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What to expect from this talk

e Will not cover Physics cases of different incarnations of future colliders

e Will not compare different neither colliders performances nor deliverables

e Will refer to FCC-ee at times as a case study to showcase general challenges

e selection of topics might reflect personal bias + SM precision background

e Main message: assuming an extreme precision era ahead of us

|. discuss theory challenges/requirements, and highlight opportunities

Il.  hopefully spark excitement and drive to start tackling such challenges



From (HL-)LHC to future colliders

HL+FCC-eezwwi240/365

HL+CL|C380

. HL+LCF 250500

. HL+MUC10 TeV

HL+FCC—eez,WW,240 . HL+FCC . HL+CLIC380/1 500 . HL+LCF250/500/1000
[adapted from J. de Blas, OS Venice 2025]
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Higgs boson self-interaction

0.57

0.4
0.3
0.2

0.1}

indirect determination o direct measurement of Higgs boson trilinear coupling (A4)

FCC-ee@240/365 GeV

HL-LHC + FCC-ee/hh

|l HL-LHC S2 + LEP/SLD

" Il FCC-ee+hh

104
0.3

0.2

HEPJT ?0'5

0.1

EWPOs | | linear collider @ y/s 2 500 GeV HL-LHC + FCC-hh

LC@0.55/1 TeV. At 550 GeV, assuming k; = 1, projection 64 =~ 15 % v 2503.19083

g - e ideally: direct measurement

— | =——e— LC 550 GeV, 8 ab™", from ZHH & vvHH (LO) im
[ | =—#=— LC 1TeV, 4ab” LR, vwHH (2014 single coupl. ana.) -

6———'—LC550GeVZHH&WHH+1TeVWHHcombined ......... {-!- ........................ ......... helps l]ft]ng pOSS]ble flat d]rect.lons .In BSM
. e =|_i- interpretations

|—|'|_ however:

"t | realistic NP models: impact beyond just A

}“m eas/}\’sM

u- e searching broad and “globally”

-2 0 2 4 6 8 e testing hypotheses


https://arxiv.org/pdf/2503.19983

The discovery landscape

The SMEFT: a powerful framework to scan the landscape of NP theories

[see talk by Jose on Wed]

i 018 .
3,1 6228 % " KGR - [d]
C [d]
ZsmeFT = ZLsm t Z , d 707 1OsMl
d>4
c, - B Universal couplings WM Third-gen. only M Flavourless couplings
Qu o 100 - tree-level ' one-loop (LL RGE)
&, Con = . [Allwicher et al. 2408.03992]
27
i ) 50 +
td pe
CQu CSZZ .
ck e
Qd wla
4/ 10 TeV
%7 | | 10 - -
; | | *d i
\ FU 6_
ial role of Tera-Z i
Ccruciat rote or iera
.~ - programme at FCC-ee, in X
Cos B L) ey 4 . u
T S MEFiT particular EWPOs _
—— HL-LHC HL- LHC + FCC- ee 1~
[Celada et al. 2404.12809]
B B W W, L, BY B§*>W<*) G Gt H L3 Q1 Q5 Uy Us X 1 Vs
' 95% CI . |
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Baseline: LEP + LHC


https://www.arxiv.org/abs/2404.12809
https://www.arxiv.org/abs/2408.03992

(calculations ~ predictions ~ simulations)

Precise theory predictions

their role, scope, and challenges




Theory predictions better be under control

MATRIX qg[NNLOXNLO EW]+ggNLO
15+ NNPDF3.1IluxQED, ur = pup = my,

MCFM ggNLO+ggLO
NNPDF30, MR = UF = TNy

10

— 20—

O . e CMS 2020 )
= = CMS 202

? o  ATLAS 2020 (x1.016)

b& 0 ATLAS 2020 + 2021 (x1.016) 7]

Vg =13 TeV * From iHixs
* F. Wilcek !
LO | J. Ellis, M.K. Gaillard, D.V. Nanopoulos, C.T . Sachrajda : 1 977 - 1 980
H. Georgi, S. Glashow, M. Machacek, D.V. Nanopoulos .
T. Rizzo :
NLO - QCD* !
S. Dawson | : 1 991 B 1 995
M. Spira, A. Djouadi, D. Graudenz, P.M. Zerwas :
NNLO+NNLL QCD - NLO EW | : 2002 - 2012
S.Catani, D. de Florian, M. Grazzini and P. Nason :
S. Actis, G. Passarino, C. Sturm, S. Uccirati 1
Harlander,Kilgore; Anastasiou, Melnikov :
Ravindran, Smith, van Neerven :
N°LO - NLO EW | 2016
C. Anastasiou et al. .
ATLAS Collaboration Run2 . 5 |
Nature 607, 52-59 (2022) : 2022
CMS Collaboration Run 2 -—i-—-
Predictions for m =125 GeV Nature 607, 60-68 (2022) :
l l | l l l l | l l l l | l l l l | l l l l : | l l l l | l l
10 20 30 40 50 60

Higgs-boson production

[CMS EPJC 81 (2021) 200]

3 10 12

|
14

Vs [TeV]

di-boson production


http://dx.doi.org/10.1140/epjc/s10052-020-08817-8

Role of precise theory predictions

“data-theory” (dis)agreement paradigm input for meaningful interpretation of the data

prediction Vs
Theory uncertainties:
intrinsic parametric
(eg missing higher orders) (eg input parameters)

but there’s more...

(Ex a) Electroweak Precision Observables (EWPOs) |

(possibly need to go beyond? see eg discussion in Frixione’s talk)

(Ex b) Calibration/Interpretation of XS measurements



https://indico.cern.ch/event/1307378/contributions/5729655/attachments/2789688/4864592/eeisr.pdf

Inherent challenge In describing collider events

eg:potential FCC-hh scenario

\

partonic hard process
O(10 TeV)

T S -
) '-‘.‘A*.‘, \
' AV XS SN

hadronisation phase

-2
0(100 MeV) /4

e in principle:

NS

using a minimal set of Physics laws

e in practice: a lot harder, but extremely exciting!



