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First things first: why QCD in e+e-?

Lepton collider
Hadron collider
Clean point-like initial state

* no parton-distribution functions
* no pile-up
* no underlying event

* know initial state kinematics
> constraints on final state

* QCD radiation only in the final state
Hadronic final states from EW decays

Non-perturbative input:

* PDFs

ISR / color flow from IS/FS

underlying event + O(100) Pile-up events
jet energies only %-level accurate

too messy for premille level precision QCD

> various flavour channels accessible
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FCC-ee Physics Runs Ordered by Energy

—CDR baseline runs (4IPs)
— Additional opportunities
i Total
Z WW ZH tt integrated
O(1) 40 125 40 30 19.2 5 10.8 0.4 97 luminosity
‘ + T 11 + + = 1 + —
S | !
En
40 --- 60 88 91.2 94 125 157.5 .- 1625 217 240 340 ... 350 365 i
(GeV)
Z lineshape W mass and width
QCD QCD : ; top EW couplings
precision flavour electron L Higgs mass Higgs couplings Mwop  Higgs VBF production Physics
PPN rare decays Yukawa as OZH (Ty and Higgs couplings improved) highlights
dark sector flavour (e.g. Veb)
# events
13! 8’ 6’ 6
0O(1013) O(108) 0O(2x108) O2x108) (@ IPs)
T T T T EW sector
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sensitivity to Higgs self-coupling via quantum effects
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Physics motivation for QCD at FCC-ee

Reason 1: QCD is a systematic for precision EW studies
- the vast majority of Z /W [H/top decays lead to hadronic final states

Decay

BR

Hdecays @ FCC-ee

Z - hadrons

~70%

~4 x 10"

W - qq’

~67%

~3 x 108

H-> hadrons

~80%

~2%x10°

+ every t > bW contains a b-jet

sin’@,,, via Fwd-Bckwd N-jet rates
asymm. in Z=qq

g >cebb Fixed-order-PS

stress-tests of the SM require control of QCD: o oy

* Radiation RN oo

* Hadronization o

* Colour reconnection NonL.Gif:thm Bttt
* alphaS B:d Elerichapes

Quark masses

01.10.2026 QCD@LHC

Leading Color

correlations

Rene Poncelet — IFJ PAN

Higher-order
pQCD N"LO
corrections,

i NrLL Parton Shower ~ Fragmentation
Spin Monte Carlos Functions

Hadronic
H, W,Z, T widths

Mixed QCD-EW
corrections

NLO antenna

functions

Top mass extraction
via e'e >ttt
Y Colour
\\ reconnection

non- Parton
perturbative hadronization
QCD

Final-state
_~  correlations

7 PSMC

tuning

QQ transition Lattice QCD
probabs.



Physics motivation for QCD at FCC-ee

Reason 2: QCD is a signal

Precision studies of QCD radiation
* O(10™) Z » qqg decays, quark-flavour-tagged

an unparalleled sample to study perturbative and non-perturbative QCD
* Statistical uncertainties O(107°): negligible for most observables

= FCC-ee will provide the most precise QCD measurements ever

Non-perturbative QCD
* Multiple energy points (Z, WW , ZH, tt + options below the Z ):
- a built-in lever arm in Q to separate perturbative from non-perturbative physics

Parameter measurements
> as(mz?) from 0.8% today to the per-mille level

10° x LEP statistics: a new challenge for both experiments and theory
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Precision strong coupling determinations

0.35 —
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03 [N low Q2 cont. (N3LO
as is the only free parameter of QCD N Heavy ﬁ;;‘:f;g;z (mtg —
its running beautifully predicted by pQCD 0.25 |

e*e” Z0 pole fit (N°LO
LHC dijets (NNLO
pp top (NNLO
pp TEEC (NNLO

World average (PDG 2025): a,(mz?) = 0.1180 £ 0.0009 & 02}
(0.8%) the least precisely known coupling of the SM

)
)
g
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) e
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Physics implications of a precise strong coupling

- reduction of parameteric uncertainties: e.g. Higgs width, EW precision fits
- improves bounds set by many BSM searches via SM background predictions
> interpretation of mt for vacuum stability and GUT-scale extrapolations
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Different strong coupling determination methods

Category present ag(mZ) (x10%) FCC-ee Extraction method
value + uncertainty  Stat. Syst. Theory developments needed

Z hadronic decays 1208 + 28 01 1 Combined Rf, Tz, a'}?ad fit
0(ad), 0(a?), O(as, a®), O(ad, o?) corrs.

‘W hadronic decays 1070 £ 350 2 2 Combined RXV, Iy fit
0(ad), O(a?), O(a?), O(as, a®), O(ad, a?) corrs.

