedro Bicudo (Tuesday)

= Tetraquarks bbud, I(JP) = 0 (17) and bbud, I(J?) = 0 (0%),0 (1*) from Lattice QCD Static Potentials: Jakob Hoffmann
(Tuesday)

= Exotic Ty, tetraquarks from Lattice QCD: Archana Radhakrishnan (Tuesday)

= Left-hand cut and the HAL QCD method: S. Aoki (Thrusday)
= Distillation and position-space sampling for local multiquark interpolators: Andres Stump (Friday)

Hadron Spectroscopy
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ch CC”L_LCZ : Analysis is complicated

Infinite Volume

Three-body effects strongly impact properties of the
tetraquark due to the proximity of the DD thresholds.

Finite Volume

For heavy pion, thresholds are inverted but
three-body effects still play an important role

5,58 MeV FT50Mey | m, ~ 280 MeV gy '
| DDt 70 'D“D*+
DD | T,Iﬁ.(3875)| T papr I, DD DDr
L-3.14 MeV [ +0.27 MeV “
L

S. Dawid (Monday)

Also,
S. Sharpe (Monday)
S. Aoki (Thursday)

A. Raposo (Thursday)

A. Rusetsky (Thursday)
Hadron Spectroscopy

Lattice 2024, Liverpool

energy levels below the left-hand branch point cannot be used

Dependence on m, and m,

Sasa Prelovsek @ Spectrum (Mon)
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Tbc —

I(J?):0(1%)

(Eu)(Ed)
D B 01 -1
D B 140 -1

D B* 11 -1

I(J?):0(0")
(cu) (bd)
D B 040 - 0
D(p)B(—p) 0 ©0 ~ 0

D B* 11 -0
Hadron Spectroscopy
Lattice 2024, Liverpool

bcud

27N

P=Ta

M(D*B* = 7332 MeV)

M(D*B = 7285 MeV)

M(DB* = 7190 MeV)

7

M(D(p)B(—p))

M(D*B* = 7332 MeV)

M(DB = 7144 MeV)

Tp.? 63



Radhakrishnan, Padmanath and NM: PRL 132 (20), 201902 (2024), and PRD (2024) arXiv:2404.08109

Tpc(bcud)

N
N

beid 0(0)

o o)
e - -

O

o ©
o

I
1

Qo

o

5

B. S.-Brac and C. Semay 1993 [20]
D. Ebert el al. 2007 [17]

S. H. Lee and S. Yasui 2009 [22]

W. Chen et al. 2014 [34]

E. J. Eichten and C. Quigg 2017 (15
S. Sakai et al. 2017 [30)

M. Karliner and J. L. Rosne 2017 [23]
W. Park et al. 2019 [25]

T. F. Caramés et al. 2019 [24)

S. S. Agaev et al. 2019 [35)

Q-F. Lii et al. 2020 [26]

C. Deng el al. 2020 [31]

G. Yang et al. 2020 [32]

Y. Tan et al. 2020 [33]

E. Braaten et al. 2021 [16]

T. Guo et al. 2022 [27]

Y. Song and D. Jia 2023 [29]

!

| &
o
Q

Alexandrou et al. 2023 [43]
This work 2024
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B. S.-Brac and C. Semay 1993 [20]
D. Ebert el al. 2007 [17]

S. H. Lee and S. Yasui 2009 [22]
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Alexandrou et al: PRL 132 (15), 151902 (2024), arXiv:2404.03588
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-—100
-—150

—2[]‘[]_ + il . il = e —2[][]‘
t Ishh + lubh

——250

/

» Heavier the heavy quark masses, deeper the binding

» Lighter the light quark masses, deeper the binding

William Parrott (Monday)
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Z,(3900) cedu

