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What Is
Femtoscopy?



Introduction
- What Is Femtoscopy?

By observing the momentum correlation
functions of hadron pairs, S-wave low-
energy hadron-hadron interactions are
measured experimentally.
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INTroAUCTION Laurs Fabbietti's Side@J-PARC Hadron 2025

TUTI Particle production and propagation

ALICE

Pair reference frame
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V(r) -> (k" 1)| relative wave function for the pair

k* <250 MeV/c
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INTroAUCTION Laura Fabbiettis Side@J-PARC Hadron 2025

TI.ITI The Koonin-Pratt formalism s. . koonin, Phys. Lett. B 70, 43 (1977).

-
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Pair reference frame
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V(r) -> |¢(E*,F)|2 relative wave function for the pair 2
N k* 2
(k) = gy - eame ) _ f S(r) (k" 7)|" d®r
Nmixed(k ) :

Emission source Iwo-particle wave function

CATS (Correlation Analysis Tool using the Schédinger equation)
D. Mihaylov et al., Eur. Phys. J. C78 (2018) 394
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INTroAUCTION Laura Fabbiettis Side@J-PARC Hadron 2025

TUTI Examples of correlation functions

ALICE
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TUTI Examples of correlation functions

ALICE
—_
Predictions obtained using CATS Ck™) = J S(r*) |1,b(k*, )| d37*
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TUTI

Bl baryon-baryon
B mMeson-meson
I meson-baryon

Three-body systems

What was measured in the last 5 years?

D1t DK

N + 0
pp, pp,AA p2*, pA,p2 AA, p= AZ, pQ
Pd, nd, ppp, Ad, ppA
Tpp —
0 - nk, mK, =K KK
o, oo, KK
pK) pK; /\K =
np, pd,pp, AK Kd, ppK , =TT
0 1 2 3

D .
(—o

ALICE

p-K: PRL 124 (2020) 9, 092301,PLB 822 (2021) 136708,
EPJC 83 (2023) 4, 340

p-p, p-A, A-A: PRC 99 (2019) 024001

A-A: PLB 797 (2019) 134822

p-=": PRL. 123 (2019) 112002

p-=7, p-Q: Nature 588 (2020) 232-238

p-2°: PLB 805 (2020) 135419

p-@: PRL 127 (2021) 172301
Baryon-Antibaryon: PLB 829 (2022) 137272
p-A: PLB 832 (2022) 137272

AE : PLB 844 (2023) 137223

D-p: PRD 106, 052010 (2022)

p-p-p, p-p-A: EPJA 59 (2023) 7, 145

ppK: EPJA 59 (2023) 12, 298

D-m, D-K: PRD 110 (2024) 3, 032004

N -K: PLB 845 (2023) 138145

p-d, K-d: PRX 14 (2024) 3, 031051
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T Source function in pp collisions at the LHC %

ALICE

ALICE plp (s =13 Tev '

g¢ High-mult. (0-0.17% INEL > 0)
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correlation function
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ALICE Coll., PLB, 811 (2020), 135849
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T Source function in pp collisions at the LHC %

ALICE

- Emitting source function anchored to p-p = sp——pr—rrr—rrrrr
correlation function ALICE pp Vs = 13 TeV

, K% . High Mult. (0-0.17% INEL>0)
cw)= [ ol A
measured known interaction = 1pp®pp
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o [ ¢ | tt—n* ® n—m, Pold
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1 r? Effect of short lived —+— p-K" @ p-K
= ——— X .
S(r) (4mi 2, )3/2 exp( 412 ) resonances (ct ~ 1 fm) "o
ALICE Coll., PLB, 811 (2020), 135849 - o+.
1 ’ _._4+7
e Cross-check with K+-p, m1-11, p-/\, p-T1 -
IO. P-/\, P l
* One source that describes all systems 05k s L S S
with very different final state interactions my (GeV/c?)
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TUTI

~7- 10° pA pairs with k*< 200 MeV/c
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* Measurement down
to zero momentum

« Factor >20
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precision (<1%)

» First experimental
evidence of AN-2N
opening in 2-body
channel

The pA femtoscopy correlation
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NLO13: J.Haidenbauer, N.Kaiser et al., NPA 915, 24 (2013)
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What Is X(3372)7



Introduction
. What is X(3872)7

Many exotic hadrons have been observed
INn heavy-flavor hadrons in recent years.

