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Heavy-Ion Collision as a Hadron Factory

# Many hadrons are produced simultaneously in high-energy HIC
— HIC = Hadron Factory
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# Physics of Hot and Dense Matter Esumi, Mironov, Meyer

@ Yield Ratio, n-A® correlation, R, ,, Flow, Fluctuations, ...

— (T, n), Ridge, Jet quenching (E-loss), parton collectivity, CP, ...
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Heavy-Ion Collision as a Hadron Factory

# Many hadrons are produced simultaneously in high-energy HIC

— HIC = Hadron Factory
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# Physics of Hot and Dense Matter
@ Yield Ratio, n-A® correlation, R
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Esumi, Mironov, Meyer

v Flow, Fluctuations, ...

— (T, n), Ridge, Jet quenching (E-loss), parton collectivity, CP, ...

# Hadron Physics

Robbe (LHCDb)

@ Medium effects, Formation mechanism, Exotic Hadrons,

Interaction between hadrons

< This work

- = ?QS
2 ViTP e pe
T Toncurmae [ ,AK R

A. Ohnishi @ INPC 2016, Sep.15, 2016, Adelaide 4



Hadron-Hadron Correlation in HIC

# 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.

N(pi,p2) _ Jd'a [d'z:S(p1,21)S(p2, ) [ )|
N(p1)N(p2) [ d*z1S(z1,p1) | d*x2S(x2, p2)

2
= / d*r S12(q,r) |¢§5)(r’;q)|

1 1 -
~] — ) eXP(—4q2R2) + 2 /dSTSm(I‘) [|X0("")|2 - |30(q'r)|2

C(Pa q) —

P: Total mom., q: rel. mom., Spherical source, Identical Fermion
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Hadron-Hadron Correlation in HIC

# 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.

N(pi,p2) _ Jd'a [d'z:S(p1,21)S(p2, ) [ )|
N(p1)N(p2) [ d*z1S(z1,p1) | d*x2S(x2, p2)

2
= / d*r S12(q,r) |w§§)(r’;q)|

=1 S exp(—4¢° ) + 5 [ drS1() oI’ - Liotar)

\ . Source w.f. free
Fermion

C(P7 Q) —

int. — relative w.f.

P: Total mom., q: rel. mom., Spherical source, Identical Fermion
TRV Qs
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How does interaction modifies correlation ?

2.0

Coulomb
+Quant. Stat

1.5

1 + R(q)

| .
TA1( 1"'N,l::l::), E/A=75MeV |

8,,=25°

o P=840-1230MeV/c
® P=450- 780MeV/c
o P=270- 390MeV/c

o

-

100

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

\ "o

Cla) = [ drSunlan [417 w:a)

| 2
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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¢
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AA invariant mass / BB correlation function

T 3500FALCE ALICE 3 Ho AR 1
= E Pb-Pb (5, = 276 TeV +r | g =
2 3000 E_[[]-’Il:ll%llcsentralj ; L+ & o Belle AA % _F + _[_ 'H—
S 2500F Apnt  ~+ =2 -[—+ +{* ‘]‘-H”
S p T
£ zuunE—ALICE Collab. ot o ﬁ"lj}
S 15[][]5— (']. Adam et al.)’ -+ 5 ® Fresidual | '
mnni— PLB752(2016) 26Z 2l + E‘qJ-T—HHh} +~H— ~l~ +H~ ['l‘jL ’HT% —H‘
500F- T - E, + + TL Jf LT 'H
P b Ry R X R B S S R Y Mo Mev)
Invariant mass (Apr) (GeVic?) Belle Collaboration (Kim, B.H. et al.),
_ e PRL110('13)222002.
%1 STAR pA 1 280A. —ce . 15 STAR Collab.
2 “PASPA E i a1 (J. Adams et al.)
E |L “pPABPA . proton-proton i Nature 52 7(’15)345
| 5 L e
N antlproton-arutiproton :;gj 0.8 STAR AA
u S ;’ER UClollZ})ﬁ T ;& STAR P IH; Adamezyk«m Lijte?ﬂél
(J. Adams et al.), = ~—,  |_(STAR Collaboration)
PRC74('06)064906. e Wo.;f-s PRL T14 {’15)'022301.
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Interaction dependence of
two particle momentum correlation
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Correlation function formula (for identical Fermions)

# Koonin-Pratt formula (Spherical Gaussian Source)

_ 2
C(q) :/d37“ Si2(q,r) |¢§2)(I‘; Q)| int. — relative w.f.

