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Electroweak physics at future colliders

2503.19983
e Electroweak physics programme at intensity frontier N‘g 10° EW;%&D”;"' -
o Z-boson lineshape: ool N _g::*i:w ]
=m0 (N, R NE
" R= rhad/ Mo Ry= T/ Thaa Z 10} \: S
- AFBE' Al P, FB(pt) é : | ) ;2 A s
n QED(mz), a(m,) — direct measurement vs. £ 1 =
lattice calculations — interpret data without - , .
having to trust lattice and test lattice 10 10" 1
calculations themselves Center-of-Mass Energy [TeV]
o WW, ZH, tt thresholds, and above: O(mz) ~ 90 Gev
= m, I, BRW — &), a(m.,), m, triple and i
quartic gauge couplings By 850 Ry 1) SR CaY
e Great precision needed to interpret potential e 3
deviations in terms of new physics — many EW " “
precision observables to explore nature of BSM @
candidate signals e* t
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FCC-ee: features and operations

e Circular: (e.g. FCC-ee)

o huge luminosity FCC-ee

o 4interaction points (IPs) .

o  absolute beam energy Energy Physics case Years Qf Int. -

o operation luminosity
calibration by
continuous resonant 91.2 GeV Z pole 4 205 ab-"
depolarization of pilot
bunches up to 160 GeV | 160 GeV WW threshold 2 19 ab™
e vs. linear:

o luminosity/1000 230-250 GeV Higgs production | 3 11 ab™

o 1or2lIp at ZH threshold

o longitudinally polarised 365 GeV tt threshold 5 3ab™
beams

e 5x10%°Z(2years) :
e 5x10"WW (8years) :

FSR, 2505.00272

e 6x10"Z(run-in + 3 years)

e 2.4x108WW (2 years)

Leonardo Toffolin - EPS-HEP 2025 - Marseille



https://www.eps-hep2025.eu/
https://arxiv.org/abs/2505.00272

FCC-ee: EW flagship measurements

FSR, 2505.00272

. . . . Observabl FCC-ee FCC- C d
° FCC'ee IS an exce”ent maChIne for d Wlde phySICS e Valuepre:sbemuncerwinty Stat‘.,'e Syst?e leadingos:lrgeerltl;i‘:lnt}’
myz (keV) 91187600 <+ 2000 4 100 From Z line shape scan
Beam energy calibration
p rog ra m m e T'z (keV) 2495500 + 2300 4 12 BFrom Z line sl;iai%::gan
. eam energy C: tion
m tf production at threshold T T T TRERT From A% 17 pek
. . . . Beam energy calibration
[ ] H 188S and di-H 188S prOdUCt|On 1/agen(m2) (x10°) 128952 + 14 39  small From A off peak
0.8 tbe From Afj; on peak
m EW and Z-pole measurements . QEDAEW uncert. dominate
R, (x10%) 20767 + 25 0.05 0.05 Ratig of hz:dmnsfto }ep:ons
. . . . cceptance for leptons
u |nveSt|gat|0n on new phySICS ag(m3) (x10%) 1196 + 30 0.1 1 Combined R, TZ,, o0, fit
e Possible anomalies translate over a range of energy BINE A e e iy
. Ny (x10%) 29963 + 74 009 012 Z peak cr tions
scales: from Z pole to top threshold i et
(_ Ry (x109) > 216290 + 660 0.25 03 Ratio of bb to hadrons
e Heavy-quark EW measurements as a probe for new 7y T % = 1 P R ———r—
. S=——-=-- - From jet charge
p h YSICS AT (x10%) 1498 + 49 007 02 7 polarisation asymmetry
7 decay physics
1 H 7 lifetime (fs) 2903 + 05 0.001  0.005 ISR, 7 mass
© measu rements WI” be domlnated by the 7 mass (MeV) 177693 + 0.09 0.002 0.02 estimator bias, ISR, FSR
Syste m atl cunce rta in ty at FCC_ee (Z p o) I e) 7 leptonic (uv,v,) BR (%) 1738 + 0.04 0.00007 0.003 PID, 7° efficiency
mw (MeV) 803602 + 99 018  0.16 Frgm wWW ﬁuesl;ﬁ{)d st
. N €am enel C: raf
o motivates novel ideas to make use of the Z pole o T — e e
. . . . . Beam energy calibration
statistics to brlng down systematlc uncertalnty as(m3y) (x10%) 1010 + 270 2 2 Combined R\, Ty fit
N, (x10%) 2920 + 50 0.5 small Ratio of invis. to leptonic
in radiative Z returns
Mo (MeV) 172570 + 290 4.2 49 From tt threshold scan
QCD uncert. dominate
Tiop (MeV) 1420 + 190 10 6 From tt threshold scan
QCD uncert. dominate
/\wp/ )‘lsorg 12 £+ 03 0.015 0.015 From tt threshold scan
QCD uncert. dominate
ttZ couplings +=  30% 0.5-1.5 % small From /s = 365 GeV run

Leonardo Toffolin - EPS-HEP 2025 - Marseille


https://arxiv.org/abs/2505.00272
https://www.eps-hep2025.eu/

Z-boson lineshape

e feasibility studies at the Z-boson pole included in the FSR
o Z-boson mass and width
o asymmetries
m focus on afew selected examples: inclusive b-quark A_, and R,
measurements in Z — bb events
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Z boson features

m, — input to cross sections, width, branching ratios of the Z boson

O

(@]

current uncertainty Aam, ~2 MeV (LEP)

Ostat
|

~[Z/ 2\/( NZoff-peak)
4 keV at FCC-ee

dominant systematic uncertainty: absolute point-to-point

(p.t.p.) beam energy calibration

resonant depolarisation Avs ~ Am, ~ 100 keV

I, — sensitive to fermion couplings and to BSM

o

O

current uncertainty Al', ~ 2 MeV

dominant systematic uncertainty: relative absolute beam

energy calibration

point-to-point A\/sp_t.p. — can be verified in-situ with

yu events

Al ~ 12 keV at FCC-ee
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arXiv: 0509008

