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@ Introduction
— Understand fundamental laws of nature with collisions

@ Precision at the LHC
— lllustration with W+c production

@ Precision at future colliders
— lllustration with Higgs and Electroweak physics
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Common point between these pictures?
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Observing fragments of reality and looking for the truth

Allegory of the Cave - Plato
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[source: MatiasEnEIMundo/Getty Images]
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Same in particles physics!
... but with some differences

Fragments of reality:

The particles of the
Standard Model

Mathieu PELLEN
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Standard Model of Elementary Particles

three generations of matter
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The truth about ...

@ Dark Matter

e Matter-antimatter asymmetry

Neutrino nature/masses
Electroweak Symmetry Breaking
How W and Z boson get their masses

]
(*]
@ Higgs-boson properties
°

[source: bing image creator]
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> Same in particles physics! ... but with some differences...
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https://www.researchgate.net/figure/Length-and-time-scales-in-nature-a-On-a-logarithmic-scale-the-size-of-the-human-body_fig2_378513736

Same in particles physics! ... but with some differences...
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L~ ch/E = need a lot of energy!

OH MY
DEAR!

=@ =

ek & ke

LATELY INSIDE THE LHC:
2 PROTONS 0.0000000000000000001 SEC BEFORE THE COLLISION

Mathieu PELLEN Precision Theory for Precision Physics:The HL-LHC and Future Collider Challenge


https://www.researchgate.net/figure/Length-and-time-scales-in-nature-a-On-a-logarithmic-scale-the-size-of-the-human-body_fig2_378513736

LHC @ CERN, Geneva (Switzerland)

— 27km-long tunnel where protons are collided at high-energy (13.6 TeV currently)
— Allow to probe fundamental interactions
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LHC HL-LHC

13TV 52 13.6 TeV 13.6 - 14 TeV
e — —

—_—  energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation d
77ev 8T8V bution collimators interaction - o tolet HL-LHC
— R2E project regions Civil Eng. P1-PS pilot beam radiation limit installation
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beamplpes ominal Lumi 2 x nominal Lumi ALICE - LHCb 2 x nominal Lumi GlCamein
xromne T L (LA LUE
75% nominal Lumi upgrade

luminosity VR
HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY

CONSTRUCTION INSTALLATION & COMM. H H PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS

A A lot more data (Neyent = L X 0)
— Very high-precision measurements — Era of precision

— Access to new rare processes —> Challenges on theory and experiment sides!
Mathieu PELLEN
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Life at the LHC (in reality)

% % Data recorded: 201 8
Run / Event / LS: 32638273

Lo W
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Life at the LHC (on the theory side)

@ Factorisation of mechanisms:

o high-energy (perturbative)
—» Hard-scattering, parton-shower
o low-energy (non-perturbative)
> parton distribution function,
hadronisation, underlying events, ...

@ Focus of the presentation:
hard scattering part
—» Calculated from first principle
— Where new physics might hide

[source: Sherpa]
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Learning about fundamental physics through comparison
data vs. first-principle theoretical predictions

Status: June 2024

Standard Model Production Cross Section Measurements

g_ 101 :::::j«:? ATLAS Preliminary Theory -
5 V5=57,813,13.6 TeV . =
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Dat
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Learning about fundamental physics through comparison

VS.
process known desired
7 S(1,1)
J— N'LOgep + N LOgengmw NLOmy
NLOpw
NNLOgep + NLOgy, Full NLOgep
pp— v’ + Full NLOgep (g9 = ZZ), (gg channel, w/ massive loops)
approx. NLOgep (g9 — WW) N ']:'L()Q(-th“-
= V4 NNLOgep + NLOgy hadronic decays

. NLOgop + NLOgy (QCD component )
=V +2j oAb e NNLOgen
NLOgcp + NLOgyy (EW component)

pp— V +bb NLOgep NNLOgep + NLOgy
pp— Wt bb NNLOgep
pp — VV 415 NLOgep + NLOgy NNLOgen

[Huss, Huston, Jones, MP, Réntsch; 2504.06689]

Les Houches wishlist (updated every two years)
Situation very much process dependent
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Illustration with W+-c production
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The Standard Model of particle physics

o Particles are represented by fields
@ Lagrangian displays interactions of fields

@ Based on gauge symmetry
SUQCD(3) X SUL(2) X Uy(l)

[source: CERN]
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The Standard Model of particle physics

o Particles are represented by fields
@ Lagrangian displays interactions of fields

@ Based on gauge symmetry
SUQCD(3) X SUL(2) X Uy(l)

@ Strong force
Quantum chromodynamics (QCD)
mediated by gluon

@ Electromagnetic force
Quantum electrodynamics (QED)

[source: CERN] X
mediated by photon

@ Weak force
Weak interaction mediated by W and Z
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andard del of particle physics

A T T A @ Particles are represented by fields

W, o,u')f (W0, ~ W, 0., <)]——r, WEW, W, . .
_,,1{{;('_,‘,;"1‘;’1‘;;“f‘jj,'ﬂi‘f o, fw;f‘fz‘:m : @ Lagrangian displays interactions of fields
WFW;) = 24, Z20W; W, ]—_/n[H‘+Ha"o“+2Hn*

