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QCD = Key piece at future ee, pp colliders

» QCD is crucial for many pp, ee measurements (signals &
backgrounds):

e High-precision a._: Affects all x-sections & decays (esp. Higgs, top, EWPOs).
e N"LO, N"LL resummations: Affects all pQCD x-sections & decays.

e High-precision PDFs: Affects all precision W,Z,H (mid-x) measurements &

all searches (high-x) in pp collisions.

e Heavy-Quark/Quark/Gluon separation (jet substructure, boosted topologies..):
Needed for all precision SM measurements & BSM searches with final jets.

e Non-perturbative QCD: Affects final-states with jets: Colour reconnection,
e*e - ZWW, ttbar - 1+4j,6... (mW,mtOIO extractions). Parton hadronization,...
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Precision QCD in e*e" collisions

m e*e collisions provide an extremely clean environment with fully-
controlled initial-state to very precisely probe g,g dynamics:

e+§s§%} ’
w
Vs ~91 Gev%’\2 g 7
4 v"" i Advantages compared to p-p collisions:
e—f a — QED initial-state with known kinematics
&t 4 — Controlled QCD radiation
g%%i — Well-defined quark, gluon jets
Js ~ 160 GeV » — Smaller non-pQCD uncertainties:
fé“f no PDFs, no QCD “underlying event”,...
e’ Direct clean parton fragmentation & hadroniz.
“\
“i
Vs ~ 240 GeV
A
-
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Precision QCD in e*e" collisions

m e*e collisions provide an extremely clean environment with fully-
controlled initial-state to very precisely probe g,g dynamics:
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RK%} FCC-ee
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Vs ~91Gev » 102 u,d,s
4d 7z ign oo Advantages compared to p-p collisions:
e—f a — QED initial-state with known kinematics
&t . — Controlled QCD radiation
Kg\. — Well-defined quark, gluon jets
i 7107 u,d,s

10’¢'s — Smaller non-pQCD uncertainties:

q 7 It
A $0°P's 110 PDFs, no QCD “underlying event”,...

e’ a Direct clean parton fragmentation & hadroniz.
e+% 99
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Future e*e colliders under discussion

FCC-ee —3—
CEPC -
ILC -eoeedieeen

-
-
-
-
- -

100

m FCC-ee features lumis a few times larger than other machines over 90-300 GeV
m Unparalleled Z, W, jets, T,...
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1000 £ [Gev]

data sets: Negligible stat. uncertainties
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QCD physics at FCC-ee

(1) QCD coupling

(2) Quark-gluon tagging & jet substructure

(3) Non-perturbative QCD

NOTE: Only UNIQUE QCD measurements, inaccessible
at any current machine, are covered.
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QCD coupling o

» Determines strength of the strong interaction between quarks & gluons.
» Determined at a ref. scale (Q=m_), decreases as ocs~ln(Q2/A2)',1A~O.2 GeV

T T | 05— o~ 035 g 1
! ] < [\ T decay (N3LO) += ]
1 WD Uncert.~2.5% |# low Q2 cont. (N?LO) et ]
At gz DIS jets (NLO) ++— ]
041, 1 * Heavy Quarkonia (NLO) =
ete jets/shapes (NNLO-+res) F ]
pp/pp (Jets NLO) —&— -
% 0.25 EW precision fit (N3LO)'—9—| 7]
03 \".\ . PP (top, NNLO) v 1
T EE W N _ Uncert.~0.85%:
- 115 ¢ | N 4
a&\ 3 | =N ]
h‘:—_::‘_t:% o 0.15 -_ N , P S — N : -
o1/ = | [ >y
01 R e e s
1989 | 12000 2019
: A et o e oL i O g i i R i 0.05 [ 1
’ " QGev] 1 10 Q[GeV] 100 1 10 100 1000

Q [GeV]
ag(M.) = 0.110*3.9% (NLO) » ot (M) =0.1184 +0.0031 (NNLO) » » — 0 (Mz2) = 0.1179 + 0.0010
S.B.,J. Phys. G 26, 2000

G. Altarelli, Ann. Rev. Nucl. Part. Sci. 39, 1989

» Least precisely known of all interaction couplings !
oa ~10" <0G, <« 107 < 6G~10°< 6a, ~10°
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World a_determination (PDG today)

m Determined today by comparing 7 experimental observables to pQCD
NNLO,N3LO predlctlons plus global average at the Z pole scale:

" 0.35 L | ¥ LB P L | i |
o ' T decay (N3LO) i
=4 % (1) T decays low Q? cont. (N3LQO) e
0.3 [ DIS jets (NLO) = ]
T Heavy Quarkonia (NLO) > -
ete” jets/shapes (NNLO-+res) F* ]
0.25 _ EW precision fit (N°LOy—e— ]
' pp (top, NNLO) v
A : e+e-
e £ collisions
e [ (5) e‘e’ jets (shapes, rates)
' - (6) Z, W decays
[ e _£7) pp—ttbar
BT s i mg .:"1".' e e—;ttbar
= a,(Mz2) =0.1179 + 0.0010 ;
0‘05 [ L 1 ......i L L ......i 1 1 ------i :|
1 10 100 1000

Q [GeV]
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o_ from hadronic t-lepton decays

T~ — vy + hadrons)

;
» Computed at N°LO: &, = = SewNe(l+ 3oen (32) +0(a) + )

(1™ = vre i)

» Experimentally: R, o = 34697 £ 0.0080 (£0.23%)

* Various pQCD approaches  |saikov 2008 Hp—.—.
(FOPT vs CIPT) & treatment ~ |P2veraotd 1 1| .ﬂ:"‘* T decays
of non-pQCD corrections, yield |pich 2016 =H—0—I |0w&oz
different results. Boito 2018 Blans
PDG 2018 ; I—-_-_:.—l |
Uncertainty slightly increased: 0_1'1'0' 01'1 ' '0'_1'2'0' 01'25 '0'.1'30

2013 (£1.3%) = 2019 (£1.5%) a.(M2)
S Z

a(m,)=0.1187 £ 0.0018 (:1.5%) mmmp  do o, << 1%

» Future :
— TH: Better understanding of FOPT vs CIPT differences.
— Better spectral functions needed (high stats & better precision):
B-factories (BELLE-II)?
— High-stats: O(10*) from Z - vt at FCC-ee(90)
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o, from e*e: event shapes & jet rates

» Computed at N?2*LO+N®@LL accuracy.

