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B a c k g r o u n d

S p o n t a n e o u s b r e a k i n g o f c h i r a l s y m m e t r y

• P e r t u r b a t i v e e x p a n s i o n i s d i f f i c u l t i n l o w e n e r g y r e g i o n b e c a u s e o f i n f r a r e d s l a v e r y i n Q C D

P a r t i a l r e s t o r a t i o n o f c h i r a l s y m m e t r y b r e a k i n g

• C h i r a l s y m m e t r y b r e a k i n g i s r e s t o r e d i n f i n i t e d e n s i t y a n d f i n i t e t e m p e r a t u r e

𝜎

𝑉

O

⟨𝜎⟩

2 / 2 3



I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

C h i r a l p a r t n e r I

C h i r a l p a r t n e r : A p a i r o f f i e l d s t h a t a r e t r a n s f o r m e d b y c h i r a l t r a n s f o r m a t i o n e a c h o t h e r

• P a r t n e r i n s i d e c h i r a l r e p r e s e n t a t i o n

• D e g e n e r a c y b e t w e e n c h i r a l p a r t n e r s i f c h i r a l s y m m e t r y i s c o m p l e t e l y r e s t o r e d

• R e s i d u e o f d e g e n e r a c y m i g h t b e s e e n e v e n i n v a c u u m

• N a t u r a l l y t h i n k i n g s i m i l a r p r o p e r t i e s a r e e x p e c t e d

d e g e n e r a c y

s y m m e t r y b r e a k i n g

C h i r a l p a r t n e r

⟨𝜎⟩

𝑚

O

𝑎1

𝜌

⟨𝜎⟩vac

3 / 2 3



I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

C h i r a l p a r t n e r I I

W e f o c u s o n v e c t o r m e s o n – a x i a l v e c t o r m e s o n c h i r a l p a r t n e r

V e c t o r – A x i a l v e c t o r c h i r a l p a r t n e r

• S i n g l e t s a r e n o t c h i r a l p a r t n e r [ L e e , 2 0 2 4 ]

• b u t a r e p a r i t y p a r t n e r

𝜌, 𝜔8
,

𝐾∗
𝑎1 , 𝑓8

1 ,

𝐾1𝐴

v e c t o r o c t e t + a x i a l v e c t o r o c t e t

𝜔1

v e c t o r s i n g l e t

𝑓1
1

a x i a l v e c t o r s i n g l e t

H o w d o e s SU(3) b r e a k i n g a f f e c t o n c h i r a l p a r t n e r p r o p e r t i e s ?

• SU(3) b r e a k i n g e f f e c t s a r e s i m i l a r i n o c t e t
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I s o s c a l a r m i x i n g I

W e c a n n o t e x t r a c t o n l y s i n g l e t s t a t e

I s o s c a l a r m i x i n g

• 𝑞𝑞 n o n e t h a s t w o i s o s c a l a r s t a t e s : s i n g l e t a n d o c t e t i s o s i n g l e t
• S a m e q u a n t u m n u m b e r 𝐼𝐺𝐽𝑃𝐶

• P h y s i c a l s t a t e s h a v e m i x i n g b e t w e e n s i n g l e t a n d o c t e t i s o s i n g l e t p a r a m e t r i z e d b y m i x i n g a n g l e 𝜃

(|𝜙⟩
|𝜔⟩

) = ( cos 𝜃 sin 𝜃
− sin 𝜃 cos 𝜃

) (∣𝜔singlet⟩
|𝜔octet⟩

) , 𝜔singlet = 𝑢𝑢 + 𝑑𝑑 + 𝑠𝑠√
3

, 𝜔octet = 𝑢𝑢 + 𝑑𝑑 − 2𝑠𝑠√
6

( 1 )

I d e a l m i x i n g

• C e r t a i n a n g l e w h i c h s e p a r a t e s c o n t e n t s i n t o (𝑢𝑢 + 𝑑𝑑)/
√

2, 𝑠𝑠
• A s s u m e d t o b e g o o d i n v e c t o r m e s o n i s o s c a l a r 𝜔 – 𝜙
• N a t u r a l c o n s e q u e n c e o f SU(3) b r e a k i n g
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I s o s c a l a r m i x i n g I I

M e a n i n g o f i s o s c a l a r m i x i n g

• M i x i n g a n g l e i s r e s u l t o f c o m p a r i s o n b e t w e e n SU(3)
b r e a k i n g c o n t r i b u t i o n a n d m a s s d i f f e r e n c e b e t w e e n

s i n g l e t a n d o c t e t

• H o w o v e r l a p s i n g e t t o w i d e o c t e t→h o w n a t u r a l m i x i n g i s
• W e c a n e x p e c t i d e a l m i x i n g w h e n i t m i x e s s u f f i c i e n t l y

