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Symmetries in Quantum Chromodynamics (QCD)

«  Symmetry of Lagrangian when m-=0; U(3),XU(3),

g = exp[id (1+y°)]g where 06=06212 including A°=1

* Anomaly breaks the U,(1) part SU(3)gXSU(3), XU(1)

broken: q = exp[id (y°)]q where 6=00L°

«  Spontaneous breaking of Chiral symmetry SU(3),XSU(3), =2 SU(3),

broken g = exp[i6 (y°)]q where 6=62A2including a=1,..8

But we have SU(3) Flavor symmetry (u,d,s quark)

1. Introduction




U,(1) effect : [Lee, Hatsuda PRD54 (1996)r1871]

SU(Ng), xSU(Ng), > SU(N.) U, (1) Breaking

L+R=V

= Topologically trivial = Topologically non-trivial
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Its contribution involves exact zero modes 4 =0
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Affected hadron masses

tHooft determinant interaction

detd=(o +in) —(a+iz)’,  V, , =-K(detd+detd’)

V =—K(O‘2—772—3.2+7Z2)

Ua(d)

Nucleons and their chiral partners in general also has non-vanishing contributions

So the generalization of Brown-Rho scaling is limited

®*2 %2 *2 %2 | 2
mal fol mK| mK* (f_;r)
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Chiral’'symmetry restoration and hadron mass

QCD Vacuum
{ M proton>> rnquark

m_>>m,

x-sym is broken

IA | <qq>p,T|

Nuclear Matter

Nuclear Target experiment
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Vectormeson in Flavor SU(3) symmetry and broken symmetry

Singlet O a)l
%) i(uu+dd +53) . 1020) =55
1T /3 } Mixing due to { $(1020) =55
1,
W, = %(uu +dd - 255) Ms 2 Ma ~ My (782)= ﬁ(uu +dd)
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Why does meson representation mix for Y=0, I=0 ?

1) Consider correlation function or Mass matrix

Example in SU(2) case with 1 light 1 strange flavor

o -+ (<w1wl> <w1w8>]_£a+AD 2

@, =0 — 58 (wy,) (wpwy)

——  Symmetry breaking
__, Disconnected contribution

Connected Disconnected contribution
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®, =04+ @, =055
= (@) (o) (a+D A a=((dq)
£<wsw1> <w8w8>]_( A a—Dj { A =((qa)

D

w  E,=az+D’+A’

- If SU(3) symmetric limit: A =0, there is no mixing, and singlet and octet do not mix.

- If SU(3) symmetry is broken

1) Ideal mixing when D=0<< A (Vector meson)
a A)_ (((@a)(aa) o J
ng (A aj [ 0 ((55)(3s))

2) Small mixing when D >> A (Pseudo-scalar meson)
(a+D A j <((qq)+(§5))z> 0
%
Aoab o {(@)-())
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Chiral"transformation of quark bilinears

«  Chiral symmetry SU(3)gXSU(3),

—

OQr . — exp(ié(li ys))qR,L where 6 =022

«  Spontaneous breaking of Chiral symmetry SU(3)gXSU(3), = SU(3)

Iz~  Broken part is

- Quark bilinear
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q— exp(iéyS)q, q—o qexp(i§y5)

qrq — q(1+ iéyf’)r(1+ i§7/5)q —qrq+ q(i§y5r+riéy5)q

qq — qa-+29 (i6y° )q

ay“z°q - Qr'c*q+qiy’r* | 0,7 |q

ay“q— Gy q+aiy’y*| 6,1

|

q=0y"q




Spin-1 Flavor Octet

K, (1270)

3 =1
12603 a’
f, (Octet)
K? (1270)
Spin-1 Flavor Singlet No Chiral Partner
O o, * O f, (Singlet)
(Ou+dd +5s)

¢(1020) SS 0 =
1 _ } mg > mg ~my {
a)(782)=—(uu+dd)

NG @, =—=(0u +dd — 255

apﬁp
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K, (1270)

J + :1+
f, (1420)

a? (1zeog
Of, (1285)

Chiral Symmetry Restoration

Broken Chiral Symmetry
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Chiral"'symmetry restoration and vector meson mass

1. Original QCD sum rule (Hatsuda, Lee PRC46 (1992)r34)

did not separate the four quark condensate according to chiral symmetric and breaking part

