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Re-discovery of the standard model in Run 1 

+similar for 
CMS of course 
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Physics from Run 1 

…in most cases, good agreement with SM predictions (at NLO and higher). 
The SM will be tested more stringently (with hopefully BSM physics discovered) 
in Run 2. We need to have the predictions available to test data vs theory. 
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A new Les Houches high precision wishlist 
l  From the 2013 proceedings 

◆  arxiv:1405.1067 
l  NB: The counting of orders is 

done relative to LO QCD 
independent of the absolute 
power of αs in cross section 

l  α∼αs
2 so that NNLO QCD and 

NLO EW effects are naively of the 
same size 

l  dσ represents full differential 
cross sections 

l  The list is very ambitious, but 
possible to do over the remainder 
of the LHC running 

l  Looking forward to the 
discussions of jettiness 

In this notation, dσ@NNLO QCD+NLO EW indicates a single code computing 
the fully differential cross section including both order αs

2 and order α effects. 
Where possible, full resonance production, including interference with 
background should be taken into account.   

…and of course, as much as possible, we  
would like matching to a parton shower for 
fully exclusive final states 

Costas: “δεν υπάρχει πρόβληµα” 
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Many of these calculations require the use of on-
shell techniques 

…which have been around longer than we realized 
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Wishlist: Higgs sector 

S. Dittmaier, N. Glover, J. Huston 

justify the requested 
precision based on  
current/extrapolated  
experimental errors 
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Higgs sector 
l  We currently know the production 

cross section for gg fusion to NNNLO 
QCD in the infinite mt limit, including 
finite quark mass effects at NLO QCD 
and NLO EW.  

l  Current experimental uncertainties 
are of the order of 20-40% 
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Higgs sector 
l  We currently know the production 

cross section for gg fusion to NNNLO 
QCD in the infinite mt limit, including 
finite quark mass effects at NLO QCD 
and NLO EW.  

l  Small corrections NNLO to NNNLO 
◆  scale uncertainties no longer 

dominant? ->now PDF+αs 
uncertainties (7-8%) dominant? 
(see later) 

◆  does this calculation provide 
lessons for resummation 
calculations?  

l  Expect total experimental error to 
decrease to 10% in Run 2 

l  So ultimately may want to know 
NNNLO QCD and mixed NNLO QCD
+EW contributions maintaining finite 
top quark mass effects 

 
2 NNLO+PS simulations for ggF have already  
been developed; expect improvements/refinements. 
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Higgs sector 
l  First attempts to measure differential 

Higgs+jets measurements made in 
diphoton channel at ATLAS 
◆  arXiv:1407.4222 

l  Combination with ZZ*   
◆  arXiv:1504.05833 
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ATLAS Higgs+>=1 jet 
l Comparisons to a wide number of resummation/

ME+PS predictions…but not to fixed order! 
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Higgs + jet 
l  At 14 TeV, with 300 fb-1, there will be 

a rich variety of differential jet 
measurements with on the order of 
3000 events with jet pT above the top 
quark mass scale, thus probing inside 
the top quark loop 

l  H+j cross section now known to 
NNLO  
◆  using conventional techniques: 

arXiv:1504.07922 
◆  using jettiness: arXiv:1505.03893 

l  LO (one-loop) QCD and EW 
corrections with top mass 
dependence known, but finite mass 
contributions at NNLO QCD+NLO EW 
may also be needed 

How well do the resummation 
(exponentiation?) calculations anticipate 
the NNLO corrections for Higgs+>=1 jet?  
Do they show the corrections decreasing 
as a function of jet pT in the same way?  
->Les Houches exercise 
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F. Caola: HXSWG meeting May 7, 2015 

What is the effect 
of jet binning on 
a reasonably  
inclusive cross  
section, i.e.  
H+>=1 jet? 
 
According to this 
result, the effects 
are small.  
 
Can we (I) get a 
better  
understanding of 
this?  
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Higgs sector 
l  Higgs +>= 2 jets crucial to understand 

Higgs coupling, in particular through 
VBF 

l  VBF production known to NNLO QCD 
in double-DIS approximation together 
with QCD and EW effects at NLO, 
while ggF known in infinite top mass 
limit and to LO QCD retaining top 
mass effects 

l  With 300 fb-1, there is the possibility of 
measuring HWW coupling strength to 
order of 5% 

l  This would require both VBF and ggF 
Higgs + 2 jets cross sections to NNLO 
QCD and finite mass effects to NLO 
QCD and NLO EW 

interesting that the 
(statistically limited) 
results seem to show 
a jettier final state 
than predicted 
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Higgs+jets study 
l  Higgs+jets production is one of 

the most interesting channels at 
the LHC, especially with regards 
to VBF measurements and to 
probes with accompanying high 
pT jets  

l  Experimentalists have used a 
variety of predictions to compare 
to data, including resummed 
predictions and NLO ME+PS 
event generation 

l  At this Les Houches, we would 
like to do benchmarking with 
respect to fixed order predictions 
◆  are the differences 

confined to the Sudakov 
regions? 

