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Theory Uncertainties at 
the LHC …
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Modelling LHC collisions

Pythia8.3 
manual

pp → tt̄ (had)

pp

t t̄

Theoretical predictions of LHC 
cross-sections involve:

Each of these ingredients comes 
with some theoretical uncertainty

Proton structure: parton distributions 

Partonic matrix elements (QCD & EW)

Parton shower (initial- and final-state)

Hadronization & fragmentation

Underlying event, MPI, pile up …..

note: some of these “theory” aspects of LHC 
modelling are often folded into measurements 

(UE, unfolding, acceptances, QED radiation ….)

specially parameters of MC models are under poor theoretical control!
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Inclusive cross-sections
Inclusive processes (i.e. Drell-Yan) are theoretically the cleanest (experiment-independent).

Of course, inclusive predictions do not 
match actual LHC measurements ….

σLHC(M, s) ∝ ∑
ij

∫
s

M2

d ̂s ℒij( ̂s, s) σ̃ij( ̂s, αs(M))[1+𝒪 (Λ/M)p]

Partonic luminosities (non-
perturbative, fit to data)

Hard-scattering cross-
sections (perturbative, from 

Feynman diagrams)

low-scale QCD dynamics
(MC models, limited 

analytical understanding)

At the level of precision 
achieved by LHC experiments 
(i.e. ATLAS Z pT 8 TeV) we’d 
better account for all theory 
errors in our predictions

stat+sys = O(per-mille!)

theory & model uncertainties limiting 
factor for many LHC analyses
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Parton Distribution Functions
σLHC(M, s) ∝ ∑

ij
∫

s

M2

d ̂s ℒij( ̂s, s) σ̃ij( ̂s, αs(M))[1+𝒪 (Λ/M)p]

ℒij(Q2, s) =
1
s ∫

1

Q2/s

dx
x

fi ( Q2

sx
, Q) fj (x, Q)

PDFs are parametrised at some low hadronic scale

xg(x, Q0 = 1 GeV, {a}) = fg(x, a(1)
g , a(2)

g , …)

 then constrained from global dataset

χ2 ({a(k)}) =
1

ndat

ndat

∑
i, j=1

(σi,th({a(k)}) − σi,exp) (cov−1)ij (σj,th({a(k)}) − σj,exp)
together with an estimate of the associated uncertainties (from the fitted data, methodology 
choices, input SM parameters, missing higher order QCD corrections…)

Several groups provide regular updates of their PDF determinations: NNPDF, CT, MSHT, ABM, ATLASPDFs, …

Results of LHC interpretations/measurements can depend sensitively of PDF treatment
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Parton Distribution Functions
Reducing PDF uncertainties entering LHC predictions requires an in-depth understanding of the 
differences between analysis, i.e. differences between PDF sets do not ``go away’’ trivially when 

adding more data or using more precise theory calculations

ATLAS strong coupling extraction from Z pT data at 8 TeV

baseline

ΔPDF (MSHT20 only) = 0.34 %
ΔPDF (NNPDF4.0 − CT18A) = 1.6 %

What is the ``true PDF uncertainty’’ that should be associated to this measurement? 

Even within the same experiment, the baseline PDF is different for each analysis i.e. ATLAS takes 
CT18 as central value for W-mass extraction …

is this a satisfactory situation?
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Parton Distribution Functions
Maybe PDF differences are reduced as we improve our theory calculations by going to N3LO QCD?

on the contrary, differences between MSHT20 and NNPDF4.0 increase in the N3LO QCD fits
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Parton Distribution Functions
Maybe PDF differences are reduced as we improve our theory calculations by going to N3LO QCD?

on the contrary, differences between MSHT20 and NNPDF4.0 increase in the N3LO QCD fits
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but no need to panic, we understand why this happens! 
N3LO corrections to PDFs are moderate except for small-x physics

Take-away message: take seriously differences in PDF sets, don’t hide them under the carpet

Giacomo’s talk
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Hard-scattering cross-sections
σLHC(M, s) ∝ ∑

ij
∫

s

M2

d ̂s ℒij( ̂s, s) σ̃ij( ̂s, αs(M))[1+𝒪 (Λ/M)p]

σ̃ij( ̂s, αs, α = σB × 1 + ∑
i=1

∑
j=0

αi
sαjσ̃ij
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Hard-scattering cross-sections
The higher the accuracy of the perturbative calculation, 

the smaller the missing higher order uncertainties (MHOUs)

