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Introduction

e studying dense QCD iIs one of the
most important problems in physics

e connected to understanding of neutron stars, structure of nuclel, etc.

« hadronic pr rties in medium is
dronic properties ed hadron mass hadron interaction

Interesting subject from various aspects ;1 E E
key t derstand th igin of th P _
e KEY 10 unaerstan e origin o e
. - T

thermodynamic properties in dense QCD

™~e.g., equation of state

e signatures of chiral-symmetry restoration in medium

e strongly related to nuclear physics and studies of the nuclear exotic states
™~ e.g., kKaon mass in medium = kaonic nuclei
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Hadron masses In medium

« We consider hadron mass in low 7T and finite u

e Zero density:
e QCD inequality: pion is the lightest meson

e a lot of studies for a long time

e finite density: o |

e QCD inequality does not hold S oo |
EQ N

e attract both theoretical and experimental

attention tor several decades oo
[Gubler, Satow, 2019] for review

o [attice QCD: difficult due to sign problem

« we study hadron masses in 2-color QCD at finite density
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m, V.S. density

-om QCD sum rule

¢ Meson mass spectra

from p+C and p+Cu
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2-color QCD in finite density

e 2-color QCD: QCD with SU(2) gauge field

C : charge conjugation operator
o lattice simulation is available for ux # 0 _— T; : Pauli matrix on 2-color space

(det D(p))* = det D*(p) = det[y5CaD(u)72C ™ 5] = det D(p)
== real

e phase diagrams in 2-color QCD: I

2nd-order phase transition

due to diquark condensation ‘T QGP

(K. lida, E. Itou and T. -G. Lee, N,
JHEP 01, 181 (2020)) "
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Hadrons in 2-color QCD

* (main) hadrons in Z2-color QCD: mesons and diquarks

Yl Ve €apVa(Cys) Ty

o flavor symmetry in low T (N, = 2):
Classical (Lagrangian) level at u =0, m =0

SU(4) X % (cf., 3-color QCD Lagrangian: SU(2)y x SU((2)4 x U(1)g x UA) 4 )

anomaly
(Wy) #0,m#0 ,

Sp(4) (~ SO(5))
5 (pseudo-)NG bosons U(l)B > SU(Q)V Sp(Q)v (N SU(Q)V)

e pion (7™, 7') \ mass shift for gq, gg | no U(1),, NG mode by (yy) # 0

. scalar diquark (gg) . BCS
BEC SuperﬂUId (confined)

Hadronic

. scalar antidiquark (Gg) "



Hadron masses in 2-color QCD in finite density

« We focus on hadron masses in low 7 and u # 0

» hadronic phase: y-dependence of single hadron

energy Is trivial at 7= 0 (for any #color)
(MK, Itou, lida, submitting to journal
[arXiv:2309.08 143 [hep-lat]])

E=+/p?2+m?2—pn
_— " quark number of the hadron
(meson: n =0, diquark: n = +2)

hadron mass at u =0

o superfluid phase: non-trivial y-dependence has been observed

: - |atti | Muroya, Nakamura, Nonaka, 2003]
In several previous lattice studies Hande. Sitah. Skullerud. 2008

‘Wilhelm et al., 2019]
o Tlipping spectral ordering of =z and p meson

e NG mode generated by the diquark condensation
6



| attice simulation Iin supertluid phase

* another problem in superfluid phase: lattice simulation cannot be done
due to zero eigenvalue of the Dirac operator (onset problem)

/ e Cf,Inthe caseof ySSBatu=0 -
caused by gapless mode (NG mode) NG b cod by 4SSB (0
for diquark condensation H OsS0Ns generated by x (pion)

become massless atm =0

== 7cro eigenvalues of Dirac operator

| (lattice simulation is impossible) at m =0
* to avoid the onset problem,

we add diquark source term to the quark action
‘mass term” for the gapless mode
Sp = /

( )(%LD +m + pyo)Yr(a )+Jf) (f=1,2)

