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DISCLAIMER

Given the title | was assigned, | had to make choices.

Both are debatable...
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PRECISION&REALISM

[Pythia8.3 manuall

@ Meson
A Baryon

¥ Antibaryon
© Heavy Flavour

J

energy

0> AQCD

Matching
Merging

Q 2 Aqep

Q0 ~ AQCD

current efforts

F.O. perturbation theory: N*LO

> Automate (N)NLO QCD
> EW and mixed QCD-EW

Matching: N*LO + PSy,;;

Parton-shower/Resummation: PSy,;;

" Increasing PS accuracy
> (N)NLL accurate showers
> Sub-leading color effects

Hadronisation:

> Refinement of models
" Improving constraints

See S. Schumann [Mon]|
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PRECISION&REALISM

~

[Pythia8.3 manuall

@ Meson
A Baryon

¥ Antibaryon
© Heavy Flavour

J

"

g Z dx; dxy foa (X1, 1) forp (X, 1)

dX ab *

Parton distribution
functions

(long-distance, non-
perturbative)

See e.4. S. Forte,
A. Sarkar [Mon]

energy current efforts

0> Agep  F.O. perturbation theory: N*LO

do (X1, X,

~

1)

. dX

S

(short-distance,
perturbative regime)

K Hard scattering \

Collinear factorisation formula [Collins, Soper, Sterman '04]

Aoep \| )

1+@<

QP

Non-perturbative
effects

(Power corrections)

p>1
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PRECISION&REALISM

At typical LHC energy scales: simultaneous expansion in QCD and EW couplings

energy

0> AQCD

current efforts

F.O. perturbation theory: N*LO

-~

leading order (LO)

Next-to-LO (NLO) QCD

(complete automation,
efficiency and generality)

NLO EW

Nexbt-to-NLO (NNLO) QCD

(still not achieved for many

high-multiplicity processes) mixed

QCDXEW

(available for simple
processes like DY
production)

couplings:
as(my) ~ 0.118
Oz(mz) ~ 1/128

(no (full) LHC process
described with this
accuracy yet)

\_

NNLG EW

~

A6y x = A6 +a,d6 ) +a de®Y +02d6 %0 +a,adet Y +02de 02 +a2de 0+

Nexb-to-NNLO (N3LO) QCD

(available only for simple
processes. First 2 — 2 results for

di-photon production in pp
collisions: April 2026)

[Courtesy of C. Savoiny
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PRECISIC

N&REALISM

At typical LHC energy scales: simultaneous expansion in QCD and EW couplings

energy current efforts

0> Agep  F.O. perturbation theory: N*LO

-~

o(pp—~H+X)[pb]

A6y x = A6 +a,d6 ) +a de®Y +02d6 %0 +a,adet Y +02de 02 +a2de 0+

Not j

Re

ust an academic exercise:

evant observables show a poor perturbative convergence

pp—H+X 13 TeV, PDFALHC15, pr=pug=m, /2

60

50 |-
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ATLAS*

1 CMS
i NLO QCD

LO

\

NNLL+NNLO QCD+NLO EW

N3LO QCD+NLO EW

?

\ Anastasiou et al. (2016)

Harlander, Kilgore (2002); Anastasiou,
Melnikov (2002); Ravindran et al (2003)
Catani, de Florian, Nason, MG (2003)
Passarino et al (2008)

de Florian, MG (2008, 2012)

X

Djouadi, Graudenz, Spira, Zerwas (1995)
Dawson (1991)

Georgi, Glashow, Machacek Nanopoulos (1978)

July 22

[courtesy of M. Grazzini]

Experience to consolidate in view of next flagship experiments

Table 4.2: Wish-list for calculations of missing higher-order perturbative QCD &(¢t;') and/or
EW &(a”) to match the expected experimental uncertainty at future e e and e p colliders.

~

Observable Missing higher-order & power-suppressed corrections
Hadronic Z width o), 6(ad), 6(a), 6(a,0), O(a:a’)
Hadronic W width o), 6(a”), 6(o’a)

Hadronic 7 width
Hadronic event shapes
Inclusive jet rates

5
0(o)
N°LO differential, N>**LL resummation, power corrections
3-jet cross-sections at N°LO, 4-jets at N°LO, 5-jets at NLO

Lattice QCD results

(o, extr.; quark masses m,my)

0(af) B-function; &(c) heavy quark decoupling; (o, ) static potential
0 (as ) lattice perturbation theory matching (lattice coupling to aé”s etc.)

clete” W W) vs. /s
c(eTe” —tf) vs. \/s

EW N°LO: €(a”), Mixed EW-QCD: & (o, a”), O(a; )
NRQCD: &(a), Non-resonant: &(c), €(a.) differential; QED: &(cr) at NNLL

H— bb width
H— gg width

N*LO (m,, # 0); N"LO differential (m;, = 0)
N°LO (heavy-top limit), N*LO (m, # 0); N*LO differential, N°LO differential (m, # 0)

[CERN Yellow Rep. Monogr. 8 (2025&/
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NNLO

~

NNLO QCD calculations are being extended to an increasing variety of processes

Adding external particles and/or additional mass scales remains a challenge

Schematic NNLO ingredients:

do )
NLO — Jd@ 7474 5X + Jd@n +1 R VéX + Jd@ ) RR 5X X = IRC-safe observable
Up to 1/¢* up to 4 PS |
explicit poles Up to 1/e? explicit poles singularities l d=4-12¢

