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Perhaps a Stable Dihyperon®
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In the quark bag model, the same gluon-exchange forces which make the proton lighter
than the A(1236) bind six quarks to form a stable, flavor-singlet (with strangeness of
~2) JP =0* dihyperon (H) at 2150 MeV, Another isosinglet dihyperon (H*) with JZ =1*
at 2335 MeV should appear as a bump in AA invariant-mass plots. Production and de-
cay systematics of the H are discussed.

e “Nagara event”: Observation of a Af\ He double-hypernucleus
Binding energy: Bapn =7.25+£0.19 (fgﬁ)MeV

Interpreted as sequential weak decay of A?\ He :

myg > 2ma — Baan = 2223.71 MeV @ 90% CL

[Takahashi et al., PRL 87 (2001) 212502] [See Avraham Gal’s talk in this session]
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Hyperon-hyperon interactions and the H Dibaryon

Hyperon-hyperon interactions
e Relevant for the physics of (double) hyper nuclei, neutron-rich matter, neutron stars

e No experimental information available (AA-scattering not viable experimentally)

Deeply bound udsuds state (“sexaquark”) proposed / discussed as dark matter candidate:
[G.R. Farrar, A. Strumia et al.,...]

myg < 2(m, + m,) = 1877.6 MeV = H dibaryon absolutely stable

my > 2(m, + B.E.) = 1860MeV =  Nuclei absolutely stable
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Hyperon-hyperon interactions and the H Dibaryon

Hyperon-hyperon interactions
e Relevant for the physics of (double) hyper nuclei, neutron-rich matter, neutron stars

e No experimental information available (AA-scattering not viable experimentally)

Deeply bound udsuds state (“sexaquark”) proposed / discussed as dark matter candidate:
[G.R. Farrar, A. Strumia et al.,...]

myg < 2(m, + m,) = 1877.6 MeV = H dibaryon absolutely stable

my > 2(m, + BE.) = 1860MeV =  Nuclei absolutely stable

Recall: 2mpa = 2230 MeV
my = 2150 MeV (Jaffe’s bag model estimate)

my > 2ma — Baax = 2223.7 MeV (Nagara event)

— Scenario requires very large binding energy of ~ 360 MeV
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Dibaryons in Lattice QCD

Computing the hadron spectrum in Lattice QCD

Spectral information encoded in correlation functions

D (V— _ _ (Yo—Xp)—0 _ _
N PO (004(1) Ofy(0) = > wa(pye BP0 U ) e Eipin)
X,y n

Onad(Xx) : interpolating operator
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Dibaryons in Lattice QCD

Computing the hadron spectrum in Lattice QCD

Spectral information encoded in correlation functions

1 (V— _ _ (Yo—X0)—00 _ _
N PO (04a(3) Ofy(0) = > wa(pye BP0 VI ) e Eriov—)
X,y n

Onad(Xx) : interpolating operator

e Projects on all states with the same quantum numbers

e.g. Nucleon: Oy = €y, (u“ Cys db) u‘
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Dibaryons in Lattice QCD

Computing the hadron spectrum in Lattice QCD

Spectral information encoded in correlation functions

(Y _ _ (Yo—xp)—00 _ _
Z elP(y—x) <Ohad()7) OEad(x)> _ Z wa(p) e E,(p)(yo—xo) 5 wi(p)e Ey(p)(yo—xo)
n

X,y
. - I 1 Nuéleon §2pt ftjnctioh
Onaa(x) : interpolating operator T e e
¢ | s s s ;
: : ¢
e Projects on all states with the same quantum numbers 1400f - HHI --------------- — — AU S—
| 7 | | | LT

e.g. Nucleon: Oy = €y, (u“ Cys db) u‘

e Ground state dominates at large Euclidean times:

1000 T

sooll & N6 (a=0.050 fm)
¢ F6 (a=0.063 fm) |:

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
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Dibaryons in Lattice QCD

Computing the hadron spectrum in Lattice QCD

Spectral information encoded in correlation functions

(Y _ _ (Yo—xp)—00 _ _
Z elP(y—x) <Ohad()7) OEad(x)> _ Z wa(p) e E,(p)(yo—xo) 5 wi(p)e Ey(p)(yo—xo)
n

X,y
. - I 1 Nuéleon §2pt ftjnctioh
Onaa(x) : interpolating operator T e e
¢ | s s s ;
: : ¢
e Projects on all states with the same quantum numbers 1400f - HHI --------------- — — AU S—
| 7 | | | LT

e.g. Nucleon: Oy = €y, (u“ Cys db) u‘

e Ground state dominates at large Euclidean times:

oot o 7

[=Yy—X = | '
800} I NO (CL:0.05O fm) _______________________________________________________________
. . ] _ $ F6(a=0.063 fm) |: | | |
e Excited states are sub-leading contributions S e ve ve ot 14
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Dibaryons in Lattice QCD

