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FCCs: European Strategy implementation

High-priority large-scale scientific activities

Y. Sirois
After careful analysis of many possible large-scale scientific activities requiring significant resources,
sizeable collaborations and sustained commitment, the following four activities have been identified

as carrying the highest priority. LI'D am HL-LHC

¢) The discovery of the Higgs boson is the start of a major programme of work to measure this
particle’s properties with the highest possible precision for testing the validity of the Standard Model
and to search for further new physics at the energy frontier. The LHC is in a unique posmon to pursue
this programme. Europe’s top priority should be the exploitation of the full Dok ;
including the high-lwminosity upgrade of the machine and detectors with a vie
more data than in the initial design, by around 2030. This upgrade programme
Jurther exciting opportunities for the study of flavour physics and the qua réluon pﬁ"éafrom

Ier
d) To stay at the forefront of particle physics, Europe needs to be mn a Sgnon to propose ?n
ambitious post-LHC accelerator project at CERN by the time of the next Strategy update, when
physics results from the LHC running at 14 TeV will be available. CERN undertake design
studies for accelerator projects in a global context, with emphasisye proton -proton and oW
positron high-energy frontier machines. These design studies singd be coupled to a
accelerator R&D programme, including high-field magnets and accelerating
structures, in collaboration with national institutes, laboratories and unjversiti¢s worldwide.

SIon e+e-

e) 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.




the FCC Project

+ Build a 100 km tunnel in the Geneva region

+ Ultimate goal: highest energy reach in pp collisions: 100 TeV

+ need time to develop the technology to get there

+ Intermediate step: extreme precision circular e+e- collider

+ variable beam energy from 90-175 GeV

= Two complementary machines covering the largest phase

space in the high energy frontier

+ a complete physics program for the next 50 years
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Future Circular Collider Study

Accelerators ¥ Society ~

v Physics ~

Our Goal

CERN is undertaking an integral design study for post-LHC
particle accelerator options in a global context. The Future
Circular Collider (FCC) study has an emphasis on proton-
proton and electon posmon (Iepton)mmr
machines. It is exploring the potential of hadron and lepton
circular colliders, performing an in-depth analysis of
infrastructure and operation concepts and considering the
technology research and development programs that would
be required to build a future circular collider. A conceptual
design report will be delivered before the end of 2018, in
time for the next update of the European Strategy for
Particle Physics.
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Opportunities ~
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FCC Study Coordination Group

Study Coordination M. Benedikt, F. Zimmermann

Hadron Collider Physics and Experiments F. Gianotti, A. Ball, M. Mangano
Lepton Collider Physics and Experiments SRR Ellis, . Janot
e-p Physics, Experiments, IP Integration M. Klein, O. Bruning

Hadron Injectors B. Goddard

Hadron Collider D. Schulte, M. Syphers, J.M. Jimenez

Lepton Injectors Y. Papaphilippou (tbc)

Lepton Collider J. Wenninger, U. Wienands, J.M. Jimenez
Accelerator R & D Technologies M. Benedikt, F. Zimmermann

Infrastructures and Operation P. Lebrun, P. Collier

M i Benedikt Costlng PIannlng F. Sonnemann, P. Lebrun




The Future Colliders on the map

eX. Geneva basin

(s
H and top factory
ILC 0.5 TeV (3okm) / FRANKREICH
CLIC 3 TeV (50km) f
/' / ﬂ‘m\/ \
High energy " | FCC (100 km)
\ I' [Future Circular Colliders]
\ ,l First step: FCC-ee (90-400 GeV)
» % 7 rcc [Z, W, H, top factories]
X7 =% Ultimate goal: FCC-hh (1200 TeV)

[Access to highest energies]
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LHC Run2 comes first

300 fb-1 at 14 TeV, first results in 2016

FIND A NEW HEAVY PARTICLE(S) FIND NO NEW PARTICLE, BUT
HLLHC v HINTS FOR NON STANDARD HIGGS
-LHC can study it BEHAVIOR OR OTHER EXCESSES

=if m<1TeV and produced in e+e- collision

[ 3 - = O C
CLIC is a good option HL-LHC can somewhat improve precision

=Higgs and Z factories very interesting

- : : .
larger energies and luminosities needed machines (FCC-ee)

to fully study the spectrum (FCC-hh)

! =push energy frontier to its limits (FCC-hh)

FIND NO NEW PARTICLE, STANDARD HIGGS PROPERTIES

=push precision measurements to their limits (FCC-ee)

=push energy frontier to its limits hoping the NP scale is reachable
(FCC-hh)




the Bottom line

Physics opportunities at FCC-hh are unique
Discovery reach for massive particles superior to multi-TeV ete- machines (CLIC)
Better precision than e*e- machines for processes requiring large /s,
+ e.g., ttH, HHH, WW scattering
+ Fantastic potential for rare decays
» FCC-hh is the ultimate energy-frontier machine — and the study is only beginning !

