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QCD, a key ingredient at future colliders

QCD is crucial for many ee, pp measurements:

High-precision ag: affects all x-sections & decays (Higgs, top, etc.)
NnLO corrections, N'LL resummations: affects all pQCD x-sections & decays

High-precision PDFs: affects all precision W,Z,H measurements & all searches in
pp collisions

Heavy-Quark/Light-Quark/Gluon separation (jet substructure, boosted
topologies, etc.): needed for all precision SM measurement &BSM searches
with jets in the final jets

Semihard QCD (low-x saturation, multiple parton interactions, etc.): significant
PQCD x-sections at FCC-hh

Non-perturbative QCD: affects final states with jets - colour reconnection,
parton hadronization, efc.
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Precision QCD in eTe™ collisions

> ete™ collisions provide an extremely clean environment with fully-controlled
initial state to probe quark and gluons dynamics very precisely

© qFCC_ee Advantages compared to pp collisions:
5 » QED initial state with known kinematics
Vs~91GeV 10* u,d,s L L :
¥z 10 c's » Controlled QCD radiation (final state)
B _10 b's » Well-defined quarks and gluon jets
€
N ! » Smaller non-pQCD uncertainties (no
€ PDFs, no QCD underlying events, etc.)
» Direct clean parton fragmentation and
Vs ~160Gev p» hadronization
» QCD physics in yy collisions
€ o
o S e,
et < ¥
7 éﬁg p. ®, <I>\ / k —<—q
_ . : Y
Vs ~240 GeV P o ) " e O
Z \\ g10° g a \e_ ?>—\
e \::igig b (soft, VDM) (direct)
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QCD coupling a

» Currently determined by comparing 7 experimental observables to pQCD
NNLO or N3LO predictions, plus global average at the Z pole scale

o 0.35 T —r—T—TrTTTTy r—r—r—rrTrry m
<o B T decay (N3LO) +=—
= W (1) T decays low Q? cont. (N3LO) e
0.3 . DIS jets (NLO) =
T F Heavy Quarkonia (NLO)
. e'e jets/shapes (NNLO+res) H*
I (2) lattice pp/pp (jets NLO) +e—
0.25 . EW precision fit (N:”LO)'-O—l N
pp (top, NNLO) v
I : : e'e
o1s [ i (5) e*e” jets (shapes, rates)
' -~ (6) Z, W decays 1
- {) pp—»ttbar
0.1 | e e e —ttbar
== ay(Mz%) =0.1179 £ 0.0010
0.05 M 2 3 3 3333l 1 2 3 3 3331 M 3
1 10 100 1000
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as from hadronic t-lepton decays

(7~ — vy + hadrons)

» Computed at N3LO: R, =

= SpwN¢(1 +Z "(i) +0(a2) + bup)

=il

(1™ = vre i)

> Experimentally we have R, ¢y, = 3.4697 £+ 0.0080 (+0.23%)

» Various pQCD approaches Baikov 2008 E ——

(Fixed Order Perturbation Theory gzi‘ge;ggsl“ 1 T decays

- FOPT - vs Contour Improved G 7 HE & :
Perturbation Theory — CIPT) and  |goito 2018 : low Q
treatment of non-pQCD PDG 2018 | 1 »

corrections yield different results NS IR

0.110 0.115 0.120 0.125 0.130
as(M2)

a(m,)=0.1187 + 0.0018 (:1.5%) mmmdp  Sa fo_ << 1%

» What nexte
» Theory: better understanding of FOPT vs CIPT differences & need of N4LO
» Better spectral functions needed (better precision)
> Higher statistics: 0(10'!) from Z - t+1~ at FCC-ee(90)
» Extract the T width from the ultraprecise measurement of its lifetfime
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as from ete” event shapes and jet raies |

N
Computed at N23LO+N(N)LL accuracy ' '|.
| | . S |pi - 7
Experimental observables: Thrust, jet 7 = + —1ax > |p2
shapes, C-parameter, n-jet cross
sections o3 > |5l sin® 0 ST
2 (lED? OPAL 3 jet event

Results sensitive to non-pQCD e.qg.

