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The Future Detectors Group

The Core Group 
• Post-Docs 

Marco Szalay

• PhD Students 

Lorenz Emberger (since 08/2018), Miroslav Gabriel, 
Christian Graf, Yasmine Israeli,  
Thomas Kraetzschmar (since 07/2018),  
Hendrik Windel


• Master Students 
Daniel Heuchel (until 01/2018), Malinda de Silva 
(since 10/2018), Christian Winter (since 10/2018)


• Technical Students (for parts of 2018)  
Sejla Hadzic, Guia Resina, Malinda de Silva


• Group Leader 
Frank Simon
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… in 2018

Close collaboration with:

• Belle / Belle II group

• the Technical Departments

With key roles in collaborations and projects, 
among them:

• Spokesperson of the CALICE collaboration

• Member of the CLICdp Executive Team

• Member of the ILC Physics Group
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Outline: The Projects in the Group

�3

Focus on Detector Development and Physics Studies

Highly granular calorimeters Physics at e+e- Colliders
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Outline: The Projects in the Group

�3

Focus on Detector Development and Physics Studies

Highly granular calorimeters Physics at e+e- Colliders

CALICE Technologies beyond Linear CollidersCurrent status.
Some eye candy

• Geometry is generally done and checked 

• Software modification is ongoing

• Simulation is now running with the new geometry

• Segmentation is the next step


• Continue optimisation of the detector

• Coordination between Munich/Mainz/DESY

• Hope for first results with this new geometry by the end of the 

year/new year

1 GeV photon

2 GeV ! event

Muon

Neutron

Pion

Eldwan Brianne | AHCAL Main Meeting Dec 2018 | 13/12/2018 �10Page
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The Context: Future e+e- Colliders and Beyond

• The main driver of the activities:  
Experiments at future linear colliders

• ILC: 250 GeV (500 GeV with upgrade) 

under discussion in Japan

• CLIC: Staged machine, 380 GeV - 3 TeV 

a possible future project at CERN

�4

Accelerator-based Precision Experiments with Leptons
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• The long baseline neutrino 
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The CALICE AHCAL Prototype

• Demonstration of scintillator-based imaging 
calorimetry with the “Physics Prototype”  
(data taking 2007-2011) 


• Development and improvement of individual 
components: Scintillator tiles, ASICs, photon 
sensors …

�5

Constructed by German CALICE Groups
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The “SiPM-on-tile” technology:

Physics Prototype Direct coupling of tiles 
and photon sensors

SMD SiPMs, modification 
of direct coupling

mass production 
by injection 
moulding 
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Constructed by German CALICE Groups

The “SiPM-on-tile” technology:

Physics Prototype Direct coupling of tiles 
and photon sensors

SMD SiPMs, modification 
of direct coupling

mass production 
by injection 
moulding 

Scan of the Hamburg Tile

6

●

●

verification of tile 
performance
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The CALICE AHCAL Prototype

• Mass production, assembly, QA and 
integration from October 2017 to April 2018

�6

Constructed by German CALICE Groups

semi-automatic wrapping of 
22k scintillator tiles

The “SiPM-on-tile” technology - mass production
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Constructed by German CALICE Groups

semi-automatic wrapping of 
22k scintillator tiles

The “SiPM-on-tile” technology - mass production

Result- Gain

3.7.2017 AHCAL	meeting 8

• All	result	are	way	above	the	requirement	
• ~~6-7x105
• Will	be	calibrated	soon

spot testing of few % 
of 22k SiPMs
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The CALICE AHCAL Prototype

• Mass production, assembly, QA and 
integration from October 2017 to April 2018
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Constructed by German CALICE Groups

semi-automatic wrapping of 
22k scintillator tiles

The “SiPM-on-tile” technology - mass production

Result- Gain

3.7.2017 AHCAL	meeting 8

• All	result	are	way	above	the	requirement	
• ~~6-7x105
• Will	be	calibrated	soon

spot testing of few % 
of 22k SiPMs

Automatic assembly 
of 160 HBUs

Test of each board with cosmics / 
beam at DESY

Development of control & 
reconstruction software to be ready 
for data from day 1 of beam
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The CALICE AHCAL Prototype

• In May and June 2018: Test beam at CERN SPS - the smoothest CALICE test beams ever.

�7

Successful Test Beams
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The CALICE AHCAL Prototype

• In May and June 2018: Test beam at CERN SPS - the smoothest CALICE test beams ever.
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Successful Test Beams

Christian Graf Asian Linear Collider Workshop - Fukuoka - May ’18

Beam Composition - Electron Beam
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Timing & Energy Reconstruction in the AHCAL

• Ongoing analysis on new data set: 
working on calibration of time 
reconstruction, including corrections 
for ASIC “features”

�8

Understanding & Exploiting the New Capabilities

AHCAL time calibration Lorenz Emberger  23

Entries: 658682

Mean: 1.3ns

StdDev: 3.3ns

Not Shifted Events  - The Good

• Most abundant category


• Appear in memory cell and time-out triggered 
read out cycles 


• Appear in even and odd bxID 


CALICE AHCAL  
work in progress 
120GeV Muons

std. dev. 
3.3 ns
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Fraction of Late Hits

�10

• Correlation between fraction of late hits  
and energy sum visible

• Study of potential to use ns-
level timing for hadronic 
energy reconstruction

Christian Graf AHCAL Main Meeting 2018
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• Correlation between fraction of late hits  
and energy sum visible
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Neural Network

�22

• Use all global features:
• ESC

• nHits
• High energy hits
• Late hits
• Shower Radius
• CoGZ

• Add energy per layer (44 total features)
• ~24% improvement

• Add number of hits per layer (82 total features)
• ~25% improvement

• Energy resolution with various 
levels of sophistication - up to 
Neural Network using layerwise 
information
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CALICE AHCAL: Next Steps

• A key step to demonstrate: running with 
“ILC time structure” - higher clock speeds, 
better time resolution

• Coming up at DESY in 2019

�9

More Test Beams, Better Photon Sensors…

Christian Graf IEEE NSS ’17

Power Pulsing

• Power pulsing: 8 Mio channels, no active cooling  
—> reduce power consumption 

• Rapidly cycling the power according to the beam 
structure of a linear accelerator

• 1ms train of bunches spaced ~300ns apart, 
199ms idle time

• SiPM gain stays stable with power pulsing
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2

Fig. 2. Event display of a 5 GeV electron event recorded at the DESY test
beam.