It will take time before FCC-hh be realized ( > 2050 ?)

+ Loads of R&D ahead for high-field dipoles magnets

+ Power consumption is a challenge

+ Beyond-the-state-of-the-art detectors must be conceived

+ Huge construction costs must be reduced to make it affordable
+ CERN budget is what it is... (so far)

The next machine after the LHC will probably be an ete~ collider

+ Be it only to measure precisely the properties of the newly-discovered Higgs boson
+ “We would be crazy not to study the ee option in the FCC ring” (Rolf Heuer)



FCC-hh: life at sqrt(s)=100Te

+ Numerology for 10ab™ @100TeV = precision measurements
=rare decay.

+ 10'"° Higgs bosons => 10%x today

; 12 ;.
+ 10'“ top quarks => 5 10™ x today = precision measurements

=rare decays

+ =>10"? W bosons from top
= EFECNC probes: t->cV (V=24,8,v),

decays
t->ckl
+ =>10"% b hadrons from top =GP violation
decays =BSM decays 777
+ =>10"" t->W->taus = rare decays. 1->3

= few 10" t->W charm hadrons =rare decays D->Uti ...

Amazing potential, extreme detector and reconstruction challenges

10



FCC-ee: high luminosity from sgrt(s)=90-350GeV
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First let’s study the Higgs!

Coupling LHC Runa LHC (300 fb?) LHC (12 ab™) HL-LHC
Kw 15% 4-6% 3-5% 2-5%
K, 20% 4-6% 3-5% 2-4%
K, 50% 14-15% 10-12% 7-10%
K 40% 10-13% 6-10% 4-7%
K, 25% 6-8% 4-6% 2-5%

+ The projections for the Higgs coupling at the H

L-LHC bring a factor

1.5 to 2 on top of the Run2 (300 fb'1). Limited by systematic

uncertainties.

+ The large statistics 3ab™" allows sensitivity to H->pp
+ measurement of the coupling to 10%

+ s this precision good enough for a discovery?

Typically, expect deviations:
AK/K < ~5% | A2
(with AinTeV)

+ Need 1% precision on coupling for a 50 discovery if A =1TeV

2




Precision on Higgs couplings

+ Lepton colliders easy choice when looking for extreme precision:
+ No pile-up. No backgrounds. Triggering is easy
+ No underlying event. Known energy and momentum of the final state: can use conservation laws!

+ FCC-ee might achieve a precision <1% on the Higgs couplings. Sensitive to multi-TeV NP effects.

Facility ILC(LumiUp) |FCC-ee|(4 IP) CLIC
V3 (GeV) 250 1000 250 /500 /1000 240 350 350 1400 3000
[ Cdt (fb~1) 250 +1000 11504+1600+2500F 1 +2600 500 +1500 +2000
Ple—.e*) (—0.8, +0.3) (0.8, +0.2) (same) (0,0)] (0,0) J(-08,0) (-08,0) (-0.8,0)
'y 12% 1.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%
Ky 18% 4.0% 2.4% 1.7% 1.5% - 5.9% <5.9%
Kg 6.4% 1.6% 0.9% 1.1%) 08% 1.1% 2.3% 2.2%
Kw 4.9% 1.2% 0.6% 0.85%§ 0.19% 2.6% 2.1% 2.1%
Kz 1.3% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%
Ky 91% 16% 10% 6.4% 6.2% - 11% 5.6%
Ky 5.8% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%
Ke 6.8% 1.8% 1.1% 1.0%) 0.71% 3.8% 2.4% 2.2%
Kb 5.3% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%
Kt - 3.2% 2.0% - 13% - 4.5% <4.5%
BR;,., 0.9% < 0.9% 0.4% 0.19%] < 0.19%




Precision on Higgs couplings
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— HL-LHC : One experiment only

HZZ HWW  Hbb Hcc Hgg Hrtt Hyy

HL-LHC(3 ab™, 1 detector) with assumption ~ g(HVV) < g(HW),,. 9(Hcc) ~ g(Huu)

ILC 500: 250 fb”' @ 250 GeV. 500 fb' @ 500 GeV
TLEP 350: 10 ab” @ 240 GeV. 2.6 ab” @ 350 GeV
4 CEPC, 5 ab™ @ 250 GeV



Higgs physics @ 100 TeV

+ ttH & HHH coupling .

