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FCC-ee : physics program for 5,10 or 20 years?

—CC

AR eea he

more info: http:cern.ch/fcc-ee
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Future Circular Collider Study - SCOPE

CDR and cost review for the next ESU (2018)
L o

Forming an international
collaboration to study:

* pp-collider (FCC-hh)
- defining
Infrastructure

~16 T = 100 TeV pp in 100 km
~20 T = 100 TeV pp in 80 km _
Schematic of an

|

; 80-100 km

3 long tunnel
« e*e collider (FCC-ee) as =

potential intermediate s
step ECM=90-350+ GeV Yo
« p-e (FCC-he) option

« 80-100 km infrastructure

F 1314 Alain BlondelFCQreutar €301 hclghes
in‘Genevaarea ..
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<bossible long-term strateqgy

FCC-ee (80-100 km,
ete’, 90-400 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)
>60 years of e*e’, pp, ep/A physics at highest energies

1/31/2015
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N [6W Design, R&D - Construct.

Project
Kick-off meeting: 11t Nov. 2013 (Daresbury)

CDR and Cost Review 2018

_today

FCC pEI

Kick-off meeting February 2014 m

CDR and Cost Review for 2018

w Future Circular Collider Study
\ Michael Benedikt
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~( Future Circular Collider Study Mandate (FCC-GOV-PM-001) FCC
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Future Circular Collider Study - FCC

Mandate

Scope

The main emphasis of the conceptual design study shall be the long-term goal of a hadron collider
with a centre-of-mass energy of the order of 100 TeV (currently referred to as VHE-LHC) in a new
tunnel of 80-100 km circumference for the purposes of studying physics at the highest energies.
The hadron collider and its detectors shall determine the basic requirements for the tunnel,
surface and technical infrastructures. The corresponding hadron injector chain shall be included
in the study, taking into account the existing CERN accelerator infrastructure and long-term
accelerator operation plans. The performance and cost of the hadron collider shall be compared
to a high-energy LHC based on the same high-field magnet technology and housed in the LHC
tunnel.

The conceptual design study shall also include a lepton collider and its detectors (currently
referred to as TLEP), as a potential intermediate step towards realization of the hadron facility.
The design of the lepton collider complex shall be based on the hadron collider infrastructure and
any substantial incompatibilities with respect to the hadron collider infrastructure requirements
shall be analysed and quantified. Potential synergies with linear collider detector designs should

be considered.
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parameter LEP2 FCC-ee
Z Z (c.w.) W H t

Epeop [GEV] 104 45 45 80 120 175
beam-beam par. g /IP 0.06 0.03 0.175 0.06 0.093 0.092
current [mA] 3.0 1450 1431 152 30 6.6
Psr ot [MW] 22 100 100 100 100 100
no. bunches 4 16700 29791 4490 1360 98
N, [10%] 4.2 1.8 1.0 0.7 0.46 1.4
g, [Nm] 22 29 0.14 3.3 0.94
g, [PM] 250 60 1 1 2 2
B*, [m] 1.2 0.5 0.5 0.5 0.5 1.0
B, [mm] 50 1 1 1 1 1
c*y [nm] 3500 250 32 84 44 45
G, sk [MM] 11.5 1.64 2.7 1.01 0.81 1.16
O, 10t [MM] (W beamstr.) 11.5 2.56 5.9 1.49 1.17 1.49
hourglass factor F 0.99 0.64 0.94 0.79 0.80 0.73
L/IP[1034 cm2s1] 0.01 28 212 12 6 1.7

Tmin] 436omore 298 RGN 73 29 21

Tbeam




(G=D)
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Luminosity [1 0> cm2s7]
=

Vs [GeV]

Overlapp in Higgs/top region, but differences and complementarities
between linear and circular machines: luminosity, experimental environment
I E¢ calibration and longitudinal polarization
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FCC-ee: PARAMETERS & STATISTICS

___ [TLEP-AIP perlP statistics

circumference 80-100 km
max beam energy 175 GeV
no. of IPs 4

Luminosity/IP at 350 GeV c.m. 1.3x1034*cm=2s! 106 tt pairs

Luminosity/IP at 240 GeV c.m. 6.0x103*cm2sl 2 10%ZH evts

Luminosity/IP at 160 GeV c.m. 1.6x103>cm=2s1 108 WW pairs
Luminosity/IP at 90 GeVc.m. 2. 103536cm=2s1 1012/137
decays

Alain Blondel FCC Future Circular Colliders




FCC-ee (=TLEP)

Electroweak Factory:
TeraZ, OkuW, MegaHiggs and Megatops
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Original motivation (end 2011): now that m_H and m_top are known,
explore EW region with a high precision, affordable, high luminosity machine

= Discovery of New Physics in rare phenomena or precision measurements

ILC studies > need increase over LEP 2 (average) luminosity by a factor 1000
How can one do that without exploding the power bill?

Answer is in the B-factory design: a low vertical emittance ring with

higher intrinsic luminosity, and small °, (1mm vs 5cm at LEP) 50
Electrons and positrons have a much higher chance of interacting

= much shorter lifetime (few minutes)

=> top up continuously with booster ==> increase operation efficiency 5
Increase SR beam power to 50MW/beam 4
1000

Accelerator ring

at ZH threshold

in LEP/LHC tunnel

X 4 in FCC tunnel

X2-4 interaction points
EXCITING!

Collider ring -

31.01.2015 10




) (GD)
SuperKEKB — TLEP demonstrator!

beam
commissioning will
start in early 2015

* B,*=300 pm (TLEP: 1 mm)

* lifetime 5 min (TLEP: ¥15min)
- £,/€,50.25% (~TLEP)

 off momentum acceptance

* e* production rate
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FCC \ Toping up ensures constant current, settings, etc...

hh e he

and greater reproducibility of system

e [NTENSITY x 10 (104}

—— ENERGY (GeV)

— — ALEPHLUMI
DELPHI LUML

—%—L3 LUML

—=— OPAL LUML.

