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A

FCC-ee — Seminar @ Padova — May 2021.

Outline

- The SM in a glance and the open questions.
- Introduction to the Future Circular Colliders project.

 The electron machine and some prototype detectors.

 Physics case at large.

 Implementation as an outlook.
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Scientific context: SM became a theory (( iy S ES ))

The free parameters of the SM:
« SU(2), ®U(1)y unification:
- the weak and electromagnetic coupling constants Gr/g,, and ogy,.

 After the spontaneous breaking of the symmetry:

« The nine masses of the fermions: m.
« The masses of the electroweak gauge bosons: m,and m,,.

* The scalar sector parameters:  V(¢) = p2¢'¢ + A1 ¢)?

v (the v.e.v) and m,.
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1) Scientific context: SM became a theory (( iy S ES ))

The free parameters of the SM

* The CKM matrix elements : it’'s a 3X3 complex and unitary matrix and
hence can be described by means of only 4 independent parameters. As
the masses of the fermions (except for the top quark), these 4 parameters
are decoupled from the rest of the theory.

- If you like QCD in (and you do), just add a.g (and 85.p ).

* Neutrino oscillations are implying neutrinos to be massive and to mix — 7
parameters to minimally describe them.

*  The number of parameters amounts to 20 (28 w/ neutrinos and strong CP).
Not all of them are independent though.
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1) Scientific context: SM became a theory (( iy S ES ))

Reorganisation:

« QCD and og: LEP and others did great already. Limitation of the consistency
test is not yet fully on the theory side for most of the determinations.
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« Abetter og determination is desirable, and in order for advanced predictions

(QCD x-sections, Higgs decays, top mass, Zwidth, Rs, R)).
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1) Scientific context: SM became a theory ( FCS)

Reorganisation:
- The nine masses of the fermions: m;.
« They are for 8 of them decoupled from the rest of the SM parameters.
* Nothing much to do here as well till the moment a theory comes with a prediction.

- The top quark has a specific status because it enters dominantly in the radiative
corrections of the intermediate bosons mass propagators (in particular), e.g.

Top dominates. Mostly Non abelian structure of
sensitive to m2, the EW theory. TGC.
W/, Z
H
_H~ Scalar sector. Contains
g vwvvv\ﬁr«%/\/\/\/v\\f> rioss mass e
W DS e
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1) Scientific context: SM became a theory (( iy S ES ))

Reorganisation:

* The (4) CKM matrix elements (decoupled from the rest of the theory). The
consistency check of the SM hypothesis in that sector is a pillar of the SM:

© A. Claude et al., ckmlive.in2p3.fr
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1) Scientific context: SM became a theory (( === ))

Reorganisation:

* The rest of the free parameters are part of the so-called electroweak precision
observables consistency check. This is the other pillar of the SM. Fix Gg, ogy

and m; at their measured value and produce a prediction of m,, , m, and
m,,. A tremendous success !
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1) Scientific context: SM became an (invincible) theory (< m= >)

Recap:

* Two pillars: EWPT and Flavours.
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1) Scientific context: SM became an (invincible) theory (( m= >)

Recap:

* Two pillars: EWPT and Flavours.
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1) Scientific context: SM became an (invincible) theory

=)

Recap:

* Two pillars: EWPT and Flavours.
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1) Scientific context: SM became an (invincible) theory ( === )

Recap:

* Two pillars: EWPT and Flavours R 35.9fb‘[(33'19v17
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1) Scientific context: SM became an invincible theory (( = >)

Lessons

* The SM has cleared so far the attacks from LEP, TeVatron, B-factories, LHC
and single-observables experiments.

* There are compelling beauty arguments for Beyond Standard Model (BSM)
Physics. | will overlook them.

* Instead, three indisputable measurements/observations are crying for BSM:

* The neutrinos have a mass. Though several ways exist theoretically, it's
tempting / natural to enhance the neutral particle content with right-
handed states.

* Dark matter: a nice (recent-ish) evidence for cosmological dark matter is
the observation of a low surface brightness galaxy [ArXiv:1606.06291].

* Baryonic asymmetry in the Universe.
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1) Scientific context: scenarii (( o ))

1) Find a new heavy particle at the Run Il of LHC:
 HL-LHC can study it to a certain extent.
« If mass is small enough (and couples to electrons), CLIC can be the way.
« Larger energies are needed to study (find) the whole spectrum.
* The underlying quantum structure must be studied.

2) Find no new particle, but non-standard H properties
* HL-LHC can study it to a certain extent.
 Higgs factory.
» Z, W, top factories for the quantum structure.
» Energy frontier (also for precision measurements)

3) Find no new particle, standard H properties but flavour observables departing from SM:
» Z, W, top factories for the quantum and flavour structure.
 Energy frontier to find the corresponding spectrum.

