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Dec. 2011:

Accelerator ring

Collider ring
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Future high-energy circular colliders http://cern.ch/fcc and
http://cern.ch/fcc-ee

China: 50-70 km e*e” /'s=240 GeV (CepC) CERN FCC: international design study for
followed by 50-90 TeV pp collider (SppC) Future Circular Colliders in 80-100 km ring:
in same tunnel Q 100 TeV pp: ultimate goal (FCC-hh)

50 km e*e” machine + 2 experiments: Q 90-350 GeV e*e”: possible first

Q pre-CDR: end 2014 step (FCC-ee)

Q construction: 2021-2027 Q /s= 3.5-6 TeV ep: option (FCC-eh)

Q data-taking: 2028-2035 Goal of the study: CDR in ~2018.
Q cost (material): ~3 B$

Possible site:

Best beach & cleanest air Qinghungdao

Summer capital of China

y 80-100 km

U — " Qinhuangdao | [ 4 long tunnel
Ao s Beijing i

- ' f|°1tﬂm€—_—- ———————% "

4

N ) L Beidaihe
BHT-\ !

| Tianjing 0 e\, o
(XA

20%4° F. Gianotti, LHCP2014 MBo(ABJin tiimvel scale for FCC-ee similar to CLIC (2030++)
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Is it the end?
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Certainly not!
-- Dark matter
-- Baryon Asymmetry in Universe
-- Neutrino masses

Is it the end?

are experimental proofs that there is more
to understand.

09.10.2014 HF2014 Alain Blondel 6
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g perhaps new world(s) of SM replicas?

Extra-dimensions
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or perhaps only right handed ‘sterile’ neutrinos.....
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— Nima

At higher masses -- or at smaller couplings?
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Forming an international
collaboration to study:

Future Circular Collider Study - SCOPE

pp-collider (FCC-hh)
—> defining infrastructure
requirements

ultimate goal: 100 TeV
pp collisions

Schematic of an
4 80-100 km

¢ long tunnel
e*e collider (FCC-ee) as .
potential intermediate step
p-e (FCC-he) option

80-100 km infrastructure
in Geneva area

09.10.2014 HF2014 Alain Blondel 10



~CC .
@ss:ble long-term strategy

FCC-ee (80-100 km,
ete’, 90-350 GeV
Interm. step

FCC-hh

(pp, up to
100 TeV c.m.)

Ultimate goal

& e* (120 GeV)—p (7, 16 & 50 TeV) collisions FCC-eh)
250 years of e*e’, pp, ep/A physics at highest energies

09.10°2014
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1.4km 1.4km

mm ArcC (L=16km,R=13km)
m= Mini-arc (L=3.2km,R=13km)
m= DS (L=0.4km,R=17.3km)
== Straight
Colll 2.8km Coll2 2.8km

Extrl 1.4 km Extr2 1.4 km

FCC-ee physics studies

one of the possible

v _ layouts of the FCC
09.10.2014 HF2014 Alain Blondel X
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( FCC ) Successes of 7th FCC-ee Physics workshop

-1- All top level conveners are nominated and engaged!
congratulations to Patrick Janot and to the conveners!

-2- Software effort is underway
big thanks to Benedikt Hegner et al! (joined since by Colin Bernet)

-3- Nice participation by e+e- Linear collider colleagues
part of FCC-ee mandate. We all agree that the next machine should be an e+e- collider.
(Thanks to Simon, Wilson, Sailer, Mele, Heinemeyer, Grojean, Brient, Haddad, etc...)
We re-invented the wheel (circle) but we do not need to re-invent the electron!

-4- Complementarity with hadron machine is not just words
ttH coupling is a good example

-5- Reaching out to dark matter, BAU and neutrinos
invisible widths, direct search for rare Z,H, W ... decays

-6- We are discovering the immense potential offered by the high luminosity e+e-
Z,W,H,t factory

09.10.2014 HF2014 Alain Blondel 14



A lot is published in JHEP:
| will insist on new things

09.10.2014
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ACCEPTED: December 25, 2013
PUBLISHED: January 29, 2014

First look at the physics case of TLEP

>

The TLEP Design Study Working Group

M. Bicer,” H. Duran Yildiz,” I. Yildiz,® G. Coignet,” M. Delmastro,? T. Alexopoulos,®
C. Grojean,” S. Antusch,? T. Sen,” H.-J. He,’ K. Potamianos,’ S. Haug,*

A. Moreno,! A. Heister,” V. Sanz,” G. Gomez-Ceballos,” M. Klute,” M. Zanetti,’
L.-T. Wang,” M. Dam,? C. Boehm,” N. Glover,” F. Krauss,” A. Lenz,” M. Syphers,®
C. Leonidopoulos,’ V. Ciulli,” P. Lenzi," G. Sguazzoni,”* M. Antonelli,” M. Boscolo,’
U. Dosselli,” O. Frasciello,” C. Milardi,” G. Venanzoni,” M. Zobov,"” J. van der Bij,"
M. de Gruttola,” D.-W. Kim, M. Bachtis,” A. Butterworth,” C. Bernet,” C. Botta,”
F. Carminati,” A. David,” L. Deniau,” D. d’Enterria,” G. Ganis,” B. Goddard,*

