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The FCC project at CERN

m Absence of BSM physics at LHC in TeV range: require a new, broad & powerful tool of exploration
m European Strategy for Particle Physics & Snowmass '21: highest priority on ete™ Higgs factory

s Europe’s longer-term ambitions: pp collider at highest achievable energy (sensitive to energy scales
> 10- O(ELHc))

= Motivated by LEP/LHC success: FCC matches sensitivity, precision (and energy scale) landscape
16 years: FCC-ee: et e™ operation from Z-pole to tt threshold
10 years: Shutdown to prepare pp collisions
25 years: FCC-hh: pp collisions up to /s = 100 TeV
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FCC-ee: defining the physics case

s We don’t know the new physics energy scale — go back to precisely measure what we know

m FCC-ee even a discovery machine: statistics allow to identify tiny deviations from SM

m Run plan offers broad opportunities for discoveries

—— CDR baseline runs (2IPs)

Z ww ZH tt . Total
integrated
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Starting point: EFT approach
= Dimension-6 extensions of the SM Lagrangian
Lswerr = Lsm + O(0®) + 2 Z c®o®
m Affects production + decay processes of heavy quarks
W+ t/b e” /b

Z

b t/b et t/b

Idea: How much can FCC-ee tighten the limits on C,?‘

Needs:
1. High precisision measurements at the Z-pole (from b-quark observables like AZg)

2. Variety of observables at the top-threshold
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Synergies in heavy-quark measurements: the idea

m Global access to SM deviations over different energy scales (mz — 2my)
— Probe beyond-SM interactions with common set of dimension-6 operators

O(mz) ~ 90 GeV O(2m;) ~ 350 GeV to 365 GeV
e~ t
=
et t
= Vertex corrections ~ 1% in the SM. .. ... may reflect in t-quark observables
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Synergies in heavy-quark measurements: a proven concept

s Combining t- and b-observables: improves constraints on Wilson coefficients [1]

m Especially constraints on four-fermion interactions can be tighten up to O(10™*)

1.0
% SM
mm only BR(B - Xsy)
12% mmm only o(tty)
0.5 = combination
E 0.0
0
11%
-0.5
“105 -0.5 0.0 0.5 1.0

m Start from EFT-fit in top-quark sector + extend to b-quark observables at FCC-ee

m Today: top-quark reconstruction and observables
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https://link.springer.com/article/10.1007/JHEP06(2021)010

Ingredients

= Find observables, that are sensitive to dimension-6 operators
— Interpolate to extract observable behaviour as function of C;

= Estimate expected uncertainty

= Combine observables for EFT-fit in top-quark sector: EFTfitter. jl

L. Réhrig | 04/09/2024 7/23


https://github.com/tudo-physik-e4/EFTfitter.jl

Sensitive observables

= Study outlined solely on parton-level with MadGraph and dim6_top_LO
= Simulate semi- and dileptonic observables x

xe({G}) = x0 + Z Cixi + Z G Gxj
i i<

Observables: T
= Semileptonic: if
— Top-quark forward-backward asymmetry: 04 f;
Ata({Om, Otz Opr, 054, O, O, OL2})
wn
— W-helicity fractions: 0.2
FL{Oww, Obw}), Fo({ Otw, Opw })
0.0
—0.2
—04
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Sensitive observables

= Study outlined solely on parton-level with MadGraph and dim6_top_LO
= Simulate semi- and dileptonic observables x

xi({GH R X0+ Y Gxi+ Y GCx;
i i<j

Observables:

= Semileptonic:
— Top-quark forward-backward asymmetry:
Abs({Onw. Oiz, Opr, 053, O, O, O4)})

te

— W-helicity fractions:
FL{Oww, Obw}), Fo({ Otw, Opw })

s Dileptonic:
— Top-quark spin correlations:
Ci({Omw, Oz, 05, OF), O, OL)})

tl
— Angle between the two leptons:
cos(6u)({Oww, Oz, 05, O, O, 042})

te
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. L
Observable interpolations: Arg

= Interpolate xuc({Ci}) = x0 + >°; Cixi + >_,; GiGix; to extract parameters Xo, X, X;j

s Fit of 869 sampling points in 7 (Ci-)dimensions

m Reminder: Afg = NF+NB with N; = po + p1 - Cew + p2 - C3y — 72 parameters

= Fit verification: vary one operator at a time and slice fit function

faa]
-
05 =
s=1
<
04 =
2
< 04 JF JF JF 7 0.3 g
02 k\k ;/A 5 Sy g 0.2
0.0 1 F g\/; F 1 F b
—02 B 1E 1F E 0.1
o4 Cw ‘ [ Cu ‘ e ‘ 1 bos B
8 oaF T £ T J 0.0
MT\_// NP —0.1
0.0F B J ,/‘/ ]
—02fF B E B 0.2
e E e =
70{9 0 5 -5 5 -5 0 5 —0.3

1D slicing 2D slicing
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Ingredients

s Find observables, that are sensitive to dimension-6 operators v

= Estimate expected uncertainty
— Top-quark ingredients. . .in a lepton collider environment

= Combine observables for EFT-fit in top-quark sector: EFTfitter. jl
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https://github.com/tudo-physik-e4/EFTfitter.jl

Top-quarks in FCC-ee environment

= So far: all on parton-level without showering, detector, ...

