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@ Femtoscopic diagnosis of bound state existence
# NE-AA interaction and p=~ and AA correlation functions
@ HAL QCD potential / Comparison with data and previous results
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Introduction
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Femtoscopic study of hadron-hadron interaction
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a Koonin-Pratt formula
Koonin('77), Pratt+('86), Lednicky+('82)

source fn. relative w.f.

a Standard usage = Source size using guantum statistics
Hanbury Brown & Twiss (‘56); Goldhaber, Goldhaber, Lee, Pais (“60)

& Non-Std. usage = Hadron-hadron interaction

CF shows how much |¢|* is enhanced — V, effects !
R. Lednicky, V. L. Lyuboshits ('82); K. Morita, T. Furumoto, AO (1408.6682)

C(q) =1 + / drS(r) Lo = ljo(@r)2} (w0 = s-wave w.f)

A.Ohnishi, APFB2020, Mar. 2, 2021 3



Bound state diagnosis by femtoscopy

8 Source size dep. of CF
tells the sign of

the scattering length (a,).

@ With attraction, CFis
enhanced at small R.

@ With a, >0, CF s
suppressed at R ~ a,

Source size dep. of CF
— 1o be bound,
or not to be bound.
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ALICE+STAR = NQ Dibaryon

h ' ' ! ' ! ! ' ' ! ! ' ! ' ' I:

o
31 R/ag= -0.3 R
'larger R 0.3 . E
27 ‘ 1 — § "
§ 1:_ . s H
o w/o bound state (ay<0) 0 100 k* (MeV/c) 200 300
S [ L T
w/ bound state (ay>0) AChdl’jﬂl"‘(ALICE), Nature (‘20)
I .
Morita+(20) 204 ‘ ]
0 : Expanding Source
0 0.5 1 5 2
qR g ;
o 1 =
= —% ]
q T _—
e | & e v,
0F ——— Vg
' f.l] 0.65 Ui‘l l]'+‘|l5
c.f. Fabbietti’s talk on Monday STAR (1808.02511, k" (GeV/c)
PLB790 (*19) 400)

A.Ohnishi, APFB2020, Mar. 2, 2021 5



Source Size Dependence of Correlation Function

Correlation function (LL model)

Bound I
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AO, K.Morita,K.Miyahara,T.Hyodo (1605.06765 )
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To be bound or not to be bound, the question for H

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

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

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

8 Lattice QCD results

@ Bound:
HALQCD(‘11), NPLOCD('11,’13), Mainz(‘19)
(heavier guark mass or SU(3) limit)

@ Resonance (Bound state of NXZ):
HAL QCD ('16,18) (heavier mq)

@ Virtual Pole (around NE threshold)
HAL QCD (°20) (almost physical m )

HAL
HAL
E527 num— ('16)
(07) ‘He+AA
AN 601 Mev |
Nagara |
(01) ax 1€
y ~ 80 MeV
Jaffe ('77)

YITP Kyoto 3%

| We examine LOQCD NEZ-AA potential and discuss H using CF |



NEZ interaction
and p=- correlation function
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NZ-AA potential from Lattice QCD

s NE-AA potential at almost physical quark mass

(Mm =146 MeV)
K. Sasaki et al. (HAL QCD), NPA 998 (‘20) 121737 (1912. 08630)

@ Strong attraction b N R o TR e -
in (T,S)=(0,0) NE 7 (T S) (01 N I R
channel A M S e

o Weak attractionin AA .= 7— = e
— Coupling with NE =« | 290 LV AA ] ER o\
causes AA attraction. - ‘| e | 7| e T

@ Thereisno bound state ~ = = =~ T W T AT
in NE-AA system (except for Z- atom),
but there is a virtual pole around the NE threshold
(3.93 MeV below nZ° threshold)
on the irrelevant Riemann sheet, (+, —, +) [relevant=(—,+,+)]

Ehole = 2250.5 £ 10.3 MeV \
1P ey
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Sign of Im(eigen momentum)
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Correlation Function with Coupled-Channel Effects

s Correlation function formula (Koonin-Pratt formula) with CC
— sum of channel contributions
to the relevant channel with outgoing momentum q

Lednicky Lyuboshits (‘81); Haudenbauer (‘19) Outgoing
Zwa /d"“S ‘1’(-_)("“)\2 Mom.
In channel
WS (1) = [T — Go(qr)]dr; + ¥ (r) j=1

(—)
wﬁ_)(q) e~ [y or e (r — o00) WjS; (T)‘\Ijj (T)‘z

Source Normalized

weight  Source fn.
@ Effects of coupled-channel, strong & Coulomb pot., and threshold

difference are taken into account in the charge base, p=-, nZ°, AA.
Y. Kamiya+, PRL(‘20, K~ p)

(No Coulomb case)

@ Source weights (j) are chosen to be unity.

