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 I went to my first particle physics school in 1978 (or so) in Nafplion 
in Greece and after my PhD in 1981 I joined UA2 just in time for …
���
à a historical perspective on early SM physics with a bit of top and 
Higgs somehow already in our consciousness as experimentalists ���

 Precision SM measurements at the Tevatron and LHC:
à measurements of W/Z production and comparisons to theory���
à measurement of AFB and sin2θw by D0/CMS/ATLAS ���
à measurements of mW by CDF and D0 and prospects of such 
measurements for ATLAS and CMS
�
à underlying thread in these lectures: how to improve links between 
theory and experiment

Standard Model physics at the LHC ���
as seen by an experimentalist
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From the beginning, with the observation of two-jet dominance 
and of 4 W à eν and 8 Z à e+e- decays

Historical perspective: the 80’s in UA1/UA2 at the SppS

 √s = 546 GeV, L ~ 1029 cm-2s-1

UA2 was perceived 
as large at the time:
 
♥   10-12 institutes
♥   from 50 to 100 

authors
♥   cost ~ 10 MCHF
♥   duration 1980 to 1990

Physics analysis was 
organised in two groups:
 
•  Electrons → 

electroweak
•  Jets → QCD  
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To the end, with first accurate measurements of the W/Z masses 
and the search for the top quark and for supersymmetry

Historical perspective: the 80’s in UA1/UA2 at the SppS
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Software design in UA2

Historical perspective: the 80’s in UA1/UA2 at the SppS
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Software documentation in UA2

Historical perspective: the 80’s in UA1/UA2 at the SppS
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1984-1985 were exciting (and confusing) times!
Beware false positive signals!!

Historical perspective: the 80’s in UA1/UA2 at the SppS

Over-abundance of Z à eeγ events

Monojets

Dijets with missing ET

High-pT electrons with jets and 
missing ET

Top quark “discovery”

Bumps in distributions ���
(jet-jet mass in UA2, ���
W decay electron spectrum in UA1)
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W/Z to jet-jet decays  
First observation ever 
Possibly last ever from 

direct production in 
hadron collisions

Historical perspective: the 80’s in UA1/UA2 at the SppS
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First ever EW fits in UA2 before LEP turned on
Historical perspective: the 80’s in UA1/UA2 at the SppS
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Most important results from 1987-1990 campaign with UA2:
precise measurement of mW/mZ 
and direct limit on top-quark mass (mtop < 60 GeV) 

Transverse mass distribution for
electron-neutrino pairs 

0019.00036.08813.0 ±±=
Z

W

m
m

Using the precise measurement of mZ (LEP): 

GeV 17.033.035.80 ±±=Wm
Indirect limits on top-quark 

mass in the context of the 
Standard Model:   

GeV 160 50
60
+
−=topm

(four years before the discovery 
of the top quark at Fermilab) 

Historical perspective: the 80’s in UA1/UA2 at the SppS
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Doing these first measurements in EW physics based on radiative corrections to the 
W/Z masses, the top mass appeared quadratically at a time when we had just found 
out to our dismay that most likely mtop > mW and when nothing much was known 
about mH!  

Historical perspective: the Higgs boson 
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Historical perspective: the Higgs boson 
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Historical perspective: the Higgs boson 
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Historical perspective: the Higgs boson 
The two channels which are at the basis of the Higgs boson discovery had 
been already quite well studied for the La Thuile (1988-1989) and Aachen 
(1990) workshops.  
This includes VBF, H to ττ mass measurements, but not H to WW (a 
counting experiment), H to bb (very difficult!), nor boosted topologies as a 
way to improve S/B 
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First W/Z events seen in April-May 2010 were very exciting! 
Historical perspective: first run at 7 TeV in 2010
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W/Z differential measurements
•    Fiducial measurements 
provide already now a more 
precise test of QCD 
predictions, at least in terms 
of pdfs, than when they are 
corrected back to  the total 
cross-sections

•  Reducing the size of the 
error bars on the major axes 
of these ellipses is the 
challenge ATLAS/CMS have 
worked on very hard!  
Note that the green ellipse 
is dominated by the 
uncertainty on the 
luminosity measurement 
which was 3.4%. 
For 2011 data, down to 1.8% 

Fiducial
W+ vs W-

Total
W+ vs W-
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W/Z differential measurements
•    Finally, the differential ratios of W to Z fiducial cross-sections have 
perhaps the highest potential for precision measurements in the future

Higgs Tools Annual School 2015, Pré Saint Didier, Italy, 29/06/2015 



17 D. Froidevaux, CERN “What next at the LHC?”, TIFR Mumbai, 07/01/2014 

Measurement of lepton charge asymmetry in W decays
•    Lepton charge asymmetry in the lab is one of the sensitive 1D distributions to 
PDFs and was the first used to produce LHC combined plot with 2010 data 
•  High-statistics results from 2011 data by CMS already disfavoured certain PDF 
sets but trigger threshold was very high (thereby diluting the measurement)
•  PDF4LHC workshops show that interaction between PDF fitters and LHC 
experiments is developing rapidly

CMS-PAS-SMP-12-001
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W/Z differential measurements
•    What is theory in this plot of integrated fiducial cross sections?  
    FEWZ (NNLO QCD differential MC, at parton level) with different NNLO  
    PDF sets. Uncertainties on the theory ellipses are therefore purely QCD  
    scale uncertainties i.e. they supposedly cover our lack of knowledge of  
    higher-order corrections. 
 
