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QCD at hadron colliders

Master Formula for LHC cross-sections:
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QCD at hadron colliders

Master Formula for LHC cross-sections:
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QCD at hadron colliders

focus on fixed-order QCD and EW hard-scattering partonic cross-sections
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Other topics relevant for precision QCD at colliders covered in the talks by:
¢ PDFs and proton structure: Jun Gao
¢ Parton showers and MC generators: Mrinal Dasgupta & llkka Helenius

¢ Small-x and BFKL physics: Bowen Xiao

My goal is to display representative results without being exhaustive.
Apologies in advance if your favourite calculation is missing!

Recent reviews on higher-order QCD & EW calculations:

& Collider Physics at the Precision Frontier, G. Heinrich (2009.00516)
& The path forward to N3LO, F. Caola et al (2203.06730)
& Rene Poncelet’s review talk at SM@|LHC2022
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The structure of higher orders
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The structure of higher orders

o(a, a) = 6Na, a) (1 + ¢ ga, + coa+ ...)
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The structure of higher orders
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The structure of higher orders

E(as, a) = E(O)(as, a) <1 + ¢ 90, + Co 0 + cz’oasz + 63’0053 +

+ new LO” terms arise in the
presence of EW corrections ...
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The structure of higher orders
o(a,, Q) = E(O)(as, Q) <1 + ¢y o + Co 10+ 6'2,00{52 + 6‘3,0&3 +

C1.10,0 + co,zaz + )

+ new LO” terms arise in the
presence of EW corrections ... NNLO mixed /
QCD/QED NNLO I?-W
] correction
correction
power counting

a, ~ 0.1, a~ 0.0l

Naive power counting often not reliable estimate relative impact of various terms, due to e.g.
¢ large electroweak (Sudakov) logarithms at high energy

¢ new partonic subprocesses becoming accessible at higher orders

& symmetry or accidental cancelations in the lower-order terms

¢ various types of kinematic enhancements/suppressions, observable-dependent
9



The structure of higher orders

Why higher-order QCD calculations are important?

HN3LO + NNLOJET pp-H+X Js= 13 TeV ) 5 3
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g al
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uncertainties (MHOUSs)
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Eiﬁ_‘_‘; ¢ Assess convergence of perturbative expansion
] ] ] ] ] ] ]

0
1 2 B I | | | | | | |
‘g 1-1 [ L LAl LI e —z]  For Higgs rapidity distribution in gluon fusion:
S 0.9 / / / // / / f j ﬁ /f,
S sk gﬁ ¢ NLO: first sensible estimate of MHOUs
= 0.
= gz i | . . ] & NNLO: required for O(10%) precision
. | ] l ]
e 8.5 1 .5 2 25 3 35 4 ¢ N3LO: required for few-percent precision
YH
Chen et al, 2102.07607 ¢ Good convergence of perturbative expansion

Fully differential N3LO Higgs in gluon-fusion
10
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PDF determinations
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Ratio to NNPDF4.0 (NNLO)

Why precision at colliders matters?

PDF determinations

u at 100 GeV
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Model-independent (EFT) searches
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Why precision at colliders matters?

PDF determinations
u at 100 GeV
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(3.80)
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Model-independent (EFT) searches

Charm Yukawa coupling g MEF i T

EFT@LO
EFT@NLO
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Fingerprinting the Higgs sector

s =14 TeV, 3000 fb™ per experiment

| Total ATLAS and CMS‘
Statistical HL-LHC Projection
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—— Theory Uncertainty [%]
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Extraction of fundamental SM parameters
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—— Total uncertainty
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PRD 70 (2004) 092008

DO II o
PRL 108 (2012) 151804
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JHEP 01 (2022) 036 /
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Science 376 (2022) 170

Electroweak Fit (J. Haller et al.) o
EPJC 78 (2018) 675
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NNLOJET, Chen et al, 2204.10173

NNLO jet & dijet production at the
LHC with full color

previously adopted leading color approximation

NNLO QCD for jet production

dos(ur, pr)/dX
R Xa MR, UF) =
3/2( ) doa(ur, pr)/dX
0.010 -
o —LO Rjg/s, Scale: pg = Hy, LHC 13 TeV
.S 0,008 | == NLO
~ e NNLO

undershoots the full result by up to 30%, important for triple
differential dijets, relevant for PDF fits & BSM searches
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ratio to NLO
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Czakon et al, 2106.05331
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NNLO triple jet production at the LHC

Precise predictions for new physics backgrounds,
extraction of strong coupling from ratio R3/.