MC

New AHCAL prototype Felix Sefkow   March 23, 2017

Tests with small stack
• May 2017: beam test in 3T magnetic field at SPS 
• Electronics tested last week at DESY in 2T (w/o beam) 
• Commissioning of active temperature compensation in 

preparation
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Fig. 3. Individual photo-electron peaks observed with low-intensity LED
light without magnetic field and in a 2 T magnetic field without and with
powerpulsing.

time structure. The electronics also provide a cell-by-cell auto
trigger and time stamping on the few ns level in test beam
operations. In operating conditions with shorter data-taking
windows closer to the bunch train structure of linear colliders,
sub-ns time resolution is available.

Different absorber structures are used to test the HBUs of
the engineering prototype. One of them, shown in Figure 1 is a
compact 15 layer structure housing one HBU per layer, deep
enough to contain electromagnetic showers. This allows for
a precise evaluation of the detector response with electrons.
HBUs installed in this structure were recently exposed to
electron beams at DESY, illustrated by the event display shown
in Figure 2.

To evaluate the stability of the readout with powerpulsing
and in the present of a strong magnetic field, single HBUs
were tested with powerpulsing enabled in a 2 T magnetic field
at DESY. Figure 3 demonstrates that the photon sensor gain
remains stable with powerpulsing and within a magnetic field.

Fig. 4. CALICE AHCAL scintillator tile, with central dimple at the position
of the photon sensor to achieve uniform response over the full area of the
tile.

III. UPCOMING MEASUREMENTS AND FULL PROTOTYPE
CONSTRUCTION

The next step in the validation of the prototype is the full
system test in a 3 T field with muon, electron and hadron
beams. This test, which makes use of the 15 layer stainless
steel absorber structure, will take place at the CERN SPS
in May 2017. It will demonstrate the performance of a full
AHCAL system in realistic experimental conditions, and allow
studies of the evolution particle showers in a strong magnetic
field with a cell-by-cell time resolution of a few nanoseconds.
In this campaign, also the active compensation of temperature
variations by automatic adjustments of the bias voltage of the
photon sensors will be tested. The performance of the detector
in a magnetic field and the results of these measurements will
be presented in the contribution.

A full hadronic prototype of the AHCAL with approxi-
mately 25 000 electronic channels is currently in construc-
tion and will see first beam in 2018. It uses Hamamatsu
MPPC S13360-1325PE photon sensors and injection-molded
polystyrene scintillator tiles with a central dimple [5] for
optimal light collection, as shown in Figure 4. The scintillator
tiles are wrapped in reflective foil by a robotic procedure prior
to automatic placement on the HBU board with assembled
photon sensors. The presentation will also discuss design
choices made for the full engineering prototype and present
the status of the ongoing detector construction.
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• TB at DESY in Jul.-Aug. 2016 
(commissioning) 
• Response to electrons 1-5GeV 
• MIP calibration (w/o steel stack)  
• DAQ w/wo power-pulsing 

• TB at CERN SPS in May 2017 
• Test with power-pulsing in strong 

magnetic field  
• Only up to 1.5T (originally planned 

up to 3T) 
• Energy resolution for electrons with 

magnetic field  
• Energy scan for electron: 10-60GeV
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Data Taking 

> impossible to operate magnet at nominal field, could only run at half field
> data taken without B field, and with 1.5 T

! muons for calibration
! energy scan for electrons: 10 – 60 GeV

> very clean beams, very stable SPS conditions, well-working and stable 
detector

120 GeV
muon

60 GeV
electron
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Data Taking 

> impossible to operate magnet at nominal field, could only run at half field
> data taken without B field, and with 1.5 T

! muons for calibration
! energy scan for electrons: 10 – 60 GeV

> very clean beams, very stable SPS conditions, well-working and stable 
detector

120 GeV
muon

60 GeV
electron

CALICE AHCAL in H2@SPS

Katja Krüger 
PS/SPS User Meeting
01 June 2017

Small prototype in 3T magnet @SPS
60GeV electron 120GeV muon

Y. Sudo
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CALICE AHCAL: Next Steps

• A key step to demonstrate: running with 
“ILC time structure” - higher clock speeds, 
better time resolution

• Coming up at DESY in 2019
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More Test Beams, Better Photon Sensors…

Results of 10 point scan

11

●

• Further develop the technology: Profit from continuing improvement of SiPMs

➫ New generation of Hamamatsu MPPCs (series S15040 - received first samples for testing: 

High Dynamic Range - 15 µm micropixel devices now reach performance of previous 25 µm 
devices: ~ x 3 increase in dynamic range, improved reconstruction of electromagnetic showers

Christian Graf IEEE NSS ’17

Power Pulsing

• Power pulsing: 8 Mio channels, no active cooling  
—> reduce power consumption 

• Rapidly cycling the power according to the beam 
structure of a linear accelerator

• 1ms train of bunches spaced ~300ns apart, 
199ms idle time

• SiPM gain stays stable with power pulsing
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Fig. 2. Event display of a 5 GeV electron event recorded at the DESY test
beam.

MC

New AHCAL prototype Felix Sefkow   March 23, 2017

Tests with small stack
• May 2017: beam test in 3T magnetic field at SPS 
• Electronics tested last week at DESY in 2T (w/o beam) 
• Commissioning of active temperature compensation in 

preparation
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Fig. 3. Individual photo-electron peaks observed with low-intensity LED
light without magnetic field and in a 2 T magnetic field without and with
powerpulsing.

time structure. The electronics also provide a cell-by-cell auto
trigger and time stamping on the few ns level in test beam
operations. In operating conditions with shorter data-taking
windows closer to the bunch train structure of linear colliders,
sub-ns time resolution is available.

Different absorber structures are used to test the HBUs of
the engineering prototype. One of them, shown in Figure 1 is a
compact 15 layer structure housing one HBU per layer, deep
enough to contain electromagnetic showers. This allows for
a precise evaluation of the detector response with electrons.
HBUs installed in this structure were recently exposed to
electron beams at DESY, illustrated by the event display shown
in Figure 2.