. One of the reason is that the kinetic energy
term of two heavy hadrons is smaller than
that of two light hadrons because of the
large reduced mass of two heavy hadrons.

Workshop on Heavy-Quark-Exotics@&3] 2026/2/20
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Introduction v Yamaguchi-san’ slide@RARIS Workshop 2025

Observations of exotic hadrons in the charm sector

» e.g. cc mesons (Charmonium) sector

Mass (GeV/c?)

4.5} (4415) one-g exchange
— v §
- — w2 (2P .
+0 X D) Confinement
25) —— »(3770)
e e — 2S
f(‘b( ) Xcl(lP) Xﬂ) hc(lp)
3.5 - XCO(]'P) \U/
J/$(15) s
1-(15) V(r) = ——+cr
3.0 r
+...
o+ 1— ottt 1++ ot++ 1+-— JFC
N. Brambilla,et al. Eur.Phys.J.C 71(2011)1534, S. Godfrey and N. Isgur, PRD32(1985)189
Y. Yamaguchi (Nagoya Univ, Japan) RARIS workshop C47 (26 Nov. 2025) 2 /18
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Introduction

Observations of exotic hadrons in the charm sector

Y. Yakmaguchi-san’ slide@RARIS Workshop 2025

» e.g. ¢¢ mesons (Charmonium) sector and Unexpected X, Y, Z

Mass (GeV/c?)
Y (4664)
4.5 o) Aas0yt one-g exchange
5 4415 -
ja )Y(4360) X (4350§/( 9 s
_ Y (4274
_ 32?21238;) X (4160)_{/2((5112208)"' +
4.0 - Y (4008) (4040 Xe2(2P) Z,(4050)* .
) — G(3900) X (3872) 7.(3900) §gg%gg Conﬁnement
__ (3770) e
c(25) —— S
1e(22) e Xec1(1P) Xcz(_lp) h:(1P)
3.5 — XcO(lp) \U/
J/$(1S) Qg
-5 V(r) =——+cr
o gL 0S) (1) —+
+...
o—+ 1-— o+t 1++ ot+ q1+— 977 jgPC

N. Brambilla,et al. Eur.Phys.J.C 71(2011)1534, S. Godfrey and N. Isgur, PRD32(1985)189

» Many Exotics # cc have been observed in the Experiments (BaBar,
Belle, BESIII, LHCb,...) since the discovery of X(3872) in 2003!

» New exotic hadrons have been reported Every Year! P., T, ...

Y. Yamaguchi (Nagoya Univ, Japan) RARIS workshop C47 (26 Nov. 2025) 2 /18
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Introduction

In 2003, Belle Collaboration observed X(3872) In
B* - K*ntn~J/y decays.

t was the beginning of the exotic hadron eral
T _' odte 1| Phys. Rev. Lett. 91 (2003) 262001
300 - ” B This paper’s citation is more than 2800.
% i -
O ] ) >l
o Sasf
g 20T &)
; I
& | X(3872) 1| &7
@ 100 T =
~ w\ﬂﬂw‘mpﬂfd& :
o Lo va\fj o ’#
0.40 1.20 of
M(n+n-|+|-) _ M(I+I-) (GeV) 30.8-2l l l:’4.84l . l3.86l . lZS.BB'MI(J/l “?:n.) (;elv)s.QZ
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Experimental fact of X(3872)
. LHCb measured the mass and the width of X(3872)
precisely in Bt - K*tatz~J/y decays.