Z |154 -7
7T =1 — max -
» Experimentally (LEP): no )Pl
Thrust, C-p_arameter, jetshapes 3%, |7 sin® 6s;
- - T 9 — |y 2
n-jet x-sections 9 (S, 15 )
* Results sensitive to non-pQCD oo | BT
(hadronization) accounted for ok e — ’-L*:,
via MCs or analytically (with some prsrieti i B FA
1 erbytskyi (2] z &
disagreement) arosto| —L chapes
Abbate (T) o B
Gehrmann (T) —e— & -
Hoang (C) —e— - :
] | 1 ] | 1

0110 0.115 0.120 0.125 0.130
as(M2)
o (M) =0.1171+0.027 (+2.6%) mmmd s 1o <106
S S

% Future:
- FCC-e*e : Lower-vs (ISR) for shapes, higher-vs for jet rates
— TH: Improved (N2°LL) resummation for rates, hadronization for shapes
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o, from hadronic Z decays (FCC-ee)

L TRYQ) _pw 2 as(Q)
| Raa(Q) = e & = R (14 S a(@) (222 ) + O08) + drix + 5o
% QCD coupling extracted from: wz(Q) =1

(i) Combined fit of 3 Z pseudo-observ:
(i) Full SM fit (with a_ free parameter)

» FCC-ee:

— Huge Z pole stats. (X10° LEP
J P ( ) DdE, Jacobsen: arXiv:2005.04545 [hep-ph]

— Exquisite systematic/parametric

precision (stat. uncert. much smaller): HESE | B [ A
3'5; : —Zdata: LEP (this work)
. . B |:|Worl average [PDG 201
— TH uncertainty reduced by x4 computing S |
missing o>, o, aa 200?00 terms i
1.5
» 10 times better precision than today: r
oa Jo, ~ +0.2% (tot), +0.1% (exp) 05 E
Strong (B)SM consistency test. ofie ot OT2 0122 ")

o(m,)=0.1203 £ 0.0028 (+2.3%) mwmmmp G (m)=0.12030 £ 0.00028 (+0.2%)
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o, from hadronic W decays (FCC-ee)

» QCD coupling extracted from new N°LO fit of combined I, R, pseudo-observ.:

» Very imprecise extraction:

— Large parametric uncert. H 4
S _ — Huge W pole stats. (x10% LEP-2).
from poor \_/cs eXp. preC|s!on (£2%): — Exquisite syst./parametric precision:
QCD coupling unconstrained: 0.04+0.05 — TH uncertainty reduced by x10
— Imposing CKM unitarity: large exp. after computing missing o.®, o2, o2,
uncertainties from I, R, (0.9-2%): s o )
_ - oo, 00,00, terms
QCD extracted with ~27% precision
— Propagated TH uncertainty much

» FCC-ee extraction:

smaller today: ~1.5% DdE, Jacobsen: arXiv:2005.04545 [hep-ph]
“ 4.50 1
: E | 20
DdE, Jacobsen: arXiv:2005.04545 [hep-ph] M B3
e 4.5F ; 3.5 .
h 4§— ——————————————————— E————ZG 3; m R, I\, FCC-ee (160 GeV)
3.5; : :x: E&tigim 3:‘;; 2_5; |:| World average [PDG 2019]
3 [I0] World average [PDG 2019] 2=
' 15
E————= ey o
0.5
04760117 o118 0418 012 0121 0422
ocs(mz)

a(m)=0.101+0.027 (+27%) =)  c(m)=0.11790 + 0.00023 (+0.2%)
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QCD physics at FCC-ee

(1) QCD coupling

(2) Quark-gluon tagging & jet substructure

(3) Non-perturbative QCD

NOTE: Only UNIQUE QCD measurements, inaccessible
at any current machine, are covered.
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Quark-gluon discrimination

.. . ] .. [Cornelis CMS, arxiv: 1409.3072]
m Exciting but challenging prospect in pp colliSions " cus simusion reminary s - 7o

» Enhance quark signal at hadron colliders S
(e.g. VBF, ttH hadronic W'’s, hadronic W/Z+jets) 5
» Multijet BSM final states ;‘ ]
m Several handles exist to separate quarks and - crsea . ;
I inci . see [J.Gallicchio & M.Schwartz, 0.2f [T lotalhut
gluons (In prInCIple). 12117038 [hep-ph]] E ----- 2uark-GIuonLikeIihood ;T
ol ! L . \ .

1 T R
0.6 0.8 1
Gluon Jet Rejection

5 \0.2. . \0.4\

* Gluons radiate more C_= 4/3 < Cx= 3
» Spin correlations in subjet location

FCC-ee Simulation (IDEA)

» pr-weighted jet charge > T
S A S fitlines g tagging
.8 j=u,c!,s,c,b,g ‘ ‘ i
m ML approaches have already 5 |
found success 2
» unclear how much we can trust gluon g,
disc. presently e 7 7 gt
10 =02 %04 o5 08 1
[F.Bedeschi, L.Gouskos, jet tagging efficiency

M.Selvaggi, 2202.03285 [hep-eX]]
DIS2022 14/21 Eduardo Ploerer (VUB)



Jet substructure

m Need for state-of-the-art = —
jet substructure studies Ag = Z z; 0,

.. 1€jet
based on angularities !

