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Possible e*e- Higgs factories

Circular
Provides highest luminosities at energies below ttbar threshold...

...attractive for both Higgs physics and, e.g. electroweak studies at Z pole
Also allows for precise energy calibration through transverse polarisation.
FCC-ee: Z, WW, ZH, tthar (E.y: 91 — 365 GeV)
LEP3: Z, WW, ZH (E.y: 91 — 230 GeV)

Linear

Luminosities overtake circular machines above ~ttbar threshold,
opening up a route to studies of di-Higgs production.

Option of longitudinal polarisation — benefits for Higgs and electroweak.

First generation: LCF 250, CLIC 380, ILC 250
Second generation: LCF 550/1000, CLIC 1500/3000, HALHF...
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Possible e*e- Higgs factories

Circular
Provides highest luminosities at energies below ttbar threshold...

...attractive for both Higgs physics and, e.g. electroweak studies at Z pole
Also allows for precise energy calibration through transverse polarisation.

FCC-ee: Z, WW, ZH, ttbar (Ecy: 91 — 365 GeV)
LEP3:  Z, WW, ZH (Ey: 91 — 230 GeV)

Linear

Luminosities overtake circular machines above ~ttbar threshold,
opening up a route to studies of di-Higgs production.

Option of longitudinal polarisation — benefits for Higgs and electroweak.
First generation: LCF 250, CLIC 380, ILC 250
Second generation: LCF 550/1000, CLIC 1500/3000, HALHF...

Most physics examples will be drawn from the FCC-ee, which is current front
runner. But | will also discuss the unique capabilities of the linear machines.
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FCC-ee essentials and enabling characteristics
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"The end of history ?

Did particle physics conclude on 4/7/12 ? With the observation of the Higgs,
all particles of the Standard Model
Y g have now been discovered.

/K

.

Oh no, not that {
picture again

FERMIONS ("MATTER") BOSONS

)

QUARKS and ANTIQUARKS

)
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Problems with the Standard Model

The Standard Model cannot be a final theory

There are many questions it cannot answer,
ranging from the cosmological:

* No explanation for baryogenesis
* No explanation for dark matter or dark energy
 Gravity not included

to those associated with the parameters of the theory:

* Why so many free parameters ?

* Why the mass and CKM hierarchy ?

* Why do neutrinos have mass ?

» What prevents the Higgs from :
becoming supermassive ? ——

* Why is CPV only found in the EW sector ?

Tantalisingly, the Higgs has certain or presumed links with many of these questions.
Furthermore, it is a uniquely odd object (the only fundamental (??) spin-0 particle).
Learn more about the Higgs to learn more about what lies beyond the SM !
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Problems with the Standard Model

The Standard Model cannot be a final theory

There are many questions it cannot answer,
ranging from the cosmological:

* No explanation for baryogenesis

« No
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to thos . 1 1

o it’s the Only th1ng” [M. Peskin]

 Wh

* Why do neutrinos have mass ?

» What prevents the Higgs from
becoming supermassive ?

* Why is CPV only found in the EW sector ?

171200

Tantalisingly, the Higgs has certain or presumed links with many of these questions.
Furthermore, it is a uniquely odd object (the only fundamental (??) spin-0 particle).
Learn more about the Higgs to learn more about what lies beyond the SM !
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‘ What do we want to know ?

Measure its mass as well as we can. This is a free parameter of the SM and

enters into other calculations. Must determine this to ~10 MeV, or even better.

The following goals, however, relate to quantities predicted in the SM.
Are these predictions realised in nature ?

- Measure its width (in a model independent manner). This sets the
scale for the totality of final states the Higgs can decay into.

- Measure the couplings governing its expected decay and production modes

z

Often expressed in the kappa framework, where ¢
S

K, = measured coupling / SM coupling

H

and the subscript x labels the particle the Higgs is coupling to.
We aim for subpercent precision, as this brings us into the regime where
guantum loops enter, and where New Physics could manifest itself.

- Do this for the most common processes, e.g. couplings to the heavier
guarks, and the less common, e.g. the lighter generations, and the
very rare, e.g. Higgs decaying to invisible final states, or forbidden.

- Study how the Higgs couples to itself — tells us about the Higgs potential.

12



But don’t we learn about the Higgs at the (HL-)LHC ?

Great work of LHC, ATLAS and CMS — Higgs superficially behaving as in SM.
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However, much too early to declare ‘mission accomplished’:

- Precision on couplings (~5% in best case) not yet in ‘interesting regime’;

- Very limited information on second generation quarks;

- Nothing known about how Higgs couples to ‘everyday’ matter (first generation);
- All results model dependent, as Higgs width is badly known;

- Essentially no knowledge on how the Higgs couples to itself.

