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QCD in the particle-physics ecosystem
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QCD in the particle-physics ecosystem
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QCD in the particle-physics ecosystem
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QCD in the particle-physics ecosystem
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Theorist view of a collision
High-energy collision

have several
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Theorist view of a collision

High-energy collision
have several
steps/ingredients

incoming
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@ A hard process
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High-energy collision
have several
steps/ingredients

@ A hard process

incoming N ow s EEO 000 =
o e Parton shower (initial
and final-state)

@ Hadronisation

@ Multi-parton
interactions

@ Hadron decays

incoming

proton 2

jets hard
parton shower process

hadrons
(7, K, pyn,...)

1 GeV 10 GeV 100 GeV 1 TeV  scale

EPS-HEP 2025, Marseille, July 2025

Gregory Soyez



Theorist view of a collision

incoming N ow s EEO 000

proton 1

hadrons
(7, K, pyn,...)

jets
parton shower

incoming
proton 2

hard

process

1 GeV 10 GeV

100 GeV

1 TeV

scale

High-energy collision
have several
steps/ingredients

. |® A hard process
perturbative o
“calculable” |@ Parton shower (initial

and final-state)
@ Hadronisation
non-pert. .
“modelled” | @ Multi-parton
interactions

various
@ Hadron
approachesl adron decays

EPS-HEP 2025, Marseille, July 2025

Gregory Soyez



Theorist view of a collision
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and final-state)
@ Hadronisation
non-pert. .
“modelled” | @ Multi-parton
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various
@ Hadron
approachesl adron decays

progress at each step
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Organisation of this talk

For each step of this collision “steps”:

@ Describe the underlying physics/interest
@ Highlight recent/ongoing progress

e analytic viewpoint (most precise for a given observable)
o Monte Carlo generator viewpoint (4-vectors give flexibility + usage in exp software)

@ Give a (tentative) view into the future

Usual caveat: incomplete and biased... but hopefully enough to give you the gist
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Theorist view of a collision:

focus on the hard process

High-energy collision
have several
steps/ingredients
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“calculable” |° A hard process
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Core factorisation for hard processes

Write hard processes as “PDF,;®@PDF,@MEartonic” :

d
O-d(vQ) - /ande fa(Xa7 Q) fb(Xb7 Q) ‘M(Q7 Xa, Xb)’2 50b5€fVab|e(V)

|M(Q,X3,Xb)|2 = |M(Q7X37Xb)|fo + O‘S|M(vaaaxb)|2NLO + O‘§|M(Q?X37Xb)|2NNLO +e

@ This is the core of the “precision-era” effort

@ Crucial for LHC today and forthcoming high-lumi LHC
Mandatory for future colliders

@ Note: known cases where the above factorisation is violated (super leading logs)
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Fixed-order expansion

Two core components:

@ amplitudes calculation: heavily connected with fundamental properties of gauge theories

e from amplitudes to (differential) cross-sections (“subtraction”, connected to Monte Carlo)

Status and recent progress: 4 legs
@ LO, NLO mostly “solved” 7(2_>5)'i7“”7‘”7#}7”73”7*”
S0 B
5Q2=3)[ - @& -@® -
422 - @--@ -
] I

|

0 1 2 3 4
LO NLO NNLO N3LO N*LO
# loops
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Fixed-order expansion

Two core components:

@ amplitudes calculation: heavily connected with fundamental properties of gauge theories

e from amplitudes to (differential) cross-sections (“subtraction”, connected to Monte Carlo)

Status and recent progress: # legs
@ LO, NLO mostly “solved” . (2_>5)'i7“”7‘”7#1””3””37”
@ NNLO: 2 — 3 massless with full colour [2311.00870] 6 (2—4) 77"777¢777%7777377773777
NNLO becomes the standard 52-3)- & - @ --@- -
e N3LO: 2 — 1 known 42-2) o @ -
@ + mixed QCD/EW + applications to gravity [1811.10050] 3(2-1) |- " __ ,‘, _ ,‘, __ “ R
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Fixed-order expansion

Two core components:

@ amplitudes calculation: heavily connected with fundamental properties of gauge theories

e from amplitudes to (differential) cross-sections (“subtraction”, connected to Monte Carlo)