Some “simple” guiding principles



0> AQCD E > m,

perturbative regime

Some “simple” guiding principles

\

.“;
t
|

going n — n + 1 enormous jump in complexity

(typically 10/20 years)

e £ = 2 only for a couple of examples

e 11 = 3 for a handful of (simplest) reactions

11



0> AQCD E > m,

| perturbative regime

n A
a o
2r 21
’ QCD EW

Some “simple” guiding principles

szb

mass effects

going n — n + 1 enormous jump in complexity

(typically 10/20 years)

e £ = 2 only for a couple of examples

e 11 = 3 for a handful of (simplest) reactions

mass contributions: additional scales in the problem

mb N4G€V, Q ~ 9OG6V — mb/Q N45%

also related: heavy-flavour identification



Some “S|mple” gmdlng prmmples

Q > AQCD E =>> m,

| perturbative regime

| n 4 |
\ a § 04 |
k - — |
2m 27 t‘
| |
| QCD EW i

higher-

Q)

virtual/loop
corrections

|
|

szb

mass effects

(fixed-) order calculations

O

real
corrections

going n — n + 1 enormous jump in complexity
(typically 10/20 years)

e £ = 2 only for a couple of examples

e 11 = 3 for a handful of (simplest) reactions

mass contributions: additional scales in the problem
mb ~ 4G€V, Q ~ 9OG6V = mb/Q ~ 45%

also related: heavy-flavour identification

13



Some “S|mple” gmdlng prmmples

11 Q =>> AQCD E > m uu Q Z mb ~

perturbative regime

| n 74
‘ C(S 04
) G

mass effects ]

X is some ratio of scales (eg k,/Q)

‘ all-orders resummation needed
|
' e achieving demanded accuracy highly complex

higher- (fixed-) order calculations [ ﬁ e

| in special kinematic configurations
|

" Inf(x), x <1

| %)

. logarithmically enhanced terms

virtual/loop
corrections

- = -

real
corrections

14



Some “simple” guiding principles

Typical scenario of threshold production (“particles are slow”) | v < 1

W*W™ and ¢f threshold at FCC-ee T |
| non-relativistic limit |

dominant physical effects can be very different from perturbative regime ‘ my < u < m %t
f‘
, . |
need to devise/investigate the appropriate theoretical framework eg: NRQCD
| |
! M < my

e

, eg: pPNRQCD

15



Some “simple” guiding principles

Agep ~ 200 MeV 3 .
P —n Aqcp ~02% «,‘ Q~ AQCD ..
Q~m,~91GeV Q ' non-perturbative phys. |
| D .

describing the non-perturbative regime is a daunting but great conceptual challenge | (AQCD/Q)
A p ; '

do ~ de'®) + de™P doP) ~ ( QCD) .
|

& hadronisation g‘

|

|

e reliable hadronisation models are at the foundation of many (all?) future analysis

e —_—
|

16



| ‘11
| wr Q />V mb

mass effects

| £2:§>'/\ijf) lzvf>>’Kﬂé

perturbative regime

actually a very

complex and
exciting mosaic

|

Some “simple” guiding principles

|
|

W‘I << 1 | | 0~ AQCD n
| non-relativistic limit non-perturbative phys.
l[ < < % | P ‘
my<p<m || (Agep/Q) ]
| eg: NRQCD B '
[ | " |
| | L. |
U<my 1‘ | hadronisation 14
| |
c eg: pNRQCD it
{ B ‘

~in special kinematic configurations

k
a(’;) In*(x), x < 1

|
|
1
. logarithmically enhanced terms "

17



Higgs boson characterisation




Higgs factories: ¢ ¢* — Z H(H), cross section

1. single Higgs, eg FCC-ee: 10° ZH events = XS measurement with expected ©0(0.2% — 0.5%) accuracy

Perturbative second-order EW corrections are definitely in this ball park: mandatory

2.

(fb)

250

200

150

100

50

SH: e"et - H 1 (vD)

.
11111111111

T T T

I T T

ete' —» HZ
WW - H
Total

L 1 1 I 1 1 1 J 1 1 1 l 1 1 1 l i 11 l 1 1

00 220 240 260 280 300 320 340 360 380 400

Vs (GeV)

G [fb]

/s [GeV]

00

- e

challenging

Technically extremely

(multi-loop multi-scale

problem)

recent progress exploiting
numerical approaches

[Chen et al. 2209.14953, Freitas et al 2209.07612]

(DH) double Higgs and (SH) single Higgs at higher energies: high-multiplicity processes
DH e_e — ZHH

. Open (technical) issues:

e reduction to minimal set of integrals

e implementation for real-events simulation

more conceptually:

e complex-mass scheme @NNLO EW

e mathematical structure of amplitudes

19


https://arxiv.org/abs/2209.14953
https://arxiv.org/abs/2209.07612

Hadronic Higgs decays

Hadronic decays (~ 80% of total rate)

. . . . . i H
Inclusive calculations in good shape (even fourth order in pert. QCD in some cases)
. . . . . .o q g
However: differential calculations absolutely crucial, theory accuracy significantly lower
] . . ] [Knobbe et al 2306.03682]
e correcting for fiducial acceptance of experiments 9
excluded at CL > 95% e SM

. . . . . . 801 excluded at CL > 68% g9 € (0.95,1.05)

e kinematic distributions of decay products and jet observables B alowed (CL < 68%) - s < 21
70 = s
N3LO QCD corrections for H — bb with my, = 0 [mondini et al 1904.08960) 0.
recently: N3LO QCD corrections for all hadronic decay modes [rox et al 2502.17333] 550’

- 40
nnLojer H— n jets (bb mode) ys—m, ., NNLOJET H- njets (gg mode) vs=m,

1.0

301

Jet rates in Higgs hadronic decays
[Fox et al 2502.17333]

desirable for the future: 0% 05 080 005 10 105 110 115 120
Fgg
' L & H — ggq with m_ # 0 and mass effects sensitivity of event shapes to radiation
00 & 1 pattern from gg, qq, heavy-q

0.001 0.01 0.1 1 0.001 0.01 0.1 1

yCUt yCUt

Potential and power of QCD observables in
discriminating Higgs hadronic decays



https://arxiv.org/abs/1904.08960
https://arxiv.org/abs/2306.03682
https://arxiv.org/pdf/2502.17333
https://arxiv.org/pdf/2502.17333

Light-quark Yukawas: /1 — ss§

New ideas/explorations in H — s5: disentangling H — s5 from H — gg( — s5) (aka Dalitz decay)

S S
S
S

Yukawa decay (y?)

