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The LHC experiments have found a new scalar 

particle à consistent with a SUSY Higgs boson 

… And to use it as a 

tool for discovery 

2015-‐08-‐07	  



2015-‐08-‐07	   Jan	  Strube	  -‐	  PNNL	   4	  

BSM motivations

Figure 6.8: Two-loop renormaliza-
tion group evolution of the inverse
gauge couplings α−1

a (Q) in the Stan-
dard Model (dashed lines) and the
MSSM (solid lines). In the MSSM
case, the sparticle masses are treated
as a common threshold varied be-
tween 500 GeV and 1.5 TeV, and
α3(mZ) is varied between 0.117 and
0.121.
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This unification is of course not perfect; α3 tends to be slightly smaller than the common value of
α1(MU ) = α2(MU ) at the point where they meet, which is often taken to be the definition of MU .
However, this small difference can easily be ascribed to threshold corrections due to whatever new
particles exist near MU . Note that MU decreases slightly as the superpartner masses are raised. While
the apparent approximate unification of gauge couplings at MU might be just an accident, it may also
be taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [109]. In the DRED method, all momentum integrals
are still performed in d = 4 − 2ϵ dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than
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  The ILC accelerator and detectors 
  Higgs physics at the ILC 

  Fermions 
  Self-coupling 
  Top Yukawa 
  Combined Fit 

  Summary 
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The ILC Accelerator 
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•  TDR	  has	  been	  delivered	  in	  2012	  
•  Technology	  being	  installed	  in	  XFEL	  at	  DESY	  
•  Candidate	  site	  in	  Japan	  has	  been	  studied	  
•  Layout	  being	  targeted	  towards	  site	  

Baseline:	  31	  km	  à	  ~500	  GeV	  
Upgrade	  op4on	  to	  ~1	  TeV	  	  

Recommenda4on	  11:	  Mo#vated	  by	  the	  strong	  scien+fic	  importance	  of	  the	  ILC	  and	  the	  
recent	  ini#a#ve	  in	  Japan	  to	  host	  it,	  the	  U.S.	  should	  engage	  in	  modest	  and	  appropriate	  
levels	  of	  ILC	  accelerator	  and	  detector	  design	  in	  areas	  where	  the	  U.S.	  can	  contribute	  
cri#cal	  exper#se.	  Consider	  higher	  levels	  of	  collabora#on	  if	  ILC	  proceeds.	  

From	  the	  P5	  report:	  As	  the	  physics	  case	  is	  extremely	  strong,	  …	  

Damping	  

Rings	  

Main	  Lin
ac	  

Main	  Lin
ac	  

Electron
s	  

31	  km
	  



ILC Baseline Operating Scenario 
arXiv:1506.07830v1 [hep-ex]  
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DRAFT

3 TIMELINES OF THE RUNNING SCENARIOS

years
0 5 10 15 20in

te
gr

at
ed

 lu
m

in
os

iti
es

  [
fb

]
0

1000

2000

3000

4000

Lu
m

in
os

ity
 U

pg
ra

de

ILC, Scenario G-20
ECM = 250 GeV
ECM = 350 GeV
ECM = 500 GeV

Integrated Luminosities  [fb]

Figure 3: Accumulation of integrated luminosity versus real time for scenario G-20.
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Figure 4: Accumulation of integrated luminosity versus real time for scenario H-20.
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DRAFT

4.1 Higgs couplings to fermions and gauge bosons4 TIME DEVELOPMENT OF PHYSICS RESULTS

years
0 5 10 15 20

co
up

lin
g 

pr
ec

is
io

n 
[%

]

1

10

210

HZZ

HWW

Hbb

Hcc

Hgg

ττH

γγH

Htt

HΓ

µµH

model-independent
ILC Scenario G-20

with hadronic recoil

years
0 5 10 15 20

co
up

lin
g 

pr
ec

is
io

n 
[%

]

1

10

210

HZZ

HWW

Hbb

Hcc

Hgg

ττH

γγH

Htt

HΓ

µµH

model-independent
ILC Scenario H-20

with hadronic recoil

Figure 7: Time evolution of precision on various couplings of the Higgs boson in the scenarios
G-20 and H-20.
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•  Start	  at	  baseline	  energy	  
•  Pursue	  full	  program	  from	  day	  1,	  including	  JH,	  self-‐coupling,	  BSM	  searches	  

