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QCD
 QCD plays a major role in basically every physics process under 

discussion in the Snowmass Energy Frontier
 When we talk about precision physics, or discovery physics, we 

need to understand the role of QCD corrections

 Thus, we have an overlap, and hopefully a synergy, with every 
physics group in the Energy Frontier

 Most of the work has been done with hadron-hadron colliders, but 
we will also report on lepton-lepton and lepton-hadron colliders

 Here are some highlights from the QCD report



Higgs Couplings

 QCD scale and PDF uncertainties are key factors for 
the ultimate Higgs couple determinations at HL-LHC

arXiv:1307:7135, CMS NOTE-13-002

More details in the Markus Klute’s talk tomorrow.



QCD

PDF’s matrix elements

higher order corrections jet definitions and
observables

We are mostly not so interested in specific observables (e.g. inclusive jet production), but
rather in the development of tools that allow us to precisely understand the collider 
environment, making use of current and future data and of advances in QCD theory



PDFs for the LHC (8 TeV)

ongoing work (Les Houches) to try to improve gg PDF uncertainty in the Higgs range,
and thus improve precision of cross section predictions



PDFs at higher energies

high masses
always a 
problem, with 
current uncer-
tainties

low masses
become a 
problem at
very high 
energy 
colliders

PDFs are HERA/fixed target dominated for x<~0.05-0.1; LHC data at 14 TeV offers
opportunity for shrinking uncertainties in new physics search range



Example: Drell-Yan

Uta Klein



LHC data

 Use current LHC data in global 
PDF fits, find no great restraint
 comes from inclusion of 

HERA data
 With 100 fb-1, will have precision 

measurements of DY production 
from 60 to 1500 GeV, with 
systematic errors half of the 
current values, stat errors 5% at 
high mass
 Phase 1 (300 fb-1) and 

phase 2 (3000 fb-1) will 
provide strong improvement 
in PDF uncertainties at high 
mass (BSM search region)



The role of an LHeC
 ep integrated luminosities of several hundred fb-1, Q2~106 GeV2

 With HERA data, possibility of determining all PDFs in a vastly 
extended range, and greatly improving precision in currently known 
range



QED-improved PDFs
 Electroweak corrections to parton distributions have important 

phenomenological implications, in particular for EW production of high 
mass states

consider 
production of 
WW final states
including 
photon-induced 
production

sizeable 
production from
photon-induced
processes,, growing
with mass; 
substantial QED-
induced 
uncertainties in
BSM search region



αs(mZ)

current world average is 0.1184+/-0.0007; typically use 0.118+/-0.0012

dominated by lattice results
good to see that different groups with
different techniques have similar results

can expect further information from LHC
data, but any significant (non-lattice)
improvements will come from TLEP or LHeC

see talks on subject on Wed/Fri



αs(mZ) Status and Projections

All references are in the backup slide.



NLO cross sections vs energy
 Expected growth observed, 

primarily due to increase of 
underlying parton
luminosities

 Thus processes dominated 
by gg initial states grow 
faster than those dominated 
by qQ initial states
 thus gg->Higgs and    

gg->tT grow at roughly 
the same rate

 NB: double parton scattering 
(DPS) (for fixed thresholds) 
becomes more important as 
the center-of-mass 
increases

effective cross section, assumed to be
Independent of energy



(gg->)Higgs+jets (at NLO)
 gg initial states like to radiate hard gluons

 partially due to large color charges
 partially due to splitting function

 So Higgs production is often accompanied by additional jets; for fixed 
threshold, this probability increases with center-of-mass energy



Higgs+jets

…also expect growth of jet emission
with increasing rapidity separation
(starting with Higgs + 2 jet final
state) 

3 jet to 2 jet ratio larger in HEJ than
at NLO; effects of additional BFKL
type logs



Beyond NNLO
 Full N3LO gg->Higgs cross section perhaps 2 years away
 In the meantime, can construct approximate N3LO cross sections 

making use of small x (“BFKL”) and large x (“Sudakov” or threshold) 
resummation

 Accurate results can be obtained if maximal use is made of 
analyticity constraints

 These approximate Higgs cross sections were calculated for 
energies of 7,14, 33 and 100 TeV
 still significant additional contribution from N3LO
 better convergence as energy increases
 scale dependence significantly reduced





NNLO QCD + NLO EW wishlist
 The Les Houches NLO wishlist was started in 2005

 purpose was to list important, but doable, calculations at NLO
 added to in 2007, 2009 and 2011
 closed in 2013; NLO calculations have become “automatic”

 So, now we have a Les Houches NNLO (+NLO EW) wishlist



NNLO QCD + NLO EW wishlist
 We need to add an additional column regarding the current and expected 

levels of experimental precision, and why NNLO QCD + NLO EW 
theoretical precision is needed
 besides continued employment for theoretical physicists



NNLO QCD + NLO EW wishlist
 More details in Les Houches 2013 writeup



Electroweak corrections: Sudakov zone

 When s, |t| are large, and >> mW, NLO EW high energy logs (Sudakov
logs), can be a reasonable approximation for full NLO EW corrections for a 
process
 αwln2(Q2/MW

2)
 At high masses, 
corrections can be very 
large
 Bloch-Nordsiech does
not apply

When do we 
enter the 
Sudakov zone?



EW and QCD corrections
 Are the corrections additive or multiplicative? Only a complete calculation 

of the mixed corrections can determine which prescription is appropriate 
for a process. Only carried out for inclusive Higgs production to date. 

 This ambiguity can have a large impact, even with current data

consider Z’ search
at 8 TeV



Jet vetoes and exclusive jet binning
 Often necessary (because of differing backgrounds) to veto on 

additional jets
 Resummation needed to restore precision
 Consider resummation for Higgs+1 jet

at 14 TeV and 33 TeV, resummation improves
scale uncertainty, little change in cross section.
at 100 TeV, sizeable increase in cross section

somewhat tamed by increasing 
jet pT cut at higher energies



Schedule for this week
 Wed 8:30-10:00

 αs on the lattice P. Mackenzie
 discussion of future αs determinations

 Friday 8:30-12:00
 8:30-9:30 Discussion (PDFs)/work on report
 9:30-10:30 dealing with high pileup A. Schwartzman
 10:30-11:30  αs on the lattice (reprise)
 11:30-12:00 meet with Michael and Chip

 Sat 
 8:30-10:00 discussion (higher order and EW)
 10:00-12:00 work on report

Plan to set up Vidyo:
http://vidyoportal.cern.ch/flex.html?roomdirect.html&key=mhrI5BHkDY8A

http://vidyoportal.cern.ch/flex.html?roomdirect.html&key=mhrI5BHkDY8A�
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