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Theory/Physics and CEPC

O(50) talks in 5 parallel sessions BSM, QCD, EW-top, Flavour, Higgs
— What does CEPC need theory/physics for? —

« WHY? Sharpen the physics case and convince the world (politicians, funding agencies,
scientists in general, linear collider colleagues...) that CEPC is worth building

« HOW? Exploit the wealth of data that will be collected

— What can CEPC do for theory/physics? —
«~ Better knowledge of SM

« Exploration of BSM scenarios

Christophe Grojean 7 heory/Physics Progress, Oct. 25, 2022



Theory/Physics and CEPC

O(50) talks in 5 parallel sessions BSM, QCD, EW-top, Flavour, Higgs
— What does CEPC need theory/physics for? —
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— What can CEPC do for theory/physics? —
«~ Better knowledge of SM

« Exploration of BSM scenarios

We are not shooting in the dark.

Let’s move away from “The SM is incomplete” and “we need to search everywhere” CEPC/FCC-ee
Instead, we might say has a unique opportunity
We have made the following discoveries, which will enlarge our model of the Universe o refine

once we figure out how it fits into what we already know.

Highlights and IViessages from the Snowmass our “mOde|" Of the Universe
Summer Studv. Prisca Cushman
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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)
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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
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‘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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progresses in string theory/quantum gravity (swampland, no global symmetries)
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“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.

7 heory/Physics Progress, Oct. 25, 2022

Chris fop/?e érc(p Jear



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 SppC.
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Why More Precision?

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

LEP FCC-ee/CEPC
(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

a factor 30 on A
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Why More Precision?

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

LEP FCC-ee/CEPC
(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
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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

Dimensional arguments impose

(D) . nf_g\/‘ ni=number of fields in operator o)
c; ' ~ (coupling)™ i

: A (independant of D)

N

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

Examples of symmetries leading

to different selection rules

Operator

Naive (maximal)
scaling with g,

Symmetry/Selection Rule
and corresponding suppression

wa = |H’2@ZLH¢R

Chiral: y¢/g.

c;” (6) 05'8) (8)
J

Leg = Lsm + Z

Or = (1/2) <HTBMH>

2

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

Dimensional arguments impose

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

: A (independant of D)

O = |H|°

Shift symmetry: A/ g2

Contino, Falkowski, Goertz, Grojean, Riva ‘16

Chris fop/?e érc(p Jear

N

generically, (coupling ~ g+) coupling of New Physics to SM
but there might exist “selection rules” that lead to other scaling
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(9'/9:)* (for Opp)

Minimal Coupling: ¢2/1672

(D
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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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ee Higgs Factory Luminosity
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g E ILC-Upgrade
= L -4 CLIC
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10° 10°
/s [GeV]

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

CEPC Operation mode ‘ ZH ‘ Z ‘ W+W- ‘ ttbar

CEPC accelerator white paper for ~ 240 ~91.2 ~ 160 ~ 360
Snowmass21, arXiv:2203.09451
-a- FCC

—eo— CEPC
-+ - CEPC-Upgrade
~+ILC

<4« ILC-Upgrade
—4+- CLIC

-4 - CLIC-Upgrade

—
TT

—
ltl] T T T 1017

—
o
Tllll] T —TTT

Luminosity [ 10%* cm?2s]

Run time [years] 10 2 1 5
: ' L/ IP [x103 cm2s-] 8.3 192 27 0.83
1=
R Latest [ab, 2 IPs] 20 9% 7 1
107 10° (50MWwW)
Vs [GeV] Event yields [2 IPs] 4x106 4x1012 5x107 5x105
Joao Guimaraes @ CEPC22

in each detector: — . .
105 Z/sec, 104 W/hour, — Superb statistics achieved in onl

1500 Higgs/day, 1500 top/day

Christophe Grojean Theory/Phssics Progress, Oct. 25, 2022


https://indico.ihep.ac.cn/event/17020/contributions/117889/attachments/64239/74992/20221024-CEPC-Workshop-goodR.pdf

CEPC Physics Programme
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CEPC Physics Programme

10° HZ events

105 WW— H events

12

MHiggs, rHiggs
Higgs couplings
self-coupling

Vs ~mgz, >2my
5x10'2Z
Few 108 W

Mtop, rtop
W top coupling

\/s =340 — 365 GeV
10° tt events
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Christophe érq Jean

CEPC Physics Programme

‘mz, 'z, N,

‘R, Ars
‘mw, lw

* 0 s(mz) with per-mil accuracy
*Quark and gluon fragmentation
*Clean non-perturbative QCD studies

EW & QCD

Vs ~mgz, >2my
5x10'2Z
Few 108 W

12

_
10% HZ events

Vs =240, 365G
105 WW— H events

MHiggs, rHiggs
Higgs couplings
self-coupling

Mtop, rtop
W top coupling

\/s =340 — 365 GeV
10° tt events
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CEPC Physics Programme

emz, [z, N,

‘R, ArB
‘mw, l'w

direct searches
of light new physics

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

Chris fop/]e 6)‘9 ean

* 0 s(mz) with per-mil accuracy
*Quark and gluon fragmentation
*Clean non-perturbative QCD studies

