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Study of In-medium Modification of  mesonsϕ

⟨qq̄⟩ depends on temperature and density   

Partially restored in nuclear matter 

 meson:almost pure  state and narrow 
width
ϕ ss̄

Chiral symmetry breaking in QCD

(clean probe)

Past experiment results

No significant mass shift observed in p+A, 
A+A and γ+A collisions in  and  

KEK-325(p+A): Low-mass excess observed 
in  in low-βγ (βγ < 1.25, p+Cu) 

ϕ → K+K− e+e−

ϕ → e+e−

KEK-E325

High-statistics measurement at J-PARC E88 / E16 

Toward a definitive conclusion

/ϕ → K+K− e+e−
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E88/SAΦRE: High-statistics Study of  Decays in Nuclear Matterϕ → K+K−

2-order higher statistics of
 than KEK-E325 

~500k  events at βγ 
< 1.25 (No data in KEK-E325) 

complementary probe to 
 (J-PARC E16)  

ϕ → K+K−

ϕ → K+K−

ϕ → e+e−

E88 aims to perform a precise measurement of 
 in low-βγ region using a 30 GeV(109 

protons/spill) beam at J-PARC
ϕ → K+K−

Expected J-PARC E88 sensitivity compared with KEK-E325

*F. Sakuma et. al., PRL 98 152302 (2007) (KEK-E325)

 in KEK-E325ϕ → K+K−

(Target: C, Cu, Pb)
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Longitudinal and Transverse  Separation in E88ϕ

Decays angular distributions in  helicity rest frame for 
transverse (T, ) and longitudinal(L, ) polarizations 

ϕ
|1, ± 1⟩ |1,0⟩

In  decays, longitudinal (|cosθ|≈1) and transverse 
(cosθ≈0) rich events can be selected using decay angle. 

In  decays, it is hard to separate longitudinal component

ϕ → K+K−

ϕ → e+e−

*I.W. Park, H. Sako, K. Aoki, P. Gubler and S.H. Lee, PRD 107, 074033 (2023)

T

L
ϕ → K+K−

T

L

ϕ → e+e−
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Predicted Momentum and Polarization Dependent Mass shift

Recent QCD sum-rule calculations predict an in-medium mass 
shift that is strongly correlated with the decrease of the ⟨ss̄⟩

condensate at finite density 

At finite momentum, the in-medium modification becomes 
polarization dependent, leading to opposite mass shifts. 

E88 provides a unique opportunity to test polarization-dependent 
in-medium modifications of the  meson.ϕ

QCD sum-rule prediction for  mesonϕ
*H.J. Kim and P. Gubler, PLB 805, 135412 (2020)
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Fig. 3. The effects of the non-scalar condensates F and G2 on !mφ(q⃗ 2). The upper 
(lower) plot shows the behavior of the longitudinal (transverse) mode.

4.2. Unpolarized spectra with finite widths

In most experiments, dilepton measurements have so far not 
distinguished the two polarization modes. Thus, in general, the 
sum of both modes will be measured together with the vacuum 
peak in unpolarized spectra.1 Moreover, even though we have as-
sumed the φ meson width to be zero in our analysis, this is not 
the case in reality (see for instance Refs. [24,26]). Thus, to have a 
more realistic idea about the behavior of the dilepton spectrum at 
normal nuclear matter density and non-zero momentum, we arti-
ficially introduce a width using the relativistic Breit-Wigner form,

ρB (s, q⃗ 2) = f (q⃗ 2)

4π2

√
s %/π

(s − m2
φ(q⃗ 2))2 + s%2

, (51)

where the values of mφ(q⃗ 2) and f (q⃗ 2) are taken from our results. 
The in-medium width of the φ meson is presently still not well 
known. We hence for illustration have tested three different values, 
%=15, 40, and 65 MeV. Among these, %=15 MeV represents the 
one reported by the E325 experiment in Ref. [16]. The other two 
are representative for values obtained in hadronic effective theories 
[24–29] and other experimental measurements [15,18,19,21]. The 
polarization-averaged peak, 1

3 (ρ L
B (s, ⃗q 2) + 2ρT

B (s, ⃗q 2)) with these 
width values are shown in Fig. 4 together with the vacuum peak 
(%vac=4.26 MeV) for selected momenta.

