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Outline	
  
•  ILC	
  Higgs	
  physics	
  case,	
  short	
  review	
  

–  ILC	
  Higgs	
  physics	
  
–  Requirements	
  on	
  precision	
  for	
  NP	
  scenarios	
  

•  ILC	
  prospected	
  precision	
  +	
  some	
  LCWS14	
  updates	
  
–  Total	
  σ	
  and	
  total	
  Γ
–  Higgs	
  couplings	
  
–  Higgs	
  self-­‐coupling	
  
–  FingerprinRng	
  BSM	
  scenarios	
  with	
  Higgs	
  
	
  

•  Summary	
  and	
  comments	
  
	
  	
  

N.B.	
  1:	
  this	
  talk	
  is	
  not	
  a	
  comprehensive	
  report	
  of	
  all	
  the	
  tremendous	
  amount	
  of	
  work	
  going	
  on	
  
to	
  make	
  the	
  ILC	
  physics	
  case	
  even	
  stronger.	
  Selec2on	
  of	
  topics	
  based	
  on	
  personal	
  choice.	
  
	
  
N.B.	
  2:	
  results	
  collected	
  from	
  ILC	
  TDR,	
  Snowmass	
  report,	
  HiggsHun2ng,	
  HiggsCoupling	
  and	
  
LCWS	
  2013	
  &	
  2014.	
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  BSM	
  physics	
  case…	
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• The EW symmetry forbids masses of gauge bosons and matter fermions. In order to break it 
without breaking that of the Lagrangian, we need “something” condensed in the vacuum 
which carries weak charge: 
 
→ We are living in a weakly charged vacuum!


• The discovery of H(125) provided evidence that it is an excitation of (at least part of) this 
“something” in the vacuum and hence the correctness of this idea of the vacuum breaking 
the EW symmetry.


• In the SM, a single complex doublet scalar field is responsible for both gauge boson and 
matter fermion masses. The SM EWSB sector is the simplest, but other than that there is no 
reason for it. The EWSB sector might be more complex. 
 
→ We need to know the multiplet structure of the EWSB sector.


•Moreover, the SM does not explain why the Higgs field developed  
a vacuum expectation value.


• In other words the SM does not answer the question: 

                   Why μ2 < 0? 

Electroweak Symmetry Breaking 
Mystery of something in the vacuum 

h0 | I3, Y | 0 i 6= 0 h0 | I3 + Y | 0 i = 0

φ0

φ+

V (Φ)

V (�) = µ2|�|2 + �|�|4
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• If SUSY (elementary), 
→ (At least) 2 Higgs doublets 
    → Search for 
         -  extra Higgs bosons: H, A, H± 
         -  uncolored SUSY particles: EWkinos, sleptons        
      → Look for specific deviation pattern in  
         -  various Higgs couplings 
         -  gauge boson properties 


• If Composite, 
    → Look for specific deviation pattern in  
         -  various Higgs couplings 
         -  Top (ttZ) couplings

Elementary or Composite? 
How can ILC answer this question?
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ACFA Report

Any deviation from the 
straight line signals BSM! 

Different models predict 
different deviation patterns!

SM

Mass-Coupling Relation

•  Most	
  important	
  quesRon	
  to	
  be	
  addressed	
  :	
  
–  Is	
  the	
  Higgs	
  elementary	
  or	
  composite	
  ?	
  
–  (weakly	
  or	
  strongly	
  interacRng	
  ?)	
  

•  In	
  the	
  case	
  od	
  SUSY:	
  
–  elementary	
  Higgs	
  in	
  an	
  extended	
  mulRplet	
  

structure	
  XHDM	
  with	
  X≥2.	
  
à	
  search	
  for	
  SuSy	
  part	
  and	
  extra	
  higgses	
  H,	
  A,	
  H±	
  

à	
  look	
  for	
  devia?ons	
  in	
  Higgs	
  couplings	
  

•  In	
  case	
  of	
  compositeness	
  (new	
  QCD-­‐like	
  
interacRon):	
  
–  H(125)	
  is	
  composite	
  
–  à	
  look	
  for	
  devia?ons	
  in	
  Higgs	
  and	
  Top	
  (CZ)	
  

couplings	
  

•  à	
  need	
  a	
  precision	
  facility	
  :	
  ILC	
  



BSM	
  deviaRons	
  in	
  Higgs	
  couplings	
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Deviation in Higgs Couplings

mass

mh

mA

The size of the deviation depends on  
the scale of new physics.

New physics at 1 TeV gives only a few percent deviation.   
We need a %-level precision to see such a deviation → ILC 

13

Example 1: MSSM (tanβ=5, radiative corrections ≈ 1)

Example 2: Minimal Composite Higgs Model
heavy Higgs mass

composite scale

Size	
  of	
  deviaRon	
  depends	
  on	
  NP	
  scale	
  :	
  	
  	
  	
  	
  	
  
	
  

NP	
  at	
  1	
  TeV	
  gives	
  few	
  percent	
  deviaRon	
  
à	
  need	
  for	
  sub-­‐percent	
  precision	
  	
  

LAL Orsay, July 23, 2014 Luciano Maiani. HiggsHunting

• h, H mass matrix contains MZ, MA, tanβ , δ

•EW interactions control the quartic potential, hence MZ

•δ embodies the leading  radiative corrections related to the top-sector and summarizes 
all details and variations of the MSSM; 

•with Mh=125 GeV, we can obtain δ= δ(MA, tan β) and determine  all quantities in 
the Higgs sector as function of MA, tan β, or MH, tan β. 

6. Probing SUSY in the Higgs Sector

16

h0|H0
u|0i = v sin �; h0|H0

d |0i = v cos �; 0 < tan� < +1
v2

= (2

p
2GF )

�1
= (174 GeV)

2

Physical H bosons: h : 125 GeV
H, A, H± ???

•Two Higgs doublets required (Dimopoulos & Giorgi): Hu, Hd

L. Maiani, A.D. Polosa , V. Riquer,  New J. Phys. 14 (2012) 073029.:

Recent work:
P.Giardino, et al.arXiv:1303.3570 [hep-ph];
A.Djouadi, J.Quevillon,arXiv:1304.1787 [hep-ph];
NMSSM model:
G.~Belanger et al., JHEP 1301(2013) 069;
R.Barbieri, et al., arXiv:1304.3670 [hep-ph];
Two Higgs Doublets:
B.Grinstein,P.Uttayarat,arXiv:1304.0028 [hep-ph];
O.~Eberhardt et al., arXiv:1305.1649 [hep-ph].

 ORSAY-ROMA Collab.: A. Djouadi, L. Maiani, G. Moreau, A. Polosa, J. Quevillon1 , V. Riquer, EPJ C in press, arXiv: 1307.5205

M2
S = M2

Z

✓
cos

2 � � cos � sin �
� cos � sin � sin

2 �

◆
+ M2

A

✓
sin

2 � � cos � sin �
� cos � sin � cos

2 �

◆
+

✓
0 0

0

�
sin2 �

◆

ex.:	
  theory	
  error	
  on	
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  to	
  0.4%	
  
when	
  ILC	
  run	
  (Peskin)	
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e+e- Higgs processes 

Journées Collisioneur Linéaire - 
INP Lyon - 14/05/2013 K. Desch - Higgs physics at ILC 8 
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Mass 
gZ (m.i.) 
BR´s 
(LHC)-invisible 

Γtot 

gt  (ILC,CLIC) 

gHHH (ILC500) 

gHHH (ILC1000, 
          CLIC) 

•  Many processes at different √s needed & accessible 

30 CHAPTER 2. ENERGY FRONTIER

study this boson in the clean environment of e+e� collisions. Since the boson has been
seen in its ZZ-decay and given the indications that it also decays to WW , the main
LC production modes, Higgs-strahlung and WW -fusion can be exploited, allowing for
a model-independent reconstruction of the profile of this Higgs-like particle (hereafter
called “Higgs boson” for simplicity).

For a LC, there are qualitative di↵erences to the LHC which in turn lead to quanti-
tative improvements for the determination of the parameters of the Higgs sector. The
precise measurements of these parameters allows for the identification of the nature of
underlying physics. The experimental anchor of LC Higgs physics is the possibility to
observe the Higgs boson in Higgs-strahlung, e+e� ! HZ as a resonance in the mass
recoiling against a leptonically decaying Z-boson independent of a specific Higgs decay,
see Fig. 2.13 (right). This allows for the direct reconstruction of gHZ , the Higgs-Z cou-
pling. Thus, inherently any Higgs branching ratios and couplings can be determined
absolutely and without correlations. This includes potential beyond-SM decays such as
e.g. invisible decays, decays into light quarks etc.
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Fig. 9: Left: Production cross-sections of the SM Higgs boson in e+e� collisions as a function of
p

s for
mH = 125 GeV. Right: SUSY production cross-sections of model III as a function of

p
s. Every line of

a given colour corresponds to the production cross section of one particle in the legend.

Table 5: Summary of results obtained in the Higgs studies for mH =120 GeV. All analyses at centre-of-
mass energies of 350 GeV and 500 GeV assume an integrated luminosity of 500 fb�1, while the analyses
at 1.4 TeV (3 TeV) assume 1.5 ab�1(2 ab�1).

Higgs studies for mH =120 GeV
p

s Process Decay Measured Unit Generator Stat. Comment(GeV) mode quantity value error

350 ZH ! µ+µ�X
� fb 4.9 4.9% Model

Mass GeV 120 0.131 independent,
using Z-recoil

500
SM Higgs

ZH ! qq̄qq̄
�⇥ BR fb 34.4 1.6% ZH ! qq̄qq̄

production Mass GeV 120 0.100 mass
reconstruction

500 ZH,H��̄ �⇥ BR fb 80.7 1.0% Inclusive

! ��̄qq̄ Mass GeV 120 0.100 sample

1400 H ! �+��

�⇥ BR fb

19.8 <3.7%

3000
WW H ! bb̄ 285 0.22%
fusion H ! cc̄ 13 3.2%

H ! µ+µ� 0.12 15.7%

Higgs
1400 WW tri-linear ⇠20%
3000 fusion coupling ⇠20%

gHHH

10

Figure 2: The recoil mass distribution for e+e� � ZH � µ+µ�H events with mH = 120 GeV in the ILD
detector concept at the ILC [6]. The numbers of events correspond to 250 fb�1 at

�
s = 250 GeV, and the

error bars show the expected statistical uncertainties on the individual points.