[ — o from fit
----- QED corrected

@ measurements (error bars
increased by factor 10)

M,

86 88

0 92 93
E_ [GeV]

= Teo+ Ty + Loy + Thad + Dy

100

96

PrinailPinit (%)

94

92

Av=1e-4

0.482

0.483

0.484 0.485 0.486
Tune

spin tune v_ using res. depolarization at FCC-ee
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o w| || el o
Asymmetries at the FCC-ee =
y Tw 0.1
N by
e Forward-backward asymmetry in e'e'— Z — bb events: iy e
A% -0.9
dcosé? P 0.1
Mt el L | ]|
NF + NB / dco dcoso9 s:n®?L|::Svt; I} -(:J:
— >20 deviation with respect to global EW fits — most accurate R =T R B L
measurement of sin’g at the Z pole AT T T ee
W, eff A, = 0.6
............................... do_ _ 3 8 3 Rg 0.0
6, distribution (at LO) —bb = 0.5 — 1 _|_ COS2 0 + _:'Ab ‘ECOS 0 A — A A R — 0.7
SR dcos By bb ¢ ( b 3FB b FB = 4 an@ (Mn:; L s
had E =
e Measurement: E OO O O oo PR e
o AP__extracted from cos@(b) distribution (O, - Oz G
FB . .. . — Eur.Phys.J.C 78 (2018) 675
o experimental distinction between b and b needed b
= quark charge determination crucial
m via "jet charge" (e.g. weighted sum of charged tracks in e+ \ 6 e-
jet, or vertex charge of MVA tagger) ’
m  with soft-lepton-tagging
m using machine-learning techniques to combine all infos b
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b-quark charge determination o

Two classes of methods: many possible variations exist, e.g. based on
' exclusive final states from B-hadron decays, |
i secondary vertex reconstruction... !

_________________________________________________

1. Jet charge:

weighted sum of charges of constituent tracks

can be applied to all jets = maximal efficiency
relatively low purity

strong dependence on jet shape and hadronization
“self-calibrating” a la LEP

2. Soft lepton tagging:

1
.
m charge of b inferred from charge of e or p in B-hadron w L v WL
semileptonic decay b—-—\ ! /_’_\\
. . . . . . b
e crucial to minimize b — ¢ — p contribution that c :
ufa keS" Cha rge Branching ratios (in %)
. .S . . . BR(b—/(") 10.90 £ 0.32 (£ 0.21)
m relatively low efficiency (restricted to semileptonic decays)  Brob—c—¢) 830 + 047 (+ 0.19)
: BR(b—c—£7) 1.30 £ 0.50
" b_etter purlt.y. ) BR(b—7—(") 0.70 % 0.20
m highly sensitive to B-hadron decay modelling BR(c—(") 9.80 + 0.50
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Event generation and selection:

O

O

Building truth-level and reco-level cosf distributions for
b-quarks and b-quark-jets

Response matrix and efficiency correction vector built from
1-10° events

O

Unfolding with simple matrix inversion, 10x10 matrix used

b.
A 7 ° results

DOI: 10.17181/dpyb5-vnc32

beam energy: 45.5348 GeV (Z-pole)
signal: 2 b-tagged jets

m 1 jetwith charge>0

m 1 jetwith charge<0

FCC-ee

15=91.2GeV, L =150.0 ab"

Eirit
O s

i I I
06 04 02 0

FCCeee ¥5=91.2GeV, L =150.0ab’

013
F ee-kt Durham

re-scaling the event number to match expected
. . . _ _'I
luminosity at Z-pole: £, o= 140 ab

AFB@FCCee

Statistical uncertainty extracted from pseudo-experiments
Different sources of systematic uncertainty investigated:

O

o
o
o

modelling of heavy-quark fragmentation
emission of final-state QCD radiation
Pythia versus Dire parton shower
b-tagging and c-mistagging rates

ARY (x10%)

Leonardo Toffolin - EPS-HEP 2025 - Marseille

systematic uncertainty
contribution

992 + 16 @

FSR, 2505.00272

0.04 b-quark asymmetry at Z pole

From jet charge
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A_’: systematic uncertainties and interplays with R,

No limitation from statistical uncertainty
o LEP combination has nearly equal statistical and systematics
contributions
o expected ~10° times more statistics at FCC-ee = ~300 times smaller
than statistical uncertainty
Systematic uncertainties expected to be dominant, but many handles in
data to constrain them, in particular extra radiation and gluon splitting
affecting hemisphere correlations — to be measured in situ
Special focus on QCD corrections to A,_.”:
o perturbative regime — emission of gluon final state radiation
o non-perturbative regime — b-quark fragmentation modelling
Considering hemisphere correlations:
o two different approaches:
m inclusive measurement — centrally generated events + IDEA
fast-sim Delphes outputs
m exclusive B-hadron decays — private simulation + tests on
CLD full-sim outputs

Leonardo Toffolin - EPS-HEP 2025 - Marseille
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R, in exclusive b-hadron decays: motivation

o LEP:O dominated by udsc-physics and hemisphere correlations DOI: 10.17181/znj58-2vx36

e With Tera-Z: Ot in reach —» measurement limited by systematic uncertainties

e Reconstruct exclusive b-hadron: determine quark-flavour with 100 % purity — stick
to ultra-pure mass region to assess remaining systematic uncertainties — ¢, = 1

e (, and QCD corrections evaluated on full simulation sample of 83200 Z — [B" — DO

m+], [B— DO 1, events and forced decays (B* — [K" T ], T") Thrust 7

Observable Ry | ALy
b-hadrons BEBY Bl Bt,Ap
Knowledge of. .. Flavour Flavour, p & Q

Remove udsc-physics contribution

Advantages Overcome mixing dilutions and
hemisphere confusion

Remaining osyst. Hemisphere correlation C QCD corrections

11
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R, in exclusive b-hadron decays: results