= Let the messy stuff begin. . .or not?
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun2Physics#Candidate_event_for_a_t_channel

= So far: all on parton-level without showering, detector, ...

= Let the messy stuff begin. . .or not?

EXPERIMENT

ete™ — tt — Luby jijobo at /s = 365 GeV pp — tt candidate
m What is needed: prompt leptons, jets, neutrinos
= Since experimental environments differ a lot, let's take a look at objects

m Disclaimer: only signal events considered here!
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun2Physics#Candidate_event_for_a_t_channel

Excursion: samples and detector concept

m Samples generated with whizard_v3 + showered with pythia + fast detector simulation with delphes
m Processed through Innovative Detector for an Electron-positron Accelerator (IDEA) detector concept

= Driven by Higgs-sector requirements on hadr. resolution, tracking, vertexing
+ excellent PID from flavour physics

Preshower

DCH Rout = 200 cm .
m Silicon vertex detector

PffiRin = 35 cm = Drift chamber for tracking and

PID

I Detector height 1100 cm

) m 2T solenoid
CalRin = 250 cm

m Dual-readout calorimeter

Cal Rout = 450 cm

Yoke 100 cm

Magnet z = +300 cm
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Prompt leptons

= Beneficial: one primary vertex (PV) per event

= From first principles: prompt lepton expected to originate from region around PV + higher energy

Lo p 107 P T T T T TS
g 100y 7 : Phompt O FCC E
i _F %= Reconstructed PV O FCC ] 5‘ o[ EZZF Non-prompt 365GeV, preliminary |
iy 0.75 Primary tracks 365 GeV, preliminary ] 10 E Prompt e 3
© I —— Prompt lepton track ] F Non-prompt e E

0.50 F Non-primary tracks ] L ]

I Non-prompt lepton track ] 10° | Fraction of prompt muons -

L ] E with B, < 10GeV: 3.81% 3

0.25F 3 L E

: ] 104 b h - | Fraction of non-prompt muons _|
0.00F ... e el with B, > 10GeV: 1626% ]
s 3 - . . ]
—0.25 7] 103 & A \.\ E
—050F 3 i y , ]
s 3 100 £ S ‘ -
—0.75 - E 4 3
: ; P : ] . o 1 ]
100k | : L 3 | E bbb
—0.2 —0.1 0.0 0.1 0.2 0 25 50 1G] 100 125 150
2 /mm E;/GeV
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. o True positive
PUI’Ity "~ True positive+False positive

Prompt leptons
True positive

EfﬁCIenCy = True positive++False negative

= Beneficial: one primary vertex (PV) per event

te from region around PV + higher energy

m From first principles: prompt lepton expected to origi

s Combination of PV fit + E; > 10 GeV: high purity and high identification efficiency!

45’1'10* L L B I B B T T T T T T [ T T 4%1107 T T
g [ — Efficiency C FCC Jé' [ —— Efficiency O FCC
g 1.05F Purity 365 GeV, preliminary g Losk Purity 365 GeV, preliminary
& SL0F
1.00 F
0.95
0.90
0.85F . 0.85 [ .
0 10 20 30 40 50 0 80O 10 20 30 40 50
E,/GeV E, | GeV
Muon energy. Electron energy.
13/ 23

L. Réhrig | 04/09/2024



Jet clustering
s Remove prompt leptons from the list of reconstructed particles

m Jet reconstruction differs for pp and e™ e~ environment
— Distance measure takes full phase-space information into account (known z-component from /s)

Hadron collider Lepton collider

= Anti-k; algorithm s ke-algorithm for e™e™ collider (Durham)

» Distance based on pr s Distance based on energy and polar angle

dyj = 2min(E7, E7) (1 — cos(6;))

AR;
R

d; = min(pr7, pr))
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https://link.springer.com/article/10.1140/epjc/s10052-022-10609-1

Jet clustering

s Remove prompt leptons from the list of reconstructed particles

m Jet reconstruction differs for pp and e™ e~ environment
— Distance measure takes full phase-space information into account (known z-component from /s)
Hadron collider Lepton collider

= Anti-k: algorithm s ke-algorithm for e*e™ collider (Durham)

» Distance based on pr s Distance based on energy and polar angle

AR? .
dj = min(p72, pr2) o dyj = 2min(E7, E7) (1 — cos(6;))
FCC-ee Simulation (IDEA) . .
2 - = Exclusively cluster to n = 2 or 4 jets
§ F eje:; :'ch‘g” b tagging
g ol vy Jet-flavor tagging
E E —bvsud - )
E | —buwc 1 Promising results from ParticleNetIdea
= w2l 7 | tagger (on H — jj sample so far) [link]
i // / s For simplicity: 80 % uniform b-tagging
10%g 02 04 06 08 1 efficiency

jet tagging efficiency
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https://link.springer.com/article/10.1140/epjc/s10052-022-10609-1

Neutrino reconstruction Known up to (10 —20) MeV

= Leptons v/, jets v/, neutrinos?

m Different in semi- and dileptonic channel
1/ Remaining missing energy as neutrino (complete g known)

24 Perform minimisation ([2003.12320]) wrt. W-boson mass from
Py + P, + Poy + Poy + po 4 po = (0,0,/5)"

— Parton-level minimisation: reconstruct v-four-momenta with error < 2% in 60 % of the cases

T
L2223 Parton-evel minimisation (YFcc

SR 110
3 Object-level minimisation 365 GeV/, preliminary

ries

Ent

0.2

10° ‘
—| —0.1 0.0 0.1

[p[iimised_ | Parion
T T — TplFamon “

momentum resolution.

