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Physics Motivation
Higgs can decay invisibly into final states 
as candidate dark matter particles (mDM < mH/2), 
if there is a hidden sector which couples to Higgs field.

Search Channel
e+e- → ZH, Z→qq, H→invisible, at √s = 500 GeV

Final Observable
95% C.L. upper limit on Branching Ratio of H→invisible.

Detector Benchmark
main variables: di-jet (Z) mass, recoil mass
influential detector performance: jet energy resolution

LHC result [%]
(95% C.L.)

observed 
(expected)

CMS *1 26 (20)
ATLAS *2 26 (17)

*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

https://arxiv.org/pdf/1809.05937.pdf
http://cds.cern.ch/record/2649407/files/ATLAS-CONF-2018-054.pdf


Comparison Large/Small

2019/2/9

di-jet Mass [GeV]
0 50 100 150 200

Ev
en

ts
 / 

2.
00

 G
eV

0

500

1000

1500

2000

2500
 = 500 GeV, Pol.: eL.pRs[qqh,h->invisible] iLCSoft: v02-00-01, 

mILD_l5_o1_v02: 

 mean = 96.2

sigma = 23.426

mILD_s5_o1_v02: 

 mean = 95.8

sigma = 23.512
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 = 500 GeV, Pol.: eL.pRs[qqh,h->invisible] iLCSoft: v02-00-01, 

mILD_l5_o1_v02: 

 mean = 182.1

sigma = 71.607

mILD_s5_o1_v02: 

 mean = 184.0

sigma = 71.376

Ø There seems to be no big difference... why?
→The effect other than detectors may be too large.

ISR, beam effect, γγ- overlay, Z->bb/cc, etc...
Ø Apply cheating to isolate these effects
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full simulation @ILD Benchmark Days



Setup
lSimulation
◦ ILCSoft: v02-00-01
◦ Samples: new optimization samples @ 500 GeV
◦ Detector: ILD full simulation (ILD_{l5,s5}_o1_v02)

lAnalysis
◦ ILCSoft: v02-00-02
◦ ! = 500 GeV,  ∫"#$ = 1600 fb-1 , %&', %&) = −0.8, +0.3 , (+0.8, −0.3)

lFlow of analysis
0.   Particle flow reconstruction (PandoraPFA)
1. Isolated lepton tagging: to remove in stage of Eve. Sel.
2. Remove γγ-overlay: using kt_algorithm (FastJet)
3. Durham jet finder: forced 2 jets clustering
4. Event selection
◦ Optimized assuming signal BR(H→invisible) = 10%
5. Estimate upper limit(UL) of BR (95% C.L.)
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“Left” “Right”

<latexit sha1_base64="offVjzLA3pu+mYRDyR6LSHtsgdc="></latexit>
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Strategy to evaluate JER benchmark
1. Apply cheating to make Mrec dist. as symmetrical as possible 
2. Fit signal dist. by double-Gaussian and get p.d.f.

• ΔMrec should be almost related to ΔEjj linearly in ideal case

• However in practical situation,  it can’t be fitted by single-Gaussian
3. Make template function by adjusting sigma of fitted Gaussian
4. Do toy-MC 
5. Evaluate upper limit on BR(H→inv.)
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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



Previous Result 
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Problems
p Overlay removal was not optimized.
• kt algorithm which parameters are not optimized was used.

p The definitions of w/o { ISR, BS } were wrong.
• w/o ISR: PFOs w/o ISR & Overlay removal & Pecm = 500 
• w/o BS: Pecm = Ph + Pqq

p The weights which is to convert generated evts. to expected evts. were not 
correct.
• I chose generated evts. as evts. which is passed Processor selection.
• Processor selection has no skips without “# of jets = 2”, but parts of bkg evts. are 
interpreted as less than 2 jets.
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Status
l Several problems were found.
l Updates
◦ Overlay removal: kt → Durham
◦ Definition of “w/o ISR”: PFOs w/o ISR & Overlay removal & Pecm = 500 - Pisr
◦ Definition of “w/o BS”: Pecm = Ph + Pqq + Pisr
◦ Definition of “w/o Z→bb/cc”: Pjj = Pvis + Pmis
◦ Fix # of generated events
◦ Add DBD 250 GeV result
◦ Event selection is not optimized yet.
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Durham : {Njet=2, α=5.0} seems to be the best.
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Comparison full sim./cheating
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 = 500 GeV, Pol.: (-1.0,+1.0), mILD_l5_o1_v02s[qqh,h->invisible] iLCSoft: v02-00-02, 