-&:108 L T L T ] T L ¥ L] T ¥ ¥ Y T LI ¥
. . . . O -
e Goal: find regions of the phase-space which increase + Mot i 7 =iy (OFOC ]
.ﬁ 106 o Iu(-lu:s‘i\'e Ciﬁm : T
C, (kinematically + event-variables) — at LEP: mainly B | Suthessedon
1.04 :
driven by PV measurement uncertainty [
1.02
o Object-level Particle-level 100}
ooy = /Ticpey (PVS — PV ) ]
0.98 C .
O.OI ‘ IO!2I I 10!4I I .OTGI I .0{8‘ I .1.0
g T 5;1‘0 _ S — —— T max(|cos(Orist)|) /rad
Elop © Siglta QrFec 1 = ©  Single tag @Lee ] DOI: 10.17181/znj58-2vx36
S 3 L DOH{)I(‘ tag ) Z-pole, CLD preliminary EEO L ° DOuble tag ) Z-pole, CLD preliminary |
= = i sl <09 1 BO8 T Qe o [eos(Bs)| < 09
g08 1 B
I = T UGS IS A S g - e o uncertainty projections for R,
E o6 1 2 o] ——  0.25(stat)+ 0.3 (syst)
=] L —0— 4 =] - 4
I S — ; B B g e —— FSR, 2505.00272
% - o w * Y —— I i T ~ 04F 2 . ]
= 04 E —e—— ._é_r—§—_ : —— i
g ] [ e
& 02k — ] 02f g flight distance asymmetry
I . . I—-—Hi_.__,_: I | ] A e v
PR (O Tl L Ly Ly " L f I LI | L L | I P L L =
0800 0.02 0.04 0.06 0.08 010 90 0.2 0.4 0.6 0.8 10/ o FDBmax +FPB s
opy / mm o App
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Above WW threshold

e W boson properties
e Triple/quadruple gauge couplings

1
Leonardo Toffolin - EPS-HEP 2025 - Marseille :
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W mass via threshold scan

CMS 241213872
: : : , i IS —
e At lepton colliders, direct measurement possible via W-pair Eoctrowenk i i Mev
; PRD 110 (2024) 030001 I 803536
threshold scans (cross section vs. beam energy), LEP combination | soa7s s |
i . Do 80375 + 23 |
simultaneous extraction of m, and I, PR 108 2012 15108
Stience 376 (2022) 6589 | C0Aoo0 £ 94 [
do -1 H'égg (2022) 036 80354 + 32 ———
Amyy (stat) = ( WW) i ATLAS | e 80366.5 + 15.9 e
dmw \/Z (T%i!‘\sllv%rk 80360.2 + 9.9 [
L !

! | ! | ! !
. . e L. 80300 80350 80400 80450
e dominant role of systematic uncertainties mw (MeV)

a) absolute energy calibration: ACLRG, amy =59 MeVIEMS)
i) Am,, (syst) ~ 150 keV (FCC-ee) (300 keV on
Vs) — via resonant depolarisation (only at
FCC-ee)
ii) Am,, (syst) ~ 700 keV (LEP3) — via radiative

return Z (at LEP3)

12

FCCee W-pair threshold 7
| — m,=80.385GeV I =2.085GeV A%
m,=79.385-81.835 GeV, I',,=2.085 GeV/
|- [Jm,=80.385 GeV, TI,,=1.085-3.085 GeV,

o(WW) (pb)
S

2107.04444

?55""1(‘30""165"\[_"170
s (GeV)
14
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W mass via kinematic fit

0.02

e Alternative for the W mass reconstruction: kinematic fit M. Beguin's thesis
o direct reconstruction of decay products, a la LEP2 % S Wean 8175
= WW threshold (160 GeV) — FCC-ee, LEP3 T R o 535
0.08_— Std Dev 5.162

m  boosted regime (~ 240 GeV) — linear colliders, FCC-ee, ol
LEP3 0.04:— 162.6 GeV
= WW -
e Large W production rate to constrain leptonic branching ratios (BRs) 3 s

o absolute measurement limited by luminosity determination —

from yy/Bhabha scattering at FCC-ee: s£/£~ 104

PO
SL
of
S|
8
5
=]
©|
S|

100 110 120
M,, (leptonic mass) [GeV]
e Bonus: triple/quartic gauge couplings

o through WW/VBS production

o full 5D angular information of WW decays in the semileptonic

channel B(W —ev,)x10* 1071 =+ 16 0.13 0.10 From WW and ZH threshold
luminosity
B(W — py,) x 104 1063 £ 15 0.13 0.10 From WW and ZH threshold
luminosity
B(W —7v)x10* 1138 + 21 0.13  0.15 From WW scan ZH threshold
luminosity
15
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Jet flavour tagging
improvements

e Jet flavour tagging improvements for EWK measurements at FCC-ee

Leonardo Toffolin - EPS-HEP 2025 - Marseille


https://www.eps-hep2025.eu/

Jet flavor tagging performance at FCC-ee - |

All the EW precision measurements in general require good jet flavour tagging performance

[ ]
o need to minimize contribution from light-jets and charm-jets
o in addition, b to b discrimination would be beneficial
e Process used for training: e* e — ZH at 240 GeV, with H — jj and Z — vW — two jets as event

signature, done jet by jet

Jet description Neural network Jet flavor Higgs physics

7 flavors Yukawa

Cluster N jets # constituents, Particle
couplings etc.

per event kinematics etc. Transformer u,d,s,c,b,g,7

ParticleNetldea: QO
current  b-tagging 2 <
baseline for FCC-ee \V

e Preliminary projections with IDEA detector concept:
o drift chamber tracker (dE/dx)

o silicon vertex detector and wrapper
m uses the vertex detector and wrapper as TOF with resolution O(30ps)

o coupling with small beam size and beam pipe

o fully tested on fast simulation outputs

height 1100 cm

5
]
El

Yoke 100 cm
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Jet flavor tagging performance at FCC-ee - I

Preliminary projeCtionS: — fu” |ISt n dOI:1 O‘fl 71 81 /Oznoc_gxezo FCC-ee Simulation (IDEA) FCC-ee Simulation (IDEA)

