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MOTIVATIONAL MESSAGE

-

‘ Gauge fields

THE STANDARD MODEL LAGRANGIAN

1 v
£: _Z F/wF“

tiypy
I Yi wi Yl]l//]¢ + h.c.

i ‘D/xgblz % V(¢)

@ remions @ 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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MOTIVATIONAL MESSAGE

COLOR - MEETS - FLAVOR

;. -
w | BOTTOM |

Pron A baryon A, baryon

% ©¢

K meson J/ meson

Outlook:

- Develop methods to
obtain high precision
theoretical predictions

- Exploit these methods
for a wide range of

B meson B-DECAY

Antiquarks © @ ©

o phenomenological

. - e studies to improve our
PettadNEn oo el knowledge of particle
COLOR CHARGES: ) QY physics
Quaks ©© @ P ¢ % A

Precision methods in quantum field theory provide a common framework—from infrared singularities in QCD to
_ phenomenological applications in top-quark, electroweak and Higgs physics Y
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THEORETICAL TOOLS
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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
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PRECISION&REALISM

~

[Pythia8.3 manuall

@ Meson
A Baryon

¥ Antibaryon
© Heavy Flavour

energy current efforts

N

do (X1, X,

~

1)

d_X = Z dxy dxy foa (X1, 1) fip (X5 1)
ab *° \

dX

S

Parton distribution K Hard scattering \

functions (short-distance,
(long-distance, non- perturbative regime)
perturbative) Target:

+(3-5% ki( < afew percent)J

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

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)

\_

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

~

NNLG EW
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. Savoini]
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NNLO N

LOOK FOR THE
N BARE NECESSITIES

NNLO QCD calculations are being extended to an increasing variety of processes : v,
renormalised =

| n
Adding external particles and/or additional mass scales remains a challenge , dowar o F
a » A
Schematic NNLO ingredients: -
denx)
_ d(D VV 5X + d(I)n 1 R V5X + dq)n ) RR 5X X = IRC-safe observable
Up to 1/€* up to 4 PS
explicit poles Up to 1/€? explicit poles singularities ﬂ 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

ai,pu1 QL—= NN U4

ddk 1 [(O)fy (F+ P B+ o)+ Prog)ts]

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

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

> 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)

asz,t2 Q. p— A~ U3

A

> Algebraic complexity: proliferation
of scales

[Courtesy of P. Bargiela]

=9 Tr{TalTa2}/ (2m)4 (k)2(k + p1)%(k + p12)?(k + p123)? ’ Analytic cc?mplexity: e .
mathematical structures (special

N mtegrals functions, elliptic and beyond)

> O
a _ilor 7 Y B — " Numerical complexity:
| | e e >< representations suitable for efficient
8 —— " /;" /;: y;: — and stable amplitude evaluation
et eH2 € €




INTO THE (INFRA)RED

10

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

-~

\_

KLN

* The problem emerges already at NLO

ete” = qg

explicit upon PS integration _ -

IR singularities vanish if all degenerated states with arbitrary multiplicities in the final state are combined

[Kinoshita ‘62; Lee, Nauenberg '64]

Subtraction:

conceptually non-trivial, " (6666
but if local and analytic L&, do,
then extremely versatile :
and numerically stable

e C.Tje q

Implicit PS sing. Explicit loop sing.

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

/—b Subtraction term

Finite in d=4

1/€ poles

d=4-2¢

Integrated
subtraction

term
~__—" J
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'NLO h

. Catani-Seymour (CS) [9602277] Currently implemented in full generality in fast and efficient NLO

Erixs K Si EKS generators [HELAC-NLO, Rocket, BlackHat+SHERPA, GoSam+SHERPA/MADGRAPH,
rixione-Kunst-Signer (FKS) [9572328] NJet+SHERPA, Madgraph5-aMC@NLO, RECOLA, OpenlLoops+SHERPA...]

NNLO

» Numerous methods available

NLO NNLO N3LO
» Antenna [Gehrmann-De Ridder et al. I05] » Given matrix elements and resources, NXLO corrections Q Q = Q
, in principle b ted
» ColorfulNNLO [Del Duca et al. '16] S i e =i
' STRIPPER [Czakon ,10] » New NKLO calculations are actually streamlined Q Q *% Q
» Nested soft-collinear [Caola et al. '17]
: , » Different hes/calculati ilabl
» Local analytic sector [Magnea, CSS et al. ‘18] R e @ (X
» Geometric IR subtraction [Herzog 18]
. o » NKLO calculations can be easily reproduced 0 Q 0
» Unsubtraction [SbOI’IInl et al. 116] and performed by anyone
} FDR [ Pittau 12] » NKLO event generation is possible o Q Q
» Universal Factorisation [Sterman et al. ‘20]
*  sector improved residue subtraction,
. . antenna subtraction (massless), Q Yes
2 Some Of them already applled to numerous pheno StUdles nested soft-collinear subtraction (massless), Barsis]
*%  STRIPPER @ No

» None of the existing subtraction schemes can be considered
u “the ultimate” Y
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NESTED SOFT-COLLINEAR SUBTRACTION: CHANGING THE PARADIGM

PO PO

N-body phase SEa\v\cﬁwd approach

space

(N+2)-body
phase space

>

Reversed &pproa&h

Idea: reverses the standard logic* and look at the pole structure of the
virtual corrections to infer similar structures for the subtraction terms

\_ S

[Devoto, Melnikov, Réntsch, CSS, Tagliabue ’23]

® Introduce universal operators organising the counterterms, guided by the form of the double virtual IR structure

® Preserve as much as possible the recurrences of NLO-like objects (and close variants) in the finite remainder

(*) similar idea also explored in antenna subtraction [Gehrmann, Glover, Marcoli ’23] and local analytic sector subtraction [Magnea, Milloy, CSS, Torrielli ’24]
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NESTED SOFT-COLLINEAR SUBTRACTION: NLO

2s d6DO = dé Y, + dél

1) Virtual corrections: N 7o - LyA v e, o T
Irtual corrections: IV(G) Ti(e) = 52 2 (T;-T;) VinE(¢) = =
color-correlations, elastic terms (i) J €

2) Real corrections: , ,
soft: color-correlations, elastic terms | -
) . ® Highest pole trivially cancels

—2e *'P
Is(e)|= (2Emax/ 1) Zn—eK. | I\/(E) + Is(e) ® Singular color correlations cancel
2 LY} e el

§ ) ¢ (35) ® Remnant elastic single pole

hard-collinear: no color-correlations, elastic terms

f 1 Np “generalised anomalous dimensions”
- J =1

— [IT(e) — Iy(e) + Is(€) + Ic(e)  FINITE ]

. s n
3) Sum: 28 dGNIO = zgf) (I - Fin) + (Ff2) + (Oxpo A™ Fryg(m))
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NESTED SOFT-COLLINEAR SUBTRACTION: SNAPSHOT OF NNLO

Similar gui ding principle @NNLO: [Devoto, Melnikov, Réntsch, CSS, Tagliabue, Tresoldi ’24, 25]

>»Rewrite the poles of VV in term of NLO operators:

(rev) = o ([ Y00

+ [ag)? < [—5 [Il (e), Il(e)] + Moo + Hb oo + Hocd + H;,Cd] - FLM> + o] (Iy(e) - BB + ...

> Find analogous structure in the subtraction terms of RR

Factorised term (T;-T) - (T}, - T)) —

» And in those of RV
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NESTED SOFT-COLLINEAR SUBTRACTION: SNAPSHOT OF NNLO

Similar guiding principle @NNLO:

>»Rewrite the poles of VV in term of NLO operators:

> Find analogous structure in the subtraction terms of RR

» And in those of RV

> Finally, look at the collinear component of RR

-

d 8NNLO —d &VV d aRV + d 6'RR

®
Real-Virtual

d 8pdf

é
PDFs Renor.

® ®
Double-Virtual Double-Real

[a,]?

= — <Mo [IV I
> (M)

= (M, | I3 | M) + ...

2

Ie]” | Mo)
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a )
~ANNLO _ 3aVV ARV ~ARR ~PDFs _ ~SU
daab = daab + daab + d%b + daab — d%b
. i . '
real-virtual H coll. renor. ‘
double-virtual double-real Gingle—unr. )

** Formulas are compact

¢ Very few inputs for actual implementation

o Modular structure

~

_

d

~DU
U.ab

6

~

double-unr.

_J

** Easy to adapt to lepton-lepton and lepton-hadron collisions

-~

d

~FR
Glab

6

~

@Ily-resolve9

17

[Devoto, Melnikov, Réntsch, CSS, Tagliabue, Tresoldi '25]

fully-resolved = (N+2)-body kinematics
single-unresolved = (N+1)-body kinematics
double-unresolved = N-body kinematics
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4 N [ )
ANNLO AVV ARV ARR APDFs _ ASU ~DU
do d +do, +do,+do = dq oy |t dqab
; i a ' ‘
real-virtual H coll. renor. ‘ double-unr.
double-virtual double-real Gingle—unr. ) & )

p
) H H

+ (O, AMPNLO @ Fzb 1B 1 A ( )])},

OI(\?L?)) zﬁ}mA(m) log (n;m) P:I(:g) ® FLO,CI?/I [BN+1,n(m)]>

b, b Tlb ax (0
01(\an(1)) ;Tll;n A™ log (Tm) FiByyi,n(m)] ® Pa(;b)>

) B HR{

£ (O AM pz B (m)] @ PNLO }

d6Sye! — Z Z {[as] (O A™ [80g I (Em) + Brng I (Bmax)] - Fea[ By 1, ()] )

2
1E€EH

B (z,m) mz ni Mim (m) 2 i ab

+ <01(\In£)0 AM™FR 6 [BN+1,n(m)]>} T Z Z [C;S] <01(\;L“<1>) gﬁ:zA(m) [ Yg

n 1€EH

I?l?/{ [BN+1,n(mg)]

+ g (ri'r} + ¢") Fin uu[BNH,n(mg)]] > |

\_

- Z [as]<01(\;Ln(1)) :ﬁ;m 08 (mm> AN [5mg (%‘ + 2T Li(En )) + Omg (% +2T?7L; )] Fyy By 11 n(m)]>

18

a ) [Devoto, Melnikov, Réntsch, CSS, Tagliabue, Tresoldi *25]

d&FR
,ab fully-resolved = (N+2)-body kinematics
single-unresolved = (N+1)-body kinematics

fully r;solved double-unresolved = N-body kinematics
Y >

d6TR = (SnSa Qi A O F2PS [m 1)) + (S S AW FLDS [y )

(4 \

d&DU’db Z Z Qfs PNLO FIC?I?\j/I [BN,n] PNLO

Ty n

do, " = Z Z [os](PYEC @ F=b[By, ] + ] (PYNC @ (B} |
+ Z s (Pay ®
dgDUssb:b — Z Z [[as]<f “@[Bnn) ® Pap ) + [as](FE
+ Z s *(

650 = S0 { o [130 + 15 + 188 + I38] - FiulBis)

wal™ie - Fiy By ] )

& By ] ® P PNNLO ]

(WEImEn . Feb By 1] @ PY)

n

Lol 3 [0 g (B W4 OWPINE 4 510y 0]
1€H

+[04s]<1(0) FVﬁn[BNn>+< T ﬁn[BNn]>+<F VV,fin BN,n]>}

FetulBu ] )

_ J
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4 ) f ) e ) [Devoto, Melnikov, Réntsch, CSS, Tagliabue, Tresoldi '25]
d 6NNLO —d 6VV d 8RV d 8RR d 8PDFS _ d 8SU d 8DU d 8FR
ab o ab ab ab ab R ‘ab “ab “ab
y : ‘ : ¢ : Q)
i real-virtual coll. renor. ; double-unr. ; Q{o\m
double-virtual double-real Gingle—unr. ) & ) @Ily-resolve9
a > BN,’n’
Very few inputs for actual implementation b /
- List of N, N+1 and N+2 external particles — select ingredients ~ ~
- Born-level configurations compatible with the given theory/ 460U = 575 [0 ]2(PNIO @ FEY By ] @ PO
process Y n
- 1-loop, 2-loop N-point finite remainders — dedicated o, " =Y [[asKPfaLo ® F*Byul) + [as]*(Pza -° ® Fﬁ’&[BN,nD]
calculation needed .
+ > las’(P2 © [Wel™ i - BBy 1] )
- details (partitions, azimuthal direction, etc) — optimise for a n’
given process bt =3"%" [[as]<}' “(Bun) @ Poy'C ) + [as)]*(F By ] ® Py - ]
- + [ (V- (B )] © P2
1. Fix initial-state partons (ab) n
2. Sum over all partons x (y) compatible with 1. dog, =" { o P([IE + I8 + 5 + 18R ] - Feo[By o))
3. Sum over all Born-level final-state configurations n ’ 2 iIn, i fi .
. . + o 02,7 Ve _ ¢ (L) Wi 4 5@ pymiimfin 5 1.QWy@) | . peb i,
compatible with 1. and 2. 0] ;<[ Wi i fig(Lt) Wi : ] LB ]>
— this can be parallelised! . . .
+ [aSKI'(I‘O) | FL\I;,ﬁn [BN,n]> + <FL\I;2,ﬁn [BN,n]> + <FVI{/',ﬁn [BN,n]>} J

4. Universal ingredients (provided in ancillary files) need to be \_
coded once for all
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PHENOMENOLOGICAL APPLICATIONS
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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:

EW parameters determination

dMix

CMS
} mW £ ] my in Melv |
PR%%%) g)%%l%%tom I 803536
LEP combination 80376 + 33 | .
Phys. Rep. 532 (2013) 119
F[’)R(E 108 (2012) 151804 | 20°7° 23 —
g:BrEe 376 (2022) 6589 | COto0-0 94 =
LHCb 80354 + 32 | —
JHEP 01 (2022) 036
'::I\I/_Qosg so8e 80366.5 + 15.9 | D
CMS 80360.2 + 9.9 Ho—i
This work
. | . | . | . |
[2412.13872] 80300 80350 80400 80450
my (MeV)
° 2 0.23155 + 0.00004
> SIN QW LEP A% | | | 0.23099 = 0.00053
LEP P, 0.23159 + 0.00041
LEP A% [ 0.23221 + 0.00029
LEP A% | 0.23220 = 0.00081
LEP Q' | 0.2324 = 0.0012
SLD A, 0.23098 + 0.00026
] e e o
D0 1.96 TeV | 0.23095 = 0.00040
ATLAS7TeV| +——o0—— 0.2308 = 0.0012
LHCb 7+8 TeV | 0.23142 = 0.00106
CMS 8 TeV 0.23101+ 0.00053
i s E oo

! ! | | L | L
0.229 0.23 0.231 0.232 0.233 0.234
\ eff

sin%0’ [CMS 2408.07622]

- w e - -

Constrain heavy NP in

a model-independent
way using SMEFT

lfq) 4-fermion mteractm

e
‘D

Off-shell region:

New physics searches

~

[2502.21088]
2 10%} ArLas | eV, 140 fb -
= - ATLAS {s=13 TeV, 140 fb* -
0 10’ | highm?, e* & Data mW—ev -
T T Wt B Multijet
. 5 Egiboson -ai/ngle top
] mW-tw
10 v/, Stat.+syst. unc.
10° W — ev
10
107
sl 1.2F "
CDU 2 1#/,’///#2/-/-/#! o 1T n--/-’,',«//O/-H,U//,4/-/7/4////‘/7’{/////%/7/////// //////9
0. 0.8t .
2102 1o3 2x1ovfl oV
m [GeV.
ATLAS
Vs =13 TeV, 140 fb Observed 95% CL limits
LRI DL NN BRI NLRLLELE BRI NLALELANN ISR
d2= =@} Lmear+Quad
c® iyt — LinearOnly
Iq e — nEnIectron
= - VIUON
[-0.0042,00021] |~ | — Elec+Muon
1 it ol o
C|(| ) /100 ikabel seldekdels F alelelelelelels bl
' —
| I N N N N N N N | llllIIIlllilllllllllllllllllll

-0.02 -0. 015 -0.01 -0.005 O

0.005 0.01 0.015 0.02

c./ A2[TeV?
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MIXED QCDXEW CORRECTIONS

d6ap—x = d60 +a,deH0 +a d6 OV +02d6 %0 +a,a de Y +02d6 0P +alde 30 4.

