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RECDhratithe core ol EFCEC physICSIprograms

® Though QCD is not per se the driving force for FCC-ee,hh, it is
crucial for a vast range of studies (signals & backgrounds):

1. Precise o determination is needed to accurately & precisely predict
all SM x-sections & decay rates (Higgs, top, EWPOs,...)

WEDNESDAY, 25 JANUARY

(LRI — 10:35 QCD

Review of strong coupling at FCC-ee
Speaker: Stefan Kluth (Max Planck Society (DE))
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Review of strong coupling at FCC-ee
Speaker: Stefan Kluth (Max Planck Society (DE))

Precision calculations at FCC-ee (remote)

Speaker: Pier Francesco Monni (CERN)

Monte Carlo challenges for FCC-ee and progress

Speaker: Simon Plaetzer (U. of Graz)
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® Though QCD is not per se the driving force for FCC-ee,hh, it is
crucial for a vast range of studies (signals & backgrounds):

1. Precise o determination is needed to accurately & precisely predict
all SM x-sections & decay rates (Higgs, top, EWPOs,...)

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

3. Heavy/light quark & gluon separation (flavour tagging, substructure,...)
IS key for multiple SM measurements (e.g. H Yukawas) and BSM

searches (e.g. X—|j decays).

THURSDAY, 26 JANUARY

WEIM — 09:50 QCD

WKl Modeling of hadronization
Speaker: Andrzej Konrad Siodmok (Jagiellonian University (PL))

Flavour jet tagging at FCC-ee with ParticleNet
Speaker: Loukas Gouskos (CERN)
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® Though QCD is not per se the driving force for FCC-ee,hh, it is
crucial for a vast range of studies (signals & backgrounds):

1. Precise o determination is needed to accurately & precisely predict
all SM x-sections & decay rates (Higgs, top, EWPOs,...)

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

3. Heavy/light quark & gluon separation (flavour tagging, substructure,...)
IS key for multiple SM measurements (e.g. H Yukawas) and BSM
searches (e.g. X—|j decays).

4. Non-perturbative QCD (hadronisation, colour reconnection,...) impacts
studies with hadronic final states: e*e’~WW,ttbar (- jets), m,,, m,_

extractions.

5. @ FCC-hh, accurate knowledge of parton densities at high-x (BSM)
and saturation dynamics at small-x, MPI| dynamics,... is fundamental.

FCC Phys. Week, Krakow, Jan'23 7/17 David d'Enterria (CERN)



Precision@Chinre ey collisions

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

et q
Advantages compared to p-p collisions:
Js=91GeV » 9 1) QED initial-state with known kinematics
v Z 2) Controlled QCD radiation (only in final-state)
e~ g 3) Well-defined heavy-Q, quark, gluon jets
et 4) Smaller non-pQCD uncertainties:
no PDFs, no QCD “underlying event”,...
Vs =160 GeV p Direct clean parton fragmentation & hadroniz.
Y Z
® Plus QCD physics in yy (EPA) collisions:
€ +
e+ = NS Y(%b\ —v—g?
Is P, , & - —*—q
. © Y
Vs = 240 GeV p; ' ~ K ek
zZ - S

e (soft, VDM) (direct)

FCC Phys. Week, Krakow, Jan'23 8/17 David d'Enterria (CERN)



Precision @ehinie er collisionsiECe=ee)

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

+ q
; Advantages compared to p-p collisions:
Js=91GeV » 9101 u,d,s 1) QED initial-state with known kinematics
Yz 1t 2) Controlled QCD radiation (only in final-state)
e~ g 3) Well-defined heavy-Q, quark, gluon jets

+ q

o 4) Smaller non-pQCD uncertainties:

w 107uds MO PDFs, no QCD “underlying event”,...
Vs =160 GeV p “10c's  Direct clean parton fragmentation & hadroniz.
Y Z

€

7107 b's

W m Plus QCD physics in yy (EPA) collisions:
c q e’
Z}}é@ P, :2\ f "—‘— q
s=240GeV B T 3 ";;’/ ~— s
e” 910° b's (soft, VDM) (direct)
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Vennchi@EChiphysicsatlECC=ee

