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What 1f nothing else than H 1s found now?

o Since my is free parameter in SM at tree level
~ Crucial relations exist, however, between m,,, m, and sin28

— If nothing else appears in the electroweak sector, these

relations have to be urgently checked in order to
a) distinguish between SM and Higgs in BSM models
(remember Am,, ~ m4, in BSM!)

b) Close the SM picture ?

* Which strategy should one aim?
— exploit precision observables and check whether the measured

values fit together at quantum level
- Mz ,my,0;.4 Sin26., und L1

» Exploit "GigaZ’ option: high lumi run at \'s = 91 GeV
- 109 Z in 50-100 days of running

Pe-=80% and Pe+=60% required ! (If only Pe-=90% : precision ~factor 4 less!)
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Z-factory: high precision physics at the Z-pole

« Z-boson = carrier of the weak force

P
=
o

* Electroweak theory tested at
quantum level via electroweak
precision observables

P
=
e

e'e —hadrons

Cross-section (pb)

 Clean environment enables also
measurements of e.g. ag

Pt
=
w

* High sensitivity to effects of new
physics " m,\'

Strong case for new programme of high

- T SLC
precision measurements I

KE
LEP I LEPII

PE
IIIl I IlI 1 lIII II

- GigaZ option at the ILC 0 20 40 60 80 100 0 [0 160 180 M 20
e dedicated Z-factory Centre-of-mass energy (GeV)

« Z-run at CEPC, FCC-ee
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Experimental situation V5297 Geyy

Erler, 2017 LEP:
T sin28,.(A-z")= 0.23221%0.00029

SLC:
sin20 (A )= 0.23098%0.00026

Current central values:
sin20 4 = 0.23105£0.00087 (LHC)

0.23179+0.00035 (Tevatron)

Discrepancy between the most precise measurements
Central value has large impact on physics predictions!
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sin2@,. at the Z-factory

« Measure both A.; and A in same experiment !

—> with improved precision w.r.t. LEP and SLC:
* ALR: large gain from polarization of both beams and higher luminosity
 AFB: gain from higher luminosity, better b-tagging, etc.

—> resolve unclear situation:
* New physics affecting AFB(b) and ALR(l) in different ways?
 Resolution of experimental discrepancy:
reliable central value+ improved precision

—> large impact also on interpretation of LHC resulits ...
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Why a ‘new’ ete- Z-factory?

* Electroweak precision physics

et N H yd f

\\\ d
-~ -
7~ N L 4
/

\>"\ VAVAN /Q q JAVAN /‘I<
. A AT \\\ .
e ~ f
— Sensitivity to quantum effects of new physics
o All states contribute, including the ones that are too heavy
to be produced directly
* Probing the underlying physics and the properties of new
particles

A
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Impact of high precision observables

Two types of uncertainties
* intrinsic: missing higher order calculations

* parametric: uncertainties due to experimental
uncertainties of SM input parameters!

= M, Mp, MH, Mz, Mw, As, Alhag,....
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Electroweak precision observables

« EWPO: a, G, M, My, I, , SinZ0 4, g”-Z,

— One example: precise measurement of
M,, = 80.377£0.012 GeV

* accuracy of 0.2 %o
* leading to sensitivity to 1- and 2-loop quantum effects ...

* Previous experimental results at the Z-pole:
« LEP: very precise measurement of M, I';, Acg(l), Aeg(b,C), ...

o SLD: A, q(€), A r(M), ...
o Of particular interest: sinZ0 = 1-M,,2/M2, + loop effects
o Determined from Az, A r

—> High sensitivity to effects of new physics !
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courtesy of S. Heinemeyer
2. SM parameter determination

= intrinsic uncertainties

1. My: better than 20 MeV = negligible
2. Mz: ~ 0.1 MeV with negligible theory uncertainties = negligible

3. as(Mgz): from (mainly) Ry
5a5P ~ 1074, alheo ~15x 1074

4. my: from threshold scan

smEPIMe0 < 50 Mev

5. my. from lattice calculations
dmy ~ 10 MeV

6. Aapag: BESIII and Bellell: 6(Aapaq) ~ 5 % 10—°
better from measurements “around the Z pole? ~ 3 x 10—°7
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courtesy of S. Heinemeyer