To evaluate the stability of the readout with powerpulsing
and in the present of a strong magnetic field, single HBUs
were tested with powerpulsing enabled in a 2 T magnetic field
at DESY. Figure 3 demonstrates that the photon sensor gain
remains stable with powerpulsing and within a magnetic field.

Fig. 4. CALICE AHCAL scintillator tile, with central dimple at the position
of the photon sensor to achieve uniform response over the full area of the
tile.

III. UPCOMING MEASUREMENTS AND FULL PROTOTYPE
CONSTRUCTION

The next step in the validation of the prototype is the full
system test in a 3 T field with muon, electron and hadron
beams. This test, which makes use of the 15 layer stainless
steel absorber structure, will take place at the CERN SPS
in May 2017. It will demonstrate the performance of a full
AHCAL system in realistic experimental conditions, and allow
studies of the evolution particle showers in a strong magnetic
field with a cell-by-cell time resolution of a few nanoseconds.
In this campaign, also the active compensation of temperature
variations by automatic adjustments of the bias voltage of the
photon sensors will be tested. The performance of the detector
in a magnetic field and the results of these measurements will
be presented in the contribution.

A full hadronic prototype of the AHCAL with approxi-
mately 25 000 electronic channels is currently in construc-
tion and will see first beam in 2018. It uses Hamamatsu
MPPC S13360-1325PE photon sensors and injection-molded
polystyrene scintillator tiles with a central dimple [5] for
optimal light collection, as shown in Figure 4. The scintillator
tiles are wrapped in reflective foil by a robotic procedure prior
to automatic placement on the HBU board with assembled
photon sensors. The presentation will also discuss design
choices made for the full engineering prototype and present
the status of the ongoing detector construction.
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• TB at DESY in Jul.-Aug. 2016 
(commissioning) 
• Response to electrons 1-5GeV 
• MIP calibration (w/o steel stack)  
• DAQ w/wo power-pulsing 

• TB at CERN SPS in May 2017 
• Test with power-pulsing in strong 

magnetic field  
• Only up to 1.5T (originally planned 

up to 3T) 
• Energy resolution for electrons with 

magnetic field  
• Energy scan for electron: 10-60GeV
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Data Taking 

> impossible to operate magnet at nominal field, could only run at half field
> data taken without B field, and with 1.5 T

! muons for calibration
! energy scan for electrons: 10 – 60 GeV

> very clean beams, very stable SPS conditions, well-working and stable 
detector

120 GeV
muon

60 GeV
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Data Taking 

> impossible to operate magnet at nominal field, could only run at half field
> data taken without B field, and with 1.5 T

! muons for calibration
! energy scan for electrons: 10 – 60 GeV

> very clean beams, very stable SPS conditions, well-working and stable 
detector

120 GeV
muon

60 GeV
electron

CALICE AHCAL in H2@SPS

Katja Krüger 
PS/SPS User Meeting
01 June 2017

Small prototype in 3T magnet @SPS
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CLAWS: Measuring Injection Backgrounds at SuperKEKB

• SiPM on tile scintillator sensors from CALICE development, 
read out with 800 ps sampling over ms time scales:

�10

A CALICE Spin-Off

to IP

Monitor backgrounds at SuperKEKB

• In SuperKEKB commissioning Phase 1: The first detector 
at the Belle II IP to see particles (08.02.2016)

• In commissioning Phase 2: Part of the VXD volume 
Two ladders a 8 scintillator cells 
 
Data taking in Spring / Summer 2018
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CLAWS Results

�11

SuperKEKB Commissioning Phase I
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CLAWS Results

�11

SuperKEKB Commissioning Phase I
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• Injections result in high-intensity 
background spikes
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CLAWS Results

�12

SuperKEKB Commissioning Phase II

• Observe large background 
signals following injections, 
decaying over several 100 
turns
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CLAWS Results

�12

SuperKEKB Commissioning Phase II

highest loss rates in first passes

patterns on the few turn level (O 100 µs) : 
Betatron oscillations

superstructure on the ~100 turn level (O 1 ms): 
Synchrotron oscillations

• Observe large background 
signals following injections, 
decaying over several 100 
turns
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CLAWS Results

�12

SuperKEKB Commissioning Phase II

highest loss rates in first passes

patterns on the few turn level (O 100 µs) : 
Betatron oscillations

superstructure on the ~100 turn level (O 1 ms): 
Synchrotron oscillations

• Backgrounds still take a 
(too) long time to reduce to 
acceptable levels

• Observe large background 
signals following injections, 
decaying over several 100 
turns
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CLAWS Future

• Following the success of the first two phases, CLAWS is now 
turned into a permanent background detector for SuperKEKB

�13

A Permanent Background Detector in SuperKEKB

• Substantial simplification of detectors: All 
supply voltages and signal lines supplied 
via one CAT6a cable per detector
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CLAWS Future

• Following the success of the first two phases, CLAWS is now 
turned into a permanent background detector for SuperKEKB

�13

A Permanent Background Detector in SuperKEKB

• Substantial simplification of detectors: All 
supply voltages and signal lines supplied 
via one CAT6a cable per detector

• Clean analog signal over 30 m - also 50 m cable still 
provides sufficient signal quality
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An ECAL for the DUNE Near Detector

• The Near Detector of the DUNE 
LBN Experiment: 
Based on a HP-TPC as 
magnetized tracker & target:  
Needs a powerful ECAL for γ, π0 
and neutron detection

�14

Extending the AHCAL Concept to Low Energies
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An ECAL for the DUNE Near Detector

• The Near Detector of the DUNE 
LBN Experiment: 
Based on a HP-TPC as 
magnetized tracker & target:  
Needs a powerful ECAL for γ, π0 
and neutron detection

�14

Extending the AHCAL Concept to Low Energies

• Based on CALICE AHCAL 
technology, combining 
SiPM-on-tile and  
SiPM-on-strip

A Strawman Concept



Frank Simon (fsimon@mpp.mpg.de)Future Detectors - MPP Project Review, December 2018

An ECAL for the DUNE Near Detector

• Simulation studies to 
investigate the performance

�15

Extending the AHCAL Concept to Low Energies
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location of π0 vertex with 
20 - 30 cm precision
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An ECAL for the DUNE Near Detector

• Simulation studies to 
investigate the performance

�15

Extending the AHCAL Concept to Low Energies
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• Granularity enables efficient 
detection of neutrons  
(but clever reconstruction 
algorithms will be needed…)
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Physics: Top & Higgs at e+e- Colliders

• Bringing together the studies of the physics potential of e+e- colliders as input to the Strategy Process

�16

2018: Driven by ESPP Update, Large Reports

One Example:  
Higgs Physics at ILC
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fits to extract expected 
precision on couplings etc.