4) Find no new particle, standard H properties and flavour observables in SM:

» Asymptotic Z, W, H, top factories for asymptotic precision.
 Push the energy frontier to the best of our knowledge.
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1) Scientific context: scenarii

J
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1) Scientific context: scenarii by anticipation of what follows (< = >)

1) Find a new heavy particle at the Run Il of LHC:
 HL-LHC can study it to a certain extent.
« If mass is small enough (and couples to electrons), CLIC can be the way.
« Larger energies are needed to study (find) the whole spectrum [FCC-hh].
« The underlying quantum structure must be studied [FCC-ee].

2) Find no new particle, but non-standard H properties
* HL-LHC can study it to a certain extent.
* Higgs factory [ILC,FCC-ee€].
« Z, W, top factories for the quantum structure [FCC-ee€].
» Energy frontier (also for precision measurements) [FCC-hh].

3) Find no new particle, standard H properties but flavour observables departing from SM:
« Asymptotic Z, W, top factories to fix the energy scale [FCC-ee].
» Energy frontier to find the corresponding spectrum [FCC-hh].

4) Find no new particle, standard H properties and flavour observables in SM:

» Asymptotic Z, W, H, top factories for asymptotic precision [FCC-eel].
» Push the energy frontier to the best of our knowledge [FCC-hh].
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1) From Scientific context to the introduction to FCC (( FECEC ))
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2. Introduction to FCC project: << M= >)

« Starting from the former European HEP strategy 2013

Summary: European Strategy Update 2013

Design studies and R&D at the energy frontier

....“to propose an ambitious post-LHC accelerator project
at CERN by the time of the next Strategy update”:

d) 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.

» http://cds.cern.ch/record/1567258/files/esc-e-106.pdf

CERN Future Circular Collider Study
| Michael Benedikt
FCC Kick-Off 2014

* At the time the LHC Run Il will have delivered a significant part of its
results, have an educated vision of the reach of future machines for the
next round of the European Strategy in 2020.
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2.

Introduction to FCC: the scope of the project

Forming an international coll.
(hosted by Cern) to study:

100 TeV pp-collider (FCC-hh)
as long term goal, defining
infrastructure requirements.

et+e collider (FCC-ee) as ;
. . |
potential first step. \

p-e (FCC-he) as an option.

Schematic of an
80 - 100 km

80-100 km infrastructure
in Geneva area.

Conceptual design report and cost review for the next european
strategy — 2020.
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2. Introduction to FCC: the completion of the CDR @)

The Design Study is completed and fulfilled the mandate

( £C ) Status of global FCC Collaboration

FCC Week 2016
Progress review

- contents of CDR @
T 1 T | cormedly

(G== ) )Results of FCC Conceptual Design Study

Study Documentation:

4 CDR volumes submitted to EPJ
in December 2018.

FCC Physics Opportunities

FCC-ee

FCC-hh

HE-LHC

Preprints available since 15 January 2019
http://fcc-cdr.web.cern.ch/

CDR presentation during welcome
event this evening.

Paper copies can be requested at
http://get-fcc-cdr.web.cern.ch

Next stages (CDR+, TDR) are
subjected to the ESPP update
outcome.
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2. Introduction to FCC: the ESPP update

FCC

Three recommendations:

* The particle physics community should ramp up its R&D effort focused on advanced accelerator
technologies, in particular that for high-field superconducting magnets, including high-temperature
superconductors;

=>» To realize a machine at the energy frontier, high filed magnets with at least 16T are mandatory and far

from industrialisation, development of HTS magnets reaching higher fields should be pursued

nical and fmanCIaI feas;b/hty

=>» Feasibility study should be carrled out before the next Strategy Update to allow for decision to be taken
- technical feasibility, administrative implications and questions of implementation in the Geneva
area including tunnelling and environmental impact)
- financial feasibility for construction and operation, including additional resources from
international partners and start establishing the global frame for the project.

The timely realisation of the electron-positron International Linear Collider (ILC) in Japan would be
compatible with this strategy and, in that case, the European particle physics community would wish to
collaborate.

© U. Bassler

Note that everything is written in such a way that proponents of each and

every large scale projects can read it happily. Yet,

“the vision is to prepare a Higgs factory, followed by a future hadron
collider with sensitivity to energy scales an order of magnitude higher

than those of the LHC ” ESPP 2020 d’apres d’Hondt.

S. Monteil Flavours @ FCC
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The FCC integrated program
inspired by successful LEP — LHC programs at CERN

Comprehensive cost-effective program maximizing physics opportunities

Stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & and top factory at highest luminosities
Stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with ion and eh optlons
Complementary physics '
Common civil engineering and technical infrastructures
Building on and reusing CERN'’s existing infrastructure

FCC integrated project allows seamless continuation of HEP after HL-LHC
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Future Circular Collider Study
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") FCCIS kick-off meeting, 9 November 2020

© M. Benedikt
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2. Additional comments:

A
H

“the vision is to prepare a Higgs factory, followed by a future hadron
collider with sensitivity to energy scales an order of magnitude higher
than those of the LHC ” ESPP 2020 d’apres d’Hondt.