NNLO required for O(%) MHOUs



NNLO QCD for top production

NNLO top quark pair production for
particle-level fiducial cross-sections

pp — b0 vp

bypasses the need to unfold to parton
(top quark) level observables

double-resonant non resonant
= ] LHC 13 TeV my; = 172.5 GeV LIS TLHC 137 TeV m, = 172.5 GeV
£ 10 :FP"‘_‘;:!E Scale: Hy/4 PDF: NNPDF31 & 1.50 1 Scale: Hr/4 PDF: NNPDF31
~— ] =
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107 T o0
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11 @)
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9 9 ¢
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z = m(£f) [GeV] z = AG(LE) [

Czakon et al, 2008.11133 relevant for searches, EFT interpretations, PDF fits, SM parameter (m:, as) extraction

related work: NNLO top quark pair production with running mass, Catani et al, 2005.00557



NNLO QCD for Higgs physics

Photon pair production with an extra jet:
leading background for Higgs to diphotons
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large NNLO K-factors, poor
convergence of perturbative expansion
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Higgs kinematic distributions



NNLO QCD matched to parton showers

Recent progress on matching NNLO QCD calculations to parton showers in event generators

Or ]
H Z(20) WH(£2vH) ZH(22H) H—bb [ 1
W(ev) Ww(ovey)  ZH(22H) Wy(2wy) 5l NNLO+PS for particle-level —o— ' ;
WH(évH) " top quark pair production e
Hosbb - | N
Z(00) Hoge =y N i
W ZZ(QQQ_Q) l_:i E KKK o
H Z(20) Zv(28y) g 3 I - ==
WW (£v4v) S —
~— I
H ZZ(0000) L 2F
Z(22) W(ev)  Zy(vvy) [ — MINNLO
i ZH(22H)xH—bb 1_ - MINLO
WH(2vH)xH—bb ¢ ATLAS
2014 2015 2016 2017 2018 2019 2020 2021 2022 P () I . . . .
® _
i — :
Wiesemann, LHC EW WG Feb 22 Z 1.9
Z: I
¢ Crucial to bridge the gap between theory calculations and 9
experimental measurements (including detector simulation) .2
@ i 4
: : _ 0 1 2 3
¢ Logarithmic structure and accuracy of the parton shower is A,

maintained while keeping NNLO accuracy for the matrix elemen. Mazzitelli et al, 2112.12135

¢ NNLO+PS simulations to become precision standard at HL-LHC

see the talks by llkka and Mrinal
|8



The N3LO frontier

Several key LHC processes are now available with N3LO QCD corrections (inclusive and/or differential)

e.g. inclusive charged and neural-current Drell-Yan

Perturbative convergence not ideal:
for both W and Z4" production the
NNLO and N3LO bands do not overlap

o/oN3LO

K—Factor W*

0.95] T LHC 13TeV
nb all "N3LO” calculations rely on PDF4LQHC15_nnlo_mc

. == M Mcent.=
NNLO PDFs, hence we cannot claim w
N3LO ac curacy yet 20 40 60 80 I(S)[Ge‘lgo 140 160 180 200
Duhr et al, 2007.13313
1.28 LHC 13TeV — LO NLO

PDF4L.HC15_nnlo_mc
PP-e'e +X
,ucent.=Q

— NNLO - N3LO

3 /EN3LO

0.75

Q [GeV]
Duhr et al, 2111.10379

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Several other N3LO QCD
calculations available: Higgs in
gluon fusion (diff), VBF Higgs
(diff), Higgs pair production, ...



The N3LO frontier

Drell-Yan is also available at N3LO at the fiducial level, where realistic kinematic cuts can be applied

50

I I I I

B8 NLO+NLL pott = 0.81 GeV

NNLO+NNLL

S N3LO+N3LL —
>
Q
Q 30
2 Chen at al,
e 2203.01565
220 -
? NNLOJET+RadISH
3 NNPDF4.0 (NNLO)

10 13 TeV, pp — Z/~*(— £+2~) + X
symmetric cuts
j 0 | uncertainties with ugr, pp, Q variations
Z
Z
5
. Potentially relevant for
Z L
Z W mass determinations!
S
e
3
e
perturbative stability can be optimised precision does not necessarily
with tailored kinematic cuts improve at N3LO ....

