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Two centennial events
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Further analysis, using general-relativity-based waveform models, shows that GW150914 is 
consistent with the coalescence of a binary black hole system, with the initial black holes massing 
36E;`L M

¤ and 29E;`; M
¤

 merging into a final black hole at 62E;`; M
¤

. The final object is more massive 
than any other previously known stellar black hole. Its luminosity distance is estimated to 410EY^F`YJF 
Mpc. Energy corresponding to 3.0 ± 0.5 M

¤
 was released in the event in the form of gravitational 

radiation. The analysis leading to these parameters and an investigation of the effects of waveform 
model systematics are described in B.P. Abbott et al. [41]. A direct comparison with numerical 
simulations in general relativity is shown in B.P. Abbott et al. [42].   
 

 

Figure 5: Top: The 
calculated gravitational-
wave amplitude. Bottom: 
The Keplerian effective 
black hole separation, in 
units of the Schwarzschild 
radius, and relative 
velocity, in units of the 
speed of light (figure from 
[12]). 

 
 
The probability of the event occurring by chance, due to coincident background noise in the two 
detectors was estimated to be less than 2´10-7. The corresponding false alarm rate is one event in 
203000 years. Searches for long-range correlations between the two sites showed no evidence for 
significant temporally correlated disturbances [12] (see also [43]). 
 
 
Figure 5 shows the numerical-relativity based waveform for GW150914 using the estimated black 
hole parameters. 
 
Gravitational-wave detectors have very poor spatial resolution. Given the coincident observation 
at the two LIGO sites, the source of GW150914 could only be mapped out as an arc on the sky 
located mainly in the southern hemisphere. This region was studied in many follow-up campaigns 
looking for coincident electromagnetic signals in radio, optical, infrared, X-ray and gamma-ray, 
and for coincident neutrinos. No significant coincidences were reported.  
 
Two additional significant detections of passing gravitational waves, GW151226 and GW170104 
[13, 14], have been reported. GW170104 was again a loud event, first identified by inspection of 
low-latency triggers from the Livingston detector. GW151226 was found using a matched-filter 
procedure. In both cases, the observations could be interpreted in terms of the merging of black 
holes.  
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the source parameters, which are then refined using numerical simulations of binary black hole 
mergers.  
 
 

 
 
Figure 4: The gravitational-wave event GW150914. Left column: LIGO Hanford (H1) time 
series, filtered (top panel); theoretical waveform for a system with parameters consistent with 
those for GW150914 and the residual remaining after subtraction of the theoretical waveform 
from the observed, filtered time series (middle panels); time-frequency representation of the 
strain data (bottom panel). Right column: corresponding information for the LIGO Livingston 
(L1) observation. For a visual comparison, the top right panel shows as an overlay the H1 data, 
corrected for the difference in the detectors’ relative orientation and shifted by the difference in 
arrival times of 6.9EF.;`F.L ms. All times are relative to the trigger time, September 14, 2015 at 
9:50:45 UTC (figure from [12]).  
 
 
Figure 4 [12] summarizes the observations: The signal increases in frequency and amplitude over 
200 ms, reaching a maximum amplitude at about 150 Hz. The most likely interpretation for this 
evolution is the inspiral of two orbiting massive bodies, while emitting gravitational radiation. 
Estimating the frequency and its time derivative from the data shown in figure 4, the formula for 
chirp mass indicates that the lower limit for the sum of the masses of the two objects is about 70 
M

¤
. The large total mass and the fact that the objects reach a relatively high frequency before 

merging points to inspiraling black holes. 
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6 Das neue Gebäude des 
Max-Planck-Instituts für Physik 

8 Von links oben
im Uhrzeigersinn: 
Hans-Peter Dürr, 
Norbert Schmitz, 
Léon Van Hove, 
Klaus Gottstein, 
Ulrich Stierlin

7 Raketen vom Typ Centaur transportierten 
wissenschaftliche Instrumente in den Weltraum
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96
0 Vorhandene grundlegende Theorien:

·  Paritätsverletzung in schwacher
Wechselwirkung (Lee, Wang, Wu 
1956/57)

·  Dunkle Materie (Zwicky)

·  Nukleosynthese (Entstehung von
Kernen, z. B. Helium, Lithium) im
Universum

Bekannte Teilchen:

Kaonen, Lambda-Teilchen – Prägung 
des Begriffs »Teilchenzoo«

Weltbild der Kosmologie:

Urknall-Theorien zur Entstehung des 
Universums (Gamov, Bethe)

19
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98
0 Vorhandene grundlegende Theorien:

·  Entwicklung des Standardmodells der
Teilchenphysik (Glashow, Salam,
Weinberg) – Ordnung im Teilchenzoo!

