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SCATTERING REACTIONS ' LHC

short distance “hard”

high scales: 10° — 10° GeV

evolution towards a
physical observable state

— long distance “soft”

Monte Carlo & Matching,
low scales: @(few G@V) Parton Shower Sessions

non perturbative M. Ubiali, P. Nason

quarks & gluons hadrons




SCATTERING REACTIONS ' LHC

Focus: high momentum transfer
clean signatures

perturbation theory:

c=0cyX (l+a +o +0 +..)

fixed order:

a, ~ 0.1 & a,, ~ 0.0l

1% target O(a?, a,,)
O(a3, a,a,,,)



THE MASTER FORMULA — COLLINEAR FACTORIZATION

in principle, improvable : L
princtp P ultimately, limiting factor?

systematically improvable



NLO - CONCEPTUALLY SOLVED
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“virtual”

infrared singularities

automated 1-loop providers

Gosam
[Chiesa et al. '14]

MadGraph5_aMC@NLO
[Frixione et al. '18]

NLOX
[Honeywell et al. '18]

OpenLoops

[Pozzorini et al. '19]

Recola
[Actis et al. '16]



NLO  PUSHING THE LIMIT

off-shell -~ high-multiplicity

large non-resonance effects?-----*" |

particularly challenging for EW

2 — 6 processes
PP — e+1/e/4_17MbB (tt) [Denner, Pellen ’16]
pp — 4£jj (VBS) [Demner et al. '16-22]

pp = 10 v, C v, (WWW)
[Schonherr ’18; Dittmaier et al. '19]
pp — e*e uy, jj, (tZj)

[Denner, Pelliccioli, Schwan ’22]

2 — '] processes

pp — e L. _DﬂbBH (ttH)

[Denner, Lang, Pellen, Uccirati ’16]

2 — 8 processes

pp = v ey, u "o, bb (tEW)

[Denner, Pelliccioli ’'21]

another frontier:

O [Biedermann et al. '16]
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loop-induced, polarization,
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NNLO  THE BUILDING BLOCKS & CHALLENGES

two-loop amplitudes

(new class of functions,
combinatoric &
algebraic complexity)

L. Tancredi

IR subtraction
(involved IR structure,

>

numerical stability,

“double virtual” “real-virtual” “double real”

\_/ '\/’ construc tiOn)

infrared singularities o — ———"




WHAT CAN WE DO TODAY? THE NNLO TIMELINE [timeline adapted from M. Grazzini]

Tremendous progress in the past ~ 5—10 years! K. Ellis (colour-less), D. Lombard: (VV), A.
Ratti (bb), |]. Mazzitelli (tt), M. Grazzini (ttH),

2 — 2 under gOOd control; 2 — 3 gOOd PIrogress L. Buonocore (massive f.s.), L. Rottoli (f.s. jet)

Antenna - H+jet  Hjj(VBF)

| F : : Z+jet
qT e*e§—>3)ets *)¢ . VH 'VH

2)ets Z+b-]et vy gg —5 ggg

ep—>2jets _
WH+]et y+X (+frag)

N-jettiness W+)et y+X

SD/subtractlong H ZH ZZ WW WZ }/}/]/ 7 @(a Q)
Colourful . zZw WwH Zv WY HH &  bb  Wicjel -~ tH

W/Z tt 3 W+jet 2je’§cs }é/;/+jet

; ; O 22Z S
Y+X Z+)et 2y - Z @((x a) 3jets _
nested soft-coll. = =
. . H+)et ep—>)et WH(mb _-,é 0) Hjj(VBF)
R | S C
W/Z H H” (VBF)

Otot O
O tOt e e—>3)ets - WH
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DIFFERENT METHODS*

AT LI LI L
L d RR
O'N NLO p— O'NN LO :r oooooooooooooooooooooooooooooooooooooooooooooooooo
P73 Y

Antenna [Gehrmann-De Ridder, Gehrmann, Glover ’05]

RV = |
+ / donnio 5 AL COLorFul [Del Duca, Somogyi, Trocsanyi *05]

q)z_|_2 E Y

“TETTTITY ¥ GBI ——>—— .

