
Standard Model Tests at the LHC
A. Salzburger, CERN on behalf of the ATLAS and CMS collaborations
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2

main Run-1 dataset Run-2 has started
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5LHC - The main experiments 

3

A Toroidal LHC ApparatuS + ALFA

Compact Muon  Solenoid

A Large Ion  Collider Experiment

LHCb

length ~40 m, height ~22 m, weight ~7000 tons  
Inner Tracker embedded in 2 T solenoid, sampling EM calorimeter,  
MS tracker/spectrometer within a toroidal magnetic system

length ~ 22 m, height ~ 12.5 m, weight ~12500 tons  
Full Silicon Inner Tracker embedded 5 T solenoid, crystal EM calorimeter

dedicated for Pb-Pb collisions,  
high particle identification capability 

dedicated for studying properties of the B-mesons, 
movable precision silicon pixel detector very close to the interaction region 

TOTEM
roman pot detectors located 150/220 m from the CMS interaction point  
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5Foundation - detector performance
‣ presented results rely on a very deep understanding and precise 

modelling of the experimental setups  
- impressive results from the performance/physics objects groups 

- in general, exceptional Monte Carlo detector modelling of the data 

4

21

10 
) [µm]hit-u

pred
median(u

-10 -5 0 5

#m
od

ul
es

0

50

100

150

200

250

300
mµData: RMS = 0.4 

mµMC Ideal: RMS = 0.3 
mµMC Realistic: RMS = 0.3 

BPIX

CMS 2011

10 
) [µm]hit-v

pred
median(v

-10 -5 0 5

#m
od

ul
es

0

20

40

60

80

100
mµData: RMS = 1.2 

mµMC Ideal: RMS = 1.2 
mµMC Realistic: RMS = 1.2 

BPIX

CMS 2011

10 
) [µm]hit-u

pred
median(u

-10 -5 0 5

#m
od

ul
es

0

10

20

30

40

50

60

70

80

90 mµData: RMS = 1.7 
mµMC Ideal: RMS = 1.5 

mµMC Realistic: RMS = 1.5 

FPIX

CMS 2011

10 
) [µm]hit-v

pred
median(v

-10 -5 0 5

#m
od

ul
es

0

10

20

30

40

50

60

70

80

90
mµData: RMS = 2.0 

mµMC Ideal: RMS = 1.5 
mµMC Realistic: RMS = 1.5 

FPIX

CMS 2011

Figure 8: Distributions of the medians of the residuals, for the pixel tracker barrel (top) and
endcap modules (bottom) in u (left) and v (right) coordinates. Shown in each case are the dis-
tributions after alignment with 2011 data (solid line), in comparison with simulations without
any misalignment (dashed line) and with realistic misalignment (dotted line).

CMS Tracker alignment ATLAS EM electron scale



Detector performance & data taking efficiency

ALICE dE/dx in TPC Very similar numbers for all experiments

‣ presented results would not have been possible without   
- excellent performance of the LHC  

- very high data taking efficiency and stable detector operation of the LHC experiments 

‣ gives a lot of confidence for Run-2 
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6

the new kid
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‣ Run-1data has still a lot of interesting physics 
- QCD - become more and more precision measurements 

‣ Soft QCD: minimum bias, underlying event measurements necessary in pp conditions 

‣ Hard QCD: test of high order pertubative QCD 
  (inclusive, multiple-jet production cross-sections V+jets production) 

‣ precision measurement of fundamental parameters αs 

‣ constraining the parton density functions (PDFs) 

- EWK observables and processes 

‣ Z Afb 

‣ VBF/VBS results (observation and evidence) 

- precision measurements to come, such as mW 

‣ Run-2: 13 TeV measurements are on the way 
- back to the start, do it again and confirm (or not) 

- will show some hot-of-the-press results, many more to follow in the next months

All spot-on - all done ?
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Preliminary ATLAS -1bµ = 13 TeV, 63 s
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Kopeliovich et. al [32]
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Khoze et. al [34]

Gotsman et. al [35]

Fagundes et. al [36]

Figure 5: The measured inelastic cross section at 13 TeV compared with various theoretical predictions. The inner-
most uncertainty markers on the measurement show the experimental uncertainty only, the shaded region shows the
experimental and extrapolation uncertainties together, and the outermost markers show the total uncertainty.

6 Conclusion

A measurement of the total inelastic cross section in proton–proton collision data at
p

s = 13 TeV col-
lection with the ATLAS detector at the LHC has been presented. The measurement is performed in a
fiducial region ⇠̃ > 10�6, and this fiducial measurement is extrapolated to the total cross section using
MC simulation. The resulting value of 73.1±0.9 (exp.) ±6.6 (lum.) ±3.8 (extr.) mb is about one standard
deviation below the theoretical predictions currently available.
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Total inelastic cross section
‣ inelastic cross section measurements  

are essential  

‣ very precise measurements for 
7 TeV and 8 TeV 
- supplemented by TOTEM measurement 

‣ first 13 TeV result from  ATLAS 
- using Minimum Bias 

Scintillator detectors and extrapolated  
to total cross section 

- ratio measurement  
single sided counter/ 
inclusive counters

8
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Figure 3: The measured fiducial inelastic cross section at 13 TeV compared with several of the MC generator
configurations used in this note. The innermost uncertainty markers on the measurement show the experimental
uncertainty not including the luminosity uncertainty, and the outermost markers show the total uncertainty.

and Landsho↵ di↵raction model with ✏ = 0.085, after adjusting the di↵ractive fraction according to the
RSS constraint, is 89.1 %. For the MC simulation models considered in Section 3, the acceptance varies
from 87.6 % to 93.7 %. The Schuler-Sjöstrand pomeron flux model is not considered because it did not
agree with the 7 TeV extrapolated measurement. This full range is symmetrized to ±4.6 % and taken as
an uncertainty on the extrapolation (extr.) from the fiducial volume to the total inelastic cross section.
The measured value is

73.1 ± 0.9 (exp.) ± 6.6 (lum.) ± 3.8 (extr.) mb.

