Physics at FCC-ee




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 over 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 over 40(!) years:
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Open questions in the SM (1)

L= -1B,B" — Lip(W,, W) - %tr(G#qu) [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*iDudg + (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*/2%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]
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v

+(D#¢)D“¢€mi[r§¢>——1;2;’2]2;’21:2) [Higgs dyn. & mass] G— new particles/symmetries)

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(G#qu) [Gauge interactions: U(1),, SU(2),, SU(3) ]

4 8
+(71,81) 6*iD,, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]
V2 V2
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+{D,$)D*¢— mi[po —v*/2%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)

L= -1B,B" — Lip(W,, W) - %tr(G#qu) [Gauge interactions: U(1),, SU(2),, SU(3) ]
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- {(FL: er) pMer + eRM*$ (EL — [(_EL, vL) ¢ MYvp + PRMY¢" (;‘i’[‘ )] [Lepton masses]
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v

+(D,$) D¢ — mi[do— v*/2Y2*. [Higgs dyn. & mass] € new particles/symmetries 3

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)

L= —}IBMB“” - %tr(wwwﬂ”) - %tr(G#qu) [Gauge interactions: U(1),, SU(2),, SU(3) ]

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

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

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

+(Dud) D¢ — mi[d — v*/2)Y2v*.  [Higgs dyn. & mass] G new particles/symmetries 3

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: Strong CP, guantum gravity, cosmological const, dark energy, inflation,...

Some/Most(?) of these questions will not be fully answered at the LHC
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EU short-term HEP 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

_______
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EU long-term HEP 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 \.ﬂ.\\\"‘ pp collisions at /s ~ 50 or 70 TeV
B ' G, sjge "":j{i"’ 7 : -~ <9 i g » i ' .
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\\ 7 rce [Future Circular Colliders]
~ e Ultimate goal: FCC-hh (100 TeV)

~\=7 [Access to highest energies]
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EU mid-term HEP perspectives (2030-2040)

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
e Inthe context of the FCC, perform accelerator R&D and design studies
= In view of a high-luminosity, high-energy, circular e*e™ collider as a first step

FCC (100 km)

First step: FCC-ee (91-400GeV)
Akitao Akita oMorioka [Use the tunnel ultimately aimed at FCC-hh]

Iwate

ILC (31 km) |
e‘e’ : 250-500 GeV
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Yamagata
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Niigata
e Fukushima
Q
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Tochigi
Nagano 8
o Utsunomiya
Gunma o Mito
o
Maebashi oaraki -~ — % < _
prgano Saitama == b
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Kofu OTOk'fo .
1o Tokyo NG Ching Note: CLIC can also run at /s ~ 350 GeV in ~2035-2040
amanashi :
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Why new e*e" colliders ?

m New physics (NP): Hiding 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*/y* up to m~s/2
= |_ow, very-well understood backgrounds: Fill “blind spots” in p-p searches
= Polarised beams: Extra handle to constrain theory underlying any NP
= |ndirect NP constraints via virtual corrections to parameters X: A, ~ 1 TeV/8X

(0)
m_., reach (95% CL) ~A/c [TeV]
W57 10 9 ¥ 0 51 %
—»140,000 0 '
quark ' ! 2
compositeness ifi o i ' cC Vv
| Modified from arXiv: 1311.0299 | : L,:[f & Z ’" . O"
tﬂ f i A
F upp, 100 TeV, 3000/fb . ‘
colorons «pp, 33 TeV, 3000/fb 3
pp, 14 TeV, 3000/fb ‘it | LEP: A~ 3 TeV
wpp, 14 TeV, 300 FCC-ee: Aip~ 30 TeV ?
7B «pp, B TeV, 20/fb - .
uee, 3 TeV, 1000/ ! -+
wee, 1 TeV, 1000/ ;
ee, 0.5 TeV, 500/fb - .
Z' via asymmetry obsgrvables !
1
Interferen Z-Y) :
0 10000 20000 30000 40000 50000 60000 70000 -0.00010 -0.00003 0.00000 0.00005 0.00010
mass (GeV) ~ C%

A
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BSM reach at e*e colliders

m Indirect searches through loops in high-stats W, Z, H, top precision
studies (<<1% accuracy) in very high-luminosity e*e" collisions.

m Indirect constraints on new physics (from generic EFT Ly =), %On)

n

New scalar-coupled physics: A 2 (1 TeV)/\/(0gxx /85N, ) /5%

HXX

HI-LHC: ~5% deviations of Higgs couplings X wrt. SM = A > 1 TeV
With 10° Higgs: ~0.1% stat. Higgs couplings precision = A > 7 TeV

New electroweak-coupled physics: A oc (1 TeV)/v/0X
NP excluded below A"~ 3 TeV by current EWK precision fit:

p-decay |
v mass |

EDM

Quark FCNC

g-2 I

EWPO [arXiv:1509.00367]
2 3 4 5 6 7 § o 10 11 12 13 14 15 16
Logia (Aex/GeV)
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BSM reach at e*e colliders

m Indirect searches through loops in high-stats W, Z, H, top precision
studies (<<1% accuracy) in very high-luminosity e*e" collisions.