Up to 2 PS singularities

Virtual corrections: Real radiation:
Algebraic and analytic complexity, increasing with the Systematic treatment of soft and collinear singularities
number of masses and external particles — fully differential predictions

Qronically, in many cases the most complicated part, the double virtual, is also the “less relevant” (not always true!) y
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LOOP CORRECTIONS

(At his very core, the problem of computing loop amplitudes is the problem of calculating divergent integrals of rational A

functions in Minkowski space
[y ]
+ 00 r 2
N (k.
A N,[ (I Iddki> ok o
o 91 @2 @3. .. l3

=1

Inverse propagator: &, = 1].2 — mj2

Loop momenta: k; = unresolved
momenta of virtual particles (not
constrained by mom. conservation)

lj — linear combination of

* External (initial/final states) momenta p;

" Loop momenta k;
> @1loop:
" fully automated* in public programs [FormCalc, MadGraph+MadLoop, GoSam, BlackHat, OpenLoops, Recola, ...]

> Available tools for:

> Systematic reduction to known integrals [CutTools, Samurai, Ninja, Golem, Collier, ...]

> Evaluate such integrals [OneLoop, QCDLoop, LoopToals, ...]

* Current focus: performance, numerical stability, extensions to more models...

\_ * In principle. In practice, it might still be very challenging)
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LOOP CORRECTIONS
-

* The complexity increases dramatically with loop order, number of external particles and internal masses

> Beyond 1loop: still case-by-case calculation

> More diagrams, but generally not a bottleneck

> Higher algebraic complexity: proliferation of scales + huge intermediate expression
* Higher analytic complexity: new mathematical structures (special functions, elliptic and beyond)

> Higher numerical complexity: representations suitable for efficient and stable amplitude evaluation

> State of the art:

> Today in QCD: 2loop 2 — 3 scattering with masses, 3loop 2 — 2 with one external mass

> Today in EW: 2loop 2 — 2 with massive particles (Z, W, H, t) everywhere

> Various approaches*: analytic (representation dependent), numerical (might be
unstable), approximate (non universal), ...

_ * Very rapidly growing field. Bare in mind: progressively accurate results lead to amazing pheno studies! )
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LOOP CORRECTIONS

RN

/sl

\O

[Badger et al.] &/ (pp — 1))

[Badger et al.] Z/(pp — Hbb)

[Badger et al.] &/ (pp — Wyy)

[De Laurentis et al.] &/(pp I:ﬁ m/_..
[Agarwal etal] o (pp — jjj)
[Abreu et al.]
[Abreu et al.] /(pp — yyy) all one-mass functions
[Badger etal.] (pp — vjj)
e
N

Full Colour

[Badger et all
A(pp = Wrj)

3@8: et al
A(pp = Wjj)

(Badger et al] A(gg — vvJ)
K (Chicherin et al]
[Agarwal et al|] A(pp — 77J) / one-mass functions

[Chawdhry et al] A(pp — vvJ)

~\_ [Badger et all

/\ﬁ% — Hbb)

[Abreu et al]

[Agarwal et al] A(pp — 77J)
[Abreu et al] A(pp — 3j) yﬁo&&% hexaboxes

[Chawdhry et al] A(pp — v77) \

[Abreu et al] A(pp — v77) \

[Chicherin et all
massless functions

2 [Badger et all
A(pp — Wbb)

— [Abreu et al]

one-mass integrals

=
&N

(Chawdhry et al] AP = 777)_

[Abreu et al] A(5 parton) —

[Abreu et al]

[Chicherin et al] massless integrals

[Abreu et al] A(gg — gg9) .

5 scales

6 scales

—— [De Laurentis etal.] &/(pp — Hjj)

——— [De Laurentis et al.] &/ (pp — Vjj)

Full Colour

How much color do we really need?

The improvement consisted in including subleading-color

corrections in virtual amplitudes. In most cases, the effect turned out to be small and covered by
the uncertainty estimate through scale variation, even though scale variation has nothing to do with
subleading color. The small size of the effect was usually due to the size of the complete double-virtual

contributions rather than the reliability of the leading-color approximation.

ticular for pp — vy and pp — 3 jets.

Two-loop subleading-color effects in photon and jet physics

k Michat Czakon,” Rene Poncelet?®
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LOOP CORRECTIONS
-

Feynman
diagrams

* From the Lagrangian, one
infer the Feynman diagrams
allowed by the theory:

typically ©(10% — 10%)

> However, fully automated

techniques available
[QGraph, DiaGen, ...]

> Direct evaluation not
possible:

> (tensor-)loop integrals
need regularisation (IR &

UV):d =4 - 2¢
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LOOP CORRECTIONS
-

Feynman Scalar
diagrams integrals
| 1
Projection 4
d=)\d
c,s
.

