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Measurement of W/Z+jets production in proton-proton collisions
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High energies, high statistics at the LHC
Backgrounds for many SM and beyond SM processes
Test of perturbative QCD predictions
o e.g. 4-flavour number scheme vs 5-flavour number scheme
e probing regions of the phase space where large higher order corrections are expected
Test of Monte Carlo generators
o MADGRAPH(LO Matrix Element) + PyTHIA(Parton Shower)
o ALPGEN(LO) 4+ PyTHIA(PS) or HERWIG(PS)
o SHERPA(LO+PS)
@ BLACKHAT (NLO cross section calculations)
o POWHEG(NLO)+ PyTHIA(PS) or HERWIG(PS)
e MCFM parton level NLO cross section predictions
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Production of W and Z bosons in association with light and heavy flavour jets



W — Iv and Z — |l decays. High pr isolated | = e, i selected.
W selection: missing transverse energy and m‘{.v jacobian peak

Z selection: dilepton invariant mass
Jets reconstructed with anti — kt algorithm
Jet Energy Scale and Resolution are dominant sources of uncertainty

o Highest background uncertainties: QCD multi-jet at low njess, tt at high njess
ATLAS, W-jets

ATLAS, Z+jets
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Njets in W-jets events

ATLAS measurement with 36 pb~! at \/s = 7 TeV; Phys. Rev. D85 (2012) 09200
CMS measurement with 36 1 at \/s = 7 TeV; J. High Energy Phys. 01 (2012) 010
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Scaling of (njets + 1)/ njets in Z+jets events

ATLAS measurement with 4.6 fb~ ! at \/E = 7 TeV; arXiv:1304.7098v1;

leading jet with pr >30 GeV

leading jet with pr >150 GeV
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For scaling patterns see arXiv:1208.3676 [hep-ph]
Blackhat predictions Phys. Rev. D 82 (2010) 074002 and Phys. Rev. D 85 (2012) 031501
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o R, = o+l jets/o_n

e R, at LHC
between two patterns:
R(n+1)/n & constant
and
Rint1)/n o< (1/n)

@ Second behaviour
expected to emerge
when introducing
large scale differences

Production of W and Z bosons in association with light and heavy flavour j



Kinematics of Z+jets events

ATLAS measurement with 4.6 fb~! at \/s = 7 TeV; arXiv:1304.7098v1;
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Kinematics of Z+jets events

ATLAS measurement with 4.6 fb~! at \/s = 7 TeV; arXiv:1304.7098v1;
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Topology of Z+1-jet production

CMS preliminary measurement with 5.0 fb~! at /s = 7 TeV; CMS-PAS-SMP-12-004
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Topology of Z+1-jet production

CMS preliminary measurement with 5.0 fb~! at /s = 7 TeV; CMS-PAS-SMP-12-004
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Topology of Z+jets production

CMS measurement with 5.0 fb—! at \/s = 7 TeV; Phys. Lett. B722 (2013) 238
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pZ >150 GeV
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only evaluates Z+1-jet at
fixed order NLO
SHERPA (up to 4 partons)
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Discrepancies less relevant at
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PYTHIA stand-alone performs
better for p7Z_ >150 GeV
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Double Parton Interactions in W (—Inu) + 2 jet events
ATLAS measurement with 36 pb~! at /s = 7 TeV; New J. Phys. 15 (2013) 033038

CMS measurement with 5 fb~! at \/s = 7 TeV;
https:/ /twiki.cern.ch /twiki/bin/view/CMSPublic/PhysicsResultsFSQ12028

Given two processes X and Y:

oiy(s) = U)S&’Y(s) + Ugily(s)
DPI _ ox(s)+oy(s)
ox%iv(8) = =000

oefr(s) appr. independent from phase space
— results can be compared to other experiments

W2 jets kinematics is different for SPl and DPI
£DPI.

fit to jets momentum unbalance

SPI template from simulations
W+2-jets production via DPI

DPI template from dijet data

0 o (7TeV) =15 + 3(stat)t§(syst) mb

o Consistent with measurements in other experiments

o Good agreement with Alpgen+Herwig+Jimmy and Sherpa

o DPI important for many measurements (see ATLAS Wbb)

@ Recent preliminary study at high statistics by CMS find good agreement with the
MadGraph-+Pythia predictions

M. Vanadia on behalf of the ATLAS & CMS collaborations Production of W and Z bosons in association with light and heavy flavour jets