qT'SU'btr action [Catani, Grazzini '07; MATRIX]

STRIPPER (sector-improved residues)

\YAY
+ / donnLo
7.1 [Czakon “10]

nested soft-collinear

[Caola, Melnikov, Réntsch ’17]

finite .
N-J ettlneSS [Gaunt, Stahlhofen, Tackmann, Walsh ’15]

[Boughezal, Focke, Liu, Petriello ’15; MCFM]

@ 1in general: measurement function

fiducial cross sections

differential distributions F o - Geometric, Local analytical Sectors
reconstruction (jets, y, ...) on

Projection-to-Born

[Cacciari, et al. ’15]

[Herzog 18] [Magnea et al. ‘18]
= massage expression to render

intermediate objects finite

(suitable for MC integration) * Subtraction & S lzcmg



do/dp, ; [fb/10 GeV]

INDEPENDENT CALCULATIONS — H + jet x3!

residue subtraction T, jettiness subtraction antenna subtraction
[Caola, Melnikov, Schulze ’15] [Boughezal, Focke, Giele, Liu, Petriello ’15] [Chen, Cruz-Martinez, Gehrmann, Glover, Jaquier ’'16]
-Campbell’ ElllS, Seth ’19] _1 NNLOJET pp— H+=0jet mu=125 GeV Vs =8 TeV
03 i ' ' T ' ' T ' ' T ' ' lLO ' i . __I T T T | T T T T | T T T T | T T T |__ 10 :
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0.25 — NNLO mmm : . NNLO, c—10"% ) NLO EFL'I'SDM
02| NNPDF2.3, 8 TeV | - NLO E - ﬁﬁ:ﬁ%ﬁ?’;,'%iiﬁ;mH :
. — B =, PDF4LHC15 (NLO and NNLO) |
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_ - : S
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i "8 2 t\5_'10'3 3
0.05 | : =
- +
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1.25 | i o'
10 0 — ZI 4 i
—2 0 2 z
_‘3 2
g 9
O13L
] lculati lidation! Soal
very complex calculations validation! Soal
o5tk
0

long-standing [~’15] discrepancy in H + jet o¥ Gev
only resolved in [19]

benchmark approaches
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INCLUSIVE JETS — 2 CALCULATIONSI

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

= NNLOJET [Currie, Glover, Pires '16]

4|7 STRIPPER [Czakon, van Hameren, Mitov, Poncelet '19]

in very good agreement!

sub-leading colour
negligible!
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How GOOD IS LEADING COLOUR®?

NNLOJET  V5=13Tev
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sub-leading colour:  SLC
leading colour: LC

full colour (LC+SLC): FC

[Chen, Gehrmann, Glover, AH, Mo '22]

v Inclusive Jets (R = 0.7)

SLC corrections positive

< up to 20% on 5o \NLO
< largest @ low-py

impact on NNLO

v Incl. jets (R = 0.4)
v Diiet do/dm;; (R = 0.4}

X Dijet 3D (R = 0.7)

large SLC corrections
= low-py oy < 30-60%

< med-py,,, <~ small |- |
< high-pr ., «» —20%

L.C - FC

< 5% enhancement
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10" do/dp;,, [fo/GeV] PP YYY@LHC 8 TeV (ATLAS data)

: TR MOl L0 - NLO  (x2.8)
CURRENT FRONTIER: 2 — 3 o= o S8 E 00 Nno (er6)

pert. convergence?
(c.f. di-gamma)
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produced with MATRIX

LHC 13 TeV PDE: NNPDF31
Scale: pip = pp = mr(yy)/2

mamm [0
= N[O
mmmm NNLO

[Badger, Gehrmann, Marcoli, Moodie ’'21]

pp — JJjJ g

@)
[Czakon, Mitov, Poncelet ’21] = 10
®,
o
£

good convergence @ NNLO

- low-n?
[Chen, Gehrmann, Glover, Huss, Marcoli ’'22] except: low-p[’, cos ¢cg, ...

