
Research 
Opportunities for 
measuring Higgs 

physics

Jan Strube



2

The LHC experiments have found a new scalar 

particle à consistent with a SUSY Higgs boson

… And to use it as a 

tool for discovery

Jan Strube
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Next-gen e+e- -- colliders and detectors

• Several options are under consideration
§ ILC, CLIC, FCC-ee, CEPC, CCC, and more advanced energy recovery options

• The European Strategy has declared a Higgs factory a high priority project
• Since there is no decision on which one to build (hopefully at least one), or 

when (hopefully soon), one strategy is to pursue R&D that is beneficial to 
multiple projects until we can reach a decision

• In this presentation I will point out areas of open research for a detector at a 
Higgs factory, with a focus on physics requirements
§ There are some differences between circular and linear concepts, but the differences 

within a given geometry are small. With apologies to the other concepts, I will focus on 
ILC and FCC-ee

§ Because the physics is very different at different energies, I will limit my consideration 
to the ZH stages and above

Jan Strube
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Introduction

• We found the Higgs boson – An extremely intriguing opportunity
• The HL-LHC is going to open the precision measurement era

§ What's left to do for the next generation of experiments?
§ How do we make it happen?

Higgs Physics at electron-positron colliders will be at the (sub-)percent level
§ Model-independent recoil measurements
§ CP properties by measuring angular distributions in H → 𝜏𝜏
§ Higgs on-shell width

Jan Strube
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Next-gen precision Higgs measurements
The recoil method lets us detect the Higgs boson in a model-
independent way

=> needs excellent jet energy resolution and excellent 
track momentum resolution

High-precision vertex reconstruction allows us to 
measure Higgs decays to second generation
fermions directly

Precision measurements allow us to put tight constraints
on models and distinguish models from each other
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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
�
R
e
+

L
(c) e

+
e
�
H, e�

L
e
+

R
(d) e

+
e
�
H, e�

R
e
+

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
�
R
e
+

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�

R
e
+

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 / g2

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.

6

Higgsstrahlung at the ILC

Jan Strube

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

�
R
e
+

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

Z

Z
He+

e−

ν

ν−

W

W
H

e+

e−

H

e+

e−

Z

Z

e+

e−

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

M2

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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Reconstruction efficiency in recoil –
Independent of the final state

15

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
�
R
e
+

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
�
R
e
+

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%
pl

+
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 (Bx) 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 Bi is scaled from their SM values by 90%, following
which "0 is obtained straightforwardly from Bi and ✏i.
Each �Bi 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
�
R
e
+

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).

Jan Strube
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The Higgs width at the ILC

Jan Strube

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
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Higgs Decay to 𝜏 Leptons
Nucl.Instrum.Meth. A810 (2016) 51-58

• Ideal probe for new physics: Sizeable BR, well-known 𝜏 mass and properties, tree 
level CP effects in coupling to fermions (bosons only at loop level)
§ CP properties in angular analysis

• Reconstruction in hadronic recoil: qq 𝜏 𝜏
§ Background: ffH, 4f, 2f

• Analysis steps: 𝜏 “jet” finder, jet charge
• Collinear Approximation:

§ Visible 𝜏 decay products and 𝜈 are collinear
§ No other source of missing momentum

• Detector parameters challenged:
§ vertex detector 
§ tracking 
§ photon reconstruction
§ jet energy resolution

Jan Strube
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distribution of Δϕ is sensitive to 
CP mixing angle, ψ

CP

τ- polarimeter vector

 
τ+ polarimeter vector

amplitude of modulation in Δϕ varies
from event to event, depending on θ±, 
according to the contrast function:

Angles defined in the τ± rest frames relative to p
H

A. Rougé, PLB 619 (2005) 43 and refs. 
for more details

4

distribution of Δϕ is sensitive to 
CP mixing angle, ψ

CP

τ- polarimeter vector

 
τ+ polarimeter vector

amplitude of modulation in Δϕ varies
from event to event, depending on θ±, 
according to the contrast function:

Angles defined in the τ± rest frames relative to p
H

A. Rougé, PLB 619 (2005) 43 and refs. 
for more details

Angles defined in the τ±

rest frames relative to pH 

distribution of Δφ
is sensitive to CP 
mixing angle, ψCP 
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https://arxiv.org/abs/2208.06030

Jan Strube
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Luminosity Progression
Run Scenarios

arXiv:2203.08310arXiv:2203.07622

ILC FCC-ee

NB: These scenarios underline the challenge of identifying common research areas. FCC-ee experiments are subject to 
constraints from high rates at the Z pole. LC experiments have to meet constraints at higher collision energies.