2¢ channel: neutrino
15/ 23
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2003.12320

Neutrino reconstruction

= Complete tf event resolvable

= Higher-level objects (W and t) resolutions look good

%10 ————7—"—F"—F—"————————
8 r B
;“ - Parton-level minimisation O FCC ]
55 [ Particle-level minimisation 365GeV, preliminary ]

I 1 Object-level minimisation 7

10°F E
10'F .
: S R U B SRR
—0.10 —0.05 0.00 0.05 0.10
fininised g, Parton
mprion
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2003.12320

Neutrino reconstruction

= Complete tf event resolvable

= Higher-level objects (W and t) resolutions look good

= Two-dimensional correlations lead to comparable results presented in [2003.12320]

100

evel / GeV

Parton—I
v,

Py

—50 0 50
poblect=lewel /s

v[vz

-1
w 100

Sho
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2003.12320

Neutrino reconstruction

= Complete tf event resolvable

= Higher-level objects (W and t) resolutions look good

s Two-dimensional correlations lead to comparable results presented in [2003.12320]

= 1.0 ———
S . QFce
/?\ 0.5 365 GeV, preliminary ]|
8 o
g 00 g ]
|
z —O0—
2 —05F ]
E s —1.0 r e B
s [ —O0—
\E/ [ —0—
= —lop, ]
g C
3 C
g 2.0L L I |
%50 355 360 365
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Event energy / GeV

BUT:

s is input for minimisation

m If ISR & FSR lower /s — minimisation gets

worsel!
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2003.12320

How to match a b-jet

a Utilise a x2-measure to match a b-jet to a W-boson:

EWhad + Ebf )

d— ((mWhad + my,) — 173.1>2+ ((

Om;
: e H : ; |do—dh |
m Besides djp y): kinematic quantites like m, oTd
S — T T T
jam
<f [ Correctly matched O FCC
[ Falsely matched 365 GeV, prelimina
\ P ry
4

%.0 0.2 0.4 0.6 0.8 1.0
|do—di|
do+dy
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Wrong matching rejection rate

OE,

—182.45\°
) T (Wi + by)

|do—dy
dyrdy

V=

do, AUC = 0.76, cut at dy < 16.80 ( YFcec
dy, AUC = 0.74, cut at d; < 14.40 365 GeV, preliminary
L AUC = 081, cut at ©=4l < .35

dotdy

5 AUC = 0.66, cut at v, < 1.13

2my?

0.2 0.3 0.4 0.6 1
Correct matching rate
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Ingredients

= Find observables, that are sensitive to dimension-6 operators v
= Estimate expected uncertainty
— Top-quark ingredients. . .in a lepton collider environment v

— How much room to move for the C;'s: extract uncertainties

= Combine observables for EFT-fit in top-quark sector: EFTfitter.jl
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https://github.com/tudo-physik-e4/EFTfitter.jl

Uncertainty estimates: ALg (14 channel)
m First attempt: Afg from fully reconstructed top-quarks
m Second attempt: Afg from prompt lepton as direction estimator

s Studies of varying simulation inputs WIP (renormalisation scale, m;, parton shower, ...)

n — T ——— : ]

< =) 1.00 DIRE 5 g

= . y 1. [ whizard, w4 = 0.166 £ 0.001

= 0.8 |- 3 Object-level lepton, Afy, = 0.168 + 0.002 < e G A 0166 4 0.001 ]

= [ Parton-level lepton, Afy; = 0.169 + 0.002 MG, A = 0163 £ 0.001 e, AL = 0.168 £ 0.001 1
3 Parton-level, Ay = 0.171 4 0.002 0.75 F e A =047 £ 0001 J

Lepton direction

M RN R | P
S =
o
S

02F 0.25F

OAO: N B E U 0,00: R TR T R
5la T ‘é‘ R 7 Lr ‘ 1
22105 F E ﬁ: X 1
- 1005 §§§é§ §é§é§ : ] é%lof i & % ; § g [ g i g ) 1
TR 38 L Th o, bR IS
b E o ]
09%F e T ool v v v
—1.0 —0.5 0.0 0.5 1.0 =1.0 —0.5 0.0 0.5 1.0
cos(0) cos(6y)

— ALy =0.168 + 0.001(stat.) + O(0star)
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Uncertainty estimates: cos(6y) and Cj (2 channel)

m In the 2¢-channel, cos(6y) and the spin density matrix R are of particular interest

m Top-quark transfers spin information to angular distribution of decay products

RxAL®L+ B o' @1+ B 1®0¢ + Cjo' @0

m Matrix C characterises the correlation between t and t spins

1.0 T T

— T D - 1 = N T
- £ Partondevel. A= —0172 = 0005 () FGG = o (O Fco < wime O Foc
- ©  Object-level, A = —0.173 = 0.003 365 GeV, preliminary . 365 GeV, preliminary N 365 GeV, preliminary
251 — 25F ]
081 ]
20F E 20f E
15F e 15F 3
10f B 10f b
02 ] 05F E 05F 1
L L L 0.0 L L L L L L
0075 ~05 0.0 05 10 210 05 0.0 0.5 L0 0075 05 0.0 0.5 10
cos(0y) cos(0) cos(0;,) cos(f;") cos(6;)
3 . . . .
m O(0stat) = 2+ 107°, systematic uncertainty studies may be beyond the scope of this work
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Ingredients