(normalized E"X 06" products)
m Variables of jet constituents:

multiplicity, LHA, width/broadening,

mass/thru St, C-parameter, . (larger energy weight)

I

m k=1: IRC-safe computable 211”5? o
(N"LO+N"LL) via SCET (but
uncertainties from non-pQCD I B
effects)
o (larger
S S et

[Larkoski,Salam, Thaler,13]
[Larkoski, Thaler,Waalewijn,14]
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Showering Differences in Generators

m Les Houches Angularity (LHA) is angularity w/ k=1, B=0.5

m Not directly measured at LEP

m MC parton showers differ on gluon (less so quark) radiation patterns:

Quark, hadron-level Gluon, hadron-level Separation, hadron-level
— T T T T — T T T

6 —T — 6 T T 2 T
Pythia 8215 —— Pythia 8215 =—— Pythia 8215 ——
Herwig 271 ——- Gluon rad.& frag. - sierwig271 ——- J\[G.Soyez et al ferwig a7 ——-
5F Sherpaza1 ----- . 5F Sherpa221 ----- A ii herpa 22.1 ===~
Vincia 2001 ==~ poorly known Vincia 2001 —— - tf s Vinlc'-lPaz.mn ———
Deductor 1.02 === Deductor 1.02 ==~ L5 [ Deductor 102 === ]|
4k Ariadnesop e 4| Ariadnesop e Ariadne 5.0.p ©
Dire 100 - Dire 1.0.0 == Dire 1.0.0 e
- AnalyticNLL = | - Analytic NLL e %n Analytic NLL =
‘32_ 3 Q=200GeV | §m 3 Q=200Gev | = 1 Q=200GeV |
= R=06 | & R=06 3 R=06
2 2
05 [
1 1
: ",
0 - L L L L ! " " N L 0 p L L " n 0 L2 - L
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 038 1 0 0.2 04 0.6 0.8 1
A5 [LHA] A5 [LHA] A5 [LHA]
u-quark vs gluon
ete—/—uu e'e—H—QggQg discrimination
power
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High-precision gluon & quark jet studies

m Exploit FCC-ee H(gg) as a "pure gluon” factory: & ~[00000000"
H- gg (BR~8% accurately known) provides __ 5 __ .
120.000 extra-clean digluon events.

£ NOOO00000"
m Multiple handles to study gluon radiation & g-jet properties: 0
» Gluon vs. quark via H-gg vs. Z-qq 4
_ 35 4 H—gg Zt(::l-”H(gg) .
» Gluon vs. quark via Z - bbg vs. Z-qq L Homeig? — -
+
7<S 25 - 4, with mMDT |
;Z; 2 ' ++++++':,"1"1‘++++++++ |
Z s Y 1

m Multiple high-precision analyses possible: . - R ]
— BSM: Improve g/g/Q discrimination tools os- “LH angularities+”::—+ .
— pQCD: High-precision QCD coupling L . ':;;* 1
— non-pQCD: Gluon fragmentation, AL (G.Soyez et al]

Colour reconnection

mmd) [Improved MC tuning
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QCD physics at FCC-ee

(1) QCD coupling

(2) Quark-gluon tagging & jet substructure

(3) Non-perturbative QCD

NOTE: Only UNIQUE QCD measurements, inaccessible
at any current machine, are covered.
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Colour reconnection

m Colour reconnection of partons impacts final state kinematics
(shifted angular correlations, invariant mass shifts)
m Exact dynamics poorly understood

m Source of uncertainty in m,,, m_, (aGC extractions) in multijet final-
states (especially in pp: MPI cross-talk)

» CR impacts all FCC-ee multi-jet final-states:
e*e > WW(4)), Z(4)), ttbar,...
String-drag effect on W mass (hinted at LEP)

» Exploit huge W stats (X10* LEP) to measure m,,

leptonically & hadronically and constrain 0( 1 )
CR in hadronic WW. N&Jq

& kinematics
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Detailled hadronization studies

m High-precision low-p. PID hadrons in e*e required for detailed studies:
— Baryon & strangeness production. Colour string dynamics.
— Final-state correlations (spin: BoseEinstein, FermiDirac; momenta; space)
— Bound state formation: quarkonia, multi-quark states, glueballs, ...

conservation of :

baryon number
(G qq qq @ ]
How local?
strangeness

(G5 S|

How local?

transverse momentum

qiqvqrq

How local?

DIS2022

Ratio of yields to (x+n*)

T ——r —r
2K$
107" B =
r jﬂiﬁ AR (x2) ]
I:.-"+-ﬂ ‘J_./'f -
i.,,.- : . 4
- H-* = += (x6)
i
"* ,.,-*’f;
100 o s g
C £ Q-+03" (x16) -
4 ¥ . 7
*§ 7 ALICE T
- { !,' ® pp.Vs=7TeV
L ..!,! _
i/
LS F — PYTHIAS [1] -
£ e DIPSY (2]
P2 EPOS LHC [3]
§ ALICE. arXiv:1606.07424
10 rearar T I | assanl_
10 10° 10°
(d Nch!d ri')Il,p|-=: 0.5

20/21

» Understand breakdown
of universality of parton
hadronization observed
at LHC.

m Baseline vacuum e‘*e-
studies for high-density QCD
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Summary: QCD at future e*e” colliders

¥ 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 (CEPC, ILC):

(1) Per-mille o via hadronic (2) N"LO+N"LL jet
Z,W,t decays, evt shapes... substructure
(3) Improved parton (4) High quark-gluon
showering discrimination
(5) <1% control of (6) High-precision
colour reconnection hadronization
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High-precision parton FFs

m Parton-to-hadron fragment. functions evolution known at NNLO at high-z

& [D.Anderle et al., A.Vossen et al., B.Kniehl et al.,
V.Bertone et al., N Sato et al., D.deFlorian et al.,...] at NINII O*+NIN| | at low-7*

107 [ 10* A
’ do® Jdz [nb] ’ (1fcm)dc foz |
Vs=10.52 GeV | s=1054 GeV |

—

_LI\JOD-IKU'IO?\ICDILOO

— \5- 2.2 GeV [BES]
_DIS|0I‘ted Gaussian (limiting spectrum, m -140 MeV)— — \5= 2.6 GeV [BES]

— 5= 3.0 GeV [BES]
~[Kotikov et al., T edmey
— Perez-Ramo

—+— Ys= 46 GeV [BES]
—+— 5= 4.8 GeV [BES]

ls= 10.54 GeV [BaBar]
s= 14 GeV [TASSO]
ls= 22 GeV [TASSO]
5= 35 GeV [TASSO]
/5= 43 GeV [TASSO]
's= 29 GeV [TPC]

5= 58 GeV [TOPAZ]
5= 91.2 GeV [OPAL]
s=91.2 GeV [L3]