C,S

-

Scalar partial amplitudes

d.,= ) c({p.k}.€) I({p.k}.¢€)

J
Rational functions
(kinematics and ¢)

L(sc:alar) Feynman integrals

I, = P(ﬁddk)}_[@;“@k
) =1

=1

Integral family:

common set of denominators ,

—( Color structure )

—( Spin structure )

JT,

> ~NAN U3

« a2 7

ddk [ K+ P ok + P s (b + Prog)fa)

Y, J
ag,ta QL
A Y
ai,lh1 &
4 a a
= Tr{ 1172
tensors
color
- S— 70 I t
< L
9 Yy g ' ’ /
6“1 6“2 6""3

(k)2(k 4+ p1)?(k + p12)?(k + p123)?

integrals

>O<
>

-/
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LOOP CORRECTIONS
-

Feynman
diagrams

Scalar Master

integrals integrals
b 1

Projection

([T ) [T
N =1 k=1

IBPs

* Loop integrals obey linear relations: Integration By Parts (IBPs)
[Chetyrkin, Tkachov (1981), Laporta (2000)]

-
dk; | —"| | 2,"“=0, v'e {p"k
(g ) o H Wpr, Kk

* Very large and sparse linear system — often a huge bottleneck

[y

-
> Solution of linear system < reduction into a basis of linearly

independent master integrals (Mls): {M;} C {[;}

L= 2 M

> Modern solvers: Reduze, Fire, Kira, LiteRed, FiniteFlow

> Simplified systems: NeatIBP, Blade, CALICO

~
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LOOP CORRECTIONS
-

~

Feynman Scalar Master ‘Analytic’
diagrams integrals integrals functions
| . . 1
Projection IBPs DEs
oy L g h
] — A gy~ %k B > Master integrals obey systems of DEs w.r.t. invariants x.
l ] (11} l) g k IJ o Z Cik Mk [Kotikov (1991), Gehrmann, Remiddi (2000)]

oM, = ZAjk({p},e) M,
k

.

> Solving DEs requires boundary conditions

> e.g. systematic approach: canonical form [Henn 2013]

> Alternative direct numerical evaluation, e.g. sector
decomposition [Binoth, Heinrich] via PySecDec [Heinrich,
Jones, Margery, Olsson et al.] FIESTA [Smirnov et al.]

\_ J
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LOOP CORRECTIONS
-

Successes of the standard “work chain” :

Alternatives to the standard “work chain” :

» generate the relevant unitarity cuts

» construct tree amplitudes on those cuts

» reconstruct the loop integrand.

Feynman Scalar Master ‘Analytic’
diagrams integrals integrals functions
| b b 1

Projection IBPs DEs

Three-Loop QCD Corrections to Scattering
Amplitudes of a Higgs Boson and Three Partons

[2607.12033]
Xin Guan, Bernhard Mistlberger, Michael S. Ruf

Two-loop leading-color QCD corrections for Higgs
plus two-jet production in the heavy-top limit

Giuseppe De Laurentis,! Harald Ita,? Viktor Kuschke,?? Michael Ruf,*
Vasily Sotnikov® [2605.04009]
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REAL CORRECTIONS@NLO

-~

* The problem emerges already at NLO

2 5 q/ [\e q
+
ete” = qg
e q ] e q
Implicit PS sing. Explicit loop sing. d=4-2¢

> The explicit poles of 1-loop amplitudes are known and universal

§ : 1 vi 1 § : g .U2 : f ] : Finite remainder requires dedicated calculations on a process-
AllOOp - [ ( 2 12 _) : d ( ) :|Atree Aﬁn q p
i i#j N

> Singular limits of tree-level amplitudes are known and universal

(. : :
2 Lim = E, - 0 :softlimit = F(g,q,g) = eikonal function
Lim = 6,, — 0: collinear limit = (g, ¢,q) = spliting function

L @”(g, q, EJD

\No explicit poles, unresolved PS integration generate 1/¢ poles.

N
s by-process basis. It enters directly numerical implementations
J
N

F(g,q, q) universal: depends only on external-parton momenta, spin, colour.

J
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REAL CORRECTIONS@NLO

-~

* The problem emerges already at NLO

ete™ — qq

e C.T)e q

Implicit PS sing. Explicit loop sing. d=4-2¢

explicit upon PS integration _ =~

IR singularities vanish if all degenerated states with arbitrary multiplicities in the final state are combined
KLN [Kinoshita '62; Lee, Nauenberg '64]

" However: need to extract real-radiation IR poles without integrating over PS — retain fully differential predictions

» Regulate infrared singularities of the real emission

» Extractinfrared 1/e polesin d-dimension without integrating over the resolved phase space

» Cancelthe 1/e poles stemming from the phase space integration against the poles of the loop correction
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SLICING/SUBTRACTION

~

r....

" Slicing
/ (M| Fy dgpa = / [IM[? Fy ddal .

0

non-local in phase space

4]

1
+/|./\/l|2 Fj des + O(6)
5

conceptually simple, straightforward to implement (bulk is NLO)
dependence on the slicing parameter and large cancellations between singular and regular terms

“easy” generalization to N3LO

* Subtraction

&L,

more difficult conceptually
local in phase space

/—b Subtraction term

[ e [0t | o,
] Integrated
— subtraction
Finite in d=4 1/€ poles - term

potentially, offers better numerical stability and scalability than slicing
at least for now, every step to yet higher order (e.g. N2LO — N3LO) is a challenge




CD AT COLLIDERS [Courtesy of M. Marcoli]

Duality

A lot of recent progress on NNLO formalisms and tools "7 ¢ —— o
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NNLO

rNNLO currently under investigation for a variety of processes. Adding more legs and/or more masses is a non-trivial challeng
In the following | present some representative examples

* eTe™ - 4j@NNLO
* pp — ttjf@NNLO

* pp — tt W@NNLO

Given the current status of the loop and subtraction/slicing technology many new processes can be studied and the relevant
phenomenological applications are becoming accessible

Strong control over all the aspects of the calculation allows for further extensions (N3LO, EW corrections, matching, ...)

