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-~ Hadron-hadron correlation

S .E. Koonin, PLB 70 (1977)
S. Pratt et. al. PRC 42 (1990)

C(q) ~ [d3r S(r) |9 (g, ) |?

e Koonin-Pratt formula :

S(r) : Source function

qo(_)(q, r) : Relative wave function 3
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~High energy nuclear collision and FSI
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-~ Hadron-hadron correlation

S .E. Koonin, PLB 70 (1977)
S. Pratt et. al. PRC 42 (1990)

C(q) ~ [d3r S(r) |9 (g, ) |?

q = (myk, — mky)/(m; + m,) ° IIlChldiIlg information of. ..

e Koonin-Pratt formula : * Depends on ...

Collision detail (Ai, energy, centrality)

S(r) :Source function | size of hadron source,

momentum dependence, weight. ..

qo(_)(q, r) : Relative wave function
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~High energy nuclear collision and FSI
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-~ Hadron-hadron correlation

S .E. Koonin, PLB 70 (1977)
S. Pratt et. al. PRC 42 (1990)

C(q) ~ ‘rdg’l' S) | (q, 1) |2 * Depends on ...

e Koonin-Pratt formula :

, Interaction (strong and Coulomb)
S(r) : Source function

, quantum statistics (Fermion, boson)
»7)(q, r) : Relative wave function _ 5
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~ Experimental data in various sectors

° Ki _
e AA STAR AuAu: PRL 114,022301(2015) P ALICE pp: PRL 124 (2020) 9. 092301
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Correlation function

Y. Kamiya, K. Sasaki, T. Fukui, K. Morita, K. Ogata, A. Ohnishi, T. Hatsuda,

Phys.Rev.C 105 (2022) 1,014915

e (lear relation between C(g) and interaction

e Sensitive to (non)existence of bound state

e model: Lednicky-Lyuboshits (LL) formula
dr S()| 9@, 1) = C(gR, R/ ay)

* Gaussian source with radius R

« F(q) = [-1/ay — ig]™" with scat. length a,

| |
R/apg=-0.3 —
3 L
N 0.3 -
Q\\“\\ 1 e e e o
= 2 \\ Attractive
':TT . No bound state (ay < 0)
O
1=\ -'-f-;—;:;;};;:;;;;—:
""" Bound state reff/R=0
r or repulsive
0 (ay>0) |
0) 0.5 1 1.5

Morita, et al., PRC101 (2020) dR




© Simple model: Lednicky-Lyuboshits (LL) formula

C(q) = | &% Sr)| 9 (q.r)|* = C(gR, R/ay)

Correlation function

Y. Kamiya, K. Sasaki, T. Fukui, K. Morita, K. Ogata, A. Ohnishi, T. Hatsuda,
Phys.Rev.C 105 (2022) 1,014915

0

* Gaussian source with radius R

« F(q) = [-1/ay — ig]™" with scat. length a,

I |
R/ao='0.3 -
- -1 ______
| 03 -
S 1 -~
B N\ Attractive
N No bound state (a, < 0)
""" Bound state regf/R =0
e or repulsive
| (aO > 0) | |
0 0.5 1 1.5

Morita, et al., PRC101 (2020) dR

e (lear relation between C(g) and interaction

e Sensitive to (non)existence of bound state




Coulomb i1nteraction

-~ Coulomb 1nteraction with LL formula + Gamow correction

e w/0 Coulomb interaction e w/ Coulomb interaction (attractive case)
» Only with strong int. e Coulomb int. with Gamow factor
» Coulomb attractive case (for p=7)
Correlation function ) Corr. func. with Gamow factor
1.5
n(z,y) = —alpyaol/x
1.8 Add Coulomb int. N with pag = —3.32
1.6 ‘ 16
— 1.4 0.5 8
(1.4
1.2 XA(q) .
S0 1.2
1 A
1
0.8 —0.5
2721(q)
0.6 A(g) = 0.8
exp(2zn(g)) -1
0.4 0.6
= ua/
L LI g =pualg | 0.4
: 0 0.5 1 1.5 2

qR qR

e Low energy region: Coulomb effect dominant ;lfﬁgjfg Ifdg‘g‘;gljzfl' A

e Stonrong int. effect: found as deviation from pure Coulomb case
e Bound state signal : Suppression ==> Dip structure (attractive case ) 11
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) y Coupled-channel effect

© Koonin-Pratt-Lednicky-Lyuboshits-Lyuboshits (KPLLL) formula

S.E. Koonin, PLB 70 (1977)
— 3 (=) e 2 3 (-) S. Pratt et. al. PRC 42 (1990)
Clq) = Jd r S(r) |y (g; N |" + Z ;| d°r 5,(r) |y, R. Lednicky, et.al. Phys. At. Nucl. 61(1998)
j;ﬁi Sl S A N A g S O SRS S e

== Contribution from Coupled-
channel Source

e Coupled-channel wave function e Contribution from coupled-channel source

w; — (out-going wave) + S " (incoming wave )

K p, K, 7°2°, 22", 272, 2°A

* |5,/ <1 —> Decrease the correlation

At channel threshold —> Cusp structure \/ FSI K~
* ;: obtained by solving the c.c. Schrodinger eq. ﬁ D CK—p
— 3+ Vi (r) Vis(r) ¥ Vin(r)
V21 r _2V_2 V22 r AQ ce Vgn r
:( | o : o | :( ) U(q,r) = E¥(q:,r), » Enhance C(q)
Vo () V() RN  Enhance cusp structure
* w, : production rate

