Hadron Interactions from Lattice QCD

Tetsuo Hatsuda
(RIKEN iTHEMS)

Hadrons to Atomlc nuclel

RIKEN m’rerdlsupllnary

Theoretical & Mathematical i :
Sciences from Lattlce QCD

ExHIC WS (Sept. 29, 2022)




1 a v — a Aa _
L= _ZG GY + qy" (10, — gt* A7 )g — maq

pv

April 2016
v T decays (\>LO) PDG
a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o ¢'¢ jets & shapes (res. NNLO)

® c.w. precision fits (N>LO)

v pp—> jets (NLO)

v pp—> tt (N\NLO)

(Xs(MZ) = 0_1181 + 0.0011 o
1I 1

0 K[GeV] 100 1000

MS-bar mass
at 2GeV

® ¢ —_ expériment
2.27(9) MeV p—€  ||l= width

4.67(9) MeV 2: PR
¢ prediction
92.0(1.1) MeV

FLAG (Flavor-Lattice Averaging Group) http://flag.unibe.ch/ Review: Fodor and Hoelbling, Rev. Mod. Phys. 84 (2012) 449




Interaction between compositive particles in QFT

Foundation: Haag, Nishijima, Zimmermann reduction formula (1957)
Borchers’ theorem (1961)

Luscher’'s Method:  Luscher, Nucl. Phys. B354 (1991) 531
HAL QCD Method: Ishii, Aoki, Hatsuda, Phys. Rev. Lett. 99 (2007) 022001
HAL QCD Coll., Phys. Lett. B712 (2012) 437

Review: Aoki & Doi, Front. Phys. 8 (2020) 307

Time-dependent HAL QCD Equation

(V2 4+ 05, — m*)F/ (r,t) = m/dgr Ulr,r ) F/(x' 1)

Derived from QCD

Fully relativistic equation

Faithful to S-matrix

Insensitive to lattice volume

Applicable to BB, MM, MB, BBB etc
Applicable to coupled channel systems
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3-flavor & (2+1)-flavor
V~(3 fm)3, m, > 400 MeV

BB Inoue+, PTP 124 ('10)
H Inoue+, PRL 106 ('11)

NPA 881 ('12)
BB Sasaki+, PTEP 2015 ('15)
NQ Etminan+, NPA 928 ('14)
QQ Yamada+, PTEP 2015 ('15)
KN, m ¥ lkeda+, PoS Lat ('11)
KN Murakami+, PTEP 2020 ('20)
Tee lkeda+, PLB 729 ('14)
Z. lkeda+, PRL 117 ('16)
Dbar-N Ilkeda+, HAL internal rep. ('16)
J/¢-N Sugiura+, PoS Lat ('18)
AN Miyamoto+, NPA 971 ('18)
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(2+1)-flavor
V=(8.1 fm)3, m,=146 MeV

S=-1 (AN, ZN) Nemura+, EPJ conf. 175 ('18)
S=-3(= 3, =A-=72) Ishii+, EPJ conf. 175 ('18)
S=-4 (= =) Doi+, EPJ conf, 175 ('18)
SU(3) basis Inoue+, AIP conf. 2130 ('19)
S=-2(AN,NZ) Sasaki+, NPA 998 ('20)
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(2+1)-flavor
V=(8.1 fm)3, m,=138 MeV

BB: Octet x Octet

BB: Octet x Decuplet

BB: Octet x Charmed

BB: LS force
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Phase I: exploratory studies IZ> Phase II: almost physical point |:> Phase lll: physical point
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Baryons multiplet

spin 1/2 20—plet spin 3/2 20—plet

8 (Octet)

A- A0 A+ A++

ddd = dud = uud = uuu

uds




Baryon pairs in flavor SU(3)

8x8=27+8 +1+10%+10+8,
/ /N

NN(1S()) HAA—NE—AZ (180) NN(3S1)

Jaffe (1977)
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/

NQ (5S,) Goldman+ (1987), Oka (1988)
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/ /
Kopeliovich+ (1990) QQ(1 SO) AA(7S3) Dyson+ (1964)




Fate of “H (uuddss)” dibaryon from LQCD
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K. Sasaki+ [HAL QCD Coll.]
Nucl. Phys. A998 (2020)
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Femtoscopy: N= pair in pp collisions

LHC ALICE Coll., Nature 588 (2020) 232

O ALICEdata (pp, Vs=13TeV)

. Coulomb

Coulomb + p—-=Z" HAL QCD

IIIIIIIIlllllllllllllllllll]l
ol

o

k* (MeV/c)




Discovery of = hypernuclei (J-PARC)

PHYSICAL
REVIEW
| _ETTERS

Published week ending 12 FEBRUARY 2021

Event

Decay mode

Bz [MeV]

KISO [9,10]

IBUKI (present data)

Be 3 He
10 3 He
\ 5

VBe 2 He

3.87 £0.21
1.03 £0.18
1.27 £0.21

Published by

S@, Volume 126, Number 6
physics

American Physical Society

. Attraction in Nz,

J-PARC EQ7 Coll.,
Phys.Rev.Lett.
126 (2021) 062501

Weak N=- AA coupling




Baryon pair with S=-3, S=-6, C=+6 e 9

Gongyo+ [HAL QCD Coll.], PRL 120 (2018) 212001
Iritani+ [HAL QCD Coll.], PLB 792 (2019) 284
Tong+ [HAL QCD Coll.], PRL 127 (2021) 072003
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Femtoscopy: NQ pair in pp collisions

LHC ALICE Coll., Nature 588 (2020) 232

O ALICE data (pp, Vs =13 TeV)
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Question:

What is the force between ‘ ‘
“neutral particles” at long range ?

Answer:

Atoms

2-photon exchange force
= van der Waals (Casimir-Polder) force > -1/r’

QCD
2-pion exchange force

Bhanot and Peskin, Nucl. Phys. B156 (1979) 391
Fujii and Kharzeev, Phys. Rev. D60 (1999) 114039
Brambilla et al., Phys. Rev. D93 (2006) 054002
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. . . . Lyu+ [HAL QCD Coll.],
First evidence of two-pion exchange in LQCD |yt thep-lat]
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Krein and Casttela, Phys. Rev. D98 (2018) 0140289.




PHYSICAL REVIEW LETTERS 127, 172301 (2021)

Experimental Evidence for an Attractive p-¢p Interaction

S. Acharya et al.”
(ALICE Collaboration)

B LELEN EEAED ELE
ALICE pp Vs =13 TeV

High-mult. (0 — 0.17% INEL > 0)
07<S,<1.0

https://home.cern/news/news/
physics/alice-takes-next-step-
understanding-interaction-
between-hadrons
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_eruData Lattice Data

HAL QCD Method applied to charm sector.
> Takuya Sugiura’s talk (Sept. 30, 17:30-)

Collaborators are very much welcome!
- lattice analysis, applications -
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