—— RF VOLTAGE (MY)

E (GeV)
L”j 0*(em?s™) 24 hours in 2000 -16 successive fills RF Voltage
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LEP2 in 2000 (12th year!):
fastest possible turnaround but

average luminosity ~ 0.2 peak luminosity

31.01.2015
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I HER I LER Luminosity Spec Lum E HER EVIEER E CM
1682. 17 2553.95 9008 3.61 8985 3120 10589
mA mA 10%*30/Sec Egi%;ggc/ MeY MeY Mey
HER N Buckets / Pattern LEF‘ N Eucket‘\ / Pattern
1722 0=1:3442=0,96:0:3442:2=r 1722 O0: 282
Last Owl /Day/Swing/24hr 293.7 303.3 313.7 Shift:  29.02 /pb
Peak Luminosities 11086 11137 11149 10942
PEP-II Luminosity and Currents
12000 - ~ 2000
m""‘"’“""ﬁ TR TR AR R s e
10000 | : -*1" _,""l b '
,." J L 2250
8000 ¢ f
: =
-3 6000 {| I 1500
1
4000 -
L 780
2000
oO+——T—T"—T"T""rT T T T T T T T T T T T T T T T T T o

o 1 2 3 4 § 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time of Day
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B factory in 2006 with toping up
average luminosity = peak luminosity
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Future Circular Collider Study - FCC

Mandate

Scope

The main emphasis of the conceptual design study shall be the long-term goal of a hadron collider
with a centre-of-mass energy of the order of 100 TeV (currently referred to as VHE-LHC) in a new
tunnel of 80-100 km circumference for the purposes of studying physics at the highest energies.
The hadron collider and its detectors shall determine the basic requirements for the tunnel,
surface and technical infrastructures. The corresponding hadron injector chain shall be included
in the study, taking into account the existing CERN accelerator infrastructure and long-term
accelerator operation plans. The performance and cost of the hadron collider shall be compared
to a high-energy LHC based on the same high-field magnet technology and housed in the LHC
tunnel.

The conceptual design study shall also include a lepton collider and its detectors (currently
referred to as TLEP), as a potential intermediate step towards realization of the hadron facility.
The design of the lepton collider complex shall be based on the hadron collider infrastructure and
any substantial incompatibilities with respect to the hadron collider infrastructure requirements
shall be analysed and quantified. Potential synergies with linear collider detector designs should

be considered.
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o Coordinators A. Blondel, P. Janot

Experimental Studies: Conveners

¢ Study the properties of the Higgs and other particles with unprecedented precision

EW Physics (Z pole) Diboson physics,m,, H(1226) Properties Top Quark Physics
R. Tenchini R. Tenchini M. Klute P. Azzi
F. Piccinini F. Piccinini K. Peters
QCD and yy Physics Flavour Physics New Physics
D. d’Enterria S. Monteil M. Pierini
P. Skands J. Kamenik C. Rogan

o Develop the necessary tools

Physics Software
C. Bernet
B. Hegner

ﬁ Understand the experimental conditions

Synergy with FCC-hh,,
LHC, Linear Colliders

Online & Trigger
E. Perez
C. Leonidopoulos

y

Exp‘tal
Environment
N. Bacchetta

Synergy with FCC-hh
and Linear Colliders

¢ Set constraints on the possible detector designs to match statistical precision

Detector Designs
A. Cattai
G. Rolandi

Synergy with Linear Collider detectors and others

Patrick Janot

Alain Blondel FCC-ee
1/31/2015




Phenomenological Studies: Conveners

a Coordinators: J. Ellis, C. Grojean
¢ Set up along-term programme to match theory predictions to experimental precisions

QCD and yy Physics
(Joint exp/th)
P. Skands

¢ Understand how new physics would show up in precision mea
searches for rare decays (Z, W, t, H, b, ¢, 7, ...) and rare processes

Precision EW
calculations
S. Heinemeyer

Model Building and

Flavour Physics
(Joint exp/th)
J. Kamenik

rements, and in

Synergy with
FCC-hh physics

New Physics
A. Weiler

Linear collider physics,
LEP 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
J. Ellis

Patrick Janot

Alain Blondel FCC-ee
1/31/2015
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http://arxiv.org/abs/1308.6176

PUBLISHED FOR SISSA BY €) SPRINGER

RECEIVED: September 23, 2013
ACCEPTED: December 25, 2013
PUBLISHED: January 29, 2014

First look at the physics case of TLEP

E

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,Y 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,”s 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,’c L. Silvestrini,t
M. Ciuchini,’® R. Cakir,’* R. Aleksan,’ F. Couderc,’” S. Ganjour,’’ E. Lancon,?/

E. Locci,?” P. Schwemling,’’ M. Spiro,?/ C. Tanguy,bf J. Zinn-Justin,®’ S. Moretti,?
M. Kikuchi,’® H. Koiso,”* K. Ohmi,”" K. Oide,’" G. Pauletta,” R. Ruiz de Austri,
M. Gouzevitch® and S. Chattopadhyay”
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http://arxiv.org/abs/1308.6176
http://arxiv.org/abs/1308.6176
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1. Higgs Physics
invisible and exotic widths, subpercent measurements of partial widths etc.

2. Precision EW and QCD measurements

one to two orders of magnitude improvements over present results

new precision tests using W H top
tests of the closure of the Standard Model , o, (m,)

3. Rare phenomena
FCNC, LFV, RH neutrinos, single top

4. Complete searches in LHC ‘holes’




(( ~C( A possible TLEP running programme (07/2013)

from http://arxiv.org/abs/1308.6176

1. ZH threshold scan and 240 GeV running (200 GeV to 250 GeV)
5+ years @2 103 /cm2/s => 210° ZH events

++ returns at Z peak with TLEP-H configuration Higgs boson HZ studies
for detector and beam energy calibration + WW, ZZ etc..