V= Vaons (yCoonty A hreshold energy diff. (compared to measured channel)

12



e K p with chiral SU(3) model

« strongly couples to z2 and K7

12 l\ [ : [ [ [ [ a)i — 1
! R=11fm
Py NG |
"\ A K% threshold
1Ty NS
. A Y
S 09 A i’
'
0.8 | | A
\ Ik
L \ %
0.7 h
'
0.6 [ | | | | |
0 50 100 150 200 250 300

q [MeV /c]

Kamiya, Hyodo, Morita, Ohnishi, Weise, PRL 124 (2020) 13, 132501

« K1 cusp enhanced

K1 and 7 source gives sizable enhancement

» 7 coupling is negligible

R

S.E. Koonin, PLB 70 (1977)
S. Pratt et. al. PRC 42 (1990)
R. Lednicky, et.al. Phys. At. Nucl. 61(1998)

e p=E~ with HAL QCD potential
» weakly couples to n=" and AA

26 ‘ @; = 1
\ p=~ only — - —.
92 4 , | pET + AN ——— |
N p=~ +nZE0 + AA (Ful) ——
DA |~ \ pure Coulomb -eeeoee i
i
2 i \ =
A P=
g T Crz- = (/HCEE™ ]
1 :
© 16 +(B3/4CE"
14 L t=12
12 L R=12fm |
1 S
0.8 ! ! ! ! |
0 50 100 150 200 250 300
q [MeV/c]
S

Kamiya, Sasaki, Fukui, Morita,
Ogata, Ohnishi, Hatsuda, PRC 105, 014915 (2022)

» moderate contribution from coupled-channels

13
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~ Source size dependence of coupled-channel effect

1.2

4
1.1

1

Full Wlthout Coulomb _——

|
50 100 150 200 250 300
q [MeV /|

Full without Coulomb —-—

0.9
2.5
Ei ) 0.8
= 0.7 |
1.5
0.6
i 0
0.5 1.2
0 I I I I I 0 1.1
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q [MeV]
1
e Strong source size dependence @ 0.9
< == Due to the near-threshold A(1405) pole 08
e ((gq) with large source 07
 Less prominent cusp structure
» Weaker coupled-channel source contribution 06

50 100 150 200 250 300
a IMeV/cl

Kamiya, Hyodo, Morita, Ohnishi, Weise, PRL 124 (2020) 13, 132501 1 4



‘\ y ) KN interaction and K p correlation
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© K(sD)N interaction and A(1405)

e Coupled-channel system of 72-7A-KN

® Strong attraction reproducing SIDDHARTA

_ Ox—r, K
. K—p—K
3 constraint on a” ? p p
quasi-bound state A(1405) 0 OK-ps Kon
e Strong constraint on af P by SIDDHARTA o N
experiment of Kaonic hydrogen | Re \/E
M. Bazzi, et al.. PLB 704 (2011) ‘

e Structure of A(1405) A(1405)

* two pole structure ‘ K™ p correlation
J. A. Oller and U. G. MeifB3ner, PLB500, 263 (2001)

* KN molecqlar picture (high-mass pole) = Kp RO
R.H. Dalitz, S .F. Tuan, PRL 425 (1959).

~Chairal SU(3) based KN-n2-n/A\ potential  wiyanara, Hyodo, Weise, PRC 98 2018)

e Constructed based on the amplitude with NLO chiral SU(3) dynamics <— a(f—p , o fitted
Ikeda, Hyodo, Weise, NPA881 (2012)
® (Coupled-channel, energy dependent as

Vstrong(r E) — e_(bi/2+bj/2)l’22 Fmax K
ij > a=0

a,lj

(E/100 MeV)“

e Constructed to reproduce the chiral SU(3) amplitude around the KN sub-threshold region 15
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> K(sD)N interaction and A(1405) resonance

e Coupled-channel system of 72-7A-KN

® Strong attraction reproducing ),N | SIDDHARTA Ok-psKp
quasi-bound state A(1405) ¢ — constraint on g’ .

e Strong constraint on a(f_p by SIDDHARTA
experiment of Kaonic hydrogen

M. Bazzi, et al.. PLB 704 (2011)
e Structure of A(1405)

* two pole structure
J. A. Oller and U. G. MeifB3ner, PLB500, 263 (2001)

K~ p correlation

e KN molecular picture (high-mass pole) Kp RO
R.H. Dalitz, S .F. Tuan, PRL 425 (1959). n

~Chairal SU(3) based KN-n2-n/A\ potential  wiyanara, Hyodo, Weise, PRC 98 2018)

e Constructed based on the amplitude with NLO chiral SU(3) dynamics <— a(f—p , o fitted
Ikeda, Hyodo, Weise, NPA881 (2012)

® (Coupled-channel, energy dependent as

Vstrong(r E) — e_(bi/2+bj/2)l’22 Fmax K
ij > a=0

a,lj

(E/100 MeV)“

e Constructed to reproduce the chiral SU(3) amplitude around the KN sub-threshold region 16



