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Where is everybody? (Nima)

* There must be something beyond the Standard Theory (or totally different!)
* Experimental proofs such as:

* Cosmological Dark Matter

* Baryon Asymmetry of the Universe

* non-zero (but very small) neutrino masses

* Plus, the small Higgs boson mass hints to crucial questions specific to the TeV scale that demand
an answer and require exploration:

* Hierarchy problem/Naturalness
* EW dynamics above the symmetry breaking scale
* Which way to go!

* Indirect search for effects of new physics on W,Z,H,top —> Colliders with unprecedented
accuracy

* Direct searches for new heavy particles —> Colliders with larger energies

e Or maybe both?



The (evolving) HEP landscape

FIND NO NEW PARTICLE, BUT HINTS FOR
NON STANDARD HIGGS BEHAVIOR OR
OTHER EXCESSES

=»HL-LHC can somewhat improve precision

=Higgs and Z factories very interesting
machines (FCC-ee)

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

 Build a 100 km tunnel in the Geneva region with the ultimate goal of pp collisions at 100TeV

* Intermediate step: precision circular et+e- collider (same tunnel) variable beam energy: 90-350 GeV

* possibility of ep collisions
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The FCC project

 Build a 100 km tunnel in the Geneva region with the ultimate goal of pp collisions at 100TeV

* Intermediate step: precision circular et+e- collider (same tunnel) variable beam energy: 90-350 GeV

* possibility of ep collisions

((EES)) FCC Collaboration Status

2 collaboration members & CERN as host institute, 1 Feb. 2016
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Ankara U., Turkey U Geneva, Switzerland KU, Seoul, Korea

U Belgrade, Serbia Goethe U Frankfurt, Germany Korea U Sejong, Korea
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BINP, Russia GWNU, Korea MAX IV, Lund, Sweden

CASE (SUNY/BNL), USA U. Guanajuato, Mexico MEPhI, Russia

CBPF, Brazil Hellenic Open U, Greece UNIMI, Milan, Italy

CEA Grenoble, France HEPHY, Austria MIT, USA

CEA Saclay, France U Houston, USA Northern lllinois U, USA

CIEMAT, Spain IIT Kanpur, India NC PHEP Minsk, Belarus

Cinvestav, Mexico IFJ PAN Krakow, Poland U Oxford, UK

CNRS, France INFN, Italy PSI, Switzerland

CNR-SPIN, Italy INP Minsk, Belarus U. Rostock, Germany

Cockcroft Institute, UK U lowa, USA RTU, Riga, Latvia

U Colima, Mexico IPM, Iran UC Santa Barbara, USA

UCPH Copenhagen, Denmark UC Irvine, USA Sapienza/Roma, Italy '
CSIC/IFIC, Spain Istanbul Aydin U., Turkey U Siegen, Germany

TU Darmstadt, Germany JAI, UK U Silesia, Poland '
TU Delft, Netherlands JINR Dubna, Russia TU Tampere, Finland

DESY, Germany FZ Jiillich, Germany TOBB, Turkey .
DOE, Washington, USA KAIST, Korea U Twente, Netherlands 1 Sch em atic of an
TU Dresden, German KEK, Japan TU Vienna, Austria

Duke U, USA Y KIAS, Kzrea Wigner RCP, Budapest, Hungary 80 - 1 00 km
EPFL, Switzerland King’s College London, UK Wroclaw UT, Poland

g long tunnel

* A complete physics program for the
next 50 years



The FCC project

 Build a 100 km tunnel in the Geneva region with the ultimate goal of pp collisions at 100TeV

* Intermediate step: precision circular et+e- collider (same tunnel) variable beam energy: 90-350 GeV

* possibility of ep collisions
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The FCC project

The FCC-ee
variable energy collic

er

energy/beam [GeV] 45 120 175 120 105
bunches/beam 90000 770 78 50 4
beam current [mA] 1450 30 6.6 16.6 3
luminosity/IP x 1034 cm2s1 70 5 1.3 2.0| 0.0012
energy loss/turn [GeV] 0.03 1.67 7.55 3.1 3.34
synchrotron power [MW] 100 103 22
RF voltage [GV] 0.08 3.0 10 6.9 3.5

