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e Current bottlenecks and future improvements

e Outlook
GOAL of the TALK: Precision is the MVP of the GAME for decades to come.
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LHC measurements

Reaching and breaking the 17 frontier

Available on the CERN CDS information server CMS PAS SMP-23-002

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

@)

ATLAS ~7

EXPERIMENT
Submitted to: EPJC

CMS Physics Analysis Summary

o S Uncertainty < 1%

19th September 2023
Differential in rapidity < 1% (integrated in pt)
A precise measurement of the Z-boson
double-differential transverse momentum and
rapidity distributions in the full phase space of the

decay leptons with the ATLAS experiment
at Vs = 8 TeV

Contact: cms-pag-conveners-smp@cern.ch 2024/09/17

Measurement of the W boson mass in proton-proton
collisions at /s = 13 TeV

The ATLAS Collaboration
The CMS Collaboration

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

>
< Uncertainty < 1%

A precise determination of the strong-coupling
constant from the recoil of Z bosons with the ATLAS
experiment at Vs = 8 TeV

Measurement of the top quark mass using a profile
likelihood approach with the lepton+jets final states in
proton-proton collisions at /s = 13 TeV

The ATLAS Collaboration and L. Cieri The CMS Collaboration

Leandro Cieri

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Uncertainty of 1.1 per mille y
Most precise measurement in 7

ATLAS

EXPERTMENT a sinale decav channel
Submitted to: Phys. Lett. B. CERN-EP-2023-160

15th August 2023

Measurement of the Higgs boson mass with H — yy
decays in 140 fb~! of y/s = 13 TeV p p collisions with
the ATLAS detector

The ATLAS Collaboration

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

- CERN-EP-2023-163
CMS, 2023/09/06

s Uncertainty < 1%

<\
\\\

CMS-LUM-21-001

Luminosity determination using Z boson production at the
CMS experiment

The CMS Collaboration*
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Inclusive and differential cross-sections for dilepton tt
production measured in /s = 13 TeV pp collisions
with the ATLAS detector

ATLAS Uncertainty < 2%

EXPERIMENT

The ATLAS collaboration

FE-mail: atlas.publications@cern.ch
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Uncertainty < 1%

Measurement of the W boson mass

1.HCH
[

The LHCb collaboration

And the list goes on ...




Ellis et al. Physics Briefing Book: Input for the European
Strategy for Particle Physics Update 2020

e Current CERN’s LHC measurements reaching 1% precision for several 7N Higgs couplings s - 14 Tev, 5000 " porexeriment

./. Total ATLAS and CMS
O bS erva b I eS. & ; gia;:tiﬁae'mal HL-LHC Projection
—— Theory Uncertainty [%)]

e In many cases — total uncertainty in precision measurements is dominated Q B o
by theory (TH) input (e.g. extraction of Higgs couplings to the Standard Model t@ Ky B
(SM) bosons, top quark mass, the strong coupling, W boson mass, etc). i — N

Loy —— I 37 13 13 32

e This limitation will worsen in the LHC Run lll (started in 2022), even more in | \’y B \
the High Luminosity (HL) phase of the LHC and in the future colliders (FCC, CLIC, e Jas e e
etc.). LT T pected uncertainty

S

TH uncertainties (in red) already
reduced by a factor 2!
(respect to the current state of the art)

e Most optimistic scenario establishes 1%=-3% theoretical accuracy as
mandatory (at current Run lll, HL-LHC and future colliders).

Fabiola
e “The excessive success of the SM’”, emphasises the need for very accurate GC""‘E“RON“'
T'H predictions. Guido Altarelli director
“Monte Carlo (MC) developments and
higher order (signal and background)
Extreme|y precise req U | res Cha | |eng | ng preCise calculations are fundamental for current and
N —— . - future projects”
LHC measurements theoretical predictions
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Standard Model Production Cross Section Measurements ATLAS Preliminary

EverYthIng lOOkS SM'llke at the LHC e Vs=5,7,8,13,13.6 TeV

Model Ecm [TeV] [Ldt[fb™'] Measurement Theory Reference
pp 13 34x10°® o =104.7+022+1.07mb o = 100.3 + 0.12 mb (COMPETE HPR1R2 EPJC 83 ((2023? 441
pp 8 50%1078 o =96.07 +0.18 + 0.91 mb o = 99.55 + 2.14 mb (COMPETE HPR1R2 PLB 761 (2016) 158
pp 7 8x10°8 o =09535+038+1.3mb o =097.26 * 2.12 mb (COMPETE HPR1R2 Nucl. Phys. B (2014) 486
pp inelastic 13 34x10°8 o=177.41+1.08 mb oc=784+2mb (Schuler/Sjostrand) EPJC 83 (2023) 441
pp inelastic 8 50x10~8 o=71.73+0.15+0.69 mb @ = 73 + 2 mb (Schuler/Sjéstrand) PLB 761 (2016) 158
p inelastic 7 8x1078 o =71.34+0.36+0.83 mb o=715+20-2mb (Sc uIer/SJostrand Nucl. Phys. B (2014) 486
ncl. jet R=0.4, |y| < 3.0 13 2 o =1845+4 4119120 nb a_1997+152 208 nb (NLOJet++, CT14) JHEP 05 (2018) 19
Incl. jet R=0.4, y <3.0 8 20.2 oc=7264+11+427-418nb o = 800 + 59 — 100 nb (NLOJet++, CT14 JHEP 09 (2017) 020
Standard Model Total Production Cross Section Measurements e s L Lo B g=imosibusiacolam ooseodyss il GTio JE e
Dijet R=0.4, |y| <3.0,y" <3.0 13 3.2 oc=2321+0.8+418.6 - 19 nb o = 340 + 17 — 54 nb (NLOJet++, CT14 JHEP 05 (2018) 195
Dijet R=0.4, [y| < 3.0, y* < 3.0 7 45 o =86,87+0.26+7.56— 7.2 nb o =86.9+ 4.7 — 12.4 nb (NLOJet++ 8 JHEP 05 (2014) 059
T T 11 llnl' T 11 llnl' T 11 llllrl T 11 llnl' T 11 llllrl T 11 llnl' T 11 llllrl T 1 lllnl‘ T 11 llllrl T 1 IIIIII'W/H'"'_\ LI BLELELEL N NN LR BLELELELE B z 183 23(5.22 g f gg?Siiodfl’li—I—lg.gb— 55 5 g z 232213;(%3%8 _k[? JENT_FO'?KI"'IIEALR)/;HTZ 14 NLO)) 5#%3%%7831%§%05
o = 9005018 £ 0,91 mb (datay A A Y 7 4.6 o =350+ 3+ 22- 16 pb o = 308 = 40 pb (JETPHOX NLO) PRD 89 (2014) 052004
PP KA o 7 boog5 ooiniine o SRR L) L BBl 7
0 =92.20+U.50 £ 1. njet > . g = +0.1+ o= uc S
COMPETE HPR1R2 (theory) ATLAS Prelimi nary o L) Y Inlet > 2 8 50.2 > 304004418 pb A T SO L A oy Nucl. Phys. B, 918 2017§ 557
T T T T T y [njet = 3 8 20.2 o =28.7+002+0.8 c=95+09-12p OBlackhat+CT10) Nucl. Phys. B, 918 (2017) 257
DYNNLO + CT14NNLO (theory) O m ol w > ev, uv 13.6 29.0 o= gggg + 8.7684?r 2b5 pb o= %% i %gzlt 592552 31% ThU Dggug_l?%arc,:\m E O(NIN\IIN(L)ENNLL)) PIS(B 8252 (4202;) 1 38725
_ I = EiE ES =
w 7= 1013N6r3Lic>3+lchb1 %jﬁrtxlaﬂo (theory) A A oW S oy, ,’15 183 200'.32 o = 504706+ 111 pb o £9501 140 b (D 0 + CT14NNL NLO) ( i ) 63 (50380 760
(W — ev, uv 7 4.6 o = 4.911 + 0.001 + 0.092 nb o =4.777 +0. 19 0.14Inb (I_YNNLO + CT14NNLO?\‘ EPJC 77 (201 73 367
eory) o ® oW - ey, uv 5 0.3 o =3612+6=+40pb o = 3560 + 73 — 112 pbDY TURBO+CT18 (NNLO+NNLL)) arXiv:2404 06204
_5843+003+166 b (dat W [njet > 1 8 20.2 o’—56471i024i7213pb 0':584+8—37pb@ ) JHEP 05 (2018) 077
7= NN O 1 e aata) O n W [njet = 1 7 4.8 o = 2938 + 0.5+ 45.1 pb o =474.22+ 084 pb (B EPJC 75 (2015) 82
o A SRS (e W ineis I i L R A , oty
= 9%.c0 T U.US = U. njet > 7 4.6 o = + 0.2+ 12. g = Yo + U. ackh
Y4 DYNNLO+CT14 NNLO (theory) A o W [njet > 3 8 20.2 o = 26.38 = 0.06 + 5.3fgb oc=236+13— 5p b (Sherpa ﬁ_z 1 NLO) JHEP 05 (2018) 077
o =29.53+0.03 +0.77 nb (data) (o) ® W [njet > 3 7 4.6 0c=2182+0.1+3.23p o =23.47+0.22 pb (Blackhat EPJC 75 (2015) 82
DYNNLO+CT14 NNLO (theory) W [njet > 4 8 20.2 o =547+0.03x 1.478pb oc=5+05-14pb (Sherpa 2.1 NLO) JHEP 05 (2018) 077
o = 826.4 + 3.6 + 19.6 pb (data) W [njet > 4 7 4.6 o = 4.241 + 0.056 + 0.885 pb o = 4.67 +0.06 pb Black at) EPJC 75 (2015) 82
57 n W [njet > 5 8 20.2 o =1.107 +0.013 + 0.423 pb o=11+ 0.13 0 (Sher a2.2.1 NLO) JHEP 05 (2018) 077
- o =2429+ 1.7 + 8.6 pb (data) W [njet > 5 7 4.6 0'—0877J_r0032io.3018b 0 =0.933+0.0 pb Blackhat EPJC 75 (2015) 82
tt top'++_NNL6+NNEL (theory A W [njet > 6 8 20.2 o =0.22+0.006+0.121p o = 0.239 + 0.03 — 0.084 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
tom s NNLO NNEL theor D W [njet > 7 8 20.2 o = 0.041 + 0.003 + 0.03 1pb o = 0.052 + 0.007 — 0.02 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018 077
P+ + y) W [njet > 7 7 4.6 o = 0.041 £ 0.0068 + 0.031 pb EPJC 75 (2015) 82
o= 27E QE A0 PD (data) n (7 > ee, pu 13.6 29.0 o =744 +0.15 + 20 pb o =733 + 43 — 4546 (DYTURBO+CT18 NNLO+NNLL;; PLB 854 (2024) 138725
+NLL (theory) o7 > ee, 13 0.3 oc=780+3+7 pb o = 748 + 19 — 25pb (DYTURBO+CT18 (NNLO+NNLL arXiv:2404, 06204
t 0 =289.6+1.7+7.2-6.4pb (data) A A o(Z — ee, uu 8 20.2 oc=506+02=+11pb o =486+ 13.6 — 6 pb (DYNNLO+CT14 NNLO JHEP 0 ( 17;117
t—chan NLO+NLL (theory) o(Z - ee, up 7 4.6 o =451+0.4+8.8pb o =432 +12.5 - 3.8 pb (DYNNLO+CT14 NNLO) JHEP 02 2017) 117
o =68 £ 2 + 8 pb (data) o) ~ g4(Z > ee, uu 5 0.3 c=333+12+39pb oc=320+51-9. DYTURBO+CT18 (NNLO+NNLL arXiv:2404.06204
NLO+NLL (theory) ST = e iee LA el
=94 + 10 + 28 — 23 pb (data
7 = NLOsNNLL (theors) (data) a u
o =23+1.3+3.4-3.7pb (data) = =
Wit NLOWLL ooy A 5 Standard Model Production Cross Section Measurements ATLAS Prelimi
o =16.8+2.9+3.9pb (data) re Imlnary
NLO+NLL (theory) 0 -
o =555+32+24-2.2pb (data) D n
LHC-HXSWG YR4 (theory) Status: June 2024 \/_ _ 7 8 1 3 1 3 6 T V
H o =27.7+3+2.3—1.9pb (data) A A ' =1/, 0, ; . €
LHC-HXSWG YR4 (theory)
oc=2214+6.7-53+3.3-2.7pb (data -
(G- HYEWA VR4 tineoryy P> @ a Theor ° Model Ecm [TeV] [L£dt[b™'] Measurement Theory Reference
o = 130,04+ 17+ 10.6 pb (data) y n wWw 13 36.1 ¢ = 130,04 174106 pb ¢ = 1284432290 (NNLO) EPJC 79 (2019) 884
NNLO (th
eory) WWwW 8 20.3 oc=682+12+46pb oc=65+12-11pb ) PLB 763, 114 ( 3
wWWwW o =682+1.2+4.6pb (data) A A WW 7 4.6 oc=51.9+2+44pb o =49. 04+1.03—08 ér PRD 87 (2013 112 01, PRL 113 (2014) 212001
NNLO (theory) Wz 13 36.1 oc=51+08+23 Bb c=491+1.1- p MATRIX NNLO)) EPJC 79 (2019) 535
ke 0 LHC pp V5 =13 TeV : W2 TR G ShU L LN = 1= G B o) CE B
o =51+0.8 + 2.3 pb (data) 44 13.6 29.0 0c=169+0.7+0.7 pb o =16.7 + 0.4 pb (Matr |x NNLO & Sher a (NLO)) PLB 855 (2024) 138764
MATRIX (NNLO) %theory) O Data - ZZ 13 36.1 c=173+0.6+0.8pb 0c=169+0.6 - 0 5 8b§ atrlx,\s NLO) Sherpa’ (NLO)) PRD 97 (2018) 032005
o =243+0.6+0.9 pb (data _ ZZ 8 20.3 c=73+04+04-03pb o =8.284+0.249 1p JHEP 01'(2017) 099
WZ MATRIX (NNLO (theory; A stat 2 ya 7 4.6 oc=67+07-+05-0.4pb o =6.735+0.195 — 0.155 pb NNLO JHEP 03 (2013) 128 , PLB 735 (2014) 311
o=19+1.4-1.3<1pb (data) O'Td{'y‘y}[ARw > 04] 13 139 0'231.4i0.1i24pb oc=29.7+24- HEP 11
MATRIX (NNLO) (neory o stat ® syst o o (yY)IAR), > 0.4 8 20.2 o =16:82+0.074-0.75 - 0.78 pb o=t L ] 017
o =17.3+0.6 + 0.8 pb (data) O . Zyji EWK 13 140 c=36+05+051 oc=35
Matrlx (NNLO) & Sherpa (NLO) (theory) - Zy)) EWK 8 20.3 oc=11+05+0.41tb =079
2z | dashi 4 PP VST 5 e S N S = 1L O =
eory AN ] oc=69+22+ = 4. q
— 4 o4 (W+TW-jj) EWK 13 140 oc=274+0.34-0.324+0.39-0.36 b oc=22+0. :
7= 6Nht8 bty ~ 04 PP (data) (o] - Data 0 o W] EWK 13 139 - —=202+022+0.10 fo o = 2.53 1" CNLO) { 26
o =48+0841.6—13pb (data) stat o (W=W*];) EWK 8 20.3 oc=15+05+02fb o = 0.95 40.06 fb (PowhegBox PRD 96, 012007 (2017)
ts—chan NLO+NNL (theory) ) A\ L o Zzi’l) K 13 139 oc=0.82+0.18+0.111b o =0.61 £ 0.03 fb (Sher 8a 2.2. F) 1 Nature Phys. 19 (2023) 237
o = 870 + 130 = 140 fb (data) i - ol (W Z”; EWK 13 140 o =0.368 + 0.037 + 0,059 fb o= 8'% 0.03 fo (MadGraph-+Pythiag ) _J %%(B/ %03011%2%% 0004
tTW Madgraphs + arvlrar}lgc()d(rtheory) O A o (WZjj) EWK 8 20.3 o =029+ 0.14~0.12+0.09- 0.1 fb o =013% (5018)
o= +86—-79 + ata — ..
MCFM (theory) LHC pp Vs =7 TeV CMS Preliminary
. adgraph5 + a eory 5 . ) i
ttZ 7 HgljkgzN_LéS(tihggrft)) cate _ St&éllta ' s LEP combination T e i
=0.82+0.01+0.08 p)é (data) § Phivs. Rom, 532 (2913) 119 L 80376 + 33 e -
WWW 7= NLO QCD (theory) O stat > SySt % » DO | | 80375 + 23 |
=0.55+0.14 + 0.15 - 0.13 pb (data 3 n . e_._( |
WWZ 7 Sherpa 2.2.2 (theory) o { ) 0 Y (P3R|5|1z08 (2012) 151804 |
roiry o =24+4+51fb(data
tttt N'-OIQCD *EW {heory) = . ¢ Science 376 (2022) 6589 80499594 [ ]
L1 lllll[l L1 lllll[l L1 lllllLI L1 lllll[l L1 lllllLI Ll lllll[l L1 lllllLI Ll lllll[l L1 lllllLI Ll L1111 \.' k LH b H
A% C | 80354432 jep —
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New resonances

