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Outline

2

• The LHC provides plenty of opportunities for a rich programme of 
SM measurements

• measurements of fundamental parameters (mtop, sinthetaW, CKM, ... ) 

• studies of QCD dynamics and proton structure (PDF’s)

• Will focus here on topics of relevance to the Higgs/BSM programme

• Key challenges:

• control of the dynamics in “extreme” regimes:

• multijet production

• multiscale problems, resummation

• input parameters: PDFs

• precision of perturbative calculations, control of systematics



Multiscale problems

• Presence of different scales leads to large logarithms in perturbation 
theory. Examples:

• pT(X), X=H, ttbar, gluino-gluino, ...., in the region where pT << m(X) 
⇒ log(m/pT)

• emission of additional jets in VBF  ⇒ log(Mjj /pT)

• Impact, examples:

• pT(t tbar) can discriminate between pp→ttbar and pp→ttbar chi0chi0

• ISR as tagging tool for SUSY production of compressed spectra

• jet veto efficiency in VBF analyses
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• Advanced techniques developed over the years. Tested at the 
Tevatron, mainly in the context of q-qbar reactions, but in limited 
kinematical regimes, due to limited accessible phase-space:

• DY pT spectrum

• pT(t tbar)
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pT(Z) spectrum at the 
Tevatron
 (CDF,  arXiv:1207.7138)
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pT(Z) spectrum at the 
Tevatron
 (CDF,  arXiv:1207.7138)

• Advanced techniques developed over the years. Tested at the 
Tevatron, mainly in the context of q-qbar reactions, but in limited 
kinematical regimes, due to limited accessible phase-space:

• DY pT spectrum

• pT(t tbar)

• No compelling test so far with gg initial states, or with extreme 
kinematical configurations such as those emerging in VBF processes

http://arXiv.org/abs/arXiv:1207.7138
http://arXiv.org/abs/arXiv:1207.7138


ISR validation/tuning in qqbar→DY at the LHC
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ATL-PHYS-PUB-2011-015
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UA2, Z.Phys. C30 (1986) 1 

..... but it all started like this, from a score of events:
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UA2, Z.Phys. C30 (1986) 1 

..... but it all started like this, from a score of events:

Looking forward to the first measurement of pT(gg→H→ZZ*) 
with the 15-20 events that you will have by the end of 2012!
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pT(peak)~10 GeV pT(peak)~3 GeV

pT(H) in gg → H pT(Z) in qqbar → Z

gg ISR qqbar ISR

Example of first qualitative information that should 
emerge even from limited statistics studies

First direct probe of ISR in gg collisions
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pT(peak)~10 GeVpT(peak)~60 GeV

pT(H) in gg → HpT(H) in qq → qq H

TH systematics for pT(H) in gg → H 

DeFlorian et al
arXiv:1203.6321

Higgs XS WG, vol 2

DeFlorian et al
arXiv:1109.2109

http://arXiv.org/abs/arXiv:1203.6321
http://arXiv.org/abs/arXiv:1203.6321
http://arXiv.org/abs/arXiv:1203.6321
http://arXiv.org/abs/arXiv:1203.6321
http://arXiv.org/abs/arXiv:1203.6321
http://arXiv.org/abs/arXiv:1203.6321
http://arXiv.org/abs/arXiv:1203.6321
http://arXiv.org/abs/arXiv:1203.6321


ISR in t-tbar
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Interesting since pp→tt + X is dominated by gg→tt+X, with X mostly ISR

cfr pp→H + X, dominated by gg→H+X, with X only ISR

unlike pp→W + X, dominated by qqbar→W+X, with X only ISR

unlike pp→jet jet + X, dominated by gg→jet jet+X, with X both ISR&FSR

Apparent inconsistency between 
the findings of CDF and D0

arXiv:1107.4995



First results from LHC: ATLAS

10ATLAS, arXiv:1203.5015v1

http://arxiv.org/abs/1203.5015v1
http://arxiv.org/abs/1203.5015v1


First results from LHC: CMS

11

TOP-11-013

Very good agreement, but still poor pT resolution!

Underscores the difficulty in defining precisely kinematical 
quantities relative to top quarks: need to unfold distributions of top 
decay products to reconstruct top distributions (unfolding driven by 
use of MC)



Proposal for the definition of top 
quark in differential distributions

• Result of discussions among

• K.Hamilton, M.Mangano,  A.Mitov, P.Nason, G.Perez, 
G.Salam, P.Skands, J.Winter

Discussions developed during the LHC top WG mtgs
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A proper definition of what is a “top” is crucial in 
validating the MCs for top production against data

This led to the folowing:



General remarks

• We tried to define a general “framework” for the 
reconstruction of a top at the particle level, which should apply 
to a large class of differential measurements

• Specific analyses may require different prescriptions, or will 
benefit from optimized versions of the prescription

