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—' Quark Matter 2025 S.R Sharma

Anisotropic Flow N A

9,

< Flow is the measure of azimuthal anisotropy of particles

<% Azimuthal distribution of particles

Directed flow(v,)  Elliptic flow(v,) Triangular flow(v;)

d°N d’N _
& dp? a 2rprdprdy {1 e ;21”(% Into - \P”)]} ( = \ [ \

Directed flow Elliptic flow
v, = (cos[n(¢ — ¥,) -
v = (COS(Cb - \Ill)> Vg = (COS(2(¢ -, ))>
Sldeward motion of emitted hadrons Driven by the initial spatial
with respect to collision reaction plane ;
\_ \__ asymmetry of the overlap region_
Q\"'

- N

7

v3 = (cos 3(¢p - Uq))

Driven by the shape of the initial collision

% Sensitive to the equation of state \_ geometry at low collision energies )
% Sensitive to early times in the evolution of the system @

' ng | Triangular flow

Why is v_an important observable?

R. Snellings, New J.Phys.13:055008 (2011) A. M. Poskanzer and S. A. Voloshin, Phys. Rev. C 58, 1671 (1998)
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Motivation: Directed ﬂow.(v1)
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10 100
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‘ STAR: Phys. Rev. Lett. 120, 062301 (2018); STAR: Phys. Rev. C 102, 044906 (2020)

*

Previous work: explained by separate flow of g and @ — coalescence



Directed flow of identified hadrons

* Directed flow sensitive probe of early time interactions and EoS

0.4 —
K / = by \ Au+Au Collisions o
- . Centrality: 10-40% * Precision measurement of v1 of
03— ! \ ° 0 o K* various identified particles across
Ees l *p ) the collision energies
T o2 ! ,' A A v A « Kaons show sign change as
> _ I rotons, but with minimum
L, -\ N
& e 4 oy between 4.5 and 7.7 GeV
© eally \0 w STAR Preliminary
. "V ) " S - Unexpectedly large v+ for ¢
E =) L L - mesons in the high us region,
N i B similar v1 as protons and Al

Collision Energy |s,(GeV)

Poster by Guangyu Zheng, #696 "2

Sooraj Radhakrishnan 15 Talk by Sharangrav Sharma, Wed, P31

Near threshold via hadronic interaction N +N — N + N~ (> 1960 MeV) —> N +(N +¢)

But no N” (>1960 MeV) with (N +¢) decay in Particle data book 6
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dv/dy|

0'4: / @ o \ Au+tAu Collisions
~ Y Centrality: 10-40%
031 ,' \ ® 0 oK'
L : xp *p
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Collision Energy |s,(GeV)
N(1650) DECAY MODES
The following branching fractions are our estimates, not fits or averages.
Mode Fraction (I';/T)
M N 50-70 %
Y Nn 15-35 %
Also, why no K+ -> 3 AK 5-15 %
4, Nnm 20-58 %
s A(1232) 7, D-wave 6-18 %
6 Np 12-22 %
M7 Np, S=1/2, S-wave <4 %
g Np, $5=3/2, D-wave 12-18 %
g No 2-18 %
Mo N(1440)~7 6-26 %
11 p7y, helicity=1/2 0.04-0.20 %
1o n7, helicity=1/2 0.003-0.17 %




¢-N interaction, or ¢ in medium



¢-N potential: Lattice

Y. Lyu et al (HAL) PRD106,074507(22)

Q0 Long range part: attraction 2-n of
—-100 |
_ -2
V(rD (2mﬂ) l):_anp(rzmﬂ-r)’ CZD 91 Mev.fmZ % ool
=
- —-300¢
exp(—2m r N
AE, zpnlmj‘—a p( — )d3x£10 MeV —400¢
r
fo —500 |

- Coupling to 2-n

FIG. 1. The N-¢ potential V(r) in the *S;/, channel as a
function of separation r at Euclidean time 1/a = 12 (red squares),

ggxg 13 (green circles), and 14 (blue triangles).

