Future Detectors
- Calorimetry, Background Monitoring & Physics at Future Colliders -

Frank Simon
Max-Planck-Institute for Physics %
MPP Project Review Bzt

¥ Max-Planck-Institut fiir Physik
Miinchen, December 2019 et A




The Future Detectors Group %

... 1n 2018
The Core Group Close collaboration with:
e Post-Docs * Belle / Belle Il group
Marco Szalay * the Technical Departments

 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) With key roles in collaborations and projects,

e Technical Students (for parts of 2018) among them:
Sejla Hadzic, Guia Resina, Malinda de Silva ° Spokesperscn of the CALICE collaboration
e Group Leader « Member of the CLICdp Executive Team
Frank Simon * Member of the ILC Physics Group

e e e = - _ - - —

Future Detectors - MPP Project Review, December 2018 Frank Simon (fsimon@mpp.mpg.de) 2




Outline: The Projects in the Group %

Focus on Detector Development and Physics Studies
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Outline: The Projects in the Group %

Focus on Detector Deve/opment and PhySICS Stud/es
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The Context: Future ete- Colliders and Beyond %

Accelerator-based Precision Experiments with Leptons
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 The main driver of the activities:
Experiments at future linear colliders

e ILC: 250 GeV (500 GeV with upgrade)
under discussion in Japan

 CLIC: Staged machine, 380 GeV - 3 TeV

a possible future project at CERN \,

gl b

electron main accelerator electrons

—_———— —_—— e ——— = —

Frank Simon (fsimon@mpp.mpg.de)

= = — E————

— E—————

Future Detectors - MPP Project Review, December 2018



The Context: Future ete- Colliders and Beyond

Accelerator-based Precision Experiments with Leptons

= —_— = [ D— —— - —  ——— e — —

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

e ILC: 250 GeV (500 GeV with upgrade)
under discussion in Japan

 CLIC: Staged machine, 380 GeV - 3 TeV
a possible future project at CERN

i b

electron main accelerator

 The Belle Il experiment at SuperKEKB

collision point I Belle Il detector I
T
— e

Positron ring

el

Electron ring

. | Electron-Positron
WL | linear accelerator

Positron damping ring

—_—— = —_——e = e —— ———— = — = - — -

Frank Simon (fsimon@mpp.mpg.de)

Future Detectors - MPP Project Review, December 2018



The Context: Future ete- Colliders and Beyond

Accelerator-based Precision Experiments with Leptons

pap— = — e e = = [ R — —— - —  ——— e — —

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

e ILC: 250 GeV (500 GeV with upgrade)
under discussion in Japan

 CLIC: Staged machine, 380 GeV - 3 TeV
a possible future project at CERN

i b

 The Belle Il experiment at SuperKEKB

collision point I Belle Il detector I
D
—_—, e

Positron ring

&1'5 >

Electron ring

* The long baseline neutrino
experiment DUNE

1300 km

Electron-Positron South Dakota , . .

L | linear accelerator

eeeeee

NEUTRINO

Positron damping ring

e ___ _ — ____ = e ——— — —— S

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




Constructed by German CALICE Groups

The CALICE AHCAL Prototype
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 Demonstration of scintillator-based imaging
calorimetry with the “Physics Prototype”™
(data taking 2007-2011)

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

SENSsOrs ...
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The CALICE AHCAL Prototype
B ntructe gby German A@IC roups |

CAU@S

 Demonstration of scintillator-based imaging The “SiPM-on-tile” technology:
calorimetry with the “Physics Prototype”
(data taking 2007-2011)

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

SENSsOrs ...

Physics Prototype
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 Demonstration of scintillator-based imaging The “SiPM-on-tile” technology:
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The CALICE AHCAL Prototype

Constructed by German CALICE Groups
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The CALICE AHCAL Prototype

Constructed by German CALICE Groups
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The CALICE AHCAL Prototype

Constructed by German CALICE Groups

 Mass production, assembly, QA and The “SiPM-on-tile” technology - mass production

integration from October 2017 to April 2018

..
semi-automatic wrapping of
22K scintillator tiles
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The CALICE AHCAL Prototype

Constructed by German CALICE Groups
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 Mass production, assembly, QA and The “SiPM-on-tile” technology - mass production
integration from October 2017 to April 2018
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The CALICE AHCAL Prototype

Constructed by German CALICE Groups
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 Mass production, assembly, QA and The “SiPM-on-tile” technology - mass production
integration from October 2017 to April 2018
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The CALICE AHCAL Prototype

Constructed by German CALICE Groups
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 Mass production, assembly, QA and The “SiPM-on-tile” technology - mass production
integration from October 2017 to April 2018
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The CALICE AHCAL Prototype @@9 A~

Successful Test Beams
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Timing & Energy Reconstruction in the AHCAL

Understanding & Exploiting the New Capabilities

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

10°
std. dev.
104 - 3.3 ns
103 -
102
—Ao —ﬁo 0 io 4b
Hit time [ns]
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Timing & Energy Reconstruction in the AHCAL

Understanding & Exploiting the New Capabilitie
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Timing & Energy Reconstruction in the AHCAL

Understanding & Exploiting the New Capabilities
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e Study of potential to use ns-
level timing for hadronic
energy reconstruction
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CALICE AHCAL: Next Steps

More Test Beams Better Photon Sensors
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* A key step to demonstrate: running with
“ILC time structure” - higher clock speeds,
better time resolution

e Coming up at DESY in 2019
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“ILC time structure” -
better time resolution

e Coming up at DESY in 2019
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Pixels Fired vs Overvoltage (using Sr-90 source)

