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Purpose and Flow

• Purpose �Evaluation of H→Z γ measurement in ILC
: To improve, apply kinematic fit

• Flow
1. Evaluate photon and jet’s resolution .
2. With the resolution, apply kinematic fit to H→Z γ process, 

and confirm improvement.
3. Evaluate H→Z γ measurement  with all bkg. 
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Reconstructing method 
• PFA
• Recombinate a max energy photon with photons 

in cone (cosθ=0.998)

Evaluate resolution 
• Classified by angle θ and energy of MC particle
• Made histogram

Erec� Emc�θrec� θmc�φrec� φmc

• Gaussian Fitting → Resolution = standard deviation

θ

y
x

z

θ
φ

0
��� ���

Evaluate photon’s resolution 
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Evaluate jet’s resolution 
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Reconstructing method
• PFA
• Jet clustering to MC particles and reconstructed particles with Durham

Evaluate resolution 
• Classified by angle θ and energy of MC particle
• Made histogram

Erec� Emc�θrec� θmc�φrec� φmc

• Gaussian Fitting → Resolution = standard deviation
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Purpose and Flow

• Purpose �Evaluation of H→Z γ measurement in ILC
: To improve, apply kinematic fit

• Flow
1. Evaluate photon and jet’s resolution .
2. With the resolution, apply kinematic fit to H→Z γ process, 

and confirm improvement.
3. Evaluate H→Z γ measurement  with all bkg. 
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�	:18���
�:���Kinematic fit���
ラグランジュ未定乗数法を用いて
測定量を運動学的制約の下で最適化

を最小化する

自由度：



Newton Fitter

2019/1/18 master thesis 10

B. List  20.2.2008 (Marlin)Kinfit: Kinematic Fitting for the ILC Page 14

OPALFitter vs. NewtonFitter

One OPALFitter
iteration step

One NewtonFitter
iteration step

OPALFitter:
Approximates constraint
by tangential plane

NewtonFitter:
Approximates constraint
by tangential paraboloid

In Newton Fitter, calculate an approximate 
solution with iteration of matrix calculation with 
second derivative term

Using second derivative term, 
Convergence speed improve

Convergence condition
• δχ2T < 0.001 
• 2Σ(λ∇f) < 0.001 
• 2Σ(λ∇f) < 10-6 or δ{2Σ(λ∇f)} < 0.2
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Constraint
• 2jet mass = Z mass

(mean = 91.2 GeV�width=2.5 GeV
Breit-Wigner)

Two neutrino

not use Energy conatraint and 
Momentum constraint

GeV91.2

Mjj

a

a/2

93.7

Fit object
• 2 jets(E,θ,φ)

(Ndof = 1)

q ν

ν q
ν q

q ν
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Confirm that the mass distribution become like the distribution of MC by fitting

MC, w/o fit, w fit
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Constraint(Ndof = 6 )

• 2 jet mass = Z mass
(mean = 91.2 GeV width=2.5 GeV

Breit-Wigner)
• 2 jet photon mass = H mass

(125 GeV:Hard constraint)

• Pxtot=1,75 GeV :Hard constraint)

• Pytot=0 :Hard constraint)

• Pztot=0 : 

σ 2.3 GeV Gaussian

Fit objects
• 4 jets with the resolution times 1.5

• Isolated photon

 qqqqg
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Confirm that the mass distribution become like the distribution of MC by fitting



