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(K-, K') reaction

8 (K-, K% reaction = doorway to produce S=-2 systems

@ K p— K"E — E nuclei, stopped = to AA nuclei, ...

# What is the origin of large yield Quasi Free E(E%)
at smaller K+ momentum ? _. /\
T. lijima et al., NPA546(‘92) 588. o 17
— Various two step processes | {100
Y. Nara, AO, T. Harada, A. Engel, 0 1 s
NPA614(“97)433 ~ 10
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Two A production in (K-, K*) reactions

s Experimentalists really measured two A emission !
J.K.Ahn et al. (KEK-PS E224 Collab.), PLB444(‘98)267.
C. J. Yoon et al. (KEK-PS E522 Collab. +40), PRC75(07)022201

# Invariant mass spectrum of AA is enhanced
from our cascade calculation.

3
— FSI enhancement ? or H particle ?
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From correlation to interaction

# Enhancement of AA may show AA interaction effects !
AQO, Y. Hirata, Y. Nara, S. Shinmura, Y. Akaishi,

NPA670(°00)297c; NPA684(‘01)595; NPA691(“01)242¢
@ Enbh. is roughly explained by AA final state int.

@ It should be clearer to measure in heavy-ion collisions.
Enh. w/o bound state, Suppression w/ bound state.

— [ asked Prof. Huan Z. Hunag (STAR) in ExHIC 2010 meeting

and they measured it ! 0
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AO, Hirata, Nara, Shinmura, Akaishi (‘00)
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Two Particle correlation
and Correlation Function
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Hadron-Hadron Correlation in HIC

o
\X _vO®p)

. H

# Hadron-Hadron Correlation Func.

(Koonin-Pratt (KP) formula)

S. E. Koonin, PLB 70 ("77) 43; S. Pratt,

T. Csorgo and J. Zimanyi, PRC42 ('90) 2646,
W. Bauer, C.-K. Gelbke, S. Pratt, Annu. Rev.
Nucl. Part. Sci. 42 ('92)77; R. Lednicky,

V. L. Lyuboshits, Sov. J. Nucl. Phys. 35 ('82) 770.

2

Ey1E2dNi2/dp1dp2 / (—) 2
C'(q) = ~ [ dr Sis(r | T, ’
(q) (Elle/dpl)(EQdNQ/dPQ) 12( ) le ( q)
Source fn.  ;.¢ _,
q: rel. mom. (referred to also as k*) relative w.f.

a Static sph. Gaussian source, Int. for s-wave, Identical fermions

Cla) =1~ 5 exp(~46*R?) + 5 [ d*rSia(r) [lén(r) = Lio(ar)
X Fermion
(Quant. Stat.)

Source g.wave w.f. free

j - . = ?Qs
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Lednicky-Lyuboshits (LL) model
# Lednicky-Lyuboshits analytic model

@ Asymp. w.f. + Eff. range corr. + y© = [y®]*

—10 . iqr
¢O( ) _>¢asy( ) c Slﬂ((]?“ + 5) S—1 [SIHQT 4 €

qr qr r

AC1L(q / drSia(r Wasy( )|2 — |j0(q7“)\2)

| Fy (leff) 4 2%’;(5]) F, (.CL’) . Imj;(Q) F, (ZE)

(r = 2qR, R = Gaussian size, F1, Fy, F5 : Known functions)

- 2R2

# Phase shifts

1 1

qcoto = P T §Teﬂ-‘q2 + O(q4) — 0 > —apq + O(qg)
0

sin(qr + ) ~ sin(q(r —ag) + -+ +) Node atr ~a_

for small g

LRV ?QS
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Interaction Dependence of Correlation Function

q cot & =—1/ag + refr q°/2 + O(qY)

0.5 1 1.5 2

a,< 0 — Enhancement
Fert/} [R/a,| << 1 — Strong enh.
2 3 at small g

R/a,> 1 — Suppression

I
- . = ?Qs
YITP& # A. Ohnishi @ QH seminar, Oct. 12, 2018 10




Interaction Dependence of Correlation Function

q coto=—1/a

+ refr q°/2 + O(qY)

2 w.f. node
suppresses CF

>r
/ No b.s.

\% \% deep b.s.
a <0<R a,> R 0<a,<R

loose b.s. “o

- . = ?Qs
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How does interaction modifies correlation ?

. | : . . :
i *‘Ir’(;. *"A1("*N,pp), E/A=75MeV |
Coulomb A +¢b ﬁa?zeﬁu ]

+Quant. Stat o P=840-1230MeV/c -

® P=450- 780MeV/c
0 P=270- 390MeV/c —

1.5 —

1 + R(q)

50 100

Bauer et al. ('92)
- . = ?Qs
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Standard Usage
Known Int. + Corr. Fn. — Source Size

\ "o

Cla) = [ &rSunlan) 917w a)
| LA

Idea of Reversal:
Can we determine hh interaction
from hh correlation ?

| 2

Let us try ! Examples: AA, Q p, and K p

Previous works (AA):C. Greiner, B. Muller, PLB219('89)199.,
AO, Y. Hirata, Y. Nara, S. Shinmura, Y. Akaishi , NPA 670 ("00), 297¢

- . - ?Qs
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AA invariant mass / BB correlation function (as of 2016)

Counts/(2 MeV/c?)