pp — WbE S |00P-iT\dUC9d |C"'99 v —1\IINLO I—NNLIOWithoutILI —INNLOvaithout 2R;<M0|F2>
SNLO (100%)

[Hartanto, Poncelet, Popescu, Zoia ’22]

pp — ttH

100 200 300 400 500 600 700 800

pr(v7y) [GeV]
[Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Savoini ’22]
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2 — 3 RESULTS AT THE FRONTIER

pp — WbB [Hartanto, Poncelet, Popescu, Zoia ’22]

TRI-JET PRODUCTION [Czakon, Mitov, Poncelet '21]

most complex subtraction for 2 — 3

non-degenerate Born kinematics
event shapes, TEEC, azimuth. decorr.

0.010 -
R m—10 R3/2, Scale: g = Hr, LHC 13 TeV
.= 0.008 4 m—NLO
~— mmmm NNLO
~
= 0.006 - e E— ——
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e
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O
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=
v
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Ratio to NLOgyc

2 — 3 with external mass
bottleneck: 2-loop amplitudes

study bottom, BG to WH & single-top ...

12907 7

=
o
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o
o
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\
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1000

inc.: Wbb + > Ojets
sensitive to soft bb?

exc.: Wbb + 0 jets

hashed: scales

solid fill: A%j = AZ

2

>1]
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BEYOND “STANDARD” CALCULATIONS

. El
adding flavour b — ’ ZZ R. Gauld
Z+b'jet [Gauld, Gehrmann-De Ridder, Glover, AH, Majer ’20] ! >
. | , y last year:
W-+c-jet [Czakon, Mitov, Pellen, Poncelet ’20] p » IRC);afe “anti-ky”

adding masses

pp — WH (H —> bB) [Behring, Bizon, Caola, Melnikov, Réntsch '28]

A. Ratti, |. Mazzitelli

PP — bb [Catani, Devoto, Grazzini, Kallweit, Mazzitelli '21]
L. Buonocore

identified particles / fragmentation
hadron fragmentation [Catani, Devoto, Grazzini, Kallweit, Mazzitelli '21]

isolated photons [Gehrmann, Schirmann '22; + Chen, Glover, Hofer, AH '22]

beyond approximations

VBF [Liu, Melnikov, Penin ’19]; [Dreyer, Karlberg, Tancredi ’'20];
single-t [Brgnnum-Hansen, Melnikov, Quarroz, Signorile-Signorile, Wang '22] C.Y. Wang

Higgs beyond HTL [Czakon, Harlander, Klappert, Niggetiedt 28]

NNLO O PS  separate session

non-factorizable corrections

15



— w10 - CGMP LHC 13 TeV PDF: NNPDF31

B-HADRON IN tt 2= S

| m— NNLO - CGMP fastate = non-ove I'|Clp

le: up = pp = ppy = my/2
m(B?) < 50GeV

[Czakon, Generet, Mitov, Poncelet '21,'22]

B

normalized
© |et cuts

80 100

m(F?) |GeV]

. %0-010 --: ;20' I_ngl\lzp LHC 13 Te _Tr‘DF NNPDF31
tt high purity & statistics S e = - cor o Lt
B-hadrons measured precisely S o

precise m, extraction? = ]
shape sensitive to m
m, > my, pe senstive 1o . = _
small power corrections ONnLo shape distortion =
«» Am,~ 1GeV
+ o o7 0 20 40 60 80 100 120 140 160 180
extract D._ p from e"e™ data e
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ISOLATED PHOTONS }/ +Jet [Chen, Gehrmann, Glover, Hofer, AH, Schiirmann '22]

photons: ' prompt fragmentation decays e ]
o — p}/ NNLO
y ¢ ATLAS
: 8 1
f SHN 5
&
>
{} NNPDF40_nnlo_as_ 01180
EXP v v X } 101 pe=pp=p¥, Pa=Mcone
TH v X (v X U [ o-6] P¥>125 Gev, |ny|<2.37, [1.37,1.56] excl.