* 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 pm micropixel devices now reach performance of previous 25 pm
devices: ~ X 3 increase in dynamic range, improved reconstruction of electromagnetic showers
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 SiPM on tile scintillator sensors from CALICE development,
read out with 800 ps sampling over ms time scales:

Monitor backgrounds at SuperKEKB

* |n SuperKEKB commissioning Phase 1: The first detector
at the Belle Il 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

SuperKEKB Commissioning Phase |
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CLAWS Results

SuperKEKB Commissioning Phase |
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CLAWS Results

SuperKEKB CommISSIon/ng Phase Il
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CLAWS Results

SuperKEKB CommISSIon/ng Phase Il

End of Phase II HER Cumulatlve Wf 2018- 07 14
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CLAWS Results

SuperKEKB CommISSIon/ng Phase Il
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End of Phase II : HER Cumulatlve Wi - 2018- 07 14
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CLAWS Future

A Permanent Background Detector in SuperKEKB
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e Following the success of the first two phases, CLAWS is now
turned into a permanent background detector for SuperKEKB

B e — — ———eee——— . ———— e
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e Substantial simplification of detectors: All
supply voltages and signal lines supplied
via one CAT6a cable per detector
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CLAWS Future

A Permanent Background Detector in SuperKEKB
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e Following the success of the first two phases, CLAWS is now
turned into a permanent background detector for SuperKEKB

Al533.0pV |-4.478mV|5.011mV

-l B T I D B B B * Substantial simplification of detectors: All
e Clean analog signal over 30 m - also 50 m cable still supply voltages and signal lines supplied
provides sufficient signal quality via one CAT6a cable per detector
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An ECAL for the DUNE Near Detector ; (\

Extending the AHCAL Concept to Low Energies

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

ECHL

I _ I _ e —— == — —
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An ECAL for the DUNE Near Detector

Extend/ng the AHCAL Concept to Low Energ/es

 The Near Detector of the DUNE
LBN Experiment:
Based on a HP-TPC as
magnetized tracker & target:

Needs a powerful ECAL for vy, m

and neutron detection

ECHL

Trache Volane
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A Strawman Concept

» Based on CALICE AHCAL ™\

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

— = = — - S— — [— e ———— R —

reconstructed Direction, reconstructed Energy

Distance to true vertex|[mm]

e Simulation studies to {500 | sl = 1500 “00
: : s [ can 140.
investigate the performance ° [ S 4778 =
N . S 900 700
2002— —; 08_ 600
Reconstruction of m0s s0f- E > 300 500
with kinetic energies of oo E 00 400
a few 100 MeV E E 300
B N ~900 200
0 100 200 300 400 500 ri7t|c\)/|oass[Me\8/?o 1 O O
= — 1 500 0
| _ -1500 -900 -300 300 900 1500
location of 19 vertex with Z Position [mm]
20 - 30 cm precision
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Efficiency

An ECAL for the DUNE Near Detector

¢ S|mU|at|On StUd|eStO P ] = B L B BN B B I :Enr\‘/tarlir(i;ntMazsgg
" : E E Mean 140.1
investigate the performance “_F AMS 4779
Reconstruction of m%s 150 |- =
with kinetic energies of 100 |- E
a few 100 MeV oF :

oy -
0.9 :1. "._. _i S —
T location of % vertex with
T T L = 20 - 30 cm precision
0.6 o° —
05F ° =
04 = » Granularity enables efficient
03E° = 1hit,E_>05MeV = _
E o 5hits E_>5MeV - detection of neutrons
04E- E (but clever reconstruction

B T R R T B CR— algorithms will be needed...)

Neutron energy[MeV]

Extending the AHCAL Concept to Low Energies

- R _ . —— — __ e — i — . - — —p—— e - -

e e — — — —_—  — ———— R —

reconstructed Direction, reconstructed Energy

“ariantMass[MeV]
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Physics: Top & Higgs at e+e- Colliders ilp
2018: Driven by ESPP Update, Large Reports o
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* Bringing together the studies of the physics potential of ete- colliders as input to the Strategy Process

V)

; N :
o N ool W o

One Example:
Higgs Physics at ILC

Model Independent Fit

® HL-LHC®ILC250 ([ o ]
B HL-LHC ®ILC250 ® ILC500 i
dark/light: S1*/S2*

taking full simulation
studies, factoring in
expected systematic
limitations, potential for
analysis improvement...

Projections used in SMEFT
fits to extract expected
precision on couplings etc.

all numbers PRELIMINARY, I
final version in ESU

@) —_
OO

Precision of Higgs boson couplings [%]

o

L Z}'b//
The ILC program: - ’#
starting at 250 GeV e \

—— — s —_—

pp— — _— e ——————————— — = — = == e ——— e —————— —
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Physics: Top & Higgs at e+e- Colliders ilp
2018: Driven by ESPP Update, Large Reports o
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* Bringing together the studies of the physics potential of ete- colliders as input to the Strategy Process

V)

; N :
o N ool W o

One Example:
Higgs Physics at ILC

Model Independent Fit

® HL-LHC®ILC250 ([ o ]
B HL-LHC ®ILC250 ® ILC500 i
dark/light: S1*/S2*

taking full simulation
studies, factoring in
expected systematic
limitations, potential for
analysis improvement...

Projections used in SMEFT
fits to extract expected
precision on couplings etc.