> pp — L£@QCDXEW
> eTe” — jJ@N3LO
> pp — yy@N3LO

> pp — ttH@NNLO(+PS)

v

pp = HH@NNLO(+PS)

~

e.
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N2L0: INCREASING LEGS (LEPTON COLLIDER)

ete”™ — 4j
> eTe” colliders offers a very clean exp. environment

— discovery of gluon in planar 3jet events, measurement of its spin
> 4j rate provides stringent test of non-abelian gauge theory structure

" a, extraction

[CERN Yellow Rep. Monogr. 8 (2025)]

Table 4.2: Wish-list for calculations of missing higher-order perturbative QCD &(qa ) and/or
EW €(o") to match the expected experimental uncertainty at future e e~ and e p colliders.

Observable Missing higher-order & power-suppressed corrections
Hadronic Z width o), 6(ad), 6(a), O(o,a’), 6o o)
Hadronic W width o(a), 6(a?), 6(a2a)

5
o(a)
N’LO differential, N>4LL resummation, power corrections
3-jet cross-sections at N3LO, 4-jets at N’LO, 5-jets at NLO

7 (ozs6 ) B-function; & (ozs5 ) heavy quark decoupling; & (a: ) static potential

Hadronic 7 width

Hadronic event shapes (Z, W, H decays)
Inclusive jet rates

Lattice QCD results

K . o NNLOJET VS =912 GeV
R ' — 10  — NNLO
min(E;, E7)(1 — cos 0;;) —— NLO  § ALEPH data
yl:]. —_ Q2 0-8 ................
— 0.6 .........
. . >
* Clustering until all <04
pair-wise distances are '
larger than y_, o2 /o
* Event classified as
n-jet, with n= # clusters 0.0
1.5
S
< 1.0
6, (Veur) S
cu o
Rn(ycut) == '_g 0.5
Oinc. o 0.0
1.1

—— NLO —— NNLO ---NNLO without two-loop finite remainder

Ratio to NLO
=
o

o
O

101

1072

104 1073

K Yeut

~

* Shape of NNLO predictions in better agreement with data

> Theory uncertainty reduced by ~ 1/3

> Significant discrepancies at low y_ : need for resummation

" In the perturbative region (y,,, ~ 1072) NNLO correction vanishes if VV = 0
" In this case: VV ~ NNLO ~ 2 -5 %

This patter is different from what observed in hadronic
processes, where the two-loop finite remainder typically
represents a smaller contribution to the NNLO correction.
[Chen, Chicherin, Fox, Glover, Marcoli, Sotnikov, Sun,
Zhang, Zoia 2602.18185]

e e ———

* VWV: leading color approx. + no vector coupling to closed fermion loops
[De Laurentis et al. 2503.10595].

* RR: (generalised) antenna subtraction [Fox et al. 2410.12904]

/
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[ATLAS '24] [ATLAS '25]
N2LO: INCREASING LEGS AND MASSES 5 ==,
m (\5 Vs = 13 TeV,140 fb'! I direct (LHC Run 1, Phys. Rev. Lett. 132 (2024) 261902)
= b op > ff (zsiets) + Tjet EW fit (Eur. Phys. J. C 78 (2018) 675)
_ 5 hd ® Data —_ |
— . g‘ — 1072 *_'_ ; POWHEGIPYTH|A3 iotal stat M =total [GeV]  Reference
p p tt.] g_ 3 - FI\SI)iI\\’lvl\ll-ILEOGPS[;D)YTHIAS
_ . . © 10 oftt) inclusive, NNLO+NNLL
> ~ 40 % of tf events at LHC are comes with an extra jet A LHC 748 TeV comb. (CT14) W=t 174.0 £ 2.3 Jriep 07 (2029) 213
10 ?— CMS, 13 TeV (CT14) H+=  173.7 f’z;ig EPJC 79 (2019) 368
— NNLO QCD corrections needed to reduce theo. uncertainties 10°F ATLAS, 13Tev (CT14)  HI 178.1 27 EPJC 80 (2020) 526
N . e . . o -. 1078 i oftf, tfj) differ., N(N)LO
Sensitivity to top-quark mass: p = 2m_/m(t1)) O ATLAS. 8oV CT10) w1714 HE shep 11 (201o) 150
. . . 3/2 lLlT. IZT 1077 & | , CMS, tfj, 13 TeV (CT18) e 1721+ 1.4 JHEP 07 (2023) 077
* Impact of higher orders on xsection ratios: R”"“(X) = do'’(X)/do" (X) g 3 B RN ATLAS, diepton, 8TeV (CT14) |4 | 173.6 =13 £puc 77 (2017) 504
- - Q , 7 = CMS, 3D diff., 13 TeV (CT14) | 171.1+ 0.8 EPJC 80 (2020) 658
* NNLO ##j input for N3LO QCD corrections to tt 5 /W///W////ﬁ}%/m N
&) 0 L (1)0, L 110|00, T ATLAS, tfj, 13 TeV (CT18) e 1709 = 1.5
5 1500 2000 | | | | | | | | I | | | | | | |
jet-rad1 140 160 180 200
(a) pT [GeV] m, [GeV]
/ LO NLO NNLO : : . \
‘ o~ [pb] ‘ 4 [pb] ‘ o [pb] [Badger, Becchetti, Brancaccio, Czakon, Hartanto, Poncelet, Zoia 2511.11431]
pr = pr = Hr/4
soft |341.9(0.2) 15397 1383.0(1.3) F0-954%1362.9(10.1) 15 737 |
hard| 60.8(0 0)+49.0% 74.1(0 2)+4.27% 70.4(0 6)+°'593% { LHC 13 TeV PDFALHC21 40 po = Hr/2 LHC 13 TeV PDF4LHC21 g = Hrp/2
. "~/ —30.6% ' <) —-12.3% ‘ V) —6.47% soft-jet phase space, m; = 172.5 GeV = 0.125 - hard-jet, m; = 172.5 GeV