P2°°>100 GeV, |yjet|<2.37 ARy3e:=0.8

=
N

=
o

Ratio to NLO
o
(0]

0. 6 - Em— e
smooth cone fixed cone 200 300 400 600 1000
Py [GeV]
i
NNLO
e maybe ok at NLO;
pofer o matters at NNLO
200 300 460 600 1000 o
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MIXED QCD—EW CORRECTIONS FOR DRELL—YAN

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

do = doo [ 1+ (&) 500 4 (ﬁ) 50D 4 (&)25@,(» N (&)(ﬁ) 5D 4 ...

GNLOS@eW o 1, 5(1,0), 5(0,1)
GNNLOS@,GWN 1, 5(1,0), 5(0’1), 5(1,1)

NNLOg,, 1 5§10 50 501.0) 5 50.1

O .
naive prod.
resonant / on-shell off-shell
p()le expansi()n [Dittmaier, Huss, Schwinn '14,'15] W
[Buonocore, Grazzini, Kallweit, Savoini, Tramontano '21]
on—shell /. [Delto, Jaquier, Melnikov, Rontsch '19]
tot L
GZ [Bonciani, Buccioni, Rana, Vicini '20]
[Bonciani, Buonocore, Grazzini, Kallweit, Rana, Tramontano, Vicini '21]
h 11 [Buccioni, Caola, Chawdhry, Devoto, Heller,
On-she von Manteuffel, Melnikov, Rontsch, Signorile-Signorile '22]

[Buccioni, Caola, Delto, Jaquier, Melnikov, Roentsch '20]
[Behring, Buccioni, Caola, Delto, Jaquier, Melnikov, Rontsch '26] 18



bare muons
(“dressing” ~» X 1/2)

O(a,a) — RESONANCE REGION » o
[Bonciani, Buonocore, Grazzini, Kallweit, Rana, Tramontano, Vicini '21]

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

pp— ppt + X pp > p it + X

. 1.0 - E EE— GNNLOS@)ew = 12 ¢ + 1 — do'tD .
= 05 E I ] © : . . (1,1) 3
% 05| 8 : g wr pM pe doli) =
3 L = -? : NNLOS@@W Fa _____ (1,1) _
= : E ] e 6 = C'O-fact -

—0.5 F (1,1) ] PA g
§ o do*™ o : S

—1.0 F | ' - =,
% 1 5 ..... C.O-é)kl) E' mﬂ//t . GNNLOS®€W %
T TAOF _ | : naive prod. ©
S naive product not able to capture X
;3 kinematic effects ;3
< fails below resonance (m,,) <
S fails away from shoulder (pr) ~
— = 130 F | .
gho pole approximation (PA) ;% +60 | - :
8,5 well-captures full result here 8@ +40 | :
% < +20 — Jl -
5 S O T e




O(a, @) — HIGH-ENERGY TAILS N | o
[Buccioni, Caola, Chawdhry, Devoto, Heller, von Manteuffel, Melnikov, Rontsch, Signorile-Signorile '22]

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Invariant mass of the dilepton system Transverse momentum of the positron
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2 | — doQcpxEw . : 2 | — dogepx .
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S E - + §
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1 | s _
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N3LO A NEW FRONTIER

vvv RVV RRV RRR
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vvvvvvvvvvvvvvvvvvvvvvvvv

LS ‘- LO ® NLO ® NNLO ® NNNLO |

Central scale! p = my/2

NILO INCLUSIVE CROSS SECTIONS - ooH f‘
----------------------------------------------------------------------------------------- I = goH S

oo > HV of pert. expansion . 7 :
[C. Anastasiou, C. Duhr, F. Dulat, F. Herzog, B. Mistlberger '15] iR e aaeiiies f

VBE-H v VBF-HH VvV L —

- PDFALHC15_nnlo_mc
[F. Dreyer, A. Karlberg '16, 18] - Q/2<pR, HF<2Q

bb—- HV

[C. Duhr, F. Dulat, B. Mistlberger '19]