(i
H
. . A
The ILC program: . y : \c
/-

all numbers PRELIMINARY, I
final version in ESU

@) —_
OO

Precision of Higgs boson couplings [%]

o

starting at 250 GeV %
/ N

... but higher energy essential. ~#
0 JY Z/\ Je_

—— — s —_—

pp— — _— e ——————————— — = — = == e ——— e —————— —
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Physics: Top & Higgs at ete- Colliders

2018: Driven by ESPP Update, Large Reports

_——  ——————— —_ —
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e

17
i
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* Bringing together the studies of the physics potential of ete- colliders as input to the Strategy Process

One Example: < 35
Higgs Physics at ILC 8 3
taking full simulation 3 25
studies, factoring in g 2
expected systematic % 1.5
limitations, potential for f:, :
analysis improvement... ;g 05
Projections used in SMEFT : 0
fits to extract expected

precision on couplings etc.

e#

The ILC program:
starting at 250 GeV

... but higher energy essential.

EaEa———

_

Model Independent Fit

B HL-LHC ©®ILC250
B HL-LHC ®ILC250 ® ILC500
dark/light: S1*/S2*

Future Detectors - MPP Project Review, December 2018

all numbers PRELIMINARY,
final version in ESU

Precision of Higgs boson couplings [%]

6 Model Dependent Fit (I'gg,=0 & no anom. hZZ/hWW coupl.)
B HL-LHC [indico.cern.ch/event/756370]
B B HL-LHC ®ILC250
5 ................................................. B HL-LHC @®ILC250 @ ILC500
| dark/light: S1/S2
4 all numbers PRELIMINARY, final version in ESU
1 ... B.. ... ... B .. = ol
g C Y w2 t2 AN20

with “LHC-like” constraints
Imposed ...

— = = — == - -
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Physics: Top & Higgs at e+e- Colliders = - ile
2018 Dr/ven by ESPP Update Large Reports

e ——— — e —_— ——— . —  ——— e —_ —

A comprehensive study of the
top physics potential at CLIC

one part: Pair production <_
at threshold (~ 350 GeV) /

together with machine group: develop
options for “clean” luminosity spectrum

> IO — i
Dyl B ~1.55 — CLIC10x 10 fb™ sinputvalue
21 0 - —— CLIC 350 GeV 90% Charge . 8 - m°=171.5GeV —1oNominal ]
o C  —— CLIC 350 GeV Nominal ] = A 5[ =137 GeV —1090% Charge 7
8 = — = "7 - 2D template fit
~

- - 1.45
C .
C_) 5 normalized over full energy range
) - - _ |
01 O — ]
3 : - 1.4
| -
o B - )

— ] Y/~

T 17T T T T T T TTT T TTTIRITTTTT ]I TTTT]TTTI
= | | | | | |

107° & E
- ] 1.25
CLICldp||| L 1.2 CLICdp
AR T WA AN TR SR MR M SN NN SN
330 335 340 345 350 355 13 1714 1715 1716 1717
Is (GeV] fitted m, [GeV]

e — — e —— ————— ,f — = — -
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Physics: Top & Higgs at e*e- Colliders C 1A

2018: Driven by ESPP Update, Large Report

—_—— —————— == — ——— =

7
|

|

f
!
|

i
i

— — = e, _ - — e — — ——————————— —_ ——

. — 40 = | | : : Decemb 20_1_8

+ A comprehensive study of the o ded 10 FOO S e ioon
. . extended 1o ee 2 30F e T A EPC -

top physics potential at CLIC | S S L e io00008 o nomo. 380 GeV -

| | , * |nvestigating the x 200 E

one part: Pair production e . s f | :
optimal range for s 10 -

______
-
-

i

the scan

at threshold (~ 350 GeV) / i

..efficigncies and signal yields
from EPJ,C73, 2530 (2013)

’
‘,
‘y

together with machine group: develop
options for “clean” luminosity spectrum

sensitivity, to:
Yukawa coupling-..,

|I.III|IIII|II

| width
> T T T [ T T T T [ T T T T [ T T T T LT L L » T I _30 | ' ' ' ' | ' nass, ' | '
Q01 L B 1.55 [~ cLIc10x101b” oinputvalue 340 345 350
= - —— CLIC 350 GeV 90% Charge - 8 - mP®=171.5GeV —10 Nominal = \/g [GeV]
o - —— CLIC 350 GeV Nominal ] = 15F = 1.37 GeV —1090% Charge 7
8 = — = "7 - 2D template fit u
= r - 1.45 - -
C_) - normalized over full energy range - 7
*g1 0 3 E 1.4 - -
- S E ¢ E
- - 1.25 - -
: ICILlllcldlpl ] ] | ] ] ] ] | ] ] ] ] | ] ] ] | : 1-2 :_ CLICdp __
B | | | | | | | | | | | | | | | | | | |
330 335 340 345 350 | 395 171.3 171.4 171.5 171.6 171.7
/s' [GeV] fitted m, [GeV]
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Physics: Top & Higgs at ete- Colliders

2018: Driven by ESPP Update, Large

A comprehensive study of the
top physics potential at CLIC

S
i

one part: Pair production
at threshold (~ 350 GeV)

Reports

— e —_— —— — ————————————_ —

extended to FCCee

* Investigating the
optimal range for
the scan

together with machine group: develop
options for “clean” luminosity spectrum

> I I I I | I I I I | I I I I | I I I I | I I I I |
21071 |- -
= - —— CLIC 350 GeV 90% Charge -
S - —— CLIC 350 GeV Nominal -
m I —]
~

