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Paolo Meridiani

RUN1: PRODUCTION & DECAY

10

Production & decay measured to be compatible with SM Higgs: precision [20-60]% 

Observation of boson decay modes: ɣɣ, WW, ZZ  

Direct coupling to fermions not fully established:  H➝!! 5.5σ (exp 5σ), H➝bb 2.6σ (exp 3.7σ)  

ATLAS+CMS JHEP 08 (2016) 045 signal strength μ=σ/σSM
production decay

at EPS 2017 https://indico.cern.ch/event/466934/contributions/2473177/
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Paolo Meridiani 11

Production & decay measured to be compatible with SM Higgs 

Observation of boson decay modes: ɣɣ, WW, ZZ  

Direct coupling to fermions not fully established:  H➝!! 5.5σ (exp 5σ), H➝bb 2.6σ (exp 3.7σ)  

ATLAS+CMS JHEP 08 (2016) 045 signal strength μ=σ/σSM
production decay

Looks like SM  
More precision is needed

IN OTHER WORDS

Paolo Meridiani

LHC RUN 2

13

3fb-1 Target ~45fb-1 x year

Most of the results presented today done with full 2016 dataset:                                         
36 fb-1 @ 13 TeV ⇒ #Higgs produced ~ x4  wrt Run1  

>100fb-1 by the end of Run 2  

2017 run underway. Record peak lumi: 1.6E34 cm-2s-1

36fb-1

at EPS 2017 https://indico.cern.ch/event/466934/contributions/2473177/



The ILC accelerator and 
detectors
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The ILC Accelerator
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• Candidate site in Japan has been studied
• Layout being targeted towards site

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

Recommendation 11: Motivated by the strong scientific importance of the ILC and the 
recent initiative 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 
critical expertise. Consider higher levels of collaboration if ILC proceeds.

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

• TDR has been delivered in 2012
• Technology being installed in XFEL at DESY
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Recent developments: Staging options

2017-08-03 7

TDR: 500GeV

Option F: 

Option E: 

Turnaround & 
Bunch compressors

Staging options under discussion:
Example(s): Tunnel like in TDR, stage 1 with fewer cryo modules.

For more details, see talks by B. List, S. Michizono @ AWLC17 



new scenarios: H-20-CD (-δBS)

64

lumi upgrade after 
∫Ldt ~ 500 fb-1 

(double bunches)

energy upgrade after 
∫Ldt ~ 2 ab-1 at 250 
GeV in ~15 (11)y

ILC500 starts with x2 
bunches directly

(same scenario for option D)
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ILC, Scenario H-20-CD-dBS
ECM = 250 GeV
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ECM = 500 GeV

save ~4y with δBS 
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EFT interpretation
ILC Scenario H-20-CD-dBS

evolution of coupling precisions

68
end of 250 stage

(example for option C(D) with δBS, see backup more for other options)

Jan Strube - PNNL and UOregon

ILC Staging scenarios
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• Start at 250 GeV
• Runs at 500 GeV for full program, 350 GeV for higher precision of top properties
• Other thresholds possible, informed by LHC or early ILC Data
• Goal: per cent-level precision on (most) Higgs couplings 
• Possible upgrade to 1 TeV

• improve ttH, self-coupling measurements, searches for new particles

Includes
machine 
ramp-up

new scenarios: H-20-CD (-δBS)

64

lumi upgrade after 
∫Ldt ~ 500 fb-1 

(double bunches)

energy upgrade after 
∫Ldt ~ 2 ab-1 at 250 
GeV in ~15 (11)y

ILC500 starts with x2 
bunches directly

(same scenario for option D)
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Option C: 

ILC Scenario H-20-CD-dBS
EFT interpretation
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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

Optimized for Particle Flow (calorimeter inside coil)
No Trigger

Shared Beam Time in Push-Pull setup

SiD ILD

Both can deliver the physics. Now working toward TDR

Detectors not 
at same scale



ZH → μ+μ- + anythingprimary vertices in tth events

250 GeV

ILC 1 TeV

W-Z separation
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Detector Requirements are driven 
by Higgs physics
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Not only good 
calorimeter resolution, 
but excellent track-
shower matching and 
shower separation

Extremely low material 
budget in the main tracker, 
with high tracking efficiency

σ(1/p) ~ 2.5 × 10-5

Exceptionally good impact 
parameter resolution, time 
stamping, material budget 
in the vertex detector

→ R&D ongoing to meet 
all of these requirements

ar
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The ILC TDR
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Volume 1 – Executive Summary:
http://arxiv.org/abs/1306.6327

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

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

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

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

http://arxiv.org/abs/1306.6329



Physics with Higgs bosons at 
the ILC

Input to the studies in the following slides is largely based on detailed detector simulations
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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%.