Lo HU (69)1 415 6P A6+ +AH?6" & + AP
e R e i SR L e @ Based on gauge symmetry
Wi (690,6" - 60,00+ baW (Ho,0~ b0, )~ W (HOL6"
510,H) |+ g2 (28 H, 8 — 60, H) —ig = M Z8 (W, 6 Lu',, )+ SUQCD(3) X 5UL(2) X UY(].)
igsuM AL (Wi o™ — Wi 6*) — igh 22 205+ 0,0™ — 6-0,6%) +
(600 — 606%) — LPWEW, [H? + (6°)2 + 2667
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i ZOH (W6 — Wy %) + 3925, A (Wi 6™ +
Lig?s Wi g~ — Wy ¢+) — g2 (23 — 1) Z0A, 6% ¢ —
', A4,A,6% 0" |- P (0 + mDe — Prdr —w (70 + mhu} — ") Strong force
BX 200+ mi)d + igs, A,1— (@re?) + 2(@yiul) - (@b +
2 29[ (1 + ) )+( P53 — 1= 1%)ed) + (@ (452 — Quantum chromodynamics (QCD)
) + (@41 — 353 = 7)) + 2L W (A1 +7)e) +

(@71 +")Cond)] + 4“

RO+ )+ Bl mediated by gluon
) ]+¢} 2ot (PP (1= 7)) + 6 (@A + 7)) —
|+ e Y) g (€9°6)] + itz -m(E) o1 — 7)) + .
m“(uj(;h(li» :HJT;%Q [m,:ld Aol (145 )7171*(7*('1]"(17 ° Electromagnetlc force

5] — 478 H (@) — $H(DD) + L0 (@ ) —
HXF@ - IPXT X0 - \11)\ +.\“(o*
Y +ige, Wi (0, XX~ =8, X X°) +igs, W, (9,7
)+ ige, W, (o,, 0 — 9, X°X*) + igsu W, (9,X

— 8, X" X") +ig5,A, (9, XX+ —

Jﬂs \+)+,g,,,7"(0,,\+\ (0
i @ Weak force

9, X"X") - LgM[X*X*H+ X-X-H+ %
Weak interaction mediated by W and Z

Quantum electrodynamics (QED)
mediated by photon

L2 igMX X0+
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Perturbation theory and Feynman diagrams

Quark and gluon interaction

— . Aa 4a
Ly = Z'z;‘)q (1&9 = gg?G — mq> Yq

q

After quantisation:
(e.g. with path integral formalism)
— Feynman rules in momentum space
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Perturbation theory and Feynman diagrams

. . k —jgab
Quark and gluon interaction G enonannge (O 1078y

T
H Tv

k2 + ie
— 1, A i
Ly = Z Yq (la — gs?a(l?a - mq) Yq 7% e k; o b M
p ' k2 — mg + ie

After quantisation: ¥q )\
(e.g. with path integral formalism) i ’””< - igS?yu

— Feynman rules in momentum space
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Perturbation theory and Feynman diagrams

k

] — >
1 Wb
00000008
('/1 G,

Quark and gluon interaction

—ié"bgw
k2 +ie

— . Aa sa ‘ .
Ly = Z (U (1&9 — gg?aﬁ — mq) g o k i(k + mg)

q k2—mg+ie

After quantisation: ¥4 )\
(e.g. with path integral formalism) i ’””< - igS?vM
Feynman rules in momentum space ks
Building blocks for transition

(FIS]iy=@m)* [ D pi =D ki | iMe, i) #|f)
J J
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1) Write all possible diagrams at the lowest order:

S \WY% Vi
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1) Write all possible diagrams at the lowest order:

S W I/H S V,LL

+
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1) Write all possible diagrams at the lowest order:

S W I/H S V,LL

ut

g g

Complicated example: gg — ,u‘D,ﬁ’“uJ)bEb: 3904 diagrams [Denner,MP,Lang; 2008.00918]
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1) Write all possible diagrams at the lowest order:

S \WY% Vi S Vu
pt [

g g

Complicated example: gg — ,u‘D,ﬁ’“uJ)bEb: 3904 diagrams [Denner,MP,Lang; 2008.00918]
2) Cross section integration

o X / d®|M|[> with d® : phase space/momentum integration
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1) Write all possible diagrams at the lowest order:

S W I/H S V,LL

ut

g g

Complicated example: gg — ,u_Dﬂe’LueEbEb: 3904 diagrams [Denner,MP,Lang; 2008.00918]

2) Cross section integration

o X / d®|M|[> with d® : phase space/momentum integration

Integrating over the full phase space provides inclusive/total cross section!
Probability for the process gs8 — 1 v,C to happen!
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/A LHC is not a 5-g collider...

