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LHC: driving cultural change forward

Absence (so far) of new physics where it was expected (TeV)
&

progresses in string theory/quantum gravity (swampland, no global symmetries)

v v

guestion our description of Nature in terms of effective quantum field theories
* (non locality, IR/UV correlation) o

— = — —

‘IR parameters are functlons of some fields whose value vary durlng the Cosmologlcal hlstory

‘ throughout a complex vacuum structure lL
1

' Axion: Laim=q = g 0Gs, G 0 —a Higgs mass: relaxion, etc. plH|* — gAg|H|?

| + dim=4 = 3o |
“Weak Scale Trlggers |

cosmologlcal naturalness power countlng

mass of the
| i EW scal
cosmological mediator \ m2 iyl / Scale
<

_ Y

Iu2 — A2q ~ F

its couplingtoSM  _—" H o Higgs cutoff
q = integer defines the BSM model
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LHC: driving cultural change forward

Absence (so far) of new physics where it was expected (TeV)
&

progresses in string theory/quantum gravity (swampland, no global symmetries)

v v

guestion our description of Nature in terms of effective quantum field theories
_(non-locality, IR/UV correlation)

‘IR parameters are functions of some fields whose value vary durlng the Cosmologlcal hlstory
throughout a complex vacuum structure |

|

2 —

' Axion: Laim=q = 0Gs, G 0 —a Higgs mass: relaxion, etc. plH|* — gAg|H|?

| + Frdim= 327r2 |
“Weak Scale Triggers”

“Intensity frontier” is not only about precise measurements but
it could reveal light and weakly coupled structures as solution to the main open HEP questions.

with FCC-hh.

ee Z pole pgme, Sept. 23, 2022
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Why More Precision?

W Indirect sensitivity to New Physics (see quantitative concrete examples later)

LEP FCC-ee
(1 06 Z) stat. dominated (1 012 Z)
>
a factor 1000 on c
< observables < “3A o A
A2 <A A2 < 107°A i.e. improve bounds by 4

The precise values of the Higgs couplings control the structure of matter/U

mw,mz € Higgs couplings

lifetime of stars
(Wh)’ tsun™ Tiife evolution?)

EW @ t~10-10s <;> Higgs self-coupling

Chris fop/?e érc(p Jear

me, My, Md € Higgs couplings

size of atoms nuclei stability

matter/anti-matter <;> CPV in Higgs sector

a factor 30 on A

niverse

ee Z pole pgme, Sept. 23, 2022



Why More Precision?

The values of the EFT interactions among SM fields will reveal the “selection

rules” of the SM, with intimate links to new structure/symmetries

Operator Naive (maximal)
scaling with g,

Symmetry/Selection Rule
and corresponding suppression

Oy, = |H|[*YrHyr gs

Chiral: y¢/g.

Or = (1/2) (HTBMH)Q g

Custodial: (¢'/g«)?, y? /167>

Ocg = |H[*G4,G* ™

Opp = |H|*B,,, B*

Shift symmetry: (v;/g«)?
Elementary Vectors: (gs/g«)? (for Ogg)
(9'/9:)* (for Opp)

Minimal Coupling: ¢2/1672

(D

C

1

Dimensional arguments impose

) . nf_g\/ﬁ ni=number of fields in operator o)
~ (coupling)™ i

N (independant of D)

O = |H|° g:

Shift symmetry: A/ g2

Contino, Falkowski, Goertz, Grojean, Riva ‘16

N

generically, (coupling ~ g+) coupling of New Physics to SM
but there might exist “selection rules” that lead to other scaling

Precision physics exp. (EDMs, g-2...) usually constrains one operator.

Need a collider to have access to several of them and
then understand the underlying structure.

Chris fop/?e érc(p Jear
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https://arxiv.org/abs/1604.06444

ee Higgs Factory Luminosity

Luminosity [10°* cm2s"]

VA

WW HZ tt

[ T I T T T T T T T T I T ]
: . 36 2a-1 _
L 2(91.2GeV) : 4.6x 10" cms ® FCC-ee (Baseline, 2 IPs) _
. *  LEP3 (Baseline, 4 IPs) |

" = ILC (Baseline)
72 A _
10 — i . CLIC (Baseline) =
— W*W (161 GeV): 5.6 x 10 cm™s" =
B Y CEPC (Baseline, 2 IPs) ]
~ HZ (240 GeV) : 1.7 x 10* cm2s™ B
10 = =
- tt (350 GeV) : 3.8 x 10* cm2s™! ]
- (365 GeV) : 3.1 x 10* cm-2s* _|

HZ (250 GeV) : 1.5 x10* cm2s' ®

1 :_ ................................................................................................................... _:
| | 1 L | | | Lo | ]

Linear collider can achieve Z-pole programme (106 Z) via radiative return or dedicated low luminosity run (10° Z).
Circular collider can collect 1012Z in only a few years.

Chris fo/?he érc(p Jear
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FCC-ee Run Plan

LEP data accumulated in first 3 mn. Then exciting & diverse programme with different priorities every few years.
(order of the different stages still subject to discussion/optimisation)

© s ' FoCee 2P 'F : ‘
- 1 ILC (TDR, upgrades) . Phase Run duration | Center-of-mass Integrated
NN ' gléfc(cm’ Upgrace) (years) Energies (GeV) | Luminosity (ab™h)
- Zfactory: FCC-ee-Z 4 88-95 150
 LEPx10° —_— i FCC-ee-W 2 158-162 12
o IHCX 10 . FCC-ee-H 3 240 5
- B FCC-ee-tt 5 345-365 1.5
1 = (250 GeV, i R ° ° ° °
S o Y Y — Superb statistics achieved in onl

100 150 200 250 300 350 400

s [GeV]

Event statistics (2IP) Ec,y €rrors:

in each detector: Z peak E.: 91GeV 4yrs 5 10812 ete-> Z LEP x 10° 3 :;gg tex

- e

105 Z/sec, 104 W/hour, ww thl:eshold E,.,>161GeV 2yrs >10® e+e->WW LEPx2.10

1500 Hiaas/dav. 1500 tob/da ZH maximum  E_,,:240GeV 3yrs  >10°% e+e--> ZH Never done 1 MeV

g9 Y, p/day s-channel H E., :my, (3yrs?) O(5000) ete- 2> H Never done <<1 Me
tt E.,:>350GeV 5yrs 106 e+e- > tt Never done 2 MeV ¢

Christophe 6}*9 ean ee Z pole pgme, Sept. 23, 2022




FCC-ee Physics Programme

‘mz, 'z, N, « 0. s(mz) with per-mil accuracy :
‘Ri, Ars -Quark and gluon fragmentation \/izezlfll;leisesnfsev H 1I99S
‘mw, 'w +Clean non-perturbative QCD studies 105WW— H events
MHiggs, rHiggs
EW & QCD Higgs couplings
self-coupling
detector hermeticity particle flow
tracking, calorimetry energy resol.
particle ID
[] "l [ ]
direct searches Intensity
of light new physics frontier”
e Axion-like particles, dark photons, .
Heavy Neutral Leptons 5,(10'122
e long lifetimes - LLPs Few 108 W
flavour factory