@ Source size R iIs taken as the parameter.
_- | y TP 4008
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pE- correlation function

# p=- correlation function data implies attractive NZ interaction.
@ Calculated CF agrees with ALICE data.
@ Strong enhancement from pure Coulomb CF

@ AA source effect is negligible. nZ° source effect is visible.
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Comparison with other results

]

T. Hatsuda, K. Morita, AO, K. Sasaki, NPA967(17)856.
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AA correlation function

8 AA correlation function

@ Calculated CF agrees with ALICE data.
@ NE source effect is visible only around threshold.

1'1 I I I I I lj I I T |
AN only ———
A4+ n=Y - 1.1 k i
1.05 L AN+ p=~ + n=0 (Full) ——— |
Quantum statistics 1k I -fl_}:_}: _Iﬂ_lj_l—l—ii -I-E—I:
1 09 L 1 i
-_F\'-\?_?—_—__'_"_d_—_- i
0.8 H i
2005 L ;=
= T 07 H .
0.9 p tla =12 4 0.6 | i
o R=121fm 0.5 H i
0.85 L - _
0.4 H HALQCD with B = 1.11 fm -
, - ALICE pp 13 TeV ——
0.8 | C | | | 0.3 L o L ' =
0 50 100 150 200 250 300 100 200 300 1) 500
g [MeV/¢] g [MeV/c]

Kamiya+, in prep.; Acharya+(ALICE), Nature (‘20)

A.Ohnishi, APFB2020, Mar. 2, 2021 13




Comparison with other results
Lambda-correlation with resomance - GF€INer, B. Muller, PLB219('89)199.

e~ o< 1 (Assumed AA resonance)
—— v AO, Hirata, Nara, Shinmura, Akaishi,
- RHIC, Au+Au NPAG70('00)297c
é._‘é 0 T wma innket —a1 2 (Before NAGARA, interaction was too strong.)

Adamczyk+[STAR], PRL114(‘15)022301
1 (Residual source R ~ 0.5 fm was assumed.)

Morita, Furumoto, AO,PRC91(‘15)
024916. (Res.Source + flow)

"""""""" R LIICIE ;l J. Haidenbauer, NPA981(‘19)1’

T (Larger cusp ?)
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Summary

s Correlation functions (CFs) can be utilized
to constrain / examine the hadron-hadron interactions,
as well as to deduce the pair is to be bound or not to be bound.

s \We have calculated p=- and AA correlation functions
by using lattice N=-AA coupled-channel (CC) potential
with effects of CC, Coulomb potential, threshold difference.

s Recent ALICE data are consistent with the HAL QCD potential.
@ CC effect of NE-AA is not very big.

@ AA CF shows cusps at NE thresholds, and CC effect simulates small
residual source assumed to interpret heavy-ion data by STAR.

@ The data may suggest the existence of the H dibaryon state as the
virtual pole around the N= threshold.

s Pole position is sensitive to the detail of interaction, so the source size
dependence would be desirable to measure.

JIYITP g A.Ohnishi, APFB2020, Mar. 2, 2021 15
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Homeworks

s Pole position is sensitive to the detail of interaction, so the source size
dependence would be desirable to measure.

s | arger size (STAR seems to be analyzing pZE- correlation function
data, private communication with Neha Shar)

s Smaller size (J-PARC-E42 is measuring pnA, AA, pE- Invariant
mass distribution, and effective source size is smaller than pp)

s Analytic Lednicky-Lyuboshits type formula should be developed /
examined to confirm the pole position of the H dibaryon.

s Explaining the data with a given potential is not enough !
Method to extract scattering parameters directly from data is
desired.

s Further studies including charm, three-body, deuteron will enrich
hadron interactions from femtoscopy.
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Thank you for attention !