.......................................................................................................................... P ! z F
- achieve e.g. 3 B i b tagging A I R s againg A
b tagging with 75% efficiency for 10-3 charm contamination (single jet) g 101y Z L :
:c 60% 2103b contamination € [ Thpw g f Tonw '
15 10% efficiency 2103 u,d  contamination L L S
.......................................................................................................................... : /7 E ol //
e Possibility to achieve high purity (99%) for s : ! ] g P /
. .. 0 105z " 0s 06 08 1 10052 %% o6 o8 1
quarks with an Effl(:lency of more than 10% jet tagging efficiency jet tagging efficiency
e Given such tagging performance, at m,; () (b)
O Rb — [i1 2 (Stat) * 1 6 (SySt)]1 0-6 S e FCC-ee Simulation (IDEA) 5. e FCC-ee Simulation (IDEA)
b -6 % E ete 5 ZH, H-jj : % § e'e 5 ZH,H-jj .
o A B [£7.8(stat.) + 1.8 (syst.)]-10 2 j=u,d,:c,b.g s tagging /) S e e g tagging
o see full table in spares T — =0 Tl -
. . . 7 g § —svsud /// g g / / ]
e Complete information in A. Blondel's report E | = v / E | /¢/ g
at FCC Performance Meeting on 13 May 2025 By // e TR’ VA/ —
c ] £ —gvss ]
i / / ] // —gvsc
. : 109 5L 10° 2 Joveb
ParticleNetldea performance in terms of a 0 0i2 O eodine Sidency 0 02 O
ROC curve for the identification of different JeHRgene ¥} Fuaggng Y
b-quarks (upper left), ¢ quarks (upper right), (c) (d)
s-quarks (lower left), and g (lower right) jets arXiv:2202.03285v1

Leonardo Toffolin - EPS-HEP 2025 - Marseille


https://arxiv.org/abs/2202.03285
https://indico.cern.ch/event/1544513/contributions/6501200/attachments/3066587/5424825/Precision-EW-2025-05-13-Alain-Blondel.pdf
https://www.eps-hep2025.eu/
https://doi.org/10.17181/0zn0c-3xe20

Conclusions

FCC-ee is an excellent machine for EW precision measurements

O

linear colliders: advantage of chiral observables (asymmetries) per unit of luminosity —

possibility of longitudinal polarisation
circular colliders: 300 (LEP3) - 1000 (FCC-ee) advantage of luminosity — better precision in

overall measurements with respect to linear collider facilities, factors of:

sin%g,,, leptonic asymmetries — 5:1
lepton couplings, aQED(mZ), adm,) — 30:1
electromagnetic and strong coupling: only at FCC-ee (or circular machines)
m,, — 4.1 (resonant depolarisation helps with FCC-ee)
di-fermion and multi-boson production — uniquely probed by:
e linear colliders (ILC, CLIC, ...) up to 500 GeV - 3 TeV
checkout Electroweak inputs at the Open

Symposium on the EU Strategy (Venice,
2025) for complete information

e muon collider up to 10 TeV
e FCC-hhup to 40-50 TeV

Improvements in Monte Carlo generators and flavour tagging performance can help a lot
possibility to go beyond pure b-tagging

o
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FCC-ee as a precision machine

e FCC-eeis an excellent machine for Standard Model precision O(mz) ~ 90 GeV
measurements
m ttbar production at threshold
m  Higgs and di-Higgs production
m Z-pole measurements: Z-boson mass and width,
asymmetries
e Possible anomalies translate over a range of energy scales: from Z

pole to top threshold O(m¢) ~ 350 GeV to 365 GeV
e Heavy-quark EW measurements as a probe for new physics with a
common set of dimension-6 operators e t
o heavy-quark electroweak observables under study: AFBb and R, =
o measurements will be dominated by the systematic @

uncertainty at FCC-ee (Z pole) — dominant contribution to

uncertainty from light- and c-quark physics et d
o motivates novel ideas to make use of the Z pole statistics to

bring down systematic uncertainty

22
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FCC-ee EWK projections at the Z pole

Table 6: Projected ABSOLUTE uncertainties on value of
sin? 0‘3{; obtained at the Z-pole from FCC-ee, LCvision,
and LEP3. When two numbers are given, the first [second]
corresponds to the projected statistical [systematic]; total
uncertainty.

FCC
quantity uncertainty sin? o%&
A% (107°) 1427 075 [1.44] ; 1.6
Ae from AP 70200  09[25];28
A%g (10—5) 4[4 074 [0.74] ; 1.03
g (1075) 5 [5] 1.3[1.3];1.8
ARs (1079) 74(74] 1414 ;19
FCC combination of sin? 63 0.4 [0.5] ; 0.7
LEP3
quantity uncertainty sin® 0%{;
AL (1075) 2.6 [4.6] 1.4 [2.7];3.0
Ae from APA(™) 1339 17[47;5.2
A’éb (10‘6) 78(7.8]  1.4[14];2
EC (1076) 9.5[9.5] 2.4[2.4];34
ARs (1075) 14 [14] 2.6 [2.6];3.6
LEP3 combination of sin? 9%{; 0.75 [0.95] ; 1.35
LCvision
quantity uncertainty sin’ G%VH
Ae from Apr(107°) 23 [19] 2.9[24] ;4
Ay from A ';%FB (1076) 100 [50]  12.6 [6.3] ; 14
Ay from Ajppg (107 6) 100 [50]  12.6 [6.3] ; 14
LCvision combination of sin? 65 2.75 [2.4] ; 3.7

M. Selvaggi, Electroweak inputs, Open Symposium on

the EU Strategy for Particle Physics, Venice, 2025

Table 5: Projected RELATIVE uncertainties on partial-width ratios obtained on peak at the Z-pole from
FCC-ee, LCvision, and LEP3. When two numbers are given, the first [second] corresponds to the projected

statistical [systematic] uncertainty. .