4 . ) 4 )
Couplings: o, ~ 0.1, a,,, ~ 0.01 At high energy, this naive power counting is spoiled by Sudakov logarithms:

Mixed QCDXEW corrections: in EW theory my,,, provides a physical cut-off: real Z, W can be detected as

~ O(a,a,,) ~ 0.1 % distinguishable particles.
- _J

Large logs from virtual corrections are of physical significance and spoil the naive
power counting [Kuhn, Penin, Smirnov ‘00][Ciafaloni, Ciafaloni, Comelli ‘01][Denner, Pozzorini ‘01]

4 )
More accurate expectation: W, Z,~ a,, s
o o Ga I : logz(—> ~ 6%,
(20% QCD) X (10% EW) 47 sin? Oy, mg
« Vs = 1TeV > my, . )
Potential 2% correction in the . W2 . — log<—> ~
. . @ [ 47 sin? Oy, mg,
high mass region

\_ J \_ J
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MIXED QCDXEW CORRECTIONS

(Neutral current DY [Buccioni, CSS, et al. '22] )
Inclusive: QCDXEW ~ — 1 % LO,
NNLO QCD ~ +4+0.8%LO
%‘ — | | | | | | | | | | | | | | I | | | | E
§ 107! — doQcpxEw =
P z
o)
g 1077 = E
C - s
0 E E
S S O O S
e R D I =
0.95 _ NLO-EW:
SN -15%@3 TeV
R L i
0.85 f— f
- l | l | I l | l | | l | I | | l | I ]
0'8 - | | [ | | | | | | I | | | | | [ | | | E
R RRROEEITRELISREI RS =
2 0.98 ; """""""""""""" —f
A 0.96 f— ;f
— - 1,1
= 0.94 [ ngc%mw QCDXEW:
. 1,1
092 T R -3%@3 TeV
ogL L 1 1 | o I T R
1 1.5 2 2.5 3
\_ myy [TeV] )

(Charge current DY

in progress]

dO/dOLO (NSC)

 --- LO (NSC)
— NLOgyk (NSC)
- — NLOgwk (NSC, H{")=0)

1 e -

0.7 fF~————

e Vo@LHC 14 TeV

10

---- LO (NSC)
- — NLOgwk (NSC)
10y ~ — NLOgwk (NSC, HV=0)

A P B R T
400 500 600 700 800

mT [GGV]

AP R
300

\H(1) = finite part of 1loop squared amplitudes

[Biello, CSS, et al. )

_/

-

Beyond DY? A

[Biello, CSS, et al. in progress]

Mixed correction calculations
still proceed on a process-by-
process base.

The increasing experimental
interest calls for a systematic
framework

Fully general final formulas for

mixed QCDXEW subtraction are
within sight [Loops&Legs2026]

The idea is to “abelianise” the
results recently obtained for

arbitrary QCD@NNLO

processes at collider [Devoto, CSS
et al.]

J
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SINGLE TOP PRODUCTION

g Top quark is the heaviest particle of SM — substantial Yukawa coupling

s

T F e o T T T T T T T ]
2 £ Single top- k ducti -chann r pp
(special relation with Higgs boson) o [ g% opraaTh profuction M
| Inclusive cross sections ol
* LHC as top-quark factory: 25% of the top quarks are produced via £ chommel o3
“single top” production: -channel accounts for ~ 70 % o, 0E s-channel (pp) =
) 1= N=
> Electroweak mediated U —p > d - gl YT A
N ~— NLO+NNLL, PRD 83, 091503 (2011) i CMS, PRL 110, 022003 (2013) _
. . . Ll e trom. ety 2 ATAS sins(00572 hepes] |
Determination of the CKM matrix V,, W 0l igﬁé’HggJFz_.zgiigg;? ) s NLOAINLL, PRD 81,034028 (2010)
N . . . o - I: CMS, JHEP 06, 090 (2014? | .; Zi\ll_?«trso,nérili?/lz_ggﬁ'.()z:;:g ?h(ff.li} -
Indirect determination of width I, and mass m, J[ | ¢ OMSTOPISONMGe)  x CMSPASTOPAR09(Gre) |
b > t 0 "3 4 5 6 7 8 9 10 11 12 13 14
\_ > Bottom-quark PDF "E[TG‘U

: : : Campbell, Neumann, Sullivan 21
> Factorisable contributions [Camp 4 L I U —» W > d

- Structure function approximation 1774
@14TeV: 560 ~ — 0.7 % N0
. N b —> t
"~ Non-factorisable contributions
- Vanish at NLO — magnitude of NNLO corrections cannot be inferred from scale variation, P
nor does it indicate the optimal scale choice .

- Colour suppressed by N> — 1 = 8 @NNLO — could be enhanced by 7% due to Glauber phase b y
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SINGLE TOP PRODUCTION

\_
-

\_

" In comparison, NNLO factorisable corr. are around 0.7 % NLO

conceptually and practically interesting — other processes can feature

similar behaviour

[Bronnum-Hansen, CSS et al. 22|

= o
o o
S S
X X

NNLO non-fact. corrections to LO

3.00% -

0.00%

Top quark is the heaviest particle of SM — substantial Yukawa coupling
g = Sing| I- I I ictiol | | -lcanrlle |orl_g
(special relation with Higgs boson) o | >mndletop-quark production ehansel (peionpF) -
_ Inclusive cross sections o
102 & Wipp or pp)—
* LHC as top-quark factory: 25% of the top quarks are produced via - I
= s-channel (pp) -
“single top” production: -channel accounts for ~ 70 % o, E s-channel (pp) S
) 1:_ N=
Electroweak mediated U —> d : =L oD 2 0%tts O
- evaron. o 1505 08057 memeyy 4 CMS.PRL 110, 022003 013) -
> D . ' f h CKM : V 1l A ATLAS, PRD 9(.),112.006 (2014)p f éﬂ? SP,:[X;}'QSQ;Z%?(ZZ([;Z'; ex] .
etermination or the matrix bt 1%% 10 = +  CMS, JHEP 12, 035 (2012) s NLO+NNLL, PRD 81, 054028 (2010) 5
. o . - oy il A oL i B
g Indlrect dete rmination Of Wldth Ft and mass m, [ | ¢ OMSTORASDMEre) W CMSPASTOP13009(prel) |
b > 0 "3 4 5 6 7 8 9 10 11 12 13 14
> Bottom-quark PDF E[TGVIJ
ffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff 226 \
> Non-factorisable corrections are 0.2279%-9%% 9% L O for Up =M S el T — S
+005 R 4 3 o e A 2 D
~ e = N S U
. < N e
 up = 40GeV (typical transfer momentum scale of top): 2 = el ——
- NLO _ 359 . R B
nf e/ /U WU ey /e YTy S S o e

Scale variation m¢/2 to 2m; R e o

,,,,,,,,,,,,,,,,,,

200 J
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QUICK DETOUR BEYOND
FIXED-ORDER PREDICTIONS
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PRECISION&REALISM 5y — b4

g =

K L

* LHC: top quark is predominantly produced in pairs gig‘“zﬁcc’zjﬂ’zf“fe"a/m@: ter ZPOM":(:%" 7;::)
> Measurements of inclusive and differential cross SRAIler crosss sectiot. wore, abundant
sections, asymmetries, parameter extraction ( o, m,, y, ) b Je b Vg 3 ‘L/
+ +
* Experimental signature: two bottom jets and the decay s_& fl' ;'-
modes of W bosons N _ ~ ~ /
L] L

» Modelling of unstable particles (different topologies) b
b w
r V,|°
B(t - Wb) = = Wh) _ . | ”’|2 —~ ~0.99 7 Z
Fe=>Wa)  |Vyl"+ | V| 4+ [ Vi W
- b
b
Double top resonant Non-resonant Single top resonant

» Virtual corrections extremely computationally costly or even unknown. 2loop, non-factorisable amplitudes out of reach

\ — approximation? [Buonocore et al. 2507.11410, Ahmadova et al. 2605.09444]
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PRECISION&REALISM 5y — b4

-

* LHC: top quark is predominantly produced in pairs

> Measurements of inclusive and differential cross

\_

-

cleanest rzjnm‘ure/
QD concch'ond em:er‘
Smaller cross- section

‘oo many Jets
Harder & wodel”in FQCD
more abundant

sections, asymmetries, parameter extraction ( o, m,, y, ) b Ve, b Ve b 1
ot e q’
" Experimental signature: two bottom jets and the decay - 4 T
¢
modes of W bosons N _ ~ ~ /
X L] LT y
/ [Biello, CSS, Wiesemann, Zanderighi, WIP] 180 2%/dPTY; [fb/GeV] pp_'bbm@LHmSTeV dO/debh [b/GeV] pp_'bbd'l@LHC.mTeV\
160 1 bJEXP - — MINNLOPS (H2—0) 1 bJEXP ' ' ' | |
o . . 140 [ pr,>30 GeV, Inb,|<24 o I\NAIFI\?LPS (MQQF) 1 103 _.prj>3o GeV |nb1|<2"4 i
pp — bbe™ U u"v, (different leptonic flavour to 153 S SN X e v |
L _ 1102L
reduce “Z pollution”) 80 |
60 == I = 4,_:-,,,,,, h - ﬁi ] e
40 B i E E | - | 1 10 — ,,,, fifiiffi"z":‘.:““‘*“i — MINNLOPS (HQ—O) | ;
"~ Atlow p, yip-p; MINNLO reduces the NLO 0f o ey = I'\\‘AILI\?LPS (mQQF) ]
predictions (a spread of the peak is also evident) 0 110(; ' ' ' ' ' '
* At high p| yy-,5 MINNLO and MiNLO' coincide, 2p
both NLO accurate. 0.9 o
> MiINNLO turns to have up to ~ 20 % effect wrt 0al I O O O 06
. 1 ' 40 60 80 100 120 140 160 180 100 120 140 160 180 200 220 240
\ MlNLO and NLO. pT,bj1 mw-bj1 [GGV] )
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PRECISION&REALISM  pp - i1

-

> allows for direct measurement of the top-quark Yukawa coupling

" important background to Higgs-pair searches

> ATLAS and CMS: 6©(20%) accuracy for signal, expected 0(2%) @HL-LHC

> Current theoretical uncertainties are ©(10%) [LHC Higgs WG 1610.07922]

\_

~
©

H

e

-

First differential ATLAS and CMS measurements [2407.10896, 2407.10904]
Present status [2510.23755]

Projections for the future [1902.00134] CMS Phase-2 Simulation Preliminary

3ab’ (14 TeV)

S
T T T T T T T 8 —#—— Stat + exp. syst. + ggH+VH theo. uncert.
ATLAS le{Total Unc. mmSyst.only [ Statonly  SM + Theory S 102 [— L. | Hadronic categories only
Vs =13TeV, 140fb"", my=125.09Gev Total ( Stat. Syst.) — N — i .. I Leptonic categories only
- - W MWL, e Expectation x, = 10
B - _| 1.25 +0.69 +052 +046 ] o | - o|hl a- -1 A
pT €[0,60) GeV -065 - 051 - 0.40 © I L ] ﬂ -------------- Expectation «, = -5
H B 0.77 *+954 +041 +0.35 | = | | i Bt ttH+tH theo. uncert.
pt €[60, 120) GeV HE—- : -052 - 040 - 0.32 =
1 N
0.46 0.34 +0.31 T e '
pf €[120,200) GeV - Hese= 088 “oas lom oz - = * : :
m
+0.44 +036 +0.26 10— seeseeeea. ) SRR 1
T — »  (p!'>350 GeV)/150 GeV
+0.55 +044 +033 ) B :
p} €[300,450) GeV [~ |=———— 0.27 “osa 0.42 - 0.33 - fg" — ] ]
0.89 0.76 +0.47 L e
pi €[450,) GeV [ —————— 063 g T071 - 043 N — 1Y <25 : l{
“““““““““““““““““““““““““““““““““““““““““ | Hyy:p! >20 GeV, 'l <25 E
. +0.20 +011 +017 T . '
Inclusive |- e 081 Tg3s - 011 - 0.15 ] >=2 jets: p >25 GeV, Il < 4, at least one b jet :
| l 1 | | | | o | | | | i
0 1 2 3 4 5 6 0 45 80 120 200 350 H G
e
O/ oM P (GeV)

(s =14 TeV, 3000 fb™ per experiment

vvvvvvvvv

: 2% : 4%

|||||||||||||||||||

| Total ATLAS and CM
—— Statistical HL-LHC Projection
—— Experimental

—— Theory Uncertainty [%)]

Tot Stat Exp Th

1.6 0.7 0.8 1.2

3.1 18 13 21

5.7 3.3 24 4.0

............................

42 26 1.3 3.1

43 13 18 37

0 0.02 0.0

0.06 0.08 0.1 0.12 0.14

Expected relative uncertainty
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P R EC I S I 0 N & R E AL I S M pp _;./l‘fH [Biello, Savoini, CSS, 05 dU/qu)e'u [f'b]. o ff(efxvevub'ﬁ).l-ll@LHC' 1'3'Tfe\'l:\

Wiesemann 2603.06143] — NLO+PS (exact) 3
— MiNNLOps (CA)
[(Catani), Devoto et al. 2210.07846, 2411.15340] ; =3 MiNNLOpsg (CA, 2l-unc) ;
_ o Gy 2p> H@LHC 13 TeV BF TN Mhe g R e
pp — ttH PR = PF = My + my/2 10 / F')T'EH!: / ' ] ! ' T ' T 3 5 e _
e — | e MiNNLOpg (H?=0) 3 : I
_ 1 e, . MINLO! : 4t | | o O e E
L 1 NLO | 100 B - - : : : L]
1| I NNLO / - — MATRIX (HZ=0) 03 F | = Ty
107 ¢ = i : e ] ]
3 ATLAS * f oL e ] “2E = 80GeV<m,,<200 GeV
¥ CMs . 0.6 ; | R ™Y | o= ~ fiducial cuts (dilepton)
= 1+—F C : = ] - ; : : 5 : -

B : i : : : i

5 o : 10-25_,_ g

0.5 _ ) C - : : : i . E

| _ N S S S S S

o - do/domiNNLOS (HP=0)
R ' [ ' | ' | ' | '
10_1 | i [ SO TP SO USSP PSPt SYUO TSP PRPPRPPPIO
13
—. 10F 1
= 0/ |
T ':::::::::::::::::::----______________________________j 13 L e, s AR -
N e e e s s o d: | T e NLO+PS (CA) :
& 7 t2p mm NLO+PS (CA, 1l-unc)
o 1 L L : : . e 5 : : ]
g O 200 400 600 800 1000 1.1 E-—--- --------- -________________-________,
° -l — = Pr, 4 [GeV] e
Vs [TeV] 0.9 ;'_‘_','_"_‘,f'_’;'_‘_",'_'];_"_',f_"_‘__';'_'.;'_'_'_'_’_‘,‘.‘;‘_'j';'_'_"_.'_';'_'._'_"_';' '''' ;'_'_'.'_;'_'_"_l'_'_“__'_';'_‘;'_".'.;;'.‘_'_;'_'_'_;'.'.';.'.';'._'.';'.;.‘.".';".'.'.;L'.';l'.'-‘-":'J;;;':;;é
. > Fixed-order predictions fails in the o o5 1 15225 3
" NNLO large at xsection level, and larger P Ade,,

at fiducial level: low-p, region — need for matching
and resummation > VV via combined (CA) approximation

~+10%NLO @ p, iy = 200GeV, . L
iy 1 ItIIIjO - MiNNLOPS framework (soft Higgs and massification)
unhcertainty \ > Public code for exp. analysis J
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WRAPPING UP

< Precision predictions are essential to fully exploit the LHC and future collider programmes, requiring
increasingly accurate higher-order calculations.

< Infrared subtraction remains a key ingredient for fully differential computations, and developing more
systematic, modular and efficient approaches is essential to tackle increasingly complex processes.

% These advances already have a direct impact on phenomenology, enabling more accurate predictions and
revealing effects that were neglected in the past, with important implications for precision Standard Model tests
and searches for new physics.

