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I. INTRODUCTION

A. Physics Motivation

The International Linear Collider (ILC) is a proposed energy-frontier e+e− collider to

look for physics beyond the Standard Model. The collision energy of the ILC is optimized to

measure the coupling constants between the Higgs boson and other particles. The coupling

constants can deviate from their SM values due to possible Beyond the Standard Model

(BSM) effects. The size of the deviation depends on the BSM model. Therefore, new physics

models can be inferred by measuring precisely the coupling constants and quantifying any

deviation from the SM prediction. The expected deviation is around 1-10% in typical BSM

models that introduce new heavy particles at the TeV scale, which are typically beyond the

discovery reach of the LHC or HL-LHC [1]. It is therefore necessary to measure the Higgs

coupling constants more precisely at a future e+e− collider such as the ILC.

The SM Effective Field Theory (SMEFT) provides a mathematical framework to write

down the Higgs couplings independently of new physics models as long as the new particles

are heavy enough and their field degrees of freedom can be integrated out. The deviation

from the SM is expressed by a set of higher dimensional operators. It has been shown that

there is a finite but complete subset of dimension-6 operators that are related to Higgs

physics at e+e− colliders, and those operators can be determined simultaneously by a global

SMEFT fit using observables that would be measurable at ILC experiments [2] [3].

The useful observables for the SMEFT global fit include not only those from the reactions

that directly involve the Higgs boson, but also those from Electroweak Precision Observ-

ables (EWPOs) for W and Z bosons. An important example is the operator i cHL

v2
(Φ† ↔

D

µΦ)(L̄γµL), where Φ is the SM Higgs doublet,
↔
D µ is the covariant derivative acting on both

Φ† and Φ sandwiching it, L is the first generation lepton doublet, v is the Higgs vacuum

expectation value, and cHL is a dimensionless SMEFT coefficient for this operator [3] [4]. In

general, this operator induces corrections to the e+e− → ZHH, e+e− → ZH, and e+e− → Z

(Z-pole) processes. Therefore, the EWPOs such as the left-right polarization asymmetry

ALR of the Z-pole cross section and the leptonic width Γl of the Z boson are very helpful

for constraining such an operator. It turned out that the precision of the ALR measurement

done at SLC, being at around 1%, is not good enough for the global fit. It is hence motivated
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to improve this observable at the ILC. One of the methods is to use the reaction e+e− → γZ

at
√
s = 250GeV, the so called radiative return process. Taking advantage of polarized

beams, ALR can be measured as ALR = σL−σR

σL+σR
, where σL and σR are the cross sections of

e+e− → γZ with, respectively, left-handed and right-handed beam polarizations. There is a

fast detector simulation study available for this reaction [5], which motivated us to perform

this full simulation study.

B. Detector Benchmark

The International Large Detector (ILD) [6] is a detector concept for the ILC and is de-

signed for precise measurements of each particle in the final state using the Particle Flow

Algorithm [7]. The ILD concept has been designed as a multi-purpose detector. A high preci-

sion vertex detector is followed by an inner silicon tracker, a time projection chamber (TPC),

an outer silicon tracker, an electromagnetic calorimeter (ECAL), and a hadronic calorime-

ter. The complete tracking and calorimetry system is located inside a large solenoidal coil.

Outside the coil, the iron return yoke is instrumented as a muon detector and as a tail

catcher calorimeter. The combined momentum resolution of the ILD tracking system is

σ 1
pT

= 2× 10−5GeV−1 [6]. The energy resolution of the ILD electromagnetic calorimeter is

σE

E
= 17√

E[GeV]
⊕ 1% [6].

It is important to calibrate the energy scales of various subdetectors. The process e+e− →

γZ allows data-driven methods to be performed for calibrating the detectors. First of all,

the photon energy in this process is monochromatic with its peak position determined by

the center-of-mass energy and Z mass, e.g. Eγ = 242GeV at
√
s = 500GeV. Hence we can

use this process to calibrate the photon energy scale. Secondly using Z → l+l−/qq̄ we can

also calibrate the momentum scale and jet energy scale. This note will focus on the photon

energy calibration. We will introduce our calibration methods in detail in Section II. Event

simulation and selection will be explained in Sections III and IV. Results will be given in

Section V. This note focuses on detector performance benchmarking. The performance of

the photon energy calibration for two detector models, IDR-L having a larger TPC outer

radius and IDR-S having a smaller TPC outer radius [8], will be evaluated.
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II. PHOTON ENERGY CALIBRATION METHODS

The signal channel used here is e+e− → γZ, Z → µ+µ−. The energy of the final-state

photon is approximately 242GeV at
√
s = 500GeV if there is neither beamstrahlung nor

additional ISR.