* FCC-ee can’t happen before the completion of the HL-LHC program.
* FCC-ee shall happen seamlessly after HL-LHC.

 FCC-hh is foreseen after FCC-ee. The Higgs Physics program is
inclusive (FCC-hh invincible for trilinear H couplings). The Flavour
Physics program at FCC-hh is simultaneously appealing but subjected
to in depth studies in light of LHCb U2.

* Link to the slide.

* Focus on the electron machine in the following.
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2) From Introduction to FCC to the machine elements & detectors<< FECEC >)
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3. The FCC et*e- machine. Baseline design

=)

* Physics from the Z pole to top pair production (90 - 400 GeV),
crossing WW and ZH thresholds with unprecedented statistics

everywhere.

* Two rings (top-up injection) to cope with high current and large
number of bunches at operating points up to ZH.

* Description of the machine parameters (given next slide).

* To some extent, SuperKEKB is already meeting or about to meet

some of the challenges of FCC-ee:

Some SuperKEKB parameters :

B’y : 300 pm
FCC-ee (H):2mm
o, : 50 nm
FCC-ee (H): 5o nm
e le, 1 0.25%
FCC-ee (H): 0.2%to 0.1%
et production rate : 2.5 x 10*?[s
FCC-ee (H): <1x10%/s

Off-momentum acceptance at IP : +1

FCC-ee (H) : +2.0% to +2.5%

Beam Lifetime : 5 minutes
FCC-ee (H) : 20 minutes
Centre-of-mass energy: ~10 GeV

FCC-ee (H) : 240 GeV

.5%

S. Monteil Flavours @ FCC
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3. The FCC e*e- machine. Baseline design << NE= >)

G==p) FCC-ee collider parameters (stage 1)

parameter y 4 ww H (ZH)

beam energy [GeV] 45 80 120 182.5
beam current [mA] 1390 147 29 54
no. bunches/beam 16640 2000 393 48
bunch intensity [10'] 1.7 1.5 1.5 2.3
SR energy loss / turn [GeV] 0.036 0.34 1.72 9.21
total RF voltage [GV] 0.1 0.44 2.0 10.9
long. damping time [turns] 1281 235 70 20
horizontal beta* [m] 0.15 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 1.6
horiz. geometric emittance [nm] 0.27 0.28 0.63 1.46
vert. geom. emittance [pm] 1.0 1.7 1.3 2.9
bunch length with SR/ BS [mm] 3.5/12.1 3.0/6.0 3.3/5.3 2.0/25
luminosity per IP [10% cm2s] 230 28 8.5 1.55
beam lifetime rad Bhabha / BS [min] 68 />200 49 />1000 38/18 40/18

* There seem to be several machines actually.
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3. The FCC e*e- machine. Luminosity figure

=)

102

Luminosity [10** cm2s1]
o

™1
Z(91.2 GeV) : 4.6 x 10°° cm2s™!

I T TTTI

Ng W'W (161 GeV): 6.4 x 10% cm?s™
: v

I T T TTTT

FCC-ee (Baseline, 2 IPs)

L 11

FCC-ee (with 10% safety margin)

ILC (250 GeV baseline)

o LG (with. Jumifenergy. Upgrade)......................

CLIC (Baseline)

CEPC (100km, double ring)

