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Standard Model of particles & interactions

m Renormalizable QFT of electroweak SU (2)xU, (1) & strong SU (3) gauge interactions

O(20) parameters: Couplings, H mass&vev, H-f Yukawa, CKM mix., CP phases.
Experimentally confirmed to great precision for 40(!) years:
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Standard Model of particles & interactions

m Renormalizable QFT of electroweak SU (2)xU, (1) & strong SU (3) gauge interactions

O(20) parameters: Couplings, H mass&vev, H-f Yukawa, CKM mix., CP phases.
Experimentally confirmed to great precision for 40(!) years:
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Open questions in the SM (1)

L= -1B,B" — Lip(W,, W) - %tr(GwG“”) [Gauge interactions: U, (1), SU (2), SU (3)]

4 8
+(71,81) 6*iD,, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]
% %

- {(FL: er) pMer + eRM*$ (:ﬁ )] — [(_EL, vL) ¢ MYvp + PRMY¢" (;‘i’[‘ )D[Lepton masses]

+(1ig,dg)6*iD, (zi ) +@rotiDyug + dro*iDudr + (h.e)  [Quark dynamics]

5 = - = _
‘f { iy, dp) oMAdp + dp B¢ (”i )] f {(_dL;ﬁL)¢*WHR+ﬂRw¢T( u‘iL) Quark masses]

+{D,$)D*¢ — mi[po —v*/21%20*.  [Higgs dynamics & mass]

X Higgs: Generation of 1%-gen. fermion (and all v's) masses to be confirmed
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Open questions in the SM (2)

L= —}IBMB“” - %tr(wwwﬂ”) - %t*r(GwG“”) [Gauge interactions: U, (1), SU,(2), SU_(3)]
+(Pr, 81)6#iD, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]
V2

uL)] V2

- {(FL: er) pMer + eRM*$ (EL — [(_EL, vL) ¢ MYvp + PRMY¢" (;‘i’[‘ )] [Lepton masses]

+(1ig,dg)6*iD, (zi ) +@rotiDyug + dro*iDudr + (h.e)  [Quark dynamics]

- - 2 - _ -
_g {(ﬁL,dL)ﬁf’MddR + dpM¢ (zi )]_£ {(_dL,ﬁL)¢*qu+ﬁRw¢T ( uiiL )] [Quark masses]

v

+( D) D* ¢€mi[ﬁg¢—ﬂzx’2lﬂx’%ﬂ) [Higgs dyn. & mass] (+ new particles/symmetries 7)

X Higgs: Generation of 1%-gen. fermion (and all v's) masses to be confirmed
X Fine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale
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Open questions In the SM (3)

L= -1B,B" — Lip(W,, W) - %tr(GwG“”) [Gauge interactions: U, (1), SU, (2), SU (3)]

4 8
+(71,81) 6*iD,, (:i) + ero*iD,er + vpe*iD,wr+ (he)  [Lepton dynamics]
V2 V2

— {@L er) pMer + eRM*$ (:ﬁ ) - [(—EL, vL) ¢ MYvp + PRMY¢" (;if‘)] [Lepton masses]

v

+(—E',,z,,«:f,z,)iir"‘ﬂ);_t UL + tgo*iDyur + rfRa“éD#dR + (h.c.) uark dvnamics
d y

_g {(L dp) ¢M*dp + dpM°¢ (zi)] —g {E&L, )¢ M up + GpM"¢" (;‘i’t‘)‘ [Quark masses]

+{D,$)D*¢— mi[po —v*/21%20*.  [Higgs dynamics & mass]

X Higgs: Generation of 1%-gen. fermion (and all v's) masses to be confirmed

X Fine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale
X Elavour: SM cannot generate observed matter-antimatter imbalance
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Open questions In the SM (4)

-1

£ = —31B.B" - %tr(wwwﬂ”) - %t*r(GwG“”) [Gauge interactions: U, (1), SU,(2), SU_(3)]
+(Pr, 81)6#iD, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]

v {(FL: er) ¢M er + erM (:ﬁ )] —? [(_EL, br)¢* MYy + ppM¥¢" (;‘i’[‘ )] [Lepton masses]

+(@z,dp) é#iD,, e igotiD,ug + rfRa“éD#dR + (h.c.) uark dvnamics
d y

- - 2 - _ -
_g {(ﬁL,dL)ﬁf’MddR + dpM¢ (zi )]_£ {(_dL,ﬁL)¢*qu+ﬁRw¢T ( uiiL )] [Quark masses]

v

+(D, ) D ¢ — mi[pe — v¥/2%2*.  [Higgs dyn. & mass] (+ new particles/symmetries 7)

X Higgs: Generation of 1%-gen. fermion (and all v's) masses to be confirmed

X Fine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale
X Elavour: SM cannot generate observed matter-antimatter imbalance
X Dark matter: SM describes only 4% of Universe (visible fermions+bosons)
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Open questions In the SM (5)

-1

+Bu B - Lir(W,, W) — %t*r(GwG“”) [Gauge interactions: U, (1), SU,(2), SU_(3)]

8
+(71,81) 6*iD,, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]

uL)] V2

pr,eL) ¢M er + erM® (EL — [(—EL, 1) ¢* MYvg + Dp MY ¢ (:{‘ )] [Lepton masses]