Flavour structure of two octet baryons:
S8=108027)s® (8010 10),

e Hdibaryon lies in 1-dimensional irrep of SU(3)g..0ur
e Upon SU(3)-symmetry breaking, 8 and 27 mix with singlet

e Singlet, octet and 27plet operators constructed from linear combinations of AA, 22 and NE

operators
1 I=0 3 I1=0 4 = q1=0
eg. [1]=- g[AA] + g[22] + g[an]
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Dibaryons in Lattice QCD

Flavour structure of two octet baryons:
S8=108027)s® (8010 10),

 Hdibaryon lies in 1-dimensional irrep of SU(3)q.vour
e Upon SU(3)-symmetry breaking, 8 and 27 mix with singlet

e Singlet, octet and 27plet operators constructed from linear combinations of AA, 22 and NE

operators
1 I=0 3 I1=0 4 = q1=0
eg. [1]=- g[AA] + g[22] + g[an]

Other dibaryons:

e Dineutronliesin 27 irrep

e Deuteron lies in 10 irrep with J =17

Hartmut Wittig



Dibaryons in Lattice QCD

Interpolating operators for the H dibaryon

Hexaquark operators (inspired by Jaffe’s original bag model calculation):

[rstuvw] = €; jk€mn (si C)/5P+tj ) (vl C)/5P+wm) (rkCy5P+ u”)

|
HWY = 13 ([sudsud] — [udusds] — [dudsus])

|
H®? = (3[sudsud] + [udusds]| — |dudsus])
483
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Dibaryons in Lattice QCD

Interpolating operators for the H dibaryon

Hexaquark operators (inspired by Jaffe’s original bag model calculation):

[rstuvw] = €; jk€mn (si C)/5P+tj ) (vl C)/5P+wm) (rkCy5P+ u”)

|
HWY = 13 ([sudsud] — [udusds] — [dudsus])

|
H®? = (3[sudsud] + [udusds]| — |dudsus])
483

Momentum-projected two-baryon operators:

B, = |rst]l, = €k (SiC)/5P+tj) rfy

(BBXP;1) =y e PFB(x,1)(CysPy) » € PYBy(y.1), P=p,+p,
y

X

— project onto (BB)'", (BB)®, (BB)*”
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Dibaryons in Lattice QCD

Interpolating operators for other dibaryon channels

Building block: B, = [rst], = € (SiCy5P+tj) rfK

Spin-1 interpolator:

(BB)(py,py) = ) ¢ "7 Bi(x, 1) (CYiPy) ) e PV Ba(y, 1)
y

X

Deuteron:

1
(BB)}. =~ ), (BB)(-p.p)

p; p*=n
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Dibaryons in Lattice QCD: Correlator matrices and GEVP

Consider set on NOp interpolating operators for a given hadron:

Correlation matrix: Cii(P, 1) = <0,-(P, 1O (P, t’)T>, T=t-t, i,j=1,...,Nyp

e Variational method: solve Generalised Eigenvalue Problem (GEVP)

C(t1) va(t1, 1) = Au(11, 1) C(2p) va(ty, fo)

wi(t1,t0) C(t)) = A,(t1, 1) wi(t1,10) C(tg), n=1,..., N

 Project onto approximately diagonal correlator:  A,,,,,(¥) = w:fl Cit)v,
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Dibaryons in Lattice QCD: Correlator matrices and GEVP

Consider set on NOp interpolating operators for a given hadron:
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C(t1) va(t1, 1) = Au(11, 1) C(2p) va(ty, fo)
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energy level: E,' (1) = Aitln A A(’;nf)At)

h

e Compute the effective n'
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Dibaryons in Lattice QCD: Correlator matrices and GEVP

Consider set on NOp interpolating operators for a given hadron:

Correlation matrix: Cii(P, 1) = <0,-(P, 1O (P, t’)T>, T=t-t, i,j=1,...,Nyp

e Variational method: solve Generalised Eigenvalue Problem (GEVP)

C(t1) va(t1, 1) = Au(11, 1) C(2p) va(ty, fo)

wi(t1,t0) C(t)) = A,(t1, 1) wi(t1,10) C(tg), n=1,..., N

e Project onto approximately diagonal correlator:  A,,,,() = w:fl cCiv,,

1 A, (t
energy level: Ef’lff(t) = —In )

At A, (t + Ar)
e Distillation: quark propagator with Laplace-Heaviside (LapH) smearing:

N LapH

SD'S, S(t)(x,y) = Z VP(x, 1) ® V(k)(y, 1)’ (V& - kM eigenvector of Laplacian A)
k=1

e Compute the effective n'™
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Dibaryons in Lattice QCD