<
It is a proton-proton collider! - / -
- Pfo\‘ov\
< parton model: gluon and all possible ?w S
a

quarks available in proton at high energy

Vp
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/A LHC is not a 5-g collider... <

It is a proton-proton collider! - / -
- Pfo\‘ov\
< parton model: gluon and all possible  \ Z’” —_
;.;

quarks available in proton at high energy /\
4

Vp
1
xfg(x)
Xfy(X)
Ohadron X Z/dxadxbfi(xa)ﬂ'(xb)/d¢|M|2 0.8} \ );%g
"J 06}
e f; Parton Distribution Function (PDF) o
e f; universal '
e f; used at LHC, fitted to data 0.2
e QCD constrains relations between f; \\
. . 0 0 0.2 04 0.6 0.8 1
Lowest-order approximation: X

[source: CTEQS6]

leading order (LO)
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@ Experimental measurements performed in parts of the phase space
where detectors are placed

Experiments also measure observables

transverse mom. [pT(p) = \/m rapidity [ (p) = i 5 log (I%ngﬂ

Analytical integration not an option!
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@ Experimental measurements performed in parts of the phase space
where detectors are placed

@ Experiments also measure observables

transverse mom. [P]?(P) = \/m rapidity [ (p) = 3 log (Igﬁz)}

@ Analytical integration not an option!

= Solution:

Trade integration variables (angles, energies) vs. random numbers (x;)

Johdet /*
Examples: ¢ = 27-x1, E = (Emax — Emin)X2 — Emin e
Jaice 2 /7] hicke b
1 1 }Jem \
= oo [y dx o fy dxng(x, -, xa) O(t(x1, -+, Xn)) \

A t.,,\:c\r 2

e O(t) encodes experimental selection e g highly complex function with singularities
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Multidimensional integration of complex integrand

o Error scaling as 1/4/Npoints

@ Peaked structure due to propagators m
(Breit-Wigner distribution)
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Multidimensional integration of complex integrand

o Error scaling as 1/4/Npoints

@ Peaked structure due to propagators m
(Breit-Wigner distribution)
importance sampling:
generates points with density close to integrand

/\ probability density function # parton distribution function

—

Aﬂ rm distri butiok

Good (&

- good pdf
Bad E\<S

-

— bad pdf

@ www.scratchapixel.com
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Multidimensional integration of complex integrand

@ Error scaling as 1/\/m

@ Peaked structure due to propagators m
(Breit-Wigner distribution)
importance sampling:
generates points with density close to integrand

@ Propagator structure known
important sampling for multiple resonance structures
— Multi-channelling (dedicated programs)
~ O(10° — 10*) for gg — ,u’ﬁ#eﬂ/et_)bl_)b [Denner,MP, Lang; 2008.00918]
automation is key!

/\ probability density function # parton distribution function

okay! (=

N\

—

%ﬂ rm distri butiok

Good (&

— good pdf
Bad ({3

-

— bad pdf

@ www.scratchapixel.com
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Perturbative theory appropriate for high energy!
Expansion parameter: the couplings as (QCD) and o (EW)

2
0 = 0LO + Os ONLO QCD + & ONLO EW + &%~ ONNLO QCD + - - -

NB: NLO = next-to-leading order, NNLO = next-to-next-to-leading order, etc.
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Perturbative theory appropriate for high energy!
Expansion parameter: the couplings as (QCD) and o (EW)

2
0 = 0L0 + &%s ONLO QCD + @ ONLO EW + @s~ ONNLO QCD + - - -

NB: NLO = next-to-leading order, NNLO = next-to-next-to-leading order, etc.

as ~ 0.1

- } as® ~ a (naive scaling)

Typical LHC processes requires NNLO QCD + NLO EW to match experimental accuracy

< Some processes requires O(a) and/or O(asa) corrections
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2

OLO X Z/andeﬁ(Xa)f}(Xb)/d(D‘M‘z = 0(042@5) with as = f_i
iJj

7

S
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2

oLO X z:/dxc.,,dxbf,-(xé,)ij-(xb)/dd)\/\/l2 = O0(c?0g) with as = f—s
i

7
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lead to loop integrals over the internal momenta of the type

/ d*e 1
(2m)* (2 — A)"
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lead to loop integrals over the internal momenta of the type
/ d* 1
(2m)* (2 — &)"

o Infrared (IR) divergences: ¢ — 0

They feature

e Ultraviolet (UV) divergences: ¢ — oo
Renormalisation: absorption of div. in £ parameters using physical conditions

e Regularisation (mathematically sound) to obtain finite expression
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lead to loop integrals over the internal momenta of the type
/ d* 1
(2m)* (2 — &)"

o Infrared (IR) divergences: ¢ — 0

They feature

e Ultraviolet (UV) divergences: ¢ — oo
Renormalisation: absorption of div. in £ parameters using physical conditions

e Regularisation (mathematically sound) to obtain finite expression

@ Virtual corrections are obtained

o Numerically
o Analytically

o Nowadays one-loop automatised and available in public codes
< More than 200 000 diagrams in gg — p~ 7€ /e bbbb [penner,mp,Lang; 2008.00015]

@ Current frontier for LHC phenomenology: 2-loop with 5/4 external legs in QCD/EW
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Integration of also lead to IR divergences!

/ d®" 2Re {Myree M} + / dd™ ! | M,ear|? = TR finite
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Integration of also lead to IR divergences!

/ d®" 2Re {Myree M} + / dd™ ! | M,ear|? = TR finite

e Reason behind: KLN (Kinoshita-Lee-Nauenberg) theorem
“IR divergences coming from loop integrals are canceled by IR divergences coming
from phase-space integrals”

IR divergences arise when particles are soft (E — 0) or collinear to each other
Physical picture: detectors cannot resolve low energy and collinear particles
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Integration of also lead to IR divergences!