The ILC program: 
starting at 250 GeV
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Physics: Top & Higgs at e+e- Colliders

• A comprehensive study of the 
top physics potential at CLIC

�17

2018: Driven by ESPP Update, Large Reports
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The “Strategic Landscape”

• ILC in Japan (finally) moving towards a decision: Expect “clear” answer from Japan by ICFA meeting in 
March 2019

• was expected by now - delayed due to ongoing discussions in the Science Council of Japan 

http://icfa.fnal.gov/wp-content/uploads/Letter2HEPcommunity.pdf 

�18

Decisions for Projects - and the Path Forward

http://icfa.fnal.gov/wp-content/uploads/Letter2HEPcommunity.pdf
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• ILC in Japan (finally) moving towards a decision: Expect “clear” answer from Japan by ICFA meeting in 
March 2019

• was expected by now - delayed due to ongoing discussions in the Science Council of Japan 

http://icfa.fnal.gov/wp-content/uploads/Letter2HEPcommunity.pdf 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Decisions for Projects - and the Path Forward

• Update of European Strategy for Particle Physics in 2019/2020 will set directions for CERN -  
energy-frontier e+e- colliders CLIC and FCCee feature prominently in this discussion

• DUNE moving ahead - Near Detector being defined in the coming months, CDR expected Fall 2019

• Belle II to start its first Physics run in Spring 2019

➫ Highly visible contributions by MPP, and a range of opportunities!

http://icfa.fnal.gov/wp-content/uploads/Letter2HEPcommunity.pdf
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The Path towards the Real Axis

• Decisions on next generation of facilities expected in the coming year(s): 

• Statement from Japan on ILC expected in coming weeks - possible site in Kitakami, north of Sendai

• Update of European Strategy for Particle Physics: Towards the next project at CERN, but also with 

global consequences

�20

Waiting for Green Light… and for Strategies
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The Path towards the Real Axis

• Decisions on next generation of facilities expected in the coming year(s): 

• Statement from Japan on ILC expected in coming weeks - possible site in Kitakami, north of Sendai

• Update of European Strategy for Particle Physics: Towards the next project at CERN, but also with 

global consequences

�20

Waiting for Green Light… and for Strategies

• ILC technology ready: 
European XFEL at DESY in operation, 
a 10% prototype of ILC main LINAC
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Schedule: CLIC
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The Facilities: Rings

• “Low tech”, large circumference accelerators - as a first stage of the scientific exploitation of a circular 
tunnel - later followed by a high-energy hadron collider

• Add state-of-the-art ingredients: Nano-beams, high-gradient SCRF, …

�22

FCCee, CEPC

FCC-ee Conceptual Design Report (V0.20, 8 November 2018)

Figure 2.1: The layouts of FCC-hh (left), FCC-ee (right), and a zoomed view of the trajectories across
interaction point PG (right middle). The FCC-ee rings are placed 1 m outside the FCC-hh footprint in
the arc. In the arc the e

+ and e
� rings are horizontally separated by 30 cm. The main booster follows

the footprint of the FCC-hh. The interaction points are shifted by 10.6 m towards the outside of FCC-hh.
The beams coming toward the IP are straighter than the outgoing ones in order to reduce the synchrotron
radiation at the IP.

– The length of the free area around the IP (`⇤) and the strength of the detector solenoid are kept
constant at 2.2 m and 2 T, respectively, for all energies.

– A “tapering" scheme, which scales the strengths of all magnets, apart from the solenoids, according
to the local beam energy, taking into account the energy loss due to synchrotron radiation.

– Two RF sections per ring placed in the straight sections at PD and PJ. The RF cavities will be
common to e

+ and e
� in the case of tt.

– A top-up injection scheme to maintain the stored beam current and the luminosity at the highest
level throughout the physics run. It is therefore necessary to have a booster synchrotron in the
collider tunnel. The integrated luminosity will be reduced by more than an order without the top-
up, due to ramping (⇠ 1/2), reduction of the beam-beam parameter (⇠ 1/2 � 1/4), lower beam
current (⇠ 1/2) at a lower injection energy, loss of stability of the machine (⇠ 1/2), etc.

The FCC-ee inherits two important aspects from the previous generations of e
+
e
� circular col-

liders. At and above the tt threshold, the FCC-ee will encounter strong synchrotron radiation with the
associated rapid damping. This situation is reminiscent of earlier high-energy colliders, especially LEP2.
By contrast, at the Z pole, FCC-ee will operate with much less damping, but with a high beam current
and a large number of bunches. This mode of operation mode was successfully established by several
high-intensity colliders, such as the two B factories and DA�NE.

There are two reasons for choosing a double-ring collider. Firstly, at low energies, especially at
Z, more than 16,000 bunches must be stored to achieve the desired luminosity. This is only possible
by avoiding parasitic collisions with a double-ring collider. Secondly, at the highest energy tt, although
the optimum number of bunches reduces to ⇠30, the double ring scheme is still necessary to allow
“tapering” [151]. The local energy of the beam deviates by up to ±1.2% between the entrance and the
exit of the RF sections, with the result that the orbit deviation due to the horizontal dispersion in the
arc and the associated optical distortion becomes intolerable. The optics may even fall into an unstable

32
P R E P R I N T

100 km circumference

booster synchrotron required 
to achieve high luminosities

FCCee: 50 MW/beam

Key parameters of current CEPC ring

•100km circumference, double ring with 2 IPs
•Matching the geometry of SPPC as much as possible
•Adopt twin-aperture quads and dipoles in the ARC
•Detector solenoid 3.0T with length of 7.6m while
anti-solenoid 7.2T
•L*=2.2m, qc=33mrad, βx*=0.36m, βy*=1.5mm
•Maximum gradient of quad 136T/m (3.8T in coil)
•Tapering of magnets along the ring
•Two cell & 650MHz RF cavity
•Two dedicated surveys in the RF region for Higgs
and Z modes
•Maximum e+ beam power 30MW & e- 30MW