% Looking ahead, developing fully general, automated and community-ready methods will be crucial to match the
experimental precision of the HL-LHC and future collider programmes, while bringing NNLO calculations to the
level of maturity, flexibility and automation of NLO predictions.
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THANK YOU FOR LISTENING
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REAL CORRECTIONS@NNLO

N Vel 1

k1—|—k'2/ ~
—>) —>
k1+k2+k3 k3
E,—-0 E, -0 E,E, -0

i iy Ay 7 || 7

1. Clear understanding of which
singular configurations do
actually contribute

2. Collect the relevant ingredients

3. Getto the point where the
problem is well defined

4. Solve the phase space integrals of
the relevant limits

Cijrr

j . ; i S; Sij
ij o | . b o< k
]{ ] ] < J
[
k S
i =
j k
Cz’jk .
SCijk

E\Ey(1 =1y -1y) EyE(1 =17y - 1) + Ey Es(1 — 1y - 713) + By E5(1 — 1, - 713)

|

E, <E, E,<E, / A

2
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MIXED CORRECTIONS
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MAIN MESSAGES

» Mixed QCDXEW corrections to the Drell-Yan process are important to increase our control on SM
parameters and search for new physics
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PRECISION PROGRAM o
' |
my in MeV
FI)EFI{%%%) (\.Iz\()%z%lf);étom I8 80353 + 6
- LEP combigtion, samexss s
e o . ys. Rep.
LHC as precision machine D0 e |mTseE :
chrE;e 376 (2022) 6589 80433.5+ 9.4 =
} mW measu rements: LHCb 80354 + 32 : >
JHEP 01 (2022) 036
Q)I\ll_éms(% 15085 80366.5 + 15.9 — e
High-precision measurement of the W boson mass CMS | 503602 - 0.9 -
I I he LH A R | R R
with the CMS experiment at the LHC 12412.13872] T Ty T
We report the first W boson mass measurement by the CMS mwy (MeV)
Collaboration at the CERN LHC, based on a data sample collected in 2016 at the proton-proton
collision energy of 13 TeV. The W boson mass is measured using a large sample of W— uv events Ny . ,
LEP A B — 0.23099 = 0.00053
LEP P, B — 0.23159 + 0.00041
LEP AYe —— 0.23221+ 0.00029
.. . LEP A2 | = 0.23220 = 0.00081
> SIN QW measu rements. LEPQ™| - = 0.2324 0.0012
SLD AER - '—.—‘ ___________________________________________________________ 0.23098 = 0.00026
CDF 1.96 TeV | e 0.23221 + 0.00046
Measurement of the Drell-Yan forward-backward poteeTevl o o 0.23095 = 0.00040
ATLAS 7 TeV O 0.2308 =+ 0.0012
asymmetry and of the effective leptonic weak mixing angle LHOb 748 Tov | — 0.23142 2 000106
. . o CMS 8 TeV _’—O—‘ ____________________________________________________ ] 0.23101+ 0.00053
mn proton-proton collisions at \/g = 13TeV cMs13Tev| | | | 0.23152 + 0.00031
—————— — 0.229 0.23 0.231 0.232 0.233 0.234
Sin“f, [CMS 2408.07622]
ATLAS
L. . Vs =13 TeV, 140 fb Observed 95% CL limits.
) SM EFT COeffICIent COhStralntSZ 3) R -Ill-O-_._]l_| | .. Linear+Quad 3
C e : E‘lgg?rrognly ﬁ ) = 4-fermion mteract%
/yl-l—o—l- e — Muon lg

Measurement of double-differential charged-current
Drell-Yan cross-sections at high transverse masses in
pp collisions at Vs =
detector

[-0.0042,0.0021]

ci" 7100
13 TeV with the ATLAS

PR RN SN N T TN U A T U A U ST S W O
-0.02 -0.015 -0.01 -0.005 O

0.005 001 0.015 0.02
c./ A2 [TeV?]

| — Elec+Muon q
g e eeeenn g
.-'_l::,:::::;:::'..'.:::::::t::::Z >‘< )
. : : @ Q I/g

[2502.21088]
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WHY DRELL-YAN PROCESS?

Drell-Yan process is one of the “standard candles” at the LHC:

» Clear experimental signature, extremely well-controlled:

¢ [nb]

» Z — £7¢ : detection of a pair of charged leptons

» W — £v:one charged lepton + missing

» Detector calibration (e.g. detector response to lepton energy in NCDY events)

) Large production rate: relevant background for new physics searches also at 5 T :

|| dotted: 8Tev, 20"
future colliders 13TeV, 0.1ab""

ol .l solid: 13TeV, 0.3ab™" -
_ . [0\ ||| dashed: 13TeV, 3ab™" |

» Information about PDFs: separation of valence quarks through charge asymmetry 5/

2 o
» Precise determination of the EW SM parameters: CCDY at resonance (my) g
-5t W
» Constrain heavy NP in a model-independent way using SMEFT o een
[ >0 |
: p;?p—)/v ' ii
-15c . i A
-15 -10 -5 0 5 10 15

accurate theoretical predictions are necessary!
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INCREASING EXP. INTEREST IN HIGH-ENERGY REGIONS

12 Breit-Wigner 1
distribution
§ (G2 — M2)2 4+ M2T2
D
. . "'5 >
New (non-resonant) physics at high mass? - -
L 112 11-111a.SS
"g measurement
. . o
/Effectlve Field Theory (EFT): N : region
Z &\\\\\\\‘-_
21 ¢ 1lid h ‘ /
8 urrentc01erreac> | - ' .
% dimension 6 " ATLAS (5=13 TeV, 140 fb' -
- highm', e — -
o SM distribution i I My @ ;[t)iata =mrtij:\; i
H Unknown : %giboson =§:Ingle top -
—*TV -
..g new physics ///; Stat.+syst. unc. T
Deviation l
z:: dCSVCI‘ide W —> €U -
by an EFT

K

Energy J m’]‘iV: — —
< «Julﬁ‘ﬂMﬂﬁ’M’ﬂ/}tﬁr’ LEbes S %
[Johanna Kraus | DIS 2025] 200 Ge & 081[ AR ae By *"f’fW////‘/”‘l’//.///
- 2x10° 10°  2x10Q°
o TeV x Q) ey

[ATLAS 2502.21088]
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INCREASING TH. INTEREST IN HIGH-ENERGY REGIONS: MIXED CORRECTIONS AS TRAIT D'UNION*

dé; = dé; 1o(1 + a,A%

517, NLO

-

Mixed QCDXEW corrections:
~ O(a.a,,)~0.1%

S ew

.

~
Couplings: o, ~ 0.1, a,, ~ 0.01

-

4 )

More accurate expectation:
(20% QCD) X (10% EW)

Potential 2% correction in the
high mass region

- _J

-

_|_

~ ™
a.a.  ALCDIOLW

EW 2 A QCD
o Aij,NLo + ag A s Yew =i NNLO

s =ij, NNLO T

3 AQCD
+ a; Aij,N3LO + )

& J

~

At high energy, this naive power counting is spoiled by Sudakov logarithms:

in EW theory my,,, provides a physical cut-off: real Z, W can be detected as
distinguishable particles.

Large logs from virtual corrections are of physical significance and spoil the naive
power counting [Kuhn, Penin, Smirnov ‘00][Ciafaloni, Ciafaloni, Comelli ‘01][Denner, Pozzorini ‘01]

q AN ; - 1°g2<i> ~ o

’ : 47 sin? Oy, mg, ’
Vs = 1TeV > my, . )

_ W,z _ - log<—> ~1% .

Qb ly 47 sin? By, mg,

\_

*Long but still non-exhaustive list of references on recent calculations in the backup
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MAIN MESSAGES

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

» Theoretical calculations are reaching the required level of sophistication to provide prediction at sub-

percent accuracy. Crucial role played by developments in QCD beyond NLO — importance of cross-
checks among different methods
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CHALLENGES OF THE CALCULATION

Fixed-order calculation of mixed corrections involves two main technical challenges:

4 . )
Amplitudes: q [
. . . Two independent approaches:
Two-loop integrals involving
various masses q I+
\ _/
Fully analytic calculation of 2loop integrals and helicity Master integrals computed via generalised series expansion
amplitudes [NCDY: Heller et al. 1907.00491, Heller et al. 2012.05918] [NCDY: Armadillo et al. 2201.01754, CCDY: Armadillo at al. 2405.00612]
 Result in terms of GPLs - Analytical/numerical boundary conditions+evolution via DE
- Fast to evaluate (~0.8s/psp on standard laptop) - Grid implementation for actual Monte Carlo runs
o Need some extra care Wlth thresholds ° ReSUItS already ava”able fOI’ bOth NC and CC

Extension to CCDY*:

° I||tegra|S with 1 mass — known from NCDY

« my; = m, = known from NCDY
Y A

* Integrals with 2 masses {

'
%
P

- m; #m, — expansionino =1 —my,/m,
(my, = m, boundary integrals already known)
*two-loop integral families in the backup
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CHALLENGES OF THE CALCULATION

Fixed-order calculation of mixed corrections involves two main technical challenges:

-

.

\ r [ J [ J
Amplitudes: q [~ Real radiation:
Two-loop integrals involvin . N
. y J 7 singularities
various masses 7 +
q ™

Extraction of soft/collinear

— fully differential predictions

— need to be suitable for
phenomenology

_J

Two independent calculations for NCDY:

[Luca Buonocore | CMS precision EWK workshop]

Bonciani, Buonocore, Grazzini, Kallweit, Rana, Tramontano, Vicini ‘21

Buccioni, Caola, Chawdhry, Devoto, Heller, von Manteuffel,
Melnikov, Rontsch, CSS ‘22

2loop amplitude

Semi-analytic: MIs via series expansion

Fully analytic

Real radiation

qT slicing (implemented in MATRIX):

- Global cancellation of divergences: large systematics
« Net reparation of NLO and NNLO singularities: recycling of

NLO results & simpler NNLO counterterms

e massive leptons (mass as IR regulator)

Nested soft-collinear subtraction:

- Fully differential cancellation of divergences

 More intricate structure of the subtraction counterterms
@NNLO

» massless leptons (photon recombination)

A special thank to Luca and Federico for the intense cross-checking campaign
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CHALLENGES OF THE CALCULATION

Two independent calculations for NCDY:

[Federico Buccioni | SM@LHC 2026]

|
r High-invariant mass region

| Mgp>200GeV, prpe>30GeV, \/brypry- > 35GeV, |yp| <25

ﬂR = /lF = mff/z A /Shad = 13.6 TeV

Comparison between two totally independent predictions
(amplitudes, subtraction schemes)

o excellent agreement at LO, NLO QCD and EW and NNLO QCD

o excellent agreement for most channels in QCDxEW (yg, qv, g2)
relative impact of QCDXEW higher: ~ 0.8/1%

e WIP to resolve mild tension in gg channel

NLO QCD ~ +20%L0O

q7 slicing, dressed leptons [Buonocore et al 2412.16095] Nested-soft collinear, dressed leptons [Fs et al 2203.11237] , 5QCD _ g Cra/(2r) ~ 0.2
o [pb] oLO 0.(1,0) 0.(0,1) 0.(2,0) 0.(1,1) o'[fb] 0‘(0’0) 50‘(]-)0) 50‘(071) 50‘(270) 50‘(171)
~ N0
q7 | 1561.52(5) | 340.3(3) | —49.77(5) | 44.6(4) | —15.7(7) g7 | 1561.42 | 340.31 | —49.907 | 44.60 | —14.78 | |NLOEW ~-3% °,L<2)
— 0™ ~ a,, /sin“Oy ~ 0.03
q9 — 0.0601(3) — ~32.7(2) | 2.15(7) Y 59.645 3.166
7 — — | —0302) | — | -0.231(9) q9 0.060 —32.66 | 2.07 | INNLO QCD ~ +0.8% LO
97 — — — - 0.266(1) ay —0.305 —0.227 | | - unexpected : a? ~ 0.014
49 _ _ _ 2.02(6) _ g 0.2668 (strong gqg and qg cancellation)
vy 59.645(6) — 3.174(9) — — 99 1.934

QCDXEW ~ -1% LO
results updated wrt to publication (fixed implementation bug) | — unexpected : aa,,, ~ 0.00089
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NESTED SOFT-COLLINEAR SUBTRACTION IN A NUTSHELL e e s munse

Extension of FKS subtraction [Frixione, Kunst, Signer 9512328] to NNLO and inspired by STRIPPER [Czakon 1005.0274]

» Exploit colour-coherence: “nested approach” — subtract soft limits first, then collinear

» Define subtraction terms in 3 steps:

1. Globally remove soft singularities .

» Non-trivial structure of double soft limits

» Strongly-ordered limits to disentangle: energy ordering — 1 = 19(Eg1 — E82> + 6’(Eg2 — Egl)

2. FKS partition and sectoring to treat collinear singularities

» Double and triple collinear limits to disentangle — 1 = Z FORPE
i.J

» Strongly-ordered limits to disentangle in triple collinear sectors — @°% = @>-% (Ha +0,+ 0.+ Hd)

9(5) 9(6) g(5)
9(0) g(5) 9(6) _ l—cosd,
5565 sl T

3. Analytic integration of relevant counterterms using reverse unitarity [Anastasiou, Melnikov ‘02][Caola, Delto, Frellesvig, Melnikov '18, '19]

— " Heg;
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ADAPTING NSC TO MIXED CORRECTIONS TO DY PROCESS, WHAT CHANGES

g 1. Soft singularities

E
85A
» Non-trivial structure of double soft limits Eo > Eg

‘ Eg6 > Egs
E

86

» Energy ordering — 1= Q(Eg1 - Eg2> T ‘9(Eg2 - Egl)

2. Collinear singularities

» Double and triple collinear partitions: (4 TC) X 2 + (DC) x 2 =10

» Strongly-ordered limits to disentangle in triple collinear sectors
— 0% = % (0, +0,+06,+0,)

9(6) 9(5)
9(5366‘6 ﬁg@g(@

3. Analytic integration of relevant counterterms

Hsi ¢

9(6) K}(}égg
5655

- > He;

\-

\_

1. Soft singularities

» Double soft limit factorises into NLO QCDXxNLO EW

— No need for energy ordering

2. Collinear singularities

» More "DC"” sectors for FSR: (2TC)x 2+ (3 DC)x 2 =10

» No photon-gluon interactions: smaller partitioning
N a)516l:a)5z6z 9 +9

@wﬁy S L

3. Abelianization of QCD results [Delto, Jaquier, Melnikov, Rontsch '19]
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NLO EW: WARM UP

Np 3
» LO cross section: 25 d61 = N/H [dp;] [FLM(la,Qb; 3,...,Np; X)|= (FLm)
i=3 ’

: : — : 2
&, FLM(1a72b73, .« . ,Np,X) — dLlpSX ‘M()| 0,
1
[dp'i] — (27T)32Ez' |i|—/ | L I— IR-safe observable
initial-state partons J Neutral Tree-level matrix element
arbitrary number of FS partons system X phase-space measure - 8(p, + p,— 25\23 ;= x)
\. J
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NLO EW: WARM UP

~\

p
» LO cross section: 25 d61 = N/H [dp;] [FLM(la,Zb; 3,...,Np; X)|= (FLm)

J

7

— |dp] =

arbitrary number of FS partons

system

Finm(16,26;3,... , Ny X) = dLipsx [Mol? O

(27‘(‘)32Ez' | | |
initial-state partons J Neutral

L I— IR-safe observable

Tree-level matrix element

X phase-space measure - 5(pa + pp— 25\23 Di —PX)
J

» NLO EW cross section:  2s d&NLO d& + d(’j- + d&pdf

: - : " [
» Isolation of real-radiation singularities <Ff‘f§4(m7)> _ <Sm Fff mfy)> 4 Z< 1 . Sm) Cs W mi LM m’y >_|_ <Ol(\1n£)0 ab (m7)> D)

Soft subtraction term: complete

decoupling of the unresolved y

\_

Hard-collinear subtraction term:

decoupling of the unresolved y

Fully regulated term:
numerical integration

O = Y- (1 5u) (1 - Cu) ™
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NLO EW: WARM UP

p
» LO cross section: 2s daab = N/ H [dp;] [FLM(la, 233, ...

7NP7X)

J

~ (Fum)

7

— |dp] =

Fim(1a, 2553, ..

initial-state partons ] J

arbitrary number of FS partons

, Np; X) dLipsy |Mo|* O

L

X phase-space measure - 5(pa + pp— 25\23 Di —PX)
J

I— IR-safe observable

Neutral Tree-level matrix element

system

2s doh© = .