p O —@—
Not present in sum rules == @ _O_
O— O

2. @ sum rule



¢-N correlation: ALICE

ALICE: pp

N correlation function

:'\ :I T l T I1Ir7r l TIiIrr ' T 117 l TIi1Ir7r l T 117 l T 1 r7r l T :
% 15 ALICE pp Vs = 13 TeV a2
: High-mult. (0 - 0.17% INEL > 0) E
14 07<8S,<1.0 =
13 E O p-6 ® P-0 E * Strongly attraCtlve
= N'3F | . r .
S E Lednicky-Lyuboshits model -:-/ * < absorptlon
+ W2 d,=7.851 1 6 (syst.) fm _/
g : ‘ '*' () = 0.85 + 0.34 (stat.) = 0.14 (syst) <7
Z 14 :— 3(f )=0.16 + 0.10 (stat.) + 0.09 (syst.) fm - Caution:
E & ey YL T S—— 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) = —ip(1+ %) ao
~ —85%(%) MeV 10



¢in medium: KEK E325

Previous experimental results

§ ” C IL By<1.25
= f
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Measurement is being repeated with R S s {‘ S , ;&’
~100x increased statistics at the > s"*«‘...,gq b, pET
By = [GeV/c?] (GeV/c?)

R. Muto et al. (E325 Collaboration), Phys. Rev. Lett. 98, 042501 (2007).
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 J/y~N potential: Lattice

Y. Lyu et al (HAL) PLB860,139178(25)

Q Long range part: attraction 2-n .
_ exp(—2m_r sl
V(ro (2m,)")=-a P s )| 022,23 Mev-m? =
r >
—~-10]
by
exp(—2m,r) , . . 4
~ — i =15F iy | PONW(*S3p)
AE27z—N ~ IOn.m j a r2 d X< 7 Mev i ' o NWSyz)
1fm 3 ,.'II I Nn(?Sy)
%5 1.0 15 2.0
r[fm]
> Coupllng to 2-n Fig. 2. The bands show the fit with the TPE function V(r) = —ae~2":" /r? to the

long-range N-c¢ potential. The gray dashed line is the best fit with V (r) = —a/r’
for comparison.

.

3

Not present in sum rules ==

Up to o, and dim 4

—&—

€9 O

12

2. @ sum rule



J/w=—sum rule to dim-6 (s.kim, SHL, NPA679(2001)517)

a Up todim 6
Spin=0 Spin=2 Spin=4
Dim 4 9°G?,G?, 9°G:,G;,
Dim 6 9’ f**G:,G.,G;, gzDagfw Dﬂgiv 9°G,,D,D,Gj,
2 a a g Da ;,uDv ,Zlv
g DG aDvaa 2 a a
B H g DﬂGWDVGﬂV

NN

But note D G@ =g£c‘17/ —qj o~ A A _A° _A°
v uv 7] N _ 4
2 g qya 2 q qya 2 q g q7/a7q qyﬂ7q

Higher order in « but can couple to 2-7

13
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d Contribution of 4-quark operator in J/y

0| a7, 2-a || a7, £
Vo™ Vo™
Also appears in p—a, sum rule (but to a): can separate into chiral symmetric and breaking parts

- Vacuum saturation (only chiral symmetry breaking part contributes)

<(%%aqj(mﬁ—;qj>% - ()

- Fiertz transformation to extract 2-r contribution

<(%%aﬂ(ﬁn%aﬂ>—> > -+ 2((@rsa,) (a,750))+((@r57.0,) (G757.))) - +%(Gq)2

i,j=u,d

- Use linear density part of the chiral symmetry breaking operators
- 2-n and 2-K contributions leads to small attraction around 1 MeV

4. ® sum rule

14



¢-N potential: Lattice

Y. Lyu et al (HAL) PRD106,074507(22)

Q0 Long range part: attraction 2-n of
—-100 |
_ -2
V(rD (2mﬂ) l):_anp(rzmﬂ-r)’ CZD 91 Mev.fmZ % ool
=
- —-300¢
exp(—2m_r s
AE, zpn_mj—a p( — )d3x£30 MeV —400 ¢
r
fo —500

- Coupling to 2-n

FIG. 1. The N-¢ potential V(r) in the *S;/, channel as a
function of separation r at Euclidean time 1/a = 12 (red squares),

ggxg 13 (green circles), and 14 (blue triangles).