2. EWPOs Iin concrete BSM models

The by far best worked out model: SM
Intrinsic uncertainties:

Quantity current experimental unc. current intrinsic unc.
My [MeV] 12 4 (a3, 02as)
sin? 0 [107°] 16 4.7 (o3, a’ay)
7 [MeV] 2.3 0.5 (a3, a?as, aa?)
Ry, [107°] 66 15 (a3, a2as)
R; [1073] 25 5 (a3, a2ay)

Parametric uncertainties:

Quantity om; = 0.3 GeV  §(Aap,g) = 1074 My = 2.1 MeV
SM{ [MeV] 5.5 2 2.5
5sin2 6522 [10-5] 3.0 3.6 1.4

— Current intrinsic/parametric uncertainties are substantially smaller
than current experimental uncertainties :-) in the SM!
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courtesy of S. Heinemeyer

Effective leptonic mixing angle
« Experimental uncertainty:
Today: LEP, SLD: sin? 65 = 0.23153 + 0.00016

GigaZ/TeraZ: both beams polarized, Blondel scheme

§sin? Gg?rp ILCCCEPC..) _ 43 (3) x 107° = TU neglected

« Theoretical uncertainty [10-6]:

intrinsic today: §sin? OQSfI\rA’theo — 47 §sin? GQAﬂ:SSM today _ 55 _ 70
intrinsic future: §sin? GSfrF/"theo’fUt — 15 4sin? QZCFSSM’fUt — 25 _ 35

parametric today: dm; = 0.3 GeV, §(Aapag) = 1074, 6Myz = 2.1 MeV
6Sin2 Qte)?rra,mt — 30. 5Sin2 Qg?rra,Aahad — 36. Ssin Qg?rra Mz — 14

parametric future: émfUt = 0.05 GeV, §(Aap,q)™ =5 x 105, sM; “/CEPC = 1/0.1 MeV

- 2 appara,futm, __ - 2 ppara,fut,Aapg - 2 ppara,fut,Mz; __
A Sin“ 0 =2, Asin® 0 = 18, Asin® 0 = 6.5/0.7
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Improvements with the ILC/FCC-ee/CEPC

Experimental errors of the precision observables:

courtesy of S. Heinemeyer

today | Tev./LHC | ILC/GigaZ | FCC-ee/TeraZ
5sin? Oer(x10%) | 16 15 1.3 0.6
SMyy [MeV] 12 <12 2-3 0.5
oms [GeV] 0.6 < 0.5 0.05 0.05

Mo from direct reconstruction and threshold scan
(not taken into account here: M%,DF)

sin? 6.r: 1/2 year TeraZ/GigaZ run (GigaZ: polarization important)

as - Improvement from GigaZ/TeraZ run

= no theory uncertainties included = visible effect for FCC-ee/TeraZ
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O(PC_ ) PC'+ )

Polarization basics

Unpolarized cross section:

Peﬂ' —

Longitudinal polarization: p_ Yr—M:

Nr + Ny,

Cross section:

1
1{(1 +Pe—)(1 +Pe‘)allR + (1 - Pe—)(l - (Pc'+)0'LL
+(1 + Pe_)(l _ Pe+ )O-RL + (1 - Pe_)(l + Pe’ )Gl,l{}'

1
oy = Z{URR + opL, + O + OLR }

Left-right asymmetry: (0LR — ORL)

Al =

(oLR + ORL)

Effective polarization and luminosity:

P, — Pt

1
(1= Pe-Per )L

Log = -
ft 2

1 — PPt
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Why 1s helicity flipping required?

* Gain in effective lumi lost if no flipping available

e.g. S. Riemann
e- trains + - -+ + - -+
e+ trains + o+ + 4+ - - - -
Oo_. O J O__ O, _

— 50% spent to ‘inefficient’ helicity pairing (most SM, BSM)
— Similar flip frequency for both heams ~ pulse-per-pulse
» Gain in AP remains, but flipping required to understand:

— Systematics and correlations P,_x P,

* Spin rotators needed,.....well experienced at HERA, e.g....!
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Why 1s helicity thipping required?