This measurement is shown with an indicative selection of phenomenological predictions in Table 3. The
measurement is presented in comparison with several theoretical models in Figures 4 and 5.
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5Soft QCD - Minimum bias measurements
‣ Why measuring the charged particle multiplicities ? 

- pertubative QCD describes  
only  hard-scatter partons,  
rest described by  
phenomenological models 

‣ ND component 
- QCD motivated models with many parameters 

- these parameters have impact when extrapolated to high Q (e.g. color reconnection) 

‣ SD & DD component not well constraint and little data available 

‣ Measure primary charged particle distribution to constrain models 
- model independent (e.g. no SD/DD/ND splitting), corrected to particle level

9

O. Kepka, LHC Days 2010 2

Minimum Bias Physics

Non-diffractive Single-diffractive Double-diffractive

● Total = elastic + ND + SD + DD

Motivation:

● Improve understanding/modeling of non-perturbative soft QCD processes

● ND - QCD motivated models with many parameters; tuning important for high pT-physics

- Background when >1 interactions per bunch crossing
- Parameters have impact on high pT (e.g. color reconnection)

● SD+DD not well constrained by models and little data available 

Objective:

● Measure spectra of primary charged particles corrected to hadron level (τ> 3x10-11s)

● Inclusive measurement – do not apply model dependent corrections (e.g. Non-single 
diffractive distribution) =>  allow theorist to tune their models to data measured in well defined 
kinematic rangedNev/dnch, <pT> vs. nch, dNch/dη, d2Nch/dηdpT
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5Minimum bias measurement - CMS/TOTEM

10
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‣ charged particle measurement 
- track counting measurement with corrections 

track reconstruction efficiency (dominant) 
fake/ghost tracks (not an issue in μ=0) 
trigger, vertex, selection efficiency 
contamination of pile-up events 

- unfolding to particle level 
usually done using a Bayesian unfolding  

‣ CMS combined with TOTEM  
- test model dependence up to |eta| ~ 6.5 

- good modelling with QGSJetII-04 up to large 
pseudo-rapidity


Eur. Phys. J. C 74 (2014) 3053
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5Minimum bias measurement - ATLAS
‣ recent 13 TeV measurement of ATLAS 

- challenging due to newly installed innermost pixel detector (IBL) 
many checks needed to understand the material budget of new detector  

- phase-space: Nch ≥ 1, pT > 500 MeV, |η| < 2.5 

‣ Good modelling by EPOS (LHC tune) and PYTHIA8 (A2 tune) 
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Fig. 24 Charged particle multiplicity average values, hNch/dh dfi (a), and scalar Â pT density average values, hÂpT/dh dfi (b), compared
between leading charged particle (minimum bias), leading jet and Z-boson events, respectively as functions of leading track transverse momentum,
plead

T , leading jet transverse momentum, pleadjet
T and Z-boson transverse momentum, pZ

T, in the transverse region. The error bars in each case show
the combined statistical and systematic uncertainties. The inserts show the region of transition between the leading charged particle and leading jet
results in more detail.

Alessandro#Tricoli# EPSCHEP,#Vienna#22C29#July#2015# 22"

!  UE#comprises##all#particles#from#the#collision#except#those#from#the#hard#process#
of#interest##

!  Experimental#studies#of#UE#activity#in#different#processes#and#√s#shed#light#on#
process#dependence#and#energy#evolution#of#UE#activity#

C#Z#Boson#
C#Leading#Track#
C#Leading#Jet#Soft QCD - Underlying event analyses

‣ Underlying event (UE) comprises all particles  
except those from the hard process of interest 
- performed within different azimuthal regions 

- Studying the UE at different processes and energies 

‣ Modern tunes describe energy dependence very well 
- UE consistent between different processes within known selection biases

12
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Figure 4: Comparison of UE activity at
p

s = 0.9, 2.76, and 7 TeV for (left) particle density, and
(right) SpT density, as a function of pjet

T [4, 5]. The data (symbols) are compared to various MC
simulations (curves). The definition of the error bars is the same as for Fig. 1.

The measurements presented here provide constraints for the development and tuning of the
underlying event description implemented in MC models. In particular, they may allow im-
proving the modelling of key ingredients—such as multiparton interactions, QCD radiation,
energy evolution of the transverse proton profile, etc.—, which will play an increasing role at
higher proton-proton collision energies.

5 Summary
The measurement of the underlying event (UE) activity in proton-proton collisions at

p
s =

2.76 TeV has been presented using events with a charged-particle jet produced at central pseu-
dorapidity (|hjet| < 2) with transverse momenta 1  pjet

T < 100 GeV. This analysis comple-
ments the results of previous similar measurements at

p
s = 0.9 and 7 TeV.

The UE activity is measured in the transverse region and further studied in terms of the trans-
MAX, transMIN and transDIF activities. A steep rise of the underlying activity in the trans-
verse region is seen with increasing leading jet pT. This fast rise is followed by a leveling above
pjet

T ⇡ 8 GeV, with nearly constant particle density and small SpT density increase. Such a dis-
tinct pattern (fast rise followed by a leveling of the UE hadronic activity) is clearly seen for all
the observables in the various regions, and is compatible with the impact parameter picture of
pp collisions featuring an increasing number of MPI for increasing overlap followed by a satu-
ration of hadron production once the hardest most-central collisions are reached. The transDIF
density distributions show an increase of the activity as a function of pjet

T , corroborating the
hypothesis of more intense ISR and FSR from the increasingly harder parton-parton scatter.