·  Quarkmodell

·  Quantenchromodynamik

Bekannte Teilchen:

Quarks (up, down, strange, charm, 
bottom), Leptonen, Vektorbosonen (W, Z), 
Gluon als Austauschteilchen der starken 
Wechselwirkung

Weltbild der Kosmologie:

Entdeckung der kosmischen 
Hintergrundstrahlung (»Echo des 
Urknalls«, Penzias, Wilson 1964)

0 9

1958

Research Programme 2017

Nobel Prize Gravitational Waves 2017

Kaiser-
Wilhelm-Institut für 

Physik

General Relativity



today



Rotational Curves of Galaxies

• Outer rim of galaxies is 
seen to rotate faster 
than expected from 
Newtonian mechanics 

• there is more mass 
than is seen 
interacting

Dark Matter



…executing the ongoing European Strategy 
for Particle Physics

!

!

 

CERN-Council-S/106 

 

Original: English 

 

7 May 2013 

!

!

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE 

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH 

 
!

!

 Action to be taken 

Voting Procedure 

 

 For Approval 
  EUROPEAN STRATEGY SESSION  

OF COUNCIL 16th Session - 30 May 2013 
European Commission 

Berlaymont Building - Brussels 

 Simple Majority of Member States represented and voting 
 

!

!

!

The European Strategy for Particle Physics  
Update 2013  

 
 
 

Having finalised its text by consensus at its Session of 22 March 2013, the Council is now 

invited to formally adopt the Update of the European Strategy for Particle Physics set out 

in this document. 



LHC as #1 tool…



Example of Dark Matter Search at the LHC
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Goal of LHC – Identify the Physics beyond the Standard Model

• Explore an energy regime that has 
not been chartered before 

• have entered 13 TeV regime in 
production mode 

• 14 TeV after Long Shutdown 2 
and possibly 15 TeV (study 
group) 

• Look for small deviations (small 
couplings) from the Standard Model 

• Precision measurements of (rare) 
processes 

• Higgs particle as a portal 

Luminosity need in both cases

direct search indirect search



H → fermions

Paolo Meridiani

OBSERVATION OF H➝!!

25

CMS HIG-16-043 

4.9σ (4.7σ exp)

4 !! channels (!h!h, e!h, μ!h, eμ) x 3 categories (0-jet, boosted, VBF) 
  2D fit signal extraction: m!! vs (! decay mode, pT, di-jet mass) 

Observation of !! decay mode from a single experiment: 4.9σ (4.7σ exp), 5.9σ when 
combined with CMS Run1  

sensitivity 
driven by VBF 
& boosted 
category

H → τ τ H → bb̄

H➝bb: Run1 ATLAS+CMS 2.6σ (3.7 exp) 

VH(➝bb) production: overcome large QCD background  

3 channels: 0,1,2 leptons 
Backgrounds: W/Z+jets, tt 
Observable: BDT including mbb 

Paolo Meridiani

EVIDENCE FOR H➝bb

26

ATLAS-CONF-2017-041

Evidence for VH(bb): 3.6σ when 
combined with ATLAS Run1

3.5σ (3.0 exp)

H➝bb: Run1 ATLAS+CMS 2.6σ (3.7 exp) 

VH(➝bb) production: overcome large QCD background  

3 channels: 0,1,2 leptons 
Backgrounds: W/Z+jets, tt 
Observable: BDT including mbb 

Paolo Meridiani

EVIDENCE FOR H➝bb

26

ATLAS-CONF-2017-041

Evidence for VH(bb): 3.6σ when 
combined with ATLAS Run1

3.5σ (3.0 exp)

eμ
μτh

e τh

τhτh

Using

4.9 σ 3.5 σfrom run 2



Search for dark photons

• Hypothesis: Dark sector not directly 
interacting with SM fields 

• Coupling through kinetic term with 
mixing ε 

• Dark photons A’ couple with 
strength 10-6<ε<10-2 and would 
open a portal for searches 

• LHCb searches (online) in µµ mode

Search for dark photons: A’→µ+µ−

• A promising  channel to detect dark photons is A’→µ+µ−

• The signal yield can be directly inferred from γ∗→µ+µ−: fully data driven analysis
• At LHCb: search for A’→µ+µ− in run 2 data (1.5 fb-1)
• Dedicated trigger in the TURBO stream

[LHCb-PAPER-2017-038]

Direct trigger output, no offline analysis!
Rate limited by L0 trigger: ε ~ 3%
[LHCb preliminary – 1.5 fb-1]

25/09/2017 SPC Meeting G. Passaleva 10

¨ �µµ(γ)

¨

ω/ρ ·
J/¹

¹ (2S) Υ(1S)

Z

Υ(2S)
Υ(3S)Search for dark photons: A’→µ+µ−

• Two signatures searched:
� Prompt decays (compatible with coming from primary vertex): mµµ < 70 GeV
� Long leaved:  214 < m(A’) < 350 MeV

• No signal found → exclusion plot

[LHCb-PAPER-2017-038]

• LHCb has sensitivity at the level 
of B-factories  in the low mass 
region

• Most stringent constraints for 
10.6 < m(A’) < 70 GeV

• First exclusion limits to long-lived 
dark photons at a non-beam-
dump experiment

• Main limitation from L0: ε ~ 3%
• Huge increase in sensitivity 

expected in run 3 thanks to the 
fully software trigger (no L0)

25/09/2017 SPC Meeting G. Passaleva 11

long-lived preliminary

√s = 13 TeV – 1.5 fb.1

Search for dark photons [new]

• As a possible explanation for dark matter, a 
“dark sector” is postulated, with fields not 
interacting directly with SM fields. 

