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Particle physics at the end of 2024

» Apart from the Higgs discovery, all fundamental questions that mofivated the

LHC sftill remain open!

» DM, matter-antimatter asymmetry, EW-Planck hierarchy, strong CP problem, v

Mmasses, ...

» World priority is a high-precision Higgs factory to precisely probe the crucial

scalar sector of the SM

» FCC-ee Feasibility Study:
» Model-independent Higgs couplings
down 10 0.1%
> Indirect BSMup to A= 7 (70) TeV (+ EW
observables)

> Higgas Yukawa couplings 1o lightest
fermions (u, d, s, €, ve, DM?)

» Flavour-violating H » gg' decays?

» Followed by energy-frontier hadron
collider (FCC-hh): Higgs self-couplings +
direct BSM searches up to A = 100 TeV

DdE, 09/24
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High-priority future
initiatives

A An electron-positron Higgs factory is the highest-priority next collider. For the
longer term, the European particle physics community has the ambition to operate a
proton-proton collider at the highest achievable energy. Accomplishing these compelling
goals will require innovation and cutting-edge technology:

+ the particle physics community should ramp up its R&D effort focused
on advanced accelerator technologies, in particular that for high-field
superconducting magnets, including high-temperature superconductors;

+ Europe, together with its international partners, should investigate the technical
and financial feasibility of a future hadron collider at CERN with a centre-of-mass
energy of at least 100 TeV and with an electron-positron Higgs and electroweak
factory as a possible first stage. Such a feasibility study of the colliders and
related infrastructure should be established as a global endeavour and be
completed on the timescale of the next Strategy update.
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Impressive FCC-ee luminosities

Optimal energy range for SM particles DdE, 09/24
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Precise and continuous Vs, Vs spread, boost determination

Both with resonant depolarisation (RDP) and with collision events in up to four detectors

Essential for precision measurements
6-10* Z bosons

5-10° W bosons | Heaviest SM particles (plus their u,d,s,c,b,g decay jets
2-10° Higgs bosons | for QCD studies) probed in pristine conditions...

4-10° top quarks
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CERN FCC-ee project

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

Working point Z, years 1-2 | Z, later WW HZ tt (s-channel H)

V5 (GeV) 88, 91, 94 157, 163 240 340-350 | 365 My
Lumi/TP (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 10" Z 10° WW + +200k HZ (6000)
25k WW — H | +50kWW — H

> State-of-the-art detectors + exquisite control of the beam energy - tiny
systematic uncertainties (10-3)
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QCD, a key ingredient at future e*e" colliders

Though QCD is not per-se the driving force for the FCC-ee, it is crucial for a

huge range of studies

/0-80% of H, Z and W boson decays have fully hadronic final state!

Precise a, determination needed to accurately and precisely predict all SM
cross-sections and decay rates

Higher-order (N"LO, N"LL) calculations crucial to gain precise control over
hadronic final states and jet dynamics

Heavy/light quark and gluon separation (flavour tagging, substructure, etc.) is
key for multiple SM measurements (Higgs Yukawas, efc.) and BSM searches
l.e. X - jjdecays, ...

Non-perturbative QCD (hadronisation, colour reconnection, ...) impacts all
the studies with hadronic final states: e*te- - WW, tt (- jets), my, Miqp, €1C.

DdE, 09/24
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QCD at the core of the Higgs et*e- program

» 80% of of the Higgs decays are fully hadronic! Light Yukawas, FCNC Higgs, ...

B=57.7% B=11% B=8.6% B=2.9%
q
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H H 7 H H
- - - - - - - = i -
q
W.Z
b 7' g c
Only hadronic decay 5l
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Precision QCD in et*e" collisions

» e*e collisions provide an exitremely 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
\/S ~ 91 GeV 7 N 104 u!d!S . . .
o 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
€ % e’
L q 2. r e_+>_/
€ Y
7 éﬁg P, ®, <I>\ / ! —— q
_ . : Y
Vs ~240 GeV P o ) " e O
- A gl0°g =" N o el
_ 10° c's s

\ ) -
¢ ‘Sﬁig 10° b's (soft, VDM) (direct)
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Very rich QCD physics at FCC- ee