m Indirect constraints on new physics (from generic EFT Ly =), %On)

n

New scalar-coupled physics: A 2 (1 TeV)/\/(0gxx /85N, ) /5%

HXX

HI-LHC: ~5% deviations of Higgs couplings X wrt. SM = A > 1 TeV
With 10° Higgs: ~0.1% stat. Higgs couplings precision = A > 7 TeV

New electroweak-coupled physics: A o< (1 TeV)/v

NP excluded below Ay ~ 3 TeV by
current EWK precision fit:

A" ~30 TeV requires: X102 precision
w.r.t. LEP (10* W's, 107 Z's), i.e. '
X10* more stats. (10° W's, 10'* Z' SL = ‘K
reachable in e'e  circular g #®
collider with R~80-100 km
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Circular or linear efe colliders ?
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m Vs limited to ~400 GeV by SR~E*/R
m Large # of circulating bunches:
— Much higher Lumi (better at low Vs, lower SR)

m Larger Vs reach (TeV's)

m Low repetition rate
= Lumi from nm-size beams

— Top-up injection ring to compensate L burnoff — Large bremsstrahlung
m Various Interaction Points possible — Large energy spread
m Precise E____from resonant depolarization m Longitudinal polarization easier
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FCC-ee exploits lessons & recipes

from past e*e-and e colliders

_—_ ——. e, g SuperB " ‘ ___________________ g LEP:
. . BINPes SUFE,RK & CC-ee _ highenergy
| | ; "'? B-factories:
R A S I Pty
" 10% ------------ e CESR A |,  highbeam
o . currents
s | et s , top-up injection
%“ CESR ¢ DO;F'SE . DAFNE:
_21[}31 e ‘U’EP:;DQD ---------------- ---------- i .FETEAJ ................... | 4o crab waist
5 ‘UEF: — BE{ = vEFfP-th PETRA Super B-factories
- | S-KEKB:
combining successful mgredlents low B,*
10% 0" KEKB:
of recent colliders = extremely . aies
HERA, LEP, RHIC:
- high luminosity at high energies B it
0.1 1 10 1ﬂﬂ 1000
c.m. Energy (GeV)

FCC-ee technologies, time lines, analysis highlights

Frank Zimmermann
KET workshop, Munich, 2 May 2016
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FCC-ee: CERN study project

Physics Studies Coordination
A. Blondel, P. Janot (EXP),

EW Physics (Z pole) Diboson Physics (MW) Higgs Properties Top Quark Physics
R. Tenchini, F. Piccinini R. Tenchini, F. Piccinini M. Klute, K. Peters P. Azzi, F. Blekman
S. Heynemeier, A. Freitas

S. Heynmeier, A. Freitas § S. Heynemeier, A. Freitas S. Heynemeier, A. Freitas

Synergy with FCC-hh physics, LC physics, LEP physics

QCD and yy Physics Flavor Physics New Physics Global Analysis,Combination,
D. D’Enterria S. Monteil M. Pierini, C. Rogan Complementarity

Offline Sofwtare Online & Trigger
C. Bernet, B. Hegner, C. Leonidopoulos, N. Bacchetta,
C. Helsens E. Perez M. Boscolo
Synergy with FCC-hh, LC, LHC w Joined with FCCee-ace
Detector Design Set constraints on possible detector
A. Cattai, M. Dams, designs to match statistical precision
S ilaknel Synergy with Linear Colliders and others
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FCC-ee physics programme in a nutshell
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— 5 41
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Fl4——————————————— 7]
[} [ tf threshold - 1S mass 174 GeV ]
c1.2 [ —TOPPIK NNLO — CLIC 350 LS+ISR
S [ —ILC350LS+ISR  —FCCee 350 LS+ISR
O L
e 1 .
a [
08
o r
0.6 -
0.4
0.2 based on CLIC/ILC Top Study ]
= EPJ C73, 2540 (2013) 1
0 ! R 1

345

350 355

[ 90 (Z) | 125 (eeH) | 160 (WW) | 240 (HZ) | 350 (¢%) | 350 (WW—H) V]

L/IP (cm™2s™ ')
Lint (ab_l/yr, 2 TPs)
Events/year (2 IPs)
Years needed (2 IPs)

43 nb
4,3.1036
86
3.7-1012
2.5

290 ab
2.2.103¢
45
1.3-10%
1.5

4 pb
7.6-103°
15
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1

200 fb
1.8.10%°
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7.0-10°
3
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5.10%4
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3

m FCC-ee core physics programme to be completed in 10-15 yrs

18/40
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FCC-ee physics: High-precision Higgs boson

m 1% (ud, e*) and 2™ (s) generation Yukawa couplings, (heavy) v.
m Precision (<1%) Higgs couplings studies, plus total width.

m Rare and exotic decays, in particular DM decays.

m Higgs self-coupling constrain through loop corrections.