Dalitz decay (ay?)

Exp. tagging based

BR _ QT driaQ?
H— gg 8.1 x 10-2 10
H— ss ~ 2 X 104 |

Ratio is ~ 400 ;|

preliminary study [credits to Gavin Salam, see talk]:

invariant mass cut to suppress Dalitz decay background

H - gg with two leading strange jets

10

> ] @(as)

e _

O 1074 5

n |

= |

SELECTION CUT

3 |

qI_ 10 |

@) ]

5 H PGOO, tree-levdg® running coupling

g 10 * | PGOO, tree-levil u = my/2, cut=1GeV

= : PG00, tree-levill, u=mgy/2, cut=0.007GeV
10_8 1 1 | | L I

70 80 90 100 110 120 120

mj; [GeV]

H - gg rejection factor

Yukawa-tinterference

10 AR N/ ] NN RN SN T [N SN TUN S SN TN SUN SUN S T S

on machine learning

. importance of accurate
~ resummation/parton
shower in training

[see talk by M. Spira]

0 20 40 60 80
Q [GeV]

I—SI—>gg: rejection factor when asking for 2 leading s jets

102

] — PGg -0, tree-level, running coupling
1 —— PGg-o, shower, mult@NLO
| = PLg=o0.5, shower, mult@NLO

heavy-top limit, Born X O(«,)
PanScales 0.1.2

70

80 90 100 110 120
minimum mj; [GeV]

For more:

ECFA H->ss Focus Group - Open Meeting

[visit here ]

QCD for Higgs physics at FCC-ee

[visit here ]
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https://indico.cern.ch/event/1409233/
https://indico.cern.ch/event/1409233/contributions/5925486/attachments/2861616/5006735/2024-05-Hss.pdf
https://indico.cern.ch/event/1409233/contributions/5923270/attachments/2861252/5006008/spira.pdf
https://indico.cern.ch/event/1405461/

Precision program beyond
the Higgs boson




Challenges + opportunities

[FCC feasibility study report Vol 1, 2505.00272]

= 10°E I I I | | ! =
D = Z (88-94 GeV) . Observable present FCC-ee FCC-ee Comment and
c : ® FCCoo(d1P8) ] value =+ uncertainty Stat. Syst. leading uncertainty
vo — 1012 7 - my (keV) 91187600 =+ 2000 4 100 From Z line shape scan
O 02 b NGt o e _ Beam energy calibration
';' § § I'y (keV) 2495500 £+ 2300 4 12 From Z line sha.pe scan
= = 24 (240 GoV) . Beam energy calibration
2 - 105 71 1 sin?6¢ff (x109) 231,480 + 160 1.2 12 From A at Z peak
- () [ iarcesirseasissiasissisncesiassessessascrasnsnsaesibsasiasaasesstniaseiniasess teasnsseentnss oes SoMMRaat s s 0 aEanis sEokeh sk o sE RS RS - Beam energy calibration
e = tf (350 GeV) =

- f (365 GeV) 1/agep(m2) (x10%) 128952 £+ 14 3.9 small From Ay off peak
‘ 6 .- i 0.8 tbc From Ag; on peak
—  (+ potential resonant Higgs for electron Yukawa) 10 It o1 QED&EW uncert. dominate
1 E_l ..................... l ..................... IIII ............ —I_E R? (X103) 20767 :I: 25 0.05 0.05 Ratio thadrons to leptons
100 150 200 250 300 350 400 Acceptance for leptons
(s [GeV] as(mz) (x10%) 1196 + 30 0.1 1 Combined Rf, re., ol fit

The foreseen precision is staggering! Ry, (x109) 216290 + 660 025 03 Ratio of bb to hadrons
astounding challenges on theory predictions A2 (x104) 992 + 16 0.04 0.04 b-quark asymmetry at Z pole
From jet charge

mw (MeV) 80360.2 £+ 99 0.18 0.16 From WW threshqld scan

e SM predictions of equivalent accuracy to Beam energy calibration
exp[oit discove ry/ exclusion power I'w (MeV) 2085 £+ 42 0.27 0.2 From WW threshold scan

Beam energy calibration

. . . . . Miop (MeV) 172570 £+ 290 4.2 4.9 From tt threshold scan

e practically all aspects of theoretical investigations/ QCD uncert. dominate

predictions pushed far beyond the current edge T'iop MeV) 1420 4+ 190 10 6 From tt threshold scan

QCD uncert. dominate
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https://arxiv.org/abs/2505.00272

Electroweak Physics at the Z-pole

[Table 11 of 2505.00272]

Delicate relation EWPOs < real observables

Quantity Required theory input  Theory status Needed theory
as of today improvement?
?(;Jr?gﬂéllf)s ZO Ei)ggenreSt are defined in terms of a resonant Lz vertex corrections for ~ NNLO + partial N3LO EW + partial
sin? 6% Z — it higher orders higher orders
€