: : : Hadronic
2 - -
sin’g, via F.Wd Bck_wd N-jet raV\ H. W, Z, T widths
asymm. in Z—>qq
. Mi D-EW
g —>c.bb leed-or(:!er-PS e Ic)fr?e(ggons
- Iitti;1 matching & N"LO antenna
plitting pQCD NNLO functions
Lund Plane H
Jet substructure corrections, Top mass extraction
g-g separation | via e'e—tt
Jet tagging oo in
Heavy-Q rad. S & Colour.
dead-cone reconnection
Jet reco/flavour Higher-order non- Parton
algorithms pQCD NRPLL pertu rbative hadronization
Non-Global resummations QCD _
Logs Final-state
Event sh correlations
vent shapes
Beyond PS MC
Leading Color NPLL Parton Shower  Fragmentation tuning
Spin Monte Carlos Functions QQ transition Lattice QCD
correlations probabs.
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Vennchi@ChatiECEC=eenExampless

: : : Hadronic
2 - -
sin’g, via F.Wd Bck_wd N-jet raV\ H. W, Z, T widths
asymm. in Z—>qq
. Mi D-EW
— Fixed-order-PS . ixed Qg
g —CC,bb matching Higher-order . eoicEBns
splitting — N"LO antenna
pQCD N"LO functions
Lund Plane H
Jet substructure corrections, Top mass extraction
g-g separation ﬂ| via e'e>tt
Jet tagging a eounlin
Heavy-Q rad. = { & Colour
dead-cone reconnection
Jet reco/flavour Higher-order non- Parton
algorithms pQCD NRPLL pertu rbative hadronization
Non-Global resummations QCD _
Logs Final-state
cvent <h o~ correlations
vent shapes
Beyond PS MC
Leading Color NPLL Parton Shower  Fragmentation tuning
Spin Monte Carlos Functions QQ transition Lattice QCD
correlations probabs.
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Examples@Chicoupling oy

m Z,W hadronic widths provide the most precise (0.1%) o_extraction:

e 4.5 e 4.5
a E a C
4 R B B 20 a——— R
c = 7 data, FCC-ee (91 GeV) E
3.5 = 7 gata, LEP (this work) 3.5
3= | [ worid average [PDG 2019 3=
of / o5 - World average [PDG 2019]
‘o (m) = 0.12030 £ 0.00014 .-
K % q,(m)) = 0.11790 + 0.00023
i 1 T . Strong (B)SM
== L1 o R | o :
0_5% 0.5§ ConS|Stency test
0% otis  odz - o0iz o134 0di6 0117 0118 0410 042 021 0422
ocs(mz) ocs(mz)

B Reduced parametric uncertainties: Higgs, EWPO, top... x-sections & decays

Summary of future parametric uncertainties:

Process o (pb) da.(%) PDF +a,(%) Scale(%) Quantity FCC-ee future param.unc. Main source

ool 49.87 37 62474 261 +032 [, [Mev] 0.1 01 Soxs
ttH 0611  +30 189 93 +59 R, [10°5] 6 <1 Saus
Channel My[GeV] da (%) Amy Am, Ry [1073] 1 1.3 Sos

Msbar mass error budget (from threshold scan)

H—c 126 +71 +£01% +23%
(MY (MR

= improvement in as crucial darg(M,) = 0.001
FCC Phys. Week, Krakow, Jan'23 12/17 David d'Enterria (CERN)




Vennchi@ChDatlECC=eenExanpless

sin29W via Fwd-Bckwd
asymm. in Z—=>qq

Fixed-order-PS

g —>cc,bb matching

splitting

Higher-order
pQCD NPLO

Lund P! .
undriane corrections,

Jet substructure

g-g separation
Jet tagging
Heavy-Q rad.
dead-cone

a_coupling

Higher-order
pQCD NNMLL
resummations

Jet reco/flavour
algorithms

Non-Global
Logs

Event shapes
Beyond

Leading Color
Spin
correlations

Fragmentation

N"LL Parton Shower :
Functions

Monte Carlos
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ExamplesHigh=precisionigiéagiet stucies

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

’mmg@

m Compare to Z - qqg(g): Multiple handles to study g rad./jet properties:
» Gluon vs. quark via H-gg vs. Z-qq L6 - qqmlt:]:;:

(Profit from excellent g,b separation) 12" Difference in the azimuthal

angle between the two

1.4+ . .
hardest emissions

» Gluon vs. quark via Z—-bbg vs. Z-qq(g)
(g in one hemisphere recoiling
against 2-b-jets in the other).

* Vary E  range via ISR: e*e = Z* yv* = jj(y)

137

.I""gl-‘f/.
12 | o

ZshowerlAw.K 2| ke / Tl

0.3 < k,/k,< 0.5
o~ 0,-0.6 < a_lnk,/Q <-0.5 |
1 1

» Vary jet radius: small-R down to calo resol . .
0 /4 /2 3n/4 n
F. Dreyer within PanScales |2y

m Multiple high-precision analyses at hand:
— Higgs/BSM/flavour: Improve g/g/Q discrimin. tools: ML training on pure samples
— 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?