•Crab-waist scheme with local X/Y chromaticity

correction

•Common lattice for all energies.

synchrotron radiation power:

CEPC: up to 30 MW/beam

91 GeV - 365 GeV
91 GeV - 240 GeV
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The Facilities: Linear Colliders

• High gradient linear accelerators - intrinsically upgradeable in energy (increase in length, higher-gradient 
acceleration technologies)

�23

ILC, CLIC

ILC (International Linear Collider)

superconducting RF

baseline 250 GeV, full TDR energy 500 GeV, 
potential to 1+ TeV

~ 20 km for 250 GeV
~ 30 km for 500 GeV
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The Facilities: Linear Colliders

• High gradient linear accelerators - intrinsically upgradeable in energy (increase in length, higher-gradient 
acceleration technologies)

�23

ILC, CLIC

ILC (International Linear Collider) CLIC (Compact Linear Collider)

2-beam acceleration

three stages from 380 GeV (11 km) to 3 TeV (50 km)

superconducting RF

baseline 250 GeV, full TDR energy 500 GeV, 
potential to 1+ TeV

~ 20 km for 250 GeV
~ 30 km for 500 GeV
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e+e- Colliders: Luminosities

• NB: Circular colliders can have more than one IP 
(default: 2), while for linear colliders several 
detectors do not result in an increase in statistics

�24

In Relation to the Higgs Program
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Cross-over of luminosity curves in the focus region 
of Higgs physics

• Choice of collider energy reflects luminosity 
evolution with energy: For circular colliders, 
240 GeV provides highest ZH statistics, for 
linear colliders 250 GeV is better
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Measuring the Higgs Self-Coupling 

�25

Requires higher Energies - may be the ultimate Challenge in Higgs Physics

• Two processes with double Higgs final states 
provide access to the self-coupling λ:

the final state also receives contributions 
from the quartic coupling
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Requires higher Energies - may be the ultimate Challenge in Higgs Physics

• Two processes with double Higgs final states 
provide access to the self-coupling λ:

the final state also receives contributions 
from the quartic coupling

04/09/2018 Philipp Roloff Higgs at ILC & CLIC 25

Higgs self-coupling measurements

• ILC, √s = 500 GeV, L = 4 ab−1:
Δλ/λ = 27%

Model-independence demonstrated 
using EFT framework

• CLIC, √s = 1.4 TeV, L = 2.5 ab−1

+ √s = 3 TeV, L = 5 ab−1: Δλ/λ = 13%

• Complementarity of the two 
production processes:
λ > λ

SM
: σ(ZHH) at 500 GeV enhanced

λ < λ
SM

: σ(HHv
e
v

e
) at high energy enhanced

Based on Eur. Phys. J. C 77, 475 (2017)

DESY-THESIS-2016-027

Phys. Rev. D97, 053004 (2018)

cross section depends non-
linearly on λ, measurements 
at different energies / of 
different processes lift 
degeneracies
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Higgs self-coupling measurements

• ILC, √s = 500 GeV, L = 4 ab−1:
Δλ/λ = 27%

Model-independence demonstrated 
using EFT framework

• CLIC, √s = 1.4 TeV, L = 2.5 ab−1

+ √s = 3 TeV, L = 5 ab−1: Δλ/λ = 13%

• Complementarity of the two 
production processes:
λ > λ

SM
: σ(ZHH) at 500 GeV enhanced

λ < λ
SM

: σ(HHv
e
v

e
) at high energy enhanced

Based on Eur. Phys. J. C 77, 475 (2017)

DESY-THESIS-2016-027

Phys. Rev. D97, 053004 (2018)

cross section depends non-
linearly on λ, measurements 
at different energies / of 
different processes lift 
degeneracies

ILC: Using the ZHH process

Δλ/λ ~ 27% with 4 ab-1 @ 500 GeV

CLIC: A combination of ZHH (1.4 TeV) 
and ννHH (1.4 TeV + 3 TeV), combining 
cross section and MHH differential

Δλ/λ ~[-7%, +11%] with  
2.5 ab-1 @ 1.4 TeV, 5 ab-1 @ 3 TeVDRAFT

2 CLIC physics overview

Parameter Relative precision

350GeV + 1.4TeV + 3TeV
1ab�1 + 2.5ab�1 + 5ab�1

kHZZ 0.4 % 0.3 % 0.2 %
kHWW 0.8 % 0.2 % 0.1 %
kHbb 1.3 % 0.3 % 0.2 %
kHcc 4.1 % 1.8 % 1.3 %
kHtt 2.7 % 1.2 % 0.9 %
kHµµ � 12.1 % 5.6 %
kHtt � 2.9 % 2.9 %
kHgg 2.1 % 1.2 % 0.9 %
kHg g � 4.8 % 2.3 %
kHZg � 13.3 % 6.6 %

Table 3
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Figure 3

CLIC results of the model-dependent fit to the Higgs coupling, without theoretical uncertainties. For
kHtt , the 3TeV case has not yet been studied. Operation with �80% (+80%) electron beam

polarisation is assumed for 80% (20%) of the collected luminosity above 1 TeV, corresponding to the
baseline scenario. (image credit: CLICdp)
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Figure 4: Nominal Dc2 distributions from template fitting with different values of the Higgs self-coupling
l , shown for the variation Dkl from the SM value of kl = 1 and using (a) only cross section
information for the HHnene process at 3 TeV; (b) additionally using the differential distribution
M(HH) in HHnene at 3 TeV and the cross section measurement of ZHH at 1.4 TeV. In this case
the ambiguity is removed and the sensitivity is increased. (image credit: CLICdp)

2.3 Top quark physics potential543

The top quark is the heaviest known fundamental particle and occupies an important role in many BSM544

theories; it therefore provides unique opportunities to test the SM and probe signatures of BSM effects.545

Draft: 22.11.2018 – 18:54 6

➫ ~ 10% measurement feasible - 
but only at multi - TeV collider
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Interpreting Higgs Measurements

