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• 30 years after  LHC   
kick-off meeting 
(1 year after W discovery)

• similar scale of ambition, and  
readiness to invest in  
extraordinarily  
challenging enterprises

• maybe easier boundary  
conditions then :  LEP (tunnel)  
already approved….



Wednesday 12 February 2014
Registration opens - MR170 (12:00-13:30)

Session 1a - Opening (Chaired by Giuseppe IACOBUCCI/Alain BLONDEL -
University of Geneva) - MR380 (13:30-15:00)
time title presenter
13:30 Welcome VASSALLI, Jean-Dominique

BLONDEL, Alain
13:40 Opening & Introduction HEUER, Rolf

14:00 Energy frontier after the Higgs discovery ARKANI-HAMED, Nima

14:30 Precision frontier at high energies GROJEAN, Christophe

Coffee break - (15:00-15:30)

Session 1b - Opening (Chaired by Alex MUELLER - CNRS/IN2P3) - MR380
(15:30-17:45)
time title presenter
15:30 CERN roadmap BORDRY, Frédérick

15:50 FCC study BENEDIKT, Michael

16:20 Chinese activities for circular colldiers WANG, Yifang

16:40 US activities related to circular colliders studies HENDERSON, Stuart

17:00 Cultural, economical and societal impact of big science projects WOMERSLEY, John William

Welcome drink - (18:00-19:00)

Public Lecture: Le boson de Higgs et le seigneur des anneaux - U600
(19:00-21:00)

- Presenters: SPIRO, Michel

"Vin de l'amitié" - (21:00-22:00)

 Future Circular Collider Study Kickoff Meeting / Programme

 Page 1 

Wednesday 12 February 2014

Wednesday 12 February 2014
Registration opens - MR170 (12:00-13:30)

Session 1a - Opening (Chaired by Giuseppe IACOBUCCI/Alain BLONDEL -
University of Geneva) - MR380 (13:30-15:00)
time title presenter
13:30 Welcome VASSALLI, Jean-Dominique

BLONDEL, Alain
13:40 Opening & Introduction HEUER, Rolf

14:00 Energy frontier after the Higgs discovery ARKANI-HAMED, Nima

14:30 Precision frontier at high energies GROJEAN, Christophe

Coffee break - (15:00-15:30)

Session 1b - Opening (Chaired by Alex MUELLER - CNRS/IN2P3) - MR380
(15:30-17:45)
time title presenter
15:30 CERN roadmap BORDRY, Frédérick

15:50 FCC study BENEDIKT, Michael

16:20 Chinese activities for circular colldiers WANG, Yifang

16:40 US activities related to circular colliders studies HENDERSON, Stuart

17:00 Cultural, economical and societal impact of big science projects WOMERSLEY, John William

Welcome drink - (18:00-19:00)

Public Lecture: Le boson de Higgs et le seigneur des anneaux - U600
(19:00-21:00)

- Presenters: SPIRO, Michel

"Vin de l'amitié" - (21:00-22:00)

 Future Circular Collider Study Kickoff Meeting / Programme

 Page 1 

Wednesday 12 February 2014

The Physics Case
Thursday 13 February 2014
Session 2a - Hadron machine (Chaired by Akira Yamamoto - KEK) - MR380
(08:30-10:30)
time title presenter
08:30 Hadron collider overview SCHULTE, Daniel

09:00 Synchrotron radiation & vacuum concepts KERSEVAN, Roberto

09:30 Hadron injector options HERR, Werner

10:00 R&D roadmap towards 16 T Nb3Sn dipole magnets ready for
industrial production

STRAUSS, Bruce

Coffee break - (10:30-11:00)

Session 2b - Hadron physics (Chaired by Tejinder VIRDEE - Imperial College)
- MR380 (11:00-12:30)
time title presenter
11:00 Hadron collider experiments and physics: introduction GIANOTTI, Fabiola

11:25 Experimental challenges and first ideas about detector layouts FOURNIER, Daniel

11:50 The physics landscape and opportunities MANGANO, Michelangelo

12:15 Open discussion

Lunch - (12:30-14:00)

Session 3a - Lepton machine (Chaired by Eugene LEVICHEV - BINP) - MR380
(14:00-16:00)
time title presenter
14:00 Lepton collider overview WENNINGER, Jorg