G. Giudice,” P. Janot,” J. M. Jowett,” C. Lourenco,” L. Malgeri,” E. Meschi,*

F. Moortgat,” P. Musella,” J. A. Osborne,” L. Perrozzi,” M. Pierini,” L. Rinolfi,*

A. de Roeck,” J. Rojo,” G. Roy,” A. Sciaba,” A. Valassi,” C.S. Waaijer,*

J. Wenninger,” H. Woehri,” F. Zimmermann,” A. Blondel,”* M. Koratzinos,"*

P. Mermod,*® Y. Onel,”” R. Talman,”® E. Castaneda Miranda,"! E. Bulyak,"

D. Porsuk,*/ D. Kovalskyi,? S. Padhi,”? P. Faccioli,"" J. R. Ellis," M. Campanelli,/
Y. Bai,”* M. Chamizo,* R.B. Appleby,*™ H. Owen,*™ H. Maury Cuna,"

C. Gracios,”” G. A. Munoz-Hernandez,”” L. Trentadue,”” E. Torrente-Lujan,?

S. Wang,”” D. Bertsche,™ A. Gramolin,” V. Telnov," M. Kado,*™ P. Petroff,*"

P. Azzi,” O. Nicrosini,”™ F. Piccinini,”” G. Montagna,”” F. Kapusta,”’ S. Laplace,?
W. da Silva,”? N. Gizani,®* N. Craig,” T. Han,”® C. Luci,’ B. Mele,’ L. Silvestrini,*
M. Ciuchini,”® R. Cakir,” R. Aleksan,”/ F. Couderc,”” S. Ganjour,”’ E. Lancon,?/

E. Locci,”” P. Schwemling,” M. Spiro,”/ C. Tanguy,” J. Zinn-Justin,’/ S. Moretti,t
M. Kikuchi,”* H. Koiso,” K. Ohmi,”® K. Oide,” G. Pauletta,” R. Ruiz de Austri,”’
M. Gouzevitch® and S. Chattopadhyay”

HF2014 Alain Blondel 15
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First phase until March 2015:

SCOPING the physics panorama and the main technical issues
Establish collaboration and reach out to interested groups

Get things started.

09.10.2014 HF2014 Alain Blondel 16



(FgEC)

Experimental Studies: A. Blondel, P. Janot

+ Discovery through precision measurements, rare, or invisible processes.

Electroweak Physics
at the Z pole

R. Tenchini
F. Piccinini

FCC-ee experiments

Di-boson Physics
m,, measurement

R. Tenchini

QCD and yyPhysics
D. d’Enterria
P. Skands

¢ Develo

p the necessary tools

Offline Software

B. Hegner
C. Bernet

common across FCC

H(226) Properties
M. Klute
K. Peters

Top Quark Physics
P. Azzi

Flavour Physics
S. Monteil
J. Kamenic

A%

Online Software
C. Leonidopoulos

New Physics
M. Pierini
C. Rogan

Understand the experimental conditions

Experimental
Environment

N. Bacchetta

+ Set constraints (specifications) on possible detector designs to match statistical precision

Detector Designs
A. Cattai

G. Rolandi

Synergy with linear collider detectors:
ILD proposed as benchmark, SID (CERN group)
both require L° modifications!
Several detectors possible:

lots of space for new ideas!

"al NB Conveners have mission fo'?Féﬁgy%ﬁf’%e'assemble group and find co-conveners




(FEEC)

FCC-ee Phenomenology Studies

Phenomenology Studies: J. Ellis, C. Grojean

o Match theory predictions to FCC-ee experimental precisions

QCD and yyPhysics
(Joint exp/th)
P. Skands

o How to discover new physics in precision measurements, in

Precision EW
calculations
S. Heinemeyer

Flavour Physics
(Joint exp/th)
Jernej Kamenik

re decays (Z, W, t, H, b,

¢, T, ...)inrare or invisible processes (Right Handed neutrinos etcx

Model Building and

Andreas Weiler

Synergy with
FCC-hh physics

New Physics S| Linear collider physics,

LEP physics
HF physics

o Set up the framework for global fits and understand the complementarity with other
colliders (LHC, FCC-hh, in particular)

Global Analysis, Combination,
Complementarity
John Ellis

Patrick Janot

HF2014 Alain Blondel
09.10.2014
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This tells the story:

FCC-ee as Z factory: 1012 Z/few years
(possibly 103 with crab-waist)

*’.';' 10° E_I i | ! : ! ! | ! ' : ' T
o —
& S
vo m_ILC. . ]
°:c_> 102 L L':S C('-‘f”" Upgrade) _
g ¥ CEPCH2 IPS)
‘n
o [ ]
E 10 e ok S = complementarity
=
_|
1 =
D'E;a:éh'éii'Ii#éé"i"ﬁégéibTé"é;ergy ar;d Iumnr;)si'ty u;ﬁrades —
Lo T T Y — . L
0 1000 2000 3000
/s [GeV]

NB: ideas for lumi upgrades:
-- ILC arxiv:1308.3726 (not in TDR). Upgrade at 250GeV by reconfiguration after 500 GeV running

-- FCC-ee (crab waist) see Zimmermann’s talk

09.10.2014 HF2014 Alain Blondel 19
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1 Precision measurements
-- EW observables Z, W, top
-- Higgs boson

2. Search for rare processes
-- heutrinos

HF2014 Alain Blondel
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FCC)Y)
- 1. ELECTROWEAK PRECISION TESTS (EWPT)

Due to the non-abelian Gauge theory, Electroweak observables offer sensitivity to
electroweakly coupled new particles ...

