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What was expected of me

To attend all these sessions, and then present you with a carefully
considered summary of the most important developments.
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| faithfully attended (almost) all of them, and was greatly impressed by the
work that is ongoing. But today | won't attempt a conventional summary.



Where I have been it}t@d in addition

Much of most interesting discussion happens outside the sessions.

There you often hear the real questions and issues that concern people. Here |
highlight the most frequent topics of conversations, and give some responses.
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‘ The spirit of Speakers’ Corner

Warning — that than a conventional review, | am
taking the opportunity to subject you to my own
opinions about the FCC physics programme.
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FCC physics programme — the pub perspective

Why are we messing around with
all these energy points ? We
should just focus on the nggs run.
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The interconnectedness of all things

An ambitious programme !
But can it be descoped in anyway ?

» Do we need all energy points ?

Do we need so much running at Z ?

Do we really need to run at the
top threshold — this is very
expensive and will be hard work.

No !!I' All energy points are necessary,
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and the whole is greater than the sum of the parts, e.g.

* myy, needs improved knowledge of aqgp(m,?) from Z run;

*  my, measurement of little use, unless we have a much better measurement of m; ;

* m; needs improved knowledge of a,(m;?) from lower data points;

« ‘Top’ running is equally useful for the Higgs through e*e™ —» Hvv. Essential for
both improving knowledge of Higgs width, & for accessing Higgs self-interaction.
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FCC physics programme — the pub perspective

Is it true that these physicists have
very definite ideas on the order
in which we should take data ?
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‘ So does the order matter ?

Are their any physics reasons to prioritise the sequence of data taking ?
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No — we need all data, but the sequence doesn’t matter. (Even if
the above is the most natural from an operational point of view.)
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‘ So does the order matter ?

However, the Z run is extremely demanding from a detector and energy calibration
perspective. Getting everything right in the first few years of operation might be
iImpossible — at LEP there was four years of operation before the first precision
scan, then another year of consolidation before a second scan took place.

So dividing the Z operation into two separate periods would be wise, e.g.
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This certainly poses issues for the machine, but for the physicist flexibility is key !
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‘ So does the order matter ?

Nor can | see any physics objection to starting with HZ. In this case much of the
preparatory work for the Z scans could be done during Z-pole calibration runs.
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FCC physics programme — the pub perspective
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A false dichotomy

Sometimes we mislead ourselves (and the public), by making a misleading
distinction between the categories of experimental programmes we pursue.

Direct discovery VS. Precise measurement
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A false dichotomy

Sometimes we mislead ourselves (and the public), by making a misleading
distinction between the categories of experimental programmes we pursue.

Direct discovery VS. Precise measurement
Of course precise measurement is a powerful method of discovery !

By forgetting this, we downplay the real excitement of the FCC-ee physics
programme (which of course, also has avenues of direct discovery, e.g. LLPS).
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Other disciplines (and the public) understand the
importance of improved measurements very well

[Galactic centre, as seen by SKA]
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Other disciplines (and the public) understand the
importance of improved measurements very well

[Galactic centre, as seen by SKA]

The large and enthusiastic audience
last night seemed to ‘get it

Thursday, 8 Jun 2023
18:30 - 20:30 BST

The Royal Society

6-9 Carlton House Terrace
London SW1Y 5AC

United Kingdom

GIANT EXPERIMENTS
COSMIC QUESTIONS

Robin Ince
rrrrrr

9/6/23 PED summary - FCC Week 2023 15



Precision — a route to discovery

Higgs couplings Electroweak Precision Observables
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b FCC-ee precision gain
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These sort of improvements in sensitivity will bring us 4-5 x higher reach in mass,
which is very roughly the sort of gain we will get in direct searches from FCC-hh.
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Precision — a route to discovery

64gilgil[%]

Looking more closely...

FCC precision gain
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The gains are
potentially
much, much
larger if we
can gain greater
systematic control
(particularly at Z) !