7 hadronic decays 1178 + 19 <1 <10 Combined I and 1 lifetime fit
O(ag), hadronisation corrections

Event shapes & jetrates 1171 + 31 <1 <10 Combination of event shapes and jet rates

O(a}), hadronisation corrections

All methods are systematic dominated:

> Theory and input variables (alphaQED, mw,mz,|Ves|,|Ved|)

a, from inclusive hadronic decays of electroweak bosons

oy

> QCD and mixed QCDXxEW corrections for EW pseudo obs (I'z,Rz' 6%ad)
- Advantage: non-perturbative effects relatively small (inclusive observables)

> WW channel becomes competetive at FCC-ee

- Scale complementary through tau decays
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Challenges: event shapes and alpha$S

Long standing puzzle:

some event shape extractions systematically lower then PDG value -

[1006.3080] [2412.15164] vs [2301.03607] [2502.01570]
What is the reason? data? Hadronizati

- Open question under active debate.

EXP example: re-analysis of LEP data

- amazing opportunity to test FCC analyses already now!

TH example: non-perturbative effects

Yy

on? PQCD unc.?

(see Tue's discussion)

PSMC Ratio

+Q0,2) =+ 0O

JADE (j&s)

dz = dx + dz dz

different parameterization of linear power corrections Verbytskyi (2)
(e.g. dispersive model vs shape functions) lead to different results |-

- FCC-ee runs at different energy co
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uld resolve these issues.
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Challenges: non-perturbative effects in MCs

. . h CI [OPAL eoll,, Eur. Phys. J. CAS (2006) 291]

Example: color reconnections in WW adrons G e — g
* doubly hadronic decays allow for color flow H e

between Ws 1 : ==
* implications for color reconnection and "/2 o | — el

hadronization models ) e

Y Y - . AR &0 o { —— —5
* important for mw measurements from 4q e e

final states e T
(~35vs 0.4 MeV expected unc. @FCC-ee)

* expect 108 fully hadronic WW @ FCC-ee

ents dn/depr

B
Jet3 .~ T TN Jet2

1/Nev

- Opportunity to discriminate different C/ Wt W- L
models \ /

* also important for top-decays in e+e- > tt Jetd S~p — Jet1

[1506.09085]
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A glimpse into the future: re-analysis of LEP data

e+e- alliance: https://ee-alliance.org

Thrust distribution

ALEPH archived data
ple O SIS
h=1i= S - oo
e'e i
4 - 10°
- '{‘ ALEFPH (2004)
| W Comected data (OF) e, = x
2_ — o,(mz) =0.1136, Qf:O.IO GeV 10 2
= a,(mz) =0.1136, Qf = 0.31 GeV [global fit] -
— o(mz) =0.1180, QF =031 GeV  Theory at N*LL' [arXiv:2412.15164]
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[see also talk by Yi Chen]
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A glimpse into the future: re-analysis of LEP data

Energy-energy correlators
[2511.00149]
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[see also Wouter's talk]
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Summary: FCC-ee is a precision QCD machine

sin’0,, via Fwd-Bckwd
asymm. in Z—=>qq

Fixed-order-PS

g =cc,bb matching

splitting
Lund Plane
Jet substructure

g-g separation

N-jet rmy\

Higher-order
pQCD NPLO
corrections,

Hadronic
H, W,Z, T widths

Mixed QCD-EW

corrections
N"LO antenna

functions

Top mass extraction

via e'e—tt

Jet tagging acoublin
Heavy-Q rad. W g Colour
dead-cone reconnection
Jet reco/flavour Higher-order non- Parton
algorithms pQCD NNLL (\4 perturbative hadronization
- N
Non-Global resummations QCD _
Logs Final-state
correlations
Event shapes
Beyond PS MC
Leading Color . tunin
. . N"LL Parton Shower ~ Fragmentation .
Spin Monte Carlos Functions  QQ transition Lattice QCD
correlations probabs.

drawing by D. d'Enterria
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+ photon induced
QCD studies

> see Peter’s talk
on Monday
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FCC-PED QCD and photon-photon group

Interested? Join the fcc-ped-physicsgroup-qcd on https://groups-portal.web.cern.ch
Activities (indico category https://indico.cern.ch/category/5662/):
* Topical meetings:

* just yesterday: topical meeting on colour reconnection in ee » WW - 4q

* Last week of October (26-30): meeting on gamma-gamma physics
Talks by Savannah Clawson and Peter Meinzinger

* Third week of November (16-20): meeting on alphas from event shapes
talk by Gherardo Vita on Task Force https://arxiv.org/abs/2609.03002v1

* (likely) meeting in December, topic TBD
* Joint Precision, MC, Top, EW, QCD in-person meeting “Many facets of precision”
* 8-12 February: https://indico.cern.ch/event/1727272

* We will have 1.5 days of discussion on QCD-related topics. We are still drafting the
agenda for the QCD sessions. Suggestions for topics are welcome, just let us know.
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