We are looking for new discoveries
Essentially, two possible scenarios

New Interactions

In both scenarios precision
Is a key ingredient
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Cross section

We are looking for new discoveries

Essentially, two possible scenarios S
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Cross section

Cross section

We are looking for new discoveries n SM:
. . . LHC data
Essentially, two possible scenarios S
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tis ver—g_{ likely that BSM will compete with EW effects

\‘ It is very likely that BSM will compete with

' +ﬂcd§§‘,{ SM threshold effects
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Anatomy of perturbative calcutations

a=JJJ

/ (Q%R)Z/dl'a/dﬂ’fb fal xaa:uF fo (s, MF) La, Ty As (12 %) &, ]\//2)

(ACD Ptays a crucial role at the LHC EW A MIXED

aloOD) 4 a2502) ... 4 alale@ 4 ...

=
A 4 E, d (2—n)
O r Op

>
S

Q-
Y e §

Factorization theorem

ozia(Al) —- 043062) + .-
NLO NNLO
NNLO: standard of theoretical frontier at the LHC

Perturbative expansion & = o(©
o, L1 ;0 a1 10

N3LO. represents a new quantum world that has only recently begun to be explored

Leandro Cieri Jornadas cientificas IFIC — L1 Higgs Force — December 2024

O stands for the total or
differential cross section



NLO perturbative QCD TH predictions — Full automated calculations

(W+5]Et$) Bern, Dixon, Febres Cordero, Hoche, Ita, Kosower, Maitre, Ozeren [2013]

(W+l|.jEtS) Berger, Bern, Dixon, Febres Cordero, Forde, et al [2011]

' lta, Bern, Dixon, Febres Cordero, Kosower, et al [2012] :
(L+hjets) e e B Frontier: Very large multiplicities or
(YY+3jEtS) Badger, Guffanti, Yundin [2012] : )

correction to loop induced processes

9j available for LEP

(WW+2]EtS) Greiner, Heinrich, Mastrolia, Ossola, Reiter, Tramontano [2012]

(WZ+2]ets) Campanario, Kerner, Ninh, Zeppenfeld [2013]

(ll-.EtS> Bern, Diana, Dixon, Febres Cordero, Hoeche, et al [2011]
j Badger, Biedermann, Uwer, Yundin [2012] Ivan ,S talk

(WYY+]9t) Campanario, Englert, Rauch, Zeppenfeld [2013]
The list is not exhaustive ...

These codes offer add to the calculation: PS, EW corrections, fully automated scale variations, etc

Besides the limitations at the frontier, the automated structure fully understood

Leandro Cieri ' Jornadas cientificas IFIC — L1 Higgs Force — December 2024 L



_Fiedler, Mitov

10yrs per leg
rule as in the 0
NLO case! X

' ' ' Z-y, Grazzini, Kallweit, Rathlev, Torre
L jj (partial), Gehrmann-De Ridder, et al.
: ZZ, Cascioliit et al.
: -ZH diff., Ferrera, Grazzini, Tramontano
/ WW , Gehrmann et al.
1990 ~10 yrs 2010 ttbar diff., Czakon, Fiedler, Mitov
N4 Z-y, W-y, Grazzini, Kallweit, Rathlev
N Hj, Boughezal et al.
2012
Wj, Boughezal, et al.
Hj, Boughezal et al.
- \ VBF diff., Cacciari et al.
/”"7@@%) 2014 T Zj, Gehrmann-De Ridder et al.
'@Oo%/r " ZZ, Grazzini, Kallweit, Rathlev
o N

Hj, Caola, Melnikov, Schulze
~10 yrs

"Zj, Boughezal et al.
2016

WH di i
’ @//////// diff, ZH diff, Campbel| etal..
> \ .
’\ 7y, Campbell etal.

Wz Grazzinj of al,

23
Without any
approximation
n ) X i PT z oh hen et i
In the two-loop o, g S
. ‘ o S 2, N , - H o, it.J. Crupnr ' 2Z, G. Heojnr: W NLO, Pt G etal S Wi ! S Wil
part

WW GraZZini et al

Y, MCFM at Ny,

Leandro Cieri Jornadas cientificas IFIC — L1 Higgs Force — December 2024 . 1



Theoretical calculations - State of the art

Leandro Cieri

N3LO QCD HADRON-COLLIDER CALCULATIONS VS. TIME

Only 2— 1 processes

Higgs (TH, app.) C. Anastasiou, C. Duhr, F. Dulat,
F. Herzog and B. Mistlberger

Higgs (VBF) F. A. Dreyer and A. Karlberg

Higgs (Diff in TH app.) F. Dulat, B. Mistlberger and A. Pelloni

Higgs, B. Mistlberger
Higgs (Diff. qT-subt) L. C, X. Chen, T. Gehrmann, E. W. N. Glover and A. Huss

Higgs (Diff in TH app.) F. Dulat, B. Mistlberger and A. Pelloni
HH (VBF) F. A. Dreyer and A. Karlberg

bb->H, Duhr, Dulat, Mistlberger

HH (Diff. gT-subt) Chen,Tao Li,Shao, Wangd
DY (off-shell photon) Duhr, Dulat, Mistlberger
DY (W) Duhr, Dulat, Mistlberger

H->yy (diff) X. Chen, Gehrmann, E.W.N. Glover,
A. Huss, B. Mistlberger, A. Pelloni

H->yy (diff) Billis, Dehnadi, Ebert,
Michel,Tackmann
DY (diff) Camarda, L. C, Ferrera
W (diff) X. Chen, T. Gehrmann,

N. Glover, A. Huss,
T.-Z. Yang and H.X. Zhu

VH (Incl) J. Baglio,
B. Mistlberger, C. Duhr,

R. Szafron
° |
o) 0
_ \\miéé o \\m«,\ - \\miﬁééﬁ\ - \\'iiiiii%’\ o \m;’i« - ﬂ“ \\méé 6,\6 \\'iiliii@’\ o ,\yméé@\ ° \\'iiiiii%’\ - \\'iiiiii% -
2015 2016 2017 2018 2019 2020 2021 2022 2023

Why we are not breaking the 2 — 2 frontier?  We are close to 10yrs per leg also here?e———

Jornadas cientificas IFIC — L1 Higgs Force — December 2024



Perturbative QCD predictions State of the art

The multifaceted nature of + NLO NNLO + N3LO
collider perturbative b Cost of add
calculations 5 one extra leg in
ears
= Slope
33 | ~1leg/10yr ??
R : \/
Renders them exceptionally s to add one order (NLO — NNLO) 15 yrs to 22 one order (NNLO — N3LO)
€ e iy
intricate and complex 1 + . .
P '\. Differential
X-sec
1980 1990 2000 2010 2020 N A
Year
K
NS
Slope ~ 1 leg/10 yr '
o Tot. X-sec
Cost of add Total cross section (X-sec) (2 number} e
one extra leg measured (a number) legs
In years : : .
Y Differential cross sections _}

(required by LHC analyses)
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Anatomy of perturbative calculations

Proton a ‘

o dgs_m) Z / gy / dx
ab

Organisation next slides
PDFs

Subtraction prescriptions and CPU cost

Subtraction prescriptions and CPU cost

Leandro Cieri Jornadas cientificas IFIC — L1 Higgs Force — December 2024
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For sure there will be a lot of improvements in
State Of the art PD Fs (N N LO) the next years regarding PDF uncertainties and

accord between different groups

CT18 LHC measurements in single-inclusive jet production with the full rapidity coverage, as well as production of Drell-Yan pairs, top-quark pairs, and
high-pT Z bosons, are included to achieve the greatest sensitivity to the PDFs

MSHT20 Determination controlled by LHC data:LHC 7 and 8 TeV data sets on vector boson production, inclusive jets and top quark distributions
Reduced uncertainties in predictions for processes such as Higgs, top quark pair and W, Z production at post LHC Run—ll energies

NNPDF4.0  Determination controlled by LHC data: unlike in the past, almost DIS-only
The theory predictions include new improved approximations at NNLO for the production of heavy quarks in DIS and for the hadro-production of

ABMP16 single-top quarks.