𝑚

o c t e t

s i n g l e t

6 / 2 3



I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

I s o s c a l a r m i x i n g I I

M e a n i n g o f i s o s c a l a r m i x i n g

• M i x i n g a n g l e i s r e s u l t o f c o m p a r i s o n b e t w e e n SU(3)
b r e a k i n g c o n t r i b u t i o n a n d m a s s d i f f e r e n c e b e t w e e n

s i n g l e t a n d o c t e t

• H o w o v e r l a p s i n g e t t o w i d e o c t e t→h o w n a t u r a l m i x i n g i s
• W e c a n e x p e c t i d e a l m i x i n g w h e n i t m i x e s s u f f i c i e n t l y

𝑚

o c t e t

s i n g l e t

6 / 2 3



I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

I s o s c a l a r m i x i n g I I

M e a n i n g o f i s o s c a l a r m i x i n g

• M i x i n g a n g l e i s r e s u l t o f c o m p a r i s o n b e t w e e n SU(3)
b r e a k i n g c o n t r i b u t i o n a n d m a s s d i f f e r e n c e b e t w e e n

s i n g l e t a n d o c t e t

• H o w o v e r l a p s i n g e t t o w i d e o c t e t→h o w n a t u r a l m i x i n g i s
• W e c a n e x p e c t i d e a l m i x i n g w h e n i t m i x e s s u f f i c i e n t l y

𝑚

o c t e t

s i n g l e t

6 / 2 3
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𝑓1 m e s o n s

𝑓1 m e s o n s i n c l a s s i f i c a t i o n s c h e m e

• Q u a n t u m n u m b e r s 𝐼𝐺𝐽𝑃𝐶 = 0+1++
( I s o s c a l a r i n a x i a l v e c t o r m e s o n s )

• T w o s t a t e s i n 𝑞𝑞 n o n e t : s i n g l e t a n d o c t e t i s o s i n g l e t

𝑓1 m e s o n s i n e x p e r i m e n t s

N a m e M a s s ( M e V ) W i d t h ( M e V ) D e c a y d e s t i n a t i o n s a n d b r a n c h i n g r a t i o

𝑓1(1285) 1 2 8 1 . 8 ± 0 . 5 2 3 . 0 ± 1 . 1

4𝜋 ∶ (32.7 ± 1.8)%
𝜂𝜋𝜋 ∶ (52.2 ± 1.9)%
𝐾𝐾𝜋 ∶ (9.0 ± 0.4)%

𝑓1(1420) 1 4 2 7 . 7 ± 0 . 5 5 6 . 7 ± 3 . 3 𝐾𝐾𝜋?

T a b l e . : T h e l i s t o f 𝑓1 m e s o n s i n P D G l i v e [ N a v a s e t a l . , 2 0 2 4 ] .

• N a r r o w w i d t h c o m p a r e d t o 𝑎1(1260)
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S t a n d a r d u n d e r s t a n d i n g f o r 𝑓1 s t r u c t u r e

𝑞𝑞 a n d i d e a l m i x i n g
• 𝑓1(1285) a n d 𝑓1(1420) a r e c o m p o n e n t s o f n o n e t
• 𝑓1(1285) i s (𝑢𝑢 + 𝑑𝑑)/

√
2, 𝑓1(1420) i s 𝑠𝑠

R e a s o n f o r s t a n d a r d u n d e r s t a n d i n g

• S m a l l 𝑓1(1285) → 𝐾𝐾𝜋 w i d t h a n d i t d e c a y s v i a 𝑎0𝜋 → B a s e d o n O Z I r u l e 𝑠𝑠 s t r u c t u r e i s s m a l l
• S m a l l 𝑓1(1420) → 𝜂𝜋𝜋 w i d t h
• T h i s u n d e r s t a n d i n g e x p l a i n s t h i e r c h i r a l p a r t n e r v e c t o r m e s o n s

P r o b l e m s i n s t a n d a r d u n d e r s t a n d i n g

• L a t t i c e Q C D d a t a s h o w s d i f f e r e n c e f r o m i d e a l m i x i n g w i t h 27∘
[ D u d e k e t a l . , 2 0 1 3 ] .

• 𝐾−𝑝 → 𝐾𝐾𝜋Λ e x p e r i m e n t d o e s n o t d i s p l a y 𝑓1(1420) p e a k [ A s t o n e t a l . , 1 9 8 8 ] .
• A x i a l v e c t o r s p e c t r u m d o e s n o t l o o k s l i k e e q u a l m a s s d i f f e r e n c e c o u n t i n g c o n s t i t u e n t q u a r k s

W e m u s t i n v e s t i g a t e m i x i n g a n g l e 𝜃𝑓1
t o s e e w h e t h e r s t a n d a r d u n d e r s t a n d i n g i s a p p r o v a b l e o r n o t
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FIG. 11: Isoscalar (green/black) and isovector (blue) meson spectrum on the mπ = 391 MeV, 243 × 128 lattice. The vertical
height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-lying
states having dominant overlap with operators featuring a chromomagnetic construction – their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

extrapolation might be the complex resonance pole posi-
tion, but we do not obtain this in our simple calculations
using only “single-hadron” operators.

We discuss the specific case of the 0−+ and 1−− sys-
tems in the next subsections.