*CEPC/SPPC ¢’ il progetto analogo cinese



The FCC project

The FCC-ee The FCC-hh
variable energy collider 100 TeV pp collider

parameter FCC-ee l CEPC  LEP2 Parameter FCC-hh SPPC LHC HLLHC
energy/beam [GeV] 45 120 175 120 105 collision energy cms [TeV] 100 71.2 14

dipole field [T] 16 20 8.3
bunches/beam 90000 770 78 50 4 : :

#1P 2 main & 2 2 2 main & 2
beam current [mA] 1450 30 6.6 16.6 3 bunch intensity [1 011] 1 1 (0-2) 2 1.1 ) )
luminosity/IP x 103 cm2s1 70 5 1.3 2.0| 0.0012 bunch spacing [ns] 25 25 (5) 25 25 25

i i 34 am-2¢-1 w
energy loss/turn [GeV] 0.03 1.67 7.55 3.1 3.34 Ulul ey et 5 2 12 ! S

events/bunch crossing 170 |~850 (170) 400 27 159
synchrotron power [MW] 100 103 22 stored energy/beam [GJ] 8.4 6.6 0.36 0.7

synchrotron radiation 30 58 0.2 0.35
RF voltage [GV] 0.08 3.0 10 6.9 Eis [W/m/aperture]
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The FCC project

The FCC-ee The FCC-hh
variable energy collider 100 TeV pp collider

parameter I FCC-ee l CEPC  LEP2 Parameter FCC-hh SPPC LHC HLLHC
energy/beam [GeV] 45 120 175 120 105 collision energy cms [TeV] 100 71.2 14

dipole field [T] 16 20 8.3
bunches/beam 90000 770 78 50 4 : :

#IP 2 main & 2 2 2 main & 2
beam current [mA] 1450 30 6.6 16.6 3 bunch intensity [1 011] 1 1 (0-2) 2 1.1 ) )
luminosity/IP x 103 cm2s1 70 5 1.3 2.0| 0.0012 bunch spacing [ns] 25 25 (5) 25 25 25

i i 34 am-2¢-1 =
energy loss/turn [GeV] 0.03 1.67 7.55 3.1 3.34 Ululliloy At ) 5 = 12 ! S

events/bunch crossing 170 |~850 (170) 400 27 159
synchrotron power [MW] 100 103 22 stored energy/beam [GJ] 8.4 6.6 0.36 0.7

synchrotron radiation 30 58 0.2 0.35
RF voltage [GV] 0.08 3.0 10 6.9 3.5 [W/m/aperture]
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FCC-ee: high luminosity from sqrt(s)=90-350Ge
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Possibility of having a 125(H) run to probe s-channel Higgs production
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Higgs couplings and NP(I)

* The projections for the Higgs coupling at the HL-LHC bring a factor 1.5 to 2 on top of the
Run2 (300 fb™!). Limited by systematic uncertainties.

* measurement of the coupling to ~5-10%
* is this precision good enough for a discovery?

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

Coupling LHC Runa LHC (300 fb2) LHC (2 ab?) HL-LHC
Ky 15% 4-6% 3-5% 2-5%
K, 20% 4-6% 3-5% 2-4%
K, 50% 14-15% 10-12% 7-10%
Kp 40% 10-13% 6-10% 4-7%
K, 25% 6-8% 4-6% 2-5%

* 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 <I% on the Higgs couplings. Sensitive to multi-TeV NP effects.
13



Higgs coupling deviation from SM
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Higgs couplings and NP(

The pattern of Higgs coupling deviations is a signature of the underlying dynamics.

Supersymmetry

(MSSM)
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ILC Projected Higgs coupling precision (model-independent)
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Composite Higgs

(MCHM5)
MCHMS5 (f = 1.5 TeV)

N

W b T c t

ILC Projected Higgs coupling precision (model-independent)
500 GeV, 4000 fb '@ 350 GeV, 200 fb ' © 250 GeV, 2000 fb’'

. —— Model prediction

PS better precision on top Yukawa achievable at HL-LHC/FCC-hh through ttH/ttZ



Precision top physics: mass
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 Different luminosity spectra in different machines:
peak, which means better statistics & sensitivity
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— CLIC 350 LS+ISR
— FCCee 350 LS+ISR

based on CLIC/ILC Top Study -

EPJ C73, 2540 (2013)
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345
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Vs [GeV]

Atop ~13% with
Indirect extraction
from threshold
scan.

