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(CD opportunities at FCC-ee

The FCC programme ambitiously defines the
roadmap for the exploration of the fundamental
laws of nature for several decades.

Its first ee phase will offer remarkable
opportunities to stress-test the SM.
including an array of key QCD measurements *




(CD opportunities at FCC-ee

Integrated luminosity at different stages of ee phase

_ Vast swathes of QCD data, collected at different hadronic

- energies from all the stages of the ete- phase, offer a unique
opportunity to study the fine structure of QCD events. Many
_ of these measurements (e.g. fragmentation, NP QCD, «,, ...)
- are critical to the success of the FCC-ee programme
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Size of OCD data samples at different hadronic energies

Years
[FCC feasiﬁz’[ity stuafy report 25] Run 7 WW 7H s
V5 (GeV) 88,91, 94 157, 163 240 340-350 365
time (years) 4 2 3 1 4
Line (ab™1) 205 19.2 10.8 0.42 2.70
ete” — 7Z, WW, ZH, tt
Nevis (Z, W, H, top) 6 x10%7Z 24x10°WW 2.2 x10°ZH 2 x 10° tt
Neyis (HFS decays) 4.2 x 1012 1.1 x 108 1.2 x 109 0.9 x 10°
Npartons (HFS decays) > 2 >4 >4 >0
E; (max. jet scale probed) 45 GeV 40 GeV 45, 65 GeV 125 GeV
¢ e = 7Z% 5 qq N
I o 32.5nb 40 pb 13.5 pb 5.3 pb 1
" Nous (HES) 4.2 x 1012 7.7 x 103 1.5 x 108 1.7 x 107 "

[FCC: QCD yﬁySics 25] "« Ej (max. jet scale probed) 45 GeV 80 GeV 120 GeV 180GeV o 4

---------------------------------’




This talk summarises a selection of key ACD measurements at
FCC-ee, as outlined in the recent input (link) to the ESPP

Many more gvjoortunities are waiting to be exy[oreo[


https://inspirehep.net/files/1af20e3b0e2ec0fe68d424a11ca86e19

The strong coupling constant at FCC-ee

[D. d'Enterria 2203.08271]
Projected reduction of fit uncertainty from W data (Rw, I'w)

Projected reduction of fit uncertainty from Z data (Rz, a"ad, [7)
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The strong coupling constant at FCC-ee

Target (~%o0) accuracy for POs reachable with perturbation theory
(hadronization corrections suppressed as ~A%/Q%) - demands dedicated

.. examf[e of contributions requz’rec{

(cﬁagrams from F. Buccioni’s talk @ FCCWeek 2025)
/
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- . . .
o’ programme of challenging multi-loop computations

"' ‘—------------------~
' Category present ag(mz) (x10*) FCC-ee 7 Extraction method “
\ value + uncertainty  Stat. Syst.: Theory developments needed
"~ 7 hadronic decays 1208 + 28 0.1 1 Combined Ry, I'z, oy fit
i O(ad), O(a?), O(as, a?), O(ag, o) corrs.
W hadronic decays 1070 & 350 2 2 Combined R, T'y fit 1
10(a2), O(a?), O(a?), O(as, a?), O(ag, a?) corrs.
_- T hadronic decays 1178 4+ 19 <1 <10y Combined I'*"d and t lifetime fit B
o I O(a3), hadronisation corrections
K Event shapes & jetrates 1171 £ 31 <1 <10+n Combination of event shapes and jet rates :
; “ O(ag), hadronisation corrections v

I‘ ~ ’

\

A\

2
A g

-3 Large samples of T decays (4x1011) allows for x(50-500) improvements over the

I = E E E O E EEEEE EEEEEmEm.

stat. uncertainty in extractions of «a,(m ). On the theory side, this offers an
opportunity to shed light on long-standing discrepancies between CIPT-FOPT
extractions and on the treatment of hadronization corrections

[FCC: QCD physics "25]

Z


https://indico.cern.ch/event/1408515/contributions/6506649/attachments/3070262/5431879/buccioni_fcc-week-25.pdf

Non-perturbative power corrections & hadronization

Extractions from event shapes relies on accurate assessment of hadronization corrections
(ubiquitous in FCC-ee programme, e.g. ZH threshold w/ Higgs hadronic decays). FCC-ee
offers the opportunity to refine the modelling and stress-test our theoretical understanding

do ~ do"™) +deNP)