HL-LHC will make progress (e.g. self-coupling), but picture will not change much.,

Why we need a Higgs (and more) factory
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Higgs production — a tale of two colliders

electron-positron proton-proton
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S/B much higher at e*e- machine (however, absolute cross-sections are significantly
lower, so need a very high luminosity collider to accumulate a large sample).
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‘ Higgs production — a tale of two colliders

electron-positron proton-proton
8 TeVv 14 TeV 33 Tev 100 TeV
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i \\ Hence, term ‘e*e” Higgs factory’ a bit of a misnomer.

8 o) Many more Higgs produced at the (HL-)LHC than any of
; the machines we will discuss, but in the e*e- environment
S each Higgs is beautiful and valuable.

Think of the LHC as a Fiat production line, whereas
the e*e- machine (e.g. FCC-ee) will lovingly craft Bugatis.

50

V5 [GeV] 10

\s [TeV]
S/B ~ 102 S/B ~ 107

S/B much higher at e*e- machine (however, absolute cross-sections are significantly
lower, so need a very high luminosity collider to accumulate a large sample).
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e*e" Higgs factory essentials: case study of FCC-ee

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

rﬁ_ 108 ab-l at 240 GeV LN B (N B B S I B B B (N B B B | g LI S
2.2 x 108 ZH events ==
65k WW—H events sl

250

200

Cross section (fb)

150

lllllllllllllllll

100 ~3 ablat 350-365 GeV

370k ZH events

50 92k WW—H eventg

IllllIIIIIIII'IIIIlIIIIII

1 1 1 1 1 l 1 1 L l 1 1 1 [ 1 1 1 l i 1 1 l 1 1 1

0 1 1 1 1 1
200 220 240 260 280 300 320 340 360 380 400
s (GeV)

LCF@CERN would initially operate only at 250 GeV, only accessing ZH production,
and then hope to upgrade to higher energies. LEP3 would not operate above
~230 GeV. CLIC would begin at 380 GeV and then aim to go to higher energies..
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e*e" Higgs factory essentials: case study of FCC-ee

Central goal of

. : : t of Higgs width
: At higher energies, other diagrams open up L 995 Wit
and couplings s . 0 energy points.
(but all of significantly lower cross-section)
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and then hopetoupgratetomyreremergres—=rs wooro ot operate above
~230 GeV. CLIC would begin at 380 GeV and then aim to go to higher energies..
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The beauty of the e*e” environment

y (m)

At an e*e collider, the Higgs and its accompanying o
particle, e.g. the Z boson in e*e- — ZH production, i
IS created in isolation. Moreover, the initial state 2

energy and momentum is precisely known. o

It is sufficient to reconstruct the accompanying 4
particle, in this case the Z, and calculate the recoiling -

invariant mass. We can infer the existence of the gb Lo b b b b

Higgs without event looking at its decay products S M

— entirely unbiased and clean sample ! & *F [Oan 5 ab" E

2 20f Bzz FCC-ee -

O - wWWwW ]

Contrast to the LHC, O E

where the only way to
find a Higgs is to look
for a distinctive decay
mode, that can be seen :
above background. 50

60 70 80 90 100 110 120 130 140 150
Mgecoil (GEV)
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Measurement of my;

Must know my, to ~10 MeV (LHC uncertainty ~100 MeV) so as not to compromise
prediction of cross sections & BFs (better is needed for electron Yukawa — see later).

Baseline FCC-ee approach is to reconstruct Z and fit recoil mass at Vs=240 GeV.

FCCee simulation
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(52240 GeV. 108 20

> 2000 TT \\\\l\\\\ ]
© r 3
= 1800L Muen final state Z{u ") ]
3 . —IDEA ]
0 16007 IDEAperfect reésotution 7
§ C — IDEA 3T ]
L 1400: ==|DEA CLD silicon tracker .
1200F .
1000 ’\\ .
800~ \ .
600 \\ .
400 ‘\ .
200F N ]
) - :

[—— I [ [ L1l L1l | I | I | I

$327923 124 125 126 127 128 129 130 131 132

Recoil (GeV)

_, 5FCCeee simuaton Vs = 240 GeV, 10.8 ab™'
o r | 5
% 1.8 [__|Muon final state Z(u*p~)H (stat. +syst) [
o E —— IDEA 3(m,) = 4.74 MeV
1.6 [~ ——— IDEA perfect resolution §(m ) = 3.95 MeV [~
[ | = IDEA 3T &(m,) = 4.14 MeV
1.4 - | = IDEA CLD silicon tracker 8(m)=5.73MeV |
2\ 1/
i \\ I/
R\
\\\\ l///
\ |/
0.2F
1?4.99 124.995 125 125.005 125.01
m, (GeV)

With foreseen sample size, Z—uu decays and perfect detector 4.0 MeV is possible

(with smearing from 0.185% beam energy spread) with 2 TeV field (baseline).

