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Jet Energy Scale Calibration

Jet energies can be reconstructed using measured direction of 2 jets 
and γ and mass of 2 jets in the e+e− → γZ, Z → 2 Jets process. 

 The results using DBD samples were reported at the ILD group 
meeting held on 13/10/2020. Please look at 
https://agenda.linearcollider.org/event/8657/ 
for the detail. 

In this talk, I will focus on the 
new results using mc-2020 
samples and show the 
difference.

https://agenda.linearcollider.org/event/8657/
https://agenda.linearcollider.org/event/8657/


Full simulation
3

Geant4-based full detector simulation is performed for the e+e− → 
γZ, Z → 2 Jets process using a realistic ILD detector model, at ECM= 
250 GeV with ∫Ldt=900fb-1 each for 2 beam polarizations: (Pe-, Pe+) = 
(-0.8, +0.3) and (+0.8, -0.3).
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4Event selection

Events signature = 1 isolated energetic photon + 2 jets 
 
Signal photon is selected as follows: 
1. choose neutral particles with particle ID = 22 (Pandora PFA ID) 
2. require energy > 50 GeV 
3. choose the photon candidate with energy closest to 108.4 GeV 
Other photons inside the cone (with the angle cosθ > 0.998 from the signal 
photon) are merged with the signal photon.

Signal Photon Selection

#Photon = 0 : 82.2% of the generated eLpR samples 
#Photon = 1 : 17.8% of the generated eLpR samples

#Signal Photon



5Event selection
All Particle Flow Objects (PFOs) other than the selected photon are 
clustered into 2 jets with Durham algorithm (done by LCFIPlus) 
The jet with higher reconstructed energy is defined as “jet 1” and the 
other as “jet 2”

Jet Clustering

All-MC          : contains all MC particles 
Detected-MC : contains only particles linked to the detected PFOs  
Both MC were used

2 Definitions for MCTruth



Main idea: Reconstructing jet energies based on jet, photon angles and 
jet masses using 4-momentum conservation
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(i)  Real and positive value with <ECM/2 
(ii)                  >0 and                 >0   
(iii) PJ1, PJ2, Pγ >0 
(iv)  solved Pγ closest to the measured Pγ

Choose the solution with

Irrational equation for each sign of the ISR -> 8 possible solutions

Reconstruction Method
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Inputs and outputs 
Using (θJ1,θJ2,θγ,φJ1,φJ2,φγ,mJ1,mJ2) 

-> Determine (PJ1,PJ2,Pγ,PISR)

Beam Crossing Angle ≡2α = 14.0 mrad 
ISR photon = additional unseen photon
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Theta Phi

eLpR Samples 
MC Cut: 
Correct photon selection 
Method 3 has answer

PFO-AlMC (rad) PFO-AlMC (rad)

Both have ~0.02 rad RMS90.

RMS90
: 0.0167

RMS90
: 0.0211
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Theta Difference

eLpR Samples 
MC Cut: 
Correct photon selection 
Method 3 has answer
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Ang. Method has good resolution and peak position is between 0 and 0.008.
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Method Comparison (Al-MC)
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Ang. Method is much better. This means Ang. Method is rather closer to the 
all MC than the detected MC. It can recover non-detected particles.
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11Missing particles recovery in  
Method 3
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eLpR Samples 
MC Cut: 
Correct photon selection 
Method 3 has answer

This will be 
more clear in 

the flavor 
dependence plot



1212 Fit the relative difference of reconstructed jet energy with 
Gaus (Core)+Gaus (Base)+exponential 

Calibration is based on the mean value of the Gaus (Core).
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-> Check the theta, energy, and flavor dependence.
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Ang. Method E-Dep (Al-MC) 1313

Mean Sigma

Mean value of the core gaussian is order of 10-4 independent on the 
jet energy. 
Higher energy jet has negative bias and lower one has positive bias.
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Mean Sigma

Forward jet makes slight positive bias on the core gaussian and 
barrel region jet makes slight negative bias on the core gaussian.
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Mean Sigma

d u s c b d u s c b

Mean value of the core gaussian is order of 10-4 independent on the 
flavor.
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Mean Sigma

d u s c b d u s c b

Mean value of the core gaussian is always positive and larger in the 
heavy flavor. This is because heavy flavor jet emits more neutrinos 
and Ang. Method recovers the missing energy.
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Relative uncertainty
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We can calibrate the jet energy scale with about 10-4 accuracy, 
which corresponds to ~10 MeV.
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Calibration Factors 1818