D =

d*z
/ C”y5)7'2¢2 (x) — sz(x)(O%’))Tle (x)] : diquark source term

7
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Quark propagators for 2-color QCD in finite density

A

* quark action with diguark source term Sg = /d% Vi(x)(vuDy +m+ puyo)s(x) +50D

- 3 types of quark propagators
1

. wﬂzf . hormal propagator

1
T .
o Y211 : anomalous propagator (quark =s antiquark) (o< 7 )
1

. 2;51;1 . anomalous propagator (antiquark =s quark) (o 7)
 examples of the quark contractions

* pion 2pt function
(o511 (t) (2y5¢1)7(0)) N

* scalar diguark Z2pt function

(1 Cy5tp2(t) (h1Cy51p2)T(0)) = _

8 neglected in this work




Simulation detalls

e Conft.: lwasaki gauge action + 2-flavor Wilson quark action
(K. lida, E. Itou and T. -G. Lee, PTEP
2021, no.1, 013B05 (2021))

in QC2D in finite 4 and j (gauge fixing, 400 confs.)
. #=0.8, 32* lattices, m,/m,~ 0.81 at y =0, T~ 0.197,

e Target: Te

. 7, p meson (meson with J =1~ and isospin I = 1)

o (pseudo) scalar (/¥ = 0*) meson/diquark/antidiquark
0.19Tc
(this work)

with 1sospin I =0

e at this moment,
e USe j#0

(not so small value in supertfluid phase)

e neglect disconnected diagrams



2pt functions of z and p meson

C(t) [lattice unit]

In hadronic phase
u/myg=0.32

O pion
1] o meson

0 5 10 15 20 25

t/a
. CP(t) < C"(t) holds

e bOth signals are clear

30
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In superfluid phase

t/a

. CP(t) < C"(t) breaks down

e DION DbeCcoOMes NoIsy
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Masses of = and p meson

Our results

(S. Hands, P. Sitch and J. |. Skullerud,

Phys. Lett. B 662 (2008), 405-412)
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- ==:m* from yPT in 2-color QCD
/M ¢ A [Kogut et al., 2000]
. hadronic phase: no u dependence
. . L ) ) - _
\ consistent with £ = \/P +m* —unwithP =0 n =0

o ordering of ~ and p flips at © ~ Mmx/2 IMK, Itou, lida, submitting to journall

e consistent with the results in the previous lattice studies

: : [Muroya et al., 2003; Hands et al., 2008;
and studies by effective models Wilhelm et al. 2019]
[Hatsuda, Lee, 1992; Kogut et al., 2000] 11



2pt function in scalar channel

- - -
- - -
VL L

C(t) [lattice unit]

(
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~

In hadronic phase
u/myp=0.32

Meson (/=0,07)
Diquark (/=0,0%)

0

5 10 15 20 25 30
t/a

e Meson: symmetric
e diguark: asymmetric

e We define

» diguark mass: fit from C(T — ©)

» antidiguark mass: fit from C(r)
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C(t) [lattice unit]

In superfluid phase
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e meson: sighal gets clear

e diquark: getting symmetric



2pt function In pseudo-scalar channel

In hadronic phase

In superfluid phase

u/mpy=0.32 u/my;=0.64
oL | |
100- @6 | ® Meson(/=0,07) | .@@ 10 a ® Meson(/=0,07) ¢
x © K Diquark (/=0,07) ol S X Diquark (/1=0,07) O
7\ @ @ }( . 67\- >‘< 9
1071 S = 1074 < | | | <]
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g 102 N/ @@4 | @@. A g S 7"_}(\: ViD S
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= > 6@ @@ Ix 5 S T A
© 1073 = s © — 2 x,x\x -
— S S - 10— S Ao b T &
O 1074 I\ O
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t/a t/a

e Meson: symmetric e diquark: getting symmetric

e diguark: asymmetric « meson: different magnitude of

e We define

» diguark mass: fit from C(T — ¢)

» antidiguark mass: fit from C(z)

slopes In early and late ¢
<= ground + st excited?
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Masses In (pseudo) scalar channels