* With both beams polarized we gain in
 Higher effective polarization (higher effect of polarization)
Peti:=(Pe . -Pe., )/ (1-Pe_Pe,)
 Higher effective luminosity (higher fraction of collisions)

L./L=1-P, P,

NG Ple™) | P(e") | Pur | Lea] ZAPeir/Porr
total range | FROY% 0Y% ISO‘;‘?E 1 1
250 GeV "—F\U% =40% | F91% | L.3 0.43
/3)0 GeV -]—’\0 —’))% -{—9-1/( 1.4 0. 30

. Appllcable for VA processes, e.g. @Z-pole (most SM,
some BSM)

Y (Pe-,Pe+)=(1-Pe- Pe+) o.unpol [1'Peff ALR]
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Impact of P(e+)

¢ Statistics & And gain in precision

Pett /% ,,, ~AAR/AR  errors completely independent
os | Fe ”:f?Q./O-v--- ‘‘‘‘‘‘ 03 |
0P = -80% 87
06 |
85 | 05}
| 70% 0 |
75 ¢ 02+
01 ¢

?00 10 éO éO 40 5‘0 60 ?0 6:0 éO 100 06 1‘0 i 3:0 4‘;0 5;0 éO ?.O éO éO IAOO

P /% Fer /%
(80%,60): Pogr= 95%  (90%,60%): Pets=97%  (90%, 30%): Pt =94 %
AA R/A R=0.3 A ALp/ALR=027 A A /A g =05
gain: factor-3 factor>3 factor~2

¢ NO gain with only pol. e- (even if '100% ') !
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To close the story... GigaZ Vssg7 Gey

« Measure sin20 4 via A ; with high precision: Asin6=1.3 10-5
0.2330 1 1 _l 1 I 1 1 1 Ll Ll 1 R Ll 1 I i 1 I 1
~ experimental errors 68% CL / collider experiment: ]
- LEP/SLD/Tevatran { <« LEPvalue
0.2325 [~ LHC P - disfavours both,
- ILC/Gigaz : | Ans (LEP) 1  SM+MSSM
0.2320 |- \ ! _
B \ ]
World average 5 T m,=170..175 Gev\ 7/ -
— . N% 0.2315 :_‘3‘~"f"~"H = 1256 0.7 GeV | {g) _: G’gaz
happy with : roy, 1 precision!
both! - I N .
0.2310 — I | —
_ \ / i, i
Central valu : Mo/ AL (SLD) -
0.2305 — : =
has large - MssM ]
impact !!! : SM, MSSM Heinemeyer, Hollik, Waiglein, Zeune st al. '14:
1 1 l 1 1 1 l 1 1 1 1 l 1 1 1 1
0'23080.2 80.3 80.4 805 80.6
T Mw/GeVv
SLD value
disfavours SM
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Help 1n challenging HL-LHC scenarios ?

* Assume only Higgs@LHC but no hints for SUSY:

— Really SM?

Heinemeyer, Weber, Weiglein

. llllllllllllllllllllllllllllllllllllllllllll.
— Help from sin20 ? )
i 3\ ) .:G:n- c
L e —
* [f GigaZ precision: S e v L _f_ﬂ‘f
- i.e.Am_ =0.1 GeV... s DT
top - SN0 Enday e
L] u ™ .1
— Deviations measurable o' |
fomulb P3tazg” .
. 2 :'.l“ ‘
o sin20 4 can be the sl :
crucial quantity ! [ mansagoni M, " 6,
12312  daptrs, neveros & cowgies M sace V% Asacae 4 M e ]
[ spempotentis: e scae
- telescope to NP! L1 l?f::?fgrrl’iz?fwfll lIllI lIllI llllll lllll lllll
00 200 300 400 50 800 700 50 @0 100
M [GeV]
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What else at the Z-factory? ...ag I, R,

 Og is a key parameter in QCD:

as=0.1180(9) £ 0.0076 (Particle data 2022)
— Big progress via measuring event shapes variables as thrust
— Reduction of uncertainty via higher order calculations and
hadronization corrections
— theoretical (SCET) models to reduce non-perturbative uncertainty

promising to measure og if >10x lumi g, and better detectors

o [, uncertainties in leptonic event selection mainly stat. limited

_ _ _ _ e.g. Moenig ‘01
— improvements from higher luminosity 210xlumi, ., expected

