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(N rco Introduction

+ The physics landscape of the FCC-ee program extends in all possible
directions:

+ the difference in the physics focus at the different /s

+ the difference in the event kinematic of running from 90GeV (and
possibly below) up to 365GeV

+ the challenge of being able to achieve superbe precision on SM
processes but also perform unique direct searches for new physics

+ The list of interesting processes and measurement is extensive, and it
has not been fully explored yet, even in terms of sensitivity.

+ From this richness, we need to extract concrete benchmark
measurements, the « case studies » that will be used to extract
requirements on what is missing to achieve our ambitious goals:
detector requirements, reconstruction tools, calibration techniques.
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(O Fcc  FCC Feasibility Study (2021-2025)

CERN
Council

Oversight

Collaboration Steering Scientific Advisory
Committee ‘ Committee

Supervision

Coordination
Group

Physics, Civil Engineering
Experiments Technical and Organisation Studyaﬁ:ppod
and Infrastructures Host State and Funding
Coordination
Detectors Processes

FUTURE CIRCULAR COLLIDER FEASIBILITY STUDY: CERN/SPC/1161

CERN/3588
Original: English

MAIN DELIVERABLES AND MILESTONES 21 June 2001

Execution

RESTRICTED COUNCIL
203" Session
17 June 2021

e acommittee including external experts will be established to review the cost of the first-

will take place at the end of the Feasibility Study in 2025;

stage project (the tunnel and the FCC-ee collider) by mid-2023; a second cost review
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(N rco

PED Study Pillar Structure
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P. Azzi
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Including
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Group
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Group
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Group
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Group
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Group

Today’s topic,
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C FCC Physics Programme WP

o Sixworking groups (with at least one experimentalist and one theorist conveners, tbd)

o Focus on the phenomenological aspects of the integrated FCC programme

1. Precision Electroweak Physics
> Z peak and WW threshold (ee)
2 High-energy diboson and difermion (hh)

2. Higgs physics
;3. Flavour (c, b, t) physics
4. BSM Physics

2 Indirect sensitivity from precision measurements (ee and hh)
> Direct BSM searches at the smallest couplings (ee and hh) and highest masses (hh)

s. QCD
6. Top physics
¢ To be considered in addition
e Physics at FCC-hh with dedicated experiments

Patrick Janot FCC Week 2021
28 June 2021

+ Coordinators nomination in progress
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(O Fcc Physics Programme key deliverables

a  Within the domain of expertise of each working group
Bring together theorists and experimentalists

Report on recent results in the literature and develop new ideas

e New models to probe; new experimental tests to implement; new observables to test

e Examine different operation models (L vs v/s: values and time ordering)

e Propose ancillary (in situ) measurements of key accelerator/detector parameters
¢ Propose physics benchmark measurements

e Which may lead to new detector performance requirements or theory precision requirements
o Plan for precision theory calculation development, to match experimental uncertainties

e Astrategic priority for FCC-ee — Such developments have focussed on LHC in the past 20 years.
+ Review existing MC generators

e And plan for upgrade to include most recent theoretical progress
+ Deliver and test global fitting code and formulae

e Forstandard model, specific BSM models, and generic Effective-Field-Theory (EFT) approach

¢ Organize public documentation for the results of the working group

Patrick Janot FCC Week 2021

28 June 2021 13
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(N rco Physics Performance WP

Physics Performance makes the link between:
* Physics Benchmarks measurements, proposed by the Physics Programme
- Detector Requirements, used by Detector Concepts

By means of concrete Physics Case Studies

+ For each Physics Benchmark measurement:

+ |dentify and implement one or several case studies to
optimise the ultimate statistical sensitivity

+ |dentify and evaluate the limiting systematic uncertainties

+ Establish detector requirements to match systematic
uncertainties with statistical precision and pass them on to
the Detector Concept WP
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C FCC Case Studies

+ extract detector requirements to achieve desired performance

+ develop a detector simulation that allows this performance to be merged
in the full analysis

+ develop reconstruction algorithms that fully exploit the detector
information

+ develop calibration strategies and analysis techniques to shrink the
uncertainties as needed

+ Extract requirements on event generation and simulation of machine
effects to ensure realistic predictions

Swiss FCC Day - 07/09/2021 8



(O Fcc Targets and Progress Status

+ Several “case studies” have started covering very different physics topics.
+ Documentation: https://hep-fcc.qgithub.io/FCCeePhysicsPerformance/

+ They are at different level of maturity both from the analysis point of view but
also from the software tools that are used.