(JHEP 08 (2020) 123)
Mass: 3871.64 +0.06 = 0.01 MeV

very close to DDV = 1864.84 + 2006.85 = 3871.69 MeV
threshold. Binding energy: ~ 0.05 MeV

. BESIll determined the T-matrix pole of X(3872) in
ete™ — yX(3872) — y[D’D"z"] (PRL 132 (2024)151903)

(3871.70 £ 0.15%00) — i(0.19 = 0.081)15) MeV
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Experimental fact of X(3872)
. Width: 1.19 +0.21 MeV
Very small width

. IG= O+ JPC: 1++

. We consider Isospin symmetry is largely
broken in X(3872) and It i1s the mixed
state of I=0and I =1.

Workshop on Heavy-Quark-Exotics@&3] 2026/2/20
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D’D** correlation function

. Recently, femtoscopy technigues are developing.

: —0 : .
. We will have a chance to observe D" D*" correlation function.

. We study the relation between binding energy of X(3872)

—0 . .
and DY D*" correlation function.

. Experimentally observed D°D* channel is the mixing of

X(3872) and Zc(3900) channels. We study D°D* correlation

function in Zc(3900) channel too.

Workshop on Heavy-Quark-Exotics@&3] 2026/2/20
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Experimental fact of 7,(3900)*¢

. Mass: 3887.1 =2.6 MeV
about 10 MeV above the DD* threshold

. Width: 28.4 £ 2.6 MeV

. IG= 1+ JPC: 1+—

. Minimal quark component of Z.(3900)* is ccud,

namely, exotic state.

Workshop on Heavy-Quark-Exotics@&3] 2026/2/20
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Exotic hadrons near thresholds

. DD* : X(3872) 0.05 MeV bound
/:(3900)+ 10 MeV above

. DD* : Tcc(3875)+ 0.36 MeV bound

. 2.D* : Pc(4457)+ 6 MeV bound
. 2D :Pc(4312)+ 5.6 MeV bound
. E.D : Pcs (4338) 0.83 MeV above

. B*B* 1 Zp(10650)+ 2.7 MeV bound

. BB* : Zp(10610)+ 3 MeV above

Workshop on Heavy-Quark-Exotics@&3] 2026/2/20
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Exotic hadrons near thresholds

. Because of the small binding energies,
these exotic hadrons may be the hadronic
molecule states.

. In order to understand the structures of
such exotic hadrons, study of the hadron-
hadron interactions Is important.

Workshop on Heavy-Quark-Exotics@&3] 2026/2/20
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Structure of X(3872)

M. T. and S. Takeuchi, PTEP 2013, 093D01



Our model of X(3872)

%
D 0
YY Potential

. D’D™ molecule + c¢ core: y.,(2P)

DO

. To easily achieve effects similar to OPEP, we introduced

Yamaguchi Separable Potential between D° and D*..

. We added the coupling between c¢ core and DY D*

state with monopole form factor.
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Our model of X(3872)

DY

YY Potential

0 70 0 70 + y*— + ry*— —A A’ A®
(DD (q@)|U|D"D™(p)) =(D"D™ (¢)|U|D" D (P))=p 72 + A2 P2+ A2

DO

(D°D**(q)|V|ce) = (DT D* (g)|V|cc)

(@5 w)
VA \g*+A%)
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Our model of X(3872)

. Strength of Yamaguchi potential A Is determined
so as to reproduce the masses of Zp(10650) and

Zp(10610).

. Strength of the coupling between DD* and y.,(2P), g

IS determined from X(3872) mass.

. Our resultis

1X) = 0.237 |cc) — 0.944
— 0.237 |c€) — 0.829

D’D*%y — 0228 | DT D*7)
DD*: 1 =0)—0.506|DD*; I = 1).
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Our model of X(3872)

. Wavefunctions :

0 5 10 15 20
r [fm]

Fig. 1. The D D* components of the X(3872) wave function for the mx = 3.87168 GeV and A = 0.5 GeV
case. The D’ D*? wave function, r¢(r)o, is plotted by the solid line, and the D™ D*~ wave function, r¢(r).,
by the dashed line.
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DYDY correlation function in
X(3872) channel



. Effect of c¢¢ core: y.,(2P) coupling Is just changing

the Yamaguchi Potential strength 1 — 1+ g*/m_..