(10"2bb/cc; 1.7x10" z7)

Top

7 physics B physics A—————" Mo, Fron
*Flavour EWPOs (Rp, AFBb’C) 10° tt events EW top couplings
er-based EWPOs eCKM matrix,
elept. univ. violation tests oCP violation in neutral B mesons

vertexing, tagging

energy resolution detector req.
hadron identification

momentum resol.

eFlavour anomalies in, e.g., b = szt
tracker

CAhAristophe 6)‘9 ean ee Z pole pgme, Sept. 23, 2022




FCC-ee Physics Programme

Higgs

MHiggs, rHiggs
Higgs couplings
self-coupling

Higgs sector definition imposes initial requirements on hadronic resolution, tracking and vertexing

Physics Process  Measured Quantity Critical Detector Required Performance
ZH — (7¢—X  Higgs mass, cross section Teacker A(1/pr) ~2x 107"

H — pt BR(H — ™) @1 x 1072 /(pr sin 0)

H — bb, cé, gg BR(H — bb, c¢, gq) Vertex Orey ~ DB 10/(p sin?/? ¢) pm
H —qq, VV BR(H — qq, V'V) ECAL, HCAL a-}é’t JE ~ 3 —-4%

H — BR(H — ~7) ECAL op ~ 16%/VE & 1% (GeV)

detector req.

Christophe Grojean ee Z pole pgme, Sept. 23, 2022



FCC-ee Physics Programme

‘mz, 'z, N, « ot s(mz) with per-mil accuracy ‘

‘R, ArB *Quark and gluon fragmentation

‘mw, ['w *Clean non-perturbative QCD studies ‘
EW & QCD

Higgs ‘
MHiggs, rHiggs
Higgs couplings
self-coupling

detector hermeticity particle flow
tracking, calorimetry energy resol.
particle ID
[l "l [ ]
direct searches Intensity
' ' .
of light new physics frontier

e Axion-like particles, dark photons,
Heavy Neutral Leptons
e long lifetimes - LLPs

flavour factory
(10'2bb/cc; 1.7x10" 77) ‘

Top

7 physics B physics e [
op, | top
*Flavour EWPOs (Rp, ApgP*©) EW top couplings
er-based EWPOs eCKM matrix,
elept. univ. violation tests oCP violation in neutral B mesons

momentum resol.
tracker

vertexing, tagging

energy resolution detector req.
hadron identification

eFlavour anomalies in, e.g., b = szt

CAhAristophe 6)‘9 Jear ee Z pole pgme, Sept. 23, 2022




Snowmass 2021 Higgs Factory Considerations
J. Bagger+ arXiv:2203.06164

P1 | P2 | P3 | P4 5 P5 | P6 | P7
Precision Higgs Measurementsé Sensitivity to New Physics Direct measure§ Indirect Improved
measurements : of Higgs self- :rare and exotic: discovery | of EW/Yukawa | sensitivity to : measurements
to SM particles: coupling(s) : Higgsdecays | potential | topcoupling ;| New Physics : of a

— Technological Considerations —
T1 T2 T3 T4 T5 T6 T7
Range of . Upgradability to ' . Ability to run at

' Annual integrated | Extent and cost of Ability to operate Ability to run at

: : - , . he WW
operating !E/ease = luminosity hlgher. ene?rgy/ remaining R&D i at the tt threshold : the Z pole the
of changing E luminosity 5 g threshold
T8 T9 T10 T11 T12-T13 T14-T15 T16
i i i ope . i -|- . i P . .I. l -
Stabilityand | Beam stability : Ability to control : Ab.lhty to provide i Ability to'prowde i os§|b| 'ty to i Opportunities for
. : ; . ; i independent polarised . reconfigure as vy,
calibration of | andluminosity | beam-related . . ; ; i beam dumps
. ; . . ; confirmation of electrons/ . ey, ee,ep,pp i .
collision energy calibration . backgrounds . . . ; ) experiments
5 | . new discoveries positrons g collider
T17

Need for, and scientific utility of, technology demonstrators

Christophe Grojean ee Z pole pgme, Sept. 23, 2022



https://arxiv.org/abs/2203.06164

Z-Factories are great Flavour Factories

See S. Monteil, Flavour@FCC ‘22

out of reach

BT — 7_+Vtau 7% - 2%
T T — C——— >
'P / hadronic decays

Chris fop/]e érc(p Jear

Working point  Lumi. / IP [10°* ecm™2.s71] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100
Z second phase 200

26 ab™! /year 2
52 ab~! /year 2 150 ab™!

Particle productior{ (10°)) B° / B Bt / B~ B! /Eg Ay /Ay € 71 /77

BB — K*(892)7" 1)

Belle 11 27.5 27.5 n/a n/a 65 45
FCC-ee 300 300 80 80 600 150
Decay mode/Experiment Belle II (50/ab)  LHCb RunI LHCDb Upgr. (50/fb) FCC-ee
EW/H penguins
BY - K* ete” ~ 2000 ~ 150 ~ 5000 ~ 200000

By, — utu n/a ~ 15 ~ 500 ~ 800

BO +,,— ~5 — ~ 50 ~ 100

BB, 5 trr) boosted b’s/7’s
Leptonic decays

Bt > it 5% . . 5% at FCC-ee

Makes possible
a topological rec.
of the decays
w/ miss. energy

BY = J/¥Ks (0sin264)) ~ 2.%10° (0.008) 41500 (0.04) ~ 0.8 -10° (0.01) ~ 35 - 10° (0.006)
B, — DFKT n/a 6000 ~ 200000 ~ 30 - 10°
Bs(B%) — J/W¥¢ (04, rad) n/a 96000 (0.049) ~ 2.10° (0.008) 16 - 10° (0.003)

ee Z pole pgme, Sept. 23, 2022



https://indico.cern.ch/event/1186057/contributions/5014277/attachments/2506354/4306588/FCC_FlavoursTheory_monteil_20220912.pdf

Z-Factories are great Flavour Factories

Working point  Lumi. / IP [10°* ecm™2.s71] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab™! /year 2
Z second phase 200 52 ab~! /year 2 150 ab™!

Particle productior{ (10°)) B° / B Bt / B~ B! /Eg Ay /Ay € 71 /77

o

o

>

2

= Belle 11 27.5 27.5 n/a n/a 65 45

> (150)

&

3 Flavour @ FCC vs Belle/pp

% Decay{  Attribute YT(4S) pp Z° N e

= EW/H|  All hadron species o/

3 High boost o/ ot

0 i 5 . .