ATLASpdf21 ATLAS sets of W, Zly data, ¢ data and V+ jets data considered in a single OCD fit (also other sets)
PDF4LHCYT It is based on the Monte Carlo combination of the CT18, MSHT20, and NNPDF3.1 sets followed by either its Hessian reduction or its replica

compression
EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN) Summary of the uncertainties in the determination of as(mz), in units of 1073

i @ y Experimental uncertainty +0.44
In the extraction of many ATLAS P, PDF uncertainty +0.51
Submited to: Naturo Phyc. GERNEP 2025.200 Scale variation uncertainties  +0.42

22nd September 2023 Matching to fixed order 0 —0.08

fu n d a m e nta l p a ra m ete rs 4 Non-perturbative model +0.12  -0.20

T - Flavour model +0.40 -0.29
PD F LUNCe rta | ntl es do mi nate A precise determination of the strong-coupling QED ISR +0.14
constant from the recoil of Z bosons with the ATLAS N“LL approximation +0.04

experiment at Vs = 8 TeV Total +0.91 —0.88

The ATLAS Collaboration




State of the art PDFs (aN3L0) We used NNLO PDFs in_almestall our N3LO calculations!

Only 2—1 processes

Higgs (TH, app.) C. Anastasiou, C. Duhr, F. Dulat,
F. Herzog and B. Mi; r

PDFs at approximate N3LO s
s Approximated splitting functions, transition matrix elements, coefficient functions and K-factors for O -
multiple processes to N3LO — 20 nuisance parameters ek bl L M“g wg
¢ Improvement in data description from NNLO to N3LO -
¢ aN3L0 as(mZ) value stated is in agreement with the MSHT20 NNLO result and the world average within
uncertainties splitting functions at N3LO (Pqg)
& PDFs include an estimation for missing N3LO contributions (the leading theoretical uncertainty) and
implicitly some MHOU beyond this within their PDF uncertainties. Due to this factorisation scale splitting functions at N3LO (qu)
variations are no longer necessary in calculations involving aN3LO PDFs
In the extraction of many fundamental UROREAN ORGANISATION FOR NUGLEAR RESEARCH (GERN splitting functions at N3LO (Pgg)
parameters, PDF uncertainties dominate &) G
ATLAS 2 .
A ————— Smites o Natore Prys oo For sure there will he a lot of
PPy 208 iImprovements in the next years
Naing oo 0 -0 A precise determination of the strong-coupling reaching N3LO precision and
g B constant from the recoil of Z bosons with the ATLAS . . .
i experiment at V5 = 8 TeV controlling better the TH uncertainties
(also Including more data)
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Scattering amplitudes - the frontier at NNLO and beyond

Abreu, Chicherin, lta, Page, Sotnikov, Tschernow, Zoia [2023]
All Two-Loop Feynman Integrals for Five-Point One-Mass Scattering

Relevant for H/Z/W production in association with two jets at NNLO, or in association with one jet at N3LO or H/Z/W at N4LO
Ag arwal Buccioni, von Manteuffel, Tancredi [2021] (@) HBmzmz  (e) HBamz (t) B

Two-Loop Helicity Amplitudes for Diphoton Plus Jet Production in Full Color TEL  LEC

Relevant for yy production in association with one jet at NNLO, or yy production at N3LO — ——

Gehrmann, Jakubcik, Mella, Syrrakos, Tancredi [2023]

Planar three-loop QCD helicity amplitudes for V +jet production at hadron colliders
Relevant for Z/W/y* production in association with one jet at N3LO or Z/W/y™* at N4LO

Bargiela, Caola, von Manteuffel, Tancredi [2021]

Three-loop helicity amplitudes for diphoton production in gluon fusion

Relevant for YY production at N3LO Lee, von Manteuffel, Schabinger, Smirnov, Smirnov, Steinhauser [2022]
Quark and Gluon Form Factors in Four-Loop QCD
Relevant for H/Z/W/y™ at N4LO Bargiela, Caola, Chawdhry, Liua [2023]
Two-loop mixed QCD-electroweak amplitudes for Z+jet production at the LHC: bosonic corrections v v v g
Relevant for Z+j at NNLO Mixed or Z/W N3LO Mixed s | T TK )I(
. . Badger, .Becchettl, Giraudo, Zme: [2024] . . . . >:(>i>:(
Two-loop Integrals for tt+jet production at hadron colliders in the leading colour approximation
Relevant for tt+j at NNLO or tt at N3LO Badger,Hartanto, Wu, Zhang, Zoia[2024]

Two-loop amplitudes for Wy production at hadron colliders at NNLO
Relevant for Wyy at NNLO

Leandro Cieri Jornadas cientificas [FIC — L1 Higgs Force — December 2024 L



Abreu, Chicherin, lta, Page, Sotnikov, Tschernow, Zoia [2023]

Scattering amplitudes - the frontier at NNLO and beyond

All Two-Loop Feynman Integrals for Five-Point One-Mass Scattering

Relevant for H/Z/W production in association with two jets at NNLO, or in association with one jet at N3LO or H/Z/W at N4LO
Ag arwal Buccioni, von Manteuffel, Tancredi [2021] (&) HBmaz (¢) HBamz (f) HBazz
Two-Loop Helicity Amplitudes for Diphoton Plus Jet Production in Full Color LE[ LI

Relevant for yy production in association with one jet at NNLO, or yy production at N3LO —
Gehrmann, Jakubcik, Mella, Syrrakos, Tancredi [2023]

Planar three-loop QCD helicity amplitudes for V +jet production at hadron colliders
Relevant for Z/W/y* production in association with one jet at N3LO or Z/W/y™* at N4LO

Bargiela, Caola, von Manteuffel, Tancredi [2021]

Three-loop helicity amplitudes for diphoton production in gluon fusion

Relevant for yy production at N3LO Lee, von Manteuffel, Schabinger, Smirnov, Smirnov, Steinhauser [2022]

Quark and Gluon Form Factors in Four-Loop QCD

Relevant for H/Z/W/y™ at N4LO Bargiela, Caola, Chawdhry, Liua [2023] S : —
Two-loop mixed QCD-electroweak amplitudes for Z+jet production at the LHC: bosonic corrections v v g

Releyrn? == 7 & ~b MAI O MAiend o 1M RISI A AL \—Wm j]:(

| Why did we not break the 2->1 barrier at N3LO?

Relevant 3adae o, W

Two-loo amplltudes for Wyy productlon at hadron colllders at NNLO
Relevant for Wyy at NNLO
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Theoretical calculations

Scattering amplitudes - the frontier at NNLO full massive

Becchetti, Bonciani, LC, Coro, Ripani [2023]
Two-loop form factors for diphoton production in quark annihilation channel with heavy quark mass dependence

Relevant for yy production at NNLO with top and bottom quark mass dependence = — —
e [[] X 0] ) ¢\

Czakon, Harlander, Klappert, Nigge’Eiedt [2021] _ _ _
Exact top-quark mass dependence in hadronic Higgs production

H production at NNLO with top and bottom quark mass dependence

9
Size: —-0.16% at 8 TeV, and -0.32% at 13 TeV 2_}1 }H g }H
9 9
Frontier at two-loop: 2->2 : : :
: : Results using semi analytical methods
Frontier at two-loop: 2->1

Leandro Cieri Jornadas cientificas IFIC — L1 Higgs Force — December 2024 19




Theoretical calculations

Anatomy of perturbative calculations

Proton a ‘

o = /dgs_m)Z/daza/da:
ab

Organisation next slides

PDFs
[ Partonic cross section (scattering amplitudes)
Pheno studies, subtraction prescriptions and CPU cost Next

Leandro Cieri Jornadas cientificas IFIC — L1 Hit

5 (g, Ty, o), ct, M)
Partonic cross section

December 2024
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1 LHC analysis costs ~1yr 10k cores

Three jet production at NNLO / 4

Czakon, Mitov, Pon - .
S e . Two orders of magnitude more what is
Q r— LOO R3/9, Scale: pp = Hp, LHC 13 TeV
S 0.008 1 = E;L - : :
T _lo_,_._ﬁ claimed in their paper
Q?O.OM# *
2.0 I II ll I I I I I

— | Limitation in 2-loop Leading Color amplitudes and cancellation between
= double-real and subtraction terms (technical) mss» |06 CPU hours

ratio to NLO

- NNLOJET pp(99)-99g Vs =13 TeV
0.5 1 | l l l ' ' . ) T NNNIN_::;IO I:IZL::
400 600 800 1000 1200 1400 1600 1800 200( - oo Sc—a ) V;ria—tion
pT(j1> [Gev] E 10%] Wy = pr=Hr
S
¢ Iwo different subtraction methods: sector-improve residue (left) vs antenna (right) o
& NNLO corrections significantly reduces the dependence of those observables on e
the factorization and renormalization scales | R
¢ Leading colour two-loop scattering amplitudes or only gluons assumption ¢ os
Chen, Gehrmann, Glover, Huss, Marcoli [2022] 00 e00 800 100271222([);\,?400 100 2800 2hee

Leandro Cieri Jornadas cientificas IFIC — L1 Higgs Force — December 2024 4



Badger, Czakon, Hartanto, Moodie, Peraro, Poncelet, Zoia [2023]
First exact2 — 3

Photon plus two jet production at NNLO

& NNLO results improve the description of the data in the case of the photon transverse energy, the jet transverse momentum, and the di-jet invariant mass

> LHC 13 TeV PDF: NNPDF31 Scale: Hr D 1o LHC 13 TeV PDF: NNPDF31 Scale: Hy
8 101 inclusive Q inclusive
~ <2 10
=y =
107 LO 10
= m— NL,O =
= m NNLO RN
"3 107 e ATLAS £ .
= s SHERPA ="
o =
1.4 1 1.4
S 8 1.2
Z 1.2 1 Z
Q 1.0
210 4; '
o =
£ 0s- § 08
—~ 0.6
0.6
144 Scale: E, (v) — 147
@) 8 1.2 -
— 1.2 1 .
. : 210
2 10 Discrepancy could -
e PN = 0.8
= 03 he missing EW =
av
—~ . . 0.6
06 corrections (it has
v the correct sign)

Ei(7) [GeV]

& Noticeable difference between theory and experiment in the case of the photon transverse energy starting around 1 TeV

Leandro Cieri
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Diphoton production at NNLO with full top quark mass dependence