= Find observables, that are sensitive to dimension-6 operators v
= Estimate expected uncertainty v

= Combine observables for EFT-fit in top-quark sector: EFTfitter.jl
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https://github.com/tudo-physik-e4/EFTfitter.jl

EFT f|t (preliminary)

m EFTfitter.jl: tool for constraining parameters of physics models using Bayesian inference in julia

m First attempt: EFT fit with nominal values of the interpolations at C; = 0 + uncertainties from
observables

w Start with (O, Orz) turned on and turn all other operators off

Only C,

Smallest 99.9% intervals

t =15 -1.0 -0.5 0.0 0.5 1.0 15
ox oz ) oz or oz o0 oz ) C
ctw az w

One- and two dimensional representations. Contribution from different measurements.

= Inclusion of more operators and observables WIP
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Conclusion

m Besides broad Z- and H-programme: ete™ environment
opens new possibilities in top-quark physics

m Additional tz-threshold scan from (345 — 350) GeV:
determine top-mass and width up to O(50) MeV

m Here: connect flavour observables to access BSM physics
consistently in SMEFT
— Start with first results from semi- and dileptonic tt
observables

s Extension to EWPO (R, and AZg) at a later stage

= Reminder: no backgrounds included yet, first studies here

L. Réhrig | 04/09/2024

{
:
b
N

- e =
8 1.4 [ tithreshold - m® 1715 Gev 3
g I —QQbar_Threshold NNNLO —FCC-ee 350 LS only -
g 12| ~1sRony ~FCC-ee 350 LS+ISR |
D o 91 km ring circumferance B
o 4L 4
o 1 ]
2 r ]
508 -
06 =
0.4F .
0.2 ~ implementation of ]
based on EPJ C7 3) -
0 1 s L n s 1 " n L 1 ]

340 345 350

Vs [GeV]

tt threshold scan.
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https://arxiv.org/abs/1807.02441
https://arxiv.org/abs/2203.06520

Conclusion

{
:
b
N

| | T, Fomemon mrimdon
m Besides broad Z- and H-programme: ete™ environment 'S | -QQoar_Threshold NNNLO —FGG-ee 350 LS only 1
opens new possibilities in top-quark physics -% 1.2 - —isRony ~FCC-ge 350 LS+ISR ]
@ + 91 km ring circumierence -
_ o 4F 3
= Additional tt-threshold scan from (345 — 350) GeV: @ g ]
determine top-mass and width up to O(50) MeV go,s = 3
m Here: connect flavour observables to access BSM physics 061 =
consistently in SMEFT 0.4F N
— Start with first results from semi- and dileptonic tt F ]
observables 021 implemertation of .
based on EPJ C7 3) B
. 0 1 L L L s 1 s L L | |

s Extension to EWPO (R, and AZg) at a later stage 340 345 350

Vs [GeV]
= Reminder: no backgrounds included yet, first studies here _
tt threshold scan.

Thank you for your attention!
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https://arxiv.org/abs/1807.02441
https://arxiv.org/abs/2203.06520

b-jet matching

a How to match a b-jet to a W-boson? — x>-measure:

g ((mwhad + mp,) — 173.1)2 N ((Ewhad + Ep) — 182.45

)2 + (Wiep + by)

Om; OE,
. . . . . do—d-
= Besides djo q): kinematic quantites like my, e = Tﬁ or 'ngrdi‘,
o — ‘ ‘ ——T— ] 5 — — — ————
< 0.08 - [ Correctly matched O FCC B ~ 0.08 - [ Correctly matched O FCC ]
: [ Falsely matched 365 GeV, preliminary | 9 [ = Falsely matched 365 GeV, preliminary

80

dy
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b-jet matching

a How to match a b-jet to a W-boson? — x>-measure:

g ((mwhad + mp,) — 173.1)2 N ((Ewhad + Ep) — 182.45

)2 + (Wep + by)

Tmy OE,
i C ki i i ; _ /s [do—di]
= Besides djo,yj: kinematic quantites like me, v: = 57—, or "o, ...
:3-12 — T — T :%O‘OG:‘él\C“‘l\‘]‘j(‘i\‘ww wwwbi:éc‘)www
i I [ Correctly matched FCC ] << r Folrrelc't Y mz}t(‘de -
- 10 L [ Falsely matched %ev, preliminary | 0.05 C ] Falsely matche 365GV, preliminary
; 0.04 - ]
8 B B
: 0.03 -
6 i C
: 0.02 - -
4 B N
. 0.01 -
2 .
I ‘ i 0.00 Lot e B R B ]
%8 . 1\0 P 1\2 T 1‘4 - Ts 80 100 120 140 160 180 200 220
. . my,,
Y= W\/i
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b-jet matching

a How to match a b-jet to a W-boson? — x>-measure:

)—173.1\° E Ep) — 182.45\ 7
di:\/<(mwhad+mbr) 73 ) +<( Whad T br) 8 5) +(VV|ep+bj)

Om; OE,
: L ; : ; _ s |do—dh |
= Besides djo q): kinematic quantites like my, e = e O Gordr
. § ——————————— —————
D L
< [ [ Correctly matched OFCC
[ [ Falsely matched 365 GeV, preliminary
4+ |

2|

1

0,“““““““,

0.0 0.2 0.4 0.6 0.8 1.0
|do—d|
do+dy
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b-jet matching

a How to match a b-jet to a W-boson? — x>-measure:

M +mp) —173.1\ 2 Ew. . +Ey) —182.45)2
d = (( Whad = br) ) + (( Whad ;1) ) + (VVIep + bj)
m¢ E¢

m Besides djo,1j: kinematic quantites like me, ve = 2—‘@ or ‘3812" o

[ —— dy, AUC = 0.76, cut at dy < 16.80 O FCC 1

F dy, AUC = 0.74, cut at d; < 14.40 365 GeV, preliminary 1
— el AUC = 0381, cut at 420 > 0.35

—— % =35 AUC = 0.6, cut at % < 113

Wrong matching rejection rate

i ——— ]
0‘]0.1 0.2 03 04 0.6 1
Correct matching rate
ldo—dh| ; :
—ruse gt > 0.35 in the following
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W-hel |C|ty fractions (preliminary)

= W-helicity fractions sensitive to Wtb structure

— Partial decay rate for given helicity state (left-, right-handed + longitudinal): Fro = fLRo

r

m Experimentally: helicity angle cos(6") as angle between (£, t) in W rest frame

1 dr 3 $112 3 . *32 3 *\\2
L - 2 sin(6")2Fo + 2 (1 0")F
F dcos(@) 8(1 cos(67)) FL + 4sm( ) Fo+ 8( + cos(67))" Fr

= 1.0 T

T
< 3 Parton-level (Fce
: 1 Particle-level 365 GeV, preliminary
08k O Object-level -

0.6

0.4

0.2

|
=10 —0.5 0.0 0.5 1.0
Leptonic cos(6*)

= Since W-spin not directly accessible from simulated samples, calibration procedure installed
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W-helicity fractions — continued (preliminary)

= Reweight parton-level cos(6%) via

B g(l — cos(G;‘en))2F|_ + %sin(egen)zFo + %(1 + cos(%‘en))2 Fr
o g(l — cos(Bgen) )2 M + %sin(GSenPFOSM + g(l + cos(Bgen))2 FEM

m Fit the reweighted object-level distribution and check impact on the observables

= With LinearNDInterpolator: (I_—LObject—IeveI' Fé)bjectflevel) — (Ffartonflevel’ FOPartoanevel)' |R2 N IRZ
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W-helicity fractions — continued (preliminary)
m Also use different generator to get first handle on systematic uncertainties (MadGraph5 at LO)
= Reweight alternative sample on parton-level to the nominal one

m Apply the interpolation from the nominal sample to check impact on the measurement

] e e e e

= El T T T T ]
& [ — Standard Model prediction Crec ] T 0700 T Standard Model prodiction QrFoc ]
g | Using LinearNDInterpolator 365 GeV, preliminary | = SIng P 365 GeV, preliminary
= : 5 1
5 - 1 g 1
T70.315 | ] & ]
T | | Zoow .
2 0.310 ‘8 ]
5 I 1 & ]
E i 1 = 0.690 |- -
0.305 - . I ]

3 1 0.685 = b

0.300 - — J
I N E T R S B PO A A E N N B B B
Nominal MG MG, myy MG, mup MG, 0.5u MG, 2 ’ gominal MG MG, myy MG, mup MG, 0.5p MG, 2

m Statistical precision of O(2 - 107%), systematic of O(1072) (due to LO vs. NLO kinematic differences)
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s Best suited at FCC-ee for rich heavy-quark programme?
— Z-pole with Nz = 5- 10"

s Coupling of the Z to b-quark probes fundamental SM
parameters
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Measurement Pull Pull
3210123

m,[GeV] 91.1871:0.0021 .08 I
I,[GeV]  24944x00024  -56 -
o [Nb] 415440037 175 —
R, 20768 0.024  1.16 -—
AY® 0.01701 =0.00095 .80 -
A, 0.1483+0.0051 .21 '
A, 0.1425 £ 0.0044  -1.07 -—
sin6/r" 0.2321£0.0010 .60 -
my[GeV] 80.350=0.056  -.62 -
R, 0.21642 £ 0.00073 .81 -
R, 0.1674 +0.0038  -1.27 —
ARP 0.0988+0.0020 -220  w—
A 0.0692 =0.0037 -1.23 —
A, 09110025  -95 -—
A, 0.630x0.026  -1.46 —
iy 0.23099 = 0.00026 -1.95  mm—m
sin®9,, 0.2255 +0.0021  1.13 -
my[GeV] 80.448:0.062  1.02 -
m, [GeV] 1743 5.1 22 .
Aa®(m;) 0.02804 = 0.00065 -.05 I