FIG. 1. Signal channel e+e− → γZ, Z → µ+µ−.

The energy of photon can be reconstructed using four-momentum conservation from the

measured direction angles of µ+, µ−, and γ, or the measured energies of µ+, µ− in addition.

The following five methods are considered to reconstruct the photon energy: Method 1,

Method 2, Method 3, Method 4, and Method 4′. The muon mass is neglected everywhere in

the following.

Method 1 uses measured {θµ− , θµ+ , θγ, φµ− , φµ+ , φγ} as inputs to determine {Eµ− , Eµ+ , Eγ}.

This method ignores beamstrahlung and additional ISR and beam crossing angles. Then

four-momentum conservation requires the following equations:



Eµ− + Eµ+ + Eγ = 500

Eµ− sin θµ− cosφµ− + Eµ+ sin θµ+ cosφµ+ + Eγ sin θγ cosφγ = 0

Eµ− sin θµ− sinφµ− + Eµ+ sin θµ+ sinφµ+ + Eγ sin θγ sinφγ = 0

Eµ− cos θµ− + Eµ+ cos θµ+ + Eγ cos θγ = 0.

(1)

Method 2 uses measured {θµ− , θµ+ , θγ, φµ− , φµ+ , φγ} as inputs to determine {Eµ− , Eµ+ , Eγ, EISR =

|PISR|}. This method considers beamstrahlung and additional ISR, however the beam

crossing angle is not considered. Then four-momentum conservation requires the following
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FIG. 2. Invariant mass distribution of µ−µ+ pair for Large ILD (IDR-L) model samples ( e−Le
+
R

polarization).

equations:



Eµ− + Eµ+ + Eγ + |PISR| = 500

Eµ− sin θµ− cosφµ− + Eµ+ sin θµ+ cosφµ+ + Eγ sin θγ cosφγ = 0

Eµ− sin θµ− sinφµ− + Eµ+ sin θµ+ sinφµ+ + Eγ sin θγ sinφγ = 0

Eµ− cos θµ− + Eµ+ cos θµ+ + Eγ cos θγ + PISR = 0.

(2)

Method 3 uses {θµ− , θµ+ , θγ, φµ− , φµ+ , φγ} as inputs to determine {Eµ− , Eµ+ , Eγ, EISR}.

This method considers the beam crossing angle in addition to Method 2. Then four-
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momentum conservation requires the following equations:



Eµ− + Eµ+ + Eγ + |PISR| = 500

Eµ− sin θµ− cosφµ− + Eµ+ sin θµ+ cosφµ+ + Eγ sin θγ cosφγ + |PISR| sinα = 500 sinα

Eµ− sin θµ− sinφµ− + Eµ+ sin θµ+ sinφµ+ + Eγ sin θγ sinφγ = 0

Eµ− cos θµ− + Eµ+ cos θµ+ + Eγ cos θγ±|PISR|cosα = 0,

(3)

where 2α is defined as the crossing angle.

FIG. 3. Definition of α.

Method 4 uses measured {θµ− , θµ+ , θγ, φµ− , φµ+ , φγ, Eµ− , Eµ+} as inputs to determine

{Eγ, EISR}, i.e. energies of muons are used as inputs in addition to Method 3. Then energy

and longitudinal momentum conservations require the following equations: Eµ− + Eµ+ + Eγ + |PISR| = 500

Eµ− cos θµ− + Eµ+ cos θµ+ + Eγ cos θγ±|PISR|cosα = 0.
(4)

In Method 4′, the following formulae are used while inputs and outputs are the same

as Method 4, i.e.measured {θµ− , θµ+ , θγ, φµ− , φµ+ , φγ, Eµ− , Eµ+} are used to determine

{Eγ, EISR}. Then energy and y component of momentum conservations require the fol-

lowing equations: Eµ− + Eµ+ + Eγ + |PISR| = 500

Eµ− sin θµ− sinφµ− + Eµ+ sin θµ+ sinφµ+ + Eγ sin θγ sinφγ = 0.
(5)

In this method, the photon energy can be determined without considering PISR at all,

though there are singularities at sin θγ = 0 and at sinφγ = 0, where the equations become

unsolvable. Performances of the five methods will be compared in Section V.
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III. SIMULATION SETUP