Becchetti, Bonciani, LC, Coro, Ripani [2023]

2yNNLO
100 I I I I I I I I I I I | I I I I
Sl X5 NNLO(nf=6) -
S 1072 —
m =
w —
S
,.Q L = o
& =
%t 104 e _
} = ___
g - Vs=13 TeV B g -
pp-y7+ — e
1076 |- i
! | | | | | ! ! ! | | | | | |
~ 1.0075 ! ! e
i : TR, 52 :
H 1.0050 |- TRGIRI KRR d
= C 0.9,9.9.9.9.0°9. 9 (Hy (s
S : AR TR, :
B : SN e S0 2026 0002920 205059 ! -
= : D ALK XK XXX KK XK -
d X i et
£ 0.9975 r K
Q : w. -
g Y
2 0.9950 | o N |
0 500 1000 1500 2000
Myy (GeV)
2 xm_top

¢ All massive contributions taken into account: two-loop, loop induced, one-loop-real and double real (pp— yytt)

730 GeV

Full massive 2 — 2

Events / 20 GeV

—
o
IIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| T

—————————————
e Data

— Background-only fit

Spin-2 Selection

s =8TeV, 20.3 b’

~-10{H
~15

Data - fitted backgrogind

-5 E' “o ” e

—.__
_.__
el
.—}
.._
|
| IIIII|IIII|IIII| |

Data - fitted background

200

400

Events / 20 GeV

e Data

—— Background-only fit
Spin-0 Selection

s =8 TeV, 20.3 fo

—
)
lllilllllllllllll_IIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| T TTTI

-5 H

200 400

Example of the necessity of precise TH predictions

o

v,

600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
m,. [GeV] m,, [GeV]
%%i%% PUBLISHED FOR SISSA BY ) SPRINGER
==s==

o

L

LLLL

¢ Loop induced gg channel and two-loop (qgbar) dominate the shape

Leandro Cieri
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Search for resonances in diphoton events at
s = 13 TeV with the ATLAS detector

P
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The ATLAS collaboration
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Higgs production a N3LO

LC, Chen, Gehrmann, Glover, Huss [2018] Chen, Gehrmann, Glover, Huss, Mistlberger, Pelloni [2021]
HN3LO + NNLOJET pp-H+X Js= 13 TeV NNLOJET + RapidiX p p — H (= y y) + X Vs =13 TeV
25 | | | | | | | | T | T
E==3 L0 50 |- LO E==3 N3L0 _
= NLO NNLO x KN3L0
NNLO u E=—= NNLO
NLO 40 |
=z LO —
2 15 = D . =
- L4 =0 Dl = G2 1) Wy _ 38 -
I_g 10 |~ - T E 20 -
—
5 #gbﬁ_‘_l_ | 10 -
0 | | | | | | | 8 ! ! ! | 22
1.2 B | | | | | | | ] 1.2 F | I I I ]
211p =i ‘ 2 B B e
2 s 7 I T T T T T 777777
= 0.8 % 5 0.8 |
&£ 0.7 - S 0.7+ -
0.6 | | | | | | | _ 6.6 ! ! ! ! i
@ ©5 1 1.5 2 25 3 35 4 @ 8.5 1 1.5 2
y N
H
Combination of H-+jet at NNLO + qT-subtraction at N3LO Combination of H-+jet at NNLO -+ rapidity distribution at N3LO: P2B

¢ Flat K factor over the entire kinematical range
Size of the N3LO corrections: 3.4/ that can be further enhanced with fiducial cuts and certain kinematical regions
¢ Reduction of the 507 of the size of the NNLO scale variation band at N3LO (+-3% ; +-34)

Leandro Cieri Jornadas cientificas IFIC — L1 Higgs Force — December 2024
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State of the art transverse momentum resummation at N3LO

Camarda, LC, Ferrera [2021] Billis, Dehnadi, Ebert, Michel, Tackmann [2021]
;l B 13Tev pp . Z/Y* . I+I_ p| >25 Gev lnll <25 DYTurbo '; O Sil I | I :_l_l 1 | 1 | 1 | 1 | 1 | 1 | I | 1 1T | [ I:
3 - m/2 <, 2Q<2m: 122 fu. u/Q, u/Q =2 O TR ] 99 —H —~v(13TeV) -
= 60— I Uer B I’ = Mgy, Ui, NS = U 007:_ I I‘EFT, myg = 125 GeV_:
= i 2 = 1 = N°LL'+N°LO -
o i NLL+NLO resummed a 0.6C 5 S NPT NNLO =
2 40— I NNLL+NNLO resummed y - LIN\T + E
eb I N°LL+N°LO resummed _g‘ O°5E il N7 NNLL+NLO .
O < 0.4 + ATLAS Preliminary -
20 z (139 ") -
% 003 E 3 1 \ X 4 _E
O__ | | | | | ; 0.2 J | | ’\ _g
mj E S 0.1 1 ‘ ~ - _:
(ZD | SOO|||||||||||||||||||||||||||||||'[|||||...|"|
o 0 10 20 30 40 50 60 70 80100 150 200
©
= qdr [GGV]
DYTurbo q, [GeV
Combination of Z-+jet at NNLO + gT-subtraction (QCD) Combination of Z+jet at NNLO + SCET-subtraction

& In the small-gT limit large logarithmic terms spoil the convergence of the perturbative series

¢ Transverse momentum resummation recover the reliability of the calculation in that kinematical region

¢ Differences between prime and unprimed version of resummation: exponentiate the finite part of the multi-loop scattering amplitudes, etc
& Size N3LO: percent corrections contained in the previous order variation of the scales

Leandro Cieri Jornadas cientificas IFIC — L1 Higgs Force — December 2024
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State of the art transverse momentum resummation at N3LO

Camarda, LC, Ferrera [2021]

DYTurbo

S B

8 n

s 60

k= -
. n

8 o

>~ 40

o

e

©

13 TeV, pp — Ziy* — I'T, p'T >25GeV, Inl<2.5
m,/2 < o, U, 2 Q<2m;1/2< MR/MF’ MR/Q, MF/Q <2

NLL+NLO resummed
" NNLL+NNLO resummed
I N°LL+N°LO resummed

DYTurbo

Another example of the necessity of precise TH predictions

Leandro Cieri

ratio to N°LL

do/dp_ [pb/GeV]

5 10 15 20 25 3

q, [GeV.

Combination of Z+jet at NNLO + gT-subtraction (QCD)

Most precise experimental determination of cts (112 ) achieved

Jornadas cientificas IFIC — L1 Higgs Force — December 2024

ATLAS ATEEC

CMS jets

H1 jets

HERA jets

CMS tt inclusive
Tevatron+LHC tt inclusive
CDF z P,

Tevatron+LHC W, Z inclusive

t decays and low Q?
QQ bound states
PDF fits

e*e’ jets and shapes
Electroweak fit

ATLAS Z P, 8 TeV

|
ATLAS

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

&) &Y

ATLAS 7

EXPERIMENT

Submitted to: Nature Phys. CERN-EP-2023-200

22nd September 2023

-@- Hadron Colliders
-@- Category Averages PDG 2022
-@- Lattice Average FLAG 2021
-@- World Average PDG 2022
~®- ATLAS Zp_8TeV
® 0.1185 = 0.0021
L _ 0.1170 = 0.0019
—— 0.1147 = 0.0025
@ 0.1178 = 0.0026
® 0.1145 = 0.0034
@ 0.1177 = 0.0034
-t 0.1191 = 0.0015
] ey — 0.1188+ 0.0016__
1 0.1178 £ 0.0019
0.1181 = 0.0037
@ 0.1162 = 0.0020
@ 0.1171 = 0.0031
@ 0.1208 = 0.0028
CTTITI T iedzo0oms
0.1179 = 0.0009
T %— """"" 0.1183 = 0.0009
0.1|15 0.1|2O 0.1|25 0.1|30
as(mz)
S

T

Ratio

A precise determination of the strong-coupling
constant from the recoil of Z bosons with the ATLAS
experiment at Vs = 8 TeV

The ATLAS Collaboration =+ LC, Ferrera

DYTurbo

X} I
§,N 0.122-ATLAS pp — Z —
o - Js=8TeV, 202" -
0.120F -
0.118F ¢ —
0.116 ¢ ¢ -
0.114 —
0.1 12:_ MSHT20 PDF E
0.110} *-Zp, .
N Scale variations ]
0.108- | |

NLL NNLL N°LL N*LLa
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State of the art Parton Showers

& PS Monte Carlos constitute an essential tool for LHC analyses
¢ The majority of these tools are LL accurate — could introduce limitation in precision

& Several efforts trying to reach NLL for general ohservables and even higher accuracy
¢ PS Monte Carlos matched in generalto 2 — 2 processes at NNLO Very CPU demanding

¢ PS Monte Carlo fully automated at NLO

PanScales: Ravasio, Hamilton, Karlberg, Salam, Scyboz,

Soyez [2023] 0.2f
van Beekveld, Dasgupta, EI-Menoufi, Ferrario Ravasio, 0-0T
Hamilton, Helliwell, Karlberg, Monni, Salam, 22 —0-2r
Scyboz, Soto-Ontoso Soyez [2024] i ‘3:
eg —06F
~¥ —o0.8f
E = —-1.0
towards general NNLL precision

The PanGlobal showers already reproduce terms up to NDL &
¢The addition of the double-soft corrections and matching is expected to bring NNDL accuracy «

Leandro Cieri

Global shower without double-soft corrections (left) and with

Alba’s talk

Dasgupta, Dreyer, Hamilton, Monni, Salam [2018]

Nagy-Soper, Holguin-Forshaw-Platzer, PanScales,
Herren-HAche-Krauss-Reichelt-Schonherr + ...

NNDL accuracy tests: Lund multiplicity

" NLO 2-jet matching

[ CA=2CF=§

0 1

E=asl?

them (right). The latter are consistent with NNDL accuracy.
The bands represent statistical errors in an as — 0 extrapo-

lation based on four finite as values.

—— PGs-o0 -
—— PGg-_1 _
NLO 2-jet matching '
Ca=2Cp=3 i i ]
12 3 4 5 . NPS_NNNDL
. £=a,l? lim
The result of Ed. for three variants of the Pan-
n LQTL —1
S
n LQ?’L —2
S
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Theoretical calculations State-of-the-art TH predictions at the LHC

The standard and current strategy in the
iterature to address this challenge @
is to improve numerical integration.

e State-of-the-art (SOTA) TH predictions (NNLO or N3LO precision)
encoded via Monte Carlo (MC) event generators require multi
core computers (generally clusters of thousand of CPUs).

# L H C Barcelona

Supercomputing
Center

p h e n O m e n O | O g i Ca | Centro Nacional de Supercomputacion

e Such SOTA TH predictions typically require weeks (or even
several months/years) in multi core clusters.

e TH Frontier at the fully differential level: at NNLO, up to three
particles in the final state (recently); at N3LO just one particle.

10 Marenostrums needed

continuously !!!

Process

calculations.
— For LHC analyses 23k years!

B $ 57 CPU years is equivalent to 1000 cores 0 Just for LHC TH analyses
b running the MC continuously for 21 days. &
S‘B = | $Great inequality between theoretical
&B ™ || groups that have access (or not) to these {t;
E’B | supercomputers. About 90kE/year in
% - ﬁ Switzerland — exclusive use of 2000 cores.
available dll‘ g\@
> | € Itis not a green way to perform DEVELOPHENT
D BN G<:ALS
Eb available m

Table obtained from theoretical papers —_, For LHC analyses x 10 factor at least
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State-of-the-art TH predictions at the LHC

The standard and current strategy in the
iterature to address this challenge
is to improve numerical integration.

e State-of-the-art (SOTA) TH predictions (NNLO or N3LO precision)
encoded via Monte Carlo (MC) event generators require multi
core computers (generally clusters of thousand of CPUs).