A challenge for the
machine, experimentalists
and theorists [Gluza].

lles

[TUE[ES UINeD)]

These sort of improvements in sensitivity will bring us 4-5 x higher reach in mass,
which is very roughly the sort of gain we will get in direct searches from FCC-hh.
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FCC physics programme — the pub perspective

The FCC lacks a ‘killer app’ — there
IS no one single guaranteed physics
outcome to justify the project
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No-lose theorem of the FCC —
observation of the Higgs self interaction

Several speakers [Salam, McCullough, de Blas] reminded us of the critical importance
of measuring the Higgs self-interaction, and characterising nature of potential.

V@), SM V=2 |p I + 219"+ Vg |
Something we need to know,

as it plays a critical role in both

Standard Model the beginning, and possibly the

potential : :
end, of the history of universe...
Is this _
how the ...and is also an observable
world where major non-SM effects
works ? can lurk, which would not

manifest themselves elsewhere.
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Higgs self coupling at FCC-ee

FCC-ee will not observe HH production directly, but can access it indirectly
[McCullough, PRD 90 (2014) 015001] through combination of precise cross-section
measurements at 240 and 365 GeV [Blondel and Janor, arXiv:1809.10041].

FCC-ee, from EFT global fit
— 5/ab at 240 GeV 1
= +0.2/ab at 350 GeV ]

0.02 — +1.5/ab at 365 GeV ]

----- 350 GeV alone 1

T U 365 GeV alone 1

0.01] AxX=1
N I
O -
g 000

-001f FCC-ee-alone,
- 2 IPs, baseline

-0.02¢ run plan

—4 —2 o 2 4
6K;{

Improving sensitivity of this measurement is one of (many) reasons to go

to four interaction points, and, if possible, find other ways to boost luminosity.
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Higgs self coupling at FCC-ee

FCC-ee will not observe HH production directly, but can access it indirectly
[McCullough, PRD 90 (2014) 015001] through combination of precise cross-section
measurements at 240 and 365 GeV [Blondel and Janor, arXiv:1809.10041].

PED community believes strongly that four it

| experiments are essential, in order to: 2t 240 Gev |
t 365 GeV |
- Maximise statistics; e
e * Bring systematic robustness;
« Allow full range of physics to be covered by
et allowing for diverse detector designs & technologies.

DG agrees: “[FCC is] the only facility commensurate to §
| the size of the CERN community (at least 4 experiments).”

€

(5K,1

Improving s&tivity of this measurement is one of (many) reasons to go
to four interaction points, and, if possible, find other ways to boost luminosity.
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'Higgs self coupling at FCC-hh

Even a strong indirect signal of Higgs self coupling would not be sufficient
for such an important component of nature (and nor would 3 sigma ‘evidence’
at a 500 GeV linear collider). Need direct and precise observation at FCC-hh.

FCC-hh Simulation
}:} |_I T T | T TTT | T TTT | T TTT | T TTT | TTT I_
3l5 012] i ]
o [ 99—HH K=
L — . =
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0 {l— Powheg-V2 (NLO) —K;\=2

Remark, if we can build the machine I

) ) L B §=100TeV —. =3
then the signal will be there awaiting ol " ]
discovery — in that sense ‘no lose’... T !
_ _ 0.06~ ]
...but enormous effort still required I ]

to design and build the detectors 0.04F .
that can operate in this environment, : 1
and deliver the goods. 0.02-

|||
%0 300 400 50 600 700 800
m,, [GeV/c]
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“The Higgs potential —
practical applications ?

The slide that Gavin almost dared not show...

> common argument for fundamental research: it
Vig), SM an alternative e . :
potential (schematic) ~may pay off in terms of technological advances in

[
metastable

bubble here? Standard Model a century or two

potential
> in particle physics, it’s hard to conceive of a way
in which this could be true

> Attempt at counterexample: if there were 2nd
minimum in Higgs potential, could we create metastable

bubbles of alternative vacuum? (cf. EW phase transition)

Practical applications: unlimited fusion power ?