10:—

NLO QCD o(qg — WTH) [pb] 1
-_ === NNLO QCD = M(J)-z = My
| m— N3LO QCD

sk T
pp— y*l pp—~> W
[C. Duhr, F. Dulat, B. Mistlberger ’'20]

g0 - HH v

1.02
|:|_ Chen’ H. |_l, H. Shao; J. Wang ’28] 101/

pp — y*/Z

[C. Duhr, B. Mistlberger ’21]

NNLO . A
N3LO [
l I RN TRt RN

7| poor
convergence

inherited from
Drell-Yan

=N W s~ ot & NN 0o ©
1 1 r T T T Tt T T T T 1

ratio to N3LO

0.99 L | I | | |

pp — VH 71013 20 30 50 100

[J. Baglio, C. Duhr, B. Mistlberger, R. Szafron ’22]
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DRELL—_YAN @ N3LO

SCALE & PDF DEPENDENCE

[Baglio, Duhr, Mistlberger, Szafron ’22]

DY PROCESSES

pp = v*/Z + X | /s =13 TeV | PDF4LHCI15 nnlo.mc | 45 = Q

1.1

LO QCD &8 NNLO QCD |
NLO QCD &8 N3LO QCD

pp = Zewtey |

40 60 80 100 120 140 160 180
Q [GeV]

pp > WT+ X = Ty, | /s =13 TeV | PDF4ALHC15 nnlo_mc | py = @
T T T T T T T T T T T

1.1

== 10 QCD B8 NNLO QCD ||
NLO QCD B8 N3LO QCD

pp — W eisrey

40 60 80 100 120 140 160 180
Q [GeV]

resonance region

non-overlapping bands; Ascl

COLL. / ENGY

pp— /72 + X | /s =13 TeV | PDF4LHC15 nnlo.mc | py = @

1.1
== LO QCD B NNLO QCD |.
o5 NLO QCD B N°LO QCD
1.0
0.95
pPp = Z eistey
40 60 80 100 120 140 160 180
Q [GeV]
pp =V /Z 4+ X | /s=1.96 TeV | PDFALHC15 nnlo_mc | g = Q
]..04 T I ! [ ! [ ! ! ! ! ! ! !
NLO QCD E=8 NNLO QCD |
1.02 == N3LO QCD |-
1.0
0.98 _/\ |
0.96 +
pp = Z ei971ev
40 | 60 | 80 | 100 120 140 160 180

Q [GeV]

NNLO AN3LO
— T scl
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DRELL—YAN @ N3LO - SCALE & PDF DEPENDENCE tsagiio, tuhr, Mistiberger, Szafron "221

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

pp =¥ /Z 4+ X | /s=13TeV | PDF4LHC15 nnlomc | py = Q

pp — /72 + X | /s =13 TeV | PDF4ALHC15 nnlo_mc | py = Q pp— /72 + X | /s =13 TeV | PDF4LHC15 nnlo.mc | py = @ o 3 E
1.1 \\' T T T T T T T T T y T T 1.1 - | - T - T - T - I - I - E
o == LO QCD B8 NNLO QCD |. b == LO QCD == NNLO QCD |. £
05 H NLO QCD B N°LO QCD Lo NLO QCD B N°LO QCD 2
e :
510 1.0 A
~
W
0.9 - 0.9 — 40 | 60 | 80 | 100 | 120 | 140 | 160 | 180
pPp — Z @i3tev pPp = Z e@istev @ [Gev]
b
40 60 80 100 120 140 160 180 40 60 80 100 120 140 160 180 .
Q [GeV] Q [GeV] large cancellations £20