�
s 250 GeV 350 GeV

Int. L 250 fb�1 350 fb�1

�(�)/� 3 % 4 %
�(gHZZ)/gHZZ 1.5 % 2 %

Table 2: Precision measurements of the Higgs coupling to the Z at
�

s = 250 GeVand
�

s = 350 GeV based
on full simulation studies with mH = 120 GeV. Results from [6] and follow-up studies.

even near threshold at 500 GeV with 1 ab�1, thanks to the factor of two enhancement of the QCD-induced
bound-state e�ect. The measurement, which is made di�cult by a very large tt̄ background, relies on the
foreseen performances of the LC detectors. Furthermore, �gH��/gH�� can be measured at � 5% precision
at a 500 GeV LC with 500 fb�1 of integrated luminosity.

2.3 Higgs Coupling Measurements at
�

s � 500 GeV

The large samples of events from both WW and ZZ fusion processes would lead to a measurement of the
relative couplings of the Higgs boson to the W and Z at the 1 % level. This would provide a strong test of
the SM prediction gHWW/gHZZ = cos2 �W .

The ability for clean flavour tagging combined with the large samples of WW fusion events allows the
production rate of e+e� � H�e�e � bb�e�e to be determined with a precision of better than 1 %. Further-
more, the couplings to the fermions can be measured more precisely at high energies, even when accounting
for the uncertainties on the production process. For example, Table 3 shows the precision on the branching
ratio obtained from full simulation studies as presented in [4]. The uncertainties of the Higgs couplings
can be obtained by combining the high-energy results with those from the Higgs-strahlung process. The
high statistics Higgs samples would allow for very precise measurements of relative branching ratios. For
example, a LC operating at 3 TeV would give a statistical precision of 1.5 % on gHcc/gHbb.

2.4 Higgs Self-Coupling

In the SM, the Higgs boson originates from a doublet of complex scalar fields described by the potential

V(�) = µ2�†� + �(�†�)2 .

5

Figure 2.13: (Left) Cross sections for various Higgs boson production processes in e+e� col-
lisions. (Right) Recoil mass distribution for e+e� ! ZH ! µ+µ�H events at the ILC for
mH = 120 GeV and 250 fb�1 at

p
s = 250 GeV.

The reconstruction of the Higgs boson profile requires di↵erent steps in centre-of-mass
energy. The recoil mass spectrum as well as branching ratios (b, c, ⌧ , g, W , Z, �) can
be measured in Higgs-strahlung where the maximum of the cross section for a 125 GeV
Higgs boson is around 250 GeV. Given the inherent, approximately linear, increase of
instantaneous luminosity with

p
s, comparable accuracies can be achieved at 250 GeV

and 350 GeV. The most precise method to reconstruct the total decay width involves the
precise measurement of the WW -fusion cross-section which rises logarithmically with

p
s

and requires at least 350 GeV.
Since the H ! tt̄ decay is kinematically forbidden, the top Yukawa coupling needs to

be measured in e+e� ! tt̄H. The cross section has a broad maximum around 700 GeV.
The top Yukawa coupling can be measured with ⇠ 15% precision at

p
s = 500 GeV for

500 fb�1[10].
The measurement of a non-zero trilinear Higgs coupling �HHH signals a non-trivial

structure of the Higgs potential and thus spontaneous symmetry breaking. At the LC
it can be accessed mainly through two di↵erent production mechanisms, e+e� ! HHZ

ILC 
CLIC 
LEP3 
TLEP 

Advantage	
  of	
  wide	
  range	
  in	
  √s	
  to	
  probe	
  for	
  different	
  processes	
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Frank&Simon&(fsimon@mpp.mpg.de)
The$Physics$Case$for$ILC$
LCWS2014,&Belgrade,&October&2014

Higgs: Production at the ILC

• Two major production modes:  
Higgsstrahlung and WW fusion

• Different energy dependence

• The combination of both processes is 

crucial for the measurements of Higgs 
couplings - the capability to run at different 
energies (and 350 GeV and up) is key

7
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Figure 2: Cross sections for the three major Higgs production processes as a function of
center of mass energy.

2.2 Higgs Boson Observation

As we have discussed above, the ILC will study the Higgs boson using the features
available at an e+e� collider: a well-defined initial state, absence of strong-interaction
backgrounds, and controlled and calculable backgrounds from electroweak processes.
The relatively quiet environment of e+e� collisions also allows the construction of
detectors with higher intrinsic precision and heavy-flavor tagging e�ciency than is
possible at the LHC. These detectors essentially reconstruct all events in terms of
fundamental particles such as leptons, quarks, and gauge bosons. There are two
major Higgs boson production processes at the ILC: e+e� ! Zh (“higgsstrahlung”)
and e+e� ! ⌫e⌫eh (“WW -fusion”). For each of these, we will be able to separately
identify all of the major Higgs decay modes, such as h ! bb, WW ⇤, cc, ⌧⌧ , and gg,
with high e�ciency. It is worth recalling that the decays of the Higgs boson to quarks
are very di�cult to observe at the LHC. The decay h ! bb can be observed only in
special kinematics, and there is no strategy to observe h ! cc or h ! gg (though the
latter coupling can be probed in Higgs production). The possibility of special e↵ects
in the Higgs coupling to tt can be probed by comparing these two latter processes to
a direct measurement of the tth coupling.

The control of electron and positron beam polarization that the ILC will make

5
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Figure 3: Recoil mass distribution for the process: e+e� ! Zh followed by Z ! µ+µ�

decay for mh = 125GeV with 250 fb�1 at
p
s = 250GeV.

branching ratio (BR). The actual rate for a Higgs decay, �(h ! AA), is related to
the branching ratio by

BR(h ! AA) = �(h ! AA)/�h , (2)

where �h is the total rate of Higgs decay or the total width of the Higgs boson as a
resonance. In the Standard Model, �h is very small, too small to be measured directly
as a resonance width. Unfortunately, we must determine �h to learn the absolute sizes
of the Higgs boson couplings.

At the LHC, all determinations of �h require model-dependent assumptions. At
the ILC, however, we can use the fact that all Higgs decay modes are observable in
the higgsstrahlung process to measure certain Higgs couplings directly. The total
rate for higgsstralung is proportional to the ZZh coupling. The rate for the W fusion
process

e+e� ! ⌫⌫h h ! bb (3)

divided by BR(h ! bb) determined with higgsstrahlung, gives the WWh coupling.
These measurements then determine �(h ! ZZ) and �(h ! WW ). Combining these
results with the measured branching ratios using (2), the ILC measurements give a
model-independent determination of �h. That result, in turn fixes the absolute size
of all other Higgs couplings.

7

• Program highlights - hard or impossible at LHC:

• Model-independent coupling measurements

• Precise measurements of couplings to all 

particles, including b, c quarks and gluons



The	
  Key	
  to	
  ILC	
  Higgs	
  physics	
  

Sandro	
  De	
  Cecco	
  -­‐	
  LPNHE	
  Paris	
   7	
  

 (GeV)recoilM
120 130 140 150

Ev
en

ts
 / 

(0
.5

 G
eV

)

0

50

100

150

200

250
X-µ+µ→Zh

Model independent analysis
 = 250 GeVs, -1 = 250 fbintL

) = (-0.8, +0.3)+, e-P(e

Signal+Background (MC)

Fitted Signal+Background

Fitted Signal

Fitted Background

 

At ILC all but the σ measurement using recoil mass 
technique is σ×BR measurements. 

44

σ×BR BR g 
coupling

ΓH 
total width
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At LHC all the measurements are σ×BR measurements. 

The Key

Key Point

σ 
from recoil mass

g2HAA / �(H ! AA) = �H ·BR(H ! AA)
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Keisuke Fujii @ Higgs Couplings 2014, Trino
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Recoil Mass Measurement: The Key 
to unlock the door to fully model-independent determinations of 

various BRs, Higgs couplings, and total widths

Recoil Mass

Invisible decay detectable!

Z

H

++

+<

e+

e<

Z X

250 fb�1@250GeV

M2
X =

�
pCM � (pµ+ + pµ�)

�2

Watanuki

�mH = 30MeV
��H/�H = 2.6%

mH = 125GeV

scaled from mH=120 GeV

BR(invisible) < 1%@95%C.L.

σZH is the key to extract BR(h→AA) from σ×BR(h→AA) and ghAA from BR(h→AA) 
through determination of the total width Γh! (great advantage of LC)

Key Point:
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Recoil Mass 

Mark Thomson 3 LCWS13, Tokyo 

!  To date, most studies only use  Z→µµ and Z→ee 
!  Statistical precision limited by leptonic BRs of 3.5 % 
!  Here: extend to Z→qq  ~  70 % of Z decays 
!  Strategy – identify Z→qq decays and look at recoil mass 
!  Can never be truly model independent: 

"   unlike for Z→µµ can’t cleanly separate H and Z decays    

Z 

Z 
Z 

Z 
Muons “always” obvious 

Here jet finding blurs  
  separation between H and Z 

Different efficiencies  
for different Higgs decays 
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• Using forced-4jet clustering, 
Targets : ZZ->hadronic, WW->hadronic 

Cuts (1)
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Linear Collider WorkShop 2014 @ Belgrade : Tatsuhiko Tomita : 09/10/2014

Cut Box 
(81:101)

Cut Box 
(70:90)

ZZ WW

Higgs

Using categorization

• Categorization is a powerful tool to reduce difference of 
efficiency among Higgs decay modes.

• Categorize events using number of jets, leptons, taus, etc.
• Minimize the difference of efficiency in each category
(decay modes with too small fraction in the category
 is negligible.)

• Calculate partial cross section from each category
• Combine all cross section from categories to get
the total cross section of ZH production.

16Linear Collider WorkShop 2014 @ Belgrade : Tatsuhiko Tomita : 09/10/2014

Summary and Prospects

• The precision of total cross section
left 5.6% -> 4.7%, right 4.0% -> 3.3% from AWLC.
(but still not satisfactory. )

• Categorization can reduce difference of efficiency
especially tautau, WW->leptonic.

• Current cut has bias for gg and WW.

• Use likelihood to improve statistical precision. 
• Equalize the cut efficiency of each Higgs decay mode.
• Improve tau separation by optimizing tau finder.
• Estimate systematic errors.

summary

prospects

23Linear Collider WorkShop 2014 @ Belgrade : Tatsuhiko Tomita : 09/10/2014

Shun%Watanuki%

work$done$to$equalize$selecGon$
efficiencies$for$Higgs$decays$

Tatsuhiko%Tomita/%
Taikan%Suehara%

remove$
WW/ZZ$

ModelN$
independent?$

SeparaRng	
  ZZ	
  and	
  WW	
  à	
  4jets	
  from	
  HZ	
  :	
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σ
vis

=σ
prod
×BR(H→ f )

σ
prod
g

Hi
2 and BR(H→ f ) =

Γ
f

Γ
tot


g

Hf
2

Γ
tot

σ
vis


g
Hi
2 g

Hf
2

Γ
tot

(g
Hj

, j = 1…n)

In general, σvis is a complicated 
function of all (including „invisible“) 
couplings.  