The results are compared to recent tunes of PYTHIA and HERWIG++ Monte Carlo event gener-
ators. The PYTHIA6, PYTHIA8, and HERWIG++ tunes describe the data within 5 to 10%. All MC
tunes predict a collision energy dependence of the hadronic activity similar to that observed in
the data. The ability of the latest Monte Carlo generator tunes to describe the data confirms the
validity of the tunes and lends confidence to the predictions of UE activity for higher collision
energies.

Eur. Phys. J.C(2014)74:3195 CERN-PH-EP-2015-176
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5Soft QCD - particle production
‣ Measurement of particle spectra and 

species give additional input to understand/
constraint the modelling 
- soft parton interactions 

- hadronisation process 

‣ ALICE measurement of prompt hadrons 
(π±,K±,p,p) at 7 TeV 
- combination of 5 techniques (sub-detectors) 

for particle identification 

‣ Shapes of spectra are reasonably well 
described by most modules 
- no model can simultaneously describe the yield of  

the different particle types 

13

!  Measurements#of#production#properties#of#lowCpT#particles#of#different#species#are#
important#input#for#the#modeling#of#soft#parton#interactions#and#hadronisation#processes#

!  ALICE#has#measured#production#properties#of#prompt#π±,#K±,#p,#p#at#√s=7#TeV##
!  #Combination#of#5#techniques#(subCdetectors)#for#particle#identification#that#cover#a#wide#pT#range#

Alessandro#Tricoli# EPSCHEP,#Vienna#22C29#July#2015# 26"

_#

arXiv:1504.00024!

"  Shapes"of"spectra"reasonably"reproduced"by"most"models"
"  No"model"can"simultaneously"describe"the"yield"of"π,"K"and"p"
"  These"results"can"help"constrain"hadron"production"models"

!  Measurements#of#production#properties#of#lowCpT#particles#of#different#species#are#
important#input#for#the#modeling#of#soft#parton#interactions#and#hadronisation#processes#

!  ALICE#has#measured#production#properties#of#prompt#π±,#K±,#p,#p#at#√s=7#TeV##
!  #Combination#of#5#techniques#(subCdetectors)#for#particle#identification#that#cover#a#wide#pT#range#

Alessandro#Tricoli# EPSCHEP,#Vienna#22C29#July#2015# 26"

_#

arXiv:1504.00024!

"  Shapes"of"spectra"reasonably"reproduced"by"most"models"
"  No"model"can"simultaneously"describe"the"yield"of"π,"K"and"p"
"  These"results"can"help"constrain"hadron"production"models"

arXiv:1504.0024
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5Hard QCD - Jet production cross section
‣ Jet production cross section is a very good probe of QCD dynamics 

- over many orders of magnitudes, combines test of perturbative QCD with non-
pertubative effects, LHC experiments cover 20 GeV to 2 TeV ! 

- sensitive to as, PDF and multi-parton interactions 

- accuracy of better than 5% achieved, very good agreement with NLO predictions 

14

Alessandro#Tricoli# EPSCHEP,#Vienna#22C29#July#2015# 30"

!  #Jet#production#crossCsections#are#excellent#probes#of#QCD#dynamics#and#modeling#over####
########many#orders#of#magnitudes#

!  test#pQCD#calculations#and#interplay##

######with#nonCperturbative#effects#

!  sensitive#to#strong#coupling#constant#αS,##

#######PDF#and#Multi#Parton#Interactions#

Alessandro#Tricoli# EPSCHEP,#Vienna#22C29#July#2015# 32"

JHEP02(2015)153!
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"  LHC#Measurements#cover#jet#pT#range#20#GeVC2#TeV,#precision#reaches#~5%#level##

"  Very#good#agreement#with#NLO#QCD#calculations#

!  Complementary#measurements#of#incl."jet,"diPjet,"3Pjet"cross"sections"at"HERA"and"LHC""
!  Different#sensitivity#to#underlying#subCprocesses#and#parton#densities,#e.g.#gluon#at#highCx#

!  Full#correlation#across#measurements#allows#for#simultaneous#use#as#inputs#in#QCD#fits#

CMS-PAS-FSQ-12-031
CMS-PAS-SMP-12-012



A.
 S

al
zb

ur
ge

r -
 S

ta
nd

ar
d 

M
od

el
 M

ea
su

re
m

en
ts

 a
t t

he
 L

HC
 - 

M
at

te
r t

o 
th

e 
De

ep
es

t, 
Us

tro
n,

 2
01

5

900 GeV 7 TeV
8 TeV

2.76 TeV

13 TeV
2009

2010

2011

2012 2015

Jet production cross section - ratios
‣ use different beam energies to  

build ratios 
- allows cancellation of certain  

systematic energies  

- results in a higher sensitive 
to PDFs 

‣ new result of CMS at 2.76 TeV 

‣ Ratio 2.76/8 TeV 
- error range of  

0.1 to 14 % with 
more precision at  
higher jet pT

15

Alessandro#Tricoli# EPSCHEP,#Vienna#22C29#July#2015# 33"

!  New"measurement"by"CMS"at"2.76"TeV"

CMS-SMP-14-017 !

Six#|y|#bins#(0.0C3.0),#pT#range#74C592#GeV#

Alessandro#Tricoli# EPSCHEP,#Vienna#22C29#July#2015# 36"

!  New"measurement"by"CMS"at"2.76"TeV"

CMS-SMP-14-017 !