2 gﬁ -4  Enormous production cross-section v Egg
B( Bj I Negligible trigger losses v v boosted b’s/T’s
Téeftin Low backgrounds v v ' 1t FCC-ee

out of reach 5+ | Initial energy constraint v V) W
at LHCb/Belle (77— , ) Makes possile
P/ hadronic decays a topological rec.

BY = J/¥Ks (0sin264)) ~ 2.%10° (0.008) 41500 (0.04) ~0.8-10% (0.01)  ~ 35-10° (0.006) of the decays
B, — DFKT n/a 6000 ~ 200000 ~ 30 - 106 w/ miss. energy
Bs(B%) — J/W¥¢ (04, rad) n/a 96000 (0.049) ~ 2.10° (0.008) 16 - 10° (0.003)

Chris fop/]e érc(p Jear
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https://indico.cern.ch/event/1186057/contributions/5014277/attachments/2506354/4306588/FCC_FlavoursTheory_monteil_20220912.pdf

Probmg New Physics w/ 7 Decays

“3 more tau’s than at Belle Il

Allwicher, Isidori, Semilovic 21

o) g’ = L = ev?) [Tsulr = evy) | E.g.: (I) LFU tests in tau decays aka measurement of GF with taus
e e I'(p — evv) [Psm(p — evp) :
- A.Pich'l3
OS 17907 Today (2018) FT—)u/FT—)e I‘N—)/,L/Fﬂ—)e FK—);L/FK—)e rK—)ﬂp/FK—)ﬂe FW—)[_L/FW—)B
> W — 4
? 17,85 9/9¢] - {1.0018 (142' 1.0021 (16) 0.9978 (20) 1.0010 (25) 0.996 (10)
PSS
@ 17.80- ',4 FT—)e/Fp,—)e FT—)?T/FW—);L FT—)K/FK—)/J. FW—)T/FW—)[,L
' FCC- e
= 9-/a,] /{10011 (15) 09962 (27)  0.9858 (70) 1.034 (13)
17.75 — ;' ----------- R
\ ,:" FT—)p/Fu—)e FW@T/FW%e
e Lepton universality with |g7/~(,}é| \1 0030 (1 )' 1 031\(4’3
m, =1776.86 + 0.12 MeV g = -
17.65 _8 2910 29 T L T ’ :::\ T t
289 1 VvV - 193 1 9
¢ lifetime [fs] 7! WY, H/ Model 1ndependent
) WVW\ effect linked to
f y v oL Vv present anomalies

sensitivity good enough
to probe BSM models
“explaining” current
flavour Rk anomalies

(b—c7v)

¢ NP expectation from current anomalies in the range (0.2 — 4.0) x 10-3
¢ SM theory precision ~ 10-3
¢ Belle-II can (at most) reach an error ~ 0.3 x 10-3

| ¢ FCC-ee could go below 10+ ! '

Unique opportunity !

Chris fop/]e 6)‘9 ean

ee Z pole pgme, Sept. 23, 2022


https://inspirehep.net/literature/1919150

Example of EW measurements @ Tera Z

DELPHI 93 — 95

1 e'e” > uu(y)

Excellent experimental control of off-peak di-muon

asymmetry motivates campaign to collect 50-80 ab-’ .
off peak to gain highest sensitivity to Z-y interference 0.8
8ﬂfaQED(S) s — mzi| 08r

do,./dcos(®) [nbl

strongly depends on Vs A w 3
direct measurement of a,.(s) at Vsl=m, < Ap()= ZAeA“ x| 1+ — a2 s
measure sin“6,, to high preC|S|on - mz G (1 —4sin“6F)" < o # s +4
: *} Eas
Allows for clean determination of aqgp(m,?), which itii++++++ e
: .y : 0.2 - e
IS a critical input for m,, closure tests (see later). ; Pz T
: . : 1 o5 o Tos
> relative aqgp uncertainty with 80 ab cos(0,.)
% § e N
;fg w= L This dependence, & location of
= {5 N O DU 8 | U Y WO O SO WO half-integer spin tunes, guides the choice
o © 107 =Nt oo f ettt testsssas sy | .
§ ~ gl " o of off-peak energies: 87.8 & 93.9 GeV.
0O —J I —
® S 8¢ [ ik .;;;;F_actor-»-4 """" o
s S i e NN |mpr'ovement . p — p
E,:;) SIS _ ....... Gurent 33y | | | — Measure a,.,(m,“) to 3x10™ rel. precision (currently 1.1x10™)
g ol | — I”TA‘FCIM - | | - Stat. dominated; syst. uncertainties < 10-* (dominated by Vs calib)
E {3 (GeV) — Theoretical uncertainties ~ 10, higher order calcs needed
b

CAhAristophe 6)‘9 Jear ee Z pole pgme, Sept. 23, 2022




Example of EW measurements @ Tera Z

Z — up forward/backward asymmetry also used to measure ewk mixing angle sin29W at Z-pole = 91.2 GeV:

3 Gt o — o s [ G | ot
M) = SAAy — A, = Tt TR el gy g, = 1 dsin? 6
/ 4 gL.e2 = gR.e2 1 - (/Ue/ae>2 |

» Measure sin“8,,, to 3x10° abs. precision (currently 1.6x10*
AAgg (s)~ 3x10° (stat) + 4x10° (syst) - W P ( Y )
— Assumes lepton universality: A_ = AH

— Mainly dominated by energy calibration (point-to-point)

Measured PT VS cosﬁr_

—

& Tau polarization used to constrain the mixing angle to a similar precision

QY

o - No assumption on lepton universality (direct separation A, and A )

K

% - A _from P _: benefit from high statistics and very robust measurement

3

= Aoo1(1 4 cos?0) 4+ 8AFB o0 o(7Tp) =0o(7L)

5 Py (cos) = - ”‘f’( - )8 37pl —Z7 =\ p= LD A I —2(1—4sin’8y)

tg) (l+co.s‘28)+§.4pgcos(9 o(7tg) to(7y)

3

}? 04 L L I T T L. |
-1 08 06 -04 02 0 02 04 06 08 1

cosO_.
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Example of EW measurements @ Tera Z

— Mass =4 keV (stat) £ 100 keV (syst)

[LEP 2.1 MeV]

- Systematics limited due to beam calibration uncertainties (RDP ~ 100 keV)

— Width

+ 4 keV (stat) £ 25 keV (syst)

[LEP 2.3 MeV]

- Systematics dominated by:

Relative (point-to-point) uncertainty on the Vs ~ 22 keV

Impact on beam-energy spread uncertainty ~ 10 keV

Absolute uncertainty on BES ~ 84 MeV

Constrained using e'e” — p*u’(y) events:

— Constrain BES uncertainty to per-mille level
— Taking into account asymmetric beam optics (x-angle a 30 mrad) and y-ISR
— Muon angular resolution ~ 0.1 mrad required

J. Eysermans @ EPS2021

— Hadronic cross-section ¢°,_:+4 pb

— Number of neutrino families: 1x10"

[LEP 37 pb]