hadronization accounted for via MCs  |ALepH (iss) ;: .
: o) j& C 1
or analytically s | T
Dissertori (3]) —i——i P
0, (M) = 0.1171 £ 0.027 (+2.6%) woe) | Tets
Verbytskyi (2j) |4I-.—| &
Kardos (EEC) [ : | shapes
1 Abbate (T) —o—| BN
Gehrmann (T) ——e— & :
Hoang (C) —e— : :
6(15,(15 <1% 1 [ | I I
0. 110 O 115 0 120 O 125 O 130
as(M3)

What nexte
» FCC-e*e™: Lower +/s (ISR) for shapes, higher +/s for jet rates

» Theory: Improved NN(N)LL resummed calculations for rates, hadronization
for shapes
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as from hadronic Z decays (FCC-ee)

e The W and Z hadronic widths :
> ags extracted at NSLO from:

» Combined fit of 3 Z pseudo

4 i
T59(Q) =Twz (1 +>ai(Q) (aser)) + O(0%) + gy + Omix + 6np)

i=1

observables o The ratio of W, Z hadronic-to-leptonic widths :
H H Fhad 4 i
» Full SM fit (with ag free parameter) R 2(Q) = ?ZP,Z(Q) R (14 Y (@) (as(Q)) - O(O8) + ui + bup
FW,Z(Q) i=1 4
> At FCC'ee: e In the Z boson case, the hadronic cross section at the resonance peak in ete™:

had _ 127 THTP9

» Huge Z pole statistics (x10° LEP) B o T 2005.04545

» Exquisite systematic precision (staf.  « 45

IIII|

uncertainties much smaller) SRS S I I oo
ARy = 1073, Rz = 20.7500 +0.0010 350 _ija‘a' E;Se: (o er"’
ATt = 0.1 MeV, Tit = 2495.2 + 0.1 MeV : ata, LEP (i worl)

had 3C [_] World average [PDG 2019]
Acbad = 4.0 pb, o0z =41494+4pb =
Amz = 0.1 MeV, mz = 91.18760+ 0.00001 GeV 2.5

Aa = 3-10-5,  Aal? (mz) = 0.0275300 £ 0.0000009 5

TTT

» Theory uncertainties reduced by a 150 :
factor of 4 computing missing a2, a3, NG | Y ©°
aa? and a’ag terms 0.5- |

> 20 times times better precision than o916 ois oz 01z 0es

og(m,)

today: 2% ~ +0.2% (tot), #0.1% (exp)
as a,(m ) = 0.12030 + 0.00014 (+0.1%)


https://arxiv.org/abs/2005.04545
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as from hadronic W decays (FCC-ee)

> ag extracted from N3LO
fit of combined I, Ry,
W pseudo observables:

had
I'Wz

(@) =Twz

e The W and Z hadronic widths :

Born

(1 + Y@ (219

) aF O(a%) + (SEW + 6mi.x + 6np)

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

I\had
Rw,z(Q) = %@ R (1 +Z ai(Q) (“S(Q)) +O(a§)+6mix+6np>
> At FCC-ee: "
- . 4.5
> Huge W pole statistics (x104 LEP-2) 5 2005.04545
. . . . . f————F— e ————————————- 20
» Exquisite systematic precision (stat. -
uncertainties much smaller) 35F
- m—— R, I\, FCC-ee GeV
ot = 2088.0 + 1.2 MeV * ) e
W : : 25K World average [PDG 2019]
Rw = 2.08000 =+ 0.00008 -
2
mw = 80.3800+0.0005 GeV  5E
[Ves| = 0.97359+0.00010 ~O(10) Dmesons & __ . W4 . -
> Theory uncertainties reduced by a 0.5t :
fOCTOrOf]OCOmpUTing miSSing ass"az, q:llllllllllllllllll||IIIIIIIIlllllllllllllllllllllllllllll
3 2 2 0.116 0.117 0.118 0.119 0.12 0.121 0.122
a’, aas Aand a“ag ferms ag(m)

» 150 times times better precision than
today!