EW & QCD

"Intensity
frontier”

Vs ~my, >2my
5x10*2Z
Few 108 W

10°% HZ events

105 WW— H events

Vs =240, 365 GeV H |ggS

MHiggs, rHiggs

\/s = 340 = 365 GeV
10° tt events

Higgs couplings
self-coupling

Top

Mtop, rtop
EW top couplings

7 heory/Physics Progress, Oct. 25, 2022



CEPC 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
- " -
direct searches Intensity
of light new physics frontier”
e Axion-like particles, dark photons, Js ~my, >2my
Heavy Neutral Leptons £x1012Z
e long lifetimes - LLPs Few 108 W
flavour factory

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

7 physics B physics
*Flavour EWPOs (Rp, AFBb’C)
er-based EWPOs eCKM matrix,
elept. univ. violation tests oCP violation in neutral B mesons

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

Chris fop/]e 6)‘9 ean

Vs =240, 365 GeV H |ggS

10°% HZ events
105 WW— H events

MHiggs, rHiggs
Higgs couplings
self-coupling

Top

Vs =340 = 365 GeV Mitop, [ top
10° tt events EW top couplings
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CEPC Physics Programme

‘mz, 'z, N, « 0. s(mz) with per-mil accuracy :
‘Ri, Ars -Quark and gluon fragmentation \/i:fizlfl';'eﬁsnfsev 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
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Joao Guimaraes @ CEPC22

Magnet
(3T/2T)

LumiCal

Si Pixel Vertex

FST concept
(Full Silicon Tracker)

CDR

SIT TPC SET
ETD

D

Christophe Grq Jean

(Baseline Design)
Particle Flow Approach

Yoke + Muon (RPC or pi-RWELL)

CEPC Physics Programme

PFA HCAL

PFA ECAL

IDEA concept
(also proposed for FCC-ee)

2T Magnet

Preshower (un-RWELL)

Yoke + Muon (u-RWELL)

The 4" Concept

PFA HCAL
Partially Yoke

Magnet (3T/2T)

PID (DC+ToF)

Crystal ECAL
(Transverse bar)

Theory/Phssics Progress, Oct. 25, 2022
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'mz, ['z, N, * 0 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
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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
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https://arxiv.org/abs/2203.06164

Z-Factories are great Flavour Factories

Working point  Lumi. / IP [10°* cm™2.s7!] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab™! /year 2

a2 Z second phase 200 52 ab~! /year 2 150 ab™! Iarge rates
Q2
§ & Particle productior{ (10%)) BY / B BTt / B~ BY /Eg Ay /Ay ce T /7T clean envrmt
? B Belle 11 27.5 27.5 n/a n/a 65 45
5 H FCC-ee 300 300 80 80 600
5 CEPC 120 120 30 25 ? ?
S
% M Physical Quantity SM Value Tera-Z 10xTera-Z Belle 11 LHCb
o
g Ry 0.289 2.89 x 1077 9.15 x 107? - -
s F Rp. 0.393 4.15 x 1073 1.31 x 102 - -
@ Rpx 0.303 3.25 x 1073 1.03 x 10~? - -

R, 0.334 9.74 x 10~  3.08 x 10* - -

boosted b’s/T’s

_—" (BR(B, — Tv 2.36 x 10~° [6 01 [6 3.16 X 10— f
BR(Bt — K7+ 1.01 x 10" 7] at Z-factor
out of reach (B~ - 8252 = = = o N 4
O4¢ (] (] akes possible
at LHCb/Bd}' (B, 0.777 x 10~ 7 7] 59 [7 a topological rec.
BR(Bs = 7777) 712 x 1077 28.1 [7 8.85 [7 - 702 [12] of the decays
BR(BT » Ktiw)  4.6x 100 [L1] i i 0.11 [11] i w/ miss. energy
BR(B" — K*vv) 9.6 x 107° [11] - - 0.096 [11] -
BR(Bs — ¢iv) 9.93 x 107° [77] 1.78 x 1072 [77] 5.63 x 10~? - -
Christophe Grojean m 7 heory/Physics Progress, Oct. 25, 2022



https://indico.cern.ch/event/1186057/contributions/5014277/attachments/2506354/4306588/FCC_FlavoursTheory_monteil_20220912.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119663/attachments/64270/75043/Overview_on_CEPC_Flavour_White_Paper.pdf