FCC Phys. Week, Krakow, Jan'23 14/17 David d'Enterria (CERN)
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sin29W via Fwd-Bckwd
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NonEpREChrexamples ColourrecConnection

m Colour reconnection among partons is source of uncertainty in m,, My,
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, 2.2c 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 Double junction reconnection @ kinematics
q q q q U] i {1} , : i
— | | - X
i q i q g T '} q
(ga: 1/9, gg: 1/8, model: 1/9) (gq: 1/3, gg: 10/64, model: 2/9) . . . .
‘ ‘ @ Triple-junction also in
D — HERWIG cluster
Triple junction reconnection Zipping reconnection @ model. (1710.10906)
q 4 4 W I a "
] I g
R VA u\,,/”\u AN
\/\ i i i
q 0] i i ! g i
(a@: 1/27, gg: 5/256, model: 2/81) (Depends on number of gluons)

FCC Phys. Week, Krakow, Jan'23 16/17 David d'Enterria (CERN)



FCC QEChWorKing grotpractivities

m Join our monthly meetings:
https:/lindico.cern.ch/category/5662/

QCD and yy physics
April 2023
24 Apr-28 Apr  Parton Showers for future e+e- colliders

December 2022
13Dec FCC-ee QCD Physics -- jet flavour & tagging

October 2022

030ct FCC-ee QCD Physics -- jet physics and fragmentation functions

July 2022
27Jul FCC-ee QCD Physics -- Kickoff Meeting (ZOOM only)

January 2022

31 Jan-04Feb alpha s(2022)
m Join our e-groups mailing:

FCC-PED-PhysicsGroup-QCD
https://e-groups.cern.ch/e-groups

m Contact the conveners:

m “Parton showers for FCC-ee” workshop

https://indico.cern.ch/e/PartonShowers2023
CERN, 24™-28™ April 2023

Parton Showers for future e+e- colliders

24-28 Apr 2023
CERN

EuropeiZurich timezone
QOverview
Timetable
Registration
Participant List
Videoconference
Accommodation

Directions to and inside
CERN

Computer Access
Child Care
Health insurance, VISA

Code of Conduct

& thworkshops.secretariat..

=7 PartonShowers-2023-or.

FCC-PED-PhysicsGroup-QCD-admin@cern.ch

FCC Phys. Week, Krakow, Jan'23

17/17

The unprecedented experimental performance expected by the next generation of lepton colliders poses
an outstanding challenge for theoretical computations that must be pushed far beyond the current state
of the art to guarantee an optimal exploitation of the data. Among the theoretical aspects of this
programme, Monte Carlo event generators play a special role due to their versatility in bridging
theoretical predictions and experimental measurements. The precision reached by current event
generation algorithms is dramatically insufficient for this task, thus demanding a dedicated effort to
improve their formal accuracy and achieve a higher precision in event simulations. The goal of this
workshop is to bring together many of the world leading experts in the field to discuss recent
developments and main obstacles on path to precision, as well as encourage new collaborations to
tackle big open questions such as:

« Perturbative accuracy of parton showers (PS): logarithmic accuracy; treatment of colour & spin;
amplitude-level evolution; heavy quarks & resonances.

+ Non perturbative QCD: tuning observables at the future lepton colliders; hadronisation & colour
reconnection.

« Matching to hard scattering: N(N)LO QCD and beyond; production of resonant final states.

The workshop will consist of one or two talks a day, leaving maost of the time for discussions amaong the
participants and collaboration work.

Organising committee:

. illarnulell)Abreu (CI(EEN) v of Maneh ) ® Starts 24 Apr 2023, 09:00
. rina asgupta mversny 0 lanchester .
+ David d'Enterria (CERN) E"Ids _%sfff.2°23’17‘0°

« Silvia Ferrario Ravasio (CERN)
o Alexander Huss (CERN)

« Alexander Karlberg (CERN)

« Michelangelo Mangano (CERN)
« Pier Monni (CERN)

CERN
4/3-006 - TH Conference Room

0

» Simon Platzer (University of Graz) Go to map
« Alba Soto Ontoso (CERN) @ There are no materials yet.
= Gregory Soyez (IPhT Saclay)

« Robert Szafron (BNL)
« Johann Usovitsch (CERN)