o, (m.) = 0.11790  0.00023 (+0.2%)


https://arxiv.org/abs/2005.04545
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» Exciting but challenging prospects in pp collisions
» Enhance quark signal at hadron colliders

» Several handles exist to separate quark and

gluons:

Quark-gluon dlscnmmahon
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0.8

0.6

Quark Jet Efficiency

1211.7038

» Gluons radiate more
» Spin correlations in subjet location
» pr-weighted jet charge

FCC-ee Simulation (IDEA)

2 1 . l ERERERE
8 - e ZH ) g tagging
.8 : j=u, d, s,c, b, g 5
s 101 220203285 _____________________________________________________________________
o ¥ :
0 - ]
e B ]
k32 I |
10—2 ........................ : .................... —gvsud g
—gVss
—gvVvsc |
: : —gvsb
10—3 1 1 1 | 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

jet tagging efficiency

0.4

0.2

1409.3072

CMS Slmulatlon Prellmlnary (s=8TeV

-.-- Charged Mult.

80<pT<100Ge

.,

p,D

Neutral Mult.
Total Mult.

-~ Pull

R

Quark-Gluon Likelihood

........

1 1 I 1 L L I

1 l 1 1 Il l 1
62 0.4

06 08 1
Gluon Jet Rejection

Machine Learning (ML) approaches
have already found success!

!

Rejection of ud jets is the most

challenging, due to similar particle
displacement and nature



https://arxiv.org/abs/1409.3072
https://arxiv.org/abs/1211.7038
https://arxiv.org/pdf/2202.03285.pdf
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High-precision gluon and quark jet studies

g

» Exploit FCC-ee H(gg) as a pure gluon focjrory: . ATOOO0000
H - gg (BR ~ 8% accurately known) provides
120000 extra clean digluon events H i
— e —— — — A
» Multiple handles to study gluon radiation and
gluon-jet properties: | t N
» Gluon vs. quark vioH — gg VS Z — qq g
> Gluon vs. quark via Z — bbg Vs Z - qq
\ LH angularities
> Multiple high-precision analyses possible: L | Z0THEs)
» Access to light-quark Higgs Yukawa > # 1, Pythias |
couplings 3| t i Herwig? .
> BSM: Improve q/g/Q discrimination tools = 25f ) # ++i++++ 1702.01329 -
: . , 3 +
» pPQCD: High-precision QCD coupling Z 2r . ++ ++++ 7
» non-pQCD: Gluon fragmentation, colour € 15t + T T a
reconnection a * Tt |
l 05 *+...+ +-h{++ m
0 - L | | *‘:L

. 0 0.2 0.4 0.6 0.8 1
Improved MC tuning Al
1/2



https://arxiv.org/abs/1702.01329

>

>

» String-drag effect on W mass (hinted at LEP)

>
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Colour reconnection

Colour Reconnection (CR) of partons impacts final state kinematics e.g.
shifted angular correlations, invariant mass shifts, etc.

Exact dynamic poorly understood

Source of uncertainty in my, m;q,, dnomalous Gauge Couplings extractions in
multijet final-states

CR impacts all FCC-ee multi-jet final states:
ete”™ - WW(4)),H(2j,4j),tt, ...

Combined LEP ete™ - WW/(4j) data best O (1)
described with 49% CR, 2.20 away from no-CR

0O O

I'w > Aqcp

Exploit huge W stats (x104 LEP) to measure my
leptonically & hadronically and constrain CR

® kinematics



High-precision parton FFs

» Parton-to-hadron fragmentation functions evolution known known at NNLO at
high-z and at NNLO*+NNLL af low-z 1702.01329

1 02 ! 1 ! ' 1 1 L) 1 1 L} 1 ] L} 1 1 L) ! 1 02 1 ! L} ] L} I 1 L} L) 1 | 1 | +I I
' do”™ /dz [nb] B (1/0g)do™ /dz
Vs=10.52 GeV | \s=10.54 GeV

—i

_ N W Hsp O1ON O O O

~ DG fits to e+e- jet hadron data —
I— (Limiting spectrum QO=AOCD; m_ =130 MeV) ——