Low-mass tracking solution (e.g. IDEA gas chamber) will allow precision of 4.7 MeV.

27/11/25
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Higgs-coupling measurements

Overall strategy at an e*e- machine:

Count H(—inclusive)Z events, & measure
0,7, from reconstructing Z & recoiling H
system. Extract g,,, with minimal theory input.

Count H(—ZZ*)Z events, and measure
[(H—2Z2Z%) " gnzz"

Iy Iy
& thus determine ' model independently.

O-HZ X

Reconstructing other final states allow
other couplings to be determined,
again, in model independent manner.

Improve further by adding WW—H data.

Events/1 GeV

AAAAAAAAAAAA

50

60 70 80 90 100110120 130140150
Mgecoil (GEV)
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Higgs-coupling measurements at FCC-ee

Sensitivity of HL-LHC and FCC-ee Coupling HL-LHC FCC-ee
projections, as ratio of measured 7 (%) | 3+ 0.10

coupling to SM expectation (‘K’): rw (%) 1.5% 0.29
K, (%) 2.5* 0.49
- FCC-ee reaches 0.1-0.5% / e >+ 0.54

precision on many of the e (%) 1.6 0.46
most interesting couplings; ke (%) - 0.87
oy (%) 1.6* 1.1

- Accesses, for the first time, tigy (%) 10* 4.3
second-generation quarks; ki (%) 3.2% 3.1
iy (%) 4.4* 3.3

- Results are model independent; 155 (%) - e

'y (%) — 0.78
Biw (<,95% CL) 1.9x1072* | 5x 10~*

- Achieved in a compact period L -
Bun (<.95% CL) 4 x1072* [6.8x 10

of eight-years operation.

* next to HL-LHC numbers — not model independent
But can this not be also done at other e*e- machines ? To an extent... but takes
much longer to reach this precision at e.g. the ILC [see backups and arxiv:1412.13130].
All e*e” Higgs factories are equal, but some are more equal than others !

Note, however, parameters associated with the rarer processes, and with top, are

not significantly improved w.r.t. HL-LHC. For these a different machine is needed. N



https://arxiv.org/abs/2412.13130

Higgs-coupling measurements at FCC-hh

FCC-hh completes the job. The dataset of 20 billion Higgs bosons allows for precise
measurements of the rare decay modes with high p; events. Normalisation provided
by FCC-ee measurements allows for full model independence, and higher precision.

€.g. n.or.mallse Httbar to Zttbar, Coupling HL-LHC FCC-ee | FCC-ee + FCC-hh
benefitting from FCC-ee results :
: Kz (%) 1.3* 0.10 0.10
at 365 GeV to constrain K;. rw (%) | 5* 0.29 025
Ky (%) 2.5* 0.49 0.49
“eF 68% and 95% prob. regions kg (%:) 2% 0.54 0.54
oa0f SNorceee . ) 1.6* 0.46 0.40
| _ ke (%) _ 0.87 0.87
oy (%) 1.6* 1.1 0.30
9% 0.00f @ ] kzy (%) 10* 4.3 0.67
® ok _ kit (%) 3.2° 3.1 0.75
Ky (%) 4.4 3;239 242192
-0.10f _ ; ks | (%) - tG? —67
_0_,5.. , , , , ] Ty (%) - 0.78 0.69
-0.15 -0.10 -0.05 D.DDSM 0.05 0.10 0.15 Bi[]\' (<‘ 95(/( CL} 19 % 10—2 * 5 % 1[]—4 23 % 1[]—4
POl Bunt (<.95% CL) 4% 1072* 6.8 x 1073 6.7 x 1073
Great complementarity and
synergy between -ee and -hh ! *next to HL-LHC numbers — not model independent

Why we need a Higgs (and more) factory
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Expected precision for all proposed Higgs factories

Summary prepared for "Physics Briefing Book’ of EPSSU [CERN-ESU-2025-001].
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|[=Eifit| 68% probability sensitivity - All scenarios combined with HL-LHC
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(Almost) current:  HL-LHC
First-generation: FCC-ee, LEP3, LCF 250, LHeC, CLIC 380
Second-generation: LCF 550/1000, CLIC 1500/3000

* Third-generation: FCC-hh, MuC 10 TeV

Projects have
very different
timelines


https://arxiv.org/abs/2511.03883

Dreaming of Higgs and the first generation

None of studies shown so far involve Higgs coupling to everyday matter,
l.e. first generation of electrons or quarks. Of great interest, but ferociously
difficult, as Higgs couples to mass, and first generation is very light.