LHC: no absolute couplings without assumptions on „invisible“ couplings 
 
ILC:  need to measure Γtot in addition to absolute BR´s to extract  
         couplings in a model-independent way 

    
Γ

tot
:=Γ(g

Hj
; j = 1…n

vis
)

12*

ModelZindependent*determinaEons*of**
Higgs*couplings*

ExampleZZconsider*the*following*four*independent**
measurements:*

Y1 =�ZH = F1 · g2HZZ

Y2 =�ZH ⇥ Br(H ! bb̄) = F2 ·
g2HZZg

2
Hbb̄

�T

Y3 =�⌫⌫̄H ⇥ Br(H ! bb̄) = F3 ·
g2HWW g2

Hbb̄

�T

Y4 =�⌫⌫̄H ⇥ Br(H ! WW ⇤) = F4 ·
g4HWW

�T

13*

�T is the Higgs total width, gHZZ , gHWW , and gHbb̄ are
the Higgs couplings to ZZ, WW , and bb̄, respectively,
and F1, F2, F3, F4 are calculable quantities. For example,

F2 =

✓
�ZH

g2HZZ

◆✓
�H!bb̄

g2
Hbb̄

◆
.

The couplings are obtained as follows:

1. From Y1 () gHZZ

2. From Y1Y3/Y2 () gHWW

3. From gHWW and Y4 () �T

4. From gHZZ , gHWW , �T and Y2 or Y3 () gHbb̄

Keisuke Fujii @ Higgs Couplings 2014, Trino

Model-independent Global Fit for Couplings  
33 σxBR measurements (Yi) and σZH (Y34,35) 

26

Fi = Si Gi

• It is the recoil mass measurement that is the key to unlock the 
door to this completely model-independent analysis!!

• Cross section calculations (Si) do not involve QCD ISR.!
• Partial width calculations (Gi) do not need quark mass as input.!

We are confident that the total theory errors for Si and Gi will be at 
the 0.1% level at the time of LC running.

Si =

✓
�ZH

g2HZZ

◆
,

✓
�⌫⌫̄H

g2HWW

◆
, or

✓
�tt̄H

g2Htt

◆
Gi =

✓
�i

g2i

◆

(Ai = Z,W, t)

(Bi = b, c, ⌧, µ, g, �, Z,W : decay)
Y 0
i = Fi ·

g2HAiAi
· g2HBiBi

�0
(i = 1, · · · , 33)

�2 =
35X

i=1

✓
Yi � Y 0

i

�Yi

◆2

Systematic Errors

arXiv: 1310.0763

gHZZ , gHWW , gHbb, gHcc, gHgg, gH⌧⌧ , gH�� , gHµµ, gHtt, �0

10 free parameters:

Keisuke Fujii @ Higgs Couplings 2014, Trino

Model-independent Global Fit for Couplings  
33 σxBR measurements (Yi) and σZH (Y34,35) 

26

Fi = Si Gi

• It is the recoil mass measurement that is the key to unlock the 
door to this completely model-independent analysis!!

• Cross section calculations (Si) do not involve QCD ISR.!
• Partial width calculations (Gi) do not need quark mass as input.!

We are confident that the total theory errors for Si and Gi will be at 
the 0.1% level at the time of LC running.

Si =

✓
�ZH

g2HZZ

◆
,

✓
�⌫⌫̄H

g2HWW

◆
, or

✓
�tt̄H

g2Htt

◆
Gi =

✓
�i

g2i

◆

(Ai = Z,W, t)

(Bi = b, c, ⌧, µ, g, �, Z,W : decay)
Y 0
i = Fi ·

g2HAiAi
· g2HBiBi

�0
(i = 1, · · · , 33)

�2 =
35X

i=1

✓
Yi � Y 0

i

�Yi

◆2

Systematic Errors

arXiv: 1310.0763

gHZZ , gHWW , gHbb, gHcc, gHgg, gH⌧⌧ , gH�� , gHµµ, gHtt, �0

10 free parameters:

Keisuke Fujii @ Higgs Couplings 2014, Trino

Model-independent Global Fit for Couplings  
33 σxBR measurements (Yi) and σZH (Y34,35) 

26

Fi = Si Gi

• It is the recoil mass measurement that is the key to unlock the 
door to this completely model-independent analysis!!

• Cross section calculations (Si) do not involve QCD ISR.!
• Partial width calculations (Gi) do not need quark mass as input.!

We are confident that the total theory errors for Si and Gi will be at 
the 0.1% level at the time of LC running.

Si =

✓
�ZH

g2HZZ

◆
,

✓
�⌫⌫̄H

g2HWW

◆
, or

✓
�tt̄H

g2Htt

◆
Gi =

✓
�i

g2i

◆

(Ai = Z,W, t)

(Bi = b, c, ⌧, µ, g, �, Z,W : decay)
Y 0
i = Fi ·

g2HAiAi
· g2HBiBi

�0
(i = 1, · · · , 33)

�2 =
35X

i=1

✓
Yi � Y 0

i

�Yi

◆2

Systematic Errors

arXiv: 1310.0763

gHZZ , gHWW , gHbb, gHcc, gHgg, gH⌧⌧ , gH�� , gHµµ, gHtt, �0

10 free parameters:

In	
  reality	
  :	
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The total width 
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50 Chapter 6. Measurement of the Total Higgs Decay Width

 [GeV]mism
60 80 100 120 140 160

nu
m

be
r o

f e
ve

nt
s 

/ 2
G

eV

0

50

100

150

200

250 WW-fusion
Higgs-strahlung
background
fit result
simulated data

fit2

Figure 6.16: Missing
mass distribution of

WW-fusion,
Higgs-strahlung and

background for
mH = 120 GeV after
cuts, including the fit

result.
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Figure 6.17: Missing
mass distribution of

WW-fusion,
Higgs-strahlung and

background for
mH = 126 GeV after
cuts, including the fit

result.
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Figure 6.18: Missing
mass distribution of

WW-fusion,
Higgs-strahlung and

background for
mH = 130 GeV after
cuts, including the fit

result.

6.2. Determination of the Cross Section �(WW-fusion) 53
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Figure 6.20: Missing mass distribution for mH = 120 GeV at
p
s = 350 GeV (l.) andp

s = 500 GeV (r.) for TESLA. The figures are taken from [37].

Estimation of the Measurement Accuracies of �(Higgs-strahlung)

The selection cuts are motivated by the selection of WW-fusion events. They are not
based on the selection of Higgs-strahlung events. Nevertheless, the large Higgs-strahlung
contribution at

p
s = 250 GeV makes it possible for us to determine the number of

Higgs-strahlung events after the event selection with better precision compared to WW-
fusion. Thus, we can additionally extract information on the Higgs-strahlung cross section
�(Higgs-strahlung). For the sake of completeness, the measurement accuracies of the Higgs-
strahlung cross section are listed in tab. 6.10.

mH [GeV]
�N

0
WW

N

0
WW

�N

0
ZH

N

0
ZH

�BR(H!bb̄)

BR(H!bb̄)

��(Higgs-strahlung)
�(Higgs-strahlung)

120 6.64 % 2.48 % 2.7 % 3.66 %

120 10.54 % 3.4 % 3.0 % 4.53 %

130 11.3 % 3.89 % 3.5 % 5.2 %

140 23.78 % 4.07 % 5.1 % 6.52 %

Table 6.10: Measurement accuracies of the Higgs-strahlung cross section obtained for
the low Higgs mass range at

p
s = 250 GeV, assuming 250 fb�1 of data.

Need to measure WW-fusion cross section (e.g. e+e- ! Hνν ! bbνν ) 

-  need to separate from HZ!bbνν (+ handle interference) 
-   WW-fusion small at HZ threshold! ! need higher √s 
 
precision on σWW-fusion: 


250 GeV  11.0 % 
350 GeV    3.6 % 
500 GeV    3.2 %   

Z

Z
He+

e< i

i<

W

W
H

e+

e<

H

e+

e<

Z

Z

e+

e<

Figure 7: Feynman diagrams for the three major Higgs production processes at the ILC:
e+e� ! Zh (left), e+e� ! ⌫⌫H (center), and e+e� ! e+e�H (right).
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)
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HfSM all f
ZH
WW fusion
ZZ fusion

)=(-0.8, 0.3)+, e-P(e

Figure 8: Production cross section for the e+e� ! Zh process as a function of the center
of mass energy for mh = 120GeV, plotted together with those for the WW and ZZ fusion
processes: e+e� ! ⌫⌫H and e+e� ! e+e�H.

strahlung process above
p

s >⇠ 400GeV.

The production cross section of the Higgs-strahlung process at
p

s ' 250 GeV is
substantial for the low mass Standard-Model-like Higgs boson. Its discovery would
require only a few fb�1 of integrated luminosity. With 250 fb�1, about 8.8⇥104 Higgs
boson events can be collected. Note that, here and in the rest of our discussion, we
take advantage of the ILC’s positron polarization to increase the Higgs production
rate over that expected for unpolarized beams.

The precise determination of the properties of the Higgs boson is one of the main

41

dominated by error on BR(H!bb) 

[Dürig; Meyer,KD] 

√s	
  =	
  250	
  GeV	
   √s	
  =	
  350	
  GeV	
   √s	
  =	
  500	
  GeV	
  



High	
  performance	
  flavor	
  tagging	
  

Sandro	
  De	
  Cecco	
  -­‐	
  LPNHE	
  Paris	
   13	
  

Felix Müller |  07.10.2014  |  Page 14

Results

> H → cc results degraded

 Revisit flavor tagging performance

 Revisit cut flow and MVA for better cc sensitivity 

Updated results 250 GeV 350 GeV

bb cc gg bb cc gg

1.6% 14.8% 9.7% 1.1% 14.6% 4.6%

ggh (ZH) 1.6% 24.0% 18.4% 1.5% 15.0% 13.2%

eeh (ZH) 4.4% 57.4% 36.3% 6.5% >100% >100%

µµh (ZH) 3.4% 34.0% 22.3% 4.6% 65.7% 30.9%

Combined 1.0% 11.6% 7.8% 0.9% 10.3% 4.3%

Extrapolated 1.1% 8.0% 6.8% 0.9% 6.5% 5.2%

L(fb
-1
) 250 fb

-1
 P(-0.8,+0.3) 330 fb

-1
 P(-0.8,+0.3)

ΔσBR/σBR

ννh (WW and ZH)

All ZH only studies performed by Hiroaki Ono

Marco%Szalay%

Felix%Müller%

Updated$from$LOI,$
now$mH=125$
+$tagging$improvement$
from$LCFIVertex$N>$LCFIPlus$
but$will$revisit$flavourNtagging$
performance$for$cc$

PreselecGon$to$classify$events;$$
$$$$4d$binned$likelihood$template$fit$

work	
  on-­‐going	
  s2ll	
  op2mizing	
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Higgs Couplings
Model-independent coupling determination, impossible at LHC

16

Excellent vertex 
detectors for  
b/c-tagging at ILC

500 GeV already excellent except for Kt and Kγ

All of major 
Higgs 
decay 
modes 
accessible 
at ILC!