= Qs
3T Y TP ‘?
2 Y\
2
)
5 " u YUKAWA INSTITUTE
- “THEORETICAL PHY

3500E-ALICE - 3 H A +
ok =287 ALICE  +"| % %E Belle AA a
E(0-10% central) A - & 32 + +++ {h‘ %++_[_++

= T~ =
EEEEE_ALICE Collab. P Rl = ﬁ"lj} T
15[1[15— (J. Adam et al.), L 3. — .
mnni— PLB752(2016) 26Z 2l + §‘44-T~+1+++H ~L++I+ ['I‘jL 'H_FE —H
EDEE_ _."‘.______..._7"""_‘:;1 Ep -:D o 5 + + _L‘_ +—15—
VRS Ry B 5 R Y S I R ] R VY | _ e e
Invariant mass (Apr) (GeVic?) Belle Collaboration (Kim, B.H. et al.),
e PRL110('13)222002.
STAR pA El e ;:; STAR Collab.
“PA®PR E i) e (J. Adams et al.)
E |L “pPABPA . proton-proton i Nature 52 7(’15)345
3, N e 10
T antlproton-arutiproton : g:j 0.8 STAR AA
“owm w1 o5 0z 0 % — s
u S;‘ER Uclollit})ﬁ. i s STAR P p_:ﬁ oel Adamezyk«ne»tual
(J. Adams et al.), & | ﬂ (STAR Collaboration),
PRC74('06)064906. e Wo.;f-s PRL T14 {’15)'022301.

FOR
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AA correlation and AA interaction I
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Relevance of AA interaction to physics

# H-particle: 6-quark state (uuddss) =N
@ Prediction: R.L.Jaffe, PRL38(1977)195 ?{%
@ Ruled-out by double A hypernucleus 1?522
Takahashi et al.,PRL87('01) 212502 (1(&) ‘He+AA
@ Resonance or Bound “H” ? 1 ~6.91 MeV i
Yoon et al.(KEK-E522)+A0 ('07) Nagara S
: ('01) as €
@ Lattice QCD 80 MeV
HAL OCD & NPLOCD ('11) Yy~ €
HAL QCD ('16): H as a loosely bound EN ? Jaffe ("77)
# Neutron Star Matter EOS
@ Hyperon Puzzle

Demorest et al. ('10), Antoniadis et al. ('13)

@ Cooling Puzzle (AA superfluidity)
T. Takatsuka, R. Tamagaki, PTP 112('04)37

j - . = ?Qs
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AA interaction

# Propsed AA interactions

@ Meson Ex. models: Nijmegen model D, F, Soft Core (89, 97), ESC08
Nagels, Rijken, de Swart ('77, '79), Maessen, Rijken, de Swart ('89), Rijken, Stoks,
Yamamoto ('99); Rijken, Nagels, Yamamoto ('10).

@ Quark cluster model interaction: fss2
Fujiwara, Fujita, Kohno, Nakamoto, Suzuki ('00)

@ Phenomenological model: Ehime T. Ueda et al. ('99).

# Two (or three) range gaussian fit results are used in the analysis.

AA potential

200 - : AN scattering parameters
Al NI} s | . ' ' ND
- s : NF - ¥
150 1 NF === {1 157 Un,_bOllnd Bound ~scse
T — NSC97 @
~ 100 | deiel A - | Escose e
- NSCYTE = 10 ¢ Qe { Ehime @
- 50 Ehime "= = v.d f;"é ;
; >~ 7 ~ 2
<= fig] S i R° { HKMYY ©
T ; ¥ »..
- () . &
_ 0 ® ‘f'v
-0
-100 S5 4 3 2 -1 0 1 2

0 o5 1 15 2z 25 3 1/a (fm™)
rr (fm) A. Ohnishi @ QH seminar, Oct. 12, 2018 17



AA correlation in HIC

# Merit of HIC to measure AA correlation

@ Source is “Simple and Clean” !
T, n, flow, size, ... are well-analyzed.

@ Nearly Stat. prod.