• We assume that each top analysis starts from an event 
selection defined by conditions on a set of objects, namely: 
leptons, neutrinos, jets, b-jets

• We assume that these objets are reconstructed and corrected 
at the particle level (detector corrected)

• We assume that the determination of the background, and its 
subtraction, is part of the experimental analysis (namely the 
results will be distributions for top final states). 
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Event selection. E.g.:

- ≧4 jets with |η| < ηmax and ET < ETmin

- 2 of these jets are b-tagged
- lepton and MET passing some cuts

“Event objects”
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Definition of pseudo-top (tP):

- Introduce a function of the event objects, F(j,l,b,ν), whose 
result is a mapping of those objects into the top and tbar pair. 
E.g.

tP = Wjj + b1

tP = Wlν + b2 + jet5

F(j,l,b,ν) should be formulable as a  “RIVET” routine, to act on MC-
generated final states. Its defintion could include “fiducial-like” 
requirements, such as:

- a cut on m(tP)
- cuts on y(tP), pT(tP), etc
- cuts on global “top-likelihood”, to optimize the relation 
between truth-level top and pseudo-top
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Work is in progress within the LHC top WG to explore the 
feasibility of this approach

See e.g. talk by Will H. Bell at the last WG meeting, 
https://indico.cern.ch/conferenceOtherViews.py?view=standard&confId=189617

Relevance/synergy (or possibly conflict) with what’s done in the 
groups using top as a tool for searches should probably be explored 
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Multijet final states
•So far, qualitatively good agreement 

between data and QCD

•Tests limited to inclusive quantities, not 
always testing the more “extreme” 
kinematical configurations of interest for 
searches (e.g. broad range of pt -> 
multiscale issues). Empirical patterns such as 
ST scaling useful, but likely too inclusive to 
provide a reliable test of modeling and to 
guarantee extrapolation to more exclusive 
studies (e..g use of kinematical correlations)

• Will need to rely for long time on LO (+shower, matching, etc) calculations 
for the largest multiplicities

• Predictions for up to 8-10 jets soon available (e.g. in Alpgen), but 
unavoidably large scale uncertainties ⇒ accurate validation against data 

absolutely necessary!



Towards NLO precision: NLO vs NLO+shower
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- Important systematic differences in the NLO vs NLO+shower description, 
going beyond the assumed NLO theory systematics

- Most immediate consequence: reliable use of jet data to improve PDFs ?
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Central jets Forward jets

Experimental systematics
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What is the ultimate attainable precision in the determination of the jet energy scale?

TH systematics biases the exptl measurement of JES: 
jet flavour composition, structure of the recoil hadronic system, multijet structure of the 
event, ....

Can be reduced with detailed studies of jet structure, and improvement of jet models
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Jet fragmentation function ATLAS, arXiv:1109.5816

plus
- jet shapes
- ptrel spectra
- <Nch> and <z> distributions,
- .... Data are much more precise than theory 

predictions, and can be used to improve them!



8TeV/7TeV and 14TeV/8TeV 
cross section ratios: the ultimate precision
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MLM and J.Rojo, arXiv:1206.3557

• TH: reduce “scale uncertainties”
• TH: reduce parameters’ systematics: PDF, mtop, 
αS, .... at E1 and E2 are fully correlated

• TH: reduce MC modeling uncertainties
• EXP: reduce syst’s from acceptance, efficiency, 

JES, .... 

E1,2: different beam energies

X,Y: different hard processes

• TH: possible further reduction in scale and PDF syst’s
• EXP: no luminosity uncertainty
• EXP: possible further reduction in acc, eff, JES syst’s (e.g. X,Y=W+,W–)

Following results obtained using best available TH predictions: NLO, NNLO, NNLL 
resummation when available

http://arXiv.org/abs/arXiv:1206.3557
http://arXiv.org/abs/arXiv:1206.3557


23

8 TeV / 7 TeV: NNPDF results
• δ<10–3 in W± ratios: absolute 

calibration of 7 vs 8 TeV lumi
• δ<10–2 in σ(tt) ratios 
• δscale < δPDF at large pTjet and Mtt: 

constraints on PDFs

• Several examples of 2-2.5σ discrepancies between predictions of different PDF sets

8 TeV / 7 TeV: NNPDF vs MSTW vs ABKM
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14 TeV / 8 TeV: NNPDF results
• δ<10–2 in W± ratios: absolute 

calibration of 14 vs 8 TeV lumi
• δ~10–2 in σ(tt) ratios 
• δscale < δPDF at large pTjet and Mtt: 

constraints on PDFs

• Several examples of 3-4σ discrepancies between predictions of different PDF sets, even 
in the case of W and Z rates

14 TeV / 8 TeV: NNPDF vs MSTW vs ABKM
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Initial state composition of inclusive jet events
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Initial state gg fraction in t-tbar events
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Xsection ratios as probes of BSM contributions

Assume the final state X receives both SM and BSM contributions:

�exp(pp! X) = �SM (pp! X) + �BSM (pp! X)

Define the ratio:

We easily get:

where:
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Therefore:

theory systematics in 
7→8 TeV extrapolation
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relative BSM 
contamination

Energy dependence of the 
relative BSM contamination

E.g., assuming σSM(pp→X)=σ(gg→X) and σBSM(pp→X)=σ(qq→X) (*) 

�7/8
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�

(*) e.g. SM: gg→tt and BSM: qqbar→Z’→tt
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�E1/E2
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�

Examples of E-dependence of luminosity ratios

Given the sub-% precision of the SM 
ratio predictions, there is sensitivity 
to BSM rate contributions at the 
level of few% (to be improved with better 
PDF constraints, especially for 8/14 ratios)
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Need to explore in more detail the possible implications of precise 
measurements of energy (double-)ratios

σVBF(H) grows with E differently than σgg(gg→H) or σqq(VH): 
is there something to be learned from

RH(8)/RH(14)

for RH = σ(gg→H)/σqq(VH) or σ(gg→H)/σVBF(H) ? 

Study ratios of asymmetries at different energies (lepton charge asym, t vs 
tbar asymm in single-top production, etc)

E.g.

(1)

(2)

Study ratios in different rapidity ranges, or with different kinematical cuts, 
to increase sensitivity to particular x-ranges of PDF, or to particular 
dynamical regimes

(3)
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Finally, where PDF systematics are negligible, and if there is no new 
physics, Xsection (double)ratios provide excellent benchmarks for 
calibration, anaysis validation, etc.

Experimental challenge to match this precision. Requires great 
degree of correlation in the systematics of the analyses at 
different energies (eff’s, bg subtraction, JES, ...)

Coherent efforts to plan the analyses having in mind the needs 
of XS (double)ratios are worth consideration

Powerful diagnostic tool when coming back 
after 2 yrs of shut-down!
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From the HWG, vol 2 prelim draft

Low mass:
Δ(shower/PL)= –8%
Δ(EW/noEW)= –8%

High mass:
POWHEG: Δ(shower/PL) = –5%
Δ(POWHEG NLO/VBFNLO)= –20% *
Δ(EW/noEW)= +2.5%

* diff due to different BW implementation

PDF:
±3-4% CTEQ6.6
±5-6% MSTW2008NLO
(central values consistent within syst)

Summary assessment:

VBF total rates

X-section after jet veto:
± 4% from scale variation (VBFNLO)
± 5% from PDF (VBFNLO)
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Del Duca et al, JHEP 0610 (2006) 016

3rd-jet rates and spectra in Hjj production

LO VBF+jet 
parton level

LO VBF+shower

LO ggH+jet 
parton level

LO ggH
+shower

need to incorporate higher-order MEs for proper simulation 
of central jet activity (and thus veto survival rate) in VBF H 
production

~ ≠VBF:ggH:



34

POWHEG study of 3rd-jet emission in VBF Hjj production 
at NLO, Nason and Oleari, JHEP 1002 (2010) 037



35NLO:
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*
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reduced in NLO w.r.t. LO
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POWHEG study of 3rd-jet emission in VBF Hjj production 
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Veto inefficiency for VBF signal:

*

*

Scale dependence greatly 
reduced in NLO w.r.t. LO
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variation

However difference in 
shower implementation 
of NLO PL results leads to 
diff’s as large as LO scale 
uncertainty!
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35NLO:

POWHEG study of 3rd-jet emission in VBF Hjj production 
at NLO, Nason and Oleari, JHEP 1002 (2010) 037

Veto inefficiency for VBF signal:

*

*

=> syst’s ~±5% for signal efficiency

This requires proper validation. Study, e.g., VBF production of Zjj ?

Scale dependence greatly 
reduced in NLO w.r.t. LO

LO scale variation

NLO scale 
variation

However difference in 
shower implementation 
of NLO PL results leads to 
diff’s as large as LO scale 
uncertainty!

PS 
variation
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ATLAS, JHEP 1109 (2011) 053 

Studies of jet activity in final states 
with dijets at large Δy

indirect validation of jet-veto suppression 
efficiency for bgs
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At large Δy (VBF 
region) POWHEG
+Herwig has more 
jet activity than data 
(up to x2) and more 
than POWHEG
+Pythia

=> syst’s ~±50% for bg 
suppression
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• This accuracy will not come only from progress in theoretical calculations, 
but will need to rely on a robust programme of validation of these 
calculations

• Measurements of SM processes are important not only to test SM 
calculations and SM background estimates, but to validate the use of the 
tools necessary to simulate the production properties of BSM objects 

• SM measurements should therefore be considered as integral part of a 
successful BSM programme, and vigorously pursued. E.g. only the LHC can 
now contribute to improving PDFs

• The studies carried out in the context of searches often carry precious 
information on QCD dynamics: must be made available and documented
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