+ |n collaboration with the Software Coordination, common tools are provided such
as:

+ Delphes simulation samples within EDM4HEP centrally generated (and
documented)

+ Common samples here: https://bit.ly/35Lgft5

+ FCCAnalysis framework+examples (in git)

+ the latter benefits from stand-alone developments (as addition to
dataframe tools) or developments within Delphes (e.g. vertex fitter, PID...)

+ However, in some cases, it was easier for the analysers to choose to use a
standalone approach. This will require a porting of the analysis to the common
code later on.
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q

HIGGS Measurement

Constraining

Higgs boson coupling to c quark

Flavour tagging, vertexing

o(ZH) and mH, Z —leptons (Mrecoil);
New scalarsinZ + S

Lepton momentum & energy resolution

o(ZH) and mH, Z - hadrons ;
BR( Higgs invisible)

hadronic mass and hadronic recoil-mass
resolution ;
Maybe b-tagging

NH)inZH,H > 2ZZ*

Lepton ID efficiencies; jet clustering algorithmes,
jet directions, kinematic fits

Higgs boson mass in all exclusive final states
(hadronic, taus, etc)

b-tagging eff and purity, jet angular resolution,
jet reco, kin fits

F(H) with bbnunu events

Visible and missing mass resolutions

HZy coupling

photon identification, energy and angular scale

e-e+->H production in s-channel at Higgs pole

q/gtagging  CERN (former analysis exists &

being revamped)
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(O rcc Example: Higgs mass with ZH events

+ Precise mass motivation, with O(10MeV) already matches the statistical precision on the Higgs, BR,
but to constrain or measure electron Yukawa, would need better than the Higgs width (<4.1MeV).

+ This is an ambitious goal that poses challenges and constraints on the measurement with the ZH events
+ accelerator operations detector design, analysis techniques

+ Preliminary recoil method determination using Z — uu decays shows Am(H)~few MeV with systematics
effects from:

+ Beam energy spread , Lepton and jet angular resolution, acceptance , Momentum scale and its
stability (as will be shown for the example at the 2)

+ Exploring other channels with hadronic decays of the Z and H will add statistics, but challenge also
the performance for reconstruction of jets and kinematical fitting

- FCCee simuaion Vs =240 GeV, 5ab”
Stat-only results §14ooo} S -
S C I W vp )W (wp) ]
IDEA Am,, (MeV) AG (%) g 120001 Sz | B
o r Ezy i ]
L 10000 |- [ Rare (e(e)Z; 1y-supt) —
Nominal 6.70 1.07
8000 =
FullSilicon 9.01 1.12 6000 -
3T 578 1.06 A. Li, q.Eysermans, 4000| ]
S. Braibant, V. i .
Diolaiti 2000 E
0 SO | E S |

0 20 40 60 80 100 120 140
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O FCC Jet-flavor tagging

. )
F. Bedeschi, ~—bvsg
L. Gouskos, ==b s

. 10_1:—bV5C E 10_1;_
M. Selvaggi : /. : rcs

10‘25

£(BKG)
£(BKG)
I
(4]
b
w

107

1074 —
0 02 04 06 08 1 104

: , o
0.6 0.8 1

£(SIG) 0 02 04 : SSiG)
WP Eff Mistag Mistag | Mistag WP Eff Mistag | Mistag | Mistag
(b) | (g) (ud) (c) (c) (g) (ud) (b)
Loose | 90% 2% 0.2% 3% Loose | 90% 8% 7.5% 5%
Medium 80% 0.7% <0.1% 0.4% Medium @ 80% 3% 0.9% 2.5%

+ New tagging algorithm developed based on DNN approach: DGCNN: [arXiv:1801.07829] ParticleNet:

[arXiv:1902.08570]
+ c-tagging efficiency is 80-90%, improves when beam pipe radius decreases

+ H — cc¢ coupling performance: 6(c X BR)/(c X BR) % =~ 0.6(stat.only) or 2.9(no Bkg rej):
promising!
Swiss FCC Day - 07/09/2021
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(N rco

