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:     Linear Collider at 250 GeV <  < 1000 GeV ILC e e s+ −
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Upgrade Luminosity

Baseline Luminosity
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Upgrade Luminosity

Baseline Luminosity
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 Each scenario corresponds to accumulated luminosity at a certain 
point in time. 

 Assumption: run for 3X107 s at baseline lumi at each of 
Ecm=250,500,1000 GeV, in that order.   Then go back and run for 
3X107 s at upgrade lumi at each of Ecm=250,500,1000 GeV. 
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Beamstrahlung  

Guinea-Pig 

VEGAS MC Integration 
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 hadronsγγ →
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The SiD Detector 

9 

Full Simulation Performed with ILD and/or SiD Detector
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SiD Global 
Parameters  

Detector Technology
  Min   Max Min   Max
Vertex Detector Pixels 0.014 0.06 0.18
Central Tracking Strips 0.206 1.25 1.607
Endcap Tracker Strips 0.207 0.492 0.85 1.637
Barrel Ecal Silicon-W 1.265 1.409 1.765
Endcap Ecal Silicon-W 0.206 1.25 1.657 1.8
Barrel Hcal RPCs 1.419 2.493 3.018
Endcap Hcal RPCs 0.206 1.404 1.806 3.028
Coil 5 tesla 2.591 3.392 3.028
Barrel Iron RPCs 3.442 6.082 3.033
Endcap Iron RPCs 0.206 6.082 3.033 5.673

Radius (m) Axial (z) (m)
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 Combining barrel and endcaps
these  trackers and calorimeters
c

LumiCal and BeamCal are used 
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µµ 

SM Higgs decay mode histogram  MH=125 GeV 
Because all background is electroweak at the ILC, all Higgs decays, including 
fully hadronic decays, are triggered (all crossings are triggered at the ILC) 
and accessible without hard cuts. 

      ,WW l l l eν ν µ→ =

      ,ZZ l l l l l e µ+ − + −→ =
Discovery decay modes at LHC
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( )       250 GeVe e ZH sσ + − → =

 ,        
H  anything, incl invisible
Z e e µ µ+ − + −→

→
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( )       250 GeVe e ZH sσ + − → =
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( )       250 GeVe e ZH sσ + − → =
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1

1

Combined: M .032 GeV,  / =2.5% for L= 250 fb

                  M .015 GeV,  / =1.2% for L=1150 fb
H HZ HZ

H HZ HZ

σ σ

σ σ

−

−

∆ = ∆

∆ = ∆

2

1/ 1.3% (0.6%) for L=250 (1150) fb
HZ HZZ

HZZ HZZ

g

g g

σ
−⇒ ∆ =



1
 tot

When combined with a measurement of BR( *)
 measurement gives 11% (5.4%) for L=250 (1150) fbHZZ

H ZZ
g −

→

∆Γ =

( )       250 GeVe e ZH sσ + − → =
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       250 GeV
      BR measurements
e e ZH s

σ

+ − → =
×

All Z decays are used for measurement
of BR.  These include Z  and Z .qqσ νν× → →

Flavor tagging very important for 
distinguishing different decay modes
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 In the SM, an invisible Higgs decay is             
H  ZZ* 4ν process and its BF is small 
~0.1% 

 If we found sizable invisible Higgs 
decays, it is clear new physics signal. 
◦ The decay products are dark matter 

candidates. 
 

 At the LHC, one can search for invisible 
Higgs decays by using recoil mass from 
Z or summing up BFs of observed decay 
modes with some assumptions. 
◦ The upper limit is O(10%). 

 At the ILC, we can search for invisible 
Higgs decays using a recoil mass 
technique with model independent way! 
◦ e+e-  ZH  

ZeeH PPP −= −+

known measured 

"Search for Invisible Higgs Decays with ILD", Akimasa Ishikawa (Tohoku Univ.)