Finite-volume quantisation condition .
7((p2) . 2 — 2 scattering amplitude

det (7'(‘1(]92) — B(p?, L)) =( B(p*, L) : analytically known function

p2 . scattering momentum
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Finite-volume quantisation condition .
7((p2) . 2 — 2 scattering amplitude

det (7?_1(192) — B(p~, L)) =0 B(p*, L) : analytically known function
p2 . scattering momentum
2 D 2 D/ 2 1 S I
Swave:  peotd(p) = = Zg(1.q). q=pLi2n.  Zg(.q) = = q; T

Scattering momentum: p” = %(Eﬁ ~P-P)—m;
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Dibaryons in Lattice QCD

Finite-volume quantisation condition .
7((p2) . 2 — 2 scattering amplitude

det (7?—1(]92) — B(p~, L)) — () B(p®, L) : analytically known function
p2 . scattering momentum
2 D, 2 D/ .2 1 N 1
Swave:  peotd(p) = = Zg(1.q). q=pLi2n.  Zg(.q) = = q; T

Scattering momentum: p” = %(Eﬁ ~P-P)—m;

1
pcoto(p) —ip

Pole of scattering amplitude: A
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Dibaryons in Lattice QCD

Finite-volume quantisation condition

det (XK' (p*) - B(p*, L)) = 0

S-wave: pcotd(p) = z2A,q%), q=pL/2n,

2
yLNr
Scattering momentum: p” = %(Eﬁ ~P-P)—m;

1
pcoto(p) —ip

Pole of scattering amplitude: A

Fit to effective range expansion:

1

= pCOtéo(p)=A+Bp2+... = — —p2

Hartmut Wittig
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B(p?, L) :
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2 — 2 scattering amplitude
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The Mainz dibaryon project

Past and present members:

Anthony Francis, Jeremy Green, Andrew Hanlon, Parikshit Junnarkar, Padmanath Madanagopalan,
Chuan Miao, Srijit Paul, Tom Rae, H.W.

Based on CLS ensembles with N, = 2 and Ny = 2 + 1 flavours of O(a) improved Wilson quarks
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Anthony Francis, Jeremy Green, Andrew Hanlon, Parikshit Junnarkar, Padmanath Madanagopalan,
Chuan Miao, Srijit Paul, Tom Rae, H.W.

Based on CLS ensembles with N, = 2 and Ny = 2 + 1 flavours of O(a) improved Wilson quarks

Methodology:
e Variational method: point-to-all (Z\Q = 2) and timeslice-to-all propagators
e Exact distillation: timeslice-to-all propagators [Peardon et al., PRD 80 (2009) 054506]

e Finite-volume quantisation

e \Various dibaryon channels — extension to charmed tetraquarks
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The Mainz dibaryon project

Past and present members:

Anthony Francis, Jeremy Green, Andrew Hanlon, Parikshit Junnarkar, Padmanath Madanagopalan,
Chuan Miao, Srijit Paul, Tom Rae, H.W.

Based on CLS ensembles with N, = 2 and Ny = 2 + 1 flavours of O(a) improved Wilson quarks

Methodology:
e \Variational method: point-to-all (Z\Q = 2) and timeslice-to-all propagators
e Exact distillation: timeslice-to-all propagators [Peardon et al., PRD 80 (2009) 054506]

e Finite-volume quantisation

e \Various dibaryon channels — extension to charmed tetraquarks

Collaboration within “Baryon Scattering” (BaSc) Collaboration
e Stochastic LapH on large physical volumes [Morningstar et al., PRD 83 (2011) 114505]

e Alternative discretisations: exponentiated Clover, domain wall

Hartmut Wittig



The H Dibaryon: Pilot study in 2-flavour QCD

e Pion masses match earlier calculations by NPLQCD and HALQCD
e Point-to-all propagators: asymmetric GEVP

e Hexaquark operators have poor overlap onto ground state

e Distillation: much better signal

e Finite-volume quantisation yields smaller binding energy
[Francis et al., PRD 99 (2019) 074505]

Hartmut Wittig
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The H Dibaryon: Pilot study in 2-flavour QCD

e Pion masses match earlier calculations by NPLQCD and HALQCD

e Point-to-all propagators: asymmetric GEVP

=)

<H(t)HT (0))

e Hexaquark operators have poor overlap onto ground state

T
e Distillation: much better signal (BBOH'(0)

e Finite-volume quantisation yields smaller binding energy
[Francis et al., PRD 99 (2019) 074505]
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The H Dibaryon: Pilot study in 2-flavour QCD

CLEeff

Pion masses match earlier calculations by NPLQCD and HALQCD
Point-to-all propagators: asymmetric GEVP

Hexaquark operators have poor overlap onto ground state
Distillation: much better signal