Status and recent progress: # legs
@ LO, NLO mostly “solved” . (2—>5)’t70:ﬂgﬁfi”——i————i———
@ NNLO: 2 — 3 massless with full colour [2311.00870] 6 (2—+4) 77"777‘777‘7777377773777
NNLO becomes the standard 5223 ¢ © @ &
e N3LO: 2 — 1 known 412-2) o o o @& -
@ + mixed QCD/EW + applications to gravity [1811.10050] 32-1) - ,‘, _ ,‘, _ “ _ {é o

many ongoing efforts:

0 1 2 3 4
2 — 4 NNLO (+ massive 2 — 3), 22 N3LO, 2—3 N3LO LO NLO NNLO N3LO N4LO
see e.g. [2504.13011] [2412.19884] [2307.15405] [2504.06490] [2411.18697] # loops

Timescales for extra leg/loop O(5 — 10) year = future OK
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Subtraction

oxNLo = s. - @g. v ()

2 real emissions 1 real + 1‘(virt) loop 2 Ioopg (virt)

Fine cancellations between terms — insert counterterms so that each term is now finite
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Subtraction

|
28
200{— 10— MO 126 GeV < prljet) < 158.49 GeV.
. . i e
b

200 158.49 GeV < prjet) < 199.525 GeV.

2 real emissions 1 real + 1‘(virt) loop

Fine cancellations between terms — insert counterterms so tha

199.525 GeV < prjet) < 251186 GeV.

NLo NNLO

LO
@ many methods: antenna sub [osos111], g¢ subt [o7o3012), sector ,5 i dte = pel TGy

decomp [0s0s234], N-jettiness [1505.04704], proj2Born [1506.02660], ...

Ratios to NLO

Status and recent progress:

@ recent progress examples: NNLOJet code public (250322804,
ee —jets N3LO (250510618, Geneva V&V +J NNLO [2504.11357]

316224 GeV < prljet) < 398.101 eV

z  [2503.11489]
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o= IR JOSL - JOUC

2 real emissions 1 real + 1‘(virt) loop 2 Ioopg (virt)

Fine cancellations between terms — insert counterterms so that each term is now finite

Status and recent progress: Future challenges:

@ many methods: antenna sub [osos111], ¢ subt [o703012], Sector @ improvements needed as
NNLO becomes standard

decomp [0305234], N—jettiness [1505.04794], proj2Born [1506.02660], ...

@ recent progress examples: NNLOJet code public (50322804, @ e.g. computing resources
ee —rjets N3LO ps05 106151, Geneva V&V + j NNLO (2504 11357, @ theory uncertainties?
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Example: projected ATLAS CPU usage

Run 3 =55) Run 4 (1=88-140) Run 5 (1=165-200)
L e e

50" ATLASPreliminary T
I 2022 Computing Model - CPU

»

Improved simulations would

40 be very much appreciated

* Conservative R&D
v Aggressive R&D

— Sustained budget model =
(+10% +20% capacity/year) !

30 .
This covers many aspects on top of

HPC/GPU/...:

e amplitudes/integrals evaluation

4

20

Annual CPU Consumption [MHS08years]

10 @ subtraction schemes

LT T L L B L B B

NI BT |

OJIIAIII‘IIIA o b by by 0 | °ma‘t:(:hlng(seeIater)

2020 2022 2024 2026 2028 2030 2032 2034 2036
Year

[ATLAS Software and Computing HL-LHC Roadmap, 2022]
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Theorist view of a collision: focus on filling the scale gap

High-energy collision
have several
steps/ingredients

perturbative

“calculable” |@ Parton shower (initial

and final-state)

hard
parton shower process

1 GeV 10 GeV 100 GeV 1 TeV  scale
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Approaches to connect widely disparate scales

All-order resummations: NXLL resums (asL)"ak=1 for all n (imit ast ~ 1, a5 < 1) )

Option 1: analytic
High-accuracy but usually done observable per observable. Two main approaches:
© SCET (effective theory): routinely NNLL; some observables (almost) up to N*LL
Recent progress: super-leading logs [2107.01212], heavy quarks [2412.06881], energy correlators [2506.00119],
links with TMDs and NRQCD, ...