/ d®" 2Re {Myree M} + / dd™ ! | M,ear|? = TR finite

e Reason behind: KLN (Kinoshita-Lee-Nauenberg) theorem
“IR divergences coming from loop integrals are canceled by IR divergences coming
from phase-space integrals”

IR divergences arise when particles are soft (E — 0) or collinear to each other
Physical picture: detectors cannot resolve low energy and collinear particles

How to compute them numerically with Monte Carlo integration?!
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Subtraction procedure

Qs ONLO QCD = /d¢" 2Re {MM i1t }

+ / do™ ! | Miear |2
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Subtraction procedure

s ONLO QCD = /d(bn |:2Re {MMVirt}

+ / doO™ ! | Mear |2

° has same singular behaviour as | Mea1|?

° simple enough to be integrated analytically
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Subtraction procedure

s ONLO QCD = /d(bn |:2R€ {MMVirt}

+ / doO™ ! | Mear |2

has same singular behaviour as | Mea1|?

(]

simple enough to be integrated analytically

Requires profound understanding of QFT amplitudes

Requires high level of automation
30 conterterms in gg — p~ 7,6 Ve bbbbg [Denner,Mp,Lang; 2008.00915]

Numerical stability is key
General algorithms for NNLO QCD calculations available
for N3LO QCD: only working for specific cases
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Moving to NNLO QCD

—» NNLO QCD corrections (as? oNNLO Qcp) contains all contributions O(a?as?)

Double virtual Real-virtual Double real
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Moving to NNLO QCD

NNLO QCD corrections (as? oNNLO Qcp) contains all contributions O(a?as?)

Double virtual Real-virtual Double real

Moving from NLO to NNLO is not incremental!
— Everything more complicated!
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pp — WTj,

Contrib. LO NLO NNLO

sg — -
sS —
53 —
sq —
qq’ -
gq - -
gg -
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pp — WHj, Bottleneck(s)

@ two-loop virtual corrections
Contrib. LO NLO NNLO °P _
@ numerically stable subtraction scheme

sg @ numerically stable amplitudes
sS -

Ss —

5q —

qq’ -

gq - -

gg -
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pp — WHj, Bottleneck(s)

@ two-loop virtual corrections

Contrib. LO NLO NNLO _ _
@ numerically stable subtraction scheme

@ numerically stable amplitudes

S p— J—

sg . CPU intensive business

53 — o State-of-the-art computation:

5q — 0(0.3 — 2 Millions cpu.h)

aq’ - @ Most complicated to date:

g4 - - O(10 Millions cpu.h)

gg - = No calculations on laptops

— High Performance Computing clusters
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CMS

138 fb™ (13 TeV)

Total uncertainty P?rjm > 30 GeV, |T]cjm| <24

Statistical uncertainty

Parton level

p, > 35 GeV, | < 2.4

Data:163.4 £ 0.5 (stat.) £ 6.2 (syst.) pb 5 W

CMPP predictions, NNLO NNPDF3.1: ‘

& LO QCD: 137.4 %144 pb ——

VNLO QCD: 178.3+ 11.6 pb ——

g

OONNLO QCD: 174.7 7% pb i

ONNLO QCD, NLO EW: 171.1772 pb O

0 50 100 150 0

20
o(W + c) [pb]

[CMS + Czakon, Mitov, MP, Poncelet; 2308.02285]

Mathieu PELLEN
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What could we do more?

Theory

@ Subleading EW contributions ~ 1%

[Denner, Dittmaier, MP, Schwan; 1907.02366]
e N3LO QCD ~ 1% (?)

@ NNLO QCD matched to parton shower
inclusion of EW corrections (?)

@ NNLO QCD corrections to WD hadron [Generet, Poncelet, Muskinja; 2510.24525]
inclusion of EW corrections (?)

Theory-Experiment
@ Improvement of PDF

@ Use of common jet algorithm
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[source: Luca Buonocore, DIS24, Grenoble, France]

Where Do We Come From? What Are We? Where Are We Going?

» 2 2 processes: maturity

» 2 3 processes: steady progress

Nothing

well-established
Pu.bli.c codes

. Fubl.i.c code
Parti.alej

available

. no Fublic code

Mathieu PELLEN

available

STATUS

Mo&u.ri.bi

Precision Theory for Precision Physics:The HL-LHC and Future Collider Challenge



Theoretical predictions at the LHC in very good state
Each further step become increasingly more complicated
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Theoretical predictions at the LHC in very good state
Each further step become increasingly more complicated

N3LO QCD for colourless processes (Higgs, Drell-Yan, di-photon, etc.)
N3LO QCD PDFs

Mixed NNLO QCD-EW corrections (Drell-Yan)
2-loop amplitudes for 2 — 2/3 with many scales
NLO QCD-+EW for 2 — 8 processes (ttbb, ttV, etc.)

Matching of NNLO QCD to PS (colourless processes)
(N)NLO QCD+EW matching to PS (Drell-Yan, di-boson)

Improvement of PS accuracy
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Theoretical predictions at the LHC in very good state
Each further step become increasingly more complicated

N3LO QCD for colourless processes (Higgs, Drell-Yan, di-photon, etc.)
N3LO QCD PDFs

Mixed NNLO QCD-EW corrections (Drell-Yan)
2-loop amplitudes for 2 — 2/3 with many scales
NLO QCD-+EW for 2 — 8 processes (ttbb, ttV, etc.)