5= 91.2 GeV [OPAL]
/5= 91.2 GeV [ALEPH]
s- 91.2 GeV [OPAL]
s= 133 GeV [DELPHI]
s= 133 GeV [OPAL]
s= 133 GeV [ALEPH|]
5= 133 GeV [ALEPH]
s= 161 GeV [OPAL]
's= 161 GeV [ALEPH]
s= 172 GeV [OPAL]
s= 172 GeV [ALEPH|]
s= 183 GeV [OPAL]
ls= 183 GeV [ALEPH]
5= 189 GeV [OPAL]
s= 189 GeV [ALEPH]

1/ do/dg
WH'

102

BABAR (prompt) —

: data/theory

ARARRARARISANRNRNARR)

kb s
W = 2w

e e bl i 00 -

00102030405080?08091 0 01020304 0506 07 0809 1 2 |
Z Z =

9 10
n(1/x)

nrnvido additinnal OCN cniinlina avtractinne:
Current das(m?2)/as(m2) uncertainty Future das(m?2)/as(m2) uncertainty

Method
(theory & experiment state-of-the-art) (theory & experiment progress)

1.8%.,, ® 0.7%.., ~ 2% 0.7%, @ 0.7%., =~ 1% (~2 yrs) <1% (FCC-ee)
(NNLO™ only (+NNLL), npQCD small) (NNLO+NNLL. More precise ete™ data: 90-350 GeV)
1%y, @ 5%enp = 5% 0.7%.1, ® 2%, = 2% (—|—B—factor1es) <1% (FCC-ee)

(NLO only. LEP data only) (NNLO. More precise ete™ data)

m FCC-ee (much broader z range) allows for a_extraction with da_< 1%

soft FF's

hard FFs
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Other a_ extractions (not yet in world average)

m There are few other classes of e*e observables, computed today at lower
accuracy (NLO, NNLO¥*), that can be used to extract the QCD coupling:

<~ 0.35 —————r———
g [ T decay (N3LO) =
=4 J, (1) T decays low Q? cont. (N3LQ) o
= 1 \ (2) lattice Heavy Quarkonia (NLQO) <
\ ete jets/shapes (NNLO+res) —* ]
- \ : pre/pp (Jets NLO) —&—
0.25 [N FFS JEl B precision fit (N>LOY— -
\ (i NNLO ) pp (top, NNLO) +v—i
015 b 009~ Fg D) £ fts (hapes, tes)
(NYLO) §“ S TR (6) zZ, W decays g
5 R {) pp—»ttbar
0.1 - . hafd FFs 3= *--4%% G o ~—tthaf
jets (NLO) < A .. ]
= a,(Mz?) =0.1179 + 0.0010 :
0.05 L e el R R ]
1 10 100 1000

Q [GeV]
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o_ from photon QCD structure function (NLO)

1 2
» Computed at NNLO: | deFj(e.Q% P%) = o {—Fcio + avio + 4 Hewmio + Ola?)

The Pointlike Photon Structure Function at Large o

*» Poor F? (x,Q%) experimental measurements: £} ige [ ogipes. | oo

& 1 ---- [ — — Hadronic -

P
i)

osk

» Extraction (NLO) with large exp.
uncertainties today: :

o, (m)) = 0.1198 + 0.0054
(£4.5%)

18 [ TOPAZ Q"=80 GeV*> [
.

osf

Ao

1

0.5

[M.Klasen et al. PRL89 (2002)122004] ¢ | i
. = =0 4 OPAL (0.1 <x<0.6) = LTASSO02-~-08) ]
» Future prospects: R S U I
i Y L3 (0.1 <x <0.5/6) +'1‘01ff§2(0.3<.x<_0.81 1
— Fit with NNLO F? evolution (ongoing) | ¢ TADE (o x 1

- GRVLO (0.2 <x <0.9) $ LC1 (0.1 < x< 0.6)

— Better data badly needed: Belle-Il ? 15 [ GRVLO©3<x<0®  hLC203<x<08)

— GRV LO (0.1 <x <0.6)

— Dedicated simul. studies at ILC exist: [ sssi@1<x<os

| - HO (0.1 < x <0.6)

-— ASYM (0.1 <x < 0.6)

— Huge vy (EPA) stats at ors |

FCC-ee will lead to: da_la, < 1% s | o
025 Lo L E~s0 Gev |

[R-Nisius, arXiv:0907.2782] ‘'w=20%

lzmmm-uzs . " w Qzlzl(}e\e'zj
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o, extractions from jet fragmentation (NLO,NNLO?)

» Soft parton-to-hadron FFs (NNLO*+NNLL):  # Hard parton-to-hadron FFs (NLO):
[D.d'E.,R.Perez-Ramos, arXiv:1505.02624 | a.(m,) =0.1176 £ 0.0055 (+4.7%)

—

_Lr\)w#-mc:\loocoo

Distorted Gaussian (limiting spectrum, m_ =140 MeV)—

ng {EE% Eo E - ALEPH

e Eo - - CPAL

.54 GeV [BaBar] 1 L S, T

4 GeV [TASSO] 10 = Es - DELEHI

= 22 GeV [TASSO] - . ‘_{-1,,1 T « DELPHI (uds)
—4— V5= 35 GeV [TASS0O] 10 o E- R = DELPHI (b) E
+ Vs= 43 GeV [TASSO] i — : 3
—=— Ys= 29 GeV [TPC] - T _ E
—x— V5= 58 GeV [TOPAZ] 10 o Fi"]-- . _ 4
— — Y5=91.2 GeV [OPAL] N T T E
—i— Y¥s=91.2 GeV [L3] r -
— — y5=91.2 GeV [OPAL]
—m— Vs- 91.2 GeV [ALEPH]

2.
2
3
3.
4.
4
1
1

1]
[T
ﬁwﬁﬁwﬁﬁwﬁmﬁ

H'

—

[

1/6 do/dE

1/a,, do, fdv

—=— {5- 196 GeV [ALEPH] -
—=— V5= 200 GeV [ALEPH] 10" . . . . . . 4 . 3

— — ¥s= 201 GeV [OPAL] o] o1 0.2 0.3 0.4 0.5 0.6 Q.7 o.8 0.9 1
—m— V= 206 GeV [ALEPH]
N N I | X