g 10° 5 =
| / | : E JZ § o
~Y nYy — Py E
+12% 5% 5 107 2 0.075 -

~ _ —— LO —— NLO —— NNLO
+22% ] — LO —— NLO —— NNLO
1'2 1 1 1 1 - -
195 {7 i . t'l ) ) o 7-pt scale variations
. QO 1.20 1 7-pt scale variations = 1.1 -
* VWV: leading color approx. [Badger et al. 2511.11424] = > Z,
: : - : 1.00 210
(6 — 10 % of total xsection). Simplified amplitude & o
: . : . i< 0.9 -
expression for efficient numerical evaluation. = 0.75 S N

0.0 0.2 0.4 0.6 0.8 1.0 200 1000 1500 2000 2500
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N2L0: INCREASING LEGS AND MASSES atLas T ATLAS tisresut

/s — 13 TeV. 140 fo % CMS (JHEP 07 (2023) 219)
pp = ttW Stat. + Syst. | Stat. only

> Background for key SM processes: ttH and tttf production

, & NLO+NNLL | 5 :
" Relevant for physics beyond the SM searches - Sherpa ——
" Theory predictions underestimate measurements D ———|
Fl'élz- exact — LCMA | [Becchetti, Canko, Chen, Chestnov, Delto, Ditsch, Grazzini, P S I I
: — SA — LCA ] : : . : : 400 500 600 700 800 900 1000
_L3f  MA 1 Kallweit, Peraro, Pozzoli, Savoini, Tancredi, Zoia FW) Tt
S \ | 2606.09503] SE¥) 1o}
i \
s= 1.1t — : : :
s ; aspw+ |fb] aspw— |fb] > Confirmed agreement with approximate
< 1.0] :
< —  NNLOKGp + NLOgw | 51217787% +2.51% | 254.497894% 4 2.93% 2loop
09f — S (soft-W approx. [SA] + massification [MA])
i pp — B ¢ 6.6% 7.0%
- . NNLO{cp + NLOgpw | 497.57¢ ¢y +1.8% 247.97 70 £ 1.8% [Buonocore, Devoto, Grazzini et al. 2306.16311]
20 = - Y . . . .
s ATLAS [2401.05299] | 58518 0%+3-0% 301+93%+11.6% Confirmed tension with experimental
gm“ T 5.4%+5.4% 7.6%+7.3% measurements
8 § 1.5 | [ I 1 CMS [2011.04652] 5331 10 e 4o 343
2z ‘ 1
Z
ﬂ:r: 1.0 _I TJ' I{i * . . . . . .
3G i f VV: impressive calculation of LC VV amplitude (previously approximated):
2 L .
}]Z 0.5} ; ngA > Special function evaluation ~20-120 min
- * Amplitude coefficients evaluated in ~20 min
WO N N N . . L.
\“\c\\ﬁ’\’ o 900G° 00G° e * RR: g, subtraction [Catani, Grazzini 0703012] J
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GOING TO N3LO... S e

[Chen et al.
- — H 2107.09085 slici
» Intense efforts on advancing H — bb o | ;2:”9
streamlined workflows [Mondini et al. [Chen etal. “"“ " "-..,
1904.08960] 2102.07607] RS 't,. pp — £ antenna subt.
: : Chen et al.
» NNLO EW remains even | |
ins even more elusive .. ““’ . 5903.01565]
"“agguun® [
L J
» The techniques and issues discussed o
4
will become more pressing when ete” > tf ‘
moving at N3LO [Chen et al. . . cannv®’
2209.14259] o*° p— W See R. Poncelet [Mon]
Trick d tios | + NNL ) ’ ee ‘K. Foncelet |'’Mon
» Tricks anh IF;S earned a O wi @ pp - VH ‘Chen et al.
come at han o= W :’ [Baglio et al. 2205.11426] pp = vy
* 2209.06138] [Generet et al.
» Nowadays the state of the art of [Campbell et al. 2604.25490]
N3LO cal tion is | | 2308.15382] n
. cualoms argely : JPUTTTTIN
dominated by slicing approaches and . “" R
L J
combinations with N2LO+j ete = jj ‘ ) \_
° ‘ .
subtractions ‘Chen et al. “‘,‘ ep — j pp — HW
2505.10618]  Ttwan.. --"' [Dong et al. [Gehrmann-De
» The theory community has plenty of 2603.29673] Ridder et al.
space for developing methods and H - jj 2606.31286]
technologies to be onboard on such [Fox etal. 2502.17333] See F. Silvetti [Tue]

endeavour
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N 3 LO - FEW REC ENT AC H I EVEM ENTS [Chen, Jakub¢ik, Marcoli, Stagnitto (2025)]

