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Ø Assuming DM interacts only through Higgs:
Higgs Portal model

Ø How do we verify Higgs Portal at colliders?

What is Higgs invisible decay for?
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Standard Model Dark Sector

Higgs

→ by detecting 
invisible decay of Higgs



31st Oct. 2019 Y. Kato, Higgs Invisible Decays at the ILC, 
LCWS2019 3

C. Doglioni, "Dark Matter at colliders", European Strategy Update

https://indico.cern.ch/event/808335/contributions/3373983/attachments/1843062/3023210/20180513_Doglioni_DM_EPPSU.pdf


International Linear Collider 
Øe+ e- collider
Ø√! = 250 GeV, upgradable to 500 GeV - 1 TeV
Øbeam polarization
Øclean environment, known initial state

→ Recoil Mass technique
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Damping Rings e- source
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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
p One of the detector concepts at the ILC

p Optimized for Particle Flow Algorithm
◦ Reconstruct & identify all the particles, 
especially hadron jets in this study

p Key detector performance
◦ Jet Energy Resolution (JER): 

rms90(E)/E ~ 3-4%
p There are 2 options of detector design:
◦ IDR-L / IDR-S
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Target Channel
e+e- → ZH, Z→qq/ll, H→invisible

Final Observable
95% C.L. upper limit on branching ratio of H→invisible

Higgs→invisible at the ILC
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*1 Search for invisible decays of a Higgs boson produced through vector boson fusion in proton-proton collisions at √s= 13 TeV, CMS Collaboration
*2 Combination of searches for invisible Higgs boson decays with the ATLAS experiment, ATLAS Collaboration
*3 Higgs Boson studies at future particle colliders - Preliminary Version - , A. Nisati et al.

UL on BR
(95% C.L.)

CMS*1
4.9 fb-1 (7 TeV) 

+ 19.7 fb-1 (8 TeV) 
+ 38.2 fb-1 (13 TeV) 

ATLAS*2
4.7 fb-1 (7 TeV) 

+ 20.3 fb-1 (8 TeV) 
+ 36.1 fb-1 (13 TeV) 

HL-LHC*3
6 ab-1

ILC250
2 ab-1

expected 15% 17% 1.9% 0.25%
observed 19% 26% ー ー
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X
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https://arxiv.org/pdf/1809.05937.pdf
http://cds.cern.ch/record/2649407/files/ATLAS-CONF-2018-054.pdf
https://arxiv.org/abs/1905.03764


Topics

1. Evaluation of UL on BR(H→invisible) at the ILC

2. Impact of JER on H→invisible
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Topics

1. Evaluation of UL on BR(H→invisible) at the ILC

2. Impact of JER on H→invisible
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Signal process
ü 2 jets & missing energy
ü !"" ≈ !$ , %& Z → )) ~70%
ü !./0123 ≈ !42556

ü s channel process
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invisible

Backgrounds: all of 2f, 4f and SM Higgs
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ZZ semi-leptonic WW semi-leptonic ννZ semi-leptonic

visible

Ø Main backgrounds:



Analysis
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Flow
0. ILD full simulation & event reconstruction w/ PFA
1. Isolated lepton tagging
2. Forced to 2 jets with Durham jet clustering
• overlaid background removal is applied only at 500 GeV (α=5.0)

3. Event selection: optimized assuming BR(H→invisible) = 10%
◦ number of particles
◦ transverse momentum

4. Estimate upper limit (UL) of BR (95% C.L.)

◦ di-jet mass
◦ recoil mass

beam polarization Left Right
!"# , !"% −0.8, +0.3 (+0.8, −0.3)

Setup
Ø based on full detector simulation of ILD
◦ √. = 250 GeV : ∫/01 =   900 fb-1 × 2(Left & Right)
◦ √. = 500 GeV : ∫/01 = 1600 fb-1 × 2(Left & Right)



Recoil Mass distribution ! = 250 GeV
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Left: (-0.8,+0.3) Right: (+0.8,-0.3)

Ø Main background:
Ø WW bkg is suppressed by right polarization.<latexit sha1_base64="(null)">(null)</latexit>

◦ w/o BDT cut, kin-fit
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Left: (-0.8,+0.3) Right: (+0.8,-0.3)

Ø Sensitivity is better at 250 GeV than 500 GeV.



Results
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UL on BR (95% C.L.) Z→qq Z→ll combined
√s = 250 GeV, 900 fb-1 0.25 % 0.57 % 0.23 %
√s = 500 GeV, 1600 fb-1 0.78 % 1.19 % 0.65 %
ILC250 + ILC500 - - 0.22 %

Ø ILC250 hadronic channel plays the dominant role 
on H→invisible.