Z-Factories are great Flavour Factories

S. Monteil, Flavour@FCC ‘22
T. H. Kwok CEPC‘22

out of reach

at LHCb/Belle
/

Working point  Lumi. / IP [10°* cm™2.s7!] 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™!
large rates
Particle productior{ (10°)) B° / B BTt / B~ BY /Eg Ay | Ay T /7T clean envrmt
Belle 11 27.5 27.5 n/a n/a 45
FCC-ee 300 300 80 80 600
CEPC 120 120 30 25 _ ?
Physical Quantity SM Value Tera-Z 10xTera-Z Belle 11 LHCb
R, _
Rl Flavour @ CEPC/FCC vs Belle/pp i
II??’I Attribute Y(4S) pp Z° - ] d s
, ' = ooste S/ITS
/@ An hadron species o/ ;

BR(B® —| High boost A : at Z-factory
R(B" - | Enormous production cross-section v - Makes possible
BR(B. -4 Negligible trigger losses v v - a topological rec.
BR(Bs { Low backgrounds v v 702 [12] 71‘ the decays
BR(B™ 4 Initial energy constraint v v) | - WSS, GNET9Y
BR(B" — ] _

Chris fop/]e érc(p Jear

BR(Bs — ¢vv)

9.93 x 107° [77] 1.78 x 107 % [77] 5.63 x 10™°

7 heory/Physics Progress, Oct. 25, 2022


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

b—str

best probes of

models addressing
Rix LHCb anomalies

W. Altmannshofer CEPC‘22

Sensitivity on BR

Bco>tv B /ytv  Bs-»Dstv Bs-Ditv Np=Actv Bs- vy

out of reach at LHCb/Belle

T. H. Kwok CEPC‘Q2
X. Jiang CEPC‘Q2

Physical Quantity SM Value Tera-Z 10xTera-Z
0.289 2.89 x 102 9.15 x 1073 R, —orB =7y
C —3 —3 V' Br(B,—J/yuv)
(/C/ ¢ 0.393 4.15 X ].O 1.31 X 10 R :BT(BS%DE*)TV)
S 0.303 325 x 10°| 1.03x 103 %" Br (B, - D)
0.334 0.74 x 10°*]  3.08 x 107* TNy it
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https://indico.ihep.ac.cn/event/17020/contributions/119663/attachments/64270/75043/Overview_on_CEPC_Flavour_White_Paper.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119661/attachments/64203/74935/Semileptonic%20b%20Decays%20at%20Future%20Z%20Factories.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119655/attachments/64269/75042/altmannshofer_CEPC.pdf

Lepton Flavour Universality Tests

b—str
e e S T e s e R R best PrObeS of
_ o oo R models addressing
2‘ =g W. Altmannshofer CEPC‘Q22
% a2 B R  R— ,. —“—
E EN_) § 10_6:éii?””?2???%2??2????2? EEE T ahoaia NeW PI’OPOS&'I
cﬁﬂ) % B TR B TS j ——" time-dependent analysis
S %;o a: . | to probe CP-violation
= : poone o SR ; N B Eo - ] .
kf' ,%3 = Bco>tv B /ytv  Bs-»Dstv Bs-Ditv Np=Actv Bs- vy . In.ln.terference
E o out of reach at LHCb/Belle In MIXIng and decay
S. Decotes-Genon CEPC‘22
Physical Quantity SM Value Tera-Z 10xTera-Z
0.289 2.80 x 102 9.15 x 1073 g, =26 =2/ ye)
¢ 0.393 115x 10 3| 131x10 3 o By
. . X . X (*)
((OC/) . - - R - Br (B, — D(S*)Tv)
O 0.303 3.25 x 10 1.03 x 10 © Br(B,— D, uv)
—4 — 4 _ Br(A,—> Av)
0.334 9.74 X 10 3.08 X 10 RAC_BI'(Ab%AC‘UV)
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https://indico.ihep.ac.cn/event/17020/contributions/119663/attachments/64270/75043/Overview_on_CEPC_Flavour_White_Paper.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119661/attachments/64203/74935/Semileptonic%20b%20Decays%20at%20Future%20Z%20Factories.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119655/attachments/64269/75042/altmannshofer_CEPC.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119658/attachments/64264/75037/slides_beijing_2_2022.pdf

T. H. Kwok CEPC‘Q2

Chris fop/]e 6)‘9 ean

7 Physics

“3 more tau’s than at Belle II”’

Z factory produces ~ O(10%%) 777~ pairs from Z — 777~

» Measuring BR(7 — (vi)
Improvement: ~ O(10°)

» Measuring 7 lifetime
Improvement: ~ O(10°)

» Measuring BR(7 — 3u) and BR(7 — py)  Z— e

Improvement: ~ O(10 — 10%)

Observable Present FCC-ee FCC-ee

value & error stat. syst.

m, (MeV) 1776.86 £ 0.12  0.004 0.1
B(r —ev) (%) 17.82+£0.05 0.0001  0.003
B(r — piv) (%) 17.39 £ 0.05  0.0001  0.003

7, (f5) 290.3 + 0.5 0.001 0.04
Decay  Present bound FCC-ee sensitivity
0.75 x 107° 10~19-10"°
Z —> T 125¢107° 10~°
Z—>71e  9.8x107° 192
T wy 44x107° FSGI?
T—3u  21x1078 g