R i [AKK, B. Kniehl et al.,NPB 803(2008)42]

(]

=, 40¢ c B[
Combined fit of the jet-energy = R T e W mer i
evolution of the FF moments e B i
(multiplicity, peak, width, ...) 5 20 2 et al
with o as single free parameter: - | £a yﬁ‘&ﬁ&f
% i to
a,(m,) = 0.1205 £ 0.0022 (+2%) T T b g Ber Skt s il ale

. . . Figure 3: Energy evolution of the charged-hadron multiplicity (left) and of the FF peak position (right)
(fUII'N N LO CorreCtlonS mISSIng) measured in eTe~ and DIS data fitted to the NNLO*+NNLL predictions. The obtained .#g, normaliza-

tion constant, individual NNLO* o (., ) values, and the goodness-of-fit per degree-of-freedom ¥ /ndf.
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QCD uncertainties on EWK observables

m With X10° more Z's than LEP, EWK uncertainties et b
at FCC-ee will be dominated by syst. (QCD).
z
Example: e*e — bb forward—backward asymmetry
— 8 measurements at LEP: e b
4 lepton-based, 4 jet-charge-based ab _Ne—Ng , _oa, “uT™
: . 12 N E+ NB as ie,,W"—QPT"“
— Exp. observable with largest discrepancy ] "o
. ALEPH >  0.1003 +0.0038 £ 0.0017
tOday Wrt the SM 280 l:Pt:ll):l:lllsg’llg_z —— 0.1025 + 0.0051 £ 0.0024
m Exp. Uncertainties: ~1.6% . —ad— 01001 200060 2 00035
— Statistical: £1.5% (~0.05% at FCC-ee) ptons 1990200 T 00977 E000382 00018
— Systematics: +=0.6% (QCD-related: +0.4%) inclusive 1951.55 1k et
. incmsml!)l}s‘:}z._l;l;[llz —-— 0.0978 + 0.0030 + 0.0015
m QCD effects on A, (depending strongly on™ " " vy — A1 00948 500101200086
exp. selection procedure): inctusive 19912008 g 0PeEomaneNs
— Gluon splitting (TH control: o > corrections) LEP + Aféo =00 N
. i ) . . , ARIh — 0.1037 + 0.0008
— Smearing of b-jet/thrust axis 008 009 ol

— b and c radiation & fragmentation. B and D decay models.
[Uncertanties estimated by Abbaneo et al., EPJC 4 (1998)]

m We have revisited the impact of QCD effects on N’FB Implementing
original analyses in up-to-date retuned parton-shower+hadronization MCs
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Reduced QCD uncertainties on A__ at Z pole

m QCD uncertainties recomputed from PYTHIA8.226 (7 tunes) & VINCIAZ2.2
m e'e — bb forward—-backward asymmetry for lepton-based analyses:

s 0104

a 0104 PERUAIT PR

- F oo bb, (5=92.4 GeV ALEPH [lepton-charge] 8 a F oo bb, (5=92.4 GeV DELPHI [lepton-charge] o [ ee— bb, (5-92.4 GeV L3 [lepton-charge] R F ee~ tb, (3-92.4 GeV OPAL [lepton-charge]
S g o102 S g0 Sg o0k o 002E
01 0.1 0.1F 0.1F-
0.098F 0.098]- P 0.0985 — il 0.098 [
L C N " . L I | i . " L] . i = m u T - 8 [ ]
0.0961 0.096 ] @ 0.096 L 0036
0.094F (R PR B oosf ® - oood " 00odr ™
F A F :
0.092F . 0.0921~ 0.092 0.032
0.09F 0.09F 0.095 0.085
5 4 5 6 7 T2z B35 4 5 6 7 T2z L I I B I S Sk T S L I T S S SR R O-F I
. PYTHIAS (tune 1-7) | VINCIA | data . PYTHIAB (tune 1-7) | VINCIA | data PYTHIAS (tune 1-7) | VINCIA | data PYTHIAS (tune 1-7) | VINCIA | data
‘o> bbf d—backward mm for | h based | ;
mee orward—packward asy etry or jet-C arge-pasea analyses.
0.104 _ 0.104 —_ 04 — 0.104 =
E‘ " [ g'&~ bb, {s=92.4 GaV ALEPH [jet-charge] E‘ " [ g~ bb, fs=92.4 GaV DELPHI [jet-charge] [ ete— bb, V5=82.4 GeV L3 [jet-charge] E’ a [ e bb, 5924 GeV OPAL [jet-charge]
S o402 8 102 02 o L0102
< 0.102: < 0.102: E o« E
0,1:_...................;_;. 01 =gl B e B e g g OF--g—a— 8 - g0 0 g 0 g N R e e T
o.oss'E o.osa'E 193'E 0.088F- |
0.096F 0.096] % o8- 0.0861
0.084F- 00840 i e 00845
: : : ; - [DJE & Yan
ok .« BLUE: total syst ok ok [2011 o
o.ug'E o.as'ERED: QCD SySt .OS_E 00sF- : [hep-ph] ]
| | | | | | | | | | | | | | | | | | | | ) | | | | | | | | | E 5 | | | | | | | | | |
023 4 5 6 7 1122 00— 3 % 5 6 7 122 1z 3 4 5 6 7 1122 08— 3 4 5 6 7 1122
PYTHIAS (tune 1-7) | VINCIA |data PYTHIAS (tune 1-7) | VINCIA |data PYTHIAS (tune 1-7) | VINCIA | data PYTHIAS (tune 1-7) | VINCIA | data

m 2020 vs. 1998 parton shower+hadronization uncertainties:
— Lepton-based: Consistent for ALEPH, slightly smaller for DELPHI, L3, OPAL.
— Jet-charge-based: Much smaller for all experiments.

m Improved PS & non-pQCD tunes w/ e*e” data needed to reduce syst. uncert.
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Ultra-precise W, Z, top physics at FCC-ee

