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QCD at the core of FCC physics programsQCD at the core of FCC physics programs

■ Though QCD is not per se the driving force for FCC-ee,hh, it is
   crucial for a vast range of studies (signals & backgrounds):

 1. Precise α
S
 determination is needed to accurately & precisely predict 

    all SM x-sections & decay rates (Higgs, top, EWPOs,...)

 2. Higher-order (NnLO, NnLL) calculations crucial to gain precise control
    over hadronic final states and jet dynamics.

 3. Heavy/light quark & gluon separation (flavour tagging, substructure,...) 
    are key for multiple SM measurements (e.g. H Yukawas) and BSM
    searches (e.g. X→jj decays).

 4. Non-perturbative QCD (hadronisation, colour reconnection,...) impacts
    studies with hadronic final states: e+e-→WW,ttbar (→jets), m

W
, m

top
 

    extractions

 5. @ FCC-hh, accurate knowledge of parton densities at high-x (BSM)
     and saturation dynamics at small-x, MPI dynamics,… is fundamental
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Precision QCD in ePrecision QCD in e++ee–  –  collisionscollisions
■ e+e- collisions provide an extremely clean environment with fully-
   controlled initial-state to probe very precisely q,g dynamics:

Advantages compared to p-p collisions:

1) QED initial-state with known kinematics

2) Controlled QCD radiation (only in final-state)

3) Well-defined heavy-Q, quark, gluon jets

4) Smaller non-pQCD uncertainties:

    no PDFs, no QCD “underlying event”,…

    Direct clean parton fragmentation & hadroniz.

■ Plus QCD physics in γγ (EPA) collisions:

(soft, VDM) (direct)

Ös = 91 GeV

Ös = 240 GeV

Ös = 160 GeV
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Precision QCD in ePrecision QCD in e++ee–  –  collisions (FCC-ee)collisions (FCC-ee)
■ e+e- collisions provide an extremely clean environment with fully-
   controlled initial-state to probe very precisely q,g dynamics:

■ Plus QCD physics in γγ (EPA) collisions:

(soft, VDM) (direct)

Ös = 91 GeV

Ös = 240 GeV

Ös = 160 GeV

105 g
105 c's
106 b's

1011 u,d,s
1011 c's
1011 b's

107 u,d,s
107 c's
107 b's
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Very rich QCD physics at FCC-eeVery rich QCD physics at FCC-ee
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Very rich QCD at FCC-ee. Examples:Very rich QCD at FCC-ee. Examples:
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Example: QCD coupling Example: QCD coupling aass

■ Reduced parametric uncertainties: Higgs, EWPO, top… x-sections & decays

a
s
(m

z
) = 0.12030 ± 0.00014

a
s
(m

z
) = 0.11790 ± 0.00023

ha
dr

on
s

Strong (B)SM 
consistency test

■ Z,W hadronic widths provide the most precise (0.1%) α
s
 extraction:
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Example: High-precision g & q jet studiesExample: High-precision g & q jet studies

■  Exploit FCC-ee H(gg) as a ”pure gluon” factory:
    H→gg (BR~8% accurately known) provides 
    O(100.000) extra-clean digluon events.

■  Compare to Z→qq(g): Multiple handles to study g rad./jet properties:

   ➧Gluon vs. quark via H→gg vs. Z→qq
      (Profit from excellent g,b separation)
    ➧ Gluon vs. quark via Z→bbg vs. Z→qq(g)
       (g in one hemisphere recoiling 
        against 2-b-jets in the other).

    ➧ Vary E
jet

 range via ISR: e+e-→Z*,γ*→jj(γ)
    ➧ Vary jet radius: small-R down to calo resol

■  Multiple high-precision analyses at hand:
   – Higgs/BSM/flavour: Improve q/g/Q discrimin. tools: ML training on pure samples
   – pQCD: Check NnLO antenna functions. High-precision QCD coupling.
   – non-pQCD: Gluon fragmentation: Octet neutralization? (zero-charge gluon 
       jet with rap gaps). Colour reconnection? Glueballs ? Leading h's,baryons?
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Non-pQCD example: Colour reconnectionNon-pQCD example: Colour reconnection

■ Colour reconnection among partons is source of uncertainty in m
W
, m

top
, 

aGC extractions in multijet final-states. Especially in pp (MPI cross-talk).

■ CR “string drag” effect impacts all FCC-ee multi-jet 

   final-states: e+e-→WW(4j), H(2j,4j), ttbar,…

     – Shifted masses & angular correlations (CP studies).

     – Combined LEP  e+e-→WW(4j) data best described

        with 49% CR, 2.2σ away from no-CR.