W /Z+heavy-flavour jets



nds for W/Z+b-jets

@ b-jets tagged using long life-time, high mass of b-hadrons

— secondary vertex (SV) decay lenght, SV mass, impact parameters of tracks,
semi-leptonic decays, jet kinematics

@ neural network taggers combine all information
o light, ¢, b jets contributions estimated with fits to discriminating variables
CMS Z+b-jets
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W-b-jets fiducial cross section measurements
ATLAS measurement of W+ at least one b-jet with 4.6 fb~! at 7 TeV; arXiv:1302.2929
CMS preliminary measurement of W+-2 b-jets with 5.0 fb~! at 7 TeV; CMS-PAS-SMP-12-026

ATLAS: W+1 b-jet + 0-1 additional jet of any flavour

o ofiducial(W 41 b—jet) =

20, T

E aas T Da‘tazun.\s:ﬂe‘l‘ 5.040.5(stat)£1.2(syst) pb vs pred. 3.01f%’%‘;
S SEEE I o ome( 41 b1 1-jer) =
o :f:g?Ngﬂmgmm 10 NNLO inclusive W) ] 2.2i0.2(5tat)i0.5(syst) pb VG pred. 169t%4§§7
} % ! 1 @ Good agreement with MCFM (5FNS) NLO
r % § i - prediction (Phys. Rev. D 86 (2012) 034021)
0.7.. R | @ Predictions corrected for DPI with uncertainty

‘ .
Tiet 2jet T+2jet assessed from ATLAS measurement

o Measurement differential in b-jet p1 provided

v

o tt is dominant background
o gfiducial (W 4 2p—jets) =0.5340.05(stat)=0.09(syst)=+0.06(th.)4-0.01(lumi) pb
@ Perfect agreement with MCFM NLO prediction 0.52+0.03 pb (JHEP 03 (2011) 027)
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Z+Db-jets cross section measurement

CMS preliminary measurement with 5.0 fb~! at 7 TeV; CMS-PAS-SMP-13-004
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Potential limitations of simulations with massless b-quarks which predict p1 spectra
softer than data J
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W-c fiducial cross section measurement
ATLAS preliminary measurement with 4.6 fb—! at 7 TeV; ATLAS-CONF-2013-045

CMS preliminary measurement with 5.0 b~ at 7 TeV; CMS-PAS-SMP-12-002
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ATLAS preliminary measurement with 4.6 ft
CMS preliminary measurement with 5.0 fb~* at 7 Te

W-++c results

/; CMS-PAS-SMP-12-002

L at 7 TeV; ATLAS-CONF-2013-045

@ Comparison with PDF predictions
— different level of s/g suppression

@ Previous ATLAS measurement from
W and Z inclusive cross sections
measure no s/d suppression

ATLAS (compared with aMC@NLO)
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The W+c measurements cannot be directly compared due to different phase space
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Conclusions

High statistics — test for theoretical predictions and Monte Carlo simulations

In general good agreement found with data

@ Some discrepancies are found especially in phase space regions with large higher
order corrections

Experimental results are reaching the sensitivity to NNLO effects

Measurements are providing input for the PDF fits
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A S DPI measurement
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Kinematics and topology of W+jets production

ATLAS measurement with 36 pb—* at /s = 7 TeV; Phys. Rev. D85 (2012) 092002;
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Kinematics and topology of W+jets production

ATLAS measurement with 36 pb—* at /s = 7 TeV; Phys. Rev. D85 (2012) 092002;
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Kinematics and topology of W+jets production

ATLAS measurement with 36 pb—* at /s = 7 TeV; Phys. Rev. D85 (2012) 092002;
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Njets in Z+jets events

ATLAS measurements with 36 p at /s =7 TeV,;
CMS measurement with 36 pb~* at \/s = 7 TeV; J. High Energy Phys. 01 (2012) 010
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Vector Boson Fusion (VBF) veto for Z+jets events

ATLAS measurement with 4.6 fb~! at \/s = 7 TeV; arXiv:1304.7098v1;

Third jet veto efficiency

MC / Data

VBF events selected requiring m >350 GeV and |Ay#| >3.0
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o Veto is tested in Z+jets

@ Small discrepancy
with ALPGEN

o Better agreement
with SHERPA

n association with light a



Kinematics of Z+jets production

ATLAS measurements with 36 pb—! at v/s = 7 TeV; Phys. Rev. D85 (2012) 032009
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Example of the systematics uncertainties: ATLAS W+jets

TABLE V. Summary of systematic uncertainties on the cross sections. The uncertainties are shown for N, = 1 and Nj,
sign convention for the JES and lepton energy scale uncertainties is such that a positive change in the energy scale results in an increase
in the jet or lepton energy observed in the data.

