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Hadron-Hadron Interaction

@ Testing Ground for QCD at Low Energy
& Foundation of Nuclear Physics Chiral Symmetry

& Baseline for many-body physics . finement
+ Exotic hadrons / finite T, p

g9 ==

H-Dibaryon Heavy lon Collisions
NQ Dibaryon Compact Stars
A(1405)etc Hypernuclei
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Heavy lon Collisions as Hyperon Factory

Time—s | - Pb+Pb 2.76 ATeV@LHC x107 events
Y Y (1-26, A(S =-1)
' ¢ 3 : ' d_ ~40.12-33 ES§ =-2)
it state S SoRES oy : Y =0 \0'015 —06 QS =-3)

QGP:u,d,s
Deconfined
Chirally

symmetric

(60-80%) (O—S%f‘LICE' PLB'15

.Z@%g GD

: € | © mp el 3
Enhanced pair § | Tm, e

*) @ creation of s-quarks @ |
g@ T o , AT

Hadronization
~5-10 fm/c, ~160MeV time

--------------------------------------------------------------------------------------------------------------------




Kenji Morita (Wroclaw/Riken) 8 Nov, 2017

How HIC Can Tell Us Interaction?
HIC at Relativistic Energies@RHIC, LHC

Production of Quark-Gluon Plasma

Y

Crossover Transition Into Hadron
Particle Abundance - Thermal Eq.

% e ‘_r Incl. Rare Particles

€«
- - - oo
Measuring Pair Correlation /(’
—Constrain Pairwise Interaction 0- \/_ (Pl -_ N b1 ‘;f) Ppl
. ©
Can(O) Nga;;r(Q) 1  No Correlation (°~°
AB = =
NsNp(Q) others Interaction

Interference etc
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Counting Correlated Pairs

Freeze-out:

> Independent (chaotic)
production from thermal
source:
Sa(x1, k1)Sp(xz, k2)

> dilute after FO - pairwise
interaction only

> State of pairs — evaluated
in the pair-rest frame *
k1 + k2 =0

Scattering w.f. Y (Q*, ™)
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Theoretical Description
Random Emission + Final State Int.

k,

Single-particle  dN;,

_ 4
Distribution Ek 3 = | 4 %Si(x. k)
Constraints
kp
Small Q )
air ~ =) (% %0\ |2
N*(Q) = f f f S aGxar ka)S pCxp, kp)lu/,(r", @)
Ak Jx4 Jxp
(# of pair) = integrationof (emission probability x weight factor)

Random emission : no correlation btw. emission probability of A and B

Scattering wave function (< Schrédinger eq.)
FSI and symmetrization (for identical pairs)

More rigorous formula found in Anchishkin, Heinz, Renk, PRC57 (‘98
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Correlation from FSI ..., - & ) Sarirspherica

4R2 ] Source
Cap(@) ~1 = —2 f drr*S™ () oI = 1jo(Qr)I*]
(2nR?)? Lednicky+ '82

2 | | Asymptotic form sin(Qr + 9)/(Qr)
QrR=0.2 ——
1.5 0.5 === ' Shape-independent approx.
1
1 1,
1 1 Qcoto = —— + =regQ
ap 2

0.5
Small Q: Sensitive to S-wave

| scattering length a, and less
g i . sensitive to effective range re¢

FSI Contribution to C(Q)

-0.5 -
Approximately scale with R/a,
1 1 | 1 | 1 and OR
-4 -2 0 2 -
R/an Holds in the presence of Coulomb

---------------------------------------------------------------------------------------------------------------------



Kenji Morita (Wroclaw/Riken)

Correlation from FSI

Attraction
Regime

U
R

2

—
(9

—

0.5

FSI Contribution to C(Q)

nitary :Bound (or repulsive)
egime Regime
1
|
[ [
QR=0.2 ——
DNy i |
1

r2e /4R (|xsc(r)12-1io(r)[2) [fm?]
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Source func X Wave func diff.

70 I T | I
" R=2fm, Attraction
60 - l’ \ Unitary — — -
| \\ Boung s
50 [ 4} \ -
I \
40 ! \ .
| \
| \
30 \ Q=20MeV -
, \
\
20 H . |
" \
\
10 [t \ =
| ~
N
-10 | | | |
0 2 6 8 i
r [fm] 2
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Correlation from FSI

I

|
. 1, . .
Attraction ; Unitary :Bound (or repulsive)
Regime I Regime ,Regime .
& ! & : & Source func X Wave func diff.
F | , I [ 0.6 . I I T
| QR=0.2 —— /. R=2fm, Attraction
L5 | | - N P T A

: 1
|
|
|
|

r2e /4R (|xee(r)12- 130 (r)2) [fm?]

