Mass spectrum of hadrons
in dense two-color QCD

Etsuko Itou (YITP/ RIKEN iTHEMS)
work with K. lida, K. Murakami, D. Suenaga

Workshop on Heavy-Quark Exotics, Toba seaside hotel (&> —Y 1 kik7IL), 2026/02/21

1



Hadron mass and the QCD inequality
. Atu=0

(1) YsDys = D'

o PS (B=0.80.5=0.1590) (2) No disconnected diagram

oV (B=0.80,k=0.1590) | ° Schwarz's inequality for "I mesons (gI'g)

TrS,0rS0,)I = TrS(x,00ysS(x,0) 7" < TrS(x,0)S(x,0)"
Here, S(x,0) iIs quark propagator

- From this inequality, we obtain
Cpi(7) = Cyy(7)

Here, 2-pt fn. C(z) = A (e ™™ + ¢~"W:"7))
PS meson (pion, I = y;) must be the lightest!
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At 1 # 0, what Is happened?

u # 0: ysD(p)ys = D' (—p) # D" (p)

In dense-QCD, neither positivity nor inequality holds
(cf:in high-density, color-flavor-locking phase, m, > m,?) Son-stepanov (1999

Muroya et al. Phys.Lett. B551 (2003) 305
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Hatsuda and Lee, PRC 46(92)R34, PRC 52(95)3364

arXiv:nucl-th/9608037

Vector mesons becomes lighter?
But, in QCD sum rule, rho and

- | omega necessarily become lighter.

(phi can be said to do so).

S. Zschocke, O.P. Pavlenko, B. Kampfer,
Eur. Phys. J. A 15 (2002) 529-534

Also, E16 experiment at J-PARC
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Our model: 2color 2flavor dense-QCD

2color QCD Phase diagram + Lagrangian
! I
QGP = ZFI/C’Z’/F//?V T l/_/(iyﬂD//t +my
Te —1[1/71(@’5)72‘/7; - ‘/sz(CYS)Tzl/fl]

diquark source term (J < 1)

. Physical obs. is calculated in J # 0

Hadronic

pl mpg

05 for each p,
40MeV (324 lattices)

K.lida, El, T.-G. Lee: JHEP2001(2020)181
K.lida, El, K.Murakami, D.Suenage, JHEP 10 (2024) 022

and then take the J — 0 limit



Flavor symmetry and its breaking in Nc=Nf=2

Enhanced flavor symmetry (Pauli-Gursey sym.) in Z2color QCD

SUM@4) at m=pu=0

m > (0 . > >0
Sp(4) ~ 50(5) Sp(l)L X Sp(l)R X U(l)B
5 pseudo-Goldstone bosons partially restored chiral sym.
3r,qq,qq /
U, % m >0
SU(2)y xU(1)B SSB of U(1)B

meson-baryon sym.

b — e h — e

diguark condensation He < H

Hadronic -> Superfluid
phase transition

Sp(1)y = SU(2)v



Violation of time-reversal symmetry of C(tau)

2pt . |0) : vacuum state at x =0 (N|0) = 0)
1 L A A
C(T, ;) = — Trle T #D0@O(0)] (This is valid only for Hadronic phase)
C(u: 1) = lim C(T, u: 7) = (0| O(@®)OT(0) | 0) On lattice MC, (Q;|N|Q,) = 0 for each conf. in u < m_/2

T—0

K. Nagata, PPNP(2022), A.Alexandru et al., JHEP(2016)

Number op. for quark chemical potential (any SU(Nc) QCD-like theory) : u

If O(z) is the annihilation op. of the e.s. of N, then [V, O(7)] = — n,0(7)

n, =0 : meson, n, = N, for baryon, n, = — N, for anti-baryon

Cuzt) = Y, 101 0(0) | n) e~ G107 => B, p) = /B> +m® = g

Taking p = 0 projection, it can be regarded as a mass shift: m(y) = m(u = 0) — n,p

This is a theoretical prediction for the mass in the Hadronic phase (low-u)



Special properties in 2color QCD superfluid phase

u # 0: ysD(p)ys = D' (—p) # D" (p)

In dense 3color QCD, neither positivity nor inequality holds
(cf:in high-density, color-flavor-locking phase, m, > m,?) son-stepanov (1999)

In dense 2color QCD, quarks take a pseudo-real reps.
v<Ct,D(n)ysCt, = D*(u), here C is charge conjugation C = iy,

According to the QCD inequality, the iso-singlet scalar diquark
(baryon) M, =y Crysy must be the lightest hadron

Meson-baryon mixing in the SuperFluid (SF) phase



Meson-baryon mixing in SF phase

In SF phase, U(1), is broken, no difference bw mesons and baryons.

