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QCD = Key ingredient of future ee,pp colliders

» Though QCD is not per se the main driving force behind future colliders,
QCD is crucial for many pp, ee measurements (signals & backgrounds):

e High-precision o._: Affects all x-sections & decays (esp. Higgs, top, EWPOs).
e N"LO corrs., 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 Semihard QCD (low-x gluon saturation, multiple hard parton interactions,...):
Leading x-sections at FCC-pp (Note: Q,~10 GeV at 100 TeV).

e Non-perturbative QCD: Affects final-states with jets: Colour reconnection,
e*e - WW, ttbar - 4j,6j... (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 probe very precisely g,g dynamics:

et q

Advantages compared to p-p collisions:
Js~91GeV » 9 — QED initial-state with known kinematics
Y Z — Controlled QCD radiation (only in final-state)
e~ g — Well-defined heavy-Q, quark, gluon jets
et — Smaller non-pQCD uncertainties:
W no PDFs, no QCD “underlying event”,...
Vs ~160 GeV Direct clean parton fragmentation & hadroniz.
Y Z
W ® Plus QCD physics in yy (EPA) collisions:
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Precision QCD in e*e collisions (FCC-ee)

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

e’ q
Advantages compared to p-p collisions:
Js~91GeV » 9101 u,d,s — QED initial-state with known kinematics
vz Tou e — Controlled QCD radiation (only in final-state)
e~ g — Well-defined heavy-Q, quark, gluon jets
et 7, — Smaller non-pQCD uncertainties:
W 10" uds MO PDFs, no QCD “underlying event”,...
Vs ~160GeV » ;110’ c's  Direct clean parton fragmentation & hadroniz.
Yz 107 b's
W ®m Plus QCD physics in yy (EPA) collisions:
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QCD physics at FCC-ee

(1) QCD coupling

(2) Jet substructure & flavour tagging

(3) Parton shower & Non-perturbative QCD
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QCD coupling a_

» Determines strength of the strong interaction between quarks & gluons.

» Single free parameter of QCD in the m,— 0 limit.
» Determined at a ref. scale (Q=m), decreases as o ~IN(Q%/A%)A~0.2 GeV
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eV
ag(M.)=0.110")008 (NLO) » atg(M.) = 0.1184 + 0.0031 (NNLO) » = o, (M%) = 0.1179 £ 0.0010
G. Altarelli, Ann Rev. Nuel. Part. Sci. 39, 1989 S.B., 7. Phys. G 26, 2000

» Least precisely known of all interaction couplings !
oa ~10* <« 606G, <« 107 <« 6G~10°< 60 ~10°
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Importance of the QCD coupling o

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

Msbar mass error budget (from threshold scan)

Process O (pb) Jda.(%) PDF +a,(%) Scale(7%)  (6MFPT1)e® " (GMFPT") ™ (5, (ime))mrsen [ om, (m:)) ™

ggH 49.87 +3.7 -6.2 +7.4 261 +032 40MeV 50 MeV 7-23 MeV 70 MeV
ttH 0.611 + 3.0 1809 93 +59 = improvement in as crucial o (M,) = 0.001
Channel My[Gev] da(%)  Amy Am, Quantity FCC-ee future param.unc. Main source
H-sce 126 +71 +01% +23% Mz [Mev] 0.1 0.1 Jaus
Ry [1079) 6 <1 Sas

H—gg 126 + 4.1 +01% +0%
Ry [1073] 1 1.3 Saus

Sven Heinemeyer — 1st FCC physics workshop, CERN, 17.01.2017

® Impacts physics approaching Planck scale: EW vacuum stability, GUT
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World a_ determination (PDG today)

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

w 035 ———r ——r n
o C T decay (N°LO) +=— ]
= L W (1) T decays low Q? cont. (N°LO) e |
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World a_ determination (PDG today)

m Determined today by comparing 7 experimental observables to pQCD
NNLO,N3LO predictions, plus global average at the Z pole scale:
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o_ from hadronic t-lepton decays

3 i _ I'(t™ — vr + hadrons) B . - g\ P
» Computed at N°LO: g, = N o ved) SewNc (1 + ngl Cn (?) + O(al) + onp)

* Experimentally: R__ == 3.4697 £ 0.0080 (+0.23%)

Baikov 2008 ' :F—O-—l

aikov _ rl :

» Various pQCD approaches Davier2014 | © 1| 4T T decays
(FOPT vs CIPT) & treatment  |oon o1, B '_.:.':._. | &02
of non-pQCD corrections Boito 2018 } '—0-,-:-!' oF
(A/m )% ~2%, yield e T |

) | T E B o D BT N ST A |

different results. 0.110 0.115 0.120 0.125 0.130

as(M2) = 0.1187 + 0.0018 (+1.5%) as(M3)
» FCC-ee:
— Huge stats: O(10*) from Z -1t at FCC-ee(90)
— Much better Tt spectral functions than LEP (stats & syst.).
— New extraction of I width from ultra-precise t lifetime

— TH: Better understanding of FOPT vs CIPT diffs. oo la, << 1%
Calculation of N*LO corrections.
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o, from e*e: event shapes & jet rates (today)

% Computed at N2*LO+N@3LL accuracy.
» Experimentally (LEP):

Z |;ﬁ¢ -

7 =1 — max

Thrust, C-parameter, jet shapes ) |
3-jet x-sections . 3%, |l] sin? ;;
» Results sensitive to non-pQCD 2 (S ED?