+(1ig,dg)6*iD, (zi ) +@rotiDyug + dro*iDudr + (h.e)  [Quark dynamics]

- - 2 - _ -
_g {(ﬁL,dL)ﬁf’MddR + dpM¢ (zi )]_£ {(_dL,ﬁL)¢*qu+ﬁRw¢T ( uiiL )] [Quark masses]

v

+(D,$)D* ¢ — mildd —v*/2Y2*.  [Higgs dyn. & mass] C+ new particles/symmetries 'D

X Higgs: Generation of 1%-gen. fermion (and all v's) masses to be confirmed
X Fine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale
X Elavour: SM cannot generate observed matter-antimatter imbalance

X Dark matter: SM describes only 4% of Universe (visible fermions+bosons)

X Others: Quantum gravity, cosmological constant, dark energy, inflation,...

Some/Most(?) of these questions will not be fully answered at the LHC
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Why new e*e colliders ?

m New physics (NP): Hidding well ? Or beyond present reach ?
At larger masses? Or at smaller couplings? Or both?
m Electron-positron colliders:
= Direct model-indep. discovery of new particles coupling to Z*/v* up to m~\s/2
= |Low, very-well understood backgrounds: Fill “blind spots” in p-p searches
= Polarised beams: Extra handle to constrain theory underlying any NP
= Sensitivity to weakly-interacting (Z,W) physics

= |ndirect constraints on new physics: Precision ~ 1/A7,
m_., reach (95% CL)
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Circular or Linear e*e colliders ?

s T T T
R LB N0t At
R Tt rn e

Luminosity [10°* cm2s]

400 GeV
m Vs limited to ~400 GeV by SR~E4R
m Large # of circulating bunches:

— Much higher Lumi (better at low Vs, lower SR)

— Top-up injection ring to compensate L burnoff
W Various Interaction Points possible

m Precise E, ___ from resonant depolarization

LFC'15, ECT* Trento, Sept'15 10/33

m Larger Vs reach (TeV's)

m Low repetition rate
— Lumi from nm-size beams
— Large bremsstrahlung
— Large energy spread

m Longitudinal polarization easier

David d'Enterria (CERN)



Why FCC-ee ?

m Indirect searches through loops in high-stat W, Z, H, top precision

studies at very high-luminosity e-e colliders with <<1% accuracy
m Indirect constraints on new physics: Precision ~ 1/A°
m New scalar-coupled physics:

At A, ~1 TeV: ~5% deviations of Higgs couplings wrt. SM:

. _ 2
0 XX s 1TeV \~
J < 5% x

SM
JaXX A

~10° Higgs = ~0.1% Higgs couplings precision = A>7 TeV

m New weakly-coupled physics:
Excluded below A, ~3 TeV by current EWK precision fit.

p-decay |
v mass ‘
EDM 5
Quark FCNC - cV
LFV | La = 2 ?O
g-2 I
EWPO | [arXiv:1509.00367]
2 3 4 5 6 7 8 9 10 1 12 13 14 15 16
Logia (Aex/GeV)
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Why FCC-ee ?

m Indirect searches through loops in high-stat W, Z, H, top precision

studies at very high-luminosity e-e colliders with <<1% accuracy
m Indirect constraints on new physics: Precision ~ 1/A°
m New scalar-coupled physics:

At A, ~1 TeV: ~5% deviations of Higgs couplings wrt. SM:

5 , 1TeV ) 2
QHXA_E;5%;X (

SM
JaXX A

~10° Higgs = ~0.1% Higgs couplings precision = A>7 TeV

m New weakly-coupled physics:
Excluded below A, ,~3 TeV by EWK fit.
A, ~30 TeV requires: X10° precision

w.r.t. LEP (10*W's, 107 Z's), i.e. 3 /
X 10* more stats. (10® W's, 10 Z's) - —K Eo“';‘omf

reachable in e*e circular = |
collider with R~80-100 km *

LFC'15, ECT* Trento, Sept'15 12/33 David d'Enterria (CERN)



FCC-ee characteristics

‘,:'CIRCULAR

A TR Hz- 38 x10%emst

Luminosity [10°* cm2s]

400 GeV Vs [GeV]
m Vs limited to ~400 GeV by SR~E*/R: R~80 km (x3 LEP radius)
m Large # of circulating bunches: X 10*LEP bunches +crab-waist collisions

— High Lumi (better at low Vs):  x10%-10 more lumi than ILC for Vs = 90-400 GeV
— Top-up injection ring to compensate L burnoff
W Various Interaction Points possible: 4 expected

m Precise E, ___ from resonant depolarization: £0.1 MeV (2 MeV at LEP)

LFC'15, ECT* Trento, Sept'15

13/33 David d'Enterria (CERN)



EU HEP short-term perspectives (2020-2030)

B In May 2013, European Strategy said (very similar statements from US)
+ Exploit the full potential of the LHC until ~2030 as the highest priority

e Get 75-100 fb* at 13-14 TeV by 2018 (LHC Run2: running)

e Get ~300fb* at14 TeV by 2022 (LHC Run3: approved)

e Upgrade machine and detectors to get 3ab*at 14 TeV by 2035 (HL-LHC: project)
= A first step towards both energy and precision frontier