...In case any journalist got to hear of it.
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Boffins promise

The Higgs pOtential = unlimited power

from new super

practical applications ? o

By MATTHEW CHALMERS

The S||de that GaV|n almOSt dared nOt ShOW. .. A new super atom-smasher,
dubbed the Future Circular Collider

(FCC), will transform our lives, pro-

. . . . T viding unlimited power and removing

A wildly speculative aside [science fiction!] I e S
ey again. The FCC will be built at the

> common argument for fundamental research: it physics laboratory CERN, in Geneva,
and will study the God Particle. also
known as the Higgs. Top scientist
Standard Model a century or two Gavin Salam of Oxford University
potential . . . . . told us "I am convinced that our
> in particle physics, it’s hard to conceive of a Wa' gtudies of the God Particle will un-

in which this could be true lock the door to unlimited power.
They will also bring about world

peace. Probably."

V(¢), SM an alternative .. .
potential (schematic) ~may pay off in terms of technological advances

[
metastable
bubble here?

> Attempt at counterexample: if there were 2nd
minimum in Higgs potential, could we create metastable

bubbles of alternative vacuum? (cf. EW phase transition

Practical applications: unlimited fusion power ?

...In case any journalist got to hear of it. Too late !
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Other no-lose theorems at the FCC ?

Measuring the Higgs’ coupling to strange and (especially) the electron would be
major scientific advances. These have not been part of the baseline FCC
programme, but they nonetheless look tantalisingly close to achievable.

e*e- — H signal per IP per year

= 30
o orn E Significance. e*e’ > H, /s = 125 GeV
= 20
6
i 5 °
(]
With ISR a
12 . @ 10
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1 With o, ~ 8 MeV <

o(s) [fb]

N w &~ 00,
[ToZ (¢202) LET DOrd3]

l ' 4 l 4 A
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7 i Vs B [ S i i ] [
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gim (ab )

Keep working, keep thinking, and ensure the running programme remains flexible !
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FCC physics programme — the pub perspective

why don’t we hear more
about FCC-hh physics ?
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Reasons to develop FCC-hh physics case still further

FCC-hh no longer the only high energy future collider in town.
The muon collider, presumed long dead is rising from the grave...

We must be prepared for a constructive discussion of the relative physics merits.
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FCC physics programme — the pub perspective

— T Q) v
. A ) C
) > ‘
‘ ) 47 ) .
/i & [
- J — i v / 2 b
S Q= e 3 |
) - 4 5 n > S &
\ | 3 i \! (| _ 5
- ) \ 3 e |
57 " |
\ 2% { ) da |
WA | S WA P =
! M » q A
X 4 l‘,’-. &
; o & - . Pl | #
y .
- A
s T “ -
B .:\4. /
3 4
’
i ?
A
1

' -

5s
4—'— \ OK, so what are people |
s actually up to ?
F" |

9/6/23 PED summary - FCC Week 2023 28



‘ Detector R&D — getting organised

ECFA Roadmap defined a way forward for all main detector technologies.

THE 2021 ECFA DETECTOR
RESEARCH AND DEVELOPMENT ROADMAP

The European Committee for Future Accelerators
Detector R&D Roadmap Process Group

European Strategy Eumpeen Committe:
Update i ol

DRD collaborations now being established

iIn most of these areas, and should be in place

by the end of the year [reports this week].

TF#1 TF#2 TF#3 TF#4 TF#5
Gaseous Liquid Solid State Photon Quantum &
Detectors Detectors Detectors Detectors & Emerging
PID Technologies
Anna Colaleo Roxanne Guenette Nicolo” Cartigha Newille Harnew Marcel Demartesu
Leszek Rop i Jocelyn M Giulio Pellegrini Peter Krizan Michael Doser
TF#6 TF#7 TF#8 TF#9
Calorimetry Electronics & On- Integration Training
detector
Processing
Roberto Ferrari Dave Newboid Frank Hartmann Johann Collot
Roman Poeschi Francois Vasey Werner Riegler Erika Garutti

These are not for FCC alone, but FCC
requirements are a major driver.

