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QCD at very small  and μ T = 0

•studies on the hadronic properties play an important role 
in understanding QCD in medium

• hadron mass spectrum 

• hadron interactions

q
qq

q̄q

q
qq

q̄q

m u
du

d̄u
s̄u

•thermodynamics quantities in this region 
are unchanged under the change of  
 (Silver Blaze phenomenon)

μ

•we focus on the region of small chemical potential  
and 

μ

T = 0

 hadronic properties are also 
independent of μ

[Cohen, 2003]
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Hadron scatterings at small μ
•temporal two-point correlation function 
itself can change even for small  

•the trivial modification of the dispersion 
relation

μ

•extend the method for studying hadron scatterings  
(HAL QCD method) to the  case  

• see what are the -(in)dependent quantities step by step 

•demonstrate our formulation in two-color QCD with nonzero 
quark chemical potential 

μ ≠ 0

μ

μq

two-point function of  
baryon (diquark) at  in QC Dμ ≳ 0 2

•Q. how can we see that the hadron 
scatterings are independent of small ?μ

<latexit sha1_base64="TQx+Whvf9CuSOB6WIFMycM0kTj0="></latexit>

E(p, µ) =
p

p2 +m2 � µnO

preliminary

Our work



6

Contents•Introduction 
•Hadron scatterings at small  

•Demonstration in QC D 

•Usage of small-  correlation function 

•Conclusion/Future work

μ

2

μ

•2-point correlation function 
•HAL QCD method



7

•two-point correlation function at  and T = 0 μ ≠ 0 meson:  
baryon: 

<latexit sha1_base64="mh5CC69w/kw+BTonFvuINEzCAA4="></latexit>

q̄(⌧)�q(⌧)
<latexit sha1_base64="xXdeRJJlU2L0XFfAcYWo3p7XwIY="></latexit>

q(⌧)q(⌧)q(⌧)

Trivial -dependence of the 2-point correlation function (1/2)μ

<latexit sha1_base64="H+7wjkEGY46dRqwyCo8zbQOJgVY="></latexit>

C(µ; ⌧) = lim
T!0

1

Z
Tr[e�

1
T (Ĥ�µN̂)

Ô(⌧)Ô†(0)]

•if we assume that                , 
<latexit sha1_base64="Ud7NrAx5U7Tu2EtsRiOO8Ox1Izg="></latexit>

N̂ |0i = 0

valid not validnot valid
<latexit sha1_base64="qzXEq9+gMWF2QmeHifX0G+6AOrc="></latexit>

hn̂Bi = 0
<latexit sha1_base64="sydl/5P9gM9IYdKZgyiclIEvX60="></latexit>

hn̂2
Bi = 0

<latexit sha1_base64="npk6icsySQPS5i86DM0tzA/wYKw="></latexit>

hn̂Bi 6= 0
<latexit sha1_base64="VS803TYC8FflcD1UauPMWKSKR+A="></latexit>

hn̂Bi = 0
<latexit sha1_base64="hPMZrwXhqZw2WDY3CF5V5H7LFtw="></latexit>

hn̂2
Bi 6= 0

(                   )
<latexit sha1_base64="r5avMb2WiWq3uDk1HI25pVLCxU4="></latexit>

n̂B = N̂B/V

<latexit sha1_base64="I+cuY0cjaZxn81K35+4qufv8h7c="></latexit>

C(µ; ⌧) = h0|Ô(⌧)Ô†(0)|0i
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<latexit sha1_base64="TQx+Whvf9CuSOB6WIFMycM0kTj0="></latexit>