— Many exotics will be produced.
Schaffner-Bielich, Mattiello, Sorge ('00), Cho et al.(ExHIC Collab.) ('11)

@ Discovery of “H” and/or Constraint on AA int.
Bound state exhaust the low q strength — suppressed C (q)

Lambda-correlation with resonance 80 3
' . R S S B - : AGS, Au+Au
- ;

b I ‘\‘\.1 o = NA = _ 40 | {9 .
Y ; A=) g
L) P.. = 1& im o= &) O

— . -—F""‘J/ }'d_h“x .‘l"‘ Wih = IT WEy 20 % | R e 1

: 0 f’fﬁ XA\\’
(=N - — — = I I I | I I I I
X _"_f/ S o 0
— SPS, S+8 RHIC, Au+Au

} _2ru T trg-a (nobs) —e— 2 _
Z trg-b (with bs) ~m-| &
O O

=4 ] 1 Ty 8- 1

S P — | A i P B E,.-E'
0 20 L0 B0 80 100
ob— 1
relative momentum (MeV/c) ' 0 20 40 60 80 0 20 40 60 80 100
C. Greiner, B. Muller, PLB219('89)199. (MeV/c)

AO, Hirata, Nara, Shmmum, Akalsht, NPA6 700'00)297¢c
Nl - ?Qs
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AA correlation at RHIC

# STAR collaboration at RHIC measured AA correlation !
Adamczyk et al. (STAR Collaboration), PRL 114 ('15) 022301.

@ RHIC, Au+Au (\/sNN=200 GeV), Weak decay vertex analysis.

# Theoretical Analysis well explains the data

K.Morita et al., T. Furumoto, AO, PRC91('15)024916;
AO, K.Morita, K. Miyahara, T.Hyodo, NPA954 ('16), 294.

A corr. (Cyl., w/ Cgg. 1=(0.67)%)

; J-.._!-r.--l'

fss2, Ry=2.5fm —=—
_ ESCO08, H =25fm ...».
o FG, HT-E 5fm ---o--
| 0.8 [§ HKMYY, Ry=2.5fm o
0.6l ;- — LL with residual I-LE- }ﬂ E?} {
H Q=2 L (free &
/ - N7T4q 07 | STAR 0-80% —m—
0 0.1 0.2 0.3 0.4 0.5 ' 0 0.05 0.1 0.15 0.2

Q (GeVic) q {GE\.I"-'-:}
= = ?Qs
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AA interaction from AA correlation

AA scattering parameters

| ND -
15 MFO "15 '!._1 i Mscrég - ¥
1/ap<-0.8 fm™ i
(1% ) | LL (free )) | NSC97 ~®-
—_ . I ESCO8c *®
| If \ Ehime @
E 10 *Oe I E. fss2 =
— v* Y - FG O
T ) HKMYY ©
e E I L/ STAR —%
S :‘ | ~ | 1« Nijmegen potentials
LL (7 _i-[j' E-?:IE'] 7:‘: ! (ND, NF, NSC89, NSC97, ESC08)
e ' % Nagels+('77, '79), Maessen+('89),
0 | , Rijken+("99,'10)

-5 -4 -3 -2 -1 0 1 2 Ehime Ueda et al. ('98)

-1 * Quark model interaction:
1/ d (fm ) fss2 Fujiwara et al.('07)
- Potential fitted to Nagara
Filikhin, Gal ('02) (FG),
— 2 4
q cot 0 = — 1/30 T reff q /2 + O(q ) Hiyama et al. (102, '10)(HKMYY)

‘ Positive a, (STAR) <—— Negative a, (MFO'l35) I

= - ?Qs
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Additional Source

# Feed down effects v A
Ceorr(Q) = 1+ A(Chare(Q) — 1)
). = Purity of AA pair 50 - A
@ Short-lived Y* — mod. of source fn. __T"<'
o = Anmcanbe excluded (ct=8.71 em) -

@ Y0 Ay is difficult to reject

@ Data based purity 2=(0.67)>2
X0/A=0.278 (p+Be, 28.5 GeV/c) Sullivan et al. ('87)
=/A = 15 % (RHIC)

a8 “Residual” source
@ High-momentum tail — R, ~ 0.5 fm (STAR collab.)

-m = QQS
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Feed-Down Effects & Residual Source

# Correlation Fn. w/ Feed-down & Residual source effects.
Ccorr(Q) =1+ )\(Cbare(Q) — 1) + Qres exp(—él’r?esqz)

C,

1
Rep.

0.82

Feed-down

Y
-
'f
-

A: Pair Purity

LE RN L] »

0.5

> (
STAR:
A~ 0.18 (free para.)

Pair purity (1) should be
determined experimentally !
Puzzle: Residual source

C,
1
0.82
Att. |
0.5
> (
Morita et al. (MFO135):

L~ 045

Y0/A=0.278 (p+Be, 28.5 GeV/c)
Sullivan et al. ('87)

Z/A =15 % (RHIC)

AO, Morita, Mihayara, Hyodo ('16)
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ALICE

[ ]

New Data from LHC-ALICE

Combination of all available

datasets: pp 7 TeV, pp 13

d, (tm)

TeV, p-Pb 5.02 TeV

Test of the agreement
between data and the
prediction by the Lednicky
model by no