» NLO EW cross section: d& 4 d6’ 4 d&

» Isolation of real-radiation singularities

(<Fab my)) =

(Sm F'¥

\_

(my)) + Z( (1= Sm) Cmi ™ Fig(my)) + (Oxro Fr

Soft subtraction term: complete
decoupling of the unresolved y

(m) ab (m7 ) >

Hard-collinear subtraction term: Fully regulated term:

decoupling of the unresolved y numerical integration

Z (1—Sn) (1 —Cwmi) w‘m)

01(\?30 =

» Final result in the partonic c.o.m frame (real correction + virtual corrections in Catani’'s scheme + PDFs renormalisation)

-
ANLO EW (M) qd EW
28qq do = (Oro Fru(my)) + <Fg\qf fin
. & 2 HNLO 7 2 7 SNLO %% q’
S Q2 P o i + Q3 Fily @ B0 + Gl FEE) |
_

N
v Pole cancellation proven analytically

v Simple structures arise, compact expressions
v Fully differential

J
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MAIN MESSAGES

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

» Theoretical calculations are reaching the required level of sophistication to provide prediction at sub-

percent accuracy. Crucial role played by developments in QCD beyond NLO — importance of cross-
checks among different methods

» Flexibility of existing analytical tools fundamental in avoiding a ‘from-scratch’ approach — previous
studies of NCDY provides a robust framework and most of the required ingredients for subtraction
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FINITE REMAINDER FOR CCDY

ANNLO __ 1aVV ARV ~RR ~PDFs
daab = daab + daab + dqab + doab

é 5 ¢
real-virtual H coll. renor.

double-virtual double-real

v' Pole cancellation proven analytically
v Fully differential

v' Fully local — leads to a very stable numerical evaluation
v Final result fully analytic, but cumbersome in generic frame

v In the com reference frame, £, = E, = E_, the result simplifies remarkably

v' Simple structures arise, compact expressions

v" Few main kinematic building blocks can be easily identified

4 )

- J
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FINITE REMAINDER FOR CCDY

~NNLO _ 3aVV ARV ~RR ~PDFs
daab = do , daab daab daab
R i R
real-virtual H coll. renor.
double-virtual double-real

~ N [ N
~SU ~DU
dd_ab do_-ab T
E ‘
: double-unr.
singlg—unr. & =
\_ J

-

+ [oen] (Ol |Gute Fum(1: 297,31, 42156) )

+ o] <0310 [CF gﬁ%CD)FLM(lq’ 2¢5 3¢, 4Z’|57)] >

2

C 27 :
gI(I% P = =3 T 6L + 3logniz + 2Liz(1 — n12)

GEEW) — Q; Av+ QeQq Arg(ms) + QeQqz Arg(m23) + QuQz Agq(m2)

nlo

u Pyit (2) = 2Do(2) = (L+2),

~SU,el EW . QCD _
2s - dach' ° = <Oglo FI({V,ﬁ)n(lqa 2g'; 3574€’|59)> + <0310 FI({V,ﬁn)(lfh 2g'5 3¢, 4£’|57)>

q I~ q I~
q It q I

2
Ay =1—;—2%+2L§—2L3—3L3

2
Agg(n) = % + L3 —3L2+ L3( — 3+2L. + 2logn)

— L.(3+2logn) —3logn — 2 Lis(1 —n)
272

Agg(n) = — 3 6L — 3logn — 2 Liz(1 —n)
5 3 q z-1 [~
25 - 65" = [aew] (QF O | PO (2, Be) + @11 logms Ppari ()] ® Funa(lg, 24,36, 45150) ) + (1 ¢ 2)
~ i _ q I+
+ (0] (Cr O, | P02, Bo) + @)1 logmis Ppyiy (2)| ® Fim(1e,24,30,4p15,) ) + (10 2)
, .
SNLO SAP,0 4E?
Py~ (2,E) =4D1(2) — 2(1 + 2) log(1 — 2) + (1 — 2) + P, % () log (7)
q It

51

4 )
d8F[I} fully-resolved = 4-body kinematics
4 single-unresolved = 3-body kinematics
: double-unresolved = 2-body kinematics
é

N

@Ily—resolve9

(1~ Cgy1)(1 = Co1) ™91 ) + (1 = Cgr 1) (1 — Coyp) w92 45V
+ (1= Cyy2) (1 — Cy2) 0292 62) 4 (1 — g 2) (1 — Co) w92 67
+ (1= Cy2)(1 = Cy1) W9 + (1 = Cg1)(1 — Cpp) 19

+ (1 = Cy2)(1 — Cy3) w92 + (1 — Cya)(1 — Crg) w92

+ (1 +(1-

— Cg1)(1 = Cy3) w9t Cg1)(1 = Cyy4) w9t

» Fully resolved: computed numerically

» Sector functions 6,_, ,, absorbed in the
parametrisation [Czakon '10+'11]

» Each sector is treated separately and parallelised

» In each sector and partition, at most 7 different
kinematic configurations

~

2s - doTS = (I — S,)(I — S,) 8 Fia(1y, 2,30, 47154, 64))
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MAIN MESSAGES

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

» Theoretical calculations are reaching the required level of sophistication to provide prediction at sub-

percent accuracy. Crucial role played by developments in QCD beyond NLO — importance of cross-
checks among different methods

» Flexibility of existing analytical tools fundamental in avoiding a ‘from-scratch’ approach — previous
studies of NCDY provides a robust framework and most of the required ingredients for subtraction

» Flexibility of exiting numerical tools (and foreseen generalisations) fundamental to obtain reliable
results in limited amount of time
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NLO EW

, do/dmy [fb/GeV] eve@LHC 14 TeV . do/dmy [fb/GeV] e Ve@LHC 14 TeV
L E ,"l"' E

L I llll
-~ LO (NSC) _ - LO (NSC)
- — NLOgw (NSC) - - — NLOgwk (NSC) !
10! s — NLOEWK (NSC H=0) - . T, — NLOEWK (NSC H() ) -
; ] 10 hrn ST : , -
1
>
|
Q
O
09F T 7
ozbet v s Yy 4 S N S S I B
'EOO 300 400 500 600 700 800 ' 300 400 500 600 700 800
my [GeV] my [GeV]
5 do/dm+ [fb/GeV] e*ve@LHC 14 TeV 5 do/dpTe [fb/GeV] ve@LHC 14 TeV
L ' ' | L L L L E
| L0 (NSC) | - LO (NSC)

(NSC) . NLOEWK( C) ]

( sc, HM=0) " - — NLOEWK( SC, H =0) ]
+
>
A
Q
O

S B B B B B S B N B B
200 300 400 500 600 700 800 100 150 200 250 300 350 400
mr [GeV] pre [GeV]

dO/dO'LO (NSC)
L
11 S
1 .-"'“"'-'“"'-3"-'-'"'"-'-'-'-"'
0.8 v -
: .
0.70 0.5 1
dO'/dO'LO (NSC)
- ]
L o
1 ""'"""'{""""""’
o8fF S
) ]
0 0.5 1
H(1)

---- LO (NSC)
— NLOgwk (NSC)

- — NLOgwk (NSC, HV=0)

---- LO (NSC)

— NLOgwk (NSC)
— NLOgwk (NSC, H()=0)
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NLO EW corrections show
the expected behaviour

The impact of the virtual
component is about 3% at
integrated level

At differential level, virtual
corrections grow by about
10% in the transverse
mass window

[200-800]GeV

Compatible with the
behaviour of Sudakov
logarithms

= finite remainder of 1-loop squared amplitudes
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NLO EW

NCDY

e'e*@ LHC 14 TeV

do/dpt e+ [fb/GeV]

18k o T . NI—OEWK (PWG H() 0) ---- —-
16 | .............. T ;_ NLOEWK (NSC H( )=0 ) ]

r ! ' ! ' ! ' ! ' ! ' ! ' ]
rteg . I NG
ko

= — e
T T == T3~

N B

bt R b N e

———————————————

I e, e

] 5
o8f
= | | | | | | | E

100 120 140 160 180 200 220 240
PTet [GeEV]

100 :

107"

0.9}
0.8F

e e*@LHC 14 TeV

10! do/dmy, [fb/GeV]

1.2}
1.1F

, : L I L
o T NLOEWK (PWG H 0)
[ e, - — NLOEWK (NSC H1 0)
L I | I | | |
do/dONLOg K (PWG, H(N=0)
| L | I | | | b

250 300 350 400 450 500 550 600
mV[GeV]

NLO EW corrections show
the expected behaviour

The impact of the virtual
component is about 3% at
integrated level

At differential level, virtual
corrections grow by about
10% in the transverse
mass window

[200-800]GeV

Compatible with the
behaviour of Sudakov
logarithms

Independent validation
against POWHEG
ongoing

H(1) = finite remainder of 1-loop squared amplitudes
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VALIDATION @NLO QCD: BENCHMARKS FROM POWHEG

NCDY » Perfect agreement between a completely independent
do/dmv [fb/GeV] e’et@LHC 14 TeV 102 do/dp-re [fb/GeV] e’et@LHC 14 TeV 300 ¢ do/dye+ [fb] eet@LHC 14 TeV . . . .
- implementation in POWHEG and NSC (single code for

- LO (NSC) - LO (NSC)

_ ~ NLOggp (PWG) ] ot [P . NLOgeg (PWG) 250
o0 _ _;NLOQCD; (NSC) ] 1 _;NLOQCD; (NSC) "0 _ CC DY a nd NCDY).
. 10 £ 17 [process set by pre-process flag: minimising routines duplication and
107 £ 100 F ]
; sof reducing room for bugs]
T — g
1.2 [ e 1.2 —_— . . .
I | f » NLO QCD corrections large and far from being captured
1 S O R e R | ot W N BTt | e N st L.
B by the LO scale variation.
200300400 500 600 700 800 100 T80 200 250 300 350 400 2 4 o0 1z
my [GeV] pre- [GeV] Vor

CCDY- : :
» Importance of a proper scale choice to better estimate the

L OOV doorg o OO LTV o ol TLOLHO 1 el
e oM s 1 sl missing higher order terms. Different options are under
10 — NLOqcp (NSO) - 10 — NLOqcp (NSC) 3 250 £ . .
O - | a0 [ Inspection
10 150 £ [ | |
1071 =] 100p] - LO (NSO)
f 1 s0b -~ NLOqcp (PWG) -
; ; ; ; ; : F — NLOqcp (NSC) ; .
" S W e e > NSC match the same |evel of accuracy of POWHEG with
7y E—————— e S P S S — o ~ 1077 run time*
e e ——— e ) ke [not really a fair comparison as PWG is not designed for FO]
200 300 400 500 _ 600 700 800 "~ f50 200 250 _ 300 350 400 [ R R
my [GeV] Pre [GeV] Ye

*NSC on-the-fly run on a single core, single seed, for 13min.
PWG 64-core 64-parallel jobs with an average of 1h per core.
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MIXED QCDx<EW CORRECTIONS: NCDY VS CCDY wouse-reat sustracrion

Invariant mass 1 Transverse mass
101 -

5161a 5261

NCDY 5161c — 5262a

5161a 5261
CCDY+ 516lc  —— 5262a
I —— 5162  —— 5262c

t 5163 5263
—— 5264

=
O
O
~
=,
_|
=
<
) 4
1T
. |
L
T T T ' T ' 10~° ' T ' T ' T ' T '
300 400 500 600 700 300 400 500 600 700
Myy [GGV] m [GGV]

» Z:sectors “come in pairs”; the symmetry of the » W: the asymmetry within initial states and final state and
process enforces similarities between sectors that their interplay is reflected in a less pronounced difference
have analogous singular structure* between sectors*

» Sectors that are more unstable also do count less » Hierarchy between triple collinear sector and double

collinear sectors different in the two cases.

*details in the backup (computing cost per each plot ~ 70000CPUR)
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MIXED QCDXEW CURRECTIONS NCDY VS CCDY (REPRESENTATIVE SINGLE UNRESOLVED CONTRIBUTIONS)

Invariant mass

Transverse mass

CCDY:

o -
......................

-
....
- -
-
-

oewk_fs_53
oewk_fs_54 oqcd

— » reduced EW magnitude
» better precision in key sectors

» strong asymmetries not present in NCDY

» more symmetric

cCby+ » but dominated by larger cancellations

oewk_is

0.0 - ]
) 0.0 - !
~0.2 1 0.1 J—I_l_,_,_'_'_ ,
%- N x -
A
—0.4 1 2 02
-
5
= 0.3
0.6 - =
NCDY 04 .
—0.8 1 oewk_fs_53 oewk_is
oewk_fs_54 oqcd 0.5 -
300 400 | 500 200
oy [GGV] my [GeV]
Oulo contributions: NCDY vs CCDY (W)
(100 seeds, 5.0 x 10° x 15 + 5.0 x 10° x 10)
NCDY CCDY (W+)
Sector Runtime Cross-section Sector Runtime Cross-section
oqcd 0:43:29 —0.27737 £0.00029 | oqcd H:31:26 0.20859 4 0.00008
oewk fs 53 0:33:16 —7.56029 +£0.00214 | oewk fs 53 6:03:29 —1.32523 4+ 0.00015
oewk fs 54  0:32:28 —7.61950 £0.00252 | oewk fs 54  4:48:14 —4.04229 4 0.00139
oewk is 0:52:54  —8.21967 + 0.00069 | oewk is 8:36:13 —0.77722 £+ 0.00019

400

500

CCDY: EW contributions significantly smaller in absolute value than NCDY
(fs_53 reduced by ~1/6, fs_54 reduced by ~factor 1/2)

QCD soft term flips sign (suggests different interplay of subtraction vs Born structure)

CCDY runs are ~5-6h, vs ~30-50' for NCDY (integrand is more complex or less
efficient)

Different symmetry between sectors (as expected by flavour structure)
NCDY: fs_53 = fs_54 (very symmetric)
CCDY: fs 53 = —-1.33, fs_54 = —4.04 (factor ~3 difference)
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MAIN MESSAGES

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

» Theoretical calculations are reaching the required level of sophistication to prediction at sub-percent

accuracy. Crucial role played by developments in QCD beyond NLO — importance of cross-checks
among different methods

» Flexibility of existing analytical tools fundamental in avoiding a ‘from-scratch’ approach — previous
studies of NCDY provides a robust framework and most of the required ingredients for subtraction

» Flexibility of exiting numerical tools (and foreseen generalisations) fundamental to obtain reliable
results in limited amount of time

» Generalising QCDXEW finite remainder [from subtraction procedure] to arbitrary processes should be
possible by abelianising fully general QCD results
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ABELIANISING THE GENERAL QCD RESULT

1.Consider directly the final expression of NLO QCD correction [Devoto et al ‘24, '25]
e ~

B EA ST ES =T A

+ [[as] (1 FifuBul) + (F i [BN,n]>] + Z > [0 (PNEC @ FEi(By,] + Fifi[By,) © PR-C)

\ n T n )

2. Abelianise the result by applying the replacements [forq, + ¢, = ¢;+ ¢, : N=4,n = 1,n; = 0]

— My — My, [as] = [Qew]: being [aew| defined analogously of its strong counterpart.

— T; - Tj — Q;Qj: being scalars, the electric charges Q;;) always commute with g NLO () A
each other. 28Q1Q2 d0q1q2 — <ONLO Fgll\/(ll2 [84 (m7)1> T <Fg€/??in [84]>

— CA — 0: we retain only the quark-gluon interactions.

— T? =Cy, — Q%: having removed all the Cj factors in the previous steps, here ;

we only have to consider C’%. Such replacement has to be performed also in the 5 NLO . q i NLO
142 142
collinear anomalous dimensions. + [Qew] <Q quql ® Fy, [Bs] + Q2 Fiv 1B4] ® Pq2q2 > :

— T = —Q1, T1 — —Q2, T3 — @3, T4 — @Q4: the signs are a remnants of - J
Catani’s convention (all partons are considered to be outgoing). -

4 4
+ ) loewl(G5 FAAP [Ba]) + Z[aengfW Fyn [Bal)

i j>i=1

.
NCDY: Oy = - (0,,05 = — 04
3. The results can be obtained without having to recompute anything CCDY: Q) + O, = Oy = U3y

. J

1 )
ngW — QZQJ{L,?] — 2 (ZLma.x + — log ’I’]@') log Mij — 2 L12(1 — ’I’]z‘j) —+ ng( Vi -+ _ny ) — wz)\i,j}
2 TZ’L T2]

2

ow ™ ~ 0 i \ A
G — Q? lsznaX— = — (2L =420 g; —2(L2+2LL + I 52) }
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ABELIANISING THE GENERAL QCD RESULT

At NNLO things get more complicated:

1. The general results for NNLO QCD is based on energy ordering
and sum over channels

2. In some cases the ordering is easy to reverse, thanks to the

dependence over E

Example:

max/’

dg,, " = Z Z { ] (O8To A [8ng I (Bi) + g I (Bnae)] - F

P <0N W™ Tog (752 ) A Gy (i + 2T Li(Bw) ) + Bung (i + 2T L) | Fifa[By 1 (m)] )

. (i,m) mi,ng Nim
C e e

+ (O A gl an B n(m) | + 3 3 1 (048 i am [yt

in some cases it requires more care

) A™ [y + 2T LB | ety By 1,(m)])

n 1€H

T (T L+ 9" ) Fin o BNi1n (mg)]] > .

e Bys1,0(m)])

[BN—I—I R (mg)]

60

1) terms proportional to perpendicular
directions are null, as they arise from spin
correlations that are absent in this case.
The last two contributions can be dropped
without further ado.

2) In the first and second contribution E,
has to be replaced with E .y, as we don’t
have energy ordering.

3) care has to be devoted to the log -> we
need to consider the matrix elements that
are actually present (extra gluon, extra
photon)

4) the third line has to be set to zero, as the

collinearity m//n is not singular in this case
(look at the sector functions)
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ABELIANISING THE GENERAL QCD RESULT

At NNLO things get more complicated:

1. The general results for NNLO QCD is based on energy ordering
and sum over channels

2. In some cases the ordering is easy to reverse, thanks to the

dependence over E

maxs 1N SOMe cases it requires more care

Dudiff /. {tag[a___]1 =1, TAG->1};
% /. {Qe » -(Qq +Qqbp) } // PowerExpand;
% /. {FVVqcdewfin[q, qbp, nu, 1] - 0};

3. Ongoing test on the agreement between the abelianised /7 SingLify 1/ FunctionExpand // Power Expand;
. Collect[%, {_FLM, CF, Qq*, Qqbp?, Log[mu], Log[E1l], Log[E2], Log[2], Log[l-2z], n*}, FullSimplify]
version of the fully general result for NNLO QCD and the

“old fashion” calculation for mixed QCDxEW.