Matching of NNLO QCD to PS (colourless processes)
(N)NLO QCD+EW matching to PS (Drell-Yan, di-boson)

@ Improvement of PS accuracy

Limiting factors (?)
Non-perturbative physics: PDF, Hadronisation, Multiple-parton interaction (MPI)
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Illustration with Higgs and Electroweak physics
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e FCC: 90km-long tunnel to collide electron/proton up to even higher energy
(100 TeV)
— choice number 1 for the future of European community

S
Sy =
S v
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Why FCC?

— Review of Christophe Grojean “Future Circular Collider: A Physics Manifesto”

https://indico.cern.ch/event/1582427/
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Why FCC?

— Review of Christophe Grojean “Future Circular Collider: A Physics Manifesto”

https://indico.cern.ch/event/1582427/

Why is FCC-ee a precision machine (even more than the LHC)?
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https://indico.cern.ch/event/1582427/

— Review of Christophe Grojean “Future Circular Collider: A Physics Manifesto”

https://indico.cern.ch/event/1582427/

Why is FCC-ee a precision machine (even more than the LHC)?

Much cleaner initial state

Known collision energy

Huge luminosity at specific energies
No QCD background
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Why FCC?

— Review of Christophe Grojean “Future Circular Collider: A Physics Manifesto”

https://indico.cern.ch/event/1582427/

Why is FCC-ee a precision machine (even more than the LHC)?

Much cleaner initial state

Known collision energy

Huge luminosity at specific energies
No QCD background

— LHC — FCC-ee:

Dominant uncertainties shift from experimental modelling to theoretical predictions
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lllustration of precision physics
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[de Blas et al.; 2511.03883]

Precision everywhere! Example for Higgs and EW physics
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lllustration of precision physics

[ Observable [ Current [ FCC-ee [ LCF LEP3 |
K B . o Amy, (keV) 2000 | 4(100) 200 | 7.5(100)
& £ N g - £ ATy (keV) 2300 | 4(12) 125 75(23)
B a N 1 . u | SR, (x10°%) R, = ‘r";d 1600 | 2.4(2.3) | 90(90) 45(23)
. . B8R, (x107°) Ry=f | 3300 | 12(16) | 70(60) | 22(.0)
z : o s Asin 8y (x10%) 130 | 04(0.5) | 27(23) |0.75(095)
K RN W B Y Aa(my)~" (x10%) 14 0.8,3.8 - 14,73
o . . . . o o Amy (keV) 9900 | 180 (160) | 500 (1600) | 430 (700)
: . : ] ATy, (keV) 42000 | 270(200) | 2000 | 650 (500)
. o : T ;

[de Blas et al.; 2511.03883]

Precision everywhere! Example for Higgs and EW physics
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FCC-ee physics

——CDR baseline runs (4IPs)
— Additional opportunities

iy Total
z ww ZH it integrated
o() 40 125 40 30 19.2 5 10.8 04 2.7 luminosity
1= . t ————1 =
Ener
40 --- 60 88 91.2 94 125 157.5 --- 1625 217 240 340 ... 350 365 (G v
eV)
Z lineshape W mass and width
Qcb QCb i M top EW couplings
precision flavour cm”?” Y, Higgs mass Higgs couplings Mep Higgs VBF production Physics
studies rare decays Yukawa as 728 (T and Higgs couplings improved)  highlights
dark sector flavour (e.g. Vob)
#events.
0(10") o109 0(2x109) O@2x109 (@1Ps)

@ Higgs physics at FCC-ee through ZH production (and VBF)
@ W physics at FCC-ee through WW production

Precision Theory for Precision Physics:The HL-LHC and Future Collider Challenge



Higgs physcis

Higgs decay widths and Higgs couplings at ILC and FCC-ee
LHC HXS WG;  de Blas et al., 1905.03764; HL-LHC: Cepeda et al., 1902.00134;
ILC: Bambade et al., 1903.01629  FCC-ee: Freitas et al., 1906.05379

— Theory challenges

experimental accuracy theory uncertainty param. unc.

| HL-LHC ILC250 FCC-ee|current source prospect | prospect source
Wb [ 4% 2% 08% [04% of 0% [ 06% m @ full NNLO EW for ete— — ZH
H— 717 2.9% 24% 11% | 0.3% o 0.1% negligible
H— pp 8.2% 8% 12% | 0.3% o? 0.1% negligible . + .-
H—gg |[1.6%@e) 32% 1.6% | 32% at 1% 0.5% s ° Ieadmg NNLO EW 'FOI’ e'e VZ/H
H— vy 26%  22% 3.0% | 1% a? 1% negligible (VB F)
H =42 19% 5% a 1% | 01% My
H—-WW| 28% 11% 04% | 05% o’ ama,a® 03% | 01% My . .. . .
H— 77 29%  11% 03% | 05% o aua,0? 03% | 0.1% My o H|gher precision In HIggS decay

[Source: Stefan Dittmaier]

PELLEN Collider Challenge



State of the art:

o [pb] etem > WW s 4f
20 T T T T
IBA RACOONWW /4F
DPA
full ——

10

o

210
0 | |

170 180

V3 [GeV]

190 200 210

[Denner, Dittmaier, Roth, Wieders; hep-ph/0505042, hep-ph/0502063]
—[Schael et al.; 1302.3415]

NLO EW for eTe™ — 4f

Mathieu PELLEN
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State of the art:

o [pb] etem > WW s 4f
20 T T T T

IBA RACOONWW /4F

T

AMy[MeV]:
33 (LEP2), 12 (current), 10 (CMS), ...