E. The low-lying pseudoscalars: π, η, η′

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the π and η mesons are exactly stable and η′

is rendered stable since its isospin conserving ηππ decay
mode is kinematically closed. Because of this, many of
the caveats presented in Section III B do not apply. Fig-
ure 17 shows the quality of the principal correlators from
which we extract the meson masses, in the form of an
effective mass,

meff =
1

δt
log

λ(t)

λ(t+ δt)
, (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.

Figure 18 indicates the detailed quark mass and vol-
ume dependence of the η and η′ mesons. We have already
commented on the unexplained sensitivity of the η′ mass

to the spatial volume at mπ = 391 MeV, and we note that
since only a 163 volume was used at mπ = 524 MeV, the
mass shown there may be an underestimate.

Figure 19 shows the octet-singlet basis mixing angle,
θ = α − 54.74◦, which by definition must be zero at the
SU(3)F point4 . While we have no particularly well mo-
tivated form to describe the quark mass dependence, it
is notable that the trend is for the data to approach a
phenomenologically reasonable value ∼ −10◦ [1, 45–47].

F. The low-lying vector mesons: ρ, ω, φ

Figure 20 shows the effective masses of ω, φ and ρ prin-
cipal correlators on the mπ = 391 MeV, 243×128 lattice.
The splitting between the ρ and ω is small but statisti-
cally significant, reflecting the small disconnected contri-
bution at large times in this channel. At the pion masses
presented in this paper, the ω and φ mesons are kine-
matically stable against decay into their lowest thresh-
old channels, πππ and KK. In Figure 21 we show the
quark mass and volume dependence of the low lying vec-
tor mesons along with the relevant threshold energies.

4 Here we are using a convention where |η〉 = cos θ|8〉 − sin θ|1〉,
|η′〉 = sin θ|8〉+ cos θ|1〉 with 8,1 having the sign conventions in
Eqn 5.
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ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.

Figure 18 indicates the detailed quark mass and vol-
ume dependence of the η and η′ mesons. We have already
commented on the unexplained sensitivity of the η′ mass

to the spatial volume at mπ = 391 MeV, and we note that
since only a 163 volume was used at mπ = 524 MeV, the
mass shown there may be an underestimate.

Figure 19 shows the octet-singlet basis mixing angle,
θ = α − 54.74◦, which by definition must be zero at the
SU(3)F point4 . While we have no particularly well mo-
tivated form to describe the quark mass dependence, it
is notable that the trend is for the data to approach a
phenomenologically reasonable value ∼ −10◦ [1, 45–47].

F. The low-lying vector mesons: ρ, ω, φ

Figure 20 shows the effective masses of ω, φ and ρ prin-
cipal correlators on the mπ = 391 MeV, 243×128 lattice.
The splitting between the ρ and ω is small but statisti-
cally significant, reflecting the small disconnected contri-
bution at large times in this channel. At the pion masses
presented in this paper, the ω and φ mesons are kine-
matically stable against decay into their lowest thresh-
old channels, πππ and KK. In Figure 21 we show the
quark mass and volume dependence of the low lying vec-
tor mesons along with the relevant threshold energies.

4 Here we are using a convention where |η〉 = cos θ|8〉 − sin θ|1〉,
|η′〉 = sin θ|8〉+ cos θ|1〉 with 8,1 having the sign conventions in
Eqn 5.
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FIG. 11: Isoscalar (green/black) and isovector (blue) meson spectrum on the mπ = 391 MeV, 243 × 128 lattice. The vertical
height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-lying
states having dominant overlap with operators featuring a chromomagnetic construction – their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

extrapolation might be the complex resonance pole posi-
tion, but we do not obtain this in our simple calculations
using only “single-hadron” operators.

We discuss the specific case of the 0−+ and 1−− sys-
tems in the next subsections.

E. The low-lying pseudoscalars: π, η, η′

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the π and η mesons are exactly stable and η′

is rendered stable since its isospin conserving ηππ decay
mode is kinematically closed. Because of this, many of
the caveats presented in Section III B do not apply. Fig-
ure 17 shows the quality of the principal correlators from
which we extract the meson masses, in the form of an
effective mass,

meff =
1

δt
log

λ(t)

λ(t+ δt)
, (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.

Figure 18 indicates the detailed quark mass and vol-
ume dependence of the η and η′ mesons. We have already
commented on the unexplained sensitivity of the η′ mass

to the spatial volume at mπ = 391 MeV, and we note that
since only a 163 volume was used at mπ = 524 MeV, the
mass shown there may be an underestimate.

Figure 19 shows the octet-singlet basis mixing angle,
θ = α − 54.74◦, which by definition must be zero at the
SU(3)F point4 . While we have no particularly well mo-
tivated form to describe the quark mass dependence, it
is notable that the trend is for the data to approach a
phenomenologically reasonable value ∼ −10◦ [1, 45–47].

F. The low-lying vector mesons: ρ, ω, φ

Figure 20 shows the effective masses of ω, φ and ρ prin-
cipal correlators on the mπ = 391 MeV, 243×128 lattice.
The splitting between the ρ and ω is small but statisti-
cally significant, reflecting the small disconnected contri-
bution at large times in this channel. At the pion masses
presented in this paper, the ω and φ mesons are kine-
matically stable against decay into their lowest thresh-
old channels, πππ and KK. In Figure 21 we show the
quark mass and volume dependence of the low lying vec-
tor mesons along with the relevant threshold energies.