) | = . :
) / ) KN interaction and K™ p correlation
7 1\ /

~ Source size dependence with K™ p data

e ALICE pp collision data e ALICE PbPb collision data
ALICE PRL 124, 092301 (2020) ALICE PLB 822 (2021) 136708
3 l I I I - ! ! I —
i ALICE (pp 13 TV, HM) ——
| " ]
I Cﬁt B o 4
25 | Oy with wog =0 ——— - | 40-50% R E
C(ﬁt + Cres  =w-e---- B 0.9 .6‘. i
= 2/ _ g - ] i
5/ | R =09 fm -_ 0.8 ¢ _
! 0 50 100 -
- k* (MeVic) 1
0 50 100 150 200 250 300 [ L T#YR, =49 = 0.14(stat)” " (syst) fm-
q |[MeV /¢] N | .‘ o .' L __
Kamiya, Hyodo, Morita, Ohnishi, Weise, PRL 124 (2020) 13, 132501  © 50 100 pe (1|\?|%v / C)(

e Small source e Large source

e Clear K'n cusp structure
» Weaker cusp

* Sizable contribution from coupled-channel

source required to reproduce data  Consistent with analysis only with K™ p source

e Chiral SU(3) dynamics describes the both correlation data well.
17
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~ Source size dependence with K™ p data

e ALICE pp collision data e ALICE PbPb collision data

ALICE PRL 124, 092301 (2020) ALICE PLB 822 (2021) 136708

1.2 | | | | | R L L L il

R=3fm ‘ -

1.1 \ 4 i

Ly — |l 40-50% R E

§ 0.9 | / 1 00 b -

. \\’ 7 Kfp . ‘ ' ) -

= 0.8 —\;,/ Kp+Kon -—- 4 0.8f -

© K‘p—i—f(]gn—:— 719 SR I ¢ | | =

0.7 b ' Full ] 0 50 100 -

06 | | Full v&lnthout Cloulomb —— o k* (MeV/c) .

0 50 100 150 200 250 300 =eefleeeeeeeen g g Oy D090 00

g [MeV/c] | s * .

100 150 _ 200 250 300 JAYR,, = 4.9 = 0.14(stat)” (syst) fm-

q |[MeV /¢] . |

Kamiya, Hyodo, Morita, Ohnishi, Weise, PRL 124 (2020) 13, 132501 O 50 100 pe (1|\?|%v / C)(

e Small source e Large source

e Clear K% cusp structure
. » Weaker cusp

* Sizable contribution from coupled-channel

source required to reproduce data  Consistent with analysis only with K™ p source

e Chiral SU(3) dynamics describes the both correlation data well.
18



) KN interaction and K p correlation

~ Source size dependence of K™ p
e ALICE data PbPb collisions data  ALICE PLB 822 (2021) 136708

 Large source —> weaker coupled-channel effect
—> more direct approach to interaction of the measured channel

 Extraction of the K™ p scattering length from correlation function
* Fitting with 1 channel LL model with Gaussian source

— T T T T | T T T T | T T T T | T T | T T T T |
=
E1.5- -
o L (@] ALICE O Borasoy et al. ALICE Pb-Pb |5, =5.02 TeV
) i <~ SIDDHARTA O lkeda et al. _
lkeda et al. 2 Liuetal. —— K'p ® pK", 30-40%
I [ Ito et .aI. B Martin — - SIDDHARTA Borasoy et al.
1= = Hoshino et al. n Ikeda et al. Liu et al.
| .+. ----- Ito et al. lkeda et al.
X~ 4 K Hoshino et al.
o = Martin
0.5 - g e R
B 7] = ‘:;};j‘i‘?
et
Ry, =5.2 + 0.11(stat)’ g:;z(syst) fm _|
| | | | | | | | | | | | | | | C | | | | | | | | | | |
-1.5 -1 -0.5 0 0 50 100
R f, (fm) k* (MeV/c)

19



- KN 1nteraction

— £
{/' % E
NJI=0 — ,
c f
N,I=1 -
Jd=
1.0
0.5}
E I
20.0
u;x
B2, B4: Mai, Meifiner, EPJA 51 (2015) [
c-0.5
M1, Mii: Guo, Oller, PRC 87 (2013)
-1.0

PnLo: Cieply, Smejkal, NPA 881 (2012)

KMnro: TIkeda, Hyodo Weise NPA 881 (2012)

_’— ““““““““““ & -
M M ] M M M
1400
s'2 (MeV) s'2 (MeV)
Re L/' K_
e
« E
-~ e <
L et L
L == T £
-_ M M ] M M M M ] M M M M ] M M ] M M M
1400 1450 1500 1400
s'2 (MeV) s'2 (MeV)

M 1 M M M
1450

M 1
1500

Cieply and Mai, EPJ Web Cont. 130, 02001 (2016)

e Can we constrain KN I = 1 interaction / amplitude from femtoscopy?

20
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) y ) KN interaction and K™ p correlation

e [Latest K™ p correlation results e Analysis with scale factor a;
ALICE [2205.10258] « Scale the coupled-channel source contribution
« pPb : 0-20%, 20-40% 40-100% 5y el o
o Pbe . 60'70%, 70-80% 80-90% CK—p — Cl?—p + Z ajcjinel