2. By looking at rho and A1 sum rule, one can determine them separately

(J.Kim, Lee PRD 104 (2021) L051501, PRD 205 (2022) 014014)

uds

el =....é:—2m <(q7ﬂy5,1ar3 )2>—4%“<(§qy#,1aqj[zqyﬂ,1aqj>}:
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(B)e ((p(2=0))) « (day

m,=m, =m,[1550£50 MeV in the chiral symmetry restored vacuum
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Chiral"'symmetry restoration and Baryon meson mass

When chiral symmetry breaking operators are taken to be zero
(J. Kim, S Lee, PRD 205 (2022) 014014)

Particle kq((/50(GeV)) kg S¢/Bs  S¢/Bsg  imgyy,(MeV)

N 0.0425(1.235) 0.16 -0.9575 -0.84 525
A 0.26(1.56) 04 -0.74 —0.6 600

« __ __sym
Ingeneral My =My + ﬂm};u

But there is a subtle issue related to UA(1) breaking effect.
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¢-N interaction, or ¢ mass shift in medium

First Theory papers: 1992
First positive result: 2007
Final answer: J-PARC E16, E88 (2025+)
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Which vector meson should one study in medium

1) Hadrons with small width: ¢ is the best candidate

- Decay mode of chiral partners typically has one more pion

___pl

JPC=1-- Mass Width JPC=1++ Mass Width
P 770 MeV 150 MeV a; 1260 250-600
o 782 8.49 f, 1285 24.2
0} 1020 4,266 ) f, 1420 54.9
Kx(1") | 892 50.3 Ky(1%) 1270 90

2) a, is impossible to measure. Even p can not be seen well

3) Study ¢ that has the sharpest peak: Brilliant idea KEK EE325

2. @ in medium

M, — M (140)  {5S) +Other

J-PARC E16, E88




 ¢in medium: KEK E325 (2007)

Previous experimental results
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R. Muto et al. (E325 Collaboration), Phys. Rev. Lett. 98, 042501 (200

Huge statistics at J-PARC, E-16: ¢> e+ e- decay ; E-88 : ¢> K+ K- decay
16
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¢-N correlation: ALICE

ALICE: pp

N correlation function

:\ :I T l T 111 l Trrr ' . n A e l | m R 2R l TIrrr l Trrr l Tt ':
% 15 ALICE pp Vs = 13 TeV o
: High-mult. (0 —0.17% INEL > 0) ]
14 07<8S,<1.0 =
s : O po®P-o - * Strongly attractive
= N'3F | : E :
S E Lednicky-Lyuboshits model E/ * < absorptlon
S 2 d,=7.85% 1 6 (syst.) fm _/
g : ‘ '*' () = 0.85 + 0.34 (stat.) + 0.14 (syst.) 1M~
Z 11 :— 3(f )=0.16 + 0.10 (stat.) + 0.09 (syst.) fm - Caution:
E & P TR— Spin averaged value with
- . . . . . . . - non-trivial weights
0 50 100 150 200 250 300 350 400 (thanks to Kamiya-san!)

k* (MeV/c)

S. Acharya et al. (ALICE Coll.), Phys. Rev. Lett. 127, 172301 (2021).

Vs(p) = —2p(1+ 72)ao
~ —852 (o) MeV 17
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¢-N potential: Lattice

Q0 Long range part: attraction 2-n

V(rD (2mﬂ)_l)=—a exp(;22mﬁr)’ o [191 MeV -fm?
exp(—2m.r) ,
N N ——dx <30 MeV
- Coupling to 2-n
4
Also present in OPE =

2. @ in medium

Y. Lyu et al (HAL) PRD106,074507(22)
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FIG. 1. The N-¢ potential V(r) in the “S3,, channel as a
function of separation r at Euclidean time 1/a = 12 (red squares),
13 (green circles), and 14 (blue triangles).
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¢-in medium: JPARC E-16 and E-88

E-16 : 9> e+ e- decay
E-88 : > K+ K- decay
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Journal of Subatomic Particles and Cosmology 3 (2025) 100019

Contents lists available at ScienceDirect

Journal of Subatomic Particles and Cosmology

journal homepage: https://www.sciencedirect.com/journal/journal-of-subatomic-particles-
and-cosmology

Full Length Article
Experimental investigation of vector mesons in medium through dielectron )
decay at J-PARC Sk

Kazuya Aoki *”, Sakiko Ashikaga ", Wen-Chen Chang ¢, Tatsuya Chujo ¢, Ren Ejima®,