◆  how do the different 
implementations agree/
disagree with each other? 

l  A Rivet routine was distributed to 
interested parties 
◆  please let us know if you’d 

also like to use it 
l  Comparisons will be made to 

predictions from gosam for Higgs
+>=1,2 and 3 jets at NLO, 
through a ROOT ntuple interface 
◆  results are in the Blackhat

+Sherpa ntuple format 
◆  histograms available from Les 

Houches wiki 
l  Comparisons to be made at the 

perturbative level, i.e. no 
underlying event or fragmentation 
for the ME+PS programs, as well 
as at the hadron level 
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arXiv:1310.7439 

easy to calculate 
PDF, αs, scale 
uncertainties 
 
also results with 
different jet sizes/ 
Algorithms 
 
ntuples ~14 TB for 
Higgs+>=3 jets 
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…from gosamHiggs+>=3 jet ntuples 
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LO 

NLO 

HT 

HT 

Scale dependence at LO and  
NLO for Higgs+>=3 jets from 
the gosam ntuples 
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An example 

Try this calculation with LoopSim.  
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!Is there any reason to have a dijet mass cut as well as a  

Δyjj cut for VBF measurements?  
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…also with the ntuples 
l  We (almost universally) use a scale of HT/2 for 

complex fixed order calculations, and the scale seems 
to work well, with variations a factor of 2 up and down 
to give uncertainties 

l  However, the optimal scale choice depends on 
kinematics and factors such as the jet size/algorithm 

l  Can we understand this scale choice better for 
example through an implementation of the MINLO 
procedure in fixed order ntuples?  

l  Can we adapt LoopSim to provide ~NNLO predictions 
for final states for which such calculations are not 
available?  
◆  how well does it work for states for which 

NNLO is available?  
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PDFs: the next generation 
l  NNPDF3.0 (arXiv:1410.8849) 
l  MMHT14 (arXiv:1412.3989) 
l  CT14  
l  HERAPDF2.0 (preliminary) 
l  Except for HERAPDF, all include data from the LHC, such as  

◆  inclusive jet->need full cross section at NNLO but corrections 
look to be small if scale of pT

jet used 
◆  Drell-Yan 
◆  tT cross sections->need differential cross sections at NNLO (and 

EW corrections) to make full use of data 
l  HERAPDF2.0 includes the HERA2 combined data (not available for 

the other PDFs yet) 
l  Typically other improvements as well, such as in parametrizations 
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old story 

new story 
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A comparison of ggF at NNLO 

CT14 MMHT2014 NNPDF3.0 

8 TeV 18.66 pb 
-2.2% 
+2.0% 

18.65 pb 
-1.9% 
+1.4% 

18.77 pb 
-1.8% 
+1.8% 

13 TeV 42.68 pb 
-2.4% 
+2.0% 

42.70 pb 
-1.8% 
+1.3% 

42.97 pb 
-1.9% 
+1.9% 

The PDF uncertainty using this new generation of PDFs will be similar in  
size to the NNNLO scale uncertainty and to the αs(mZ) uncertainty.  
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Updating the PDF4LHC prescription 

l  We are working on an updated prescription, at NNLO and NLO,  
using information from CT14, MMHT14, NNPDF3.0, that have 
similar theoretical treatments/data sets  

l  This involves the use of a large number of error PDFs, but many 
programs are set up to do this in an automatic fashion 

l  There are some uses for which a smaller number of PDFs would 
be beneficial 
◆  for example, for programs where the automatic PDF re-weighting is 

not available 
◆  or where PDF uncertainties are treated as nuisance parameters, e.g. 

