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Short distance “hard”

- high scales: 10°—10° GeV

evolution towards a
physical observable state

o Long distance “soft”

- low scales: O(few GeV)

Focus:
high momentum transfer
clean signatures
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Short distance “hard”

- high scales: 10°—10° GeV

evolution towards a
physical observable state

o Longdistance “soft”

gg-lumi, ratio to PDF4ALHC15@ my | f vy =T :. .
AR ELIE R AN - low scales: O(few GeV
PDF4LHC15  1.0000 + 0.0184 \ —_—A -.?.,.? :‘. ¢ ( )
PDF4LHC21  0.9930 =+ 0.0155 . T
CT18 0.9914 =+ 0.0180 x3 a T
MSHT20 0.9930 + 0.0108 /
NNPDF40 0.9986 =+ 0.0058 Focus:
[from slide by G.Salam—Higgs?1] ,/‘9 ZLa PA/, @ \wbPB @§ high momentum transfer
/

clean signatures
po~7 i —"

X

What is the power p?

[Ferrario Ravasio, Limatola, Nason ’20;
+Caola, Melnikov ’'21]



NLO — CONCEPTUALLY SOLVED
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f Trend: off-shell
— < high-multiplicity

2 - 8 (ttW) NLO QCD+EW

[Denner, Pelliccioli, Schwan ’'22]

2 -9 (tfW + j) NLO QCD
[Bi, Kraus, Reinartz, Worek '23]

More frontiers:

loop-induced
polarization

automated 1-loop providers

Gosam
[Chiesa et al. '14]
MadGraphS_aMC@NLO automated NLO subtraction
[Frixione et al. '18] Jinol
> S NANANANAN ——NANANNANANANNANAN 1p0 eS
NLOX | [Catani, Seymour ’96]
[Honeywell et al. '18] + FKS
OpenLQops Ké&é& [Frixione, Kunszt, Signer ’96]
[Pozzorini et al. '19]
Recola g TS —> >

[ACtiS et al. 16] “Vi?’tual” «real»

infrared singularities



NNLO — THE BUILDING BLOCKS - CHALLENGES

two-loop amplitudes

(new class of functions,
combinatoric &
algebraic complexity)

T IR subtraction
, (involved IR structure,
“double virtual” “real-virtual” “double real” numerical stability,

\_/ '\/’ construc tiOn)

infrared singularities o — ———"



WHAT CAN WE DO TODAY? — THE NNLO TIMELINE ganted Fron <lide by . Grassint

Tremendous progress in the past ~ 10 years!
< 2 — 2 under good control; 2 — 3 steady progress

Antenna - H+jet  Hjj(VBF)

| S ; é - Z+jet |
qr - ere—Bjets | e VH O ovH .
; ; a é = )ep _9 Diets 7 +b-je§t vy g8 288

N-jettiness Wiaet . + <
SD/subtractlong ZH ZZ WW WZ

. g Z-i—c-jet
WH+jet y+ X (-lg-frag) |

- - o ZeO@@  dH
Colourful  zZw wH  Zv WY  HH & bbb  Wecjet

W/Z : : § O_i,t tt -~ §+Je 2]e’§tS yyy }é/}/+]et WHE

; 5 5 ot
P2B
v+X Zset &Y 700(aa) 3jets y+2jet
nested soft-coll. = L -
| . H§+)et ep—>jet - WH(m, # 0) Hjj(VBF)
o 5 YY : - WeO(a)

HHjj (VBF)
atéot O-tf,ot :

WH

Ee*e-’Sjetsz

1991 2002 2005 2007 2009 2011 9013 2015 9017 92019 2020 2021 2022 2023




do/dp, ;, [fb/10 GeV]

NNLO REACHING MATURITY

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

”Standard” 2 — 2 well established

0.3

0.25 |
0.2 |
0.15 |
0.1/
0.05 |

H+jet x 3

i ' ' T ' ' T ' ' ' ' ILO

NLO -
NNLO s

NNPDF2.3, 8 TeV |

residue subtraction
[Caola,

Melnikov, Schulze ’15]

T, jettiness subtraction

[Boughezal, Focke, Giele, Liu, Petriello ’'15]

[Campbell, El1lis, Seth ’19]

antenna subtraction

[Chen, Cruz-Martinez, Gehrmann, Glover, Jaquier ’16]

( ok / oMporss — 1 ) [%]

|ets x 2

20 | | TS0
ug = 9001090088 NNPDF3. 1
ek X %’2’3"‘ ”"‘i”: " 1 NNPDF4.0
2 < ’ .
:’:ﬂ;{ﬁoz‘o.\‘o‘
9 e eA “ N R—1 CT14
- 1nclu31ve Jets je‘[ = [°7] CT18
-18 8 < |yl < 8.5 pT i
] ] ]
20 I
HERAPDF2.8
19 | .1 MSHT?20
5 1 ABMP16
e < (X1 PDF4LHC21
10 | \ =
10 ‘M S~ 74 ATLASpdf21
1600 200 o15]% 160060
prd [GeV] format suitable

antenna subtraction
[Currie, Glover, Pires ’16] (LC)
[Chen, Gehrmann, Glover, AH, Mo '22]

Stripper

[Czakon, van Hameren, Mitov, Poncelet '19]

for PDF fits

[NNLOJET+APPLfast ’22]

| ———— APy p—

independent calculations (validation!)

tt x 2

________

Top Pairs

—— NNLO
® ATLAS

Fiducial

—_— NLO """""

LHC 13 TeV m; = 172.5 GeV
Scale: Hp/4 PDF NNPDF31nnlo

e Trrrrr-r

AL, 0) /7

comparison in fiducial volume
essential for agreement

Stripper

[Czakon, Heymes, Mitov '15]

gt subtraction

[Catani, Devoto, Grazzini, Kallweit, Mazzitelli '19]