There may be a way, at least to mea

sure the ‘electron Yukawa’ (the Higgs coupling

to electrons). Run a machine at the Higgs pole and look for e*e—H-—anything.

Only worth considering for FCC-ee, as no other machine has adequate luminosity

In this energy regime. But even for

FCC-ee, the challenge is daunting.

- Intrinsic cross section is tiny, and

resonance gets smeared by

With ISR
With o, ~ 4 MeV
With oy, ~ 8 MeV

initial state radiation (ISR).

- Need to know Higgs mass well

a(s) [fo]

()

L

compared with width of resonance
(~4 MeV). Should be OK at FCC-ee.

- However, spread of collision energy

S . is ~70 MeV, which is an order of

125.08 125.085 125.09 125.095 125.1

magnitude wider than the resonance !

Why we need a Higgs (and more) factory
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The monochromatisation challenge

To make the Higgs resonance observable,
monochromatise the colliding beams,

l.e. reduce the energy spread, e.g. through
introducing opposite sign dispersion

(see discussion in EPJ+ 137 (2022) 31).

iZEﬂ-AE 2E, + AE ‘

2E, - 2AE 2E, + 2AE

The problem: introducing such dispersion in general increases beam size at
the IP and therefore lowers luminosity, reducing the rate of Higgs production.

Simulations performed for the first time for the FSR, [zhang et al., NIMA 1073 (2025) 170268].
Both the possibilities of horizontal and vertical dispersion explored. Dispersion
introduced by reconfiguring dipoles used for local-chromaticity system (horizontal)
or adjusting the strength of the skew quadrupoles in interaction region (vertical).

default horizontal _ horizontal
dispersion vertical  ang vertical
for4or21Ps dISPErsion  gispersion

Std. TES [TH4IP] TH2IP TV  THV

CM energy spread 6 (MeV) 67.20 27.10 23.16 20.23 21.24

Luminosity / IP £ (10** cm—2s—1) 71.2 179 | 245 137 142

Integrated luminosity / IP / year Ly (ab_lj 8.54 P 2.15 2.94 0.16 0.17
7

Monochromatisation factor of ~2.5 for lumi reduction of ~4 25


https://link.springer.com/article/10.1140/epjp/s13360-021-02151-y
https://www.arxiv.org/abs/2411.04210

The monochromatisation challenge

To make the Higgs resonance observable,
monochromatise the colliding beams,

l.e. reduce the energy spread, e.g. through
introducing opposite sign dispersion

(see discussion in EPJ+ 137 (2022) 31 ).

izeﬂ-AE 26+ AE |

Y= el P¥ s

T With this performance, it would be possible to set an upper limit on
t§  the electron Yukawa of 2.5x the SM in one year of operation (95% CL)

Impressive and valuable knowledge (current bound on k, < 240),

Q
H but of course we would like to do better, and observe e*e—H production.

a This run is not currently part of FCC-ee baseline, but studies are ongoing.

default HONZOorital " TTOTTZO1 ||:a|
dispersion vertical  and vertical

for4or21Ps dISPErsion  gispersion

Std. TES [TH4IP] TH2IP TV  THV

CM energy spread 6 (MeV) 67.20 27.10 23.16 20.23 21.24

Luminosity / IP £ (10** cm—2s—1) 71.2 179 | 245 137 142

Integrated luminosity / IP / year Ly (ab_l) 8.54 P 2.15 2.94 0.16 0.17
e

Monochromatisation factor of ~2.5 for lumi reduction of ~4
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Higgs potential and Higgs self coupling

Central to the role of the Higgs field in generating particle masses is the
shape of the Higgs potential, V(¢), with a minimum at non-zero ¢.

potential is of the utmost importance.

Current

>ggs field valuj

in our Universe
We may learn, for example, how the S -
universe evolved to current state (was : Pt IoWledge
the electroweak phase transition first or ¢
second order ?). Also of relevance, is what happens to the potential at higher
values of ¢ — for example is there a second minimum (is universe metastable?).

Higgs potential in SM: Qgtz';;;';at've ;g
p) ]_ 4 Standard Model sf:

V(CD) <= CD + _¢) How did we petemal ;

2 get here ? 2

_— . Vi) s
Validating the shape of this =

H

K, Information on the potential can be accessed by
_____ o measuring the strength of the Higgs self-coupling,
i expressed through the A; parameter (or K, =A;/A;SM).