3 (abs) [LEP 7x109]

Chris fo/?he érc(p Jear

- Dominated by luminosity uncertainty

Li

neshape cross-section

30

10

0

44 44.5 45 455 46 46.5 47 47.5 48

E, (GeV)

2V

ALEPH
DELPHI
L3
OPAL

| § average measurements, /
error bars increased J
by factor 10

..................

ee Z pole pgme, Sept. 23, 2022



Example of EW measurements @ Tera Z

Couplings measured from ratio of hadronic and leptonic partial widths

— need control on detector acceptances: detector precision ~ 10 um

Statistical uncertainty  Systematic uncertainty fermion type Ja G
R, (Ry) 1 5x 10— e LB 10~ 25 x 107"
. LEéx 187 10— T 25x10™ 2 x10™ 1-2 orders of magnitude
H, 1.5 1072 3% 10" |:: > T 05 x10* 35 x 1t
Ry, 5 x 10— 3 x 1071 b 15x10~ 1x10 Improvement w.r.t. LEP
R. 1.5 x 1074 15 x 1074 C 2 x 1073 1 x 10
Relative stat. and syst. unc. (similar) Relative unc. on couplings
5 Fits including T'; and Rf, theory uncertainties for FCC-ee scaled by 1/4.
i . . . . . . E T T 1T " R T ] :
< Extract strong coupling constant as(mzz) using leptonic/hadronic width S 45 F [CJFo0e pospect ‘ E
E === No theo. unc. 3
% ratio:R = /I E—iatodaystheo.unc. | + i | T E 20
al - | had " lep 3.5 =[] Present precision : —
] — =@= World average [PDG 2017] =
® = E
Z 258 E
2 =
g — Aag(m,) ~ 1x107 (stat) + 1.5x10™ (syst) abs. (current value Aa, 30x10%) | ,sE E
= . . L ——— T —; 1o
O o e T Pt =
3 — Systematically dominated (acceptance) - . c
2 001:16 | 0118 | 0’12 oaz2 :
i) a(M2)
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Sensitivity on EW couplings

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311

T W HL-LHC s2 + LEP/SLD B ILC 250GeV AR Bl CLIC 380Ge\ MEAGHiticiiolll "9 shade: CEPC/FCC-ee without Z-pole !

- | ll CEPC Z/WW/240GeV M ILC 250GeV/350GeV M CLIC 380GeV/1.5TeV O Higas meceomemonts oxduded " 1
10~ .— Il FCC-ee Z/WW/240GeV Ml ILC 250GeV/350GeV/500GeV | Ml CLIC 380GeV/1.5TeV/3TeV || ion coliiers are combined with HLLHC & LEPISLD  — 10"

- | [l FCC-ee Z/WW/240GeV/365GeV P(e”,e")=(70.8,£0.3) P(e”,e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks ]
1072 = BEL 0
107%— e (0 | Ea Lo 1072
1074 — 2107
107°— 1107
107° 107

59?1 59?,3/? 593&/ 59%_ 59%? 59w 692L 59?,/? 59% 59?1 69?,]/? 59%(,1/_ 59%(,1/? 592& 592?/?

Christophe Grojean ee Z pole pgme, Sept. 23, 2022



107"
1072
1072
1074
107°

107°

Sensitivity on EW couplings

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311

B HL-LHC S2 + LEP/SLD M ILC 250GeV B CLIC 380GeV MEASENcaAll | ight shade: CEPC/FCC-ee without Z-pole |

Bl CEPC Z/WW/240GeV M ILC 250GeV/350GeV B CLIC 380GeV/1.5TeV é Lot ee without Y thresnold ]

B FCC-ee Z/WW/240GeV M 1L.C 250GeV/350GeV/500GeV | Il CLIC 380GeV/1.5TEV/3TEV | i coivers are combimed wih HLLHG & LEPISLD 40~
Bl FCC-ee Z/WW/240GeV/365GeV P(e”,e")=(70.8,£0.3) P(e”,e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks .

1074

10™°

6971 697 R

107°

® At circular colliders:
Z-pole run improves Zee couplings by almost factor 10

e At linear colliders:
EW measurements via Z radiative return give a factor 3

Chris fop/]e 6)‘9 ean
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107"
1072
1072
1074
107°

107°

Sensitivity on EW couplings

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311

B HL-LHC S2 + LEP/SLD M ILC 250GeV B CLIC 380GeV MEASENcaAll | ight shade: CEPC/FCC-ee without Z-pole |

Bl CEPC Z/WW/240GeV M ILC 250GeV/350GeV B CLIC 380GeV/1.5TeV é Lot ee without Y thresnold ]

B FCC-ee Z/WW/240GeV M 1L.C 250GeV/350GeV/500GeV | Il CLIC 380GeV/1.5TEV/3TEV | i coivers are combimed wih HLLHG & LEPISLD 40~
Bl FCC-ee Z/WW/240GeV/365GeV P(e”,e")=(70.8,£0.3) P(e”,e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks .

1074

10™°

6971 697 R

107°

® At circular colliders:
Z-pole run improves Zee couplings by almost factor 10

e At linear colliders:
EW measurements via Z radiative return give a factor 3

® At linear colliders, at high energy:
Higgs measurements improves EVW measurements

Chris fop/]e 6)‘9 ean
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Sensitivity on EW couplings

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311

e M HL-LHC S2 + LEP/SLD M ILC 250GeV B CLIC 380GeV [Eostcaall | ioht shade: CEPC/FCC-ee without Z—pole L
- |l CEPC Z/WW/240GeV Ml ILC 250GeV/350GeV Bl CLIC 380GeV/1.5TeV é Ci-PCIFOCee wihou! WY (hreshold :
10-1— M FCC-ee Z/WW/240GeV M 1L.C 250GeV/350GeV/500GeV | [l CLIC 380GeV/1.5TeVI3TeV |\l colisers ore combined wih HLLLHC & LEPISLD 110~
- | [l FCC-ee Z/WW/240GeV/365GeV P(e”,e")=(70.8,£0.3) P(e”,e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks s
e
—=10

e At linear colliders, at high energy: ]
EW measurements via Z-radiative return has alarge | | & LRV | 107°
iImpact on Zqq couplings

¢ |[mprovements depend a lot on hypothesis on systematic 510‘4
uncertainties -
Yellow: LEP/SLD systematics / 2 11075
Blue: small EXP and TH systematics
107°

697,  09zr 6%,  69%r 69y,  O69%k
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Impact of TH uncertainties

dJ. de Blas, FCC CDR overview ‘19

50|

N )
o =]
" ‘ |

AIC)?[TeV]

(9]
T ‘ T L

Current FCCee
Exp. SM | Exp. SM (par.) SM (th.)
OMw [MeV] | %15 +8 +1 +0.6/41 +1
o'z [MeV] +23 +£0.73 | +£0.1 +0.1 +0.2
0A,[x107°] | £210 +£93 | +2.1 +£8/+14 +11.8
6R2 [x1077] +66 +3 +6 +0.3 + 5
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https://indico.cern.ch/event/789349/contributions/3298726/attachments/1806157/2947778/Global_EFT_fits_FCC.pdf

Improvements of EW measurements

Exquisite measurements of mz (100 keV) , 'z (25 keV), mw (<500 keV), aQED(mZ) (3.10-9) (all unique to FCC-ee)

w/. stat.+ param. + th-exp syst.