_______

LFC'15, ECT* Trento, Sept'15 14/33 David d'Enterria (CERN)



EU HEP long-term perspectives (2040-2060)

B |In May 2013, European Strategy said (very similar statements from US)
o Perform R&D and design studies for high-energy frontier machines at CERN
e HE-LHC, a programme for an energy increase to 33 TeV in the LHC tunnel
e FCC, a100-km circular ring with a pp collider long-term project at /s = 100 TeV
e CLIC, ane*e™ collider project with v/s from 0.3 to 3 TeV

Similar circular projects

4 (50 or 70km) in China
SCHWEIZ \.".\\\"‘ pp collisions at /s ~ 50 or 70 TeV
= e = _--_;‘_;" f Q'inh;a*r_n.;u.jao |

“-,’. - Beijing e -

:- 'ojtﬁﬁ
f : % g Beidaine
HE-LHC (27 km)
pp collisions at 33 TeV)
¥, L maning e
FRANKREICH !
Qinhuangdao (% £)
CLIC (sokm) 4~ A
ee at 3TeV/fb/~'\,/ \ A
/ \
I
| !
\
\ ,/ FCC (200 km)
\\ 7 rce [Future Circular Colliders]
o e Ultimate goal: FCC-hh (100 TeV)
~ oS [Access to highest energies]

Yifa r';'g ‘Wang
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EU HEP mid-term perspectives (2030-2040)

e Inthe context of the FCC, perform accelerator R&D and design studies

B In May 2013, European Strategy said (very similar statements from US)
+ Acknowledge the strong physics case of e*e” colliders with intermediate /s
e Participate in ILCif Japan government moves forward with the project

= In view of a high-luminosity, high-energy, circular e*e™ collider as a first step

Akitac Akita

ILC (312 km)

e‘e’ : 250-500 GeV

Yamagata

o
Yamagata
Niigata
o Fukushima
0
Niigata 5
Fukushima
Tochigi
Ha%ano |
Utsuﬂgmlva
Gunma L M“O.o
Maebashi Ibaraki
Nagano Saitama
Saitama®
Kofu QTQHD
Tokyo - ©oChiba

Yamanashi

LFC'15, ECT* Trento, Sept'15

Sendai
Q

Note: CLIC can also run at /s ~ 350 GeV in ~2035-2040

16/33

FCC (200 km)

First step: FCC-ee (91-400GeV)

[Use the tunnel ultimately aimed at FCC-hh]

«d

David d'Enterria (CERN)



FCC-ee Is an ongoing CERN study project

m Lepton studies — Coordinators A. Blondel, P. Janot (EXP) + ).Ellis,C.Grojean (TH)
¢ Study the properties of the Higgs and other particles with unprecedented precision

EW Physics (Z pole)
R. Tenchini F. Piccinini
S. Heinemeyer

Diboson physics,m,,

H(125) Properties

Top Quark Physics

R. Tenchini F. Piccinini M. Klute
S. Heinemeyer K. Peters P. Azzi
QCD and yy Physics Flavour Physics New Physics
D. d’Enterria S. Monteil M. Pierini C. Rogan
P. Skands J. Kamenik A. Weiler

¢ Develop the necessary tools

Physics Software
C. Bernet

ﬁ Understand the experimental conditions

B. Hegner

Common with FCC-hh/eh,
Synergies with LHC, LC

LFC'15, ECT* Trento, Sept'15

Online & Trigger
E. Perez

C. Leonidopoulos

U

Detector Designs
A. Cattai

G. Rolandi

17/33

Exp’tal Environment

N. Bacchetta

Synergy with FCC-hh
and Linear Colliders

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

Synergy with Linear Collider
detectors and others

David d'Enterria (CERN)



FCC-ee physics programme In a hutshell

[arXiv:1308.6176]

Vs=91 GeV, 102 Z's

Luminosity [10°* cm2s7]

21161 240 350 GeV

LFC'15, ECT* Trento, Sept'15
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-

| tt threshold - 1S mass 174 GeV
| —TOPPIK NNLO
[ —ILC 350 LS+ISR

=k

— CLIC 350 LS+ISR ]
— FCCee 350 LS+ISR ]

based on CLIC/ILC Top Study ]
EPJ C73, 2540 (2013) ]
L L L L L L L
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5 [ ——— - - —
€ [ Unpolarized cross sections —ee > HZ
%250_ —HZ,Z->w |
s —WW —H
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r \ |
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FCC-ee physics programme: Duration

m 4 IP’s and in the crab-waist optics scheme :

Vs (GeV) 90 (2) 160 (WW) 240 (HZ) 350 (tt) 350 (WW—H)
Lumi (ab/yr) 86.0 15.2 3.5 1.0 1.0
Events/year 3.7%X10*2 6.1x107 7.0%X105 4.2X10° 2.5xX10%
# years (0.3) 2.5 1 3 0.5 3
Events@LC ® 3%109 2x10° 1.4X105 105 3.5X104
LC @ FCC-ee 1 day 1 week 2 months 3 months 1.5 year

See e.g., arXiV:1506.07830
“ILC Operating Scenarios”

100 fb* @ 90 GeV (>3 y), 500 fb* @ 160 GeV (>5Yy)
with +80% | +30% polarization for e"/e* beams

™LC = 500 fb* @ 500 GeV (6 y), 200 fb* @ 350 GeV (2 y), 500 fb* @ 250 GeV (5Y)

>21 years
(1y=1075)

m FCC-ee core physics programme can be completed in 8-10 years

LFC'15, ECT* Trento, Sept'15
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FCC-ee physics: High-precision W,Z,top

Z resonance: TeraZ

g, o Inb]
¥

wl ALEPH [

- DELPHI |\
L3 A\
OPAL
20 -
+ AVETREE MEA e ments, e

erroer bars increased \i:" "-,.
by factar 10 & W

10 -

0.I...|...|..