4 Here we are using a convention where |η〉 = cos θ|8〉 − sin θ|1〉,
|η′〉 = sin θ|8〉+ cos θ|1〉 with 8,1 having the sign conventions in
Eqn 5.

ℎ1(1415)
ℎ1(1170)
𝑏1(1235)

𝑓1(1420)

𝑓1(1285)

𝑎1(1260)
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I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

D e t e r m i n a t i o n o f a x i a l v e c t o r n o n e t s p e c t r u m

𝑎1(1260) w i d t h
• W i d e w i d t h o f Γ𝑎1(1260) ∼ 350MeV l e a d s t o d i f f i c u l t y i n d e t e r m i n a t i o n i t s m a s s p r e c i s e l y .
• E r r o r b a r o f 40 MeV

𝐾1 m i x i n g

• 𝐾 s e c t o r d o e s n o t h a v e 𝐶 p a r i t y b e c a u s e c h a r g e c o n j u g a t e d o e s n o t i t s e l f
• E x i s t e n c e o f p s e u d o v e c t o r ( 1+−

) n e a r a x i a l v e c t o r ( 1++
) w h i c h m i x e s o n l y 𝐾1 p a r t

J
H
E
P
0
5
(
2
0
1
7
)
1
4
3

Figure 9. Magnitude-squared (a), phase (b) and Argand diagram (c) of the quasi-model-

independent a1(1260) lineshape. The fitted knots are displayed as points with error bars and

the black line shows the interpolated spline. The Breit-Wigner lineshape with the mass and width

from the nominal fit is superimposed (red area). The latter is chosen to agree with the interpolated

spline at the point <(A) = 1, =(A) = 0.

Figure 10. Magnitude-squared (a), phase (b) and Argand diagram (c) of the quasi-model-

independent π(1300) lineshape. The fitted knots are displayed as points with error bars and the

black line shows the interpolated spline. The Breit-Wigner lineshape with the mass and width from

the nominal fit is superimposed (red area). The latter is chosen to agree with the interpolated

spline at the point <(A) = 1, =(A) = 0.

Argand diagram shows a circular, counter-clockwise trajectory which is the expected

behavior of a resonance. Note that the high-mass tail of the a1(1640) is outside of the

phase space boundary such that it is not possible to investigate the full phase motion.

Similar quasi-model-independent studies are performed for the a1(1260) and π(1300)

resonances as shown in figures 9 and 10, respectively. Since the investigated resonances are

all very broad, the quasi-model-independent lineshapes can absorb statistical fluctuations

in the data, especially near the phase space boundaries. Therefore, the agreement with

the Breit-Wigner expectation in all cases indicates that it is qualitatively reasonable that

these resonances are indeed real features of the data.

6.3 Global CP content measurement

The fractional CP -even content, F 4π
+ , is determined from the integral in eq. (4.28), using

the nominal model for A4π
D0 and A4π

D0 assuming no direct CP violation in the D meson

decay. The uncertainty on F 4π
+ is calculated from pseudo-experiments by randomly varying

the free parameters of the amplitude fit within their measured statistical and systematic

uncertainties. For each variation, F 4π
+ is redetermined, and the square root of the sample

variance of these values is taken as the uncertainty. An additional systematic uncertainty

is assigned by computing F 4π
+ for each of the alternative amplitude models. The standard

– 26 –

(|𝐾1(1400)⟩
|𝐾1(1270)⟩

) = ( cos 𝜃𝐾1
sin 𝜃𝐾1

− sin 𝜃𝐾1
cos 𝜃𝐾1

) (|𝐾1𝐴⟩
|𝐾1𝐵⟩

)

( 2 )
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I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

𝐾1 m i x i n g

𝐾1 m i x i n g

• A n e x p l a n a t i o n f o r a x i a l v e c t o r s p e c t r u m

• A n o t h e r a x i a l v e c t o r ( p s e u d o v e c t o r ) m e s o n

n o n e t ( ℎ1(1170), 𝑏1 , 𝐾1𝐵 , ℎ1(1415))
• M i x i n g b e t w e e n 𝐾1𝐴 a n d 𝐾1𝐵 p r o d u c e

𝐾1(1270) a n d 𝐾1(1400)
• 𝐾1 m i x i n g a n g l e i s n o t d e t e r m i n e d y e t [ S h i

e t a l . , 2 0 2 3 , C h e n g , 2 0 1 2 ]

R e l a t i o n s h i p b e t w e e n 𝑓1 m i x i n g a n d 𝐾1
m i x i n g

• L a d d e r s h a p e s p e c t r u m i f 𝜃𝐾1
≈ 45∘

• I f 𝜃𝑓1
i s i d e a l a n d 𝜃𝐾1

≈ 45∘
, i t i s c o n s i s t e n t w i t h

c o n s t i t u e n t q u a r k c o u n t i n g

m

600

2000

Heterochiral Homochiral

vector

axial
vectorpseudo

-vector

excited
vector

ρ, ω 775, 782

φ 1020

K∗ 892

f l
1, a1,K1

fh
1 1428

1260,1270,1281

K∗
D, ρD, ωD 1718, 1700?, 1670

hl
1, b1 1166, 1229

φD 2163

K1, hh
1 1403, 1409

K1AK1B
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I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