E(p, µ) =
p

p2 +m2 � µnO

•Note: dynamics are independent of  despite of the shift (see later)μ

Trivial -dependence of the 2-point correlation function (2/2)μ

trivial shift of the 
Fermi surface

<latexit sha1_base64="nP9apA6gFx408ImEr3RQSQnkSkk="></latexit>

Ô(⌧) = e
+(Ĥ�µN̂)⌧

Ô(0)e�(Ĥ�µN̂)⌧ = e
µnO⌧

e
+Ĥ⌧

Ô(0)e�Ĥ⌧

<latexit sha1_base64="1uZNcQAVeEeQF6CFTXB8ZMdcIGg="></latexit>

[N̂ , Ô(⌧)] = �nOÔ(⌧)

<latexit sha1_base64="gUoq29q7xQW6FEwK75PSOQrLNfk="></latexit>

C(µ; ⌧) = e
µnO⌧ h0|Ô(0)e�Ĥ⌧

Ô
†(0)|0i

<latexit sha1_base64="+k6ciuHxLWCVaqneeO4VnUQV0c4="></latexit>

=
X

n

|h0|Ô(0)|ni|2e�(En�µnO)⌧

<latexit sha1_base64="JPxr0Nfs+iy+y4jXLD5XUP4zy88="></latexit>

1 =
X

n

|nihn|

<latexit sha1_base64="AVmbtGG21+hZ0pR1dEdT/mQgy4g="></latexit>z}|{

Euclidean-time evolution

•suppose         has the quantum number for 
<latexit sha1_base64="yEAz2pmZczAR3FyU/B8fFr1YZVA="></latexit>

N̂
<latexit sha1_base64="8TTAsNgaqjf9f4oVL6Q5oDG/eUM="></latexit>

Ô(⌧)
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HAL QCD method at μ = 0

•calculate four-point correlation function given by

•evaluate the R-correlator defined by

2-point correlation function

<latexit sha1_base64="9xK5gMPRvoZ0JhVhsJxzc7ttjbk="></latexit>

R(r, ⌧) =
F (r, ⌧)

C(⌧)C(⌧)

<latexit sha1_base64="xRNG7CzOJaWBfuv2f0EoETu+2PU="></latexit>

V LO(r) =

1
2m̃

⇣
r2 �m @

@⌧
+ 1

4
@
2

@⌧2

⌘
R(r, ⌧)

R(r, ⌧)

•(leading-order) interaction potential can be obtained by

<latexit sha1_base64="j+lSTWkB+6RmNFS5YWtmFJGrUJU="></latexit>

F (r, ⌧) = lim
T!0

1

Z
Tr[e�Ĥ/T

Ô(r, ⌧)Ô(0, ⌧) Ô†(0)Ô†(0)]

<latexit sha1_base64="AqJvOlVmcL+GJSWw9geXGRdQwUg="></latexit>

= h0|Ô(r, ⌧)Ô(0, ⌧)Ô†(0)Ô†(0)|0i



<latexit sha1_base64="wSoEd5rEPa7Dy4S5L1ezuub6JVE="></latexit>

V LO(r) =

1
2m̃

⇣
r2 �m @

@⌧
+ 1

4
@
2

@⌧2

⌘
R(µ; r, ⌧)

R(µ; r, ⌧)

<latexit sha1_base64="+v3ESY/PxyK9pzuPd8WZ3e8qpOk="></latexit>

R(µ; r, ⌧) =
F (µ; r, ⌧)

C(µ; ⌧)C(µ; ⌧)