To improve need
higher energy or
FCC-hnh.

no beamstrahlung tail for FCC-ee. Keeps a sharper main

 For 100 fb"!, with ID mass fit 16 MeV achievable (from a study performed with ILC software). Possible
improvements down to 10 MeV using & information from Tera-Z

* Expected |M top pairs produced: classic event reconstruction strategy can be used as well (different

systematics)

4x60f! | 1000000 | 10Mev



SM after FCC-ee
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Pinning down the Standard Mode

* 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 t

* precision goa

ne Fcc-ee

s to be confirmed by complete studies

Quantity Physics Present Measured Statistical | Systematic | Key Challenge

. | precision | from uncertainty | uncertainty |
myz (keV) Input 01187500 £ 2100 | Z Line shape scan 3(6) keV < 100keV | Ejeam calibration QED corrections
['7 (keV) Ap(not Aopaq) | 249520022300 | ZLineshapescan | S(l10)keV | <100keV |  Epean calibration QED corrections

"R ag, 0 T76T£005 | Z Peak 0.00010(12) | <0001 | Statistics QED corrections
N, PMNS Unitanity, ... | 2,981 £ 0.008 Z Peak 0.00008 (10) | < 0.004 Bhabha scat.
N, .. and sterile 1/’s 2.920.05 1. 161 GeV 0.0010(12) < 0,001 Statistics

"Ry 5 [ 0.21620£0.00066 | Z Peak 0.000003 () | < 0.000060 |  Statistics, small [P | Hemisphere correlations
AR Ap. €3, Aapag 0.1514 £0.0022 | Z peak, polanized | 0.000015 (18) | <0.000015 | 4 bunch scheme, 2exp | Design experiment
my (MeV) | Ap, €. €. Aapyg 80385 + 15 WW threshold scan | 0.3 (0.49)MeV | < 0.5 MeV Ebeam. Statistics QED corrections

: Myop (MeV) Input | 173200 £ 900 tt threshold scan | 10(12) MeV < 10 MeV Statistics Theory interpretation

From arXiv:1308.6176




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

* Numerology for 10ab' @100TeV 0% = ]10’
1031, total Y "0a
. 107 5 107
* 10'°Higgs bosons => |0%x today bt S T = by
> Dt e N e S PP
* 10'2 top quarks => 5 10* x toda 10° . 4 108
Pq Y s I
= 103-[ — r103
* 107 new physics particles of your < 10°f e
. “ 10p 110
choice => o0 x today 1k 11
107} = o 107
102} { 102
107} 1 10°
107 g —— g 1 10*
10° ‘ ' — ' 10°
10 s [TeV] 10°

Amazing potential, extreme detector and reconstruction challenges
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Higgs physics @ 100 TeV(2)

NLO rates R(E) = o(ETeV)/a(14 TeV)

o(14 TeV) R(100)
ggH 50.4 pb 14.7
VBF 4.40 pb 18.6
WH 1.63 pb 9.7

0.90 pb

I”

rate are much bigger.

E.g. when we are interested in the large-invariant mass behaviour of the
final states:

o(ttH, prP> 500 GeV) = R(100) = 250

19

In several cases, the gains in terms of “usefu



Higgs physics @ 100 TeV(2)

ttH

T —

* Interesting probe of
new mass generation
mechanism.

* Input to Higgs self-
interaction
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HH production at pp colliders at NLO in QCD
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At large sqrt(s)

The SM at 100 TeV
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BSM Physics: Supersymmetry?

* search for third generation squarks

* Mass reach extended by a factor 2 with LHC [4TeV(Run2) : covers the | TeV (favorite)
region

* HL-LHC extends the reach by 20%

* However if NO excess in 300fb-! the HL-LHC potential vanishes entirely

11, production, L 1% IL-WbE 1—ecf Status: Morniond 2014 ;4000
14 1

L 4 L4 L4 ) A ) T '- ] . h -Y ]’ L4 T L 4 I A ) ] . . L4 ' L 4 1 4 p—
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8 m”_ATLAS Proliminary 1 «20-210 158ToV L« 470 157 TV ¢ 900 p —
O . ] s \s=14 TeV =300 b (<u>=60) 50 discovery -
[ iy . cons 130 . 1 %800 - --300lb“_‘<p>=60)96%CL exclusion =
€ a0l DRV % CONF amaaer " 3 ==3000 1b”' (<j>=140) 5o disc -
- :,‘.'-. ';‘jl SRS SRS . EJ «+3000 1b™' ‘;pnuo 95% CL exclusion B

g Sobye: ST Stuyere, _ { 700 @ATLAS 8 TeV (1-lepton): 95% CL obs. limit-]