Hideto En’yo !, Shinichi Esumi ¢, Dairon Rodriguez Garces ", Hideki Hamagaki ',

Johann M. Heuser ", Ryotaro Honda ?, Masaya Ichikawa ?, Daichi Ishii/, Shunsuke Kajikawa ¥,
Jo Kakunaga ', Koki Kanno ?, Akio Kiyomichi ™, Yusuke Hori’, Chih-Hsun Lin ¢, Yuhei Morino ?,
Tomoki N. Murakami f, Ryotaro Muto ?, Shunnosuke Nagafusa’, Wataru Nakai ?,

Satomi Nakasuga’, Megumi Naruki’, Toshihiro Nonaka ¢, Hiroyuki Noumi ”, Shuta Ochiai’,
Makoto Ogura’, Kyoichiro Ozawa ?, Adrian Rodriguez Rodriguez ", Takao Sakaguchi”,
Hiroyuki Sako °, Fuminori Sakuma ’, Susumu Sato °, Shinya Sawada ?, Michiko Sekimoto?,
Kenta Shigaki ¢, Kotaro Shirotori ®, Hitoshi Sugimura ?, Tomonori N. Takahashi ",

Tomohiro Taniguchi’, Maksym Teklishyn ", Alberica Toia #", Rento Yamada ¢,

Kanako H. Yamaguchi/, Yorito L. Yamaguchi ¢, Shogo Yanai’, Satoshi Yokkaichi
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Proton
/30GeV e+

Nuclear target
C, Cu, Pb

No Final state interaction
Small Rate

- Currently taking data

2. @ in medium

Proton
/30GeV

|
p,Nn I—

Nuclear target
C, Cu, Pb

Large Final state interaction
Large Rate x 103

- Detector installed
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Budapest BUU Transport calculation

Balassa, Aoki, Gluber, Lee, Sako, Wolf (PTEP 2025, 113C01 arXiv:2508.11344)

A Include Kaon mean field+ scattering

Table 2. Mean field models for K™ and K~. To obtain the potentials in [GeV], the kaon momenta pg
should be given in [GeV], while the densities should be given in [fm~3].

Model Mean field expression Parameter values
M1 K+ Ug+ =0
K~ Ug- =0
M2 K+ Ukt =ar - p ar = 0.167 [GeV - fm’]
K~ Ug-=—ar-p
M3 K+ Ug+ =az-p a3 = 0.167 [GeV - fm’]
(W. Cassing et al.) K~ Uk- = b3 = 0.341 [GeV - fm’],

—p(b3 + c3 - e PK)
c3 = 0.823 [GeV - fm’],
dy =2.5[GeV ]
M4 K+, K~ Density- and
(L. Tolos et al.) momentum-dependent

mean fields extracted
from Refs. [38,39]
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Balassa, Aoki, Gluber, Lee, Sako, Wolf (PTEP 2025, 113C01 arXiv:2508.11344)

O Kaon Mean field will smear out: collision and absorption effects are important

pCu @Q 30GeV pCu @ 30GeV
—— (M1) mean field —— Vac+no interaction
—— (M2) mean field — Vac+(M3)
1024 —— (M3) mean field 102 —— Vac+(M3)+Kcoll+Kabs
T —— (M4) mean field i
-~ -
) )
S5 S,
S g
= 1073 = 103
~ ~
= <
0.98 1.00 1.02 1.04 1.06 1.08 1.10 0.98 1.00 1.02 1.04 1.06 1.08 1.10
ME+K- [GeV] ME+K- [GGV]
pCu @ 30GeV
— (u3)
— (M4)
1
T
.
O
1S
£
=
S

0.99 1.00 101 1.02 1.03 1.04 1.05 1.06

ME+§K- [GEV]

2. @ in medium
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Budapest BUU Transport calculation

Balassa, Aoki, Gluber, Lee, Sako, Wolf (PTEP 2025, 113C01 arXiv:2508.11344)

(M3) with Am vs. (M3) vacuum

(M3) with Am vs. (M4) with Am

Pb — e — G an
Effects of mass N B Effects of
shift leads to 3 3 different mean
enhancement o £ fields for K :
at low = = small effect
invariant mass

Al
[ Lo l.quK.J:z l(;“ll‘ﬁ] Lid L5 LG 0.9 Lo ].Ijlmh__J:: [G\-::l”] L4 LG 1.06
Fig. 6 Invariant mass spectra of the K meson pairs when Am(py) = —34 MeV mass shift

is applied to the ¢ mesons using the (M3) and (M4) mean fields. On the left side, the vacuum
(without mean fields, or final state interactions for reference) and the mass shift cases are

compared using only the (M3) mean field, while on the right side, the (M3) and (M4) mean

field cases are compared using Am(pg) = —34 MeV.