(hadronization) accounted for

via MCs or analytically: B B T SN RS
IIIIIIIIIIIIIIII e ALEPH (j&s) c P i
Full N3LL' results OPAL (]&S) I E (| Y i
C-parameter : : : 2
norm T~ ° ] JADE (j&s) ' i| '
] Dissertori (3j) ——or— ete-
N ] JADE (3j) i ——e i jets
Qe 1 Verbytskyi (2)) EI-:-.—I &
GeV Thrust with (2] 1 Kardos (EEC) |.._._.:.|_.._..| sha pes
2r C—Parameter with Q] ] Abbate (T) —o— 2 :
C—Parameter with 0§ = 3207 i : 1
i 5 i —_—— -
Thrust ., ] Gehrmagn M L
norm —_ .7_7;2 1 Hoang (C) —e— . :
O_ T l 1 1 1 1 l 1 i l 1 l 1 1 1 1 I 1 1 1 1 l
0110 0.112 0.11(:;(1]12()).116 0118 012 0110 0115 0120 0125 0130
2
as(Mz)

» Wide span of TH extractions... ag(M2) = 0.1171 £ 0.0031 (+2.6%)
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o_ from e*e event shapes & jet rates (FCC-ee)

% Computed at N2*LO+N@3LL accuracy.
» Experimentally (LEP):

> |pi -7

T—l—max

Thrust, C-parameter, jet shapes > bl
3-jet x-sections o 32 il 7| sin® ;; ]
» Results sensitive to non-pQCD 2 (T 5] OPAL 3 jot ovent
. . 1
(hadronization) accounted for
via MCs or analytically: » Modern jet substructure techniques:
C iy . Fll L s “Soft drop” to reduce non-pQCD
-parameiter 1 .
norm —t—> ] corrections for groomed shapes:
3L ] i i i — o1 NP (Ifma) I I l pllain i
c ] 0.170 | _p;T)z : ] 0.15 Zeut = 0.05 == ==
.((}]éV Thrust with (2] 0.160 | T z:“ 7_01 —e—i 0.14 k EZEE z g; -_-_-_ i
2F C—Parameter with Q] ] 0.150 ] Zent = 0.2 o= Zout = 0.33 ==
C—Parameter with 1§ = 320 ] 0.140 | e 0131 : : : : 1
Thrust _f 1 <omt {{H h H § 012 o s s ST
norm \”—.—OJ . 1 0.120 | HI h ”} : /,._.___::._.-___._-— |
S ] 0.110 | [ [ | Rl o o bk
Of f=1 =7 -y
0110 0113 014 0116 0118 01 0100 912GV l N ; No
as(mz) 0.000 F° O . % B A o ? R - g 1912GCV | : | f ]
0 : = é E’ 1 I [}
» FCC-ee: 6(15’(1'5 << 1% : 0 001 0.02 ooimiim 005 0.06 007

- Huge data sets at lower-vs (ISR) for shapes, higher-vs for jet rates
— TH: Improved (N?°LL) resummation for rates, hadronization for shapes
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o, from hadronic Z decays (FCC-ee)

¢ The W and Z hadronic widths :

*» o extracted at N°LO from: B
Ii%(Q) =Twz (1 + Z ai(Q) ( ) + O(a%) + gy + Smix + é‘np)

(i) Combined fit of 3 Z pseudo-observ:

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

Acbhad = 4.0 pb, a‘z“ﬂd = 41494+4pb

Amz = 0.1 MeV, mgz = 91.18760 4 0.00001 GeV
Aa = 3-1075, Aoy (mz) = 0.0275300 + 0.0000009 2

1.5
— TH uncert. to be reduced by x4 computing

missing o._°, o®, ao a0 ?,0’0 terms

i) Full SM fit (with «_ free parameter had .
(i) ( s P ) Rwz(Q) - 2 _ gy (1 +Z (@ (*2) +O(a%>+amix+anp)
I'ywz(Q)
» M ¢ In the Z boson case, the hadronic cross section at the resonance peak in ete~
5 had _ 127 D57