2pt fn. Cu; 1) = Z (0] O(0) | n) |> e~ Errno)r

here |n)¢: «x ¢ | meson-like state (gI'g)) + ¢, | baryon-like state(¢'T'g))

Thus, consider all possible contractions of g-¢g and ¢-q.

Normal quark propagator (g-g): Sy = O~ () AT ()
Anomalous quark propagator (g-¢):S, = JO~{(uW)K

O(u) = AT(w)A(u) + J? (this is DD in standard QCD vacua)



2pt tn. formula using quark propagators

Mesons: yl'y Diquarks: w, KTy, , K = Cyst,

- Iso-single (1=0) or iso-triplet (I=1) - Iso-single (I=0) or iso-triplet (I=1)

-T={Lr,y.iry"}={S, PS, V, AV] -T={Ly.,yLir’y'}1={S, PS, V, AV]

(MO (@) MM (0))r = —2tx(t,;c, BISNTIt, &;c, B) - t1(0,0;c, BISNTI0,0;¢,8)  (D°(@)D*'(0))r = —2tr(t, T, BISATKt, T ¢, B) - tr(0,0; ¢, B|SAKT|0,0; c, B)
+tr(t, 7 a, p|SNT0, T, c; ) ((t, # a, p|TT 8110, : c, ﬁ)) * +r(t, 7; a, p|SNTK|0, 0, ¢; B) ((t, %, a, p|TTK 510,05 c, ﬂ)) *
+tr(t, Z; a, p|SaLT|0,0, c; B) ((t, Z;a, p|T51 0, 0; c, 5)) * +tr(t, & a, p| SNKTT|0, 0; ¢, B) ((t, %, a, p|TTK 510,05 c, ﬂ)) *

(MY @)MY ) = tr(t, 7 a, p|SnT0,0, c; 5) ((t,:z;a,p|rfsjv|o,6;c,5>)* (D'(@)D(0))r = —tr(t,&a, p|SNTK0,0,¢; B) ((t, 7 0, pITTK S} [0,T; c, B) *
—tr(t, 7 a, p|S4TT0,0, ¢; B) ((t, 7 a, p|T751410,0 c, ﬂ)) * +tr(t, % a, p|SnKTT|0,0; ¢, B) ((t, Za, p|TTKS}10,0;c, B)) *

Note that to satisfy Fermi statistics, diquarks satisfy w; (CysD)(z9/2)y, = — y, (CysD)(z%/2)y;.
I=1 channel, spin structure Cy.I" should be symmetric => AV Is allowed

|I=0 channel, spin structure should be anti-symmetric => 5, P, V are allowed

In the words in meson sector, a,, 0,17, ® Mesons have a baryon-mixing in the SF phase.
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“disconnected” contribution in 1=0 sector

(Mo(x)MOT(O))F = =2tr(t,x;c, B|SNT'|t, Z; c, B) - tr(0, 6; ¢, B|SnT0, 6; c, B) (Do(a:)DOT(O))F = —2tr{t, T;c, B|SATK]|t, F; c, B) - tr{0, 0; C,5|SAKF|O,6; c, B)
+tr(t, ; a, p|SnT|0, 0, ¢; B) ((t, z; a, p| TS0, 0; c, ﬁ)) +tr(t, %; a, p| SNT K10, 0, ¢; B) ((t, % a, p|TTK S} |0, 0; c, ﬂ))
+tr(t, % a, p|SaTT0,0, c; B) ((t, z; a, p|T154]0,0; c, 5)) +tr(t, %, a, p| S KT™|0,0; ¢, B) ((t, %, a, p|TTK 5}[0,0; c, ﬁ>)

-  Disconnected contribution measures the correlation bw

Tr)'i,color,spinor[o(T’ X ‘ T, )_())] — < Z Tri,color,spinorO(T’ i)/ N7> and its at (7= O’)_é = 6)

. Mesons has 1pt fn. of Tr[S,I'], which are relatively large.

Diquark has the one of Tr[S,I"], which are proportional to J* <« 1 and it is

negrigible
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Results!