(GeV)MC-MjjM
100- 50- 0 50 100

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.05

0.1
before Fit

after Fit

Z Mass difference with MC

(GeV)MC-EjjE
100- 50- 0 50 100

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

0.08

0.1 before Fit

after Fit

Energy difference with MC

(rad)MCq-jjq
2- 1- 0 1 2

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

0.08

0.1

0.12 before Fit

after Fit

 difference with MCq

(rad)
MC
f-

jj
f

2- 1- 0 1 2

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

0.08

0.1

0.12 before Fit

after Fit

 difference with MCf

(GeV)MC-MjjM
100- 50- 0 50 100

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.05

0.1
before Fit

after Fit

Z Mass difference with MC

(GeV)MC-EjjE
100- 50- 0 50 100

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

0.08

0.1 before Fit

after Fit

Energy difference with MC

(rad)MCq-jjq
2- 1- 0 1 2

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

0.08

0.1

0.12 before Fit

after Fit

 difference with MCq

(rad)
MC
f-

jj
f

2- 1- 0 1 2

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

0.08

0.1

0.12 before Fit

after Fit

 difference with MCf

(GeV)MC-MjjM
100- 50- 0 50 100

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.05

0.1
before Fit

after Fit

Z Mass difference with MC

(GeV)MC-EjjE
100- 50- 0 50 100

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

0.08

0.1 before Fit

after Fit

Energy difference with MC

(rad)MCq-jjq
2- 1- 0 1 2

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

0.08

0.1

0.12 before Fit

after Fit

 difference with MCq

(rad)
MC
f-

jj
f

2- 1- 0 1 2

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

0.08

0.1

0.12 before Fit

after Fit

 difference with MCf

(GeV)jjM
60 80 100 120 140

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

0.08

0.1
MC
before Fit
after Fit

Z Mass difference with MC

(GeV)jjE
60 80 100 120 140

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

MC
before Fit
after Fit

Energy difference with MC

(rad)jjq
0 1 2 3

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.002

0.004

0.006

0.008 MC

before Fit

after Fit

 difference with MCq

(rad)
jj
f

2- 0 2

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.001

0.002

0.003

0.004

0.005

MC
before Fit
after Fit

 difference with MCf

2019/1/18
master thesis 19

(GeV)jjM
60 80 100 120 140

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

0.08

0.1
MC
before Fit
after Fit

Z Mass difference with MC

(GeV)jjE
60 80 100 120 140

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

MC
before Fit
after Fit

Energy difference with MC

(rad)jjq
0 1 2 3

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.002

0.004

0.006

0.008 MC

before Fit

after Fit

 difference with MCq

(rad)
jj
f

2- 0 2

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.001

0.002

0.003

0.004

0.005

MC
before Fit
after Fit

 difference with MCf

(GeV)jjM
60 80 100 120 140

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

0.08

0.1
MC
before Fit
after Fit

Z Mass difference with MC

(GeV)jjE
60 80 100 120 140

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.02

0.04

0.06

MC
before Fit
after Fit

Energy difference with MC

(rad)jjq
0 1 2 3

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.002

0.004

0.006

0.008 MC

before Fit

after Fit

 difference with MCq

(rad)
jj
f

2- 0 2

N
um

be
r o

f E
ve

nt
s/

Al
l

0

0.001

0.002

0.003

0.004

0.005

MC
before Fit
after Fit

 difference with MCfEnergy E Angle θ Angle φ

Difference w
ith

M
C

Distribution

Change of 4jets fit variables
MC, w/o fit, w fit



Purpose and Flow

• Purpose �Evaluation of H→Z γ measurement in ILC
: To improve, apply kinematic fit

• Flow
1. Evaluate photon and jet’s resolution .
2. With the resolution, apply kinematic fit to H→Z γ process, 

and confirm improvement.
3. Evaluate H→Z γ measurement  with all bkg. 
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Simulation set up
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u Simulation set up
u iLCSoft : v02_00_01
u Generator : WHIZARD 1.95
u Samples: Mass production sample(2012 DBD) 
+ Signal sample(e"e# → ZH,H → Zγ)

u Detector: ILD full simulation (Mokka)



q ν

Signal processes
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��� BR

qqqqg 48.9%

nnqqg 28.0%

eeqqg 4.7%

µµqqg 4.7%

others 13.7%

ν q
ν q

q ν

Signal
M

ain
background

qqqqγ ννqqγ



Analysis flow (nnqqg)
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1. Reconstruction（Pandora PFA）
2. Isolated lepton veto 
3. Isolated photon selection
4. 2 jet clustering : Durham   
5. Kinematic-fit (Mjj=MZ)                              
6. Variable cuts
I. Pre-cut

1. χ 2T < 5 . 0 
2. log 10(y23) =(-4.2, 0) 