Jan Strube
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Reality check on construction and 
commissioning times

arXiv:2208.06030

Jan Strube
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Commissioning a precision machine is hard

• Precision measurements require excellent understanding of systematic 
uncertainties at the per cent level and better

Þ reducing the time for commissioning is essential to meeting the physics goals 
faster

Þ understand, study, mitigate background! Often, the machine can increase the 
luminosity at the cost of higher background. The detectors must be able to 
cope

Þ All proposed machines will run at different energies. How long does it take to 
switch for the machine? For the detector? Calibration runs at 91 GeV?
Þ The measurements of beam properties close to the IR are very limited.

Hot Research topic: Resilience of detectors to increased background / rates.

Jan Strube
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Detector Requirements are driven 
by Higgs physics

Jan Strube

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
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A design to meet the physics performance

Jan Strube
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Bunch spacing

Trains of 1312 (2625) bunches @ 5 Hz (10 Hz)
--> expect ~one (1) hadronic interaction per train
Allows to consider power pulsing --> reduced 
power / heat in the detectors
Goal for detector design => ultimate low-mass 
tracking

ILC

FCC-ee

Jan Strube
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Artificial Intelligence and Machine Learning in 
Detector Design and Event Reconstruction

Already happening:
• Faster simulations trained with ML will enable shorter turnaround on physics 

studies and allow scanning a larger model space
§ There is some good work on differentiable simulations

• More maintainable event reconstruction that utilizes event information better 
translates to equivalent luminosity improvement

• Model testing, translating signatures between models

Jan Strube
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Opportunities in Artificial Intelligence for Detector 
Design

At National Labs, we address the systems aspects of large experiments
• RL-based design of power / data distribution in calorimeters with extremely 

large channel count?
• Sensor / chip design to enable large-area detectors in trackers / calorimeters?
• Data acquisition with real-time compression in the forward calorimeters?
• Real-time reconstruction of beam parameters?
• Real-time matrix element methods?

Jan Strube
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SiD Data Rates at peak luminosity

1060
→ 5.3 GB/sAssuming 2450 BX/train @ 5 Hz

NB: These rates are much smaller than what will have been solved for the HL-LHC. 
However, more important than their size is how well they are understood. Jan Strube
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Opportunities in Artificial Intelligence for Detector 
Operation

• A big strength of AI is to provide large reservoirs of human knowledge at one’s 
fingertips
§ Inexperience in detector (and accelerator) operations are frequently a cause of lost 

experiment time
Þ Can we design a data quality system that improves the efficiency of 

inexperienced shifters?
Þ What needs to change in the detector design to enable this seamlessly between 

different systems?
• Some detectors exceed the expected lifetime by a lot, while others need to be 

replaced faster. This complicates upgrade schedules.
Þ Can we design our detectors to be more modular?
Þ Can we get feedback on detector performance faster? From a “digital twin”?
Þ Calibration in the presence of detector deterioration / failures

Jan Strube
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“Plans are useless, but planning is everything”
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SiD Design Overview

Jan Strube
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Key Detector 
Design Parameters

Vertex Detector

Main Tracker

Electromagnetic 
Calorimeter

https://arxiv.org/abs/1306.6329

Jan Strube

https://arxiv.org/abs/1306.6329
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Detector Calibration

• Experiments have to operate at different energies
§ 91 GeV: high hadronic cross sections, lowest energy
§ 250 GeV: ZH peak, needs best vertex resolution
§ 350 GeV: top physics, jet reconstruction

• How quickly can you calibrate when the energy changes?
• How does your design perform in these different environments? Which one do 

you prioritize?

• Crazy idea: FCC-ee has multiple IPs (at least two). Would it make sense to 
have one specialized detector for Higgs physics and one for the Z pole?