We then fit the polarization-averaged peak using a single Breit-
Wigner peak. The effective mass and width extracted from the fit 
are plotted as a function of |q⃗ | in Fig. 5. They are shown as long 
as transverse and longitudinal peaks are separated less than their 
width. As can be observed there, the mass shifts of the two modes 
partially cancel each other. Because there are two transverse and 
only one longitudinal mode, the average mass however tends to 
the transverse side and is thus positive. Furthermore, as the two 
components move away from each other, this leads to an increas-
ing width with increasing momentum. Meanwhile, we found that 

1 In an actual experiment such as that reported in Ref. [16], φ mesons are pro-
duced in nuclei with a finite size. A large fraction of them decay into dileptons only 
after they have moved outside of the dense nucleon region. Such dileptons will only 
contribute as vacuum peaks to the observed spectrum.

Fig. 4. The polarization-averaged φ meson peak with %=15, 40, and 65 MeV at nor-
mal nuclear matter density. The vacuum peak is shown as a black dotted line for 
comparison.

Fig. 5. Effective mass (upper plot) and width increase (lower plot) of the single peak 
fit, shown as a function of |q⃗ |. In the upper plot, the central values of the transverse 
(longitudinal) masses are shown as blue (red) dashed lines for comparison.

generally the momentum dependence of the averaged peak is re-
duced as the in-medium width increases.

4.3. Discussion

Let us discuss potential implications of the obtained results for 
future dilepton measurements in the φ meson mass region. As can 
be seen in Fig. 4, due to the opposite behavior of the longitudi-
nal and transverse modes, the (angle averaged) dilepton spectrum 
can develop a double peak structure. Although larger in-medium 
widths make it more difficult to observe such a double peak, it 
could in principle be seen at sufficiently large momenta. Care is 
however needed when applying this result to experimental dilep-
ton spectra, as φ mesons with large momenta likely travel out-
side of the nucleus before they decay into dileptons, which are 
therefore not strongly affected by the dense medium. Indeed, in 
the E325 experiment a finite density effect was only observed for 
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nal and transverse modes, the (angle averaged) dilepton spectrum 
can develop a double peak structure. Although larger in-medium 
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therefore not strongly affected by the dense medium. Indeed, in 
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J-PARC E88 Spectrometer

J-PARC E16 spectrometer is designed  measurement 
including particle tracking and hadron blinding.  

J-PARC E88 is performed based on E16 spectrometer.             
Kaon Identification System will be added on the upper and lower. 

Acceptance overlap between  and 

ϕ → e+e−

ϕ → K+K− e+e−

E16 spectrometer configuration

Trackers: GTR (GEM Tracker)                                     
&STS (Silicon Tracker System)

K. Aoki, S. Ashikaga, W.-C. Chang et al. Journal of Subatomic Particles and Cosmology 3 (2025) 100019

Fig. 1. J-PARC E16 spectrometer. (a) 3D rendered image of the spectrometer. (b) Planar view of the spectrometer.

Fig. 2. E16 Run 1 configuration.

Fig. 3. E16 Run2 configuration.

placed at the center of the spectrometer. The spectrometer covers hor-
izontally from 15˝ to 135˝ which are zenith angles measured from the 
beam axis. Vertical coverage is 90˝ in total. A module is defined so that 
one covers 30˝ horizontally and vertically. Eight modules comprise the 
middle layer as in Fig.  1(b), whose construction has been completed. 
We plan to add upper and lower layers equipped with nine modules, 
resulting in 26 modules in total.

A module is composed of Silicon Tracking System (STS), three 
layers of GEM trackers (GTRs) [18], Hadron Blind Cherenkov Detector 
(HBD) [19], and Leadglass electromagnetic calorimeters (LG) [20]. STS 
and GTRs are tracking devices that precisely measure particle trajectory 
to determine the momentum of particles, while HBD and LG are for 
electron identification.