2. @ in medium
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Combining two experiment will provide definite answer

E-88 : ¢> K+ K- E-16 : ¢ e+ e-

—cC — C
— Cu 105 4 — Cu
— Pb — Pb

T 107 T

3 3

S, S,

E E 10—6 4

2 w0 A

=2 =

© o

107 . 4 s . . . l\ — A 1077 . ' AL . } L
0.96 0.98 1.00 1.02 1.04 1.06 1.08 1.10 0.96 0.98 1.00 1.02 1.04 1.06
mK+K_ [Gevl me+e_ [GEV]

Fig. 7 Invariant mass distribution of kaon pairs (upper), and dileptons (lower) for 30 GeV
p+C, p+Cu and p+Pb reactions, with a m(py) = —34 MeV mass shift scenario. In these

simulations, the (M3) kaon mean fields were applied.
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K* and K1 in medium
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Which vector meson should one study in medium

1) Hadrons with small width (Song, Hatsuda, Lee PLB792 (2019)160); Lee JSPC, 1 (2024) 100008

Chiral partners with small widths —

2) Use condensate based Operator Product Expansion (OPE) methods

- Can identify Chiral symmetry breaking effects

(qa)

JPC=1-" Mass Width JPC=1++ Mass Width
p 770 MeV 150 MeV a, 1260 250-600
® 782 8.49 f 1285 24.2
[0} 1020 4.266 f4 1420 54.9
Kx(1-) 892 50.3 K1(1+) 1270 90 ]
@ a-en(ina)a 5
KK ik :\%J‘d“xeiqx[ <§7/”q(x),c_|y”s(0)> - <§iy5y”q(x),qiy5y”s(0)>] %{msqq>+;—6<§s_q> .....

- Can relate them to mass

n(qZ)zéde':‘?—éf).

3. K1,K1* in medium
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Weinberg type sum rules

* Im(T1€ —11%
SO R § =....i6[2<85u>]+..=1jds ( : )
Q 7 s—(
ImIT* < m . =1421 MeV ImIT*"
[ i, ~ 236 MeV { m, =1403 MeV
A~ VA
> S )
m . =892 MeV m, =1272 MeV
T,. 047 MeV Iy 90 MeV
= f2m — fZmg =-2m, (du) f2m. — femy =2(B,, ) =—647a, (u)(5s)
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Which vector meson should one study in medium

1) Hadrons with small width (Song, Hatsuda, Lee PLB792 (2019)160); Lee JSPC, 1 (2024) 100008

Chiral partners with small widths —

4) K1/K* ratio in heavy ion collsion

- Haesom Sung, et al. PLB 819 (2021) 136388; PRC 109 (2024) 4

5) Seung-ll Nam (PRC114 (26) 014918: Dalitz decay K1-> n+n- K+

3. K1,K1* in medium

JPC=1-- Mass Width JPC=1++ Mass Width
p 770 MeV 150 MeV a; 1260 250-600
o 782 8.49 f, 1285 24.2
) 1020 4.266 f, 1420 54.9
Kx(1-) 892 50.3 K. (1%) 1270 90 ]
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6) K1/K* at JPARC

K-

Kaon beam

Obtained angular distributions for K* and K; meson decays
“—[MeV]

dCos[f]

12

-1.0 -0.5
. " e K4(1270)-K"(892) 70 TT
K dc.ecay'for — K*(892)-Kt T K, decay for different - K:(1270)-K'(892)n LT
longitudinal and -enen K*(892)-KrT L polarizations of initial S e o
transverse modes and final particles — Ky(1270)-+K"(892)
..... Ki(1270)-K" (892)r LL

In Woo Park, H. Sako, K. Aoki, P. Gubler, SHL, PRD109 (2024) 11, 114042

3. K1,K1*mass and chiral symmetry
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1) The UA(1) effect above Tc is still not clear !!

Chiral symmetry breaking is responsible for part of the mass

2) ¢ meson attraction in medium
- ALICE ¢ —N correlation
- Lattice calculation of ¢ —N potential

- QCD sum rules

3) ¢ —in medium experiment: KEK 325 - JPARC E-16 (e+e- decay), E-88 (K+K-decay)
- First direct measurement of mass shift

- World class experiment to provide a final say on mass shift

4) In future K1, K* measurement should also be interesting

- A chiral partner



