Physics at the CERN
Future Circular Collider

For the FCC approval & detectors concepts:
See presentation by Paolo Giacomelli_




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 Yukawas, CKM mix., CP phases.
Experimentally confirmed to great precision for over ~50(!) 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 Yukawas, CKM mix., CP phases.
Experimentally confirmed to great precision for over ~50(!) years:
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(O exte  Why do we need a new collider ?

COLLIDER
Natiirs] Long-lived
REElaSss Nature of meta-stable vacuum
| | D
M|croscop|c ark Matter Baryon
Higgs theory S asymmetry
origin Neutrino masses
of Flavor ,
‘) ‘) Inflation
Strong CP 9 ® ®
slgeleliclyy . 6) Dark Energy

| @
Couplings
unification Quantum
‘) Gravity
@
What else!?
New structures/

principles

LHC has discovered Higgs + “nothing else” = Higher precision & energy needed



COLLIDER

O arcotar FCC = Collider with broadest physics reach

Particle collider with 4 interaction points in 91-km (200m-undergnd) ring:
» FCC-ee: e*e Higgs/EW/Flavour/top/QCD factory at Vs = 90-365 GeV

» FCC-hh: Energy frontier pp collider reaching vs ~ 100 TeV
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(&% Indirect & Direct BSM searches

m Cover the broadest possible range of BSM scenarios:
Heavier than LHC reach - Produce it at FCC-hh (energy frontier x10)

Small couplings / hiding well - Find it at FCC-ee (precision x300)

m BSM searches at FCC-ee:

= Direct model-indep. discovery of particles from Z,W,H decays up to m~vs/2
Small & well understood backgrounds: Fill “blind spots” in p-p searches

g Indlrect via hlgh precision SM measurements sensitive to virtual corrections:

G AL O 5

m BSM scale A (from generic SMEFT) V|a precision measurements:
= New Higgs-coupled physics: A 2 (1 TeV)/\/(08uxx /M, ) /5%
HL-LHC: +5% Higgs couplings precision: A>1TeV

FCC(e*e): +0.1% Higgs couplings precision: A > 7 TeV
= New electroweak-coupled physics: A o« (1 TeV)/VdX

Current EWK fit excludes new physics below: A > 3 TeV
FCC(e*e): X300 times more precise: A =50 TeV
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Q& FCC-ee =Z, W, H, top factory

m The FCC-ee features unparalleled luminosities:

—10°E | | | | T | =
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= Full LEP program in 1 minute: Z(x5-10° LEP), W (x10* LEP),
plus 2M Higgs, 2M top quarks

= |ndirect exploration of the 10-100 TeV energy scale through SM “stress
tests” via high-precision studies of the 4 heaviest particles: W,Z,H,top
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FUTURE
CIRCULAR
, COLLIDER

FCC-ee = Z, W, H, top factory

——CDR baseline runs (4IPs)

m Physics programme in 4 baseline runs:

— Additional opportunities bR volue 1
= Total
Z wWwW ZH tt integrated
O(1) 40 125 40 30 19.2 5 10.8 04 2.7 luminosity
‘ + 1 | 1 + T 1 + '
e 1 Energy
40 --- 60 88 91.2 94 125 157.5 .- 1625 217 240 340 ... 350 365 (GeV)
Z lineshape W mass and width
QCD QcbD : ; top EW couplings
precision flavour electron N, Higgs mass Higgs couplings Mwp  Higgs VBF production Physics
studios rare decays Yukawa as OZH (T and Higgs couplings improved)  highlights
dark sector flavour (e.g. V)
i - # events
6x10'2 Z 2.4x 108 WW 2.2x10°ZH  2x10°tt, 0.5x10°H (41pg)

—

I

I

T EW sector

—

by probing

I

!

T Higgs sector

indirect sensitivity
to new physics
SM predictions

!

I

sensitivity to Higgs self-coupling via quantum effects

= Full LEP program in 1 minute: Z(x5-10° LEP), W (x10* LEP),
plus 2M Higgs, 2M top quarks

= |ndirect exploration of the 10—-100 TeV energy scale through SM “stress
tests” via high-precision studies of the 4 heaviest particles: W,Z,H,top
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(&l FCC-ee: High-precision W, Z, top

Z resonance: 6-10** Z WW thresh. scan: 2:10° W  tt thresh. scan: 2-10° tops

%12 FCCee W-pair threshold T ELO—I ' ] ' o _
= — m,,=80.385 GeV I,=2.085 GeV el =
= (] m,,=79.385-81.835 GeV, [,=2.085 GeV 8 |
401 % 10 g B i
§ 0.8 . —
y : F ]
. 30t e
@ g 0.6 s, —
et 6 o
: QQbar_Threshold N?LO
4 [JHEP 02 (2018) 125] 7
| FCC-ee BES |
10f . 02 - NLO .
--- NPLO+ISR
o | 1 1 1 1 1 1 | 1 1 1 1 00__ - N3L0+ISH+BES __
¥ P55 160 165 = (Ge\};m g0 sz 34 G4e saE 55;][(3.93]52
e Lineshape: » Threshold scan: e Threshold scan:
Exquisite Epean (RDP) Muw to 200 keV Miop t0 7 MeV
M, T'; to 10 keV (stat) 'w to 300 keV Top to 11 MeV
» Asymmetries: « Branching fractions: Mop t0 1.5% (4D fit)
sin?6w to 1le-6 as(Mmw) to 0.2% EW couplings to 1%
O 10 8E-5 « Radiative returns: e*e" - Z(w)y
» Branching fractions,R;,Ry:
as(mz) to 0.1% N, to 0.0005

* Predict Myp, mw in SM

m Mostly thanks to: (i) Huge statistics
(i) Exquisite beam energy calib: 0E_ ~0.1, 0.15, 1 MeV (Z,W,1)
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Q&% Fcc-ee: a__(mz) coupling

m The QED coupling at mz is a large parametric uncertainty in EWPO fits.

m Slope of uu fwd-bckwd asymmetry off-peak and fwd. Bhabha/uu ratio on-peak
have very strong sensitivity to QED coupling & weak mixing angle:

>\' LA DL DL {1 BLLELELE | B I | AL AL DAL BLELELEL B
= [ - ) 1 [P.Janot,
£ [ Max {Z ! S§QT// arXiv:1512.05544] 2
o | - 1 1 / aem(mz)
@© Vs = 87.9, 94.3 GeV
a o [\ e IS — T T Tt 1 T 1 T T T T T T T T T T T T T 1
3 -/ 11\ s Erler, Ferro-H. [5]
C \ i i i § Jegerlehner [6]
> T " ] & Davier et.al. [8]
= NE N P # ‘2 % t Keshavarzi et.al. [9]
C%J [ 405 = i e = S0 O+ 00en ()= FE 6" ) 1y o = . 4 C# et.al. [10]
I R VUUTE TR VUUTE FUUTE PO FUUTE TUUUT TR OO L L  p——e——  PDG average [11] |
105660 70 80 90 100 Ti0 120 180 140 150 " ‘ — J R . A S S S S Syt vl byttt L iy
col 15 (Gew) {8 o —— < 1%exp.® < 0.1% th.
B R 1 "3 g —— Al off-peak [14]
I i 5] [ i it it Rt il it st At e il el it R eyl
e jet o - U Re— fE— ak
- of i ;4 3 () bl this work: o= Ope
2 | I Combination P S a [ [ ] Re‘ JoE On—peak
L ] h'e =
X ( B =S S T Y Y S
0 U 1" = 12892 12894 12896 12898 129.
Ej | ) TGE
s i =
[M.Riembau, ol B
arXiv:2501.05508] [ -

8(sin207) x 10°
m FCC-ee will reduce the current QED coupling uncertainty by up to
a factor xX20: oa/a(m,)~6-10° (stat. uncert., syst. cancel in ratios)
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O crcue  FCC-ee: a_(mz) coupling

m EW boson hadronic widths known at N3LO in pQCD:

e The W and 7 hadronic widths :

ey (Q) = Pw z (1 + Z (QS(Q}

e The ratio of W, Z hadronic-to-leptonic widths :

Rur(Q) = 7 g Rm(HZ z(Q}( Q(Q))wm%)wmiﬁanp) Sensitivity to as(mz) via
O(4%) higher-order corrs.