14:30 Optics challenges HOLZER, Bernhard

14:50 Final focus + injector concepts based on SuperKEKB OIDE, Katsunobu

15:10 Lepton injector options PAPAPHILIPPOU, Yannis

15:30 100-MW RF system at different beam energies and intensities JENSEN, Erk

Coffee break - (16:00-16:30)

Session 3b - Lepton physics (Chaired by Michel SPIRO - CEA) - MR380
(16:30-18:00)
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Friday 14 February 2014
Session 4a - Infrastructure & operation - (Chaired by Thomas ROSER - BNL) -
MR380 (08:30-11:00)
time title presenter
08:30 Unconventional issues in conventional facilities LEBRUN, Philippe

09:00 Cryogenics TAVIAN, Laurent Jean

09:30 Availability, energy, operation COLLIER, Paul

10:00 Gotthard tunnel project AMBERG, Felix

10:30 Geology and civil engineering OSBORNE, John Andrew

Coffee break - (11:00-11:30)

Session 4b - Closing (Chaired by Tord EKELOF - Uppsala University) - MR380
(11:30-13:00)
time title presenter
11:30 Health, safety and environment TRANT, Ralf

12:00 Closing remarks & outlook HEUER, Rolf

Lunch - (13:00-14:00)

FCCs overall physics and phenomenology - Basement - MS 050 (14:00-18:00)
- Conveners: Ellis, Jonathan R.; Mangano, Michelangelo

time title presenter
14:00 Perspectives at the Energy Frontier QUIGG, Chris

14:30 Status and plans for the Heavy Ion physics studies DAINESE, Andrea

15:00 QCD at the FCC: opportunities and challenges ZANDERIGHI, Giulia

15:30Coffee break
16:00 Status and plans for the physics studies of TLEP ELLIS, Jonathan R.

16:30 FCC-hh: topics and work plan for phenomenology studies MANGANO, Michelangelo

17:00 Status and prospects of precise Higgs and BSM calculations for
the FCC

SPIRA, Michael

17:30 Prospects for Higgs and BSM studies in ep collisions at the FCC KLEIN, Uta

Hadron collider design (+ SC magnet technology + injectors) - Second floor -
M2 160 (14:00-18:00)
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Breakout Sessions

16:20 V→jj studies with jet substructures PIERINI, Maurizio

16:40 Dark matter studies COTé, David
HOOBERMAN, Benjamin

17:00 Organisation and discussion of the future activities BALL, Austin
GIANOTTI, Fabiola
ALL

Lepton collider design (SC RF technology + injectors) - Second floor - M2 150
(14:00-18:00)

- Conveners: Wenninger, Jorg
time title presenter
14:00 Introduction WENNINGER, Jorg

14:15 Optics with large momentum acceptance for Higgs factory CAI, Yunhai

14:40 Draft of the Interaction Region for Crab Waist collision scheme BOGOMYAGKOV, Anton
BOGOMYAGKOV, Anton

15:00 Optimization of Luminosity of a 100 km Circumference e+/e-
Collider

TALMAN, Richard

15:20 Impact of synchrotron radiation in arcs CERUTTI, Francesco

15:35 CEPC accelerator GAO, Jie

Lepton collider physics, experiments, detectors - Second floor - M2 193
(14:00-18:20)

- Conveners: Janot, Patrick; Blondel, Alain
time title presenter
14:00 Introduction JANOT, Patrick

14:20 Plans for Working Groups 1 & 2: EW physics at the Z pole, and
di-boson physics

TENCHINI, Roberto
BLONDEL, Alain

14:40 Plans for Working Group 4: Top quark physics AZZI, Patrizia

15:00 Plans for Working Group 5: QCD and gamma gamma physics D'ENTERRIA, David
SKANDS, Peter

15:20 Plans for Working Group 6: Flavour Physics MONTEIL, Stephane

15:45Coffee break
16:15 Plans for Working Group 8: Experimental Environment BACCHETTA, Nicola

16:35 Plans for Working Group 10: Online software and computing LEONIDOPOULOS, Christos

16:55 Plans for Working Group 11: Detector Designs ROLANDI, Gigi

17:15 Possible synergies with CLIC detectors LINSSEN, Lucie

17:40 A TPC for ee-FCC (TLEP) ? A follow-up. SCHWEMLING, Philippe

18:05 MC codes for FCC-ee JADACH, Staszek
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Parallel activities in the world



F. Gianotti, FCC kick-off meeting, 13/2/2014 10 

From E. Fermi, preparatory notes for a talk on  
�What can we learn with High Energy Accelerators  ? �� 
given to the American Physical Society, NY, Jan. 29th 1954 

Fermi�s extrapolation to year 1994: 
2T magnets, R=8000 km (fixed target !),  
Ebeam ~  5x103 TeV ! √s ~ 3 TeV 
Cost : 170 B$ 

Was that hopeless ??  