Small source size, large d,
and negative f, limit the

prediction power of

Lednicky

V. M. Sarti (ALICE Collab.), MESONS 2018

A—A Correlations: Combined Exclusion Plot ~ TUTI

REPULSIVE ATTRACTIVE

ALICE Preliminary
Exclusion

[O3<o<5
R o=5
Unphysical Cik™)
fon] with Lednicky
model

AA © AA pairs
16 ' S ppfs=7Tev
S pp¥s=13TeV
14 p-Pb s, = 5.02 TeV

il a
12 g
& _,’
¥

I3 STARAu-Au 200 Gev
#* HEMYY

“ FG
w@- ND
- NF
- 4-- NSC89
- 4 - NSC97

¢ Ehime

+ ESCO08

2 _1’0 1 2 3 4 o o= e

1/f, (fm™)
BoWND sT“E“T[ TAR data: STAR coll. Fh*,r:;.HEngtt. 114 (2015) no.2,022301)

e Mmoo e O o

Valentina Mantovani Sarti (TUM Physics Department — EG2) 9
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~p correlation
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" p interaction

8 () : quark content=sss, J”=3/2+, M=1672 MeV

# ()~ p bound state as a S=-3 dibaryon ?
F.Etminan et al. (HAL QCD Collab.),
NPA928('14)89.

@ No quark Pauli blocking Q' p
in QN, H=uuddss, and d*=AA channels.
Oka ('88), Gal ('16)

@ J=2 state (°S,) couples to Octet-Octet
baryon pair only with L. > 2

2610
B (2p),_,

— Small width is expected. 2= 2507
Etminan et al. (HAL QCD)('14)
@ Correlation is measurable at RHIC ! AE 2430

Neha Shah (STAR), private commun.

(First dibaryon with $<0!)

Let us try to discover the first(?) dibaryon (after deuteron) !

A. Ohnishi @ QH seminar, Oct. 12, 2018 235




€ p potential from lattice QCD

a8 Lattice QCD predicts - p bound state at large quark mass,
m =875 MeV (B.E.~ 19 MeV) in °S, channel.

F.Etminan et al. (HAL QCD Collab.), NPA928('14)89.

# Extrapolation to physical quark mass
@ VI — Weaker potential (no b.s.)

@ VI - Same potential (shallow b.s.)
@ VIII — Stronger potential (deep b.s.)
100
0,
100 t
Spin-2 N} Potentials Vi Vo Vi N -200 |
En MeV]| — 005248 2 300 |
without Coulomb agp [fm] | —1.0 23.1 1.60 = 400 |
re [fm] | 1.15 0.95 065 3 _
Eg MeV][ — 6.3 26.9 500
with Coulomb ao [fm] |-1.12 5.79 1.29 -600 |
rer [fm] | 1.16 0.96 0.65 -700 ¢

-800 —
0 02 04 06 08 1 12 14 16

) = Qs
- - YTP +* # r [fm]

voto £ Al




Q" p correlation

2.5 K | ' T Q-20Mev,%s,0nly — (b)
6 | 55,438, - - Vi _ _
U" 5| Q=40MeV, 552 only — l, Static source
2 | °S,+°8, --- 1 No Coulomb
(Loosely b.s.) G 4| Q=60MeV,’S;only — / Rp=R=2.5fm
O 3 So+°Sy
v, =
o 1.5 Static Sourc 2
O No Coulomb 1
O (no . |
1 ——== — 1.5 1 -0.5 0 0.5 1
/ -==TT 1/aq [fm™]
05 __--- Vi ((deep) b.s.) (a)

0 20 40 60 80 100 120 140
Q=|m kq-mok,|/M [MeVic)

(w/o Coulomb, Strong absorption at r< 2 fm in ’S (decay to 8-8 in S-wave))

K. Morita, AO, F. Etminan, T. Hatsuda, PRC94('16)031901(R) [arXiv:1605.06765 [hep-ph]]

= = ?Qs
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€ p correlation w/ Coulomb

'R, _=R,=2.5fm, V
p ¥
Vi

Vip
R,=R=5fm, V|
Static Source Vi

5g,+38,+Coulomb | With Coulomb

o
<
g ., c-r,2smy, . | Coulomb + Gamow corr.
© 04} Static Source Vy —
Sg L3 Vip —
0.2 S5,+°5,+Coulomb Ep:ﬁﬂ=5fm__'l|,|'l -

vV
Gamow corrected Il
(h) Vin - -

0 20 40 60 80 100 120 140
Q=Im kg,-mk /M [MeVic]

Coulomb potential washes out the features of 'V, , V, ,V,
and Gamow correction is not enough.




" p correlation: Small / Large Ratio

2.5 “x 1, "STom. i —
AV Ve
5 "I'. Sg 43 II____ ]
5 |\ C(R—z 5 fm)/C(R—S fm)y| S
. g15¢ Vv, Y Static Source Vi ===+
o 27 "'., 211 ——_hh;&{ No Coulomb, R =R,=2.5fm
o \ Static Sourcr 1
15 | Rx R I o i I
Qo 0 20 40 G0 a0 100 120 140
_I_I‘ Q=|m_kg-mgk /M [MeVic]
&) 1 e
= e
4 3]
&
0.3

40 Gl a0 100 120 140
Q=Im_k;,-mgk |IM [MeVic]

—
R
=

By taking small (R=2.5 fm) / large (R=5 fm) ratio,
we approximately see the corr. fn. w/o Coulomb !