Invariant mass of the dilepton system

%‘ — | | | | | | | | | | | | | E
17 " S — dogepxew
BEYOND “STANDARD” 2 — 2 CALCULATIONS 810"
............................................................................................................. S ] i
A
— 10 = =
adding flavour (also: Wbb) 3 - -
Z+b-jet ' Gauld, Gehrmann-De Ridder, Glover, AH, Majer ’206] 03 ;_ mff _;
W-+c-jet [Czakon, Mitov, Pellen, Poncelet ’26,723] : L L o :
) - | | | | | | | | | | | | | | | | | —
Z+c-jet L[Gauld, Gehrmann-De Ridder, Glover, AH, Garcia, Stagnitto '23] o -
adding masses gogs T - E
° _ ;\é 0.96 — — GNNLOS®€W =
pp — WH (H — bb) [Behring, Bizon, Caola, Melnikov, Rontsch '26] %2004 NNLO -
B - _ s@ew -
pp — bb [Catani, Devoto, Grazzini, Kallweit, Mazzitelli '21] 0.92 — Gnaiveprod. —
- | | | | | | | | | | | | .
0.9

identified particles / fragmentation ' t5 2 > 3
myy [TeV]

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

NNLO., ~ —1% on ¢

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

mixed QCDXEW

full off-shell Drell-Yan
Rontsch, Signorile-Signorile '22]

beyond approximations

non-factorizable corrections .
single-t

Higgs beyond HTL (m, — oco) [Czakon, Harlander, Klappert, Niggetiedt ’'20]

W [Buonocore, Grazzini, Kallweit, Savoini, Tramontano ’21];
Z [Bonciani, Buonocore, Grazzini, Kallweit, Rana, Tramontano, Vicini ’21];
[Buccioni, Caola, Chawdhry, Devoto, Heller, von Manteuffel, Melnikov,

VBF [Liu, Melnikov, Penin ’19]; [Dreyer, Karlberg, Tancredi ’'20]; [... '23]
[Brgnnum-Hansen, Melnikov, Quarroz, Signorile-Signorile, Wang '22]

s@ew

naive product can’t capture
kinematic features
(resonance/shoulder)

but works remarkably well
in high-energy tails
(Sudakov logs fact.)



Invariant mass of the dilepton system

%‘ _ | | | | | | | | | | | | | E
17 " SO — dogepxew |
BEYOND “STANDARD” 2 — 2 CALCULATIONS e
............................................................................................................. § B i
9 . — ™ 102 = =
adding flavour (also: Wbb) S - -
Z+b-jet [Gauld, Gehrmann-De Ridder, Glover, AH, Majer ’20] 03 ;_ mff _;
W-+c-jet [Czakon, Mitov, Pellen, Poncelet ’26,723] - o o o -
B - | | | | | | | | | | | | | | | | | -
Z+c-jet LGauld, Gehrmann-De Ridder, Glover, AH, Garcia, Stagnitto '23] -
adding masses A e - E
° _ ;\é 0.96 — — GNNLOS®€W =
pp — WH (H — bb) [Behring, Bizon, Caola, Melnikov, Rontsch '26] %2004 NNLO -
_ - o s@ew -
pp — bb [Catani, Devoto, Grazzini, Kallweit, Mazzitelli '21] 092 I Gnaiveprod. =
e. . . . 0.9 C R R R T L L]
identified particles / fragmentation : L5 2 25 3
myy [TeV]

hadron fragmentati()n [ Czakon, Generet, Mitov, Poncelet '21,'22]

NNLOg.,, ~ —1% on ¢

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

mixed QCDXEW

full off-shell Drell-Yan
Rontsch, Signorile-Signorile '22]

beyond approximations

non-factorizable corrections .
single-t

Higgs beyond HTL (m, — oco) [Czakon, Harlander, Klappert, Niggetiedt ’'20]

W [Buonocore, Grazzini, Kallweit, Savoini, Tramontano ’21];
Z [Bonciani, Buonocore, Grazzini, Kallweit, Rana, Tramontano, Vicini ’21];
[Buccioni, Caola, Chawdhry, Devoto, Heller, von Manteuffel, Melnikov,

VBF [Liu, Melnikov, Penin ’19]; [Dreyer, Karlberg, Tancredi ’'20]; [... '23]
[Brgnnum-Hansen, Melnikov, Quarroz, Signorile-Signorile, Wang '22]

s@ew

naive product can’t capture
kinematic features
(resonance/shoulder)

but works remarkably well
in high-energy tails
(Sudakov logs fact.)



NON-FACTORIZABLE CORRECTIONS

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Full RR, RY,
VV expanded in p%/\/;

- O(1%) on distributions

[Long, Melnikov, Quarroz '23]

next-to-eikonal correction

+~> reduces YV by 0(20%)

dons / dp o ,j, [fb / GeV]

Ratio to VV [%]

—-1.0

—1.5

—2.0

0.05

0.00

|
o
o
a1

< 0.0%

X
= - |
52 -10.0% yH

=~ | _,—'7
2 -20.0% A L

4 ! J ' T i T T T T T

—2 —1 0
YH

L : f

FEK/I("'ls’ 6) e d_._ FE.\f/’ﬂn(--- |5) ....... -
Fl(...15) cee R gin(e)
FEI‘:A(.,,,.)E-.lo.‘.l. e By (i) (1073 -

for 99.99% §
with VF cuts)B

100

150
p1,j, [GeV]

200 250

[£2, AOYTUTB ‘UBSUBH-WNUUBJY ‘STPETJB]SY

NNLO non-fact. corrections to LO

Single top

gb—q't

NNLO: x (N2 — 1)~

small but can be 72 enhanced?

NLO: vanishes

S  assumecd

. only Abelian gluons; UV finite
- no collinear sing. (only soft)

Complete non-factorizable NNLO
NNLO _ +03% O'LO

" “nf

- 0(1%) on distributions

corrections not flat -~ increase to high-p;
fact. ~ 2—10X non-fact.
but: peak region -+ fact. ~ non-fact.