18 

 Signal 
◦ Pseudo signal : e+e-  ZH, Zqq, HZZ*4ν 

 Backgrounds 
◦ found qqll, qqlν and qqνν final states are the 

dominant backgrounds.  
 other backgrounds also studied 
 

◦ ZZ semileptonic :    one Zqq, the other Zll, νµνµ,  
ντντ 

◦ WW semileptonic :    one Wqq, the other Wlν 
◦ Zνeνe,   Zqq 
◦ Weνe,   Wqq 
◦ ννH,    generic H decays 
◦ qqH,    generic H decays 

,   Z qq,  H invis.       250 GeVe e ZH s+ − → → → =

Polarizations of P(e+,e-)=(+30%,-80%), (-30%, +80%) 
Throughout the slides, denoted as “Left” and “Right” polarizations  
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 Dominant backgrounds are ZZ, WW, ννZ 

“Left” “Right” 

“Right” “Left” 

,   Z qq,  H invis.       250 GeVe e ZH s+ − → → → =
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 If BF(Hinvisible) = 3% 
◦ Signal is clearly seen for “Right” polarization 

“Left” “Right” 

,   Z qq,  H invis.       250 GeVe e ZH s+ − → → → =
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 Toy MC are performed to set upper limits on the BF 
◦ In the fitting to Mrecoil, Only yields for signal and backgrounds 

are floated. 
 The backgrounds include a peaking ZH, H4ν component 

◦ 10000 pseudo experiments for each polarization 
 The results with 250fb-1 

◦ “Left” polarization    :  BF (Hinvisible) < 0.95% @ 95% CL 
◦ “Right” polarization :  BF (Hinvisible) < 0.69% @ 95% CL 
 The invisible does not include a HZZ*4ν final state. 

◦ If 1150fb-1 data is accumulated, 0.44% and 0.32% for “Left” 
and “Right” 

 The “Right” result is consistent with fast simulator 
results I presented at ECFA@DESY 
◦ BF < 0.7% @ 95% CL 
 

 From a crude toy MC scan, 5σ observation down to 2.8% 
and 2.0% for “Left” and “Right”, respectively. 
◦ Need much more toy MC events. 

,   Z qq,  H invis.       250 GeVe e ZH s+ − → → → =
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       250 GeV e e ZH s+ − → =

1L=250 fb−

( ) / ( )BR BRσ σ∆  

1L=1150 fb−
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H ,ttH,ZHH 500 GeVe e sνν+ − → =

One gets a more complete Higgs profile at 500 GeV
using the  WW fusion channel, ttH production and the ZHH final state.

  The  coupling can be measured by combining 

a measurement of ( ) (σ νν

≈

× →
HWW

s

g

H BR H bb

1

) with ( ) obtained at 250 GeV .
The  measurement gives a better estimate of  than  since BR(H WW*) BR(H *).

A relative error of 6% on  is expected at by combining 250 fb  at−

→ ≈
Γ ∆ → ∆ →

Γ

HWW tot HZZ

tot

BR H bb s
g g ZZ

1 250 GeV with 500 fb  at 500 GeV. 

Cross section for  significantly enhanced near threshold due to t t bound state effects. This leads to 

a measurement of the top Yukawa coupling / 14.

−

+ −

= =

→

∆ =t t

s s

e e ttH

y y 11% with 500 fb  at 500 GeV. − =s
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ZHH 500 GeVe e s+ − → =

1

1

Combining all channels, one gets, for L=500 fb  at 500 GeV,
                 / 53%  and
                 / 88%

for L=1600 fb  at 500 GeV one gets
                 / 30%  and
    

σ σ
λ λ

σ σ

−

−

=
∆ =
∆ =

=
∆ =

ZHH ZHH

ZHH ZHH

s

s

             / 49%λ λ∆ =

J.Tian,  "Study of Higgs Self-Coupling at the ILC Based on Full Detector

Simulation at 500 & 1000 GeV" , LC-REP-2013-003=s
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,   H       500 GeV   ( , ) ( 0.8, 0.3)
e e

e e ZH s P Pνν − +
+ − → = = − +

1L=500 fb−

( ) / ( )BR BRσ σ∆  

1L=1600 fb−
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H ,   ,    1 TeVe e ttH HH sνν νν+ − → =

At 1 TeV an  collider provides better measurements of  the top Yukawa coupling  and 
Higgs  self coupling.   In addition an   collider becomes a Higgs factory 
again  since the total Higgs cro

+ −

+ −

≈s e e
e e

ss section is larger than the total cross sections at 250 GeV,  
especially if  polarized beams are used: 

, ) (0,0)− + =P(e e
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Top Yukawa Coupling at Ecm=1000 GeV 

1 1

:  These are direct percen

Combine 6 and 8 jet results

t-level measurements  of th

:       / 4.0%  (2.5%)   for L=1000 fb   (2500 f

e top Yukawa coupling.   
            Statistical errors onl

b )− −∆ =t t

Note

y y

y, but systematic errors should be much smaller.
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HH 1000 GeVe e sνν+ − → =