David d'Enterria (CERN)


https://e-groups.cern.ch/e-groups
mailto:FCC-PED-PhysicsGroup-QCD-admin@cern.ch
https://indico.cern.ch/e/PartonShowers2023
https://indico.cern.ch/category/5662/

Backuprslides
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Jet supstructuresrfiavourtagging

K (larger energy weigth)

m State-of-the-art jet \g = Z ngf, . v
substructure based on iCiet 2¢Pr
Lund Plane & angularities: (normalized E"X0" products) e

m 'Sudakov”-safe variables of jet constituents: 1~ ®--®-—---- ®-- <—¢€p
multiplicity, LHA, width/broadening, (larger
mass/thrust, C-parameter,... ozm‘ﬂ“"“““i’ — iy

m k=1: IRC-safe computable (N"LO+N"LL) via SCET  , aeomim e
(but uncertainties from non-pQCD effects)
m MC parton showers differ on gluon (less so quark) radiation patterns:

6 Quark, hadron-level Gluon hadmn Ievel ) Separatmn, hadmn level
T T T T LI T — 1 T T
thia 8215 = thia 8215 =
gt 2 T Gluon rad & frag. fyhasz: — fc-Soyez etal] PZE&;Z?? —
5+ Sherpa221 ----- i1r Sherpa221 ----- - i Sherpa 221 =====
e poorly known e = SO
Deductor 1.0.2 === Deductor 1.02 === 151 H Y Deductor 102 === ]
a4k Ariadnesop e | L Ariadne 508 e i 3 Ariadne 5.0 e
Dire 1.0 == Dire 1.0.0 === H Dire 1.0.0 =
= Analytic NLL s Analytic NLL e g-g Analytic NLL s
< 3 Q=200GeV | Q=200GeV | 2 1 0=200GeV |
e 1 R=0.6 \ R=0.6 3 R=06
X
2t A eten7-UU \ere—H-gg N quark vs gluon
3 : 05| THN dlscrlmlnatlon -
. i i o
0 .- 2l 1 L L p L 1 L ! L 1 L L " 1 N L 0 E L l ¥/ P R . | T - L
0 0.2 0.4 0.6 08 10 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1

M5 [LHA] A5 [LHA] M5 [LHA]
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Jet supstructuresrfiavourtagging

K (larger energy weigth)

m State-of-the-art jet \g = Z ngf, . v
substructure based on iCiet 2¢Pr
Lund Plane & angularities: (normalized E"X0" products) e

m 'Sudakov”-safe variables of jet constituents: 1~ ®--®-—---- ®-- <—¢€p
multiplicity, LHA, width/broadening, (larger
mass/thrust, C-parameter,... ozm‘ﬂ“"““'“i’ — iy

m k=1: IRC-safe computable (N"LO+N"LL) via SCET  , aeomim e
(but uncertainties from non-pQCD effects)

simulation [ truth

1.6 . :
Z-qq H - gg
O MC parton Showers y 1.5 Difference in the azimuthal ]
feature unphysical F Ak R et omicsione ‘
differences in the ¥ 13 |
radiation pattern < 2 _
. 2 11 1
of quark & gluonjets & | >~ L
5 0.3 < k,/k,,< 0.5
0.9} .
o %7 0,-0.6 < “ai”ktlflo <-05 [S.Ferrario-Ravasio]
"0 /4 2 3n/4 n

FCC Phys. Week, Krakow, Jan'23 F. Dreyer within PanScales  12¥] . ERN)

—ra



@ECDhUnceramtiesson EVWKSohsen/ables

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 o

— Largest EWPO discrepancy today wrt. the SM: 2.8c " wt| oo
m Exp. uncertainties of A, at LEP: ~1.6% x

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

— Systematics: +0.6% (QCD-related: +0.4%) pyepk 2o

. o _lept
sin*o_; (Q?)
Ars

0.9
2.5

>

S
NEEEEFERSELE

~

0.0
1 0.6
0.0
— -0.8
0.0
0.0

0.5

-0.2
prrd v bbb
1 2 3

— Smearing of b-jet/thrust axis ]
— b and c radiation & fragmentation. B and D decay models. Ot = Ormeacd £ Omene
[Uncertanties estimated by Abbaneo et al., EPJC 4 (1998)]

m QCD effects on A’ (depending strongly on

exp. selection procedure):
— Gluon splitting (TH control: o corrections)