Correlation fn.: pion and rho meson

K. Murakami et al., PoS LATTICE202:

Hadronic phase (low-density) Superfluid phase (high-density)
u/m? = 0.32 (Hadronic phase) u/m? = 0.81 (Superfluid phase)
S ofE 1070 & =
101 5% = %E E%
oy EE@@ @@EE = 102 S HS
5 103 5| e o° 8 B e Py = ©
= 10 e ST 5 = o | P =
S 5 %eee® = = 107 O MrerD | 0
Y10 R - o T g
O Pion m??ﬂj@m 107°F ©  Pion T+ &
107™F f Rho meson T [ Rho meson b1 d
1 1 10 6L i i
0 5 10 15 20 25 30 0 5 10 15 20 25 30
t/a t/a
C7) > C (1) <=>m, <m, C (1) < C)(z) <=>m, > m,

Furthermore, pion may decay to something?
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u-deps of mass: pion and rho meson

» |n hadronic phase,
the pion Is lighter than the rho
(as usual)
In SF phase, that is opposite.

- |n SF phase, both signals are noisy.
It Indicates an existence of further
lighter hadron?
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Correlation fn.: Higgs and NG mode

Phase fluctuations (NG mode) of diquark cond. and amplitude fluctuations (Higgs mode)

operator: DN =y, Ky — w! Ky, (same w/ diquark source in action), D885 =y, Ky + w; Ky,
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In hadronic phase, both modes are degenerated.
In SF phase, the signal of NG mode is clear, while Higgs mode becomes noisy. It indicates that
NG mode has a light mass, while the Higgs mode is heavy.



Mass spectra: Higgs and NG mode

» |n hadronic phase, both modes are
degenerated.

» |In SF phase, NG mode has a light
mass (nearly zero).

- As for the Higgs mode, the signal
becomes very noisy, so that we
cannot calculate its mass.
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Correlation fn.: |=0 scalar diquark and meson

Diguark/Anti-diquark

o
o CAnti-diquar
0pO
Diquark/Anti-Diquark(ign=1)

amu=0.00 —o—i

amu=0.20 +=—XxX—i
amu=0.30 aj=0.010 +—a
amu=0.50 aj=0.010 +=—0O—
amu=0.70 aj=0.010

0 5 10 15 20 25 30

T
At 1 # 0 In hadronic phase (green),

time-reversal sym. of C(tau) is broken.
In SF phase, C(tau) takes larger values.

Meson (sigma meson)

amu=0.00 —oO

amu=0.20 —XxX—
amu=0.30 aj=0.010 +=—a—
A amu=0.50 aj=0.010 |—|:|—A|

Oa . x
S e nnaasannnnn dDT0ARYR Ln

O O
I.'I 1

Meson(ign=1)
O

10
?
X
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(=)
X
l
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T

Meson channel has a large
contribution from disconnected terms.
Noisy In the both phases
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Mass spectra: 1=0 scalar diguark and meson

1.4

Diquark(qn=1) —@— » |n hadronic phase, the prediction of mass

1? Anti_?iquark(iqnﬂ) o shift

i P m(u) = m(u = 0) — nop

IS reproduced.

m(p) = m(u = 0) — 2u diquark

m(u) = m(u = 0) + 2u . anti-diquark

m(u) = m(u = 0) : sSigma meson

Diquark(ign=1) —@—
Anti-diquark(ign=1) +—a—
Meson(ign=1)

» |n SF phase, all three modes are
degenerated.
To resolve the meson-baryon mixing, we will
need the variational method.
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Summary of mass spectra

Mesons Diguarks

1

=0, scalar (ign=1) —@—

|=0, PS (igh=3) +—x—

=0, vector (ign= 5) —0—

=1, axial-vector (ign=8) —Oo—
NG mode +—@—

sigma
eta
pion
omega
rho

iqn=1
Iqn=3
iIqn=4
Iqn=>5
iqn=6
Iqn=8

[T1
O > X
[1]
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In both phases,
In Hadronic phase, m, > m, ~m, > m,>m, ~ m, Mi_oy 2 My ps > My—y ay > My s ~ MyG
In SF phase, m,? > m, ~m,?>m,~m, 2 m, (In our notation(y/ KTy, , K = Cyst,), at u =0

e < Di_gg p < D4y are same multiplets)



Summary of mass spectra

Mesons Diguarks
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In both phases,

In Hadronic phase, m, >>m, ~ g, > m;>m, ~m, My_oy 2 Mi—o ps > MyG

In SF phase, m,? > m, ~m,?>m,~m, 2 m, (In our notation(y/ KTy, , K = Cyst,), at u =0

9 < Di_gg p < D4y are same multiplets)



Flavor symmetry and its breaking in Nc=Nf=2

SUA) atm=pu=0 ~ Extended multiplet: ¥ = ( i )