Vs=91 GeV, 102 Z's Vs=161 GeV, 108 W's Vs=350 GeV, 10° tops
— —~ 30 . . — =14 ——
= 2v 2 'LEP | & ,I.- ﬁ " throshold - 1S mass 174 GeV | ]
T2 ) - ' - c 1.2 [ —TOFPIK NNLO — CLIC 350 LS+ISR _‘
r_;E 30 - ALEPH ! ,v % g [ —ILC 350 LS+ISR  —FiCGae 350 LS+ISA ]
- DELPHI If -\ o R § 1E ]
L3 AN 20+ £ 1w F i
OPAL ' ' et E 08
20 - J _ fa e o [ ]
b average mearnrements, | :':.._ 06} —=
errer bars increaved .' R - + - —
by factar 10 ;:_ -:x ‘H:| ] : - r ]
10 - /‘ 04F 3
L e E ¥ESWWI Racoon Wi - .
- 4 ' 1/ o ZWW vertex (Gentle) 0oL E
,Ir" _-‘| ...only v, exchange (Gentla) =k bazad on CLICALC Top Study -
— - e - EPJ C73, 2340 (2013) ]
ﬂ d_-l PP TS AR S AU E] . T - T . T ﬂ' PR S T S S S T T O S 1
86 58 o0 91 o4 180 180 200 345 350 355
e Lineshape Fom [GeV] Vs (GeV) Is [GeV]
» Exquisite E____ (unique!)
e 1: e e Threshold scan e Threshold scan + 4D fit
» Mg l; stat. = m, toi1o MeV(stat.)
- ., to 5oo keV top
.__ 100 keV (syst.) My 40 MeV (th.)
® Asymmetries . i
Y - . e BranchingratiosR, R, _, = Agpto 1384]
= sin’8,, tosx10 » EWK couplings to 1-10%

B hi tios. R R = o.(m,,)too.coo2
e Branching ratios
¢ e e Radiative returns ete™—yZ (Z2vv, W'u7)

= .(m-)to oc.co02
s(Mz) = N, too.001

e Predictm,,, my, inSM

m Mostly thanks to: (i) Huge statistics
(i) Threshold scans with 6E_ ~ 0.1, 0.3, 2., 4. MeV (Z,W,H,t)
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Importance of the QCD coupling o._

» Impacts all QCD x-sections & decays (H), precision top & parametric EWPO:

Process O (pb) da.(%) PDF +a,%) Scale(%) _ e
Summary of future parametric uncertainties:

gsH 49.87 + 3.7 6.2 +7.4  -2.61 +0.32
. Quantity FCC-ee future param.unc. Main source
ttH 0.611 + 3.0 + 8.9 -93 +59
r; [Mev] 0.1 0.1 S
H-sce 126 £71 £01% +23% R, [1073] 1 1.3 Sas
H — gg 126 :|: 41 :|: 01% :I: 0 % Sven Heinemeyer — 1st FCC physics workshop, CERN, 17.01.2017

vacuum stability, GUT)

( » Impacts physics approaching Planck scale: EW

0.06 — - T
A\ my, = 124 GeV ]
L R 4
B AR m, = 173.2 GeV ] 60
0.04 1 N\ as(Mz) = 0.1184

i 50
0.02

40

| 1 1 | 1 | 1 |

30

Higgs quartic coupling ()
S
8 8

20

| | | |

10

| 1 1 1
1010 1014
RGE scale x4 in GeV Q [GeV]
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o, from hadronic Z, W decays

» Z & W observables theoretically known at N3LO accuracy:

e The W and Z hadronic widths :

4 i
I#9(Q) = v (1 +3a(@) (2D 0(08) + 50+ b+ 5np)

¢ The ratio of W, Z hadronic-to-leptonic widths :

had 4 i
Rw,z(Q) = T@ = R\W% (1 +ai(Q) (QS(Q)) +O(a2) + mix + 5np)
W Z(Q) i=1 d

e In the Z boson case, the hadronic cross section at the resonance peak in ete~

had _ 127 rerhad
Z mz (]_—\tzot)2

DdE, Jacobsen:
arXiv:2005.04545 [hep-ph]

TH uncertainties:
(a?,02 included for Z):
+0.015-0.03% (2)
+0.015-0.04% (W)

Param. uncerts.:
(m 2w O Vcsud):
+0.01-0.03% (2)
+1.1-1.7% (W)
+0.03% (W, CKM unit)

» Measured at LEP with +0.1-0.3% (Z), +0.9-2% (W) exp. uncertainties:

theory experiment Recent update of
previous new {this work) change previous [6] new [20, 21] change LEP lumino Slty
Clet (MeV) | 249424+ 0.8, 24052 + 0.6par + 04y,  +0.04% | 24052+23 24955+ 2.3 y@/ bias(*) change the Z
Rz 20.733 £ 0.007ch  20.750 £ 0.006par &+ 0.006:n  +0.08% | 20.767 £ 0.025 20.7666 + 0.024 ' 0.040% -
values by few permil
had (phh) 41490 + 6 41494 £ Spar £ Geny +0.01% 41 540 £ 37 41480.2+32.5 —0.144%

W boson GFITTER 2.2 (NNLO) this work (N?*LO) experiment (*) VOUtSInaS et al
observables (exp. CKM) (CKM unit.) . '
rhad (MeV) - 1440.3 # 23.9pa; =+ 0.2¢p 1410.2 &= 0.8par + 0.2¢, 1405 + 29 arXiv:1908.01704,
riet (MeV) 2091.8 & 1.0par 2117.9 = 23 9par + 0.7¢ 2087.9 % 1.0par & 0.7 2085 + 42 Janot et al.
Ry - 2.1256 & 0.0353par & 0.0008, 2.0812 % 0.0007pae + 0.0008,,  2.069 =+ 0.019 arxiv:1912.02067
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o, from hadronic Z decays (today)