8 (1+2%) Log[1-2z]?Log[z] n°* (11+ (-6+2)z+4 (1+2°) Log[z])
- + +

CFQq? FLM[q z, gbp, nu, 1, z
Qq [qz, gbp, » Ly Z] s 3(-1+2)

4r (1+2?) 4 (-1+2z) (-8+72)-6(-1+2)°Log[z] + (1+2°) Log[z]? -8 (1+2?) PolylLog[2, z]

+ +

Log[l - z]

3 (—l+Z) -1+2z
. 4r* (1+2?) 8 (1+2z%) Log[l-2z]Llog[z] 4 ((-1+2z) (-8+72z)+Log[z] (5-22"+ (1+2%)Log[z]) -2 (1+2*)PolylLog(2, z])]
og - + +
° o ° 3(-1+2) -1+2z -1+2z
4' Fu”y general flnal formU|aS for m|Xed QCDXEW SUbtraCt|On s 4n* (1+2%) 8 (1+2z%)Log[l-2z]Llog(z] 4 ((-1+2z) (-8+72z)+Log(z] (5-22"+ (1+2°) Log[z]) -2 (1+2*)PolyLog(2, z])
° ho ° h og[ ] 3(—1+Z) - -1+2z . -1+2z *
are Wlt In Slg t n* (4+42%) 8 (1+2z)Log[l-2z]log[z] -4((-1+2z) (-8+72z)+Log(z] (5-22"+ (1+2%)Log[z]))+8 (1+2*)PolyLog(2, z]
Log[mu] 3.32 + s + g ]+
. i ) (-6+62z (-6+72z) +Log[z] (132-62 (19+132) +75Log[z] -12z (3 +z) Log[z] + 14 (1+2*) Log[z]? + 48 (-1+2%) Log[1+2]) -
-1+z

12 (9+3 (-2+2z) z+ (1+2°) Log[z]) PolyLog[2, z] +24 (-1+2z*+ (1+2?) Log[z]) PolyLog|2, z*] -

72 (1+2%) PolylLog[3, 1-2z] -12 (1+2°) PolyLog(3, z] - 24 (1+2*) PolyLog[3, z?] +36 (1+2?) Zeta([3]) |+ (] < 2)
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MAIN MESSAGES

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

» Theoretical calculations are reaching the required level of sophistication to provide prediction at sub-

percent accuracy. Crucial role played by developments in QCD beyond NLO — importance of cross-
checks among different methods

» Flexibility of existing analytical tools fundamental in avoiding a ‘from-scratch’ approach — previous
studies of NCDY provides a robust framework and most of the required ingredients for subtraction

» Flexibility of exiting numerical tools (and foreseen generalisations) fundamental to obtain reliable
results in limited amount of time

» Generalising QCDXEW finite remainder [from subtraction procedure] to arbitrary processes should be
possible by abelianising fully general QCD results
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Theoretical developments
+t» Renomalisation [Dittmaier, Schmidt, Schwarz ‘20]
s+ Progress on two-loop master integrals [Bonciani, Di Vita, Mastrolia, Schubert '16][Heller, von Manteuffel, Schabinger '19][Hasan, Schubert "20]

%+ 2-loop amplitudes for 2 — 2 NCDY for massless leptons [Heller, von Manteuffel, Schabinger, Spiesberger '20]
%+ 2-loop amplitudes for 2 — 2 NCDY for massive leptons (retaining logarithms of lepton mass) [Armadillo, Bonciani, Devoto, Rana, Vicini '22]

ot 2-loop amplitudes for 2 — 2 CCDY for massive leptons (retaining logarithms of lepton mass) [Armadillo, Bonciani, Devoto, Rana, Vicini '24]

On-shell Z/W production (2 — 1 process)

s+ Analytic mixed QCD-QED corrections to the inclusive production of an on-shell Z [de Florian, Der, Fabre ’18]
s+ Fully differential mixed QCD-QED corrections to the production of an on-shell Z [Delto, Jaquier, Melnikov, Rontsch ’19]
s+ Total on-shell Z production cross section in fully analytic with mixed QCD-EW corrections [Bonciani, Buccioni, Rana, Vicini ‘20]

»* Fully differential on-shell Z and W production with mixed QCD-EW corrections [Buccioni et al. *20] [Behring et al. ’20]

On-shell Z/W production (2 — 1 process)

++» Dominant mixed QCD-EW correction in the pole approximation NC and CC DY process [Dittmaier, Huss, Schwinn ’14, 15]

*s» Approximate corrections available in parton showers based on factorised approach [Balossini et at.’10][Bernaciak, Wackeroth ’12] [Barze et al. ’12, '13]
[Calame et al. '17]

+*t» Neutrino-pair production including mixed QCD-QED corrections [Cieri, de Florian, Der, Mazzitelli ’21]
+3» Neutrino-pair production including mixed QCD-EW corrections [Buonocore, Grazzini, Kallweit, Savoini, Tramontano '21]

+» Complete mixed QCD-EW corrections to NC and CC DY process [Bonciani, Buonocore, Grazzini, Kallweit, Rana, Tramontano, Vicini '22]
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HIGGS PRODUCTION IN ASSOCIATION TO A TOP-QUARK PAIR
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MAIN MESSAGES

» 1tH crucial for precise determination of Higgs-top Yukawa, Higgs properties, top-quark precision

measurements, new physics searches.

CMS 138 fb' (13 TeV)
L] 1 I ] ] 1 ) I 1 1 ] I Ll
i tot stat syst
H +1.93 4124 +1.47
P; € [0, 60[ (GeV) - 0.40 177 124 125
B +1.37  +1.01 +0.92
H +0.95 +0.69 +0.66
H +0.88 +0.65 +0.60
- +0.96 +0.75 +0.60
~ ~ 1 1 | 1 1 1 1 | 1 L 1 | 1
lL = 6/0g,, 5 10
I - T 1 T I
ATLAS jo{ Total Unc. = Syst.only [ Stat. only SM + Theory
Vs = 13TeV, 140fb', my;=125.09GeV Total ( Stat. Syst.)
pt €[0,60) GeV |- — 125 082  105: 1040 -
Pt €[60, 120) GeV |- — 077 ‘98 0a Jo= -
Pt €[120,200) GeV |- — 088 033 03 joz -
pY €200, 300) GeV |- F— 0.77 04 035 - 024 -
Pt €[300,450) GeV | Hemm— 027 03 1042 oss -
PHE[450,c0) GeV |- H— 0.63 ‘08 071 - o4 .
Inclusive |- foi 081 *Qis oi Yots =
| | | | | | |
0 1 2 3 4 5

% Observed best fit |
+ SM expected value |

ATLAS __  s=13TeV, 140"
- Total Unc. [" Stat.only = SM+Theory

ly |<2.5 Total Stat.

pH < 120 GeV |-o] 0.78 4%  loa

120 GeV < p"'<200 GeV |  |emf 0.08 T o

p!*= 200 GeV o= 1.19 ‘081 om0
—1“”0““1““ ”3” ”5””6”“7
O/ oM

First differential ATLAS and CMS measurements
[2407.10896, 2407.10904]
Present status [2510.23755]

Projections for the future [1902.00134]

CMS Phase-2 Simulation Preliminary

3ab’ (14 TeV)

S
8 —— Stat + exp. syst. + ggH+VH theo. uncert.
S 102 — Tl | Hadronic categories only
=~ - ) | Leptonic categories only
o (. -~ ---- Expectation «, =10
E I A e ieiiatioti | et S R L Expectation «, =-5
- I | | O e i ttH+tH theo. uncert.
>. a—
1 B
E == -- :
& i i
o S
I - ' (p" > 350 GeV)/150 GeV
T2 [ o
s b E I
- |YH|<25 :l!!!!!g!gg!l,,gg!!gggg!-q
- H—yy: pyT >20GeV, In'l<25 E
>=2 jets: pjT > 25 GeV, Injl <4, at least one b jet E
107 | | | | i
0 45 80 120 200 350
pft (GeV)
| | | I | | | I | | | | | | | | | | | | | | | | I
ATLAS Igreliminary
Projection from Run 2 data
_ -1
/s =14 TeV, 3000 fb Total Stat. Syst.
H—vyy, IyHI<2.5
ggF+bbH ké-( 1.00 + 0.04 (=0.02,+0.03 )
+0.10
VBF ——————— 1.00 *2°% (+0.04,+0.08 )
VH —_—————| 1.00+0.09 (+0.08, "%
-0.04
top 1.00 "% (+0.05,+0.06 )
e Total D Stat [ ] Syst | SM
| l | | I | | | | I | 1 | | | | 1 1 I | | | | I 1 l | |
0.8 0.9 1 1.1 1.2 1.3 1.4

(oxB)/(ox B)SM
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MAIN MESSAGES

» ttH crucial for precise determination of Higgs-top Yukawa, Higgs properties, top-quark precision
measurements, new physics searches.

[ wvec ) Fcc-nn LCF 2250 " cLiCw FCC-eezwwi4o B vuciorey
[Tomew T srccmn W oo [l U Ml Foc-commnns ttH part of an extremely rich research
e . LCF z;250/550/1000 . CLIC350/1500/3000 . FCC-ee + FCC-hh ( )
it 68% probability sensitivity - All scenarios combined with HL-LHC g program at the core Of the SClentlfIC Strategy
3.5, _ for the future!
3.0} |
25 (@ | - /s =14 TeV, S2, 3 ab' per experiment
2.0} | Total ATLAS+CMS
< 4 £l —— Statistical Proiections ESPPU 2026
LS 1-55 —— Experimental oINS ,
1.0t —— Theory Uncertainty [%] { ATLAS+CMS | 3 ab™! per experiment
; 2% 4% Tot Stat Exp Th | Projections ESPPU 2026
0.0! Kon = | N l
1.5 Kg = 2.4 08 0.7 22 % - i -==- 8 TeV (20.2 fb™")
- O Metastability . 1
: K == 3.4 08 09 32 — ] Y | 13 TeV (36.3 tb™")
t 175.0 | . .
100 o S - | —— 52 with profiling
§ e b | 36 12 1.2 32 : — e S2 without profiling
S | Ky = 1.9 08 07 15 1705 ’-@\ __________________________________________
0.5; Ky = 3.0 27 09 1.0 - G
i | j //
| K ‘ _ . ST L
- Z'Y I —— | .............. 6'8I 59 16. 30 170'0 - Stab|||ty \‘—E—"
0.0 0 0.02 004 006 0.08 0.1 0.12 248 1250 1252 1254 1256 1258

Expected uncertainty my [GeV]
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MAIN MESSAGES

» The present (and future) level of precision calls for increasingly complicated calculations, which span
different energy scales
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PRECISION AND REALISM

Parton shower PSy,;;
and hadronisation

M NYLL resummation

Hard Process N*LO
M High precision .

Gtate-of-the-aﬂ

» NLOgep + PS¢

\_

» Fixed-order NNLOgp with approximated 2loop
(Catani),

» NLOgyw and NLOgp

» Matching with soft-gluon NNLL resummation
Kulesza et al.
Broggio et al.

Matching

M Realistic simulation of LHC events

Devoto et al.[2210.07846, 2411.15340]

Frixione et al. [1504.03446, 1804.10017]

[1509.02780, 1704.03363, 2001.03031
[1510.01914,1611.00049, 1907.04343
LHCHWG Report [2503.15043

Frederix et al.[1104.5613]
Hartanto et al. [1501 .04499
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MAIN MESSAGES

» Approximations/estimations/incremental improvements can guide the progression of the theoretical
predictions
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MINNLOPS

Here PS=PS; ;

POWHEG x +j @NLOPS

@ NLOPS accuracy for x+]

M Natural matching with the first
additional shower radiation

MINLO’ framework

™M NLO accuracy for x from
X.+] generator

Hamilton, Nason, Oleari,
Zanderighi [1212.4504]

Transverse momentum
resummation

(Bozzi), Catani, (de Florian), Grazzini
(0508068, 1011.3918]

(Bizon), Monni, Re, (Rottoli), Torrielli
[1604.02191, 1705.09127]

Monni, Nason, Re, Wiesemann,

Zanderighi [1908.06987]

T — ———

— ~—
e _—

—
~
'\\

MiNNLOpPs

M NNLO accuracy for
X. production + PS

M Applied to several
processes with
different features

\'\

[Christian Biello | Rencontres de Moriond 2026]

The method
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{ PROCESS, CORRECTION }

[Do | HAVE all the “exact” ingredients?}

~

\_

Hard Process N2LO

» Double-real
[OpenlL.oops]

» Real-virtual
[OpenlL.oops]

» Double virtual

<
P
>

~

*references in the backup

~

Monni, Nason, Re,
Wiesemann, Zanderighi
\[1 908.06987]

Matching N°LO + PS;,
» NLO+PS accuracy 1tH + j [POWHEG]

» NLO+PS(1tH)&NLO+PS(rtH + j) [MIiN:

» Transverse momentum resummation

LO’]

X =1ttH

/" MiNNLOpPs

M NNLO accuracy for\\I
Xx. production + PS

M Applied to several
processes with
different features

J

—
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{ PROCESS, CORRECTION }

YES

(Do | WANT all the “exact” ingredients?W NU need a workaround

)

-

\-

~

Wait for the ingredients to become
(publicly) available/compute them myself

[might not match the “urgency” for results]

_/

(Develop a controlled approximation strategy]

. )
) Construct the best proxy for the missing bits

» Assign conservative uncertainties

» Ensure consistency with known constraints

y
Thorough validation
r N
» Directly usable within pheno. frameworks
J Captures relevant physics at required precision)

-

\_

Reliable result with quantified confidence }

* Exact results are crucial for “final” checks and should be incorporated as soon as they become available
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dd 4
DIFFERENT LI M ITS [Christian Biello | Rencontres de Moriond 2026]

Soft Higgs-boson approximation Massification of top-quarks
based on Kniehl, Spira [hep-ph/9505225] and refs. therein based on Mitov, Moch [hep-ph/0612149}
and Wang, Xia, Yang, Ye [2312.12242]
' / / q - WMy =0
q@; .-—L ~ :I"”(a,) ‘— 1’3& = ["‘Z’ og (7)) + S *,m) ﬂ

M,b—o

L L TP > . v(l) : (m» L:Qi t}éﬂ -I-O(;ft
(‘, ~ 6/(0(3(},3) }L/M) O'(o)q,u) K 2 jj moewébop
With mamlen s

“H Sol+ limi+

,FJ—W. luau7 C{Mm’lf- vfmm ﬁnds
Scalar ﬁrm .f'ac'('or'

nA

LC amps: Badger et al. [2107.14733]
LC C++ library: bbH MiNNLOPs [2412.09510] “
checked against Savoini’s QQHAmMp [2411.15340]

Catani, Devoto, Grazzini, Kallweit, Barnreuther, Czakon, Fiedler _
Mazzitelli, Savoini [2210.07846] [1312.6279] Change of Yukawa scheme: MS — OS

Numerical optimisation with quadruple-precision fallback

The two approximations have been built in POWHEG with point-wise checks against Savoini’s FO code
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COMBINED APPROXIMATION

*references in the backup

mew approach in MiNNLOPS: point-wise combination (CA) of two well establishecm
approx.* as done for the differential NNLO calculation in MATRIX [2411.15340]

soft-regime
CA - SA

CA = w(7)SA + (1 — w(7))MA

‘ ‘ Massification of
Soft Higgs approximation (SA) top-quarks (MA)

w(T, pr,H/M;)

high-energy regime
CA -» MA

Smooth weight function:
\ w (T, pr,u/m¢) = exp (=T pr,u /M)

J 0 .
pt, H/M¢
(¢

onservative estimate of the uncertainties: CA(u) = o (t) SA(gmzy) + [1 — CO(T)] MA (nm 1) \

» Variation of the scale 7 at which the combined approximation is applied
» Variation of 7 entering w

» Discrepancy § = | CAD/HW — 1| between approx. and exact hard-virtual @1loop

Variation of # and 7 independently around 7 = 7 = 1 — nine-point variation

11-point scal lati |
\ Inclusion of (1 + 8) CA® band at each phase-space point — two-point variation } point scale variation envelope

J
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MAIN MESSAGES

» Flexible generators can be built on this principle, allowing for precise predictions (validation campaigns
crucial to stress-test the combination and access meaningful uncertainties related to the procedure).
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VALIDATION
1. VALIDATION OF THE FIXED-ORDER COMPONENT

» MiNNLOPS achieves NNLO accuracy while consistently incorporating resummation and PS effects
» Benchmark against independent predictions from MATRIX (Catani), Devoto, Grazzini, Kallweit, Mazzitelli, Savoini [2210.07846, 2411.15340]

» Double-virtual finite remainder set to zero

MINLO/ MINNLOps (H? = 0) | MaTrIX (H®) = 0)
* NNLO-terms (MiNLO’— MiNNLOPS) -
fh sive(V/s =13TeV) | 0.3864(2)19:2% 0.4734(2)25% pb 0.4742(9) %1% pb
leads to O(+20%) on aﬁguswe
e do/dpr 4 [fb/GeV] pp-> t'I-I@LHC13 TeV 80 do/dyy [fb] pp~> ttH@LHC 13 TeV 10 do/dpy  [fb/GeV] pp-> t'H@LHC13 TeV
. L L L L L s | Ll i L L L L UL N ..'._._]. LU N DU UL SO N A ] Ll | Ll | " ' :
e MINNLO (H<2>—0) - R — . S - MINNLO (H‘z’-O)
3 PS 160 e PS
> s T MiINLO' . i ] i L, L MiNLO'
Excellent agreement 2.5 e MATRIX (H?=0) - Eg I g 1 10° E — MATRIX (H(2)=0)
at differential level for 2 | ? 1 w0bL 1T B, :
inclusive observables 15 80 | : :

1E[ o -Sh 102 _ o
. . 0.5 =i 20 |k . M ATRIX (H(z)—O) - | ;
If resummation B o ket AN T i S PN S S N SR S

effects become

relevant (pr 7 — 0), 12 : w2f
PS matching essential UE s AseS Ruam s = : i e |
0.8 0.8 e 0.8 i L
06 o . I .l R A S . l o — 06 ' I vl | I | | | I | l. ._ 0.6 e l . .IH ... | | | l | | | _
100 150 200 250 300 -2 0 1 2 3 0 200 400 600 800 1000
pr,H [GeV] YH Pr,i+ [GeV]
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VALIDATION
2. VALIDATION OF THE COMBINED APPROXIMATION@1LOOP

» Validation of the combined approximation at one-loop and NLO where the exact result is known.