Energy Upperbound of |cosθ|
20-30 0.2,0.4,0.6,0.8,0.9,0.95,1.0
30-40 0.2,0.4,0.6,0.8,0.9,0.94,0.97,1.0
40-50 0.2,0.4,0.6,0.8,0.9,0.94,0.97,1.0
50-60 0.2,0.4,0.6,0.8,0.9,0.94,0.97,1.0
60-70 0.2,0.4,0.6,0.8,0.9,0.94,0.97,1.0
70-80 0.2,0.4,0.6,0.8,0.9,0.94,0.97,1.0
80-90 0.2,0.4,0.6,0.8,0.9,0.94,0.97,1.0
90-100 0.2,0.4,0.6,0.8,0.9,0.92,0.94,0.96,0.98,1.0
100-110 0.2,0.4,0.6,0.8,0.9,0.92,0.94,0.96,0.98,1.0
110-120 0.2,0.4,0.6,0.8,0.9,0.92,0.94,0.96,0.98,1.0
120-130 0.2,0.4,0.6,0.8,0.9,0.92,0.94,0.96,0.98,1.0

Fit the (E_PFO-E_Ang.Method)/E_Ang.Method and derive the mean values 
of Core-Gaussian “µ” as a function of energy and |cosθ| 
Calibration Factor := E_Ang.Method/E_PFO = 1/(µ+1)                                 
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Except |cosθ| = 0.95 to1.0 && E = 20 to 30 GeV bin (Now fitting failed) 

Fit the (E_PFO-E_Ang.Method)/E_Ang.Method and derive the mean values 
of Core-Gaussian “µ” as a function of energy and |cosθ| 
Calibration Factor := E_Ang.Method/E_PFO = 1/(µ+1)                                 

E [GeV]

E [GeV]

|cosθ|

|cosθ|
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Conclusion

Full simulation is performed using mc-2020 samples in order 
to access jet energy calibration uncertainty. 
Jet energy can be reconstructed using the e+e− → γZ, Z → 2 
Jets process. Reconstructed jet energy resolution is better than 
the measured one. 
Calibration uncertainty is calculated as a function of energy 
and angle. It is ~10-4 accuracy which corresponds to ~10 
MeV. 
Calibration factor for the jet energy calibration is estimated.



21

Back up



Calibration Constant 2222

Fit the (E_PFO-E_Ang.Method)/E_Ang.Method and derive the mean values 
of core-Gaussian “µ” as a function of energy and |cosθ| 
Calibration constant := 1/(µ+1)                                 

                   Upper bound of |cosθ| 
      　　   0.2,0.4,0.6,0.8,0.9,0.95,1.0,                         //for 020-030 GeV
                    0.2,0.4,0.6,0.8,0.9,0.94,0.97,1.0,                 //030-040
                    0.2,0.4,0.6,0.8,0.9,0.94,0.97,1.0,                 //040-050
                    0.2,0.4,0.6,0.8,0.9,0.94,0.97,1.0,                 //050-060
                    0.2,0.4,0.6,0.8,0.9,0.94,0.97,1.0,                 //060-070
                    0.2,0.4,0.6,0.8,0.9,0.94,0.97,1.0,                 //070-080
                    0.2,0.4,0.6,0.8,0.9,0.94,0.97,1.0,                 //080-090
                    0.2,0.4,0.6,0.8,0.9,0.92,0.94,0.96,0.98,1.0, //090-100
                    0.2,0.4,0.6,0.8,0.9,0.92,0.94,0.96,0.98,1.0, //100-110
                    0.2,0.4,0.6,0.8,0.9,0.92,0.94,0.96,0.98,1.0, //110-120
                    0.2,0.4,0.6,0.8,0.9,0.92,0.94,0.96,0.98,1.0  //120-130
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Cuts 
M2j <125 GeV 
Evis >200 GeV 
cosθ(Jet1・γ)<0.95  
cosθ(Jet2・γ)<0.95