C I —]
o normalized over full energy range

5107 E
@© C

S

e B

—h
o
&

CLICdp

[/ S

330 335 340 345 350

pEa——————
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55

/s' [GeV]

" n T T T T T T ]
—1.55 — CLIC10x 10 fb™ sinputvalue
8 - mP®=171.5GeV —10 Nominal -
= 15 - I'=1.37 GeV —1090% Charge 7
= 7 - 2D template fit ]

1.45 [ —

1.4 E
1.3 — —
1.25 -
1.2 CLICdp -
B | | | | | | | | | | | | | | | | | | | |
171.3 171.4 171.5 171.6 171.7

g
o
>
~~
O
0.
i
S~
5
©

)

e

fitted m, [GeV]

HO  Tvor
40 _— | I:>SI I I I | I I I I |D mbl r20—1_8
. m>171.5 GeV, FCCee i
. —— do/dm, [A = 20 MeV] — do/dy [A =0.1] ]
30 - do/dI’, [A = 40 MeV] ----- Ao, for 10 fb™ o
- — do/dag [A =0.0006] - w=50..350 GeV 1
20 .
10 |- -
V=== /“‘ =
-10 - _..-efficiencies and signal yields -
B from Epd,,973, 2530 (2013) ]
-20 :— sengi‘fi'vitly,,tgz _:
- Yukawa coubling... -
_30 __H [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ IDeclember2018 N
8 1.55 ~ FCCee, 8 point scan, 200.0 o' I1VI(3PXontour 1118 ©
— 15 F =171.5 GeV —2 ocontour | | O©
(= 1.0 r,=137Gev ] 1 716w
S ~ 2D template fit ] 8
D 1.45 14142
= YL . =
y— B _
- 1412 %
1.4 — ] 8
: W' S
1.35 - ] o
B ] 08 ~
1.3 45 0.6 32
- - . >
1.25 h - 0.4 =
E efficiencies and signal yields E 0.2 %
1.2 — from EPJ C73, 2530 (2013) — =0
B | | | | | | | | | | | | | | | | | | | | O g
171.3 171.4 171.5 171.6 171.7

=S—————
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The “Strategic Landscape” %

Decisions for Projects - and the Path Forward

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

e was expected by now - delayed due to ongoing discussions in the Science Council of Japan
http://icfa.fnal.gov/wp-content/uploads/Letter2HEPcommunity.pdf

— —_———— = e—t—— - — = E——— - - —— = =
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The “Strategic Landscape” %

Decisions for Projects - and the Path Forward

e — _____ ___ ___ — = — —_ R —

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

e was expected by now - delayed due to ongoing discussions in the Science Council of Japan
http://icfa.fnal.gov/wp-content/uploads/Letter2HEPcommunity.pdf

2
I

 Update of European Strategy for Particle Physics in 2019/2020 will set directions for CEFR
energy-frontier ete- colliders CLIC and FCCee feature prominently in this discussion
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The “Strategic Landscape” %

Decisions for Projects - and the Path Forward

e — _____ ___ ___ — = — —_ R —

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

e was expected by now - delayed due to ongoing discussions in the Science Council of Japan
http://icfa.fnal.gov/wp-content/uploads/Letter2HEPcommunity.pdf

2
I

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

e Belle Il to start its first Physics run in Spring 2019
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The “Strategic Landscape” %

Decisions for Projects - and the Path Forward

e — _____ ___ ___ — = — —_ R —

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

e was expected by now - delayed due to ongoing discussions in the Science Council of Japan
http://icfa.fnal.gov/wp-content/uploads/Letter2HEPcommunity.pdf

2
I

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

e Belle Il to start its first Physics run in Spring 2019

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

e R — e _—— — — = S
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The “Strategic Landscape” %

Decisions for Projects - and the Path Forward

e — _____ ___ ___ — = — —_ R —

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

e was expected by now - delayed due to ongoing discussions in the Science Council of Japan
http://icfa.fnal.gov/wp-content/uploads/Letter2HEPcommunity.pdf

2
I

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

e Belle Il to start its first Physics run in Spring 2019

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

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

e e s -_— - _ - - = = — = = = =
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Extras
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The Path towards the Real Axis %

Waiting for Green Light... and for Strategies

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

— —_———— = e—t—— - — = E——— - - —— = =
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The Path towards the Real Axis

Waiting for Green Light... and for Strate

= - — e — —_— — - — e e ——— P —

/es

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

e 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

ILC Time Line: Progress and Prospect

Internat’l| Negotiation

f Joint Site Project Approval
meoeaal=1ael | Site Decision

Project Proposal

ICFA

ILCSC Example of earliest case (Shin Michizono):

1 2019-2022 Preparation
HEIEIEL] 5023-2031 Construction

(Pre-Prepa

Work Sharing

RDR/DBD Activities 2032 Commissioning start
: y |
Site.-dependent Assumlng (~2+) 4 year (9 year)
desien < | We are here,
2012 5018

B e — =—=== — = —_—————
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The Path towards the Real Axis

Waiting for Green Light... and for Strategies

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

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

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

global consequences

ILC Time Line: Progress and Prospect

Internat’l| Negotiation

f Joint Site Project Approval
=il | Site Decision
Project Proposal

ICFA

ILCSC Example of earliest case (Shin Michizono):

2019-2022 Preparation

Preparatl 2023-2031 Construction
2032 Commissioning start

(Pre-Prepa

Work Sharing

RDR/DBD Activities

Site.-dependent Assuming (~2+) 4 year (9 year)
desien < | We are here,
2012 2018

B e — =—=== e —_—————
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e |LC technology ready:
European XFEL at DESY in operation,
a 10% prototype of ILC main LINAC