Strong bounds on LFV
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EW measurements @ Tera Z

Precision Electroweak Measurements at the CEPC

0.010L" Current accuracy WW + Z runs

' m CEPC: baseline and improvegents

~0.001
e |
TR
o, 107
P

©

© 107

M7 [ 7 My Rp R AP N,

Joao Guimaraes @ CEPC22
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https://indico.ihep.ac.cn/event/17020/contributions/117889/attachments/64239/74992/20221024-CEPC-Workshop-goodR.pdf

Example of EW measurements @ Tera Z

strongly depends on Vs

direct measurement of a, D(s) atVsl=m

measure S|n29 to high preC|S|on

G. Wilkinson @ FCC week 2021

Chris fop/]e 6)‘9 Jear

P.Janot ‘16
JHEP 02 (2016) 053.

Z

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

DELPHI 93 — 95

1 e'e” > uu(y)

Peak
0.8

do,./dcos(®) [nbl

<« ) 0.6 |
3 8m/2 : — ms
- A‘F‘é‘(s) SEVII - nfonED(j) ] ,S my
4 m3Gg (1 — 4sin? g1~ 2s "
< 0.4 —'%\ P+2 gp'#
Allows for clean determination of aqgp(m,?), which i‘&tﬁ#“ o
: " : 02| e
IS a critical input for m,, closure tests (see later). ; Pz
: : : 1 07 ~05 0 05 1
relative aqgp uncertainty with 80 ab cos(0,.)
§ IR ]| LIS NN IR A W TN T I
. This dependence, & location of
o A T A half-integer spin tunes, guides the choice
§ TESNG L i of off-peak energies: 87.8 & 93.9 GeV.
= L/ Factora
i/ |mpr'ovement
5 i e Cument g acuraey : : : — Measure a.,(m,?) to 3x107 rel. precision (currently 1.1x10™*) 80/ab
1 | _IlyfTAthlw - | | > Stat. dominated; syst. uncertainties < 10 (dominated by Vs calib)
N i " N omomeme qugev) = — Theoretical uncertainties ~ 10, higher order calcs needed
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Example of EW measurements @ Tera Z

G. Wilkinson @ FCC week 2021

Chris fop/]e érc(p Jear

— theory improvements needed —

— 8(Aanag) ~ 3 x 1072 for Lipy = 85ab~ !

— Requires 2/3-loop corrections for eTe™ — ptu~

A. Freitas @ CEPC’22

relative agep uncertainty with 80 ab-”

g ll!Illl.llll.llllllllll[II!lllllllll
< — N B B0 feiieiieiit Sttt Rhiaiuieh Y Sttt ittt St
CY). N SRR AR S (NS SRR A U .~ SO =
10| &
Ofv~-{ [ ¢+ v 4y  + f
o~ =l ----IEI-IIIIIﬂ'--- - EEEEE N -----.'-------.--------i ------
B e B e Sttt sy o sswiset | s o At sssms Sssas
- o —- R GaaMTEEEE MR
S - [ &/ Factor4
o T S ORI S A A T N A S
g T improvement
| — [—ommm et Current accuracy LJL—
— (oo @CCUracy from A‘;: at FCC-ee I I I
10—6IIIIiIIIIiII[IiI]IIiIIIIilllIilll]il[llilllli]ll[
50 60 70 80 90 100 110 120 130 140
Vs (GeV)

150

This dependence, & location of
half-integer spin tunes, guides the choice
of off-peak energies: 87.8 & 93.9 GeV.

— Measure a.,(m,?) to 3x107 rel. precision (currently 1.1x10™*) 80/ab

— Stat. dominated; syst. uncertainties < 10® (dominated by Vs calib)

— Theoretical uncertainties ~ 10, higher order calcs needed
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https://indico.ihep.ac.cn/event/17020/contributions/119033/attachments/64418/75311/freitas_cepc2022.pdf

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

Lineshape cross-section

43.5 44 44.5 45 455 46 46.5 47 47.5 48

E, (GeV)

2V

ALEPH
DELPHI
L3
OPAL

30

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

10

() AAAAAAAAAAAAAAAAAA .

7 heory/Physics Progress, Oct. 25, 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 D e T Pt =
3 — Systematically dominated (acceptance) - . c
2 001:16 | 0118 | 0’12 oaz2 :
i) a(M2)
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Example of EW measurements @ Tera Z