27


http://www.nature.com/articles/s41586-022-04899-4

Prospects of measuring », at HL-LHC

Most obvious way to measure K, requires di-Higgs production. Thisis a
key target of the HL-LHC programme. It is very tough, because cross section
IS ~1000 times smaller than that of single Higgs production.

e.g. dl-ngg_s . i ) s Y
production in g
i t, b -——-a i |
g9 fu5|on.(only o
triangle diagram g 200000 "y FRCTTITTY RIS S H

sensitive to k).

ATLAS +CMS Projections ESPPU 2026
vE =14 TeV, 53, 3 ab™! per experiment
All other couplings fixed to SM
B8% CL ky £[0.74, 1.29]

—2Alog(c)

Combined extrapolation of ATLAS and CMS
performance estimates precision of 27 %
by end of HL-LHC [arXiv:2504.00672].

—— ~Combination

— bbT*T™

— Bbyy

—— bbbb
Multilepton
BB

5>\\ I
o 95% CL
- \& /// 6B% CL
) . Tt | e . h :

0.5 DO 0.5 1.0 1.5 2.0 2.5 3.0 35
K3
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‘ Prospects of direct measurement x, at e*e

Di-Higgs production at e*e” requires energies above that accessible at FCC-ee,
LEP3, or in ‘entry level’ linear colliders. Require LCF 550/1000 or CLIC 1500/3000.

L B = ZHH and HHvv diagrams sensitive to k,

1025—

o(e*e” — HX) [fb]

103—

| | | | | | | 1 | | |
0 1000 2000 3000
Vs [GeV]

LCF 550, with 8 ab'! and baseline polarisation: 11% k, precision [arXiv:1509.14148].
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Higgs self-coupling at FCC-ee

Despite not having sufficient energy for on-shell di-Higgs production, FCC-ee can
tell us something about the self-coupling and k, . This comes from loop diagrams
contributing to single Higgs production [M. McCullough, PRD 90 (2014) 015001]:

Combined HL-LHC & FCC-ee
K, precision vs FCC-ee int. lumi.

s =

0.14
- Basellne int. lumi. x 2 .015

8_
| \101?
- Baselln I"—-—--——
- ma
a 197

a 1 5 20 25 30

f—zm Gev (ab™)

Lags ey (ab™")

Precise measurement of cross-sections

at 240 GeV and 365 GeV provides sensitivity
to these contributions, and A standalone precision of 28%, which becomes 18%
when combined with HL-LHC. Can be improved with more running time.
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Higgs self-coupling at the energy frontier

€68% prl:vll::cal:lilityr SEln:'.:iti‘nrit_\,lr - Alllscenarins clcmbined wilth HL-LHC |
HL-LHC
However, a measurement of K,
should really be aiming for O(%)
precision, i.e. approaching LCFzps0 -
ball park of single-Higgs =
: A
coupling parameters. z
g
This requires an energy frontier 115
machine (~10 TeV parton S
centre-of-mass), such as FCC-hh o =
(30 million Higgs pairs) =
. FCC—eeMFm
or a 10 TeV muon collider. 7\
\ I Eurﬁ?r%?%?lc%ﬁy&ﬁ?&?) |
MuCio HEP[
5 10 15 20 25 30
6A3[%]
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“The Hig verything;
it’s the o [M. Peskin]

The FCC-ee is a Higgs factory beyond compare,
but its overall physics reach is far wider than this.

And the Higgs is not the only route to New Physics !
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New physics searches: widening the net

A future e*e collider must cast the net wider than the Higgs. We must be sensitive
to New Physics through many all means possible. Two very powerful methods are

heavy-flavour physics (e.g. with b-hadrons) and precision electroweak physics. As
with Higgs studies, both are sensitive to higher-mass particles through virtual loops.

Example from history: the top quark. - Vi 3
First indication that the then undiscovered v -
top was very heavy came from observation of Bg
BBbar oscillations by ARGUS and UA1 in 1980s.
q — .
Precise measurements of properties of Z at LEP and
SLC, then allowed for excellent estimate of m, ... I
. ‘u+ 200— | | I | __
\\ ; | ﬁm: £y
> % 150- .
_ ¢ _ g EI gﬁ/\lf?:tcgﬁgtraint:
e U ~ ] 68% CL -
...confirmed by direct observation at Tevatron. 100 ]
A similar story applied with the Higgs mass. j '
So we want our new machine to enable such 5o e e I B e
1990 1995 2000 2005

studies, but with higher sensitivity than ever before ! Vear
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New physics searches: widening the net

A future e*e- collider must cast the net wider than the Higgs. We must be sensitive
to New Physics through many all means possible. Two very powerful methods are

So we are asking that our Higgs factory be more than a Higgs factory.