• Dark fields interact with SM fileds through the 
lagrangian kinetic terms with a mixing strength 
ε.

• Dark vector fields A’ are called “dark photons” 
and they weakly couple to SM electromagnetic 
current with a coupling eε where 10-6 < ε < 10-2

depending on the models

• This mixing provides a “portal” for production 
and detection of A’ via SM particles (“visible 
dark photons”)

[LHCb-PAPER-2017-038]

25/09/2017 SPC Meeting G. Passaleva 9

coupling eε

LHCb



LHC schedule

3

HL-LHC parameters and timeline

Nominal LHC:   √s = 14 TeV, L= 1x1034 cm-2 s-1

Integrated luminosity ATLAS and CMS 300 fb-1 by 2023 (end of Run-3)

HL-LHC:          √s = 14 TeV, L= 5x1034 cm-2 s-1  (levelled)
Integrated luminosity ATLAS and CMS 3000 fb-1 by ~ 2035   

LS2 (2019-2020):
� LHC Injectors Upgrade (LIU)
� Civil engineering for HL-LHC equipment P1,P5
� First 11 T dipoles P7; cryogenics in P4
� Phase-1 upgrade of LHC experiments 

LS3 (2024-2026):
� HL-LHC installation 
� Phase-2 upgrade of ATLAS and CMS

Project timeline from radiation damage to machine components (inner triplets): end of lifetime ~2023

Schedule driven by radiation damage 
to inner triplet (eol: 2023)

HL-LHC 
High 

Luminosity 
Phase of LHC

Substantial upgrades for 
ALICE and LHCb; 
preparatory upgrades for 
ATLAS and CMS including 
civil construction

end of original LHC
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A few physics example for HL-LHC

• measurement of Higgs couplings 

• deviations may be at the few %-level 

• access to second generation couplings H→μμ 

• 20-30% larger discovery potential (8 TeV) 

• precision measurements

6

HL-LHC physics case

If new particles discovered in Run 2-3: 
Æ HL-LHC may find more and provide first 

detailed exploration of the new physics with 
well understood machine and experiments

Precise measurements of the Higgs boson 

E.g. H couplings (interaction strengths) to other 
particles with precision 2-5% (10% at nominal LHC)
New Physics can alter these couplings by < 5% 
Æ highest experimental precision needed to detect it 

In addition: measure H couplings to second-generation particles through rare HÆ μμ decay 
Nominal LHC: only couplings to (heavier) third-generation particles (top-quark, b-quark, 𝜏𝜏-lepton) 

1

Discovery potential for new particles

~20-30% larger (up to m ~ 8 TeV) than nominal LHC

2

3
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Æ HL-LHC may find more and provide first 

detailed exploration of the new physics with 
well understood machine and experiments

Precise measurements of the Higgs boson 

E.g. H couplings (interaction strengths) to other 
particles with precision 2-5% (10% at nominal LHC)
New Physics can alter these couplings by < 5% 
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SM Physics Menu on the LHC and HL-LHC Running Schedule 

Paolo Meridiani

TIMELINE BEYOND RUN2

36

150fb-1 300fb-1 

1000fb-1 

3000fb-1 

HL-LHC: >5E34 cm-2s-1 
>300 fb-1/year, pile-up >140 

Credits: A. David @ GRC 2017

– Beware: 20 years extrapolation 
– Nature may choose to serve 
surprises



Phase II Detector upgrades

– replace radiation-damaged components 
– enable detectors to withstand the rates at phase I performance



ATLAS ITk strips TDR (Phase II Upgrade)

• Settled on 5 pixel + 4 strips system 

• Only the strips are evaluated in TDR – 
although status of pixel mentioned 

• The pixel TDR will follow at the end of 
2017 

• Large document 
(>500 pages)
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Inner Tracker Strip Detector
ATLAS
Inner Tracker Strip Detector

Technical Design ReportTechnical Design Report

ATL-TDR-025 · LHCC-2017-005

3.2 The ITk Layout

Figure 3.5: Schematic layout of the ITk for the HL-LHC phase of ATLAS. Here only one quadrant
and only active detector elements are shown. The horizontal axis is the axis along the beam line
with zero being the interaction point. The vertical axis is the radius measured from the IP. The outer
radius is set by the bore of the solenoid.

depending on the ring layer and h position. The pixel layout will be presented in detail in
Section 3.2.2.