<latexit sha1_base64="7HjRDUXnScCpnoZFBx1si9T6A6I=">AAADTnichVFNaxNBGH5360dcPxr1InhZDJUE2jArrYoiFAXpyX4lbTGTht3NJF26X8zOBuswevcPePCkICL+DC8evXjoTygeK3pR9M1kVWqsvsvOvPM87/POMzNeGgaZIGTXMCeOHD12vHTCOnnq9JnJ8tlza1mSc581/SRM+IbnZiwMYtYUgQjZRsqZG3khW/e27wz59QHjWZDEDbGTsnbk9uOgF/iuQKhT3rtbpYI9ELqT5K yrJI1ydVNSr2dzNU2Fm9esWzYNg6gjG1QkRNEed33pKHlfWVrMI9ngqsU25cwvrqGqdMsVckHN/G0Dzd1TNWVbY/SQWlTVwoI9bWsT9gGcIK5hZVP7J7UpadftqyqpjSPtTrlC6kSHPZ44RVKBIpaS8iug0IUEfMghAgYxCMxDcCHDrwUOEEgRa4NEjGMWaJ6BAgu1OVYxrHAR3caxj6tWgca4HvbMtNrHXUL8OSptmCIfyGuyT96RN2SPfD20l9Q9hl52cPZGWpZ2Jp9cWP3yX1WEs4Ct36p/ehbQg+vaa4DeU40MT+GP9IOHT/dXb6xMycvkBfmI/p+TXfIWTxAPPvkvl9nKM7DwAZw/r3s8WbtSd67W55ZnK/O3i6cowUW4BFW872swDwuwBE3wjUUjNx4Zj8335mfzm/l9VGoaheY8HIiJ0g964uOh</latexit>

F (µ; r, ⌧) = lim
T!0

1

Z
Tr[e�

1
T (Ĥ�µN̂)

Ô(r, ⌧)Ô(0, ⌧) Ô†(0)Ô†(0)]

<latexit sha1_base64="D5w81WlyFg5/MYOVLqBXqthAkmE="></latexit>

= h0|Ô(r, ⌧)Ô(0, ⌧)Ô†(0)Ô†(0)|0i
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HAL QCD method at μ ≠ 0

•four-point correlation function μ ≠ 0

•R-correlator with μ ≠ 0

•(leading-order) interaction potential with μ ≠ 0

2-point correlation function 
with μ ≠ 0



<latexit sha1_base64="PXGeMIj7/Yx3mNeoEzmgGsKLaQU="></latexit>

C(µ; ⌧) = e
µnO⌧ h0|Ô(0)e�Ĥ⌧

Ô
†(0)|0i
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-independence of the potentialμ

• -dependence of  and μ
<latexit sha1_base64="880QslUMHc7J6WP1tU9kRm3ZLAg="></latexit>

C(µ; t)
<latexit sha1_base64="kQKnzkctGodUcnWSDTyh2Rfb3/I="></latexit>

F (µ; r, ⌧)

<latexit sha1_base64="5AP02KlHSJTJBxu6wS8lLxxckXo="></latexit>

F (µ; r, ⌧) = e
2µnO ! !0|Ô(r, 0)Ô(0, 0)e! Ĥ!

Ô
  (0)Ô  (0)|0"

<latexit sha1_base64="y1Vr6bLBJQY2ChMhONgOWiAw3+s="></latexit>

R(µ; r , ! ) =
F (µ; r , ! )

C(µ; ! )C(µ; ! )
: independent of μ

<latexit sha1_base64="xY6SAqUUd1fFtJQirsmyvVWn/is="></latexit>

V LO (r ) =
1

2 ÷m

!
! 2 " m !

!" + 1
4

! 2

!" 2

"
R(µ; r , ! )

R(µ; r , ! )
: independent 

of μ

the scattering phase shifts are independent of   
(Silver Blaze phenomenon)

μ
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• Conf.: Iwasaki gauge action + 2-flavor Wilson 
quark action in QC D in finite  

• ,  lattices,  

, , , 

2 μq

β = 0.8 324 mπ /mρ ≈ 0.81

μq /mπ ≃ 0 0.16 0.32 T ≈ 0.19Tc

S-wave scatterings of  and  in QC Dππ DD 2

K. Iida, E. Itou and T. -G. Lee, PTEP 2021, 
no.1, 013B05 (2021)

• we examine S-wave scatterings using the HAL QCD method

• two pions with isospin  (“ ”) 

• two scalar diquarks (“ ”)