32101283
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Heavy-quark measurements at the Z-pole

s Best suited at FCC-ee for rich heavy-quark programme?
— Z-pole with Nz = 5 - 10"

s Coupling of the Z to b-quark probes fundamental SM
parameters

s Statistics allow for new ways: combining flavour and EWPO
— Ultra pure beauty-flavour tagging
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Measurement Pull Pull
3210123
m,[GeV] 91.1871:00021 .08 I
I,[GeV]  24944:00024 -56 -
Opyqr[Nb] 4154420037  1.75 —
R, 20768 =0.024  1.16 -
AY® 0.01701 £0.00095 .80 -
A, 0.14830.0051 .21 '
. 0.1425x0.0044  -1.07 -
sin%0" 0.2321:0.0010 .60 -
m, [GeV]  80.3500.056  -.62 -
IR, 0.21642 = 0.00073 .81 - |
R, 0.1674 = 0.0038 _ -1.27 —
Az 0.0988 +0.0020 -2.20  m— |
A® 0.0692 = 0.0037  -1.23 —
A, 09110025  -95 -—
A, 0.630£0.026  -1.46 —
sin8 ' 0.23099 +0.00026 -1.95  mm—
sin®,, 0.2255=0.0021 1.3 -
my,[GeV] 804480062  1.02 -
m, [GeV] 1743 5.1 22 '
Aa®(m,) 0.02804 = 0.00065 -.05 I

3-2-10123
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Principle of the measurement

m Produce Z — qG events at /s = 91 GeV
m Event topology: two back-to-back particle sprays (hemispheres)
s With Nz_q = 5- 10" events: measurements limited by oyt

s Need to reduce osyst. to O(0stat.)
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Hemisphere 1

et

Hemisphere 2
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Principle of the measurement: R,

Related to
udsc-phyics

L . r _
m Sensitive to vertex corrections: R, = %
aq

Hemisphere
correlation

et

m Single tag: Ny = 2Nz - (Rpep + Re€c + Ruds Euds)
s Double tag: No = Nz - (Ry €3 Cp + Re €2 Ce + Ruds €245 Cuds)
m Ni, N>, Nz counted, all other unknown: measure R), and €, simultaneously

m Standard LEP tools (vertex charge, lepton tag): osst. dominated by udsc-misidentification
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Principle of the measurement: R,

. . r -
= Sensitive to vertex corrections: R, = —ri—’b‘_’
—qq

= Single tag: N = 2Nz - (Ry€b + Re £e+Rids Euas)
= Double tag: N> = Nz - (Rye3 Cp +W)

m Ni, N2, Nz counted, all other unknown: measure R, and €, simultaneously

s

Hemisphere
correlation

s Standard LEP tools (vertex charge, lepton tag): oss:. dominated by udsc-misidentification

Proposal: b-hemisphere tagger

Hemisphere flavour- and charge tagging by
exclusively reconstructing b-hadrons

s Potential purity of 100 %
s Efficiency of 1%

— Expected 0" (Ry) =2.2-107°
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Setting the stage

m Exclusive b-tagger can play central role to reduce o™*"

Rp
+ B0 RO AO
b-hadrons BT, By, Bs. N\
Requirements Flavour
Advantages Remove udsc-physics contribution

Remaining osyst. Hemisphere correlation Cp

m € > 1.11% with > 200 b-hadron decay modes v

m Validate purity on 4 - 10" Z — qg (winter2023) on 6/200 representative modes (varying Ny,

1. Fully charged, two tracks BT — D1t — [KTm Jgo "

2. Fully charged, three tracks ~ B* — D°DF — [K*71 |0 [KTK ™77 ps
3. Fully charged, four tracks ~ B* — Dt — [KT2n 7 ]po "

4. One 7° two tracks BT = D1t — [Ktm 70 g0t

5. Two 7, two tracks BT — Dt — [Ktm 2710 po 7"

6. Two leptons BY = J/Yp KT = [0 ]y KT
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Setting the stage

m Exclusive b-tagger can play central role to reduce o™*"

Rp
+ B0 B0 AO
b-hadrons BT, Bd, B, Ab
Requirements Flavour
Advantages Remove udsc-physics contribution

Remaining osyst. Hemisphere correlation Cp

m €p > 1.11% with > 200 b-hadron decay modes v

= Validate purity on 4 - 107 Z — qg (winter2023) on 6/200 representative modes (varying Ny, Nyo)

1. Fully charged, two tracks BT — D1t — [KTm ]go "

2. Fully charged, three tracks ~ B* = D°Df — [K*7™]po [KT K™ 7] s

3. Fully charged, four tracks BT — Dt — [KT2n 7 ]po
Do B = D - [K 1] m°

5. Two 7, two tracks BT — Dt — [KTm 2700 "

6. Two leptons BY = J/p KT = (€707 ]y KT
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. . Fast Simulation (IDEA)
Exclusive b-hadron reconstruction ’ ‘

s Combine K and 7 (100 % particle-ID) tracks to D° candidates (emulate 50 pm vertex resolution)

s D° candidates + 7 track to B candidate: cut on B" flight distance of 300 ym (boost of ~ 6)

m Observable to quantify purity: invariant b-hadron mass spectrum with Eg > 20 GeV