P Omvm»vo BN

1/0 do/dE

[oJoJol

PP

DWWt =00 BOD AN O

WLy iviv o
OO0

<<

o

Ry

2

F

f

BABAR (prompt) —

t

AR R AR AR AR AR AR AR RARRARARAARR]

FromoR Attt a2t 2t 22 QOO OUINNNA AN SO OTA A WWNN

data/theory

il i i H I i» i bk e A N ;
1 1, | I, 1. | | 1 | 1 1. | I 1 | 1 i 0:8 1 | 1 | 1. 1. | | 1 1 | 1 | ] 1. l:rl'l
0 010203 04 0506 07 08 09 1 0 010203 04 0506 07 08 09 1
z

$t

t

un Q0
I
5 ol
—_
—
3
~

» FCC-ee (much broader z range) provides additional QCD coupling
extractions, allowing for dag < 1%

Method Current dos(m2)/cs(m2) uncertainty Future das(m2)/as(m2) uncertainty
theory & experiment state-of-the-art theory & experiment progress
( y y g
soft FFs 1.8%,,, @ 0.7%yp ~ 2% 0.7%, @ 0.7%pp = 1% (~2 yrs), <1% (FCC-ee)
(NNLO™ only (+NNLL), npQCD small) (NNLO+NNLL. More precise ete™ data: 90-350 GeV)
hard FFs 1%, @ 5%esnp = 5% 0.7%,p, ® 2%,y =~ 2% (+B-factories), <1% (FCC-ee)
(NLO only. LEP data only) (NNLO. More precise ete™ data)



https://arxiv.org/abs/1702.01329
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QCD uncertainties on EWK observables

> With x10° more Z's than LEP, EWK observables at FCC-ee
will be dominated by systematics (QCD)

Z
> ete~™ — bb forward-backward asymmetry at LEP . .
: : - OA wI"
> Experimental EWPOs with the largest AL, = Ne—Ng 4. - — _ng?p_
. g ie n -
discrepancy wrt the SM: 2.80 NF + Np Q"
> Total uncertainty: ~1.6% loptons 199195 _l'— 0100300038 = 0.0017
.y DELPHI ——l— 0.1025 £ 0.0051 £ 0.0024
» Statistical: 1.5% (~0.05% at FCC-ee)  wponsioorss | [
3 % + 0. + 0.003
> Systematics: 0.6% (QCD: 0.4% at ~ twom s> " DIV EOMDEOOS
C T OPAL — e — 0.0977 + 0.0038 + 0.0018
F C C -ee ) leptons 1990-2000 7
ALEPH O 0.1010 £ 0.0025 + 0.0012
inclusive 1991-95
> QCD effects on Ag'g: . DELPHI —— 0.0978 + 0.0030 + 0.0015
> Gluon splitting jet-ch 199455 - 00249:50:0101. 20006
. . . ] ~ OPAL - 0.0994 + 0.0034 + 0.0018
» Smearing of b-jet/thrust axis inclusive 1991-2000
» b- and c-quark radiation and s 4 | AR =0.0992+00016
fragmentation (B/D hadron decay : ... B AY=0.1037+0.0008

models) 0.08  0.09 0.1
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Summary & outlook

» The precision needed to fully exploit all future ee, pp, ep, eA, AA SM and BSM
programs requires precise control of pQCD and non-pQCD physics