» First pheno results for 2 — 2 massless processes ‘ ¢ ‘ ‘
)z "z )z W
» eTe” — jjvia (partial) extension of antenna subtraction
€+ €+ €+ €+
» First fully differential F.O. calculation for jet RRR RRV RVV VVV
production with a local infrared subtraction
: - : : VVV W RVV U RRV T RRR S
» numerical stability of RRV and RVV is a major donspo = /[dU —do™ | + /[dff —do™ | +/ (Ao —do ] +/ Ao —do”]
. n n n+1 n+2
challenge: rescue systems (quadruple-precision) / / / /
I 1 triple-virtual double-virtual real I tripIe:-reaI
+ Taylor exp. of special functions cUbttaction torm e double-real virtual subtraction term
Gnclusive hadronic cross section: » Differential distributions: \
2jet production rate in resolution parameter y_, (Durham algorithm) : direct calculation
0/ 1
\) 1.0 _ ' IT]
0(3):00 — )P (=105 £ 11) o e 3
271' IS - @ 2 jet
. 05 === NLO Full agreement with indirect = -~ Rajet
Large MC error, due to large cancellations é’ calculation [Gehrmann-De A Ry et
occurring in very inclusive set up ~ 00 ] Ridder, Gehrmann, Glover, T P et
1.2 Heinrich] 0.6 — o3theory
ALEPH data
a Q SN Q = 206 GeV
3) — s )3 = ] 04 [ ) ]
= — — A4, .. Z (3) ~0.1189
Oexact 0 o (—102.14...) z 1.1 RO (yous) = Lo jets (Yeut) \ Jehiz) =0.1189
o ] n Ycut ( 3 ) 1 P
. . . . - F')/*—>hadrons [ § i B
[Chetyrkin, Kiihn, Kwiatkowski '95] 2 j 0.2 [# 5 %
£ 1.0- 5 ' .
: Rg3) (Yeus) = 1 — Z R£L3) (Yeut) ' SR !‘“‘,‘"1, .
\Crucial validation benchmark, but not the point =) 103 e ‘43 2 1 o
|0910(VW

ycut
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N3LO: FEW RECENT ACHIEVEMENTS See R Poncele [Mor]

. [Czakon, Eschment, Generet, Poncelet (2026)]
» First pheno results for 2 — 2 massless processes

_ o : : : 80 - i
» eTe” — jjvia (partial) extension of antenna subtraction C et pp—77 | (oo P—— T ppovMal NNLO
do do —— ar
PP—>YY __ d N3LO | d NNLO 60 -
: b : . ONsLO — qr dg ; qr dg —— sum
T cut T
» pp — yy via q, subtraction + STRIPPER @(N2LO+j) /o ) ez .0
- <
These various cancellations are responsible for the sub- 2 20-
stantial computational resources used—in units of mil- q, factorisation: need N3LO TMD [Ebert, A : ) S
N2LO+: e ccmm e =
lion CPUh: 2.7 for the real-virtual-finite (RVF), 2.3 [Mistlberger, Vita ‘20] [Luo, Yang, Zhu, Zhu '20] \_ O+): STRIPPER 0 Ll
for the double-real-finite (RRF), 2.4 for the double- 504
real-single-unresolved (RRSU), 0.5 for the double-real- , .
double-unresolved (RRDU), and 0.6 for the double- Result mostly driven by NNLO+j: the separate ~40 -
virtual-finite (VVF) contribution (other contributions re- divergence of the terms is clearly visible for r. < 107 ———
quired significantly less). 107 i 107 107
ﬂFiduciaI Xcross section: » Differential predictions: ; —— \
35 = 10-1 - — NLO
o 5 z —— NNLO
SPP=T = 31.2(6)705 pb » Optimised phase space & Bl — N3LO
N3LO <007 P 30 : : S CRa
Integration — minimise S I lnciatey
pPP=YY — .« 4 § 1073 1 PDF: NNPDF30
OATAS = 31.6 £ 0.1(stat.) £ 2.4(syst.) pb \ statistical unc. S 107 {PDF) e
_25- 1 Feu = 0.00032 for N3LO
2 » Statistical uncertainty T
Phase space from [ATLAS S0l e comparable with scale 150 117777 fen = D000 =, Feo
. . . o 1.25
2107.09330] with hybrld- uncertainty at NNLO % 00
cone photon-isolation 15 === NLO Stripper » Good perturbative g 075
[Siebert ‘16, Chen et al. "19] =~ - NNLO Stripper =+ NNLO ¢ 0.50
! —-—- ATLAS 2021 —— N3LO convergence 0.5
].0 ! ! L | ! ! L | ! ! torr Tt
o~ 1o 1o » Stable behaviourin r,, o

\Solid line: g, slicing — clear sensitivity to r_, Feut my, [GeV]
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MIXED QCDXEW CORRECTIONS

» Mixed QCDXEW corrections to the Drell-Yan process : increase our control on SM parameters and search for new physics

Gesonance region: _c_!_g'_ Off-shell region: \

0.229 0.23 0.231 0.232 0.233 0.234 -0.02 -0. 015 -0.01 -0.005 O 0.005 0.01 0.015 0.02
201 2r -2
\ SN0, [CMS 2408.07622] c./ A*[TeV?]