Finite-volume quantisation yields smaller binding energy
[Francis et al., PRD 99 (2019) 074505]
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The H Dibaryon: Pilot study in 2-flavour QCD

CLEeff

Pion masses match earlier calculations by NPLQCD and HALQCD

Point-to-all propagators: asymmetric GEVP

Hexaquark operators have poor overlap onto ground state

Distillation: much better signal

Finite-volume quantisation yields smaller binding energy

[Francis et al., PRD 99 (2019) 074505]
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Dibaryons in QCD with 3 and 2 + 1 flavours

Use CLS ensembles with N, = 2 + 1 flavours of O(a) improved Wilson quarks
e Six lattice spacings: a = 0.099 — 0.039 tm; pion masses m_= 130 — 420 MeV

e Timeslice-to-all propagators; chiral trajectory: 1r M, = const. < %mﬁ + m%{ ~ const.
450 L 1
1500 N‘SOO NQOQ‘(HQOO) BA50 H.lOl A.653
400 - o ® ;
350 L J501 N302 N203 Sioo H‘m A654
o © ¢ o
2 300 | N200 N451 N101 (H105) .
=) J303 O O O
S @
s 207 buso  C101 _
D200 ® ®
200 - E300 ¢ |
® D452
150 |- E250 o 1
Do @ oo
100 | | | | | |
0 0.0392 0.0502 0.0652 0.077°  0.0852 0.0992
a? [fm?]
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Dibaryons in QCD with 3 and 2 + 1 flavours

Use CLS ensembles with N, = 2 + 1 flavours of O(a) improved Wilson quarks

e Six lattice spacings: a = 0.099 — 0.039 tm; pion masses m_= 130 — 420 MeV

1 2

e Timeslice-to-all propagators; chiral trajectory: 1r M, = const. < zmjzr + my ~ const.
450 :
- N.SOO N202 (H200) o HIOI Scaling test at m_ = my ~ 420 MeV,
400 SU(3)-symmetric point (published)
35() J501  N302 N203 Sioo H.m A654
o © * ®
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=) 1303 o ® °
: o
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100 | |
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Dibaryons in QCD with 3 and 2 + 1 flavours

Use CLS ensembles with N, = 2 + 1 flavours of O(a) improved Wilson quarks
e Six lattice spacings: a = 0.099 — 0.039 tm; pion masses m_= 130 — 420 MeV

e Timeslice-to-all propagators; chiral trajectory: 1r M, = const. < %mﬁ + m%{ ~ const.
450
- N.S()O N202 (H200) o HIOI Scaling test at m_ = my ~ 420 MeV,
400 SU(3)-symmetric point (published)
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Dibaryons in QCD with 3 and 2 + 1 flavours

Use CLS ensembles with N, = 2 + 1 flavours of O(a) improved Wilson quarks

e Six lattice spacings: a = 0.099 — 0.039 tm; pion masses m_= 130 — 420 MeV

e Timeslice-to-all propagators; chiral trajectory: 1r M, = const. < %mﬁ + m

2
© ~ const.

N300  N202 (H200) H101
J500 @ B450

Scaling test at m_ = m; ~ 420 MeV,
SU(3)-symmetric point (published)

5400 H102

N200 N451 N101 (H105)

Scaling test at m_ ~ 280 MeV, broken SU(3)
(ongoing)

ol £950 o : Stochastic LapH at m, ~ 200 MeV, — in collab. with BaSc
Do @ -
100 | |
0 0.039% 0.0502 0.0652 0.0772  0.0852 0.0992
a? [fm?]
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H Dibaryon at the SU(3)-symmetric point

2.0 2.5 30 2.0 2.5 30 2.0 2.5 30 2.0 2.5 30 2.0 2.5 3.0
L (fm) L (fm) L (fm) L (fm) L (fm)

— . nteracting spectrum in continuum limit

------- . non-interacting levels
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H Dibaryon at the SU(3)-symmetric point

Continuum extrapolation

lattice
uantization?”

E(L,a) ——» 4(p* a)
Finite-volume quantisation condition only valid in continuum limit

Perform combined fit of p cot 5(p) in both p*and a : a— Ol la =0
N-1 |
pcoto(p) = Z Ci Pzz = —4\/—-p>, ci=cjp+ c,-laz E(L) —— 6(p?)
=0 quantization

Hartmut Wittig



H Dibaryon at the SU(3)-symmetric point

Continuum extrapolation
Finite-volume quantisation condition only valid in continuum limit

Perform combined fit of p cot 5(p) in both pZand a :

N—-1
.
pcoto(p) = Z Ci Pzz = —4\/—P%, Ci=ci+ Cilaz
1=0
407175 L>2.4fm

304 1 Lz24fm, [p?| Smy/4 “

% L~2.1fm

S

0

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

= B’ =4.56+1.13 +0.63MeV

Hartmut Wittig
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H Dibaryon at the SU(3)-symmetric point

Continuum extrapolation

lattice
uantization?”