15

g -
Process 14 TeV 33 TeV
b advantage even bigger
0.62 pb 4.5P
gg — ttH y R(100)=250 for
/-3 o(ttH, Pt(t) >500GeV)
8 fb 206 fb
gg — HH 33
x 6.1
HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLICB‘m)Q HE-LHC VLHC
Vs (GeV) 14000 500 500/1000 500/1000 1400 3000 33,000 100,000
dt (fb~ 1) 3000 500 1600* 500/1000  1600/2500% 1500 +2000 2000 3000
50% 83% 21% 13% 21% 10% 20%. [ 8%\
4%  14% 4% 2% 4% <4% 3%




FCC-ee

Higgs Physics @100TeV

— e*e” : |LC-500, ILC-1TeV, CLIC-3TeV

s pp : HL-LHC, HE-LHC, FCC-hh

Coupling precision (%)
S
o

(NP=New Physics reach)

I +20%
=G

J. Wells et al.
arXiV:1305.6397

ILC500, HL-LHC

ILCaTeV, HE-LHC
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SM after FCC-ee

+ EWK fits have shown their predicting power in the case of the Higgs mass: they could show the

presence of new physics effects

+ theory needs to advance as well as the experiments to match the precision expected at the Fcc-ee

+ precision goals to be confirmed by complete studies

* In absence of New Physics the m,,, vs my, plot would look like this:

80.5

March 2012
I

| —LEP2 and Tevatron
{1 ----LEP1 and SLD

1 1 |
[JLHC excluded

68% CL

-
-
........

m, [GeV]

+ Constraints on new physics ?

80.36

80.355

—— TLEP (Z pole)
—— TLEP (Direct)
—— ILC (Direct)
—— LHC (Future)
---- Tevatron

— Standard Model

.
| I |‘\I 1 1 | | 1 N1 | | 1 11 1 | 1 1 1 | 1 1 14 | 1 1 1 1 | 1

171.5 172 172.5 173 173.5

174 1745 175
Top mass (GeV)

Without m,@FCC-ee, the SM line
would have a 2.2 MeV width




+ Hadronic Z event rate ~15kHz in the detector.

Tera-Z and Oku-W

T ' ' ' !
201 LEP )
YFSWW and RacoonWW
¢

+ LEP1 physics program in 15 minutes!

=

=

=
=)

« Measure the Z line shape accumulating 10'° Z bosons in a
energy scan. Could reach 100 keV on M, and I', 10 -

+ Improvement on method to measure the c.0.m. energy
(profit on the large number of bunches)

+ Huge statistics allows improvement on many other 160 185 ; '200'
observables like R, and a,(M,) determination Vs (GeV)

+ Measurement of A g with longitudinal polarization: could reach

: 1 T T | 1 T Ll | 1 T T | 1 T T
- e'e = W'W Vs=200 GeV
10

~2.10° on sin2theta

do/dcosBy, (pb)

» challenging, dedicated run with lower luminosity?

=+ My mass measurement from WW production threshold scan,
could reach ~0.5 MeV 0

+ Multi-gauge bosons production: VVV, but also WWy, WWZ, T R 02 1
vvy, WWH. Using differential distribution to separate for
example, the different polarization components

(=),(++) (0+),(-0)

18



what changes at 100 TeV: S

Inclusive jets

8 TeV 14 TeV 33 TeV 100 TeV
LHC LHC HE LHC VLHC

...............

10°

o ", V5=100TeV

wh

o [nb]

I r]CFMI+ Higgs EU{opelan §trqte§y

110 I\E [TeV] 10°
+ Higher rate for sub-TeV phenomena: also
populating the high boost tails

+ Access to rare decays and multi-boson

production -
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WW scattering at high energy

+ |In the SM the Z and H exchange diagrams diverge but exactly cancel each other

+ anomalous couplings, as hints from New Physics, would have dramatic effects

4
= the total WW scattering/Higgs pair cross section diverge with m wwnn

. H°

x b EJ/Mw?+ ...

< —a2 B2/ Mw? + ...