Signal events, e+e− → γZ,Z → µ+µ−, are first generated using Whizard 1.95 [9], which

is an event generator based on full tree level helicity amplitudes for a given final state in-

cluding non-resonant diagrams, thereby properly taking into account angular correlations

among final state quarks and leptons. These matter fermions are fed into Pythia to generate

stable or quasi-stable particles to be tracked through the ILD detector. In Whizard, beam-

strahlung and ISR effects are also implemented. Interactions of generated particles with the

detector material are simulated with a full detector simulator based on GEANT4 [10] using

DD4hep [11] [12] to describe in detail detector geometries for both IDR-L and IDR-S detec-

tor models. The IDR-L model has a larger TPC outer radius (1.8m) than the IDR-S model

(1.4m). Consequently, radii of IDR-L’s subdetectors surrounding the TPC are larger than

those of IDR-S [8]. Simulated detector signals consisting of tracker hits and energy deposits

in segmented calorimeter cells are passed through a chain of realistic event reconstruction

programs that include track finding and fitting in trackers, cluster finding in calorimeters

and linking to a corresponding charged particle track using PandoraPFA [7]. These event

reconstruction programs are implemented as event processors in the framework of Mar-

lin [13]. The whole set of programs used in this analysis is packaged as ILCSOFT version

v02-00-02 [14]. The event simulation for this analysis has been done at the center-of-mass

energy of 500GeV for both IDR-L and IDR-S.

IV. EVENT SELECTION

Signatures of the signal events are a µ+µ− pair which has an invariant mass consistent

with a Z boson mass and one energetic isolated photon. In the analysis, we used the

IsolatedLeptonTagging processor to identify muons and require a pair of oppositely charged

muons [15]1. After this selection, events from the three diagrams shown in Fig. 4 remain, as

well as µ+µ− events without final-state photons.

In order to choose the radiative return events, the invariant mass of the two muons

M(µ+µ−) is required to satisfy |M(µ+µ−) − MZ | < 10GeV, where MZ is the nominal Z

boson mass of 91.19GeV. Then, events with one isolated photon are selected. The photon

1 The key algorithm, implemented based on multivariate analysis, is to distinguish the isolated leptons and

the leptons in jets, by looking at the energies within two cones around the leptons.
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FIG. 4. Three diagrams in process e+e− → γZ, Z → µ+µ−.

is identified using Photon ID by PandoraPFA2. The photon energy is required to be more

than 50GeV. The photon whose energy is closest to the expected value, i.e. 242GeV, is

selected and all photons inside the cone with opening angle cos−1(0.95) around the direction

of the photon are merged. Owing to the beamstrahlung and ISR effects, the photon energy

spectrum has a long downward tail from its peak at 242GeV, as shown in Fig. 5.

V. RESULTS

A. Comparison of the five methods

The photon energy is kinematically reconstructed for each of the selected events using

the five methods explained in Section II. The relative difference of the reconstructed photon

energy from its MC truth,
(Eγ−EMC

γ )

EMC
γ

, is shown in Fig. 6. As shown, Method 4′ has the best

resolution and a symmetric peak. We hence decided to useMethod 4′ to calibrate the photon

energy in what follows. Notice that in Method 4′, the photon energy can be determined

without solving for PISR. To demonstrate the validity of Method 4′, the reconstructed ISR

energy |PISR| by Method 4′ is compared with its MC truth. They are consistent as shown

in Fig. 7. Hereafter Method 4′ is referred to as the Angular Method (sometimes abbreviated

as “Ang. Method” hereafter).

2 PandoraPFA provides its own algorithms for identifying various particles including photons based on the

information of tracks and clusters which are associated with each particle-flow object (PFO).
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FIG. 5. MC truth photon energy distribution for the selected events.

B. Photon Energy Calibration

In general, because of various detector effects, the photon energy measured in the ECAL

might be biased and requires calibration. In this section, we will demonstrate how the

calibration can be done using the Angular Method introduced above. The measured photon

energy given by PandoraPFA in our current MC samples has a slight systematic upward

shift for high energy photons as seen in Fig. 8, which shows the relative differences from

the MC truth for the measured (PFO) and kinematically reconstructed (Angular Method)

photon energies. The central value of the PFO photon energy distribution is ∼ 1.8% off the

MC truth, while the bias in the kinematically reconstructed photon energy by the Angular

Method is < 0.05%. The bias in the PFO photon energy depends on the polar angle as

shown in Fig. 9. To correct this angle-dependent systematic shift, we introduce the following
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FIG. 6. The relative difference of the reconstructed photon energy from its MC truth for the five

methods. Some of the points from Method 2 are underneath those from Method 3.