•  Add	  runs	  at	  thresholds	  for	  higher	  precision:	  350	  GeV	  (top),	  250	  GeV	  (ZH)	  
•  Run	  at	  other	  thresholds	  possible,	  informed	  by	  LHC	  or	  early	  ILC	  Data	  
•  Goal:	  per	  cent-‐level	  precision	  on	  (most)	  Higgs	  couplings	  	  
•  Possible	  upgrade	  to	  1	  TeV	  to	  improve	  JH,	  self-‐coupling	  measurements,	  access	  

poten4al	  heavy	  states	  

Includes	  
machine	  
ramp-‐up	  



Comparison with the LHC 
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Projected Higgs coupling precision (7-parameter fit)

 (CMS-1, Ref. arXiv:1307.7135)-1 14 TeV, 3000 fbHL-LHC
 (CMS-2, Ref. arXiv:1307.7135)-1 14 TeV, 3000 fbHL-LHC

-1 250 GeV,   500 fb⊕ -1 350 GeV, 200 fb⊕ -1 500 GeV,   500 fbILC
-1 250 GeV, 2000 fb⊕ -1 350 GeV, 200 fb⊕ -1 500 GeV, 4000 fbILC
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Figure 4: Relative precisions for the various Higgs couplings extracted using the model-
dependent fit used in the Snowmass 2013 study [18], applied to expected data from the
High-Luminosity LHC and from the ILC. Here, 

A

is the ratio of the AAh coupling to
the Standard Model expectation. The red bands show the expected errors from the initial
phase of ILC running. The yellow bands show the errors expected from the full data set.
The blue bands for 

�

show the e↵ect of a joint analysis of High-Luminosity LHC and ILC
data.
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HL-‐LHC	  program	  will	  measure	  
several	  Higgs	  couplings	  to	  <10%	  
	  
The	  ILC	  program	  will	  improve	  
upon	  this	  precision	  by	  ~	  one	  
order	  of	  magnitude.	  
	  



Model-independent  
measurements at the ILC 
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HL-‐LHC	  program	  will	  measure	  
several	  Higgs	  couplings	  to	  <10%	  
	  
The	  ILC	  program	  will	  improve	  
upon	  this	  precision	  by	  ~	  one	  
order	  of	  magnitude.	  
	  
ILC	  will	  add	  measurements.	  
Studies	  can	  be	  carried	  out	  in	  a	  
self-‐contained	  and	  model-‐
independent	  way	  
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Figure 5: Relative precisions for the various Higgs couplings extracted from a model-
independent fit to expected data from the ILC. The notation is as in Fig. 4.
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ILC Detectors 
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5	  T	  field	  
Silicon	  Tracking	  

3.5	  T	  field	  
Gaseous	  Tracking	  

Pixelated	  Si-‐W	  ECAL	  
Highly	  Granular	  HCAL	  

Op4mized	  for	  Par4cle	  Flow	  (calorimeter	  inside	  coil)	  
No	  Trigger	  

Shared	  Beam	  Time	  in	  Push-‐Pull	  setup	  

SiD	   ILD	  

Both	  can	  deliver	  the	  physics.	  Now	  shijing	  gears	  towards	  TDR	  

Detectors	  not	  
at	  same	  scale	  



ZH → µ+µ- + anything	  

primary vertices in tth events	  

250 GeV	  

ILC	  1	  TeV	  

W-Z separation	  

Detector Requirements are driven  
by Higgs physics 

2015-08-07 Jan Strube - PNNL 12 

  Exceptionally good impact parameter 
resolution, time stamping, material budget in 
the vertex detector 
  R&D ongoing to meet all of these requirements 

 

  Extremely low material budget in the main 
tracker, with high tracking efficiency 
  σ(1/p)	  ~	  2.5	  ×	  10-‐5 

  Not only good calorimeter resolution, but 
excellent track-shower matching and shower 
separation 