-- if they are nearby in Energy scale
or

-- if they violate symmetries of the Standard Model (in which case, no «decoupling»)

Higgs boson and top-bottom mass splitting constitute such symmetry violations

2. TESTS OF ELECTROWEAK SYMMETRY BREAKING (EWSB)

Is the H(125) a Higgs boson?
— couplings proportional to mass?
if not: could be more complicated EWSB e.g. more Higgses

— Higgs supposed to cancel WW scattering anomalies at TeV scale: does this work?

09.10.2014 HF2014 Alain Blondel 21
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(< T )> Beam polarization and E-calibration @ FCC-ee

E [MeV]

Precise meast of E,, by resonant depolarization e e, M

~100 keV each time the meast is made i ’ "y +,%+++
0.5 _f‘_:"

At LEP transverse polarization was achieved routinely at Z peak. "'::;'

instrumental in 103 measurement of the Z width in 1993 o + N

led to prediction of top quark mass (179+- 20 GeV) in March 1994 = % we s v e

Polarization in collisions was observed (40% at BBTS = 0.04)

At LEP beam energy spread destroyed polarization above 60 GeV
0. [JE?/vjp = At FCC-ee transverse polarization up to at least 80 GeV
to go to higher energies requires spin rotators and siberian snake

FCC-ee: use ‘single’ bunches to measure the beam energy continuously
no interpolation errors due to tides, ground motion or trains etc...

<< 100 keV beam energy calibration around Z peak and W pair threshold.
Am,~0.1 MeV, Al ,~0.1 MeV, Am,, ~ 0.5 MeV

09.10.2014 HF2014 Alain Blondel 24



(( FCCY))

Physics

MZ Input

MeV/c2

r, Aem

Mev/c2  (no Aal)

R, 0, O,

N, Unitarity of
PMNS,
sterile V’s

R, &

A Ap, €; Aa
(T,S)

M,, 2n &g, Ad

MeV/c2 (T; S, U)

mtoﬂ)9.1o.|2'éﬁ’4‘t

MeV/c2

|A Sample of Essential Quantities: I

Present
precision

91187.5
+2.1

2495.2
+2.3

20.767
+0.025

2.984
+0.008

0.21629
+0.00066

0.1514
+0.0022

80385
+ 15

173200
+ 900

TLEP stat
Syst Precision
Z Line shape 0.005 MeV
scan <10.1 MeV
Z Line shape 0.008 MeV
scan <+0.1 MeV
Z Peak 0.0001
+ 0.002
- 0.0002
Z Peak 0.00008
+0.004
Z+y(161 GeV) 0.001
Z Peak 0.000003
+0.000020 - 60
Z peak, +0.000015
polarized
Threshold 0.3 MeV
(161 GeV) <1 MeV
Threshalg@o1a ah@iMeV
scan

TLEP key

E_cal

E_cal

Statistics

->lumi meast

Statistics

Statistics,
small IP

4 bunch
scheme

E cal &
Statistics

E cal &
Statistics

Challenge

QED
corrections

QED
corrections

QED
corrections

QED
corrections to
Bhabha scat.

Hemisphere
correlations
Design
experiment
QED
corections
Theory limit
at 100 MeV?



G==D 350 GeV: the top mass

* Advantage of a very low level of beamstrahlung
* Could potentially reach 10 MeV uncertainty (stat) on m,

* Comparing ILC and FCCee - assuming identical detector performance

T I T T T T | T T T T l T T

E B -1 r— =LA T O O O A ) B B B N N
0.8 [~ tthreshold - 1S mass 174.0 GeV < 8 09 E f threshold - 1S mass 174.00 GeV E
G | T TOPPIKNNLO+ILGSS0LS + ISR ] 5 08— TOPPIKNNLO + FGCee 350 GeV LS + ISR ~—
= ; : Ay O E =
8 I simulated data: 10 fb /pomt a 46: 07 f_ — SImUIated data 10 fb-‘l’fpoint ..... _f
6 .6 [~ =leninmee s MeY ~ & = --- Top mass = 200 MeV 3
)] - e . - - ‘ . . o ammmm——
2 g 1 @ 06F ettt E
P B 1 O 05 E el : : 7
(@] e c — ,’ A i
0.4 41© _E '/ -
L - 04 - ;/,| ,‘ ““““ .

ﬁ 1 osf L7/ N—— < 1lweek/point)
02 1 o2f— A T ]
ILC i 0.1 - ,2.’/’53’ based on GLICALCE Top Study
CLIC detector | .t =" EPJ C73, 2540 (2013) =
0 1 I I I ] 1 1 ] I 1 | | 1 0 I L1 [ . | [ L1 L R L1 L1

345 350 355 342 344 346 348 350 352 354 356

\'s [GeV] Nominal CMS energy [GeV]

' NB: Assuming unpolarized beams - LC
| beams can be polarized, increasing cross-
i sections / reducing backgrounds

Simulated data points -
same integrated luminosity

From Frahk Simon, presented at 7% TEEPEFETe workshop, CERN, June 20149
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The Higgs

HF2014 Alain Blondel
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( FCCY))... ] L .
== Higgs Production Mechanism in e+ e- collisions

Light Higgs is produced by “Higgstrahlung” process close to threshold
Production xsection has a maximum of ~200 fb
TLEP: 2.103°/cm?/s = 400’000 HZ events per year (2 million Higgses in 5 years)