¢ In the Z boson case, the hadronic cross section at the resonance peak in ete™:

haa _ 127 TgIbad [DdE, Jacobsen
= (Ftc.t)z arXiv:2005.04545]
B FCC-ee will reach 0.1% precision on as(mz) (x20 better than LEP)
Ne4.5F : -

— Huge Z pole statistics 3

. - . At — 2G
— Exquisite syst./parametric precision: o — 2 data, FOC-c0 (91 GoV)
b == 7 data, LEP (this work)
ARy = 1073, Rz = 20.7500 £ 0.0010 3 £ Word average [PDG 2019
ATHY = 0.1 MeV, Tl = 2495.2 + 0.1 MeV 25
Acbhad = 4.0 pb, cr%ﬂd = 4149444 pb 12_ :
Amz = 0.1 MeV, mgz = 91.18760 =+ 0.00001 GeV NG 1 e o

Aa = 3-1075,  Ac)(mgz) = 0.0275300 £ 0.0000009 5.

0% o118 012 0122 0124
ag(m.)
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https://arxiv.org/abs/2005.04545

O creiiae  FCC-ee: W boson mass & width

Threshold scan over Vs ~ 155-170 GeV for W mass & width extraction:

—_ 12 . Projection (19200 fb~")
o) FCCee W-pair threshold e e e o I s
% — m,,=80.385 GeV [,,=2.085 GeV 108 2 i Fitted lineshape
[ZZ] m,,=79.385-81.835 GeV, I',,=2.085 GeV _~Tx g 1.000- Post-fit uncertainty =1
= 10 e | --- Pseudodata cross section 1
: { Pseudo data 14
0.9981- Cross-sections A
8 ! o3 i
measured w
6 o99sl- | at7 s romt% ’ -
4 ogoaf | =
2 i ete” — pvgq NNLO EFT + NLL ISR
0.992|- +FCC-ee BES
? 1 1 1 1 1 1 1 1 1 1 T T N B N N
55 160 165 170 157 158 159 160 161 162 163
Vs (GeV) VS [GeV]

[P.Azzurri,
arXiv:2107.04444] Mw pOSitiOl‘l of rise
I'w: curvature of rise

[M.Defranchis, work in progress]

m Experimental uncertainties: dmy~ 0.2 MeV (vs. +9 MeV today)

Al'w~ 0.3 MeV (vs. +42 MeV today)
m Theoretical NNLO+NLL ISR uncertainties are today at the O(3 MeV) level.

m Also, W mass with O(1 MeV) from W - qg,g+ve inv. mass (kin. constraints)
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COLLIDER

() &liar FCC-ee: Top-quark mass & width

m Threshold scan over Vs = 340-345 GeV for top mass & width extraction:

Projection {410 fo~")
I A

Projection (410 b™")
i SR Bk 1o

o R P I T I e S T e o B e I o T = = T o
s T QQbar_Threshold N°LO+ISR | B { ool §5f— Impact on m; (uncorr.) .
= 1.04F e g [JHEP 02 (2018) 125] c = | — Impacton [; {uncorr.)
= [ 4 k + FCC-ee BES | 2 - 6 [ - Impact on my (corr.)
§ L § 101 E 4 --- Impact on I, (corr.) —
& 1.02 ; @ B g | e Baseline m; {uncorr.)
g . e o B Q I = Baseline [ (uncorr.)
= S 1.00F Ak g
= | ) i £ i 7
B — s I / . 1 = [ wbwbatN°LO+ISR
g oo . 2 os9f Cross-sections | 5 | +FcCeeBES
€ e, P o le s | measured ] 82 .
0.08 0.08F at 10 vs points { £
3 yi £ 10% R — B
— oig(m2)+0.0002 T L B Post-it uncertainty i 1 B ]
| - — [.+50 MeV 1 0.97- -- Pseudoclata cross section -
- 1 ] -
0.96 — mPS+30 MeV B -- Reference cross section ] L. gy, 000 Al
[+ ; ; | | mlt = : # : 006l t Pseudodata : of #£Zoammemmmmmmmmmmmm eI -
fos M B EET T BT AR ET T T N A e L L ] L | ]
340 341 342 343 344 345 346 37 7T Y VT RV R VU VI VT YY) 0 2 4 6 8 10
Vs [GeV] Vs [GeV] Uncertainty in v's [MeV]
Uncertainty source mES [MeV] | Ty [MeV] | 3 [%] « Cross section measurements stat. limited
Experimental (stat. x1.2) 4.2 10.0 1.5 * b-tagging uncertainty can be controlled in-
Total profiled 6.5 11.7 2.1 situ exploiting WbWb topology
. . int-to- H
Theory 35 25 2 Challenge: control of point-to-point

correlations (luminosity, beam energy
[M.Defranchis et al., arXiv:2503.18713] d, beam energy calibration)

m Today, theoretical N*LO+ISR uncertainties are at the O(35 MeV) level.
m Experimental uncertainties: dmi, ~7 MeV (vs. +290 MeV today)
Ol'op ~12 MeV (vs. £190 MeV today)
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sisiee FCC-ee: EWPOSs exp. uncertainties

COLLIDER

m Stat. uncertainties very small. Syst. ones reducible in-situ (statistics-driven).

Current precision FCC-ee stat. Approx. syst. Challenge

Observable Measurement
myz (MeV) Lineshape 91187.6 £ 2.0 0.004 <0.1 Beam energy calib.
Iz (MeV) Lineshape 2495.5+2.3 0.004 <0.012 Beam energy calib.
Ry Peak 20.767 £ 0.025 0.00005 < 0.00005 Lepton acceptance
0P (nb) Peak 41.4802 £ 0.0325 0.00003 < 0.0008 Lumi meas.
Rp Peak 0.21629 * 0.00066 0.00000025 < 0.0000003 g—>bb
A’ Jet charge 0.0992 +0.0016 0.00004 < 0.00004 Jet charge
Aﬁg" T T polarisation 0.1498 + 0.0049 0.00007 < 0.0002 tdecay physics
Ny Peak 2.9963 £ 0.0074 0.00009 < 0.00012 Lumi meas.
Z sin?05/" ALE (peak) 0.23148 + 0.00016 0.0000012 <0.0000012 Beam energy
1/agep(m2) AFE (off-peak) 128.952 +0.014 0.0039 TBD QED / EW
1/aoep(m32) AFE (on-peak) 128.952+0.014 0.0008 TBD QED / EW
as(mﬁ) Ry 0.1196 + 0.0030 0.00001 <0.0001 New Physics
T lifetime T decays (fs) 290.3+0.5 0.001 < 0.005 ISR, T mass
T mass (MeV) T decays 1776.93 £ 0.09 0.002 <0.02 Estimator bias, ISR, FSR
B(t=>uwv) (%) T UV,Vr 17.38 £ 0.04 0.00007 <0.003 PID, i1° efficiency
my (MeV) Threshold scan 80360.2 £ 9.9 0.18 <0.16 Beam energy calib.
Tw (MeV) Threshold scan 2085 + 42 0.27 <0.2 QED / EW
W Ny ete ™ > vyzZ,7ow, €€ 2.92£0.05 0.0005 TBD TBD
as(mﬁ,) Bhad = (Thad/Ttot)w Bhaq = 67.41£0.27 0.0002 0.0002 CKM Matrix
M¢op (MeV) Threshold scan 172570 + 290 4.2 4.9 QCD uncert.
ltop (MeV) Threshold scan 1420 + 190 10 <6 QCD uncert.
t Atop Threshold scan n=12+0.3 0.015 <0.015 QCD uncert.
ttZ coupl. V'S =365 GeV +30% 0.5-1.5% TBD QCD corr.

m Complete, self-calibrating observables sensitive to huge set of BSM scenarios
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O creusr FCC-ee: EW+QCD theory uncertainties

m Current TH uncertainties to be improved by x5-10 to match expected exp. ones:

= Today | my = 80.3584 =0.0055,, = 0.0025,,, +0.0018,
+0.0020,,_ =+ 0.0001,,, _ + 0.004000r, GV
— 80.358 -+0.008,.. GeV,
. milrect —  80.385 + 0.015 GeV,
a With FCC-ee
mw = 80.3584 +0.0002,,  =+0.0001,,, :k0'0005a -y
+0.0002,, 1 0.0000,, Gﬂmthm GeV
= 80.3584 =:0.0006; ev,
my > = 80.385 +0.0006 GV
s Theory R&D

Required N3LO SM corrections of
EWPOs theoretically doable in

~10 years (with appropriate financial
support and training programs)
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O crcuiar FCC-ee: EW+QCD theory uncertainties

m Current TH uncertainties to be improved by x5-10 to match expected exp. ones:

= Today | my = 80.3584 =0.0055,, = 0.0025,,, +0.0018,
+0.0020,, + 0.0001,, =+ 0.0040,00r, GeV
= 80.358 +0.008;,i, GeV,
myr™t = 80.385 =+ 0.015 GeV,
m Theory calculations wish-list for FCC-ee: [ESPPU25 Phys. Book, arXiv:2511.03883]

Observable Missing higher-order & power-suppressed corrections
Hadronic Z width ﬁ(af) ﬁ(af’) ﬁ"(a3), ﬁ"(asaj‘), 67“'((252062)
Hadronic W width o(ed), 0(a’), O(cla)

Hadronic T width
Hadronic event shapes (Z, W, H decays)
Inclusive jet rates

0(r)
N’LO differential, N*LL resummation, power corrections
3-jet cross-sections at N’LO, 4-jets at N’LO, 5-jets at NLO

Lattice QCD results

(o extr.; quark masses m,.,my)

¢(a®) B-function; &) heavy quark decoupling; €/(o. ) static potential

MS

7 (C‘S ) lattice perturbation theory matching (lattice coupling to ¢ " etc.)

olee” W W )vs. /s

clete” —1f) vs. /5

EW N°LO: ¢(a”), Mixed EW-QCD: ¢ (a,a”), 0o a)
NRQCD: &(c), Non-resonant: &(ct.), ﬁ((x:’) differential; QED: (e’ ) at NNLL

H— bb width
H— gg width

N'LO (m,, # 0); N'LO differential (m, = 0)
N°LO (heavy-top limit), N*LO (m, # 0); N*LO differential, N’LO differential (m, #0)

MC simulations fore' e — X processes N*°LO matched to N*°LL PS. Permille control of non-pQCD effects (hadronization, CR, ...)
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FUTURE

CIRCULAR
COLLIDER

m Comparison of (m_

FCC-ee: Indirect BSM reach of EWPOs

,m _.m_) electroweak fit today and at FCC-ee:
e THEEY

FCC-e8e projections f :- No-theory uncertainties
; [ T T T T I T T T T | T T T T I : i T T T ‘ T T T T I T ’,I'_ 9 ‘ ' L . E ’;~ i |: _-""
[0} ~ 68% and 95% CL contours i m comb. + 1o . 8’ H A ,: :
0 - ! S m, = 172.47 GeV e = " i - '
— 80.5 — ' Fitw/oM,, and m measurements Vi -- 0=046Gev ) s ~L80.38— . $ 3
Eg - Fitw/o M, m and M, measurements | | —©=046©050,,, 68V & 7 Eg C FCC-ee R :." ? y
- Direct M, and m measurements e 4 - S oaa® 3 g
80-45 __ __ 80.37}— ) \._." ‘.'
C . = = LHC?
- LEP+LHC P . B gl s
80.4 — n e,
o 80.36}— O ke
80.35 :_ M,, comb. 16 : - \}\G
381 M, = 80.379  0.013 GeV 8035 P —— FCC-ee (Z _P°|91
N - &5 — FCG-ee (Direct)
B - \ deses
80.3 — - r LHC (Future)
- 80.34— e e e LHC (Now)
C o ac’e\‘ B 6., Z pole (now) + m,
80.25 — .9~ N .5 K b o - S —— Standard Model
O W e Wy 5 Bt
A AR N S ST S Pid NN 15 AT S R SR WO 1y L by
140 150 160 170 180 190 170 172 174 176 178 (GeV)
e
m, [GeV] Mhop
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FUTURE

FCC-ee: Indirect BSM reach of EWPOs

CIRCULAR
COLLIDER

m Comparison of (m_,m, ,m,) electroweak fit today and at FCC-ee:

CC-s0 ,-_ No theory uncertainties
= I ML B S 5 A T S oF EEE B -
e |- 68% and 95% CL contours i ] < L R\ I
E 80.5 — Ml Fitw/o M,, and m measurements & . \E—;ausa — S HE

= Fitw/o M, m and M, measurements & r - .." :
F B Direct M, and m, measurements - - FCC ee ¥ i >
80.45 [ 1 soarf- y e
LEP+ LH C - i g
80.4 _— | esel- 'y
E 72 - Ty <4 O
E_ M, comb. % 1o e r R
80.35 — ! _g0.37 = doasl &‘,@ —— FCC-ee (Z pole)
£ ] Tk Q" —— FCC-ee (Direct)
80.3 — i o S LHC (Future)
= 1 seasp o 0 e LHC (Now)
F > ] - Z pole (now) + m, |
80.25 — 7 — F. —— Standard Model
c i M LG i NN I I 80.33[ A T T R R T A A A B
140 150 160 170 180 190 172 174 176 178 GeV
m, [GeV] m,,, (GeV)

m Constraints on generic BSM SMEFT dim-6 operators at scale A:

LsMEFT = LsMm + Z

[Allwicher, McCullough, Renner, arX|v 2408.03992]

LEP constraints: A > 3-10 TeV
After FCC-ee: A >30-100TeV

W Universal couplings M Third-gen. only B Flavourless couplings W Antisymm. couplings

- [treelevel 3E) | ot
g [resen one-loop (LL RGE) | Aol
500

40

[ 10f
sk = 80~
= [
[ % r

9 £ 20
I I 10 -

| l L I B I I B ome B B l ol

= P wr fh -

wk gz
10- |
ok
EE &S S (LT wy Oy owy B D E N @
Scalars
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O creotar  Higgs boson as the keystone of (B)SM

COLLIDER




(& FCC-ee = Higgs boson factory

m Cross section (HZ+VBF): o(e'fe—H+X) ~ 200 + 50 fb
m 2+ million Higgs bosons produced with small & controlled
backgrounds and no pileup:

3 L 108 ab_1 @ 24OGeV T T T T ] T T T ] T T 1 ] E T T ] T T
= - 2.2x106 HZ evts : _ et
S 20— 65k WW—H evts — e*e’ > HZ ]
g8 L .
g — -
O 200 (— —
& N ]
L N e
150 [— ~
C : . “ et
! 3.12 ab-1 @ 365 GeV
C 370k HZ evts
el 92k WW—H evts

EIIl]IIII

1 l 1 1 1 | 1 1 L J 1 1 L J 1 1 L J L L 1 J § L 1 ] 1 | | e_
260 280 300 320 340 360 380 400

s (GeV)

0 $ & Il I | 1 i 1
200 220 240

(also sensitivity to y,)

m Access to precision (<<1%) Higgs couplings, and rare & BSM decays
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FUTURE

cxcwar FCC-ee: Higgs couplings, width, mass

e+

m Recoil method in H-Z(Il) unique to lepton collider:
reconstruct H 4-mom. independent of H decay mode:

m High-precision (0.2%) o, provides model-indep. F .
g, coupling o(ee —» ZH) « g2, with +0.1% uncert. Miceoil = (Vs — Eyf)* — pjz

5000 F‘c BB Simulation Vs = 240 GEV 10. 8 ab

x10°
7IIHIII|III|IIIIII|III|III|III
C ZZ

8 B % TIT T[T T [ TV [P e b [T A [P e ooyt Eﬁmﬂ .F.IE‘CI';""r-ll"."..k}ﬁrsrgn'm:s‘l}ﬂ'II
180 mzH — £ as00 A —,zur H Vs =240 GeV, 10.8 ab" Eww
%160: — ZH(signal) Z S ee - i [A Li et al :lWW & 5000  channel B2y-w
§ [ FCC-ee-Fast-simulation 7 4000 aerV 2512 21290] -z,n.,. : E Nz
Wig0 3 3500 P 2 4000
C fs) = 240 GeV B 2
120—/3 . - 3000 = p Z N qq
100 — 2500 H .
selectio I 9
2000 2000 myv.
15005 —
1000%
soof : 0 20 40 60 80 100 120 140
% 01 02 03 04 05 06 07 08 09 1 Mygcan [GeV]

0 20 40 60 80 100 120 140 160

FHhrecos MVA score [H. Abidi et al., arXiv:2504.11103]
m Total width (I") with 0.8% precision from combination of measurements

o(ee - ZH), o(ee -~ ZH - ZZ*), T H — ZZ)

m Limits in invisible decay from missing mass: <0.05% (95% CL)

H o o(e'e = HZ = ZZ*)=0(e'e” — HZ)x
H

B Higgs mass from recoil mass in Z - uu,ee: dmy~ 4 MeV

Korean Phys. Soc, Jeju, Oct'26 21/35 David d'Enterria (CERN)



o cretiar  FCC: Higgs couplings, width, mass

m FCC will improve by factor ~10 the precision in Higgs
properties wrt. (model-dependent) HL-LHC results:

Coupling HL-LHC FCC-ee  FCC-ee + FCC-hh

Kz (%) 1.3* 0.10 0.10

kw (%) 1.5* 0.29 0.25

Kb (%) H" 0.38/0.49 0.33/0.45

kg (%) 2> 0.49/0.54 041/0.44

k1 (%) 1.6* 0.46 0.40

ke (%) - 0.70/ 0.87 0.68/0.85  First meas. of
Ky (('f;)) 11-{‘}5: i; ' 2nd-gen. quark
HZ? (2] . - ’

e (%) 3.9% 31 _ Yukawa'’s

ki (%) 4.47 3.3 0.42 1%t model-inde
55| (%) - o 57 §

total width (0.8%).