full simulation
 = 16.7s = 95.3, µ

w/o Overlay
 = 18.5s = 94.5, µ

w/o Z->bb/cc
 = 16.0s = 97.3, µ

w/o BS
 = 16.7s = 95.3, µ

w/o ISR
 = 12.4s = 93.1, µ

w/o Overlay,Z->bb/cc
 = 17.5s = 96.4, µ

w/o Overlay,Z->bb/cc,BS
 = 17.5s = 96.4, µ

w/o Overlay,Z->bb/cc,BS,ISR
 = 9.3s = 92.3, µ
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Ø Std Dev of w/o Overlay is larger than full sim → over-removal
Ø w/o BS is same as full sim because of the definition
Ø High energy tail is removed by w/o ISR
Ø Low energy region is recovered by w/o Z→bb/cc



Comparison full sim./cheating
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full simulation
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w/o Overlay,Z->bb/cc,BS,ISR
 = 26.4s = 125.4, µ
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Ø The effect of w/o Overlay is not so large.
Ø ISR is effective.
Ø Magenta looks almost symmetrical.



Latest Results

2019/2/9 Benchmark Analysis                             
Study of Higgs→invisible at √s = 500 GeV 13

]jE [30%/(relative to l5)scale factor of JER 
0.6 0.8 1 1.2 1.4

) [
%

]
in
v

®h
 o

n 
BR

(
95

%
 C

L
UL 0.4

0.5

0.6

0.7

0.8 ILD preliminary
( 8. Feb. 2019 )

l5 full simulation
s5 full simulation
l5
s5
w/o Overlay
w/o Z->bb/cc
w/o BS
w/o ISR
w/o Overlay,Z->bb/cc
w/o Overlay,Z->bb/cc,BS
w/o Overlay,Z->bb/cc,BS,ISR
l5 benchmark



Latest Results
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backup
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Latest Results

2019/2/9 Benchmark Analysis                             
Study of Higgs→invisible at √s = 500 GeV 16

JIB JI G % GL E LG E J E GL 6 = LG 6 = J 6 =  G %G

OGG OG JI G ( -(. , . / ( /-()/ (/,) ) /-/- -, -.(
 L . )) 0 3 ( , / , -( - ( / .( ) - ) /., , -. -.. -

%J 7 G ) .( ) . ) (( -) /- / /) / / (() -(,
 L . )) O - 0 ) ,. , - / . (( -) .) ( ///) / ./- ) -) -(

%J 7 1 G / .,/ ( ,.)(.// ./ -( . ,-((,- ,,.
 L ) O - 0 / , / (.- ( ).( ./ , -, . . -. ,-- ()

%J 7 14 G ( / (, - )) (.,./) . , ,) / .( /,
 L ( O - 0 ( / ( - )( ,,( (( . / , .- , -,), / (

G B 528 G
, G ( /( ) )( - (). ,), )/ // )
- G ( -, ) (/ / ). - -.) ,.) .- - - (,
. G (( -.- (. ,, ), , /) . -( . ), - , .(
/ G ( ,. . (- / ) ) . / -, ,/) , ( )/ -
G ( ,)( (, )) )) (( . - -//-(. . ,)) , (, /-
G / .) - ( ,. )( (. .-( .) .- , -., ,,

( G . /. ( ( ) ) / ,/ -/ .,/(. . ,-, ), )
) G . . () - ) , - (, ./(,,)/) ,/ .,-. /
G . . (( /-.- (/ /, / , - - . ,(/ ,

%J 7 LG R G ( .--- , / , ( (/ ..-. (. (. - /-) ) --
 . )) O - 0 ( - ) , . - ( /., / (/ ,/, /. (. () -.( / ,

%J G ) - - )/ (( (. )) (( / - /) - ./ -
 . )) O - 0 ) ( - - ,, (( .)), ((/ --- /) ) / - )-

%J 19 G ) (- - )/( (( ../.( ((- ) // / , )( - /
 . )) O - 0 ) ( , - (/-, ( -/) . ( ,-( ( / )../ , - - ),

%J 498 G /(/( ( ,, (, ..((., ) .)) , -/.,( ,)(
 ) O - 0 --/) ( ., ( . . /) ,-)-, . (. ,). ...



double-Gaussian fit w/o Z->bb/cc 
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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
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lFit signal distribution 



How to relate ΔMrec and JER...?
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kt vs Durham
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