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• Optimization of experimental conditions by Geant4 simulation 

HES installed angle, target thickness, beam intensity 

• Estimated missing mass spectrum of 40,48
Λ K
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• HES and HKS used in previous experiment 
• Introducing PCS (Pair of Charge Separation 

magnets) for the first time 
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 Geant4 simulation
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Generating reconstructed 
momentum vector of  eventse′ ⊗ K+

1

4

Visualization of HKS simulation

K+

X

Y

Z

X

Y
Z

• Simulation consists of  particle 
generator, setup, and analysis 

• It can reproduce dataset of 
reconstructed momentum 

• Process of generating data goes from 
step 1 to step4
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Experimental conditions to be optimized
• Developed estimating missing mass spectrum by Geant4 simulation (skip details) 

→ Optimized experimental conditions following tables
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Condition Advantage Disadvantage

HES installed angle Hypernuclear yield Accidental background

Target thickness Hypernuclear yield BΛ resolution , accidental 
background

Beam intensity Hypernuclear yield Accidental background



Condition 1. HES installed angle θe′ 
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Geometric 
limitation  

( )θe′ 
≥ 8 deg

→Adopted 8 deg.

• Bremsstrahlung 
background increasing at 
forward angle 

• Virtual photon flux 
increasing at forward angle 

• Evaluation by geometric 
limitation, HES single rate



Condition 2. Target thickness
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Peak resolution gets worse

Peak level 
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• Evaluation by peak significance of sΛ
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• Applied this analysis to other 
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Condition 2. Target thickness
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→ Maximum at  for  100 − 150 mg/cm2 40,48
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Beam intensity vs Significance of 48
Λ K

SIMULATION
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In case of high intensity

Peak level 
gets higher

BG level gets higher

Condition 3. Beam intensity

• Same peak evaluation as in condition2 

• limitation of detector rate up to 1 MHz 
( )≤ 50 μA → Adopted  for 50 μA 40,48

Λ K

1000 times 
loop



Missing mass spectrum of  after optimization40
Λ K
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• For peak of  

Energy resolution: 0.57 MeV (FWHM) 

Energy precision (32 keV from energy loss 
correction + 20 keV from fitting) : below 100 keV
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Missing mass spectrum of  after optimization48
Λ K
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• For peak of  

Energy resolution: 0.69 MeV (FWHM) 

Energy precision (32 keV from energy loss 
correction + 30 keV from fitting): below 100 keV
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Summary
• Optimized the experimental conditions  

HES angle: 8 deg 

Target thickness: 100 - 150 mg/cm2 

Beam intensity: 50 μA 

• Estimated missing mass spectra 

Precision for Peak of   of  : below 100 keV 

Energy resolution: 0.6 - 0.7 MeV 

Peak significance: less than 5σ

sΛ
40,48
Λ K
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Backup
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Spectrometer 
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Optimal magnetic field
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PCS 
[T]

Q1 
[T/m]

Q2 
[T/m]

D 
[T]

HES * 3.12 3.16 1.01

HKS * 3.67 1.87 1.61

• Standard mag. field of each magnets are defined as max. at y=0 (center in 
vertical direction) 

• Optimal mag. fields is defined as (standard filed) x (optimal scaling value)

* Calculation is on-going for PCS field
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HES performance
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HKS performance
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Result details
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Condition 2. Thickness - S, N, S/N
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Condition 2. Thickness - Purple line
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(100 mg/cm2,0.17)

(100 mg/cm2,780 Counts)

• So , then peak significance(purple 
line) becomes 

 

• This function comes from only rate calculation 
formula 

• → It doesn’t consider energy straggling at target

a ≃ 1.3

S
S + N

= ax
ax + bx2

= 1.3x
1.3x + 0.078x2

• Noise passing at 
 (100 mg/cm2,780 Counts)

N = bx2 = 0.078x2

• Definition of S, N: 

, , where  is thickness 

• Signal to noise ratio passing at 
 

S = ax N = bx2 x
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Condition 3. Beam intensity - N, S, S/N
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Beam intensity vs Significance of 48
Λ K
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Condition 3. Beam intensity - Purple line
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(40 μA,110 Counts)

• So , then peak significance(purple 

line) becomes 

 

• This function comes from only rate calculation formula 

• → It doesn’t consider energy straggling at target

a = 144
100

S
S + N

= cI
cI + dI2

=
11
4 x

11
4 I + 5

16 I2

• Noise passing at 
 (100 mg/cm2,900 Counts)

N = dI2 = 5
16 I2

• Definition of S, N: 

, , where  is current 

• Signal to noise ratio passing at
 

S = cI N = dI2 I

(40 μA,110 Counts)
S = cI = 11

4 I

(40 μA,500 Counts)



Simulation details
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Checking positron contamination

• No hit at downstream 
0 events/ 10M events 

Need to run more events 
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• Check positron background found in the previous 
experiment by visualization and number of hit 

• Positrons have the same condition as in the previous 
experiment

Visualization of HKS

Number of hit of positron



Simulation (detailed)
• The aim of simulation is to reproduce actual 

experiment and analysis data 

• Simulation = Target part + Spectrometer part 

• All simulations are made of Geant4 code 

• Target simulation (generator) 

Pre-reaction simulation … Process of  beam 

Post-reaction simulation … Process of  &  

• Spectrometer simulation (detect + momentum 
reconstruction) 