FSI Contribution to C(Q)
o
(9]

0
0.8 v |
-0.5 -1 | | | |
0 2 4r [fm] 6 8 10
3
-4 -2 0 2 4
R/an
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Correlation from FSI

| [
: s ; :
Attraction | Unitary 1Bound (or repulsive)
Regime | Regime IRegime
| 1
2 ’ : | I
; QR=0.2 ——
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o : NG 1 A
g 1 ! RO o
- | G
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Correlation from FSI

|
Attraction :Unitary IBound (or repulsive)

Regime I Regime :Regime
[
2 I l l I I
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R i |
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Application to
Dibaryon Candidates

w/ inputs from Lattice QCD
at (almost) physical point

Details will be given by T.Inoue and K.Sasaki
on Thursday
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The Most Strange System: QQ (S=-6)
@ 1S, bound state from Lattice QCD

S.Gongyo et al,, (HAL QCD), 1709.00654
m.=146MeV, m,=1713MeV

150 B | I

I
t/a=18

< 17 +Coulomb repulsion

o § E; [MeV]
< sof 16 65.3  1.29 0.1
= 17 17.6  1.23 0.5
> T 18 11.7  1.21 1.0

-50 @

-100 —— L —1 1 Unitary regime in typical

0 0.5 1 1.5 2 25 3 .
- [fm] source size for HIC
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0Q Correlation : elements
I Wave function

3
spin-averaged , % _ %\(2 _ 1 -0 2 2J + 1 2
oo "G = e lel = 0 + ) T=—le()
J=1
FSI+Coulomb+symmetrization = Coulomb+(a)symmetrization
. 10! g E
@ Source function = 0-10%x3.0 - ]
d 10° . : 10-20% X1(.)5 F— i
S(x, k) = smy cosh(y — no)np(u -k, T) . E 20-40%
(27) < 10t AN 28-280;0
2,2 3 : N
X“+Yy L] i
X exp (— SR ) (T — 19) S 102 [
s _
— < 1073 Q |
Yr = CL’I”/R 5 _ Pt
. . . . 104 & E
Boost-invariant, azimuthal symmetric
transverse flow 1o-5 [ D2a: ALICE PD+Pb s§y=2.76Tey
0 1 2 3 o 5 6 7
Fit to p; spectrum with T=164 MeV pr [GeV/c]
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0Q Correlation@LHC

1.2 — T T T T T System is too large
Further suppressed by
1 RS the spin degeneracy
factor 1/16
0.8 - =
S 06| -
O
0.4 | -
0-10%, t/a=16 —
t/a=17 —
el t/a=18 1
No Strong FSI =----
0 | | l | I I |
0O 20 40 60 80 100 120 140
Q [MeV/c]
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0Q Correlation@LHC

1.2

0.8

C(Q)

0.6

0.4

0.2

0

10-20%, t/a=16 —
t/a=17 —
t/a=18 N

No Strong FSI -----

0 20 40 60 80 100 120 140
Q [MeV/c]

System is too large
Further suppressed by
the spin degeneracy
factor 1/16
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0Q Correlation@LHC

1.2 System is too large
Further suppressed by
1 the spin degeneracy
factor 1/16
0.8
S os
0.4
/ 20-40%, t/a=16 —
’ t/a=17 —
0.2 t/a=18 -
No Strong FSI -----
0 I I I I I I I
0 20 40 60 80 100 120 140

Q [MeV/c]
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0Q Correlation@LHC

1.2 System is too large

Further suppressed by

1 the spin degeneracy
factor 1/16
0.8
o
O 0.6 Moderate
enhancement from
0.4 Coulomb+HBT case
:‘ 40-60%, t/a=16 —
t/a=17 —
0.2 7 /i t/a=18 7
No Strong FSI -----
0 i | | | | | | |
0 20 40 60 80 100 120 140

Q [MeV/c]
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0Q Correlation@LHC