S 0L mono-etc-lag c $ 3 R
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3 200 :

: 100§ =

' 'S
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My (GEV]
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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
e Discovery reach for gluino: up to 5 TeV at HL-LHC —> || TeV with FCC-hh

* Discovery reach for stop: up to 3TeV with HL-LHC —> up to 6 TeV with FCC-hh

s 12 , T T T s 5—————7T1
e PP L, T, 3 @ [ PPk, T, ]
s 10~ 50 discovery “ o b 95% CL exclusion )
E e 100 TeV, 3000 f* ] E | w100 TeV, 3000 ' :
8 —33TOV,m1b: N 104 —33T8V,mm‘: .
—— 14 TeV, 3000 © " | w14 TeV, 3000 b .
E—urev,aoom' ] | w14 TeV, 300 fo" .
6 -
4rE— - -
2Er E i
|[ -
[ ¢ -ra ') P 1 PR S ) a 1 i
b g4 e 8 10 10 i5
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Heavy Resonances
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(FE5))  FCcC Week 2016

http://cern.ch/fccw2016
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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 on rare - or entirely new - processes at higher energy
with FCC-hh

* To achieve this immense physics program there are extreme accelerator,
detector, reconstruction and theory challenges to be studied and overcome in

the next 30 years.

e Lots of room for contributions!
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SUSY & DM Searches @ LHC O. Buchmuller

Dark matter 100 TeV

Mpw
[GeV]
4000 +

>

3000 -

N\

2000

1000

— FCC 100 TeV 1ab’’ Neutrino background

taken from arXiV:1509.02904 | = LHC 8 TeV 19.5 fb"'
-==+ LHC 14 TeV 300 fb""
ILC 1 TeV 500" | —. . LHC 14 TeV 3000 fb"!
taken from —_— LUX2013
arXiv:1211.2254 m==. LZ 10 ton yr
- « = DARWIN 200 ton yr
taken from arXiV:1409.4075

Axial-Vector Mediator
9sm=9pn=1

Some day |
perhaps? GV
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Precision on Higgs couplings

g 10 - [—— HL-LHC Numbers taken from 1310.8361v2 [hep-ex]
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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(HWV) < g(HWV)|,,, 9(Hcc) ~ g(Huu)

ILC 500: 250 fb”' @ 250 GeV. 500 fb' @ 500 GeV
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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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Opening the multi—top window

.u-»---—----»--'-- ------------------------------------------------------------------------------------------------------------------

107 FItVV production at pp colliders at NLO in QCD

---------------------------------------------------------------------------------
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a .
0 Y

% Largest enhancement: ttWWV production ‘
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Physics Motivation

* (For the first time) The Standard Model is a consistent theory up to very high energies
+ all couplings remain perturbative
* the standard model vacuum is however in a near-critical condition

» the Higgs quartic coupling crosses zero below the Planck scale (suggest new physics
or at least the study of A)

50.-1;0..0-4»45-1-4“1 R e L e e L e L . P L e e e e e e L L L

[mmcmmammmmumrm] g [mpwwmougrm”
: :g‘”"" —TiEF zp / q \
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| | P |

L e N T T

e B : 8 C A ra A 1 Lad

10° 10 107 10% 10 10 10%}: 1ITI5 172 1725 173 1735 174 174S .\,irﬁ
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168 RGE scale y ma GeV 1
120 122 124 1% 128 1M IR :

Higes polc masy Ms in UV i . s i

i More precision i

i improves the picture i

: :




BSM Physics: Sterile Neutrinos 7

+ Number of neutrino families from LEP Nv=2.984+0.008

+ potential to improve to +£0.001 using e+e—>Zy (not
enough statistics at LEP)

+ Search for sterile neutrinos in Z decays:

Z = Nv;, with N =Wl or Z%v,

+ Number of events depends on mixing between N and v,
and mn

Assuming zero background in the region 10cm and 5m with 103 Z°

N, ~o(e*e”™ — vvy) [ 20(e*e”™ = u*uy)

-

« 4 o w
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10 1 10
HNL mass (GeV) HNL mass (GeV)

N. Serra 7th FCC-ee workshop

(Very) Displaced SV,
detector challenge!