103 E

| — 1,0
102':

do/dpt, [fb / GeV ]

= u =40 GeV

== == [ O4+NNLO non-fact.

Scale variation m;/2 to 2my

226

[22, ebuep ‘B8TTJOUBTS-8TTJIOULTS
‘zoduen() ‘AONTUTS| ‘ussueq-wnuugdg]

3.00% -
" W
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2.00% - ) Y

' I ' o

" -’ - 7
100% m -l———_r V2
7 _ =T
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O —— e
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Flavoured jets are everywhere: Theory: ill-defined/divergent (m, = 0)

Higgs physics ~ couplings collinear (NLO) soft (NNLO)
(60% H — bb) > g o (7] f) N Eg -0 « not IR safe!

top physics +~ PDFs, a, BSM % LHC experiments:

(| Vil ~ 1)

naive anti-k

fjet + Ef" « BSM

V + fHet « PDFs, a, BG original solution: flavour-kr [Banfi, Salam, Zanderighi ’86]
: < (un-)folding, e.g. Z+b-jet [Gauld, Gehrmann-De Ridder, Glover, AH, Majer '20]
0 § new ideas in the past year (w compatibility with anti-kr)
P == 7 § .
) v : ; flavoured anti-ky [Czakon, Mitov, Poncelet '22]
o g pinpoint specific SoftDrop grooming Caletti, Larkoski, Marzani, Reichelt '22_
scattering process : , , ) )
P = Winner-Take-All axis Caletti, Larkoski, Marzani, Reichelt '22
jet : _
flavour dressing ‘Gauld, AH, Stagnitto ’22]

[1507.068508; 1512.85265; 1702.82947; 2104.086920; 2202.085082]



do/dX [pb/X]

ratio to NNPDF31

ratio to central NLO

2 x 10! 1

—_
-
—

LIC 13 TeV PDF: NNPDF31 Scale: (Erw + pr.)/2
tagging: krCA
at least one c-jet
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S
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=
S
g |
Ut

1.050 - - - : .
1.025 —W
| |

0.975 - ' | | ' | ] | .
mmmsm NNI,O NNPDF31 PDF var.
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probe strange content of proton
e.g. from 3-loops: [catani et al. "84]

Js(X) # f5(x)

flavour anti-ky algorithm

NNLO stabilizes

perturbative series

sensitivity to constrain PDFs

1 ANNLO <

scl mmm= NNLO NNPDF31

NNLO NNPDF30
mmmm NNLO NNPDF40
mmmm NNLO CT18
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700 —
1 pp = Z + c-jet, LHCb cuts 1.O &
600 4 LHC 13 TeV PDFALHC21 4o =
{ Flavour dressing -
Z+C'J ET NNLO g
.................................................................................... = 500 7 NLO+Py8 | =2
= 400 - i
“1s there an intrinsic charm (IC) = - i
R o
component in the proton?” = 5
evidence (35) [NNPDF Nature 608 (2622)] 400+ =
100 A D
LHCDb kinematics (very forward) . -
sensitivity to IC %
: 1.50 S
A01||| 8 LO NLO NNLO o
N F LHCH m= stat 15 7. 1.25 - | | oF
S 008— ] stat@syst | [ : &
Tk Vs =13TeV : 13 e &
\\b/ i $ g L B B L R R R B —
ool = 2.5 3.0 3.5 4.0
Va— — 9 ° _ o
- NLO SM . 1¢ NNLO 10-20% "
- e PDF4LHC15-No IC ¢ 14— ® outside Of NLO
0.02 /2 NNPDF 3.0_1C allowed - . Caution: different c-jet definitions!
- CCT14+BHPS (z)1c = 1%) - * affects shape (flavour-dressing) additional IR safety issues in EXP:
O2 —— '2{5' —— é —— '3!5' —— 4|l —— '4.5 NNLO between Py8 & H\yvzz>o ta? iLaLIeas)f angh:/dron ((g: cé))
y(Z2) < Hw7 ~ NNLO; Py8 —— NNLO IR - s

11



— w10 - CGMP LHC 13 TeV PDF: NNPDF31

B-HADRON IN tt 2= S

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

le: up = prp = 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 OxnLo shape distortion =
«» Am,~ 1 GeV
+ o o7 0 20 40 60 80 100 120 140 160 180
extract D._ p from e"e™ data e

12



ISOLATED PHOTONS 7 + jet

overwhelming background
from hadronization

TH: so far relied on idealized isolations

[Frixione ’98]

remove complex

fragmentation component

mismatch: few—10% [LH 13 “15]

- NNLO
Abe]D Ascl

10?

10°

e
o o
NS

do/dpy [pb/GeV]

LO
B NLO
NNLO
¢ ATLAS

NNPDF40 nnlo as 01180
PF=FR=P¥, Ba=Mcone
p¥>125 GeV, |!'|Y|<2.37, [1.37,1.56] excl.

pit>100 GeV, |yier|<2.37 ARyjec=0.8 |

912
z | 8
o 1.04 g
D
00.8
.,-| !
.‘_) R '
go.e- . RS
200 300 400 600 1000
py [GeV]
matters .24 [ ] fixed cone NNLO
. idealized
at NNLO! e e e e s e
200 300 400 600 1000 '
py [GeV]

13
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THE 2 —> 3 FRONTIER: amongthemost

....................................................... C omplex NNLO

pp — Y7y calculations

[Chawdhry, Czakon, Mitov, Poncelet '19] 100M CPU hours!!!
[Kallweit, Sotnikov, Wiesemann ’'20]

Data / Theory

pp — yy +J

[Chawdhry, Czakon, Mitov, Poncelet ’'21]

as(mz) =0.1175 + 0.0006 (exp.)

+0.0034
—-0.0017

(theo.)