CMS-SMP-14-017 !

"  CMS#2.76#TeV#/#8#TeV##ratio#in#range#0.1C14%#and#decreases#with#increasing#jet#pT##
#####=>#good#agreement#with#NLO#theory#

Six#|y|#bins#(0.0C3.0),#pT#range#74C592#GeV#

!  Ratios#of#jet#crossCsections#at#different#√s#allows#for#partial#cancellation#of#uncertainties#
when#correlations#are#accounted#for#
!  Precise#test#of#QCD#at#different#√s#and#input#to#PDF#fits"

o  e.g.#recently##ATLAS"2.76"TeV"/"7"TeV"[EPJC(2013)73 2509]!

"  Sensitivity#to#PDF#
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54-jet cross section measurement

16

‣ differential measurement of 4-jet cross section of ATLAS at 8 TeV 

- measured differentially w.r.t  
to different variables, e.g.  
angular distributions, jet momenta, 
event topologies 
test of PS and PS+ME 

ATL-STDM-2014-14
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5Jet production cross section - decorrelation

17

5.1 Predictions from fixed-order calculations in pQCD 5

(rad)
Dijet
φ∆
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T

300<p
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T
200<p

Theory CT10-NLO
Theoretical uncertainties

 (8 TeV)-119.7 fb

CMS
Preliminary

Figure 2: The normalised dijet cross section differential in DfDijet for seven pmax
T regions, scaled

by multiplicative factors for presentation purposes. The error bars on the data points include
statistical and systematic uncertainties. Overlaid on the data (points) for DfDijet > p/2 are
predictions from fixed-order calculations in pQCD (line) using the CT10 PDF set. PDF, aS,
and scale uncertainties are added quadratically to give the total theoretical uncertainty that is
indicated by the hatched regions around the theory lines.

!  Dijet"azimuthal"decorrelations"is#complementary#to#multiCjet#analyses#
!  Gain#insight#on#multiCjet#production#without#measuring#jets#beyond#the#leading#two#
!  Experimental#uncertainty#on#normalised#distribution#reach#percent#level#at#ΔφDijet#≈π##
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ΔφDijet=#|#φjet1#–#φjet2#|"

ΔφDijet#≈π##

ΔφDijet#≈2π/3##

ΔφDijet#C>#0##

CMS-PAS-SMP-14-015!
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"  Good#agreement#with#3Cjet#
NLO#calculation#(NLOJet++)#

######in#NLO#range#

"  MultiCjet#2C>4#MC#(Madgraph
+Pythia6)#provides#best#
description#overall#
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‣ Dĳet azimuthal decorrelation measurement - complementary to multi-jet 
- insight on multi-jet prodcution without measuring jets beyond leading two 

- experimental uncertainty on normalised  
distribution reach percent level for  
back-to-back jets 

‣ Allows to test LO/NLO region 
- good agreement in NLO region (NLOJet++) 

- Multijet 2-> 4 provides best description 
(Madgraph + Pythia6)

NLOLO

CMS-PAS-SMP-14-015
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Alessandro#Tricoli# EPSCHEP,#Vienna#22C29#July#2015# 45"

"  V+jets probe different aspects  
      of QCD calculations  
       
"  Overall good data-theory 

agreement over 5 orders of 
magnitude in cross-sections 

%
"  High experimental accuracy 

exposes discrepancies with 
predictions 

New#CMS#γγ+jets#at#7#TeV##
CMS-SMP-14-021!
(see#backup)#!

Pertubative QCD - V + jets

18

‣ In general, very good agreement over many orders of magnitudes 

‣ High accuracy 
of measurements 
allow to access  
discrepancies to 
predictions 

‣ V+jets is a very  
good tool as it 
allows to test many 
processes
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5V + jets
‣ New results coming in with 13 TeV - good agreement with MC 

- using integrated luminosity of 85 pb−1 

- MC: O and NLO matrix elements supplemented by parton showers

19ATLAS-CONF-2015-041
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5Strong coupling - αs measurement
‣ αs  is fundamental QCD parameter, many measurements sensitive to it 

- measured via inclusive jet cross section, ratio 3-jet to 2-jet events (R32), tt cross 
section, event shapes, etc. 

- CMS results demonstrate consistency of different processes

- has sensitivity to new physics 

20

!  αs#is#a#fundamental#QCD#quantity#which#many#QCD#measurements#are#sensitive#to#
!  Inclusive#jet#cross#section,#3Cjet#mass,#3Cjet#to#2Cjet#cross#section#ratio#(R32),#event#shapes,#tt#crossC

section#etc.#
!  Sensitive#to#new#physics#

!  The#running#of#the#strong#coupling#constant#can#be#measured#to#unprecedented#scales#Q,#in#
different#processes#at#the#LHC#

Alessandro#Tricoli# EPSCHEP,#Vienna#22C29#July#2015# 42"

#

"  Good#agreement#with#2Cloop#solution##
#######of#the#RGE#as#a#function#of#the#scale#Q##
#######up#to#TeV#scale##
"""""

Incl.#jets#
3Cjet#mass#

R32#tt#

Good agreement with 2-loop 
solution of RGE as function of 
the scale Q up to TeV 
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5Strong coupling - αs measurement
‣ New measurement from ATLAS using event shapes 

- extracting αs at mZ from jet-based  
transverse energy correlation

21

Alessandro#Tricoli# EPSCHEP,#Vienna#22C29#July#2015# 44"

!  Excellent#compatibility#with#World#Average#
and#with#jetCbased#measurements#at#hadron#
and#eCp#colliders#