. Z boson ag(mz) uncertainties
‘ QCD Coupllng eXtraCted from observable extiactizon exp. param. theor.
: : . ooy 0.1192+0.0047  40.0046  +0.0005  +0.0008
(1) Combined fit of 3 Z pseudo-observ: Ry 0.1207 £0.0041  40.0041  +0.0001  =0.0009
(ii) Full SM fit (with a_ free parameter) o} 0.1206 +0.0068  +0.0067 +£0.0004  +0.0012
All combined 0.1203 +£0.0020  +0.0029  +0.0002  +0.0008
Global SM fit 0.1202+0.0028  4+0.0028  +0.0002  +0.0008
DdE, Jacobsen: arXiv:2005.04545 [hep-ph]
"= 45 ; "- <45 = (ombin -obs.
< [ Dashed/Full curves: 2018/20, il i ff = w @ b B T L
- : 11anm Combined Z pseudo-obs. [2018]
3.5 ry : 35 Global SM fit [2018]
- __R ' [ World average [PDG 2019]
3 z Kla
- ohad r
255 ... ro01g) 2.5
o --+- R,[2018] ok
- o1 [2018) 3
1'55 [ World average [PDG 2019] 1'5;
- Sk ; To e ———————=— o
0.5 050
E.........|.........|.........|......._L.|.....\.._.--1.,.".... 05,‘,‘\,”””“5‘“”” N
do7 0.08 0.09 0.1 0.11 0.12 0.13 0.116  0.118 0.12 0122  0.124
C(S(mz) as(mz)
» LEP lumi-bias updates lead to much better » EXP/TH updates lead to better
agreement among FZ, Rz’ g, extractions: aareement with full SM fit:
* Improved o (m ) =0.1203 + 0.0028 (+2.3%) * a/(m,)=0.1202 + 0.0028
PDG’19: «(m) = 0.1205 + 0.0030 (+2.5%) PDG’19: a(m,) = 0.1194 + 0.0029
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o, from hadronic Z decays (FCC-ee)

» QCD coupling extracted from: Z boson as(mz) uncertainties
observable extraction exp. param. theor.
(i) Combined fitof 3 Z pseudo-obserV' All combined 0.1203+£0.0029  £0.0029  £0.0002  +0.0008

__ S Global SM fit 0.1202+0.0028  +0.0028  +0.0002  +0.0008
(if) Full SM fit (with a_ free parameter) i combined (FCC-cc) 012030 £0.00026 £0.00013  £0.00005  £0.00022
Global SM fit (FCC-ce) 012020 +0.00026  +0.00013 +0.00005 +0.00022

» FCC-ee: DdE, Jacobsen: arXiv:2005.04545 [hep-ph]
— Huge Z pole stats. (x10° LEP) 45 ’ |

— Exquisite systematic/parametric 4= P I
precision (stat. uncert. much smaller): 3.5 7 diata, LEP (this work)
ARy = 10-3,  Rgz = 20.7500+0.0010 | [ Worla average [PDG 2019]
ATP" =0.1 MeV, T'P* = 2495.2 4 0.1 MeV 2.5/

Achad = 4.0 pb, o0%* =41494+4pb » -

Amz = 0.1 MeV, mgy = 91.18760+ 0.00001 GeV
Aa = 3-10-5, Aot (mz) = 0.0275300 + 0.0000009 1.5 :
1=—— —-.- ————— . __ S 1o

— TH uncertainty reduced by x4 computing o5

miSSingas,as,aaz,aaz’aza terms q\l\llllllillllll IIII|IIIIIIIII|III|
S S S S 0.116 0.118 0.12 0.122 0.124

o(m,)

—

» 10 times better precision than today:
oa /o~ +0.2% (tot), £0.1% (exp) o (m) =0.12030 + 0.00028 (+0.2%)
Strong (B)SM consistency test.

DIS2022 33/21 Eduardo Ploerer (VUB)



o_ from hadronic W decays (today)

» QCD coupling extracted from new N°LO fit of combined I, R, pseudo-observ.:

W boson as(mz) uncertainties
observables extraction exp. param. theor.
I, Rw (exp. CKM) 0.044 + 0.052 +0.024 +0.047  (+0.0014)
I'ef, Rw (CKM unit.) 0.101 £ 0.027 +0.027  (£0.0002) (£0.0016)

I, Ry (FCC-ee, CKM unit.) 0.11790 £0.00023 £0.00012 +0.00004 +0.00019

DdE, Jacobsen: arXiv:2005.04545 [hep-ph]

— Imposing CKM unitarity: large exp.
uncertainties from I, R (0.9-2%):
QCD extracted with ~27% precision

—_
(9]

; ; : . = 4.5F
» Very imprecise extraction: 3 ) E .
— Large propagated parametric uncert. 350 m— Ry, Ty (CKM exp.)
Tt +20/4) - m— R, T\ (CKM unit.)
from poor V__ exp. precision (+2%): 3 B Worid average [PDG 2016]
QCD coupling unconstrained: 0.04+0.05 255
oF

—————————————— 1

o
(3}

%
OQORTTTT
5
o
[am]
[#)]
(=]
o
(0]
o
e
o
.
N

— Propagated TH uncertainty much ' ' ' ' ag(m )

smaller today: ~1.5%
a(m) =0.101  0.027 (+27%)
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o, from hadronic W decays (FCC-ee)

» QCD coupling extracted from new N°LO fit of combined I, R, pseudo-observ.:

‘W boson ag(msz) uncertainties
observables extraction exp. param. theor.
it Rw (exp. CKM) 0.044 + 0.052 +0.024 +0.047 (£0.0014)
ot Rw (CKM unit.) 0.101 +0.027 +0.027 (£0.0002) (+0.0016)

I‘%}“, Rw (FCC-ee, CKM unit.) 0.11790 +0.00023 -+0.00012 +0.00004 +0.00019

: DdE, Jacobsen: arXiv:2005.04545 [hep-ph
» FCC-ee extraction: [hep-ph]

e 4.5
a
— Huge W pole stats. (x10* LEP-2). S I %
3.5
— Exquisite syst./parametric precision: 3L m— R, [, FGG-e0 (160 GeV)
F%ﬁ’t = 20880 +1.2 hiev 2_5%— World average [PDG 2019]
Rw = 2.08000 + 0.00008 o
mw = 80.3800+0.0005 GeV 150
|Ves| = 0.97359+0.00010 . O(102) D mesons ===~ f———————————————] o
0.5;— 5
- TH uncertainty red_uc_ed by x10 o416 0117 0118 0118 012 0121 0.122
after computing missing o.°, a?, o?, ag(m,)
ao 002,00 terms o (m)=0.11790 + 0.00023 (+0.2%)
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o, at future e*e” colliders (summary)
m World-average QCD

coupling at N2°LO today:

— Determined from 7 observables
with combined 0.85% uncertainty
(least well-known gauge coupling).