Looking forwards: core (QFT-based) analytic approach to resummation
with many applications and clear path towards precision

@ “direct QCD": NNLL frequent as well (automatised for simple processes), N3LL sometimes

Gregory Soyez QCD EPS-HEP 2025, Marseille, July 2025 11 /21
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Approaches to connect widely disparate scales

All-order resummations: NXLL resums (asL)"ak=1 for all n (imit ast ~ 1, a5 < 1) )

Option 1: analytic

High-accuracy but usually done observable per observable. Two main approaches:

© SCET (effective theory): routinely NNLL; some observables (almost) up to N*LL

Recent progress: super-leading logs [2107.01212], heavy quarks [2412.06881], energy correlators [2506.00119],
links with TMDs and NRQCD, ...

Looking forwards: core (QFT-based) analytic approach to resummation
with many applications and clear path towards precision

@ “direct QCD": NNLL frequent as well (automatised for simple processes), N3LL sometimes

Option 2: parton shower (core of general-purpose Monte Carlo generators)

Full kinematics, and (roughly) any observable but limited in accuracy (LL until ~ 2019)
Recent progress: NLL revolution in the past ~ 5 years, starting to get NNLL (+ neavy progress on colour)
Looking forwards: will hopefully become competitive in the precision business

= - = ot
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Examples of recent progress

example: super-leading logs )

Showers 2019-2024:
@ Nasty logs discovered in 2006 [os04004] many now achieve NLL J

non-global, subleading-N¢, pp only, start at o L>
o First (SCET) resum in 2021 [2107.01212]

PanScaIes [2002.11114] [2011.10054] [2103.16526]

[2111.01161] [2205.02237] [2207.09467] [2305.08645] [2312.13275]
Shadl V3 =500 GeV, AY =2

effect of SLL

Deductor [2011.04773] [2011.04777]

CVolver [1005.08686] [2003.06400] [2011.15087]

Alaric [2208.06057] [2307.00728] [2404.14360]

NG /65 (%]

Ap0| lo [2403.19452]

NLL is becoming the new standard
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Examples of recent progress

example: super-leading logs ) Showers 2024-now:
progress towards NNLL }

o Nasty logs discovered in 2006 [os0400]

. 415 Thrust
non-global, subleading-Nc, pp only, start at oL BN T m— —
. . VS =M;=91.2 GeV -
@ First (SCET) resum in 2021 p2107.01219] 1} @M =0118 ‘

2-jet@NLO

i | so far only ee,
- an>cales .

001} & [2406.02661] | large-Nc and
[2307.11142] nnwe,  not all obs

1/odo/dv
o
.

V3 =500 GeV, AY =2

effect of SLL

t +

= - .
= but promising
< b .
< ks for precise
o
5 all-purpose
%

ot tn i M C generators

, , NNLL] in coming years

Qo [GeV] v=T
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Basic concepts:
@ PDFs appear “core factorisation formula”
@ Technically, resum collinear log(Q/m))

@ Fundamental QCD factorisation theorem:
fi(x, Q@ > Q) from f;(x, Qy) input
(Qo ~ 1 GeV) and pQCD evolution
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Basic concepts:

' pp = H+X '
@ PDFs appear “core factorisation formula” NNPDF3.1
NNpDFR4oFH x-sect - ——
@ Technically, resum collinear log(Q/m)) MSHT20 —_—
@ Fundamental QCD factorisation theorem: Am(nii |
fi(x, Q@ > Q) from f;(x, Qy) input 32 33 31
(Qo ~ 1 GeV) and pQCD evolution  [ph]

NNLO improves data description O(5%) diffs between sets
Recent progress:

gg luminosity g\/g_\uminosity
Vs =14 TeV =14TeV
H 125 125
o All (maln) PDF sets are NNLO 120 NNPDF4.0 (NNLO) (68 c.I.+10) 3120 [Z71 NNPDF4.0 aN3LO MHOU
5 =1 CT18 (NNLO) (68% c.l.) g1 =51 NNPDF4.0 NNLO MHOU
([CTEQ], [MSHT], [NNPDF], ...) 21.15 =1 MSHT20 (NNLO) (68% c.l.) 11 E=3 NNPDF4.0 NLO MHOU
2 [T ABMP16 (NNLO, ny=5, a, = 0.118) (68% c.l.) @
. 3 2110 Z110
@ approximate N°LO start to appear % 10s S o
S &
Needed for 1%—|eve| (still differences between sets) g 1o R
2095 2095
E: . ° .
0901 gg lumi: ;é sets 0071 gg lumi: # orders
08 10% 10° BT 102 10°
my (GeV) my (GeV)
O(5 — 10%) uncert sizeable aN3LO effects
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Basic concepts:

' pp = H+X '
@ PDFs appear “core factorisation formula” NNPDF3.1
NNpDFR4oFH x-sect - ——
@ Technically, resum collinear log(Q/m)) MSHT20 —_—
@ Fundamental QCD factorisation theorem: Am(nii |
fi(x, Q@ > Q) from f;(x, Qy) input 32 33 31
(Qo ~ 1 GeV) and pQCD evolution  [ph]

NNLO improves data description O(5%) diffs between sets
Recent progress:

g\gﬁ\uminosi(y g\/g_\uminosity
. =14 TeV =14 TeV
e All (maln) PDF sets are NNLO 2 NNPDF4.0 (NNLO) (68 c.I.+10) 31'25 [Z71 NNPDF4.0 aN3LO MHOU
5 1201 = CT18 (NNLO) (68% c 1) g 120 =51 NNPDF4.0 NNLO MHOU
([CTEQ], [MSHT], [NNPDF], ...) = 1.15{ E=9 MSHT20 (NNLO) (68% c.l.) 11 E=3 NNPDF4.0 NLO MHOU
2 o) T ABMP1S (WO, =5, 0 =0.118) (68% c1) N
@ approximate N3LO start to appear Zios 2 105
£ 5
Needed for 1%—|eve| (still differences between sets) gt R
2095 2095
Looking forwards: PDFs will improve! 2] gg lumi: # sets £ gg lumi: # orders
e.g. need more N3LO x-sections (only DIS now) o e * T
. . 0, + 3
Recall: interplay w data through fit! O(5 — 10%) uncert sizeable aN°LO effects
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Hadron structure: beyond PDFs

Fundamental question:

what is the partonic o Additional degrees of freedon
contents of a proton? o transverse momentum, k;
e momentum transfer A
GTMD(z, k1, A) e + potential polarisation info
' @ Gaining in precision: e.g. TMDs at N*LL [2305.07473]
@ Not only for the proton:
e nuclear PDFs relevant for heavy-ion collisions
o other hadrons (like pions)
@ Links to lattice determinations: e.g. [2412.01750]
@ Links to small-x/saturation physics: e.g. [2503.16162]
@ Relevance for pheno: DY, SIDIS, Diffractive DIS

Looking forwards to the EIC!
interesting at many levels
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Pheno interlude: matching fixed-order and parton shower

Build a prediction that works both in the fixed-order and resummation regimes
e.g. NNLO+NNLL p;z spectrum would have NNLO for p;z = Mz and NNLL for p;z < My

Analytic viewpoint

= NNLO + #*
2000

almost systematic for pheno predictions £ NNLL' + NNLO + 72

; 1500F R = 0.5, 80 GeV < Q < 100 GeV
Right: Drell-Yan with veto on additional jets (250406353 l; 1000, NNLL+NNLO NNLLANNLO]
g b~ NNLL ~
Several other (recent) examples: L ~ NNLO
_ _ _ S
@ Soft log resummations in VH, tt, ttH or tttt 0
[2502.20331] [2503.18713] [2503.15043] [2505.10381] -509- oe P =
@ DIS Thrust [2504.05234 T [GeV)
@ Small-R jet resummations [250321866] [2402.05170]
o TMDs for J/W psosiserr] Future: multi-scale processes?
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Pheno interlude: matching fixed-order and parton shower

Build a prediction that works both in the fixed-order and resummation regimes
e.g. NNLO+NNLL p;z spectrum would have NNLO for p;z = Mz and NNLL for p;z < My

In Monte Carlo generators J NLO+PS matChing in DIS NLO ev. gen. time vs. negative-weight fraction