WW scattering at high energy

+ |n 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

+ the total WW scattering/Higgs pair cross section diverge with m*ww,xH

H!J
- w w
- .. o” * a=b=| in the SM
AL =ag™m A L
et T g ., =bg"™M o I general,ab# | and a#b
w W H? H°
A W . . . ‘
Q~~ "O Q.Y" Q‘v"
v .
- ' Z0 + = 0 - 00
| | 2 H - E—) (1-a%) E*/ Mw* + ...
w* w & EMyA + ... o —a? EMu + .
* HO W
VY\ .-..' w Ho s.. }.'0
~ - - ‘w.‘
e - 2§ M2
_ .. - ' e (b-a?) E*/ Mw? + ...
- ‘." s g E—) + threshold terms
"“ - "H° YY.‘ Ho proportional to
0 ' HHH coupling

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



Tera-Z and Oku-W

* Hadronic Z event rate ~15kHz in the detector. 8 20 LEP ' ' ' -
+ LEP1 physics program in 15 minutes o‘;’ YESWW and Hace PR
+ Measure the Z line shape accumulating 104, Z bosons in a energy i
scan. Could reach 100 keV on Mz and I'z 199 I ;
* improvement on method to measure the c.o.m. energy (profit on | | 1/’/‘/ *
the large number of bunches) /
* Huge statistics allows improvement on many other ° o 180 200
observables like R and as(Mz) determination Vs (GeV)
+ Measurement of ALr with longitudinal polarization: could reach
~2.10_¢ 0n sin2theta i o ww vmeoer =
=10 3 P - :
2 v A~
+ challenging, dedicated run with lower luminosity? ] : !
Mw mass measurement from WW production threshold scan, o ;,/ 4
could reach ~0.5 MeV 0 1
* Multi-gauge bosons production: VV, but also WWy, WW/Z, yyy, 10 , , = 1

WWH. Using differential distribution to separate for example, the
different polarization components
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Higgs Physics @ 00TeV

(NP=New Physics reach)

—  e'e : ILC500, ILC-1TeV, CLIC-3TeV

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

Vs, NP

o .

Coupling precision (%)

HfF2012

T |

ILC500, HL-LHC ~ ILCaTeV, HE-LHC CLIC3TeV, VHE-LHC

36

I +20% .

J. Wells et al.
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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

Disappearing Tracks

B 100 Tev
Bl 14 Tev

MBOEN

m, [GeV]

Higgsino LSP

- Wino case pretty much covered!

5000
m, [GeV]

Wino LSP L-T. Wang, FCC Kickoff preparatory workshop
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EW interactions at high energy

ww o=770 pb

WWW o=2 pb

WWZ o=1.6 pb

WWWW o=15 fb

WWWZ 0=20 fb
0-3r — (W) / o) (PS)

0.25

0.15

0.1

0.05

02"

- — G WW) / o+ W) (PS) -

.
.
.
.
.
.
-
.
.
.
.
-
o
0

— — (i WWW) / o+ WW) (PS)

seaer gfji+W) / ofjj) (ME)
weaer g+ WW) / ojj+W) (ME)

o
0
0
o
0

oW oW M) T e

o
« —

i l l Ll 1 I I l Ll I Ll l L l

0 2000 4000 6000 8000 10000 12000 14000

ET" (GeV)

» 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

= 1970-1990

+ Precision measurements of neutral currents: predicted mw and mz
+ 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 mw and miwop(LEP, TeVatron): predicted mn
+ 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

T T ) T T ] T ]
» 1.2 x 10™ cnvg?!