6

A Higgs program in 3 stages

Recoil method: ILC staple at all stages
Z ➞ ll for precision
Z ➞ qq for higher cross section

Vector boson fusion cross section 
increases at higher energies

2

This paper reports a study which evaluates the per-
formance of measuring �ZH and MH using the Hig-
gsstrahlung process with a Z boson decaying into a pair
of electrons or muons e+e� ! ZH ! l+l�H ( l = e or µ).
One of the major purposes of this study is to quantify the
impact of center of mass energy and beam polarization on
the precision of �ZH and MH; the analysis is carried out
for three center-of-mass energies (250, 350, and 500 GeV),
as well as two beam polarizations (P e�, P e+) =(�80%,
+30%) and (+80%, �30%), which will be denoted as
e�L e

+
R and e�Re

+
L , respectively.[5] Unless otherwise speci-

fied, the total integrated luminosity is assumed as follows:
For each beam polarization 250 fb�1, 333 fb�1, and 500
fb�1 are accumulated for

p
s = 250, 350, and 500 GeV,

respectively. The H20 program [6], one of the currently
proposed ILC run scenarios which covers startup, energy
stages, and a luminosity upgrade, designates that during
a 20 year period, a total of 2000, 200, and 4000 fb�1 will
be accumulated at

p
s= 250, 350, and 500 GeV, respec-

tively. The analysis results in this paper will be scaled
to the luminosities of the H20 program, and will impact
the planning of future updates of the run scenario.

The model-independence of the leptonic recoil tech-
nique has been evaluated in the context of previous high-
energy e+e�-colliders [7]. This paper demonstrates for
the first time that the bias due to Higgs decay mode-
dependence can be kept at the level well below the ex-
pected statistical uncertainty in the H20 scenario without
sacrificing signal selection efficiency[8].

This paper is structured as follows: Section II explains
the recoil measurement; Section III introduces the sim-
ulation tools, the ILC detector concept, and the signal
and physics background processes; Section IV presents
the methods of data selection; Section V gives the meth-
ods for extracting �ZH and MH, and discusses their ex-
pected precisions; Section VI demonstrates the model in-
dependence of the analysis; Section VII summarizes the
analysis and concludes the paper.

II. HIGGS BOSON MEASUREMENTS USING
THE RECOIL TECHNIQUE

The major Higgs production processes at the ILC
are Higgsstrahlung and WW fusion, whose lowest order
Feynman diagrams are illustrated in Figure 1, along with
the ZZ fusion process which has a significantly smaller
cross section than the other two processes at ILC center-
of-mass energies. Figure 2 shows the production cross
sections as a function of

p
s, assuming a Higgs boson

mass of 125 GeV. The Higgsstrahlung cross section peaks
around

p
s = 250 GeV, and decreases gradually as ⇠ 1/s,

whereas the WW fusion cross section increases with en-
ergy, exceeding the Higgsstrahlung process at around 450
GeV.

The Higgsstrahlung process with a Z boson decaying
into a pair of electrons or muons: e+e� ! ZH ! l+l�H
( l = e or µ) will be hereafter referred to as e+e�H and
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FIG. 1. The lowest order Feynman diagrams of the
three major Higgs production processes at the ILC: (top)
Higgsstrahlung process e+e� ! ZH, (center) WW fusion
process e+e� ! ⌫⌫H, and (bottom) ZZ fusion process
e+e� ! e+e�H.

µ

+
µ

�H, respectively. The leptonic recoil technique is
based on the Z boson identification by the invariant mass
of the dilepton system being consistent with the Z boson
mass, and the reconstruction of the mass of the rest of the
final-state system recoiling against the Z boson (Mrec),
corresponding to the Higgs boson mass, which is calcu-
lated as

M

2
rec =

�p
s� El+l�

�2 � |�!p l+l� |
2
, (1)

where El+l� ⌘ El++El� and �!
p l+l� ⌘ �!

p l++
�!
p l� are the

energy and momentum of the lepton pair from Z boson
decay. The Mrec calculated using Equation 1 is expected
to form a peak corresponding to Higgs boson production.
From the location of the Mrec peak and the area beneath
it the Higgs boson mass and the signal yield can be ex-
tracted. The signal selection efficiency, and hence the
production cross section is, in principle, independent of
how the Higgs boson decays, since only the leptons from
the Z decay need to be measured in the recoil technique.
In practice, however, this is not guaranteed since there is

e
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e
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FIG. 10. The recoil mass spectra of events in the signal region 110-155 GeV at
p
s = 250 GeV: (a) µ+µ�H, e�L e

+
R (b) µ+µ�H,

e�Re
+
L (c) e+e�H, e�L e

+
R (d) e+e�H, e�Re

+
L . The fitting functions used for the extraction of �ZH and MH (see Section V A) are

superimposed. The black markers are the Monte Carlo (MC) data points, the green, magenta, and blue lines indicate the fitted
function for signal, background, and the combination of signal and background, respectively.

2. Impact of center-of-mass energy and beam polarization

Table VII compares the precisions of higher
p
s = 350

and 500 GeV with respect to
p
s = 250 GeV, as well

as the precisions of beam polarization e�Re
+
L to that of

e�L e
+
R . The same integrated luminosities as those men-

tioned in Section V B 1 are assumed. The following can
be observed:

• Compared to
p
s=250 GeV, the precision of �ZH

at
p
s=350 GeV is worse by about a factor of 1.3,

while �MH is worse by a factor of about 2.7.

• Compared to
p
s=250 GeV, the precision of �ZH

at
p
s=500 GeV is worse by a factor of about 2.1,

while �MH is worse by a factor of about 14.