Observable present FCC-ee LCF LEP3 Comment and
(value) uncertainty  |Stat. [Syst.]|Stat. [Syst.]|Stat. [Syst.]| leading uncertainty
Ry = Tpad 20.767 £ 0.025
relative uncertainty (10~°) 1200 1.5 [2.3] 2.8 [2.3] |Low angle acceptance
Re = ~jud 20.804 & 0.050
relative uncertamty (107°) 2400 3.4 23 200[500] 6.4 [2.3] |Low angle acceptance
Ru= —fl:&l 20.785 £ 0.033
relative uncertainty (10~°) 1600 2.4 (2.3 200 [200] 4.5 [2.3] |Low angle acceptance
Rr = fpad 20.764 + 0.045
relative uncertainty (107°) 2100 2.7[2.3] | 200 [200] 5.1 [2.3] |Low angle acceptance
LEPTON UNIVERSALITY
Axial vector couplings
Re/Ry¢ rel. (107°) 3.1 600 5.8
Ru/Re rel. (1076) 2.8 300 5.3
R+ /Re rel. (107°) 3.6 300 6.8
Vector couplmgs
Ade /A rel. (1076) 210 NA. 390
A%'g E? or Aﬂ [ Ae rel. (1076) 157 700 295
AQL / Apg or Ar/Ae rel. (1075) 183 700 345
QUARK FLAVOURS
Ry, = I‘;: 0.21629 £ 0.00066
relative u.ncertamty (1079 3300 1.2 [1.6] 20 [60] 2.2 [3.0] | multiple flavour tags
R.= 1-—5- relative (10~°) 0.1721 £ 0.0030
relative uncertamty (10~°) 17000 1.4 [2.2] 100[250] 2.6 [4.2] | multiple flavour tags
NEW! Rs = (o relative (10-6) N.A.
relative uncertainty (10~°) N.A. 2.5 [11] - 4.7 [21] | multiple flavour tags

Leonardo Toffolin - EPS-HEP 2025 -

Marseille

23



https://www.eps-hep2025.eu/
https://agenda.infn.it/event/44943/contributions/266907/attachments/137402/206423/EWK_Venice%20(4).pdf

b us
AFB=

Z pole asymmetries at the FCC-ee

b - forward-backward asymmetry in e'e" — Z — bb events

Ne — Ng
Ne + Ng

with

dcosf

o= [ geas
o= [ s

dcosH

most statistically accurate measurement of sin“g,, w, o At the Z pole
most constraining term on the Higgs mass

omeas_ofill / o,meas
¢ 1%

Aogdy(my)
m, [GeV]
T, [GeV]

A(SLD)
sinP'(Qy,)
my, [GeV]
T, [GeV]
m, [GeV]

Measurement
0.02758 + 0.00035 0.02767
91.1875+0.0021 91.1874
24952 £0.0023  2.4965
41.540 +£0.037 41.481
20.767 £ 0.025 20.739
0.01714 £0.00095 0.01642
0.1465+0.0032  0.1480
0.21629 £+ 0.00066 0.21562
0.1721 £0.0030 0.1723
0.0992 +0.0016  0.1037
0.0707 £0.0035  0.0742
0.923 +0.020 0.935
0.670 + 0.027 0.668
0.1513£0.0021  0.1480
0.2324 £0.0012  0.2314
80.425 + 0.034 80.389
2.133+£0.069 2.093
178.0+4.3 178.5

o

-

2

3

A(SLD)
sin®05'(Qy)
my”
T

Qy(Cs)
sinzemg(e’e’)
sin%6,,(VN)
L)
GR(VN)

arXiv: 0509008

2018 update

*preliminary
T
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M, 1.5

Ly 0.1

M, 0.3

I 0.2

Opad 1.5

Rip 1.0

Ay 0.9

A(LEP) : 0.1

A(SLD) 21

sin OI:':‘(Q ) -0.7

sin ®'em(Tevt) I} 0.1
R =R T}

A, 0.0

A, = 0.6

R? 0.0

Ry —_ -0.7

m, 0.5

o (M2) -0.2

s(ME) : 1.3

((®)

fit
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v via resonant depolarization

e FCC-ee simulation of a determination of the spin

tune v= E (GeV)/0.440648 using resonant

beam
. . “Progress in the center-of-mass energy
dePOIarlzatlon calibration at FCC-ee” talk by A. Martens
. . . t EPS-HEP 2025
o  y-axis: polarization level (after/before) °

100
o x-axis: spin tune v_around which a RF kicker is

applied on the beam. -

o precision of Av_=0.0001

96
— corresponds to an interval of 44 keV in

Pinail/Pinit (%)

which the resonance is equivalent to a RMS of: .y

+ 44.0648 keV/V(12) = +13 keV Av=1e-4

92 4

2L
PR T T T T T
. \N\)See\k’)'(ﬂ 0.482 0.483 0::-:]8“1 0.485 0.486

spin tune v_ using res. depolarization at FCC-ee
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Hemisphere analysis principles

16000 [

e Important principles of e*e’: (none of them true in pp collisions) s £ 3
o event-by-event conservation of ot
m  4-momentum i |
m all 0 charges electric, color, flavour and baryon number = *
m little and identifiable pile-up (0.002 at most) IIH " Wmmwugj':ggﬁ }T
e Analysis based on full event — no jet algorithm
o thrust axis defines forward and backward hemispheres e m EEE W B
© hemisphere charges Q. Q, T TR P

in Fig.3. The MC distribution corresponds to an asymmetry
of Apg = 0.0967

— - = and + = Alain Blondel's presentation at FCC
QF QB QFB QF QB QtOt Physics Performance meeting

hemisphere charge separation hemisphere charge separation from data:
(Qfp) = (QF — Qb)
1 = 0*(Qf5) ~ o*(QLy)
= (nh@s-@p+nh@r-@p) 2 [ 2ol y2
Mot ) g — ‘s_f e (RfRf> = (QFB) + (Qiot)
CcOS
=0 48 5 T coutg ® =6 (L + k)l
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A®__ LEP measurements

e Jet charge and soft lepton tagging methods for the AbFB measurement already implemented at

