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Outline
Motivation
Ø BSM search using Higgs→invisible at ILC
Ø Kinematic fit
Evaluate jet energy resolution
ILD model: large/small
Ø check jet energy ＆ cosθ dependence

also evaluate jet angle resolution → apply to kinematic fit

Kinematic fit
fit variables : 
constraint : 
use MarlinKinfit - fitter engine : OPALFitter
apply jet energy/angle resolution
Ø check effect & accuracy of fit
Improve analysis performance
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lIn SM, Higgs decays invisibly through 
H → ZZ∗ → 4& (BR(H → *+,.)~0.1%)

lIf BR(H → *+,.)	exceeds SM prediction ,
it signifies new physics beyond SM (BSM)  
lWe estimate upper limit of BR(H → *+,.) in SM
lCompare results in ILC between 

456, 458 = { −0.8, +0.3 , +0.8, −0.3 }

Motivation
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ØA. Ishikawa (Tohoku Univ.), 
”Search for Invisible Higgs Decays at the ILC” LCWS2014@Belgrade

Previous study(A. Ishikawa) 
(95% CL, 250fb-1)
left pol. : right pol.
0.95% : 0.69%



Signal
ü２jet & missing E
üDEE ≈ DG : @A Z → HH ~70%

üDJ5KLMN ≈ DOMPPQ

üs channel process
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Analysis Setup
lSimulation
◦ ILCSoft: v01-19-05
◦ Samples: DBD sample + Signal sample ( eSeT → qqH,H → ZZ∗ → 4ν )
◦Detector: ILD full simulation (ILD_o1_v05)
◦ W� = 250 GeV,  ∫YZ[ = 250 fb-1 , 456, 458 = −0.8, +0.3 , (+0.8, −0.3)

lFlow of analysis
1. Particle flow reconstruction (PandoraPFA)
2. Isolated lepton finder (veto)
3. Durham jet finder (forced 2 jets)
4. Kinematic fit with MarlinKinfit (OPALFitter)
5. Event selection
◦ Optimized assuming signal BR(H→invisible) = 10%
6. Estimate upper limit of BR (95% CL)
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“Left” “Right”

Higgs→invisible



Recoil mass dist.  [Ecm = 250 GeV, 250 fb-1,BR(H->inv.)=10%] 
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No. Cut No. Cut
1 Isolated lepton veto 5 80 < di-jet invariant mass < 100

2 Loose Cut (Ptz,Mz,Mrecoil) 6 | di-jet polar angle |< 0.9

3 #pfo >15 & #all_track > 6 & 
# track_in_one_jet > 1

7 100 < recoil mass < 160

4 20 GeV < di-jet Pt < 80 GeV 8 BDT cut

MVA input 
variables

di-jet inv. 
mass

one jet 
polar angle

di-jet polar 
angle

another jet 
polar angle

TMVA v-4.2.0

Study of Higgs->invisible using kinematic fit

Right

significance:  19.7
UL = 0.52% 

signal

bkg

Left

significance:  15.5
UL = 0.73%

signal

bkg

1st. result
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Principle of kinematic fit
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seek minimum of 
under kinematic constraints

method of Lagrange multipliers

In this study, we need error information of

kinematic fit
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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.
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International Large Detector
pConcept of detector system at ILC
• high-performance vertex detector
• high-resolution trackers
• high-granularity calorimeters etc.

pMain request
ØReconstruct all the particles, 
especially hadron jets

pTo achive high energy resolution,
Ø Particle Flow Algorithm
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Particle Flow Algorithm Previous PFA
The energy(momentum) for each particle is 
extracted from the subdetector system in 
which we expect the measurement to be most 
accurate. 

Charged particles → Tracker
Photon             → E Cal.
Neutral particles   → H Cal.



lILCSoft : v01-19-05 (gcc49)
lILDConfig : v01-19-05-p01
lILD models : ILD_l5_o1_v02, (ILD_s5_o1_v02)
lSamples : Z→uds (w/o overlay) 

l Jet resolution definition
◦ use RMS90 method
◦ Energy 

\]
^
=
RMS90 b̂

cde+fg b̂
= 2�

RMS90 b̂b

cde+fg b̂b
(J. S. Marshall and M. A. Thomson, ”Pandora Particle Flow Algorithm”, arXiv:1308.4537 [physics.ins-det])
◦ Angle

ij = RMS90(jJ5K − jkK)
il = RMS90(lJ5K − lkK)
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Setting of Evaluation JER

√s [GeV] 30 40 60 91 120 160 200 240 300 350 400 500
l5 [events] 10k 10k 10k 10k 10k 10k 10k 10k 9k 10k 9k 10k
s5 [events] 10k 10k 10k 10k 9k 10k 10k 9k 10k 10k 10k 10k

use jet clustering: Durham

Evaluate JER

Z*

q

q

e+

e-

jet

jet



JER: Comparison Barrel/Endcap

2018/5/8 Study of Higgs->invisible using kinematic fit 13

Evaluate JER
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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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JER was evaluated separately for barrel and 
endcap regions.
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Small
Large

• Impact of small detector seen for large jet energy
• JER goal (ILC TDR) satisfied for both models

α β

Small 28.9 -1.91+0.195√E

Large 27.6 -1.59+0.199√E

The two detector models (large/small) were evaluated for comparison.