" Inclusive xsection: 1-CA/exact ~ 1.5% - LO+PS NLO+PS (exact) NLO+PS (CA)
well within systematic assigned to the approx. o (V5 =13TeV) | 0.2572(1)*265% pb | 0.4096(1)129% pb | 0.4035(1) T 1I3%H26% Ly

, . . inclusive ~19.6% ~11.6% 11.3%[—1.9%)] P
* NLO ~ 1.6XLO: sizeable correction driven by

dynamical scale choice (up = pp = mzy) 0.45 SoHOVdPT [/GeV] fH@LHC 13TeV | doldpry [fo/GeV] HH®LHC 13 TeV

o4f ... — exact _ § § | — NLO.,.PS (exact)

0.35 1 N o o o T SA 100 L e o """ NLO"‘PS (CA)

0.3 f i}
0.25 | i

ag(M 3
(M) H L) (M)doro 7 A TR
0 3
@large pry 1.75 B e R ALEAaAS anaas aanas

* MA overestimates the exact prediction @small-p; 4, [ e —

’ 0.75 O e ——___:"_‘___P“H S L L
while approaching the exact result at high-p; ¢ -

0250300 200 300 400 500 600 700 800 ©°80 100 200 300 400 500 600 700 800

PTH [GeV] prH [GeV]

doga) =

" SA significantly underestimates the exact prediction
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VALIDATION
3. PROJECTION @NNLO [NO AVAILABLE EXACT RESULTS]

NLO+PS (exact)

MINNLOpg (H® = 0)

MINNLOpg (CA)

» The calculation is exact but the genuine

ttH _ +12.0% +5.4% +6.1%[+1.047%]
two-loop hard-virtual coefficient function Tinclusive (V'8 =13TeV) | 0.4096(1)7,7 g5 pb 0.4734(2) 5 g9 Pb 0.4778(5) g 304 _0.57%] PP
P
s do/deH [fb/GeV] ffH@LHC 13 TeV do/dyy [fb] fH@LHC 13 TeV
N I — :JALI\?JLPS ‘eféi‘,’ {10 ]
. . . . ! 5 - M PS ] I T B = " ... S i
» NLO+PS vs MINNLOPS (H2=0): including even partial o5 b L= MINNLOps (CA, 2}-unc) - Eg .

. . . . [ ERE ] - n
NNLO contributions makes a big difference of [ = [ S 1o F :
15 _ ....... _ 100 _ i R e i
N o I o t f 2| ﬁ- o t o th CA o 1 ' """"""""""" zg : = %— NLO_HDSE (exact) ..... :

» Numerical impact of 2loop coefticient in the is BT MNNLOD (o8 ==
"""" == MiNNLOpg (CA, 2-unc) =

generally small (third panel)

» Uncertainty related to the 2loop estimate is well within
the scale uncertainty

» The combined approximation behaves as excepted
and no uncontrolled effects appear

M|NNLOpS (H<2>—0)

100

150 200
P11 [GeV]

250

1.2¢

11F
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MAIN MESSAGES

» Studies of differential distributions are possible with a fully general and efficient generator (including oft-
shell effects in different fiducial phase spaces).
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HIGGS-BOSON DECAY

» Showered LHE events with the option to decay the Higgs into photons via PYTHIAS8

» fiducial region inspired by experimental analysis

Py /Mayy > 1/3,  Pryp/Mayy > 1/4,

‘77’71,2‘ < 2.9 9

» Non-flat positive corrections for
Higgs transverse momentum and
invariant mass of leading photon
and top quark

» CA approach validated for these
fiducial studies at NLO+PS

Gy ey

ttH(yy)@LHC 13 TeV

10° L L B B B BN | T 9
— NLO+PS (exact)
=3 MINNLOpg (CA, 2l-unc)
103 '
10
10°°
fiducial cuts (yy)
10-6 L N I B f I N
d("/qolNITO+P'S exac) _
C ] |
1.1 = :
1 : E I : :

1.3}

o\

0

/

H
B

do/dlyl,y [fb] ttH(yy)@LHC 13 TeV do/dm,, ¢ [fb/GeV] ttH(yy)@LHC 13 TeV
07|||| LI LR LR B B B B B |
' — NLO+PS (exact) : 102 — NLO+PS (exact)
— MiNNLOpg (CA) ] : — MiNNLOpg (CA) :
== MiNNLOps (CA, 2l-unc) 1 == MiNNLOpsg (CA, 2l-unc) |
= :
0.3 | 1 108} % .
02| - 4
01| .
L fiducial cuts (yy) fiducial cuts (yy)
0 L~ N PR P | . I 10-4....|....|....|....|....|....|....|....|
doldowowseesy  ____ _~  dMowmowseew .
TR — — d e T e
1f ; 1 ? —
0.9 f_ g ..I l l I. l _; 0.9 ... - .Il s S l_
do/doNLO+PS (exact) do/dONLO+PS (exact)
ML B B L B B B B I |
’ 1.3 e NLO+PS (CA) E

2.5

200 250 300 350 400 450 500 550 600
m
Y1t
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TOP-QUARK DECAY

" Tree-level spin-
correlated off-shell
top-quark effects in
the generator

> Dilepton channel
with fiducial cuts

pre>10GeV,|n,| <2.5
max[pr,, ¢ € {e,u}] > 15GeV
pr;> 25GeV, |;7j| <25

Z pr; <0.35pg,
AR(i,£)<0.4

0.9
0.8
0.7 f
0.6 |

0.5
0.4
0.3
0.2
0.1

do/dAd, , [fo]

ti(epvev bb)H@LHC 13 TeV

== MiNNLOpg (CA, 2l-unc) }

NLO+PS (exact)

— MINNLOpg (CA)

80 GeV<m, ;<200 GeV 1
fiducial cuts (dilepton)

-
—

R S

—
--- NLO+PS (CA)

2k NLO+PS (CA, 1l-unc)

___________

N

w+ N

g

%)

0.12 ‘ _
: — NLO+PS (exact)

01+ [ =]  — MINNLOpg (CA) 7
L — == MIiNNLOpg (CA, 2l-unc)

0.06 | [ : .

0.04 | ; -

0.02 F~ figucial c'uts ('semi'lep'tohic)“ [ B

do/dpry,, [fo/GeV] tt(lvaq'bb)H@LHC 13 TeV

| reconstructed top quark tig,

B e o)
12F gz NLO+PS (CA, 1l-unc)
N

0O 100 200 300 400 500 600 700 800
Pt [GEV]

81

Fiducial analyses in the 2 b-jet and 2 light-jet regions

* Higgs observables in exp.-inspired fiducial regions

prr>30GeV,|n,| <24
pr;>25GeV,|n| <2.5

" top-quarks reconstructed with distance-to-the-resonance
algorithm (e.g. from the pr  leptonic decay)

do/dptH [fb/GeV] tt(lvaq'bb)H@LHC 13 TeV

10° — NLO4PS (exact) 3
— MINNLOpg (CA)

3 MiINNLOpg (CA, 2I-unc) 7

E

109 | -

1074 - g.

F fiducial cuts (semileptonic) :

10-5 M I IS I PP

d(?/qolNLlOTP'Sge)faqt)l e

1.3 ~ A

ok

1.1 ¢ 4

0.9E SN S . . . _

1.3
1.2
1F .
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MAIN MESSAGES

ttH crucial for precise determination of Higgs-top Yukawa, Higgs properties, top-quark precision
measurements, new physics searches.

» The present (and future) level of precision calls for increasingly complicated calculations, which span
different energy scales

» Approximations/estimations/incremental improvements can guide the progression of the theoretical
predictions

» Flexible generators can be built on this principle, allowing for precise predictions (validation campaigns
crucial to access meaningful uncertainties related to the procedure).

» Studies of differential distributions are possible with a fully general and efficient generator (including oft-
shell effects in different fiducial phase spaces).

» Public release of the code for further experimental and theoretical investigations
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PUBLIC RELEASE

1. We release the POWHEG-BOX-RES/ttHdJ code, referred to as the ttH-MiNNLO
event generator (http://gitlab.com/POWHEG-BOX/RES)

2. The code can be downloaded by following the instructions on the POWHEG-
BOX website: http://powhegbox.mib.infn.it. To obtain the implementation,
navigate to the POWHEG-BOX-RES git directory and execute

$ git submodule update -- remote -- init ttHJ

3. All required dependencies are documented in the manual located at ttHdJ/
Docs/manual ttH-MiNNLO.pdf

4. Native analysis modules be used directly within POWHEG using the LHE files
or together with the Pythia8 parton shower



http://gitlab.com/POWHEG-BOX/RES

NNLO+PS GENERATOR FOR tH 84

MAIN MESSAGES

ttH crucial for precise determination of Higgs-top Yukawa, Higgs properties, top-quark precision
measurements, new physics searches.

» The present (and future) level of precision calls for increasingly complicated calculations, which span
different energy scales

» Approximations/estimations/incremental improvements can guide the progression of the theoretical
predictions

» Flexible generators can be built on this principle, allowing for precise predictions (validation campaigns
crucial to access meaningful uncertainties related to the procedure).

» Studies of differential distributions are possible with a fully general and efficient generator (including oft-
shell effects in different fiducial phase spaces).

» Public release of the code for further experimental and theoretical investigations
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IR singularities

Real corrections:
e Singularities arising from unresolved radiation after integration over full phase space of radiated parton

 (Goal: extract IR singularities without integrating over the resolved phase space — obtain fully differential prediction

a1k dE, df 1
,ééé 1 M K2 ~ / K x |M 2~
O~ oo mai=s =, | GryaE, MUp)K) [ g g X IMUPDP ~ g
or 6 —0
6 —0

—Pp Unresolved limits are universal and known (even at N3LO) — a general procedure is in principle feasible

J el d<1>g=H - ,w]d¢g+J i AP,

—

Finite in d=4 exposes the same 1/€ poles as
integrable numerically the virtual correction
Counterterm Integrated counterterm

[‘ Subtraction: conceptually non-trivial, but if local and analytic then extremely versatile and numerically stable ]

Chiara Signorile-Signorile 86 Nested subtraction



IR singularities

Real corrections:
e Singularities arising from unresolved radiation after integration over full phase space of radiated parton

 (Goal: extract IR singularities without integrating over the resolved phase space — obtain fully differential prediction

kl
(566 1 1 {El — 0 soft
. (ky +k3)2  E Es(1 =i - ii3) iy || 713 collinear
ky + ks ks
k1
\ ok
k1 —|-]€2/ | 1
Okl +E+’k3) Tea E\E,(1 —ny-ny) E E,(1 —ny-ny)+ E|E5(1 —n;-n3)+ E, E5(1 —n, - 113)
E,—-0 E -0 E,E, -0
ny |l ny  ny |l ny || 7 1 1 2
/ 2 A A
Strongly-ordered configurations have also to be included: E,KE, EXE, . 3 ,g ,13
ny - Ny, < Hy - Ny My - Ny < 7y - T3 iy - 1y < 71y - Tl
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Well established schemes at NLO

* Catani-Seymour (CS) [9602277] Currently implemented in full generality in fast and efficient NLO generators

* Frixione-Kunst-Signer (FKS) [95712328] [Gleisberg, Krauss ‘07, Frederix, Gehrmann, Greiner ‘08, Hasegawa, Moch, Uwer "09,

Frederix, Frixione, Maltoni, Stelzer ‘09, Alioli, Nason, Oleari, Re ‘10, Reuter et al. ’16]
* Nagy-Soper [1012.4948]

Chiara Signorile-Signorile 88 Nested subtraction



Well established schemes at NLO

* Catani-Seymour (CS) [9602277] Currently implemented in full generality in fast and efficient NLO generators

* Frixione-Kunst-Signer (FKS) [9512328] [Gleisberg, Krauss ‘07, Frederix, Gehrmann, Greiner ‘08, Hasegawa, Moch, Uwer "09,

Frederix, Frixione, Maltoni, Stelzer ‘09, Alioli, Nason, Oleari, Re ‘10, Reuter et al. ’16]
* Nagy-Soper [1012.4948]

What about NNLO?

It seems that we have all the necessary ingredients: The recipe for a subtraction scheme seems to be known,

NNLO kernels available ~ 20 years ago and involves several well-defined steps:

[Catani, Grazzini ’98, ‘99, ‘00, Kosower ‘99, Bern, Del Duca,
Kilgore, Schmidt ’99 ...]
- clear understanding of which singular

configurations do actually contribute

- define simplified versions of the matrix
element squared to be used in the
subtraction terms,

- understanding how to deal with multiple
radiators and overlapping singularities (first ‘
time at NNLO),

- find a way to integrate the subtraction
terms in d-dimensions.

@ GIUNTI DemerRA
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Well established schemes at NLO

* Catani-Seymour (CS) [9602277] Currently implemented in full generality in fast and efficient NLO generators

* Frixione-Kunst-Signer (FKS) [95712328] [Gleisberg, Krauss ‘07, Frederix, Gehrmann, Greiner ‘08, Hasegawa, Moch, Uwer "09,

Frederix, Frixione, Maltoni, Stelzer ‘09, Alioli, Nason, Oleari, Re ‘10, Reuter et al. ’16]
* Nagy-Soper [1012.4948]

What about NNLO?

Many schemes are available:
Antenna [Gehermann-De Ridder et al. 0505111]

17 1 b} -
Many “final” dishes ColorfulNNLO [Del Duca et al. 1603.08927]

come out, and they look
all quite different Nested soft-collinear [Caola et al. 1702.01352]

STRIPPER [Czakon 1005.0274]

Analytic Analytic Sector [Magnea et al. 1806.09570]
Geometric IR subtraction [Herzog 1804.07949]
Unsubtraction [Sborlini et al. 1608.01584]

FDR [Pittau, 1208.5457]

Universal Factorisation [Sterman et al. 2008.12293]
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Disclaimers:

** This talk is not about a new subtraction method

“ On the contrary, it is a “fresh look” at a pre-existing method (nested soft-collinear subtraction* [Caola, Melnikov, Réntsch ‘17]) that we
believe features many desirable properties that are non-trivial to enforce, especially at NNLO.

** The aim is threefold:

 Improve our understanding on the interplay occurring among different terms that arise in intermediate steps

— leading to simpler and more compact final results, minimising the brute-force evaluation of the counterterms, and exposing
crucial cancellations.

* Prove that the original framework is robust enough to tackle processes with arbitrary multiplicity.

- Provide final formulas that can be adapted to any QCD process (i.e. treating the number of partons as a free parameter, not
using any process-specific simplification) and implemented straightforwardly in any numerical framework.