DdE, 09/24
: : . Hadronic
2 - -
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Fixed-order-PS Mixed QCD-EW
— e = ) = L e ti
g?&?,bb matching ngher order N"LO antenna corrections
splitting i P pQCD NNLO functions
und Plane B
Jet substructure corrections, Top mass extraction
g-g separation via e'e—tt
Jet tagging a_€o )pllng
Heavy-Q rad. Colour
dead-cone reconnection
Jet reco/flavour Higher-order non- Parton
algorithms pQCD NNLL perturbative hadronization
Non-Global resummations QCD |
Final-state
Logs .
correlations
Event shapes
Beyond PS MC
Leading Color : tunin
8 . N"LL Parton Shower | Fragmentation - &
Spin Monte Carlos Functions QQ transition Lattice QCD

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

> Single free parameter of QCD in the my = 0 limif
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» ag (M) =0.1184+0.0031 (NNLO) »
S.B., J. Phys. G 26, 2000

> Least precisely known of all interaction couplings!
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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

2024

RaR g R I
T decay (N3LO) += ]
low Q2 cont. (N3LO) sy
DIS jets (NLO) ++— ]
Heavy Quarkonia (NLO) =
e*e” jets/shapes (NNLO+res) H*— ]
pp/pp (jets NLO) —=—
EW precision fit (N>LOy—e— 7]
pp (top, NNLO) v 4

M, Uncert.~0.8% |

1

10 100 1000
Q [GeV]

05(M,) =0.1180 £ 0.0011 (NNLO)
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a, impact well beyond QCD ... ...

» Parametric uncertainties in multiple precision SM observable calculations:

T, sFamesron-moirdoey "4
Process O (pb) day (%) PDF +o,(%) Scale(%) ?1'4 C —g‘obarh;l:resho;:rif;v-moee 350 LS only 1
geH  49.87 +3.7 62 +7.4 261 +0.32 3 25 eter TFOC 60 350 LS+ISR
ttH 0611 +£30 +89 93 +59 2 ' _ttbar" E
g 0.8 :_ Ep yl -
Partial width intr. QCD | para. mqy para. as 0.6 =
- H —bb ~ 0.2% 1.4% 0.4% 0.4 Am. ~+30 MeV
H — cé ~ 0.2% 4.0% 0.4% 02f a1 oo
. H _) gg ~ 3% < 0.2% 3.7% 0 - . I ‘ ‘ balsedon.EPJ CI73. 2?30(2(']13) I 1
340 345 350
Vs [GeV]

» Impacts physics approaching Plank scale: EW vacuum stability, GUT, efc.
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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 e*e” event shapes and jei rcﬂes |

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 (j&s) x .
: o) j& C 1
or analytically s | T
Dissertori (3j) |_'a=__| + o=
o (m)=0.1171 £ 0.027 (+2.6%) JADE (3)) : 1o ejeti
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(M32)

What nexte
» FCC-ee: 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)

> ag extracted at N3LO from:

» Combined fit of 3
L pseudo-observables

> Full SM fit (with a, free parameter)

» At FCC-ee:

» Huge 7 pole statistics (x10° LEP)

» Exquisite systematic precision (stat.
uncertainties much smaller)

ARy = 1073, Rz = 20.7500 +0.0010
ATP' =0.1 MeV, T¥t = 24952 4+ 0.1 MeV
Acbad = 4.0 pb, op* = 41494+4pb

e The W and Z hadronic widths :

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

i=1

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

Thad 4 i
Rual@) = it o] = vR (1 + 30 (2L2) 1 0108+ s+ ,snp)

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

had _ 127 THTP9

% T mg WEP 2005.04545

Amz = 0.1 MeV, mgz = 91.18760+ 0.00001 GeV

Aa = 3-10-5, Al (mz) = 0.0275300 + 0.0000009 2

» Theory uncertainties reduced by a@

factor of 4 computing missing a2, a3,

aa? and a?a, terms

» 20 fimes better precision than
today:

S

4.5
< F
f—— s — — — — — — 20
C = 7 data, FCC-ee (91 GeV)
3-5:_ == 7 data, LEP (this work)
» 3 [ World average [PDG 2019]

—
(9]
[TTT

0.5

[l
"
OIIIIIIIII|IIIII Illllllllllllllllll

0.116 0.118 0.12  0.122 0.124
og(m,)