1 1 .
2o 5 e(APR) + 5 [ ErSinte) [xo(r)” - ntan)P]
i 1
Fermion Crpr(q) + : AC(q) Source w.f. free
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Correlation function formula (for identical Fermions)

# Koonin-Pratt formula (Spherical Gaussian Source)

_ 2
C(q) :/d37“ Si2(q,r) |¢§2)(I‘; Q)| int. — relative w.f.

1 1 .
2o 5 e(APR) + 5 [ ErSinte) [xo(r)” - ntan)P]
i 1
Fermion Crpr(q) + : AC(q) Source w.f. free

# Lednicky-Lyuboshits analytic model

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

—10 in 1qr
Vasy (1) = eq'r sin(qr + 9) = St [S qTqT + f((J)er ]
2 m
Acu @ 00E F () + 2L ) - 20 po

(x = 2qR, R = Gaussian size, I, Fo, F3 : Known function)
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Interaction Dependence of Correlation Function

c(Q)
(=] -t N w = (4] (=] |

Q=20MeV, °S, only — Iv (b)
532+3S1 Il ]
| Q=40MevV, 3s, only — ‘l, Static source
559.2+3s1 S No Coulomb
- Q=60MeV, S, only Rp=Ro=2.5fm
5 .3
S2+ S1
-1.5 -1 -0.5 0 0.5 1

\Y
aO<O<R

>r
/ No b.s.

v

loose b.s. “o

a0>R

q cot 0 =—1/a
+ rerr 472 + O(q°)

deep b.s.
0<a <R
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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, |
5 | d/ Vi, Suppression
1 . S S
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]]
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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 @ INPC 2016, Sep.15, 2016, Adelaide 17




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

# H-particle: 6-quark state (uuddss)
@ Prediction: R.L.Jaffe, PRL38(1977)195

AA —

\ B 80 MeV
Jafte ("77)
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Relevance of AA interaction to physics

# H-particle: 6-quark state (uuddss)
@ Prediction: R.L.Jaffe, PRL38(1977)195

@ Ruled-out by double A hypernucleus
Takahashi et al.,PRL87('01) 212502 ‘He+AA

AL 7691 Mev |
Nagara ¢

(01) Ar He
vy~ 80 MeV

Jafte ("77)
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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(&)

@ Resonance or Bound “H” ?
Yoon et al.(KEK-E522)+A0 ('07)

@ Lattice QCD
HAL QCD & NPLQOCD ('11)
HAL QCD ('16): H as a loosely bound EN ?

HAL
('16)

‘He+AA

1 ~6.91 MeV |
Nagara ¢

(01) Ar He
vy~ 80 MeV

Jafte ("77)

N - ?QS
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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
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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.

— == |LL W& residual

— LL with residual

0.6l /

Q=2q

0 01 0.2 03 04 05
Q (GeVic)

N - ?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 (GeVic)
] Y -TP *‘?QS 4
 VHIF o # ) ‘ A. Ohnishi @ INPC 2016, Sep.15, 2016, Adelaide 24
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AA interaction from AA correlation

AA scattering parameters

| ND -
15 | p o s ! Mscrég -
i - 5
{1 -HD'E'. 0.8 fm _',Il i LL “I'E'E' h} NSCO7 —®&-
o . | . ESC08c #
E -._. I I-" \ Ehime ©
10 e A fss2 =
el \ | e FG U
- | . HKMYY ©
- : Y STAR —&
5 s : | |« Nijmegen potentials
LL ((@ E?ﬁ 1A, (ND, NF, NSC89, NSC97, ESC08)
T : % Nagels+('77, '79), Maessen+('89),
0 i . Rijken+("99,'10)

-5 -4 -3 -2 -1 0 1 2 * Ehime Ueda etal. ('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)

N - ?QS
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AA interaction from AA correlation

AA scattering parameters

| ND -
15 | MFO'15 ! L NE T
/ - ]
(1. dp= 0.8 im J i L (free 2) NSGQ7 @
— . | . ESCO0Bc ®
E . | T Ehime @
10 e A fss2 =
- v, | e FG O
[T ) HKMYY ©
e E I L/ STAR —&
S : ~ | 1« Nijmegen potentials
LL ((@ E?ﬁ 1A, (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 etal. ('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

=-m = ?QS
- YITPL # 1| A. Ohnishi @ INPC 2016, Sep.15, 2016, Adelaide 26




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 R Feed-down

1
Rep. f-r--

0.82

-
e
'f
-

A: Pair Purity

- e EEEEE . »