2. Top threshold scan and (350) GeV running )
. T
5+ years @ 7 103% /cm2/s = 10° ttbar pairs ++Zpeak H?,?,?fizgs Lnoaszsn studies

3. Z peak scan and peak running , TLEP-Z configuration = 10'2 Z decays

- transverse polarization of ‘single’ bunches for precise E_beam calibration

: years Mz, T'; R, etc...
Precision tests and
4. WW threshold scan for W mass measurement and W pair studies ~ are decays

1-2 years = 1078 W pairs ++Zpeak My, and W properties

etc...

5. Polarized beams (spin rotators) at Z peak 1 year at BBTS=0.01/IP => 10'! Z decays.

A g, ArgP etc


http://arxiv.org/abs/1308.6176

Thus the answer is....

20 years of operation

numbers assume 107 s/year at peak luminosity
=»~6 months/year @ 60% operation efficiency

No optimization between various energies yet
but should assume 1 year of commissioning/Energy point

Is longitudinal polarization essential?
(At first sight not). DS will answer this question.
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First look at the physics case of TLEP, arXiv:1308.6176v3 scoped the precision measurements:
-- Model independent Higgs couplings and invisible width
-- Z mass (0.1 MeV), W mass (0.5 MeV) top mass (~10 MeV), sin?,¢", R, N, etc...

=» powerful exploration of new physics with EW couplings up to very high masses

=» importance of luminosity and E, ., calibration by beam depolarization up to W pair
So far: simulations with CMS detector (Higgs) -- or «just» paper studies.

Snapshot of progress since
Higher luminosity prospects at W, Z with crab-waist
=>» sensitivity to right handed (sterile) neutrinos
=>» s-channel e+e- 2 H(125.2) production almost possible ( = monochromators?)
=>» rare Higgs Z W and top decays, FCNCs etc...
=>» discovery potential for very small couplings
=> precision event generators (Jadach et al) http://cern.ch/FCC-ee



http://cern.ch/FCC-ee
http://cern.ch/FCC-ee
http://cern.ch/FCC-ee

Higgs Physics

Alain Blondel FCC Future Circular

1/31/2015 Colliders



FC(C Higgs factory e Z
hh ee he W

.(const.rainled fi'F ’ aips TLEP (2 1Ps) e H
including ‘exotic’)
" guzz, | 0.05% (0.06%) 2 10° ZH events in 5 years
GHWW Oﬂg Jo {[} 11%) «A tagged Higgs beamn.
A A
JHbhb 0.19% (0.23% sensitive to new physics in loops

IHee || 0.68% (0 34:.;41
I incl. invisible = (dark matter?) I

I e [0.79% (0.97%)| -
JH 0.49%%  (0.60¢ 9/ A big challenge, but unique:
TT T AU ¢ 40 _ .

Higgs s-channel production at \s = my,

gipp | 6.2% - (7.6%) S
gty | 1.4%) (1.7%) > ' <
BR-EI}{EJ 0.16% {[}20";{} 10* events per year.

_ R Very difficult because huge background
= total width <1% and beam energy spread ~ 10 x I,
HHH (bestat Fcc-hh)  28% —> from HZ thresh limits or signal? monochromators?

Htt (bestatFcc-hh)  13% —> from tt thresh Aleksan, D’Enterria, Woijcik




I from snowmass report

hh e= he
Facility ILC(LumiUp) TLEP (4 IP) CLIC
Vs (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000
[ Ldt (fb=1) 250 +500 +1000 11504160042500% 10000 +2600 500 41500 +2000
P(e—,et) (—0.8,+0.3) (—0.8,40.3) (—0.8,40.2) (same) (0,0)  (0,0) (—0.8,0) (—0.8,0) (—0.8,0)
Ry 18% 8.4% 4.0% 2.4% 1.7% 1.5% — 5.9% <5.9%
Kr 5.8% 2.4% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%
K¢ — 14% 3.2% 2.0% — 13% - 4.5% <4.5%
BRiny 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
comments:

-- Invisible width to be improved by extending Z tagging to Z=> gqq (expect <0.1%o)
-- 350 GeV running improves k,, (and I', significantly)
-- complementarity: ttH and HHH are better done at hadron machine

*once I'y, Is measured at e+e- collider*
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Measurement precision on Ky, k-, and k; measured both directly via ttH and through global

fits at different facilities.

Figure 1-4.
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, Kz, Ky, and kg at different facilities.

Measurement precision on Kw

Figure 1-3.
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because of Luminosity FCC-ee (in combination with HL-LHC nd/or FCC-hh)
is a very powerful Higgs Factory, but....

FCC-ee is MUCH more than a Higgs Factory!

Family Name FCC

First name ee

Middle name  Higgs Factory

Nick names TLEP, Electroweak Factory, the first step



TERA-Z, Oku-W, Megatops

Precision tests of the
closure of the Standard Model

1/31/2015 Alain Blondel Future Circular Collider



Precision tests of EWSB

Z pole ssymmetries, lineshape WW threshold scan
Ly _ 30 T
< 2 9 "LEP
Z3| ALEPH [, E
- DELPHI 20- |
LS. i 4\,;' + , —t bt
- OPAL W, I
20 +
: t average measurements, 107 n
error bars increased W
by factor 10 YFSWW/RacoonWW
L W 1 ___.no ZWW vertex (Gentle) E
10 + # ) ) + ...only v_ exchange (Gentle)
v -: ° -3160 180 200
_—_-’//‘ ‘I
U __I__l__ T R N A TR T N A T N R R | A (Gev)
So6 88 90 92 04

E_ [GeV]

cross section [pb]

TLEP : Repeat the LEP1 physics programme every 15 mn

Transverse polarization up to the WW threshold

» Exquisite beam energy determination (10 keV)

Longitudinal polarization at the Z pole
» Measure sin?0,, to 2.10° from A ;

i W
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tt threshold scan

1.2

T

tt threshol
—TOPPIK
—ISR only
—ILC350 BS only
—ILC350 BS+ISR

DALY L [t (L o e e

d - 1s mass 174 GeV =
NNLO —

| IR 1 |

342

1/3/28tatistics, statistics: 1010 tau'pairs; 20% bb pairs, GEB aAd QED studies etc...