— No (negligible) non-perturbative QCD effects

— theory improvements needed —

Theory input: N3LO EW corr. + leading N*LO

Chris fop/?e érc(p Jear

N q
’ = to keep dtpn Ry S dexp Ry
7 )
-
q
A. Freitas @ CEPC’22
5 Fits including T'; and Rf, theory uncertainties for FCC-ee scaled by 1/4.
— - . . . - = JNE . U E
< Extract strong coupling constant as(mzz) using leptonic/hadronic width S 45 F [CJFo0e pospect ‘ E
E === No theo. unc. 3
o tio'R = /T Eiatedaystheo une. | 3T Ens
Ay ratlo. | - had " lep 3.5 ;— [ Present precision : —;
M~ - -8~ World average [PDG 2017] | =
® = =
2 il E
- 5 -4 -4 i E
g — Aag(m,) ~ 1x10™ (stat) + 1.5x10™ (syst) abs. (current value Aag 30x107) | ,5& E
£ : : L S e L | =1
s — Systematically dominated (acceptance) b oL %g 7"
) TE ]
— i i 5 3 . | | | —]
rﬂ. 00116 0.118 0.12 0.122
K oty (V)
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https://indico.ihep.ac.cn/event/17020/contributions/119033/attachments/64418/75311/freitas_cepc2022.pdf

Example of EW measurements @ Tera Z

— theory improvements needed —

— No (negligible) non-perturbative QCD effects

7 Theory input: N3LO EW corr. + leading N4LO
to keep otpn Ry < dexp Ry

1009

A. Freitas @ CEPC’R2

— other determination methods of & ; —

energy-energy correlators in collinear limit

S. Xu @ CEPC’22
see also S.Q. Wang @ CEPC’Q23

see also P. Nason @ CEPC’22 for a assessment of non-perturbative effects
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https://indico.ihep.ac.cn/event/17020/contributions/119033/attachments/64418/75311/freitas_cepc2022.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119036/attachments/64402/75313/E3C@NNLL-CEPC.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119097/attachments/64424/75322/event%20shapes_CEPC.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119109/attachments/64324/75135/Nason_CEPC-26-10-22.pdf

Sensitivity on EW couplings

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

see also J. Gu @ CEPC’22 Showmass update: J. De Blas + 2206.08326
and Y. Du @ CEPC’22 For possible improvements in WW analysis thanks to ML techniques, see S. Chiai @ CEPC’ee
T W HL-LHC s2 + LEP/SLD B ILC 250GeV Bl CLIC 380Ge\ KGR 9" shade: CEPCIFCC-ee without Z-pole -k

- | ll CEPC Z/WW/240GeV M ILC 250GeV/350GeV M CLIC 380GeV/1.5TeV O Higas meceomemonts oxduded " 1
10-1— H FCC-ee Z/WW/240GeV M 1L.C 250GeV/350GeV/500GeV | Ml CLIC 380GeV/1.5T6V/3TEV | o ion coliiers are combined with HL_LHG & 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
1 0_3 = o g 1 0_3
107 =10~
107°— 1107
107° 1076

59?1 59?,3/? 593\// 59%_ 59%? 59w 692L 59?,/? 596.5 59?1 69?,]/? 59%(,1/_ 59%(,1/? 592& 592?/?
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https://arxiv.org/abs/1907.04311
https://arxiv.org/abs/2206.08326
https://indico.ihep.ac.cn/event/17020/contributions/118442/attachments/64215/74954/ees12.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119246/attachments/64396/75268/CEPC2022-4fCPV-YongDu.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119266/attachments/64351/75173/machine_learning_on_eeww_CEPC.pdf

107"
1072
1072
1074
107°

107°

Sensitivity on EW couplings

Showmass update: J. De Blas + 2206.08326
For possible improvements in WW analysis thanks to ML techniques, see S. Chiai @ CEPC’ee

see also J. Gu @ CEPC’22
and Y. Du @ CEPC’22

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

B CEPC Z/WW/240GeV Hl ILC 250GeV/350GeV Bl CLIC 380GeV/1.5TeV é ﬁFPS/; ggsafgrrvlv;r?t‘;“;’g’lmges“o'd ]

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~
Il 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°

Chris fop/]e Grq ean
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https://arxiv.org/abs/1907.04311
https://arxiv.org/abs/2206.08326
https://indico.ihep.ac.cn/event/17020/contributions/118442/attachments/64215/74954/ees12.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119246/attachments/64396/75268/CEPC2022-4fCPV-YongDu.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119266/attachments/64351/75173/machine_learning_on_eeww_CEPC.pdf

107"
1072
1072
1074
107°

107°

Sensitivity on EW couplings

see also J. Gu @ CEPC’22
and Y. Du @ CEPC’22

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311
Showmass update: J. De Blas + 2206.08326

For possible improvements in WW analysis thanks to ML techniques, see S. Chiai @ CEPC’ee

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 M 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~
Il 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

Chris fop/]e érq ean
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https://indico.ihep.ac.cn/event/17020/contributions/118442/attachments/64215/74954/ees12.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119246/attachments/64396/75268/CEPC2022-4fCPV-YongDu.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119266/attachments/64351/75173/machine_learning_on_eeww_CEPC.pdf

107"
1072
1072
1074
107°

107°

Sensitivity on EW couplings

see also J. Gu @ CEPC’22
and Y. Du @ CEPC’22

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311
Showmass update: J. De Blas + 2206.08326

For possible improvements in WW analysis thanks to ML techniques, see S. Chiai @ CEPC’ee