LEP
Measurement: (A%P) £ o(stat) £ 6(syst) relative uncertainties
Experiment stat.  QCD syst. total syst.
Lepton-charge based:
EurPhys.J.C24 ALEPH (2002) 0.1003 £ 0.0038 £ 0.0017  3.8% 0.7% 1.7%
EurPhys.).C34 DELPHI (2004-05) 0.1025 +0.0051 +0.0024 5.0% 1.2% 2.3%
Phys Lett.B448 L3 (1992-99) 0.1001 £ 0.0060 + 0.0035  6.0% 1.8% 3.5%
PhysLett.Ba/7 OPAL (2003) 0.0977 £ 0.0038 £ 0.0018  3.9% 1.1% 1.8%
Jet-charge based:
Eur.Phys.J.C22 ALEPH (2001) 0.1010 +£0.0025 £0.0012 2.5% 0.7% 1.2%
EurPhys.).C40 DELPHI (2005) 0.0978 + 0.0030 + 0.0015  3.1% 0.7% .87
Phys Lett.B439 L3 (1998) 0.0948 +0.0101 £ 0.0056 10.6% 4.3% 5.9%
Phys Lett.B546 OPAL (1997,2002) 0.0994 + 0.0034 +0.0018  3.4% 0.7% 1.8%
Combination 0.0992 +0.0015 + 0.0007| 1.5% 0.5% 0.7%
stat syst
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b-quark charge determination o

Two classes of methods: many possible variations exist, e.g. based on
' exclusive final states from B-hadron decays, |
i secondary vertex reconstruction... !

_________________________________________________

1. Jet charge:

m charge of jet obtained as weighted sum of charges of
constituent tracks

m can be applied to all jets = maximal efficiency

m relatively low purity

m strong dependence on jet shape and hadronization

2. Soft lepton tagging:

1
.
m charge of b inferred from charge of e or p in B-hadron w L v WL
semileptonic decay b—-—\ ! /_’_\\
. . . . . . b
e crucial to minimize b — ¢ — p contribution that c :
ufa keS" Cha rge Branching ratios (in %)
. .S . . . BR(b—/(") 10.90 £ 0.32 (£ 0.21)
m relatively low efficiency (restricted to semileptonic decays)  Brob—c—¢) 830 + 047 (+ 0.19)
: BR(b—c—£7) 1.30 £ 0.50
" b_etter purlt.y. ) BR(b—7—(") 0.70 % 0.20
m highly sensitive to B-hadron decay modelling BR(c—(") 9.80 + 0.50
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Ana',YSis Strategy - DOI: 10.17181/dpyb5-vnc32

<

e Analysis framework: X o[ | g
1. feasibility study with Key4hep-FCCAnalyses framework cos@(bjet) 3| |

and standalone Madgraph private simulation %: -
m  EDM4hep for event generation -
m Pythia8 for parton shower simulation § ]

m Delphes for detector fast-simulation | ™"
2. Software features: i 1
m IDEA detector concept W Wioioed
m  Durham ee-kT jet algorithm used, R=0.4 ! 0 ) O
m simplified Delphes b-tagging (flat 80% efficiency, el
10%/1% c/light-mistagging) l
e Investigated workflow: Fit
1. build reco-level observable using: \_/ A
m jetdirection i e
m charge determined with one of the two methods cose(b;
(studies in parallel) Alternative workflow: l

2. perform unfolding from reco-level to parton-level ! starting to consider also template fit at reco-level i
3. extract A’ from fit to unfolded distribution | (with templates obtained via "folding" or reweighting)
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<
S
3

— Jade
— ee Cambridge
— ee KT

Soft muon based studies - |

e Using central FCC analysis software and
centrally produced samples

e Jets reconstructed by Durham ee-kT algorithm

e Focusing on soft muon tagging method

=4
>
3

Events normalised to unit area
4 e 4 e e
=3 > >

°L\\I\‘HI\‘\\I\‘\\I\‘HI\‘HH‘\II\‘HI\‘H

5
>
=

(S

e Investigating optimal selection to minimize
contribution from "charge flips" -

1
due to b — ¢ — p decays: i
U with AR (jet) < 0.4 (non-isolate) W

(@) A ."c
used to tag jets b \ m
S

o p(u)>10 GeV cut applied

o investigating cuts on other quantities Branching ratios (in %)
(e.g. pTre/(lu,jet)) BR(b—/¢7) 1090 +=0.32(F 0.21)
BR(b—c—/") 8.30 + 0.47 (£ 0.19)
BR(b—c—/¢7) 1.30 & 0.50
BR(b—7—/¢7) 0.70 + 0.20
DOI: 10.17181/dpyb5-vnc32 BR(c—/") 9.80 4+ 0.50
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SOft muon baSEd St“dies - " DOI: 10.17181/dpyb5-vnc32

e Background studies: e b-tagging cut will reduce the o
o Z—cc rest i
o Z-—light o cutonp, >10GeV E ol o
o Z—uu will further
e Jetselection rejects reduce them
most of Z — py H
e Unfolding implemented:
AFB@FCCee AFB@FCCee
£ § g 0.155—
-:S‘ | g é é 0.14;
%0.0127 é E E
g [ g § 0.13;—
2 0011 x % == g 02—
: . - . 011;—
-1 0.8 0.6 0.4 0.2 0 0.2 [I":verse Cofrrela;i?;f]v[amxl —l_‘ : ’—l)l.sl ‘ ‘—0‘.6‘ ‘ I—O‘AI ' ‘—OI.Z‘ = IIJ = ‘0.‘2‘ ‘ lﬂ.‘4‘ ‘ ‘0.‘6‘ ‘ l().J8 ‘C:)s(‘e)l

e Extraction of statistical and systematic uncertainty
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nit area

normalised to

Events

Soft muon tagging optimisation and unfolding

e Backgrounds: Z— cc, Z — light, Z — uu

e Optimal selection to minimize contribution from "charge

flips" due to b — ¢ — p decays:
o pwith AR (jet) < 0.4 (non-isolate)
used to tag jets
o p(u)>10 GeV cut
e Unfolding implemented

DOI: 10.17181/dpyb5-vnc32

AFB@FCCee

0.013f

0.012|-

P
=4
Events normalised to unit area

s
=2

0.009

0.008]