BT
. E__|GeV
e Lineshape m [ GV

86 88 o0

WW threshold scan: OkuW
— 307 ' T ' ——
3 LEP T
tr% _
201 i -
A
0] -
¥ F S0 Racoon iy
; N W werkex (Gentle )
._.-" only v, exchange (Gantla)
G - 1 1 1
160 180 200
s (GeV)

= Exquisite E,___ (unique!)

» m,, [';to 10 keV
¢ Asymmetries

» sin®0, to 2x10®
e Branchingratios, R, R,

» o.(m;)to o.co02
e Predictm

topr My IN M

® Threshold scan
= m,, to 500 keV

e Branchingratios R, Rhad/

= o(my)to o.o002

—h
o=

—y
M2

cross section [pb]

tt threshold scan: MegaTops

T T T T T T T T T I T T T T I T T
tt thraszhold - 15 maszs 174 GaV

— TOPPIK NMLO —CLIC 350 LS+ISR

—ILE 350 LS+ISR —FCiCee 350 LS+ISR

cealeaa bt

bazad on CLICALC Top Study
EPJ C73, 2540 (2013

I3I55I
Vs [GeV]

320

e Threshold scan + 4D fit

wop 10 10 MeV

w Aopto13%

» EWK couplings to 1-10%

= m

e Radiative returns e*e ™ —=yZ (Z—=vv, p'u’)

= N, too0.0004

m Mostly thanks to: (i) huge stats, (ii) threshold scans with E____~0.1 MeV

LFC'15, ECT* Trento, Sept'15
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High-precision W,Z,top: FCC-ee uncertainties

B Experimental uncertainties mostly of systematic origin

* So far, mostly conservatively estimated based on LEP experience
* Work ahead to establish more solid numbers

Observable Measurement Current precision FCC-ee stat. Possible syst. Challenge
m, (MeV) Lineshape 91187.5+2.1 0.005 <0.1 QED corr.
r, ( MeV) Lineshape 2495.2+23 0.008 <0.1 QED corr.

R, Peak 20.767 £ 0.025 0.0001 < 0.001 Statistics
Ry Peak 0.21629 * 0.00066 0.000003 < 0.00006 g->bb
N, Peak 2.984 + 0.008 0.00004 0.004 Lumi meast.
A Peak 0.0171 £ 0.0010 0.000004 <0.00001 Epeam Meast.
o (m,;) R, 0.1190 + 0.0025 0.000001 0.00015 New Physics
m,, (MeV) Threshold scan 80385 £ 15 0.3 <1 QED corr.
| e [ 2i0n [ g om :
o (m,,) Bag = (Mhae/ Teot)w B, ., =67.41%0.27 0.00018 0.00015 CKM Matrix

Mygp (MeV) Threshold scan 173200 £ 900 10 10 QCD (~40 MeV)

=1 Generally better by factor 2 25 |j———=p

m Theoretical developments needed to match expected experimental uncertainties

LFC'15, ECT* Trento, Sept'15
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High-precision W,Z,top: BSM constraints

m Combination of all precision electroweak measurements (Z, W, top)

+ Inabsence of new physics, the (m,,,, m,,) plot would look like this

80,5 MarchP_‘O‘IIP_‘ : : |
[CJLHC excluded

| —LEP2 and Tevatron
{1 - LEP1 and SLD

m, [GeV]

v

(GeV)
8

=N
%

80.365

W mass

80.36

80.355

II\II|IIII|IIII|IIII|I‘

— FCC-ee(Z pole)
= FCC-ee(Direct)
—— ILC (Direct)
—— LHC (Future)
--== Tevatron

— Standard Model

.
[T R R T B

I R

171.5 172 1725 173 1735 174 1745 175

Top mass (GeV)

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

m Indirect constraints on new weakly-coupled physics:

Precision ~ 1/A2

LFC'15, ECT* Trento, Sept'15

NP?

l.e. A2~ O(30 TeV)
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High-precision W,Z,top: Weakly-coupled BSM