Evaluate JER



Result : energy & angle dependence
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ij = ADmfg jJ5K − jkKil = ADmfg(lJ5K − lkK)
polar angle azimuth angle
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Durham algorithm

Evaluate JER

For evaluation of angular resolution,
use jet clustering.

apply this result to kinematic fit
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ZH processor

pFit variables

pZ mass constraint

pJet mass asumption

pImplement of jet resolution
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MarlinKinfit : OPALFitter
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For iterative solution : Taylor-expansion of the constraints

Convergence condition
ü ino < 0.01%	 ∩ 	irs < 10Tt

∩	rs < 10To u no
or

ü all vM < 10Tw 	∩ i x, y, z < 10Tw

kinematic fit



Result：Recoil mass
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lIn SM, Higgs decays invisibly through 
H → ZZ∗ → 4& (BR(H → *+,.)~0.1%)

lIf BR(H → *+,.)	exceeds SM prediction ,
it signifies new physics beyond SM (BSM)  
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Analysis Setup
lSimulation
◦ ILCSoft: v01-19-05
◦ Samples: DBD sample + Signal sample ( eSeT → qqH,H → ZZ∗ → 4ν )
◦Detector: ILD full simulation (ILD_o1_v05)
◦ W� = 250 GeV,  ∫YZ[ = 250 fb-1 , 456, 458 = −0.8, +0.3 , (+0.8, −0.3)

lFlow of analysis
1. Particle flow reconstruction (PandoraPFA)
2. Isolated lepton finder (veto)
3. Durham jet finder (forced 2 jets)
4. Kinematic fit with MarlinKinfit (OPALFitter)
5. Event selection
◦ Optimized assuming signal BR(H→invisible) = 10%
6. Estimate upper limit of BR (95% CL)
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“Left” “Right”

Higgs→invisible



Cut table 456, 458 = −0.8,+0.3
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w/o kinematic fit

w/  kinematic fit

Higgs→invisible

cut condition

cut condition

cut condition

S/√S+B

S/√S+B

S/√S+B signal

signal

signal

all bkg

all bkg

all bkg

common part

common part



Cut table 456, 458 = +0.8,−0.3
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Study of Higgs->invisible using kinematic fit

Result：Recoil mass distribution

significance=15.54

significance=20.81significance=19.72 

significance=16.26

w/o kinematic fit w/ kinematic fit

Higgs→invisible



How to set Upper Limit 
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Study of Higgs->invisible using kinematic fit

Result : Upper limit of BR (95% CL)

UL = 0.73%

UL = 0.49%UL = 0.52% 

UL = 0.69%

w/o kinematic fit w/ kinematic fit

Higgs→invisible



Summary
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sv01-19-05.mILD_o1_v05.eL.pR OPALFitter success : 99.85 %

before fit: 
mean  = 130.1
sigma = 12.076
 after fit: 
mean  = 129.0
sigma = 10.496
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Evaluate jet energy resolution
ILD model : ILD_l(s)5_v02
Ø jet energy ＆ cosθ dependence
evaluate jet angle resolution also
→ apply to kinematic fit

Kinematic fit
fit variables : 
constraint : 
MarlinKinfit : OPALFitter
apply jet resolution
Higgs→invisible
Estimated upper limit of BR(H→inv.)
Improvement by kinematic fit

Achieve best sensitivity in the results so far!

UL of BR [%] (95%CL) Left polarization Right polarization
Previous study 0.95 0.69
w/o kinematic fit 0.73 0.52
w/ kinematic fit 0.69 0.49



Plans
Evaluate jet energy resolution
◦ More detailed evaluation of the end cap part : more statistics
◦ Add c-jet & b-jet information
◦ Use jet clustering : 
◦ Add jet mass dependence
kinematic fit
◦ Improve fit accuracy : check underestimation of JER
◦ Implement soft constraint：ΓZ
◦ Apply to other processes
Higgs→invisible
◦ Use variables after fit for event selection
◦ Optimize recoil mass range used for estimation
◦ Set upper limit using profile likelihood ratio
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backup
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Preliminary : Soft Constraint Test
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sv01-19-05.mILD_o1_v05.eL.pR OPALFitter success : 99.85 %

MC: 
mean  = 90.9
sigma = 5.338

before fit: 
mean  = 90.7
sigma = 10.091
 after fit: 
mean  = 91.3
sigma = 1.271

OPALFitter
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sv01-19-05.mILD_o1_v05.eL.pR NewtonFitter success : 99.93 %

MC: 
mean  = 90.9
sigma = 5.485

before fit: 
mean  = 90.7
sigma = 10.257
 after fit: 
mean  = 90.7
sigma = 9.964

NewtonFitter

Hard constraint Soft constraint
ΓZ=2.5 GeV

with SoftBWMassConstraint in MarlinKinfit
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