°% ~ £0.2% (tof), £0.1% (exp) @ (m,) = 0.12030 % 0.00014 (£0.1%)
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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) = %@ E\V (1 + Z z(Q) (aS(Q)) aF O(ag) + 6mix + 6np>
> At FCC-ee: twz(Q)
> Huge W pole stafistics (x104 LEP-2) % 4-5§_ 2005.04545
» Exquisite systematic precision (stat. M 0 [ %
uncertainties much smaller) 3.5¢
et — 2088.0 + 1.2 MeV 3 === P T\, FOG-ee (160 GeV)
RW — 2.08000 + 0.00008 2_52— World average [PDG 2019]
oF
mw = 80.38004+0.0005 GeV =
1.5
|[Ves| = 0.97359+0.00010 < O(10%2) D mesons F L S .
» Theory uncertainties reduced by @ 0.5E- :
factor of 10 computing missing a2, a?, S T
CZS (1(152 and CZZCZS terms 0916 0.117 0.118 0.119 0.12 0.121 (0.1)22
) OLS mZ

» 150 times better precision than
today!

o, (m.) = 0.11790  0.00023 (+0.2%)
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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
CH M F — — Hadronic -
[ 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
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T i 1 -
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> Fit with NNLO Fyz evolution *r $ PLUTO (0.3 <x < 0.8)

175 % JADE (0.1 < x < 1.0)
|-+ SaS1D (0.1 <x < 0.6)
exist at | LC) L= ASYM (0.1 <x <0.6) R
1 ppE s L

> Beftter data s - GrvioGseen [|Mieswscsces] |
» Huge yy statistics at FCC-ee will lead to os |

> Dedicated simulation studies (already o SaSID @1 <2 <06

LC: 6 >25 mrad

sag/ag < 1% R £>50CeY, |
0 1 10 10 “ll(ls — I““lI04

2009/04/28 02 1GeV?]
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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
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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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High-precision parton FFs at FCC-ee

» Parton-to-hadron fragmentation functions evolution known at NNLO at high-z
and af 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
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» 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)
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Opportunities with future lepton colliders

120 mm s dEEE uEEE Omem dmm 3
0.9r 0.82 0.82 0.82 082 K+
0.6 0.57 [ [] [] L]
. 0.33
oo II ] ] II
o
—0.0+
S)
0.3 0.18 0.18 0.18 0.18
0.43
0.6
0.67
0.9 7qc7,91GeV qqg, 160GeV qq, 240GeV qq, 360GeV qqg, 500GeV o
121 cos>0 cosf>0 cosf>0 cos8>0 cos>0 W7aqq,160Gev
I FFs—sensitive processesl I LO cross section for various light quarks and antiquarks productionl

» Producing qgq samples at various energies with kinematic cuts is crucial for light
quark flavour and charge separation

» Heavy quark enriched samples and gluon samples from Higgs boson hadronic
decays

» Further quark flavour and charge separation from W boson production with
hadronic decays


https://agenda.linearcollider.org/event/10134/contributions/54511/attachments/39660/62623/ILC2024_JG.pdf
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Parton FFs at future lepton colliders

» High luminosity and high energies of future lepton colliders open new
opportunities for precision determination of FFs

Proposed hadron multiplicity

Proposed hadron meosuremen’r.s from decays of
multiplicity measurements | 2407.10057 W and Higgs bosons
from annihilation to quarks W boson decay chammels
5 (Ge # events (million) nal state inematic cuts | hadrons
ete™ annihilation Ve lGey) CEPC | FCC-ee | ILC final stat ‘ ' | had A
luminosity (ab™1) ) ) 116 68 62 | W W™ = Wqq } —
V5 (GeV) CEPC FCé—ee Lc final state kinematic cuts | hadrons | Ny 80.419 53 34 31 | W= o Wcs h 120
012 60 150 qq cos(f) > 0 Bt 132 Higgs boson decay channels
. CE/E)E - ]117 65 Vs (GeV) CEtzven}:Zgil:ehO?iC final state kinematic cuts | hadrons | Ny
160 42 ! /qbg =0 hh; 18638 023 | 009 |0.07 99
o cos(8) > 0 W | 168 125 0.08 | 0.03 |0.02 ce - h* 77
161 - 10 /b - a3 153 | 059 | 047 bb
240 13 5 f]/(jb I_) cos(8) >0 h];‘ 19826 . . .
. —o=0 T Tw » Joint determination of FFs to charged
250 - - 2 _ .
co /b - L pion, kaon and proton at NLO
350 i 0.9 0.2 qtji cos(6) >0 ht= 198
ce/bb - ht | 98
wo | ooes | . |- ai ws@)>0 | 1= ] 3> Strong selection criteria on kinematics
cc/bb - h* 98 o e . .
. - @50 | w08 to ensure validity of leading-twist
365 - : — - . . .
/% e o factorisation and perturbative
qq cos(9) > AR .
W] s : e calculations (z> 0.01, E, > 4 GeV)
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Projection for constrainis on FFS