. . . . . Dim-6 operators
m Higher-dimensional operators as relic of new physics Pomarol & Riva basis
— Possible corrections to the Standard Model Lagrangian 1308.1426
2
CV -vA c[TeV
Leff = ”—Zon 50 57 70 | Jel ] 057 50
1
H,” ' EWPT most sensitive
¢ = (fHTDFHj (Er*en) g i to these 6-D operators
i R Ty
(3)1 T _a T Q.. '
O = (Lro®y' L) (Lro® L) . :
CLL R
Ow = (H'o*D*H ) D*W, .
__ ig’ :
Op=% (HTD#H) 8" B, o 5
_ 1 i ;
Or =1 (HID,H .
2 p . :
T —e
LEP constraints: Ay, >3-10 TeV !
~0.00010 ~0.00005 0.00000 0.00005 0.00010
After FCC-ee: A\p> 30-100 TeV o
Sensitivity to L
Weakly-coupled NP J. Ellis, T. You, see e.g. 8" FCC-ee Workshop, Paris, Oct. 2014
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Higgs physics at FCC-ee

m Precision (<1%) Higgs couplings studies, plus total width.
m Higgs self-coupling constrain through loop corrections.

m 1% (uds, e*) and 2™ fermion generation Yukawa couplings.
m Rare and exotic decays, in particular DM decays.

Thanks to huge, clean datasets: FCC-ee
Total Integrated Luminosity (ab™ 1) 10
Number of Higgs bosons from e"e™ — HZ | 2,000,000
Unpolarized cross sections Number of Higgs bosons from boson fusion 50,000
£ 280 e oo e e S C HZZ—vv |
> — WW — H
2 —ZZ —H
© 200 | Total

150

100

50

T 1 : I vl 1 L 1 L L L n n L " ——
S{]{] 220 240 260 280 300 320 3401@ (GB\S,'?U (aISO Sensitivity to yt)
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Precision Higgs couplings & total width

collider, allows to tag Higgs event

Independent of its decay mode.
Provides high-precision (0.05%)

measurement of o(ee —~ ZH) « g, 2

[Hotr with Z- g

» 500C CMS Simulation
N a5 [— o FCC'ee 500", (3:240 Go¥
~ E | 888t Al background
£ 00 |—z
g I0F [T
E|=—zw

s00f-

250F-

f-

150F-

100F-

S0

%

G(ee — ZH(—> X)) o [0

g

g

-— 7

Events / 2 GeV
©w
3

58 ek

— W
= gobar

g g8 8 &

3

60 70 80 90 100 110 2] TR

Higgs mass (GeV)

H- X’

120

m Recoil method in H-Z is unique to lepton

CMS Simulation
500t {5240 GaV

FCC-ee

Higgs mass (GeV)

recotl

= (Vs — Eu)* — |Pue|?

Model-independent fit

140

FCC-ee-240 FCC-ee
9H7Z7Z 0.16% | 0.15% (0.18%)
JHWW 0.85% | 0.19% (0.23%)
JHbb 0.88% | 0.42% (0.52%)
OHee 1.0% | 0.71% (0.87%)
JHgg 1.1% | 0.80% (0.98%)
9urr 0.94% | 0.54% (0.66%)
IHup 6.4% | 62% (7.6%)
GHryry 17% | 15% (1.8%)
BRs \ 0.48% | 0.45% (0.55%)

. ) L. . ] stat. uncertainties
m Total width (I",) with <1% precision from combination of measurements:

plus known BR (H - X): Obtain I,

m Branching fraction to invisible tested directly to 0.2% @ 95% CL
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Higgs physics at FCC-ee(240): Self-coupling

m Higgs self-coupling through loop corrections to a(H+Z2):

2

+2Re>~v«‘/

OZh =

el

6240 = 100 (267 + 0.01455) %

Self-coupling correction o, : energy-dependent

0,: energy-independent (distinguishable).

m Tiny effect but visible thanks to extreme
precision on g, (0.05%) coupling

reachable at FCC-ee.

Op [ %]

m Indirect and model-dependent limits
on trilinear Higgs coupling can be set
(~70% level) comparable to HL-LHC

LFC'15, ECT* Trento, Sept'15 26/33

- \\
~s0}- \QFCC-ee P

—100}

[M. McCullough, 2014]

100} ) . 1

I N 62%=04%, °=1%
50' HL -LHC

o W\
A\

\
i ILCI1TeV-LU
OoF \

-15 -10 —05 00 05 10 15
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Higgs physics at FCC-ee: 1°-gen. Yukawa

= First and second generation
couplings accessible

@ Study of py channel most
promising; expect ~50 evts.

@ Sensitivity to u/d quark Yukawa
coupling

@ Sensitivity due to interference

BRhspy Ky [(1.9%0.15)k, — 0.24R, — 0.12R]

-5
R 0.57x2 =10

= Alternative H—-+MV decays should
be studied (V=vy, W, and Z)

LFC'15, ECT* Trento, Sept'15 27/33

Bound
- vector
meson
(Note also):
uds
' J— 5\04,d3
H—=p7y
* u, yd
H = WYy yu,
H=>d7 & Vs

H—-JWy $ Yc
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Higgs physics at FCC-ee(125): e* Yukawa

m Higgs-e* Yukawa g _unobservable via decay: BR(H—e*e)~5.3-10°
B Resonant s-channel production considered so far only for uu collider