Barcelona
Supercomputing
Center

p h enomeno | @) g i cCa | Centro Nacional de Supercomputacion

e Such SOTA TH predictions typically require weeks (or even
several months/years) in multi core clusters.

e TH Frontier at the fully differential level: at NNLO, up to three

particles in the final state (recently); at N3LO just one particle. 10 Marenostrums needed

continuously !!!

Process

¢ 57 CPU years is equivalent to 1000 cores 0 Just for LHC TH analyses
running the MC continuously for 21 days. &

Why did we not break the 2->1 barrier at N3LO?

Switzerland — exclusive use of 2000 cores.

¢ It is not a green way to perform SUSTAINABLE
calculations. GL.:ALS
— For LHC analyses 23k years!

QO Q Q [\

< < < <

o8 o8 SR o :

o o o o g

=3 <3 =3 o :

@ @ (0] [0} q

£ BX BL |BL |E

=

Table obtained from theoretical papers —_, For LHC analyses x 10 factor at least
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Possible paths to the (immediate) Future

Drell-Yan Transverse-Momentum Spectra at N3LL’

Single-soft emissions for amplitudes with two and Approximate N4LL with SCETlib

we are lOOkIng for colored particles at three loops
¢ more precise TH tools — N3LO (or even N4LO) eI

Franz Herzog,” Yao Ma,’ Bernhard Mistlberger,® Adi Suresh®

—
Planar three-loop QCD helicity amplitudes for V +jet production at hadron colliders
Contents lists available at ScienceDirect . . Thomas Gehrmann, * Petr Jakubéik,!» T Cesare Carlo Mella,? ¥ Nikolaos Syrrakos,? ¢ and Lorenzo Tancredi? ¥
EXtraCtlon Of unp0|arlzed transverse momentum ! Physik-Institut, Universitit Zurich, Winterthurerstrasse 190, CH-8057 Ziirich, Switzerland
Ph SiCS LetterS B . . . . 2 Technical University of Munich, TUM School of Natural Sciences,
y dlStrlbutlonS from flt Of Dre"-Yan data at N4LL Physics Department, James-Franck-Strafle 1, 85748 Garching, Germany

We compute the planar three-loop Quantum Chromodynamics (QCD) corrections to the helicity
amplitudes involving a vector boson V = Z, Wi,'y*, two quarks and a gluon. These amplitudes
are relevant to vector-boson-plus-jet production at hadron colliders and other precision QCD ob-
servables. The planar corrections encompass the leading colour factors N, N° Ny, NN} and N7.
We provide the finite remainders of the independent helicity amplitudes in terms of multiple poly-
logrithms, continued to all kinematic regions and in a form which is compact and lends itself to
efficient numerical evaluation.

journal homepage: www.elsevier.com/locate/physletb

Drell-Yan lepton-pair production: qr resummation at N*LL accuracy )

.. . Valentin Moos,® Ignazio Scimemi,’ Alexey Vladimirov,’ Pia Zurita®?
Stefano Camarda?, Leandro Cieri®, Giancarlo Ferrera©* g y

S —

Beware of strict collinear factorization violation at N3LO (and beyond)
Catani, de Florian, Rodrigo [2012]

¢more precise PDFs — New fitting techniques, more data and N3LO PDFs R

Edinburgh 2024/9
CERN-TH-2024-167

——— T

Combination of aN?LO PDFs
DESY-24-134
TIF-UNIMIL-2024-17 and implications for Higgs production cross-sections at the LHC

Approximate N°LO Parton Distribution Functions by

CERN-TH-2024-167

with Theoretical Uncertainties: Combination of aN’LO PDFs The MSHT Collaboration:

and implications for Higgs production cross-sections at the LHC

M S H T 2 O aN3 L O P D F S The MSHT Collaboration:

Thomas Cridge!, Lucian A. Harland-Lang?, Jamie McGowan?, and Robert S. Thorne?

Thomas Cridge!, Lucian A. Harland-Lang?, Jamie McGowan?, and Robert S. Thorne?

The NNPDF Collaboration:
Richard D. Ball®, Alessandro Candido*, Stefano Carrazza®, Juan Cruz-Martinez*, Luigi Del Debbio3,

Stefano Forte®, Felix Hekhorn®7?, Giacomo Magni®®, Emanuele R. Noceral?,

The NNPDF Collaboration:
a . a b a <t Richard D. Ball®, Alessandro Candido?, Stefano Carrazza®, Juan Cruz-Martinez*, Luigi Del Debbio®,
J . MCGOW&H 9 T Crldge ) L A Ha"rla’nd_La‘ng 9 a‘nd R S . Thorne 8 Stefano Forte®, Felix Hekhorn®7, Giacomo Magni®?, Emanuele R. Noceral?,
N Taniona R. Rahemananiara®® Tnan Roin®? Rov Steceman?® and Maria TThialill

2024

Taniona R. Rabemananiara®?. Juan Roio®?. Rov Stegeman®. and Maria Ubiali'!

#NNLO TH calculations at higher multiplicities — New loop integral techniques required (analytical or numerical)?

Slow evaluation of 2 — 3 two-loop contribution DiffExp, a Mathematica package for computing Feynman

Amplitude evaluation with pySecDec: integrals in terms of one-dimensional series expansions

A Higgs + three gluons example
Martijn Hidding

C P Paranjape', G Heinrich? and S P Jones?®

——
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Possible paths to the (mmediate) Future

We are looking for
¢ more precise TH tools — N3L0 (or even N4LO)

¢more precise PDFs — New fitting techniques and more data and N3LO PDFs

¢NNLO TH calculations at higher multiplicities — New loop integral techniques required

(analytical or numerical)?

¢ more efficient MC for fixed order tools (CPU cost) — techniques with no distinction

PHYSICAL REVIEW LETTERS 124, 211602 (2020)

hetween real and virtual corrections?

Open Loop Amplitudes and Causality to All Orders
and Powers from the Loop-Tree Duality

A Tree-Loop Duality Relation at Two Loops
and Beyond

J. Jestis Aguilera-Verdugo,"" Félix Driencourt-Mangin,"" Roger J. Herndndez-Pinto ¥ Judith Plenter®,"

selomit Ramirez-Uribe ,1‘2’3 I' Andrés E. Renterfa-Olivo ’l-ﬂ German Rodrigo 1 .Germz’m F. R. Sborlini ,w
William J. Torres Bobadilla ,l‘” and Szymon Tracz 183

| T— W
Isabella Bierenbaum (¥, Stefano Catani ()T, Petros Draggiotis (V' and German Rodrigo (V% R
% ;%Z;E PUBLISHED FOR SISSA BY €) SPRINGER
C— — J RECEIVED: April 27, 2016
REVISED: July 13, 2016
ACCEPTED: August 20, 2016
_ . PUBLISHED: August 29, 2016
= ;:%ZE_E PUBLISHED FOR SISSA BY €) SPRINGER
J RECEIVED: September 19, 2016 . . .
epremoer Four-dimensional unsubtraction from the loop-tree

ACCEPTED: October 18, 2016

PUBLISHED: October 28, 2016 duality

German F.R. Sborlini,>* Félix Driencourt-Mangin,* Roger J. Hernandez-Pinto®° and
German Rodrigo®

@ Instituto de Fisica Corpuscular,

Four-dimensional unsubtraction with massive particles

Vacuum amplitudes and time-like causal unitary in the loop-tree duality

German F.R. Sborlini, Félix Driencourt-Mangin and German Rodrigo The LTD Collaboration, Selomit Ramirez-Uribe (%:?), Andrés E. Renteria-Olivo (), David F.

Instituto de Fisica Corpuscular, Universitat de Valéncia,

Leandro Cieri

Renteria-Estrada ("), Jorge J. Martinez de Lejarza (a), Prasanna K. Dhani (a), Leandro Cieri (a), Roger J.
Hernéndez-Pinto (*), German F. R. Sborlini (¢), William J. Torres Bobadilla (¥), and Germédn Rodrigo (®)*
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THE EUROPEAN

Eur. Phys. J. C (2014) 74:2864
PHYSICAL JOURNAL C

DOI 10.1140/epjc/s10052-014-2864-9

Regular Article - Theoretical Physics

FDR, an easier way to NNLO calculations: a two-loop case study

Alice Maria Donati®, Roberto Pittau®

PHYSICAL REVIEW LETTERS 133, 211901 (2024)

Rewording Theoretical Predictions at Colliders with Vacuum Amplitudes

Selomit Ramirez-Uribe ,1’2’* Prasanna K. Dhani ,I’T German F. R. Sborlini ,3 * and Germdn Rodrigo 1.8
Unstituto de Fisica Corpuscular, Universitat de Valencia—Consejo Superior de Investigaciones Cientificas,
Parc Cientific, E-46980 Paterna, Valencia, Spain
2Facultad de Ciencias Fisico-Matemdticas, Universidad Auténoma de Sinaloa, Ciudad Universitaria, CP 80000 Culiacdn, Mexico
3Departamento de Fisica Fundamental e IUFFyM, Universidad de Salamanca, 37008 Salamanca, Spain

® (Received 15 April 2024; revised 27 September 2024; accepted 10 October 2024; published 19 November 2024)
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Possible paths to the (mmediate) Future

we a re lo 0 kI ng for Rewording Theoretical Predictions at Colliders with Vacuum Amplitudes
:ﬁ more pre Cise TH t00ls _} N3L0 <0r even NALU) Selomit Ramirez-Uribe®,"*" Prasanna K. Dhani®,"" German F.R. Sborlini®,>* and Germén Rodrigo®"?

Unstituto de Fisica Corpuscular, Universitat de Valencia—Consejo Superior de Investigaciones Cientificas,
Parc Cientific, E-46980 Paterna, Valencia, Spain
2Facultad de Ciencias Fisico-Matemdticas, Universidad Auténoma de Sinaloa, Ciudad Universitaria, CP 80000 Culiacdn, Mexico

@ m 0 re p re cise PD Fs _} N ew fitti n g te ch n i q u es a n d m 0 re data a n d N 3L0 PD Fs 3Departamento de Fisica Fundamental e IUFFyM, Universidad de Salamanca, 37008 Salamanca, Spain

® (Received 15 April 2024; revised 27 September 2024; accepted 10 October 2024; published 19 November 2024)

PHYSICAL REVIEW LETTERS 133, 211901 (2024)

g

¢NNLO TH calculations at higher multiplicities — New loop integral techniques required e — o
(anaIYtlcal or numerlcal)? Open Loop Amplitudes and Causality to All Orders

and Powers from the Loop-Tree Duality | ComPUtlng Feynman

) B - - - - - - J. Jests Aguilera-Verdugo,"" Félix Driencourt-Mangin,"" Roger J. Herndndez-Pinto®,>* Judith Plenter®,"* » lal Serles eXp anSlonS
¢ more efficient MC for fixed order tools (CPU cost) — techniques with no distinction o e e 5t el G K

| " Germén F.R. Sborlini®,"""
William J. Torres Bobadilla®,"** and Szymon Tracz®'

: tane? , L L .
bEtWEEﬂ real and Vlrtllal COITE CthﬂS . Quantum querying based on multicontrolled e e I
Toffoli gates for causal Feynman loop - Phys. J. ~

@ Quantum CUmpUtlng — uuantum Algorlthms configurations and directed acyclic graphs e PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

- FDR, an easier way to NNLO calculations: a two-loop case study
Selomit Ramirez-Uribe,” Andrés E. Renteria-Olivo® and German Rodrigo- *

a4

PUBLISHED FOR SISSA BY @ SPRINGER

Alice Maria Donati®, Roberto Pittau®
RECEIVED: November 2, 2021

R
REVISED: February 25, 2022 PHYSICAL REVIEW D 108, 096035 (2023)
ACCEPTED: April 24, 2022

PUBLISHED: May 16, 2022

Isabella Bierenbaum (“*, Stefano Catani (*)f, Petros Draggiotis (¥ and German Rodrigo (¥%