"  NNLO#calculations#needed#for#jet#processes##
#######to#improve#precision#on#αS#at#hadron#colliders#

!  Theoretical#scale#uncertainty#
#######dominate#over#exp.#uncertainties#

ATLAS Energy Energy Correlations

Preliminary

32ATLAS N

ATLAS-CONF-2013-041 (2013)

Malaescu & Starovoitov ATLAS Inclusive jet

Eur. Phys. J. C 72 (2012) 2041

32CMS R

Eur. Phys. J. C 73 (2013) 2604

CMS inclusive jet cross section

Eur. Phys. J. C 75 (2015) 288

CMS 3-jet mass

Eur. Phys. J. C 75 (2015) 186

CDF Inclusive jet cross sections

Phys. Rev. Lett. 88 (2002) 042001

D0 Inclusive jet cross sections

Phys. Rev. D 80 (2009) 111107

D0 Jet angular correlations

Phys. Lett. B 718 (2012) 56

pγZEUS Inclusive jet cross sections in 

Nucl. Phys. B 864 (2012) 1

 in ep collisions2H1 Multijet production at high Q

Eur. Phys. J. C 75 (2015) 65

H1 + ZEUS Inclusive jet cross sections in ep collisions

H1prelim-07-132, ZEUS-prel-07-025

World average 2014

Chin. Phys. C 38 (2014) 090001
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!  New#measurement#by#ATLAS#data#using#event#shapes,#as#a#continuation#of#αS#
measurements#at#e+eC#colliders#(PETRACPEP,#TRISTAN,LEPCSLC)#
!  JetCbased#transverse#energyPenergy"correlation"#

Alessandro#Tricoli# EPSCHEP,#Vienna#22C29#July#2015# 43"

!  Experimental#distributions#in#agreement##with#NLO#
calculation#

#

"  Extraction"of"αS"at"Q=MZ"
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5EWK - Electroweak production of W/Z : VBF Z
‣ Very complex and detailed analyses from ATLAS and CMS 

- First result from ATLAS, significance above 5σ: observation of VBF production 

- Excellent agreement data/MC demonstrated – will be “VBF reference analysis”. 

‣ Z+2-jet final state, separate EWK (t-channel exchange of W/Z) and non-
EWK contributions. EWK dominantly VBF + Z-bremsstrahlung diagrams:

22

• Very complex and detailed analyses from both ATLAS and CMS. First result from 
ATLAS, demonstrated significance above 5σ => observation of VBF production.

• Many careful comparisons of physics-sensitive distributions demonstrate 
excellent agreement data/MC – will be “VBF reference analysis”.

• Physics: Z+2-jet final state, separate “EWK” (t-channel exchange of W/Z) and 
“non-EWK” contributions. EWK dominantly VBF + Z-bremsstrahlung diagrams:

Electroweak Production of W and Z: VBF Z

8/17/2015K. Einsweiler - Lawrence Berkeley Lab 7

Typical
non-
EWK
(BKG)

EWK

EWK

typical non-EWK
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5EWK - VBF Z production  
‣ ATLAS analysis based on 5 fiducial regions 

- baseline, high-mass, search, control & high-pT 

‣ cut-based analysis, MC templates & control region to extract signal 
- SHERPA (LO multi-leg) and POWHEG (NLO) used for signal modelling

23

• ATLAS analysis defines 5 fiducial regions for Z+2-jet final states (baseline, high-
mass, search, control, high-PT), 2 for EWK (m(jj) > 250 and m(jj) > 1000 GeV).

• Analysis is cut-based, uses MC templates and control regions to extract signal. 
Both Sherpa (LO multi-leg) and Powheg (NLO) used for signal modeling.

Electroweak Production of W and Z: VBF Z (ATLAS)

8/17/2015K. Einsweiler - Lawrence Berkeley Lab 8

• The “search” region (plot, m(jj) > 250 GeV): EWK 
is 5% of total Z+jets signal.

• σEWK = 54.7 ± 4.6(stat) +9.8 
–10.4 (syst) ± 1 (lumi)

• σPowheg = 46.1 ± 1.0 fb

• Similar agreement for m(jj) > 1000 GeV region

• Significance estimated using Toys for search and 
control regions.

• Extract aTGC limits (compare to others)…

ATLAS VBF Z

The “search” region (plot, m(jj) > 250 GeV):  
EWK is 5% of total Z+jets signal.  

σEWK = 54.7 ± 4.6(stat) +9.8 
–10.4 (syst) ± 1 (lumi) fb 

σPowheg = 46.1 ± 1.0 fb  

similar agreement for m(jj) > 1000 GeV region  

significance estimated using Toys for search and 
control regions.  

extract aTGC limits (compare to others)  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5EWK - VBF W production  
‣ CMS analysis 

- MVA based after cutting on BDT discriminat,  
likelihood fit to the mjj distribution to extract 
signal 

- Madgraph+PYTHIA used for signal modelling 

- data/MC agreement for distribution of BDT 
discriminant values not ideal  
-> results in systematic uncertainty 

- muon/electron channels very similar 
in terms of uncertainty & accuracy 

‣ Well within prediction

24

• CMS uses MVA, and after cutting on the BDT discriminant, a likelihood fit is 
performed to the m(jj) distribution to extract the signal. The data/MC agreement 
for distribution of BDT discriminant values not ideal => systematic.

• Madgraph+Pythia used for signal modeling.  