< 035 . T e (2) N"LO+N"LL jet structure
= low Q2 cont. (N3LO) +o— . . .. .
os | ) e DS et ONLO) Ultimate g/g/Q discrimination
ete" jets/shapes (_N].\ILO"" es) Separation, hadron-level
- pp/pP (jets NLO) +—=— 2 T - r r
0.25 - EW precision fit N>LOy—e— ] Pll’zrt:vulag 8218 ——
. (1) Per-mille o._ via hadronic e
02 | s in Dadne 203
HE Dire 1.00 —
sk Mg, £W.tdecays, evt shapes... i —
0.1 | [ iy i os |
I o (Mz2) = 0.1179 = 0.0010 .
0-03 1 1' o 1;)0 1000 0 ' ' .
Q [GeV] 0 0.2 0.1)1‘6‘5 [LHA]Oﬁ 0.8 1
. : s conservation of :
(3) Reduced PS+hadroniz. (4) <<1% control of (5) High-precision """ "
: hadronization:
uncert. of EWPOs colour reconnection P
10¢ 5 TR —— 5-2.2 GeV [BES]
E’ . 0.104: precan bB, 52924 GaV ALEPH [jet-charge] l%p g?jlslorled Gaussian (limiting spectrum, m_ =140 MeV)EE [ s] HOW |oca|?
- 0102 - i) 8
0 -g—a—8—2—8—0 88— - g 75 strangeness
o.osai— et b 1 6 (@D S sEm» |
o.ose;— 5§
0.094F 4§ How local?
- 4 % y
0.092;— 2 %' | transverse momentum
0.09 _ 1 £
c e b A é = =
008 — 4§ 6 7 11 22 0 T q qa q P q
PYTHIAS (tune 1-7) | VINCIA |data ® kinematics € =In(1/x)

How local?
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CERN FCC-ee project

> ete™ operation before pp at /s =90, (125), 160, 240 and 350 GeV

.
o T

HZ

Working point 7, years i-2 | Z, I;Lter WW tt (s-channel H)
Vs (GeV) 88, 91, 94 157, 163 240 340-350 | 365 my
Lumi/IP (10°*cm ™ ?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 102 Z 10° WW - +200k HZ (6000)
25k WW — H | $50kWW — H
# of light-q jets/year: 0(10%?) 0(10") 0(10°) — 0(109)
# of gluon-jets/year: O(10) 0(106°) 0(10%) — 0(10°)
# of heavy-Q jets/yr: 0(10%?) 0(10%) 0(10d) 0(10°) 0(10%)
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Future et e~ colliders under discussion

1000 — — ,
RSEEERE DI FCC-ee —+—
— N CEPC -~
"o ! +,CIRCULAR ILC -roeiieen
' : \\ ILC_up. vorosedf]ssenns
5 100 ¢ FCCree CLIC -—m— -
S VX, CLIC-up =@~
(@) \‘_ i... \“
— CenC \ LINEAR
10 3 “‘ : __,-—'“'n, ------------- q"~‘
. FPTY S ‘ ’
’ ¢ no';“ bl 3¢ CLIC__ g :
o~ o° %uu::q ssspeteee '.’.".--" “‘¢ <
l' ~~~ ILC ¢" ,,,,, ".'“. .... 'ﬂ‘———‘ |
1 e e L A aal A
100 1000
E i [GEV]

» FCC-ee features luminosities a few time larger than other machines over 90 -
300 GeV

» Negligible statistical uncertainty for Z, W, jets, ..., T data sefts
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)
QCD coupling a;

» Determines strength of the strong interaction between quarks and gluons

> Determined at Q = m,, decreases as ag ~ In(Q%/A?) with A ~ 0.2 GeV

v - B E— r— ] 0.5 i &_\0_35 T Ty ——rrTrrTy
! | .: > - T decay (N;LO) e ]
A\ - Uncert.~6% 1 |\ Uncert.~2.5% | | Sk i by
H A = 200 MeV 1t 03 F-4A DIS jets (NLO) = ]
| 04|\, 1 T Heavy Quarkonia (NLO) > 4
ete jets/shapes (NNLO+res) F*— ]
s pp/pp (jets NLO) +=— 4
0.25 I EW precision fit (N>LOy—— 7]
03} pp (top, NNLO) v 4
02 F
02}
0.15
0.1 | . L
0.1 | :
1989 | 12000 2019
‘1 A A I S .‘ ~ -~ "‘ = “n. ¥ R S T R L S o G T 0.05 [ N PP |
Q [GeV] 1 10 Q[GeV] 100 1 10 100 1000

Q [GeV]
ag(M;)=0.110*3.9% (NLO) » ag(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 inferaction couplings!