(") Already applied to outstanding phenomenological studies.
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Nested soft-collinear subtraction at NNLO: generalities [caola, Menikov, Réntsch 1702.01352]

Extension of FKS subtraction [Frixione, Kunst, Signer 9512328] to NNLO and inspired by STRIPPER [Czakon 1005.0274]

- Exploit colour-coherence to discard interplay between soft and collinear

— subtract soft limits first, then collinear

- Define subtraction terms in 3 steps:

EgsA 9(6) 9(5)

Egs > E86

‘ E86 > Egs
E

| = 2 PIANC
- FKS partition and sectoring to treat the minimum number of N
collinear singularities at a time 001 = (L0 (ga +6,+6.+ gd)

- Globally remove double soft singularities

- Globally remove single soft singularities [using energy ordering]

- Integrate subtraction terms analytically using Reverse Unitarity [Anastasiou, Melnikov ‘02]:
map phase space integrals onto loop integrals [Caola, Delto, Frellesvig, Melnikov ’18, ‘19]
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Notation and generalities:

“* General principle and terminology: J > féééf dd)g = [ [ > (6665 N

—

< Skeleton of the subtraction procedure for DIS [Asteriadis, Caola, Melnikov, Réntsch *19]:

* Extract double soft singularities first (global)

/ Subtraction term

> 4

Finite in d=4

o ]a’(bg+[ s A,

7

5
| o
S L1 — >

1/€ poles

_—

\" Integrated subtraction term

= ([ —9)x . > + >
I=I-8%)+8$ - ' '
2 2
* Then single soft (energy ordering of the emissions
to reduce the number of singularities) (I —8)x = (I = $)(I — S6)x + (Subtraction terms)
I'=(I—56)+ 56 ] —
L] |
I—-8)I-S > —| = I —8)(I—-Sg)I—@)(I-C i X 0. + (Subtraction terms)
* Collinear singularities (local): partition function ( ) 6) E/ Z( ) 2 A)( (i) : wA XAJX

+ sectoring [separate overlapping singularities]

double collinear singularity; e.g. (6//1)

triple collinear singularity J

L sector; angular ordering

partition function

[figures curtesy of K. Asteriadis]

Chiara Signorile-Signorile

93

Nested subtraction



What we have, what we want

< Bottom-up approach: building pp — Njets starting from simpler processes. Application to low-multiplicity processes worked out straightforwardly

o= - >©< o - o -

Higgs decay
[Caola, Me/n/kov, Réntsch ‘19] [Caola, Melnikov, Réntsch “19]

[Aster/adls Caola,
Melnikov, Réntsch ‘19]

“* Natural generalisation: V+j @ NNLO QCD

NNLO Identify potentially unresolved partons AFm) — pl Zkm
> — extra partitioning: Z Pl
=3

This is the highest Born-level multiplicity that allows for a closed colour algebra and for expressing the color of LO-configurations entirely via Casimir operators

2T1'T2 — 03 — Cl — 02,
O:T1+T2+T3 — 2T2'T3:C1—C2—03, /
2T3- Ty =Cy —C3— (1. Final goal: a

A
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Application to V+)

*** In the case of gluon final state the formal expression for the regularised double-real correction is quite simple.

¢ This can be done because we know how to deal with multiple radiators [partitioning, energy ordering]

3

1 : é 1
4 5<FLM(1619 267; 397 497 59)> — <S45 A(45)Ffﬁ5> + <(I o S4)S5 A(45)F€1\>/I5>
2 + <(I — Su5){ — 55){ Z [@(a)045,z'(1 — Cs:) + 0O Cy5,(I — Cy5)

 The bookkeeping becomes immediately
cumbersome — large number of subtraction terms.

* (Calculating all subtraction terms separately may
hide a number of simplifications that can occur
before explicit evaluation.

e Writing color-correlations as Casimir operators in the
iIntermediate steps facilitates the calculation, BUT
leads to non-trivial generalisation to n-partons.

1€TC

+0Cs,(1 - Cu) + 69Cis (1 - Cup)|ues} A RS

— (1= Si)(I = S5) > CuiCjeonis; AR

(i5)eDC
+ <(I — Su5) (L — 55){ Z [@(a)057; +0YC5 + 090y, + @(d)045] Waisi
i€TC
+ 3 [Cu+Csj] w4z-5j} A(45)Fffl\>45>

(ij)eDC

" <(I — S45) (I — 55){ )3 [@(a) (I = Cis)(I = Cs5) + ©O(I = Cis 5)(I — Cis)

1€TC

+ 09I — Cu5,;)(I — Cyi) + OD(I — Cys3) (I — 045)] W4isi

+ Y, (I-Cu)I - Csj')w4i5j} A(45)Ff1\>45>
(45)€DC Fully regulated term

(17) € DC — (ig) € {(12), (13), (21), (23), (31), (32)}
i € TC — i€ {1,2,3}.
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Application to V+j: the lesson

*** The expression of double-real poles and finite remainder results in large, non-transparent bunch of terms (what if we now want to change
the flavour of final-state partons? Do we have to start from the beginning?)

Series[RRpoles, {¢, 0, -1}])

4" (3 asontwopi? CA? FLM[pl,, p2,, p3;] + 10 asontwopi? CA CF FLM|pl,, p2,, p3,]| + 2 asontwopi? CF? FLM|pl,, p24, P3| +

3
1 : :
5 asontwopi? CF? delta(l-z] - FLM|[pl,, zp2,, p3;, z| + 5asontwopi? CF? delta[l-z] FLM[zpl,, p24, P3;, Z] -
| 4 4 asontwopi? CF? delta[l-z1] ~delta[l-2z2]  FLM[zlpl,, 22 p2,, p3,, 21, 22]|) +
2 a2 ' 2 ' | 2 a2 2
77 asontwopi< CA“ FLM ‘plq,pzq,p38. +110 asontwopi< CACF FLM ,pIQ’pzq’p:’B, + 72 asontwopi< CA- L3 FLM[plq,pzq,p38' +36 asontwopi“ CACF FLM[plq,z pzq,pBB,ZJ ' X
2 24¢3
5 13;21 asontwopiZ CAZ FLM 'plq,pzq,p3gi ' 647 asontwopiZ CACF FLM plq,pzq,p3gt ‘ ' ; asontwopiZ CACFdelta[l-z] FLH[z Plq,P2,,P3g,z| Polylog(2,1-eta(2,3]]
'..2 :
3151 12 ;a2 ' | 2813 .2 | , 265 12 ~a2 L ?
37 asontwopi“< CA< FLM plq,pzq,pBK' 36 asontwopi“ CACF FLMlplq,pzq,p3g, 18 asontwopi“< CA< L3 FLM plq,pzq,p38] 2 FLH[plq,pzq,pBg’ 5 0[(.;]0

e

show less show more show all set size limit...

- Series[VVpoles, {e, 0, -1}]
asontwopi? (CA + 2CF)? FLM:plq, P24, p3g]
; 2¢4 ’
asontwopi® (CA +2CF) FLM[ply, p2q, P3y) (12CF+ 730 +4 (CA-2CF) Log[ 2] -4CA (Log[ 2] + Log[22])) -
+ 2ascmtwom

4¢3 €

| . : rl
(~CA-2CF) FLVfin|pl,, p2q, p3;] + FLM[pl,, P24, P3y] s (-2CACF (67 +9%) + CA* (-67 +33°) + 20 CANf TR+ 4 CF (CF (81 -42 %) + 10Nf TR) ) +

* . - .
*%* Interestingly, the IR structure of the double-virtual corrections does not
9 CF 30 2 1 [S12,2 s13,2 s13, ¢ 2 s23 s23
: . +BO% + = [8CF (-CA+2CF) L +4CA (CA+CF) L L ~3CA (CA+6CF) -4 (2CA+CF) B0+ 4CA .
reflect the same complexity [Catani ‘98] 2 g per o ach Logl ] e ach @ e bog[ L [ ol g ] [-3Ch (R 6CP) -4 ke chy po 4 Log| L | Los oy
~3CA (CA+6CF) -4 (2CA+CF) 50+ 4 CA (CA + CF) Log\:z:j -2 (CA - 2 CF) Log[:l]j} \:—3(CA»4CFHBO) L 2CA ]:Log[:izl .Log[:‘zzm] R
1 oy o [ (812 ‘ s13 2341
~asontwopi FLVfin[ply, p2q, p3, | ~3CF -0 - (CA-2CF) Log{muz] + CA | Log[muz] R Log[muz} ||
1 1 @FLM{plq,pzq,p%] 3CA? (60 +2277) +2CA (CF (-1922+33377) - 2Nf (232+37°) TR+ 3 (-268+517°) 80) +
1 <M|M>a2 = <M0 _-[12(6) + _( I(G))2 + I-lt(f)Il(E) + (H2 + H;) MO> 4 (-27CF? (3+527%) + 2CF Nf (184 + 97%) TR - 315 CF 52 B0 + 40 Nf TR (2 Nf TR + 3 30) ) -
° 2 2 12 |24 (CA - 4 CF) (CA-2CF) Log::%g]B.z-%CA (2 CA + CF) Log[zﬁgr-QLog[;‘ng|:--9CA(CA»2CF) --2(5CAoZCF]30»4CA2Log[;§-§H -
3 +{ My | -2 (11(6) +IT(€)) te (P ik (Il(ze) + I”(Ze)) My 18 (ca-2cr) Log[ 71" (sen-2 aacr g0y + 2ch [Log[ 7] + o[ 71 )| -2 (e -2 Log[ 7]
- 1 e\ _ 1
€ € :67CA.3[CA~28CF);r2_2(81CF-10NfTR-27(30).9(9CA~2;30) Log[:u%]—18CALog[$]z,9Log[%]‘:9CA~ZBG—2CALog[:£]H.

s13, ¢ 2 2 23 | s23
0 e - + + - o+ + + + + (o] R - - + (o] — +
2 Log 2] CA (~67CA+81CF +3 (5CA - 16 CF) 20 Nf TR) + 27 (CA + 2 CF) 50 + 18 302 + 18 CA L g{ 2] |-3CA-280+CAL g[ 2]|y
L \ J mu \ mu /

+ 2Re | (Mo | Ii(€) + I{(€) | MI™)| + 2Re[(Mo| ME™)] + (M2 | M) .

237
Log;—z] 2CA (-67CA081CFo3 (5CA-16CF) 72 + 20 Nf TR) + 54 (CA + 2 CF) 30 + 36 307 +
L mu { /

+0[e)®

"523 f s23 | | 2 2
3Log| — ~-27CA (CA+2CF) -6 (5CA+2CF) 30 + 8CA (2CA + CF) Log| — vG(CA - 62 CACF + 88 CF )Zeta[3]
tmu2 /| mu2’ |
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Can we identify structures early on in the
calculations so that cancellation of
divergences can be seen “by eye”, even for
a generic process?

Main idea: look at the pole structure of the virtual corrections to infer similar structures for the subtraction terms

— reverses the standard logic guiding the construction of most established infrared subtraction schemes”

Case study: gqg = X 4+ Ng

i
L

Il

PUBLISHED FOR SISSA BY £) SPRINGER

RECEIVED: November 3, 2023
ACCEPTED: January 3, 2024
PUBLISHED: February 2, 2024

A fresh look at the nested soft-collinear subtraction
scheme: NNLO QCD corrections to IN-gluon final
states in gq annihilation
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First generalisation: gg > X+ (N —1)g + g
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Towards a general subtraction formula for NNLO QCD
corrections to processes at hadron colliders: final states
with quarks and gluons

Federica Devoto 7,2 Kirill Melnikov©,> Raoul Réntsch©,¢ Chiara Signorile-Signorile ©,?
Davide Maria Tagliabue % and Matteo Tresoldi®?

M

Fully general: pp —» X+ N

Integrated subtraction terms and finite remainders for arbitrary
processes with massless partons at colliders in the nested

soft-collinear subtraction scheme
[Submitted on 10 Sep 2025]

Federica Devoto,® Kirill Melnikov,” Raoul Réntsch,® Chiara Signorile-Signorile,” Davide Maria Tagliabue,’
Matteo Tresoldi®

(*) similar idea also explored in the context of antenna subtraction [Gehrmann, Glover, Marcoli *23] and local analytic sector subtraction [Magnea, Milloy, CSS, Torrielli *24]
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Warm up @NLO: gg — X + Ng

25 doNLO = dgY, + dol + daP!

1) Virtual corrections: T _ —t
€) = I1(e) + I:(€
color-correlations, elastic terms v(€) = In(e) + I1(e)

2) Real corrections: soft: color-correlations, elastic terms

* Highest pole trivially cancels

e Color correlations cancel

 Remnant elastic single pole
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Warm up @NLO: gg — X + Ng

25 do0yC = da ), + déh + doby

1) Virtual corrections: T _ —t
€) = I1(e) + I:(€
color-correlations, elastic terms v(€) = In(e) + I1(e)

2) Real corrections: soft: color-correlations, elastic terms

* Highest pole trivially cancels
 (Color correlations cancel

 Remnant elastic single pole

c1n 0 . . . 39
Pc%a, ® FLm generalised anomalous dimensions

vy oot

—> (9 = V(9 + Is(9) + Iole) FINT

E
L f — —
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Warm up @NLO: gg — X + Ng

A A A A f
25 doNEO = dgY, + do ] + doPy

1) Virtual corrections: T _ —t
€) = I1(e) + I:(€
color-correlations, elastic terms v(€) = In(e) + I1(e)

2) Real corrections: soft: color-correlations, elastic terms

* Highest pole trivially cancels

e Color correlations cancel

 Remnant elastic single pole

PR @ FiMm

“generalised anomalous dimensions”

T; s, :@ 2T2L; + O(e)

—  It(e) = Iv(e) + Is(e) + Ic(e)  FINIT
L - : — ———

E

3) PDFs renormalisation: no color-correlations, boosts pég) X F1Mm

O
2

4) Sum: 25 dGNIO = 5:‘) (I Fru) A a;(:) [(PELLO ® Fim) + (Fim ® Pll;\lI;LO>] + (FI¥) + (Onvo A™ Fry(m))
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Collinear limits: symmetric case

+* Consider N gluons created in a quark-antiquark annihilation: gg — V' (most singular configuration, also most symmetric
N
[Devoto, Melnikov, Réntsch, CSS, Tagliabue ’23]

+¢* To restrict the number of unresolved configurations use damping factors:

(symmetry properties of F},; — only one unresolved parton)

25do™t = <

(N -

+** Damping factors are sensitive to IR limits

S AW — C, AW =1

*» Effects on the subtraction: final-state collinear limits

— 7Yg anomalous dimension

1
Q —2€ 2 000000000 % ; : —
Fi,f[im]%fifm ™~ _/0 dZSZ@Z(l — z)) ’ Pf[im]fz’(z) + 25f[im]f’in[im] lg (with n;= 0)

Limit of damping factor My

BO00000—=%—__ .  — Nytermof 7y
Lig=Ligagg +2n115% g9g = 79 + QTgLi + O(e)
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Collinear limits: what happens when considering “asymmetries”?

& Consider less symmetric process: gg — g + {g}y +V
¢ [Devoto, Melnikov, Réntsch, CSS, Tagliabue, Tresoldi '25]

** The damping factors introduce two main configurations

Unresolved gluon: similar procedure as

284b dét = Z < (N n 1)'FLM[{9}N9+17 q]> — <A(m) FLM[{g}Ng7 q ‘mg]> before+collinear limits wrt to quark
. g .
Jr<A(m)FLM[{Q}NQH|mq]>

[/

Unresolved quark: only
collinear limits have to be
subtracted and no soft overlap

¢ Final-state collinear limits: need to distinguish potentially-unresolved parton from emitter

My

lg Lgsqg +1gogq =1g = _(")’q -+ QT?L?;) + O(e¢)
> SEEEH0000

My

Fq—)gq

1
- - - . —~ _26 2
Elltleegtr(;lhmu of damping factor in Pi,f[im]_)fifm ~ = /() dZSZ@Z(]. — z)) Pf[z’m]fi (2) + 25f[im]f’i Tf[im]
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Fully general framework

¢ Fully generic (massless) process: pp — N jets + X
[Devoto, Melnikov, Réntsch, CSS, Tagliabue, Tresoldi '25]

** Conceptually fully understood, thanks to the experience gained in the previous cases: damping factors to divide different singular configurations,
combination of different limits into universal operator, cancellations prior to evaluation...

*** New element: interplay of different partonic channels and relevant IR limits

25ab dO-a,b — Z < BN—I—l n]>

n enumerates all QCD final states which may contribute f» final state with N + 1 QCD partons that can be
to the partonic process, including all combinations of

flavour consistent with the initial state (a, b)

produced in the collision of parton a and b

** Symmetry properties of matrix elements+damping factors — minimal set of potentially singular configurations

250 468 = 3" (Fia By 1)) = 30 (A BBy ()]} + 303 (AW E By 1, )]} + 5 — 4,

n n n p=1

|dentify gluon/quark/antiquark as potentially
unresolved and sum over all possible configurations
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Fully general framework

¢ Fully generic (massless) process: pp — N jets + X
[Devoto, Melnikov, Réntsch, CSS, Tagliabue, Tresoldi '25]

*** Conceptually fully understood, thanks to the experience gained in the previous cases: damping factors to divide different singular configurations,
combination of different limits into universal operator, cancellations prior to evaluation...

*** New element: interplay of different partonic channels and relevant IR limits

9 2

SN
_ a Olg
> ~ <SmszA(m) / > — [ ] <F[’im],f[im]—>fifm

b [im] ¢

<§mc,-mA<m>

S Y 6y (BnCinA™ By sy nma ) =3 S b T, s FE By ]

. : ¢
n ZEBN+1,n(me) n’ ZEBN,n’

> BN—I—l,n(me)
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d

Fully general framework: final formula pp — N jets + X@NNLO can fit a slide

~NNLO _ 3aVV ARV ~RR ~PDFs
0, = daab + daab + daab + daab
R i R
real-virtual H coll. renor.
double-virtual double-real

*%* Formulas are compact

** Modular structure

L)

N/
%*

EW corrections(?)

v

G_ab

6

Glngle—unr. )

*%* Very few inputs for actual implementation

_|_

~

—

d

~DU
U.ab

6

~

double-unr.