Ø ILC gives factor ~10 better than HL-LHC prospect.
◦ cf. 1.9% at HL-LHC

Note: SM decay, H→4ν, is subtracted.
Results of Z→ll are by J. Tian.

UL on BR (95% C.L.) P"#, P"%
= −0.8, +0.3

P"#, P"%
= +0.8, −0.3

Z→qq
combined

√s = 250 GeV, 900 fb-1 0.44 % 0.31 % 0.25 %
√s = 500 GeV, 1600 fb-1 1.30 % 0.98 % 0.78 %



Topics

1. Evaluation of UL on BR(H→invisible) at the ILC

2. Impact of JER on H→invisible
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Aim
Evaluate the impact of JER on H→invisible

Target Channel
e+e- → ZH, Z→qq, H→invisible
√! = 250 / 500 GeV

ILD model
Large (IDR-L500, DBD250)
Small (IDR-S500)

Key Components in hadronic channel
◦ Jet energy resolution (JER)

H→invisible as a benchmark of ILD

Y. Kato, Higgs Invisible Decays at the ILC, 
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The simplest way is to compare response from Large / Small.



Comparison of Large/Small

31st Oct. 2019

Ø No significant difference is seen.
→Other effects need to be disentangled from JER
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Aim
Evaluate the impact of JER on H→invisible

Target Channel
e+e- → ZH, Z→qq, H→invisible
√! = 250 / 500 GeV

ILD model
Large (IDR-L500, DBD250)
Small (IDR-S500)

Key Components in hadronic channel
◦ Jet energy resolution (JER)
◦ Semi-leptonic decay in Z→bb/cc (sld)
◦ Piled-up beam background by γγ interaction (overlay)
◦ Beam Spectrum (BS)
◦ Initial State Radiation (ISR)

H→invisible as a benchmark of ILD

Y. Kato, Higgs Invisible Decays at the ILC, 
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Quantifying other contributions using 
generator-level information

w/o overlay backgrounds
◦ PFOs w/o overlay by OverlayISRRemovalByMCProcessor
ØWhenever this cheat is not applied at 500 GeV, overlay removal by Durham is done.
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w/o Beamstrahlung (Beam spectrum) 
◦ P’ecm = Ph + Pqq + Pisr

w/o ISR 
◦ P’ecm = Pecm - Pisr & PFOs w/o ISR by OverlayISRRemovalByMCProcessor

w/o semi-leptonic decay in Z→bb/cc (sld)
◦ P’jj = Pjj + Pmis (all the neutrinos not from Z boson)



Impact of sld/overlay/BS/ISR

Recoil Mass [GeV]
80 100 120 140 160 180

a.
u.

0
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0.1
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preliminary ILD

)=(-1.0,+1.0)+,Pe-, (PeDBD
full reconstructed
w/o semi-lep. decays ("sld")
w/o sld and overlay
w/o sld, overlay and BS
w/o sld, overlay, BS and ISR

Ø Yellow distribution looks almost symmetrical
Ø We will assume JER effect is the remaining component
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! = 250 GeV

condition UL on BR
full rec. 0.247 %
w/o sld 0.229 %

w/o overlay 0.237 %
w/o BS 0.242 %
w/o ISR 0.231 %
w/o sld & 
overlay 0.220 %

w/o sld & 
overlay & BS 0.214 %

full cheated 0.198 %
Note: only signal sample is changed.



Impact of sld/overlay/BS/ISR

0 100 200 300 400 500
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Ø For 500 GeV, the effect of BS and ISR on the high 
energy tail is significant
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! = 500 GeV

condition UL on BR
full rec. 0.782%
w/o sld 0.741%

w/o overlay 0.775%
w/o BS 0.749%
w/o ISR 0.632%
w/o sld & 
overlay 0.726%

w/o sld & 
overlay & BS 0.668%

full cheated 0.496%
Note: only signal sample is changed.