The tracking detector is surrounded by a polyethylene moderator to moderate neutrons.
This decreases the 1 MeV neutron equivalent silicon damage fluence arising from the flux
of neutrons entering from the calorimeters. Gaps will be preserved between sub-detector
parts to allow for supports, services, and insertion clearances.

3.2.1 Layout of the ITk Strip Detector

The ITk Strip Detector consists of a four-layer barrel section and one end-cap on each side
with six disks each to provide good coverage to within 10� of the beam axis. The strip sys-
tem covers ± 2.7 units of rapidity (see Figure 3.5). The strip barrel extends from -1400 mm
to +1400 mm along the z-axis. The radii at which the barrel layers are located and the z-
positions of the end-cap disks are chosen to optimise the number of hits on a track and the
pT-resolution. An overview of the geometry with the location of the sensing elements in
the strip barrel section is given in Table 3.1. The two inner layers of the barrel are equipped
with short strips of 24.1 mm length. The two outer layers have longer strips with 48.2 mm.
All strips in the barrel section have a pitch of 75.5 µm.

The strips in the end-cap are radially distributed and pointing to the centre of the beam-
axis. The strip lengths in the end-caps are optimised to keep the strip occupancy below
1%, resulting in varying strip lengths increasing from 19.0 mm in the region closest to the

27

10 Strip Detector Global Support

In this chapter, the global structures that have the primary role to locate robustly the sub-
structures carrying the strip modules are discussed: staves and petals in the barrel and
end-cap structures respectively. The structures will be largely made of carbon-fibre in or-
der to cope with large temperature variations up to 60�C. Whenever possible, interfaces are
glued, rather than bolted, with adhesives that are qualified for the expected radiation level
including safety factors.

Figure 10.1: Cross section of the outer cylinder that accommodates the strip barrel and end-cap
structures. The Pixel system (not shown) is placed in the inner tubes of these structures. The outer
cylinder is closed by structural end-plates (bulkheads).

Figure 10.1 illustrates the large structures that constitute the ITk Detector. These structures
are independently constructed and assembled at different institutes and later combined at
CERN. The strip structures, a barrel and two end-caps, are housed inside the outer cylinder
(OC) (7 m long by 2 m diameter) made with carbon fibre skins over a honeycomb core, see
Chapter 18 for a detailed description. The outer cylinder supports the strip barrel layers
through interlinks at its outer ends and the strip end-caps through a semi-kinematic rail
system. The elements of the interfaces directly attached to the strip structures are discussed
in the following.

227



Highest energy hadron colliders

From European Strategy of Particle Physics 
CERN should undertake design studies for accelerator projects in a global context, with emphasis on proton-
proton and electron-positron high-energy frontier machines. These design studies should be coupled to a 
vigorous accelerator R&D programme, including high-field magnets and high-gradient accelerating structures, in 
collaboration with national institutes, laboratories and universities worldwide. 



Future Circular Collider FCC

• Study for A 100 km ring providing collisions at 100 TeV cm 

• employs injector chain of CERN



High-field magnets

• Key to high energies 

• FCC and 

• HE-LHC = use of high field magnets in existing LHC ring 

• Technology 

• Nb3Sn allows ~16 T magnets that need to be developed (size, cost, industry…) 

• HL-LHC magnets provide a ~1.2 km test of the technology (11 T magnets) 

• an insert of HTS may increase field to 20 T (requires considerable research)



International Collaboration on Magnet Development

• Nb3Sn magnets: international R&D programme 

• several European countries and US LARP 
programme and its successor

1.2KM	of	LHC	modified



FCC Conceptual Design Report by end 2018

• pp-Collider (FCC-hh) – sets the boundary conditions 

• 100 km ring, √s=100 TeV, L~2x1035  

• HE-LHC is included (~28 TeV) 

• e+e--Collider as a possible first step 

• √s= 90 - 350 GeV,  
L~1.3x1034 at high E 

• eh-Collider as an option 

• √s=3.5 TeV, L~1034 



Highest energy with lepton colliders



Compact Linear Collider CLIC

• e+e- collider 1-3 TeV 

• currently only option for the TeV 
region 

• 380 GeV study has been completed  
both for 2-beam and klystrons 
approach; now explore 250 GeV  

• decisive input to next update of 
European Strategy for Particle 
Physics

- CDR 2013 
- CTF3 has provided key results 

- experimental programme ended 2016 
- ready for a demonstrator 



Beyond current technologies



AWAKE – proton driven plasma wakefield acceleration

• Single stage acceleration to high energy 

• plasma allows few GeV/m acceleration 

• exhaust the 20 kJ energy per bunch at 
the SPS and transfer the energy to the 
witness bunch 

• Idea: generate the field where and when 
you need it 

• CLIC analogy with metallic structures

Proton!Drivers!for!PWFA!
Proton!bunches!as!drivers!of!plasma!wakefields!are!interes8ng!because!
of!the!very!large!energy!content!of!the!proton!bunches.!!!
!
Drivers:(
PW!lasers!today,!~40!J/Pulse!
!
FACET,!30J/bunch!
!
SPS!20kJ/bunch!!
LHC!300!kJ/bunch!
!
Witness:(
1010!par8cles!@!1!TeV!≈!few!kJ!
!
Energy!content!of!driver!allows!to!consider!single!stage!accelera8on!