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

LO — NLO (x 1.6)

(@)
)

PP — JJJ NNLO > pert. stabilisation N
[Czakon, Mitov, Poncelet '21] & good description of shape 540- s NNLO A¢ )
Sherpa (~ NLO) S Y] =
[Chen, Gehrmann, Glover, Huss, Marcoli ’22] +~ large uncertainties (?!) §%2O_
pp — Wbb overshoots at low Ag,, S .

. LHC 13 TeV PDF: NNPDF31 —Hr
NLO inclusive

—

=
N

[Hartanto, Poncelet, Popescu, Zoia '22]

—_
o}
1

[ Buonocore, Devoto, Kallweit, Mazzitelli, Rottoli, Savoini '22]

—_
)

ratio to NLO

pp — ttH

[Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Savoini ’22]

=
>

0.0 0.5 1.0

pp =y +JJ

[Badger, Czakon, Hartanto, Moodie, Peraro, Poncelet, Zoia '23]

1.5

ATt

2.0 2.5 3.0

14
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THE 2 —> 3 FRONTIER: amongthemost

....................................................... C omplex NNLO
calculations
PP = YYY

[Chawdhry, Czakon, Mitov, Poncelet '19] 100M CPU hours!!!
[Kallweit, Sotnikov, Wiesemann ’'20]

pp — yy +J

[Chawdhry, Czakon, Mitov, Poncelet ’'21]

Data / Theory

w> as(mz) =0.1175 £ 0.0006 (exp.)*) 0005 (theo.)

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

pp — JJJ

LO — NLO (x 1.6)

(@)
)

]

i T LHC 13 TeV PDF: NNPDFSIFSQalain_

NNLO > pert. stabilisation 2 - inclusive
° ° I_I4O_ —
[ Czakon, Mitov, Poncelet ’'21] & good description of shape g | == NNLO A )
Sherpa (=~ NLO) o | ATLAS
, Pai= o 320_ s SHERPA }/J —
o [Chen, Gehrmann, Glover, Huss, Marcoli ’22] +~ large uncertainties (?!) cl
—_ b 10 - =
pp — Wbb overshoots at low Ag,. =
[Hartanto, Poncelet, Popescu, Zoia '22] -
1.2 4

[ Buonocore, Devoto, Kallweit, Mazzitelli, Rottoli, Savoini '22]

2 _
pp — ttH

[Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Savoini ’22]

pp =y +JJ

[Badger, Czakon, Hartanto, Moodie, Peraro, Poncelet, Zoia '23] 14

—_
)

ratio to NLO

=
>

0.0 0.5 1.0 1.5 2.0 2.5 3.0

ATt

[1G860° LBEZ ATXJE SYTLY]



HP?2 22 ]

[adapted from slide by B. Page

TWO-LOOP 2 — 3 TIMELINE

|Abreu et al] A (pp — yvy)

|Badger et al] < (pp = vjj)

[Badger et al] A(gg — v7J)
[Agarwal et al] A(pp — v77)

[Chawdhry et al] A(pp — 777)

[Agarwal et al] A(pp — vv7)
[Abreu et al] A(pp — 37)

[Chawdhry et al] A(pp — v77)

[Abreu et al] A(pp — vy7)

[Chicherin et al

massless functions

Chawdhry et al Alpp = 777)

|Abreu et al] A(5 parton)

Abreu et al
|Chicherin et al]

massless integrals

[Abreu et al] A(gg — gg9)

D scales

15

23

[Badger et al]
A(pp = Wj)

[Abreu et al|
Alpp = Wjj)

"2

[Chicherin et al|

one-mass functions

Badger et al|
A(pp — Hbb)

[Abreu et al]
one-mass hexaboxes

—
&N

Badger et al]
A(pp — Whd)

[Abreu et al]

one-mass integrals

20

19

6 scales



0.5 | | | | | | | ] | | | |
pp — WT(— £Tv)bb + X —  LO
LHC 8 TeV, NNPDF3.1 NLO
0.4 :ﬂam@i?r alﬂ?réyp a= 0.1 NLO-+ B
MR — HF = T ___ NNLO
i 0.3F —
ol
SId 02 o _
!
ARt
|
0.1 b N
0F —t—t—t—T—t—t+——T1 —
= 1.5 1 =
s [ ; , -
== 1
s 2 i .
o 0.5 & —
| | | |
. 1 2 3 4 5
Alty, NLO-merged captures
NLO+ _ _NLO NLO significant part of
GWbB, inc. — CWbb, exc. T GWij, inc. NNLO corrections

[Hartanto, Poncelet, Popescu, Zoia ’22]

first NNLO 2 — 3 w/ external mass
challenge: 2-loop amplitude [orev et al. '22]

irreducible background to
VH, single top, BSM searches

test perturbative QCD
large NLO corrections, 4FS vs. 5FS,

modelling of flavoured jets

— NNLO, flavour-kt

—— NNLO, flav. kr!(a = 0.05)
—— NNLO, flav. k71 (a=0.1)
—— NNLO, flav. k71 (a=0.2)

o
%)

! flavour anti-k
-

o
IN

—
N

/dARpp [pb/1]
o
W

flavour-k
0.0

05 1.0 15 20 25 30 35 40 45 5.
ARbB
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W+bb o MASSES AS REGULATORS [Buonocore, Devoto, Kallweit, Mazzitelli, Rottoli, Savoini '22]

use massive bottom quarks (4FS) AAS BARSS RARSS RASAERARES RERES R any
SN NNLO (4FS) :

200 g% NNLO (5FS) flav. anti-kr (a = 0.1) -
Qa, ]()g(Qz/mfz) — 400 R —— NNLO (5FS) flav. anti-k7 (a = 0.2) -