Caollidayc
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s | | I L1 L
346 348 350 352 354 356
nominal cms energy [GeV]

Frank Simon
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Beam polarization and E-calibration @ FCC-ee

E [MeV]

Precise meast of E, .., by resonant depolarization g [

~100 keV each time the meast is made i SR %#%*“r
g ]

At LEP transverse polarization was achieved routinely at Z peak.

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

led to prediction of top quark mass (179+- 20 GeV) in March 1994 ™ o o
Polarization in collisions was observed (40% at BBTS = 0.04)

At LEP beam energy spread destroyed polarization above 60 GeV
o ocEZ/\{o = At FCC-ee transverse polarization up to at least 80 GeV
to go to much 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...
but saw-toothing must be well understood! require Wigglers to speed up pol. time

<< 100 keV beam energy calibration around Z peak and W pair threshold.
“Afi;*0.1 MeV, A", ~0.1 MeV, Am,, ~ 0.5 MeV v



(FES)

best-of ee-FCC/TLEP #2: Precision EW measts

Asset: -- high luminosity (1012 Z decays + 108 Wpairs + 10° top pairs )
-- exquiste energy calibration up and above WW threshold

target precisions

Quantity Present Measured Statistical Sy stematic
precision from uncertainty uncertainty
mz (keV) 01187500 £2100 | Z Line shape scan 5(6) keV | €100 keV)
I'z (keV) 2495200 =+ 2300 Z Line shape scan 8 (10) keV < 100 keV
Ry 20.767 4+ 0.025 Z Peak 0.00010 (12) < 0.001
N, 2.984 + 0.008 Z Peak 0.00008 (10) < 0.004
Ny, 2.92 4+ 0.05 27, 161 GeV 0.0010 (12) < 0.001
Ry, 0.21629 + 0.00066 /. Peak 0.000003 (4) | < 0.000060
Air 0.1514 4+ 0.0022 Z peak, polarized 0.000015 (18) | < 0.000015

mw (MeV)

80385 + 15

WW threshold scan

0.3 (0.4)MeV

Miop (MeV)

173200 4 900

tt threshold scan

10 (12) MeV

Also -- Asin?6,, =#10® from Z peak AFBs

-- Aas= 0.0001 from W and Z hadronic widths
-- orders of magnitude on FCNCs and rare decays etc. etc.

Design study to establish possibility of achieving corresponding precision theoretical calculations.
Alain Blondel FCC Future Circular Colliders
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best-of ee-FCC/TLEP #2: Precision EW measts

(FE)

Asset: -- high luminosity (1012 Z decays + 108 Wpairs +] \”"‘\ p pairs )

\\,

AV .
-- exquiste energy calibration up and abov‘& S RS e ‘old
N2
Q/Q \% Mx\'\\i\ \._ﬁ()\t\ \
- \/ X \},\‘(\%\ ’ “‘RSJ\%' \a“:‘a -
Quantity Present Measured \:«‘ gﬁ*\\ SR Sy stematic
precision fro» a\\\a o «\S‘» Q\a@\“ Aty uncertainty
1 . ‘3‘.\&\ “".X\ N *\\\ . - ¥
my, (keV) 91187500 £+ 2100 Z L[\"@?‘\:{\ﬂ\%\}\‘ QQQ\\«“Q@*?‘“ D) keV 100 keV.)
I'z (keV) 2495200 -+ 2300 T\;\Q\ © @“’a@“f‘“@(\%\ 8(10) keV < 100 keV
Ry 20.767 + 0.025 \Q\} %‘%’%\ (Q{\&Qa‘\\\ 0.00010 (12) < (0.001
N, 2.984 + 0.7 (\\‘* & ‘“\'\’\:f; - {\\\5%’ . 0.00008 (10) < (0.004
N, 2.92 - \@Q\ < (\\\» \e\« 0l GeV 0.0010 (12) < 0.001
Ry, 0. 215 N o \\X\ @a@\ /. Peak 0.000003 (4) | < 0.000060
o & .
Arr RS ‘*‘ﬁ\ g@\‘\‘*{}g\x\‘} Z peak, polarized | 0.000015 (18) | < 0.000015
iy {f\"lLV\‘e& ‘”“f‘”\; CSO\%;@,\% © ,a\@\"\“'\ WW threshold scan | 0.3 (0.4)MeV @.5 h-’lu:D
SRS SR\ — , ,
Mt oo "'«\”\Z\Q\ & n‘\\"‘Q : g\”«‘:‘\ =900 tt threshold scan 10 (12) MeV < 10 MeV
I ¢ ’\,\ A\ \\\
I SR A
) AN ‘&{V\ a\{\ﬁ\\a\\&g‘
b S50 @ irom W and Z hadronic widths
0% *i\/{:&\}\f \a;,“““ .1 magnitude on FCNCs and rare decays etc. etc.
§\<:) {\(\.\\\
L otudy to establish possibility of corresponding precision theoretical calculations.
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M TLep |

X Physics

|\/|Z Input

MeV/c2

I, Ap (T)

Mev/c2  (no Aaul)

IRK (k,sb

N, Unitarity of
PMNS,
sterile v's

R, O,

A g Ap, €5 Ao,
(T,S)

M,, Ap, &; &, Aa.