Improvements in analytic parametrisation of
hadronization also essential, in particular
exploration of 1) factorisation & universality
across observables to extract NP corrns from data;
2) simplified models (e.g. large nf) to design
observables with reduced sensitivity

-5 do™ ~ Q(v) (

A qcp

2
)‘|‘ﬁ AQCD
v/Shad

Parton showering with higher perturbative accuracy, together with improved

Shad

hadronization models (cf. recent work in ML hadronization, or improved

cluster model), can rely on the rich datasets to perform high-precision
'Y tunings (as well as testing of treatment of heavy-quark masses)
Data at different hadronic energies be crucial to improve hadronization modelling
Run

time

Eint (ab_l)
o@o=-ee + U o(ete”™ = qq)

\/Shad

Nevts (HFS)

Z pole (ISR events) 40-GeV  60-GeV | ete” — H

NE 88,91, 94 GeV 40 GeV  60GeV | 125 GeV
4 years I month 1 month 3 years
205 3.5 6.2 ~100
Depending on ISR selection criteria [7] | 289 pb 162 pb 104 pb

20-80 GeV 40 GeV  60GeV | 125 GeV

O(107) 0(10°)  O(10%) | O(10Y)

E; (max. jet scale probed) 10-40 GeV 20GeV  30GeV 62 GeV

[FCC: QCD Joﬁysics 25 Verﬁitskyi, d’Enterria, Monni, Skands ’25]



The W boson mass

combined with NLO EW - 66y, ~ 0.3 % (6My, ~ 5 — 6 MeV) i

2

'y

My,

W mass and width are best extracted from fit of line threshold XS to
theory calculations. Experimental uncertainty ~ 0.25-0.5 MeV obtained by
fitting oww and reconstructed invariant mass;

Rule of thumb for TH uncertainty in oww: doyy = 0.1 % < my, = 1.5 MeV. i

Current state of the art relies on unstable particle EFT, i.e. 8-

.’g 12 FCCee W-pair threshold

= — m,,=80.385 GeV T,=2.085 GeV

S m,,=79.385-81.835 GeV, I, =2.085 GeV
S [ 1m,,=80.385 GeV, T,=1.085-3.085 GeV,
5

0‘(6_6+ — M—Dﬂgg-xlfbl B I N N N ~— - )
Vs [GeV] Born Born (ISR) NLO 5(3/2) al(gl/f)  § o o [1}7(2%141‘?”1 '121]
| 55 160 165 170
158 61.67(2) | 45.64(2) | 49.19(2) | —0.001 | 0.000 : s (GeV)
[—26.0%] o [~20.2%] || [~0.0%] | [+0.0%] |
161 154.19(6) | 108.60(4) N 117.81(5) || 0.147 0.087 |n Experimental uncertainty ~ 0.25-0.5 MeV
[~29.6%] 1 [-23.6%] || [+1.0%] | [+0.6%] requires oy, ~ 0.01 % - demanding calcn of
164 303.0(1) | 219.7(1) | 234.9(1) 0.811 0.544 | NNLO EW as well as NNLL QED ISR
(—27.5%] o [—22.5%] || [+2.7%0] | [+1.8%0] |y
167 || 408.8(2) | 310.2(1) ¥ 328.2(1) | 1.287 | 0.936 I\
i i _
[—24.1%] | [-19.7%] || [+3.1%0] | [+2.3%0] . NB: contains W BRs
170 481.7(2) | 378.4(2) y 398.0(2) 1.577 1.207 J' [Denner, Dittmeier, Roth, Wieder '05:
(—21.47%) [L._H_17'4%] -._._._._._.___o]_[+3'3%0] +2.5% Actis, Beneke, Falgari, Schwinn '08; Schwinn '19]



The W boson mass

[PAD thesis M. Béguin '19]
Impact of colour reconnection & uncertainty

10000

Theory systematic in invariant mass distributions in different oo
final states (leptonic and hadronic) harder to reduce. These 8000

240 GeV hASN(1' “ﬂnoCﬁ%

now also entail: 7000
6000
> QCD corrections to W decays and non-factorising 5000
interference between hadronic decays 4000 5 M,, =239+ 1.1 MeV
3000

2000
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» Effect of colour reconnection: improved modelling

& 8 10
. o (GeV]
and tuning paramount Y

Figure 8.1 — My shift due to CR effect, modelled using the SKI scenario (k; = 0.6) at 240 GeV