Linear Collider Polarised Z Scan

(o))
(&

_ o [ e s R R [ESEE ]
Higher-order EW and QCD x EW corrections to Z — ff vertex required B Born-level (no ISR) | -
S ool | | —— Unpolarised -
o — P, P= ¥80%, 130%
2 —— P,P= ¥80%, +60%)| |
beyond state-of-the-art ¢ “F e
technology required = = 3
30— =
g i
The complete e "¢t — ff process receives also non-resonant contributions, eg. - -
10— —
(need to be properly taken into account) : :
2 I86l I8|8I | 9l0I | I9l2 | I9|4I | 9‘6I | 98l | l100
° }/* — / interference W X Centre-of-mass Energy [GeV]
. —p ! 1 Highly challengin
* Dox diagrams ' 1 multiloop-multiscale
A~ ——— :
calculation

24


https://arxiv.org/abs/2505.00272

QCD at the Z-pole and beyond

1. Ultra-precise extraction of as(mé). Expected: da, ~ 0.1 %

e O, Will enter as a parametric uncertainty practically everywhere

theory predictions in good shape

o as(mé) extracted from inclusive EWPOs (small non-pert hadronisation corrections)

o 2-jet production at N3LO QCD [chen et al 2505.10618] crucial to assess impact of cuts

2. Deep characterisation of QCD — Jets (dynamics and substructure) — high-multiplicity (>2 jets)

Multi-jet cross-section in perturbative QCD extremely challenging:
scattering amplitudes + IR dynamics (subtraction schemes)

e no results available beyond N(N)LO QCD order for > 4 (3) jets

3. significantly advance resummation program

e 3rd/4th logarithmic order to a wider set of 2-jet obs.

e 2nd/3rd logarithmic order to general n-jet case e——

| will require breakthroughs ‘.‘
—P | in several directions

N4LL EEC

ete” — v* — hadrons

e devise new observables to enhance:

oy(mz) = 0.118 calculability and performance

162 164 166 168 170 172 174 176 178 180

X1°  [Dubr et al 2205.02242]

25


https://arxiv.org/abs/2205.02242
https://arxiv.org/abs/2505.10618

Non-perturbative corrections, hadronisation

Elephant in the room in precision jet physics

Mismodeling of non-perturbative/hadronisation effects potential serious limitation

105 ' | I | I |
e interplay with Monte Carlo generators: tuning of hadronisation models 1 ' ' ' | 1
e analytic results typically derived in simple scenarios (then extrapolated) | |

0.9 | - | | } |
0.85 [ |
0.8 It

Ways forward and challenges (possibly a breakthrough):

e examples of first analytical studies:

|. (linear) power corrections in shape observables [Luisoni et al 2012.00622] [Caola et al 2204.02247]

0.65

II. soft anomalous dimension for 1/Q power corrections [paseupta et al 2411.16867] 06

e analytic approaches in their infancy (relation to full QCD not vet robust)

refined analytic methods highly desirable

e devise observables with reduced sensitivity ‘ Thanks to accuracy at ete™ colliders, we have a unique opportunity!

profound investigation of (arguably) the least understood regime of QCD ‘



https://arxiv.org/pdf/2411.16867
https://arxiv.org/abs/2012.00622
https://arxiv.org/abs/2204.02247

“New” avenues to QCD across all regimes

Emergence of novel ideas, inspired by formal QFT/CFTs

energy flow operator (~ “detector operators”)

(1)

r— o0

0

in the collinear limit

&(7) = lim J dt r°n.T,(t, rit)

detector operator observables via light-ray OPE

|

] — — oD
: _ . OlU=3] . Q
lim &(n)ény) =—C - 0O (ny) + ——
n,—n, X1 Xj
025F * | ' |
- v* — qq Q Herwig — 91.2 GeV EEC
~0.20F 250 GeV E3C
= 000y TG
O 0.15F B
=
=]
> 0.10F
=
8 i
0.05_‘
0.00-

analytic vs Monte Carlo predictions

Scaling violation in
power corrections to
energy correlators

[Chen et al 2406.06668]

, d(Sum EE/E?)

Measurement of EEC with archived ALEPH data

1077
D

d

Neve nt

1072

n r EE
]
EEC(6,) = )’ |do —-0(0; = 0))
ij=1"
ALEPH e*e’, Vs = 91.2 GeV
- —— Fully Correclted Data | | N
L Transition Transition |
h %, Soft
HadTQTI o. .' . -
"," . Quarks and erfq.?s,lons
— J ' Gluons . e
— -
C Hf’ G i
_ﬂ '. *HI' 1
F_“ Collinear| * Sudakov 'ilﬂ
0~ 0° g 0 ~ 180°
> ...h....
llll | | lllllll | | lIlIlII |llllll | | |llllll | | |lll
0.01 0.1 /2 7w - 0.1 7t - 0.01
6L

[Bossi et al 2505.11828]
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https://arxiv.org/abs/2505.11828
https://arxiv.org/pdf/2406.06668

Opportunities at low /s-QCD

[Discussion on FCC-ee case based on D. d’Enterria et al 2503.23855]

Q: interested in non-perturbative QCD? A: better look at lower energies

data collected at different (hadronic) energies can help disentangling effects of hadronisation corrections, refine modelling

stress-test theoretical understanding, validate analytic approaches

2
AQCD

do ~ de'¥) + de™¥P) +0

- S
non-perturbative component Shad had

great advantages/opportunities:

e clean scenario, highly reduced background e study quark-mass effects

e test/investigate/explore non-perturbative dynamics e extremely valuable input for hadronisation models

28


https://arxiv.org/abs/2503.23855

WTW~ threshold scan at FCC-ee

Observable present FCC-ee FCC-ee
value =+ uncertaint Stat. Syst.
: : 56 ~ 0.1 % = Smy, ~ 1.5MeV
mw (MeV) 80360.2 £+ 99 0.18 0.16
'y MeV) 2085 £ 42 0.27 0.2 theory control on X5 at