Mevi2 (T, S, U)

m,, /318Ut

MeV/c2

A Sample of Essential Quantities:

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

Z Line shape

scan

Z Line shape

scan

Z Peak

Z Peak

Z+y(105/161)

Z Peak

Z peak,
polarized

Threshold
(161 GeV)

TLEP stat
Syst Precision

0.005 MeV
<10.1 MeV

0.008 MeV
<+0.1 MeV

0.0001
+ 0.002
- 0.0002

0.00008
+0.004
0.0004-0.001

0.000003
+0.000020 - 60

10.000015

0.3 MeV
<1 MeV

Thiesholdle FCaAg MeVrevlar

scan

Colliders

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?



Precision Measurements and New Physics

With the Higgs discovery the

SM has nowhere to go!
Any deviation is now ‘new
physics’

Indirect but inclusive

information on new physics
with ~“weak couplings

Precise knowledge of m
essential

top IS
full analysis of discovery

power including all
observables is missing.

0.2330

0.2325 |- m, = 165 .. 175 GeV

0.2320

eeff

Sin

0.2315

0.2310

0.2305

~ experimental errors 68% CL:
- M,, from LEP/Tevatron

/ \
| A, (LEP)

SLD + LEP
(GigaZ/ILC)
3 (FCC-ee)

/ \

I \

| I

\ /

N_~7 A_(SLD)

Heinemeyer, Hollik, Weber, Weiglein '08 ]

80.4 80.5 80.6
M,, [GeV]



Example (from Langacker& Erler PDG 2011) ( ﬁ;& )
Ap =g;=a(M,) . T

€;=4 sin%0,, a(M,) . S
Ap today = 0. 0004+0.0003-0.0004

-- is consistent with O at 1o

-- is sensitive to non-conventional Higgs bosons (e.g. in SU(2) triplet with ‘funny v.e.v.s)
-- is sensitive to Isospin violation such as m,# m, or ibid for stop-sbottom

3(3’F
po =1 Am : (10.63)
\/7,.__ Z

/ 0
where the sum includes fourth-family quark or lepton doublets, (E;) or ( g_) right-handed
(mirror) doublets, non-degenerate vector-like fermion doublets (with an extra factor of

2), and scalar doublets such as (5) in Supersymmetry (in the absence of L—FR mixing).

Present measurement implies E — Am? < (52 GeV)2. Most e.g. SUSYmodels
' have these symmetries
embedded from the start

2

Similarly: S = %Z(f‘gL(?) — ng(i))d,
i
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((FE2)
Rare decays

-FCNC: Z29e+1T Z2u+1 ,

-- Heavy RH neutrinos

-- other final states with single or double photons and jets

-- flavour physics... single top production, top couplings etc...
-- and many others (Z-> yyy etc)

-- How far can one go with 1012 or 1013 Z decays?

1/31/2015 Alain Blondel Future Circular Collider




N. Lockyer was speaking at the ICFA seminar in Beijing in October
Higgs discovery has dramatically changed the landscape...

« Higgs discovery motivates a precision Higgs factory...not going
to make three....what is the right direction?

* China wants to build a Higgs factory
« Europe wants to build a Higgs factory

* ILC higher energy (500 GeV), both beams polarized, mature
design & machine ready to go technically e.g., Euro-XFEL~500
cavities built...together 3 regions can build ILC

— (significant energy increase possible with further R&D on Nb3Sn)

« Strategy for FCC and CECP is however attractive

* Neither FCC or CECP as high energy as Linear Collider(s) but
have an attractive growth path just as LEP grew into LHC.

Note that this is not based on physics comparisons but 3& Fermilab
values FCC-ee as launching pad for FCC-hh

Alain Blonde



FCC-ee is a wonderful first step towards the Ultimate goal of a 100 TeV hadron collider
and this is one of the reasons it is attracive.

But...
FCC-ee is MUCH more than a launching pad!

1/31/2015 Alain Blondel FCC Future Circular Colliders




(EE2))
FCC-ee and FCC-hh:
Synergy and complementarity

As first step, the lepton collider would provide
-- a home (the tunnel, shafts, caverns etc...)

-- cryogenics, power connections etc.

-- can start taking data as HL-LHC finishes (2035)

-- A dramatically improved baseline of precision measurements
-- hopefully new discovery(ies) to guide the hh program
-- and a large amount of very complementary knowledge

1/31/2015 Alain Blondel FCC Future Circular Colliders




FCC

hh ea he

Higgs Physics

Interface with Cosmology

Electroweak Sym. Breaking

Flavour Changing
Extensions of the SM

QCD
EW/SM precision issues

Complementarity

Proposed physics topics to be used in the study of
synergy/complementarity among experiments at FCC-hh/ee/eh

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); models
leptoquarks

Perturbation theory, structure functions
Modelling final states

precision measts (m,,my,m,,a,0(m;),sin?6,,.R,...
higher-order EW corrections

W,Z triple and quadruple couplings

top (anomalous) couplings

charm/bottom flavor studies



hh == he What we believe now and work to demonstrate in a few years:

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
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some REFERENCES
for right handed

neutrino searches
PHYSICAL REVIEW D VOLUME 29, NUMBER 11 1 JUNE 1984

Extending limits on neutral heavy leptons F&ES

Michael Gronau®*
Department of Physics. Syracuse University, Syracuse. New York 1321 First ook at the physics case of TLEP

FLAVOUR(267104)-ERC-23 TUM-HEP 850/12 SISSA 25/2012/EP CFTP/12-013 .
] hoisd > arxiv:1308.6176
arxiv:1208.3654 '