) j
e Discrepancy around K'n threshold * ago, ~ 2 gives better agreement
n

between chiral SU(3) model and exp. data

for small source data _ 1mplying the stronger coupling
g3'5””II”II””I””I””II_Z g30*IALICEIIII' 8\4_—H HIIIAILIICEHII'II'II:-;BIVVH—_
S 3.0k ALICE pr E 02 ALICE PbPb i e K K’n i
h 0 OF . I Y [[JnZ i
2.5F S 0_2(%)_ ] - 60-70% ] 3 -
' Sn ] 2.0 Feff ! -] I i
C =(1.50+ 0.03« 0.22) f - .
pof| e (190 008=028Mm 4 i —— Theor. : : '
| pwmmen, : 15F — data B 2r ; ]
1'O_DL-—-—— esait T Tine W TR R
0.7<S; 1 N
s e e - 5'_'.' lllll PlfOfl”'lxeld O;Pl df o “’{HH
' ' 3. fixe '.._ s “F me"nn ’ ]
§18._-;-;":" "'""."";"‘”/p e O‘/p e > 0—"l-'-'--°o'", .l‘ x/NDF/ 204 — - | | | | |
0" Q[eec e etWa R, n 7 T IO ]
P O 1] snor—o SR U 08 1 12 14 16
[ P S A A 0 50 100 150 200 250 Feore (M)
0 50 100 150 2?(0 (MZ\?/O)‘ k* (MeV/c)
* ev/c | — m—

— T

Detail —> Talk by R. Lea 9am on Thursday! 2
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) / ) KN 1nteraction from Kg p correlation function
g 1\

Y. Kamiya, T. Hyodo, A. Ohnishi. in preparation

o Kg p correlation

[K2p) =1 §°p> - IK‘@]/\/z | Cyop = [Cgop + Cropl/2
KNI=1  KNJI=0.1
e [ =1 component only e Well determined with scat. exp. = I
e Chiral amp]itude e Chiral amplitude | gig i ii 22335 _ |
Ikeda, Hyodo, Weise, NPA881 (2012) K. Aoki and D. Jido, PTEP (2019)
e Effective potential e Effective potential

Miyahara, Hyodo, Weise, PRC 98 (2018) Constructed from chiral amp.

R=1fm
N Rbp Only ‘- v’—
K47y - 09
K%+ 78+ 7tA - 0.9 \ l | \ \
0 50 100 150 200 250 300

q [MeV /(]

| T—— T

e Enhancement by K’p(KN I = 1) is sizable.

0 50 100 150 200 250 300
q [MeV /|

7| ——— ——

_ e Prediction for the future Kyp data
08 50 100 N Nlligf/c] 200 250 300 22




AA-NX interaction and

’ A/\ and p=" correlation fun
-~ AA-NE interaction (§ = — 2) and H-dibaryon

t10n

 Long history of discussion on (J, ) = (0,0) sector @

related to H(uuddss)-dibaryon.
(asicss)-dibery -

R. L. Jaffe, PRL 38 (1977), 195.

* Binding energy of double A hypernucleus AN

—> AA does NOT (deeply) bound

Takahashi et al., PRL87 (2001) 212502.

« STAR AA correlation
L. Adamczyk et al. [STAR] PRL 114 (2015).

— weak A interaction
* AA-NZ= coupled-channel system .

C(q)

LL (free A) == ==

KP (fss2, Cyl., 2=(0.67)2) —4—

STAR 0-80% —&—

0 0.05 0.1
q (GeV/

0.15

0.2

POSSlblhty OfN = qua51b0und K. Morita, T. Furumoto, andA Ohnishi, PRC91(2015)

* HAL QCD AA-NE coupled-channel potential

K. Sasaki et al. [HAL QCD], NPA 998 (2020), 121737.
» Strong attraction in J = 0, I = 0 NE channel

agE‘<f=0> =—121-il.52

H dibaryon state 1s just barely unbound.

Fate of H-dibaryon? T




interaction and

AN-NE

A AA and 1

Y. Kamiya, K. Sasaki, T. Fukui, K. Morita,

L
[1]

0 p=~

> A A C OI‘I'elati on funCtl on 1.2 _K.Ogata, A. Ohnishi; T. Hatsuda, Phys.Rev.C 105 (2022) 1, 01491
1.1 + 1.1 +
22 1ot - .. o
Cyp=1——e 4R Quantum statistics Y 1# -t L
2 /(QS) for octet-octet o0~ 09 |~
0.8 H-1" 0.8
I 3 2 s en2sd So } AAALICE | ¢ | | AAALICE
+= Y w; | SO w1 = o) 178,] “or Tl ot s 0m T
2 J 0.6 1 pp 13 TeV 0.6 1 p 5 eV
0.5 - HAL QCD with R = 1.05 fm ——— - 0.5 H HAL QCD with R =1.27 fm ——— -
* ALICE pPb, pp collisions data 0 e h— Loa b a4l e o Lo s
- ALICE 13 TeV —=— ALICE pPb 5.02 TeV +——-=—
S. Acharya et al. [ALICE], PLB 797 (2019). 03 100 200 N V/z}oztj)p o 50 0 100 200 N v];?)]oo 00 500
pr— 3 q |Mev/c q |MeV /c
* N= cusps related to the coupling and -
existence of H-dibaryon y
J. Haidenbauer, Nucl. Phys. A 981 (2019), |
— Almost invisible due to small coupling 1 e
', // ’ / // /5
» Small source size dependence TI
e pure QS
. . = L / F
e Small deviation from QS effect S 08 e
Due to the small scat. length: @y = —0.78 fm i -
R=09fm ——
) 06 - R=12fm — — -
Weak attraction of AA confirmed A—156m = - -
, , : oo | | VT TR
There 1s no signal of H-dibaryon LI L