T
Fit1 ——

Sadl, Collins, Z.H. Guo, Padmanath, Prelovsek, L.W. Yan,

2406.09842

7,3900) |
I e A | LW. Yan, Z.H. Guo, F.X. Guo, D.L. Yao, ZY. Zhou, 2307.12283
s 556 'BES-4260 l \
= ; % J/¢ o T
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HadSpec [1709.01417]
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’l; _ | | | CMS
k&L p.>15GeV/c
S ; —
§ P
T |32 ®
=L F LHCb E
= S p..>5GeV/c -
v: = = i -
xlE T -
xQ = i
X
o |©
107 ~
[ 2<y<4.5 | 1.5<y<4 | -5<y<-2.5 | Wbl<0.9 ]
pp pPb Pbp PbPb

FIG. 2. Ratio of y.,(3872) to yw(2S) cross sections in the
J/wrntx~ decay channel, measured in pp [13], pPb, Pbp, and
PbPb [16] data. The error bars (boxes) represent the statistical
(systematic) uncertainties on the ratio.

6 [ I L] L] LI T T 1] I |

i LHCb pPb \fsN =8.16 TeV -

S —4— 1 (3872) > Wyt

-] —4— y(285) > ptu 1

*F p,>5GeVic ":

" 1] :

™ 30— | ~

2F il .

- w—

i —fm— ]

i I 1 1 1 1 1 1 1 1 l |
075 5

FIG. 3. Nuclear modification factor R,p, for y.(3872) and
w(2S) hadrons [56]. The error bars (boxes) represent the
statistical (systematic) uncertainties.

Hadron Spectroscopy PRL 132, 242301 (2024) @ LHCb

Lattice 2024, Liverpool
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Challenges in Nuclear LQCD calculations

Constructing nuclear
correlation functions

= Naive Wick contraction
explodes

= GEVP will be very
expensive in naive methods

= Large possibilities of
interpolating fields. Which
one to choose as the Wick
contractions are expensive.

These problems may possibly
be overcome till C-12 with
clusters of nuclei interpolating
fields (and with symmetry and
help of Al tools)

Hadron Spectroscopy
Lattice 2024, Liverpool

Signal-to-noise problem

= Stochastic noise grows with the

number of nucleons

SNR(C))~

VAIGI?)

M. Wagman arXiv:2406.20009
and his talk on Thursday

P. Bedaque, H. Oh
Phys. Rev. D 109, 094519

(Ci) ~A(My—3

= Large number of closely
spaced states (become
worse with increasing
volume which is
necessary for nuclei)

= Presence of multiple
thresholds and many
possible multibody
decays

= Quantization conditions
more complicated (left
hand cut)

= Infinite volume
amplitudes have a larger
class of singularities.

Briceno et al,
Few Body Syst. 63 (2022) 4, 67
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Fig from: Detmold et al (NPLQCD): arXiv:2404.12039

and more
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Binding of two-nucleon systems (SU(3)r point)

NPLQCD,
Yamazaki et al.,
CalLat (2015)

1q-T

AP-a)y

Compact, hexa-quark
creation operator

Deep bound di-nucleons

Hadron Spectroscopy
Lattice 2024, Liverpool

HAL QCD Potential

¢ t=17 t=14 t=11

40 '

[

Il 8 b t=16 =13 I t=10
o

t=15 t=12 $ t=9

00 05 10 15 20 25 30 35
r[fm]

diffuse - wall source

no bound state

A. Walker-Loud, Lattice 2023

“Mainz” (Distillation)
CoSMoN (stochastic LapH
NPLQCD (sparsened momentum)

e %

Q-

e (P—4)y

e—i(P—n)-yil

momentum-space
creation & annihilation

positive-definite correlation matrix

no bound state
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NN Scattering @ heavy SU(3) symmetric point

Bulava, Clark, Gambhir, Hanlon, Horz, Joo, Korber, Meyer, Monge-Camacho, Morningstar, Moscoso, Nicholson, Romero-Lopez, Rrapaj, Shindler, Skinner, Vranas, Walker-Loud
m preparation, update of Horz et al., PRC 103 (2021) [2009.11825]