3. Ejj = (60, 150) [GeV] 
4. Minv = (60, 150) [GeV] 
5. |cosθγ| =(0, 0.96), |cosθjj| =(0, 0.96), |cosθinv| =(0, 0.98) 

6. Mjjγ = (80, 170) [GeV] 
7. Mrec= (70, 190) [GeV] 

II. MVA(BDTG)：
Pre-cut variables+Eγ,Energy ratio (Isolated photon)



Result(nnqqg)
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In (Pe-,Pe+)=(-0.8,+0.3)

w/o Kinematic-fit:1.03�0.02  → with Kinematic-fit:1.05�0.02 

In (Pe-,Pe+)=(+0.8,-0.3)

w/o Kinematic-fit:1.10�0.02  → with Kinematic-fit :1.17�0.03 

!"#$"%"&'$&( = *+
*+ + *-



1. Reconstruction（PandoraPFA）
2. Isolated lepton veto
3. Isolated photon selection
4. 4 jet clustering: Durham
5. Kinematic-fit
6. Event selection
I. Pre-cuts

1. χ 2T < 60 
2. log 10(y45) = (-4.4, 0), log 10(y23) = (-2.4, 0)  

3. Ejj1 = (60, 150) [GeV] , Ejj2 = (40, 150) [GeV] 
4. |cosθγ| = (0, 0.96), |cosθjj1| = (0, 0.96), |cosθjj2| = (0, 0.98) 

5. Ejjγ = (126, 170) [GeV] 
6. Mrec = (50, 180) [GeV] 

II. MVA(BDTG):
Precut variables +Eγ,Energy ratio(Iso photon), btag2
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Analysis flow(qqqqg)

Mjj=MZ,Mjjγ＝MH,
Pxtot=1.75, Pytot=0,
Pztot=0



Result(qqqqg)
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!"#$"%"&'$&( = *+
*+ + *-

In (Pe-,Pe+)=(-0.8,+0.3)

w/o Kinematic-fit:0.69�0.02  → with Kinematic-fit :0.72�0.02 

In (Pe-,Pe+)=(+0.8,-0.3)

w/o Kinematic-fit:0.94�0.02  → with Kinematic-fit :0.96�0.02 



Total result

Total significance
w/o Kinematic fit �1.91�0.01 → with Kinematic fit �1.98�0.02

When H → Zγ BR=0.154%, 
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w/o Kinematic fit w Kinematic fit

Significance 1.91�0.01 1.98�0.02
∆BR 0.081% 0.078%
∆BR /BRSM 52.4% 50.5%
Upper limit(95% C.L.) 0.287% 0.283%
UL/BRSM 1.52 1.51



Plan
kinematic fit 
• Add new distribution for energy and momentum
• Add new object for invisible Z

H→Zγ analysis
• Write thesis braft without kinematic fit
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backup
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��Higgs������H → Z γ�	

123 124 125 126 127 128
 [GeV]Hm

Total Stat. onlyATLAS
        Total      (Stat. only)

 Run 1ATLAS + CMS  0.21) GeV± 0.24 ( ±125.09 

 CombinedRun 1+2  0.16) GeV± 0.24 ( ±124.97 

 CombinedRun 2  0.18) GeV± 0.27 ( ±124.86 

 CombinedRun 1  0.37) GeV± 0.41 ( ±125.38 

γγ→H Run 1+2  0.19) GeV± 0.35 ( ±125.32 

l4→H Run 1+2  0.30) GeV± 0.30 ( ±124.71 

γγ→H Run 2  0.21) GeV± 0.40 ( ±124.93 

l4→H Run 2  0.36) GeV± 0.37 ( ±124.79 

γγ→H Run 1  0.43) GeV± 0.51 ( ±126.02 

l4→H Run 1  0.52) GeV± 0.52 ( ±124.51 

-1 = 13 TeV, 36.1 fbs: Run 2, -1 = 7-8 TeV, 25 fbs: Run 1

Figure 4: Summary of the Higgs boson mass measurements from the individual and combined analyses performed
here, compared with the combined Run 1 measurement by ATLAS and CMS [6]. The statistical-only (horizontal
yellow-shaded bands) and total (black error bars) uncertainties are indicated. The (red) vertical line and correspond-
ing (grey) shaded column indicate the central value and the total uncertainty of the combined ATLAS Run 1 + 2
measurement, respectively.