December!13,!2016! SPC,!CERN!
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AWAKE

• Charge fluctuations in the bunch 
(or external laser pulse) starts to 
seed a plasma at the characteristic 
wavelength 

• self-modulates the charge 
density of the proton bunch 

• electrons injected into the 
plasma would then be 
accelerated 

Seeded!self&modula8on!instability!of!a!long!
proton!bunch!in!plasma!

λp!=!1.2!mm!

December!13,!2016! SPC,!CERN!

No!plasma!

Second!half!of!the!proton!bunch!sees!plasma!

protons(Wake(poten0al(

AWAKE:!Experimental!Program!

Distance in beam (z)

l
 [n

 e0
]

0.0

-0.4

-0.8

-1.2

0.20

0.10

0.00

pl
as

m
a

ra
di

us
 (r

)

Propagation direction
8.3 meters

Ope

aVr l
be

am
 [n

 e0
]

Pl
as
m
a!
el
ec
tr
on

!d
en

sit
y!
ρ p

la
sm

a!

Pr
ot
on

!b
ea
m
!d
en

sit
y!
ρ b

ea
m
!

SelfUmodulated(proton(bunch(
resonantly!driving!plasma!
wakefields.!

laser!pulse!

proton!bunch!
gas!plasma!

Laser((
dump(

SPS(
protons(

10m!

SMI(

Proton((
beam((
dump(

Laser(

Proton(diagnos0cs(
BTV,OTR,(CTR(

p((

Phase!1:!Understand!the(physics(of(selfUmodula0on(instability.!

December!13,!2016! SPC,!CERN!



AWAKE Set-up

• Installation at former 
proton beam line for 
neutrinos to Gran Sasso 

• experimental area for 
plasma cell and electron 
injector
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Observation of Transverse Blow-up of beam

• Considerable 
transverse blow-up 
of beam  

• only possible in 
the presence of 
large electrical 
fields

SPC,!CERN!

Success!!!
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with!very!strong!electric!fields!!!



AWAKE: First observation of self-modulation
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AWAKE Overview

• Understand the physics 
of self-modulation 
instability 

• Probe the accelerating 
wakefields with externally 
injected electrons
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AWAKE: Run II
Run!II!

!
!

December!13,!2016! SPC,!CERN!

Goals:!!
•  stable!accelera8on!of!bunch!of!electrons!with!high!gradients!over!long!distances!
•  ‘good’!electron!bunch!emixance!at!plasma!exit!!!!

Require:!
•  Compressed!proton!beam!in!SPS!
•  Short!electron!bunch!with!higher!

energy!for!loading!wakefield!
•  Density!step!in!plasma!for!freezing!

modula8on!
•  Alterna8ve!plasma!cell!developments!



e+e- collider

From European Strategy of Particle Physics 
There is a strong scientific case for an electron-positron collider, complementary to the LHC, that can study the 
properties of the Higgs boson and other particles with unprecedented precision and whose energy can be 
upgraded. The Technical Design Report of the International Linear Collider (ILC) has been completed, with large 
European participation. The initiative from the Japanese particle physics community to host the ILC in Japan is 
most welcome, and European groups are eager to participate. 
 
Europe looks forward to a proposal from Japan to discuss a possible participation. 



International Linear Collider ILC

• e+e- collider √s = 0.5 TeV 
(upgradeable to 1 TeV) 

• precision Higgs and Top 
programme and beyond 

• Ministry MEXT continues to 
evaluate the implications of 
hosting ILC in Japan w.r.t. cost, 
manpower (skills) - Project is mature (TDR 2012) 

- hosting evaluated by Japanese government 
- expect (some) statement by the end of 2018 



Japanese developments since release of TDRSituation in Japan (MEXT)

5

ILC Advisory Panel 
¾ Setup by MEXT in May 2014
¾ Activities in the first year (May 2014-June 2015)

Elementary particle and nuclear physics WG, TDR-validation WG
1st Nomura Research Institute survey (Spin-off and research trend)
Summary of the ILC advisory panel’s discussions to date 

¾ Activities in the second year (June 2015-July 2016)
Human resource securing and developing WG
Report on measures to secure and develop human resources for the ILC
2nd Nomura Research Institute survey (technology issues)

¾ Activities in the third year (July 2016-July 2017)
Management and organizational structure WG, 3rd survey on large international projects
Report on ILC  management and organizational structure (English translation being prepared) 

¾ The Panel activity will continue.