2.1.1. STS
The innermost tracking device is the Silicon Tracking System (STS)

[21,22], which was developed in collaboration with GSI-CBM [23]. The 

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 0a Jun. 2020 159 h C, Cu 6+6+4+6  
 Run 0b Feb. 2021 110 h C, Cu 6+8+6+6  
 Run 0c May. 2021 134 h C, Cu 6+8+6+6  
 Run 0d Jun. 2023 10.5 h C, Cu 10†+10*+8+8  
 Run 0e Apr. 2024 206 h C, Cu 8†+10*+8+8  
 Run 1 TBD 1280 h C, Cu 10†+10*+8+8  
 Run 2 TBD 2560 h C, Cu, Pb, CH2 26†+26+26+26 

sensors were produced by Hamamatsu Photonics, having an active area 
of 60 mm ù 60 mm with a thickness of 320 �m. The sensor is double-
sided, having straight strips on one side and tilted strips by 7.5 degrees 
on the other side to make two-dimensional reconstruction possible. 
The strip pitch is 58 �m. A front-end board (FEB8), equipped with 
eight custom-made SMX ASICs [24], receives signals from a side of a 
silicon sensor and digitizes them. Since it was originally designed to be 
integrated into a triggerless DAQ, it operates in a self-trigger mode and 
sends out 5-bit ADC and 14-bit TDC values of all hits. However, the J-
PARC E16 experiment adopts a conventional trigger-based system [25]. 
Special hardware and firmware were developed to accept E16 trigger 
information and enable online trigger selection. That reduced the data 
size, making quick analysis possible and saving disk space.

2.2. Run plan

We adopt a staging strategy; the run history and plan are summa-
rized in Table  1. Five commissioning runs have already been performed 
(Run 0a to Run 0e). The acceptance has been gradually increased and it 
fulfills the intermediate goal of an 8-module configuration as depicted 
in Fig.  2 for the first physics run, Run 1, which is expected in 2025. PAC 
approval was granted for the Run 0 series but has yet to be for Run 1. 
It has to be requested based on the outcome of Run 0e. We plan to add 
more modules to the upper and lower of the 8-module configuration, 
resulting in the 26-module configuration as depicted in Fig.  3 for Run 2, 
the second physics run.

Fig.  4 displays a photo of the spectrometer, which was taken in 2024 
after Run 0e.

2.3. Monte Carlo simulations

The sensitivity to the spectral change was evaluated by Monte Carlo 
simulations. Momentum distributions of the vector meson were taken 

3

E88 detector position 

“E88 Kaon 
Identification System”                                    

θy
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Kaon Identification System of J-PARC E88

STS : Silicon Tracking System
GTR : GEM Tracker

(acceptance: -45° ~ 45°)

(30 GeV/c, 109/spill)

(simulation)

E88 detector system with E16 spectrometer (Top and bottom layers)

TOF: MRPC(Mulit-gap Resistive Plate Chamber), SC(Start-timing Counter) 
Background(low-βγ suppression): AC(Aerogel Cherenkov Counter) 
DAQ: streaming DAQ system(AMANEQ) -> More physics opportunities!  
Possible upgrade with the sPHENIX INTT(Solid-state Strip Detector)

(C, Cu, Pb)

 K identification 
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Components of the E88 Kaon Identification System

MRPC(Mulit-gap Resistive Plate Chamber)

Start-timing Counter (SC)

AC(Aerogel Cherenkov Counter)

8x8x180 mm3 plastic scintillation counters 
readout by S13360-3050 MPPCs. 