Jan Strube
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Event reconstruction in a real detector

• Extremely high channel count: What fraction of dead channels can your 
reconstruction tolerate?

• Reconstruction is hierarchical
§ Hits -> clusters -> particles -> jets
§ In big, but rare events at 240/250 GeV, do we want to keep multiple hypotheses for 

longer? “Fuzzy matching” / global event interpretation

• Z-pole physics benefits from dedicated Particle ID 
§ These detectors do not come for free: Impact on jet energy resolution? B field 

constraints?
§ How much can you gain from shower shapes / dual readout

• Long-lived particles
§ Calorimeter-assisted tracking to augment a silicon tracker 

Jan Strube
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Calorimeter-assisted tracking

• Exotic decays can have 
displaced vertices deep in the 
tracking volume

• This is a challenge for all-silicon
trackers

• Highly granular calorimeters
can be used to augment the 
pattern recognition with track
stubs from MIP traces

Snowmass 2005Dmitry Onoprienko

Want else can we do with it ? 

Kinked 
tracks

Calorimeter 
backscattersExotic 

particles

Dmitry Onoprienko, “Snowmass” 2005

Jan Strube
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Vertex Detector Requirements

• Studying the interplay between the Higgs sector and the 
flavor sector
óefficient reconstruction of secondary vertices
== jet tagging

• Vertex detector requirements:

• These very challenging requirements constrain
§ the material / cooling budget
§ the pixel size
§ the inner radius of the detector / occupancy / time stamping

• NB: Vertex reconstruction algorithms are > 20 years old

PoS(Vertex 2016)047

The ILC Vertex Detector requirements Auguste Besson

sible of photon emission which finally translates into massive e+e� pair creations. Those electrons
which hit the vertex detector can come from either the interaction region (80% of the case) or the
forward region (backscattered particles). They can also come from the detector region itself (in-
cluding the beam pipe). The momentum of the electrons hitting the vertex detector typically lies
in the 10�100 MeV/c range. The beamstrahlung is also responsible for a random center of mass
energy loss (typically 1% in average at

p
s = 250 GeV). It finally drives completely the occupancy

and determines directly the expected radiation level in the inner detectors:

• Radiations: Though moderate compared to the LHC, the expected radiation level remains
significant. Among all the detectors of the central region, the first layer of the vertex detector
will receive the highest radiations. The ionizing radiation are expected to be of the order of
100 kRad/year whereas the non ionizing radiations are expected to be of the order of
1011 neq(1MeV )/cm2/year, including safety factors.

• Occupancy: The tracks coming from physics events are completely negligible in regards to
the occupancy induced by the background. This occupancy, which depends on the beam
structure options and on

p
s, is also very sensitive to the geometry layout of the interaction

region. Several studies have been performed to estimate the occupancy on the different
layers of the vertex detector [2][7]. A typical value obtained is 5 hits/cm2/Bunch crossing
on the first layer. However, since there is no experimental data (with the expected beam
structure) to validate it, the simulations suffers from large uncertainties. In addition the
final rates depends highly on the beam structure and the interaction region design which
is not completly finalized. For example, modifications in the interaction region geometry
layout can typically change the expected background up to a factor 2 [8]. As a consequence,
applying a safety factor (at least ⇥5) on these estimates is considered very necessary by the
community. This is a typical safety factor applied in previous experiments [9].

1.3 Vertex detector requirements

The general philosophy of both detectors (SiD and ILD) is based on a Particle Flow Algorithm
(PFA) approach. PFA is not a new idea and is already used extensively in LHC experiments but it
is planned to be developed to an unprecedented level. This will demand unprecedented precision
detectors, with a highly granular calorimeter, excellent momentum resolution and vertexing capa-
bilities. Compared to LHC detectors, performances will have to be significantly enhanced on the
jet energy resolution (typically by a factor ' 3 with respect to LHC), the momentum resolution
(factor ' 10 with respect to LHC) and the vertex reconstruction (with a pixel size and a material
budget reduced by a factor ' 10 with respect to LHC). At last but not least, both detectors will be
able to allow the push pull operation since only one interaction point is foreseen.