Strategy to evaluate impact of JER 

1. Apply cheats to make Mrec dist. as symmetrical as 
possible 

2. Fit signal dist. by double-Gaussian and get p.d.f.
3. Make template function by adjusting sigma of fitted 
Gaussian

Ftemp(x) = p2*Gaus(x,p0,factor *p1)+p5*Gaus(x,p3, factor *p4)

4. Do toy-MC 
5. Evaluate upper limit on BR(H→inv.)
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Recoil Mass [GeV]
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Cut: flvq1mc<4&&mrecwoISRBSOverlay>0&&mrecwoISRBSOverlay<300

htemp
Entries  11961
Mean    128.3
Std Dev     26.51

 / ndf 2c  128.8 / 46
p0        0.3± 127.9 
p1        0.60± 13.74 
p2        0.00247± 0.06879 
p3        0.5± 129.2 
p4        0.85± 32.87 
p5        0.00274± 0.03128 

[2]*TMath::Gaus(x,[0],[1])+[5]*TMath::Gaus(x,[3],[4])

Cut: flvq1mc<4&&mrecwoISRBSOverlay>0&&mrecwoISRBSOverlay<300

Ø For more detailed evaluation with current condition,
brief reproduction with several JERs are performed.

Ø ΔMrec should be related to JER almost linearly in 
ideal case

How to reproduce



Results Summary
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10 % increase in JER
→ 4 ± 1 % decrease in sensitivity at 500 GeV
→ ~ 3 % decrease in sensitivity at 250 GeV



Conclusion
Ø We analyzed H→invisible at ILC with ILD full detector 
simulation.

UL95%C.L. on BR(H→invisible) = 0.23% at ILC250
Ø The limitation of H→invisible at ILC is factor ~10 better 
than HL-LHC prospect.
Ø ILC is comparable with the other lepton collider projects 
and complementary to direct detection.
Ø We evaluate contamination effects separately.
Ø The impact of JER on H→invisible is evaluated.

10 % increase in JER
→ ~ 3 % decrease in sensitivity at 250 GeV
→ 4 ± 1 % decrease in sensitivity at 500 GeV
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backup
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Impact on search for Dark Matter
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Caterina Doglioni, European Strategy Update 

Ø Each of the lines shows the limit of Scalar DM in the κ framework.



Impact on search for Dark Matter
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Ø Each of the lines shows the limit of Scalar DM in the κ framework.

Caterina Doglioni, European Strategy Update 
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Jenny List, LCWS2018 
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α β
Overall 29.4 -1.54+0.180√E
Barrel 27.5 -1.61+0.182√E
Endcap 31.4 -1.10+0.159√E

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: Comparison Large/Small
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Small
Large

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

Evaluate JER
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There are Just a little, but significant difference.



Particle Flow Algorithm
l
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Particle Flow Algorithm

Previous PFA

Charged particles → Tracker
Photon              → E Cal.

Neutral particles   → H Cal.

The energy(momentum) of each particle is extracted from the 
subdetector system in which we expect the most accurate measurement. 



Event Selection

1. isolated lepton veto: Nlep=0
2. loose restriction 
[transverse di-jet momentum, di-jet mass, recoil mass]

3. # of PFOs and charged tracks: Npfos >15, Ntracks > 6
4. di-jet trans-momentum: PtZ ={(20,80)250,(50,250)500}
5. di-jet mass: MZ = {(80,100)250,(80,120)500}
6. di-jet polar angle: |cosθZ| < {0.9250,0.98500}
7. recoil mass: Mrecoil

not yet:
pmulti-variate analysis:  Boosted Decision Tree (BDT)
pkinematic fit: Z mass constraint, JER 
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J. Tian, the 41th ILC General Physiscs Meeting
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J. Tian, ALCW2015
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Higgs Boson studies at future particle colliders 
- Preliminary Version -

https://arxiv.org/abs/1905.03764


Impact on search for Dark Matter
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Caterina Doglioni, European Strategy Update 

Ø Each of the lines shows the limit of Scalar DM in the κ framework.
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M. Kurata, LCWS2018



ΔMrec vs Ejmc
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How to relate ΔMrec and JER...?
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Benchmark Results @ 250 GeV

]jEscale factor of JER [30%/
0.6 0.8 1 1.2 1.4

) [
%

]
in
v

®h
 o

n 
BR

(
95

%
 C

L
UL

0.16

0.18

0.2

0.22

0.24

0.26
preliminaryILD 

( 27. Feb. 2019 )
 = 250 GeVsDBD 
full simulation
w/o Overlay

bb/cc®w/o Z
w/o BS
w/o ISR
w/o O/Z
w/o O/Z/B
w/o O/Z/B/I
benchmarks

Y. Kato, Higgs Invisible Decays at the ILC, 
LCWS201931st Oct. 2019 39

10 % increase in JER
→ ~ 3 % decrease in sensitivity



Benchmark Results @ 500 GeV
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10 % increase in JER
→ ~ 4 % decrease in sensitivity
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How to set Upper Limit (1) 
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How to set Upper Limit (2)

<latexit sha1_base64="JCliCldJsp/htBN+sianw3CgD/I="></latexit>
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