Time resolution: σT = 79 ± 3 ps

High-rate capability using heated glass: 
~10% better time resolution at +20°C 
operation 

Time resolution: σT = 81 ± 3 ps

(43 segments)

18
0 

m
m

(750 × 250 mm2)

Refractive index: 1.15  

~90% of detection efficiency 
in cosmic-ray tests
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1st Commissioning of the J-PARC E88 Detector(April-June 2024)

MRPC

SC

AC

Top layer

M2 (GeV2/c4)

p/q(GeV/c)

Particle identification (Simulation)

Kaon ID detectors test at E16 
(Apr.-Jun. 2024).

Start timing
Counter (SC)

Aerogel Cherenkov
Counter (AC)

Multi-gap 
Resistive Plate 
Chamber 
(MRPC)

pK++

-

19

• 3 MRPCs, 4 ACs, and 3 SCs with 1/24 
scale of a module were tested in E16 
spectrometer

Very Preliminary+

+

proton

Particle Identification in Apr-Jun 2024 test

• TOF with SC and MRPC
• Rough momentum and path length estimation with
Horizontal positions of SC and MRPC segments assuming the particles 
originate from the target

Very Preliminary

Beam rate ~ 5x109/spill

+ proton+

21

Time-of-flight between SC and MRPC

A 1/24-scale prototype of the kaon identification 

system was tested in the E16 

Preliminary K/ /p separation achieved using 

prototype SC, MRPC 

π
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J-PARC E88 2nd Commissioning and Outlook

Performance test of kaon identification system 

Kaon tracking and  invariant mass 

reconstruction 

Streaming DAQ(AMANEQ) test compared with 

HUL-HRTDC

ϕ → K+K−

Commissioning with 1/3 detector module in E16                                

(2026 Nov or early 2027)

This commissioning is essential for the realization 

of J-PARC E88. (earliest around 2028)

MRPCSC/AC

K

(View from MRPC side)

Toward a definitive understanding of   
chiral symmetry restoration in nuclear matter!
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J-PARC E88: Study in-medium modification of φ mesons via 

 reaction. 

The  channel provides complementary information 

to  and enables polarization-dependent studies. 

Development of a high-performance kaon identification 

system (MRPC, SC, AC)  

A commissioning run with a 1/3 detector module is planned 

in E16

ϕ → K+K−

ϕ → K+K−

ϕ → e+e−

Summary
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Intermediate Silicon Tracker (INTT)

13

INT

INTT barrel
2 layers of barrel detector with silicon strip sensors 

• Full azimuthal angle coverage in the midrapidity region |η| < 1.1

• Low radiation length X/X0 < ~1.1% / ladder

• 360k channels in total


Roll of INTT 
๏ Taking hits b/w MVTX and TPC for better tracking performance.

๏ Rejection of pileup background using good timing resolution of < 1 

bunch-crossing. (MVTX and TPC work at the order of μs — 10 μs)

10.26

9.68

7.73

7.18

128 ×  26 × 2  = 6656 ch/

(cm)

Cross-section of

the INTT barrel

TPC

TPOT

INTT
MVTX



INTT Ladders: Design

14

1 ch0
ch1
ch127

1415161718
5 4 3

3

2

12

6

Silicon SensorHighDensityInterface Cable Silicon Sensor Silicon Sensor Silicon Sensor

Type-B
Chip Length

20
Type-A

Chip Length
16

Chip
Height
10

y
(Vertical)

x
z (Beam)

Inactive Area
Active Area

FPHX chips

19202122232425Chip ID
26
13 789101112

Strip Width
0.078

Chip
Column

(mm)

• 56 ladders in total

- 12 × 2 ladders (inner barrel)

- 16 × 2 ladders (outer barrel)


• 56 readout chips / ladder

• 128 strips / readout chip


- strip type-A: 78 μm × 320 μm × 16 mm

- strip type-B: 78 μm × 320 μm × 20 mmφ r z

INTT ladder
~46 cm

~2 cm

380 mm
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Fig. 3. The effects of the non-scalar condensates F and G2 on !mφ(q⃗ 2). The upper 
(lower) plot shows the behavior of the longitudinal (transverse) mode.