/ —tagging by missing mass

7
g : o
E ;] o i
-8 |=—e'e” = HZ [
5 —_WW s H [
< / — — Total
2 10° f i, e S R TR
@ I. o
. — S—
5 ] ]
@ A i A
£ |
2 . i
10° Eoid Eoos
P.d — t t
/
200 220 240 260 280 300 320 340 360

Vs (GeV)

For a Higgs of 125GeV, a centre of mass energy of 240GeV is sufficient
=>» kinematical constraint near threshold for high precision in mass, width, selection purity

09.10.2014 HF2014 Alain Blondel 28
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120
100

T

————————————
ZH - p p~X  IC

—»— Sig+Bkg

i Sig

— Fit to Sig+Bkg

/ —tagging
by missing mass

total rate [ g,,,°
277 final state U g,.,,*/ 'y,
=>» measure total width I
i o empty recoil = invisible width
120 130 140 150  ‘funny recoil’ = exotic Higgs decay
M ecoil (GEV) easy control below theshold
| Z ->I+l- with H -> anything |

Events / (0.2)

----- Fit to Bkg

@
o
llllllllll]llll[llllll

LET

CMS Simulation

o)
A0

4

= Signal

#imi All backgrounds
— 27

— W
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— 4]
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FCC
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit asswmning no non-SM
production or decay modes. The fit assumes generation universality (K, = K = K¢, kg = Ky = Ky, and K& = K, = K, ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e~ , e") polarizations of (=0.8,0.3) at 250 and 500 GeV and (-=0.8,0.2) at 1000 GeV. CLIC numbers assume polarizations of

(=0.8,0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC  HL-LHC ILC500 ILC500-up  ILC1000 ILC1000-up CLIC TLEP (4 IPs)
V3 (GeV) 14000 14000 250/500  250/500  250/500/1000  250/500/1000  350/1400/3000  240/350
[Ldt (b~Y)  300/expt  3000/expt 2504500 115041600 250+500+41000 11504160042500 5004150042000  10,000+2600
Ky 5-7% 2-5%  8.3% 4.4% 3.8% 2.3% —/5.5/<5.5% 1.45%

Kg 6-8%  3-5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%

Kw 4-6% 2-5%  0.39% 0.21% 0.21% 0.2% 15/0.15/0.11% 0.10%

Ky 4-6% 2-4%  0.49% 0.24% 0.50% 0.3% 0.49,/0.33/0.24% 0.05%

Ke 6-8%  2-5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

Kd = Kp 10-13% 4-7%  093% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

Ky = Ky 4-15% 7-10%  25% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%

many comparisons in Snowmass report.

bottom line: FCC-ee + FCC-hh (for ttH, ttZ and HHH) cover couplings very well!

09.10.2014 HF2014 Alain Blondel
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(CECO)

Table 1-16.

Uncertainties on coupling scaling factors as determined in a completely model-independent fit for different e*e™ facilities.

Precisions reported in a given column include in the fit all measurements at lower energies at the same facility, and note that the model
independence requires the measurement of the recoil HZ process at lower energies. 'ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC numbers without accounting for the
additional running period. ILC numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) TLEP (4 IP) CLIC
V3 (GeV) 250 500 1000 250/500,/1000 240 350 350 1400 3000
[ £dt (1) 250 +500 +1000 1150+ 1600425000 10000 42600 500 +1500 42000
Ple~,et)  (-08,40.3) | (-0.8,+0.3) [-0.8,40.2) (same) 0.0)  (0,0) |(-0.8,0) (-0.8,0) (—0.80)
Ty 12% 5.0% 1.6% 2.5% 1.9%  1.0% 9.2% 8.5% 8.4%
K 18% 8.4% 1.0% 2.4% 1.7%  1.5% - 5.9% <5.9%
Kg 6.4% 2.3% 1.6% 0.9% 1.1%  0.8% 4.1% 2.3% 2.2%
Kw 1.9% 1.2% 1.2% 0.6% 0.85%  0.19% 2.6% 2.1% 2.1%
Kz 1.3% 1.0% 1.0% 0.5% 0.16%  0.15% 2.1% 2.1% 2.1%
Ky 91% 91% 16% 10% 64%  62% - 11% 5.6%
K, 5.8% 2.4% 1.8% 1.0% 0.94%  0.54% 4.0% 2.5% <2.5%
Ke 6.8% 2.8% 1.8% 1.1% 1.0%  0.71% 3.8% 2.4% 2.2%
Kb 5.3% 1.7% 1.3% 0.8% 0.88%  0.42% 2.8% 2.2% 2.1%
K - 14% 3.2% 2.0% - 13% - 4.5% <4.5%
Bl 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
baseline .. b s :
06102014 ILC Invisible width is unique feature of lepton collider at 240 GeV

HIGH LOMINGSITY+ PRECISE KNOWLEDGE OF SPECTRUM



(FCO) For those who like challenges:

Higgs s-channel production at Vs = m,,

®m Resonant Higgs production considered so far only for muon collider:
o(up—H) ~ 70 pb. Tiny g,,.. Yukawa coupling = Tiny c(ee—H)

glf,':;r o T“,'—.'

e %% gz =428 107 BR(H—e*e)~5.3-10° (decay unobservable)
AxT2, Br(IT > eTe™)

c(e e = H)= — > .
(3—Mz) + T4 Mz

~1.64 fb (m =125 GeV, I',=4.2 MeV)

et

2 | @2:.1.2.%10% em3’, (1072 decays) - H
L. R = >
E W48 e 1 0% rridagii. (10D VAE PRIFR)-- v vrvmss ]

I

K
o
&
«

H
b
=,
i
S
I_K.
=
I
N
:
E

- e
P

e In theory, with L_.~6 ab-1 (4 exps./year)

Luminosity [10% cm2s]

» s i e O s Vs int
. e TLEP{4-1Pg)- - FCC-ee running at H pole mass

T I — => 10° events per year.