E(L,a) ——» 4(p* a)
Finite-volume quantisation condition only valid in continuum limit

Perform combined fit of p cot 5(p) in both pZand a : a—0 a—9
N-1
_ 2i 1 _ 2 E(l) — > 2
pCOt 5(17) — Z ¢;p = — —p2 . C; = Cjo +Ccj1a (L) continuum o(p°)
=0 quantization
40 -
¥ L>24fm 804 % HALQCD
304 1 Lz24fm, |p*| Smz/4 ¢ NPLQCD ¢
% L~?2.1fm 604 ¥ Nf=2,a=0.066fm
20 - e - $ Ny=3,a—0 +
< S e y 1w
10 - 4!/ [ ; +
$— t Q90 - X
0 | | | | | | +X
0.000 0.002 0.004 0.006 0.008 0.010 0 04
a’ (fm?)
N :3 —20 | I I | | |
= BHf =456+ 1.13 £0.63 MeV 0 200 400 600 800 1000 1200
my (MeV)
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H Dibaryon at the SU(3)-symmetric point

Cross-check using “Stabilised Wilson Fermions” (OpenLat)

G
MeV i &% i
450 Q.Q%X Q.ngg .Q(bb; Q.Q%Q Q.ng; — a/fm — Q.\CLQ ]
B é | | * 'l |
100 [ T . . L 7
B |
|
B | | | | | -
350 | I | | | | —
B | | | | | =
| |
300 - | | | | | .
— I | | —
- | | | , ! 5
| v |
= | | | | | -
250 | | | | | | —
- | | | | | -
P
- | | | -
200 | . 4 | ? ! —
= I I I ? I .
- | | | | | -
150 | | | | | —
i @ X Y X § ! = Phys
continuum limit T
100 - | | | | | | | | | | | | | | | | | ||

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
(a./fm)?

D D
D . — cC cO :
wilson ( Doe DOO )
D.. + Dy, = (4 + mp) { Cow ] Fl
ee 00 — mpy) €XpP O vt yy
4 +my4 )
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H Dibaryon at the SU(3)-symmetric point

Cross-check using “Stabilised Wilson Fermions” (Openlat)

o i
450V_— % O (P (o o < a/tm NS _ 40 - * CLS
Y e e o — e || opena
350 i - E; .
o | b g . - =20 *
o Y | - mlo _‘L/#/*/ #
| - . : g% Preliminary
B S T 0.0000 0.0025 0.0050 0.0075 0.0100 0.0125
100 e e ek 612 (fmz)
0 0002 0004 0006 0008 001 0012 0014 0.016
(a/fm)?
| _ Dee  Deo

DWllson — ( Doe Doo ) |

Cow [ —

SW
Dee + Doy = (4 + myp) CXP {4 +mp 4 O-,UVF,Uvj
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H Dibaryon at the SU(3)-symmetric point

Cross-check using “Stabilised Wilson Fermions” (Openlat)

ey IR R R R N S - )
450 :_ A | Q.BX 09«06696& Q.Q%Q Q-ng; — a/fm — Q_\Q,Q _: 40 * CLS
00 T c : ' °°°°° + """" """""""""""" """ 4 30 - { OpenLat
o | R - 2 |
300 — : E : + o — %20 ] - *
- R - 3 =
01 SR - 10 - h’
0 |- .. . g1 Preliminary
: A R 0 - | | ' ' !
S & x x X é ENM P 0.0000 0.0025 0.0050 0.0075 0.0100 0.0125
100 __. I R N IR R N M BN |__ 612 (fmz)
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
(a/fm)?

v-3 [ 456+ 1.13+0.63MeV  CLS

. Dee Deo BH —
Dyiitson = D.. D.. | 541 +£1.56 £ 0.24MeV  Openlat
: \
Dee + Doy = (4 + mp) exp{ Cow ! crﬂvfw ,  (CLS: systematic error includes fit error, plus cut in a, L and p2
4 +mo 4 / Openlat: systematic error from fit uncertainty only)
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The H Dibaryon away from the SU(3)-symmetric point

Finite-volume energy levels at decreasing pion mass: [M. Padmanath et al., arXiv:2111.11541]

1.20

m_~ 350MeV, L =2.1,2.8fm
a = 0.0865 fm

1.16

1.12 A L e . non-interacting levels

1.04 -

1.00 -~ +

0.96 - A14(0) A1(1) A1(2) A1(3) A1(4)

20 25 30 20 25 30 20 25 30 20 25 30 20 25 3.0
L[fm]
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The H Dibaryon away from the SU(3)-symmetric point

Finite-volume energy levels at decreasing pion mass:

[M. Padmanath et al., arXiv:2111.11541]
1.16 -

1.14 -

1.12 -~

m_~280MeV, L =3.1,3.6fm
a = 0.0642, 0.0762 fm

———————— . hon-interacting levels

1.08 -

<

<
=]

5 1.06 -
L

1.04 -

1.02 -

1.00 -~

0.98 - A14(0) A1(1) A1(2) A1(3) A1(4)

3.0 35 4.0 3.0 35 4.0 3.0 35 4.0 3.0 35 4.0 3.0 3.5 4.0
L[fm]
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The H Dibaryon away from the SU(3)-symmetric point

Finite-volume energy levels at decreasing pion mass: [M. Padmanath et al., arXiv:2111.11541]

1.12 7 -

m_~200MeV, L =4.2fm
a = 0.0642 fm

1.10 -

1.08 - ' '
-------- . non-interacting levels

1.06 -

E cmlEnn

1.04 -~

1.02 -~

1.00 . AN

A14(0) A1(1) Ai1(2) Ai1(3) Ai1(4)

0.98 -

25 35 45 25 35 45 25 35 45 25 35 45 25 35 45
L[fm]
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The H Dibaryon away from the SU(3)-symmetric point

Finite-volume energy levels at decreasing pion mass:

1.12 7 -

[M. Padmanath et al., arXiv:2111.11541]

1.10 -

m_~200MeV, L =4.2fm
a = 0.0642 fm

1.08 -

———————— . hon-interacting levels
< 1.06 -
<
W
5
L
1.04 - e Resolve a dense spectrum of energy
levels at several pion masses
1.02 4 -7 : :
e Next: perform amplitude analysis
1.00 4 f# -
A14(0) A1(1) A1(2) A1(3) A1(4)
0.98 - | | | |

25 35 45
L[fm]
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N UC I eonN-NnNucC I eon | nte ra Cﬁ ons [Green, Hanlon, Junnarkar, HW (BaSc), arXiv:2212.09587]

Inconclusive results on existence of bound states at unphysical pion masses:

¢ N/=3HAL QCD . ¢ N/=3HAL QCD
359 & N,=3 sLapHm Dineutron 3571 & Ny=3 sLapHnn Deuteron
30 - 4 Ny=3 CalLat 30 - ! ¢ Ny=3 CalLat
~ ¢ N=3NPLQCD = ¢ N/=3NPLQCD
E 254 ¢ N/=2+1NPLQCD é) 254 ¢ N/=24+1NPLQCD
~ ¥ N r=2-+1 Yamazaki et al. ;: ¥y N r=2-+1 Yamazaki et al.
EB 2090 % Experiment o 200 % Experiment
) Q
= =
® 15 - ® 15 - !
S =
2 10- 2 10 - :
= - " NN 'S 2 NN S,
5 - 5 -
*
O 1+-———F-—-—--—------- O —————- - O====0—==== '3;1561-11-13*-- I O-————-- - O====O0===== -lcl);lT):)l_ll_lao-__
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
my (GeV) my (GeV)

Study the dineutron and deuteron channels at SU(3)-symmetric point

e Employ distillation and symmetric GEVP

e Study dependence on lattice spacing
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27-plet (NN, I = 1): spin-0 spectrum

(0,0,0) Alg (0,0,0) Eg (0,0,0) T2g * 0,0,1) Al (0,0,1) E (0,0,1) B L0,1,1) Al (1,1,1) Al (1,1, E OOV AL
. ., 8 - B T
—————————————————————————— e A B e LR P CE T et e e s Sl et it e ittt \——————————————————————————————— e e e e e

septenvigintuplet

0.1 ¢

0.0 o L e s - :

L &fm) L &fm) L &fm) L kfm) L kfm) L &fm) L &fm) L &fm) L kfm) L &fm)

* Spin-1 states (grey) identified by overlaps : non-interacting levels

 Quantisation condition factorises in spin; 'S, and 'D, are relevant
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27-plet (NN, I = 1): spin-0

Phase shift analysis: S,
: \ |
4_

oo e Levels from rest frame and first moving

H200 frame
B450

HIOL) e Fit to rational function:

A653

ttittt

Co T+ Clp2

to(p) =
p coto(p) L+ e

—0.25 (lbO (155 (130 (1%5 ]JbO ]JQS ]JgO ]J%S
(p/mn)2
e (QObserve virtual bound state

e Phase shift decreases towards continuum limit
— Discretisation effects enhance baryon-baryon interactions

Hartmut Wittig



Anti-decuplet (NN, [ = 0): spin-1 spectrum

(0.0.1) A2 0.0,1)E 0.0,1) Al (0.0,1) B (0.0,1) B2
....................... e N e AN e e NN

antidecuplet

0.1

0.0 q e e e U

L (fm) L (fm) L (fm) L (fm) L (fm) L (fm) L (fm) L (fm) L (fm)
————— : non-interacting levels
* Resolve = 300 energy levels (thickness proportional to degeneracy)

3 3 3 3
° Sla Dla D2 and D3 can be relevant (Spin-0 states (grey) identified by overlaps)
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Anti-decuplet (NN, [ = 0): spin-1 spectrum

(0.1,1) A2 % (0,1,1)BI % (0,1,1) B2 (1.1,1) A2 (1.1 E (1.1,1) Al (0.0.2) A2 O0DE
W W n

0.5 1

antidecuplet

a (fm)
0.099
0.086
0.076
0.064 -
0.050
0.039

(GeV?)