■ Exploit huge W stats ( 10✕ 4 LEP) to measure 

    m
W
 leptonically & hadronically and constrain CR: 
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FCC QCD working group activitiesFCC QCD working group activities

■ Join our monthly meetings:

   

■ Join our e-groups mailing:
    FCC-PED-PhysicsGroup-QCD 

https://e-groups.cern.ch/e-groups 

■ Contact the conveners:
    FCC-PED-PhysicsGroup-QCD-admin@cern.ch 

https://indico.cern.ch/e/PartonShowers2023 
CERN, 24th–28th April 2023

■ “Parton showers for FCC-ee” workshop
https://indico.cern.ch/category/5662/ 

https://e-groups.cern.ch/e-groups
mailto:FCC-PED-PhysicsGroup-QCD-admin@cern.ch
https://indico.cern.ch/e/PartonShowers2023
https://indico.cern.ch/category/5662/
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Backup slidesBackup slides
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■  MC parton showers differ on gluon (less so quark) radiation patterns:

Jet substructure & flavour taggingJet substructure & flavour tagging

(normalized En✕qn products)

(larger
 angular
 weigth)

■  State-of-the-art jet 
    substructure based on 
    Lund Plane & angularities: 
■  ”Sudakov”-safe variables of jet constituents:
    multiplicity, LHA, width/broadening, 
    mass/thrust, C-parameter,...

■  k=1: IRC-safe computable (NnLO+NnLL) via SCET
    (but uncertainties from non-pQCD effects)

e+e-Zuu e+e-Hgg u-quark vs gluon
discrimination 

power

(larger energy weigth)

Gluon rad.& frag.
poorly known

[G.Soyez et al.] 
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■  MC parton showers 
   feature unphysical 
   differences in the 
   radiation pattern 
   of quark & gluon jets

Jet substructure & flavour taggingJet substructure & flavour tagging

(normalized En✕qn products)

(larger
 angular
 weigth)

■  State-of-the-art jet 
    substructure based on 
    Lund Plane & angularities: 
■  ”Sudakov”-safe variables of jet constituents:
    multiplicity, LHA, width/broadening, 
    mass/thrust, C-parameter,...

■  k=1: IRC-safe computable (NnLO+NnLL) via SCET
    (but uncertainties from non-pQCD effects)

(larger energy weigth)

[S.Ferrario-Ravasio] 
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QCD uncertainties on EWK observablesQCD uncertainties on EWK observables

■  With ×105 more Z's than LEP, some EWPO uncerts 
    at FCC-ee will be dominated by QCD syst. 
    Example: e+e-

  bb forward–backward asymmetry
    – 8 measurements at LEP: 4 lepton-, 4 jet-charge-based 
    – Largest EWPO discrepancy today wrt. the SM: 2.8s

■ Exp. uncertainties of A
FB

 at LEP: ~1.6%

    – Statistical: ±1.5% (~0.05% at FCC-ee)
    – Systematics: ±0.6% (QCD-related: ±0.4%)

■  QCD effects on A
FB

 (depending strongly on 

    exp. selection procedure):
    – Gluon splitting (TH control: a

s
2 corrections)

    – Smearing of b-jet/thrust axis
    – b and c radiation & fragmentation. B and D decay models.
      [Uncertanties estimated by Abbaneo et al., EPJC 4 (1998)]

■  Impact of QCD effects on A
FB

 revisited by implementing

0,b

     original analyses in up-to-date retuned parton-shower+hadronization MCs 

0,b

0,b
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Reduced QCD uncertainties on AReduced QCD uncertainties on A
FBFB at Z pole at Z pole

■ QCD uncertainties recomputed from PYTHIA8.226 (7 tunes) & VINCIA2.2
■ e+e-

  bb forward–backward asymmetry for lepton-based analyses:

■ e+e-
  bb forward–backward asymmetry for jet-charge-based analyses:

    

■ 2020 vs. 1998 parton shower+hadronization uncertainties halved: 
   – Lepton-based analyses: ~1.4% → ~0.7%
   – Jet-charge-based analyses: ~0.7% → ~0.3%
■ FCC-ee data will significantly improve PS & non-pQCD syst. uncert. 

[DdE & Yan, 
 2011.00530 [hep-ph] ] 

BLUE: total syst.
RED: QCD syst 
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Non-pQCD: Detailed hadronization studiesNon-pQCD: Detailed hadronization studies

■  Precision low-p
T
 PID hadrons in 1012 e+e-→(1014 hadrons) for studies:

   – Baryon & strangeness production. Colour string dynamics.              
   – Final-state correlations (spin: Bose-Einstein, Fermi-Dirac; momenta; space)

   – Bound state formation: Onia, multi-quark states, glueballs, ... 

▶  Understand breakdown
    of universality of parton
    hadronization with system
    size observed at LHC.

■  Baseline vacuum e+e- 
    studies for high-density QCD 
    in small & large systems.

  Also impact e.g. ultra-high-energy
  cosmic-ray MCs (muon puzzle)
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Summary: High-precision QCD at FCC-eeSummary: High-precision QCD at FCC-ee

 (1) Per-mille a
s
 via hadronic

  Z,W,t decays, evt shapes... 

  ☛ The precision needed to fully exploit all future ee/pp/ep/eA/AA SM & 
      BSM programs requires exquisite control of pQCD & non-pQCD physics.
  ☛ Unique QCD precision studies accessible at FCC-ee:

 (4) <<1% control of
  colour reconnection

 (5) High-precision 
       hadronization: 

 (2) NnLO+NnLL parton showers 
     Ultimate g/q/Q discrimination

 (3) <0.1% PS+hadroniz.
      uncert. for EWPOs
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