4 70 ainnd s I oo e s oy w e 0 f'.'fff."ff’,fff‘iLCf'Tfff'ffff'ffff"?fffT:" . .

et e o s o o s o Very difficult because huge background
P . and beam energy spread ~ 10 x I,
1000 's [Gea;o]oo limits or signal? monochromators?

cms e 4 emmiie eees Aleksan, D’Enterria, Woijcik
09.10.2014 HF2014 Alain Blondel 32
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e*e  — H x-section: Beam energy spread

®m o(e*e—H) considered so far is for B.-W. with natural 4.2 MeV width...
m Convolution of increasing Gaussian energy spread of each e* beam
with Higgs B.W. results on a (Voigtian) effective cross-section decrease:

Convolution Breit-Wigner (I', =4.2 MeV)
with Gaussian beam spread X(MeV)

-h
|

o
o
|

17 # Breit-Wigner

ek R=0.003 %
- Typgpu=d.2I MV /
_ 4 ‘.‘R=0.0I %

o
o
|

r{lb)

o(e'e’—H) reduction factor

125950

123500 126000 126050 126100
_ iy (MeV)
0.2—
0 - 11 1 11 1 ] 1 ] 11 ] I [ ] 1 : I I l I 1
0 5 10 15 20 25 30 35 40

Energy e* beam spread (MeV)

FCC-ee Vidyo Meeting, CERN July 2014

09.10.2014 HI—AUllf'i{fazm Blondel

E_...~T,~42MeV:

spread

Reduction factor: 45%

Current FCC-ee nominal
(AE,__J/E._ ~0.05%):

beam —beam

E ~ 30 MeV:

spread

Reduction factor: 8%

need to gain a factor of ~8

= monochromator?
S



)

Search for Rare Processes

the example of right-handed neutrinos

09.10.2014 HF2014 Alain Blondel
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At the end of LEP:

Phys.Rept.427:257-454,2006 .
| ALEPH
30  DELPHI
— + . ! L3
'5‘ s
. . . . S 20
This is determined from the Z line shape scan = t
. 2 L § average measurements, J
and dominated by the measurement of the B error bars ncreased
)Y 1actor
hadronic cross-section at the Z peak maximum = o | :
The dominant systematic error is the theoretical
uncertainty on the Bhabha cross-section (0.06%)
which represents an error of +0.0046 on N, R . Y

E_ [GeV]

<m

Improving on N, by more than a factor 2 would require a large effort
to improve on the Bhabha cross-section calculation!

09.10.2014 HF2014 Alain Blondel 35



(( [ZC[: ),\Ieutrino counting at FCC-ee ‘( ECL: ))

given the very high luminosity, the following measurement can be performed

vZ(inv)
above Z peak Nv — YZF_) ee, uu
(105-160 GeV Ecm) v
e (SM)

The common y tag allows cancellation of systematics due to photon selection, luminosity
etc. The others are extremely well known due to the availability of 0(1012) Z decays.

The full sensitivity to the number of neutrinos is restored, and the theory uncertainty

on ;—; (SM) is very very small.

A good measurement can be made from the data accumulated at the WW threshold
where o (y Z(inv) ) ~4 pb for |cos0,| <0.95

161 GeV (107 s) running at 1.6x103°/cm?/s x4 exp = 3x107 y Z(inv) evts, AN, =0.0011
adding 5 yrs data at 240 and 350 GEV ......cceeeuireireeirecieieeieeerennirnreecmeaesecsennens AN, =0.0008

A better point may be 105 GeV (20pb and higher luminosity) may allow AN, =0.0004?
09.10.2014 HF2014 Alain Blondel 36



[',and I'; invisible are the most efficient way
to explore SM-mediated DM at colliders

(Giudice)
Fermion DM coupled to the Z

10:1111

LU L
J

10 Vs =8Tev

C s / .
: fLat=19581 " : F [Ldt=195f®7" |
[ 27 Afs =14TeV_ 1 : P Vs =14TeV
r . JLdt=300f" 1 [
1 E , / 1 E
‘ LUX 2013 ]

—

=t

——
—
-

DM axial coupling to Z, g™
DM coupling to Higgs, Apm

thermal abundance

—
)
(]

10° 10° 10
DM mass in GeV

10° 10°
DM mass in GeV

Will improve these by large factors!
AN, = 0.0004? s ylarge f v

from e+e-92y Arh,inv /rtot <0.19%

09.10.2014 HF2014 Alain Blondel 37



(EECEI; ) SM is NOT complete!

at least 3 pieces are still missing

Three Generations Three Generations
of Matter (Fermions) spin % of Matter (Fermions) spin %
i
I Il ]