Status of Machine and Detectors 
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  The ILC accelerator has completed its TDR 
  A potential site has been identified 
  Japan is investigating the possibility to host the machine at the 

government level 
  Two Detector concepts have been designed to deliver high-precision 

physics 
  Measurements of Higgs properties drive the design on many fronts 

  The concept groups are moving towards the start of a TDR process 



The ILC TDR 
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Volume	  1	  –	  Execu4ve	  Summary:	  
	  hJp://arxiv.org/abs/1306.6327	  

Volume	  2	  –	  Physics:	  
	  hJp://arxiv.org/abs/1306.6352	  

Volume	  3.I	  –	  Accelerator	  R&D	  in	  the	  
Technical	  Design	  Phase:	  

	  hJp://arxiv.org/abs/1306.6353	  
Volume	  3.II	  –	  Accelerator	  Baseline	  Design	  

	  hJp://arxiv.org/abs/1306.6328	  
Volume	  4	  –	  Detectors:	  

	  hJp://arxiv.org/abs/1306.6329	  



Physics with Higgs bosons at 
the ILC 



Higgs Production at the ILC 
Baseline of 500 GeV 
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Figure 2: Cross sections for the three major Higgs production processes as a function of
center of mass energy, from Ref. [1].

only via collisions of left-handed electrons with right-handed positrons. As a conse-
quence, its cross section can be enhanced by a factor of about 2 with the polarized
electron and positron beams available at the ILC. Figure 2 plots the cross sections
for the single Higgs boson production at the ILC with the left-handed polarization
combinations: P (e�, e+) = (�0.8,+0.3). The figure tells us that at a center of mass
energy of 250 GeV the higgsstrahlung process attains its maximum cross section,
providing about 160,000 Higgs events for an integrated luminosity of 500 fb�1. At
500 GeV, a sample of 500 fb�1 gives another 125,000 Higgs events, of which 60% are
from the W fusion process [14]. With these samples of Higgs events, we can measure
the rates for Higgs production and decay for all of the major Higgs decay modes.

The higgstrahlung process e+e� ! Zh o↵ers another special advantage. By identi-
fying the Z boson at a well-defined laboratory energy corresponding to the kinematics
of recoil against the 125GeV Higgs boson, it is possible to identify a Higgs event with-
out looking at the Higgs decay at all. This has three important consequences. First,
as we will describe below, it gives us a way to determine the total width of the Higgs
boson and the absolute normalization of the Higgs couplings. Second, it allows us to
observe Higgs decays to invisible or exotic modes. Decays of the Higgs boson to dark
matter, or to other long-lived particles that do not couple to the Standard Model
interactions, can be detected down to branching ratios below 1%.
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A	  Higgs	  program	  in	  3	  stages	  
Star4ng	  
Point	  

Recoil	  method:	  ILC	  staple	  at	  all	  stages	  
Z	  -‐-‐>	  ll	  for	  precision	  
Z	  -‐-‐>	  qq	  for	  higher	  cross	  sec4on	  

Vector	  boson	  fusion	  cross	  sec4on	  
increases	  at	  higher	  energies	  



Higgsstrahlung at the ILC 
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Higgs production in Z Recoil : mH ! �ZH ! gHZZ
LCC Physics Working Group, arXiv:1506.05992v2 [hep-ex]

How do we measure couplings? N
L = �i · BR(H ! XX) = �i · �(H!XX)

�H
tot

/ g2i · g2HXX
�H
tot

We need � and �H
tot to convert branching ratios into couplings!

e+e� �! ZH

reconstruct recoil mass against Z boson

M2
rec = (pe+e- � pZ)

2

No Higgs reconstruction required!

‰ precise mH measurement

‰ model-independent measurement of �ZH

! direct extraction of gHZZ (�ZH / g2HZZ)

‰ independent of Higgs decay

‰ observe H! invisible/exotic

! absolute measurement of BRs

! implies absolute measurement of �H
tot

in model-independent way

‰ fix overall scale of couplings

expected ILC precision

ILC500 ILC500 LumiUP

�mH 25 MeV 15 MeV

�gHZZ/gHZZ 0.58 % 0.31 %

Claude Fabienne Dürig | Higgs program at the ILC | EPS-HEP Vienna, July 22-29 2015 | 5/13