68% and 95% prob. cointoilrs

......................... % 180
[ 2-oregion 0! L L THLtHe
0.10F @ HL-LHC — - I HL+FCC-ee |
L - HL+CL|C380 E | {
: ) HL+|LC250 |
0.05F C O HL+CEPC 175 —
' @ HL+FCC,,
[ .-~ HL+CLIC350Gigaz
(7)) 000 B HL+ILC250,GigaZ
. 17 stress-test of SM
-0.05} ]
HeP! IR omw ~ 0.5 M:e\/: (vs 8 MeV @ LHC)
~0.10} Higgs@FC WG | ] - % SRR [[Eﬂ :
I September 2019 | - : A | fit
[ ' 165 e B
-0.10 -0.05 0.00 0.05 0.10 80.35 80.4
T Mw [GeV]

The importance of improved EW measurements is threefold:
1) improve mass reach in indirect search for NP (S~102 — M~70 TeV)
2) reduced parametric uncertainties for other measurements
3) reduced degeneracies in a global fit for Higgs couplings
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Improvements of EW measurements

Exquisite measurements of mz (100 keV) , 'z (25 keV), mw (<500 keV), aQED(mZ) (3.10-9) (all unique to FCC-ee)

w/ stat. and param. only

;I | 68% and 95% prohi>. co;ntoilirs
......................... D 180 - SR B
: 2-0 region Q) - HL-LHC
0.10 [ (EWPO: stat. unc. only) — | [ HL+FCC-ee
r @D HL-LHC E '
i ‘ HL + CL|C380
005 B O HL + |LC250 175
' @D HL +FCC,,
o 0.00}
2 osf 17 stress-test of SM
-0.05} .
| HEP™ IR omw ~ 0.5 MeV (vs 8 MeV @ LHC)
_ I PRELIMINARY | ] - N I—
0.10 9 November 2019 d | % E E E | : m fit
o ' 165 Y N A Y
-0.10 -0.05 0.00 0.05 0.10 80.35 80.4
T My [GeV]

The importance of improved EW measurements is threefold:
1) improve mass reach in indirect search for NP (S~102 — M~70 TeV)
2) reduced parametric uncertainties for other measurements
3) reduced degeneracies in a global fit for Higgs couplings
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J. De Blas et al. 1907.04311

Impact of Z-pole Measurements

Contamination EW/TGC/Higgs can be
understood by looking at correlations

Without Z-pole runs, there are large
correlations between EW and Higgs

LEP/LHC
EW measurements
are a limiting factor to

1t with C it FW ma 1
PI‘eCISIOI’l programme @B CEPC @ 0 Goy e
P  CC-coc & 240 Ce
S FCC-ve @ 240 & 365 GuV
—  Corelton < 5% G Correfation > 30% O Perfact EW
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https://arxiv.org/abs/1907.04311

Impact of Z-pole Measurements
\\ <\ \\\\ES\\\ \\\ MM? / / / ! / /

59

Contamination EW/TGC/Higgs can be
nggs understood by looking at correlations

With Z-pole runs, only correlations
between EW and TGC remain

w/. Z-pole
EW uncertainties
are not a limit to ~——gy
precision programme with Z-pole run.

= CEP cgza)cv
=Fb e @ 290 GeY
2 FOC-2e ¢ 240 & 355 CeY

Correlaton < £0% — Corralation > 5)% O Perfec! EW

Christophe Grq Jean
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https://arxiv.org/abs/1907.04311

J. De Blas et al. 1907.04311

Impact of Z-pole Measurements

Contamination EW/TGC/Higgs can be
understood by looking at correlations

| Z-pole runs at circular colliders isolate
|\ EW and Higgs sectors from each others
g i 9z, 6gyy Ggﬁra\gv‘}’ o
= % - d \ /6g [%
8 697, o9k 69T
> / @ ) - —w7// ¢ 7
8 up \ ng'R'\ ' 691,z "
w/. Z-pole . RN VA
EW uncertainties S a— T
are not a limit to e i
1l with Z-pole run: — Zggs
precision programme Scbcamon w/o Z-pole run aTGC w/ Z-pole run
Correlaton < 80% ;‘2@8‘3:‘:};;? :esv)ﬁ;. O Perfec! EW EW
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Direct Searches for Light New Physics

e LLP searches with displaced vertices

e.g. in twin Higgs models glueballs that mix with the Higgs and decay back to b-quarks

Craig et al, arXiv:1501.05310

g

® Rare decays Gori et al arXiv:2005.05170
e.g. ALP mixing w/ SM mesons:

K; — ma = 7%y (KOTO)

g \,‘ BRIK* 1‘10\
L= aG,, G* ,
uv TRl [niio’ 4
Kt = nta— ntyy (NA62) 8mky e 2T
\l ' BRIK,]-10°F ]
i A S K /LQZ&//:/;
1 | I | FIENTENEN ol . - -10
200 250 300 350
my[MeV]
o ALPs@ colliders
e.g- €+€_ — /ya, < ﬁﬂj B Collider - a .
z oW 2 \ : : Astro/Cosmo — long-lived ALPs
e"e” — ha A colliders — short-lived ALPs MeV+
Kn&pen, Th&mm a;Ple:2108.08949 m:)’- 10" 107 ’10;&‘ v]lo" 1 10° 107 106 w[ﬁc v 1
C/?ff\ffo/?/ze érc(p Jear
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https://arxiv.org/abs/1501.05310
https://inspirehep.net/literature/1908207
https://arxiv.org/abs/2005.05170

Search for VrH

Direct observation

o 1 0_2 Electron coupling dominance: U*: U2: U2 = 1:0:0
. YA %
in Z decays =) , | = U |
from LH-RH mixing TR
1074 i
S ;
10~ A
e 1076 B
Z,W 107 \N\E %, ‘ e rp——
10—8 « = = = CEPC, Higgs BRs
-9 B T TR
Important to understand 10 T ————
1. how neutrinos acquired mass 107" e rec i
2. if lepton number is conserved (-1 | T .
3- if IeptogeneSiS iS realised 10—]2 : 1 1 L 1 1 1l 1 1 L 1 1 1l 1 L 1 1 1l 1 | .
10~ | 10 10
my, (GeV)

ESU Physics BB ‘19
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https://inspirehep.net/literature/1761133