R

- exploitation of heam polarization...

bc.epr Abcenr: Systematically limited
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Further topics for a Z-factory

* Flavour physics at a Z-factory:
— about 15% of Z-decays lead to B-hadrons
— large boost allows good separation of the 2 B’s in clean environment
— large A allows tagging of initial state flavour from event axis only

— unique studies in Bg to check syst. in |V |, [V
— unique studies in weak decays in polarized beauty hadrons

* Rare Z decays
— study of lepton flavour violating decays with high luminosity

o /' physics
— realized in many scenarios of new physics

- Sensitivity to mixing between Z and Z’ Irles et al,
arXiv: 1905.00220

In many cases detailed studies are still ongoing for a Z-factory...
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LC Physics Conclusions

LC offers Physics ‘add-ons’:

* tuneable energy stages, threshold scans, polarized e* beams, offers
ey, yy-option, large flexibility

 Higgs factory at low energy (250 GeV): precise measurement of the
h125 couplings to fermions, gauge bosons, HZ cross section,
sensitivity to extended Higgs sector

o at higher energy (350,500 GeV): measurement of the width and top
Yukawa coupling and trilinear couplings beyond SM

o exploration of the Higgs potential — ‘structure of Universe’

* Precise measurements e.g. of m¢ mw, sin20., SUSY properties,...

* Access to high precision observables

» GigaZ: telescope to NP even at high scales (if m¢ known precisely...)

= |n principle: needed as soon as possible ....!
pre-SUSY@Madrid, June 2024 Gudrid Moortgat-Pick
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courtesy of G. Weiglein

ete- Higgs factories

Linear

B 380 GeV - 11:4 km (CLIC380)
W 1.5 TeV - 29.0 km (CLIC1500)

vy 7 ;

International Linear Collider

wm Compact Linear Collider

CLIC
CERN
C? - 8 km Footprint for 250/550 GeV
T
CCC

- ~ Pre-Damping Ring

Facility length: ~3.3 km

Positron  Damping rings
source (3GeV) Driver source,

Interaction point RF linac (5 GeV)

RF linac

(5-31 GeV e*/drivers)

Circular

FCC-ee
CERN : Future
S eteulan A
;:Collider
7100 km
CEPC
China

+ 250 GeV — ZH threshold

+ 350 GeV — tt threshold

+ 550 GeV — HHH coupling

+ ca.15TeV technology limit

Tum-around loops
(31 GeV e'/drivers)

HALHF ==en (o GG o

Electron
source
.
el

Positron transfer line

Beam-delivery system
ok (31 GeV &)

with turn-around loop
(31 GeV e?)

Source: Foster, D'Arcy & Lindstrom, preprint at arXiv:2303.10150 (2023)

Beam-deiivery system
(500 GeV &)

pre-SUSY@Madrid, June 2024

w‘w
RF linac
Plasma-accelerator linac (5GeVe) .

(16 stages, ~32 GeV per stage)

10-30 TeV ??

Scale: 500 m

Gudrid Moortgat-Pick

Future Circular Collider

High-level differences:
* Energy reach
* Luminosity

1000
:: 100
'E
v(.)
MC)
- 10 L
-
, L .
100 1000
E.m [GeV]

O Based on superconducting RF (liquid nitrogen)

O Proposed at SLAC; very compact machine

O New idea; e~ plasma acceleration, et

« 250 GeV — ZH threshold
365 GeV — tt threshold o)

conventional LinAc
ca. 10 years R&D needed to demonstrate

technology limit feasibility o
O  Extremely compact: 3-4 km size, su,ltgble foi

Jare (enra Wainloin Warkehan an i i i8R0 e carfii 08 7 9024
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courtesy of G. Weiglein