Y =
s

: e
e . r——
[ » ‘, f’
‘=
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¥
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[
E

o
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"
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Schedule: CLIC

The Road to Physics
2013 - 2019 Development Phase 2020 - 2025 Preparation Phase
Development of a Project Plan for a Finalisation of implementation
staged CLIC implementation in line with parameters, preparation for industrial
LHC results; technical developments with procurement, Drive Beam Facility and
industry, performance studies for other system verifications, Technical
accelerator parts and systems, detector Proposal of the experiment, site
technology demonstrators authorisation

2019 - 2020 Decisions

Update of the European Strategy for
Particle Physics; decision towards a next

CERN project at the energy frontier
(e.g. CLIC, FCC)

—

Future Detectors - MPP Project Review, December 2018

2025 Construction Start

Ready for construction;
start of excavations

2035 First Beams

Getting ready for data taking by

the

time the LHC programme

reaches completion

=S ——— — = = —
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The Facilities: Rings %
FCCGG, CEPC Ap-Byz2t

— - == = —_— e, _ - —— e — —_ ——

—_— = = — — = -

* “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 SCREF, ...
PA (IP)

30 mrad

FCC-hh/
134m 10.6 m Byoster

PL PB 100 km circumference

FCC-ee . S
booster synchrotron required
to achieve high luminosities

PJ] (RF) PD (RF) ‘ CEPC

_1 5— 1 1 I ! 1 1 ! ] ! ! I 1 | 1 I 1 I I I ! ! ! I ! I
-1000 -500 0 500 1000

Gy (m)

91 GeV - 365 GeV

synchrotron radiation power:

PG (IP) ~ FCCee: 50 MW/beam CEPC: up to 30 MW/beam

—_— e —— i — = — - = —_— -

Future Detectors - MPP Project Review, December 2018 Frank Simon (fsimon@mpp.mpg.de) 22



The Facilities: Linear Colliders %
ILC, CLIC

_ P . — R ——— — e = - _— = ——— — — e - — _— — - o _
E—— —_— = _ 2 — — e e _— — = = — —— = B e - —

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

ILC (International Linear Collider)

~ 20 km for 250 GeV
~ 30 km for 500 GeV

superconducting RF

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

e ——— = — S— — = S
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ILC, CLIC

The Facilities: Linear Colliders

— — —_— —— —— — — — — =
e - _ __ — S e =

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

PDR predamping ring booster linac -

BC bunch compressor I 2.86to 9 GeV Main Beam
BDS beam delivery system
IP interaction point

B unp

superconducting RF

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

e injector

etinjector
2.86 GeV

2.86 GeV

2-beam acceleration

EaEa———

thrtes f 380 GeV (11 km) to 3 TeV (50 km)

L — —

ILC (International Linear Collider) CLIC (Compact Linear Collider)
. : 446 klystrons
Drive Beam glglc;m%rsr;%e; | _ | | 20MW48ps
CR1293m drive beam accelerator
CR2439m 2.0GeV, 1.0GHz
- 25km ”
4 delay loop
@ decelerator, 4 sectors of 878 m
time delay line
BC2 A A [\ ™ BDS - BDS ™ 4 A - BC2
B " e 1.9km 19km —
~ 20 km for 250 Gev (TA/\ e main linac, 12 GHz, 72 MV/m, 35 km P e+ main linac %
~ 30 km for 500 GeV R conbinerting i \/
TA turnaround
DR damping ring
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e+e- Colliders: Luminosities %

In Relation to the Higgs Program

———— = —

November 2018
1'7— T I I I I I Fr | I I I | . . .
P - uminosity per IP 1 ¢ NB: Circular colliders can have more than one IP
S - « FCCee - default: 2), while for linear colliders several
© = o FCCeelow B * 4
o A + CEPC detectors do not result in an increase Iin statistics
— 102 -.'\ % CEPC 2T Detector —
> £ o ILC initial -
g - ~\ e ILC LumiUp =
= - X "\ CLIC - Cross-over of luminosity curves in the focus region
% R - of Higgs physics
10 \\_ '\\‘ —
B \ \. _ : : : :
- e - * Choice of collider energy reflects luminosity
I % : evolution with energy: For circular colliders,
- 5 - 240 GeV provides highest ZH statistics, for
N ot B linear colliders 250 GeV is better
: L1 | | I I I I I L1 | | I I I :
10 10°

e e —_——t—— T — = = - - = = — = = = =
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Measuring the Higgs Self-Coupling

Reqwres h/gher Energ/es may be the u/t/mate Challenge In H/ggs PhySICS

r— ____ — _ _

———

* Two processes with double Higgs final states
provide access to the self-coupling A:
&> 2 / W . \/
— —< / m-— -
W e
‘f\~<\# Q‘/\ \ 4
v,

e
the final state also receives contributions

from the quartic coupling

<c \/
= N -7 W

N/
l-/\

e Ve,

et

— —_— —_— e e — = = =
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Measuring the Higgs Self-Coupling %

Reqwres h/gher Energ/es may be the u/t/mate Challenge In H/ggs PhySICS

—-—_h——‘—_&_—_— e S N — — e ———— = —  ———— e — — —

— e

* Two processes with double Higgs final states — ZHH @ 500 GeV
— vwHH @ 1 TeV
provide access to the self-coupling A: cross section depends non- M