'y (%) = 0.78 ‘JB/ o _
By (<,95% CL) 19x1072*  5x 104 53 x10-4 Invisible width

Bu (<,95% CL) 4x1072* 6.8x10° 6.7 x 10-3 10 ~0.05%

FSR volume 1

m Most precise g,, ~0.1% coupling sets limit on new scalar-coupled
physics at: A 2 (1 TeV)/\/(0guxx /85N, ) /5% 2 1 TeV

HXX
Korean Phys. Soc, Jeju, Oct'26 22/35 David d'Enterria (CERN)




FUTURE
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, COLLIDER

FCC: Higgs couplings, width, mass

m FCC will improve by factor ~10 the precision in Higgs

properties wrt. (model-dependent) HL-LHC results:

Coupling HL-LHC FCC-ee  FCC-ee + FCC-hh
Kz (%) 1.3* 0.10 0.10
kw (%) L.5* 0.29 0.25
Kb (%) H" 0.38/0.49 0.33/0.45
kg (%) 2> 0.49/0.54 041/0.44
k1 (%) 1.6* 0.46 0.40
ke (%) - 0.70/0.87 0.68 / 0.85
Koy (%) 1.6* 1.1 0.30 FCC-hh will
Kzy (%) 10* 4.3 0.67 further improve
Kt E‘?; i-i* g; 8-72 loop/rare/heavy
Ky (% 4* ; 4 .
55 (%) _ +29 +29 couplings (v,Zy,p.1)
' (%) - 0.78 0.69
By (<,95% CL) 19x1072* 5x 1074 saxio
Bunt (<,95% CL) 4x1072* 6.8x 1073 6.7 x 1073

FSR volume 1

m Most precise g,, ~0.1% coupling sets limit on new scalar-coupled

physics at: A 2 (1 TeV)/\/(08uxx /8%, ) /5% > 7 TeV
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(&l FCC-ee: Indirect new physics reach

m FCC-ee Higgs boson precision measurements will greatly
Improve scalar-coupled BSM limits:

Ratio of Uncertainties to SMEFIT3.0 Baseline, O (.\_I“J) . Marginalised

1 ’:
11 . .
38 Loy “Qe GeD

N B Big gains on SMEFT ops.
= — bounds:

LHC+EWPO

LHC+EWPO+Higgs:
Y Bosonic
14
_-rl BOSoniclHiggS_gauge ops ey
rﬁr ; . 2-fermion
Higgs-fermion (Yukawa) Y
: ; Vs :

LHC+EWPO+Higgs+top

5 MEFiT [E.Celada et al., arXiv:2404.12809]

=de= HL-LHC + FCC-ee (91 GeV)

== HL-LHC + FCC

-ee (91 + 161 + 240 + 365 GeV)
HL- LHC + FOC-ee (91 + 240 GeV)

Korean Phys. Soc, Jeju, Oct'26
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FUTURE + )
O crreuiae  FCC-ee: e* Yukawa coupling

B Resonant s-channel Higgs prod. at Vs = 125 GeV : [ s
e€+ W: Z7 61 9 T+ _ _ - ? —gi%/lzﬂ\fv
0(e+e _>H)Breit—Wigner =1.64 fb g 0.4? EE%EOME\ZV
H o(ete—H) .. =290 ab % o3
visible Foz
(incl. ISR + Vs . =T,,= 4.2 MeV) N /AN e
Ce W,Z.b g, 7 BEL e ST
0

‘t ol e e e e
124.99 124.995 125 125.005 125.01
~ FH /s (GeV)

Beams mono-chromatization required to achieve Vs

spread

B “Counting exp.”: Tiny signal excess above huge backgds in 10 Higgs decays
B Limits on e-Yukawa coupling strongly depend on Lumi + spread:

S 10 [D. d’Enterria et al., arXiv:2107.02686]
g lonochromatization WPs > F
= 40 : . Parametric study K _
o) . W GHC v22 it E
& 20 -
E y  <3xyM 10?7 £
“ 10 : g g
y  <2xyM -
e e 1 0 |
5 S ny <0.5 yf’” g
ITya B
Standard Model 1
3 1E ]
] € Yukawa limits.e'e >H, (s=125Gev  5y." <o0.25y" E oT - 0 £ 2% 2y
(for each detector in 1 year) =T I 3 S S o®
— 4 O o oL
L 10 E T [ (i L
0.2 1 2 345 10 2030 1001
Zint(@ab™’)

Y, <2 (1.5)Xy,, at 95% CL, for 4 IPs in 1 (4) years (improvements ongoing)
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fermion masses

(lepton number violation?)

dre se be

U -

Ce te
"1'—‘*“"2"’3 ee Le Ta
1 | | | | ] | | | | | | | | | 1 | | | |
uel meV eV keV MeV GeV TeV
19.7 (8 TeV) + 5.1 f™1(7 TeV)
1 oMs
< 1_ === 8% CL t
g’ — 95% CL
_ ;| -=- SM Higgs
Q " 10 E
>
o 2 ]
& 5 1072
< ]
i (M, €) fit
10’3_5 ==ag% L
, — 95% CL
"104 lir T T T !|\||||||ﬂTlm]1lll'H
s 0.1 1 10 100
A 4 mass (GeV)
s ¢ ’ VL
i
e,
A
\\ mass(GeV
<10-12 . o "}"D " ——— .@ ( )
s
0
o] [ @
_ (Righ-handed neutrino)
] od] _lo 1] H 7
<3-10 y Standard “Dirac” Yukawa
Korean Phys. Soc, Jeju, Oct'26 R
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Generation of neutrino masses

m Lightness of m,, coupling of v's to Higgs (or other scalar vev), their nature

are big open mysteries:

(Majorana)
Type-ll seesaw

vy,

vy,

vy

(Dim-5 Weinberg)
Type-l,lll seesaw

VL 0
(@)
2
o b
M "\,‘
) (")

VL

vy

David d'Enterria (CERN)



O cretiar  FCC-ee: Heavy neutrinos sensitivity

[A. Blondel et al. arXiv:1411.5230]
O FUTURE Z faCtOl’V
CIRCULAR

COLLIDER

m Direct searches for heavy-neutrinos

In Z - Nv decays with displaced e

N e- +{W+* jj}

N - Z(jj,lhv , W(jj,lv) events:

Production in Z decay via mixing with light neutrinos

X 2o g L. my? my?
BR(Z = vN) = -|Un|* BR(Z — invisible) | 1+ 5| (1= —
3 2mz* mz?

Tar|2 = Toar|2 . .
[UNI* = X =ep,r [Uen| (for Majorana, ¥ for Dirac)
Decay: three-body decay into 3 fermions via virtual W/Z

Decay length:

16 (M, _6(1 __r
N =T (GeV) Gy
. (Weaker mixing = longer lifetime = more displaced vtx)
i R AW 2
10~2 =) P .
\& % ! (Also in W,H decays)

: .
10 : I s FCC-hh
1074 K i wow | m FCC-ee sensitivity down to
56 / | [}
. : |U,[2~10- for m ~10-100 GeV:
i 1077 - -‘- ; FCC-ee (prompt) MuC 10 TeV

Approaching minimal Type-| seesaw

— (smallest mixing for which the minimal seesaw still
produces neutrino masses of the measured size).

/' [J.Alimena et al.

108 / .
3 ©arxiv:2203.0550

10-9 |

12 gl m Possible Dirac/Majorana separation:
o . . ... e e oo HNL decay/prod. angles, HNL oscil.
1078 10° 10 102 103 10*

b my [GeV] David d'Enterria (CERN)



O S Unparalleled Flavour physics
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@ FCC-ee: Flavour physics

m Flavour remains a sector with enormous physics motivations:

= Baryogenesis unexplained without extra CP Violation

= Pattern of fermion masses & mixings unexplained.