Higgs hadronic decays

@ HL-LHC

with Current EW measurem

(C_HL-LHC + FCC-ee @ 240 & 365 GeV

ents:

Correlation < 50%

with FCC-ee Z-pole run:
(D HL-LHC + FCC-ee @ 240 & 365 GeV

GEEE» Correlation > 50%

Expected precision on several Higgs couplings below the % level. Kinematical
distributions in Higgs hadronic decays provide an additional angle to access
Higgs couplings to QCD particles & BSM scenarios (H — gg). H — had make

up for 80% of the total rate, and to date only # — bb observed at LHC

Substantial progress required on theory calchrs (EW corrections to prodn

modes & QCD differential calcns for hadronic decays)

e.0.H! gg&H! gqBRs from

fractional moments of EEC

[Barlow et al. ’17]

excluded at CL > 95% SM eg ImpaCt Of BSM on H I gg
801 excluded at CL> 68% - Hgg! (0.951.05)
B allowed (CL<68% - log < 21 Model g9
" ' 1 MSSM R0 - 0.8
o0 2 Type ll 2HD [472] -0.2
50 3 Type X 2HD [47] -0.2
10 4 TypeY 2HD [472] -0.2
" 5 Composite Higgs44] -6.4
6 Little Higgs w. T-parity [45] -6.1
"""""""""""""" 7 Little Higgs w. T-parity [46] -3.5
| 8 Higgs-Radion 47] +10.
FCZ . .
| | - ] | | 9 Higgs Singlet 4§ -3.5
80 085 090 095 100 105 110 115 1.20
Hgg

[Knobbe, Krauss, Reichelt, Schumann '23] 10



The strange quark Yukawa coupling

jet misid. probability

Ongoing exercise to assess (direct & indirect) the sensitivity to
strange-quark Yukawa coupling. Enhanced sensitivity via
flavour tagging with GNN-based ParticleNetIdea - essential to
assess accurately S/B and model dependence of taggers (WIP)

Strange tagging

FCC -ee Slmulatlon (IDEA)

1l |
- ete ! ZH H / le stagglng
- j=u, d s,c, b, g
N T e i Vs
WUE —swg W
- = vs ud |
[ —swse :
, - vs b
10}2 e i E
'3 | | i | | | ! | | | ! | | | ! | | |
107, 0.2 0.4 0.6 0.8 1

jet tagging efficiency

jet misid. probability

=
Q
[EEN

Q
N

[Bedeschi, Gouskos, Selvaqgi "22]

Gluon tagging

FCC -ee Slmulatlon (IDEA)

ete !/ ZH H/”

g t«;':lgging

| L1 L 111l

[ 1 IllJJl‘

06 08 1
jet tagging efficiency
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The strange quark Yukawa coupling

Image credits: M. §pim

(lCD Dalltz decayH — gSS

Image credits: G. Salam

- 4 QZ A Double logarithmic divergence
o 4\ (accurate resummation/shower
10 ¥ - needed in training)
- full 10° -
1 F gluon Yukawa E
1 —— PGg-o, shower, mult@NLO
| —— PLg=0.5, shower, mult@NLO
10 B — - .§
: z S 10% -
-
Yukawa+interference -f_,—D
) %
10 o Ay L =~
0 20 40 60 80 100 120 g
Q[GeV] §2 103 -
T

Dalitz decays do not constitute a bottleneck in constraining
Ys. Suppression via an invariant-mass cut (e.g. m; > 100
GeV) requires careful theory treatment for a robust control
over the background. See slides of discussion at this link

H — gg: rejection factor when asking for 2 leading s jets

10°

] — PGg -, tree-level, running coupling

heavy-top limit, Born™ #(! )
PanScales 0.1.2

70

80 90 100
minimum m;; [GeV]

110 120

12


https://indico.cern.ch/event/1409233/

The top quark mass

Threshold scan will deliver permille accuracy on cross section
and asymmetries - access to m¢ and I', as well as y:

- Expected exp. uncertainty in ém (6I")) ~ 7MeV (13 MeV) -
with potential subtracted (renormalon free) mass scheme

- Theory prediction based on pNRQCD, now known to N3LO
(with EW+non-resonant effects at NNLO)! ém, ~ 35 MeV

A

k
R~ v Z (%) 4 1(@LO) ;as,v(NLO); o, asv, v> (NNLO); o2, ov, asv?, v (N3LO); . .. }
X V \V—/ \—v—/ N -~ R -~ V)