28Theta Abs. Difference 28

Theta-dependence FitSlicesY

eLpR Samples 
MC Cut: 
Correct photon selection 
Method 3 has answer

Theta Theta



29Phi Abs. Difference 29

Phi-dependence FitSlicesY

eLpR Samples 
MC Cut: 
Correct photon selection 
Method 3 has answer

Phi Phi
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Based on 4-momentum conservation

Method 1: Ignore ISR 
Using (θJ1,θJ2,θγ,φJ1,φJ2,φγ,mJ1,mJ2) -> Determine (PJ1,PJ2,Pγ)

Beam Crossing Angle ≡2α : α = 7.0 mrad

Matrix A Inverse

●  ISR photon = additional unseen photon 
●  Several reconstruction methods (Method 1, 2’, 2, 3, and 4) 
are considered.



31Reconstruction Method
Method 2: Use measured Pγ as input and Consider ISR 

Using (θJ1,θJ2,θγ,φJ1,φJ2,φγ,mJ1,mJ2,Pγ) -> Determine (PJ1,PJ2,PISR)
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2 solutions for each sign of PISR 
-> choose the best answer which satisfies ① better

①

Method 2’: Use measured Pγ as input and Ignore ISR 
Using (θJ1,θJ2,θγ,φJ1,φJ2,φγ,mJ1,mJ2,Pγ) -> Determine (PJ1,PJ2)
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①ECM

ECM

Method 3: Consider ISR and solve the full equation 
Using (θJ1,θJ2,θγ,φJ1,φJ2,φγ,mJ1,mJ2) -> Determine (PJ1,PJ2,Pγ,PISR)

32

(i)  Real and positive value with <ECM/2 
(ii)                  >0 and                 >0   
(iii) PJ1, PJ2, Pγ >0 
(iv)  solved Pγ closest to the measured Pγ

Choose the solution with

ECM

Irrational equation for each sign of the ISR -> 8 possible solutions

Reconstruction Method
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Jet mass “m” can be expressed as “P/γβ” (P: momentum of the 
jet) 
-> Irrational equation ① is reduced to be a linear equation! 

Reconstruction Method

Method 4: Represent the equation with PISR 
Using (θJ1,θJ2,θγ,φJ1,φJ2,φγ,γβJ1,γβJ2) -> Determine (PJ1,PJ2,Pγ,PISR)






|PJ1|
√

1 + 1
(γβ)2J1

+ |PJ2|
√

1 + 1
(γβ)2J2

+ Pγ + |PISR| = ECM


sinθJ1cosφJ1 sinθJ2cosφJ2 sinθγcosφγ

sinθJ1sinφJ1 sinθJ2sinφJ2 sinθγsinφγ

cosθJ1 cosθJ2 cosθγ








PJ1

PJ2

Pγ



 =




(ECM − |PISR|)sinα

0
±|PISR|cosα
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Choose the solution with solved Pγ closest to the measured Pγ

①
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34Jet Energy Reconstruction Result 
(All-MC)

34

Jet 1 Jet 2
EJRec � EJTrue

EJTrue

EJRec � EJTrue

EJTrue

Reconstructed energy not only can calibrate the measured 
energy, but also has better resolution.

eLpR Samples 
MC Cut: 
Correct photon selection 
Method 3 has answer
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35Jet Energy Reconstruction Result 
(Detected-MC)

35

Jet 1 Jet 2
EJRec � EJTrue

EJTrue

EJRec � EJTrue

EJTrue

Reconstructed energy not only can calibrate the measured 
energy, but also has better resolution.

eLpR Samples 
MC Cut: 
Correct photon selection 
Method 3 has answer
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36Jet Energy Reconstruction Result 
(Detected-MC)

36

Jet 1 Jet 2
EJRec � EJTrue

EJTrue

EJRec � EJTrue

EJTrue

Reconstructed energy not only can calibrate the measured 
energy, but also has better resolution.

eLpR Samples 
MC Cut: 
Correct photon selection 
Method 3 has answer

Decided to use Method 3 and rename this as  
“Ang. Method”
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Ang. Method E-Dep (De-MC) 3737

Mean Sigma

Values are positive as Ang. Method recovers missing particles.
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Mean Sigma
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We can calibrate the jet energy scale with about 10-4 accuracy, 
which corresponds to ~10 MeV.
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PFO total jet energy  
“PFO-DeMC”
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