—
=
(=}

= — T T T T
§ E BY = [ K']p ( FCC ]
7y I C—J Combinatorical and part. reconstructed  Z-pole, IDEA preliminary]
— 1 udsc-physics A 1
~ {  Object-level ¥ %

g ¢

= 10F —,
= £ { i

CH y I }

S Tom g — H

1

0 e
51200 5225 : 5300 5325 5350
m([rTK*] n%) / MeV

m First: focus on mass-peak region to get control on o™*"
— Purity of 99.8 %, contamination in signal region from g — g + [bb]g
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\ Fast Simulation (IDEA) \

Exclusive b-hadron reconstruction
s Combine K and 7 (100 % particle-ID) tracks to DY candidates (emulate 50 pm vertex resolution)

m D° candidates + 7 track to B candidate: cut on B" flight distance of 300 ym (boost of ~ 6)

= Observable to quantify purity: invariant b-hadron mass spectrum with Eg > 20 GeV

. R
= [m—: L P S O FCC

I [ Combinatorical and part. reconstructed  Z-pole, IDEA preliminary
— [ udsc-physics

~ t Object-level

P

<

But there's more, isn't there?

LN

0.
gQOU 5225 5250 5275 5300 5325 5350
m([rTK*] 7%) / MeV

m First: focus on mass-peak region to get control on o*"

— Purity of 99.8 %, contamination in signal region from g — q + [bb],
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\ Fast Simulation (IDEA) \

Exclusive b-hadron reconstruction
- .}
= Combine K and ¥

But there's more, isn't there? Yes!

ex resolution)
m D° candidates + oost of ~ 6)

= Observable to quantify purity: invariant b-hadron mass spectrum with Eg > 20 GeV

. ML I e e B S B . ‘ \
g I [ Signal O FCC 4 X . 1 1000
- 5| [ Combinatorical and part. reconstructed Z-pole, IDEA preliminary. j 0.025 -
=10 E [ wudsc-background o E 9] ] Z
~ | 1 Objectlovd Ep > 20GeV 1 2 9.9 =
i; - 1 =00 ] )
5 100 ERRET
g E ] &0 N 99.8 =
O 1 Zo0015F @
10g 3 H‘t‘ 99.7 S
: 1 =000 T
[ 1 T ] &
'E 3 o I 9.6
i ” ~0.005 ]
0. H"‘m ﬂm”m”m”\n”"‘m S N E N R I BN PO
iooo 4200 4400 4600 4800 5000 5200 4000 4200 4400 4600 4800 5000 5200
m([rTK*] 7%) /MeV Lower invariant mass cut / MeV

m Part. reconstructed are no background! — efficiency gain by enlarging mass window to no loss in purity!
= But for now: Examine B' candidates in mass-peak region
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Systematic uncertainty: importance of C,

= Ultra-pure: hemisphere correlation dominating systematic uncertainty
— Quantifies dependence of tagging efficiencies in the two hemispheres:

— bb
- Cb T epeg

WCHHY

m Control over AC, = 1 — G, crucial for R, measurement!
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1074

t
S

o
cs

Ny
N>

:2F\>b€bl\/z
= Rye} Cp Ny

87.8

Hemisphere
correlation

LEP+SLD O(Utot.(Rb)) = 1074

L —— C,=0.962 (ALEPH valuc) O FCC |
F—— C,=0.995 (emulation) Z-pole, preliminary 7
[ _ ALEPH precision (full uncertainty) — ]
2 %% (Ry) = 2.22 - 107 with exclusive tagger :
10—5....I....I....I....I....
0% 5% 10% 15% 20% 25%
a(AG)
AC)
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Hemisphere correlation: PV measurement uncertainty

] Full Simulation (CLD)\

m LEP found: C, mainly departed from 1 because of primary-vertex measurement uncertainty opy
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£ 147 : —
g 4 Shared PV, p-value = 0.00 O FCC i
9 Z-pole, CLD preliminary ]
8 121 Jcos(@rust)| < 0.9
[en] 4
=
O
1.0 -
+++
ARS
0.8 4= 3% -
T
061 ++ +‘F
04 I R 1 ol
0.00 0.02 0.04 0.06 0.08 0.10
opy / mm
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] Full Simulation (CLD)\

Hemisphere correlation: PV measurement uncertainty

m LEP found: C, mainly departed from 1 because of primary-vertex measurement uncertainty opy

m LEP did: reconstructed two PV per hemisphere

s Sample: 10° FullSim CLD events of B — [K™n ]po™ (forcing both legs with EvtGen)

—
=

— T — T
-4 Shared PV, p-value = 0.00 OFCC

Z-pole, CLD preliminary |
Jcos(Brhruse)| < 0.9

Cy/0.0025 mm
®
T

¥

0.8 e oy

N T S SRR R
0.00 0.02 0.04 0.06 0.08 0.10
opy / mm

34 /23
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] Full Simulation (CLD)\

Hemisphere correlation: PV measurement uncertainty

m LEP found: C, mainly departed from 1 because of primary-vertex measurement uncertainty opy

m LEP did: reconstructed two PV per hemisphere

s Sample: 10° FullSim CLD events of B — [K™n ]po™ (forcing both legs with EvtGen)

m Here: select tracks for reconstruction by using optimised cuts (vi and v») in luminous region