[Beneke, Idyo, Marquarc[, Penin, Piclum, Steinhauser '15]

- FCC-ee target accuracy demands N4LO for resonant channel
(and likely N3LO non-resonant), in addition to N(N)LL ISR,
setting a formidable challenge for theory community

[Defmncﬁis, de Blas, Mehta, Se[vaggi, Vos '25]
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—— Fitted lineshape

Post-fit uncertainty
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A word of caution: MC generators likely to be the limiting factor

Role of precise MC simulations paramount for several aspects (e.g. acceptances in extraction of POs,
calibration). Their evolution in parallel with theoretical calculations is vital to the FCC-ee programme.
Broad effort for future improvements embracing theoretical (e.g. perturbative accuracy), modelling
(e.g. hadronization/CR) and computational (e.g. performance) aspects is essential
[FCC: QCD physics '25]
e.g. leading uncertainties for key FCC-ee EW measurements

[PAD thesis M. Béguin '19]

N

Impact of colour reconnection on My reconstruction Observable present FCCee & Measurement mettc
value = uncert. Stat. Syst. leading uncertainty §
10000 - mz (keV) 91187600 + 2000 4 100 ¥ Z lineshape scan 1
- i Beam energy calibration 0

- l 7 (keV) 2495500 + 2300 4 12 i Z lineshape scan
9000 — Beam energy calibration i
- R!Z (! 10%) 20767 % 25 0.05 0.058 Ratio of hadronic to leptonic decays g

8000 — ] Acceptance for leptons
= 10 ,(! 10%) (nb) 41480.2 + 325 0.03 0.8 " Peak hadronic cross sectior B
- Luminosity measurement

7000 Rp (I 10°) 216290 + 660 0.25 0.30H Ratio ofob to all-hadronic decays
E 0 Stat. extrapol. from SLD I
6000 — AE;S (! 104 992 16 0.04 0.04 b-quark asymmetry & pole B
- 0 Jet charge determination g
5000 — my (MeV) 80360.2 + 9.9 0.18 0.16 ¥WW threshold scan anghin, in W decays

- EW theory uncertainties dominate
4000 ~ l'w (MeV) 2085 + 42 0.27 0.2 IWW threshold scan anahi,, in W decays 0
- EW theory uncertainties dominate g

= BIW ™" "I) (%) 10.86 = 0.09 0.001 0.001y W decays
3000 |- . EW theory uncertainties dominate B
~ Miop (MeV) 172570 + 290 42 4.9 tt threshold scan &
2000 — 0 PQCD scale uncertainties dominate
= ' R I top (MeV) 1420 = 190 10 6 J pPQCD scale uncertainties dominate I
10 6 S B[GeVI]O m- (MeV) 1776.93 = 0.09 0.002 0.02p Z" #"# decays

Mw estimator bias, ISR, FSR
# lifetime (fs) 2003 + 05  0.001 0.005% ISR# mass g

B(#" ) (%) 17.38 +  0.04 0.00007 0.003 PID,$° efbciency o



Ongoing progress: Initial state radiation

A first key development concerns the improvement of QED ISR
description, relevant in all stages of the FCC-ee programme

o Developments on NLL collinear fact. (collinear logs), as
opposed to Yennie-Frautschi-Suura (soft logs), highlight
importance of N(N)LL corrections for precision physics

- Joint account of NNLL collinear and soft logarithmic
corrections is necessary for high-precision applications (e.qg.
mt, Mw)

- Implementation in fully differential parton showers essential
for calibration and precise prediction of acceptances - much
of the technology is under development and will likely
become available in the next decade

[Bertone et al. "22]
Size of NLL correction to total rates

- + - T~
1 015 - ete” - WTW—, 500 GeV
- -
2| , 1.010{ —® NLO,NLL [A, MS] / NLO, LL [MS
T 2 | —¥— NLO, NLL [A, o(My)] / NLO, LL [a(My)|
— [ | —m— NLO,NLL [A, G,] / NLO, LL [G,]
Z |- -
+ | T _ 2
5 S 1.005. M
= o=
Z. zb ; Tmln M
© - )
. w
1.000 - T e o
IR = == = ' [
0.995 -
01 02 03 04 05 06 7 08 09 10

%-level corrections to total rates from NLL ISR
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Ongoing progress: NNLL QCD showers for e+e- event shapes