Thanks to huge, clean datasets: FCC-ee
Total Integrated Luminosity (ab™ 1) 10
Number of Higgs bosons from e g~ =+ HZ 2,000,000
Unpolarized cross sections Number of Higgs bosons from boson fusion ~50,000
= . — e —HZ
£ 280 e oo e e S C HZZ—vv |
& — WW — H
2 : — 77 - H
© 200 | Total
150

100

50

B{]{J 220 240 260 280 300 320 3401@ (GBS}S{] (aISO Sensitivity to yt)
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Open issue In the SM (1):

Hierarchy problem solved via
BSM W,Z,t -coupled physics

m Many BSM realizations: SUSY, Z', composite top,...
m Parametrize (B)SM as an Effective Field Theory:

Lpg = Zizlﬁﬁd :£5M+%£5+$ﬁﬁ+---

m Indirect (loop) constraints on new physics coupled to gauge bosons:

A ox (1 TeV)/VoX
~0.1% precision of W,Z couplings (104° W,Z LEP): A >3 TeV
~0.001% W,Z couplings precision (~108*> W,Z) = A>30 TeV
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FCC-ee physics: High-precision W, Z, top

Z resonance: TeraZ WW threshold scan: OkuW tt threshold scan: MegaTops

— - VT T e T
- v Ef_ LEP 7 e ‘E{ [ ftthrashold - 15 mass 174 (Iin‘lll' ! ]
e [ ~ ' - ‘c 19 [ —TOFPIKNNLO  —CLIC 350 LS+ISR -
L;E 3o - ALEPH ! % ,E_. [ —ILC350L5+ISR  —FGCoee 350 LS+ISA ]
- DELPHI oA (=] § 1L .
L3 /4 ”+ 20 1 o F .
OPAL | BOB[ ]
0 - I W ] b o [ ]
¥ average measurements, . b 06 —=
error bars increased W [ - —
by factar 10 \.-I L ::_-. 1 E| N J —| C i
10 - /‘ AN ; | 04F ]
L i, 2 ¥ FSWWIRacoon Wy - -
r 4 ' 17 __no ZWW vertex (Gentle) 1 0oL E
N 4 Nl v, eRChande {Fentla) =1 bazad on CLICALC Top Study
_ - EPJ C73, 2540 (2013 .
1] L I_. PRI RS N T M R | i:] ) T - : . : [} PR S S ST ST T S T T S T ]

86 88 90 92 o4 160 180 200 345 350 355
i E__|GeV

e Lineshape m [ GV s (GeV) s [GeV]

= Exquisite E,___ (unique!)
b e Threshold scan e Threshold scan + 4D fit
» m,, [';to 10 keV

A - = m,, to 500 keV = m,,, to1o MeV
e Asymmetries ) _
/ . . e BranchingratiosR, R, _; = Aopto13%
> siny to 2xa0 » EWK couplings to 1-10%

: hi tios R. R = o(my)to o.o002
e Branching ratios
¢ e e Radiative returns e*e™yZ (Z7vv, W'p7)

» o (m;)to o.0002 .
= N, to0.0004 [arXiv:1308.6176]

e Predictm, , my inSM

m Mostly thanks to: (i) huge stats, (ii) threshold scans with E___~ 0.1 MeV
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High-precision W, Z, top: FCC-ee uncertainties

[D.d'E., arXiv:1602.05043]
m EXp. uncertainties (stat. uncert. ~negligible) improved by factors x3-100:

Observable Measurement Current precision FCC-ee stat. | Possible syst.| Challenge
m, (MeV) Z lineshape 91187.5 £ 2.1 0.005 <0.1 QED corr.
I, (MeV) Z lineshape 2495.2 £ 2.3 0.008 <0.1 QED corr.
R, 7 peak 20.767 £ 0.025 0.0001 < 0.001 QED corr.
Ry Z peak 0.21629 £ 0.00066 0.000003 < 0.00006 g — bb
N, Z peak 2.984 £ 0.008 0.00004 0.004 Lumi meas.
N, ete” — vZ(inv.) 2.92 + 0.05 0.0008 < 0.001 -
ALE Z peak 0.0171 £ 0.0010 0.000004 < 0.00001 | Fpeam meas.
s (my) Ry, Onaas T, 0.1190 + 0.0025 0.000001 0.00015 | New physics
1/egep (m,) |ALL around Z peak 128.952 +0.014 0.004 0.002 EW corr.
my, (MeV) |WW threshold scan 80385 + 15 0.3 <1 QED corr.
e (M) T, Buog Byoy =67.41+027 | 0.00018 0.00015 |CKM matrix
my (MeV) | tt threshold scan 173200 + 900 10 10 QCD
[y (MeV) | #t threshold scan 14101330 12 ? as(m,)
Yt tt threshold scan pw=25+1.05 13% ? as(m,)
Fllmiia | do*t/dxdcos(d) |4%-20% (LHC-14 TeV)| (0.1-2.2)% | (0.01-100)% -

m Theoretical developments needed to match expected experimental uncertainties
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High-precision (around) Z: a.,_, coupling

m BSM searches require reduced SM parametric uncertainties (o,o,m, ,..)
m L forward-backward asymmetry around Z pole: sensitive to QED coupling

.'IU' 3 -
3 ~ Froma,,
— From Ay,
— Combination
107 b i
g Statistical uncertainty for one year of
running at any centre-of-mass energy.