We have found the solution:  
we have invented colliders  
and superconducting magnets …  
and built the Tevatron and the LHC 

NO ! 

GianottiThe Physics Case



Arkani-Hamed



Aug 1979. 23 pp. 
NATO Adv.Study Inst.Ser.B Phys. 59 (1980) 135 

Naturalness is not a recent “fashion”: it’s a 
problem almost as old as the SM itself, first 

raised by one of the fathers of the SM

We’re finally 
there, at 1 TeV, 
facing the fears 
about a light 

SM Higgs 
anticipated 
long ago

Mangano



Arkani-Hamed



Arkani-Hamed



pp at 100 TeV opens three windows:

➥ Access to new particles in the few→30 TeV 
mass range, beyond LHC reach

➥ Immense rates for phenomena in the 
sub-TeV mass range ⇒ 

increased precision w.r.t. LHC

➥ Access to very rare processes in the sub-TeV 
mass range ⇒ 

search for stealth phenomena, invisible at the LHC

Mangano



There is a strong motivation for a fresh look 
at the possible role of phenomena taking 

place at the 10 TeV scale

This process is starting now, a lot of work is 
required, and it premature to draw conclusions now

Mangano



So far:
• 5 preparatory mtgs of the pp WG => sample results 

presented in talks in the FCC-hh parallel sessions, Friday

• 2 preparatory mtgs of the HI subgroup => sample results 

presented in talks in the FCC-hh parallel sessions, Friday

• “BSM opportunities at 100 TeV” Workshop: 

• http://indico.cern.ch/event/284800/

FCC-hh physics activities documented on: 

o http://indico.cern.ch/categoryDisplay.py?categId=5258
o https://twiki.cern.ch/twiki/bin/view/LHCPhysics/FutureHadroncollider

Mailing list exist (see e.g. header of any of the mtgs in the 
Indico category above) => register to be kept uptodate

PLAN: prepare a report documenting the physics opportunities at 
100 TeV, on the time scale of end-2015, ideally in cooperation with 
efforts in other regions

Mangano



Arkani-Hamed



Christophe Grojean Precision Frontier @  High Energies Geneva, Feb. 12, 2o143

The benefit of being energetic
sy

st
e
m

 m
a
ss

 [
T

e
V

] 
fo

r 
L

H
C

1
4

sy
st
em

 m
as

s 
[T

eV
] f

or
 L

H
C
8 

20
 f
b
-1

0

1

2

3

4

0

1

2

3

4

5

6

7

8

9 G
.P

. S
a

la
m

 a
n

d
 A

. W
e

ile
r fo

r E
C

F
A

 H
L

-L
H

C
 W

G

ΣΣ

Σg

Σi qi 
−

qi

gg

Based on partonic luminosities

using MSTW2008NNLO central

300 fb
-1

3000 fb
-1

G. Salam/AW

14 TeV300 1/fb ➝ 100 TeV3 1/ab

��

���

���

���

���

���

���

�� �� �� �� �� �� �� �	 �


��
�

��

��
��
��
��
��
���
��
��
��
��
��
��
��
��
��
��
��
���

��

���
����������������������������������������

��������� ��!"�#��$�!
�����%
�&��'����

��(��)��*
�����

+�+
,��+��+��+�-
-�-

LHC14/LHC8: 
mass reach x O(2)

VHE-LHC100/LHC14: 
mass reach x O(5)

Direct exploration of an unexplored energy territory 
Salam & Weiler “cern.ch/collider-reach” ’14



Higgs rates at high energy

R(E) = σ(E TeV)/σ(14 TeV)

In several cases, the gains in terms of “useful” rate are much bigger. 
E.g. when we are interested in the large-invariant mass behaviour of the 
final states:
σ(ttH, pTtop> 500 GeV) ⇒ R(100) = 250

NLO rates

Task: explore new opportunities for measurements, to reduce 
systematics with independent/complementary kinematics, backgrounds, 
etc.etc.