Bm » y I TP 998
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| J. Chen (STAR Collab.), NFQCD 2018
R Source Size Analysis on pQ Correlation Function

i 1 )
® po.Fo o Static Source Static Source Au+Au |5, =200 GeV
3 (S.L) = (23) Im (8,L) = (2,4) fm
3] Background I (T.‘I." ® POFD -
=+ V,(ES) ¥, (55) : o L] Background
= Vy (ES) Vi (S5} v ]
=t Wy (ES) —— v, (55) Vi
— )i

=
b
o Static Source
i (S.L) = (2.5,8) tm
S
Q
1]
i

STAR Preliminary

Au+Au VSun = 200 GeV

STAR Preliminary

Static Source
15,L)=(3,5) fm

https://drupal.star.bnl.gov/iSTARffiles/

! Ll
0.4 0.15 0

1 1
0.05 0.1 0.15

: LI 0 005 01 0150 005
0 0.1 0.2 0.3 k* (GeV/c) k* (GeV/c) k* (GeV/c)
k* (GeV/c)
. k* = 0.02 GeVlc S
[4 The source parameters are derived . :
from other PID and centrality P i ; —
dependence measurements at ;- " Zi—/\A .
i h I'|I |! L
e e e e o

Zbroszczyk Hanna.pdf

isiecs wEs (parighal caslial]
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K p correlation
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K~ p interaction

s A(1405) KN quasi-bound state
Dalitz, Tuan ('60); Koch ('94); Kaiser, Siegel, Weise ('95);
AO, Nara, Koch ('97)

@ Positive scattering length in K~ atoms

M.Iwasaki et al. PRL78('97)3067; K p 1435
M.Bazzi et al. [SIDDHARTA Collab.],
s Kaonic nuclei ? I > (1385)

Nogami ('63); Akaishi, Yamazaki ('02);
Shevchenko, Gal, Mares ('07); Ikeda, Sato ('07);
Dote, Hyodo, Weise ('09)

— Needs precise info. on KN int.

s Scattering amplitude and Potential nZ 1325

fitting scattering and SIDDARTA
data in chiral approach

lkeda, Hyodo, Weise ("11,"12), ‘ How about K~ p correlation ? I
= Mi ahﬁi’-ﬂmﬂ ('16)
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K~ p scattering and K p correlation

# K p scattering: Plane wave + Outgoing spherical wave
T (r) = exp(ig - ) (K p)

ezqr

+ [fK_P%K_pX(K_p) T fK‘p—)I_{OnX(KOn)}
# K p correlation: Plane wave + Incoming spherical wave

i), (r) = exp(ig - ) x(K p)

—qgr

6 ~ . ~ —
=+ [pr%KpX(K p) T fK‘p—)I_(OnX(KOn)}
. S—1 L[S ST
fK—p*K_p:T-q#fK_p—)K—py S = [ L 02 L 1]

P £ (PH)* — K- p correlation probes
different combination of I=0, 1 from K™ p scattering

 C LR ?QS
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K p correlation

K p correlation function
IHW amplitude

Not a resonance -

R=3 fm

KP formula —
| L|L model -=-

0 0.1 0.2 0.3
q (GeV/c)

Calc: A0, K. Morita, K. Miyahara, T. Hyodo, NPA954 (‘16)294 (AA, K—p).

Potential: K. Miyahara, T. Hyodo, PRC93 ('16) 015201.

Amplitude: Y. lIkeda, T. Hyodo, W. Weise, PLB 706 ('11) 63; NPA 881 ('12) 98.
Fitting SIDDHARTA data: M. Bazzi et al. [SIDDHARTA Collab.], PLB 704 ('11) 113.

= = ?Qs
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http://dx.doi.org/10.1016/j.nuclphysa.2016.05.010

0.85

K p correlation

K'p correlation function

IHW amplitude
KP formula —
LL model ----- _
0.1 0.2 0.3
q (GeV/c)
y: Another source of fake peak ? K. Miyahara

= ?QSsS
=-m Y TP N
. vucwAIsTIUTE R
"THEORETICAL PHYSICS P
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New Data from LHC-ALICE

V. M. Sarti (ALICE Collab.), MESONS 2018

K- p Correlation-pp 5 TeV, 7 TeV, 13 TeV TUTI

ALICE I N
5 5 | LKp+KP ] 5 '. }Kp+K'P ]
* Analysis on datasets: 2.57‘ Colomb . 250 Goulomb -
! CoulombeSirong 1 Coulambe+Slrong
° PP 5 TEV: 7 TE“, 13 |I ALICE preliminary |
TEU 21 pp 15 = 5TeV ALICE preﬁllr:ll:iary
. [ L 0.7 <5; <1 pplls:ﬂ_ma
* Short range KN ¥y ro= 1145 tm ;Liﬂa:;c;ljﬁs:: )
interaction: Ray r=080+016(sys) | KOn channel R
. | EE 1 . je3 ey
. L v - opening i
* N\(1405), kaonic o B N
atoms and kaonic L "
clusters |

DataModel
|
DataModel

» Kaonic atoms and
scattering data

50 100 150 200 250 50 100 150 200 250

Julich Model ¥ ™9 Kyoto Model ™"
(Haidenbauer et al., Phys.Rev. C66 (2002) (Hyodo et al., Phys.Rev. C95 (2017) no.6,065202)
055214) Analysis performed by R.Lea (INFN-TS)

Valentina Mantovani Sarti (TUM Physics Department — EG2) 14

.........