Sy, /my, ~ 3 X 107°

I
EFT approach for unstable particles, i.e. P2 Ll

My,

[Actis et al hep-ph/0807.0102]

1. missing relevant contributions:

e residual uncert. on resonant part ~ 0.1% X OBorn

e non-resonant effects and

kinematic corrections ~ 0.02% X OBorn

2. in order to address both: 7

2-loop EW effects to WW production

3. hadronic W decays:

QCD corrections and effects of colour reconnection

threshold well below permille

~a~—<1

mandatory

[Schwinn in 1905.05078]

must be under control

extremely challenging

50—/ O Born [%]

03 |

~0.1 |

02 ¢

0.2 |

5 12 FCCee W-pair threshold
S | —m,=80.385GeV I,=2.085GeV
7] m,,=79.385-81.835 GeV, T',=2.085 GeV
10~ [ m,=80.385GeV, I,,=1.085-3.085 eV~
= st
| [Azzurri 2107.04444] s
ol Rl 2 7
,,,,,,,,, 20
i / I DD ))))))
61— 0 SO S0050595¢
,,,,, S WYA5555955
......... 75555959
4— 31
Y S35 015 8
21 AM,,
I | | | | | | | | | | | | | |
955 160 165 170
s (GeV)
0(0.3%) uncertainty on XS:
not enough for FCC-ee
N32L0
Cx(S+H)
NLO-C
Cxdecay
Cxres
| -, C2
0.1+ .-
Vs [GeV]
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https://arxiv.org/abs/2107.04444
https://inspirehep.net/literature/789574
https://arxiv.org/abs/1905.05078

tt threshold production: state of the art

February 2022
T

_ . _ — T l l T 1 ] T T T T |

Ultra-precise measurement of top-quark mass from threshold scan ,'S,- 1.4 | tthreshold - m® 171.5 GeV E
Observable present FCC-ce FCC-ec CCD - —QQbar_Threshold NNNLO —FCC-ee 350 LS only -
value =+ uncertainty Stat. Syst. T 1.2 ——ISR only —FCC-ee 350 LS+ISR "
— 'm ring circumference -
Miop (MeV) 172570 + 290 42 49 » 4 s -
8 - |
O ! _
Tiop (MeV) 1420 + 190 10 6 So08l A%, B
i v |
Same considerations apply to a linear collider [see pefranchis et al 2503.18713] 0.6 —
- - . 0.4 - -
Two main crucial features: - -
. e 0.2 - | | | .
e production of a resonant, non-relativistic, 77 pair - e -
O | | | | | | | 1 1 1 | ] |

e possibility of a rigorous definition of a short-distance mass scheme 340 345 350
cancellation of potentially large renormalon ambiguity [see also talk by M. Beneke] line-shape sensitive to 's [GeV]

Accurate description via non-relativistic (QCD) EFT: v ~ a my, L'y, vy, o

Theoretical control at third order. i.e.

n,,m

a;v", m-+n =3 [Benekeetal 1506.06864]

- om, ~ 35 MeV (MHO)
" 5m, ~ 10/20MeV (MS < PS)
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https://indico.cern.ch/event/1140580/contributions/4863903/attachments/2458460/4214540/cern.pdf
https://www.arxiv.org/abs/1506.06864
https://arxiv.org/pdf/2503.18713

tt threshold and continuum

Even at threshold: ultimately interested in e “e™ = WTW~bb above the threshold:

0(S) = 0,0(S) + 0,on—res(S) EW and Higgs effects in good shape Total inclusive rate computed to N3LO1’ CD

Beneke et al. 1711.10429

What we need (beyond reach now):

| : e : |
| o fourth-order QCD corrections to resonant contribution (4-loop QCD calculation)

6 8 10 12 14 16
0.8 | | | | | ]

top—quark LO

e third-order effects in non-resonant contributions

Beyond total rates/EFT
|

| e differential predictions in non-relativistic limit: effects of cuts

a[pb]

[Chen et al. 2209.14259]

e how to assess off-shell effects at higher orders and have them under control

02 i ] | L1 | | | | L | | | | [ | [ | | I | [ | L | | | | |
350 400 450 500 550 600 650 700
s'2[GeV]

0(0.15%) at y/s = 500 GeV

e embedding all in Monte Carlo generators (QCD/QED resonance aware)

e need to include NLL ISR resummation

-
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General topic: PSMCs

Parton Shower Monte Carlo Generators




Parton-shower Monte Carlo generators (PSMCs)

The accuracy of current generators insufficient to match foreseen experimental precision a topic which deserves an entire
workshop, not making justice in one slide!

MC generators are at the heart of arguably any analysis (future and present colliders)

. Thrust y23 (Durham)
Key topics/aspects/ways forward: Lol e re->z2hadrons | I .-»"""'""-“-' ]
VS =Mz=912 GeV o - % 701
. ] 1}k as(Mz)=0.118 q.° - ;
|. Formal (logarithmic) accuracy 3 z-jet@M s 3001
S o1t o { ALEPH e o TR
= v " poy Pythia8.311 - 4107
. . . . — | =% i + l1ad. -~ F
ll. Matching to higher-order calculations (log-accuracy compliant) 0.01F -+ PGy —— > hadronisation -
103 := NNLL- PGy, (tunes PGy -24A) B 107
. 1.4 ' ' ' ' 1.4
Ill. Non-perturbative QCD effects 1.2F 1.2
c 1.0 1.0
: . , ©  0.8¢ 0.8
hadronisation models, colour reconnect. — relevant eg in m,, my, measur. g o6} 0.6
S l4f 1.4
e 1.2 1.2
V. Electroweak corrections I o
0.6, . . — . . . 10.6
QCD + QED showers, resonance-aware showers 06 07 Vog 0.9 1.0 2 4 mf 8 10
= V= Y23
V. Possible alternative avenues/rethinking Recent milestone result: NNLL accurate PS for e+e-

[van Beekveld et al. 2406.02661]

eg. amplitudes/colour evolution [see eg Forshaw et al 2502.12133]