2:3 7] System is too large
Further suppressed by
> L | the spin degeneracy
factor 1/16
1.5 —
o
o Moderate
1 e L - _ enhancement from
_60:80%, t/a=16 — Coulomb+HBT case
0.5 - ) t/a=17 — -
t/a=18 Strong enhancement
oL No Strong FSI ----- from Coulomb+HBT
0 20 40 60 80 100 120 140 < 9°€

Q [MeV/c]

---------------------------------------------------------------------------------------------------------------------



Kenji Morita (Wroclaw/Riken) 8 Nov, 2017 21

0Q Correlation@LHC
@ The Small-Large Ratio C,(Q)

2 I I I I I T T

Response to

system size change
1 w/ Coulomb, t/a=17

@ 1
S .
QS (HBT) Correlation
40-60% / 10-20% suppresses the ratio
o 60-80% / 10-20%
No Strong FSI 40-60% / 10-20%
No Strong FSI 60-80% / 10-20% — — - Neve_rtheless FSI
0 NN S S S E— dominates at low Q

0O 20 40 60 80 100 120 140
Q [MeV/c]
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0 Correlation: Statistics?
@ # of pair A(Q)

-5 .
_ WP g7 7T 7T 7 T 113 Tohave 100 pairs at low Q:
L 106 ]
I 1 Acceptance X Efficiency : 0.01
O
T 10° F 3 Probability of events with
Q — -1 [
Z 109L 1 more than 2Q (assuming
é o 1 Poisson)
=0 F E 0.12 for 0-10%
2101 E Al == 10 for 60-80%
- 10-20% =
107 - . -
& = 20-40% = 1012-10% events:
w 093 [ 40-60% k
© 107 & = unreachable at LHC
+ = 60-80% ]
10-14 I I I I I I I

o

20 40 60 80 100 120 140 Notimpossible at Future
Q [MeV/c] J-PARC ?(int. rate 108 Hz)
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S5=-3:
pQl Correlation
@almost phys.point
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pQ Interaction (°S,)

NQ potential (fitted to Lattice data) : bound state exists

| I I [
0 I
50 I : +Coulomb attraction
o o Es [MeV]
> 10 — 11 3.77 1.37 1.6
=
~asof [/ 1 12 3.89  1.38 1.5
\>/ '/.,
200 |- [/} / 13— | HE= 3.47  1.37 2.0
: 14 —
550 L | + Usedin PRC93; V; (old) ----
;| gft?c]eheavy K VVH Eg:g; Bound state regime for Heavy lon
-300 e 1| | | II|I | CO“.]S]OnS
o 05 1 15 2 25 13 Closetounitaryforsmaller system

r [fm]
T.Iritani et al. (HAL QCD)
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pQ Correlation

in- d, % _x 3 5
o g I = SleCS)I + S leCS)I?

| I I [ I [ |
ﬂ' Gauss*(Yukawa)?, t=9 —
Coupled to AE (2430) and XZE(2507) sl ) 10 — |
Absorption of S-wave component 1;
. 5 L 1 o
Vi1 () = =i6(ro = 1)Vs g 12 .
é w/ Coulomb 14 —
J 1 =
I
: c
Bound state regime: g 08
Suppression of C¢, (Q) -
Below unity 0.6 - @Phys. Point
At low QO ! ! ! | | | 1

0O 20 40 60 80 100 120 140
See Talk by J.Chen on Monday Q [MeVv/c]
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S$=-2:
p= Correlation
@(almost)Phys. Point

---------------------------------------------------------------------------------------------------------------------



Kenji Morita (Wroclaw/Riken)

8 Nov, 2017 27

p= Interaction (1S, 3S,)

NZ potential (fitted to Lattice data)

300 1 I | | | |
| 15y, t=9 ——
250 |~ ! t=10 ——
200 \ t=11 |
! t=12 —
\ 3
— 150 1 S =0 s |
% \ t=10 — — -
Z 100 | t=11 -
& t=12 — - -
- 50 —
O .......... \\ .............................. SISO
_50 - —]
-100 | | | | |
0 0.5 | 2 2.5

r [fm]

KK.Sasaki et al. (HAL QCD)

3

+Coulomb attraction

- Effective 1S,

t/a a,[fm]
9 -22.66
10 -19.86
11 -23.95
12 -12.39

Veff [fm] do [fm]

2.46
2.30
2.30
2.40

-0.60
-0.73
-0.80
-0.61

351

ree[fm]
4.53
4.17
4.17
5.30

1S, channel (coupling to XX
incorpolated) dominates
Close to unitary for HIC source