@ Considering also hadronic decays

o NNLO EW for ete™ — 4f
use for EFT at threshold

@ mixed NNLO QCD-EW and NNLO
Vs [GeV] QCD for hadronic channels

[Denner, Dittmaier, Roth, Wieders; hep-ph/0505042, hep-ph/0502063]

—+[Schael et al.; 1302.3415]

NLO EW for eTe™ — 4f
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List of priorities (draft)

Lay the foundations for the conceptual design studies of four (or more) detectors
Consolidate IR layout, detector integration, and related background mitigation
Collaborate with IT to develop a computing architecture model for experiments
Complete the software & analysis toolkit to ease detector performance comparison
Confirm, with full analyses, the current uncertainty estimates on EWPOs (Z and W)
Gather the worldwide theory community to address the theoretical challenges
Streamline and optimise the procedure for centre-of-mass energy calibration
Develop an efficient PED Education/Communication/OutReach/InReach strategy

Ascertain the detector cost estimate

229Nk DN

0. Articulate the physics case, feasibility, and schedule implications of other Vs stages
1. Anticipate FCC-PED structure and management in the project phase (2027-2033)

C. Grojean, https://indico.cern.ch/event/1582427/

Theory predictions are a critical aspect for the success of the FCC!
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Summary/Outlook

Exciting physics at the LHC! (... and future colliders)

— Explore fundamental aspect of particle physics
— Precision era at the LHC (and even more at future colliders)
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Summary/Outlook

Exciting physics at the LHC! (... and future colliders)

— Explore fundamental aspect of particle physics
— Precision era at the LHC (and even more at future colliders)

@ Theory calculations are decisive information:
e Standard Model measurements
e Searches for new phenomena
— Precision programme at the LHC

@ Crucial interplay between theory and
experiment
— Big impact on physics results

Mathieu PELLEN Precision Theory for Precision Physics:The HL-LHC and Future Collider Challenge



Summary/Outlook

Exciting physics at the LHC! (... and future colliders)

— Explore fundamental aspect of particle physics
— Precision era at the LHC (and even more at future colliders)
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@ Theory calculations are decisive information:
e Standard Model measurements
e Searches for new phenomena
— Precision programme at the LHC

@ Crucial interplay between theory and
experiment
— Big impact on physics results
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Back-up slides

BACK-UP
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Direct link between W+c measurements and strange-quark PDF
Insight in proton content

Critical for other measurements (e.g. W-boson mass )

Test of (perturbative) QCD
S-S asymmetry predicted at 3—|00p in QCD [Catani, de Florian, Rodrigo, Vogelsang; hep-ph/0404240]

@ Study of flavour jets
@ Further test of the Standard Model
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Jet algorithm

@ Beyond NLO, flavour jet algorithm is required
Otherwise no IR-safe definition of flavour jets
Soft wide angle radiations are problematic

o flavour kr algorithm with R = 0.4 [anfi, Salam, Zanderighi; hep-ph/0601139]
Soft radiations are clustered first
rules:
ect+c=jorc+c=]
ect+c+c=j.orc+c+c=
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Jet algorithms - definitions (1)

— Freedom in choosing whether cc and cc are flavoured

Variation of flavour kr algorithm (anfi, Salam, Zanderighi; hep-ph/0601139]

o flavoured kr algorithm, charge dependent (kTCD)
o flavoured kr algorithm, charge agnostic (kpCA)

o flavoured kr algorithm, charge dependent, with beam definition including W
momenta (kpCDB)
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Best predictions @ 13 TeV - cross sections

Order | owj. [pb] | ow-j, [pb] | Rwj, = owj, /ow-j,
Lo | 1Bty | 1971()Rgn | 0.95076(2) 00N
NLO QCD | 162.4(1)772% | 168.1(1)+6:9% | 0.9659(9) 0%

+0.7% +3.8%(PDF) +0.6% +3.7%(PDF) +0.2% +2.1%(PDF)
NNLO QCD ‘ 168.6(8), 19, —3.8%(PDF) ‘ 173.9(1.9) ", gy, _5. 7% (PDF) ‘ 0.96(1) 30, —2.1%(PDF)

@ PDF uncertainty dominant at NNLO QCD
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Best predictions @ 13 TeV - cross sections

Order ‘ ow+;, [pb] ‘ ow-j, [pb] ‘ R, = owsj, /ow-j,
Lo | 1138177 | 110711(Q)FPge% | 0.95076(2)F5 0%
NLO QCD | 162.4(1)772% | 168.1(1) 0% | 09659(0) 70 %

+0.7% +3.8%(PDF) +0.6% +3.7%(PDF) +0.2% +2.1%(PDF)
NNLO QCD ‘ 168. 6 8) 2.1% —3.8%(PDF) ‘ 173. 9 L. 9) 1.8% —3.7%(PDF) ‘ 0'96(1)70.3% —2.1%(PDF)