HBT
0.5

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

AO, Morita, Mihayara, Hyodo ('16)
=-m = ?QS /
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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 R Feed-down C R
1| .= 1
s 0.82
0.82 A: Pair Purity A.t il
Y HBT
0.5 0.5
> (] > (]
STAR: Morita et al. (MFO15):
A~ 0.18 (free para.) A~ 0.45

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

Z/A =15 % (RHIC)

AO, Morita, Mihayara, Hyodo ('16)
= 2QS y
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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 R Feed-down C R
1| .= 1
s 0.82
0.82 A: Pair Purity A.t il
Y HBT
0.5 0.5
> (] > (]
STAR: Morita et al. (MFO15):
A~ 0.18 (free para.) A~ 0.45

>0/A=0.278 (p+Be, 28.5 GeV/c)

Sullivan et al. ('87)
=2/A =15 % (RHIC)

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

- YITPY" s P A. Ohnishi @ INPC 2016, Sep.15, 2016, Adelaide

AO, Morita, Mihayara, Hyodo ('16)
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~p correlation
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" p interaction

8 () : quark content=sss, Ja=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 and H=uuddss 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.
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" p interaction

8 () : quark content=sss, Ja=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 2610
in QN and H=uuddss channels. B (2p)

Oka ('88), Gal ('16)

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

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

Neha Shah (STAR), private commun.

Let us try to discover the first(?) dibaryon (after deuteron) !
(First dibaryon with $<0!)

N - \'g
e YTP y 4 5 ) A. Ohnishi @ MIN 2016, Jul.31-Aug.2, Kyoto, Japan
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€ p potential from lattice QCD

a8 Lattice QCD predicts - p bound state at large quark mass,
mn=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

TTYITP R = r [fm
Ty wsansmeo SN A@ [ ]



Q" p correlation

2.5 a

S, only, V| ——
V) Vi —
2 | s 3 Vi ——
(Loosely b.s.) Spt S T
-
Vg = - = -
g 1.5 Static Source i
o (1o No Coulomb, R,=R,=2.5fm
1 :/ — S Sl
05 __----" Vy((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]]
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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]]
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€ p correlation w/ Coulomb

'R, _=R,=2.5fm, V
p ¥
Vi

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

%5,+°5,+Coulomb

L
g
g ! R =R=2.5fm, V,
0.4 ¢ Static Source Vi
S .3 Vi
0.7 S5,+°5,+Coulomb Ep:ﬁﬂ:f,fm__ V,

vV
Gamow corrected Il
{b) Vi

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

140

With Coulomb

Coulomb + Gamow corr.

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

.. Y
|
=== @ YUKAWAINSTITUTE FOR
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" p correlation: Small / Large Ratio

2.5 : . : : . . .
\ vV —
) \ C(R=2.5 fm)/C(R=51fm) Va —
— \ m—
o 47 \
E \ Static Source
= \
S5\ °%, + °S.+ Coulomb
o —
- 1 — ___ —
)
L
0.5 - - - - - - -
0 20 40 Gl a0 100 120 140

Q=Im_k;,-mgk |IM [MeVic]

- - ?QS
I YITP <524 pee
- THEORETICAL PHYSICS :__-_‘ !1}
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" p correlation: Small / Large Ratio

P!
&y

C, 5(Q)NCg(Q)

Cg(Q)

=
LN

- - ?QS
I YITP <524 pee
- THEORETICAL PHYSICS :_'_‘ !1}

2.5

Pacd

1 C(R—Z 5 fm)/C(R—S fm) |

— &{ No Coulomb, R,=R,=2.5fm

Static Source

Vi (@)

40 G0 a0 100 120 140
Q=|mkg,-mk /M [MeVic]

g 1.5 1V, A
H 5
\ Static Sourci 1 F —
lllll. -
i \ 552+351+ i 0.5 1 -
0 20
\____---__
0 20 40 Gl a0 100 120 140

Q=Im_k;,-mgk |IM [MeVic]

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

]
=-m ‘?QS A\
| =\ ;
™ 1 eufroi
mmnn  UGWAISTITUTErOR tar
- "THEORETICAL PHYSICS :..J JB\ . A
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K~ p interaction

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

@ Positive scattering length in K~ atoms
M.Iwasaki et al. PRL78('97)3067;

M.Bazzi et al. [SIDDHARTA Collab.], K p 1435
PLB704('11)113. I A\ (1405)
I > (1385)

T2 1325
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K~ p interaction

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

@ Positive scattering length in K~ atoms
M.Iwasaki et al. PRL78('97)3067;

M.Bazzi et al. [SIDDHARTA Collab.], K p 1435
PLB704('11)113. B A\ (1405)
s Kaonic nuclei ?
Nogami ('63); Akaishi, Yamazaki ('02); N > (1385)

Shevchenko, Gal, Mares ('07), Ikeda, Sato ('07)
— Needs precise info. on KN int.