Electroweak Production of W and Z: VBF W (CMS)

8/17/2015K. Einsweiler - Lawrence Berkeley Lab 10

Muon channel
before/after 
background 
subtraction

Electron 
channel looks 
very similar

Predicted:
σ = 0.50 ± 0.03 pb

CMS-SMP-13-012

• CMS uses MVA, and after cutting on the BDT discriminant, a likelihood fit is 
performed to the m(jj) distribution to extract the signal. The data/MC agreement 
for distribution of BDT discriminant values not ideal => systematic.

• Madgraph+Pythia used for signal modeling.  

Electroweak Production of W and Z: VBF W (CMS)

8/17/2015K. Einsweiler - Lawrence Berkeley Lab 10

Muon channel
before/after 
background 
subtraction

Electron 
channel looks 
very similar

Predicted:
σ = 0.50 ± 0.03 pb

CMS-SMP-13-012

background subtraction

• CMS uses MVA, and after cutting on the BDT discriminant, a likelihood fit is 
performed to the m(jj) distribution to extract the signal. The data/MC agreement 
for distribution of BDT discriminant values not ideal => systematic.

• Madgraph+Pythia used for signal modeling.  

Electroweak Production of W and Z: VBF W (CMS)

8/17/2015K. Einsweiler - Lawrence Berkeley Lab 10

Muon channel
before/after 
background 
subtraction

Electron 
channel looks 
very similar

Predicted:
σ = 0.50 ± 0.03 pb

CMS-SMP-13-012

predicted:      σ = 0.50 ± 0.03 pb 
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5EWK - production of W: VBS ssWW
‣ First evidence (3σ) of VBS reported by ATLAS in same-sign WW channel 

- QCD and EWK contribution about the same size 

‣ 2-lepton with di-jet + MET final state 
- separate QCD with O(αs

2αEW
4)  contribution from  

EWK with O(αEW
6)  

- ATLAS signal modelling: Sherpa with Powheg for NLO normalisation 

‣ Two analyses: inclusive ssWW and the (subset) VBS EWK

25

• First evidence for Vector-Boson Scattering based on use of same-sign WW final 
state (QCD and EWK contributions roughly same size). First result from ATLAS, 
demonstrated above 3σ => evidence for VBS production.

• Physics: same-sign dilepton+2-jet+MET final state, separate “EWK” (O(αEW
6) 

diagrams) and “QCD” (O(αs
2αEW

4) diagrams) contributions. Below = 5 VBS EWK 
diagrams (EWK includes non-VBS too, such as VH, VVV, and others):

Electroweak Production of W and Z: VBS ssWW (ATLAS)

8/17/2015K. Einsweiler - Lawrence Berkeley Lab 11

• ATLAS Signal modeling: Sherpa with Powheg for NLO normalization

• Two analyses: “inclusive ssWW” and “VBS EWK” (subset)

• σ(incl) = 2.1 ± 0.5 (stat) ± 0.3 (syst) fb; σ(pred) = 1.52 ± 0.11 fb

• σ(EWK) = 1.3 ± 0.4 (stat) ± 0.2 (syst) fb; σ(pred) = 0.95 ± 0.06 fb

ATLAS VBS ssWW

• First evidence for Vector-Boson Scattering based on use of same-sign WW final 
state (QCD and EWK contributions roughly same size). First result from ATLAS, 
demonstrated above 3σ => evidence for VBS production.

• Physics: same-sign dilepton+2-jet+MET final state, separate “EWK” (O(αEW
6) 

diagrams) and “QCD” (O(αs
2αEW

4) diagrams) contributions. Below = 5 VBS EWK 
diagrams (EWK includes non-VBS too, such as VH, VVV, and others):

Electroweak Production of W and Z: VBS ssWW (ATLAS)

8/17/2015K. Einsweiler - Lawrence Berkeley Lab 11

• ATLAS Signal modeling: Sherpa with Powheg for NLO normalization

• Two analyses: “inclusive ssWW” and “VBS EWK” (subset)

• σ(incl) = 2.1 ± 0.5 (stat) ± 0.3 (syst) fb; σ(pred) = 1.52 ± 0.11 fb

• σ(EWK) = 1.3 ± 0.4 (stat) ± 0.2 (syst) fb; σ(pred) = 0.95 ± 0.06 fb

ATLAS VBS ssWW
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5EWK - VBS ssWW production

26

• Results: left = “inclusive” (right of vert line), right = “EWK” (right of vert line).

Electroweak Production of W and Z: VBS ssWW (ATLAS)

8/17/2015K. Einsweiler - Lawrence Berkeley Lab 12

• Set first limits on aQGC parameters relevant for 
WWWW couplings: α4 and α5

• Use WHIZARD and K-matrix regularization and 
set limits using data in “EWK” analysis region.

• Results: left = “inclusive” (right of vert line), right = “EWK” (right of vert line).

Electroweak Production of W and Z: VBS ssWW (ATLAS)

8/17/2015K. Einsweiler - Lawrence Berkeley Lab 12

• Set first limits on aQGC parameters relevant for 
WWWW couplings: α4 and α5

• Use WHIZARD and K-matrix regularization and 
set limits using data in “EWK” analysis region.

σ(incl) = 2.1 ± 0.5 (stat) ± 0.3 (syst) fb 
σ(pred) = 1.52 ± 0.11 fb  

σ(EWK) = 1.3 ± 0.4 (stat) ± 0.2 (syst) fb 
σ(pred) = 0.95 ± 0.06 fb  

Set first limits on anomalous quartic gauge 
couplings (aQGC) parameters relevant for 
WWWW couplings: α4 and α5  

Use WHIZARD and K-matrix regularization and 
set limits using data in “EWK” analysis region.  