D Up to a, and dim 6
- -
‘ \—/ @
Not present in sum rules == &/ _<>_
O— -

2. @ sum rule
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a Contribution of 4-quark operator in ¢

(oo e 5]

Wilson coefficient is more complicated

- Naive extension of J/y sum rules to ¢ gives larger attraction

- But Wilson coefficient is more complicated

<(G7Q§Qj(qn%aﬂ>—>_ ZUd(---+2<(ﬁi75qj)(G,-75qi )+ ((a757.9,)(@757,))) - +%(®>2

i, j=u,

- Use linear density part of the chiral symmetry breaking operators
- 2-n + 2-K contribution leads to attraction of around (less reliable) 2 MeV
- Chiral symmetric operators should be non-trivial

16

4. ® sum rule



¢-in medium: JPARC E-16 and E-88

E-16: ¢> e+ e- decay
E-88 : > K+ K- decay

17



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®,
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Table 1

E16 Run History and Plan. The first number on the rightmost column indicates the
number of STS modules if associated with '; otherwise, it indicates the number of old
SSD modules that were used for earlier runs. *Two out of ten GTR modules are only

equipped with GTR1 and GTR2.

Run Year User time Targets Configuration
SSD+GTR+
HBD+LG
Run 0Oa Jun. 2020 159 h C, Cu 6+64+4+6
Run 0b Feb. 2021 110 h C, Cu 6+84+6+6
Run Oc May. 2021 134 h C, Cu 6484646
Run 0d Jun. 2023 105 h C, Cu 107+10*+8+8
Run Qe Apr. 2024 206 h C, Cu 8" +10*+8+8
Run 1 TBD 1280 h C, Cu 10"+10%+848
Run 2 TBD 2560 h C, Cu, Pb, CH, 26"4+26426426
~04r ! NS ARARS Ranas &, 1030
i f - E325,C ] L r
;[ : ’ ] r meson (1020
Zo03 ; Dars S E 1020—2 (1020)
z : —- BloRunl, Cu = E —— E325
= f {\l: -] 2 1010F
0.2 f . g t —+— Expected
z | ] 1000
0.1p : . F
: i i, : 990
oF | l e 980 .o ’
~ L I . l M | L .i :_
0'10 05 1 15 25 3 35 4 QTOi
Pr 960
Fig. 6. Excess fraction plotted as a function of fy of ¢ mesons. Black (pink) points are 950:‘ R R EE N DT R il e
the results for the C (Cu) target measured by KEK-E325 experiment [7]. Green points 0 05 1 15 2 25 3

are the expectation in Run 1 [26]. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

momentum [GeV/c]

Fig. 7. Dispersion relation. Pink point represents the E325 results. Blue points depict
the expectation when 1.7 times Run 1 statistics are collected. Dotted lines show a
theoretical prediction extrapolated up to 3 GeV/c. [26]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)
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By <1.25

%'/ ndf 88.95/51

1.25 <By<1.75

7%/ ndf 87.41/51

1.75< By < 2.5

%7/ ndf 88.39/51

2.5

< By

%2/ ndf 87.25/51
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7'/ ndf 39.18/ 38 +* /ndf 3055738 72/ ndf 37.83/38 72/ ndf 37.12/38
— 16 T T T 90 T T T T T T T
Ny - |Prob 0.4167 i Prob 0.7997 4 |Prob 0.4773| 1004 | Prob 051
3 14 S, 500 :
2 12 é 80d ]
= 0 4005 - 4
2 60 ]
a' 8| 300 - |
Z 6 A0 s -
= 201 = .
2 |
S b .__J B 10 ‘ E 20:; - Q.L B -
i LI i * L_'—M
i i L i L it | L 1 I I 1 i 1 1 1 H I | L 1 i L
.85 09 095 1 105 1.7 11512 8509 095 1 1.05 1.1 115 1.2 1 105 1.1 11512 8509 095 1 105 171 11512

Mass [GeV/c?]

Mass [GeV/c’]

Mass [GeV/c?]

Mass [GeV/c?]