1.2

—|-Tig(P2, =0)
1.0 —@—A2E(P2, =1) Deuteron channel :
—e—A2A(P, = 3) o CLS action; m; = mg = 714 MeV,a = 0.086 fm, L/a = 48
0.8 —e—E(P2, =3)
é: o Iﬁﬁﬁ;( ;tgj): 2 o Designed to address decade-l‘ong controversy on whether or not NN
== ——B2(P2, =2) form bound states at heavy pion mass
‘:8 0.4 EEEHAL QCD Potential
S o stochastic LapH method [1104.3870] used to construct basis of
2 00—l operators, which are rotated with GEVP
02 o N and NN spectrum analyzed and Liischer Quantization Condition
i | | . . used to determine scattering phase shifts
. —0.10 —0.05 0.00 0.05 0.10 0.15 el
2 2 o Our amplitude analysis rules out a bound state £ 50 on this
® cvin HX {J Ewout HX Qom/ M
. ensemble [ gcotd|,—o = 0.207(26)(sys) |
231 ; i ] o The HAL QCD potential was computed on the same ensemble
. HX dominated state o phase shift from large-t extrapolation of potential
iz.z:— E o resulting phase shift 1s qualitatively consistent
mu r 1 . . . .
21 & & * e ] o do not expect discretization errors to be the same in both
& § 0
- : o methods
2+ E S s o = :
o Found that hexa-quark (HX) operators do not influence the spectrum
1=0 T, (0) I=1 A, (0)

12



The deuteron is likely to be a shallow bound state at m,; ~ 432 MeV.
The dineutron/diproton is a scattering state or a shallow bound state.

A conclusive result still needs further improvement in accuracy and systematics.

...Zi-Yu Wang et al: , Wednesday parallel talk
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H Dibaryon

Bound state of two 4 AA (udssud) Proposed by Jaffe (1976)
> If the ground state is below the two-Lambda threshold, then it will be bound

> If it exists (below 2P) it will be stable and could be a candidate for SM dark matter?
(May not be as oxygen will not get produced with that! @S. Reddy)

No H dibaryon ARl s s g i b i) e e - S
- - x o

expected signals for Bf(Y >HX)=1/208f(Y->dX) 35 :— ¥(29) -E €, [ (c) ALICEpp Vs =7TeV .

i i g == s F +-Y(3S) B O 3¢ ro=1.125+0.018 ‘goir fm

1 i RN N\ 44 e 3f Y(2S)+Y(38) 3 %t } AA®RApairs ]

fE pr T ) 1] o LT = e 5

b ' [l :: i f..'."-'- ;l** + L, 3 s inti

- LT } AL o ERERE S nE Ry GBS, x Petttanniniann e —— ] o | Syst. uncertainties E

. ] I’-J-'d*'d-_'hl‘b H % . _)*"[ Jf > »I N E 25F —: 25 ) Femtoscopic fit ]

o 3 .K,---:-,,,.54.,.};1;ﬁ..gl;l.laﬂ[\,{i}.[;lr o SEpeC Q\ ! ? £ 3 Py - —— Femtoscopic fit (STAR) 1

g e sy \é“ s TT,J s ]

ST R e -M(,\ﬁx;—zn‘\'\'(MeV) “ S MUAA) zm:(;\new E N ]

¢ 0“ o 15 - 1.5 3 ]

FUE = ! . C ]

; Ye’gﬂﬁﬂ‘ 5'\9“ . Y= X/_i/—\ l _! 1B _‘-: ] 3 R _

E O T e ‘F— = }‘ - - i ]

e LT hadeor TT 1 s - . :

- i i 4 l’l;l‘-:]ﬁ!‘:- : Lok - {‘t"‘l"lf o:“.1...1...1...1...1...l...l...l...l...l...I: SN B B B

— e 0 02 04 06 08 1 12 14 16 18 2 22 0 0.05 0.1 0.15 0.2
M(Apr)-2m,  BH-Kim etol (Bell) RL 110, 222002 (2013) M(AA)-2m, mg (GGV) Kk* (GeV/C)
BABAR Collaboration: Alice: Phys. Rev. C 99, 024001 (2019
Belle: PRL 110,222002(2013) y ' (2019)

Phys. Rev. Lett. 122, 072002 (2019)

No signal is observed

. . - New results from JPARC soon?
in Y decays (90% confidence limit) . ,
Lattice 2024, Liverpool for the J-PARC E42 collaboration




H-dibaryon at SU(3)y symmetric point

01y 12246
30 1 L>24fm,|p?| <m2/4 }
z L=~2.1fm '
220 - |
S0 y t *
$ t
0

0.000 0.002 0.004 0.006 0.008 0.010
a* (fm?)

e

By = 4.5641.1341a04+0.634y McV.