— Huge Z pole stats. (x10° LEP) o = T

— Exquisite systematic/parametric 4.5 :
precision (stat. uncert. negligible): B S S S I E— 20

- : = 7 data, FCC-ee (91 GeV)

ARz = 107 Rz = 20.7500+0.0010 3.5 === 7 data, LEP (this work)
AT®Y =0.1 MeV Pt = 2495.2 + 0.1 MeV » 3:_ ] World average [PDG 2019]

D, S 1 S A— 1o

o.5f— ,
#» 20! times better precision than today: N X I R s R LT R X
da o, ~ £0.2% (tot), +0.1% (exp) os(M,)
Strong (B)SM consistency test. a.(m,) = 0.12030 + 0.00014 (+0.1%)
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o_ from hadronic W decays (FCC-ee)

» Q extracted from N3LO e The W and Z hadronic widths 4 |
fit of combined FW’ I:QW IR%@Q) = F'?;; (1 +)a(Q) (aser)) + O(a2) + 6.y + Omix + 5np)
i=1

W boson pseudo-observ.:
¢ The ratio of W, Z hadronic-to-leptonic widths :

sz(@):%:REW 1+ia-(Q)(aS(Q))£+O(a5)+5 ix + 0
» ECC-ee: ’ R (o) B W= 7 §) 77 Omix T Oup
— Huge W pole stats. (x10* LEP-2). DdE, Jacobsen: arXiv:2005.04545 [hep-ph]
.. . .. e 4.5
— Exquisite syst./parametric precision: <« | ,
m———"——— 3 = g ———————— ——— o
tot __ C
it = 2088.0 + 1.2 MeV 350
Rw = 2.08000 + 0.00008 b m— R, [ FCGC-ee (160 GeV)
mw = 80.38004+0.0005 GeV 250 World average [PDG 2019]
|Ves| = 0.97359+0.00010 —O(10%2) D mesons 2
: 1.5
— TH uncertainty to be reduced by x10 ; 1
. . . sy —— ————" o
by computing missing o.°, o?, o, ost
ao 0020’0, terms F o ‘ o

0875 0117 0118 0.416 012 0121 0422
» 150! times better precision than today: os(m,)
a (M) = 0.101 + 0.027 (+27%) » a (m) = 0.11790 + 0.00023 (+0.2%)
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QCD physics at FCC-ee

(1) QCD coupling

(2) Jet substructure & flavour tagging

(3) Parton shower & Non-perturbative QCD
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Jet substructure & flavour tagging (today)

m State-of-the-art jet

substr. studies based on
Lund Plane & angularities: (normalized E™<6" products)
m 'Sudakov’-safe variables of jet constituents:

> 250,

1€jet

multiplicity, LHA, width/broadening,
mass/thrust, C-parameter,...

m k=1: IRC-safe computable (N"LO+N"LL) via SCET

(but uncertainties from non-pQCD effects)
m MC parton showers differ on gluon (less so quark) radiation patterns:

Quark, hadron-level
— —

Gluon, hadron-level

— —
Pythia 8215 =

T T T 1 T T
Pythia 8215 =
Horwigs71 ——- || Gluon rad.& frag.  gdmigar: ——-
o Sherpaza1 -1k pOOrly kKnown — Sherpazat ----- 4
Vincia 2001 ==~ Vincia 2001 = —-
Deductor 1.02 === . Deductor 1.02 ===
af Ariadnesop e f | Ariadne 50 -
Dire 1.00 == Dire 1.0.0 ==
5 Analytic NLL Analytic NLL s
‘g.:— 3 Q=200GeV || Q=200 GeV |
= e R=0.6 R=0.6
%
2F 3 +A- \ ot .
3 e'e—Z-uu \e‘e—H—gg
1 — : ;
0 - | 1 L s | L n " 1 " L 1 L
0 0.2 04 0.6 0.8 10 0.2 04 0.6 0.8
N5 [LHA] Als [LHA]
16/23
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dA/dN 5

K

2@

(larger energy weigth)
Py %

LHA width mass
1+---@--@-—-———-- ®-- <— €5
(larger
multiplicity angular
0-¢ | — B eigth)
0 1 2 9

[Larkoski,Salam, Thaler,13]
[Larkoski, Thaler,Waalewijn,14]

Separation, hadron-level

2

15F

0.5

T T T T
G.Soyez et al.] Pythias2is
; Herwig 271 —=—=
Sherpa 221
Vincia 2001 ===
Deductor 1.02 === |
Ariadne 5.0.p e
Dire 1.00 =
Analytic NLL ==

Q=200 GeV |
R=0.6

;. U-quark vs gluon
A2 discrimination -

L
0.8 1
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High-precision g & g jet studies (FCC-ee)

m Exploit FCC-ee H(gg) as a "pure gluon” factory: £ 00000000
H - gg (BR~8% accurately known) provides - - — - - .
100.000 extra-clean digluon events. N