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

B CEPC Z/WW/240GeV Bl ILC 250GeV/350GeV Bl 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 érq ean
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https://indico.ihep.ac.cn/event/17020/contributions/119246/attachments/64396/75268/CEPC2022-4fCPV-YongDu.pdf
https://indico.ihep.ac.cn/event/17020/contributions/119266/attachments/64351/75173/machine_learning_on_eeww_CEPC.pdf

107"
1072
1072
1074
107°

107°

Sensitivity on EW couplings

see also J. Gu @ CEPC’22
and Y. Du @ CEPC’22

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311
Showmass update: J. De Blas + 2206.08326

For possible improvements in WW analysis thanks to ML techniques, see S. Chiai @ CEPC’ee

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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https://arxiv.org/abs/2206.08326
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Sensitivity on EW couplings

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

see also J. Gu @ CEPC’22 Showmass update: J. De Blas + 2206.08326
and Y. Du @ CEPC’22 For possible improvements in WW analysis thanks to ML techniques, see S. Chiai @ CEPC’ee

T W HL-LHC s2 + LEP/SLD B ILC 250GeV Ml CLIC 380Ge\ MG o™ shade: CEPCIFCC-ee without Z-pole h

- | Jll CEPC Z/WW/240GeV B 1LC 250GeV/350GeV Bl CLIC 380GeV/1.5TeV - ﬁEzg/;ggsﬁg:;ﬁtguetgmgesho'd -
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 .
Z rad. return 1.
—=10

e At linear colliders, at high energy: ]
EW measurements via Z-radiative return has alarge | | & LRV | 1073
Impact on Zqq couplings

e |mprovements depend a lot on hypothesis on systematic 10~
uncertainties
Yellow: LEP/SLD systematics / 2

Blue: small EXP and TH systematics

107°

107°

697,  O9zr  69F,  O69%r  69Y,  O9%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

Higgs @ FCC-ee

Qe
e
=
Q2
¢ 8
E Cg) § rT_T_ 5 ab-1 at 240 Gev LI B B (N R S NN BN B B (N B B B ; LI B I_ &
2 € ool 106 HZ events :HZ - .
) — — ate” —
5 O g © 25k WW—H events ee -
w O 7 — _ ~— WW - H .
g 8 oo : .
S o o 200 — ; — Total —
§ § ° :
= — = e
= % 150 |— —
g u _
O i ' g gt
i 1.5ab"at 365 GeV |
n 200k HZ events -
50 (— 50k WW—H events —
0 - ——9—1'—1'—:-’_["_1"_;’_14_1'_’1—’ 5 1 L1 1 l L1 1 l =11 l 11 1 l i L1 l L1 1 ] C_
200 220 240 260 280 300 320 340 360 380 400

Vs (GeV)

Sensitivity to both processes very helpfulin improving precision on couplings.
For the (indirect) sensitivity on Higgs self-coupling, see J. Gu @ CEPC’22

Table 8: Operation costs of low-energy Higgs factories, expressed in Euros per Higgs boson. 3
O

o

Collider ILCQ50 CLIngQ FCC—66240 8
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Higgs @ CEPC: Complementarity of 240/360 GeV

1077,

Precision of Higgs coupling measurement (kappa3 fit)

m CEPC 240 Gev @ 20/ab
m + CEPC 360 GeV @ 1/ab

_____

Relative Error

Christophe Grq Jean

Higgs couplings

K. Zhang @ CEPC’23

J. Gu @ CEPC’22

precision reach of the full EFT fit (effective couplings and aTGCs)
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Higgs @ CEPC: Complementarity with HL-LHC

include HL-LHC
no

BR
e.g. kv<l

BRinv

kappa-2 measured measured
need an assumption to close the fit

hadron collider cannot measure width

Scenario
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Higgs @ CEPC: Complementarity with HL-LHC
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Higgs @ CEPC: Complementarity with HL-LHC
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Higgs @ CEPC: Complementarity with HL-LHC

ECFA Higgs study group ‘19
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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

cC- v
FCC-ve @ 240 & 365 GuV
—  Correlton < 509% G Correfation > 30% (@] Perfact EW
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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
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Impact of Z-pole Measurements
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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.
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=Fb e @ 290 GeY
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Impact of Z-pole Measurements

J. De Blas et al. 1907.04311

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
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e Rare decays

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

Gori et al arXiv:2005.05170

e.g. ALP mixing w/ SM mesons:

K; — 7%a — 1m%yy (KOTO)
Kt = 7ata— n7yy (NA62)

e ALPs@ colliders
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Knapen, Thamm arXiv:2108.08949
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Astro/Cosmo — long-lived ALPs
colliders — short-lived ALPs MeV+

ALP & Flavor
see d. Zupan @ CEPC’22
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Exotics/Long Lived Particles

Z. Liu @ CEPC 2020

The Higgs could be a good portal to Dark Sector
— rich exotic signatures —
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Exotics/Long Lived Particles

Z. Liu @ CEPC 2020

The Higgs could be a good portal to Dark Sector
— rich exotic signatures —

95% C.L. upper limit on selected Higgs Exotic Decay BR
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Exotics/Long Lived Particles

Z. Liu @ CEPC 2020

The Higgs could be a good portal to Dark Sector
— rich exotic signatures —

95% C.L. upper limit on selected Higgs Exotic Decay BR
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How to improve?