» 0a~ 100K G« 107« 6G ~10° K dag ~ 103
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Importance of the QCD coupling a

» Impacts all QCD cross sections and decays!
Msbar mass error budget (from threshold scan)
Process O (pb) 0ay %) PDF +oy(%) Scale(%)  [(6MEP70%)=P | (GMEP10")tHeo (5, (i) om0 57, (732) )

ggH 49.87 +3.7 6.2 +7.4  -2.61 +0.32  40MeV 50 MeVv 7-23MeV
ttH 0.611 + 3.0 + 8.9 93 +509 = improvement in as crucial b, (M) = 0001
Channel My[Gev] dag(%)  Amy Am, Quantity FCC-ee future param.unc. Main source
H-sc 126 +71 +01% +23% Fz [Mev] 0.1 0.1 Sas
Ry [1079] 6 <1 S

H—gg 126 +41 $£01% +0%

Ry [1073] 1 1.3 Sas

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

» Impacts physics approaching Plank scale: EW vacuum stability, GUT, eftc.

0.06 —

m, = 124 GeV 1
m, = 173.2 GeV 1 60
as(Mz) = 0.1184

0.04 |-

50

0.02 -

i \\“'\

AN N ] 40
N

171 4 GeN_

| 1 1 | | | | |

30

Higgs quartic coupling A(x)
S o
8 8

20

o T i o

—0.04 o 10| —=2 (New coloured |
oot s —eerererrrrrIIIIITITII] ol sectors?), y
6 8 10 12 14 16 18 0 . L L

102 104 10 10 10 10 10 10 10 102 1 02 1 06 1 010 1 014

RGE scale g in GeV Q [GeV]
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as from photon QCD structure function
o 1{ 4 as(Q?)

— cro +¢ +
47 26y Lag(Q?) ©0 T TNEO

1
> Computed at NNLO: / deFy (z, Q% P?) = cNNLO t O(ai)}
0

The Pointlike Photon Structure Function at Large Q1

> Poor E7 (x, Q%) experimental measurements  gufomgmay [argmoy [ omiommecy
= W, Eoonawee o F
[ r N

» NLO extraction with large
experimental uncertainties

it T

JADE Q"—lOO GeV 1.3 Q’=120 GeV?

o_(m)=0.1198 + 0.0054
(+4.5%)
hep-ph/0205069

T i 1 -
‘-g r OPAL Q2=l35 d;ev‘L [~ ALEPH Q —284 Gp

[y | I — PRl Y MR S PR i
(1) 0.5 i) 05 1 0.5
S 2 oPAL®1<x<06 & ' 0.8
. .>,—\~ L £ A <x <0.6 i
> FUTUI’G prOSpeCTS 225 | A ALEPH (0.1 <x < 0.5/6/7) + AMY (0.3 < x < 0.8) -

. . 2 . [ Y L3 (0.1<x<0.5/6) ¥ TOPAZ (0.3 <x <0.8)

» Fit with NNLO E evolution 2T } PLUTO 0.3 <x <08)
175 % JADE (0.1 < x < 1.0)

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

> Beﬂ-er dOTO 1.5 _—"" GRVLO (0.3<x<0.8) B LC2(0.3<x<0.8) ——

[— GRVLO (0.1 <x <0.6)

» Dedicated simulation studies (already 15[ sasiD @ <x <06

| HO(0.1<x<0.6) . | T, 7 - s

exist at ILC) - anor <o ] L
> Huge yy stafistics at FCC-ee will lead to os |

LC: 6 >25 mrad

.25 E > 50 GeV

5“5/“5 < ]% 02;[ Li:=207h" l
0 peal 3 M | n
1 10 10 10 10

2009/04/28 02 1GeV?]


https://arxiv.org/abs/hep-ph/0205069
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as from jet fragmentation

» Soft parton-to-hadron FFS: » Hard parton-to-hadron FFS (NLO):
1505.02624 — NNLO*™+NNLL a (m,) = 0.1176 * 0.0055 (+4.7%)

—

- N W Pr OO N OO O

Distorted Gaussian (limiting spectrum, m_ =140 MeV)—— 15

eV [BES o [ =
054@{\/[35 1 0 E ”'rn -« ALEPH
X e aBar] F \ - S - OPAL
4'GeV [TASSO] LI T