"k [P.Janot, JHEP 1602 (16) 053]

From o,, measurement From A" measurement

= Sensitivity best "far” away from Z peak, ®  Sensitivity best at points Vs = 87,9 and 94.3 GeV
particularly at the low side ®*  Theoretical systs. largely cancel by “averaging” over

= Systematics (normalisation) probably a killer 87.9 and 94.3 GeV points.

- Higher order EW to be calculated (few x 104)
*  Experimental systs. controlable; dominant
contribution from knowledge of Egg,,,: 1x10°

m 6 months at Vs = 87.9, 94.3 GeV reduces current uncert. by factor x3:
oo/o(m,)~3:10° (mostly statistical)
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High-precision W, Z: a._ coupling

m BSM searches require reduced SM parametric uncertainties (o, o,_,m,,..)

» Hadronic W width (BR) known at N*LO (NNLO). Sensitivity to o._ (only beyond
Born) requires exquisite experimental uncertainties:

4
2 \ . O\ K
Pw had — Vx Gl"md H’;,_] |J 1+ s + '5electrcmreak(a:‘ + 5mlxed(aas)
. AT w T
guarks 1,] k=1
» Current I, measurement yields » FCC-ee prospects: Huge e*e—WW
poor extraction: 60, ~25% stats (102, X102 LEP): do,_ < 0.2%

B", ,_=0.6741 £ 0.0027 T CKMunitarity BS54 = 0.6741 (12 5 x 10%) ——— CKM unitarity

0,150 w 1 I, . ! Emml'imnntal CK:“ 00,1286~ — 1 =l L * 1 g

- N(G==D) j

0,125 - i = i i

FCC-ee estimate ! ¥
0,100 - L
':g;u.n?s- a(mi)=0.1188 + 0.0005, |
= |
00507 i [D.dE., M.Srebre,
0.025. { PLB 763 (2016) 465
arXiv:1603.06501]
0,000 " ™ i

0670 0672 0674  D0B76 0678 0,680 0,67400 067404 067408 067412 067416  0,67420
B By,
had had
o (M,) =0.117 £0.030,, a, (M) =0.1188 + 0.0002_,
+0.003,, + 0.001 R = B/, = B/l - 8L in thre

(th) (par,CKM=1) ete” = WHW~ final states(£v &v, £v qq. qqqq)
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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 March 20‘12 |

| . [arXiv:1308.6176]
[CJLHC excluded %“ aik ; ' .
1 __ ey 9| =—— FCC-ee(Z pole)
LEP2 and Tevatron - g " | — Fec-ee(Direct
{ - LEP1 and SLD - 7 L | — ILC (Direct)
anaas_— — LHC (Future)
— 7L |--=- Tevatron
% = | — Standard Model
80.4 - - :
9 80.36|—
= i
- -
80.355|—
80.3 1 "~ 80,357 :
| - o v PN by oy
' ' ' ' ' 1715 172 1725 173 1735\ 174 1745 175
155 Top mass (GeV)

m; [GeV] Without m,@FCC-ee, the SMline

would have a 2.2 MeV width

m Indirect constraints on new weakly-coupled physics:
Precision ~ 1/A3,, i.e. A7~ O(30-100 TeV)

NP’
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High-precision W, Z, top: Weakly-coupled BSM

: : . : : Dim-
m Higher-dimensional operators as relic of new physics Pg%grgfgrgﬁsfbasis
— Possible corrections to the Standard Model Lagrangian [ arXiv:1308.1426]
2
cCV ;
— n T T T T T T
Leff o 2 n 100f| Individual Marginalised |-
n 3 1LC250 [ ILC250
iy B FCC-ee B FCC-ee
e = (1H'D,H)(eg"e
R ( ‘“ j( il H] 80 EWPT most sensitive 1
3l T T r— to these 6-D operators
Opp = (Lro®y*Ly) (Lro®y L) > i
60+
Ow =4 (HioD*H) D*Wp, £
, Q
__ g l
Op =% (HTD#H) 8" By, '1 20|
1 i <
Or=4(H DFH)
20+
LEP constraints: A, >3-10 TeV
Oy +ig ¢
After FCC-ee: A\p> 30-100 TeV wTes T
Sensitivity to : .
Weakly-coupled NP [J. Ellis and T. You, arXiv:1510.04561]
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Open issue In the SM (1):

Hierarchy problem solved via
BSM scalar-coupled physics

m Many BSM realizations: SUSY, little-H, 2ZHDM, composite H,...
m Parametrize (B)SM as an Effective Field Theory:

ﬁEff:Zi4ﬁﬁd=ﬁsm+%ﬁ5+$ﬁﬁ—l—u-

m Indirect (loop) constraints on new physics coupled to Higgs:

A Z (1TeV)/\/(08uxx /855 ) /5%
~5% deviations of Higgs couplings wrt. SM: A >1 TeV

~0.1% Higgs couplings precision (~10° Higgs) = A>7 TeV
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Precision H couplings, width, mass at FCC-ee

m Recoil method in H-Z(1l) unique to lepton collider:

reconstruct H 4-mom. independent of H decay mode.
m High-precision (0.4%) o, provides model-indep.

e H
I 2 ith + 0 2 2 2
— 06 - = — )T — F
g, coupling (o(ee ~ ZH) « g.?), with £0.2% uncert. w2 _, = (s - E;)* - p;
| Z=liwithH>bb | — )
5 800p CMS Simulation a0 IH_’“ with Z— ‘FII CMS Simulation Missing Mass in Z— I'l tagged events (M +- 4 GeV)
o o L5001, {5=240 Gav »
8 ixf [— o FCC-e wn fmwan | £ =5 FCC-ee 18000 | H@FCC-ee, 35ab"
3 qooh | vecoroms 30 | anoacsgrounes | 160005 {5=240GeV; BR; -~ =100%
B [ | —=z =2 - ->inv
E 3&)5_ — W 300:_ " 14000: = Signal
300;— — 2505_ = aghar 12000F :a,zw
250 E_ 200 E_ 10000 E All backgrounds
3 F 8000F
2005 150 o
150F - 6000F
100F- 100F 4000F
soF- 50 2000F A
o0 7080 90 100 10 120 130 140 1%0 o B 100 120 140 %60 s 100 120 140 760
Higgs mass (GeV) Higgs mass (GeV) Missing Mass [GeV]

m Total width (I ) with ~1% precision from combination of measurements:
oee—~ZH(— X))« I, , plus known BR (H—X)=I, /I : Obtain ",

m Limits in branching fraction to invisible down to <0.5% @ 95% CL

m Higgs mass (m, ) from recoil mass in Z- puu,ee.
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Precision H couplings, width, mass at FCC-ee

m e*e colliders provide factor > 50 (10) improvement in precision

w.r.t. Model-dependent! LHC (HL-LHC) expectations:

[DdE, arXiv:1701.02663]

Parameter Current* HL-LHC* | FCC-ee ILC CEPC CLIC
7T+8+13 TeV 14 TeV | Baseline Lumi upgrade Baseline Baseline
O (70 tb~1) (3 ab~1) | (10 yrs) (20 yrs) (10 yrs) (15 yrs)
o(HZ) — — 0.4% 0.7% 0.5% 1.6%
g 10% 2-4% 0.15% 0.3% 0.25% 0.8%
S 11% 2-5% 0.2% 0.4% 1.6% 0.9%
g 24% 7% 0.4% 0.7% 0.6% 0.9%
g . - - 0.7% 1.2% 2.3% 1.9%
g . 15% 5—8% 0.5% 0.9% 1.4% 1.4%
g 16% 6-9% 13% 6.3% — 4.4%
Eon — 8% 6.2% 9.2% 17% 7.8%
g ._ — — <100% - — -
g, — 3—5% 0.8% 1.0% 1.7% 1.4%
g . 10% 2-5% 1.5% 3.4% 4.7% 3.2%
g, — 10-12% (to be determined) 9.1%
Am, 200 MeV 50 MeV | 11 MeV 15 MeV 5.9 MeV 32 MeV
T, <26 MeV 5-8% 1.0% 1.8% 2.8% 3.6%
r <24% <6-8% | <0.45% <0.29% <0.28% <0.97%

m Most precise g,, ~0.2% coupling sets limit on new scalar-coupled
physics at: A 2 (1 TeV)/\/(08uxx/
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Precision H+tEWK properties: BSM bounds

0

m FCC-ee Higgs boson = Marginatised ||
preC|S|0n ;’ @l rCC-ee Ell FCC-ee 1
measurements = A>6TeV
Improve greatly =4

<
scalar-coupled < i
.. -
BSM limits. >
1
[J.Ellis and T.You, arXiv:1510:04561] ol

CHw CHRB

® NP bounds: Higgs & nggs+EWPO combined

Cw

100} Individual Marginalised |
=3 ILC250 B ILC250
HEll FCC-ee El FCC-ee
80
- A > 60 TeV
D
— 60
E L©
- <. 40
== -
5 20
= K 7 i
a @ Oa cw +e c _(3) & c. c
Qo Oy O OO O QX029 O%J OH?J » % % 9% 3 9 w +¢g T (.E”)J cp ) g
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New physics constraints: SUSY

m 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

! @ cmssm 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
1  GFitter SM fil  — FCC-ee
0 estimate of ECC-e 3 SMunc. Higgs WG