• In general, the precision of e�L e
+
R is worse by a factor

of 1.1 - 1.2 with respect to that of e�L e
+
R .

3. Scaled to the H20 run scenario

Table VIII shows the uncertainties of �ZH (from Table
VI) and MH scaled to the full H20 run scenario[4, 6]. A
total of 2000 fb�1 , 200 fb�1, and 4000 fb�1 are accumu-
lated at

p
s = 250, 350, and 500 GeV, respectively, out of

which 67.5% (22.5%) of the running time are dedicated
to e�L e

+
R (e�Re

+
L ) at

p
s = 250 and 350 GeV, while 40% of

the running time is dedicated to each of e�L e
+
R and e�L e

+
R

at
p
s = 500 GeV.

From each measurement of �ZH, the HZZ coupling
(gHZZ) can be obtained based on �ZH / g

2
HZZ, which

results in �gHZZ/gHZZ = 1
2 · ��ZH/�ZH. Table VIII

gives the combined errors of �gHZZ/gHZZ and �MH. It
can be seen that from the leptonic recoil measurements
alone, a precision of 0.4% and 14 MeV can be achieved
for �gHZZ/gHZZ and MH, respectively by the end of the
20 year run, with the dominant contribution from

p
s =

250 GeV.
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Higgsstrahlung at the ILC
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Well-known initial state at ILC allows 
to measure the Higgs in a model-
independent way: Reconstruction 
efficiencies are independent of the 
final states to within < 1% This method has the smallest 

uncertainty near threshold.Sensitivity to invisible decays, 
certain CP violating scenarios

2

This paper reports a study which evaluates the per-
formance of measuring �ZH and MH using the Hig-
gsstrahlung process with a Z boson decaying into a pair
of electrons or muons e+e� ! ZH ! l+l�H ( l = e or µ).
One of the major purposes of this study is to quantify the
impact of center of mass energy and beam polarization on
the precision of �ZH and MH; the analysis is carried out
for three center-of-mass energies (250, 350, and 500 GeV),
as well as two beam polarizations (P e�, P e+) =(�80%,
+30%) and (+80%, �30%), which will be denoted as
e�L e

+
R and e�Re

+
L , respectively.[5] Unless otherwise speci-

fied, the total integrated luminosity is assumed as follows:
For each beam polarization 250 fb�1, 333 fb�1, and 500
fb�1 are accumulated for

p
s = 250, 350, and 500 GeV,

respectively. The H20 program [6], one of the currently
proposed ILC run scenarios which covers startup, energy
stages, and a luminosity upgrade, designates that during
a 20 year period, a total of 2000, 200, and 4000 fb�1 will
be accumulated at

p
s= 250, 350, and 500 GeV, respec-

tively. The analysis results in this paper will be scaled
to the luminosities of the H20 program, and will impact
the planning of future updates of the run scenario.

The model-independence of the leptonic recoil tech-
nique has been evaluated in the context of previous high-
energy e+e�-colliders [7]. This paper demonstrates for
the first time that the bias due to Higgs decay mode-
dependence can be kept at the level well below the ex-
pected statistical uncertainty in the H20 scenario without
sacrificing signal selection efficiency[8].

This paper is structured as follows: Section II explains
the recoil measurement; Section III introduces the sim-
ulation tools, the ILC detector concept, and the signal
and physics background processes; Section IV presents
the methods of data selection; Section V gives the meth-
ods for extracting �ZH and MH, and discusses their ex-
pected precisions; Section VI demonstrates the model in-
dependence of the analysis; Section VII summarizes the
analysis and concludes the paper.

II. HIGGS BOSON MEASUREMENTS USING
THE RECOIL TECHNIQUE

The major Higgs production processes at the ILC
are Higgsstrahlung and WW fusion, whose lowest order
Feynman diagrams are illustrated in Figure 1, along with
the ZZ fusion process which has a significantly smaller
cross section than the other two processes at ILC center-
of-mass energies. Figure 2 shows the production cross
sections as a function of

p
s, assuming a Higgs boson

mass of 125 GeV. The Higgsstrahlung cross section peaks
around

p
s = 250 GeV, and decreases gradually as ⇠ 1/s,

whereas the WW fusion cross section increases with en-
ergy, exceeding the Higgsstrahlung process at around 450
GeV.

The Higgsstrahlung process with a Z boson decaying
into a pair of electrons or muons: e+e� ! ZH ! l+l�H
( l = e or µ) will be hereafter referred to as e+e�H and
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FIG. 1. The lowest order Feynman diagrams of the
three major Higgs production processes at the ILC: (top)
Higgsstrahlung process e+e� ! ZH, (center) WW fusion
process e+e� ! ⌫⌫H, and (bottom) ZZ fusion process
e+e� ! e+e�H.