G e l l - M a n n - O k u b o m a s s f o r m u l a

G e l l - M a n n - O k u b o ( G M O ) m a s s f o r m u l a

1
3

𝑚2
𝑎1

− 4
3

𝑚2
𝐾1𝐴

+ 𝑚2
𝑓𝑜𝑐𝑡𝑒𝑡

1
= 0 ( 3 )

• T h e r e l a t i o n i n s i d e o c t e t

• I n c a s e m a s s e s a r e p r o p o t i o n a l t o t h o s e SU(3) C l e b s c h - G o r d a n c o e f f i c i e n t s 𝑓 a n d 𝑑
• A s s u m p t i o n : p r o p o r t i o n a l t o c h i r a l c o n d e n s a t e ⟨𝜎⟩
• N o r e s t r i c t i o n s f o r s i n g l e t

U t i l i z i n g G e l l - M a n n - O k u b o m a s s f o r m u l a

• W e c a n o b t a i n 𝑓1 o c t e t m a s s f r o m o t h e r o c t e t
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I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

C h i r a l p r o p e r t i e s

G e l l - M a n n - O k u b o t y p e L a g r a n g i a n

M i n i m a l L a g r a n g i a n p r o d u c e s G e l l - M a n n - O k u b o m a s s r e l a t i o n

ℒGMO = 𝑚2
𝑉Tr(𝑉𝜇𝑉 𝜇) + 𝑎Tr(𝑉𝜇[⟨Σ⟩, 𝑉 𝜇]) + 𝑏Tr(𝑉𝜇{⟨Σ⟩, 𝑉 𝜇}) ( 4 )

w h e r e ⟨Σ⟩ = diag(⟨𝑞𝑞⟩, ⟨𝑞𝑞⟩, ⟨𝑠𝑠⟩)
T h i s i s n o t a c h i r a l s y m m e t r i c o n e

E x t e n d e d l i n e a r s i g m a m o d e l

B y i n c l u d i n g c h i r a l s y m m e t r y b r e a k i n g m e c h a n i s m , [ P a r g a n l i j a e t a l . , 2 0 1 3 ]

ℒ𝑒𝐿𝑆𝑀 = ℒ𝑠𝑐𝑎+𝑘𝑖𝑛 + 𝑚2
0

2
Tr [(𝐿𝜇𝐿𝜇 + 𝑅𝜇𝑅𝜇)] + ℎ2Tr(𝐿𝜇ΦΦ†𝐿𝜇 + 𝑅𝜇Φ†𝑀𝑅𝜇) + 2ℎ3Tr(𝐿𝜇Φ𝑅𝜇Φ†) ( 5 )

E v e n f i e l d p o w e r i s r e q u i r e d

N a t u r a l l y m a s s e s a r e p r o p o r t i o n a l t o ⟨𝜎⟩2
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I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

M o d e l c o n s t r u c t i o n

E x t e n d e d l i n e a r s i g m a m o d e l

• E x t e n d e d l i n e a r s i g m a m o d e l f o r c e s

i n t o i d e a l m i x i n g

• S i n g l e SU(3) b r e a k i n g s o u r c e

O u r m o d e l

• W e i n c l u d e a n o t h e r t e r m r e p r e s e n t

s i n g l e t m a s s d i f f e r e n c e

• T o c o n t r o l e f f e c t i v e n e s s o f SU(3)
b r e a k i n g e f f e c t , w e i n c l u d e a n o t h e r

SU(3) s o u r c e b y i n d i p e n d e n t w a y ;
e x p l i c i t SU(3) b r e a k i n g t e r m

m

600

1500

previous work exp

ρ, ω 775, 782

φ 1020

K∗ 892

f l
1, a1,K1

fh
1 1428

1260,1270,1281

ω, ρ 783

f l
1, a1 1186

K∗ 885

K1 1282

φ 975

fh
1 1372.5

F i g . : P r e v i o u s s t u d y w h i c h r e f l e c t s e q u a l s p a c e

s p e c t r u m [ P a r g a n l i j a e t a l . , 2 0 1 3 ] a n d e x p e r i m e n t a l

r e s u l t [ N a v a s e t a l . , 2 0 2 4 ] . W e a p p l y v a l u e s o f 𝑚𝐾1𝐴
= 1270

a n d 𝑚𝑎1 = 1260 a t f i r s t .
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I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

M o d e l L a g r a n g i a n

M o d e l L a g r a n g i a n

ℒ = Tr[(𝐷𝜇Φ)†(𝐷𝜇Φ)] − 𝜇2Tr[Φ†Φ] − 𝜆1 (Tr[Φ†Φ])2 − 𝜆2Tr[(Φ†Φ)2]