@ Scattering amplitude and Potential
fitting scattering and SIDDARTA
data in chiral approach i R
Ikeda, Hyodo, Weise ('11,'12),
Miyahara, Hyodo ('16)
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K~ p interaction

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

@ Positive scattering length in K~ atoms
M.Iwasaki et al. PRL78('97)3067;

M.Bazzi et al. [SIDDHARTA Collab.], K p 1435
PLB704('11)113. B A\ (1405)
s Kaonic nuclei ?
Nogami ('63); Akaishi, Yamazaki ('02); I > (1385)

Shevchenko, Gal, Mares ('07), Ikeda, Sato ('07)
— Needs precise info. on KN int.

@ Scattering amplitude and Potential
fitting scattering and SIDDARTA
data in chiral approach i R
Ikeda, Hyodo, Weise ('11,'12),
Miyahara, Hyodo ('16)

How about K p correlation ?

N - ?QS
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K~ p scattering and K p correlation

8 K- p scattering: Plane wave + Outgoing spherical wave
w'(K™ p)>exp(ikz)x (K p)
ik _ . _ o _
SRR (s K p)x( K p)ef (K pKon)(K'n)

N - ?QS
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K~ p scattering and K p correlation

8 K- p scattering: Plane wave + Outgoing spherical wave
w'(K™ p)>exp(ikz)x (K p)

+ expﬁikr) [f(K_péK_p)x(K_p)+f(K_P‘)I_<O”)X(KO”)]

# K p correlation: Plane wave + Incoming spherical wave

W' (K™ p)>exp(ikz)x (K p)

+ SR 3k pos K p)x (K p)+F (K™ pKon)(Ron)
) 34 gl 4ol -1
(K paK )= (K pa K p), §=| 7070

N - ?QS
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K~ p scattering and K p correlation

# K p scattering: Plane wave + Outgoing spherical wave
WK™ p)>exp(ike)y (K p)

+ expﬁikr) [f(K_péK_p)x(K_p)+f(K_P‘)I_<O”)X(KO”)]

# K p correlation: Plane wave + Incoming spherical wave

W' (K™ p)>exp(ikz)x (K p)

+ SR 3k pos K p)x (K p)+F (K™ pKon)(Ron)
N 3.1 stist ]
(K pak pl=S A (K pak p), 3= 2020

PO # (YH)* — K- p correlation probes
different combination of I=0, 1 from K~ p scattering

N = ?QS
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K p correlation

K p correlation function

1.1 | | .
- IHW amplitude
1.05 Not a resonance
=
E” R=3 fm
1 \--_-J/;;;ﬂﬂ—_;-—-_:
KP formula —
0 05 | LL model ---
0 0.1 0.2 0.3

q (GeV/c)

AO, K.Morita, K. Miyahara, T.Hyodo, arXiv:1603.05761

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.
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K p correlation

K'p correlation function

IHW amplitude

1.0 /0N
N g [ SR W N  J=H W { ¢  C—————e T LY
S
2095|
0.9 KP formula —
al LL model -
0.85 ' ' |
0 0.1 0.2 0.3
q (GeV/c)
y©: Another source of fake peak ? K. Miyahara

N = ?QS
- YITPL # 1| A. Ohnishi @ MIN 2016, Jul.31-Aug.2, Kyoto, Japan 47



Summary

# 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, 27p,) ...

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

# Some of hh correlations have been discussed.

@ AA correlation data is consistent with A A interaction with
1/a, <-0.8 fm™, provided that pair purity is large enough, A > 0.35.

@ () p correlation may tell us the existence of a S=-3 dibaryon.

@ K™ p correlation is found to probe other combination of scattering
amplitudes of 1=0 and I=1.