Immense progress in NNLO and N3LO calculations, NLO electroweak corrections, matching to showers …
However, increased accuracy may or may not result in improved precision



Why higher-order QCD calculations are important?
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Improved precision & accuracy: enhance 
physics reach of the same measurement

Reliable estimate of missing higher-order 
uncertainties (MHOUs)

Assess convergence of perturbative expansion

Chen et al, 2102.07607

Fully differential N3LO Higgs in gluon-fusion

σ̃(αs, α) = σ̃(0) (1 + c1,0αs + c2,0α2
s + c3,0α3

s )
NLO NNLO N3LO

For Higgs rapidity distribution in gluon fusion:

 NLO: first sensible estimate of MHOUs

 NNLO: required for O(10%) precision

 N3LO: required for few-percent precision

 Good convergence of perturbative expansion

Hard-scattering cross-sections



This dependence is artefact of perturbative series truncation: their variation estimates the MHOUs
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MHO uncertainties

LHC observables depend on arbitrary scales: the factorisation and renormalisation scale
μF = ξFQ μR = ξRQ

Figure 3.5. Comparison of the di↵erence between the NNLO and the NLO prediction (in black) to the theory errors
as estimated by the diagonal entry of the theory covariance matrix S for all the datapoints.

4 The NNPDF4.0MHOU determination

Chi2 discussion
Discuss PDF plots: compare NLO/NNLO with thcovmat and without

Figure 4.1. The NLO gluon and the singlet PDFs, shown in both logarithmic and linear scales, as determined with
(in green) and without (in orange) theory errors.

11

NLO estimate
True result

NNPDF, in 
preparation



Several examples in which NNLO and N3LO calculations (for fixed PDFs) do not overlap within MHOUs
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Accuracy = Precision?

Introduction & Motivations 

2

σ(x, Q2) = ∑
i

∫
1

x

dz
z

fi(z, μ2) ̂σ( x
z

, Q2

μ2 , αs) + "( 1
Q2 )

‣ Predictions for LHC observes relies on two main ingredients: PDFs and 
partonic Matrix Elements. 

‣ In the last years many 2 to 1 processes have been calculated up to QCD at 
N3LO:  [arxiv:1503.06056]  [arxiv:1606.00840]; Duhr, Dulat, 
Mistlberger [arxiv:1904.09990]; Duhr, Dulat, Hirschi, Mistlberger [arxiv:2004.04752]  
Duhr, Dulat, Mistleberger [arxiv:2007.13313]; Chen, Gehrmann, Glover, Huss, Yang, Xing Zhu 
[arxiv:2205.11426]  Baglio, Duhr, Mistlberger, Szafrond 
[arxiv:2209.06138]; Chen, Gehrmann, Glover, Huss, Yang, Xing Zhu [arxiv:2107.09085] Neumann, 
Campbell [arxiv:2207.07056] 

‣ PDFs uncertainties are  becoming a  bottleneck  for LHC precision 
calculations with  the  largest  uncertainties  along  with  the  incomplete 
knowledge of  

gg → H qq → H (VBF)
pp → W±

pp → Z/γ, pp → VH

αs

Duhr, Dulat, Mistleberger [arxiv:2007.13313]

Dulat, Lazopoulos, Mistlberger [arxiv:1802.00827]

CC Drell-Yan

NC Drell-Yan

Ongoing studies with the theory community to understand this effect

 Solved by aN3LO PDFs? By PDFs which include MHOUs in the fit?

 Different methods to estimate MHOU not based on scale variations? Bayesian approaches?

 Agreement improved or worsened once fiducial cuts are applied? 

N3LO LHC phenomenology still in its infancy, a lot to learn still



NNPDF: global fits with MHOUs up to N3LO, with improved perturbative convergence!