. . > 106 = | 3 NNPDF40MC_nlo_as_01180
NLO-+PS matching is standard S e I og" .
[POWHEG] [aMCNLO] [MEPSNLO] 2 124’ _ o= 1G> 56y H ‘%\1
= . EI T
. . 3 10°F 5, - g ESME+PanGlobal; o
Progressively getting NNLO+PS L Jp— ] .
E~ I MEPS@NLO ~ E R S
e.g. MiNNLO [1008.06987] [2108.05337] [2112.12135] 10' | = Mconto g 10 e S e e
E o 10uws 0.0 10 10
15—t ——+—+ ——+—+ H——tyrt +— fraction of negative-weight events
Looking forwards: . | ‘ H“” |“‘ 7 -
: tg SR EF“—"NAW it L NLO+NLL with
o B osE | L. .
in e.rp. ay wi s owett accuracy = o positive weights
@ avoiding negative weights w0 BT » m (2504.05377]
e CPU budget [2506.08994] PrGe]
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Back to basics: how strong is the strong interaction?

fundamental param & impacts many things (e.g. if we are stable) J

ee event shapes

3-jet non-pert corrections

06

0595

S o0so a2

0585

[2501.18173]

058
01172 01174 01176 01178 0118 01182 01183 0.1186
as(Mz)

_ +0.0018

as(Mz) = 0.118175 5022

NNLO-+N3LL thrust: 0.1181 + 0.0018
[2502.01570]

Heavy jet mass: 0.1145t%%%2119 [2502.12253]

v

LHC duets & PDFs

B o average poczs

+ LHC and HERA dijets i

LHC dijet data o, me

[2412.21165] ]

APPL{ast s NNLOJET

o134;‘arge Kinematic ran%e
N01i ? va*'f!* N

MG & &

0.10 bt L
10 100 1000

10000
1, [GeV]

as(Mz) = 0.1178 + 0.0022

aN3LO PDFs: 0.11947%,%%07 [2506.13871]

EEC (jet substructure)

CMS 36.3 fb (13 TeV)
0gF T T T T ; : —
5 { Data
<07 _aym)=0.118
8 7
%0.6* ,,,ﬂs(mz) =0.136
:g"- ay(m,) =0.100
0 0.5
oab 0 el

[2307.07510]
[2402.13864]

0.2-—546 400 600 800 1000 1200 1400 1600
pE (Gev)

_ +0.0040

as(Mz) = 0.12297 3 5050

Latest lattice result: as(Mz) = 0.11873 £ 0.00056 [2501.06633]

Gregory Soyez
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Theorist view of a collision: focus on hadronic physics

High-energy collision
have several

steps/ingredients
perturbative
“calculable” |®
@ Hadronisation
non-pert. Multi
“modelled” |® : u t|—p.?|rton
interactions
hadrons hard N Vargglcjﬁes |e Hadron decays
(%, K, p, 1, ...) parton shower process PP

1 GeV 10 GeV 100 GeV 1 TeV  scale
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Physics of hadrons

This is where QCD is getting the most complicated! So | will only give a few pointers...

Hadrons/mesons with
heavy quarks
Tetraquarks
Pentaquarks

Even hexa/octaquarks

Many questions

@ spectrum

@ nature

o (rare) decays

@ structure/fragmentation

Gregory Soyez

Many approaches

@ B physics tentatively
perturbative

@ light-cone wave-functions

e NRQCD

e EFTs (chiral PT, HQET,
SCET, ...)

@ sumrules

@ potential models

o lattice QCD

Exprimental relevance
LHC, Belle, BESIII, ...

|

QCD

Modelling in MC

Trying to better
understand/constraint the
Lund string and cluster
hadronisation models

Large activity
(~300 papers from mid-Jan
to mid-June)

data and lots of unkonwn
= work for the future
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Conclusions

QCD is a fundamental component of the standard model
at the core of the (past,) current (and future) particle-physics program

Tremendous progress
After 50 years: we have reached a phenomenal degree of understanding of the theory:
@ structure and properties of hadrons

@ control over the perturbative properties (fixed and all-order)

o development of tools (Monte-Carlo generators, jets, Al, ...)

Exciting challenges ahead

Challenges & bright future await: Thank you!
@ more fundamental aspects to be learned

@ connection with rich pheno/exp program
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