> Dedicated detectors, see e.qg. talk b
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Conclusions

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

«~ Establish new organising principles of Nature (LEP— gauge symmetries, Z/H factory—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/CEPC are an essential part of an integrated programme to probe New Physics.
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Conclusions

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

«~ Establish new organising principles of Nature (LEP— gauge symmetries, Z/H factory—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/CEPC are an essential part of an integrated programme to probe New Physics.

We have profound questions and we need create opportunities to answer them.
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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
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HL-LHC + W (CLIC) e
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with FCCee/eh
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Used in combination From FCC-ee w2, 36

with FCCee/hh
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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 7 heory/Physics Progress, Oct. 25, 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 Ao T
. . . . Source evqq | urqq | Tvqq | lvqq | evqq ‘ prqq | Tvqq ‘ lvqq
- Run at all kinematically accessible energy points (WW, ZH and tt) o+ momentun 3 [ 8 1 - [ 4 5 4] |4
| | 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 i s y - . RS-
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 | 38 | 3 | 38 | 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 _ e 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
CTZi [ — Raw Mass Mean 83.6 0.05p= —— Raw Mass Mean  81.15 0.04|— —— Raw Mass Mean  80.58
@) 0.08k= Std Dev 5.162 Std Dev 10.73 B Std Dev 13.23
%2 : 0.04 Mean 84.62 E Mean 85.39
ol - Std Dev 13.27 0.03[— StdDev  18.8
] 06— N
i ECM 0.03 =
® - _
0 sl 162.6 GeV ECM o g ECM
- L WW — qquv 0.02 B
© - 240 GeV - 365 GeV
8 0.02 -_ wWW — qquv 0.01— WW — qquv
ey S 0.01 B
O i
n L -
B ol T S i, A | I | BT AN DAY ! l 1 1 1 | l DS Sickd [ ) l | L P L | el B A}
r::->1) % 50 60 70 80 90 100 110 120 % 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 tonce pt

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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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 - ti threshold - QQbar_Threshold NNNLO =
** £ 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 :_ =
0.4 h
0.3 :
02 F -
I pr . ]
01k based on EPJ C73, 2530 (2013) _1

|

|

O 1 1 1
T 340 345

350
/s [GeV]

! Heor/) FAYSICS FrogresSsS, JCT. 25, 2022



Impact of Diboson Systematics

d. De Blas, G. Durieux, C. Grojean, J. Gu, A. Paul 1907.04311
precision reach of aTGCs at CEPC 240GeV

- - binned distributions, €=80% €: sianal selection efficienc -
0'0015_ B optimal observables, €=80% .|g . _I elency |
optimal observables, e=50% | | : individual fit
B 5.6/ab, e*e">WW semileptonic channel, statistics only|
< 0.0010+ —
iel -
0 -
O
e L
S I
0.0005— —
0.0000 : :
" [} N . . + —
precision reach with different assumptions on e"e"->WW measurements
1L|M HL-LHC S2 + LEP/SLD Ml ILC 250GeV Il CLIC 380GeV light shade: €=0.01 (Xww=>€X ) _ 10~
- [l CEPC Z/WW/240GeV B ILC 250GeV/350GeV [l CLIC 380GeV/1.5TeV solid shade:. €=0.5 (default) 3
- Il FCC-ee Z/IWW/240GeV B ILC 250GeV/350GeV/500GeV |l CLIC 380GeV/1.5TeV/3TeV lepton C-g”deré gf;combined with HL-LHC & LEP/SLD .
L . FCC-ee Z/IWW/240GeV/365GeV P(e",e+)=($0.8,i0.3) P(e',e+)=($0.8, 0) imposed U(2) in 1&2 gen quarks -
& 107 —1072
£ F 7
= - ] )
s | .3
O 1072— —10° O
% E = 2
(@) L ]
I r i
1073 —107*
1 0_4 10—5

ogiF oo™ ol osgl  ogff o9l S9N ogfr 69l oglf 091z Ok, Az
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Impact of Beam Polarisation (@250GeV)

og%t
ogy
sqb 80%
40%
ogw
59%‘1{
097 r
897t ]
595 | :
-“ lQ .:.:
.s\’ *’
et / "
VY A
ILC 250 GeV:
amm» Statistical Gain Ok~
e T80%,+30% 091,z

e T780%,0%

Increased sensitivities Polarised vs.