I = 2 ππ

DD

target

( )<latexit sha1_base64="1wyYRGobaHeHONEFIux2FSsJ+Jk="></latexit>

D ! ud

μ /mPS

T

Tc

QGP

Hadronic Ha
dr
on
ic
 

m
at
te
r

Sup
erfl

uid

BEC  BCS 
(confined)

 BCS 
(deconfined)

0.5

this work

finite-  (periodicity) effect appearsT

•we demonstrate our formulation and theoretical results by 
the lattice simulation in QC D in the hadronic phase2
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Two-point correlation functions of pion and diquark

•pion: symmetric under time reversal, independent on  

•diquark: become more asymmetric for nonzero   

•we define

μq

μq

•diquark propagator:  

•antidiquark propagator: 
<latexit sha1_base64="ALx8VOO7MkL8Lkp7Zg60V36N3mo="></latexit>

CD (aN! ! ! )

<latexit sha1_base64="zH1TbHuFk0ns1dR+A7oFkMFV7Zs="></latexit>

CD (! )

preliminary

preliminary

suffer from the periodicity 
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Four-point correlation functions of pion and diquark

•see temporal dependence of 
<latexit sha1_base64="vhVry6qbybWcFoLOafKprVmQcEI="></latexit>!

r

F (µq; r , ! )

•similar behavior to that of two-point correlation functions 

•Note: contribution from     system: DD

preliminary

preliminary

<latexit sha1_base64="L56aBjY6TlaQC6zsc/1YrIw+/lI="></latexit>

F D (µq, r , aN! ! ! )

 system: D̄D̄
<latexit sha1_base64="LuwWwhtuMPp2H9SZNNB98iE3vVo="></latexit>

F D (µq, r , ! ){
suffer from the periodicity 
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 and  R-correlatorsππ DD

•both have no -dependenceμq

•  and  R-correlators are defined byππ DD

<latexit sha1_base64="CAL08DxryDP3FtCEBtKheUurrjE="></latexit>

RDD (µq; r , ! ) =
F D (µq; r , aN! ! ! )

CD (µq; aN! ! ! )CD (µq; aN! ! ! )

<latexit sha1_base64="NXT37rHqVS0D38+6UZ3aePyiqFs="></latexit>

R!! (µq; r , ! ) =
F ! (µq; r , ! )

C! (µq; ! )C! (µq; ! )
,

consistent with our formulation

preliminary preliminary
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 and  LO potentialsππ DD
<latexit sha1_base64="xY6SAqUUd1fFtJQirsmyvVWn/is="></latexit>

V LO (r ) =
1

2 ÷m

!
! 2 " m !

!" + 1
4

! 2

!" 2

"
R(µ; r , ! )

R(µ; r , ! )

•  and  have the same potential at ππ DD

preliminary preliminary

consistent with 
analytical prediction

SU(4) Sp(4)
, m ≠ 0 μ = 0

∼ SO(3)
5 pseudo-NG 

bosons
π±, π0, D, D̄

m = 0, μ = 0

•both potentials are independent of <latexit sha1_base64="PD0GhVFKsbAJTBYZhHWJ4ha55yU="></latexit>µq

<latexit sha1_base64="WHD6KbD2Ivbfwy3koOJVf8zN+f4="></latexit>

µq = 0

•global symmetry in two-flavor QC D2
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Suppression of the periodicity in 
<latexit sha1_base64="L56aBjY6TlaQC6zsc/1YrIw+/lI="></latexit>

F D (µq, r , aN! ! ! )

preliminary

<latexit sha1_base64="vhVry6qbybWcFoLOafKprVmQcEI="></latexit>!

r

F (µq; r , ! )

•To obtain the reliable potential, we have to take long  region to 
suppress the inelastic contribution 

• : at most  

•  :  with large  

<latexit sha1_base64="dMPsVJEqLnVRQIOTa3m/KnX3wg0="></latexit>!