Strange tagging

P
F. Bedeschi, L. Gouskos, M. Selvaggi
8 " Using dNdx and mTOF
B 73 1 time of flight 6 il = -
E’ 122_ t dN/dx é F s vsud v o o ‘ 9 g s vs g (no PID) g
E . = = combined = _?.svvs.:... ..‘K‘AA % s vs g (mTOF)
! B L——svsb .4
E . A Q7 [ e— s,vs.g.(dex -
10 :_ '! at_ 30 o 10—1 - ‘A o Full e A% 5 svsg (a 3
. FoA e Fullideal  yp#dt
It ) - (5
s [ 277 A No PID a3
: oy / . . 102 E
I -y H X E =
o . 4 Ideal L ]
" B frommc 107°E = .
\ : ] 1073 =
. [ 3
* i =
-------- QeessssssuEsas H 2 ]
‘ = E
‘Q ; A 10—411|||111||||111|||1
-, -3 3 | I I L |
sasaallln oo ¥ Tl e ®E ©On DE D8 g = ta 5 O'S(SIG;
1 10 102 e(SIG)

Momentum [GeV/c?]

+ Combined PID with dN/dx and TOF(30ps): 30
K /7 separation for p<30GeV

+ Using IDEA concept with Drift Chamber

+ First look. Investigating possible improvements,
maybe 30ps not enough?

(s)
90%

(g)
20%

) (c)

10%

Loose 40%

Medium | 80% @ 10% 20% 6%
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(Q EWK Measurements at the Z

Constraining

Total width of the Z (see next slide)

Track momentum (and angular) resolution,
scale (magnetic field) stability

Rb, Rc, AFB of heavy quarks

Flavour tagging, acceptance, QCD corrections

alphaS measurement

Z-> jets

Ratio RLp

Geometrical acceptance for lepton pairs

AFB (muons)and a(QED)

EW corrections and control of IFI (initial-final
state radiation interference)

Luminosity from diphoton events ;
NP in diphotons

e/gamma separation, gamma acceptance

Swiss FCC Day - 07/09/2021
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(6 EWK Measurements at the Z

Constraining

Total width of the Z (see next slide)

Track momentum (and angular) resolution,
scale (magnetic field) stability

Rb, Rc, AFB of heavy quarks

Flavour tagging, acceptance, QCD corrections

Z-> jets

[ Selection: inclusive

alphaS measurement
Ratio RL&
G. Panizzo,
M C o) b al FCC-ee Simulation (Delphes)
AFB (muons) and a(QED) . T I;Blcl_)l‘rlvl(tl_)laln)l ™
et - Vs =91.0GeV Bz bb
2 100 _100ab Bz 7]
g - Z-qq B Z-aqq

Luminosity from diphoton ew
NP in diphotons

20 30 40 50 60

Hemisphere charaed enerav (max) [GeVI]

EESwiss FCC Day™="07/09/2021

Geometrical acceptance for lepton pairs

corrections and control of IFl (initial-final
e radiation interference)

amma separation, gamma acceptance
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Example : Determination of the Z width

Key = Relative uncertainty of ./s between the different

energy points of the lineshape scan. :330 | ALEPH 3
- DELPHI
Can be controlled via the direct measurement of Mppu in di-muon events : [ L3 i\
compare the peak positions at the different /s points. 20 OPAL *
e o( Mup ) : statistical potential to control relative 5(1/s) to O(40 keV) e \
e Requires the stability of the momentum scale, esp. of B, to that level, 10 N
l.e. 40 keV /90 GeV < 106 //
- . N S
T R R
O B e Signal In-situ, using the large statistics of well-
5 103; no fakes 4 L background « | .
“ __ Uncertainty on the peak: nown resonances’ eg /W UU
~ 70 keV
02_ Jp — pp First studies: Target seems within reach with an
Halidiln on sa0 &f N IDEA-like resolution.
: % #{»Hﬂ%*ﬁ#{? e post-doc left, but code available!
10 ' 5 . . .
= [ IDEA ] : } - candidate analysis to move asap to FullSim
: |||.~|1 tracks !
2.8 - - 3.1 3.2 3.3 3.4
E. Leogrande o

E. Perez



(N rco

EWK Measurements at the WW

Constraining

Coupling of Z to nu_e
( also, at the Z peak: invisible ALP, dark y)