,
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pZ- Correlation at Physical Point

| - |
Ypz-1? = EWIEQP + EW{QQHZ

1, 3, 1,
= §|¢£§9(ISO)|2 + §|w£§9(351)|2 + 5|¢,€§1|2
3 l I T I | T T
t=9 —
10—
[] [] 11
Unitary regime: 5 B |

Notable

enhancement by
FSI

Expanding Source, w/ Coulomb

CsL(Q) = Cs(Q)/CL(Q)
N

0O 20 40 60 80 100 120 140
Q [MeV/c]

,
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Concluding Remarks
@ Correlation measurement in HIC can
constrain low energy scattering param.
& New opportunity for multistrange systems

& FSI contribution is sensitive to system size:
Comparing small and large systems via Cs (Q)

& Different systems useful for disentangle
other correlation origins

@ Indirect search for dibaryon states
& (0 : Unitary regime, but statistically difficult
& p(Q) : Bound regime - suppression of C¢, (Q)
& pE : Unitary regime — enhancement of C,(Q)
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Backup
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More on Q Source Function

@ Fixt
by TNRlongN . Nch> 13

& () freeze-out from phase boundary due to

small cross section
Hybrid model: Zhu et al., PRC'15, Takeuchi et al., PRC'15

@ Parameters

7.9 2.0

T, [fm] 10.0 6.75 4.89
R [fm] 5.18 474 3.8 2.55 1.6
o 0.38 0.38 0.38 0.38 0.37

---------------------------------------------------------------------------------------------------------------------
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NQ potential (5S,) : motivated by LQCD
V(r) =bre " 4 by(1 — e 27 ) (e 705" /)2

0|, Pot | 2olfml) relfm]] Eq[Mev]
| V, -1.0 1.15 N/A
.—.-200 [ V 23.1 0.95 0.05
% W~ HAL QCD data ——— Vi 1.6 0.65 24.80
;»:’400 N Increasing by— v, — 7 w/Coulomb
J Fit to data— Vv, — V+V. -1.12 1.16 N/A
il Decreasing b;— v, ——- | V,#V. 5.79 0.96 6.3
| | | ~ Coulomb - ViV, 1.29 0.65 26.9
500 O 02 04 06 08 1 12 14 1.6

r [fm]

Caveat : data obtained from heavy quark mass (Etminan+ ‘14)
Following calculations use the physical baryon masses
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Counting Correlated Pairs

Distant pairs:
Uncorrelated because
Distance <

(~ System size)
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Counting Correlated Pairs

Close pairs:

Correlated through FSI
Distance <

FSI:y(Q*, 1)
Input from V(r)

(phenomenological /
Lattice)
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Counting Correlated Pairs

Close but large Q pairs:
Correlated through FSI
Distance <

Oscillating |y (Q*,7™)|*
washes out correlation

C(Q) « / S - Lo(@r)P

Hadron Freezeout
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Counting Correlated Pairs

Close and small Q patrs:
Correlated through FSI
Distance <

lY(Q*,r*)|? leads enhance
or reduction of # of pairs
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System Size?
Small System:

Most of observed pairs
with small O correlated

Large System:

Less pairs coming from
close distance

Important Remark:

Coulomb FSI for charged
pairs!

Hadron Freezeout
Conclusion : measure small Q pairs coming from small region!
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Effect of Collectivity

&2 .. . Collective Expansion:

More particles produced
along the expanding
direction

Emission region deformed
to smaller one
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pQ Correlation : Strong int. Only

Rp:RQ:Z.Sfm Dashed: 582+381 |

~ Solid: s, only

Weakly attractive : C(Q)> 1
Close to unitary limit : C(Q) >> 1
Bound state : C(Q) <1

Nh-

—_
———_—_—
-
——

2.5 -
Vi)
2 |
S 15
O
1 --------------
0.5 __--- = V|||
0 20 40

60 80 100 120 140

Q=Im,key-Mak, /M [MeVi/c]

,
---------------------------------------------------------------------------------------------------------------------
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Small-Large Ratio C,(Q)

Rp=Ra=25im. i — Taking ratio of C(Q) for
Vi —
2 | p— small and large systems
. Static Source V|:: :: @
% 1> °S,+3S,+Coulomb a
Resemble the ideal case
R AR Even with expansion
R