angle-dependent calibration factor:

f(| cos θγ|) =
〈Eγ,AngularMethod(| cos θγ|)〉

〈Eγ,PFO(| cos θγ|)〉
(6)

for each of the 20 | cos θγ| bins, where the angled brackets represent mean values of the dis-

tributions of quantities in the brackets as obtained from Gaussian fits. Using this calibration

factor, we rescale the photon energy from PandoraPFA bin-by-bin as

Eγ,PFO,Corr.(| cos θγ|) = f(| cos θγ|)× Eγ,PFO(| cos θγ|). (7)

Figure 10 is the same figure as Fig. 8 but additionally with the calibrated PFO photon energy

distribution. We can see that the above calibration procedure removes the overall bias in the

raw PFO photon energy. We can also see that the photon energy resolution by the Angular

Method is much better than that of PFO. It is ensured that the expected photon energy
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FIG. 7. Reconstructed ISR energy versus MC truth by Method 4′.

calibration uncertainty by the Angular Method will not be limited by the remaining bias

and finite resolution of photon energy obtained with the method itself. It will be limited

instead by the statistics of signal events and intrinsic ECAL resolution. Though here we

calibrated the photon energy only as a function of | cos θγ|, in principle we can also use the

same calibration procedure as a function of other variables like φγ or Eγ. To make sure

that this correction procedure here works at different photon energies, we looked at the

relative difference from the MC truth for the measured photon energy after the correction

as a function of photon energy (see Fig. 11). The mean value is calibrated to about 0.1%

for photon energies above 120 GeV.
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FIG. 8. The comparison of relative differences from the MC truth for measured (PFO: light blue)

and kinematically reconstructed (Angular Method: blue) photon energies for IDR-L model. To

avoid singularities in the Angular Method at φγ = 0 and θγ = 0, measured photon angles are

restricted to | sinφγ | ≥ 0.1 and | cos θγ | ≤ 0.95 in this plot.

C. Energy Scale Uncertainty After Calibration

In the previous section, we demonstrated that the measured photon energy can be cal-

ibrated using the Angular Method. In this section, we will investigate the calibration un-

certainty expected at the ILC. In order to see how the detector design affects the photon

energy calibration, we will evaluate the calibration uncertainty for each of the two detector

models, IDR-L and IDR-S.

First, sigma values, i.e. relative photon energy resolutions, from Gaussian fits to the distri-

butions of the relative difference from the MC truth are compared between measured (PFO)
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| cos θγ | for each of measured (PFO: light blue) and kinematically reconstructed (Angular Method:

blue) photon energies for the IDR-L model.

and kinematically reconstructed (Angular Method) photon energies so as to demonstrate the

validity of the Angular Method. The dependence of the sigma values on | cos θγ|, φγ, and Eγ

will be discussed. Figure 12 shows the | cos θγ| dependence. The photon energy resolution

of the Angular Method gets worse at large | cos θγ| reflecting the existence of the singularity

at sin θγ = 0. In each detector model, the kinematically reconstructed photon energy by the

Angular Method has a better resolution than the measured PFO energy for | cos θγ| < 0.95.

This result demonstrates the effectiveness of the photon energy calibration using the Angular

Method for | cos θγ| < 0.95. The resolutions of kinematically reconstructed photon energies

for IDR-L and IDR-S are slightly different. IDR-L is better for | cos θγ| < 0.9, but IDR-S is

better for | cos θγ| > 0.9. As described in Section III., IDR-L and IDR-S have different TPC
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FIG. 10. The same figure as Fig. 8 but additionally with the calibrated PFO photon energy (green)

distribution.

outer radii and hence ECAL outer radii as well. Therefore, the different performance could

be due to the different momentum resolution for muons or different photon angle resolution,

or both. To identify what dominantly determines the performance, plots similar to Fig. 12

are made using cheated (MC truth) photon angles in the Angular Method in Fig. 13 and

cheated (MC truth) muon momenta in the Angular Method in Fig. 14, respectively. Fig-

ure 13 shows no difference, indicating that the angle resolution effect is negligible. When

muon momenta are cheated, the photon energy resolution becomes very small, less than

0.005%, suggesting that the kinematically reconstructed photon energy resolution is dom-

inated by the muon momentum resolution. As the muon momentum resolution for IDR-L

is better than that for IDR-S at low | cos θγ| values and worse at high | cos θγ| values, the

kinematically reconstructed photon energy resolution shows a similar behavior. The point-
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FIG. 11. Mean value of a Gaussian fit to the relative difference from the MC truth as a function of

photon energy for each of measured (PFO: light blue) and kinematically reconstructed (Angular

Method: blue) and calibrated (Calibrated PFO: green) photon energies for IDR-L model. To avoid

singularities in the Angular Method at φγ = 0 and θγ = 0, measured photon angles are restricted

to | sinφγ | ≥ 0.1 and | cos θγ | ≤ 0.95 in this plot.

to-point fluctuation in the PFO energy resolution can be attributed to the ECAL structure:

there is a gap between the barrel part and the endcap part of ECAL and that the barrel

part is segmented into three blocks in the z-direction.