HES simulation … Process of measuring  

HKS simulation … Process of measuring 

e

e′ K+

e′ 

K+
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Target simulation

Spectrometer 
simulation

Pre-reaction simulation

Post-reaction simulation

HES simulation

Reconstructed ("!! , "") of %#⊗'$

HKS simulation

Data



Target simulation

• Implementation 

Energy loss & Energy straggling of e
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World (air)

Target

Virtual detector 
(vacuum)

Electron 
beam

X

Z

World (air)

Virtual detector 
(vacuum)

Target

!! ""

X

Z

Schematics drawing of pre-reaction Schematics drawing of post-reaction

• Implementation 

Energy loss & Energy straggling of  

Angular dependency of virtual photon flux 

Angular dependency of  reaction 

Hypernuclear cross section (Shell model calc.)

e′ , K+

(γ*, K+)

~ 0.5 mm ~ 0.5 mm



bseedから!!を取得

!!!, !"∗ 	を決定

#⃗#$%&' 	と#⃗(&'を決定

VP fluxの断面積に
よる%)∗決定

CM系(I)へ
ローレンツ変換

#(&'決定
素過程反応による

%(&'	決定

CM系(II)へ
ローレンツ変換

!*+,, !-を決定

Lab系へ
ローレンツ変換

!!	が範囲内の時

!!	が範囲外の時

Kinematics algorithm of post reaction
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Hypernuclear cross section considered
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How to estimate in spectrometer simulation
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Momentum resolution

p(1)
t

p(2)
t
⋮

p(n)
t

=

x(1)
FP y(1)

FP … (y′ (1)
FP )6

x(2)
FP y(2)

FP … (y′ (2)
FP )6

⋮ ⋮ ⋱ ⋮
x(n)

FP y(n)
FP … (y′ (n)

FP )6

a1
a2
⋮
am

pt = a1xFP + a2yFP + a3x′ FP + a4y′ FP + a5xFPyFP + …
= ∑

a+b+c+d≤m
C(a, b, c, d)(xFP)a(yFP)b(x′ FP)c(y′ FP)d

Determine coefficients  by solving 
coefficient vector from 

ai(i = 0…l)

Number 
of event

Number of possible 
combination of (a, b, c, d)

ptrue
t − pcalc

t

ptruet
= Δp/p

Actual value Value calculated above

Solid angle
Cone range of emitted 
particles distributed uniformly 
in angle range , Δθ Δϕ

Accepted events

All events

sin θ Δθ Δϕ × accepted events
all events

In every momentum  bin,



(II) Calculation of event rate- RBG
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RBG = RHES × RHKS × twindow ( )twindow = 2 [ns]Background(BG) rate: 

HES rate HKS rate Time window

: Number of beam electrons per secRbeam

RHES = Rbeam × Ntarget × dσbrems

dΩ × ΔΩe′ 
× ϵHES,track × ϵHES,trig

: Number of atoms in targetNtarget

: Cross section of bremsstrahlung 
dσbrems

dΩ

: Solid angle of HESΔΩe′ 

: Tracking e#iciency of HES (from past exp. )ϵHES,track

: Trigger e#iciency of HES (from past exp. )ϵHES,trig



(II) Calculation of event rate - RBG
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RBG = RHES × RHKS × twindow ( )twindow = 2 [ns]Background(BG) rate: 

HES rate HKS rate Time window

 : Cross section of each particles scaled by past experimental data of 
dσi

dΩ = dσi

dΩ (10B data) × ( A
10 )

2/3
10B

: Tracking e#iciency of HKS (from past exp. )ϵHKS,track

: Trigger e#iciency of HKS (from past exp. )ϵHKS,trig

Ri = Rbeam × Ntarget × dσi

dΩ × ΔΩK × ϵi,reject

RHKS = ∑
i∈(π+,p,K+)

Ri × ϵHKS,track × ϵHKS,trig

i ∈ (π, p, K+), where  is Ri

: rejection e#iciency for  and survival ratio for ϵi,rejcet π+, p K+
: Solid angle of HKSΔΩK



Background at HES side

• Electron as background 
Ionization of beam electron 

Bremsstrahlung of beam electron 

• The order of critical energy is 10 MeV 

• →Since Ee=2.240 GeV, brems. 
electrons are dominant background 
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(2) Calculation of event rate - NHYP
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RHYP = Rγ* × Ntarget ×
dσ(γ*,K+)

dΩ × ΔΩK × ϵeff

,where Rγ* = Rbeam × Γ × ΔEe′ 
× ΔΩe′ 

Hyprenuclear yield rate: 

: Solid angle of HKSΔΩK
: energy range of HESΔEe′ 

: Solid angle of HESΔΩe′ 

: Virtual photon flux Γ [1/(GeV ⋅ sr ⋅ electron)] : hypernuclear cross section by shell model calc.
dσ(γ*,K+)

dΩ

: ϵeff ϵHES,track × ϵHES,trig × ϵHKS,track × ϵHKS,trig × ϵK,reject



Setup condition (now)

35

Beam Energy Ee [GeV] 2.240

Resolution ΔEe/Ee [GeV] 3×10-5

PCS+HES Cent. Moment pe [GeV/c] 0.744

Cent. Angle  θee’ [deg] 8

Solid angle ΔΩe’ [msr] 3.4

Momentum resolution Δpe’/pe’ 4.4×10-4

PSC+HKS Cent. momentum pK [GeV/c] 1.2

Cent. angle θeK [deg] 15

Solid angle ΔΩK [msr] 8.3

Momentum resolution ΔpK/pK 2.9×10-4



Event rate (2023May)
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Energy loss correction (detailed)
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Fit loop analysis
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