Variational quantum eigensolver for causal loop Feynman diagrams

and directed acyclic graphs
Quantum algorithm for Feynman loop integrals

Giuseppe Clemente®,"” Arianna Crippa,"’ Karl Jansen,"* Selomit Ramirez-Uribe 2343 Andrés E. Renteria-Olivo®,>!
Germdn Rodrigo®,”" German F.R. Sborlini®,**"" and Luiz Vale Silva®>"’

Selomit Ramirez-Uribe,»"¢ Andrés E. Renteria-Olivo,* German Rodrigo,”

German F.R. Sborlini®® and Luiz Vale Silva® PHYSICAL REVIEW D 106, 036021 (2022) Jorge J. Martinez de Lejarza“,ﬂ David F. Renteria-Estrada “,ﬂ Michele Grossi®,} and Germ4n Rodrigo“ﬂ
Instituto de Fisica Corpuscular, Universitat de Valéncia - Consejo Superior de Investigaciones Cientificas,
Parc Cientific, E-46980 Paterna, Valencia, Spain and
®European Organization for Nuclear Research (CERN), 1211 Geneva, Switzerland
(Dated: September 20, 2024)

Quantum integration of decay rates at second order in perturbation theory

Quantum Fourier Iterative Amplitude Estimation Quantum clustering and jet reconstruction at the LHC

Jorge J. Martinez de Lejarza®, Leandro Cieri®,” and Germdn Rodrigo®*
Jorge J. Martinez de Lejarza®, Michele Grossi’, Leandro Cieri® and German Rodrigo®
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State of the art transverse momentum resummation at N3LO

30 T

do/dqr (pb/GeV)

[ [ [ [ | [ [ [ [ | [ [ [ [
pp »Z°+X->171"+X
Vs=1.96 TeV

NLL+LO

Most precise experimental determination of ccs (112 ) achieved

Leandro Cieri

do/dqr (pb/GeV)

30

2O

20

15

10

I I I I I I I I I I I | I I I I | I I I I

\ pp »Z°+X-171"+X
\ Vs=1.96 TeV

NNLL+NLO

[

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

£

ATLAS

EXPERIMENT

Submitted to: Nature Phys.

&Y

N/

CERN-EP-2023-200
22nd September 2023

The size of the finite: Real+CT
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dofdp_[pb/GeV]

Ratio

A precise determination of the strong-coupling
constant from the recoil of Z bosons with the ATLAS

experiment at Vs = 8 TeV

The ATLAS Collaboration + LC, Ferrera

E: 0.122
0.120
0.118
0.116
0.114
0.112
0.110

0.108

W

DYTurbo
" ATLAS pp—Z E
B Vs=8TeV, 202" 1
- MSHT20 PDF B
o - Z pT ]
B Scale variations 7]
- | _
NLL NNLL NSLL N*LLa
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oplitting functions at N3LO (Pqg and contributions to Pgq)

¢ N(20) moments + available endpoint constraints — the four-loop Pqg(x) that should be sufficient for a
wide range of collider-physics applications

0.1 ! UL ! LU ! LU ! I

§ 1.1 s -
Xqu(X) " Ng X[qu® g](x) . The double fermionic contribution to the
- ] four-loop quark-to-gluon splitting function

0.08

N
. @\
T os | - Pgq
= 1 1.05 — <
; I ] 3}
Do N : y O G. Falcioni%?, F, Herzog¢, S. Moch?, J. Vermaseren® and A. Vogtf
1 S
|
] i
0.04 1 L e 0 m 0 e 0 5 0 e 0 b 0 s 0 =5 & \ __________ e
| | I
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Perturbative QCD TH predictions & more

Leandro Cieri

Theory

Highest perturbative Typical uncertainty Final state Well under control
order reached yp multiplicity at
N_eXt'tO'neXt'to' 8%-12% (inherited from acD 2—(n=) 3 legs QCD NNLO -2

leading order (NNLO) part) processes)

NeXt-tO-n.eXt-tO-neXt- Hard to obtain differential results in
to-leading order 39%-59; 25 (n:) 1 legs a short time (at least 2 months in

(N3LO)

2000 CPUs)

Jornadas cientificas IFIC — L1 Higgs Force — December 2024
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Degree of complexity at NNLO

2 loop . - 1
z loopintegrals mwmmi» explicit infrared poles —

A .
If you regularise
-~ Bottleneck for larger multiplicities In I space

Z © Many becoming available

“NLO complexity” : loop sl % 2
€

| loop + single emission

qr
? | . | log*(—=)
singular emission (extra) =y — M2,
€
Double real emission Tree level a Hell of infrared singularities
Z

© Bottleneck for larger multiplicities: implementation
Z
after integration over 1 *
unresolved partons . A poles

A Standard Model and Higgs Theory Daniel de Florian 28
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Organisation of the talk

Disclaimers

* Theoretical results for LHC phenomenology constitutes a vast field

~10 LHC hep-ph papers per day from 2020

iINSPIRE ener ol AN

 The aim of this talk is to present results:

—p 16000 papers

LHC TH predictions —» Precise TH predictions
Newest Y

Most interesting @ o
Point to possible future directions in our field @

e There will be an inevitable degree of subjectivism &

* | am sorry if your favourite calculation or phenomenological study is not included in
these slides. | will be happy to discuss it with you after the talk.

Iro Lier Jornadas cientificas IFIC — L1 Higgs Force — December 2024 ¥



EPS-2023 - Future collider talks

Status and prospects of the HL-LHC project
Markus Zerlauth

Impact of accelerator physics on van der Meer luminosity
calibrations at the LHC
Witold Kozanecki

Beam-beam interaction-induced bias to precision luminosi
measurement
Joanna Wanczyk

TWOCRYST: a proof-of-principle of a double-crystal setup
Stefano Redaelli

Status of the International Muon Collider Complex Study a
10 TeV
KYRIACOS SKOUFARIS

Machine-Detector interface for multi-TeV Muon Collider
Donatella Lucchesi

Green Accelerators? Lessons learned from ESS.
Dr Anders Sunesson

Leandro Cieri

Physics Performance and Detector Requirements at an
Asymmetric Higgs Factory
Antoine Laudrain

Prototype test beam results and design of the future
Forward Calorimeter in ALICE
lan Bearden

The CMS ECAL upgrade for the High-Luminosity LHC era
Ka Wa Ho

Audimax, Universitat Hamburg 09:10 - 09:30

Development of the ATLAS Liquid Argon Calorimeter
Readout Electronics for the HL-LHC
Maheyer Shroff

The Mu2e crystal calorimeter Dr Stefano Di Falco

Audimax, Universitat Hamburg 09:50 - 10:10

Compact forward e.m. calorimeter based on oriented
crystals

Marco Romagnoni

Precise predictions for the trilinear Higgs self-coupling in
the Standard Model and beyond
Martin Gabelmann

Two-loop Electroweak corrections to gg -> HH
Hantian Zhang

Hérsaal B, Historic main building 08:50 - 09:10

Higgs Pair Production and Triple Higgs Couplings at the
LHC in the 2HDM framework
Kateryna Radchenko Serdula

Probing the nature of electroweak symmetry breaking witfk
Higgs boson pairs in ATLAS
Viviana Cavaliere

Higgs self coupling: status and projections at CMS
Saswati Nandan

Hérsaal B, Historic main building 09:50 - 10:10

Constraints on the trilinear and quartic Higgs couplings
from triple Higgs production at the LHC and beyond
Georg Weiglein

Precision measurements of W and Z production in ATLAS
and CMS
Prof. Ulrich Goerlach

Physics with W and Z bosons at the LHCb experiment
Nathan Allen Grieser

Hérsaal M, Historic main building 08:50 - 09:10

Compatibility and combination of world W-boson mass
measurements
William Barter

Probing the weak mixing angle at high energies at the LHC
and HL-LHC
Simone Amoroso

Global fit of electroweak data in the Standard Model and
beyond
Maurizio Pierini

Hérsaal M, Historic main building 09:50 - 10:10

The global electroweak fit in the SM and SMEFT
Yannick Fischer

Jornadas cientificas IFIC — L1 Higgs Force — December 2024

JI$\psi$-pair production at NLL in TMD factorisation at LH
Alice Colpani Serri

One-loop corrections to inclusive production of J/psi and
Yelyzaveta Yedelkina

Production of exotic $X(3872)$ in proton-proton and $e/+
Antoni Szczurek

Heavy flavor production studies at CMS
Valentina Mariani

Study of associated quarkonium production in pp collisio
Liupan An

Latest ALICE results on charm and beauty hadronization .
Biao Zhang

Measurement of the cross-section ratio o(2S)/cJ/y(1S) i.
Alessia Bruni
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We need theoretical calculations
The calculations that we have and even more precise theoretical tools

Precise theoretical calculations are essential partners for current and future colliders
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o =96.07+0.18 + 0.91 mb (data)
COMPETE HPR1R2 (theory)
o =95.35+0.38 + 1.3 mb (data)
COMPETE HPR1R2 (the ory
0c=190.1+0.2+6.4nb data?1
DYNNLO + CT14NNLO (theory)
o =112.69 + 3.1 nb (data)
DYNNLO + CT14NNLO (theory)
o =98.71 + 0.028 + 2.191 nb (data)
DYNNLO + CT14NNLO (theory)
o =58.43+0.03 + 1.66 nb (data)
DYNNLO+CT14 NNLO (theory)
o = 34.24 + 0.03 + 0.92 nb (data)
DYNNLO+CT14 NNLO (theory)
o =29.53+0.03 +0.77 nb (data)
DYNNLO+CT14 NNLO (theory)
o =826.4+3.6+19.6 pb (data)
top++ NNLO+NNL theory
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top++ NNLO+NNLL (theory)
oc=1829+3.1+6.4 E ﬁdata
top++ NNLO+NNLL (theory)
o = 247 + 6 + 46 pb (data)
NLO+NLL (theory)
0c=289.6+1.7+ 7.2 - 6.4 pb (data)
NLO+NLL (theory)
o =68+ 2+ 8pb (data)
NLO+NLL (theory)
o =94+ 10+ 28 — 23 pb (data)
NLO+NNLL (theory)
o =23+1.3+3.4-3.7 pb (data)
NLO+NLL (theory)
o =16.8+ 2.9+ 3.9 pb (data)
NLO+NLL (theory)
o =55.5+3.2+24-22pb (data)
LHC-HXSWG YR4 (theory)
o =27.7+3+42.3-1.9pb (data)
LHC-HXSWG YR4 (theory)

o=221+6.7-53+43.3-2.7 pb (data)

LHC-HXSWG YR4 (theory)

o =130.04 + 1.7 + 10.6 pb (data)
NNLO (theory)

o =68.2+1.2+4.6pb (data)
NNLO (theory)

o =51.9+2+4.4pb (data)
NNLO theoryg)

o =51+0.8+2.3pb (data)
MATRIX (NNLO) (theory)

o =243+0.6+0.9pb (data
MATRIX (NNLO) (theory

oc=19+14-1.3+1pb (data)
MATRIX (NNLO) (theory)

o =17.3+0.6 + 0.8 pb (dat;

a)
Matrix (NNLO) & Sherpa (NLO) (theory)

oc=7.3+0.4+0.4-0.3pb (data)
NNLO (theory)
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NNLO (theory)
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NLO+NNL (theory)

o =870+ 130 + 140 fb (dataz
Madgraph5 + aMCNLO (theory)

o =369 4 86 — 79 + 44 fb (data)
MCFM (theory)

o =990 + 50 + 80 fb (data)
Madgraph5 + aMCNLO (theory)

o =176 + 52 — 48 + 24 fb (data)
HELAC-NLO (theory)

o =0.82+0.01 +0.08 pb (data)

NLO QCD (theory)

o =0.55+0.14 + 0.15 - 0.13 pb (data)

Sherpa 2.2.2 (theory)
o =24 + 4 +5 fb (data)
NLO QCD + EW (theory)

||||||,|,|I |||||||,|I ||||||,|,|I

T Illlml_l-

Standard Model and Higgs Theory

Daniel de Florian
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Scattering amplitudes - the frontier at NNLO and beyond

All Two-Loop Feynman Integrals for Five-Point One-Mass Scattering
Relevant for H/ZIW production in association with two jets at NNLO, or in association with one jet at N3LO or H/Z/W at N4LO R |_1<f>3HBzzz

Two-Loop Helicity Amplitudes for Diphoton Plus Jet Production in Full Color = —

Relevant for yy production in association with one jet at NNLO, or yy production at N3LO

Planar three-loop OCD helicity amplitudes for V +jet production at hadron colliders N
Relevant for Z/W/y™ production in association with one jet at N3LO or Z/W/* at N4LO M -

Three-loop helicity amplitudes for diphoton production in gluon fusion
Relevant for yy production at N3LO

Quark and Gluon Form Factors in Four-Loop QCD
Relevant for H/ZIW/y* at N4LO

Three-loop helicity amplitudes for quark-gluon scattering in QCD
Relevant for jj at N3LO




Motivation

L\ LARGE HADRON COLLIDER

=) LHC/HL-LHC Plan

We are here
LHC A LHC upgrade . nc

‘ Run 2 ‘ ‘ Run 3 ‘ Run 4-5...