    Can these be improved? 
  
    This is highly unlikely 

•  How to reach even better precision  
  experimentally?

•  Improve exp. syst. from few % to a 
total of ~ 0.5%

•  Improve lumi syst from 3.4% to 1.8%
Higgs Tools Annual School 2015, Pré Saint Didier, Italy, 29/06/2015 
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NLO QCD is clearly insufficiently precise���
for SM, top (and even Higgs) measurements

arXiv:1407.0573
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NLO QCD is clearly insufficiently precise���
for SM, top (and even Higgs) measurements

arXiv:1407.0573

•  Fiducial cross sections can only be compared at NLO
•  Until recently, total cross sections could be compared only between      

Z Drell-Yan and top pair production
•  Note that ttbar NNLO calculation is > 3 years old now, still no NNLO 

differential MC available. Note also that Z to ττ to eµ is not ok in MCFM 
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Very precise measurement of 
pT

Z in terms of shape!

•  Recent measurement published by 
CMS seems to indicate reasonable 
agreement between fixed-order 
calculations by FEWZ (NNLO) and 
measurements

•  Measurements are much more 
precise than theory (σmeas~1.5%)

•  This measurement is very 
important for many reasons, one 
of them being mW measurement

•  But what does NNLO mean here?
•  Actually, it means NNLO 

differential for any distribution 
which is defined for pT

Z = 0 but 
only NLO for the others

•  Non-trivial examples: cosθCS is 
NNLO but φCS is only NLO
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Very precise measurement of Z pT ���
poses problems to theory

•  Fiducial
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Very precise measurement of Z pT ���
poses problems to theory (and experiments)!

•  ATLAS and CMS both have uncertainties which are far smaller than the 
theoretical ones and agree with each other to < 1%. 

•  However, ATLAS theory uncertainty estimates for FEWZ are smaller 
than those estimated by CMS, by a factor ~ 2. Why?? MC stats??

•  Key point however is that PDF uncertainties are far smaller than the 
difference between data and theory at pT ~ 40 GeV which is well in 
perturbative regime

•  This means that the data cannot be included in PDF fits because they 
will come out wrong. 

•  Why? Because PDF fits do not include theory scale uncertainties, they 
are not designed for this (yet). This has been a problem for jet physics 
results since a while and now it appears also for pT

Z

•  There are other more “hidden” uncertainties in PDF fits, related to 
assumptions such as that proven somewhat mistaken for the strange 
sea. PDF fit results can then suddenly move “out of their uncertainties”.
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Very precise measurement of Z pT ���
poses problems to theory (and experiments)!

Higgs Tools Annual School 2015, Pré Saint Didier, Italy, 29/06/2015 

G. Salam
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Measurement of lepton charge asymmetry in W decays
•    Lepton charge asymmetry in the lab is one of the sensitive 1D distributions to 
PDFs and was the first used to produce LHC combined plot with 2010 data 
•  High-statistics results from 2011 data by CMS already disfavoured certain PDF 
sets but trigger threshold was very high (thereby diluting the measurement)
•  From MSTW2008NLO to MMHT2014, one specific PDF set has “adapted” to the 
data from LHC. What is the meaning of the error bands from the PDF fits??

CMS-PAS-SMP-12-001
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QCD scale variations G. Salam
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QCD scale variations

G. Salam
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QCD scale variations G. Salam



Example of Z à µµ decay in ATLAS with 20 reconstructed vertices.���
Total scale along z is ~ ± 15 cm, pT threshold for track reco is 0.4 GeV 

(ellipses have size of 20σ for visibility).
In 2012, reached maximum of ~ 40 interactions per BX at L ~ 6 1033! 
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•  2011: achieved Lmax ~ 3.4 1033, Ltot ~ 5 fb-1 at 7 TeV
•  2012: achieved Lmax ~ 6.7 1033, Ltot ~ 20 fb-1 at 8 TeV
•  Very high average number of interactions excellent for discovery 
reach, but not so good for precision SM physics! 

Precision meas. in the SM: pile-up and underlying event
•  Pile-up (and underlying event) not glamorous physics topics, but 
these do turn out to be important aspects of modelling systematics
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•  Underlying event multiplicity in 
jet events and Z events precisely 
measured and hard to reproduce 
with MC models
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Precision meas. in the SM: pile-up and underlying event
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•  Underlying event multiplicity in jet 
events and Z events precisely 
measured and hard to reproduce 
with MC models. 
•  Same is true for <pT> of ch. part.
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Precision meas. in the SM: pile-up and underlying event



32 D. Froidevaux, CERN 

•  Underlying event multiplicity in 
jet events and Z events precisely 
measured but difficult to compare 
on the same footing
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Precision meas. in the SM: pile-up and underlying event