Well-‐known	  ini4al	  state	  at	  ILC	  
allows	  to	  measure	  the	  Higgs	  in	  a	  
model-‐independent	  way:	  
Reconstruc4on	  efficiencies	  the	  
same	  for	  all	  decays	  to	  within	  <	  1%	  

M
recoil

=
⇣
(
p
s�E

Z

)2 �P2
Z

⌘1/2

This	  method	  has	  the	  smallest	  uncertainty	  
near	  threshold.	  Sensi4vity	  to	  invisible	  decays,	  

certain	  CP	  viola4ng	  scenarios	  



Higgs to b and c Quarks, gluons 

2015-08-07 Jan Strube - PNNL 18 

b-likenes
s

0 0.2 0.4 0.6 0.8 1
c-likeness 0

0.20.4
0.6

0.81
0

10000
20000
30000
40000
50000

DataData

b-likenes
s

0 0.2 0.4 0.6 0.8 1
c-likeness 0

0.20.4
0.6

0.81
0
50
100
150
200
250
300
350
400

 others→h  others→h

b-likenes
s

0 0.2 0.4 0.6 0.8 1
c-likeness 0

0.20.4
0.6

0.81
0

10000
20000
30000
40000
50000

SM BGSM BG

b-likenes
s

0 0.2 0.4 0.6 0.8 1
c-likeness

0
0.2

0.4
0.6

0.81
0

1000
2000
3000
4000
5000
6000
7000
8000

 bb→h  bb→h

b-likenes
s

0 0.2 0.4 0.6 0.8 1
c-likeness

0
0.2

0.4
0.6

0.81
0
10
20
30
40
50
60
70
80

 cc→h  cc→h

b-likenes
s

0 0.2 0.4 0.6 0.8 1
c-likeness

0
0.2

0.4
0.6

0.81
0

100
200
300
400
500

 gg→h  gg→h

•  Higgs	  decays	  to	  jets	  
benefit	  from	  excellent	  
vertex	  detector	  

•  b-‐	  and	  c-‐tagging	  
•  Jet-‐clustering	  ajer	  vertex	  

finding	  as	  to	  not	  break	  up	  
the	  ver4ces	  

•  Branching	  ra4os	  
extracted	  simultaneously	  
with	  template	  method	  

5. Flavor Tagging

While the flavor tagging procedure described in this section is in principle independent of the order of
the jet finding and secondary vertex finding. the performance is given for the procedures given in this paper,
i.e. in the order of vertex finding, jet finding, and vertex refining as described in the previous sections.

The flavor tagging procedure is based on a multivariate classifier as implemented in the TMVA package.
The flavor tagging procedure is applied to each jet and makes no attempt to look at the interaction between
the jets beyond what is implemented up to this point. The jets are divided into four categories according the
number of reconstructed vertices in a jet. For each category, a set of input variables are defined, which are
then passed to the multivariate classifier. The classifier response is normalized across the different categories,
which can then be used in a physics analysis.

We employ boosted decision trees (BDTs) as the multivariate classifier in the TMVA package in ROOT.
The BDTs with gradient boosting are used. The BDTs operate in the multiclass mode which allows the
simultaneous training of multiple classes of events. In our case, we define three classes, which are b jets, c
jets, and uds jets.

The jets are categorized by the number of reconstructed vertices. By the design of the vertex refiner
described in the previous section, each jet can either have zero, one, or two properly reconstructed vertices.
In addition, each jet can have he single-track pseudovertex is also considered. We separate the jets into the
four categories as listed in Tab. 4

The flavor tagging input variables are constructed from the constituents of the jets such as the charged
tracks and secondary vertices. The momentum of the jet itself is used for the inspection of the jet constituents
in terms of the jet direction. Many input variables can depend on the energy of the jet, since the decay
length and angles between particles necessarily depend on the boost of the particles involved. They can be
normalized making use of the jet energy to diminish the jet energy dependence. The jet energy dependence
cannot be completely eliminated because the acceptance cuts and the detector effects are inherently not
invariant as a function of the jet energy. The list of input variables are shown in Tabs. 5-6.
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Figure 1: The flavor tagging performance, evaluated on Z → qq sample at
√
s = 91.2 GeV, is shown in terms of the mis-

identification fraction versus the tagging efficiency. (a) The tagging efficiency is shown for b jets. The green (circle) points
show the fraction of c jets being mistaken as a b jet. The blue (square) points show the fraction of uds jets being mistaken as
a b jet. (b) The tagging efficiency is shown for c jets. The red (circle) points show the fraction of b jets being mistaken as a c

jet. The blue (square) points show the fraction of uds jets being mistaken as a c jet.