. Our model parameters are 1 and cutoff A.

. We fixed 1 so as to reproduce observed mass of
X(3872):

. A =500 MeV : typical hadron size

Workshop on Heavy-Quark-Exotics@&3] 2026/2/20
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Correlation function

. We calculate correlation function C(k) using the

Koonin-Pratt formula given by

Cylhy) = ) JdrS(r)a)a P k)|

a

1’2

1 .
S(r) = exp — ]: source function
(2y/7R)3 4R

Workshop on Heavy-Quark-Exotics@&3] 2026/2/20
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Outcomes of prior studies
. Kamiya, Hyodo, Ohnishi, Eur. Phys. J. Ab8 (2022) 131

24 | I fm ——— |
2fm — —
2.2 b 3fm - --- 4
fm -ooeeee
2 | i
1.8 i
A 1.6 L i
A
¥ ]
w/ quasibound state
12 | ]
\
1 v \ N IR
v\ =T
N
0.8 | >=7 i
0.6 ' | | | |
0 50 100 150 200 250
q |[MeV /(]

300

300

:‘ | | | | |
3 1 fm
1 |
1 VN — 2fm — —
“3 | :7’ 3fm - - -- 7
I.I :Q_Oﬁ Y 1T 5fm -oeeeeee
1 _
ik % 10 i _
115 -
A
B —9 | | N
i 0 100 200 300

| | | | |

50 100 150 200 250
q [MeV/¢]
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Numerical results of D°D* (JF€ = 1™+) correlation function
Binding energy of X(3872) =-0.05 MeV (exp. value)

22N Blue : R = 1 fm
Orange : R =15 fm
Green : R =3 fm

200 -

150 -

100

50

0.2 0.4 0.6 0.8 1.0

K [1/fm]

Correlation function becomes very large.
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Numerical results of D° D+ (JP¢ = 1) correlation function
Binding energy of X(3872) =-0.5 MeV

10 times deep binding case

20 -

Blue:R=11fm
Orange : R =15 1fm

10} Green: R =3 fm

0L 0.2 0.4 0.6 0.8 1.0

K [1/fm]
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Numerical results of D°D* (JF€ = 1™+) correlation function

Virtual state: Pole position =-0.04 Bound state: Binding energy of
MeV from threshold X(3872) =-0.05 MeV (exp. value)
In the second Riemann sheet

250 %

o) Blue : R = 1 fm \
Orange :R=15fm 20
Green : R =3 fm

300 -

150 -

200 1
I 100 |-

100 -

N\ N

! ! P — B s B s s s s
0.2 04 0.6 0.8 1.0

K [1/tm] K [1/fm]
Correlation function for virtual state is similar to that for
bound state.
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Numerical results of B*B™ (J¢ = 177) correlation function

/b(10610) Case

Virtual state: Pole position =-1.0 MeV from threshold
In the second Riemann sheet

Blue :R=1fm

Orange : R =15 fm
Green : R =3 fm

0.2 0.4 0.6 0.8 1.0

K [1/fm]
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Numerical results of D°D*° (JP€ = 1+-) correlation function

Potential is determined from Zb(10610). We apply this potential to
/c(3900): Virtual pole i1s -296 MeV from threshold

20

Blue :R=1fm
Orange : R =15 fm
Green : R =3 fm

2.0
1.8
1.6
14

120

N 0.2 04 0.6 0.8 1.0

k [1/fm]
Correlation function in Zc(3900) channel is small.
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Numerical results of D°D™° correlation function

D’D™ — D*D*~ coupled channel case:
Binding energy of X(3872) =-0.5 MeV
Strength of v, is determined from c¢ core-DD* coupling

2.5 S

: DtD*= = DY D*O Blue : R=1fm
Orange : R =15 fm
Green : R =3 fm

20

15

K [1/fm]
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Numerical results of D°D™° correlation function

Fffects of DY width:
PDG value of DV width I < 2.1 MeV
PDG value of D* width T = (83.4 +1.8) keV

35

30
25?
20?
15?