= New physics contributing to higher-order (Penguin, box)
loops in flavour-changing processes.

m FCC-ee has an enormous leverage for flavour physics:
= Unparallelled b-, c-quark, tau stats with 6-10'* Z bosons:

Particle species BY B~ BY A, Bf ¢ 77t
Yield (107) 740 740 180 160 3.6 720 200

- Unlql_J_e experimental T Y(aS) pp [ Z
conditions compared All hadron species |V

to LHCb/Belle-II High boost oY

Enormous production cross-section v
Boost. no trigger loss Negligible trigger losses v v
hiah ’ initial ’ High geometrical acceptance v v
igher accept., Initial state Low backgrounds o ’
flavour tagging, a very clean Flavour-tagging power J
environment: Initial-energy constraint v (v')
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FUTURE
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C

FCC-ee: Flavour physics

m Flavour remains a sector with enormous physics motivations:

= Baryogenesis unexplained without extra CP Violation

= Pattern of fermion masses & mixings unexplained.

= New physics contributing to higher-order (Penguin, box)
loops in flavour-changing processes.

m FCC-ee has an enormous leverage for flavour physics:

Access to very rare heavy-Q and tau decays, BRs, decays asymmetries,
oscil. fregs., inclusive & exclusive CKM elements, ...

Decay mode/Experiment Belle IT (50/ab)  LHCb Run 1 LHCb Upgr. (50/th) FCC-ee Boosted b’s & taus:
EW/H penguins )
B — K*(892)ete~ ~ 2000 ~ 150 ~ 5000 ~ 200000 <By>% 6: tOpOloglcal
BY — K*(892)7" 7~ ~ 10 ~ 10
@B( - ;_,.+u___{' por nTa = = " 80%0 ) reco of decays w/ ME
B? p:"',u_ ~D - ~ 50 ~ 100 Ivariant 150 mass with sel solutions and natural number ot event
B(B. = 1777) Out of reach e
Leptonic decays o] : ..
o S » at LHCb/Belle-I| w i“: 5
Bt = mtu, 7% 2% { 1&* -
T — T Utan n/a 200 | =
C'P / hadronic decays E 0] s
B® = J/UKs (Ognizs,)  ~ 2.%100 (0.008) 41500 (0.04)  ~0.8-10° (0.01)  ~ 35-10° (0.006) o
B, - DXK¥ n/a 6000 ~ 200000 ~ 30 -10° -
Bi(B") — J/V¢ (04, rad) n/a 96000 (0.049) ~ 2.10° (0.008) 16 - 10° (0.003) )

Korean Phys. Soc, Jeju, Oct'26

31/35

David d'Enterria (CERN)



(&sir  FCC-ee: CKM & tau physics

m CKM elements:  Marzoccaetal
_ — arXiv:2405.08880] \
- CPV angles (y,3,0s) at permille : \
- Ve from inclusive W - cb, cs in 2 o975, 0o = i
WW run. A\ ‘ ]
Also Vs from top t— Ws decays o \\ / ‘;
. 11 0965 0039 ‘0.04; ‘_7_70:11' - 0042 0.(;43
m Tau physics (10* from Z - 11) Ve
. . PDG 2024 [l FCC estimate
- Tests of Lepton Flavour Universality: e e TR T
m: @ 10 ppm 10.5281zen0do.19369364]

T lifetime @ 20ppm

G- from T @ 10 ppm (<10 Belle-I1) .
B(t- Ivw) @ 200 ppm . 0

- Searches for Lepton Flavour Violation:
-y @ 10° 0.1780 -

-3u @ 10" (x10 Belle-Il)
T-3eat 104 289.5 290.0 290.5 291.0 291.5

T [fs]
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(&sir  FCC-ee: CKM & tau physics

0.985 -

m CKM elements: Marzoccagetal—
-arXiv;2405.08880]

0.980

- CPV angles (y,B3,0s) at permille
- Vebes from inclusive W — cb, cs in 5 0975 (P0G

WW run. \
Also Vs from top t— Ws decays o \
\“‘“ﬁ\i_ r /)/
. 0965 0030 " 0040 7_70;' 0042 0043
m Tau physics (10* from Z - 1) Ve
- Lepton Flavour Universality:
(- EET e ERZ o7

m, @ 10 ppm (28 Cunewt. 3 Futwe £ FOCee
T lifetime @ 20ppm

Gefromt @ 10 ppm
B(t- Ivw) @ 200 ppm 10

P H*D X H

f“l
0 BSMtoday : A > 1-10 TeV
After FCC-ee: A|> 30-100 TeV

- Lepton Flavour Violation: 2w
T-uy @ 10° Co
1-3u @ 10 107"
1-3eat 10"

(Cui2223 ls  [C f,;,) Jas [Cawlas  [CeBlos
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Summary

m FCC-ee provides unparalleled luminosities 3—200 ab™* at Vs=90-365 GeV

for high-precision (down to 10° uncert.) W, Z, H, top studies, setting unique

Indirect constraints on new physics up to A > 30-100 TeV:

B Universal couplings M Third-gen. only M Flavourless couplings B Antisymm. couplings B Universal conplings W Third-gen. only ® Other B Universal couplings W Third-gen. only
E)‘(]:"Mlt‘wl oueloop (LL RGE) |1 er, r el | O0loop, |1w\-]r\t']Eum‘-\unplLL RGE)
[ .
[ 50 . .
50 i : -
: _- w . FCC-hh will provide
[ ol : . .
40 [ :
| . direct evidence over
Z = a0l :
=5 i same A backup
[ : Ssame range (backu
20 :
wh
i
A

!

...l

b wi N owy fly wy O 8 Oy

D E N @

s @ T T U

Fermions

Ay I

ll\

' Qi) Ut

B B W Wi BYBMW G G H Ly QW U5 X NV

Vectors

m Plus unigue measurements: Electron Yukawa, heavy v's, Flavour, QCD,...

Upper Limits / Precision on K,

Il\,lﬂmt B0 mass with sel solutions and natural number of event
e i o W.Z,5, 9,7
‘JHi wabsility 1o b v
. B, KYD.D,D, - I
209 l By~ K*D,D,(D, - wxw E{mﬁﬂfﬁﬂm ”””
-5, KODru(D,
‘“*: i ‘ W B, K*D,D,(D, - wr 102 & mﬂﬁiﬁmﬂﬂ
i‘ -3, KDD.D; D, L e~ W,Z,b,g.7
i ‘ -0, K000, v, D, m
By - K*D;ru(D} = Dy, D, 10 |
Z E B, KD.D,(D, v, D, - E
= By = K020, 0} .
! . i 1 Standard Model % 1
b osg E I
[oh] og o £ 8> 8;
» oL 7T @ 3 8 g gl
8 E T = b L
my [GeV|
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FUTURE

CIRCULAR Summary

Lots of interesting exp. & theory physics to do ! Come join the effort !
Activity areas of FCC Physics, Experiments & Detectors (PED):

_______________________ ‘ 15__________________________'
https://fcc-ped.web.cern.ch FCC

Project Coordination

M. Benedikt (project leader), FCC Project Office

| International Forum of National Contacts FCC PED Speaker’s Biuro
G. Bernardi, T. Lesiak, E. Tsemelis . R D. d"Enterria, M. Klute
Coordination —
| FCC Research and Computing Board I Editorial Board
C. Grojean, P. Janot, G. Wilkinson C. Lourenco
S O — |
a a | | |
Physics Software Physics Detector ECOI
MDI EPOL ; ‘
& Computing Studies Concepts
T T T T T
M. Boscolo 1. Keintzel B. Frangois P. Azzi M. Dam C. Adam
F. Palla E. Torrence D. Lange J. de Blas M.A. Pleier NN
G. Wilkinson D. d’Enterria NN
loil M. McCullough
. R L M. Selvaggi
Other pillars | Accelerator pillar
! |
MDI groups PSC groups ‘ ‘ Physics groups ‘ ‘ Subsystem studies
Wi - IR Optics and Bearn Dynamics Analysis and visualization ®— Calorimetry '
W52 - Detectors and beam induced MC generatars ®— Luminometry
background (FED) High-level reconstruction o— Magnet
WGz - Accelerator technical systems LEP data and EDM;HEP ®— Muons ECFA DRDs
WGy - Metrelogy, alignment and Documentation and trainings BSM " TDAD
adjustrment strategy Core SW/Key,hep EW ®— Tracker J
WGs - Global integration studies Interaction region, beam bckg FCC-hh
for MDI, Detectors and Geometry, simulation Flavour Concept StUdiES
Experimental caverns (FED) Computing resources Jet flavour tagging
MC production, GRID tools Global fits & EFT AGORA
DIGI-RECO SW Higgs ALFA
Precision cal™™™ ALLEGRO
QCD and yy CLD
Tap IDEA

ILD
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o owcuia FCC-ee: Direct Dark Matter searches

m DM freeze-out fixes o-v = 3 10™*°cm?/s. If m,, is just below m, /2, then
DM freeze-out dominated by resonant Z,H exchange, fixing I', ..