------ . m_=2u (= results from yPT in 2-color QCD)
Kogut et al., 2000
scalar pseudo scalar  ©°9 |
3.0 3.0
Meson (/=0,0%) % -&~ Meson (I=0,0")
2.5¢ j -H+  Antidiquark (/=0,0%) > 5| _ /,/ -f+ Antidiquark (/=0,07)
-¥- Diquark (/=0,0%) TR -%¥- Diquark (/=0,07)
2.0 o | | 200 < | | |
Ei1s ot : E1s B P
E ,,.B// : E . \'i. B
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‘\ﬁ’;. : . E&{‘ xxxxx I %'::':”t:’_:-—
0.5} - : 0.5 ? I —
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e hadronic phase: consistent with E(p =0) = m — un | N |
[IMK, Itou, lida, submitting to journal]
e very light mode in scalar channel in superfluid phase «.= NG mode?

e in superfluid phase, all three masses have the same values e Why?
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Linear sigma model with diquark gap

e Linear sigma model with diguark gap explains such phenomenon
(Suenaga, KM, Itou, lida, Phys. Rev. D107, no.b, 054001 (2023) [arXiv:i2211.01 /789 [hep-ph]])

scalar pseudo scalar
2nd i 41 Set () '

excited

1st

O™ hadron masses
N

0O~ hadron masses
N

excited ~
| B: diquarky| | B" diquark
1 e B: antidiquark j 1 - . B! antidiquark
: -l l T (ITIG modcle) . . O IIIIIII
00 02 04 06 08 10 1.2 00 02 04 06 08 10 1.2
:Uq/m\;TaC ,uq/m‘J’TaC

(iInput of LSM: masses of pion and pseudo-scalar
diguark, use approximation e ~ Ma,)

e hadronic phase: E(p =0) =m — un

o superfluid phase: meson-diquark-antidiquark mixing due to SSB of U(1)p
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Vleson-diquark-antidiquark mixing In lattice results

e« 'hadron mass’ in this calculation: fit results of the 2pt function for
the corresponding hadron operator

scalar pseudo scalar
3.0 3.0
Meson (/=0,0"%) 1 -~ Meson (/=0,07)
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g 1.5 ,/://- g 1.5 .\\'\- T
3 - g [ E.
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\?'%\ : 1 — :i t i e
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\%.:igg}.ﬁ:._.%_._g__ﬂ—_____._______ —
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o in superfluid phase, meson, diguark and antidiquark 2pt functions
observe the same ground state?

. Still some discrepancies <= £ 0, T # 0 effect?
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Summary/Future work

e we study hadron spectrum in low temperature and finite density

. order of 7 and p meson spectrum flips at # = Mmx /2

e signature of meson-diquark-antidiquark mixing in (pseudo) scalar channels
INn superfluid phase

e Future work:

e Investigate other channels

« j = 0 extrapolation, include disconnected diagrams

e estimate mixing angle quantitatively
<= variational method?

17



Backups
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Quark propagators in detail

* 4 types of quark propagators . . .
yP & Propag e A(1): (usual) Dirac operator at chemical potential u

o J =kj, K= (Cy5)7
(f=12)

1

e Wil =Sy = (AT (wAW) + J»)~'AT(w) : normal propagator (Sy(u,j = 0) = A~ ()

—IT_I T C T 2N—1 AT
e ey, =Sy = Kys(A(=p)A(=p) +J7) T AN (=p)Kys back propagator

Sy =— 8D

[
e Yoy =S, = J(AT (WA +J%)7'K : anomalous propagator
(quark -> antiquark)

1 _
e U = S, = JKys(AT(—pu)A(—p) + JH) 'y : anomalous propagator

(antiquark -> quark)
19



Effective mass in I =0, J© = 0* channels in superfluid phase
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e position of plateaux of all three hadrons looks the same
= meson-diquark-antidiquark mixing?