VI. Theory uncertainties Parton Showers for future e+e- colliders

Extrapolation from fiducial to inclusive (typically in much better control) [please visit here for more]
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https://arxiv.org/pdf/2406.02661
https://indico.cern.ch/event/1233329/
https://arxiv.org/abs/2502.12133

Concluding remarks




More challenges (not covered so far)

Higgs-related:

e non-hadronic Higgs decays and higher-order corrections

e progress and status of Higgs cross sections, eg H+J@N3LO-QCD, gg—-H@N4LO-QCD

Lepton colliders:

e Multiple photons emission from incoming lepton beam, i.e. Initial-State Radiation (ISR): YFS vs Coll.Fact.

e precise determination of fine-structure constant o

e beam polarisation and related challenges

Hadron colliders (eg LHeC and FCC-hh):

e parton distribution functions (PDFs) at hadron colliders (see talk by Juan on Tue)

e Challenges in heavy-ion Physics and QCD in dense media

General topics:
e role and impact of Machine-Learning and their training, eg. jet taggers

e status, projections and challenges in lattice calculations

certainly infinitely many more that | am neglecting...
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scattering amplitudes

challenges

(technical + conceptual)

| opportunities

%

fundamental
Interactions probed to

non-perturbative / | the extreme

QCD
high discovery
potential



Thanks! (for bearing with me)

| gratefully acknowledge M. Beneke, F. Caola, P.F. Monni, T. Gehrmann and G. Zanderighi
for many interesting discussions during the preparation of this talk




Backup slides




Higgs at HL-LHC

|. approaching few % precision target

ll. theory most often limiting factor
(s = 14 TeV, 3000 fb™' per experiment

Lol ATLAS+CMS ~Tota ATLAS and CMS
Projections ESPPU 2026 —— Statistical .
—_— Experimental . HL-LHC PfO]eCtIOn
_— Theory Uncertainty [%] Selpailtl e
Tot Stat Exp Th —— Theory Uncertainty [%]
KY — 1.8 0.7 09 1.3 Tot Stat Exp Th
Kyw =E— 1.6 0.7 06 1.3 GggH — 1.6 0.7 0.8 1.2
K, = 16 07 05 13 XS not really up to date,
O,/ N v but ok to get a sense
Kg 5= 2.4 08 07 2.2 VBF s e f
Kt B 3.4 08 09 3.2
— OWH 5.7 3.3 24 4.0
Kb — 3.6 1.2 12 32
K, = 1.9 0.8 0.7 1.5 O, — J 4.2 2.6 1.3 3.1
KM | 3.0 27 09 1.0
i o. e | CERN Yellow Report
Hh——— | 68591630 it 2019 HL/HE-LHC
0 0.02 0.04 0.06 0.08 0.1 0.12

0 002 004 006 008 01 012 0.14

Expected uncertainty Expected relative uncertainty
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Priorities from the ESPP

High-priority future initiatives (l): future colliders

[Fabiola Gianotti, Open Symposium ESPP Venice 2025]

An electron-positron Higgs factory is the highest-priority next collider. For the longer term, the
European particle physics commumty has the ambition to operate a proton proton colllder
at the h|ghest achlevable energy.

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 Ieast 100 TeV and with an eIectron posﬂron nggs 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.

T — —_— — —




The FCC-ee timeline

Baseline operation mode: four main interaction points (IPs)

< Quasi-total order flexibility -

x‘.-_' E I I I ’ I ' I I V I I I I

_Q 200 : 1 : : PR

S, : . ‘ : .

> - Coww [ ZH /

.(T) s : : x10 ] 1 g

S : : /

= — ! : —

= : : /

E i : : / .

@ 100 — E 5 / :

®© - : : / .

o2 : : /

o . : . &

= : : %

i | | | | | | l //I — | | |
0 1 2 3 4 5 6 9 10 11 12 13 14 15
- = eas
+ potentially (eg):
e dedicated runs at lower energies for QCD studies (below Z pole) P interconnected crucial

| input/studies from all IPs
e runs at Higgs pole (electron Yukawa measurement)
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FCC-ee timeline as a guideline

Let us discuss in more concrete terms: using FCC-ee timeline to showcase common challenges faced by theory predictions

e precision observables and perturbative corrections (QCD and EW)
Physics at the Z pole e jets and QCD studies

e hadronisation and non-perturbative effects
42



FCC-ee timeline as a guideline

Let us discuss in more concrete terms: using FCC-ee timeline to showcase common challenges faced by theory predictions

e perturbative corrections (EW)
W~W™ threshold scan

e theoretical framework: future challenges and limitations
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FCC-ee timeline as a guideline

Let us discuss in more concrete terms: using FCC-ee timeline to showcase common challenges faced by theory predictions

ZH
x 10

. e perturbative corrections in X5 (EW)
Higgs factory

e Higgs hadronic decays — pert. and non-pert. QCD
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FCC-ee timeline as a guideline

Let us discuss in more concrete terms: using FCC-ee timeline to showcase common challenges faced by theory predictions

L 3 O B B BN BN N 8 A B B

_ : |
O 11 12 13 14 1{¢
Years

7 threshold scan e pert. and non-pert. QCD, EW effects

e theoretical framework: future challenges and limitations
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Flavour opportunities, FCC-ee case study

Intimate connection between flavour and Higgs physics 'Kamenik et al. Belle Il LHCB FCC-ee
Attribute 4s) pp %
o All hadron species e
e TeraZ P
H 1885 High boost &
[A. Greljo at FCC-week ‘25] Enormous production cross-section v
Negligible trigger losses v v
High geometrical acceptance v v
Low backgrounds v v
Flavour-tagging power v v
Initial-energy constraint v V)
EW Flavor
o WW at FCC-ee, 15 times more bb pairs than at Belle
0.985 —
: e - : [credit to L. Buonocore for pic] ] +yx7— . ege
. ] T Exploit 10° W™W™ events to significantly
| ; W Y improve |V, |, | V., |determination
- L 5¢=0.1% < ’
-8 09751 [PDG = i q
= P 5.=0
070" T y critical dependence on jet taggers efficiency/uncertainties
; i e
%0 - . = | = L , e
8 e ol o . _v  heavy-flavour identification