Examples: how much can we reduce jet veto systematics by “measuring” jet 
rates/vetoes in “clean” channels like H→ZZ* ? H→bb & ττ tagging ? ..... 

Mangano



Christophe Grojean Precision Frontier @  High Energies Geneva, Feb. 12, 2o1429

WW→HH: probing Higgs strong interactions 
in the SM, the Higgs is essential to prevent strong interactions in EWSB sector

(e.g. WW scattering) 

asymptotic behavior
sensitive to strong interaction
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Christophe Grojean Precision Frontier @  High Energies Geneva, Feb. 12, 2o1430

WW→HH: probing Higgs strong interactions 
in the SM, the Higgs is essential to prevent strong interactions in EWSB sector

(e.g. WW scattering) 
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VHE-LHC can probe the high invariant-mass distribution with high statistics

Contino, Grojean, Moretti, Piccinii, Rattazzi ’10



Christophe Grojean Precision Frontier @  High Energies Geneva, Feb. 12, 2o1432

Boosted Higgs
  inability to resolve the top loops

 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H → γγ, H → WW → lνlν and H → ZZ → 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right

4

e.g. Grazzini, Sargsyan ’13 

the inclusive rate
doesn’t “see” the finite mass of the top 

L =
↵scg
12⇡

|H|2Ga 2
µ⌫ +

↵c�
2⇡

|H|2Fµ⌫ + ytctq̄LH̃tR|H|2

fermionic top-partners in composite Higgs models  exactly lead to                                .                    

�(h ! ��)

SM
= (1 + (c� � 4ct/9)v

2)2
�(gg ! h)

SM
= (1 + (cg � ct)v

2)2

�ct = �cg =
9

4
�c�

 short distance physics (new particles running in the loop)cannot disentangle 
 long distance physics (modified top coupling) ➾

➾

(*) unless it doesn’t decouple 
(e.g. 4th generation)

14%-4% @ LHC300-LHC3000  vs  10%-4% @ ILC500-ILC1000
14 14 500 1000

having access to htt final state will resolve this degeneracy
but notoriously difficult channel
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Boosted Higgs

2 Analysis of pp ! h + jet

At the parton level, three subprocesses contribute to the pp ! h+jet cross section: these are

gg, qg, qq̄ ! h+ jet.5 The expressions of the SM matrix elements for gg ! hg and qq̄ ! hg,

mediated by quark loops, were first calculated at LO in QCD in Ref. [18] and shortly after

with a di↵erent notation in Ref. [19], which we used for our calculations. The matrix element

for the qg ! hq process is obtained from the one of qq̄ ! hg by crossing. Some of the

Feynman diagrams contributing to pp ! h+ jet are shown in Fig. 1. When the Lagrangian

in Eq. (1.3) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy

g
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

momentum cut applied, see Section 3 for a more precise assessment. The corresponding

matrix element is obtained from the SM one by sending to infinity the mass of the quark

running in the loop. Thus the matrix element squared for each partonic subprocess can be

written as

|M|2 / |t MIR

(mt) + g MUV

|2 , (2.5)

5For brevity, we denote the sum qg + q̄g by qg.
6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due

to the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [20]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.

4

Feynman diagrams contributing to this process are shown in figure 1. When the Lagrangian

in Eq. (1.2) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

momentum cut applied, see Sec. 3 for a more precise assessment. The corresponding matrix

element is obtained from the SM one by sending to infinity the mass of the quark running in

the loop. Thus the matrix element squared for each partonic subprocess can be written as

|M|2 / |t MIR

(mt) + g MUV

|2 (2.3)

where M
IR

denotes the amplitude mediated by top loops, and M
UV

the amplitude mediated

by the e↵ective point-like interaction. It follows that the hadronic cross section for pp ! hj

can be written as a quadratic polynomial in t and g . Given a transverse momentum cut

pmin

T and summing over all partonic subprocesses, we can write

�pmin
T

(t,g)

�SM

pmin
T

= (t + g)
2 + � t g + ✏ 2

g (2.4)

where � is the cross section for pp ! hj and the numerical coe�cients {� , ✏} depend on pmin

T .