0.5 : : : : : : \\//| — 3 ~—
~—~ | — o Vy —
S Vih — |25 | Vil —
Q . Q
o Static Source e 2, Expanding Source
(_)g 1> 53,+3S.+Coulomb - L()\I
I} 271 n 1.5 582 + 381 + Coulomb
S S
g 1 \7 @1

@)
0.5 . O o5 9
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Q=Im Jk-mgk M [MeVic] Q=Im ko-muk, /M [MeVic]
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Quantum Statistics (HBT/GGLP)

S4(xa. ka) Random Emission + Symmetrization

’ ‘ 0 = ',/ \/‘
0~ ka
OO ,_ Indistinguishable!
% 0L
Sp(xp, k) k
B
1 1 ke 1 kne
wAB: (eleAeleBieleBeleA)

V2 2

_ el:K.X V2 cos(@Q -r) 15 4=Vmeu:5f
KX \isin(Q - r) ~1/R =0

1 05 [—
Cia(Q)=1= N fd3r cos(2Q - S () . Qe

Fourier tr. of the emission func.
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Eomparison with STAR data (RHIC)

ND56 -

NF50 —?’2 2
C(Q) = €(Q) + arese ™"
S I ~Expansion 1 | | . | m_t', P

S ——= E%decay it ;HJ o*
> 005 “ +H
o1 | [ > 0.9 tg Cylindrical, +C,.((Q)
- s <) W 1=(0.67)>
0.6 0.8 1 1.2 1.4 © %
r [fm] )
. S fss2, R=2.5fm =

16 AA scattering parameters 0.8 ! ESSFSE, E%E;m -

T T T T ¢‘ T b y =Z. m -E-

— A HKMYY, R=2.5fm =
14+ NP O <:| | | STAR 0-80% &
12 -Hgggg . e 0 0.1 0.2 0.3 0.4 0.5

g CERi o . 2Q (GeV/c)
£ 10 | Ehime  C Mapping onto
= 8 ESCI9G8 5 scattering param.
@ 6 HKMYY © ALY .
4 | STAR —&= P Long tail in data — 2 components structure?
§ . . . .
2 | [ Nay < 1 ;\3‘ - Weakly attracting potential can fit data
0 AL ¢ “ (Consistent w/ Nagara event)

7 6 5 -4 -3 -2 -10 1 2
1/ay (fm™")
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Koonin-Pratt Formula
In pair-rest frame P =(M,0) x=xa-xp=@nr
Relative emission function : emission probability for pairs with distance r

f di f d*XSA(X + Ejx/M, k4)Sp(X — E'x/M, kp)
Srel(r) -

f d*x1Sa(xa, ka) | d*xpSp(xp, kp)

C1s(Q, P) = f eSS, O)F

---------------------------------------------------------------------------------------------------------------------
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Coulomb Interaction

1

]7:

QaBohr =45fm 2.5 Rp=RQ=2.5fm,\>/| —_
n—
27 = ySr) = eFT( + ie'®”  Fy(=in, 1, ~i(Qr + @ - ) 2 | R,=Rq=5m, V] -
. Static Source o
J0(@n) = x§ = | e ¥ e FI(1 + in,2,2i0r) C1s| =
iR o~ >S,+°S; +Coulomb
1 H (Qro) RN
Xabs(r) = 6(r — ro) >-— ng(Qr) -——H,;(On| | 7
- 2iQr H (Qro)
05 @
1
08 =
A = 27n < 06
€T g2m — ] g | R,=R=2.5fm, V, —
0.4 Static Source V) —
z 5 .3 Vi
Gamow corrected Vip -
(b) | , , , , Vi ---
] ) 0 20 40 60 80 100 120 140
Coulomb int. dominates C(Q) near Q~0 Q=Im ko-mek,|/M [MeVic]
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How to disentangle Coulomb / Strong?

<—> Coulomb dominated

&= Strong int. dominated

Large R : many pairs are from long-
distance - Coulomb-dominated

C(Q) — o< [dre ™2} — ()]

Difference informs about
Strong int.