I
masz - 24 Mev 127 Gev 1732 Gev mass - 2.4 Mev 1.27 Gev 1732 Gev
charge < |34 u % C % t charge - |34 u % C 3% t
name - up cham e ghuon name - up charm e
| seme 104 Mev 420ev ° [ s 104 wav 42Gev
% -&id -4 S -4 b 0 = |2 d 3% 34 b
down R—ange bottomn . l - down s¥yange bezom
—' G 7.‘ 126 GeV 10 ke| ~Gev ~Gev 126 GeV
0 ] 1] ol | © 2 0 0 0
v/ v/ v/ GEE EH Vo/NJ| Vi/Ny Vo/N, 'H
tay .. o tay
£e% botan
3 0511 Mev 108.7 Mev 1.777 Gev "‘ spin 0 . 0.511 Mev 105.7 Mev 1777 Gev spin 0
5 |2 4 4 =z 5 |1 iy 1
e L At | ; e * T )
- elecron muon -y ~ - elecron mucn tau

neutrinos have mass...

and this very probably implies new degrees of freedom
=» Right-Handed, almost «Sterile» (very small couplings) Neutrinos

completely unknown masses (meV to ZeV), nearly impossile to find.
o 10a005e+- DUt could perhaps explain all: DM, BAU,v-masses

4 Alain Blondel




GD

See-saw in a general way :

1, = 0 mp vy
L =—(vp, N§
Q(IL' it mg Mp Np
2mp
tan 20 =
T Mr—0
my, =3 |(04+ Mg) — /(0 — Mg)? +4m3,
M=z [(0+Mg)+/(0—Mg)2+4m3,
general formula
MR=0 MR¢0
mD¢0 mD=0

Dirac only, (like e- vs e+):

Vi, Ve Vr Vi
a0 0
4 states of equal masses

of

I

weak™

Some have I=1/2 (active)
oSomehave I=0 (sterile)

Majorana only

VL Vg
%) %)
2 states of equal masses

All have 1=1/2 (active)
HF2014 Alain Blondel

of

I

weak™

M. #0
my #0
Dirac + Majorana

mass terms

<1

~ —m%, /Mg
~ Mp

if mp < Mp

of

I

Mg #0
my # 0
Dirac + Majorana

see-Saw

Vi N "vg N,
a0 0
4 states , 2 mass levels

ml have I=1/2 (~active();
m2 have I=0 (~sterile

weak™




—CC ) There even exists a scenario that explains everything: the vMSM

Rheaha

TeV

GeV

MeV

keV

eV

meV

09.10.2014

N,, N3

Shaposhnikov et al

can generate Baryon Asymmetry of Universe
if my, vz > 140 MeV

10” TTTT
% 1077
constrained: & [
e 107° | &
mass: 1-50 keV & | &
. ; $
mixing : b g
107t0 1092 fuw - |
decay time:  {*7[ @
107 =

constraints

S

g .

- L

L. .| Not enough Dark Matter , |

Dark Matter

Excluded by non-observation
of dark matter decay line

=
S
-
_—
——
—

-~

TNl > TUniverse

N,2 vy

5 10 50
DM mass [keV]
Andromeda galaxy (zoom 3-4 keV)

may have been seen:

arxiv:1402:2301
iv:1402.4119

HF2014 Alain Blondel
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one family see-saw :

0 = (mp/M)
L)

="y

my=M

u12062=m,/ m

Manifestations of right handed neutrinos

v = light mass eigenstate

N = heavy mass eigenstate
N = Np cosf + v, © sinB # v, , active neutrino

which couples to weak inter.

what is produced in W, Z decaysis:  gnd # N, which does’nt.
v, = vcosO + N sin0O

v = vLcosO - N¢, sin0O

-- efc... etc...

-- mixing with active neutrinos leads to various observable consequences
-- if very light (eV) , possible effect on neutrino oscillations
-- if in keV region (dark matter), monochromatic photons from galaxies with E=m,/2

-- possibly measurable effects at High Energy
If N is heavy it will decay in the detector (not invisible)
=» PMNS matrix unitarity violation and deficit in Z «invisible» width
=>» Higgs and Z visible exotic decays H> v, N, andZ> v, N., W->1 N,
=> also in charm and b decays via W*-> . N.
=» violation of unitarity and lepton universality in Z, W or T decays

-- Couplings are small (m,,/ my) (but who knows?) and generally out of reach of hadron
colliders (but this deserves to be revisited for detached vertices @LHC, HL-LHC, FCC-hh)

—0C L0 0L

F2014 Alain Blonde




(( FCC )) Direct RH nu’s production in Z decays

Production:

> (70 X e G > {r70 \ — ° 7|2 “I?’m. i l,”;ﬁ’m.
BR (70 = v, 7) = BR (7° = vir) [U? 1= 2o} (1 4 Z 20w

1y0* 2 mgo“

multiply by 2 for anti neutrino and add contributions of 3 neutrino species (with different |U|?)

Decay
Decay length:
3 cm
L =2 .
rie 7 Fd < vy RN &)
F BV & &
.!;I/j, { (112, (GeV /)
du,-
FIG. 2. Typical decays of a neutral heavy lepton via (a) NB CC decay always leads to
charged current and (b) neutral current. Here the lepton /; > 2 charged tracks

denotes e, u, or 7.

Backgrounds : four fermion: e+e- > W** W* e+e- > Z*(wv) + (2/y)*

09.10.2014 Alain Blondel ICHEP 2014 July 4 42




Interesting region
|UJ?2 ~ 10°to 102 @ 50 GeV

- ————m

1071: ' 1 1 1 - | 1 M - PRI T T |

02 05 10 20 50 100 20 N o500 10(
M [GeV] S
heavy neutrino mass ~ M

a large part of the interesting region will lead to detached vertices
... =very strong reduction of background!