1soey AR i S
splice consolidation - cryolimit LIU Installation HL-LHC - -
8 TeV butt llimat & interaction inner triplet
7 TeV u F?;Ec:r;jr:f:ltors 73 ragions Civil Eng. P1-P5 p|Iot - radlatlon limit installation ImprOVIng accura Cy "
2011 2012 2013 2014 2015 2016 Il 2017 2018 2019 2020 2022 2023 m 2025 2026 2027 2028 2029 IIIIIII
5 to 7.5 x nominal Lumi
R ATLAS - CMS —
experiment ko upgrade phase 1 ATLAS - CMS /
beam pipes = > il L 5 i HL upgrade
pominal Lumi [ < * M0EL T ALICE - LHCb : s - —

75% nominal Lumi I /"’ 1 upgrade
/m m m integrated JEALMVRI
luminosity JEITR] o5

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY s PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. H” PHYSICS
LHC operational in its 3rd and last running period
HL-LHC CIVIL ENGINEERING: _ _ T
DEFINITION EXCAVATION BUILDINGS LHC EXCEEd |t5 dﬂSlgn lumInOSIty

but did not reach (almost) design energy
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- - B Proton collider
All options are aimed Possible scenarios of future colliders B Electron collider

at attoharn'1 thSiCS Electron-Proton collider

mmmm= Construction/Transformation

byl L
o 2 abt 4 ab-1 ~4-5.4 ab1

Weu beyond NNLO 2 20km tunne - m tunnel - 40 km tunnel .

for theory

I CALCIEM CepC: 90/160/240 GeV .
[ SppC aim similar to FCC-hh
100km tunnel 16/2.6/5.6 ab-t

China

EVE_I] conservative — 1£0.365 CoV FCC hh: 150 TeV =20-30 ab-
-ee: )
estimates are not 8 years vy fcCee: 1.7ab

= . 150/10/5 ab-1 11
achievable with 100km tunnel [10/52 =58 [ CC hh: 100 TeV 20-30 ab-!
[ 8 years 15 years
current techniques —— "==E" FCC hh: 100 TeV 20-30 ab?

Most optimistic =

; o' HL-LHC: 13 TeV 3-4 ab-! HE-LHC: 27 TeV 10 ab-!
scenario S
establishes 17 — 37 et o 12TV FCC-eh: 3.5 TeV 2 ab-
theoretical accuracy

> years AL CLiC: 380 Gev [ 1.5 TeV
I
as mandatory at — e B

current Run "I and 29 km tunnel 50 km tunnel

HEEEE TR e T e EEEEEEEE T EEEEEEEEET EEEEE
at the HL-LHC 2020 2030 2040 2050 2060 2070 2080 2090
The Path forward to N3LO. In 2022 13/05/2019 UB
Snowmass Summer Study, 3 2022 ' S. Bethke (MPP Munich ESPP Symposium, Granada, 15 May 2019
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State of the art PDFs (NNLO)

CT18 LHC measurements in single-inclusive jet production with the full rapidity coverage, as well as production of Drell-Yan pairs, top-quark pairs, and
high-pT Z bosons, are included to achieve the greatest sensitivity to the PDFs

MSHT20 Determination controlled by LHC data:LHC 7 and 8 TeV data sets on vector boson production, inclusive jets and top quark distributions
Reduced uncertainties in predictions for processes such as Higgs, top quark pair and W, Z production at post LHC Run—ll energies

NNPDF4.0  Determination controlled by LHC data: unlike in the past, almost DIS-only
The theory predictions include new improved approximations at NNLO for the production of heavy quarks in DIS and for the hadro-production of

ABMP16 single-top quarks.

ATLASpdf21 ATLAS sets of W, Zly data, ¢ data and V+ jets data considered in a single OCD fit (also other sets)
PDF4LHCYT It is based on the Monte Carlo combination of the CT18, MSHT20, and NNPDF3.1 sets followed by either its Hessian reduction or its replica

compression

— pp _> Z —>€g—|—X_ PPPPPPPPP B D%HC2140 11111111111 pp _> H_|_X

X 5F T T T N R
4E > g

£ 3t R — £ 2

e Y U o e SU0 s = 1F

fg LE + F

T Of SR

O —1F O i

| B N - = -1

= it o —2f

A 5t , o T .

A 102 M,; [GeV] 103 ~ 200 0.5 1.0 w15 2.0 2.5
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State of the art PDFs (NNLO)

LHC measurements in single-inclusive jet production with the full rapidity coverage, as well as production of Drell-Yan pairs, top-quark pairs, and

CT18 high-pT Z bosons, are included to achieve the greatest sensitivity to the PDFs

MSHT20 Determination controlled by LHC data:LHC 7 and 8 TeV data sets on vector boson production, inclusive jets and top quark distributions
Reduced uncertainties in predictions for processes such as Higgs, top quark pair and W, Z production at post LHC Run—ll energies

NNPDF4.0  Determination controlled by LHC data: unlike in the past, almost DIS-only

The theory predictions include new improved approximations at NNLO for the production of heavy quarks in DIS and for the hadro-production of

ABMP16 single-top quarks.

ATLASpdf21 ATLAS sets of W, Zly data, ¢ data and V+ jets data considered in a single OCD fit (also other sets)
PDF4LHCYT It is based on the Monte Carlo combination of the CT18, MSHT20, and NNPDF3.1 sets followed by either its Hessian reduction or its replica

compression
@ ATLAS CONF Note y

ATLAS ATLAS-CONF-2023-004 9

EEEEEEEEEE
2nd April 2023

In the extraction of many
fu n da me ntal pa ram Ete rs' Improved W boson Mass Measurement using

Vs = 7 TeV Proton-Proton Collisions with the

PDF uncertainties dominate ATLAS Detector

The ATLAS Collaboration

Obs. | Mean Elec. - PDE  Muon EW PS & Bkg. TI'w MC stat. Lumi Recoil | Total Data
[MeV] Unc. Unc. Unc. Unc. A; Unc. Unc. Unc. Unc. Unc. Unc. Sys. stat.

Total
Unc.

p% 80360.1 8.0 7.7 7.0 6.0 4.7 2.4 2.0 1.9 1.2 0.6 15.5 4.9

16.3

mr 80382.2 9.2 14.6 9.8 59 10.3 6.0 7.0 2.4 1.8 11.7 24.4 6.7

25.3
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State of the art PDFs (NNLO)

CT18 LHC measurements in single-inclusive jet production with the full rapidity coverage, as well as production of Drell-Yan pairs, top-quark pairs, and
high-pT Z bosons, are included to achieve the greatest sensitivity to the PDFs

MSHT20 Determination controlled by LHC data:LHC 7 and 8 TeV data sets on vector boson production, inclusive jets and top quark distributions
Reduced uncertainties in predictions for processes such as Higgs, top quark pair and W, Z production at post LHC Run—ll energies

NNPDF4.0_  Determination controlled by LHC data: unlike in the past, almost DIS-only
redictions include new improved approximations at NNLO for the production of heavy quarks in DIS and for the hadro-production of
ABMP16 single-top quarks:

ATLASpdf21 ATLAS sets of W, ZIy+ data, tt

/+ jets data considered in a single QCD fit (also other sets)

PDF4LHCYT It is based on the Monte Carlo combination of the 120, and NNPDF3.1 sets followed by either its Hessian reduction or its replica
Discrepancies between NNPDF4.0 and the

compression
@3) ATLAS CONF Note )’ data are observed for the measured Z-boson
ATEAR ALAS O o s rapidity distribution at 7 TeV

EEEEEEEEEE
2nd April 2023

In the extraction of many
fu n da me ntal pa ram Ete rs' Improved W boson Mass Measurement using

Vs = 7 TeV Proton-Proton Collisions with the

PDF uncertainties dominate ATLAS Detector

The ATLAS Collaboration

Obs. | Mean Elec. - PDE  Muon EW PS & Bkg. TI'w MC stat. Lumi Recoil | Total Data | Total
[MeV] Unc. Unc. Unc. Unc. A; Unc. Unc. Unc. Unc. Unc. Unc. Sys. stat. Unc.
p% 80360.1 8.0 7.7 7.0 6.0 4.7 2.4 2.0 1.9 1.2 0.6 15.5 4.9 16.3
mr 80382.2 9.2 14.6 9.8 59 10.3 6.0 7.0 2.4 1.8 11.7 24 .4 6.7 25.3




State of the art PDFs (NNLO)

CT18 LHC measurements in single-inclusive jet production with the full rapidity coverage, as well as production of Drell-Yan pairs, top-quark pairs, and
high-pT Z bosons, are included to achieve the greatest sensitivity to the PDFs

MSHT20 Determination controlled by LHC data:LHC 7 and 8 TeV data sets on vector boson production, inclusive jets and top quark distributions
Reduced uncertainties in predictions for processes such as Higgs, top quark pair and W, Z production at post LHC Run—ll energies

NNPDF4.0_ Determination controlled by LHC data: unlike in the past, almost DIS-only

ABMP14 redictions include new improved approximations at NNLO for the production of heavy quarks in DIS and for the hadro-production of
single-top quarks:

ATLASpdf21 ATLAS sets of W, ZIy+ data, tt

PDFALHC21T It is based on the Monte Carlo combination of the

/+ jets data considered in a single QCD fit (also other sets)
120, and NNPDF3.1 sets followed by either its Hessian reduction or its replica

compression Discrepancies between NNPDF4.0 and the
@3) ATLAS CONF Note )’ data are observed for the measured Z-boson
RILAS . g rapidity distribution at 7 TeV
In the extraction of many For sure there will be a lot of

fundamental paramEte rs Improved W boson Mass Measurement using ImpTOVGmEHtS II'I the I'IEXt yeaI'S
’ Vs = 7 TeV Proton-Proton Collisions with the . . g
PDF uncertainties dominate ATLAS Detector regarding PDF uncertainties and

accord between different groups

Obs. | Mean Elec. - PDE  Muon EW PS & Bkg. TI'w MC stat. Lumi Recoil | Total Data | Total
[MeV] Unc. Unc. Unc. Unc. A; Unc. Unc. Unc. Unc. Unc. Unc. Sys. stat. Unc.

p% 80360.1 8.0 7.7 7.0 6.0 4.7 2.4 2.0 1.9 1.2 0.6 15.5 4.9 16.3
mr 80382.2 9.2 14.6 9.8 59 10.3 6.0 7.0 2.4 1.8 11.7 24.4 6.7 25.3

The ATLAS Collaboration
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Transverse mass distribution and charge asymmetry in W boson production to third order in QCD
Chen, Gehrmann, Glover, Huss, Yang, Zhu [2023]

> W=(->1*v) + X - 5 *
SCET+NNLOJET PP (= 17) Vs =13Tev SCET+NNLOJET ~ pp->W=*(-1v) + X VE=1.96 TeV
LO NNLO Charge Asymmetry of W= 5 0.1751
] 31 scale variations > 0.150 NLO N3LO
0.1751 HF = lR = My, & ! —
] ~— 0125'
— 0.1501 | — 5
= : ' N 0.100 - NNPDF40 nnlo
S 0.125 1 ! > ] 7-point scale variation
:g . g 0.075 1 MF = Mg =My,
< 0_100_; P | % 0.0505_1— CDFII fiducial region
] b ] ——
.075 1 —~ ]
0.075 E 0.025 :
0.050- B Z  0.000- me
_ |
00254 —0.025%
i 1 | I I
9 105_ : ........................................... 9 110 th= 100 GeV th=075 GeV th=05GeV
Z T
_8 1.00':—I :
9 0.95 ....... e
& 0.90 —
60 65 70 75 80 85 90 95 100

do /d|yw+| — do /d|yw-|

A — Wi: (Erv 1
Wlywh) = G e i = 2B E} (1 - cosag).