Their values are listed in Table 1 for an LHC center of mass energy of
p
s = 14TeV and

6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due

to the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [17]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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p
s [TeV] pmin

T [GeV] �SM

pmin
T

[fb] � ✏ gg, qg [%]

14

100 2200 0.016 0.023 67, 31

150 830 0.069 0.13 66, 32

200 350 0.20 0.31 65, 34

250 160 0.39 0.56 63, 36

300 75 0.61 0.89 61, 38

350 38 0.86 1.3 58, 41

400 20 1.1 1.8 56, 43

450 11 1.4 2.3 54, 45

500 6.3 1.7 2.9 52, 47

550 3.7 2.0 3.6 50, 49

600 2.2 2.3 4.4 48, 51

650 1.4 2.6 5.2 46, 53

700 0.87 3.0 6.2 45, 54

750 0.56 3.3 7.2 43, 56

800 0.37 3.7 8.4 42, 57

100
500 970 1.8 3.1 72, 28

2000 1.0 14 78 56, 43

Table 1: Summary table of the cross sections for pp ! hj at proton-proton colliders with
p
s = 14TeV and

p
s = 100TeV. The third, fourth and fifth column show, for the given cut

on pT > pmin

T , the parameters of the semi-numerical formula in Eq. (2.4). The last column

shows the fraction of the SM cross section coming from the partonic subprocesses gg and qg.

The contribution of the qq̄ channel is always smaller than 2%.
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large pT, small rates
need to focus on dominant decay modes

consider first the decay channels with the largest branching ratios, namely h ! bb̄,WW, ⌧⌧ .

Here we focus on the last mode, and we will comment briefly on other possibilities at the end

of this section. For a Higgs transverse momentum larger than 500GeV, the typical angular

separation between the two taus is �R ⇠ 2mh/pT . 0.5. As a consequence, when at least

one of the taus decays hadronically, the standard tau-tagging techniques will fail, due to the

non-isolation of the hadronic tau candidate(s). However, such ‘ditau-jets’ can be tagged by

adapting the usual tau-tagging algorithm, as suggested in Ref. [23], whose e�ciencies for

signal identification are assumed here.7 Including the Higgs and tau branching ratios, we

obtain the following estimate of the total e�ciency

✏
tot

= BR(h ! ⌧⌧)

 
X

i= ⌧`⌧`, ⌧`⌧h, ⌧h⌧h

BR(⌧⌧ ! i) ✏i

!
' 2⇥ 10�2 (2.6)

where we assumed the SM value for BR(h ! ⌧⌧) [24].

To break the degeneracy in the (t,g) plane that plagues inclusive Higgs production,

we need to combine the measurements of both the inclusive and boosted rates. On the one

hand, we take the inclusive Higgs production cross section normalized to its SM value

µ
incl

(t,g) =
�
incl

(t,g)

�SM

incl

' (t + g)
2 . (2.7)

We assume the large-luminosity LHC scenario with 3 ab�1 of data at 14 TeV, and therefore

we assign to the measurement of µ
incl

a 10% systematic uncertainty and negligible statistical

uncertainty. On the other hand, in order to reduce the theory uncertainty, we consider as

boosted observable the ratio

R(t,g) =
�
650GeV

(t,g)K650GeV

�
150GeV

(t,g)K150GeV

, (2.8)

where Kpmin
T

are the QCD K-factors for the SM, computed using MCFM (process 204).

The transverse momentum cuts of 650 and 150 GeV were chosen by means of a rough

optimization. The ratio R is stable under scale variations, as can be seen from Table 2. We

7Ref. [23] applied ditau-tagging to the case of a Z 0 decaying to Zh. We make use of the e�ciencies reported

in their Table I for a 2TeV Z 0, which gives a Higgs pT roughly similar to the case we are considering. We

assume e�ciencies that include in addition to the ditau-jet tagging also the reconstruction of the Higgs mass

peak, as it seems unavoidable that an experimental analysis would need to exploit that information.

7

consider first the decay channels with the largest branching ratios, namely h ! bb̄,WW, ⌧⌧ .