interaction and

Y. Kamiya, K. Sasaki, T. Fukui, K. Morita,

r—— O O ..
< p:‘ Correlatlon funCtlon ~ K. Ogata, A. Ohmshl,rl;6Hatsuda, Phys.Rev.C 105 (2022) 1,014915
1 ' " HALQCD with R=1.05fm — ‘ " HALQCD with R=127fm —
Com=—C i 1, Couplesto AA Wemmmees | o =R
p= 4 P= SIMEZIEHTH_dibaryon channel) —_ 22 | —
3 p=~ ALICE | p=~ ALICE
2.5
+=C = trinlet [‘” pp 13 TeV 18| pPb 5.02 TeV
4 ph" ° p Q:“ 9 1
* ALICE data
PP ALICE Nature 588 (2020) 15 |}
pr ALICE PRL 123 (2019). N > TR
. . | \ \ ‘ 0.8 ‘ ‘ ‘ ‘
1n gOOd agreement W/ H AL p()tentlal 0 100 zog[Mev/:CaJoo 400 500 0 100 zoglMev/gjoo 400 500
2.6 — ‘ ‘
* Small coupled-channel source effect i Rebbm —— |

R=15fm - - =

* No dip structure for every source sizes

—> No dibaryon state
* Source size dependence

Small R: sizable enhancement (from Coulomb)
Large R: Coulomb effect dominant

Barely unbound scenario:
Good agreement for both channels(AA, pE™) T
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y ) DN interaction and D ~p correlation function
AN /

=, _ g . 5 a0 C =F%FE=E
~D(cD)N interaction (C = — 1) [Poster by D. Battistini| ~ ©=*®=%
— : . , - : repulsive
e D™ p correlation function ALICE arXiv [2201.05352] or attractive w/ bound
i\ B I I I I | I I I I VL I I I I | I I I I _
= | ALICE pp Vs =13 TeV - :
24T High-mult. (0-0.17% INEL >0) ~ ®! Model scattering lengths j,
I e pb ®pD’ ] Model fod=0) fo(I=1) Ng
X —— Coulomb | Coulomb (1.1-1.5)
3t —— C. Fontoura et 4l. — Haidenbauer et al. [21]
1] Y. Yamaguchi et I - gg, /A =1 0.14 —0.28 | (1.2-1.5)
| Hofmanm and M. Luts ] — g2 /Am =2.25 0.67 0.04 (0.8-1.3)
o ' . Hofmann and Lutz [22] —0.16 —0.26 | (1.3-1.6)
2 J. Haidenbauer et al. (g7/4n = 2.25)  — Yamaguchi et al. [24] —4.38 ~0.07 | (0.6-1.1)
] Fontoura et al. [23] 0.16 —0.25 | (1.1-1.5)

—
<_+_

1

_+_

0 100

200 300

400

k* (MeV/c)

* Background including miss PID is subtracted

e pure Coulomb case is compatible with data

e Better agreement with strongly attractive
interaction models for I = 0.

* pion exchange model of Yamaguchi et al.
predicting 2 MeV bound state gives the lowest n,,

20
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y ) DN interaction and D ~p correlation function
AN

f() = F(F = Eth)
+ : attractive w/o bound

: : . i ALICE arXiv [2201.05352] - : repulsive
® Analysis with one range Gaussian potential or attractiverw/ibound

~Constraint on / = 0 scattering length f,

e m <— p exchange (m = m,))
V(r) = Vyexp(—m?r?) g
e Assume negligible / = 1 int.

e Constraint on f, ;_

p 1_0 I I I I | I I I I | I I I I | I I I I
£ 5__ALICE pp {s=13 TeV
% [ High-mult. (0-0.17% INEL>0)

* 1o constraint —> fo,_, € [-0.4,0.9] fm™":

4 Best fit
68% CL

77y my dependence unc. on R
total R4 unc.

- = estrongly attractive with or without bound state

* Most models predicts repulsive int. for I = 1
—> [ = 0 may have more attraction in reality.

0.0

2/
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g ) DN interaction and D*p correlation function
AN

> D(cD)N interaction (C = 1) ap = F(E = Ey)

. + : attractive w/o bound
e Model scattering lengths (I = 1) - : repulsive

or attractive w/ bound

Y aé)N(I:l) [fm] bound state (I = 1)
[1]J. Hofmann and M. Lutz, NPA 763 (2005). —041 2620 — 1
[2] T. Mizutani and A. Ramos, PRC 74 (2006). —1.47440.65 2695 — 77
[3] C. Garcia-Recio et al., PRD 79 (2009). 0.33 +40.05 2637 — 140
[4] J. Haidenbauer, et. al. EPJA 47 (2011). —2.07 +1:0.57 2793 — 16
ﬂ U. Rahai et. al.. PRCI8 i2018i. —0.764 +i0.615(D%) 2806 — 72
+ . . 1.2
e D" p channel: only I = 1 interaction
 Complex value of g, due to decay channels 1E S T S—
0 . . ' - /—;’?’—;-,::'_---
e Large uncertainty for pole position and scat. lengths 0s | T e |
' 7 '/’/,// R=1 fm
a Sy
T | R W v
» 5 0.6 7 |
~D™p correlation SR A
t' /. o
. . . 0.4 ’E /7/ model 1 — — - -
e Gaussian potential (/ = 1) and Gaussian source i model 2 — - - -
w model 3 --------.
0.2 *[’ model 4 — - — -
e Depending on the interaction (scattering length), ;;’ Cmoldelg ——-
. /', ‘ ‘ | pure ?u om |
Cp+, shows enough enhancement, suppression. 0 s Ty a0 0o
q |\MeV /c

T 28



\ 1, ) DD* and DD* int. from femtoscopy
7 1\

o DD and DD sector ay= F(E = Ey)

+ : attractive w/o bound
. - : repulsive
C — O or attractive w/ bound
LHCb, Nature Com. 13 (2022) 1
A A _
* D* . — D*D*
20 DD _ l 20 PDG, PTEP 2020, 083C01 (2020).
— Er =0, ——I =
5 T.. m 2 ) i
S *() - +y*— — 5 ——
o DD om = —0.36 MeV s —D I_)* Ex@s72) = Om y T
—— pOp*+ === DD
L I = 0.048 MeV L om = —0.04 MeV
) X(3872) I'=1.19 MeV
¢ ag = —7.16 +41.85 fm = L7 e
—DDnr —_— DD][ l

o T/ X(3872) lies nearby

N an/P  oP"P"Z _4.93 4 i3.95fm

==> meson-meson molecule?