00000000

=)

m Multiple handles to study gluon radiation & g-jet properties:

» Gluon vs. quark via H—-gg vs. Z—-qq * | et
(Profit from excellent g,b separation) 504 H—gg Pythia —— |
*» Gluon vs. quark via Z - bbg vs. Z - qq(g) I Herwig/ —— -
(g in one hemisphere recoiling e " ! y with mMDT
against 2-b-jets in the other). s 7T K Pty Tt i
* Vary E range via ISR: e'e ~ Z*,y* ~ jj(y) . 1'“: . M
» Vary jet radius: small-R down to calo resolution R _ _ﬂ*ﬂ:‘ |

- LH angularities e

m Multiple high-precision analyses at hand: o v e 0s o5
— Higgs/BSM/flavour: Improve g/g/Q discrimination tools Mz 16 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?
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QCD physics at FCC-ee

(1) QCD coupling

(2) Jet substructure & flavour tagging

(3) Parton shower & Non-perturbative QCD
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QCD uncertainties on EWK observables

m With X10° 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: 2.8c

erlsuf| o.0
-1.4
0.2

0.2
0.0
-1.5

m EXp. uncertainties at LEP: ~1.6%

— Statistical: +1.5% (~0.05% at FCC-ee) e 0

— Systematics: £0.6% (QCD-related: +0.4%) Sty o

sin0!7'@,,) 0.7

m QCD effects on A% (depending strongly on A: R

exp. selection procedure): e — os

— Gluon splitting (TH control: a2 corrections) iy o0

— Smearing of b-jet/thrust axis sz [j Lo o
— b and c radiation & fragmentation. B and D decay models. (O, = Orness) / e

[Uncertanties estimated by Abbaneo et al., EPJC 4 (1998)]

m Impact of QCD effects on A’; revisited by 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:

104

a Uiua a uauve

0 — 0. —
E" @ [ e'e’— bb, (5=92.4 GeV ALEPH [lepton-charge] Em [ e'e’— bb, (s=92.4 GeV DELPHI [lepton-charge] @ [ e'e bb, s=92.4 GeV L3 [lepton-charge] Y [ e'e— bb, 5=92.4 GeV OPAL [lepton-charge]
oLn - o — C C
< 0,102: < 0102: aqu.g_mg_ aqu.g_mg:_
0.1 01 0.1 0.1
0088 008 - " ] T 0.098— PO B I { 0.098 m e -
E E ] LI i ¥ ] F 5 n ¥
0.098 0.098F . | 0.096] . 0.098F
0.084F ' L L oosf * 4 0.094 ' oosa "
0.092F . 0.082~ 0.092 n,nazf—
0.09F 0.09F 0.09F 0,09
ool 1 | 1 | 1 | 1 | | 1 ool 1 | 1 | | | 1 | I 1 C F
02 3 ¢« s 6 7 1120 %2 3 4 s ® 7 1120 00— 5 4 5 § 7 T2z 08— 4 4 5 ¢ 7 T2z
) PYTHIAS (tune 1-7) | VINCIA | data PYTHIAS (tune 1-7) | VINCIA | data PYTHIAB (tune 1-7) | VINCIA | data PYTHIAS (tune 1-7) | VINCIA | data
‘e—bb f d—backward mmetry for jet-ch based I ;
mee orward—packward asy etry 10r jet-charge-pased analyses.
a 0104——— o 00— — 04——— s 0104——
g [ e'e— bb, V5=82.4 GeV ALEPH [jet-charge] g [ e bb, V5=92.4 GeV DELPHI [jetcharge] | e bb, Vs=92.4 GeV L3 [jet-charge] F [ee~ bb, {3=82.4 GaV OPAL [jet-charge]
o 1021 o Lnq02f 02k o 0,102
L E < £ E < E
0.1}-|-|-l-l-l-l-l-l-.-;;: [ R P N I T—— of--g—a—8 g0 8 g 3§ g- O e B e e W e
0.008] 0.098F- xga‘E o.nga‘E |
0.096F 0.096] % 196L 0.096F
0.094F BLUE tOtaI SySt' 0.094 194~ i 0.004
wek RED: QCD Syst 00%2C w2 | 00525
00sf 0085 .as'E o.os'E
E | | | | | | | | | | E | | | | | | | | | | ) | | | | | | | | | : | | | | | | | | | |
02 3 ¢ 5 6 7 1122 0083 3 4 ® 6 7 1122 1 2z 3 4 5 6 7 1122 08— 3 4 5 6 7 1122
PYTHIAB (fune 17)  |VINCIA |data PYTHIAS {tune 1-7)  |VINCIA | data PYTHIAB {tune 17) | VINCIA |data PYTHIAB (fune 17) | VINCIA |data
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m 2020 vs. 1998 parton shower+hadronization uncertainties halved:

— Lepton-based analyses: ~1.4% - ~0.7% [DAE & Yan,

— Jet-charge-based analyses: ~0.7% — ~0.3% 2011.00530 [hep-ph] ]
m FCC-ee data needed to much further improve PS & non-pQCD syst. uncert.
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Non-pQCD: Colour reconnection

m Colour reconnection among partons is source of uncertainty in m,, m
aGC extractions in multijet final-states. Especially in pp (MPI cross-talk).
m CR “string drag” effect impacts all FCC-ee multi-jet

final-states: e'e - WW(4j), H(2},4j), ttbar, ...
— Shifted masses & angular correlations (CP studies).

— Combined LEP efe'— WW!(4)) data best described
with 49% CR, 2.20 away from no-CR.

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

m,,, leptonically & hadronically and constrain CR:
“Recent” PyYTHIA option: QCD-inspired CR (QCDCR) (1505.01681):

Ordinary string reconnection
E ] i 4
- | |

q

q g
(qa: 1/9, gg: 1/8, model: 1/9)

Double junction reconnection

i i 1) i
T I

i [ i 7
(aq: 1/3, gg: 10/64, model: 2/9)

Triple junction reconnection

q q 4 q
i i)

] e ) — q b

q i q 'I

(ag: 1/27, gg: 5/256, model: 2/81)

Zipping reconnection

(Depends on number of gluons)
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s kinematics

=

top’

'y > Aqcp

Triple-junction also in
HERWIG cluster
model. (1710.10906)
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Non-pQCD: Detailed 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: Bose-Einstein, Fermi-Dirac; momenta; space)

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

conservation of : <
barvon mumber % 1> Understand breakdown
R P %’: of universality of parton
S o hadronization with system
owlocslt & ;__ﬁ_{itg!ﬂ“f"*“ e | size observed at LHC.
stfangeness ) ) Ve
A O B L 1 m Baseline vacuum e*e’
o ocal? 42 mee 1 studies for high-density QCD
transverse momentum hi/’!  evenate In small & Iarge systems.
_ _ S DIPSY [2]
q&qvqrq 103 'f: __ AELEET:;Cv[i!OGG?‘:latt_ Also impact e.g. ultra-high-energy
How local? 10 "Can s . cosmic-ray MCs (muon puzzle)
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Summary: High-precision QCD at FCC-e“e

¥ 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:

S =Y T T (2) N"LO+N"LL jet structure
= low cont. (IN°LO) e . . . . .
I DIS j NLO) et
os b A eauy QIS I QL) Ultimate g/g/Q discrimination
ete” jets/shapes (NNLO-+res) H»— Separation, hadron-level
- \Y pPr/pPP (jets NLO) =+ 2 T T T T
025 b\ EW precision fit (NLOy—e— ¥ s
!‘ Erwlg 71 ===
. . - ‘ ‘:" Sl_\erPa 221 -_--_-:
LE (1) Per-mille o via hadronic stk oo -
[ ; ,-"3:'; aDi{'e II.DIE m———
& Z,W,t decays, evt shapes... =z ik Anayiesis.
0.15 |- S = 1 i¥: Q=200 GeV
B 3 ifA R=0.6
Ex ._ x : .a .:__.\\ .
o1 1 s st I “‘ e
= o (Mz2) =0.1179 = 0001@) = ‘\ r’;;n:' w’_“ -
0.05 L ! ! . A . |
1 10 100 Q %?3(;%] 1] 0.2 0.;1\0 [LHA]OAS 0.8 1

(3) Reduced PS+hadroniz. (4) <<1% control of (5) High-precision ~ comenaionet:

; 0 baryon number
- hadronization:
uncert. of EWPOQOs colour reconnection P —

Y

104

a 0O — )-‘g, 0 Distorted Gaussian (limiting spectrum, mw=140MeVﬂ: 2% Gov oS
r F e'e bb, {5=92.4 GeV ALEPH [Jel-charge] B 9 = How local?
S b (102 °
< = e 8
0_1:__._._._._._._._._._:. = strangeness
F + s _ _
s b g (w3 @]
0.096— 5
E 4
0.084 How local?
C Z 3
0.002
= @ 2 transverse momentum
0.08— _ 1 PH
- e b ( 1 ) / B i 7 7
E ~ [ —
00—ty 2b NZ : g 1o IWRd  qqEwY
PYTHIAS (tune 1-7) | VINCIA |data ® kinematics & =In(1/x) V
How local?
FCC Week 2022, Paris, May'22 23/23
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Unparalleled Z, W, H, t data samples at FCC-ee