» Pseudo-data on the proposed measurements are constructed using NPC23
FFs as truth theory & 07/

» Fits to FFs at NLO in QCD carried out with data solely from future e*e- colliders

ks CEPCDJ' mm CEPCO[ [mm CEPCD]’ 1 » Assuming same (un-)correlated

3 systematic uncertainties as SLD
| measurements

EOS T T > Statistical errors calculated based

I ity el R bty Mt on prescribed luminosities

Sz > Fits using NPC23 fitting framework
0.0F

Rt

510 » Theoretical uncertainties from NLO

e CEPCDS e CEPCDF | mmm CEPCD! mem CEPCDP | mom CEPCDP o CEPCDE | scale variations included

V72 NPC23 D271 NPC23 Dff [ vz NPC23 D 74 NPC23 Df 1 771 NPC23 DZ 7771 NPC23 Df

2407.10059 |

Best-fit agrees well with the truth FFs

Uncertainties greatly reduced
taking CEPC as an example

X X X


https://arxiv.org/abs/2407.04422
https://arxiv.org/abs/2407.04422
https://arxiv.org/abs/2407.10059
https://agenda.linearcollider.org/event/10134/contributions/54511/attachments/39660/62623/ILC2024_JG.pdf
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Projection for constrainis on FFS

» Pseudo-data on the proposed measurements are constructed using NPC23

FFs as truth theory & 07/

» Fits to FFs at NLO in QCD carried out with data solely from future e*e- colliders

08— wow - wow X ww e | wew > Assuming same (un-)correlated
wio W and == wioW and L\ Wand He-— wjo Wanh|— wioW and -~ wio Wand H systematic uncertainties as SLD

n* FFs at Q=5 GeVH\

measurements

Relative errors

> Statistical errors calculated based

0.0 : : : : it ‘ :
—— full set DX* —-- full set DK* [——"full set DX\ --- full set DX'[[[— full set D" --- full set D" H . oL
L0 wow ot T wow N wow I wot o on prescribed luminosities
— wjoH -=- w/oH \--- — w/oH --- w/oH
0.8 w/oW and H--- w/o W and H+ +—— w/o W and H--- w/o W and H4

K* FFs

» Fits using NPC23 fitting framework

Relative errors
o o
H o))

\
N
S
~

PN __ » W boson data essential for quark

0.0 = — ; o SRS~ o
\— full set Df --- full set Df }—— full setDf --- fullsetDf [—— full setD? --- full set Df ﬂqvour Se pq ra‘hon
1.25¢ w/o W w/o W T w/o W w/o W T+ w/o W w/o W 1
w/o H --- w/oH ¥‘— w/o H -—-— w/oH — w/oH --- w/oH

f—— w/o W and H--- w/o W and H-

=

o

S
‘

w/o W and H--- w/o W and H{*— w/o W and H--- w/o W anpd H
\ I

\
pFFs 1\

» Similarly Higgs boson data for

2407.10059 | constarining gluon FFs

Relative errors
o o
w ~
o ul
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Projection for consiraints on FFS

» Pseudo-data on the proposed measurements are constructed using NPC23

FFs as truth theory & 07/

» Fits to FFs at NLO in QCD carried out with data solely from future e*e- colliders

02sf CEP(; D§+‘——— EI; prtT— CEP‘C D[}*‘——— CEI;C prt T — CEP(‘Z Dg*‘——— EI; DF* 1 .
o B rcew rcce | fecw o rcoes | rece Ecccie > Assuming same (un-)correlated
St systematic uncertainties as SLD
z measurements
g
0.05f N
vodl | N ————" 1 » Stafistical errors calculated based
T el TR TR e T s on prescribed luminosities
g08 — ILC -=-=- |ILC —‘\LC --= ILC +—— ILC --- ILC 1
e > Fits using NPC23 fitting framework
o 0.4
g
0.2 1 ° °
N e N S N I II:C,. FCC-ee and CEPC; give quite
Lo\ CEPC DY --- CEPC DP ] — CEPC D} --- CEPC Df 1 —— cEpCDE --- CEPC Df ] S|m|lqr resu"‘s excep‘l‘ N reg|ons
: FCC-ee FCC-ee FCC-ee FCC-ee FCC-ee FCC-ee . . . .
Sog "¢ e L limited by staftistics
306 p FFs IR ]
= 2407.10059
&JO.Z
Ofo1
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Summary & outlook