| IlIIIlIl

¥.. <2
~~~~~ N HZ (240 GeV) : 1.6 x 10 cm%s™!
- it B ]
= Ty N 1t (350 GeV) : 3.6 x 10* cm'%s! —
— {t (365 GeV) : 3.0 x 10”"_cm:*s* -
:l l 1 1 L 1 1 L 1 1 l 1 l:
3
10? 10

s [GeV]

* The FCC-ee offers the largest luminosities in its whole energy range.

* We're speaking here of 10> Z/s , 104 W/h, 1.5 103 H and top /d, in a very
clean environment: no pile-up, controlled beam backgrounds, E and p
constraints, without trigger. In particular, you do the LEP in a minute!

S. Monteil

Flavours @ FCC
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6
J

3. The FCC e*e- machine. Time allocation at Z pole

* The time / energy allocation of the machine has been worked out ...

Working point ~ Lumi. / IP [10°* ecm™2.s7!] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab~!1 /year 2
Z second phase 200 52 ab™1 /year 2 150 ab™!

* ... we're speaking here of 5.10'2 Z, 108 WW, 106 H and 106 top pairs.

« Of particular relevance for the Flavour Physics is the Zpole (2 IPs — 4 are

considered):

Particle specie at FCC-ece BY B*™ BY Ay, Bf c¢ 71 1F

Yield (x10%) [for 5.10'2 Z] 310 310 75 65 157 600 180
» 20 times Belle Il for B° and B+

 Direct comparison with LHCD yields requires a mode-by-mode approach
to take into account trigger and reconstruction efficiencies.
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3. Aword on FCC e*e- detectors

Ultra Light
Innovative
DR Calo Cost effective
21

2T
Si-W Calo |

DCH -

- J

LumiCal

SiTracker

CLD (~CLICdet)

Two designs have been studied so far (and used to assess performances)
Robust towards performance, intricate MDI, beam backgrounds.

The key point for all the Physics program is the lightness ...

Personal note: FCC project aims at providing four detector proposals by
2026. Among those proposals, there is room for a dedicated design for
Flavours, in particular for hadron identification, vertexing and calorimeter.
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3) From machine & detectors to the Physics case / reach =

Be it only for the accurate study of the Higgs-boson decays, an
electron collider is the way to go.

© P. Janot

ex. Geneva basin Giie

SCHWEIZ

H and top factory

5

ILC 0.5 TeV (3okm)

CLIC3TeV (S(V W . )
\
High energy I FCC (100 km)

! [Future Circular Colliders]
\ 4 Firststep: FCC-ee (90-400 GeV)
7 fcc [Z, W, H, top factories]
~ i % Ultimate goal: FCC-hh (100 TeV)
L 10Kiometes | [Access to highest enercjies]

FRANKREICH
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4) Physics case — Higgs chapter

* Two energy points (240 and 360 GeV) for the program

é E”
-§25° ——e'¢ > HZ
WW o H
gzoo — Total
o
150 o ——]
1/ \ -
- e v
W
. \f
R, H
W
1 = e l] HPPL PRI P PR N
900 220 240 260 280 300 320 (20 360 380 400 € Vv
s (GeV)

* Invincible precision on the absolute couplings and width. Interplay with HL-LHC.

ST -+ S —— Collider HL-LHC FCCoce
25 [zn . Luminosity (ab-) 3 5@ 240GeV | +1.5 @ 365GeV | +HL-LHC
O 5ab’ ] Years 2 3 +4 :
E 20i DZZ ﬂ 8Ty /Ty (%) SM 2.7 13 1.1
o E [ww ] 08uzz/Buzz (%) 13 02 0.17 0.16
IJ>J i | S8uww/Buww (%) 14 1.3 0.43 0.40
15 u __' agbe /gbe (0/0) 29 1.3 0.61 0.55
i ] 88uce/ Brice (%) SM 1.7 1.21 118
sof ] 881gq/Brgg ) 18 16 1.01 0.83
- ] 08urr/Burr (%) 1.7 14 0.74 0.64
i ] 8/ By ) 44 10.1 9.0 39
51 - 88uyy/Buyy %) 1.6 4.8 3.9 1.1
[ ] O8uee/Buee (%) 25 - - @ v
L J BRixo (%) SM (0.0) <12 <1.0 <10
50 60 70 80 90 100 110120130140150

Maecor (GEV)
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4) Physics case — Higgs chapter — Even the electron Yukawa? << hheceg >>

e* Yukawa coupling limits in e’e’— H, {s = 125 GeV

~ 30
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* The name of the game is to control the beam energy to touch the
natural width of the Higgs boson. Monochromatisation technique.

 Tells you how exquisite can be the luminosity.
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4) Physics case — EWPT chapter (including WW and top thr.)

FCC

Z pole

> <

>«

tt thr. W thr.

<

S. Monteil

Table 3.1: Measurement of selected electroweak quantities at the FCC-ee, compared with the present

precisions.
Observable present FCC-ee|FCCee Comment and
value + error | Stat. | Syst dominant exp. error
my, (keV/c") 91186700 £ 2200 | 5 100 FromZ line shape scan
Beam energy calibration
I'z (keV) 2495200 + 2300 8 100 FromZ line shape scan
Beam energy calibration
RZ (x107) 20767 + 25 0.06 | 0.2-1 ratio of hadrons to leptons
acceptance for keptons
a,(my) (x10%) 1196 + 30 0.1 [04-16 from R7 above [29]
Ry, (x IOCJ 216290 + 660 03 <60 ratio of bb to hadrons
stat extrapol. from SLD [30]