Possible upgrades with dashed lines

I

= T
» 2| —
E 10°E e FCCee(4IPs) -
5] - W W48 x 107 em s ! ]
& - " _ILC _
9 B HZ: 2.4 x 10® cms” .
— » CLIC
g 10 —r - : ks - —
8 - 72210 emis! o CEPC(2Ips) =
C PS .'... e ——— ———e- o
[ [ S P I A e ]
- | - ‘.—‘7"' - - -
a "800 GeV: 1.8 % 10™ em?s?”
1= i 1.0x10* cms! —
- HZ: 7.5 % 10® cm2%s" =
(1 1 L L : 1 L X [
0 1000 2000 _ 3000
\s [GeV]

- Intermediate step in the FCC global project

* Very high luminosity + up to 4 Interaction
Points

* Beam energy from 45 to 175(250) GeV

+ Main physics Program vs beam energies:

41

s+ Schematic of an
4 80-100 km

g long tunnel

L

Z(45.5 GeV): Z pole, ‘TeraZ’, high precision
Mz, [z

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

H(120GeV): ZH production threshold

t(175 GeV): it threshold (Mega-top)



o

Expected deviations from benchmark models

“ If new physics scale at 1TeV

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




Polarization

Two main interests for polarization:

Precession
Jrequency = E 2

a Accurate energy calibration using resonant
depolarization == measurement of Mz, I';, My, :

o Nice feature of circular machines, oM,, oI, ~ 0.1 MeV

I ast swocpmg
howrrontal B el

d Physics with longitudinally polarized beams.

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

) loss of polanzation due to
Scaling the LEP 75 & T T giowing énkrgy spread '
observations : oy x E°/Jp I
\’ ‘,_\Elf:eaf )

50 -\ e .
AN LEP :

\ Moher
\ 0

polarization expected up to
the WW threshold !

-
Q‘~
-
e
e,

Polarization [%]

Integer spin resonances are spaced
by 440 MeV:

energy spread should - o
remain below ~ 60 MeV 40 50 80 70 80 90 100

Energy (GeV]



More SM fundamental measurements

(Fco)

* 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 EW 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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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, Yq,

Zc). The improvements come from:

* large statistic at 350GeV in pair production

* can profit of single top production at 240 GeV

e clean final states

expectations from theory

Process

t > Zu

t— Zec
t — gu
t — gc
t — yu
t — ye
t — hu

t = he

SM

7x 10717

1 x 10~
4x 1014
5x 10712
4 x 10—16
5x 10~14
2% 10717
3x 1071

SHDM(FV)

<107

<1074

<1077

6 x 10~
2% 1073

2HDM(FC) MSSM
- < 1077
<107 <1077
- <1077

< 10~ <1077

— < 108

< 1079 < 108

- <1073

< 107° <107°

=== %
o =
(=] (=] (=]

79
o 0

A IA A A IA A TA IA
9
o

[ I S e N Y e T
9
=2}

9
o

4 FCNC production of a top and a light quark
*Ata center-of-mass energy of 240 GeV

gﬁ l% L} Illlll L] L] lll||ll T T l"'”'] T T lTll"l T TrTrT Tl T IT‘AT‘?;
o - ] §'
B 95% C.L Excluded Region |
Lk A
e - 18
A L ATLASOTEV) 12
10° E CMS (748 TeV) =
E-..-..-..-..-..-..-...: CN{S(STC\'J
107 N e q=c __
- : » ATLAS, 14TeV, 300 fb '3
10°F - - . 3
E ' » FCC-ee, 240 GeV, 10ab" 3
10'6 - I L I.“I 5 Il llllll - lllllll " 1 11 llllll l 1 11 lll_d ;
10° 10° 10 10 10~ 10° |
BR(t —qy)

% Gain of |.5 order of magnitude w.r.t. LHC

Easy way to find new
physics signatures!



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, as, ... ?

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

Shaouly Bar-Shalom®[* Nilendra G. Deshpande’[l] Gad Eilam®[!| Jing Jiang®[ and Amarjit Sonif Q”q




BSM: what changes at 100 Te

+ Access to new particles in the few-30TeV mass range, way beyond LHC reach

= Higher rates for sub-TeV phenomena

+ Access to very rare processes. Allow search for stealth phenomena, invisible at the

LHC

* Ignoring at this point all the detector and reconstruction challenges!!!