# Many other type of pairs are waiting for us.

m-my\y QS N
JIYITP% ) 1 A. Ohnishi @ INPC 2016, Sep.15, 2016, Adelaide 48



Thank you !
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ANy dM {counts )

Thermal Modification of Hadron Spectral Function

i 1 & N L B L O L
Low mass dilepton Tro K mmimemes o
. . . - 92 cocktail 3
@ Enhanced dilepton invariant E T
mass spectrum may be explained ‘g103} Il T
with broadening of p meson S F%g, NI
and other mechanisms. 310 T e
@ ! * —--—-— bb — ee (PYTHIA) 3
2000 ————— . : . - % . |
[ sl e e w10 ﬁ PHENIX 3
[ T=T,=160 MeV QGP+DD p r =
1500 ‘ I Fﬂ—f;mmi :_ ._;_11 []—E 1Lt & I _;
[ l DY %,,, o =
- sum ——— = W] —
1‘3"’3‘3':' { | i ) } zm_? l b —l—+ '}E:
! g 4 b) =
LA 1] k" (b) 3
S00 - } \ - .= g % _E
I ) - i ] . m -
T > 45 g G 2
c,j_.,.,th.“. e © m,. (GeVic?)
0.2 04 0.6 0.8 1 1.2 14
M (GeV) PHENIX Collab. (A. Adare et al.),
NAG60 Collab. (R. Arnaldi et al.), PRCI3('16)014904
PRL96('06)162302. STAR Collab. (L. Adamczyk et al.),
H. van Hees, R. Rapp, NPA806('08)339 PRL113 ('14)022301

=-m = ?QS /
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Thermal Modification of Hadron Spectral Function

s Excited Upsilon (2S, 3S) are suppressed in Pb+Pb
CMS Collab. (S. Chatrchyan et al.), PRL107('11)052302; PRL 109 ('12) 222301
— Excited quarkonium may melt before g.s. does
by hot-medium effects

"'-"BDD—|III|||||||||||||||||||||||||II||— - |IIIII||||||||||II|||IIII||||||||
- - 5{] - f—
% - CMS PbPb s, = 2.76 TeV ] :}E - CMS pp {s = 2.76 TeV
© 700 7 >t
& C Pb+P Cent. 0-100%, Iyl <2.4 ] ] i p+p ly] < 2.4 ]
o 600F P, >4 GeVic 7 s Y- P, > 4 GeVic o
S L, = 150 ub™ = Ly = 230 nb™
= 1 E 4o
7] r o J0- —
400 * dala E R ¢ data
C — total fit ] - — fotal fit
SR O background ] E‘D:— ------ background

100 .
El : 1111 | 11 11 | 111 1 | 1 111 | 1 111 I 111 1 I 111 1 : 1 g 111 1 I 111 1 | 111 1 * 11 11 * 111 1 | 11 1 *
7 8 2] 10 11 12 13 14 7 8 9 10 LA 12 13 14
Mass(u*u’) [GeVic?] Mass(p*p) [GeV/c?]

# 11' mass reduction ? T.Csorgo, R.Vertesi, J.Sziklai, PRL105('10)182301

Modification by T, complementary to pA reactions.
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Hadron Formation Mechanism

a Statistical Model 2 T T T T T T T T T T T
o 1 o - —— L 8 E
A. Andronic, P. Braun-Munzinger, J. Stachel, = | Maadhs o120 GeY ]
NPA772('06)167; J. Cleymans, H. Oeschler, _13 vy _.__'_
K. Redlich, S. Wheaton, PRC 73 ('06), 034905 10 ¢ - 3
Hadron yields are well explained : - f
by the statistical model. 10 ® Data . .
E ——  Model s
# Coalescence of quarks o T1655,1,=38 MeV -
R.J.Fries, B. Muller, C. Nonaka, S.A.Bass, 0 e b I oK P DR b K
PRL90('03)202303; TKpAZOQrr T rxr KK
V. Greco, CM.Ko, P. Levai, PRL90('03)202302; 1 P —————
R.C.Hwa, C.B.Yang, PRC67('03)034902 T Ny it
pT spectra and v2 are explained : A |
by coalescence of quarks. 2

# (Coalescence of hadrons
H.Sato, K. Yazaki, PLB98('81)153

Deuteron spectrum is explained
by the coalescence of pn.