—
=

T T T T T T

4 Luminous region, p-value = 0.99 ( ‘FCC
4 Shared PV, p-value = 0.00 Z-pole, CLD preliminary
cos(Bruruse)| < 0.9

Gy, /0.0025 mm
o
T

w;+§++%+144%+

- : T 1

—
o

Interaction region +++
-

Accepted for Discarded for 0.8 ++ 7

reconstruction reconstruction ++
s — — et 0.6 - e

+
0. I I I
6.00 0.02 0.04 0.06 0.08 0.10
O'pv/n’lm
s CiV =0.978 +£0.003 vs. C;"™"U 9" = 1,009 4 0.003
34/23
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Full Simulation (CLD) \

Results: R, uncertainty budget

m So far: systematic uncertainty considered
s Hemisphere correlation: C, = 1.009 + 0.003 = AC” ~ 33%
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] Full Simulation (CLD)\

Results: R, uncertainty budget

= So far: systematic uncertainty considered
s Hemisphere correlation: C, = 1.009 + 0.003 = %£<) ~ 33%

s Signal region contamination from gluon splitting: gbb = (2.474+0.56)-107° = (g‘”’) ~23%

s Target: | o™ (Ry) =2.2- 10 ° ‘Wlth exclusive tagger and €, = 1%

L —— Fom gy =247-103 O FCC
1073 From Cj, = 1.009 Z-pole, preliminary

Osyst. (Rb)

F' Lowest g, on the market

Luminous region

107 Current syst. precision o"“(R,) =6.4-10"*

1% syst. precision o (Rp) =2.9-10°

10°6

i A N I B
0% 5% 10% 15% 20% 25%

Relative oy,

— Cp dominating uncertainty
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Full Simulation (CLD) |

Extension for the measurement of A2,

= We have an ultra pure tagger at hand: what else?

= As seen: exclusive b-tagger can play central role to reduce o**"

b Ne—Ng

m Especially interesting for Agg = Nerhe

—» Expected e (APs) = 1.05- 1077 | (current: oror (Alg) = 1.6-107°)

:>: 80000 d o
< 70000 Z-pole, CLD preliminary
60000 Ry | Ak
50000 b-hadrons B+, B89, 82,A9 Bt A
Requirements Flavour Flavour, p & Q

40000
Remove udsc-physics contribution
Advantages Overcome mixing dilutions
and possibly reduce hemi-
sphere confusion

30000

20000

10000 Remaining osyst. Hemisphere correlation Cp, QCD corrections

9140 . X 0.5 1.0

cos(y) / rad
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] Full Simulation (CLD)‘

Systematic uncertainty of A
s Dominant systematic uncertainty: (hard) gluon radiation from b-quark (up to hemisphere confusion)
a Since b-quark direction not directly accessible: use thrust T
m Direction of reconstructed b-hadron: estimator for gluon emission quantity

m The smaller the angle L(étag, T’), the softer is the gluon radiation

e ThruStﬁXis T Here: thrust axis not a valid direction estimator!
—==-Initial b-quark
—— BT, /(B*,T) = 64.15°
===-Initial b-quark
—‘— Bmilz(B1,X) = 1107
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Full Simulation (CLD) \

Gluon radiation estimator: Z(Biag, T)
= Quantify the amount of gluon radiation by L(é, 7")

s Cut on maximally allowed angle reduces QCD-related effects by 50 %

w0 ———
ﬁ 0.095 F o Objectlevel (with TOW<t-194corrected for s.w,)o FCC —
= [ Shared PV Z-pole, CLD preliminary
;‘E 0004 F Jcos(Brups)| < 0.9 E
L AbParton _ 05 | 1

0093 by 0.0935 & 0.0011 ]
0.092 F>— R

. e —— ]

0.001 F e 3

L —t 4

0.090 F R
0089 L L | L L L | L L L | L L L | L L [
20 40 60 80  Inclusive

max(/ (Bmg7 T’)) / deg
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Gluon radiation estimator: L(étag, T)

= Quantify the amount of gluon radiation by L(é, 7")

Full Simulation (CLD)‘

s Cut on maximally allowed angle reduces QCD-related effects by 50 %

s Slight degradation of statistical precision (~ 7 %) to ‘ Ostat. = 1.12-107° ‘ (Z-pole extrapolation)

0.095

bp/ 10deg

0.094

0.093

0.092

0.091

0.090

0.089

T T T T
+0+ Object-level (with TOPiect=level corrected for )( \FCC
Shared PV Z-pole, CLD preliminary
[cos(Brhruse)| < 0.9

AR — 0,0935 + 0.0011

!

f

20 40 60 80  Inclusive
max(/ (BLﬂg7 T’)) / deg

o %E(stat.))

1.10

1.08

1.06

x107° —
Jet charge projection: a(Aly(stat.)) = 0.2+ lU’GO FCC
Z-pole, CLD pre

Precision degrades by 7.1%

o(Abp(stat.)) = 1.045 - 107>

Jiminary

I
20 40 60 80 Incl

usive

max([ (Btag7 f)) /deg

— osyst. WIP by varying b-fragmentation fraction, renormalisation scale & parton shower model
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