He


e< Z

Z

e


e<
H

W

W

˃

˃

-

H
t

t-

e


e<



Further*improvement*beyond*the**

ILC*Higgs*White*paper**(due*to*Peskin)*

! *Use*ATLAS*projected*result*of*the*HLZLHC*Higgs*analysis*

�
BR(H ! ��)

BR(H ! ZZ⇤)
= 2.9%

along*with*the*ILC*precision*measurement*of*the*HZZ,,
coupling**to*obtain*a*very*precise*determinaEon*of*the*************************

********coupling.*H��

! *Improve*precision*determinaEons*of*Higgs*couplings*

****by*imposing*the*constraint*that*X

i

BRi = 1

Improved	
  Higgs	
  coupling	
  precision	
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0

2

4

6

8

10
 *-1 550 GeV,   500 fb⊕ -1 250 GeV,   250 fbILC
 *-1 550 GeV, 1600 fb⊕ -1 250 GeV, 1150 fbILC

 *-1 1 TeV, 2500 fb⊕ -1 550 GeV, 1600 fb⊕ -1 250 GeV, 1150 fbILC
 combination **ILC/HL-LHC

* Ref. arXiv:1310.0763, ** Ref. arXiv:1312.4974

Projected Higgs Coupling Precision, Model-Independent Fit

%

%

%

%

%

%

%

%

%

cκ τκ bκ tκ Wκ Zκ gκ γκ

Higgs Couplings

17

Top Yukawa 
improves by 
going to 550 
GeV

Better hγγ with 
LHC/ILC 
synergy

~1% or better precision for most couplings! 

Near threshold 
→ a factor of 4 
enhancement 
of σtth by going 
from 500GeV to 
550 GeV 

H
t

t-

e


e<

Model-independent coupling determination, impossible at LHC

LHC can precisely 
measure

 BR(h→γγ) / BR(h→ZZ*) 
  = (Kγ / KZ)2

ILC can precisely 
measure KZ

16

 / GeVs
500 550 600

S
ca

le
d 

to
 v

al
ue

s 
at

 5
00

 G
eV

-110

1

10
Httm

t
/y

t
yb

)=(-0.8,0.3)+,e- @ 500 GeV, P(e-11 ab
=0.485 fbHttm

=9.9%
t

/y
t

yb

Top Yukawa coupling

Y. Sudo

H
t

t-

e


e<

Slight increase of Emax is very beneficial!

x~4
x~2
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coupling 250 GeV 250 GeV + 500 GeV 250 GeV + 500 GeV + 1 TeV

HZZ 0.6% 0.5% 0.5%

HWW 2.3% 0.6% 0.6%

Hbb 2.5% 0.8% 0.7%

Hcc 3.2% 1.5% 1%

Hgg 3% 1.2% 0.93%

Hττ 2.7% 1.2% 0.9%

Hγγ 8.2% 4.5% 2.4%

Η)) 42% 42% 10%

Γ 5.4% 2.5% 2.3%

Htt - 7.8% 1.9%

P(e-,e+)=(-0.8,+0.3) @ 250, 500 GeV P(e-,e+)=(-0.8,+0.2) @ 1 TeV

HHH - 46%(*) 13%(*)

(MH = 125 GeV)

*) With H->WW* (preliminary), if we include expected improvements in jet clustering, it would become 10%!

Model-independent Global Fit for Couplings 
250 GeV: 1150 fb-1"
500 GeV: 1600 fb-1"
1     TeV:  2500 fb-1

250 GeV:   250 fb-1"
500 GeV:   500 fb-1"
1     TeV:  1000 fb-1

Luminosity Upgraded ILC

Keisuke Fujii @ Higgs Couplings 2014, Trino

Model-independent Global Fit for Couplings  
Baseline ILC program

27

250 GeV + 500 GeV 250 GeV + 500 GeV + 1 TeV

1%
1.1%
1.3%
1.8%
1.6%
1.6%
4%
16%
4.5%
3.1%

P(e-,e+)=(-0.8,+0.3) @ 250, 500 GeV P(e-,e+)=(-0.8,+0.2) @ 1 TeV

250 GeV:   250 fb-1"
500 GeV:   500 fb-1"
1     TeV:  1000 fb-1

(MH = 125 GeV)

21%(*)
*) With H->WW* (preliminary), if we include expected improvements in jet clustering it would become 17%!

Keisuke Fujii @ Higgs Couplings 2014, Trino

Model-independent Global Fit for Couplings  
Baseline ILC program

27

P(e-,e+)=(-0.8,+0.3) @ 250, 500 GeV P(e-,e+)=(-0.8,+0.2) @ 1 TeV

250 GeV:   250 fb-1"
500 GeV:   500 fb-1"
1     TeV:  1000 fb-1

(MH = 125 GeV)

*) With H->WW* (preliminary), if we include expected improvements in jet clustering it would become 17%!

(Baseline	
  ILC	
  program)	
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Higgs Self-Coupling
Existence of hhh coupling = 
Direct evidence of vacuum condensation

H

H

H

H

Ongoing analysis improvements towards O(10)% measurement

arXiv:1310.0763

Challenging measurement because of: 
• Small cross section (Zhh 0.2 fb at 500 GeV) 
• Many jets in the final state 
• Presence of interference diagrams

22
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Higgs Self-Coupling
Existence of hhh coupling = 
Direct evidence of vacuum condensation

H

H

H

H

Ongoing analysis improvements towards O(10)% measurement

arXiv:1310.0763

Challenging measurement because of: 
• Small cross section (Zhh 0.2 fb at 500 GeV) 
• Many jets in the final state 
• Presence of interference diagrams

22
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Anomalous-couplings-could-show-up-everywhere!-
•  SelfNcoupling-measurements-offers-the-most-direct-way-to-test-the-

paradigm-of-spontaneous-symmetry-breaking.-
------One-of-the-most-important-Higgs-measurements-at-a-future-machine!-
- SM% SM% BSM%

Higgs-selfNcouplings-



Higgs	
  self	
  coupling	
  at	
  ILC	
  

Sandro	
  De	
  Cecco	
  -­‐	
  LPNHE	
  Paris	
   18	
  

The Higgs self coupling 
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HL-LHC: prospects: 3σ observation of HH!bbγγ – hope for more channels  
 
LC: 
two choices: 
 
e+e- ! ZHH  
(maximum of σ around √s ≈ 600 GeV) 
 ! ILC500 (~100 events in 500 fb-1) 
 
e+e- ! HHνν  
(σ rising with √s)  
!  ILC1000    (~140 events in1 ab-1) 
!  CLIC1400 (~250 events in 1.5 ab-1) 
!  CLIC3000 (~1250 events in 2 ab-1) 

Z

H

Z

H

He
+

e−

H

H

H

ν

ν−e
+

e
−

Figure 17: Relevant diagrams containing the triple Higgs coupling for the two processes:
e+e� ! Zhh (left) and e+e� ! ⌫e⌫ehh.
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Figure 18: Cross sections for the two processes e+e� ! Zhh (left) and e+e� ! ⌫e⌫ehh as
a function of

p
s for mh = 120 GeV.

120 GeV with polarized electron and positron beams of (Pe� , Pe+) = (�0, 8, +0.3)
and an integrated luminosity of 1 ab�1. This result obtained with a fast Monte Carlo
simulation has just recently been corroborated by a full simulation [101,102].

2.5.2 Higgs Self-coupling

The triple Higgs boson coupling can be studied at the ILC through the processes
e+e� ! Zhh and e+e� ! ⌫e⌫ehh. The relevant Feynman diagrams are shown in
Fig. 17) [103]. The cross sections for the two processes are plotted as a function ofp

s for mh = 120 GeV in Fig. 18. The cross section reaches its maximum of about

53

challenges: 
-  huge number of different final states (huge effort needed) 
-  „dilution“ due to interference with non-HHH diagrams (not sensitive to λHHH) 

The Higgs self coupling: dilution 

Journées Collisioneur Linéaire - 
INP Lyon - 14/05/2013 K. Desch - Higgs physics at ILC 26 

dλ/λ = 1.8 dσ/σ       
 
         

dλ/λ = 0.85 dσ/σ    
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IV. ANALYSES OF e+e� ! ZHH AT 500 GEV

A. Analysis of the mode ZHH ! l+l�HH ! l+l�bb̄bb̄ at 500 GeV

1. Pre-selction

In this search mode, the final state of a candidate signal event contains two isolated charged leptons and four b
quarks segmenting into four jets. For the pre-selection, we first require there are two isolated oppositely charged
leptons and then force all the particles other than the two selected leptons to four jets and pair the four jets to two
Higgs boson candidates.

a. Isolated Lepton Selection Isolated electrons and muons are identified from all of the PFOs. Each PFO contains
the information from di↵erent sub-detectors, such as energies deposited in the ECAL and HCAL. An electron deposits
almost all the energy in ECAL while a muon deposits very small fraction of its energy in both ECAL and HCAL.
Other charged particles, being mainly hadrons, deposit most of their energy in HCAL. These pieces of information
are used for electron and muon identification. The following two quantities are checked for each PFO. One is the
E(ecal)

E(total)

ratio, the other is the E(total)

P ratio, where E(total) = E(ecal)+E(hcal), E(ecal) and E(hcal) are the energies
deposited in ECAL and HCAL and P is the momentum. Some constraints are added to the vertex position which
can reduce the selection of the leptons from B-hadrons.