2
T .
(6., ~70pb). Hee  Tn — 4928 x 104 = Tiny c(ee—H)
u“_)H JHee mg
_ AnT?, Br(H — ete™
oc(lete - H)= —1* 2(2 5 2):1.6fb
s - et X=Wzb,g
€ Convolution Breit-Wigner (I';=4.2 MeV)
& )} with Gaussian beam spread vs=4.2 MeV) H
c | ‘ , : ‘
% 0.8; 17 ' Breit-Wigner SeeE——
S 7L
S | *o ot R=0.003%
E | 3 ee ' ‘ -
.-I-. 0.6 E Tjsm=4.21 MeV !, “‘.'R=0.01 . e X=W, Z, b, g
Tof 1)
O / Including ISR +Vo_ __ ~T =4.2 MeV:
v L ‘ “,- L | pread H
. 124900 124950 125000 125050 125100
o2l b Ve Qi c(ee—H) = 280 ab
“IReduction
factor: ~45% | | | |
0 6I 114 ‘ L 11 \1‘0I L 11 ‘ I | I | | I L 11 I4.0

Energy e beam spread (MeV)

m |s the measurement of Higgs to electron coupling completely hopeless ?
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Higgs physics at FCC-ee(125): e* Yukawa

m Higgs-e* Yukawa g _unobservable via decay: BR(H—e*e)~5.3-10°
B Resonant s-channel production considered so far only for uu collider

2

(6, ~ 70 pb). 9; o Zg — 428 x 10 = Tiny o(ee—H)
- 4712 Br(H — e*e™)
+ H
ole"e - H)= — + —
( ) G a2 12 - 280 (ISR NG aa =)
. . . . et X=W.Zb.g
® Exploit huge luminosities available at FCC-ee: > i <
Sg " el o \‘ t =
< ? 17 —95% CL erI"’L
@) < 0 A -
= we o & X=WZb,g
E S gd
S ,J’" . = s, reduceable with mono-
107 'x' IR chromators (but <20 MeV challenging).
’x' - Analysis of 7 Higgs decay channels:
L =10 ab?, $=0.65:
10 xx BR(Hee) < 4.6xBR_,, (30)
¢eTe
‘“"10'3 1 mass(GeV) ghee <2.2X gHee,SM (30)
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New physics constraints (1): SUSY

B FCC-ee measurements significantly improve limits in benchmark
SUSY models (CMSSM, NUHM1):

Precision Electroweak Precision Higgs
CMSSM and NUHM1 at TLEP Best Fit Predictions
: h =t 1
.!“IZ ~ f .ﬁ-
r, - h—ZZ} .

4

|
Riw < m@m
! h —ggt

==
=
h—WW}H ;: |
ol

.lnII" ————— § O ﬂ

! ® c<mssm high
mt- : 4_ . * cmssm low
h @ nuhml high
e cmssm low mass # nuhml low
* cmssm high mass B LHC
e nuhml low mass B HL-LHC
* nuhml high mass El ILC
k4 GFitter SM fit O ECC-ee
[ estimate of ECC-ea 3 SMunc. Higgs WG
15 —1o0 05 00 05 10 15 15 -10 -5 0 5 10 15

(O—O urrent) /O current [arXiv:1308.6176] (BR—BRgy)/BRg (%)
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New physics constraints (2): Dark Matter

m DM freeze-out fixes ov = 3 107*°cm®/s. If m,, Is just below m, /2,

DM freeze-out dominated by resonant Z,H exchange, fixing ', ,..

| Invisible BR suggested by DM thermal relic abundance

Experimental bounds

g r -
o 10°! E Estimated =
g E FCC-ee 3
a - sensitivity .
g 107k
= §
= . )
o 1075 E
E F FCC-ee? h - DM DM - :
Q1074 E ﬁ’% i
1= E - =
e - =
0 o5 L Z - DM DM =

F \ \ [A. Strumia, 2015 :

10—6 1 1 1 | 1 1 | 1 1 1 1 | I 1 1 | 1 1 1 1 | 1
40 45 50 55 60
DM mass in GeV

m <102 and <10* precision measurements of invisible Z & H widths are
best collider option to test any m,,,<m, /2 that couples via SM mediators.
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New physics constraints (3): RH neutrinos

B Opportunities for direct searches for new physics through rare decays

¢ 10'?(10%3) Z, 10** b, c or T : A fantastic potential that remains to be explored.

+ E.g, search forright-handed neutrino in Z decays

Z — Nv;, with N = W*l or Z*v;

e Number of events depend on mixing between N and v, and on m
Inverted hierarchy

10®

= i iNuTeV ¢ v
E CHARM™ ™3\ "“N_
10—?5_ ; \.._r:'r'--q' V,E
EPS191: N
: Z,y
10°® / et
o ZW
= 10°

Seesaw

. . >~ || (Also through H decays)

1 10
[A. Blondel et al. arXiv:1411.5230] HNL mass (GeV)
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Summary

m FCC-ee circular (R~100 km) collider provides unparalleled luminosities
O(1-100 ab™) at Vs = 90-350 GeV for high-precision W,Z,H,t studies
(<<1% uncert.) setting unigue new physics constraints up to O(30 TeV):