It should also allow for precise electroweak studies (with Z, W and top)
and for a wide and deep programme of heavy flavour physics.

Guiding principle same in all cases.
— Deploy precise measurements as a tool of discovery

l.e. probe for the presence of new particles and interactions indirectly.

up to several 10s of TeV (and higher still for certain flavour-physics

This strategy is sensitive to the virtual presence of new particles with masses

observables), even though our collider is operating at ‘only’ a few 100 GeV !

5
IS.

—

...confirmed by direct observation at Tevatron. = 1001
A similar story applied with the Higgs mass. '

1/ Direct search lower limit (95% CL)

So we want our new machine to enable such A —

1990 1995 2000 2005

studies, but with higher sensitivity than ever before ! Vear
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Precision as a discovery tool "«
Role of precision in discovery is well known from other disciplines

e.g. precise measurements of trajectory of Uranus led to prediction,
and subsequent discovery of Neptune (Le Verrier, 18406)...

...and those of precession of perihelion of Mercury played a central role in the
formulation and acceptance of a new theory of gravity (Einstein, 1915).
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Discovery through precision: the FCC-ee

So, to provide maximum discovery potential, the next collider must provide:
Higgs studies at more than one energy point

High lumi operation at Z, with sample sizes >> LEP,

— electroweak studies (also requires excellent knowledge of E,,) ;
— heavy-flavour studies from Z—bbbar production ;
— searches for weakly coupling light new particles (see later).

High lumi operation at and above the WW threshold (again with excellent
knowledge of E,,) and the ttbar threshold, for precision electroweak studies.

These requirements are met by FCC-ee:

Integrated luminosity [ab™]

200

100

——

Quasi-total order flexibility
]

——

ww
= 10

Flavour phychs
New particle searches
n 0 9'3

= Electroweak physics &

ZH
= 10

Higgs physics

Higgs physics

Flavour physics

QCb | |

0 1 2 3 4 5

(0]
~J
03]
(o
-
o

|
12 13 14 15

Years

11
36



Phys. Rept. 427 (2006) 257

The LEP legacy and revisiting the Z°  ensren sz 0o us

LEP operated at the Z resonance from 1989-1995, with two high statistics scans in
1993 & 1995, and then at & above the W*W- threshold (161-210 GeV) up until 2000.

ALEPH DELPHI OPAL L3
(319 pubs.) (347 pubs.) (423 pubs.) (317 pubs.)

LEP accumulated ~17 million Z% and ~40k WSs.
During similar period SLD experiment at SLAC collected ~1 million Z%s.
Many papers in searches, QCD, b and tau physics, and electroweak (W and 2).

LEP established the validity of the Standard Model, to loop level. Why revisit the Z ?

Answer: we can now do so with ~10° times larger samples (6 x 1012 Z decays —
“Tera-Z’). Opportunity for a giant leap in precision — more so than anywhere else

in collider physics. Test SM to breaking point and probe for New Physics effects.
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‘ Key Z° observables

Lepton and inclusive hadron cross-sections T
: ~2GeV v —~2GeV g
‘. below -~ above S

89.46

peak-2
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‘ Key Z° observables — the lineshape

From the cross sections, we access the lineshape, described by a mass, width
and peak cross section (at LEP this told us the number of neutrino species).

IE | ! I v N ' 1 ! N v 1 ! ! ! I ' ! '(T(]I | 3 -
— 40 [ LEP Zlineshape SN B &
= P =
s | A 2, ALEPH
<) DELPHI A © DELPHI
| L3 ! ! L3
o o / \ : OPAL

20

i t average measurements,

L ! error bars increased

20 “}<- by factor 10
’

'i

| # measurements (error bars ;

increased by factor 10)

10 o from fit /

10 -

8 88 90 92 94
; ] E_ [GeV]
M ]

86 88 90 'q/';'z' —9a
E,, [GeV] N, = 298404 0.0082

At Tera-Z we have the opportunity to measure these parameters with vastly
higher precision, e.g. x200 better for [',, which allows for high sensitivity probes
of New Physics, but this mandates an excellent control of systematic effects.
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Controlling systematics at Tera-Z:
the E,; challenge

Calibrating the horizontal scale, i.e. E,,
Is essential for good precision on the resonance
parameters, and other observables at FCC-ee.