• For electron identification, two samples of PFOs from the process e++e� ! e+e�HH are investigated by using
MC truth information. One is the real prompt charged electrons, and the other is all the charged PFOs other
than the two prompt charged leptons. Figure 5 shows the distributions of the above two quantities for these
two samples, where the red histogram is for the prompt electrons and the blue is for non-prompt charged PFOs.
Since the red and blue distributions are very di↵erent it is straightforward to add requirements on these two
quantities
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In this search mode, the final state of a candidate signal event contains two isolated charged leptons and four b
quarks segmenting into four jets. For the pre-selection, we first require there are two isolated oppositely charged
leptons and then force all the particles other than the two selected leptons to four jets and pair the four jets to two
Higgs boson candidates.

a. Isolated Lepton Selection Isolated electrons and muons are identified from all of the PFOs. Each PFO contains
the information from di↵erent sub-detectors, such as energies deposited in the ECAL and HCAL. An electron deposits
almost all the energy in ECAL while a muon deposits very small fraction of its energy in both ECAL and HCAL.
Other charged particles, being mainly hadrons, deposit most of their energy in HCAL. These pieces of information
are used for electron and muon identification. The following two quantities are checked for each PFO. One is the
E(ecal)

E(total)

ratio, the other is the E(total)

P ratio, where E(total) = E(ecal)+E(hcal), E(ecal) and E(hcal) are the energies
deposited in ECAL and HCAL and P is the momentum. Some constraints are added to the vertex position which
can reduce the selection of the leptons from B-hadrons.

• For electron identification, two samples of PFOs from the process e++e� ! e+e�HH are investigated by using
MC truth information. One is the real prompt charged electrons, and the other is all the charged PFOs other
than the two prompt charged leptons. Figure 5 shows the distributions of the above two quantities for these
two samples, where the red histogram is for the prompt electrons and the blue is for non-prompt charged PFOs.
Since the red and blue distributions are very di↵erent it is straightforward to add requirements on these two
quantities
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A. Analysis of the mode ZHH ! l+l�HH ! l+l�bb̄bb̄ at 500 GeV
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In this search mode, the final state of a candidate signal event contains two isolated charged leptons and four b
quarks segmenting into four jets. For the pre-selection, we first require there are two isolated oppositely charged
leptons and then force all the particles other than the two selected leptons to four jets and pair the four jets to two
Higgs boson candidates.

a. Isolated Lepton Selection Isolated electrons and muons are identified from all of the PFOs. Each PFO contains
the information from di↵erent sub-detectors, such as energies deposited in the ECAL and HCAL. An electron deposits
almost all the energy in ECAL while a muon deposits very small fraction of its energy in both ECAL and HCAL.
Other charged particles, being mainly hadrons, deposit most of their energy in HCAL. These pieces of information
are used for electron and muon identification. The following two quantities are checked for each PFO. One is the
E(ecal)

E(total)

ratio, the other is the E(total)

P ratio, where E(total) = E(ecal)+E(hcal), E(ecal) and E(hcal) are the energies
deposited in ECAL and HCAL and P is the momentum. Some constraints are added to the vertex position which
can reduce the selection of the leptons from B-hadrons.

• For electron identification, two samples of PFOs from the process e++e� ! e+e�HH are investigated by using
MC truth information. One is the real prompt charged electrons, and the other is all the charged PFOs other
than the two prompt charged leptons. Figure 5 shows the distributions of the above two quantities for these
two samples, where the red histogram is for the prompt electrons and the blue is for non-prompt charged PFOs.
Since the red and blue distributions are very di↵erent it is straightforward to add requirements on these two
quantities
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A. Analysis of the mode ZHH ! l+l�HH ! l+l�bb̄bb̄ at 500 GeV

1. Pre-selction

In this search mode, the final state of a candidate signal event contains two isolated charged leptons and four b
quarks segmenting into four jets. For the pre-selection, we first require there are two isolated oppositely charged
leptons and then force all the particles other than the two selected leptons to four jets and pair the four jets to two
Higgs boson candidates.

a. Isolated Lepton Selection Isolated electrons and muons are identified from all of the PFOs. Each PFO contains
the information from di↵erent sub-detectors, such as energies deposited in the ECAL and HCAL. An electron deposits
almost all the energy in ECAL while a muon deposits very small fraction of its energy in both ECAL and HCAL.
Other charged particles, being mainly hadrons, deposit most of their energy in HCAL. These pieces of information
are used for electron and muon identification. The following two quantities are checked for each PFO. One is the
E(ecal)

E(total)

ratio, the other is the E(total)

P ratio, where E(total) = E(ecal)+E(hcal), E(ecal) and E(hcal) are the energies
deposited in ECAL and HCAL and P is the momentum. Some constraints are added to the vertex position which
can reduce the selection of the leptons from B-hadrons.

• For electron identification, two samples of PFOs from the process e++e� ! e+e�HH are investigated by using
MC truth information. One is the real prompt charged electrons, and the other is all the charged PFOs other
than the two prompt charged leptons. Figure 5 shows the distributions of the above two quantities for these
two samples, where the red histogram is for the prompt electrons and the blue is for non-prompt charged PFOs.
Since the red and blue distributions are very di↵erent it is straightforward to add requirements on these two
quantities
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HL-LHC: prospects: 3σ observation of HH!bbγγ – hope for more channels  
 
LC: 
two choices: 
 
e+e- ! ZHH  
(maximum of σ around √s ≈ 600 GeV) 
 ! ILC500 (~100 events in 500 fb-1) 
 
e+e- ! HHνν  
(σ rising with √s)  
!  ILC1000    (~140 events in1 ab-1) 
!  CLIC1400 (~250 events in 1.5 ab-1) 
!  CLIC3000 (~1250 events in 2 ab-1) 
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Figure 17: Relevant diagrams containing the triple Higgs coupling for the two processes:
e+e� ! Zhh (left) and e+e� ! ⌫e⌫ehh.
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Figure 18: Cross sections for the two processes e+e� ! Zhh (left) and e+e� ! ⌫e⌫ehh as
a function of

p
s for mh = 120 GeV.

120 GeV with polarized electron and positron beams of (Pe� , Pe+) = (�0, 8, +0.3)
and an integrated luminosity of 1 ab�1. This result obtained with a fast Monte Carlo
simulation has just recently been corroborated by a full simulation [101,102].

2.5.2 Higgs Self-coupling

The triple Higgs boson coupling can be studied at the ILC through the processes
e+e� ! Zhh and e+e� ! ⌫e⌫ehh. The relevant Feynman diagrams are shown in
Fig. 17) [103]. The cross sections for the two processes are plotted as a function ofp

s for mh = 120GeV in Fig. 18. The cross section reaches its maximum of about

53

challenges: 
-  huge number of different final states (huge effort needed) 
-  „dilution“ due to interference with non-HHH diagrams (not sensitive to λHHH) 
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IV. ANALYSES OF e+e� ! ZHH AT 500 GEV

A. Analysis of the mode ZHH ! l+l�HH ! l+l�bb̄bb̄ at 500 GeV

1. Pre-selction

In this search mode, the final state of a candidate signal event contains two isolated charged leptons and four b
quarks segmenting into four jets. For the pre-selection, we first require there are two isolated oppositely charged
leptons and then force all the particles other than the two selected leptons to four jets and pair the four jets to two
Higgs boson candidates.

a. Isolated Lepton Selection Isolated electrons and muons are identified from all of the PFOs. Each PFO contains
the information from di↵erent sub-detectors, such as energies deposited in the ECAL and HCAL. An electron deposits
almost all the energy in ECAL while a muon deposits very small fraction of its energy in both ECAL and HCAL.
Other charged particles, being mainly hadrons, deposit most of their energy in HCAL. These pieces of information
are used for electron and muon identification. The following two quantities are checked for each PFO. One is the
E(ecal)

E(total)

ratio, the other is the E(total)

P ratio, where E(total) = E(ecal)+E(hcal), E(ecal) and E(hcal) are the energies
deposited in ECAL and HCAL and P is the momentum. Some constraints are added to the vertex position which
can reduce the selection of the leptons from B-hadrons.

• For electron identification, two samples of PFOs from the process e++e� ! e+e�HH are investigated by using
MC truth information. One is the real prompt charged electrons, and the other is all the charged PFOs other
than the two prompt charged leptons. Figure 5 shows the distributions of the above two quantities for these
two samples, where the red histogram is for the prompt electrons and the blue is for non-prompt charged PFOs.
Since the red and blue distributions are very di↵erent it is straightforward to add requirements on these two
quantities
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A. Analysis of the mode ZHH ! l+l�HH ! l+l�bb̄bb̄ at 500 GeV

1. Pre-selction

In this search mode, the final state of a candidate signal event contains two isolated charged leptons and four b
quarks segmenting into four jets. For the pre-selection, we first require there are two isolated oppositely charged
leptons and then force all the particles other than the two selected leptons to four jets and pair the four jets to two
Higgs boson candidates.

a. Isolated Lepton Selection Isolated electrons and muons are identified from all of the PFOs. Each PFO contains
the information from di↵erent sub-detectors, such as energies deposited in the ECAL and HCAL. An electron deposits
almost all the energy in ECAL while a muon deposits very small fraction of its energy in both ECAL and HCAL.
Other charged particles, being mainly hadrons, deposit most of their energy in HCAL. These pieces of information
are used for electron and muon identification. The following two quantities are checked for each PFO. One is the
E(ecal)

E(total)

ratio, the other is the E(total)

P ratio, where E(total) = E(ecal)+E(hcal), E(ecal) and E(hcal) are the energies
deposited in ECAL and HCAL and P is the momentum. Some constraints are added to the vertex position which
can reduce the selection of the leptons from B-hadrons.

• For electron identification, two samples of PFOs from the process e++e� ! e+e�HH are investigated by using
MC truth information. One is the real prompt charged electrons, and the other is all the charged PFOs other
than the two prompt charged leptons. Figure 5 shows the distributions of the above two quantities for these
two samples, where the red histogram is for the prompt electrons and the blue is for non-prompt charged PFOs.
Since the red and blue distributions are very di↵erent it is straightforward to add requirements on these two
quantities
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Higgs Self-Coupling
Existence of hhh coupling = 
Direct evidence of vacuum condensation

H

H

H

H

Ongoing analysis improvements towards O(10)% measurement

arXiv:1310.0763

Challenging measurement because of: 
• Small cross section (Zhh 0.2 fb at 500 GeV) 
• Many jets in the final state 
• Presence of interference diagrams
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Keisuke Fujii @ Higgs Couplings 2014, Trino

HHH Prospects

Scenario A: HH-->bbbb, full simulation done"
Scenario B: by adding HH-->bbWW*, full simulation ongoing,"
                     expect ~20% relative improvement"
Scenario C: color-singlet clustering, future improvement,"
                     expected ~20% relative improvement (conservative)

250 GeV: 1150 fb-1"
500 GeV: 1600 fb-1"
1     TeV:  2500 fb-1

250 GeV:   250 fb-1"
500 GeV:   500 fb-1"
1     TeV:  1000 fb-1

Baseline LumiUP

Extrapolation to M(H)=125GeV

ILD DBD Study 

(Junping Tian, Masakazu Kurata)

Preliminary full simulation 
results at 500GeV confirmed 
the validity of extrapolation. 
(C.Duerig @ AWLC14)
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Keisuke Fujii @ Higgs Couplings 2014, Trino
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Mass Coupling Relation 
After Baseline LC Program