Exact reach domain will depend on detector size
and details of displaced vertex efficiency & background

09.10.2014 Alain Blondel ICHEP 2014 July 4 43




(

|

hheahe

)

Sensitivity assuming zero background

Let’s start with the most optimistic scenario, i.e. the maximum region we can probe

Illlll 1 L}

Seesaw

hads kol

1l

1
HNL mass (Ge

10
V)

s
S 2 5
10 %, CHARM
= i,
-6 = : - 0,.‘

SHiP

I[!Il!l

10™ e inverted hi¢=.-r.':1r¢':hr|{I

i Delphi
X nuTeV
BAU

T ED
LEP |

Seesaw y E
.

i PR R N R N | " Y T i

1
HNL mass (GeV)

10

This should be considered the maximum sensitivity managing to go to zero background in
the region 100um and 5m with 1013 Z0

09.10.2014 HF2014 Alain Blondel 44



(FE[;EC)

Complementarity

Proposed physics topics to be used in the study of

synergy/complementarity among experiments at FCC-hh/ee/eh

Higgs Physics

Interface with Cosmology

Electroweak Sym. Breaking

Flavour Changing
Extensions of the SM

QCD
EW/SM precision issues

09.10.2014

precision studies

higher dimension operators
composite Higgs

rare and exotic decays
multiple Higgs production
extra Higgs bosons

Dark matter
baryogenesis
right-handed/(almost) sterile neutrinos

WW scattering
supersymmetry
extra dimensions
composite models

rare H,Z,W,top decays
lepton flavor violation

extra vector-like fermions
SU(2)g models
leptoquarks

Perturbation theory, structure functions
Modelling final states

precision measts (m,,m,,,m,,a,0,(m,),sin?0,.R,...
higher-order EW corrections
W,Z triple and quadruple couplings

HF2014'R{AN9BIaHS) couplings 45

charm/bottom flavor studies



The combination of the FCC machines
offers outstanding discovery potential
by exploration of new domains of

-- precision

and

-- direct search, both at high energy
and at very small couplings

09.10.2014 HF2014 Alain Blondel 46



FCC.
e CONCLUSIONS

-- FCC-ee physics studies are in construction phase
for software, event generators, etc.. no results yet.
-- contacts with linear collider groups positive

-- high luminosity FCC-ee offers real opportunities for
discovery

-- precision measurements
-- rare processes (FCNCs, LFV, heavy neutrinos, etc..)

-- Circular Collider complex (ee, hh, eh) is a fantastic
story in the making!




Let’s go for it!

09.10.2014 HF2014 Alain Blondel 48



1964-2013 Higgs boson predicted,
mass cornered (LEP direct, indirect M, etc +Tevatron m, , M,,)
Higgs Boson discovered (LHC)
Englert and Higgs get Nobel Prize
1 i1 1Nl

Bosons

Leptons

(c) Sfyrla

09.10.2014 HF2014 Alain Blondel 49
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FCC Coordination Team

Future Circular Colliders - Conceptual Design Study

Study coordination, M. Benedikt, F. Zimmermann

Hadron Hadron e+ e- collider | Infrastructure,] Technology Physics and
collider injectors and injectors | cost estimates High Field experiments
D. Schulte B. Goddard J. Wenninger P. Lebrun Magnets Hadrons
L. Bottura A. Ball,
Supercon- F. Gianotti,
ducting RF M. Mangano
E. Jensen
- : e+ e-
, e-p option .. Cryoge.mcs A. Blondel
Integration aspects O. Bruning L. Tav.lz.m J. Ellis, P. Janot
Specific
Operation aspects, Technologies e-p
energy efficiency, safety, environment P. Collier JM. Jimenez M. Klein

F. Sonnemann, J. Gutleber

Planning (Implementation roadmap, financial planning, reporting)




FCC-PHYSics-COordination-group

FCC-ee

Alain Blondel

John Ellis
Christophe Grojean
Patrick Janot

FCC-hh

Austin Ball

Fabiola Gianotti
Michelangelo Mangano

FCC-he
Max Klein
Monica d’Onofrio

09.10.2014
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Measurement precision on kw, Kz, k~, and kg at different facilities.

Figure 1-3.
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Figure 1-4.
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q Vector boson scattering (VBS) WW - WW

SM electroweak symmetry breaking with Higgs essential to preserve
VBS cross section unitarity

W W W W W W W W W I‘
~ /7 N 7o
/2 - % + HO | + --
ﬁfd-\"\,
W W W W W W W W W T
Same-sigh WW VBS production provides attractive S/B at LHC

ATLAS SM 685-0.95+ 0.06 [fb]

) ey
) q 1 NI O POWHFG ROX CT:0

i 5 4 20.31b"15=8 TeV
W \‘\ﬁvﬂ': W gt
= 0.4-1.0-4.0(b)
| H* e'n'
1.3 0610.25[]
At o //L’::‘n': Ent A | .
¢ ¢ 1 (

1.720.840.15 [fb)

{«’ T

[If

q

Combination 0 I ——
13 04 02(b)

3.60 significance ... .. .o b
-1 -0.5 0 0.5 1 1.5 2 2.5

o V8 [ib]

VI

Experimental Highlights, Young-Kee Kim, University of Chicago ICHEP 2014, Valencia, July 2-9, 2014

This will remain the reserved domain of the hadron colliders with HL-LHC and FCC-hh!