Search for vrnu

- FCC-ee can probe large viable regions of leptogenesis

Direct observation

in Z decays
from LH-RH mixing

=[Uf*

BAU (upper bound) normal ordering |

/

Important to understand
1. how neutrinos acquired mass
2. if lepton number is conserved
3. if leptogenesis Is realised

- 955 goba congyy 1609.09069

05 1 5 10 50
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https://inspirehep.net/literature/1761133

Short-term Goals

1. Documentation of the specificities of the FCC-ee and FCC-hh physics cases and their
complementarity for the characterisation of the Standard Model Higgs boson and
beyond;

e |dentify key topics and observables
e propose new benchmark measurements

2. Strategic plans for improved theoretical calculations needed to reduce the theoretical
uncertainties towards matching the FCC-ee expected statistical precision for the most
important measurements: QCD and EW sectors

3.A first list of coherent sets of detector requirements to fully exploit the FCC-ee
physics opportunities, in particular to reduce the experimental systematic uncertainties
towards matching the FCC-ee expected statistical precision for the most important
measurements.
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Conclusions

A circular “Higgs factory” like FCC-ee has a rich potential:
« Direct and indirect sensitivity to New Physics.

«~ Establish new organising principles of Nature (LEP— gauge symmetries, FCC—7?7?).
~ Probe the HEP-Cosmo connections thanks to the high statistics of the Z-pole run
(omitting this exploration would be ignoring the outcome of LHC.
10+ years of LHC have changed the HEP landscape).

FCC-ee is an essential part of an integrated programme to probe New Physics.

We have profound questions and we need create opportunities to answer them.

— FCC-ee will for sure contribute —
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BONUS
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Experimental Inputs

A circular ee Higgs factory
starts as a Z/EW factory
(TeraZ)

A linear ee Higgs factory
operating above Z-pole
can also preform
EW measurements
via Z-radiative return

A linear ee Higgs factory
could also operate on the
Z-pole though at lower lumi
(GigaZ)

Not included in the analyses yet

Chris fop/]e 6)‘9 ean

Higgs

Yes (4, ozH)

(Complete with HL-LHC)

Yes (U, ozH)

(Complete with HL-LHC)

Yes (4, ozH)

(Complete with HL-LHC)

Yes (U, ozH)

aTGC

Yes (aTGC dom.)

Warning

Yes (HE limit)
Warning

Yes (aTGC dom)

Warning

Yes (Full EFT
parameterization)

EWPO Top EW

Yes Yes (365 GeV, Ztt)

LEP/SLD (Z-pole) +

HL-LHC + W (ILC) Yes (500 GeV, Ztt)

Yes No

LEP/SLD (Z-pole) +

HL-LHC + W (CLIC) e

Extrapolated from LEP/SLD

HL-LHC NA = LEP2 | HL-LHC (Mw, sin264)
Yes (u, BR/BR))
Used in combination From FCC-ee From FCC-ee
with FCCee/eh
LEP/SLD

Yes (W) NA = LEP2 | HL-LHC (Mw, sin264)
Yes (u) From FCC-ee

Used in combination From FCC-ee w2, 36

with FCCee/hh
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Observable present FCC-ee |FCC-ee Comment and
value + error| Stat. Syst. leading exp. error

my, (keV) 91186700 + 2200 4 100 From Z line shape scan
Beam energy calibration

'y (keV) 2495200 + 2300 4 25 From Z line shape scan
Beam energy calibration

sin” 6% (x10°%) 231480 + 160 2 2.4 from AM. at Z peak
Beam energy calibration

1/aqep(mz)(x10%) 128952 + 14 3 small from ALE off peak
QED&EW errors dominate

R, (x10%) 20767 £+ 25 0.06 0.2-1 ratio of hadrons to leptons
acceptance for leptons

as(myz) (x10%) 1196 + 30 0.1 |04-1.6 from R, above
Ohaa (x10%) (nb) 41541 + 37 0.1 4 peak hadronic cross section
luminosity measurement

N, (x10°) 2996 + 7 0.005 1 Z peak cross sections
Luminosity measurement

Ry, (x10°%) 216290 + 660 0.3 < 60 ratio of bb to hadrons
stat. extrapol. from SLD

AEB, 0 (><104) 992 + 16 0.02 1-3  |b-quark asymmetry at Z pole
from jet charge

AP (x10%) 1498 + 49 0.15 <2 T polarization asymmetry
7 decay physics

T lifetime (fs) 290.3 £ 0.5 0.001 0.04 radial alignment
7 mass (MeV) 1776.86 = 0.12 | 0.004 0.04 momentum scale
7 leptonic (uv,v,) B.R. (%) 17.38 £ 0.04 | 0.0001 | 0.003 e/u/hadron separation
my (MeV) 80350 + 15 0.25 0.3 From WW threshold scan
Beam energy calibration

I'w (MeV) 2085 + 42 1.2 0.3 From WW threshold scan
Beam energy calibration

o (miy ) (X 107) 1170 £ 420 3 small from Ry"
N, (x10”) 2920 £ 50 0.8 small ratio of invis. to leptonic
in radiative Z returns

mgy, (MeV/c”) 172740 + 500 17 small From tt threshold scan
QCD errors dominate

Liop (MeV /c”) 1410 +£ 190 45 small From tt threshold scan
QCD errors dominate

)\top/)\tscl)\g 1.2 +£0.3 0.10 small From tt threshold scan
QCD errors dominate

ttZ couplings + 30% (0.5 — 1.5%| small From /s = 365 GeV run

Chris fop/?e érc(p Jear

EW Precision

Measurements

Blondel, Janot

at FCC-ee

arXiv: 2106.13885
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https://arxiv.org/abs/2106.13885

Example of measurements @ WW threshold

: : : —~ 12 .
- 0 FCCee W-pair threshold
W mass and width extracted from line-scans using WW xsec B | e sea b s
ey []m,=79.385-81.835 GeV, I,,=2.085 GeV
2 energy points determined from Am,, and Al',, sensitivities on WW xsec: § s e e
— 157.1 GeV width measurement: maximum sensitivity on width = gl
— 162.5 GeV mass measurement: minimal impact on width, max. on mass - Width
6
Luminosity (<10*#) and center-of-mass (< 0.5 MeV) uncertainties to be . _
controlled, but weaker constraints than on Z pole ;
8/ab
_ 7157.1 GeV 162.3 GeV 2 -
— = £ E 3 Mass
Q2 L<'1‘ - : O ] ] ] ] 1 ] 1 1 1 1 ] ]
< 3 sf — 155 160 165 170
= : g
® 3 -
a 13 g Combined fit with optimized lumi fraction (f=0.4: 5 /ab at 157.1, 7 /ab at 162.5)
ay] : :
E I: g — precision m,, to 0.25 (stat) + 0.3 (syst) MeV  (present 15 MeV)
O C 3
(9p)] - ¥ .
2 N i — — precision ', to 1.2 (stat) + 0.3 (syst) MeV  (present 42 MeV)
) -5 ‘...0..1 02 03 04 05 06 0.7I 0.8 " 2.9 . 3
uminosity fraction
Christophe Grojean ee Z pole pgme, Sept. 23, 2022