>
o
N

m Impact of QCD effects on A’ revisited by implementing
FB

original analyses in up-to-date retuned parton-shower+hadronization MCs

FCC Phys. Week, Krakow, Jan'23 21/17 David d'Enterria (CERN)



REdUcCEdIQChIUNCERAMIESIGNIAT Al ZIpole

m QCD uncertainties recomputed from PYTHIAS8.226 (7 tunes) & VINCIA2.2
m e'e — bb forward—backward asymmetry for lepton-based analyses:

0.104 - 0.104 -
G [ oo b 15024 Gev ALEPH [lepton-charge] | & | e tb, (5-024 GeV DELPHI[lepton-charge] § *"*'F eie™ &, (5-02.4 Gev L3 [lepton-charge] 5. Feenth feszatev OPAL [lepton-charge]
€ Eotoof 8 R ot0ef 8 801000 € o102
g E < E g g C

0.1F (LAl 01E 01F
0.0981~ 0.098~ P 0.098 ] | 00985 n
E F [ ] 0 | I | n W T C n N [ ] . r n n " . . ]
0.096 0.086 ] | 0096 . 0.096-
0.004f n " " g " | oomf * oosal " oo "
E ] E C

0.092F . 0.092]~ 0.092 0.092F

0.00F 0.09F 0.09— g,ggi

MO % 4+ & 7 1127 OOz % 4 s & 7 i12r 00—t B R L B AN

N 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—bbf d—backward mm for jet-ch based | ;
me'e orward—backward asymmetry for jet-charge-based analyses:
a 0104——— a 0104——— 04— 8 0104———
_un; @ [ e'e— bb, V5=82.4 GeV ALEPH [jet-charge] 2 a [ e bb, V5=92.4 GeV DELPHI [jet-charge] F e'g— bb, 5=92.4 GeV L3 [jet-charge] i F e'e'~ bb, (5=92.4 GeV OPAL [jet-charge]
oL - oL E 2 oW (102
2 0.102: < 0.102: 0 E ot 010 E
0ffF-g—n—0 20— 0 g Bl e e e e B of--g—m—8 g0 0 g 8§ g O el g B B e W e g
o.osa'E 0.008 xga'E o.osa'E |

0.096 0095 ] 1961 0.096F

0.094 BLUE tOtaI SySt' 0094 194~ 0.094

wer RED: QCD syst 0.092F- w2 0.0s2f-

0.08F .08 .os'E o.os'E

0.0 E | | | | | | | | | | 0.0 E | | | | | | | | | | ) | | | | | | | | | 2 0.0 | | | | | | | | | |

B2 3 4 5 6 7 1122 B2 3 4 5 6 7 1122 1 2z 3 4 5 6 7 1122 B ——72 5 4 5 6 7 122
PYTHIAS (tune 1-7)  |VINCIA |data PYTHIAS {tune 1-7)  |VINCIA | data PYTHIAG {tune 17) | VINCIA |data PYTHIAB (fune 17) | VINCIA |data

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 will significantly improve PS & non-pQCD syst. uncert.
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NonEpRehrbetanedihadronization studies

m Precision low-p_ PID hadrons in 10* e*e ~ (10* hadrons) for 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 :

baryon number
q @S qq qq G q
How local?

strangeness

(@S e

How local?

transverse momentum
q ‘ q q P q
How local?
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» Understand breakdown
of universality of parton
hadronization with system
size observed at LHC.

1m Baseline vacuum e*e

studies for high-density QCD
In small & large systems.

Also impact e.g. ultra-high-energy
cosmic-ray MCs (muon puzzle)

David d'Enterria (CERN)



sSummany/HIghEprecision@ChatECec=ee

¥ 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:

@ 033 < decay (N3LO) +=—
= \ low Q2 cont. (N3LQ) e
os L & DIS jets (NLO) +—at
. Heavy Quarkonia (NLO) >
e'e” jets/shapes (INNLO-+res) H*—
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025 EW precision fit (N*LOy—e—
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8, [ e th {5=024GeV ALEPH [jet-charge]
S 01021
-y 88— g
0oseE €T b %
0.0
0.084F-
0.0820- A
0.095— - b
oonf——b—— 5, 5}
PYTHIAS (tune 1-7) | VINCIA |data

FCC Phys. Week, Krakow, Jan'23

(4) <<1% control of
colour reconnection

1
~ [ —
€

® kinematics

(2) N"LO+N"LL parton showers
Ultimate g/g/Q discrimination

2 Separation, hadron-level
T T
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i
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(5) High-precision conservation of

. . b b
hadronization: VO TIREE
q@» qq qq G q
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