+ 𝑐1 (detΦ + detΦ†) + 𝜖Tr[ℳΦ† + Φℳ] − 1
4

Tr[𝐿𝜇𝜈𝐿𝜇𝜈 + 𝑅𝜇𝜈𝑅𝜇𝜈]

+ 𝑚2
0

2
Tr [(𝐿𝜇𝐿𝜇 + 𝑅𝜇𝑅𝜇)] + ℎ2Tr(𝐿𝜇ΦΦ†𝐿𝜇 + 𝑅𝜇Φ†𝑀𝑅𝜇) + 2ℎ3Tr(𝐿𝜇Φ𝑅𝜇Φ†)

+ ℎ′
2Tr(𝐿𝜇ℳΦ†𝐿𝜇 + 𝐿𝜇Φℳ𝐿𝜇 + 𝑅𝜇ℳΦ𝑅𝜇 + 𝑅𝜇Φ†ℳ𝑅𝜇) + 2ℎ′

3Tr(𝐿𝜇ℳ𝑅𝜇𝑀† + 𝐿𝜇Φ𝑅𝜇ℳ)

( 6 )

𝐷𝜇Φ = 𝜕𝜇Φ + 𝑖𝑔𝐿𝜇Φ − 𝑖𝑔Φ𝑅†
𝜇 + 𝑖𝑔′𝐿0

𝜇Φ − 𝑖𝑔′Φ𝑅0†
𝜇 ( 7 )

𝐿𝜇𝜈 = 𝜕𝜇𝐿𝜈 − 𝜕𝜈𝐿𝜇 + 𝑖𝑔[𝐿𝜇, 𝐿𝜈], 𝑅𝜇𝜈 = 𝜕𝜇𝑅𝜈 − 𝜕𝜈𝑅𝜇 + 𝑖𝑔[𝑅𝜇, 𝑅𝜈] ( 8 )

• R e d p a r a m e t e r s a f f e c t t h e v e c t o r a n d a x i a l v e c t o r m e s o n m a s s e s
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I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

R e s u l t 1 : F i t t i n g w i t h o u r m o d e l

F i t t i n g c o n d i t i o n

• 𝜒2
f i t t i n g c a l c u l a t i o n

• U n d e r a l r e a d y b r o k e n p h a s e → o n l y
i n v o l v e d p a r a m e t e r s

• 8 m a s s e s f o r 5 p a r a m e t e r s

• 𝑚𝐾1𝐴
= 1270 a n d 𝑚𝑎1

= 1260 a t f i r s t

F i t t i n g r e s u l t

• G o o d a g r e e m e n t f o r t h e s h a p e o f

s p e c t r u m

• I d e a l r e s u l t f o r 𝜃𝜔
• A l g e b r a i c r e s u l t f o r 𝜃𝑓1

→ s i n g l e t - o c t e t
s p l i t t i n g

𝑚

6 0 0

1 5 0 0

t h i s w o r k e x p

𝜌, 𝜔 7 7 5 , 7 8 2

𝜙 1 0 2 0

𝐾∗
8 9 2

𝑓 𝑙
1, 𝑎1, 𝐾1

𝑓ℎ
1 1 4 2 8

1 2 6 0 , 1 2 7 0 , 1 2 8 1

𝜔, 𝜌 7 8 3

𝑓 𝑙
1 , 𝑎1 , 𝐾11 2 6 6 , 1 2 7 9 , 1 2 8 2

𝐾∗
8 8 2

𝜙 1 0 1 9

𝑓ℎ
1 1 4 2 8

𝜒2 𝜃𝜔 [deg] 𝜃𝑓1 [deg] 𝑍𝜋 𝑍𝐾 𝐻𝑅
0 . 0 0 0 9 1 0 - 3 5 . 2 6 - 8 6 . 1 0 0 . 8 6 3 9 0 . 8 3 0 3 0 . 3 8 0 1
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I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

𝑎1 a n d 𝐾1 d e p e n d e n c e o f 𝑓1 m i x i n g a n g l e w i t h G e l l - M a n n - O k u b o m a s s f o r m u l a

• I f y e l l o w i d e a l m i x i n g i s

f a v o r e d

• G M O m a s s f o r m u l a i s

a n a l y t i c a l s o l u t i o n f o r 𝜃𝑓1
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I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

R e s u l t 2 : 𝑎1 a n d 𝐾1 d e p e n d e n c e o f 𝑓1 m i x i n g a n g l e w i t h o u r m o d e l

• I d e a l r e g i o n i s l o c a t e d i n

1335 ≳ 𝑚𝐾1𝐴

• D i f f e r e n c e f r o m G M O i s

c l i f f a n d l o w e r 𝐾1𝐴
• C l i f f e n d p o i n t i s l o c a t e d i n

p o s s i b l e r e g i o n
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I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

R e s u l t 2 : 𝑎1 a n d 𝐾1 d e p e n d e n c e o f e a c h m a s s e s w i t h o u r m o d e l