• The Higgs coupling measurements at any present and future collider unfold their full potential in global fits 
of all observables - possibly beyond Higgs measurements alone

• The evaluation of the potential of future colliders is based on such fits using projected precisions on 

various Higgs (and other) measurements as input

�26

A Word on Fits
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of all observables - possibly beyond Higgs measurements alone

• The evaluation of the potential of future colliders is based on such fits using projected precisions on 

various Higgs (and other) measurements as input
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A Word on Fits

Typical fits used in this context:

• “Model-independent” fit

N.B.: Not fully model independent, 
does not account for certain possible 
BSM features of HV couplings

August 5, 2013 – 14 : 49 DRAFT

1. Introduction
The CLIC physics program includes a thorough study of the Higgs sector with measurements at all
three energy stages, 350 GeV, 1.4 TeV and 3 TeV. These measurements include the model-independent
measurement of Higgs production in ZH events, the measurement of decays into fermions and bosons
as well as the coupling to the top quark and the self-coupling. To study the impact of this program, the
expected precision for all relevant couplings is studied via combined fits, both in a model-independent
way and in a model-dependent fit following the strategies used also at the LHC. Since the self-coupling
of the Higgs is obtained in a separate analysis and does not contribute to the other couplings it is not
considered in the fits presented here. At present, only statistical uncertainties are considered, and theory
uncertainties in the model-dependent fit are ignored.

2. General Fit Strategy
The extraction of the coupling uncertainties is based on c2 fits using MINUIT. The model-independent fit
has been cross-checked with an independent implementation of a maximum likelihood fit in the Bayesian
Analysis Toolkit (BAT) framework, which obtains fully consistent results. Here, only the c2 fit is dis-
cussed in detail. To perform the fit, a global c2 is constructed from the sum of individual c2 values for
each independent measurement and its respective statistical uncertainty at CLIC. These measurements
are either a total cross section s in the case of the measurement of e+e� ! ZH via the recoil mass tech-
nique or cross section ⇥ branching ratio s ⇥BR for specific Higgs production modes and decays. To
obtain the expected sensitivity for CLIC it is assumed that for all measurements the value expected in the
SM has been measured, so only the statistical uncertainties of each measurement are actually used in the
c2 calculation. The c2 for one individual measurement is then given by

c2
i =

(Ci �1)2

DF2
i

, (1)

where Ci is the combination of Higgs couplings (and total width, if applicable) describing the particular
measurement, and DFi is the statistical uncertainty of the measurement of the considered process. The
full c2 then is given by

c2 = Â
i

(Ci �1)2

DF2
i

. (2)

The Ci’s depend on the particular measurements and on the type of fit (model-independent or
model-dependent), given in detail below. The results of the individual measurements used in the fits are
summarized in Appendix A.

3. Model-independent Fit
The model-independent fit makes minimal assumptions, such as the zero-width approximation to provide
the description of the individual measurements in terms of Higgs couplings and of the total width. Here,
the Ci’s take the following form: For the total cross section of e+e� ! ZH, it is given by

CZH = g2
HZZ, (3)

while for specific final states such as e+e� ! ZH, H ! bb̄ and e+e� ! Hnen̄e, H ! bb̄ it is given by

CZH,H!bb̄ =
g2

HZZg2
Hbb

GH
(4)

and

CHnen̄e,H!bb̄ =
g2

HWWg2
Hbb

GH
, (5)

2

minimize a χ2 with 
all measurements:
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Interpreting Higgs Measurements

• The Higgs coupling measurements at any present and future collider unfold their full potential in global fits 
of all observables - possibly beyond Higgs measurements alone

• The evaluation of the potential of future colliders is based on such fits using projected precisions on 

various Higgs (and other) measurements as input

�26

A Word on Fits

Typical fits used in this context:

• “Model-independent” fit

N.B.: Not fully model independent, 
does not account for certain possible 
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total width as a free parameter: no 
constraints imposed on BSM decays

• “Model-dependent κ” fit the same as the MI fit, with the total width 
constrained to the sum of the SM decays
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Table 1: Results of the model-independent fit. Values marked ”-” can not be measured with sufficient precision
at the given energy, while values marked ”tbd” have not yet been studied, but should result in a considerable
improvement of the precision.

parameter precision
350 GeV 350 GeV + 1.4 TeV 350 GeV + 1.4 GeV + 3 TeV

gHZZ 2.1% 2.1% 2.1%
gHWW 2.6% 2.1% 2.1%
gHbb 2.8% 2.2% 2.1%
gHcc 3.8% 2.4% 2.2%
gHtt 4.0% 2.5% tbd
gHµµ - 10.7% 5.6%
gHtt - 4.5% tbd
gHgg 4.1% 2.3% 2.2%
gHgg - 5.9% tbd
GH 9.2% 8.5% 8.4%

Model as
k2

i =
Gi

Gi|SM
. (6)

In this scenario, the total width is given by the sum of the nine partial widths considered, which is
equivalent to assuming no invisible Higgs decays. The variation of the total width from is SM value is
thus given by

GH,md = Â
i

k2
i BRi, (7)

where BRi is the SM branching fraction for the respective final state. To obtain this branching fractions,
a fixed value for the Higgs mass has to be made. For the purpose of this study, 126 GeV is assumed.
The branching ratios are taken from the LHC Higgs cross-section working group, ignoring theoretical
uncertainties. To exclude effects from numerical rounding errors, the total sum of BR’s is normalized to
unity.

With these definitions, the Ci’s in the c2 take the following form, analogous to the model-independent
fit: For the total cross section of e+e� ! ZH, it is given by

CZH = k2
HZZ, (8)

while for specific final states such as e+e� ! ZH, H ! bb̄ and e+e� ! Hnen̄e, H ! bb̄ it is given by

CZH,H!bb̄ =
k2

HZZk2
Hbb

GH,md
(9)

and

CHnen̄e,H!bb̄ =
k2

HWWk2
Hbb

GH,md
, (10)

respectively.
Since at the first energy stage of CLIC no significant measurements of the H ! µ+µ� and H ! gg

decays are possible, the fit is reduced to six free parameters (the coupling to top is also not constrained,
but this is without effect on the total width) with an appropriate rescaling of the branching ratios used in
the total width for 350 GeV.