µ

+
µ

�H, respectively. The leptonic recoil technique is
based on the Z boson identification by the invariant mass
of the dilepton system being consistent with the Z boson
mass, and the reconstruction of the mass of the rest of the
final-state system recoiling against the Z boson (Mrec),
corresponding to the Higgs boson mass, which is calcu-
lated as

M

2
rec =

�p
s� El+l�

�2 � |�!p l+l� |
2
, (1)

where El+l� ⌘ El++El� and �!
p l+l� ⌘ �!

p l++
�!
p l� are the

energy and momentum of the lepton pair from Z boson
decay. The Mrec calculated using Equation 1 is expected
to form a peak corresponding to Higgs boson production.
From the location of the Mrec peak and the area beneath
it the Higgs boson mass and the signal yield can be ex-
tracted. The signal selection efficiency, and hence the
production cross section is, in principle, independent of
how the Higgs boson decays, since only the leptons from
the Z decay need to be measured in the recoil technique.
In practice, however, this is not guaranteed since there is

Phys. Rev. D 94, 113002 (2016)
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 (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.

9

As we heard on Monday, the 
expected deviation of Higgs 
couplings from the SM are 
~5%, depending on the 
model.

The HL-LHC program will 
measure several Higgs 
couplings to <10%. 

The ILC program will improve 
upon this precision by ~ one 
order of magnitude.

The combination of HL-LHC and ILC 
improves the ϰγ measurement by 
nearly one order of magnitude.
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Motivation for an effective field theory
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The most common formalism to interpret the measurements of Higgs 
branching ratios (times cross section) is the ϰ – formalism
seven parameters:

multiply the SM Higgs couplings
use HL-LHC projection for H ➞ γγ / H ➞ ZZ
for the ILC: add two parameters for invisible and other couplings

This approach is appropriate for the fermion couplings.
However, it is not the most general for WW and ZZ couplings
→ Effective Field Theory to account for effects of new physics (dim-6)

10 new parameters ci related to Higgs couplings (84 new parameters total)
allows to connect measurements to model

This produces the second diagram in Fig. 1, which is not present at tree level in the
SM. The Z charge of the electron changes sign between e

�
L and e

�
R, (

1
2�sw)2 ! (�s

2
w)),

while the A charge stays the same. This leads to a near-cancellation of the ⇣Z terms
for e�R, while there is constructive interference for e�L .

To illustrate these e↵ects, we carry out a simplified fit to the Higgs couplings in
the following framework: The starting point is the table of projected errors on the
total e+e� ! Zh cross section given in the Appendix. These error estimates are
based on full simulation studies with the ILD detector model [22,23]. The estimates
are provided for each of two configurations of beam polarization, an L beam with
electron and positron beam polarizations (�0.8,+0.3) and an R beam with electron
and positron beam polarizations (+0.8,�0.3). These errors are essentially identical
for the two beam polarizations, and so we can apply them also for unpolarized beams.
All of the analyses below are carried out at the linearized level.

A fit in the  framework would modify each Higgs couplings by

ghAA = ghAA(1 + �A) (8)

For reference, we carried out a  fit to this data from e

+
e

� ! Zh with 7 parameters:

�Z , �W , �b, �c, �g, �⌧ , �µ . (9)

In addition, we allow branching ratios of the Higgs boson to invisible and to non-
invisible exotic decay modes. This modification of the Standard Model is usually
omitted in EFT fits, which concentrate on the e↵ects of heavy particles. However,
the search for Higgs decays to light invisible and exotic particles is an important part
of the full e+e� program, and the possibility of such decays adds an uncertainty to the
extraction of the Higgs boson total width that should be accounted. To parametrize
these possible exotic Higgs decays, we introduce two additional parameters �ainv and
�aother, for example,

�(h ! invis) = �h,SM(�ainv). (10)

It is extremely conservative to include the �aother parameter, since almost any exotic
decay will be observed and recognized as such at e+e� colliders, but this is the way
that all previous “model-independent” Higgs coupling fits for e+e� colliders have been
done.

The simplified fits in the EFT framework also uses 9 parameters. These are the
EFT parameters cH and cWW , the EFT parameters that shift the Higgs couplings b,
c, g, ⌧ , and µ, and the ainv and aother parameters described above (10) [24]. In this
simplified fit, cWB and cBB are set equal to zero. In the complete fit described be-
low, these latter parameters are determined by constraints from precision electroweak
measurements, e+e� ! W

+
W

�, and �(h ! ��).

5

This produces the second diagram in Fig. 1, which is not present at tree level in the
SM. The Z charge of the electron changes sign between e

�
L and e

�
R, (

1
2�sw)2 ! (�s

2
w)),

while the A charge stays the same. This leads to a near-cancellation of the ⇣Z terms
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Effective field theory approach

2017-08-03 17

With an effective field theory, the deviation from the SM Lagrangian can 
be written as

sensitive to spin 
structure, can not 
be probed by 
ϰ - formalism 

�L = ⇣AZ
h

v
Aµ⌫Z

µ⌫

�(e+e� ! Zh) = (SM) · (1 + ⌘Z + 5.5⇣Z)

�(h ! WW⇤) = (SM) · (1 + 2⌘W � 0.78⇣W)

�(h ! ZZ⇤) = (SM) · (1 + 2⌘Z � 0.50⇣Z)

additionally, we have:

➞ This leads to a formalism that lets us probe new physics models with 
polarized beams and precision measurements at different energies 
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The Higgs width at the ILC
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Expected Precision at full ILC: 𝚫𝚪H / 𝚪H = 1.4% 𝚫gHWW / gHWW = 0.28%

For precision measurements, at some point 𝚫𝚪H becomes a limiting factor 
Standard Model: 𝚫𝚪H ≅ 4 MeV

gHWW in both,
production and 
decay

At the LHC: Use rate of off-shell H → ZZ: σ(𝚪H) = 22 MeV, 
At the ILC: Use the fact that the same tree-level coupling enters production and 
decay and that ZH cross section can be measured inclusively



angular analysis of the ZH recoil could be used, but  has less discriminating power

The full details of our treatment of the e

+
e

� ! Zh cross section and angular
distribution are discussed in [15]. Our approach can be summarized by saying that
the perturbations to the SM cross section from the ⌘Z and ⇣Z terms can be com-
pletely parametrized in terms of coe�cients a and b, respectively, that describe the
variations in the cross section, angular distribution, and Z polarization. These a and
b parameters depend on beam polarization and center of mass energy. For example,
at the tree level, the total cross section for e+e� ! Zh from a fully polarized e

�
Le
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or e�Re
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L initial state is given by
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where kZ , EZ are the lab frame momentum and energy of the Z. For a fully polarized
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The change of sign between the two terms in bL vs. bR is the polarization e↵ect
described earlier in this section. There are similar formula for the distributions in
production angle and Z decay angles; see [15] for details. Fits for the a and b param-
eters using ILD full simulation data are described in [23], and these are the basis for
the error estimate and correlations for these parameters listed in the Appendix.

The results of the simplified fits are shown in Table 1. We assume 2000 fb�1

of data, equally divided between the two polarized beam configurations. The  fit
is limited by the poor knowledge of the Higgs total width. In this fit, the width is
obtained through the relation (5) and su↵ers from a lack of statistics for the h ! ZZ

⇤

decay. In the EFT fits, the uncertainty in the couplings reflects the uncertainty in
the knowledge of the ⇣Z parameter, which is determined mainly from the data on the
reactions e+e� ! Zh. Note that polarization is in general a more powerful analyzer
for ⇣Z than the angular distributions, although either method can be e↵ective with a
su�ciently large luminosity sample. For reference, the last column of the fit gives the
results of the full EFT fit described in the next section. The simplified fit is somewhat
idealized, but its outcome turns out to be close to that of a full EFT analysis.
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Coupling fit in EFT

2017-08-03 19

At ILC250, the t-channel diagram contribution is too small
Could use Higgs decays to Z, but SM branching ratio is only ~2.5% …

With EFT, we can use the full expression for the ZH cross section

For a fully polarized 
e–

Le+
R initial state

For a fully polarized 
e–

Re+
L initial state

The full details of our treatment of the e

+
e

� ! Zh cross section and angular
distribution are discussed in [15]. Our approach can be summarized by saying that
the perturbations to the SM cross section from the ⌘Z and ⇣Z terms can be com-
pletely parametrized in terms of coe�cients a and b, respectively, that describe the
variations in the cross section, angular distribution, and Z polarization. These a and
b parameters depend on beam polarization and center of mass energy. For example,
at the tree level, the total cross section for e+e� ! Zh from a fully polarized e

�
Le

+
R

or e�Re
+
L initial state is given by

� =
2

3

⇡↵

2
w

c

4
w

m

2
Z

(s�m

2
Z)

2kZp
s

(2 +
E

2
Z

m

2
Z

) · Q2
Z ·


1 + 2a+ 2

3
p
sEZ/m

2
Z

(2 + E

2
Z/m

2
Z)

b

�
(11)

where kZ , EZ are the lab frame momentum and energy of the Z. For a fully polarized
e

�
Le

+
R initial state,

QZL = (
1

2
� s

2
w) , aL = �cH/2

bL = c

2
w(1 +

s

2
w

1/2� s

2
w

s�m

2
Z

s

)(8cWW ) (12)

and, for a fully polarized e

�
Re

+
L initial state,

QZR = (�s

2
w) , aR = �cH/2

bR = c

2
w(1�

s�m

2
Z

s

)(8cWW ) . (13)

The change of sign between the two terms in bL vs. bR is the polarization e↵ect
described earlier in this section. There are similar formula for the distributions in
production angle and Z decay angles; see [15] for details. Fits for the a and b param-
eters using ILD full simulation data are described in [23], and these are the basis for
the error estimate and correlations for these parameters listed in the Appendix.

The results of the simplified fits are shown in Table 1. We assume 2000 fb�1

of data, equally divided between the two polarized beam configurations. The  fit
is limited by the poor knowledge of the Higgs total width. In this fit, the width is
obtained through the relation (5) and su↵ers from a lack of statistics for the h ! ZZ

⇤

decay. In the EFT fits, the uncertainty in the couplings reflects the uncertainty in
the knowledge of the ⇣Z parameter, which is determined mainly from the data on the
reactions e+e� ! Zh. Note that polarization is in general a more powerful analyzer
for ⇣Z than the angular distributions, although either method can be e↵ective with a
su�ciently large luminosity sample. For reference, the last column of the fit gives the
results of the full EFT fit described in the next section. The simplified fit is somewhat
idealized, but its outcome turns out to be close to that of a full EFT analysis.

