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l It’s clear by now that copious new 
physics isn’t jumping out at us

l In order to better understand the 
SM, and look for something 
beyond, we  have to extend our 
precision (as well as our kinematic 
reach)

l This may involve improvements on 
both the theoretical and 
experimental fronts, for example
� measurements of photons, 

leptons, jets, boosted objects
� extension of NNLO to 2->3 

processes
� (more) inclusion of EW effects
� more precise PDFs, better 

understanding of precision of 
PDFs, and of as(mZ)

PRECISION

The Path to Precision

This is generic for basically all 
processes at the LHC, but I will be 
concentrating on the ones assigned.





Theoretical predictions

…in addition to the calculation of higher order matrix elements, also need precision
for PDFs and for as(mZ)
…where there is a restriction of phase space, need resummation
…where possible, need a translation into a form that may be more amenable to 
experimental comparison, i.e. ME+PS
…Les Houches accord/concensus: ME+PS predictions should agree with underlying
fixed order prediction in non-Sudakov regions

Sotnikov RadCor/Loopfest 21

NB: both EW and non-perturbative 
corrections can be similar size to NNLO 
corrections;



Partial list of SM-related topics for LH21

e.g. 3 jets at NNLO

in progress

N3LO PDFs: how much do we need them and how do we get there?

e.g. W+c



Les Houches isn’t occurring in a vacuum

…in particular, there is a lot of overlap 
with what people are trying to
accomplish in the Snowmass exercise 
(soon to arise from its 6-month slumber)

EF05: Precision QCD
EF06: Hadronic Structure and Forward
QCD



Uncertainties (for ggF Higgs)

mis-match between order of calculation and
order of PDFs (i.e. need N3LO PDFs)

lack of knowledge of higher order corrections
(need to calculate more difficult cross sections)

arxiV:1902.00134



as(mZ) uncertainties

importance of as uncertainties depends
on order of calculation, so very important 
for Higgs through ggF at N3LO

My opinion is that precision of lattice will 
improve faster than non-lattice.  

2019; 2021 update underway



PDFs
l Determined from global fits to 

data from a wide variety of 
processes, both from fixed 
target and collider 
experiments, with an 
increasing contribution from 
the LHC itself

l The 3 groups are CTEQ-TEA 
(CT), MSHT (new acronym) 
and NNPDF

l Each uses on order of 4000 
data points to determine the 
best fit PDFs and their 
uncertainties
� with CT and MSHT using a 

Hessian formalism and NNPDF 
using a neural net formalism

l Each group provides regularly 
updated sets of PDFs

to better understand similarities and
differences, it is useful to periodically
perform benchmarking exercises



…as for example, PDF4LHC15
l combination of CT14, MMHT2014, NNPDF3.0

• 1 year benchmarking exercise comparison of above PDFs
• comparing theory and treatment of experimental data from each group
• 300 Monte Carlo replicas generated for each of the above PDFs
• condensed to Hessian sets with from 30-100 members for distribution to users 

with central PDFs and error PDFs representing the three published PDFs
• good (too good?) agreement for gluon-gluon luminosity

…over 1200 citations



…in the meantime
l New critical data sets from the LHC on Drell-Yan, top, 

jets, W/Z+jets
l NNLO predictions available for all of above allowing this 

data to be included in PDF fits
� transferring NNLO information to global PDF fits still 

a bit of an issue, i.e. precision of K-factors (statistical 
jitter->need to smooth and/or use statistical error), 
availability of grids

l New NNLO PDFs available (CT18, MSHT20, 
NNPDF3.1) that make use of this LHC data (NNPDF4.0 
not yet publically available)
� additional technical improvements to the PDF fits

l These PDF sets will be used for the construction of  
PDF4LHC21



PDF4LHC21
• new PDFs CT18, MSHT2020, NNPDF3.1, containing large amount of LHC data
• some new/different techniques, i.e. fitted charm* for NNPDF3.1

• exercise: start with a reduced data set large enough to provide constraints, 
small enough that resulting PDFs should be similar for the different groups

• add more data sets, ttbar, jets … leading to something close to full data sets
• end result in ~few months: central PDFs and Hessian error sets representing the 

3 published PDFs->30-50 error PDFs should be sufficient
• paper will appear on archive (PDF4LHC15 paper has 1200 citations)

consistency with PDF4LHC15,
a bit more of a spread of the gg 
uncertainty bands than for the
2015 combination; some of 
gg fusion Higgs uncertainty will
be due to spread of central
values
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*charm is fit as a free PDF rather then
being generated through evolution



Aside: uncertainties
l PDF uncertainties depend first on the experimental uncertainties of 

the data (the path to 1% precision goes through the data)
l Data from two measurements, or even from within the same 

measurement,  can both be very precise, but the result of adding 
both to the PDF fit can be an increase in the PDF uncertainty (or 
more likely)  a smaller decrease in uncertainty than expected) if the 
data are in tension with each other 

l The resultant PDF uncertainty relies on the definition of a 
tolerance, i.e. (in the Hessian fit perspective) what is a significant 
increase from the global minimum c2, i.e. PDF uncertainty can be 
adjusted by changing the tolerance

l Dc2=1 is not applicable for ~4000 data points from different 
experiments

l NB: CT (Tier 2) and MSHT (dynamic tolerance) have introduced 
criteria to restrict the pull of data sets that disagree with global fit; 
can lead to non-Gaussian behavior



Reduced fits
Reasonable agreement for the most part.  