1

1

For L=1000 fb  at 1000 GeV, one gets
                 / 33%  and
                 / 25%

for L=2500 fb  at 1000 GeV one gets
                 / 21%  and
                 / 16%

σ σ
λ λ

σ σ
λ λ

−

−

=
∆ =
∆ =

=
∆ =
∆ =

ZHH ZHH

ZHH ZHH

s

s

J.Tian,  "Study of Higgs Self-Coupling 
at the ILC Based on Full Detector

Simulation at 500 & 1000 GeV" , 
LC-REP-2013-003

=s
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H    1 TeVe e sνν+ − → =

e e Hνν ννµ µ+ − + −→ → SiD  after cuts SiD  after cutsall bgnd

1Signal & Bgnd    L=500 fb−

1

1

For L=1000 fb  at 1000 GeV, one gets
                 / 31%  and
                 / 16%

for L=2500 fb  at 1000 GeV one gets
                 / 20%  and
                 

µµ µµ

σ σ

σ σ

−

−

=
∆ =
∆ =

=
∆ =
∆

 

 

H H

H

s
BR BR

g g

s
BR BR

g / 10%µµ µµ =Hg
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       1000 GeV   ( , ) ( 0.8, 0.2)
e e

e e H s P Pνν − +
+ − → = = − +

1L=1000 fb−

( ) / ( )BR BRσ σ∆  

1L=2500 fb−
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Model Independent Coupling Fit

0

2
2

1

Take N-1 independent BR measurements  and one  measurement ( )
and fit for 9 couplings , , , , , , , , ,
by minimizing

'                               

σ σ
ττ µµ γγ

χ
=

×
Γ

 −
=  ∆ 

∑

i ZH N

N
i i

i i

Y Y
HZZ HWW Hbb Hcc Hgg H H Htt H

Y Y
Y

2 2

0

        e.g.  '

                                                       /

=
Γ

∆

HZZ Hcc
i i

Hxx Hxx

g gY F

g g
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Model Independent Coupling Summary

                 /∆ Hxx Hxxg g

*

* 95% C.L. limit
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Model Dependent Coupling Fit
It is sometimes useful to extract couplings from ILC data using certain model assumptions in order to compare 
experimental precisions with facilities that cannot determine Higgs couplings in a model i

2

ndependent manner.

We believe the most straightforward way to compare ILC and LHC Higgs coupling precisions is to have both 
facilities perform a global coupling fit with only the assumption   <HWW HWg g 2 2 2

2 2 2 2

|     and   |    

                                                       /  assuming |     and   |

<

∆ < <

W SM HZZ HZZ SM

Hxx Hxx HWW HWW SM HZZ HZZ SM

g g

g g g g g g
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Model Dependent Coupling Fit
2 2 2 2assuming |     and   |< <HWW HWW SM HZZ HZZ SMg g g g

1

1

1

1 

ILC:  

ILC1:  + 250 fb  @ 250 GeV

ILC1

LHC

 + 500 fb     

:  300 fb  , 1 detecto

@ 500 GeV

ILCTEV: 

r @ 14 TeV

L

  + 1000  fb     @ =1000 Ge

H

VILC

C −

− + −

− + −

+ −

−

=

=

=

e e

e e s

s

e e s

s
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Model Dependent Coupling Fits
Alternatively, ILC can fit for the   coupling scaling factors of arXiv :1029.0040.
We are in the process of  doing that for our Snowmass measurement
errors with the help of Dirk Zerwas and Michael Rauc

iκ

h.

To get an idea of what these results might look like, here are some plots of similar
fits from earlier this year:
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  The ILC will study the 125 GeV Higgs Boson through the processes ,  H, ttH

  The ILC can easily access decay modes that are difficult to access at the LHC, and may have
      limited precisi

e e ZH νν+ −• →

•
on for rare decays that the LHC will cover well.  It is  therefore positioned to 

      complement the LHC qualitatively.

  The ILC will make a model independent 2.7% measurement of  the total width of•  the Higgs Boson.  

  The Higgs couplings to W,Z,b will be measured to less than 0.75%  without model assumptions. 

  The Higgs couplings to  g,c,   will be measured to about 1%  without model assumptτ

•

• ions.

   A 95% C.L. limit of 0.32% can be placed on the Higgs branching fraction to invisible decays.

   The top yukawa coupling can be measured to a 2.5% accuracy.

    The Higgs self coupling can be 

•

•

• measured with an accuracy of 16% 

    Some thought has to go into how we compare the coupling precisions of ILC and LHC 
       in the Snowmass writeup.
 

•
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