Ojaq [MD]

a0 [

ALEPH
SLP)

| 1 L vz 1
86 88 90 92 94

E . [GeV]
This can be achieved through the miracle
of resonant de-polarisation (RDP), = MeV]
which is unigue to circular e*e- machines. 5 [T
« Wait for transverse polarisation to build up; \; R ¥%+z* +
al
» Precession frequency, v, proportional to E,;: 03 - —t [ 200 keV
Ep =2 Vs M, 2/ (g — 2) 0
: L : : ~+-
* Monitor polarisation with Compton scattering
from laser whilst exciting beam with transverse = ™° o s o o e
oscillating EM field. Find frequency at which depol™ occurs. v

Intrinsic precision superb (<100 keV at Z), but at LEP RDP could only

be performed in special conditions at start or end of fill, every few weeks.
The energy of machine varied between calibrations, leading to an overall
uncertainty at the ~MeV level. Fine for LEP, but not good enough for FCC-ee !

[2/8T (666T) 9 DCd3]
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Beam Energy (MeV)

‘ Some mechanisms of
E, variation at LEP
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Strategy for E,, calibration at FCC-ee — key points

In contrast to LEP, build E,, calibration requirements into machine design and
planning from start. We already have a baseline strategy, which addresses
the main problems that afflicted the LEP energy calibration.

* Perform RDP ‘continuously’ (~5 times
g Co et S G per hour). This is done on ~250 out of
16600 non-colliding pilot bunches.

Removes to first order all
time-dependent effects !!!

[arXiv:1909.12245]

* Measure separately for e* & e-.

* Adjust RF frequency at short intervals
to suppress tide-like effects.

* Invest in extensive instrumentation
N and logging of all machine parameters.

« Exploit measurements from experiments
that provide complementary information.

Should be able to approach intrinsic RDP
uncertainty on absolute E,, (<100 keV) and do

even better on point-to-point measurements !
42
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‘ W and top mass measurements

Electroweak studies will continue at the WW threshold (161 GeV) and ttbar
threshold (~345 GeV) where key goals will be precise mass measurements.

At FCC-ee, measure m,, through scan of threshold cross section and also direct

reconstruction. Precise knowledge of E,, essential — only available at FCC-ee.

CMS Preliminary . . . | . e
i e P | 8 2001 LEP PreLmmnaARy -
LEP combination = I _ YFSWW and RacoonWwW
Phys. Bep. 532 (2013) 119 80376 +.33 I b§
DO n ‘__,_¢ |
PAL 108 (2012) 151804 80375 + 23 ]
CDF i » L 804335 + 9.4 ! —— . : : :
Science 376 (2022) 6589 | 10 . i
LHCb | N S | 1 7
JHEP 01 (2022) 036 80354 = 52 I ] 1
ATLAS | a03665 + 159 . | Measure cross-segtion v 1
arxiv:2403.15085, subm. to EPJC B I in this region; |
s AR eas = o= Ewiit sensitive to mw\ b '
. | T | |
80300 80350 80400 80450 0 T e
mw {MGV) 160 180 200
Vs (GeV)
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‘ W and top mass measurements

Electroweak studies will continue at the WW threshold (161 GeV) and ttbar
threshold (~345 GeV) where key goals will be precise mass measurements.

At FCC-ee, measure m,, through scan of threshold cross section and also direct
reconstruction. Precise knowledge of E,, essential — only available at FCC-ee.

CMS Preliminary
! | H ! | |
My in e :
LEP combination L 80376 + 33 —_—— . .
Phys. Rep. 532 (2013) 119 ! FCC-ee Preliminary (Dec. 2063)
DO o L 80375 £ 23 ‘——-—1 -
PRL 108 (2012) 151804 h 80345 80350 80355 80360
CDF - 504335 + 0.4 ! —— | | | |
Sclence 376 (2022) 5589 | [ [
LHCb | 80354 £ 32 e _/ - ) o -
JHEP 01 (2022) 036 | 350 for BSM Physics
ATLAS |- 803665+ 159 —— :
arxiv: 240315085, subm. to EPJC
CMS | 803602 4 9.¢ .
This Work AsEnE g T —= EW fit
| 11 L | |

BO300 B0350 80400 80450

my (MeV)

Estimated statistical sensitivity of 180 keV, with E,, uncertainty subdominant, a ~50x
improvement on CMS result. Need to then match this sensitivity for the predicted
value ((EW fit"); for this FCC-ee must measure the top mass precisely - foreseen!
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my, vs m, closure plot — a stringent test for the SM