Future hadron colliders

SppC Super proton proton Collider .
BTC: Booster to Collider Ring

FCC-hh
100 TeV .,
16T Nb3Sn

Super Synchrotron, S
Medium-Stage Synchrotron, MSS
P4 Rapid Cycling Synchrotron, p-RSC

et*e~ Linac

Proton Linac
L

Booste,

: 100 km Circumference s
. (@ EXISTING INFRASTRUCTURES
* The main challenge: @ HL-LHC
high-field magnets: ~ 16+ T el

e Electron-hadron collisions when
combined with ERLs: LHeC, FCC-eh

at CERN

ici Projec

DeCISIOI'/IHY/N | Resources: no limitation...

on FCCHE- [ approva Present HFM+National Program +20% OK till 2032.
LHC Then an adequate increase 15-20%/y must follow

2025 <—>2029 2030 < 2040 <—>2044 -1 R R )
— E
12Tdp(2K) FaiconD 12T Finaliodels

LHC @20TeV Prototyp

FCC @70TeV

vocar [L. Rossi ’24]

LHC @24TeV Prototyping
FOC @8a0TeV Industrialization Installation-commiss.

HTS 15T (20K) BasicR&D | Demonstrators
LHC@25TeV
FCC@88TeV

20
Ire colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024

Decision on
technology &
field-energy




Be prepared for the ‘Unexpected’...

— -
UNANSWERED
l QUESTIONS

=

> Great team: LC +LHC are mandatory......... !
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Lumi scenarios
* Running time based on 20 years physics data, lumi

upgrade included after 8 (10) years........ but o ow e 1506.07830
[ Zdr[fbT]
NG G-20 | H20 | 1-20
250 GeV 500 | 2000 | 500
350 GeV 200 200 1700
500 GeV 5000 4000 4000

* Most popular ‘H-20’: but stick to Vs=250 GeV....
* Prospects LHC: 300 fb-1 in 2023
HL-LHC: 3000 fb-1 in 2037 (start HL-LHC: 2027)
* Request: ‘Physics results improve/complement LHC, HL-LHC results’

fraction with sgn(P(e™),P(et)) =

(-+) (+-) (--) (+:+)
VS [%e] [%] [%] [%]
250 GeV 67.5 22.5 5 5

27
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Compton polarimetry at ILC

» Upstream polarimeter: use chicane system

Magnetic Chicane [ - - 8m
- 6.1m - ~ 16.1m e B 1m—»
> 1
RIS -~ 45.6 Gev Cherenkioy
S Detector
aim 250 GeV -~ =
——— e /e IP
et/e = ' 12 !
,[ 50 GeV
£ |~ ‘ ' '
g - | 25 GaV
S | r I
total length: 74.6 m e

—

— Can measure individual ex bunches
— Prototype Cherenkov detector tested at ELSA!

* Downstream polarimeter: crossing angle required
— Lumi-weighted polarization (via w/o collision)

— Spin-tracking simulations required -
pre-SUSY@Madrid, June 2024 Gudrid Moortgat-Pick



Polarimetry requirements

« SLC experience: measured AP/P=0.5%
— Compton scattered e- measured in magnetic spectrometer

« Goal atILC: measure AP/P<0.25%

— Dedicated Compton polarimeters and Cherenkov detectors

— Use upstream and downstream polarimeters
» Machine feedback and access to luminosity-weighted polarization

upstream
polarimeter

T

I_‘

downstream
polarimeter

e

1P

—1 800 m 150 m

— Use also annihilation data: “average polarization’
» Longterm absolute calibration scale, up to AP/P=0.1%

pre-SUSY@Madrid, June 2024 Gudrid Moortgat-Pick
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Free Parameters in the MSSM

« mass matrices are 3 X 3 hermitian

—> m{ ,mj, m§ , m}, m2:45 parameters

¢ gaugino masses M, M, M, are complex numbers: 6

¢ trilinear couplings a ,a , a_are 3 x 3 complex matrices: 54

« bilinear coupling b is 2 x 2 matrix: 4
: 2

i 2 2
¢ Higgs masses m*, , m", :

Hu’
— altogether 111 parameter ??7?
Symmetries (lepton + baryon number, Peccei-Quinn, R symmetry) lead to'rotations':

-4 non-trivial field redifinitions

-2 in the Higgs sector (since minimal model only 2 parameters in the Higgs sector)

—— | remain 105 free new parameters in the MSSM!

30
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