Hased) 10 - T . DELPHI
—%— Vs 35 GeV [TASSO] - Tyg T - DELPHI (uds)
—4— Vs- 43 GeV [TASSO] 10 L g — - DELPHI (b)

1/0 do/dg

—— ys=29 GeV [TPC] N
—y— Y¥s= 58 GeV [TOPAZ] - i
— . — Vs=91.2 GeV [OPAL] 10°
—i— ¥s=91.2 GeV [L3] \
— . — ¥s=91.2 GeV [OPAL] 5 1N
—m— Vs=91.2 GeV [ALEPH] 10* L : -
— . — ys=91.2 GeV [OPAL] . I
—— ys= 133 GeV [DELPHI] \ ~

—.— Y¥s= 133 GeV [OPAL] 10 L °
—m— ys= 133 GeV [ALEPH]

—m— ys= 133 GeV [ALEPH]
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Figure 3: Energy evolution of the charged-hadron multiplicity (left) and of the FF peak position (right)
measured in e*e~ and DIS data fitted to the NNLO*+NNLL predictions. The obtained J#g normaliza-

(fU | | N N LO correc h ons Missin g ) tion constant, individual NNLO* o(m, ) values, and the goodness-of-fit per degree-of-freedom 2% /ndf.
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Jet substruciure

__ § : B
» Need for state-of art jet substructure studies Xfé — Zf 92' )
based on angularities icjet

(normalized E"X 6" products)

» Variables of jet constituents: _
multiplicity, LHA, width/broadening, (larger energy weight)
mass/thrust, C-parameter, ... f

> D7

» k=1:IRC-safe computable (N"LO +
NnLL) via SCET (but uncertainties LHA width mass
from non-pQCD effects) 1

o (larger
0_,11111lt,1p11(:1t?’ — 3 angular
0 1 9 weight)

[Larkoski,Salam, Thaler,13]
[Larkoski, Thaler,Waalewijn,14]
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Showering differences in MC generators

» Les Houches Angularity (LHA) is angularity with k=1 and g = 0.5

» Noft directly measured at LEP

» MC parton showers differ on gluon (less on quark) radiation patterns

p Quark, hadron-level 6 Gluon, hadron-level ) Separation, hadron-level
T LI L T ¥ 1 T LI L— T y T T T I
Pythia 8215 == Pythia 8215 = Pythia 8215 ———
HEI’Wig 27] m——— G | uon rad . & frag . Hf]rWIg 27] m——— i [G Soyez et al .Eerwig 27 m——
5F Sherpa22.1 ----- B 5F Sherpa221 ----- . if; herpa 22,1 =====
Vin?i)a 2001 — == poorly known Vin?iJa 2001 — == Vinzlpa 2001 ===
Deductor 1.02 === Deductor 1.0.2 ===~ 15F Deductor 1.02 === |
4+ Ariadne 508 e | 4t Ariadne 508 ' | Ariadne 5.0 e
Dire 1.0.0 === Dire 1.0.0 e Dire 1.0.0 wwweeeer
= Analytic NLL e > Analytic NLL s g'g Analytic NLL =
£ 3 ommcey 1S, 3 QG | = 1 Q=200 GeV
o R=06 | & R=06 3 R=0.6
2
05
1
0 0 — — - - S
1 0 0.2 04 0.6 0.8 1

u-quark vs gluon

discrimination
power
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Ulira-precise W,Z and top physics at FCC-ee

Vs=91 GeV, 102 Z's Vs=161 GeV, 10 W's Vs=350 GeV, 10° tops
- o, 30 ! v -—1 4 T
< v - LEP I B [ tithroshokd - 15 mass 174 GV ; :
- -l ) - c12 F _TOPPKNMLO  —CUC 380 LSw1SR 2
o 30 ALEPH N § § [ —ILC3%0LSHSA —FCCesBOLS+SA |
- DELPHI S . g 1L k
: L3 /v | 20 1.8 r -
' OPAL " | vt B08BF
20 - ’ \ S o L o :
[+ erwap e } } 06
by facter 10 { " 10 ' C
| 4 . 04
- :- / ¢ ) ) B YESWW Ra0onWW :
[ / 4 ':f:w;: ::?:p@:nmm. 4 02 = based on CLICALC Top Study 4
E oige® > A o - EPJ C73, 2580 (2013 1
o L—A‘ 1 Sand ™ | - l’ A L 0 T - T o < - — - - - —— - - — - -
8 88 % é IG:\"I 160 180 200 345 350 {3§5
e Lineshape — Vs (GeV) s [GeV]
» Exquisite E____ (unique!)
be SRR e Threshold scan + 4D fit
» my I';to 10 keV (star) = m, to1o MeV(stat)