7



new development: EFT analysis

• hWW/hZZ ratio can be determined to <0.1%
62
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Model-independent 
measurements at the ILC

2017-08-03 20

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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Comparison of coupling precision in 
different run scenarios

2017-08-03 21

2 ab�1 2 ab�1 5 ab�1 10 ab�1 full ILC
w. pol. 350 GeV no pol. no pol. 250+500 GeV

g(hbb) 1.46 1.09 1.03 0.81 0.58
g(hcc) 2.06 2.08 1.38 1.04 1.12
g(hgg) 1.91 1.66 1.29 0.98 0.92
g(hWW ) 1.00 0.45 0.78 0.66 0.28
g(h⌧⌧) 1.56 1.33 1.09 0.85 0.76
g(hZZ) 0.98 0.44 0.76 0.65 0.27
g(h��) 1.37 1.08 1.21 1.12 0.99
g(hµµ) 12.8 7.56 8.11 5.75 8.63
g(hbb)/g(hWW ) 1.08 0.97 0.68 0.48 0.49
g(hWW )/g(hZZ) 0.034 0.038 0.037 0.036 0.018
�h 3.12 2.32 2.34 1.69 1.39
�(e+e� ! Zh) 0.70 0.30 0.44 0. 31 0.47
BR(h ! inv) 0.34 0.50 0.24 0.19 0.32
BR(h ! other) 1.60 1.29 1.02 0.73 0.94

Table 3: Projected relative errors for Higgs boson couplings and other Higgs observables,
in %, comparing the full EFT fit described in Section 4 to other possible e+e� collider
scenarios. The second column shows a fit with 2 ab�1, with polarization, and with a
higher energy of 350 GeV. The next two columns show scenarios with no polarization but
higher intergrated luminosity. The last column is the result of the fit described in Section
6 including data from 250 and 500 GeV. The notation is as in Table 1.
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Discovery Potential for new 
physics of the ILC250

2017-08-03 22
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Invisible Higgs Decays

2017-08-03 23

Invisible Higgs decays occur in the SM, e.g. BR (H ➞ ZZ ➞ 4𝜈) ~ 0.4%

Dominant background channels + 25x SM signal

ILC Sensitivity down to ~SM prediction in full ILC program: 95% CL: BF < 0.27% 

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

HL-LHC predictions: < 6-17%

Z ➞ µµ Z ➞ qq

e
+

e
�

Z

Z

e�0

e�0
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Discovery potential for new physics

2017-08-03 24

Model bb cc gg WW ⌧⌧ ZZ �� µµ

1 MSSM [34] +4.8 -0.8 - 0.8 -0.2 +0.4 -0.5 +0.1 +0.3
2 Type II 2HD [36] +10.1 -0.2 -0.2 0.0 +9.8 0.0 +0.1 +9.8
3 Type X 2HD [36] -0.2 -0.2 -0.2 0.0 +7.8 0.0 0.0 +7.8
4 Type Y 2HD [36] +10.1 -0.2 -0.2 0.0 -0.2 0.0 0.1 -0.2
5 Composite Higgs [38] -6.4 -6.4 -6.4 -2.1 -6.4 -2.1 -2.1 -6.4
6 Little Higgs w. T-parity [39] 0.0 0.0 -6.1 -2.5 0.0 -2.5 -1.5 0.0
7 Little Higgs w. T-parity [40] -7.8 -4.6 -3.5 -1.5 -7.8 -1.5 -1.0 -7.8
8 Higgs-Radion [41] -1.5 - 1.5 10. -1.5 -1.5 -1.5 -1.0 -1.5
9 Higgs Singlet [42] -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5

Table 4: Deviations from the Standard Model predictions for the Higgs boson couplings,
in %, for the set of new physics models described in the text. As in Table 1, the e↵ective
couplings g(hWW ) and g(hZZ) are defined as proportional to the square roots of the
corresponding partial widths.

The EFT fit presented here can be used to estimate the significance of the ob-
servation of Higgs coupling deviations from the SM and discrimination of the e↵ects
of di↵erent models. Our method makes use of the linear dependence of the Higgs
couplings on the EFT coe�cients. Consider as observables Oi the Higgs couplings
obtained from the fits described in this paper. Each coupling has an expansion in
EFT coe�cients of the form (17) with coe�cients ViJ . Let �gi be the Higgs cou-
plings deviations predicted in a given model, arranged as a vector. Let CJK be the
covariance matrix of the variables cJ determined by the fit. Then

(�2) = g

T [V CV

T ]�1
g (19)

gives the �

2 = 2 log likelihood testing the goodness of fit for this model relative to
the Standard Model. Similarly, if gA and gB are two such vectors for models A and
B,

(�2)AB = (gTA � g

T
B) [V CV

T ]�1 (gA � gB) . (20)

gives the �

2 for A given the hypothesis B or vice versa. The significance in � of
the deviation of a model from the SM, or of one model from another, is roughly the
square root of the �

2 computed in this way.