New Data from LHC-ALICE

8 Data shows shoulder at é [ } Kb+ K'D
q-~ 50 MeV 2-5_=:'_' Coulomb n
! Coulomb+Strong
@ Threshold effect ? T :
@ Interference of I=0 and I=1 = AL;ET:T;:E” _
amplitudes ? (Cho et al. (‘17 e o = 11409 fm

A = 0.80 £ 0.16 (syst)

1.3 ik

: . a2 aG
105 | with Coulomb —— o

. 113_[ W ]
1o : without Coulomb —— - I 2y e 3 I S e .

Coulomb only -------

[
3
=
3
)
a
0.95 4 ' : . . .
0 005 01 015 02 025 03
GeV/ : . |
P er & 50 10 15 200 250
Cho et al. (ExHIC Collab.) (‘17) Kyoto Model k* (MeVic)

- = ?QS
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Coupled Channels Effects Revisited
s J. Haidenbauer (arXiv:1808.05049)

@ Coupled channels effects strongly modifies the correlation funciton
of K- p and =- p.

@ Threshold difference needs to be taken care of.
@ Source of other channels need to be added.
@ No Coulomb, No Flow, Gaussian source with a fixed size, ...

# Two channel closure approximation is used in our previous
works, and source function of other channels were missed
(forgotten to add).

Choetal ('17), AO et al. ('16)

N

S = (S2x2) " # (5T)2x2

— We need to revisit K- p correlation ...

-m = QQS
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C(K)

1.5p

0.5

Coupled Channels Effects

# Results by J. Haidenbauer (arXiv:1808.05049) seem to be
different from our results (AO et al. ('16))
— Coupled channels effect is strong ...

K
L\
- II‘"

Single source,
degenerated masses

Kp

,

KRN
AT
%
;! Y .
L kY ™, i,
. . & o Fos,
.'i ' :‘“:" I'i
W * 3'33-‘:_:_; . -__:: . w--“.____
N _-- " - _\_\_.\_\_

L

"\-\._

= Qs
3T Y TP W
) X\
2
o Y A
G " u 'YUKAWA INSTITUTE FOR
- "THEORETICAL PHYSICS | YITP Ky . "

' L
100
k (MeV/c)

20

Haidenbauer, arXiv:1808.05049

P I T T
150

200

K'p correlation function

IHW amplitude

— e oo

KP formula —
LL model ---

0.2 0.3
q (GeV/c)

0 0.1

AO, Morita, Mihayara, Hyodo ('16)

voto £ Al
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Correlation Function with Coupled Channels

# Contribution of the source in other channels K~
_ 2 4
=3 [drssn) [0 r.)
B - _ T
# Asymptotic wave function Source fn. 5

K. Miyahara, T. Hyodo, W. Weise, Phys. Rev. C 98, 025201 (2018),
arXiv:1804.08269.

4
SOESY @Déa) 18) No outgoing w.f. for B !=a
B

—ikgr tkgr
SR Py S —k
W20 > g (850 = 2505 | (0 = bt

. Asymptotically outgoing wave functlon

ikﬁT

(+) Va 1 5 e _ Yo g —
k: Zw Vny /Qikalﬁa T Pa

s Difference of ¢ and ST may lead to different results....

-m = QQS
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= p correlation

-m = ?Qs )
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Relevance of =N interaction to physics

# H-particle: 6-quark state (uuddss) _
may be realized as a loosely bound state =" HAL
of EN (I=0) E52) ('16)
K. Sasaki et al. (HAL QCD, ‘16,’17) ('07) R
s Repulsive EN interaction (I=1) may help AA
to support 2 M _ Neutron Star
Weissborn et al., NPA8SI (‘12) 62.
= fi ! | ] 210 : : .
150 fé preliminary 180 l210 | —
Y g -
e——
1] 0.5 r 1 1I.5 2 2.5 3 0 10 :EJEMA [ME?E 40 50

r{fm]

K. Sasaki et al. (HAL QCD Collab.), EPJ Web Conf. 175 (‘18) 05010.
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=" p correlation

# Prediction of the correlation function by using
=N potential (HAL QCD Collab.) + Coulomb potential

1 3 _
‘w‘spln av. — 2 Z [ WJ O|2 _|¢IJ_1’2

1=0,1
HAL prediction
Is examined !
- t=9 —
. 10
8 1.8 “\\\ =
sl \ -
S \"\.\ Static Source, w/ Coulomb
f-l? 1.4 ‘
)
&1.2
1
0 20 20 60 80 100 120

Q [MeVic]

T. Hatsuda, K. Morita, AO,
K. Sasaki, NPA967(‘17), 856.

3.5

— A]
(&) no (92} %)
':'||||||||||||||||||||||||||| TTT1

—h

V M. Sarti (ALICE Collab ), MESONS 2018

L I | I 1 I | I 1 I I I 1 ! I _l.