0.50 | | | | | | |
: : 3.0 3.9 4.0

-
Ot
e
-
ek
Ot
\V)
-
V)
Ot

= R
N D\
‘ ~ 300
<] NN
s a; log(Q*/m?) <200
3 3
K, 100
. — 0
2-loop amplitude %
% 1.50
unknown: 2 — 3 (w/ 2 masses) S s
+~ “massifivation” [Mitov, Moch ’@7] Z 100 NN
. 2 2 Z ) Aniiiin it tnnannan L oo L COAANANNNN R iRy
— approximate up to O(m;/Q~) 2 0.75
O
)5
-

overall good agreement between
4FS (=) & 5FS (—  —)

17



ttH o AN EIKONAL HIGGS [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Savoini ’22]

. — ttH R = Mp = mg + my/2
a direct probe of the top Yukawa — " ——
< HL-LHC projection (exp): 0(2%) NLO
101+ NNLO i
missing ingredient: 2-loop amplitude | % ATLAS  / ?
«v» 2 — 3 (+2masses): current frontier _ 7 >
apply: soft Higgs approximation 10();' , 0.5
%tfH(ptapfapH) = F(O‘s§mt/ﬂR) J(PH) /%tf(l?tapf) 0.4_3
10" -
NLO NNLO , 13
Ay =x29% > A ~+£3% s -
o ° ° éo, \
error estimate for approximation I e ———
w £0.6% (z22) on NNLO g9 |
i i S _10F- . -
future: valid approximation also for ttZ & ttW= ? 8 " Am 100



Some processes require us
to even push to the next order:

“Standard candles”
very precisely measured

slow perturbative convergence

PP = 7Y
Higgs production

(o)
o

- pp—H, (s=13TeV, m, =125GeV

. & Preliminary data

Gpp—>H [pb]
(00]
o

H—yy, H=ZZ*—4l combined

50 I
geH

sof ¥ hice convergence

of pert. expansion I

201

) ][1

XH = VBF + VH + ttH + bbH
_ M QCD scale uncertainty
| W Tot. uncert. (scale, ® PDF+a)

LO

]
Data Theory

"Te 18 NOTSEe}Seuy]

[GL,

Fully Inclusive calculations

go > HV

[C. Anastasiou, C. Duhr, F. Dulat, F. Herzog, B. Mistlberger ’15]

VBF-H v, VBF-HH v

9
LF. Dreyer, A. Karlberg ’16, '18] o |
bb—>HYVY ;!
[C. Duhr, F. Dulat, B. Mistlberger '19]
sk =+
pp— y*l pp > W

[C. Duhr, F. Dulat, B. Mistlberger ’'20]

o |
go - HH v !
[L. Chen, H. Li, H. Shao, J. Wang 28] 106

1.04

1.02 |
1.0

pp — r*/Z
[C. Duhr, B. Mistlberger '21] 0.9

pp — VH

NLO QCD o(qqg — WTH) [pb] g
m— NNLO QCD p =l = Mpy, /
| = N3LO QCD

//10\74—15[

convergence?!
< Drell-Yan

IIIIIIIIIIIIIIIIII

[J. Baglio, C. Duhr, B. Mistlberger, R. Szafron ’22]
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FULLY DIFFERENTIAL ggH @ N3LO

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

FULLY INCLUSIVE

X limited to o

v/ very efficient O(sec)

FULLY DIFFERENTIAL

-~

10\ E

g 3 £5E

~t
N i
L) ""'
& Ei=
» e e
< TR :’:.‘
\ =
+ (] \ 4 =
Y R
- ! ( \',: .

v do ~ fiducial cuts,
arbitrary distributions, ...

X computationally

expensive 0(10°-10°)h

do/d|y"| [fb]

Ratio to NNLO

b6

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

ATLAS CuTs

NNLOJET + RapidiX pp — H (= vy y) + X Js = 13 TeV
I I I I
n LO 55523 N3LO -
NLO NNLO x Ky3.g

E=——=4 NNLO

® linear fiducial

power corrections
+~» 1nstabilities

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

[ ]

. A d
[ ]
_ [ ]
[ ]
[ ]
[ ]
ﬁJllIII!&»
o 99 g 070

% T

XX X XX X

30
28 ~_ ATLAS Preliminary (139 fb™1) _
= 2(3}‘ I I i ‘{
A N N3LO T N3LL'4+N3LO
24— —
. - N3LL+NNLO
Q9o s —
= - NNLO Avesumn | NNLL+NLO .
b 90 — 1] i 7
:AFO AresumeaAFO | :
181 NLO gg— H —~~ (13 TeV) ]
16 C rEFT, my = 125 GeV -

@ can be cured
by resummation

S hard ¢ should not
need resummation?
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FULLY DIFFERENTIAL ggH N3LO [Chen, Gehrmann, Glover, AH, Mistlberger, Pelloni ’'21]

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

FULLY INCLUSIVE

[Salam, Slade '21]

X limited to o™t ATLAS CurTs PrRODUCT CUTS

NNLOJET + RapidiX p p — H (—= y y) + X Js = 13 TeV NNLOJET + RapidiX p p — H (—= y y) + X Js = 13 TeV
° ° | | I I 45 I I I |
v/ very efficient O(sec) o | 0 e 3L ] 0 e N30 _
NLO NNLO x Ky3(g NLO NNLO x Ky3Lg
EZ=—=4 NNLO EZ=—=4 NNLO -
= 1 = - - ]
cl - 20T — i
FULLY DIFFERENTIAL S .| _
T b ey _‘ 10 I P2 Z 035 - M == / 7
2 —_—— u 5 p2 > 0.25 - My |
N . 0 I I I I B ! ! I l
1 .2 B ] ] ] ] | 1 ‘2 B ] ] I ] |
e e wie 00 e erererer ; = 115
o (L LT T T T 77 L S 0s
v do fiducial cuts, I | 2ol i
arbitrary distributions, ... =0T I ]
i 0 8.5 1 1.5 2 0 8.5 1 1.5 2
X computationally ¥ ¥

: 5 6
expensive O(10°-10°)h no instabilities & flat K-factor: N3LO ~ o1



[Chen, Gehrmann, Glover, AH, Yang, Zhu ‘21, ‘22]

DRELL YAN — A STANDARD CANDLE

SCET+NNLOJET  pp~IT1=(y") Vs =13 Tev

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000 1100
| | —— L0 —— NNLO
10754 ..................................... ...................................... — S— 1o TR o

almost universal
NNLO — N3LO
corrections!