strange is one of the least
well-determined PDFs



PDF luminosities

uncertainty band for 
all 3 PDFs larger (as 
expected); good overlap

Higgs



ok, what’s the plan
l Add additional jet data sets into reduced set (in 

progress), consider impact on ATLAS tt and on gluon 
distribution
� ATLAS and CMS 7 TeV data (CMS 8 TeV already 

in)
l Use L2 sensitivity to understand impact of each data 

set on PDF fits (in progress)
� differences between impact of Tier 2/dynamic 

tolerances on full fit compared to reduced fit
l Expand to complete CT18, MSHT20, NNPDF3.1 global 

fits
l Provide PDF4LHC21 PDF sets, collect even more 

citations



PDF4LHC21 and NNPDF4.0

the situation for gg looks different 
for NNPDF4.0 than for 3.1; spread of central 
PDFs would still contribute to gg PDF uncertainty 
(but plan is to use NNPDF3.1 in PDF4LHC21)
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Calculations: input to Les Houches

Experimenters Theorists
• theory predictions needed to exploit physics potential, i.e. V+n jets at NNLO
• form of theory predictions needed, i.e. NNLO grids, K-factors, inclusion in

MEPS programs…
• experimental precision achievable in forseeable future->drives theoretical 

precision needed



The Les Houches NLO wishlist

l…started in 2003 and was retired in 2011

Why retired? Because all calculations were finished, and additional calculations
can be done ‘automatically’. Viva la  NLO revolution!



arXiv:2003.01700 (seems like a lifetime ago)

in many of regions
probed, EW corrections
are significant, as are
mixed QCD/EW

Note I haven’t mentioned
logarithmic accuracy, 
which will also be 
important in regions with
restricted phase space. 

Primer



Les Houches precision wishlist



Les Houches wishlist often used as motivation

See for example half of the talks at
RadCor+Loopfest



Emanuele upped the ante for the level of complexity



Les Houches precision wishlist: jets



notice importance of jet data 

ideally, the sum at any x value should be
zero; non-zero indicates non-Gaussianity

Inclusive jet data has proven to be crucial for determination of gluon PDF



More discrimination potentially available 
using dijet information, or including both
inclusive and dijet data, taking into account
the correlations. Knowledge of systematic
uncertainties (and possible correlations/
decorrelations) in different rapidity regions 
crucial for global PDF fits.

arXiv:1905.09047 )Gehrmann-
de Ridder et al)



Fabio Maltoni talk from last week (GGI)





…will allow more precise determinations of the running of as(mZ)



Jet R-dependence
It’s often illuminating to look at the R-dependence of a cross section involving 
jets. You may find out more both from the experimental side and from the theory side.



…as for example, arXiv:1903.12563 (LH17) 

l At NNLO, there 
are accidental 
cancellations, 
that lead to an 
artificially low 
scale uncertainty 
for processes 
with small R (0.4) 
jets

l Similar for Z+jet
l Prescription(s) 

for restoring 
reasonable 
uncertainty 
estimate

l A Les Houches
accord? 

l See also
arXiv:2105.11399
for H+2 jets



Heavy flavor jets
l V+HF is an interesting cross-section 

in its own right, but also provides 
handles on the s,c,b PDFs

l NNLO W+c (Pellen et al), Z+b (Gauld
et al) calculations available (at the 
parton level), as well as 
corresponding measurements (at the 
hadron level)

l An IR-safe flavor jet algorithm is also 
available (Banfi, Salam, Zanderghi)

l But for most precise comparisons 
need the inclusion of the charm
fragmentation function (e.g. for W+c) 
to allow for direct comparisons of 
data to theory (or unfolding data to 
parton level, which has its own 
dangers)

See presentation of Alex Huss on Monday.

See presentation of Miha Muskinja in
LH open session. 

W+c



on the horizon (next Les Houches?)

NNLO calculated

gg->ZZ known
(at amp level) 

N3LO calculated



W/Z cross sections
l W and Z production lend themselves to precision measurements and thus 

require precision calculations

PDFS: ATLAS 7 TeV data for example leads to
an increase in the strange quark 
distribution when included in global PDF
fits (similar for 8 and 13 TeV)

M. Pellen

Duhr, Dulat, Mistlberger

differential g* at N3LO underway, see X. Chen, RadCor



Prime candidate for N3LO PDFs
l x

Claude Duhr MSU seminar



W/Z+jets
l A great process to study

� wide kinematic range
� recent input to PDF fits; handle on d-quark
� many kinematic variables
� large jet multiplicities

� testing ground for example for impact of un-
ordered emissions in the parton shower

� EW corrections become sizeable at high pT
� NNLO QCD combined with NLO EW and 

leading NNLO EW effects in Sudakov
approximation

� W/Z bosons at low DR to jet can test EW 
parton showers

� progress towards calculation of V+2 jets at
NNLO QCD

Note large reduction in uncertainty 
at NNLO; however, small R issue 
not taken into account



WWj
l Full data sample at

13 TeV used
l Desired level in

wish-list is NLO
QCD +NLO EW

l Theory uncertainty 
at same level as 
experimental 
uncertainty

l Experimental
uncertainty will
improve

l Maybe VVj at NNLO 
needed?



…finally

625 ×354
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Have you ever 
considered working 
on a Les Houches
project? You can
get double credit
in Snowmass 
as well.





Extras



Monte Carlo topics for Les Houches

Josh McFayden’s talk



Jet substructure topics for Les Houches