PDF uncertainties do not account for MHOUs: NNLO PDFs not necessarily more precise than NLO 
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PDF fits with MHOUs



Recent progress in understanding the role of these effects from first-principle calculations
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Non-perturbative power corrections
σLHC(M, s) ∝ ∑

ij
∫

s

M2

d ̂s ℒij( ̂s, s) σ̃ij( ̂s, αs(M))[1+𝒪 (Λ/M)p]

𝒪 (Λ/M)p
p = 1, M = 100 GeV → 1 % correction

p = 2, M = 10 GeV → 1 % correction

These non-perturbative effects can play a key role given precision of current LHC data

Deep-Inelastic Scattering: p=2

Jet and dijet production: p=1

Inclusive cross-sections and rapidity distributions in Higgs and Drell-Yan : p=2

pT distribution in Z production: p=2 but log enhancement

top pair production: p=1 ΔNP ∼ ( Λ
pZ

T )
2

ln ( Λ
pZ

T )
Spurious non-perturbative effects can also be generated by cuts i.e. asymmetric cuts Higgs production

from G. Salam, NNPDF 
Collaboration meeting Sept 2023



can be traced back to asymmetric 
selection cuts sensitive to Higgs 

low-pT modelling

Non-perturbative power corrections

from G. Salam, NNPDF Collaboration meeting Sept 2023

Precision QCD@LHC – NNPDF meeting, September 2023Gavin Salam

Recent surprise: H→γγ fiducial N3LO σ uncertainties ~2  greater than inclusive N3LO σ uncertaities×

43

3

N3LO
NNLO × KN3LO
N3LO
NNLO × KN3LO

FIG. 2. Comparison between inclusive (left) and fiducial (right) predictions for the rapidity distribution of the Higgs boson up
to N3LO. Predictions are shown at LO (grey), NLO (green), NNLO (blue), N3LO (red), and for the NNLO prediction re-scaled
by the inclusive KN3LO-factor (orange).

channel at N3LO. The fully di↵erential prediction is as-
sembled according to Eq. (1), which requires:

1. The inclusive calculation at N3LO for the Higgs ra-
pidity distribution yH as computed in Ref. [20] and
implemented in the RapidiX library. This result is
based on techniques developed in Refs. [38, 39] and
is given by analytic formulae for the partonic rapid-
ity distribution computed by means of a threshold
expansion. We supplement this result by exploiting
the fact that the Higgs boson decays isotropically
in its rest frame to generate the inclusive N3LO cal-
culation di↵erential in the Higgs boson decay prod-
ucts.

2. The fully di↵erential NNLO calculation for the
H+jet process. This has been computed in Ref. [29]
using the antenna subtraction method [22, 39] and
is available within the parton-level Monte Carlo
generator NNLOJET.

We have implemented the P2B method for color-neutral
final states within the NNLOJET framework together
with an interface to the RapidiX library to access the
inclusive part of the calculation.

For our phenomenological results, we restrict ourselves
to the decay of the Higgs boson into a pair of photons
and closely follow the corresponding 13 TeV ATLAS
measurement [40] with the following fiducial cuts

p�1

T > 0.35⇥m�� , p�2

T > 0.25⇥m�� , (7)

|⌘� | < 2.37 excluding 1.37 < |⌘� | < 1.52,

where �1 and �2 respectively denote the leading and sub-
leading photon with m�� ⌘ MH = 125 GeV the invari-
ant mass of the photon-pair system. For each photon,
an additional isolation requirement is imposed where the
scalar sum of partons with pT > 1 GeV within a cone of
�R = 0.2 around the photon has to be less than 5% of the
pT of the photon. Note that this setup induces a highly
non-trivial interplay between the final-state photons and
QCD emissions, requiring a fully di↵erential description
of the process. Throughout this letter, we work in the
narrow width approximation to combine the production
and decay of the Higgs boson. To derive numerical pre-
dictions we use PDF4LHC15_nnlo_100 [41] parton distri-
bution functions and choose the value of the top quark
mass in the modified minimal subtraction scheme to be
mt(mt) = 162.7 GeV.

Figure 1 compares predictions for the fiducial rapidity
distribution of the Higgs boson yH based on two di↵er-
ent methods. This comparison serves as the validation
of the P2B implementation up to NNLO against an in-
dependent calculation based on the antenna subtraction
method. The lower panels in Fig. 1 show the ratio of the
two calculations, where the filled band and the error bars
correspond to the uncertainty estimates of the Monte
Carlo integration of the antenna- and P2B-prediction,
respectively. The ratios shown in the bottom two panels
reveal agreement within numerical uncertainties between
the two calculations at the per-mille and sub-per-cent
level for the coe�cients at NLO and NNLO, respectively.

Figure 2 compares the inclusive rapidity distribution of
the Higgs boson to the fiducial rapidity distribution of the
di-photon pair. It was already noted in Refs. [20, 21] that

Chen, Gehrmann, Glover, Huss, Mistlberger & Pelloni, 2102.07607

“Gold standard” fiducial cross 
section gives much worse 

prediction 

Why?  
And can this be solved?