Photon energy resolution, acceptance, track
efficiency

Mw from WW -> had, semi-lep

Lepton and jet angles, Kinem fits

(d)o(WW) for My, TGCs

Lepton ID, angular resolutions

Vcb viaW -> cb

Flavour tagging

W leptonic BRs

Lepton ID, acceptance

Meas of s via radiative return

lepton and jet angular resolutions, acceptance

Swiss FCC Day - 07/09/2021
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(O Fcc Example: W mass direct reco

+ Precise M(W) from threshold run ~400keV (stat)

+ M(W) direct reconstruction from decay products
useful at any s>threshold

+ Competitive as statistical uncertainty but different
challenges to be considered:

+ Event reconstruction, choice of jet algorithms
+ Lepton momentum scale and resolution
+ Kinematical fitting

Definition of W mass estimators and study and
optimisation of:

+  Statistical and systematic uncertainties with templates
fit

+ W hadronic decay modelling systematics

+ Exploiting also ZZ and Zy events for constraints and
calibration

*  Thesis of M. Beguin available as starting point

Swiss FCC Day - 07/09/2021

Semi-leptonic channel

Mean 81.75
Std Dev 3.574

0.1— — 4C kinematic fit

— Raw Mass Mean 83.6

Std Dev 5.162

0.08

M. Beguin

0.06

162.6 GeV
WW - qquv

0.04

0.02

lllllllllllllllllllll

QO 50 60 70 80 90 100 110 120
M,, (leptonic mass) [GeV]

Fully hadronic channel

0.01

L1 I B ?:\;f%v--»—;:‘ ST —
50 60 70 80 90 100 110 120
M,, (smaller dijet mass) [GeV]

E —— 5C kinematic fit Mean  82.38

I —— 4C kinematic fit Std Dev 9.568
0.05— 4C rescaling

L —— Raw Mass Mean 74.65

C StdDev 10
0.04—
0.03[— Mean  73.13

C Std Dev 9.977
0.02

C 240 GeV

r WW — qqqq

0
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(O Fce Flavour and tau physics

Measurement

Constraining

Bs -> D; K

Many things.. Vertexing, PID, EM resolution

Bc -> tau nu

Flight distance resolution (vertexing)

B -> K* tau tau

Flight distance resolution (vertexing)

Modes with piO’s

EM resolution

Tau Lifetime

Construction and alignement of vertex detector

Tau mass

Track momentum scale (in multi-track collimated environment)

Tau leptonic BR

Electron and muon ID

Tau polarisation and exclusive BR

Photon, Pi0, neutrals, K/pi separation

Lepton Flavor Violation in Z and tau
decays

Lepton momentum scale

Swiss FCC Day - 07/09/2021
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(O Fce Flavour and tau physics

Measurement Constraining
Bs -> D; K Many things.. Vertexing, PID, EM resolution
Bc -> tau nu Flight distance resolution (vertexing)
B -> K* tau tau Flight distance resolution (vertexing)
Modes with piO’s EM resolution
Tau Lifetime Construction and alignement of vertex detector
Tau mass Track momentum scale (in multi-track collimated environment)
Tau leptonic BR
Tau polarisation and excl
Lepton Flavor Violation i
decays
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C Feo B. — v, [rtps:aivorg/aber2105.15390 |

First published case study

+B. — tv_is a unique flavour opportunity at FCC-ee i}
b Tt b

b
+ Not possible at LHCb due to missing energy > H+< e e

Tt

w+
+ No B mesons produced at Belle Il | Y-
/\\

Vr

(ie]
(ir]

T

+Involves the same Feynman vertex factors as b — c7v, decays

+ Measurements of R(D) and R(D*) show a ~ 3-40 tension
with SM BR(BY — 7%v.) = (1.941 £0.175) x 10~

. - - S — T
+ Use tree-prong hadronic mode 1™ — 7z 770,

+ Common software used throughout from EDM4hep to FCCAnalyses and common Python analysis tools
+ Using MVAs to reduce background and discriminate signal, toy fit to measure signal yield
+ Signal yield measurement ~3% precision
« but requires accurate B(B — J/l////tl/ﬂ) prediction to convert to B(B} — t*v_) now 8.1% unc. Dominating the
error.