Chad (%10”) (nb) 41541 £ 37 0.1 4 peak hadronic cross-section
luminosity measurement
N, (x10%) 2991 +7 0005 | 1 Z peak cross sections
Luminosity measurement
sin“ Oy (x 10°) 231480 + 160 3 |2-5 from A}, at Z peak
Beam energy calibration
1/agep(mg)( x«10%)[ 128952 + 14 4 small from A{¥; off peak [20]
Apg.0 (x10%) 992 + 16 002 | 13 b-quark asymmetry at Z pole
from jet charge
AR (x10%) 1498 + 49 0.15 | <2 |t polarisation and charge asymmetry
© decay physics
my (keV /c?) 80350000 + 15000( 600 300 From WW threshold scan
Beam energy calibration
Iy (keV) 2085000 £ 42000| 1500 | 300 From WW threshold scan
Beam energy calibration
a,(my ) (x10%) 1170 + 420 3 | sman from R, [31]
Ny (x 103,\ 2920 £+ 50 08 small ratio of invis. to leptonic
in radiative Z returns
Meop (MeV/c%) 172740 + 500 20 small From tt threshold scan
QCD errors dominate
Fiop \'Mc\v',.r‘c?) 1410 £ 190 40 small From tt threshold scan
QCD errors dominate
Meop/ Mo 12+03 | 008 | smal From tt threshold scan
QCD errors dominate
ttZ couplings + 30% <2% | small From Egqyy = 365GeV run

Flavours @ FCC

\ Reduced theory uncertainties
< n i . e
8 - [ fitter T?vatron, lEHC (oded‘ e&
<8038 - Py DR
- FCC-ee projections ! : Q- <O
g - ' h PN Q’Q \&Q
- | : R )
8037| L oo
e S J I gy
- N R\
- | FCC-ee v L A
80.36|— TT——,
80.35 - 3 —— FCC-ee (Z.pole)
- o)(ae —— FCC-ee (Direct)
u /,;L‘)‘O g === LHC (Future)
80.34 |- O LHC (Now)
N ,;i\"‘ ’ i . Z pole (now) + m|,
: (_}I\ LEP+m(LHC) + SM — Standard Model
80'33 - A1 L 1 l 1 L 1 l 1 L 1 l 1 1 1 l 1 1 1 l 1 L 1
170 172 174 176 178
M, (GeV)

* Ultimate quantum completeness
consistency test of the SM.

* The improvements in theory

prediction precision is part of the
FCC program.
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4) Physics case — EWPT chapter =

Table 3.1: Measurement of selected electroweak quantities at the FCC-ee, compared with the present
precisions.

- . 10—"'I"‘I""""I""I"“l""""—
Observable present FCC-ee[FCCee Comment and NX - IMi%d Detprmination o} m,, with FCQ Uncertanties -
value + error | Stat. | Syst dominant exp. error < 9 :_ ey _:
— easurement
A myz (keV/e%) 91186700 + 2200 5 100 FromZ line shape scan - 3
Beam energy calibration 8 :— e EWK Fit (GAPP) —:
I'z (keV) 2495200 + 2300 8 100 FromZ line shape scan E E
Beam energy calibration 7= —]
RZ (x107) 20767 + 25 0.06 | 0.2-1 ratio of hadrons to leptons - R
acceptance for keptons 6 - -
D) a,(my) (x10%) 1196 + 30 0.1 |0.4-1.6 from RZ above [29] - -
— Ry, (x IOF’J 216290 + 660 03 <60 ratio of bb to hadrons 5 - -
o stat. extrapol. from SLD [30] - =
Q—t aE,,d (x l[)a,‘u (nb) 41541 £ 37 0.1 4 peak hadronic cross-section 4 :— -—:
N luminosity measurement - 3
N, (x10%) 2091 +7 0005 | 1 Z peak cross sections 3 - =
Luminosity measurement - -
sin“fiyg (x10°) 231480 £+ 160 3 [ 2-5 from A%, at Z peak 2 = =
Beam energy calibration 1 _:_ _:
1/agep(mg)(x 10°%)| 128952 + 14 4 small from A{¥; off peak [20] - U -
Ala. 0 (x10%) 992 £ 16 | 002 | 13 b-quark asymmetry at Z pole Eo T R ENRREETE R M EPEPEET B AR
from jet charge 80 90 100 110 120 130 140 150 160
AR (x10%) 1498 + 49 0.15 [ <2 |< polarisation and charge asymmetry m [GeV]
R v © decay physics H
;—1 A myy (keV ‘,-"c2 ) 80350000 £ 15000 600 300 From WW threshold scan
‘Q Beam energy calibration .
~ Ty (keV) 2085000 + 42000 1500 | 300 From WW threshold scan L Ultlmate quantum CompleteneSS
& Beam energy calibration .
g (<10 040 | 3 | sma from BY (31] consistency test of the SM.
§ Ny (x 103} 2920 £+ 50 08 small ratio of invis. to leptonic
X in radiative Z returns
o myap (MeV/c%) 172740 + 500 20 small From tt threshold scan . .
— QD erors dominate * The improvements in theory
‘Q Fiop \'Mc\v',v'c? ) 1410 + 190 40 small From tt threshold scan . . .. .
- . QCD erors domina prediction precision is part of the
~N— Mop/ Map 1.2 +£03 0.08 | small From tt threshold scan ..
Ty = _Qcamn dominae FCC program. Precision 1.4 GeV.
ttZ couplings + 30% <2% | small From Eqyy = 365GeV run
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4) Physics case — Miscellanea chapter; some favourites.

=)

* Higgs, top and EWK precision physics do not saturate the case.
* Many BSM direct searches thanks to the exquisite luminosity.
* Here are direct searches for heavy neutral leptons.

Three Generations
of Matter (Fermions) spin %

mass - 2.4 Mev 1.27 Gev 173.2Gev
charge - |34 u % c *h t
name - up charm top
- 4.8 Mev 104 Mey QB
5 down s¥ange bottomn
10 e} ~Gev ~GeV
Ve/Ny | Vi/N,|"V=/N,
tay
0.511 Mev 105.7 Mev 1.777 Gev
5 |1 1 =
i e , T
S. Monteil

spin 1

Bosons (Forces)

(a) Lo (o) ;
N_ U N i
W z
I;l/i- ’jii.f’j v,