9/6/23
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‘ Progress in implementing many subdetectors in Key4dHEP

ARC (i.e. RICH) [Delgardo] Dual-readout calorimeter [KO]

01 02 03
phi / rad

IDEA vertex and drift detectors [lig]

@ - FCC-ee simulation
%, oz o= x @ 1=0.36, B=0T
=] C ECal+HCal Barrel
C sliding window, benchmark
02— 37.4
C 374 444
- VE
05—
D.1_—
0.05—
\ . - . . U_ I [ I | I Lol
Complete geometry in IDEA vertex implementation in DD4hep 1 10 107

Ere [GeV]
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Progress in implementing many subdetectors in Key4dHEP

ARC (i.e. RICH) [Delgardo] Dual-readout calorimeter [KO]

Progress also reported in software infrastructure

[Smiesko], however, as it generally the case:
4
More heads — &
are welcome! 7" W¥ .
IDEA vert Fikova]
1\ | | J
fimulation
36, B=0T
bl Barral
Ihdow, benchmark
'2:_ T—f'E'lfi'. 4.1
G // UE Ll L]
Complete geometry in IDEA vertex implementation in DD4hep 1 10 107

Ere [GeV]



Growing focus on detector requirements

Progress in many physics studies presented — too many to summarise. One of
most important deliverables of these studies is to define detector requirements.

c 0

Higgs
factory

track momentum
resolution (low X))

IP/vertex resolution for
flavor tagging

PID capabilities for flavor
tagging

jet energy/angular
resolution
\(stochastic and noise)

and PF /

/ Flavor

“boosted” B/D/t factory:

track momentum
resolution (low X))

IP/vertex resolution
PID capabilities

Photon resolution, pi0
reconstruction

A /

QCD - EWK

most precise SM test

acceptance/alignment
knowledge to 10 um

luminosity

N\

BSM

feebly interacting particles

Large decay volume

High radial segmentation
- tracker
- calorimetry
- muon

impact parameter
resolution for large
displacement

\ triggerless /

[I66eA|aS alayoIA]
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Impact of detector on physics performance, e.g2. my

2400
2200
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i (s = 240 GeV
3 L=5ab"
: e'e -5 ZH - u'u + X

Events / (0.2 GeV)

IIIIIHIIIIIIIII'IIIIIll'llllllllll]‘lf

1600 D —— Data ; ; :
o i = ’ Recoil mass in ZH analysis
s it | esses Sig. Fit
1200 b 8
o [ Bkg. Fit
1000 1
800 T
~ +
600 - I H ".‘ “+*+M+’“*++“ + Fit fi ti +u~ cl 1 te™ ¢l 1 . binati
400 _E‘_%*ﬂt“;&+;+tp‘t-,' ....... ‘-'.........____"____‘:’_T":‘:"'ff{“*++0*#+*++*+"’{++++ﬂ4 1t connguration ool channe c' e channe COmpDInation
S ] e N Nominal 3.49 (4.27) 1.38 (4.72) 2.67 (3.28
SRR AT T DR R N el ersirera b s Tsive ; = op (= ‘ .
e T T R T R T T T g T Inclusive 4.11 (4.79) 5.26 (5.73) 3.19 (3.89)

]

3.49 5.09 2.82

Degradation electron res.

Magnetic field 3T

Variations in sensitivity > 1D 2T (fieon tracker
) . BES 6% uncertainty

with various detector

(and other) variations

3.49 (4.35)
1.92

4.38 (5.00)
2.52

Disable BES

Ideal resolution

Freeze backgrounds 3.49 4.38 2.67
Remove backgrounds 2.86 3.26 211

Clear idea of impact of different
detector choices on physics performance !
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‘ FCC-ee as a flavour factory

In flavour physics, in comparison with Belle Il and the LHC, FCC-ee will have almost
the best of both worlds - although missing out on the entangled signal-only initial
state of the B factories, and the eye-wateringly large cross section at the LHC.

Attribute T(4S) pp Z°
All hadron species v 7
High boost v
Enormous production cross-section v
Negligible trigger losses v
v

Low backgrounds
Initial energy constraint

NSNS

()

In crude terms, the event yields will be one order of magnitude higher than those
hoped for at Belle Il with 50 ab-! (trigger prevents no general comparison with LHCD).