It will always be true that some models of new physics are observable through
Higgs coupling deviations while others are not. All viable models of new physics be-
yond the SM exhibit “decoupling”. That is, as the new particle masses are increased,
the predicted deviations from the SM in the Higgs couplings and in other precision
observables tend to zero. It is interesting to ask, though, whether there are mod-
els that predict significant deviations in the Higgs couplings for parameter values at
which the new particles are very heavy, outside the reach of the LHC. A systematic
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Deviation of Higgs couplings from the Standard Model, in %

With the full EFT fit, including constraints from LHC and e+e– → W+W–, we can 
test the sensitivity to new models that escape the HL-LHC bounds.
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We can now define a 𝝌2, for each pair of vectors of SM deviations:
The significance of separating two 
models is then ~√𝝌2
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Discriminating power between new 
physics models – 250 GeV

2017-08-03 25

discrimination between BSM models (ILC250 stage)
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once find deviation against SM —> can tell which BSM



Jan Strube - PNNL and UOregon

Discriminating power between new 
physics models – full ILC program

2017-08-03 26
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discrimination between BSM models

33
pin down the story after 250 + 500 full ILC
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ILC500 and beyond

2017-08-03 27
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Top Yukawa coupling at the ILC

2017-08-03 28

Coupling measurement at ILC500: 18%,
In full program w/ luminosity upgrade: 6.3%

Main production channel of ttH at ILC

Important to reach at least 500 GeV.
Potential at higher energy:
Coupling measurement in full program ~3%
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opportunity for top-Yukawa coupling
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after 250 stage, taking advantage of possible technology improvement, 
we may afford 550-600 GeV, dreaming for ~2% htt precision 
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Top Yukawa coupling at a 1 TeV ILC
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, ttZ, ttbb, tt

ttH channel not sensitive to 
top Yukawa coupling,~4% effectMain production channel of ttH at ILC
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Tri-Linear Higgs Self-Coupling
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In the SM, self-coupling terms fixed by mass. Other models can lead to 
potentially large deviations. 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

Claude Fabienne Dürig | Higgs program at the ILC | EPS-HEP Vienna, July 22-29 2015 | 12/13λ / λSM

Deviations in λ lead to a change in cross section

Higgs Self-Coupling Measurement at the ILC

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

V(⌘H) =
1

2
m2

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 production
ZHH (500 GeV) or HHνν (1 TeV)
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Measurement of double Higgs Production 
at the ILC

2017-08-03 31

M(H1) / GeV
50 100 150 200

M
(H

2)
 / 

G
eV

50

100

150

200
vvHH no cheat

vvZH no cheat

vvbbbb no cheat

 

Mass resolution in double Higgs production 
and dominant background at 500 GeV

Experimental precision limited 
by jet clustering.
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Estimate with ILC500  : 27%
Estimate with ILC1000: ~10%

Very challenging experimentally: Low 
signal rates, high multiplicity.
b – tagging, jet clustering…
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Summary
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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

Precision measurements are an integral part of the ILC physics program. 
BSM searches, top properties and Higgs physics are tightly coupled thanks 
to this precision

The staging options allow us to make a compelling case for this 
machine

Very high discovery potential for new physics at the first stage at 250 GeV 
The extensibility of the machine allows us to unlock the full potential in 
additional stages that improve measurements of top properties, Higgs self-
coupling and allow additional searches for new particles
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Disclaimer
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The numbers presented here are based on realistic simulation studies 
including beam background, with today’s reconstruction methods.
The LHC experiments are demonstrating how much clever approaches in 
analysis and reconstruction can improve error bars.
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Global Fit of Higgs couplings
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parameter ILC50
0

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)+LH
C

1.2% 1.0%

g(Hµµ) 20% 9.2%
g(Htt) 18% 6.3%

Best measurement of cross section: 
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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Precision Measurements 
are not optional
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Status of Machine and Detectors
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The ILC accelerator has completed its TDR
A potential site has been identified
In Japan, the prime minister is aware of this project, and the possibility to host is 
being investigated
Staging gives us a credible option that can be proposed for funding

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
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Higgs to b and c quarks, gluons
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• Higgs decays to jets 
benefit from excellent 
vertex detector

• b- and c-tagging
• Jet-clustering after vertex 

finding as to not break up 
the vertices

• Branching ratios 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
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Higgs Decay to 𝜏 Leptons
Nucl.Instrum.Meth. A810 (2016) 51-58
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Ideal probe for new physics: Sizeable BR, well-known 𝜏 mass, CP properties in 
angular analysis
Reconstruction in hadronic recoil: qq 𝜏 𝜏
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
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Reconstruction efficiency in recoil –
Independent of the final state
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TABLE VIII. The uncertainties of �ZH and MH scaled to the full H20 run scenario, as well as the combined errors of �gHZZ/gHZZ

and �MH.
p
s 250 GeV 350 GeV 500 GeV´

Ldt ��ZH/�ZH

´
Ldt ��ZH/�ZH

´
Ldt ��ZH/�ZH

e�L e
+
R 1350 fb�1 1.1% 115 fb�1 5.0% 1600 fb�1 2.9%

e�Re
+
L 450 fb�1 2.2% 45 fb�1 9.8% 1600 fb�1 3.1%

H20 combined: �gZZH/gZZH = 0.4%
p
s 250 GeV 350 GeV 500 GeV´

Ldt �MH (MeV)
´
Ldt �MH (MeV)