Pt [GeV]
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Exotic Hadron Production in HIC

# How do exotic hadrons are produced ?
Statistical ?
Quark Coalescence ?
Hadron Coalescence ?

a8 Statistical model overestimates % Quark
A(1520, 3/2-) yield. ~ Coal.
L=2 effects: Kanada-En'yo, Muller ('06) Statlsttl.cal

ormation

s Statistical model underestimates f (980) yield
P. Fachini [STAR Collab.], NPA715('03)462. o
STAR: N(f,(980)) ~ 8.4, Stat: 5.6, :::ﬁ STAR Preininery _E‘lm
Coal: 2q:0.76-3.8, 4q:0.1, Mol: 13 o || AR o
S. Cho et al. [ExHIC Collab.],PRL106 ('11)212001. mgjéy o
Production yield in HIC may tell us :_ P Ty ..
the nature of exotic hadrons ! op e

o8 o ivasiant Mass (GeVic %1

N = ?QS
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Exotic Hadron Production in HIC

S. Cho et al. [ExHIC Collab.],PRL106 ('11)212001;, PRC84('11)064910.
Coal. / Stat. ratio at RHIC

Mblecules

3 -2 3 3 ~
$22: 3% : £ - 3
S| %EEgzEEF 2 2 ¢
FEZER I B = - =
/ ! }

- o KMTKN(Mol.)

f |

‘.‘ ompact

/ 1ulti-quarks

T

B

—
Moy "¢

—_— —_
S <
I et
T T __

i
"—-—.‘ \ -I'_.

o ——
%g@@g@g% 2 £ 2q/3q/6
IgeEcEf e 5 2 Y 4q/5/8q o

I:a:’ u‘lafaa.:: ﬂl | | M(I_}] o}
o 1 2 3 4 5 6 7 8

Mass (GeV)

Hadronic molecules will be made more abundantly

in HIC than stat. model predictions.
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Correlation — Interaction

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

# 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)

60 . |
i Lambda-correlation with resonance
L C(K™K*) AGS, Au+Au _ -
. 4[} i 1 _ 2 . i — T 1 T T T T T T | ] -..x.
g g P = 50 Mavse a
20 1 Rue =24 fm
Width = 27 May
0 0 ?
SPS, 5+S5 RHIC, Au+Au R ]
__ 27 1 trg-a (nobs) ——] 2 _
& trg-b (with bs) -~ UE - i
1 - 1
I:l.-El'
-1t . | . ' . | . | g
ob— . — 1
0 20 40 B0 80 0 20 40 60 80 100 g l?D | 40 B0 80 100
q (MeVic) q (MeV/c) relative momentum (MeV/c}

AO, Y. Hirata, Y. Nara, S. Shinmura, Y. Akaishi C. Greiner, B. Muller, PLB219(1989)199.
Nucl. Phys. A 670 (2000), 297c
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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)

a8 Purity of AA pair A

@ Not easy to reject X’ decay in exp't.

— A~ (1-XYA)

@ Morita, Furumoto, AO ('15)
— 1=(0.67)2 =0.45
X0/A=0.278 (p+Be, 28.5 GeV/c)
Sullivan et al. ('87)
=2/A =15 % (RHIC)

@ STAR ('15)
— A = Free parameter ~ 0.18

C(q~0)~ 0.8 suggests
attraction with large 4 (2> 0.35)

Att.
0.5
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Detecting H Resonance

Expected H signal

1.0 ﬁ_H,..t-r#--t
c
50.9 !
STAR (0-80 '3-?}
= (En, Th)=(14 MeV, 4.5 MeV), x 10 —
0.8 i {1EMEU1‘E;ME}|:-¢2 -

0 100 200 300 400 500
Q (MeVic)

When the resonance energy is much above the threshold,
detecting a resonance is not easy because of huge background.

-m \'g
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AN , contribution

a8 ()(J=3/2) and p (J=1/2) can take
spin quintet (°S)) and triplet (°S.) states for L=0.
@ 582 (J=2) couples with octet-octet (e.g. AZ) via L=2.
@ S (J=1) couples with octet-octet (e.g. AE) via L=0.
— strong absorption is expected at short distances.
# QOur assumption: Strong absorption at r <2 fm.
@ Strong absorption limit = Hard core boundary condition.

@ Intermediate absorption gives similar results.

- - ?Qs /
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a,(AA): Positive or Negative

6 fﬁDGF (free A, LL model) 'EDDF [}L—{[I ﬁ?)' LL maodel) )
14
12 0.9
= 10
T 8 0.8
4 F 0.7
2 L
0 : 0.6
30 -2 A 0 1 2 3 -3
1/a, (fm ) lfaﬂ {fm ]

free A — positive a_ is preferred by the STAR data.
fixed A (A > 0.35) — negative a_ is preferred by the STAR data.

N - ?QS
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