W — ev channel
Cross-section uncertainty (%)
Effect Range N,

N =
Jet and cluster energy scales 14% (dependent on jet 7 and pr) +9.0, —6.6
Jet energy resolution ~10% on each jet (dependent on jet 7 and pr) *16
Electron trigger +0.5% +0.6, 0.5
Electron reconstruction *1.5% +17, - 1.6
Electron identification +2-8% (dependent on electron 7 and py) +43, 4.0
Electron energy scale +0.3-1.6% (dependent on 7 and p) +0.6
Electron energy resolution <0.6% of the energy +0.0

Pileup removal requirement ~1.5% in lowest jet pr bin =11

Multijet QCD background shape from template variation +0.7 =11
Unfolding ALPGEN Vs SHERPA =15 6
Luminosity £3.4% +9, -8
NNLO cross section for W/Z *5% <
NLO cross section for 17 +7 = 10% *0.3 *10
Simulated 17 shape from samples with more or less ISR =0.1 +12, =21
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Example of the systematics uncertainties: ATLAS Z+jets

Z (— ee) >1jet | >2jets | > 3jets | >4 jets pllf‘ in [30-500 GeV]
electron reconstruction || 2.8% 2.8% 2.8% 2.8% 2.6-2.9%
jet energy scale, resol. 7.4% 10.1% 13% 17% 4.3-9.0%
backgrounds 0.26% | 0.34% 0.44% 0.50% 0.2-3.2%
unfolding 0.22% 0.94% 1.2% 1.9% 1.4-6.8%
total 7.9% 10.5% 13% 17% 5.5-12.0%
Z (= pp) >1jet | >2jets | >3 jets | >4 jets || pi' in [30-500 GeV]
muon reconstruction 0.86% | 0.87% 0.87% 0.88% 0.8-1.0%
jet energy scale, resol. 7.5% 9.9% 13% 16% 3.2-8.7%
backgrounds 0.093% = 0.20% 0.41% 0.66% 0.1-1.9%
unfolding 0.30% 0.68% 0.52% 1.3% 0.5-6.2%
total 7.6% 10.0% 13% 16% 4.4-10.2%
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hrust distribution in Z+jets S
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/Z+jets scaling
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b-jets tagging

b-hadrons have long life-time, high mass, can decay via semi-leptonical modes

Tagging techniques Tetais

o ldentification of secondary ..
decay-vertices

— decay lenght or high mass of the
vertex

@ high impact parameter of tracks in the
jet

@ muonic decays have low BR but clean
signature

Primary vertex

o Most advanced taggers combine several quantities (including jet kinematics) in a
likelihood or with a neural network

@ A discrimant variable is built to statistically separate b-jets from c-jets and
light-jets

o Different working points, standard ~50% efficiency

o Misedintification rates are at 0.1% level for light-jets, 10% level for c-jets
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W-+-b-jets measurement

ATLAS measurement of W+ at least one b-jet with 4.6 fb—! at 7 TeV arXiv:1302.2929
Previous measurement on 35 pb ! Phys.Lett. B707 (2012) 418-437

=z F \ T T |

z Le -e-Data |

g ATLAS EW+b ]

H 8 =7TeV Ew:ﬁght .|

= E

W+1,2 jets selected 3 Jm:‘m'b‘ et ]

CombNN neural network b-tagger é muon, NJet = 1 E‘I\‘Aulﬁjet 3

o Wz ]

Np—jets =1 P mwwswz -

2 ]

CombNN shapes different for: 2 ]

o b-jets E

@ c-jets ]

o light jets 9 10

=l CombNN
W-+b-jets fraction extracted from fit

- W+b-jets, W+c-jets, Wlight-jets shapes are

fitted, other bkg fixed to data-driven predictions

o Dominating uncertainties: JES and JER.
o b-jet efficiency and MC modelling (PDF, scales, pt.;fjet) are relevant

o DPI important effect, mostly 1-jet bin, low p?fjer region
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Events / 0.5 Units of CombNN

Events / 0.5 Units of CombNN

W--bb fits a
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W-+bb systematics

Fiducial cross-section [ph]
Tjet 2jet 142 jet

ha 50 22 71
Statistical uncertainty 0.5 0.2 05
Systematic uncertainty 1.2 0.5 1.4