@ PDF uncertainty dominant at NNLO QCD

Theory uncertainty in QCD

@ In perturbation theory, dependence on renormalisation and factorisation scales

@ Variation of the scales: proxy for evaluating missing higher orders in QCD
—» Simple recipe to catch some of the theory errors
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Best predictions @ 13 TeV - cross sections

Order | ow;, [P | aw-, [pb] | R, = ows, /ow-,
Lo | 138177 | 119711()7%5 | 0.95076(2) 50
NLOQCD | 1624(MIGEE | 168MDTE | 09659(9) 557

+0.7% +3.8%(PDF) 40.6% +3.7%(PDF) +0.2% +2.1%(PDF)
NNLO QCD ‘ 168.6(8) ", 10, —3.8%(PDF) ‘ 173.9(1.9) " gy, 5 7%(PDF) ‘ 0.96(1) 30, —2.1%(PDF)

@ PDF uncertainty dominant at NNLO QCD

Order ‘ ow-+j, [Pb] ‘ ow-j, [pb] ‘ Rwj, = ow+j /ow-j,
oxLoEw | 117.399(2) | 111.627(2) | 0.95084(2)
onoewl%] | -1.93 | —1.92 | —0.01

@ EW corrections null in the ratio
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Best predictions @ 13 TeV - Differential distributions

LHC 13 TeV PDF: NNPDF31 Scale: (Etw + prj.)/2

. tagging: krCA
7 at least one c-jet
=
=N U
=
%N
=
5 — 10
= w— NLO
107" § we—"NNLO
@]
S
=
= 005
@]

ratio to central NLO N4

0 100 12 150 1

[)T()l) [GeV]

00

@ Good perturbative behaviour for QCD corrections
@ Sudakov logarithm for EW corrections

Mathieu PELLEN
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Effect of non-diagonal CKM @ NNLO QCD

LHC 13 TeV PDF: NNPDF31 Scale: (Etw + prg,)/2
tagging: kyCA
110 at-least-one c-jet

LHC 13 TeV PDE: NNPDF31 Scalé: (Erw ¥ pr;.)/2
tagging: krCA
at least one c-jet

090 1 NNLO full CKM T 0.90 1 me—" NNLO full CKM

50 7 100 125 150 175 200

pr(t) [GeV]

o full CKM / no CKM ~ 7.5—11%

o full CKM / VLO £0 ~ 3%
> Original approximation rather good

100 125 150 175 200 225

pr(je) [GeV]

— Full CKM dependence up to NNLO QCD for precise predictions
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PDF uncertainty

1.100

1075

1050

1025

1000

LHC 13 TeV PDF: NNPDF31 tagging: k{CA
at least one ¢-jet

0.975

0.950

ratio to NNPDF31

0.925

0.900

NNLO NNPDF31 PDF var
mm NNLO NNPDF31 scale var

1100

1075

1050

© 1000

—
I
=
a
Ay 1025
Z
7
Q
S
=)

0.900

T i

_ | m—NNLO NNPDF40

NNLO NNPDF30

m— NNLO CT18

50 7 100 125 150 175 200 225

pr(0) [GeV]

o NNPDF3.1 variation ~ +4%

@ Spread of various PDF sets ~ 10%
— PDF error is the largest theoretical uncertainty

Mathieu PELLEN
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Jet algorithm (1)

&
2
7
=
5

100

095

0.90

085

0.80

0.00

120

105

100

0.95

0.90

085

0.80

0.00 025

LHC 13 TeV PDF: NNPDF31 Scale: (Erw + pr.)/2
exactly one c-jet

—NLO kyCD
—NLO k7 CA
NLO krCDB

025 0.50

0.75 L00

[y(0)]

125 150 200

LHC 13 TeV PDF: NNPDF31 Scale: (Erw + pr,.)/2
exactly one c-jet

s— NNLO krCD
— NNLO krCA
NNLO krCDB

0.50

150 2,00

LHC 13 TeV PDF: NNPDF31 Scale: (Epw + pr;.)/2
exactly one SS c-jet

090

085

‘wm NLO krCD
w— NLO kyCA
NLO k:CDB
Y A . )
[y(0)]
LHC 13 TeV PDF: NNPDF31 Scale: (Erw + pry))/2

exactly one SS

0.

— NNLO krCD
—NNLO krCA
NNLO k1CDB

00 025 0.50

@ No difference at NLO and NNLO for exactly one-jet

@ Large differences for exactly one SS c-jet
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Jet algorithms - definitions (2)

— Flavoured anti-kr algorithm

(favored) _(standard) _ Sjj, if both i and j have non-zero flavor of opposite sign,

i ij .
1,  otherwise.

where

1 k3, + k%,
Sj=1-6(1—kjj)cos (g“"f) with  r; = — 7; TJ
a

)
2
T ,max

[Czakon, Poncelet, Mitov; 2205.11879]

Variation of anti-kr algorithm

o flavoured anti-kt algorithm, charge dependent, with a = 0.2,0.1,0.05
(akTCD—0.2, akTCD—O.l, akTCD—O.OS)
o flavoured anti-kp algorithm, charge agnostic, with a = 0.1 (akpCA-0.1).