au’... ud,dd, -

FIG. 2. Typical decays of a neutral heavy lepton via (a)
charged current and (b) neutral current. Here the lepton /;
denotes e, u, or 7.

e

—_
o
N

10710

1078

10 50
updated plot from MaD et al 1609.09069
and Antusch et al 1710.03744
cf. also Cai et al 1711.02180 33
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4) Physics case — Miscellanea chapter; some favourites. gzc )

* Higgs, top and EWK precision physics do not saturate the case.
* Many BSM direct searches thanks to the exquisite luminosity.
* Lepton Flavour violating Z decays.

 Lepton Flavour-Violating Z decays in the SM with
lepton mixing are typically < 10-0,

bckg: Z — 1, with T — Ivv]

signal: Z — <l

events / 0.002
N
o

* Any observation of such a decay would be an
indisputable evidence for New Physics. FCC-ee
exploration [JHEP 1504 (2015) 051]. Z = tu/eis F
unique at FCC. ©F

¢ The dominant background is (Z — 11), where one
tau decays into a close to beam energy lepton. F
The search is limited by the momentum resolution. 0 F
A lot of phenomenology to explore yet. :

0 I L1 L1 ]
0.99 0.995 1 1.005 1.01
X, = pll P

Bottomline: With the expected tracking performance at FUC-ee (beam spread
equivalent resolution at 45 GeV), the current limits are pushed by three orders of
maghnitude.
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4) Physics case — Miscellanea chapter; some favourites. (( ':gac ))

- Flavour physics is a must do (remember Marie-Hélene’s
disucssion)— FCC as ultimate Flavour factory the hierarchy
does not tell the importance:

1) Rare b-flavoured particles decays (EWP & friends).
2) Di-leptonic decays (e.g. B0 = utu-, Bs = 1+1).

3) (Semi-)leptonic decays (e.g. Rp,p+, to Bc = 1V ...)
4) CP violation study program at large.

5) Mass and lifetime properties, spectroscopy.

6) Charm physics. Heavy Flavours Production

S. Monteil Flavours @ FCC 35



4) Physics case — Miscellanea chapter; some favourites. (( FECEC ))

A flavour of the potential: note the exquisite invariant-mass
resolution. The probability of a pion to punch through and
be identified as muon is taken as ALEPH performance.

Total fit © FCC EPJ+ essay
1201 FCC-ee B = ptu”
0 +,,-
Z% — bb Delphes simulation B'=
&0 -- B = atp—
© 1001 .
; {  Simulated data
=
~ 80
)
~
£ 604
k=
=
2 401
(@)
201
0~ +

R A ., S ‘ t
5250 5300 5350 5400 5450
m(p* ) MeV/e?
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4) Heavy Flavours: physics opportunities conclusions e

- FCC-ee gathers most of the advantages of each of the Flavour
factories environment (pp, Upsilon).

* In turn, lots of physics opportunities and some likely unique
physics cases and reach.

- They can’t be met with any detector performance (vertexing
beyond state-of-the-art, high resolution ECAL, PID).

- In particular if 4 IP are to be designed, it can be conceived that
one experiment has a flavour-oriented design.

- Assessing the detector performance is the name of the game for
the next five years.

- Convenient simulation tools have been set up. The fun can start.
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5. The FCC implementation as an outlook

)

S. Monteil Flavours @ FCC
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5. The FCC implementation: civil engineering. (FECEC )

* Machine footprints, experimental caverns, geological studies

FCC-hh - Common footprint except around IPs FCC-ee Distance between detector cavern and service cavern 50 m.
. L - Strayfield of unshielded detector solenoid < 5mT.
Asymmetric IR layout to limit synchrotron radiation
L A g muos Aap) FCC-ee FCC-hh Service
/—_\,’ - L:: 21 detector detector cavern
Exp.
Inj. + Exp. l Inj. + Exp.
1.4 km
J || Bcol  «— p8km —» extractionf], D DRR ¢ BRGS0
1.4 km
sF Exp. 6-20” ----
S —— T
H F Preliminary design of access and cable paths
G
Geology
N Quaternary . Molasse
. Wioflysch Lenestone
- Molasse Subalpn . Preaps 1680
F Shafts: A B, C. 1000.0
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5. The FCC implementation: timeline. <':e[;ec )

» Eighteen years towards Physics. No overlap in Physics between the
end of HL-LHC and FCC-ee

[ et ) pomisns | FCC-ee

[ Funding strategy ][ F"l “di '“gl. ’g:;m]

S |nvestlgatlons.‘mfrastructu.re ot Tunnel, site and technical infrastructure construction
and tendering preparation
[ Technology R&D for accelerator and technical design ] [ Accelerator construction, installation, commissioning ]
Set up of international experiment collaborations, . . . . .
Detector technical design Detector construction, installation, commissioning