Notice the rare mode like H→μ+μ- and 
significant improvement in top Yukawa and 
self-coupling measurements.
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FIG. 2: Theoretical expectation for Higgs couplings deviations for the MSSM with heavy stops and no mixing, taking

mh = 125GeV, showing contours of constant mA (solid blue) and tan� (dashed), obtained from the exact expressions

of Eqs. (68,69) of Appendix II. Also shown are the 68% (green), 95%(yellow) and 99%(grey) C.L. regions obtained by

a global fit of the most recent LHC Higgs data, as explained in Appendix I, neglecting loop contributions to the hgg and

h�� couplings. The dashed red lines show the approximate results of Eq. (21) for mH = 300, 500GeV.

push the MSSM into fine-tuning territory [21]. Ignoring for a moment this tension, we can assume these loop
contributions to be uniquely responsible for the large value of the Higgs mass, and write the deviations of cb,t
induced by loop e↵ects Eq. (20) together with the ones from the tree-level potential Eq. (14), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (21)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in cb (ct) are always
positive (negaitive), as already observed in Ref. [15]. For large tan� the deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (22)

We can compare these results with the exact ones of Fig. 2, which shows the intuitive (cb, ct)-plane mentioned
above, and compares these theoretical expectations with the most recent data [8]-[12], using the methods
described in Appendix I. We assume a heavy sparticle spectrum, that does not a↵ect the Higgs couplings
to gluons and photons, other than through Eq. (21) (this is motivated by the fact that in this example, we
are assuming multi-TeV stops). Masses mH . 250GeV can be excluded, almost independently of tan�, as
suggested already by Eq. (22) for a sensitivity to the hb̄b coupling of about 50%. In Fig. 3 we also show
the CMS bounds on the traditional MSSM mA, tan� plane (for a recent analysis see Ref. [22]) from direct
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Figure 2. Theoretical expectation for Higgs couplings deviations for the MSSM with heavy stops
and no mixing, taking mh = 125GeV, showing contours of constant mA (solid blue) and tan�
(dashed), obtained from the exact expressions of eqs. (B.14), (B.15) of appendix B. Also shown are
the 68% (green), 95%(yellow) and 99%(grey) C.L. regions obtained by a global fit of the most recent
LHC Higgs data, as explained in appendix A, neglecting loop contributions to the hgg and h��

couplings. The dashed red lines show the approximate results of eq. (3.10) for mH = 300, 500GeV.

the EW scale through loop e↵ects and push the MSSM into fine-tuning territory [51].

Ignoring for a moment this tension, we can assume these loop contributions to be uniquely

responsible for the large value of the Higgs mass, and write the deviations of cb,t induced

by loop e↵ects eq. (3.9) together with the ones from the tree-level potential eq. (3.3), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (3.10)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in

cb (ct) are always positive (negaitive), as already observed in ref. [19]. For large tan� the

deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (3.11)

We can compare these results with the exact ones of figure 2, which shows the intuitive

(cb, ct)-plane mentioned above, and compares these theoretical expectations with the most
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Figure 2. Theoretical expectation for Higgs couplings deviations for the MSSM with heavy stops
and no mixing, taking mh = 125GeV, showing contours of constant mA (solid blue) and tan�
(dashed), obtained from the exact expressions of eqs. (B.14), (B.15) of appendix B. Also shown are
the 68% (green), 95%(yellow) and 99%(grey) C.L. regions obtained by a global fit of the most recent
LHC Higgs data, as explained in appendix A, neglecting loop contributions to the hgg and h��

couplings. The dashed red lines show the approximate results of eq. (3.10) for mH = 300, 500GeV.

the EW scale through loop e↵ects and push the MSSM into fine-tuning territory [51].

Ignoring for a moment this tension, we can assume these loop contributions to be uniquely

responsible for the large value of the Higgs mass, and write the deviations of cb,t induced

by loop e↵ects eq. (3.9) together with the ones from the tree-level potential eq. (3.3), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (3.10)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in

cb (ct) are always positive (negaitive), as already observed in ref. [19]. For large tan� the

deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (3.11)

We can compare these results with the exact ones of figure 2, which shows the intuitive

(cb, ct)-plane mentioned above, and compares these theoretical expectations with the most
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1 Higgs Theory

More generally, consider the Higgs–quark Yukawa interactions of the 2HDM in the �1–�2 basis,

≠ LY = UL�0 ú
a hU

a UR ≠ DLK†�≠
a hU

a UR + ULK�+
a hD †

a DR + DL�0
ahD †

a DR

+NL�+
a hL †

a ER + EL�0
ahL †

a ER + h.c. , (1.74)

where we have made explicit both the couplings to the quarks and leptons. In eq. (1.74), hU,D,L are
3 ◊ 3 Yukawa coupling matrices and there is an implicit sum over a = 1, 2. The GWP condition can
be implemented in four di�erent ways [80, 81, 82]:

1. Type-I Yukawa couplings: hU
1 = hD

1 = hL
1 = 0,

2. Type-II Yukawa couplings: hU
1 = hD

2 = hL
2 = 0.

3. Type-X Yukawa couplings: hU
1 = hD

1 = hL
2 = 0,

4. Type-Y Yukawa couplings: hU
1 = hD

2 = hL
1 = 0.

The four types of Yukawa couplings can be implemented by a discrete symmetry as shown in Table 1.8.

Table 1.8. Four possible Z
2

charge assignments that forbid tree-level Higgs-mediated FCNC e�ects in the
2HDM. [82].

�

1

�

2

UR DR ER UL, DL, NL, EL

Type I + ≠ ≠ ≠ ≠ +

Type II (MSSM like) + ≠ ≠ + + +

Type X (lepton specific) + ≠ ≠ ≠ + +

Type Y (flipped) + ≠ ≠ + ≠ +

The imposition of the discrete symmetry also restricts the form of the Higgs scalar potential
given in eq. (1.27) by setting m2

12 = ⁄6 = ⁄7 = 0. In this case, one can always rephase �1 such that
⁄5 is real, in which case the scalar potential is CP-conserving. Moreover, assuming that a U(1)EM-
conserving potential minimum exists, the corresponding vacuum is CP-conserving, corresponding to
real vacuum expectation values, vi © È�0

i Í. Thus, the parameter

tan — © v2
v1

, (1.75)

is now meaningful since it refers to vacuum expectation values with respect to the basis of scalar
fields where the discrete symmetry has been imposed. By convention, we shall take 0 Æ — Æ 1

2 fi, in
which case tan — is non-negative. This can be achieved by redefining �2 æ ≠�2 if tan — is negative.
However, such a redefinition would also reverse the signs of Z6 and Z7. Thus, by adopting the
convention that tan — is non-negative, we can no longer a choose the convention where, say, Z6 > 0.
Indeed, in a convention where tan — and sin(— ≠ –) are non-negative, both Z6 and cos(— ≠ –) can
be of either sign [subject to the constraint that Z6 cos(— ≠ –) < 0 due to eq. (1.61)].

It is straightforward to evaluate the flQ
R,I for the Type-I and Type-II Higgs-quark Yukawa couplings.

Using the corresponding results for the flQ
R,I , the couplings of h, H and A are easily obtained from

Tables 1.6 and 1.7.
1. Type-I: flD

R = flU
R = 1 cot — , flD

I = flU
I = 0.

hDD , hUU : cos –

sin —
= s—≠– + c—≠– cot — ,

HDD , HUU : sin –

sin —
= c—≠– ≠ s—≠– cot — ,

iAD“5D : cot — ,

iAU“5U : ≠ cot — . (1.76)
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The$Physics$Case$for$ILC$
LCWS2014,&Belgrade,&October&2014

Higgs: Added value with respect to LHC

• Compared to the HL-
LHC, ILC will provide 
factors of 2 - 10 
improvement on 
couplings in model-
dependent studies


• High degree of synergies 
for H->γγ, where LHC will 
provide the highest 
precision

8

0
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4
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8

10
Projected Higgs Coupling Precision, Model-Dependent Fit

* Ref. arXiv:1307.7135, ** Ref. arXiv:1310.0763, *** Ref. arXiv:1312.4974

 (CMS-1) *-1 14 TeV, 3000 fbHL-LHC
 (CMS-2) *-1 14 TeV, 3000 fbHL-LHC

 **-1 500 GeV,   500 fb⊕ -1 250 GeV,   250 fbILC
 **-1 500 GeV, 1600 fb⊕ -1 250 GeV, 1150 fbILC

 **-1 1 TeV, 2500 fb⊕ -1 500 GeV, 1600 fb⊕ -1 250 GeV, 1150 fbILC
 combination ***-1 3000 fbHL-LHC ⊕ ILC

%

%

%

%

%

%

%

%

%

t c, u,κ b s, d,κ τ,µ e,κ Zκ Wκ gκ γκ

Figure 4: Relative precisions for the various Higgs couplings extracted from a model-
dependent fit, described in the text, 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 blue bands for � assume a joint analysis of HL-LHC and ILC data. The yellow bands
show the improvement expected with ILC running at 1000 GeV.

The most statistically powerful determination of the Higgs width �h uses the W
fusion process, which turns on at e+e� center of mass energies above 250 GeV, as
shown in Fig. 2. Thus, the most precise coupling measurements from the ILC require
data-taking at energies of 350 GeV or above. The coupling precisions can be further
improved by increasing the data sample or by running at still higher energies, 500 or
1000 GeV.

Because the decay of the Higgs boson to �� is rare, with a branching ratio of
0.2% in the Standard Model, it will be di�cult for the ILC to gather large statistics
for this decay. Fortunately, the �� and ZZ decay modes of the Higgs boson are the
modes that are most straightforward for the LHC experiments. The LHC is expected
to measure the ratio of branching ratios BR(h ! ��)/BR(h ! ZZ) very accurately,
using a technique in which the systematic errors largely cancel. Combination of this
with the hZZ coupling measurement from the ILC will allow us to reach the required
1% level precision also for the h ! �� coupling [11]. This synergy is illustrated in
the �� entries of the summary figures cited below.

Since the top quark is the heaviest particle in the Standard Model and hence

8



Summary	
  and	
  comments	
  
•  ILC	
  has	
  already	
  a	
  very	
  exciRng	
  physics	
  case	
  and	
  the	
  Higgs	
  sector	
  is	
  one	
  of	
  

the	
  main	
  players.	
  
•  No	
  need	
  for	
  day	
  by	
  day	
  comparison	
  with	
  circular,	
  bever	
  go	
  ahead	
  steady	
  

and	
  push	
  for	
  improvements.	
  