Example of measurements @ WW threshold

Independent analysis on W mass and width using kinematic reconstruction techniques in WW — qqglv events

- Profit from precise angle and velocity () measurements : : T Are T
. . . . Source evqq | urqq | Tvqq | lvqq | evqq ‘ prqq | Tvqq ‘ lvqq
- Run at all kinematically accessible energy points (WW, ZH and tt) e 3 T s T - [ 25 1 T4
| | e+4 momentum resoln 7 4 N 4 65 | 55 - 50 ||
- P t d ‘t d t t I t Jet energy scale/linearity | 5 5 9 6 4 4 16 6
ut conditions on aetector requirements (il - - : a il ol 2 |86 2
Jet angle 5 5 4 5 2 2 3 2
. . Jet angle resoln 3 2 3 3 6 i 8 T
Am,, (stat) ~ 250 keV  — similar as xsec measurement Jet boost _ 17 | 17 | 20 |17 | 8 | 3 | 3 | 3
W | | Fragmentation 10 10 15 11 22 23 37 25 ||
] Radiative corrections 3 2 3 3 3 2 2 2
Al (stat) ~ 350 keV ~ — reduction factor 2-3 LEP energy 9 | 9 (10| 9 |7 |7 |18
Calibration (erqq only) 10 - 4 20 - - 9
Ref MC Statistics 3 3 5 2 7 7 10 5
Limited by systematics (beam energy, resolution, fragmentation) — constrain  [Pedcontamination, [ 3 [ 1 [ 6 [ 2 15 [ 2 [ B 17T
’ 0.05F
E : I Mean  81.75 0.06= _ 5C kinematic fit Mean 8255 - —— 5C kinematic fit Mean  82.94
i ooy o — 4C kinematic fit SKIER 8000 - —— 4C kinematic fit BN e ) D56
— E -
Q2 [ — Raw Mass Mean 83.6 0.05p= —— Raw Mass Mean  81.15 0.04|— —— Raw Mass Mean  80.58
@) 0.08} Std Dev 5.162 Std Dev 10.73 B Std Dev 13.23
%2 : 0.04 Mean 84.62 B Mean 85.39
ol - Std Dev 13.27 0.03[— StdDev  18.8
] 06— B
L ECM 0.03 -
® i _
i 162.6 GeV 0.02}—
g S i WW — qquv 0.02 ECM - ECM
ay] - ' 240 GeV - 365 GeV
& [ WW — qquv 0.01— WW — qquv
5‘3 0.02= 0.01 B
Cg} O~ | O 0 | el TSRS R i, A | I | BT AN DAY ! l 1 1 1 | l DS Sickd [ ) l | L P L | el B A}
=] 40 50 60 70 80 90 100 110 120 40 50 60 70 80 90 100 110 120 40 50 60 70 80 90 100 110 120
. M, (leptonic mass) [GeV] M,, (leptonic mass) [GeV] M,, (leptonic mass) [GeV]
FD M. Béguin. PhD thesis. 2019 https://cds.cern.ch/record/2710098 CLD Detector toncept

M. Béauin, E.Locc, iPOSEPS-HEP2019(2020) https://doi.ora/10.22323/1.364.0653
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Example of measurements @ WW threshold

Precise measurement of W decays

CMS-PAS-SMP-18-011
http://cds.cern.ch/record/2758905

CMS Preliminary 35.9fb (13 TeV)

. . e > TS
- Precise control of lepton ID to avoid cross contamination in signal channels ) (ETHE 65
LEP
(e.g. T—€e,dVs. el Channe|S) W—ev,{ (1083£010)%  =@= LEP LU
- | Precision of 10* achievable (rel.)
‘I,BW\L/\'}J f)=(10.89 + 0.08)%
- Simultaneously probe lepton and g/l universality to high precision (~ 10) Br(W ) = (67325 0.23)%
Decay mode relative precision | B(W — ev) B(W — pv) B(W — 1v) B(W — qq) Wiy | eacanoene N
LEP2 1.5 % 1.4 % 1.8 % 0.4 %
CMS 0.9 % 0.7 % 2 % 0.4 %
FCCee 0.03 % 0.03 % 0.04 % 0.01 %
W TV, { (10.77£0.21)% ==
Flavor tagging
0100 0105 0110 0115 0120 0.125  0.130

J. Eysermans @ EPS2021

Chris fop/?e érc(p Jear

i=u.0.)=0a,8,0

- Extract strong coupling constant at WW-threshold

(lg(lilﬁ»)) Z

Rw=—== (14
; 1 =5, < s

Vijl?

- Allows precise measurement CKM matrix elements V_,, V ,V_

Br(W — v)

— Aag(m,,) ~ 3x10* (abs)

— Statistically dominated
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G. Wilkinson, FCC Physics WS ‘22

Chris fop/]e 6)‘9 ean

Cross section (fb)

Higgs @ FCC-ee

Central goal of FCC-ee: model-independent measurement of Higgs width and
couplings with (<)% precision. Achieved through operation at two energy points.

250

200

150

100

50

—— 5 ab'at 240 GeV
108 HZ events
25k WW—H events

IIIIIIIII]IIIIIIIIIIIIII]II

1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l i 1 1 l 1 1 l c

T | JENF | I { NI | T ] T T ] L ] 4 T I T T

|
+

— e*e’ - HZ
- WW - H
- Total

llllllllllllllll

1.5 ab' at 365 GeV
200k HZ events
50k WW—>H_ events

Illll

—

—

0
200 220 240 260 280

300 320 340 360 380 400
Vs (GeV)

Sensitivity to both processes very helpfulin improving precision on couplings.

Table 8: Operation costs of low-energy Higgs factories, expressed in Euros per Higgs boson.

Collider

111(3250

(jIJI(j380

FCC—ee24O

Cost (Euros/Higgs)

7,000 to 12,000

2,000

255

FCC-ee, 1906.02693
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https://indico.cern.ch/event/1066234/contributions/4708145/attachments/2390022/4085522/PED_wkshp_closing_2022.pdf
https://arxiv.org/pdf/1906.02693.pdf