+

Particle species B BY BY A, Bf @ 7177
Yield (x10%) 310 310 75 65 1.5 600 170

If the detectors have the right characteristics, then great physics can be done over
all areas. But in which measurements can FCC-ee be truly transformative ?
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‘ (Some) transformative measurements

in flavour at FCC-ee

Leptonic and semi-leptonic decays

B—K*vv, Bs—¢vv [Kenzie]

/"
A

Wows¥ axis

“ ..,50

also B,—1v [JHEP 2021 133]

CPV mixing asymmetries

I
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Measurements of CKM elements

B e T
* Progress on unitarity triangle needs

= iImprovement on V., especially.
Here tagged W jets look promising.
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Tau physics

Canonical Tau Lepton Universality test
HFLAV 2022 in yellow, FCC estimates in blue
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SM prediction

P
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https://arxiv.org/abs/2105.13330

‘ Many flavour updates presented this
week, e.g. on tau-physics measurements

Serious consideration on systematics — e.g. the tau lifetime [Luisiani]

» consider just tau pairs in 3-prong vs. 3-prong topology (3v3)
» Belle 2013 best measurement uses these events
» T direction reconstruction using vertices reduces importance of simulation

» extrapolate FCC-ee statistical precision starting from Delphi 2004 3v3 events statistical precision

P expect no significant differences on selection efficiency

Delphi 2004 3v3 precision by rescaling 3v1+3v3 measurement to number of 3v3 candidates
T, measurement is a measurement of transverse i.p. (dpsin8) ~ 70 um

Delphi 2004 3v3 precision consistent with a dj resolution ~ 70 um (tracking, beam spot)
assume FCC-ee has both transverse beam spot and can have dj resolution < 70um

= precision improvement factor ~(70 um @ 70 um)/70 um ~ 1.41

vyvyvyy

» assume DELPHI systematics for background, reconstruction bias and alignment (total 1.3 fs)
scale with luminosity to 3.5 ppm at FCC-ee

» very optimistic, and revised w.r.t. estimate in Krakow 2023, which was 12 ppm

» assume 30x better KKMC simulation can reduce uncertainty on ISR+FSR energy loss in tau pair
production to reduce the associated systematic contribution from 350 ppm to 12 ppm

» assume 9 ppm tau mass measurement at SCT/STCF or at FCC-ee
» assume 2 ppm vertex detector length scale (possible with optical methods)

» see Krakow Jan 2023 presentation for more details
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Many flavour updates presented this
week, e.g. on tau-physics measurements

Serious consideration on systematics — e.g. the tau lifetime [Luisiani]

T, uncertainty

20000 4 . DELPHI 2004 3v3 ® Measurement
4 Guestimate
10000 A
] .DELPHI 2004
5000 - PDG 2012
T ¢ Belle 2013
2000 - ® °
PDG 2014
_ 1000 {
£ 1
S 500
- 1 Belle Il
E -
200 1 FCC-ee(Z) CDR
-
100 5 “ ECC-ee(z) AL 2020
50
1 FCC-ee(Z) A.L. Krakow 2023 |00 klng
20 - < , o
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Taking a closer look sometimes makes clear how
demanding some of these measurements are

This used to be the poster child of FCC-ee flavour physics
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Taking a closer look sometimes makes clear how
demanding some of these measurements are

Including more realistic backgrounds, and reconstruction, but taking

a less idealistic performance for the vertex resolutions.
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Taking a closer look sometimes makes clear how
demanding some of these measurements are

And now scaling over transverse vertex resolution, and finally
comparing to performance expected by one detector concept (IDEA).

Precision of BF measurement as function of the resolution
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No need to panic yet — this may be ‘merely’ a material issue. The purpose of this
study is indeed to define detector requirements ! Also, made with T—3T1TVv alone.
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Taking a closer look sometimes makes clear how
demanding some of these measurements are

And now scaling over transverse vertex resolution, and finally
comparing to performance expected by one detector concept (IDEA).

Precision of BF measurement as function of the resolution
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(and don’t reduce our
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No need to panic yet — this may be ‘merely’ a material issue. The purpose of this
study is indeed to define detector requirements ! Also, made with T—3T1TVv alone.
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‘ Conclusions

The integrated FCC programme offers
unparalleled exploration potential
over the widest physics frontier.

There are guaranteed no-lose

outcomes, but the real interest
will be the unexpected. Let us
measure, and see what comes
of our measurements.

Flexibility will be key !

Many measurements will be challenging,
and work is required now, as solutions
define detector requirements.

Thank you for your attendance,
and have a safe trip home !
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