• L o w e r 𝑚𝑎1
: SU(3) b r e a k i n g

i s l a r g e a n d i t m i x e s a s

d e s i r e d

• I n t e r m e d i a t e 𝑚𝑎1
: SU(3)

b r e a k i n g i s s m a l l a n d

s u d d e n m i x i n g o c c u r s

• H i g h e r 𝑚𝑎1
: i n v e r s e m a s s :

v e r y h i g h o c t e t a n d SU(3)
b r e a k i n g e f f e c t i s l a r g e
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R e s u l t 2 : 𝑎1 a n d 𝐾1 d e p e n d e n c e o f e a c h m a s s e s w i t h o u r m o d e l
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R e s u l t 2 : 𝑎1 a n d 𝐾1 d e p e n d e n c e o f 𝑓1 m i x i n g a n g l e w i t h o u r m o d e l

• C l i f f i s m a s s i n v e r s i o n l i n e

• D i f f e r e n c e i n l o w e r 𝐾1𝐴 i s

s m a l l n e s s o f SU(3)
b r e a k i n g e f f e c t
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S u m m a r y

S u m m a r y

• T r y t o i n v e s t i g a t e c h i r a l p a r t n e r p r o p e r t y b y i n v e s t i g a t i n g SU(3) b r e a k i n g e f f e c t
• C o n f i r m t h a t w e a r e e a g e r t o g e t m i x i n g a g n l e t o o b t a i n o c c u p a t i o n r a t i o f o r s i n g l e t

• C h e c k 𝑓1 m e s o n i s u n d e r s t o o d i n s t a n d a r d ( i d e a l ) w a y b u t i t h a s s o m e p r o b l e m s

• C l a s s i c a l G e l l - M a n n - O k u b o m a s s r e l a t i o n c a n g i v e u s s o m e i m p l i c a t i o n s b u t i t a l s o h a v e p r o b l e m s

o f 𝐾1 m i x i n g a n d 𝑎1 w i d t h

• A s a n o t h e r m o d e l c h i r a l p a r t n e r i n c l u d e d o u r m o d e l i s d e s c r i b e d b y e x t e n d e d l i n e a r s i g m a m o d e l

p l u s 𝑔′
a n d ℎ′

t e r m s

• I n v e s t i g a t e w h e r e i d e a l m i x i n g i s a p p r o v a b l e i n 𝑚𝑎1
– 𝑚𝐾1𝐴

p l o t i n b o t h G e l l - M a n n - O k u b o m a s s

r e l a t i o n a n d o u r m o d e l

• W i t h o u r m o d e l , 𝑚𝐾1𝐴
≳ 1330 i s d e s i r e d t o a c h i e v e i d e a l m i x i n g

• T o i n t r o d u c e p i c t u r e o f c o m p a r i s o n b e t w e e n SU(3) b r e a k i n g e f f e c t a n d m a s s d i f f e r e n c e b e t w e e n
s i n g l e t a n d o c t e t
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F u t u r e w o r k s

F u t u r e w o r k s

• A p p l y t h i s a p p r o a c h t o B i r k e l - F r i t z s c h d i s c u s s i o n [ B i r k e l a n d F r i t z s c h , 1 9 9 6 ] t o d e s c r i b e 𝑓1(1510)
• D i s c u s s i o n o f p s e u d o s c a l a r – a x i a l v e c t o r d i a g o n a l i z a t i o n a n d a n o m a l o u s d e c a y s [ O s i p o v e t a l . ,

2 0 2 0 ]

• T r y t o e x p l a i n m a s s d i f f e r e n c e b e t w e e n s i n g l e t a n d o c t e t u s i n g U(1)𝐴 a n o m a l y [ K o c h e l e v e t a l . ,

2 0 0 0 ]

• T h e r e i s a d i s c u s s i o n o f p o s s i b i l i t y t h a t i n - m e d i u m 𝑓1 p e a k i s s e e n i n J - P A R C E 8 8 e x p e r i m e n t [ E j i m a

e t a l . , 2 0 2 4 ]

2 3 / 2 3



I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

M e s o n m a t r i c e s

Φ = Σ + 𝑖Π, 𝑉𝜇 = 𝐿𝜇 + 𝑅𝜇, 𝐴𝜇 = 𝐿𝜇 − 𝑅𝜇, ( 9 )