NC - CC* probe
clean signature (£*, EM) different parton content

& large cross section: T
(N 1000 Z, & ~ 4000 Wi) / seC SCET+NNLOJET ppoW*(->L*v) + X ys5-13Tev  SCET+NNLOJET pp—-W (=L7D) + X  ys=13Tev

o

Ratio to
NNLO

detector calibration, BSM searches, EEEEEE—— gl
luminosity monitor, PDFs, ... [ 7SSt gl T =
.................................................................................................................................. b =
8
] NNPDIE:?eanar:,Iigtion © 2_0_: ...................................................................................................................................
precision measurements: R A S W
. N : |
~ sin“(6,,), My

3.0




W PRODUCTION — ABSOLUTE SPECTRUM My = \/ Er Ex (1 - cos Agy,)

INCLUSIVE FipuciaL (CDF Il)

SCET+NNLOJET pp->W=(-1Lv) + X vV =1.96 TeV SCET+NNLOJET pp->W=(-1Lv) + X VS =1.96 TeV
j _ £ pmiss
0.06 1 LO o NNLO e 0.025 ; LO 0 NNLO Pr> ET S [30, 55] GeV
] NLO N3LO : NLO N3LO / i
S’ 0.05 s - > 0.020- <
E E 0.020° — In°|
: _ \WY%
5 0.04 NNPDF40 nnlo = 'Wi S 0.015] = NNPDF40 nnlo pr <15GeV
.E. 7-point scale variation M .E, ; 7-point scale variation
%,\ 0.03 HF = HR = My, T L 0 010_:_1 f .UF-= IJR-= my, |
£ 0.02 - j . i CDFII fiducial region
S 3 0.005 e
o b MY
S 0.01 S T s
0.000
0.00 -
O 1.06
]96TeV —_ be"er EI 1.04 LO
convergence as < 1.02{ NLO
. tot +— 1.00-;
seen in o © gogl @ TE e e CEmETR - B e R T NNLO
4 1 : : : ' : e
m 096_ ......................... : : ...........................................
“ooqt L N3LO
0 20 40 60 80 100 120
m%~ [GeV]

remain largely flat around peak; larger corrections at low M%V

fiducial cuts impact pattern of radiative corrections

fiducial power

larger N3LO corrections (—1 % —4 % [5id.]) corrections?
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N3LO + RESUMMATION

doreS/qu [pb/GeV]

ratio to N°LL

improved convergence <«

DYTURBO [Camarda, Cieri, Ferrera '22]

more robust & reduced

uncertainties
DYTurbo
— 13 TeV, pp — Ziy* — I'T, p'T >25 GeV, Il <2.5
60 B m,/2 < U, e, 2Q<2m;1/2 < MR/MF, uR/Q, uF/Q <2
B " NLL+NLO resummed
40— "I NNLL+NNLO resummed
- I N°LL+N°LO resummed
20

uncertainties: few %

CUTE-MCFM [Neumann, Campbell '22]

good agreement with data

6000 -

—_— As o
O
ke
« 4000 -
=
$.,. DOF
5 2000 - ff
©
O-III| 1 IIIIIII| 1 IIIIIII|

1073 1072 0.1 1 10 20
o 1.2-
(4]
©
o 1.0
=
O
2 o8-
O
©

0.6 -
11 1 IIIIIII 1 IIIIIII| 1 IIIIIII 1 IIIIIII I
1072 1072 0.1 1 10 20
@*

NNLOJET+RADISH

[Chen, Gehrmann, Glover, AH, Monni, Rottoli, Re, Torrielli '22]

50 |

| |
p;ut = 0.81 GeV

| |
B NLO-+NLL
NNLO+NNLL
40 BN N3LO4+N3LL

2 4
v
E P
5 30 —
I&l T
< &
% 20 —
E NNLOJET+RadISH
S NNPDF4.0 (NNLO)

10 13 TeV, pp — Z/~*(— £747) + X

symmetric cuts

j 0 | uncertainties with pg, up, Q variations
Z,
Z
+
®)
—
Z.
Z
o)
+
o)
=
)
e

some shape distortion
«v impact on My, for CCE?
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CONCLUSIONS & OUTLOOK

perturbative calculations crucial to scrutinise the Standard Model
NNLO in good shape (reduced uncertainties & improved TH-data comparison)
2 — 2 largely done, steady progress for 2 — 3 <« performance increasingly an issue
tying up loose ends <« flavour, fragmentation, non-fact., mass effects, ...
loop amplitudes becoming a bottleneck again «w» approximations in the interim
N3LO computation of inclusive 2 — 1 processes mature
first differential pp — ”colour neutral” <«» pp — yy, pp — VH within reach
towards 2 — 2: massless 3-loop amplitudes, first steps for subtraction, ...

percent-level phenomenology: everything becomes relevant
«v» PDFs (+N3LO evolution), parametric, QCDXEW, non-perturbative, ...