®m Unparalleled Z, W, jets, 7,... data sets: Negligible stat. uncerts
B State-of-the-art detectors + exquisite E____control: Tiny syst. uncerts. (10°)

FCC Week 2022, Paris, May'22
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Working point Z, years 1-2 | Z, later WW HZ tt (s-channel H)
Vs (GeV) 88, 91, 94 157, 163 240 340-350 | 365 my
Lumi/IP (10°*ecm™%s™") 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°tt
Number of events 5x 10" 7 10° WW + +200k HZ (6000)
25k WW — H | +50kWW — H
# of light-q jets/year: O(10%) O(107) O(10°) — O(10°)
# of gluon-jets/year: O(10) O(10°) O(10%) — O(10°)
# of heavy-Q jets/yr: O(10%?) O(10%) O(10°) O(10° O(1098)

David d'Enterria (CERN)



o, from hadronic Z, W decays

. DdE, Jacobsen:
» Z & W observables theoretically known at N°*LO accuracy: arxiv:2005.04545 [hep-ph]

e The W and 7 hadronic widths : TH uncertainties:
- Born 4 as(Q)\? (a?,08 included for Z2):
IWz(@Q)=Twz |1+ z a; (Q) ( ) + O(a2) + Sy + Omix + Gup ’ '

i=1 T +0.015-0.03% (2)

+0.015-0.04% (W)

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

had 4 1
Rwz(Q) = M — REY, (Hzai(@ (aser)) +@(ag)+5mix+5@) Param. uncerts.:
i=1

Te
WF:Z(Q) (mZ,W’ a, Vcs,ud):
e In the Z boson case, the hadronic cross section at the resonance peak in efe™: +0.01-0.03% (Z)
g 127 TgIhad +1.1-1.7% (W)
oL =y T +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 |Umin03ity
Rz 20.733 £ 0.007cn  20.750 % 0.006par % 0.006¢n +0.08% | 20.767 +£0.025 20.7666 +=0.024 0.040% values by few permil
.-J"Z“‘d (pb) 41490 + Gy 41494 + 5par + Gip +0.01% 41 540 + 37 41480.2 +32.5 —0.144%
W boson GFITTER 2.2 (NNLO) this work (N?*LO) experiment (*) Voutsinas et all
observables (exp. CKM) (CKM unit.} aI’XIV190801704,
Thad (MeV) - 1440.3 & 23.9par £ 0.2¢p 1410.2 & 0.8par £ 0.2¢ 1405 + 29 J t et al
et (MeV) 2091.8 = 1.0par 2117.9 + 23.9par =+ 0.7,p 2087.9 & 1.0par =+ 0.7, 2085 + 42 anp etal.
Rw - 2.1256 + 0.0353par + 0.0008¢,  2.0812 = 0.0007par &+ 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 extraction exp. paraim. theor.
. . . o T 0.1192+0.0047  £0.0046  £0.0005  =0.0008
(I) Combmeq fit (_)f 37 pseUdO'ObserV' Rz 0.1207 £0.0041  40.0041  +0.0001  +0.0009
(i) Full SM fit (with o free parameter) o 01206 +0.0068  +£0.0067 +0.0004 00012
All combined 0.1203+0.0029  £0.0029  £0.0002  =£0.0008
Global SM fit 0.1202+0.0028  40.0028  +0.0002  +0.0008
DdE, Jacobsen: arXiv:2005.04545 [hep-ph]
NN 45 J '.‘ Mo 4.5 = (ombin -
a  E Dashed/Full curves: 2018/20 by ; Combined 2 psetido-obs.
7Y gyt ettt S S R 26 4 T GlobalSMA 26
= s Combined Z pseudo-obs. [2018]
3.5 ry 35 Global SM fit [2018]
- R [ ] World average [PDG 2019]
3:— hzd 3
- o7 -
25 - 1 [2018) 2.5
o ---- R,[2018] ol
= o0 [2018] 5
1 '55 ] World average [PDG 2019] 1'55
T ————— S | F——% e —— — —— —— " — lo
050 \ &Y/ 74 0.50
:llllllIII|IIIIIIIII|IIIIIIIII|IIIII-I.L'|IIIII\--.'"1""""' OEHH\HH\HHE\HHH el laiaa
(907 0.08 0.09 0.1 0.11 0.12 0.13 0.116 0.118 0.12 0.122 0.124
og(m.) czs(mz)
» LEP lumi-bias updates lead to much better » EXP/TH updates lead to better
agreementamong I, R,, o, extractions: agreement with full SM fit;
* Improved o (m,) = 0.1203 + 0.0028 (+2.3%) * o/(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 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'et, Rw (CKM unit.) 0.101 £ 0.027 +0.027  (+0.0002) (+£0.0016)