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

> Unique QCD precision studies accessible at FCC-ee:

< ° Y e (2) Ultimate g/q/Q discrimination
=3 low Q? cont. (N3LO) e
03 F DIS jets (NLO) =i FCC-ee Simulation (IDEA)
Heavy Quarkonia (NLO) > > 1 I
ete jets/shapes (NNLO-+res) = E e’ >ZH,H—jj :
pPp/pp (jets NLO) +—=— N ! ! ' Z0THED | ! g tagging
0.25 |- EW precision fit (N>LOy—e— 351 R H— gg i j=udscbg
. . . 3 + + Herwig?7 —— -
os b (1) Per-mille a_via hadronic ;- . — :
i S % 2 b +++4+H¢¢*+"++++ a 4
Z W d h § sk + + -0-4,1'“# *H*w i B
ok ,W,t decays, evt shapes... “ " . w1 | AT f
e e o5 *T ‘”".‘ . 7 —gvsud 5
s "_“ EE N - i , b / / —gvss
0.1 | g S 0 02 04 \ 06 08 // 6 \ —gvsc ]
| o 12 G{, 1
[ = a,(Mz?)=0.1179 +0.0010 P Sl / & " —gvsb
0.05 : . : 0% 02 04 06 08 1
1 10 100 1000 jet tagging efficiency

Q [GeV]

(3) Improved N"LO+N"LL (4) <<1% control of (5) High-precision conservation of :

. . = : . baryon number
parton showers tuning colour reconnection , hadronization: -
U—E{. Enlstoned Gaussian (limiting spectrum, m_ =140 MeV)— — E q - qq qq - q
> Separation, hadron-level g 9; =
' ' Pythia 5215 o 8 How local?
Herwig 271 —=—= = 7;*
i Vi Toot (= strangeness
L5 ;"!}" Deductor 1.02 5i
2 A e 10 c (EE»s sem»|
,2‘2 !! . 3 Analytic NLL = 4?
3 200Gev 3=
3 1 Q_ZOORZJZ o How local?
05 |- | ) transverse momentum
0
8 9 10 _ _
@ £ = In(1/x) q&q QPQ
—_ 1
K TR ~0 (3z) (6) Ultra-rare QCD B

® kinematics bou nd States’ .
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Current anf future a, precision

» Well-defined exp./th. path towards a,(m;) per-mill precision in coming years

Relative as(m32) uncertainty
Near (long-term) future

Method Current
theory & exp. uncertainties sources theory & experimental progress
0.7% ~ 0.3% (0.1%)
Reduced latt. spacing. Add more observables
Add N*“LO, active charm (QED effects)

Finite lattice spacing & stats.

NZ3LO pQCD truncation
Higher renorm. scale via step-scaling to more observ.

< 1.%
Add NLO terms. Solve CIPT-FOPT diffs.

(1) Lattice

1.6%
N3LO CIPT vs. FOPT diffs.
Limited 7 spectral data
3.3%

N?3LO pQCD truncation
Mc,p uncertainties
1.7%

Nz®)LO PDF (SF) fits
Span of PDF-based results
2.6%
NNLO+N®23)L], truncation

(2) 7 decays
Improved 7 spectral functions at Belle IT
~ 1.5%
Add N*“LO & more (c¢), (bb) bound states
Combined m. + ag fits
~ 1% (0.2%)

N3LO fits. Add new SF fits: F'¢, g; (EIC)
Better corr. matrices. More PDF data (LHeC/FCC-eh)
~ 1.5% (< 1%)

Add NZ3LO+N3LL, power corrections
Improved NP corrs. via: NNLL PS, grooming
New improved data at B factories (FCC-ee)

(= 0.1%)
uncerts. (mw,z, o, CKM)

(3) QQ bound states

(4) DIS & PDF fits

(5) ete™ jets & evt shapes
Different NP analytical & PS corrs.