25



CONCLUSIONS & OUTLOOK
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tying up loose ends <« flavour, fragmentation, non-fact., mass effects, ...
loop amplitudes becoming a bottleneck again «w» approximations in the interim
N3LO computation of inclusive 2 — 1 processes mature
first differential pp — ”colour neutral” <«» pp — yy, pp — VH within reach
towards 2 — 2: massless 3-loop amplitudes, first steps for subtraction, ...

percent-level phenomenology: everything becomes relevant hank '
«v» PDFs (+N3LO evolution), parametric, QCDXEW, non-perturbative, ... T dll YOU--
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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§10 501 501.0) 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] 27



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 %
< 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 | -
[Buccioni, Caola, Chawdhry, Devoto, Heller, von Manteuffel, Melnikov, Rontsch, Signorile-Signorile '22]

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Invariant mass of the dilepton system Transverse momentum of the positron

’?:D‘ 1T T ‘ T 11 ‘ 1T T ‘ T 11 ‘ T 11 ‘ 1T T ‘ T 11 ‘ 1T T % naive product % L ‘ LT ‘ 1T T ‘ T T ‘ 1T T ‘ 1T T ‘ T T ‘ [T IE
2 | — doQcpxEw . : 2 | — dogepx .
g 7 - works well at high-m g 107k DB =
g T . differences in p/ spectrum 0 :
N (U E T 10t —=
S E - + §
- m i tails Sudakov (non flat) s f //t .
1 | s _
- " QCDXEW ~ —3% L pT )

: : : II II |‘ II II II II |‘ II II II II |‘ II II II II |‘ II II II II |‘ II II II II |‘ II II II II |‘ II II II II | - L1 [ | L1 [ | I Ll 11 L1 1 | L1 1 | I I I

0 T T T T T T T T 1T R IR I
B ] 1 T e T T ]
0.95 |— o r1 " — ""-—'ﬂ-—a-t__-n-n-LJ-uJ-L. :
~s " T 0.95 — —
E(LD') 0.9 [— ] QLD) - _I—_l—lﬂ
R - . 'céo 0.9 [ -
0.85 — — R(Oc’:l[)) S R(llel)a — E— GNNLOS®6W - -
e e L) > — Roep — Rocd E
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:I 10 ‘ T T ‘ T T ‘ T T ‘ T T ‘ T 11 ‘ T 11 ‘ 10 I: NLO | |
T - 9 sDew T
z 0.98 E NNLOggew b E
1 0.96 - o z o098~ TR T =
2509 - - - 2 098 :
7éy094:;_ Rocoew . NNILO . 0.96 — —
- (11) . e O s@ew o REA g
0.92 — 77 Rfact —] . R 094 — QCD+EW —
- - naive prod. - 1) -
0,9_|||||||||||||||||||||||||||||||||||||||_ 0.92:— Rfact —:
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3 4 5 600 7 800 3’166 [GeV] 0.9 I | L1 1 | | Ll 11 | L1 11 | L1 1 | | Ll 11 | L1 1 | | L1 L] ]

100 150 200 250 300 350 400 450 500
pr o+ [GeV]
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N3LO PARTON DISTRIBUTION FUNCTIONS

N3LO evolution
4-loop splitting functions

[Moch, Ruijl, Ueda, Vermaseren, Vogt ’17,’18,’22];
[Herzog, Falcioni, Moch, Vogt '23], in progress...

aN3LO PDFs (MSHT)

[McGowan, Cridge, Harland-Lang, Thorne ‘22]

g, Ratio to NNLO, Q2% = 10* GeV?

1.100 ¢, Ratio to NNLO, Q% =10 GeV*
NNLO B B
1.075{ i
. aN*LO (HZJ -+ I{i_)') __________
| , 16 =TT I
1.050 ‘\'\.\ """"" aN’LO (H};) g .. C
'\,\ ----- NNLO (without HERA) 1.4+
1.0251 — .
S \ ___ 1.2 L ST
1.000 B . e L
N - A e a—— N
N\, g g _’ e N S \- S
0.975 - -.:__A:),\\ A, N 0.8~ .
/’/, - .\\ .......... /_/ | \ )
0.950¢ -~ < = \ 0.6 N
= = \.\\_. ------------- - ) ‘\‘.\\ .+
0.925 - 0.4
IR e
0 ’ : 0 ———— e
104 102 101 10°
T
T

purely resummed p?

spectrum

PDF uncertainties

[Neumann, Campbell ’22]

;§1ﬂ8-
Z 1.06-
o 1.04-
& e B s
a%~too- '”_hlwzgzzfzutquzsz-h_q |
2 ose. T
9 096' 1
[e) 0.94 - —
= 0.92- MSHT20 aN3LO MSHT20 NNLO NNPDF40 NNLO
0 10 20 30 40
"
qr [GeV]

syst. differences between PDFs

PDF

S 6N3LO 7
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FIDUCIAL ACCEPTANCES & vy

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

y o= linear fiducial power corrections!
4\ 4 / | | | |
K 1.2 | i
; 1.1 Sssooe - _yyxywﬁx/xé/ 77 7T 7 oo
N2 N VA e | -
| 4 0.8 | E
= 0.7 F |
AMIERRNRR AR NS L ]
y2=+2.37 = ' = '
// 0 8.5 1 1.5 2
. H | yH]
S / > Y [Billis, Dehnadi, Ebert, Michel, Tackmann '21]
N\ 301 :
\\\ 28 :_ ATLAS Preliminary (139 fb™ ") _:
\\\\\\\\\Q\ WA C ] N
) P
N / " ! N3LO [ N3LL/+N°LO 1
) . m;‘ 2407 N*LL+NNLO -
k @ can be cure o | 1 -
b)’ resummation \E - - NRLO Aresum | NNLLA-NLO -
© 201 =
Born acceptance i Aresum B Aro Ny
P © hard 6" should not 18—_AF0 90— H —~y (13 ToV)
$ ~ L1 Ay, 7,)| < cosh™ ( My ) ~ 0.9 need resummation el 1 NLO 'EFT, my — 125 G6V -
2 ’ — 2mein '
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ACCEPTANCE [(p.)

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

fp) = fo+fi - pr + O((p1)?)