The performance of the flavor tagging for e+e− → Z → qq two jet samples for
√
s = 91.2 GeV is shown in

Fig. 1. Two plots are shown corresponding to the performance of the b tagging and c tagging. The two lines

8Measurement	  precision	  goals:	  	  
	  g(Hbb)	  =	  0.7%	  
	  g(Hcc)	  =	  1.2%	  
	  g(Hgg)	  =	  1.0%	  

b	   c	  



Higgs Decay to τ Leptons 

2015-08-07 19 Jan Strube - PNNL 

  Ideal probe for new physics: Sizeable BR, well-known τ 
mass, CP properties in angular analysis 
  Reconstruction in hadronic recoil: qqττ 
  Analysis steps: τ “jet” finder, jet charge 
  Collinear Approximation: 

 Visible τ decay products and ν are collinear 
 No other source of missing momentum 
 Result: 1.9% baseline, 0.9% luminosity upgrade 

20/13 

Collinear Approximation 

ALCW2015 @ KEK (2015/Apr./20) 

𝜏 𝜈 
visible 

Assumptions: 
• visible 𝜏 decay products and 𝜈s are collinear 
• contribution of missing momentum  
     comes only from 𝜈s of 𝜏 decay 

method of reconstructing tau pair mass (𝑀𝐻) 



Higgs Total Width  
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Expected	  Precision	  500	  GeV:	  	  	  𝚫𝚪H	  /	  𝚪H=	  3.8%	  
Luminosity	  upgrade	  500	  GeV:	  𝚫𝚪H	  /	  𝚪H	  =	  1.8%	  
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Standard	  Model:	  𝚫𝚪H	  ≅	  4	  MeV	  

gHWW	  in	  both,	  
produc4on	  and	  decay	  

At	  the	  LHC:	  Use	  rate	  of	  off-‐shell	  H	  →	  ZZ:	  22	  MeV,	  100	  4mes	  beJer	  than	  direct	  method	  

At	  the	  ILC:	  Use	  the	  fact	  that	  the	  same	  tree-‐level	  coupling	  enters	  produc4on	  and	  decay	  
and	  that	  ZH	  cross	  sec4on	  can	  be	  measured	  inclusively	  
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�(H ! WW)

BR(H ! WW)
/ g2

HWW

BR(H ! WW)
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V =
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2
m2

H�2
H + �v�3

H +
1

4
�4

H

In	  the	  SM,	  self-‐coupling	  terms	  fixed	  by	  mass.	  Other	  models	  can	  lead	  to	  poten4ally	  
large	  devia4ons.	  Important	  to	  measure	  independently.	  

8/6/2015 https://upload.wikimedia.org/wikipedia/commons/7/7b/Mexican_hat_potential_polar.svg

https://upload.wikimedia.org/wikipedia/commons/7/7b/Mexican_hat_potential_polar.svg 1/1

Sensitivity of Higgs self-coupling � in BSM

‰ electroweak baryogenesis (THDM) large deviation expected in � (� �1.2 ·�SM)

‰ such physics scenario di�cult to be observed at LHC

‰ at ILC possible at 500 GeV with ZHH

example: � = 2 ·�SM

‰ �ZHH enhanced by 60%

‰ ��/� improved by factor of 2

estimated physics outcome
‰ � can be measured to 14% precision

‰ 7� discovery

‰ more than 3� deviation from SM

� (N)
LO
[fb
]

�/�SM

Te
SM

BSM @ 500GeVBSM @ 1TeV
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Devia4ons	  in	  λ	  lead	  to	  a	  change	  in	  cross	  sec4on	  