==>Strong attractive interaction

® Gaussian potential

V(r) = Vyexp(—m?*r?)

e m <— p exchange (m = mp)
 V,<— scattering lengths
e Assume dominant contribution from exotic channel (/ = 0)

e Coupled-channel of two 1sospin channels ple



8 \
1fm —
2fm — —
7 3fm - --- |
3 ML coomemo
6 _
5 _
X D™D threshold
@)

CDOD*+

0 50 100 150 200 250 300
q [MeV/c|

Larger signal in the lower channels

Bound state like behavior for both pairs

Clear source size dependence
Moderate DYD*/DTD"~ cusp

a,= F(E = Ey,)

e DD D+D *_ threshold:l- . attractive w/o bound

: repulsive
or attractive w/ bound
2.4 - 1 1 fm
' 2fm — —
2.2 | y 3fm - - --
1 5fm -
2 I ' |
1
1
1.8 F 1 _
1
=) | —
Q1.6 . CDOD*O i
Q 1
© 14l : ]
\ ' w/ quasibound state
1.2 [ . |
\ 1
\ 1
1
1
1
1
0.6 \ L 1 \ \ !
0 o0 100 150 200 250 300
q [MeV/c|

Y. Kamiya, T. Hyodo, A. Ohnishi, [2203.13814 ] 30



8 \
1fm ——
- 2fm — — i
3fm ---
3 ML coomemo

g 4 DD threshold

S
3 ( ' |

%
DOD*+
2 |
1 e B
04 50100 10 200 250 300
q [MeV /(]

Larger signal in the lower channels
Bound state like behavior for both pairs
Clear source size dependence
Moderate DYD*/DTD"~ cusp

ag = F(E = Eth)
+ : attractive w/o bound
- : repulsive

or attractive w/ bound

% 8 T T T T | T T T T | T T T T | T T T T ]
L;g ALICE 3 upgrade projection .
o lyl<4 .

- — 1 fm (pp) ’

6 —2fm E

N — 3 fm ]

S — 5 fm (Pb-Pb) -
3 | E

- Lint' 1 _

- -pp =18 fb~ ’

3 - 0-10% Pb-Pb =35 nb™' -

2} -

1 .

| | | | | :

| | | | | | | | | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5
k* (GeV/c)

ALICE collab., CERN-LHCC-2022-009 (2022).

e Well investigated
with future ALICE 3 upgrade

Y. Kamiya, T. Hyodo, A. Ohnishi, [2203.13814] 3]



Summary

Femtoscopic correlation function in high energy nuclear collisions 1s a
powertful tool to investigate the hadron-hadron interaction.

Source size dependence 1s important to see the interaction detail especially
for the coupled-channel case.

K™p

Chiral SU(3) dynamics model 1s consistent with the large source data while
small deviation is found in small source data.

AN-p=E~

Coupled-channel HAL-QCD potential 1s consistent with current data from
pp and pPb collisions.

Dp
Non-interacting model dan explain data but strong attractive interaction
reduce the standard deviation.

DD*/DD¥*
The lower 1sospin partner channels are expected to show the strong source
size dependence due to the near threshold 7, ./X(3872) states.

Thank you for your attention! 3
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) . .
) y Coulomb interaction

~ Coulomb 1nteraction: Full calculation
e For the quantitative discussion, fully calculated Coulomb w.f. * is needed:

* [HO + V]l//c = WC with V = Vstrong + VCoulomb

o Pure Coulomb cases (Vyong = 0)
* LL formula over estimates the Coulomb 1nt. for heavy particle pairs.
4 | | | | | 4 | | | | | 4 | | |
Full Coulomb ——— Full Coulomb —— | Full Coulomb ——
Gamow - — —- Gamow - — —- l‘ Gamow - — — -
35 | j 3.5 | ] 35 L
3L R=1fm | 3L R=1fm | 372 R=1fm
1t =50 fm 1t =500 fm ‘. 11 =1000 fm
CEall . S 25 . < 25| i
S S S _ 7
. u=50MeV | ,t 4 =500 MeV | , p=1000 MeV
1.5 L i 15 |- \\ 15 |
1+ 1| 1L
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
q [MeV/c| q [MeV/c] q [MeV/c|
2.6 H ‘ ‘ " Strong only .
. . 924 | Strong + Coulomb ——
o With strong int. (Vyyone 7 0) 22 | Sy —— |
2 L |
* Interference of Vi on, and Viegyiomb S 18l =gy werom—-
O 16 1 p §
14 | |
e For the femtoscopic study, 1.2 | -
. . 1
E— full calculation is mandatory. 0.8 —— | |
0 50 100 150 200 250 300 84
q [MeV]