Chris fop/?e érc(p Jear

ogth

59%’

6gIZ{Z

59}/{VW

o9y

7
59H7

5.6% Gain
Current EW
————— Perfect EW

g

Unpolarised scenarios @ 250GeV

J. De Blas et al. 1907.04311

Statistical gain from increased rates

P_ _
op,pP_ = oo(1 — P.+P,-) [1 — ALR1 i P+Pe+ ]
e_

(&

From ee—Zh, AlrR~0.15 so o_50.+30 ~ 1.4 09

overall, one could expect
O(6%) increased coupling sensitivity

7 heory/Physics Progress, Oct. 25, 2022
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Impact of Beam Polarisation (@250GeV)

J. De Blas et al. 1907.04311

o9

Statistical gain from increased rates
dg%y 205% 095 Pe— e
op.,p,_ =oo(l — P+ P.-) [1 —ALry— P€+P:_]
o0 R From ee—Zh, AlrR~0.15 so o_50.+30 ~ 1.4 09
overall, one could expect
9 L O(6%) increased coupling sensitivity
" Gain reaches 80%
- Gain is much higher in global EFT fit
since polarisation removes
! degeneracies among operators
R ’ L )
ILC 250 GeV: y > ,

e T780%,0%

Increased sensitivities Polarised vs.

7 heory/Physics Progress, Oct. 25, 2022
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Impact of Beam Polarisation (@250GeV)

J. De Blas et al. 1907.04311

dgH

Statistical gain from increased rates
o9 205 39 P-—P,
O‘pe+pe_ p— 0'0(1 — Pe+Pe—) [1 — ALRl — P€+P:—]
594/ o9 From ee-'Zh, Ar~0.15 so 0_80,+30 "~ l.409
| overall, one could expect
0 L O(6%) increased coupling sensitivity
" Gain reaches 80%

u
b
bt
S

b Gain is much higher in global EFT fit
since polarisation removes
y degeneracies among operators
— Stitic Gin 5.6% Gain Polarisation benefit diminishes
am» T80%,1-30% 8917 Current EW . .
----- perfect BW when other runs at higher energies are added

e T780%,0%

and basically left only with statistical gain

Increased sensitivities Polarised vs.

7 heory/Physics Progress, Oct. 25, 2022
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Impact of Beam Polarisation

J. De Blas et al. 1907.04311

; B ILC +350GeV +500GeV, P(e ,e*)=(¥0.8,+0.3) — perfect EW
- | || ILC +350GeV +500GeV, P(e ,e*)=(¥0.8, 0) combined with HL-LHC & LEP/SLD .
- B ILC +350GeV +500GeV , unpolarized imposed U(2) in 1&2 gen quarks 1
10_1 = — 1 0—2
o - :
S - .
Q. - B . )
> B B 2 =
o 1072 i _ —107° @
o - Iilllg ] @)
% B : v v % ] 7))
®)] I i
I
107 11074
10_4 1 0—5

69  6gy 09K ook 695 6gy 691z Ok, Az
Ratios to P(e™,e")=(%0.8,£0.3)

5] EN
1—El_ﬂ J Fin J_E‘ —— - (L =l - __[‘ J_[' m_El-_E.»]
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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
10_1 = — 1 0—2
o> - :
S - .
= i . Q
> —
O 10_2 - —11 0—3 ol
o - ] @)
5 [y 1@
®)] I i
I
107 11074
10_4 10—5

60y, 69l 69y 69 Az

Ratios to P(e™,e")=(%0.8,£0.3)

- g =
151 ‘ 1.
1—El_ﬂ J Fin J_E‘ —— - (L =l - __[‘ J_[' m_El-_E.»]

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

59/b4b 69y 0947 OKy
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107"

Higgs couplings

—
<

1074

1.5
1t

Impact of Beam Polarisation

J. De Blas et al. 1907.04311

1072

B ILC +350GeV +500GeV, P(e™,e*)=(F0.8,£0.3) e~ perfect EW
B ILC +35OGeV +500GeV , P(e ,e")=(¥0.8, 0) combined with HL-LHC & LEP/SLD
B ILC ‘ 5eV +500GeV unpolanzed imposed U(2) in 1&2 gen quarks
= N _E 1 0_2
., - Q
I - 9 WL _ 10—3 —
L o 3 @
1 s . O
L L v 7 )
- T =i
s? oo o 6o o  Ogf o o9, Ok, As 107
gif  oay"  6gf/ Ogy; Ogy 95  09g 94  Ogy 91z Ky 4
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

Chris fop/]e 6)‘9 Jear
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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
1071 — = T —107
7)) = : - 3
S - i ) W
7 . —
5 1072 ™ 1 B . —1073 @
o E ) N < j _ . O
UO)) . - v,: HE A (4 ()]
D . | |
I v < ]
1073 I | =107
107 2 s WW s W o Zy 508 st sqf o stb gaT gt da o ke A 0
Ogi Ogy 09y O0gy OgK Ogy 9H Ogy 9H 09y 91,z Ky 4
: \ Ratios to P(e,e")=(70.8,+0.3)
1.5 | \ —1.5
1 .: ™ —JJ_[I — . (L . HL & r-_[[l J Fl_[[-_: 1

® 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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