Precision QCD@LHC – NNPDF meeting, September 2023Gavin Salam

Linear ptH dependence of H acceptance ≡ f(ptH)

45

resonance such as a Z or Higgs boson. Refs. [1–3] noted that the common practice at

the time, of applying identical minimum thresholds on the transverse momenta of the two

objects (“symmetric cuts”), led to sensitivity to configurations with a small transverse

momentum imbalance between the two objects, where perturbative calculations could be

a↵ected by enhanced (though integrable) logarithms of the imbalance. Ultimately, the

discussions in those papers resulted in the widespread adoption of so-called “asymmetric”

cuts whereby one chooses di↵erent transverse-momentum thresholds for the harder and

softer of the two jets.

In recent years, QCD calculations have made amazing strides in accuracy (for a review,

see Ref. [4]), reaching N3LO precision for key 2 ! 1 processes, both inclusively [5–8]

and di↵erential in the rapidity [9, 10] and in the full decay kinematics [11–13]. As the

calculations have moved forwards, an intriguing situation has arisen in the context of gluon-

fusion Higgs production studies, where the calculations are arguably the most advanced.

For this process, inclusive cross sections and cross sections di↵erential in the Higgs boson

rapidity show a perturbative series that converges well at N3LO. However, calculations for

fiducial cross sections, which include asymmetric experimental cuts on the photons from

H ! �� decays, show poorer convergence and significantly larger scale uncertainties [11,

12]. Furthermore, it turns out that to obtain the correct N3LO prediction, it is necessary

to integrate over Higgs boson transverse momenta that are well below a GeV, which is

physically unsettling (albeit reminiscent of the early observations in Ref. [1–3]).

Refs. [12, 14] have noted that such problems (which appear to be present to a lesser

extent also in the context of Drell-Yan studies) are connected with the fact that both

asymmetric and symmetric cuts yield an acceptance for H ! �� decays, f(pt,h), that has

a linear dependence on the Higgs boson transverse momentum pt,h [15, 16]:

f(pt,h) = f0 + f1 ·
pt,h

mh

+O

 
p
2
t,h

m2
h

!
. (1.1)

In section 2, concentrating on the H ! �� case, we will review how this linear depen-

dence arises and we will also examine its impact on the perturbative series with a simple

resummation-inspired toy model for its all-order structure. That model implies that any

power-law dependence of the acceptance for pt,h ! 0 results in a perturbative series for the

fiducial cross section that diverges (�1)n↵n
sn!, i.e. an alternating-sign factorial divergence,

coming predominantly from very low pt,h values.

Factorial growth implies that, however small the value of ↵s, the perturbative series will

never converge. Non-convergence of the series is a well known feature of QCD, notably be-

cause of the same-sign factorial growth induced by infrared QCD renormalons [17]. In that

context, the smallest term in the series is often taken as a fundamental non-perturbative

ambiguity. The alternating-sign factorial growth that we see is di↵erent, in that the sum

of all terms can be made meaningful, with the help of resummation. However, fixed-order

perturbative calculations still cannot reproduce that sum to better than the smallest term

in the series. As is commonly done with infrared renormalon calculations, one can express

the size of the smallest term in the series as a power of (⇤/mh), where ⇤ ⌘ ⇤qcd ⇠ 0.2 GeV

is the fundamental infrared scale of QCD. The power that emerges with standard H ! ��
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See e.g. Frixione & Ridolfi ‘97 
Ebert & Tackmann ’19 

idem + Michel & Stewart ‘20 
Alekhin et al ’20

effect of  cut sets in at  pt,− 0.1mH

 and  are coefficients whose values 
depend on the cuts
f0 f1

define  :  ,  

transition is at 

s0 =
2pt+,cut

mH
f0 = 1 − s2

0 ≃ 0.71 f1 = 2s0
πf0

≃ 0.62

pt+,cut − pt−,cut

 dependence of acceptance (at 10% level) → 
relating measured cross section and total cross 
section requires info about the  distribution.

pt,H

pt,H

Precision QCD@LHC – NNPDF meeting, September 2023Gavin Salam

Replace cut on leading photon → cut on product of photon pt’s
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quadratic
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Using product cuts dampens the factorial divergence

→ 
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NB: the cut on the softer photon is still maintained

N3LO corrections display larger 
MHOUs in fiducial than in 

inclusive cross-sections

Once product cuts are used for the  fiducial cross-
section, N3LO corrections behave ``as expected’’

Improving theoretical predictions at the LHC is not just a matter of ``brute force’’: deep 
understanding of the underlying physical processes is crucial!