N3LO: reduced to +2

pp > WT+ X = Ty, | /s =13 TeV | PDF4ALHC15 nnlo_mc | py = @

pp =V /Z 4+ X | /s=1.96 TeV | PDFALHC15 nnlo_mc | puy = Q

1.1 ~g I Py l ' l ' l ' l 1.04
S == 1,0 QCD E=8 NNLO QCD |- NLO QCD E8 NNLO QCD || —
o5 NLO QCD E== N°LO QCD 1.02 E== N3LO QCD R i 104 -
g Ho — O Z lo
A \ oy I
N 098 F ™ 1.0
0.95 o
e 0.96 | = 0.98
% ]
pp = W™ eistey  pp = ZLeiymey _ 1 006
40 60 80 100 120 140 160 180 40 60 80 100 120 140 160 180 I 1
Q [GeV] Q [GeV] - 1 0.94
[ PDF4LHC15 |
i 4 0.92
i NNPDF 3.1 NNPDF 4.0 |
I 1 I 1 I 1 I 1 I 09
: . ~ ANNLO N3LO 200 600 1000 1400 1800
resonance region non-overlapping bands; A ;"7 ~ A Q [GeV] 03



SUMMARY OF INCLUSIVE “2 — 1" PREDICTIONS

Q [GeV] | §oNTO | §6NNLO | §(scale) | 6(PDF + ag) | §(PDF-TH)
gg — Higgs mg 3.5 30% fgé%‘; +3.2% +1.2%
bb — Higes | mpy | -23% | 21% | 3% +8.4% +2.5%

.53% 7%
NCDY 30 -4.8% | —0.34% | T2k ol +2.8%
100 | -21% | —2.3% | *955% s +2.5%
30 4.7 —0.1 +2.5% -3.95 +3.2
CCDY (W) 5 % ok & &
150 -2.0% —0.1% J_FO:5(%(3 +1.9% +2.1%
30 5.0 —0.1 +2.6% +3.7% +3.2%
CCDY (W ™) % % Lo ’ ’
150 21% | —0.6% | ‘oo +2% -2.13%
K-factors ~ 2-5%
ASC] ~/ feW %

PDF uncertainties ~ 2-9% (+ few % from missing N3LO PDFs)
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GOING DIFFERENTIAL

0000000000000000 %
4

: ,,
0000000000000000%

“TEETTTTE W BT+ ————
74%% RVV RRV
1/€6, 1/€>, ... « 1/, 1/&3 - - 1/€2, 1/¢
- single unresolved - single unresolved

- double unresolved

isolate “radiating” part double unresolved ~ V+jet

fully unresolved («v» gy — 0) ~ V @ N3LO

RRR

- single unresolved
* double unresolved

- triple unresolved

NNLO

Projection-to-Born

gg — H

[Chen, Gehrmann, Glover, AH, Mistlberger, Pelloni ’21]

g subtraction

go — H

[Billis, Dehnadi, Ebert, Michel, Tackmann '21]

pp = r*
[Chen, Gehrmann, Glover, AH, Yang, Zhu, ’21]

pp — Z

[Camarda, Cieri, Ferrera '21]
[NNLOJET + RadISH ’'22]
[Neumann, Campbell ’22]

pp - W

[Chen, Gehrmann, Glover, AH, Yang, Zhu ‘22]
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FULLY DIFFERENTIAL ggH @ N3LO [Chen, Gehrmann, Glover, AH, Mistlberger, Pelloni ’'21]

only non-trivial observable: @ linear fiducial
2 herstev ATLAS CUTS power CorreCtlonS
1: *********** fffff y | NNLOJET + RapidiX p p — H (= v y) + X /s = 13 TeV : lnStabllltleS
2 Y / N\ 50 | | | L0 IEN%O i IO
81%° Y 774 \ U NLO NNLO x Ky3o | o [Billis, Dehnadi, Ebert, Michel, Tackmann '21]
Y= \ == Lo o 30; :
L = SN ‘ ‘ _ . 98 [ ATLAS Preliminary (139 fb~*) =
0 i o] . -
z_ &L N°LO t ]t N3LL/+N°LO
§ m?g 245_ N*LL+NNLO ]
. . . o S \; 221 A osum L i
idea: restore differential info T
18;—AF0" Lo 99— H =~ (13 TeV)
16 = rEFT, myg = 125 GeV -

NELO N*LO
dUF - dUF, inc.