Small R : most of pairs are from short-
distance - Strong-int. dominated

---------------------------------------------------------------------------------------------------------------------
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Expanding System : no difference

V, —
= Vip — - - - :
S 25| Vi — | 1-dim Boost-invariant expansion
= d; Mrp;cosh(y; — ny) e
% 2t Expanding Source 1 S, k) = — T L e ® S(t—1)
2 (27-[)3 eMr,icosh(yi—ns)/T 4 1
© 5 3
n 1.5 S, +°S, + Coulomb
o
n 1 —
O

- (a)

ot
Ul

0O 20 40 60 80 100 120 140
Q=Im  kg-mgk, /M [MeV/c] [ Q=20Mev — | | ®)
~ 6 . )
LHC Pb+Pb 2.76AGeV % ggmzx - Expanding source
Central:t, =20fm/c, 15=10fm/c Q
T,=120MeV, T, = 164 MeV < 41 ®s,+%,+Coulomb /"
Rp=RQ=5fm (Ing,. V,
k.= 1.25 GeV ( = <k.>) o, % Vi
Peripheral: T, =3 fm/c, t5=2fm/c 2 . //\ \1,
T, =Tg = 164 MeV —
-n = 0
R, = Rq = 2.5fm 15 1 05 0 0.5 1
k.= 1 GeV (= <k,>) 1/ag [fm™]
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Feed-Down Contribution
Lu (*, N* etc) : absorbed into R
@ E —A+x: (partly) subtracted

@ X0—5A+y  9A=0.278 (p+Be data), E/A = 0.15 (RHIC)> A9T/A = 0.67
Adir 2
c©@ -1+ (4w) €@-1
- o

g %@ modification of R (067)2

(0.52 if including )
R>1/Q - Uncorrelated cannot be resolved

P o e e 9{\, @ ---------- N Ng;)irrrelated ( Q)
\\\ CAB ( Q) a Nunporrelated ( Q)
Y Counted [ .. , pair
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Final State Interaction

. Salxa, ka)
s _,Hg g kA
B Single-particle _ dN; 4
MR Distribution k Bk = | d"xSi(x, k)
L :@%
© o ‘
Sp(xp, kp) k

For simplicity, spherical and static thermal source 1s considered.

dN; 2 W2 4 28
E * fd4xEk€_Ek/T exp (—x ., ) )5(t — 1p)

“Pk 2R?
Small Q — Low energy scattering — S-wave dominant

90151(7”) = eiQ'r—jo(Qr) + )(Q(r) Replacing S-wave component of the wave func.

%k
— 9T ff:O(Q) e 19r (r — o)  Asymptotic form

r
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Correlation vs Wave function: Interaction

4 .
" R f drr”S™ @)l oI = 1jo(@n)I
(nR*)*? exp( i) Static/Spherical

Cap(Q) - 1

4R*) Source

(®))
o

V,: Weak attraction

V|: Stronger attraction

N
o

(close to unitary limit)

V|: Strong attraction

N
o

(w/ bound state)

o

e R (o (O1P-1io (N1P) 2]

N
S

0 2 4 6 8 10
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Correlation vs Wave function: Q

4n ,
Canl@) 1= f drrS™ @)l o) - |jo(@r)P]
2 . .
2\3/2 _ " ) Static/Spherical
@Ry o ( 4R2) Source
2 R=2fm,V, _
& Vi —— V,: Weak attraction
qg m
—1 Q=200MeV |V, Stronger attraction
= (close to unitary limit)
€ V,,: Strong attraction
Nmé (w/ bound state)
S 1| . .
s Difference in Small Q
2 -
0 2 4 6 8 10
r [fm]
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Correlation vs Wave function: Size

4 ” ,
Can(@ =1 = s f drr*S™ ()l o(I* = 1jo(@r)°]
2 . .
2.3/2 _r~ | Static/Spherical
kY oy ( 4R2) Source
< 9 Y S —
E s R=2im. Vi Large R: outside int. range
T 7 R=5fm, Vj; ==~ .
S . —determined by a, I
< s Q=20MeV (Lednicky+'82)
=i C(Q)~ 1/R?
< 3
=
= 2
o . Difference in Small Q
Nfo _2 | T — Enhanced in Small R
o 5 10 15 20
r [fm]
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Spin-2 NQ Dibaryon?

Mass [MeV]

5=-3 States
3000 No Pauli Blocking
Z+*E_*
2900 $O*50%
2800
YOR0*F*ET
2700 Y-kt %50 (Goldman+ '87)
AEOC* -
2600 NQ —._ Spin-2: D-wave only - suppressed
2500 Spin-1: Strongly Coupled A e
A=
2400
8f'10f, 10f'10f 8f'8f

(Etminan+ '14)
Lattice QCD : NQ bound state at heavy 1t mass (HAL QCD)

Physical point also ! (preliminary, Iritani+*17))
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