Breakdown of systematic uncertainty [%)]
Jet energy scale 15 15 15
Jet energy resolution 14 4 8
bjet efficiency 6 1 5
c-jet efficiency 1 1 0
light-jet efficiency 1 3 2
ISR/FSR 4 8 3
MC modelling 8 4 6
Lepton resolution 1 1 0
Trigger efficiency 1 2 2
Lepton efficiency 1 2 1
EX'* scale 6 2

]

Emiss pile-up 2 2 2
]
4

b-jet template 5 1
c-jet template 2 3
light-jet template 0 0 0
Multijet template 2 2 2
Total syst. uncertainty 24 23 20
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W-+-b-jets results

ATLAS measurement of W+ at least one b-jet with 4.6 fb~1 at 7 TeV arXiv:1302.2929
Previous measurement on 35 pb ! Phys.Lett. B707 (2012) 418-437
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P ,{.‘: S theor. uncer\an:tej#/,/////y////////{
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W++bb results wihto
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W+-2 b-jets preliminary results

CMS measurement of W2 b-jets with 5.0 fb~* at 7 TeV CMS-PAS-SMP-12-026

s pretiminary Ne=7Tev T S LA

3 2 . .
@ muon channel only 8 300 fuasew Shno 8 400 fuussn S
wn . Wece o 350 ¥ =$0cc
= 250 . = Ay . =W
@ Secondary vertex tagger P 5,,' £ 300 S
g e
o 200 Emaco [ Emaco
@ Np_jers =2 & W | D 20 N ey
0 o o 150! 200
o Signal and bkg kinematics 50
different 1005 .
100|
@ Simultaneous fit to 50} 50
o Leading jet pr in SR oF 0 — -
r . 50 100 150 200 20 40 60 80 100 120 140 160
o M(J3 + Js) in 4-jets CR Leading Jet p, [GeV] M(J,+J,) [GeV]
o

fiducial cross section 0.53+0.05(stat)+0.09(syst)+0.06(theory)£0.01(lumi) pb

e dominant uncertainties are b-tagging efficiency, mistag rates, JES

theoretical uncertainties from PDF and scales; no DPI yet
o result in perfect agreement with MCFM NLO prediction of 0.52+0.03 pb
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Z+b-jets measurement
ATLAS measurement of Z-+b-jets with 36 pb~* at 7 TeVPhys.Lett. B706 (2012) 295-313

CMS measurement of Z+b-jets with 2.2 fb~! at 7 TeV J. High Energy Phys. 06 (2012) 126
CMS measurement with 5.0 fb~! at 7 TeV CMS-PAS-SMP-13-004

@ Result from ATLAS with technique similar to the W+bb one (fit to secondary
vertex mass)

@ In good agreement with predictions, but statistically limited

o CMS result with 2.2 fb~1 show possible tension with predictions at 1.80 level

CMS Preliminary

+ Dat
00 Vs=7TeV,L=501" ata

Wziets
"

Events /2 GeV

Dielectron sample

CMS results with 5 fb—1

@ SSV secondary vertex tagger
— uses decay lenght significance

70 80 90 100 110 120

Separately selected Z+1 b-jet, Z+2 b-jets samples Mie'e) (GeV)
Z+jets background for Z+1 b-jet

CMS Preliminary
Ns=7TeV,L=50 1"

Dimuon sample
+Data
Wijets
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Hojets

Events / 0.25 GeV

o tt relevant in Z+2 b-jets, small ZZ contribution
tt extracted from fit to dilepton mass ©

Z+b-jets purity among Z+jets through fit to SVmass g

%*05 115 2 25 3 35 4 45 5
Secondary vertex mass (GeV)
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CMS Z-+bb kinematics
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up (%) ee (%)

Z+1b | Z+2b | Z+1b | Z+2b
Uncorrelated
b-purity 30 | 127 | 33 | 151
tt 17 3.8 1.7 4.8
Dilepton selection 1.0 1.0 2.0 2.0
MC statistics 0.9 4.2 1.2 5.1
Correlated
b-tag efficiency SFs | 3.6 | 9.0 | 3.6 | 9.0
JES 2.0 3.6 2.0 3.6
Theory 18 3.0 18 3.0
Luminosity 22 22 22 22
7z 04 12 0.5 14
JER 0.6 0.7 0.6 0.7
Pile-up 0.3 0.3 0.3 0.3
Mistag 0.0 0.1 0.0 0.1
Tot. Stat. unc. 0.9 45 1.0 5.4
Tot. Syst. unc. 6.3 17.4 6.7 19.8
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