Green et al : Phys. Rev. Lett. 127 (2021) 24, 242003

Hadron Spectroscopy
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40 1 } CLS
I ' OpenLat
~30) 1 { MDWF/HISQ
% { MDWF/CLS
220 1 | } MDWF 104/CLS
¢ sm clov/CLS
o§10 b A 4 h
*** *Tf = *
0 | | | | |
0.000 0.005 0.010 0.015 0.020
a* (fm?)
Green (parallel: Friday)
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Are there heavy Dibaryons?
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Deuteron-like heavy dibaryons
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Deuteron-like heavy dibaryons

np ) ccb-{2 cbb

B%

Dud
Dbs Dcs

ﬂbgbb -Qc-ﬂcc

Junnarkar and NM : Phys. Rev. Lett. 123, 162003(2019)
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Most beautiful dibaryons! '

Qppb

A4

Qppp

NM, Padmanath and Chakraborty: PRL 130, 111901 (2023)
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(MeV)

Heavy Dibaryon Candidates?

50

25 -

_25 -

50 -

_?5 -

-100 -

-125 4

-150 -

PRL 123,162003 (2019): Junnarkar, NM
PRL 130, 111901 (2023): NM, Padmanath and Chakraborty

PRD 106, 054511 (2022): Junnarkar, NM Also, Dhindsa (Friday, parallel talk)

Need to study these with rigorous amplitude analysis .
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HALQCD:PRL,127, 072003 (2021)
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Signal yield: 57%8events

Significance > 50

o(pp—J/wd/wd/wX)
= 272 *141_,o4 (stat) = 17 (syst) fb

Nature Physics 19 (2023) 338

CMS 133 fb' (13 TeV CMS 133 fb' (13 TeV CMS 133 fb' (13 TeV
%10:""1 R o T P L %10:'1" T LR S %10:'1 T L B
= 9F ¢4 Data 3 = 9 ¢ Data - = 9 4 Data =
o E ] o E ] o E 3
v gE — Total fit 3 v gE — Total fit 3 © gk — Total fit 3
.g 75_ Jiy Jiy Jly signal _: .g 75__ Jhy Jiy Jhy signal _f .g 75_ Jiy Jhy Jly signal _i
o F ] o F 3 o F 3
@ 6f i 4 6 {1 4@ 6 E

5 : 5F 5
s I e I o9
2f : 2 3 2 E
ot 7 IR NS docfd-backedoedbla 4 G:..-.-A.-....;-.ﬂl
2.9 3 3.1 3.2 3.3 2.6 2.8 3 3.2 2.6 2.8 3 3.2
m,,.1[GeV] m,,.» [GeV] m,, 3 [GeV]
,;:'1‘\'.:;:‘.‘\; Ry, 13 1] =
iR 6¢c” search in future? Fr
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Heavy Nuclei (unphysical)

Nuclei withm,, = myg = m,

. 9r oogns® ones L4
Ol %LJ gJo.---'l"§§§E§ AX3
.,_U__ 8 - 1|s 2|4 3I2
= C A N
: N
— \ B2 —

57 £ iigiﬁiﬁﬁﬁiﬂﬁﬂ
E‘U 6 L Q‘ 4 28 a2 40
I He LI
asentiesstiai
S L3 3 ? 2'4 ;2
40 He
g ® 28 ';-llgigiijiiliiiiii E§E§E
2 3 “H : : )
S o ® ] ® 1
D ssssstitesstes
"‘m—' 2 r lH 1.3 “—.l'-l‘!i

1 hl | | | | | \. | .\ | \;O | | I| | | 50

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Time (1)

= The strong binding mechanism for such fictitious states could be very different.
= They could be very small in spatial sizes

= They could be bound by gluon exchanges and such models can be developed

to check if that is indeed true.
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Exotic Nuclei !