Σ =
⎛⎜⎜⎜
⎝

1√
3 𝜎 + 1√

2 𝑎0
0 + 1√

6 𝑓0 𝑎+
0 𝐾+

0
𝑎−

0
1√
3 𝜎 − 1√

2 𝑎0
0 + 1√

6 𝑓0 𝐾0
0

𝐾−
0 𝐾0

0
1√
3 𝜎 − 2√

6 𝑓0

⎞⎟⎟⎟
⎠

Π =
⎛⎜⎜⎜
⎝

1√
3 𝜂0 + 1√

2 𝜋0 + 1√
6 𝜂8 𝜋+ 𝐾+

𝜋− 1√
3 𝜂0 − 1√

2 𝜋0 + 1√
6 𝜂8 𝐾0

𝐾− 𝐾0 1√
3 𝜂0 − 2√

6 𝜂8

⎞⎟⎟⎟
⎠

𝑉𝜇 =
⎛⎜⎜⎜
⎝

1√
3 𝜔0𝜇 + 1√

2 𝜌0
𝜇 + 1√

6 𝜔8𝜇 𝜌+
𝜇 𝐾∗+

0𝜇
𝜌−

𝜇
1√
3 𝜔0𝜇 − 1√

2 𝜌0
𝜇 + 1√

6 𝜔8𝜇 𝐾∗0
0𝜇

𝐾∗−
0𝜇 𝐾∗0

0𝜇
1√
3 𝜔0𝜇 − 2√

6 𝜔8𝜇

⎞⎟⎟⎟
⎠

𝐴𝜇 =
⎛⎜⎜⎜
⎝

1√
3 𝑓10𝜇 + 1√

2 𝑎0
1𝜇 + 1√

6 𝑓18𝜇 𝑎+
1𝜇 𝐾+

1𝜇
𝑎−

1𝜇
1√
3 𝑓10𝜇 − 1√

2 𝑎0
1𝜇 + 1√

6 𝑓18𝜇 𝐾0
1𝜇

𝐾−
1𝜇 𝐾0

1𝜇
1√
3 𝑓10𝜇 − 2√

6 𝑓18𝜇

⎞⎟⎟⎟
⎠

( 1 0 )
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R e s u l t

2 5 / 2 3



I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

V e c t o r m e s o n d o m i n a n c e

V e c t o r m e s o n d o m i n a n c e

• H a d r o n e l e c t r o m a g n e t i c i n t e r a c t i o n s s h o u l d h a v e v e c t o r

i n t e r m e d i a t e s t a t e s

• T h i s h y p o t h e s i s s u p p o r t s t h e g a u g e - l i k e c o u p l i n g s

C u r r e n t - f i e l d i d e n t i t y

• T h e p h o t o n a n d v e c t o r m e s o n s a r e a l m o s t i d e n t i t y

• E x t e r n a l c u r r e n t i s i d e n t i c a l t o v e c t o r m e s o n s 𝐽𝐸𝑀 ∝ 𝜌0

• T h e p r o b l e m o f g a u g e v a r i a n c e

𝑁

𝜌𝛾
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C h i r a l t r a n s f o r m a t i o n s

C h i r a l t r a n s f o r m a t i o n s

• V e c t o r a n d a x i a l v e c t o r s i n g l e t a r e n o t a c h i r a l p a r t n e r

𝑣𝑎
𝜇

axial
−−−→ 𝑣𝑎

𝜇 + 𝑓𝑎𝑏𝑐𝜃𝑏
𝐴𝑎𝑐

𝜇, 𝑎𝑎
𝜇

axial
−−−→ 𝑎𝑎

𝜇 + 𝑓𝑎𝑏𝑐𝜃𝑏
𝐴𝑣𝑐

𝜇 ( 1 1 )

• A n t i s y m m e t r i c s t r u c t u r e c o n s t a n t f o r S U ( 3 ) 𝑓 d o e s n o t c o u p l e t o s i n g l e t
• T h e y a r e j u s t a p a r i t y p a r t n e r

S . H . L e e . , S u b a t o m i c P a r t . C o s m o l . , 1 - 2 : 1 0 0 0 0 8 , 2 0 2 4 .
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I m p l i c a t i o n s o f 𝑓1 m i x i n g a n g l e a n d m a s s s p e c t r u m o f a x i a l v e c t o r m e s o n s

C h i r a l r e p r e s e n t a t i o n

C h i r a l h a d r o n s

• C h i r a l h a d r o n s c o m p o s e d o f t h e v a l e n c e q u a r k s

𝑠𝑎 = 𝑞𝑡𝑎𝑞, 𝑝𝑎 = −𝑞𝑖𝛾5𝑡𝑎𝑞, 𝑣𝑎
𝜇 = 𝑞𝛾𝜇𝑡𝑎𝑞, 𝑎𝑎

𝜇 = 𝑞𝛾𝜇𝛾5𝑡𝑎𝑞 ( 1 2 )

• T h e c h i r a l i t y o f 𝑠 ∼ 𝑞𝐿𝑞𝑅 + 𝑞𝑅𝑞𝐿 a n d 𝑣 ∼ 𝑞𝐿𝑞𝐿 + 𝑞𝑅𝑞𝑅
• SU(3) + U(1) g e n e r a t o r 𝑡𝑎

f o r 𝑎 = 0, 1, … , 8
• 𝐽𝑃𝐶 = 0++, 0−+, 1−−, 1++

r e s p e c t i v e l y

C h i r a l r e p r e s e n t a t i o n

• C h i r a l r e p r e s e n t a t i o n w i t h n o t a t i o n (𝑛𝐿, 𝑛𝑅) f o r 𝑛𝐿, 𝑛𝑅 d i m e n s i o n a l r e p r e s e n t a t i o n s f o r e a c h c h i r a l i t y

• S a m e r e p r e s e n t a t i o n f o r s c a l a r s (3,1) × (1,3) + (1,3) × (3,1) = (3,3) + (3,3)
• D i f f e r e n t r e p r e s e n t a t i o n f o r v e c t o r s (3,1) × (3,1) + (1,3) × (1,3) = (8,1) + (1,1) + (1,8) + (1,1)
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