2
cm

P

R

non-interacting levels

* Resolve = 300 Energy levels (thickness proportional to degeneracy)
3 3 3 3
° Sla Dla D2 and D3 can be relevant (Spin-0 states (grey) identified by overlaps)
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Anti-decuplet (NN, I = 0): spin-1

Phase shift analysis: S,

—&— J500
—— N300 e Helicity-averaged levels from first two
— .
2 moving frames
o [/ e Neglect mixing with °D
’I, g g 1
(i6

e Observe virtual bound state — Deuteron not bound at m_ = m; ~ 420 MeV

e Phase shift decreases towards continuum limit — NN interaction enhanced by lattice artefacts
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Anti-decuplet (NN, [ = 0): spin-0 spectrum

(0.0.0) Tlu \ (0.0,0) T2 01 AL\ (0.0.) E \ Lo\ernal o\ \oLnB2 (LLD AL LD \ b%
"‘:i:;x‘ antidecuplet . 0.099
5 \ I 0.086 \
".'::.: * 0076
t 0.064
¥ 0.050
{ 0.039
8
T s — N
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" t-cut
2.0 2.5 3.0 2.0 2.5 3.0 2.0 2.5 3.0 2.0 2.5 3.0 2.0 2.5 3.0 2.0 2.5 3.0 2.0 2.5 3.0 2.0 2.5 3.0
L (fm) L (fm) L (fm) L (fm) L (fm) L (fm) L (fm) L (fm)
4-parameter fit to 70 energy levels ——— : non-interacting levels

p3 cot (51191 = Co + Clpz, p3 cot 51F3 = Cy + 63p8 (good fit quality without terms describing lattice artefacts)
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COU plEd pa rﬁa' waves [Green, Hanlon, Junnarkar, HW (BaSc), arXiv:2212.09587]

’S; —°D, : Ansatz for K-matrix: Blatt-Biedenharn parameterisation

e 1 O COS €] —SIN € pcotoy, 0 COS €  SIn € 1 O
10 p2 SIN€;  COS € 0 pcotds — S1n € 0 p?

COS €] P
_ 3 3
61—0 < a ~ Sl, IBN D1
2.5 - N 0.4 _gi 0,1, 1)
$021—E 0 013 =0 : energy levels impose constraints
2.0 E e A D U Y ) =
P01 T1g0.0.0) ,
_ Boo + (Bo1 + Bio)x + Bi1x L
pCOto, = 5 , X=p “tane¢
1+ p*x
Fit spectrum on N202 to
_ 2 —2 _
pCcotoy, =cp+cop”, p “tane€ = c3
—0.5 A
—10 | |
_3 ) —1 0 1 2
(mz/p)?*tang;
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COU plEd pa rﬁa' waves [Green, Hanlon, Junnarkar, HW (BaSc), arXiv:2212.09587]

’S; —°D, : Ansatz for K-matrix: Blatt-Biedenharn parameterisation

~ 1 1 O COS €] — SIN € pcotoy, 0 COS €]  SIN € 1 O
K a o . ol 2
0 p SIN€;  COS € 0 pcotds SIN € COS €] 0 »p

Fitted p cot 8, and €, versus p” :

Sign of ¢, opposite to experiment

_1.0 I I I I I I
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Conclusions — Outlook

* Distillation, GEVP and Finite-volume Quantisation:
Detailed and precise studies of two-particle interactions

* Discretisation effects are sizeable:

e Binding energy of H dibaryon much smaller in continuum limit: O(5 MeV)
e |attice artefacts enhance strength of hadron-hadron interactions
e Confirmed using different lattice actions

* No bound states in dineutron and deuteron channels observed at m_ = m; ~ 420 MeV
* SU(3)-flavour breaking makes amplitude analysis much more complicated

* Mixing with higher partial waves under study

Hartmut Wittig
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Detailed and precise studies of two-particle interactions

* Discretisation effects are sizeable:

e Binding energy of H dibaryon much smaller in continuum limit: O(5 MeV)
e |attice artefacts enhance strength of hadron-hadron interactions
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Backup
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The H Dibaryon in 3-flavour QCD

Source positions on ensembles with SU(3) symmetry

J500
N 3 OO €GP PP , , ,
FIG. S4. Location of source times on all ensembles. Triangles
N — e e e e i e s indicate sources used for only forward-propgating or backward-
propagating states, and squares indicate sources used for both. When
HZOO ................................ e e e = D= P P P cenesnssnsssnsssnsssnssanas present, green line segments indicate the range over which sources

were randomly shifted on each gauge configuration.