MEXT-DOE discussion group 

1st meeting in May 2016 in Washington,  A meeting in August 2016 during ICHEP 2016
2nd meeting in October 2016, decided to start US-Japan cooperative R&Ds for ILC cost reduction.
Discussion group meetings will continue.

Slide from Y.Okada

Various country visits to 

explore reg
ional interes

t

US–Japan discussion first



ILC – Technical Developments

• Recent Proposal to start with 250 GeV cm 

• Higgs precision studies complementing LHC 

• contrast with HL-LHC results and theory assumptions 

• Upgrade option needs to be preserved to tackle top 
threshold 

• TDR cost of ~8 bn ILCU* can be reduced by ~40% for 
250 GeV machine 

• Japanese hosting discussion reinvigorated

Technical focus and changes

CERN strat. session, 29.9.2017, Steinar Stapnes

Site specific studies 

Technical developments for most accelerator systems -
high Q improvements for example 

E-XFEL at DESY successfully constructed and put into 
operation – a key technology demonstration

Recent proposal to start with an initial energy of 250 
GeV (physics impact report) – key issues:
- Higgs precision depends significantly on HiLumi

performance and theory assumptions (link)
- Below ttbar threshold
- Reduced search capabilities 
Nevertheless, provides impressive precision, and 
remains upgradable 

TDR costs of ~8 BILCU for 500 GeV (ILCU = 2012 US$ 
estimate used in the TDR) can be reduced by up to ~40% 

* 1 ILCU = 1 $US in 2012



ILC Project Phases

2017 – 2018 Pre - preparation phase  

• The ongoing activities with relevance to the ILC in Europe are reviewed. 

2019 – 2022: Preparation phase  

• This period needs to be initiated by a positive statement from the Japanese government about 
hosting the ILC, followed by a European strategy update that ranks European participation in the ILC 
as a high-priority item. The preparation phase focuses on preparation for construction and agreement 
on the definition of deliverables and their allocation to regions. 

2023 and beyond: Construction phase  

• The construction phase will start after the ILC laboratory has been established and intergovernmental 
agreements are in place. At the current stage, only the existing capabilities of the European groups 
relevant for this phase can be described. 



Pre-preparation phase – current focus areas (2017-2018)

Focused R&D on some key areas (cost, power, technically critical)

S Stapnes at 

Sep 2017 

Council 

Session



Pre-preparation phase – European XFEL and ESS 

• Expertise across all essential parts of ILC
• Facilities set up in Europe
• Industrial capacity in Europe
• E-XFEL: ~7% of a 250 GeV ILC (~100 

modules) 

• ESS cryo-module 
production next

• Expertise/facilities 
being maintained 
and developed 

S Stapnes at 

Sep 2017 

Council 

Session



ATF2: International 
collaboration with 
many European 
groups:
• Final focus studies 

(crucial for LC 
luminosities)  

• Extensively used 
for Ph.D training  

11

Pre-preparation phase – Common studies w/CLIC, ATF2  KEK

Many obvious common areas for ILC/CLIC, 
beyond RF technologies:
• Common WGs on Beam-dynamics, Sources, 

MDI, DRs, RTML, BDS (yearly LC workshops 
built around these WGs/topics – all with 
CLIC co-conveners) 

• Cost and power studies and comparison 

S Stapnes at 

Sep 2017 

Council 

Session



Pre-preparation summary:

Europe has played – and continues to play – a 
central role in development of the ILC project

Large European projects are being implemented 
where the ILC/SCRF technology is being put to use 
and is being validated

European Industry is well prepared to construct 
parts for ILC  

Pre-preparation phase – Detector studies and final overview 
S Stapnes at 

Sep 2017 

Council 

Session



Construction phase 2023 and beyond  

So premature to plan in detail, however some comments can be made:
• Focus on technical items for ILC (not CE and infrastructure) 
• E-XFEL ~7% of a 250 GeV ILC – and more than 10% of the cryo-modules needed 
• Detector construction expected to follow LHC detector model 
• Spending significantly above the levels mentioned on previous page only by ~2025-26 

The construction phase will start after the ILC
laboratory has been established and inter-
governmental agreements are in place. At the
current stage, only the existing capabilities of the
European groups relevant for this phase can be
described.

As mentioned above, the detailed contributions
will have to be defined during the preparation
phase and formalized by inter-governmental
agreements. Some contributions from Europe are
imperative for the project - most prominently
superconducting RF modules.