T c linearly on A, measurements ' i '

& / I 1TeV 1 BSM @ 500GeV I

- L /'4 w" S — =% at different energies / of : : :

~ - : : ) ' -

ef b ‘(\ o o* \\4 different processes lift _ : -

/\ degeneracies : i f

. . | | ’Vg O....|....l....l....l....l....

the final state also receives contributions e 7
from the quartic coupling
- 1%

<c \/
o S P

N/
l-/\

e Ve,

e —— — e e — — = — = = —
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Measuring the Higgs Self-Coupling

Reqwres h/gher Energ/es may be the u/t/mate Challenge In H/ggs PhySICS

* Two processes with double Higgs final states

provide access to the self-coupling A:

&—> 2 N

L
L,

ef Y,

cross section depends non-
linearly on A, measurements
at different energies / of

\\4 different processes lift
/\V degeneracies

the final state also receives contributions

from the quartic coupling

ILC: Using the ZHH process
ANN ~ 27% with 4 ab-1 @ 500 GeV

B
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CLIC: A combination of ZHH (1.4 TeV) <« 1ef |},
and vwHH (1.4 TeV + 3 TeV), combining
cross section and Muy differential

AN ~[-7%, +11%] with

25ab 1@ 1.4 TeV,5ab1@ 3 TeV

~ 10% measurement feasible -
but only at multl TeV Colllder

— ZHH @ 500 GeV
— vwHH @ 1 TeV
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Interpreting Higgs Measurements
A Word on Fits
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* 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

e e e e ———— = —_— — =

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




Interpreting Higgs Measurements %
A Word on Fits O s £

_—— ——————— " ——
L — _ = — ——————— _— —

== e ————————————— e

* 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

Typical fits used in this context: Czu = 8iizz
C o 8izz8ibh
e “Model-independent” fit ZHH=bb Ty
. . , C. L Srww b
minimize a x¢ with 2= y (Ci—1) Hve Ve, H—bb Ty

2
all measurements: ~  AF

AF;. uncertainty of measurement

(0 or oxBR)
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total width as a free parameter: no
constraints imposed on BSM decays

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

Typical fits used in this context: Czn = 8hizz
C o 8172 8ib
e “Model-independent” fit ARLH=D Iy
. . , C. L Srww b
minimize a x2 with =Y (Gi—1) Hv. Ve, H=bb T
all measurements: ©AF?

AF;. uncertainty of measurement
(0 or oxBR)

* “Model-dependent K” fit the same as the MI fit, with the total width

constrained to the sum of the SM decays
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total width as a free parameter: no
constraints imposed on BSM decays

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

T
2 ! 2
K = I — Z K~ BR
I Fi|SM H.md i ] l
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* 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

Typical fits used in this context: Czn = 8iizz
02 o2 total width as a free parameter: no
_ _ Comtri = HZZ5Hbb | |
e “Model-independent” fit ’ Iy constraints imposed on BSM decays
. D i , C. L Srww b |
minimize a x2 with =y (Ci—1) Hve Ve, H—+bb Ty N.B.: Not fully model independent,
all measurements: : z AF:: uncertainty of measurement does not account for certain possible
(0 or oxBR) BSM features of HV couplings
* “Model-dependent K” fit the same as the Ml fit, with the total width 2 L Fima = ¥ 2 BR
constrained to the sum of the SM decays © Tilsm Hhmd = B

 “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 K fit, includes connections between W and Z couplings
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Perspectives on Precision %

Still in flux - Meant as a rough Guide
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 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 technigques, systematic
uncertainties and machine parameters / running scenarios,...

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

ILC 250 ILC 500 CLIC 380 |CLIC 3 TeV |[CEPC FCCee 240 |[FCCee 365 | ILC 250: 2 ab1 @ 250 GeV
OgHzz/QHzZz 0.38 0.30 0.6 0.6 0.25 0.25 0.22 ILC 500: +0.2 ab-1 @ 350 GeV
SgHWW/gHWW 1.8 0.40 1.0 0.6 1.4 1.3 0.47 + 4 ab-1@ 500 GeV
OgHblb/Hbb 1.8 0.60 2.1 0.7 1.3 4 0.68 CLIC 380- 1 ab-! @ 380 GeV
OgHcc/ QHec 2.4 1.2 4.4 1.4 2.2 8 1.23 CLIC 3 TeV: + 2.5 ab-1 @ 1.5 TeV
OQHgg/JHgg 2.2 0.97 2.6 1.0 1.5 1.7 1.03 + 5 ab1@ 3 TeV
OQH™/gH™ 1.9 0.80 3.1 1.0 1.5 4 0.80
SGHuu/ GHyn 5.6 5.1 5.7 8.7 9.6 8.6 CEPC: 5.6 ab' @ 240 GeV
59Hyv/Ghyy 1.1 1.0 2.3 3.7 4.7 3.8
St/ gHt i 6.7 ] 3.0 ] ] ] FCCee 240: 5 ab-1@ 240 GeV
ST H/TH 3.9 1.7 4.7 2.5 2.8 2.8 16 | FCCeess +1.5ab7 @365 Gev
o Future‘Detectors - MPP Project RevieW,tDece}nTb;r 268 - TFrank Simon (fsimon@rr;pp.mpg.de) Z; :
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 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 technigques, systematic
uncertainties and machine parameters / running scenarios,...