: A% \A%
: .~ .° * a=b=1 in the SM
. L 4
AL TagWem Tt o b g2h2v
IO . & "'sM * In general,a,b# 1| and a#b
W W THO HO
+
~ \/é\/' ~§ é' ~§ ¢'
~~§ ¢" ~~\¢" ~~\I"
1
— 1 0 : 0
' 0 (1-a%) E2/ Mw? + ...
L 4 ~ ”e N
L' d ~ L' d ~ L' d ~
'l ~~ 'l ~~ ’¢ §~
~ L 4 ~ L g ~
\A% e EZ/MWZ"' OC—a2 EZ/MW2+
HO . W+ .
.. ~ ..
.~ o0 wW HO ~~~ o0 H
~ *~ ~"
~ —a2\ F2 2
_ ~:.. . VY R (b-a%) E*/ Mw* + ...
) L . ' —>  + threshold terms
o. Py o. L ‘. .
o7 S HO -2 T, roportional to
W . SR prop
bo L' 4 ®e

HHH coupling

q q
f
v |4 f
\{)’\ff
f
q q

Precision on a and b:
~30% at HL-LHC 14 TeV
~1% with FCC-hh 100 TeV
Precision on a:
~1% with ILC
~ 0.1% with FCC-ee



Precision top physics: mass

> B B LR AR LR
2102L —ucamocev . T aoresho 1smass madey |3 ,
S [ —cucasogev : '§1_2 - —TOPPIKNNLO ~ —CLIC 350 LS+ISR N }\top ~139 with
~ B o = [ —ILC350LS+ISR  — FCCee 350 LS+ISR : ; : ;
§ [ 8 1L 1 indirect extraction
g10° 1 = B 08k from threshold
= s [
: 06l scan.
10* 3 041 To improve need
0.2: té:sleg;;n ?CE)Ldl(()?.,??L(ﬁ;op Study _: hlgher energy Or
0

| [ B A | T | E S - | RN~ = S T~ | NP
330 335 340 345 350 35'5 360 345 350 355
{s'[GeV] /s [GeV]

FCC-hh.

» Different luminosity spectra in different machines: no beamstrahlung tail for FCC-ee. Keeps a

sharper main peak, which means better statistics & sensitivity
1

+ For 100 fb_ , with 1D mass fit 16 MeV achievable (from a study performed with ILC software).
Possible improvements down to 10 MeV using ag information from Tera-Z

+ Expected 1M top pairs produced: classic event reconstruction strategy can be used as well
(different systematics)




Precision top physics: FCNC & Rare-decays

+ The large statistics allows to improve significantly the
measurement of the various top couplings: giwz, ttZ/

tty

+ But rare decays and FCNC are the real gold mine (i.e.

t->Zq, vq, Zc). The improvements come from:

+ large statistic at 350GeV in pair production

= can profit of single top production at 240 GeV

+ clean final states
expectations from theory

Process

t—+ Zu
t =+ Zc
t — gu
t — gc
t — yu
t — e
t — hu
t — he

SM

7x 10717

1 x 10~
4x 1014
5x 10712
4 x 10—16
5x 10~14
2 x 10717
3x 10715

2HDM(FV)

<107

<1074
<107
6 x 10~
2 % 1073

2HDM(FC) MSSM
- <1077
<1079 <1077
-~ <1077

< 107® <1077

— < 108

< 1079 < 108

- <1073

< 107° <107°

< 107°

< 10~ 10

< 1074

4 FCNC production of a top and a light quark
< At a center-of-mass energy of 240 GeV

[ 1o 15 4anodueyy ]

&\ IE T T T T T IIEE

o L 18 |

S 95% C.L Excluded Region | :
=
: Eé §

é ) ATLAS (7 TeV)
107 =
107 CMS (7+8 TeV) =
------------------------ CMS (8 TeV),

10 o = +

p ATLAS, 14TeV,300 fb'3 |

10—5 SEEEEES _: :

» FCC-ce,240 GeV, 10ab"
10—6 Il:JIII | vl Lol L1

10 107 10

10 10" 1
BR(t—>qy)

% Gain of 1.5 order of magnitude w.r.t. LHC

Easy way to find new
physics signatures!



top physms @100 TeV
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* Many produced top-antitop systems have a very
arge invariant mass

Ay ratio versus Antik, cone sze

X/
0’0

Produced top(anti)quarks have a very large
transverse momentum tails

_ _ 5TeV tops 90% of the
+ EXplore tagging of multi-TeV top! y energy inside 0.1 cone

02

+ study mass resolution for resonance searches, L . e v
define search potential (c0BSM vs MBSM)




Opening the multi—top window

..............................................................................................................