As in the model-independent case the fit is performed in three stages, taking the statistical errors
of CLIC at the three considered energy stages (350 GeV, 1.4 TeV, 3 TeV) successively into account.
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way and in a model-dependent fit following the strategies used also at the LHC. Since the self-coupling
of the Higgs is obtained in a separate analysis and does not contribute to the other couplings it is not
considered in the fits presented here. At present, only statistical uncertainties are considered, and theory
uncertainties in the model-dependent fit are ignored.
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The extraction of the coupling uncertainties is based on c2 fits using MINUIT. The model-independent fit
has been cross-checked with an independent implementation of a maximum likelihood fit in the Bayesian
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model-dependent), given in detail below. The results of the individual measurements used in the fits are
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the description of the individual measurements in terms of Higgs couplings and of the total width. Here,
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ΔFi: uncertainty of measurement 
(σ or σxBR)

total width as a free parameter: no 
constraints imposed on BSM decays

• “Model-dependent κ” fit the same as the MI fit, with the total width 
constrained to the sum of the SM decays
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Table 1: Results of the model-independent fit. Values marked ”-” can not be measured with sufficient precision
at the given energy, while values marked ”tbd” have not yet been studied, but should result in a considerable
improvement of the precision.

parameter precision
350 GeV 350 GeV + 1.4 TeV 350 GeV + 1.4 GeV + 3 TeV

gHZZ 2.1% 2.1% 2.1%
gHWW 2.6% 2.1% 2.1%
gHbb 2.8% 2.2% 2.1%
gHcc 3.8% 2.4% 2.2%
gHtt 4.0% 2.5% tbd
gHµµ - 10.7% 5.6%
gHtt - 4.5% tbd
gHgg 4.1% 2.3% 2.2%
gHgg - 5.9% tbd
GH 9.2% 8.5% 8.4%

Model as
k2

i =
Gi

Gi|SM
. (6)

In this scenario, the total width is given by the sum of the nine partial widths considered, which is
equivalent to assuming no invisible Higgs decays. The variation of the total width from is SM value is
thus given by

GH,md = Â
i

k2
i BRi, (7)

where BRi is the SM branching fraction for the respective final state. To obtain this branching fractions,
a fixed value for the Higgs mass has to be made. For the purpose of this study, 126 GeV is assumed.
The branching ratios are taken from the LHC Higgs cross-section working group, ignoring theoretical
uncertainties. To exclude effects from numerical rounding errors, the total sum of BR’s is normalized to
unity.

With these definitions, the Ci’s in the c2 take the following form, analogous to the model-independent
fit: For the total cross section of e+e� ! ZH, it is given by

CZH = k2
HZZ, (8)

while for specific final states such as e+e� ! ZH, H ! bb̄ and e+e� ! Hnen̄e, H ! bb̄ it is given by

CZH,H!bb̄ =
k2

HZZk2
Hbb

GH,md
(9)

and

CHnen̄e,H!bb̄ =
k2

HWWk2
Hbb

GH,md
, (10)

respectively.
Since at the first energy stage of CLIC no significant measurements of the H ! µ+µ� and H ! gg

decays are possible, the fit is reduced to six free parameters (the coupling to top is also not constrained,
but this is without effect on the total width) with an appropriate rescaling of the branching ratios used in
the total width for 350 GeV.

As in the model-independent case the fit is performed in three stages, taking the statistical errors
of CLIC at the three considered energy stages (350 GeV, 1.4 TeV, 3 TeV) successively into account.
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• “Model-independent EFT” fit
A global fit of Higgs and other EW observables parametrizing deviations from the SM by various 
operators - allows for couplings not included in κ fit, includes connections between W and Z couplings
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Perspectives on Precision

• Comparisons of the potential of different colliders are non-straightforward: The projections are based on 
different levels of realism / pessimism / optimism in detector modeling, analysis techniques, systematic 
uncertainties and machine parameters / running scenarios,… 

�27

Still in flux - Meant as a rough Guide

Here: Taking the “model independent” fit results - combine the projected uncertainties on σxBR

ILC 250 ILC 500 CLIC 380 CLIC 3 TeV CEPC FCCee 240 FCCee 365
δgHZZ/gHZZ 0.38 0.30 0.6 0.6 0.25 0.25 0.22
δgHWW/gHWW 1.8 0.40 1.0 0.6 1.4 1.3 0.47
δgHbb/gHbb 1.8 0.60 2.1 0.7 1.3 1.4 0.68
δgHcc/gHcc 2.4 1.2 4.4 1.4 2.2 1.8 1.23
δgHgg/gHgg 2.2 0.97 2.6 1.0 1.5 1.7 1.03
δgHττ/gHττ 1.9 0.80 3.1 1.0 1.5 1.4 0.80
δgHµµ/gHµµ 5.6 5.1 5.7 8.7 9.6 8.6
δgHγγ/gHγγ 1.1 1.0 2.3 3.7 4.7 3.8
δgHtt/gHtt - 6.7 - 3.0 - - -
δΓH/ΓH 3.9 1.7 4.7 2.5 2.8 2.8 1.6

ILC 250: 2 ab-1 @ 250 GeV

ILC 500: +0.2 ab-1 @ 350 GeV 

               + 4 ab-1 @ 500 GeV

CLIC 380: 1 ab-1 @ 380 GeV

CLIC 3 TeV: + 2.5 ab-1 @ 1.5 TeV 

               + 5 ab-1 @ 3 TeV

CEPC: 5.6 ab-1 @ 240 GeV

FCCee 240: 5 ab-1 @ 240 GeV

FCCee 365: + 1.5 ab-1 @ 365 GeV 
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A Closer Look at ILC - in relation to LHC

• ILC (and other e+e- colliders) provide model-independent 
measurements of couplings - can be used to extend 
model independence to LHC measurements

�28

Based on preliminary numbers in preparation for the ESU
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• ILC (and other e+e- colliders) go substantially beyond HL-
LHC precision for a model-dependent analysis of Higgs 
results - 1 order of magnitude improvement in key channels
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Discovery Stories in the Higgs Sector

• Precision measurements of couplings 
may show deviations from the Standard 
Model

• “Fingerprinting” of deviation pattern 

reveals underlying mechanisms

�29

An ILC Example
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Figure 2: Run plan for the staged ILC starting with a 250-GeV machine under two di↵erent
assumptions on the achievable instantaneous luminosity at 250GeV. Both cases reach the
same final integrated luminosities as in Fig. 1.