Here we focus on the last mode, and we will comment briefly on other possibilities at the end

of this section. For a Higgs transverse momentum larger than 500GeV, the typical angular

separation between the two taus is �R ⇠ 2mh/pT . 0.5. As a consequence, when at least

one of the taus decays hadronically, the standard tau-tagging techniques will fail, due to the

non-isolation of the hadronic tau candidate(s). However, such ‘ditau-jets’ can be tagged by

adapting the usual tau-tagging algorithm, as suggested in Ref. [23], whose e�ciencies for

signal identification are assumed here.7 Including the Higgs and tau branching ratios, we

obtain the following estimate of the total e�ciency

✏
tot

= BR(h ! ⌧⌧)

 
X

i= ⌧`⌧`, ⌧`⌧h, ⌧h⌧h

BR(⌧⌧ ! i) ✏i

!
' 2⇥ 10�2 (2.6)

where we assumed the SM value for BR(h ! ⌧⌧) [24].

To break the degeneracy in the (t,g) plane that plagues inclusive Higgs production,

we need to combine the measurements of both the inclusive and boosted rates. On the one

hand, we take the inclusive Higgs production cross section normalized to its SM value

µ
incl

(t,g) =
�
incl

(t,g)

�SM

incl

' (t + g)
2 . (2.7)

We assume the large-luminosity LHC scenario with 3 ab�1 of data at 14 TeV, and therefore

we assign to the measurement of µ
incl

a 10% systematic uncertainty and negligible statistical

uncertainty. On the other hand, in order to reduce the theory uncertainty, we consider as

boosted observable the ratio

R(t,g) =
�
650GeV

(t,g)K650GeV

�
150GeV

(t,g)K150GeV

, (2.8)

where Kpmin
T

are the QCD K-factors for the SM, computed using MCFM (process 204).

The transverse momentum cuts of 650 and 150 GeV were chosen by means of a rough

optimization. The ratio R is stable under scale variations, as can be seen from Table 2. We

7Ref. [23] applied ditau-tagging to the case of a Z 0 decaying to Zh. We make use of the e�ciencies reported

in their Table I for a 2TeV Z 0, which gives a Higgs pT roughly similar to the case we are considering. We

assume e�ciencies that include in addition to the ditau-jet tagging also the reconstruction of the Higgs mass

peak, as it seems unavoidable that an experimental analysis would need to exploit that information.

7

non-isolated “ditau-jets”
(separation between the 2 tau’s:                           )
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VHE-LHC is the machine 
to decipher the gg→h process



Additional Higgs bosons
⇒ commonly present in most SM extensions. E.g. at least 2 H doublets 
is mandatory in SUSY
⇒ implications for flavour, CPV, ....

Difficult scenarios for searches at LHC:
- suppressed couplings to W/Z
- large masses

E.g.  2HDM in SUSY

Extra H can be heavy, well above LHC 
reach, but cannot be arbitrarily heavy

FIne tuning and naturalness:   (N.Craig, BSM@100 Wshop)

Problems addressed at 100 TeV 
thanks to higher rates, higher M reach

Mangano



Example: associated H± t b production

 (N.Craig, BSM@100 Wshop)

Generic features of very heavy H production/decay

- “narrow”, since Γ∝ mH (cfr  Γ∝ mH3 when decaying to W/Z)

- H/A →hh, tt dominate (boosted regime)

Decoupling from W/Z

Studies of such questions and of 
discovery reach just starting. 

⇒ will there be no-lose scenarios ?

⇒ how will, in these scenarios, naturalness constraints from the 

stop/gluino sectors compare to those from the Higgs sector?

Mangano



10 ab–1 at 100 TeV imply:

=>1012 W bosons from top decays

1010 Higgs bosons => 104 x today

1012 top quarks => 5 104 x today

Curtin (exotic H decays) BSM@100

Tasks: 

o countless list !   .... plus

o examine the possibility of detectors dedicated to final states in the 0.1 

- 1 TeV region, with focus on Higgs, DM and weakly interacting new 

particles, top, W

=>1011 t → W → taus
=> few x1011 t → W → charm hadrons

=>1012 b hadrons from top decays (particle/antiparticle tagged)

Mangano



Quigg @ ∥

Zanderighi @ ∥
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Direct DM production

Wang



DM Beam from Asymmetric Collider 

High energy proton beam 

Low energy proton beam 

Interaction Point 

far detector(s) 
• dark matter 
• neutrinos 

D. Côté - Dark Matter at FHC 

absorber 

near detector (TeV physics with boosted center of mass frame?) 

11 

insufficient Ecm  

promising! 