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

ILC 250 ILC 500 CLIC 380 |CLIC 3 TeV [CEPC FCCee 240 [FCCee 365 | ILC 250: 2 ab1 @ 250 GeV

SQHz2/ QHzz 0.38 £€4=7 0.30 0.6 oot 0.25 0.25 ety 0.22 ILC 500: +0.2 ab! @ 350 GeV

SGHWW/QHWW 1.8 0.40 1.0 1.4 3 0.47 + 4 ab1 @ 500 GeV

OgHblb/Hbb 1.8 0.60 2.1 1.3 4 0.68 CLIC 380- 1 ab-! @ 380 GeV

OQHcce/ QHcc 2.4 1.2 4.4 1.4 2.2 3 1.23 CLIC 3 TeV: + 2.5 ab-1 @ 1.5 TeV

OQHgg/ QHgg 2.2 0.97 2.6 1.0 1.5 1.7 1.03 + 5 ab1@ 3 TeV

OgH™/ QHr 1.9 0.80 3.1 1.0 1.5 4 0.80

5QHuW/ GHup 5.6 5.1 5.7 8.7 9.6 8.6 CEPC: 5.6 ab™' @ 240 GeV

5GHy/GHyy 1.1 1.0 2.3 3.7 4.7 3.8

St/ gHt i 6.7 ] 3.0 ] ] ] FCCee 240: 5 ab-1@ 240 GeV

ST H/TH 3.9 1.7 4.7 2.5 2.8 2.8 16 | FCCeess +1.5ab7 @365 Gev
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Perspectives on Precision %

Still in flux - Meant as a rough Guide
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 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 technigques, systematic
uncertainties and machine parameters / running scenarios,...

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

ILC250 |ILC500 |CLIC380 |CLIC3TeV |[CEPC FCCee 240 |FCCee 365 | ILC 250: 2 ab' @ 250 GeV

OQHzZ/QHzz 0.38 0.30 0.6 0.6 0.25 0.25 0.22 ILC 500: +0.2 ab-' @ 350 GeV

SGHWW/GHWW 1.8 =7 0.40 1.0 e=™ 0.6 1.4 1.3 ep= 0.47 + 4 ab1 @ 500 GeV

OgHblb/Hbb 1.8 0.60 2.1 0.7 1.3 4 0.68 CLIC 380: 1 ab- @ 380 GeV

OGHce/Hec 2.4 1.2 4.4 1.4 2.2 8 1.23 CLIC 3 ToV: 4 2.5 ab! @ 1.5 TeV

6QHag/GHgg 2.2 0.97 2.6 1.0 1.5 1.7 1.03 4 5 ab1 @ 3 TeV

SQHT/ QHrr 1.9 0.80 3.1 1.0 1.5 4 0.80

SGHu/ GHu 5.6 5.1 5.7 8.7 9.6 8.6 CEPC: 5.6 ab' @ 240 GeV

SGHy/ GHyy 1.1 1.0 2.3 3.7 4.7 3.8

Sght/grt ] 6.7 i 3.0 ] ] ] FCCee 240: 5 ab-1@ 240 GeV

ST H/Th 3.9 1.7 4.7 2.5 2.8 2.8 16 | FCLee365:+1.5ap7 @365 Gev
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 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 technigques, systematic
uncertainties and machine parameters / running scenarios,...

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

ILC 250 ILC 500 CLIC 380 |CLIC 3 TeV |CEPC FCCee 240 |[FCCee 365 | ILC 250: 2 ab-'@ 250 GeV
OQgHzz/QHzz 0.38 0.30 0.6 0.6 0.25 0.25 0.22 ILC 500: +0.2 ab-1 @ 350 GeV
SgHWW/gHWW 1.8 0.40 1.0 0.6 1.4 1.3 0.47 + 4 ab-1@ 500 GeV
OgHblb/Hbb 1.8 0.60 “ 2.1 0.7 1.3 4 0.68 ‘ CLIC 380: 1 ab! @ 380 GeV
OQgHcc/GHec 2.4 1.2 4.4 1.4 2.2 .8 1.23 CLIC 3 TeV: + 2.5 ab-1 @ 1.5 TeV
OQHgg/QHgg 2.2 0.97 2.0 1.0 1.5 1.7 1.03 +5ab1@ 3 TeV
OQHT/QHr 1.9 0.80 3.1 1.0 1.5 4 0.80 ¢
SQHu/ Gy 5.6 51 | 5.7 8.7 9.6 8.6 | | CEPC:5.6ab'@ 240 GeV
SGHw/GHyy 1.1 1.0 2.3 3.7 4.7 3.8
Sght/grt ] 6.7 | ] 3.0 ] ] ] FCCee 240: 5 ab' @ 240 GeV
ST/ 39 el 17 47 ’“T“;? 5 58 > 8 “'1“:? 16 FCCee 365: + 1.5 ab' @ 365 GeV
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A Closer Look at ILC - In relation to LHC

Based on ,orellm/nary numbers In preparat/on for the ESU

e |LC (and other et+e- colliders) provide model-independent

measurements of couplings - can be used to extend

i
— 35 _
P Model Independent Fit
(8) 3 ® HL-LHC&®ILC2%0 | ' |
C B HL-LHC ®ILC250 © ILC500 I - .
S | s model independence to
S dark/light: S1*/S2
3 oI e _
O all numbers PRELIMINARY, I
C final version in ESU
< o J) USSR P D p—— _
o
E I
7p)
c) NN R RN PR FARaaREE | 0 RN PR —
ks 1.5 I
I
‘S [ R R NN I e B B = = we i —
-
9
O N R L . DR —_
2 0.5
x I I I | I
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LHC measurements
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A Closer Look at ILC - in relation to LHC %