3 E↵ective Field Theory approach to precision measurements
at e+e� colliders

The goal of the ILC program on the Higgs boson is to provide determinations of
the various Higgs couplings that are both high-precision and model-independent.

It is easy to see how this can be achieved for some combinations of Higgs couplings.
In the reaction e+e� ! Zh, the Higgs boson is produced in association with a Z boson
at a fixed lab-frame energy (110 GeV for

p
s = 250 GeV). Up to small and calculable

background from e+e� ! ZZ plus radiation, observation of a Z boson at this energy
tags the presence of a Higgs boson. Then the total cross section for e+e� ! Zh can
be measured absolutely without reference to the Higgs boson decay mode, and the
various branching ratios of the Higgs boson can be observed directly.

The di�culty comes when one wishes to obtain the absolute strength of each Higgs
coupling. The coupling strength of the Higgs boson to AA can be obtained from the
partial width �(h ! AA), which is related to the branching ratio through

BR(h ! AA) = �(h ! AA)/�h , (1)

where �h is the total width of the Higgs boson. In the Standard Model (SM), the width
of a 125 GeV Higgs boson is 4.1 MeV, a value too small to be measured directly from
reaction kinematics. So the width of the Higgs boson must be determined indirectly,
and this requires a model formalism.

In most of the literature on Higgs boson measurements at e+e� colliders, the width
is determined using the  parametrization. One assumes that the Higgs coupling to

8
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In the reaction e+e� ! Zh, the Higgs boson is produced in association with a Z boson
at a fixed lab-frame energy (110 GeV for

p
s = 250 GeV). Up to small and calculable

background from e+e� ! ZZ plus radiation, observation of a Z boson at this energy
tags the presence of a Higgs boson. Then the total cross section for e+e� ! Zh can
be measured absolutely without reference to the Higgs boson decay mode, and the
various branching ratios of the Higgs boson can be observed directly.

The di�culty comes when one wishes to obtain the absolute strength of each Higgs
coupling. The coupling strength of the Higgs boson to AA can be obtained from the
partial width �(h ! AA), which is related to the branching ratio through

BR(h ! AA) = �(h ! AA)/�h , (1)

where �h is the total width of the Higgs boson. In the Standard Model (SM), the width
of a 125 GeV Higgs boson is 4.1 MeV, a value too small to be measured directly from
reaction kinematics. So the width of the Higgs boson must be determined indirectly,
and this requires a model formalism.

In most of the literature on Higgs boson measurements at e+e� colliders, the width
is determined using the  parametrization. One assumes that the Higgs coupling to
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Figure 2: Graphical representation of the �2
separation of the Standard Model and the

models 1–9 described in the text: (a) with 2 ab
�1

of data at the ILC at 250 GeV; (b)

with 2 ab
�1

of data at the ILC at 250 GeV plus 4 ab
�1

of data at the ILC at 500 GeV.

Comparisons in orange have above 3 � separation; comparison in green have above 5 �
separation; comparisons in dark green have above 8 � separation.
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• Discrimination power between models illustrated with 
EFT fit of ILC projections
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Discovery Stories in the Higgs Sector

• Precision measurements of couplings 
may show deviations from the Standard 
Model

• “Fingerprinting” of deviation pattern 

reveals underlying mechanisms

�29

An ILC Example
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Figure 2: Run plan for the staged ILC starting with a 250-GeV machine under two di↵erent
assumptions on the achievable instantaneous luminosity at 250GeV. Both cases reach the
same final integrated luminosities as in Fig. 1.

3 E↵ective Field Theory approach to precision measurements
at e+e� colliders

The goal of the ILC program on the Higgs boson is to provide determinations of
the various Higgs couplings that are both high-precision and model-independent.

It is easy to see how this can be achieved for some combinations of Higgs couplings.
In the reaction e+e� ! Zh, the Higgs boson is produced in association with a Z boson
at a fixed lab-frame energy (110 GeV for

p
s = 250 GeV). Up to small and calculable

background from e+e� ! ZZ plus radiation, observation of a Z boson at this energy
tags the presence of a Higgs boson. Then the total cross section for e+e� ! Zh can
be measured absolutely without reference to the Higgs boson decay mode, and the
various branching ratios of the Higgs boson can be observed directly.

The di�culty comes when one wishes to obtain the absolute strength of each Higgs
coupling. The coupling strength of the Higgs boson to AA can be obtained from the
partial width �(h ! AA), which is related to the branching ratio through

BR(h ! AA) = �(h ! AA)/�h , (1)

where �h is the total width of the Higgs boson. In the Standard Model (SM), the width
of a 125 GeV Higgs boson is 4.1 MeV, a value too small to be measured directly from
reaction kinematics. So the width of the Higgs boson must be determined indirectly,
and this requires a model formalism.

In most of the literature on Higgs boson measurements at e+e� colliders, the width
is determined using the  parametrization. One assumes that the Higgs coupling to
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Figure 2: Graphical representation of the �2
separation of the Standard Model and the

models 1–9 described in the text: (a) with 2 ab
�1

of data at the ILC at 250 GeV; (b)

with 2 ab
�1

of data at the ILC at 250 GeV plus 4 ab
�1

of data at the ILC at 500 GeV.

Comparisons in orange have above 3 � separation; comparison in green have above 5 �
separation; comparisons in dark green have above 8 � separation.
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• Discrimination power between models illustrated with 
EFT fit of ILC projections
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models 1–9 described in the text: (a) with 2 ab
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• higher energy may be decisive
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Linear Colliders

• Concrete worked-out designs for both facilities

�30

Plans for Facilities

• ILC: Technical Design Report in 2013

• A staged machine, with an initial energy of 380 GeV 
and ultimate energy of 3 TeV

• CLIC: Conceptual Design Report in 2012

• Now proposed as a 250 GeV machine, 
upgradeable to 500 GeV, with ultimate potential to 
1 - 1.5 TeV