<latexit sha1_base64="9nkqDmFKlEYJgR1ZK44MY90oUMk="></latexit>

F ! (µq; r , ! )
<latexit sha1_base64="sG+0fwiaK08ZBaI5EcS44evpbSA="></latexit>

! /a ! 8

<latexit sha1_base64="L56aBjY6TlaQC6zsc/1YrIw+/lI="></latexit>

F D (µq, r , aN! ! ! )
<latexit sha1_base64="cCTDfu6638GC+Mk6Cvz3Jv8XMos="></latexit>

N! ! ! /a " 17
<latexit sha1_base64="PD0GhVFKsbAJTBYZhHWJ4ha55yU="></latexit>µq



21

 LO potential at longer timeslice for DD μq ≠ 0

•Note:  : -independent
<latexit sha1_base64="L94mrCs9KKzJPJCxnrnhELyIB8I="></latexit>

V LO
!! (r ) = V LO

DD (r ) <latexit sha1_base64="PD0GhVFKsbAJTBYZhHWJ4ha55yU="></latexit>µq

preliminary

•attractive pocket disappears at long  

•repulsive force remains at long 

<latexit sha1_base64="dMPsVJEqLnVRQIOTa3m/KnX3wg0="></latexit>!
<latexit sha1_base64="dMPsVJEqLnVRQIOTa3m/KnX3wg0="></latexit>!

 LO potential with heavy pion 
mass in 3-color QCD

ππ

(Akahoshi et al. (HAL QCD), PTEP 2019, 
no.8, 083B02 (2019))

same as 3-color  potentialππ
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Phase shifts of  at longer timeslice for DD μq ≠ 0

preliminary

•Note: : -independent
<latexit sha1_base64="yYv6eeXH3/GIrBeEriOdCi2Gcbs="></latexit>

! !! (p) = ! DD (p) <latexit sha1_base64="PD0GhVFKsbAJTBYZhHWJ4ha55yU="></latexit>µq

•scattering length, effective range
<latexit sha1_base64="ScNWa1QF9LxfeHJnUVOOJkuwXX4="></latexit>

pcot ! (p) = !
1
a0

+
r e!

2
p2 + á á á

t 8 11 14 17

0.108(4) 0.146(2) 0.155(5) 0.157(2)

0.685(404) -0.535(18) -0.571(58) -0.525(17)

a0
<latexit sha1_base64="k3rVfboEnfxRM4KWcaKyuyOUd9I="></latexit>r e!

inelastic contribution remains until 
<latexit sha1_base64="pZko0DzvqnlGQyurcvYV3Dsia0Y="></latexit>

! /a = 14
•depend on  for<latexit sha1_base64="dMPsVJEqLnVRQIOTa3m/KnX3wg0="></latexit>!

<latexit sha1_base64="VcxWH/WSAnDhHduikL6UXRT64H0="></latexit>

! /a ! 14
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Conclusion

•we formulate the HAL QCD method at small but nonzero  
and see that the potential is independent of  

•our numerical results of the demonstration in QC D are 
consistent with our formulation 

•we see the potential at long  using the suppression of the 
periodicity in  4-point correlation function at small 

μ

μ

2

τ

DD μq

•Application of the small-  technique to  

•our formulation is valid only in the hadronic phase 
 what would happen after phase transition?

μ μI

Future work
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Backups
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Global symmetry in 2-color QCD

SU(4)

•in superfluid phase, the states are labeled by 
spin, parity and isospin (no baryon number)

Sp(4)

, m ≠ 0

⟨ψ̄ ψ⟩ ≠ 0

μ ≠ 0
U(1)B × SU(2)V ⟨ψ ψ⟩ ≠ 0

Sp(2)V

( , )Nf = 2 j = 0

enhanced symmetry because of 
pseudo-reality of SU(Nc = 2)