...-----—---.-....... ..................................................................................................................

107 FItVV production at pp colliders at NLO in QCD

Rl 0 8 8 8 8 R

m’r
e

of®]
C'“dml

[ OIN@OWE"sydesopEyy ]

-

pp —= HWWY [¢9
PP iy

‘ol -
pp - W2
P~ HZZ

‘00 1 1 A 1 :
14 28 K 80 75 100
vs[TeV) :

Process c(100TeV) /o (14 TeV)
ttWW- ) ~100

.
—————

L T N T L 1 L

% |00 fb-': thousands of tttt events

(=5 with 300 fb-' LHC collisions at 14 TeV) teyy =60 -
ttyZ - ~80 _
ttWZ ~50 i

% Large number of very hard tt pairs

R e e e e e e e e T T T P TS

% Largest enhancement: ttWWV production ‘
(=~ 10000 expected events for 100 fb') .

LR R R R R R I I I
L T T T T T T . - - . T . -
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--------------------------------------------------------------------------------------------------------------
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Discovery potential: The neutrino connection (1)

+ New physics might not be heavy — only couplings may be very small

Example : three sterile right-handed neutrinos to complete SM (vVMSM) M. Shaposhnikov
Three Gensrations Three Generations
of Matter (Fermions) spin % of Matter (Fermions) spin %
| | 1 | I i
mass | 2.4 mev 127 Gev 173.2 Gev mass—| 2.3 Mev 1.27 Gev 173.2Gev
charge - |34 *h £ charge — (34 % %
J. ol [ (SC (S
name - uo cham top name - up charm op
. 4.8 Mev 104 Mev 4.2 Gev " 45 My 104 Mev 4.2 Gev
= | 24 % £ [ % %
: *d s |I”b e s |°b
“ | down Ztrange bottom | down zwange bemom
‘ 10 ke ~Gev ~Gev (_; 126 GeV
Ve/ |V |'Va Ve/N,[“Vi/N,|*V-/N; © ;
& g =
0511 Nev 1058.7 Nev 1.777 Gev n 0.511 Mev 105.7 Mev 1.777 Gev ':L‘ spin 0
- e 1 1 T ; 3 e <] “ 4 T g ,
¢ Nearly impossible to find, but could perhaps explain it all ! S. Lavignac |

e Small m, (see-saw), DM (light N,), and B.A.U. (VN, ; osc.)

® Small deficit in Z invisible width (vN mixing), reactor anti-neutrino anomaly, ...

Journée "Futur de la physique des particules”
23 Janvigb 2015



BSM Physics: Sterile Neutrinos 7

* Number of neutrino families from LEP Nv=2.984+0.008 N_- o(e*e” — v¥y)/20(e*e™ = p*uy)

+ potential to improve to +0.001 using e+e—>Zy (not

enough statistics at LEP) " oY . e 3
= Search for sterile neutrinos in Z decays: ) /«HL'H \ y ;s'H“m W
- o 3 'y e
Z = Nv;, with N =Wl or Z"v,
R — B
= Number of events depends on mixing between N and
v, and my
Assuming zero background in the region 10cm and 5m with 103 Z°
V;o““"‘
BV et
i | e Z
~ o2
4
10 ;sse;.u.,,w,m;\.\..\..,:sse‘;;esaes;sge;s;a;ﬁssssssazss;:;;-\ , 10 11,“;,01 "E (Very) Displaced SV,
HNL mass (GeV) HNL mass (GeV) detector challenge!

N. Serra 7th FCC-ee workshop




BSM Physics: Supersymmetry”?

» one (my favorite) example: search for third generation squarks

Mass reach extended by a factor 2 with LHC 14TeV(Run2) : covers the 1TeV
(favorite) region

HL-LHC extends the reach by 20%
However if NO excess in 300fb_1 the HL-LHC potential vanishes entirely

_ tt, production, t,— t § x, */t—> Wby %, *It>c x Status: Moriond 2014 ;’1 000 A é — — NS LA L B BB B B B B e
S (L L ) L L B LB O D TLAS Imulatlon Pre/lmlnary =
o 400- ATLAS Preliminary L, =20-211"Vs=8TeV L, =4.7fo"is=7 TeV_7 v 900 —]
O, B ] = - \s=14 TeV —300 fb™ , (<u>=60) 5¢ discovery -
a - - =EoL t—> tx; 0L CONF-2013-024 0L [1208.1447] N o — *300 fb <u>=60) 95% CL exclusion -
sz 250 - =a ;t t—> tx 1L CONF-2013-037 1L [1208.2590] = 9 800 — _3000 fb s (< >-140) 56 dlscoverr —:

S W L 2L [1403.4853 2t r200.4106] ] £ - *+3000 b’ (<u>-140) 95% CL exclusion
- oL m;r:o jet;f: -tag,t —¢c X it 22:21?/5(:3-1a CONF-2013-068 - . 700 —— EATLAS 8 TeV (1 Iepton) 95% CL obs. I|m|t—
300[— COF 26 1" [1203.4171] e - = [DJATLAS 8 TeV (0-lepton): 95% CL obs. limit
— —— Observed limits ===- Expected limits ] 600 —— RTIIIN I __
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FCC-hh : Discovery opportunities

+ Potential for new particle discovery : Rules of thumb
» A factor ~5 in mass reach from LHC (14 TeV, 300 fb-') to FCC-hh (100 TeV,3 ab)
+ Then add ~1 to this factor for each increase of luminosity by a factor 10.

Based on parton luminosities

Particle LHC, 300 fb* | FCC-hh, 3ab™ PRl [y T 1=
8 E
8 50
Gluino 2TeV 11 TeV " <
,?_: 40 %
Stop 1.2TeV 6TeV g 1 g
5
b g
Z, W’ 5-6TeV | 30-35TeV = é,
1o |8
+ Comparison with CLIC-3TeV (Z') P L :

La)

+ Direct: ~1.5 TeV R T

s | d g 15 TeV system mass [TeV]| for 14,00 TeV, 300.00 fb? ;
sl & LHC-14 [300 fb™'] vs. FCC-100 [3000 fb"]

Gain of about 5-6
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Supersymmetry @100TeV

+ Production in pp collisions:

+ If the spectrum is heavier only higher energy can extends the discovery reach

+ if no hints at Run2, the HL-LHC has no chance of discovery

+ Discovery reach for gluino: up to 5 TeV at HL-LHC —> 11 TeV with FCC-hh
+ Discovery reach for stop: up to 3TeV with HL-LHC —> up to 6 TeV with FCC-hh

; 12- L L I ' L 1 I 6 L 1 L l L I L l I L L l L L L i ; 15 I L L 1 I L o I L L) l
O o T ; @ [ PPoUE-O, A,
s 10~ Sadiscovery - er L 995% CL exclusion
£ [ = 100 TeV, 3000 fb" - £ | = 100 TeV, 3000 fb’
[ = 33 TeV, 3000 fb” 7 10 e 33 TeV. 3000 fb"
o — 14 TeV, 3000 fb" - | w— 14 TeV, 3000 fb"
[ = {4 TeV, 300 fb™ i | 14 TeV, 300 f0

b
-
-
—

b L1 | - | I | L1 | I | L1 1

o

°o'"f"'4"'6"'8"'1'0"'12

you are here

o
3
<
o
B
<



Stops at 100 TeV

Exclusion for pp — 1t — ttry

<~ 10000F _ . o
> [ Vs=100Tev preliminary(i, 2
O | " -1 S
2 eoooijd' = 3000 fb 2
— B = 20% cfn
6000 =
LHcE: 650 Gev 4000
(ATL CONV-20P3-024) 7 -/
LHCI4: .4 Tev s
2000

(ATL-PHYS-PuR-2013-0ll)

\ 0 4000 6000w 8000
/ MT (GeV)
(Exclude ~9q Tev Sto?p)

DiScovey ~7 TeV tO?! (~ (00 events)

2000
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Conclusions

+ The physics potential of the FCC project, in its complete form,
allows:

+ unprecedented precision measurements at very large integrated
luminosity and a clean environment with FCC-ee

+ unprecedented reach for precision on rare and (hopefully) new
processes at higher energy with FCC-hh

+ |f no new physics is found in Run2 of the LHC this program
would allow to push further the boundaries of our knowledge.

+ To achieve this immense physics program there are extreme
accelerator, detector, reconstruction and theory challenges to be
studied and overcome Iin the next 30 years.
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Dark Matter

DM overclosure upper limits:
Mwime < 1.8 TeV (g2/0.3) =

wino: m=3 TeV¥
higgsino: m=1.1 TeV

S/ee

B 100 Tev

------ B 14 Tev

Disappearing Tracks

d + URBBDEN

m, [GeV]

Higgsino LSP

lllllllll!lllllllll[llllillll

- Wino case pretty much covered!