It Rw (FCC-ee, CKM unit.) 0.11790 +0.00023 +0.00012 +0.00004 +0.00019

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

» \ery imprecise extraction: =45

——————————————————— L — 126

— Large propagated parametric uncert.
from poor V__ exp. precision (+2%):
QCD coupling unconstrained: 0.04+0.05 ,;

m— R, T\7 (CKM exp.)
m— R, [\ (CKM unit.)
[ ] World average [PDG 2019]

— Imposing CKM unitarity: large exp. 2
uncertainties from I,, R, (0.9-2%): 15 :
QCD extracted with ~27% precision | /0
0.5

=)
ORI
Y
o
o
[#)]
(]
o
s3]
o
e
(]
e
\%]

— Propagated TH uncertainty much ) _ _
smaller today: ~1.5% s(m,)

o (M) = 0.101 £ 0.027 (£27%)
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Other o_ 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 - — — n
‘o [ ' T decay (N°LO) —— ]
= W (1) T decays low Q? cont. (N3LO) o
03 b o DIS jets (NLO) +=— ]
) (2) lattice Heavy Quarkonia (NLQO) > A
ete” jets/shapes (NNLO+res) F» ]
- ; pp/pp (Jets NLO) ==+ -
0.25 e "'-::,. soft FFf JEH W precision fit (NPLOy—=— ]
"::*f-.:;.., ( NN LO ) pp (top, NNLO) v
- N\ T 3) bar | |
2 (4) PDFS
0.15 ‘_ . FZ’Y(X,QZ) ~5~ . s
(NLO) : -y E ?- .." -
' hard FFs 2 7 ) pp—»t;tbar;
0.1 e 18 -:-".-'— X '...
i Jets (NLO) |
= a (M%) =0.1179 = 0.0010 :
0_05- L 2 ......i M 1 ......i X 1 .-----i :1

1 10 100 1000
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o from photon QCD structure function (NLO)

1 2
*» Computed at NNLO: / dxF(a, @ P = 2L ey oo+ 288 oy 1+ 0(02)

T 47268 La (Q?)
The Pointlike Photon Structure Function at Large @~

*» Poor F2 (x,Q°) experimental measurements:  §<fosame [angme oo

[ — NLODIS,
[ - [ —-— Hadronic

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

o, (m)) = 0.1198 * 0.0054
(+4.5%)

[M.Klasen et al. PRL89 (2002)122004] ¢
B [y oPAL @1<x<06 " FTASSO w02 w08 ]
» Future prOSpeCtS = a2s I A ALEPlr([(O.l <.x<.0.)5f6!?] * AMY (0.3 < x < 0.8) —
i ¥ L3 (0.1 <x <0.5/6) ¥ TOPAZ (0.3 <x <0.8) ]
— Fit with NNLO F? evolution (ongoing) | b ADE 01 onarty

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

— Better data badly needed: Belle-Il ? 1s [ GRVLO@3<x<08)  #LC203<x<08) -

— GRV LO (0.1 < x <0.6)

— Dedicated simul. studies at ILC exist: ' [ ssiwi<x<os

| = HO (0.1 < x <0.6)
T ASYM (0.1 <x < 0.6)

— Huge v (EPA) stats at wrs [ i
FCC-ee will lead to: da_la_ < 1% S o
" IR Nsius, anxivosor.2r8z) b

2009/04/28 2 1[GeV?*

. _ Q* [GeV
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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 ] o.(m,) =0.1176 £ 0.0055 (+4.7%)

—

= N W s 01O OO O

.J,I|HH‘\\H‘\\H‘\H\|\HI|II\I|III\‘III\‘\

. . L. —i— Vs= 2.2 GeV [BES]

Distorted Gaussian (limiting spectrum, m_ =140 MeV)—— Vs- 2.6 GeV [BES]| 10" g—r
eft —+— 5= 3.0 GeV %BES]

[

BES] F o - -« ALEPH
—— V5= 4.8 GeV [BES] Eo Ty . OPAL
\5= 10.54 GeV [BaBar] 10" [ e ES DELEHI

- 14 GeV [TASSO] ES kS )
V5= 22 GeV [TASSO] o . ‘_{-1,,1 T « DELPHI (uds)
—4— V5= 35 GeV [TASSO] 107 o E . = DELPHI (b} =
—4— Vs= 43 GeV [TASSO] I 1S 3
—=— V5= 29 GeV [TPC 3 ]
_y— Vs- 58 GeV [TOPAZ] 10 E Ty 1T
—.— V5= 91.2 GeV [OPAL] Foo T
—i— V5= 91.2 GeV [L3]
— — V5= 91.2 GeV [OPAL]
—m— Vs- 91.2 GeV [ALEPH]

1/6 do/dE

1/, do, fdy

—m— {s= 189 GeV [ALEPH]
—=— \s= 196 GeV [ALEPH] -
= F= 200 GeV [ALEPH] 10" . . . . . . -4 . 3