∼ SU(2)V∼ SO(3)
5 pseudo-NG bosons

π±, π0, qq, q̄q̄
isospin symmetry

mass splitting of 
qq, q̄q̄

m = 0, μ = 0



• -independent scheme:  

• -dependent scheme: 

μ

μ
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•dispersion relation of a single hadron at μ ≠ 0
<latexit sha1_base64="TQx+Whvf9CuSOB6WIFMycM0kTj0="></latexit>

E(p, µ) =
p

p2 +m2 � µnO

<latexit sha1_base64="12IX4qCUsGP0w17KUuruq4Ds1As="></latexit>

me! = E(p = 0, µ) = m ! µnO

<latexit sha1_base64="EQFNkIi6I2cccppoLvV7Il4sOnQ="></latexit>me! = m [Muroya, Nakamura, Nonaka 2003]

[Hands, Sitch, Skullerud 2008]

[K.M., Suenaga, Iida, E. Itou 2023]
[Wilhelm et al., 2019]

-independence of the hadron spectrum μ

trivial shift of the 
effective mass

Two definitions of the effective mass of hadron at μ ≠ 0

appear as a pole of the 
 2-point correlation functions



<latexit sha1_base64="+ab20ve3ZWT1+AkLHJndHz9BnlI="></latexit>

! W
l (r ) !

r !"

sin(pr " l
2 ! + " l (p))
pr

ei ! l (p)

phase shift

28

hadron operators at 
one spacetime point

2-body hadron state 
with energy <latexit sha1_base64="++0Q284OAeP2fKwxFHG1ZlKY9OA="></latexit>

W

•key quantity: equal-time Nambu-Bethe-Salpeter (NBS) wave function 

•HAL QCD method: obtain the interaction potential defined by
[Lin, Martinelli, Sachrajda, Testa, 2001]

Review of the HAL QCD method at μ = 0

from the R-correlator (defined in the next slide)

[Ishii, Aoki, Hatsuda 2007]
[Ishii et al. 2011]

<latexit sha1_base64="1dqM3iWZ2/P0LlXvlAA6b856ogY="></latexit>

(p2 + ! 2)! W (r ) "
r !"

0

<latexit sha1_base64="UNZDKXMixQKUM3niYkzq/oKGck8="></latexit>

(W = 2
!

p2 + m2)

we can extract the phase shift  by 
solving the Schrödinger equation with 

<latexit sha1_base64="mC30BBbH4rZ1Q4sDN2mwYo3jbfc="></latexit>

! l (p)
<latexit sha1_base64="0wgxdPIctSnqsHfGA0xww+BzPQ8="></latexit>

U(r , r !)

<latexit sha1_base64="a28j/sWWEdr7Sg/OLL3yZFWgwYE="></latexit>

R(r , ! ) !
!

n

÷An ! W n (r )e! (W n ! 2m )!

<latexit sha1_base64="1VgJQNd++ZZgP5lijrheQvpkAEc="></latexit>!
d3r ! U(r , r !)! W (r !) =

1
2 ÷m

(p2 + ! 2)! W (r )

( : reduced mass)
<latexit sha1_base64="Fv7IAgZLfEVwMWo9NA1yDpyEMns="></latexit>

÷m

<latexit sha1_base64="lTZbvcMjYzq/QdWzEG0zCUpN+KA="></latexit>

! W (r ) =
!

x

!0| öO(r + x, 0) öO(x, 0)|HH ; W "

&

(For simplicity,                         )<latexit sha1_base64="qxRdpeRYx5iE0ZJTgWPgC3E94Bk="></latexit>m1 = m2 = m
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HAL QCD method at  (1/2)μ ≠ 0 <latexit sha1_base64="TVCCnuP019R1mp4wJX4GtOJ+bhQ="></latexit>

(W =
!

k2 + m2
1 +

!
k2 + m2

2)

• : four-point correlation function at  and 
<latexit sha1_base64="kQKnzkctGodUcnWSDTyh2Rfb3/I="></latexit>