-ee
1 L
1.0

15 -10 -05 00 05 15 “15 10 -5 0 5§ 10 15
(O—O urrent) /O current [arXiv:1308.6176] (BR—BRgy)/BRg (%)
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Open issue In the SM (3):

Generation of lightest
fermion masses (u,d, €)

< L ATLASand cMS o
g’ £ £ LHCRun 1 Preliminary it
= G a1l — Observed ot 4
% ‘s L = - SM Higgs boson g E
£ F P
O T .
© 107 ,.g'f E
o T
» b
10—35_ u .‘,.’ |
F e
4| _
'¢40 B R A RSV R R N
. 107 1 10 10°
er »° Particle mass [GeV]
A L4
2:10° p
4
5:10 mass(GeV)
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1% -gen. quark Yukawa couplings at FCC-ee

m 1% & 2™ gen. quark Yukawa accessible via exclusive H—=Vy, V=p,m,

Bound [G. Perez et al, arXiv:1505.06689]
vector Mode Branching Fraction [1079]

meson Method | LCDALO[170]  LCDANLO[I73]

B Br(H — p'7) 190+15 16.8 +0.8

ud,s Br(H —wy) | 1.60+0.17 1.48 4 0.08

E Br(H = ¢v) | 3.00+0.13 2.31+0.11

Interferes with: ~ h NG T3
(indirect) o)

m H—p(nm)y channel most promising: N~40 counts expected, low backgds

m Sensitivity to u/d quark BRaspy _ £, [(1.9£0.15)k, — 0245, — 0127
Yukawa couplings: BR), 55 0.57k;

x 1075
(K=Y /Yy
m All channels accessible with higher stats at FCC-pp.
But much worse backgrounds (QCD and pileup).
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Higgs physics at FCC-ee(125): e* Yukawa

B Resonant s-channel Higgs production at Vs = 125 GeV has tiny x-sections:

+ - —_ 0'6; © En_ersl{;p;ez% MeV]
e- G(e e _>H)Breit-Wigner —_ 164 fb 0_5; %ig;%:
H . _ aF @i
______ o(e*e—H) .= 290 ab EZ: |
e (incl. ISR + s =T, =42MeV) %,

spread

(&)

,_’“,'_'_‘ ,‘ _‘. = ‘, “I | - .I ,I. I...I., ,I, |H\ | - - ‘..‘ 5 .‘
125.60 125.695 1257 125.705 125.71
{s [IGeVl

B Preliminary study for signal + backgrounds in 10 Higgs decay channels.
B Significance & limits on e-Yukawa coupling:

Mono-chromatization required to achieve \/s.SIO ~ T,

read

<30 30 _e* Yukawa coupling limits in e*e’— H, Vs = 125 GeV
» Significance. e'e’— H, Vs = 125 GeV > 10
£ % =20
Q. —
cnl . % 10
; ;
4
2 3
i - L =10ab?': S~0.7, BR(Hee) < 2.8xBR 2
30 observation requires L= 90 ab™ int (Hee) : oy
: Oen < 1.7%g,,, o (95% CL)
Ll ——
0.5 2 3 4567 10 20 30 100 200 ° b o2 1 2345 10 20 100 200 °

Sémina L, (ab™ [D.d'E., Wojcik, Aleksan] L, (ab™ \



Open issue In the SM (4):

Generation of neutrino masses

coupling A

10

_ ATLAS and CMS
= LHC Run 1 Preliminary

; — Observed
E oo SM Higgs boson

21
g Tb

Ll L L

[ t :
2%

fermion masses

dre st be

10

10°

Particle mass [GeV]
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Righ-handed neutrinos decaying into Higgs

m Consider (symmetry-protected) seesaw scenario with 2 sterile v (N)):
large neutrino Yukawa couplings & masses: y = 10°, m = 10° GeV
m N decay to Higgs+v. Signature: mono-Higgs(jj) plus missing energy

_ 0.200
€ v Ecm [GEV]
(0.100 1
W y . = 240), reconstructed
. ‘ / 0.050 == 350), reconstructed
* - = 500, reconstructed
NN , 240
. h _N ' (1] . pﬂ.ﬂ.ﬂ-ﬂ
£ 0020 wess 350, parton
- y : | - 500, parton
0010 =ms Present upper bound
7 0.005
N v ' Casel
et “\h

002

150 200 250 300 350 400 450 500
[Antusch, Cazzato, Fischer, arXiv:1512.06035] M [GeV]

m FCC-ee sensitivity down to |y |~5 x 107 for unexplored m ~100-300 GeV
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Righ-handed neutrinos via Z decays

m Opportunities for direct searches for new physics through rare decays

¢ 10*2(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 = Wl or Z"v;

e Number of events depend on mixing between N and v, and on my
Normal hierarchy

10°®

107 E”’ vt
= N
B Z?r},
10°% = et
o . ZW
2 10°
107 ;—
= Seesaw
B 1 | L1 |

1 10

[A. Blondel et al. arXiv:1411.5230] HNL mass (GeV)
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Open Issue In the SM (5):