4.2. Unpolarized spectra with finite widths

In most experiments, dilepton measurements have so far not 
distinguished the two polarization modes. Thus, in general, the 
sum of both modes will be measured together with the vacuum 
peak in unpolarized spectra.1 Moreover, even though we have as-
sumed the φ meson width to be zero in our analysis, this is not 
the case in reality (see for instance Refs. [24,26]). Thus, to have a 
more realistic idea about the behavior of the dilepton spectrum at 
normal nuclear matter density and non-zero momentum, we arti-
ficially introduce a width using the relativistic Breit-Wigner form,

ρB (s, q⃗ 2) = f (q⃗ 2)

4π2

√
s %/π

(s − m2
φ(q⃗ 2))2 + s%2

, (51)

where the values of mφ(q⃗ 2) and f (q⃗ 2) are taken from our results. 
The in-medium width of the φ meson is presently still not well 
known. We hence for illustration have tested three different values, 
%=15, 40, and 65 MeV. Among these, %=15 MeV represents the 
one reported by the E325 experiment in Ref. [16]. The other two 
are representative for values obtained in hadronic effective theories 
[24–29] and other experimental measurements [15,18,19,21]. The 
polarization-averaged peak, 1

3 (ρ L
B (s, ⃗q 2) + 2ρT

B (s, ⃗q 2)) with these 
width values are shown in Fig. 4 together with the vacuum peak 
(%vac=4.26 MeV) for selected momenta.

We then fit the polarization-averaged peak using a single Breit-
Wigner peak. The effective mass and width extracted from the fit 
are plotted as a function of |q⃗ | in Fig. 5. They are shown as long 
as transverse and longitudinal peaks are separated less than their 
width. As can be observed there, the mass shifts of the two modes 
partially cancel each other. Because there are two transverse and 
only one longitudinal mode, the average mass however tends to 
the transverse side and is thus positive. Furthermore, as the two 
components move away from each other, this leads to an increas-
ing width with increasing momentum. Meanwhile, we found that 

1 In an actual experiment such as that reported in Ref. [16], φ mesons are pro-
duced in nuclei with a finite size. A large fraction of them decay into dileptons only 
after they have moved outside of the dense nucleon region. Such dileptons will only 
contribute as vacuum peaks to the observed spectrum.

Fig. 4. The polarization-averaged φ meson peak with %=15, 40, and 65 MeV at nor-
mal nuclear matter density. The vacuum peak is shown as a black dotted line for 
comparison.

Fig. 5. Effective mass (upper plot) and width increase (lower plot) of the single peak 
fit, shown as a function of |q⃗ |. In the upper plot, the central values of the transverse 
(longitudinal) masses are shown as blue (red) dashed lines for comparison.

generally the momentum dependence of the averaged peak is re-
duced as the in-medium width increases.

4.3. Discussion

Let us discuss potential implications of the obtained results for 
future dilepton measurements in the φ meson mass region. As can 
be seen in Fig. 4, due to the opposite behavior of the longitudi-
nal and transverse modes, the (angle averaged) dilepton spectrum 
can develop a double peak structure. Although larger in-medium 
widths make it more difficult to observe such a double peak, it 
could in principle be seen at sufficiently large momenta. Care is 
however needed when applying this result to experimental dilep-
ton spectra, as φ mesons with large momenta likely travel out-
side of the nucleus before they decay into dileptons, which are 
therefore not strongly affected by the dense medium. Indeed, in 
the E325 experiment a finite density effect was only observed for 
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Picked up from the K.Aoki-san’s presentation
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GTR STS
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295 K, 300 K, 305 K, 310 K, 315 K
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MRPC Timing Resolution

Best timing resolution:  
  with  = 6.99 kVσT = 81 ± 3 ps VMPRC

Previous prototype test    
Timing improves with increasing temperature: 
 ~over 10% improvement from 295 K → 315 K 
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Results of MRPC test: MPPC HV&threshold Dependency
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The best condition:  with         

 = 6.99 kV(control input: 9.7 V) and  = 70 mV

σT ∼ 81 ± 3 ps
VMPRC Vthr.