------------------------------------------------------------------------------------------------------------------

system mass [TeV] for 14.00 TeV, 300.00 fb?
FN

[ (prumogaw ipral-Rp o) B PAA B wiepes ]

0 Ol. 5 1 1‘. 5 2 21. 5 3 31. 5

system mass [TeV] for 8.00 TeV, 20.00 b}
LHC-8 [20 fb-'] vs. LHC-14 [300 fb-']
Gain of 1-2

-
R R e

0 1 2 J 4 5 6 7

[ (YoruRy GamyIeas-J0py o) SPAA B wiepes )

system mass [TeV] for 14,00 Tev, 300,00 fb?

LHC-14 [300 fb"] vs. FCC-100 [3000 ib"]
Gain of about 5-6

»
ll R R R R R R R R R R R R R R et



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 ....

- ldentical production dynamics: A s B

L e

100 Tev

o correlated QCD corrections, correlated scale dependence k- //‘f—*‘\\_
o correlated o(s systematics : ‘

o(gg—ttZ)/ o(ttZ)

= mz~Mmy = almost identical kinematic boundaries:

P P P RN R
100 200 300 400 500

o correlated PDF systematics .
O N0 M¢op Systematics

For a given Y¢op, O(ttH)/0(ttZ) can be

predicted theoretically with a sub-% precision
48



Precision electroweak physics at

a2 Comparison with potential precision measurements at linear colliders

+ Beam energy measurement (compton back-scattering, spectrometer) to 10
e m, and m, not measured to better than 5-120 MeV at ILC

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

[ILHC excluded 7

— T [==TEF Zpow) |
LEF2 and Tevatron " | TLEP (D

~ LEP1 and SLD - ILC (Dvreet)

-

‘ o~ L
G ¢
- 4 . d
T AT TR R VIS P | TS P |
1708 12 128 1T 17AsN\ 174 148 1
Too mass (GeV)
Without m,@FCC-ee, the SM line
. " would have a 2.2 MeV width
+ Constraints on new physics ?
Patrick Janot Physics at Future Collders 10

4-5 August 2014



» Higgs self coupling

ngh preC|S|on Higgs physicC

Expected 95% upper limits

* Improves the DM search at low masses

» Could reach <0.2%(model independent) ¢

g

* Invisible Higgs decay: complementary to direct DM search

Quuy = 3 M2V

BR,, (95% CL)
LHC Runa 40-50%
LHC 300 fb+* 20-30%
HL-LHC 10-15%
" __H
) Q
- --H

x H g
-
---(\ —_—
H g

+ difficult, but measurable via double Higgs production

+ 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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77?2

Higgs detection at FCC-ee

coil = (V'8 — Ege)* — |Pee|”

* Reconstructed peak at Mrecoil = MH
independent of H decay mode!

* Direct measurement of O(e*e"—ZH)

* Model independent determination of gzz+

e'e — HZ withZ — e*e” or 'y
> 1800

S
~ 1600
§ 1o

e

1

CMS Simulation

90 100 110 120 130 140 150
Recoil Mass (GeV)

%% s 70 80

Tagging of events under the peak allows determination of individual decay BR’s

Events / 2 GeV

HottwithZ-» g
CMS Simulation
500 %", fe=240 Gav
— FCC-ee
A tacagrocate
-— 2

——
e

ZolwithHobd

CMS Simulation

Events / 2 GaV

S 710 20 9 100 120 130 140 150
Higgs mass (GeV)




Other exotica I

Future colliders comparison

Taquarks ‘ . 140,
] -
. compositeness
gluinos - —4,000
- P ——
awkino _— M pp, 100 TeV, 3000/b
- | | ‘ colorons

& pp. 33 TeV, 3000/

M pp, 14 TeV, 3000/

| u pp, 14 TeV, 200
o = i pp, 8 TeV, 20
® 00, 3 ToV, 1000/
& oo, 1 Tev, 1000/

u 82, 0.5 TeV, S00'MD

0 10000 20000 30000 40000 50000 50000 70000
mass (GeV)

Energy Frontier Snowmass study (1311.0299)

R

r
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top physms @100 TeV

...................................................
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Many produced top-antitop systems have a very
large invariant mass

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

“ Explore tagging of multi-TeV top!

study mass resolution for resonance searches,
define search potential (c(BSM vs MBSM)

[WS]

‘°"’°‘pr ratio versus Antik; cone size

5TeV tops 90% of the
energy inside 0.1 cone

y 1
ANk, cone sze