D. Côté 



Symmetric vs Asymmetric Collider 

D. Côté - Dark Matter at FHC 16 

Symmetric  
FHC 

SUSY pMSSM  
model #9515  

Asymmetric  
FHClLHC 

symmetric FHC asymmetric FHClLHC 

collider luminosity 1036 cm-2s-1  1036 cm-2s-1  

collider Ecm 100 TeV 37.4 TeV 

SUSY production cross-section 147 pb 51 pb 

detector acceptance (100m) 22% 29% 

dark matter energy at detector a2 TeV a43 TeV 

dark matter cross-section (VF) 10-7 pb 23 pb 

F0
1 in detector (10m copper) 3x10-9 signal hit/day 0.3 signal hit/day 

D. Côté 



� Much larger x range (smaller values, down to 10-8) 
� Current PDF sets have ~ no constraints below 10-4 or for M >> 1 TeV Æ need QCD 
    evolution (DGLAP equations) to extrapolate (while waiting for more LHC data ..) 

Gianottiunexplored range for PDF’s



Gianotti

15 

Some PDF “frozen” below 10-6 Æ not a fundamental problem  
Æ A group of people will provide a set of PDF for FHC-hh studies 



FHC.1.1 Exploration of EW Symmetry Breaking (EWSB)
FHC.1.1.1 High-mass WW scattering, high mass HH production
FHC.1.1.2 Rare Higgs production/decays and precision studies of Higgs properties
FHC.1.1.3 Additional BSM Higgs bosons: discovery reach and precision physics programme
FHC.1.1.4 New handles on the study of non-SM EWSB dynamics (e.g. dynamical EWSB and 
composite H, etc)

FHC.1.2 Exploration of BSM phenomena
FHC.1.2.1 discovery reach for various scenarios (SUSY, new gauge interactions, new quark and 
leptons, compositeness, etc.)
FHC.1.2.2 Theoretical implications of discovery/non-discovery of various BSM scenarios, 
e.g. address questions such as:
• FHC.1.2.2.1 what remains of Supersymmetry if nothing is seen at the scales accessible at 

100 TeV? 
• FHC.1.2.2.2 which new opportunities open up at 100 TeV for the detection and study of dark 

matter?
• FHC.1.2.2.3 which new BSM frameworks, which are totally outside of the HL-LHC reach, 

become accessible/worth-discussing at 100 TeV ? 

FHC: physics topics list => WG structure (preliminary)

Mangano



FHC.1.3 Continued exploration of SM particles
FHC.1.3.1 Physics of the top quark (rare decays, FCNC, anomalous couplings, ...)
FHC.1.3.2 Physics of the bottom quark (rare decays, CPV, ...)
FHC.1.3.2 Physics of the tau lepton (e.g. tau -> 3 mu, tau -> mu gamma and other LFV 
decays)
FHC.1.3.2 W/Z physics 
FHC.1.3.3 QCD dynamics

FHC.1.4 Opportunities other than pp physics:
FHC.1.4.1 Heavy Ion Collisions 
FHC.1.4.2 Fixed target experiments:
FHC.1.4.2.1 "Intensity frontier": kaon physics, mu2e conversions, beam dump experiments 
and searches for heavy photons, heavy neutrals, and other exotica...
FHC.1.4.2.2 Heavy Ion beams for fixed-target experiments

FHC.1.5 Theoretical tools for the study of 100 TeV collisions
FHC.1.5.1 PDFs
FHC.1.5.2 MC generators
FHC.1.5.3 N^nLO calculations
FHC.1.5.4 EW corrections



Geneva!
13/02/2014 /17gigi.rolandi@cern.ch 

The FCC-ee program

�2

* each interaction point



Geneva!
13/02/2014 /17gigi.rolandi@cern.ch 

The Physics Case includes
Precise measurement (0.1% to 1% ) of the 
Higgs Couplings 
Improve precision (statistics x 105 ) on the 
measurements of the Z parameters [ Mz, Γz ,  
R!, Rb, Rc, Asymmetries & weak mixing 
angle].  Z rare decays. 
Scan W threshold ( aiming at 0.5 MeV 
precision). W rear decays 
Scan ttbar threshold (aiming  at 10 MeV)

�3

JHEP01(2014)164



Possible Future Higgs Measurements 

Janot 

Ellis



Indirect Sensitivity to 3h Coupling 

• Loop corrections to σ(H+Z): 
 
 
 
 
 