{  Generated data

Total fit

N B -1ty
Bt - 1ty

B Background

10" -

800

Rc at 4%
NP constraints

10() [

Example toy fit

1071

Candidates / (1.0 GeV/c?)

B(B} — 7tv,)/B(B} — T+I/.,-)SM

1072

25 30 35 40 45 50

Maximum hemisphere E [GeV/c| SWISS FCC I:




(O Fce B, —» DK | e

B, > DK — KKnK Entries = 8965

Excellent benchmark for several detector requirements ! % 300[B:decayvertex |t 00w
_ _ _ _ TN ot 238
- Precise reconstruction of displaced vertices s Same 133 202
e Esp. for CP violation measurements 200F ;
e Vertexing tools implemented within FCCAnalyses 1501 —
1003— _
. Excellent EM resolution sk ;
e Mandatory to see the signal in modes with neutrals ! oF o o
R824, K+ppK-KKNTOK =y Tyt B K ppkKKnK i
50 _, 3%/\|/E °° _ 15|%/\/E flight distance (rec-true) (um)
: +jk ’ Bs signaé:: E Roy Aleksan
:_W o ; Good starting points
m:..»f_/_'_l“‘ 2 B exist. Need to put all

=
5.30 5.35 5.40 5.45

BO irreducible /... T T bricks together in the
bckgd State-of-the-art Xtal-type to HGCal-type : o(DZ(pp*)K) ~ 14MeV > 51MeV
common framework.

- Good 11/ K separation
e PID tools recently implemented in Delphes
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(N rco Example: Tau Polarisation

+ Tau polarisation has a central role at the A (14 cos* ) + A.(2cos )
: Al - P.(cosf) = — -
FCC-ee: crucial ingredient for (1 +cos? ) + 3 Az (2cosb)
A, sinzéeff at a circular collider
+ Desired precision of few x10-6 on Measured P, vs cosf,
o 2 . . //l//l :"w"'\Hw‘“\Hw“w“w“w“w”‘:
sin Hef . similar to that from AFB R 221 ,:

but model independent

0 P SR S
+ Very large tau statistics (~ 1.5 x 10'!). ot
Not only leptonic decays. Can profit of :
hadronic decays and choose the best

channels (avoiding modelling issues).

03 -

* For instance use best decay : :
channels such as 1— PVt 0417708 06 04 02 0 02 04 06 08 1

cosf -

Excellent benchmark for detector performance in 7°/y separation

Swiss FCC Day - 07/09/2021 21



(N rco

Top physics

Measurement Needs good: Person-power
EW couplings of the top Jet reco, b-tagging, kine fits NBI
Top properties from threshold scan Jet reco, b-tagging, kine fits Strasbourg/Padova
FCNC couplings Idem + photon reco Tehran/Behshahr

Swiss FCC Day - 07/09/2021
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(N rco Top physics

Largest fraction of b-hadron decay products in one jet '
v E
% - |- St
S 10° 5 | g6 antikT ]
Qo = —+— ee Cambridge
Measurement N
5§ UE =
S =
. w C
EW couplings of the top J v I:E
10 .;— _ o ﬁ
Top properties from threshold scan J = |,:
| ]
. J "E I I I "I" 0.4 I O.IG I I I 0.I8 I I 1I
FCNC couplings Id"J.Munch Torndal Fraction
E— | —
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(O fcc Example: Top mass at threshold

+ Most precise top mass measurement method with specific threshold scan of 100fb-1

+ Theory available at NNNLO/NNLO+NNLL: Am/m ~ 40MeV from scale. Generators description of the
threshold region important

+ No need for kinematic fit, counting experiment: optimisation of threshold scan strategy important

+ Needs excellent control of beam energy, beam energy spread, luminosity spectrum (Am/m ~ 3MeV)
and ISR : generator description to study effects

+ Needs excellent b-tagging, jet algorithm reconstruction: systematics effects from selection to be studied

+ If agfromTeraZ Am/m = SMeV (30MeV for parametric uncertainty if current value )