Based on prellm/nary numbers In pre,oarat/on for the ESU

Z W b = CFVth L

ﬁﬂ
2 20

e |LC (and other et+e- colliders) go substantially beyond HL-
LHC precision for a model-dependent analysis of Higgs

A
9 3.5 Model Independent Fit e |LC (and other et+e- colliders) provide model-independent
S g ®HLtHcewcso _ measurements of couplings - can be used to extend
C B HL-LHC ®ILC250 © ILC500 I - .
S dariliaht: S14/S2" model independence to LHC measurements
S 2 5 ark/light: s1%/s2* (& . & .
@) .
O all numbers PRELIMINARY, I —_—
CC) final version in ESU 32 6 _ModeIDependentFn(FBSM:O & no anom. hZZ/hWW coupl.)
8 2 D I DN N T ;I B HL-LHC [indico.cern.ch/event/756370]
o =% - B HL-LHC ®ILC250
28 g [ — I .................................................................... — S bHBpF W B HL-LHC ®ILC250 @ ILC500
=) o i dark/light: S1/S2
q:E © all numbers PRELIMINARY, final version in ESU
O 1 ...................................................................................... —_ CC)
- 7p)
O Q
O NERI|— ... DR L _—
e I | I I :
> I I >
al O E
@)
S
%
O
o
al

results - 1 order of magnitude improvement in key channels £ Wb /2 M20
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Discovery Stories in the Higgs Sector
An ILC Exap/e
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Integrated Luminosities [fb™]

NN SURN VRS JUUNL NUAN VRN SO VRS VRN VAN VRN EUURN RV FOURR. UV U VR RUUNS NOUUS, NV RN R RO FOOURL NN AN g

4000 - ILC, Scenario H20-staged-dBS ! ; .-
. —— ECM =250 GeV o

- —— ECM =350 GeV : 5 -

3000 | T T O —
- —— ECM =500 GeV -

2000 ? ; B SO % ........................... ) A % ...... -
1000 f" ; Sl ; ......................... ; ........................... g ______ —
I -

25
years

10

* Precision measurements of couplings
may show deviations from the Standard
Model
* “Fingerprinting” of deviation pattern

reveals underlying mechanisms

Future Detectors - MPP Project Review, December 2018
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Discovery Stories in the Higgs Sector
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An ILC Exam,ole
Integrated Luminosities [fb™] S 20 B
I I I I I I I I I I I I I I I I I I I I SM
4000 T LTI UL DU IUOL U S UL . | ........................... | ...... —] y )
- ILC, Scenario H20-staged- dBS - ILC 250 GeV 2 ab 8 C
. —— ECM =250 GeV - PMSSM 16 S
3000 | — ECM =350 GeV ........................... ...... _ 2HDM-II Higgs and cTGCs ‘ _F:D
T EOM=500Gev | ' DMLY EFT interpretation 4 O
12 °E
2000 2HDM-Y =
10 S
Composite )
8 u —
1000 LHT-6 ©
6 ©
LHT-7 e
: . 4 O
0 - — Radion 4.9 E
0 10 25 5
vyears Singlet 44 47
0
. : S o 2 2 L L Ray. Si
* Precision measurements of couplings W PSS 005 N 370N 500 T T Secto ey
may show deviations from the Standard * Discrimination power between models illustrated with
Model EFT fit of ILC projections
* “Fingerprinting” of deviation pattern
reveals underlying mechanisms arxiv:1708.08912
arX|v 1710. 07621
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Discovery Stories in the Higgs Sector

APRAY> S 2
An ILC Exam,ole
Integrated Luminosities [fb™] - 20 B
4000 L NS RN DU VNN UL SN UUUNL UUNDRL U UL DU L DL | ..... LI UL | ..... LI DL | ..... ! — SM y
- ILC, Scenario H20-staged- dBS _— ILC 250 GeV 2 ab 18 E
- T ECMz2s0Gev - PHSSM + 500 GeV 4 ab™ 16 S
3000 - ECM 350 GeV ........................... ............... ...... — 2HDM-II nggs and CTGCS - .-Ig
T EM = o005y DHONLX EFT interpretation 4 O
12 é
2000 2HDM-Y <
10 G
Composite N
8 . —
1000 LHT-6 E
6 O©
LHT-7 e
0 L L =
Radion
0 10 25 5
yearS Singlet
0
_ : Y
» Precision measurements of couplings S PMSS D5 101, 300 Ot 17> Facto, Pl
may show deviations from the Standard e Discrimination power between models illustrated with
Model EFT fit of ILC projections
» “Fingerprinting” of deviation pattern * higher energy may be decisive
reveals underlying mechanisms arxiv:1708.08912
arX|v 1710. 07621
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Linear Colliders

Plans for Facilities o
 Concrete worked-out designs for both facilities
* ILC: Technical Design Report in 2013 » CLIC: Conceptual Design Report in 2012
‘ Compeet Linear Collider (EI—.IC) (ﬁ’ ,{,c/»-*m . %
f B 380 GoV - 11.4 km (CLIC380) S ey ¢
| G 1.5 TeV-29.0km (CLIC1S00) &5 gl £ecH
(“ - 3.0 TeV - 50.1 km (CLIC3000) 5 d‘»“}’ i o
 Now proposed as a 250 GeV machine, * A staged machine, with an initial energy of 380 GeV
upgradeable to 500 GeV, with ultimate potential to and ultimate energy of 3 TeV
1-1.5TeV
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