Higgs Self-Coupling Measurement at the ILC

‰ precise measurement of SM Higgs potential via Higgs self-coupling

V(⌘H) =
1

2
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H⌘
2
H + �v⌘3

H +
1

4
�⌘

4
H

‰ existence of HHH coupling ! direct evidence of vacuum condensation

‰ one must observe double Higgs production

‰ very challenging measurement

! small production cross section, i.e. �(ZHH) ⇡ 0.2fb at 500GeV

! many jets in final state

! interference terms due to irreducible diagrams
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At	  the	  ILC:	  Measure	  the	  rate	  of	  
double	  Higgs	  produc4on	  
ZHH	  (500	  GeV)	  or	  HHνν	  (1	  TeV)	  



Measurement of double Higgs Production 
at the ILC 
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Higgs Self-Coupling Measurement at the ILC
ILC Parameters Joint Working Group, arXiv:1506.07830v1 [hep-ex]

Existing full simulation analyses
for mH = 125 GeV

@ 500 GeV

‰ ZHH!Z(bb)(bb)

‰ ZHH!Z(bb)(WW)

@ 1 TeV

‰ ⌫⌫HH !⌫⌫(bb)(bb)

‰ ⌫⌫HH !⌫⌫(bb)(WW)

studies are ongoing
potential improvement in analyses

‰ kinematic fitting

‰ jet-clustering

‰ matrix element method

‰ etc...

relative improvement of 20% expected
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before luminosity upgrade precision of

77 % on Higgs self-coupling

after full ILC program precision of

27% can be achieved

possible energy upgrade to 1 TeV could

improve precision to 10% or better
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Mass	  resolu4on	  in	  double	  Higgs	  produc4on	  and	  
dominant	  background	  at	  500	  GeV	  

Experimental	  precision	  limited	  by	  
jet	  clustering.	  

HH	  

ZH	  

ZH	  

ZZ	  

Es4mate:	  27%	  
Es4mate	  with	  1	  TeV	  upgrade:	  ~10%	  

Very	  challenging	  experimentally:	  Low	  
signal	  rates,	  high	  mul4plicity.	  
b	  –	  tagging,	  jet	  clustering…	  
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Invisible Higgs Decays 
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Invisible	  Higgs	  decays	  occur	  in	  the	  SM,	  e.g.	  BR	  (H	  à	  ZZà	  νν)	  ~	  0.4%	  

Dominant	  background	  channels	  +	  25x	  SM	  signal	  

ILC	  Sensi4vity	  down	  to	  ~SM	  predic4on	  in	  full	  ILC	  program:	  95%	  CL:	  BF	  <	  0.27%	  	  

Higgs	  decay	  to	  e.g.	  neutralinos	  kinema4cally	  allowed,	  if	  2mΧ	  <	  mH	  

HL-‐LHC	  predic4ons:	  <	  6-‐17%	  

Z	  -‐-‐>	  µµ	   Z	  -‐-‐>	  qq	  



Top Yukawa coupling in the baseline 
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Coupling	  measurement	  at	  baseline	  energy:	  18%,	  
In	  full	  program	  w/	  luminosity	  upgrade:	  6.3%	  

DRAFT

6 MODIFICATIONS OF RUNNING SCENARIOS IN CASE OF NEW PHYSICS

in the important top Yukawa coupling parameter motivates serious consideration of extending
the upper center-of-mass reach of the nominally 500 GeV ILC to about 550 GeV.

On the other hand it should be noted that for
p

s < 500 GeV the cross-section drops quickly.
For

p
s = 485 GeV, a reduction of 3% in

p
s, the uncertainty of the top Yukawa would be twice

as large as at
p

s = 500 GeV. Thus reaching at least
p

s = 500 GeV is essential to be able to
perform a meaningful measurement of the top Yukawa coupling.

Figure 20: Relative cross section and top Yukawa coupling precision versus centre-of-mass
energy, extrapolated based on scaling of signal and main background cross-sections.

6 Modifications of Running Scenarios in Case of New Physics

The above running scenarios have been derived based on the particles we know today. However
there are many good reasons to expect discoveries of new phenomena at the LHC or the ILC
itself. Obviously, such a discovery would lead to modifications of the proposed running scenar-
ios. Since the possibilities are manifold, we outline here the basic techniques which exploit the
tunability of centre-of-mass energy and beam helicities at the ILC in order to characterize new
particles. In practice, the inital run at

p
s = 500 GeV would serve as a scouting run. Careful

analysis of these data will then give some first information, which would guide the optimisation
of the running program for the following years.