dO dOp

@ can be cured
by resummation

N*=1LO N*—1LO
dUF+jet dUF+jet

_+_

Ratio to NNLO

S hard 6" should not
need resummation

projection to Born
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FULLY DIFFERENTIAL ggH @ N3LO [Chen, Gehrmann, Glover, AH, Mistlberger, Pelloni ’'21]

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

only non-trivial observable: [.Sa;lam' Slade '21]

Bueow ATLAS Cuts PRODUCT CUTS
Ppm e Y N ; NNLOJET + RapidiX pp = H (= vy y) + X Js= 13 TeV NNLOJET + RapidiX p p — H (— y y) + X Js= 13 TeV
8z — . . . . 45 . . . .
2 AN 74 N\ 59 |- LO E===3 N3LO _ LO E===3 N3LO i
3 % NLO NNLO x Ky3_g NLO NNLO x Ky3Lg
4 E=—=4 NNLO i
RS Y = — ] — -
O O
o' e e Zoonid |
= - A
= = AR A
z o 20 |- e _
° [ [} ° _8 7] _8 15 - 1
idea: restore differential into T =
] 18 -4/ Pp Py 2 0.35 - My _
= 5 2>025-M -
N 1O d N*LO - Pr H
dO'F O-F, inC, e ] ] ] ] @ ] ] ] ]
dO - dO 1o F I I I I i 1o F I I I I i
B 3 1.1 WW% e ,'X"!/ 7 —— = 3 1.1 - —
s 1 Xj 3 /X X/ v v W Z Z Z VA4 : vy NSNS X DS XN , s 1 AY/AVAVA;/£VAVIAVQZOWL0A A AA/:ipj{:?z_ﬁf:éy?’ A /!'//V\//\(\/ A(/v( %4 A
N*—1L0O N*~1L0 g, L L L LS L L q LS
Aoy e Ao et o o0T 8.9
i J J Se.8f 1 Soa.sl |
2 +©
dO dO O—O & 8.7 | 4 Zg.7F i
_> B 96 B ] ] ] ] ] 86 B ] ] ] ]
0 8.5 1 1.5 2 0 8.5 1 1.5 2
N N

projection to Born

no instabilities & flat K-factor: N3LO ~ .



qr SUBTRACTION @ N3LO

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

do 1 . [Chen, Gehrmann, Glover, AH, Yang Zhu '21]
_d V+jet NNLO SCET+NNLOJET pp->1*1=(y") Vs =13TeV
gt resummation qr -
p V/aa
Z
e expand to fixed order q &
>
® @(af) ingredients: y
p
: il o
hard function H g e =
[Gehrmann, Glover, Huber, Ikizlerli, Studerus '10] %‘
. o
soft function S(b ) I > g7 S
[Li, Zhu '16] 1/e™ q%m S
beam function B,(b ) l;.il
[Luo, Yang, Zhu, Zhu '19] [Ebert, Mistlberger, Vita '20]
| —— g7 sub. total ——- Inclusive qg
{ === Inclusive total —— grsub. gq +q0Q PDF4LHC15 nnlo
[Catani, Grazzini '07] "1 — grsub.qg+q0  ~-- 'nC'UZive 99 +qQ
1 === Inclusive qg + qQ — grsub.gg Ur =Hr =100 GeV
dU N3LO — o dU N3LO + dO' N3LO - qTCsqu. quq+q ~ -~ Inclusive gg T
gr<qst gr>qst T T S T T e
) - gt [GeV]
_ V4jet V,CT cut n
K oo ® dof o + doyio — 9% o + 0 ((g$"/0)")
- = gr>q5"
validation against analytic result (—— —)
Competing interests: ¢ as small as possible g as large as possible [Duhr, Dulat, Mistlberger '26]
SuUppress power corrections numerical stability & efficiency plateau < 1GeV & fully independent cal.
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DRELL_YAN @ N3I—O YV DISTRIBUTIONS [Chen, Gehrmann, Glover, AH, Yang, Zhu ‘21, ‘22]