detector R&D and concept development

"N S W 6 G 0 i 0 0 K o o B

[ ey Pemissns FCC-hh
[Fundingsﬁabgy S:nmt:memr?t: ]

Geological investigations, infrastructure
design and tendering preparation

I Tunnel, site and technical infrastructure construction ]

16 T dipole magnet I 16 T dipole magnet I 16 T dipole magnet I 16 T dipole magnet ]
. short and long models prototypes preseries series production
Technology R&D for accelerator and technical design I Accelerator construction, installation, commissioning ]
[ Set up of international experiment collaborations, Detector technical N . N
. . Detector construction, installation, commissioning
S. Monteil  detector R&D and concept development design
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5. The FCC implementation: timeline. << e ))

« Eighteen years towards Physics. No overlap in Physics between the

end of HL-LHC and FCC-ee. The big picture.

ntashuaredaald desgnand || Tl teand ecticalnsuchre " ataoncine
tendering preparation adaptations FCC-hh
4 )
16 T magnet
Superconducting wire and magnet R&D scRI“D..II:':d:WIOB. 16 'I’|dlpdo ml i
| ) prototypes, preseries

o

installation, commissioning

( Setup of international
experiment collaborations, FCC-ee detector FCC-ee detector

FCC-ee accelerator R&D and technical design ][ FCC-o0 accelerator consirucion,

-

detector R&D and concept technical design construction, installation, commissioning
\—development

* Is it crazy to plan a Physics program for seventy years?

S. Monteil Flavours @ FCC
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5. The FCC implementation: timeline

* |s it reasonable to plan a Physics program for seventy years? It was.

* The previous HEP European planning was only for ... 60 years !

PHYSICS WITH VERY HICH ENERGY |
e¢'e” COLLIDING BEAMS CERN 76-18
' | 8 November 1976

L. Camilleri, D. Cundy, P. Darriulat, J. Ellis, J. Field,
H. Fischer, E.-Gabathuler, M.K. Gaillard, H. Hoffmann,
K. Johnsen, E. Keil, F. Palmonari, G. Preparata, B. Richter,

C. Rubbia, J. Steinberger, B. Wiik, W. Willis and K. Winter

ABSTRACT

This report consists of a collection of documents produced by a Study
Group on Large Electron-Positron Storage Rings (LEP). The reactions of
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5. The FCC implementation — Cost << = >)

FCC-ee cost estimate

FCC-ee (Z, W, H): capital cost per domain

Total construction cost phase1 (Z, W, H) amounts to 10,500 MCHF
- 5,400 MCHEF for civil engineering (51%)

- 2,000 MCHEF for technical infrastructure (19%)

- 3,100 MCHF accelerator and injector (20%)

= Civil Engineering 5400 MCHF, 51% = Technical Infrastructure 2000 MCHF, 19%
® Machine & injector 3100 MCHF, 30%

FCC-ee (Z, W, H, t): capital cost per domain

Complement cost for phase2 (tt) amounts to 1,100 MCHF
- 900 MCHF for RF, 200 MCHF for associated technical infrastructure

Future Circular Collider Study
C\ERN

Michael Benedikt
N7 Physics at FCC, 4 March 2019
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5. The FCC implementation — Future (future) << === >>

FCC-hh cost estimate

Total construction cost in “stand-alone” is 24,000 MCHF FEChi - stand alone: capital cost per domain
- 13,600 MCHF accelerator and injector (57%) ‘
- Major part corresponds to the 4,700 Nb,;Sn 16 T main dipole magnets,
totalling 9,400 MCHF, at cost target of 2 MCHF/magnet.
- 6,000 MCHF construction cost for surface and underground civil
engineering (25%)
- 4,400 MCHF for technical infrastructures (18%)

= Machine & injector 13600 MCHF, 57%

Total construction cost in “combined mode” following FCC-ee FCC-hh - combined mode: capital cost per domain

is 17,000 MCHF.
- CE and Tl from FCC-ee re-used ‘
- 600 MCHEF for additional CE structures:

- Two experiment caverns for the lower luminosity experiments v

- Beam dump tunnels and the two transfer lines from LHC - |
- 2,800 MCHF for additional T, driven by cryogenics infrastructure |

Future Circular Collider Study
C\ERN

Michael Benedikt
N7 Physics at FCC, 4 March 2019
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6) Summary << e )>

 Achille Stocchi told you about the brilliant ERL technology to come. Here
is what American colleagues thought of for FCC-ee. Check the top
threshold. HHH is at hand ! Or we get modest at power consumption !

i I i ] i 1 i 1 i I I |

Z(91.2 GeV):4.6 x10° cm?s™
(.. T LR -)- ? llllllll l . FCC-ee (Basehne_ 2 IPS)

IR

I 1111

‘e FCC-ee (with 10% safety margin)
*

|

] ILC (250 GeV baseline)

1 02 e ’-0.’ ILC (with Jumi/energy Upgrade) =
- W'W (161 GeV): 6.4 x 10"0!}1.35' A CLIC (Baseline) -