Dark matter

497" (7 TeV)+<19.7 " (8 TeV) + 23 b (13 TeV)

\I T T T TTT I T T T T T 1717 ‘ T T T T T 717 5
CMS Preliminary B(H — inv.)<0.20
90% CL limits

For MDM<MH,Z/2:

(e9) @ 10

IIIIIL|,|,| I\IM IIIII|_|,|,| IIIIIL|L| L 111

(e) ¢

(e*) 4

_LLL|_|,|,|,| 1 IIIII\I| L1l

! Lol ! Lol ! Lo r g
1 10 10? 10°
DM mass [GeV]

(e) ¢ [B(H—inv)>5% for HL-LHC]
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Dark Matter via invisible Z & H decays

m DM freeze-out fixes o-v = 3 107*°cm?’/s. If m_, is just below m, /2, then
DM freeze-out dominated by resonant Z,H exchange, fixing I', ..

Invisible BR suggested by DM thermal relic abundance

E : s g 107
g Experimental bounds 3 .E-Z- 102 ILD-like @ FCC-ee {5=240 GeV,J-Ldt=3.5 ab”
v F - =
S 101 Estimated | g 107
g E slima O 5 S 104 B(H iny) < 0.006 @ 90% CL
E FCC-ee 2 18 m_H = 125 Ge
g. r sensitivity A\, ] § 107k o
=102 2\ . 8 10k (approx. current limits)
bt E ® \7 J ©
=2= C A 18
1073 = \ E g
4 E 3 ¢
3 h - DMDM - 13
Q B < ] o] —_— e =
0 1074 = & - 107" \ T~ XENONTTTT ]
_g E v g 10—12 \ X_E_NUNFIT?EZ—
F n ~
M B — 1 0—13 - --Min B T ——
107 ¢ Z-DMDM [De Simone et al. arXiv:1402.6287\ |z 10-14 - — Lattice v-line (Billard)
= 3 Y
; \ \ A. Strumia, 2015] 1 g0 ® [O.Cerri et al. arXiv:1605.00100]
10—6 L | ‘ 10—16 1 | | |
DM . G 5\5,Y 60 10 DM Mass M, [GeV]
mass In e

® Limits on o(DM-nucleon) vs.
m_,, In Higgs-portal models

competitive with future direct
DM-searches experiments.
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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 unique new physics constraints up to O(6—100 TeV)

CMSSM and NUHM1 at TLEP
|

Best Fit Predictions
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Backup slides
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ee—H significance: Multi-Channel Combination

m Channels combination using Roostats-based tool for LHC Higgs analyses:
Profile likelihood & hybrid significances all give ~identical results, which are
also very close to naive S/VB expectation (no background uncertainty).

WW-lv2j,2I12v,4j 0.15¢0.09¢0.03 0.5090.3040.08
ZZ—2j2v,212j,212v 0.07©0.05¢0.01 0.2190.1640.03

bb 0.03 0.10
gg 0.03 0.09
TT — 0.02
Y - 0.01
Combined 0.2 0.7

m For 10 ab: Significance = 0.7 (preliminary, optimizations under study)
Limit (95% CL) for branching ratio: BR(H— ee) < 2.8xBR_, (H— ee)

Limit (95% CL) for SM Yukawa: g_, < 1.7x Jen sm
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Higgs physics at FCC-ee(125): H-e Yukawa

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

N o(e'esH), , ~ 1.64 fb
> o(e'e®H) ..~ 280 ab (ISR + Ecamspread™ T 1= 4-2 MeV)

B Signal + backgrounds study for 7 decay channels:
WW*(2],lv) (o = 28 ab), WW*(212v) (c = 6.7 ab),
WW*(4)) (o = 29.5 ab), ZZ*(2j2v) (o = 2.3 ab), ZZ*(212)) ( 6 = 1.14 ab),
bb (2)) (6 = 156 ab), gg (2)) (c = 24 ab)

B Preliminary analysis:
L= 10 ab®, S=0.65: BR(Hee) < 4.63xBRy,, (30), 9, < 2.15 X g,,.. o\, (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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o(e*e—H) reduction: Beam energy spread + ISR

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

o 12— .
g s oie" EmaToine ® Combined reduction factors:
0e—| ISR({ + .- 0
n_ﬁf_ GBW(B e_ o ) BW with c.m. energy spread (4.1 MeV)
:Ugw(€+e—)H0)\ s
04 c(e*e®H) = 290 ab
n_zf—
TR I AN EUTUNN IR BN SR B

?25.992 125.094 125096 125098 126 126.002 126.004 128.006 126.008

5 [GeV]