F (µ; r, ⌧) μ ≠ 0 T = 0

•in the same way as for the two-point correlation functions,
<latexit sha1_base64="RAsOU6BZaH6nexctjudBgp5CnFI="></latexit>

F (µ; r , ! ) = e2µn O ! !0| öO(r , 0) öO(r , 0)e! ! öH öO  (0) öO  (0)|0"
<latexit sha1_base64="JPxr0Nfs+iy+y4jXLD5XUP4zy88="></latexit>

1 =
X

n

|nihn|

<latexit sha1_base64="AVmbtGG21+hZ0pR1dEdT/mQgy4g="></latexit>z}|{
<latexit sha1_base64="eQWq/c9vKuEswfsZhIDHxnVyMkg="></latexit>

=
!

n

An ! W n (r )e! (W n ! 2µn O ) ! + á á á

•R-correlator
<latexit sha1_base64="u4kuchAoVShBGqxgwarx4jQ7R14="></latexit>

R(µ; r , ! ) =
F (µ; r , ! )

C(µ; ! )C(µ; ! )
2-point correlation function 

with 
<latexit sha1_base64="Wy/Qa5gLAbGJWtIkor94evmzrtc="></latexit>

p = 0

<latexit sha1_base64="NIS05cUohQ06Ss09+IvdBxslQYQ="></latexit>

=
!

x

!0| öO(r + x, ! ) öO(x, ! ) öO  (0) öO  (0)|0"

<latexit sha1_base64="BlVu74pRTugksRQ6y5VvnWV/ewA="></latexit>

F (µ; r , ! ) = lim
T ! 0

1
Z

Tr[ e" 1
T ( öH " µ öN )

!

x

öO(r + x, ! ) öO(x, ! ) öO  (0) öO  (0)]
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•each term satisfies the Schrödinger equation

•thus

<latexit sha1_base64="tPPY/HQmHq4w3U9xmtUpmyBzHzw="></latexit>

= ! Wn +
1

8µ
! W 2

n = !
!
! t

+
1

8µ
! 2

! t2

<latexit sha1_base64="rlIVVed795wNJIH7HQsSD7OhWIs="></latexit>

!
!

n

<latexit sha1_base64="CFCahUYRQ0iavU9VuCT9IWtqoT0="></latexit>

! V LO (r )! (3) (r " r !)
(leading-order (LO) approximation)

•Note:  can be set by hand in the HAL QCD method; varying  
just alters the definition of  without changing   

 the scattering phase shifts are independent of 

m̃ m̃
<latexit sha1_base64="0wgxdPIctSnqsHfGA0xww+BzPQ8="></latexit>

U(r , r !)
<latexit sha1_base64="+f1KJcI8NI/VwqHaqco/Ain1vWU="></latexit>

! W (r )

μ

<latexit sha1_base64="dsWm5BTaB0n3yUkGrEdH4TPs/jI="></latexit>

R(µ; r , ! ) !
!

n An ! W n (r )e! (W n ! 2µn O ) !

Ce! (m ! µn O ) ! Ce! (m ! µn O ) !
=

"

n

÷An ! W n (r )e! ! W n !

<latexit sha1_base64="hv7lwSobW8XVoJaXiym2hfC0+7w="></latexit>

(! Wn = Wn ! 2m)

<latexit sha1_base64="w+V3r5pQ5V3FRsKSm2Xe6t7LNxY="></latexit>!
d3r ! U(r , r !) ÷An ! W n (r !) e" ! W n ! =

1
2 ÷m

(p2
n + ! 2) ÷An ! W n (r ) e" ! W n !

<latexit sha1_base64="xY6SAqUUd1fFtJQirsmyvVWn/is="></latexit>

V LO (r ) =
1

2 ÷m

!
! 2 " m !