« 0~ meson: decrease slowly <= contribution from excited state?
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LSM with diquark gap

(Suenaga, KM, Itou, lida, Phys. Rev. D107, no.5,
» QC2ZD (N, =2) 054001 (2023) [arXiv:2211.01789 [hep-ph]])
* quark field » meson, diquark op
YR
T .22
o TYr
Y - ¥ ge SU@4) d - ghbg!
. LSM(NV, = 2)

e meson, diquark field e chiral and diquark gap

oc—in—a’+ir
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Contribution from excited states

« fOr some channels In large u, we see an explicit sign of

contribution from excited states

plot of
f(f) :Al(e—mlt_l_ e—m1(32—t)) +A2(€_m2t+ e—m2(32—t))
2pt function of meson (I =0, 0%, au = 0.7) |
0.0010 with A =-10,m =0.15, A, = 10.0, m, = 0.8
1 " T T T T T C(x)"
0.0008} - ' » - | - | |
0.8F . ‘
l
_ 0.0006( X | | D W |
I= | |
> 0.0004} _ | _ _ , _ A " Il
.g |l| "l
g 0.0002+
S 0.00001 v | | ; —
e X X X KX XX a \ I
—0.0002+ G XX.XX | A K g X;x:X | 0.
—0.0004} | | X Meson(/=0,0") (u=0.70)
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t [lattice unit]

« mply the comparable overlap with excited states

e we use double cosh function in fitting for
mesonin/=0,0"atau=07and I=0,0" atau =0.4-0.7
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Results of excited states

[=0, 0"
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e massive excited states

e level repulsion in 0~ channel?
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Consistency with the previous studies for I =0, 0t channel

(S. Hands, P. Sitch and J. I. Skullerud, Phys. Lett. B 662 (2008), 405-412) (J. Wilhelm et al., Phys. Rev. D 100
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Consistency with the previous studies for I =0, 0~ channel

(S. Hands, P. Sitch and J. |. Skullerud, Phys. Lett. B 662 (2008), 405-412)
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"Higgs™ and "NG” Z2pt functions

o D =

m’/my

- = ) Cy5Ta)y =
+ +oNt
0.10 (D*(t)(D*(0))")
o $ u/mr=0.81 o
0-08_ | | | | | | |
= 0.06(
g 0.04}
U O'OO- | | | | | |
: 56664 ‘
—0.021 | I%@%%%%% | %%%%%@'@@
—0.045 5 10 15 20 25 30
t/a
Mass VS. u
30l - mass from D™
- mass from DT (1st)
2.5+ ¥~ mass from D~
2.01
1.5¢ i
P S _
ol S :
-\_g\
0.51 "‘-\_\g
-‘— g._ﬁ.g__ L ._—,-g:,___.:,_—. R — :%
0-800 0.25 0.50 0.75 1.00

+ ¢ Cy5T2¥2: would-be Higgs(+)/NG(-) operators
[S. Hands, P. Sitch and J. |. Skullerud, 2008]

(D~ (t)(D~(0))")
M 7  wma=0.81
4x10% | _ =
= — w
> .
S 2x10° = .
© v ¥
O H: ?H
100} | :: , , ::
0 5 10 15 20 25 30
t/a

« D~ large overlap with light mode

= almost NG mode Zpt func.

« D': heavy + light mode

== NOt pure Higgs

(mixing with meson?)
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Comparison of D* with other results

(S. Hands, P. Sitch and J. I. Skullerud,

Our results Phys. Lett. B 662 (2008), 405-412)
I ' | ! | ' | ' [ ! | ' | ' | ' | I
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‘= 1.5} | -
: gt
- —— - U -———— g
- e — IO~ TE-
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‘g Pre”m | na ry | 0--0 goldstone 8
0.5F ~L . . , v higgs at j=0
' T v goldstone at j=0
‘%ﬁ—- —ﬁﬂ* s S & 0—1}1 """"""" f ________ 5 . | 1} """""" e 1 """"" Y 1 """""" .
0 ‘ A ‘ , ‘ 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
'8.00 0.25 0.50 0.75 1.00 Wa

« ground state of D*: same as diquark mass,
consistent behavior with other lattice results

e excited states of D': discrepancies among all results

= systematics for fitting? lattice artifact?
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