10 -

L I I I | I ) " ! . L . . : I I I T T T
I e ——— —— 3 0.2 0.4 0.6 0.8 1.0

[ = 1MeV

Blue :R=1fm *
Orange : R = 1.5 fm 15
Green : R =3 fm *

20

[ =2.1MeV

10

K [1/fm] K [1/fm]
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Numerical results of D°D™° correlation function

Correlation function at k = 0.1 [1/fm]
Source Size R =1 [fm]
WidthT = 1.19 MeV

130
Changing value of A ';25
120
Virtual state: O _515
Bound state: @ )
10
o 5
—4| N I—I3l N I—I2l N I—I1I N IOO

Real part of Pole Position
from threshold [MeV]

Imaginary part of Pole Position
IS T'/2

Correlation function at k = 0.1 [1/fm]
Source Size R = 3 [fm]
WidthT = 1.19 MeV

Changing value of A

Virtual state: O
Bound state: @

Real Part of Pole Position
from threshold [MeV]

Imaginary part of Pole Position
IS T'/2
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Summary

. In order to understand the structure of X(3872), study of D D*
correlation function Is important.

0

. If X(3872) pole position is very close to D D" threshold, D° D
correlation function becomes very large O(250) at small

momentum with no D*  width for source size = 1 [fm].

. Introduction of the experimental width of X(3872) through the

D= width causes the reduction of the correlation function about

factor 4. D°D* correlation function is O(b0) for source size = 1
[fm].
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Summary

. Source-size dependence is rather strong. The source-size

dependence is slightly weaker for the virtual state than for the
bound state.

. If pole position is very close to the threshold, bound state and

virtual state give similar correlation functions.

. In the case of virtual state, the real part of the pole position Is

more than 1MeV far from the threshold, the correlation function
becomes Insensitive to the pole position.

. As the binding energy increases, the correlation function rapidly

decreases.

Workshop on Heavy-Quark-Exotics@&3] 2026/2/20
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Future Work
. Study of Tect tetraquaks and Pc, Pcs pentaquarks

Pecs->E.D, no strong decay width

. Study of other interactions such as one pion
exchange, two pion exchange and other meson
exchange potentials.
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One topic for further study

. Can Belle Il apply for Femtoscopy?

. Production modes:
Y(1S), Y(2S) — multi — gluons — > hadorons

Need more statistics:

Table 1. Summary of the luminosity integrated by Belle, broken down by

CM energy.

On-peak Off-peak Number of
Resonance luminosity (fb=')  luminosity (fb—') resonances
T(15) 5.7 1.8 102 x 10°
T(25) 249 1.7 158 x 10°
T(3S5) 29 0.25 11 x 10°
T(45) SVDI 140.0 15.6 152 x 10° BB
T(4S5) SVD2 571.0 73.8 620 x 10° BB_
T(55) 1214 1.7 7.1 x 10° By B
Scan 27.6
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One topic for further study

- Need to avoid initially correlated pairs and feed
downs.

. Select high multiplicity evens.

. Can we use Koonin-Pratt formalism?

. Target hadron pairs:
pp, PN, AN, po, pJIy, AK~, K"K, DK~ DDV etc
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Back up
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Numerical results of D D* (J¥ = 17) correlation function

D°D*’ — D*D*~ coupled channel case:

Binding energy of X(3872) = -

0.5 MeV

Strength of v,, is determined from c¢¢ core-DD* coupling

».  DYD*

Blue :R=1Tfm
Orange : R =15 fm
Green : R =3 fm
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Effect of the channel coupling is small.
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Numerical results of D°D™ correlation function

D’D™ — D*D*~ coupled channel case:
Binding energy of X(3872) =-0.5 MeV
Strength of v, is determined from c¢ core-DD* coupling
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Numerical results of D°D™ correlation function

D’D™ — D*D*~ coupled channel case:
Binding energy of X(3872) =-0.5 MeV
Strength of v, is determined from c¢ core-DD* coupling
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