… and how to Tame them

19
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Towards 1% phenomenology at LHC
σLHC(M, s) ∝ ∑

ij
∫

s

M2

d ̂s ℒij( ̂s, s) σ̃ij( ̂s, αs(M))[1+𝒪 (Λ/M)p]

Partonic luminosities (non-
perturbative, fit to data)

Include more data: LHC Run III now and in the next 
decade HL-LHC, EIC and FASER/FPF) 

Fully profit from N3LO, resummed, and higher-order 
QCD and EW calculations

Develop novel methodologies (ie NNPDFs from 
gaussian processes) and validate existing ones 
(Hessian fits with the NNPDF code)

Extensive account for all possible sources of 
uncertainty in the PDFs

PDF constraints from LHC neutrinos

Friday’s talk!
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Towards 1% phenomenology at LHC
σLHC(M, s) ∝ ∑

ij
∫

s

M2

d ̂s ℒij( ̂s, s) σ̃ij( ̂s, αs(M))[1+𝒪 (Λ/M)p]

Hard-scattering cross-
sections (perturbative, from 

Feynman diagrams)

Continue N3LO program (coloured final states)

Establish NNLO+PS as paradigm for LHC 
simulations

Match fixed-order codes with resummed 
calculations (pT distributions)

Better estimates of MHOUs?

Interface state-of-the-art QCD calculations to fast 
grid evaluators to facilitate phenomenology

Mazzitelli et al 2112.12135

NNLO+PS for 
top quark pair
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Towards 1% phenomenology at LHC
σLHC(M, s) ∝ ∑

ij
∫

s

M2

d ̂s ℒij( ̂s, s) σ̃ij( ̂s, αs(M))[1+𝒪 (Λ/M)p]

NLL parton showers in general-purpose MCs (more accurate & 
reduce model dependence)

Better analytical understanding of power-corrections at the LHC

Experiment/theory cross-talk to avoid ``fitting away’’ process-
dependent corrections into general-purpose MC tunes

Ferrario Ravasio et al 23

PanScales shower with 
higher-order soft accuracy
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Tailored observables

forward D-meson production has large MHOUs

By cleverly designing new observables, we can reduce the sensitivity of theory predictions 
wrt to some source of uncertainty (i.e. MHOU) and emphasise another (i.e. PDFs)
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Tailored observables
By cleverly designing new observables, we can reduce the sensitivity of theory predictions 

wrt to some source of uncertainty (i.e. MHOU) and emphasise another (i.e. PDFs)

forward D-meson production has large MHOUs markedly reduce when normalising to central rapidity bin

MHOUs are flat in D-meson rapidity, while PDF 
sensitivity is enhanced at forward rapidities

Gauld et al 15
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Tailored observables
By cleverly designing new observables, we can reduce the sensitivity of theory predictions 

wrt to some source of uncertainty (i.e. MHOU) and emphasise another (i.e. PDFs)

Ratios between the same observable at different CoM energies

Ratios between different observables sharing common systematics

Ratios between the same observable evaluated in complementary kinematic regions

Gauld and JR 16

Richard’s talk

Lots of room for new ideas, looking forward to discussions about this!



Summary and outlook
 The ultimate potential of the LHC precision program can only be achieved with a 
thorough understanding of our theoretical predictions, pushing forward their limitations

 Amazing new results in SM predictions, but improved accuracy does not (necessarily) 
equal improved precision 

 Moving to  theory predictions with 1% precision requires non-trivial, coordinated progress 
in PDFs, higher orders, shower Monte Carlos, and non-perturbative QCD phenomena

 We should be wary of pushing for the most precise measurement and/or interpretation 
while neglecting (known and unknown) some theory uncertainties



Summary and outlook
 The ultimate potential of the LHC precision program can only be achieved with a 
thorough understanding of our theoretical predictions, pushing forward their limitations

 Amazing new results in SM predictions, but improved accuracy does not (necessarily) 
equal improved precision 

 Moving to  theory predictions with 1% precision requires non-trivial, coordinated progress 
in PDFs, higher orders, shower Monte Carlos, and non-perturbative QCD phenomena

 We should be wary of pushing for the most precise measurement and/or interpretation 
while neglecting (known and unknown) some theory uncertainties

Thank you!