Cx-,(qQ) = Jd?’r Sk-p(T) | l/fczg,‘)(q; M|+ Z ijd:‘r Si(r) | w©

Coupled-channel
wave function K'n, 729, ..

e (Coupled-channel wave function satisfies
the out-going boundary condition

2
|

* Measured channel (K™ p)
has out going wave

s=wWave

|y
O =N W s ot o 3 o

e Coupled-channel w.{.
emerges only in 1nt. region

o
—_
(\©)
S
(@)

VCoupling

e Small source ==> W.F. of Coupled-channels counts

e Small source ==> Measured channel contribution dominant

Kamiya, Hyodo, Morita, Ohnishi, Weise, PRL 124 (2020) 13, 132501 86
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A\ ) KN interaction and K p correlation
()

~Chuiral SU(3) based IZN -2\ potential Miyahara, Hyodo, Weise, PRC 98 (2018)

® Constructed based on the amplitude with NLO chiral SU(3) dynamics
Ikeda, Hyodo, Weise, NPA881 (2012)

® (Coupled-channel, energy dependent as

Vstrong(r E) — e—(bi/2+bj/2)i’22 Fmax K
ij > a=0

a,ij

(E/100 MeV)*

e Constructed to reproduce the chiral SU(3) amplitude around the KN sub-threshold region

0.8 — I \ \ \ \ 0.5 — \
0.7 - -> sz -> a2
0.6 |- 04+
— 05 - =03 )
£ 04 £ =
- 03 w 0.2
02 041 Rel[F;]
0.1 |m[Fij]
0 L \ \ \ \ \ 0L ‘ : ‘ ‘ -06 ! \ \ \ \ \
1340 1360 1380 1400 1420 1440 1340 1360 1380 1400 1420 1440 1340 1360 1380 1400 1420 1440
Js [MeV] Vs [MeV] Js [MeV]
| —— S | — S — S

e Two pole structure of A(1405): well reproduced

T
- 1st (KN -> KN)

High-mass pole : 1424 - 27i L 3
Low-mass pole : 1380 - 81; il < N
Original chiral SU(3) : 1424 - 26i \fp\\ 1L
1381 - 81[ 199 540 1360 1izoz[h;j\o/(]) 1420 1440 86

— S



) A Comparison with ALICE data

~ Fitting result
* Fitting function

Col@) = N1+ MCi (@) — 111 Cxp@ = D, wj[cﬁr S(r) ¥ g, 1) |2]

e Fitting range: g < 120 MeV/c J
3 n I I I I 10 ' . 102
| ALICE (pp 13 TeV, HM)  —e— H )(2/(d 0 f)
L Ct . ]
| , |
20 Cy With e —
Cht + Cres ------- u 1
= 2 R=09fm - 10
QO
i g 100
0 50 100 150 200 250 300 |
q [MeV/(] 1

1.2 1.4

R [fm]  well fitted region
(y*/(d.of) < 1)

e ALICE data has been well reproduced with the reasonable values of parameters.

T

® Coupled-channel source contribution is essential to reproduce the data.

3/



~ Background for D~ p correlation function
ALICE arXiv [2201.05352]

C(k™)

1.5

1.0

2.0

ALICE pp Vs =13 TeV
High-mult. (0-0.17% INEL >0)

O Cexplk™), pD” @ PD”

Total background
(hype-=0.144, . =0.383)
pD™ — pD~

Mp-=1)

p(K'rmr")

()\'p(K+n‘n‘)

600 800
k* (MeV/c)

400

200

33



) DN interaction and D ~p correlation function

+ : attractive w/o bound

~Constraint on I = 0 scattering length f, *
ALICE arXiv [2201.05352] or attractive w/ bound

Al 6_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII| IIIIIIII ] Al 6_III|III|III|III|III|III|III
. ALICE pp (s =13 TeV i . ALICE pp (s =13 TeV
- High-mult. (0-0.17% INEL >0) i . High-mult. (0-0.17% INEL >0)

|||||II|IIE|II§I | - Iél | | 1l 1 |_x103
22 18 -16 -1.4 -12 -1 -08 -0.6
V.o (MeV)

39



In-Pratt Formula

~Coupled-channel effect and source size

Cx-p(Q) = [d3r SK—p(r)[Z o (a0 ° + v, (@) ]+ Do d3r S; (r)Il//C( )(q, r)l

I>1 Y J#
(1) Modlﬁcatlon of 1//C( ) (2) C.cr source contribution
8 I I
2 —
7k XSk (1) KD |
2 \ KYn - - - -
<6 | \ i
= \ DS -eeeeee-
o
g 5 0N -
5
4 2
E X °Sp=3 ()
~ 3 ~ Effect (1)
T2 \ | Does not depends on the source size R
= | v
— 1

(- _, _1 iq,r T o~ iar
l//K_P ’ 2igr ( 1 CS) 1 )
(w/0 Coulomb)

N r |[fm|
Effect (2)
becomes moderate for larger source

® For the larger source, effect (2) gives just a small enhancement.