S Stapnes at 

Sep 2017 

Council 

Session



Preparation Phase 2019-22: Key activities 
This period needs to be initiated by a positive statement from the Japanese government about 
hosting the ILC, followed by a European strategy update that ranks European participation in the ILC 
as a high-priority item. The preparation phase focuses on preparation for construction and 
agreement on the definition of deliverables and their allocation to regions.
• The European groups will concentrate on preparation for their deliverables, including European 

industry. 
• Europe and European scientists, as part of an international project team, will also participate in 

the overall finalization of the design, while in parallel contributing to the work of setting up the 
overall structure and governance of the ILC project and of the associated laboratory. 

S Stapnes at 

Sep 2017 

Council 

Session



ν-physics

From European Strategy of Particle Physics 
Europe should explore the possibility of major participation in leading long-baseline neutrino projects in the US 
and Japan. 



Neutrinos at CERN

• Long tradition 

• detection of neutral currents at Gargamelle in 1973 

• CDHS and CHARM… 

• More recently 

• CNGS 

• sending neutrinos from CERN to Gran Sasso



CNGS 2006 - 2012

• CERN ν-beam to Gran Sasso

1.8x1020 p.o.t.



OPERA

• 5 ντ were detected in 
emulsion detector 

• Detection of νμ → ντ 
oscillations



ICARUS at Gran Sasso

• LArTPC 

• search for νμ → νe 
oscillations and 
LSND effect 

• Pνμ→νe ≤ 5.4x10-3 
@ 90%CL 

• search for νμ → ντ 
oscillations



Neutrino Physics at CERN in the LHC era

• with the ESPP of 2012…  
…decision to end CNGS in 2012 

• Establishment of a Neutrino Platform at CERN 

• as a springboard for European Physicists to engage in accelerator based 
neutrino physics in the US and in Japan 

• Detector development (initial emphasis on Lar TPC) 

• Extension of EHN1 hall
Charged particles from SPS 

available



Fast entry into Short Baseline Programme at Fermilab

• ICARUS 

• ended data taking at LNGS 

• pioneered LarTPC technology 

• space at LNGS had to be cleared



ICARUS overhaul at CERN (WA104 - NP01)

• Detector upgrade 

• more PMTs 

• new cathode, inner cabling 

• new electronics 

• Scintillator layer (cosmic tagger) 

• New cryostat and cryogenic plant 

• Reassembly of the 2 T300 modules inside cryostats and shipment to Fermilab



Sterile neutrino search

28

Sterile Neutrino (MINOS+DYB+Bugey-3)

New Analysis in May 2017

28

Sterile Neutrino (MINOS+DYB+Bugey-3)

New Analysis in May 2017



Short baseline programme at Fermilab

• To resolve experimental 
inconsistencies in the 
measured ν-spectrum 

• SBND (near detector) 

• MicroBooNE 
(operating) 

• MiniBooNE 

• refurbished ICARUS 
arrived at Fermilab

Lockyer | INC March 30, 20175



ICARUS Trip

CERN Fermilab

Burns Habor



ICARUS arrival at Fermilab

• Novel cryostat 
technology for ICARUS 

• based on GTT 
technology well 
established for 
vessels carrying 
liquid gases 

• much more 
demanding on 
stability
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J-PARC at Neutrino Platform

• 3% precision H2O/CnHn 
cross-section ratio 

• Study of νμ energy 
reconstruction 

• wide angle θ coverage 

• complementary to 
ND280



Long baseline neutrino programmes

• Fermilab is constructing a  
long baseline neutrino facility 
(LBNF), a wide band neutrino 
beam to the DUNE experiment 
(40 kt LArTPC) in South Dakota 

• Tokyo is considering Hyper-K 
(water Cherenkov detector) at 
Kamioka 

• Goals: neutrino-oscillation 
parameters, mass hierarchy and 
CP-violation, …



CP violation

• Both Noνa and T2K see slight 
preference for CP violation in neutrino 
sector 

• angle around 270°  

• good prospects for large mass 
detectors 

16

θ13 from reactor exp.
CP-conservation excluded @90% CL
NH -2.978 ~ -0.467 (90 %CL)
IH -1.466 ~ -1.272 (90 %CL)

T2K

T2K: From J-Parc to Super-K (295 km)
θ23 = 45˚?
NOvA: Exclude maximal mixing at 2.6σ
T2K: consistent with maximal mixing

17

NOvA 

Constraints:
• global reactor constraint of  

sin22θ13=0.086±0.05
• solar neutrino osc. parameters to PDG
• Sin2θ23 & 'm2

32 and with NOvA Qμ
disappearance results

J.M.Bian@ ICHEP2016

• Global best fit: Normal Hierarchy, 
δCP = 1.49π, sin2θ23 = 0.4

• IH, δCP~π/2 is rejected (3σ) for 
lower octant

• Both octants and MHs are allowed at 
1σ, best fit IH-NH: Δ𝜒2=0.47

NOvA: From Fermilab to Minnesota (810 km)