— Impacts all LHC QCD
Xx-sections & decays.

— (Role beyond SM: GUT,)
(EWK vacuum stability,)
(New colored sectors?)

m e'e” extractions:
— Hadronic tau decays:

~2.3% (exp.) uncertainty today.

— W boson: New N3LO fit to FW, R,

~27% (exp.) uncertainty today.)

DIS2022

+1% TH
— Event shapes, jet rates: 1% TH
— Z&W pseudo-observ.: £0.1% TH

(m State-of-the-art Z, W extractions:
— Z boson: New fit with high-order
EW corrections + updated LEP data:

m Permil uncertainty only possible

with a machine like FCC-e*e-

e 4.5
< E -
4——-—————— s —— 2c
= | — Zdata, FCC-ee (91 GeV)
3.5 | |f == 7 data, LEP (this work)
3; l:| World average [PDG 2019]
2.5} /

| | «.(m,)=0.12030 + 0.00028
| +0.2% (tot), £0.1% (exp)

E : | . III\‘\II\\\II\‘\III
0916 0.118 0.12 0.122 0.124
og(m.)
4.5
< C
48 & 20
3.5
3E — R, I FCG-ee (160 GeV)

E World average [PDG 2019]

o (m) =0.11790 + 0.00023
+0.2% (tot), +0.1% (exp)

19  0.12 0.121  0.122
og(m)

0916 0.117 0.118 0.1

What are the detector design improvements needed to
bring propagated syst. uncert. on W,Z pseudo-observ.

0p ?
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Summary: QCD at future e*e” colliders

¥ The precision needed to fully exploit all future ee/pp/ep/eA/AA SM &
BSM programs requires exquisite control of pQCD & non-pQCD physics.
L Unlque QCD precision studies accessible at FCC-ee (CEPC, ILC):

S °F Y e (2) N"LO+N"LL jet structure
=1 i low Q? cont. (N3LO) e
0 Pl e i s (NG S H'Qh 0/9/Q discrimination
e+e’jets/shapes (NNLO-+res) H»— Sepa rau on, hadmn level
3 W\ pp/pP (jets NLO) = !
025 [t mmase EW precision fit (N>LO)—— Igy:u\u?gszz;i —-
. . . She a 2.
sl _ (1) Per-mille a._ via hadronic o
: s o
ois b g, Z,W,T decays, evt shapes... ~§ A e
P . R=0.6
o1 | _ — 05|
— Ag(Mz2) =0.1179 % 0.001b
0:03 1 1I0 1:)0 10Ioo o '
Q [Gev] 0 Al 0.8 1
. . . - conservation of :
(3) Reduced PS+hadroniz. (4) <1% control of (5) High-precision "~ © .
i hadronization:
uncert. of EWK observ. colour reconnection [ (]
10— — ==
3 mo.1045 o> b, 15-92.4 GV ALEPH [jet-charge] ig g e How local?
0102 o8
0":_'l"""""""‘l';Z' :b7 strangeness
o.osai— e’ b 6 L | (@B e
0.096 2 S
00947 4 :L:i How local?
= Z 3 7 ]
o.osz; @ 2 N\ AN ' | transverse momentum
0.08 _ £ WYY ]
E e b 1 N B & 7 7
0'0880_ I1 Iz é :It Q e'; 7‘ 122 ~e (N_é) y 7 8 9 10 q 1 q ! 1
PYTHIAS (tune 1-7) | VINCIA | data @ kinematics &=1In(1/x) v
How local?
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High-precision gluon & quark jet studies

m Exploit FCC-ee H(gg) as a "pure gluon” factory: £ ~{0O0000000"

H

H- gg (BR~8% accurately known) provides __ 5 __ t
120.000 extra-clean digluon events.

N (o0 ee0)
m Multiple handles to study gluon radiation & g-jet properties:

» Gluon vs. quark via H-gg vs. Z-qq 4 | e
(Profit from excellent g,b separation) 35 A H— gg Pythia — |
*» Gluon vs. quark via Z - bbg vs. Z - qq(9) A Herwig? ——
25— with mMDT —

(g in one hemisphere recoiling +

against 2-b-jets in the other).

+
+ +t
+ +.|+++:I:'F+ + +++ I
+

1/N dN/dA
N
I

. . 15| t +++++ ++++++ il
» Vary E_ range via ISR: e'e - Z* y* - [116%) . AN
1~ + +-+++ + -

» Vary jet radius: small-R down to calo resolution . 0.
*>T < LH angularities ...
m Multiple high-precision analyses at hand: . v s s o
— BSM: Improve ¢/g/Q discrimination tools Mz G soyez et al]
— pQCD: (Check N"LO antenna functions.) High-precision QCD coupling.
— non-pQCD: Gluon fragmentation: (Octet neutralization? (zero-charge gluon

jet with rap gaps).) Colour reconnection? (Glueballs ? Leading n's,baryons)?

DIS2022 38/21 Eduardo Ploerer (VUB)



CERN FCC-ee project

e e'e” operation before pp at Vs = 90, (125), 160, 240, 350 GeV

Z, years 1-2 | Z, later

Working point tt (s-channel H)
Vs (GeV) 88, 91, 94 157, 163 240 340-350 | 365 My
Lumi/IP (10°*ecm™ %) 115 230 28 8.5 0.95 1.55 (30)
Lumi/year (ab™", 2 IP) 24 48 6 1.7 0.2 0.34 (7)
Physics Goal (ab™ ") 150 10 5 0.2 1.5 (20)
Run time (year) 2 | 2 2 3 1 4 (3)
10° HZ 10°tE
Number of events 5x 107 7 10° WW + +200k HZ (6000)
25k WW — H | +50kWW — H
# of light-q jets/year: 0(10%?) 0(107 0(10°) — 0(108)
# of gluon-jets/year: O(10) 0(109) 0(10%) — 0(109)
# of heavy-Q jets/yr: 0(10%?) 0(10") 0(10° 0(10°) 0(109)

DIS2022
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