10 Conclusion

The mass of the Higgs boson has been measured from a combined fit to the invariant mass spectra of
the decay channels H ! Z Z

⇤ ! 4` and H ! ��. The results are obtained from a Run 2 pp collision
data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at a centre-of-mass
energy of 13 TeV, corresponding to an integrated luminosity of 36.1 fb�1. The measurements are based on
the latest calibrations of muons, electrons, and photons, and on improvements to the analysis techniques
used to obtain the previous results from ATLAS Run 1 data.

The measured values of the Higgs boson mass for the H ! Z Z
⇤ ! 4` and H ! �� channels are

mH = 124.79 ± 0.37 GeV,

mH = 124.93 ± 0.40 GeV.

From the combination of these two channels, the mass is measured to be

mH = 124.86 ± 0.27 GeV.
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Cross-section normalized to SM value
0.5− 0 0.5 1 1.5 2 2.5 3 3.5 40.5−

8
Total Stat. Syst. SM PreliminaryATLAS

-1 = 13 TeV, 36.1 - 79.8 fbs
| < 2.5

H
 = 125.09 GeV, |yHm

             Total      Stat.     Syst.

ggF   )0.06
0.07  ±  , 0.07

0.07  ±   ( 0.09
0.09  ±  1.07 

VBF   )0.12
0.13  ±  , 0.18

0.18  ±   ( 0.21
0.22  ±  1.21 

WH   )0.32
0.37  ±  , 0.35

0.37  ±   ( 0.48
0.52  ±  1.57 

ZH   )0.24
0.25  ±  , 0.32

0.34  ±   ( 0.40
0.42  ±  0.74 

ttH + tH   )0.18
0.20  ±  , 0.17

0.17  ±   ( 0.25
0.26  ±  1.22 

Figure 2: Cross-sections for ggF, VBF, WH, ZH and ttH+tH normalized to their SM predictions, measured with the
assumption of SM branching fractions. The black error bars, blue boxes and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The grey bands indicate the theory uncertainties in
the cross-section predictions.

Table 4: Best-fit values and uncertainties of the production cross-sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.),
experimental systematic uncertainties (Exp.), and theory uncertainties in the modelling of the signal (Sig. th.) and
background (Bkg. th.) processes. SM predictions [34] are shown for the cross-section of each production process.
The observed (obs.) and expected (exp.) significances of the observed signals relative to the no-signal hypothesis
are also shown for all processes except ggF, which was observed in Run 1. For the WH and ZH modes, a combined
VH significance is reported assuming the SM value of the ratio of WH to ZH production.

Process Value Uncertainty [pb] SM pred. Significance
(|yH | < 2.5) [pb] Total Stat. Exp. Sig. th. Bkg. th. [pb] obs. (exp.)

ggF 47.8 ±4.0
⇣
±3.1 +2.7

�2.2 ±0.9 ±1.3
⌘

44.7 ± 2.2 -

VBF 4.25 +0.77
�0.74

⇣
±0.63 +0.39

�0.35
+0.25
�0.21

+0.14
�0.11

⌘
3.515 ± 0.075 6.5 (5.3)

WH 1.89 +0.63
�0.58

⇣
+0.45
�0.42

+0.29
�0.28

+0.25
�0.16

+0.23
�0.22

⌘
1.204 ± 0.024

)
4.1 (3.7)

ZH 0.59 +0.33
�0.32

⇣
+0.27
�0.25 ±0.14 +0.08

�0.02 ±0.11
⌘

0.794+0.033
�0.027

ttH+tH 0.71 ±0.15
⇣
±0.10 ±0.07 +0.05

�0.04
+0.08
�0.07

⌘
0.586+0.034

�0.050 5.8 (5.3)
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Figure 3: Cross sections for the three major Higgs production processes as a function of
center of mass energy, from [2].
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Figure 2: Run plan for the staged ILC starting with a 250-GeV machine under two di↵erent
assumptions on the achievable instantaneous luminosity at 250GeV. Both cases reach the
same final integrated luminosities as in Fig. 1.