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

o
®

cross section (

vs_ . ~T,=4.2MeV

spread

N

0o A

o
o

O_I\\‘\\\‘l\\lll\\‘\\\

A

Reduc. factor: ~45%

0

o(e*e’—H) reduction factor

0.4/= % : 12497 12498 1249 125 12501 12502 12503
|

0.2 . GeV
|
! +a-6\— +A-6

0 | .5| L1 \1|0I | I1|5I | I2|0\ L1 I2‘5\ L1 IS‘D\ L1 \3‘5I L1 \4-‘0 Gbeam_spread+|SR(e e H)_O. 17 >< G(e e H)

Energy e beam spread (MeV)
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moho-chromatization at 2x63 GeV?

direct s channel Higgs production ete — H

rms beam energy spread at 63 GeV ~30 MeV
total width of SM Higgs I" ~ 4 MeV

effective collision energy spread is decreased G E-‘l'__&E v Bk
by introducing opposite-sign IP dispersion e At St &
N IR ot
ow _ 28}6 e : _' —— o - : .
ey S mak O

first proposed by A. Renieri (1975); historical studies for VEPP4, SPEAR,
LEP, t-c factory;never tested experimentally

reducing cm energy spread x1/10 w/o loss of luminosity?!
implementation for crab-waist scheme?

FCC Lepton Collider Dasign
) Frank Zimmermann
o CERN Academic Training February 2016
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e+e- colliders: FCC-ee vs. LEP, CepC

e

2016 baseline parameters

energy/beam [GeV] 45 120 175 120 105
bunches/beam 90000 770 78 50 4
beam current [mA] 1450 30 6.6 16.6 3
luminosity/IP x 1034 cm2s1 70 5 1.3 2.0| 0.0012
energy loss/turn [GeV] 0.03 1.67 7.55 3.1 3.34
synchrotron power [MW)] 100 103 22
RF voltage [GV] 0.08 3.0 10 6.9 3.5
rms bunch length (SR,+BS) [mm] 1.6,3.8| 2.0,24| 2.1,25 2.1,26| 12,12
rms emittance Exy [nm, pm] 0.09,1| 0.61,1| 1.3,25 6,18 | 22, 250
longit. damping time [turns] 1320 72 23 39 31
crossing angle [mrad] 30 30 30 0 0
beam lifetime [min] 251 75 62 61 434

FCC-ee: 2 separate rings

Séminaire CP3, UCLouvain, Jan'17

CEPC: single beam pipe like LEP
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FCC-ee characteristics
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m Vs limited to ~400 GeV by SR~E4R: 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

m Various Interaction Points possible: 2 baseline, 4 target

m Precise E,___ from resonant depolarization: 0.1 MeV (2 MeV at LEP)
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Beam energy spread via resonant depolarization

i i Precession
Resonant depolarlzatlon recessio

ﬁ'equelmy o

* use naturally occuring transverse beam polarization i3

» add fast oscillating horizontal B field to depolarize at Thomas
precession frequency

Wi

Fast sweeping
horizontal B field

Experience from LEP: Depolarization resonance very E [MeV]
narrow: ~100 keV precision for each measurement _ W wms 4
* However, final systematic uncertainty was 1.5 MeV due to _" gy
transport from dedicated polarization runs ~ N F
* At FCC-ee, continuous calibration with dedicated bunches: no af o T
transport uncertainty of
_+_
loss of polarization due to L s
76 £ T T Glowing energy spread T ' 048 0482 0484
il MU op < E*/\Jp ] v- 101
— B \I_mear 4 . .
R ol *‘\\ 1 Scaling from LEP experience:
S I LY LEP 1+ Polarization expected up to the WW threshold
.E i LN Higher R X ]
: 25 - \order e g
a i L L T
. T < 100 keV beam energy calibration
Co v o oo by v by g by by oy g 1y 7 atzpeakandatwwthre5h0|d
40 50 60 70 80 90 100
Energy [GeV]
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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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FCC-ee beam 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 1 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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Higgs physics at FCC-ee(240): Self-coupling

m Higgs self-coupling through loop corrections to a(H+2):
2

el Gty

OZh =
6240 = 100 (267 + 0.01455) %
Self-coupling correction o, : energy-dependent [M. McCullough, 2014]
0. energy-independent (distinguishable). [
[ — 2%=04%, 5°=1%

m Tiny effect but visible thanks to extreme S R

precision on g, (0.05%) coupling 50;‘ \ -\

reachable at FCC-ee. S i LT A
m Indirect and model-dependent limits _sall \ \ FCC-ee |

on trilinear Higgs coupling can be set |

(~70% level) comparable to HL-LHC _100l .

-15 -10 -05 00 05 10 15
6z %]
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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, +&,

.‘ N \::AgR/gR(%) Zeﬁi =8r 8L
. LHG | ®
.“‘ " iﬂ‘f’é v\
£D-CHM " ' ‘-‘ Other NP models
f< 2Te\3‘ : 10% o (tested at the LHQ)
L » LC (I:%;‘QM
— 1000 # — —

-30%  -20%  NO%F( 10% % 20%  30%
® --_f-m%‘ 3 Agi /g1 (%)

Adapted from
. X ; X S. de Curtis et al.
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