!" + 1
4

! 2

!" 2

"
R(µ; r , ! )

R(µ; r , ! )

possible -dependence only hereμ

HAL QCD method at  (2/2)μ ≠ 0

independent of μ



•we choose -dependent shceme   

 fit function: 

μ
<latexit sha1_base64="tH+fnF4YIdQBlkdEegr/iFhQ0AY="></latexit>me! = m ! µnO

<latexit sha1_base64="9glgbg/E5shZMXk7DO/wdOfFenc="></latexit>

C(! ) ! Ae! m eff !
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Effective masses of pion and diquark

•the three hadrons are degenerated at  

•pion, diquark: consistent with  

•antidiquark: slightly deviates from  

<latexit sha1_base64="WHD6KbD2Ivbfwy3koOJVf8zN+f4="></latexit>

µq = 0

<latexit sha1_base64="lGq6tfbySgaC9/Y97S1pecXkO+8="></latexit>me! = m ! µqnq

<latexit sha1_base64="ljq85tIPtxWd8YMXo/CyivDxE3k="></latexit>

me! = m + 2µq

(dashed line: )
<latexit sha1_base64="eps5qJX0Y62wJwXar57nBQqGIeQ="></latexit>

m(µq = 0) ! 2µq

because of the Pauli-Gürsey 
symmetry in QC D2

 v.s. 
<latexit sha1_base64="TTztUTYzrsSh1BnG8MXG1S6ohWA="></latexit>me!

<latexit sha1_base64="PD0GhVFKsbAJTBYZhHWJ4ha55yU="></latexit>µq

due to the periodicity on 
finite lattices

preliminary
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Spatial dependence of four-point correlation functions

•see spatial dependence of  at fixed timeslice
<latexit sha1_base64="2KDgKE3UjjTK1Rqpjth+0rBL7tM="></latexit>

F (µq, r , ! )

•pion ( ): no drastic change for different  

•diquark ( ): the scale increases with , keeping its shape

ππ μq

DD μq

-dependence appears only in the overall factor  ?μq

<latexit sha1_base64="hN/zmCWtqlPqLTf270xQVK8/HNk="></latexit>

e2µn O !

preliminary

preliminary
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 of  and  scatteringsp cot δ(p) ππ DD

•results for different  agree with each other for both  and <latexit sha1_base64="PD0GhVFKsbAJTBYZhHWJ4ha55yU="></latexit>µq ππ DD

•solve (radial part of) Schrödinger equation ( )l = 0
<latexit sha1_base64="itYKeuWHbfLxZ0BUnas5Yz7Rnfc="></latexit>

!
1

2 ÷m

! 1
r

d2

dr2 r !
l (l + 1)

r 2

"
! W

l (r ) + V LO (r )! W
l (r ) =

p2

2 ÷m
! W

l (r )

•  for  and  scatterings
<latexit sha1_base64="bR5LHy+oEf1Np0nc78V6s6a9jFw="></latexit>

pcot ! (p) ππ DD

<latexit sha1_base64="tmTrmAx38CkHUUfSRc7fI0T6rwo="></latexit>

! W
l =0 (r ) !

r !"

sin(pr + " (p))
pr

ei ! (p)

consistent with our conclusion 
(Silver Blaze phenomenon)

preliminary preliminary
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Temporal dependence of  R-correlatorsDD

•see temporal dependence of 
<latexit sha1_base64="gGY0AHNmv0/pnl7r/dNoJrOePCg="></latexit>!

r

RDD (µq; r , ! )

•depend on  at larger  due to the finite-  effect 

•the finite-  effect (periodicity) is more suppressed for larger 

μq
<latexit sha1_base64="dMPsVJEqLnVRQIOTa3m/KnX3wg0="></latexit>! T

T μq

preliminary

occur for positive baryon 
number  in general

<latexit sha1_base64="BBW4slZWjJrPiIL/OCqnObvMgzU="></latexit>

nO > 0