CERN-PH-EP-2014-079
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5EWK - Di-boson production WW
‣ Remove H→WW contribution  

(~8% effect) 

‣ Evaluate limits for anomalous trilinear 
gauge couplings (aTGC) 

‣ In this analysis only CP-conserving 
operators for aTGCs tested

27

  

σ(fid) = 60.1 ± 0.9 (stat)  ± 3.2 (exp) ± 3.1 (theo) ± 1.6 (lumi) pb 

σ(NNLO) = 59.8 ± 1.2 pb  

18 9 Limits on anomalous gauge couplings
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Figure 5: Two-dimensional observed (thick lines) and expected (thin lines) 68% and 95% CL
contours. The contours are obtained from profile log-likelihood comparisons to data assuming
two nonzero coupling constants: cWWW/L2 ⇥ cW/L2, cWWW/L2 ⇥ cB/L2, and cW/L2 ⇥ cB/L2.
The cross markers indicate the best-fit values, and the diamond markers indicate the SM ones.
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CMS  (8 TeV)-119.4 fb

Figure 4: The m`` distribution with all SM backgrounds and cW/L2 = 20 TeV�2, cWWW/L2 =
20 TeV�2, and cB/L2 = 55 TeV�2. The events are selected requiring no reconstructed jets with
pT > 30 GeV and |h| < 4.7. The last bin includes all events with m`` > 575 GeV. The hatched
area around the SM distribution is the total systematic uncertainty in each bin. The signal
component is simulated with MADGRAPH and contains the qq ! W+W�, the nonresonant
gg ! W+W�, and the gg ! H ! W+W� components.

Table 8: Measured cWWW/L2, cW/L2, and cB/L2 coupling constants and its corresponding
95% CL intervals. Results are compared to the world average values, as explained in the text.

Coupling constant This result Its 95% CL interval World average
(TeV�2) (TeV�2) (TeV�2)

cWWW/L2 0.1+3.2
�3.2 [�5.7, 5.9] �5.5 ± 4.8 (from lg)

cW/L2 �3.6+5.0
�4.5 [�11.4, 5.4] �3.9+3.9

�4.8 (from gZ
1 )

cB/L2 �3.2+15.0
�14.5 [�29.2, 23.9] �1.7+13.6

�13.9 (from kg and gZ
1 )

17
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Figure 4: The m`` distribution with all SM backgrounds and cW/L2 = 20 TeV�2, cWWW/L2 =
20 TeV�2, and cB/L2 = 55 TeV�2. The events are selected requiring no reconstructed jets with
pT > 30 GeV and |h| < 4.7. The last bin includes all events with m`` > 575 GeV. The hatched
area around the SM distribution is the total systematic uncertainty in each bin. The signal
component is simulated with MADGRAPH and contains the qq ! W+W�, the nonresonant
gg ! W+W�, and the gg ! H ! W+W� components.

Table 8: Measured cWWW/L2, cW/L2, and cB/L2 coupling constants and its corresponding
95% CL intervals. Results are compared to the world average values, as explained in the text.

Coupling constant This result Its 95% CL interval World average
(TeV�2) (TeV�2) (TeV�2)

cWWW/L2 0.1+3.2
�3.2 [�5.7, 5.9] �5.5 ± 4.8 (from lg)

cW/L2 �3.6+5.0
�4.5 [�11.4, 5.4] �3.9+3.9

�4.8 (from gZ
1 )

cB/L2 �3.2+15.0
�14.5 [�29.2, 23.9] �1.7+13.6

�13.9 (from kg and gZ
1 )

CERN-PH-EP-2015-122



A.
 S

al
zb

ur
ge

r -
 S

ta
nd

ar
d 

M
od

el
 M

ea
su

re
m

en
ts

 a
t t

he
 L

HC
 - 

M
at

te
r t

o 
th

e 
De

ep
es

t, 
Us

tro
n,

 2
01

5Forward-backward asymmetry Z Afb 
‣ ATLAS result from 7 TeV most precise of LHC 

- use 3 categories: µµ, ee with central-forward (CF), ee with central-central (CC) 

- convert to sin2!efflept  EWK mixing parameter 
use PYTHIA (LO) to extract EWK contribution, POWHEG as a crosscheck  
reasonable good modelling of Afb distribution

28
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Figure 4: Detector-level forward-backward asymmetry (Ameas
FB ) values as a function of the dilepton invariant mass

for the (a) CC electron, (b) CF electron and (c) muon channels in a narrow region around the Z pole, after back-
ground subtraction. For the data, the black inner error bars represent the statistical component and the lighter outer
error bars the total error (statistical and systematic added in quadrature). The boxed shaded regions for the MC ex-
pectations represent only the statistical uncertainty; theoretical uncertainties for MC are included in the systematic
uncertainties on the data. The lower panel of each plot shows the pull values (�/�, as defined for figure 3).
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Figure 1: Dilepton invariant mass distributions obtained from the event selections described in the text, for the (a)
CC electron, (b) CF electron and (c) muon channels. Data are shown by open circles and the total expectation is
shown as a line with a band representing the total uncertainty (statistical and systematic added in quadrature). The
data-driven estimate for the multi-jet background and the simulation-based estimates for all other backgrounds are
shown by the shaded areas.

9

CERN-PH-EP-2014-259
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5EWK - Forward-backward asymmetry Z Afb 
‣ Overview table  

for sin2!efflept 
- Tevatron is reaching  

LEP precision 

- LHC not yet competitive 
(more statistics and  
more elaborated analyses  
needed) 

‣ Preliminary CMS results using  
full 8 TeV dataset  
- excellent modelling with POWHEG

29

• Preliminary CMS analysis using full 8 TeV data sample (no measurement of 
sin2θeff yet). 