09.10.2014 HF2014 Alain Blondel



- mm,

(The main players

Inputs:

G;=1.1663787(6) x 10> /GeV? from muon life time 6 107
M, = 91.1876 + 0.0021 GeV Z line shape 210
a =1/137.035999074(44) electron g-2 31010

EW observables sensitive to new physics:
M,, = 80.385 + 0.015 LEP, Tevatron 210*
sin%6,, " =0.23153 + 0.00016 WA Z pole asymmetries 7 104

Nuisance paramenters:

a (M,) =1/127.944(14) hadronic corrections 1.110%
to running alpha

O (M,) =0.1187(7) strong coupling constant 7 103

m,,, =173.34+0.76 GeV from LHC+Tevatron 4103

top
combination

m, = ATLAS 125.36 + 0.37 (stat) + 0.18 (syst) GeV 125.17+0.25 2103
CMS 125.03 + 0.26 (stat) £ 0.14 (syst) GeV

09.10.2014 HF2014 Alain Blondel



gm’;- =Tz Precision measurements as tests of existence
i_xs:_ _;’:‘i? of weakly coupled new physics
- |—stader wece
ol ’ present € ‘classical’ precision measurements
wsf_ + flavour physics + Higgs precision measts
VTP WS T TP
171.5 172 1725 173 173.5 174 17";‘& (Ge\l-;f
Thickness of SM line a Higher-dimensional operators as relic of new physics ?

+ Possible corrections to the standard model

is given by error on my:

2
. cVv” ~A/c[TeV
precise measurements of m, ba=D, /”\2 O, BB 8 /CI[ L 5 »
and m,, i :
O% = (iH'D, H)(éry"er) ct R
=» Energy calibration by O = (Lo®y*L1) (Lro®yuLt) 5
. . . 3l :
resonnant depolarization Ow = 4 (Hiaa[)‘LH) DUWe, it ——
Op =4 (H'D*H) & B J.
) *H 2 :
Or =} (H'D,H) :
or |
LEP constraints: Ay, >10TeV :
After FCC'ee:ANP> 1°°TEV? -0.0020 —04(‘)015 -0.6010 —0.6005 O.O(IJOQ OAOE)OS 0‘0(‘]10 0.0615 0.0020

v
~NC—

Sensitivity to

09.10.2014 HF 289k xiapHBtdhtel 58



( FECEC )
Q Theoretical limitations

R. Kogler, Moriond EW 2013

FCC-ee

SM predictions (using other input)

A[ﬂ' — 8()3303 :t(&OOOS Ipi 0.0001 L\[Z i 0.0005? ﬁﬂ‘had
0.0005 + 1 0.0005? =+ 0.0000 j7,. F=(

-0.001 - o
sin®’y = 0.231496 + 0.000003 ,, + 0.000001 1, 4 20000037 |
0.000002 + 0.000001? s = 0.000000 7 H0.000047}eq

= 0.23150 £ 0.00010¢c¢

Experimental errors at FCC-ee will be 20-100 times smaller than the present errors.

BUT can be typically 10 -30 times smaller than present level of theory errors

Will require significant theoretical effort and additional measurements!
09.10.2014
HF2014 Alain Blondel




G=

Order-of-magnitude extrapolation of existing limits

1
L3 P

T — —— P — —

maybe achievable with
1010 - 1013 Z decays?

see-saw
60
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(I:ECEC)

m Extra ~40% reduction in o(e*e'—H) due to initial state radiation: = P
&
&
Higgs boson Courtesy S. Jadach P _;;,f'“
n“’f 18 ;— r; jw'#”
11’5;— c ;,"a "
e =1 - ¥ oG W
12 = - o
- O ’
E & .
u.a;— O.ESMI;(E+B— - HO) H/f
06— g 0 '
= opw(ee Y Ny ;
04 :—\/// lO S
- . &
02 -
- ‘103 0
?25.‘99‘2 ‘ 1I25..9€;4 ‘ 1I25.‘99|6 I 1r25.|99‘8 I ‘1£8I : 1‘26!0[;2 I 1,26![}[3‘14 : 1‘25_‘00‘6 I 1'26A‘[I08 10 10 ].rl aSS (G eV)
15 [GeV]

Thanks to high FCC-ee luminosity at low energies:

Preliminary event selections lead to sensitivity at ~ x SM cross-section

linearity test of H-> ff couplings extended by doubling the orders of magnitude
study on-going: monochromators, better selections, etc...

09.10.2014 HF2014 Alain Blondel 61



A
PR e e Search for heavy neutral leptons

DASt  2-Aug—19g4 Scam -Sep-1396
02:04:44 Tan+DST

searchete 2> Vv N
N-> V(V/Z)*e monojet

Find: one event
in 4x10°Z:

Fig. 3. Surviving event in the monojet search. It has an invariant mass of 300 MeV/c? and a missing p; of 6 GeV/c and is probably an e~ — e~ 1w/
mteraction

So9 E

| *
S = Global eff:
£o08 E —-==-===---low mass (monajet)
= E e fiigh mass (acolinear jets)
07 E
0.6 E -

05 ~ ey
0.4 i
0.3
0.2 il
) 1 11 11T

G' 1 = .
0 B n bl b 1
o 10 100 Fig. 4. Efficiency of the monojet search (Sect. 3) and
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PHYSICAL REVIEW D VOLUME 29, NUMBER 11 1 JUNE 1984

Extending limits on neutral heavy leptons g&ES

Michael Gronau®
Department of Physics, Svracuse University, Syracuse, New York 13

First look at the physics case of TLEP
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ois d (Y arxiv:1308.617
arxiv:1208.3654 '
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