_

* Easy to adapt to lepton-lepton and lepton-hadron collisions

_|_

)

Ulab

6

@Ily—resolve9

[Devoto, Melnikov, Réntsch, CSS, Tagliabue, Tresoldi '25]

fully-resolved = (N+2)-body kinematics
single-unresolved = (N+1)-body kinematics
double-unresolved = N-body kinematics
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Fully general framework: final formula pp — N jets + X@NNLO can fit a slide

dANNLO — dAVV dARV dARR dAPDFs

O-ab O-ab Gab Gab Gab
‘ ; ‘
real-virtual R coll. renor.
double-virtual double-real

R

G_ab

e
Glngle—unr. )

~

_

d

~DU
G.ab

6

double-unr.

~

_

-

(O AMPNLO @ pet [BNH,n(m)D},

+ (O A FEz By (m)] @ PNEO } |

m

1E€EH 2
i, ini )i
_ Z [O‘S]<Ol(\ILng)) w$||: log (4 1 _m .
i€H ( Mim

n 1€EH

9y (rlr! + 0" Py [Brs1a(mo)] | )

\_

053 =l DN | (O A g (5
x m n

. SU.sb, b, , Yl
dsSUPb = 0] S5 % {(cogL“(‘)’w,';‘”’;“bA(m) log (—2‘“
T m n

(O A Rl B m) } + 303 151 (03 wlr

) ngg) ® Fﬁ:& [BN+1,n(m)]>
) F By 1.0 (m)] ® P
+1,n xb

d&i;}’el = Z Z {[as] <01(\?£)o A [5mgI'§“O) (Em) + gmgIéO)(EmaX)] ) FEIQ/I [BN+1,n(m)]>

) A [y + 273 Loy Fill By 0]

[’Y;”r o B 41,0 (mg)]

= > [0 J( OGS Wi tog (o) A g (7 + 2T Li( Bm) ) + g (7 + 2T L) | Fita B4, ()] )

[Devoto, Melnikov, Réntsch, CSS, Tagliabue, Tresoldi '25]

4 )
d8§}f fully-resolved = (N+2)-body kinematics
: single-unresolved = (N+1)-body kinematics
H double-unresolved = N-body kinematics

@Ily-resolve9

d6TR = (SnSa Qi A O F2PS [m 1)) + (S S AW FLDS [y )

e )
o, " = > [ (Por© @ Fi[Bu,,] © Py©

T,y N

a6 = 33 [ (PYO ® F(By,]) + [ (PANY © Fely By )]

+ > o] (P @ [Walmin . B By o))

20 = 55 [ ] PO (5] P

+) a2 (W™ B By )] © P

dGg, =) { Jos)*([ L + I + I + Lyne - Fin[Bu n])

n

[0l D ([0 g (L) W™ 4 6OOWPIMER 1 5 OWD | BBy ])
1€H

+ o (I¥) - F g0 [Br]) + (Fa o By o]) + (P& o [BN,n]>}

_ J
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Fully general framework: final formula pp — N jets + X@NNLO can fit a slide

ANNLO __ qAVV
daab = daab

double-virtual

Very few inputs for actual implementation

- List of N, N+1 and N+2 external particles — select ingredients
- Born-level configurations compatible with the given theory/process

- )
ARV ~RR ~PDFs _ ASU ~DU
dgab dgab dgab R da_ab da_ab
‘ i ‘ i ‘
real-virtual i coll. renor. ‘ double-unr.
double-real single-unr. & )

~FR
ddlab

‘
fully-resolved

a )
d&c?bU’db — Z Z [as]2<P§aLO ® FI?I%/I [BN,n] ® ’PZII\LLO

r,aYy n

- 1-loop, 2-loop N-point finite remainders — dedicated calculation needed

- details (partitions, azimuthal direction, etc) — optimise for a given process

1. Fix initial-state partons (ab)
2. Sum over all partons x (y) compatible with 1.

3. Sum over all Born-level final-state configurations n
compatible with 1. and 2.

— THIS CAN BE PARALLELISED!

4. Universal ingredients (provided in ancillary files) need to be
coded once for all

a6 = 33 [l (PYO ® F(By,]) + o (AN © Fily By )]

+ ) [ (PY @ W™ BBy 1))

S 55 [ PEEO) + ol O]

+) a2 (W™ B By )] © P

dGg, =) { ] (L + I + It + Lyne| - Fin[Buv,n])

n

[0l D ([0 g (L) W™ 4 6OOWPIMER 1 5 OWD | BBy ])
1€H

+ o) (IY) - F g0 1Br ]} + (Fe o By o]) + (P& o [BN,n]>}

\_ J
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Fully general framework: final formula pp — N jets + X@NNLO can fit a slide

4 )

ANNLO _ 3aVV ARV ~RR ~PDFs _ ASU ~DU ~FR
do_ab R do_ab dgab dgab dgab o da_ab daab ddlab
H i ‘ i H .
i real-virtual i coll. renor. ‘ double-unr. ‘
double-virtual double-real Gingle—unr. ) fully-resolved
4 )

4650 — (0] 35 {<o§?ﬁg>w;}r:“wm> l0g (") BLY) © Fi[By.11,0(m)

xZ m n

Very few inputs for actual implementation
- Same inputs as before

+ (0% AP © Fel( By n(m)]) |-
+ spin correlated matrix elements

dgSVt — [0, ] SN % {(01(\?1;“5)%‘;""’;“%@) log (""7‘“) FE By 1 (m)] @ PO + (N+1) configurations compatible with the given theory/
Tz omon process
(m) (m) pax NLO . .. . . .
+(Orro A™ FL[By 41,0(m)] ® Py } - 1-loop (N+1)-point finite remainders — dedicated calculation
needed
~SU,el (m) (m) (0) < (0) . rab . e . .. . . .
&g, " = ZZ{[%1<ONLOA g1 (Bm) + Omg I1” (Fimax) ] FLM[BN+1,n(m)]> - details (partition functions under limits, ‘@zimuthal direction,
7,m 1,N% m m — a - , N . . .
=3 o] <01(\1 m) W log (772 ) Al >[5mg(% +or? Lz-(Em)) . (% +or? L)] FL&[BN+1,n(m)]> damping factors, etc) — easy to optimise for a given process
1€EH
_ O(i,m) mi,ni | Mim NG o721, 5. | Fab B
Z[as] NLO Ym|n 108 4(1 — mim) Ym + 24 LimOmg LMl N+1,n(m)]
ieH vm
m m) a s i,m) mi,ni H a
+ (O AW o B n(m) |+ 3 3 (04 i A [ Fid B (m,)
n 1€H
9y (rlrd + 9"V Py [Brs1a(mo)] | )
\_ J
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Fully general framework: final formula pp — N jets + X@NNLO can fit a slide

e N oop )
dé\.NNLO dAVV + dARV + dARR + dAPDFS — ngU + d&DU
ab ‘ab .ab
‘ Z ‘ ‘
real-virtual |} coll. renor. ‘ double-unr.
double-virtual double-real Gingle—unr. ) k )
4 )
dogy ™ = [a] ii?{ (0§ wm A log (122 ) PO © Fi[By.41,0(m)])

(O AMPNLO @ b [BNH,n(m)D},

Tom

o) Fifi[By s n(m)] © BY)

) D AT

+ (O AMFaz By L (m)] @ PNEO } |

Qg =323 {[as]<0§}1’o A [Gng I (B + g I (Bmac)] - Fifa By, (m)])
— Z as]< lo g(

1€EH
= 2 o[ ORES wijn log (4(1?“;%“1)) A [y + 272 Loy | Fii B, ()]
U

1EH
ﬁn[BN+1,n(m)]>} + Z Z [C;S] <01(\;Lr2)) ::ﬁ:"A(m)

n 1€H

TNim
2

(m) mz ni
NLO 7,||n

(O A R

+ v, (Y + g*) Fiy W[BNH,n(mg)]] > '

\_

) A 80 (%5 + 2T Li( B) ) + 8mg (% + 2T3Ls ) | Fi By, (m)] )

Ell\)d [BN-i—l,n (my)]

_|_

~FR
ddlab

Modular structure:

- boosted contributions (two copies of the same
structure + double boosted)

o
fully-resolved

- Elastic contributions

dogy ™ =3 e (PHFC ® Fi[By ] ® Phi©

r,aYy n

d&be’Sb’“ _ Z Z [[as]<P§aLO ® wa[BN,n]> + [as] <1PNNL0 ® F:cb [BN n]>]
+ ) las’(Poy ® el - Figy By 1]

W =30y [[0:(F* By ] ® PNEC) + [0 (B2 [Biy,] ® PNO))

-I—Z[as] (W
dADUel Z{[as] <[Iﬁn Iﬁsn_|_

n

z n,fin m||[n,fin i a
+ [as)? Z < [9Hf’)’z s pig(Li) W ” + 5(0)W | + 6 OW( )] FLll\)/I[BN,n]>
1€H

W (B ] © PY)

Iﬁn

tri

+ IESC] FICJLII\)/I [BN,n]>

[aSKI(O) FI?\I; ﬁn[BN n]> T < LV2 ﬁn[BN,n]> + <F€/il{/',ﬁn[BN,n]>}

J
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Fully general framework: final formula pp — N jets + X@NNLO can fit a slide

~FR
ddlab

6

fully-resolved

Lepton-lepton colliders:

- Final formulas are written as expressions that are
applied to each of the resolved partons

- Given the modular structure one can easily remove
the initial-state contributions (either partially, e.g. for
DIS, or entirely)

Iﬁn

tri

A6, =) { os]*([Zee' + Ig" + I + Tune] - Fim[Bw, )

n

ool 3 ([0 g (L) WM 4 6OWRINER 4 5L OWO] . P (B )
1€H

+ [ {(I¥) - F2 g0 [Br ]} + (Fe o By n]) + (FE g [BN,nD}

)

4 N [ B
ANNLO _ JAVV ARV ~RR ~PDFs _ ASU ~DU
do,"~ =do," +dc,, +do, , +do,, = d%b + dqab +
6 , ‘ :
real-virtual |} coll. renor. ‘ double-unr.
double-virtual double-real Gingle—unr. ) & )
4 )
dogy =3 {[as] (OLo A™ (g1 (Bn) + Img I (Bmax)] - Fi[By41,0(m)] )
= > [e]{ O wiji™ log (22 ) A™ by (s + 2T Li(Bm) ) + 8mg (% + 2T L: ) | Fiba By ()]
i€H
- (z,m)  mi,ni Thim (m) 2 <= ab
; o] ( O wiin’ og ( T mm)) A oy, + 2T LenBimg | FEft By s1,0(m)] )
m m) a Qs i,m)  mi,ni A (m r a
+ <01(\IL)O Al )FR{)/,ﬁn [BN+1,n(m)]>} + Z Z %<01(\1L0) Winlln Al™) [’YQL’ L1I</1 [BN—I—l,n(mg)]
n €M
Cﬁ(rfr: + 9" ) Fiht o By 1,0 (m)] | ) g _
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Fully general framework: final formula pp — N jets + X@NNLO can fit a slide

4 )
ANNLO _ qAVV ARV ~RR ~PDFs _ ASU ~DU ~FR
do_ab o do_ab dgab dg-ab dgab o anb dd_ab dalab
‘ i ‘ i ‘
real-virtual i coll. renor. ‘ double-unr. i
double-virtual double-real single-unr. @Ily-resolve9
0 = 3 CinCsaldp]ldpa) ™™ {dﬁibfi = (SunSat A0, FEPS [m, 1)) + (Ss Su ATV 5P m, ] J
— mY In m n
(25) _ _ _ _ _ o
+ Z [Cz‘ne(a) + Crnd® + Cin0') + Cmne(d)] [dpm][dpn] Cran,i 0™ DS = double-soft singularities

1. Fully regulated and can be computed numerically

2. Sector functions 8“9 are “absorbed in the parametrisation”, so no sharp step functions in the code

3. Each sector is treated separately, using different parametrisation [Czakon '10+711]
— THIS CAN BE PARALLELISED!

4. In each sector and partition, one needs to consider at most 7 different kinematic configurations,
each resulting from applying one or more of the operators to the double-real emission kinematics

5. Sectors count:
- N + 2 triple-collinear partitions: 4 subsectors each
- (N+ 2)(N+ 1) double-collinear partitions
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Universal building blocks

ANNLO __ qAVV ARV
daab —daab daab

6

real-virtual

double-virtual

d ~RR d 6PDF S

Gab
, ¢
H coll. renor.

double-real

= |d

~DU
Gab

) =>[ GI—Z{m ({180 + I+ 182 + 18] - Fia(By ) +

I™ = double colour correlations T - T, (T;-T) - (T}, - T))

1™ = subset of colour correlations of soft origin T - I
Itfriln = triple colour correlations 1; - 1; - T},
I = colour un-correlations

unc

The idea is to subdivide integrated counterterms according to
their kinematical structure AND according to their color structure
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Universal building blocks: example

4BNN0 = daY +d6Ry + deRR + P = [dabY =>[ GDUel Z { o 2( [ + Ifin 4 [fin 4 ffin ). pab B 1) 4
' ‘ i ‘
i real-virtual  § coll. renor.
double-virtual double-real I"™ = double colour correlations T - L, (1 - T) - (T, - T))
1™ = subset of colour correlations of soft origin T - I
Itfriln = triple colour correlations 1; - 1; - T},
I = colour un-correlations

unc

The idea is to subdivide integrated counterterms according to
their kinematical structure AND according to their color structure

Ifin 2( I + K1Y +

Example of iterated NLO structure. Also, it results from the
combination of terms arising from (almost) every bit of dANNLO
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Quick reminder from NLO: simple interplay between [V+ S; R + (I — Sl-) Cij R] and [(1 — Si) Ci R] boost T PDES

~ J ~ "
gl —

It(e) = Iv(e) + Is(e) + Ic(e) (Pau’® ® Fiam) + (Fm ® Py©)

elastic

Moving forward to NNLO

Similar guiding principle @NNLO:
4 )
starting from IR poles of double-virtual /Catani 98], find subtraction terms that can “complete” it: identify structures similar to those encountered

at NLO — write NNLO ~ NLO? as much as possible
- y

*** Rewrite the VV in term of NLO operators:

(Fyv) = [os)? <

-+ [as]2< _5 [Tl( ) IT(G)] +,H2 tC+H2 tc +H2,Cd+%£,cd FLM>

+ [as] (Iv(€) - Fiy) + (Fiy) + (Fy

** |dentify features that can guide you

- different powers/arguments/prefactors

N’ﬂ

-1

- different type of color-correlations ! T.. T - T, — specific pattern of cancellation.
(T T) (1) - 1))

=,
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Follow the (colored) crumbs

** Search for similar features among the various subtraction terms.
For instance double and quartic color correlations:

- Factorised term (T;- T) - (T, - T)) — (SnOmnFrm (M, n)) 14

[Catani, Grazzini '99]

** Combine terms such that manifest cancellations occur without any process-aware manipulation

— : S ~
oles |

1 132(6) + I%,(e)_free of quartic colo-correlatd

L

lterations of NLO — almost (I + Iy,)* — to obtain a NLO? object we need the product

= =

** The “missing” products we look at the limits of the real-virtual contribution. The integrated soft subtraction term can be almost fully written in terms
of NLO-like operators

[Catani, Grazzini ‘00]

&p Triple-color correlations:

« Vanish for Np > 4

* Finite after integration for FSR
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The pie so far

(Fyv) 30
( St Ouun Fint (m, 1)) B0 S
= I; — Iz nosingularc.c.
(S Fry (m)) % Is(0) Iy (€) + Iy (e) Is(e)

Almost reconstruct I%(e)
— look at collinear

L. combine sectors at a symbolic level before integrating
It(e) = Iy(€) + Is(e) + Ic(e) finite
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Pictorial conclusions

e

Can we generalise? yes! [Devoto, Melnikov, Réntsch, CSS, Tagliabue + Tresoldi *24, *25]

Previous studies:

% Introduce NLO-like universal operators that describe virtual, soft and collinear singularities, and combine into finite quantities

N _ Soft _
1 D Virtual component Collinear
component component

° ®
-

h o . - ’
. . g

) . . o

(S n &

. - g

Free of poles
Fully general in the number of partons

Iv(e) = K/(e) + I(e) + I-(€)

< Reduce NNLO corrections to iterations of these operators — demonstrate cancellations prior to explicit evaluation

2
04
AN = VY + d6™ + d6RR 4+ a T = [5] (Mo| [y +Is + 1) | Mo + ... = (My | 13| M) + ...

® : ®
Real-Virtual PDFs Renor.

® ®
Double-Virtual Double-Real
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