Fig. 5. Invariant mass distributions expected in Run 1. The plots are divided into four samples according to fy of the e*e™ pairs. Black points are expected in Run 1. Red lines
show the expected line shape assuming the vacuum shape. The upper four panels are obtained when the data is fitted for the entire region, while the lower four panels are
obtained when the area between the green lines is eliminated from the fit. [26]. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

=04
T . e E325.C ]
“osf --E325,Cu ]
- [ l ——E16-Runl, Cu ]
102 {\‘ e
z L ]
0.1} I 1
- l — ]

of I : ! -
_01:...1”..E.H.Hi‘...‘.‘.u.i..‘:
"0 05 1 15 2 25 3 35 4
By

Fig. 6. Excess fraction plotted as a function of fy of ¢ mesons. Black (pink) points are
the results for the C (Cu) target measured by KEK-E325 experiment [7]. Green points
are the expectation in Run 1 [26]. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Research activities (experiment)
¢»—2>K+*K- experiment with E16 spectrometer (E88)

As a results of this Reimei Program, we won Kakenhi Kiban S.
1.6B yen in JFY2025-2029
The budget for E88 is secured.

Experimental Setup Acceptance (p+Cu) K decay ang|e VS momentum
D
beam C @)
Al coil MRPC § E\:: e
: ¢>K+K- (This proposal) 2™} 9,
° . 140
& —+— “ff\/ KN a'IZOE —20
0 / M 100}
%:.0 | 8 30§ "3
éoo so; —10
fgé. A [Tafget 4of )
X R\ ‘ 20F
o Y, ,/ b oo by i
\%\, ' T %05 1 15 2 25 3 35 4 °
GEM tracke pd, ., (GeVic)

« High-statistics invariant mass spectrum measurements (800x KEK-E325)
— 1M ¢>K+K- events in p+C, p+Cu and p+Pb in 30-day
— Good acceptance overlap with ¢>e+e-

« Kaon-ID detectors (Multi-layer Resistive Plate Chamber (MRPC), Aerogel Che
renkov detector (AC), and Start Timing Counter (SC)

« ~100% acceptance for Kaon decay angles in ¢—>K+K- to distinguish ¢ polarizat
ion
21



Chiral'symmetry restoration and hadron mass

QCD Vacuum

x-sym is broken

IA |<qa>, 7]

Nuclear Matter

Nuclear Target experiment

22



Vectormeson in Flavor SU(3) symmetry and broken symmetry

Singlet O a)l
® i(uu +dd +5s) S
/3 } Mixing due to { $(1020) =55
1, —
W, = %(uu+dd 255 ) Ms 2 Ma ~ My a)(782):$(uu+dd)

23



Spin-1 Flavor Octet

Spin-1 Flavor Singlet No Chiral Partner

f, (Singlet)

O

(Uu +dd +§s)

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

7 0, = —=(Tu +dd - 255)

&\Hw

24



J+:1+

Of.(1420)
a, (1260)@ a
Of.(1285)
K/ (1270)

Chiral Symmetry Restoration

Broken Chiral Symmetry

25



Which vector meson should one study in medium

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

J-PARC E16, E88

2) Chiral partner: K* and K1 is the best candidate

___pl

- Decay mode of chiral partners typically has one more pion

My —My < <qq>

3) If possible measurement of f,(1420) is also interesting (parity partner of ¢ )

M, — M (140) o (55) + Other

JPC=1-- Mass Width JPC=1++ Mass Width
p 770 MeV 150 MeV a, 1260 250-600
® 782 8.49 f, 1285 24.2
) 1020 4,266 | f, 1420 54.9
K«(1-) | 892 50.3 K(1%) 1270 90
K* = K, K1—>{'O(mz)+K
T+ K ( K7Z')

¢ —>K+K

f,(1420) > K + K" (K7)

26



(qa)

1) Hadrons with small width

J-PARC E16, E88

Which vector meson should one study in medium

- Can identify Chiral symmetry breaking effects

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

JPC=1-- Mass Width JPC=1++ Mass Width
p 770 MeV 150 MeV a, 1260 250-600
® 782 8.49 f 1285 24.2
T 1020 4.066) f 1420 54.9
Kx(1-) 892 50.3 K1(1+) 1270 90 ]
@ a-en(ina)a 5
KK ik :\%J‘d“xeiqx[ <§}/”q(x),qy”s(0)> - <§i7/5y”q(x),c_|i7/57/”s(0)>] %{msqq>+;—6<§s_q> .....