K — — -
SCET+NNLOJET pp—=>1717(y") V=13 Tev SCET+NNLOJET pp-W7T(-=L7v) + X VS =13 TeVv SCET+NNLOJET pp-W (—>L70) + X V=13 TeV
110.0 3.2
—— L0 —— NNLO ] L0 = NNLO xy S— © L0 == NNLO
1Q7.5 | —————— ........................................... ........................................... —NLO —— N3LO 31_ ..................... E ] NLO ] N3LO —— NLO — N3LO
po g s e L R e 5261 o  NNPDF31nnlo.
c C 1 : : 7-point scale variation
— _ 2. HF = HR = My,
PR — . R — ,
= =
> >0
3 3
S o
© o  _ NNPDF31pnlo ©
~ 7-point scale variation
HF = Hr =My, :

Ratio to
NNLO

0.0 05 1.0 1.5 2.0 2.5 3.0
lyw+|

same collider @ 13 TeV almost universal NNLO — NS3LO corrections!

NC & CC* processes probe different parton content across Y;,
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N3LO PARTON DISTRIBUTION FUNCTIONS

N3LO evolution

4-loop splitting functions
[Moch, Ruijl, Ueda, Vermaseren, Vogt '17,'18,'22, in progress]

purely resummed p?

spectrum

PDF uncertainties
[Neumann, Campbell ’22]

aN3LO PDFs (MSHT)

O 1.08-
. J .
[McGowan, Cridge, Harland-Lang, Thorne ‘22] Z 1.06-
1.04 -
; 2 4 2 b~
z : = i N 1.02- T e

1100 g—2 Ratio to NNLO, &°—10" GeV ¢, Ratio to NNLO, Q? =10 GeV? - e

NNLO 1 o T (:,E) 1.00- -
1.0751 aN*LO (Hy + K;) ' B 0.98 - i o

g 3 /J J 1.6 AN E O 96 g _‘_\_‘_‘_\_‘_\_ 1

1.050-\'\' .~ RS aN“LO (Hij) | 9 . = ]

\.\ = - NNLO (without HERA) 1.44 o 0.94-
1.0257 AN i, - © 0.92- MSHT20 aN3LO MSHT20 NNLO NNPDF40 NNLO

\—\ \ __________ 1.2 1 ,—‘ —
1.000 — e
N — "X o o o
0.975 1 A\\\ o . : 0glm T o
TN e T g [GeV]
0.9501 -~ L N R 0.6 .
0925 B - syst. differences between PDFs
0.900 SRS SR s R R — U 0.2
104 103 102 101

104

; PDF o N0
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CONCLUSIONS & OUTLOOK

NNLO QCD calculations in good shape

2 — 2 essentially solved

2 — 3 new frontier methods reaching maturity

loop amplitudes becoming a bottleneck again

in the quest for percent-level theory mixed QCDXEW important
dissemination of results

public codes , nTuples,

fast interpolation grids APPLgrid fastNLO PineAPPL
identified objects mismatch in TH vs. Exp/NNLO

photon isolation, flavour tagging, hadron fragmentation, ...
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CONCLUSIONS & OUTLOOK

NSLO predictions are key to reach percent-level accuracy
computation of inclusive 2 = 1 processes very mature gocH, DY, VBE, VH, ...

differential predictions for pp — "colour neutral” appearing
relies on very stable NNLO “+jet” calculation

but: performance of slicing methods very poor O(10M) CPU core hours

Fiducial cuts linear power corrections
crucial for practicability of slicing approaches

Inadequacies in traditional scale variations DY @ N3LO
etfect from missing N3LO PDFs?
more robust TH uncertainties desirable
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CONCLUSIONS & OUTLOOK

NSLO predictions are key to reach percent-level accuracy
computation of inclusive 2 = 1 processes very mature gocH, DY, VBE, VH, ...

differential predictions for pp — "colour neutral” appearing
relies on very stable NNLO “+jet” calculation

but: performance of slicing methods very poor O(10M) CPU core hours

Fiducial cuts linear power corrections
crucial for practicability of slicing approaches

Inadequacies in traditional scale variations DY @ N3LO
etfect from missing N3LO PDFs?
more robust TH uncertainties desirable

Thank you!
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