CMSSM and NUHM] at TLEP

Best Fit Plredictions

15

e ; X
805 CILHC excluced | S , Model-independent fit : S = =
0, 8037~ FCC-eeEZ = 1, —efe———— - !
—LEP2 and Tevatron A B FCC-ee-240 I FCC-ee . .
- EP1 and SLD 2 | ic ey . | |
g o gz | 016% [ 015% Q1% Tzf o~ oz T
> : | e gww | 085% | 019% (023%) Rl = . | ol
(g, 804 L O | 0.88% | 042% (0.52%) | .
= 8036 Rb e e [ X
: : e | 10% | 071% (0.87%) : ) TEE
E Lk g8 1.1% | 0.80% (0.98%) Mw ——:+ 4 -
80355/ P A £8 | @ c¢mssm high
yL [ JHrr 0.94% | 0.54% (066%) my —p—— % cmssm low
........ ; h
034, ok Gy | 64% | 62% (1.6%) « cmssm ow mss " o ow
i} N b DN T Lyl 17% | 15% (1.8%) ; cmssmiigh mass -
155 175 195 1715 172 1725 173 1735\ 174 1745 175 gH‘W : . : :z::i ll::hmr::; : ::IELHC
Topmass GeV)  BR,, ‘ 0.48% | 045% (0.55%) bl GFitter SMfit = Tiep
m, [GeV] Without m,@FCC-ee, the SM line stat. uncertainties I estimate o 7n e | S SM unc. Higas WG
; 15 -16 -05 00 0% 10 15 -15-10 -3 Q@ 3 10
i (O_Omrrrnf)/amrrmt (BR_BRS.\[)/BR.‘;M{%)
Invisible BR suggested by DM thermal relic abundance ud,s
'E Experimental bounds Inverted hierarchy
@ 100
£ TLEP -
o sensitivity 50f j-LHe
E ILCITeV \ A{/
§ g ol frcitev-Lu \\ \\
Aﬁ £S5 \ \\
a z + X=W.Zb,
: _gt FCC-ee | e 9
& H
-100 B
L ‘ ‘ L ‘ -15 -10 -05 00 05 10 15
40 45 50 55 60 6z (%] e vl vl e L
DM mass in GeV X-WZbg k HNL G V1)O
mass (Ge'
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Backup slides
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Luminosity gain: FCC-ee vs. LEP

Employ B-factory design to gain factor ~500 w.r.t. LEP:

Low vertical emittance combined small value of B y(very strong focussing in
vertical plane):

* Electrons and positrons have a much higher chance of interacting
» Very short beam lifetimes (few minutes)
» Top-up injection: feed beam continuously with an ancillary accelerator

Accelerator ring

Collider ring

Two separate beam pipes for e* and e to avoid collisions away from IPs

Hence, a total of three beam pipes
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e+e- colliders: FCC-ee vs. LEP, CepC

parameter LEP2 FCC-ee CepC
Z Z (c.w.) w H t H
Epcom [GeV] 104 45 45 80 120 175 120
circumference [km] 26.7 100 100 100 100 100 54
current [mA] 3.0 1450 1431 152 30 6.6 16.6
Psg ot [MW] 22 100 100 100 100 100 100
no. bunches 4 16700 29791 4490 1360 98 50
N, [10'1] 4.2 1.8 1.0 0.7 0.46 1.4 3.7
g, [nm] 22 29 0.14 3.3 0.94 2 6.8
g, [pm] 250 60 1 1 2 2 20
B*, [m] 1.2 0.5 0.5 0.5 0.5 1.0 0.8
B*, [mm] 50 1 1 1 1 1 1.2
c*, [nm] 3500 250 32 130 44 45 160
G,sp [MM] 1.5 1.64 2.7 1.01  0.81 1.16 2.3
G ot [MM] (W beamstr.) 11.5  2.56 5.9 149 117 149 2.7
hourglass factor F,, 0.99 0.64 0.94 0.79 0.80 0.73 0.61
L/IP[1034 cm2s1) 0.01 28 212 12 6 1.7 1.8
Lrc15] Theam [MiIN] 300 287 39 72 30 23 0




FCC-ee bheam energy spread

ERN: - E
o : _ ]
g 10! TLEP, Lo.01_1 .0 .
8 : ILC,L =0.86 ]
E 102k * Fo.01 -
=
10° E
107 E
10'5?.".[”"‘"" N T AL =
200 210 220 230 240 250
vs (GeV)

Non-destructive focusing and collision of beams:
- Center-of-mass energy spread by construction modest
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Polarization [%)]

Beam energy spread via resonant depolarization

Resonant depolarization

Experience from LEP: Depolarization resonance very

use naturally occuring transverse beam polarization
add fast oscillating horizontal B field to depolarize at Thomas

precession frequency

Precession
frequency o

Wi

Fast sweeping
horizontal B field

E [MeV]

narrow: ~100 keV precision for each measurement M7 M8 M9

However, final systematic uncertainty was 1.5 MeV due to
transport from dedicated polarization runs

At FCC-ee, continuous calibration with dedicated bunches: no

transport uncertainty

loss of polarization due to

75 _“I T T T I T T T T [ T T gfowiriglefnbigy 'Isprbad T T I 'I_
R of < E2/\p ‘
L \\ ", Linear
NN
0 - N
B X b
C PR i LEP
05 [ N Higher
i \order S
: "N
E * \’-t“‘_ 1
0 ____....._________..._._____._._.__.!T_::.‘-_-.ﬁ_......._.....__..._._.......____‘____
-l L1 J Ll 1 L | Ll L1 | | Ll l Ll 1 1 l Ll 1 | J. 1 7

initial

I N I++—+-+

b

J.' 1'1.