Threshold Scans

As in the case of the top quark or the W boson, threshold scans are also important tools for
a precise determination of the masses of new particles. This has been studied in the literature

28

Main	  produc4on	  channel	  of	  JH	  at	  ILC	  

Cross	  sec4on	  of	  JH	  produc4on	  at	  ILC	  with	  unpolarized	  beams	  

Important	  to	  reach	  at	  least	  baseline	  energy.	  
Poten4al	  at	  higher	  energy:	  
Coupling	  measurement	  in	  full	  program	  ~3%	  



Top Yukawa coupling at 1 TeV 
doi:10.1140/epjc/s10052-015-3532-4 
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Expected	  precision	  with	  full	  ILC	  program	  +	  Energy	  
upgrade:	  2%	  

Analysis	  in	  6-‐jet+lepton	  and	  in	  8-‐jet	  mode	  
Main	  background	  processes:	  
Other	  Higgs	  decays,	  JZ,	  Jbb,	  J	  
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Global Fit of Higgs couplings 
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parameter	   ILC500	   ILC500	  
LumiUp	  

𝚪H	   3.8%	   1.8%	  

g(HZZ)	   0.58%	   0.31%	  

g(HWW)	   0.81%	   0.42%	  

g(Hbb)	   1.5%	   0.7%	  

g(Hcc)	   2.7%	   1.2%	  

g(Hgg)	   2.3%	   1.0%	  

g(ττ)	   1.9%	   0.9%	  

g(Hγγ)	   7.8%	   3.4%	  

g(Hγγ)+LHC	   1.2%	   1.0%	  

g(Hµµ)	   20%	   9.2%	  

g(HJ)	   18%	   6.3%	  

Best	  measurement	  of	  cross	  sec4on:	  	  
σZH	  from	  recoil	  method.	  Error	  <	  2.5%	  
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Figure 5: Relative precisions for the various Higgs couplings extracted from a model-
independent fit to expected data from the ILC. The notation is as in Fig. 4.
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are not optional 
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Disclaimer 
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  The numbers presented here are based on realistic simulation studies 
including beam background, with current reconstruction. 

  The LHC experiments are demonstrating how much clever 
approaches in analysis and reconstruction can improve error bars. 



Conclusions 
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  The LHC experiments have discovered a Higgs boson consistent with 
various BSM models 

  It will take ILC precision to really use the Higgs as a tool for new 
discovery, as recommended by P5 
  Higgs bosons are an integral part of the ILC physics program. BSM 
searches, top properties and Higgs physics are tightly coupled thanks to 
this precision 

  From the P5 Executive Summary: “As the physics case is extremely 
strong, all Scenarios include ILC support at some level through a 
decision point within the next 5 years.” 
  This support will help take the project to the next level 



Thank you for your attention 
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DRAFT

B TABLE OF ILC PROJECTED UNCERTAINTIES

Topic Parameter Initial Phase Full Data Set units ref.
Higgs mh 25 15 MeV [51]

g(hZZ) 0.58 0.31 % [8]
g(hWW ) 0.81 0.42 % [8]
g(hbb̄) 1.5 0.7 % [8]
g(hgg) 2.3 1.0 % [8]
g(hgg) 7.8 3.4 % [8]

1.2 1.0 %, w. LHC results [52]
g(htt) 1.9 0.9 % [8]
g(hcc̄) 2.7 1.2 % [8]
g(htt̄) 18 6.3 %, direct [8]

20 20 %, tt̄ threshold [53]
g(hµµ) 20 9.2 % [8]
g(hhh) 77 27 % [8]

Gtot 3.8 1.8 % [8]
Ginvis 0.54 0.29 %, 95% conf. limit [8]

Top mt 50 50 MeV (mt(1S)) [54]
Gt 60 60 MeV [53]
gg

L 0.8 0.6 % [49]
gg

R 0.8 0.6 % [49]
gZ

L 1.0 0.6 % [49]
gZ

R 2.5 1.0 % [49]
Fg

2 0.001 0.001 absolute [49]
FZ

2 0.002 0.002 absolute [49]
W mW 2.8 2.4 MeV [36]

gZ
1 8.5⇥10�4 6⇥10�4 absolute [55]

kg 9.2⇥10�4 7⇥10�4 absolute [55]
lg 7⇥10�4 2.5⇥10�4 absolute [55]