[Vebl ’
[Marzocca et al, 2405.08880] \\ .
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https://indico.cern.ch/event/1408515/contributions/6506650/attachments/3069909/5431409/Greljo-FCC-week.pdf
https://indico.cern.ch/event/1439855/contributions/6461584/attachments/3045959/5381919/FCC_PED_ESPPU_Flavour_310325_submit.pdf
https://arxiv.org/pdf/2405.08880

Initial-State Radiation (QED effects)

Multiple photons emission from incoming beam: Initial-state-radiation (ISR) logarithmic enhancement from

. Yennie-Frautschi-Suura (YFS):

soft and collinear emissions

o soft photon effects resummed to infinite orders (collinear not!) must be resummed

e well-established framework, implemented already in several Monte Carlo gen.

[Bertone et al. 2207.03265]

ll. Collinear factorisation:

r _|_ — + —_
1015 - ete” - WTW~, 500 GeV

e resummation of collinear emissions ~ electron Parton Distr. Funct. (ePDF)

1.0104 —® NLO, NLL [A, MS] / NLO, LL [MS]

e great recent progress to go to Next-to Leading logarithmic accuracy (NLL) |~ NLO,NLL[A, a(My)] / NLO, LL [a(My)
| —#— NLO, NLL [A, G,] / NLO, LL [G,]

[Frixione 1909.03886, 2105.06688; Bertone et al 1911.12040, 2207.03265] -
1.005 -

e impact of higher-log sizeable and observable dependent

1.000 1

lll. Future challenges:

0.995-
e extend coll. factorisation to NNLL (needed for FCC-ee) 01

e Q: combined soft + collinear resummation? 0(1%) level &

effects from NLL y = (6™"° + NLLISR)/(s™-° + LLISR)
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https://arxiv.org/abs/2207.03265

Determination of o, at FCC-ee

Current world average: a(m,) = 0.1180 £ 0.0009, value and uncertainty largely dominated by lattice

Foreseen a, extraction at FCC-ee:
[QCD physics at FCC, d’Enterria and Monni]

Category present ag(m3) (x10*) FCC-ee Extraction method
value + uncertainty  Stat. Syst. Theory developments needed

Z hadronic decays 1208 £+ 28 01 1 Combined Rg, I'z, afl’ad fit
O(a?), O(a?), O(ag, a®), O(ai, a?) corrs.

W hadronic decays 1070 + 350 2 0 Combined R, , Iy fit
O(ag), O(a?), O(a?), O(as, @), O(ad, a?) corrs.

- 7 hadronic decays 1178 £ 19 <1 <10 Combined I'"'d and 7 lifetime fit
O(a3), hadronisation corrections

Event shapes & jetrates 1171 £+ 31 <l =10 Combination of event shapes and jet rates

O (a‘é ), hadronisation corrections

O(2 X 1()11) 7 leptons from Z — 7Vt decays (o, extraction from hadronic to leptonic branching fractions)

Precise extraction a (m,) from inclusive EWPOs, essential input to investigate hadronisation
models via event shapes and jet rates
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https://inspirehep.net/literature/2921876

W*W~: status and more challenges

Improvements due to LL collinear ISR resummation

o(e”et = u~v,ud X)(fb)

Vs [GeV] Born Born (ISR) NLO 53/2) al(g’g)

158 61.67(2) | 45.64(2) | 49.19¢2) || —o0.001!| 0.000
[—26.0%] | [—20.2%] || [—0.0%0]}| [+0.0%]

161 || 154.19(6) | 108.60(4) | 117.81(5) || 0.147 || 0.087
[—29.6%] [—23.6%] || [+1.0%0]}| [+0.6%0]

164 303.0(1) | 219.7(1) | 234.9(1) [ o811 i| 0.544
[—27.5%)] [—22.5%)] |[ [+2.7%0]i| [+1.8%0]

167 || 408.8(2) | 3102(1) | 3282(1) | 1.287 | 0.936
[—24.1%] | [-19.7%] || [+3.1%0]} | [+2.3%]

170 481.7(2) 378.4(2) 398.0(2) 1.577 1.207
[—21.4%] (—17.4%)] |[ [+3.3%0]}| [+2.5%0]

Readily improvable including NLL ISR (ideally beyond)

Questions/open problems/challenges:

|

Iy
|

given current estimates: most likely not

o do we really need full-fledged e "¢ — 4f @ NNLO EW?

e thorough assessment of impact of selection cuts in EFT

impact of invariant-mass cuts in EFT framework

—
-~

Se

- Loose cuts -

e
~

[Actis et al hep-ph/0807.0102]

Tight cuts

i L 1 A L i
1.5

P

3

My /A
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https://inspirehep.net/literature/789574

tt threshold production: status

1.3}

—
-
]

EW + Higgs (full) vs QCD
[Beneke et al. 1711.10429]

e
N\
&
oo
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&
o

e
e
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| | I T I

‘-- —_— ——
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77

ek
-

o x/osa(u

O
\ )
'4

o x(u
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ISR

L 2
L 4
v
-
|
-
“
-‘

0.0+
340 342

344 346 348
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342

Q..
---------------------

———————————————

with ISR,

[Beneke et al. 1711.10429]

344 346 348
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https://arxiv.org/abs/1711.10429
https://arxiv.org/abs/1711.10429
https://arxiv.org/abs/1711.10429
https://arxiv.org/abs/1711.10429

tt threshold production: status

I:{/'E’)ref

1.15]
1.10
1.05]
1.00}
0.95
0.90

0.85/

- scale variation uncertainty (pure QCD) :
X NNLO |
[Beneke et al. 2409.05960] .
U = (50-350) GeV
338 340 342 344 346 348 350
Vs [GeV]
1.10¢
1.05}