L . . . Thrust Y>3 (Durham)
The systematic inclusion of higher-order corrections — . . _ . . . .
: : _ 10 } e*e~—»Z-hadrons oo w‘,‘ -
(both in parton shower and hard scattering) provides V§ =M, =912 GeV - . .. 0.1
j inti % i 1} as(Mz)=0.118 o . - :
an refined description of event’s kinematics 3 ot “_'5’,/// . oo
S 01t " L ALEPH ¢ g TR
= = . = - ¢ =TE = W -e i .
- Novel NNLL QCD PS show an improved description 3 o1l o | PO T aipytnias 311 Ty mead ’
of LEP data with PDG value of «(M,) (as opposed to | 5# NNLL | “(htadmg(‘;agijg [ PP
. _ 1 ) unes PGg- =
a(M,) ~ 0.1276 as in Py8 - 8% larger than the WA) 1‘1;E, "o === .
1.2} 1.2
o 1.0F 1.0
- More work to be done on improving multi-jet & 5 ?-°F 08
collinear fragmentation dynamics, higher-order S 14f 1.4
matching and treatment of resonances g 12t e
0.8} 0.8
0.6 0.6

AN
(@)
oo -
=
o

0.6
v=In 1/y23

NB: NNLL shower is only LO accurate in the tail
16



Ongoing progress: improved hadronization modelling

An important limitation of existing PS tunes is related to
the incorrect dependence of non-perturbative
corrections with the shower cutoff (impacts “tunability”)

- First steps towards improving (cluster)
hadronization model show an improved behaviour
more consistent with analytic expectations (e.qg. 2-
jet event shapes)

- Improvements of this kind, together with a more
flexible parametrisation of hadronization dynamics
(e.g. NN), are relevant towards a robust modelling
of hadronization at FCC-ee (& similarly for CR)

0.6 1 -
. default model :
0.4 - Q =45 GeV i
0.2 4" -
7 =_~——_—=:
0.0 —= -
1 0.2 - -
] QO [GeV] i
1044 — 100 —— 150 -
] =—— 125 =—— 175 i
06—+
0.00 0.05 0.10 0.15
0.6 +——+t—————t——
: dynamical model
0.4 - Q =45 GeV
-
0.2
0.0 -
1 0.2 - -
] QO [GeV] i
1044 — 100 —— 150 -
] = 125 =—— 175 i
06—+
0.00 0.05 0.10 0.15

0.6 - -
: default model -
0.4 - Q =91.2 GeV N
0.2 -_| - -
1 0.2 - -
] Qo [GeV] i
1044 — 100 —— 150 -
] = 125 =—— 175 [
106 +———"T——T7 T
0.00 0.05 0.10 0.15
0.6 ——rt—r————tl———
: dynamical model
0.4 1 Q=91.2 GeV
0.2 -
0.0 -
1 0.2 - -
] QO [GeV] i
1044 — 100 —— 150 -
] =—— 125 =—— 175 [
106 +———TF———T7 T
0.00 0.05 0.10 0.15
RIQ

0.6 A -
: default model :
0.4 - Q =200 GeV l
0.2 1 -
0.0 -E=ﬁ=~
1 0.2 - -
’ QO [GeV] i
0.4 1 1.00 —— 1.50 -
] — 1.25 — 1.75 I
1 06 +————T 71—
0.00 0.05 0.10 0.15
0.6 ——r—=>t—————tl—
. dynamical model
0.4 - Q =200 GeV
I
0.2 -
0.0 -
1 0.2 1 -
1 Qo [GeV] -
0.4 1 1.00 —— 1.50 -
] — 1.25 —_— 1.75 I
106 +————T 71—
0.00 0.05 0.10 0.15
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Final remarks

- The performance of the FCC-ee sets a new benchmark in precision for a wide range of key QCD
measurements (and beyond) placing unprecedented demands on our theoretical predictions for
scattering observables. Some key representative measurements:

! Parameter | Expected exp. unc.
ds <0.1%
M . 0.25-0.5 MeV
Mw '~ 0.35 MeV
Mt / MeV
M . 13 MeV

- To meet this challenge, a dedicated and systematic theoretical programme must be launched to

address the major outstanding obstacles.
See fu[[ iqput to ESPP ([ink) for a taste of the realm of gpyortunities

- Rising to this task is essential to fully harness the remarkable precision of FCC-ee to advance our
understanding of the Standard Model and uncover its limitations.
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https://arxiv.org/pdf/2505.00272