•  The	
  BSM	
  physics	
  reach,	
  in	
  a	
  complete	
  MI	
  Higgs	
  sector	
  study,	
  will	
  increase	
  

with	
  ongoing	
  work	
  toward	
  precision	
  improvements,	
  especially	
  on	
  :	
  

–  full	
  use	
  of	
  hadronic	
  Z	
  decays	
  for	
  recoil	
  mass	
  (and	
  hence	
  x-­‐sec)	
  to	
  improve	
  
absolute	
  coupling	
  extracRon.	
  

–  Higgs	
  self	
  coupling	
  is	
  crucial	
  but	
  very	
  difficult.	
  Effort	
  needed	
  to	
  go	
  beyond	
  
current	
  10%	
  level	
  determinaRon	
  at	
  1	
  TeV.	
  

–  detector	
  performance	
  and	
  design	
  opRmizaRon	
  on	
  hadronic	
  jets	
  
(reconstrucRon,	
  PF	
  algos,	
  tagging,	
  Energy	
  and	
  mjj	
  resoluRon	
  …)	
  in	
  mul?-­‐jet	
  
events	
  (qqH,	
  vH,	
  W/ZHH,	
  …)	
  	
  

–  switch	
  to	
  MI	
  EFT	
  approach	
  on	
  Higgs	
  coupling	
  analysis	
  
	
  

•  And	
  very	
  important	
  :	
  op2miza2on	
  of	
  machine	
  parameters	
  ECM	
  ,	
  
Luminosity	
  and	
  …	
  project	
  ?meline	
  à	
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J. Brau/ILC Parameters Jt WG    -    Oct. 8, 2014

• Starting run at 350 
GeV (D-500) also has 
superior early 
precision for fermion 
decay modes!

• red - D-500!

! ! (lower curve)
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Accuracies in First 5 Years

22

(cc)

ILC	
  staging	
  scenarios	
  :	
  250	
  …	
  500	
  GeV	
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J. Brau/ILC Parameters Jt WG    -    Oct. 8, 2014

Start at 350 GeV?
• If staging is necessary, starting at 350 GeV presents scientific advantages 

over 250 GeV.  Therefore, we discuss this possibility.!
• At 350 GeV, Higgs production comes largely from the !

!    Higgsstrahlung process, but the important WW-fusion !
!    process is rising, increasing three-fold from 250 GeV to !
!    350 GeV. !

• This increase enables precise measurements of both the !
!    Z-Higgs coupling (gHZZ) and the W-Higgs coupling (gHWW) !
!    at 350 GeV.!

• These critical measurements are important to the determination of the 
total Higgs width (ΓH), and the most precise model independent 
determination of all the couplings, testing the standard model, and 
measuring invisible or exotic decays of the Higgs boson.!

• Top pair production is open, enabling measurements of top mass                   
(≲ 100 MeV) and top Electroweak couplings.!

• Furthermore, the main advantage of 250 GeV (the Higgs mass 
measurement) might be comparably achieved with measurements at 350 
GeV using hadronic decays

18
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J. Brau/ILC Parameters Jt WG    -    Oct. 8, 2014 11

Scenario profiles

Out[29]=

ECM ∫Ldt Lpeak Ramp T Tacc Comment

1 2 3 4
Physics run 250 250 0.75 10 30 60 100 4.1 4.1 TDR nominal operation at 5Hz
Shutdown 1.5 5.6 Upgrade to full 500 GeV machine
Physics run 500 1000 1.8 10 50 100 100 4.9 10.5 TDR nominal operation at 5Hz
Physics run 350 200 1. 100 100 100 100 1.3 11.8 TDR nominal operation at 5Hz
Physics run 250 750 1.5 25 75 100 100 4.2 16. Operation at 10 Hz
Shutdown 1.5 17.5 Luminosity upgrade
Physics run 500 2000 3.6 10 50 100 100 4.9 22.4 TDR lumi$up at 5Hz
Physics run 250 1000 3. 25 75 100 100 3.1 25.5 TDR lumi$up at 10Hz

3

Out[29]=

ECM ∫Ldt Lpeak Ramp T Tacc Comment

1 2 3 4
Physics run 250 500 0.75 10 30 60 100 6.2 6.2 TDR nominal operation at 5Hz
Shutdown 1.5 7.7 Upgrade to full 500 GeV machine
Physics run 500 1000 1.8 10 50 100 100 4.9 12.7 TDR nominal operation at 5Hz
Physics run 350 200 1. 100 100 100 100 1.3 13.9 TDR nominal operation at 5Hz
Physics run 250 500 1.5 25 75 100 100 3.1 17. Operation at 10 Hz
Shutdown 1.5 18.5 ScenarioComment
Physics run 500 2000 3.6 10 50 100 100 4.9 23.5 TDR lumi$up at 5Hz
Physics run 250 1000 3. 25 75 100 100 3.1 26.6 TDR lumi$up at 10Hz

4 

Out[29]=

ECM ∫Ldt Lpeak Ramp T Tacc Comment

1 2 3 4
Physics run 250 100 0.75 10 30 60 100 2.8 2.8 TDR nominal operation at 5Hz
Shutdown 1.5 4.3 Upgrade to full 500 GeV machine
Physics run 500 1000 1.8 10 30 60 100 5.5 9.8 TDR nominal operation at 5Hz
Physics run 350 200 1. 100 100 100 100 1.3 11.1 TDR nominal operation at 5Hz
Physics run 250 400 1.5 25 75 100 100 2.7 13.8 Operation at 10 Hz
Shutdown 1.5 15.3 Luminosity upgrade
Physics run 500 2500 3.6 10 50 100 100 5.8 21.1 TDR lumi$up at 5Hz
Physics run 250 1500 3. 25 75 100 100 4.2 25.3 TDR lumi$up at 10Hz

5

Out[29]=

ECM ∫Ldt Lpeak Ramp T Tacc Comment

1 2 3 4
Physics run 250 100 0.75 10 30 60 100 2.8 2.8 TDR nominal operation at 5Hz
Shutdown 1.5 4.3 Upgrade to full 500 GeV machine
Physics run 500 1000 1.8 10 30 60 100 5.5 9.8 TDR nominal operation at 5Hz
Physics run 350 200 1. 100 100 100 100 1.3 11.1 TDR nominal operation at 5Hz
Physics run 250 400 1.5 25 75 100 100 2.7 13.8 Operation at 10 Hz
Shutdown 1.5 15.3 Luminosity upgrade
Physics run 500 4500 3.6 10 50 100 100 9.3 24.6 TDR lumi$up at 5Hz

ECM ∫Ldt Lpeak Ramp T Tacc Comment

1 2 3 4
Physics run 350 500. 1. 10 30 60 100 5.2 5.2 TDR nominal operation at 5Hz
Shutdown 1.2 6.4 Upgrade to full 500 GeV machine
Physics run 500 1000 1.8 10 50 100 100 4.9 11.3 TDR nominal operation at 5Hz
Physics run 250 500 1.5 100 100 100 100 2.1 13.4 Operation at 10Hz
Shutdown 1.5 14.9 Luminosity upgrade
Physics run 500 4500 3.6 10 50 100 100 9.3 24.2 TDR lumi$up at 5Hz

7

Projected 
evolution of 
integrated 
luminosity 
with 
realistic 
ramp-up 
and upgrade 
timelines!

Note !
- time is in 
calendar 
years 

Scenario profiles

Out[29]=

ECM ∫Ldt Lpeak Ramp T Tacc Comment

1 2 3 4
Physics run 250 250 0.75 10 30 60 100 4.1 4.1 TDR nominal operation at 5Hz
Shutdown 1.5 5.6 Upgrade to full 500 GeV machine
Physics run 500 1000 1.8 10 50 100 100 4.9 10.5 TDR nominal operation at 5Hz
Physics run 350 200 1. 100 100 100 100 1.3 11.8 TDR nominal operation at 5Hz
Physics run 250 750 1.5 25 75 100 100 4.2 16. Operation at 10 Hz
Shutdown 1.5 17.5 Luminosity upgrade
Physics run 500 2000 3.6 10 50 100 100 4.9 22.4 TDR lumi$up at 5Hz
Physics run 250 1000 3. 25 75 100 100 3.1 25.5 TDR lumi$up at 10Hz

3

Energy!
Upgrade

Lumi!
Upgrade
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15*

Summary*of*expected*accuracies*for*the*three*cross*secEons*and*
eight*branching*raEos*obtained*from*an*eleven*parameter*global*
fit*of*all*available*data.*

ILC(250) ILC500 ILC(1000) ILC(LumUp)

process ��/�
e+e� ! ZH 2.6 % 2.0 % 2.0 % 1.0 %

e+e� ! ⌫⌫̄H 11 % 2.3 % 2.2 % 1.1 %

e+e� ! t¯tH - 28 % 6.3 % 3.8 %

mode �Br/Br
H ! ZZ 19 % 7.5 % 4.2 % 2.4 %

H ! WW 6.9 % 3.1 % 2.5 % 1.3 %

H ! b¯b 2.9 % 2.2 % 2.2 % 1.1 %

H ! cc̄ 8.7 % 5.1 % 3.4 % 1.9 %

H ! gg 7.5 % 4.0 % 2.9 % 1.6 %

H ! ⌧+⌧� 4.9 % 3.7 % 3.0 % 1.6 %

H ! �� 34 % 17 % 7.9 % 4.7 %

H ! µ+µ�
100 % 100 % 31 % 20 %
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14*

Summary*of*expected*accuracies*Δgi/gi*and*ΓT**for*model**
independent*determinaEons*of*the*Higgs*boson*couplings*

The*theory*errors*are*ΔFi/Fi=0.5%.**For*the*invisible*branching*raEo,**
the*numbers*quoted*are*95%*confidence*upper*limits.**

Mode ILC(250) ILC(500) ILC(1000) ILC(LumUp)p
s (GeV) 250 250+500 250+500+1000 250+500+1000

L (fb

�1
) 250 250+500 250+500+1000 1150+1600+2500

�� 18 % 8.4 % 4.0 % 2.4 %

gg 6.4 % 2.3 % 1.6 % 0.9 %

WW 4.9 % 1.2 % 1.1 % 0.6 %

ZZ 1.3 % 1.0 % 1.0 % 0.5 %

t¯t – 14 % 3.2 % 2.0 %

b¯b 5.3 % 1.7 % 1.3 % 0.8 %

⌧+⌧� 5.8 % 2.4 % 1.8 % 1.0 %

cc̄ 6.8 % 2.8 % 1.8 % 1.1 %

µ+µ�
91 % 91 % 16 % 10 %

�T 12 % 5.0 % 4.6 % 2.5 %

hhh – 83 % 21 % 13 %

BR(invis.) < 0.9 % < 0.9 % < 0.9 % < 0.4 %
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Categories (example 0lep,0tau)