20



mixed NNLO corrections to W & Z production

The recent measurement of mw at CDF-ll has brought the precise

modelling of W & Z kinematic distributions under the spotlight

x10°
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I
CDF-II (Science 2022) P, (GeV)

mW fits very sensitive to distortions in the pt1!, Mt distributions

95

pp—= W, \[s=14TeV

My shifts (MeV)

Templates accuracy: NLO-QCD+QCDpg Wt sutv Wt — et v(dres)
Pseudodata accuracy QED FSR My p’T My p’T
1 NLO-QCD+(QCD+QED)pg PYTHIA -95.24+0.6 -400+3 -38.0+0.6 -14942
2 NLO-QCD+(QCD+QED)pg PHOTOS -88.0+0.6 -368+2 -38.4+0.6 -150+3
3 NLO-(QCD+EW)+QCD+QED)pst wo-rad PYTHIA -89.0+0.6 -371+3 -38.8+0.6 -1574+3
4 NLO-(QCD+EW)+(QCD+QED)pgt wo-rad PHOTOS -88.61+0.6 -370+3 -39.2+0.6 -1594+2
Chiesa et al, LHCP18 2|

Transverse momentum of the positron
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mixed NNLO QCD/EW corrections
to fiducial W production

also for Z production: Bonciani et al, 2007.06518



Towards N3LO proton structure

Fully exploiting recent progress in N3LO calculations requires PDFs extracted at the same order

DGLAP
— (0) 2p(1) 3p(2) 4p(3) Sp4)
spiiing £ ij(%> ) = agP i (x) + a; P i (x) + a; Pl.j (x) + a; Plj (x) + o; Plj (x)
functions L0 (1973) [ NLO(1982) [ NNLO (2004) N3LO N4LO
partial results  partial results
N — , What do we about about N3LO Pj ?
~ - :':' L |
1.02 |- - E @) 5 _ . . .
- p_/plto e ] (1—x) Py’ (x) /10 ] ¢ low moments of singlet & non-singlet
: gg’ tgg ]
1.015 4 ShEE n.=3,Ln, E ¢ large-x limits (threshold resummation)
Lo E R 8 & small-xlimits (BFKL resummation)
; . 1 R
1.005 | . e T .
i N> oo | Shie What else for a N3LO PDF fit?
1 F LNLO 4 05F 1 ™ Massless and massive (partially)
: 2 i . . i
0995 £ . -~ NLO : AppIOX. DIS coefficient functions
[ | | | | | | | | | | | | | | | | | I | i 111 | I | I | L1
o) 4 6 8 10 Oo 0!2 014 016 ofg 1 M Heavy quark matching conditions
X
Moch et al, 2111.15561 Moch et al, 1812.11818 [ N3LO K-factors for LHC

observables (subset, e.g. Drell-Yan)
22



Precision QCD for DIS

Progress in QCD calculations also instrumental for the interpretation of lepton-nucleus collisions

Full exploitation of the Electron lon Collider scientific program requires precision QCD for DIS!

2.2 | | | | | | |
—— NULL it T N —
o L —— NNLL L 7 T ggLDIS
——— NLL &) i ep — jet + jet + e+ ,
q /A = :
+Q 1.8 o 1074
B <
= 2
~ 1.6 5
_+_ S-)‘.\ 4
Ny 15 ' '
b o N 1 |
< 1.4 8 777
S iy T
qcT'c3 %{//A%;; SR AAA AT 77X L X L L (L //f
12 Mlo— T . . P T S S R | i
10 103
X . @
01 02 03 04 05 06 07 08 09
> Borsa et al, 2112.08223
Abele et al, 2109.00847 & 2203.07928 Differential NLO for dijet production in
N3LL & aN3LO for semi-inclusive DIS NC & CC polarised DIS
Relevant for the determination of FFs and of Constraints on gluon polarised PDFs and
unpolarised/polarised nucleon strangeness polarised quark flavour separation

23



do/dInt [pb]

100

Precision QCD for DIS

Progress in QCD calculations also instrumental for the interpretation of lepton-nucleus collisions

Full exploitation of the Electron lon Collider scientific program requires precision QCD for DIS!

Er BT,

TEEC = Z / doip—sitat+X Br. S By -6(cos gq — COS P)

TEEC DIS e(20GeV)+p(250GeV) NLL
P >20 GeV I NNLL
~— PDF4LHC1 S_nnlo_mc NNNLL

o)
o

0 1 1 1 I L 1 1 l L 1 1 I L L 1 I 1 1 1 \
-12 -10 -8 -6 -4
Int

Neill et al, 2203.07113

Event shapes in semi-inclusive DIS

transverse-energy-energy correlator (TEEC): direct
probe of transverse hadron structure (TMDs)
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Hekhorn et al,
2105.13944

Exclusive NLO charm structure
functions in polarised DIS

Clean probe of gluon polarisation at the EIC



Higher-order QCD meets BSM

Precise QCD & EW calculations are also crucial to accurately interpret collider data in BSM
scenarios, such as in the SMEFT, and to derive bounds on the parameters of UV-complete theories

see also talk by Jorge de Blas

2.51 K/10 O (A_g) Charm Yukawa operator: (goTcp) Q2 cp+ h.c.
2.0 o
o f ---------- :o ---------- A E g Top + Higgs + VV, Quadratic NLO EFT
55— = N . .