& Charge asymmetry relevant for determination of PDFs

& Transverse mass relevant for MW determination

¢ N3LO perturbative uncertainties estimated by scale variations are found to be about +1%to +1.54

& Distortions to the shape of the distributions are minimal at N3LO and only become visible outside the peak region of the mW= distribution
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Claiming “true N3LO precision” — including mixed QCD+EW effects

C\{g ~ (¥ Including all the effects that could compete with the size of the NNLO or N3LO QCD corrections

A 0CD A EW MIXED-
Perturbative expansion & = 00 + alo() + a26( 4 .. 2o 0:2) 4 .. ++ »
a <1 a<l [0 NLO  NNLO NCOEW NNCOTCD+EW
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Claiming “true N3LO precision” — including mixed QCD+EW effects

a? ~ (¥ Including all the effects that could compete with the size of the NNLO or N3LO QCD corrections

Bonciani et al [2021]

¢ Effects typically at the level of the & (17)
¢ EW could be enhanced in certain kinematical regions

A lot of recent activity computing this kind of corrections (not complete list)

Dittmaier, Huss, Schwinn [2015]

LC, Ferrera, Sborlini [2018]

Dittmaier, Schmidt, Schwarz [2020]
Delto, Jaquier, Melnikov, Rontsch [2020]

LC, de Florian, Der, Mazzitelli [2020] -

Buonocore, Grazzini, Kallweir, Savoini, Tramontano [2021] MIXEd QCD'I'EW(QED) Eﬂ:ECtS
Behring, Buccioni, Caola, Delto, Jaquier,Melnikov, Rontsch [2020]

Dittmaier, Schmidt, Schwarz [2020]

Buccioni et al [2022]
Autieri, LC, Ferrera, Sborlini [2023]

- Subtraction prescriptions requieres splitting functions at the same level of accuracy
A0 40,?,W [g()g/] S0 10w MiXEd QCD+QED Spl'ttmg funCtions known De Florian, Rodrigo, Sborlini [2016]

do/doro [%)

do/dogre (%)
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Diphoton production at NNLO with full top quark mass dependence

Becchetti, Bonciani, LC, Coro, Ripani [2023]  Full massive 2 — 2

2yNNLO

o ATLAS = 3 ATLAS —=
100 | I R E— | B — | I R E— | | B R R (85 - * Data § % e Data §
= a 10° = —— Background-only fit 5 % 10° = — Background-only fit E
L (XX NNLO(nf=6) - 2 ) - Spin-2 Selection - 2 . - Spin-0 Selection -
5 N E /s =8 TeV, 20.3 fb” E E /s =8 TeV, 20.3 fb” E
E 0 B - N 10%— —% 10%— _é
DS - - - -
C | ok | 13 E e E
%t 1074 |— e — » " 101;— —; 10—‘;— —;
N ) B ) HA 750 Gev nOt very S - e e e e - E' : e e e e s :E
S - Vs=13 TeV = - “ p S 2wk E T E
< vs=13 Te ~ affected by fiducial cuts = ¢ = S ﬂ Y =
1076 — LH 5 s m . 2 5 s ‘ b =
g Op ' . B of .o . ]
= H| | |o[® ® ¢ = = u -
l l l l | l l l l l l l l l l l = - : s |1 ‘TTW E o 55 % + =
~ 1.0075 . ' ' I ' I ' -] © _10'_ _g % _10% L —f
0 B $ v 8 _15E ) I T T T 3 () NI N T -
Al C edadores "9’, ‘ ] 200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000
g 1.0050 |- JLRLKXKS = . [GeV] e [GeV]
11 : ARKEREIERISE T = : i -
Z 1.0025 R AR RIKELX KRN 55 3
~S: ) KRR NHEP e s
© . - . v' XS ‘ ‘i . . . . A RECEIVED: J—une],2016
1 S skl Example of the necessity of precise TH predictions e ot
£ 0.9975 L %
= ~ . “ ' . .
Z 09950 T . 3 Example of comparison of “NEW" bumps or kinks inside the SM Search for resomances in diphoton events at
0] 500 1000 1500 2000 /8 = 13 TeV with the ATLAS detector
Myy (GeV)
2 xm_top
¢ All massive contributions taken into account: two-loop, loop induced, one-loop-real and double real (pp—=yytt) s

The ATLAS collaboration

& Loop induced gg channel and two-loop (qgbar) dominate the shape - Sy iz

& 9Ty,
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State of the art PDFs (aN3L0)

Higgs (VBF) F. A. Dreyer and A. Karlberg

We used NNLO PDFs in almestall our N3LO calculations!

N3LO QCD HADRON-COLLIDER CALCULATIONS VS. TIME

Only 2—1 processes

PDFs at approximate N3LO

MSHT20sN3LO0

¢ Approximated splitting functions, transition matrix elements, coefficient functions and K-factors for

multiple processes to N3LO — 20 nuisance parameters
¢ Improvement in data description from NNLO to N3LO

Higgs, B. Mistlberger

AAAAA
| H->yy (diff) Billis, Dehnadi, Ebert,

i 0, Wangd

Dulat, Mistlberger

s, B. Mistlberger, A. Pelloni

Michel,Tackmann

VH (Ingl) J. Baglio,

¢ aN3L0 as(mZ) value stated is in agreement with the MSHT20 NNLO result and the world average within
uncertainties

& PDFs include an estimation for missing N3LO contributions (the leading theoretical uncertainty) and

splitting functions at N3LO (Pqg)

implicitly some MHOU beyond this within their PDF uncertainties. Due to this factorisation scale

variations are no longer necessary in calculations involving aN3LO PDFs

factorisation scale variation Is

Notice that In fixed order calculations

o order PDF order o+ Ao, —Ao_ (pb) o (pb) + Aoy — Ao_ (%) : o Order fixed order Order required Splitting
PDF uncertainties contained within the PDF
aN’LO (no theory unc.) 45.296 + 0.723 — 0.545  45.296 + 1.60% — 1.22% ni _
Lo | AN°LO (Hy + Ky)  45.29640.832 —0.755  45.296 + 1.84% — 1.67% uncertainties. LO
aN3LO (H,) 45.296 + 0.821 — 0.761  45.296 + 1.81% — 1.68% :
NNLO 47.817 + 0558 — 0.581  47.817 + 1.17% — 1.22% The delcre?sm_g NLO LO
NNLO NNLO 46.206 + 0.541 — 0.564  46.206 + 1.17% — 1.22% central value Is
PDF + Scale uncertainties 1 t r d h NNLO NLO
aN’LO (no theory unc.) 45.296 + 0.723 — 1.851  45.296 + 1.60% — 4.09% ot covere _ y
NLO | N GIH) T 45200 1 0801 Lo 45206 1 181% 4205 i NSLO NNLO
a Z/ . + 0. — 1. : + 1. o — 4. 0 0 -
NNLO 47.817 + 0.577 — 2.210  47.817 + 1.21% — 4.62% >3 ._rhe complexity N4LO N3LO
NNLO NNLO 46.206 - 4.284 — 5.414 46.206 + 9.27% — 11.72% Is fourth order

ok



| Aiat O(os’) |

NNLOJET pp—> Z+X, y_ € [204.5) s =8 TeV NNLOJET pp  Z+X,y, [20,45] (5= 8TeV

4 T — v P——p—y ™ T v ey v V——— v -
< F - < 0.1 =
] ===LO (4 :
0.1F .
B NLO ( SZ) E
0. 2 3 -
NNLO ( ) :
0.0 —
orererreeere 5
0.0 A3 =
0'0 ——— _:
0 = " a a PRSP R Lt | A 1
O U J T T v v L v T v ' T ol
J — —
=) b= . x
O 9 1- - 4

& K = = ] §

N N M a3 3.l M - Al A A M o aal A n 2 "0 NIC 4 NLD FW (def}  —— NNLO + NLO FW (exp] 3 _gosd ™ NNLO & NLO EW |defl  —— NNLO + NLO EW {exp)
10 100 10 100 100 200 300 ana 500 6500 200 00
) GeV priW ") [GeV]

p, , [GeV] p; ,[GeV]

@ Accurate modelling of W Al Is very important for @ |s it possible to have these predictions

the W mass measurement available for the next round of W mass
@ Recently achieved o.® accuracy with measurements?

+ NNLOJET @ What Is the preferred and more efficient

way of providing these calculations to

= STRIPPER the experiments?

~ MCFM/NJETTI @ |s HighTea an option?
@ However no public code yet available for W s Analytic calculations a-la Mirkes
@ Computing Ai coefficients for the W mass is [Nucl.Phys.B 387 (1992) 3-85], if

very expensive ATLAS measurement used feasible, would be extremely useful

O(os?) predictions, and took about 500K CPU

hours
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Theoretical calculations

Scattering amplitudes - the frontier at NNLO and beyond

Abreu, Chicherin, Ita, Page, Sotnikov, Tschernow, Zoia [2023] 5(a) PB;IZIZ o) . y "
NEW All Two-Loop Feynman Integrals for Five-Point One-Mass Scattering

(f) HBzzz

2ol Frontier at two-loop: 2->3 with one external massive particle
Frontier at three-loop: 2->2, planar 2->2 with one external massive particle

Frontier at four-loop: 2->1

Two
Rele

NE

Relev

Thre

Relevant fc

All scattering amplitudes available for yy at N3LO
All scattering amplitudes available for jj at N3LO

Lee, von Manteuffel, Schabinger, Smirnov, Smirnov, Steinhauser [2022]

Quark and Gluon Form Factors in Four-Loop QCD

Relevant for H/Z/W/y* at N4LO
Caola, Chakraborty, Gambuti, von Manteuffel, Tancredi [2022]

Three-loop helicity amplitudes for quark-gluon scattering in QCD

Relevant for jj at N3LO
Leandro Cieri Jornadas cientificas IFIC — L1 Higgs Force — December 2024
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Theoretical calculations

Scattering amplitudes - the frontier at NNLO and beyond

Abreu, Chicherin, Ita, Page, Sotnikov, Tschernow, Zoia [2023]

1

(a) PBmzz (b) PBzmz (c) PBzzz

NEW All Two-Loop Feynman Integrals for Five-Point One-Mass Scattering |

il  Frontier at two-loop: 2->3 with one external massive particle |
Frontier at three-loop: 2->2, planar 2->2 with one external massive particle

Frontier at four-loop: 2->1

Two:
Rele

NE

Relev

Thre

Relevant fc

All scattering amplitudes available for yy at N3LO
All scattering amplitudes available for jj at N3LO

mha. ]l O Alh Al iicaaias ODiadlistaars DNiadliataan: D -~ INNNN

Why did we not break the 2->1 barrier at N3LO?

Qua

Rele

Three-loop helicity amplitudes for quark-gluon scattering in QCD
Relevant for jj at N3LO
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