L 1 | n
08 06 -04 02 0 0.2 04

0.6 0.8
Cos(b-tagged jet)
s 06 04 02
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Events normalised to unit area
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s & © £ 2 2 g
=3 > > >
o b = b X 3 2

cullllllI|||I|I|IIII|IIII\I\I\|\I\\‘HH‘H
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Results on the A_’ feasibility study

Event generation and selection:
o beam energy: 45.5348 GeV (Z-pole) from "Spring2021”
o signal: 2 b-tagged jets
m 1 jetwith charge>0
m 1 jetwith charge<0
Building truth-level and reco-level cosf distributions for
b-quarks and b-quark-jets
Response matrix and efficiency correction vector built from
1-10° events
o re-scaling the event number to match expected
luminosity at Z-pole: L, = 140 ab™
Unfolding with simple matrix inversion, 10x10 matrix used
Statistical uncertainty extracted from pseudo-experiments
Different sources of systematic uncertainty investigated:
o modelling of heavy-quark fragmentation
o emission of final-state QCD radiation
o Pythia versus Dire parton shower
o b-tagging and c-mistagging rates

ARY (x10%)

DOI: 10.17181/dpyb5-vnc32

FCC-ee 15=91.2GeV, L =150.0 ab" FCC-ee ¥5=91.2GeV, L =150.0ab’

i F 013
F ee-kt Durham

*1E" ekt Durham

Eirit i I I I L E I
O s a6 04 02 0 02 04 05 o8 -1 08 08 04 02 0 02 04 0

Correlation Matrix AFB@FCCee

systematic uncertainty
contribution

992 + 16 0.04 b-quark asymmetry at Z pole
From jet charge

33
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A_’: systematic uncertainties and interplays with R,

e Statistical uncertainty will not be an issue:
o LEP combination has ~equal stat and syst contributions DOI: 10.17181/dpyb5-vnc32
o expected ~10° times more statistics at FCC-ee = ~300 times smaller
than statistical uncertainty
e Systematic uncertainties expected to be dominant, but many handles in
data to constrain them, in particular extra radiation and gluon splitting
affecting hemisphere correlations — to be measured in situ
e Special focus on QCD corrections to A_.”:
o perturbative regime — emission of gluon final state radiation
o non-perturbative regime — b-quark fragmentation modelling
e Considering hemisphere correlations — effort held by LPC
(Clermont-Ferrand)-TU Dortmund FCC group
o two different approaches:
m inclusive measurement — centrally generated events + IDEA .
fast-sim Delphes outputs note
s exclusive B-hadron decays — private simulation + tests on ——: ® Lars_Rohrig's
CLD full-sim outputs | presentation

(inclusive)
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R, in exclusive b-hadron decays: motivation

e LEP: Oyt dominated by udsc-physics and hemisphere correlations DOI: 10.17181/znj58-2vx36

e With Tera-Z: Ot in reach — measurement limited by systematic uncertainties

e Reconstruct exclusive b-hadron: determine quark-flavour with 100 % purity — stick
to ultra-pure mass region to assess remaining systematic uncertainties — ¢, = 1

e (, and QCD corrections evaluated on full simulation sample of 83200 Z — [B" — DO

m+], [B— DO 1, events and forced decays (B* — [K" T ], T") Thrust 7

Observable Ry | ALy
b-hadrons BEBY Bl Bt,Ap
Knowledge of. .. Flavour Flavour, p & Q

Remove udsc-physics contribution

Advantages Overcome mixing dilutions and
hemisphere confusion

Remaining osyst. Hemisphere correlation C QCD corrections

35
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R, in exclusive b-hadron decays: results

<=1.08 51T ¢ =2 ] & 2 & | 7 % L+ T
. . . . O 3
e Goal: find regions of the phase-space which increase + Mot i 7 =iy (OFOC ]
él.OG I~ o Inclusive ng’“ ' Tl
C, (kinematically + event-variables) — at LEP: mainly S et
1.04 :
driven by PV measurement uncertainty [
1.02
_ Object-level Particle-level Lo |
Opv = \/Zie[x,y,z] (PV/ o ID\/I ) L
0.98 - _
L n L 1 L L L 1 L L n 1 L L L | n L L ]
0.0 0.2 0.4 0.6 0.8 1.0
max(|cos(Orist)|) /rad
g [ I R R T R %LO_ I L L
g 1.0F © Singletag OFCC - g | ©  Single tag OFCC
S o DUlll}le tag . Z-pole, CLD preliminary | 'S L ° DOub]e tag ) Z-pole, CLD preliminary |
= 81 Sty e < E’O'S_‘ S e L
08 — 3 | i )
% L 1 T BErf—rs+ro—ru . | DOI: 10.17181/znj58-zvx36
S i —o—'—é—'—é—‘—§—‘_§_‘—é—'—§—'—%’_— = —o—
= - == g 206 ]
s e 1 2 | :
I R e I 7] Mo St o S SR o
2] - E L ——]
5 I —_ ] [ = . .
& sk . . 02f ] flight distance asymmetry
e —e— FDBmax —FD8,;,

I I ] Ay == N
i PR S T NN T S W NN T SR S N SRR SRR N SR S § L N L 1 " L L | L L L | " L L | ! L L FD FD .
08 00 0.02 0.04 0.06 0.08 0.10 000 0.2 0.4 0.6 0.8 ‘_.,..1...0./ Bmax TFPB i,
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Jet flavor tagging performance at FCC-ee - |

° AFB" and R, measurements (as well as EW precision measurements in general) require good jet
flavour tagging performance
o need to minimize contribution from light-jets and charm-jets
o in addition, b to b discrimination would be benéeficial
e Process used for training: e* e — ZH at 240 GeV, with H — jj and Z — vW — two jets as event
signature, done jet by jet

Jet description Neural network Jet flavor Higgs physics

P o | N |d Cluster N jets # constituents, Particle 7 flavors Yukawa
a rtlc e et ea: per event kinematics etc. Transformer u,d,s,c,b,g,7 couplings etc.

current Q O
baseline for FCC -ee M
e Preliminary projections with IDEA detector concept:
o drift chamber tracker (dE/dx)

o silicon vertex detector and wrapper
m uses the vertex detector and wrapper as TOF with resolution O(30ps)

o coupling with small beam size and beam pipe
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Jet flavor tagging performance at FCC-ee - I