B N Y CEPC (100km, double ring) &
- v I ERL based FCC ee at 100 MW SR —
- GeV):1.6x10°cm?' [ ERLbased FCCecat 10 MW SR |

10 .

Luminosity [10%* cm2s1]

- ycce®
tt (350 GeV) : 3.6 x 10" cm?%s' 4
"W (365 GeV) : 3.0 x 10cm~s’

1 HZ 08-13-1c‘cm~s':
.

1 1 1 1 ] 1 1 1 l 1

I IlllIII

[ 11?11“!
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o
n
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w
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6) Summary @ 9

* The project is mature. FCC can be done ! The FCC software and
detector full simulations are getting up. Please check:

* https://hep-fcc.github.io/FCCeePhysicsPerformance/
 Fantastic tool for Higgs, top, and EWPT tests.

* The Flavour Physics case is now part of the FCC program in its own
right. There are exciting times ahead with Flavours with the present data
and this to come. It can be a lot of fun to think of these prospectives and
some serious studies to be conducted. FCC-ee precision shall meet or
increase the precision of each and both of Belle |l and LHCb upgrades
(super-complementarity).

* There are opportunities for internships at FCC-ee during the feasibility
phase.
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00) Back-up slides (FED))

Wish list for today:
* FCC tunnel.
 Looking forward meeting you around!

Oo 3ycTpivi !

www.bmyrkieviua
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6. Outlook - FCC-hh and Flavours.

* The bb cross-section receives
about a factor 5 enhancement

at 100 TeV w.r.t. 14 TeV.

* The distinctive feature of FCC-

hh is however that high-pt

Physics is enhanced by a far

larger factor (~100).

Back

o(|ye|<Ymex). in
mb for p>0, 5 GeV
pb for pp>100 GeV j

-4 L \\
P PSS ) AR I .
0 2 4 6 8 0 500 1000 1500 2000

Ymax Puin

1003 L

Figure 7.4: Left: production rates for b quarks as a function of detection acceptance in y, for various
pr thresholds (rates in pub for pp > 100 GeV, in mb otherwise). Right: forward b production rates, as a
function of the b longitudinal momentum.

* |t was still an early stage to devise a Flavour Physics case for the FCC-hh
in the CDR. It will be part of the next stage of the Study.

* The progresses in data acquisition and triggering systems of the LHCDb
upgrades (to cope with high pile-up) will be invaluable in that respect.

S. Monteil

Flavours @ FCC
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7) References:

(A
J

* CDR(s):
* https://fcc-cdr.web.cern.ch

* FAQs about FCC:
* https://arxiv.org/pdf/1906.02693.pdf

S. Monteil Flavours @ FCC
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00) Back-up: Vertexing

* One of the most demanding requirement for vertex detectors comes
from the missing momentum reconstruction inferred from the decay flight
distances.

« Example: X — Y ( Y—[a]b) £ with a not reconstructed.

Back

* Three momentum components to be searched for:
* The measurement of X momentum direction fixes 2 d.o.f.
* An additional constraint closes the system: my or a tertiary vertex.
e Usually, quadratic form of the constraints: solution up to an ambiguity.
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4. Distinctive features of FCC-ee at Z pole (Flavours) Q{gc )

Attribute Y(4S) pp ZY
All hadron species v v
High boost v ooV
Enormous production cross-section v

Negligible trigger losses v v
Low backgrounds v v
Initial energy constraint v (V)

Some first mitigation comments:

vs LHC the modest cross-section partly compensated by the exquisite luminosity.

vs KEKB the initial energy constraint is diluted by the quark fragmentation; incoherent
production of the b quarks.
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4) Heavy Flavours: some examples of studies.

B = K" 1T1
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Some others around here:
https://indico.in2p3.fr/event/23012/

S. Monteil
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© R. Aleksan

B> K e et

LHCb o = 75 MeV/¢?

Belle o = 5 MeV/c?
[arXiv: 1904.02440]

© D. Hill

Measurement of CP violation with B; —» D K

det =150ab? PDG:y = (71.17%%)° |

0.0 05 10 15 2.0 2.5 3.0
x (in unit of lifetime t/7)

{ 5(p) =~ 3.2 x 10~ 3(stat.)

10 15 2.0
x (in unit of lifetime t/7)

S§(sin*¢pcgy) = 6(sin®y) = 5 x 1073(stat.) = 6(y) =~ 0.4° (stat.)
Potential statistical gain of factor 4-5 with DT —» K*OK*, pp*, ... but background needs to be studied (see later)+
Additionnal potential gain (another factor ~2 ) with B, » D:¥K ¥, D¥K*F, D:*K*F , most modes including v(s)

Flavours @ FCC
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