Higgs couplings 
l  We are currently examining two such techniques for reducing the 

number of error PDFs needed 
◆  META-PDFs 
◆  Compact Monte Carlo (CMC) PDFs 

l  See for example the presentation and discussion from PDF4LHC 
meeting 
◆  https://indico.cern.ch/event/355287/other-view?view=standard   
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Progress in developing the combination procedure 

PDF4LHC meeting here Thursday afternoon 

Pavel Nadolsky DIS2015 

(META2.0 now implemented with very flexible  
parameterisation using Bernstein polynomials*) 

*scheduled for release during Les Houches 
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Pavel Nadolsky DIS2015 

*note, below 8 GeV, details of individual heavy quark schemes become important  

* 
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Of course, only one of these appeared on BBT 
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NNLO QCD + NLO EWK wishlist 
heavy quarks, photons, jets 
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NNLO QCD + NLO EWK wishlist 
l  One of key processes for 

perturbative QCD 
◆  covers largest kinematic range 

with jets produced in the multi-
TeV range 

◆  EW effects very important in this 
range 

l  Only process  currently included in 
global fits not known at NNLO 
◆  gg channel has been calculated 

l  Current experimental precision on 
the order of 5-10% for jets from 200 
GeV/c to 1 TeV/c 

l  Would like better precision for theory 
◆  so need NNLO QCD and NLO 

EW 
l  We also need a better 

understanding of the impact of 
parton showers on the fixed order 
cross section 

NB:  
relatively 
large  
corrections 
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…but, arXiv:1407.7031 

l  NNLO/NLO corrections smaller 
(on the order of 5%) and flat as a 
function of jet pT if scale of 
inclusive jet pT is  used rather 
than pT of the lead jet 

l  …which is what should be used in 
any case 

l  expect corrections for other 
subprocesses to be of similar 
order 
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…but, revision of the paper 

l  The referee made the same 
request I did, to show the plot to 
the right using a scale of pT, 
rather than pT1 

l  Note that NLO goes up (as 
expected) but NNLO also comes 
down…and a bit more scale 
dependence 
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NNLO QCD + NLO EWK wishlist 
l  Useful for determination of the gluon 

distribution, especially at high x 
l  Final state cleaner than dijet 

production (at high pT) 
l  So like the dijet case, would like to 

know γ+j production at NNLO QCD
+NLO EW 

Note any  
isolated 
high pT  
EM object 
is a photon 
…if not in  
your  
analysis,  
then why 
not 
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L.Cieri Paris Photon Workshop 2015 
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Can we quantify for more processes?  
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NNLO QCD + NLO EWK wishlist 

Vector bosons 
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NNLO QCD + NLO EWK wishlist 
l  Useful for PDF determination 

◆  Z+jet for gluon determination 
◆  W+c for strange quark 

determination 
l  Useful to study systematics of multiple 

jet production in a system with a large 
mass (->Higgs), with a wide 
accessible kinematic range 

l  Currently know W+>=1 jet to NNLO 
QCD 
◆  cross section seems very stable 

l   V+1-5 jets to NLO QCD; NLO EW 
corrections known for V+1 jet, 
including V decays and off-shell 
effects 

l  For Z+2 jets, NLO EW corrections 
known for on-shell, and are in 
progress for off-shell 

l  Differential theoretical  uncertainties 
can reach 10-20% for high jet 
momenta, exceeding experimental 
uncertainties 

Would like to know both cross sections at 
NNLO QCD+NLO EW 

arxiv:1504.02131 
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W+jets 

l ATLAS has 
measured up to 7 jets 
in the final state 
◆  both inclusive and 

exclusive final states 
◆  good agreement with 

Blackhat+Sherpa in 
general 
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Leading jet pT 

l  Inclusive leading jet pT 
distribution higher than NLO 
prediction at high transverse 
momentum 
◆  1 TeV/c! 

l  Exclusive lead jet pT agrees very 
well with NLO prediction up to 
700 GeV/c 
◆  why should fixed order work 

so well when such an 
exclusive final state is 
probed?->jet veto logs  

l  arXiv:1501.01059 
◆  R. Boughezal et al 
◆  due to ATLAS analysis, 

additional jet allowed if it is 
collinear to a lepton 

l  Better understanding? 
ATLAS/CMS differences? 
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The frontier 
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Summary 
l  The new high precision Les Houches wishlist presents 

some real (and important) challenges for QCD and EW 
calculators 

l  There is a lot of related phenomenology that needs to 
be done to make best use of this theoretical progress 

l  The data to be taken in Run 2 requires the effort 
l  Data from Run 2 is in progress.  
l  Don’t wait.  
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Wu Ki Tung Award for Early Career Research on QCD 

l See information at  
http://tigger.uic.edu/
~varelas/tung_award/ 
l Contribute at  
https://
www.givingto.msu.edu/
gift/?sid=1480 
l MSU will match any 

donations 