= m, to 500 keV
e Asymmetries 100keV (syst) e 4Q/°Mev (th.)

e Branchingratios R, R, - )\oo

. -6
= sin"0, togxio +« EWK couplings to 1-10%

» oa.(m,)too.0002
e Radiative returns e'e —yZ (Z—vv, u'u’)
= N_too.001

e Branchingratios, R, R,
» 0. (m;)to 0.0002
e Predictm

tops My IN SM

» Mostly thanks to the incredibly huge statistics available!
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Reduced QCD uncertainties on Ag;

» QCD uncertainties recomputed from Pythia8.226 and VINCIA2.2

> ete™ = bb A asymmetry for lepton-based analyses:

a 0104

o 0.104

a Lav4

™ [ e'e™ bb, (s=92.4 GeV ALEPH [lepton-charge] ™ [ ' bb, (5=92.4 GeV DELPHI [lepton-charge] 2‘ ° ) S bb, (5=92.4 GeV L3 [lepton-charge] 8 [ e'e~ bb, (s=92.4 GeV OPAL [lepton-charge]
o w — oLw ~ C r
< 0.102: < 0-102: °<"-04102: °<"‘- 0.102:
0.1F 0.1 01 01
0.098F 0.098F ] 0098:— .o [ ] vogaz— n f
: : ISR L R F . ., C i g " . e "
0.0961~ 0.0961~ . @ 0.096]- . 0.096]-
0.004F L I B 0004F- " oosaE * oooab ®
F ] F F £
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0.09F 0.09 0.09F 0.09F
C 1 1 1 1 1 Il | 1 L 1 C 1 1 L 1 1 1 1 | | 1 F E
008 ——% 3 4 5 6 7 1122 08— %3 4 5 6 7 1122 08— 35—t & 7 172z 08— 54t & 7 17 2z
PYTHIAS (tune 1-7) | VINCIA |data PYTHIAS (tune 1-7)  |VINCIA |data PYTHIAS (tune 1-7) | VINCIA |data PYTHIAS (tune 1-7) | VINCIA |data
> ete™ - bb Arg asymmetry for jet-charged-based analyses:
e'e g ASY ry J g yses.
0.104 _ 0.104 _ 04— 0104———
2‘ @ [ e'e~ bb, {5=92.4 GeV ALEPH [jet-charge] z“m [ e'e~ bb, {5=92.4 GeV DELPHI [jet-charge] F e'e™> bb, 15=92.4 GeV L3 [jet-charge] E‘m F e'e™ bb, 15=92.4 GeV OPAL [jet-charge]
50102 = 50102 - 02F & 0102E
e o T T B B B B Y] PPN N N — —— offF-g—8—8—3—8—80 g8 g L T IR
0098 0098 )98'E 0.098 ’
0.096F 0.096F : i 196 0.096-
0.004F 0.004F 194 0094
ooee ... BLUE: total syst o ot [DAE & Yan,
« RED: QCD syst . wef. 2011.00530 [hep-ph |
C | | | | | I | | | | C 1 1 | 1 | 1 | | | | | | | | | | | | | & F | | | | | | | | | |
08— 2 3 4 5 6 7 1122 08— 2 3 4 5 6 7 1122 B2 3 4 5 6 7 1122 08— 2 5 4 5 6 7 1122
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» Much smaller uncertainties exhibited by jet-charged-based analyses

» Improved PS & non-pQCD tunes w. ete™ data needed to reduce syst. uncert.