Alternatives: [Caletti, Larkoski, Marzani, Reichelt; 2205.01117, 2205.01109], [Gauld, Huss, Stagnitto; 2208.11138], [Caola et al.; 2306.07314]
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Jet algorithm (2)

100

095

0.90

ratio to first algo.

085

0.80

1.00

0.95

0.90

ratio to first algo.

085

0.80

LHC 13 TeV PDF: NNPDF31 Scale: (Efy + pry,)/2
exactly one ¢-jet

—NLO akpCD-0.1

—NLO ak
NLO akrCD-0.05

—NLO krCD

50

100 125 150 175 200 225

pr(0) [GeV)

LHC 13 TeV PDF: NNPDF31 Scale: (Etw + prj,)/2
xactl > ¢

s NNLO akyCD-0.1

NNLO akyCD-0.05
m— NNLO krCD

50 75

100 125 150 175 200 225

pr(€) [Cev]

ratio to first algo.

0 LHC 13 TeV PDF: NNPDE3L Scale: (Bry + pry,)/2
L15 exactly one SS c-jet.
110
105
1
0.95
m—NLO akCD-0.1
0907w NLO ak7CD-0.2
085 NLO akzCD-0.05
m—NLO krCD
0.80
50 7 100 125 150 175 200 25
pr(l) [GeV]
" LHC 13 TeV PDF: NNPDF31 Scale: (Epw + prj.)/2
exactly one SS ¢-jet
[—
S—

s NNLO akrCD-0.1

m— NNLO akrCD-0.2
NNLO akyCD-0.05

m— NNLO krCD

100 125 150 175 200 225

/) [GeV]

50

e No (small) difference at NLO and NNLO for exactly one-jet

o Large differences for exactly one SS c-jet
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Jet algorithm (3)

LHC 13 TeV PDF: NNPDF31 Scale: Hy ) LHC 13 TeV PDF: NNPDF31 S
at least one ¢-jet leading c-j;

S 110
o 10 105
< 100 ‘ 100 i
2 0.5 Fomm NLOFPS al h
2 NLO+PS aky CD-0.10 ; . — NLO+PS ak7CD-0.10 |
2 0904 T NLO+PS akrCDA020 £ 090§ . NLO+PS aky CD-020
"o NLO+PS akyCD-0.05 - NLO+PS akyCD-0.05
P —NLO+PS k7 CD P —NLO+PS krCD
0.80 0.80
50 3 100 125 150 175 200 25 50 7 100 125 150 175 200 25
pr(l) [GeV] pr(l) [GeV]
20 120
LHC 13 TeV PDF: NNPDF31 Scale: Hy LHC 13 TeV PDF: NNPDF31 Scale: Hy
18 at Toast one c-jet 115 Teading c-jet is OS
S0 110 10
= 105 105
S _
+= 0,95 { m— NLOTPS aky 0.95 | wm—NLO+PS aky
2  NLO+PS akyCD-0.10 s NLO+PS ak7CD-0.10
= 090 o NLO4PS akrCD-0.20 0:90 1 s NLO+PS akyCD-0.20
™ NLO+PS aky CD-0.05 085 NLO+PS aky CD-0.05
7| —NLO+PS krCD w— NLO+PS krCD
0.80 0.50
0.00 025 0.50 075 | 00 150 175 2,00 0.00 025 050 075 100 150 175 200

0) [GeV ] 0) [GeV ]

@ 5—10% differences for at least one c-jet (inclusive)

o Below 5% differences for leading c-jet is OS
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Jet algorithm (4) at

LHC 13 TeV PDF: NNPDF31 Scale: Hy LHC 13 TeV PDF:
exactly one OS ¢-jet

NPDF31 Scale: Hy
exactly one SS ¢-jet

105

atio to first ¢

0.95 | m—NLO+PS aky
s NLO+PS a7 CD-0.10 s NLO+PS akzCD-0.10
090 7 s NLO+PS a7 CD-0.20 wm NLO+PS akyCD-0.20 l
. NLO+PS akyCD-0.05 NLO+PS aky CD-0.05
91 m NLOPS kD — NLO:PS krCD — |_|—
050 05
50 7 100 125 150 175 200 25 50 7 100 125 150 175 200 25
pr(l) [GeV] pr(l) [GeV]
120 - - - 12 - ——
LHC 13 TeV PDF: NNPDF31 Scale: Hy LHC 13 TeV PDF: NNPDF31 Scale: Hy
P exactly one OS c-jef exactly one SS c-jet
80 110
= 10
B e —————
= 095 NLO+PS akr — NLO+PS aky Jr—
2 +PS akyCD-0.10 7 Je e NLO+PS ki CD-0.10
= om0 +PS ke D020 — NLO+PS by CD-020

NLO+PS akyCD-0.05

NLO+PS akyCD-0.05

0% w— NLO+PS krCD wmm NLO+PS krCD
7(0) [GeV] () [GeV]

@ < 3% differences for exactly one OS c-jet

@ Huge differences for exactly one SS c-jet
— exactly one OS c-jet is preferred in this respect
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D meson and charm quark

Dt: cd, D~ : dg, D°: cii, D°: u, DI : cs, D : sc

Masses ~ 1.9 GeV

@ Charm quarks/jets are not detected at colliders
instead D mesons

@ Mesons identified through their decay products

@ Use of Monte Carlo simulation to match W+D meson measurement to a W+c
process
Transfer function
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