To fulfill the ambitious physics program, the vertex detector will play a crucial role. The figure
of merit of the vertex detector which is the impact parameter resolution is expected to be:

sip = 5 µm� 10
pb sinq 3/2 µm.GeV/c

The vertex detector should therefore sustain the following capabilities:

2

https://pos.sissa.it/287/047/pdf

Channel SM BR (%)
H → bb 58.24
H → ττ 6.272
H → μμ 0.02176
H → cc 2.891
H → gg 8.187
H → WW 21.37
H → ZZ 2.619

Jan Strube

How does the vertex 
reconstruction / flavor tagging 
performance depend on these 
parameters?
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Impact of the machine-induced background on 
the vertex detector design

Very challenging requirements
• < 3 µm hit resolution
• Feature size ~20 µm
• ~0.1% X0 per layer material 

budget
• < 130 µW / mm2

• Single bunch time resolution

Pair background/Occupancy study

5T field allows first 
layer to be very close 
to the beam.

Rmin = 14mm.

arXiv:1609.07816

Jan Strube

https://arxiv.org/abs/1609.07816
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Tracking requirements

Physics
• Excellent momentum resolution

§ Z àμμ, support particle flow at high energy

• Provide integrated pattern recognition with the vertex detector
• Be resilient to background
• Achieve excellent track reconstruction efficiency (> 90%) and low fake rate
Design
• Support power pulsing in a 5T field

§ Power and data distribution

• Achieve low material budget è gaseous cooling and low-mass support

∆(1/p) < 5 × 10−5 (GeV/c)−1 

Jan Strube
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(Some) R&D questions for calorimetry

• Jet energy resolution / boson mass resolution is key 
• CALICE test beam prototypes (SiPM/Tile – based) have achieved O(1ns) 

timing accuracy. Does that help the physics? Is (much) faster (much) better?
• How far from optimal is the achieved mass resolution?
• How much information from the calorimeters are we leaving on the table?

§ Software calibration
§ Shower shape analysis for PID
§ Shower shape analysis to estimate overlaps between particles / leakage

• How far can we push the separation of photons from π0 decays?
§ Physics benchmark: H à τ τ

• Power and data distribution (especially in the ECal)
• Performance of particle flow with digital calorimetry? (MAPS)

Jan Strube
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Opportunities for Improving the Physics Reach

In the Higgs self-coupling analysis with ZHH, 
perfect jet clustering could improve the 
measurement by 40%

At higher energies, vvHH has fewer, 
but more collimated jets.

The matrix element method can infuse 
physics knowledge into the otherwise purely 
statistical separation of samples.
Example: e+e-H measurement

Jan Strube



33

Forward calorimetry

Lumi
Cal Beam Cal

Proposed SiD BeamCal Beampipe

Jan Strube
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(Some) Forward Calorimetry R&D questions

• Do we need to instrument the region between the incoming and outgoing 
beam pipes?
§ Certain SUSY models have very far-forward signatures. How much effort should go into 

preserving discovery potential?

• High luminosity is key to the success of the project. How can the experiment 
support the machine in ramping up to design specs faster?
§ See, e.g. ”RECONSTRUCTION OF IP BEAM PARAMETERS AT THE ILC FROM 

BEAMSTRAHLUNG” (https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=1590793)

• The occupancy in the forward calorimeters very high. How can you apply data 
compression such that the DAQ requirements are not driven by these 
detectors?

Jan Strube

https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=1590793
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MDI Studies
Anne Schuetz 

(DESY)

Jan Strube



36

Solenoid Magnet

< 50 Gauss at 15m

Baseline CMS conductor – investigating 
CICC (Cable in Conduit Conductor) 

Redesign of barrel/door junction
More efficient flux return

Easier transport/handling

30o design

Jan Strube
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Cable in Conduit Conductor

• The solenoid magnet is the 
single most expensive system

• Technology is based on CMS
• CICC could be made thinner

§ Same width; 1/3 height / layer
~ 0.5 m less total thickness
à cost savings

• Used by fusion experiments
§ Different requirements from HEP, R&D needed 
§ quench protection
§ Supercritical He à superfluid He? 