´
Ldt �MH (MeV)

e�L e
+
R 1350 fb�1 16 115 fb�1 157 1600 fb�1 295

e�Re
+
L 450 fb�1 31 45 fb�1 318 1600 fb�1 323

total 1800 fb�1 14 160 fb�1 141 3200 fb�1 218
H20 combined: �MH = 14 MeV

TABLE IX. The BR values and efficiencies of the major SM Higgs decay modes, after each data selection step, shown here for
the case of the µ+µ�H channel and e�L e

+
R at

p
s=250 GeV. The statistical uncertainties on these values are below 0.14%.

H ! XX bb cc gg ⌧⌧ WW⇤
ZZ

⇤
�� �Z

BR (SM) 57.8% 2.7% 8.6% 6.4% 21.6% 2.7% 0.23% 0.16%
Lepton Finder 93.70% 93.69% 93.40% 94.02% 94.04% 94.36% 93.75% 94.08%

Lepton ID+Precut 93.68% 93.66% 93.37% 93.93% 93.94% 93.71% 93.63% 93.22%
Ml+l� 2 [73, 120] GeV 89.94% 91.74% 91.40% 91.90% 91.82% 91.81% 91.73% 91.47%
p

l+l�

T 2 [10, 70] GeV 89.94% 90.08% 89.68% 90.18% 90.04% 90.16% 89.99% 89.71%
|cos ✓miss| < 0.98 89.94% 90.08% 89.68% 90.16% 90.04% 90.16% 89.91% 89.41%
BDT > - 0.25 88.90% 89.04% 88.63% 89.12% 88.96% 89.11% 88.91% 88.28%

Mrec 2 [110, 155] GeV 88.25% 88.35% 87.98% 88.43% 88.33% 88.52% 88.21% 87.64%

ists beyond the MC statistical error (< 0.2%) for any
mode. Regarding the most realistic scenario C, the es-
timation of potential bias is obtained as follows (using
Equations 10 and 11). The known modes are assumed to
be H ! bb, cc, gg, ⌧⌧ , WW⇤, ZZ⇤, ��, and �Z, since they
will be measured at the LHC or the ILC[29, 30]. The total
branching ratio for the unknown modes (B

x

) is assumed
to be 10%, based on the estimation of the 95% C.L. upper
limit for branching ratio of BSM decay modes from the
HL-LHC[29]. In fact this assumption is rather conserva-
tive, because at the ILC the upper limit for BSM decay
will be greatly improved and in general any decay mode
with a few percent branching ratio shall be directly mea-
sured. Since the characteristics of any exotic decay mode
are expected to fall within the wide range of known decay
modes being directly investigated, we obtain �"max by as-
suming that the efficiencies of the unknown modes will
lie in the range of the efficiencies of known modes; this is,
for example, -0.68% from the �Z mode in the case of the
channel shown in Table IX. Then for the known modes,
each B

i

is scaled from their SM values by 90%, following
which "0 is obtained straightforwardly from B

i

and ✏

i

.
Each �B

i

is taken conservatively from the largest uncer-
tainties predicted from the HL-LHC measurements[29]
with exceptions of the H ! cc and gg modes which are

TABLE X. The relative bias on �ZH evaluated for each center-
of-mass energy and polarization.
p
s 250 GeV 350 GeV 500 GeV

l+l�H µ

+
µ

�X e+e�X µ

+
µ

�X e+e�X µ

+
µ

�X e+e�X

e�L e
+
R 0.08% 0.19% 0.04% 0.11% 0.05% 0.09%

e�Re
+
L 0.06% 0.13% 0.00% 0.12% 0.02% 0.02%

very difficult to obtain at the HL-LHC and thus are ob-
tained from the predictions for the ILC[30].

Table X shows for all center-of-mass energies and po-
larizations in this analysis the relative bias on �ZH, which
is below 0.1% for the µ

+
µ

�H channel and 0.2% for the
e+e�X channel. The maximum contribution to the resid-
ual bias comes from either the H ! �� mode or the
H ! �Z mode.

From the the above and results in Table X, we conclude
that the model independence of �ZH measurement at the
ILC using Higgsstrahlung events e+e� ! ZH ! l+l�H (l
= e or µ) is demonstrated to a level well below even the
smallest statistical �ZH uncertainties expected from the
leptonic recoil measurements in the full H20 run, by a
factor of 5.

the key: inclusive σZh (independent of h decay modes)

30

Yan, et al, Phys.Rev. D94 (2016) 113002;  
Thomson, Eur.Phys.J. C76 (2016) 72

bias < 0.1% in leptonic recoil mode

still need effort to achieve bias in hadronic recoil mode < 1%

Z

H

μ+

μ−

e+

e−

Z X is it really easy?

Phys. Rev. D 94, 113002 (2016)

Cuts are tuned to be independent of the final 
state. Decays to unknown particles are assumed 
to introduce a bias that is no larger than the 
largest measured bias to SM final states (γγ).