3 E↵ective Field Theory approach to precision measurements
at e+e� colliders

The goal of the ILC program on the Higgs boson is to provide determinations of
the various Higgs couplings that are both high-precision and model-independent.

It is easy to see how this can be achieved for some combinations of Higgs couplings.
In the reaction e+e� ! Zh, the Higgs boson is produced in association with a Z boson
at a fixed lab-frame energy (110 GeV for

p
s = 250 GeV). Up to small and calculable

background from e+e� ! ZZ plus radiation, observation of a Z boson at this energy
tags the presence of a Higgs boson. Then the total cross section for e+e� ! Zh can
be measured absolutely without reference to the Higgs boson decay mode, and the
various branching ratios of the Higgs boson can be observed directly.

The di�culty comes when one wishes to obtain the absolute strength of each Higgs
coupling. The coupling strength of the Higgs boson to AA can be obtained from the
partial width �(h ! AA), which is related to the branching ratio through

BR(h ! AA) = �(h ! AA)/�h , (1)

where �h is the total width of the Higgs boson. In the Standard Model (SM), the width
of a 125 GeV Higgs boson is 4.1 MeV, a value too small to be measured directly from
reaction kinematics. So the width of the Higgs boson must be determined indirectly,
and this requires a model formalism.

In most of the literature on Higgs boson measurements at e+e� colliders, the width
is determined using the  parametrization. One assumes that the Higgs coupling to

8
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Figure 3: Cross sections for the three major Higgs production processes as a function of
center of mass energy, from [2].
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Chapter 1
ILD: Executive Summary

The International Large Detector (ILD) is a concept for a detector at the International Linear Collider,
ILC [198]. In a slightly modified version, it has also been proposed for the CLIC linear collider [199].

The ILD detector concept has been optimised with a clear view on precision. In recent years
the concept of particle flow has been shown to deliver the best possible overall event reconstruction.
Particle flow implies that all particles in an event, charged and neutral, are individually reconstructed.
This requirement has a large impact on the design of the detector, and has played a central role in
the optimisation of the system. Superb tracking capabilities and outstanding detection of secondary
vertices are other important aspects. Care has been taken to design a hermetic detector, both in
terms of solid-angle coverage, but also in terms of avoiding cracks and non-uniformities in response.
The overall detector system has undergone a vigorous optimisation procedure based on extensive
simulation studies both of the performance of the subsystems, and on studies of the physics reach
of the detector. Simulations are accompanied by an extensive testing program of components and
prototypes in laboratory and test-beam experiments.

Figure III-1.1
View of the ILD detec-
tor concept.

The ILD detector concept has been described in a number of documents in the past. Most
recently the letter of intent [198] gave a fairly in depth description of the ILD concept. The ILD
concept is based on the earlier GLD and LDC detector concepts [200, 201, 202]. Since the publication
of the letter of intent, major progress has been made in the maturity of the technologies proposed for
ILD, and their integration into a coherent detector concept.

185
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Chapter 1. ILD: Executive Summary

Figure III-1.2
Quadrant view of the
ILD detector concept.
The interaction point
is in the lower right
corner of the picture.
Dimensions are in mm.

1.1 ILD philosophy and challenges

The particle flow paradigm translates into a detector design which stresses the topological recon-
struction of events. A direct consequence of this is the need for a detector system which can separate
e�ciently charged and neutral particles, even inside jets. This emphazises the spatial resolution for
all detector systems. A highly granular calorimeter system is combined with a central tracker which
stresses redundancy and e�ciency. The whole system is immersed in a strong magnetic field of
3.5 T. In addition, e�cient reconstruction of secondary vertices and very good momentum resolution
for charged particles are essential for an ILC detector. An artistic view of the detector is shown in
Figure III-1.1, a vew of a quarter of the detector is seen in Figure III-1.2.

The interaction region of the ILC is designed to host two detectors, which can be moved in and
out of the beam position with a “push-pull” scheme. The mechanical design of ILD and the overall
integration of subdetectors takes these operational constraints into account.