Preliminary projections: L om0y ——
PP E PSP F P PP PSP PP FPRPPRPSS : :‘;i E ete s ZH Ho ) o :Ex EoeenzH Hojj pp——
- achieve e.g. (5 [ l=sdeess A g [ Imudeono A
- b tagging with 75% efficiency for 103 charm contamination (single jet) g Ioie =vwg ; 10 =g
c 60% 2103%b contamination E b |- ‘
'S 10% efficiency 2103 u,d contamination L 102 > 7 i 0 /
e Possibility to achieve high purity (99%) for s ol il / ol / N
quarks with an efficiency of more than - © %% jettagging sfficency
10% (a) (b)
. More information available in: FCC-ee Simulation (IDEA) FCC-ee Simulation (IDEA)
' z F 2 F
o A. Blondel's report at FCC 2L g g F eIl gugng
Performance Meeting on 13 May 8L o ) | r
% E —4o v g g L~ / £
2025 ] . E F ::::d // / E F ///:
o F. Bedeschi, L. Gouskos, M. Selvaggi, E I " A ] &L = '
. 107k V4 s / E 107 7 - =g Vs Ud
arXiv:2202.03285v1 : / » ; : / 3 e
= ] [ —gvsc ]
ParticleNetldea performance in terms of a 1% e 06 08 1 1075 e ;..ag,vi;b 1
ROC curve for the identification of different Jettagging sfiiciency Jstiagging etficiency
b-quarks (upper left), ¢ quarks (upper right), (c) . (d)
s-quarks (lower left), and g (lower right) jets arXiv:2202.03285v1
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Jet flavor tagging: a look at ATLAS & CMS

e EW precision tests at FCC-ee can benefit from the long story of improvement in jet flavour
identification at the LHC
o ATLAS and CMS share very similar directions, however with different approaches
0 e combination of output probabilities of the tagger (i.e. GN2 - or its ancestor GN1)
into a 1D discriminant defined as likelihood ratio:
e regress the energy correction and resolution of the jet with the same algorithm
to define a per-jet flavour aware jet energy regression and resolution estimation

"‘XJ

T T T FTAG-2023-01

CMS simulation Preliminary 13.6 TeV
‘ T : : - :

>
2 ; GN2 » 120
E LHC run periods GN1 Lep * 0 TIT ML T T T \ ti events, pr > 20 GeV, |n| < 2.4, €, = 70%
8 W Run-1 W Run2 % Run-3 GNA * ?gn;llgﬁlvulanon Preliminary (aN2 ] A 100| == ciet rejection 1ot
[Vs=13Te
; 10°) ParticleTransformer # VL1 BOF tjets, 5 = 70% | it i Aun 3
o DeepJet x % DL1r c 50F I .5_ 80| J
%o arly DeepJet x* -1 % wf { Run 3 reco 3 10
~ M\/E xy & 1 GN1 g 60|
® « DeepCSV 5 of oL 3 |2
S CMVAV2 s NP x DIPS S ] o
8 20 1
o - @ Datasets 1op
~ A . ey
S 102k * Rung | 007 16 2019 220 201 2022 | 2028 0GSVY—— CSVv2 DoepCSV Doeplet 10°
< CMVAV2 +  + DeepCSV +  Run-2 (Phase-0) Yoar 2024 ATLAS-CMS FTAG Workshop
S % Run-2
= CsW2 + *  Run-3 .
x
_—
g - cvis moving to GNN-based approaches
[*%
g | Gsv = ATLAS . I
SR B e 5XGv:2404.01071 and transformers architecture!

Year of publication

39

Leonardo Toffolin - EPS-HEP 2025 - Marseille


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-027/
https://indico.cern.ch/event/1387465/
https://arxiv.org/pdf/2404.01071
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
https://www.eps-hep2025.eu/

Electroweak physics at future colliders

Electroweak physics programme at intensity frontier
Z-boson lineshape:
m, [, o, (—N),

R, = rh d//'E,R rir

O

O

qul

Ars(P)

qq " had

aQED(mZ), as(mz) — direct measurement vs.
lattice calculations — interpret data without

having to trust
calculations themselves

WW, ZH, tt thresholds, and above:

BRW — ), a(m,), m,
quartic gauge couplings

m

lattice and test

lattice

triple and

Great precision needed to interpret potential deviations
in terms of new physics — many EW precision
observables to explore nature of BSM candidate signals
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Luminosity [10* s cm?]

107"

2503.19983

Tuminosity vs Ene

—-— ILC baseline

1A+ LCF-SCRF Z pole
s CLIC baseline [ar}
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A FB" measurement at FCC-ee

A.) measurement may be performed at the FCC-ee

o 91.8 km circumference
o 2045-2060 as e*e’, 2070-2090 as pp collider
o feasibility study phase ongoing until 2027
Feasibility study on A’ at FCC-ee based on HEP-FCC/FCCAnalyses framework
o  EDMA4HEP for event generation
o  Pythia8 for parton shower simulation
o Delphes for detector fast-simulation
Software features:
o IDEA detector concept
o Durham ee-kT jet algorithm used, Dire parton shower
o Simplified Delphes b-tagging (flat 80% efficiency,
c/light-mistagging)
o  b-quark charge determined with:
m jet charge built with weighted sum of charges of tracks (as saved
by Delphes)
m  soft lepton (muon) tagging

10%/1%
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Conclusions

e FCC-eeis notjust a Higgs factory, but also an EW and Top laboratory
e Measurements of AFBb (inclusive) and R, (and AFBb) in exclusive b-hadron decays show
encouraging results
o negligible contribution from statistical uncertainty
o systematic uncertainties dominating
m discrimination between b and b would be of high importance
e Improvements in Monte Carlo generators and flavour tagging performance can help
a lot
o firstlook at jet tagger performance is promising
m ParticleNet-based (by CMS)
m |DEA detector concept
o possibility to go beyond pure b-tagging
m prospect of high purity (99%) in s-tagging for ¢, = 0.1
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