Dark Matter EFT L: D5 2.3 3.0 TeV, 90% conf. limit [32]
EFT L: D8 2.2 2.8 TeV, 90% conf. limit [32]

Table 14: Projected accuracies of measurements of Standard Model parameters at the two stages
of the ILC program proposed in this report. This table was assembled by the LCC Physics
Working Group [4]. This program has an initial phase with 500 fb�1 at 500 GeV, 200 fb�1

at 350 GeV, and 500 fb�1 at 250 GeV, and a luminosity-upgraded phase with an additional
3500 fb�1 at 500 GeV and 1500 fb�1 at 250 GeV. Initial state polarizations are taken accord-
ing to the prescriptions above. Uncertainties are listed as 1s errors (except where indicated),
computed cumulatively at each stage of the program. These estimated errors include both sta-
tistical uncertainties and theoretical and experimental systematic uncertainties. Except where
indicated, errors in percent (%) are fractional uncertainties relative to the Standard Model val-
ues. More specific information for the sets of measurements is given in the text. For each
measurement, a reference describing the technique is given.
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4 TIME DEVELOPMENT OF PHYSICS RESULTS

p
s

R
L dt Lpeak Ramp T Ttot Comment

[GeV] [fb�1] [fb�1/a] 1 2 3 4 [a] [a]
Physics run 500 500 288 0.1 0.3 0.6 1.0 3.7 3.7 TDR nominal at 5 Hz
Physics run 350 200 160 1.0 1.0 1.0 1.0 1.3 5.0 TDR nominal at 5 Hz
Physics run 250 500 240 0.25 0.75 1.0 1.0 3.1 8.1 operation at 10 Hz
Shutdown 1.5 9.6 Luminosity upgrade
Physics run 500 3500 576 0.1 0.5 1.0 1.0 7.4 17.0 TDR lumi-up at 5 Hz
Physics run 250 1500 480 1.0 1.0 1.0 1.0 3.2 20.2 lumi-up operation at 10 Hz

Table 7: Scenario H-20: Sequence of energy stages and their real-time conditions.
p

s
R

L dt Lpeak Ramp T Ttot Comment
[GeV] [fb�1] [fb�1/a] 1 2 3 4 [a] [a]

Physics run 500 500 288 0.1 0.3 0.6 1.0 3.7 3.7 TDR nominal at 5 Hz
Physics run 350 200 160 1.0 1.0 1.0 1.0 1.3 5.0 TDR nominal at 5 Hz
Physics run 250 500 240 0.25 0.75 1.0 1.0 3.1 8.1 operation at 10 Hz
Shutdown 1.5 9.6 Luminosity upgrade
Physics run 500 3500 576 0.1 0.5 1.0 1.0 7.4 17.0 TDR lumi-up at 5 Hz
Physics run 350 1500 448 1.0 1.0 1.0 1.0 3.4 20.4 lumi-up operation at 7 Hz

Table 8: Scenario I-20: Sequence of energy stages and their real-time conditions.

Shutdowns

• A major 18 month shutdown is assumed for the luminosity upgrade.

• The shutdown is for the TDR luminosity upgrade, where the number of bunches per
pulse is increased from 1312 to 2625. This requires the installation of an additional 50%
of klystrons and modulators, as well as the possible installation of a second positron
damping ring. It is assumed that linac and damping ring installation occur in parallel and
do not interfere with each other.

• This down-time may be on the optimistic side, but would appear to be roughly consistent
with the TDR construction installation rates, assuming that the same level of manpower
is available, and that all the necessary components for installation are (mostly) available
at the time the shutdown starts.

4 Time Development of Physics Results

In this section we present some examples of how important physics results evolve in time for the
three scenarios presented above. All plots in this section are preliminary since not all analyses
involved have been finished yet, so that some measurements are extrapolated, e.g. from other
center-of-mass energies.

4.1 Higgs couplings to fermions and gauge bosons
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