21

category 0lep,0tau before after difference w/o categories

H->all 81.6% 448,212 185,999 
(41.5%) ---- -----

H->bb 96.8% 300,853 119,211
(39.6%) -4.5% -5.1%

H->WW(l) 8.3% 1,048 429
(40.9%) +1.4% -73.4%

H->WW(sl) 29.7% 15,921 5,618
(35.3%) -14.9% +10.4%

H->WW(h) 91.9% 51,524 23,773
(46.1%) +11.1% +36.4%

H->gg 96.6% 46,773 23,636
(50.5%) +21.7% +31.9%

H->ττ 12.2% 4,368 1,362
(31.2%) -24.8% -52.6%

H->ZZ 78.2% 11,811 4,766
(40.4%) -2.7% +8.1%

H->cc 96.3% 13,895 6,284
(45.2%) +8.9% +8.7%

H->γγ 91.3% 1,873 793
(42.3%) -1.9% +2.8%

Linear Collider WorkShop 2014 @ Belgrade : Tatsuhiko Tomita : 09/10/2014
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  Keisuke Fujii @ Higgs Couplings 2014, Trino

Model-independent Global Fit for Couplings  
Baseline ILC program

27

coupling 250 GeV 250 GeV + 500 GeV 250 GeV + 500 GeV + 1 TeV

HZZ 1.3% 1% 1%
HWW 4.8% 1.1% 1.1%
Hbb 5.3% 1.6% 1.3%
Hcc 6.8% 2.8% 1.8%
Hgg 6.4% 2.3% 1.6%
Hττ 5.7% 2.3% 1.6%
Hγγ 18% 8.4% 4%
Η)) 91% 91% 16%
Γ 12% 4.9% 4.5%

Htt - 14% 3.1%

P(e-,e+)=(-0.8,+0.3) @ 250, 500 GeV P(e-,e+)=(-0.8,+0.2) @ 1 TeV

250 GeV:   250 fb-1"
500 GeV:   500 fb-1"
1     TeV:  1000 fb-1

(MH = 125 GeV)

HHH - 83%(*) 21%(*)
*) With H->WW* (preliminary), if we include expected improvements in jet clustering it would become 17%!
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Top Yukawa Coupling 
The largest among matter fermions, but not yet directly observed  

1 ab�1@500GeV

15
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A factor of 2 enhancement from QCD 
bound-state effects

Tony Price, LCWS12

Cross section maximum at around 
Ecm = 800GeV

Philipp Roloff, LCWS12 
Tony Price, LCWS12

500 GeV is very close to the threshold.!
Moving up a little bit helps significantly!

H-> bb

mH = 125GeV

scaled from mH=120 GeV

DBD Full Simulation

H
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Further*improvement*beyond*the**

ILC*Higgs*White*paper**(due*to*Peskin)*

! *Use*ATLAS*projected*result*of*the*HLZLHC*Higgs*analysis*

�
BR(H ! ��)

BR(H ! ZZ⇤)
= 2.9%

along*with*the*ILC*precision*measurement*of*the*HZZ,,
coupling**to*obtain*a*very*precise*determinaEon*of*the*************************

********coupling.*H��

! *Improve*precision*determinaEons*of*Higgs*couplings*

****by*imposing*the*constraint*that*X

i

BRi = 1

The reason for this is that I used a 9-parameter fit 
constrained to the relation                   .

This constraint is very powerful because determinations 
of Higgs couplings require constraining the Higgs total 
width.

The constraint has a large effect here:

X

i

BRi = 1

�(AA ! h) ·BR(h ! BB) ⇠ �(h ! AA)�(h ! BB)

�T

error in     unconstrained

ILC 500 5.0% 1.6%

ILC 500 up 2.8% 0.75%

ILC 1000 4.6% 1.2%

X
BR = 1�T
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38

M. Peskin, LCWS 2013 
arXiv: 1312.4974

LC greatly improves the LHC precisions and provides the necessary precision for 
the fingerprinting
For rare decays such as H → γγ, there is powerful synergy of LHC and LC!

Σ BR = 1
BR(BSM:vis.), BR(inv.) in stead of Γh

ILC expectation assumes that BR(BSM:vis.) 
can be measured as precisely as BR(inv.).
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  Keisuke Fujii @ Higgs Couplings 2014, Trino

The Problem : BG diagrams dilute self-coupling contribution  

18
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Keisuke Fujii @ Higgs Couplings 2014, Trino

HHH Prospects

HHH 500 GeV 500 GeV + 1 TeV

Scenario A B C A B C

Baseline 104% 83% 66% 26% 21% 17%

LumiUP 58% 46% 37% 16% 13% 10%

Scenario A: HH-->bbbb, full simulation done"
Scenario B: by adding HH-->bbWW*, full simulation ongoing,"
                     expect ~20% relative improvement"
Scenario C: color-singlet clustering, future improvement,"
                     expected ~20% relative improvement (conservative)

250 GeV: 1150 fb-1"
500 GeV: 1600 fb-1"
1     TeV:  2500 fb-1

250 GeV:   250 fb-1"
500 GeV:   500 fb-1"
1     TeV:  1000 fb-1

Baseline LumiUP

Extrapolation to M(H)=125GeV

ILD DBD Study 

(Junping Tian, Masakazu Kurata)

Preliminary full simulation 
results at 500GeV confirmed 
the validity of extrapolation. 
(C.Duerig @ AWLC14)



DeviaRons	
  in	
  extended	
  Higgs	
  sectors	
  

Sandro	
  De	
  Cecco	
  -­‐	
  LPNHE	
  Paris	
   38	
  

Introduction
BSM deviations

Deviations in extended Higgs sectors:
Survey according to Haber’s decoupling theorem with M = 1TeV:

Model �gHV V �gHbb̄ �gH��

Singlet Mixing ⇡ 6% ⇡ 6% ⇡ 6%
2HDM ⇡ 1% ⇡ 10% ⇡ 1%

Decoupled MSSM ⇡ �0.0013% ⇡ 1.6% < 1.5%
Composite ⇡ �3% ⇡ �(3� 9)% ⇡ �9%
Top Partner ⇡ �2% ⇡ �2% ⇡ 1%

(see e.g. plenary talks by Keisuke Fujii and Philipp Roloff)

[IL
C

TD
R

,M
ic

ha
el

Pe
sk

in
]

=) Need for high precision to discover differences from SM Higgs!
=) High order contributions in theoretical calculations required at a LC,
although by far smaller than at LHC!

Some predictions are very sensitive to numerical input values:
Variation of mH by ±200MeV $ BR(H ! ZZ(⇤)/WW (⇤)) ⇠ ±2.5%!

Stefan Liebler 5 / 20
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Future(measurement(of((
Higgs(Couplings�

Snowmass(Report(
1310.8361�

Coupling(constants(can(be(typically((
Measured(with(bePer(than(1(%(at(ILC�
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LHCRHL%measurements%of%σ%x%BR%

LHCRHL%σ x%BR%determina5ons%typically%in%the%ten%percent%range.%
Near%term%LHC%running%expects%about%twice%the%values.%

3%
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CLIC%Sensi5vity%

Snowmass%%
2013%Report%%

6%
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TLEP%Es5mates%

10%abR1% 0.25%abR1%

5%
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SMSM
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Fingerprinting

20

Snowmass ILC Higgs White Paper (arXiv: 1310.0763)

(SUSY?)

(rad. seesaw?)

Kτ

2HDM

TDR ILC

Kb

Multiplet Structure

4 Possible Z2 Charge Assignments  
that forbids tree-level Higgs-induced FCNC

KV2 = sin(β-α)2 =1 ⇔ SM

Given a deviation of the 
Higgs to Z coupling: 
ΔKv

2 = 1-Kv
2 = 0.01 we 

will be able to 
discriminate the 4 
models!
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Frank&Simon&(fsimon@mpp.mpg.de)
The$Physics$Case$for$ILC$
LCWS2014,&Belgrade,&October&2014

Higgs: Fingerprinting the Higgs Nature

• ILC precision matters - ILC will be capable to distinguish between different models of 
more complex Higgs sectors

• SUSY - multiple Higgs bosons

• Composite Higgs boson
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H
ig

gs
 C

ou
pl

in
g 

D
ev

ia
tio

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15

H
ig

gs
 C

ou
pl

in
g 

D
ev

ia
tio

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15

 [Ref. arXiv:1310.0763]ILC Projection
-1 500 GeV, 1600 fb⊕ -1250 GeV, 1150 fb

 = 700 GeV)A = 5, MβMSSM (tan

%

%

%

%

%

%

%
t b τ c Z W

H
ig

gs
 C

ou
pl

in
g 

D
ev

ia
tio

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15

H
ig

gs
 C

ou
pl

in
g 

D
ev

ia
tio

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15

 [Ref. arXiv:1310.0763]ILC Projection
-1 500 GeV, 1600 fb⊕ -1250 GeV, 1150 fb

= 1.5 TeV)fMCHM5 (

%

%

%

%

%

%

%
t b τ c Z W

Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings: Left: a model with supersymmetry; Right: a model with Higgs
boson compositeness. The error bars indicated the 1 � uncertainties expected from the ILC
with 1150 fb�1 at 250 GeV and 1600 fb�1 at 500 GeV.

2.4 Higgs Boson Self-Coupling

There is one more important Higgs coupling not shown in Fig. 5. This is the
trilinear Higgs self-coupling, which determines the shape of the potential energy for
the Higgs field. The value of this coupling gives evidence on nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [16]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The first step would be to test the nature of the phase transition. Models in
which the phase transition is first-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model. The Higgs self-coupling can
be a factor of 2 larger in some models [17].

At the High-Luminosity LHC, double Higgs production can be detected in final
states in which one Higgs boson decays to ��, providing a clean signal, while the other
decays to bb, providing the maximum rate. Fast simulation studies suggest that this
measurement will yield a precision of 50% on the Higgs self-coupling [18]. At the ILC,

11
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Composite Higgs: Reach

ILC (250+500 LumiUP)

Complementary approaches to probe composite Higgs models 
• Direct search for heavy resonances at the LHC 
• Indirect search via Higgs couplings at the LC 
Comparison depends on the coupling strength (g*)

H
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WIMP Dark Matter @ ILC

BR(H!invis.) < 0.4% 
at 250 GeV, 1150 fb-1

→ MDM reach ~ Ecm/2

SUSY-specific signatures (decays to DM) 
• light Higgsino, light stau, etc.

42

WIMP searches at colliders are complementary to direct/indirect searches. 
Examples at the ILC:

Higgs Invisible Decay Monophoton Search

In many models, DM has a charged partner as in higgsino DM case of SUSY.

MDM < Mh /2
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