The TLEP Design Study Working Group
| M. Bicer,” H. Duran Yildiz," I. Yildiz,” G. Coignet,” M. Delmastro,” T. Alexopoulos,’
‘ IL ‘\ C. Grojean,” S. Antusch,” T. Sen,” H.-J. He,’ K. Potamianos,” S. Haug,"

Higgs D ecays in the LOW S Ca]e o A-. Mofeno:’ A: Heistef,”" V.’Sanx‘.” G-:(;:onu;z-C-ehallos,” M. ;(Iu;e,“ M.‘Zanelli."
L.-T. Wang,” M. Dam,’ C. Boehm,” N. Glover,” F. Krauss,” A. Lenz,” M. Syphers,*
Type I See-Saw Model

CERN-PPE/96 195
C. Garcia Cely® | A. Tharra® | E. Molinaro” and S. T. Petcov®® ! 1% December 199G

{IIEUIIES UL LIIE CIECIIUWEdK SITOLE 1HIElaciivns, Al pPICsel|
and mixings with ordinary neutrinos of these leptons are v

Search for Neutral Heavy Leptons
Produced in Z Decays

The Role of Sterile Neutrinos in Cosmology and
Astrophysics

DELPHI Collaboration

FCC design study and FCC-ee http://cern.ch/fcc-ee
and presentations at FCC-ee physics workshop
http://indico.cern.ch/event/313708/

s P and arXiv:1411.5230v2 [hep-ex] 6 Dec 2014

Phys.Lett. 8631 151-156, 2005 CH-1015 Lawsanmne. Switserland
arXiv:hep-ph/0503065

Alexey Bovarskv*', Oleg Ruchavskiy? and Mikhail Shaposhn

The vMSM, Dark Matter and Neutrino Masses

Takehiko Aszaka, Steve Blanchet, and Mikhail Shaposhnikov

F. ML O L 2

H05)

The Search for Heavy Majorana Neutrinos

talks by Maurizio Pierini (BSM), Mangi Ruan (Higgs)
RObertO TenChini (Top & PreCiSion) tomorrow’ Anupama Atre'2, Tao Han®%, Silvia Pascoli®, Bin Zhang"*
posters tonight at Future accelerator session ikt
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@ Arc lattice (circular machine)  ((GGE2D

8th FCC-ee Physics Workshop - Paris - J. Wenninger

26/10/2014

arc cell

Q
layout .S B B Q S B B .

B = bending magnet, Q = quadrupole, S = sextupole

Circumference:
Arc length:

BPM Corrector

L 4

FODO cell optics

LATTICE V12B-S
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8th FCC-ee Physics Workshop - Paris - J. Wenninger

26/10/2014

IR layouts

" CERN

T T T T
Beam 1
_ I I I l — Beam 27 Dipoles
DRI A ..o eees mermamiees esnn s vensemamstos ees e e aseSSR oS AR SRR 2 it £8 AR i 8 2t S0 et e £ Rt - in blue
- FCC-hh
| Quadrupoles
I 1 I I | l | | Q in I'E'pd
400 00 &00 700 a00
T | | | S
— &
1 —,E__
E o™ TNl S -
= - FTER  EET TR R
Al T g - EHE R i | B SRR FCC-ee, BINP design -
_2 | | | 1 | | |
2 0 100 200 300 400 500 600 700 800
= | I I I I I I
1 —
T oo .
- —F- o FC-ee, CERM design
4k - e . -
) | | | 1 | | | *"‘H'
0 100 200 300 400 500 600 700 800
s [m]

Q Tunnel transverse width of both FCC-ee designs ~3-4 m.
Q Additional length is required to bend beams back, plus room for RF.
Q Synchrotron rad. power per IP: CERN 140 kW, BINP 1400 kW.

o Optimum between length and power loss to be identified !

o 93 km racetrack IR straights of 1400 m may be too short for ee !
1/31/2015 20



8th FCC-ee Physics Workshop - Paris - J. Wenninger

26/10/2014

L/AIP (10°* cm™s™)

" CERN

—
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-
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turn

FCC-ee in crab-waist mode
at the Z pole (45.5 GeV):

[=1.5x10%6 cm~2s! per IP

Tracking confirms assumptions! ‘

1 K0RQhmi, A. Bogomyagkov, E. Levichev, P. Piminov

BBSS strong-strong simulation
with beamstrahlung

FCC-ee at 120 GeV:
[=7.5x103* cm2s! per IP
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H3 @ TLEP

- At LHC (Requires E,, = 2 m, ):

g £ h : 2
B o i L= da- .
. i - L] '
L g—a—a- .. ' Lo
™. .
A ith Lh . L
e b h Dolan, Englert,
< 1 -
L pLy u Spannovwsky
_i-*c_ ih PRl 4

« At ILC (Eequmea By = & Iy, + Iy ):

_ H -H H I
+ o - - * - - [
.oz HA# R ooz S Tz s
i o o JH B = | e - 1
/-r TS _,-I|_: H + j_.-"". W -F'I-| o { /‘- Lt 1, - I Iy ! -."...-Il_I
- =3 - o ) - o - ks
o B @ e ¢ g ¢ &
i L I 1 o

1. Tian, E. Fujli

* ALTLEP240GeV: g McCullough ‘14

2 Re >um-: ( \

; ™ h.

L———=

5240 = 100 (287 + 0. mmh} F;i
effect but visible thanks to.the extraerdinary. TLEP sensitivity on Zh (0.05%)
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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 enengies. 1ILC Inminosity upgrade assumes an extended running
period on top of the low Inminosity 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 decavs of the Higes, the number quoted is the
95% conlidence upper limit on the J‘Jranr.-hfng_mlfu.