Nuclei with one or more hyperon, charmed or bottom baryons

Events/ ( 0.001 GeV/c?)

npn — npA,npE ,npA.,npE.,,npA,, npE, etc.

= Similar to hypernuclei, such as /31H ALICE: PRL 131, 102302 (2023)

charmed-nuclei, bottom-nuclei
(one or more quarks in a nucleon is (are) replaced by charm or bottom quarks)

3 3
iLH g H etc.

cc

. : A A
And in general, XQN» XQQN’ etc.
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Outlook

* Repeat the previously performed calculations with realistic lattices (spacings and volume)
= To match/confront experiments (Proof of principle to gold plated results)
= Learn the movement of pole positions w.r.t. dialing the quark masses = binding mechanisms

* EXotics:
= Predicting more exotics with gold standard (aiding discovery)
= Understanding the pole structures of exotics
= Understanding the structure of exotics: radiative transitions, form factors?

* Study of strongly-coupled multihadron states to extract long-range electroweak matrix elements.
Plenary: Felix Erben

* Mapping the baryon resonances: baryon-mesons interactions

* Studies on multi-baryons:
= Baryon-baryon interactions, scatterings = nuclear frontier (Are we ready?)

= Towards calculating matrix elements of nuclei

Hadron Spectroscopy
Lattice 2024, Liverpool
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X, Y, Z-type four quarks (LHCb, Belle, BES)
/ Q: Q9,9 \

Ex: Z, = bbud, Z.= ccud etc.

iankﬁl<:

Q:iq; + quk

Pentaquarks: LHCb (2015,2019,2022)

-

Q; 61' + q,qy

0
N /

~

Qi Q9+ 9:9m
Ex: P. = ccuud

/Q iQ + QG q19m
—__—»mQ; + Qiqrqi

Q; Q CIkCIlq"qu?ﬁ QiqZT:/

q:9; + Qiq

Multiple decay modes
Close to thresholds
Presence of disconnected diagrams

with bigger volumes and smaller lattice spacings)

Hadron Spectrascopy

Both heavy and light quark together (multiple lattices

Lattice 2024, Liverpool

Difficult for lattice QCD precision study
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/ Z, = bbud Belle(2011) \

bbud - BB*,Ym

y

B* . a

B w

--------- }--i---t--i——qr

4 ¢

3 4 5 6
r/a

= Born-Openheimer approach with static b-quarks

= Attraction between B and B*was found
Prelovsek et al: Phys. Lett. B 805 (2020) 135467

K Bicudo et al: Phys. Rev. D 101, 034503 (2020) /

Hadron Spectroscopy
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~

¢ = ccuud LHCb (2015, 2019)

S 1.6 s
© 15 —-

R R, P.(4449 N(2) co(-2
£ 1.3 - Plase) - (}C*:’( )
%12 - __N(1) ce(-1)
£ 1.1 . .
¥ 1.0 —_ ——N(0) ce(-0)
109

NI NJIy
No interaction was found in NJ /i channel

KSkerbis et al: Phys. Rev. D 99, 094505 (2019) /
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Strong-decay thresholds for dibaryons

Dibaryon Possible thresholds Lowest threshold
H AANE, 22 AA

Hc N"‘tUALAL!LtLt NECC

Hp NE Epb. AbAhs ZpLy, Epb

Ht:si Z'QH ! '_"_'{ c? r L Z Q ZQ{{

Hpsi BBy, Eths 255 2 EEyp),

Hbt:f Z, Q{hh! —cc '—'bbﬂ Zbg'ubr fb'—‘tb 2‘f:Q‘.f:Jl'u';!
Hbcs Qc‘ chb’ Q’ccﬂbb! chgcba ngcch Qfgrhh
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~ Non-interactin

g two-baryon energy levels

Bottom
1 1 3 3
MZ + M2 > M2 + M2
Iy Qpbb
1 1 3 3
M3 +MZ >MZ +M2
b bbb
1 1 3 3
MZ +MZ > M 2
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