• 3h correction δh energy-dependent 
• δZ energy-independent: can distinguish 

McCullough 

Ellis



Alain Blondel  FCC-ee experiments summary 



TLEP Measurements of mt & MW 



Alain Blondel  FCC-ee experiments summary 

conveners jobs is to assemble collaborators 
and find co-conveners in a global way 

Patrick Janot 

! 
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FCC Break-Out session (14-Feb-2014) 
Lepton Collider: Physics, Experiments, Detectors 

Synergy with FCC-hh Synergy with FCC-hh 

Synergy with linear collider detectors 



Deep$Inelas*c$Sca-ering$at$High$Energy$

Max$Klein$
University$of$Liverpool$

$
For$the$ep/eA$study$group$$

$
$
$
$

FCC$Mee<ng.$14.2.2014$
University$of$Geneva$

60$GeV$x$7$TeV$(LHC)$ 60$…$175$GeV$x$50$TeV$(FCCEh)$

hCp://cern.ch/lhec$



U.Klein @ ∥

H production

HH production



xg$at$low$x$

No$clue$about$xg$$

for$x$<$10E4$$
$

Evolu*on$law$may$$

not$be$DGLAP$

$

Affects$FCCEpp$rates$

because$$

x=M/sqrt(s)$exp(+Ey)$

$

note$x(Higgs)$at$FCCEpp$

for$y=0$is$10E3$..$$$

i$

300$TeV$
150$$

100$$

200$$

VV$ LL$

HERA$

"$LHeC$!$

FCCEhe$ FCCEhe$

"$LHeC$!$

HERA$

2x1$abi1$ 2x1$abi1$

Reach$for$CI$(eeqq)$at$FCCihe$$

•  Very$preliminary$

scaling$from$LHeC$$

•  Reach$about$$

O(100)$TeV,$
expected$to$be$$

compe<<ve$with$

FHC$$$

2/13/2014$
Monica$D'Onofrio,$FCC$Study$Kickoff,$

Geneva$
22$

FCC-he



Ions at the FCC
• A discussion group on “Ions at the FCC” started: coordinated by A. Dainese, S. 

Masciocchi, U. Wiedemann

    - sub-group of “FHC Physics, Experiments, Detectors” 
• Two meetings up to now, Dec 16-17 and Jan 29

    - https://indico.cern.ch/conferenceDisplay.py?ovw=True&confId=288576

    - https://indico.cern.ch/conferenceDisplay.py?confId=290413

• Participation from CERN accelerator team, theory, ALICE, ATLAS, CMS

• Goal: explore opportunities with heavy ions at the FCC

    - Saturation (contacts: N. Armesto, M. van Leeuwen)
    - Soft physics (contact: U. Wiedemann)
    - Hard probes (contacts: A. Dainese, C. Roland, C. Salgado)
    - UPC  (contact: D. d’Enterria)
• Work is in progress! Just few ideas presented here

Talk by A. Dainese in Friday parallel session



8 
Future Circular Collider Study 
Michael Benedikt 
FCC Kick-Off 2014 

• Establish an international collaboration:  
• Following very positive reactions and the 

enthusiasm during the Kick-off meeting:  
Æ Formal invitations to institutes to join collaboration 
Æ Aiming at expressions of interest by end May to form 

nucleus of collaboration by September  
Æ Enlargement of the preparation team 
Æ First international collaboration board meeting         

8-10 September 
 

Next steps (i) 

         March    April    May      June     July     August   September 2014 
   

kick-off 
event 

expressions of interest (EOI) proposed 1st 
ICB meeting discussions iterations 



Heuer

9 
Future Circular Collider Study 
FCC Kick-Off 2014 

 
• In line with the European Strategy, CERN is launching a 5-year 

international design study for Future Circular Colliders (FCC); 
unique road up to 100 TeV energy scale  

 

• Worldwide collaboration in all areas - physics, experiments 
and accelerators – is essential to bring this study to fruition (and 
to arrive at a CDR by 2018)  

 

• Need to present (additional) benefits to society from the very 
beginning of the study (examples: sc technologies) 

• Need to have excellent communication and outreach 
accompanying the study 

• Make efficient use of existing efforts/investments and 
interconnect with other projects/studies 
 

Summary 



Collaboration  Dinner  
at Hotel Kempinski

…still  wondering  
whether  dessert  
was  purposely 

detector-shaped… 