final
="
I

I)

3

045 oas2 048t
v- 101
Scaling from LEP experience:

* Polarization expected up to the WW threshold

< 100 keV beam energy calibration

40 50 60 70 80 90 100

Energy [GeV]

at Z peak and at WW threshold
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Higgs couplings: FCC-ee uncertainties

—
o

— ILC350
—TLEP350 ]

an

Precision on coupling(%)

-10

o
L
e |
.
=
I
o s
-

— HL-LHC : One experiment only

1 +1%

HZZ HWW Hbb

LFC'15, ECT* Trento, Sept'15
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Hyy
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Higgs couplings: FCC-ee uncertainties

Facility ILC ILC(LumiUp) TLHP (11P) CLIC
V& (GeV) 250 500 1000 250/500/1000 240 | 350 350 1400 3000
[ £dt (1) 250 +500 +1000  1150+41600+2500¢ 10000 +2600 | 500  +1500  -+2000
Ple~,et)  (-08,403) [-08,+03)] (-08,40.2) (same) 0,0 (0,00 |(-080 (-080 (-08,0)
Tu 12% 5.0% 1.6% 2.5% 19%] 0% | 92%  85%  8.4%
e 18% 8.4% 4.0% 2.4% 1.7%] 15% - 59%  <5.9%
g 6.4% 2.3% 1.6% 0.9% 11%] 08% | 41% @ 23%  22%
kw 1.9% 1.2% 1.2% 0.6% 0.85% 019% | 26% @ 21%  21%
Kz 1.3% 1.0% 1.0% 0.5% 0.16% 015% | 21% @ 21%  21%
o 91% 01% 16% 10% 6.4%| 6.2% - 11% 5.6%
o 5.8% 2.4% 1.8% 1.0% 004% 054% | 40% = 25% = <25%
e 6.8% 2.8% 1.8% 1.1% 1.0%] 07% | 38% @ 24%  22%
s 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% | 28% @ 22%  21%
Kt - 14% 3.2% 2.0% — 13% — 45%  <45%
BRiny 0.9% < 0.9% < 0.9% 0.4% 0.19% <0.19%
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FCC-ee sensitivity to new physics:

Composite Higgs

o Example: t t, Z and t;t,Z couplings, g, and g,

¢ Couplings most sensitive to composite Higgs models

2eF; =g, +&,

. 2eFi, =8z~ 8
Lo [Aseier(%) ““"
. KHC, |~ Ps
‘l‘ . ; 2&% \
4D-CHM " Other NP models
f<2TeV _ _LO%:*i (tested at the LHQ)
A , v LC (I%;EM
—10- 0@ # ‘| |I , >

-30%  -20%  NO%F( _eeIO% - 20%  30%
® el0% Agi /g1 (%)

Adapted from
. X X S. de Curtis et al.
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o(e*e—H) reduction: Beam energy spread + ISR

m Extra ~40% reduction also due to initial state radiation:

Higgs boson

Courtesy S. Jadach

ohh(e'e - )

ogw(ete - HY)

~N

?25.9‘32

125.094 125096 125.098

126 126.002 126.004 126.006 126.008

5 [GeV]

o
®

o
o

O_I\\‘\\\‘l\\lll\\‘\\\

o(e*e’—H) reduction factor

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

NG

spread

Reduc. factor: ~45%

~T,=4.2 MeV

LFC'15, ECT* Trento, Sept'15

| L1 | |
5 10 15
Energy e beam spread (MeV)

1 I
20

1 1 1
35

L
40

m Combined reduction factors:

350

cross section (

0o A

A

BW with c.m. energy spread (4.1 MeV)
c(efe—H) =290 ab

N

o
124,97

6]
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beam-spread+ISR

124,98 124,99

125 12501 12502 125,03

GeV

(e*e—H)=0.17 xc(e*e—H)
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Higgs physics at FCC-ee(125): H-e Yukawa

B Resonant s-channel Higgs production at FCC-ee (Vs = 125 GeV):

TN L o(e'e—H),,, ~ 1.64 fb
.. o(e'e—H) . .~ 280 ab (ISR + Eamspread™ T 1= 4-2 MeV)

B Signal + backgrounds study for 7 decay channels:
WW*(2],lv) (o = 28 ab), WW*(2I2v) (c = 6.7 ab),
WW*(4)) (o = 29.5 ab), ZZ*(2j2v) (o = 2.3 ab), ZZ*(212)) (¢ = 1.14 ab),
bb (2)) (6 = 156 ab), gg (2)) (c = 24 ab)
B Preliminary analysis:
L. =10 ab*, S=0.65: BR(Hee) < 4.63xBR,, (30), 9., < 2.15 % g, , (30)
Evidence (observation?) will require further improvements in large-BR
(huge background) jet channels: H— bb, H > WW — 4

B Challenging accelerator conditions: mono-chromatization, huge lumi

B Fundamental & unique physics accessible if measurement feasible:
- Electron Yukawa coupling
- Higgs width measurable (“natural” threshold scan)
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