1 November 2017
O T T T T T T T T T T

g 1.4 r ti‘thre‘shol‘d - ,;1:’3 1‘71 5‘ Ge\‘l - ‘ ‘ 7 -.é 0.9 ; tt threshold - QQbar_Threshold NNNLO
— ro_ ] c TF ISR + FCCee Luminosity Spectrum H H
IS 1oL T;C:‘b:;jhresmld NNNLO _Eggzz 222 tz:g‘;’g S 0.8 | — default-m® 171.5 GeV, T, 1.37 GeV For differential
o TF - = F m, variations = 0.2 GeV =
8 ’ C ] 8 0.7 - — I variations = 0.15 GeV StUdleS at th reShOId
0 o 4 a = . .
g g 00k will need direct top
508 S 05 ? ]
o6k o4 b reconstruction and
04 ; 03 ? z 26”;;!3/ted ?ata points flttlng: COﬂtrOl
- 02 - pom = -
L - E preliminary
021 based on CLIC/ILC Top Study 0.1E based on EPJ C73, 2530 (2013) com blnatorlal eﬁeCtS;
EPJ C73, 2530 (2013 B = . '
| | \ \ \ | \ .\ (‘ ? | .\ ] 0 C | | | | | | | | | | | | aSSOCIatIOn, etC. oo
340 345 350 340 345 350
Vs [GeV] s [GeV]
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(N rco

BSM Direct searches

HNL

- displaced vertices
- specific tracking

Uppsala/Graz/Geneva

ALPS: ee — ay — 3;/

- Photon resolution
- separation of close-by photons

- displaced y vertices

Pavia
FullSim needed...

ALPS: yy -y — yy

Photon resolution

CERN / Rio

Dark Photons ee — yy

Photon resolution

Udine [2020] https://arxiv.org/abs/

2006.15945

Swiss FCC Day - 07/09/2021
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O FCC BSM Direct searches

HNL - displaced vertices Uppsala/Graz/Geneva
- specific tracking

ALPS: ee — ay — 3y - Photon resolution Pavia
- separation of close-by photons | FullSim needed...

- displaced y vertices

ALPS: yy >y — yy Photon resolution CERN / Rio

= ition Udine [2020] https://arxiv.org/abs/
> - 2006.15945
= 10 =
o fy
1 = e'eoy+inv. \ | PrimEx  gejle.l]
107
£ Beam dump
B s V)
10—2 = E’(‘:tgeéeV)
= pirey S
} 1 1 IIIIIII 11 IIIIIII 1 1 Illllll 1 1 IIHHI 1 1 IllHIl 1 L1
P. R. Teles, 107 1 10 10° 10(3Gl v
. m, (Ge
D. D’Enterria
T — T
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https://arxiv.org/abs/2006.15945

(N rco LLP Direct searches

+ BSM processes with with very long lived particles, or unusual signatures, can
be probed particularly well at a lepton collider with a large statistics such a
Tera-Z.

+ For a general overview of the challenges EPJ+ essay: https://arxiv.org/
abs/2106.15459 (under review)

+ Given the rich list of models proposed, theorist and experimentalist have been
meeting up regularly in an “informal group” focusing on:

+ defining benchmarks models, with different signal characterisation
+ analysis code in place for validation of MC signals in Delphes for HNL
+ defining “case studies”: to extract detector requirements

+ Delphes not really suitable. Will profit largely of FullSim tracking in
EDM4Hep

+ Area with documentation & initial code in the PhysicsPerformance Github:
https://hep-fcc.github.io/FCCeePhysicsPerformance/case-studies/BSM/LLP/
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C FCC Why Physics Performance is the right place to join?

+ Perfect entry point for a newcomer.
+ Easy to find a topic matching your expertise:

+ future physics studies while working at an LHC
experiment

+ trying new technologies & new algorithms, pushing
the limits of detector and analysis performance

+ Favorite detector technology that can be connected
to a physics study

+ Regular monthly meetings 3rd Monday of the month

* Documentation: https://hep-fcc.qgithub.io/FCCeePhysicsPerformance/
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(N rco The Path Ahead

+ « case studies » have generated a very nice momentum!

+ the FCCAnalysis model has proven to be easy to use and it allows a
collaborative modus operandi that speeds up work

+ The start of the Physics Programme activities will nicely merge and complement
ongoing work

+ through the proposal of new benchmarks to extend the physics potential
exploration using the tools developed within PPC

+ The start of the Detector Concept Coordination area will help speed up the
development of FullSimulation response to explore new design and technologies

+ A nice feedback from “case studies” result will inform and guide detector
designs

This year has been quite intense and has brought much
progress Iin the development of the first “case studies”.
This is just the beginning!
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