0.90}

0.85%

Pole

|

scale variation uncertainty
Potential Subtracted (PS) vs Pole

[Beneke et al. 2409.05960]

u = (50-350) GeV

1

338

340

342

344 346

Vs [GeV]

348

390

T T T T T T

Vs =344 GeV

- [Beneke et al 2409.05960]

T T T T T T T T T T

finite-width effects |
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tt production above threshold and continuum

Precision target: 0(0.1%) on cross-section measurements

Requires N3LO QCD and NNLO EW (not available)

Total rate, ie fully inclusive XS

0.8

a[pb]

top—quark

— LO

da/dM, [fo/GeV]

[Chen et al. 2209.14259]

360 380

— LO
NLO
NNLO

NNNLO

Invariant Mass Distribution

Ratios to NLO

2 ] 1 !
350
s'2[GeV]

0(0.15%) at y/s = 500 GeV

360 380

M, [GeV]


https://arxiv.org/abs/2209.14259

m, via radiative return and in the continuum

m, extracted from cross section in radiative events e "e™ — (fy

measure ———3J

o(e’e — tt) [pb]

3

dcos@dy/ s’

T2

—
| |

=
o

- = m, (M,) =166 GeV, with s = 380 GeV
m, (m,) = 167 GeV, with s = 380 GeV
== m; (my) =166 GeV, including luminosity spectrum

m, (m,) = 167 GeV, including luminosity spectrum

30 340

4
4
L4
L4
L4
4
L4
s
14
*
"
- " “
’4
- ”
sz
v
— ’
1 L 4

CLICdp |

340 350 360 370

380
/s' [GeV]

8(x, 0)o;(s)

Events

200

fit templates

+ Pseudodata

- Theoretical calculation

= - Systematic scale variation

95

CLICdp -

Liy=1ab™! -

350 360

340

370 380

/s’ [GeV]

Estimates: m, ~ 150 MeV using 4 ab™! of data at \/E = 500 GeV (soronat et at 1912.01275]



https://arxiv.org/abs/1912.01275

FCC-hh, selected topic: PDFs

Theory requirements strongly motivated already by LHC and HL-LHC scenarios

PDF at the core of any hadron-collider study. Absolutely crucial piece

. (some) Future avenues/challenges:

1. aN3LO PDFs and lmpllcatlons on Higgs XS 2. CMS My measurement, PDFs '.I
MSHT+NNPDF 2411.05373 in the top 3 uncertainties ‘
[ ] P e Complete N3LO QCD PDFs
Higgs in Gluon Fusion (PDF + MHOUSs) Impact (MeV)
50 Source of uncertainty Nominal Global . . .
V5 =13.6 TeV inm, inmy inm, inmy e Systematic inclusion of EW effects
N3LO ME, I = pty =My /2 Muon momentum scale 5.6 4.8 5.3 4.4
48 T 7 Muon reco. efficiency 3.8 3.0 3.0 2.3 .
- T W and Z angular coeffs. 49 3.3 45 3.0 e small-x studies
= H Higher-order EW 2.2 2.0 2.2 1.9
= v _
= 46} ) . p¥ modeling 17 20 10 08
< - T .
: If PDF 24 44 19 28 e Lattice PDFs
S ) ¢ E Nonprompt-muon background  — 3.2 — 1.7 _
o 1 | Integrated luminosity 0.3 0.1 0.2 0.1 [see 1711.07916 or talk by Constantinou QCD@LHC 2024]
+ MC sample size 2.5 1.5 3.6 3.8
Data sample size 6.9 24 10.1 6.0
ol | Total uncertainty 13.5 9.9 13.5 9.9
| | | | | | | | I
| g at 100 Gev _ 2 at 100 GeV
o 1050 - — \ ‘\‘\ %220 FHMRUVV update (IHOU + MHOU) (68% c.l.+10) \ ‘\;\ 7205 FHMRUVV update (IHOU + MHOU) (68% C'|_+l10)
Té; i 5100- \ NNPDF40 aN3LO (IHOU + MHOU) (68% c.l.+10) ~ 1.020- | 7250 NNPDF40 aN3LO (IHOU + MHOU) (68% c.l.+10)
S 1.025 3 1 2 / : 5
% 1 ! ; \‘\\ ,’A ; 1.015 4 l;
% 1.000 ¥ T I 7 31.01-\ \\\ _/’, %1.010 1 S\ ."
Z T I £a 2 A AN /‘)—K\“-/, 3 \ ‘\ ;
s 0975 ] S 1004 PN TN s 1.005 1K A __ s
E . . E . \\ ‘\\~..”' \_/ g \\ \\\ ”””” = Sa. 7
= 0.950 = ¢ E _ g \ //'"‘\ 5 10004 2T ST LN
2 . 1 -’ % \\ //// ‘\\\ % \\\ \/x NN ~( \ﬁ
3 T T G 0991 \ ” A S 0.995 | N 4 T
= 0.925 43 \ 4 \ 2 \ {
- - L LS \ 7 \ o R ad \
= &l 2T \ 0.990 - N WP 4 3
| | | | | | | | | 10- 10~ 1073 10~ 10~ 10° 1073 107 1073 1072 1071 10°
MSHTXNNPDFnnlo MSHTxNNPDFan3lo NNPDFan3lo MSHTan3lo X X
PDF4LHC21 MSHTxNNPDFnnlo(ged) MSHTxNNPDFan3lo(ged) NNPDFan3lo(ged) MSHTan3lo(ged)

[Towards N3LO PDF, Hekhorn]

54


https://arxiv.org/abs/2411.05373
https://arxiv.org/abs/2505.10369
https://arxiv.org/abs/1711.07916
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