5000
m, [GeV]

Wino LSP L-T. Wang, FCC Kickoff preparatory workshop

1 I | 1 1 1 1 I 1 1 1 1
2000 3000 4000
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EW interactions at high energy

WWWwW
WWZ
WWWWwW
WWWZ

0.3

0.25)

[ w— e WWW) 1 o WW) (PS)

0.15

o=770 pb
o=2 pb
o=1.6 pb
o=15fb
0=20 fb

— o j4W) / Ol}) (PS)

olj+WW) / oj+W) (PS)

st alj+W) 7 off) (ME)
- ssssens alleWW) / o+ W) (ME)
0.2

wenns alf+WWW) / o(peWW) (ME)

0. 1 ‘.:‘:: o o

0.05 4

111111

| 1 | | | J
8000 10000 12000 14000

+ At 100TeV large statistic of multi-boson

production events

» Need to see how high can we go in multiplicity?

+ Experimental issues important: acceptances/
efficiencies.

+ (Can we use (boosted) hadronic decays?

» what can we learn? How?

+ 100fb with M(WW)>~3 TeV
+ 1fb with M(HH)>~1 TeV

- For instance there is a 10% probability of a W

emission from a quark jet!
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An historical perspective

1S O= 990

+ Precision measurements of neutral currents: predicted my, and m;
+ The CERN SppS(UA1, UA2) discovered the W and the Z
+ The CERN LEP(and SLC) nailed the Gauge sector

+ 1990-2000

+ Precision measurements of the gauge sector at LEP/SLC: predicted top
+ The FNAL Tevatron(CDF,D0) discovered the top

+ A collider to nail the top sector? Does the LHC suffice?

+ 1995-2015

* Precision measurements of my, and my,,(LEP, TeVatron): predicted my
+ The CERN LHC(CMS,ATLAS) discovered the SM Higgs boson

+ A collider to nail the scalar sector? Does the LHC suffice?
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FCC-ee In one page (reminder)

o Performance target for ete™ colliders

Possible upgrades with dashed lines
] T T T T [ T T T T ]

. i i )
» 1.2 x 10™ e

L 102 =
£ - : o FCC-ee(41IPs)
O - W'W:4.8x 107 ems? .
c‘v’ao L e " _ILC R
= L HZ: 2.4 x 10" cm?s™ ]
> + CLIC
= 10 = = oI —
bt = it 72x 10 cms! o CEPC(2Ips) =
8 - . ek Schematic of an
£ - % . > NSO — | 80 - 100 km
B B R 7] ‘ long tunnel
3 B "500 GeV: 1.8 % 10™ em®s™ i
1 — 1.0 x 10* em?s! -
= HZ: 7.5 % 10 cm %" =
- - "Ny
(1 [ vy sue®
0

L 1 : :
1000 2000 3000
vs [GeV] alaz

Intermediate step in the FCC global project  4(45.5 GeV): Z pole, ‘TeraZ’, high precision

Mzl z

Very high luminosity + up to 4 Interaction

Points W(80 GeV): W pair production threshold
(Oku-W)

Beam energy from 45 to 175(250) GeV |
H(120GeV): ZH production threshold

Main physics Program vs beam energies:
t(175 GeV): tt threshold (Mega-top)
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Expected deviations from benchmark models

+ If new physics scale at 1TeV

Ky K Koy
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM | ~ —0.0013% ~ 1.6% < 1.5%
Composite ~ —3% ~—383-9% | ~—-9%
Top Partner ~ —2% ~ —2% ~ —3%




Polarization

o . . . P 7} D )
Two main interests for polarization: recession < :

frequency x E X" ’

Q Accurate energy calibration using resonant
depolarization = measurement of M,, T';, My,

wl

Fast sweeping
horizontal B field

o Nice feature of circular machines, oM, oI, ~ 0.1 MeV
Q Physics with longitudinally polarized beams.

o Transverse polarization must be rotated in the longitudinal
plane using spin rotators (see e.g. HERA).

loss of polarization due to

Scaling Z‘he LEP 75 :" I I I I I I I I I I I Igllowir‘lgl elnb'jgy lslplbéd I I | I—

observations : AN op < E2/\Jp i

. -y \\\I‘_lnear -

polarization expected up to = 50 [ = ]

the WW threshold ! S ] N i

= R LEP :

8o N Higher T E

Integer spin resonances are spaced = I order e 1

by 440 MeV': o I L ]

B L) b - s

energy spread should 0 - | '"l"""'r':":‘*'*"‘"'"'l""""""'"'l”** *-I' i
remain below ~ 60 MeV 40 50 50 70 80 90 100

Energy [GeV]



More SM fundamental measurements

(rFco)

* Off-shell W/Z production above 10 TeV DY mass. E.g.