Facility ILC ILC({LumilUp) TLEP (4 1P) CLIC
V3 (GeV) 250 500 1000 250,/500,/1000 240 350 350 1400 3000
[ Ldt (1) 250 +500 41000 11504 1600425000 10000 42600 500 +1500 +2000
Ple ,e") (—=0.8,4+0.3) | (=0.8,40.3) [-0.8,4+0.2) (same) (0,0) (0,0) (—~0.8,0) (~08,0) (~0.80)
Ly 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%
ke 18% 8.4% 4.0% 2.4% 1.7% 1.5% - 5.9% <5.9%
K g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%
KW 4.9% 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% 21% 2.1% 2.1%
Ky 091% 091% 16% 10% 6.4% 6.2% - 11% 5.6%
iy 5.8% 2.4% 1.8% 1.0% 0.94%  0.54% 4.0% 2.5% <2.5%
K 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%  042% 2.8% 2.2% 2.1%
Ky - 14% 3.2% 2.0% — 13% — 4.5% <4.5%
BR;,., 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
the
1/31/2015 10B$ ILC Alain Blondel FCC Future Cjrcular
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Trajectories L*=2m

| Trajectaries at 20g | G0=-9.4 kGsfcm, R0=1.2 cm, A x=3.5 cm, E=175000 WMeV
e REsom,_RiZ1dcom. AxzidZem 0 mrad e
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example of challenge: crab crossing to Mogens Dam

increase further luminosity? (Novosibirsk)
emittance and polarization compensation, etc



Beam polarization and E-calibration @ TLEP « FEC ))

E [MeV]

Precise meast of E, .., by resonant depolarization g [

~100 keV each time the meast is made i T Ty %#%***
g )

At LEP transverse polarization was achieved routinely at Z peak.

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

led to prediction of top quark mass (179+- 20 GeV) in March 1994 ™ o s wa e itar
Polarization in collisions was observed (40% at BBTS = 0.04)

At LEP beam energy spread destroyed polarization above 60 GeV
oy «c B2/ x{o = At TLEP transverse polarization up to at least 80 GeV
to go to higher energies requires spin rotators and siberian snake

TLEP: 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, AI', ~0.1 MeV, Am,, ~ 0.5 MeV
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Asymptotic safety of gravity and the Higgs boson mass
Mikhail Shaposhnikov

Institut de Théorie des Phénoménes Physiques, Ecole Polvtechnigue Fédérale de Lausanne, CH-1015 Lausanne, Switzerland

Christof Wetterich
Institut fiir Theoretische Physik, Universitdt Heidelberg, Philosophenweg 16, D-09120 Heidelberg, Germany
12 January 2010

Abstract

There are indications that gravity is asymptotically safe. The Standard Model (SM) plus gravity could be valid up to arbitranly
high energies. Supposing that this 1s indeed the case and assuming that there are no intermediate energy scales between the
Fermi and Planck scales we address the question of whether the mass of the Higgs boson my can be predicted. For a positive
gravity induced anomalous dimension 4; > 0 the mmning of the quartic scalar self mteraction A at scales beyond the Planck
mass 1s determined by a fixed point at zero. This results in mg = my;; = 126 GeV, with only a few GeV uncertamnty. This
prediction is independent of the details of the short distance running and holds for a wide class of extensions of the SM as well.
For 4; < 0 one finds mpy in the mnterval my;, < my < Myayx ~ 174 GeV, now sensitive to 4; and other properties of the short
distance minmng. The case 4; > 0 is favored by explicit computations existing in the literature.

in 2010 Shaposhnikov and Wetterich predict m_H=126 GeV
if there.is no intermediate energy scale between the Fermi and Planck scales...



FCC Work and Organisation (i)

Work/meeting structures established based on INDICO, see:
- FCC Study: https://indico.cern.ch/cateqgory/5153/

- http://cern.ch/FCC-ee (more developed, for FCC-ee)
In particular:

FCC-hh Hadron Collider Physics and Experiments VIDYO meetings
- https://indico.cern.ch/category/5258/

- Contacts: michelangelo.mangano@cern.ch,
fabiola.gianotti@cern.ch, austin.ball@cern.ch

- FCC-ee Lepton Collider (TLEP) Physics and Experiments VIDYO
meetings

- https://indico.cern.ch/cateqory/5259/
- Contacts: alain.blondel@cern.ch, patrick.janot@cern.ch

Future Circular Collider Study
Michael Benedikt

Epiphany 2015 Cracow, 8™ January 2015
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FCC Work and Organisation (i)

FCC-hh Hadron Collider VIDYO meetings
- https://indico.cern.ch/cateqgory/5263/
- Contacts: daniel.schulte@cern.ch

FCC-hadron injector meetings
- https://indico.cern.ch/cateqory/5262/
- Contacts: brennan.goddard@cern.ch

FCC-ee (TLEP) Lepton Collider VIDYO meetings
- https://indico.cern.ch/cateqory/5264/
- Contacts: jorg.wenninger@cern.ch,

FCC infrastructure meetings
- https://indico.cern.ch/cateqory/5253/
- Contacts: philippe.lebrun@cern.ch, peter.sollander@cern.ch

Future Circular Collider Study

Michael Benedikt
Epiphany 2015 Cracow, 8™ January 2015
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FCC Week 2015

QIEEE International Future Circular Collider Conference
March 23 - 27, 2015 | Washington DC, USA

http://cern.c
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Discovered Higgs-like Boson: Clear mass peak in yy and ZZ*
Is this the SM one ? From searches to measurements




1994-1999: top mass predicted (LEP, mostly Z mass&width)
top quark discovered (Tevatron)
t’Hooft and Veltman get Nobel Prize
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We cannot explain: S ARAASSAAARES

Dark matter

Standard Model particles
constitute only 5% of the
energy in the Universe

10 20 30
Radius (kpc)

curve for Galaxy

Not a unique solution in the SM --

Dirac masses (why so small?)