—— \‘,2;206 i ALEP]H] o 0.1 0.2 0.3 0.4 0.5 0.8 Q.7 0.8 0.9 1
N N I | X

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

o

> 40 c 6
Combined fit of the jet-energy 535* ii“’pe() / és ipz“()
evolution of the FF moments 2 i *f Fo e ™
(multiplicity, peak, width,...) T aloles et
with o_ as single free parameter: ™ i E o ol
el o
a (m,) = 0.1205 £ 0.0022 (+2%) i o.;““‘ﬁ“@ﬁ%%o e B s s s i
SerenQ g (GEV) {Seren Qg (GEV)

(fu I I_N N L O corre CtIOnS m ISSIﬂg) Figure 3: Energy evolution of the charged-hadron multiplicity (left) and of the FF peak position (right)

measured in eTe~ and DIS data fitted to the NNLO*+NNLL predictions. The obtained %, normaliza-
tion constant, individual NNLO* ¢ (m, ) values, and the goodness-of-fit per degree-of-freedom ¥ /ndf.
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o, at future e*e” colliders (summary)

m World-average QCD
coupling at N22LO 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” extractions:
— Hadronic tau decays:

~2.3% (exp.) uncertainty today.

— W boson: New N3LO fit to r,,R,

~27% (exp.) uncertainty today.

FCC Week 2022, Paris, May'22

+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
< = : -
4———+ 4 ———————————1 2c
r 3 ] = Z data, FCC-ee (91 GeV)
3.5 | | == Z data, LEP (this work)
35_ i [ World average [PDG 2019]
2.5 /

| | o (m)=0.12030 + 0.00028
+0.2% (tot), +0.1% (exp)

0.2118 0.12 - 0.122 0.124
og(m,)
“< 4.5
= 42— —————————————————— 20
3.5
Si— —— R, T\, FCC-ee (160 GeV)
2.5; |:| World average [PDG 2019]
150 H o (m) =0.11790 + 0.00023
T ' +0.2% (tot), £0.1% (exp)
0.5

08760117 0118 0416 012 0751 022

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

below 0.1% ? _ :
David d'Enterria (CERN)



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., at NNLO*+NNLL at |OW-Z:

V.Bertone et al., N.Sato et al., D.deFlorian et al.,...]
i el Lt Al M L 10?

do™ /dz [nb)] | >, (1fcm)dc iz
Vs=10.52 GeV | 10' s=1054GeV |

—

_n.l\)w-h(nm\IODCOO

.HlHH‘\\H‘HH‘HH‘\HI‘\HI‘H

5= 2.2 GeV [BES]
GeV [BES]
GeV [BES]
GeV [BES]

2

6

0

2

6 GeV [BES]
8

0

4

ﬁﬁ

mmhwm—n—np#wwmm

FDistorted Gaussian (limiting spectrum, m_ =140 MeV)_ —
—{Kotikov et al.,
— Perez-Ramo

GeV [BES]
.54 GeV [BaBar]
GeV [TASSQ]
2 GeV [TASSO]
5 GeV [TASSO]
3 GeV [TASSO]

1/6 do/dg

o
Q
m

ﬁ?mlmlwwﬁ'ﬁ'ﬁ?mlmlw

= 91.2 GeV [OPAL]
= 912 GeV [L3]
5= 91.2 GeV [OPAL]
5= 91.2 GeV [ALEPH]
5= 91.2 GeV [OPAL]
5= 133 GeV [DELPHI]
133 GeV [OPAL]

33 GeV [ALEPH]

7

33 GeV [ALEPH]|
61 GeV [OPAL]
61 GeV [ALEPH]

1
-2 1
10 ]
1

172 GeV [OPAL]
1
1
1
1

10

BABAR (prompt) —

AR ARRRERRE
o0 ~J
w2 M
[alolol
EXX:)
<<

——
——
]

+++-l+l+l-+l-++l+l+-l e

: data/theory

Np — — V3= 201 GeV [OPAL]
N S Ys= 206 GeV [ALEPH]
I T Y Y

6 7 8 9 10

00102030405060?08091 00102030405060?08091
& = In(1/x)

provide additional QCD coupling extractions:

Current das(m?)/as(m?) uncertainty Future das(m?2) /e (m?2) uncertainty

oo o
W — = W
oo o
W — = W

OC)
—

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

1.8%,;, ® 0.7%,p = 2% 0.7%,, B 0.7% pp = 1% (~2 yrs), <1% (FCC-ee)
(NNLO™ only (+NNLL), npQCD small) (NNLO+NNLL. More precise ete” data: 90-350 GeV)
1%.1, @ 5%0np = 5% 0.7%., B 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 o_extraction with 6a_< 1%

soft FFs

hard FFs
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