Chapter 12. SiD Costs

Table II-12.2
Summary of Costs per
Subsystem.

M&S M&S
Base Contingency Engineering Technical Admin

(M US-$) (M US-$) (MY) (MY) (MY)

Beamline Systems 3.7 1.4 4.0 10.0
VXD 2.8 2.0 8.0 13.2
Tracker 18.5 7.0 24.0 53.2
ECAL 104.8 47.1 13.0 288.0
HCAL 51.2 23.6 13.0 28.1
Muon System 8.3 3.0 5.0 22.1
Electronics 4.9 1.6 44.1 41.7
Magnet 115.7 39.7 28.3 11.8
Installation 4.1 1.1 4.5 46.0
Management 0.9 0.2 42.0 18.0 30.0

314.9 126.7 186.0 532.1 30.0

Structure using the SLAC program WBS. WBS facilitates the description of the costs as a hierarchical
breakdown with increasing levels of detail. Separate tables describe cost estimates for purchased
M&S and labour. These tables include contingencies for each item, and these contingencies are
propagated by WBS. The M&S costs are estimated in 2008 US-$ except for those items described in
Table II-12.1.

Labour is estimated in man-hours or man-years as convenient. The WBS had about 50 labour
types, but they are condensed to engineering, technical, and clerical for this estimate. The statement
of base M&S and labour in man-years by the three categories results in a cost which we believe is
comparable to that used by the ILC machine, and is referred to here as the ILC cost.

Contingency is estimated for each quantity to estimate the uncertainties in the costs of the
detector components. However, we do not use the ILC value system for these estimates. Items
which are commodities, such as detector iron, have had costs swinging wildly over the last few years.
While there is agreement on a set of important unit costs, those quantities also have ”error margins”.
SiD, ILD, and CLIC have worked together to reach agreed values for some unit costs as shown in
Table II-12.1.
Figure II-12.1
Subsystem M&S Costs
in million US-$, the
error bars show the
contingency per subsys-
tem.

There are a substantial set of interfaces in the interaction region hall. For the purpose of this
estimate, the following has been assumed:

• The hall itself, with finished surfaces, lighting, and HVAC are provided by the machine.

• Utilities, including 480 VAC power, LCW, compressed air, and Internet connections are provided.

• An external He compressor system with piping to the hall is provided. The refrigeration and
associated piping is an SiD cost.

• All surface buildings, gantry cranes, and hall cranes are provided by the machine.

174 ILC Technical Design Report: Volume 4, Part II

SiD costs by system

Jan Strube
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Summary

• Studying the Higgs boson should be carried out in an uncompromising precision 
experiment

• Different collider proposals exist that could carry out an interesting physics program
• An experiment for precision measurements must be optimized for its environment
• However, some challenges are common to all / several proposals

§ Operational considerations
§ Developing frameworks that provide faster feedback between detector design and performance
§ Solenoid magnet design
§ Ideas for power distribution
§ Low-mass tracker support structures

Þ A strategic R&D program should emphasize these common elements, but not be 
limited to them. 

Jan Strube
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SiD on the web – a couple of links for further 
reading

Conceptual Overview
• The International Linear Collider TDR - Volume 4: Detectors
• Updating the SiD Detector concept
Background – MDI
• A Study of the Impact of High Cross Section ILC Processes on the SiD Detector Design
• Expected Sensitivity to Invisible Higgs Boson Decays at the ILC with the SiD Detector (A Snowmass White Paper)
• A Study of the Impact of Muons from the Beam Delivery System on the SiD Performance 
Physics
• Full simulation study of the top Yukawa coupling at the ILC at √s = 1 TeV
• H→invisible at the ILC with SiD
• Detector R&D
• Energy Correction in Reduced SiD Electromagnetic Calorimeter
• Correcting for Leakage Energy in the SiD Silicon-Tungsten Ecal
• Studies of the Response of the SiD Silicon-Tungsten Ecal
Code
• https://github.com/silicondetector
• https://github.com/iLCSoft/lcgeo/tree/master/SiD/compact

Jan Strube

https://arxiv.org/pdf/1306.6329.pdf
https://arxiv.org/abs/2110.09965
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https://github.com/silicondetector
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