n(ef) == ¢

- Can relate them to mass

ImIT(s)
S—Z.
s—¢

27



K1/K*production in heavy ion collision

Oo ‘®O f®® \
@ a >
} °" \ ®/

0 T .S Hadron production

S
NG
initial “~_

Kinetic freeze-out

| QGP | | Hadron phase
1 fm/c 5 fm/c 7 fm/c 17 fm/c

28



5) K1/K* vs Centrality

— M, [T) & <Gq=7 & Non-unity fugacity
Uy — M, (T:) = My & Non—unity fugacity -

= Without chiral symmetry

o
o

Statistical model at T, 7

5 ----- mi (T} = mye- & Unity fugacity (PLE 2021) ]
206 ]
--..‘_ =L 4
L L -
< - ]
0.4+ .

0.2F

[ ——

1 -
70-80% 40-50% 0-5%
Centrality

FIG. 5. The yield ratio K, /K* in Pb+Pb collisions at ,/syy =
5.02 TeV at three centralities of 0-5%, 40-50%, and 70-80% for
various scenarios.
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5) K1/K* vs Centrality

)( %  Study of K, meson production in pp collisions with ALICE ‘aas®
2023 SU JEONG]I1 ON BEHALF OF THE ALICE COLLABORATION | 1) PUSAN NATIONAL UNIVERSITY ,0,//

SIGNAL EXTRACTION

- 10" o )-:1!}3
'E asof ALICE Performance ‘; r
F pp Vs=13TeV :
Sauu'— VOM 50-100% B 3 80~ POSS
r p,=1GeVic ly | <05 T r s ‘
2501 Mixed-evenitbkg oot~ s0F -
r o C - +4
200} PR . "
s o a0 +
L e N ALICE Performance
150E R , pp ¥5= 13 TeV .
E a0k~ VOM 50-100% -
1001 o r p,>1GeVie,lyl<05
B¥.o” L —s— Data
i l . I . P N L
505 i 12 13 14 15 20 112 id 14 15
Mass (GeVicd) o Mass (GeVic?)
-— A |
Signal: m¥n K+ pairs £ 1.6/~ ALICE Performance — pK K1
-
3 .| Iniected MC — KKl
14— = R
. F ppis=13TeV Km e K1
Background: b B>t Geve
¥ “r Ilyl<=05
nintK*, nigiK* i3
pairs from mixed event 0.8
0.6
(30 events, Az, < 2 cm)
04
Fit Function: Breit-Wigner 0ok |
+ quadratic fn. e SV SR A Y L
1 14 12 1.4 14 15
Mass (GeV/c)

The signal peak is seen at 1270 MeV/c? in data.



6) K1/K* at JPARC
K-

Kaon beam

Obtained angular distributions for K* and K, meson decays

-0.5

-1.0

K* decay for
longitudinal and
transverse modes

— K*(892)-Krr T
-eeee K*(892)-Krr L

I.W. Park, H. Sako, K. Aoki, P. Gubler and S.H. Lee,
arXiv:2403.18288 [hep-ph].

< [MeV]

dCos[#f]

K, decay for different
polarizations of initial
and final particles

=

-0.5

e K (1270)K"(892) 77 TT
weees Ki(1270)-K"(892) 7 LT
— Ky(1270)-K"(892) 7 TL
..... K,(1270)-K"(892)r LL

Second collaborative work by

theorists and experimentalists as a
result of the REIMEI project!

7K™

— 7 *0
x K*

T K™
”OK*O
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« Possible future experiment to measure masses of chiral partners

- K, excitation energy measurement at JPARC

Decay mode of K, ('=90MeV)

K1(1270)> Kp 42 %
K1(1270)> K* & 16 %

Kaon beam (2GeV) < K N AN
< P /' o K 7 K
B #
I
1 7T, 0 —0 oK™ [7"K™
P, N I— K, _)[,OOIZO [ﬂoK*o

Nuclear target
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1) v1 of § meseon from STAR seems consistent with strong attraction seen in
- ALICE ¢ —N correlation
- Lattice calculation of ¢ —N potential

- QCD sum rules

2) ¢ —in medium experiment: KEK 325 - JPARC E-16, E-88

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

33