The φγ dependence is shown in Fig. 15. The effect of the singularity at sinφγ = 0, i.e.

φγ = 0 and ± π is seen as degradation in the resolution of the photon energy reconstructed

by the Angular Method. In each detector model, the photon energy reconstructed by the

Angular Method has a better resolution than the PFO photon energy, although it is de-

graded towards sinφγ = 0. This result demonstrates the effectiveness of the photon energy
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and kinematically reconstructed photon energies (Angular Method IDR-L: blue, Angular Method

IDR-S: red). Only photons satisfying | sinφγ | ≥ 0.1 are included in this plot.

calibration by the Angular Method for π
40

< |φγ| < 39π
40

i.e. | sinφγ| > 0.078. The large fluctu-

ations of the PFO energy resolution seen in the figure are due to the ECAL structure having

8 gaps as shown in Fig. 16.

Finally, we now examine the energy dependence of the photon energy resolution. Figure 17

shows the Eγ dependence. The photon energy kinematically reconstructed by the Angular

Method has a constant resolution of ∼ 0.4% for 120GeV . Eγ . 260GeV significantly

smaller than the PFO photon energy resolution for both IDR-L and IDR-S. Notice also

here that the PFO photon energy resolution is roughly consistent with the ECAL design

resolution of σE

E
= 17√

E[GeV]
⊕ 1% [6]. In summary, Figures 12, 15, and 17 demonstrated
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FIG. 13. Similar plot to Fig. 12 but with additionally the sigma value for kinematically recon-

structed photon energies cheating photon angles for IDR-L (γ-Angs. Cheated-L: Green) and for

IDR-S (γ-Angs. Cheated-S: Violet).

that the photon energy kinematically reconstructed by the Angular Method has a better

resolution than the PFO photon energy, except in the singular regions near sinφγ = 0 and

| cos θγ| = 1, and therefore can be used to calibrate the PFO photon energy.

Overall the photon energy scale uncertainty for this calibration can be estimated using

the following equation:

Eγ Scale Uncertainty =
√

(PFO Energy Uncertainty)2 + (Ang. Method Uncertainty)2.

The photon energy scale uncertainty calculated this way is shown in Fig. 18. The figure shows

that the photon energy scale uncertainty is below 80MeV for Eγ ∼ 120GeV decreasing to

15MeV for Eγ ∼ 250GeV.
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FIG. 14. Similar plot to Fig. 12 but with additionally the sigma value for kinematically recon-

structed photon energies cheating muon momenta for IDR-L (µ-Mom. Cheated-L: Green) and for
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VI. SUMMARY AND CONCLUSION

Methods to calibrate the photon energy using the e+e− → γZ process are studied. Among

the five kinematic reconstruction methods studied, the Angular Method is found to be the

best due to its good resolution and its symmetric response. The resolution of the photon

energy kinematically reconstructed by the Angular Method is better than that of the PFO

photon energy except in the singular regions near sinφγ = 0 and | cos θγ| = 1. We have

hence shown that the PFO photon energy can be calibrated effectively using the Angular

Method. It is concluded that the photon energy scale uncertainty after the calibration is

below 80MeV for Eγ ∼ 120GeV decreasing to 15MeV for Eγ ∼ 250GeV.
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and kinematically reconstructed photon energies (Ang.Method IDR-L: blue, Ang.Method IDR-S:

red). Only photons satisfying | cos θγ | ≤ 0.95 are included in this plot.
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FIG. 16. Explanation of the large fluctuation of PFO in Fig. 15.
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FIG. 17. Sigma value from a Gaussian fit to the distribution of the relative difference from the
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red). Only photons satisfying | sinφγ | ≥ 0.1 and | cos θγ | ≤ 0.95 are included in this plot.
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FIG. 18. Eγ Scale Uncertainty after the photon energy calibration using the Angular Method as a

function of Eγ for | sinφγ | ≥ 0.1 and | cos θγ | ≤ 0.95.
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