40



D\)
AL

~ Current situation of experimental data of p€2 corrleaiton

« STAR collaboration  ALICE collaboration
f I I I I | I I I ! | ! ! ! ! =
g E 4 i' .y 6l aucedata | R = ().73 fm
01.5 i : R Y 2.5 fm "I A - Coulomb =
1 ' Coulomb + HAL-QCD elastic _|_ p
: - Coulomb + HAL-QCD elastic + inelastic p
'. Au + Au :
\
1k 1

C 1 ] ; . : , | I—-,_—..I == —I_ _._,I r I . I o
0 100 200
(b)

3_00
B ALICE, Nature 588, 232(2020) X (MeV/o)
+ SUON SUPPIESSION bt bietti, et.al. [2012.09806] vy p—
| 3 ° -1 """
] 0.1 0.2 02
Adam et. al.PLB 790 (2019)
. T 2
» Strong source size dependence ==> large | qy| 5
(@)
» Strong suppression at larger source (R=2.5 fm) 1 e ------------- e
_ o [ - roit/R =0
==> p(2 dibaryon state? i d state (ag > 0)
0 0.5 1

1.5 2

gR 4/1




= Updated 552 NQO potential by HAL QCD T lritanietal. PLB 792 (2019) 284-289
* Nearly physical quark mass: m_= 146 MeV, m; = 525 MeV 0- e

-50

* No repulsive core «— N(II]) €(sss) I

150 + 7

V(r) [MeV]

HAL QCD t/a=14

* Strong attraction with NC dibaryon g — 1. 54(0.30)(418:%1) MeV ~,, | i

—> Next Dr. Sasaki’s talk (ao i 53 fm) 250 | NQ,5s, Fitt/a:g o

-300

1
0 0.5 1 1.5 2 2.5 3
r [fm]

e pQ~ correlation function with HALQCD potential —
Morita, et al., PRC101 (2020)

* Neglect the channel coupling

e Two assumptions on J = 1 wave function (p(:i

5 3
Coa@ =3 [cf’r S() [ 2)(q: 1) | + 2 {d?’r NOIRICEIE

Reference : 4”1(3 = CD(;; (Same attraction for J = 1 channel)

Minimum : (p(;i,s-wave = (0 (Suppressed by channel coupling)

Difference of “Reference” and “Minimum” can be regarded as
theoretical uncertainty from the unknown J = 1 interaction. 47
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100 [ ! I — ' ! ! I T T T T
0 A L - o - —— 10 ‘I|‘ Strong (NO COUlomb) —
9 -100 |~ l,"t' '¢/ = 8 ‘|‘ p—Q_ HAL QCD —_
(O] ’ :' l' _ Py “ L _Q_ V
- Il,' I’ p_Q HAI— QCD _ X ' p g |
§ - o =PV, % o B T p_g_ xll ]
> ~300 .'."," -- p—Q: Vv, _ “\ -=-P- i )
.':"," ---pQVy, ar "
~400 N EE T
. 2 ‘----_::h...___- —
—500 ‘:. — '"'""'""""'""""'""'"_"';"'_":":':"_'"_'"'_":";'"_";;";'"_'":"'_'"'_'“_'":‘_"’.'".'-'.--'.--'.--i--'.-ﬂzee“
2 ] ] 0 il wliir i 1 ) ] ) ) ) )
0 1 2 3 0 100 200
r (fm) k* (MeV/c)
Fabbietti, et.al. [2012.09806]
Strong Strong + Coulomb Morita K, Ohnishi A, Etminan F, Hatsuda T. PRC 94 (2016)
Vi _ - Morita K, et al. PRC (2020)
Vir 0.05 MeV 0.63 MeV T. Iritani et al. PLB 792 (2019) 284-289
Virr 24.8 MeV 26.9 MeV

43



© DD correlation and T, state

DtD™

141 MeVC jopys
0.36 MeV<

N7

cc

DfD*O threshold

(
Ech — om — §F,
5m = —360 keV,

T =48 keV
ap = —7.16 +¢1.85 fm

1 fm ——
2fm — — .

3fm - --- |

LHCb, arXiv2109.01056

¢ Bound state like behavior for both pairs

e Stronger source size dep. for D’D™*

e D™D cusp is not prominent

Y. Kamiya, T. Hyodo, A. Ohnishi, [2203.13814] 44



© DD* correlation and X(3872) state

DYD"~
8.23 MeV
D°D™
0.03 MeV<
N\
X(3872)

PDG, PTEP 2020, 083C01 (2020)

EX(3 872) — 5 — EF

om = — 0.04 MeV
I'=1.19 MeV

aP"P"Z _4.93 + i3.95fm

D+D ~ threshold

et

7
I
|
]

CDOD*O

100 200 300
q [MeV/c]

e D'D™* : Strong source size dep.

e DTD™™ : Small effect of the strong int. (Coulomb int dominance)
e Moderate D¥D™ cusp

Y. Kamiya, T. Hyodo, A. Ohnishi, [2203.13814] 45



D+D*O 8 : ‘;D 8 T T T T | T T T T | T T T T | T T T T
I (;o ALICE 3 upgrade projection .
1.41 MeV( popt+ T 7 lyl<4 -
0.36 MeV< —— sl | Lk am -
AN : \ DD T —am :
I, o T : St — 5fm (Pb-Pb) E
t é tr E 4- L. E
ETCC = 0m — §F, S : - -pp =18 fb™ -
3 1 : 3¢ | - 0-10% Pb-Pb = 35nb™"
om = —360 keV, \ : - ’
2 L
' =48 keV . N
a=-716+i1.8 fm | [ +
0 50 100 1\}[5%/ | 200 250 300
LHCb, arXiv2109.01056 - —— -

. . . ALICE collab., CERN-LHCC-2022-009 (2022).
¢ Bound state like behavior for both pairs

e Stronger source size dep. for D’D™*

* . .
e D™D cusp is not prominent
Y. Kamiya, T. Hyodo, A. Ohnishi, [2203.13814 ] 40O