For I\/IDM<I\/IH,Z/2' a9 49fb (7TeV)+s197fb (8TeV)+23fb (13TeV)
—10

E
CMS Prellmmary B(H — inv.)<0.20
90% CL limits

—

o
L
(=]

(e 7

107

1 IIIIIII| 1 II\II\I‘ 1 III|_|,|,|,| 1 IIIIIII|

(e) 7

— — —
o (=] o
L L L
S [ [*]

—

o
L
w

(en) ¢

DM-nucleon cross section [cm?

10—46 L

;LLLLI,I,I' 1 IIIIHIl LI

1111 | 1 1 1 L1111 ‘ 1 1 1 L1
1 10 10? 10°
DM mass [GeV]

q
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FUTURE

cireular  FCC-ee: Direct Dark Matter searches

m DM freeze-out fixes o-v = 3 10™*°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

; : 3 E 10_1
g Experimental bounds 3 .E-Z. 102t ILD-like @ FCC-ee {5=240 GeV,J-Ldt=3.5 ab”
Q 107" = Estimated - = 5 1074 B(H— inv} < 0.006 @ 90% CL
=} E FCC-ee q% 3 g " m_H = 125 GeV
g‘ sensitivity < \\? - 107k .
5107 N 1 8100k (approx. current limits)
g -
= N 2
1073 = = 3
~ E 1 2
E : FCC-ee h - DM DM % 12
0107 ¢ & . 101 N\ T XENONTT |
g E ’ 3 1072 \ XENONRT/LZ |
4 L . 10713k - - Min STl
[aa)] 1073 - 7 - DM DM = 10— Lattice v-line (Billard)
E . 15 [ Max - -
C \ \ [De Simone et al. arXiv:1402.6287] \ - 13_16 ~ [o.Cemietal. arXiv:1605.00100]
10—(] I I I | I ) I I | I L I L | I I I | I I I I | I L
40 45 00 55 60 10 DM Mass M, [GeV]
DM mass in GeV

B Limits on o(DM-nucleon) vs.

m_ . in Higgs-portal models

competitive with future direct
DM-searches experiments.

Korean Phys. Soc, Jeju, Oct'26 39/35 David d'Enterria (CERN)

m ~10+%,~5-107 precision measurements of
Z & H invisible widths are best collider option to
test any m,,,<m, /2 coupling via SM mediators



O ClECULAS FCC: Axion-Like Particles

m FCC-ee will provide the best direct searches for ALPs over
M.~ 1-300 GeV, FCC-hh will extend this to ma~ 30 TeV:

— B
= 10 BaBer LEP land I CDF
= -
e —
r?i; I~ PrimEx
o .1 - Belle-ll
= LHC PbPb
= (vy—=a —=y7)
= LHC
107 =
E Beam Dump FCC-PbPb
) FCCeeZ-pole | (T128-71)
107 (va—3y)
= FCCee
- (yy=a-yy)
B FCCee Z-pole
10_3 §_ (ya—y+inv.)
— S18sTA FCC-pp Vs=100TeV, L _ =30 ab™
L MiniBoone
107 &
= FCC-PbPb fs=39.0 TeV, L _ =110.0 nb™
10—5 1 lIrIIIII 1 II'IlIIII | IIIIII| 1 IIIIIII| I | IIIIi-j | | iiI'II| | III=III| L 1 LoIn
-3 — = 3 5
10 102 107 1 10 10° 10 10* 10

m, (GeV)
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() &5t FCC-ee: SUSY constraints from EWPOs

m FCC-ee measurements significantly improve SUSY searches:

SUSY discovery via EW precision measurements

2
Iy pe— F(zsi/[}f 8 2 Mmyz ( or'/T )m

—p | MPO% ] TeV X

X
SM SUSY
F(Z_n;f, 1672'2 MSUSY

0-5

25 keV (107°) syst. uncertainty on [, probes \Msusy in the TeV region

10% x dqusy Ry . 10% x |(3:_c,l-g.;\, H{| .

700 ; 1800 .
: L |
. 1600 E |
600 f
1400 f | ||
500 rl
1200 F . I|'
3 400 f < 1000 f [
O ~,
2300 F = 800 B FiY
\ 600 E (/7 %0
200 F ] ;
\ F ' 400 [ ¥ 7 9. %
l{]“ ] '..{. I ; 200 -.';I‘ . \‘ -
0 Ill l 0 \\\_‘__
J 1 1 i 1 1 | 1 L i
0 100 200 300 400 500 GO0 700 () 1000 2000 3000 4000 2000 G000
mg [GeV] mjy [GeV]
Bino + RH Siep‘[c}n model Wino + LH Slepton model
Knapen, Langhoff, Ligeti: 2407.13815
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FUTURE
CIRCULAR
., COLLIDER

FCC-ee: SUSY constraints from EWPOs

m FCC-ee measurements significantly improve limits in benchmark
SUSY models :

Precisely measured EW and Higgs observables are sensitive to heavy New Physics
Examples of improved sensitivity wrt direct reach @ HL-LHC: SUSY

stops
2000_ T IE U L | Krl I—|[4I | '}l T 1 Heavy neutral H|ggses
. I o ’ B
H | it 7 a—
= E V' // — % T y
B E /’Higgs couplings : B
L ' 5 S
' / 20 CL. ¢
— H # s, —
1500 : /7 HL-LHC {Liulln‘.d],/
r ;7 1LC 500 (solid) 7 7
e ' # 11.C 1000 (dashed),# %,
[ g 4 EPC (sol 4 = hbb / e coupling:
3 | ' CEPC (s I|dJ'/ ] |||:|E.t:§
—_— M s , P a
& 1000 3 S 24 — LHeC
B L f & F _ ...CEPC
L o ol =
Ny ,;M‘___E; .- FcCleeletvhh
P # - ILC
£ - o
i A S -
00— (,t ____________________ Direct:
- A e : e
| 4 _ T 1 1 Ll
4
R N R T R N T T N T A N M A 10°
500 1000 1500 2000 95% C.L. limit on m, [GeV]
m: [GeV]
1

Fan, Reece, Wang ‘14
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FUTURE - - -
o inee FCC-ee: Composite Higgs constraints

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

+ Couplings most sensitive to composite Higgs models

T Agr/gr(%)

- EHG |- P
‘: 2&% '\

2eFy, =8, + &,

2eF, =8, — &,

4D-CHi’M A Other NP models
f < 2 Te\k _LO%:*_’ (tested at the LHC)
LC {F%QEM
—o¢-@ Vi1
' ' | |

30% 20% UO%SECE-eel0% " 20%  30%
O-eiowt o Agi/ai(%)

1
1
L}

L Y
& \ -20% 1
% L Adapted from
. ' S. de Curtis et al.
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o creuiar FCC-ee: Higgs self-coupling via o(H+2)

m Higgs trilinear indirectly constrained through loop corrections to 0(H+Z):
2

Pyl Gl

e T | 2oz+0m4oh)%

OZh —

[M. McCullough, 2014]

Self-coupling correction o, : energy-dependent
0. energy-independent (distinguishable). FCCce

' ISI — ._" 'ab at 240 GeV
m Tiny effect, but visible thanks to 0.04 ~9/ab at 240 Gel

extreme (0.4%) precision on o,,, 0.02 k- + '

coupling reachable at FCC-ee. = .

11) f11 350 GeV

& DE emwergtha: NN e o o
v s Mg, s T, O
m Indirect limits on trilinear A coupling _0.02L
at ~30% level combining HL-LHC+ P(e~,et) = (0,0)
FCC-ee at 240+350GeV -0.04 o |
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o crcuiar FCC-ee: Higgs self-coupling via o(H+2)

FCC-ee + HL-LHC

10 i —

m Higgs self-coupling
constrained to within
~30%. Higher-energy
e*e collisions required
to reduce it to ~20%

Korean Phys. Soc, Jeju, Oct'26

m Addition of FCC-ee 240+350GeV Higgs
Cross section solves 2" minimum on A

from HL-LHC data alone.