Limited datasets w/ old detectors

(6) Electroweak fits ge
N3LO truncation N“LO, reduced param.
Small LEP+SLD datasets Add W boson. Tera-Z, Oku-W datasets (FCC-ee)
2.4% ~ 1.5%
N3*LO-+NNLL (for color-singlets), improved PDFs
Add more datasets: Z pr, p-p jets, o;/o; ratios,...

NNLO(+NNLL) truncation, PDF uncerts.
Limited data sets (¢, W, Z, e-p jets)
0.8%

(7) Hadron colliders
~ 0.4% (0.1%)

World average
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as from hadronic W/Z decays

» W and Z observables theoretically known at N3LO accuracy:

e The W and Z hadronic widths : 2 3
Theory unc. (a“, a

4 i
o Born aS(Q °
TWz(@Q) =Twz (1 +D_ (@ ( = )) +O(03) + Sy + Omix + &m) included for Z):
i=1
f +0.015-0.03% (Z)
¢ The ratio of W, Z hadronic-to-leptonic widths :
P | +0.015-0.04% (W)
wz(@) ‘
Rwz(Q) = lep ©) =R (1 Z i@ (22 + 0(e3) + b + 6
) Param. unc. (my 7, a
e In the Z boson case, the hadronic cross section at the resonance peak in ete™: VCS,Ud):
ad 127 Pezplzlad +0.01 -003% (Z)
g = .
2 mg (TFY)? +1.1-1.7% (W)
» Measured at LEP with £0.1-0.3% (Z), £0.9-2% (W) exp. unc.
theory experiment Recent update of
_ previous new (this work) change previous (6] new [20, 21] change LEP lumin OSity
7 (MeV) | 2494.2 + 0.8y, 2495.2 £ 0.6par + 0.4¢n +0.04% | 2495.2 +£2.3 2495.5+ 2.3 7‘%/ bias(*) Change the Z
Rz 20.733 £ 0.007cn  20.750 £ 0.006par £ 0.006¢n  +0.08% | 20.767 £ 0.025  20.7666 £ 0.0247“-0.040% values by few permil
s g 41490 + 64 41494 £ 5p4 £ Geny +0.01% 41540 £ 37 41480.2+32.5 —0.144%

W boson GFITTER 2.2 (NNLO) this work (N®LO) experiment

observables (exp. CKM) (CKM unit.) ] 908'01 704

rhad (MeV) - 1440.3 + 23.9,a & 0.2¢ 1410.2 % 0.8par £ 0.2, 1405 + 29

et (MeV) 2091.8 + 1.0par 2117.9 + 23.9par + 0.7¢n 2087.9 + 1.0par % 0.7 2085 =+ 42 1912.02067

Rw - 2.1256 £ 0.0353p,; £ 0.0008¢p, 2.0812 & 0.0007pa + 0.0008,, 2.069 & 0.019



https://arxiv.org/abs/1908.01704
https://arxiv.org/abs/1912.02067
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as from hadronic Z decays (foday)

» ag extracted at N3LO from:

» Combined fit of 3 Z pseudo
observables

» Full SM fit (with ag free parameter)

Francesco Giuli - francesco.giuli@cern.ch

Z boson as(mz) uncertainties
observable extraction exp. param. theor.
It 0.1192 +£0.0047  £0.0046  +0.0005  £0.0008
Rz 0.1207 4+ 0.0041 +0.0041  +0.0001  £0.0009
agad 0.1206 +0.0068  £0.0067  +0.0004  £0.0012
All combined 0.1203 £0.0029  £0.0029  +0.0002  £0.0008
Global SM fit 0.1202 +£0.0028  £0.0028  +0.0002  £0.0008

=< 45 — mmm= Combined Z pseudo-ob
< - Dashed/Full curves: 2018/20 - G‘I’m mec £ PRGlico-ons.
4 R S i obal SMfit | 25
C E mnnnn Combined Z pseudo-obs. [2018]
3.5 ry - Global SM fit [2018]
- —R ] World average [PDG 2019]
3 z A
- o -
2-55_ ---- T [2018] -
2 - R;[2018] :_
= o129 [2018] C
1.5— r
=[] World average [PDG 2019] ) c :
T ————— N — . BN S LU
055-2005.04545 3
L1111 IR NN [N R A A A | .A_|'~1|4|'| :Illlllllllllllillllljl TR N
fo7 0.08 0.09 0.1 : : 0.116  0.118 0.12 0.122  0.124
og(m,) ag(m,)