Coauthors of Y. Kamiya et al. (p=-), In prep.
Y. Kamiya K. Sasaki T. Fukul

Y. Kamiya, K. Sasaki, T. Fukui, T. Hatsuda,
T. Hyodo, K. Morita, K. Ogata, AQ, In prep.
A.Ohnishi, APFB2020, Mar. 2, 2021 17




Modern Hadron-Hadron Interactions

s | attice QCD hh potential ° —
@V, Is obtained from the Schrodinger eq. e = 46 Mev
for the Nambu-Bethe-Salpeter (NBS) 2 N5,
amplitude. cor \ l
N. Ishii, S. Aoki, T. Hatsuda, PRL99(07)022001. 200 [ My = 875 MeV
— QQ, NQ, AA-NE potentials 5o | B itttz .
at phys. quark mass are published a0 L Vwal/=2) &
& Chiral EFT / Chiral SU(3) dynamics o

@V, atlow E. can be expanded systematicallv in nowers af ()/A.

S. Weinberg (‘79);R. Machleidt, F. Sammarruca (‘16); |, E"F“ 3 Foron
Y. Ikeda, T. Hyodo, W. Weise (‘12). (@A) X i|
— NN, NY, YY, KN-nX-7mA, ... ¥ | i | ]
‘-I Ll -
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Correlation Function with Gaussian source
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AA correlation and AA interaction
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pL- correlation
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pPK= correlation

13 S. Cho+ [ExHIC], PPNP95(‘17)279.
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Y. Kamiya, T. Hyodo, K. Morita, AQ,

W. Weise, PRL124(‘20)132501.
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Other bound states ?

a AA-NE

@ C (g) InAA(RHIC) and pp(LHC)
are similar (No b.s. below AA). <"y

@ LQCD predicts a virtural pole
near N= threshold, which can be
detected as the cusp InC  (Q).
NLO(600) potential predicts the same.

(The fate of H particle)
K. Sasaki+[HAL QCD], NPA998(‘20)121737;
Y. Kamiya+, in prep.; Haidenbauer(‘19).

Clk)
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‘ KN 3 | T T FI‘ {MeVJ{c}I T
ALICE (pp 13 TeV, HM) ——
° ° 95 | Cri (R =09 fm) i
@ A(1405) is believed to be the bound state i Cio + Cro(R = 0.9 frn)

Ce(R=16fm) — — -

of KN, and “dip” is expectedatR~a . & 7

@ However, Coulomb and coupled-channel #x
effects modify the dip-like behavior. 050 10 1w 20 20w

g [MeV /]
amiya+ (‘20).
2y e
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Lednicky-Lyuboshits (LL) model
s |_ednicky-Lyuboshits analytic model

@ Asymp. w.f. + Eff. range corr. + w0 = [yMH]* |
e~ " 1 | singr e'd”
Uo(r) —tay (1) = ——sin(gr +6) = §~ [

+ f(q)

qr r

ACLL(g /d"“Su (|asy (P2 = o (gr)[?)

| Fy (TE&'> + 21:\{/6%]02(]) Fl(ﬂf) . Im}«);(Q) FQ(CE)

(r = 2qR, R = Gaussian size, Fi, Fy, F5 : Known functions)
8 Phase shifts

- 2R2

1 1

qcotd = P + §Teffq2 + O(q4) — 0~ —apq + O(QS)
0

sin(qr + 0) ~ sin(q(r —ag) +---) Nodeat r ~ a,

for small g

N LAY \Pas
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C(q) in the low momentum limit

s Correlation functionatsmallg(andr =0)—F =1,F =0, F =1

f(0)]* | 2Ref(0)

A S
- 1 1 5, N\
f(q) =(qecotd —iq) " ~ | —— + =regq” — iq — —ag
ao 2
a2 200 2 1 2 \?
C O _1 0 :1—— — _—
(e = 0) =14 90 = 7% +2<R \/‘>

1—-2/7~0.36, /7/2 ~0.89
C(q — 0) takes a minimum of 0.36 at R/a = 0.89 in the LL model.
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Correlation Function with Coupled-Channels Effects

J. Haidenbauer, NPA 981(‘19)1; R. Lednicky, V. V. Lyuboshits,
V. L. Lyuboshits, Phys. At. Nucl. 61(°98)2950.

s Single channel, w/o Coulomb (non-identical pair)
Cl@) =1+ [ ars(r) [ )P = lio(ar)P]
s Single channel, w/ Coulomb
C(@) = [ drs(r) [|f°" @) + Ot - 1S (el

Full free s-wave w.f. s-wave
s Coupled channel, wr LR T with Coul, Coul. wi.

Cila) = [ drsi(r) (| @)+ h& O o) - 1 ar) P

n w/drS VxS O (r, )2 S-Wave wi.
; ! : in j-th channel

Outgoing B.C. in the iI-th channel, ® = Source weight (o =1)
_- y TP LPes

A.Ohnishi, APFB2020, Mar. 2, 2021 26