T ‘ T T
e 68%,95%CL bounds, lepton collider only
N 68%.95%CL bounds, combined with HL-LHC
T he B8% cLpounds (combined with HL-LHC)

HL-LHC ¥ 14TeV/(3/ab), rates & distributions
CEPC|%: 5| 240GeV(5/ab) only (CEPC)
& 240GeV(5/ab)+350GeV/(200/fb)

FCC-ee| 7 5| 240GeV(5/ab)+350GeV/(1.5/ab) (FCC-ee)

FCC-ee with zero aTGCs

ILC{9E 250GeV/(2/ab) only

250GeV(2/ab)+350GeV/(200/fb)
7 |above + 500GeV(4/ab)
o1 |above + 1TeV(2/ab)

CLIC| % +0-22 1350GeV(500/fb) +1.4TeV/(1.5/ab) +3TeV(2/ab)
+Zhh at 1.4 TeV

binned My, in vvhh (4 bins)

2 -1 o 1 2 3
6K), (s"% -1)
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FUTURE

crrcuiar FCC-hh: Higgs self- & quartic couplings

1. Higgs self-coupling
(Combine bbyy with bbtt for maximal

Inleggth)h 30 ab_'l (84 TeV)
\ ==« Stat. only
al \ bbyy only  — syst.1

kx

bbtt CDS note by M. D’Ononfrio et. al.
bbyy CDS note by P. Mastrapasqua et al.
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L

25

20

15

10

-10

B FCC-hh will measure self-coupling to ok, < 5%: Probe Higgs potential.

2. Higgs quartic coupling
(Using hhh — 4b271)

FCC-hh Scenario 1l
Delphes Simulation

VE =84TeV, 30ab™!
HHH - 4b 2T
—— Mo Syst
=== Uncertainty Scenario |
—-= Uncertainty Scenario Il

CDS note by T. Dingley et. al.v
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() &% FCC-hh: Direct heavy BSM searches

m FCC-hh will allow directly producing BSM multi-TeV resonances:

Protons are made of 5 quarks, gluons, photons, W/Z

FCC-hh effectively collides 196 different initial states = perfect exploratory machine

T 1 T 1 [ T T T 1 [ T T T 1 [ T 1 T 1 | T 1 T 1
30ab~", 100 TeV Q* Sij .
107¢
E 5 o Discovery
L i - | 25ab"
105 J0ab”
r
1000} Gyg > W'W I
Ziggy =IT -
10} ‘
: 7 ; Loy = TT -
10 2.0 30 40 50 [ ot SIS | | Il | | Ll Ll | Ll Il
0 10 20 30 40 50
Mk, [TeV] Mass scale [TeV]
Plot from mid-term report Plot, from FCC CDR
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()&t FCC-hh: Direct SUSY searches

m FCC-hh will allow directly producing SUSY multi-TeV particles:

» Direct searches for heavy resonances and WIMP dark matter provide
natural benchmarks to study detector design.

FCC-hh, Vs = 100 TeV, 30 ab™ FCC-hh, {5 = 100 TeV, 30 ab™
- — i . 4

20 20

o @
&} W e m Q W T T T
% 18 ;-- _: % 18 _:_. Default layout, <u> = 200
Q B = o C Alternative layout, <u> = 200
— —
— 16 = . v— 16 - Default layout, <u> = 500
gj E g-: E Alternative layout, <p=> = 500
w 14 B 14
EIEJ‘ 12 ; E 12 - Higgsino
3 10F 4 3 10F 3
2 gt 1 8 gE 3
(] - Wino a
6F - 6 -
Eo Default | t, <p= = 200 ] L —
4F Alternative layout, <> = 200 : 4
2 E_ Default layout, <p> = 500 By 2 . b
= Alternative layout, <u> = 500 ]
.D s o 1 .+ P (S S T T S M N D P T T P R S N SR T S | L
2500 3000 3500 4000 800 1000 1200 1400
Chargino mass [GeV] Chargino mass [GeV]
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FUTURE
CIRCULAR
COLLIDER

FCC-hh: Direct SUSY searches

m FCC-hh will allow directly producing SUSY multi-TeV particles:

it — v [ 95% CL Limits
e B 14 TeV, 0.3 ab”
W*ﬂﬂ:. B 14Tev,3ab"
_Ww B8 -l 5 o Discovery
o~ LLoe SR 100 TeV, 3 ab”
T —LLCP ' :
= G g B 100 TeV, 30 ab”
-6 % I _ -
" — o, %, [ I
gg — ti iz, |l |
% Wftﬁi ] |
51 — aw, i, [ |
0 5 10 15 20 25

Mass scale [TeV]

Plot from arXiv:1606.00947
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B bbHYA? —bbTT
bbHY/A? —+bbtt

PN c()HYAL = t(t)te

0.5 1. 2, 5. 10. 20.

ma [TeV']

tan g

50.

40
30

20

118

B obH —tbTv

B LHC3ab!

tbH* —+tbtb B2 LHC 0.3 ab-!

«— 30 ab-!

—3 ab-!

my+ [TeV]

Plot, from arXiv:1605.08744 and arXiv:1504.07617
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() &slr  Open questions in the SM (1)

COLLIDER

—}IBWB*“” - étr(WpyW“”) - %tr(GpuG“"”) [Gauge interactions: U(1),, SU(2),, SU(3) ]

+(Pr, 1) 6"iD, (:i) +éro*iDyer + vro*iD,vr + (he.)  [Lepton dynamics]

L =

2 e 2 _ _
¥ [(EL: er) ¢M°er + erM°$ (Ei )] —%— [(_EL, L) ¢ MY vp + bpMY¢" ( ,f‘ )D[Lepton masses]

+(air, d) 6#iD, (:i ) +@ro*iDyur + dro*iDydr + (hc)  [Quark dynamics]

- — - 2 - _ - 1
- (o, ) e+ a6 (42 )] 22 [ (-, 008 Mt un 4 st 6” ()] Jouark masses

U Ur,

+(D,6)D*¢ — miod - v¥2]/20%.  [Higgs dyn. & mass] (l— new particles/symmetries)

X Light-masses generation: 1%-gen. fermion + all v's Yukawa couplings?
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(&t Open questions in the SM (2)

COLLIDER

= —}IBWB*“” - étr(WpyW“”) - %tr(GpuG“"”) [Gauge interactions: U(1),, SU(2),, SU(3) ]

+(Pr, 1) 6"iD, (:i ) +éro*iDyer + vro*iD,vr + (he.)  [Lepton dynamics]
2 . ; _ -
i [(EL: er) M er + erM ¢ (:ﬁ )] —% [(_EL, L) ¢ MY vp + bpMY¢" ( ,f‘ )] [Lepton masses]

+(air, d) 6#iD, (:i ) +@ro*iDyur + dro*iDydr + (hc)  [Quark dynamics]

V2 vz z

- |i(ﬁL:JL)¢MddR +dpM?$ (zi )]—7 [(_JL,EL)ﬁf’*WHR +aphM " (_u,: )] [Quark masses]

+(Dn¢>)D“¢€mi[¢3¢—‘vzﬁ]ﬂx’?‘vz) [Higgs dyn. & mass] G— new particles/symmetries)

X Light-masses generation: 1%-gen. fermion + all v's Yukawa couplings?
X Naturalness: Higgs mass virtual corrections «untamed» up to Planck scale
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(&t Open questions in the SM (3)

COLLIDER

= —}IBWB*“” - étr(WpyW“”) - %tr(GpuG“"”) [Gauge interactions: U(1),, SU(2),, SU(3) ]

+(Pr, 1) 6"iD, (:i) +éro*iDyer + vro*iDyvr + (he.)  [Lepton dynamics]

—— [@L e1) oM er + ErRM ¢ (:ﬁ ) —? [(_EL: pL) ¢ M vp + vRM"¢" (_EL)] [Lepton masses]

>

U vy,

+(air, d) 6#iD, (:i ) +@ro*iDyur + dro*iDydr + (hc)  [Quark dynamics]

_yz [@5 dr) oM%dp + dp M4 (zi)] —? {G&, ap) ¢ M up + apM"¢" (;(il‘)] [Quark masses]

U

S

+(D.B) D" — mildd—v¥21%/20*.  [Higgs dynamics & mass]