Direct measurements of Myy 178  ©8% prob. regions from EW fit P /—‘
and m, may be compared with ﬁt’ﬁ'l‘; ’ 2
the indirect values derived @ HL+FCC-ee '
from the Standard Model 176,  H-rFEC-eeno Thiw)
calculation taking (mostly) Direct determination
Z data as input. My '™ 2054 _mp DS 202¢ y y

— .Y HL-LHC

> 174} < FCC-ee y
As all parameters of the o
Standard Model are known, & :
this should give closure. 1721 : 2

FCC gives dramatic
improvement to both indirect

. o 170}
and direct determinations. .
This is one example of L -1
many tests that can be —d _ _ _ [;Eaf't.'
made with FCC-ee data. 80.33 80.34 80.35 80.36 80.37 80.38 80.39

My [GeV]
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FCC-ee as a flavour factory

High branching fraction of Z° into bbbar & ccbar, together with 6 x 1012 of Z%s
foreseen at FCC-ee (6 x 1012), will provide very large sample for flavour studies.

Particle species BY° B¥ BY A, BFX ¢ 7+ 7F
Yield (109) 370 370 90 80 2 720 200

R o _ Attribute T(4S) pp Z
Putting "very large’ in context: ATl hadron species —
« For B% and B*, an order High boost _ _ o v

. Enormous production cross-section v
of magnl_tu_de more than Negligible trigger losses v v
Belle I ('f it reaches 50 ab_l)’ High geometrical acceptance v v
plus heavier b-hadrons; Low backgrounds v v
Flavour-tagging power v v
« Compared to LHCb, the Initial-energy constraint v (V)

production rate is lower,

but no trigger loss, higher acceptance and initial state flavour-tagging,
and a very clean environment, which will be invaluable for many studies,
bringing previously impossible measurements within reach.
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FCC-ee as a flavour factory

Many measurements will be possible that lie beyond LHCb and Belle II.

e.g. world’s largest sample of ‘clean’ tau
decays, providing a unique laboratory
for many SM tests, e.qg. lepton universality

e.g. observation of the
‘golden mode’ BO—KT1*1-

Invariant B0 mass with sel solutions and natural number of event PDG 2023 Il FCC estimate

0.1790
PV (3000, 00238, 30pm) & SV & TV | X00pm. 3.0pm) 68% CL contour
140 4 Probability to ldeatify & £ = 0.80
1 N B, K'°D.D.(D, = 1v) )

£19 . Direct
}i 12(]‘ == Br.' 2 4 [\'.“DJ)-' D‘ — FART") measurement
; 1 . B, K°Dru(D, = 1v) —
; 1001 W B, K°D.D,(D, - xrrnls) % 0.1785 '
2 . B, KODD,(D — Doy, D, = 7e) t

; =
=2 W B, K°D,D,(D, > tv.D, - wxwn') =

ﬁ B B, K'°D!7v(D! = Dyy. D, = wrax"7")

~
= B B, K'°D.D.(D, = 1tv.D, - sran'a?)
] 3 o0y . o L

E : !-!,, + KD D (D) = Dy, Dy — swar'a’) 0.1780
ol Hig .
S signal

$ sig + be's g
20 / SM prediction
0 v 28¢ 29( 29( 291 291
16 18 5.0 5.2 5.4 5.6 5.8 6.0 895 900 02 910 919
T [fs]

m(K*[3x].[37].) [GeV/c]]

A powerful probe for New Physics complementary to Higgs and electroweak studies.
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Direct searches for new particles

Aside from its ‘precision-measurement’ programme, FCC-ee does have remarkable
prospects in direct searches, again profiting from the enormous samples at Tera-Z.
These are ‘light’ new particles that couple only feebly to Standard Model particles.

e.g. heavy-neutral lepton searches — sensitivity complementary to SHiP and LHC

C\ FUTURE z factory
CIRCULAR

COLLIDER

et+e- > Z> VN
N> e- +{W** jj}

LHC prompt >

-
AN
S

‘\\FCC—ee prompt Ny = pjj

10—12 L

2 5 10 50 100
my, [GeV]

Similarly, high sensitivity in ALP searches from e*e—ay—yyy and yy—a—2y.
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‘ Conclusions

The Higgs is central to many of the open questions of the Standard Model

— it is crucial that we learn more about it !

The (HL-)LHC has told us an enormous amount, and will tell us more...
...but to takes the next step in understanding requires an e*e- machine.

In addition, we must probe for the signs of New Physics in complementary
areas, such as precision electroweak and in flavour observables.

FCC-ee offers excellent possibilities for all such studies.
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