E 1 B T e N = B =

0 2 4 6 8 10 12
t (fm)
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Charmed tetraquarks

Consistency of different fit procedure to extract ground state

0.016 T | | | | |
I | | | Figure 2: Comparative study of single exponential fits to 1V () [exp] and (™ (¢) [r-exp] for the first excited
0010 O AE state in the A irrep of P? = 2 moving frame in the N200 ensemble. AE.g is the effective energy difference
' ® rexp and i, refers to the boundary of the chosen fit range close to the source time slice. The cyan horizontal line
| @ exp | indicates the chosen fit.
0.008 |- B —
I i ) 1
<4Qmm——:i _ | u
S
BRI iedt o ,,
O & f@ =0+~ @ [ [ | i -2
0 [0) r Y= -H.. 1 I_
-0.004 L —
)
‘ ‘ >
-0.008 | | | | | | | | | | HON 2
14 16 18 20 22 24 ~ )i
tmin/a mm
< ! | |
®4
-10F o Baso
< N300 1 Al
_12 L | 1 1 1 1 1 ]
0.5 0.75 1 1.25 1.5 1.75 2 2.25
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The HAL QCD Method

Baryon-baryon potential from Nambu-Bethe-Salpeter amplitude computed on the lattice

Gy(r,t —1y) = <O ‘(BB)(Q)(I’, 1) (BB)'“(r, to)| O> = ¢(r, 1) e~ M=)

(BB)Y(r,t) - 2-baryon interpolating operator; flavour irrep. o

¢(r,t) : NBS wave function

M . single baryon mass

[—Hy — (0/00)] ¢(r, 1)
o(r, 1)

e Determine potential via V(r) =

e Solve Schrdodinger equation — determine binding energies and scattering phase shifts
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The HAL QCD Method

Details of the calculation:

Ny, =2+ 1, O(a) improved Wilson fermions

Single lattice spacing: a = 0.0846 fm; Volume: L ~ 8.1 {fm
Near physical point: m_= 146 MeV, m; = 525 MeV

t/a=11
- M(11 . . .
+00 VP(2So) ta=12 e AA interaction weakly attractive
75 - t/a=13 .
e No bound or resonant dihyperon near AA
[ | 50 . .
> threshold observed at the physical point
g 25
> 0 T ANEREEY
—25
-50
- [Sasaki et al., Nucl Phys A998 (2020) 121737, arXiv:1912.08630]
0.0 0.5 1.0 1.5 2.0 2.5 3.0

ffm]
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Charmed tetraquarks

LHCb: observation of doubly charmed tetraquark 7% with = 0, J* = 1% close to D" *D" threshold

~J
-
T

= o LHCh s ; EE e Lattice QCD: discretisation effects may be large for
< -1 2% : ] C
= ¢ Mg ﬂ heavy quark systems
— S0 = s i - : : : :
< F £ 10 I +% : e Perform scaling test for different lattice spacings
- 40 i A e
- | | Iﬁl giti DODOrt A AN r-
30 :_ :\ i —_——— B;Cckground oDt [GGV/C ] _: -2
- Total _
20 ﬁ DD el | + E LTI b
- _ - ay
oc Bt L ﬁ SN T o o0 M
obt ot \iﬂﬁﬂ # + t ﬂH JHL} *-2—; RAK J
- , o T .8}
3.87 388 389 3.9 I‘%q o |11
MpOD0+ GeV/c?| 10 F s 'y
4 N300 4
OMpote = —360 + 4077 keV PPy S 1]

0.5 0.75 1 1.25 1.5 1.75 2 2.25

[poe = 48+ 2% JkeV
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Charmed tetraquarks: Finite-volume energy levels

Perform scaling test in SU(3)-symmetric limit
m, ~ 420MeV, L = 2.4 fm

a = 0.0498, 0.0762 tm

V
103 ° b"b e Preliminary amplitude analysis suggests
L§ virtual bound state
= 1.02- A
f’ \ B e Complementary to calculation at 280 MeV
8

1.05 -

plon Mass
1.00{ — D% - [Padmanath & Prelovsek, PRL 129 (2022) 032002]
T7(0) A7 (0) Az(1) Az(2) Az(3) Ax(4)
0.99 | | - - - -
2 3 2 3 2 3 2 3 2 3
L[ﬁnf
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