[Frixione, Ridolfi ’97; Ebert, Tackmann ’19 + Michel, Stewart ‘21; Alekhin et al. '21]

0.80
N @ Linear p%{ dependence
= 0.75 - i factorial growth for fixed-order
KQ g sensitivity to very low py
0.70 - 3
% Oasym —J0 Oinc
: 2 ym ~Jo%ine. 0.18, —0.15_,+ 0.31 ,
1My = 125 GeV S GOfO s s s
0.65 +—————— —- ~0.12 @ N’LL
0.0 12.5 25.0 '
Pt H [GeV] [Salam, Slade '21]
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ACCEPTANCE [(p.)

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

VPt+Pt,— >0.35my
0.80 1:p. _ >0.25my -
....... (Z@ Quadratic p%,_l dependence
= 0.75 - e i suppress factorial growth
q‘% S fixed order ~ resummation /
M%
0.70 - 3
g:)r Onrod —J0 Oin
: 2 prod ~J0inc. 0.005, + 0.002_, — 0.001
{1 My = 125 GeV 3 Goﬁ) s s s
0.65 +—————T—————1 ~ 0.006 @ N3LL
0.0 12.5 25.0 '
Pt H [GeV] [Salam, Slade '21]
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GOING DIFFERENTIAL @ N3LO - qr SUBTRACTION

A
FULLY INCLUSIVE g resummation do 1 V+jet ©» NNLO
dgrt 0
X limited to ot e expand to fixed order
b = ot
O(a?) ingredients: ! ZM
v/ very efficient O(sec) © &) INg ‘ . >
- hard function H - p =
q4d recoil
[Gehrmann, Glover, Huber, Ikizlerli, Studerus '18]
- soft function S(b | )
[Li, Zhu '16] > g1
FULLY DIFFERENTIAL .
- beam function Bq(b 1)
Loy .,A.u,a.-;-,---f«-v e , [Luo, Yang, Zhu, Zhu '19]
'?:;' \ [Ebert, Mistlberger, Vita '20]
e ,‘ ‘/,:
. ‘/ E’ [Catani, Grazzini '67]
ORI s . % doys o = doys o + dog o
gr<qi™ qr>q5™ .
. . slicing error
v do fiducial cuts, § y e -
. . . . — +jet : cut n
arbitrary distributions, ... # xoro ® doo + 1 dogg o = dogig + 0((1"/Q)")
- = gr>q5"
X computationall
P . y5 6 g as small as possible g as large as possible
expensive O(10°-10°)h . . . .
suppress power corrections numerical stability & efficiency
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VALIDATION

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

fully independent calculation of the

SCET+NNLOJET pp-1T1=(y") Vs =13 TeV . . .
inclusive cross section

_———— analytic result [Duhr, Dulat, Mistlberger ’20]

“take” plateau: q%“t e [2,5]GeV

) 12% error on oN3LO!
=T 1
g —————————————
2 F—FF—F——F—F
g T
% ......................................................................... - 3 4 > 64
N

converges to correct result for

gr sub. total - == Inclusive qg
{ === Inclusive total g sub. qg + qQ PDF4LHC15 nnlo qCUt < 1 GeV
_20'_ —— grsub.qg+qgQ - == |nclusive qq + qQ T ~
| ==- Inclusive gg + qQ qr sub. gg MF = g =100 GeV .
| — qrsub. qg -=- Inclusive gg fit & extrapolate?
T T e | I | e

g [GeV]
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FIDUCIAL CUTS AND LINEAR POWER CORRECTIONS

fiducial cuts

can induce linear power corrections

[ Tackmann, Ebert '19][Alekhin, Kardos, Moch, Trécsanyi ‘21][Salam, Slade ’21]

can jeopardise g slicing O (( cut/ Q)z)

40

30 |

20 |

10

[g5" < 1GeV]

NNPDF4.0 NNLO, 13 TeV, pp — Z/v*(— £7¢7) + X

| T T T T 1 ' A R N B

no stable plateau
extrapolation unclear

Without po‘vver corrections

10° 10t

( Cut/Q)

[¢5" < 1072 GeV

N3LO SLICING

----------------- 27 GeV
Passes cuts 1
Pr
-
O 2
Final state (e.g. Higgs/Z) with o
p> zero transverse momentum >
O
----------------- 27 GGV ~<
™
XJ
(@]
=
o
----------------- O
l_l
Fails cuts I -
Pr
g, %
~ Final state with non-zero =
p? transverse momentum =
................. )
N
L1
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FIDUCIAL CUTS AND LINEAR POWER CORRECTIONS — N3LO SLICING

fiducial cuts + can induce linear power corrections Symmetric lepton py cuts:

[ Tackmann, Ebert '19][Alekhin, Kardos, Moch, Trécsanyi ‘21][Salam, Slade ’21] = === === s=sss&=====a- 27 GeV

Passes cuts Pl

y 2
cut 2 cut in 2. Hi with &
can jeopardise gy slicing O ((¢£"/Q)*) ~ 0 (¢$"/Q) L/ fnadsoe g Hagn win
(g5 < 1GeV] (¢S S 1072GeV?] mmmmmdmemmsmeme——-—- 27GeV. =
NNPDF4.0 NNLO, 13 TeV, pp — Z/fy*(—> e+ X L oCoco oo o 3
4:0 | | | | | | | | | | | | | | | Falls CUtS pjl‘ o
metric buts [RadISH+NNLOJET 22] o
30 _Sy ¢ i ¢ % Final state with non-zero é
o —s . :b . . €~ o 0 8 s00000 O e 0o ._. p7 transverse momentum %

10 _

'_8. E o O ¢

: 0 —e ® o o e e o o o 000000 *» ¢ ° — .

T ; can compute & subtract the linear term:
_ - ¥ G . . . x . . . :1 . —_
P—— a1 < simple boost of V — £¢ system

| $§ NLO . .
30 [with power corrections } NNLO_ (pure kinematics & acceptance effect)
Without power corrections ', N°LO [Catani, de Florian, Ferrera, Grazzini ’15]
—40 L v i | ' S FE EE - [Ebert, Michel, Stewart, Tackmann '21]
10° 10t
ptt [GeV] 36