1.5 : __________ * ,,,,,,,,,, P U : ________ % ________ 8 __________ : ________ ; Top + Higgs + VV, Quadratic LO EFT
o o * [A=1TeV]
! | C = e

0.51 o cQ
v ° =
0.0 - :
Multi-boson K-factors, LHC 13 TeV i ‘D M E F IT
2.5 I
O (A .

1-5::::::::::::::::::::::::::::::?:::::::::::::::::::::%:::;::::::;:::::::::E:::::::::;;::::::::::;::::;::::;;:::: i I
1o{ ¢ ¥ ¢ t § ¢ ¢ "
0.5] ® WWW B ZZW & WW & ZZ — SM

v WWZ % ZZ7Z A WZ K <0 i } 1
0.0 -

O,w O Oy Oy O,, On O 09 0, O, 0.0 0.25 0.5

D | 2008.1174
egrande et al, 2008 3 SMEFIT collaboration, 2105:00006

large NLO QCD K-factors for SMEFT effects in posterior distributions in global SMEFT analysis
multi-boson production at the LHC distorted when NLO QCD effects ignored

25



Fast interfaces

For many key applications (e.g. PDF fitting, SM parameter extraction, designing optimised
observables) the availability of fast interfaces to higher-order calculations is essential
—> bottleneck is evaluation of the partonic matrix elements

a 1 1 Qrmax
g—o(o,sR,gp)=§bj /0 dz; /O da /Q . dQ* fa(z1,£6Q%) fo (@2, EQ%)oap (21, 22, Q% ER, EF)

fast (LHAPDF interpolation) slow...

The matrix element calculation can be classified by orders of QCD & EW couplings

d a m n JLmmn
daob(‘”hxw,&a,ép) = > of (Q?%) o' log™(€R) log™ () Woy ™™ (21,22, Q,0)

k,lmmn T T \f \
Carrazza et al,

. . scale-variation .
2008.12789 QCD coupling  EW coupling logs matrix elements

Two options to re-evaluate hadronic cross-sections upon varying e.g. the PDFs

/\

store original n-tuples interpolate the matrix elements
i o2, (klmno) i i A2 N k,lm,
{il,'?i,x%, i’wib )(3717"1"227622'702')}2.:1 chb ") (xlax27Q230)

arbitrary observable/binning, ery heavy storage requires specifying observable (kin variables, binning)



Fast interfaces

Several fast interfaces to higher order calculations available, including

o

PineAPPL: interfaced to FastNLO: interfaced to NLOjet++, APPLgrid interfaced to NLOjet++,
mg5_aMC, automates fast NLO fast NLO QCD for jet observables, fast NLO QCD for jet observables,
QCD and electroweak calculations and to NNLO top differential and to NLO MCFM (v6.8)
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APPLfast: interface to NNLOJET for NNLO
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(private interface/grids)
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Estimating higher orders

The more orders we evaluate in a expansion, the better (in principle) our estimate of the residual terms

a(a) _ O.(O) Za + @( m+1>
k=0

for many processes, NLO is the first assuming that unknown orders resemble the known
order where MHOUSs are reliable terms can fail e.g. when next channels open

standard practice is scale variations of the known NkLO terms to estimate the Nk+1LO ones
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Estimating higher orders

Several approaches, mostly based on Bayesian inference, have been developed in
order to construct a probabilistic interpretation of MHOUs

probability distribution —

for physical observable

known

perturbative terms

Higgs production in gluon fusion at LHC 13 TeV, my; = 125 GeV
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probabilistic approaches to MHOU estimates represent a competitive alternative to scale

variations, but they still contain subjective assumptions related to model and priors
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Summary and outlook

M Robust interpretation of collider data relies on accurate and precise theory calculations
M Most recent HEP anomalies rely on theory calculations: discovery through precision?

M Impressive progress in higher-order QCD&EW calculations, differential N3LO QCD current frontier:
urgent need to produce a first N3SLO PDF determination

M Fully exploiting this progress requires matching accuracy for PDFs and parton showers/MCs

M Beyond LHC physics, precision QCD relevant for the Electron lon Collider program, astroparticle
physics experiments (high-energy neutrinos) and the proposed Forward Physics Facility @ HL-LHC
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