ALICE Preliminary

p-Pb (s, =5 TeV

ro=1.437 £0.011 7725 fm

- pZ @ pZ’ pairs
Baseline

- Femtoscopic fit (Coulomb)

—— Femtoscopic fit (HAL QCD)
Nucl. Phys. A967 (2017) 856
PoS LATTICE2016 (2017) 116

0.05 0.1 0.15 0.2
k* (GeV/c)

= T ?QSsS
S\"H = Y P ‘
¥
4= n‘
< Y A
% %)/ m™am m  YUKAWAINSTITUTEFOR
o THEORETICAL PHYSICS Cnt
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Summary

# High energy collisions (incl. heavy-ion collisions)
are hadron factories, and can be utilized to perform hadron
physics as well.

# Hadron-Hadron correlation contains information on interactions.

@ Correlations in various pairs have been measured:
nn, KK, pp, nn, p p, AA, Ap, K p, Q p, Ep, ...

@ When the pair purity is large enough,
corr. fn. has sensitivity to hh interaction.

# Some of hh correlations have been discussed.

@ AA correlation data constrain (a, r ) region of AA interaction.

@ () p correlation suggests the existence of a S=-3 dibaryon.
@ K- p correlation shows “shoulder” structure.

@ = p correlation has examined the prediction by HAL QCD Collab.

# Many other type of pairs are waiting for us.
VYITPY A. Ohnishi @ QH seminar, Oct. 12, 2018 44




Challenge, Lessons, and Reflections

# Challenge

@ “Static Gaussian source + single channel problem” can be now done

by experimentalists.
D. L. Mihaylov et al. EPJC78(¢18), 394.

@ Coupled channels problem needs to be investigated further,
including the effects of threshold difference.

@ Source fn. needs to be studied more.
Combination with transport models
Gaussian source for pp and e*e collisions ?

# [.essons

@ Let’s draw some graph on observables which Experimentalists have
not shown ! It can be a prediction !

@ It can take 20 years before your prediction is examined.

# Reflections: We need to write “original” papers rather than
proceedings.

- . = QQS
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Thank you !

- . = ?Qs
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Interaction Dependence of Correlation Function

7 . . . . .
Q=20MeV, °S, only — v (b)
6 | °S,+°S, --- [ _
Q=40MeV 532 only — Static source
o0 532_,_351 - No Coulomb
5 4| Q=60MeV, 5% n‘?sly — R,=R=2.5fm
O 3l 2t 91
3 V, . |
o | d/ Vi uppression
1 : e ==
0 Enh. ~ Strong Enh. " | |
-1.5 -1 -0.5 0 0.5 1

1/ag [fm™]

q cot & =—1/ag + rerr q°/2 + O(qY)
K. Morita, AO, F. Etminan, T. Hatsuda, PRC94('16)031901(R) [arXiv:1605.06765 [hep-ph]]

R LRV ?QS
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Interaction Dependence of Correlation Function
Correlation function (LL model)

SO &0 G-l =t =N
MNBRO® NhO®

0 0.05 0.1

q (GeV/c)

q cot d =—1/ag+ refr q°/2 + O(qY)
AO, K. Morita, K. Miyahara, T. Hyodo, NPA954 ('16), 294.
A. Ohnishi @ QH seminar, Oct. 12, 2018 48




Interaction dependence of CF

8 Scattering wave function w/ incoming plain wave

o(t) (+) - . ear
(r) =07 + () — jolar) = €17 + ()~
726 1 | |
) — d) = —— iqr __ ,—igr 2i8
P(r) — qrsm(r—k ) 2iqr(56 e~1r) (S = e20)
8 Scatt. w. f. with outgoing plain wave boundary condition
— 1q-r — . ig-r ~ e_iqr
P (1) =T + () — o(ar) = €47 + Flg)
—i8 | | -
w(_)(r) >€qr Siﬂ((]?“ -+ 5) — % (GZCJT . ge—zqr>
S—1-1

(=f* ifS™H=S)
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Lednicky-Lyuboshits (LL) model

# Lednicky-Lyuboshits analytic model

@ Asymp. w.f. + Eff. range corr. + y© = [yM]*

e—i(S

qr

sin qr e'd"

+ f(q)

qr T

Vasy (1) =

sin(gr +9) =871 [

ACLL(q) :/d"“512(7°) (ywasy(r)|2 — ’jo(qr)IZ)

f(@)F . (Te 2Ref(q) Im f(q)
T IR F3(RH)+ JrR i) - @)

(x = 2qR, R = Gaussian size, I, Fy, F3 : Known function)
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How can we measure the radius of a star ?