Majorana masses (how?)

Both (the preferred scenarios, see-saw...)
= heavy right handed neutrinos?

Alain Blondel FCC Future Circular Colliders




we cannot explain:
charge of proton = - charge of electron

ap +ge|]/e <1 x10—2

we have no explanation for this, except ...
that it is necessary for the stability of

1. the universe

2. the Standard Model calculations




(( ﬁgg )’ PARAMETERS FOR CRAB WAIST OPERATION

Z W H tt
Energy [GeV] 45 80 | 120 | 175
Perimeter [km] 100
Crossing angle [mrad] 30
Particles per bunch [10""] 1 4 | 47 | 4
Number of bunches 29791 | 739 | 127 | 33
Energy spread [10°] 1.1 21 | 24 | 2.6
Emittance hor. [nm] 0.14 | 0.44 | 1 2.1
Emittance ver. [pm] 1 2 2 | 4.3
Bx /By [m] 0.5/0.001
Luminosity / IP Nominal:| 28 12 6.0 1.8
(1034 em—2s~ ] 212 36 9 1.3
Energy loss / turn [GeV] 003 | 0.3 | 1.7 | 7.7

Important scope for improvement in luminosity.

31.01.2015
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FCC Luminosity optimisation

Ideal situation is that beam lifetime is driven by particle-particle interactions
-- dominated by radiative Bhabha scattering e+e- - e+e-y (typically 150 mb)
with e*/- out of energy acceptance (improved with larger acceptance)

At high luminosity considered in FCC-ee, Beamstrahlung (particle-opp. beam interaction)
becomes important.

-- requires very flat beams and +- 2% energy acceptance

-- reduces beam lifetime

-- increases energy spread and bunch length
This is the case in FCC-tt

At lower energy the beams are blowing eachother (beam-beam interaction)
-- this can be fought with ‘crab waist’ crossing
This is the case at all lower energies operating points

Numbers in main parameter list include beamstrahlung treatment, but have not considered
crab waist operation.
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8th FCC-ee Physics Workshop - Paris - J. Wenninger
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P, =synch.rad. power
B* = betatron fctat IP




(FCo) Crab Waist Scheme P Raimondi, 2006

o
¢ = itg(fj — Piwinski
X angle

1) Large Piwinski angle: ¢ >> 1

2) B, approx. equals to overlapping area: B, ~ o,/ ¢

3) Crab Waist: minimum of £, along the axis of the opposite beam

Advantages:

v Impact of hour-glass is small and does not depend on bunch lengthening
v’ Suppression of betatron coupling resonances allows to achieve & ~ 0.2

v’ As a result, luminosity can be significantly increased especially at Z, otherwise & ~ 0.03

Alain Blondel FCC-ee Epiphany Conference Krakow
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0O The beam-beam parameter  measures the strength of
the field sensed by the particles due to the counter-

Beam-beam parameter

rotating bunch.

0 Beam-beam parameter limits are empirically scaled from

LEP data (also 4 IPs).
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4 LEP (45.5/65/98 GeV)
= TLEP

In reasonable agreement with first ... /B ...
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FCC-ee in crab-waist mode
at the Z pole (45.5 GeV):

L=1.5x10%6 cm-2s-1 per IP

Tracking confirms assumptions!

K. Ohmi, A. Bogomyagkov, E. Levichev, P. PiminQVe K rakow

L/IP (10%* cm™@s™)

Beam-beam simulations

BBSS strong-strong simulation
with beamstrahlung

FCC-ee at 120 GeV:

L=7.5x10%* cm-?s-1 per IP
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(Fco) Beamstrahlung

d Hard photon emission at the IPs, ‘Beamstrahlung’, can become a
lifetime / performance limit for large bunch populations (N), small hor.
beam size (o;) and short bunches (o) .

,03/2 n 1 N r, ‘_ﬂ
T O exp(Anp) %5

O

p: mean bending radius at
the IP (in the field of the

1N : ring energy acceptance opposing bunch)

Lifetime expression by V. Telnov

0 To ensure an acceptable lifetime, pxn must be sufficiently large.
o Flatbeams:large 6, and smallc, !
o Bunch length !
o Large momentum acceptance of the lattice: 1.5 — 2% required.

o LEP had < 1% acceptance, SuperKEKB ~ 1-1.5%.

Alain Blondel FCC-ee Epiphany Conference Krakow
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(GE= \>, Beamstrahlung lifetime

Reasonable agreement between tracking and analytical estimates.

= 1000+ E, ., =175 GeV (most critical case)
= formula of : :
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V. Telnov, A. Bogomyagkov, Blondel FCC-ee Epiphany Conference Krakow
E. Levichev, D. Shatilov

31/01/2015




8th FCC-ee Physics Workshop - Paris - J. Wenninger
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Emittances

Q FCC-ee is a very large machine, scaling of achievable emittances (mainly

vertical) is not straightforward.

o Coupling, spurious vertical dispersion.

0 Low emittances tend to be more difficult to achieve in colliders as
compared to light sources or damping rings — beam-beam !

a FCC-ee parameters:
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Adding masses to the Standard model neutrino 'simply’ by adding a Dirac
mass term (Yukawa coupling)

— Vv V
MpVy Vi mpVy Vg R
iImplies adding a right-handed neutrino (new particle)

No SM symmetry prevents adding then a term like

- ——X——
[
My;VR™ VR m,

and this simply means that a neutrino turns into a antineutrino

(the charge conjugate of a right handed antineutrino is a left handed neutrino!)

It is perfectly conceivable (‘natural’?) that both terms are present = ‘see-saw’

1/31/2015 Alain Blondel Future Circular Collider