Noνa

T2K



LAr Technology

• LarTPC large scale active detectors 

• few mm precision 

• good energy resolution



Neutrino Platform at CERN
To develop experimental 
techniques, e.g. 
protoDUNE 
– single phase LArTPC 
– double phase LArTPC

Lockyer | INC March 30, 201711

CERN Neutrino Platform
CERN support of international neutrino program
• Major CERN infrastructure investment for DUNE: 

– New building: EHN1 extension in the North area
– Two tertiary charged-particle beam lines
– Two large (8x8x8m3) cryostats & cryogenic systems

ProtoDUNE-DP ProtoDUNE-SP

Beneficial�occupancy
later�this�year

11/08/2016 Mark Thomson | DOE Review of LBNF/DUNE29

Building blocks of 
DUNE detector



Preparing the protoDUNE cryostat structures at CERN

at the neutrino platform

preparing the cryostat 
inner structures

active volume 6x6x6 m3 



LBNF / DUNE - far detector

• Sanford Lab Reliability FY16 – 18 (~30M$) 

• Ross shaft rehab; Hoist motor rebuild… 

• Pre-Exc Construction FY17 – 18 (~15M$) 

• Rock disposal systems 

• Ross headframe upgrade, more… 

• Excavation & Surface Construction  
FY19 – 22 (~300M$) 

• Cryostats/Cryogenic Systems  FY20 – 25 
(In kind)



International DUNE Project



Towards 2020 Update of European Strategy for Particle Physics

– LHC and HL-LHC exploitation (√) 
– Prepare for the next step at the energy frontier 
– Rich diversity programme…



LHC and its injector chain used for physics

• LHC 

• ongoing Run 2 @ 13 TeV 

• Injectors supporting 

• Fixed target programme 

• ISOLDE (isotopes) 

• n-ToF 

• AD-programme

⎫ 
｜ 
⎬75% of all p 
｜ 
⎭



Physics Beyond Collider Study

• Kickoff meeting held in September 2016 
Follow-up in November 2017 

• Study of fixed target programme 
 
 
…even with LHC beams

C. Vallée, SPC 299, Sept. 13th 2016 Physics Beyond Colliders 12

Similar layout as NA62,
with larger acceptance to
reach the c / b mass range

Beam Dump Facility
already under study

at CERN

SHiP: 
Flagship program for a comprehensive investigation 

of the Dark Sector in the few GeV domain

Exploits the unique high-E/ high-I SPS features

Physics Beyond Colliders 13

Dark sector search complementary to SHiP: 
invisible decays from missing energy

First implementation in 2016 by NA64 on an electron test beam
Wish to extend the method to μ / π / K / p beams

(+ possibly higher intensity e’s with AWAKE techno)

C. Vallée, SPC 299, Sept. 13th 2016 Physics Beyond Colliders 14

New ideas: Fixed Target physics with LHC beams

Upstream 
of LHCb
and/or 
ALICE

Internal gas target
or

Crystal extraction

SMOG

UA9

Proposed for measurement of 
magnetic moments of short lived baryons

Proposed for comprehensive PDF/Spin/HI
measurements in a new kinematical domain 

SMOG



PBC Study cont’d: Beam Dump Facility (BDF)

Joint operation of North 
Area and BDF

Beam	Dump	Facility	(BDF)	Project



PBC Study cont’d: Proton EDM 

Study of an all-electrostatic storage ring

Strategiegespräch Verbundforschungsförderung Förderperiode 2018-2021 Physik der kleinsten Teilchen - CERN Christoph Rembser         

Examples of PBC studies

9

COMPASS after LS2:  
exotic states spectroscopy 
complementary to LHCb/PANDA

NA62 after LS2:
K0 decays 
complementary 
to K+ decays 
for the  
CKM matrix 
and 
BSM searches

Beam dump experiments for hidden-sector particles searches, 
e.g. heavy neutral lepton searches 

Storage ring
for proton EDM:
CP-violation testcurrent limits

HNL mass

Coupling

16

New idea: Pure Electrostatic Storage Ring for proton EDM
10-29 e-cm sensitivity would correspond to 100 TeV for new physics energy scale.

Pure electrostatic ring applicable to proton only

Sensitivity of 10-29 e-cm corresponds to 
100 TeV for new physics scale



Possible realisation at CERN in ISR building

Polarized	
proton	source

Polarized protons with 
p = 0.7 GeV/c, v/c = 0.6



Summary

• Experimental Programme of LHC extremely rich; long range experimental programme guarantees 
physics return 

• by exploring the highest energies 

• by searching for violations of the SM in (highly sensitive) rare decays 

• Preparing Update of the European Strategy for Particle Physics 

• LHC and HL-LHC 

• Energy Frontier (FCC / CLIC) and R&D beyond 

• Accelerator based neutrino programme (US & Japan) 
via neutrino platform 

• Vibrant physics programme Beyond Colliders

2018 (end): reports on Physics 
2019: community discussion 
with input from other regions