° ° * . °
EW parameters determination dM< New physics searches
[ 2502.21088]
CMS : 2 10°F aTLAs " (5=13 TeV, 140 fo" 3
) My — ' ® {Q’fhighml,e* e Data W W—ev -
_ mw in MeV | L B it Bl Multijet
Electroweak fit I 80353 £ 6 : n [ Diboson I Single top ™
PRD 110 (2024) 030001 * . 5 1z mW-tv  _
LEP combination 80376 + 33 | o ¢ 1 O v/, Stat.+syst. unc. |
Phys. Rep. 532 (2013) 119 | ‘ -
DO : ————
ER[L)|1:O8 (2012) 151804 80375+ 23 10° W — el -
Science 376 (2022) 6589 | SO+o00 £ 94 = MZ M f a
LHCDb 80354 + 32 | —- ! 10
JHEP 01 (2022) 036
ATLAS .
arXiv:2403.15085 803665+ 159 T
CMS . _1
TS 80360.2 + 9.9 Hee—| e 1 ? o— _— —
. | . | | | | | ST 1.
[24 12. 13872] 80300 80350 80400 80450 CDU th-) O 81 005 09, 1908 Y Wt 99 na-/-’,',«/Aﬁ/iﬁ//A-/-/%/‘//‘/‘/‘/f{//////é//////// //////9
mw (MeV) 8t —
2410° 10° 2x10\:l oV
. 0.23155 + 0.00004 . . e
> Sln2 QW LEPA%| " | 0.23099 + 0.00053 Constrain heaVy NP in ATLAS M [ '
LEP P, 0.23159 = 0.00041 . o
LEP A% | | 0.23221= 0.00029 d mOde'-lndependeﬂt s = 1?TeV1,40fb1| e Obsl;erved95A>CLI|m|ts
oc | ] L Sl . Linear+Quad
LEP Arg | _ | 0.23220 + 0.00081 . (3) fe==- '.::-:-I' —L I
LEP Qfy | _|0:2324 +0.0012 way using SMEFT Cia "._‘.;o".'l : — Eigg?’r"gn ’
SLD A, 0.23098 = 0.00026 vt — Muon
CDF 1.6 Teu : ........................................................................................................ : 0.55091 2 0.00046 ) \ [_00042,00021] - i __________ T_Fl_e_?._'._M—!‘_o_?_ -
D01.96TeV| —a— _ | 0.23095 = 0.00040 l q = 4-fermion interaction gl it = [ et JREl
ATLAS7TeV| - | 0.2308 = 0.0012 /- /V c|(|1)/ 100 M Lk ) lelalebals t
LHCb 7+8 TeV | - - _ | 0.23142+ 0.00106 ¢ L E— i
OMSBTEV | o _| 0.23101= 0.00053 !
CMS 13 TeV . , . , , . , . 0.23152 + 0.00031 _ — + 5 Ll Lo b b b b by
= & kol
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MIXED QCDXEW CORRECTIONS

» Differential predictions for NCDY:

[Armadillo, Bonciani, Buonocore, Devoto, Grazzini, Kallweit, Rana, Vicini (2025) +
previous studies by Buccioni & friends + WIP on CCDY (also by C. Biello & friends)]

v

—
3
\V)

—
3
w

do /dm,,, [pb/GeV]
=

[
2
(@)

do/donnLoqcp+EW — 1][%)]
L

[
(N

1.0

K-factor

assive muons as collinear- divergences regulator:

B8 NNLOqcD
S NNLOqgep+NLOgw

/74 NNLOQCD+MIX +NLOgw

[\

22 NIRRT \\\\\\\\\“\\\\\\\\\\\\\\\\\\\\
257 S S IR RN

- &S NNLOqcp+NLOrw 7]
C I NNLOQCD-I-MIXfaCt —I—NLOEW
. NNLOQCD+MI)(—|—NLOEW

NI

E_I_FF:'_'_"_,— —— NLOgw/LO |

Cs e NNLOQCD/LO 7

—— NLOqep/LO

0.8 -

250 500 750 1000 1250 1500 1750 2000
My [GeV]

m,, > 150GeV, p, = > 53GeV, |y, | <2.4, ug = pp =

» Visible effects of EW effects wrt to NNLO QCD in the entire spectrum

» Impact of exact mixed (dofme,/(dod D, + doy)):

» Non-flat shape
» Large at low invariant mass: O0(1%) @250GeV
» Reaches 0(4.5%) @2TeV

» Impact of factorised mixed (daflgclf = dalgfg X daﬁ{vo)
» Very good agreement with the exact calculation

» QCD and EW effects largely factorises at high invariant mass

» NLO EW/LO:
» Large corrections growing from O(—2%) to O(—20%)
» Shape compatible with Sudakov effects

» NLO QCD/LO and NNLO QCD/LO:
» NLO QCD pretty flat correction O(-20%) inm,, € [5 — 20]GeV, and
NNLO QCD being consistently O(4+2%) wrt NLO in the same range

m/m, A /Shad —_ 13T€V

~
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QUICK DETOUR BEYOND
FIXED-ORDER PREDICTIONS

See . Whitehead [Wed)]

>>>>>>

Merging

NNNNN
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See C. Savoini [Thu] 30

PRECISIONGREALISM 5y~ 7 st s css

[(Catani), Devoto et al. 2210.07846, 2411.15340]

pp — ttH PR = pF = my + my/2
_ LO
- [ NLO ’
101t ] NNLO
- ¢ ATLAS ~
| ¥ CcwMS 0.6
= _
& .
S oL i
]‘O 0.5 _ — —
0.4-
1071 .
13
— 10F -
X,
| ::::::::::::::::::::::::: ______________________________________
S ] i
g
o
Z
g L —
_10 . 1 1 ! 1 | 1 -
8 13 27 50 100