X Light-masses generation: 1%-gen. fermion + all v's Yukawa couplings?
X Naturalness: Higgs mass virtual corrections «untamed» up to Planck scale
X FElavour: SM cannot generate observed matter-antimatter imbalance
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FUTURE

creuar — Open questions in the SM (4)

COLLIDER

= -1

4BWB“” - lt*.r(‘.*iﬁ_gt.a"é'i»ﬂ""“) - %tr(GpuG“"”) [Gauge interactions: U(1),, SU(2),, SU(3) ]

8

+(Pr, 1) 6"iD, (:i ) +éro*iDyer + vro*iD,vr + (he.)  [Lepton dynamics]

- [(FL eL) $M er + erM"¢ ("L )] AL (=ez,7p) 6" M vp + 5rM*¢" [ " )| [Lepton masses]
1 EL ﬂ 1 UL p

+(ar, di) 6*iD,, (:i ) +@ro*iDyur + dro*iDydr + (hc)  [Quark dynamics]

_ - - 2 - _ -
—g [(ﬁL:dL)¢MddR +drM% (zi )]‘% [(—dL,ﬁL)ﬁf’*ﬂfI”uR + ap gt ( udL )] [Quark masses]

L

+(D,6)D*¢ — miod - v¥2]/20%.  [Higgs dyn. & mass] G new particles/symmetries 9

X Light-masses generation: 1%-gen. fermion + all v's Yukawa couplings?

X Naturalness: Higgs mass virtual corrections «untamed» up to Planck scale
X FElavour: SM cannot generate observed matter-antimatter imbalance

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

(&t Open questions in the SM (5)

L= —}IBWB*“” - étr(WpyW“”) - %tr(GpuG“"”) [Gauge interactions: U(1),, SU(2),, SU(3) ]

+(Pr, 1) 6"iD, (:i) +éro*iDyer + vro*iD,vr + (he.)  [Lepton dynamics]

_ fu 3 _ -
- [(EL: er) M er + erM ¢ (Ei )] —% [(_EL, L) ¢ MY vp + bpMY¢" ( ,f‘ )] [Lepton masses]

+(air, d) 6#iD, (:i ) +@ro*iDyur + dro*iDydr + (hc)  [Quark dynamics]

_ - - 2 - _ -
—g [(ﬁL:dL)¢MddR +drM% (zi )]‘% [(_dL;ﬁL)ﬁf’*WHR'FﬂRwﬁf’T ( udL )] [Quark masses]

L

+(D,6)D*¢ — miod - v¥2]/20%.  [Higgs dyn. & mass] G new particles/symmetries 3

X Light-masses generation: 1%-gen. fermion + all v's Yukawa couplings?

X Naturalness: Higgs mass virtual corrections «untamed» up to Planck scale

X FElavour: SM cannot generate observed matter-antimatter imbalance

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

X Many 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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Generation of lightest fermion (u,d,s; e; v's)

MaSSesS

19.7 (8 TeV) + 5.1 fb™\(7 TeV)
1 oms
(; 1_ === 58% CL
c ] —os%eL
s i | --- SM Higgs
o @ 3
- }; ]
o 2 ]
& 5 1072
< ]
1w / ' (M, €) fit
1023 | g E=6s9 L
& — 95%CL
P
” '.)-A T T T T 1 !IHII|[IITTMI]'|||I'H
¢ 0.1 1 10 100
’ L' 4 mass (GeV)
+
e- L’
.’
2:10° (P
-4
W 510 mass(GeV)
<1 -12 s
0% .
P
VD‘IRAC VL VL Vi (") I
<3 ) lO’lo i i ,,r‘@ ”””
- Vr
YD §------ @ YT §------ 2 = & () @ s
<¢(]> ‘ <¢)2"> ‘ . VR
o @
v vy v, (@)
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€

_|_

m LHC can only access 3" (plus few 2")-gen.Yukawas. What about the rest?

H
—_———— —
X=W,2b,g
(¢")
@
¢r
V- K
(¢")

VL
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1st-2"-gen. quark Yukawa couplings at FCC-ee

m 1%t & 2" gen. quark Yukawa accessible via exclusive H—-Vy |, V=p,w,

u,d,s
o Bound [G. Perez et al, arXiv:1505.06689]
ud, s vector . .
i Mode Branching Fraction [1079]
S - meson Method | LCDALO[170]  LCDANLO [173]
Br(H — ") | 19.04+15 16.8 0.8

(direct) Br(H = wy) | 1.60+0.17 1.48 +0.08

Br(H - ¢7) | 3.0040.13 2314011

Interferes with: A

- s -

(indirect)

m H—pGu)y channel most promising': N~40 counts expected, low backgds

m Sensitivity to u/d quark  BR,_,,, &, [(1.9£0.15)k, — 0.247, — 0.12] . _«
i - = x 10
Yukawa couplings: BR, . 0.57R?

(K=Y Yo

m All channels accessible with higher stats at FCC-pp.
But much worse backgrounds (QCD and pileup).
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Right-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 r
‘ g Ecm [GeV]
0.100 1 1
W v . w240, reconstructed
" ‘ / 0050 == 350, reconstructed
N . = 500, reconstructed
AN .
) — . ween  240), parton
E" 0.020 ssen 350, parton
e v 1 =uen 500, parton
0.010 =mms Present upper bound
7 0.005
N - Case ]
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 ~100-350 GeV
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FCC-ee exploits recipes from past e*e,pp colliders

SUPERKEMB—P ’ LEP'.
35 | BINPce, | : high energy
B-factories:
_.._...._....._.-....-.....-._.....: ............................... ....-._...‘._
o1 KEKB & PEP-II:
033 . high beam
w’-’-" 10 ___--; ----------- BEPC" ----- CE;&-R """""""""""""""""""""""""""""""""""""""""""""""""""" g an CUI‘I‘EHtS
s I 2eh T i top-up injection
z CEsR.c DORIS2 ¢ DAFNE:
E 1931 B e et VEP:EDDD ---------------- ---------- T fPE’FEA ........................................................... 4 10 crab waist
E ’ BEPC VE;P.m PETRA Super B-factories
3 VEPP-2M .
S-KEKB:
combining successful mgredlents low B,*
107 " KEKB:
of recent colliders —> extremely e source
HERA, LEP, RHIC:
. high luminosity at high energies B v
0.1 1 ‘10 1[}[] 1Uﬂ0

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 characteristics

F|_| [ ! I " - S il ~~I 1 1 1 1 T 1 1 I 1 ]
' [ . o6 201 _
(\IU) : b M1 2 GeV):4.6x10 ‘C\m ° @ FCC-ee (Baseline, 2 IPs) ]
p | &7 3 ]

E Y 4 ®  FCC-ee (with 10% safety margin)
O l;' B ILC (250 GeV baseling) N
gC) 1 02,‘ e e ILG. (with Jumifeneray Upgrade)................ —]
- : - :6.4x 10 cm%s™ CLIC (Baseline) .
2‘ : B Y CEPC (100km, double ring) ]
3 e i
8 \{_ (240 GeV) : 1.6 x 10% cms” 7]
E 10 3 ." """""""""""""""" """"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" _E
3 % :
- ¢ it (350 GeV) : 3.6 x 10™ cm2s” =
— .~ L tt (365 GeV) : 3.0 x 10* cm2s™ =
1 H20813mm: .................................................................................................................................................................................. —
— . | 1 1 1 1 1 'R 1 ]

102 4 10°
400 GeV s [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

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

" P
Resonant depolarization recession

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

precession frequency horisontel B fed
Experience from LEP: Depolarization resonance very E [MeV]
narrow: ~100 keV precision for each measurement - N N
* However, final systematic uncertainty was 1.5 MeV due to - - gt
transport from dedicated polarization runs 1 F
e At FCC-ee, continuous calibration with dedicated bunches: no o B \
transport uncertainty 02—
+
loss of polarization due to E ey ex vz oo vyl
75 _" T TT T growing energy spread T T T T 048 0.482 0484
ity M op < E*/\p ] v- 101
. B W- meea’ ] . .
T 1 S W W 1 Scaling from LEP experience:
S I LY LEP 1+ Polarization expected up to the WW threshold
.E I 1 N Higher ﬁ .
& 29 N order g ]
=] - N .
e : + \\ - e : . =
[ . e < 100 keV beam energy calibration
0 ___..._.._______._._..._____._._....!‘:_::.-,—-.-.H_.....____......__..__._.._‘._____-_.__

Covovoooo v e o by v oy v v by vy by w g 1y T atzpeakandatwwthre5h0|d
40 50 60 70 80 a0 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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