# Two photon intensity correlation
Hanbury Brown & Twiss, Nature 10 (1956), 1047.

@ Simultaneous two photon observation probability is enhanced
from independent emission cases

— angular diameter of Sirius=0.0063"

A TEST OF A NEW TYPE OF STELLAR INTERFEROMETER ON SIRIUS
By R. HANBURY BROWN

Jodrell Bank Experimental Station, University of Manchester
AND
Dr. R. Q. TWISS

Services Electronics Research Laboratory, Baldeck

NATURE November 10, 1956 o 178

127

-
/
|—o-}tQ
/
s
s
~
’—l
o
~~—"
~—
S
A =
—~
N
=5
|\/
—_

04 F

=
e

Normalized correlation coefficient I(d)
=
[==3
Fd
ll-!-l#ﬂjpﬂ
s
i
i
rd
N
N——
p—t

10 18 14
Base-line, d {metres)

Fig. 2. l'“mnparlmn hetwesn the values of the normalized cor-
relation eoefficient I'4d) observed from Sirius and the theoretical

Figure 2. Picture of the two telescopes used in the HBT experi- values for a star of angular diameter 0-00437. The errors shown
ments. The figure was extracted from Ref[1]. are the probable errors of the observations
4
HBP telescope (from Goldhaber, ('91)) HBT ('56)

- . ?Qs
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Two particle intensity correlation

# Wave function symmetrization from quantum statistics

C(q)z/dgrs(q,r) :

ﬁ(eiq-r + e_iQ'r) ~ 1+ eXp(—4q2R2)
Source fn. . ) Static spherical
(r=relative (Symmetrized w.1.) source case

coordinate)

— Small relative momenta are favored
due to symmetrization t Clq) = (Iil2)q/({11)(I2)
of the relative wave function.

Momentum
q=(p,-p,)/2

.m v TD (9QS
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How can we measure source size in nuclear reactions ?

# Two pion interferometry
G. Goldhaber, S. Goldhaber, W. Lee,
A. Pais, Phys. Rev. 120 (1960), 300

@ Two pion emission probability is enhanced
at small relative momenta

— Pion source size ~ 0.75 z / pc q (relative momentum)

PHYSICAL REVIEW VOLUME 1200, NUMBER 1 DCTORER 1, 1960

Influence of Bose-Einstein Statistics on the Antiproton-Proton Annihilation Process™

GERsoN GOLDHABER, SULAMITH GOLDHABER, WonNvyonG LEE, anp ABramaM Parst
Lawrence Rodiotion Laboratory and Lhepartment af .F'.I’!}rﬁ-:.‘.i, Uniwr:iijr af {:faia;f'ﬂmir:, Berkeley, California

{Received May 16, 1960)

Momentum
q=(p,-p,)/2

. - 7‘3
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How does interaction modifies correlation ?

s Interaction modifies the relative wave function,

and modifies correlation.
S. E. Koonin, PLB 70 ('77) 43; S. Pratt, T. Csorgo and J. Zimanyi, PRC42 ('90)
2646; W. Bauer, C.-K. Gelbke, S. Pratt, Annu. Rev. Nucl. Part. Sci. 42 (1992)77.

2
C(q) = / d*r S(q,r) §2)(r; q)‘ int. — relative w.f.
1 2p2y L 3 2 _ 5 2
~1 —\ 2 exp(—4q”R”) + 9 d’rS12(r) |Ixo(r)|” — |70(qr)]
Fermion Source w.f. free
(Koonin-Pratt formula) Lt ;.E__ﬂ NN ), éﬁ;’gg#‘*’ }
: o F=B-I~D—12-:;DHE‘|U"'C _1
Y B N a5
@ pp correlation from heavy-ion 2 e _*
collisions is well understood + # -
by the (vacuum) NN interaction O .
and the source function | NN atf. = ooe
from a transport model. o5 L = J —

-m = QQS
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Correlation — Interaction

a8 If we know correlation and source,
it should be possible to get knowledge of hadron intearctions !

# How about AA interaction ?

@ A particle is too short-lived to perform scattering experiments.
Mass=1115.6 MeV, 1=2.6x 10" s, ct=7.89 cm

quark content = uds (p=uud, n=udd)

- . . 3

60 , .
oK K*) AGS, Au+A Lambda-correlation with resonance
: 1 , AU+AU
40} | _ > :
g h :r-f,-’ \ P = 50 e
20 r__..-"/ \ K ik j
— f’# __-'I.-:-"'_"-\-\_ .IIL"L Wikh = 17
0 s f- H
SPS, 5+5 RHIC, Au+Au él,- _F__///,_. “"-a.__
s 2 trg-a (nobs) —=— :__
g trg-b (with bs) -2~ _
1 F
o
0 S . ; |

q (MeVi/c)

AO, Y. Hirata, Y. Nara, S. Shin
Nucl. Phys. A 670 {2000), 297c

0 20 40 60 80 0O 20 40 60 80 100

q (MeVic)

i

P

T4 1
gl ] &

&0

g0

[[1]

relative momentum (MeV./c)

mura, Y. Akaishi C. Greiner, B. Muller, PLB219(1989)199.

"YITP "%
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