The ILC is designed to investigate the mechanism of electroweak symmetry breaking. It will
allow the study of the newly found higgs-like particle at 126 GeV. It will search for and explore new
physics at energy scales up to 1 TeV. In addition, the collider will provide a wealth of information on
standard model (SM) physics, for example top physics, heavy flavour physics, and physics of the Z
and W bosons, as discussed earlier in this document. A typical event (tt̄ at 500 GeV) is shown in
Figure III-1.3. The requirements for a detector are, therefore, that multi-jet final states, typical for
many physics channels, can be reconstructed with high accuracy. The jet energy resolution should be
su�ciently good that the hadronic decays of the W and Z can be separated. This translates into a
jet energy resolution of ‡E/E ≥ 3 ≠ 4% (equivalent to 30%/

Ô
E at 100 GeV). Secondary vertices

which are relevant for many studies involving heavy flavours should be reconstructable with good
e�ciency and purity. Highly e�cient tracking is needed with large solid-angle coverage.
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Pandora Particle Flow Algorithm J. S. Marshall

1. Particle Flow Calorimetry

At a future high-energy lepton collider, such as the International Linear Collider (ILC) [1]
or Compact Linear Collider (CLIC) [2, 3], many interesting physics processes will produce final
states that consist of multiple jets, often accompanied by charged leptons and/or missing transverse
momentum. The ability to accurately reconstruct the invariant masses of the jets proves vital in
order to perform precision physics measurements: the masses are needed for both reconstruction
and identification of events. The jet energy resolution goal at the ILC or CLIC is that it should allow
separation of the hadronic decays of W and Z bosons via the reconstruction of the di-jet invariant
masses. This sets a challenging jet energy resolution target of sE/E . 3.5% for 50�500 GeV jets
at the ILC and for up to 1.5 TeV jets at CLIC. This goal is unlikely to be achieved using a traditional
approach to calorimetry [4].

Measurements of jet fragmentation at LEP provide detailed information about the particle
composition of jets [5, 6]. In a typical jet, approximately 62 % of the energy is carried by charged
particles (mainly hadrons), whilst 27 % is carried by photons, 10 % by long-lived neutral hadrons
and 1.5 % by neutrinos. A traditional approach to calorimetry would measure the jet energy via
the energies deposited in the electromagnetic and hadronic calorimeters (ECAL and HCAL). For
a typical jet, this means that 72 % of the energy would be measured in the HCAL, with a typical
resolution of & 55%/

p
E/GeV, greatly limiting the achievable jet energy resolution.

The particle flow approach to calorimetry aims to improve the jet energy resolution by tracing
the paths of individual particles through the detector, collecting together the energy deposits left in
each subdetector system, as illustrated in Figure 1. The energy and momentum for each particle
can then be extracted from the subdetector system in which we expect the measurement to be most
accurate. Charged particle momenta can be measured precisely in the inner detector tracker, whilst
photon energies can be obtained from the energy deposits in the ECAL, with typical resolution
. 20%/

p
E/GeV. The HCAL is then only used to measure the 10 % of the jet energy carried

by long-lived neutral hadrons. Particle flow calorimetry can therefore offer a significant improve-
ment to jet energy measurements, but it relies on accurate pattern recognition techniques to collect
together the energy deposits from individual particles.

Figure 1: The transition from traditional calorimetry to fine granularity particle flow calorimetry.

2. Realising Particle Flow Calorimetry

Particle flow calorimetry requires the energy depositions from individual particles to be traced

2

3&$	.0��/0#�
Interna4onal Large Detector (ILD)

• 2-%*#������������
��(3.5T)������%*#	'+

• Par4cle Flow Algorithm (PFA)�4���
5)�
��,"�('+�!1
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Figure 1: Improvement of mass resolutions due to kinematic constraints for a) qqeν, b) qqµν,
c) qqτν and d) qqqq events. The open circles represent the raw mass spectra and the full points
the spectra obtained after applying the kinematic fit or the jet-energy rescaling. Monte Carlo
predictions are also shown. In a), b) and d) mraw is the average of the two raw masses while in
c) mqq

raw is the raw mass of the hadronic system.
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