Ky!
v m =0 Lagrangian is ivariant under U € SU(4);
Sp(4) = SO(5) Y - U¥Y
5 pseudo-Goldstone bosons
37,4944 . pion P%x) and |=0 S diquark gq(x)
He > >0 oP%(x) = iel X, P“(x)] = iec“(qq)
SU(Q)VV x U(1)p for broken generator X* € SU(4)/Sp(4),

b _ ' i
meson-baryon sym a = 1,5 =>5-dim. multiplet {P*(x), gq(x), gG(x)}
diquark

condensation

Sp(1)v = SU(2)y

He < H

. Rho Vi(x) and |=1 AV diquark D (x)

same multiplet (3dim.) of unbroken Sp(4)
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Chiral symmetry and 2pt fn.



u-dependence of chiral condensate: our previous work

K.lida et al., JHEP 10 (2024) 022

Hadronic BECE

v !
+ 4+ + + 44

22

Is chiral symmetry restored in the
superfluid phase?

This calculation uses (hearvy)
Wilson fermions

The chiral cond. decreases in SF
phase.

There must be an additive
renormalization for this calc. setup,
so that it does not go to zero.



Degeneracy of 2pt fn. bw chiral partners

Theoretically, the degeneracy of 2pt fn. bw chiral partner directly relate
with the chiral restoration.

Iso-triplet S and PS (a0 and pion) ((S“x)S(y) — P4“xX)P“(y))y # 0 — Q]0) # 0
Iso-triplet V and AV (rho and al) (V“x)V4(y) — AY“X)A%y))o #0 = 0¢10) #0

1 : : :
Here, Q%(1) = [E(Qyoysfzq)(t, x)d x: iso-triplet axial-vector current
Is the generator of chiral transformation.

It the chiral sym. is restored, then difference bw them must be zero at
each point!
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2pt fn. of pion and a0 meson

Hadronic phase (low-density) Supertluid phase (high-density)

pion —O

_ pion —O—i
Pion and ag meson (amu=0.00) ap meson +—x—

Pion and ag meson (amu=0.70,j=0.010) a; meson +—x—

0 5 10 15 20 25 30

T

At high density, two Z2pt-fns. appear to degenerate.
(but noisy:--)
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2pt fn. of rho and al mesons

We take u =1 for V; and A current op. to extract J=1 component.

Hadronic phase (low-density) Supertluid phase (high-density)

rho meson —O _ rho meson —O
Rho and a; meson (amu=0.00) a; meson +—X—i Rho and a; meson (amu=0.70, j=0.010) a, meson +—x—

0 5 10 15 20 25 30 0 5 10 15 20 25 30

1 1

At high density, two 2pt-fns. appear to degenerate.
(The signal is so clean that you can see where it doesn't match perfectly:-)
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Ratio of 2pt fn. bw chiral partners

Pion and a0 Rho and al

103

103
armu=0.00 —O0—
amu=0.30 —x—
amu=0.50 —aA—

102 102 amu=0.70 —0O

101 10°

100 100

amu=0.00 —O—
-1 amu=0.30 F—x— 1
10 amu=0.50 —aA— 10

amu=0.70 —O—

T

Here, the ratio is normalized to 1 with =z = 1.

A region close to 1 extends in higher density.
It suggests the recovery of chiral symmetry.
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Summary



Summary and future direction

In two-color QCD, the spectrum of the superfluid phase was calculated using first-
principles calculations

Meson channels may be similar to 3-color QCD. In particular, mesons without
diguark-mixing, as aO(noisy), pion, rho, f1(noisy)

The 2pt fn. of diquark/anti-diqguark has time-reversal asymmetry.
Scalar diguark is the lightest in the SF phase. It is a special property for 2color QCD.

A tendency towards the restoration of chiral symmetry was observed from the
degeneracy of the 2-pt fn. of chiral partners

Next, extend the HAL QCD method to the SF phase!
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Hadron potential by HAL QCD method

» |n hadronic phase, pion and diquark potential are equivalent because
of extended flavor symmetry.

+ Pion potential for 2color and 3color QCD are qualitatively same

Diguark-diguark potential
in hadronic phase of 2color QCD

=2 zz potential of 3color QCD

3000 | Ry —e—i
10.0 | 10 | 22 S e, -
L - BN Fit Results | ;
' Raw Data |
5.0
_2000F
> 2.5 .
= 3
— 1500F 0.0 =,
= =
S —2.5 &
> 1000
25 1 7. 3 1 .
500
0 ——————3 3§
0

0 1 2 3 4 0 'o|.5' I1 '1I.5' |2 '2|.5' |3'3.5
r [fm] r [fm]

K.Murakami, K.lida, El, JHEP 11 (2023) 231 T.Kurth et al.(HAL QCD coll.), JHEP12(2013)015
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