> LEP lumi-bias updates lead to better agreement among I';, R, and ¢}%4
extraction: a (m,) = 0.1203 + 0.0028 (+2.3%)

> Unc. updates lead to a better agreement with full fit: @ (m,) = 0.1202 £ 0.0028


https://arxiv.org/abs/2005.04545
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as from hadronic W decays (today)

» QCD coupling extracted from new N3LO combined fit of I, and Ry, :

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'iet, Rw (CKM unit.) 0.101 + 0.027 +0.027  (£0.0002) (40.0016)

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

% 4.5F :
> Large propagated parametric < __________29(_)§'9f§‘15__§____20
uncertainties from poor Vq, (+2%) sk — R, I (CKM exp)
- m— R, T\ (CKM unit.)
» Imposing CKM unitary: large 3 [0 World average [PDG 2019]
experimental uncertainties from I, 2.50
and Ry, (0.9-2%) 2
1.5
> Propagated theory uncertainties . R A I
(1.5%) 3 :

o
(3}

ORTTTT
S
©
o
(o]
o
o
(0 0]
o
—
o
—
N

» Very imprecise extraction! QCD
coupling constant extracted with 27% z

precision o (m,) = 0.101 + 0.027 (+27%)


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

Francesco Giuli - francesco.giuli@cern.ch

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
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Jet substructiure

__ § : 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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Detailed hadronization studies

required for detailed studies:

» High-precision low-pr PID hadrons ine™e™
» Baryon & strangeness production
» Colour string dynamics
» Final-state correlations (spin: Bose-Einstein, Fermi-Dirac; momentaq, etc.)
» Bound state formation: Onia, multi-quark states, etc.

conservation of :

baryon number

q@» qq qq G q

How local?
strangeness

(@D  sEm |

How local?

transverse momentum
q J q q P q
WV

How local?

-
o
L

Ratio of yields to (+*)

102

1073

MR | N | A |
jF 23
- w“* A+A (x2) b
) f" ]
hg =4Z" (x6)
‘#ﬂlﬂ
r {* Q433" (x16) .
i ** R ALICE ]
- j-f, - @® pp.Vs=7TeV
Ly
L7 —— PYTHIAS [1] i
/e DIPSY (2]
wwe EPOS LHC [3])
ALICE. arXiv-1606.07424
sl PR lLLlAl s s aaaaal ]
10 10°
(dN /d )))

In<0.5

» Understand breakdown of
universality of parton
hadronization with system
size observed at the LHC

» Baseline vacuum ete™:
studies for high density QCD
in small and large systems

» Also impact e.g. ultra-high
energy cosmic MCs
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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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Reduced QCD uncertainties on Ag;

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

> ete™ — bb Ay asymmetry for lepton-based analyses:

a 0.104 a 0.104 a Uiua

F B N E N = v.1v4 — —
'™ [ e'e— bb, 5=92.4 GeV ALEPH [lepton-charge] '™ [ e'e bb, (5=92.4 GeV DELPHI [lepton-charge] 2— [ e'e— bb, {s=92.4 GeV L3 [lepton-charge] S [ e'e— bb, 5=92.4 GeV OPAL [lepton-charge]
o 0,102 o W 0102 o E o e
< s < E 2 omzz 2 0A102:
0.4 0.1 0.1F 0.4
voga:— 0.098:— ., e L . : o,oga:— PO . [} o.oga:— e L e " g
0.096F 0.096F L] E 0.096F . 0.096F
C F I r m u
0.094F- " g " "y oosar * = 0.004f- |
F ] F F F
0.092F . 0.092 0.092- 0.0921~
0.09F 0.09F 0.09F 0.09F
C L 1 I L | L | L L 1 881 L L L L L L L | L L nn: 1 1 1 1 1 L 1 L L 1 nn: 1 L 1 L 1 1 1 L 1 1
0088 %3 4 5 6 7 1122 08— %3 4 5 6 7 1122 08— 35—t 5 7 1722 008854 & 5 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

> ete™ — bb Arg asymmetry for jet-charged-based analyses:
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» 2020 vs 1998 PS + hadronization uncertainties halved: 0.7% (lepton-based)
and ~0.3% (jet-charged-based analyses)

» FCC data needed to reduce PS & non-pQCD systematic uncertainties
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