Vs [TeV]

* NNLO large at xsection level, and larger
at fiducial level:

"y

10%NLO @ p, ;; = 200GeV,

uncertainty ~ 1/3 NLO

Wiesemann 2603.06143]

101 do/dpr g [fb/GeV] pp> ttH@LHC 13 TeV
e L I B
Th - MiINNLOps (H?=0)
100 -_ . o o MiNLO' ]
e — MATRIX (H?=0) 3
Y S S R S M
do/domiNNLOS (HP=0)
' | ' l ' l T I '

0 200 400 600 800 1000
Pr,ttH [GeV]

> Fixed-order predictions fails in the
low-p, region — need for matching
and resummation

> MINNLOPS framework

\_

do/dAd, , [fb]

0-9- | L L | L L B
C — NLO+PS (exact) ]
— MINNLOpg (CA) :

== MIiNNLOpg (CA, 2I-unc) 1

................................... ﬁ

osf o=
02F o e wamr s SR SN K
V= - fiducial cuts (dilepton)

13T T NL0PS (GR) E
t2p mm NLO+PS (CA, 1l-unc)
1.1 - ......... _
]
0.9 ;‘.L','_"_','Q'_’;'Q_';'jﬁé'_"_',’Q_"_;_"_'_;‘_'_'.'_'_‘,'.E‘_'j';'_'_"_.'_"_'_'._'_"_';"_'_'1‘%'_'_'.'_;'_'_“_.‘_'_“__'_';'_‘;'_".'.E;'.‘.'.'_'_'.'_;'.'.';.'.';;_'.';'.i;:'.';':'-'.'.'.'.';l'.'.'.":'.'.".E'.':'..‘.i
0 0.5 1 1.5 2 2.5 3
Ade

> VV via combined (CA) approximation
(soft Higgs and massification)

" Public code for exp. analysis

ti(epvev, bb)H@LHC 13 TeV \

J
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PRECISION&REALISM pp — HH ( [Alioli, Marinelli, Napoletano 2507.08558]
—— [Garosi, Wiesemann, Zanderighi 2606.05300]
ATLAS and CMS ar'e Increasingly oppmlstlc about HH at HL—ITHC: , dofdpr . [b/GeV] op->HH@LHC 13.6 TeV
- order of magnitude more data, improved analysis techniques 10" g
o rton level (PYTHIAS
Projections: 101 ) pafton teve!( )
ATLAS: HH obs. 4.26 — 5.980, ky = 1.01948 ATLAS+CMS: >50, Ky = 1.0135; w/ 2ab™", = N
[ATL-PHYS-PUB-2025-006] >/0, K\ = 1-0J_F%Z%% w/ 3ab™"  [ATL-PHYS-PUB-2025-018] 1072 t-ff-fm — MiNNLOFT-approxw
S arias preimnay | — fossme | o1 - - = ~~* GENEVAET_approx
§ of reliminary —— Baseline Js § ATLAS + CMS Projections ESPPU 2026 B MiINNLO
8 Eﬁ#?;;gi\;tion Theo. unc. halved ] ::: 10l \/§=14Tev,3.ab‘1 pcir experiment ] 10'3 ... TR HTL
’é 7;‘ Expected SM —+— Run 2 syst. unc. ‘7 & SM HH production (kj = 1) - GEN EVAHTL
D gL —6 % 81 wem bbbb
5%_ // —és ;%6 -zgyy 10-4dlo'./ldlol.llllllllllllllllllllllllllllllllllllllllll
: : g 6 o 0T MiNNLOET-a00rox
45_ —54 T = combined 2 I | FTF:p I I | I T
3F s oAy 1.8 gy e
A T 1.6 Fed mes
2r 32 2 14 T i 1}
1:- —:1 1-2 - o -,r“.g::‘_::f.'.‘lr;'—:_;__-;f.r.é__'""‘?'i'-”-i'- _____ ?:'---- ]
: : 0 1 e o
0—joee 7800 2000 2500 3000 ° 0.8 g7 -
Integrated Luminosity [fb~] 0.6 __.IL-_.: U
0.4 E,' o -
0'2 ....I....l....l....l....l....l....I....I....I.._
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CONCLUSIONS

-

. Gauge fields

THE STANDARD MODEL LAGRANGIAN

1 v
£: —Z F/wF“

tiypy
I Yi wi Yl]l//]¢ + h.c.

it ‘Dﬂ¢|2 % V(Qb)

. Eetniions @ Yukawa @ Higgs

interactions

A COLLISION AT THE LHC

The Standard Model

+* Standard Model of particle physics gives us the “code of the
Universe” through a tiny formula.

** It explains outcomes of most current terrestrial experiments
and many aspects of the evolution of the Universe (add a
grain of gravity!)

** However, many questions remain unanswered: origin of
Higgs, EWSB, hierarchy puzzle, neutrino masses, matter/
antimatter asymmetry...

+** Test the Standard Model as thoroughly as possible stands
as one of the main goal of the particle physics community

“We are not on[y searcﬁing for new Joﬁysics;

we are searcﬁing for sometﬁing new in }oﬁysics”

/
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THANK YOU FOR LISTENING