Higgs @ FCC-ee: Complementarity of 240/365 GeV

ECFA Higgs study group ‘19
Kw (%) Kz (%) Ke (%) Kt (%) Kp (%)

|
U .
= = = - — - =
;JI % E free kv free Ky
T | -;‘; — < I -
O I I
k= 05
_— L U
9 > 9 0.0 04 0812 1.6 20 000408121620 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
o yp— 8 2
O
o)
. g E 9 _ K, (%) Ky (%) K (%) Ky (%) Kzy (%)
=
& |4 o) Vv
Q| S c S > - :
= v g' qb;O N ] I I I
L
g g -8 a ] I
= = n I | ] m I
c
V = 0 1 2 3 4 0.0 15 30 456075 001530456075 0 4 8 12 16 0 4 8 12 16
ela|l 5@
5| el 8
5|8 g2 Bty (< %, 95% C.L.)  Bryy (< %, 95% C.L.) Higgs@FC WG Kappa-2, May 2019
c
ZH bo2 e B FCC-ce+FCC-eh+FCC-hh CLIC3g0
i I B FCC-eezq5+FCC-eenqg ILC509+ILC350+ILCo5
- I | FCC-eeno ILCx2s0
free Ky, CEPC e LHeC (‘KV| < 1)
— I
B  CLIC3p0p+CLIC500+CLIC3g9 HE-LHC (|Kv‘ <1)
] ]
1 CLIC500+CLIC3g0 HL-LHC (|xy| < 1)
000612182430 0 1 2 3 4 Standalone colliders
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https://arxiv.org/abs/1905.03764

Higgs @ FCC-ee: Complementarity with HL-LHC

Kw (%) Kz (%) Ke (%) Kz (%)
L L ] ]
O ] B . B
= < - - —
pJI % E free kv free Ky
T le| =% T wi<i B
o | € 3 I L
E 0 ©
g a 8 0.0 04 081216 20 0004 08 1.2 1.6 2.0
o yu— 8 2
o
o)
Bl E o K (%) Ky (%)
< N R
3 a A Vv
R1g] £ o0 mm
& c .5
S oo Ly
= . £ O
HE= S 2 —
< | 4 E 0 ]
c
o (q] 0 1 2 3 4 0.0 1.5 3.0 4% 60 7.5 0.0 1.5 3.0 45 6.0 7.5 4 8 12
o c
SRES o Y
5| c 9
N |~ o

0.02

00 0.6 1.2 1.8 24 3.0 o 1 2
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B -CC-¢£+FCC-eh+FCC-hh
C-eeq0

FCC-ee is limited
by statistics on rare decays

3000 C1500+CLIC3g9
CLIC 1 500+CLIC380

Standalone colliders

access to top Yukawa k, (%)

16

ECFA Higgs study group ‘19

Kp (%)

|
I
I

0 4

8§ 12 16

Kappa-2, May 2019

CLIC3gg

ILCs00+ILC350+ILC2s0 .

ILCaso assumption
LHeC (|xy| < 1) needed for the fit
HE-LHC (Jxv| < 1) to close at hadron

HL-LHC ([ky| < 1) machines
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https://arxiv.org/abs/1905.03764

Higgs @ FCC-ee: Complementarity with HL-LHC

ECFA Higgs study group ‘19
Kw (%) Kz (%) Ke (%) Kt (%) Kp (%)

O O N
S 1 = =
g FCC-ee can reconstruct charm
= | 4 C and gain access to charm Yukawa
e
é 0.0 04 0.8 1. 0 1 2 3 4 0 1 2 3 4
LT iy (% i (%) izy (%)
< | 2 0
Q| o
g
N
5
8§ 12 16 0 4 8§ 12 16
2™
E g Higgs@FC WG Kappa-3, May 2019
Important synergy HL-LHC — low energy lepton
colliders
Top/Charm Yukawa
00 0.6 1.2 1.8 24 3.0 0 1 2 3 4 StatIStlca”y Ilmlted Channels YV’ “IJ
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https://arxiv.org/abs/1905.03764

Example of measurements @ tt threshold

Top mass and width measurements similar as WW line-shape

Though more energy points needed:
- Relative large uncertainty on top mass (+/- 0.5 GeV)
- Need to constrain shape in optimal way
- Possible to constrain backgrounds (below) and ttH (above)

— Multipoint scan in 5 GeV window [340, 345], each ~ 25 /fb

— Am_ (stat) ~ 17 MeV
— Al (stat) ~ 45 MeV

To date: theoretical QCD errors order of 40 MeV for mass and width

J. Eysermans @ EPS2021

C/?I‘/S Zop/?e Cyrc(: ean

cross section [pb]

|

|

i i~ T T =
0.9 -t threshold - QQbar_Threshold NNNLO =
il ISR + FCCee Luminosity Spectrum ]
0.8 £ — default- m° 171.5 GeV, I, 1.37 GeV HH -
. m, variations = 0.2 GeV ]
0.7 - — Iy variations = 0.15 GeV l B
0.6 |- r
0.5 |- E
0.4 f
0.3 [
0.2 - : -]
e pr . ]
0 1 = based on EPJ C73, 2530 (2013) _7
O 1
T 340

345

350
/s [GeV]
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Impact of Diboson Systematics

d. De Blas, G. Durieux, C. Grojean, J. Gu, A. Paul 1907.04311
precision reach of aTGCs at CEPC 240GeV
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Impact of Beam Polarisation (@250GeV)

J. De Blas et al. 1907.04311
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Statistical gain from increased rates
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Impact of Beam Polarisation

J. De Blas et al. 1907.04311

B ILC +350GeV +500GeV, P(e™,e*)=(F0.8,£0.3) S perfect EW
H ILC +350GeV +500GeV, P(e ,e*)=(¥0.8, 0) combined with HL-LHC & LEP/SLD .
- B ILC +350GeV +500Ge , unpolarized imposed U(2) in 1&2 gen quarks 1
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e Positron polarisation doesn’t play a big role (for Higgs couplings determination)
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Impact of Beam Polarisation

J. De Blas et al. 1907.04311
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B ILC +350GeV +500GeV, P(e™,e*)=(F0.8,£0.3) — perfect EW
B ILC +350GeV +500GeV , P(e".e ")=(¥0.8, 0) combined with HL-LHC & LEP/SLD
B ILC 350GeV +500GeV , unpolanzed imposed U(2) in 1&2 gen quarks
= N _E 1 0_2
%, - Q
I - 9 WL _ 10—3 —
L . S )
1 : . Q
LR v 7 )
- N =10
s? oo o 6o o  Ogf o o9, Ok, As 107
gif o9l ogf/ Ogy Ogy 94  Odp 9 09y 91,z Ky z
Ratios to P(e™,e")=(%0.8,£0.3)
S E ﬁ —11.5

® Positron polarisation doesn’t play a big role (for Higgs couplings determination)

e |[f 250GeV run only: electron polarisation improves significantly (>50%) hVV determination
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Impact of Beam Polarisation

J. De Blas et al. 1907.04311

B LC +350GeV +500GeV , P(e™,e*)=(0.8,+0.3) ~  perfect EW
H ILC +350GeV +500GeV, P(e™,e")=(¥0.8, 0) combined with HL-LHC & LEP/SLD
] B ILC +500GeV , unpolarized imposed U(2) in 1&2 gen quarks
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® Positron polarisation doesn’t play a big role (for Higgs couplings determination)
e |[f 250GeV run only: electron polarisation improves significantly (>50%) hVV determination

® Polarisation-benefit diminishes (in relative and absolute terms) when other runs at higher energies are added
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