- measure the running of EW couplings, sensitive to new
weakly-interacting particles, possibly hidden from direct
diSCOVGI’)’ (= Rudermann at BSM@ 100 TeV wshop, Galloway at SLAC)

-10* pp = W" = top+ bottom with M(tb) > 7 TeV
* QCD jets up to 25-30 TeV = running of s, ...

* SM violation of B+L via EVW anomaly (not viable below 30 TeV)
(= Khoze and Ringwald at BSM@ 100 TeV wshop)

* Growth of heavy flavour densities inside proton (c, b and ultimately
top) =new opportunities for studies within and beyond the SM (=

Perez at BSM@ 100 TeV wshop)

Plenty of room for new ideas
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W decays
oW mass ??

o SM rare decays -- Examples:
W=ty BRsm ~ 102, CDF=< 6.4 x 10—

W=Dy BRsm ~ 10~?, CDF=< [.2 x 102

What is the theoretical interest in measuring these rates? VWhat else ?

o SM inclusive decays -- Examples:

R = BRpad / BRiept : What do we learn ? Achievable precision
for CKM, os, ... ?

0_BSM decays -- Are there interesting channels to consider?

-- Example
BNL-HET-06/9
OITS-784 - b
Majorana neutrinos and lepton-number-violating signals in top-quark and W-boson \/
rare decays (@? \XV
Shaouly Bar-Shalom®[* Nilendra G. Deshpande’[l] Gad Eilam®[!| Jing Jiang®[ and Amarjit Sonif ‘22_
A '
g
‘.’ I+
S~ J

S

//‘f\’w

f f’




ttH <1%

Example: Top Yukawa to sub-% precision?

MLM, J.Rojo
pp—tt H vs pp—tt Z in preparation

Vs

To the extent that one can neglect the qgbar — tt Z contribution:

At 100 TeV, gg—ttZ is indeed dominant ...

- Ildentical production dynamics:

100 TeV

o correlated QCD corrections, correlated scale dependence
o correlated 0s systematics

14 Tev

O(gg )V o)

- mz~mpnx = almost identical kinematic boundaries:

o correlated PDF systematics e
O NO M¢op Systematics

For a given Y¢op, O(ttH)/o(ttZ) can be
predicted theoretically with a sub-% precision
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Precision electroweak physics at FCC-ee (10)

o Comparison with potential precision measurements at linear colliders

+ Beam energy measurement (compton back-scattering, spectrometer) to ~104

e m, and m,, not measured to better than 5-10 MeV at ILC

= In absence of new physics, the (m,,,, m,,) plot would look like this

80.5 March 201|2 |

[ 1LHC excluded %,863'7 ;
{1 - —— TLEP (Z pole)
LEP2 and Tevatron -0 — TLEP (Direct)
1 - LEP1 and SLD % —— ILC (Direct)
68% CL Eg0.365| | SHC (Future)
— ---- Tevatron
% ; —— Standard Model
0] 80.4 - :
— 80.36
=
S
80.355
80.31m ~ ~8Q.35
1 s IIII|‘1IIII|IIII|IIII|IIII|III"I|IIII|I
1715 172 1725 173 1735\ 174 1745 175
155 Top mass (GeV)
m, [GeV] Without m,@FCC-ee, the SMline
. . o would have a 2.2 MeV width
+ Constraints on new physics ?
Patrick Janot Physics at Future Colliders

4-5 August 2014
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+ Higgs self coupling

ngh preC|S|on HIggs physicC

Expected 95% upper limits

» Improves the DM search at low masses

+ |nvisible Higgs decay: complementary to direct DM search

+ Gould reach <0.2%(model independent) ¢ o

+ difficult, but measurable via double Higgs production

BR. ., (95% CL)
LHC Runa 40-50%
LHC 300 fb 20-30%
HL-LHC 10-15%
Jirn = 3 My?/V
y 1 g - -H
b —f]— {/ — A Q
Ny g -H

» Expected precisions still being worked out, possibly a 30% reachable with

the full @HL-LHC statistics (using bbyy)

+ new physics models do not predict deviation larger than 20%==> FCC-hh
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