• Results below show several of 4/5 η-bins for µ/e final states. Comparison with 
Powheg looks very promising – excellent agreement between data/MC. 

• Full Run 1 samples will take analysis to next level – still too early to forecast 
ultimate limits of measurements at LHC (but 30x statistics through Run 3 !)

Z → ll Forward/Backward Asymmetry Afb (CMS)

8/17/2015K. Einsweiler - Lawrence Berkeley Lab 6

CMS-SMP-14-004

lept

effθ2sin

0.225 0.23 0.235

PDG Fit

LEP+SLC

  LR
SLD, A

   0,l

   FB
LEP, A

   0,b

   FB
LEP, A

CDF

D0

CMS

ATLAS combined  

µATLAS,   

ATLAS, e CF 

ATLAS, e CC 
ATLAS

  -1 = 7 TeV, 4.8 fb   s

Figure 7: Comparison of the results of this analysis with other published results for sin2 ✓ lept
e↵ . This includes the

most precise measurements from LEP and SLC, and the leptonic sin2 ✓ lept
e↵ measurements from the hadron collider

experiments CMS [6], D0 [5], and CDF [4]. Also shown are the values of sin2 ✓ lept
e↵ from the LEP+SLC global

combination [3] (which includes all sin2 ✓ lept
e↵ measurements performed at the two colliders) and from the PDG

global fit [46]. The vertical dotted line shows the central value of the ATLAS combined measurement reported
here, while the vertical dashed line represents that of the current PDG global fit [46].

which is of similar precision and in good agreement with the measurement from e+e� collisions3 of
0.142 ± 0.015 [3].

7 Conclusions

The forward-backward asymmetry in electron and muon pairs from Z/�⇤ decays is measured using the
7 TeV pp LHC collision data recorded with the ATLAS detector in 2011 corresponding to an integrated
luminosity of 4.8 fb�1. The data are analysed over a range of dilepton invariant masses from 66 GeV to
1000 GeV in the central-central electron and muon channels, and up to 250 GeV in the central–forward
electron channel. The latter includes events where one electron is reconstructed in the forward pseu-
dorapidity range (2.5 < |⌘| < 4.9).

The forward-backward asymmetry is measured separately for the three channels as a function of the
dilepton invariant mass and unfolded for detector e↵ects and final-state radiation. Additionally, a leading-
order interpretation which accounts for the e↵ects of dilution and full detector acceptance is presented.

3 The determination of Aµ in the LEP/SLD results is based entirely on asymmetry measurements in the di↵erent lepton final
states without any assumptions on other Af whereas the determination of Aµ presented here uses the Standard Model prediction
of Aq.

22
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5A first look on 13 TeV results

30

Z+jets measurement

ATLAS-CONF-2015-041

W cross section measurement

ATLAS-CONF-2015-039

jet cross section measurement

ATLAS-CONF-2015-034

Isolated photon production

ATL-PYS-PUB-2015-016

ATL-PHYS-PUB-2015-016!

Inclusive#photon#ET#

Alessandro#Tricoli# EPSCHEP,#Vienna#22C29#July#2015# 59"

ATL-PHYS-PUB-2015-021!

Z+Njets#distribution#DrellCYan#distribution#

CMS-DP-2015-015!
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5A first look on 13 TeV results

31

Di-muon invariant mass spectrum

Di-jet invariant mass spectrum

Muons in 13 TeV Collisions 
Invariant Mass 

linear scale logarithmic scale 

Muons in 13 TeV Collisions 
Leading Muon pT 

linear scale logarithmic scale 

Drell-Yan Z->μμ

CMS-DP-2015-015CMS-DP-2015-001

CMS-DP-2015-017

‣ Many more physics and performance 
studies in the pipeline 

‣ Exciting times ahead with Run-2 
- SM tests at the new energy frontier
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5Conclusion & Outlook
‣ Run-1 data campaign was a very successful test of the SM 

‣ This would not have been possible without the excellent modelling and 
understanding of the detectors 

‣ In general very good agreement of the measurements with predictions 

‣ More detailed Run-1 data analyses are on the way 

- e.g. mW precision measurements 

‣ Run-2 data taking has started  

- first results are being prepared
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5Appendix
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5BSM tests 
‣ Testing the SM is testing beyond the SM 

‣ Combined results of CMS and LHCb on B0s -> μμ 

‣ Branching ratio is  
sensitive to BSM 
effects 

‣ Very rare decay 
- challenging analysis

34

!  Search for Bs� μμ is an SM benchmark in flavour physics !
!  Can only occur through higher order FCNC diagrams (in SM)!
!  Good BSM probe:!

"  small predicted SM cross section!

(Buras et al, JHEP 1009 (2010) 106)!

"  very low theoretical uncertainties!
"  large class of BSM models predict large enhancements of                
BR(Bs � μμ )!

"  clean signature!
"  ratio of ! ! ! ! ! ! !can be 

used to discriminate between various BSM models!

B(s)� μμ: Motivation!

29th May 2012! Louise Oakes ~ ATLAS & CMS ~ Blois 2012!

!
8!

BR(Bs ⇥ µ+µ�) = (3.2± 0.2)� 10�9

BR(Bs � µ+µ�)/BR(Bd � µ+µ�)
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5All good - no tension at all ?
‣ Overwhelming majority of measurements are consistent with SM model 

prediction 
- precision of the LHC measurements allow to test SM predictions over many orders of 

magnitudes 

- QCD measurements start turning into precision measurements 

‣ Very little tension in SM measurements & EWK Higgs mechanism fits in 
like the perfect cindarella shoe 

‣ Or is there something we’ve missed? 
- ATLAS slight excess in high-mass  

di-boson production 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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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